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.Abstract 

The oxidative voltammetry of meso-tetraphenylporphinatozinc(I I), 

TPPZn, in the presence of coordinating anions has been investigated in 

order to assess how changes in the metal coordination environment 

affect the electrochemistry of the porphyrin ligand. 

In a solution of 0.2 M tetrabutylammonium perchlorate dissolved in 

1,2-dichloroethane, TPPZn undergoes two sequential one electron 

oxidations to form the porphyrin n-cation radical and dication. Evidence 

is provided that the first oxidation is accompanied by complexation of 

perchlorate from the supporting electrolyte. This reaction is manifested 

in a -121 mV shift in the first ring oxidation potential. 

Addition of coordinating anions to TPPZn-containing solutions 

causes the entire U.V.-visible spectrum to be red shifted, and the 

relative intensitie� of the porphyrin Soret, �, and a bands to be altered. 

The magnitude of the red shifts appears to be correlated to the binding 

strength between the anion and porphyrin. 

Addition of coordinating anions causes the first ring oxidation 

potential to be shifted by up to -257 mv ± 1 o mv, the magnitude of 

which is dependent upon the ratio of binding constants to the cation 

radical and unoxidized porphyrins. The potential for this redox couple is 

correlated to the pKa of the anionic ligand, and to the red shifts in the 

U.V.-visible spectrum.

Formation of the dication becomes irreversible in the presence of 

coordination anions due to nucleophilic attack on the dication by the 
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anion, generating an lsoporphyrin cation. This species is shown to be 

redox active at more anodic potentia1s, the oxidation apparent1y yie1ding 

an isoporphyrin dication radica1. 

A spectroe1ectrochemical ce11, capab1e of performing thin layer 

and diffusion control1ed vo1tammetries, was designed and constructed 

for this work.. This ce11 facilitated the performance of in-situ F.T.I.R. 

spectroelectrochemistry on the TPPZn/anion system for the first time. 

This technique a11ows the detection of various complexation reactions 

involving the cation radica1, demonstrates several bands diagnostic for 

cat ion rad1ca1 format ion, and confirms the gene rat ion of the isoporphyrin 

cat ion. 
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Chapter 1 

Introduction and Background Material 

1. 1 Structure and Nomenclature of Porphyr1ns 

Porphyri ns, and their deprotonated, metal ated derivatives termed 

metalloporphvrins, are among the most biologically important compounds 

known [ 1-6). Without metalloporphyrins, particularly the hemeproteins 

and chlorophylls, two of the most important life sustaining reactions 

known could not occur (see Figure 1 (4)). 

The porphin structure itself is composed of four pyrrole units, 

jo1ned by four methine bridges, to form a conjugated macrocycle of 

twenty-two n electrons.I of which eighteen can be included in one cyclic 

patt1. The porphin structure is given in Figure 2A [4], along with the 

common designations assigned to the ring positions. The numbers 1 

through 8 refer to .the ~-pyrrole positions, whereas the Greek letters a, 

p, y, and Sapp ly to the four meso posit ions (methine bridges). The rings 

are labelled A, B, C, and D; earlier work commonly used Roman numerals. 

The term porphyrin is used to describe a species formed by substitution 

on the porphin periphery. 

In general, two types of substitution patterns exist. The 

meso-type porphyrins are formed by the sub st itut ion at the four meso 

posit ions. An example of a meso substituted porphyrin is 

meso-tetraphenylporphyrin, TPPH2, in which the meso protons r,ave been 
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PHOTOSYNTHESIS 
Chlorophylls 

(light) 

(heat) 

Hemeproteins 

RESPIRATION 

Ftgure 1: Schematic simplifying two important roles of 

metalloporphyrins in nature. 
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F 1 gure 2: Structures: ( A) the porph 1 n ske 1 eton w 1th common 

designations for the rings and ring positions, (8) TPPZn, 

and (C) an isoporphyrin cation of TPPZn. 
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replaced by phenyl rmgs. Stene mteract1ons between the ~-pyroll1c 

hydrogens and the ortho-protons prevent these phenyl rings from 

becomt ng planar with the porphyrin macrocycle. X-ray studies suggest 

these rmgs are rotated approximately 90° f rom the plane of the 

porphyrin [ 1,7-9]; at elevated temperatures in solution it is believed that 

these rings are free to rotate [ 4]. Nonetheless, these rings are not 

considered part of the aromaticity of the porphyrin, and in terms of the 

e lectrochemistry of the porphyrin ring, the phenyl subst ituents only 

exhibit an inductive effect, that is, can be either electron-donating or 

withdrawing depending upon substitution of the phenyl rings themselves. 

The forementioned steric interactions prohibit the inclusion of 

resonance interactions to de localize charge onto the phenyl rings. Due to 

the ease of preparation and purification of TPPH,, [ 14) it is relatively 
.(.. 

mexpens1ve and w1dely ava1lable, and was used exclus1vely m th1s work. 

A second type of substitution pattern can ex1st, this time at the 

~-pyrrole positions. Porphyrins formed by such substitution are termed 

et i o-type porphyri ns. A wide variety of sub st i tuents have been used, 

both by nature and in the synthes1s of novel porphyrins. These include 

-CH3 , -CH2CH3, -CHCH2, -CH2CH2C02R, -CH2C02R, -COCH3, -CHCHC02H, 

-CH(OH)CH,, -CHO, and -50,H [5]. Porphyrins with similiar substituents 

can have a variety of isomers which are distinguished from each other by 

Roman numerals following the name. For example, etioporphyrin has four 

methyl and four ethyl side chains, one of each on each pyrrole unit, and 

four isomers can exist. These are named et ioporphyrin-1, 

etioporphyrin-11, etc. , which simplifies the nomenclature considerably 

(2,4,6,7-tetraethyl-1,3,5,8-tetramethylporphyrin replaced by 



5 
etioporphyrin-III ). In some cases substitution may occur at both meso 

and p-pyrrole pos1t1ons, commonly formmg five-membered rmgs. Table 

1 lists a few common porphyrin derivatives, includ1ng the substitution 

patterns (5]. 

A variety of porphyrin analogs exist, including chlorins, phlorins, 

oxophlorins, corroles, sapphyrins, and corphins, as well as porphyrin-like 

spec1es such as the phthalocyanines. Although important biologically and 

from a synthetic standpoint, these compounds do not appear to be as 

common as the porphyrins themselves. 

Metal loporphyrins are formed by the insert ion of a metal atom into 

the deprotonated porphyrin core. A very large number of metals can be 

incorporated into a porphyrin ring, although only a few of these are 

actua 1 ly found in nature [3]. A var1ety of meta 1 oxidation states are 

known to exist in metal loporphyrin chemistry [2, 15]. In fact, the 

porphyrin macrocycle is known to stabi 1 ize some metals in uncommon 

oxidation states, silver(! I) being one example [4]. For metals in the +2 

oxidation state, the square planar geometry is often the preferred 

structure. However a number of unusual geometries have been reported. 

For metals in the •3 oxidation state, an anionic axial ligand is present to 

maintain electroneutrality, and a square pyramidal geometry is most 

common. (This may be distorted somewhat with metals lying above the 

p 1 ane of the porphyri n ring.) 

The porphyrin ring itself has a number of oxidation states. One or 

two electrons may be removed from the porphyrin ring to generate the 

cation-rad i ca 1 or di cat 1 on, or one or two e 1 ectrons may be added to the 

ring to form the anion-radical or dianion. Such additions or removals are 

known to occur with certain electrochemical regularities (2,4], namely: 
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Table 1: Substitution Patterns and Trivial Names of Some Common 

Et i o-type Porphyri ns. 

Porphyrin Position 

2 3 4 5 6 7 8 

Et io-1 Me Et Me Et Me Et. Me Et 
Octaethyl Et Et Et Et Et Et Et Et 
Deutero-lX Me H Me H Me P-H P-H Me 
Mesa-IX Me Et Me Et Me P-H P-H Me 
Hemato-lX Me ROH Me ROH Me P-H P-H Me 
Proto-IX Me Vi Me Vi Me P-H P-H Me 
Copro-1 Me P-H Me P-H Me P-H Me P-H 
Copro-111 Me P-H Me P-H Me P-H P-H Me 
Uro-1 A-H P-H A-H P-H A-H P-H A-H P-H 
Uro-111 A-H P-H A-H P-H A-H P-H P-H A-H 
Rhoda-XV Me Et Me Et Me CO"'>H P-H Me 

L 

Abbrev i at 1 ons: 
Me = methyl 
Et a ethyl 
Vi = vinyl 
P-H - CH2CH2co2H 

ROH = CH(OH)CH3 
A-H - CH.--,CO0H L L 
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a. The first r1ng oxidation and reduction are separated by 

2.1 o to 2.40 Volts. 

b. The first and second ring oxidations are separated by 

0.25 to 0.35 Vo 1 ts. 

c. The first and second ring reductions are separated by 

0.37 to 0.47 Volts. 

With a variety of metal and ring oxidation states possible. there can be a 

large number of redox processes involved in the e lectrochem istry of 

metal loporphyrins. 

1.2 Why study metalloporphyrins? 

The question of why one should study metalloporphyrins is not 

easy to answer. not that the reasons are hard to find, but because of the 

vast importance of these compounds. 

As mentioned at the beginn1ng, metalloporphyrins form one of the 

largest groups of biologically important compounds. Although it is not 

the goal of this work to describe 1n any detail this importance, it would 

probably be an injustice if some mention were not made. 

Research into the biosynthesis of the porphyrin ring has 

demonstrated that glycine and succinic acid are the fundamental building 

blocks [5]. The two molecules combine to generate 5-aminolevulinic acid 

(ALA), which reacts with a second ALA molecule to form porphobilinogen. 

This spec ies is the monopyrrolic precursor to the porphyrins via 

form at ion of uroporphyri nogen-111. Insertion of a cobalt atom at this 

point g1ves rise to a class of compounds termed the cobalamins. If 

however substitution of side chains is allowed to occur, formation of 

protoporphyrin-lX takes place, and insertion of iron or magnesium 
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results in the formation of the hemes and chlorophylls. 

The cobalt- containing corrin Vitamin B 12 (a porphyrin analog), is 

the only biologically important cobalt compound known. The hemes and 

chlorophylls on the other hand are involved in a variety of processes. 

Hemoglobin and myoglobin are the active species in the transport and 

storage of molecular oxygen within the body. Hemoglob1n binds oxygen in 

the lungs, and transports it throughout the body via the circulatory 

system. Myoglobin in the body accepts the oxygen, stores it and re leases 

it to the surrounding tissue when re qui red for metabolism. Th 1 s transfer 

from hemoglobin to myoglobin occurs as a result of lower pH in the 

tissue due to the production of co2 , and the diHerence in the binding 

affinities between the two hemes at lower partial pressure of oxygen 

within the body. Hemoglobin is also involved in the transport of carbon 

dioxide from the body to the lungs, where it is released. 

Other biologically important hemes [2,3,5] include the 

cytochromes (electron carriers in the body involved in the reduction of 

dioxygen to water), cytochrome P-450 (not a cytochrome by definition, 

but rather an enzyme involved in the activation of carbon-hydrogen 

bonds, producing alcohols, ketones, and _epoxides), the catalases (involved 

in the decomposition of hydrogen p~roxide to oxygen and water), and 

peroxidases (active in the oxidation of a variety of species utilizing 

peroxides). The chlorophylls are of course the key compounds involved in 

photosynthesis within the plant kingdom. 

Aside from their actual involvement in the biological systems, 

porphyrins are ideal candidates for biological modelling, and synthetic 

porphyrins have been successfully used as catalysts for reactions 
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brought about by their biological analogs. Solutions of many 

metalloporphyrins, including those of Mn, Cr, Fe , Ru , Os , and Mo, and 

i odosy l benzene have been used to activate carbon-hydrogen bonds, 

paralleling the reaction of cytochrome P-450 [16-24). (No activation 

occurs if tr,e porphyrin is omitted.) A system using the water-soluble 

m eso-tetra( para-su l f onatopheny l )-porph i natocoba l t( 111), and sodium 

borohydride has been used to catalytically reduce acetylene, azide, 

cyanide, acetonitrile, propargyl alcohol, and methylacetylene [25]. The 

reduction of acetylene resulted in the production of ethylene and ethane, 

the ratio of which was pH dependent. This same system was employed in 

the reduction of molecular nitrogen to ammonia; the reaction was not 

found to be catalytic. Work is also being conducted in the use of 

porphyrins as catalysts for the electroreduction of molecular oxygen for 

use in fuel-cell technology [26). Work has also been directed at creating 

a synthetic leaf us ing meso-tetraphenylporphinatozinc( 11) [27]. 

Much of the work directed at using metalloporphyrins as biological 

mode ls or as catalysts has centered around the study and production of 

metalloporphyrins with metal centers in high oxidat ion states, in 

particular those involving manganese (IV) [5,6, 17, 18,20,22-24,28,291 

and iron (IV) [2,4-6, 16,21,26,30-41], since 1t is these high valent 

species that appear to be the active intermediates in a variety of 

reac t ions. For example, it has been proposed that Fe(IV) is the active 

center in the catalases and peroxidases, as well as in the oxidations 

brought about by Cytochrome P-450. Although there are l 1terature 

reports on the production of these species using homogeneous oxidants, 

there is as yet little evidence supporting the electrochemical generation 

of the same species, even though the number of reports are many. From 
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those reports utilizing chemical ox1dants there appears to be a major 

influence exerted by axial ligands and the coordination environment of 

the metal center in directing the oxidation of the metal as opposed to the 

porphyrin ring. It would seem that the combined influence of the 

porphyrin ring and the axial ligands allow the higher metal oxidation 

states to be accessed and stabilized relative to the oxidized porphyrin 

ligand. As yet it is impossible to predict how or which ligands may 

direct oxidation to the metal center, .and how this ligation affects the 

redox properties of the ring. 

1.3 Why Study TPPZn? 

This work has dealt with the effects of axial ligation by a variety 

of anions on the spectral and electrochemical behavior of 

meso-tetraphenylporphinatozinc( 11 ), abbreviated TPPZn throughout. (See 

Figure 2B.) We used T PP Zn as a model system for a number of reasons. 

Firstly, the zinc metal in TPPZn 1s redox inactive over all potentials of 

interest in our electrochemical experiments, thereby ensuring us that 

all electrochemical behavior observed can be attributed to the porphyrin 

ring alone, in particular the oxidative behavior of the unoxidized TPPZn, 

the cat1on-rad1cal (Tpp+•zn) [2,4,41-55), and the dication (Tpp++zn) 

(2,4_,5,41,44_,47,50,56). Thus one can see that by studying the effects of 

complexation by anionic ligands on the electrochemistry of TPPZn, one is 

in fact studying how the complexation is affecting the electrochemistry 

of the porphyrin ring. 

Secondly, TPPZn is known to form exclusively 5-coordinate, square 

pyramidal complexes with neutral and anionic ligands 

[ 1,9, 11,46,47,50,57-64]. There has been no evidence for the addition of 
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more than one ligand, thus simplifying the complexation behavior-. 

Accompanyi ng the complexat1on are large changes in the U.V.-Vis. 

spectrum of the porphyri n. A number of these spectra 1 changes have been 

reported, and in a few instances spectrophotometric t itrat ions have 

allowed for the binding constants to be determined. In addition to the 

U. V. -Vis. spectra, there have been reports on the E.S.R. spectra 

[2,4,5,42,44_,45,58] of various TPP••znx- complexes, N.M.R. spectra 

(4,59L as well as a number of X-ray crystal structures for both the 

unoxidized and cation-radical porphyrins ( 1,7-9). Thus there is a great 

deal of spectral data on TPPZn, its cation-radical , and anionic complexes 

thereof. 

To date only one report exists regarding the change in redox 

potential for the formation and reduction of the cation-radical due to 

complexation by an anionic ligand (4). In this report there was a 200 mV 

cathodic (negative) shift observed when chloride was added to a TPPZn 

containing solution, thereby suggesting that axial ligation by anionic 

1 igands can have a very drastic effect on the redox properties of the 

porphyrin ring. Although there has been little work done on the 

TPPZn-an ion systems, there has been a great deal of interest in the 

lnteract1ons between TPPZn and neutral ligands, in particular 

nitrogenous bases such as sub st ttuted i mi dazo 1 es, an i1 i nes, and 

pyridines. Several workers have reported on the binding constants of 

these neutral ligands to the porphyrin, the associated spectral changes, 

and the changes in the electrochemistry of the system arising from the 

complexation. The shifts in redox potentials reported for systems 

containing the neutral ligands were small , suggesting they exert little 

effect on the redox properties of the porphyrin ring [46). 
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With a 11 the spectral and el ectrochem 1 cal data 1 n the 11 terature, 1 n 

conjunct ion with the redox inactivity of the metal, TPPZn lends itself 

quite we 11 as a model compound for the study of the effects of axial 

ligation by anions on the redox chemistry of the porphyrin ring. It was 

the aim of this work to study the spectral , electrochemical, and 

spectroelectrochemical behavior of TPPZn in the presence of a variety of 

anions in order to assess the effects of complexation by these species on 

the ring chemistry of the metal loporphyrin. It was hoped that something 

could be learned regard1ng the red1rect ion of charge transfer from the 

r1ng to the metal 1n other systems. 

In addition to th1s, oxidized forms of TPPZn are known to react 

with a number of nucleophiles such as hydroxide, methoxide, and nitrate 

to generate 1soporphyr1n cations [4,5,34,41,47,49,50,55,56,65,66]. The 

general isoporphyrin cat1on structure is shown in Figure 2C. These 

species are formed by the overall loss of two electrons from the 

porphyrin ring and the addition of the nucleophile at one of the meso 

carbons. It is be l 1eved that isoporphyrin cat ions are important 

intermediates in the metabolism of hemes. We hoped that this study 

m1ght afford some information regarding the production of these species, 

their reactivity and stab111ty, and their detection by spectral and 

electrochemical means. 

1.4 The Development of New Tools for Porphyrin Research 

In a project such as this there are a number of species that can be 

generated, both via complexation and electrochemical perturbation., and 

it may be useful to develop new tools and apply new techniques to the 

study of these species. In this research we have been able to do both. 
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Our study has led to the development of a new 

spectroe l ectrochem i cal ce 11 which has been used to perform 

el ectrochemical experiments such as cyclic voltammetry, thin layer 

voltammetry, and coulometry, stud1es 1n the U.V.-Vis. and infrared 

regions of the spectrum, and a number of spectroelectrochemical 

experiments combining the above [50,51]. The details and results 

obta1ned with th1s cell will be d1scussed later. 

Secondly, with the use of our newly developed cell we have been 

the f1rst research group to apply in-situ F.T.I.R. spectroelectrochemistry 

to the study of metalloporphyrins and their oxidation products. As will 

be demonstrated, this application has led to a number of 1mportant 

observations regarding the behavior of TPPZn, TPP+•zn, and TPP++zn, 

both in the presence and absence of anionic ligands, which may be useful 

in the study of other metal loporphyrin systems. 

Finally, it w 111 be demonstrated for the first ti me that the 

electrochemical behavior of TPPZn is strongly dependent on the nature 

and concentration of support1ng electrolyte employed in a variety of 

exper1ments. Wh1le th1s dependency has important implications 

concerning the interpretation of metalloporphyrin redox potentials, it 

has been overlooked to date. 
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2. 1. 1 Solvents 
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Chapter 2 

Experimental 

The bulk of the research conducted here ut 11 ized 

1,2-dichloroethane (Caledon Laboratories Ltd.) as the solvent. When 

solvent pur1ty was of importance, such as in voltammetric experiments 

when very anodic potentials were sought, the following purification 

procedure was followed: dichloroethane was first extracted with an 

equal volume of cold, concentrated H2so4 Th1s was followed by 

multiple extractions with equal volumes of a 5% NaOH solution. The 

d1chloroethane was then dried over anhydrous Mgso4, and distilled from 

CaH2. The product was stored in the dark and passed through a basic 

alumina (Woelm Pharma) column before use. If solvent purity was not 

critical. such as when anodic potentials less than~ 1.5 V were examined, 

storage over CaH2 and basic alumina in the dark before use was 

sufficient in removing the bulk of the chloride and water found in the 

solvent. 

The only other -solvent used for electrochemical or spectral 

studies in this work was methylene chloride (Fisher Scientific). The 

purification procedure was much simpler; distillation from CaH0, 
L 

fol lowed by storage in the dark and passage through basic alumina pr10r 

to use. Although many porphyrins exhibit higher solubility in methylene 
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chloride ,, its volatility prevents tts use when accurate concentrations 

are requ ired. The voltammetric and spectroscopic properties of many 

porphyrins are identical irrespective of whether d1chloroethane or 

methylene chloride is used. 

Several other solvents were used for synthesis or 

recrysta 11 izat ions. These were used without further purification. 

N,N-dimethylformamide (Fisher Scientific) was the solvent of choice for 

synthesis of metalloporphyrins. Acetone, isopropanol, and ethyl acetate 

(all Fisher Scientific) were used in the recrystallization of a variety of 

supporting electrolyte salts. Distilled water was also used in most of 

the recrysta 11 i zat ion procedures and was used without further 

purification. 

2.1 .2 Supporting Electrolyte Salts 

A variety of supporting electrolyte salts were utilized in this 

work. All contained tetra-n-butylammonium (TBA) as the cation to 

provide solubility in the chlorinated hydrocarbon solvents, and to prevent 

any problem w1th variations in the cation 1tself. 

Tetrabutylammonium perchlorate <TBAC104; Fluka AG, purum) was 

used for the bulk of the work due to tts relatively low cost, ease of 

purification, and inertness over the wide range of potentials examined in 

vo 1 tammetri c experiments. TBAC 10 4 was recrysta 11 i zed from a mixture 

of isopropanol and water, dried in vacuo at 60°C for 24 hours, and stored 

in a desiccator until required. 

In studies directed at assessing the extent of binding of the anion 

derived from the supporting electrolyte salt to the porphyrin 

cation-radical, various other supporting electrolyte salts were 
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purchased or prepared. Tetrabutylammonium tetrafluoroborate (TBABF 4) 

was successfully recrystallized from an isopropano l and water mixture. 

TBABF 4 was then dried in vacuo at 8O°C for 72 hours, and again stored in 

a desiccator until used. Tetrabutylammonium tetraphenylborate 

(TBAB(C6H5)4) was synthesized by mixing equ1molar amounts of 

tetrabutylammonium bromide (Aldrich) and sodium tetraphenylborate 

(Fisher Scientific). The precipitate was filtered, washed with dist illed 

water, and recrystallized from an acetone and water mixture. The 

product was dried in vacuo at 5O°C until used. Tetrabutylammonium 

hexafluorophosphate was prepared v1a mixing equimo lar amounts of 

tetrabutylammon1um brom1de and silver hexafluorophosphate (Ozark 

Mahoning Co.) in methanol. The silver bromide precipitate was filtered 

off, the solution concentrated, and water added to precipitate the 

product. Once recovered, the precipitate was re cry st a 11 i zed from an 

acetone and water mixture, and dried in vacuo until required. 

2. 1.3 Anion Salts 

The source of the anions to be studied in this work were all 

deri ved from the corresponding tetra-n-butylammonium salts for the 

same reasons discussed earlier. The salts were obtained from 

commercial sources or synthesized in this laboratory. 

TBANO3, TBANO2, and TBACN were purchased from Fluka AG, and 

were 1 isted as greater than 97% pure. TBACH3co2 and TBAOCN were 

also purchased from Fluka, but were only practical grade (>95%). TBABr 

and TBAF•3H2o (99%) were purchased from Aldrich, while TBAI was 

obtained from J.T. Baker Chemical Co. All of these salts were used as 
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received, and handled in a glovebox when required. 

In addition to these salts, TBAN03, TBACl, and TBACF3co2 were 

synthesized in this laboratory via simple acid-base t itrations using the 

conjugate acids of the desired anions and a 40% aqueous solution of 

TBAOH (Aldrich). The TBAOH was f 1rst extracted with methylene 

chloride to remove any impurities, followed by titration with the acid, 

using phenolphthalein as the endpoint indicator. (A 10% excess of the 

acid was added to ensure completeness.) The aqueous mixture was then 

extracted several times with methylene chloride, the organic fractions 

combined, and the solvent evaporated off. The product was then 

recrystallized from ethyl acetate, and dried in vacuo at 40-50°C until 

used. CTBACF3co2 was dried at 90-105 °C.) The presence of the 

appropriate anion was confirmed via the I.R. spectra where possible 

(N03 -: 1300- 1388 cm- 1; CF3co2- : 1739- 1750 cm- 1 ). The purity of 

TBACF3co2 was 99.4%, determined gravimetrically, following 

precipitation of TBA+ with B<C6H5)4- . 

The purity of the TBACl was assessed by perf arming several 

Fajan·s titrations [67], using dichlorofluoroscein as the adsorption 

indicator. AgN03 (Fisher Scientific) was used as the titrant, and 

standardized using KCl. Multiple titrations assessed the TBACl to be 

97.97±0.02% pure. 

A more general method of determining the purity of these salts 

was also developed in this laboratory. It was discovered that a 

spectrophotometric titration of a solution containing 

meso-tetraphenylporphinatomanganese(l 11) perchlorate, TPPMnCl04, wtth 
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a solution of the ~alt being determined, was not only an easy way of 

assessing the purity, but the resulting U.V.-Vis. spectrum served to 

identify the particular anion. TPPMnc104 undergoes rapid anion exchange 

with a large number of anions, resulting in drastic changes in the 

U.V.-Vis. absorption spectrum. 

TPPMnCl04 + x- ¢::> TPPMnX + Cl04- ( 1) 

By measuring the spectral changes associated with the 

disappearance of the TPPMnc104, or the appearance of the bands due to 

the formation of TPPMnX during the titration, one can easily establish 

the concentration of the salt. Such a procedure was utilized in stud1es 

with N03 -, CF3co2 -, and OCN-, as the extremely hygroscopic nature of 

these anions made concentrations based on the weights of the salts 

unreliable. 

2. 1 .4 Porphyri ns 

The method of Adler (68] was used to prepare 

meso-tetraphenylporphinatozinc( 11 ). A 20% molar excess of zinc acetate 

was added to 500 ml refluxing DMF, which contained ~ 1 g of the free 

base tetraphenylporphin (Aldrich or Porphyrin Products Inc.). The 

reaction was monitored spectrophotometrically or by thin layer 

chromatography, and it was found that the zinc atom was inserted 

essentially quantitatively within the first few minutes after mixing. An 

equal volume of distilled water was added to the reaction flask which 

precipitated the freshly prepared porphyrin. The precipitate was 

recovered on a Buchner funnel and dried in vacuo at 80°C for several 

days. 
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To purify the porphyrin, the dried product was d1ssolved in 

methylene chloride and passed through a silica gel column using 

methylene chloride as the eluent. Some dark material (not isolated) was 

retained at the top of the column, while the -red-purple porphyrin eluted 

off and was collected. After several hours of elution t 1me to try and 

recover all the TPPZn, methanol was added (slow, dropwise) to the 

collected fract1on to precip1tate the product. S1nce the crystals were 

somewhat purple in color, as opposed to the anticipated red, further 

purification was necessary. The precipitate was again dissolved 1n 

methylene chloride and passed through a neutral alumina column Woelm 

N-Super 1 ). A green colored band was retained on the top of the column 

packing (again not isolated), while the reddish-colored product eluted off 

the column. The TPPZn was once more precipitated by slow, dropwise . 

addition of methanol, filtered, and dried in vacuo at ~80°C. The U.V.-Vis. 

spectrum was recorded, and agreed quite well with that in the literature. 

The voltammetric behavior and half-wave potentials measured by cyclic 

voltammetry confirmed the product identity and purity. 

Other metalloporphyrins were used in this work, including 

TPPMnC104, TPPMnCl, TPPFeF, and TPPFeCl. These species were 

available from previous studies in th1s laboratory. 

2.2.0 Electrochemical Experiments 

2.2.1 Cyclic Voltammetry 

A variety of cells and equipment were employed in cyclic 

voltammetric experiments. Throughout all voltammetric studies, a 

saturated calomel electrode (5.C.E.), constructed in this laboratory [41], 
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was used as the reference electrode. Note that at no time did any of the 

work ing e lee trodes require any pretreatment before use, other than being 

rinsed with the solvent employed in the study. 

The el ectrochem i ca 1 ce 11 used for the bu 1 k of eye 1 i c vo 1 tammetri c 

measurements in this study is seen in Figure 3 [4 ll This cell consisted 

of a platinum wire working electrode (0.75 mm in diameter), positioned 

concentrically within the coils of a platinum wire helix, which served as 

the counter electrode. The tip of the l-uggin capillary fitted between two 

of the coils and could be positioned within a few millimeters of the 

working electrode surface. The 5.C.E. was separated from the working 

electrode compartment by two glass frits, between which a small bridge 

compartment allowed for periodic replacement of solution to prevent 

contamination by water or chloride ions. The entire reference electrode 

assembly was filled with the same solvent/supporting electrolyte 

system used 1n the working electrode compartment. Solution addition to 

the cell could be made, either by a p1pet or m1cropipet, by removing the 

working electrode. Facilities allowed for degassing by bubbling argon 

through the solution in the cell . 

A second working electrode could be fitted into the cell design. A 

glassy carbon disk (~3 mm in diameter), sealed with epoxy into the end 

of a glass tube, could be inserted into the cell in place of the platinum 

wire working electrode. The physical size of this electrode prevented it 

from being positioned within the coils of the counter electrode; 

consequently, the distance from the luggin tip was increased. 

The potential control of the working electrode was accomplished 

wlth a Hl-Tek Instruments Potentiostat Type DT2101, in conjunction 

with a PPR 1 Wavef arm Generator, the output of which was taken to one 
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of the adder inputs of the potent i ostat. 

In a limited number of experiments this set of equipment was 

replaced by a Model 173 Potentiostat/Galvanostat and Model 175 

Un iversa 1 Programmer from EG&G Princeton App 11 ed Research (PAR). 

Both the Hi-Tek and PAR instruments incorporated positive feedback 

loops to minimize effects of uncompensated resistance occuring within 

the electrochemical cell. The cell in Figure 3 minimized potential 

losses, and for most experiments positive feedback was not required. 

(The glassy carbon working electrode demanded potential compensation 

due to the increased distance between the surface of the working 

electrode and the luggin tip.) All voltammetric traces were recorded on 

a Linseis LY 1700, Kipp & Zonen BD-90, or PAR Model RE0074 recorder. 

For rapid sweep rate studies the traces were first stored on the Hitachi 

VC-6041 Digital Storage Oscilloscope, and then transferred to one of the 

above recorders. Half wave potentials were determined as the mean of 

the forward and reverse peak potentials, and anodic/cathodic current 

rat1os evaluated by the method of Reinmuth [69]. 

2.2.2 Thin Layer Voltammetry 

For high sweep rate thin layer voltammetric studies, the cell seen 

in Figure 4 was employed [41]. Two working electrodes were used in 

conjunction with this cell. The first was a 1.0 mm platinum wire, press 

fitted into a Teflon tube such that the exposed surface was a disk, and 

the second was . the 3 mm diameter glassy carbon electrode discussed 

above. The platinum disk was better suited for thin layer studies as it 

has been shown (70,71] that the potential distribution across the 

surface of the working electrode is more uniform as the size of the 

working electrode 
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is decreased. 

Positioning of the electrode into a thin layer arrangement is 

accomplished by inserting the working electrode into the Teflon mount 

and forcing it down onto a piece of glassine powder paper, sandwiched 

between the mount and a glass slide. Once tightened into place the 

powder paper can be pulled out, leaving a s-1 s 11m thin layer gap between 

the electrode surface and slide. Once assembled, the tip of the luggin 

capillary is positioned between the counter and working electrodes, and 

the entire cell placed into a beaker containing the solution of interest. 

This cell exhibits excellent thin layer behavior, but cannot be used in 

spectroe 1 ectrochem i cal experiments. 

As in the conventional form of cyclic voltammetry, the only 

equipment required to perform thin layer voltammetry is a potentiostat, 

waveform generator, and recorder, as discussed in the previous section 

on cyclic voltammetry. The bell-shaped current response in thin layer 

voltammetry allows for easy calculation of the half wave potential and 

anodic/cathodic current ratios (70-72]. 

2.2.3 Bulk Electrolysis 

For bulk electrolysis, a typical H-shaped cell was used, as seen in 

Figure 5. One ha 1 f of the ce 11 served as the counter electrode 

compartment, while the second . contained the working electrode. 

Between the two compartments were two glass frits, separated by a 

small bridge and stopcock, which helped prevent mixing of the species 

generated at the electrodes. The working electrode consisted of a 

platinum coil and mesh, as well as a platinum wire running through the 

center of the coil, al 1 sea led into the end of a glass tube. The size of the 

working electrode aided in reducing the electrolysis time. The working 
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electrode compartment was flat bottomed to allow mixing of the 

solution with a st1r bar, again to reduce electrolysis time, contained 

attachments for degassing, and a ground glass joint to hold the luggin 

capillary and the reference electrode compartment. The luggin cap1llary 

extended between the platinum cons to within a few millimeters of the 

platinum wire in the center, and was separated from the reference 

electrode compartment by a ground glass stopcock. The ce 11 1s actually 

quite versatile as the working electrode compartment alone can be used 

as a complete electrochemical cell, with the platinum co11 and mesh 

serving as the counter electrode and the platinum wire in the center 

acting as the working electrode. 

Bulk electrolysis studies used the PAR Model 173 Potentiostat to 

control the working electrode potential, and the PAR Model 179 Digital 

Coulometer to monitor the charge passed. 

2.3.0 Spectroelectrochemical Experiments 

2.3.1 Transmission Spectroelectrochemistry 

The first type of spectroelectrochemical experiment undertaken 1n 

this work was in a transmission arrangement with an optically 

transparent thin layer electrode (O.T.T.L.E.), seen in Figure 6 (41]. This 

cell was used for wavelengths above 400 nm, into the N.I.R. The working 

electrode was composed of a platinum gauze (3 mm x 40 mm x 0.5 mm), 

positioned between two quartz plates, fused along their longest edges. 

Two platinum wires running parallel to the length of the working 

electrode served as counter electrodes. This type of design has been 

shown [70,71) to exhibit better potential distribution across the working 

electrode than those employing a single counter electrode. The cell was 
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placed into a Teflon cover and set in a Teflon tray containing the 

solut ion. Openings in the cover allowed the luggin capillary, separated 

f rom the reference e 1 ectrode compartment by a ground g 1 ass stopper, to 

be placed near the bottom of the platinum gauze, and also provided for 

the addition of solution. Two strips of filter paper were cut and placed 

within the cell compartment between the working and counter 

electrodes. This helped to draw solution into the thin layer cavity by 

capillary act ion, slowed mixing of species generated at the two 

electrodes, and prevented accidental contact of the working and counter 

electrodes. 

The cell and solut1on were placed 1n the path of the sample beam 

within the sample compartment of the Beckman DK 1 spectrometer. 

Attachments to a potentiostat were made through an opening in the wall 

of the sample compartment, which was covered with a black putty once 

a 11 connect ions were made so as to reduce the effects of stray 1 ight. In a 

typical spectroelectrochemical experiment, the potential of the working 

electrode was varied potentiostatically, and spectra between 400 and 

1000 nm recorded at the various potentials. 

2.3.2 Reflectance Spectroelectrochemistry 

The cell utilized for thtn layer spectroelectrochemical studies 1n 

the U.V.-Vis. (350-700 nm) and mid I.R. is seen in Figure 7 [51). This cell 

also facilitated thin layer and cyclic voltammetries. 

The entire cell body was composed of Teflon, including a jacket 

which surrounded the brass shaft connecting the working electrode to 

external hook-ups. The cell body had a cylindrical geometry with the 

working electrode assembly running up the the length of the cell. The 

window was held against the cell body by means of a brass flange, 
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secured to the body by three tightening bolts running the length of the 

cell , para ll el to the working electrode. The working electrode was a 

platinum disk (6 or 7 mm in diameter), polished to a mirror finish with 

0.3 µm alumina polishing powder, and silver soldered to the 

f orementioned brass shaft. A Teflon sleeve surrounding the brass shaft 

prevented solution leakage around the working electrode and out of the 

cell. The working electrode could be pushed forward in the cell, trapping 

a thin layer of solution between the working electrode and window 

material. 

The window material chosen for this work was Caf 2 (Buck 

Scientific; 25 x 4 mm disk), due to its mechanical strength, chemical 

inertness to aqueous and nonaqueous solvents, and transparency from 

~ 1000 cm- 1 in the I.R. through to the near U. V. region. 

The counter electrode was a platinum wire loop which encircled 

the Teflon jacket of the working electrode. The end of the wire passed 

rad i a 11 y through the Te f 1 on ce 11 body, and was secured by means of a 

Teflon ferrule and brass fitting. This allowed for external connection to 

the potentiostat and prevented solution leakage. Three ground glass 

joints also ran radially out of the cell body. These joints allowed for the 

attachment of degassing accessories and the luggin capp1lary from the 

reference electrode compartment. As before, the luggin and reference 

electrode compartments were separated from each other by a ground 

glass stopper. 

The cell volume varies from ~S to 8 ml, depending on the 

positioning of the working electrode. <Thin layer studies were performed 

with the working electrode against or near the window; conventional 
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voltammetry was accomplished with the working electrode pulled back 

Into the bulk of solution.) In the thin layer arrangement, replenishing of 

the solution within the thin layer was easily accomplished by pulling the 

working electrode into the bulk of solution and pushing it back against 

the front of the window several times. Accurate repositioning of the 

working electrode with respect to the window was achieved either by 

keeping the working electrode pushed up against the window, or by means 

of a movable brass flange on the rear of the working electrode and the 

securing bolts from the window holder. Such repositioning could be 

performed with a precision of ~2%, calculated by coulometry of a test 

solution. 

For studies in the U.V.-Vis. region of the spectrum, a hole ~8 mm 

in diameter was drilled in the sample compartment wall of the Cary 16 

spectrometer, along with three smaller holes to allow for the 

spectroelectroche!'11ical cell with the movable working electrode to be 

attached. The cell was mounted on the external side of the sample 

compartment so that attachments to the potentiostat could be made, and 

the sample compartment itself could remain covered to minimize stray 

light problems. The sample beam of the spectrometer was deflected by a 

go 0 prism, through the hole made in the sample compartment, onto the 

window material and working electrode of the cell (see Figure 8). The 

beam was then ref 1 ected off the mirrored working electrode back through 

the hole, and deflected off a second go 0 prism to the detector. An 

adjustable iris was inserted in the reference beam to attenuate this 

signal and bring the absorbance on scale. Once assembled, the potential 

of the working electrode could be altered, and the resulting absorbance 
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spectrum f rom 700 to 350 nm recorded. 

In spectral studies, positioning of the working electrode relat1ve 

to the window allows the effective optical pathlength to be altered, thus 

facilitating the attenuation or enhancement of absorption peaks. The 

effective pathlength in the specular reflectance design of this cell can 

be easily derived from the overal 1 geometry [73], and is given by: 

1 = 2 d / COS8 (2) 

where 1 is the effective optical path length, dis the thickness of the thin 

layer, and 8 is the angle of incidence of the incoming light, relative to a 

perpendicular from the working electrode surface. Since we do not know 

the value of 8, which is dependent on the refractive index of the solution 

within the thin layer, we have not attempted to measure the effective 

pathlength. This effective optical path length is an advantage inherent in 

the specular reflectance design. The O.T.T.L.E. cell has an optical path 

length fixed by the thickness of the thin layer cavity [74]; different cells 

would have to be constructed with different path lengths to achieve the 

same variability as this cell design with a movable working electrode. 

For I.R. studies, the cell was placed within the sample 

compartment of a Nicolet SOX F.T.I.R. spectrometer. Once positioned 

within the sample compartment, the infrared beam was directed off a 

front surfaced gold mirror to the surface of the working electrode. The 

beam was reflected off the surface of the working electrode to a second 

gold mirror, which redirected the beam back to the detector (see Figure 

9). The ce 11 was connected to the potent iostat, and spectra stored at 

various potentials. In a typical experiment, the potential of the working 

electrode was set to some value cathodically removed (~200 mV) from 
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the forma l potential of the redox couple being examined, and a 

background spectrum collected. The signal-to-noise ratio was improved 

by signal averaging 128 scans. The potential was then increased to some 

value anodically removed from the formal potential of the redox couple 

(ensuring that the new potential did not extend into a region where a 

second oxidation process would exert any effect), and a sample spectrum 

(again 128 scans) was collected. When these two spectra were ratioed 

against each other the result was, in essence, a difference spectrum. 

Wavelengths where no spectral changes had occurred as a result of the 

potential change gave a baseline of 100% T. If spectral changes had 

taken place, two types of bands were observed. If the removal of the 

electron from the porphyrin ring resulted tn the loss or decrease in 

intensity of some vibration of species in solution, the result was a band 

with > 100% T and was termed a "disappearance band". If, on the other 

hand, the oxidation gave rise to a new or increased intensity of some 

vibration, the result was a band w1th < 100% T and termed an "appearance 

band". This work was limited to the region greater thari 1000 

wavenumbers (CaF2 was used as the window material for all 

experiments in the infrared, and has a cutoff wave length of ~ 1000 

cm- 1 ). 

2.4.0 Spectrophotometric Titrations 

The final type of experiment employed in this work was 

spectrophotometric titration. 

The reaction under study can be written: 

P + x- PX (3) 
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where P is the unoxidized porphyrin, x- is the an1onic ligand, and PX- 1s 

the an ion ic complex. It follows that: 
[PX-] 

Px O 

= [P][X-] 
(4) 

where the subscript 11

X
11 refers to the binding of the anion x- to the 

porphyrin, and the 11011 signifies that the porphyrin is unoxidized. 

In a typical spectrophotometric titration, the total concentration 

of porphyrin, T P' and total concentration of anion, T x, are varied over 

several orders of magnitude, and the resulting absorbance at a fixed 

wavelength recorded. <The wavelength chosen is one which undergoes the 

greatest change in absorbance upon formation of the comp 1 ex.) In 

addition to the equation for Px°, we know: 

T p = [P] + [PX-] (5) 

TX - [X-] + [PX-] (6) 

where E'p and E'px are the product of solution pathlength and the molar 

absorptiv1ties of P and PX-, respectively. We are able to measure or 

calculate the values of T p, T x, A, and Cp, leaving five unknowns but only 

four equations. 

The program "Ml LDOR" was created for the PDP-11 computer in 

this laboratory. The four equations above can be combined to give two 

equations in 3 unknowns. 

Px° = 
(T p - cp) (TX - cp) 

cp 
(8) 
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Epx - tp 
cp = 

A - tp T p 
(9) 

By taking an initial guess at the value of tpx, the program calculates Px° 
values for all concentrations employed, the average Px°, and the relative 

standa~d deviation in Px 0

• The value of tpx is then altered, and the 

entire procedure repeated so as to minimize the relative standard 

dev1ation. The Px° value determined thus provides a best flt of the 

experimental data to the equilibrium of equation 3. 
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Chapter 3 

The Specular Reflectance Ce 11: 

TPPZn In The Absence Of Coord1nating An1ons 

3. 1 Introduction 

Much of th1s work has been fac1litated by the development of the 

specular reflectance cell described 1n Chapter 2 [51]. Th1s cell allows 

the spectroscop1c, voltammetric, and spectroelectrochemical behaviors 

of TPPZn/anion systems to be examined, thereby permitting the 

1nteract1ons between the porphyrin and 1ts ox1dat1on products and an1ons 

to be better understood. The goal of th1s chapter 1s to descr1be the 

utility of the cell by 1llustrat1ng the behav1or of TPPZn in the absence of 

coordinating anions. Th1s will 1n turn allow the changes that occur when 

an 1 ons are added to solution to be discussed. 

3.2 EJectrochem1ca1 Exper1ments 
Both conventional and thin layer voltammetries can be performed 

in the specular ref ectance ce 11, depending upon the position 1 ng of the 

working electrode. F1gure 10 shows the thin layer (top) and diffusion 

controlled (bottom) voltammetries obtained for an identical solution of 

TPPZn in 0.2 t1 TBACl04;c2H4Cl 2. In both voltammograms the 

consecutive reversible one-electron oxidations of TPPZn to the cation 

radical and di cat ion can be observed, the first process occurring at 

+0.782 V and the second at + 1.080 V, both versus the aqueous 5.C.E. 

(Potentials throughout are versus this reference electrode.) This 

voltammetry has been studied extensively in the past [6 and the 
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Eloure l O: Th1n layer (A) and d1ffuslon controlled <B) cycl1c 

voltammograms for 4.8 x 10-4 t:1 TPPZn In 0.2 t1 

TBAC104/ C2H4Cl2, Sweep rates: (A) 2 mV·s- 1 and (B) 20 

mvs- 1. 



40 

references contained within), and serves only to demonstrate the 

versatility and proper behavior of the cell design. The porphyrin system 

undergoes only two oxidations in this potential range, remembering that 

the zinc atom is redox inactive. Potentials exceeding 1.6 V give rise to 

s1gn1f1cant background currents due to the solvent and support1ng 

electrolyte. 

Similar voltammetric behavior is observed if either TBABF 4 or 

TBAPF6 is employed as the supporting electrolyte. TBAB<C6H5)4 fa1led 

as a supporting electrolyte as this species is electroactive at potentials 

cathodically removed from the first ring oxidation of the porphyrin. 

The movable working electrode design is novel to this work. For 

conventional voltammetry, the working electrode is pulled back into the 

bulk of solution so that the voltammetric response is diffusion 

controlled. In the thin layer experiment, the working electrode is pushed 

up against the window material such that a thin layer of solut ion is 

trapped and undergoes essentially a bulk electrolysis. Most thin layer 

cells, including 0.T.T.L.E. cells, suffer in their abil1ty to replenish the 

solution within the thin layer cavity. The movable working electrode 

design allows this to be performed rapidly, with easy repositioning of 

the working electrode, relative to the window. 

3.3 Spectroscopic Experiments 

Figure 11 shows the U. V. -Vis. spectrum of TPPZn in 0.2 M 

TBAC1o41c2H4c1 2, the supporting electrolyte present only to mirror 

solution conditions in the el ectrochem i ca 1 experiments. 

Three major absorption bands are observed for TPPZn in the 350 to 
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Figure 11: u.v.-v1s1ble spectrum of 2.3 x to-4 t:1 TPPZn 1n 0.2 t1 

TBACl041c2H4c1 2. Cell path length: 0.1 cm (A > 460 nm) 

and 0.01 cm Cl < 460 nm). Lower trace 1s the absorbance due 

to solvent/support1ng electrolyte alone. 
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700 nm region. The Soret band at 419. 1 nm is the most intense of the 

three (log c = 5.8), followed by the p band at 546.9 nm (log c = 4.5) and a 

band at 584.5 nm (log£= 4.2). The positions and relative intensities of 

the three bands are insensitive to the presence and concentration of 

species used as supporting electrolytes. This indicates that no 

complexation occurs between TPPZn and c104-, BF 4-, or PF6 -. Thus the 

Ps 0 values Cs= anion derived from the supporting electrolyte, "0

" denotes 

b1nd1ng to the unox1d1zed porphyr1n) are equal to zero. Band pos1t1ons and 

relat1ve 1ntens1t1es are dependent on the solvent employed and for th1s 

reason c2H4c1 2 is used throughout the spectroscopic work. 

The TPPZn spectrum is an example of a "Normal" type spectrum. 

Metalloporphyrins have a variety of spectra which have been grouped in 

various classes [2], with the bulk having only three major absorptions. 

Some exhibit split peaks, such as the manganese-containing porphyrins. 

The origin of these split peaks is believed [75] to be mixing of the 

metal-d and porphyrin-n orbitals due to the metal sitting atop of the 

porphyr1n ring plane. 

3.4 Spectroe1ectrochem1ca1 Experiments 
Figure 12 shows the U.V.-Vis. spectral changes that occur upon 

generat1on of the cation rad1cal in the specular reflectance cell. The 

various spectra are obtained by changing the potential of the working 

electrode relative to the formal potential of the TPPZn/TPP+•zn redox 

couple. For spectroelectrochemical experiments it has been shown [29]: 
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F1gure 12: U.V.-V1stble spectral changes for the ftrst r1ng oxtdat1on of 

1.14 x 1 o-3 t1 TPPZn 1n 0.2 t1 TBAC104/C2H4Cl2, App11ed 

potent1a1s (V vs S.C.E.): ( 1,a) +0.650, (2,b) +0.740, (3,c) 

+0.780, (4,d) +0.820, (5,e) •0.860. Spectra a through e 

were obta1ned by pull1ng the electrode back s11ghtly to 

1ncrease the optical path length. 
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E = E0

' + (2.303 RT /nF) log (<At - Ao)/ (Aoo - At)} ( 10) 
E - applied potential 
E0

' = formal potential for the redox couple 
A0 = initial absorbance (TPPZn only) 
A00 = final absorbance (TPP+•zn only) 
At - absorbance at some potential (mixture of TPPZn and 

TPP+•zn depending upon the applied potential) 

By plotting applied potential as a function of 

log{(At-A0)/(A00 -At)}, a straight 11ne w1th a slope of 59/n mV per decade 

(at 25 °C) and a y-intercept equal to E0
' should be obtained. Figure 13 is 

the plot of the absorbance/potential data from a similar set of spectra. 

Indeed the plot 1s 11near w1th a slope equal to 59.9 mv per decade (:. n 

equal to 1) and y-intercept equal to +0.781 9 mv vs S.C.E. This formal 

potential is 1n excellent agreement with the measured half wave 

potential obtained via cyclic and thin layer voltammetries. 

Note that the spectrum of the cation radical in Figure 12 is 

essentially featureless throughout the region shown, and extends into 

the N.I.R. This is typical of the spectral changes observed on formation 

of a number of TPP-type cation radicals. Also, spectra a-e utilized the 

same spectrometer settings as 1-5, the differences due to the 

pos1tioning of the working electrode. With fixed pathlength cells, 

different concentrat1ons would have to be employed. 

Figure 14 shows the I.R. spectroelectrochemical changes that 

occur upon formation of the cation radical from a solution of 2 mM TPPZn 

in 0.2 M TBACl041c2H4c1 2. The potentials needed for the in-s1tu F.T.I.R. 

spectroelectrochemical experiments are taken from previous 

voltammograms. The working electrode is set at a base potential of +0.5 
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F1gure 13: Graph of applied potential (V vs S.C.E.) as a function of 

log((At-A0)/(A00 -At)} for the first ring oxidation of TPPZn 

in 0.2 M TBAC104IC2H4Cl2. 
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V, and a background spectrum recorded by signal averaging 128 scans. 

The potential is then increased to +0.9 V, and a sample spectrum of the 

cation radical obtained by again signal averaging 128 scans. Figure 14 is 

the result of rat ioing these two spectra together. 

The impetus for this investigation is the development of 

diagnostic bands which signal the formation of the cation radical. This 

will aid in determining the site of oxidation within other porphyrin 

systems. There exists 1n the l 1terature a report of one such d1agnost 1c 

band for ring-centered oxidations [54], occurring at ~ 1280 cm- 1 for 

TPP-based metal loporphyrins. How ever, product i so 1 at ion and 

purification were prerequisite in obtaining the solid state spectra of the 

oxidized species. This did not make the study of I.R. spectra very 

attractive, in particular where product stab111ty is in question. With the 

use of our spectroelectrochemical cell we are able to study the I.R. 

spectra of oxidized species in solution, without product recovery. 

Several interesting appearance and disappearance features are 

noted, even though the solvent absorbs quite strongly through the 1800 -

1000 cm- 1 region. First of all, the diagnostic band suggested earlier is 

seen as an appearance band at 1277 cm- 1. However the in-situ 

experiment also shows four other appearance bands at 1408, 1346, 1222 

and 1000 cm- 1 (the 1000 cm- 1 band not shown), and two disappearance 

bands at 1598 and 1480 cm - l. A 11 of these bands, except that at 1277 

cm - 1, are present in the I .R. spectrum of the unoxidized porphyrin and 

represent a change in intensity of the various porphyrin vi brat ions. This 

demonstrates the sensitivity of this technique as the sol id state 

spectrum is unable to detect these small changes in the vibrational 

intensities. 



48 

Other porphyrins studied by this method include the demetallated 

porphyr1n, TPPH2, and TPPFeCl . Both of these species give rise to 

disappearance and appearance bands at similar positions. CTPPHi 

disappearance band at 1598 cm- 1, appearance bands at 1393, 1345, 

1285, 1231 and 961 cm- 1; TPPFeCl : disappearance band at 1599 cm- 1, 

appearance bands at 1416, 1343, 1282, 1221, and 1 O 13 cm- 1 .) Therefore 

we suggest that all of these bands are diagnostic of cation radical 

formation. As yet we have not extensively examined metal-centered 

oxidations and cannot report any diagnostics for this type of process. In 

general though, TPP I.R. spectra are relatively insensitive to the metal 

center in this region [76]. It seems unlikely that a change in metal 

oxidat1on state would give r1se to the s1gn1f1cant perturbations of the 

ring vibrations seen here. 

Also observed in Figure 14 are two appearance bands at 1137 and 

1028 cm- 1, with a large d1sappearance feature in between. These bands 

are not present if the porphyrin is omitted or if the supporting 

electrolyte is replaced by TBABF 4 Since these bands are 1n the reg1on 

anticipated for coordinated perchlorate [7,77] this suggests coordination 

of c104- to the cation radical. Complexation to the cation radical in 

solution has been inferred earlier [28,46,78], yet no direct evidence 

prov 1 ded. It is al so known from the X-ray crysta 1 structure of the 

isolated cation radical [7] that the shortness of the Zn-0 bond in the 

comp lex suggests a very strong interact ion between the two species. 

Our data provides the first direct evidence for complexation between 

rpp+•zn and c104- in solution. 
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3.5 Consequences of Perchlorate Complexat1on 

Voltammetric theory tells us that a reversible ox1dation, followed 

by a reversible chemical step, should result in an overall cathodic shift 

in the observed half wave potential of the system [79). This is a 

reflection of stabilization of the oxidized species due to the chemical 

step. The tnf erence from this ts that the E 112 for the TPPZn/TPP+•zn 

redox couple in the presence of c104- is cathodically shifted from that 

which would be observed if no complexation were occurring. It is an 

interesting observation that the first ring oxidation potential for TPPZn 

<and TPPMg) is cathod1cally sh1fted by ~300 mV from the bulk of 

metalloporphyrins (with TPP as the ligand) which oxidize near+ 1.1 V 1n 

the same solvent/support1ng electrolyte. This potential shift has been 

rationalized in terms of a metal inductive effect [ 15], whereby the zinc 

atom is less electron withdrawing from the porphyrin ring, shifting the 

oxidation potential. 

To estimate the magnitude of this potential shift due to the 

complexation reaction, and calculate the binding constant for this 

reaction, one needs to develop an expression for the binding and examine 

how 1t alters the voltammetr1c response. The complexation reaction can 

be written: 

where : p+• - cation radical 
5 - anion derived from supporting electrolyte 
p+•s- - complex formed 

The binding constant is therefore: 
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[p+•s-1 p+ ___ _ 
s - [p+•ns-J ( 12) 

where the subscript "s" is the anion derived from the supporting 

electrolyte, and "+" s1gn1f1es that the porphyrin 1s oxidized to the cation 

radical. We can wr1te the Nernst equat1on 1n terms of the p+• /P redox 

couple as: 

E = E0 l + (RT /nF) ln ([p+•]/[P]) ( 13) 

It has been shown for such a system where multiple equilibria 

exist (80], when all reactions are at equilibrium (slow sweep rates) the 

voltammetric half wave potential coincides with the potential where the 

sum of the concentrations of oxidized species equals that of the reduced 

species Cat the electrode surface). In order to derive an expression for 

this half wave potential in terms of the reactions involved in the 

equilibria (assuming the d1ffusion coefficients are equal), we write: 

I [P+e] = I [P] ( 14) 

For our system this summation can be written as: 
[p+•] + [p+•s-] = [P] ( 15) 

Rearranging C 12) and substitut1ng for [p+•s-] g1ves: 

[p+•] + Ps +[p+•][s-J = [Pl C 16) 

Collecting like forms of the porphyrin, and solving for the ratio [p+•]/[P] 

yields: 

This can then be substituted into the Nernst equation to give: 

E 112,s = E0 

1 - CRT Inf) ln { 1 + P/[S-]} ( 18) 

So long as both Ps+ and [S-] are non-zero, the observed potential will be 
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cathod1cally (negat1vely) sh1fted from the formal potent1al of the redox 

couple as a result of the complexation bys- to the cation radical. 

A number of prerequ1s1tes have to be met 1n order to measure the 

value of Ps +, which would also allow the potential shift to be 

determined. First, a supporting electrolyte whose anion does not bind to 

either the unoxidized or cation radical porphyrins is needed so that the 

E0

1 for the TPPZn/TPP+•zn redox couple can be determined. Rearranging 

equat1on ( 18), the b1nd1ng constant can be written as: 

P/ = (1/[S-]) antilog ((-~EI (2.303RT/nF))-1} (19) 

where 6E is the potential sh1ft measured relative to the system which 

includes the non-binding supporting electrolyte. By measuring the 

potential shifts as a function of support1ng electrolyte concentration, a 

good estimate of p5 + can be made. 

This is not as simple as it would seem as other parameters such 

as activity coefficients and liquid junction potentials can vary as the 

concentration and identity of supporting electrolyte are altered. This 

gives rise to the second prerequisite, which is that a suitable internal 

reference couple is needed which will take into account changes in 

activity coefficients of the porphyrin species, and changes in the liquid 

junction potentials. Therefore, the potential shifts that are to be 

substituted into equation ( 19) are those for the anion complexing the 

cation radical versus the system where the cation radical is 

uncomp lexed, both measured against the interna 1 reference coup le. 

Several candidates were examined to serve as the internal 

reference. Ferrocene has been used previously by others as an internal 



52 
reference system [35]. However we observed potential shift 1ng in the 

ferrocene/ferrocenium cation redox couple as the concentration of c104-

was varied, greater than that in the porphyrin system. This suggests 

some interaction between the f errocenium cation and the anion from the 

supporting electrolyte. The exact nature of this interaction was not 

investigated. 

It was decided that the best internal reference would be a 

porphyrin which did not interact w1th the anion from supporting 

electrolyte since we would expect to see similiar changes in activity 

coefficients as we alter concentrations. The free base porphyrin, TPPH2, 

seemed to be the most likely choice as there 1s no metal center through 

which complexation could occur. While the results were encouraging in 

ClO 4-, this species failed in PF 6 -, possibly due to some ion-pairing 

between the cation radical and s-, or perhaps hydrogen bonding between 

the protons bonded to the pyrrole nitrogens in the cation radical and s-. 
Once more the interactions were not investigated further. 

It turns out that metalloporphyr1ns with axially bound ligands give 

us the desired behavior. Both TPPMnCl and TPPFeCl exhibit very small 

potential shifts as the concentration of supporting electrolyte is varied 

from 0.05 to 0.50 t:1. These potential shifts probably represent changes 

in the liquid junction potential between the solutions in the working and 

reference electrode compartments. Thus the TPPMnCl/TPP+•MnCl redox 

couple is used as the internal reference system, although 

TPPFeCl/TPP+•FeCI would probably work just as well. 

By studying potential shifts as a function of supporting 

electrolyte concentration, it appears that the interactions between 
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TPP+•zn and PF 6 - are the weakest. This finding satisfies the first 

prerequisite, and allows ~s+ values to be calculated on the assumption 

that there is no specific interaction between the two species. Therefore 

we set Ps + = o for PF 6 - . If it turns out that there is some degree of 

interaction between PF6- and the cation radical, the true Ps + values will 

be larger than calculated here. 

Tables 2 and 3 give the potential shifts and Ps + values measured in 

0.05 M supporting electrolyte salts, while Tables 4 and 5 give the same 

data for 0.2 t1 supporting electrolyte Table 6 is the average Ps + values, 

calculated by averaging the 0.05 and 0.2 M data. 

With the potential shifts measured, we are able to calculate the 

E 112 value for the TPPZn/TPP+•zn redox couple, in a solution containing 

TBACl04 (or TBABF 4) as the support1ng ·electrolyte, which is free from 

comp lexat ion react1ons, via: 

(20) 

where E 112 is the half wave potential free of complexation and E 112 5 is 
' 

the experimentally measured half wave potential in the presence of 

coordinating anions from supporting electrolyte. For example, the 

experimentally obtained half wave potential for TPPZn in 0.2 M 

TBACl04/C2H4Cl2 is +0.782 V. The potential shift data at this 

concentration of c104- is -0.121 V. Therefore the "true" half wave 

potential for the first ring oxidation of TPPZn in this solvent/supporting 

electrolyte system is +0.903 V vs 5.C.E. 
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Table 2: First Ring 0x1dat1on Potential and Potential Shift Data for the 

Various Anions Incorporated Into Supporting Electrolyte Salts 

( 0.05 M ). All Potentials(± 1 0 mV) Measured Versus S.C.E. 

Porphyrin 

TPPMnCl 
TPPZn 

An1on From Supporting Electrolyte Salt 

1.108 
0.854 

(-0.254) 

BF -4 

1.245 1.138 
0.953 0.803 

(-0.292) (-0.335) 

Table 3: Potential Shifts (~E ± 1 0 mV) and ~s + Values Relative to PF6-

( 0.05 t1 ). 

Anion From Supporting Electrolyte Salt 

0.000 
0,0 

-0.038 
68.5 

-0.081 
457.0 
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Tab le 4: F1rst Ring Oxidation Potential and Potential Shift Data for the 

Various Anions Incorporated Into Supporting Electrolyte Salts 

( 0.2 M ). All Potentials(± 1 0 mV) Measured Versus S.C.E. 

Porphyrin 

TPPMnCl 
TPPZn 

Anion From supporting Electrolyte Salt 

1.093 
0.861 

(-0.232) 

BF -4 

1.239 
0.945 

(-0.294) 

1.135 
0.782 

(-0.353) 

Table 5: Potential Shifts (~E ± 1 0 mV) and p5 + Values Relative to 

Anion From Supporting Electrolyte Salt 

PF -6 

0.000 
0.0 

-0.062 
51 .6 

-0.121 
566.2 
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Table 6: Summary of the Ps + Values for the Various Anions 

Incorporated Into Supporting Electrolyte Salts. 

Anion 

0.0 

60.0 · 

511 .6 

Relative Error 

( by definition) 
14.0 % 

10.6 % 
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Th ls ls qulte an interesting finding. It 1s noted earlier that the 

first ri ng oxidation potential for TPPZn is cathodically shifted by ~300 

mV from the first ring oxidation potential for the bulk of 

metalloporphyrins Un the same solvent/support1ng electrolyte), and this 

potential shift was explained in terms of a metal inductive effect. What 

our complexation data shows is that part of this shift is in fact due to 

reaction between the cation radical and the anion derived from the 

supporting electrolyte. This data does not preclude a metal inductive 

effect, but suggests it is not as large as previously believed. Indeed, if 

PF6- does bind with the cation radical to any extent, the new value of E0
' 

for TPPZn/TPP+•zn will be even more anodic. It would be interesting to 

see if TPPMg is involved in similiar equilibria as this would account for 

the cathodic shift in the first ring oxidation potential for this system. 

It should be noted that with the recent advent of 

ul tramicroe lectrodes [81-84), E 112 values can be measured at very low 

supporting electrolyte concentrations, and even in the complete absence 

of these species. This would ctrcumvent the need in the approach taken 

here to find a non-complexing supporting electrolyte as the E0
' could be 

measured directly with [5-] = o. Such a methodology should provide a 

more re 1 i able estimate of Ps + va 1 ues than in the present case. 

Experiments of this type were undertaken in this laboratory with a 

carbon fiber ultramicroelectrode. However preliminary results did not 

yield the E0
' value for the TPPZn/TPP+•zn redox couple due to electrode 

failure. 
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Chapter 4 

An Examination Of TPPZn In The Presence Of N03 -

4 1 An Example Anion 

This chapter reports on the anodic oxidat1on of TPPZn in the 

presence of nltrate. This system has been studied in greater detail than 

those involving other anions, and the mechanistic features uncovered 

here w i 11 aid m the interpretation of other systems. 

4. 2 Soectroscoo i c Behav 10r 

Several changes occur in the U. V.-Vis. spectrum of TPPZn upon the 

addition of anionic ligands such as N03 - . Figure 15 demonstrates 

spectral changes that are observed when N03 is added to a solution of' 

TPPZn/0.2 M TBAC l04/C2H4Cl2. 

Trace 1 is that of the porphyrin before the addition of N03 - . The 

bands at 419. 1, 546.9 and 584.5 nm are the Soret, p, and a bands 

respectively. The change in the base 1 ine represents the change in ce 11 

path length W.O I cm for the Soret region, 0.1 cm for the panda region). 

Trace 2 1s the spectrum recorded after the addition of a large 

amount of solid TBAN03. The previously red solution turns blue with all 

bands red-shifted and their relative intensities altered (Soret and p 
bands decrease in intensity; the a band increases in intensity). This type 

of spectral change is common for all anions which complex TPPZn [64], 

as well as neutral species [62.63) and nitrogenous oases 
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F1Qure 15: U.V.-V1s1ble absorpt1on spectra for 2.3 x 1 o- 4 M TPPZn 1n 

0.2 t1 TBAClo41c2H4c1 2 m the absence (Trace 1) and 

presence (Trace 2) of 0. 19 M TBAN03. Ce 11 path length: 0. 1 

cm (i- > 460 nm) and 0.01 cm (i- < 460 nm). 
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[57,59-611 studied by others. The red-shift is indicative of a lowering 

of the energy required to excite a porphyr1n n electron to a n* orbital 

(64]. The degree of asymmetry in the Soret and p bands indicate that the 

complexation is not complete. Hence the value of Px° for N03 - is not 

very large. 

Spectrophotometric ti trat ions were performed to evaluate the 

magnitude of Px° for this system. Several wavelengths were used for 

mult1ple determrnations., and an overall value of Px° ± lo= 6.5 ± 0.55 was 

established. As expected, the value of Px 0 for N03 - is not very large, and 

indeed is the smallest Px° we measured. 

43 Electrochemical behavior 

A variety of changes occur in the voltammetric behavior of TPPZn 

when N03 - is added to solution, either as solid TBAN03 or in solution 

contarning 0.2 M TBAC1041c2H4c1 2, used to dissolve the porphyrrn itself . 

Figure l 6 shows the voltammetry for the TPPZn/N03 - system. 

Several important observations must be discussed. First of al 1, 

the first oxidation and reduction couple (peaks 1 and 2) is shifted in a 

cathodic direction, the magnitude of the cathodic shift being ~55 mV per 

decade as [N03 -] is initially increased. eventually levelling off as [N03-] 

increases beyond ~O. 1 M. This suggests coordination of a single N03- to 

the cation rad i ca 1. As in the absence of any added N03 - , the first red ox 

couple remains reversible, with forward and reverse peaks separated by 
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-~ 70 mV, and t he anodic/cathodic peak current ratio ~0.98 (slow sweep 

rates and [N03 - ] at 1 east doub 1 e that of the porphyri n ). 

A discussion regarding the cathodic shifting in the first ring 

oxidation is best accomplished by introducing a modified square scheme 

[80] which contains all the complexation reactions discussed thus far. 

This scheme is given in Figure 17. E0 l and E0 2 are the formal potentials 

for the electrode react 1 ons indicated. Note that a 11 reactions within the 

scheme are reversible. The result of this overall reversibility is that 

the ent 1 re system behaves as a s 1 ng 1 e, monoe l ectron 1 c red ox coup 1 e 

where TPPZn and TPPZnx- act as the reduced form of the couple, while 

TPP+•zn, TPP+•zns-, and TPP+•znx- act as the oxidized form. Any 

perturbation on the system (changing concentrations or potential) 

affects the entire system. 

We can perform a treatment of the Nernst equation s 1 mil i ar to that 

in Chapter 3 to understand the potent i a 1 shifting observed when N03 - is 

added to a TPPZn/Clo4- solut i on. We include the following reactions 

with the corresponding binding constants: 

[ px- J 
p + x- p x- (21) Px° = [ p ][ x- ] 

(22) 

p+• + x- p+• x- P/ = 
[ p+•x- J 

(23) 
[ p+• ][ x- ) 

(24) 

p+• + s- p+• s- p + -
r p+•s- J 

(25) s - [ p+• )[ s-] 
(26) 
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Bo 
s- + TPPZn + x- X TPPZnx- + s-' 

Ef 1l- 1 e· 
B+ 

E~ 1l -I e· 

s- + rpp••zn + X - X::ii. rpp••znx-+ s-' 
1l B; 

rpp••zns- + x -

Ftgure 17: Scheme 1: The reverstble behav1or surrounding the 

unox1d1zed and catton radtcal forms of TPPZn tn the 

absence/presence of added ant on, x- , and the an ton dertved 

from the support 1 ng electrolyte, s-. 
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Remember that the reaction in (21) is based upon spectral stud ies , 

the reaction 1n (23) is inferred from the electrochemistry presented in 

Figure 16, and the reaction in equation (25) is discussed in Chapter 3. 

Solving for the [p+•]/[P] ratio as before, we can arrive at the following 

form of the Nernst equation: 

1 + P/ [ x- J + Ps + [ s- J -
E112,s,x = Eo1 -(RT/nF) ln 1 A o[x-] 

+ PX 
(27) 

Where E 112,s,x is the half wave potential measured in the presence of s-
and x- .. assuming all diffusion coefficients are equal and the 

voltammetric sweep rate is slow enough such that all reactions can be 

considered at equilibrium (80]. In Chapter 3 we developed an expression 

for the shift in half wave potential due to complexation by s- to the 

cation radical. The difference in half wave potentials must therefore be 

due to the interact ions between x- and the porphyrin. Therefore when we 

subtract equation 18 from 27 we obtain: 

~E - E - E - 1 / 2,s,x 1 /2,s (28) 

= - (RT /nF) ln (29) 

Before further evaluating this difference, we introduce a, the 

fraction of cation radical uncomplexed by s-, excluding that complexed 

by nitrate: 
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[p+•] 

a = 
[p+•J + [p+•s-J 

(30 ) 

= 
1 + ([p+•s-J;[p+•]) 

(31) 

= 
1 + Ps +[s-J 

(32) 

Note that a is a constant as long as (c104-) can be regarded as 

constant. This allows the difference in equation 29 to be simplified to: 

6E = - CRT /nF) ln 
1 + cxfix +rx-1 
1 +~x 0 rx-] 

(33) 

Equation 33 tells us that the potential shift observed is a function 

of all binding constants involved, the direction and magnitude of the 

shif t depending on the magnitudes of the p values. We note that in the 

l im1 t of [X-] becoming very large, the potential shift reaches a limiting 

va lue g1ven by: 

~E = - <RT /nF) ln (ap/ IP/} (34) 

Th is pertains when the experimental half wave potential becomes equal 

to E0 

2, the formal potential for the oxidation of TPPZnx-. 

The term in the numerator of equation 34, exp/, is a conditional 

formation constant, conditiona l in terms of the binding by s- to the 

cation radical and therefore dependent upon the values of Ps + and (5-). 

The concept of conditional formation constants is not novel [85]; they are 

commonl y encountered in comp lexation react ions involving EDT A, where 
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the magni tude of the complexation constant is pH dependent. This does 

mark the fi rst application of a conditional formation constant to the 

compl exation equilibria surrounding porphyrins and their cation radicals. 

We have not attempted to measure Px + values due to the 

forementioned difficulties in accurately determining Ps +, and, hence, a. 

This does not present any difficulty as the solution conditions employed 

are identical throughout (pseudo-first order conditions in [S-]) and we 
+ , + 

can compare aPx values the same as we would compare Px values. 

Measurement of ap/ 1s easily performed if a constant potential 

shift can be observed. S 1 nee this is not the case for N03 - as comp 1 ete 

comp l exat ion cannot be obtained at reasonable concentrat i ans, we 

rearrange equation 33 to g1ve: 

= ---- + (35) 

where <l> = exp ((nF /RT) (E 112,s,x - E 112,5)) . (36) 

Similarly, one can write: 

----+ (37) 

where: T x = total concentration of x-

T P - total porphyri n concentration 

Experimentally the values of T P and T x are varied and the potential 
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shifts of the resulting solution measured. The voltammetric sweep rate 

must be slow enough to ensure reversible behavior. From the values of 

T P' T x, and (E 112,s,x - E 112,5), in conjunction with Px O obtained from 

spectrophotometric ti trat ions of the same porphyri n and an 1 on so lution, 

an initial value of ap/ is calculated. This is followed by a re-estimate 

or (X-] since the concentration of X is less than T x due to 

comp lexat ion to the porphyrin. The new value of [X-] is then used to 

recalculate af3x+ , and the entire procedure repeated until consistent 

values of aP/ and [X-] are obtained. Usually no more than two iterations 

are required to reach constant values. By performing the above 

experiment, a value aPx + = 8.3 x l o3 for N03 - binding to TPP+•zn was 

est ab 1 i shed. 

Now that both ap/ and Px° values are known, the formal potenti al 

for the fully complexed porphyrin, E0

2, can be calculated. For the 

TPPZn/N03 - system in 0.2 M TBACl041c2H4c1 2 we calculated E0 

2 = 

+0.599 V vs 5.C.E. While tt is generally accepted that changes in the 

coordination environment of the metal center can drastically alter the 

redox properties of the metal [78], there has only been one other report 

of such variation in the redox properties of the porphyrin ligand due to 

changes in the metal coordination environment [4]. 

An important conclusion that needs to be made at this point is 

that, in the presence of coordinating anions, the first ring oxidation 

potential can be shifted due to complexation reactions between the 

anions and both the unoxidized and cation radical porphyrins. For the 



68 

present case, the direction of the shift is cathodic as the magnitude of 

the binding constant for x- to the cation radical is three to four orders 

of magnitude greater than the binding constant for x- to the unoxidized 

porphyr in. It has been assumed by some workers (see Ref. 35 for 

example) that the ring oxidation potentials are relatively independent of 

the metal coordination environment, and that a potential shift in the 

presence of added ligands indicates metal oxidation. This is c1ear1y not 

necessarily so. 

We can also make a comparison at this point with similar work 

performed with nitrogenous bases (46]. Complexation reactions involving 

nitrogenous bases and TPPZn/TPP+•zn gave relatively small potential 

shifts not greater that ~40 mv, in both cathodic and anodic directions. 

By comparison, N03 - gives rise to a 183 mV shift (cathodic). This 

suggests that the interactions between anionic ligands and the cat ion 

radical are much greater than those encountered with neutral ligands, 

and can be rationalized using electrostatic arguments. 

Returning to the voltammetry in Figure 16, the second change 

noted is that the second oxidation process (peak 3) is also shifted in a 

cathodic direct ion. However the redox process is no longer reversible as 

the reduction (peak 4) coupled to this oxidation has essentially 

disappeared, with no cathodic peak being discerned from the background. 

Something has happened to the electrochemically produced dication, and 

since the only difference from the reversible case is the presence of 

N03 - , some react ion between the di cat ion and N03- must have occurred. 

Interpretation of the voltammetric findings is simplified with 

some knowledge of porphyr1n chemistry. It is well documented that 
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oxidized porphyrins are susceptible to nucleophilic attack by a variety 

of species , bo th anionic [4,56) and neutral (47,49,50,55,65,66], yielding 

i soporphyri n cations. It is believed that attack occurs at one of the four 

methine br idges of the macrocycle, resulting in the loss of conjugation 

within the system. For the present work it appears that nitrate is acting 

as the nucleophile and attacks the dication. This would account for the 

loss of dication reduction as the dication is lost due to the ensuing 

chemical reaction. 

Also observed on the cathodic scan is the appearance of a new 

reduction wave (peak 7) which has a maximum at approximately -0.100 V 

vs S.C.E., the exact position of the cathodic maximum being dependent 

upon the sweep rate. No oxidation wave coupled to this new process is 

observed on subsequent scans. As this reduction process is not present 

when e1ther the porphyrin or N03 - is omitted, this must represent the 

reduct ion of the product from the preceeding chemical react ion between 

dication and N03 - . 

Figure 18 shows two thin layer voltammograms for the same 

TPPZn/N03- system. The top voltammogram is obtained at 75 mvs- 1, 

and on the cathodic scan two reduct ion processes are evident after the 

dication has been formed. The more anodic of these is the drawn-out 

wave commencing at potentials for cation radical reduction, followed by 

the second reduct ion peak at ~0.0 V. Estimates of the charge passed on 

the cathodic sweep are consistent with the recovery of two electrons 

per porphyrin species. 

The lower voltammogram is obtained at 20 mvs- 1. The more 

anodic reduction process develops into a well-defined peak at +0.67 V, 
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while the reduct1on peak at 0.0 V has d1sappeared. Once more integration 

of the current passed suggests two electrons are recovered on the 

cathodic scan. 

These thin layer voltammograms are consistent with two 

competing isoporphyrin reduction mechanisms. S1nce the current 

associated with the more anodic reduction process becomes more 

pronounced at slower sweep rates and coincides with the potential for 

cation rad1cal reduct1on, a preceding chemical reaction by which the 

lsoporphyrin cation is converted to cation radical is suggested. A 

coproportionation react1on between isoporphyrin cation and unoxidized 

porphyrin, yielding two cation radicals, has been suggested by others [47] 

to account for similar isoporphyrin cation reductions. For the present 

case the unoxidized TPPZn required to initiate such a reaction may 

originate from the bulk of solution, diffusing into the thin layer. The 

more cathodic reduction may therefore represent the direct reduction of 

the i soporphyri n cation. 

Figure 19 1s the cyclic thin layer voltammogram obta1ned at 75 

mvs- 1. Upon scanning through both reduction waves, all starting 

material is recovered as the anodic peaks for cation radical and dication 

formation are 1dentical to those recorded on the first sweep. If however 

the cathodic switching potential is increased to exclude the more 

- cathodic process, the anodic peaks due to porphyrin oxidation are 

signif1cantly reduced as compared to the initial sweep. As the charge 

passed for the first oxidation is ~50% of that on the initial scan, it 

appears that the more anodic reduction process also results in the 

recovery of starting materia 1, albeit at a slower rate. 

Returning to the voltammogram in Figure 16 we note whereas 
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before nitrate was added and only two redox couples were observed, a 

new set of waves (peaks 5 and 6) appear at more anodic potentials, wi th 

an E112 at~ 1.34 V vs S.C.E. The process appears to be quasi-reversible 

si nce the peak separation is ~95 mV and anodic/cathodic peak current 

ratio= 0.9. As before, this redox couple is not observed in the absence 

of either TPPZn or TBAN03 and must be due to the oxidation of a product 

formed in a preceding chemical reaction, the isoporphyrin cation. 

Therefore this redox process represents the formation and subsequent 

reduction of an isoporphyrin d1cation radical, and appears to be the first 

time such a species has been observed. 

Product identity is supported by sweep rate studies which show 

that peak 5 decreases in magnitude relative to peaks 1 and 3 as the 

sweep rate is increased beyond ~400 mv-s- 1. This is consistent with a 

species formed from a preceeding chemical step. At sweep rates greater 

than 10 vs- 1, the previously irreversible oxidation of cation radical 

becomes apparently revers ible. Coupled to this is the loss of the th ird 

redox couple since insufficient time is allowed for isoporphyrin cation 

production (i.e. we have outrun the kinetics associated with the chemical 

step forming the isoporphyrin cation). 

Another important conclusion should be made clear at this point. 

It is now apparent that more than two redox couples may be observed in 

the oxidative vol tammetry of meta 11 oporphyri ns in the presence of 

coordinating anions, even when the metal center is redox inactive. In 

addit ion to the expected oxidations forming the cation radical and 

di cation, in the presence of coordinating anions a new red ox couple 

corresponding to the reversible production of an isoporphyrin dication 



74 

radical , may exist. Therefore the presence of a third redox couple in the 

oxidati ve vo l tammetry of metal loporphyrin/anion systems does not 

necessitate invoking metal oxidation. 

One of the strategies to generate high valent metalloporphyr ins 

has been the addition of coordinating anions to direct charge transfer at 

the meta 1. Such add it 1 ons can 1 ead to new redox processes in the 

voltammetry_, which have been assigned to the metal center [34). Our 

work shows that this need not be the case. 

4.4 Spectroe 1 ectrochem 1 stry 

Spectroelectrochemical experiments were carried out to provide 

further support for the involvement of isoporphyrins in the voltammetry. 

Figure 20 shows the U.V.-Vis.-N.I.R. spectroelectrochemical 

results obtained from a mM TPPZn/ l mM -TBAN03/0.2 M 

TBAC1041c2H4c1 2 solution. Trace 1 is recorded at no applied p .t .. ntial, 

and s1nce 11ttle N03 - is present, the a and~ bands are essentially at 

their uncomplexed positions. (It can be calculated that at these 

concentrations less than 1 % of the porphyrin exists as the complex.) No 

-bands are observed in the N. I .R. Trace 2 ls obtained at +0.8 V vs S.C.E., 

and is that of the cation radical complex. This is the same spectrum 

obtained in the U.V.-V1s. spectroelectrochemical studies for the 

porphyrin solution in the absence of N03 -, and it has been reported that 

all TPP+•zn anionic complexes have essentially the same featureless 

spectrum throughout this region [2,4,42,44,46,47,53]. Again no bands are 

observed in the N.I.R. Trace 3 is the spectrum recorded at + 1.05 V vs 

S.C.E., which is the potential required to form the dication. What was 
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feature less in the absence of N03 - now shows a lar.ge two-band (peak at 

875 nm with a shoulder at 775 nm) structure in the N.I.R. Comparison 

with the spectra published [56] for the nitratoisoporphyrin cation formed 

via oxidizing TPPZn with cerric ammonium nltrate suggests our product 

is the same species. 

The two-band structure in the N.I.R. is common for all 

isoporphyrins, and has been used as a diagnostic for their format ion. It 

has been reported elsewhere that this reaction occurs via the cation 

radical [55,56], followed by the loss of a second electron. Our work is in 

disagreement with such a mechanism, at least on the time scales and 

conditions employed in our voltammetric experiments. 

The production of an i soporphyri n from the cation radical is a 1 so in 

disagreement with a report (52] that suggests reactions between cation 

radicals and nucleophiles are "forbidden" (involve a very high energy 

transit ion state), whereas react ions between di cat ions and nucleophi les 

are "allowed" (lower energy transition state). 

In order to further check our conclusions based on voltammetric 

studies, in-situ F.T.I.R. spectroelectrochemical experiments were 

performed on similiar solutions of TPPZn/TBAN03/0.2 M 

TBAC1041c2H4c1 2. Figure 21 is obtained by rat1oing the sample 

spectrum collected at +0.775 V (cation radical) against the background 

spectrum at +0.5 V (unoxidized porphyrin), both vs 5.C.E. Several 

important features are observed. 

First we note the rem ova 1 of one electron from the porphyri n 
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system gives rise to the previously discussed diagnostic bands at 1598, 

1408, 1346, 1276, and 1222 cm- 1, supporting both the formation of the 

cation radical and the reproducibility of these diagnostics. The bands 

which were previously observed for the c104- cat ion radical comp lex are 

absent. This reaction has been replaced by the complexation of N03 - to 

the cation radical, as evidenced by the large disappearance band for 

solution N03- at 1355 cm- 1, as determined from I.R. spectra of 

TBAN031c2H4c1 2 solutions, and an appearance band at 1460 cm- 1. The 

band at 1460 cm - l is absent when N03 - is omitted, and is in the region 

expected for nitrate complexes [86]. The posit ion of the band does not 

allow us to determine the geometry of the complex, that is, whether 

N03- complexes in a monodentate, bidentate, etc., fashion. Nonetheless 

this does demonstrate the formation of the TPP+•zn(I I )N03 - complex, 

supporting the conclusions made from the voltammetry. 

A far more interesting spectrum is obtained from ratioing the _ 

sample spectrum collected at + 1.15 V (dication) against a background 

spectrum at +0.5 V (unoxidized porphyrin), and is shown in Figure 22. 

'With production of the dication in the presence of N03 - we expect to see 

formation of the nitratoisoporphyrin cation. Although we have no 

assignment for most of the bands in the spectrum, the large appearance 

band at 1659 cm- 1 is in the region expected for the asymmetric N02 

stretch of an organic nitrate [87], thus supporting the formation of the 

i soporphyri n cation. 
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4.5 Description Of The Overall Behav1or V1a Scheme 2 

All the voltammetric, spectroscopic, and spectroelectrochemical 

findings pertinent to the reactivity of the dication are summarized in 

Scheme 2, given in Figure 23. Scheme 1, described previously, discusses 

the reversible behavior surrounding the unoxidized and cation radical 

porphyrins. This second scheme describes those reactions of the 

porphyrin and its oxidation products in the presence of coordinating 

anions, responsible for the voltammetric peaks in Figure 16. 

Figure 23 is in fact a simplification of the overall reaction 

scheme as complexation reactions, occurring extensively throughout, 

have been omitted for simplicity. The numbers 1 through 7 refer to the 

vo ltammetric peaks in Figure 16 for the TPPZn/TBANO3 system. Figure 

23 does not detail the mechanisms involved, since the pathways for 

i soporphyri n cation reduction are not c 1 ear. However a coproport i onat ton 

reaction involving the isoporphyrin cation and unoxidized porphyrin [47] 

and a d 1 rect t wo-e 1 ectron reduction of i soporphyri n cation appear to be 

possible candidates. 

This scheme should serve as a useful guide 1 ine for further 

investigations of porphyrin/anion interactions. 
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Chapter 5 

TPPZn And Other Anions 

Nine additional anions were examined to evaluate their behavior in 

the presence of TPPZn and its oxidation products. The goals of this 

chapter are to assess the generality of Schemes 1 and 2 of Chapter 4 to 

other anion/TPPZn systems, as well as determine the effects of various 

anions on the spectral and electrochemical behaviors of the TPPZn 

system. Comments regarding the spectral <red-shifts) and 

electrochemical properties (reversibility of the TPPZn/anion system, 

magnitude of potential shift, anion stability, and evidence for 

isoporphyrin format1on) are given where possible. 

5. 2 Spectral Behavior 

Table 7 lists the Soret, p, and a band positions for TPPZn 

complexed to the various anions studied. In all cases the solvent is 

c2H4c1 2, containing 0.2 M TBAC104, and spectra were obtained by adding 

sufficient amounts of the appropriate anion so as to completely complex 

the porphyrin. It should be noted that the TBAF salt used in this work 

was a trihydrate. No attempts to remove these waters of hydration were 

made as this can result in the decomposition of the salt, as reported 

elsewhere [88,89). All of these salts are hygroscopic and were stored in 

a desiccator at all times. TBACN and TBAOCN were handled in a glovebox 

to prevent moisture pickup. 
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Summary of the Soret, ~, and a Band Positions for the 

Various TPPZnx- Complexes Investigated. 

Anion 

N03 
CF3co2-

F 

N02 
CH3co2 
Cl 

Br 

OCN 
CN 

Soret 
(nm) 

425.0 
430.0 
431 .g 
433.0 
431 .5 

433.2 
433.g 

433., 

432.1 

435.5 

(nm) 

558.7 
566.8 
566,1 
567.8 
565.0 
567.0 
568.g 

568.3 
567.5 
573.5 

a 
(nm) 

601.5 
608,2 

606.8 
609.3 
605.0 
608.5 

609.5 
610.0 
608.5 
616.0 

Notes: 1. All measurements made 1n 0.2 t:1 TBAC1041c2H4c1 2 at 
room temperature. 

2. Band positions for TPPZnN03 - were estimated as the 
full complex was not formed. 
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Spectrophotometric titrat1ons allowed binding constants to be 

determ ined as outlined in Chapter 2, and the Px° values are listed in 

Table 8. All binding constants were measured in 0.2 M 

TBAC1041c2H4c1 2. The binding constants for Cl- and Br- were an order 

of magnitude larger than those reported in CH2c1 2 [64], suggesting a very 

strong so !vent dependence. The binding constants were measured in 

CH2c1 2, and were 1n agreement with those reported earlier. It has been 

observed [35] that binding by F- to 0EPFeF or TPPFeF is three times 

larger in CH2c1 2 than in CHC13, and this dependence was rationalized in 

terms of hydrogen bonding interact ions between solvent protons and the 

coordinating anion. As CH2c1 2 is expected to be a better hydrogen 

bonding solvent than c2H4ci 2, a similar explanation can be advanced in 

the present case. 

Figure 24 shows how the position of the p band varies as a 

function of the binding constant to the unoxidized porphyrin. (We have 

observed that the "gap" between a and p bands is essentially constant for 

all anions studied. Hence any plot using the p band position will show 

the same trends as a plot using the a band position.) In general there 

appears to be a trend towards increasing red shift with increasing Px° 
(correlation coefficient equal to +0.80). Work performed by others [64] 

on the F-, er, and Br- /TPPZn systems indicated that the magnitude of 

the red shift decreased as Px° increased. While we observe identical 

behavior for these anions, overa 11 it does appear that the magnitude of 
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Table 8: Summary of E0

2, llE, ~x°, and a~x + Values for All 
Anions Investigated. 

An ion 

N03 
CF 3co2 
F 
N02-

CH3co2-

Cl 
Br 
I 
OCN 
CN 

Notes: 

Eo 2 

0.599 

0.585 

0.582 
0.572 

0.565 

0.562 

0.555 
0.525 

llE 

-0.183 6.49 X 1 oO 8.31 X 103 

-0.197 2.91 X 102 6.52 X 105 

-0.200 6.21 X 103 1.56 X 10 7 
-0.210 

-0.217 

-0.220 6.01 X 103 3.31 X 107 
1.50 X 103 

4.81 X 102 
-0.227 1.05 X 1 o5 7.62 X 108 
-0.257 1.27 X 105 2.98 X 109 

1. All measurements made in 0.2 M TBAC1041c2H4c1 2 at 
room temperature. 

2. All potentials (±10 mV) measured versus 5.C.E. 
3. N02 - and CH3co2 - were unstable in c2H4c1 2. 

4. Br- and I- oxidized prior to the complex. 
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the red shif t increases with anion-porphyrin bond strength , in agreement 

with work by others [6 1,63) investigating the interactions between 

TPPZn and N and O donor 1 igands (neutral species). However this trend 

only ho lds when comparing red shifts greater that 2-3 nm. 

5.3.0 Electrochemical Behavior 

,A large number of observations have to made regarding the 

oxidative behavior of TPPZn/anion systems. As with the nitrate case, 

each ring oxidation is discussed in turn. 

5.3. l The First Ring Oxidation 

In all cases (excluding Br and 1- since these anions oxidize prior 

to the porphyr1n) the first ring ox1dat1on potential is shifted 

cathodically, the magnitude of which is dependent upon the ratio 

<af3/ I~/ ). Unlike the N03 case, E0 

2 values could be determined by 

addition of suffic ient anion to form the fully complexed porphyrin, 

allowing measurement of ~E directly. Table 8 lists the E0

2, ~E, ~x°, and 

a~x + values for all anions investigated. 

It has been demonstrated several times that the unoxidized 

porphyrin is strictly mono-ligated by a variety of ligands 

[ 1 ,9, 11 ,46,47,57,59-64], yet it is not yet known whether the cation 

radical is also mono-ligated or can be coordinated by two axial ligands. 

Per forming a mathematical treatment similar to that in Chapter 3, 

including the possible formation of the bis-ligated cation radical , one 

can obtain the following: 
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I + aP/L x- l + aP/Px ++L x- 12 
~E = - (RT /nF) ln 

1 +Px 0 (x-J 
(38) 

where P/+ is the overall binding constant for the formation of the x-
bis-ligated cation radical. 

In the 1 im it when [ x- ] becomes very large: 

~E = - (RT /nF) ln 
aPx +Px + +[x-] 

Px 0 
(39) 

·Unlike the earlier expression ror- ~E which predicted a limiting 

potential shift as [X-] became very large, this equation predicts that the 

half wave potential for the formation and reduction of the cation radical 

will continue to move cathodically as [X-] increases. As we observe a 

constant potential shift in the concentrations of x- employed, it appears 

that only the mono-ligated cation radical complex is formed, at least on 

the time scale of · our experiments. This has also been suggested by 

others [ 46] studying TPPZn/nitrogenous base interact ions. 

From Table 8 we note that the first ring oxidation potential can be 

shifted by up to 257 mv due to changes in the metal coordination. This 

is in addition to the potential shift due to c104- complexation, discussed 

in Chapter 3. Therefore it is evident that the e lectrochemistry of the 

porphyrin ring can be drastically altered by changes in the metal 

coodination environment. While large changes in oxidation potentials for 

metal centers which are redox active, due to changes in the coordination 

environment, are well known [78), it appears to be less generally 

appreciated that potentials for porphyrin ring oxidations are also subject 

to such dramatic variation. 
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It is also clear that although the magnitude of the potential shifts 

are quite large, there is relatively little change (74 mV) upon changing 

the axial ligand from N03 - to CN-, the weakest and strongest 

coordinat1ng anions respectively. When we compare the magnitude of the 

potential shifts for anionic ligands to those observed for neutral species 

(up to 50 mV in Ref. 46), in conjunction w1th the relative insensitivity to 

the identity of the anionic ligand employed, it is apparent that the 

dominant interaction between TPPZn/TPP+•zn and anionic ligands is 

electrostatic. 

Plots have been constructed for T PP Zn and nitrogenous bases [ 46] 

which show a linear relationship between the pKa of the nitrogenous 

bases and the first ring ox i dat 1 on potent 1 al for the porphyri n comp 1 exes. 

A similar plot was constructed for the present case and is given in 

Figure 25. In general, as the pKa becomes more pos1t1ve (more basic 

anions), the E0 

2 becomes more negative. This suggests that one may 

"fine-tune" the first ring oxidation potential by varying the pKa of the 

axial ligand. Line A represents the best-fit for all eight data points! 

<The correlation coefficient for line A is -0.53.) Although we have no 

reason to doubt any of our data, if Cl- were omitted the best-fit for the 

remaining data (line B) would show an even stronger correlation 

(correlation coefficient equal to -0.94) of E0 

2 with pKa. It is not 

surprising that the correlation in our data is inferior to that for the 

nitrogenous bases as the binding atom in this study varies, while for the 

nitrogenous bases binding always involves the nitrogen atom. 

There also appears to be a relationship between the E0

2 values and 

~-band pos itions, as seen in Figure 26, although the correlation is less 
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than perfect. (The correlation coefficient in Figure 26 is equal to -0.83.) 

As the ca thodic shift increases there is a corresponding increase in the 

red sh i ft. This is in agreement with a literature report [64) that 

suggests the magnitude of the red shift of the metalloporphyrin 

spectrum depends on the ability of the anion to transfer charge density, 

via the metal atom, to the porphyrin ring. This increase in the ring 

electron density should then make the ring easier to oxidize., which is 

observed in Figure 26. 

5.3.2 The Second Ring Oxidation 

For all anions (again excluding Br- and 1-) the second ring 

oxidation potential is shifted cathodica11y such that the difference in 

first and second r1ng ox1dation potentials remains between 200 and 300 

mV. The second ring oxidation 1s irreversible (no reduction wave coupled 

to the oxidation), similar to that discussed for the nitrate case. This 

suggests that i soporphyri n cations are farmed w 1th these anions as we 1 l. 

After formation of the dication, a new reduction peak, generally 

400 to 800 m 111 ivo lts cathodic of cation radical reduction, can be 

observed, sim 1lar to the nitrate example. The appearance of this 

reduct ion process again suggests the format ion of the corresponding 

isoporphyrin cation via nucleophilic attack on the dication. This was 

supported spectroelectrochemically in the I.R. with CF3co2 - as the 

nucleophile, after removal of two electrons, where an appearance band at 

179 1 cm- 1 confirmed the formation of the CF3co2 - ester. Also, the 

N. I .R. spectrum showed the two-band structure diagnostic for 

isoporphyrin formation. Spectroelectrochemical confirmation of 

isoporphyrin formation was not undertaken w1th other anions. 
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5.3.4 The Third Ring Oxidation 

Scanning to more anodic potentials showed that the isoporphyrin 

cations generated with F-, CH3co2 -, CF3co2-, Cl-, and CN- were redox 

active, once more similar to the nitrate case. The direct oxidation of 

these species to the isoporphyrin dication radical was not observed with 

No2- and OCN- due to high background levels. Further study under rriore 

controlled conditions will probably show isoporphyrin cation 

oxidation/reduction for N02 - and OCN- as the nucleoph1les. Therefore it 

appears that Schemes 1 and 2, developed for the TPPZn/N03 - system, are 

general for all anions investigated. 

Reiterating what has already been said, the importance of this new 

redox couple is that it demonstrates even when the metal center is redox 

inert, more than two redox processes can be observed in the oxidative 

vo ltammetry of metal loporphyrins. The appearance of a third redox 

couple in the ox i dat 1 on of meta 11 oporphyri ns in the presence of candidate 

nucleophiles, has led some researchers [34] to invoke metal oxidation. 

Our work clearly shows this need not be the case. 
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Chapter 6 

Concludtng Remarks 

6.1 Importance Of Thts Work 

The study of the behavior of TPPZn and its oxidation products in 

the presence of coordinating anions has led to a number of important 

findings. 

We have been able to describe and characterize, with the aid of 

two reaction schemes, all reactions involving TPPZn, TPP+•zn, and 

TPP++zn, including anionic complexes of the above, and isoporphyrin 

cations formed by nucleophilic attack by anionic ligands on the dication. 

Scheme 1 describes tn detail those react ions which involve the 

unoxidized porphyrin and the cation radical. All the complexation 

react ions between the an tons which are added to porphyrin-containing 

solutions or derived from the supporting electrolyte, and the 

e lectrochem teal behavior of the first ring oxidation and subsequent 

reduction, are reversible. Thus the entire system behaves as a 

monoelectronic redox couple. 

By studying such behavior we are able to measure the binding 

constants for the various anions to the unoxidized and cation radical 

porphyrins. In all cases, binding to the cation radical is 1 o3 to 1 o4 

times greater than that to the unoxidized species, which manifests 

itself in an overall cathodic potential shift in the half wave potential for 

cation radical formation. Shifts as large as -257 mV have been 

observed, and an overall range of 75 mV ts found for going from the anion 

with the sma 11 est binding constant (N03 -) to that with the largest 
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bind ing constant (CN-). Electrostatic arguments can be used to 

rat ionalize the magnitude of the potential shifts relative to those shifts 

assoc iated with the binding of neutral species to the same porphyrin. 

Comp lexation between the cat ion radical and the anion derived 

from the supporting electrolyte is demonstrated and quantified for the 

first t ime. Th1s binding prevents us from directly measuring the binding 

constants for other anions to the cation radical in the presence of 

supporting electrolyte. However it enables us to show that the metal 

inductive effects proposed by others [ 15) are not as 1 mportant as earlier 

believed. We do not rule out the presence of such effects, but quest1on 

only the magnitude. In the absence of this reaction we are able to 

calculate the half wave potential for the first ring oxidation as ~+903 

mV vs S.C.E., considerably closer to the norm of metalloporphyrins which 

undergo the same first ring oxidation at~+ 1100 mV vs S.C.E. 

Scheme 2 deals with the overall behavior of TPPZn and its 

oxidat ion products in the presence of coordinating anions, and as a result 

of the loss of dication reduction due to homogeneous chemical reactions 

we label the behavior irreversible, even though all starting material is 

recovered and most of the reactions within the scheme are reversible. 

Scheme 2 is a simplification of the overall behavior as complexation 

reactions have been omitted for simplicity. Otherwise the scheme may 

be too complicated for use in describing other systems. These omissions · 

do not detract from its importance. Scheme 2 shows that three oxidation 

processes can occur at the porphyrin ring, the most anodic of which is 

due to the presence of a redox active isoporphyrin cat ion, formed from 

nucleophilic attack on the dication by anions in solution. This scheme 
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may f ind service as a guideline for other metalloporphyrin/anion 

systems where the redox behavior is in question. In particular it 

dem onstrates that, in voltammetric studies of the oxidation of 

metalloporphyrins in the presence of nucleophiles, an unexpected third 

anodic wave is not sufficient evidence to prove the involvement of metal 

oxidation. 

This work also marks the first time in-situ F.T.I.R. 

spectroe l ectrochem i ca 1 experiments have been applied to the study of 

porphyri n behavior. Incorporation of our thin layer 

spectroelectrochemical cell with a movable working electrode makes for 

easy data collection as the in-situ experiments do not require product 

isolation and purification. Our study confirms the existence of the 1280 

cm- 1 band, suggested as a diagnostic for cation radical formation [54], 

as well as a number of other bands which are present for all TPP-type 

cation radi ca 1 s. Work on other porphyri n systems and I.R. changes 

associated with metal-centered oxidations await completion by this 

methodology. 

This type of experiment allows us to veri fy complexation by 

an ions to the cation radical, including those anions incorporated into 

supporting electrolyte salts, as well as showing the generation of 

i soporphyri n cations after the production of the di cation. The usefulness 

of this technique will surely lead to its widespread use by other 

researchers in the field of metalloporphyrin behavior. Indeed, the design 

of the electrochemical cell itself may find its way into the research 

laboratories of other electrochemists. 



97 

6.2 Future Work 

The comp letion of this research project does not mark the end of 

stud ies concerning porphyrin/anion systems. It may in fact initiate a 

who le new interest in this area. The number of anions investigated was 

limited, and many more need be studied to completely understand the 

interactions between porphyrins, their oxidation products, and anionic 

ligands. Neutral ligands may require reinvestigation with the techniques 

devel oped in this laboratory, so _ that the electrochemical and 

complexation reactions of other porphyrin/ligand systems can also be 

better understood. 

The role of the supporting electrolyte has yet to be completely 

investigated, and a more in-depth study needs to be made. It is difficult 

to believe that comp l exat ion by perch 1 orate, commonly incorporated in 

support ing electrolyte salts , to porphyr1n cation radicals has not been 

detec ted in solution until now , and it is interesting to th ink how many 

other systems may be subject to the same type of equilibria. Even this 

work f ailed to uncover with any certainty an anion that is free of 

complexation reactions with the oxidation products of the porphyrin 

system. Until such time one is found, conditional formation constants 

for the binding to the cation radical by anionic ligands must be reported, 

unle the half wave potential for the first ring oxidation free from such 

com i xation reactions can be measured first. 

Other porphyrin and metal loporphyrin systems need to be 

invest igated in the presence of coordinating anions. Variations in the 

porphyrin structure, metal center, and coordination environment may 

a 11 ow a great range of redox potent i a 1 s to be accessed. It w i 11 be 

interest ing to see if other metalloporphyrins with redox inactive metal 
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centers behave the same as TPPZn with respect to comp lexat ion and 

isoporphyrin forming reactions. The tools , techniques, and mathematics 

used in this work should help in this area. 

Work also needs to be performed to help establish which anions! if 

any, can be used to direct metal oxidation over that of the porphyrin ring. 

If this can be achieved, access to the highly reactive FeCIV) and Mn(IV) 

porphyrins may be possible. 

The role of in-situ F.T.I.R. spectroelectrochemistry in the study of 

metalloporphyrins cannot be overemphasized at this point. So much can 

be learned regarding electrochemistry and solution chemistry involving 

the oxidation products of metalloporphyrins, that such a technique 

cannot be overlooked by others in this fiel d. As far as band assignments 

are concerned, this too awaits further investigation. 

There are other regions in the I.R. which may provide useful 

information. For example, the metal-ring nitrogen vibrations can be 

found below 1000 cm-l [3 , 13,76], ·and should be examined for 

metal-centered oxidations. Nonetheless our study in the 1800- 1000 

cm- 1 region allowed us to detect a large number of bands diagnostic of 

ring-centered oxidations, as well as providing information regarding the 

coordination chemistry and isoporphyrin formation between the oxidation 

products of TPPZn and anionic nuc1eoph1les. This has greatly enhanced 

our understanding of porphyrin/anion interact ions. 
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