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The electrochemical polymerizations of tetrakis(o-, m-, and p-aminophenyl)porphyrin, tetrakis(p(dimethylamino)phenyl)porphyrin, 
tetrakis@-hydroxyphenyl)porphyrin, and tetrakisb-N-pyrrolyIpheny1)porphyrin and their nickel and cobalt metalated complexes 
are described. Oxidations of these monomers lead to thin polymeric coatings on electrodes by coupling reactions analogous to 
those operative in polyaniline, polypyrrole, and polyphenol electropolymerization. The films contain from two to several hundred 
layers of porphyrin sites and display reductive electrochemical and electronic spectroscopic properties similar to those of monomer 
solutions in acetonitrile or methylene chloride. The pyrtolyl- and amino-based polymers are polycationic and thus anion exchangers, 
whereas the hydroxy-based polymers (at pH >8) are polyanionic. Films prepared from electropolymerization of cobalt tetra- 
kis(o-aminopheny1)porphyrin display a split Co(III/II) wave in aqueous acid and base and are good oxygen reduction catalysts, 
whereas films prepared from all other cobalt porphyrin monomers display only one Co(III/II) wave and are poor catalysts. 

Electrodes coated with electroactive polymers have been in- 
tensively researched over the past several years. Besides providing 
avenues for fundamental studies of the electroactive materials,' 
coated electrodes can have applications in energy storage, elec- 
trocatalysis, photosensitization, electrochromics, electroanalysis, 
and controlled ion release.1c*2 The electroactive polymers include 
those prepared by electropolymerization of aniline,3 phenol: and 
pyrrole5 and their derivatives; the electropolymerization chemistry 
of these monomers and the electrochemical, electrical, and 
physicochemical properties of their polymer films have been re- 
ported in the literature. 

Attachment of metalloporphyrins to electrodes is attractive on 
several grounds. These molecules exhibit a rich electron-transfer 
chemistry, are ingredients of biopolymers, can often be manipu- 
lated by axial ligation to the central metal ion, and are potentially 
good catalysts and photosensitizers. Previous immobilization 
studies of porphyrins and phthalocyanines have relied on chem- 
isorptioq6 vapor deposition,' and condensation reactions of por- 
phyrin side chains with functionalized electrodes.* Polymeric 
porphyrin films have been obtained by amidization or esterification 
of a methyl acryl polymer and subsequent adsorption of the 
polymer-porphyrin solution9 and by the uptake of charged por- 
phyrins by ion-exchange polymer coatings.I0 Macor and Spiro 
used a different approach by oxidatively electropolymerizing 
metal/protoporphyrin IX complexes via the vinyl substituents on 
the porphyrin periphery.' 

Following our own experiences with amino-substituted ruthe- 
nium phenanthroline complexes,I2 we recently investigated and 
reported on the oxidative electropolymerization of tetrakis(o- 
aminopheny1)porphyrin (H2(o-NH2)TPP) and some of its met- 
alated deri~atives.'~ The electropolymerized poly-Co(o-NHJTPP 
films are effective catalysts for the electroreduction of dioxygen 
in aqueous  solution^,'^ and in general the electropolymerized 
porphyrin films have proved to be stable, adherent, and elec- 
troactive at the expected p0tentia1s.l~ 

We report here a broadened electrochemical and spectroscopic 
study of porphyrin electrooxidative polymerization using amino-, 
dimethylamino-, and hydroxy-substituted tetraphenylporphyrins, 
their cobalt and nickel complexes, and a newly synthesized por- 
phyrin, tetrakisb-N-pyrroly1phenyl)porphyrin (H&-pyr)TPP) 
that was designed to electropolymerize via polypyrrole-like cou- 
p l i n g ~ . ~  Spiro et al.I5 are also investigating some of these com- 
pounds, particularly their spectroscopy. Dioxygen catalysis by 
the cobalt porphyrin films is compared to that by the previously 
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studiedI4 poly-Co(o-NH2)TPP. An example of catalytic H2 ev- 
olution is included. 
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X abbreviation - 

% H2(O-NH2)TPP 

H2(m-NH$TPP 

- 

Figure 1 .  Structures and abbreviations of porphyrins used in this study. 

Experimental Section 

Preparation of Porphyrins and Metalloporphyrin Complexes. The 
structures of the porphyrins and our abbreviations of them are shown in 
Figure 1. 

An 11.0-g (73-"01) amount of p-nitrobenz- 
aldehyde and 12.0 mL (127 mmol) of acetic anhydride were added to 300 
mL of stirring propionic acid, and the resulting solution was brought to 
reflux. A 5.0-mL (73-"01) amount of freshly distilled pyrrole in 10 
mL of propionic acid was added and the mixture refluxed for 30 min with 
stirring. The tarry solution was allowed to cool and stand for 24 h. A 
dark solid was collected by filtration, washed with six 100-mL portions 
of H20,  and dried. The powdery solid was taken up in 80 mL of pyridine, 
refluxed with stirring for 1 h, cooled to room temperature, and then 
stored at  -4 OC overnight. The tarry mixture was filtered and the solid 
product washed repeatedly with acetone until the rinsings were no longer 
dark; yield 2.7-3.2 g (19-22%). This procedure can be scaled up (4-fold) 
with no decrease in yield. 

H2(p-NH2)TPP." A solution of 2.0 g (2.5 m o l )  of H2(p-N02)TPP 
in 100 mL of concentrated HC1 was bubbled with Ar for 1 h. A solution 
of 9.0 g (40 mmol) of SnC12.2H20 in 140-15 mL of concentrated HC1, 
also bubbled with Ar, was added to the porphyrin solution, which was 
stirred and heated in a water bath (75-80 "C) for 30 min. The hot-water 
bath was carefully replaced by a cold-water bath and then an ice bath. 
The reaction mixture was then neutralized under Ar by slow addition of 
125 mL of concentrated N H 4 0 H ,  taking care to maintain a low tem- 
perature throughout the very exothermic reaction. The resultant basic 
solution was exposed to air and filtered and the greenish solid stirred 

H2@-N02)TPP.16 
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vigorously with 200 mL of 5% NaOH. The solid was again filtered, 
washed with H 2 0 ,  dried, and then Soxhlet extracted with 250 mL of 
CHC13. The volume of the purple solution was reduced to 150 mL by 
rotary evaporation. Addition of 100 mL of 95% EtOH and slow rotary 
evaporation gave crystalline H2(p-NH2)TPP, yield about 1.0 g (4040%). 

H2(m-N02)TPP. A 27.5-g (182-mmol) amount of m-nitrobenz- 
aldehyde and 30 mL (3 18 mmol) of acetic anhydride were added to 850 
mL of stirring propionic acid. After the solution was brought to reflux, 
12.5 mL (182 mmol) of freshly distilled pyrrole in 50 mL of propionic 
acid was added and the reflux continued, with stirring, for 45 min. The 
reaction mixture was allowed to cool and stand overnight. The dark solid 
was collected by filtration, washed with water, and dried. An insulated 
Soxhlet apparatus was used to extract the product into 500 mL of tolu- 
ene, which was taken to dryness by rotary evaporation. The residue was 
dissolved in 300 mL of CH2C12 to which 150-200 mL of silica gel (Grace 
Grade 62) was added, stirred, removed by filtration, and washed re- 
peatedly with CH2C12 until the rinsings were pale. The large volume of 
purple CH2CI2 solution was reduced by rotary evaporation to 75 mL; 
addition of 200 mL of MeOH and further rotary evaporation precipitated 
H2(m-N02)TPP, yield 1.4 g (4%). 

H2(m-NH2)TPP. Reduction of H2(m-N02)TPP was carried out as 
described for the para isomer; yield 40-60%. 

H2@-pyr)TPP.18 A 25-mL amount of glacial acetic acid was added 
to 200 mg (151 mmol) of 2,5-dimethoxytetrahydrofuran (Aldrich) and 
200 mg (3.30 mmol) of H2(p-NH2)TPP and the resultant solution re- 
fluxed with stirring for 1.5 h. A precipitate formed during the reaction. 
After the mixture was cooled to room temperature, the porphyrin was 
filtered and washed with methanol and hexane; yield 200 mg (75%). The 
completeness of the reaction was checked by using IR spectroscopy in 
KBr pellets. N o  maxima at  about 3400 cm-' were observed for the final 
product, indicating the absence of stretching vibration for free aromatic 
amine groups. 

H2(eNH2)TPP was synthesized according to a published proced~re. '~  
H2(p-NMe2)TPP and H,@-OH)TPP were obtained from Midcentury 
Chemicals (Posen, IL) I Metalations were accomplished in refluxing 
dimethylformamide.20 Cobalt(II1) porphyrins resulted from refluxing 
in the presence of air for 2-3 h. Completeness of metalation was checked 
by visible spectroscopy. Metalation with cobalt was also achieved by 
reacting electropolymerized free base films on electrodes at 50 OC with 
a tetrahydrofuran solution containing 0.1 M CoC12. 

Materials, Electrodes, and Instrumentation. Tetraethylammonium 
perchlorate (Et4NCI04) was twice recrystallized from water and tetra- 
butylammonium perchlorate (Bu4NC104) once from ethyl acetate. 
Spectroquality acetonitrile (Burdick and Jackson) and methylene chloride 
(Baker) were stored over 4-A molecular sieves. Teflon-shrouded 
glassy-carbon (GC, Atomergic Chemicals) and Pt working electrodes 
were polished with I-pm diamond paste (Buehler). S n 0 2  films on glass 
served as optically transparent electrodes. Potentials are reported vs. a 
Ag/(saturated KC1)AgCl reference electrode. Electrochemical experi- 
ments were conducted with conventional three-electrode cells and in- 
strumentation. Visible absorption spectra were acquired with a Tracor 
Northern TN- 1710A or a Hewlett-Packard 8450A UV/vis spectropho- 
tometer; IR spectra for porphyrins in KBr pellets and of electropolym- 
erized films on S n 0 2  electrodes were acquired with a Nicolet 5DXP. 

Electropolymerizations. These were accomplished from 0.1 M 
Et4NC1O4/CH3CN or 0.1 M Bu4NC104/CH2C12 solutions containing 
0.7-1 .O mM porphyrin or metalloporphyrin monomer by cyclically 
scanning (200 mV/s) the working-electrode potential between 0 V and 
a positive potential, as listed in Table 111. The quantity of electrodepo- 
sited, electroactive porphyrin, or film coverage, r (mol/cm2), was de- 
termined by integration of the charge under the cyclic voltammetric 
waves observed in deaereated 0.1 M Et4NC10,/CH3CN. The counter- 
ions of the cobalt porphyrin polymers are not known with certainty. For 
example, the cobalt porphyrins are electropolymerized from the chloride 
monomer salts, but during subsequent electrochemical reductions in 
perchlorate electrolyte to Co(1) states chloride may be lost from the film. 

Results and Discussion 
Absorption Spectroscopy of Dissolved Porphyrins. In a previous 

p ~ b l i c a t i o n , ' ~  we suggested tha t  the  multiple electrochemical and 
electrocatalytic O2 reduction waves observed for both  solutions 
and electropolymerized films of Co"'(o-NHJTPP(C1) might arise 
from mixtures of monomeric  a n d  dimeric  (or higher aggregate)  

~~ 
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Table I. Visible Absorption Data for Free-Base and Co(II1) Porphyrins 
“pd concn, M solvent electrolyte‘ A,,, nm 

H~(o-NH~)TPP 1.4 x 104-2.2 x 10-5 CH2C12 Bu4NC104 416, 514, 548, 588, 646 
H,(m-NH,)TPP 1.5 x 104-2.0 x 10-5 CH2Cl2 none 420, 514, 550, 590, 646 
H,(p-NH,)TPP 1.5 X 10-6-2.3 X lo-’ CH2C12 Bu4NC104 428, 460, 520, 562, 656 
H2(p-NMe2)TPP 2.5 X 10-6-3.8 X CHzCl2 Bu4NC104 399, 438, 470, 514, 570, 670 
H2(p-OH)TPPb 1.4 X 10-6-2.2 X aqueous NaOH 434, 594-600, 660-676 
H2(p-PYr)TPP 1.5 x 104-2.0 x 10-5 CH2Cl2 Bu4NC104 422, 518, 550, 590, 646 
Co(o-NH2)TPP 1.4 x 10-5 CHzClz none 412, 432, 546 

6.9 x 10-5 CH2C12 none 408, 528 
2.1 x 104 CH2C12 Bu4NC104 416, 434, 546 
5.5 x 104-2.2 x 10-5 CH2C12 Bu4NC104 410, 530 
5.5 X 10-7-8.3 X lo4 Me2S0 Bu4NC104 430,’ 546 
1.4 x 104-2.2 x 10-5 aqueous HC104 420,” 536 
1.4 x 104-2.2 x 10-5 aqueous H2S04 420,‘ 536 

Co(m-NH2)TPP 5.5 X 10-7-8.3 X 10” Me2S0 Bu4NC104 436,“ 548 
Co(p-NH2)TPP 5.5 X 10-”-8.3 X lo4 Me2S0 Bu4NC104 440,e 552, 598 
Co(p-NMe2)TPP 1.9 x 10-5 CH2Cl2 none 440, 536, 574k 

Co(p-OH)TPP 1.6 x 10-5 CH$N none 414, 430, 542, 590 (sh) 
1.4 X 10“ CH$N Et4NCIO4 434, 552, 592 (sh) 
5.4 x 104-2.2 x 10-5 CH3CN Et4NCIO4 416, 430, 546, 590 (sh) 
1.4 x 104-2.2 x 10-5 aqueous NaOH 4401 562,608 

Cob-pyr)TPP 10-5 CH2C12 none 434, 552, 590 

1.9 X 104-4.5 X CH2C12 Bu4NC104 434-428; 536, 574k 

2.5 x 104-2.0 x 10-5 CH2Cl2 Bu4NC104 414, 434, 544-532, 590 
5.0 X 10-7-7.5 X 10“ Me2S0 

‘Electrolytes in organic solvents were 0.1 M Bu4NCIO4 and Et4NCI04; those in aqueous solutions were 1 M HC104, 0.5 M HzSO4, and 1 M 
NaOH. bH2(p-OH)TPP is insoluble in CH2C12 and CH3CN. CBeer’s law obeyed although peak shifts from 434 to 428 nm with increasing con- 
centration; emax = 2.3 X lo4 M-’ cm-I . dBeer’s law obeyed; e,, = 5.0 X lo4 M-’ cm-I; only one Soret band observed; insoluble in CH2CI2. eBeer’s 
law obeyed; cmx v 1.2 X lo5 M-I cm-I; only one Soret band observed; insoluble in CH2C12. fBeer’s law obeyed; emX = 6.7 X lo4 M-I cm-I; only one 
Soret band observed. #Beer’s law obeyed; e,, = 6.2 X lo4 M-I cm-I; only one Soret band observed. “Beer’s law obeyed; emax = 1.2 X lo5 M-I cm-I; 
only one Soret band observed. ‘Beer’s law obeyed; emax = 1.3 X l 5  M-I cm-I; only one Soret band observed. IBeer’s law obeyed; emx = 1.2 X lo5 M-’ 
cm-l; only one Soret band observed. kPoorly defined peak. 

B u 4 N C 10 4 432,g 546, 590 

-03 

0.21 , sbo , 6~ io.1 
X/nm 

400 

Figure 2. (A) Spectra for M Cob-pyr)TPP in CH2CI2 in the 
absence (solid curve) and presence (dashed curve) of 0.1 M Bu4NC104. 
(B) Spectra for poly-Co(p-pyr)TPP film on SnO> The solid curve is for 
a film produced by electropolymerization of Cob-pyr)TPP, and the 
dashed curve is for a film of poly-Co(p-pyr)TPP produced by insertion 
of cobalt ions into poly-H2(p-pyr)TPP. 

species. Seeking supporting evidence for aggregation, we have 
examined the effects of porphyrin concentration, electrolyte, and 
solvent on the visible spectroscopy of the cobalt and the free-base 
porphyrins that we have been able to electropolymerize. 

Spectra of the free-base porphyrins in CH2C12 containing 0.1 
M Bu4NC104 over the 40G700-nm range give typical porphyrin 

spectra, with one very intense absorption band at  about 415-440 
nm that obeys Beer’s law and up to four bands at  longer wave- 
length of much lower intensity (Table I). The spectrum of 
H2@-NMe2)TPP is unusual in that two Soret bands are observed 
(399 and 438 nm). 
As for the cobalt porphyrins, in the coordinating solvents MqSO 

and water, Co(m-NH2)TPP(Cl), CoCp-NH2)TPP(Cl), Co(o- 
NH2)TPP( Cl), Co( ppyr)TPP( C1) , and Co@OH)TPP( Cl) exhibit 
single Soret peaks in the 420-440-nm range that obey Beer’s law 
over the concentration ranges indicated in Table I. Molar ab- 
sorbance coefficients are given in the Table footnotes. 

In poorly coordinating solvents, on the other hand, we observed 
shifts in A,,, and splitting of Soret peaks that were dependent 
on the cobalt porphyrin concentration and on the presence of the 
perchlorate electrolyte. The effect of added electrolyte is illustrated 
in Figure 2A, where the A,,, = 436 nm Soret band for lo-’ M 
Cob-pyr)TPP(Cl) in CH2C12 solution is split (A,,, = 414, 434 
nm) by adding 0.1 M Bu4NC104. The weak, longer wavelength 
bands are also shifted (552 to 542 nm in Figure 2A). The A,,, 
absorbances of the 414- and 434-nm peaks for Cob-pyr)TPP(Cl) 
in 0.1 M Bu4NC104 do not vary linearly with porphyrin con- 
centration, as shown in Figure 3A. Variation in absorbance ratios 
(Figure 3B) further indicates that the 434- and 414-nm peaks are 
the prominent bands at  low and high porphyrin concentrations, 
respectively. 

We ascribe the spectral changes for Cob-pyr)TPP to a por- 
phyrin aggregation process analogous to those known2’ for por- 
phyrins in the absence of strongly coordinating ligands. The 
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Mauzerall, D. Biochemistry 1965, 4 ,  1801. (d) Dougherty, D. A.; 
Dwiggins, C. W., Jr. J .  Phys. Chem. 1969, 73, 423. (e) Storm, C. B.; 
Corwin, A. H.; Arellano, R. R.; Martz, M.; Weintraub, R. J .  Am. 
Chem. SOC. 1966,88, 2525. (f) Das, R. R.; Pasternack, R. F.; Plane, 
R. A. J.  Am. Chem. SOC. 1970,92,3312. (g) Pasternack, R. F.; Huber, 
P. R.; Boyd, P.; Eugassen, G.; Francesconi, L.; Gibbs, E.; Fasella, P.; 
Venturo, G. C.; de C. Hinds, L. J. Am. Chem. Soc. 1972,94,4511. (h) 
Hill, H. A. 0.; Sadler, P. J.; Williams, R. J. P. J .  Chem. SOC., Dalron 
Tram. 1973. 1663. (i) Pasternack. R. F.: Francesconi. L.: Raff. D.: 
Spiro, E .  Inorg. Chem 1973, 12, 2606. 0) Walker, F. A. J. Magn. 
Reson. 1974, 15, 201. 
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l A  

Figure 3. (A) Absorbance at  A,,,,,, = 414 and 434 nm vs. Cob-pyr)TPP 
concentration of Co@-pyr)TPP in 0.1 M Bu4NC1O4/CH2CI2. (B) Ratio 
of absorbances in (A) vs. Cob-pyr)TPP concentration. (C) Fit of (A) 
data to eq 2. The points are calculated from eq 2 and cD and K D  values 
given in Table I1 (0) and experimental values (0). 

absorbance data were analyzed in terms of a dimerization model 
where A,, = 434 nm represents absorbance by monomer in the 
ahsence of electrolyte and A- = 414 nm represents that by dimer 
formed in the presence of electrolyte and/or at high porphyrin 
concentration 

2Co(p-pyr)TPP e [Co(p-pyr)TPPI2 (1) 
according to the equationZ0g 

A ,  - A = ( ( 2 t ~  - Q))(4K&c0 -k 1 - [ 1 + ~ K D C C , ] " ~ ) ) / ~ K D  
(2) 

where C,, is total porphyrin concentration, A,  = eMCco is the 
absorption the solution would have at the monomer wavelength 
(434 nm) in the absence of aggregation, A is the absorbance 
actually measured at the monomer wavelength, tM and tD are the 
molar absorptivities of monomer and dimer, respectively, and KD 
is the dimerization equilibrium constant (e.g., [Cob-pyr)- 
TPP]2/[Co(p-pyr)TPP]2) at constant ionic strength, 1.1 = 0.1 M. 
eM = 5.2 X 104 M-I cm-' at 434 nm from spectra obtained at low 
porphyrin concentration and absence of electrolyte, and after curve 
fitting as illustrated in Figure 3C, we obtain tD = 2.2 X lo5 M-I 
cm-I for the dimer at 414 nm and KD = 3 X lo4 M-' for the 
dimerization of Co(p-pyr)TPP in CH2Cl,. The same analysis was 
followed for Co(o-NH2)TPP and Cob-0H)TPP solutions, which 
exhibited similar Soret splittings, with data summarized in Table 
11. (Being insoluble in CH2CI2, Cob-OH)TPP was studied in 
CH,CN.) In 0.1 M Bu4NC104/CH2C12, the dimerization constant 
for Co(o-NH2)TPP (6 X lo6 M-') is 2 orders of magnitude larger 
than for Cob-pyr)TPP (3 X lo4 M-'). The large KD for Co(o- 
NH2)TPP is also consistent with the appearance of a split Soret 
peak for this compound in CH2C12 even in the absence of elec- 
trolyte (Table I). Dimerization of Cob-NMe2)TPP in 0.1 M 
Bu4NC1O4/CH2Cl2 is apparently quite weak since the Soret shifts 
only slightly with concentration and does not split (Table I), and 
the Co(m-NH2)TPP and Cob-NHJTPP isomers were insoluble 
in CHzClz and were not studied. 

These results collectively suggest that both the presence of 
electrolyte and the amine and hydroxy substituents help to promote 
aggregation of these porphyrins. Spiro et aLi5 have come to a 

Table 11. Dimerization Constants ( K D )  and Molar Absorptivities of 
the Monomer (eM) and Dimer (CD) for Cobalt Porphyrins 

€M434/ CD414 b 

compd solvent M-' cm-l M-' cm-' KD,b M-' 
Co(o-NH,)TPP CH2C12 5.9 X lo4 1.9 X lo5 6 X lo6 
C o b - 0 H ) T P P  CH3CN 3.6 X lo4 9.3 X lo4 1 X lo6 
Cob-pyr)TPP CH2C12 5.2 X lo4 2.2 X lo5 3 X lo4 
"The molar absorptivities a t  414 nm were calculated from the spec- 

troscopic data a t  low concentrations of Co@-OH)TPP and Cob-pyr)- 
TPP in CH3CN and CH2C12, respectively. c~ for Co(o-NHJTPP was 
taken from spectra in Me2S0 and assumed to be the same in CH+ 
bCalculated as in Figure 3C for the cobalt porphyrin dissolved in 
CH2C12 or CH3CN in the presence of 0.1 M Bu4NCIO4 and 
Et4NC104, respectively. 

similar conclusion on the basis of a differing set of experiments. 
The effects can be rationalized by intermolecular axial coordination 
by the amine and hydroxy groups plus metal-metal axial bridging 
interactions induced by perchlorate. Thus, the aggregation is 
weakened or broken by dimethylation of the amine (as in C o b -  
NMe,)TPP), use of benign substituents (as pyrrole in C o b -  
pyr)TPP), or use of polar, axially coordinating solvents (as in 
Me2S0 or water). 

Electrochemistry of Dissolved Porphyrins. Formal potentials 
obtained for reductions by cyclic voltammetry (Pt and GC elec- 
trodes) of free-base, Co(III), and Ni(I1) porphyrin solutions are 
summarized in Table 111. Since polymerization accompanies 
oxidation of these porphyrins, Eo' values for oxidations are not 
readily obtained. 

For the free-base porphyrins, the one-electron reductions to the 
anion radicals occur in uncomplicated, reversible waves. Re- 
ductions to dianions occur at more negative potentials (not shown 
in Table 111). Kadish et al. have shown22 that formal potentials 
for H,(p-X)TPP"/'- couples vary with the electron donation/ 
withdrawal properties of X. Comparing the formal potentials in 
CH2C12/B~4NC104 of HZTPPO/*- (-1.28 V), H~(o-NH~)TPPOI'- 
(-1.26 V), H2(m-NH2)TPP"I' (-1.32 V), and H2(p-NH2)TPPOP- 
(-1.35 V) (Table 111) reveals that the electronic influence of the 
amino group varies substantially with its position on the phenyl 
ring, the apparent electron donation increasing in the order o-NH2 
C m-NH2 < p-NH2. 

The reduction of Ni(I1) porphyrins is ligand-centered;22 Ni"TPP 
is reported23 to be reduced to Ni"(TPP'-) and to Ni"(TPP2-) at 
-1.18 and -1.75 v vs. SCE in DMF/C6H6. These values are 
similar to those obtained for Ni(o-NH2)TPP in CH3CN (-1.24 
and -1.73 V). Ni(p4H)TPP is, however, reduced at less negative 
potentials (-0.86 and -1.38 V); some special reduced-ligand 
stabilizing factor seems to be turned on by the hydroxy groups. 

The first reduction steps seen for the cobalt porphyrins are in 
the Eo' = -0.9 V range (Table 111) that has been23*24 attributed 
to the formation of Co(1). The ca. 0.1 mM concentrations used 
should promote aggregation (vide supra), and the Co(II/I) Eo' 
values will include this as well as substituent effects. No clear 
Co(II1) - Co(I1) wave was observed in CH2Cl, or CH3CN for 
any of the cobalt porphyrins listed in Table 111. Oxidation po- 
tentials for Co(I1) porphyrins are strongly affected by axial co- 
o r d i n a t i ~ n ; ~ ~  facile oxidation of co" @-X)TPP to Co"'@-X)TPP 
occurs in strongly coordinating solvents like MezSO and pyridine, 
while in noncoordinating solvents like CH2Cl,, oxidation of Co(I1) 
is shifted positively and becomes irre~ersib1e.l~" 

Electropolymrizatbm in Organic Solvents. Amino-Substituted 
Tetraphenylporphyrins. We described earlier13J4 the oxidations 
of H2(o-NH2)TPP and various metalated complexes that by 
repetitive potential scanning between 0.0 and +1.1 V produce 
adherent polymeric films (abbreviated poly-H2(o-NH2)TPP) on 

(22) Kadish, K. M.; Morrison, M. M. J. Am. Chem. SOC. 1976,98, 3326. 
(23) Felton, R. H.; Linschitz, H. J.  Am. Chem. Soc. 1966, 88, 1113. 
(24) (a) Walker, F. A.; Beroiz, D.; Kadish, K. M. J .  Am. Chem. Soc. 1976, 

98, 3484. (b) Kellet, R. M.; Spiro, T. G. Znorg. Chem. 1985, 24, 2373. 
(25) (a) Carter, M. J.; Englehardt, L. M.; Rillema, D. P.; Basolo, F. J.  Chem. 

Soc., Chem. Commun. 1973, 810. (b) Carter, M. J.; Rillema, D. P.; 
Basolo, F. J. Am. Chem. SOC. 1974, 96, 392. 
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Table 111. Electrochemical Data for Solutions and Electropolymerized Films of Porphyrins and Metalloporphyrins 
EO',' V vs. Ag/AgC1 

potential range 
rm: for electropoiymerizn," redn oxidnd 

"pd solvent/electrolyte" V vs. Ag/AgCl soh film soh film mol/cm2 
H,TPP CH,Cl,/BuiNClO, 0 - +1.1 -1.28 

0 - +1.1 
0 - +1.1 
0 - +1.1 
0 - +1.0 
0 - +1.0 
0 - f0.7 

0 - +0.5 
0 - +1.1 

0 - +1.0 
0 - +0.75 
0 - +1.3 

0 - +1.0 
i 
i 
0 - +1.0 

0 - +1.40 
0 -+ -1.5 
0 - +1.1 

-1.13 
-1.26 
-1.32 
-1.19 
-1.35 
-0.97f 
-1.33 

-1.08 
-1.20 
-1.24 
-1.29 

-1.38 
-0.86 

-0.82 
i 
i 

-0.90 

-0.84 
-0.86 
-0.88 

-1.09 

-1.35 
-1.20 

-1 .od 
-1.34 

-1 .OSh 
-1.27 
-1.25 
-1.29 
-0.9d 
-1.38 
-0.82 
-0.90 

-0.92 

-0.78 

-0.9 1 

-0.90 

+0.6 

+0.35' 
+0.49 
+O.lX 
+1.0 

+0.97 

+0.8 
i 
i 

+OS8 
+0.80 
+0.99 

+0.38 
+0.90 

104 

5 x 10-9 

2 x 10-8 

f 
10-7 
10-8 

1 0-8 
2 x 10-8 
10-9 
10-9 
2 x 10-8 

+0.85 
+0.45' 2 X 10" 
+0.45' 

+0.49 2 X 

+1.05 2 X 10" 

10-7 

'These media were used to study the electrochemistry of the dissolved compounds and their electropolymerization; 0.1 M Et4NC104/CH3CN was 
used to study the electrochemistry of all films. bPotential was cyclically scanned over the indicated range at 200 mV/s. CFormal potentials for the 
dissolved and film redox couples observed when scanning from 0 V in the negative direction (reductions: 0 - -1.9 V for free-base and nickel 
porphyrins; 0 - -1.2 V for cobalt porphyrins) or in the positive direction (oxidations: 0 - +1.1 V). the positive-potential scans, most of the 
films show broad, overlapping waves rather than well-resolved, sharp electrochemical oxidations; Eo' values are reported only for well-defined waves. 
cApproximate maximum surface coverage obtained. 'Irreversible reduction or oxidation peak; value reported is EP,+ or Ep,a. #The film is noncon- 
ductive. hThe current for the wave with Eo' = -1.05 V decreases and that for E'" = -1.27 N increases upon repetitive cycling, but a steady-state 
pattern is eventually obtained. 'Due to insolubility in CH,CN and CH2C12, no electrochemistry or electrapolymerizations could be performed. 
Poly-Co(m-NHz)TPP and poly-Co(p-NH,)TPP films were obtained by inserting cobalt ions into poly-H2(n-NH2)TPP and poly-H2@-NH2)TPP 
films. ' E O '  value for main wave. 

Pt  or GC electrode surfaces. Analogous results for film-growth 
patterns seen in the electropolymerization of H2(m-NH2)TPP, 
H2(p-NH2)TPP, and H2(p-NM%)TPP are shown in Figure 4. As 
is characteristic of nonpassivating electropolymerization, the 
polymer film remains electroactive at  the electropolymerization 
potential so that the oxidation and reduction current envelope 
grows with each successive potential cycle. Following a previous 
study of amino-substituted ruthenium polypyridine complexes,12 
we attribute the electrooxidative film formation to aniline- (or 
N-substituted-aniline-) like polymerization3 where porphyrin- 
substituted aromatic amine radical cations couple with one another. 
The complex current/potential patterns in Figure 4 vary somewhat 
with potential scan limits and rate, and we have not pursued a 
detailed analysis of the growth patterns. However, some general 
observations are possible. 

On the basis of Hammett free energy relationship that predict" 
redox potentials for forming radical anions and cations from the 
freebase tetrakis(aminophenyl)porphyrins, it is clear that oxidation 
to porphyrin cation radicals can occur within the potentials scanned 
during electropolymerization (0 - 1.1 V). The chemistry of the 
aminophenyl substituents dominates the electrochemical behavior, 
however, and it appears that the substituents are oxidized con- 
currently with, or slightly before, the macrocyclic ring. For 
example, in the oxidation of H2(o-NH2)TPP, the chemically ir- 
reversible anodic current peak at +0.9 V recorded on the first scan 
is ca. 4X larger than that for the reversible, oneelectron reduction 
to H2(o-NH2)TPP'-. This is consistent with a multielectron 
oxidation reaction and the presence of multiple amine sites. 
Moreover, the oxidation peaks seen in the first positive-potential 
scans in H2(p-NH2)TPP and H2(p-NMe2)TPP solutions (Figure 
4B,C) occur a t  potentials (+OS-0.6 V) less positive than those 
required for porphyrin ring oxidation and are more reasonably 
attributed to aminophenyl oxidation. 

For all the free-base tetrakis(aminophenyl)porphyrins, the first 
oxidizing potentia1 sweep is unique and is not repeated on sub- 

B 

0.8 4 4  0 
V vs Ag/AgCI 

Figure 4. Cyclic voltammetric scans (200 mV/s) at a GC electrode in 
0.1 M Bu4NC104/CHc12: (A) 1 mM H2(m-NH2)TPP (numbers below 
voltammograms are scan numbers); (B) 1 mM H2(pNH2)TPP (recorded 
every second scan); (C) 1 mM H2(p-NMe2)TPP. 

sequent scans. Instead, after several scans, a growth of a current 
envelope appears for a new couple in the electroactive film, for 
H2(o-NH2)TPP at  about +0.8 VI3 and at about + O S  V for 
H2(m-NH2)TPP, H2(p-NH2)TPP, and H2(p-NMq)TPP (Figure 
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-0 
Y vs.Ag/AgCI 

Figure 5. (A) Cyclic voltammogram for a poly-H2@-NH2)TPP film 
(obtained as in Figure 4B) after being transferred to a 1 M NaCl solution 
containing M phosphate buffer and adjusted to pH 2.5. (B) Plot 
of formal potential vs. pH for the poly-H2(p-NH2)TPP film shown in 
(A). 

4). Electroreactivity in this potential range could reflect formation 
of either N-phenyl-p-phenylenediamine or o-benzidine moietiesz6 
The anodic cyclic voltammetry of a poly-[H2(p-NHz)TPP] film 
in monomer-free aqueous solution (Figure 5A) shifts as a function 
of pH over pH 4-6 (Figure 5B) but shows no pH dependency in 
the pH ranges 0-4 and 6-9. Apparently the potential of the redox 
process of the coupled aminophenyl groups is influenced by an 
acid site that has pK, i= 5.  

p-(N-Pyrrole)-Substituted Tetraphenylporphyrin. The for- 
mation of a,a'-coupled polymers from the oxidation of pyrrole 
and variously N-substituted pyrroles is ~ e l l - d o c u m e n t e d . ~ ~  Ac- 
cordingly, a porphyrin-substituted pyrrole was anticipated to 
straightforwardly yield polymeric films upon oxidation, and this 
was indeed observed as shown in Figure 6. The initial potential 
scan in Hz(p-pyr)TPP solution produced a peak (Figure 6B) at  
about +1.0 V, about 300 mV more positive than the potential 
required for oxidation of 1 - p h e n y l p y r r ~ l e ~ ~  (Figure 6A). Sub- 
sequent repetitive potential scanning revealed growth of a redox 
couple a t  Eo' = +0.3 V, which probably represents a polypyrrolic 
reaction. We have no evidence for exceptional conductivity 
properties of these films, probably because of steric and cross- 
linking effects that prevent growth of long polypyrrole chains. 

p -Hydroxy-Substituted Tetrapbenylporphyrins. The available 
redox chemistry for hydroxyphenylporphyrins shows their dual 
functionality: porphyrin and polyphenol.2s The H2(p-OH)TPP 
compound was insoluble in CH2Clz and CH3CN, but the Ni"- 
@-0H)TPP and Co"'(p-OH)TPP complexes could be oxidatively 
electropolymerized from CH3CN as shown in Figure 7A. More 
positive potentials are required to electropolymerize the hydroxy 
compounds (about + 1.4 V) than the amino- (about + 1.1 V) and 
pyrrole-substituted porphyrins (about +1.2 V, Table 111). Like 
the other Co(II1) porphyrins, electropolymerized poly-Cob- 
0H)TPP films (Figure 7B) do not show a clean Co(II1) - Co(I1) 
cyclic voltammetric wave in 0.1 M Et4NC104/CH3CN; that re- 
action is not initiated until potentials sufficient to generate a 
mediating Co(1) state are attained, whereupon a two-electron 
reduction occurs. The Co(I1) - Co(II1) reaction occurs in an 

(26) (a) Adam, R. N. Electrochemistry at Solid Electrodes; Marcel Dek- 
ker: New York, 1969; p 351. (b) Oyama, N.; Ohsaka, T.; Shimizu, 
T. Anal. Chem. 1985, 57, 1526. 

(27) Salmon, M.; Carbajal, M. E.; Juarez, J. C.; Diaz, A.; Rock, M. C. J .  
Electrochem. SOC. 1984. 131. 1802. 

(28) Evans, T. A.; Srivatsa, G. S.; Sawyer, D. T.; Traylor, T. G. Inorg. Chem. 
1985, 24, 4133. 

A 1 - phenylpyrole 
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Figure 6. (A) Cyclic voltammetric scans (200  mV/s) at a GC electrode: 
(A) 1 mM 1-phenylpyrrole in 0.1 M Bu4NC1O4/CH2CI2; (B) 1 mM 
H2@-pyr)TPP in 0.1 M Bu4NC104/CH2C12. Numbers above voltam- 
mograms are scan numbers. 

ill-defined process at about +0.4 V. The reversible Co(II/I) 
reaction is most clearly observed by restricting the range of po- 
tential sweep (dashed line, Figure 7B)., 

Unexpectedly, films could also be formed from Cob-0H)TPP 
solutions by reductive scanning around the potential of the Co- 
(II/I) wave (Figure 7C). This behavior was not exhibited by 
N i b - 0 H ) T P P  or any of the other cobalt porphyrins. This 
phenomenon may somehow be associated with the hydroxy group 
acidity and the ability of the Co(1) state to form Co(II1)-H species 
such as described by S p i r ~ . ~ ~ ~  Exactly how such chemistry sub- 
sequently leads to film formation is presently a subject of spec- 
ulation. One clear feature of the reductively formed C o b -  
0 H ) T P P  films is, however, that they are more ordered, as is 
demonstrated, relative to the oxidatively formed film (Efwh, = 
220 mV in Figure 7B), by much sharper Co(II/I) voltammetry 
(Efwhm = 120 mV in Figure 7D). The Co(I1) - Co(II1) wave 
is also better defined (Figure 7D). 

The oxidatively formed films of the free-base porphyrins and 
metalloporphyrins listed in Table I11 are insoluble in a variety 
of common solvents such as MezSO, acetone, CH3C12, CH$N, 
DMF, and concentrated acids (HN03, H2S04) and bases (Na- 
OH). Solubility in D M F  and aqueous acids was observed for 
poly-H2(p-NH2)TPP and poly-Ni(p-NH2)TPP films grown at low 
oxidation potentials. While oxidatively formed C o b - 0 H ) T P P  
films were insoluble in all solvents tested, the reductively formed 
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Figure 7. (A) Cyclic voltammetric scans (200 mV/s) in the range 0 - 
+1.4 V for 1 mM Co(p0H)TPP in 0.1 M Et4NC104/CH3CN (recorded 
first and every fifth scan thereafter). (B) Cyclic voltammogram (50 
mV/s) for a Ptlpoly-Cob-0H)TPP electrode with r = 2.0 X lo4 
mol/cm2 formed as described in (A) and transferred to a Et4NC104/ 
CH3CN solution. (C) Cyclic voltammetric scans (200 mV/s) in the 
range 0 - 1.W for the same solution as in (A) (first and every fifth 
subsequent scan). (D) Cyclic voltammogram for a Pt/fdm electrode with 
I7 = 4.2 X lo4 mol/cm2 formed as described in (C). Dashed curves (a) 
are obtained for scans in the range 0 - -1.3V, and solid curves (b) are 
obtained for scans in the range +0.6 - -1.3V. 

Table IV. Electroreduction of Dioxygen by Various Cobalt Porphyrin 
Films' 

electro- E O ' ,  v vs. E,,$, v vs. slope: 
polymerized electro- Ag/AgCI Ag/AgCl mA/[(V/s)l/Z 

monomer lyteb (without 0,) (with 0,) cm2] 
Co(o-NH2)TPP H2S04 +0.23, -0.08 +0.31 2.8 

NaOH 4 1 6 , 4 4 5  -0.25 3.1 

NaOH -0.31 -0.34 2.1 
Cob-NH2)TPP H2SO4 +0.19 +O. 13 1.5 

NaOH -0.20' -0.27' 2.2' 
Cob-pyr)TPP H2S04 +0.02 +0.10 1.4 

NaOH -0.30 -0.35 2.0 

Co(m-NH2)TPP H2S04 +0.11 +0.06 1.3 

Cob-0H)TPP H2S04 +0.28' +0.25d 2.2d 

"Surface coverages ranged from 1.5 X to 15 X mol/cm2. b0.5 
M H2S04 or 1 M NaOH. cSlope of plot of cyclic voltammetric peak cur- 
rent divided by electrode area (lp/,4) vs. square root of scan rate (u ' / * ) .  
dFor both oxidatively and reductively formed films. cFor oxidatively 
formed films. 

films could be dissolved in MezSO and in 3 M NaOH. Applying 
oxidative potential scanning to the reductively formed poly-Co- 
@-0H)TPP films, on the other hand, decreased their solubility 
in Me2S0 and base. 

Electropolymerization in Aqueous Solutions. Oxidative elec- 
tropolymerizations were observed for both aminoporphyrins 
(aqueous acid) and hydroxyporphyrins (aqueous base). Oxidative 
electropolymerization patterns, which commence at  about +0.8 
V, are compared in Figure 8 for Co(o-NH2)TPP in 1 M meth- 
anesulfonic acid and 0.1 M Et4NC1O4/CH3CN. Waves for the 
Co(III/II) reaction can be observed in acid (Figure 8A) during 
electropolymerization but not in CH3CN. Both films of Figure 
8 exhibit a typical Co(II/I) wave in 0.1 M Et,NClO,/CH,CN 
and a split Co(III/II) wave14 in 0.5 M H2S04 (EO' = +0.25 and 
-0.08 V) and in 1 M NaOH (Eo' = -0.16 and -0.45 V). The 
poly-Co(o-NHz)TPP film is unique, however, in exhibiting the 
double Co(III/II) wave; the other electropolymerizable cobalt 
porphyrins exhibit only one Co(III/II) peak in aqueous acid or 
base (Table IV). 

Electropolymerization occurs in a very sharp wave at  +O. 1 V 
in aqueous base (1 M NaOH) for H2(p-OH)TPP (when scanning 
potential between 0 and +0.5 V). As is often observed for po- 
lyphenoxy films,4 the currents decrease upon continued electro- 

+a0 + a4 0 -0.4 
v VS. Ag/A&I - 

Figure 8. Cyclic voltammetric scans (200 mV/s) for 1 m M  Co(o- 
NH,)TPP in (A) 1 M CH3S03H and (B) 0.1 M Et4NC104/CH3CN. 

polymerization, indicating passivation by formation of a non- 
conductive film. 

Film Structure and Spectroscopy. The general insolubility of 
the electropolymerized films hampers detailed structural inves- 
tigations. The central evidences we have are as follows: (i) 
Electropolymerizations require the presence of substituents (amino, 
pyrrole, hydroxy) that are known in elementary aromatic form 
(aniline, 1 -phenylpyrrole, phenol) to oxidatively electropolymerize, 
so that it is rational to expect similar types of coupling reactions. 
(ii) The electrochemical reduction potentials of the films are 
similar (Table 111) to those of corresponding monomers, meaning 
that the porphyrinic structure is retained. (iii) Optical spectra 
of films deposited on SnOz electrodes closely resemble those of 
the dissolved monomers dissolved in CH2Cl2, as illustrated for 
monomeric Cob-pyr)'TPP and poly-Cob-pyr)TPP (solid curves 
in Figure 2). A spectrum very similar (dashed line, Figure 2B) 
to that of electropolymerized poly-Cob-pyr)TPP could further- 
more be obtained by electropolymerizing free-base H2@-pyr)TPP 
and then inserting cobalt into the film (see Experimental Section). 
On the other hand, only one Soret band was observed for polymeric 
cobalt porphyrin films (Table I), a t  all surface coverages and in 
all solvent/electrolyte combinations used, which contrasts with 
the Soret splitting described above and interpreted as aggregation 
for the monomeric cobalt porphyrin solutions (Table I). It may 
be. that splitting is present but is obscured because the Soret bands 
are broadened for the film spectra. (iv) The infrared spectroscopy 
of these films is difficult because of the small quantities involved, 
although Spiro et a1.ls have succeeded in obtaining considerable 
Raman evidence. We were able only to observe the IR spectrum 
of a poly-Cob-pyr)TPP film (on SnOz), which is compared 
(dashed curve) to that of Cob-pyr)TPP in KBr (solid line) in 
Figure 9. The peaks at  3100, 1610-1505, and 725 cm-' are 
characteristic of the various vibration modes of the C-H and C-C 
bonds of the aromatic nuclei;29 those at 1350-1250 cm-' arise from 

(29) Dolphin, D.; Wick, A. In Tabulation of Infrared Spectral Data; Wi- 
ley-Interscience: New York, 1977. 
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Figure 9. IR spectra for Cob-pyr)TPP in KBr (solid line) and a poly- 
Cob-pyr)TPP film on a SnO, electrode (dashed line). 

25pAlcmz I 6 

Figure 10. (A) Cyclic voltammograms (200 mV/s) for Fe(CN),'-/Fe- 
(CN)," recorded continuously at a GClpoly-Cob-pyr)TPP film elec- 
trode in a 0.1 M KCI solution containing lo4 M K3Fe(CN),. (B) Cyclic 
voltammograms (200 mV/s) obtained when the electrode used in (A) was 
washed with water and transferred to a 1 M KC1 solution. 

stretching vibrations of the C(pheny1)-N(pyrro1e) bond, while 
those at about 1000 cm-l can be assigned to N-H of the pyrrole 
groups in the center of the porphyrin molecule.30 Peaks in the 
1700-cm-I region are attributable to the C104- countera t~ ion .~~ 

Ion-Exchange Properties of the Films. The tactic of incorpo- 
rating electroactive cations and anions into polyionic films on 
electrodes has been extensively employed to prepare electroactive 
 film^.'^,^^ In the present case, such incorporation was used to 
probe the ionic charge state of the polymeric porphyrin films. 
Cyclic voltammograms in Figure 10A show that Fe(CN),,- is 
incorporated into a poly-Cob-pyr)TPP film from aqueous 
M K,Fe(CN)6/0.1 M KCI. The Fe(CN)64-/3- wave gradually 
increases in size with continued potential scanning. Interestingly, 
when the film was transferred after 30 min to pure supporting 
electrolyte, the wave continued to grow (Figure 10B). We in- 
terpret this behavior as reflecting a relatively low (slow) mobility 
of Fe(CN)b3- ions in the film, e.g., Figure 10B represents slow 
diffusion of the Fe(CN)63- ions from the solution-exposed out- 

(30) Alben, J.  0. Ih The Porphyrins; Dolphin, D., Ed.; Academic: New 
York, 1978; Vol. 111, pp 323-34s. 

(31) (a) Oyama, N.; Shimomura, T.; Shigehara, K.; Anson, F. C. J .  Elec- 
troanal. Chem. Interfacial Electrochem. 1980, 112, 271. (b) Buttry, 
D. A.; Anson, F. C. J. Am. Chem. SOC. 1983, 105,685. (c) Anson, F. 
C.; Ohsaka, T.; Saveant, J. M. J .  Am. Chem. SOC. 1983, 105, 4883. 
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Figure 11. Cyclic voltammograms (100 mV/s) for a GC/poly-Cob- 
0H)TPP film (r = 1 . 3  X mol/") in (A) 0.5 M H2S04 and (B) 
1 M NaOH. Curves a and b are obtained in deaerated and 02-saturated 
solutions, respectively. 

ermost layers to the innermost layers of the poly-Cob-pyr)TPP 
film next to the electrode. Incorporation of Fe(CN)6,- was also 
observed for poly-Co(o-NH,)TPP and poly-Co(o-NMe,)TPP 
films, but the effect in Figure 10B was not seen for these films. 
The general conclusion we draw from these results is that, a t  
neutral aqueous pH values, the poly-Cob-pyr)TPP, poly-Co(o- 
NH,)TPP, and poly-Co(o-NMe,)TPP films have a polycationic 
character in the range of potentials scanned in Figure 10. This 
conclusion is supported by observations that poly-Co(o-NHJTPP 
films form membrane barriers to cationic reactants like me- 
th ylviologen. 

In contrast, poly-Nib-0H)TPP films can be plyanionic (cation 
exchangers), since they incorporate Ru(NH,)~,+ from aqueous 
2 X M R u ( N H , ) , ~ + / ~  M NaCl/pH 8.3 phosphate buffer 

M). The ionic incorporation was not stable, however; peaks 
for the R U ( N H , ) ~ ~ + / ~ +  couple ( E O '  = -0.2 V) decreased to about 
60% of their original height after being transferred to 1 M 
NaCl/pH 8.3 phosphate buffer solutions. 

Catalytic Properties of the Films. Having shown14 that poly- 
Co(c-NH2)TPP films catalytically reduce O2 to H202 or to water, 
depending on surface coverage and solution pH, we also tested 
the other electropolymerized cobalt porphyrin films for 0, ca- 
talysis. Results comparing deaerated and 02-saturated 0.5 M 
H2S04 and 1 M NaOH are illustrated in Figure 11 for a poly- 
Co@-OH)TPP film and are summarized in Table IV. We found 
that the poly-Co(o-NH2)TPP films were unique in exhibiting a 
split Co(III/II) reduction waveI4 (TabIe IV); all of the other cobalt 
porphyrin films show only one wave. By the crude measure of 
the peak currents for the similarly shaped O2 catalyzed waves, 
the poly-Co(o-NH,),TPP film is also the best 0, catalyst. The 
theoretical value of i,/Au112 for a four-electron reduction of 0, 
is 3.2 m A / [ ~ m ~ ( V / s ) ~ / ~ ]  for an 0, concentration of 1.45 X lo-, 
M (0,-saturated solutionsg2) and diffusion coefficient33 Do = 2.6 
X cm2/s. Table IV shows the slopes of i , /A vs. ulb plots 
for oxygen catalysis by the various films. poly-Co(o-NH2)TPP 
films are the best catalysts as judged from both their more positive 

(32) Linke, W. F. Solubilities of Inorganic and Metal Compounds, 4th ed.; 
American Chemical Society: Washington, DC, 1965; Vol. 11, p 1228. 

(33) Kolthoff, I .  M.; Miller, C. S. J. Am. Chem. Soc. 1941, 63, 1013. 
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Figure 12. Cyclic voltammogram (200 mV/s) for a GClpoly-Cob- 
NMez)TPP film (r = 1.4 X mol/cm2) in a CH$N + 0.1 M 
Et4NCI04 solution (solid curve) and for the same solution after addition 
of 2 volumes of HzO (dashed curve). 

potentials for O2 reduction and larger slope. The slope for 
poly-Co(o-NH2)TPP in 1 M NaOH is in fact very close to the 
four-electron value; we have confirmed by the rotating ring-disk 
techniqueI4 that this situation produces virtually no H202 product. 

26, 1017-1025 1017 

Assuming (as we have14) that the two waves for poly-Co(o- 
NH2)TPP reflect monomeric and dimeric species in the film, then 
the lower activity of the other cobalt porphyrins may be connected 
to their lower dimerization constants, as found for Co(p-0H)TPP 
and Cob-pyr)TPP solutions from absorbance spectroscopy (Table 
11) * 

showed that Co(1) porphyrins placed in 
solutions and adsorbed or bound to G C  electrodes34 react rapidly 
with water. Figure 12 shows a test for water reduction using an 
electropolymerized poly-Cob-NMe2)TPP film (GC electrode). 
Co(II/I) voltammetry of the film in dry 0.1 M Et4NCI04/CH3CN 
(solid curve) occurs a t  Eo' = -0.92 V, whereas upon addition of 
two volumes of water (dashed curve), an irreversible, split (ca. 
-0.68 and -1.01 V) wave, with greatly enhanced cathodic current 
and no reverse anodic wave, is observed. While it is reasonable 
to suppose that these waves represent H2 evolution, they are not 
very stable (as S p i r ~ ~ ~  also experienced) and gradually decayed. 
No further studies were done. This instability is not characteristic 
of the polymeric porphyrin films in dry solvent, which in the 
potential window 0 to -1.5 V are very stable to repeated potential 
cycling. 
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A series of 19 mononuclear oxomolybdenum(V) compounds of the general formula LMoOXY (L = hydrotris(3,5-dimethyl-l- 
pyrazoly1)borate; (X,Y) = C1-, NCS-, NC, OR-, SR-, and the dianions of ethylene glycol, mercaptoethanol, dimercaptoethane, 
catechol, o-mercaptophenol, o-aminophenol, o-aminobenzenethiol, and toluenedithiol) have been prepared and characterized by 
electron paramagnetic resonance spectroscopy (EPR), cyclic voltammetry, UV-visible spectroscopy, and mass spectrometry. The 
LMoO(SR)~ complexes possess the cis sulfur ligands proposed for the molybdenum cofactor. The structure of LMoO(SPh), was 
determined by X-ray crystallography: space group P2,/c, Z = 4, u = 13.079 (6) A, 6 = 14.438 (7) A, c = 15.836 (9) A, p = 
104.73 (4)O. The molecule adopts the expectedfuc six-coordinate stereochemistry with cis thiolate groups. The average Mo-S 
distance is 2.382 (2) A, and the average Mo-0 distance is 1.676 (4) A. The Mo-N distances range from 2.164 (5) to 2.357 (5) 
A. The isotropic ( g )  and (A)(95*97Mo) values show an inverse correlation and cluster according to the nature of the donor atoms. 
Sulfur donor atoms lead to large ( g )  and small ( A )  values. The anisotropies of the g values for LMoO(OR), and LMoO(SR)~ 
complexes show marked differences between monodentate and chelated ligands. All LMoOXY complexes undergo reversible 
one-electron reductions. The reduction potentials span a range of 1.3 V depending upon the nature of X and Y; LMoO(NCS), 
is most easily reduced, and LMoO(OCH2CH20) is the most difficult to reduce. Complexes become easier to reduce as alkoxide 
groups are replaced by thiolate groups. 

Introduction 
Molybdenum is an essential trace element which is found in 

enzymes such as xanthine oxidase, sulfite oxidase, and nitrate 
r e d u ~ t a s e . ~ . ~  The chemical reactions catalyzed by these enzymes 
all involve a change in the number of oxygen atoms in the sub- 
strate, and there is strong evidence that these enzymes possess 
a common molybdenum cofactor (I).4,5 EXAFS studies support 

(1) (a) University of Arizona. (b) University of Manchester. 
(2) Spence, J. T. Coord. Chem. Rev. 1983, 48, 59-82. 
(3) Molybdenum and Molybdenum-Containing Enzymes; Coughlan, M. P., 

Ed.; Pergamon: New York, 1980. 
(4) Johnson, J. L.; Rajogopalan, K. V. Proc. Natl. Acad. Sci. U.S.A. 1982, 

79, 6856-6860. 
(5) Cramer, S. P.; Stiefel, E. I. In Molybdenum Enzymes; Spiro, T. G., Ed.; 

Wiley: New York, 1985; Chapter 8, pp 411-441. 

I 
a mononuclear molybdenum clnter with at least two RS- ligands 
bound to the molybdenum 

An overall chemical reaction cycle for oxo-molybdenum centers 
of such enzymes involving Mo(IV), Mo(V), and Mo(V1) is shown 

(6) (a) Cramer, S. P.; Wahl, R.; Rajagopalan, K. V. J .  Am. Chem. SOC. 
1980, 103, f721-7727. (b) Bordas, J.; Bray, R. C.; Garner, C. D.; 
Gutteridge, S.; Hasnain, S .  S .  Biochem. J .  1980, 192, 499-508. 

(7) Cramer, S. P. Adu. Inorg. Bioinorg. Mech. 1983; 2, 259-316. 

0020-1669/87/1326-1017$01.50/0 0 1987 American Chemical Society 


