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Electrochemical and Spectroelectrochemical Studies of Some
LCoordination Compounds in High Oxidation States
By Carol Ann Balfe

ABSTRACT

The composition and reactivity of several transition
metal coordination complexes in high oxidation states have
been explored using electrochemical methods. The effect of
various axial anions on the reactivity and solution
structure of manganese(lIl)tetraphenylporphyrins has been
studied using voltammetric and spectroelectrochemical
methods. Several rhodotorulic acid complexes of vanadium
in the +4 and +5 oxidation state have been identified and
their solution chemistry explored using these same
methods. The ligand, N,N'—di(2-aminomethy1pyridylimalon—
diamide and its Ni(II), Cu(Il), and Co(III) complexes have
been prepared and characterized, and preliminary electro-
chemical studies have been conducted.

Semiderivative linear sweep voltammetry (SDLSV), a
method which involves a transformation of the current-
potential curve obtained in cyclic voltammetry, has been
used to explore each of the chemical systems and was
implemented with simple analog circu;try. Spectroelectro—
chemistry in optically transparent thin-layer cells
(OTTLE) has been used to characterize the electron trans-
fer processes aobserved in the voltammetric studies.

In the studies of manganese(III) porphyrins

(XMNT*XTPP) a set of previously unreported electron trans-



fer processes has been shown to be due to axial 1ligand
oxidation for X = €1—-, Br—, 1I—-, CHsCO00~, N3x~, NOx—, and
OCN-. The potentials for two successive one-electron oxi-
dations of the porphyrin ring have been determined to be
0.96 and 1.26 V vs the Ag/AgNOs(0.01M), TEAP(0.1M), CHsCN
reference electrode; spectra of these species have been
determined. In four cases it‘has been established that a
six—coordinate species, [Xz=Mn2XITPP]I—, forﬁs in solution
in the presence of excess axial anion for several anions.
The Mn*vY7Irr couple has been observed,v its identity con-
firmed spectrally, and its stability been shown to be
profoundly affeﬁted by the nature and concentration of the
axial ligand. | |

Electrochemical.studies of vanadium and rhodotorulic
acid solutions as a function of pH, ligandzhetal ratio,
and prior exposure to air have demonstrated complex behav-—
ior for this system. Under anaerobic conditions oxovana-
dium(IV) rhodotorulate (VORA) has been isolated from (1:1)
solutions of HaRA and Qanadium;‘ a species in which the
vanadyl oxygen has been displaced by a hydroxamate has
been isolated from solutions of vanadium and rhodotorulic
acid (~2:1), Under aerobic conditions oxovanadium(V)
species, VYYORA(OH) or VYORA(OCHs), are formed.

The copper(lII) complex of the malondiamide 1ligand
crystallizes as ihe trihydrate in the space group P2,/c,
with latticé constants a = 9.932(4)8, b = 22.049(9)&,

o
c = 22.049(92)A and 8 = 104.54(3)° The caomplex is square



L)

pyramidal with a carbonyl oxygen of an adjacent molecule
weakly bonding in(the axial position. The nickel complex,
which is diamagnetic, has been characterized by *H NMR aﬁd
is proposed to be square planar. The cobalt complex is
six—-coordinate and is formulated as [Co**Z (L) (NH3)=x]1LCl1].
Preliminary electrochemical studies show that the coppper
complex is oxidized irreversibly, and the nickel complex
is reduced reversibly to a nickel (1) complex in DMF at

2.06 V vs a Ag/Ag=(0.01 M) reference electrode.




<)

ACKNOWLEDGMENTS

There comes a time when all good things must end -
even graduate school at Berkeley. Before the final
curtain falls, however, I must stop to thank some very"
special people, without whose help this work would not
have been passible.

Ken Raymond has been supportive and understanding
above and beyond the call of duty. For his careful read-
ing of this dissertation, helpful discussions along the
way, and for always being there in time of need, the
deepest gratitude’ is offered. Professor Ken Sauer de-
serves a merit award for his patience and wisdom during
times of crisis. My special thanks to him. My deep
appreciation goes to Marcin Majda for the time and careful
thought he gave to the reading of this dissertation and
for bhis helpful cbmments. Without Dick Anderson’'s diver-—

sionary dicussions about the Giants and his lively love of

chemistry, 1life on the fifth floor of Latimer would have

been measurably duller. Thank you, Dick. To June Smith I
offer my thanks for all of little things which only she
can offer.

Without the early help of Professors Arthur Hubbard
of UC Santa Barbara and Fred Hawkridge of Virginia
Commonweal th University, the projects undertaken for this
dissertation would never have materialized. I thank each

of them for their hospitality and helpful suggestions.



Likewise, I extend my gratitude to Professor Ann Walker of
San Francisco State University, who has been a model, a
friend, and a mentor.

Many of my fellow graduate students have enriched my
experience at Berkeley. Special thanks are extended to
Rob Scarrow for his patience, programming, and friendsip.
Mark Camenzind was a.special friend duringrthese past few
months. His keen eye for typos, and his thoughtful com-
ments will be well remembered. Karrie Hansen has been a
true friend in science. Our many good times together both
socially and scientifically have been among the truly
pleasurable experiences of these last years. Bruce
Schardt, John Smegal, and Mark Bowers, my companions of
401 Latimer, are thanked for their help and commiseration.
All of the members of the Raymond group will be fondly
remembered for their friendship and willingness to help.

Finally, thére are my family and friends who were
always there when the going got rough. My dearest friend
Mary Ann was always there to listen. For that alone 1
cannot thank her enough. To my brother, Kevin, for his
helping hand and sympathetic ear goes a giant hug of
gratitude. And so too, to Mom and Dad, who were always
interested and helped in so many ways, go a loving thank
you. And finally, to my dear friend Norman, whose pa-
tience, love, and faithful kindness have made it all

wothwhile in the end, go my unending gratitude and love.

ii

(‘hﬂ_

a,



A

To

Emily,

DEDICATION

Joelle, Matthew, Michaela,

Brendan, Felix, and Amanda,

who are the future.

iii

Andrew,



TABLE OF CONTENTS

AcknowledgmentsS .cccccececcccncncssaranssnscscnsssscancsanssel
Dedication.ceccceccecnsocacncsasnccansancnnonsosensssnasncasaili
Table of Contents.ccccccrnnncecccccascccnansccnsnscacnnsaalVv
List of TableS..cccerececcccscncnscecscncosncsnanssnnsasssaVi
List of Figures...cccceceseccrnscsnsvsscsrosesnanccscssaaaaVvii
List of AbbreviationsS..ccccececcncscconnosncannansanenaaXii
Chapter 1 — Electrochemical MethodsS...ccccccecccecrcscaneansl
Introduction..cceccecccccncnsosscccnnssannnssonananal
Semiderivative Linear Sweep Voltammetry...ccceeceeeaa2
Spectroelectrochemistry..cceecceaccccccnancancccsassl?
SUMMArY 2ccscosascsasacancssscsssosnassccascnccncncsasasdd
 ReferenceS....ccceeacacccnnncnccnccsccsncnnsansnnacedd

Chapter 2 - Voltammetric Studies of Manganese

Porphyrin Oxidations Using Semiderivative
Linear Sweep antammetry....................;.....39
Introduction.........................;.;..........39
Experimental....ceccccaceasaccccannccsncsascsnsensasaol
RESUItS..cceeercencccacannceaccnccanasacncnsasnessa94
Discussion.................}..................,...86
SUMMArY ..sseessanmccssanscssscssnnancsncccnsaccasnaessliO0
REeferenCeS..ccecccccacccscscccnncanancccsnsesnscnsaslO0

Chapter3 - Spectroelectrochemical Studies of
Manganese Porphyrin Oxidations ......cceccccee...108
INtroduction c.cuiceececanceccnsaccccannccncncaeassl08
Experimental .......ccccccscccsccncsccnnnsnasnanalld

ResSUltS ...cceceececrcncsncancsasscascscansaanssnacesssailB

iv

¥



DiSCUSSION sncccecccconoscccanccanncnnssnnonscsaesas 48
SUMMAr'Y ccececcascucvensccocanscsnsasnassnsessssssansslbd
Referenees R Y-Y4
Chapter 4 - The Chemistry and Electrochemistry of
Vanadium Complexes of Rhodotorulic Acid and
{i Related Synthetic Hydroxamamtes .....c.ceecececea..170
Introduction .cc.cecececsanssassacsasacssnscsannanasasl70
Experimental ...................;................176
Results and DiSCUSSIiON ccccecerncnsscncccacasasssl1B3
Summary ........................;.....;..........208
ReferenCes ...cecccecccesccccccscnsssnccsssssnscsneelll
Appendi x 1 - Synthesis and Characterization
of a Malondiamide and Its Copper(Il),
Nickel (II), and Co(IIl) ComplexesS .ccccsescsncsaselld
Introduction ...ccccccccccccacacnncncacsnnssssaneasll3
Experimental ..ccccccccaccscrccnaccacccscsnccaceelld
Results and DiscusSsSion ...ccccecccccencncsccassesall2
SUMMArY .ececcsccsccscsassacsansassasnsssnncccncseannassllbd
Appendix 2 — Designs, Special Materials, and Methods . 239
Appendix 3 - Semiderivative Vol tammograms of
XMNnXXITPP Related to Chapter 2 ..cc.ccccecesa247

Appendix 4 — Spectroelectrochemical Results of

~p

XMN*I:TPP Related to Chapter 3 ....cccc....256



Al-1

Al1-2

Al1-3

List of Tables

Characteristics of Semiderivative Voltammograms....9
Characteristics of Thin Layer Electrochemical

CellS .svevecvsanccnnoncancanconanasaosscsancacnasacsnnaal®
Manganese(11I) Porphyrin Oxidation Products ......45
MN(III) + Mn(II) Reduction Potentials cesceccencned’
First and Second Ring ﬁeductions cessnsennaanansssthl

Fil"St RingDXidatiDn .I.I....llIl...Il..l.ll....ll63

Second Ring Oxidation .....c.cccececcscccsscscnassabd

PrewavesS ..ccssscsesscconcasnscscsncnsnsanccsncsncocanec’/?
TBAX ONly cccccaccacacacecacsacsncencanaccnnanaseesaB0
PrewaQe Region (XMNTPP + TBAX) .cccccecscncsensaasa8l
Third Ring Oxidation ..c.c..cccccccnncccccccscnnacs.84
Fourth RinNg Oxidation eeeeeeseeeccsscscaccascssessBS
Spectra of Manganese(III) Porphyrins in CHsCN ...121
Spectra of Manganese(lll) Porphyrins in THF .....152
MN(IV) <+ Mn(III) Reduction Potential .........163
Potentials of Various Vanadium Compounds ..¢.....190
Potentials of Vanadium Rhodotorulic Acid

Complexes in Aprotic SolventsS .c.cceeccccnacccanenea201
Electronic Spectra of Vanadium Rhodotorulate

and Vanadium Hydroxamate Complexes ...cccseececeess206
Crystal and Data Collection Parameters ..ccc.c...219
Positional Parameters and Standard Deviations

for [Cu(CimsHiaNaD2)J1-3H20) ..ccccerccnnancancasnsa228

Important Bond Distances and AnNgles .....cccceee.229

vi

¥

o



A

~&

2-4A

2-4B

2-3

2-6A

2-6B

2-6C

List of Figures
Triangular Wave FOrm ....cccceccncacannscoscscacscdd
Cyclic Voltammogram ..c..cceceanacsscccncccscsccnascd
Effect of Semi-integration and
Semidif{erentiation tmcsesecenssccessnssnasecsll
CV and SD Voltaﬁmograms far Typical
Manganese(III) Porphyrins .....cccccececscssaaall
CV and SD LSV Conventions ..................;..15
Cell used for Semiderivative Voltammetry ......16
Design of Optically Transparent Thin Layer
Electrochemical Cell (OTTLE) ..cccecercesanccacal?’
Filling of OTTLE ..cccsccenccccnccacnancccssaca.228
Porphyrin Structures ....ccccececcccocsasccsnasad?
ldealized Semiderivative Voltammogram ...... PR ]
(ClO0L)MNTPP Voltammograms ..c.ccecreccccecacssescseb8
(IJMNTPP VoltammoOgrams .ccceceacsccsccscansccccccanaeal0
Effect of TBAI on (I)MnTPP Voltammograms ......71
(NO2)MNTPP Voltammograms ..ccccccacevevcsnasccaeasll
(Ns)MNATPP Voltammogram .cccceccacccascanscnceealbd
Effect of TBANs on (Ns)MnTPP Voltammograms ....77

Effect of Switching Potential, E on

\?
(Ns)MNTPP with TBANs Added c.cccccccncccacenaas’8
Normal Metalloporphyrin Spectrum ......cc.....113
MN(III) Porphyrin Spectrum and MO Diagram ....114
MN(I1) Porphyrin Spectrum ......cccccceacecsasaslld

MR (III) Porphyrin n Radical Cation Spectrum ..115

Mn (IV) Porphyrin Spectrum .........cccceece...113

vii



3-6

3-7

3-10
3-11
3-12
3-13
3-14
3-15
3-16
3-17
3-18
3-19
3-20
3-21

3-22

3-23

4-2

Mn(V) Porphyrin Spectrum ......cscceaccsescs2.110
Effect of TEAP on Spéctrum of CID;HnTPP cesseaal23
Effect of TEABF. on Spectrum of BF.MnTPP .....124
Effect of TBACl on Spectrum of Cl1MNnTPP .......125
Effect of TBABr on Spectrum_nf BrMnTPP .......126
Effect of TBAI on Spectrum of IMNTPP .........127
Effect of TBAND= on Spectrum of NO=MNnTPP .....128
Effect of TBA(AcO) on Spectrum of AcOMNnTPP....129
Effect of TBANs on Spectrum of N=MnTPP .......130
Effect of TBANCO on Spectrum of OCNMNTPP .....131
Effect of TBACN on Spectrum of BFMnTPP ......132
Prewave Spectral Changes ..ccccccccssssancaseaal3b
Oxidation to n Radical Cation 'f"""""""137

Oxidation to Pdrphyrin Dication ...ccsccececec.-.138

- Oxidation to Manganese(IV) Prophyrin .........146

Resultant Manganese(IV) Porphyrin Spectrum ...147
Comparison of Solvate and n Radical Cation
Spectra .cecceccccsnscccccccnncntsccscavesssssnssesld’/
Spectrum of Porphfrin Dication ...cccccececcce=160
Rhodotorulic Acid and Dihydroxamate Analog ...173
Preliminary Voltammograms of VORA(OCHs) and
VORA(OH) .ecevecoascenncccccancnncscnsancacsansasaslB8BS
Oxidation of Rhodotorulic Acid at Various pH
ValUeS scccnecscnsscscsansuannsccccscascanasnanssal87
pH Dependence of VORA Under Anaerobic

ConditionNsS .ce.cccesccncconcsaccacnancnnnncnncceslPb

pH Dependence of VORA After Exposure to Air ..195

viii

<]

,

A



&

'«

A

4-8
Al-1
Al-2
Al1-3
Al-4
A2-1A
A2-1B

A2-1C

AZ2-2
AZ-3
AZ-1
A3-2
A3-3
AS-4
A3-5

A3~6

AS-7

A3-8

A3-9

Dependence of E&

HzRA '.-..-.--n---.-.---tl.-l--.-v-----.-.-.--..196

and Eraer on pH for V0S0. and

Spectroelectrochemistry of VORA (1:1) ........198
Effect of Air on VDSC. + HaRA (M1:2) cuaenene.205
N,N’'—di (2-aminoethylpyridylmalondiamide) .....214
ORTEP Diagram of a Monomeric Unit .....cce.e..230
ORTEP Diagram of a Dimeric Unit .....;........231
Stereo View of a Packing Diagram ..ccaceceecec..232
Design for Pyrodistillation Still ......e.c...239
Design for Tube Furnace for Still .....c.s-...240
Construction of Furnace and Calibration ......241
Electrical Connections from Heating Unit .....242
Design for OTTLE Cell Holder ....c.ccccecocece.244
Mold for Gaskets for OTTLE .c..cccecceccscssaneadS
(PFLIMNTPP Voltammogram cccecccccncsnccscnceesel2d7
(BF4)MNTPP Voltammogram‘......................248
(OH)MNTPP VoltammoOgram ...cececccccccnascssecsess249
Effect of TBABr on Voltammogram of BrMnTPFP ...250
Effect of TBACl on Voltammogram of C1l1MnTPP ...251
Effect of TBA(OCN) on Voltammogram of

(OCNIMNTPP fevcccccecncacncncsaancnncnnnansansesasldl
Effect of TBA(Ac0) on Voltammogram of

(ACOIMNTPP .eceeecsecnacccncnnsnaccansssncecnseslod
Effect of TBACN on Voltammogram of

(BFAIMNTPP ... cesceccacucccanncanaascnseaassaslod
Vol tammograms of Substituted Manganese(III)

Porphyrins ..-.-----o-------.--.-......-.-----255

ix



A4-1

A4-2

A4-3

A4-4A

A4—-4R

A4—-5A

A4—-5B

A4-5C

A4-5D

Ad4—-6A

A4-4B

A4-6C

‘A4-6D

A4—-6E

A4-&F

A4—-7A

A4—-7B

A4-7C

Spectra of Substituted XMnPorphyrins .........256
Cl0.MNnTPP Spectral Changes ...ccccccecsnccnses20/
CIMNTPP Spectral Changes ...cccvaccscssccsessass208
BrMnTPP Spectral Changes (Oxidations) ........259
BrMnTPP Spectral Changes (Reductions) ........259
NOMNnTPP Spectral Changes (Prewave Region,

TEAP ONlYy cecccasccncnccnnsascscsascanansanecnsdbl
NO=MNTPF Spectral Changes (Prewave Region,

Added TBAND=z) cccecacsncncccsncnnnsacnnncssseelb?
NOMNnTPP Spectral Changes (n Radical Cation
Region) .ccceccccncncncacascenancassascncassessealbl
NO=MNnTPP Spectral Changes (Dication

Formation) .cceccceicscccecscacsascccanccssscscsess264
AcOMNTPP Spéctral Changes (Prewave Region,

TEAP ONly) .ccccecucsaccnannncscnsnsacnanncseeas2bd
AcOMNTPP Spectral Changes (Prewave Region,

Added TBACACO) .eeeeecennccaencsnnnceenneesss2bb
AcOMNTPP Spectral Changes (n Radical Cation

and MN(IV) Region, Added TBA(ACO) ..cccacseaes2267
AcOMNTPP, Plots of Absorbance vs E$ ssessensse268
AcOMNTPP Spectral Changes (MN(IV)....ccaceeae.269
AcOMNTPP Spectral Changes (Mn(IV), Effect

of Ex ctecesvamsoevsacsacasncennennnnnnccaanonssell0
NsMNTPP Spectral Changes (Added TBANs) .......271
NsMNnTPP Spectral Changes (Plots of

Absorbance v¥s E,) ...cccccceccnccncccancacneneal/2

%
NsMNnTPP Spectral Changes (MNn{IV) .....ccscaee:273

(€

%



A4-8BA

A4-8B

A4-8C

(OCNYMNTPP Spectral Changes (0.01M

TBANCO) acecccvsnasssnsancscncnnsannssnsnnnsnceasalld
(OCNOYMNTPP Spectral Changes (0.1 M TBANCO) ...27S
(OCNYMNTPP Spectral Changes (n Radical

Cation REgiOﬂ) .--.--.--.n.-..---.----..-.--.-276

x1i



Symbol

C»

Em

Ema
EPC

AEe

Eew

e(t)

List of Abbreviations
Meaning
Electrode surface area
Concentration of electroactive species in bulk
Diffusion coeeficient of electroactive species
Potential_(Volts)
Applied potential
Hal f~wave potential
Formal potential
Switching potential in a linear potential sweep
experiment
Peak potential in a linear potential sweep
experiment
Anodic peak potential
Cathodic peak potential
Difference between Epc and Epa
Peak width at half peak height in a semideriv-
ative LSV experiment

*)

Semiderivative current (uA-s—
Semiderivative peak current
Semiderivative anodic peak height
Semiderivative cathodic peak height
Faraday (96,480 Coul/eq)
Rhodotorulic acid

Path length of OTTLE

Number of electrons transferred in an electro-

chemical reaction

Xii



A

OTTLE

-+ X O

t

TBAP

TBAX

TEAP

XMn*z:TPP

Optically transparent thin layer electrochemi-

cal cell

Electrical charge (coulombs)

Universal gas constant (8.314 J/coul)v
Temperature (°K)

Time (seconds)

Tetrabutyl ammonmium perchlorate
Tetrabutylammonium X
Tetraethylammonium perchlorate
Manganese(111) tetraphenylporphyrin X,

= some axial anion

xiii

where X



i

CHAPTER 1
Electrochemical Methods

I. Introduction

Since electron transfer processes. are often involved
in the reactions of transition metal coordination com-
plexes, electrochemical methods are ideally suited for
investigating these systems. Typical questions which an
inorganic chemist may wish to explore include: What are
the reduction potentials of electron transfer processes?
What is the product of a given oxidation or reduction? Do
oxidation/reduction reactions occur at the metal or on the
ligand(s)? Are there other chemical steps which precede
or follow the electron transfer reaction(s)? What is the
rate of the electron transfer reaction? What are the
stability constants of given metal complexes?

Manganese porphyrin complexes, vanadium rhodoto-
rulic acid complexes, and copper(ll), nickel(lIl), and
cobalt(III) malondiamide complexes are the subjects of the
investigations reported in this dissertation. Each of
these systems is well-suited to studies using electro-
chemical and spectroelectrochemical methods. In Chapters
2 and 3 an understanding of the oxidation chemistry of
manganese(lll) porphyrins is sought. In Chapter 4 the
chemistry of oxovanadium(IV), tvo=2+-], oxovanadium(V),
tvo=+1, and vanadium(IV), [V**] and the naturally occur-
ring dihydroxamic acid, rhodotorulic acid, is presented.

The focus of this chapter is the characterization of the



oxidation state and coordination environment of several
vanadium hydroxamate complexes. In Appendix 1 preliminary
electrochemical studies of Cu2*, Ni2+*, and Co>* complexes
of the ligand N,N’—-di (2-aminoethylpyridyl)malondiamide are
reported. |

The electrochemical methods chosen for probing these
systems are: 1) éemiderivative cyclﬁc voltammetry,1
2) spectroelectrochemistry using optically transparent
thin-layer electrochemical cells (0TTLE)2—4, and 3) cou-
lometry using thin-layer techniques.5 In this chapter 1
will briefly describe these methodé and some of the exper-
imental limitations imposed by the chemical propértiés of
the systems being investigated. In addition a description

of materials and instrumentation will be presented.

I1. Semiderivative Linear Sweep Voltammetry

A. Background

Linear sweep voltammetry was employed by electro—
chemists as early as 1938.6 The technique consists of
varying the potential between an ideally polarizable
(working) electrode and an idealy non—-polarizable (refer-—
ence) electrode as a linear function of time. The current
between the working electrode and a second ideally polar-—
izable (counter) electrode is then monitored. A convenient

variation of the technique is to record the current-

potential curve in one direction, and then to reverse the

v

bJ
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direction of the potential sweep at some switching poten-

tial, E

\* and record the i-E curve in the reverse dir-

ection. This is accomplished by applying a triangular wave
form and is known as triaﬁgular wave or cyclic .voltam—
metry.7 A typical triangular wave form and a resulting
current-potentiél (i;E) curve (cyclic voltammogram) for a

diffusion controlled, reversible electron transfer is

shown in Figure 1-1.

Early theoretical studies on this technique were re-

ported independently by 'Randlesa and Sévcik7 in 1948.

. Still later the theory of irreversible and quasi-revers-

ible charge transfer systems without complicating homo-
geneous kinetics was developed by Matsuda and Ayabe.9 The
theory for systems in which homogenecus solution reactions
either precede or follow the charge transfer reaction was
developed by Saveant, and coworkers,lo—12 and by Nicholson
and '.:‘»hain.lzs The technique of cyclic voltammetery has
been described in numerous texts and reviews,14—16 and so
a vdetailed description will not be presented here. In-
stead the related technique of semiderivative voltammetry

will be described in terms of its relationship to the more

comﬁonly used cyclic voltammetry.
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In 1970 0Oldham and Spanier17 introduced the use of a
semidifferentiation operator to relate the concentration
of an electroactive species at the surface of an el ectrode
to the faradaic current density. This method was pre-
sented as an improvement over the classical Fick’'s law
approach for the pfediction of voltammetric‘ relation-
ships. Shortly thereaftef Oldham introduced a new method
based on this approach, which he called semi-integral

electroanalysis.le’19

In later papers the related tech-
nique of semiderivative electroanalysis was introduced,
and a theoretical treatment for diffusion controlled re-
versible and irreversibe charge transfer processes was
: 20-24 . . . .

presented. Analog circuitry for implementing both
semi—-integral and semiderivative electroanalysis was de-

20,23

scribed, and recently an algorithm by which the

value of the semiderivative may be calculated was re-

ported.25

At about the same time Saveant and coworker526’27
proposed a similar transformation of the current—time
curve using convolution integrals. This method is more
general and 1is applicable to some systems with compli-
cating homogeneous kinetics for which the semiderivative
approach 1is not suitable. However, the simplicity of
implementation of the semiderivative method rendered it
the method of choice for the work presented in this dis-

sertation.

In the method of semi—integral electroanalysis the



current, 1i(t), is operated on by the semi-integral opera-

tor d-*/dt-x to generate the function:zo’21

d-%
de—%

a(t) =

i(t)

Oldham described this function, »a(t), as intermediate

between i(t) and the electric charge, q(ti:

QD
L)
"
-

{1}
[
~
Y
~r
L]

<
I i(t)dt
(-]

He also pointed out that this function could be regarded
as the semiderivative of the charge, where the semidif-
ferentiation operator is intermediate betweeh the identity

operator and differentiation:

, _ _d
i(t) = —7 q(t)
%
a(t) = - L q(t)
dt%

Analysis of the m»(t) vs Eope curve for a reversible,
diffusion contfolled charge transfer at a planar station-
ary electrode has shown that the equation for the poten-

tial is given by:21 y

E=E$+ :Tln[————."-..]

It can be seen that this relationship is of the same form



as that obtained for classical d.c. polarography.28

Hence, by analogy to d.c. polarography, differentiation of
the =2(t)-E curve yields a curve with a shape similar to
that of a differential pulse polarogram. Thus, differen-—
tiation of the semi-integral yields the semiderivative of

the current which is defined as:

d%s da
dtk de

e =

The wave shape for a diffusion controlled, revers-

. ible charge transfer is obtained by semdifferentiating the

! -
current with respect to the potential‘zz

% .
es 9= L dr . _ n¥Be oeh= [ 272 (E - Ey ) ]
dE%  dE 4RT

This wave has a peak, Eg, equal to E&, and a peak height,

€e,, which is given by:

e, = - n2v&ADo %CS
4RT

In Figure 1-2 an example of a typical cyclic voltam-—
mogram and the corresponding semi-integral and semi-
derivative voltammograms for a reversible, diffusion
controlled one electron transfer are shown. The relation-
ships for the peak height, peak width, and peak potential
for reversible diffusion controlled charge transfer523’24

are shown 1in Table 1-1. Shown for comparison are the

7



analogous relationships for cyclic voltammetrq’13

Inspection of Table 1-1 and Figure 142 reveals that
the semiderivative technique offers a great improvement in
resolution over cyclic voltammetry. In systems where
successive charge transfer steps are involved this en-
hanced resolution becomes very important. In the semide-
rivative voltammogram the base line is essentially flat
within the potential limits of the solvent. Thus, peak
heights are much easier to measure than in cyclic voltam-
metry, where semi—empirical methods29 are often usgd.
fhe dependence of peak height on n2 also makes the dif-
ferentiation between a one-electron and a two-electron
transfef less ambiguous than in cyclic voltammetry (How-
ever, tﬁe value of n is best determined by an independent
method, such as coulometry.)

The manganese(lll) tetraphenylporphyrin system. de-
scribed in. Chapters 2 and 3 of this dissertafion is a
system for which the advantages offered by the enhanced
resolution of the semiderivative method were especially
important. Figure 1-3 shows a cyclic voltammogram and a
semiderivative voltammogram of a typical manganese(III)-
porphyrin. As will be shown in Chapter 2, it would have
been difficult to interpret this system fully without the
enhanced resolution offered by use of ﬁhe semiderivative

technique.



TABLE 1-1

CHARACTERISTICS OF SEMIDERIVATIVE CYCLIC VOLTAMMOGRAMS

COMPARED TO STANDARD CYCLIC VOLTAMMOGRAMS

a

FEATURE

CyCLIC 13
VOLTAMMETRY

24

SEMIDERIVATIVE
VOLTAMMETRY

PEAK HEIGHT

EXPRESSION

ip(t), (uA)

ip(t) = kn3/2yAD3“2CS b

e, (t), ;m-s‘&2

_ PZvFADS LT

ep(t)

4RT

PEAK En., (Volts) Eo, (Volts)
POTENTIAL
EXPRESSION E = Ey + 1.1 R Ee = E

. { 1 5 - ng { %
PEAK AE., (Volts) AE., (Volts)
SEPARATION
EXPRESSION AEp = 1(Epa = Epc) | AEp, = (Epa - Epc)

= RT =
PEAK WIDTH 1 (Ep, 2 — E%)I (Volt) Eow € (volts)
PARAMETER
RT RT

EXPRESSION 1 (Ep,2 — Eyg)!l = 1.09 nS Epew = 3.353 g

a For diffiusion controlled,

b k = 2.69 x 10

reversible charge transfer.

c Epw = the peak width at half height of a peak e,.
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cyclic voltammetry ———=  semi-integral —  semi-derivative

i (uA)

e (uA-5!/2)

E E E
. d-|/2 . dm
'(') m d'-IIZ l(') e —d—'—
172 e .
L q(t) L 477

EFFECT OF BEMIINTEGRATION

AND SEMIDIFFERENTIATION
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FIGURE 1-3
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B. Implementation

Experiments were performed using the Princeton Ap;
plied Research ModeL 173 Potentiostat/galvanostat inter-
faced with either a Model 1746 current-follwer or a Model
179 digital coulometer. The Model 178 Electrometer Prabe
was used to monitor tﬁe potential between the working and
reference electrodes, and the Model 175 Universal Pro-
grammer was used to generate the waveform. The semide-
rivative circuit (described below) was inserted in series
betwgen the voltage output of the current—follower and the
Y-axis of the recording device The semiderivativé circuit
was fitted with a toggle switch to allow alternate record-
ing of a standard i-E curve. . For scan rates,v £ 200 mV/s,
a Hewlett-Packard Model 7040A XY recorder was used. _ A
Tektronix Type S49 Storage Oscilloscope with a Type 1A1
Dual Plug-In Unit was fitted with an G0Oscillotron ‘MII
camera and was used to record scans at rates,
v 2 500 mV-g—2,

The analog -circuit used fbr transforming the I-E
curve of cyclic voltammetry to the e—E curve of semide—
rivative wvoltammetry was based on those described by

01dham.20’23

The semi-integrating circuit used was that
Shown in Figure 10 of reference 20. (There is a resistor
which is incorrectly labelled as B30 kN1; the correct valuev
is 8300 k0.23) The semidifferentiator was built using the
circuit shown in Circuit B of Figure 4 in refence 23. A

CA3140T operational amplifier and a 15 volt power supply

12



were used.

A comment on the output obtained using this particu-
lar circuit is in order here. The output of the semidif-

-
ferentiating cicuit is given by:2

d%
dt*

Voue = =( 2.00 s% )

Thus, the effect of the circuit is to multiply the sensi-
tivity setting of the PAR 13 Potentiostat by a factor of

0.5 s-%

and to change the sign of the current axis. Thus,
a current range set toc 10 uA full scale will actually give
S uA  full scale éignal. The conventions used for the
cathodic and anodic current directions for semiderivative
'voitammograms and cycllce voltammogréms are opposite one
another in all the results presented in this dissertation.
Figure 1-4 illustrates the conventions used for i—E and e-—
E curves throughout tis work. All semiderivative voltam-
mograms are scaled to the correct current ocutput.

The accuracy of the semiderivative circuit was veri-
fied using a solution that was 1mM in Cu2+, PbL=2*, Cd=-,
and Zn2* with 0.1 M KNOx as electrolyte. Using a hanging
mercury drop electrode of known surface area, semideriva-
tive' vol tammograms at 200, 100, 50 and 20 mV-s—* were
recorded. The peak heights, peak widths, and relative peak
potentials were measured and were found to agree, within
experimental error, with the values predicted by theory.
Likewise, a plot of e, vs v, the scan rate, was found to

be linear as predicted. Similar results were cobtained for

13



the ferrocene/ferrocenium couple in acetonitrile using the

cell:

Pt Ferrocene TEAP AgNO= Ag
(1.0 mM) (0.1 M) (0.01 M)
TEAP CHxCN TEAP
(0.1 M) 0.1 M)
CH=CN CHsCN

It is this system which is illustrated in Figure 1-4.

A schematic of the cell used for voltammetric stud-
ies 1is Shown in Figqure 1-5. The working electrode was a
platinum, planar " electrode pufchased from Biocanalytical
vSystems, Lafayette, Indiana. The tip of the Luggin capii—
lary was placed close to the working electrode to minimize
iR drop across the ce11.3° The Luggin capillary itself
served as a salt bridge, and solutions were chosen to
minimize liquid Jjunction potentials.41 ‘A reference elec-
trode appropriate to the solvent used in the body of the
cell was used (See below). The counter electrode was a
platinum wire sealed into the bottom of the cell. Solu-
tions were typically degassed by bubbling for at least 10
minutes with argon gas prior to potential sweep experi-

mentsand were kept under a blanket of argon during experi-

ments.

14
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FIBURE 1-5
CELL USED FOR SEMIDERIVATIVE VOLTAMMETRY

r[ <——Reference

. B -—Ar
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- Electrode ~
| | QJ\ TJ
\ Luggin Probe
Counter Electrode
Working Electro- Electrolyte Reference | Ag
Electrode active (*0.1 M) Solution Nire
Species Solvent (Reference
(*1 aM) (Luggin Electrode)
Electrolyte
(*1.0 M) Capillary)
Sclvent

"%
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I11. Spectroelectrochemistry

A. Background

Insight into the structure and oxidation state of a
coordination compound can often be obtained +from its
UV/visible spectrum. Consequently, the ability to monitor
changes in the UV/visible spectrum:during an electrochemi-

cal experiment would be a valuable asset to the re-

.searcher. Spectroelectrochemical techniques provide just

this ability.
The first optically transparent electrode (OTE) was

a glass coated with a thin transparent film of antimony-

- doped tin oxide (Nesa Glass), introduced by Kuwana and

cdworkers.31 Since that time a variety of other optically
transparent electrodes have been reported.32 The first
optically  transparent thin-layer electrode (OTTLE) was an
electroformed vgold mesh (500 to 2000 1ines/in).2 Since
the spectroelectrochemical studies reported in this work
employed OTTLE’'s, a brief description of the character-

istics of electrochemical behavior in thin-layers of solu-

tion follows.
B. Thin-layer Electrochemistry

Thin;layer'electrochemistry is performed in cells in
which the reactant is confined in a thin layer, 1, at the
surface of the electrode.5 If this layer is kept smaller
than the diffusion layer which would exist under condi-

tions of semi-infinite diffusion, the equations describing

17



results for a current-potential curve are greatly simpli-
fied. In Table 1-2 some of the important characteristics
of thin-layer electrochemistry are listed. It is impor-
tant to note that these equations apply for cells in which
the total reactant present within the thin-layer cavity is
constant:

Co® = Co + Cn

In addition, the scan rate must be slow enough that the
reactant is exhaustively electrolyzed on the time—-scale of
the experiment. This latter limiting condition 1is ex-

pressed by the relationship:5

RT n=D lo ( 2 1 )
nF 31= 9 € + 1 —

1l v I £

where v is the scan rate and 6 is the relativg error which

can be tolerated in i, (Table 1-2). For example, if 1 =
o

1-—* em, D = 103 cm2-5s—2, E - E(O) = -0.2V, and T =

298 K, then to achieve 17/ accuracy:

|v|=1.01og%—¥

<
A

10 mV-1s—

18
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TABLE 1-2

CHARACTERISTICS OF THIN-LAYER ELECTROCHEMICAL CELLS -
FEATURE RELATIONSHIP
POTENTIAL SWEEP EXPERIMENTS
PEAK HEIGHT i, = RZFVCov
) ® = TaRT
PEAK POTENTIAL Epa = Epe = EO
COULOMETRY
TOTAL CHARGE 2 Q = n?C,
= AN,
12
TIME OF ELECTROLYSIS P t =
“290
a The charge, (@, may also be obtained from the time-

integral of the current—-potential curve.

b This represents a lower limit for an ideally reversible
sytem and ignores any ohmic resistance in the cell.

19



A useful advantage of thin-layer electrochemistry is
that, n, the number of electrons transferred in a reac-
tion, can be determined simultaneocusly with a linear sweep
experiment by .determining the time-integral of the cur-
rent-potential curve. Alternatively, a potential-step
experiment ~ may be performed and thé véiue of n may be
determined from the charge Vs time.curve. Since the time
of electrolysis is very short for a thin-cell (see Table
1-2 ), cleometric experiments can be done more quickly
than in conventional cells. "A further advantaqe of the
thin-layer cells is that interferences from éurface—active
impurities in the solution are minimized unless they are
present in very high concentration. This is a result of
the fact that the solution is confined within the thin-
layer and  impurities cannot continue to diffuse to the

surface during the course aof an experiment.
C. IMPLEMENTATION

1. Instrumentation and Determination of E5

The same electrochemical isntrumentation described
for SDLSV experiemnts was used.  However, since thin-layer
electrochemical cells were being used, the semi-derivafive
circuit was omitted. A Hewlett Packard Model HP 8430
UV/vis spectrometer interfaced with an X-Y plotter Model
HP 7225B and a Model HP 82901M Flexible Disc Drive was
used to measure, record, and store spectra. A Data Preci-

sion Model 3500 digital volt-ohm meter was used to monitor

20
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the potential between the reference and working electrodes
and was connected at the electrometer.

Spectroelectrochemical data were obtained from lin-
ear sweep voltammetric (LSV) experiments In a typical
LSV experiment cyclic scans were done at 1 mV-s—2 be-
tween two potential limits which were chosen on the basis
of the results of previously performed semi—derivative_LSV
experiments. A spectrum was recorded before any potential
was appiied, and the open circuit potential was noted.
This “rest" potential was usually used as the initial
potential for the first scan fnf a given cell. The spect-
rometer was pfogrammed to measure and store on disk a
spectrum at selected.intervals, typically every 30 s
¢ i.e. every 30 mV ). Since the spectrometer program and
the potential scan were started simul taneously, a record
of absorbance as a function of applied potential was
abtained.

To determine the potentials ét which spectral
changes occurred, plots of absorbance, A, vs Eape and
dA/DE vs Eape from the linear sweep experiments were made
at wavelengths chosen from the observed spectra. Whenever
possible, these plots were made for two or more wave-
lengths.

Verification of this method for thin cells was ob-
tained by determining the potentials E& for the Mn*:z/x3
couple for several manganese(I1I) porphyrins (See Chapter
2) from plots of dA/dE vs Eapp. Excellent agreement was

obtained with values of E, determined from Ii—-E curves

%
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recorded for the same cell. The values of Eg were also in
agreement with values determined from SDLSV experiments in
conventional cells. Peak separations, Egpw., for both i-E
and dA/dE vs Ea.pe turves were larger than predicted by
theory. rThis was due to large internal cell resistances
typically observed in spectroelectrochemical thin-cells of

similar design.36

2. Cell design

In Figure 1-6 is shown the design of the OTTLE cell,
which is a sandwich cell based on the design reported by
Bowden and Hawkridge.3 - The only modifications of the
. design reported in the literature are that the ports for
the Hamilton valves were machined as an integral part of
the cell body, rather than being cemented on, and the port
for the #illing valve was placed on the side rather than
in front.

Since the manganese porphyrin tomplexes were soluble
only in nonaqueous solvents, different materials from
those used by Bowden and Hawkriﬁge3 were re‘quired.34 The
cell body was constructed of ERTALYTE, a strong, machin-
able thermoplastic (manufactured by ERTA PlAstics of
Tielt, Belgium)44 which replaced the Lucite used for
studies in aqueous media. Instead of Viton O-rings, RTV
112 Silicone Rubber (manufactured by General Electric) was
used to make molded gaskets. (See Appendix 2 for method
for making gaskets). The same RTV Silicone Rubber re-—

placed Epoxy glue to seal both the quartz windows and the

22
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threaded Luer fittings of the Hamilton valves.
2. Cell Preparation

Inert atmosphere techniqu9535 were used to fill the
cells. | A typical arrangement of the spectroelectrochemi-
cal cell, degassing bulb, and Schlgnk tube attached to a
dual-manifold Schlenk line is shown in Figure 1-7.

Solutions arevdegassed using several freeze-pump-
thaw cycles in the Schlenk tube, A. At the same time the

OTTLE cell is prepared. Initiaily the reference compart-

ment, K, is omitted from the cell. It is filled with

reference solution and added later, as described below.
The rest of the cell is assembled, fittgd to the degassing
bulb, and the unit attached to the Schlenk line. Valves
E, F and 6 are opened, the whole unit is evacuated, and
then it is filled with Argon. While under positive pres-
sure of Argon, the reference electrode cap, J, is briefly
removed and the filled reference compartment, K, is in-
serted. The cap, J is replaced and valve B is rclosed.
The cell body is once again evacuated, and then valve F is
closed. The degassing bulb, D, is then filled with Argon.
Using a steel, bhollow canula, C, the degassed solution in
tube A is transferred to the degassing bulb using a pres-—
sure differential, ' achieved by inserting a venting tube
into the serum stopper of the degassing bulb. Once the
solution transfer is complete, - valve E is opeped to the

Argon line of the Schlenk line, and the canula and vent
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are removed. Valve E is then reclosed, and valve F is
opened to permit filling of the cell body. Care must be
taken at this point to avoid bubbles. Once the liquid has
risen (as observed in the cell window), valve 6 is opened
to allow partial filling of the compartment, L. The
reference electrode cap, J, is cracked open momentarily to
allow any bubbles to escape and the liquid to rise about
halfway up into compartmént L to insure adequate solution
contact with the reference electrode. The reference cap
is replaced and valve F is closed to separate the céll
from the degassinévbulb. Before removing the cell from
the degassing bulb, it is advisable to verify that eléc—
trical contact has been made throughout the cell. This is
done by measuring the resisfance between each of tﬁe elec-
trodes. The cell is then removed and placed in the cell
compartment of fhe'UV/visible spectrometer. (See Appendix
2 for the design of the cell holder made to fit the cell
compartment of the Hewlett-Packard Model 8450 UV/visible

spectrophotometer)
3. Calibration of Cell Volume (V) and Cell Thickness (l)

For interpretation of the results of spectroelectro-
chemical experiments, the cell volume, V, and the cell
thickness, I, must be calibrated.

To determine the cell volume, V, a coulometric ex-—
periment is performed using an electroactive species of
known value of n, the number of electrons transferred, in

a solution of known concentration. Using the relation-

24
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ship:5
Q@ = nFVC,

the value of V may be calculated. Since the thickness, I,
corresponds to the optical path length, this value is
easily determined by measuring the UV/visible spectrum of
a solution of known concentration of a gpecies for which
extinction coefficients are known. The electrochemical

electrode area , Asc, ﬁay then be calculated;‘(Agc_= v/,

- If the ratio of the electrochemical electrode area to the

geometrical area (Agc/Aemom) is constant for a given elec-
frode materi#l, this ratio may be used td calculate the
cell volume, thus simplifying calibration of the cell for
repeated experiments. The ratio of the electrochemical
electrode area to the gecemtrical area may be calculated
for a given electrode material. If this process is re-
peated several times with similar results, this calculated
factor may be used to calculate the cell volume, tﬁus
simplifying calibration of the cell for repeated experi-
ments.

For the work described in this dissertation, manga-—
nese(111) tetraphenylporphyrin acetate (See Chapter 3) was
used to calibrate the cell thickness, 1. Coulometric
determination of the cell volume was accomplished using
the Fe(CN) o>~ /Fe(CN) .2~ couple, as suggested by DeAngelis
and Heineman.36 When the OTTLE material was gold mesh, a

ratio Aec/Roeom ~ 1.65(+0.035) was obtained. When reticu-—
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lated vitreous carbon (RVC) was used for the OTTLE, how-
ever, too much variation was observed in this ratio; thus,
the cell volume had to be calibrated electrochemically.
For the gold minigrid electrodes the path length, 1,
varied from 0.10 to 0.14 mm, and the cell volume, V,
varied from 20 to 40 ul. These values are typical of those

-
2,3+36  1he RVC

reported in the iiterature for OTTLE 's.
electrodes were typically 0.5 mm thick. Since this thick-
ness exceeds the normal thickness required for a thin-
layer electrode at the lowest attainable scan rate (1
mV-s—*), these cells were not used for determination of n.

However, they were useful in monitoring spectral changes

‘accompanying electrochemical processes.
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FIGURE 1-6
DESIGN OF OPTICALLY TRANSPARENT THIN LAYER
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II1I. Materials
A. Solvents

The solvents acetonitrile, methylene chloride, di-
methyl formamide (DMF), and dimethylsulfoxide (DMSO) were
purchased from Burdick and Jackson. Before any new solvent
container was opened, a round-bottomed 1- or 2-liter
Schlenk flask35 fitted with Kontes HyVac stopcocks was
flame—-dried, evacuated, and then filled with Argon. The
solvent was thén_transferred froh its container immedi-
ately after opening, into_the prepared flask using inert
‘atmOSphere techniques.35

The solvents DMF, DMSO, and CHaCl> were stored over

molecular sieves (Linde, 43). Background voltammograms
(+2.3 to -2.3 V) for acetonitrile which had been stored in
flame~-dried flasks in an Argon atmosphere over either
molecular sieves or alumina were compared with voltammo-
grams obtained with solvent which had been stored in
similar flasks without dessicant. No detectable difference
was observed for either of these solvents. The UV/visible
spectrum of the acetonitrile stored without desiccant
remined wunchanged (Absorbance < .01 from 200 to B800 nm
using a 1.0 cm cell); solvent stored over dessicant,
however, showed an increase in absorbance between 200 and
250 nm. Hence, acetonitrile was stored without desiccant
to avoid any chemical decomposition. All solvents were
.stored in a dark place to winimize photo-initiated decom-

position.
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Wate? was triply distilled using a "pyrodistilla-
tion" apparatus similar to that described by Conuay.
et.al.37 The Pt-Rh gauze used by Conway as a catalyst for
oxidation of organic contaminants was found to be unneces-
sary (See below), and so was omitted from the still. A
schematic of the simplified design is shown in Appendix 2.
The criterion for purity of the water was the ability to
produce the current-potential profile for a clean Pt elec-
trode in aqueoué IN H2S504 between.potential limits of 0.0
and 1.23 V vs. NHE.37 (See Figure 1-8 and description

below for cleaning Pt electrodes.)
B. Reference Electrodes
1. In Water

In équeous solution a AgQ/AgCl(s) ,KC1(1.0 M) refer-
ence electrode was used. To make the electrode a freshly
cut piece of silver wire (Alfa, 0.25mm, 99.99Z purity)
was anodized in a solution of HCl (6.0 M) for ™~ 30 s
using a 1.5 V battery and a Pt wire as the cathode. The
el ectrode cﬁmpaftment for both semiderivative and spec-
troelectrochemical experiments was a three mm (o.d.) glass
tube into which a porous ceramic frit had been sealed. To
avoid clogging the frit with electrolyte, the referencé
electrode compartments were stored in water when not in
use. The electrode was calibrated against a Quinhydrone

39,40

electrode at pH 6.16 and 4.01. 1Its potential deter-

mined at 25° is +0.230(+.005 V) vs NHE.
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2. In nonaqueous solvents

In nonaqueous solution reference electrodes appro-
priate to each solvent were used to minimize liquid junc-
tion potentials.41 In acetonitrile, DMF and DMSO the ref-

erence electrode used was the half¥f cell:42

Ag(s) | AgNOs (0.01 M)
TEAP (0.1 M)

Solvent

The solvent in the reference compartment was the same as
in the cell body and in the Luggin pfobe. For CH=Cl: a
.silver wire in a solution of TBAP(0.1 M) in CHzClz was
used.43 Each of these reference electrodes was calibrated
vs the ferrocene/ferrocenium couple.42 Again, in order to
avoid clogging the ceramic frit, reference electrode com-

partments were rinsed with solvent after use and stored

in acetonitrile when not in use.
C. Working Electrodes

1. Platinum

The working electrode for semiderivative voltammet-
ric studies in nonaqueous solvents was a planar Pt (0.25
cm diameter) purchased from Biocanalytical Systems, Lafay-
ette, Indiana; in aqueous studies a Pt eleccrode modified

by adsortion of iodine on the clean Pt surface was used.
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In both cases the Pt electrode was cleaned before each
experiment by the procedure described below. The elec-
trode was first polished by hand dn a polishing cloth
(Buehler) using an aqueous suspension of alumina (Buehler,
0.3 microns). The electrode was then rinsed with pyrolyt-
ically disttilled water (See above) and treated electro-

chemicaly. The cell used for this treatment was:

AgCl (s) Ag (s)
KCl (1.0 M)

‘Pt(s) H2504 (1 M) H=504 (1 M)

Initially a potential of 1.4 V was applied for ~10 minuteé
or until the cuurent had decayed to £ 40 uA. The poten-
tial was then stepped to 0.0 V for ™5 min or until the
current had again decayed to £ 40 uA. The potential was
then swept between potential limits of +1.2 and -0.23 V vs
the Ag/AgCl, KC1(1.0 M) reference electrode, at a scan
rate of 200 mV-s—* for 20 to 30 successive cycles or until
the pattern ascribed to a clean Pt elect;-ode36 was o©b-

served and remained unchanged. A typical voltammogram

recorded for a clean Pt electrode is shown in Figure 1-8A.

2. Modified Platinum Electrode

For voltammetric studies of the vanadium/rhodoto-
rulic acid system (Chapter 4) aqueous solutions at posi-
tive potentials (to ™~ 2 0.8 V at low pH) were required.
For this purpose the Pt electrode described above was

modified by adsorbing iodine on the surface, a method
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which had been previously demonstrated using thin-layer
electrochemical cells.38 After cleaning the Pt electrode
and treating it electrochemically as described above, the
electrode was immersed in a solution of concentrated Nal
for ~2 minuteé. It was then removed, rinsed with pyroli-
tically distilled water, and placed in the same cell used
for the electrochemicl cleaning. The potential was swept
between 1limits of +1.0 V and ~-0.23 V (the initial poten-
" tial was 0.3 V) for S5 to 10 cycles or until a flat voltam-—
mogram was observed as shown in bigure 1-8B. The electrode
was once again rinsed with distilled water and was used
immediately. The stability ofbthe electrode was verified
by repeating background potential sweeps at the end of

each experiment.

SUMMARY

In this chapter 1 have presented a brief background
and description of the electrochemical methods used in
this research with particular emphasis on semiderivative
vol tammetry and spectroelectrochemistry in thin-layer
cells (OTTLE). A description of sclvent treatment, refer—
ence electrodes and working electrodes has also been pre-
sented. Further experimental details related to the spe-
cific systems being discussed will be presented in chap-

ters 2, 3 and 4.



FIGURE 1-B

A. PLATINUM ELECTRODE IN 1IN HaSOs
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CHAPTER 2

Voltammetric Studies of Manganese Porphyrin Oxidations

Using Semi-Derivative Linear Sweep Voltammetry

INTRODUCTION

Porphyrins, metalloporphyrins, and their partially
reduced relatives, the chlorins, serve as the prosthétic
group for numerous proteins and play an important role in
such diverse functions as oxygen binding in hemoglobin,1
electron transfer in the cytochromes,z‘oxygen transfef in
oxygenases,3 and 1light harvesting in ﬁhotosynthetic
plants.4 Iron 1is typically found as the metal in the
‘porphyrin, or heme, unit of hemoglobin and the cyto-
chromes, while magnesium is found in chlorophylls. A va-
riety of synthetic porphyrin ligands has been made, how-
ever,5 and almost every metal on the Periodic Table has
been substituted into the porphyrin ring.6

In recent years a number of studies have appeared in
which synthetic manganese(Ill)porphyrins have been demon-
strated to be catalysts for transfer of substituents to
alkanes.7—13 Since oxidized manganese porphyrins have
been proposed as intermediates in these catalytic reac-
tions, much work has been done to isolate oxidized mangan-
ese porphyrin intermediates.l4-22 In another set of stud-
ies, manganese porphyrins have beenAshown to participate

24-22

in the photon initiated oxidation of water. Again,

oxidized manganese porphyrins have been proposed as inter-—
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mediates, and studies have been done to try to charac-
terize and identify these species.26

Although, in the studies mentioned above, the chemi—
cal oxidation of a number of manganese porphyrins was
examined, little had been done to explore the electro-
chemistry of -manganese porphyrin oxidations. Hence, an
electrochemical study of the oxidation of the synthetic
porphyrin, mangangse(III)vS, 10, 15, 20- tetraphenylpor-
phyrin, XMn***TPP, where X = F—, Cl1—, Br—, 1—, CHsC0OO—,
Nx—, OCN-, NOz>—, Cld.‘, OH—, and BF4—, and PF.~ was under
taken. The goals in this research were:

1) To 1learn how many oxidation states are accessi-
ble using semi-derivative linear sweep voltammetry (SDLSV)
and the conditions described in the experimentél section.

2) To determine the reduction potentials and n, vthe
number of eiectrons transferred, for the various oxidation
processes which are observed.

J) To gain some insight into the conditions that
control which products are formed by chemical oxidation.

4) To observe the electronic spectra of any of the
oxidized products observed in (1). i.e. to characterize
chemically, the oxidation products observed in (1)

S) To use the information obtained from these elec-
trochemical studies to predict possible conditions for
cbtaining other oxidation products.

This study consisted of two principal phases: the

first used SDL3V to identify and characterize the oxida-
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tion processes which can be observed for XMn*X2(TPP) as a
function of the axial ligand, X—3 the second involved a
series of spectroelectrochemical studies of the processes
observed in the LSV studies using the thin-layer tech-
niques described in Chapter 1. In this chapter I will
summarize the known manganesé porphyrin chemical and
electrochemical o#idafion.ﬁhemistry s -describe the SDLSV
experiments, and discuss those results.v In Chapter 3 1
will describe and discuss the spectroelectrochemicél
studies in light of the known chemical oxidation cheﬁistry

of manganese porphyrins.
MANGANESE PORPHYRIN OXIDATION CHEMISTRY
1. Chemical Oxidants

In Figure 2-1 the reader wiil find structural formu-
lae for some naturally occurring and synthetic porphyrins.
The synthetic porphyrin, S, 10, 15, 20 - tetraphenylpor-
phyrin (H2TPP) and some of its phenyl-substituted deriva-
tives was chosen for these studies because: 1) it is easy
to synthesize; 2) its manganese(IIl) complexes are soluble
in acetonitrile, the solvent of choice for our electrocﬁem—
ical studies; 3I) the ligand itself and its manganese(III)
complexes are stablé to air and light; 4) chemical oxida-

tions had been carried out on this porphyrin.

41



FIGURE 2-1

PORPHYRIN STRUCTURES

PROTOPORPHYRIN IX
(M = Fe for naturally

occurring hemes)

TETRAPHENYLPORPHYRINS

o
"

H (H=TPP)

= 3-CHs (HzT»-TPP)

= »—CFs (H=2T=2CFsPP)

(X)MANGANESE (I I1) TETRAPHENYLPORPHYRIN
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A brief description of some of the pertinent chem-
istry of manganese porphyrins follows. As one can see from
Figure 2-1, the porphyrin'ligand is a planar, macrocyclic,
aromatic, dibasic molecule, which, when deprotonated,
forms a tetraaza dianion. Thus, porphyrin complexes with
divalent metal ions are neutral. When manganese(ll) is
complexed by a porphyrin in.air, the manganese is autooxi-
dized to Mnh(III) to vyield porphiqatomanganese(III)*,

([Hn"’Porphyrin]*).27’2B

Thus, whenever we refer to
"oxidized manganese porphyrins", Qe will mean oxidized
relative to the air-—stable [Mn*¥*3Porphyrini~. The posi-
tive charge may be neutralized by a complexing anion, X;,
such as a halide or pseudohalide, which binds axially to
the Mn(IIl) central metal'ion perpendicular to the plane
of the porphyrin. In a weakly coordinating solvent, the
resulting complex is five-coordinate, having approximately
Cav symmetry and may be formulated as d*, h.s. XMn**IPor-
phyrin. 1In a strongly coordinating solvent such as CHsOH,
pyridine, or DMSO, a d*, h.s., six-coordinate complex,
(X)(S)MN**XPorphyrin, probably forms.z9 In the presence
of an - axial 1ligand of sufficiently high 1ligand-field
strength, such as imidazolate, a I.s. Mn*X*¥porphyrin has
been observed.3o If the axial ligand is a weakly coordi-
natjng anion, such as Cl04~, or BFs4—, a salt, [Mn**IPor-
phyrin<l][X—1, results.

When a metalloporphyrin undergoes oxidation or re-—

duction, whether by chemical or electrochemical means, the
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electron transfer reaction may take place at either the
metal center or on the porphyrin ring itself. In the case
of manganese porphyrins, examples of both kinds of reac-
tion have been observed. (See below).

Several research groups have reported isolating
oxidized manganese porphyrins. Among the products charac-

terized and reported, several clearly involve oxidation at

the metal center. Indeed, both manganese(IV)J4_17 and
manganese(V)19—21 complexes have been isolated and fully
characterized. In other studies the one-electron oxida-

tion product was Xmanganese(lll)tetraphenylporphyrin=<-,

21,22 Other workers have

the porphyrin n radical cation.
observed the manganese(lll)porphyrin n-—radical cation 1in
solution and haQe charaéterized it by its electronic spec-—
trum.24 In our laboratories spectra of oxidized Mn**XTPP
have been observed which could not be clearly identified
as any known oxidation product.31 It 1is possible that
these spectra are those of a 2-electron oxidation product,
such as XMn**:TPP<*+, the manganese(lll)porphyrin dication.

In Table 2-1 the reader will find a summary of the
oxidation products observed to date as well as information

on the reaction conditions used and the method(s) of

characterization.
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TABLE 2-1

MANGANESE (ITI)PORPHYRIN DXIDATION PRODUCTS

OXIDIZED PORPHYRIN STARTING SOLVENT OXIDANT  REFERENCE
MATERIAL

Mn (1Y) PORPHYRINS

[NsMnIvTPP1,0 2 NsMnIIITPP PhC1 PhIOD 14

Hexane
[(OCNIMATYTPP1,0 © (OCN)MntriTpp PhCI PhIOD 14
Hexane

(MeD) zMntvTPP 2 (DAc)MRtTITPP MeGH PhIO 15
NaOMe

(OCN) aMn3vTPP 2 (Me0) 2Mn IVTPP MeCla _ 16
HNCO Hexane

(Ns)gMnivTpp ° (NeD) 2MnTVTPP MeCla . 16

: MeOH

ClaMnivTpp © (MeO) 2MnIVTPP MeCls L 31
HCl or MesSiCl Hexane

(DAC) 2MntvTPP © (Me0) 2MnIVTPP CCla . 31
HOAc (2-4 eq) hexane

(NC) 2MnIvTPP © HCN CCla . 21

[(PRI(X)0)MREvIPPI20  XMni:iTPP PhC1 PhIO 18

X = Cl-, Br- X =2¢Cl-, Br- Heptane

(PhI(DAC)DIzMAIVTPP © (DAC)Mn*ITPP PhCI PhIO 17




TABLE 2-1 (cont “d)

OXIDIZED PORPHYRIN STARTING SOLVENT OXIDANT REFERENCES
MATERIAL

Hn (VIPORPHYRINS

b

NMAVTPP (Me0)Mn23TTPP MeClaz NaOCl 19
- NHs/H20

NMnvOEP® © (MeD)MntTIQEP MeCl NaOC1 19
NHs/H20

NMAVOEPHes" NMnvOEP THF . __ 21

NMnvTPP? XMR3ILTPP MeCl . PhIO 20
(x = Cl=, Br-)
excess 0Ac~,NHs

MniTIPORPHYRIN®-

(PORPHYRIN w-RADICAL CATION)

[XMn132TPPJ*- & XMptI:TPP MeCla Phenoxathiin 22
Benzene hexachloro- 22

antimonate 26

3¢

a Isolated and characterized by X-ray Crystallography.

b Isolated and characterized by elemental analysis and spectroscopic
sethods.

¢t Characterized in solution by spectroscopic methods, but not isolated
in pure foram. .
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2. Electrochemistry of Manganese Porphyrins

The electrochemistry of porphyrins and metallopor-
phyrins has been extensively studied in the. past 20

- _ .
years.27’28’3"35 S0 In the early voltammetric stu-—
dies, polarography (i.e. voltammety at a dropping mercury
electrode) was used to investigate the successive one-
electron reductions of a variety of porphyrins and their
C . 32,33 . .

complexes with metal ions™ '" . Later investigators used
cyclic voltammetry (CV or CLSV) at solid electrodes to-
observe both oxidations and reductions and to investigate

. . 35-50
the kinetics of heterogeneous electron transfer

These early studies reveal that the porphyrin ligand
itself can be reduced by four successive one-electron
transfers to yield mono-, di-, tri-, and tetra- an-

: 32,33
10NSs.

Likewise, the ligand can be oxidized in at
least two steps to yield mono— and di- cations. Redox.
reactions have also been observed at the central metal-ion

32,33,35,38,39 Thus, a fundamental

in metalloporphyrins.
problem in electrochemical studies of metalloporphyrins is
to distinguish between porphyrin-based and metal-based
electron transfer reactions. For this purpose spectrosco-
pic' methods and magnetic studies of the reduced or oxi-
dized species are useful.

The earliest report of reduction potentials for
manganese porphyrins was based on potentiometric, spectral
titrations of Xmanganese(IIl)hematoporphyrinIX dimethyl

27,28

ester, XMNn3*XIHm, (X = Cl, OAc™). A pH—-dependent,
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one—electron reduction which was identified by the elec-
tronic spectrum of the product as the Mn(III) + Mn(II)
couple was observed.' Likewise, a pH-dependent, one—-elec-
tron oxidation was observed. The oxidative titration was
followed by visible spectroscopy, the spectrum of the
oxidation product reported, and the observed oxidation
assigned as the Mn(III) +* (IV) couple with no further
charactérization.

Boucher and Barber38 were the first to report a sys-—
tematic voltammetric study of manganese(IIl) porphyrins in -
nonaqueous solvents. Using polarography they examined the
reductions of several'Hn(III)porphyrins in DMF or CH;CN as
a function of axial ligand, X—, and.observed reductions at

- .
32433 for ring

.potentialé near those observed by others
reductions of other metalloporphyrins. They also observed
a wave for each complex at potentials much less negative
than those of typiéal ring reductions. These they charac-
terized by visible spectroscopy and assigned to the
Mn(IiI) + MN(II) reduction. The half-wave potentiais for
the ring reductions were independent of the anion, X—,
while those for the manganese reduction were not. The

order of the half-wave potential, -E for the Mnhtzz-sxx

i’

couple for several porphyrins is:
F~ > DAc— 2 Nx— > OCN- > OH~. > Cl— > SCN- 2 Br— > 1I-

The authors noted that this order corresponds to the

stability of the then known manganese(lIl) porphyrins.
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They also noted an ordering of -E, for different porphy-

%
rins which corresponds to the ordering of the pKa's of
the ligand. |

Kadish and coworkers have subsequently investigated
the effects of solvent, counterion and various nitrogenous
bases on the electrochemistry of the Mn(1II) * Mn(ID)
reduction potentiai. They confirmed the assignment.uf the
reported couple to metal reduction, measured stability
constants forvaxial ligation by a'humber ‘Dfi.nitngEHDUS
bases, and'investigated the kinetics of electron transfer
-for the reaction as a function of solveht, counterion,
porphyrin ligand substituent, _and1basicity of Various
nitrogenoué bases.42_44

The electrachemistry of'ménganese(lil)porphyrin oxi-—
dations has been much less exténsively investigated than
has the reduction chemistry. This is at least partly due
to the relatively high potentials at which these réactions
take place (see Table 2-2). Fuhrhop and coworkers39 re-
ported observing an oxidation at 1.12 V vs. SCE for
"(OHIMN(III)DEP in butyronitrile; they reported a second
process at > 1.4 V7 For each of these observations no
further characterization was reported, nor was an assign-
ment of the reaction to ligand or metal oxidation offered.
After we had begun the studies reported in this disserta-
tion, Kadish and Kelly49 reported one-electron oxidations
¢or xmn ‘T TPP in MeCla, EtCla, PhCN, CHSCN and PrCN for

X = C104—~y C1—-, Br—, I—, SCN— and Nx~. They assigned this
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reaction to the formation of the porphyrin n radical cat-
ion, based on the constancy of the observed reduction
potential with X. Consistent with this assignment is the
report of an electrochemical synthesis of [ClMn***Pporl-
[C1041, where Por = TPP, (b-DCH;)TPP, or DEP. The product
was characterized by EPR, UV/vis and infrared spectrosopy
and identified as the n radical cation.

As pointed out earlier, a number of MnNn(IV) and Mn (V)
porphyrins have been synthesized using chemical oxidants
such as C.HsID and NaOCl. However, no definjtive evidence
for a metai—centered electrochemical oxidation of a
Mn(III)porphyrin bhad been reported. Furthermore, the
reduction potential(s) of the most commonly used oxidant,
CaHsIO, had not been investigated. Indeed, such studies
would be difficult because of the insolublity of the
parent compound, C.HsI0, and the reactivity of its deriva-
tives.s1

The purpaose of this research was to extend the
knowledge of the potentials at which Mn(III)porphyrins are
oxidized. It was postulated that at least two oxidations
should be observable if the appropriate experimental con-
ditions were chosen. 1In this chapter I will describe the
SDLSV studies in which oxidations as a function of the
anion, X~ were investigated. In Chapter 3 I will describe
the spectroelectrochemical studies which were done in
order to characterize and confirm the assignments of the

observed oxidations
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EXPERIMENTAL

MATERIALS

Solvents used for electrochemical studies were
treated as described in Chapter 1. All other solvents were
reagent grade and used as received.

The supporting electrolytes, TEAP, TEABF., TEAFF.,
and TBAP ( tetraethyl and tetra-n-butyl -perchlorate,
—tetrafluoroborate, and -hexafluorophosphate ) were syn-
thesized by 1literature methods.61 The alkyl ammonium
salts TBAX, X = 0OAc~, N3~ F—, OCN—, NO=>~ were purchased
from Fluka and stored in an.inert atmospheres dry box
until used. The saits,. TBAX, X = Cl—, Br— and I- were
purchased from Eastman Kodak Company and used as received.
All porphyrin ligands and manganese porphyrins were pre-

62,63 and purified by column

pared by literature methods
chromatography, <followed by recrystallization from tol-
uene/heptane. Since FMnI**TPP is insoluble in CHsCN, it
was generated in situ by addition of TBAF to a solution of
(PFIMN*2XTPP in CHsCN. To slow the precipitation of the
product, Alx0s was added to absorb water of hydration from
TBAX. Even with these precautions, it was difficult to
prevent pre&ipitation, and so fewer experiments were per-

formed with X = F— than with the other axial anions, and

no spectroelectrochemical experiments were done.
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INSTRUMENTATION

Instrumentation and cells used for semiderivative
voltammetric experiments were the same as described 1in
Chapter 1. No IR compensation was used for experiments
carried out in acetonitrile. In dichloromethane, however,
the IR compensation device on the Princeton Applied

Research Model 179 Digital Coulometer was used.

METHODS
Semi-derivative cyclic voltammetric scans were per-—
formed on solutions of XMn**X*TPP in acetonitrile using the

cell:

W.E. | XMnTPP TEAP AgNDs Ag
(Pt (0.1 to (0.1M) (0.01M)
or TEAP CHsCN TEAP
Au) (0.1 M) (0.1 M)
CHsCN CHsCN

The potential was swept between potential 1limits of
+2.0 to -2.0 V for each XMNn*XIITPP to determine the regions
where oxidations and reductions take - place. For these
initial experiments, scans were begun at the rest ( open
circuit ) potential of the cell (usually near 0.0 V ) and
scanned toward negative potentials first. Once the appro-
priate potential ranges had been identified, voltammograms
with narrower ranges Neré recorded to determine rever-—

sibility and the half-wave potentials, E Al though the

%"
region of positive potential was the subject of this
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study, tﬁe negative region was scanned in order to:
1) verify the purity of the porphyrin by comparing the ob-
served reduction processes with literature values, and
2) observe the effects of oxidétions on the position and
shape of reduction processes after repeated scans. For
each XMNn:EXITPP the effects of changing each of the fol-
lowing was examined:

1) scan rate (from 20 mV/s to 10 V/s)

2) concentration of XMn***TPP (from 0.10 to 1.0 mM)

3) concentration of électrolyte (0.05 to 1.0M)

4) switching potential, EX
In addition, the voltammetric responses of (OAc)Mn®*XXITPPP,
in the non-coordinating solvent, dichloromethane, were
examined.

The studies reported in this chapter were all done
using a platimun working electrode. However, voltammo-
grams using the planar Au working electrode were also
recorded in order to determine its suitability as an
electrode material for spectroelectrochemical studies,

Hal f-wave potentials, E%’ were measured as the
average of the cathodic and anodic peaks,' (Epa + Epc) /2.
Peak heights, e,a and e,.-, were corrected for background,
e., obtained from voltammograms of solvent and electrolyte

solutions.
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RESULTS

Figure 2-2 1is an idealized semiderivative cyclic
voltammogram for the potential region +2.0 to -2.4 volts
for XMn**:TPP. It illustrates regions where almost iden-
tical behavior was observed for each XMn**ITPP, as well
as, the regions where significant differences were ob-
served.

In .this section, I will describe the processes and
pétterns which were observed in each region shown in
Figure 2-2 for each XMn**XPorphyrin we studied. Since
region D, from 0.0 to -2.0 V, had been previouly well-
studied, that region will be described first. Of the
oxidizing reqions, B exhibited the simplest behavior and
the least variation with axial anion, X~. The most complex
( and unexpected) patterns were obsefved in region C,
where no redox processes had been previously reported.
Finally, the patterns observed at very anodic potentials
(Region A) will be described. Because these processes
occurred at potentials where background current was high,

these are the most poorly understood.
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REDUCTIONS:
1. Mnixzx/71x2 Couple

The first reduction éncountered is represented in
Figure 2-2 by Peak IIl and is assigned to the Mnzxz~sxzx
couple. This process has been previously reported for

X = Cl-, Br—, I-, Ns—, and Cl0.-.>2'%7

In Table 2-2 the
reader will find a summary of the potentials observed and
a comparison with previously reported values. As expected
for a metal-centered reduction, the peak potentigl varies
with the axial ligand over a range of ~240 mV. The peak
height ratios, e,;/épc, and peak widths, Ep., were typical
of diffusion—controlled,v quasi-reversible, one—-electron
transfers.bq_66 In addition, the observed pbtentials
were independent of coﬁéentration of the porphyrin, and
the peak height, e, was proportional to v, the scan rate.
Although well-behaved reductions were obéerved .for
single scans from 0.0 to -2.0 V; an unexpected pattern
emerged when the potential range was +2.0 to -2.0 V. The
first scan was well-behaved if the initial potential was
~0.0 V and the initial scan direction was negative. How-
ever, repeated scans resulted in aﬁ anodic shift of the
Mn*xxs23) couple for X = Nx—, NCODO—-, OAc—, NOx", and OH—.
No such shift was observed for Cl04~, BF4~, PF.—, 11— or
Br—, howgver. A possible explanation for this unexpected
behavior will be discussed in conjuction with the patterns

observed in regions B and C and in the presence of excess

axial anion.
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TABLE 2-22

Mn(III) =+ Mn(II) REDUCTION POTENTIALS

a

PORPHYRIN Epe Epe E,  LITERATURE
XMn133TPP
c1-  -0.513(9)  -0.517(8)  -0.52(1)  -0.52 S04
Br- -0.508(9)  -0.510(5)  =-0.51(1)  -0.49 *’
1- -0.468(3)  -0.480(3)  -0.474(6) -0.48 *7
OH- -0.572(2)  -0.588(2)  -0.580(4) .
Shifted -0.47(1) S0.49(1)  -0.48(2) .
BAc- -0.550(9)  -0.570(3)  =0.56(1) _
Shifted . -0.484(3) . .
Ns- -0.576(9)  -0589(10)  -0.58(2) -0.58 7
Shifted 0.488(6)  -0.48(1)  -0.48(2) .
NCO- -0.516(2)  -0.54(1) ~0.53(1) _
Shifted -0.485(2)  -0.500(5)  =-0.495(7) _
NDa- -0.518(8)  -0.532(8)  =0.52(1) _
Shifted -0.49(1) -0.484(8)  -0.49(2) _
C104- -0.466(3)  -0.4B1(8)  -0.474(9)  -0.48 O
PFa- -0.486(2)  -0.487(B)  ~-0.49(1)
BFa- -0.476(2)  -0.480(3)  -0.478(S)
“f-n -0.69(1) -0.75(1)  =0.72(1)
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TABLE 2-2 (cont “d)

Mn{III) * Mn(II) REDUCTION POTENTIALS

n

PORPHYRIN Epe Epe E LITERATURE @

Substituted Porphyfins

(BACIMnT(a-CF3)PP -0.42(1) -0.33(2) ~0.48(3)

{DACIMUNnT (p-0OMe) PP -0.54(1) | ~0.661(1) -0.60(1)

a Literature values were repofted vs SCE, The values shown havebhad
0.29 V subtracted to give the potential vs the Ag/AgNDs(0.01M),
TEAFP(0.1M) ,CH3CN reference electrode used for this wark.

b Shifted potentials are the new potentials which resulted after a
second scans to anodic potentials of “+2.0 V. Unshifted potentials
were those which resulted on first scans in a cathodic direction,
with an initial potential of ~0.0 V., '
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2. Porphyrin Ring Reductions

A summary of the porphyrin ring reductions observed
"is presented in Table 2-3. A smaller and less systematic
variation in the peak potentials of_the two ring reduc-
tions than for the those of the metal-centered reduction
is apparent. At the same time, the shifts for the substi-
tuted porphyrin ligands are in the direction predicted for
electron-releasing and electron-withdrawing substituents,
respectively. The . second rihg reduction was observed
cleénly for only some of the axial anions. This may bé,
in part, a result of the difficulty in keeping the solu-
tion free of traces of water. Only those reductions which

were cleanly observable for every porphyrin sample for a

given X are reported; Again, the observed reductions
exhibit the features characteristic of diffusion-
b4-66

controlled, quasi-reversible, one-electron transfers.
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TABLE 2-—3

FIRST AND SECOND RING REDUCTIONS

0AcMnT (p) -OmePP

PORPHYRIN First Ring Second Ring
Reduction Reduction
XMnTPP £y (:2::) Ey (Lit)? E&(:E::) £, (Lit)
c1- -1.770(4) -1.76 47 -2.11(1)  -1.99 °B
1,47 8

Br- -1.692(7) -1.76 47 -2.12(1) _

1- -1.662(5) . _ _

OH- -1.78(1) _ . _ L
OAc- -1.77(1) L -2.13(1) _

N3~ -1.77(1) -1.76 % -2.14(1) _

' NCO- -1.77(1) _ . __
ND2- -1.82(2) _ . _
C104- -1.652(2) _ -2.11(1) _

BF - -1.78(1) _ _ .
PFe- -1.78(2) _ . _
Substituted Porphyrins

OACMNT (a-CF3)TPP  -1,619(3) -1.98(1)

Literature

values are reported vs SCE.

The potentials listed have

had 0.29 V subtracted to give the potential vs the Ag/AgNOs(C.0INM),

TEAP (0. 1M),

CH3CN reference electrode.
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greatly with X, the axial 1ligand, and with E

OXIDATIONS

Three distinct regions were observed in the poten-
tial range from 0.0 to +2.0 V. 1In regions A and C the
characteristics of the observed redox procésses varied
N7 the
switching potential. In region B, however, the peak

heights, peak shapes, and potentials of the observed oxi-

dations varied very little with axial ligand.

1. Ring Oxidations.

In Table 2-4 and 2-5, the peak potentials for the
two peaks observed in Region B are listed. Peak Il (See
Figure 2-2) correspdﬁds to the ring oxidatior reported for
X =Br— 1I—-, and N;—.49 Peak I, on the other hand, has not
been previausly reported, although an oxidation at ">1.4V
vs ‘SCE" has been reported for Hn"*DEP.39 This process is
probably due to the second porphyrin ring oxidation. As
was the case for the ring reductions, the shifts observed
for the substituted porphyrins were in the directions
expected for their respective substituents. Further evi-
dence for ring oxidations at the potentials represented by
peaks I and II will be presented in Chapter 3.

The electron transfer processes represented by peaks
1 and 11 can be characterized as one-electron, quasi-
reversible, ﬂiffusion—controlléd processes, based on the

following observations:64_bb
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1) The peak potentials, Epa. and g,c were invariant
with concentration of XMNn*Z22TPP over a range of 0.1 to
1.0 M.

2) The half-wave potentials, E% varied only slig-
htly with scan rate ( € 20mV ) over at least a 10-fold
change in scan rate.

3) E;,,vthe peak width at»half—height, was about 90
to 120 mV for scan rates of 20-200 mv-s—3.

4) . The duantity (Epa — Epc) € 20mV for all axial
anions (except F~ which was irreversible for peak I).

S The peak heiéhts, ep, were about the same (%
10%) as those observed for peaks III and IV, the well
characterized one—-electron reductions.

6) The Eatio €pa’/€pe varied from ~0.8 to ~1.0 for
peak II and from ~1.5 to ~1.0 for peak I when scans were

done over a sufficiently narrow potential range (0.6 to

1.0 V for peak I1; 0.75 to 1.35 V for peak I).



TABLE 2-4

FIRST RING OXIDATION

PORPHYRIN Eee gee Ey LITERATURE®
XMn 31 1TPF

c1- 0.94(2) 0.94(1) 0.94(3) 0.94 °6
Br- 0.961(2) 0.957(3) 0.959(5) 0.96 *
I- 0.960(2) 0.957(2)  0.959(5) . 0.9 °°
OH- 0.958(35 0.954(5) v0.956k5) .

CAc- . 0.961(2)  0.958(3)  0.959(S5) .

N3- 0.957(4) 0.955(4) 0.956(8) 0.96 4%
oCN- 0.959(2) 0.953(3) 0.956(5) _

NDa- C 0.950(D) 0.959(2) 0.960(2) _
C10.- | 0.960(1) 0.954(5) 0.955(8) _

BF o- 0.953(2) 0.948(4) 0.950(4) .

PFa- | ©0.960(3) 0.98(1) 0.97(1) .

“F-s 0.98(2) 0.96(1) 0.97(2)

Substituted Porphyrins

(DAC)MnT (a-CF3) PP 0.857(1) 1.068(4) 1.079(10)

{BAC)MnT(p-OMe)PP 1.089(2) 0.823(8) 0.840(10)

Literature values were reported vs SCE. The potentials shown have
had 2.91 V subtracted to give the potential vs the Ag/AgNDs refer-
ence electrode used for the studies reported in this work.

Cl1- was difficult to determine accurately because -of the broad
shoulder from the prewave. See Figure 2-9.



TABLE 2-95

SECOND RING OXIDATION

PORPHYRIN Ena Epe E,
T

c1- 1.25(2) 1.238(7) 1.24(2)

Br- 1.259(2) 1.254(5) . 1.257(9)
1- 1.260(3) 1.244(8) 1.25(1)

OH- 1.267(8) 1.259(2) 1.26(1)

OAc- 1.26347)  1.250(8) 1.26(1)

N3~ | 1.25(2) ©1.285(4) 1.25(2)

OCN- 1.260(1) 1.252(2) 1.254(3)
NO,- 1.260(1) | 1.255(3) 1.258(4)
Cl0a- 1.260(2) 1.252(3) 1.256(6)
BFa- 1.260(1) 1.243(6) 1.252¢7)
PFa- 1.278(1) C1.275(1) 1.277(3)
"F-" 1.260(1) 1.26 °

Substituted Porphyrins

MnT(a-CF3)PPOAC 1.368(8) 1.341(1) 1.35(2)

MnT(p-0OMe)PPOAC 1.112(3) 1.080(1) - l.1104)

a Irreversible. No reduction observed.
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2. Préuaves

In region C some unexpectedly complex behavior was
observed. For XMn***TPP where X = C1-, Br—-, I-, OAc—,
OCN—-, Nx—, and NO=>—, small waves were observed between

the potentials of the Mn(III) reduction and the Ffirst

ring oxidation (peaks II and III). None were observed for

X = Cl04—y, BFa~y, PFe~y, OH™ or F~. To our knowledge, no
electron transfer processes have been réported in this
region, and one author has specifically stated that no
redok processes .occurred between +1.2 and -1;4V vs SCE
(0.9 and -1.1V vs the Ag/Ag*(10-2M) reference elec-
trode), for CIMNn**:TPP in HeClz.39 Since impurities in the
manganese porphyriﬁ itself were a possible source for
thesé unexpected waves, care was taken to minimize thisv
possibility. The potentials of thesé waves (I shall call
them prewmaves since they appear bdbefore the oxidations
being studied) varied with the axial ligand and were quite
reproducible from one sample to another. This suggested
that ‘the prewaves may be due to oxidations of free axial
ligand which were present either as an impurity or as a
result of dissociation of the axial ligand to form a
solvated porphyrin and a free axial ligand.

It seems unlikely that the prewaves were due to
impurities alone because of the following observations:

1) The peak heights of the prewaves were significant
fractions (2 257 in all cases except for NCO~ which was

£ 10%Z) of the well-behaved one-electron processes repre-
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sented by peaks I-V.

2) Prewaves were observed even for samples which
were pure by criteria of elemental analysis and electronic
spectra.

3) Crystallization from toluene/heptahe would al-
most certainly have eliminated ahy excess ionic impurities
due to excess axial anion.

4) We observed no prewaves in MeCl=z, confirming the
obsérvation reported by Kadish‘and Kelly.39

In order to gain more insight into the electron

transfer processes in the prewave region, C, ( and 1in

region A ) the electrochemistry of the free axial li-

gands, added as the tetra(n-butyl)ammonium salts, TBAX was
investigated. In 1like manner voltamméfry of sélutions
containing *~1 to 20 mM TBAX and ~imM XMNnI*XITPP was done.
Typical results for these experiments are shown in Figures
2-3 through 2-6, in which representative SD voltaﬁmagrams
for selected XMn*:2*TPP, TBAX, and their mixture are pre-—
sented. Examples | of typical valtammograms for all
XMN*XXTPP can be found in Appendix 3. The potentials
observed in the prewave region for XMn**XTPP and TBAX are
summarized in Tables 2-6 and 2-7, respectively. In Téble
2-8, the effects of adding TBAX to solutions of “~1mM
XMNX**ITPP are summarized.

The results of the experiments just described +fall
into several groups:

1) Those for which no prewaves are observed (Cl04—,
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PFa—y, BF4—, Figure 2-3),.

2) Those for which the processes observed in the
prewave region for TBAX, XMn*ZiITPpP, and TBAX + XMn*X:TpPpP
are very similar to each other (Br- and I’i-, Figure 2-4).

3) Those for which electrochemical processes ob-
served in the prewave fegion for TBAX are different from
those observed for XMn**2TPP (Cl1—, Ns—, OCN—, NO=—, OAc-—,

OCN—-, F-, and OH—, Figures 2-5 and 2-6).

A - Cl D‘— 9 BFQ— 9 PF.-
The results of this control group were expected and
exclude the possibility that traces of water or other

impurities were the source of the prewaves.

B. Br—, 1-

In Group 2 (Figures 2-4), the similarity of both the
potentials and relative peak heights of the free axial
ligand and of XMn***TPP is consistent with the dissocia-
tion of the axial ligands, X = Br— and I-. However, the
behavior of ( I- + IMnN***TPP ) differed from that of ( Br—
+ BrMn**ITPP ) with repeated scanning. When scans were
done from 0.0 to +2.0 V for 1I-, peaks I and II ( the first
and second ring oxidations ) gradually disappeared, until
only the pattern due to free 11— was observable. When Ex
was changed back to -2.0 V the pattern for IMNIZZITPP
reappeared. Repeated scanning of the analogous solution

containing bromide resulted in no observable loss of the

characteristic BrMn**:TPP e—-E curve.
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FIGURE 2-3
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C. NO>—, Cl1-—

In Group 3 ( FlIgure 2-5) more comblex patterns were
observed. For X = NOx—, the potentials of the prewave for
TBANO= and (NOZ2)MR*XITPP are neaf each other, but their
peak shapes are quite differeﬁt from one another. Further-
more, addition of TBANO: tq a solution of the porphyrin
does not result in a growth in the peak height of the
prewave, although broadening does occur. -

In a similar manner, TBACI, has a éingie peak at
~0.63 V, while the prewéve observed for ClMNn***TPP occurs
at ¥0.75 V and is very dependent on sﬁan—rate. The_addi—
tion of TBACl1 to CIMNn**:ITPP results in a broad, intense
wave near 0.43 V, which grohs in intensity with increased
concentration of fBACl. At fhe samé time the béak at
0.94 V incréases in intensity, broadens, and shifts in a
cathadic direction to ~0.90 V. The shoulder at ~0.75 V is
no longer distinguishable. For both of these cases (Cl1-
and NO>-) no new peaks are observed on addition of free X—

to solutions of XMNn*2ITPP.
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D. Ns—, NCO—, OAc—

Each of the XMn*IZTPP in the group (Figure 2-4)
exhibited a new wave in the presence of excess axial
ligand, which has been assigned to the Mn*vY/%1X cpuple.

The anion,. N3—, (Figure 2-6) exhibits quite dif-

ferent behavior from that observed for Cl1— or NO»—-. The

free 1ligand shows a sharp, irreversible wave ét ~0.41V,

while the prewave for NsMNn*2*TPP occurs at ™~0.895 V. In

the absence of excess Ns— ( added as TBAN; ), the prewave
peak height decreases with repeated full scans. When Ex
€ 0.90 V, however, the prewave persists. ( See Figure 2—.
6 ). Addition of 1-2 mM TBANx results in the growth’of the
prewave at ~0.84 V and the appearance of a new, irrevers-—
ible, anodic wave at 0.12 V. When E* € 0.60 V,‘ the new
wave becomes quasi-reversible. ( See Fiqure 2-6). With a
3~ to S5- fold excess of Ns—, the prewave grows, becomes
very sharp, and the first ring oxidation at 0.96 V disap-
pears. The wave due to free Nx— appears at ~0.43 V, while
the new wave grows slightly in intensity. Af these higher
concentrations of TBANs, this new wave also starts to
exhibit quasi-reversible behavior at switching potentials
as anodic as 1.2 vV . Addition of successive aliquots of
TBAN3 up to “~10-fold excess, results in continued growth
of the prewave and free ligand wéves. The new wave be-
comes more nearly reversible (Cpn/Cpec * 1.0 and

repe *90 mV). However, its peak height does not continue

to 1increase indefinitely, but rather it remains fairly
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constant at a peak height approximately that of the ring
oxidations' and of the Mn*2**72* couple. The half-wave po-
tential of this new wave shifts to more cathodic poten-
tials with continued addition of TBANx td the NsMRIXITPP
solutions. (See Table 2-8). These patterns suggest a
electron transfer process involving N=MNn***TPP, possibly

oxidation at the metal cénter. | | |

Solutions of TBA (NCO) alone, show little evidence of
.undergoing oxidations .or reddctions at concentrafiuns
£ 10mM. At highef concéntrations, a broad, irreversible
wave .at ~1.0 V appears. (See Appendix 3, Figure A3—6.)‘
The porphyrin, OCNMn**ITPP, exhibits a small prewave at
~0.71 V, which grows in intensity and shiffs to slightly
more pbsitive potentials with the addition of 1- to 2-fold
excess of TBA(NCO). Two other waves also grow in at ~0.38
and 0.87 V. At the same time the Mn**2*/%%) couple becomes
very broad and E.c shifts to much more cathodic potentials
( -0.68 V ); Further addition of TBA(NCO) results in loss
of the porphyrin waves almost entirely, suggesting adsorp-
tion of NCO-.

The porphyrin, (DAC)MNn*IZTPP, exhibits two prewaves
of approximately equal intensity at ~0.77 V and ~0.63 V at
200 mV-s—*. ( See Table 2-12 and Appendix 3, Figure A3-6).
The wave at 0.63 V shifts dramatically to more cathodic
potentials at slower scan rates ( ~0.45 V at 20 mV-5—2 ).
At 200 mV-s—* both peaks decrease “~20% in intensity; at

slower scan rates no such decrease is observable. No
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electrochemical activity isvobserved‘for TBA(DAc) alone
for concentrations up to ~20 mM . At higher concentra-
tions the presence of water of hydration interferes with
further investigation of free‘DAc-. As was the case for
Ns= and NCO-, addition of TBA(DAc) to solutions of
(DAC)MNX2:TPP results in growth of both prewaves, as well
as the appearance of a new wave at ~0.38 V. On +First
scan some indication of a reversible process was apparent
for this new wave. It did not remain reversible, however,
with repeated scans or with addition of further aliquets
of TBA(DAc). Again, complex processes ( possibly adsorp-
tion ) occur with large excesses of 0OAc~ (See Appendix 3,
Figure A3-7). Hence, further investigation of this process
.was limited to spectroelectrochemical studies.

Since a sample of (CN)Mn***TPP was not available,
its electochemical behavior was observed by adding TBACN
to solutions of (BFLIMNX*IXITPP, (See Chapter 3 for more
detail on this system.) The observed behavior was essen-

tially the same as that observed for NMnTPR.
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FIGURE 2-6A
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FIGURE 2-6B

(83 TOA)

tl(m

a°'t

S31JAD a31v3d3y 40 133443
(T %)

ddiNW(=N) + =Nvdl

=Nvda.l

77



FIGURE 2-6C
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TABLE 2-6

PREWAVES

PORPHYRIN Epa Epc E,

XMn111pp

c1- 0.75(5) 2 _ 0.75(5)

Br- (1) 0.63(1) 0.58(1) 0.60(2)
(2)  0.41(3) 0.37(1) - 0.39(4)

I- (1) 0.313(2) 0.307(2) 0.310(4)
(2) =0.049(2) -0.068(2)  =0.059(4 )

OH- | _ . o

OAc- (1 0.77(2) . 0.77(2)
(2)  0.63(2) ¥ __ _

N3~ 0.84(2) ¥ . 0.84(2)

OCN- 0.71(2) _ 0.71(2)

NO2- 0.24(1) 0.21(1) 0.22(2)

C10a- - _— -

BF 4~ - — —

PFe- - — -

“pos

Substituted Porphyrins

(DAc)MnT (a~CF3)PP 0.72(4)

(DAC)IMnT (p-0OMe) PP 0.45(2)

a Potential reported is at 200 mV/s. The potential shifted
aore negative potentials at slower scan rates.
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TABLE 2-7

TBAX ONLY
XMniIITPP Epa Epe E, LiTERATURE a
c1- | 0.63(1) 0.59(1) 0.61(1) 0.81 2
Br- (1) 0.65(1) 0.6201)  0.64(1) 0.71 12
(2)  0.35(1) 0.27(1) 0.31(2) 0.4y 72
I- (1) 0.311(2) 0.306(6) 0.311(6) 0.26 2
(2) -0.054(7)  -0.0B3(7)  =-0.069(14) -0.04 72
OH- . . .
OAc~ . . _—
Ns= 0.41(1) ® o0.41(D) 0.41(1) . o0.38 7089
0CN- 1.0 ¢ . . _
NDa- 0.15(1) °  0.15(1) 0.15(1) .
€104- . . — —
PFo- . . . .
BF o~ _ . . .
s

a Literature values were obtained vs SCE. The potentials shown have
had 0.29 V subtracted to give the potential vs the Ag/AgNOs(10-2 M)
reference electrode used for the stuies reported in this work.

b Irreversible, very scan dependent waves.

¢ Very broad wave, only appeared at concentrations > 10 aM.
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PREWAVE REGION (MnTPPX + TBAX)

TABLE

2—8

PORPHYRIN Epe Epc Ey
XMnT33TPP
c1- 1) 0.616(6) 0.450(15) 0.533(21)
2) 0.920(16) 0.935(7) 0.928(23)
Br- 1) 0.38(4) 0.38(2) 0.38(6)
2) 0.65(1) 0.61(1) 0.63(2)
1- 1) 0.322(6) 0.29(3) 0.31(4)
2)  =0.08(2) -0.084(6) -0.06(3)
OH- _ _ -
DAc- 1) 0.79(1) _ -
2) 0.64(1) _ _
3) 0.38(1) _ _
Ns- 1) 0.86(2) _ _
2) 0.41(1) _ _
3 0.105(1) ° 0,063 0.084
NCO- 1 0.870(2) _ _
2) 0.73(3) _ _
D 0392 P
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PREWAVE REGION

TABLE 2-8,

(MnTPPX + TBAX)

cont 'd

PORPHYRIN Epa Epe
XMnt1iTEP
NO2~ 1) 0.248(2) _
2) 0.150(2) _
Cl10a4™ - | -
BF a4~ = -
PFe~ - _
“F-n 1) 0.325 _
2) 0.813

a This wave appears to be that of the shifted ring oxidation.

b This

is a new wave which is not present for either TBAX

or for XMn*13iTPP alone.
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Third and Fourth Oxidations

A summary of fhe pdtentials and relative peak
ﬁeights for the third and fourth oxidations observed for
XMN**ITPP are summarized in Table 2-9 and 2-10. While
these processes vary considerably in relative intensity,
their half—-wave potentials afe remarkably near to one
another. The two anions which exhibited the most atypical
behavior were X = Cl04— and I-. In the case of Cl04—, the
third and fourth waves were much less intense thanv the
first two oxidations (Peaks I and II), and became more
well-defined at slower scan rates (See Figure 2-3). For

X

I- only one, very intense wave was observed. Its peak
height was “4 times the height of the first two oxidations
and increased in intensity for repeated scans until the
height reached a maximum. For the other anions, the peak
heights ( corrected for the large background currents at
these extreme potentials ) were “1.35 to 2 times the height
of Peaks 1 and 1I, varying somewhat from one anion to
another. In each case,. the particular pattern observed
was reproducible from one sample to another, suggesting

some dependence on the nature of the anion.
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TABLE 2-9

THIRD RING OXIDATICN

Epa Eoe . €ralCpe  €,alRel) 2
XMn*EITPP
c1- 1.46(1) 1.49(1) 1.48(2) 1.5 ~2
Br- 1.42(1) 1.44(2) 1.43(3) 2 vy
I- 1.56(2) 1.61(2) 1.58(4) ~4 ~5
DH- 1.39(8) _," _
DAC- 1.46(2) 1.42(1) IEWTIES 1.6 ~1
Ns- 1.44(1) 1.48(1) 1.4602) ~2.2 ~2
NCO- 1.42(1) 1.43(1) 1.42(2) 1 ~2
NOo- 1.40(7) 1.44(4) 1.4(1) *1 ?
C104- 1.44(1) 1.46(1) 1.45(1) 0.9 0.3
PFa- 1.47(2) _ B B .
BFa- 1.42(2) 1.39(1) 1.40(3) ~2 ~1
llF'_u '

Substituted Porphyrins

(DAC)MnT(a-CF3)PP

(CACIMnT (p-0Me) PP 1.40(3)

a The peak height ratio of the observed peak to that of the first

ring oxidation or the Mn?*3/!2 couple

b The peak
electron.

rates.

(one-

heights for Cl04- were less than those for

Enhanced

reversibility

was
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TABLE 2-10

FOURTH RING OXIDATION

Epa Epc Eg €pal€pc e,alrel) e

XMnT1ITRP
c1- 1.61(1)  1.68(1) | 1.62(2) ~2 ~2
Br- 1.59(1) 1.63(1) 1.61(2) 2.5 ~2
I- - - — _—
OH- 1.65(2) 1.52(2) 2977 , ~2
DAc- 1.65(8) 1.60(2) 1.64(6) ~3 2
N3~ 1.59 (1) 1.62(1) 1.60(2) ~2 ~
NCO- 1.60(1) 1.63(1) 1.62(2) 2.7 ~2
ND2- (1) 1.62(2) 1.61(1) 1.62(2) 2 1.5

(2) 1.76(1) 1.74(2) ~3 2
C104- 1.61(1) 1.64(1) 1.62(2) ~0.7 ~0.3
PFa- 1.68 _ . . 2
BFa- 1.62(3) 1.57(1) 1.60(4) 2.5 ~2
"F-" _— _— - -
OACHNT (a-CF3) PP 1.68(2) 1.76(3) 1.72(5) ~3 ~

OAcMnT (p-0Me)PP 1.61(2) ??

a The peak height ratio of the observed peak to that of one of the
one-electron transfer processes, such as the ring oxidations, or
the Mnitis12 coyple.
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DISCUSSION

In the Results section séveral different regions and
patterns of electrochemical behavior were described. The
simplest patterns were observed in region B ( Peaks 1 and
II in Figure 2-2 ) where the first two porphyrin ring
oxidations were observed. More complex behavior was ob-
served in region C, where no electrochemical activity had
been expected. 1In region D, some unexpected shifts in the
MN¥2X/22 couple were also observed. From these two unex-
pected sets of behavior, some important insights into the
solution equilibria and the oxidatiﬁn chemistry qf manga-—
nese(lIl)porphyrins has been gained. Finaily, some elec-
tron transfer processes at very anodic potentials ( Region
A, Figure 2-1 ) were observed which are poorly understood
as of this writing._ln this section I will discuss some of

“the insights gained <from these voltammetric studies.

Ring Oxidations

Peaks 1 and II at 0.96 and 1.26 V can be unambig-
uously assigned as the successive, one—electron oxidations
of the porphyrin ring to form the n-radical cation and
dication, respectively. Although verification of this
assignment by spectral or magnetic studies is desirable
( spectral studies will be presented in Chapter 3., elec—
trochemical criteria alone are sufficient in this case.
The constancy of the observed potentials ( See Tables 2-3

and 2-4 ) is strong eviderce by itself that the porphyrin
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ring, rather than the manganése ion, is being oxidized.
Molecular orbital calculations, empirical correlations
with electronic spectra, and the cbservation of very long
axial bond distances in X-ray crystal structures imply
that the HOMO for h.s. XMAIIITPP is the dz2 orbit-

41, 34:67,68

Hence, the redox potential of a metal-centered
oxidation is expected to vary with axial ligand. Porphyrin
ring oxidations, on the other hand, are unlikely to be
affected greatly by the nature of fhe axial ligand. In
addition to the constancy of the observéd potentials, a
difference of 0.29(x.03) V between the first "and second
ring oxidations has been accepted as diagnostic of suc-

vcessive, one-electron porphyrin ring oxidations.39fé8

The
difference of 0.30 V that we observe between the poten-—
tials for peaks I and 11, then, is further evidence of

successive, one-electron ring oxidations.
Prewave Region

The prewave region and the unexpected shifts in the
heretofore, well-characterized Hn?""’ reduction, are
more complex to interpret. As pointed out in the Results
section, the absence of prewaves for XMn**:TPP for the
control experiments ( X = Cl0a4~, BFLa—, and PF,~ ) verify
that the prewave behavior is, indeed, a result bf an
oxidation involving the axial anions themselves, rather

than the porphyrin ring or the metal ion.
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1. Br—, I-

It is clear that in the case of Br— and I—-, the
axial anion is dissociated from the porphyrin to a large
extent in the acetonitrile/electrolyte solution and that
the electrochemistry observed iﬁ the prewave region is due
to free axial ligands. This equilibrium can probably best

be described by the following :

XMNEIETPP 4+ nCH3CN = [(CHSCN)MNnIZITPPI* + X~ (1)

where n = 1 or 2.

Not only are the patferns observed for TBAX and XMn*XXTPP
very similar to one another, but no other change is ob-
served in. the positions of the ’other porphyrin redox
processes on addition of TBAX to the porphyrin solutions.
The two successive oxidations observed for free X— have
been previously observed in a number of nonagueocus sol-
vents and have been identified as being due to the follow-

ing reactions:

(1) 3IX— 4 X3~ + 2e~
(2) 2Xs™ 4 3IX + le—
where X = C1—-, Br—, and l‘.69-73 In Table 2-7 are listed

the previously reported potentials in CHsCN sclution for
Cl-, Br— and I- for comparison with the potentials ob-
served in this study.

The observation of large prewaves for Br— and I~ is

also consistent with data published during the course of
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the experimental work for this dissertation. In tha£
study, Kadish49 reports the equivalent conductances for
XMNn*xxTPP (X = Cl10.—, Cl1—-, 1I-, and Ns~). The magnitudes
of the observed conductances strongly suggest that the
Cl04~ and I- are almost completely dissociated in CHsCN,
while the Cl— and Ns— are only slightly dissociated.
Kadish also rlooked at the effect of ionic strength and
concluded +from spectral data, that high ionic. strength
favors dissociation of the axial anions in polar sdivents
such as CHsCN or pyridine. Baséd on the voltammetric
results reported here, it seeﬁs likely that Br- is alsb
dissociated in CHsCN to a largé degree. This ﬁnint will
be addressed further in Chapter 3. *

| One cdmplication arises in the case of iodide,k in
that the waves for the porphyrin ring oxidations disappear
with repeated scans from 0.0 V to +2.0 V. Possible de-
struction of the porphyrin ring is ruled out by the obser-
vation that the porphyrin ring oxidation pattern re-
emerges, even at fast scan rates, when the negative
switching potential is changed to -2.0 V. A possible
explanation is that adsorption of iodine on the surface of
thé‘ electrode becomes so extensive that further electro-
chemical processes are inhibited. Certainly adsorption of
iodine on Pt electrodes has been well documented in aque-—
ous solution.73_75 Unfortunately, similar studies in
nonaqueous solvents have not been reported, to the best of

our knowledge. A problem with this explanation lies in
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trying to explain why the electron transfers of the ring
would be blocked, since in aqueocus solution adsorption of
iodine. enhances electron transfer ( See Chapters 1 and 4

for discussion and examples ).

2. N;-,_NCO‘ and OAc—

The anions Nx—, NCO-, and DAc— present a quite
different picture. 0Of these, N3~ was the most ‘“well-
behaved” and so will be discussed first.

- In this case (and for Cl— and NOz~ discussed in the
next éection) the potentials of the prewaves and of ' the
free anion, as TBANs, differ substantially from - one
anather. Both the prewave for NsMn***TPP at ~0.86 V and
the irreQersible wave at 0.41 V for'TBANs increase in
intensity with addition of successive aliquots of TBANs to
porphyrin solutions. In addition, the first porphyrin
ring ﬁxidation shifts from 0.96 V to 0.90 V. This set of
abservations is similar to those observed for Cl— and NO=~
and will be discussed in detail in the next section.

The new wave, which appears first at ~0.38 V and
shifts to ~0.09 V with successive additions of TBAN;,
cannot be explained by an oxidation of axial ligand,vsince
a negative shift in the potential of the axial 1ligand
would be difficult to explain. This new wave is certainly
due to é one—-electron oxidation of the species NsMn**:TPP,
since e,4 and e,-, the peak heights, remain constant and

are about equal to those of the ring oxidations, the
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metal—centered reduction, and the ring reduﬁtions. It is
most 1likely that this new wave is a metal-ceﬁtered oxida-
tion to a Mn*VYTPP*~ gpecies, possibly (N3)a2MnIVTPP. The
following observations lend sqpport to this assignment:

1) The new wave becomes quasi-reversible for
E, € 0.60 V. |

2) Appearance of the wave for free Ns~ appears
only after greater than a two-fold molar excess af.Ns‘ is
added. |

A significant contribution to the decreased reversi-
bility of the Mn¢Iv?»~7¢331> cqyple Qhen Ex ;0.60 V is the
fact that the free ligand, N3~ is apparently oxidized to

form Ns-, according to the following reactions’ *%°;

1) Ns— 2 Nx- + e™

fastc

2) 2Nx- <+ No * 3Nz
Thus, any free N3~ in solution would be oxidized irrever-
sibly for scans to very anodic potentials. If a strongly
coordinated axial ligand is required to achieve a metal-
centered oxidation for Mn(II11)Porphyrins, then removal of
the excess ligand would render the process irreversible.
In addition, enhanced reversibility, as evidenced by nar-
rower peak widths, Egpw, and peak height ratios, esa’/€,c
which approach unity, is observed for a) narrow scan
ranges ( 0.0 to +0.60 V) and b) higher concentrations of
excess TBANs. Again, this is consistent with a metal-

centered oxidation which is favored by the presence of a
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strongly coordinating axial ligand which can occupy the
sixth coordination site. Further support for the assign-
ment of this process to that of the MnIv /XX couple was
obtained from spectroelectrochemical studies which will be
presented in Chapter 3.

The cases of X = NCO~ and OAc— are more difficult to
interpret than N3s~. Since each of these anions alone is
stable to oxidation in.the prewave region for TBA(NCO) or-
TBA(DAc), explanations invoking oxidation of dissociated
ligand afe inadequate. Oxidation 64 the coordinated.ligand
is also quikely,v unless the Mn***TPP écts as a catalyst.
Nevertheless, ‘one cannot dismiss involvement of the axial
ligand in these redox processes,b since for both X = NCO-
and OAc—, the prewaves.grow in intensity with addition of
TBAX to the porphyrin solution.

Unfortunately, the electrochemistry of neither of
these anions has been extensively studied by voltammetry
in nonaqueous solution. For the case of NCO-—, 6n1y reduc-—-
tions using polarography at a DME have been reported.81
Thus, no literature values for potentials in the prewave
region are available, nor are anodic potential 1limits.
Surface studies of HNCO on Pt surfaces indicate that it
adsorbs strongly on a clean Pt surfaces in wultra-high
vécuum87’88. However, its behavior on electrodes has not
been reported to our knowledge. Thus, while the blockiﬁg

of the porphyrin ring oxidations in the presence of excess

NCO- may to be due to adsorption of free axial 1ligand,
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verification of this would require extensive investigation.

Studies of acetate or of systems in HOAc as a solvent
have been more extensive, although none speﬁifically re-—
ports the potential 1imits.82—84 Studies of the Kolbe reac-
tionab, however, suggest that no electrochemical processes
occur iﬁ the prewave region fhat was observed for
OACMN I ETPF, Furthermore, when glacial HOAc is used as
the solvent, no oxidation‘appears until ~2.0 V vs SCEBS.
It is clear that HOAc adsorbs on Pt electrodes in
water.sl-84 Again, no studies of adsorption in nonaneous
have been reported. We have seen evidence of strong adsor-
ption waves for (QAcC)MN***TPP, even in the absence of
excess OAc—, which are enhanced by addition of TBAOA;.
( See Appendix 3, Figqure A3—7).

It is reasonable to assign as a metal-centered oxi-
dation, the new wave which appears at ~0.38 V on addition
of TBA(DAc) or TBA(NCO) to solutions of the respective
porphyrins. Although the new waves are irreversible, even
for narrow scan ranges for these anioﬁs, the fact that
they appear in the same general potential region as for
X = N3~ suggests a similar process. Since these waves
appear . before the prewaves for both NCO— and OAc~ and do
not grow in intensity with additions of more than a 2-fold
excess of added TBAX, it is likely that they are one-
electron transfers. Because of the irreversibility of the

waves, and the inability to study the system at high

concentrations of TBAX, confirmation of this assignment
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had to come from the spectroelectrochemical studies which

are described in Chapter 3.
3. Cl1- and NOx—

Interpretation of

anions is more ambiguous than for Br— and I-.

the present cases, the large

tials of

argue against a simple dissociation of the porphyrin

cies
other bhand,

TBAX

transfer process involving the axial ligand.

were some differences-in the

NO=—, I will discuss each of
Any explanation of
CilMn®***TPP, must take into

significant, shift in the

oxidation,

and the disappearance of this wave on addition of

Cl- to the porphyrin solution.

include:

1) The small dissociation constant for XMn:*:*ITPP

CHsCN/TEAP solution results in a CE mechanism

reaction,

example below.

the results obtained

the prewave and of the free anion ( 2

and subsequent oxidation of the free anion.

the changes which take place on addition

followed by an Electron transfer),

for these
In both of
difference between the poten-

100 mV )
spe-—

On the

of

to Mn(Il1l)porphyrin solutions argue for anelectron

Since there
patterns observed for Cl1— and

them separately.

the prewaves observed for
account both the small, but
potential of the +first ring

the scan rate dependence of the prewave itself,

excess

Some possible explanations

in

64  (Chemical

as in the
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ke
(1) CIMn**ITTPP + CHxCN 2 (CH3CN) MNnZ*ITPP + (C1-—
ke :

(2) 3Cl- = Cls— + 2e-—

In this case, :a shift in the potential toward more
positive potential for the Cl3~/Cl1- couple would be
expeéted.

2) The prewave is due to the oxidation of the axial

ligand still bonded to the Mn(1II1l). As such, 1its poten-
| tial might be expected to be shifted to more positive
potentials relative to the free ligand. It_is reasonable
that such a process'uould.also élter the positions of the
ring oxidationé, although it is not clear that a neg;tive
“'shift would be expected.

3 The prewave for CIMNn*:ITPP is not due to oxida-
tion of the axia} ligand at all, but is due to oxidation
at thé metal center. This seems unlikely, however, since
the waves continue to grow with increasing concentration

of free Cl- in contrast to the cases of Nsx—, NCO~, and

OAc— where a metal-centered oxidation is almost certainly
observed.
NO=— presents a similarly puzzling case. The fact

*

that the prewave remains nearly constant in intensity with
increasing concentration of excess TBA(NOz) would tend to
argue against oxidation of dissociated NOx~ ( Explana-
tion 1 above, for X = Cl- ). Oxidation of bonded axial

iigand or oxidation of the manganese remain possible ex-
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planations.

In the cases of each of these axial anions, further
studies are required to explain the puzzling prewave re-
gion. Some insight has been gained by spéctroelectro—

chemical studies, as will be shown in Chapter 3.
4. OH- and F-

The last anions to be examined were F- and OH—.
Uhfortunately, these results were very inconclusive. In
the case of OH™, it was impossible to obtain any results
in the presence of excess anion, because addition of even
very small quantities of TBA(OH) resulted in _iﬁmediate
precipitation of the porphyrin. Since no prewaves were
 observed for (OH)MRXXITPP, we can éssume that the anion
was tightly bound, and therefore, was not oxidized either
as the free ligand or while bound to the metal. The shift
in potential of the ring reductién with repeated anodic
scans (See below) does, however, suggest that at suffi-
ciently high potentials the axial ligand 1is oxidized,
leaving only the species (CHsCN) . MNnT*XTPP+- at the surface
of the electrode. The fact that we observed a new process
on addition of TBAF to (PFIMNTIITPP simi}ar to that
observed for Ns—, NCO—-, and OAc—, suggests that a metal-
centered oxidatiqn may occur for X = F— , as well. How-—
ever, since we were only able to perform this experiment

successfully once (i.e. without precipitation) this as-

signment is very tertative.
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Shift in Mn**3/3Z Couple

A final insight into the nature of the processes
occurring in the prewave region, is found in the observa-
tion of unexpected anodic shifts of the Mn*** 3% reduction
with repeafedb scanning to very anodic potentials for

Ns—, NCDO-, DAc—, NOz— and DH- and a smaller, shift for

X
X = Cl-. This result would be expected for a mechanism in
which the axial ligands thémselves afe irreversibly oxi-

~dized at switching potentials, E more anodic than the

2?*
respective prewaves. In either of these cases, only the
species, (CH;CN)an"‘TPPf would be left at the surface of
the electrode for the cathodic portion of the scén. At
very slow scan rates, XMN*IITPP would have time to diffuse
to the electrode éurface, resulting in smaller shifts or
none at all{ This is, indeed, what is observed. In the
presence of excess axial ligand, on the other hand, this
shift would be expected to be suppressed, even for very
anodic Ex. This is verified by the observation that the
potentials of the metal-centered reductions shift to even
more negative potentials for the anions OAc—, Ns— NCO—,
NO>—-, and Cl— in the presence of excess axial anion.
Unfoftunatly, these potentials are less reliable, because
the waves are also broadened considerably, probably due to
the everpresent problem of water of hydration in the

tetraalkylammonium salts.

The observation that tne anions X = Cl0.-, BFa.—,
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PFe—, Br—= and I~ exhibit no shift in the Mn***/** couple
with repeated scanning is consistent with the explanation
offered above. For Cl04~, BF4~ and PF.~, the potential
observed is almost certainly that of the solvated por-
phyrin. Likewise, since IMn***TPP and BrMn***TPP are
highly dissociated initially, their potentials are also
that of the solvated speéies. Hence, the observed poten-—
tials show no further shift, even with anodic scans.

If the above explanation holdé true, it is poésible
that the potential of the Mn**I-1x couple is a good' indi-
cator of the deqgree of association of the vgiven axial
ligand in the solvent/electrolyte solution. It also lends
support to the arguments whichiinvoke oxidation of the

axial ligand to expiain the prewaves described previously.

Third and Fourth Oxidations

One of the most surprising results of these studies
was the observation of two well-resolved oxidations at
potentials > 1.4 V. Qs the Ag/Ag*(10=2 M) reference elec-
trode. With the exceptions of X = Cl04~, NO>—, and I—,
most of the patternsvobserved were similar to one another,
in that the third oxidation was the less intense of the
two very anodic processes. Given the similarify in half-
wave potentials for each of these processes for all of the
anions except I—-, it is quite likely that these represent
third and fourth ring oxidations. The appearance of a

fifth oxidation for X = NOz~ is possibly due to an oxida-
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tion involving the axial ligand itself.

It is probable that the exceptional behavior ob-
sefved for 1I- is the result of adsorption of I- on the
electrode surface to form Pt-1I. Certainly the very in;
tense wave at ~1.58 V is due to the presence of free I—,
rather than any manganese porphyrin species. This is
based on the similarity of_the patterns for <free TBAI,
fﬂn"'TP?, and that observed for repetitive scans to
+2.0 V for TBAl added to porphyrin. (See Figure 2-4 and
Results).

The anion Cl04- represents another anomaly. The
third and fourth oxidations are the most well-resoclved and
most nearly reversible of all of those we cbserved. It is
difficult to explain the relative peak heights observed in
terms of one-electron ring oxidations. Chemical follow-up
reactions would seem to be ruled out, however, by the
observation of increased reversibility at slower scan
rates. Differences between Cl104~ and the anions c1-,
Br-, OAc—, NOz—, OCN—, and N3~ might.be explained by the
differences in a) the stability to oxidation of the an-
ions, and b) the tendency to adsorb on the electrode
surface. (Such differences seem unlikely for X = BFs— and
PF.—, however.) Nevertheless, the most likely explanation
for these oxidations appears to be the successive third
and fourth ring oxidations of the porphyrin with possible
interference from adsorption processes on the electrode

surface. As we shall see in Chapter 3, further investiga-
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tion of these processes was less rewarding than for the

previously described electron transfers.
SUMMARY

In summary, evidence for several previously uncb-
served processes has been presented in this Chapter. Two
oxidations have been.observed which can be assigned to
porphyrin ring oxidations. For XMNn***ITPP, where X = Ns—,
NCO; and Ohc-, a new wave which appears on addition of
TBAX to porphyrin solutions has been tentatively assigned
as the previously unreported Mn*V¥/X*I couple. Axial ligand
dissociation and subsequent oxidation has been shown to be
responsible for the prewaves observed for Br— and I-. The
assignment of the prewaves for Cl—, NO=—, N;‘; DAc—, and
NCO— 1is uncertain, although a mechanism involving axial
ligand oxidation seems likely. The unexpected shift in
the Mn**:/2r raduction for X = N;‘,b OH~, NO»—, OAc—, and
NCO- has been shown to be related to the prewave processes
providing further evidence for axial ligand oxidations in
the prewave regions. Finally, oxidations at very anodic
potentials have been observed and tentatively assigned as
ring oxidations with possible contributions from adsorp-
tion processes. In the case of I-, oxidation of the ad-
sorbed axial ligand is clearly involved, rather than por-
phyrin ring oxidations.

Further evidence for a number of the assignments

presented above will be presented in Chapter 3.
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CHAPTER 3
Spectroelectrochemical Studies

of Manganese Porphyrin Oxidations

Optical spectra of porphyrins and metalloporphyrins
have been widelyvusedtfor characterization of. electronic
structure and for identification of porphyrin species. 1In
theéretical studies1 ﬁhe cﬁaracteristic absorption spectra
of porphyrins have been used to construct molecular
~orbital diagrams of porphyrins and metalloporphyrins, and
a review of the optical spectra and electronic structure
of these species has recently appeared.

In early studies the spectroscopy and electronic

stru:tures'4

of manganese(lll)porphyrin complexes were
explored. A review of manganese porphyrins5 included a
summary of UV/vis spectral data for Mn(IlI) and Mn(l1l)
porphyrin complexes. An optical spectrum was reported for
the one-electron oxidation observed for an oxidative ti-
tration .of Mn*XIZhematoporphyin(IX) dimethyl ester.6 This
spectrum was assigned to that of a Hn(IV) species, al-
though its assignment was not confirmed by other charac-
terization.

A typical metalloporphyrin spectrum ( See Figure
3-1 ) is characterized by two @ bands between 500 and 600
nm and a B band between 3IB0 and 400 nm. The Q@ bands,

which are quasi-allowed, (¢ = 1.2 to 2 x 10* M~*-cm™?*)

are classified as an a and # band; the a band is at-
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tributed to the lowest energy excited singlet, while the g
band has been shown to have vibrational modes mixed in.
The B band, often known as the Soret band, is strongly al-
lowed ( e = 2 to 4 x 10 M~*-cm—*) and is attributed to
the second excited éinglet. .Both the B band and the @
bands have been assigned as n * n* transitions of tﬁe
porphyrin ligand.

| Manganese(lll)porphyrinv spectfa differ <from the
“normal®” metalloporphyrin spectrum described above, in
that they vhave prominent ( € > 10 M—2-cm—~* ) ‘“extra"
bands. in the region A > 320 nm. Figure 3-2 illustrates a
typical manganese(Ill)porphyrin spectrum and shows a gqual-
itative MO diagram with the transitions which are commonly

1,2,5 The "extra bands" are attrib-

assigﬁed to each band.
uted to LMCT(as.(n) yazu(n) * egl(dn)), an assignment which
predicts a dependence of bands V and VI on the nature of
the axial ligand. Indeed, Bc’ucher':s—5 has shown that the

energy order for band V for XMn(III)Etioporphyrin(H=20) is:
F~ > DAc= > NCO- > OH- ™~ Cl— > Nz~ ™ NCS— ™~ Br— > I-

This is the same order observed for the reduction poten-—
tials of the Mnh¥zz~-sxX cnuple.B ( See Introduction, Chapter
2) In these same studies Boucher also noted moderate
solvent shifts for the absortion maxima for Mn(Ill)por-—
phyrins, and again, bands V and VI were the most affected.
For non-coordinating to moderately coordinating solvents

such as acetone, CHsCN, CHCls, and CHzCl=, the most polar—
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izable (as measured by the refractive index of the sol-
vent) exhibited the lowest energy absorption.' In strongly
.coordinating solvents, the absorption maxima were indepen-—
dent of the axial anion and exhibited energy shifts in the

order:
H=0 > EtOH ~ MeOH > CLH,,0H ~ DMSO ~ DMF ™~ n-BuNHz > Py

The spectra of manganese(ll)porphyrins (See Figure
3-3) have beeﬁ'designated by Gouterman2 as "“pseudonormal"”,
since .they have a large B (Soret) band at “~440 to 444 nm
and are missing the "extra" bands of the manga-
nese(llI)porphyrin spectra. Althdugh Mn(II)porphyrins are
d®, h.5. in which the d orbitals are half-filled, Gouter-—
man2 argues that the LMCT transitioﬁs (asu(n) yaza(n) =
eg\dn)) are too high in energy to be obserQed.

In more recent work spectra of one-electron oxidized
manganese porphyrins have been reparted.q_lb An example
of a typical manganese(IV)porphyrin spectrum is shown in
Figure 3-4.9—12 These spectra are characterized by 1loss
of bands II1 and 1V betweén SOOVand 600 nm (See Figure 3-
4) and the appearance of a band in the region of 3520 to
5S40 nm. Similarly, an intense band in the region of 410
to 420 nm replaces bands V, Va, and VI of the Mn(IIIl)por-
phyrin spectrum.

The spectra of porphyrin n radical catioﬁs have also

13-16

been reported (See Figure 3-35) and are characterized

by the presence of bands 111 and IV between 500 to 600 nm
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and bands V and VI near 390 and 490 nm. This spectrum re-
sembles that of (Cl04)Mn::ZTPP although the relative
intensities of bands V and VI have been reversed, and
band V has shifted to lower energy. No theoretical studies
have yet appeared on the spectra of the oxidized ménganese
porphyrins.

The only published spectra for two-electron oxidized
manganese porphyrins are those of the (nitrido)manga-

17,18 ( See Figure 3-5. ) These spectra

nese (V) porphyrins.
resemble those of Mn*VYporphyrins in that they are char—
acterized by loss of bands 11l and IV and the appearance
of a band at “~530 to 540 nm ( NMAVYOEP has a secoﬁd band at
S560 nm17). A band in the regiqn of 400 to 426 nm replaces
bands V, Va and VI of the Mn**Xporphyrin spectrum and
appears sharper and more intense than the comparable band
observed for Hn'Vporphyrins.

In this Chapter I will describe the results of both
spectral and spectroelectrochemical studies. It will be
shown from spectral studies that adding excess axial anion
to a soclution of XMn**ITPP in acetonitrile leads to
formation in solution of several previously unreported
six—coordinate manganeses(III)porphyrins. Spectroel ec-
trochemical results will be presented which confirm the
prewave assignments proposed in Chapter 2. Likewise,
confirmation of the assignment of the Mn***73V couple for
X = 0Ac—, Ns—, OCN—-, and CN—- and determination of E% for

this couple will be given. Spectral evidence will also be
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also be presented which confirms the assignment

of

first ring oxidation. Finally, the first report of

spectrum of the manganese(11I)porphyrin

(IMR*Z3TPF--1*= ) will also be presented.
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FIGURE 3-2
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EXPERIMENTAL

MATERIALS

All chemicals and solvents were as described in
Chapter 1. The working electrode for the optically trans-
parent thin-layer electrochemical cells (OTTLE) were elec—
troforhed gold mesh (200 lineslper inch) ‘obfained from
Buckﬁeé-nears. The electrodé material was handled with
forceps to avoid contamination of the surface. Eacﬁ thin-
layer gold mesh electrode.was uséd for only one experiment
aﬁd then di;carded. The OTTLE celis were disassembled
after each experiment, and the Ettalyte cell body was
soaked in 6M.HND= or, if necessary, aqua regia to remove
porphyrin stains from fhe surfaﬁe. They were rinsed with
triply distilled water and allowed to dry before being
reassembled. RTV 112 silicone rubber purchased from Gen-

eral Electric was used to make the gaskets and to seal the

quartz windows in the OTTLE cells.
INSTRUMENTATION

Instrumentation for spectroelectrochemical experi-
ments was the Model 173 Potentiostat/Galvanostat from
Princeton Applied Research interfaced with a Hewlett
Packard Model 8450 UV/Vis Spectrometer as described in
Chapter 1. The voltage between the reference electrode
and the working electrode was moni tored at the
electrometer using a Data Precision Model 3500 digital

volt-ohm meter.
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METHODS

All solutions were degassed by repeated freeze-pump-
thaw cycles on a dual manifold Schlenk line18 before beiné
transferred to the OTTLE cells; Filling of the cells was
as described in Chapter 1. The reference electrode was
the Ag/AgNO;(lO—z.M), TEAFP (0.1 M), CHsCN and was cali-
brated as described in Chapter 1.

Spectroeleﬁtrochemical data were obtained from linear
sweep voltammetric (LSV) experiments done at a scan rate,
vy, of 1 mV-g—2 between two ﬁoteﬁtial limits which weré
chosen on the basis of the results of the semi-derivative
Lsv expériments-described iﬁ Chapter 2. A spectrum was
recorded before any potenfial was applied, and the open
circuit potential was noted. This "rest" potential was
usually used as the initial potential for the first scan
for a given cell. The spectrometer was programmed to
record spectra every 30 seconds as described in Chapter 1.
In all cases the same cell was cycled several times
through each potential region to insure that no decomposi-

tion of the porphyrin had occurred during the course of

the experiment. To determine the potentials at which spec-

tral changes occurred, plots were made of absorbance, A,
at selected wavelengths vs Eape and dA/DE vs Eeape as de-

scribed in Chapter 1.
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RESULTS

I. Spectra of XMn*::ITPP

In order to interpret the results of spectroelectro-
chemical studies, the spectrum was measured of each
XMNn**2TPP in CHsCN alone, in CHSCN with.o.l M TEAP, and in
CHsCN with both TEAP and TBAX in varying »ratios. FSince
some unexpected results‘were obtainéd in these control
experiments, a more careful examination of these spectra
was required.

Speétra of most XMn“’TPP‘in'CHscN only and in CHsCN
with up to 1.0M TEAP differed only slightly from one
another or‘from spectra of the same XMN**ITPP in solvents
such és CHzClz or CiHe- As expected, each XMn“‘TPP was
characterized by é spectrum unique to the given axial
anion. Typically, the observed differences were most pko—
nounced in the wavelengths and relative intensities of
bands V, Va, and VI.

Addition of .002 to 0.1 M TBAX to ™1 mM solutions of
XMNn**2TPP in CHsCN produced new spectra for X = I-, 0OAc—,
Nx—, NCO-, NOa-, and CN—-. For all other X— addition of
TBAX produced minor changes, wusually in relative inten-
sities of absorption bands. Figures ;-7 through A4-10 in
Appendix 4 show spectra for XMnX*2XTPP in CHsCN, CHsCN with
0.1 M TEAP, and CHxCN with various concentrations of TRAX.

A description of the kinds of spectral changes
observed for each group of anions follows:

1) Cl104— (Figure 3-7) Addition of TEAP resulted in
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negligible spectral changes.

2) BFa— (Figure 3-8) The spectra of (BFJ)MNIIITPP
in CHsCN only or in the presence of 0.1 M TEA(BFL) dif-
fered significantly from each other in the relative inten--
sities, but not in the energies, of the observed absorp-
tion bands. = The addition of 0.1 M TEAP to ~1 mM
BF4MN*I*TPF, however, resulted in a shift of band V from
476 to 484 nm to yield a spectrum virtually indistin-
ghishable_from that of (Cl04)MnX*ZzTPP. |

3) Cl- and Br— (Figures 3-9 and 3-10): Addition
of 0.1 M TEAP or 0.1 M TBAX to ™~ 1mM solutions of
XMNIX*TPP each yielded small spectral chahges. In each
case addition of TEAP resulted in spectra more nearly
reseﬁbling those of (ClD.)Hn*“TPP; while addition of TBAX
resulted in spectra with more of the characterisics - of
XMnIIITPP in CHaCla.

4) I- (Figure 3-11): In CHsCN with no electrolyte,
a spectrum very similar to that of (ClO4)Mn**XTPP was
observed. Addition of 0.1 M TBAl yielded a shift in band V
from 484 nm to 496 nm and large shifts in the positions
and relative intensities of all other bands, resulting in
a spectrum closely resembling that of IMN***TPP in CHzCla.
In CHsCN with 0.1 M TEAP a shift of band V in the-opposite
direction, to 480 nm, with a concomitant decrease in the
relative intensities of bands VI to band V occurred.

5) NOx—, OAc—, N3x—, and NCO~ (Figures 3-12 through

3-15): Addition of 0.1 M TEAP to solutions of each of
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these XMNn**2*TPP yielded only small spectral changes. Ad-
dition of 0.1 M TBAX, however, yielded 12 to 16 nm shifts
of band V to higher energy and significant changes in the
wavelength and relative intensities of all other bands.

6) CN—- (Figure 3-16): This spectrum was‘obtained
by addition of aliquots of solutions of 0.1 M TBA(CN) to
~1 mM solutions of (BF4)MN*XITPP, The’spectrum produced
when the rafio of TBACN/BF ,MN*Z**TPP was “1.0 appeared to
be thaf of a wmixture of species. For ratios of
TBACN/BF MN*XITPP 2 2 tﬁe band at 492 nm disappeared, but
all other bands remained unchanged. This spectrum was
indistinguishable from one obgerved in CHzCl= which was
attributed to. the formation of the | six-coordinate
[NC):Mn"‘TPP]‘ species.19

A summary of the wavelengths and estimated extinc-—
tion coefficients for the observed absorption maxima for

each XMNn***TPP in CH3CN only, in CHsCN + 0.1M TEAP, and in

CHsCN + 0.1 M TBAX is presented in Table 3-1.

120



TABLE 3-1

SPECTRA OF MANGANESE(III)PORPHYRINS IN CHsCN

ABSORPTION BANDZ

XMnIIITPP VI VA y v 1
Cl- 373(3.2) 399(2.7) 476(6.6) 582(.55) 620 (. 66)

+ TBACI 370(3.0) 400(2.8) 476(6.6) 582(.63) 620(.74)

+ TEAP 2B6(2.6) e 474(6.6) 582(,63) 620(.74)
Br- 379(3.4) — 486(6.7) 586(.72) 624(,B7)
+ TBAEr 278(6.0) 402(4,4) 484(8.3) 588(.83) £26(1.08)
+ TEAP 381(5.5) —_ 482(6.3) 582(.76) 200.80)
1- 189(7.8) 40B(5.3)  4B4(3.9) 576(.89) 608 (.89)

+ TBAI 386(B.8) — 496(5.1) — 638(1.2)
+ TEAP 287(5.2) 406(4.2) 480(4,2) 574(.90) 620(.80)

DAc- 372(3.6) 396(3.5) 4681(8.7) 576(.76) 612(.76)

+ TBA(DAC) 285(2.9) _ 452(12.9)  S570(.94) 610(.B0)

+ TEAP 373(4.0) 396(3.9) 468(9.8) 576(.86) 612(.88)

N3~ 382(7.3) 399(6.5) 482(7.0) 590(.B86) 628(1.22)
"+ TBANs 372(4.1) 412(4.7) 470(6.1) 586 (.86) 624 (.96)

+ TEAP 281(4.7) — 482(4.7) 592(,55) 6281(.79)
NCO- 373(3.9) 399(3.5) 472(8.7) 582(.73) 618(.84)

+ TBA(NCD) 360(2.5) 396(2.9) 458(10.0) S578(.74) 618(.79)

+ TEAP 373(3.9) 399(3.6) 472(8.7) S82(.76) 618(.84)
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TABLE 3-1 (cont "d?

ABSORPTION BAND?

XMnT3ITPP VI VA v Iv 111

NO=2~ 388(5.1) -~ 400(4.8) 474(8.1) 578(.92) 614(,99)

+ TBA(NO2) 369(2.5) 396(2.9)  462(5.9) 974(.51) 612(.49)

+ TEAP - 380(5.9) 400(5.5) 474(9.8) S78(1.1)  &14(1.1)
cN- B — —_ — —_ —_—
CN-/BFs~ £ 1 - — . 492 . — -

CN-/BF4~ 2 2 410(4,0) 430(4.8) 456(2.7) 544(.72) 578(.72)

Cl04- . - 3B9(6.0) 408(4.4) 484(3.7) 574(.83) 610(.B1)
: 432(2.8) : S
+ TEAP 389(6.0) 410(4.35) 484(3.8) 574(.88) 608(.83)

432(2.9)

BF 4~ IB9(6.4) 410(4.7) 484(3.8) 574(.92) 610(.87)
434(3.0

+ TEA(RF,) 383(4.9) -_— 472(5.3) 5741(.89) 612(.84)

TEAP 382(4.9) C— 472(6.3) 574 (.89) 612(.84)

a Wavelength (nm). Extinction coefficient (€ x 10-%) is in parentheses.
b No spectrum for (CN)Mn®?!?TPP was obtained, since the CN~- spectrum was
generated from addition of aliquots of 0.iM TBA(CN) to 1 mM sclutions

of (BFLIMNITITPP in CHsCN 0.1M TEAP.
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1I. SPECTROELECTROCHEMICAL STUDIES

Spectroele&trochemical studies were carried out for
XMN**32TPP for X = Cl04-, Cl—, Br—, NOz—, DAc—, Nx—, NCO-
and CN-. Spectral studies in the presence of 0.1M TEAP as
the supporting electrolyte with no excess axial anion were
carried out for X = Cl10.a—, Cl-, Br—, NOz=—, Ns—, and DAc-.
Studies in the presence of .002M to 0.1M TBAX were carried

out for X = C1—, NO=—, OAc—, Nsx—, NCO- and CN-.

A. No excess axial anion

In the absence of excess axial anions the results of

- spectroelectrochemical studies falls into two categories:

1) No spectral changes were observed in the prewave
region. (X = Cl10,4™)

2) Significant spectral changes were observed in the
prewave region. (X = Cl1—-, Br—, DAc—, NO=", Ns™)

In the region from ©0.90 V to 1.5 V all of the
XMN***TPP exhibited virtually identical behavior. At po-

tentials which were close to those observed for the first

~and second ring oxidations in the LSV studies of Chapter 2

two successive spectral changes were observed for each X—.
Similarly, control experinents of cycles in a negative
potential region from -0.30 V to -0.90 V yielded a vir-

tually identical Mn**TPP spectrum for each X—.
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Both LSV and potential step experiments gave the
same results. Repeated cyclic scans or potential steps in
the region between 0.0 V and 0.75 V resulted in negligible
sbectral changes. The first spéctral change for scans in
an anodic direction was observed between 0.8 and 1.0 V.
The .resultant spectrum was  the same as that 6f
[MNR*XITPP-]+2, the porphyin n radical cation. The second
change, which began near 1.0 V, manifested itself as .a
decrease in absorption ofbthe uhdle spectrum between. 350
and 600 nm. ReVersing rthé écan direction resulted in
restoration  of the original spectrum with a slight de-
crease in total intensity. Typical spectral changes as a
functibn of applied potenfial are shown in Appendix 4.

Since the spectroelectrochemistry was carried out in
thin-cells, linear potential sweeps from 0.0 V to -0.90 V
were done .aiter completion of cyclic LSV experiments to
insure that no loss in the integrity of the porphyrin had
occurred. Spectra recorded with an open circuit after
completion' of an experiment showed a reduction of £ 10%
of the initial intensity, suggesting little degradation of
the. porphyrin during the course of 3-4 hours of electro-

chemical experiments.

In the absence of excess axial anion each of these

XMn*:*TPP showed patterns which were similar to one an-
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other. Spectral changes were observed in the prewave re-
gion ( 0.00 V to 0.80 V ). Although the potentials at
which these Vchanges occurred varied with axial ligand,

the final spectrum observed near 0.80 V was the same for

each X~ and was indistinguishable from that observed for

(ClO)MNXEETPP, In the region from ~0.8 V to ~1.5 V the
behaQior of each of theée XMNn**ITPP was the same as that
described for (Cl104)Mn2*IZTPP. The reverse scan from
~“1.5 V to 0.0 V also resulted in spectrai chénées identi-
cal to those observed for the perthldrate. - The final
spectrum observed for each case was indistinguishable from
that of (Cl104)MNnT**ITPP rather than that of the original
XMR*XETPP. | |
Figuré I—~17 shows typical exaﬁples of the absorbance
changes observéd in the prewave region, while Figures 3-18
and 3-19 illustrate the spectral éhanges corresponding to
the two successive ring oxidations. Typical spectral
changes and plots of absorbance as a function of applied
potential for each XMn*:ITPP described above may be found

in Appendix 4 (Figures A4-2 through A4-8)
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FIGURE 3-17
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FIGURE 3-18
OXIDATION TO n RADICAL CATION
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FIGURE 3-19
OXIDATION TO PORPHYRIN DICATION
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B. Effect of added TBAX

Electrochemical oxidations of solutions of ~i mM
XMNn:EXTPP in the preséncé of 0.002 to 0.1 M TBAX produced
new spectra in the potential region from 0.0 V to 0.6 V
for X = OAc—, Ns— and'NCO‘. Each of these new spectra is
characterized by the presence of an Aintense.-absorbance
maximum (e ~ S X 104) between 410 and 420 nm, a second
maximum (e ~ 10=) between S30 and 540 nm,'vand the absence
of any bands between 350 and 650 nm. As such; they are
typical of [MNIYTPPI*~ species.. Nei ther Clﬂni**TPP ~nor
(ND2)Mn**ITPP in the presence of .01 M to 0.1 M TBAX
exhibited this new speétrum.  Instead,> each of these
Xan"TPP exhibited spectral‘changés essehtially the samé
as those observed with 0.1 M TEAP only in solution. In
the prewave region conversion to the perchlorate spectrum
was observed; this was followed by the appearance of the
porphyrin n radical cation and dication spectra. In the
presence of excess Cl— or NOz— the final “"rest"” spectrum
was essentially the same as the starting spectrum, whereas
with no excess anion the rest spectrum was that of the
perchlorate. Typical spectral changes and plots of absorb-
ance or dA/dE vs the applied potential aré presented in
Appendix 4.

The results for tﬁose anions for which [Mn*VTPPI*~
spectra were observed will be described in detail. Figure
I-20 and 3-21 show a representative example of the formation

of the Mn(IV) complex and a resultant Mn(IV)porphyrin
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spectrum respectively.

1. Acetate

Spectroelectrochemical experiments were performed on
cells containing three different concentrations | of
TBA(DAc). Although [MR*VYTPPl1** type spectra were ocbserved
for each, the overall behavior varied with the concentra-
tion of added TBA(DAc), and so.each will be described

separately.

a. 0.002M TBA(OAC)

The initial spectrum was'typical ofbthat of (DAc)-
MNXXXTPP .in the absence of a large excess of TBA(OAc) For
the anodic scan from —-0.3 V to 1.1 V, the first maximum
absorbance change occurred at 0.38 V to give a typical
[MN*VYTPPI1** spectrum; the second occurred at 0.6 V to
vield a spectrum strongly resembling that of (C104)-
Mn*I**TPP; the +final change, which occurred at 1.1 V,
vielded a spectrum like that of the n—-radical cation.

For the sweep in the reverse direction from 1.10 to
-0.3 V the observed spectral changes corresponds to the
formation of the soclvate, [ (CHsCN) ,Mn**XTPPl*, near 0.2 V
and then to the initial (AcO)MN***TPP species at ~0.14 V.
This final spectrum was reduced f2SZ in intensity felative
to the initial spectrum. No spectrum characteristic of a

[MN*VYTPP1**~ species was observed during this scan.
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b. 0.01M TBA(OAC)

The initial spectrum showed evidence of a mixture of
(DAC)MNI*ITPP gpecies as suggested by the presence of
absorﬁtion maxima at both 454 and 4464 nm.

During the anodic portion D# the cycle the poten-
tia; at which the first maximum absorbance chahge occurred
was 0.17(+.04) V. Once again, the initial change re-
sulted in a typical [Mn*VYTPPl** spectrum. From ~0.3 to
1.2 V the [MNhIVYTPP]*~ épectrum decreased in intensity, put
no evidence for either the (Cl104)Mn**ITPP or the n-radical
cation was Dbserved; instead, the final spectrum observed
at ~1.1 V more nearly resembled that of the porphyrin
dication.A(See Figure A4—&E in Appendix 4).

When the scan direction was reversed the spectrum
again increased in intensity, and the CMN*YTPP1*~ spectrum
reappeared, although the maximum absorbance at 414 nm was
less than that observed during the anodic portion of the
cycle. At potentials < 0.3 V a gradual change in the
spectrum occurred until, at -0.2 V, the final spectrum was
observed. This spectrum was that of (CACIMN***TPP in the
absence.of excess 0Ac~, although decreased to about half

the intensity of the starting spectrum.

c. 0.1M TBA(DAC)
The initial spectrum was the same as that described
for (ODACI)MN*2ITPP in the presence of a large excess of

OAc—, 1i.e. only a single absorbance was observed for band
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V at 452 nm. During the first anodic scan evidence for
the formation of a [Mn*VYTPPl*~ species was again cbserved.
Near 0.6 V the whole spectrum began to decrease in inten-—
sity until, at ~1.0 V, it had been completely bleached.
Neither scanning back to -0.3 V, nor stepping the poten-

tial to -0.9 V restored the original spectrum .

2. Azide (0.01 M TBA(Ny)
During the course of a series of cyciic LSV experi-—

-ments, the switching potential, E was varied. Thevpo—

N?
tential ranges examined were from -0.3 to 0.6_V and from
-0.3 to 1.2 V, respectively.

The 1initial spectfum for éach fresh.cell1'was the
saﬁe as for (N;)Hn**iTPP'jn the presence of a large excesé
of N;;. ?or all anodic scans a [Hn’VTPF]‘* spectrum with
absorbance maxima at 414 and 3534 nm was observed to appear
between -0.3 and 0.3 V. A second process characterizéd by
the appearance of a spectrum with an intense absorbance
below 400 nm and a weaker band at ~482 nm occurred between
0.3 and 0.6 V. Continuing the LSV experiment from 0.6 to
1.2 V resulted in loss of the [MnIvVTPP1+~ spectrum and
appearance of a spectrum similar to that of [MNn*zITPPI™*-,
the n-radical cation.

During the cathodic scan from 1.2 to -0.3 V three
processes were observed: 1) Befween 1.2 and 0.6 V a new
spectrum with an absorbance maximum at 460 nm emerged; 2)
between 0.6 and 0.1 V a small increase in the absorbances

ar 414 and 534 nm occurred; and 3) between 0.1 and -0.3 V
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these absorbance disappeared, and the final [Mn*z:ITPpP]~
- spectrum was observed. |

If the switching potential for the sweep in the
positive potential direction was set to 0.6 V, a similar
pattern was observed. During the reduction,v however,
disabpearance of the [MnEIVTPPI~~ to vyield .the +inal
[MN***TPPJ* spectrum exhibited nearly isosbestié behavior.
(See Figure A4-7C, Appendix 4).

For both sets of experiments, i.e. Ex =1.2 or
0.6 V, the final [Hn"’TPPJ’ spectrum differedvfrom any
of the (N;)Hn”*fpp spectra described earliér  in thié
chabter and from the (Cl10,)MNn*2XTPP spectrum observed as
'fhe»final spectrum in tﬁé absence of excess Nx—. -Thé most
notable difference was the shift of band V to 466 nm,  a

wavelength shorter than that observed in the presence of

0.1 M TBANs.

3. Cyanate (TBA(NCO))
a. 0.01 M TBA(NCO)

Spectroelectrochemical experiments were done for
(OCNOMN2XITPP in the presence of .01 M and 0.1 M TBA(NCO)
respectively. No [MNnIVTPPl** type spectrum was observed
for 0.01 M TBA(NCO). Indeed, the changes observed were
essentially the same as for other XMNnX**TPP in the absence
aof TBAX. In the prewave region two sets of changes

occurred. The first, at ™~ 0.3 V corresponded to the
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formation of a "normal" (OCN)Mn***TPP spectrum; the second
vielded the [ (CHxCN) MN***TPPl* solvated porphyin spectfum
in a two—-step process with maximum absorbance changes
occurring at 0.64 and 0.77 V. Finally, betwen 0.9 and
1.4 V the formation of the porphyrin = radical cation and
dication wefe observed. The cathoaic scan resulted in a
retracing of these steps with the exception that the final

spectrum was that of the “normal™ (OCN)Mn*:ZITPP.

b. 0.1 M TBA(NCO)

In the presenﬁe of 0.1 M TéA(NCD), however, aﬁodic
scans yielded thé now familiar [(MN*VYTPP1** spectrum with
absorbance maxima at 418 and S34 nm. Isosbestic behavior
was observed between 0.0 and 0.69 V with the maximum

absorbance change occurring at 0.44(+.02 ). When the
anodic portion of the cycle was extended to 1.2 V, the

[MR*VYTPP1* spectrum gradually decreased, yielding a final
spectrum at 1.2 V that resembled that of the porphyrin
n dication. The reverse scan from 1.2_to 0.0 V did not
show any evidence for a [MNn*YTPPl** sgpecies. The final
spectrum at 0.0 V for all experiments, regardless of
switching potential, was that of the original

(OCN)MN*X*TPP in the presence of large excess of TBA(NCO).

4. Cyanide (MNTPPBF. + TBACN)

Spectroelectrocaemical experiments were conducted on
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cells containing ca. 1 mM (BFL)MN*IXTPP, 0.1 M TEAP, and
0.01 M TBA(CN). After filling the OTTLE cell a change in
color to bright green was observed in the cell window. The
electronic spectrum confirmed that the complex had been
reduced to Mn**TPP. Consistent with this observation, the
open circuit potential was -1.10 V. A spectral change
ch;racterized by isosbestic behavior was observed between
=0.9 and -0.3 V which corresponded to the Mn(II) + MN(III)
oxidation. Between —-0.3 and 0.3 V a second spectral change
occurred which resulted in the appearance of a [Mn*VTPP1*=
spectrum. However, irreversible bleaching of the entire
spectrum occufred before the conversion was complete.
Stepping the potential to -1.0 V did not result in rever-
sal of this bleaching. Repetition of the experiment with

fresh solutions yielded the same results.
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FI1IGURE 3-20
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FIGURE 3-21

RESULTANT [Mn*VTPP1=2*> SPECTRUM
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DISCUSSION

I. Spectra of XMn*XI:TPP

From the spectral data presented in this chapter and
the voltammetric results presented in Chapter 2 a number
of previously errlooked properties of manganese(lIIl)
porphyrins can now be understood.

Kadish22 previously reported the equivalent conduc-
tance of XMh”’TP for X = CID.;, I-, Cl1- and N3~ in a
variety of solvents. From those results it is clear that
(Cl104)MR**2TPP is dissociated, existing in solution prima-

rily as a solvate according to thelvequation:
XMNn2ZITPP + nCH;CN 2 [ (CHsCN) MNn*X*TPPI* + X— (1)

where n = 1 or 2. Kadish also showed that the extent of
dissociation of XMNn**X*TPP for several X— decreased in the
order:

ClQs— > I- >> Cl1— > Nx—

In non-coordinating salvents; such as CH:CL:; increasing
the ionic‘strength of.the solution by addition of O.1 M
TBAP was shown to enhance the dissociation of the complex.

Based on these results, the spectrum observed for
(Cl10.)MN222TP in CHsCN alone or with 0.1M TEAP is taken to
be that of the solvate and will be used as a reference

spectrum for the discussion which follows.
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A. BF4,~ and I~

For each of these anions the similarity of the
observed spectfa in CHsCN to that of (Cl04)MN***TPP sug-
gests that each of these complexes is highly dissociated.
This.conclusioh forll' is consistent with the high conduc-
tivity reported by Kadishzz. The dramatic change in each
of the respective spéctra with the addition of 0.1M TEAX

is consistent with a shift in the equilibrium described by

equation 1 such that the associated complek becomes the

dominant species in solution. The spectra observed in the

presence of 0.1M TEAP for eidch of these XMnI*ITPP were
unexpected since they suggest that the complexes of BF4~
and I- are more strongly associated in solutions of high
jonic strength than in CHsCN only. This differs from the
finding by Kadish that increasing ionic strength favors
dissociation of the complex for the anions Cl—, Br— and
Ns—. A possible explanation for this apparent discrepancy
may be found in the differences in polarizability of the
anions involved. The free anions I— and BF4~ are much
more polarizable than are the other anions used in this
study. Hence, complexes with these two anions are more
likely to be associated in polar solvents. Presence of an
electrolyte would be likely to enhance this association

still further.2®

B. Cl- and Br—

Interpretation of the spectral results for these
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XMN**ITPP complexes is straightforward. It appears that
Br— fits between I— and Cl— in the relative degree of
dissociation of XMNn**ITPP. This conclusion is based on
the observations that: 1) the spectrum of BrMn*¥XXTPF jg
more profoundly affected by the addition of TBABr than is
that of the chloride (See Figures 3-9 and 3-10), and 2)
the spectrum of BrMn**X*TPP in CHsCN alone or in the pres-
ence of 0.1 M TEAP is; nevertheless, different’from that
of the perchloréte. Both ClMﬁ”‘TPP and BrMn**ITPP appear
to be more highly dissociated in acetonitrile in the
presence Qf.TEAP, a resuft which is expected if increasing
ionic stréngth favors dissociation of the porphyrin

complex.
C. NOz~, OAc—™, N3x—, NCO—-, and CN—

These anions proved to be the most interesting since
previously unreported spectra were observed. In CHsCN
only or in the presence 0.1 M TEAP the observed spectra
exhibited no unusual features. Each exhibited its own
unique spectrum which was similar to that observed for
the same complex in solvents such as CHzClz or toluene.
Furthermore, relatively small spectral changes were
observed on addition of O0.1M TEAP to ™~1imM acetonitrile
solutions of each of these complexes. These aobservations
suggest that each of these porphyrins exists in CHsCN
primarily as the associated XMn***TPP. This conclusion is

the same as that reported for Nx~ by Kadish.22
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In the presence of varying concentrations of TBAX,
however, the new spectré observed suggest the formation of
a previously unreported species. A likely candidate for
this species is a six—coordinate complex, [X2MnX*XZITPP]I- ,

faormed in solution according to the fdllowing’equlibrium:

XMNE*IXTPP + X— CH§CN [Xz2MNn*XXTPP]— (2)

‘ Tﬁe spectral changes'obéefved in this.study‘can  be
rationalized qualitatively in terms of_just such a conver-
.sién. An increase in the energy of the ee(dn)v orbiﬁalé
. would be expected to accompany coordination o% é sixth
axial ligand. I+ the absorbance ofbband V is, indeed,
primarily dué to a LMCT k #,“(ni,.azu + egldn) )"fransi—
tion, then bands V, VA, and VI would be shifted to higher
energy. In the 1limiting case a simplification of the
spectrum would be expected, and a spectrum resembling the
"bseudonormal“ metalloporphyrin spect?um described by
Gouterman2 might result.

In each of the examples reported in this study
shifts to higher energy of bands V, VA, nd VI were ob-
seryed; concurrently bands VA and VI decreased in inten-
sity relative to band V. Thus, if the above arguments are
correct, the species in solution in the presence of var-
ying concentrations of excess axial anion are six-—-coordi-
nate Mn(IIl)paorphyrins.

Further support for the assignment of the observed
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new spectra to those of six-coordinate complexes comes
from a comparison of the electronic spectra of the +five-
coordinate imidazole complex of manganese(III)TPP, [L(ImH)—
MN*IITPPIIC104] with the spectrum of the six-coordinate

imidazolate complex, Imaﬂn"’TPP.25

Inspection of the
wavelengths of the absorption maxima ( See Table 3-2 )
reveals a shift in band V to higher energy similar to that

observed for the complexes reported in this work.

TABLE 3-2

SPECTRA OF MANGANESE(III)PORPHYRINS IN THF

ABSORPTION BAND

Porphyrin Vi VA v 1V 1

ImaMn232TPP 390 410 4560 588 628
: 425

[ImHMA22ITPPI* . 370 400 473 s 571 608
424

The electronic spectrum for (CN)a2MNnIZ2:TPP in a non-—
coordinating or weakly coordinating solvent has not been
reported. The X-ray crystallographic structure of the
five coordinéte, CNMN22ITPP has been reported, and spec-—
tral evidence for the existence of the six-coordinate
complex in CHs0OH has been repc:rtec:i.z1 lf the band at

492 nm in acetonitrile for ratios of
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[CN J/CL(BFA)MnTPP] £ 2 is characteristic of five-coordi-
nate (CN)Mn**:*TPP, then the shift to 456 nm accompanying
formation of the six—coordinate species fits the same
pattern as reported for the imidazole and imidazolate
complexes and observed in this work for the anions Oac-—,
Ns—, NCO— and NO=z".

In the cases reported in the literature conversion
-to a l1.s Mn(111) complex accompanies coordination of the
sixth axial ligand. Except for acetate, all of the anions
which appear to be capable of forming the six-coordinate
X=2MN2XXITPP in acetonitrile (NCO—, CN-, NO=—, and Nx— )
appear higher on the spectrocﬁemical SErie526 than do
those which form only five—-coordinate complexes ( Cl1—, Br—
‘and 1I- ).26 Since ligands high on the spectrochemical
series are more likely to lead to I.s. complexes in six—
coordinate complexes of first row transition metals, it is
reasonable to expect that some of the six—coordinate
MN(III)porphyrin complexés of these ligands would be 1low
spin. However, while the observed spectral changes argue
strongly for the formation of the six-coordinate complex,
electronic spectra alone are insufficient to assign the
spin state. Hence, magnetic susceptibility, NMR or EPR
studies of these complexes would be useful.

It 1is also interesting that of the anions examined
in this study, those which are capable of forming six-

coordinate complexes are also those which are known to
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stabilize transition metal ions in the +3 oxidation
state.29 Indeed, even the stability constants of divalent
metal ions of OAc—, Nsx—, NCO—-, CN—, and NOz~ are signifi-

cantly greater than are those of Cl1—, Br—, and I—.29

II1. SPECTREODLECTROCHEMICAL STUDIES OF XMn*X:ITPP
A. Absence of excess axial anions.

1. Prewave Region

In the prewave region the disappearancé of the ini-
tial XMn**2*TPP gpectrum and the concomitant appearancé of
the solvate,: [(CH;CN)NHn"*TPP]’, spectrum is clearly a
result of axial ligand oxidation. vThe failﬁre- of the
initial XMn**ITPP spectru@‘to reappear after cycling fo
potentials > 0.9 V is consistent with the low degree of
reversibility 'observed' for the prewaves described in
Chapter 2.

Although it 1is not possible from these studies to
distinguish between oxidations of free and coordinated
axial anions, some speculation based on the results 1is
appropriate. In part 1 of the discussion section of this
chapter it was shown that XMn***TPP ( X = Cl- and Br— )
is somewhat dissociated in acetonitrile solution and does
not form six—coordinate complexes even in the presence of
large excesses of X—. Conversely, XMn*EfXTPP (X = OAc—,
Nx—, NCO—-, CN—- and NO»>— ) is strongly associated and forms

six—coordinate complexes in the presence af sufficient
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conceptrations of excess X—. Certainly then, <for the
anions Cl1—- and Br— the prewaves are a result pf oxidation
of free ligaﬁd. !

On the other hand, oxidation of a coordinated axial
ligand remains a possibility for the énions dAc*, NCOo—,
Ns—, NO=>— and CN-—. vThese XMNn*2XTPP have in common the
following:

1) A large discrepan;y exists.bétween the reduc-
tion potentials of TBAX and of the prewaves observed fbr
XMNXZIETPP,

2) Their five*:oordinaﬁe.manganese(III) porphyrin
complexes are strongly associated, even with 0.1 M elec-
trolyte in solution. .

If these observations are coupled in a causal
relationship, then the prewaves observed for OAc—, Ns—.
NCU-' and NOa—.may be due to oxidation of a coordinated

ligand.

2. Ring Oxidations

Comparison of the spectrum observed near 1.0 V with
authentic manganese(III)TPP n radical cation spectral3—16
confirms assignment of the process reported in Chapter 2
at 0.96 V to that of the first ring Dxidationf A curious
feature of this spectrum is its striking similarity to

that of the solvate, [(CHsCN)MnT*XXTPP1~*. (See Figure 12)

Indeed, this very similarity rendered the identification
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of this process confusing in the initial stages of this
project. Although no theoretical studies have appeared

addressing this observation, some comments are in order.
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FIGURE 3-22

COMPARISON OF SOLVATE AND n RADICAL CATION SPECTRA
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The n radical cation observed in this work and the
solvate, [ (CHsCN),.MNnZX*TPPJ*, have in common the absence
of.coordinating axial ligands. X-ray crystallographic data
for a number of metalloporphyrin n radical cations indi-
cate that the ligand geometry is unperturbed by a oane-
electron oxidatiﬁn.27 Furthermore, nmr data show that
rapid intermolecular electron transfer occurs between

16,28 These observations

oxidized and unoxidized ligands.
taken together, suggest a strong similarity in electronic
structure betweén thg solvate, [(CH;CN)NMn"’TPPJ*; and
the n radical cation, [Mn**ZTPP-1*- Since the bands ob-
served in the manganese(III)porphyrin spectrum are due to
LMCT transition, it is reasonable that the two species
haviné no axial ligands and othefuise similar structures
should exhibit similar electronic spectra. The introduc-
tion of coordinating axial ligands would be expected to
alter this spectrum observably, as is the case.

An argument might be made that previously reported
manganese (III) porphyrin n radical cations have been formu-

13,14,16

lated as [CIMNIZIXITPP-]ILC1041]. Since one of these

species was generated by controlled potential elec—

13,16 and since each of the complexes were re-—

tro}ysis,
ported as impure and unstable, it is possible that this
formulation may be incorrect. From the results reported
in this dissertation it is almost certain that Cl— would

have been oxidized during controlled potential electrol-

ysis. If so, the rationale presented above for the simi-

158



larities between the electronic spectra of the solvate and
the n radical cation is valid.

Assignment of the oxidationiat 1.26 V reported in
Chapter 2 to that of the second ring oxidation is likewise .
confirmed by the spectroelectrocﬁemical results. Although
there are no spectra reported in the literature for the
manganese(II1I)porphyrin dication, the observation of the
same spectrum forieach»complex stronqgly supports the as-
signment. It is not surpri;ing that the spectrum of the
dication is relativély featureless (See Figure 13) com-
pared to that of the‘neutral Mn(Ill)porphyrin or of the
solvate.. Removal of two electrons from the porphyrin ring
would certainly have a more.brofound'effect'thanr'removing
only one. Since.the trénsitions leading to the observed
spectra originate in porphyrin a,. or az. orbitals, re-
moving two electrons from these orbitals should reduce the
number of possible transitions, resulting in a much sim-

plified spectrum.
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FIGURE 3-23

SPECTRUM OF PORPHYRIN DICATION [Mn*2:TPP--13+
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B. Effect of added TBAX

Based on comparisons with known compnunds,b’q’lo—lz

it is apparent that the new spectra observed in the pre-
wave region for XMnI*XITPP ( X = DAc—, Nx—, NCO~ and CN-— )
in the presence of excess axial anibn are those of [(Mn*v-
TPP1=2~ specieé.'The observation of the [(Mn*VYTPP12* spectra
during the spectroeleﬁtrochemical experiments confirms the
tentative assignmenfs.made in Chapter 2 for the new redox
processes observed in the prewave region in the presence
of excess axial anion. Some of the interesting aspects of
this result are: 1) The Mn’V’*”_éouple is observed only
in the presence of excess axial anion. 2) It is observed
only for ‘some axial anions. 3)' It occurs at surprisingly
low potentials.

Since all previously reported electrochemical stud¥
ies ( See Chapter 2 and references therein ) had yielded
only porphyrin— based oxidations, we had expected that any
metal —centered oxidation would be more difficult to
achieve. It now becomes apparent that a requirement for
observation of the Mn*Y/ XXX couple is the presence of a
strongly coordinating axial anion which can form the bis-
ligated complex and stabilize the high charge developed on
the metal center. This axial anion must be able to stabi—.
lize the ﬂn‘” species so that the reduction potential of
the MniVv- 71X cguple is lower than that of the potential

required to oxidized the axial ligand itself.
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Thus, the XMn*XZXTPP for X = OAc—, Nx~, NCO~ and CN-
exhibit stable MNn*VY/¥XZ couple. It is interesting to note
that of the Hn(IV)porphyfin species which have been iso-
lated and well-characterized by chemical oxidations, those
with Ns—, OAC—, and NCO~ are among the most stable.

- Conversely, the anions Cl-—, ﬁr;, I-, Cl04— and BF.—
are much too weakly.coofdinéting in acetqnitriié to stabi-
lize | the Mn(IV) complex. The low reduction potentials
for the oxidatidn Df.Br“ éna I- fﬁrther redQCé the proba-
bility of thgse ligands’ stabilizing a Mn(IV)porphyrin.
The anion NDz“vcoordinates strongly enough, but is itsel¥f
too unstable to oxidation ( See Tables 2-6 and 2-7 5_ to
form the Mn(IV) complex. Cl=Mn*vYTPP ﬁas been synthesizgd,
but 'it has not been isolatéd in pufé form.19 Nmr data
suggests that it is the least stable of the observed
Mn (IV)porphyrins. This is in keeping with the intermediate
position of Ci‘ in degree of dissociation of the five-
coordinate vcbmplex and in reduction potential of the free
anion. |

Estimates of the reduction potentials for the
Mn*v7222 couples observed in this study made from the data
presented in Chapter 2 and in this chapter are shown 1in
Table 3-3. Using these reduction potentials as the cri-
terion, the order of stability of the X=a2MNn*I3*TPFP is
proposed to be:

CN— > Nx— >0AC— > OCN-
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TABLE

3-3

"nxvzxxx

REDUCTION POTENTIALS

XMn 2 TPP [TBAX1/LXMNTPP1 E, a
0OAC- _ SR : 2 0.38 ©
10 0.13
100 ' < 0.2
Ns— | 2 0.11 °
s | 0.10
10 ‘ - 0.08
NCO~— 100 0.45
CN— 10 0.05
a Potentials are reported vs. the Ag/Ag~(0.01 M) refe-
rence electrode described in the Experimental
section.
b E, estimated from semi-derivative LSV studies of Chapter 2.

%

E, estimated from spectroelectrochemical results in
this chapter.
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IIT. SUGGESTIONS FOR FURTHER STUDY

A number of areas for further study are suggested by
the results presented in Chapters 2 and 3 of this work.

It would seem reasonable that a correlation ought to
exist between the stability of the six—coordinate Mn(III)
porphyrins and the ease of oxidation to.the Mn(IV) com-
plex. Qualitétive observations in this work suggest that
there 1is, but careful measureménté of the formation con-—
stants should be done. Likewise, isolation and charac-
terization of thevmagnetic propoerties of the six-coordi-
nate manganese(lIl)porphyrins reported in this work would
be of value. Again, it would be interesting'to learn if
_fhere "is any correlation between the reduction potentialé
of the Mn*Vv/X*x couple and the spin state of the complex.

It is probable that if the (CHsO)MNn***XTPP porphyrin
were available for voltammetric or spectroelectrochemical
studies, it too, would exhibit a MnIV/IrIz cgyple at
potentials near those reported in this study. It is also
significant that even for the anions CN—, OAc—~, and N3~ it
is difficult to isolate the Mn?*V gpecies by oxidation of
the XMn*2:7P®™ gtarting material. Instead, ligahd exchange
with the (CH30)Mn*YTPP is the synthetic method of choice.
This may be related to the ease of oxidation of each of
the axial anions. Without knowledge of the reduction
potentials of the Mn*VvY732:X couple of (OCHsYMN**XTPP , of

OCHs~, and of the oxidant C,HsIO this possibility must
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remain in the realm of speculation.

Extending these studies to other solvents which
enhance the coordination of the axial anions may render
observation of the MnIvY *I* couple for other ligands pos-
sible. The strongest candidate for such a study is
Cl1Mn**ITPP in CHzCl=z. Like@ise, it would be helpful vto
conduct similar studies to those described in these two
chapters wusing some of the isolated Mn(IV) and Mn(V)
complexes as the electroactive speéies.. This was impos—
sible for the ﬁn(IV) complexeé.becauée all of the avail-
able complexes decompose  quickly in acetonitrile.
(NYMRVTPP is insoluble in most solvents appropriate for
eleétrochemistry. Of more general interest_is the applica-
tion 64 the results obtained in this work to that of other
metalloporphyrins. To date electrochemical studies of
other transition metal porphyrin complexes have yielded
only ring oxidation potentials. It may be that the use of
excess axial anions for porphyrin complexes of metal ions
such as Fe®* or Cr>* may lead to the observation of the
M2vsErr couple for these metalloporphyrins. An obvious
experimental difficulty will be the difference in solu-
bility of the TPP complexes of these metals from that of
manganese. Use of substituted porphyrin ligands or of

other solvents may solve this problem.

165



SUMMARY

In the electrochemical studies presented in Chapters
2 and 3 a number of important insights into the oxidation
chemistry of manganese(Ill)tetraphenylporphyrins have been
ocbtained. A set of previously unreported redox processes
have been shown to be due to axial ligand oxidation. The
potentials for the successive one-electron oxidations of
XMn"iTPP to the porphyrin radical cation and dication
have been determined to be 0.96 and 1.26 V vs. the
Ag/Ag (0.01 M) reference electrode. The spectra aof each of
these ring—-oxidized épecies has been determined, and some
speculation on the electronic origins of ea;h has_ been
presenfed. Evidence has been presented for the formation
of the six—-coordinate species, [Xz2MnNn2X*2ITPP]l—, in solution
in the.presence of excess axial anions for X = NCO—-, OAC-,
NO>—, and Nx~. The Mn*VY/IIX cguple has been observed, its
identity coﬁfirmed spectrally, and its stability beeﬁ
shown to be profoundly affected by the nature and concen-
tration of the axial ligand. Sohe discussion of the
insights these observations give to the synthesis of oxi-

dized porphyrins has been presented.
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CHAPTER 4
The Chemistry and Electrochemistry of Vanadium Complexes

of Rhodotorulic Acid and Related Synthetic Hydroxamates

INTRODUCTION

Hydroxamic acids, RC(OON(OH)R’ are weak organic

acids (pKa ~ 7 — 11) in which R or R’ may be an organic

1,2

substituent or H. The hydroxamate anion forms a strong

chelating group which easily complexes metal ions such as

. <
Fe>+, Ti*=, UD2*, and VO2+* according to the reaction:>*?

R’ R’
\ \
N-OH N—O\ ‘
n | - + M- = | I /M + nH*
C=0 C=
/ /
R R

Interest in synthetic hydroxamates has been enhanced
by their utility as analytical reagents for a variety of
metal ions. The stability andvinsolubity of neutral com-
plexes in water makes possible their use as gravimetric
reagents,6’7 while the intense color of many of their
metal complexes renders them useful as colorimetric re-
agents in organic solvents such as chloroform.e’9 Di—- and
tri- hydroxamates abound in nature and are important in
the iron absorption of microorganisms.z’ls

Electrochemical data on hydroxamic acids are avail-

able. Cyclic voltammetry in acetone at a platinum elec-

trode have shown that several hydroxamates and thiohy-—
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droxamates .(R = CaHs or H, R’ = Cu.Hs=s, :CH;, or H) are
oxidized .between 1.0 and 1.4 V vs Ag/AgCl ,LiCl (0.1
H-dm").10 Some of the thichydroxamates exhibit quasi-
reversible behavior, but the hydroxamates exhibit only
irrreversible waves.

Anodic oxidations ih acetonitrile at a glassy carbon
electrode were investigated by Ozaki and Masui.11 Using
both cyclic voltammetrY'and exhaustive controlled poten-
tial' electrolysis the oxidation pfbducts for various sub—
-stituted hydroxamic acids were identified. Some of the
important cohclusions from this study are: Hydroxamic
acids are more resistant to oxidation than are the corre-
sponding bhydroxylamines; hydroxamic acids with benzoyl
groups are more easily oxidized than those with acetyl
groups; aceto- and benzo— hydroxamic acids are oxidized to
the corresponding corboxylic acids and nitrous oxide; N-
substituted hydroxamic acids give the corresponding nitro-
so compounds and carboxylic acids; 0O-alkylated hydroxamic
acids undergo rearrangement of acyl and 0O-alkyl groups to
give esters and alcohols; when amines were added to the
electrolysis solution, the acyl groups were recovered as
amides. All of the observed oxidations occurred between
1.2 and 1.6 V vs SCE.

A large, and sometimes confusing, body of literature
exists on the chemistry of hydroxamate complexés with

vanadium.;_lq It is clear that under aerobic conditions

red oxo—alkoxo—(bis—-hydroxamato)vanadium(V) complexes are
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formed regardless of whether oxo-vandadium(IV) or oxo-
vanadium(V) is wused as the starting material.12_14 The
alcohol solutions 'of'the oxo-vanadium(V) complexes are
characterized by intense charge transfer bands (Apa. = 410
to 460 nm, € = 1 to 2 x 10™¥). The isolation of oxo—
vanadium(IV) complexes from water at pH 3-5 has been
reported for >the ligands benzohydroxamic acid and the
closely related p-nitro—, p-methoxo-, amd p—methyl- benzo-

12,13 The rose-violet compounds are

hydroxamic acids.
reported to be air-stable but to dissolve slowly in al-.
cohol to give initially pale red-violet solutions which
deepen to the red solutions characféristic of oxo—alkoxo-
(bis—-hydroxamato)vanadium(V). There.appearto have been to
be no attempts to prepare hydroxamato—vanadium compounds
anaerobically.

Rhodotorulic acid (Figure 4-1), isolated from cul -
tures of the yeast R.pilimanae, is one of a class of
naturally occurring hydroxamate ligands which have a high

15

affinity for FeS>-, The coordination'chemistry of rhodo-

torulic acid (Hz2RA) with trivalent hetal ions such as

16,17

Fe>+, Al>~, and Cr>= has been examined, and the iron

complex has been characterized in solution as a dimer,
FezRAz.!’ Complexes of HaRA with the divalent metals
Cuzx+, Niz2*, In®> and. VO02* have also been isolated and
characterized.18 When oxo-vanadium(lV) is complexed by the

ligand under aerobic conditions, the formation of the oxo-

vanadium(V) complex is observed.
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FIGURE 4-1

Rhodotorulic Acid (H,RA)
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Synthetic analogues to Rhodotorulic acid have been
prepared19 (Figure 4-1) for use in biological studies.
Since attempts to crystallize either Rhodotorulié acid or
any of its metal complexes have been unsuccessful, the
synthetic analogues to HzRA have been useful in structural
studies, as well. ' These dihydroxamate ligandé complex
Fe>+ to yield Fezls compounds, Cu2* to form CuzlL=z and Cul,
énd react with V0O2+ to give oxo-vanadium(\V) coﬁplexes.

VWhen the oxo-vanadium(V)rhodotorulate complexes were
prepared and characterized, a number df interesting ques-
tions remained unanswered.18 A black, glassy solid was
isolated from water. Thei UV/visible spectrum of the
"black"” solution exhibited a strong absorbance in the UV
whichrtailéd into the vis;ble; no other absorptions were
observed in the visible. At pH 4.0 this complex exhibited
a weak EPR signal équivalent to ~5%Z of the total complex
based on comparison with a standard solution of bis(2,4~
pentanedionato)vanadium(IV). The black complex was formu-
lated as oxo—hydroxo—vanadium(V)rhodotoruiate (VORA (OH) )
but was proposed to exist in aqueous solution in equilib-
rium with the oxovanadium(IV) (rhodotorulate). On the
other hand, the red complex isolated from methanol was EPR
silent and was Fformulated as oxo-methoxo—-vanadium(V)-—
rhodotorulate (VORA(OCHx)). Before the oxidation state
was assighed, a brief examination of the electrochemistry
of these two complexes showed that the solution chemistry

of these species was complex, Ii.e. two redox processes

174



were observed at pH 4.0, and only ligand oxidation was
observed at pH 8.0. (See Results) It was also noted that
it would be useful to prepare the vanadium complexes'using
inert atmosphere techniqueszo in order to isolate an oxo-
vanadium(IV) complex.

The present study was undertaken to:

1) explore more fully‘tﬁé electrochemistry of rhodo-
torulic acid énd its vanadium complexes,

2) use anaerobic conditions to isolate vanadium(IV)
rhodotorul ate complexes, |

3 explore the apparent differences in stability
toward oxidation of ﬁhe methanolic and aqueous solutions
of vanadium rhodotorulate complexes,

4) - examine analogous ;hemistr} with the synthetic
dihydroxamate ligands.

Evidence for the existence of bofh an oxovana-
dium(IV) rhodotorulate complexe and a vanadium(IV) rhodo-
torul ate complex in which a hydroxamate has displaced the
vanadyl oxygen will be presented. Similar chemistry will
be shown to exist for the vanadium complexes of the dihy-

droxamate ligands.
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EXPERIMENTAL

MATERIALS
Solvents and chemicals used in syntheses were rea-

gent grade and were used as received. Nonaqueous solvents

used for electrochemical studies were purchased from Bur-
dick and Jackson and handled as described in Chapter 2.

Water used for electrochemical studies was triply dis-
tilled using the apparatus described in Chapter 1 and
Appendix 1. The supporting electrolytes, tefraethlammonium
perchlorate ( TEAP ) and teraethylammonium tetrafluoro-
borate ( TEABF4 ) were prepared by literature methods.21

Buffers and supborting'electrolytes for aqueous electro-
chemical studieé were prepared_from reagent  grade mate-

rials which were used as received.
INSTRUMENTATION

Semiderivative cyclic voltammetric experiments and
spectroel ectrochemical experiments were performed using
the same instrumentation described in Chapter 1. For
voltammetric experiments in conentional'cells in non-
aqueous solvents a planar platinum working electrode was
usea; for experiments in water the working electrode was
modified by adsorbing iodine on the surface immediately
before use. Without this procedure it was impossible to
observe electron transfer processes for the vanadium rho-

dotorulate system on platinum in agqueous solution ( See
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Chapter 1 for a discussion of this method). Cleaning of
the electrodes and the adsorption méthods are described in
detail in Chapter 1.

The working electrode for the optically transparent
thin-layer electrochemical cells (OTTLE) was either elec-
troformed gold mesh (200 lines per inch) obtained from
- Buckbee~-Mears or reticulated vitreous carbon (RVC, 100
pores per inch) obtained from ERG, Inc., 0Oakland, CA.
Preparation of the 6ptica11y transparent electrodes .is
described in Appendix 1. Each thin-layer gold mesh elec-
trode was used for only one experiment and then discarded;
RVC electrodes were rinsed with acid, then water, allowed
to dry, and reused unless background scans showed evidence
- of adsorption of impurities. . The OTTLE cells were disas-
sembled after each experiment, rinsed with triply dis-
tilled water, and allowed to dry before being reassembled.

A Corning Model 112 Digital pH meter fitted with a
combination pH electrode was used to monitor pH.

Infrared spectra were recorded using a Perkin-Elmer
Model 597 spectrometer.

EPR spectra were recorded using an X-band Varian
Model E-3 spectrophotometer. The field was calibrated

with 2,2-diphenyl-1-picrylhydrazyl radical (DPPH).

METHODS
All solutions were degassed by repeated freeze-pump-

cycles on a dual manifold Schlenk linezo before being
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transferred to the OTTLE cells. Filling of the cells was
as described in Chapter 1 of this dissertation. Reference
electrodes appropriafe to the solvent were used: in the
nonaquecus solvent DMF and DMSO a Ag/AgNOx(10—2 M) ,solvent
electrode was used; in water the Ag/Agll(s),0.1 M KCl
electrode was the reference of choice. The Ag/AgCl (s)
reference electrode was calibrated against the quin-
hydrone ele;trodez2 described in Chapter 1; the reference
electrodes in nonaqueous solvents were calibrated using
the ferrocene/ferroaocenium couple.23

Spectroelectrochemical data were obtained from
linear sweep voltammetric (LSV) experiments similar to.
those 'described in Chapter 3. The number of electronsv
transferred was determined in the OTTLE cells by  integra-
tion of the current-potential curve under the observed
peaks.24 The volume of the cell was calibrated using the
Fe (CN) o=—/Fe (CN) =~ couple,25 while the path length (cell
thickness) was calibrated using Cl1Mn***TPP (See Chapter
4) ., A  typical cell volume with gold minigrid electrodes
was 40 u with a path léngth (cell thickness) of 0.10 to
0.14 mm. When RVC electrodes were used cell thicknesses
were typically 0.3 to 0.5 mm. Hence, these cells were not
true thin-layer electrochemical cells (See Chapter 1), and
only the cells with the gold minigrid electrodes were used
for measuring n, the number of electrons transferred.

EPR samples were prepared jn ethanol /methanol (4:1,

v/v) using inert atmosphere techniques. Once prepared
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the samples were immediately frozen in liquid nitrogen.
All EPR samples were taken at “77K. |

Elemental analyseé were performed by the microana-
lytical laboratories operated by the Chemistry Department

of the University of California, Berkeley.
SYNTHESES

Preparation of oxovanadium(IV)rhodotorulate hydrate,
Ci1aHa4NLOaV (VORA-H20): |

a) From Ha0: All procedures were carried.oﬁt in aﬁ argon
atmosphere using inert atmosphere techniqués.zovv In a
typjcal preparation oxo—vanadium(IV)sulfate ( 60 mg, 0.30
mmoles ) was dissolved,  degassed b} .freeze—pump—thaw.
cycles, and added ;go a .slurEy of rhodotorulic acid
( 105 mg, ©0.31 mmole ) which had also been degassed. As
the rhodotorulic acid slowly dissolved, the solution
turned deep red-violet. The solution was concentrated
under reduced pressure until a pale violet precipitate
appeared and was filtered after ~24 h. The precipitate was
washed successively with ethanol and diethy1> ethér and
then dried in vacuo. Yield: 35 mg (“32%) The UV/vis
spectrum of the filtrate was characterized by an absorp-
tion maximum at 516 nm and a shoulder at “~390 nm.

Anal. Calc. for Ci4H24N0aV-Hz0: C,39.5; H, 5.9; N, 13.11,
Found: C, 39.34; H, 5.47; N, 12.81.

b) From methanol: Essentially the same procedure as that

in water was followed with the substitution of oxo-vana-
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dium(IV)bis—pentandienato as the starting material
( 80 mg, 0.30 mmole ). As the ligand slowly dissolved
with mixing of the two solutions, the solution became
colorless. This was followed by slow precipitétion of a
violet powder. Yield: 40 mg (~40%)

The infrared spectrum of the violet powder isoclated
from either methanol or water exhibited bands character-—
istic of the ligand and a strong vanadyl okygen stretch at
~970 nm. In inert'atmﬁsphere the violet powder was insol-
uble in wéter and alcohols but dissolved 'slowly when
exposed to air to give a fed solution (Omas = 4346 nm) in
methanol and a violet-burgundy solution (ma. = 289, 464

and 556 nm ) ih water.

Preparation of Vanadium(IV)rhodotorulate, [VaRAx]1**?: A
slurry of oxo-vanadium(IV)sulfate (54 mg, .27 mmole) was
degassed and added to a slurry of rhodotorulic acid (188
mg, .95 mmole). A deep burgundy-red color appeared as
both the starting materials slowly dissolved. Reducing
the volume did not yield a precipitate. The UV/vis spec—
trum gave absorption maxima at 3I90 and 516 nm
e ~ 2 x 103), Addition of a solution of sodium tetra-
phenylborate produced a dark red-violet, powdery precipi-
tate. Elemental analysis was not definitive (C, H, N, V),
but gave a ligand to metal ratio, RA:V 2 3:2.2 based on
the N:V ratio. The infrared spectrum showed no strong
band between 800 and 1000 cm—* but was otherwise similar

to the spectrum observed for the violet powder, oxo-
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vanadium(IV)rhodotorulate, after accounting for bands due

to the counterion, (C.Hs)aB-.

Preparation of [(C4:Hz2N204) V212

The ligand, N,N°'-dihydroxy-N,N‘—diisopropylpentanediamide
(Cys1Ha22N204), (28T mg, 1.0 mmole) was dissolved in metha-
nol ( ~10ml ), degassed,. and transferred under Ar tq a
slurry 6f oxo-vanadium(IV)sulfate in ﬁethandl (Y10 ml).
An. immediate color chanée to violet-burgundy was ob-
served; és the V0SO. slowly dissolved the color deepened
in intensity. .After filtration the UV/vis spectrum waé
recorded ( Amax = 390 and S16 nm, € 2 2 x 10 per
vanadium). One aliquot of the solution was added to a
concentrated methanolic solutibn of Na(CeHs)eB, a second
to a CHCl3/CHs0OH (~3:1) solution of (CsH»>)4NBF,. A dark
red-violet powder precipitated from the Na(CiHs)4B solu-
tion. This solution was filtered, and the precipitate was
washed with diethyl ether and dried in vacuo for ™1 h.
The infrared spectrum (KBr pellet) showed no V=0 stretch
in thé region 800 to 1000 nm. Elemental analysis was
inconclusive, indicating a large quantity of unaccounted
for. impurity was present (possibly NaxS50,). However,
based on the V:N ratio, the ligand to metal ratio was
estimated to be L:V ~ 1:1.8. The solution with
(CsH>) aNBF4 gave no precipitate even when the solution
volume was reduced to about half its original volume. This

solution was evaporated to dryness, and CHsCN was added
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resulting in a deep burgundy-red solution. Comparison of
the ~electronic spectrum of this solution ( hAmax = 390 and
S16 nm ) with that of authentic VD(C,;szN§04)(DCH3)
Omarx = 294, ~460, and 544 nm) in acetonitrile shows that
a different product is present in solution in the present

case.
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RESULTS and DISCUSSION

I. ELECTROCHEMICAL STUDIES

Initial eleétrochemical experiments were simply
attempts to ascertain the oxidation state of the oxo-
vanadium rhodotorulate complexes which had been synthe-
sized by Tom Tufano18 of this research group. The approach
used was to record the open circuif potential of cells
containing the vanadium complex, then recofd a cyciic
vol tammogram. By sao doing, vit was hoped that the oxida-
tion state of the complex in solution might be deduced.
For example, if Emmer = 0.1 V and an oxidation is observed
at 0.2 V, the complex in solution can be assigned to that
of a vanadium(IV) rather than a vanadium(V) species.

Using this épproach voltammograms of the red and
black oxo-vanadium rhodotorulate complexes were each re-
corded in aqueous solution. Data for each compound' were
recorded at pH 4.0 using 0.1 M acetate buffer and at pH
8.0 using Tris-Cl04 buffer. At pH 4.0 Emes+ for both the
red and black compounds ranged from 0.25 to 0.36 V and
varied with the concentration of the complex. Some dif-
ferences were observed between the two compounds (See -
Figure 4-2). The black compound exhibited two anodic wéves
(Epa ~ 0.18 and 0.33 V) and a broad cathodic wave (Egc
~0.15 V; the red compound exhibited only one anodic wave
(Epa ™~ 0.30 V) and two unequal cathodic waves (Ege ™ 0.2
and 0.14 V). For the red compound the wave at high poten

tial was nearly reversible based on peak width, peak
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ratios, and the small difference in peak ;:mtentials'..zé'-28

At pH B.O only ligand oxidation Qas observed, as verified
by addition of free HzRA and by comparison with wvoltammo-
grams for ligand only.

As will» be shown the black compound had probably
been'partially decomposed. The processes near 0.3 V are
those of the vanadium rhodotorulate complex, while those
near 0.15 V are probably due to én acefate complex (See
4.1.B.)

It became clear from thié set of experiments that a
.more careful investigation was required. This study in-
cluded a brief examination of ligan& electrochemistry, as
well as a more detailed study of vanadium anﬁ rhodotorulic
acid as a function.of pH, ligand:metal fatic, and solvent.
The chemistry and electrochemistry of other hyqroxamate

ligands was examined briefly for comparison.

184



FIGURE 4-2

PRELIMINARY VOLTAMMOGRAMS OF VORA(OCHs) AND VORA (CH)
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A. LIGAND ELECTROCHEMISTRY

At low pH (pH = 1.3 to 6.8) rhodotorulic acid exhib-
ited an irreversible wave, the potential of which was pH
dependent. This processvshowed quasi-reversible béhavior
from pH 7.5 to 9.5. At high pH ( to ~10) this process
once again appeared to be irreversible. The simple hy-
droxamate, acetohydroxamic acid, CH;C(NHDH)CD, exhibited
similar behavior. This observation coupled with thevliter—
ature repofts of hydrdxamate oxidations in acetonelo and
acetonitrile11 confirms that the hydroxamate group was
being oxidized réther than the diketopiperazinev ring.
Typical voltammograms are shown in Figure 4-3.

In DMF or DMSO no activity was obser?ed ‘for the
ligand over é Qide boﬁential range (1.0 to.—2.0 V vs a
Ag/AgN0x(.01 M), TEAP(0.1 M) reference electrode). Based
on the potentialé'observed for monohydroxamates in acetone

and acetonitrile,io’11

it is not surprising that no oxida-
tions were observed below the potential at which these two

solvents are themselves oxidized.
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FIGURE 4-3

OXIDATION OF RHODOTORULIC ACID AT VARIOUS pH VALUES
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B. Vanadium(IV) and Vanadium(V) Electrochemistry

Cyclic voltammetry of oxovanadium(IV)sulfate (V0OSOD,)
and ammonium metavanadate (NHL.VOsx) in aqueous solution
showed no oxidation/reduction behavior within the poten-
tial 1l1limits of the modified (Pt-1) electrode over a pH
range of 1.2 to 8.0 when 0.1 M H2504 was used as elec-
trolyte ( pH was adjusted with KOH(aq)). This result is
consistent with the reported potentials of the VQ"V

-
couple in aqueous solution according to the reaction:“q

V02> + 2H" + e~ = V02~ + H20 E°® = +1.0 vs NHE

However, if acetate buffer (0.1 M) was used as the elec-

trolyte near pH 4.0, both the vanadium(IV) and vanadium(V)

compounds showed a quasi-reversible wave for the Vv7Iv ..

couple. It became apparent at this point that onevo{ the
waves observed for the two oxovanadium rhodotorulate com-
plexes was probably that of the acetate complex of the
metal. Subsequently, the use of buffers with coordinating
anion§ was avoided.

The observation of these processes confirmed, how-
ever, that the comparison of the rest potential with the
observed E5 does yield useful information on the oxidation
state of the electroactive species in solution, as shown
in Table 4-1. Also shown in Table 4-1 is a summary of
potentials observed for (bis-pentanedienato)oxovanadium-
(IV) (VO(acacl)z) in DMSO and DMF. The observed waves are

those of the VY7V couple, and again, the open circuit
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potentials, Erser, relative to the half-wave potentials,
E&, are consistent with the oxidation state of the elec-

troactive species in the bulk solution.

C. Complexes of Vanadium with Rhodotorulic Acid

Voltammefric studies. were done on solutions con-
taining Hz=RA and vanadium in varying ratios and over a pH
range from 2.0 to 9.5. Oxovanadium(IV) sulfate, VOS04, was
used as a source of vanadium(IV) for aqueous studies;
(bis-pentanedionatoioxovanadium(IV),VD(acac)a, was used in
DMSO and DMF. Ammonium metavanadate, NH.Vd;, was used aé-

a sogurce of vanadium(V) in all three solvents.
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TABLE 4-1

POTENTIALS OF VARIOUS VANADIUM COMPOUNDS

POTENTIALS |

COMPOUND SOLVENT Emesnt Eoa Eoc E%

CONDITIDNS
NHaVVOs H20 (pH 4.0,

Acetate buffer) 0.45 0.18 0.12 0.16
VIv0SO, H20 (pH 4.0, :

Acetate buffer) 0.00 0.16  0.13 0.14
Vivoso,  DMSO 0.7 0.54 — 0.54
VivO(acac)= DMSO ‘ 0.20 - 0.55 0.54. 0.54
VivO(acac)a DMF -0.15 0.44 0.43 0.44

Potentials for aqueous solution are reported vs the Ag/-
AgCl(s),1.0 M KCl reference electrode which is 0.23 V vs. NHE
at 25°C. For DMF and DMSO0 the reference was the
Ag/AgND5(0.01 M), TEAP(0.1 M) ,Solvent. These potentials were
recorded to be <-0.027 and -0.167 V vs the ferrocene/ferro-
cenium couple at 25°C for DMF and DMSO respectively.
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1. EFFECT OF pH:

| Volfammograms were recorded of a solution of V0SD.
and HzRA (1:1) under anaerobic conditions over a pH range
of 2.0 to 2.5 (Figure 4-4). The solution was then left
at pH 9.5 and exposed to air for ~12 hours. A second set
of voltammograms was then recorded from pH 9.5 to 3.0
(Figure 4-35). Plots of E% and Empser vs pH (Figufe 4-6)
showed different behavior for the two solutions. The

important features of these resuits are:

1) E shifted to more negative potentials with

%

. increasing pH for both sets of experiments. The solution

which had been kept anaercbic showed linear behavior from
pH 2.0 to 4.0 ( slope = -0.054 V/pH unit, R= = 0.99), but
showed a break at pH 4.0. Fromva 4.0 to 7.3 a second
néarly linear feéioﬁ Qaé observed uhiéh.exhibited a much

smaller dependence of E, on pH (slope = -0.016 V/pH unit,

%

R2 = 0.98). For voltammograms recorded after exposure to

air the plot of E, vs pH was nearly linear from pH 7.0 to

%
3.0, exhibiting no break near pH 4 (slope = —-.058 V/pH
unit, R= = 0.98).

2) For voltammograms recorded before exposure to air
the open circuit potential, Emamr, was consistently ob-
served at potentials more negative than E% at all pH
values. (See Figure 4-6, inset.) After exposure to air
only 1ligand oxidation was observed above pH 8. Erss+r for

these oxidations was at potentials more negative than the

observed peak potentials. From pH 7.0 to 3.0 the vana-
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dium(V/1IV) couple was observed; for these processes Eacar
was consistently observed at potentials more positive than
E% (Figure 4-6). |

3) The most nearly reversible behavior ( based on
peak width, the ratio of ega’/€pe, and the differénce in

peak potent131526—28

) was observed between pH 2.5 and 3.5
for both sets of data;

4).Under anaerobic conditions solutions with pH < S
were pale violet; solutions with pH > 5§ were colorless.
After  exposure to air the.solution was pa}e yellow above
pPH 6.0; below pH 6.0 it gradually darkened with decreasing
pH to a deep purple Omnax = 289, 464, and 556 nm,

€ ~ 10%),

S) 'After.exposurepto«air the observed peak heights"

for the vanadium (V/IV) couple were reduced by “S0L rela-
tive to those of the anaerobic solution. Since the small
intrease in volume due to addition of acid was insuffi-
cient to account for this change, it is probable that some
decomposition had taken place. A second, irreversible,
reduction was observed at potentials negative of the
quasi-reversible couple. With successive scans this peak
decreased while the cathodic peak at more positive poten-
tial increased ( Figure 4-5).

When NH4VOx and HzRA (1:1) were used under anaerobic
conditions, the solution exhibited voltammetric behavior
similar to that described above for V0S04 and HzRA (1:1)

after exposure to air, i.e. solutions at pH < 5 were deep
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violet, Erssr was more positive than E&’ and two cathodic
peaks were observed for solutions below pH 7.0. Further-
more, increasing the ligand toc metal ratio had no e#fect
on the half-wave potential or on the degree of reversi-
bility near pH 3.0. HzRA was also added to aqueocus solu-—-
tions (pH 3.0) of the black and red compounds, formulated
as VORA(OH) and VORA(OCHs). Each of these solutions imme-
diately changed to a deep violet and exhibited voltam-
metric behavior identical to that of solutions of NHaVOs

and H=RA (1:1).
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FIGURE 4-4
pH DEPENDENCE OF VORA UNDER ANAEROBIC CONDITIONS
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FIGURE 4-5
pH DEPENDENCE OF VORA AFTER EXPOSURE TO AIR
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Dependence of E

FIGURE 4-6
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2. SPECTROELECTROCHEMICAL EXPERIMENTS

Spectroelectrochemical experiﬁents were done for
three different solutions at pH 3.0, all of which gave thé
same results (See Figqure 4-7). The solutions examined
were: 1) HaRA and V0SO. (1:1) under anaerobic tonditions,
2) HzRa and V0OSO4 (1:1) 1in a solution which was first
exposed to air, and 3) NHLVOsxs and HzRA (1:1) under anaer-
obic conditions. Repeated .cyclic potential sweeps were
done between —O.IS and 0.90 V. For each cycle the reduced
species was colorless, having no absorption bands in the
visible, while the oxidized species was purple, having a
spectrum identical to that of the purple solution de-
scribed previously. Integration of the i~E curve. (inset
:Figure 4-7b) verified that a one-electron transfer was
involved. Thé same pattern of épectral changes was
cbserved for the air oxidation of a solution of VOSO. and

H=2RA (1:1).
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3. VOLTAMMETRY IN APROTIC SOLVENTS

Voltammograms of V0SO. and HzRA and of the red
VORA (OCHs) were recorded in the solvents DMF and DMSO. 1In
each case the solvents were degassed with Ar before addi-
tion of the electroactive species.‘ In all casés the
solutions were pale violet or cdlorless qnder anaerobic
condi tions; after'equsﬁre to air the DMF solutions turned
deep orange, and the DMSO soclutions became dark purple.

The observed potentials are listed in Table 4-2. In both

~ solvents the vanadium(V/IV) couple was observed at poten—

~tials “~0.4 to 0.5 V moré.negative than the same couple for

VO(acac)z (Table 4-1). Although the vanadium(V/IV) couple
was quasi-reversible in both'sqlvents, more nearly revers-
ible behavior. was observéd in'DMSDIAS eyidenced ‘by the
ratios of ega/epecy, the differences in the peak potentials,
Eca and Eape, and the peak width, E,,...26—2B A second,
irreversible wave was observed in DMSO which has been
tentatively assigned to thg vanadium(III/II1) couple. This

peak shifted to more positive potential and became quasi-

reversible on addition of excess HzRA.
4. Conclusions from electrochemical studies

The results of the voltammetric and spectroelectro-
chemical studies are consistent with a one-electron trans-
fer in which a proton transfer is involved below pH 4

according to the equation:
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VORA + H=0 + VORA(OH) + H~ + e~

The abrupt change in pH dependence of E at pH 4 to

%
onl0.015 V per pH unit suggests that a second species may
be in solution. The observation of quasi-reversible beha-
vior for the V*V/73rr couple with addition of excess ligand
to the DMSO solutién of Hz=RA and VOS0,4 (2:1) suggests that
this species may be a complex in which the vanadyl oxygen
has been replaced by a hydroxamate. Further evidence for

the existence of such a species was obtained from EPR and

UV/visible spectra.

The differences in the voltammetric behavior for

solutions containing oxovanadium(V) rhodotorulate cannot

-be explained without further experiments. It is highly

likely that proionged exposure to base caused considerable.

decomposition of the complex. In order to interpret this
data, the pH dependence of the half-wave potentials of a
freshly prepared solution of NH4VOx and HzRA (1:1) should

be examined.
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TABLE 4-2
POTENTIALS OF VANADIUM RHODOTORULIC ACID COMPLEXES

IN APROTIC SOLVENTS

#

POTENTIALS
SOLVENT COMPONENTS Eoa Eoc T E Epc
% (V!lll!!)
DMF V0SO04 + H2RA -0.030. -0,105 -,068 -——
(1:1)
DMF V0SO4 + H2RA -0.030 =0.090 -0.060 -——
(1:3)
DMF VORA(OCHs) ~  -0.030 =-0.120  =-0.075 -—
DMSO VOSOs + HaRA  40.090  40.069  +0.069  =-1,35 °
(1:1) i
DMSO V0S04 + H2RA +0.060 40,027 +0.044 . -0,75 ©
DMSO VORA (OCHs) +0,054 40,027  +0.041 -0.93 °

For DMF and DMSO the reference was the Ag/AgNOs (0,01 M),
TEAP(0.1 M), Solvent. These potentials were recorded to be -
0.027 and =-0.167 V vs the ferrocene/ferrocenium couple at
25°C for DMF and DMSO respectively.

Irreversible.

Quasi-reversible.
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II. EPR and SYNTHESES

For aqueous preparations of oxovanadium(lV) rhodo-
torulate, V0SOs. was used , and for methanolic prepara-
tions, Vd(acac)z waé used. In both cases (1:1) solutions
of HzRA and oxo—-vanadium(IV) yielded a pale viblet.'powder
which has been identified as oxovanadium(IV) rhodotoru-
late,: VORA. In the case of the aqueous preparation a
"violet color was observed.in‘the filtrate which Qas ini-
tially attributed to contamination by air. However, meas;
urement of the UV/visibie spectrum showed that another
species was present in solution  (x,-. = 522 nm, € ™~ 103).
The filtrate of the methanblic_solution, on the other
hand, was co}orless.

In the courée of préparing solufions for EPR meas-
urements a solution of VOSOL. and Hz2RA(1:1) in methanol was
pfepared using inert atmosphere’techniques. As the ligand
and metal each dissolved, a red-burgundy color was ob-
served. The UV/visible spectrum (max = 390 and 516 nm,
€ 2 10%) again indicated the preéence of a species which
was different from either VORA or VO RA(OCHx). EPR méasur—
ements subsequently confirmed that the predominant species
in this solution was a vanadium(IV) complex (2 70%Z vana-
dium(1IV) based on comparison with a V0O(acac)az standard).

From these results it was proposed thaf the hydroxa-
mate chelating group was capable of displacing the vanadyl
oxygen to form a (tris-rhodotorulate)vanadium(lV) complex.

In the only known example of such a reaction in protic
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solvents, catecholate 1ligands have been shown to be able
to form both the (bis-catecholato)oxovanadium(IV) and the
(tris—~catecholato)vanadium(IV). These complexes, which
have been isolated and characterized by X-ray crystallo4
graphy, exhibit some physical propoerties which are quite
similar to  those repbrfed here for their rhodotorulate
qnalogues. The electronic spectrum of the (bis—catechol—
ato) oxovanadium (IV) ¢omp1ex_is characterized by weak d-d
transitions (¢ < 100), but the (tris-catecholato)vana—
dium(IV) complex'exhibits charge transfer transitions (e ™
9 x 10®). Furthermore, cyclic voltammétric results re-

ported in this same-studyso showed that the oxovandium(IV)

‘"complex exhibits an irreversible vanadium(IV/III) reduc—

tion, - while thé (tris—catechlato)vanadium(IV) complex.
exhibited a quaéi—reversible vaﬁadium(lVlIII) couple.
Thus, comparison of the results reported in the
present work with those reported for the vanadium cate-
cholate system lends further support to the proposal that
a (tris-dihydroxamato)vanadium(IV) complex is formed.
Attempts to isolate the proposed (tris—-dihydrox-
amato)vanadium(IV) complex were based on an assumed formu-—
lation of [VaRAz1IZ". This formulation seems the most
likeley based on its similarity to the known stoichiometry
of the Fe>* complex, FezRA3.17 Hence, an excess of ligand
was used. Since such a species would be cationic, the
anion [(CeHa) 4Bl was used to precipitate the crude, dark

red-violet product. This approach was used with a similar
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result using the dihydroxamate ligand NyN’—-dihydroxy-
N,N’—-diisopropyl (pentanel)diamide, which under aerobic con-
ditions had been demdnstrated to form the (dihydroxama-
to) oxo—methoxo—-vanadium (V) complex.19
Physical characterization of the red powdery pro-
ducts obtained froﬁ precipitation by tetraphenylborate was
consistent with the displaéement of the vanadyl oxygen by
ligand. Although the pale violet powder, VORA, exhibits a
strong absorbance in its infrared spectrum at ~970 cm—?
which is assigned as the V=0 stretch, this band is absént
in the red products assigned as (tris;dihydroxamato)vana¥
dium(IV). The air oxidation of an aliqudt of the reaction
mixture for the (tris—rhoddtorulate)vanadium(IV) complex
Qés followea spectrally (Figure 4-8). The observed beha—
vior is clearly quite different from that observed fprbthe
spectroelecfrochemical studies of the (1:1) oxovana-
dium(IV): HzRA system or for the éir oxidations of the
same system. The absence of isosbesfic behavior is
indicative of a complex mechanism. This is to be
expected, since at least two steps would be required for
the overall reaction involved in going from a (tris-
dihydroxamato) vanadium(IV) complex to an oxovanadium(V)

species.
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TABLE 4-3

ELECTRONIC SPECTRA OF VANADIUM RHODOTORULATE

AND VANADIUM DIHYDROXAMATE COMPLEXES

COMPLEX SOLVENT ABSORPTION MAXIMA

(nm) (¢ x 10—=)
VORA (OH) Hz0 289(3.7), 464(2.2), 556(2.3)
VORA (DCHx) CHsOH 432(2.3)
VL (OCHs) 2 CHsOH 272(3.65, 446(3.2)
VL (OCHs) 2 CHsCN 294(7), 440(?), S44(?)
[VaRAs12~ H=0 390sh( ), S516¢ )
[VaRAz12+ P CHsOH 390(23.3), 516(22.4)
[Valsl2~ © CHsOH 385(23), S516(23)
[Vals32~ P CHsCN

381 (?), S035(?)

a L = N,N°-dihydroxy-N,N’-didsopropyl (pentane)diamide

(See Figure 4-1).

b Proposed stoichiometry, see text.
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The Black "VORA(OH)" Compound

EPR resultsvof solutions of VOSO. +-H;RA (1:1) which
had been exposed to air and of the black compound isolated
by Tom Tufano18 indicated that all of the vanadium in each‘
of these solﬁtions was present as vanadium(V). This re-
sult was taken as further evidence that the black compound
had been decomposed during synthesis and isolation of the
complex, pfobably by heating.18 The previously reported
observation of an EPR signal equivalent to ~5%Z of the

total vanadium was probably a result of the use of acetate

ion to buffer the soltuon at pH 4.0.

- Proposed studies:

A nuﬁber of studies could be done to confirm the
proposed dimeric structure of the (dihydroxamato)vana-
dium(IV) complex. Ideally one would like to isolate a
single crysfal suitable fof X-ray diffraction. The use of
a variety of counterions for either the RA or the syn-
thetic dihydroxamate complex may be helpful in this en-
deavor. Since complexes of the synthetic dihydroxamates
are soluble in a wider variety of solvents than are the
complexes of HzRA, greater success may be obtained with
them. ‘Short of growing single crystals, a sample of high
purity is necessary for further study. With such a sample,
a "clean" elemental analyses would confirm the stoichi-

ometry, and the molecular weight might be deterined by
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mass spectrometry or by gel partition chromatography.
Additionally precise measurements of the exiinction coef-
ficients of the electronic spectra could be otained. A
spectroelectrochemical study of the conversion of the
(dihydroxamato)vanadium(IV) complex to the oxovanadium(V)
comlex would give useful insight into the mechanism of

this reaction. In addition to studies of the complexes

reported in this study, it would be intéresting to explore_

analogous chemistry with monohydroxamates.

SUHMARY-

Electrochemical studies of vanadium and‘;hodotorulic
Va;iq have been dpne. It has been shown that in (1:1)
solutions of‘oxovén&ium(IV) and rhodotrulic acid the oxo-
vanadium(IV) rhodotorulic acid complex is oxidized to the
oxo—hydoxo-vanadium(V) complex. While the VDRA(DH)_complex
is formed preferentially in air, the oxovanadium(IV) rho-
dotorul ate complex has been isolated using inert atmo-—

sphere techniques. Evidence for the existence of a second

vanadium(IV) rhodotorulate complex has been presented.

This complex has been shown to be formed in the presence
of excess ligand in the absence of air and to be a result
of the displacement of the vanadyl oxygen by hydroxamate.
This assignment is supported by the absence of a V=0
stretch in the infrared spectrﬁm of both the rhodotorulate
and the dihydroxamate complexes, and by comparison of the

electronic spectra of these complexes with those of anal-
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ogous (tris—-catecholato)vanadium(IV) complexes. These com-—-
plexes have been proposed to be the dimers , [V;.Asl’z or
[VzL 12+, analogous to the FexRAs and Feals dimers.17’19
Since the crude pfoduct wﬁich has been isolated is impure,
this formulation has not been confirmed. Suggestions for

more definitive identificétion of this complex and for

understanding its solution chemistfy have been made.
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APPENDIX 1
Synthesis and Characterization of a Malondiamide and 1Its

Copper (11), Nickel (II), and Co(lIII) Complexes
INTRODUCTION

"An ongbing intérest in the chemistry and electro-
chemistry of metal complexes which can serve as biological
models has led to the.syntheses of the ligand N,N'—-di (2-
aminomethyipyridyl)—malondiamide, 1, and its copper(ll),
2, nickel(ll), 3, and cobalt(Ill), 4, complexes (Figure
Al-1). The ligand is a tetradentate macrochelate, which
contains two amides and two pyridines. The amides serve
as models fof the peptide linkage in. proteins, and the
pyridines model the imidazole group of a histidine.

It is well documented that deprotonated amide grdups
coordinate transition metals through an amide—N bond1_4.
Numerous structural studies of such complexes using amino
acids and synthetic peptides as ligands have been re-

25,27

ported and reviewed. More recently a series of

structural studies on bis—-amide metal complexes as well as
a reviéw of this chemistry has been reported.5—13

In this appendix the syntheses and characterization
of the ligand and its metal complexes are described. The
crystal structure of the copper complex is reported, as

well as preliminary results of voltammetric studies of the

nickel and copper complexes.
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FIGURE Al1-1

N,N’'-di (2-aminomethylpyridyl)-

malondiamide

H=0L

O (0]
\M/.N
AR

METAL COMPLEX
ML or CMLI™

M = Cu~, Ni~, Co=>-
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EXPERIMENTAL

1. Reagents

Reagent grade triethylamine was distilled under
partial vacuum shortly before use. 'Reagents and solvents
used for synthetic procedureé were commercially available
reagent grade and were used as received. Solvents used
for electrochemical studies were treated as described in

Chapter 1.

2. Measurements

Elemental analyses were performed by the microana-
lytical laboratory operated by the Chemistry Department of
tﬁe University of California, Berkeley. *H NMR were re-
cbfded at'bb MHz on a Variaﬁ T-bO.Spectromeier. Infrared
spectra were recorded on a Perkin Elmer Model 597 spectro-
meter. Instrumentation and cells used for electrochemical

experiments are described in Chapter 1.
3. Syntheses

Chloropentamminecobalt(IlIl)dichloride, [Co(NH3) sC11C1 2,
was prepared by literature methods.14

Preparation of N,N’'-di(2-amincethylpyridyl)malondiamide,
(CimHsaNLO2) . In a typical preparation diethylmalonate
(14 m1, 92 mmoles) and 2-aminomethylpyridine (25 ml, 240
mmoles) were added to ca. 60 ml of ethanol in a 250 ml

round-bottomed Schlenk flask. The solution was stirred

under an atmosphere of Nz for 5-7 days, after which the
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solvent and any unreacted 2-aminoethylpyridine was removed
by distillation under reduced pressure. The oily product
was dissolved in ethyl acetate and left in the freezer for
1-2 days, during which time a white precipitate appeared.
The white powder was separated by suction <filtration,
washed with diethyl ether and dried in vacuo (16 g, S&%
based on diethyl malonate)_: mp 76-77°C. 21H NMR (chloro-
form-d=) &3.4 (singlet, 2H), &4.5 (doublet, 4H), 4§8.1
(brdad singlet; 2 amide H), 8.4, 7.5, 7.2 (complex multi-
plets, 8 pyridine H). The infr#?ed spectrum was character-
ized by a strong, broad absorbance at ~1670 cm—*. this
band, which was attributed to the amide carbonyl stretch,
was not present in the spectra of the metal complexes.
Anal.balc'd for CisHiaNaO=2 @ C; 63.36; H, 5.67; N, 19.71.
Found : C, 62.96; H, 5.74; N, 19.37.

Preparation of [N,N’'-di(2-methylpyridyl)malondiamidolCop-—-
per(Il)-Trihydrate, [(CimHi4N402)Cu(ll)]1-3H20. A sclution
of CuSO04.5H=20 (0.25 g, 1.0 mmole) and triethylamine (0.28
ml, 2.0 mmole) in 10 ml of methanol was made. To thié was
added, with stirring, a solution of ligand (0.284 g, 1.0
mmole) in about S5 ml of ethanol. The reaction mixture
immediately turned deep purple. The solution was reducéd
using a rotoevaporator, allowed to stand overnight, and
finally filtered to yield shiny, deep purple needles
' 0.20 g, (58%). Crystals for X-Ray diffraction were grown
from CHCls:CHsOH (1:1)solution by vapor diffusion from

CHCl13. The infrared spectrum was very similar to that of
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the freevligand with the absence of the strong absorbance
at *~1670 cm—?* and the presence of a broad absorbance due
to water at ~3400 cm—2, Anal. Calc'd.for.CuC;aHzON.DB: C,
45.05; H, 5.04; N, 14.01;5 Cu, 15.89. Found: C, 45.11; H,
4,993 N,14.08; Cu, 16.0.

Preparation of [N,N’'—(2-methylpyridyl)malondiamidolNickel-
(II)Dihydrate, [(CiaHi14N4O2Ni (11))1-3H20. The preparation
of the nickel complex was analogous to that of the copper
complex and gave orange—rédvneedles. *H NMR (chloroform-
d=) §2.8 (2H), §3.2 (4H) , 87.2, YB.Q (Complex multiplet,
8H) . The absence of_the broad singlet at 88.1 confirmed
that the complexing ligand was the deprotonated amide, and.
that the ni&kel was low spin.'vThé inffared spectrum. was
virtually identical fo that‘of the Cu(ll) complex.

Anal. Calc’'d for NiC.gH aN4O4: C, 47.78; H, 4.B1; N,
14.86.

Found: C, 47.76; H, 4.79; N, 14,94,

Preparation of (N,N’=(2-methylpyridyl)malondiamido) (diam—
mine)Cobalt(Ill)chloride Trihydrate, C(CaaHiaNLO2) -
(NH3)2C0(III)11C1]-H=20. To a hot, aqueous solution (25 ml)
of [Co(NH3)=sC11Clz (2.5 g, 0.01 moles) and ligand (2.84 g,

0.01 moles) a solution of NaOH (12 ml, 1.0 M) was added

slowly, with stirring. A lavender precipitate was ob-
served immediately. The solution was stirred until the
precipitation appeared to be complete. The reaction mix-—

ture was then filtered, and the burgundy filtrate was

reduced in volume to about 20 ml using a rotoevaporator.

217



After ~12 hours at 0°C copious burgundy crystals <formed.
The solution was filtered, and the crystals were washed
with ethanol and then with diethylelther and dried in
vacuo. The infrared spectrum was virtually superimposable
on that of the nickel and copper complexes, except for

then presence of a broad absorption at ~3250 cm—2, attrib-

uted to NHs. Elemental ahalysis of the lavender precipi-—

tate showed that there was no nitrogen or chlorine

present. The infrared spectkum was featureless except for

a broad absqrbahce due to water, and a second broad absor-

bance at ~cm—3*. It is probable that this side product is
Co(DH);.

Anal. calc’'d for CoCimHa2eN.O.Cl: C, 37.31; H, 5.85; N.
17.41, Co, 12.21. | | | |

Found: c, 37.38; H, 5.90; N, 17.44; Cl, 7.50; Co, 11.8.

4. Collection of X-Ray Diffraction Data
The conditions for data collection and the observed

crystal parameters are listed in Table I.
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TABLE Al1-1

Crystal and Data Collection Parameters

Compound: [Cu (C;gH;QNqDa] d 3H20

A) Crysfal Parémeters @ 25°°(a’b)
| a = 9.932(4)2 ‘ Space Group: P2,/c (No. 14)
b = 22.049(9) Z : Formula weight: 399.89
c = B8.076(4) Z , Z =4
8 = 104.54(3)° d(calc) = 1.552 g/cm™
v = 1711.8 Z’ v ” d(obs) =

1.60 g/cm™=

‘Size: 0.28 x 0.13 x 0.15 mm

B) Data Measurement Parameters
Diffractometer: Enraf-Nonius CAD-4 <¢«:&>
Radiatiaon: Mo Ka (X = 0.71073 Z )
Monochromator: Highly-oriented graphitev(zem = 249)
perpendicul ar mode, assdmed, 507. perfect.
Detector: Crystal Scintillation counter with PHA.
Reflections measured: +H, +K, *L
20 Range: 3 to 45°
Scan type: 6 - 260
Scan speed: Variable, 75s max (8, deg/m)
Background: Measured over an additional 0.25(4€0)
added to the each end of the scan.

No. of reflections collected: 2462

No. of unique reflections: 1744
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Intensity standards: Measured every 2 h. of X-ray
exposure time. No decay was observed.

Orientation: S reflections were checked every 100
measurements. Crystal orientation as redétermined if

any of the reflections was offset by more than

0.25°. Reorientation was not necesaary during data

~collection.

a)

b)

Unit cell parameters and their esd’'s were derived by

a least-squares fit to the setting angles of the

"unresolved Mo Ka components of 24 reflections

with 20 between 27.8° and 30.5°.
In this and all subsequent tables the esd’'s of all
parameters are given in parentheses, right-justi-

fied to the least significant digits(s) given.
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6. Solution and Structure Refinement

The 1744 intensity data were converted to structure
factor magnitudes and their esd’s by correcting for back-
ground, scan speed and Lorentz and polarization fac-—
tors.16_18 The cbpper atom was located from a three-
dimensional Patterson map. The non—-hydrogen atoms were
located and refined anisotropically using standard Fourier
and least-~squares techniques. All of the hydrogens except
for three of the water hydrogens were then located from a
at idealized positions with a C-H bond distance of
0.95 Z. Their isotropic thermal parameters were set at
B = 5.022. Anisotropic refinement of the nonhydrogen
atoms led to final convergence with R = 0.032, Rw = 0.040
and GOF = 1.62 (266 variables, 1744 observations).. Cor-
rections were made for secondary éxtinctions which re-
sulted in negligible changes in R. A final difference
Fourier map showed highest peak to be 0.439 9/23 in the
region of the water oxygens. The analytical forms from the
scattering factor tables were used,183 and all nonhydrogen
scattering factors were corrected for both real and imagi-
nary compnents of anomalous dispersion.18b

"The final positional parameters of the nonhydrogen
atoms are given in Table Al1-2. The thermal parameters of
the nonhydrogen atoms, ¢the positions of the hydrogen

atoms, and a listing of the values of Fo and Fco are

available as supplementary material.
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RESULTS AND DISCUSSION

The #—ray diffraction data on the copper complex, 2,
reveal that the coordination environment about the cop-
per(II) ion approximates a square pyramid with the four
nitrogens from one ligand forming the base of the pyramid
and an oxygen atom from the amide of an adjacent molecule
‘occupying the axial position (Figure A1-2). The Cu-D0 bond
length (Table A1-3) is about 0.1 Z shorter than the van
der Waal’'s radii (2.90 Z)‘z*’ and is within the rangé
observed for intermolecular Cu-0 (amide) distances re-

- =3
1-13,2 The four

ported forv other Cu-amide complexes.
nitfogens form a severely compresséd tetrahedron about the
: cobper ion with one ahide.N aﬁd one pyridyl N "up" énd the
other pair "down"” with respect to the copper. The pyri-
dyl N°'s ( N1 and N3») are 0.173 Z away from the least-
squares plane of nitrogens, while the amide N’'s ( N2 and
N4 ) are 0.194 Z from it. Furthermore,the copper ion
itself lies 0.10 Z above the least-squares plane of nitro-
gens but lies below ﬁl and N2. “The above deviations and
distances represent unusual behavior for S-coordinate
copper complexes. Normally deviations from planarity of

the four square-planar base atoms are less than 0.03 A.

In addition, the copper in such complexes usually lies:

about 0.20 A above the least-squares plane and above all
of the ligating atoms. As expected, the Cu-N(amide) bond

lengths are shorter than those of the Cu-N(pyridyl) bonds

and are in the same range as those reported for metal-
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peptide complexes25 and for other synthetic copper-—diamide

6-12,27
complexes.

Several features of the complexed 1ligand resemble

"those observed in metal-peptide complexes, while others

represent deviations from "normal"”. The N(amide)-Cu-
N(pyridyl) bond angles. are in the rahge reported for
typical S—-membered chelate rings to copper,25 énd the
well—-documented tendency of the ﬁeptide region toward
strict planarity, .even in metal complexes, 1is observed

in 2. In the planar amide region, however, there is a

deviation from typical metal-peptide bond angles. The

“normal” bond angles corresponding to N2-C7-C8 and N4-C9-

€8 would ’beAexpected.to be about 110-114° in a copper-

peptide or copper—amide complex while the angles corre-
sponding to 02-C7-C8 and 01-C9-C8 would be in the range of

-1
120-1210, 7" 12:25,27

In the complex, 2, the magnitudes of
these two sets of angles are just reversed (Table IIIl).
In addition, the bond angle C7-C8-C? is unusually 1large
(124°) for a methylene group. A similar set of "anoma-
lous" bond angles is observed in the structure of [N,N’'-
di—(2—aminoethy1)malondiamido)nickel(II)—trihydrate.5

The complexes pack as dimeric units which are held
together by two intermolecular Cu—D(Zi interactions (Fig-
ure A1-3). Each half of the dimer is related to the other
by an inversion center at the origin. The dimers, 1in
turn, are closely packed such that each is related to

another by a translation along c. The shortest distances
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between dimeric units involve contacts between pyridine
ring carbons of one molecule and peptide .and methylene
carbons of another molecule. The shortest such distance
observed is 3.34 Z between C3 and C%9 andvis‘in the range
predicted for stacking of arnmatic carbons.-21 Even the
methylene carbons, CS—CIO exhibit short intermblecular
distances, (3.4 to 3.5 Z) to methylene carbons on édjacent
dimers, suggesting. stfong van der Naal's interactions.
Finally, there is a hydrogen bondjng netwprk formedvby the
interaction of the three waters of hydration with the
amide oxygens (01) of two neighboring molecules and with
each .other (Figure Al1-4). Cufiously, hone of thé watérs is -
axia11y<bound_tq‘the Cu atom.

It is probable that the tight packing imposed by the
combined effects ofistacking, the hydrogen bonding,and
the Cu—-02 interaction creates such a tightly packed crys-
tal that strain is exerted on the the individual mole-
cules. ' This strain results in the observed deviatibns
from 4norma1“ bond angle patterns in the peptide region
and the unusually large methylene bond angle about C8.
The methylene is apparently so tightly sandwiched between
carbons of adjacent molecules that it is constrained to
very small thermal motion. Indeed, unusually small ther-
mal motion is observed for CB (Figure 1). Similarly such
tight packing can account for the unusual positions of the

Cu and nitrogens relative to one another in the coordina-

tion plane. Lastly, the packing also appears to account
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for the failure of one of the water oxygens to bind Cu

axially. The aromatic stacking results in a hydrophobic
region above and below the copper,  thus excluding " any
water maolecules. Hence, the amide(D2) atoms bind the

copper vaxially instead.

Since the nickel complex is diamagnetic, as demon-
strated by its *H NMR signal,' color, and electrdnic.speﬁ—
trum, its structure is postulated to be approximately
squére planar with the waters forming a hydrogen bond'
nétwork to the amide oxygen atoﬁs in the crystal iéttice,

analogous vto a similar structure reported by lLewis et

al;s

' The structure of the cobalt complex is clearly Six=
coordinate. Since the compound is soluble ia water and
methanol, it is probably ionic. ‘Hence, the two ammines

are probably coordinating in a trans position, and the
chloride is present as a counter ion.

Preliminary voltammetric éxperiments on the nickel
_ and copper complexes have been done. In aqueous solution
(pH 7.0) using a modified Pt-I electrode in a thin-layer
electrochemical cell (See Chapter 1), an Iirreversible
oxidation was observed for the copﬁer complex at "~0.81 V
vs a Ag/Agll, KC1(1.0 M) reference. Since the ligand
itself is not electroactive in this potential region, it.
is probable that the complex is being irreversibly oxi-

dized to a Cu(IlI) species.

The nickel complex exhibited no oxidations between
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0.0 and 1.0 V in either water or DMF. However, in DMF it
exhibited a reversible one—electron reduction at -2.06 V
vs the Ag/AgNOs reference electrode. Again siﬁce the
ligand is not electroactive in this potential region, the
nickel is probably being reduced toc nickel(l).

Since Ni(l) and Cu(lll) complexes are relatively
rare, = these complexes warrant <further investigation.
Spectroelectrochemical techniques may be especially

helpful in characterizing these processes.

SUMMARY

The 1ligand N,N’-di(2-aminomethylpyridyl)malondiamide
and its copper (II) and nickel(Ii) compiexes havé been
synthesized and characterized. The copper (I11) complex has
been characterized by X-ray crystallography. It crys-—-
tallizes as the trihydrate in the space group P2./c, with
lattice constants a = 9.932(4)2, b = 22.049(9)2,
c = 22.049(9)2 and 8 = 104.54(3)° The complex is square
pyramidal with a carbonyl oxygen of an adjacent molecule
weakly bonding in the axial poéition. Several unusual
features of the complex are described and discussed in
terms of the packing in the lattice. The nickel complex,
which is diamagnetic has been characterized by *H NMR and
is proposed to be square planar. The cobalt complex is
six—coordinate with two trans ammines ccupying the +fifth

and sixth coordination sites. Preliminary electrochemical
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results suggest that the copper(Il) complex may be oxi-
dized to a copper(lII) complex, and the nickel (II) complex

may be reduced to a nickel (I) comple:x.
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Table Al1-2
Positional Parameters and Standard Deviations for

[CU(C;QH;QNQOz) ]'3H20) -

Atom x y 2

cu -g.91564(5) F.87385(2) £.24479(7
ol -9.4228(3)  £.8942(1) -8.8226(4)
02 -9.1531(3) -8.8818(1) -2.8163(4)
03 -8.6827(3) £.1386(2) £.1611(4)
04 -9.4563(4) 9.2862(2)  ©.4298(5)
05 -0.4937(7) £.1880(2) -£.2542(5)
N1 #.8231(3) P.1615(1) ©.2872(4)
N2 -9.9578(3) -£.8897(1) B.1786(4)
N3 8.1473(3)  8.8358(1) B.4165(4)
N4 -9.1983(3)  £.1822(1) 9.1322(4)
c1 ' 5;2439(4) #.9612(2) P#.5446(5)
c2 8.3591(5) 9.8395(2) 8.6374(5)
c3 9.3754(5) =-@.98291(2) 9.6987(6)
c4 8.2762(4) -8.8570(2) B.4771(5)
cs 8.1623(4) -9.9241(2) 9.3871(5)
(o] 3 9.8514(4) -9.8531(2) £.2497(5)
c7 -8.1567(4) -9.9298(2) 9.8496(5)
cs -§.2847(4) P.8876(2) =-8.0183(5)
c9 -8.3027(4) £.8722(2) 9.8358(5)
c1g -9.2268(4) £.1643(2) B.1755(6)
c11 -8.8919(4) 9§.1951(2) 9.2583(5)
c12 -9.9879(5) @.2565(2) 9.2998(6)
c13 9§.8396(5) 9.2831(2) B.3685(7)
Ci4 9.1582(5) $.2493(2) £.3878(6)
c15 8.1467(S) §.1889(2) @.3462(6)
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ATOM 1
cu
cy
cy
cu
N1
N1
N2
N2
N3
N3
ct
c2
c4
cS
c?
c8
c1g
c1t
ciz2
c13
o1
o1
02
o1
04
03
04
03

Important Bond Distances and Angles.

ATOM 2 DISTANCE

N1
N2
N3
N4
c18
c1n
o
c7
Cl
cs

- H4A

H3A

2.882(3)
1.917(2)
2.939(2)
1.924(3)
1.344(4)
1.331(4)
1.448(4)
1.328(4)
1.352(4)
1.348(4)
1.377(5)
1.366(5)
1.385(4)
1.497(4)
1.499(4)
1.512(4)
1.581(5)
1.393(4)
1.379(5)
1.369(5)
2.678(4)
2.772(3)
1.253(4)
1.263(4)
2.732(4)
1.696(2)
1.839(3)
1.828(2)

Table A1-3
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ATOM 2 ATOM 3
. N2

N3
N4
02
N3
N4
02
N4
02
02

c2
c3
Cc4
CS
N3
Cl
C1
Cs

c12
ci3
Ci4
Cl5
N1

cl1
Cll
Ci5

ANGLE

116.

115.
127.
115.
122.
1289,
116.
124.

124.
129.
115.
128.
114.
116.
189.
117.
121.

Nanauvm
o~

-
b1
P

NN v v -~~~

H3(9)
.84(19)
.32(11)
.99(9)
LB1(11)
.27(9)
.52(9)
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FIGURE A1-2
DRTEP19 diagram of a monomeric unit showing the numbering

of the atoms.
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FIGURE A1-3

9

DRTEP1 diagram of a dimeric unit showing the

interactions.
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FIGURE Ai1-4
Stereo view of the packing diagram of the crystallographic

unit showing stacking of the aromatic regions.
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(15

The atomic form factors for neutral atoms were taken

from 18a. All except those for hydrogen were cor-

rected for the real and imaginary components of
18b

anomalous dispersion for Mo radiation. The

quantity minimized by least squares was

z wlllFol = IF=11)=2

where

aFz

[ 62¢F2) + FD= ]

and cothi.is-based solely oh counting statistics.

The parameter, p, introduced to prevent over-—
weighting of strdng reflections was set to 0.03.

Agreement indices are defined as:

Y 11Fgl = IF 11
R =
z IFol
and
z w(lF l = IF_1)= 1%
Rw =
NlFo'
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(16)

The "goodness of fit" (GOF) is defined as

BOF =

[z w(lFgl — IF_1=2 ]%

( N_— N_)

where No is the number of observations and No 1is
the number of variables.

The data reduction formulae are:

=2 .
F2 = "EE"C, 2B) .~ 6o(Fe) = —E; (C + 4am %
) =2

- 2F o

where C is the total count in the scan, B, the sum
of the two background counts, w«w the scan speed
used in deg/min. and

1 - Sin20( 1 + cos220, )
Lp 1 + cos=226, - sin=26

is the correction for the Lorentz and polarization
effects for a reflection with scattering angle 26
énd radiation monochromatized with a 50%Z perfect
single-crystal monochromator with scattering angle

20...
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FIGURE A2-1A

DESIGN FOR PYRODISTILLATION STILL

\ i

“

m
,_‘_.-- - — — 4
O

_3
AR
_Jen
T
19}

Round-bottomed flask (3 1) J Outlet to atmosphere
Heating mantle : (stoppered lightly
Oxygen inlet with glass wool
24/40 6round glass joint | K 41 Erlenmeyer fitted
Quarti tubing . with "faucet"

Tube furnace (See page 239) L "“Faucet" (Corning

Condenser teflon stopcock.
Pyrex tubing M 45/50 ground class
joint

239



FIGURE A2-1B

DESIGN FOR TUBE FURNACE FOR STILL

Quartz tube (1 in. o.d.)
Firebrick, hollowed out
Semi—-cyclindrical heating
unit

Steel hose clamps

Transite (% in. thick)
Wires from asbestos-wrapped
nickel wire. (Must be

silver soldered).

J

240

T
o
w

A
e—>5" %
x
Aj . @H
/o )J\'\ )
. G
45" G  /
E || " &
hY 4 H

Holes for wire from
heating unit

Screws to connect
heating unit to
asbestos—-wrapped
nickel wire.

High resistance wires

from heating unit.
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w

‘wrapped to ~1/8" thick

FIGURE A2-1C

CONSTRUCTION OF FURNACE AND CALIBRATION

Machinable firebrick is easily hollowed out and

‘creates- enough friction to support the heating units by

-itself. However, to create some extra support, wrap the

heating units in two places - near the top and near the
bottom - with several thicknesses of glass cloth elec-

trical tape as in the figure below.

Quartz tube

Semicylindrical
heatin unit

Glass cloth
electrical tape

Hold the bricks together with a steel hose clamp,
bent to a rectangular shape. After the furnace has been
constructed with the quartz tube inside, but before it has
been attached to the still, heat it gently for ™1 hour (IN
A HOOD!). The cloth matrix of the electricél tape will
burn off leaving a ridge of melted glass which will serve
to hold 'it securely inside the firebrick. After the
furnace has been thus "cured", attach it to the still.
Calibrate it with a thermocouple. The goal is to ascer-
tain the correct setting for the inside of the quartz tube
to reach 900°C. At this temperature an orange glow can be

seen through the cracks between the firebricks.
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FIGURE A2-1D
ELECTRICAL. CONNECTIONS FROM HEATING UNIT
Use ~1 foot of asbestos—wrapped nickel wire betwen
the heating unit and the cord used to plug into the variac
unit. Silver solder the nickel wire to the electrical

cord. - ‘

High resistance
wires from two
halves of heating
unit. — >

T Oy e AP At
| ey ey e e o

L

Wire the two halves of the heating unit in prallel
to make one.Unit, 115 volts. Thread wires through holes
in bottom of transite block and wrap around screw to make

contact with nickel wire which has been similarly wrapped.

|

\
Asbestos—-wrapped -
nickel wire silveﬁ==:::-
soldered to
electrical cord
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APPENDIX 2-1E

MATERIALS NEEDED FOR CONSTRUCTION OF STILL

1) Machinable firebrick:
Manufacturer: Babcock and Wilcox
Insulating Firebrick, K-20
Supplier: Pyro Minerals
2510 Wood St.
Oakland, CA
(415)839-3900

Bricks come in boxes of 25 (“$32/box).

2) Semicylindrical heating unit.
Manufacturer: Lindberg
304 Ha?t st
Watertown, WI. 353094
(4148)262-7000 |
Model 50031 (Heats to 1000°C, 375 watts. Length, 12

in.; 115 volts.)

3) Blass cloth electrical tape.

Scotch brand #27.

4) Kontes Teflon Sleeves

24/40 for ground glass joints.

S) Teflon plumbing tape for wrapping 45/50 joint to

storage flask.
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MATERIAL:

FIGURE A2-2

DESIGN FOR OTTLE CELL HOLDER

ALUMINUM

<
~

4“

/

378"

g

1% x 1% x 3/4 3716~ & 3 |[e— g
' Angle
% 2 374" —>»
.1 | 4 J
-. ; i — .216"
| ) 1
, 3/16"
fe——2 7/8" ——————= - :
1 0.182 Hole Dia. 0.18B2" wide slot .
. ~ 5/16" long
3I

-

|
l

—{ -~ {7t—1 18"
n
|

-
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FIGURE A2-3

MOLD FOR GASKETS FOR OTTLE

MATERIAL: Teflon rod

To make mold squeeze a small amount of GE RTV 112
into groove. Use a small pointed stick to remove
incipieht air bubbles. Leave undisturbed ~12 hours. Peel
out of mold and trim using a steel straight edge and a

sharp scalpel.

245



APPENDIX

2-4

METHODS USED ON HP 8450 IN CONJUNCTION WITH

SPECTROELECTROCHEMICAL EXPERIMENTS

1. DATA COLLECTION

(METHODS 1 and 2)

STOP “KINETIC METHOD" 1<
STOP "FOR STORING" 1<
STOP "SPECTRA IN" 1<
STOP "TAPEFILES" 1<
: STOP "USES STANDARD" i<

STOP "FILES.1" 1<

STQP "INSERT SAMPLES"<

DEV48, 8, 8, B<

PLDT-E,B<

PLOT 3, 8<

PLOT 1, 1<

MEAS TO STD@ TAPE-FILE® ABS L

280 TO 882 Y-SCALE 8.1 T0 1.5
- TIME<

STOP "START ELECTROCHEM"<

METHZ, 148 TIME 38< -

MEAS TO STD# TAPE-FILE# ABS<
PLOT<

DISP DEV4@<

2. PLOTIING SPECTRA

(METHODS 3 and 4)
STOP ®METHOD FOR PLOTTING® 1<
STOP ®SUCCESSIVE TAPEFILES" 1<

PLOT TAPE-FILE4S L 352 TC €52
Y-SCALE 8.2 TO £.14<

METH4, S<

PLOT TAPE-FILEe<

3. PRINTING ABSORBANCES

(METHODS S and &)

STOP *METHOD FOR PRINTING® 1<

STOP "ABS AT SELECTED WAVELENGTH
$* 1<

PRINT TAPE-FILE1 L 282<

METHE, 45<

PRINT TAPE-FILE®<
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FIGURE A3-2
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FIGURE A3-3
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FIGURE A3-4

1 1 | 1 T 1 T i
¥ N
BrMnTPP 10.0uA-s-*
* -
100 mV-s-* -
AN A
RVE A\
x E
2.5 uh-g-%
- i
BrMnTPP
-
TBABR
' %

-y

0.4 -] 0.6

(Volts)

Eamm

250



FIGURE A3-5
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FIBURE A3-6
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FIBURE A3-7
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FIGURE A3-9
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APPENDIX 4
SPECTRA OF XMnTPP
FIGURE A4-1
Spectra of substituted XMnPorphyrins showing that
the electronic spectrum is more perturbed by axial ligand

changes than by changes in the porphyrin periphery.

<

L

BrMnT(R)PP

<

......

' ﬂ ACOMAT(RIPP |

350 ¥Ys0 Sso bso
WAVELENETH (ne)



Figure A4-2
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Figure A4-3
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Figure A4-4A

BrMnTPP (Oxidations)

0.15 to 0.31 V
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Figure A4-4B
BrMnTPP (Reductions)
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Figure

4-5A

NOMNTPP (Prewave Region, TEAP only)
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Figure 4-5B

NO2MNTPP (Prewave Region, TBANOz Added)
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Figure 4-5C

NO=2MNTPP (n Radical Cation Region)
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Figure 4-5D

NOMNTPP (Dication Formation)
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Figure 4-6A

AcOMNTPP (Praewave Region, TEAP only)
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Figure 4-4B

AcOMNTPP (Prewave region, TBA(AcD)Added)
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Figure 4-6D

Absorbance vs E
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Figure 4-6E

AcOMNTPP (MN(IV))
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Figure 4-6F

AcOMNTPP ((MN(IV), Effect of Ex)
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Figure 4-7A

NaMnTPP (Added TBANs)
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Figure 4-7B

NasMNnTPP (Absorbance vs EX)

%% Hie Y4ie
° .'.. 470 nm o, 470 ":‘.."'o. ..o"""
.o. 4 4 ° etesec’ .0. ° <
® % .o"‘ * *%0, o
o ... J ® o® ®
9 ° ® «® [ ses,, o* L
®000ee®® T wl°® fs, O o 1
n [ ] [ ] b ® LS ® ..
® Q e ..... S¢00e00]
<Q .o:: LT 4 ] L] ¥ J
O " '-.. f ®
‘ .'. *eeeeg n.
"%eserannnee® P . .
L1180 .06 .0 .7 .0 .5 .4 .9 .2 .3 8 =12 .38 .8 .0 .7 .0 .3 .4 .3 .2 .3 8 ~1 -2
Sapp ¢ WALTS ) Sy (VAT )
1.10 to 0,80 V 0.80 to 0.59 v
< .fn .
= R
1 Yo |
4 4320
4 Y5 6 =.2 1
Eapr (V)
4 b <
0.59 to 0.14 V 0.02 to -0.30 v
9 p *
b ” < L
- 4 )
I 1
g Lﬂ 1 ‘ \ — 91
{¢ 4
£50 5o S50 bSo 7So0 3so0 450  Sso eso 150

Wavelength (nm)

Wavelength (nae)

272



Figure 4-7C

NsMnTPP (MN(IV))
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Figure 4-8A

(OCNYMNTPP (0.01 M TBANCO)
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Figure 4-8B

(OCNYMNTPP (0.1 M TBANCO)
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Figure 4-8C '

(OCN)MNTPP (n Radical Cation Region)
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