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R ABSTRACT -
7g;,;fThe electrdchemistry Of eome Zincc nanganese, GNG“D

‘1iron complexes ot meso-tetraphenylporphin at OXidlzingi

’“.:potentials has been 1nvestigated by cyclio voltammetry and’

Ji*tlthe porphyrin 1igand rather thaa the central ﬂ

'*fthin layer spect%belectrochemi try. The anodic reactions
B % Y

'fof the‘complexes investigated appear to be_associated with

k3

"tal atom.

/:”;vOne-electron oxidation at a Pt electrode in non-fv-f

"‘5coordinating solvents such as dachloromethane results in S :

”«f?fAbstraction of a single electronm

s ﬁfqacetatotetraphenylporphinaf

‘{

’:fgeneral in the formatiqn of etable t-catlon radicals.ie

lfrom the complex P fQH
: ) ST
'anganese(III) is tollowed by

- 73jhomogeneous reactlohs which lead eVentually to the

. l{:fcomplexes results in the fotmation of w—dications._ These

'"*fﬁFate powerful electrophiles and may react further with

'71fformation of an acetoxy130porphyrin cationic complex.qimtffff[lijjl

Removal of an electron from the t-catxon radical ”'1;;w+"*

fﬁneutrgl or anionic nucleophues t° yield 1soporphyrin




During the course of the work, some electrochemlcal

R

. ‘methodOIOgy was develope& which is promising for porphyrin

' electrochemical studies in partlcular, and organic and
f;ljbioelectrochemistry in general» Semi—quantitatiVe‘ jﬂx‘r;'

calculahions of the resistance—induced.potential

1.2‘;'A5 wgdistribution at thin laye! GleCtrodes were PeffOrmed' a“d
e ' -
ST _these led to the design of a: thin layer cell which allows

' ;_the use of potential sweep rates °“ order °f magnitu?e .
: greater than those normally used in thin 1a¥6f ‘:fiﬂf: ‘ L
'.4fvoltammetry.\BVen when workino in highly fesistiv°i ﬁ».H ; ) |
'fmedia.a_The use of specular refleetance 899$;f°3°°éy t° } ’° .
”ﬁf;mon1tor the ac voltammetric resPOﬂSe 15 discussed. and the %;~ 

>i:japplication oﬁ this technique to the determination of

A'il] ,5fQ?§‘heterogeneous charge transfer rate parameters is

"E'f?illustrated._'Ht-7  ﬂ ij;f;ff7"(
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:"m}7;Smith [1] and the seven yolume collection edited by

5.”:3f7fDolphin [2]. o

. CHAPTER 1

'.m(-.:f- ' oy

INTRODUCTYON AND BACKGROUND MATERIAL ON THB PORPHYRINb

S1.Y Introduction:kj

4

The literature dealing with various aspects of the

chemistry of porphyring and . their metal complexes is f]

Al

T vast. Most of. the research carried out on’ these compoundst

has had as its obJective a better understanding of their,
numerous and diverse biochemical functions.; [ |

Metalloporphyrins, or the structurally similarzk

,sy’.‘

metallochlorins, are intimately involved in photosyntheeis
and respiration.‘ In many organisms, they play key roles

Ln the tranSport, storage,vand activation'im dioxygen.¢

Iron-porphyrin-containing proteins are important mediators»

S

e {I, R
.y

4_1n the biochemistry of perox1de.< It is clear that because3“

of the biOChemical 81gnificance of the porphyrins, the -

.bimportance of a clear understanding of their :hemistry G

‘*}cannot be overestimated.} Two excellent and reasonably

'gcurrent sources of information dealing with the chemistry

v”wfgof porphyrins and metalloporphyrins are the book edited by

'y



‘7t-1nvolving the llgatlon of species other than the porphyrxn. R

’ ":jsjin the possibillty of utilizxng porphyrins, or the °1°nely -

’{;ifinvolvement of oxygen in energy conversion/storage

”:°c:58Ystems.'i.e._fuel cells.. To thls end, a number Of

“ifistudies [12] have appeared which treat the electrochemical;ffanr
V.ff-zmeduction of oz in the presence of soluble O N

- *‘m:anoporphyrinsv or at elgctrodes modified by either

-’fggadsorbing or covalently bonding the prOposed catalyst to

””@fthe surface. tf?fjg:”3fiﬁffL’ﬁ77*"*5'lV'”

N

i

Fuhrhop [3] has noted that the blologlcal role of .

;metalloporpbyrlns invarlably involves some' spect of tneirg

| * redox. behav1our. " As- such, a'sign1ficant poAtion of the
'.porphyrln literature treats their redox reac ions and ‘
'several rev1ews of the subJect are available>l3 6]
Much of our understanding of the redox behaviour of
porphyrlns has come from stud;es utiliz1ng modern |
:- »lvolxaﬁm5tr1c methods,»espec1ally cycllc voltam%etry.:>‘he o
| 1atter techn1que has. prOVen of value in, the elucidatlon of .

.

factors affectlng redox potentlals [71, 1n studles .

»;ring to the’ central metal atom [Bl,@and 1n studles of thej
'ilheterogeneous charge transfer kinetlcs of |
f'fmetallOporphyrlns (9~ 11].1'

More recently, electrochemxsts Have become inte_ested ‘"‘jff

Vtrelated phthalocyanlnes,,as catalysts for the

: ff*electroreduction of 02 [12] The lnterest arises fé%m thesf»:"“

,._ Yoo




":activated towards functionalization. Manganese

particularly interesting and rapidly growing area :
~of porphyrin chemistry relates to the ability of a number
of metalloporphyrins to catalyze‘the ox1dation of
»hydrocarbons to alcohols,‘ etones, or epoxides [13 23]
Much of the work has been~@irected at the development of
| ’systems which model the action of cytochrome P-4:g/Ll8:i..
'f21], an’ 1ron porpﬂllin containing protein which 1splays
j; such catalyticeactivity in biological s%stems._ Other
75hworkers have not overlooked the 1ndustrial significance‘of/”
4'catalysts for the functionalization of hydrocarbons_‘f
_[16 . . ISR |
6i the metalloporphyrins which have been studied with
yrespect to. their ability to promote hydrocarbon oxidation,'
.manganese porphyrins perhaps hold the greatest promise.l. |
- The. substrates in most of the . studies to date have |

o

} contained isolated doublefbonds and may thus ‘be considered '

B F-

‘porphyrms. howeve\f, have be’e" 3h°"" to: effec"‘ the

: ;foxidation of inert alkanes such as cyclohexane [22] and

'iadamantane [20] For 1nstance, Hill et al. [22] have

"“7;3]sh0W“ thati in the presence of the powerful oxidant

"”7f}fiodosy1benzene, chloro—tetraphenylporphinatomanganese(IIIl:;yfQg

'3ffff(TPPMnC1) brings about the catalytic conversion of e

‘?f?fcyclohexane to cyclohexanol and é?clohexyl chloride-iﬁ,jdn;ﬁ73ffhi
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TPPMNCI,CH,Cl,, 25°C

Such reactlons are believed to 1nvolve the transfer of an:

'

’»oxygen atom to the substrate from a porphyr1n conta1n1ng

high valent manganese, either Mn(IV) [23 24] or Mn(V)
1211 o | |
There ex1sts no g pr10r1 reason why' such high—valent '5

catalytlcally adtive species cannot be produced

'”7’e1ectrochemically. Because of the addltlonal control

,afforded in: electrochemlcal as opposed to homogeneous
reactions {25 26]. the proSpect of such an accompllshment
is part1cu1arly attractxve from a- synthetic viewpoxnt. In

‘4

addition,,a long stand1ng problem in electrochemxstry is

'frthe h1gh overpotential required at the oxygen electrode

_ffduring the electrolysxs of water to H2 and 02 {25].

Manganese, in some form, has been shown to play a role in

the oxxdative decomposxtion of water dur1ng photosynthesis-{jfbvf

._(27], and Mn(IV) porphyrin complexes have been at least

'prartially successful models in this regard [28 30] eff;;?i;{s

a2 -



.prov1de much rationale with which to approach such’ a i

: electrochemical production of such species thus holds some

promise for the electrocatalytic oxidation of water.

O .

It was the considerations of the prev1oue paragraph

i

-which originally led to the studies undertaken in this

work. . At the same time, however, it was realized that our

~understanding of the electrochemical behav1our of

metalloporphyrins is far from being complete enough to

o .
<

. problem. The literature dealing w1th the anodic behavxour

of metalloporphyrins 'is sparse. In-the few cases -

{7,11, 35] where manganese porphyrins have been treated,

‘oxidation has been reported to occur. at the porphyrin

ring, and not the central metal atom.‘ 1t was. proposed,

: ‘then, to carry out studies of a more fundamental~nature‘-

directed at characterizing some of theaanodic chemistry of

"manganese porphyrins, and it was, hoped that such efforts _

: ,jnporphyrins, is +3. Sane the porphyriﬂ ligand ¢°ntgibuteso.f”

‘.metalloporphyrin redox chemistry.

'-would contribute to a greater overall understanding of

The stable oxidation state of the metal,;ﬁfeé‘that'

IR RS

_-whf h is found under aerobic conditions, in m;nganege and

. p&he closely related but biologically more 1mpoﬁtant iron

msfa net charge of -2, a counterion is always presbnt in

' *accordance with the rules of electroneutrality.‘fr"

h*ﬂa;coordinating solvents,_the counterion is in general bound L’va'




to the central metal atom. A prime objectivetOfAthis‘work-
was‘to elucidate some of the effects which the‘counterionf‘
‘might exert on the electrochemistry, and in particular, on
the anodic voltammetry of metalloporphyr1ns. |
R ‘Because the majority of avallable metalloporphyr1ns
- are 301ub1e only 1n nonaqueous solvents, and SO that'
coordlnatlon of the counterlon to the central metal atom

-

could-be ensured, most-of,the ‘work ‘has been carr1ed out in

¢

soluents of low'dielectric constant and donor»numoer,
' Mf;iEiectrochemicai studies'inhsuch poorly conductindvmedia
are diffichlt; ~I: addition to problems%aSSOCiatediwith’
hlgh solutlon resist1v1ty, solvent purity 1s often
'_suspect. Because the work deals largely with anodxc
telectrechemlstry, solld electrodes havelbeen used

exclu51ve1y. These present several d1sadvantages thh

respect to the ea511y renewable and reproducxble mercury

electrode surface.

r

The prdblems assocxated w1th the appllcatxon of

'electrochemxcal techniques at solid electrodes and in non-isj'

L3

J "aqueous nedia have been confronted in thls work to some

r'extent. and the first part of thls thes1s treats the-

*development and applicat1on of some methodology whlch

"7;ﬁfipartially alleviates some of the difficulties. The
¥

Mi?dimethods were designed specifically with porphyrln

ffyelectrochemistry in mind, but are applicable in general

-~




and hold great promise for organic and bioelectrachemistry

| inpparticular;:

1.2 Structure and Nomenclature of'Porphyrins and Their

‘ Metal Complexes
. '»" 'S

',This section is intended to provide a brief

‘introduction to the chemxstry, structure, and nomenclature '

- of porphyrins as- they apply to this work.‘ More gomplete ]

,discu351ons of what follows may be found in reference 1.

T
The term porphyrin applies to any compound derived by

peripheral substitution of the parent compound porphin

;T(I). Porphin itself consists of four pyrrole units linked

¥
at their a-posxtions by methine bridges. Under the

Ac1a551cal system of nomenclature, which is still 1n common
 use,’ the B-pyrrole positions are numbered 1-8, while the

"fmeso posltions, 1.e.»the methine brxdges, are designated

D' "by the Greek letters 5 Q. B? Y, 6.,f
. ,....__....__.——‘0""‘ -

,,.m—»'
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‘Derivatives of porphin containing alkyl substituents.
at the B-pyrrole;positions are commonly referred to-as

>

etio4type porthrins. These have common names formed by
’"attachlng a pref1x to the wond porphyrln. Where different

1somers may be formed by 1nterchang1ng the p051t10ns of.
'l.two or more subst1tuents, a Roman numeral 1ncluded as;a

| sufflx de31gnates a partlcular 1somer. Protoporphyrln IX,

fOr 1nstance, refers to one . of the most _common naturally

occurrlng porphyrlns. ‘Table 1 (adapted froq reference 3)
‘prov1des a 1bst1ng of. preflxes and subst1tuﬂ10n patterns
gmof some of the etlo-type porphyrlns most frequently
encountered 1n the 11terature "b |
| Those porphyrlns bearlng substltuents only at the
}.four methlne brldges are referred to as meso-type
.1iporphyr1ns.' The four substttuents are most commonly

R der1vat1ves of benFene or pyr1d1ne.' The parent compound

.of thls famlly of porphyr1ns, a-B e O 6 tetraphenylporphln

;"II) is commercially avalrable in hlgh pur1ty at
vatxvely low cost The Greek letters de51gnat1ng\the
‘"H?pOSLtions of the subst1tuents are commonly neglected 1n

';much of the 11tetature and w111 be 1n the re t Qf thlS

".,work. Where the compound name 1nd1cates the,presence of
- :

:four 1dent1ca1}substituents,,lt 1s understood that these

3;joccur at the ﬁ%so pos1t1ons unless informatxon to the fl,

”Econtrary gs provided. Thus tetra-(_ pyridyl)porphin

Lo

' 3 /.
i
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‘Substitution Patterns and Common Names of S0

P2

e

Table 1

Etio—type Porphyrins

«

Position

¢

”

me

s

.

K

Porphyrin 1

B

Proto-IX . Me

+. ¢ Deutero-IX  Me’’

. Meso-IX = Me

. Haematd-IX  Me

" Octaethyl | Et

“Btio-I. Me

»

Me = Methyl =

I}

Vi Vinyl -
- Bt- = Ethyl

OH i

Vi

Bt .

‘ROH

Et

o

Pr ‘=>PrOpioniC'aCid

Me

Me

Me

Vi

Et
) Q
‘. Et

Et

Me

© Me
Me:
- Me -

Et

Me

- Pr
Pr
Pﬁ

’Pr

Et

Pr

Pr

Pr

Me

Pr

Me

'Mef
\Mé'
Et -

FERTS STl




A

with the pyridine nitrogens four atoms removed from the

. point of attachment of the pyridiné ring to the porphyrin

"y skeleton.

2

" The porphin nug;eusgcﬁﬁtains twenty-two mw-electrons,
but only eighteen of theée-cah bé included in any single
cyclic gonjugétion path. The.porphybins are therefore
aromatic in accordance with Huckel's 4n +}2 rule.

Aromatic substituents in meso?type porphyrins such as

//;etraphenylporphin (TPP H,) are in general rotated 60 to

90° [31) with respect to the plane”of the Porphyrin cores

due:to s;éric interaction between the @rt o-hydrogens of
the phenyl substiﬁuehté.and.the B-pyrfolié/hydrogeﬁs'bf
the porbhyrin ring. The phenyl groups are tﬁpréfore

" excluded from any conjugative-inferaction with’the

porphyrin cﬁne.'

indicates four pyridine substituents at the meso positions '

10



The non-metallated, or free base, porphyrins are

Bt

.amphoteric. They can either consecutively lose or accept-
two protons. The N-H protons.aré oﬂly‘very'weakly acidic,
with pK, values of the order +16 [32]. This in part
accounts for the very slow rates observed ih most metal
incorporation reactions. On the other hand, both the
mono- and di-protonated forms are readily formed with
pK,'s in the range 2 to 4 [33].- ‘

The porphyrin;dianions resulting from the loss of two
protons form complexes with metal ions in s called metal
insertion reactions to yield metalloporphyrjzz. By 1974,
successful insertion reactions Had been performed witﬁ.56
metals or metalloids [34]. These include the alkali i
metals Li thrquh Cs, the alkgline earths Mg through Ba,
all of the transition metals, a n&mber of lanthanides and
actinides, all the metals of groups IIIA, IVA, and VA, and
a number of metalloids such as B, Si, and As. d

The metalloporphyrins often contain metals in unusual
stable oxidation gtates (Gs(VI), Ag(II), Mn(III) for
instance), and a particularly wide variety of metal
@cdordi;ation environments is available. Buchler [34] has.
proposed a classification scheme for'coordination type
based’on stqichi;metry'and stéreochemistry, and at least

26 0of these coordination types have been observed. “The -

14 . N
cSordination chemistry of metalloporphyrins as it relates-.

to this work will be discussed in s&bsequenb_sections.

bl

11



’ ‘
There are a number of structurally related compounds

which are either directly related to the porphyrins
through redox regétions,‘or which have contributed £o our
understénding of porphyrin redox chemistry through

S
comparative methodology.

The term chlorin (IIT) refers to the structure
obtafned on addition 6f two hydrogen atoms to the 8
positions of a poréﬁyrin pyrrole uhitﬁ The redox
chemistry of the chlo;ins‘is of singular importance
because of their invoivement in gfeen plant
photosynthesis. The chlorophylls a and b aré magnesium-

“—\\bhlorin complexes. Note that éithough these complexes
contain only 20 ﬂfelecgrons, an eighteen electron inner

conjugation path remains and the aromaticity of the ring

is undisturbed.

HH

=

—

Phlorin (IV), like chlorin, is a dihydroporphyrin.
Here, however, hydrogen addition has occurred at one of

the pjrrole nitrogens and at a meso-carbon. This results

9
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in the interruption'of the cyclic conjugation path, and’
the phlorins are therefore not aromatic in the same sense.
as the porphyrins. Ipon-phlqrin complexes are beflieved to
be intermediétes in the ca;abblism of porphyrins leéding
to the formation of bile pigments. Other commonly ‘
encountered stfuctures where conjugatipﬁ bf tﬁé inner
macrocycllc ring is interrupted include the

_ dxhydropdrphyrln porphodimethene (v) and the hexahydro
derivative porphyrinogen (VI).

| A great deal of work has been done on the‘redox

chemistry of the phthalogyanines (VII) pnd.their metal
complexes., Comparisons of the redox chemistry of the
porphyrins and the phthalocyanlnes have prov1ded

information concernlng how different metal ox1dat10n

H

i<l
1=t

S

states are stabilized within the ligand cavity (7,34).

o ‘The tetrabenzoporphyrins (VIII) are closely relatgé to the

phthaloCyanines. The phthalocyanines are commercially 4

N
©



important dyestuffs [36] and have implications as

.

' catalysts for the electroreductdon of 0, [12].

n | v

1 L

1.3 Primary‘Redos Benaviour of POrphxrinsrand

Metalloporphyrins o

As prevxously noted, several revxews l3-6] have

.'sppeared concerning this topic. These, and. in particular

reference 3. are recommended for more detailed information

concerning the following discussion.l o

- The free base, or metal—free, porphyrins may be

oxidized in successive one-electron steps to yield first a*_;

14

ﬁ -radical and then a w-dication. The first process occurs'»

"IApvat ca 1 volt vs SCE, . depending on the particular"\
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porphyrin,.and the second process is generally found at \
,about .3 volts more anodic [31. While the cation radicals
~of substituted etio— or meso*type porphyrins are stable‘
for extended periods ‘of time, the cation radical of _
porphin 1tself is repoxted to polymerize rapidly [3}.% The
"stability of the cation radicalb may therefore be |
'attributed in part to steric shielding of the porphyrin f

_ periphery by the various substituents, ~In contrast to the‘»- 2
cat1on radicals, the porphyrin t-dications are powerful |
»electrophiles and react rapidly with nucleophiles such as
~water or methanol [37] i " |

| Reduction of free base porphyrins leads to production -
- of, first, ‘an anion radical, generally at potentials ca —1'-‘ ‘
‘_volt v8 SCE. These can be further reduced to dianions at o

"p potentials ca .4 volts more cathodic. The reduced speciesf'”

are. generally not as stable as. the corresponding cationic e

'spec1es, and both the anion-radical and dianion have been
‘obserVed to abstract protons [38} from solvents such as ﬂ
’sdimethylformamide (DMF) 5
R

: The effect of substituents at the POrphyrin Peflpheryh:“

valon the redox potentials may be predicted from the normal‘;:rf

fparguments concerning inductive effects.. Thus, electron- o

(~v

ififwithdrawing groups shift the potentials anodically. whilef;,fff'fj

*5:e1ectron-donating substitwents have the Opposite effect.tfgf'?uf

"”ffIt has also been noted [3] that the introduction of largeitffiﬂfef




~ substituents which disrurb ﬁgé plgﬁarity of the rlngi
through steric'interactions, as is the case with‘the'mesof
: aryl porphyrlns, ‘tends to shift the oxldatlve and»
reductxve proéésses of the porphyrln r1ng to more anodic
lpotentlals. , |

| In metalloporphyr1ns, the effeot'ererted oy tne
central metal on the potentlals of porphyrln ring
;reduct1ons -and ox1dat1ons is also believed to be 1nduct1ve.
. in nature. 1In the case of the 31mple +2 metal ions (e.g.

;+2' Mg*t2, znt?, Pd*z), plots of voltammetr1c-half~wave
-potentials for e1ther the flret r1ng reductlons or the
}f1rst r1ng oxldatlons vs the Pauling electronegatlvxty of'

. the metal are linear [39]. In the case of +3 or +4 (e.g.

' Pb(IV), Sn(IV), Sb(III)) metal 1ons, the effect. of the

B E metal on the r1ng redox potentlalsw1s much ‘more

p .

'pronounced, and no 51mple correl§t1on between El/z values.,

| ’_and metal prOperty has been . found.” Assuming that thef

‘effect is . st1ll largely electrostat1c 1n nature; Fuhrh0p

et al. [39] have used El/z values to empirically evaluateA
.ja metal 1nduct1ve parameter h, analogous to, Pau11ng s

\,Q'electronegativitxes, whlch may be used to predlct the ;

midpoint potential of the varxous redox react1ons.

-]

:ﬁ associated with the porphyrln ring.: ;;~' ji\\;;f'

In a number of cases both the central metal atom andlAv e

| the porphyrin ring are capable of participation in charge f:”
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transfer reactions.'.The questiOn of whether a particular
charge transfer process is aSSociatedwwith the 1csystem'of'
the porphyrin llgand'or involves a change in‘oxidation
State'of the metalVion'iscah important one. The chemistry.
of the Spedﬂes produced via an electron transfer can be
expected to be very different dependxng on whether the
”resultant charge*rs delocal1zed ‘through theiporphyr1n -
_system or Eéntered at the metal. Where oxidation is
1nvolved,_Hoff and- Reed have. noted [44] that the hlghest
occupled molecular orb1tals of the porphyr1n llgand do not
have the proper symmetry to overlap w1th any of the metal
_d orb1tals§ and t‘he p0381b111ty of any sort of resonance
'hybrld ex1st1ng where a p081t1ve charge is delocallzed
3through metal as well as 11gand u—orb1tals may therefore

be excluded. | | ‘ |

The behav1our of the nlckel complex of

tetraphenylporphyrln (N1(II)TPP) is espec1a11y
‘1nterest1ng.e In benzonitrlle [40 41] th1s complex B
vundergoes l-electron electrochemical oxidation to a’

*species whose esr spectrum indxcates the presence of hxgh
’f‘spln N1(III). On cooling to liquid n1trogen temperatures,ll
hth1s esr Spectrum dlsappears over a matter of hours wh11e o

’_a new one character1stic of a t-cation radical appears.;h;

'h;In methylene chloride,(the temperature dependence is

. e
'ireversed [42] That 1s. at room temperature Ni(II)TPP



is formed while cooling yields Ni(III)TPP. This behaviour

illustrates that intramolecular charge transfer between
'the’porphyrin r-system and the metal ion can occur, but

the two species are spectrally distinct. The process is

best represented as an equilibrium, and not as a ;eéonance‘

process, undefécoring the reaiity of the distinctidﬁ
between ﬁetél centered and ring-centered oxidation;:Agl
similar.equiribrium inyolving intramolecular chargév

- transfer has been obserQed on oxidation of the'iron(il)
complex of tetrabenzoporphyrln [43]).

| Durlng the late 1960 s and early 1970's a great: deal
'of attention was dlrected to the matter of assigning.a
part1cu1ar redoxtprocess to the porphyrln_rlng or the
central mctalfatom._.ln‘cerﬁain caées a.simple.
deterhinction,of magnetic momcnt can provide the criteria
‘ for diSqinction. For'instance, the‘Ag(II) cOmplex»of |
:octaethylporphyrln (Ag(II)OEP) contalns -paramagnetic a2 Ag
‘thh an unpalred electron in a metal orbltal. Abstractlon
of an electron from the metal would result in a |

' dlamagnetlc da,spec1es, whereas remOVal of an electron-,

from a porphyr1n n-orbital w0u1d produce a paramagnetlc

"'species thh two unpalred electtons. “In fact, dlamagnetic

"Ag(III)OEP is. produced upon l-electron ox1dation of

°

}Ag(II)OEP [45]

18



* In cases where an esr signal is observable, this can

_provide information concerning the néture‘of the

product. The\esr-spectraJOE porphyrin neradioels-are
typical of organic free radicals and have line widﬁhs less
than 12 G, Udpaired spin centered at. the metal, however,
| gives riee to 1idéwidthsﬁ>50 G. It is a general
'~ observation that no esr signal is‘obtained when both the
metalland the porphyrin ligand contaih unpaired spin.
density. | |

Electron1c absorbance spectra can be used in meny

cases to ascertaln the nature of the product. The

normal” metalloporphyrln spectrum cons1sts of a very -
sharp and intense (e ca 105 M 1cm'l) band in the 400 nm
vicinity (the Soret band), and two sharp but less 1ntense>
(e ca 104 M’;cm'l) bands in the 500-700 nm region (the a
and 8 bands; a indicating the ionger'wavelength ‘
tran51t10n).' When such a sg;ctrum is observed for the
product of a redox reéctlon,ﬁ1t may be assumed w1th
certa1nty that no electrons have been added to or removed
from the porphyr1n llgand (3], On the other hand,
. deviatlons from this type of spectra do not necessarlly
flmply ox1dat10n or reduct1on of the porphyrln rxng.d

1‘Ne1ther Mn(III) ‘nor Fe(III) porphyrlns d1splay a normal

metalloporphyr1n Spectrum.:

v
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The spectra of a number of metalloporphyrin x-cation .
radicals have been repo;ted. These all possess broadened
Soret bands of greatly decreased intenéity. A broad and
generélly featureless absorbance extending ﬁhrough the
visible“and into the near-IR region of the spéétrum is

[

found. 1In cértain cases, apparently depending on the

ground state symmetry of “the w-cation radical [46], a new

- strong band around 700 nm appears, but the broad visible
absorptions are always present. The appearance. of such

“spectral features has often been used to support ®-cation

< B
radical formulations. T

Voltammetric studes of metalloporphyrins in which
redox pairs.havé’been unequivbcally identifiedAhaVe led to
tﬁe‘observation of so-called electrochemicai regu1aritie§

H[39]'Whichrcaﬁ be useful in identifyihgrthé product of a

"~ charge transfer reaction. These are that the first

v‘reduétion‘and okidation'of the p;rphyrin ligand are
k,Separatédiby 2.25-1_0.15 Voltsf the removal of a secend
éléc;ron'follqws the first by an in;erval'of70.3‘i 0.1
> volts; an&fthé'additiOn of a second‘electfoh follows the
first by 0.4 £ 0.1 volts. . o |
In all but a very feﬁ cases appllcat1on of the above

crxterla has led to successful 1dent1f1cat10n of the

i

' electron transfer 51te.- The most notable d1sputed case

¢1nvolves the ox1dat10n of ferrlc porphyrln complexes._3o

RO
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Based on electronic absqrbance spect;a, electtoChemical
reqularities, and magnetic susceptibility measurements the
i—electron electrochemica;.ogidations of_ClFe(II;)TPP
[3,39j andof‘CH3C02Fe(III)TPP‘[415 had been ascfibed to

: !
cation radical formation. Other workers favoured an

Fe (IV) formulation. This'was based on .the observation
_that the pmr shift of the phenyl protons of the u*oxo'
dimer ({Fe(III)TPP]20)$ was less than that expected by
comparison with}authentic catlon radicals such as
Zn(II)TPP and'Mg(iI)TPP+' 15 47}, It was also notedv
»that the observed magnetlc moment of the oxidized monomers
Tcorresponded to a’total -spin (S = 2) consistent with the

. / ~
presence of hlgh sp1n a4 Fe(IV).

ﬂ'“*;se for catlon—radlcal formatlon has recently

ped based on voltg;metrlc behav1our 1ncon51stent
;Toxldat;on [48], and on the observation of a

;nd atfca‘128OVCm*1,vsupposedly diagnostic of
;taarylporphyrln Bt cat1on rad1¢als,3 n the oqulzed
of ClFe(III)TPP and [Fe(III)TPP]zo [441 ‘The’

v;t has recently culmlnated in the appearance of the
i? tructures of ox1d1zed forms of ClFe(III)TPP and |
::(III)TPP [49] The structures of both of these

““rov1de strong ev1dence for the :atlon—rad1cal,,‘

'Aformulat1_f;- In add1t10n, the Fe(III) at m of the L N

3 [ClFe(III)TPP]+ catxon was found to 11e s gn1f1cantly out
- , v , ey s ‘

Cg
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of the plane of the porphyrin nitrogens. This provides a
rat10nal1zat1on for the anomalous magnet1c moment

previously cited for monomer catlon radlcals,vln that the

metal dx2_Y2 orbital is now in a position to interact with

tHe porphyrin ﬂ-orbitals‘allowing for anti-ferromagnetic
exchange between an unpaired electron on the metal and one
associated w1th the porphyrln. In fact;, the magnetlc

moment of (C104)2Fe(III)TPP, in wh1ch the metal was found

~to lie in the porphyrln plane, was determined to be 6 5 Mg

(s = 3) unequivocally 1dent1fy1ng thls complex as a

porphyrln n-cation rad1cal containing hlgh spin Fe(III)

These f1nd1ngs, along with evidence from Mossbauer [50]

o

andiMR,[Sl] measurements, leave little doubt as to the

correctness of earlier assumptions that electrochemxcal

.oxidation»of'5-coordinate_Fe(III) porphyrins'leads to w-

cation radicals. .

1.4'£Coordination'ChemistryIOE Manganese'Porphyrins

<The~coordination chemistry oﬁﬁmanganese“porphyrihss

B has been rev1ewed through 1971 {52] ‘ Most of the early

work on manganese porphyrlns was carrled out because 1t

was felt they m1ght prov1de models/for the manganese

)

’t photosynthesls. In add1t10n, the abnormal electronlc -

dependent evolut1on of oxygen 1n green plant

\ | . | '. . - ‘ a. .



electronic structure.

/-

- are the_six—coordlnate bls-1m1dazolate-comp1ex
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absorption spectra observed for the Mn(LII) porphyrin

complexes was supposedly indicative of an unusual

C

'

&

- . X °
.

1.4.1 Mn(III) Porphyrins

When Mn(LI)’salts'(Mnxz-xHZO,'X ='CH3C02-, Cl™, etc.)
are refluxea‘with a free base porphyrin under aerobic
Pl
cond1t10ns in a suitable solvent, ‘the corresponding

Mn(III) porphyrln complex (XMn(III)P, where P represents L

the porphyrln llgand) qs obtained. The metal 1nsertlon

reactions do not proceed to any appreciable extent if- 0y

" is rigorously excluded.

'

The Mn(III) porphyrlns are in general 5-coord1nate
and'contaln h1ghtsp1n d4 manganese. Even coordlnatlon of

the strong f1eld llgand CN” does not produce a. 1ow Spln

\

species [53]. The only known low spin Mn(III) porphyrlns

i

'(im)zMn(III)TPPl-;IS&T,'and the six7coordinate-nitrosy1>

.cyeno complex”(NO)(CNiMn(III)TPP [59)]. The préference for

hlgh spln electronlc conflguratlons contrasts sharply with

v

the behav1our of the Fe(III)/porphyrlns, whlch may contain.__ 

e1ther h1gh, low;”or 1ntermed1ate Spln iron- [55], i ”’:hJ*e'ﬂ

dependlng on the nature of the coordlnatlon env1ronment._t~7
Several molecular structures [31 53] from X-ray

2

dlffractxon technrques are now avallable for Mn(III) ' v{

/ .'":1"'
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complexes of tetraphenylporphin, 1In all cases, the
/

manganese atom is d15p1acéﬁ from the plane of the
porphyrin nitrogéns by ca 0.25 A, as illustrated in Figure

1. The distances shown are taken from an X-ray
’ ‘ )
diftraction. study of CIMn(III)TPP [52].
/ Q
The out of plane distance in the Mn(II1) porphyrins

is generally just over halt of that found in the
corresponding high spin Fe(IIl) complexes. 1In the iron
porphyrins, the metal dx2—y2 orbital 1s singly occupied.

This is strongly anti-bonding with respect to the occupied

sigma orbitals of the porphyrih nibﬁégens, and the out of

- plane movehent of the metal atom minimizeé this
unfavourable interaction. 1In the Mn(III) complexes;
however, the dX2_y2 orbital is unoccupied,;énd the out of
plane position of the metal atom is thought to result from
steric interacti;n betweenAthe axial ligand and the
porphyrin nitrogens. In Can(III)TPP, for instance, the
Ne++Cl distance [31] 1is nearly equal to the sum of tﬁe
atomic radii, disallowing.closer approach of the chloride
to the porphyrin. Interaction between chloridq"aéax
Mn(TII) then ‘draws the metal out of the porphyriﬁ piane.
f " The out of plane displégement leaves fhe central

metal atom in a distorted square pyramidal coordination

environment._ Figure 2 illustrates qualitatively the

<

gpergy level ordering of the individual metal d
‘ i . “ “
.
) .
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Figure 1. Out ofdplane displacement in C1Mn(III)TPP.
Bond distances shown are in angstroms. ’ ‘



A | e dx2__y2
4 dg2

dXZ :¥? “4“dyz
+-dyy

|

Energy

-

Figure 2. Qualitative energy level ordering of d

orbitals in 5-coordinate Mn(III) porphyrins. The x
and y axes are directed at the porphyrin nitrogens;
the z axis is perpendicular to the porphyrin plane.
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orbitals. The splitting of the higher energy eg orbitals
is identical to that found in square planar configurations
and arises from the same effect. Removal. of a ligand on
the z-axis reésults in a lowering of the d,2 orbital energy
and an accompanying increase in the energy of the dxi_yz

- orbital. The splitting of the lower energy egvorbitals,
however, is not that which might be expected by analogy to
the square planar case where the dxz and d,,, orbitals lie

Y

lower in energy than the dxy orbital. This is a direct

3

consequence of the out of plane movement of the metal.

The dxy orbital, normally lying 1in the porphyrin planefv

interacts less strongly with the porphyrin nitrogens as

the metal moveskeut along the z-axis. Its energy is
therefore decreased while the energy of the dxz and dy
orbitals is increaseg, in accordance with the preservatlon
of an energy barycenter. This orbltal scﬁeme is commonly
applied to both Fe and Mn porphyrins to predict ligand
field effects.

- X-ray studies have also prgvided information
concerning the mede of bonding between the metal and
.counperien. For instance, the Mn-Cl'bond distance in
ClMn(III)TPP is equal to the sum of the _ionic\r\adii. In
ClFe(III)TPP however, the Fe-Cl distance is con51derab1y

shorter, and the decrease observed cannot be accounted for

by the increase innuclear charge in going from Mn(III) to

27
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tFe(IfIi [31}. The axial bonding (i.e. that involving
ligands situated on an axis through the\metal atom and
perpendicular to the porphyrin plane) in Mn(III)
porphyrins is in general found to be weaker than in their
Fe(II11) analogues, and is believed to be largely
‘electrostatic in nature.'.On the other nand, Mn(III) bonds
more strongly to the porphyrin nitrogene than doesl
Fe(I11),

‘As has been noﬁed, Mn(II1) porphyrins display
abnormal electronic spectra. The distinguishing feature
ie that. the intense Soret band of the normal
metalloporphyrin spectrum is split}into two bands.

Boﬁcher [52] has suggested that the anomolous behaviour
results from bonding ®-back between‘the metal eg (dxz,yz)
orbitale and thelantibonding »* orbitals of the porpnyrin
ligand. The sxngularlty of Mn(III) in this respect is not
understood, however. Figure 3 1llustrates the v151b1e
spectra of ClMn(III)TPP, and, for compa:ison, that of
Z2n(I11)TPP (taken from this work), which displays a normal
metalloporphyrin spectrum. The numbering of the bands for
the.manganese cbmplex follows the system introduced by
Boucher [52], and is in common use in tne literatnre s

' deallng w1th manganese porphyrxns. The term 'Soret“, ae
applied to manganese porphyrins in thls work, w111 refer‘

to band V.
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'tn non=bonding solvents such as CHéClz,'the'spectra

" of manganesevporbhyrins are highly deoendentwonjthe
tcounterion,‘while‘in coordinating solvents like pyridine
\.or d1methy1su1fox1de (DMSO) no . dependence on counterlon is
. observed. Thxs has been taken as evidence (52) that thel
counterlon remains coordinated to the manganese in
solvents of low donor number, but 1s replaced according to
equ111br1a'(2)<and_(3) (X = counterlon, S = solvent, and -

the ellipse represents the porphyrln ligand).

31

+ .
+ X~ (2)
? + +

v

’That equ1l1br1um (1) involves substltution of, nd not
addltlon trans to, the counterlon has been determined by
:polarographically mon1tor1ng the free chloride

'ticoncentration while titrating dichloroethane solut1ons of
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CIMn(ITI)TPP with donor molecules, S, such as pyridine or:

DMSO [35]. X

1.4.2 Mn(Il) Porphyrins

The Mn(Il) porphyrin complexes may be prepared by
electrochemical reduction at ca -0.1 V vs SCE, [56], or by
chemicalfreduction with a variety of reductants [56,57].
In the presence of 0,, and at room temperature,yﬁhese
revert back to as yet unidentifiﬁd Mn(IIIi species [58,60]
while ag low temperatures reversible binding of dioxygen
has been observed [61].

Mn(I11) porphyrins share the preference of their‘
oxidized\;edox partners for high spin configurations.

He:e, however, the dy2_,2 orbital, directed at the

Y

porphyrin nitrogens, is oecupied resulting in a

substantially increased’out\of plane displaeement of the

heta} étom in'S‘coordinatean(II) porphyrinevrelative to

the 5-c oordlnate Mn(III) specxes., In the complex (N-
'MeIm)Mn(II)TPP (N-MeIM =,N-methy1im1dazole), for 1nstance,

' i'the out of plane distance of the Mn(I1) ion is 0.56 A

[57].[ In the 4-coord1nate spe01es Mn(II)TPP, this

N dlstance is reduced to 0.14 A, underscorlng the 1mportance°
of ax1a1 llgatlon in determ1n1ng the p051t10n of the metal

'_'withln“the porphyrln caV1ty. No examples of 6-coord1nate

-Mn(II)?pefphyrins are known. .



Somewaat surprisingly, the Mn(II) porphyrins possess
normal metalloporphyrin electronic abébrption spectra with
an intense, uﬁSplitbSoret band at ea'400 nm. This
apparently indicates,decreased interaction _.between the

porphyrin =* orbitals and the metal atom.

1.4.3 Mn(IV%‘and Mn{(V) Porphyrins

As already noted, the higher valent ménganese S
porphyrin complexes are of spebial interest because of

their pOtentialvusefulness as catalysts for hydrocarbon

and water oxidation. Loach and Calvin [62] were the first

“to tehtatively identify-a'MnAIV)ispecies. A preduct
suggestee.to be (OH),Mn(1V)Hpor (Hpor =AHematoporphyrin
dianion) was observed upon lzelectron sodium hypochlorite
oxidation of (OH)Mn(III)Hpor at pH > 9 in ethanol water
;mlxtures. As has been noted by Harriman [63] and Boucher
[52), however, the evidence for: Mn(IV) is not altogether
compe111ng, and the electron1c Spectrum reported is more:
consistent w1th aicatlon radical formulatlot. The
(OH)Mn(III)Hpor/NaOCl system does, however, bring about
the oxidative cleavage of a number. of ethers [64], and
evidence has been presented that the m1dp01nt potentlal of

the assoc1ated redox couple at pH < 9 lies abova ‘that for

”the ox1dat10n of water 130,65].

33
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More convincing evidence for the existence of high
valent manganese porphyrins has come from the reactions of .
XMn(IIT)TPP (X = C17, Br , N3 ) with iodosylbenzene in
nonéqueous solvents’[20,22f. The spectra of species
isoleted ffom such reaction mixtures are not indicative of
catioﬁ radical formation and contain an intense, though
somewhat brdadened, Soret band at 415 nm.

Because iodosylbenzene contains two oxidizing

equivalents, the resulting species were originally

believed to contain Mn(V), in accordance with reaction

(4).

'Apparently identicai:electronic spectra have been
vebtaihed, however, on teactien of Mn(II)TPP with.
; iodosylbenzene [241, and with 0, 118];' (The lattei system,
‘isecatalytieally active towards hydroCarbqn oxidation.)
The implicatioh in these studies fs that the product,
contalns Mn(iV). 'ﬂ%ll and’ Schardt [661 have recently
~1’reported the X-ray character1zat10n of a u—oxobrldged

: Mn(IV) dimerxc specxes [N3Mn(IV)TPP]20 prepared by
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" reaction

35

Af‘}oddsylbenzene and N3Mn(III)TPP,iand speéies

such as;] ’ﬁht resolve the apparent anomolles. In
none of} },lbenzene reactaons has the react1on
fn dFtermlned.

on of N3Mn(III)TMP (TMP = ﬁetrameéitYl—

jn o :1on;: teactlon (5) [67], and hypochlorlte
oii{ i; | ff (CH3O)Mn(III)TTP (TTP = tetra(p-tolyl)porphin
;ﬁ the presence of ammonia [68] have.very

receﬁ_ fied :6 the isolation of‘thé corresgonding L

{ cbmplexes‘describéd as ¢ontaining>Mn(V); and
“1ain‘; Mn=N triple bond. The nitrido Mn(V.)

';are exceptionally stable,‘and aré'repofted to

@-hl-) Mn )4 Np (5)



CHAPTER 2

EXPERIMENTAL , | .

2,1 Preparation of Compounds ‘ //////—~

2.1.1 . Zn(I11)TPP

This was prepared after the method recoﬁmended by
Adler et al. [69]). Zinc acétate was first prepared by
refluxing 200 mL of glacial aéetic acid over zinc dust for
f2 h. The m{x}ure'was filtered to remové‘unreacted
.zinc. After concentrating the filtrate to ca SO‘mL and
"cooling, 3 g of whitéﬂbrystalline material were obtained.

One g of the zinc acetate SO:prépéred'was added to
400. mL of DMF cdntaining 1 g of tetrapheﬁylporphin
(Aldrich) and, the resulting mixture was‘refluxed foriZ'
‘vh.. Tha‘solvenﬁ was then removed by évapéraﬁion.on a‘steam
bath, and the resulting solid residue ;as washed with
 water;" Aftef dryihg} this. was téK%p~up’in éhloroform and
;cﬂromatographed on*an.alumina colu;%."Ungeabted T?PHé
eluﬁedrfipst as a sharp pur§1e bande1ose1y ;Qllbwihg thé' B
| solvent’(CHCl3),front. This was followed by a redvbaﬁd
coﬁtaining Zn(II)IPP; A blue band (product not ?

oy
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‘characterized) eluted at much later‘times.' Addition of
CH30H to the CHClj fraotioh‘containing ﬁg(II)TPP.caused

the metalloporphyr1n to prec1patate. This was collected
by flltratlon and dried .in vacuo OVernlght at 70°C. ?he
uv—vis absorption spectra:and the cyclic voltamnetrro

half-wave potentials of the product agree'with those

reported in the. literature for Zn(II)TPP [70]..

2.1.2 (CH3C02)Mn(III)T1§P '

-

Thls, again, was prepared after Adlen s DMF method
[69]. One g of Mp(CH3C02)2-4H20 was added to 250 mL of
'réflgr;ng DMF contalnlng 2.5 g of TPPHZ.‘rTha reaCtlon was *-.
follOwedAto completion 3*30;min) by thin layer o
chronatography on alumina, uSing chlorotorm as*solvent,,by
watching for the disapoearance of the purple'spot at the g
solﬁent:front due ta TPPH,. The solvent was then  “
{evaporated on a s!!am bath. (Adler has recomnended £néf N
~addition of an excess of water to pre01p1tate the
zmetalloporphyrlns formed. That proceduqe has worked well

c

in this laboratory ‘with zlnc and 1ron porphyrlns, but w1th
: ?’ - o
" manganese it results 1n“aacolloxda1‘dlgper51on;from whlch"’

‘product recovery by flltratlon requ1res scweral days.'

» Addltlon of a large excess of NaCH3C02, or heﬁtlng, is

4

'only partlally succé§sful 1n brlnglng about coagulatlon.)

¥,
“

. S

FE I
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!
After washing with water, the solid residue was

extracted into methanol using Soxhlet apparatus. (TPPH

is totally insoluble in methanol, and most of its metal

(4

~complexes, excluding manganése, are only very slightly

soluble.) The methanol was then removed by evaporation
and the resulting product was recrystallized from glacial
acetic acid containing 20% (by volume) acetic anhydride.
The product was dried overnight in vacuo at 90°C. The
resulting dark green crystals displayéd uv-vis absorption
spectra and véltammetric behaviour "identical to those of
éuthenéic samples of (CH3CQZ)Mn(III)TPP obtained from

Porphyrin -Products Inc., Logan, Utah.

2.1.3 XMn(II1)TPP; X = C17, Br~, 17, ClOo,7, CF3COy

The strategy developed here for the preparation of

these compounds is based on simple acid-base chemistry.

\

Acetic acid is a weéak acid, and acetate ion should
therefore be displaced by X~ in acidic media provided HX
'}

is a stronger acid. -

‘Two hundred mg of (CuBCOZ)Md$ﬁ;I)TPP were dissolved

. , B

in 150 mL of methanol. To this solution, 3-4 mL of an
aqueous solution 1 M in the desired acid, HX, were

added. _After stirring for a few minutes, 350 mL of H)0

-

were added dropwise to facilitate precipitation of the

product. (Rapid addition of H0 should be avo%de&, as the

3
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resulting precipitate is too fine to be convenieﬁtly
collected by filtration.) The product was recovered by
filtratjon and washed with water. The recovery 1is
essentially quantitative as judged by the lack of colour
in the filtrate. The whole procedure was repeated a
second time to ensure complete replacement of the acetate
ion, and the products were dried overnight in vacuo at
90°C. (The second acid treatment is apparently not
necessary as it produces no further changes in the visible
absorption spectra of the complexes.)

Addition of HF to methanol solutions of
(CH3C02)Mn(III)TPP resulted in immediate formation of a
green precipitate which proved té be insoluble in all
common solvents. Similar observations havé been made by
Kelly and Kadish [;5] in their attempts to isolate
FMn(111)TPP from aqueous KF solutions. Because of its
insolubility, the product was not studied further.

That acetate is replaced by this method is verified
by the changes that occur in the visible absorption
spectra (Table 2), by the very different voltammetric
behaviour observed for the various compéund§,‘and by the
absence of acetate C-H (2900 cm~!) and C=0 (1624 cm™1)
_stretching vibrations observed in thé KBr disc IR spectrum
of (CH3C02)Mn(III)TPP. Thevtrifluoroacetate'and

perchlorate complexes possess strong IR absorptions at

39
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. Apax (109 €)

m
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X ISOE 18y v V1
CH3CO, ™ 606 ( 3;%) 568( 3.9)  469( 5.1)  371( 4.6)
CFyc0,”  60B( 4.0)  573( 4.1) 474( 5.0) 381( 4.7)
c1” | 619( 4.0) 583( 3.9) 478( 5.0) 374( 4.7)
Br- 623( 4.0) 587( 3.9) 484( 4.9) 379( 4.8)
1” 636( 4.0)  601( 3.8) 498( 4.7) 1389( 4.9)
Cl04” 606( 3.9) 569( 4.0) 481( 4.6)  389( 4.8)
CH30~ 614(~3.9) 577(~3.9) 471(~4.8) 374(-~3.6)

-
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1700 em-! (v, C=0) and 1120 cm~1 (v, Cl0,) respectively,.
verifying‘the presence of the desired anion. All products
were further characterized byeelemental analysis (Table
3). For the halides [71] and the pefchIO{ate»complex
135,541, the bosition of the uQ-vis absorption maxima are
in excellent agreement with those reported in the
literature. The triflubroacetate complex has not been
previously characteriied. Thin layer chromatograph;/on
alumina with CHClj3 as solvent gives only a single $pot for

all compounds, indicéting no demetallation or

decomposition of the porphyrin haf occurred.

2.1.4 (CH30)Mn(III)TPP ]

Metﬁandl was fitst refluxed over Mg turnings'for 6 h
in.order to remove water and then distilled. To 400 mL ot
the "anhydrous™ product were added 0.5 g of ‘
(CHBCOZ)Mn(III)TPP and 0.2 g of aﬁhydrous sodium\. .
methoxide. The resulting mixture was then concentrated to
770 mL by heating and passing a stream of dry .argon over
the solution. The mixture was cooled and allowed to stand
- overnight, yielding dark green crystals. Tﬁese were
collected by filtration and dried in vacuo at 80°C.

Thaé écetate ion had'beén feplaced was verified by

the chénges in the electronic absorption spectra (Table

2),-and the absence of the 1624 cm'I barid in the KBr disc
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IR spectrum of the product. 'Methoxide complexes of
metalloporphyrins have been reported to po§sess‘IR-
é_bsorptions in the region 1000 to 1100 cm~l ['(7)2]. All of
the manganese'porphyrins prepafed here display sharp
intense bands at 1070 cm~l. This band in the methoxide

complex is considerably broader than in the other

complexes, and a shoulder at 1060 cm—1 may -be due to the

methoxide C—O stretching vibration. A weak band at 2900
cm~1 indicates the presence of non-arométic C-H.

The mass spectrdm of the compouﬁd displays d
relatively intense peak at m/e = 31.(consistent with
CH30%) which is not preseng in the mass spectra of the
‘other complexes reported. This is three times more
.intense than a peak observed ét m/e = 32,'suggesting that
the peak at m/e = 31‘arises from methoxide, and not
methanol. (The ratio of the peak intensity at 31 mass
units to-that at 32 is reported as 1.6 ;n the ﬁas§
spectrum of MeOH [73].)

- Thin layer chromatography of the complex on silica
gel with CHCl3 as solvent displays a purple sbbt at the
solvent front (TPPH;), a faint yellow spot. eluting at
later times, and a dark green immobile spot due t¢ tﬁe
metal*porpbyrin complex, élearly'SOme deéomposition of
the’mangqnese porpﬁyrin has occurred. Boucher‘[74] has

also observed decomposition of manganese porphyrins when

(¢
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3

isolating them from strongly b;sic éolutions. The purity
of the compound prepared here was estimated at 90-95% by
comparing the absorbance of band V of the electronic
spectra observed in CH3OH containing 0.1 M HCl to that
ogServed for CIMn(III)TPP 1n the‘same solvent mixture.
ifgé absorption maxima of both solutions occur at

identical wavelength.) -

2.1,5 (EtgN*)(CH3C0,7), (MegN) (CF3C0,7)

.
.

Tetraethyiammonium acetate and tetramethylammonium
trifluoroacetate were prepared by the method described by
Goering et al. [75) for the preparation of
tetramethylammonium acetate. Three mL of glacial acelfic
acid were titrated with a 10% aqueous sélution of
tetraethylammonium hydroxide until neutréi to bromothymol
blue. The water was then: removed in vacuo at 60°C and the
resulting solid reéidue was recrystallized from acetone.
The product'was then dried again at' 50°C in'vacuo. 
Tetramethylammonium trifluoroacetate was prepared .in an
identical mapner by titration of trifluoroacetic aCid with‘
10% aqueous tetramethylammonium ﬁydrqxiQe;’ The p?esence
‘of the desired anions was verified by the appearance of
the;appropriate band in the KBr disc IR spectra of ﬁhe
products (CF3C0,, v C=0 at 1660 cm~l; CH3cO,. v C=0 at.

1550 cm~1).



2.2 Electrochemical Experiments

2.2.1 Reference Electrodes

A saturated calomel electrode-(SCE) was used to
provide a reference potential for the majority of the
voltammetric experiments perforﬁed. The details of its
construction are shown in Figure 4. The calomel paste was
prepared according to Adams [76]. A few drops of Hg were
addedAﬁo a mortar containing mercurous chloride and ground
until the surface of the‘ngClg was uniformly graf. Just
enough saiurated aqueous kCl was then added to provide a
thick paste on furthgr gfinding. The SCE was stored in a
‘saturated KC1 solution when not in use.

»: A'Ag/Ag+ reference electrode was used in some of the
experiments where acetonitrile was the solvent. This was
of identical construétion e*cépt that the calomel paste

and Hg contact were replaced by a silver wire., The

filling solution in this case was acetonitrile containing

N M

0.1 M tetrabutylammonium perchlorate and 0.01 M AgNO3.

2.2.2 Electrochem1ca1 Cell for Voltammetrlc Experlments

The de31gn of the cell used for chronocoulometry,
CYCllC voltammetry, and alternatlng current voltammetry is
illustrated in Figure 5. This is a conventional three

 electrode configuration. The working‘eléct;ode consisted
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/Cork stopper

Filter paper plug\
Hg,Cl,, sat. KCl, Hg paste

Sat KClI

—D Frit

Figure 4.
electrode.

Construction of gaturated calomel reference
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A. Working electrode 1
B. Counter electrode B

C. Reference electrode (Ag/ Ag+)
D. Frit ( porosity D)

E. Luggin

F. Gas inlet

G. Gas Exit

Figure 5. Electrochemical cell used for voltammetric
experiments. - - ’ '
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of a piatinum wire 7 mm in length and 1 mm in diameter.
This was surrounded by a platinum wire counter electrode
formed iqto a helical configuration. The reference
potential was sensed at the tip of a Luggin capillary
(o.d. - 1.5 mm) positioned 2-3 mm from the surface of the
working electrode.
. ? /
A glassy Carbon'working electrode was used 1in some |
experiments. This consisted of a glassy carbon disc 3 mm-
in diameter fitted inéo a 3 mm i.d. glass tube and séaled
.
with epoxy. The surface of the glassy Q9rbon disc ias .
polished to a mirror finish on a felt polishing pad with
0.5 um alumina polishing powder. Electrical coﬁ§act to
the carbon disc was achieved via a small quantity of Hg
inside the glass tube and situated on top of thé carbon

disc. Connection to the potentiostat was achieved via a

copper wire inserted into the Hg pool.

2,2.3 Solventg, Supporting Electrolytes and Other
Reagents |
Tetra(n-butyl)ammonium perchloraie (TBAP) served as
supporting electrolyte for all nonaqueous experiments. |
This 'was dsea a$ received from.either Fluka or
Southweste;h Analytical Chemicals after drying in a vaquuh

oven. at 40°C.
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The majority of the porphyrin voltammetric
experiments Qere carried out in either dichloromethane or
1,2-dichloroethane. No difference in the electrochemical
behaviour of‘ahy of .the species investigated was noted in
changing from one Qf these solvents to the other. CH,Cl,
was fouhd to be preferable in terms of the simplicity of
the purification procedﬁre required to achieve u
satisfactory r?sidual current levels in voltammetric
experiments, but its volatility makes it too difficult to
use in e;periSents where the concentration of
electroagtive species must be accurately known, and 1in
these cases C2H4C12 has been found to be a satisfactory
replacement. Tbe solubility of some of the porphfrins
inVestigated is considerably less in dichloroethanenthan
in dichlofohethane, however.

Dichloromethane was distilled from CaH,, retaining

the middle 60%. This was stored in the dark and passed

through a column of activated basic alumina (Woelm Super) _
. NI Y

.~

imhediatély prior to use. Dichloroethane was first
extracted with an equal vo1ume of cold concentrated-

. \ - -
HpSO0g4+ This wggfgollowed by extraction with 10 equal
volume portions of 5% aqueous NaOH [77]. This was then
dried over ahhydrOus NazsoA,.followed by fractional
distillation from CaHy, The product was stored in the

dark and pésséd through a basic alumina column prior to
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Chloride ion appears as a common contaminant in
chlorocarbon solvents. The manganese porphyrin complexes
described here provide a very convenient means of
assessing the extent of this contamination at véry low
levels. ‘Figufe 6 illustrates the electronic absorption
spectrum of 9.07 x 107% M (CH3C0,)Mn(III)TPP obtained in
CoH4Cly purified accofding to the above procedure (solid
line) and of i.O7 x 1077 M (CH3CO2)MNn(III)TPP in CpH4Cly
taken directly from the reagent bottle. In the_no;—
purified solvent the spectrum obtained is identical to
‘that of Can}III)TPP, indicating a C17 concentration ofL
greater than 10~° M. . It is interesting to note that the
. manufacturers specifications list ClT as not detectable
for‘this particular solvent. Tﬁg;length of time which the
product had been in storage before being received in this
laboratory, however, is not known. "

Based on the visible absorption spectra of either the
acetate or perchlorate manganese porphyrins, extraction
with 5% aqueous NaQH, with 0.1 M AgNO3, or simply shakiné

with basic alumina have all been found to be effective at

reducing chloride to below migromolar levels in CHC1g,
. CHyCly, and C,H4Cly. Distillation from CaHy doe$ no
s%gnificantly reddcé-ﬁﬁe chlorihe concentration. ‘Omissi
of the sulfuric acfd extraction in the purification of

dichloroethane results in unsatisfactory voltammetric

\



51

500
Wavelength / nm

600

400

2o3uUBq4osqy

Electronic absorption spectra of
(III)TPP .in purified (s0lid line) -and

Fi

] re,6.»
'(CHBCOZ)Mn

(dashed line) “dichloroethane.

‘non-purified



»

residual currents, and a small voltammetric wave at ca 0.8
volts vs SCE 1s observed.

Acetonitrile (Caledon HPLC grade) was used in
electrochemical experiments after shaking with neutral
alumina (Woelh Super). Nitrobenzene was fractionally
distilled from BaO at reduced pressure (100 mM Hg) and
stored over 4 A molecular seives. Nitromethane was
distilled at 100 mM Hg and stored over molecular seives.
Water was triply distilled. Dimethylsulfoxide (Burdick
“and Jackson) was used as received.

All other reagents, with the exception of 9,10-
diphenylanthracene, which was recrystallized from
acetonitrile, were reagent grade and used without further
purification. All solutions for electrochemical
experiments were outgassed by bubbling argon gas, passed

through a drying tube packed with calcium hydride, through

them for ~5 min.

2.2.4 Electrochemical Instrumentation

The potentiostat used for all experiments-was a Hi-
Tek type DT-2101. This unit incorpogétes its own current
follower, and facility for positive feedback compensafion
of solution resistance between Fhe Luggin capillary and

the working electrode is provided. 1In experiments where

this was used, the current follower output was monitored
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on an oscilloscope and the amount of feedback was
increased until the potentiostat was driven into
oscillation. This setting was then decreased until stable
operation could just be maintained. This method of
compensation is in common use [78] and appegrs to be the
only method which has been employed by workers in the
field of porphyrin electrochemistry [6].

The applied potential waveforms for dc vbltammetric
experiments were derived from a Hi-Tek model ngl waveform
generator, the output of wnich was taken directly to one
of the adder iﬁputs of the potentiosta%ﬁ‘ In ac
voltammetric experiments, the sinusoidal output from a
Global Associates oscillator was taken to the second adder
input of the potentiostat. The output of the
potentiostat's current follower was then taken to the
inpu£ of either a Bentham model 223 or a PAR model HR-8,
lock—in amplifier.

All QéItammetric traces were recorded on a Hewlett-
Packard model 2045-A X-Y-T reéorder.

The integrator used in chfonocoulometric anabthin
layer coulometric experiments was a conventional

operational amplifier based design congtructed and

calibrated in this laboratory by Dr. B. Stanley Pons.

\
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2.2.5 Transmission Spectroelectrochemistry

The cell used for observation of electronic

\ .
N

-~

absorption spectra as a function of applied potential 1s
illustrated in Figure 7. This conéjsted of two quartz
plates (25 x 40 mm) fused together at their longest edges
such that the inner faces of the p;ates Qere.separated by
0.5 mm. A platinum gauze (3 mm x 40 mm) working electrode
S
and two platinum wire counter electrodes, situated _ ‘
parallel to and on either side of the workiﬁg electrode,
could be slipped inside the quartz cell. Two rectangular
strips of filter paper were cut prior to each éxperiment
and slipped into the cell along either side of the working
electrode. This served to prevent diffusion of
electroactive spec;es between the counter and workigg
velectrodes, and to prevent them from coming into direct
electrical contact. It will hopefully become obvious
during the discussion on thin laye; techniques that this
particular cell design allows much improved control of the
potential applied to the working electrode than do mﬁre
conventiohal optically transparent thin layer
electrédes. 1t does not, ho&ever, allow coulometric
experiments to be performed. The: cell is filled with
solution by capilléry actioﬁ and the precise volume of
solution in contaqtfwith the working electrode cannot be‘"

- . b .
assumed to remain ¢onstant between experiments.
1O

i
|
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Figure 55.
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Q&inﬁlayer optical cell:

Pt wire counter electrodes

Pt gauze working electrode
Fused quartz plates

Reference electrode compartment
and Luggin capillary assembly
Ports for sample injection and
Luggin capillary

. Teflon solution-boat and cover

3 OoOw>



A Teflon vessel was constructed to contain the
filling solution and to allow for positioning of the
electrode assembly. The quartz cell and feflon vessel
were assembled and positioned in the sample compartment of
a Cary model 14 spectrometer ssuch that the working 0
electrode was directly in the path of the optical beam.
The sample compartment was then closed and flushed with
d;y argon. The solution was degéssed éxternal to the
Speétrometer and injected into the Teflon vessel by means

of a syringe and a length of polyethylene (1 mm o.d.)

tubing.

2.2.6 Other Experiments

| A brief introduction to the theory of electrode
kinetics, as well as the techniques of cyclic voltammetry
and chronocoulometry, are included in an Appendices 1-3.
AS“WRé>thin layer and ac voltammetric techniques‘used_have
been developed in this work, these will be discussed in
detail in the body of the thesis. |

Elementél analysis and vapour phase osmometry were

performed by the Microanalytical services perSOnnél at the
Uhiversity of Alberta. Mass and IR spectra were recorded
with AEI MS12 and‘Nicolet 7000 series spectrometers,
.respectivéiy, by the spectral services personnel at the

University of Alberta. Routine IR spectra were recorded

with a Perkin-Elmer 337 grating instrument.
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CHAPTER 3

-
\ !

VOLTAMMETRY AND COULOMETRY AT IMMERSED

o

THIN LAYER ELECTRODES

3.1 1Introduction

Before any attempt can be made to quantitatively
analyze a voltammetric wave, or any inferenée concerning
the nature of the product of a heterogeneous charge
transfer process can be drawn, the number of electrons, n,
associated with the underlying redox process must be
kn;wn.‘ A number of voltammetric criteria (78] can be
applied to this end provided that the assbciated charge
transfer process is reversible: i.e., no hohogeneous
reactions are éoupled to the heterogeneous charge

transfer, and the standard'heterpgeneous rate constant,

kg, is large enough that the Nernst equation can be used

to calculate the concentrations of the two forms of the
redox coupfé. I1f this is not the case, then some method
other than”the application of standard voltammetric

criteria must be used. This is most often controlled

potential coulometry [79].

57



58

Controlled potential coulometry involves measurement
of the charge required to completely convert an
electroactive species to whatever product, or products,
may be stable at some particular constant applied
potential. Application of Faraday's laws in conjunction
with knowledge of the quantity of electroactive species
present then allows calculé?ﬁon of the number of electrons
" passed per molecule of reactant.

The procedure employed in controlled potential
coulometfy“generally involves applying a constant
potential to the working electrode and allowing current to
flow until it has decayed to within a few percent of its
initial value, or until no further decay of the current
with time is observed. The total charge passed during
this time is then assumed to correSpond to that required
for complete electrolysis. In most conventional’
coulome;ric cell designs, such an experiment requires
several hours to comblete, and the precision with which n-
values may be determined is often not good. The_procedure
is especially disadvantageous when working with organic
systems wheré solvents or electroactive species are
"difficult to purify or are available in limited
quaﬁtity. When workidg at potentials near the anodic or
cathodic limits of the solvent, or when the electrolysis

products -are of limited stability, the current may'never
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decay to background levels. Under such ¢ircumstances it
is extremely difficult to be objective in determining an
electrolysis endpoint. The poor potenti;i distribution
across the wbrking electrode surface which is encountered
in many coulometrié ceil designs is particularly‘
pronounced when working in nonaqueous solvents, and may

prohibit the determination of n for a particular

voltammetric wave when this is not well separated in

potential from other voltammetric pfocesses.

In aqueous systems, thin layer electrochemistry [80]
offers a very attractive alternative to controlled
potential coulometry for h;valﬁe measurement., Here, a
véry small volume of solution is confined to arthin layer
(2-50 um) next to the electrode surface. Complete
electrélysis of the electroactive gpecies can g%en be
achieved in very short time periods (ca i sec). Diffusion
of electroactive species within the thin.layer may often
be ignored in theoretical treatments, and tﬂ%'résulting
equations are especially simple and easy to interpret.

The peak currents in thin layer voltammetry theoretically
occur at the formai redox.p?tential, and thié‘g;ct, in
‘conjunction with the ébsence'of diffusiénvof eléctroacpive
material from the bulk solution, results in greater
resolution of poorly separated QaVes-than can be'achieQed

in diffusion-controlled experiments such as cyclic



voltammetry. (The shape of the thin layer voltammetric
wave will be shown to be identical to that obtained in ac
voltammetry, the latter technique being noted for its
ability to resolve closely spaced charge transfer
processes [81].) The short time required for complete
electrolysis makes thin layer techniques particularly
powerful for the determination of the stoichiometry of
complex electrode reactions.

Thin layer electrodes in general suffer from problems
associated}with uneven potential distribution across the
electrode surface [84]. This arises from the high
resistance presented to the flow of current through thin
layers of solution with small cross-sectional areas. Even
in highly conductive édueous media, the pozential
distribution is such that agréement between theory and
experiment is seldom excellent. As a result, examples of
. the application of Fhin layer techniques to the
determination of, for instance, heterpgeneops kinetic
parameters are rare. Cells have been designed utilizing
COhdUcﬁive membranes [82] to provide a uniform current

path between the counter and working electrodes, and these

alleviate, to a large extent, the problem of uneven

nG

potential distribution. These are difficult to construct,

however, and have not found common usage.

60
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In nonaqreous solvent /electrolyte systems, solution
resistivities as high as 3000 ohm-cm [(83] may be
encountered. The resulting potential distribution

"problems are particularly severe, and it has been
suggested [84] that implementation of thin layer
methodology, even in solvents of relatively high
dielectric constant, such as acetonitrile or
‘dimethylformamide, would be difficult. It is pregisely in
such poorly cond;ct}ng media that the advantages of thin

layer methodology would hé most beneficial, however.

(

\
voltammetry and coulometry in non-aqueous media is

In this chapter. the, application of thin layer

considered. The dischssion is centered around immersed
thin layer electrodes, i.e. those in which the edges of
the thin layer-éavity are immersed in bulk solution, since
a greater cross sectional area is available for the fiow
of current, and the‘resulting poténtial distribution is
therefore 1e5$l§evefe [85]). Such‘cell designs alwafs
suffer to some extent from diffusion of electroactive
.material from the bulk solution into the thin layer
cavity, but it will'be demonstrated experimentally that
this does not seriously affect the usefulness of the

results.



3.2 Linear Sweep.Voltammetry at Thin Layer Electrodes

The theory and 9pplication of thin layer voltammetric
methods has been reviewed in detail [80]}. The most
commonly used technique is that' of linear sweep
voltammetry. Here, a linearly increasing potential is
applied to the working electrode and the résulting current
is recorded as a function of thé applied potential. In
the cyclic version of this technique, the direction of the
potential scan is reversed once some predefined switching.
potential is reached, and recording of the current is
continued while the potential is linearly scanned back to
its initial value.

If the thickness of the thin layer of solution next
to the working electrode is sufficientiy small, and if the
rate, dE/dt = v, at which the applied potential is varied
is sufficiently éiow, then all épecies may be considered
to be uniformly distrﬂfuted throughout the thin laYer

cavity. Given the generalized electrode reaction
Ox + ne~ 1 Red

and the above conditions, the current resulting as the
potential is scanned from a value where one form of the
redox couple predominates to a po%nt where the other form

‘is favoured is given by
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where V is
convention
convention

and result

potentials.

. /
the relative concentrations of oxidant and reductant are
: /
given by the Nernst equation,
- o )
E = E° + = -
E °F ln(COx/CRed) (3-2)
which, in conjunction with the requirement of
stoichiometry
. ¥ ° Cox = COx + Cred
& @
leads to
?
c _ nF o _1)
| Oox = Cﬁx[%-[1+exp(§T(E—E ))]

i = nFVI(d Cox/dt) (3-1)

the volume‘pf the thin layer. (The sign
adopted here is that of the Stockholm

[86). Anodic currents are taken as positive.
from the application of increasingly positive

) 1f the electrode reaction is reversible then

(3-3)

e

Differentiation of equation 3-3 with respect to time and

substitution into equation 3-1 gives
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(nF)zv\)ngexp [(nF/RT)(E-E®)]
i o= (3-4)

RT[1 + exp[(nF/RT)(E—EO)]7

’

as first derived by Hubbard and Anson [87]. This equation

describes a Gaussian shaped curve with the peak current
. - : @ \
occurring at E° and given by

2 0
(nF) V\)C()x

lp = —IRT (3-5)

>
S

The Second order dependence of the peak current on the
number of electrons makes equation 3-5 particularly
attractive for n-value determination.

A voltammetric criterion allowing for the

determination of n without prior knowledge of Cgy Or V may

-

be readily derived. One-half of the peak current is given

by

(nF)ZVvC
i /2 = Qx
p BRT

Substitution of this current into equation 3-4 and solvihg

for (E-E°) leads to the quadratic expression

f
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a = expl(nF/RT)(E-E®)]

At 25°C this gives

E-E° = mv - . (3-6)

3

BE g = = mV (3-7)

This result has apparently not appeared in the literature,
but should.provide a rapid anﬁ%convenient means for
estimating n. (The same expre551on for the width at half—

height and the same second order dependence of the peak

’

helght on n apply to the rever51ble ac voltammetrlc wave
. {:% ,
[88].)

P

More rigorous derivatioqs d%gthe linear sweep thin

layer voltammetric response, taking. into account the

dlfqulonhof electroactive species within the th1n layer
cavityy‘have appeared [87). The resultlngvequatlons are
cumbersome and have not found commog use. ProVided the

thin layer thickness is of the order of 10 um or lessK the

fid

, results of this treatment do not differ 51gn1f1e%ntly from,

N
[

the predictions of equation 3-4 when th& potential sweep
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rate 1is 10 mV/s or less. The etfects of solution X
¥

resistance, and the resﬂlt{ng uneven potential
distribution, on the linear sweep voltammetric response
have not previously been considered in any type o%
quéntitative manner. Experimentally, however, some degree
of asymmetry in the peaks is always observed, and anodic
peak potentials are displaced to anodic values whiie_;he

~—

. ~~ A
reverse 1s observed for cathodic peaks.

3.3 Eftects of Solution Resistance on the Thin' Layer

Voltammetric Response

Thé model used here to describe the potential
distribution in thin layer cells was first used hy
Goldberg et al. to describe resistive eftects in combined
esr-electrochemical cells [89], and in thin layer cells
{84], durihg éurrent and potential step experiments. I£
has not, however, been used to deséribe resistive'éffects
during potential sweep experiments, or to predict the
extent to which cell geometry might determine ;He
.magnitude of such effects.

Two types‘of ‘cell geometry will be cqnsiaered here.
The "first, Figure 8,‘consists of a square or rectangular
IMetallic electrode surfaée placed in a plane parallel to

( an insulating surface. The two surfaces are separated by
4 .

a distance 1, équal to the thickness of the thin layer

' »
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Figure 8. Geometry of rectangular thin layer electrode.
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cavity. Threerbf the edges of the electrode are
considered insulating, and the fourth edge 1is equidistant
from a secondary électrode placed within the cavity such
that uniform ﬁarallel current flow between the secondary
electrode and the exposed edge of the working electrode
may be‘assumed. The working electrode potential is sensed
via a Luggin é@pillafy placed between the secondary and
working electrodes. This geometry corresponds to that
‘found in optically transparent thin layer electrodes
(OTTLE's), where the working electrode, generallf a
platinum or gold mini-grid, Figure 9, 1is tr;%sparent to
the passage of light. /

-The second geometry, Figure 10, corresponds to thé‘
type of immersed thin layer electrode first used by
Oglesby et al. [85]. .The working electrode surfacé ?s a
planar disc, and a radially uniform current path is
provided between. the edges of the disc and a secondgry
ele?trode arrgnged concentric to the discf

| The model used to discuss the potgptial distribution
across the working electrode considers that the thin 1ayer/
cavity next to the workihg electrode may be divided into a
number of volume increments, each successive increment

|
being displaced a distance dx from the capillary tip. As
the volume increments lie at successively greater
distances from the Luggin, successively greater solution

\
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Figure 9. Optically transparent thin layer electrode.
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Figure 10. Concentric radial thin layer electrode
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’ ' B
resistances are presented to the current flowing into each

\

increment. 1In the OTTLE geometry, the volume of each"

increment is constant, and given by wldx, where w is thé
\ .

length of the exposed edge of the working electrode. The

: .7
individual resistances separating the volume increments
are also constant, and may be calculated from

Ry = p dx/1lw ' (3-8)

where p is the specific resistivity of the
solvent/electrolyte system. The uncompensated resistance,
. @ ,

R, = Rys between the Luggin tip and the first ,volume
3 : s

increment is given by equation 3-8 where ‘dx is now the

1

distance between the Luggin and the edge of the working

electrode.

In the concentric radial-geometry, the volume of each

€

. .
increment is that contained between twg goncentric

. . N PEINY
cylinders of radii r and r~dr, and may b&&aé&;ulated from

ot

Vi =« 1(2fidr - dr?) , (3-9)

where rj is the outer radius of Vj- . As ‘the radii of the

i
.volume increments\ggt{éases, so does the cross-sectional o
’ ‘ ¢ . ' ’\Z;:Q :
. 3 2;

area available for the flew of current. The resistance _

increments between successive volumes therefore must: " kuy



increase as th radii of the volume increments decrease.
The resistances can bebcalculated with reference to Figure
11. 1If Ehe difference dr between the radii, ry and rj_j,
of two cylinders is infinitesimal, then the resistance to

current flow between the two cylinders is given by
R = pdt/2nrl

If dr is no longer required to be infinitesimal, then the

resistance between the two cylinders will be given by

or
Ry = (p/271) In(rj_y/ri) (3-10)

The effective potential at each of the volnne
elements may be ealculated once the volumes of the
1nd1v1dual elements and the re51stances between them -are
known. Wlth reference to Flgured;z deplctlng the case
fog ‘the radral concentrlc cell geometry, suppose that the
total current flowing into the th1n layer cav1ty is. lt-
If. the applled potentlal, i.e. that appearlng at the

-

nggln‘tlp,.1s Eapps then the potent1a1 appearlng at, the

first. volume increment is .given by,
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' Figure 11. Solution resistance in concentric radial
thin layer elgctrodes. .
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Ey = Eapp ~ itRl (3-11)

°

The current, ijr flowing into the tirst volume element may

now be calculated from equation 3-4 by setting V = V, anpgd

E = Ej. Now, if n volume elements are assumed, the A

current flowing through' R, is given by
\

1is

With knowledge of E; and V3, the current iz;is obtained,
and so on until all of the individual potentials and..

currents have .been-obtained. Noting that

; %gwu i-1 :
S ,_'Nl.».‘,[_ i ﬁf; H . ("'
= 1€.§- Ly (3-12)
b 3=l . '
:)
. " r . . '
the equation : ' v
‘ . .
an . ¢ \
. i-1. -
= E - R i - ”E fﬁ . W
By = B ” Rl 7 T H) (3-13%
S " ’
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may be applied generally to determine the potential

distribution in thin layer cells.
An iterative procedure based on equation 3-13 has

been developed here to allow numerical calculation of thin

layer voltammograms. Equation 3-4 is used to provide an

initial estimate, i,, of the total current flowing to the .

thin layer electrode. Equation 3-13 is then used as
described above to_calcuiage the potentials and éurrents
associatedmﬁith the ®ndividual volume elements. 1f the
initial gstimate.agrees within O.i% of the sum of the

individual currents, it is assumed to be correct.  If it

"does not, a ’'mew estimate is calculated according to

where C is a small value of appropriate sign calculated
within the program on the basis of the diffefgice between
the initial estimate’and the'suh of the individual
currents. .The procedupe is ‘then repeéted until the

desired degree of convergence is Obtained.
. . ) I3

-
.

the Amdahl V-107 computer at the University.of Alberta.
The program was then translated Lnfo,Pascal and run on a

Three Rivers mini-computer. This computer had been

.

% ' : . ) “
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The. iteration was programmed in Fortran.and tested on .

~*,
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interfaced to a Bascomb-Turner digital. X-Y recorder so
that the resulting curves could be plotted directly. A
Fortran version of the program.used is included in
appendix 4. In general, twenty volume increments were
assumed for the calculations. vIn no case, however, was a
significant difference in the results observed upon
decreasing the number of”elements to 10.

Tne program has been used to predict the effects of
varicus parameters on the Yesistance induced asymmetry of
the- thin layer voltammetric waves. The results are

presented in Figures 13 to 17. All of the curves are

anodic, and the potential isvscanned from left to ‘right.
* v

. The potential scan rate assumed in all cases is 5 mV/s,

the thickness of the thin Yayer is 10 wm, and the -

concentration of electroactive species is 1 mM., Other

|

-

parameters are-listed in the figures as follows: dref is \

the distance between the Lnggin tip and the edge of the

working electrode, p is the solution resistivity, r is ‘the

_radius of the working electrode in the concentric radial

configuration, and w and h are the width and length of the.

*

worklng electrode in the OTTLE conflguratlon, W belng

con51dered parallel to the" secondary electrode. .In all of

-

the flgures the central curve, marked a, is that . o

[N
\

calculated dlrectly from equatlon 3-4 assumlng zero

solut1on resistance. For puiposes of comparlson and

clarity, all other curves are normallzed to th1s one. '
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Figure 13. Effect of increasing vertical dimension of
the ‘working electrode in the OTTLE configuration:
p = 250 Q2 -cm; dre% = ,1 cm; w = .354 cm;
(a). theoreticaY response with p = 0
177 cm

(b) h |
.35 cm
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Fia

Normaliz‘ed Current

Figure 14. Comparison of resist
calculated voltammograms at OTTLE
thin layer elegtrodes of equal areaz
dref = .1 cm. : , '
(a) theoretical" response w1th P ﬁ S _/ ;

? ‘; 250 f'cm;

- (b) ‘= .2 Cm-. v a
(c) =W = ,354 cm 4 A
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ggre 15. Effect of solutlon resistance on calculated:

voltammograms at radial thin layer electrodes

~dref = il-cm.

(a) theoret1ca1 response with P

(b) ».
(c) »
(ay o

100 f-cm
200 f-cm
300‘ Q-cm

nonn

0

r = .4 cm;



Normalized Current

Flggre 16, Effect of electrode radius on calculated
voltammgrams at radial thin layer electrodez

= 250 f-cm; dref = .1 cm.

(a) thearetical response with =0

(b) r = 02 cm

- N . :
’ - 3

" ll
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Figure 13 111ustrates some. reSults calculated for the

R

. OTTLB configuration. The solution resistance used here,~gm-_j'f:ﬂ

',= 250 ghm cm, corresponds roughly to that expected [83}

\

for the COmmonly used solvent/electrolyte system CH3CN/0 1

M TBAP. The resistive potential drops 1n this case occur"'”

A

- along the dimen51on h, and this parameter therefore

determines the degree to- which the curves are affected by

’

f}aohmic polarization. The dimension h 1n Figure 13c is.

vf0 354 cm, and is much less than that used 1n most

"ﬁ,same effect can be achieved by u51ng two counter

, ,con51derations led to the desxgn of the

,‘fconventlonal OTTLE designs. The effect of the solution
”f,re51stance can be reduced dramatically by decreaslng h, as ;{.,3

‘-1n Figure l3b, where this dimension has beeh halved. The

_r..-:\\‘
' .

\"gelectrodes placed parallel to and at equal distances from

;,opp051te edges of the working electrode.. These

K

’,‘-spectrp lectrochemical cell discussed in Chapter 2 A ";'““

'similar design has been employed by Goldberg et al.v[90]

~

"5?fi,conf19“r’§4°“' In comparing Figures 13b and 14b.,1t is

V i

o

the OTTLE conftguration w1th those obtained for a radial

concentric geometry where the area of the two worgang

electrodes, and all other parameters,oare identical. This AR

'

figure clequy illustrates the superiority of the radial -riﬂ

Figure 14 compares the results of the calculation for ffn'




L}

/highly resxstive media, smaller electrodes should give

"Qithe solution resistivity and the electrode radius.

.f.respectively, for the radial configurééion.‘ In comparing

[ L ° | -

v:, evident that the radial configuration should provide ‘ﬂ,

‘}better results than an OTTLE cell of half the working

Figures 15 and 16 1llustrate the effects,of varying

t

the two figures it is ev1dent that, at least for radii in

\the 2 to 4 mm range and solution resistivities in the 300

t

ohm—cm vicinity. decreasing the electrode radigg by 1 mm

ﬁas very nearly the same effect as deCreasing the solution
|F

resistivity by 1oa ohm-cm.; Thus, when forch to work in

84

_Q,electrode area.i Geometry is clearly an extremely ';-f':j;,l
G 5 PR ‘ . AT
'-important féctor in thin layer electrochemical cell ‘
zﬂdesign.;,_v;_i SNy L T ST

H .v

| ‘better. results.\ It should be noted. however, that

i

cavity, which has been ignored in these calculations, will

.

e

become more i‘mportant as the electrode radius is S
decreased.‘ There will therefore be a limit,‘ ietated
largely by the ratio of the eleetrode area to the |

thickness of the thin layer cavity, to how_small a 1

LA

.””f-, diffusion of electroactive material into the thin layer ;fffﬁ'
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a

i]reSistance. apparently has little effect on the 'f

ul
"”magnitude of the peak currents, but does introduce ‘i‘jgjn

d

;Asubstantial asymmetry into\the voltammetric waves.‘;:ﬁ

‘5:ﬂfP1acement of the Luggin capillary is en important

‘fnjtconsideration in the desigg of any electrochemioal cell.- EERYA
- ER The program predicts that the thickness of the thin
‘1'fhi1ayer cavxty has no effece-on the normai?iedicurrent-‘"'*'”
\'fcvoltege curves., This result is readilf‘predictable. ;}i"?i ?"i

“}ifWhile the 1ndividua1 resistance increments decrease in ff»“ 2

&

“x’fdirect proportion to an increase in the thin layer

":T;ithickness, the individual volumes, and hence the currents, LIE T

q~fﬁfﬁincrease. The individual iR potential drops across the f]’lw

f';working electrode therefore remain constant, and the

'Efpotential distribution is unaffected. A _ i
The effect of othgr factors which affect the

\Tﬁfmagnitude of the current, but not the resistance e

ﬂffincrements,rcan be readily predicted. Hence, an increasef**-“*

?tfiin either‘the sweep rate,;v, or the concentration of

!

?e ect oactive species will result in an increase in

.-..'.

;current. and a corresponding deterioration in the qualityta?57ﬂi‘5

_of the voltammogramsf}ill be observed.
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AN

IR

}l-«ff:?“ A thin layer cell was constructed using the radial
concentric configuration. and its performance evaluated in rfiﬁf'-i

T

‘a variety of solyent—electrolyte systems., Two electrodes

o

wera\tested. The first consisted of a planar glassy

carbon disc, ca 3 mm in diameter, sealed with epoxy into a .
AR S

glass tube.ﬁ The second conSisted of a l 5 mm diameter Pt

wire press fitted 1nto the'end of a Teflon tube such that
5 N

he tip of the wire was flush with the lower surface of
S the tube. The wire was qgfset 1n the tube. allowing for
ffﬁfi;,jel. closer proximity of the Luggin tip and the edge of the

5 .“\ [

The_experimental arrangement, 'ﬁlgj

working electrode.

includihg ,a"‘de“:‘ .1"1 of the offset platinum button

. ) "1

"ielectrode, is. illustrated in Figure 18. The secondary

electrode used was a platinum wire formed into_a_circle “"7’:”

concentric witn‘the working electrode circumference.
Both electrodes were machinedfflush to the lower

surface of the Teflon mounting block by inserting the

q;lecttOGe nnto the block, ¢lghtening the securing screw,,;jﬁf},jf“
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\
- The Teflon mount and electro& assembly was’

pos1t1oned above the surface of a mlcroscope sl1de by
i

4means of two~glass 8 acers ut from second lass .
P G i‘ 9

x

slxde.‘ The spacers and sllde were f1d3dfto the bottom of
.

the Teflon mount- with the a1d of two laboratory p1nch j'

)'clamps. A p1ece of glassine powder paper (Eli ﬁilly) was

then placed between the surface of the m1crosc0pe slxde

_and the working electrode, and the electrode was then

'pushed, as firmly as . possible wlthout break1ng the glass,

onto 1&.,»After tlghtening the securing screw, the powder

“';.paper could be pulled out of the thln layer cavxty,

fprov1ding adequate polish1ng of the work1ng electrode"

surface had been accomgglshed. The entxre assembly was
: b

¥

T then lowered 1nto a beaﬁer contaln;ng the solution of

. -
B beaker in order to help prevent solution losses from

”‘h'fevaporat1on.‘

iflushed with dry argon._'A glass cover was ' pi/

‘5,Vinterest., In Order to exclude contam1nat1on by 02 or Hzo,

--/

experiments were carr1ed out in “a pol¥ethyl'ne glove hag

SRR fff ST . DA
The th1ckness of the thxn layer cavity was found to

ed over the

- 88

v

.,vary between 5 and 15 um, as calculated on the ba31s of 35;1..r

"'\

: ”i;fthe charge requlred to completely electrofyze a?known

n--_a.l... -
-

';“'tp?gquantity of material withxn the cavity., Once a. suitable fﬁﬁit*"

"77ﬂghth1“ layer thickness was attained (<10 um to minlmize

w%“v{ﬂdxffusion into the»cavlty). the assembly could be used 'Afﬁlfﬁg
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\\\\‘» v‘.repeti ely provided repos1tioning of the workxng
Jd\ f\telectrqu had nbt occurred.. Rinsing of the electibde
\, cav1ty was achered by d1rect}ng a rapid stream of fresh
_nsolution at the edge of the;work1ng electrode from the t1p N |
iof a\diSposable pﬁpet 1nserted 1nto the Luggin locator"“ ‘
notch.g\Ten such rins1ngs-were always founq to produce,‘
'reproduc1b1e results. | | |
., The Hl*Tek potentxostat was found to be,partlcularly
T;}"unstable when used wrth this cell as8emb1y, and frequently hi ..f
hdrlfted 1nto OSCIIIatlon dur1ng the course of an tiﬂ’t‘i-nk'h"
ffexperiment.; Th1s problem was rectified by the 1ncf3slon L
’;of a 100 pF capacxtor, shunting the reference end {1 h;‘pJf'

'f'secondary electrodes, in- the experimental hook—up, The:iﬁ

tt'ffuse of such stabllizlng capac1tors is common [83]. ,_”
T e SRRNE
"_Because the level of the currents measured was

_IOB-current

S gfjexceptionally small, a Ben‘ham modeld

;dhfollower, capable of measuring currents in the pﬁ’to uA ,

“ﬁ?range, was used 1nstead of the cufrent follower

~Hincorporated into the potentiostat.; In coulometric

-fiexperiments, a conventional operational amplif1er basedfﬁ}'w :fﬁf“

: "-mefintegrator. constructed f'\this laboratoryy was used totf°.'HﬂM"¢

Aﬁﬁi.ifmonitor the charge passed» Positive feedback compensationin?;ﬁ73§

'3h*of iRu was not employed in any of the thin layer ?itg?xfi;ﬁ
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o F1gure 19a'pre82;te a cyclic voitammogram obta1ned 1h '
N ::'1 M aqueous ke containiﬁd'i“dﬁ K4Fe(CN)5 at the glassy .
f{\d&? ;'{”' carhon thin laQerﬂelecEFode., Th& Fe(CN)G'g/Fe(CN)G -

. - ;[vredox couple ia knéwn to be e reversrble one-electran
'systpm (Chapter 4S\\The small dlfference‘ In‘ the anodlc L \', p

s

v 'fand c&&hodic peék potentlals, pr 30 mV, corresponds to o
P Hrvnear 1dea1 :hin layer behaviour, and the w1dth of the df
'~;rforwarq peaw/at half—height is 105 mv, in- good agreement 5

;].w1th the ?O mV pred1ctlon of equat1on 3-7 for a- reversxble

rone-eiectron process.' The formal otent1a1 of the redox,:-w‘

acouple/ées estlmated as the aver' e of the forward and
: SR
'ée peak potentxals, and 1s 1dentica1 to the value of r R

re ve

nventiona ‘--,cyclic v&ltammetry under the same condltxons.,:_'..‘vn-"""’

'°'// Figure 19b 111ustrates the charge passed as a

recorded during the anodic sweep

"1f§7/ funct1on of potentqu a 

ﬂt';/ of Flgure 19a.3*Potentxal scanning coulometry at thxn LT
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- Figure 20.'»éhafge Vs soncentratioh.for'l M ag. KCl

solutgons of KuFeGCNgé'agrdetermined by potential

L

scanning coulometry at- the glassy carbon thin layer
ele&trqde.'/§Weep rate employed was 5 mV/s. ’
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-~
constructed on the basis of predictions that . the smaller
electrode radius would improve the performance'of the thin
layer_celi. | o
Figure 21 illustrates thin IayerAcyclic voitammograms

at the platinum electrode obtainedefor 1 mM ferrocene'in
CH3CN/0.1 M TBAP at potential sweep rates of 10, 100, and
200 mV/s. At potential sweep rates of 10 mV/s or less,
the forward and reverse oeaks are separated by less than
50 mv At a sweep raQe of 100 mV/s, "the peakskare
separated by 120 mv,fwhlle at 200 mv/s, a 210 mV pgak
separation is observed.‘ These ;atter sweep rates are far
in excess of those commonly used. ‘The ability to vary the
sweep rate is an 1mportant con51derat10n in work where
qualltatlve mechanistic dlagn051s of electrode reactlons
is sought,.and is responsible to a 1arge-extent for the
popularity of conventional cyclic_voltammetry.. In at
least some cases, thin layer techniques should be even
-more powerful in this regard; Some indication of this has
‘appeared 1n the literature [92- 94]. and should be apparent
in subsequent chapters of this the51s. ‘

| It will be not1ced, wlth reference tao F1gure 21, that
the voltammograms obta1ped at hlgher sweep rates, although'
h,exh1b1t1ng a greater degree of asymmetry, are in fact :n
1better deflned aga1nst the background. Th1s is due to the.

fact that currents assoc1ated with d1£fus1on from the

v T



75nA
I Y= 10mV»5

500 nA
Y =100mV/5

Current

| '-"Vo‘lts VS SCE

Fig_qre 21. Cycllc voltamnograms of 1 mM ferrocene at o

| el thin 1ayer electrode in CH,CN(.1 M TBAP). et

95
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fsolution'bulkare‘independent of potential scan rate;
'while the peak.currents increase with scan'rate; as
indicated~by equation 3-4. The‘greater influence of bulk
d1ffu51on at electrodes of . smaller radlus. as earlxef
predicted, is manlfested 'in the 1ncreased current obserVed
at potentiaIS”past the forward peak in the lower sweep

: rate'voltammograms.

-

F1gure 22 111ustrates the thln layer cyclic

i

voltammetric behav1our of Zn(II)TPP in C2H4C12/0 2 M TBAP

at anodic potentlals. The two succe951ve anodlc waves
-correspond to formatlon of the catlon radical and
gdlcatlon,'respectlvely, whlle the cathodic waves are due

to reductlon of these spec1es. At low sweep rates near .
vldeal behav1our 1s observed for thls system._ At 3 mV/s.
forward and reverse peaks for the 1nd1v1dual redox T.' e
processes are separated by 30 mV and the peak wldths at |
half he1ght are 110 mv. Even at sweep rates as h1gh as

:100 mv/s success1ve redox processes ‘are completely
~resolved. |

| F1gure 23 presents charge versus potentlal plots
‘recorded durlng anodlc sweeps’ for th1s system.. The .
coulometr1c waves were recorded at: various sweep rates and/ﬁ‘
‘have been successxvely d1sp1aced by 200 mv in’ the flgurp :
/

for purposes of clarlty.T It 1s ev1dent that the waveS/,_i
e

e become much better defxned as the sweep rate 1s iﬁcreased,,
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:.A'-‘."l_i_'_‘Figgre 22.. Cyclic voltammograms of 1 mm Zn(II)TPP at

v = 100 mv/s; lower curve,f:‘.-'y = 5mV/s. e ‘
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N

as recorded}at Various sweep rlteg;ﬁ"(



‘_and the electrolysis endpoints are‘theﬁeEOre more easily
determlned.

F1gure 24 1llustrates the apparent charge requ1red

for complete electrolys1s in the flrst a od1c wave plotted

199

'fas a function of potentlal sweep rate., The endpo1nts were:

'rdeterm1ned by the method previsfsly outllned 1n Figure o
, 119b,, At lower sweep rates there is- a trend to hlgher

fldes.; Thls can be ascrlbed to the longer t1me per1od

L

@ . a3
-'avallable for dlffu51on of reactant 1nto the th1n layer >

&

”.d_cav1ty dur1ng the course of the experiment. At sweep

‘ ”{rates greater than 20 mV/s, a constant value 1s obtalnedrlf
?Vr’fand h1gher sweep rates are therefore recommended for

: jcoulometrlc work.r-

F1gure 25 1llustrates the th1n layer cycllc

;vaoltammetrxc behaviour obserVed at the platlnum]

;757ﬁ[5for the ox1dat1on of tetra(n-butyl)ammonzum 1odiddfirfdf

e B

fto the oxldation of I and 13 respectively, wﬁlle the

R

alectrode

7ffCH3CN/0 1 M TBAP._ The success1ve anodic waves correspo'iﬂ;fi

it

i&;cathodxc waves represent the reduct1on of Iz and 13 -ffTheﬁi"“:'“

ROV AT,

pert1nent aqu111br1a, as indlcated by Popov and Geske fiif#;fﬁ.,;ffixv
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Figurd 25. Cyclic voltammogram off 2 mM I in'
CHBCNZ .1 TBAP) at Pt thin layer electrode.

L

300nA -

.%K’,‘.




"ﬁftfemployed.

2157 - 2¢” 1 31, e (3-15)

Fxgure 26 is a plot of the charge required for

h‘complete conversion of the 1" w1th1n the cav1ty to 13 , as

”-_determ1ned by the methods descrxbed here.\ Aga1n, the

_l1near1ty of the plot and the zero 1ntercept serye\to

ifdemonstrate the valxdity of the method. The preCﬁeion ];

1n61cated py thls experxment is 15% absolute deviation.

The ratlo of the charge assoc1ated with thejsecond."

>ox1dat1on in Figure 25 to that for the flrst was

: determlned as 0 50 when the sweep rate was 25 mV/s, andv'

”0 46 when the sweep rate was 100 mV/s.; The former valueo
is in better agreement w1th the ratlon of 1/2 expected

. from the sto1ch10metry of reactlons 3-14 ‘and 3—15. The
.lower value obtalned at hxgher swzep rates 1s not

’understood., The ratio of the charge assoc1ated w1th the

‘fsecond oxldation of Zn(II)TPP to that of the f1rst was k

n“"o be 1ndependent of

102 -

"op
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20}

Concentratlon/mM S A T

Fi ) 5-e 26. Charge- vs concentration for ﬁrst oxidation
ﬁ. -.of_ s o in CH CN( 1 M 'I‘BAP) as determined by potentia.l
~;-scanning coulometry at Pt-. .’thinv layer electrode. _ ’
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.3;6 :ChronocOuiometrY’at Immeréed-Thih;Lajef:Electrodesfb;.,
In convent1onal voltammetrxc cells, when the
"electrode potent1a1 1s suddenly pulsed to a value where a 3}; .
»Faradalc electron transfer process occurs at a diffus1on
} contrqlled rate, the charge vs tlme behav1our [96]. at:.
. ¢ o
:‘Iater t1mes, is g1Ven by o
. ~ﬁ‘: 1/2 T ¥pLoe ‘3716)_;‘”
‘C'

T @where o 1s the total charge passed, D is the d1ffus1on
ﬂ .coefficxent of the electroactive specxes and C* 1s 1ts

\ fjbulk concentratloh.; QDL 1s the charge associated w1th

";chargxng of the double layer and A is the electrode area._kif

If the same experiment is carrled out at an 1mmersed

. 0

ftf?thxn layer electrode, the charge recorded at times after

wl;that correSpondxng to complete electrolysls°o£_the species

_'d1f£usxon 1nto the cavity.ﬁ By analogy tb equatlon 3-16,




"'-f"7 single experlment.v In most other voltammetric technlques,

105
n’ . . B i'

-

yhere A"ls the~exposed surface area of the cy11nder |
| .contained between the worklng electrode,surface and the-};:
glass 1nsulator, and Q'vls a constant d1ctated by the |
length of tlme required for complete electroly51s oﬁ the
'1 spec1es w1th1n the thlnalayer cav1ty.i A plot of. Q vs tl/z‘
| should thezefore exh1b1t a llnear reglon at later tlmes.” _
The 11ne should be d1splaced along the Q axis by’some hhu,”“ ”}-'
¥ amount allow1ng the: determ1nat1on of n and A'3 and its B u
§1ope shouId then allow the determlnatlon of D.vahe

‘\ parameters n and D. should therefore be iva11able from a'h

CYCllC voltammetry and chronoamperometry, for 1n9tance,ht. R

only the product nDl/2 ,62 n3/3D1/2 1s avallable. ’ L

o Flgure 27 presents a O vs tl/2 plot obtaxned for the_'a
_’ one*electron oxldatxon of (C104)Mn(III)TPP 1n C2H4C12/ 2 Mt'

| o TBAP at the platinum th1n layer electrode. The background,ul'“

B

char e was ob a1ned 1n a se arate ex erlment 1n the’
9 P

absence of electroactave §peC1es and was subtracted from

N

“'tiéathe data. The predicted 11near behav1our 1s 1ndeed

q:observed at later tlmes.:_.w The charge 1nd1cated at p01nt A' “

Adin the flgure is" 4% less than thatf1nd1cated by potent1a1
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- (C10,)Mn(IIT)TPP 4n CHyCly(.2 M TBAP) at Pt thin
.. layer electrode under potential step conditipns
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v

n-values and diffusion coefficients has been reserved for

3

a later project.

»




CHAPTER 4

ALTERNATING CURRENT METHODS,
0

4.1 Introduction ,

As nored'in Chapter 1, there has been considerable
1nterest in the determ1nat1on of heterogeneous rate i}
constants for metalloporphyrlns in hopes that ‘such data
might profit our undérstanding of the electron transfer
process in metalloporphyrin containing enzymes. A number
of factors [11], sueh as metal position in the porphyrin
plane, changes in spin state accompanying metal oxidation
or reduction, and solvation éffects, have beennsnggested
to play important roles in -determining the rate‘at nhich a
particular porphyr1n undergoes electron transfer.

Attempts at correlating metalloporphyrln heterogeneous
electron transfer rate constants with such factors have
not been very successful to date, however. It is evident
that much ‘more data is required before an overall picture
of the important factors governing metalloporphyrln
electron transfer mechanisms can be developed. .
Cyclic woltammetry appears to be the only method

i L

whioh.has been-applied to the determination of

W
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‘heterogeneous electron transfer rate parameters in
metalloporphyriné?f Although this technique is'extremely
pouerful for qualitative diagnosis of electrode reactions,
especially when these are coupled to homogeneous
reactions,-it is generaily not noted.by\electroéhemists to
be particularly accurate or precise when applied to the “\Q\\\
Q§termination of heterOQeneous rate parameters [78]/ -
espec1a11y when’ the assoc1ated rate constant is large. “
When the dlfference in the peak potentlals obtained .
on the -forward and reverse peaks is greater‘than the v‘
theoretical value of 59/n mv predicted for a reversible
electrdn transfer, the value obtained can be compared with
fnumerically computed werking curves ksee\appendix 3) which
provide for determination of the standard heterogeneous ’
rate constant ksr The value of the peak separation, AEp,
1ncreases with the potent1a1 scan rate, v.. For maximum
| rel1ab111ty in the results, v should be chosen so that AEp
is in the vicinity of 100 mV [11) ‘ | o
The problems associated ‘with this method are several
[98] F1rst1y, the peaks obta1ned are not sharp, and
prec1se determ1nat10n of thelr pos1t10n is dlfflcult.
| Secondly, they are distorted from their theoret1ca1 shape
‘by the presence of the background current due to charging
of the double layer capa01tance. This  is partlcularly
5

1mportant ‘when higher sweep rates must be used, since the

A

o . -



faradaic peak cutgents increase as vl/2, while‘the
;baCKground-curfent.increases, in the absence of |
_uncompensated r931stance, as v. Thitdly{ bu!/probably
most 1mportant1y, the applled potentlal will dlffer from
the true potential across the solution-electrode .
interphase'by'an amount‘iRu,'where i is the’current, and
Ru is the uncompensated resistance between the edge of the
worklng electrode and the tip of the Luggln capillary.

| Uncompensated resistance is partlcularly serious when
high currents resulting from, for instance, the use of
“rapid scan rates, -are encountered, orIWhen work is carried
out in highly.resistive media, as is generally the case
for metalloporphyrln studles. As pointed.OUt in Chapter
2, most porphyrin chemlsts have employed electronic
bositive feedback compensation to*minlmlze the problem.

~.The method used to adjust the amount of feedback, i.e.

11V

ad]ustment to the 11m1t of potentlostat stablllty, is less_'

than- sat1sfactory for precise, accurate work, however.
The degree of compensatlon atta1ned by thlS method will in

fact be dependent on the electronlc transfer functlons of

»

both the potent1ostat and the electrochemlcal cell . [97]
“In- th1s laboratory, 1t has been found that the method,‘as
femployed wlth the extremely‘high gaxn Hi-Tek: potentiostat,

Vmay leave as much as 100 ohms of uncompensateélre51stance<

e

“remaining, Bew1ck has noted [98] that, in some cases, 1t

¢
-4
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: con51dered here. In. partlcular, the appllcat1on of

is possible to overcompensate by this methOd. The
procedure recommended by Britz (971 for handling
resistance problems is to use whatever means available to
minimize the uncompensated res1stance,’to measure that—
remaining, and to correct mathematically the results for
its presence. That philosophy has’been'adopted for most—
of the work here. o ) .

 Because of the problems inherent ‘in the appllcatlon

of cyc11c voltammetry to the determ1nat10n of

‘-heterogeneous electron transﬁer parameters, thev

[N

development and applicability of other ‘methodology

apprOprlate to porphyrln electrochemlstry has been

A

alternat1ng current .methods has been dealt w1th

Alternatlng current technlques (81, 88) have long: been

recognlzed as methods of ch01ce for the quantltatlveb

°

characterlzatlon of electrode processes. More recently,

with the advent of linear sweep cycllc ac voltammetry

111

{99, 100], 1t has been shown that ac methods can reta1n at .

least as much, and’ often more, qualltat1ve dlagnostlc
‘1nformat10n as the. more popular techn1que of cycllc

”voltammetry. : S o T



4,2 Background toﬂAC'Voltammetrxr . - . \;’

N

. In the ac voltammetrlc experlment,:a linear potential
sweep is: applled ‘to the worklng electrode. In cycllc
F'ver51ons, the d1rect1on of the sweep is reversed at some

'predetermlned sw1tch1ng potential, as 1n conventlonal |
‘ cyc11c voltammetry. Superlmposed on thls slowly varylng}

’dc potentlal program 1s ‘a small amplitude slnuso1da1

- _potent1a1 perturbatlon._ The resultlng current contalns o

both a dc component, wh1ch 1s 1dentlcal to that obtalned

112

‘-\3,“':;

in convent1onal voltammetry, and ‘an ac component,gi
'assoc1ated with the 51nu501da1 potentlal perturbatlon;'
f*;Approprlateklnstrumentatlon is.: then used(to extract onLy
the alternatlng contribution to the overall.current

'response., Where tuned amp11f1cat1on 1s»employed. the

'-gmagn;tude of the alternating current response of the same '

'ffrequency as. the appl1ed potentlal modulat1on is pIotted

:as a. functlon of the applxed dc potentral.‘ Where phase

senslt1ve detectlon 1s used, the magnltude of the ac : ~~§;1i

".response of the same frequency as, and exh1b1t1ng some"'f
‘ipreselected phase Shlft w1th respect to, the potent1a1 o

r{:modulat1on is - determined._:

The derlvatlon of the current response to such an_'.,ﬁ.

.'j”attempted here. Particularly 1nformative accounts of the

'"s;fdetails have been g1ven by Smith [88], Sluyters and

Fo e T

v . e Lo . L

"f'appl1ed potent1a1 program 1s not tr1v1a1,:and w111 not be;fﬁf



} Sluyters-Rehbach [101], and by Macdonald and McKubre
[102].' It is constructrve, however,cto con51der some . of
the assumpt1ons involved. o : :' R »i"\i

It 1s\generally assumed that‘the mean concentratlons
‘of the electroactlve spec1es at some d1stance out in the‘

'f solutlon are- flxed by the dc potentlal program.! The ac
hpotentlal program then results in small fluctuatlons of
'the concentratlons next to the electrode surface about the

mean. Phys1cally, the assumptlon 1mp11es that the |
erdlffus1on layer thtckness assoc1ated W1th dc events 1s "df_,:f
much greater than that assoc1ated w1th the ac process.f;v |
’Experlmentally, the requlrement 1s that the dc potentlal G
.kscan rate ‘is much less than the product of the frequencyji“_
fhand ampl1tude of the ac potent1a1 perturbatlon.’ Bond et
al. have suggested (103], on the bas1s of exten51ve |
f_numer1ca1 calculatlons, that prov1ded fAE 5 1 6 Vi, where ﬁie
41t{15 the ac frequency, AE is the potent1a1 modulatlon
lxﬁamplltude, and v 1s the dc potent1a1 scan rate, then the'r
f-7"'.;”_;.3‘_;'.“:"“.‘E';ff;r.fn"assumptmn 1ntroduces no s1gn1f1cant dlscrepancy between}f

}theory and experlment., ;;z~”’*““

The second magor assumptlon 1nVOIVes the magnltude of
‘°¢ﬂthe applled s1nuso1da1 potentlal._ The der1vat10n of ‘

ﬂf;practlcal expre331ons for the ac°voltammetr1c response

’”f3frequires that a 11near relatlonship ex1st between the

\l'sfifaradaxc current and the applled potentlal. The/equat1ons o
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of electrode klnetlcs, however, predlct that the current
is exponentxally dependent on the potent1al (Append1x
AR In order that these exponent1al functions may be
'approxlmated as 11near relat1ons, the ‘magnitude of the -
'applled potentlal perturbatlon must be very small. Smxth
’188] has’suggested that the assumptlon of small amplitude
,yperturbatlon is accurate for appl1ed 51nusogdal potentlals
of Up tg,B mV peak to peak, and for many systems does not |
‘1ntroduce 51gn1ficant dlscrepancy between theory and
' 'experlment for modulatlon ampl1tudes of up to 20 mv. It _
'»,should be noted that the non-llnear relat1onsh1ps between

E

h'the faradalc current and‘applled potentlal nge r1se to‘
the perence of second and hlgher harmon1c components in
*the ‘ac response,_and these, as well as the fundamental -
'.harmonlc component of the current, can provlde Lnformatlon; :
';;;about the electrode processes." | | |
| The fundamental harmonlc ac voltammetrlc responee‘mayr
if\'dxftbi‘ be.represented [88] as the product of several functlons by"
) ‘“?Sf?'-‘, s o - i s o
ﬂfr"qit<?fh?".v I(mt) r' revF(t)G(w)51n(mt + ¢) _; y\.(é;l)y“

The funct1on Irev represents the amp11tude of the farada1cﬁw*'

a1"-91‘"&‘2109 current for the completely reversxble ;f‘”"“

'ﬂ7'elgctquefPrQCBSSrw,ﬂﬁ4=“
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Ox + ne” 1 Red - ' ' (4-25
.
~and is given by |
R w2e2acs («»oo /2y o
L I = X , C(4=3)
R . TV T TRt cosh (3/2) T

3 Here, A is the electrode area,’ C5x is the bulk
| fconcentratlon of Ox, w 1s the frequency of the applled
‘~}e‘modu1atlon (in . radfs), AE is the amplltude of the)
';’potential pertu:bat;on, Doy 1s-the d1ffus1on coeff;cient-”

“fOf_bi, and j is given by

j = nF(Bg, - Ef/p)/RT PN TET SO
where Edc is’ the potent1a1 assoc1ated with the 11near
,sweep potent1al program, and Ef/z is the rever51ble
'ﬁfffvoltammetr1c half-wave potent1a1. Thls d1ffers from B°
‘”ftvthe=etandard potential of the redox couple,'accord1ng to:'

R L SN (E LW R

}Here, fR and fOx are the act1v1ty coefficients of Red and-*
*J;iox, respectlvely, and DOx and DR are the appropriate

'“ifdiffusiOnﬁcoefﬁlcients.~Jg"”
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’*ﬁelectrode process 1n the ac time scale, and is given byfi'
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The fUﬁCtionr-Irév, describes a bell shaped peak
.symmetr1cal about Ef/z- The bell shape arlses frdm the
1nverse cosh2 dependence of the current amp11tude on
potentlal. Irev descrxbes ‘the response obta1ned for a

perfectly rever81ble system. The peak width at half—

_'he1ght is- glven, in this case, by 90/n mV.

~The functlon F(t) represents a correct1on to the

:amplitude of the revers1b1e alternatlng current arisxng

’from 1rreversxb111ty of the dc electrode processes, and is

‘glven by

R = (1+exp< J))(aC L+ /D 1/%aéxp(j)c§}/c3x (4-6)

- »

Here,\COX and CR are the surface concentrat1ons of the

-electroact1ve spec1es, a is the charge transfer

coeff1c1ent, and B , l-a.. Where the surface

’.dconcentrat1ons can be predxcted by the Nernst equation,'.t~

[F(t) does not dxffer fr&ﬁ un1ty. For the simple quaSl--"

IS : N
rever51ble electrode reaction, F(t) =1 can be achleved“by-!

'L_‘selecting the dc potentxal scan rate slow enough.
-JDeviations of F(t) from un1ty result in a separat1on of¢

fvgfthe forward and reverse peaks during cyc11c ac

voltammetrxc experlments.,,J.»'ﬂ'

—

The funct1on. G!w). represents a correction to the s

current amplitude arising from irreversibility of the
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‘G(m)'=‘{27[1 + (1 ¥ (%2)1/2)2]}1/2 - (4= .
The parameter A is given by

A = kglexp(=~aj) + exp(ﬁj’))/Dl/2 ' (4f8).

whete kg is the-standard hetesobeneous rate censtant; and
. DSXD? ey
This function~is mUch»more‘sensitive'tOVSIOw ehargelj
transfer k1net1cs ‘than the correspondlng dc funct1on F(t),
_ and for most electrode processes will equal unlty only at
| ‘very small w._‘ ‘ |
, The phase angle, ¢, between the fundamental harmonlc

7cnrfent and;the applled potent1a1, 1s,g1venvby

| 2 .-
cot ¢ = 1 +vi321 R -~ (4-10) .
g AR

1f measurements of the phase angle are made at Edc .sEf/zb L

'1 then j = 0 and = 2k /01/2. The phase angle 1s then

given by
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Equatlon 4 11 frequently prov1des the ba51s for

7determ1natlon of'k when ac technlques are employed.‘ Note-’
“‘that in the 11m1ts kg ';. or w * 0, 1.e. when the rate of e
: electron transfer is controfled solely by bulk dlffus1on,‘ L
"cot Q is un1ty (i.e. ¢ = 45°) v.* 4._1

o

® .AC techn1ques suffer,‘as do all technlques where

‘o )

"‘current is measure& from the presence of uncompensated
solutlon re31stance and ‘double- layer capac1tance._ Just as
Hffthey are ‘more. sensitlve to heterogeneous rate parameters,
L ‘they are also more sensxtlve to the presence of extraneous‘
background cuarents.. -p “ _ |
The extractfon of\the faradalc component of the total

Q_atlng current durlng .an ac voltammetrlc exper1ment

31y relies on thelhssumptxon that the. electrode—~
an 1nterphase may be represepted by an equ1valent f
Zfonichcircuit, Where the farada1c\process is- a -
;le charge transfer uncomplicated by coupled |
fogeneous react1ons or physical processes such as

W

‘ rptlon of electroactlve spec1es accompany;ng the

;"iFigure 28, 1s assumed., Here the ﬁotal current. It' L
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Hquesti

are generally determxned in the absence of any

El

electroactave spec1es. The faradalc current flow1ng in'

120

" the lower branch of the c1rcu1t can then be extracted from o

<

Ebe approprlate Vector subtractlon technlques [88]

RCT' the charge transfer re51stance. represents the(j\\v*"

'resxstance presented to faradalc current flow due to

2

finite, ks; and W, the Warburg 1mpedance, is a generallzed
frequency—dependent 1mpedance represent1ng re31stance to

mass transfer between the electrode surface and solutlon

’bulk Once the alternatlng current component If has been

determlned it may ‘be analyzed accordxng to the ac

: voltammetric express1ons already p/esented.

The method oﬁ,subtractlng I from It requlres that
the value of CDL measured 1n the absence of faradalc |

current "-*hnwsame ;n 1ts presence.; There 1s some’

1 that thls is the case [105] A second problem

-kconcerps the: appllcabil1ty of the Randles c1rcu1t to solld rf

5 /

'electrbdes._ Some frequency dlsperslon (1 e. non-1deal

v

such effects and have suggested an 1ncomplete_

A W

L
behav1our) of the electrode 1mpedance 1n the absence of

,!

electroact1ve spec1es 1s very often observed 1n ac work at,'_"“

sol1d electrodes.‘ Thls has been suggested to arlse from ff fif:,

l7

the effects of surface roughness [106] Other workers

[1071 have noted that the Hg electrode 1s not“free fromfaoff

';ftunderstanding of the nature of the electrxcal double-layerﬁ3t

‘ .' ‘ A“ '\ _v"-;._. . .'




121

as being respénsible for the-theory—experiment
discrepancies. It shoﬁld also be noted that the direct{on
of the freguency dispersion is consistent with the
éreance of electroactive impurities, and it_is often
difficult to assess to what extent this may play a role.
A number of otﬁer factors related to experimental design,
sgch as shieldigg.of the working electrode by the Luggin
capillary [101], or the presence of stray impedances
within the electrochemical cell [108}, méy also contribute
to tﬁe frequency dispersions.

Whatever the cause of the‘gghFidealities, it is
' " important to be able to make measurements of heterogeneous
rate parameters at solid electrodes, and such méasurements
are frequently made. It is also important to realize that
‘the non-idea{iéies do not result from the methodology
employed. They are due to real physical-chemical
phenomena; and it cénnqt be assumed that they do not
affect déta obtained by methods other than ac |
techniques. It is siﬁply easier to ignore their presence
when less sensitivé technidues are employeé.if%y addition,
the mathématical tractability of the ac experimenfioften
makes it possible to evaluate the extent to which non-
ideal behaviou} affects the féradaic response. These

considerations,. and others, have led Macdonald and McKubre

[lOiL_to the conclusion that techniques based on concepts

u s

0
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of electrode impedance represent the most genefally
applicable approach tolthe study of electrode processes.
It would clearly be advantageous if the faradaic
component of the total alternating current could be
obtained without requiring knowledge of the prdcesses

which give rise to. the additional currents. Some

methodology which allows this has been developed here.

Al

\

4.3 Spectroscopic Determination of the AC Voltammetric

Response

The electrochemieal literature of the past decade
reveals' an increasing interest in the spectroscopic
1monitoring of  electrode reactions{[109]. Although a‘largé
number of spectroscopic meﬁhods have been utilized to
advantage, UV-visible,absorptien spectroscopy has been the
most extensiveiy exploited. One of the most important
advantages of measuring the change in absorbancerresulting
from an eleCtrod% éeaction, as opposed  to measurement of
the resulting current, is the additional selectivity
afforded by including wavelength as an experiméntal .
variabie.

Uv-visible absorptiOnJSpectroeleetrochemistry as
carried out either at optically trensparent-eleztrodes

(OTE's) * [110,111} or in reflectance expetiments at

conventienal solid planar electrodes [112-117) has been



) . L. 123

used to great advantage in the Spectrostqpic
characterization of primary and secondary products of
.electrode reactions, and in mechanistic studies of

A\
homogeneous reactions coupled to an eléctrode reaction
(see, for example, .references [113-117]). Recently,
Bancroft et al..}llB] have extended chronécoulometric
theory to;spectroscopic observation at OTE's £o yield a_
method for the determination of heterogeneous charge
transfer parameters. These authors note that the
additional selectivity,afforded by spectroscopic
determination of the electrochemical response is
particularly advéntageous when dealing with solvents or
redox species which are difficult to purify. The absence
of double layer charging'contribution to the observed
signals is also a di;tinct advahtége;‘

Speétroscopic monitoring of porphyrin electrode
reactions is particularly attractive as tﬁese species have
very iarge molar absorgtivities, and;extremely good sigqgl
to noise ratios should beﬂobtainable. " This should allow
electrode kinetic studies to be carried out at ;ery lowv
concentrations. As most metalloporphyrins are only
sparingly soluble in a variety of solvents, this should,
in turn, allow such studies to be carried out in ;lwider

variety of solvents than has previously been pessible.
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When an alternating‘current results rrom alternate
formation and removal of one form of a redox couple at the
surface of an eiectrode surface;-the intensity of a beam
of light either transmitted through or reflected from the
surface of thebelectrode will vary in accordance with the
alternation of the relatlve concentratlons of the two |
forms of- the‘redox couple, provided that they have
different molar absorpt1v1t1es at the wavelength’ of the
radiation. This alternation of l1ght 1nten51ty has
already been exploiteq_}ﬁ/the technique of modulated
specular reflectance ésectroscopy (MSrs) [(112-117}. 1In
MSRS, a typicallyylarge amplitude~periodic square wave
potential'is applied,to the~electrode éhch that first one
and then the other form of a redox couple predominate
perlodlcally at ‘the surface of an electrode.agA phase
sensitive detector (PSD) is used to monitor. the var1at10n
in intensity of a-light beam reflected from the surface of
the electrode and the PSD output plotted vs wavelength
provides a d1fference,spectrum of the OdelZEG and reduced
.forms of the electroactlve spec1es. -Although th1s
technlque has been used to prov1de qualltatlve support for

proposed react1on mechanlsms at surfaces [112] ‘and in the

124

y

d1ffu51on 1ayer (113-117), no example of 1 sruse»1n a

quantitative manner exists.
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It is shown here that if a small amplitude sinusoidal
perturbatioh is superimposed on a slowly varying cyclic
potential ramp applied to an electrode, the‘output of a
PSD monitoring a liéht beam reflected from the'e;ectrode'
surface mirrors the charging current corrected.ac
voltammetrlc response. - Sinusoidally modulated‘ac
reflectance spectroscopy (SMACRS) is 1mp1emented with the
same instrumentation [116] as prev1ously used .in MSRS and
retains both the qualitative and quantitative utility of

- linear sweep ac VOltammetry in'conjunction'With the
advantages of Spectroscoplc observation.

As mentloned above, UV-vis absorption
spectroelectrochem1stry can be carrled out by measurement
of the intensity of a light beam either transmitted
_through orbreflected from an eiectrode. Although;what
follows is equally appllcabLe, in pr1nc1p1e, to OTE Sy the
reflectance exper1ment has several 1m?ortant advantages. L
First, the 1nten51ty of a llght beam transmrtted through -

~ an OTE may be con51derably reduced relative to that
reflected from the correspondlng sol1d electrode. Second}_
OTE's formed by depOSItlon of ‘a th1n conduct1ng ‘£ilm on a

) transparent substrate often have high res1stances wh1ch k
may not be compensated for by p051t1on1ng the Luggln

cap1llary close.xo the electrode surface and can lead to -

uneven current dxstr1but10n across the electrode o
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surface. Th1rd, because in the reflectance experiment the
llght beam passes through the double layer twice at some
angle from a normal to the electrode surface,.xt .
encounters a greater number of the spec1es of 1nterestr
The reflectance techn1que is thus 1nherent1y more

4sensitive.g Fourth, since the secondary'electrode must not

| obstruct the light path, it is not pos51b1e in a
transm1351on experlment to arrange the worklng electrode
such that all po1nts on 1ts surface are equ1dlstant from
‘the counter electrode. The resultlng potentlal
dlstr1but10n across. ‘the electrode surface may be

| part1cu1arly undesxrable when working. in non- aqueous
electrolyte solutlons or at optlcally transparent th1n
1 er electrodes. For these reasons the dlSCUSSlOﬂ is
conf1ned to measurement of the ac reSponse.by reflectance
spectroscopy. |

| wlnograd et al. have ‘shown [119] that for the -

electrode process w1th no homogeneous compl1cat10ns

~ v _ _

Ox + n_e;'; 4 Red
the absorbance-tlme pro£11e measured at an OTE at a l'

wavelength where only the reduced spec1es absorbs is glven
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. tight hand 51de of the equat1on.v

;fillustrated in Flgure 29.'

e t

Alt) = jut) & . -2y

nE‘A
& |

where A{t) ig the absorbance, ey is the molar.extinction
: v . : B - @ . B -

.coefficient of the reduced species, and'other notat§0n'is '

.convent1onal.,'If both the oxidized and reduced forms of

the eléctroactlve spec1es absorb at the wavelength of the"

inc1dent-rad1at10n, then

Ae

Alt) =—--j ity at (4-13)

) : ’ . _ FA

'vwhere Ae =';§ - er is the d1fference 1n molar

IVabsorpt1v1t1es of the two forms of the redox couple.' Note

‘e

that thls equatlon assumes that a second 1dent1cal

'delectrochemxcal cell, but to whlch no potent1a1 program 1s
- applled, is placed 1n the reference c0mpartment of the

:'spectrometer.‘ Otherwise, a constant must be added to the
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Where the l1ght beam is reflected from the surface ofi,j

the electrode, hlS result must be corrected for the fact

For a lxght beam reflect1ng off a planar electrode,‘ff

'df;?number of absorb1ng species along the path of the lxght

djthat the llght passes through the double layer tw1ce.f Iﬁe =

coord1nate system used 1n electro—reflectance studxes is

:Lthhe absorbance time profile is obtaxned by integratlng the3”"ﬂ
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T,

//////////

E Iectrode Surface

Figg re 29, The coordmate system used “in combmed
electrochemz.cal specular reflectance spectroscopy
experlments. ~ S o



Abeam, The integra;ipn)éobrdinatexassuméd in the
derivation of equaﬁignfjrl3 is parallel to x in the
“figure. 1In reflectance sPectiaséOPy; tﬁe intégration
coordinate lies along q. Since -

- 2X _
d cos® s

o (4-14)
‘ .
" the right hand side of equation 4-13 must be multiplied by
~2/cos® tQ givel |

.
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: -t
. 2Ac . S L
ALE) = SrRcoss Jo(t) at (419)

-’

where 8 is the"reflecténce angle illustrated in Figure 29.
S e ;1‘ S h S - '
- * When single beam spectrometers are used in .

reflectance experiments, the parameter generally measured

‘is
MR _R(t) - R(O) | SN
- F T T R(OY - (4-16)
i
L S S -
. where R(t) is the intensity of a reflected light beam at

f,someltime t, and R(0) is‘jts‘intensi;y"at;; = 0.

. - since

':'if;'~l' Ty
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and, from the definition of absorbance,

v

R(t) :
it follows that
AR+ 4.606 pe b, | -
In(1 + )= - ZFx cose J i(E) Ot (4-19)

.This tesult is general prov1ded no homogeneous
\compllcat1ons ex1st,‘and the derlvatlon of the.
.spectroscoplc response to a partlcular potential
perturbatlon is 51mply a matter of performlng the
| approprlate 1ntegrat1on. When AR/R is. small (values
'greater than 10 -3. have.;nly very rarely ‘been observed)
then equatlon 4~ 19 can be llnearlzed to glve A
“AR  4.606 Ae Ty 4 ‘
R ='E%K’EEEF fol(t){dt . . (4720)
Now, when a'potentlal program 1dent1ca1 to that used
}1n ac voltammetry 1s app11ed to the worklng electrode, the
;econcurrent specular reflectance response, as detectable
':elther by phase sen51t1ve detectlon or tuned
"_amp11f1cation, 1s given by subst1tut1ng equat1on 4 -1 1nto

,.equat1on 4—20~leav1ng_ T
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t

- 4.606 4e F(t)G(w) [ sinlut + ¢) dt  (4-21)

“R(wt) = nFA cos® rev

~where, for simplicity, the normalized”parameter

Rlwt) = £R(ut)

L&

has been defined as the fundamental harmonic of the

alternatlng component of the reflectance response. It is

‘important to note that theh;unctlon F(t), which expresses

4

u

" a timé dependence of ‘the amplltude of the sinusoidal .
response imposed by dc processes,vcan be considered
'constant with respect to the ac time scale, and hence does

not enter,lnto the 1ntegrat10n.} Carrying out the
4
1ntegrat10n and cancell1ng‘terms gives

’

R(ut) = Ryey F(t) G(u) cos(ut + ¢) (4-22)

where

o 4. 606 AenFAE c* 1/2 o e
R = 0x Pox . L . (4:23)
rev. Nwl/zcose(4RT-cosh (3/2)) : o

Comparxson of these expre551ons with the analogous

‘ 5. J
_express1ons for the alternatlng ‘current reveals thatathe
'alternatlng reflectance is phase~sh1fted 90° from the.

jfarada1C'CUrrent. Thus the phase angle ¢ 1s readlly



2

accessible., Also, it w111 be noted “that wh1le the

a1t5 'vcurrent increases w1th the square ‘root of the
- ee reflectance decreases.‘

i‘1s deslrable to obtaln measurements at
,-hlgh frequen01es, the measurement of |

;nce may appear to be dlsadvantageous w1th respect
}urement of the current. However, as~W111 be

:rated later, the current assoc1ated with charglng of
gouble layer capac1tance does not, in general,

iibute to the spectral response. hen the current is
'{ed the contr1but1on from charging of the double

capac1tance 1ncreases, in the absence of -

uncompensated re31stance,_11nearly w1th the -frequency.

‘:1o of farada1c to background current thus also
'"{as w1/2 1ncreases.v ‘The absence of charglng

cu’ . ; 1n the spectral responSe 1mp11es that ‘the’ smaller

bls1gna1s obtalned at higher frequené%es may not be as.

‘serlous a problem as m1ght first be expected.

| The ratlo of the magnltude of the fundamental'

harmonlc cvrrent to the correspondlng reflectance.,.

_’parameter 1$ingen by

II(mt)I _ nFAwcos® .
-TR(mt)| © 4.606 Ag’ SR ‘rffﬁ4-?4)

.
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" This relation’may prove to berf value in the
determination of n-values or extinction coefficients.
Unlike most voItammetric criteria, its application does. .

not require that the charge transfer process 1is

rever51ble. More 1mportant1y, however,’it shows that at

any given frequency, the alternating reflectance is Just/a///fn\\\\\

*

multiple of the corresponding alternating current. Qence
4all previously derived'qualitative and quantltative
vaspects of the ac. voltammetric response (e.g. peak w1dth
at- half height, peak separation and cross over potential
in cyclic ac voltammetry) apply‘equally-well-to'the,sMACRS‘
‘ experiment.‘ N o o :\ _ R .
In general, three approaches are p0581b1e for the - .
extraction of heterogeneous kinetic parameters from ac |
nvoltammetric ‘data and hence from alternatlng reflectance
data. A qomputer fit of R(wt) Vs ml/2 may be used to
evaluate the various parameters 1n equation 4 22 [lOl]
'The peak separation as a functlon of sweep rate: may be
:used in conJunction w1th workhqg curves for the | -
f;determination of the heterogen;ous rate constant ks, as‘imzﬁb
cyclic ac voltammetry [99] The frequency dependence of S
’the phase angle: ¢, may be used to evaluate ks'and a,.the‘b
'v'charge transfer coeff1c1ent [88] For several reasdhs, we'

have concentrated oun @iforts on the measurement of phase

angles for the determination of heterogeneous kinetics. |

»
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First, they are readily accessible.to PSD techniqués.‘ In
addltlon, they do not ‘reqiire the computatlon of worklng
'curVes for the determlnatlon of heterogeneous rate’

constants. Most 1mportant1y, Smlth ‘has shown [88] that

/phase angle data is not s1gn1f1cantly affectéd by ther

134

magnitude of the modulatlon voltage, AE, for values up to . |

m20 mv, prov1ded kg > 10 -2 cm/s. The~ab111ty to use larger
‘modulatlons can be partlcularly 1mportant in
spectroelectrochemlcﬁl studles where Ae 1s small.v

The varlous phase relatlons in the SMACRS experlment
are best dlscussed 1n terms of. a phasor dlagram, as in
'Flgure 30. For ‘the purposes. of the followlng dlscu551on,
‘e’phasor, or vector, QUantrtles w1ll be denoted by an
Vasterlsk appearlng as a superscrlpt to 1ndlcate that the

mathematlcal operatlons 1nvolved are vector operatlons,:

whlle the absence df an asterlsk 1nd1cates that only the'

‘magnltude of the 1nd1cated phasor is 1nvolved in the_ S
operatlons. A | | ‘

T[ The dlrectlon of the phasor AEapp,'representlng the
'applled 51nu501dal potentlal perturbatlon, 1s used to
ddef1ne the coord1nate system 1n Ff;ure 30. | The total
| icurrent It 1n general 1eads AEapp by some phase angle

'¢m': In the flgure, the appllcablllty ofjthe Randles

-c1rcu1t pas been assumed 1n that It 1s represented as the ‘f -

'{sum of the farada1c current If, and a purely capac1t1ve4

e ‘..

s
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»

Figure 30. Phase relations in the SMABRS experiment.



component, I;. This is not a necessary assumption,
however, and the nature of other components appearing in
conjunction with IE is irrelevant as long as -they do not
contribute directly to the observed spectral response.
The phasor R (wt) lags I; by 90°, and the phase
angle, ¢g/ between the faradaic current and the applied
modulation voltage is therefore readily determinable
through phase sensitive detection of the in-phése and 90°

out of phase, or quadrature, components of the SMACRS

response, R' and R", respectively. In this case \
Rll )
cot ¢S = R (4-25)

The phase angle ¢4 is not directly measurable by other

¢
methodology.

I1f the uncompensated solution resistance, R, is

zero, then no other measurements are necessary, since | P

¢ in this case. If R, is not zero, then the effective

voltage across the electrode/solution interphase will

- * -
differ from AEapp according to

( - * x
AE = AE - ItR (4-26)

|

and is thus phase-shifted through some phase angle, QC{
*

app’
phase angle, ¢, required for kinetic analysis is given by

from AE as noted in the Figure. 1In this case, the
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X
M

¢ = 65 + ¢, ' (4-27)

The phase angle ¢, 1s readily determined if the
magnitude of the total current, I, and its phase angle
¢, with respect to AE;pp are known. In this case, Smith

[88] has given

ItRu sin ¢m
sin ¢ = (4-28)
c 2 2 ] 1/2
+ (IR - 2AEappItRucos ¢m)

s

This equation makes no assumptions concerning the nature
of the components giving rise to I;. The values I, and ¢,
may be determined through phase sensitive detection of.thé‘
in-phase and quadrature components, I{ and I¢, of I;,

since

A

1,2 + 1,2)1/2 (4-29

—
"

t (
and
tan ¢m = Ig/lé (4-30)

The value of R, may be determined by stepping the dc
potential out of the electroactive region and determining

I;. In this case the interphase may be treated as a ' )



Y

resistor, R, and capaoitor,'CDL, in series, for which

[120]

and

Ak, 2 ENVE ~

P - (R,™ + (1/uCp) (4-32)

Q
Solving equation 4-31 for wCpp in teFms of R, and tan ¢p.

and substituting into equation 4-32 leads to

AE
a \ ‘
R, = —£L cos ¢, (4-33)
LY t .

The use of equation 4-33 is tantamount to equating
the in-phase component of the electrode impedance to the
uncompensated resistance. As such, it is commonopractise
[97] to base the calculations on data taken at as high a

frequency as is permitpéd by the instrumentation, as

kﬁ'w

values of R, obtained at lowérAfrequencies will tend to be
high due to contributions from trace faradaic impurities,
or from non-ideal behaviour of the double layer ,
capac1tance. To the extent that the double 1ayer does
inclugde a.capacitive component, albeit a frequency

dépendent one, all other components in the equivalent

tan ép = 1/uCpR, (4-31)
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circuit will effectively short out at high frequencies,
except R,. The apparent.value of R, obtained from’
equation 4-33 wili therefore converge to the true value
as the frequency is increased [101]. It ‘has been found in
this laboratory that the values obtained are constant
within a few percent at frequencies between 2 kHz andvIO
kHz and, in exceptlonally clean systems where the re51dua1
current is partlcularly low, consxstent values have been

obtained at. frequencies as low as 400 Hz.

4.4 Results and Discussion

~ A

: : ' : ' \_- .
The choice of an experimental systek“with which to.
‘ 2

eyaluate any method purporting to facilitate the
determination Of heterogeneous electron transfer rate
parameters is a difficult one to make. ane values

reported for systems which. E;ve been studied by dlfferentw
workers are frequently at variance. The system chosen |
herebwas the Fe(CN)63'/Fe(CN)6f4 redox oouple in 1 M
aqueouS?KCI. Although the standard rate constant for this
tcouple is now known to be h1ghly dependent on the: : "\\
| cond1t10ns under which it is obtained’ [121 122], a number

of workers [122-124] have reported values consxstent with
kéd= 0.9 cm/s at Pt when obtained u51ng ™ or greater

¢
concentrations of the: electroactlve Spec1es 1h 1 M KCl1.
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'Figure 31 presents the bMACRS response obtained
during a cyclic ac voltammetric experiment in 1 M aqueous
KCl containing 10 mM. K4Fe(CN)6 at a platinum electrode.
The wavelength of the beam monitored was 420 nm, the
absorption maximum for the Fe(CN)6 - ion. At low sweep
rates, Figure 3la, the forward and reverse sweeps |
coinCide, indicating reversibility of the charge transfer
process on the dc time scale. The peak potential here is
‘0.219 V vs SCE,;and agrees with the voltammetric half-wave
potential as estimated from cyclic voltammetry in the same
electrochemical cell. This peak potential is independent
of the nodulation frequency employed., The peak width at
half-height is 94 mV, in excellent agreement with the
theoretical value of 90/5 mV expected for a.reverSible
one*electron transfer.

At higher sweep rates, Figure 31b, the forward and
reverse peaks are observed to separate, 1nd1cat1ng non-
Nernstian dc behavxour in accordance with the theory of
1cyc1ic ac voltammetry. The crossover potentlal, at which
the forward and reverse peaks coincide; has been shown'

[991} to’occur at

Beo = Ei2 AR I T a3



) iy \“‘ )
P

1 R(wt)/a.’u.

o

" R(wt)/a.u.

o 02
T Edc(volts vs SCE)

- _Fig_q 31. R( wt) vs potential for 10 mM KuFe(CN)6

in 1 M aq. KCl; A= 420 nmy AE, = 18 mVy . S
(8)  w/2% .= = 43, 9. HZ.. v=2 mV/B; (b) w/2x = 75.0 Hz,
.v= 200 mV/8.. . o
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®

In Flgure 3lb, this po1nt is 1dent1cab to the low scan
‘rate peak potent1a1, and 1nd1cates that the. charge
‘transfer coeff1c1ent, a, for thls system is equal to
0.5. This may . also be inferred from the frequency
‘1ndependence of the low scan rate peak potentlal, as Smith
as shown (88] that th1s reaches a l1m1t1ng value of

B, = E) /2 ¢ BT, Los C (4-35)
P : nF . v )

wre

, at hxgh frequency.

It w1ll be noted that the base 11nes of Flgure 31 are
flat and- correspond to electr1cal zero. This is in |
contrast to the -non-zero curved base llnes ar1s1ng from
charglng current contr1but10n to the responses generally
obtalned wlth convent1onal ac voltammetrlc methods (see,
for example, referenfe (991). " 1l | h

Phase angle data were.collected by first stepplng the
dc potent1al to the half-wave potentlal of the redox
couple. ‘After wa1t1ng a few seconds for the system to
'stablllze, the output of a PSD monitor1ng that component
of the spectral response wh1ch was 1n phase w1th the
applled potential modulatlon was recorded for ca 3 seconds
iwith a recorder Operatlng in. the Y— mode. Th1s was " |
h‘followed by 3 s recordings of the quadratute component of .

the spectral response, and of the in~phase and quadrature



components of the current. After recordyng of the
currents, the spectral components were measured again to
ensure that no time deggndence of the magnitude or phase

"3
of the signal existed. This sequence was repeated a

minimum of 6 times at each frequency investigated, and the

medians of the values obtained were used in calculating
the varlous phase telaticns indicated in eqgations 4-25,
and 4- 27 to 4-30, 1
A plot of cot ¢ vs w1/2 (lower trace) so obtained for

the ferro-ferricyanide redox couple is illustrated ‘in
' Figure 32. The plot is linear with the vertical intercept
at unity, ln accordance with equation 4-11. Ftcm equation
4-11 and the individual cot ¢ values, a value® for the
heterogeneous, rate constant of kg = 0.096 * 0.008 cm/s was
obtained, in excellent agreement with the value 0.09
expected from the litefature‘(Jide supra). The upper
trace 1n Flgure 32 corresponds to values of cot ¢
obtained before correctxon for the effects of
uncompensated resxstance;

| The value of Ru used ln equatlon 4-28 to calculate
the cot ¢ data of/F1gure 32 was only 2.3 ohms, It 1§7A/
'apparent that, even with thls small uncompensated
resxstance, the magn1tude of the phase angle correctlon,

’c' is large, partlcularly at higher frequenc1es. This is

'largely due to greater currents resu1t1ng from the use of

143
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0 L | 1 | 1
0 10 20 30 40 50
_~[2nt
‘Figure 32.. ‘Cot ¢ data for'ferro:ferricyanide -

\\
system as’ obtained by SMACRS at Ed = ,219 V vs SCE,
‘other parameters as in Flg. 31. Lower trace is
corrected for R = 2 39 .« .
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10 mM concentrations and 18 mV modulation voltages. These
é,
cond1t1ons were de51rab1e in this case because of the

small value of Ae assoc1ated with the ferro-ferricyanide

¥

'systemlgAe = 1020 at 420 nm) [14])., For many systems of
interest, however, At will be 1argef than this, and the
concentration of electroactive species and modulation
amplitudes may Le reduced accordingly. Figure 33 /
illustrates SMACRS data obtained at cathodinpotentials in
DMS0O/0.1 M TBAP containing 1072 M Can(III)TPP;; Tne
change in molar absorptivity, Ae, associated with the
redox couple (Mn(III)TPP) /(Mn(II)TPP) in this solvent is
approx1mate1y 8 x 104_1n this solvent, and good S}gnal to
noise ratios were obtained with 8 mV peak to peak
‘modulation voltages, even at these very low
concentrations. iA cyclic voltammogram obtained in the
same solution i's glso indicated in the figure. The
cathodic: and anodic peaks associated with the
Mn(II)/Mn(II1) couple are barely disce;nible agains}.tne
background cufrent. Comparison of the SMACRS and cyclic

oltammetrlc responses adequately demonstrates the

° .

sen51t1v1ty of the former technique’ when large changes in

molar absorpt1v1ty are 1nvolved

Flgure 34a 111ustrates a cycllc voltammogram for the
DPA/DPA*' redox couple (DPA =9, 10 d1phenylanthracene) 1n'

-_CH3CN/O,1 M TBAP., The peaks labelled 1 and 2 are due to;



Current

f Rwt)/ a. u.‘

(a) B(‘»t) vs potent1a1 (Volts Vs, Ag/Ag
-5 M CIMn(III)TPP in DMSO
SmV; o

_Figure 33.
(.01 M, DMS0)) for 1 x 107
(1 M "PBAP); M -»’4’-&6 nm; w/21rr = GUHzs AE

;,i; mv/s., (v) Cycllc voltammogram of the same.

= 50 mv/s. |
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Rwt) /au,

V Vs Ag/Ag

":Figgre 3 . (a) Cyclic voltammogram of 1 mM DPA in

-'CHBCN( .1'M TBAP); v = 100 mv/s. (b) R( w't) ve
'potentlal ‘recorded in the game system; A= 595 nm;-
AE = 10 mV; u/Zﬂ , 70 Hz, v = 100 mV/s.
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the presence of some impurity in the system. Their

presence is not observable in-the SMACRS response (Flgure

N

‘34b) reqorded at 595 nm; however. It is obv1ous that the

add1t1onal select1v1ty afforded by . spectroelectrochemlcal

P

technology can be 1mportant from the’ v1ewp01nt of analys1s
involving*Cpmplexamlxtures ofrelectroactlve spec1eie | L v
As,furthef‘confirmation of the“applicahillty of thé = - “*.;'_;
method to the determlnation of heterogeneous electrdn.
transfer'kineticsi'avphase‘angle.analysisf&as.performed
ﬁor the DPA/DPA couple (thls time in a clean systeml
aFlgure 35 illustrates the cot ¢ vs w1/2 data obta1ned.‘
The upper trace (squares) corresponds to the cot ¢g values
/—\\ .
obtafﬁéd*beggie correctlon for the effects of
Uncompensated res1stance.v The lower traces correspond to
;cot ¢ values obta1ned after correctlon for: the presence of | -

/YQ 4 ohms (c1rcles), ‘as was actually measured for this
e S

v

xﬁx\tem' and 25 ohms uncbmpensated re51stance. o BN . }Q
' Several po1nts can be made with reference to- thlS
.figure., Flrst, although the value of 19, 4 ohms used in . : -h\“
.calculatlng the center trace 1s nearly an order of -
magnltude greater than the 2 3 ohm value used 1n(_;

\

correctlng the ferro-ferr1cyan1de data of Flgure 32r the
'1magn1tude of the phase angle correctlon is no greater. ) vl' G
.Th1s results fromrthe use. of 1ower concentrations for the//““

| DPA system (l mM) as opposed to the ferrocyanlde syste .'?5 va
. W '
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cotg

=
R 1 1 1
10 20 30 40
Figure 35. Cote¢ data for DPA/DPA™" as determined at
Egq, = +94 Volts vs Ag/Ag (.01 M, CH,CN) 3 other parameters

as in~Figure 34b,
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(10 mM). Second, in comparing the centre and lower traces
of Figure 35, it is apparent that the linearity of the
resulting plot, and the correspondence of the vertical

Y

intercept to unity, serve as sensitive indicators of the

i

reliability of the R, value used 1in m&king fhé phase angle
corrections. It is feasib}e to déveloé a computer program
to correct phase angle data using a value of R, which is
selected such that the least squares intgs:ept is unity,b
or the deviations from linearity are minimized, and thus
circumvent the necessity of measuring this parameter.

The phase angle data were USég‘to calculate a value

for the heterogeneous rate constant of the DPA/DPA+'

'couple in accordance with equation 4-11. Assuming a value

W

for the diffusion coefficient of D 1.97 x 1072 cm?/s
{125], the value obtained was 0.14 * 0.0l cm/s. This
.value is an order of magnitude less tﬁan the value~of 1.6
cm/s‘obtained in CH3CN/0.1 M (CH3CH2)4N+C104— by Peover
and White [126]. Their value, however, was obtained by
high speed cyclic voltammetry, and ﬁas beenicfiticized‘by
Koizumi and Aoyagui. These latter authors reported a rate
constant for the Per/Per*® (Per = perylene) couple of 0.7
cm/s in C6H5N02/0.4 ﬁ TBAP as obtained by the double
galvonostatic pulseflechnique (127]), a method more

suitable for determining rate constants of this order of

magnitude.

10U



voltammetry increases as the rafte constant decreases,
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Attempts to apply SMACRS to the determination of kg

for the PerfPer’’ redox couple underiﬁhe conditions

reported by Koijumi and Aoyagui have been -unsuccessful to

date. The values of cot ¢ obtained did not differ

significantly from unity at frequencies up to 500 Hz. The

signals obtained at frequencies higher than this were too
small to allow accurate determination of the associated

[eY

phase angle. It is‘noteworthy, however, that .while the

’

forward and reverse peaks for the DPA/DPA* " couple begin

to separate at dc poténtial sweep rates as low as 100
mV/s, no separation of the forward and reverse peaks for
the Per/Pe;+' system is observed at sweep rates of up to
700 mV/s. Since the peak separation in cyclic ac

this
clearly indicates that kg for the pPer/Per’ " couple i§

considerably greater than that for the DPA/DPA** couple,

and adds some credibility to the value reported here for
DPA. The SMACRS response obtained for the Per/Per+'
couple at 700 mV/s and 7G0 Hz is presented 1in Figure 36.
Because of thé very small signals obtained at this
frequency,{thevoutput Qf the PSD was fed into a ﬂi—Tek

type AA-1 signal averager, and the data preéented is the

3

result of 64 repetitive scans.



R(wt)/a.u.

-8 -0 1.2
V vs SCE
Figure 36. ‘R( wt) vs potential for 1" m perylene

infC6H5N02(.L& M TBAP); = 590 m(g_; AE = 10 mV;
o/2n = 700 Hz; = 700 mV/s. )



153

-~

4.5 Electrochemical Cell and Instrumentation for SMACRS

~

The cell used in this work was a conventional design
used previously in MSRS [113], and is illustrated in
Figure 37. The working electrode was a 7 mm o.d.

«

silver-soldered onto a brass shaft and heat shrunk intd a

ft disc
‘Kel-F tube. The electrode surface was machined flat and
polished to a mirror finish on 0.03 um polishing
alumina. The counter electrode consisted of a piece of Pt
foil welded to a Pt wire sealed in glass. Light from a
200 watt Hg-Xe arc lamp could 5e focussed at a 45° angle
oﬁto the surface of the working electrode through a quartz
window incorporated into the body of thévcell. Th;s was
then reflected to a photomultipiier tube through a seéond
quartz yindow positioned 90° from the fi;st.
The instrumental arrangement is essentially identical
*’pgo that used cohmonly in MSRS studies, and is pictured in
Figure 38. All of the componenﬂs are commercially}
available. Tbhe heartépf the instrument is the
photomuitiplier tube (PMT), in this case an RCA 31000 M.
This provides an output current, C, linearly ‘related to
the ihténsity,_R(t), of the reflected light beam impinging

~

upon it. For monochromatic light, one can write

€ = A(A,Vg) R(t) o (4-36)
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Instrumentation for SMACRS |

A \\\ o VPW. SV ]
Y D
' | J
Vo VAN
E L M
F =
] o | |
. " ,

Power supply for lamp.
Lamp
Monochromator
. Electrochemical cell
Potentiostat
Waveform generator
Oscillator v
. PMT
i. Current follower
J. Integrator
K. PMT high voltage source
L. Lock-in Amplitier / PSD
| - M. Recorder

Figure 38. Instrumentation for SMACRS experlments,

~IOMMOOWP
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where A is the gain of thesPMT, X is the wavelength of the
incident radiation, and Vg is the high-voltage supplied to
the PMT. N |

In order that the curreat, C, may be amplified and
converted to a voltage for reé@rding purpoées, the signal
C is taken to the input 0f a~é$rrent follower. _The |
TBéntham model 210E current follower used in this work
includés a summing network such that a constant offset
voltagé may be added to the output, according to

Vo = SC + Voge (4-37)

where Vg is the output voltage provided by the current
follower, S is the burrent émplification §9ctof, and Vg¢¢
is whatever cOnstént'offset voltage may be selected for -
the purpose at. hand.

Now, at the beginning of an experiment, before any
pbtentia; has been applied to the working electrode, the
intensity of the 'light reaching the PMT is R(0) and the
curreht follower output is given by A

'

Vo = SA(X,Vg) R(0) +'Vorg (4-38)



The voltage offset is then adjusted so that this signal is

zero according to
Vogg = -SA(X,Vg) R(0) (4-39)

At 'some later time, t, when a voltage has been applied to
the working electrode and a concomitant change in the
intensity of the light reaching the PMT has occurred, the

current follower output will be
Vo, = SA(X,Vg) R(t) - SA(X,Vg) R(O) . (4-40)

Division of this result by equation: 4-39 and cancelling
2 . U

terms gives

o _ R(t) - R(0) . )
Vot R(OT .
or ' | .
. AR .
Vo = Voff R v (4-41)

The prov151on ‘to. offset the current follower output thus
allows direct measurement of the parameter AR/R.
In order that reliable measurements of 'AR/R may be

made throughoup the course oétah experiment, the identity
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defined by equation 4-39 must be maintained, In general,
}

however, R(0) will vary due to, for instance, a buildup of
absorbing specles associated with the dc portlon of the
experiment, and a compenséting adjustment in the gain,
A(X,Vs), of the PMT must be mode by varying the value of
the high-voltage, Vg, supplied to it. This is tantamount
to requiring that no dc component of V, exists.

The high voltage supplied by the PMT power supply, 1in
this case a B?ntham model 219, is detérmined by the value
of an input control voltage, V.. " The controi voltage, in
turn, is obtained by integcating the output voltage of the
current follower according to |

-1 .t ]
Ve = R jovo dt (4-42)

c
'The\integrator acts, essentjally, as a low pass;filter,
"and periodic components of ?requency £ >> 1/RC will have
negl1g1ble 1nf1uence on V. { The integration tiime
constant, RC, used in this work was 3 seconds.
Any dc component of Vo howeverf wlll.dlrectly »
influence VC and a compensat1ng adjustment in the voltage
c‘supp11ed ko the PMT w1ll be made such that the dc 1evel
‘associated w1th Vo is effect1ve1y controlled at zero. |
The_current follower output, Vg, was,taken |

simultanéously‘to'dg analogue integrator, providing the
‘ . ! Dy . ' L. . ’ . . '



feedback control voltage V., and to the input of a PsD.
The PSD allows determination of the in-phase and
quadrature components Of periodic input signals. For a

sinusoidal. input voltage, V., the PSD output 1is given by
! :

3

. Vpgp = S V, cos ¢ . (4-43)

where S is the amplification factor and ¢ is the phasg
angle between VO and some reference siénal supplied to the
- PSD. Thé reference signal in this work was derived from
the oscillétor supplying AE;pp to the adder input of the
potentiostat. Zero phase difference between this signal
and that appearing at the reference electrode was measured
at frequencies up to 5 kHz, verifying that no phase shift
was introduced by‘the potentiostat. The PSD -includes a
phase ;&1££E£ capable of internally shifting the reference
signal by 90°, thereby alldwing the determiha;ion of both
the in-phase énd%quadrature components of the input
signél.

"All commercially available PSD's inélude a low pass
fiitér to remove ﬁigh—frequency.noise from the.output
signAI.' Some care must be exercised in selecting the time
'COnStanélassociated with this filter, as too long a
setfibé cén result in attenuation of the signal and

ihtroduce-artificial'separation of the forward and reverse

.
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peaks. In practise the time constant may be adjnsted by
decreasing it to a point where further change does not
affect the SMACRS response obtained.v This setting must be
re-evaluated whenieither the frequency or dc scan rate of

. \ .
the applied potential program 1S changed.

4.6 AC Voltammetry With Background Correction

Although it is felt that the appllcablllty of SMACRS
to the study of electrode kinetics has been adequately
verifiea, the experiment, in its present state, requiresa
an inordinate ancunt of time. Eacw one of the cot ¢
points in Figures 32 and 35 is the result of 6 or more
independenc determinations of theiin—phase and quadrature
components of the SMACRS responee, and three independent
measurements of the ana1090us current components.

Accounting, in addition, for the measurement of the

frequency and the applled modulation voltage, each po1nt

‘ %%?surements. The
method is’ amenable to computer acqu151t1on of data. and
more modern PSD' s allow the 51multaneous determlnatlon of
bo,, the in-phase and quadrature 51gna1 components.
McCreaty [128] has shown that by 1ncrea51ng the angle of
1nc1dence, 6,'of the light beam, s1gna1 td noise
improvements of up to 200 times can be achieved in

specular reflectance exper;ments. "It is expected that in-

@ B
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the future, both the time requirements and precision of
the method will be greatly improved upon. In the
meant ime, however, some alternative methodology has been

-

considered.

4.7 AC Voltammetry With Background Subtraction

If all other current components except these
associated .with the faradaic process of interest could be
subtgected from the total current, that remaining would be
subject to phase angle analysis through the same
procedures as alreedy discussed for SMACRS;n'Subtraction
of the background current as_obtained either by its
meaeurement in the absence of the electroactive species of
interest, or by baseline extrapelation, is commonly
employed in potentiostatic techniques such as
chronoam%erometry and cyclic voltammetry. Unless the
uncompensated resistance is zero, however,: the method is

not strictly valid, and has not beenAapplied to kinetic

:analysis'based on impedance methods. 'The\problem is that

the - potentlal across the electrode/solutlon Lnterphase is
dlfferent 1n the presence of a faradalc current than in

its absence by virtue of the IfR potentlal drop. Hence; 
the background current cannot be expected to be unaffected

¢

by the presence of the faradaic process. In conventaonal

‘ ac_methods,'the splution has been to calculate the
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background current on the basis of.the value of the double

“layer capacitance measured in the absence of the

electroactive species, as préviously noted. 1In this

sectio {/tnefgeasibility of directly subtracting the ’

background currents is considered'from_the viewpoint that,

‘given the‘ouestions concerning calculation of the

backpround'current, especiall? at solid electrodes, the

resulting method ma& be just as>vaiid; "
The proposed method is to est1mate the in- phase ‘and

quadrature components, If and I, 1§f the faradalc current

by a 51mple basellne extrapolatlon in the appropriate

phase select1ve linear sweep voltammograms. Typ1ca1

voltammograms obtained %n phase and 90° out'of phase from.

the applled potential m%%ulatlon 1llustrat1ng the extrap—f

olation procedure are presented in Figure 39. The data

were obtained during‘an anodic sweep in C2H4Ci2/0-2 M TBAP

.contalnlng 8.2 x 10 -4 @%(C104)Mn(III)TPP, and the peaks

correspond to the (C104)Mn(III)TPP/(C104)Mn(III)TPP <

redox couple. Note that 1ﬂ?thls partlcularnsolvent system

’

th;kbasellnes are exceptlonally flaqg and'the extrap-

olation can therefore be made with a m;n;mum of .
subjectivity.
Once. If and If have been3estimated; the phase angle -

bs may be calculated from

. .
- ..
o .- .
2 . )
s .
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Figure 39. In-phasé (upper }race) and quadrature .

‘ac voltammograms. for 0.8 mM (C10,)Mn(III)TPP in
CQHL;C]‘Z(’? M-TBAP); v = 5' rpV/s; . w/ZAn = 21 Hz,
"AE =6 mV - T ' ,
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tan ¢, = I§/I¢ ! (4-44)

Since Iy and Iy are also available from.the voltammograms,
1f*R  is determined by the method already outlined, then
the phase angle correction, ¢., may be determined through
equation 4-28. Hence, the standard électfon transfer ra§e
constant may be obtained via equations 4-27 and 4-11.

“A feeling for the magnitude of the error in;olved as
~a result oﬁ)the assuﬁption that the background current is
unaffected by the presence of the faradaic current may be
obtained in the following way. If one assumes the
applicahility of the Randles' equivalent circuit, then,
following Sluyters and Sluyters-Rehbach [101], the in-

phase and quadrature components of the total electrode

impedance are given by
I g

. : -1/2
Lo 6 + ow
Z' = R + 4-45)
u 172 y) Vi 17772 ¢
(ow CDL+1) + w CD%(9+0ﬂ ) _
and
wC (9+ow‘1/2)2 + olc 4 ou 1/2
2' = DIf/z 3 2 2DL 773 (4-46)
. (ow CDL+1) + w CDL(9+ow )

L

respectively. Here, 8 is the charge transfer resistance,

given by

164



_ 2RT
6 = “7*5‘_‘Tr“ (4-47)
n F Ak C
s 0Ox

and o, the Warburg coefficient, is given by

272 RT

o = * (4-48)
n2F2AC Dl/2
Ox

These expressions for o and 6 assume that Eg. = Ef/z, and
that‘DOx = Dy =VD. I1f the value of kg and D for a
particular system can be estimated, and if estimates of
the electrode aréa and the double capacitance can be
obtained, theﬁ Z' and 2" can be calcula£ed. The maghitude

/

of the total electrode impedance is given by
7 = (2'2+ 2"H1/2 (4-49).
and the associated phase angle, ¢y, is given by

tan ¢ = 2"/2' (4-50)

The in-phase and quadrature components of the total

current are given by

Ly = AEapp/Z . (4-51)

]

I{ = I, cos ¢p - (4-52)
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and
17 = I, sin " (4-53)

The electrode impedance in the absence of electroactive

species is similarly determined ;ince} in this case,
Zy, = R : (4-54)
and
Zy, f 1/wCpy, ‘ (4-55)

and the in-phase and quadrature components, I and If. of

the background current can be calculated in a manner
- .

analogous to that used for the total currents. The

faradaic components, f% and If, can be obtained by
1} = 1§ - I ~ (4-56)
and

If ='1¢ - Ip o (4-57)
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and the phase angles $. and ¢S‘ate then available as:
already described (eqns 4-44 and 4-28), and an apparent
rate constant, in theory identical to that which would be
obtained by the proposed me thod of:background correction,
can be calculated. Comparison of tﬁis value with that
usad in the original calcqlation of the charge transfer
registance therefore provides én-estimate of the error
associated with the method.

The retio”ké/ks, where kg is the apparent rate
constant calcu*ated as just described, is plotted as a
function of frequency in Ffbure 40. The values of the
parameters used in the calculation are indicated in the
figure, and are typical of those likely to be encountered
fot the ferro-ferricyanide system in 1 M aqueous KCl. It
is evident that, provided the uncompensated resistance is
kept below 5 ohms, no more than 10% error'should result
from the assumptions in the;methoéology at frequeneies

below about 250 Hz, Since this is well within the limits

-

‘of precision that can be expected in most elgctrode

kinetic'studies (see, for example, references 9—11), the
error 1ntroduced by the method may be con31dered

acceptable.,

o

After wading through a=few of the described error

calculatlons, a few generalltles become apparent. The

[N s

most 1mportant factors contrlbutlng to the error at a-

167
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Figure 40. Ratio of “apparent rate constant, k's , to
true rate constant, ks’ as a function of frequency.
Parameters used in the calculation: A = .2 cm™j.

‘ C*": .5 mM; Cpy =.10 /J.F/sz; R, = 52 .ks -1 cﬂ)/sf‘
D=6X 1076 cm?/s; AE = 5mv;._\___,_ S |

»
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given frequency are the magnitude of the double layer
cepacitance, and the value of the uncompensated

resistance. Thus, a eﬁeller double layer capecitahce w111£?
introduce less error.  This is anlimportant consideration,
since the double la;er capacitance in nonaqueous solvents
is generally considerably lees than that encouhtered in
aqueeue systems; For instance, the CH3CN (0.1 M TBAP)/Pt
interphase exhibits a double layer capacitance qf ca 4
uF/cm2 {129}, while the wvalue éssociated‘with the C2H4C12
(0.2 M TBAP)/Pt interphase has been estimated at 2.5
ymF/cmz. (The latter value was obtained in this herk from

high frequency measurement of the electrode impedance in

‘the absence of electrQ§§tive species, and the application

prysas

of equations 4-31 ahd&3b32.). Values for, the double iayer
capacitance in aqueous systeme are typically id-to 20
uF/em2 [25]. Hence, a larger uncompensated resistance may
be more acceptable when worklng in nonaqueous solvents.

A second major factor is the relatlve magnltude of
the uncompensatedkres1stance, Ry» to the-charge transfer
resiétance,ve;“Ae,e increéses (i,e..ks'decreases), the
| error inherent in the methosﬁdecreéses. Hence, the
:presenCe of larger'uncompensated .resistances is more
acceptable where ‘more slugg1sh charge transfer klnetlcs

_are involved. T - ‘ L
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vhand and the sk111 of the experlmenter wlll both be

It 15 evident that the inherent error always becomes
greater at higher frequencies, depending on how much
uncompehsated‘resistance is present. It is recommended
that the calculations just described be carried out for a
particular system, before applying the method, in ordet to
determine how much uncompensated resistance is tolerable
for a particular frequency range. There is some wisdom;

aside from the considerations of the error inherent in the

method, in avoiding high frequencies. As Smith has noted

(881, the'deEivatiVe d cot'¢/d ¢ increases §harp1y as ¢
decreases. Since smaller phase angles are encountered at
higher frequencies; the precision with which cot ¢ values
may be determined seriously deteriorates. At the same
tihe, however, .it must be kept in mind that the value of
cot ¢ beeomes !%és sensitive to the value of kg as the
frequency decfeases, and greater precteion is therefore

required at lower frequencies.

In this work, it has been found that higher

frequencies where the value of cot ¢4 is much greater than

4 should be avo1ded as a result of the poor prec151on

"attalnable. The lower 11m1t on usable frequenc1es depends

on the value of ks' and calculatlon of its value from cot

'¢ values less than 1.2 should probably be questloned Of

'course, the prec131on attalnable frOm the 1nstruments at-

A

~

1mportant factors in determlnlng a usable frequency raoge.

¢
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The applicability of the method to the ferro-
ferricyanide system at a Pt electrode in 1 M aqueous KC1
was tested, and the apparent values of the rate constant,

k obtained at different frequencies are collected in

s’
Table 4. The concentration of KsyFe(CN)g was 1 mM and the
uncompensated resistance present during éhe measurements
was 3.6 ohms. The baseline extrapolation procedure wés
used, and the rate constants were calculated assuming a
diffusion coefficient D = 6.32 x 1076 cm?/s (125). The
modulation-amplitude was 6 mVsand the dc potenﬁial scan
rate was 5 mV/s.

' There appears to be some trend to lower kg values, as

might be expected from. the method employed, ag the

- frequency increases. The aVerage value, kg = 0.09 % 0.009

cm/s, is in gbod agreement with that obtained by SMACRS,
where no theoretical error is involved. with the

methodology. &

)
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Table 4
standard Rate Constants for the l'-‘e(CN)f,'3/F‘e(CN,)6-4
Redox Couple Obtained by AC Voltammetry

With Base-Line Bitrapolation

Frequency/Hz kg x 102/ch's'1 A
93 ' 10.3
111 | 8.99 (
143 ©9.36 O
o 163 | | 8.27
199 _ 8.06

Ave = 9.0 t'0.09
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(see Chapter 2, and references 35 amgd

CHAPTER 5

. STANDARD HETEROGENEOUS RATE CONSTANTS FOR SOME

PORPHYRIN/PORPHYREIN CATIONFRASICAL REDOX COUPLES

-

5.1 Experimental and Results

The method of ac voltammetry with base-line
extrapolation was applied to the determination of kg
values for the redox reaction.

p - le” tp*’ (5-1)

-

where P is TPPH2 or - one of 1ts metal complexes as llsted

:

in Table 5 One- electron anodlc ox1dat1ons of all of the -

complexes in- Table S have prev1ously been aecrlbed to

r

catlon -radical formatlon, as opposed to metal oxldatlon

L3

7%% Some %

addltlonal ev1dence for the cation-r dlcal R?stulate in

'the case ofpthe manganese»complexes wl}i/ﬁe presented in

~ - .

fChapter 7 S f'_ , o ,,ﬁ'

Calculatlons as’ descrlbed fn Chapter 4 were flrst

'carrled out to determlne an approprlate frequency rangé

~
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These indicated that at frequencies below 200 Hz, no more
than 10% error in the value of kg should be introduced by
the assumptione of the method empioyed, provided the
uncompensated resistance was keot below 40 ohms. The
‘greater value of the uncompensated resistance tolerable in
these experimente, as compared to the previously discussed
ferro ferrlcyanlde case, results from the smalier double
layer capacitance assoc1ated with the Pt/C2H4C12(0 2 M
TBAP) interphase. 1In addltlon, both the kg values and

oo L)
‘diffusion coefficients associated with the porphyrin
oxidations are considerably smaller than those associated
. . . - ) . %
with the ferrocyanide system, and this atso relaxes the

requirement of minimum uncombensaged resistance.

Before each experimeng; the Pt electrode was immersed
in hot concentrated nitric acid for é minimum period of 2-
h. - fhis was followed by rinsing, fﬁ%st, w1th tr1ply
’distilled water, then with d1st111ed reagent grade
acetone, and finally with purlfled 1,2- d1chloroethane.‘ iﬁ
phase and quadratyre combonents of the ac voltammetrlc
reSponse were recorded as dlscussed in Chapter 4, for a
m1n1mum of 6 frequenc1es in the range 15 to 200 Hz. -The
porphyrln concentratlons employed were all in the - -range
0.5 to 1 mM with th@ exceptlon of (CH3C02)Fe(III)TPP,

where concentradlons were ca b 2 mM due to the 11m1ted

'solub111ty of thls complex 1n dlchloroethane. “The dc?f

4

) »' ‘. ‘ s . ¢ " . L
- ' ‘ : . .
. : N ) .
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potential scan range employed was o mV/s, and the:
potential modulétion amplitude was 6 mV. Positive
feedback compensatlon of solution resistance was employed

to mlnamlze R, to a degree where stable potentlostat

operatlon could stillgbe malntalned. The velue of R, used

\’ P - .
in subsequent calculatlons wase experlmehtally determined
. 1& . a0

‘ ‘as discussed in Chapter 4. For most cases, this was 1in

~the range 15 to Bé'ohms.

Following the ac voltammetric measurements,
" “

’

chronocoulometric 0-t responses were obtéined by stepping

‘the applled potential to a value where the flrst porphyrln

"oxidation- ‘was dlffu51on controlled (ca. 250 mv anodlc of

‘the ac. voltammetrlc peak potential). The elecggode was

z

then removed from the porphyrln solution and r1nsed with

P

fresh dlchloroethane. ‘After drylng, chrondcoulometr1e

curves were, recorded for the oxida ion*of K4Fe(CN)6 in 1M
~aqueous. KCl. The porphyrln dlffusﬁon coefficients were
l

determlned by compar1ng the slope’of the' porphyrln

chronocoulometrlc Q Vs’ t1/2 plots, normallzed to

ghffu51on coeff1c1ent for ferrocyAﬁ” '.

v

cmz/s.

Coe

[

© The: entlre procedure was - repeated/z} least ohevmore

time. for each egrphyrln to ensure'that he results w re

.U ~

4 o

i
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reproducible. The diffusion coefficients, for all but one

3
by .

I‘ . »

5 : case, were reproducible within 10%. For

| .

; (CH3C02)Fe(III)TPP,vthe agreement betWeen successive“

X . determ1nat10ns of. the diffusion ‘coefficient was only

' v 40%,
i //p |

as D1/2 deviations of this magnitude do not seriously

!

As the d1ffusxon;coeff1c1ents enter the calculat1ons

affect the value of kg determ1ned. The standard

dev1at1 ns assocxated w1thrk values calculated via

Q

equation 4-11 at each individual frequency are reported in

<Iab1e 5. . e
Also included in Table 5 are the ac voltammetrlc P ak

3 ‘ ' potentials, reported to the nearest 5 mv, for the var1ous
\
p/p** couples investigated. These are uncorrected for the
\

-

| -

presence of the liquid junction potential ‘between the -

L . : . y
: reference and working electrodes. \\

5.2 TDiscussion

S . .
The data presented here is part of a planned study of

'factors affectlng the rate of catlon rad1ca1 formation Eor

| i ‘ o TPP pomplexes of a number of the firgt row tran51t1on

ﬁi ‘, .. "metals and alkaling earths., It is ped that eventually a__
- deeper understandlng of the mechanlsm underlylng the |

f_'é | “electron transfer react1ons of the porphyr1ns will be ‘3 ‘

’attained. .Cation radlcals of metalloporphyrxns are -

believed to be impOrgant xntermedlates in gregn plant =




. containing enzymes such as the catalases and

SR o ' 178
’

\

photosynthesis, and in the action of a number of heme-

s

| peroxldases. Aside from the biological significance of |
AUredox react10ns involving p6rphyr1n cat1on radxcal

formatlon, such studles shouﬁﬂEbe important from a more

fundamental ‘viewpoint. Because of the hloleg1ca1
‘significance of the metalloporphyrins, an extenslve and
rapidly growing,'body(of‘literature reporting X—ra
structure deter@}natlons of these compounds ex1sts. For.l
many cases, structures of both forms of a redox pair are
avallable. 1t may be p0351b1e to arrive at correlat1ons
between charge transfer rate constants and structural

changes which. occur during the”electron transfer .

»process. Such correlat1ons based on porphyr1n data could

e

~ /"
well be extrapolated to. other systems. |

- o '

- Although the data are as yet\too 11m1ted to'allow a . /.

'great deal to be said, some comments can be made.' First,

b !

all of the rate - constants reported here lie in a 11m1ted

r

range, S1nce a11 of the redox processes are assoc1ated

~with catxon rad1ca1 formatlon, this is to be expected. A

Fate constant far. out51de thls range.might well 1nd1cate
,that the charge transfer process involves the central

metal atom rather than . the porphyrin llgand, or that the e_:

*charge transfer mechanism is compllcated by some. other

-factor such as spec1f1c adsorption, perhaps through an



e . ‘:‘ N
_axially bound counterion, to the electrode surface.
.
Charge transfer reactions involving the central atom are:

most often considerably slower tﬁan those reported here.-a'

For ‘instance, in a study [10] of the heterogeneous charge "1’/
, transfer kinetics of the -redox couple “-«vﬂ» t'» i ﬁ?
XFe(III)TTP/XFe(II)TTP (TTP = tetra(p-tolyl)porphin
dianion) 1n CH2C12 (0. 1 M TBAP), where x was one of - .
twenty- nine aX1a11y bound couhterions, an average k of | V.
1.5 cm/s was found, the highest value repdrted being 4.8
cm/s, a’ full order of magnitude less gQan the values‘,:"
reported here for cation-radica& format1on of Fe(III)TPP
"complexes.« Similarly, Kadish et al. [130] ‘have reported a
Q7 value of 1 x 10'3 cm/s for the redox.couple _ |
Mn(III)TClPP+/Mn(II)TCIPP (TC1PP = tetra(p~.
\chldrophenyl)porphin dianion) in DMSO (0.1 M. TBAP), and\

‘value of. 6 6 x 10‘3 cm/s was estimated in this work for7

/ 1

'the analogdus Mn(III)TPP*/Mn(II)TPP couple by conventionalqi'ra
cyclic volwammetry in the same solvent. (In both cases, |
'the porphyrin countfrion was chloride.h This does not
remain cOordinated to the metal atom in DMSO, however, as 1\{;?
_;noted in the 1ntroduction.)..iﬁva'TE?;fT L |
. Heterogeneous charge transfer rate constants.have :

'fbeen reported [11] for cation radical formation of a.

“dln_m\emaof octaethylporphyrin (OEP)ecomplexes at a Pt

'“"5fe1ectrddeyin butyronitrile dU‘l M TBAP).» These appear, in.“
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- general.‘to be faster than those for ‘the TPP complexes
- reported he{e, and range from ca 0 1 cm/s fo: complexes of
: simple +2 metal ions, such as Mg(II)OEP, to ca 0.4 cm/s
. where the.metal is in a more highly oxidized state. as- in 3f'
the vanadyl complex OV(IV)OEP. Under the Marcus theory of

;f electron transfer reactions [131], the reaction rate

RN N

lc ' o depends on'the energy of solvation changes accompanying fﬁ
'the electron transfer,_as well as. on the extent of »
'1nterna1 bond reorganization of the complex which occurs -
| during the electron transfer step.‘ An increasb in either _

g of these factors is manifested as a decrease 1n the

;ég;¥? associated rate constant.v For porphyrin I-cation \-"
‘fradicals, where the charge assoc1ated with the electrdn

1“'ttransfer is highly delocalized through the aromatic ring..;

&

;fSOlvent interactions may be expected tn be minimal.. One

L

;'gcan then speculate that the difference tn the rates of

PCnfcation radical formation for TPP and OEP cemplexes is due-i

‘}f;to structural differences between the two porphyrin

E x-ray data indicates that, tn the tetraaryl jffﬁf’;kjiv*'?

f'7tf;porphyrins. conaiderable steric interaction occurs between
«ﬂff;df“iff‘fthe ortho positions of the aromatiCOsubstituents and/the .vjfg

'“ffg-pyrrole positions of porphyrin core. as noted in/the

‘"jhintroduction.f This results in a non-Planar conformation”fﬁ]ffﬁf;g

.»”5ilffo£ the porphyrin nucleus with the nitroqens of adjacent. f:fi;f°’¥




planar pyrrolea poaitionad altarnately?gbove and below the:u.5 ;u

mean pprphytin planc. The x—tay;attuctures of Zn(II)

Thin 1n turn provides for mote*”

porphyrin v—system.,
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'55; conjugat1on between the anthracene nucleus and its phenyl

lhlqbstituent__'

A

The data'of Table 5 sugqest that.‘while the mstal can Q;fffﬁﬂ

?1n£1uence thg magnitude of the rate ccnstant asaociated

iwith ﬁXidation of the potphyrin ligand, the nature ot the fi  ifi f

>°“J\ f§x£a1ly“bound specieslififelﬁtively unimporxant. Tha data

7::13 a; yet too limited to ‘allow. extrapolationf; ﬁtﬁt§f f};fJ*7V”°'N

3fiobserv3tion. however. _ ;5}:¢ Lg”yff7gfffr?;?i?i*fQEV_?{Zf5 ?fiiflf

‘ffIt had been originally anticipated that some

ﬁ,fcorrelation might exisc betwen the rate'constants obsetved it

vrff§ hn6 the positton ot the metal wi in the potthrin J;fi f?&\?,,ﬁ;“

’f:cavity.L Fe(III) is knoun to lie the farthest out o_.:'lv

4
No such corralation is

'*liea in the porphyrin plane.~
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“755_ RBACTIVITY oF ZINC (11) TBTRAPHENYLPORPHYRIN CATIONS e

TOWARD ANIONDC NUCLEOPHILES ;?jj,.ffi;;;"“"

e LT

'ﬁff}f_‘ 6 1 Introduction

S 1 noted ln Chapter 1,.the fifth céordinatlon s)te in

4(111) and Mn(III) porphytinslmay be occupied by anyiof a

“:d,;number of possible anione.: In studies of the anodic

.:??d;Chenistry of theee species. it 1s therefone neeessary‘to ,gf;"' 

‘\

'} onsider»the possibility that these counterions may be

ffoxidlzed directly at the electrode euxtece}lor that they

\vfimay¢teact with products of the POfPthiﬂ oxidation‘”

Until Very recently, it was generally believed thatﬁkbﬂqgjf%
SR e ' |
-a»uporphyrin i—cation radicele*were unreactive towards

'::?EfnucleoPhilic additigd.f This_was based Qn observations., ffﬁ

Jhat Zn(II)vand Mg(II) compl;xes of tetraphenylporphyrinfiﬁ?¢557f1




X On the othot hand. Zn(II)‘!‘PP2+ dications hava bocn
j;;if‘P°¢t06%137 1351 to react rapidly with nUCIOophileI huch
i?tifas ncthnnol or watef to givo the corrospbnding cationic'f.;”'
T vt f51soporphyr1n tpeciea. “One possiblc rcaonancc utructuro of/f
fffi{?fiﬁziln(ll)xtetraphany{-methoxy-1soporphyrin cation tl=f_ ' .

;gﬁillustrateﬁ as the product of reaction 6-1._- ;kfjf’f;Lf';: ST

Sueh reqctiona with_mcthanol or vator appear'to }

o!idication £otmation.'and ha efboen teported foriT&(III) ‘
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~'dic:tion4 ;::\both of the redox couples, the\
~]corresponding ratio of the anodic to cathodic peak .
}v:.currents,'p a/ip c' is equal to unity, within ‘
'vexperimental error, in%icating tifat both the cation :-igif
vuradical and dication are formed reversibly. In the | f°r ,
l:t'presence of “20' reversible formation of ‘the caéion, Ef:";;f
( .'} radical 1s still observed, provrding the potential is kepti |
vat values cathodxc of those where the dication i@
7t_formed.. When the potential is 1ncreased to values past AR
'*lthe peak current for dication formation, the cathodic: eakl'Ft‘ ‘
v,fcurrents, IV and II, observed during the reverse sweep arehﬁi )//

"]reduced relative to their values in the absence of water,“',

'clearly indicating reactiOn between the dication and

*7ﬂﬁwater.1; f.a%gition, a new cathodic peak, V. is evident,.g

.-;and represents the reduction of a new species ﬁormed by

'-' "‘vo

V"'”jthe water-dication reaction.. By analog'; "‘known ,“,s?fj 3

freactions such as 6-1, this Spec1es is assumed to be the

-ﬂhydroxyisoporphyrin cation.

T

1;Evans and co-workers (138] have reported that the.;«ffﬁf

v-""'-'“"'ti"" °f metalloporpl\yrins with Tl(CF3C02)3 leads to
"C7ihhthe formationﬂof trifluorocetoxyisoporphyrin cations.l The;;f?;;@

:t?fffinitial step was aecribed to metalloporphyrin :-cation¢fff#:ii;£;
t.he :

jrad_cal formation by Tl(III) oxidation.A After that,



187, .

a

:ﬁ.u.».ﬁuomonﬁ .Ho.w mhuksza :o.ﬂ.oqo& cu«uomw:m

o v. ..”




“ ' Lo . . n

pathway A, mvolves react1on betweeﬂr the d1cation and

R . [}
- tr1f1uoroacetate ion, and is in Qccordance with earllqr

PO

observatlons of the stab111ty of catlon rad1cals 1n the

SN

RN ‘folloWed by subsequent ox1dat1on to the 1soporphyr1n
S R TR - - g
2 catlon...;, e

0

react1on between tr;fluoroacetrte and'a w-cat1 n radlcal,

: recent reports that 1solated meta110porphyr1n w-catlon
.i,

N

‘ presence of neutraL nucleophlles such as pyrxdlne
5 ;-thfnf [139‘140] or 1m1dazole [1411, or anlonlc spec1es such ‘as .
,fffhlfjjﬁw n1tr1£ [142], thlocyanate, cyanlde, or chlbrlde [143]

%xw ‘ ,~y;-jf; ish et al. have recently exam1ned the stabllity

, Evans et ‘al. favoured pathway B on the ba51s of more

;ad1cals d1d 1ndeed lead to 1soporphyr1n format1on 1n Qhe o

' presence of nucleophlles._ The second, pathwatgﬂy 1nvokesn"‘

Zn(II)TPP cat1on rad1cals [70] and dicatxons [139% in the_ei“d

b}

) ) presence of nucleophlles such as pyr1d1ne by voltammetr1cnqn

ugf__t,f:” methogs, and were able to flnd ev1dence)for 1soposghyr1n»,;i”'?“

ztgﬁformat1on only after the dlcatlon had been produced, 1n f‘;fﬁjef

?aetermlne the stability of‘Zn(II)TPP cat1on radxcal”gffgfifﬁ

‘:*ffhe;presence of the anionic nucleophxles é%“"w'




¢ ) - ' : ) ”,;".‘ : B ’ ' ) °

;fed voltammetfy of ICF3002)Mn(IfI)TPP and ]

(CH3002)Mn(III)TPP. The relevance to the manganese bt (v‘,k“;;'*@,
R porphyrlns w111 become obv1ous 1n Chapter 7. In add;t1on, _ '
e ' 3
= _such studles are blologlcally relevant, as 1soporphyr1ns

o T
.

e [

_are be11eved to be 1ntermed1ates In the fonmat1on of the

b11e p1gments from 1ron porphyrlns. Zn(II)TPP was chosen
necause the 90551b111ty of an- electron transfer 1nvo;v1ng :

the metal ls hlghly un11ke1y, and because the 11terature
contalns ‘a great deal of spectroscoplc data fOr thls ..-

complex and 1ts ox1d1zed forms..’~ '7’ ","f,j _'*; Qfl**'v5{;;§'

a

| 62 ]ﬁesuits and*DiscuSSiona SERRTERIO T, AR SR AP
el e ~ T L J..afaﬂ;' '," S

Fagure 43a 111ustrates the cyclic voltaMmetr“ i':;__;"

B observed at anodlc potentrals at a Pt electrode 1n a 1@1

solutlon of Zn(II)TPP 1n C2H4Cl:' (0 2 M TBAP)._ e Sy

)4

v1ously been character1zed

’b*ﬁ'-f7f _ voltammetr1c anes have

[37 139] as represent1ng the rever31b1e redox couples

z“(II)TPP/Z“‘I})TPP+r Peaks I and II, and f'”ﬁi‘”y
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nL injections of a 0.2 M solution in nitromethane.) A new
cathodic- peak, VI, coupled.to the oxidation fepresented by
peak V, is also observed. As the concentration of-TMATFA'
is 1ncreased, peaks v and‘VI grow in intensity while peaks ¢
1 and II disappear. These changes are complete ‘when the

ratio of the concentratxon of trifluoroacetate to that of

the zinc porphyrln complex is unity. This suggests that

the voltammetric cha?ges are due to- the formation of a 1l:l

v
\

complex‘between trifluoroacetate jon and Zn(1I)TPP. " Five-
-

coordinate complexes LZn(II)TPP, where L is a nitrogenous

[

base such as pyridine [70],vor a halide ion [136]), have

pre@xously been reported.' Peaks V and VI are thusq \\\

a

ascribed to the one-electron oxldatlon and correspondlng

/\-—\_w
'reduction of the anionic complex [(CF3C02)Zn(II)TPP}« “as.
~ in reaction 6-2.
[(TFA)Zn(II)TPP]™ - le” —— ((TFA)2zn(11)TPP* 10 (6-2)

VI
. (TFA = CF3CO3")

-1t is interesting to note that the cycl1c S

voltammetric peak separation associated with, formation and

reduction of the cation rad1cal in the absence of cf.\
Vtrifluoroacetate ion (AE, = 70 mV at v = ;00 mV/s) is’
‘ B
/ . _®
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considerably less than that observed when an-ékcess‘ogw
trifluoroacetate is present (AE[ = 105 mV at v = 1QQ’~
mvV/s). lhis 1nd1ca£es that the apparent rate constant,," s
Kgr assoc}ated w1t cation radical formation is slower for
. the 5-coord1nate trifluoroacetate complex than for the
corresponding 4-coord1nate spec1es, Zn(II)TPP. Similar

' observations have been reported by Kadish et al. {70] for
‘S-coordinate complexes between .Zn(I1)TPP and various
nitrogenows bases. It is not clear whether or not ‘this is
due to structural changes of the porphyrln 1mposed by |
axial ligation. Adsorption of the additional ligand onto
~the electrode surface might also explain these results.

/The ratio of the peak current for formation of the
catlog radical to that for the correspondlng reduction 1s
equal to unity even at sweep rates as low as 10 mV/s_and
when a 1arge excess ofltrifluoroacetate ion is present.

The cation radical is thus stable with réspect to reaction't
with trifluoroacetate, at least under the conditions used
here and on the time scale of ‘the - cyclic voltammetric
experiment. —— |

Figure 44 1llustrates the cyclic voltammetric
»behaviour‘observed in the preSencevof excess
vitrifluoroacetate when the potential is swept to more
‘ anodic values before rever51ng the direction of. the

sweep., When the potential sweep direction is;teversed
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after formation of the dication, peak III. 1n Figure 44a,
the cathodiS peak currents corresponding to reduction of.
‘cation radical and dication species, are reduced relative
l to the values expected if the dication forned was
stable. This suggests that a reaction between the
porphyrin dlcation and trifluonbacetate ion has occurred .
‘o give a product which is not electroactive at potentials
between 0 and +1 by volts vs SCE.: '
Notee: that the cathodic peak, v in Figure 44a, occurs
rat a potential more ‘positive than that observed for -
'reduction of the cation radical of the 5-coordinate
spec1es [(CF3C02)Zn(II)TPP] ~ The peak potential. in:
_fact, corzesponds to that observed for Qhe reduction of
‘ Zn(II)TPP+' in the absence oﬁ trifluoroacetate.',The"

reductioa of the 4-coordinate cation radical is observed

*xeven when -a 3vfold excess of TMATFA i;\present, and

‘%f;indicates that the dication reacts preferentil' y with :fdivf
*ﬁcoordinated trifluoroacetate._ It is also apparent
, 'l;the coordination of trifluoroacetate to the porphyrin is ‘
'li_h¢kineticaliycsheggish,.as rapid kinetics associated with -
‘f”nthis step would prohibit the observation of any 4- '

' ﬁisficoordinate species at the relatively slow potential scan

;%%;fﬁiniiiirates used here.g As the ratio of trifluoroacetate to i§l¢13%f¢~'

wﬂlfporphyrin concentration is increased. peak V disappears,‘,f7“~7‘”

ﬁir.;;fand in the presence oﬁﬁa G-fold excess of ﬂn




. T
i

e porphyrin concentration is increased. peak V disappeafg;c_i-

- and in the presence of a 6- ﬁoldxexcessrog,

- cation species, respectively.bT? f;vi;afﬁy7d'-‘;¥”;f-

~5i that this wave is in fact a composite of two processes.p,QVQ
JdThese are suggested to be the oxidation of the S— and'4-.fj;
'.;};coordinate radical cations, where the 4-coordinate speciesﬂ3
aiis formed as the result of a homogeneous reaction S
sfffollowing the formation of the 5-coordinate dication.-as i?ifs3f

‘”3f°in reaction 6-3-

5
g
[

L 3%

iitrifluoroacetate, only peak II is obsevvable at potentials
_where cation radical reduction is expected on the reverse

*sweep, at least at scan rates below 500 mV/s.» This ffj}ff

observation is consistent with the ass1gnment of peaks o4 ,jfl”

.o

’5and aY to reduction of the 5- and 4-coordinate radical

,; At lower sweep rates, and when the potential scaleJis‘

-:Eexpanded. an inflection in the rising portion of the wave~‘vd -7“w

&-

- fleading to peak III 1n Figure 44a 1s observed. indicating\l;f_”

)

'I'“.A ) A k ’.'v- B B B
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; In order to vernfy that the meac ion qetween the'

dication and trifluoroacetate mesults
formation, the spectral changes associ’ted with the

oxidative processes were monitored in t‘e thin layer
spectroelectrochemical cell described in Chapter 2. All

known isoporphyrins display a strong absorption at ca 875 f§~~f;

' ;Enfthe near IR portion of the electronic absorption

EJ{Jﬁgbeetru‘ [3J. This ig,supposed to arise &rom 1nterruptionffﬂ”

B of the conJugation of the porphyrin u-system concurrent |

?:5_ with iSOporphyrin formatioQ R
'1: Specttum 1 in Figure 45 18 that observed for p;?jsin
______ [(CF3C02)2n(II)TPP] besare the application of any 1g,_,
;: potential to the working electrode., As the potential is U
i gradually increased to +0 85 volts ss SCE,:spectrum 2 '

:sosbestic points are obsegved }ﬁf335751

ﬂappears, and wellcdefined

at 540 a"d 558 nm d“ri“g the Prscediﬂg scans (not showfi;:fffif

‘fThis spectrum is in excellent agreement WitthSf"'
those reported by others [37 135] as corresponding t° :ffei‘?7

”V#the Figure).

zn II)TRP‘cation radicals.; The appearance of the

“iosbestic;points indicates that no reaction of the cationfir

ate ion occurk.i As thef;-,_
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: A m: zn(Ii)’L‘PP in CzﬂaClz( 2 M TBAP) containing
TMATFA (sat'd)s (1) berore thevapplication of any |
Voo ";t"-.-__.;ji'*"'wf-&Pplied potential: (2).'; Eyop = +85. SR
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. »
Evans et al.‘IIQé] for the trifluoroacetoxyisoporphyrin
formed by reaction of Zn(II)TPP with. Tl(CF3C02)3. L S
B When the potentiaL/is extended to more cathodic :
‘values on the reverse sweep of the cyclic voltammogram in

g Pigure 44a, a new. reduction peak VI, is observed at ca

-0 2 volts vs. SCE. As this appea 8 only after the

dication has«been formed, this 1 y_be ascribed to

reduction of the isoporphyrin.” The»position ofvthis:peak?

:iefhig ' dependent on the potential scan rate,,shifting
( more cat‘odiCally with increasing sweep rates.. This is
_ t w1th the presence of a homogeneous chemical
nviuj reaction following the electron transfer step [145] uOn;
- repetitive cycling of\the electrode potential between -0 5 @':"\i
L and +l 25 volts, no anodic peak coupled to the reduction

peak VI 1s observed at scan rates up ‘to 1 5 V/s. :

‘djgyj'_ The results of the repetitive cycling experiment

indicate that the reduction process at —0 2 v vs SCE
xresults in recovery of the etarting material S

;r(c23coz)zn(11)rpp] When the potential is scanned T,;L“T"

f'repetitively“between»-o 4 and +l 2 V. a steady state value

‘I:;for the current at peak I of Figure 44a is attained after y"”’"”'

affew cycles.ﬂ This is ca 30\ greater, at v = 600 mV/s,

_than that observed_when the potgntial on the cathodic

stopped at%+0;

.2‘V and held at thiai;alue for the

ci pe”i°a‘of_time which would have been required?t° 8”339
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through to -0.4 \' and back aga;n, before continuxng.with
-.the3next anodic sweep. This clearly indicates recovery of -
the starting material at the more negative potentials.
When the potential sweep 1s extended to more anodic
‘,“values, as in Figure 44b, a new apparently l-electron
.anodic peak, VII, and a corresponding reduction peak,
FVIII, are observed. The relative magnitude of peak Vil as
ccompared to peaks I and III decreases as the sweep rate.

L

v, increases. This 1nd1cates ‘that peak VII represents the

L]

'}oxidation of the product of a preceding chemical reaction,i
and may thus be ascribed to l—electron ox1datiOn ofﬂfhe
'viisoporphyrin.- There appear to be no previous reports of "
‘isoporphyrin oxidation in the literature.-'“ B

: That the reaction leading to xsoporphyrin formation
_results from the presence of the dication, and not the -
'1u-cation radical, 1s more clearly evxdenced in the cyclic‘:j_
'.]voltammetry obtained at the Pt thin layer electrode, as'“
1llustrated jn Figure 46 Here, the potential was held

'fa*constant fq a: few_seconds at the end of the'ap dic sweep"

for complete reaction of the ﬁ!caticmﬂu1th e

| e
lbefore reversing the sweep direg§} n,;:'

fto allow ti,

ﬁ?ifluoroacetate;

fNote that no substantial reduction«is evident qn the_ﬁg o

':freverse sweep until the appearance of pegkfIV at ca _0 1 v

;ygyé¢g*,,rg, on the other“hand,zthe_potentialfis‘reversed

s;;before reaching values resulting in the ﬁormationiof;the
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- f a _
: dication. then the. charge passed in peak I on the’forwardrv
sweep is completely recovered in peak II on the reverse
frsweep. 1. | | 7 |
| It is somewhat perplexing to note that the reductionf
at —0 1 V, peak Iv 1n Figure 46, ccrreSponds to a 1-"_
- electron process. The ‘ratio of the areas of peak Ito
' peak IV is unity, as est1mated by approximating “the peaks‘
-vas triangles, at. all sweep ‘rates between 10 and<100 |
:mV/s.L At 10 mV/s, the width of peak IV at half-height is ng
;7110 mV.: That this redd%tion results in recovery of the -
‘ivistarting material,'as was suggested by the conventional
s ~cyc11c voltammetric results, 1s substantiated by
repetitive cycling at the thin layer electrode, as |
gillustrated in Figure 47., These are the steady state B
"j..ﬁ yclic voltammograms obtained on repetitive cyciing A
'.};between -0 5 and +1 05 V (Figure 47a) and between +0 2 and
1f+1 05‘V (Figure 47b).'WThe substant1a1 inerease 1n the

'ffafanodic peaks corresponding to formation of the cation ]Iei:"dﬁ§‘

Q?

'5‘;?Qradical and dication 1n R&gure 47a, J_Lcompared t°frh°99 :¢7f~jc

ot

V’ff;in Figure 47b provides clear evidence that the reduction_f;e

N’ﬂf;processg‘t -0 1 V results in ;ecovery of'the‘starting
"'*ﬁfimaterial. Ct e G

;ths the isoporphyrin'is formed;oniy after abscractiqnjjqj;




.Current

eady state thin layer cyclzc voltammogramsf{,;_':"‘;’f:_
3 corxtaifning TMATFA (sat _d)__
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rin the recovery of the orlgxnal porphyr1n.‘:0ne poesiplg S

// -  i : Lroute could 1nvolve a l—electron reductlon of the ‘ |
i isoporphyrxn cat1on to the correspondxng rad1ca1. ﬁéﬁlowed

by ellmlnatlon of a trlfluoroacetoxyl rad1ca1, as in - .ﬂ< ivg"

",reactions 6-4 and 6-5._ (Ax1a11y coordlnated CF3C02 has o

.been om1tted for 51mp11c1ty )

K6-4 )

;:The resu1t1ng tr1f1uoroacetoxy1 rad1ca1 would then be
"foexpected to rapldly decompose, perhaps 1n accordance w1th
”71";7'-; fthe well known Kolbe reactlon [26],_6—6. ,v_fgf7y3)¢-¥a, B »\. 

et v'a.jf;%'f,efflu"» f;if;;;yiﬁ,‘«% e P T

m‘vffIt,is hoped that planned studles of the reduction of




trifluoroébetate ion is presented in Figure 48. It should

"Ié§ be noted that all of the 4-coordinate species in the

flgure can enter into additional coordination equ111br1a
with trifluorocacetate, and some of these equilibria have
been omitted in the scheme. Similarly, reaction to the

1soporphyr1n from the 4-coordinate dication is feasible.

'The trifluoroacetate 1ncorporated into the isoporphyrin is

shown‘aé arising from the 5-coordinate cation radical.
Although the voltammetric evidence suggests this is a
major route, reaction between dicatidnic“porphyriﬁs and
either solutlon‘free or other coordinated forms .of
tr1f1uoroacetate is also 11kely to contribute.

When solutlons of (CH3CH2)4N CH3C02 in .
dichloroethane were added ko Zn(I1)TPP solutions in
C2ﬂ4C12 (0.2‘M TBAP), the qualitatiVe voltammetric.
behaviour observed was identical to that for addition of
TMATFA/niﬁromethane solutions} Hence, the same general
scheme of Figure 48 applies to(écetate as well as
trifluoroacetate.“Figure 49 ;llustrates'the conventional
cyclic voltammetry observed for Zn(IIl‘E;?in the presence
of écétate.ibn; (Note that the éffectcof coordinatioff of
acetate\oL‘the.ponphyrin voltammetric potentials is
greater ‘than that of tr1f1uoroacetate. _Hence, the various
voltammetrlc waves, of Figure 49 arising from the ox1dat10n

S

of 5 and 4-coord1nate species are better resolved than in

204
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Figure 48. Scheme illustrating reactions of Zn(II)TPP
and 1ts oxidized forms in the presence of trifluorocacetate
jon. The potentials listed were' estimated as the mean
of the forward and reverse peak potentials for reversible

couples and as the potential atl 3/4 of the peak height
( v»=100 mV/s) for jrreversible processes. :



Current

Volts \AS SCE

Figure 49. Cyclic vo

CZH4012(.2 M TBAP) conta
v= 100 mV/s.

.5 1.0

<.

\

\

i

l1tammetry of 1 mM Zn(II)TPP in

ining 4 mM (‘Etun‘)"CHBcoz‘;
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previously presented voltammograms obtained in the
presence of trifluoroacetate. The assignment of'the
various voltammetric peaks of Figure+49 is illustrated in

Figure'SO.
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'CHAPTER 7 .

ANODIC VOLTAMMETRY OF MANGANESE[III]}
| TETRAPH ENYLPORPHYRIN COMPLEXES
| L As the voltammetric’behaviour observed for R
iﬁn(III)TPP* complexes at positive potentials with respect
to SCE is highly dependent on tﬁe identity of the"
,Jtcoordinated counterion, the various complexes studied will

oy
be . discussed according to the type of VOltammetric

{behavxour observed. Kelly et al.,have shown [35] through__ o

"conductiv1ty measurements that (C104)Mn(III)Tpp does“not ruf'--

o #
1ion1ze in C2H4C12, and 1t w111 therefore be assumed

' "fthroughout the follow1ng discussion fﬂat each of thef?V'”f

e fcounterions 1nvolved remains coordinated to the manganese

| Qfatom in CZH4CI2 and CHZCIZ, except where otherwise noted.fﬁ?;mrm

. \-fti.q ' ;’..' . v. 5 .‘ f. ,. ‘v : )“- ._4,“: ‘»‘v _ ‘
SRR 9“’ TR R

L ?-7:.-:-1.'-"3~¥V?<Si'£'$mmewt??y‘-_776?._’?'#!4&.'(;’_1Iiﬁ)_fél?; X _c__xq;'.*;-’gf_‘;‘:%b-, e

Figure 51 illustrates the cyclic voltammetric

h'response observed for (C104)Mn(III)TPP in C82C12 (0 15 M-'éff7;

'ﬂ7f5TBAp). Two reversible cyélic VOltammetric waves are

| ”:fgiobserved at 81/2 = 1 19 an651156 v vs sce. No other sﬁffffrﬁf?
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Volts vs SCE

SRy ure 51.. ¢ ycllc voltammetry of 11 mM (ClOu)Mh(III)TPP’:.}
| / in cx 012(0 15 " TBAP); scan- rate > = 1oo mV/s. el R




'T“Tﬂnsiit is notpStable over the 3 to 10 minute time periOG

Al

'Hvoltammetrlc peaks are observed at potentials of up to- 2 0

V: .The peak separations observed for. the two pairs of

fpvoltammetric peaks were. in the range of 70 to 90 mv at

-,'scan rates below 300 mv/s, indicating that both processes

1nvol€e l-electron charge transfers.‘”

Figure 52 illustrates the spectral changes observed

‘din the thin layer spectroelectrochemical cell as the
rpotential 8f the working electrode was sequentlally
jstepped through the first anodic wave._ Note the presence
':of several isosbestic\points, 1ndicating that only a
'if51ngle, stable product results from the . oxidation. The
decrease ig 1ntensity and broadening of the absorbance in
“the Soret region of the spectrum is con513tent w1th the
';i.formation of a cation radical. ‘The structure of - the
-lfabsorbance in the 500 to 700 nn reglon after complete
',’}electroly51s at l 35 V is’ very reminiscent of that
vffobserved on l-electren ox1dation of Zn(II)TPP. The first e
"?groxldation of (Clo4)Mn(III)TPP may thus be ascribed to |

Jioxidatlon of the porphyrin ligand._

Attempts to observe reproducible spectral changes at

K}

“*7ffindicating that while the second oxidation product is

211
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H“ﬁﬁf;potentiais cbrresponding to the second oxidation have been ;f'v

"'fsunsuccessful.ﬁszosbestic points were not observed.ufb}_?ffﬁff-

'?1T_;appareptly stable on the cyclic voltammetric time scale,;‘i°
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Absorbance Jau.

200 500 600 '--"':.'2*70i<f.>ff R
Wavelength l nm e
2 lSpec;tral changeé observed on. 1 electron

,i._f_},‘oxidation of ca 0.2mM (C10, )Mn(III)TPP in cnzcl2 fead
;‘;,:',_.(o 2 M TBAP); final potent:l.al is 1 35 V vs SCE. f?“'-::'j:‘
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(;deﬁand :—dication.,..'auﬁfﬂ'-n

" requ1red here for spectral observat1on.’ Ifiwater is
b

intentionally added to the electrolyte 601ution. then the

213

spectral changes indicated in Figure 53 are observed.v he}«-

[

two band structure in the near IR region of the spectrum
,1ndicates the formation of an 1soporphyrin. The cyc11c t
.,voltammetry observed on addition of water, or methanol,
ZP1gure 54, 1s 31milar to that presented in Chapagr 5 for
__TPPH2 in the presence of H20.- The second wave becomes
1rrever51ble, and a new cathod1c peak at less p051t1ve

potent1als 1s observed on the reverse sweep. These

?,observatxons suggest that the second l-electron oxidat1on '

hof (C104)Mn(III)TPP results in the formation of a
,porphyr1n dlcation, whlch may~react further wlth water or
ethanol to yield the corresponding isoporphyrin.

The potentxal separatlon between the two oxidat1ons-

) 1s 0. 37 v\ This is con51stent with the value of 0 3 ¢ 0 19

"~;v noted in- Chapter 1 to be typlcal of sequent1al removal

'.fof two electrons from the porphyrin ligand. On the basls

7I.,o£ this observation, in con;unction with the spectral -

u"ndata, the two oxidations of (Clo‘)Mn(III)TPP are ascr1bed ;

v .

249353,55 illuatrates5the cyclic voltammetric

AEVresponse observed for (CH3O)Hn(III)TPP in Cﬂ2c12. Here,'

'*fﬂjas‘with the perchlorate comp}ex, two reversible l-electron h}:




‘Absorbance /a.u.

 J

500 606 700 eéo ~s00 1000
Wavelength / nm : '

~ Figure 53. Spectral changes observed on oxldatlon of
ca 0.9 mM (Clou)Mn(III)TPP in wet CH,Cl, contalhlng
(0, 2 M TBAP):. (1) no applled potentlal, (2) E app =
1. g_;,__vl Vs scE (3) E ~_— 1. 65 v vs SCE.- |
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vv& Cycllc voltammetry of 1. 1 mM (Clou)Mn(III)TPP .
012(0 15 M TBAP) contalmng ca 3 mM MeOH. scan

‘_2
.= 100 mV/s.’;j.
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Current

5 o 15
V_olt__sj ‘vs SCE
o -_125}11-‘_9_5_5 Cy01lc Voltammetry of 1 y mM (CH O)Mn(III)TPP

A".1n CH2012(° A5 M TBAP). scan rate = 100 mV/s._ |
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oxidations are indicated. The associatedﬁvoltammetric

half wave potentlals are at El/2 = 1.19 and 1. 56 V vs,

SCE.. No further anod1c waves are observed at . potentlals'

»

”ﬁp to 2.0 V The potent1a1 separatlon of 0.37-V b tween
'the two voltammetrlc processes is again in agreeéeitfalth
R the value expected for sequent1al oxidation of theﬁ_
porphyr1n llgand. In addltion, the 51m11ar1ty of the )
potent1als to those observed for the oxldatlon of- 1 |
\(C104)Mn(III)TPP suggests that the succe551ve charge
transfers lead to essentlally the same products for both
the perchlorate and methox1de‘complexes. Hence, the two
ox1dat10ns of (CH3O)Mn(III)TPP arE“ESSlgned to removal of
ielectrons from the porphyr1n llgand. | |

The small currents at potentlals below l Y observed .
_1n the cycl1c voltammetry of the methok1de complex are
llkely due to. the presence of 1mpUr1t1es.' As was noted in.
/. hapter 2, the purlty of the methox1de complex 1s suspect.

P

7.2 "voltammetry"oﬁpon(III)TPP;'X’ﬁ'c1‘,<cE3C02‘

i Figure 56 comprlses three cycl1c‘voltanmograms of
"-pCan(III)TPP 1n CHZClz (0 15 M TBAP) obtalned w1th ;’2'
dlfferent switching potentxals.~ In contraSt to the }' |
hfbehav1our observed for the methoxlde and perchlorate

”‘lcomplexes, three well deflned anodlc waves are ev1dent atc




&

g
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i

Current

-

% Jo 15 a0
| Volts vs SCE.

Figure 56. Cyclic voltammetry of 1.5 mM ClMn(III)TPP

aln CHZClz(O.ls M TBAP); scan rate = 300 mv/s.
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potentials between 0 and 2.0 V vs SCE. It is clear that
the very different voltammetry observed arises from the
presence of the C1° counterion. "The qUalitatiqe features
of the voltammetry of the chlorlde complex in CH2C12 or
CoH4Cl, are unchanged when nitromethane or nitrobenzene
are~used as the solvent, indicating no direct solvent .
participation in the reections underlying the,volpammerric
response. |

The first oxidation process of the chloride complex
" occurs at Eyyp = 1.14 V vs SCE in methylene chloride or
dicnloroethane containing TBAP . as supporting'electrolYte,

L]

but lies at ca 30 mV iess positive in nitromethane or
nitrobenzene TBAP solutions. This is likely due to the
different liquid junction potentials associated with the
use of different solvents.~ ‘

Provided that the potentlal of the worklng electrode
is kept at values lesshpositive than that corresponding to
the secobnd oxidationgef C1Mn(III)TPP, then-the ratio of f
the cyclic Qoltammetric peak currents, ip}a/ip,c
associated with the first redox process is equal to unity
at sweep rates between 20 mV/s and 1.0 V/s, 1nd1cat1ng
reversibility of the first oxidation. The peak
separationeyobserved in thisvrange of sweep rates are
‘between 70 and 90 mV/s,” 1nd1cat1ng a l-electron transfer.

When the potential on the forward sweep is extended
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past the second anodic peak, as in Figure 56b then the
cathodic peaks coupled to the first two anodiclpeaks.are
reduced relative to theAvalues expected if the second
oxidation was reve;sible. In addition, a new cathodic

peak at ca 0.4 V’vs S€E is observed on the reverse

sweep. The position of this peak is highly dependent on
the sweep rete, shifting cathodically as the sweep rate i;\
increased., On repetitive-¢cycling, no anodic peak
corresponding to the cathodic peak at 0.4 V is obsebved at
sweep races up to 1.0 V/st

The repetitive cycling experiment also ineicates that
the new reduction process results in the'recovery of
starting material, or at least a product which oxidizes at
similar potentials co the starting materiall The steady
state peak current associated w1th the first oxidation is
30 to 40 percent greater when the repetltlve cycle
includes the cathodic peak at 0.4 V than when the sweep
| dlrectlon on the cathodxc 'scan is reversed before thls
reduct1on pe;k is. reached.

As the potential on the forward scan is increased to
st111 more anodic values, as 1n Flgure 56C, a new at least
partlally rever51ble redox process is observed ‘at 31/2 =
1.8 V vs SCE. The third anodic peak increases relative‘tc
the firet two anodic peaks as the: sweep rate decreases,
indicating that-it.results from the oxidati?n cf‘a product

3

“\



of a precedlng homogeneous chemical reactlon.

The qualltatlve features of the cyclic voltammetry of
Can(III)TPP are essent1a11y 1dent1ca1 to those discussed
in Chapter 6 for the oxidatlon of Zn(II)TPP in the
presence of the nucleophlllc anions CF3COp~ and CH3CO; .
This strongly suggests that 1soporphyr1n formatlon 1s

1nvo1ved. In this case the only nucleophile present is

‘axially ligated chloride ion. The scheme proposed to

explain the observed voltammetry is illustrated in Figure

57. The presence of the perchlorete anion in this‘schemeﬂ

arises from the supporting electrolyte.
| According‘to the scheme of Figure 57, the.second
anodic wave in the cyclic voltammetry of éTﬁn(III)TPP“must
inifact represent a composite of two processes:- the
direct‘oxidation of CanKIII)TPP*' and the oxidation of
(Cld4)Mn)1115TPP+' formed as a result of the.homogeneous
chemistry_indicated in the figure. No evidence that this,
is the case was observed in the voltammetric
; exper1ments. No inflection'in”either the rising or
‘falllng portlons of the second anod1c voltammetrlc peak
was observed at potent1a1 sweep rates as low as 20 mV/s._
However, the half-wave potent1al for the second ox1dat10n
process, est1mated as the potential at 3/4 of t peak
height at vAfAIOOFmV/s, is 1.51 V vs SCE.- ‘The :%E

se

dproximity of'tnis,potential’to the value 0f'1;§6 V vs SCE
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for the half wave potent1a1 assocxated with the second
0x1dation of ‘the perchlorate complex would make these two
‘.processes very d1ff1cu1t to resolve. It should also be

.'noted that the dication of the perchlorate complex could

o also undergo reaction thh ax1a11y coord1nated chlorlde o

ion to form. ‘an 1soporphyr1n, although th1s possxbxlity has'
‘been neglected 1n the scheme of Flgure 57. The presence o L
sof such a followlng chemxcal reaction would sh1ft thef |
‘wsecond oxxdatlon of the perchlorate complex to more
'_cathod1c potentials.' Th1s would make the resolutlon of
;"the second oxldatlon of the chlorlde and perchlorate o
'complexes even more d1ff1cu1t. In fact, when'
;4(C104)Mn(III)TPP was added to solutlons of Can(III)TPP,
| no 1nd1cat1on that the second anodlc peak was. a comp051te
. of two processes was observed." |

bome 1nd1cat1on that ‘the perchlorate complex is

. '.1ndeed formed as a result of the removal of two electrons

i’from Can(III)TPP 1s observed 1n the cycllc ac voltammetry

'of ‘the 1atter species, 1llustrated 1n Flgure 58. If the’

7

dc potentlal scan dlrection .on the anodi? sweep 1s

reversed before reaching potentlals where the second
' ‘ox1dat1on occurs, then the peak current on the reverse'
gsweep 1s equal to that of the forward sweep, as 1n F1gure

‘h58a, 1ndicating that no folloW1ng homogeneous reactlons Q

1tzare associated Wlth the flrst ox1dation.v When the anodic
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”ﬂFigure 58c.f';“'
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sweep is extended past the second oxidation process, the
:ac voltammetric}peak obtained on the reverse sweep at
potentials corresponding to the first anodic wave exhibits
a shoulder,vindicated by the arrow in Figure 58b.‘ The

shoulder occurs at more p051t1ve potentials than the

';reverse peak obtained 1f the dc potent1a1 sweep is

reversed before the second oxidation. As the. potential
for the first oxidation of the perchlorate complex lies at
‘more positive potentials than that for the chloride
complex, this is con81stent with the format1on of the
perchlorate complex as indicated in Figure 57 ‘

The reduced 1nten51ty of the ac volthmmetric peak_

i‘currents corrssponding to removal and recapture of the

3 second electron from the chloride complex,'as compared td.

'those asSociated w1th the first redox process, prOV1des a
Yclearer 111ustrat10n of ‘the 1rrever31ble nature of - the
econd oxidation of this complex than does the
.conventional cyclic voltammetry. The at’ 1east partially}
:reversible nature of the third oxidation process 1s also_

more clearly ev1dent in the cyclic ac voltammetry, as 1n'~

In order to verify that isoporphyrin formation-l"

gresults from the removal of two electrons from the

‘chloride complex, the near IR Spectral changes occurring'

son oxidation of this complex were investigated with thel-“

Y
-
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thin layer optical cell described in Chapter 2., At
A_potentlals correspohglng to the removal of one electron
from the complex, spectrum 2 of Figure 59 is obta1ned.
The broadenlng of the absorbances in’ the 500 to 700 nm |
reglon of the spectrum is consistent with the assignment
of the first l-electron ox1dat10n of Can(ILI)TPP to
"abstract1on of an electron from the porphyr1n ligand. At
' potentlals where two electrons are removed, spectrum 3 is
obta1ned.. ‘The structure in the spectrum between 800 and
1000 nm 1s clearly cons1stent w1th the format1on of an
1soporphyr1n.‘ It should be noted, however, that the
extent to which trace quant1t1es of water mlght contrlbute
to-LSOporphyr1n formation. during the longer time scales -
- assoclated w1th thls type of spectroelectrochemlcal
' experxment is d1ff1cu1t to’ assess. In support of the
'postulate that the . lsoporphyrln formed arises from the
presence'of ax1ally bOund chloride, andrnot trace» |

' impur1ty,'1t is noted tha the spectral changes

- d111ustrated in Figure 59 are h1ghly reproduc1ble.

The cycllc voltammetrlc behav1our observed for
’ Can(III)TPP is in sharp contrast to that 111ustrated in

hfFigure 60 for ClFe(III)TPP ' In the latter case, two

55:reversxble oxidatlons are observed. As noted in Chapter _

f-fl, the first one electron oxxdation of ClFe(III)TPP has

[

5 Ebeen ascribed to formation of a :-catlon radical. _The



- Absorbance /au. |

. Wavelength /nm

" Figure Spectral changes observed on oxidation

.of ca O 8 mM Can(III)TPP in C. HL;C]'Z( 2 M TBAP)
(1) no applled potentlal (2) E,

- app.
(3) Bgpp = 1 6V Vs 'SCE. :

= 1.25 V vs SCE;Y'
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Volts vs SCE™

Figure 60. Cyclic voltammetry of 1,5 mM C1Fe(III)TPP
in CH,C1,(C.1 M TBAP); scan rate = 400 mv/s. |



potential,separatlon of 0.3 V between the’first two

oxidatif g{ls complex is con51stent with removal of

the-seC§ | i
o [ *removal of two electrons from thls

‘rlz leads to the formatlon of the~

‘méﬁv Tf'g E'phyrln when methanol is present. This also

;at the initiallproduct‘of the eecond omidatlon
gation. |

ay appear somewhat Surpr1s1ng that - the

tetrag %ylporphyrin dication may react w1th chlorlde ion
Ahoundﬂ :5 Mn(III) porphyrin complex to form the

;1ng chlor01soporphyr1n, but not w1th chlorlde:“
'bound‘tthe(III). It ‘was ‘noted in Chapter l, however,

that X-ra “dlffractlon data indicate that the axial

“ﬂwctlon in Fe(II1) porphyrlns is stronger than

bond1ngT{
 that 1f< ’correspondlng Mn(III) complexes. The extra
energylassoc1ated with removal of an ax1a1 chlorlde from
the Fe(III) porphyr1n, as compared to that for the
analogous Mn(III) complex, mlght account for the apparent
stab111ty ‘of the ClFe(III)TPP "= d1catlon. S1m11ar1y, the
extra ster1c 1nteract1on between ax1a1 chlor1de and the
_porphyrln n1trogens in Can(III)TPP, as compared to '
ClFe(III)TPP,‘may contrxbute to ‘the lab111ty of the

chlorlde ion 1n the former complex. f,fy . -

Sterlc Lnteractions are probably also respon51b1e for

[
1]

{-n from the porphyrin ligand. Felton has

229
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the apparent stability of the methoxide ion toward
.electrophilic attack by porphyrin w®-dications in the
.complex (CH3O)Mn(III)TPP. The oxygen atom’invthe'

.63"~

'coord1nated~methox1de ion 1s sh1elded above and below from.

Ay

‘close approach of an electrophlle by the methyl and

. ( . . t. ) )
manganese porphyrln m01et1es of the complex. v ~/)////th

| Figure 61 1llustrates the cycl1c voltammetric.
behav1our observed for (CF3C02)Mn(III)TPP in CH,Cl, (0.2 M

TBAP). In this case, four anod;c peaks are observed in

‘.the range 0 to 2.0 V vs SCE, as in Figure 6la. The half

wave poténtlal of the first redox couple encountered on

the anodlc scan is. 1. 17 V vs SCE. 'Thls value is

_con51stent w1th those observed for the productlon of

Mn(III) porphyrln w-catlon radlcals of the prev1ously
dlscussed complexes. The half wave potentlal for the

fsecond ‘oxidation process, peak III in Flgure 61, is ca

‘.1 47 V\as estlmated as the potent1al'at 75% of the peak.
qurrent at v = 100 mV/s._ This is consxstent w1th an '
'a531gnment ofrpeak III to porphyr%n - dlcatLOn formatlon..'

The mean of the potentlals o? peaks v and VI of

‘Flgure 61a 18 1 58 Vs SCE. ThlS 1s in excellent L ':‘_ o
'agreement w1th the: value of 1. 56 v reported 1n sectlon 7.1
:for the half wave potent1a1 aSSOC1ated w1th formatlon of

Afthe w-dication of the per&&lorate complex. The presence o

’vof the perchlorate complex can. be assumed to ar1se through

K3
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| VFlgure 61. Cycllc voltammetry of 1.3 mM R
. (CF co )Mn(III)TPP 1n CHZClz(O 2 M TBAP); scan "
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of thé perchlorate complex can be assumed to arise through

_removal of axially coordinated trifluoroacetate ioh during
™ \ formation of a tfifluoroaceﬁbxyisoporphyrin complex in a

reaction scheme identical to that presented in Figure 57

for formation of the chlogoisoporphyrin.

. Thehassignment of peaks III and V to oxidation of the
trifluoroacetate and perchlorate cation radical complexes,
respectively, 1is substantiated by the cyclic voltammogram
obtainéd for (CF3C02)Mn(III)TPP when a small quantity of
‘trifluoroacetic acid is present in solution. Under these

\\\v///// conditions peak V disappears while peak. III érows
proportionately. In this case, the porphyrin ws-dication
may react with CF3CO,H, as invreaction 7-1, rather than
‘with axially coordinated trifluoroacetate, and formation

of a perchlorate complex in the overall reaction scheme

need not be invoked.
BN 4

-

(7-1)

0COCF,

Further indication that isoporphyrin formation is
- " involved"in the anodic voltammetry of (GF3C02)MA(111) TPP

is provided by'thé appearance of the two voltammetric

N
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agé of the cathodic peak IX. .Such peaks appear in the
voltammetry of ClMn(III)TPP, and of Zn(I1)TPP in the
presence of CF3CO,  or CH3CO,”, and appear to be very
characteristic of isoporphyrin formation. The Spéctral
changes observed in the thin layer spectroelectrochemical
cell upon successive 1 electron oxidations of
(CF3C02)Mn(III)TPP, spectra 2 ;nd 3, respectively, of
Figure 62, are clearly consistent with the formation of a
ﬂ-cation radical, followed by the appearance of an
iSOporphyrin at more anodic potentials. The voltammetric
behaviour of (CF3C0)Mn(II1)TPP may be explained by a
scheme identical to that presented in Figure 57 for the
chloride complex, where chloride is replacéd by
trifluoroacetate fand the potentials associated with the
vérious redox processes are modified according to the

discussion just presented.

7.3 Voltammetry of (CH3COZ)Mn(IIL)TPP

The cyclic voltammetry of (CH3CO,)Mn(III)TPP 1in

CHoCl) (0.15 M TBAP) is illustrated in Figure 63. The

" voltammetric behaviour observed here is very different

than that of the previously discussed Mn(II1) porphyrin
complexes. In particular, the first oxidation process at

ca 1.19 V vs SCE, as in Figure 63a, is irreversible. A
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Absorbance / a.u.

500 600 700 800 900 7000
Wavelength / nm '

Figure 62. 'Speétral changes observed on successive
1-electron oxidation of ca 0.8 mM (CFBCOZ)Mn(III)TPP

in CH2C12(0.2 M TBAP): (1) no applied potential;

_(2) Eapp = 1,2 V;‘(B) Eapp = 1,6 V-vs SCE.‘



Current

f . . . "@‘» - .
.5 10 5 20
Volts vs SCE

Figure 63. Cyclic voltammetry of 1.5 mM
(CH,CO,)Mn(IIT)TPP in CH,C1,(0.15 M TBAP: scan
~rate = 300 mV/s. ' |
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small anodic prewave is observed on the fdrward §weep, and
a new cathodic peak is observed on the reverse sweep et
potentials of ca 0.4 V vs SCE. - The prewave remained
unchanged when the Pt electrode was replaced with a glassy
carbon worklng electrode. This suggests that it is not
due to adsorption phenomena. The irrgversible cathodic
.

process at ca 0.4 V ts reminiscent of’the reduction of
iSopofphyrihs formed upon oxidation.ef the previousiy
discussed Mn(III) porphyr1n complexes. The'formation of
an isoporphyrin at the low potentlals applied here is not
‘consistent with thg prev1ously discussed cases, however.

When the potential on the forward sweep is extended
to more anodic values, as in Figure 63b, then,; second
apparently reversible redox couple at Ej /5 = 1.58 V vs SCE

is observable. This value is very similar to that

-/ . N .
observed for the formation and corresponding reduction of
. |
\
\

the r-dication of (Clo4)Mn(IiI)TPP. The peak currents |

associated with this gedox couple are greatly reduced

relative &8 the pedk current obser&ed for‘the-first
_oxidative brdcess. If the potential on the forward scan
-is extended to still'greater valhes, a third péir of

voltammetr1c peaks w1th an assoc1ated 31/2 value of ca 1.8
V vs SCE is ev1dent. ThlS is aga1n reminiscent of the
behaviour observed in previously discussed,cases Where

isoporphyrin formation was involved.



The cyclic voltammetric behaviour observed ip
nitrobenzene (0.1 M TBAP) is.essentially identical to that
observed in CH,Cl,. Close inspection of'theofirst anodlc
process, however, reveals two inflection points on the
rising portion of the first voltammetrlc wave, as may be
apparent .in F1gure 64a. On repeated cycling between 0.57
and +l. 73 V VS . SCE, so as to exclude the. cathodlc peak at
ca 0,45 V two apparently reversible redox processes are
. observed, as in Figure 64b. The assoc1ated half wave
potent1als of 1.14 and 1. 47 Vv’ vs SCE correspondg to those

determlned in a separate exper1ment for the f1rst two

&

‘ ox1dat10ns of (c104)Mn(III)TPP ‘in thrs solvent.

The cyclic voltammetr1c behav1our at low sweep rates
obtained at the Ptfthin layer electrode displays two well-
- defined anodic peaks at potentials correspondingpto'the
first composxte anodlc process observed in the
~convent10nal cyclic voltammetr1c experlment. This
lbehav1our is observed when elther dlchloroethane, ¢
d1chloromethane, or nltrobenzene 1s used as solvent, and
is illustrated for the former SolVEﬂt 1n'F1gure 65. The
cathod1c peak at ca 0. 6 V is assoc1ated w1th the anodlc
peak at 1.1 V. The flrst anod1c process 1s followed by an
.apparently completely revers1ble process w1th an 51/2
value of 1. 19 v vs SCE, estimated as the mean of the

' forward and reverse peak.potent1als.' This value is
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CFi ggre 6’4. Cycllc voltammetry of 2 md _ |
(CH3C0 )Mn(III)TPP in C6H NOZ(O 2 M TBAP); scan .
rate = 150 mV/s. . - : el
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identical to the half wave potential observeg by

conventional or ac cyclic voltammetry for the first

oxidation of (ClO4)Mn(III)%?P in this solvent. When the

thih layer volume was calibrated according to the charge
réquired to carfy out l-electron oxidation of either
(C104)Mn(III)TPP or TPPHy, then subsequent
chronocoulometry or potential scanning Coulomenqy
experiments indicated &hat the anodic procéSses
illustrated in Figure 65 result in the removal of 1.5

electrons per molecule of (CH3COz)Mn(III)TPP.

One possible mechanism which might account for both .

‘the conventional and thin layer cyclic voltammetric

240

results is jllustrated in Figure 66. The overall’ reaction

scheme associated with the first composite anodic process

is as in reaction 7-2.

ococh, = . OCOCH; cio,

-3¢ —

cio; ~ 0COCH,
. { . .’

[

A scheme such as this accounts £or the 1.5 electrons
removed per‘porphyr1n dur1ng the f1rst comp051te
ox1dat10n.f The generatlon of (C104)MD(III)TPP accounts

for the rever31ble couple observed in the thln layer

(7-2)
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. o
TCOGHB cicocn3 ‘
o -le” +
Mn = Mn
’ <12V
OCOCH i
€9
Vv
<|Jcocn3 Clou
.OCOCH
. <12V l_1e‘ ? ~1.19V1L-le
0CO C
TCOCH3. | |c CH, I10u
. . +le + 3
~ 0,45V COCH
- 3
) ~1.av1 -1e ~1,53v1l -1e”
. COCH 10
‘) 3++ i 4 ++
| OCOCH3 :

One possible séheme for reactivity. of‘

1

Figure 66.
(CH COZ)Mn(III)TPP and oxidized forms.
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voltéhmeery of Figure 65, and for  the reversible behavioyr
observed on repetitive cycling in the conventional cyclfe
voltammogram  of Figure 64b. The mechanism of Figure 66
seggests that three different species undergo l-electron
oxidation during. the first composite anodic process,
accountlng for the 1nf1ect10n points observed in the
voltammogram of Fi;ure 64a. Oxidation and reduct(en of
the isoporphyrin generated according to this scheme could
account for the peaﬁs at}ca 1.8 and 0.4 V in the c}elic

3

voltammogram of Figure 63c.

The spectral changes observed on oxidation of
(CH3C02)Mn(III)TPP in the thin layer epectrdelectro~
ehemicel cell are consistent with the fermation of the
products of reaction 7-2. When the potential.if the
werking electrode is held et 0.95 V vs SCE, where,
accotding to the thin layer volemmetry,'the irreversible
oxidations of the fifst composite anodic procees should
occur but‘oxidation of (C104)Mn(IiI)TPP should not, then'”
specfrum 2 of Figure 67 is obtained. The intense band at
389 nm.corresponds-preciSely to the wavelength of maximum
absorbance for (C104)Mn(IIi)TPP. When the botehtial is
increased tO'i.3 \' VS'SCE, spectrum 1 of Figure 68eis
observed. In the 500 to 700 nm region, this resembles the

'spectrum presented in section 7.1 for the !-cation'radical

"Of‘(ClO4)Mn(III)TPP.~ At wavelengths in the 800 to 1000 nm

n
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Absorbance / a.u.

300 400 500 . 600 700

))yavelength / nm _

Fi ggre 67. Spectra obtained for ca 0.2 mM
(CHBCOZ)MD(III)TPP in CH2012(0 2 M TBAP): (1) no

applled potentlah (2) E, pp = 0. 95 V vs SCE.
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Absorbance / au.

2 .
500 600 - 700 800 __/ 900 1000

- wavelength / nm

Fi igure 68. Spectra“ obtained for ca 0. 8 mM. "
(CH300 )Mn(III)TPP in CH2012(0 2 M TBAP)

7 ()E app = 13 vi (2) Eapp = 09 v,,obtamed after
electrolys1s at 1. 3 V vs SCE. ' ‘

TN
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range, the spectrum more closely resenhles that of'an_
.isoporphyrin. When the potential is now steppedfhack to
_0.9 V vs SCE, where a wv-cation radical shoUld be reduced
but an 1soporphyr1n should not, then spectrum 2 of ﬁigure

68 ' 1s‘observedt This is clearly consistent with those of

.

isoporphyrins discussed'previOUSly.

- o

Although the ev1dence presented here does favour the’

format1on of the perchlorate and 1soporphyr1n complexes
accordlng to reaction 7-2, 1t does not const1tute proof
that the - mechanlsm of Flgure 66 is. correct. The_reactlon

1ndicated between. coord1nated acetate and a porphyrln -

 cation rad1cal is in apparent contradlctlon to the results

of Chapter 5 where the Cat1on radlcal of Zn(II)TPP was -
found to be stable in the presence -of acetate.y S1m11arly,
rth@ cyclic voltammetry of (CH3C02)Fe(III)TPP, ‘Figure 69,
where two reversible oxidations are indlcated suggests
“that nelther the porphyrln n-cation rad1cal nor the
td1cat10n are powerfud enough electrophlles to’ react w1th
acetate coordlnated to Fe(III).

" The Mn(III) atom in thevporphyr1n cav1ty appears to

have a unlque effect in enhanc1ng the react1v1ty of the

'coordlnated acetate.\ It 1s not lmp0551ble~that a. short ‘

lived Mn(IV) 1ntermed1ate is 1nvolved, although no .
_spectral ev1dence that th1s mlght be the case has been

observed. It is well known [146] that acetate ion may_«

245



246

4+

C

O

[

-

i

.U
.5 /.0 1.5
Volts vs SCE

Figure 69. Cyclic voltammogram of 1mM
(CHBCOZ)Fe(III)TPP in CH2C12(O.1 M TBAP); scan

" rate = 300 mV/s.



247

coordinate to metal ions in either bidentate or

monodentate fashion, and that it may behave as a bridging
ligand between two metal ions. The nature of the y
coordination of the acetate‘to the Mn(IIIM\porphyrin-might
be an important factor in the reactivity of oxidized forms
of (CH3C02)Mn(III)TPP.

Beers law plots of the acetate comp%exkgn
dichloroetﬁene or chloroform are linear throth the
concentration 1076 to 1073 M, and display a zero ‘!
intercept. This suggests.ehatlgg dimerization reaction
yielding, for instance, a bridgie acetate diéorphyrin
species is involved. The molecular weight of the complex
was determined to be 767 g/mole by vepour.phase osmometry
in CHyBrp. The formula weight of the monomer is 727
g/mole. This corrobo;e£q5 the Beers law evidehce thag'no
significant dimerization feaction occurs. When:
(CH3)3CCOoH was added"to.CH2C12'(0.15 M TBAP) solutions of.
(CH3C02)Mn(III)TPP, the voltammetrlc behaviour changed
from that presented in section 7.1 for the methoxide
complex to ;‘form 0irtua11y indistinguishable from tkat
observed for the acetate complex. It was ant1c1pated that

the steric bulk of the t-butyl gro in the resulting \

trimethylacetate,complex would significantly decrease thé\

extent to which any bridged dimer might take part in the \5
reaction. - Theﬁbimilari;y of the cyclic voltammetry of the

-

Q@
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acetate and trimethylacetate complexes thus suggested that

“‘
4 .
N

such bridgéd species were not involved.
As noted in Chapter 2, the KBr disc IR séectrum of
the acetate complex displays a strong absorbance at 1624
cm~l. It is well established [147] that the C=0
stretching vibration due tolacetate bound in bidendate
fashxon o;curs at wavenumbers below 1595. Hence, the
acetate in ((CH3C02)Mn(III)TPP appears to be coordlnated
in a normal unidentate manner. - This has also been "
suggested to represent . the mode of acetate coordination in
the complex (CH3CQ,)Mn(IIT)HmP (HmP = hematopofphyrin
“dianion) by Calvin et al [148). This assignment was

similarly made on the basis of the IR spectrum.
There does not appear to be any readily advanceable
explanation for the apparent enhanced tendency toward

isoporphyrin formation observed in the voltammetry of

-
N

(CH3CG})Mn(III)TPP. The mechgniSm merits further study as
it might provide insigEF into the reports noted in Chapter
5 of the reactions of isolated cation radicals with
nucleophiles. Further study needs to be directed at
characterizing the intermediates in the reaction
mechanism. I£ is unlikelyjthpt electrochemical

mékpodology}élone will be able. to provide many more clues

in this regérd.
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7.4 Voltammetry of XMn(III)TPP; X = 17, Br_

Figure 70a illustrates the cyclic voltammetric
behaviour observed for IMn(III)TPP in CHpClp (0.15 M
TBAP). The first anodic peak appearé at 0.45 VvV vs SCE.
This is ca 100 mV more positive than the first anodic peak
obserQed in the cyclic voltammetry of tetramethyl ammonium
iodide in this solvent, as illustrated in Figure 70b. The
second anodic peaks of the two cyclic voltammograms of
‘Figure 70 occur at identical potentials. The voltammetric
behaviour of IMn(III)TPP at potentials between 0 and 1.0 V
vs SCE is very clearly similar to that observed for iodide
in the same potential region., Hence, the first two anodic
peaks of Figure 70a are aséribed to electrochemical
reactions arising from the presence of coordinated iodide,
rather than to‘oxidatioﬁ of the Mn(IIIk)porthtin
itself. By anélogy to known chemistry of I~ [97], the
first anodic peak likely arises from the oxidation of
coordinated 17, resulting in the formation of 13’. The
second anodic peak may then be ascribed to oxidation-of
I3,

At more positive potentials; two additional
reversible oxidations are observed at half wave potentials
of 1.19 and 1.52 V vs SCE. These values are clearly
consistent Qith asgignment of these processes to w-cation

radical and dication formation, respectively.
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I/ouA
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r

-5 0 5
Volts vs SCE-

Figure 70. Cyclic voltammetry in CH,C1,(0.15'M TBAP)

of (a) 1 mM IMn(III)TPP, (b) (CH;) NI; scan rate =

250 mv/s.
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Figure 71 illustrates the cyclic voltammetry observed
for BrMn(III)TPP in CH,Cl, (0.2 M TBAP). Peak™l is
observed at a_potehtial ca 80 mV more positive than that
‘observed in a separate experiment for the oxidation of
tetramethylammonium bromide in this solvent. This
potential difference is consistent with that observed
between the oxidation of 1~ coordinated to Mn(III)TPP+ and
1" added to the solution as the tetramethylammonlum |
salt. The implication here is that peaks I and II
represent the electrcchem1stry of coordlnated bromide
ion.- The apparently reversiblebanodic peaks at more
positive potentials then can be ascribed to formation of a
porphyrln s-cation radical and dication, wlth assoc1ated
half wave potentxals of 1.19 and 1 52 V vs sCE
respectively.

1t is 1nterest1ng to note that Schardt et al. [22]
have reported cyclohexyl brom1de as a product when
BrMn(III)TPP is reacted ‘with iodosylbenzene 1% the | ¢
presence of cyclohexane. The low potential at which |
bromide ox1d1zes w1th respect to the manganese porphyrrn
as observed here suggests that e1ther Bry or bromlne

radlcal may be involved in the bromlnatlon reaction.
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Volts vs SCE

Cycllc voltammogram of

Figure 7 3 mM BrMn(III)TPP
1n ‘CH Cl (0 2 M TBAP); scan rate 0 m

1,
40



CHAPTER 8

4

CONCLUDING REMARKS

The intention in this chapter is to summarize a few
of the things which have, and have not, been accompllshed
The des1gn of the thin layer cell descrxbed in

vChapter 3 has led to a rapid and conven1ent means for
determlnlng the number of electrons involved in
heterogeneous charge transfer reactions. Even in hlghly
resistive media it is possible to use sweep rates an order
of magnitude greater than those normally used in linear
sweep thin layer voltammetry.‘ This‘is'an important
cohsideration in the use of thin‘layer techniques for
qualitatiue mechanistic diagnosis. Itf%s hopefull&
apparent from this work that thin layer voltammetry is a

-

powerful complement to conventional cyclic voltammetry in

this regard. *

- . The development of the alternating current
methodologles of Chapter 4 will lead eventually, it is
hoped, to some more rellable data concerm’ the

heterogeneous charge transfer kinet1cs of

metalloporphyr1ns. Although the quant1tat1ve ut111ty of

253



SMACRS has been emphasized, it should not be overlooked

that the method holds much promise as a qualitative tool,

as well. This aspect arises through the very high degree

of selectivity attainable through the combined use of ac’

voltammetry
has already
qualitative
complicated

molecule.’

N

and spectroscopic observation. The technique
been successfully applied by others [149] for

mechanistic diagnosis in the extremely

'%pltammetric behaviour of the bilirubin

The “voltammetric investigations of Chapters 6 and 7

have lead to the recognition of a cyelic voltammetric

pattern which shou

the involvement of 1SOporphyr1n formation in

electrochemical studles of porphyrlns. In all of the:

cases investigated here, the presence of an isoporphyrin

~led to the observation of an irreversible cathodic -peak in

the cyclic voltammetry at potentials ca 0.6 V negative of

the formation of the porphyrxn x~-cation radical.

Similarly, a new, rever51ble couple is observed at

potentials °°:0'3 V positive of the formation of the

porphytih x-dication.

The mechanlsms asSoc1ated ‘with 1soporphyr1n formation

: have not been unequ1vocally established, however, and

deserve more attention. Slm11ar1y, the manner in whlch

these species are reduced back to porphyrlns is" uncertaln,

.

A

1d be readily attributable in future to
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and the single electron ?pparently involved in this
process seems contradictéry.

Concerning the manganese porphyrin complexes, it has
not been possible, by varying the axial ligand, to obtain
evidence for the electrochemical production of a Mn(IV)
species. Even when the strongly electron donating |
methoxide ion is coordinated to the metal, the anodic
chemistry of the complex appears to be entirely associated
with the pé;phyrin'ligand. At the same time, it now seems
clear that porphyrin complexes containing high-valent
manganese have  been prodpced by others tﬁrough homogeneous
reactions, as noted in the introduction. In all cases
where ﬁigh—valent manganese porphyrins have been |
ideﬁtified, the metal atom occurs.in a 6-coodinate
environﬁent,‘ A coordination number of 6 may be a
requiremént for the eiistence of such a species. Iﬁ
future studiés, wérkﬂmight be drrected at forcing the
metalvinto a 6-coordinate configuration, perhaps through
the addition of a large excesS of non—oxidi?abie
coordinating ligand, such as acetate anion. These

’

condxtlons mlght favour the electtochemical production of

3

a complex conta1n1ng the metal in a: h1gher oxldatlon

‘state.
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APPENDIX 1
BACKGROUND- INFORMATION ON ELECTRODE KINETICS

The following ‘discussion is intended to provide a
very brief introduction to some of the basic concepts of
electrode kinetics;”and to define some of the terminology
used in the bulk of the thesis. The treatment follows
that of Bard and Faulkner (78]. Their book is recommended-
for a mége compleﬁe presentation of the material presented

here and in Appendices 2 and 3, and may be consulted for

referencee to the original literature.. \

Current has units of coulombs, in essence electrons,
per second. While a net eiectrol&sis occurs at the
surface ef an electrode, each of theAelectronsitranSferred

between the electrode and the electroactlve species

represents the occurence of a.single electron transfer

P

‘“‘reaction. The current therefore provides'%>d1rect

measurement ofvthe instantaneous~réfe'of the heterogeneous

charge transfer processy

If one con51ders a 51mple uncompllcated reductlon

LY

process, as’ in equatlon Al -1 » : - ¢

270

‘ .
B
B
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AN

g

Ox + ne” —— Red “ (al-1)

where Ox and Red represent the oxidized and reduced forms
of a redox pair, and n is the number of electrons involved

in converting one form to the other, the rate of the .

reaction, and hence the current, is controlled by a

271

physical and a chemical process. The chemical process has

to do with the kinetics, i.e. the magnltude of the forward

and reverse rate constants, kg and kp respectivély, of the

charge transfer process itself. The physical process

L 1nvolves the rate at whlch the electroactlve spec1es

rrives .at the surface of the -electrode.
4

The rates, Or currents, associated with the forward
i

and reverse reactions indlcated in equation Al- 1 are\glven

»*

by . ' _

i. = nFAkg Cqy ¢ %

ig = nFAake Cox ' (al-2)
and - | _ ' -,

ip = nFAkp Cg . +(al=3)

A\

‘bwhere COx and CR are Vhe concentratlons of Ox and Red at

- the electrode surface and A is the electrode area. “Note

\ ) . . . '
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that if these have units of moles/cm3, then the rate
constants kg and ky nust have units of cm/s.

Consider the..case where the electrodg‘interface is 1in
equ111br1um with a solution in which the bulk
concentrations of Ox and Red, COx and CRr are equal. The
condition of equilibrium implies that the surface
concentrations equal those in the bulk solution. Thet
‘electrode potential under these conditions is equal to the

formal potential, E°, of the redox couple. The ‘rates of

the forward and reverse reactions are equdal under these

cy L ' . . .
equilibrium’conditions, so that 1g = 1. Since Cpyx = CQ' _
LA . ‘,:' ;»‘-{‘
it follows that . ) . ) : :ﬁﬁﬁ_
: 1 : 38
.i
e kg = kp = Kg (Al-4)- - -
. . e
. @ ) ' ,
where kg the standard rate constant, is defined under the
equilibrium conditions discussed}
If a potential EQ negative with respect ' to E°, is now . - -~
! '4" A\

applied to the electrode, then the system is no longer at
equ111br1um and a net cathod1c current results. The rate
constants a55001ated w1th the forward and reverse _ . . o

. reactions are now given by
‘ s

" Kkg = kg exp(-onF(E-E°)/RT) - . (Al-5)

,//‘

an



N

kp = kg exp(BnF(E-E°)/RT) -  (A1-6)

N

The charge transfer coeff1c1ent, a, éxpressés the fraction .

of the applled potential dlfference, E—E°, which goes to
1ncrea51ng the iorward by conventlon the cathodlc,

. s
reaction. - Slmllarly, B = l-a may be,con51dered asgghe~\

fraction of'the‘potential’differénce which affects a

- decrease in the rate of the anodlc reactlon.

The magnitude of the resultlng net current is’ glven

by

273

lhet = 1g ~ ip BRSNS SO

Substitution ofrequations Al—Spapd‘Al?G into Al-2 and

Al-3, folbqwe&nbx inClgsion,OE t#e resulting é;szeSSionsf 

for if and ib'in'A1j7v;éads to f' "
S

‘inettz sFAké(COx_eXp(;anF(E—E°)/R&)

LVt ‘ '.‘b i . ‘ . .
= Cr expﬂBnF(EjE°)/RT))
L o - /
Thls equatlon is frequently referred: :thé comJléte‘¢

currenbrpotentlal characterlstlc, and
var1at1ons, forms the ba51s of?all moéenn electrod s

K

kinetic theory.:_ ,/‘ ' ".".o

SRS ) . ‘ R Lo
3 - . A :

(Al-8)
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Note that the concentraﬁiens in equation Al-B are
surface concentrat;ons, and not those'in the solution
bulk. If the rate of the charge transfer step: 1tself is
very 1arge, so that equ111br1um between the electrode
potentlal and the surface .concentrations may be attained

B
instantly, then the current whlch results from the

application of some potential depends entirely on the rate

|

a§ which the electroactive species arrlve at the electrode
sdyrface. Where the mass transport of the electroreactant

to the electrode from the solution bulk arises solely

« ¢through diffusion under <a concentrat1on gradient, then the

-derivatlon of the curreht requires the solution of FY cks

|
laws. For a net reductlon, where diffusion of Ox is the

N . \ g
factor limiting the magnitude of the currént; these may be
expressed as y

!
a

3 C. (x,t)
! Ox
, ~3g, (Xst) = Do | © (A1-9),
at
"
" and
aC_ (x,t) 32c. (x.t)"
| | Tox ' o p ox : (A1-10)
A T Ox 3% |

The flux, JOX(x,t), 1s the neé\qies transfer rate of Ox at
a glven time, t, at some d1stance, X, into the\sobution

from the electrode surface. DO; is the diffusion
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&

coefficient of Ox. The magnitude of the current, for a

diffusion controlled reduction process, is given by

‘ﬁ$= -nFA JOx(O,t)_ . f ° .l (Al-11)
.ﬁ& ) . ) l

The solution of these partial derivative e’xggressions,~
requires the  establishment of certain initial and boundary
conditions. Tifese are specific to theaparticular
experiment being performed, For the case where the
electrode'potentfal it stepped from a value where no net
currentiflows to a value where the electrolysis reaction
is‘diffusion.controlled, and where only Ox is initially

»

present in solution, then the familiar Cottrell equation,

Al-12, results.

-

[ / ’
, e .
- nFADOxl/zcosx -
i(t) = (Al-12)
(wt:)l’/2 \

\
¢

'The inverse time dependence of the' magnitude of the

." L

current on the square root of time is typical of diffusion

control of the electrode reactlon.

a second l1m1t1ng case arises when the rate‘of mass

@

‘ ‘\ transport is very great with respect to the charge
\transfer k1net1cs. Under these conditions llneé//<
relationships between the logarlthm of the current and the
&pplied potential frequently result. Such relatlons are

t&pical of sluggxsh charge trgnsfer k1net1cs._ A
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®

value. El' to a value, Ez, where electrolysls of the

(. . APPENDIX 2 e

CHRONOCOULOMETRY =~ , . °

\ -

In the s1mplest form of the chronocoulometrlc ' \

’ experlment, as applled 1n thls work, only one form of a

tedox couple is 1n1t1ally present in solutlon. The ,

electrode potential is then pulsed from some 1n1tia1

4 \

electroreactant occurs at a dlffu51on controlled rate. Eé

1s generally selected to lie a minimum of 100 mV on the

other side of voltammetrlc half-wave potent1al from By,

The charge resultlng from the - farada1c process is then
s1mply glven by 1ntegrat1on .of the Cottrell equat1on, Al-

12, yleldlng'

B SRRV I |
| 2nFAD

oe) = ? 177 | o (A2-1)

. “ . R - i . -

A LR o - o T
LT e T L $

where D and=C*"are the diffusion coefficients én%'bulk

concentratlon of the electroreactant. i *

f

There W1ll, 1n general, be a. contr1butlon to the

LB /
: -response arlslng from the current requlreQ tO'Eharge the .

.-.‘

double 1ayer capac1tance. In the absence of uncompensated

W

217

A




PR t-1

Y “7 )
o ? ..Ri‘\{
. ott)'= 222&2;T7%_£—;—‘+ o - (a2-2) o

w,'If the charge-time transient is recorded, and theh L

-replotted as ‘a function of tl/z. the slope of the,,

resulting line allows calculation of the diffusion “

coetficient of the electroreactant provxded the electrode“

aree isfknown;i Alternatively. if the diffu51on ;
ﬂ'coeffic1ent is known, hen the electrode area may be_eg:‘ K ﬁi*
determined.- The porphyrin diffusion coefficients reportj% ’m,,é;
‘1n Chapter 5 were calculated from the chronoqgulometrtc’o , : '%1h ‘
ti/2 slope after calibration of the electrode area. withf“l |

et ;

' ll M KC1l solutions of R4Fe(CN)5.Z The results of a typical d:]_;‘

’

' //" hronocoulometric experiment for the oxidation of ,A;," o
¢ . ’ .

i

ferrocyanide are illustrated in Figure 72.“
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APPENDIX 3 B N

" CYCLIC VOLTAMMETRY I

*

L LI o - V . - ) - )
“In conventional'cyclic voltammetry, only one form of -

< .2 redox couple is initially present in solution. The :
lpotential of the working electrode is then swept . linearly

'~ from a value where this form is. stable to a value where

»!. the other form of thea;idgx pair is favoured.

)

If the charge trafsfer kinetics associated with the

gredox(couple are rapid,’ the relative concentrations of the
, g o
‘oxid}zed and reduced forms of the redox pair at the \\-2

, electrode surface must vary with the potential in

. -accordance with the Nernst equation. Hence,a as the

) v

"ofworking electrode potential nears the formal potent1a1 of ‘

the redox couphe. a current must flow in order that the

“,vratio ‘of concentrations of the two forms at the electrode \ -

“':lsurface may be maintained at that‘dictated by Nernstian

7fglﬁequilibrium., The current will continue to increasé with

uyr°5;the aPPlled potential until. at some point past the formal

'q”«’--v:"lpotentialr the surface concentration of the redox form“ -

L mf:diffuses to the electrode surface from the aolutlon

v A ot ety At e e i L bt e b A et

:initially present falls esseﬁtially to zero. The current 3.'1'

mfwill now be controlled by the rate at vhich this epecies jf;f?r,tfﬁ

:"fbulk.l As the region in which the electroreactant has beendgfruqﬁufl

T
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»

¢ depleted extends farther and farther Ouf into‘tﬂ&.
solution, the magnitude oﬁ the current will decay.
a At some p01nt well paél the formal potential of the
\redox couple. generarly 100 mV or morethhe direction of
the potential scan 1s reversed. The behaviour of the
current observed ‘on the reverse scan,may be: explained‘by
-the same qualitative reasoning as .that used for the
3 forward sweep. Now, however, the other form of the redox
couple predomlnates at the electrode surface and for some
dlstance out 1nto-the solution bulk.
/ﬁﬂ\\\ No closed*form solution for the current-potent1al
'curve obtained in the cyclic vditammetr1c experiment
exists. The present‘ﬁnderstand1ng of cyclic voltammetry
fcomes, for the most part, from computer evaluations of the
cyclic voltammetric reSponse, and, in particular, thoge i,
'presented in the classib work of Nicholson and Shain' -
[1451. TheseJ;uthors were able to provide quantrtative
'_characteg}zation of the cycllc vbltammetric response for ‘a

A

= variety ‘of electrode mechanisms- BRI ;ﬁ

In the case where the electrolysis occurs at a
"1Qdiffusion controlled rate,:the forward asd reverse peak
};;ipotentials will be separated by 59/n mv at 25°C. The mean‘
Vﬁiof these two potentials is frequently used to estimate the

']jreversible half wave potential of the redox couple.'ffhe;;°ff;f:f

:peak current on the forward sweep increases linearly with ”¢nulﬂ
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-

v o

‘the s:::>e root of thefscan rate, and.the magnitudes of

the forward and reverse peak currents are equal. ’
Determination of the magnitude of the reverse peak

current is not s%raightforsard. The baseline frdm which S o \

this current is measured is the decaying portion of the o
forward peak. Several teChniques for exp rimental -
determination of the peak current ratio have been

‘prOposed. The method used in this work wag apparently )

b}

first suggested by Reinmuth (unpublished) and is discussed
-Ln reference 78. The cyclic voltammetric current§;s'
‘recorded as a function of time, rather than_potential. as” ; | ;;/
;time and potential are linéarly related, the peak on the 7
fforward .sweep- is equivalent to that obtained in ‘the
';lcqpventional experiment.' At the end of the forward sweep,
f]however, the scan. directwfn is not - reversed, but held
izconstant.. The decaying currentiisxéhen recordeg as a

' function of time. The experiment is then repeated and,

[}

- this time, the scan direction 1s reversed at the end of

-rfthe forward sweep.. The reverse peak current is~ now
ji recorded under the decaying baseline established in the,
fgffirst eiperiment. Ehe method\is 111ustratvd in Figure 73 R uf’ff

1;,for the first oxidation of (CF3C02)Mn(I",)TPP in C32C12

‘.‘:‘-.-J_'(o 15 n -map). The method is readily "",endable "—°

t;idetermination of the forward and reverse peak currants‘q

~

“Lfassociated wimh successive charge transfers.hhfiigf;ffff7ﬁ”»"‘
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“Current

.,

s o7 B2 s

Time/s S

. ..‘17/ S - R o »

/ SR iggre 23 Cyclic voltammoam of 1M _

CE R T _f,:-":';(CFBCoz)Mn(III)TPP dn: cuzc12(o 15 M TBAP). recorded"

: / N 2 in Y-T mode- illustrati,ng method of determining SR

' f_f_forward and reverse peak currents; v= 109 mV/B- )




- o o o FEER ,.‘” o 7\.,'
s . If the charge transfei‘reactlon 1s k1net1cally L
. , Vo .

, sluggish, then the forward and reverse peak currents need

not necessarlly be equal. In addltion. the peak potent1a1
'separatlon, AEP' w111 be greater than the 59/n mv

pred1cted for the: purely d1ffu91on tontrolled case. The

increase 1n AE “may be used to determ1ne the standard rataf/)\ '[hf,

P

’ consbant of the® redox couple. Nzcholson [150] ‘has
-tabulated numer1cally generated values of a d1mens1onless

parameter, /¥, g1veneby

o B (535)9[2 kg (Do, ® v nE/RT) 1/2} e , ]
“ | " ' T R : L " .

N . . i

K .

1ncreases as the potent1a1 sweep rate 1ncr6¥ses.' The peak o %

.'“ \ . N

separatlon yxelds a value of Y by comparxson with

o S *ghls funct1on depends only on nAEp, whlch in turn ' A | ‘§

j

l,*f‘f- Nlcholson s tables. Equat1on A3~l 1s then used to
T T N

E calculate ks. It 1s often assumed that DOx = DR' and, /nh:;e

.¢‘athis case, the value of the charge trahsfer coeff1c1ent,

-

need not be known. .:

When an 1rfever51ble chem1ca1 reactlon, y1e1d1ng an
e i S S ‘\-_ ST
rgélectro-inactive product, follows the charge transfer.{ .$ )af;Uf'

'aqutep. the ratlo of the cycllc voltamhetrac forward and////

-reverse peak currents will be less than unxty, the exaLt

o

v

,value depending largeiy on the potential sweep rate and

he rate constantfassociated;wlth_the homogeneous




i ) : : .” o ) 3
N . v . .

-

reactlon. For a reductlon, he presence of the follow1ng
chem1ca1 reactlon w111 cause thebforward peak to sh1ft to
more anodxc potentlals at 1ower sweep ' rates. ”The

directxon of the potent1a1 Shlft is- reversed where the

3

-
forward peak represents an ox1dat1on. R

The effects of other types of mechanlsms on. the ,‘ -

cycllc voltammetrlc response where homogeneous reactlons

‘are coupled to the charge transfer process are ﬂﬁwalled in

© B

- ‘references-78 and 145, o __‘.: .

3 v”.7

-
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, ‘ APPENDIX 4 . | :
THE PROGRAM "THNLAY" V
b
This is a Fortran listing of the program used to

calculate the thin layer voltammetrlc curves presented.
The geometry assumed in this version is the rad1al
concentric configuration. The parameters-wh1ch must be

supplied are as follows:

- .

NIN ‘the number of volume increments to be assumed in
. the calcglafion./ | Q\

RAD = the radius of the electrode, in cm, . f‘

RHO = the solution resistivity, in ohm-cm. -

DL . = the thickness of the thin layer Eavity.

DREF = the distance of the Luggin tip from the edge of

the working electrode, in cm.

f

CON the concentration. of electroactive species, in

moles/cm3.
POT = the working electrode potential at the Beginning

of the scan, E-E° in Volts.

~

N .
DPOT = the potential increments for which you wish theg

current to be calculated, in Volts. : }kﬂ

SCNRT = the potent1a1 scan rate,}xn VOltS/S.”
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These are entered initially in a separate file according
we

to the format statements 19 and 29. ‘ . L

The outgp§ of the program is a table'oﬁv$¢1ues, as

follows:.
s (‘ . N

POT = the potential of the yogking glectrode, E-E°,

in Volts. \\
HACUR = the ;heoreticél current, iﬁ amps, calculated

as'suming no solution resistance.
ESTTRUCUR. = an estimate, in amps, of the true current. .
KOUNT = the number of iterations involQed in

-~

calculating the estimate.
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