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ABSTRACT

Tetra(an*inophenyl)porphyrin can be amide—bonded to oxidized glassy

carbon surfaces following activation with acetyl chloride or thionyl

chloride , with the latter affording higher coverage. The immobilized

porphyrin can be metallated with manganese , iron, cobalt , nickel , copper

and zinc. The metalloporphyrins undergo electrochemical reactions in DMSO

t solvent at metal and ring—centered reduction potentials expected on the

basis of solution molecular analogs. In the case of iron—metallated

porphyrin, electrochemistry can be done in aqueous acid , where a clear

bu t porphyrin—debilitating dioxygen catalysis is observable. A small

reverse wave at ca. 0.4 volt vs. N SCE in cH
3
CN and DMSO solvent is inter-

preted as reoxidation of diprotonated surface bound porphyrin.
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TETRA (AMINOPHENYL) PORPHYRIN WITH MANGANESE , IRON , NICKEL, COPPER AND

ZINC, AND ELECTROCHEMISTRY OF DIPROTONATED TETRAPRENYLPORPHYRIN

Roy D. Rocklin and Royce W. Murray

Kenan Laboratories of Chemistry

University of North Carolina

Chapel Hill, North Carolina 27514

INT ROT)UCTIO’~

In previous papers1’2 we showed that reaction sequence I could

be used to bind tetra (p—eminophenyl)porphyrin, designated T(p—NH2
)PP,

to the surface of glassy (vitreous) carbon electrodes.

02 SOC 12 
~j

O H~NR (1)

The immobilized porphyrin and its in situ cobalt metallated daughter

exhibit reversible surface electrochemical waves with formal potentials

3
similar to those of the solution dissolved analogs

The favorable properties of the carbon—porphyrin electrodes invite

exploitation of the rich porphyrin and metalloporphyrin chemistry and

electrochemistry. In this paper, we report the in situ metallation and

subsequent electrochemistry of carbon bound T(2—N112
)PP with manganese,

iron, nickel, copper, and zinc, including the electrocatalytic reduction

of dioxygen using the iron—metsilated surface . We have also continued
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investigation of the nature of the bonding of th. porphyrin to the carbon

surface and describe an alternate attachment procedure . Finally, we w i l l

present the results of an investigation of the electrochemistry of solu-

tion dissolved diprotonat.d tetraph.nylporphyrln , H2TPP 2
~ , and it.

connection to previous observations for surface porphyrin 2. The dissolved

H2TPP 2 
species exhibits a very low roduction potential .

EXPE~IME NTAL

Tetra(p—aminophenvl)porphyrin , T(p-NH2)PP , was prepared as described

earl ier 1’4. Further purification of the porphyrin , by chromatography on

a short silica gel column with ~.2 CH 3OH and 99% CH C I 3 (V /V ) ,  resulted in

increased coverage on the electrode surface and lower carbon electrode

background currents than in the early experiments. Tetraphenylporphyrin

was synthesized by the method of Adler , ~~~~~~ Glassy carbon rod

(Atomerg ic Chemetals Corp., Pl a inview , N.’~., Grade V iD—SO , 2.6 imu diameter)

cut in to elec trodes ~4 mm long was polished on the cylinder end with

successively finer alumina polishing compound , finishing with lP diamond

paste. The polished electrodes were then oxidized in an RF plasma6 for

30 minutes at 200 mtorr of 02 and cm. S watts. There was no noticeable

difference between electrodes oxidized in the RF plasma and those oxidized

by bak ing in 0
2 

at 450° C, as in our earlier procedure.

The oxidized electrodes were ref luxed with cm. 2 ml freshly distilled

SOC 1~ in cm. 15 ml Na° dried toluene. After one hour, the elec trode s

were removed , br iefl y rinsed in dry toluene, and placed in a reflu x ing
• solu tion7 of < 1 mg T(2-NH 2)PP in 15 ml dry toluene for 2.5 hours. Follow-

• jug reaction , the •lectrod.s were rinsed with toluene and then copiousl y

with methanol and dim.thylform ide (DMF), wh ich are •ff*ctive at removing

any adsorbed porphyrin , and air dried . The procedure for activating the
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ozidia.d carbon surface with ac.tyl chloride is the sam e , except thionyl

chloride is r.plac.d with acetyl chloride .

• In this work , the porphyrin was metallated after it had been bound

to th. carbon surface8. This procedur. has the advantag e of consuming

very littl , porphyrin reagent , and further insures removal of  any adsorb-

ad material. Cobalt , nicke l, copper , and *inc were inserted by ref lux ing

the carbon—T (1—NH 2)PP electrod , in a D0’ solution of their metal (II)

• chlorides for 15 minutes9. Par manganese m .tall.tion , mangenese(II)

• acetate was ployed instead of the chloride , and the DMF solvent was

carefully degassed to avoid Mn02 formation . We were not successful at

ins.rting iron by the usual ref luxing DMF procedure without detaching or

otherwise incapacitati ng the porphyrin , but the method of Collisan ,

j~ proved suitable . The carbon—porphyrin electrodes were ref luxed

in tetrahydrofu ran (Aldrich , 99.92, water content <0.0062, or freshly

:~ d~.till.d frau LiA1H4
) solution of anhydrous FeC 12 for three to six hours.

A conv.ntional non-aqueous cell with Luggin (NaSCE) reference

.l.ctrod. was emp loyed for .l.ctroch.mlcal experiments. A PAR Model 17 M

served as potentiostat and a locally d.signed~
11 triangula r wave generat or

as signa l source. Phase selective AC voltamme try exp .rim.nts employed a

PAR HR-8 lock—in a.plifi.r. XPES spectra were obtained on a DuPont bSOI’

• Electron Spectrometer with Mg anode . Dtm .thylsultoxide (DMSO) and

b .nsonitril. solvents were dried over Linde 4* molecular sieves and con-

tained 0.1 P1 Et4N
’
~ClO4 supporting •lectroly te .

RESULTS AND DISCUSSION

Bonding of T(p—NH2)PP to Oxidlied Carbon El .ctrodes. In our previous

papers1’2 we described experiments designed to elucidate th. manner in

which the tetra (p—aainophenyl)porphyrin is bonded to the carbon electrode
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2surface. An XPES analysis for uncoupled amine on the porphyrin surfaces

showed that on the average two of the four amine groups of the T(2—NH2)PP

remained uncoupled after the surface bonding. We have continued to probe

the details of bonding and describe here results of some additional exper-

iments.

T(~—NH2)PP does not adsorb on glassy carbon from dilute solutions

in DMSO, nor is detectable surface electrochemistry or XPES produced by

substituting tetraphenylporphyrin for T(2—NH2)PP in Reaction 1. These

earlier results1 have been conf irmed . Fe(lII)TPP(Cl) will  adsorb
h

pyrolytic graphite from a saturated DMT solution , but  the elec t rochemica l

detection of this adsorption , done in a medium in which no dissolved

porphyrin is present , requires use of a solvent (water) in which the

porphyrin is poorly soluble.

We believe it is safe to claim that the interaction of T(~—NH2)PP with

the glassy carbon surface under the reaction conditions employed depends

on the presence of the amine function and its role in covalent amide

bond formation as opposed to adsorptive effects.

Koval and Anson have reported’3 that oxidized but not (thionyl

chloride) activated pyrolytic graphite strongly binds aininomethylpyrtdine.

We have made similar observations for glassy carbon, which after

oxidation but withou t thionyl chloride treausent binds aininophenylferro-

cene14 and as established during this study, T(2—NH 2)PP. The coverage

in the latter case (Table I, Entry 3), is small but the electrochemical 
V

potentials , stability , and general behavior are otherwise quite similar

to results obtained (Entry 1) using thiony l chloride activation . This

binding does not occur with non-amine—bearing reagents , and may be

associated with reactive acid anhydride groups on the carbon surface. 

~~
- 
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This would produce amide bonding just as effectively as Reaction 1,

of course.

Acetyl chloride, substituted for thionyl chloride , should form

surface anhydrides reactive with T(2—NH 2)PP.

3&~~ ft __pc ~~~~~ 
j.C\ 

(2)

4.c + C)~~ NPR (3)
~ 0)1

Entry 2, Table 1, shows that this procedure does result in binding of

T(2— NH 2 ) PP . Electrochemical  properties are again indistinguishable from

thionyl chloride activated reactions except the attained coverage is

lower (com pare Entries 1, 2), but on the other hand much higher than that

attained in the absence of activating reagent (Entry 3). The difference

in coverage between acetyl and thionvl chloride activated electrodes is

explicable from the non—productive path of Reaction 3, which surely

competes with Reaction 2.

Our earlier XPES—based analysis of two uncoupled amine functions

per average T(2—NH2)PP bound to carbon has been confirmed by R. Novak in

this laboratory14. This result was taken to indicate
2 
an average of two

emide bonds between the T(2—NH2)PP and carboxylic sites on the carbon

surface. T(~—NH2)PP doubly linked to the surface could be bonded either

a,$ (“edge on”), or a,y (“face down”). Approximating the porphyrin mole-

cule as a 12 A x 12 A x 4 A volume , abou t 1.2 x 10~~~ mole/cm
2 could lie

face down on a flat surface and 3.5 x l0~~
0 
mole/cm

2 edge on. The highest
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attained experimental coverage of T(2!JH2)PP , 1.4 x 1O~~ mole/cm
2
, would

require a surface roughness factor of 4X , a reasonable number. Even after

considerable polishing of our glassy carbon electrodes , the surface

still , sometimes visibly, exhibits pores and other defects. Different

brands and samples of glassy carbon probably possess widely vary ing

surface roughness factors.

A high coverage such as 1.4 x lO~~ mole /cm2 could alternatively be

interpreted as evidence for multilayer coverage, where dissolved T(~ -NH 2)PP

molecules for  instance are ac t iva ted  by res idual  SOd 2 and couple with

amine sites of sur face  amide—bonded porphyr in , fo rming s u l f i m id e  bonds:
0

porphyrln—NN—LN1I—porphyrin. However , S 2p bands cannot be detec ted  h~

~~ES on our highest coverage porphyrin electrodes , so if multilayers are

forming , some other and as yet unknown linking mechanism must be involved .

Electrochemistry of Unr~etallated Carbon T(2—NH 1)PP Electrodes. A cy c l ic

voltamsogram of iimnobilized but not metallated T(2—NN.)PP is shown in

Figure 1 to i l l u s t r a t e  the considerable improvement in wave d e f i n i t i o n

since the previous reports
1 ’2. The carbon electrode background current

is smaller , and the charge under the porphyrin reduction peaks is larger.

The increased purity of the T(2—NH 2)PP appears to permit longer 
reaction

t imes without surface contam ination by impurities , which raise the back-

ground current level. Table I summarizes data (Entr 1) for the unmetall-

ated carbon—T(2—PIH 2)PP electrod es. The formal potentials measured in

~~~O solvent agree with those measured previously
1 ’2 and with literat ure

va lues 3. As before , surface coverage varies widely from sample to samp le ,

but on a given electrode the charge under the four peaks shown in Figure 1

L 
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is roughly equal. We have found the splitting between the cathodic and

anodic peak potentials (AE ) is essentially zero for both ring_reductions

of iamobiliz.d T(2—NH2
)PP, and for ring reductions in metallated porphv-

rins, when the surface coverage is high as in Figure 1. Electrodes

exhibiting lower porphyrin coverage tend to exhibit measurable ~E

values.

The more negative member of the “waves II” doublet observed

previously2 for T(rn—NE2)PP on carbon is perceptible at ca. -1.75 volt.

H Its intensity relative to the main wave is smal ler  than in the earlier

data.

Electrochemistry of Me ta l l a t ed  Carbon T(~ — N14 ,)PF E lec t rodes .  An

appealing feature of ismobilized T(~—NL,)PP is that it can be metallat ed

in s i tu  without  cleaving the amide bonds b ind ing  the porp hy r in to the

carbon surface . Procedures suitable for metallation in conventional sol-

utions prove suitable for in situ surface me ta llat ions , except for i r on

where the usual DMF reaction medium was replaced with a known10 alterna-

tive (THF). We hay ’ not been successful using the in situ approach with

second row transition metals , however. For examp le , an attempt to prepare

the ruthenium porphyrin by refluxing a T(2—NR .,)PP electrod e with a decalin

solution of Ru
3

(CO) 12 destroyed the surface structure . Preparation of

the appropriate aaino—metalloporphy rin will probabl y he necessar y to deal

wi th such cases.

AC voltasmetry of electrodes metallated by DMF ref lux with the

chlorides of Ni(II), Cu(II), and Zn(1I) is illustrated in Figure 2b.

Cyclic voltemmeery of the Cu(II) complex is shown in Figure 2a; those ot

the other metalloporphyrins have comparable definition . These metallopor-

~~lL - V--- ~ . -V - ~~~~~-~~ - --- ~~~~~ 
.- - - - -~~
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phyrins are similar in that the pair of reductions corresponds to V

porphyrin ring reductions~~ . The formal potentials for the thtee

metalloporphvrins , listed in Table I (Entries 5 , 7, 8) are in reasonable

agreement w i t h  so lu t i on  d a t a .  The solution analogs employed are the

corresponding m e t a 1 l o t e t r a p h~ ti vl po r phv r ins , w h i c h  because of the  ahscnct

of the electron donating amino substituent 16 should be slightl y easier

to reduce. This may be the source of the small hut consistent ca. ~O-t’O

my. negative shift of the surface metalloporphv rln potentials as com~.~red

t o  the solution tt’traphen vlporphvrin Ones. (A similar small pot enti .i I

difference is noticeable for the unnietallated porphyrin , Entry 1).

Previous experiments in the non—coordinating solvent CH1C1~ with

cobalt , nickel , and zinc tetraphenvlporp hvrins report no influence of

added ligands on the porphyrin reduction potentia ls 18. In agreemen t with

th i s , the su r f a c e  waves f o r  these three  m et a l l o p o r p hv r i n s  are per turbed

onl y s l i g h t ly  by add i t i on  of a neu t ra l  base such as p v r i d i n e  using DMSO

as solvent .

Figure ~h shows a third peak for the carbon ZnT(p—NW ~)PP surface at

Ca. —1.93 volt vs. NaSCE . This peak is seen on1~ at slow scan rates in

AC voltaemetrv; at a 10 mv/sec . scan rate it is substantially smaller ,

and is completel y absent in DC cy cl ic  vo l t amet ry  at  100 mv/sec.  scan

rate. This behavior suggests a slow chemical conversion after the first

two ring reductions to generate a third electroactive state. Wilson ,

et ai 19 
in studies of zinc tetraphenylporphy rin in DMF have also observed

a wave more negative than the second ring reduction and have attribu ted

it to the product of slow protonation of the zinc tetraphenylporphyrin dian i on .

Meta lla tion of the carbon—T (E—N11 2)PP surface with copper proved so

facile that the trace copper resulting from corrosion of a brass electrode
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holder in contact with DP~ 0 solvent would metallate the electrode within

about two days. A cyclic voltaemogram of an electrode prepared in this

way is shown in Figure 2a. Both waves are shifted positively 50 my

relative to the conventionally—metallated electrode; the reason for

this repeatable potential shift is unknown .

The carbon bound manganese, iron and cobalt T(2-N112
)P? exhibit

changes in the metal oxidation state , as well as ring reductions . Table

1 lists formal potentials for these metalloporphyrins in DMSO (Entries

4, 9, 10). These immobilized metalloporphvrins are particularl y inter-

esting due to the chemistry of the meta l ’ s axial positions. Molecular

oxygen takes the sixth position of five—coordinate Fe(1l) porphyrin in

hemoglobin. Several meta l loporphyr in  dioxygen carr iers  have been

synthesized , notabl y Coliman ’s p icket fence porphyrin s 10 , and includi ng

other metalloporphyrins of Cr
20
, Mn

21
, and Fe

22
. p—oxo dimer formation

23 10,24is part of the axial chemistry of the Mn and Fe porphyrins. The

electrochemical potentials of the central  metal  are sensi t ive  to the ax—

ial ligation . This sensitivity has been demonstrated
2 
for the surface

bound CoT(rn—NH2)PP , and we have established an analogous sens i t iv i ty  fo r

cobalt and iron—metallated carbon—T(2—NU 2)PP electrodes. Quantitative

features of exial coordination chemistry for these surfaces will be

described elsewhere25
.

AC and cyclic voltammetry for a manganese T(~—NH2
)PP electrode is

shown in Figure 3, cyclic voltausnetry for iron T(~—NR2)PP in Figure ~~~.

Peak definition is presently inferior to that of the other metalloporphv-

rins due both to lover attained coverage and poorer background current.

We find no prior reports of electrochemistry of manganese tetr$—

phenylporphyrin complexes in D~~O and must assume (we think reasonably)
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that the two waves shown for the manganese T(~-NH2)PP electrode in Figure

3 correspond to Mn(III,II)  and porphyrin ring reductions. Potentials are

given in Table I. The metal—centered reaction yields a smaller AC

voltametry wave than the ring reaction . The Mn(Il1,Il) surfac e wave

upon cyclic voltanunetric examination interestingly is not as well resolved

and often lies a few my more negative on the virgin potential scan than

is thereaf ter the case , as shown in the figure. We believe this illus-

trates the difference in coordination chemistry of the synthetic reaction

pot and that of the electrochemical cell. The synthesized surface is

probably initially in the Mn(III)T(2—NH2)PP state, with acetate or other

adventitious axial ligand. Upon electrochemical reduction these ligands

are irreversibly lost by diffusion , and thereafter replaced upon metal

reoxidation by solvent plus any other ligand added to the electrochenilcal

medium .

Besides coordination with chloride (detectable with XPES) and adven-

titious ligand, the possibility of 1s—oxo dimer formation exists during

or after surface metallation with manganese or iron . Electrochemical

properties of the manganese ~Z—oxo tetraphenylporphyrin are unknown, but

iron p.-oxo tetraphenylporphyrin has been reported in DMF
24 to exhibit

reduction at ca. —1.0 volt. As shown in Figure 4, the main fea tures of

a carbon—FeT (~ —NH 2)PP electrode are the —0.15 and —1.18 volt waves which

are of equal magnitude, zero ~E , and in agreement with the formal

potential of the monomer solution analog. Carbon—FeT(2—NH2)PP electrodes

in DMSO often show a small but noticeable irreversible wave at ca . —0.61

volts, which could be evidence of surface bound lA—oxo diner. The

possibility of surface—bound monomer porphyrin forming a diner when

metallated raises interesting questions regarding the stereochemistry of
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of the i~~obi1ized porphyrin. In order to form a diner, porphyrin

molecules would have to be bonded “edge on” rather than “face down”. We

are continuing to investigate these questions, and hope to repor t on them

in the future.

The XPES spec trum of surface bound iron porphyrin shows a Fe 5p 3/2

peak at 711.5 e.v., consistent with the 711.0 e.v. (referenced to C at

285.0) measured for Fe(III)TPPC126
. The most likely counter—ion for the

surface bound iron porphyrin would be chloride, from the FeCl2 reagent.

Fe 2p , Cl 2p, and N is XPES intensities, and sensitivities calculated

from escape depth and cross—sections27
, result in measured atom ratios

for Fe:Cl:N of 2.4:1:8, instead of the ideal ratios of 1:1:8. Various

oxides and chlorides of iron may precipitate on the surface during the

iron insertion reaction .

The electrochemistry of carbon—FeT(~—Nl~2)PP electrodes in aqueous

media in the presence of dioxygen was of special interest in light of the

dem onstrated28 electrocatalytic properties of the solution analog

Fe(II ) te t r a (4—N—m ethylpyr idyl)po r phyr in .  Figure 5 shows voltammetric

scans of the Fe(III , II) potential region for a FeT(2—NH 2)PP electrode in

degassed 0.1 M KC 1/R 20. Af ter a large ini t ial  cathodic peak , the

Fe(III,II) surface wave stabilizes and remains unchanged for the tested

potential cycles. If the electrode is removed from the solution and

exposed to air or if oxygen is bubbled through the solution followed by

degassing with N2, the pa ttern of a large initial cathodic wave followed

by a smaller, stable pa ttern is repeated . This behavior is also observed

iii 1 ! R2S0
41H20 as shown by Figure 6a. The Fe (lI1 ,lI) wave is less

dis tinc t than in KC1 solution on the second and subsequen t cycles , but

is clearly presen t above background and is persistent . (The electrode
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surface is resistant to acid hydrolysis within the time span of the

experiment). Clearly in these experiments dioxygen is being adsorbed

by the electrode in some manner and is being reduced , in a consuming

burst, when the iron (II) porphyrin state is electrochemically generated .

Figure 6b shows the effect of bubbling 02 through the H2S04 solu-

tion for a few seconds, thereafter maintaining the cell under N2. The

initial cathodic scan produces a peak 3.4X larger (6.0 x 10~~ coul./cxn
2)

than the initial one in degassed medium (1.8 x 10 ” coul./cjn
2
) (Figure

6a) , and is 33 times larger than the second cathodic scan in degassed

solution (1.8 x l0~~ coul./cm
2), which represents the ac tual

FeT(2—NH2)PP coverage. A cyclic voltaimnogram of an unmodified carbon

electrode in the same solution (Figure 6b) shows the current for non—

catalyzed dioxygen reduction , at this low solution concentration level ,

rises at a more negative potential than the Fe(III ,ll) porphyrin wave.

Thus , the enhanced current observed represents a modified surface—

catalyzed dioxygen reduction couple with the iron porphyrin reaction

having “ turned over” a minimum of 33 times in these scans.

Unfortunately , this electrocatalytic act ivi ty is quite temporary .

After about 10 to 20 scans , the observed current drops essentially to

background . It is presently unknown whether the FeT(~-NR 2
)PP has been

rendered inactive by p—oxodimnerization (unlikely in the acidic medium)

or has been chemically degraded in some other possibly more permanent

manner. Further work on this reaction is proceeding in order to examine
- 

the stability problems.

Electrochemistry of Protonated Tetraphenylporphyrin . The ring center

of tetraphenylporphyrin (TPP) can acconinodate uptake of two protons from
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29a strong acid. In investigations of protonated TPP NMR exchange rates

and its molecular and crystal structure30
, only the d iac id , designated

H2TPP~~, has been detected . Addition of a single proton to TPP is

thought to distort  the geometry of the porphyrin , promoting the addition

of a second proton. Wilson, at al. 31 have studied the follow—up

protonations of electroreduced porphyrins. No previous electrochemical

studies of porphyrin protonated prior to reduction have been reported .

Using benzonitrile solvent for solubility reasons, we have titrated

TPP with strong acids using cyclic voltamwuetry of the solutions as

indicator. Figure 7 shows cyclic voltassnetry of TPP before and after

addition of two molar equivalents of 0C104. A small wave is present at

—0.45 volt vs. NaSCE on the anodic potential scan after passage through

the second (dianion) waves of TPP. A reversible wave grows at this

potential upon HC1O4 addition the TPP radical anion wave shrinks

(proportionally), and the TPP rad ical dianion wave shrinks and becomes

irreversible as well .  This transformation is complete a f t e r  two molar

equivalents have been added ; the solution at this point has also com-

pleted a transition from deep red—purple to deep green. The solution

form at this point must be H2TPP2+
, and the pair of closely overlapping

waves at —0.45 volt represents the electrochemistry of this species.

Electroreduction of H2TPP2+ necessar ily is reduction of the

porphyrin ring, and this reduction is obviously shifted strongly to

positive potentials as compared to parent TPP . The H2TPP2+ reduction

of Figure 7 has in fact the most positive porphyrin ring reduction

potential we know of. This is undoubtedly in part brought on by the

positive charge of the spec ies , although electronic effects associated

with the ring distortion3° must also be important. The H2TPP2+ probably
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does not bear the indicated full charge, in face , the dependency of the

reduction potential of H2TPP2+ in benzonitrile on the anion present

indicates a substantial association effect. With nitrate as counter

ion, the R2TPP2+ wave sh i f t s  to —0.50 volt , and lies at —0.61 volt when

chloride is sued . The order of potentials is the same order as the

dissociation tendencies of HC1O4, HNO3, HC1 in nitrile solvents
32
.

Ogoshi, et al.~~ have reported the central hydrogens of protonated

octaethylporphyrin are hydrogen bonded to the anions . It is probable

that the splitting of the H2TPP2+ reduction wave in Figure 7 involves

such ion association effects rather than the monoprotonated HTPP
+
,

although this question was not explored in detail.

The connection of the above study with carbon bound T(2—NR2)PP

is traced to our observation
2 of an anodic wave at -0.4 volt vs. NaSCE

following a potential scan in CH
3
CN solvent through the dianion—

producing wave of immobilized T(NH2
)PP. We have established that this

wave is observable in DMSO as veil, for carbon-T(~ —NH2)PP , and f or

solution TPP as illustrated in Figure 7. We hypothesized that this new

peak corresponded to oxidation of central ring—protonated porphyrin

dianion sites. The proximity of the potentials observed for H2TPP 2+

electrochemistry to those of carbon—T( 2—NH 2)PP tend to substantiate this

hypothesis . The proton source could be neighboring acidic sites on the

carbon surface , as we theorized2, or trace water in the solvent.
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FICURE LEGENDS

Figure 1 Cyclic Vo1t~~~etry of C—T (~ —NH 2)PP in DMSO solven t. with

0.1 M tetraethyla uoni*mi perchlorate; 100 mV/second ,

S — 38 pA/an2. Coverage from first reduction peak is

1.4 x l0~~ mole/cm 2 . Vertical lines show AE peak — 0.

Figure 2 .a. Cyclic Voltaewetry of carbon—CuT(2-NH 2)PP in DMSO+0.l M

Et 4N+C104 . Sweep ra te, 100 mV /sec., ( )Copper inserted

from CuC12 2H 20 in ref luxing DMF , S — 38 pA/cm2 . (— ———)

Copper inserted from copper wire in DMSO, S — 19 pA/cm2

Figure 2.b. A.C. Vo1tan~ etry of ( )Carbon.-NiT(rNH2
)PP , (———)Carbon-

CuT (2—N112)PP , and (— .— .—)Carbon—ZnT(2-NH2
)PP in DMSO+0. 1 M

Et 4N+Cl0~ . Sweep rate , 2 mV/sec.,  37 Hz AC signals applied

at 2 mV KItS, 90° phase detection, S — 19 pA/cm2 .

Figure 3 Cyclic Voltaewetry of Mn(III,I1) reduction and A.C.

Voltaewetry of Carbon-MnT (~ —NH 2)PP in DMSO+0.l M Et4N~C104

0.6 volt section of cyclic voltamnetry shows first scan,

taken i ediately after the electrode was removed from the

DIff wash following Mn insertion . The second scan iimnediate-

ly followed the first. For C.V.,sweep rate — 100 mV/sec.,
S — 19 gIA/cm2 . A.C. Volt~~~ etry of 1.7 volt section

employed 37 Hz signal applied at 2 uiV KItS, 90° phase

detection, sweep rate 5 mV/eec., S — 7.5  pA/cm

Figure 4 Cyclic Vo1t~~~etry of C—FeT(~2~—NH2
)PP in DM5040.1 M

tetraethyl~~~ onium perchlorate . Sweep rate : 100 mV/eec ,

S — 19 PA/cm 2 
. Coverage measured from Fe 111111 reduction:

8.2 x io ’2 mole/cm2 

.
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Figure L.g.nds Continued 2

Figure 5 Cycl ic Vol t~~~etry of Carbon—FCT(2—NH2)PP in H 20+0.1 N

Rd . f i r s t  and second scans; sweep rate , 100 mV/sec.,

S. 14 PA/an2 . 
-

Figure 6 Cycl ic Vo1t~~~etry of (—)Carbon—FeT(2—NH2)PP and

(-— -)blank glassy carbon electrode in 1.0 N H2S04,

Sweep rate  - 100 mV/sec., S • 38 PA/an2. a. degassed

solution , f i r s t  and second scans . b. plus added oxygen ,

first scan only.

Figure 7 Cyclic  Voltamnetry with a glassy carbon working electrode of

5.0 N tetrapheny lporphyrin in benzonitrile with 0.1 Pt

tetraethy 1az~~onium perchiorate . Solid line shows TPP

with no added acid , broken line is with 2 equivalents of

perchioric acid . Sweep rate — 100 mV/sec., S — 190 pA/cm2

- 1
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