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| ABgTRAc"r
4 e ". .
Redox cycling is a term used in biochemical
4 y - . .
\pharmacology to denote a certaiﬂ class of electra R

&&b

transfer reactions involving NAD(F)H and dioxygen. These Qﬁ;
.reactions are thought to be'responsible for the'toxic
effects of a Qariéty og'chemicals and drugs including
bipyridinium herbicides and anthracycline antitumor
ant}biotics. Such compounds'function as catalysts of the
electron—transfer reactions; The EC-cataiytic mechanism
provides an- electrochemical model for redox cycling,:and
‘thds the means to mea!ﬁre the rate of reactjon of reduced
cataiysts with dionyben. In this work} ‘raté constants for

the reaction of electregenerated bipyridinium catlon v

radicals with dioxygen in acetonitrile and dimethyl-

sulfoxide were determined via the second-order

v

_EC-catalytic mechanism at the rotating disk electrode

' *

(RDE). .To evaluate the rate constants, it was necessary
to solve the differential equations descrdbing the
mechanismr This was dbne numerically using a poiynomiai
»\\\\\\approx1matlon technldue..-Rate constants for the reaction
of dioxygen and cation radicals derived from eighteen 1
doubly quaternlzed Aerlvatlves of 2,2'- and
4,4 -b1pyr1d1ne and 1, 10—phenanthr011ne were measured.
~The results obtalned rangedwfrom-s.l x 103 fl -l to0 2.0 «x

108 M~1s~1 with an estimated accuracy on the order of



v

l

$10%. From the dependenpe of the rate constants on

*

eatalyst half-wave potentials, a value was obtained for

the rate conatant of -the equilibrium exchango reactiqn :_'

between . bipyridinium cdtion radicals and d1oxygen in

/

Rate{cohstants for ‘a number of° the catlon

negative correlation w1th

"

cidal activities of the

o -

correspondlne b1pyr1d1n1um d1cat10ns.
The diffusion coeff1c1en:s of the bipyridinium cation
radicals were calculated from mess—transport-limited‘
currents for the tWO;electron reduction of the dications
at the RDE. These calculatlons requ1red numerical.
solutlon of the dlfferentlal equations describing N
consecutive electron transfer accompanied by a rapid
irreversible! reproportlonatlon reaction. The numerlcal
results were used to derive a modified form of the Lev1ch.
equation suitable for calculating: the diffusion
coefficients of the cation radicels. The values obtained.
were between 30 and 50% larggf than those of the
corresponding dications. Taking these differences into
account increased the estimates of the rate consﬁants for
the reaction of the cation radicals and dibgygen by an

average of 35%.

vi
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. _CHAPTER I

- INTRODUCTION

“'A.  Brief overview of Redox Cyéli@i.“

Redox cycling is a term used in biochemical

. pharmaCOlogy'and toXicology to denote certain catalyzed

‘electron transfer react1ons that are thought to be

respon51ble for the cytotox1c effects of a number of

'clasees of chem1cal compounds (1-3) ' These compoundsh or

me+ . abﬁ ‘tes of these compounds serve as catalysts of

jeler ™ transfer from cellular reductants such as NADH to

dloxygen.‘ The reactlon sequence is outllned in Flgure_

1. As the tox1n shuttles electrons from the donor to the
;‘_acceptor,llt is- alternately ox1d1zed and reduced hence

'the.term redox cycllng" (l 3 6-8).

Redox cycllng accounts for chemlcal tox101ty at. the

-

.cellular level 1n one or more of - the follow1ng ways

(1,3): v(l) The unregulated toxin-= medlated reaction of

NADH and Oy may dlsrupt cellular metabollsm by deplet1ng

'these v1ta1 reactants. (2) In a related effect, redoxv'
'scycllng may serve as a serlous energy dra1n. - Under normal

,c1rcumstances, the regulated, cytochrome-medlated'reaction

of NADH and 02 ylelds useful energy 1n the form of ATP



1 Mediator -

L)

Further Reactions of O, -
‘o ‘02--. '+ H* > HO,’
O T+ H02 + H* 4—-> HQO

Fez+ + H202 -—> F63+ + OH + OH

Figure 1. The Redox Cycling 'Mechahism and Further Reactions
_ of the Superoxide Ion 0,7, ‘



f(3)Q Th1s energy is denied the cell when electrons are g
transferred via the toxin-mediated reactlon. Finally, | ///
reactlve oxygen spec1es derlvedafrom the superoxlde anion
radicals produced by redox cycllng may damage key cellular

]

~
components. These spééles 1nc1ude the perhydroxyl radlcal
<

HO, ", the hydroxyl radical OH' and hydrogen peroxide. " The
react1ons by which these spec1es arise are shqyn 1n Flgure
. 1; they arextreated in more detail at the end of this
chapter. |
Examples of cases-where the toxic‘effects of chemical
compounds are thought to 1nvolve redox cycllng 1nclude-'“
1. The mutagenic and p0551bly carc1nogen1c effects of
| qulnones #d quinone metabolltes (5-7).
“m2.> The cytotox1c1ty, and possibly the antltumor act1v1ty;
_of qu1none conta1n1ng antltumor agents (6 8).
3. ,The herblcldal activity- of b1pyr1d1n1um salts such as
paraquat'and diquat (9).
4. The antimicrobial activity of certain nitro compounds
such as metronidazole .(3).
5. _The hepatotoxicity associated with overdoses of tge
analgesic acetaminophenh(l).
6. The antimglarlal actlvity of drugs such as_chloroquine
and primaquine‘(lo).
ThiS'worh'isyconcerned primarily’with.redox'qycles '

invo;ving_mediatorspof the first three types. Ekamples of




such medlators may be found in Table 1 and some of the

correspond1ng structures are shown in Flgure 2.

B. Redox: Cyc11 ng and the Card1gtox1c1ty of Anthracycline

Antltumor Antlblotlcs

One group of compounds whlch 1s of partlcular
‘1nterest in -the conﬁext of the. present work is the
anthracycl1nes, a class of antltumor‘antibiotics which -
-include the clinically useful antlleukemlcs adr1amyc1n .
(doxorubicin) and daunorublcln (7‘8) The antitumor’
activity of these drugs is accompanled by a cardiotoxic
side- effect which 11m1ts the dosage that can be
administered and‘yhich thus lowers the therapeUtic
efficacy ~f._the drUgs. . The cardiotOxicity is thonght to,
be a conseyuence of redox cycling (1-3,7,8).

Over the past decade, much work has gone iato.the
preparation and testing of synthetic analogs of the
ahthracyclioes in an effort to ggtain‘a drugiwhich
exhibits lessened cardiotoxicity while at the same tiﬁe
.possessing equal, or evep eﬁhanced ‘antitumor activity
(4,8).- A part- of thls effort has involved the- development
of chemical and blochemlcal assays as useful 1nd1cators of
biological actlv;ty, For example, in vitro assays for the
produc;ion of superoxide ion and hydroxyl radlcal by

¢

H
i
L



‘Table 1. Possible EFfects

|

of Redqx‘gzcling fornSelected‘Mediatérs.'

Mediator Biological Effects of Refereqceé
e "Activity Redox Cycling

Adriamycin Antitumor  Cardiotoxicity 8
agent Mutagenicity

Mitomycin C Antitumor Mutagenicity . , 8
agent ' . <*§

Benzo [a]lpyrene-3,6-dione - Mutagenicity 5 \‘)’

' ‘ Carcinogenicity

Menadione z * Vitamin K3 Toxicity ’ 6,7

(2-Methyl-1, 4-naphtho- ‘ Mutagenicity '

quinone) ‘ ) .

Acetaminophen Analgesic . Hepatotoxicity 1,6

HydroxYnaphtho— - Toxickty -7

and hydroxyanthraquinones’ Mutagenicity

Paraquat Herbicides Phytotoxicity 10

Diquat

-



- Paraquat Diquat

Figure 2. Stfucturesl of Some Redox Cyéiing Mediators.




L)

dioxygen. In

LT

chemically reduced anthracyclines in the presence of
dioxygen have been developed and applied (4,8, 11 121;.fTﬁé’”
results of these assays have been shown to correlate with

’

various blologlcal propertles including cardiotoxicity in

_animalvmodels (8,12). In‘adgltlon to providing a valuable

meahs df pre-screening potential drug eompounds prior to
mone.efaborate*biological studies, these assays are of

some ut111ty in eluc1dat1ng relatlonshlps between
\
molecular structure and biological activity (4,8 12)
v : -
The results of electrochemical studies of anthra-

iy

Ry

cyclines have also been found to be of value in,predicting

their biological propertiés (ll—l@). In particular, the

half-wave potentials of‘a series of anthracyclines were

measured by d.c. polarography or cycliéivoltammetry

(11,12). The results were found to show a significant

correlation with other ihdicators of biological activity

such as the previously ﬁentioned assays for superoxide ion

and hydroxyl‘radical production (12). R :
A chemical property.of'anthrac§elines which has

received very lir‘:ed attention and yet may beban

important deter- £ their biological activity is the

reactivity of AT TACY

ne semiquinones toward

tion siuch reactions are fast and
s - :
kinetic studies ined to the technigue of pulse

radiolysis (15-17). Thus far, results have been obtained



T I A T

*

only for the reaction of adriamycin semiquinone w1th

Idioxygen' these are summarized in Table ;2. The
.corresponding reaction, of dauﬁorubic1n has been studied in
DMF by a combination of spectrochemical and electro—
chemical "techniques (18) bu; no quanﬁigptive rate
information was obtained. |

To date, there has been no systematic study Qf the
k1net1cs of the oxidation of anthracycline semiquinones by
dioxygen and thus no oppoitunity to relate the rates of
such reactions to indicalbrs of biological activity.
Attempts have been made to correlqte electrochemical
reoxiaizability with these indicétors(li,lz). Electro-
chemical reoxidizability was definéd as the ratio of
anodic to cathodic peak currents és measured by cyclic
voltammetry. The work was‘predicated on thg assumpﬁion
that electrochemical reoxidizability of a semiquinone.
paralleis,the reactivity of that semiquinone toward
dioxygen. Although electrochemical reoxidizability showed
a wide Qariation_amopgﬁt the anthracyclines studied, no
significant correlations were found to exist between this
parameter and indicators of biological activity (12).
Tﬁis finding called into qﬁestion the assumption that
electrochemical reoxidizability'parallels,chemical
reaétivity,and thus prompted the present work. 1In this

work electrochemical teéhniques are developed to measure




Table 2. Rate Constants for the Reacfion of Some Redox Cycling

Mediators with Dioxygen.

Mediator k/M"s'1 . Conditions? Techniqueb Ref.
(Adriamycin)® 4.4 x 107 pH 7.0 A 15
. (3.040.2) x 108  pH 7.0 A 16
© (3.5%0.4) x 108  pH 6.0 A 17
(12740.2) x 108  pH 11,5 A 17
1 4 N "
(Paraquat) 7.9 x 10 MeOH, =-80°C B 25
_ 2.2 x 10° MeOH, -50°C B 25
3.3 x 108 © MeOH A 27
$1.3 x 108 EtOH, 5% H,0 A 27
8.7 x 10 i-PrCH, 5% H,0 , A 27
3.0 x 108 n-PrOH, 5% H,0 A 27
(2.3%0.3) x 10°. DMSO, 1 M HOAc c 30
6.0 x 108 H,0 27
(8.0+0.3) x 108 pH 6.8, W°C 28
B
- /
(Diquat)t (4.4%0.4) x 103 EtOH, -80°C 26
(4.7#0.3) x 108  pH 6.8, 18°C A 28

a. Aqueous solution at ambient temperature unless otherwise noted.

b. A

C

cyclic voltammetry.

pulse radiolysis, B = stopped-flow spectrophotometry,
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the rates of the reactions between redoxxcycling media&grs
—

and dioxygen in solution.

C. Redox Cycling and the Phytotoxicity of Bipyridinium

Herbicides

The properties of bipyridinium ﬁetbicidés became of
increaging interest as the work described in this thesis
progressed. The pest known member of this class of
compounds is paraquat of l,l—dimeth¥1-4,4f7bipyridihium
dichloride (3 in Figure 2). Thls c;méound is alsgo
commonly known as methyl viologen. It was firstZapplied
ds an oxidation-redgction indicator by Michaelis in his
determiz}tidns of the redox potentials of biological
reductants suéh as NADH (19). He coined the term
"viologen" based on the intense violet color of the cation
rédicél produced by the one-electron reduction of the
methyl viologén dication. Due to their facile reaction
with components of biological electron transfer systems,
methyl viologen and igs 1,1'-dibenzyl analog, benzyl
viologen, have found numerous applications in studies of
sﬁch systems (20). As these compounds undergo reversible,
one-electron electrochemlcal reductions 1n250th agueous

~and organlc solvents, they have found widespread use as

model compounds in experimental electrochemistry. The



- .electroche@istry of methyl viologen «and related compounds n

has been reviewed (21). " , _
The ‘herbicidal activity pf bipyrgdinium salts was

fi;gt discovered in the 1950s by scientists working for R
Imperial Chemical Industries Ltd. in:Britain (20,22). Two
compounds wﬁich have found extensive‘commercial \
appliqétién"§ince that time are paraquat (Gramoxone®, 3 in
Figure 2) and eiquat (Regloneo,'4 in Figure 2). These

compoun?s are potent, rapid-acting, nén-selective, pos€4%
emergent herbicides. They find use in orchards, .;;‘j
plantations, and tree farms, in pasture rejuvenatiOn{Aiﬁ
pre-harvest dgssication anﬁ in aquatic weed conﬁror
" (20). As they are larde;y inactivated upon reaching the

sofl, bipyridinium herbiciq?s possess minimal residual

ct%vity. This prOperty-makes them valuable for weea

céntrol prior to the seeding of crops.

The herbicidal activity of paragyat and diquat is | *

thought to arise from a redox cycling ﬁecﬁanism éhWiLar to

that postulated for the cardiotoxicity of anthracyclines

(10,20). Electrochemical studies.have played a promiﬁent

role in research into and develdpmeht of bipyridinium

herbicides. Homer et'al. found a strong correlation

‘between the herbicidal activity of a number of

'bipyridinium salts and their standard reduction potentials

as measured by potentiometric titration with dithionite
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(22). The same authors demqnstraéed that the preseﬁcq of ;
dioxygen was eaﬁential to the herﬁicidal activity. White

and coworkers at ICI synthesized and tested numerous

ana}ogs of diéuaﬁ'énd'paraquat (21,23). They found
polérographic half-wave potentials to be of valué/in

predicting active compounds. Based on measufesmof .
herbicidal activity and on in vitro tests,.White fdund

that bipyridinium compounds could be separated into thrég

groups with respect to half-wave potential (23):

"A) E; 2 More negative than -450 mV (vs NHE):
Acélvity decreased as El increased. Photo-
synthetic energy is insu{gicient to allow

quantitative radical formation. ’

B) Eq o more positive than =250 mV: Little or no-
acélvity. Electron preferentially transferred
to ferredoxin. ‘

C) El/ =300 to -450 mvV: High activity .

, dlsgributed around a Gaussian peak.

. Differential rates of reoxidation may be

. responsible for variation in activity."

-~
At the time White's work appeared, no kinetic data
were available to support or discount the speéulation that
re&xidation rates determined herbicidal activity in ‘the
third group. Since that time however, a.number of studies
of the kinetics of the reaction of the paraquat (methyl
' viologen) cation radical Mev'® or the diquat cation
radical DiQ** with d;dxygen have been published. Thornely

‘studied the reaction of MeV*®' in aqueous solytion by



stopped-flow spectrophotometry (24). He found the
kinetics of the overall reduction of dioxygen to water by
4 MeV**® to be biphasic. The first two elecgréns were
transfered in less than the mixing time of the instrument
(2 ms) from which it was inferred that k > 5 «x 10?
M~1s=l., The rate constant of the subsequeﬁt reaction of
MeV*°’With Hy0, was measured as 2.3 x 103 M~ 1s~1 at
25°C. Evans et al. used the stopped-flow technique to
study the reaction of MeV'*® and DiQ** with dioxygen in
methanol and ethanol respectively (25,26). Useful r?sults
were obtajned only in the temperature range -50° to -80°C;
these are presented in Table 2. Patterson et al. studied
the reaction of Mev** with dioxygen in water and in
alcohols at room temperature by pulse radiolysis (27).
Their results may also be found in Table 2. It is
interesting to note that the rate constants measured in
organic‘solvents are some two orders of magnitude lower
than that found in water. The value determined in the
latter solvent is in good agreement with the result of
Farrington et al. also obtained by p&IgéTTJQi%lysis (28).
Most interesting from the vantage point. of the |
present work are efforts to determine the rate of reaction
of redox cycle mediators with dioxygen by electrochemical
means. Rauwel and Theévenot studied the reaction of ’

eléctrogenerated Mevt* with O, using Albery's diffusion



occurrence of a very fast reactlon in aqueous solution,

electrode (29) Wh11e they were able to- conflrm' he

a
-

',f'experlmental compllcatlons precluded a quantltatlve

I

determlnatlon of the rate constant.' Recently Andrleux et

al. obtalned a" value for the rate constant .of - the MeV+'/02

reactlon in ac1d?c d1methylsu1fox1de (DMSO) by’ cycllc

voltammetry (30). 1In thelr eXperiment, the MeV2+/MeV+'

‘couple catalyzed the reduction of dloxygen accord1ng to

the EC~ catalyt1c mechanlsm. 051ng a numerlcal solutlon to

5
2 4“.

. the k1net1c d1ffusxon problem, the rate constant for the

reactlon was found to be (2 3 20.3) x lO5lM’1s;1.

il Andrleux ef al. chose to study the Mevt /02 reactlon
‘as an eﬂample of a catalytlc system where1n the diffusion
coeff1c1ents of ‘the reactants dlffered 51gn1f1cantly.d The

d1ffu51on coeff1c1ent of dloxygen was found to be 6.3 t

to be accounted for in the formulatlon and solut1on to the

k1net1c dlffu51on problem in érder to obta1n an estlmate -

of the rate constant.
Whlle a’ certaln amount of data on the rate ofl
reagt1on of . b1pyr1d1n1um cat:Zn radicals w1th dloxygen has
accumulated over the last decade, there has been no t‘. ¢
attempt to correlate reactlon rates with quant1tat1ve
measures»of herb1c1dal act1m§ty to date.

2

PR

o

e

; 0 5 tlmes that- of MeV+‘ in DMSO- (30) Th1s dlfference had o



k-byaamlno.ac1d:o

. strdnger oxldant than 0y°

o superox1de dlsmutase (SOD) as part of the normal

v

U e e e T s s
D, 1Generationu0f'Active‘Oxygen'Species; o

The 1mmed1ate product of the redox cycIe; the‘
Super0x1de ion 02 ’ 1s not suff1c1ently reactlve to cause‘
the sort of cellular damage assoc1ated w1th redox cycllng
(31) Such damage 1nc1udes membnane dlsruptlon by 11p1d
perox1dat10n (32 protein damage and enzyme 1nact1vatlonv_.

x‘atlon (3 9) and the cytotox1c and

mutagenlc events assoc1ated w1th DNA damage (7 8) The

ox1dants usually 1nvoked to account for these phenomena\

are the perhydroxyl radlcal H02 :, the hydroxyl radlcal

'.OH', and hydrogen perox1de (5 7,8).

The perhydroxyl radlc 1 is'. 51jply the conJugate ac1d

of 02 ; the pKa of Hoz’lls 4.8 (35) While: HO2 ‘is a much

31),‘1t 1s present as only a

’f very small fractlon of 02 at phy51olog1cal pH. L

Hydrogen perox1de is the product of the dlsmutatlon‘

of superox1de ion.” The rea;tlon 1s catalyzed by

detoxlflcatlon pathway for oxygen metabolltes (8):

Py



Catalase
~ 107 M,_.IS

- 2H30, 1 >’02““‘-2,*‘1\20' o2

In the absence of transition metal ’catalysts and at
- neutral pH, the spontaneous rate of reaction [1] is- less
than 0. 35 M1 —1 (34) and that of reactlon [2] ‘is (
negllglble. Thus 02 and Hy05 %an accumulate in”locations
i‘where SOD and catalase activities"are‘low“(7,8). o

It is the reaction o% the superoxide'ion and hydrogen
peroxide thatmgiyes,:ise to:the most teactive of the
active oxygen species, the hydroxyl radlcal OH' AThis
reaction is of 1nterest in the present work for two
' reasons; Flrst, the currently accepted mechanlsm is qu;tev
analogous to the redox- cycllng mechanlsm described at the
beginning of this chapter. Second the rate determlnlng*
step of the mechanlsm has been the subJect of numerous
lelectrochemlcal studles of homogeneous reactlon klnetlcs.,

The hydroxyl radlcal 1s thought to be generated in
XiXQ.bY an iron- catalyzed one- electron reduction of H,0,
by 026 as deplcted in Figure 3 (32- 35) The ratef d‘
determining step is the oxidation of the Fezf complex by
Hp04 (353} ,Thetreaction of‘the aguo complex in aqueocus
solution | | |

. / ’ \

Fel* + H,0, *_Fe3+ + OH® + OH™




‘,,Figure_3.

. Fell)

- _Cé't’alyst'

~ Fe(lll |

‘Overall Reaction:

O, + H0p> O, + OH' + OH:

Production of Hydroxyl Radical by the Iron—
Catalysed Reduction of Hydrogen Peroxide by
the Superoxide Ion. After_referencgsk24 -28.
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is the classic Fenton reactlon, a well -known initiator of.

 rad1éfﬂ chaln reactlons (36) The reactlon of electro-
generated Fe2+ with ﬁzoz is the prototyplcal example of aﬁ
EC-catalytic méchahismb It is this mechanism which forms
the bas1s for the electrochemlcal stud1es of redox cycllng

which follow.



CHAPTER II

AN ELECTROCHEMICAL APPROACH TO THE KINETICS -

‘ ... OF REDOX CYCLING

A, The EC-Catalytic Mechanism as an Electrochemica} Model

- for Redox Cyélhgl

The electrochemical analog of‘redox‘cycling is the =

well-known EC-catalytic mechanism’.as shown in Figure 4./

The term "EC-catalytic" (41) refers to a mechanism wherein

an electrochemical reaction E is followed by a chemical
reaction C.. The adjective "catalytic" describes the
apparent increase in the rate of the electr%éhemiCal

reaction that is a consequence -of the chemical reaction,

With reférence‘to Figure 4, the'redUCtianof the catalyst’

P at an electrode cdrresponds to phe'éhzyme;catalyzed
reduction of a redox4cycleumedié£of. The subsequent
reaction of the reduced catalyst Q with substrate A to
regenerate P qorregpopds to the eléctrbn-transfer
reactions tﬁat,are the focus of the pre%en;:work.‘

"~ There aré-éwo important featuréi of this

electrochemical model for redox cycling. First, electro-

chemistry provides a gonvenient method for reactant
genefation. It is especially advantageous when dealing

.,

19
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Figure 4. The EC-Catalytic Mechanism as an Electrov—
chemical Model for Redox Cycling.

i
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" with mediator compounds that are reactive toward oxygen,

and thus air-sensitive. Second, under conditions where
the'EC-catalytip mechanism applies, the value of the rate
- constant fbr“the;reaction of catalyst with substrate can

be inferred from the magnitude of the associated catalytic

current.

B. Example of an EC-Catalytic Mechanism -

As mentioned in the Introduction, the'cla§sic example
- . \

of an EC-catalytic mechanism is the iron-catalyzed
reduction of hydrogén peroxide. The reaction was first
studied polarographically some 35 years ago by Kolthoff
and:Parry (40). The reaction scheme in its simplest form
is‘és_follows:,
Electrode: Fe(III) + e~ 2 Fe(II) - - - [4)
Solution: - Fe(II) + H,0, e5—>q%e(111) + OH™ + OH® [5]

Q

Reaction [5] is the previously encountered Fenton
reaction. An examplé of the experimental manifestation of

this mechanism is shown in Figure 5. The current observed
. 1% ‘ .
for the reduction of Fe(III) in the presence of H,0, is
W) , '
increased over that observed for Fe(III) alone. The




4.0

Current / pA.
o
o

-
0.0 ? .
004 | 003 002 A 001 . o-o -001
E/ V. vs SCE
Figure 5. Polarograms for the Reduction of Fe(III) in the

Presence and Absence of Hydrogen Peroxide. From o0
reference 40. K) 0.147 M H,0,, B) 2 x 1074 M

Fe(III), C) 0.0147 M H,0, and 2 x 10~9 M Fe (III).

All solutions containeg 8.25 M Hy804.
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effect of the-so;utioﬁ reactipn‘ls%;is to oxidize,a 

portion of the product qf the electrochemical réactionb
[4]1. The resulé is an increased flux of Fe(III) to the
eleétrode surfacéa and thus an increased current. The
maghitudeNof t?e increése in current is related to the

rate of the sg¢lution reaction. The nature of this

relationshinis the subject of the following'chapter.

2
o7

c. Thefmodynamic and Kinetic Requirements

P
7
‘The’EC—catalytic mechanism is expressed in terms of
gehétal electrochemical and chemical reactions in Figure

6.ﬂgThe mechanism is cast in terms of a reduction by

qnélogy with redox cycling, although the ﬂ:netal mechanism

»

%pplies to both oxidation and. reduction. Also shown in
yfigure 6 éfe the thermodynamic And kinetic requirements
Tfof the mechanism (38,41). For the solution reaction to |
proéeed from left to right, thé formal poténtial under the
conditions of the exgerimgnt Eg' must bevmofe'positive |
than that of the catalyst couple Eg'.' At the same time
however, the rate‘constant kh,A pf the electrochemical, or
direct, reduction of substrate must;be negligible with
respect to that of the catalyst, kh,P° |

Catalytic currents are observed only wﬁen there is a

kinetic barrier to direct substrate reduction. The
: o ‘ .




Catalysed Reduction of Substrate:

Electrode: P + € === Q Epo'
§ )
® Soton: A + Q === P + B
ks

Overall: A+ "";t== B
N

. A\
g | \\'\ | ‘ /

- khA ( e i k\%

e
éa”\ “
T

° A
= Thermodynamic and Kihatic Requirements:

E” > Ep”s Ky, << Kup- .

ﬁigure's. Thermodynamic and Kinetic Requirements for the EC-
FE Catalytic Mechanism. After reference 41. The
symbols are defined in the text.
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barrier must be large enough that the order of the
experimentally observed ‘reduction potentials is the
reverse of the corresponding formal potentials. 1In terms
of the Fe(II)/H,0, reaction (Figure 5), a catalytic
current is observed because the kinetic barrier for the
electrochemical reduction of H50, {§ sufficiently large to
shift the reduction wave for H,0, negative to that for
Fe(III).» In the absence of kinetic limitations, the
reduction wave for H,0, would precede that for Fe(}II).
Reaction [5] would still occur under theée circumstances,

‘but it would not be manifested as ancatalytic current.

D. Theory for and Applications of the Pdeudo-First-Order

EC-Catalytic Mechanism

In addition to the thermodynamic and kinetic
réquirehents outlined above, the determination of\rate
constants for solution reaéfions from catalytic currents

: . ;
requires a quantitative description of the EC—catalytic
mechénism in the context of thé/experimental technique
employed. Analytical soiutions to the mathematical
problem posed by the_EC—catalytic mechanism generally*
require the assumption that the solution reaction is

first-order in catalyst and pseudo-first-order overall

(42-59). Thus the experiment must be conducted under




.conditions where the substrate is‘ptegent'ih largeﬁéxccss
over the catalyst. This constitutes the pseudo~first-
order EC-catalytic mechanism. |

By making suitable approximations, it has been
possible to use analytical methods to oStain closed-form
expressions relating catalytic currents to pseudo-first-_
order rate constants for a variety of electrochemical
techniques.  These techniques are listed in Table 3
together with representative experimental applications.
Despite t number of techniqﬁes supported by theory,
eipérime tal applications of the pseudo-first-order EC-
catalyt} méchanism are limited in. number and in kind.
Systems investigated predominantly involve reduced

trénsition_metal catalysts such as Fe(II) or Ti(III)

reacting with inorganic oxidants such as H,0,, C1Q

NH20H; The paucity of appliéations is partly due to t
restrictive assumptions required to make
mathématically tractable. 1In terms of the applications
enQisaged in the p;g!lpt work, factors such as limited

substrate solubility and fast reaction rates frequently

preclude use of the pseudo-first-order treatments.

i
3
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E,v‘Theory for and Appl1catlons of the Second Order

‘EC Catalytic Mechanlsm

The second-order Ececatalyt1c mechanlsm refers to: the':'
fpcase where the solutﬁon reaction is first- order in both
qcatalyst and substrate, and is therefore second-order
hloverall Unllke the pseudo—flrst order case, ‘the second-

order EC- catalytlc mechanlsm is not amenable to solutlon
' by approxlmate analyt1ca1 methods. Instead, recourse to.

'
some form of numerical approx1mat10n is necessary
l

‘Technlquesifor thch numer1ca1 solutlons have been

obtained and experimental'applicatiOns of the same are

- ) e
I -

summarized in Table 4.

Dlscu551on of the*varlous numerleal metho@&
".encountered in Table 4 is postpongg to the . next chapter. o 51'0
.'Here comments w1ll be conflned to experlmental ,

appllcatlons of the second order EC- catalytlc mechanlsm.
.The rates of the reactloms in Table‘é encompass the same
w1de range as those of Table 3. Some-51X‘prders of
magnltude are spanned w1th values ranglng from the order»
of 10l to 106 M-1, '1 ' The appl1catlons of the second-

order case are . somewhat broader 1n scope, however. For -

‘nvexample, some of the reactlons 1n Table 4 possess

,“synthctlc ut111ty.‘ Lund ‘and Slmonet ploneered this" gieaL

A_w1th tbelr studles oﬁ the cata1y51s of catgodlc cleavagev_O;« 'ﬁéh
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vreactlons of simple aromatlc and ?llphatlc halldes in DMF

.,

(71) Such reactLons as'catalyzed by anthracene ‘and
: sd1phenylanthracene hava been applled to the'
electrochemlcal dechlor1nat1on of polychlorlnated
biphenyls (72). "~ Similar catalysts have been employed to
aid in the electrochem1cal removal -of protectlng groups |
such as benzyl ethers (73) and tosyl esters and amides
(73, . ,“ ’
From the staﬂdpo1nt of redox cycllng, reactlons
1nvolv1ng dloxygen as substrate are of partlcular h
Wlnterest. The work of Andrleux et al. on the reaction of
the paraquat cation radical With diokygen in DMSO (30) has
already been mentioned. The"reactions of the\macrocyclic
'Fe(II) and Co(II) complexes with dloxygen (41,67) were
studied as part of work directed toward the development of
i-‘;chemlcally mod1 ;ed electrodes (CMEs) At these
electrodes, catalys1s of the oxidation or reduct1on of
substrate is effected by a catalyst which iscchemically
"bound to‘the electrode surtace;'“As the catalytic.reaction
is a heterogeneous.process; CMEs represent a kind of
"heterogeneous" redox catalySis (39 41). The EC-catalytic
mechanism, on the other hand, is a kind of "homogeneous"
redoX‘catalysis. The homogeneous case provides a. useful
model for the correspondlng heterogeneous process and so

the EC- catalytlc mechanlsm has found a role in the

~development of CMEs (41)



T

Homogeneous redox catalysxs is also the term applied
by Savéant and co-workers to descrlbe their more general
analysis of the EC catalytlc mechanlsm (38 65 93 94). 'By “
fstudy1ng the homogeneously catalyzed reductlon of a
substrate with a number of catalysts of d1ffer1ng standard
potentidl, these workers have succeeded in determining

. ‘ _
electrochemical rate and equilibrium paraﬁeters for the
direct reduction df substrate. The kinetic barrier to the
direct reduction renders these parameters inaccessible to
‘standard electrochemical techniques.} An example of a
reaction studied in thls fashion is the reduction of
chlorobenZene in DMF as catalyzed by various aromat1c
compounds such as blphenyl, naphthalene and phenanthrene

(65).




“CHAPTER III
| , | o | L y
THE EC-CATALYTIC MECHANISM AT THE ROTATING DISK ELECTRODE:

THEORY

A. The Rotatlng Disk Electrode as a Tool for the Study of

the EC~ Catalyt1c Mechanlsm ,*

The experimental studies of the EC~catalytic
mechanism descfibeg ih the following chapters were carried
_out e»clusively at“:rotating disk electrodes'(RDEs).‘
_Befoéjkdescribing the advantages associated with the RDE
‘in this cohtext, a brief introduction to the electrode
system is in order. A cutaday view of a typiCal‘RDE is
shown in Figure_?.' It consists of a disk of the desired
electrode material, such as platinum, gold or.giassy
carbon,.mounted on the End of a 'steel shaft. The lower
portion of the shaft is encased in a Teflon shroad. The
shroud serves to electrically insulate the shaft and to.
stabilize the hydrodynamic flow near the edge of the
disk, The uppef portion of the shaft is mouated in a
rotator and electrical contact is made viaiaicarbod brush
riding on a slip ring;. Tﬁe eiperimental apparatus used"éb
perform electrochemlcal experlments at the RDE 1s shown 1n

Figure 8. The RDE, a Pt-wire counter electrode and a

34
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saturated calomel reference electrode are cénnected to a
3-electrode potentiostaﬁ}‘ Current floﬁ thrbdgh the RDE is
typically monitored as a function of applied potential at
fixed rotation speed or vice versa.

Electrode rotation provides a source of convecfive
mgss transport yhichbsupplements diffusive ‘mass transport

and thus enhances current flow through the electrode. The

convective pattern
RDE is depicted by
'electrodevrotates,

radially, and as a

impressed upon the solution below an
the streamlines in Figure 7. As the
solution near the disk is thrown out

consequence of this, solution from

~below the disk is d:éwn-up axially. The énhanced rate of
mass transport® due to convection is impoftant-analytically
as it increases sensitivity. From a kinetic point of
view, the chief virtue of the RDE is that mass tfansport
to the electrode can be described in comparativély simple
mathematical terms. Such a description is im@ortant as
mass transport is the baseline upon which kinetic effects
‘at the RDE are superimposed.

- The following differential equation describes mass

transport to the RDE (76,77,81):

¢ L pRe ., e, 1 L 2
ot 0z or r or r - oe )
s v
0C 6 0ocC oc
“Vr 3t "t 36~ Vz 3z (6]
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‘

where c concentration of electroactive species

D

diffusion coefficient of same
r, 9, z = cylindrical coordinates

Vrr Vgr V5 = fluid velocity components

&

Equation [6] is a spec?al case of the Navier-Stokes
equation. It is formulated on thé assumption that mass
transport by migration is negligible.

The equatibn describing the mass—ﬁfansport-limited
current at tHe RDE was provided by Levich (81). Hé
simplified equation [6] by assumiﬂg cbncentration; to be
independent 6f the radial coordinate r. 'Since derivatives
with respect to 6 vanisﬁ by symmetry, the'differentiai

equation governing steady—sﬁate mass transport to the RDE’

can be written "as:

2 . A
d®c dc

pdg ., de (7]
dz 2 4z : '

For a mass-transport-limited current, the foliéﬁflg

boundary conditions apply:

0
n

c(e) for.z + o,

c=0at z =0

> &
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where c(=) is the bulk concentration of the electroactive.

£

species. The 1-kpes
the solution to the ﬁhﬁWe boundary-value problem.

jLev1ch equation [8] derives from

i, = 0.62 nFaD2/3 7176 (1/2 ¢(a) 18l
. i
The terms A, v and w in equation [8] denote electrode area
(cm?), kinematic viscosity (cm2/s) and angular velocity
(s“l) respectively. The remaining terms have their usual

electrochemical meaning. For a concentration c(«) in

moles/liter, equati' } gives the limiting current in

milliamps. Details ncerning the derivation of the
Levich equation can be found in Appendix 1.

Rotating disk’electrodes have found widespread
application in both physical and analytical eleetro—
chemistry. Theory and appllcat1ons of the RDE have been
the subject of several reviews (76,77,78) and qons i
(79,80,81). The RDE possesses a number of advantages over
other hydrodynamic- techniques and over transient
techniques such as cyclic voltammetry. As menﬁioned
above, one of the most attractive features ofcphe RDE is
the mathematical simplicity of the difffrential equation
describing steady-state mass transport. Inclusiqn of

kinetic terms is straightforward and the resulting

ordinary differential equations are comparatively easy to

N
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solve analytically.(80,81) or numerically (82).
1 v '

Steady-state mass transport also gives rise to some

of the experimental advantages associated with the RDE.

.

o
Measurement of the time-invariant direct currents obtained

at the RDE requires no special instrumentatfonw In
addition, steady-state current measurement provides
effective discriminat&on against interfering transient
current .sources such as charglng currents and currents due
’to surface- 11m1ted electrode processes. Electrode
rotation speed constitutes a convenient and easily
controlled eXperimental'parameter.‘ Finally the RD§ can be
‘usé&d in conJunctlon with a concentric ring electrode (the

7\“1: “p, CELW

rotatlng rnﬁﬁ dlsk“electrodeﬁg% DE) The ring prov1des

n el an Q@‘momtqr%g sp@c‘i‘es generated
bt O

an electrocbémlcff
' ; i e

Aébemlcél:Klnetlc Problems_ }

s i g.
)

A

ea;llést appluc~

._s to the solu&1on of electrochemlcal kinetic

htohst i

nfs{atlc translents at the RDE using the 1mp11c1t

1s @he work of Hble (60). He stud1ed

‘}

}daifference method W1despread application of

technques f0110wed the work of Feldberg (83)

v t

ey . ". B
A oo 3 "

s“?' . .g ; v v‘ 7 )

e
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who p&pularized ‘the "digital simulation” or explicit
finite-difference approach. This approach remains popular
(see Table 4) in spite of advantages claimed for the ‘
implicit method (84,85) and for polynomial approximation
methods (86,87).

with the exception oﬁ the very recent work of Chapman
(69), solutions for the second-order EC-catalytic |
mechanism at the RDE or the RRDE have been obtained using
the explicit finite-difference ;‘;hnlque (62 67,70). This
technique as applled to the RDE es the'partial

differential equation descr*}\ﬁle transiem® response to

. .
a potentidl step:

L]

"
" dc azc dC
—~ =D —2 - VZ —— . . [9]
ot 92 0z

The solution to this equation describes the tihé—dependent :7
relaxation to steady state. A good approximation to the
steady-state solution is obtained at a suitably large

value of t. As Eddowes has pointed out, obtaining the °
solution to equation [7] by repetitive g%lution of

equation [9]Ja function of time is very ineﬁficient

(82). The defcrlptlon of the relaxatlon of the system to
steady state after the appllcatlon of a potent1a1 step is

of little practlﬁal value. Indged, most of the advantages

of the RDE enumerated in the preceding section are




()

"7predr\fted on. the attalnment of steady state. yi‘ _lf"_“t
' leen the experlmental and computatlonalradvantages
‘fassoc1ated w1th the steady-state RDE, appllcatlons to

felectrochemlcal k1net1c problems are surprlslngly few 1n‘

£

'ﬂ"number and cowparatlvely recent 1n orlgln. The mer1t 1n"‘

solv1ng for the steady-state case was - flrst suggested by
A»'Brltz (84) who used the frnlte dlfference method to'solve%
. 2 s
"the ba31c convectlve-dlffu51on equatlon [7] vaddowes

‘_solved the same equatlon by f1n1te d1fference and by the

irfpolynomlal approx1mat10n techn1que of orthogonal

dcollocatlon (82) In the same work the latter technlque
 was used to solve a second order k1net1c problem 1nvolv1ng
;'mult1 step charge transfer 1n mlcellar solutlons. Chapman
has also applled orthogonal collocatlon to the steady- l»
‘-state RDE (88)_1nclud1ng a very recent treatment of the’
Avsecond order EC-catalytlc mechanlsm (69) |

'i”‘In the present work, the boundary Value problems
:posed by the pseudo—flrst order and second order@ﬂc- :
"ncatalytlc mechanlsms at the RDE ‘were solved numerlcally by
' Ithe technlque of orthogonal collocatlon. An 1ntroduct10n
to orthogonal collocatlon appears in’ Apgendlx I. The |

| | ‘ S
' : o =3

3

Tﬂe dlst1nctlon between exp11c1t and 1mp11c1t technlques
~does not -apply to ordlnary, .as opposed to partlal
d1fferent1a1 equatlons.- , :




’ mathematlcal formulatlon of the boundary—value problems‘
'follows that used hy Eddowes to descrlbe the mass—v
.'transport l1m1ted case (82) The formulatlon and
7numer1ca1 solut1on Lf the latter problem are recounted 1n '

I ,

'Append1x 1. That exerc1se serves to expose the

:foundat1ons upon Wthh the solutlons ‘to the k1net1C'

‘ . Y}

.,problems rest. It also serves to 1llustrate,>1n some °

detall, the appllcatlon of orthogonal collocatlon.'

’C.: Numerlcal Solut1on for the Pseudo—Flrst Order

EC Catalytlc Mechanlsm

w1

Although the relatlonshlp between the magnltude of
&

the catalytlc cdrrent and the rate constant of the_in

: «‘catalyst/substkate_reactlon:for the‘pseudo—ﬁrrst-order
case'is"of'limlted utility, it serVedras'a conuehienthAvgui
_‘starting‘point for'the solution”of“the»second.order' |
case; The pseﬁﬁo—flrst—order case has been solved mhf .
hlndependently by at least three dlfferent analytlcal ;

: ”approx1mat10ns (46, 80 95) These solutlons prov1de&a

svb

’useful check on. the valldlty of the numerlcal solutlon.m

‘H l. Formulatlon of the Boundary Value Problem
The reactlon scheme descr1b1ng the EC—catalytlc

2mechanlsm for the case of -a reductlon 1s..
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The rate of the eleitrochemlcal reactlon [10] is assumed

¢

_ to be suff1c1ently ‘ast that the current flow 1n the

v absence of substrat‘ is 11m1ted only by the rate of

transport of P to t e electrode surface.. The Substrate A -'f

[

is taken to be preant in large excess soképat a pseudo-f

flrst ordgr rate constant, k"- k[A], may.. be deflned for
i.reactlon [ll] Q J ’ , B |

;;-"';'» ~The formulat1on of the'problem follows the approach

ontllned in Appendlx 1 for the mass transport 11m1ted |

,case. The d1fferent1a1 equat1ons descrlblng the steady-

| state concentratlons of spe01es P and Q as .a functlon of

S L%
'z, the dlstance normal ko the electrode surface,vare-

e e : . S . S ,
L i . i . o - . . ! . ] . - :i
' S dzép LT ch_ : S R o
Pp oz — + k' cg =0 et e [12]
i ) ::’a s dZ A ' - " . o ‘ ) u ) ; }
- .. D -3 - VvV, — = k'. ¢y =0 R 113]
‘ f_"'=£g~dz _ ? dz - v Q - SR SR C

o Whe.re~DP and DQ are the dr@fus1on coeff1c1ents for P and
Q, Cp. and cQ a%e the respectlve concentrat1ons, and vz is
the ax1al veloc1ty glven by equatlon A-3 of Appendlx 1.

The terms 1n equatlons [12] and [l}] represent mass-

PR



trahsfer‘by diffusion,

reactlon [11] respectlvely.

.the same as those. glven in Appendlx 1 £

‘transport l1m1ted case . At z é 0,
ch 5 ch_= d, »
dz Q dz o t
. ; . -
éﬁ(O)/cQ(O) =-exp(¥) .
where ¥ = (nF/RT)(E°' - E). At z = =,

I

R CP(m)

0.

cQ(w){

the bulk concentration of P.

Equatidns [12] and.[13],'when normalized in .the

‘by. convect1on, and'by the chemlcal :

The boundary-condxﬁ;ons are

3

r’thg mas§—

Al
AR
&
3
P .
b )
!
N
N ;
. .
L t4
g .
T
A
s ¥
‘ -4
Lo
. ‘v{
ir
.2
.
K

fashion described in Appendix‘lr‘bécéme: 
- dfcye R d"c'P. [
‘ ' Y R L ' = ;
Dp —5 + 23.997.2% L=+ 13.029 k cQ T4
: dz}wwf‘133  ' T
- 'dzco‘ e 2. dCQ . oA : ’ .7 é )
—fe - - A = ' 5
D e f;23 997 28 5 132929 k' Cq = 0 [13}
THekdimensionléss'pseudé—fifst-orderfkinetic parameter

is defined as @ 5 e

1/3

(Erﬂ

PR

[16]



where DM is the larger of DP and DQ The normalized

Jvdlffu51on coeffic1ents are deflned as DP = DP/DM and.

’DQ %DQ/DM' - The boundary condltlons become-

i" ’ ‘ N -
T - de, S o

.,Atvz‘:O,.Dpa——‘f‘D -d——9-.=0,

CP(O)/CQ(O) = exp(v).

At 1, Cp(l)

(58]
"

1,

0.

it

Co(1)

2. Numerical Solution by OrthogOnal Collocation

Applylng the technlque of orthogonal collocatlon as
descrlbed in Appendlx 1 transforms the problem to the

follow1ng system of s1mu1taneous llnear equatlons-
4{"'-
J,"

N - L »
_ZO'(DP Bij + 23.997 (2;)2A;4) Cplzy)
j=0". - \

+ 13.029 k' QQ(Zj) =

- (Dp BN+l + 23, 997 (z; ) Apne) . D7l

L)

In many cases the d1ffu51on coeff1c1ents of P and Q may
be taken as equal that is Pp = bQ .

7



e

N SRR o

- 13 k! e :

) 13.029 * CQ(ZJ) »U [18]

for i = 1 to N. The boundary conditions at 2 = 1 have 7/<2“>
been included in the above equations. To ‘these 2N

equations in 2N+2 unknowns Cp(Z3), CQ(Zj)'must be added

the boundary conditions at 2z = 0.

N :
3—2 Ag, (DPcp(z )+ DQCQ(Z ) [19]
Cp(0)/Cq(0) = exp(¥) | | | - [20]

For computat10na1 purposes, it is convenient to
reduce the size of the system of equatlon by prior

elimination of the last two equations. Toward that end

‘the following three function§ are defined

'Fk(i',j) = Bij + 23.997 Zi2Aij/—Dk" where k4= P or:f N - -
, Al;J'exp(Y) f , ) : &':
G(i,j) = Fp(i,1) | S
1%0 + Dp exp(¥)) o : s
H(1,3) = Lol — Fo(i, 1) e el
A B+ Dpexp(my 70 T

L4 : . . oy

3 : . . IS .




2,

'e .. , N
In terms of these functions, ‘the system of equations is
£ ) {
expressed as: . [ ‘
N o | E ( o
L TFp(i,3) = Dp6(1,3)1cp(zy) - !
j=1 : : , = :
. ‘ LI . ‘ »
= [DgG(i,3) + 13.029 k'1Co(zy) ¢ . . Y
o}
= DpG(i, N+2) - Fpli,N+2), for i = 1'to N [21]
and ‘ P - o
N _ o . 1
'ZI [Fo(i,j) - DoH(i,]) - 13.029 k'1Cq(z5)
=1

= DpH(i,3)Cp(24) = DpH(i,N+2) for i = 1 to N
[22]

The program RDECRl was wrltten to generate and solve
the above system of equatlons 3s a f%nctlon of the

\parameters N, k ' DP' "and DQ:_ A‘llstlng‘of’the program °
o ' R . O
‘appears in Appendix II. ‘The solution consists of the

concentrations of P and Q at the N collocation points.

From these values the concentratlon gradlent for species P
4 Je

and hence the cgrrent flow at the electrode %an be

computed u51ng equat1ons A-l4 and A—15 from" Appendlx I.

’_“ - - It is convenlent to present the numerlcal solutlon to

'thhe problem 1n the5

Iﬂ?’”{shown “in Flgure p
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defined as ' : , ‘ : _‘%'

R(k') = i_/i(k")
. o

whereviO denotes current observed in the‘absence of
substratec(k' = 0). The worklng curve con51sts of'a plot
‘of the current functlon R versus the common ‘logarithm of
the kinetic parameter k'. The program ECRIWC, which
appeers in Appendix II, was used to generate werking
curves for the»pseudo-first—orderAEC-catalytic 8
mechaﬁism. To determine a rate constant experlmentally, R-
is measured as a function of the a ular velocity of the™
electrode w and the corresponding :f!ues of k' are read
from the approprlate working curve. By plotting k* versus
1/w according to equation [16], a pseudo-first-order rate

constant for reaction [11] is, obtained.

B N

ég"‘ 8 = C

3. Comparison with Approximate Analytical Solutions

The three approximate analytical solutions to the
problem of the pseudo-first-order EC-catalytic mechanism

are lisfqd in Table 5. To facilitate comparison, each of

: gy 4 ; _ ,
the soég'obtained above. " The results, together w1th the &

numérlcal solution, appear in Flgure 10. The numerical

L

soluytion is in excellent egreement with the equation of

M



Table 5.

Approximate Analytical Solutions for the Pseudo-First-Order

EC-Catalytic Mechanism at the RDE.

<

Haberland and Landsberg (46)

tanh (1.61 (k") '/?) o

R =
1.61 (k*) /2

Opekar and Beran (95)2

R34+ 1.63k' R2 -1 =0

Pleskov and Filinovskii (78)

J1/2

R

_ (3.0 + 1,612
- 1.65 + 1.61°

X!
X'

a. Equation has been altered to conform to a 1:1 reaction

stoichiometry.




Current Ratio

1.2

.

—% T ‘. T , T

o
Log (k)

"Figure 10. Working Curves for the Pseudo-First-Order EC-

Catalytic Mechanism at the Rotating Disk Electrode.
Approximate analytical solutions: © © © o o '
Haberland and Landsberg (46);eccececes Pleskov

and Filinovskii (78); o eem e Opekar

and Beran (95); Numerical solution: _______
Orthogonal collocation, N = g,



as k' approaches 0, R approaches the limit of 1.06 ae

53
~

Haberland and Landéberg throughout the useful range of the

working curve. Good agreement is also obtained for the

-equation of Pleskov and Filinovskifrfor log(i') > -1.  The

/dlvergence at low k' is not unaxpected as tﬁr latter

authors report that their approximation yleﬁded a value

.for the Levich constant (k' ¥ 0) which was 6% high. Thus

{

e
observed in Figure 10.

The working ‘curve obtained using the equation of
Opekar and Berah\agrees poorly with the previo@s
results. The discrepancy is such that rate constants
obﬁained using this equation are 'some Sq‘to 60% larger
than those predicted by the other solutions.

A further test of the validity of the numerical
solution lies in comparlson with the analyt1ca1 solution
for the limiting case of Jarge k' For K" > 10% the
region over which concengratiork{y%ange appreciably is
confined to 2 < 0.1. As’a consequence of the paraboli;

dependence of axial velocity on distance, the convective

.term in equation (12] may be neélected and the resdlting

equation solved analytically. The solution was first

obtained by Koutecky and Levich (96):

i = nFA (Dp k")1/2 cp(a) - [23]



From this eéuation ?fxfollows ‘that:

R(k') = 0.62048/(k")1/2 [24)
. .

w

The logarithmic form of equation [24] is plotted as the

- solid line in Figure 11. The'ﬂ%merical solution for N = 8

appears as the Jashed line in the same figure.
It is apparent from Figure 11 that as log k"
increases without bound, the value of R obtained T

numerically approaches a nen—zero limit. The sourcgnof

'M

"as a functlon of k' (Figure 12). For large values of k"

the concentration gradlent at the electrode surface 1s so )

l’ “
i,

steep that it can no longer be accurately represented by

the approxlmatlon polynomlal The polynomial strll frts jf

:"’l

the d1fferent1a1 equatlon at the collocation pdlnts but 1}

"i""‘
fails to do so elsewhere. r‘fu,?
§
é

One solution to the problem of large K" is.hs i

increase the degree of the approx1m§t10n polynomlal S%éh?_h

an approach proved unsatisfactory, however. Increa31ng

the degree from 10 to 20 extended the range of accurate

representation by only one unit of log(k') at‘a5costhof af;

500% increase in storage required and a 700% increase id
execution time. Further, there is ah\upperulimit to the
value of N that machine computation can accommodate.

R4

1

2
T

the problem is revealed by plots of concentratlon proflkys ‘0 L
%

- .o

A
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*Accordlng to one source; the 11m1t is met for double s:
¢,M“ prec151on calculatlons at about k equals 22 to 24 (86) ‘v?';fd
| ' A better approach to the problem of large k,ﬂfon51stsh f_:»ﬂ
of re- deflnltlon of the«interval oven‘whlch‘zhe solutlon : ;,}
h‘1s to be approx1mated. As discussed 1n Append1x I, - --Qﬁ?i
ld1stan¢es were. normalleed w1th fespect to the transport ; d.lg:

S

~_”boundary liygrw «The thlckness of the layer 1s gtven by aT

‘.;

o 314 .
= CT‘ﬁ}ﬂ3 R w‘tyz where Cf\equals 3 61 * For large k¥ the;
E value ass1§ d tO‘CT is varled accordlng to the value of

ﬁ'»

ﬁk"- .For - a g1ven value of'k' there*ﬁs a falrly BYroad

frange over whlch CT may be varled without s1gn1f1canth ‘
0 »

"affectlng-the.accuracy_of‘the numerlcal reﬁulta Figure 13 :

shbwsvthatiﬁor E':=vlOOO}'eSSentiallYﬂthe same’value Obel

'1s obta1ned for CT = 1/16 to l*ﬁ Outs1de thls range R

LY

,varles greatly, belng overestlmated when CT 1s too - 1arge :

and underestrmatedswhen CTlls too small. Unsu1table . o
) o R ST
e jCh01ces for CT result in osc1llatory concentrat1o§§§

~

"proflles if CT is too large and 1n s1gn1f1cant

o

| dconcentratlon gradlents at the outer bougdar? (Z l) if

1t is - too small.

. . . . . .,f
s .

A gu1de11ne for deflnlng the thlckness of the

ret

““/‘ﬁ‘ qtransport'boundagy laye? can be derlved from equatlon {%3]

_ d . whlch predlcts the,react1on layer thackness » as,
e.id'lhfu}s (b/k )1/2 (96) ~iIn termsﬁof the klnetlc, ’
s i 5 D1/3 1/6

1/2/(k )1/2 If the




Fl

Current Ratio, R / 102 -

o

| L | L Logz\'(Cf)" | .

2:2 ~ Figure 13, Current Ratio as a Function of the Thickness of
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L

- "lytransport boundary layer is taken as 2 p, then Cq =

“ R ; . . ‘ . ) ’ (i ' ) L .‘ '\
SN iy ‘? . . ‘ ] . ] ) 2 ‘ \j. 3 .

®

2/(k")1/2 TFor k* = 1000, log,(Cp) = -4. From Figure 13

- it is apparent thatiz&@is.the‘mihimum accepﬁablé‘

_layer'thyckness is“bgtiéhally'availablean the_prbgrah

 ECRIWC. - . SRR Ui ,

- examples o

4

_iﬁterval.IVValués'up t6$32u’servéfédhéllyfwéll.‘;Reshltsk

obtained with C%‘= 8/(E')1/2'are also shown'in Figure
11. They are in good agreement with-the limiting equation -

for k' > 5. This definition qﬁ‘tﬁe'transportﬁbdundary_

@ -

. . ‘." : . » . ‘ g .
D.. ‘Numerical Solution for the Second-Order EC-Catalytic *

Mechanism

‘a numbe

" As noted'in Chapter II, of interesting

%aghe EC—catalyticvmechanism ére_not subject to
the~£hebret§2&l treatment for the bseﬁdo—ffﬁstforder'

+

‘mechanism. In these cases experimental limitations, such

- 5 R I §

- as the limit on electrode rotation?speed or that on #

}SUbﬁtfateﬂs°1ubil§t¥L;reqﬁifQ’reéction llll,to‘prdceaikas.

: : ! -’ ' ) ~/ . .
n.overall second-ordes reaCt}on. The eleetrochemical

termination of rate constants'therefore requikes a . R
o R . g P T
theoretical treatment accommodat jpng. the higher reaction
. T 4 | e Lo :
order. L

y ) . N . . ) N » . ‘ . N - . . :
‘The second-order EC-catalytic méchanlsmidlffers~from

the pseudo-fiirst-order case only in‘thatkthe'concentratlon

A
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. therefore somewhat more complicated.

L‘.

.i‘-

~~

"

!

‘ of substrate w1th1n the ‘transport - boundary layer can no

longer be con51dered constant.

2.

Thls has two important

consequences. F1rst, a dxfferent1a1 equatlon describ1pg

:t e substrate concentratlon must be 1ncluded in the

.mat ematical descr1pt1on of ‘the mechanism.

S

Second, the

var1ab111ty of substrate concentrat1on means the boundary

-

4

- d%c.

I | C

wmr

- d Cl

- D + 23, 997 27 —— -
A EEE
: -dz ]
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2 ch
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Dp f—f— + 23 99712 dz
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W
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2
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?/yhe second order klnetqc pdrameter K 1s

-~

’>349rder mechanism at the ,RDE are{r;‘
g

N

e

gy a

5:‘ I!M

-t A

N

Tenl

[3. 029 k cAcQ

\

13.029 f*cAcQ

*

.

nx,-r

™o

value problem is non- linear and tﬁ% numerical solutlon is
o

.- H ; v B e % 9
la» Formulat1on of the Boundary Value Problem ' )
The reactlon scheme descrlblng the EC- catalytlc
_ ~ \ R
. mechanlsm is g:&gerk by equatlons [lO] and [11]1., The N

] a‘& normallzed.dlfferentlal equatlonsfdescribing the' s
L . ) . . R A .

- < ‘ %
'\”.\v\ ,

0 [25)




. (B_):J%.___TF__; "T;L' ) L e [28] -

As before, DM denotes thé‘largest of . DP' DQ and DA’ Note '

that the deflnltloﬁ of k 1ncludes the bulk’concentratibn
» g

of catalyst cp(w) rather than that of - substrate as 1s the

J

the pseudo first- order kinetic parameter k!

\J q
16]).. "", ' i.é?“wl

)

LT . LTt

3

'ar;Jthe same. as those descrlbed 1n connectlon w1th »
e ot
equatlons [13] and [15] for the pseudo—flrst ordér case.

The boundary condltlons for equatlon [27] descrlblng the

P4 . . w " } ‘ . \ .
Substrate are: 5 . e

At 2 .=

r
o
I
I
&
<)
o
3
o

" at

[ ]
o

I, Cal1) = cpl=)/Cpl=)i 5

- The former condltlon corresponds to no d1rect electro-

'1s subject to exper1menta1 control

chem1ca1 reduct1on of .4 aE the dlsk surfaée.i The latter,

wh1ch 1s the normallzed bulk concentratlon of substrate,
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2. Iteratlve Numertcal Solutlon by Orthogonal Collocation
T 9 il 0 R

>

The boundary value problem is transformed to a set of 3

" 3N algebralc equﬁlons 1n 3N unknown congentratmﬂs
' CP(Z ),.CQ(Z ) and CA(hJ)‘fMJ =“’1 to 10, 9: the manner e
‘ descrlbed 1n Appéndlx IN ,}T,& equatlons alre gl,v,en‘by\: ﬁ
' i e ,,;; -_';;T ;;.‘;_‘_ﬁ :
N C =
j=21v f.Fp(lrJ) - pPG(l,;J)]cé,( zJ)
' S ‘ | . ' -. ‘ o F a .7 - ‘n’ e ‘A.\; L
. ';q s . - -

—A[DQG(i,j)‘— 13.029 E-CA(Zj)JCQ(Zj)

e S o
= DpG(i,N+2] - F{i,N+2), for i ='1 to N ,
: Y Y - R

- 1

™ : o .
'j;h%t(‘i'j) - DoH(i,j) - 13.029 k cA<zj)]cq(zj)
. » i . . cu P

N -— - ) .
P Cr -

N = PpH(i,3)Cp(25) 2, DpH(i,N+2), fct i=1 to N
e R - qf
A, )
F(i,1) - 13 029 # cQ(z )]CA(Z )

. - -4 e
; ey
] s
. ” ' . B
“» AA v LR
* . Sy

F(i,1) p F(i,N+2)

5

I o
3 s - l )

= [+ FL1)N+2 (1), for i = 1 ¥o2N ~
. -Al,l o= : A

/
. - " - “
. ' M M ' .
N ’ | - - . . . . N . - ' - e
) . . ; . & H
. L . . R
k] . - s .
) (KN . . P . By N
- . i ; e} . . P e " . ! . ' - ' :

s .o - . . . . ’
B :.,-‘-..4v - .. LY 5

“)_‘ i . . . ﬂ.\‘_‘(\//

'_The functlons F, G, and“H dre those deflned prev1ously 1n N

Once aga1n the -
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'sg\"’}%y The nonllnearlty in the klnetlc terms of equatlons='
Wﬁll. N

[QQJ through [27] glves rise to a system of algebrﬁlc

h;¢equdt10ns which must be sola 1terative1y; To begln the

,'vﬂbocess, 1n1t1a1 estlmates are requ1red for the ¢
’ &

concentratlons at' the collocatlon points of the reduced

i . - S

’ . M

catalyst CQ(Z ) and of the substrate CA(Z ). In1t1al , . _;gg

LV 1U9$ Of CQ(Z ) are taken to be those obtarned gpr t g ?;i"“fr’

» # g” il -

. o@rrespon ng mass-transport-limited.cas (k = 0 s <4

| Fafresnonging mase-cransport-jinited casiy G-

R Initial values of CA(Z ) are all set equal-to the bulk o
o L

concentration CA(l) These values are used to compute the ,:1$§

. i p ﬁ . . J_" _:“’

coe§}\c1ents of the kinetlc terms. The system of .~ '1’;;}“?‘é

"’ o RO ~“"l\'.". ‘

equations [29] to [31). is then solved and the new & Iﬁes\ym'§*".
.t ¥ 0T e y
,obtalned for CQ(Z ) and CA(Z ) are used to ﬁipalculaﬂ% \

coefficients of the k1net1c terms. ‘This pro@edure is
repeated unt11 the de51red degree of convergenoc is\. 3,
g atbalnedﬁ“ In practlce,llteratxoh was stopped as soon as-'h ii
-the sum of the squa;Zs of the correctlons to the IR ”:

A

concen ratlons CP(Z ), CQ(Z ) and CA(Z L fell below 1

1"’.’ .
i\-

5 - ‘e
-8,

O% \;"

'As the 1terat1ve procedure was rather t1me conSumln

A I}
a number of steps were taken to optimize theucbmputatlon
procedure and to. speed program executlpn. The system of "_'x

-eQUat1ons L29] to 131] was 1n1tr/£ly represented by a 3N "

: -by 3N coeff1c1ent matrlx. However, because the 2N
- 8 N

. equatlons descr1b1ng CP and CQ are llnked to the N : \}.
-
» eguatlons descrlblng CA only through the nonllnear k1net1c
, N v S , A D

- - . N [ ] . . . : N
) o |

- “ : ’ . \ ' . B
» : A PR ’ . c K : ' s
PO \ . .. : P \\ . A ’
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T
term, 1t was possible to solve the two systems

1ndependently and thus, to eff savings in both storage

e

and . ecution time. Thls device also, had the unforesegai»
g" .

aﬁd happy consequence of substantrally reduc1ng the’ number
\
of 1gerat1ons requlred to attaln convengence. ‘

!n
&

x@but1on time were

Further savlbgs 1ﬁistorage

obtained by carrylng out all the caldﬁlatlons u51ng 51ngle_

itl,
prec151on ar1thmet1c. A comparlson‘mﬁ representatlve

Yy
results obtairt by 51ngle and double prec151on programs

'is given in Tablé 6. Values‘for i.agree to f1ve places as’
one mlght .expect glven the convergence crlterlon. -In =

add1t1on to belng 51x times faster, the single precision

* :\«',

program could accommodate a larger degree of dollocation

polynomial (maximum N = 24) than the double prec151on
‘ B )

program (maximum N = 13) : : '
1

"i ., nother attempt‘to'lmprove execution times, thisg ;ime
f*;+£52ucing the_gumber of iterations required for

convergenCe, involved implementation of- the Newton Raphson'

iteration techn1qu7 (98). grlef descrlptldh of~this
‘technlque follows. G1ven tr1al ‘solutions CP(Z ), CQ(Z )

and Calzy), i ~'l to N: . - L _f
, ‘ , -~y
A et
" 1. Vectors of residuals Lp., LQ and Lp are calculated by
~subst1tut1ng the tr1aL solutlon into 'the left hand '

" side. of equat1ons 429] to [31] and subtracting the

'nght hand side.

€

p

L P
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Tab;e 6. Iterative Solutions of ;hé{Second#Order EC-Catalytic

< .

Mechanism at the RDE.

) i
, . : .
i) %!mple Iteration?
- ‘ v
. Single Prectsion . ‘. ble Precision
, 3ing Lon ———Dawble Fre 1 .
-— . " v P . "_:‘
k Iterations Time R “Iter#tions Time - R »
, (s) . P (s) S
. . ) . . i R 2 - * v ®
0.1 ' 4 8 0.919256 4 49 w&9'3119254 ‘ v
H . ‘ l £ . ’ i ‘.
1.0 8 . 16 0.672226 8 98 0.672233
) ’ ) . ! /s)"":wxi ' .
10.0 | 16 ' 32 . 0.517236 16 194 0.517235 , 4
b Lo LA . ¢ . * -

o o
Voo Fe s

: : : . -
ii) Newton-Raphson Iteration . ° ’§Z§| ﬁf
o %, i AT C . U ’ @, N

, Daﬁﬂfdb s oo Undamped®
- * - u . \

k cﬁIteratigns Time R Iterations
z (s) . ‘ Lo \ "

Time R

< o - 0'\\ ‘\’

0.1 10 14 0.919264 ) 9
Y ) ° ¢ 5
%.0 16 ~2 22 "os7P2220 49’
10.0 43 58 , . 0.517213 -
,
| J ‘ ’
c.hI - .
) * » -
- .Prog:am parameters: N = 8,'DP = DQ = Dy = 1,'y
b. a= 0.25;' : A
Ce a= 000. 1
o , P

(S) . . -
13 o.919g%%~
65 0.672211" N

. - \

>900 -
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2. Vectors 9f correction terms Mp, Mo and Mp are-
calculated by divwiding the residual vector by the
‘Jacobian-matrix for the corresponding system'of

\\ equations. This ‘is equiyalent to solving the

following set‘Gf equations:

\ | N_" . - §

jzliFPgavj> < ch(i,;)l Mp(Z;) = Lp(z;)

BT lrgi, 37 -;Bqui,;>’- 13:029 k Cp(23)]) Mg(zy)
¥ .

. — . SO, A.v,y ” ‘4; e
1, = LQ‘(JZ‘]?%“ il o R I % ‘}

, :
jgl Falis3) = Ay, 5F(1,1)/81,1 - 13.0% k Co(23)]
‘ s, ‘ | . ':l .
= La(2y)
- . ‘
> - Y

3. The next;approximat"on‘ to the solution is, dalculated

) R Q" . " ‘
v by,subtracting the correction terms 5}0m the present
trial solution, e.g. Cp(zi) = Cp(Z2i) - Mp(Z;) and
. simflarly for Cq and Cp-. o ‘



e
-

4. The procedure is repeéﬁed until the\desired degree of -
. . .. -
ﬁconvergence is attalned. Vo _ ’L‘

The anticipated benefitdof the Newton—Raphson.
iteration, that is, the reductiOn of the number of
iterations required for convergence, ‘was not reallzed in
oractlce. TW! algorithm had an unfortunate fendency to

oscillate about the.desired‘sdlutibn and,-wngle i&;did

converge, it possessed poorer conyergence properties than el

the simple iteration described previously. »Sdﬁerresults

.are shown in Table 6. It was found &héﬁ“the osc111atlons
u.

_could be damped and the convergence pr0pert1es 1mproved oy‘ -

employing a weighted average in the calculatlon of the
" next approximation (g)) : Step three in the Newton-Raphson

procdure becomes
& o -
~ ' 4

Cp(zj) = a Cp(zj) + (1-a)(Cp(23) - Mp(2;))
N ‘ o * ! , .
and. sim 1arly for CQ and Cp. The parameter « iéﬁchosen}

oY 7

for the problem at hand,

" . Newton- Raphson iter

erlor to thosj}obta,lned:by 'sl,mpi:!

R




EC-catalytic mi“ ism at the RDE. The progrmn RDECRz) e
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Appendix

*

11 1mp1eMents thls solution.
Solutlons to equatlons {29] through [31] may be used

to compute: current as a function of the kinetic parameter',
k andxthus, to generate worklng curves of the sort
obtained for the pseudo-first- order case._ However, an

-haddltlonal parameter Ais requ1red for the second-prder

N worklng curve. It. 1s the normallzed bulk concentration of

;g substrate. CA(I), sometlmes referred to as the excess

-factor and denoted by the symbol y (93). The solution to

the second -order EC- catalytlc mechan1sm con51sts of a

family of curves, one for each value of y. Three such

B

=

’gurves are shown-in,Figure 14. Thé program ECR2WC: in:
Appendlx II was used to generate worklng curves for the
second~order.case as a functlon of N, DR' DQ' DA' and y. ‘.
Rate constahts are evaluated u51ng these curves in the way'

D descrlbed for the pseudo flrst -order case...' ' o '

S éﬁ’ﬁ% As” théwsubstrate is" nq’longer present’ 1n lafgé exc%%gi;{QﬂﬁT’ﬁ

1nvthe second order case, it is subJect to depletlon at

large values of k " So 1t 1s that the worklng curves shown

in Figure 14 approach f1n1te ll“lts with 1ncrea51ng k.

“These llmlts, whose values depend on vy, céfrespond to the

~
.

»
- ' o
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Figure 14.. Working Curves for the Second-Order EC-Catalytic
: Mechanism at the Rotating Disk Electrode. D

Dg = Dp, N = 8. ¢y denotes the _normalized bulk
1. , concentration of the substrate.
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o sum of the mass trandport 11m1ted fluxes of the catalyst

o and the substrate."; R o -

> ‘ "

if;[ Comparlson w;tH Approx1mate Analyt1cal Solut1ons

R B,

i To demonstrate the val1d1ty of the numerlcal solut1on~ 2

<k } - e

“for- the second -order’ EC-catalytlc mechanlsm, it was

3subJected to a number of tests. The f1rst 1nvolved

comparlson w1th:results obtalned for the pseudo-flrst-

order case. ‘For thls purpose,‘a second—order worklng j_l‘
curve was generated for Y equals 100. It follows from thef**;,_‘_
\SJ deflnltions of the respectlve klnetlc parameters that, forey:'::l%>$
m‘,y _,100 k' = 100 k.w Thus the second- order curve for y = e ) Ry
100 should be equal to the pseudo flrst oder curve shlfted‘. -l/%lm
. S

%/&og unlts left. Such a compar1son is shown in Figure = /-
15. Good agreement lS obtalned throughout the useful. : /~

range of the~work1ng c rves. There is a devia&ion,at ‘. /

: « _ [ . : /

;  large values of K, ho ever. S o /
An approx1mate-analyt1ca1 solutlon to the second— >/

'order mechan1sm whrch 1s ‘valid for large values of k and Y

/

has been g1ven by Andrleux et al. (93) These authors 5

deflned a’ dlmen51onless current funct1on,'termed the

e

catalyt1c eff1c1ency, as - S L ,/ T~

.CAT
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Working Curves for the EC-Catalytic Mechanism
in the Presence of a Large Excess of Substrate. . -

-0 0 © © solution for the second—order -

case with Y= 100, N-= 8 and_ Dp = Dy = D,.
a—— SOlution for the pseudo—first-order
case with Dp = Dy, N = 8,  The .latter curve has

been shifted two units left tq pegpmit direct

- comparison



where R is the current ratid and y is the excess factor as'

deflned above. The 11m1t1ng equatLon for CAT as a
functlon of Y. and of the k1net1c parameter as 1t is
deflned in the present work ls glven by |

CAT = 2.59 & (1 + 41+ ’)1/2 -'1) r-?; [32]

2y 259K

' .
~ This equation,has been plotted in Figure 16 along with_?
AN

correspondlng results obtained from the pseudo-flrst order
solutlon for large K and from the second order solutlonﬁ
for‘large k'(y = 100). The flgure prov1des a str1k1ng

1llustrat1on of’the l1m1tat10ns of the. numerlcal sol;&:ons

dhy

when deallng w1th large values of K (or k ) and ye

the approx1mate ahalytical solut1on correctly pred1c
l1m1t1ng value for CAT of one.

E The deviation of the second?order solution from thef
11m1t1ng equatlon [32] at large ky results from the »
1nab111ty of the approx1mat10n polynom1a1 to accuraggly\__s
‘represent concentratlon proflles between’the collocatlon

p01nts. Thls is the same problem encduntered by ‘the

| pseudo’;

jwst order solutioh at large k' and as before, réi“5
' def1n1t1on of the transport boundary 1ayer 1s requ1red. |
In the second -order case, the problem 1s compllcated by

presence of the dlfferentlal equatlon descr1b1ng§the - 1

substrate concentratlons. Flgure 17 shows concentratlon

w——— :
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Catalytic Efficiency, CAT

' thickness, N .= 8;
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0.2 -
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- Figure 16." Comparison of Result . for the Second-Order EC-

Qr the case of Large ky.
Dp = Dy = Dp. ~ Limiting equation of
Andrieux et al. \(93) Kor y = 100; :

Numerical solutio for the pseudo-first-order:
case with variable transport-boundary-layer
=== Numerical solution
for the second-order case by orthogonal : '
collocation with Y = 100, N = 8; © © © © o
Numerical solution for the second-order case by’ g
spline collocation with ¥ = 100; N = 8. '

Catalytic Mechanism

\

1



d Cohcentratibh, C

00 02 04 - 06 08 10
o Nérmahzed Dustance, 4 ~

‘Figure 17. " Concentration Profiles for the Species Involved
. : 'in the Second-Order EC-Catalytic Mechanism at the
R - Rotating Disk Electrode. Numerical solution by"
‘%rthogonal collocation with N = 8, DP = Do = ‘Da,
- 1" ‘Y - ;‘ - ' o N '

»



‘-For the catalyst couple, the definition ofhthextransport'

with the pseudo—first-order case,'the outer boundary for

. ’ 4 . ' .
wt . . ”

_profiles of catalyst and substrate calculated fo:la small

~ value of'the‘product iy.4 While the zone over which the

catalyst copcentrations vary retreats toward the disk with \/

increasing ky, the same is hot true of the zone over which

the- substrate céncentration veries. To cope with the .
problem, it is necessary to define and use two scéﬁes of

-

distance, one for the substrate and one for the catalyst
couple. For the substrate, distance is normalized with
respect to the transport;boundary layer as it was

preyiously defined, that’is 27,5 = 3.61 DM1/3vl/§w'l/2.

boundary layer depends on the value of ky. By analogy

large values of ky is taken as - 2/(ky)l/2 “For any value _
of y,»the transport<boundary’layer for the catalyst couple °
ZTqC is taken as'the minimum’ of ZT S and 2/(ky)1/2

) Since separate equation systems are maintained for.
~

‘the catalyst couple and the substrate, the above

,,Q

.'modification was: readily 1ncorporated in the collocation

‘solution.A However, since the collocation p01nts,£or the

( = :
two.systems no’ longer c01nc1de, it was necessary to solve -

for the coeff1c1ents of the appr6x1mation polynomlals for.

A and Q and to compute 0] concentrations at the A

collocation” points and v1ce versa for each iteration.

'Whilthhisaprocedure,produced accurate solutions at small



Ey with only a modest incréese in storage reduireqeptslapd
execution time, it .suffered from a prohounced‘tendency to
oy
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oscillate at large ky.. The weighted avereging technique
that was successfully applYEd to the NewtﬁﬁvRaphson.%&
1;eratlon falLed to ensure convergence in the preseﬁt

case. .

A

- 4. Appllcaﬁlon of the Spllne Technique to the Problem at

Large kx

¢
A successful solution of the second-order

EC-catalytic mechanism® for large ky was. obtained by
application of the spline technique (98) to the problem,

In this technique, a spline point Zg is‘inttoducedlto
dividé the interval over which the solution to the

4

differential equations is sought into two sub-intervals.
The location of the spline point is chosen in such.a way

that the first sub-interval is confined to the regionéFver

*

which Cp and Co varydappreciably‘from their bulk values._—
"To 1mp1ement the, spllne technique, two new varlables .U and

V are ‘defined”to represent normalized dlstance in the

\

‘first‘Eﬁd\segpnd sub-intervals respectively.. The
following definitions hold:

\

T U= z/2g | v = (z - 26)/(1 = 2g)

v = dz/zg av = dz/(1 - 2g)

"' : . ’ » ' \



a2y = 4a2z/352 © AV = da2z/(1 - 1zg)2
’ ) ’ . R ’
in terms of the new variables, the normalized diffenential

3

eqqatlons for species P become

E-E +13.029 252 k Cueg = 0 (33]
U :

) . dc,
S V(1 - zg) + zg)2 panle

S #13.029 (1 - z9)2 K cacq = O - [34]

The continuity requirements at the_spliné point are:

Cp(Uy) = Cp(Vg)
Similar sets of equations can be Qritten‘for species Q and
A with due regard for the sign of the kinetic term.
Application of the orthogonal collocation technique
I'd

transforms the problem intola set of 6N + 6 equations in

6N + 6 unknowns.'/The equations are given as foflows:




Let W (i,§) = Bjy + 23.897 0;22g3 Ayy/Dy

X(i,3) "'Bij"f 23.997 (l‘zS)[V.i(l"Zs) + 3512 Aij/vak

where .

For species P:

k

N

1 Wp(i,3)Cp(Uy) + Wpli,N+1)Cp(Vyp)

4

! -

-

-
\k

i\

= P, Q or A.
[ %

V.

&

J=0~, ' N

.

>

J

N
2

0

+ 13,029 252 k Cp(Uj)CqlUf) ='0, i = 1 to. N [35] .

Xp(i,3) Cp(Vy) + 13.029 (1-2g)% k Ca(V{)Co(Vy)

= -Xp(i,N+1), i =1 to N < [36]

|}

N .
20 An+1,3 CplUy) - Ao,j»is Cp(Vy)/(1-2g)

* Ays+1,n+1 Cp(Vo) = Ag N+ 2g/(1-Zg) [37]

For species Q:



S er’:" (O

N . ) W ‘l%t AR

. ® , \
N - | , - X
.jzo xo({j%ﬁ Co(Vy) 413.029 (1-25)¢ k CalVvy) CQ(Vi))
- .
) =0, i=1¢toN .- . | [39]
‘ 3 | |
“ ¢ , x \
N .
\ jzo Au+1,5 ColUj) = Ag, 5 ColVy) zg/(1-2g)
¥ An+1,N+1 CofVp) =0 _ [40]
For species A:
N o /
jgo Wali,j) CplUj) 4 Wa(i,N+1) Ca(Vg)
- - 13,0297 252 k Ca(Uj) Co(Uy) = 0, i = 1 to N [41]

2

N : - .

'So Xalir3) CalVy) - 13,029 (1-2g)2 k ca(v;) Co(vy)

j= I
<@



" 80
: = - X(1,N+1) Cu(1), i = 1 to N ©142)

N | .
jzo An+1,35 CalUy) - Ag,y CalVy) 2g/(1-2g)"

’

* An+l,n+l CalVo) = Ag,ns1 Call) 25/(1-3g)  [43]

The boundary conditions at z = U = O-are:

N .- -
,.20 Ap,j (DpCp(Uj) #+ DoCqo(Us)) +
J:
Ag,n+1(DpCp(Vq) + BQCQ(VQ)) =0 | (44]
| A\
N¢ | 3 | . |
- =0 ‘45
Cp(Ug) exg}?) CQ(UO) . ' (45]

’

]

[46] v

N
20 Ap,j CalUy) + Ag,N+1 CalVg) =0

To obtain a solution to equations [35] to [461, it is .
necessary to assign a value to the spline point Zg. The
approximation ZS = 2/(E-{)1/2 is_a&eqdate only when the
diffusivities of P, Q and A ére equal. ' For the genéral
case, a satisfactory location for the spline point is

given by.



Zg = 4/(dCp/A2) guq - . L4
\ ,
The reciprocal of the surface concentration of species P
corresponds to a distance generallysknown as the thickness
of fhe Nernst diffusion layer and denoted 6n. At Z = &y,
a line of slope (dCp/dZ)g=g ex}rapolated from.the origin
intercepts Fhe line defined by Cp = 1. The spline point
as defined above is located at z = 4 §y; this interval was
found to be quite sufficient to encompass the reéion over ,
which Cp and Co vary appreciably from&the;r bulk values.'
Although the formula for 2g actually Supposes that

the solution to the system of equatioms is already known,
this is not a problem in practice. Since the spline
techniqué was used to generate working curves of the sort
shown in Figure 14, lg for a given value of k could be
caiculated on the basis of the results for the previous
'poiﬁt on the workin urve. To start the brqpesSo Zg was
initially set to d(:¢:nd a comparatively gmall value was
selected for the initial value of : (less than 10). To
avoid problems at small ;y, Zg was not allowed’to exceed
0.5. Since the exact value of Zg is not critical and
since the value of 6y does not change greatly from one
point to the.nextvfor’é reasonably Qell-defined working

curve, this procedure proved satisfactory. The program,

8l1.



.
82 .,

9
{ ' *
‘ . - .

- ECRIWC was written to impleAgnt the .spline collocation -
,iﬂiélﬁtibn;' A listing‘ofathc program appears in gpquETg

Ifi Results obtained with th; program are shown in Figure

16; tﬁey are in excellent agreement with thexiimiting
equation of Andrieux et al. (93).

The marked deviation observed for the pseudo-first-

6rder solution in Figure 16 is a congsequence -of the fact

that subst:;te cénsumption is no longer negligibl& at

large k'. For ;1 greater than about 100, the pseudo- |
first-order solution predicts currggts which are greatly

in excess of those which.the rate of substrate transport
dan‘sustain; While the pseudo-first-order solution has -
been made to agree with the limiting equation of Koutecky
and Lgviéﬁ for large k' (Fiéure 11, there {s an upper
limit to the value of k' for whiclh the assumption of
unchanging substré;e concentration in the transport
boundary layer épplies. The range of applicability of the )
limiting equation can be established Ry comp;rison with
the results obtéined by spline collocaéion. $uch a
comparison is shown in Figute 18. It is apparent that for

y equals 100 the limiting equation is only vaiid over a

compgratively narrow range centered on log k' equals 1.
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Figure 18. The Range of Applicability of the Limiting
. “Equation of Koutecky and Levich \\(96) v em———
‘Limiting equation; ® - °® ®. ®: Numerical . .
. solution by spline collocation with DP - DQ --DA,
N ‘N - 8, Y - 100 . ,
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5. Compar1son w1th Other Numerlcal Sol tlons T 'j

l-:"j o T

\ .
et al. publlshed an approx1mate"

' In 1980, Andrleu
N \\ )

o

A state techn1quesc that i85/ the RDE and dc polarography

(93) The sol tlon was based oq the Nernst approx1mat10n

’ mechanlsm in the cfntext of stéady state and qua51—steady-“

that concent atlon proflles are 11near over a convectlve—'

dlffu51on »ayer deflned, for the RDE, as 8N = 1 61
Dl/3 1/6 11/2 , Thls corresponds.to Z = 0.45 1n‘the-
presenb’work It was'fuﬁther‘aSSumed that the diffusion

coeffac1ents of all spec1es were, equal and that the

cOuld be neglected. Table 7 compares the results obtélned

/

;/by this-apprOximatennumerlcal~solut10n,w1th,those of the.‘

‘present work. The‘excellent agreement confirms the
valldlty of the assumptlons made by Andr1eux et al.
Recently, work1ng curves for the second—order EC-
catalytlc mechan1sm were publlshed by Feldberg et al. (70)
the t1me dependent exp11c1t f1n1te dlfference techn1que

whlle the latter applled orthogonal collocatlon to the

: rsteady state equatlons.' Samples of the results;obtalned,

* as measured from published working curves, are shown in.

exceilent.;

convectlon term 1n the steady state d1fferent1al equat1ons

. and by Machado and Chapman (69) , The former ‘authors’ used

'~ Tables 8 and 9. Agfeement among7the‘iarioushapproaChes'is ‘




‘> ‘Table 7. CbhpafiSon'ofaRésultS‘for the Seédnd-drdefrEtééﬁtaiytic'

Mechanism‘withkthdserbf-Ahdrieux et al.!

.\\ .

Y ' Andrieux et al. (93) This. Work ,

; log EA a catP log k¥ . cart® :
* 1 0 0.27 -0.41 0.27

1 1 0.80 - 0.59 0.81

.4 0’ 0.23 ~-0.41 0.24 .
—— el 1 0.70 0.59 - 0.69 K

10 0 $0.19 =0.41 0.19
10 1 0.57 _ 0.59 0.57

10 2 0.91 W 1.59° 0.91
.

equals" 2.57 k.

L

"‘kinetic parameter defined by Andrieux et al.

, denotéd§§ere;by

5



‘Table 8. Comparison of Results for the-Secdnd-O;der EC-Catalytic

“'= ' Mechanism with those of Feldberg et al. '
Feldberg et al. (70) . This Work '
log kg a ‘R : \ log‘k R
(Dp =Dy = Dpr Y= 1)
0.0 . 0.64 o -0.3 0.62
005 | 0.46 . 0.2 0.47
1.0 | 0.38 0.7  0.38
1.5 - 0.35 142 © 0.35
2.0 0.34 B 0.34
(DP = DQ = 003 DA' Y = 1)
' r 0.0 0.60 -0.3 0.60
0.5 0.41 0.2 0.41
1.0 0.29 . . . 0.7 .  0.29 - |
1.5 ©0.23 1.2 . 0.23
L 2,0 0.20 - 1.7 0.21 .
. k hd . . . . . -

a. The kinetic parameter defined by_FeIdberg et al., denoted here by

Kp, equals 2 k.



Comparison of Results for the Second-Order EC—Catalytic

&echénism wiih those of Machado'ahd Chapman.
¢» |
Y . ~ Machado and .Chapman (§9) - This Work .
‘ > a L ‘ .
19w ‘ i;»‘*‘ - R . log.k __ R "
1 0 ©.0.78 Te -0.51 0.82
i ' 1 ; 0.54 b;49 0,57
\ 1 "y 0449 '1.4_9‘ . 0.50
4 | 0 0.53 -Or;1 0.53‘”
4 1 0.27 0.49— lo;z"i_a'
3 4 2 ; ) 0.20 1,49 0.21
10 | 0 ' "0.35 -0.51 0.37
10A 1 0.16 0.49 0.16
id_ i  .2 0.10 1,49 0.10
a. The'kinetic’paréméter as-defined 5& Machédo and Chapman, aenoted

here by ky., equals 3.24 k.

)



"6+ The. Effect of lefering Substrate and catalyst ° . |

D1ffus1V1t1es : ' BT .

N,
‘A characteristic of the EC-catalytic reactions

examined in this work is'the marked diffefenoe between the
diffusion coefﬁjoients of the catalyst species and that of

the substfate. For example, the diffusion coefficient of

'oxygen in aqueous solution (2 x 1077 cm2/$4(77)) is fxve
‘to ten tlmes that of typ1ca1 organ1c catalyst compounds.

The effect of such dlfferences on working curves is
vy,
considerable} some examples are shown in Figure 19‘¢

Accountlng for such d1fferences is essential to the

Ny .
determlnatlon of rate constants of solution reactions via
the second-order EC-catalytic mechanism.
7. The Range ofAAocessible Reaction Rate Constants

Consideration of the worklng curves for the pseudo—
f1rst~vrder (Figure 9) and second order (Flgure 14) EC-
',cataly ic mechanlsmSnat the'aDE”tllows one to establlsh

the range of reactlonArates %Fceébible to the technxque.’

3 e
-\ -fia."

From Figure 14, the dpper Igmit on k appears ‘to be

‘appro iﬁately 100. Beyond this value the solutlon
reaction is, for practical purposes, infinitely fast. The
corresponding second-order ﬁatg constant depends on the

val es of v, D, Cp(é), and o according to equation [28].

Typical values for v and D are 1072 cm2/s and 10> cm?2/s
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The Efféct of Differing Cataiyﬁt and Subétr;te

- Figure 19.

Diffusivities on Working Curves for the Second-

Order EC-Catalytic Mechanism at the Rotating Disk

-Electrode. “Numbers above each curve denote the

ratio of the diffusion coefficient of the -
substrate A to that of the catalyst P. ‘
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respectively. If the lower limit of catalyst concentra-

tion cp(=) is- taken as 1076 M and the upper liﬁit on

angular velocity of the electrode is taken as 1900 s~1

(9500 rpm), then the largest accessible secondforder'rate

constant’(corresponding to k eouals 100) is 1010 ﬁfls'l.

Similarly the smallest rate constant can be estimated

. from the lower limit of the pseudo-first-orde5 working

curve. From Figure 9, the smallest'nalue‘of E'producing a

'measurable current ratio (R < 0.95) is approximately

0.1. TIf the upper limit on substrate concentration is

taken as 1 M and the lower limit. on angular velocity zs 10
’

s~1 (95 rpm), then by equatlon [16] the smallest

acce551ble rate constant 1s 6 L M-lg-

‘)
’}‘&\

Thus the rotatlng disk electrode used in con3unct1on

with the numerlcal solutions for the EC- catalytlc

mechan1sm has the potential to measure an extraord1nar1ly

broad range of rate constants, spanning some eleven orders

of magnitude. The upper limit_of'lolo ﬂfls'l is more than:

~one thousand times that of the best stopped-flow

experiments. That a steady-state'technique can access
such rates is especially remarkable asﬁthe study of very
fast reactions is generally confined to transient
techniques such as temperature jump, flash photolysis and

pulse gyadiolysis experiments.



CHAPTER, IV

%

THE EC- CATALYTIC MECHANISM AT THE ROTATING

DISK ELECTRODE. EXPERIMBNTAL

A. Electrochemical Apparatus

The apparatus used for the electrochemlcal
)

experiments is shown in Figure 8. The RDE system
con51sted of a Pine Model ASR2 Rotator (Pine Instrument
Co., Grbve Clty, PA) fltted w1th Model DT06 ring-disk
electrodes. E{ectrode comblnatlons.employed included Pt'E
disk/Pt ring, Au disk/Au ring and glassy carbon disk/Pt
ring. (The ring electrodes were not used in any of the
experimegts described in this work.) Electrode dimensions
were measured with a travelling microscope. The results
are‘summarized in Table 10. Eleétrode'rotation speeds
were measured with a Cole-Parmer Model 8204-00'photo— e
tachometer (Cole-Parmer Instrument Co., Chicago, IL).

The electrochemical cell was taken from a Princeton
Applled Research (PAR) dropplng mercury electrode
assembly. The central hole in the cell" top was enlarged
to accommodate the RDE. Th® cell bottom was water-

Jacketed for temperature control Experiments were

conducted at 25.0 th.1°C unless otherwise noted. A

91



. Table 16. Geometry of -the Rotating Ring-Disk Electrodes.

‘Electrode® ' Rad1P Disk Area
(Ser. No.) r, (mm) r, (mm) r, (mm) (cm?)
Pt/Pt )  3,808940.0016 4.0013t0.0019 4.2470+0.0011 0.4557740,00038
(269) o
' Au/Au 3.827940.0008 3.9857+0.0019 4.2415%0.0009 0.46033+0,00019
(392) -
® Gc /Pt 3.7671$0.0014 3.9893+0.0025 4.2148$0.0018 0.44582+0.00033
(2445)
Nominal 3.82 3.99 4.22 0.4%84
Values
ﬁ +

N
.

a. Dpsk material/ring material. GC = glassy cargsqf

b. 1r4, disk radius; r,, inside ring radius; rj3, outside ring radius.

Mean +95% C.I.

measurements made at 90° to each other.

Values calculated from two pairs of diameter

c. "Operating Instructions for RDE 3 Potentiostat”, Pine Instrument

Co., Grove City, PA, p. 46.

D



The reference

: electrdde in all cases was an aqueous saturated calomel
electrode (Radiometer Model K401). The input lead was =
shielded wlth a braided cable connected to ground.
Curreht voltage and current t1me curves were obtalned‘) \ r
I busing a Pine Model RDEB b1potent1ostat connected to an
Omnigraphic Series 2000 X-Y recorder (Houston Instrument
Co., Austin, TX). ! The best signal-to-noise ratio was
obtalned when the c1rcu1t common "of ‘the blpotentlostat was -
tied to earth (cha551s) ground. - |
7 . Before each experiment, the surface of the RDE -was
polished witn~an agueous slurry of 3 Jm alumina on a
polishing ‘cloth. The electrode was then cleaned - B ‘

ultrasonically,. first in alcoholic KOH and then in 6 M

HNO3 o

B. Control an8 Measurement of Dioxygen Concentrations’

i

1. Deoxygenation Procedure 3

An important part of the determination of rate

‘constants described inxsubsequent chapters involved
\

measurement of mass- transport 11m1ted currents in ‘the

absence of dloxygeﬁw lexygen was removed from test



solutions by‘sparding with dinitrogen'delivered through a
glass tube terminating in aésinteredtglass frit which was
immersed'in‘the solution. After sbarging for 15 minutes,
dinitrogen flow was redicxected so as to purge the cell
atmosphere o;er the test solution. This excluded

atmospherlc dioxygen from the cell while¥the electro- '
.cgemlcal measurements were being made.

It was found that deoxygenation procedures adequate
for normalmpolarographic purposes were not sufficient to.
" reduce dioxygen’concentrations to levels which were .
negllglble in the context of the present study. Current-
VOLtage curves recorded in acetonitrile were espec1a11y
sensitive to- resldual dioxygen. At low concentrat;ons,
dioxyggn gave rise to a characteristio reduction wave at'"
'—O;SO'V'vs SCE. To reducg dioxygen concentrations to

negligible levels, a number of steps were required.

First, and most important, was the elimination of

dioxygén-permeable.materials (in particular, Tygon tubing) -

from the dinitrogen delivery line. Copper tubing (1/4"
0.d.) was used instead. It was connected to-the glass
fixtures\by ground-glass ball-and-socket joints (standard
taper 12/5).f'Copper—to~glass tubéhg joins were made with
‘very shert lengths of Tygon tubing secured with hose
clamps. To prov1de reproducible flow control, a rotameter
was 1n,ta11ed on the dinitrogen dellvery line.-

TJ reggye‘traces of dloxygen from the tank

s e



dinitrogen, the‘gaé Qas passed in serieé through two gas-
scrubbing Bottleg each conta}ning vanadous chloride
solution in Aqueous HC1l plus some amalgamated zinc. To
improve their éfficiency, all gas-scrubbing bottles used
were fitted with sintered glass frits. For work -in non-
aqueous solvents, water vapor was removed frbm the
purified dinitrogen by passing“it throdbh a third bottle
containing concentrated sulfuric acid. Before entering
the electrochemical cell, the gas was passed through yet
another gés—scrubbing bottle containing the same v
elecprolyte as the test éolution in order to saturate the
gas with solvent vapér and thus to minimize evaporative
losses from the test solution. This als§o served to remove
any sulfuric acid droplets carried ovér.from the drying
bottle. | |

The vénadous chloride scfubbers were not well suited
for use with nonaqueous solvents. Aé the high gas flow
rates which were ultimately found necessary to exclude’
‘atmospheric aioxygen (see below), thére was significant
carryover of solutlon from one gas- -scrubbing bottle to the
next. In add1t10n, the pressure requlred to force gas
through four gas-scrubbing bottles caused probleés with
leakage. For work in»Ponaqueous solvents, the vanadous‘
chloride dioxygen scrugbers were therefore abandoned in

4
favor of hot copper turnings. A 1 inch by 18 inch glass
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tube was packed with copper tdrnian and placed in a tube

furnace at 450°C, Temporatdre was monitorcd{nlinq'an A g
1ron-constan£an tbérmocouple placed alongside the tube.

Thegﬁube was purged wiih dinitrogen and the éopper reduced

by passing a stream of hydrogen gas through. When in use,
dinitrogen gas at 5 psig flowed ﬁast the hot copper,

‘ through a rotameter and flow-conérol vaive and then
tthQQh a singie,gas—scrubbing tower containing the same
electrolyte as the test solution. When not in use, the
system reﬁained praﬁsurized and a slow flow of gas was
maintained so as to exclude atmospheric dioxygen.

A major point of the entry of atmosphefic Pioxygeﬁ
into the;electrochemical cell was the1gort for the RDE,
which cguld not be sealed due to the necessity of
rotation. To minimize the flux of dioxygen throdgh the
port, a baffle was constructed as shown in Figure 20. It
consisted of a liner for the port and a skirt attached to
the electrode. Both were gpshionedéfrom small Nalgene
bottleé. To further reducé the clearances, appropriate
parts were wrapped with Teflon tape. The arrangement. .
served to greatly iengthen‘and narrow the diffuéion path

'between the interior of the cell and the gutsidé
atmosphere, . ‘

Even with the baffle in place, comparatively high
sparging and purging flow rates were requireg; Effectivé

o
e
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‘exclu51on of atmospherlc dloxygen from the cell requ1red
-gas flow'§ates greater than or equal to 400 mL/mln.v After ;'
-sparglng for 15,m1n at thls,:ate,'no dlscetnablevwaye for
~ dioxygen~reduction was’observed»in acetonltrile;, Based on’h
vdata presented in the next chapter, it was concluded that
the re51dual dloxygen 1evel 1n sparged acetonltrlle
lsolutlons was-less than 5 x 10‘7 M' ThlS concentratlon is
0. 03% of that found 1n a1r saturated solutlons. This .

_level could be maintained at electrode rotation speeds up

to and 1nc1ud1ng 3600 rpm.‘

2. The‘GasiProportionigg'System

The dioxygen'concentration of test solutions was °

- _varied by sparglng w1th mlxtures of dloxygen and

»

'V,dlnltrogen. A block dlagram of the gas, control system is

_shown in Flgure ;l., Gas. flows were metered and mlxed w1th4
a MathesOn R7300 gas proportloner (Matheson Co., East
‘Rutherford NJ) fltted wrth,No. 600 and No. 601‘rotameter
tubes and w1th the correspondlng HAl and HA2 hlgh accuracy
needle\va ves. To 1ncrease the ava1lable range’ of gas
flow,fate f the glass floats supplied with the rotameter
tubes were replaced by stainless steel floats (1/8"
’stainless steel ball bearings) An essential feature of

the gas proportloner des1gn is - the locat1on of the flow

controllvalves at the outlet of the rotameter tubes rather
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Figuré 21. System for the Control of Dioxygen Concentrations
‘ : in Test Solutions.



than at the inlets as is the .usual practice. With the

~valves at the'dutlets:“méasured.flbw rates are much less
sensitive to variations in downstream floW'résiStan@e such
'as £hat encountered'wheﬁ*switching from-sparging the
solutlon to purglng the cell. W1th the gas proportioner,

N onLy minor. adJustments to the gas flows were requlred when -

”

switching between sparglng and purglng.

Inlet_pressures to the gas proportioner'were
maintained’a£ 40 psig with Matheson Model 8 gas
reguLators. Quick-connect couplings wére used to connect
the regulatof outlets to the inlet linesf:this facilitated-
exchange of cylinders. Cas mixtures were‘prépared from .»
dihitrogen‘and one of'dipxygen,vaif'Br a mixturé.éf 2.1%
dioxygen @n dinitrogeﬁ. These géses, including the.2.1%
mixture were obtained from'Union C&rbide: For the very:
prest dioxygen concentrations, a mixture:of_0.107%

dioxygen in dinitrogen, obtained from Matheson, was useq.

3. Calibration Procedures

The gas proportioning system calibrated at

selected flow ratios in each of t est electrolytes.
Dioxygen concentrationsvwére dete mined amperometfically
at ‘an RDE by the method of standard addition. Pure

) solvehts, saturated Withvdioxygen at 25.0 + 0.1°C And

s

ambient piessuré,'serVed_as the standards. 1In the case of
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M, is consistent with Sawyer's value of 2.1 x l0"3 M

"

water at 25°C the concentration of dioxygen in a solution

in equ11ibrium with the 'gas ‘at a partial pressure of 1 atm

was taken as 1. 27 x 10 3 M (104). Some uncertainty exists
over the correspondlng value for d1methylsulfox1de. 'The‘
IUPAC Solublllty Data Serles (105) quotes the follow1ng

values for the mole fract1on of dloxygen in DMSO saturated
with the, gas at 25°C and 1 atm: 1. 09 x 10-4 (106) ‘and 1. 57

x 10 4 (107) The latter value was favored by Battlno_gt

al. in thelr critical review of dloxygen solub111t1es

(108) The correspond1ng molar concentratlon, 2.2 x. 1073

oA

K

. determined coulometrically in DMSO containing 0.1 M tetra=+ ' |

ethylammonlum perchlorate (TEAP) (109) Surprisingly,

there are no data in the 11terature pertalnlng {o the

%blublllty of dioxygen in pure aceton1tr11e. Data are

avallable for §olutions of electrolytes in'acetoqitrile,

However. Using coulometry, Sawyer found the dioxygen
concentration of 0.1 g;TEAP'in acetonitrile saturated with

dioxygen at 1 atm and 25°C to be 8.1 x 10'3_ﬂ_(109). This

~value is consjstent with the work of Kolthoff and Coetzee

" (110). They determined the concentration of dioxygen in

air-saturated acetonitrile containing 0.1 M NaClog to be.

(1.6 £ 0.1) x 10‘3.g_by titrimetry. Using Sawyer's value

in;conjunction with Henry's law, the concentration of
dioxygen in air-saturated 0.1 M TEAP in acetonitrile is
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expected to be 1.7 x '1‘0'3 M. 'In the :i"e{ent work, 0.1 M

TEAP in acetonitfilé saturated with éiongeﬁ togqthér'wifh

Sawyer's valuebfaf*the dioiyéen>COncentration was used as

the SEandard for.meaéurements in acetonitrile solutidns..‘
The actual concentration of diongén in the saturated

solVént at the étmospheric pressure éfevailiqufy the time

of the experimént was calculatéd a¢totding to‘H;nryis

law. ‘AﬁmoSpheric pressu}e was measured with a Forﬁin-type

mercurial batometer (Princo Inétruments, Inc.,

Southamﬁﬁoh, PA). The partial pressure of dioxygen was

takeﬁ as;ﬁhe atmosphefic pfessure less the vapor_pressure

of the solvent at'25°C; for'water, 23.8 torr (104); for

dimethylsulfoxide, 0.6 torr (111) and for acetonitrile, 92° -

' torr (llQ)ik

T@ calibrate the gas proportioner -at a given flow

ratio, the appropriate gas cylinders were attached to the’

‘inlet lihes, the inlet pressures were adjﬁsted to 40 psig

and the flow rates were set. To ensure that the total gas

~ flow was sufficient to exclude atmosphefic dioxygen from

the electrochemical cell, the gas flow rate through the -

s

largér of the two rotameter tubes was fixed at

‘approximately 400 mL/min (F = 100 on the rotameter

scale): Gas flow through the smailer‘rotameter‘tube was
then varied to obtain the desired dioxygen

concentration. After sparging for 15 mirutes, the gas

!



flow,was-redireoted“to purge-the cell atmosphere and the

1nd1v1dua1 gas flow rates were readJusted if neces%ary.
Dloxygen concentratlons were. determlned by measurlng
the mass-transport-limited current for dioxygen reduction ‘
at a rotatlng dlsk electrode u51ng the method .of standard’
‘addltlon. Inhthe case of acetonitrile and dimethyl~
sulfoxide eleotrolytes, a glassy carbon RDE held at a
potential of -1.20 V vs SCE was used. 'As part of the
analytical procedure, the limiting current for dioxygen
reduction wasbmeasured as a.function'of rotation speed,
typically at 100, 400, 900, and 1600 rpm. Current
| measurements ‘were made by recordlng current as‘a function
‘of time u51ng a Houston Instruments X-Y recorder equipped
with a Type'6ltime?base module on the x—éxis. \Varying'the
rotation speed in steps gave rise to the type of i- t trace
shown in Figure 22. Having establlshed the rotation speed
dependence: of the 11m1t1ng current, the standard addltlon
, experiment ues performed, The electrode rotation speed
was set to 900 - or 1600 rpm to ensure thorough and
reasonably rapid mixing. Once_a steady-state current
’level was attained, an aliquot of the appropriate stendard
solutlon (typically: 250 uL to 2 mL) was added via a port
1n the top of the electrochemical cell. -Variable-volume
‘plpets of the Eppendorf,type were used to deliver the

standard solutions. Significant losses of dioxygen,.on
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the order of 10 to 15%, were encountered when the usual”
polypropylene tips were used with dioxygeq-eaturated
standards. The losses were due to the permeability of
polypropylene to dioxygen. A Socorex model 831 adjustable
pipet (0.5 to 5 mL), which accommodated glass Pasteur \;
'-pipetsvwaé;used.to counter this problem. For volumes less
than 0.5 mL, an adjusEnQ&eAGilson micropipet Qas used.
Glass tips for the latter were fashioned by press-fitting
the lower part of a Pasteur pipet into the upper part of a
vpolybropylene tip. The joint was sealed with Parafilm.

~ As shown. in Figure 22, current increased sharply on
the add?tion-of standard. After a 10- to Y5-second mixing
period, tﬁe‘limiting current decayed in a fairly rapid,
linear fashion for the next 30 to 45 seconds as the_
dloxygen in solutlon returned to equilibrium with the cell
atmosphere. ‘This linear portion of the decay curve was
- used to extrapolate the limiting current back to the time
of addition and thus to compensate for.the slow and noisy
mixing and fot the loss of added dioxygen to the cell
atmosphere.. A seoond portion of standard.solution was
added to the test solution within 45 to 60 seconds of the
first, that is, while the decay from the first add1t10n4
was still reasonably linear. As before, the decay curve
lresultlng from the second standard addition was

b
extrapolated back to ‘the time of the second addition.
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To determine the ¢onceﬁ£ration of dioxygén in the
test electrolyte, it was hecessary ,to correct the obéérved
currents for the contribution due to processes not 0 .
dependent on rotation speéd. This was done by‘p}otting
observed limiting surrents versus the square root of‘\\\\
angulér velocity according to the Levich equation. Such‘a
plot is shown in Figure 23a.. (The intercept, of this-plot : i
gave the background current, Ve -(The slope w;s used inﬂ
~ the calculation of the diffusion coefficient of dioxygen
in the test electrolyte as discussed in the hextL
chapter.) Signiéicant background purrénts were
encountered in nonaqueous electrolytes‘containing large
amounts of added acid such as 1 M acetic acid. In DMSO
these currents were minor (2,to 5% of that for dioxygen
reduction) and could have been neglected. 1In acetonitrile
however, background currents were larger by'a factor of 10 ’
and could ndt be ignored. The séprce of the background
éurrent was likely hydrogen ion reduction. Whatever the
source, the current-limiting process was chemical or
electrochemical in nature, and therefore not dependent on
the rotation speed of t;e electrode. |

In addition to the background current ip, observed
currents were also corrected for dilution of the test

solution by the added standard according to the following = -

formulas:
e
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4 o X
Vol. Std. Added | Corrected Current
¢ x }

0 . ; i6 = io - ib

. -
Vs 11 = il(V0+VS)/V0 - ib

i . .

2Vg iy = 1§ + (i3(Vg+2Vg) - ip(Vg+Vg))/Vq

g

\ . N .
Vg denotes the original volume of the test solution
(usually 75 mL) and Vg denotes the volume of added
standard. The quantities ip to i3 are defined in Figure
22, By plotting corrected currents versus the volume of
added standard, the dioxygen concentration of the test

»

solutrbn could be calculated according to

(03] = - Vi=g [02)gTp/Vo
] ‘ :
where V;_n denotes the x-intercept of the standard
addition plot, an example of which is shown in Figure 23b.

The standard addition procedure described was

validated by determining the concentration of dioxygen in

an air-saturated saline solution. A 75-mL portion of a
solution containing 10 g C17/L (0.282 M NaCl) and 0.01 M
NaOH was used. The limiting current for dioxygen:

| reduction was measured at a Pt RDE at -0.70 V vs SCE.
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1000 uL portions of‘diokygen-saturated d@stilled water
served as the added standard. A concentration of 2.16 x
10-4 M was found at an atmospheric pressure of 680 torr.
This value is in excellent agreement with the llterature
value of 2.14 x 1074 M (104). |

. Results obtained for the gaS‘proportioner calibratiog
in test electrolytes are presented in the next chapter in

connectlon with the determlnatlon of the diffusion

coefficient &f dioxygen in thé?e solutions.

c. Synthesis, Purification and Characterization of

Bipyridinium Salts q

1. Diquategnized Salts of 4,4'-Bipyridine

The structures, desiénat;ons and formula weights of
the diquaternized salts of 4,4'-bipyridine that were used
in this work are given in Table 11. These compounds are
commoniy referred to as "viologens". Of the.thirteen
listed in Table 11, only_three are available
commercially. These. are methyl, benzyl and heptyl b
violoéens: In this work, the former twd were purchased H’;S
and the remainder were prepared by the reaction of the
appfopriate organic halide-with 4,4'-bipyridine (variants
of the Menschutkin reactiOp).

~In the synthesis of the viologens, Michaelis' test
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Table 11, Diquaternized Salts of 4,4'-Bipyridine.

— [

.R-N\ / \ /N“‘R

2+

R Common Name (Abhr.} X Formula Weight
~CH, Methyl Viologen c1™'  257.16
@ (MeV) c10,” 385.16
~ —(CHy) ,CH4 n-Propyl Viologen Br~ 402,17
(n-Prv) Cl0,~ 441.26 N
-CH(CH3) 5 i-Propyl Viologen 1~ 496.17
(1-Prv) ClO4- 441,26
-(CH;) yCH4 Butyl Viologen Br~ "430,22
(Buv) Cl0,~ 469.32
-(CH,)gCH5 Hexyl Viologen, , #A Br~ 486,33
(HxV) YT c10,” s25.42
-(CH,) (CH4 Heptyl Viologen I- 608,39
(HpV) c10,~ 553.48

(Continued)
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“Table 11. (Continbed) = .. .

¥

¥

R L QommonaNaﬁe,(Abbr.),

4%

o
"Csﬁé
CHCRO
¢31%CH2¢hchOHV
;.;Cf“zc‘,?é‘"f;.}‘s

- =CH,CN

-(CHy) ,CHy ‘Octyl Viologen
A | -
Benzyl Viologen

(BzV)

Phenyl Vioiogen
a [ o (eny) |
v I
o (HeV) .
.wCarboxyéthyl Viologen
(CeV)

2

(Cxv)
Cyanomethyl Vioiogeh
(cyv)

b o
Hydroxyethyl.viologen~

3

‘ Carbethoxymethyl Viologen

c1
cld4“

C10,™

Cl

clo,

cl
Clo,~

Cl

ClO4.

I
C104”

'Formula Weight

542,44
581,33

- 409.36
©$37.35
. ")T}-‘:» "‘

564.21
509,30

317.21
445,21
373.23
501,23

401,28
529.28

490,08
435,18



ror‘violegens (19) was_found dndrspensahie; ?he'test
consists of reduction by‘a‘solution of eodium:dithiohite
in~dilgte aqueode‘ammOnia;h Doubly-quaternized‘saltsvofh
"4;4'-bipyridine give an intense violet color‘upon suchf"
reduction (blue at lower eoncentrations);, The color
dieappears-on exposure to air for some time and ie
restored on addirion~of dithionite; Slngly quaternlzed
salt’nd 4, 4'—b1pyr1d1ne 1tse1f do not give thls test. A
p051t1ve v1ologen test, rever51b1e tgward dloxygen, and a
satlsfactory elemental ana1y51s were deemed sufflClent to
establish that the desired compound had, in fact, been
:prepared. .

The‘paragraphs that follow cohtain the details
cohcerning the syn;hesis, purificatfgﬁLahd ;
eharaeterization of the compounds lietedLineTabie 11, Uuv
spectral data for.these‘compoonds, together Withf%‘
literature values where available, are given ih~Tab1e
12 The tnethods referred to as AJ‘B and C in connectlon ‘A
Wlth preparatld% og the perchlorate salts are glven at the
“end of this sectlon.‘.d
4, 4 -Blpyrldlne was prepared by the reductlve .

acetylatlon of pyr1d1neféy z1nc dust in acetic anhydrlde’ 4

l
accordlng to the procedure of Dlmroth and Heene (113) and
also that of Bonczos et al. (114) " The 1ntermed1ate_

h‘l 1! —dlacetyltetrahydro -4, 4'-b1pyr1d1ne was 1solated ’ ' ‘gj‘
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Table 12, ,UVkSpéctrai-Data_for the Diquaternized Salts of -
4,4'-Bipyridine.
cpd X~ €/10% M~ em™? ANpay’ CommentsP -
MeV c1- 2,07 260 " aq.
C17 2,09 " 260 5% DMSO
C10,~ 2.13 260 2.5% AN
C10,” 2.10 260 5% AN
s 2.10 257 Ref. 120, aq.
1~ 2,02 257 Ref. 121, aq.
2-36 257 L Refo 23, aq.
n-Prv Cl04” 2,39 262 10% AN
i-Prv c1o4- 2,33 260 10% AN
' 1~ 2,32 260 10% AN ‘
€10, 2.34 260 Ref. 122, AN
BuV 10,4~ 2.45 262 10% AN
HxV C10,” 2.46 264 10% AN
HpV Cl0,~ 2.46 264 10% AN
Ocv- C10,~ 2.49 264 10% AN
Br- 2.50 -.264 aqg.
BzV c1- 2.45" 260 aq. O
Clog4” 2.49 260 5% AN
Phv I 2.10 314 10% AN
' v Clo4” 2.13 314 10% AN
€104~ 1.22° 250 10% AN
HeV cl1™ 2.32 266 age.
' C10,~ 2.33 266 5% AN
- clo,4” 2.33 266 aq.
2 2.36 Ref. 23, aq.

266

(Continued)-



Table 12. - ‘(Continued)

s

LK

cpd X~ e:/10;4 _M"cm"1 : Anavg : 'Coqiﬁéntsb
Cev, - 1~ . 2.14 264  aq.
cxV . Clo,” . 2.38 10% AN
cyv c10,” 2,16 ' 262 10% AN
: I~ 2.19 262 aq.
? . : 2.38 . 264 Re’f.» 23, aqg.
14

a. *2 nm.

b. This work eert where noted.



,aocording to Nielsen et’al. (115). The Dimroth synthesis
gave a 35% yield of the diacetyl compound after 16 h while

‘the Bonczos procedure gave a 40% y1e1d after only 4 h B

Y1elds ot 25 to 40% are the norm for this reaction
(115). The diacetyl compound was oxidized to
4,4'—bipyridine with dionygen in glacial acetic acid )
(116). After neutrallzatlon w1th 2 M NaOH, the product
was obtalned in 60 to 70% yleld (20 to 30% overall). It , /7
was recrystalllzed from water, after treatment with |
charcoal, as long, whltetneedles. Drying at 50°C for 16 h
gave;anhydrous.4,4'-bipyridine;'m.p. 112.5-113°C (1lit.

111-112°g (19)). | |
1,1'- Dlmethyl -4, 4' b1pyr1d1n1um dlchlorlde (methyl

viologen, MeV) was pbtalneg‘from Sigma as the

trihydr te. It was recrystallized from aqueous acetone:
and dried- at 50°C in vacuo. A portion was converted t%

the dlperchiorate by Method A as white prlsms whlch turned
blue on exposure "to light. Elemental analysis for
MeV-(ClO4)2, C12H14N2C1208 (% Found/% Expeoted):' c,
37.4/37.4; H,‘3.6/3.7; N, 7.2/7.3; C1, 18.1/18.4; ©O (bj
difference), 33.7/33. 2, ; L
1,1 -Bls(phenylmethy1)4 4'-b1pyr1d1n1um dlchlorlde

(benzyl v1ologen, BzV) was also obtalned from Sigma. It - f

was recrystalllzed from methanol/acetone and drled at 50°C- g

in vacuo. A portion was converted to the dlperchlorate by

¢



method-g as water-white prisms. |
v1,l-Dipropyl—4)4‘—bipyridinium.dibrOmide (n-propyl
rvigipgen, n-Prv) (165,171) wes prepéred by édding 5 mL of -
bifbfomopropane to a solution of 0.5 g'4,4'-bipyridine in
15 mL'methanol.f The solution was tefluxed wath stirring
for 24 h. The~yellow solid obtained o; egaporatiqn of the
solvents was washed twice with acetone and once with )
diethyl “ether. The salt, which gave a positive viologep
test, was obtained in 80% yield. It was rec:yetaliized
from;ethanol/water es w&xy, yellow plates Whieh were’dried
at 110°C for 2 h prior to use. The diperchlorate was
prepared by method A as Waxy, wb%tetplates. Elementel
analysis for n—PrV-Bté, CigHoBroN, (% Found/%
Expected): C, 47.5/47.8; H, 5.4/5.5; N, 7.1/7.0; Br (by-
difference), 40. 1/39.8.

1,1’ -D1buty1 -4 4'—b1pyr1d1n1um dlbromlde (butyl
viologen, BuV) (169) was prepared and worked up in the
same fash:on as the preceding compound except that U
l1-bromobutane was used.. Thefdlbromlde was obtained as
" waxy, yellow plates/in'BQ% yiéld.1 The diperchlorate was
prepared by &ethOd B as white plates. Eiemental‘analysis
for.BuV1Bré; C18H26Br2Né (% Found/% Expected): C,
49.8/50.2; H, 6.0/6.1; N, 6.3/6.5; Br. (by diffeféné!&)
37.8/37.2. 7 | | | |

1,1'-Dihexyl-4,4'-bipyridinium dibromide (hexyl

—— ¥

3
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- viologen, HxV) (169 171) was prepared by'adding”s mL
1- bromohexane to a solutlon of 0.5 g 4 4'—bipyridine in 15
‘mL dimethylformamide (DMF) The mlxture was heated at

120¢C for 6 h, Upon cooling in ice, the product was

obtalned in better than 90% yield as waxy, yellow o Oe

crystals..,The compound gave a positive v1ologen test
accompenied by‘fofmationcof d.preCipi;ate; both_colordand
precipitate disappeared on exposure to air for some
time. After recrystallization from 98% ethanol, the di-
bromide was dried at 110°C for 2 h‘, The oercﬁlorate was
obteined by method Bves finely;dividedAwhite crystals.,
Elemental analysis. for HxVeBr,, CooH34BryNy (% Found/%
Expected): C, 54.4/54.3; &, 6.7/7.0; N, 5.8/5.8; Br (by
difference), 33.1/32.9. | |
l,l—Diocty1;4,4'-bipyridinium dibromide (octyl
viologen, OcV) (i70,171) wa; p;eoared in fhe same faehion
as'the‘preceding cOmpound except that l—bromooctane was
used. Other details were identicel. Elemental analysis
for OcV. Br2, C26H42Br2N2 (% Found/% Expected) C,
57.8/57.6; H, 7.5/7.8; N, 5.3/5.2; Br (by d1fference),
29.4/29.5. | E | |
1,1—thep£yi—4,4‘—bipyridinium%diiodide (heptyl

viologen, HpV) (169-171) was prepared in the same fashion R

‘as the dihexyl compound except that l—iodoheptane was

used. Use of the iodoalkane rather than the bromoalkane

~



was prompted by the imm’diate availability of the .
'.former. The red diiodide salt, which was obtained in 75%
yield, was recrystallized as brick-red prisms from 98%
ethanol. It gave a positive v1ologen test with -
”precipitate formation. The diiodide was conVerted‘to,the'
diperChlorate.by method B as waxy, yellow plates (in .
comtrast to all‘the other n-alkyl viologen diperchlorates
which were white).  Elemental analysis for'HpV;(C104)2)
C24H38C12N208_(% Found/% Expected): C,'51.9/5é.l; H,

, : .

\

. 1,1'-Bis(2-propyl)-4,4'-bipyridinium diiodide !

6.9/6.9; N, _4'.9/5.1-

(i;propyl viologen, i-Prv) (122,168) was prepared by

' refluxino O.SHg 4,4'-bipyridine in 15 mL 2—iooopropahe
with stirring for 16 h. A reddish—yellow.solid was
obtained which gave a positive viologen test with
precipitate formation. An attempt to dissolve the solid
in hot 98%,ethanol resulted in a red- solutlon conta1n1ng a
yellow SOlld. On coollng 0. 70 g of yellow SOlld was
obtained. This mat®rial also gave a positive v1ologen
test again with precipitate formation. Elgmental analysis
confirmeo that ,the yellow salt was the diiodide. (dther
viologen g}iodides prepared were‘all red.) The diiodide,
obtained in 45% yield Gas dried at 65°C in vacuo.u.A

portion was converted to the'diperchlorate by method C as

pale yellow crystals. Elemental ahalysis for i-PrViIz,




‘C16H2212N2'(% Found/% Expected): C, 38.7/38,7} H,
4.4/4.5; N, 5.6/5.6; I (by difference), 51.4/51.2. ]
| 1}1-Bislz—hydroxyethyl);4,4'-bipyridihium\dichloride
" (hydroxyethyl viologen,*ﬂev) was prepared by a ’
‘modification of a procedure given by Kazarinova et al.
(117). 5 mL of 2—chloroethaﬁol-was added to a solution of
1.0 g 4,4'—bipyridine‘in 15 mL 2;propanol. The mixture
. was refluxed with stirring for 20 h aftqt which ﬁime.the
- solvents were distilled off. The:product, which gébe a
positive viologen test, was obtained;in 70% yield. After
washing'with'acetone and diethyl ether; it waé
recrystallized from methanol/acetone as white prisms Which
turned pale blue on eprsure to light. The compound was
dried at 50°C in Qacuo. 'A portion was converted -to the
diperchlorate by method A }s white needles. >Elemental
analysis for HeVeCl,, Cj4H;gClyN,0, (% Found/%
. Expected): C, 53.0/53.0; H, 5.7/5.7;lN, 8r8/8.8;\C1; :
22.6/22.4; O (by differencé), 9.9/10.1. |
1,1'-Bis(carboxyethyl)-4,4'-bipyidinium dichloridei
(carboxyethyl vi'ologen',‘CeV). (21) 'w?preparéd by anaiogy
to Michaelis and Hill's synthesis of thé carboxyﬁeth¥;<
éompbupd (19). 5.0 g 3—chlofopropionic acid was melted in
a test tube,o§ef]; Eiéﬁéivf6;5A§';}4'—'ipyridine was added

and the solution boiled briefly (~5 s).\ The hot solution"

was carefully added to 75 mL acetone to whNch 5 drops of

concentrated HCl were added. The white precipitate was

A
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efiltered off and washed w1th gcetone and diethyl .ether.
The produc¢t, which- gave a positive viologen test, was
obtained in 9d§ yield. It was recrystall1zed from
'methanoljgcetone and dr1ed at 65°C in. vacuo. The diper-
chlorate was obtalned as white reedles by method A.
Elemental analysis for CeVsCl,, C16HlﬁC12N204 (% Found/%
Expected) C, 51. l/SMfS- H, 4+8/4.9; N, 7.5/7.5; C1,
19. 8/19 0; O (by difference), 16.7/17.2. ’

1,1 —Bls(cerbethoxymethyl) -4,4'-bipyridinium di-
chloride (carbethoxymethyl viologen, CxV) (2}) was
prepared by q;ssolv1ng 0.25 g 4,4'-bipyridine in 10me 98%
ethanol and,ﬁdéing 2.0 g eth;I chloroacetate. The latter
was preparé@;according to Vogel (118). The solution was
rrefluxed wfth stirring for 24 h. The'pr?duct.was'
recovered by addltlon of diethyl ether to prec1p1Ja€e the
salt. IC gave a p051t1ve viologen test and was obtalned
in 90% yleld. The dlperchloratevsalt was prepared by
methgd B as waxy, white plates. Elemental analysis for
CxV+(Cl04),, CygHypNC1507, (% Found/% Expected): C,

40. 9/40 8; H, 4.2/4.1; N, 5.3/5.3.

1,1 —Bls(cyanomethyl) -4,4"'-bipyridinium dllOdlde
(cyanomethyl viologen, CyV) (21) was prepared by adding
0.5 g of 4,4'—bipyridine to a solution of iodoacetonitrile
in acetonitrile. The latter was prepared by'heatinp 10 g

chloroacetonitrile plus 20 g KI briefly over a steam

bath. The reddish-brown sludge formed was washed with
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small portions of écetonitrile‘to recoveriihe iodo
compound. The solution containing the 4,47:bipyridine was
refluxed with sti?ring for 8 h. On cooling a brick-red
éowder was obtained in 50% yield. The materiél gave a
transient violdgen test before forming a permanent
precipitate;‘ After treatment with charcoal, ig was
recrystallized from water as red prisms. A portion was
converted to the diperchlorate by method B as olive-green !
| plates. Elemental analysis for CyVv.I,, CyoHy1oNgI, (%
Found/% Expected): C, 34.1/34.3; H, 2.3/2.5; N,
11.4/11.4; 1 (by difference), 52.2/51.8.
1,1'-Diphenyl-4,4'-bipyridinium diiodide (168) was
prepared after Emmert and Roh (119). 1.0 g 4,4'-

\

‘bipyridine, 5.0 5’2 Q-dlnltrochlorobenzene and 10 mL 98%
uxed wit“\stirring for 24 h. A yellow

ethanol were ref
\_.J

crystalline solid formed and cooling/l,l'—bis(2,4—di-
nitrOphenyl}:4,4f—bipyridiniu:n;;Ethiide was 63tained in
55% yield{ Mi:.was recrystallized from glacial acetic
acid. This compoupg did not give a positive viologen
test. A dilute fe h?ngllc solution did turn blue- v1olet on
addition of aqujigg “NaOH as per Emmert and Roh (119).
Phenyl.viqlogen was prepared by heating 1.0 g of the 2,4-
dinitro compound in 10 mL 98% ethanol in a watef bath at
80°C. 1.4 g of freshly distilled aniline was added. The

solution turned blﬁe—green and then reddish-brown. After

3’h, 10 mL of water was added and the precipitate which

o



formed was filtered off. The filtrate was treated
repeatedly with charcoal to obtain a yellow'soluﬁion. On
addition of saturated aquéous Nal, a red precipitate O
formed. It was recrystallized from water as red prisms in
20% yield. A portion was converted to the diperchlorate
by method C as pgle orange leaves. Elemental analysis for
_PhV-Iz, CyoHiglgoNy (% Found/% Expected: C? 47.0/46.8; H,
3.2/3.2; N, 4.9/5.0; I (by difference), 44.8/45.0.

2. Diquaternized Salts of 2,2'-Bipyridine
‘ The structures, designations-and‘formula weights of
the: diquaternized salts of 2,2'-bipyridine that were used
in this work aée éiven in Table 13. The procedures used
to prepare and pur§f§ these compounds are set forth in the
, _ .
following paragraphs. UV spectral data for these
compounds, together with déta from the literature are
collected in Table 14. The methods referred to as A, B’
and C in coqgiztioh with preparation of\the diperchiorate

salts are given at the end of this section.

6,7-Dihydrodipyrido[lj2-a§2',1'-c]pyrazinediium
dibromide (diquat, DiQ), was prepared by reacting 2,2'-
bipyridine (G.F. Smith) with 1,24dibromoethané according -
to the procedurg of Homer and Tomlinson (123). The salt,

which was obtained in 65% yield, was recrystallized from™

aqueous acetone as pale yellow needles. It was dried at




Table 13. Diquaternized Salts of 2,2'-Bipyridines="

’
n Common Name (Abbr.) X~ Formula Weight
2 Diquat (DigQ) Br~ 344.07
C104- 383,16
3 Triquat (TriQ) Br~ 358,07
’ ClO4- 397.19
4 Tetraquat (TetQ) Br~ 372.10
ClO4- 411,20

123
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N Pk %
2'-Bipyridine. ’“e‘?’ I |
43 e
Tt 1t
n}' ."la"l,:.
cpd X~ ep04 M len™! A
DiQ Br~ 1.92 310" aq.
Cl0,4~ 1.98 310 " 5% AN
clo,” 1.96 310 5% AN
Br~ 1.90 310 Ref.. 123,
TriQ Br~ 1.55 288 aq.
Br~ s 15 288  aq.s ’
Br~ 1.54 288 ' aq.
Clo,~ 1.57 290 © 10% AN
Br~ 1.56 287 *  Ref. 123,
LA
TetQ 2 Cl04” 1.35 276 .., #0% AN’
clo,” 1a) « 36 270y 0%
Cl0,4~ g <38 276 5% AN, ,
Br~ .0350c 275 .. Ref. 12%," ag.
]
+2nm, .

This work except where noted.

Elemental analysis corresponded to Cpde1/3 HBr.




L8

i shlny,1wh1te needles..ﬁ@ie

“d50°Coin vaCuo: A portlon was converted to the

ddlperchlorate by method A as long, whlte needles.';
_'fElemental analy51s for DlQOBrz, C12H123r2N2 (% Found/%
:"Expectedz c, 41 0/41 9- H, 3. 5/3 5; N, 7.8/8.1; Br (by

o

. ,dlfference), 47 . 6/46 4 (The anhydrous d1brom1de is qulte

v“~fhygroscoplc and the sample was observed to gain welght

| qulckly ) Elemental ana1y51s for DlQ (ClO4)2,
'c12H12N2c1208 (% Found/% Expected) .37, 4/37 6;
3.1/3. 2;, N, 7. 5/7 3.‘ - . o h "

-7, 8—D1hydro GH dlpyrldo[l 2 -a: 2' --c][l 4]d1azep1ne-
dilum dlbromlde (trlquat, TrlQ) was also prepared ‘
accordlng to Homer and Tomllnson (123) and vas. obtalned in -

“70% y1eld It was recrystalllzed trom qpthanol/benzene as’

" & lemon- yellow powder and drled at 500 C in. vacuo. jA;lf' .

iportlon was converted to the dlp: chlorate by method A as

’C13H14Br2N2 (% FO nd/% Expectedi
3, 9/4 0; N, 7. 5/7 8; #ﬁf(by differenc

'Elemental ana1y51s for TrlQu%C1o4)2, C13H14N2C1208f373

(% Found/% Expected) g, 39?2/39,3h H, 3r5/3'6J,N,§§fﬂ

7. 1/7 2.

{

¥6,7:8,9,-Tetrah}‘drd py dO | —c].[l 4]-— -

TetQ) was also

) The crude dlbromlde
: b

,w?was dlssolved in water and treated w1th charcoal. “The
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diperchlorate salt was recoyered*by method A as white -
needles. Blemental analysiS’for TetQ?(ClO4)2,

| 614H16N2C1208 (% Found/% Bxpected) ‘C,t40.8/40.9; h} : ¢
3. 9/3. 9:. N, 6.9/6.8. ’

4

3. Diquaternized Salts of 1,10-Phénanthroline -

'The structures, designationsiand formula?weights'of
‘the dlquaternlzed salts of 1, ,10- phenanthrollne ‘that werev
-used in this work" are llsted in Table 15. The procedures
used to prepare and purLfy these compounds are glven in
‘the followrng paragraphs ‘As before, the’ methods referred
to as A, B and C in connection w1th the preparatlon of the

»dlperchlorate salts are explalned at the end of this
Fa v g

-

sectlon. . & o ' . | o
5,6—Dihydropyrazino[1.2.3.4—1mn]—1,10—phenanthro-
linium;dibromlde (diphen,vblP) was prepared accordlng to
j Summers (125) by the reaction of 1,10- phenanthrollne
h(Flsher) with l 2- dlbrompethane. It was obtained as a

mustard—yellow solid in 70% yleld. After recrystalllza—-

tion from methanol/benzene,'lt was dried“at 50°Cvin‘h o; » ’ffw
nggg, The dlperchlorate was prepared by method A as i ;
rust colored needles. Elemental analysxs for DlPoBrzh’»f' Lo ?5
,“C14H12N28r2 (% Found/% Expected) d - 45. 5/45 75 mﬂfifi* ) ,:*. ;n
3;2/3 3 N,-7 3/7 6; Br (bg difference),\M4 0/43 4~‘;f‘m _-'il»t

Y
SH 6 7#D1hydro 1*4 d1azep1no[l 2. 3 4= lmn]Ol 10-phen—

_sw o L L ’
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n Common Name (Abbr.,) X~ Formula Weight ,/
2 Diphen (DiP) 368.07 -
‘407.16
3 Triphen (TriP) 382,10
3y . 421.19
A




anthrollnium dlbromlde (trlphen, TriP) was also prepared
accordlng to Summers (125) in 70% y1e1d’~‘1t was

recrystalllzed from methanol/benzene as brlght‘yellew“*“

crystals whlch were dried at 50° C 1n vacuo. Aﬂportion=§asg
converted to the - dlperchlorate by method A 5& white
needles. Elemental analysis for TrlP-Brz, C15H14N23r2
(% Found/% Expected): C, 47.1/47.2; H, 3.6/3.,7; N,
7.3/7.3; Br (by difference), 42.0/41?8.'

Both diphen and triphen were. found to eXhibitv}
| prgnounced negative deviations from Beer's law in,adUeOus
soluticns; In an attempt to‘avoid,thislproblem, molar o yyj
absorpt3§ities were‘determined in-acetonitrile. Thev
resultszﬁ» shown in Table 16 together w1th comparable :
values obtalned by Hunig et al. (L24). Results are in 4 : %v'

‘best agreement for'those peaks whose absorpt1v1t1es

S

display the least concentration dependence.

4. Conversion of Bipyridinium‘Dihalides to Diperchlorates

All-of the bipyridinium salts used in this work‘were

initially_obtained~as dihalides. 'While these salts were

sufficiently soluble in DMSO the 'same was not true'in_'
racetonltrlle with the exceptlon of the d110d1de salts.
'The presence of\tue iodide 1on 1n the klnetlc experlments
was deemed unde51rable due to the p0551b1e react1on with

d1oxygen;to_produce ;od;ne whlch,would 1nterfere~w1thvthe.

g I3

&
< b



Table 16.. UV Qpectral Data for the Diquaternized Salts of :
\ v 3 I

23

1‘10-Phenanthroline in Acetonltrlle.

Diphen
-, This Work ' Reference 124
. - ,
. [DiPl/p:  54.8 . 32,90 . . ?
5 4 -1 -1 4 -1 =1 - A =1 -
Amaxa €/10% M™'cm™' - €/10% MT'cm xmax €/1Ov M~ 'em
212 " 3.88 4.04 210 ~0.410
228y 2.14 2.14 225s 241
282. - 3.66 3.83 B} 3.9
310 = - 1,06 1.10 , 308 1.2
324 0.60 0.59 - 321 . 0.6
.1 ‘.v
J
Triphen : \ .
i This Work . . Reference 124
[TrlP]/pM 49.6 29,8 2
xmax _’ /104 M= e~ /104 M~ len~? Nax  €/10% M Ten!
;$6 2.88 2.90 213 3.0
230 2.19 , 2.20 228 253
284 ~ 3.54 3.64 - 283 4.3
312 1.3 1,15 314 ~ 0.85
324s 0.58 0.58 . 325s - 0.62
a. £2 nm. ' o N
b. The factor-of-ten difference between this result and that of the

present work may be due to a typograph1ca1 error in the value of 1og

€ given in - reference 124,



electfochemical measurements. To.obtain salts that were

soluble in_acetonitrilg, the dihalides were converted to
diperchlorates. Three.methods'were_used~to/accomplish'

this conversjon.. Method A, due to Michaelis and Hill
(19),‘inVOIVed initial preparatién of the dipicrate

salt.L To a hot;aquequs solutién of ‘the dihalide, an
excess of aqueous picric acid was added. AThe solution was.
Boiled and, if necessary, wétef‘added to dissolve the
solid. Upon cooling, the’dipiéfate was obtained as yellow
£b orange needles. The diperchlorate was obtainéd by
suspending the dipicréte in acetone and gdding'a few drops
of concentréted‘HClO4. 'Ultrasonicatibn hastened the

, éonversion. The diperchloraté salt obtained was dissolved
in ﬁot ethano¥ or ethanol/wéter, treated with charcoal and
filtered while hot. Upon cooling, ¢he diperchlorate was
obéaihed usuallyras»Whiﬁe needles or prishs,' The
“compouﬁds were dried at 65° in vacuo befofe use.

In the‘case of viqlogens wiﬁh large’non-polaf
éubstituents, the perchlorate‘salts were too solubie_iﬁ
acetone to'suécessfully applylﬁethbd A. *in theée-éases,
the dihalide was recrystallized from ethénol'or
ethanql/water contain?ng a 20-fold excess of'LiC104
(method B) or from watefhcontaining a 20-fold exéess of
NaCl04 (method C). Iﬁ'either case, solutions were treated

-vwith charcoal and’filtéred while hot. The diperchlorate. B



salt obtalned upon cooling was recrystallized from ethanol

or ethanol/water and dried at 65°C in vacuo prior to use,
Whlle the hazards ass001ated with thevhandling and
use of picric and perchloric a01ds and thelr salts are
well known (126,127), no untoward incidents were
encountered with the compounds descrioed in this work.
Potential hazarde were minim&zed by preparing'and handling
the compounds in small quantities (<500 mg).

Pt X

D. Solvent and Miscellaneous Reagent Purification

A
Reagént_grade‘dimethylsulfoxide (DMSO, sulfinylbis-
[methane]) was vacuum dlstllled from calcium hydrlde.
Dlstllled water was redistilled from alkallne

permanganate. Acetonitrile‘(AN) (Caledod, non-Uv gradeY

4

was purified accordlng to the/ﬁethod of Walter and Ramaley

'(128) This procedure involved refluxing with AlClj
followed by rapid distillation, ;hen refluxing with KMnO4‘
plus Li,COj follerd'again by rapid.dlstillation and
finally‘réfluxing over.KHSO4 followed by rapid <
distillation. The solrent obtained‘was‘then fractionally
distilled from CaHy through a 50 cm Vigreux colum; at 50
mL/h. The fraction bo1l1ng from 80 to 81l°C (aE amblent
atmospheric pressures ranging from 680 to 720" torr) was

’ \,\4, ‘.
retained. Yield for the purification procedure was on the

)
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order of 60%. As the procedure was lengthy and tedious,(

it was worthwhile to recover and reuse the solvent.
Dlscarded test solutlons contained tetraethylammonlum per—’
chlorate (0.1 M) and usually acetlc/jcid (1.0 M) plus a '
small quantity of the teg% compound (~ 10-4 M).
Acetonitrile could be readlly separated “from the other
componengs\of the recovered solutlon by fract10na1
dlst;llatlon:\ In carrying out this distlllatlon, it was
himperative that the flask not boil'dry as the residue was
potentially explosive. A safe procedure con31sted of
first rapidly dlstllllng \he acetonltrlle from the
recoyered solutlons using a water bath to heat the still
pot. As a precautionary‘measure, this-distiilation eas
carried out in an.encloseddfume cabinet.v The recovered
solvent was purified for re-use by fractional distillation
to remove acetic acid.carried'over in the rapid |
distillation. A second fractional\distillation, this time
over CaHé, produced SOluent of a quality similar to that
obtained by-purifying the commercial solvent. |

UV spectrophotometry proVided a convenient means of
monitoringdsoivent quality. The purified solvent was
transparent down to 220 nm, ‘Absorbance rose below 220 nm
and typically ranged between 0.15 and 0.45 at 200 nm. In
all cases the UV,cutoff (defined as the wavelength at

which 'the absorbance eduals-l) was less than 200 nmi



Residual current-voltage curves revealed the presence of a

| trace -of an oxidlzable impurity at El/z = +1 lv vs SCE.‘

'.The solvent was otherwise’ freé of electroactlve

1mpur1tLes. The useful potentlal range was 1.9 V vs SCE.

- As DMSO was used in much smaller quantities and as‘“
the purification procedure was straightforward, no attempt
wae ﬁade to recover this eoivent. {;

Tetraethylammonlum perchlorate (TEAP) was. prepared
from tetraethylammonium bromlde (TEABr) and sodium
perchlorate by a modification of rhe method of Koltherf
and Coetzee (129). 'To a hot, aqyébus/solution‘of 2 M
TEABr was added an equal amount of 2 ﬂ!NaClO4- Charcoal
ﬁas added, the solution was heated to dissolve the saft
and the mixture was filtered whiie hot. The whlte
crystals obtained on cooling were filtered off and washed
with small portions of ice-cold water until the wash water
~was free of bromide. The salt was recrystellized once
more from water.and the washing repeated. It was dried at
65?C'in vacuo before use.

I'Thelsdlvent recovery procedure also made it‘pqssible 
to reeover the TEA?.electrolyre. As bipyridinium ;alts
coprecipitated Qith the TEAP, simple recrystallization
frem water did not suffice to purify the latter. To
remove the bipyridinium salts, the TEAP was dissolved in

hbt 0.1 ﬂ_NaOH,_boiled for 20_minutes, neutralized and

K



treated with charcoal. The salt obtained on cooling was

recrystallized twice from water apd dried at 65°C in : .
vacuo. The pure salt was found to be tfanspareht
BALA L
throughout the UV-visible range.

Glacial acetic acid was purified by freezing out
portlons using a thermoelectric cold plate (Stir-Kool
Model SK-12, Thermoelectrlcs Un1{m1ted Inc,, Wllmlngton,

DE). Sodium perchlorate monohydrate was dried at 110°C

before use.

E. Description of the Kinetic Experiments
. ' ‘

For the experiments in acetonitrile, a 5 x 10~4 M
stock solution of the diperchlorate salt of the bi-

pyridinium compound was prepared. A five-fold dilution o

was made and TEAP was added to a final concentration-ofin*
0.1 M. A cufrent—voliage cﬁrve for the dilute solution in
the absence of dioxygen was recorded at the glassy cérbog
(GC) RDE (see_Figuré 24). From this curve, half-wave
potentials for the firs; and second reduction Qaves were
determined. Limiting curreﬁts were measured as a function
'af rotation speed for both waves. From these datah Levich
plots were constructed and the diffusion coefficients of
the dication énd the cation radical wéré calculated as

described in Chaptef‘VI. Once the data for the Levich
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fplotiAygre-cof!gcted, glacial acetic acid was addsd to the

test solution to a final concentration of 1.0 M. The

'solqggbﬁ

"oxygenated and another current-voltage

curve reco¥ded. Finally, dioxygen was admitted to a

3
v

concentration of approximately 50 uM and another current-

voltage curve recorded., A iypical set of cﬁtrent-voltage

. cuyves, obtained for methyl viologen, is shown in Figure

24, The curve recorded in the“presence of dioxygen was
used to select a potential for the kinetic runs. The -

choice was governed by the need to measure the limiting

current for catalyst reduction without significant

»

interferg rom difect didxygen reduction. For’example,
from the ¢ sgrecorded for methyl viologen (Figure 24),
-0.60 V vs SCE ;as selected as the disk potential for the
kinetic measurements.

The kinetic runs were performed.at thrée different
catalyst conéentrations,’Qbe actual values used depeﬁding
on the reaction rate. Catalyst concéhirationé‘ranged from
3 to 800 WM with typical values falling between 50 and 100
uM. For each catalyst concentration, the limiting current
for catalyst reduction was measured in the absence of
dioxygen and in the presence of three different dioxygen
concentrations. The latter were selected to be’ roughly
equal to 0.5 Cp, Cp and 2 Cp where Cp.is the bulk catalyst

concentration. Currents were measured at five different

~
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\gv rotation spegds: 400, 900, 1600, 2500, and 3600 Tpm. The
same sol,ution was used for the four sets of mcuurementa,
d1oxygen concentrations were adjusted by sparging with the
- appropriate gas or gas mixture.

The GC RDE, which was used throughout the study, was

cleaned and polished at the beginning of each’
experiment. The procedufé used is given in the first

section of this chapter. Prior to each series of current

+measurements, the electrode potential was manually .
¥ X y

switched between $2.0 V vs SCE at ~1 Hz for § cycles. The

.

electrode potential was then set to the value required for

the 11m1t1ng current measurements. Currgnts were measured

~

ﬁlrst in the absence and then in the presence of

n’i”

L
e

d&qugen.& Barometq#% dxﬁssure at the time of the

B
- " o *’ e

'feﬁfarl

vr‘ v“*

wwa i%@or&ed use # calculatlng dioxygen
VL iR o

*f‘tedfat least once. - A typ1Cal current time trace
R < 4 :

f:apgparSenn Flgure 25. Current measurements made in the

2 ’=pre§ence of dleygen exh1b1ted a significant negative

dBlft. The rate of the dr1ft was. proport10nal to the

»

current flow but it was larger than could be accounted for
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Figure 25. Catalytic Current Recorded as'a Function of Time
at_Selected Rotation Speeds for the Methy%
Viologen/Dioxygen Reactiom. 84.5 uMv Mev<t, 0.1 M
TEAP, 1.0 M HOAc in AN at the GC RDE. Ep = -0.60
V vs SCE, 25°. Dashed line is an extrapdlation
tot =0.



“f‘by consumptlon\b{\dloxygen.' Cycllng the electrode . d; 5
4 %
potent1a1 between 2.0 V as. descrlbed(above, restored the'

;~ior1g1nal current level Thls suggested that the source of.

W
: ¢

”fthe drlft was some form of e}ectrode pa351vat10n.~'A‘

i

L e
“sllght negatlve dr1ft was assoc;ated w1th current

_measurements made 1n the absence of dloxygen but 1ts

h Table 17. /That EOund for pure DMSO

; w1th the l1terature value.

1

[y
2

'magnltude wasccon51stent wlth consumptlon of- the oxldlzed

A y

form of the catalyst.» As the observed current drlft was

r

wfalrly llnear over the three to five m1nutes requlred to

record a current t1me trace 51m1lar to that'wn Flgure 25,

the useful expedlent of extrapolatlng back to- t '0 was
once agaln employed Flgure 25 shows how this was ~done.
The calculatlon of the rate of the solutlon reactlon from

the measured currents is descrlbed in the next chapter.'-

’ - - | X . R oy e

F. Determination of Kinematic Viscosities =~ = |

u51ng a callbrated Ubbelohde v1scometer (Cannon Instrument

Co., State College, PA) Results obtalned are g1ven 1n

-

s 1n good agieement

>

4 S , C

~

Klnematlc v150651t1es were determlned at 25 0 + 0. l Cv

Lk




Calculated from the data given

[ .
P S

'

»

'Solution:

v

‘;”Table 17 'KinematicivisCOsities of Nonaqueous:Sdlutiphs.‘

0.1 M TEAP in AN
0.1 M TEAP, 1.0 M HOAc in AN
0.1 M NaCl0, in DMSO
0.1 M NaClO,, 1.0 M HOAc in DMSO .
DMSO -

4 . :
DMSO (from Ref. 111)2

Ny &

5 o

.

 §/(10'2 cmz/é)

0.480 .
0.495

b

-1.97

1.85

1.81

y . iR
v ERR P

o

; RS R

for viscosity and density.'
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‘G.J }Determlnation of the lefusion Coefficient of the"

'Meth 1 V1ologen Catlon Rad1ca1

LI
&

yThe d1ffu51on coeff1c1ent of the methyl v1ologen

‘catlon rad1cal was determlned by preparlng a solutlon of -

the rad1cal by bulk electroly51s in the absence of

dloxygen. The ‘RDE electrochemlcal cell w1th the GC RDB 1n

place was employed for thls purpose. The actual worklng
electrode was a 5. l cm by 1 3 cm Urlght Pt flag. The

counter electrode was  an 1solauﬁm, coiled Pt w1re. The

'reference electrode was an aqueous SCE 1solated from the
_test .solution by a salt brldge equlpped w1th a ground

..glass junction and fllled w1th 0.1 M TEAP in

-acetonltrlle. To prepare a solutlon of the catlon
radical 50 mL of ~100 uM Mevzf in acetonltrlle cqntalnlng

v O 1 M TEXP was 1ntroduced 1nto the electrochemlcal cell.

®

;‘After deoxygenatlon for 15 m1nutes, the electroly51s ‘was

carrLed out at--O.ég-V Vs SCE.' Magnetlc sterlng was used

‘7to enhance the -rate of mass transport. Current was'
,recorded as a functlon of t1me ‘and dlsplayed the expected

’,eexponentlal decay. An- estlmate of the half llfe was made

"

“from the decay curve and the electroly51s was- contlnued

for 10 half- 11ves.‘ Total electroly51s tlme was typlcally
Q’ v

1.5 h. Upon completlon of the electroly51s, 11m1t1ng-

currents were meaSured at the GC RDE at 100, 400, 900, and -

. B .

A



1600 rpm. Data were obta;ned for the reductlon of : MeV+'~

(ED = —1 10 v vs SCE) and fox the ox1cation (Ep = 0.0 V vs
.SCE). lefusxon coeff1c1ents.were c&lculated accordlng‘to'

the Lev1ch equation.




CHAPTER V ~ v

KINETIC STUDIES OF THE REACTION OF BIPYRIDINIUM CATION

s

: %p" - RADICALS WITH DIOXYGEN | -‘fnﬁ'

}!‘ . ~
A. Experlﬁgntal Realization of Homogeneously Catalyzed

Dlo_xg_n Reductlon'

.

e, The general thermodynamic and kinetic.requirements
for the EC- catalytlc mechanlsm were outlined in Chapter
II. The particular.case of dloxygen reductlon as'
homogeneously catalyzed by a blpyridlnlum compound
requ1res condltlons.under which (1) dioxygen is

significantly more d1ff1cult to reduce, than is the

',blpyrldlnlummcompound and (ii) dloxygen is a suff1c1ently

'strong ox;dant to drlve the solutlon reactlon
quant12§tlvely in the de31red directlon. :In aqueous
solutlons, condltlon (11) holds but (i) does not (29)
whereas in organic solﬁiions the reverse is usually true
'(30). Saveant and coworkers found that DMSO con%a1n1ng

comparat1vely large concentratkons of added acid (such as

1 M aceti¢ or chloroacetlc ac1d) prov1ded a sultable'

medium for the catalys1s of dloxygen reduction by methyl

viologen (30). The detalled reaction SCheme was glven as._

N

A

L, 143

B
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0" + HA ——-—>/Ho2 + A \ _ (50]
MeV** + HO, +Mev2t 4 HO,™ _ - [51]
HO,™ + HA » Hy0, + A~ : . (52]

?
*

The net solutibn reaction is given by:

f
: k : ; : . . v
_2M€V+. + 2HA + 02 _~—l—*> 2M€V2+ + 2AT + H202 . [53]

PN

The added acid was required to dfivelreaction'f49] from
left to right and thus- create a situation in which the
~magnitude of the catalytic current was controlled by kl

- (30). The large®concentration of ac1d ensuq;s that the
rate of reactlon [50] exceeds that of the back—reactlon

'
- *

’L49]; The rate of reaction [51] was assumed to be fast

with respect to Ky : B . 4§r;yi,
b

iﬂ‘lng cyclic voltammetry at a statlonary glassy

carbon dlsk electrode together with a- numer1ca1 solutlon

,7“'

of the d1fferent1a1 equatlon descrlblng the mechanlsm“;f_'

_L. E N ' . - . b
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appllcatlons

K v

oo

quaveant et al determined *1 to be (2 3 t 0. 3) x. 105

M 1 '1 , The rate of reactlon [49] was of interest to

#
these wOrkers as an example of a. case where the

dexffuszv1tles of catalyst and substrate differed

greatly. The ratlo DO /D ov2+ was found to be éiby

‘in DMSO (30). This dlfference has a s1gn1f1cant effect on

\W

the observed catalytic currents and therefore had to be
accounted for in formulating and solving the kinetic-
diffusion equation. DMSO was chosen as a solvent
primarily because of the better solublllty of methylk ,
v1ologen dlchlorlde.

Follow1ng Saveant et al., the present work began: w1th
studles in DMSO but us1ng amperometry at a - RDE rather than
cycllc_voltammetry,' The resolution between catalyst and
substrate reduction waves observed in DMSO was found to be
rather marglnal, howeve; .An example is shown in Flgure
26 for the MeV*‘/oz>reactlon. To -successfully apply the
EC—catalytic mechaniSW}'it is neqessary;to be able to
measure the liniting current for catalvst reduction
wlthout 51gn1flcant 1nterference from direct substrate

reductlon. Thls 1mp11es sufficient separation of catalyst
i On

' and substrate waves SO that a more or less well- deflned

11m1t1ng current plateau 1s observed. For polarographiC~

OE

'd75 mv has been suggested as a reasonable

-

~ 4. “»-v L
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Figure 26. Current-Voltage Curves for Mixtures of Methyl -
' Viologen and Dioxygen in ‘Acetonitrile; and DMSO.
GC RDE @ 900 rpm, scan 'rgte = 0.5.V/min. '
. 125. UM MeV *,~ss.,umge§;ro.1»n
TEAP, 1.0 M HOAcC in acetonitrile; [Jue{Ju{] :
103. uM MevZ*, 88. M 0y, 0.1 M NaClO,, 1.0 M HOAc
in DMSO. Baselines have been shifted gor '
clarity. : B

A
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(33
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(38). The potential separatlon for the"i'lllev+ /02 reaction.

in acidlc DMSO is at this lower 11m1t (Flgure 26) .
%
" The. marglnal resolution afforded by DMSO prompted%p

'search for more suitable experimenta1¢cond1tlons. The _

¥

searoh hegan‘by considering_the reduotion of dioxygen.;i
There exlsts an extensive llterature on this subJect that
‘has been rev1ewed on a number of occasions (130- 1331 :
From compilations of half-wave potentials for the

polarographlc reduction of dloxygen (130 131) it was found

_that the most negative potentlals are associated with

dlpolar aprotlg solvents. Values for common solvents,

© Y

- taken from the literature (130), appear in Table 18. Of

the solvents shown, only DMSO, DMF, acetonitrile, and, to}

a lesser extent, pyrldln;\‘nd propylene carbonate find

~regular appllcatlon in electrochemical studles. Sawyer

and coworkers have systematlcally studied dloxygen
reductlon in these solvents (109,136). From cycllc
voltammeggx at® GC, Pt, Au, and Hg electrodes, values were

3
obtalned fof "the formal reductlon potential for the one-

" electron reductlon of dloxygen (109); these are glven in

Table 18 From‘Sawyer s results, it is apparent that
dloxygen 1s 51gn1f1cantly more dlfflcult to reduce in DMF,
acetonltrlle and pyridine than in DMSO. While the formal
potentlals for the former three solvents are very 31m11ar,

CathOdlC peak potentlals were generally 100 to 200 mV more

o L N



- +

Table 18, Half-Wave and Formal Potentials for the One-Electron

Reduction of Dioxygen in Various Solvents (from Ref. 130).

>

Solvent Eq,5/V vs aq. SCE
Dimethylsulfoxide -0,75%
Propylene carbonate ;0.77
Methylene chloride -0.79
* Acetonitrile n.s2
Dimethylfofmamide -0.84P
Acetone —0@85
Pyridine ' -0.89
Quinoline —0.96

Formal Potentials for the 0,/0,%

Couple® (from Ref. 109).

Solventd E°'/V vs aqg. SCE
Dimethylsulfoxide -0‘78' ‘
Dimethylformamide -0,86 .
Acetonitrile -0,87
Pyridine -0.88

-0.41

‘Water,(pH 7)

Average of 4 separate determinations.
Average of 3 separate determinations.

From cyclic voltammetry (average of E and E Ye
b . p,c P:sa

- .

Containing 0.1 M TEAP as electrolyte.-

(4
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‘negative in acetonitrile (depending on electrode
material). ﬁiom published work, it was concluded that
acetonitrile was worthy of'investxgatlon as an alternative-
to DMSO. o

| If the additional potent1al separation afforded by
acetonitrile was to be useful, it had to be maintained in
the presence of large amounts of acetic' acid. The results
obtafhed for dioxygen reductdon in DMSO and acetonitrile
in the presence and absence of 1.0.ﬂ_acétic acid are shown
~in Table 19. 1In the absence of acid, the half-wave
potential was found to be 140 mV more negative in
acetonitrile. JBecause of differences in the response to
added acid, the potentlal separation increased to 210 mv
in the presence of 1.0 M acetlc acid. Observed currents

o

doubled on addltlon of acid in both cases gs the electro-
electron reduction. The comparative insensitivity of thé
dioxygen half-wavé potential to added weak acids hag been
observed on a number of occasions inidipolar aprotic ’
solvents (109,134-136).

Results obtained at a Pt RDE are also ‘shown in Table
19.. The half-wave potenﬁial Observed .in acetonitrile is
some 200 mV negative to that observed on GC.
Uhfortunaﬁély; Pt is unsuitable for this application as

- the hydrogeh perbxide produced by the overall solution



Table 19,. Dioxygop Reduction in Acetonitrile and Diméthylsﬁltéxide

i

th

Electrolytes,

Solvent Electrolyte .

GC RDE

Bi/2

ilim

-

Pt RDE
’

Ey/2 ilim

DMSO . 0.1 M TEAP

0.1 M TEAP, 1.0 M HOAc

AN 0.1 M TEAP

0.1 M .TEAP, 1.0 M HOAc

Conditions: Air-saturated solutions at 22°C, 700 torr.

-0/80 Vv 0.16 maA

"0.68

-0.94

-0.89

0.35

1.6

3'1

-0083 V 0017

B
<

In AN, [Ozj

mA

1.5 x 1073 M; in DMSO; 0.4 mM. Electrode rotation speed

900 rpm. Potentials are referenced to an aqueous SCE.

: . N
a. Beyond cathadic limiﬁi,'

&

I4

@
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reactgsn [531?!£ reducible on Pt. Suéﬁ"is not ‘the casegon h

glassy c%xbon (133). o

The more negative half-wave potential'for dioxygen

reductlon observed in aqs;onltrile translated into

T S

substantially 1m?%oved resolutlon betweenﬁcati/;st and

".a‘

substrate waves/as shown in Figure 26. An additional

- . ’/”

# ) , ,
advantage associated with acetonitrxle is the greater .

solubility of dioxygen. Acetonitrile saturated w12?
a\\

dioxygen at 760 torr and 25°C contains 8.1 mM 02 wheneas

1] v

DMSO under the same condltlons contains 2. 1 mM 02 (1Q9)

‘35
The bulk of the experlmental woxXk dggexlbed 1h the pages

G

which follow was performed in acetonltnlle.ﬁ“The results
. i3

of earlier, more limited studles in DMSO have beeni
w e Leow ! L
included for comparison. S f: o ' s x

&, Vel s T - R
. Q&'-r;. Lot L R % 3 o "" T ‘\
» S | " . !
¢t M

B. Determlnatlon of the lefu51pn Coefflcreﬁﬂ of Dloxygen '

1 . e
1

in Aceton1tr11e and Dlmethylsdlfoxlde Qg&utlons  '}3 N
’*,:i - ’ . ,?.,‘ ki . E
N Ny [

Calculation of the numerlcal worklng'EUTVesrfér the

kinetic experiments required knowledge of ﬁhe dlffuslon R

1
A [N

coefficients of the chem1cal,spec1es 1nvolved lefus;on
coefficients for the catalysts and for dloxygen wereb |
determlned by mea3ur1ng)11m1t1ng currents as - a function of
" electrode rotation speed at the GC,RDE and ;hen plotting

the results according to the Levich equation. The

i’
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diffusjon cﬁefficient of diéxygen was determined‘4n 
cohjunction with thbrcalibration of the gas proportioning-
"ﬂsystem. The calibration procedure is described in detaii
in® Chapter IV. Results for the ca11bratlon in
acegonitrile solutions appeér in Tabie 20; those for DMSOV
solutions in Table 21. Also yiven are the slopeswof the
Levich plots prepared  as ¢part of the calibration
brocedure. The diffusion coefficient of dioxygen was.
célculated by plotting Levich'slépes against the measured
dioxygen concentration. The plot obtained from the data
coll;cted in acetonitrile solutions is shown in Figure 27;
that for DMSO solutions in Figure 28. Calculated values
fér the diffusion-coefficient of dioxygén in tﬁese
solutions appeariin Table 22.

As the bulk of the experimental work was done in
acetdnitriie,‘a‘muCh more extensive calibration was'
carried out in rhis solvent. From the data in Table 20,
it can be seen that the reproducibility of the Levich
slopes is $1%. It can be inferred that the .

1)

reproducibiiity of the dioxygen concentration for a given

L4

flow rate ratio is §§ the»same order. Reproduc1b111ty of
the measured dioxygen concentratrOns was slightly poorer
-and, exceptlng thed&hree lowest concentratlons, r%nged
from. +1% to +3%.

Concernlng the diffysion coefficients.fér dioxygen in
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 Gas Mixture

Results for the Gas Prcportloner

a S Flow Rates?

'6QTj

ILeVich(SJQpeb‘

V‘bratlon 1n ‘-

Acetomtnle (o 1 N TEAP, 1.o M HOAc). .

CSLLES

,‘('fufa») |

o (SN PR R
_ % 601 . 600

© U 0.1% 0, 100

100..

-#2f1%'02 100 ..

50

-

100

100

, QO‘;

100 5
100
100

>100ﬁw“
100
100

100
100
100

n'.

1Corrected to 700 torr. total pressure.

£0.88
2,13

. 4. 04
7 48

11.13.
14.38

"1’6..‘94
L23.98r

31,14

. 48.8 ¢

6'9” 0

 -',97 5 -
123.6

A

for 4 determlnatlons.‘”

£0.06 . T2.4
0.32. 5.8

c

yr ¢+

I+

“H'

+

‘L+

RN

RETI

;/ﬁ" .

0.05 © .17.3

0.06 30,5
0212 42.6
0. 14\ 54;.5'

0304 ; - 68.3
0.2t 97,7
o .‘22 . 1 23.8

1.3, 200 * 6
0.6 280%+9
1.0 ... 486 # 6f
1.6 526 %

e

o

»

:The numbers 600 and 601 refer to the gas proportloner rotameter

.

Flow rates are glven din arbltrary rotameter unlts.

Average +95% C I.

M

I+

e

S

e
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‘?able 21, . Results for the Gas Proportioner Callbratlon lp Dlmethyl-

sulfoxlde go 1 NaClO4, 1.0 M HOAc).

i . . : KR

p

Levieh:Slope' f-'[ozﬁb

Gas Mixture® =~ =~ Flow, Rate

800 60 . 00 601 (m M ) __ (),

‘_,,

‘100 150 10.2 1145
LT .01500 150 143 69l

. ::L,““ . " » .
SE 0 150 . 35,7 12
o ” ’: . P EZU¢ -
i, &
B e ;

‘a. The numbers 600 and 601 refer to the gas proportloner rotameter

*

‘b, Corrected to 700 torr “total pressurep

S g . .
« o . .

tubes. Flow rates are given in arbltrary rotameter unlts. ' *
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Figure227.

50.0
0.0

L I

100 0o

Determination of the Diffﬁsion Coefficient'of C

- Dioxygen in Acetonitrile, 0.1 M TEAP,.-1".0' M HOAc,

'25.0°. Calculated values of the sloﬁfm intercept

‘ and diffusiqn coefficient appear in Table 22

. &
N e /-
. . . . * . o
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Figure 28.

~'100.0 - 200.0 3000 400.0 500.0 '

¢
*

Dgterm@patioﬂnof‘thevbiffusicn“Coefficient of

Dioxyged'in‘DﬁBO.: 021 M -NaClO4, 1.0 M HOAc, o

.. . 25.0°, " Calculated values of the slope, intérceﬁ%&' L
‘and diffusiocp’'coefficient appear in Table 22. :

.

..k' .



Table 22. The lefusion Coefficient of Dioxygen J.n Acetonittile and S N A:l.
Dimethylsulfoxlde Solutions. Ry
‘. . » ,
g
i) 'Acetom.tr:.le (0 1. M"TEAP, 1. 0 M {-IOAc)
Slope: ©(0.248 +:0.005] ma‘s‘/.zypm-
Y Intercept: . (0.0 + 0.60) VA 3-;1{‘/2
L o ] :
~~  Correlation: 0.9998 E o g
D: (8.40 +0.26) % 1075 cm?/s S 4 -
Y “ d -

<«

Results 4o5# C,1, f'rom weighted le‘as‘t-squéres_;ana{:}yéis O%ﬁt@'@-/ e

in Table 20 (plotted in Figure 27). 'D calculated using n = 2, A

‘#04Q58cm,v—495x103cma/s S R
ii) Dlmethylsulfoxldé" (0 1‘M NaClO4, 1.0 M H’ ‘ e o
" Slape: | (0.084* + 0, 003) A 51/2/m B
R o 3
9 ‘. T 1/2
.Intercept: . CK(O 45 +»O 80) PA s ,
2, %
Correlation: 0,9999 *..° " ;
. W, . e }‘ o L . . ) ) . .
p: 1o ‘5(2 36+ 0.12) x 197 5'cm /5 S
Resul{s +959s C Iglfrom least-squares analysis of data in ’l’pble
o \ -
-t 21 (plotted in Flgure 28). D calculated vu51ng n#2, a 0. 4458
. -~ : , N ! ”‘% o N
. . : D BT o ,
‘ qm2 and v = 2.703_ x_l\h:z\cmz/s. C /
~ ) : : o (- .



' fcomparlson w1th those obta1ned 1n the present work

_Treactlons' S R Ce e 4

~ fay ) - "n*‘,. o

nonaque‘ps SOIVents, very few results are available for

.ﬁ;In

Y ‘,Wn

7DMSO, Johmsqn et al. found a value of (2 8 0 5) x 107 5

% e
emz/s;u51ng d c. polarography and the Ilkov1q equation

(137)./ This is in reasﬁhable agreemgnt w1th the value o£
(2.36 £ 0. 12)Ix 10 5 cm2/s measured in thlS work."; |

aceton1tr1le, Kolthoff an%‘qutZEe found that a value of

q ey

»

6.7 x 1075 cmz/s was con51stent with polarograph1c results
~for dloxygen reductlon (110). Thelr value‘was arrlxed‘at )

‘us1ng the dlffu51on cqgffxcient measured 13. ueous

A

solution together with the v1sc051t1es of water and

o =

acetonltrlle. The value obtalned in thls work, (8.4 +

a

0.3) x 10 5 cm2/s, is not that far removed from their

. L . — Lv . : .
est1mate.~ ‘ : _ ' : . o
N . - o BN 2

“

; ’ . ¢ ! - ’ . ‘ . ; ‘ ‘ ‘A' , ) “\b) .
c. 'Kinetic Studies Eglkge quuaternlzed Salts of o

< -

[

4, 4'~Blpygld1ne in Acetonltrlle,

H o

The .procedure employed.in.making‘the experimehtal
. . » -

‘measurementss was described in Chapter Iv. Fromféurrent-

L8 v
voltage curves, examples of wh1ch appear in Flgure 24,

half “wave potent1als were obtalned for the follow1ng

¥ '3£54f1' N
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’,r :n

was also measured 1n the presencefﬁ& 1 M acetlc ac1d

v

these values also appear in Table 23, Reductlon

of

*‘as the onset of hydrogen ion reduct1on obscur‘ed the

"

11

~

ﬁgr the reactlon [49] w1ll be il

. ﬂ

-
vi

'CO

experlmentally mgasured llm“tlng

S

Ta

-
‘wa

oo

potentlals are 10. to 20 mV more . negatlve in the preSenée

;

the ac1d Half -wave potentlals‘for reactlon [55] could

*

¥

m1t1ng current plateau for the second wave.
The procedure used to - calculate the rate constants kl

trated by considerlng

e results obtained for th‘h ion of thg methyl

ologgn cation radlcal MeV*' wgth dloxygen. The
y

ncentratlons of catalystjagﬁ eubstrate used and the
, . ‘-

‘=

ble 24.- The dlf.fus‘lon gfr‘c’ent f“.

s calculaﬁid by pdot

rrents are',glvep\’ln -

*not be rel1ably estlmated in Qhe presence of acetlc ac1d hu%f

T

Cav
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‘ Table 23, Half-Wave Potentials for th‘piquaternized Salts of ’
kY i 4, 4'-Bipyridine 1n Acetonitrile (0 1M TEAP) vs SCE-
- £
: :Compound -E Cy ~E
- Compour / 1/2. . /2 1
. 3 ’ (1.0 M
L MeV .0.45 (0.4593:P . 0,86 (0.87)a:P Q. 45 A
HeV - 0.44 40,87 0.4;5
. : RS o ’ n“ .
: CeV € CL =G wo 2: s
9 ) . e . o i '1 gﬁ% 2’ *é s ' o ,
' o P R T : Ay 0
ey Y Sma g 003 (BagB L. 0‘“?8 @99 0.3 /’"* IiY
T oxy 0.1 7 0.72 0.32 ‘;& ,
. ~ v “..,-."‘3.’-"«'?‘ F
, ~Phv 0.24 (0,23)P o 55 (0.56)b 0:24 ‘»-). 3
. P I
/\ ‘ ) 3 . .‘\':: . g . ., ‘Q‘ ».,“.:.,‘ s
, LGV 0.18 . q.s? . n ."'4%.__9_;._;.,”.#.:»_ e
i £ e *
ey o w00 v uptin TN
. ; . ) : o‘,
i-Prv 0.45 (0446)P" -o 88’ ‘ei)b o. < L« et
2 . o ) ) ; Y
' ] - u
. _5 A I .
B 0:44 RN v ARely
: . - ’ “ * N e . ‘ ".) .
. HxV 0.M4 0.87 ' “ R 0‘.:.45 A, P -
"%. p P o 'L:"“'J» T
J o - b U S h
HPV O 0.44 « . 00‘88 . 0.45 S - \,‘“ '.‘ ":"A\
) R . ’ : ’fm‘ ’ . - » 1: '
- OcV 0.4, ~ 0.87 & Qe85 oo
o \\ o’ v ‘ P *
ad. From Reference 140 using E(Ag/AgCl) vs,E aq.(SCE) = —\7\ 046 \'
. 5 » ~
o ) .
(cited in Reference 140)‘ B
' b, From re‘ference; 22 us:Lng E(Ag/AgC1/Aceton1trile) vs E aq.(SCE) =
) -0; ?9 v (calculated usmg E1/2 given for methyl viologeﬁ in -
References 122 and 1 . E
Ce Compound not soluble,-i;t«he ‘absence of HOAc. ) “
. o ; D ‘ )
\ - * 3
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Table 24, Experimental Results for the Mev+ /02 Reaction in

Acetonitrile.

(2

Limiting Current for Mevmédq.ction
(GC RDE, E = -0. 60 V vs scs)

: &
. . \
[MgV] v [02] .f ‘;Rotatlon Speed (rpm)
) *ﬂﬂ) ™o - w;oo 1600 2500
. S ¢ ‘ < . B
. 56.3 0 12,767 18,8 24,9 30.9 36.9
30 47‘%, 51, é 60.4  67.2  73.6
54 64. 77.5 87.0 ©  94.4  100.8
. Y
97 ¢ 94,5 .112.2  125.1 134.9 - 142.7
o ! gt o
84.5° ' 0 20.2 0 29.7 39.1 48.3 57.4°
43 68,1 87.6 = 101.3  113.0  125,0 -,
69 90.1  112.7  129.0  142.2  .153.1
o 3 ' i
. 124 1410 169.6. 189.8  204.0  217.9
. : : \ .
s ) \\ . ‘
112.7 0 26.0 ' 38.4 50.8 63.00  75.2
54 89.6 .11418  134.1  150.4  163.9
e 97/", 129.2 163.3 ¢ 188.3  207.9  223.7
E e . . N
198 '232.4 ©  286.0 320.8  .349.8 & 372.4
- " . n N .
' - L |
T : -,
= U. ,-4./ i

]
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actual subst

calculated from-the sIOpe of this plot. Results for

methyl viologen and- for the other v1ologens appear in
Table 25.. In the work descrlbed in this chapter, it was
assumed that the diffusion coefficients of the reduced

form of the catalysts (the cation radicals) equalled those

/'measuré! for the oxidized form (the dications).

The d1ffu51on coefflcrents for the catalyst species
E 2%

@

and for ‘the substrate together w1th the catalyst and

suQstrate concentratlons used in the kinetic experiment
were used to calculate a éét-éf working curves relating
the curfent ratio'R to the kipetic parameter K. The
progrdhn ECszc was used for this purpose; a program
listing an& the‘detalls assoc1ated w1th the computat1ons

may“be foundwln x%pendl*w»I. Thf program output for a

’typlcal worklng curve is shown 1n Figure 30. Colrocation

polynomials of degree 8 were used throughout.‘ The.time

requ1red to generate the set-oﬂlnlne workln -curves

LY

required for] a complete kineticTixperimen was on the

ordeyg of ah mour. The overall 2~1 Mev* .02 sto1ch10metry j%é’\

i

for reaction| [53] was accommodated by u31ng “twice the

e cgpcyntrat1ons in the calculation of. the :

(30,9). e o



. Table 25. Diffusion Coefficients of the Diquaternized Salts of

4, 4'ﬁipyridine in Acetonitrile (0 1 M TEAP, .1.0 M HOAc).

ae.. Results calculated by welghted llnear )east-—squares regression.

’ o

Unoertalantlgs glven are .95

i | MQ.

Co'mpou'dnd~ 'ED . - Slopéa' , In::ercept.:a D
(v 'vs SCE}\) (wa s'/2/mm) | (pA). “(10™5 cmz/e) :
MeV 0.60. 34.240.6 0.740.7 1.2240.04. " -
‘ . , N . g
HeV 0.60 31.120.2 0.6%0.2 1.06$0.01
‘Cev 0.60 . 29,7410 2.341.5 0.9840.05
- .
B2V (7 0.55 °  29.840.3 00883 0.9940. 01, '
Cexv " 0.45 z%.éto.z 0.280.2 - 0.9440,01 4:
PhV 0.38 | 30.230.1) 1’;.0?0.5“ ©1.01$0.01
Cyv 0.30 28, o+o'1 o 2.6%0.7 0.9040.01 -

_ : s Y :
n-Prv 0.60 ' 32.310.3 1.6$0.4  “ 10h2+0. oﬁt
i-prv 0.60 32.610.3 0.740.4 1.1310.

‘Buv Y 060 31.820.3 0.8+0.4 1.09;:0.02\'_
HxV . 0.60  30.5%0.3 1.440.3 ©1.03%0.02 °
HpV S 0:60 £ 28.940.7 1.420.4 0.9410.04.

" ooV 0.60 28.910. 3. 10,740, 2 0.94_:0.01';
R} ~ ce



a*&'Socond -0m
SRty nt they otittng Dltk Electrode

Uorking Curvos by Orthoqqnal Collocntion

- Dioxygen Reagtion in Acetonitrile.
of the program ECR2ZWC, whic
these " results, apbtgrs in Appendix I1.

S

.

13 EC Catalytic lochuniam*tt .

y o

q 11 AUG'BB
egree ofgcollocation polynomial (12). 8
iffusion coefficient for species P. , 0 l}B . =
diffusion coeff’cient for species O 0' B8 ¥
Sy
Enter diffusion coefficient for species A, 1.000
Enter normalii’d concentration of specigs A, 1.073
Enter D/v ratio 0.000
Enter cgnvergence criterion. 1.000E-Q8
Log(k) Current Ratio Cat. Efficiency Nits
-1.500000E+00 9.432492E-01 5.607203E-02 3
- -1.400000E+00 9.3801330E-01 7.000463E-02 3
-1,300000E+00 9.1441094E-01 B 722287E-02 3
-1.200000E+00 8.957937E-01 1.08414¢-01 3
1. 100000%*00 8.739843F-01 1.343637E-01 3
-1.000000E+00 8.488557E-01 1.659427€-01 3
-9.000000E-01 V8.203420E-01 2.041042€-01 3
-8.000000E-01 7.886087£-01 2.498192E-01 . 4
. -7.000000E-©1 = 7.539750F-01 3.041044E-01 4
. I00000E-01 7.169841E-01 3.678761E-01 4
; *9.,000000E-01- 6.,783253E-01 4.419562E-01 5
-4.000000E-01 6.388206E-01 5.269195E-01 5
-3.000000E-01 5.983042E-01 6.231143€-01- , 5 .
-1.999999t-01 5.605884E-01 7.305126E-01 6
-1.000000E-01 5.233446E-01 8.488230€-01 -6
0.000000E-01 4.881102E-01 9.773698E-01 7
1.000000E-01 4.552892E-01 1.115010E+00 7
2.000000€E-01 4.251222E-01 1.260266E+00 8
3 3.000001E-01 3.976909E-01 1. 411478E+00 8
~ 4.0000006-01 3.729858t-01 1.566699E+00 9
: 5.000000E-01 3.508607E-01 1.723506E+00 9
. 6.000001E-01 3.315115E-01 1.879298E+00 10
- 7.000000E-01- 3.144222E-01 2.032094E+00 11
, . 8.000000E-01 2.995651E-01 2.179088E+00 11
9.000001E-01 2.867758E-01 =~ 2.317843E+00 12 +
1.000000E+00 2.758034E-01 *  2.447130E+00 . 13
1. 100000E+00 2.665130E-01 2.564923E+00 - 13
1.200000E+00-  2.587394€-01 2.669984E+00 14
o 1.300000E+00 2.522587E-01 . 2.782521E+00 14
fo 1.400000E+00 2.468936E-01 - ,2 842804E+00 - 15 L ‘
1. soooot)poo 2.425357¢-01 moszegkg A8 e e,
¥ o E S A N, S U
i % a . ] S . “‘r’q e .%
P . ;o .
Figure 30. Sample Working: Curve for the Methyl Viologen/ ™

A listing
was used to compute



, the program KPRCAL (Appendlx I1) \lethln the program,,

RN v RS AR R

*

o’ ' o '
ratios. For the MeV}°®/0, reaction, the following

background currentsiwere found:

f B
[MeV] IR T
56.3 M 0:5% LA
84.5 . .1.51
. 112,74 . 1.16

These values ranged from 0.3% to 7.5% of the observed.'
currents. For each experimentalbrun,'corredted currents

together with the approprlate working curves were . 1nput to

current ratios were calculated and the correspondlng

kinetic parameters were estimated from the working curve

by three-pointaor four-point Lagrangian interpblationﬁ

The complete set of results obtained for the MeV*'/o

reactlon is shown in Table -26. =~ + . - =~
. ) o 2 . ' . L
To determine the rate constant klr the three values

)

of . the kinetic parameter obtalned at each rotatlon speed

»

(Qne for each dloxygen concentratlon) were averaged. The
average values were plotted against ‘the quantltyhlhevl/m

accarding to the definition of the kinetic parameter: -

! ®
o ‘ : °
> [ :

L3 : ) i
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. Table 26. Calcunlated Results for the Mer’/Oz Reaction in L T
N E Lo~ . N NG . : * . . o

2 . N - ‘2\
Acétonitrile. - o I o R ,?/
: o ¢ ' R ’ /
r . . ‘ : 5] . :

vKipetip Parameter as a Function of Catalyst and Substrate R /

S . T L \ . ¥ \“
Concentrations and Electrode Rotation Speed.’ . - : . }{ N

\ . S . . . . £
N g R ; : C | FEEET
ver ’ o - ' e . . . ‘,“. //’
[MeV] " [0,] ‘ , Rotation Speed (rpwm) . REY o
. N T p T -' ‘ -‘ ‘ ‘1..». f,, /A
M) C (@) 400 . 900 1600 . ° 2%00 - .3600 - ./
. . i A S
-\ 56J37 30 6,70 3,00 . 1.85.  1.26 0.94 /
¢ N . ) i - ! G . . ‘ .
. . 54  g.85 v 3.82  -.2.22 7 1,48 % 1,07 /.. -
‘ ’ ) ' ’ . ' Pt o . { '
_ 97" - 8.80 4,04 2.43 1.65 1.23{_*‘»
- : N ~ . . . . ’ N ' ¥ BTN
: Avg. 8.0 ° 3962 2.17 1.6  1.08 - oS
4. X 1.2 0.55 29 0.2 0/14 '
. . s N 0 5§ 0.29 0.20 {f C
: N . : . ;;, c : &F
84.5 43 " 11.30 4.87 2,72 - 1.83 //‘1;41 /
69 9.15 . 4.31 . 2.57 1,76 2/ 1.30 . °
124 S 11.32 5,02 2.95 1.96 /1 1.466 . 4
Avg. | 0.6 4,73 2.75 1.85 .- 1.39
y N K e i i /o .
s.d.i 1.2 "0.37  .0.,19.  0:10 0.08
_ _ A . 7/ E
112.7 , 54 - 15.47 5.69 3.i8 . J2.m 1.51
' 97 11.55 5.44 3.27 ./ 2.2v - .61
. : /- ‘ ,
198 18.26 .  8.05 4.55 / 3.05 - 2.22
CAvg. - 15.1 7 6.4 3.67/  2.46 .. 1.78
s.4. 3.4 1.4 0,77 - 6.52  0.38
, TR | A ,
,"‘ ~.
-~ /[, ) ~
. \ 5 )]
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.The-plot appears 1n Flgure 31. The raee'constant was

i

'calculated from the slope of the plot glven that for the
"ac ton1tr1le solutlons &/DA)I/3 = (4 95 X 10'3/8 4 x.
10"5,1/3 = 3, 89. The value obtalned for ky for~the K

' : et :

MeV*ﬂ/Oz reactlon was (l 40 \0 05) % 106 M’ls‘i

Though the scatter in the values/og.k shown in Table

.?G’is con51derable,‘espec1ally at the 1ower rotation
‘T‘Speeds, the mean values as\plotted in Flzure 31 fall
_’.satlsfactorlly along a stralght line. Maklng measurements
{at three different substrate concentratlons for each T

catalyst concentratlon was well wo;th the addltlonal ;

effort. That the same slope, and therefore thq same valuebl

+

of kl, is observed ‘at each of the three catalyst
A

concentratlons employed is ev$?ence “of the validity of the
“,mechanlsm proposed by Savéant ‘et al. (30) which is

descrlbed by equatlons [48{ftb [53].- o,

As the varlances assoc%ated with the average values

e |

of k were hot constant as. a/functlon of rotatlon speed, a

'welghted 11near least squa#es procedure (138 139) was used .

to calculate the slopes add intercppts of the kinetic
paramei?z\plots. In this procedure, a weighted sum of»the
squares of the residuals given by - ///‘
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Figure 31. Kinetic Parameter Plot forvthehMethyl Qioldgen/

Dioxygen Reaction in Acetonitrile. 0.1 M TEAP,
1.0 M HOAc, 25.0°. Average kinetic parameter % -
standard deviation for 3 determinations.. ' N



1
i

TS = zi(Yi -a*b 21)2/(0yi + bzaﬁ )

/ ) B
+

was minimized: In this formula, xi and Yi represent the, )
observed data, axi and oy1 are the assoc1ated standard
"deviations and~a and’ b are the 1ntercept and slope of the-
fitted line. 1In thevpreseht case, Ox; ¥as takeh to be

zero.

. _ o :
. Rate constants for the other viologens were.

determined in the same fashion as described for the.

Mev+‘/0 reaction. Average values for the k1net1c
/
parameters calculated from the experlmenﬂal data are

i
rl

presented'ln Table 27. " Plots of average klnetlc parameter
Ve

fversus [Catalystl/w for each of the compounds appear in

3

. Flgures 31 to 43 The slopes and intercepts of ‘these

plots and the correspondlng values obtalned for ky appear?

in Table 28-.

The uncentalntles a55001ated with the rate constants
glven in’ Table 28 were calculated from the 95% conf1dence,
intervals for the sldpes of the kineticg parameterwplots.

These values do not include the'ugfertainties-aSSociated |

with\the ‘working curves. 'The'latter'are due to errors in

" the d ffu51on coe f1c1ents and dloxygen concentratlons

-

used to calculate the work1ng curves. To determlne the:
\

_ |
effect of uncerta}ntles in the dloxygen cohcentratlonston

the calculated va@ues for ki;faorking'curves,for the

N



' Table 27. Ca;culatedlnusults‘fdf Ehé‘Diquatetﬁized Salts off

.

Average Kine;%c‘Parameters and Their St

)

r

Y

4,4'~Bipyridine in Acetoniirile.

- o
Compound Conc.

v

Rotaﬁion Speed°§:;;;k

andard Deviations

-y

(M) 400 900 1600 2500 3600
‘MeV  56.3 8.0 3.62 2.17 1.46 1.08
‘ 1.2 0.55 0.29 0.20 0.14
84.5 - 10.6 4,73 2,75 1.85 1.39
L .2 0,37 0.19 0.10 0.08
112.7 15,1 6.4 3.67 2446 1.78
3.4 1.4 0.77 0.52 0.38
Hev . 51.9. 5.9  2.74 1.61 1,07  0.78
: +1,0 . 0.40 0.22 d.13 0.10
77.8 ' 8.8 '3.78 2.16 1.42 1,02
, : 1.0 0.30 0.16 0.10 0.07 .
103.8 " 12.1 5.02 2.80 1.81 1.31
t2.5 0.66 0.30 0018 0013
“ Cev  68.3 7.4 3.39 1.99 .37 1.0
o $1.3 0.48  0.26 0.16 . 0,11
102.5 13.3 5.73 3,37 2.26:. . 1.66
2.0 .. 0.52° 0.32 0.23 0.16
=136.6 12,7 ' 5.45 3.22 . 2.17 1.58
‘ $2.2 0.52 0.29 0.18 0.14
BzV  60.8 2.15 1,00 . 0.60 0.39 0429
- +0.24 0.09 - 0.D4. 0.03 0.02
91.3 3.47 1.56 0.90 0.60 0.43
$0.44  0.17 0.10 0.06 * 0.04
121.7 4.28 1.88 1.09 0.71 0.52
: 0.06 0.04 . 0.02

0.12"

’

(Continued)



Table 27 (Continued)

”~

Compound Conce.

.

Rotation Sbeed (rpm)

k4

T

25800

() 400 900 1600 3600

CxV 55.4 0.428  0.203 0.117 0.079 0.058
- 10,017 0.004 0,003 0.001 . 0,001

110.7 0.764 0.341 0.196  0.127 0.094
$0.065 0,026 0,06  o0.010  0.009
166.1 1.064 0.473 0.274°  0.179 ' 0.126,
40,006  0.006 0.005 0.004 0.005
PhV 99.9 0.216  '0.109 0.067 0.048 0.0355
| 40,014 0.003 0.002 0.001 0.0004

' 199.9 0.342 0.165 0.101 0.07 0.052
$0.016 0.006 0.005 0.004 0.003

399.8 0.586 0.274 0.161 0.108 0.078
$0.017  0.006 0.002 0.001 0.001
CyV  201.8 0.111 0.051 0.032  0.022 0.017°
0,004 0.003 0.004 0.003 0.003

403.6 0.190 0.088 0.051  .0.035 0.025
+0.493 0.002 0.002 0.002 0.001

807.2 1 0.356 0,164  0.096  0.063 - 0.042
$0.034  0.017 0.011 0.007 0.004

n-Prv 58.0 6.7 3,09 1,80 “1.19 0.86

$n.1 0.38 0.19 0.1 0.07

' 87.0 9.4 3.9t 2.21 1.45 1.04

~ t1.2 0042 0025 00’8 0.12

116.0 17.1 6.53 3.71 2.46 1.72

' ) 5.9 1.07 0.44 0.26 0.18

\ .

"i-Prv 59.8 5.7 2.48 1.43 0.95 0.69

. +0.8 0.31 0.10 0.10 0.07

89.7 ° 8.1  3.37 1.90 1.24 0.88

#1.2, . 0.36 0.19 0.13 0.08

119.7 10.1 4.18 2031 b 1.51 1.07

. #1.5 _f‘\hg;33 ~ 0.12 0.06 0.03

(Continued)

-



Table 27. (Continued),

’ )

. ™ : ' o
Compound Conc. Rotation Speed (rpm)
' " ' ) ‘ . X\ ‘
(M) 400 900 1600, 2500  “-3600
BuV. 56.0 9.2 4.7 2.46 1,63 1.17
ﬂo‘ 1-04 0059 . 0038 0026
84,1 1.3 4.7 2.79 1.86 1.33
$1.7 7 0.44 0.22 0.16 . 0.10
112.1 17.4 TS 4.2 2.70 1.91
16.3 Y.9, V.oy, 0.66 0.44
HxV 5243 13.5 6.0 3.5 2.30 1,65
. £2.7 1.1 0.6 '0.37 0.25
78.5) - 15,8 + 7.1 4.2 2,75 2.00
+4.3 1.9 1.1 0.7 0.52
104.7 15.3 9,7 5.3 3.45 2.36
3.3 2.8 1.3 0.79 0.51
HpV 51,0 10.9 5.0 . 2.99 Y, 2.03. 1.47
+2.6 0.8 0.40 0.21 0.13
76.4 13.9 6.3 3,72 2.53 1.83
+1.6 1.0 0.57 0.41 0.30
101.9 19.1 8.4 4.79 3.19 2.40
$1.3 , 1.0 0.55 0.37 0.28
OcV 54.9 ' 13.2 5.7 3,69 2.46 1.77
: +1.9 1.4 0.50 0.29 0.20
73.0 171 7.7 ~ 4.54 3.02 2,20
+03.1 0.8 0.65 0.45 0.32
97.3 20.6 9.0 5,23 3741 2.48
+0.9 1.1 0.81 0.59 0.47
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Figuie 32. Kinetic Parameter Plot for the Hydroxyethyl

Viologen/Dioxygen Reaction in Acetonitrile.
0.1 M TEAP, 1.0 M HOAc, 25.0°. Average kinetic
parameter t+ standard deviation for 3 deter-

minations.

H

f



Py e ey R AT e i Yy
‘ . ' 'I\*\ ﬁ‘ : . k" yS’s
.{1" '
iy » S . “ ‘ e
ﬁz
20 \
p o \\.
i ¥
5 [CoV2Y:
g * 102.5yM
S * 683 .M
L 4 1366 uM
LT LT
£ o
X \ B
\ )
[ 4
'\ \t & 4 A A A A A A " " A |
o™~ n ot .
0 10 20 30 40 -
([CeV3*]/w) / 107 Ms
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viologen/Dioxygen Reaction in Acetonitrile.
0.1 M TEAP, 1.0 M HOAc, 25.0°. Average kinetic
parameter * standard deviation for 3 deter-

minations.
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Kinetic Parameter Plot for ‘the Benzyl Viologen/
Dioxygen Reaction in Acetonitrile. 0.1 M TEAP,
1.0 M HOAc, 25.0°. Average kinetic parameter t
standard deviation for 3 determinations.
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Figure 35. Kinetic Parameter Plot for the Carbethoxyethyl

Violog Dioxygen Reaction in Acetonitrile. 0.1 M
TEAP, 1.0 M HOAc, 25.0°. Average kinetic parameter
+ standard deviation for 3 determinations..
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Dioxygen Reaction in Acetonitrile.

1.0 M HOAc,

25.0°.
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Kinetic Parameter Plot for the Phenyl Viologen/
0.1 M TEAP,
Average kinetic parameter %

standard deviation for 3 determinations.
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Kinetic Parameter Plot for the Cyanometh
Viologen/Dioxygen Reaction in Acetonitrille,

0.1 M TEAP, 1.0 M HOAc, 25.0°. Average kinetic
parameter % standard deviaticn for 3 deter-
minations. ’
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Kinetic Parameter Plot ‘for the #-Propyl Viologen/

' 'Dioxygen Reaction in-Acetonitrile. .
1.0 M HOAc, 25.0°%.° Average kinetic parameter %

~standard deviation for 3 determinations. .
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Kinetic Parameter Plot for the n-Propyl Viologen/ LA
Dioxygen Reaction'in Acetonitrile. 0.1 M- TEAP,

‘1,0 M HOAc, 25.0°. Average kinetic parameter %
standard deviation for 3 determinations.
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Figure 41. Kinetic Parameter Plot for the Hexyl Viologen/
‘ ~ Dioxygen Reaction in Acetonitrile. 0.1 M TEAP,
1.0 M HOAc, 25.0°. Average kinetic parameter %
standard deviation for 3 determinations. :
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Kinetic Parameter Plot for the Heptyl Viologen/
Dioxygen Reaction in Acetonitrile. 0.1 M TEAP,

‘1.0 M HOAc, 25.0°. Average kinetic parameter %
- standard deviation for 3 determinations.
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Diquaternized Salts of 4,4'-Bipyridine with Dioxygen at

‘oTable 28. .Rate Constants for the Reaction of Cation Radicals of the

| 25°C,
% -~ ) )
Compound élope Intercept - kg
. (n-1s71) (M=1s1)
Mev . (5.44£0.21) %106 0.1640.22  (1.40#0.05)x108
HeV (4.81£0.11) x10° 10.03%0.10 (1424%0,03) x105
CeV p (4.28ﬁQ,56)X106 . 0v32%0.72 (1.10%0.14)x108
. Bav (1.5140.05) x10° 0.0340,05 (3.8840.13) x10°
cxv ' (2.9240.17) %105 0.0040.02 (7.5140.44) x10%
PhV /;4 (6.3520.43) x10% © 0.02$0.01 (1.6340.11)x10% .
‘c}v (1.98%0.10)x104 0.0040,02 (5.10%0.26)x103
, n-Prv .  (%.64¢0.5§)x1o6 ~0.39%0.65 (1.45$0,15) x10°
i=-Prv ~(3,63t0.1&)X106 0.00%0.20  (0.9320.05)x10
Buv (6,2410;42)3166 0.050.44 (1.60£0.11)x106
' HxV (6.7640.92) x106 - 1.240,09 (1.7440.24)x10°
“HpV' (7.67t0.34)xloﬁv 0.4040.33 (1.97:0.09)xi06.
' oev 0.1040.49 (2.46#0,13) x10°

"(9.55%0.52) x10°

NOTE: Results obtained by weighted_lihear least-squares

regression. Uncertainties given are 95% confidence limits.

P

2



; : .

MeV*'/Oz reac;ipn were calculated usin§ the upper and thoﬁ
the lower 95% .(:onfidenc‘;e limits for the appropriate
dioxygen‘coqcehtrations in Tabfé 20.. The following

results were obtained for kl‘(195% C.I.): 1low Oy, (1.66 ¢
0.07) x lO6 M'lsflg aJérage 05, (yT40 + 0.05); high 05,
(1.22- ¢ 0.05). Uncér;aintieslof té-S%‘in dioxygen
conCent?ations borrespdhd'to variéglons in kl on the order
of +15%. A $imilar calculation wés carried out té
ascertain the effect of grror; in,the diﬁfusion
coeffiéients of Mev2* and O, on{the valué‘of k. For the
MeV;’/Oz reggtion, BP =~BQ'= 0.138 + 0,007 based on the
appropriate values and their 95% confidence intervals as

given in Tables 22 and 35. The following results were
obtained'for kl (;95% C.I;): low BP' (1.26 + 0.05? x 106
.M’ls'l;oaveraée BP' (1.40 + 0.05) x 108 5'15—17 high Bp. 2
~(1.57 + 0.§7§,§7106 M_ls_lf An uncertainty of #5% in.BP ’*%
corresponds tozjagiﬁthggg‘in k, on the order of #10%.
This errorféstimate and the,ohe preceding are exaggerated
in that the calculapibns fail to take into aqcount\the‘
tendency of randomﬁérrors té cancel."Nevertheless it
would seem that the 1argest source.of_gggor in the ' '
est{mates of kj are the uncertainties associaté& yith the \
dioxygen concentrations and the diffusion coefficients.

. -
In lieu of a full-scale error analysis, it is reasonable

td,supposé tHat the actual error associated with the
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values of k) in'Table 28 is on the order of +10%.

s

D. Kinetic Studies of the Diquaternized Salts of

2,2'-Biﬁy;idine and 1,10-Phenanthroline in

Acetonitrile ‘ -

L3

Half-wave potentials and rate constants for the '
, diquaternized salts of 2,2'-bipyridine and 1,10-phen=
'anihroline in acetﬁnitrile were determﬁﬂed according to
procedures described in Chapter IV. Half-wave potentials
.+ measured for‘the two reduction waves are given in Table
29. The results of Hiunig et al.'(140,141) obtained by dc ' ?ﬁ
_polarography, have been, included for comparison. The i
values are in good agreement for the salts of .
2,2'-bipyridine (diquat and triquat). It was not possible
to determine Ef/z for the salté of 1,10-phehanthroline
(diphen and triphen) as the electrode was rapidly
passivated‘at potentiéls corresponding to the second
wave. The passivation was probably due to precipitation
of the neutral fbfm of the compounds on the'electrode J 4
surface. The discrepancy between measured half-wave.."
potentials for the first one-electron reductién andﬂthose‘!
found by Hinig et al. (141) may be related to thissﬂ‘“ ‘]‘k

phenomenon.

Diffusion coefficients for the compounds studied are



Table 29. Half-Wave Potentials for the Diquaternized Balts of

2,2'-Bipyridine and 1,10-Phenanthroline in Acetonitrile

(0.1 M TEAP).

’

1 2 1
Compound ~-E1/2 'E1/2 f51/2
) (1 M HOAc) .
DiQ 0.38 (0.39)8 0.87 (0.87)% 0.39
TriQ ‘0,57 (0.57)8 0.89 (0.90)2 0.59
TetQ 0.69 0.88 0.70
DiP 0.35 (0.30)P -€ (0.64)P 0.36
‘]‘"‘i‘:
TriP 0.34 (0.29)P -€ (0.58)P 0.35

a. From Reference 140 using E(Ag/AgCl) vs E(SCE) = -0.046 V (cited

in Ref. 140).

[y

b. From Reference 141 using E(Ag/AgCl) vs E(SCE) = -0.046 V (cited

in Ref. 140).

¢

c. Electrode passivated by the product of the second reduction step.
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giv‘n 16 Table 30 while the average values of the
calcuiatod kinetic parameters qpbcar in Table 31. Ploté
of average kinetic parameter versus [Catalyst]/w are shown

in Fiﬁures 44 to 48. 'Values for the slope and intercept

;of these plots together with the corrosponding values of
,y~”"hk1 ;re {isted 1n Table 32, As before the error limits for
.ﬁ».““ﬁkl were calculated using the 95% confidence limits for the
\ 31$pe of the kinetic parameter plot. For reasons outlined
| in the preceding section, overall errors in k; are on the
order of *10%. -

The determination of k; for the trimethylene- and
tetramethylene—bridged salts of 2,2'-bipyridine (triquat
and tetraquat) merited special consideration. Of the

compounds studied, these displayed the most negative
values of E} ,5: -0.57 V vs SCE for triquat and -0.69 V
< for tetraquat. These compounds also possessed the largest
values for k;. The rapid reaction rate ¢meant that the
catalyst concentrations had to be kept low in order to
observe a measurable deéendence of current ratio R on
rotation speed. As discussed in Chapter III, if the
product 6f the catalyst concentration and reaction rate is\
too lgrge relative to accessible rotation speeds, the
"+ corresponding kinetic parameter is large and the solutionl
«i’reaction is, in ef?ect, infinitely fast on‘th; time scale

of the experiment.. In the case of the TetQ*‘/o2 reaction,
‘ ¥
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Table 30. Diffusion Coefficients of the Diquaternized Balts of

.

2,2'-Bipyridine and 1,10-Phenanthroline in Acetonitrile

(0.1 M TEAP, 1.0 M HOAc).

Compound -Ey; Slope? Intercept?® - D
(V vs SCE) (pa 8'/2 mM (pA) (10"5'cm?/8)
e

DiQ 0.55 32.3%0.3 0.5%0.4 1.1240,02
TriQ 0.72 32.5%0.4 1,940.3 1.1340,02
TetQ 0. 80 34,7411 1.0%0.2 1.24 0,06
DiP 0.52 32.340.2 0,740.2 1.1240,01
Trip 0.50 32.740.1 0.5%0.1 1.14 0,01

a. Results obtained by weighted linear least-squares regression.
Uncertainties given are 95% confidence limits.

b. Limiting current plateau ill-defined. See Figure 50.
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Table 3!, Calculated Results for the Diquaterniszed Salts of

2.2'-llpyr*dtno and 1,10-Phenanthroline in Acetonitrile.

Average Kinetic Parameters and Their Standard Deviations

w >
Compound , Conc. Rotatign Speed (rpm)
, (M) 400 900 1600 2500 3600
DiQ = 63.4 / 2.63 1.18 0.7 0.47 0.34
10. 20 0008 0\0‘ 0002 O-ﬁj
-95,1 3.97 1.80 1,04 0.69 0.49
*W0.17 0.04 0,02 0.01 0.0
126.8 6.22 2.54 1,43 0.95 0.67
*1.36 0.34 0.%6 0.09 0.06
TriQ 27.8 33. 15,7 9.6 6.0 5.0
422, 7.8 4.3 2.8 1.9
55.6 58. 37. 18.9 11,7 8.4
b 20, 6.3 3.4 2.1
83.5 - 41, 34. 18.7 11.9
bt 4. 20 6.3 2.4
TetQ 3.3 61, 24. 16. 12. 9.4
33, 10. 6. 4. 3.2
5.4 105, 38, 28. 21, 14.
%69, 12, 16. 10. 6.
10.8 - - 108. 58. 44.
- - 46. 17. 22.
DiP 50.3 14. 4 4.64 3.23 2.42
3.1 1.2 0.58 0.36 0.25
75.5 22.4 9.7 5.99 4.13 3.0%
28.1’ 1.5 0.7 0.48 0.35
100.7 20.7 12.6 7.3 4.9 3.59
$2.8 4.3 1.8 1.1 0.76

(Continued)




Tible ). (Continued)

Compound Cone,

Rotation Speed drpe)

{ M) 400 900 1600 2500 300

Trir 57,4 6.8 1.9 .08 1,48 1,08
"9 0,41 0,24 0,14 DY)

B':».;’ 9.‘) ‘o‘u 20‘?3 ‘.u‘ ‘o)}

2.0 U,%7 0.3% 0,24 G.1%

\1‘;"’ ‘J.i 5‘.060 10’6‘ 2:2“ ‘o&“

*4,1 1,00 D.%% 0,3% 0,34
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Table 32.. Rate Con?%anﬁs for the Riifti°"$851the Cation Rédicalsvdf

~ the Diquaternized Salts of‘2,2'f§ipyridine and

/

s Co 1,10-Phenanthfoiine'with Dioxygg%fat 25°C.
) AR ' N . {
Comp&und." . Slope Intercept ki
e , (M'1s'1) (M'1s;1)
: ’ L : ' - ‘ ) '
. DiQ T (1.9640.12) x10° -0.07£0.44 (5.040.31) x10>
TriQ " (3.46%0.42)x107 ™ 7.243.6 (8.941,1)x10°
\ o \gﬂ). ' - | |
. TetQ (7.72£0.64) x108 M.63.4 (1.9840.16) x108

DiP = (9.5+1.3)x10°

TriP (4.53+0.20) x10°

(2.4340.33) x10°

(1.16£0.05) x10°

Note: 'Results obtained by weighted %iﬁear leas;-squafes

regression. Uncertainties given are 95% confidence limits.



- /data;yst-céncénttétions on the order of 3't9 5 uM were-

" required to reliably estimate the rate constant. 'itrgér:“
concentrations were used for the élowef‘rrio*'/oz‘;ééction‘
(25 to,75kpM).‘ Somewhat lower concentrations éould have:?'
been emplo&ed to advantage-here it not for the pr¢tlém of

‘ 1nterference by dlrect substrate reductlon (v.1.), |

| In addition to comparatlvely 19& catalyst
 concentrat1ons, the determlnatlon of.rate constants for
trlquat and tetraquat requ1red use of the global spllne
collocatlon technlque, which was descrlbed in. Chapter 111,
to compute workihg curves. The ordinary'orthogonal.
col;oéation technique was;satisféctory‘whéh‘dealing with
kinetic paramétersvless than 20. For larger values of E,
the;qrdinary technique'underéstimétes the surféce
-concentration gradient (dCP/dZ)Z=0 and therfore atso the
catalytic current. When working curves are calculated by
ordinary'qbllocation, the.current ratios at larger values .
of k are too large leadihg to nonlipéatity in the kinetic
parameter plbt and an overestimate of theﬁrate constant.
Such curves were also frequently observed to predictt'
limiting valyeéaof R at large_; whiét were in excess of
those values'actually-observed. In thesé circumstances,
hq'eétimate of k coﬁld'be oﬁtained unless the spline
~technique was used to-compUte working curves.. The program

ECR3WC was used fom this purpose. .A listing of this



]
LY

‘prOQram appe;rs in Appendix II. Execution time for the
spline program was a factor of teh larger than that of the
ordinary collocation program ECR2WC. Calculation of the
set of nine working curves required for the complete
kinetic expe;iment took about ten hourei |
'As'the half-wave potentials for the first reduction
;Lwe;es of triquat and tetraquat were significantly more
negative than those‘of any of the other-Compounds'etudied,
problems were anticipated due to interference by the
dlrect reductlon of dioxygen at the electrode surface.
Current-voltage curves for the catalyst and the substrate
individually and toge;her‘are shown in Figure 49 for the
TriQ+'/02-reaélion and in Figure SO‘fbr the Tet0+'702
reaction. In the fgrmer case, a substantial contribution
from direct dioxygen'reduction was expected at the
.potential of the kinetic experiments (1oceted by the arrow
in Figure 49). In the latter case, complete overlap
. between tﬂé catalyst and substrate reduction waves was

observed . (Figure 50). Nevertheless, the current—voltage

curve for the mlxture of tetraquat and dioxygen dlsplayed

-a reasonably well developed 11m1t1ng current plateau. The

kinetic parameter plots 6§ta;ned for the Tr10+'/02

“reaction (Figure 45) and the TetQ+'/02 reaction (Figure

46) displayed acceptable linearity and intercepts not farr

removed from'zero._'Thys, the‘anticipéted interference by
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direct dioxygen keduction faihd 'to materialize.
The success of the kinetic experiment for triquat and

4’totraquat was a result of the comparatively largo values

L catalyst species and the substrate, which were calculated
for k equals 50, are shown j&*?1gure 51. At larger values
of g, the effect of the solution reaction is to lower the
conceniration of substrate at the electrode surface to a
fraction of its bulk value. The lowered surface
concentration means that the ;iiiribution of direct
substrate reduction to the observed current tends to be
negligible.

' \
E. _}netlc Studies of D1quatern1zed Bipyridinium Salts

Jin D1methylsulfox1de
A . S
This section contains the results of kinetic

experiments performed in DMSO. For reasons described in

the beginning of this chapter, DMSO Qas abandoned in favor

of acetonitrile early on in the work.v Despite the v '

apparent poor resolution between catalyst and substrate

waves (see Figure 26), good experimental results were

obtained for the limited number of compounds studied. Epg
’ compounds studied, the catal;st concentrations used and

{

V<
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Normalized Comncentration, C

. 1 1

0.0 0.2 0.4 0.6 08 1.0
Normalized Distance, Z

v

Figure 51. Concentration Profiles for the Second-Order EC-
Catalytic Mechanism at the Rotating Disk Electrode
for X = 50, Y= 1. Computed by spline collocatgon
with N = 8, Dp = Doy = 0.137Dp and spline point at
Z = 0.22.

-



the &verage values obtained for the kinetic parameter as a
function of rotation speed are 1isted in Table 33. The
cortclponding kinetic parameter plots appear in Figures 52
to 54 '331£~wave potentials, diffusion coefficients and
rate constants are summaritzed in Table 34. The
corresponding reuulta-obtained in acetonitrile are shown
for the sake of comparison. The value found for the
Mev**/0, reaction in DMSO (4.0 t 0.2) x 103 M~ls~1, is in
reasonable agreement wigh Savdant's value of (2.3 ¢+ 0.3) «x

105 M~1s~! (30).
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Table 3)). Calculated Results for Diquaternised Mpyridinium Salts in

Dimethylasulfoxide.

Average Kinetic Paramsters and Their Standard Deviationsy

Compound  Cone, Do Hotatjon Speed (rpm)
(M) 400 900 1600 2500 3600
ﬂﬂV ‘0.’ 903 4" ~20‘:’ ‘07 -
", 6 0.4 0.4 0,3 -
103 9.0 3.8 2.2 1,4 - L
*0,9 0‘.3 0;‘ 0.1Y -
HeV 133 13,4 5.47 3.02 1:I:>~ 1.2
0".0 0.16 0. 06 0.08 0,07 T .
109 13.8 5,13 2.81 1.76 1,27
. VLo 0.13 0.04 0.0% 0,04
66.5 7.5 2.82 1.56 0.99 0.69
*0.8 0.27 D.14 0.10 0.07?
54,5 7.6 2.4 1.44 3.92 0.64
43,0 0.32 0.10 0.04" 0,03
D1 104.6 4.97 2,230 1.37 0.9 0.64
*0.32 0.09 0.05 0.03 0.02
105.5 4.02 1.87 1.08 0.72. 0.50
0. 21 0.03 0.01 0.01 0.01
209, 2 7.80 3,61 2.12 1.39 0.98
+0. 46 0,27 0.19 0.16 0.12
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Table 34. Summary of ResultS'bbtpined‘for Diquategnized’Bipyridinium]

Salts in Dimethylsulfoxide.?

Co@poupd -E}/é ' | - pe k.k k,€

- | iV‘vs SCE) 1 ({0'6 cmi/s)’v '(105(M°1s_1)
MeV | 0.47 /‘  2.5040.10 | 4.0%0.2
HeV- 0.46 ﬁ,g?i . 1.9830,04 5.0+0.4
DiQ 0.42 R&“; f 2.17:0.05 _ 1.740.1

Comparable Results Obtained in AcetonitrileP

BN

)

’

Compound —E}/Z o D¢ 1'~ : ‘ k1c_

(V. vs SCE) (1076 cm?/s) (105 (M~1s~")
Mev | 0.45 °  12,250.4 14,0405
HeV | 0.45 ‘ 10.620.1 12.410.3
DiQ 0.3 o 11.220.2  s.0%0.3

Y

a. 0.1 M NaClO4, 1 M HOAc, 25°C. -
b. 0.1 M TEAP, 1 M HOAc, 25°¢.
c. Uncertainties based on 95% confidence intervals from weighted

v

linear least-~squares regressionm.



. : CHAPTER VI
. ‘ ,/ ‘
DIFFERENCES IN THE DIFFUSIVITIES OF BIPYRIDINIUM DICATIONS
AND CATION RADICALS AND THEIR EFFECT ON THE

CALCULATED RATE CONSTANTS

A.  Levich Plots for the One- and Two-Electron Reductions

of Diquaternized Bipyridinium Salts ’

v

A characteristic feature of the current-voltage
Curvec obtained‘for the diquaternized bipyridinium salcs
Qas a‘ncticeablé}difference’in the height of the waves dce
to the first and second.one-electron reduction steps (see,
for exaﬁple, Figure 24); Levich plots for the individual

are ghown in Flgure SS The slope measured for the second

one—zlectron reductlons of methyl v1ologen in aceton1tr11e
wave (5.24 *+ 0.06 pA s1/2) was some 20% larger than that
found for'the first wave (4.38 + 0.03) pA sl/2, »Simiiar
behav1or was observed for all the qgmpounds studled.v For
a given rotation speed, the 11m1t1ng current‘for the.
overall two*eléctron redcctioc wasﬁinvariably'more_than’
twice that Observed for the one- electron process.- The
slopes of Levich plots for the 1n;t1a1 one- electron and
the overall cwo-electroggreductions are g%ven in Table

»

- : y
35. Ratios of. the slopes vary from 2.1 to 2.3.

- <

212



80.0

60.0

- 40.0

Current/ HA

- 20.0

A S —— |
00 - 5.0 100 150

w2, g1

-
i

Figure 55.Levich Plots for the Individual One-ElectroE .~
. .Reductions of Methyl Viologen. 125. uM Mev¢*t, -
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Tabkle 35. Slopes of Levich Plbté'for the One- and Two-Electron -

Acetonitrile (0.1 M TEAP),

Reductions of' biquate‘rnizedvBipyridiniuin Salts in

a. Uncertainties given are 95% confidence limits.

b. Compound insoluble. »
c. Electrode passivated by ‘the product of the ﬂtw.o—eléct_rdn

reduction.

3.2540.04

Y

Cémpound' Concentration A/ Aw' /2 Ai///\uu1 /2
(mM) n=1.  n = 2_
- (A s1/2)a (A s1/2)a
MeV 0.1246 4,3840.03 9.62+0.06
HeV 0.2075 6.8140.03 14.5640.08
CeVP - - - ,
BzV 0.1078 3.3440.03 7.5840.03
cxV. 0.1107 3.04%0,02 6,68+0.05
PhV 0.0999 3.17#0.02 6.8240,05 .
cyv. 0.1089 3.05+0.01 6.96+0.03
n-Prv 1 0.1160 4,02+0.03 8.58+0.07
i=-PrV 0.1196 ' 4,1240.01 8.9140.10
BuV 0.1121 3.6540.05 8.0340.09
HxV 0.1047 3,2840.02 7.0140.04
HpV 0.1019 3.1240.02 6.6040.03
ocv 0.0973 2.93+0.01 6.18+0.03
DiQ 0.1289 4,43+0.11 9.8340.02
TriQ 0.1113 3.9240.03 8.4140.02
TetQ 0:1070 3.7240.04 8.2340.09 -
.~, 1
DiP 0.1007 3.06+0.03 -
TriP 0.1149 -



. Tne data in‘Table 35 were collected with the goal of
vcalcplatlng the dlffusion coefficients Lf the bipyrid1n1um
‘“cat;qn radlcals‘ln mind. It was of interest to determine
the m;qpitude of the differences between ‘the diffusion
coefflc1ents of the b1pyr1d1n1um dlcatlons and cation
Vradlcals and to 1nvestlgate the effect of such dlfferences
on the computed working curves, and thence on the
estimates of -the rate constants. Calcutating the gelue of
the diffusion coefficient of a cation radical from/the
slopelof the Levich plot for the second‘reduction etep'
proved to be rather more complicated than initially
'anticipated. It was ultimately necessary te_solve another
boundary value problem, thisltine-for a mechanism -

involving consecutive electron transfer accompanled by

4reproportlonatlon, as descrlbed in thls chapter.

B. Consecutive Electron Transfer with Reprgportionaticn

»

1. The Two-Electron Reduction of Methyl Vielogen

The following reactions describe the processes
occurring at the level of the second reduction wave of
methyi viologen (21,142). At the electrode:

b J

MeV2+ + e 2 MevtT E}/z E ' [56]




/ y
MeVt* + e~ 3 Mev0 Ef /2 C [57]
In solution:
. k | ,
Mev2t + MevO z::%::l 2Mev™*® , ( (58]
ko2 / .

L
For reaction'[58]:

Keq = kz/k_é = exp(F(E}/z - EE/Z)/RT)

Reaction [58] is variously referred to as a conproportion-
ation reaction (21) or a reprdpor£ionation reaction
(142,144). Insofar as the observed,half-wave potentials
(Tables 23 and 29) possess thermodynamic vglue, the right
hand side.of reaction [58] is favored for éll the
compounds studied in this work. Hinig ana coworkers have
investigatéd the polarogrgphy of a number of these
compounds and have found ﬁhat both the first and second
reductions are eledtroéhemically reversible in,
acetonitrile (124,140). From the ha1§4wave poténtials,
equilibtf%m constants were calculated;‘ These ra;ge from a
low of 3.9 x 105 fgmphenyl viologen (124) to a high of 1
x 108 for diquat (140). Kuwana and colleagues have shown

‘ ¢ )
by spectroelectrochegigél techniques thatfthe forward rate

)



constant for reaction [58] in acetonitrile is in excess of

3 x 109 M~1s™l (142,143).

»

2. other Work on Reproportifilation Reactions

A L

Although reproportionation reactions in general are
thermodynamjcally favored, they have reéZived very little
. attention to”date. It has been suggested that this is due
£o the rathégfminor effects that reproportionation‘is
expected to have on electrochemical measurables (147).‘ 1t
has been shown theoretically that if the diffusion
’coeff{cients of the pagticipating species are equal, a re-
propdrtionation reaction occurring at any rate has no
discernable effect on polarographic waves (145). Ruzic
and Smith have considered the effect ;f reproportionation
reactions on a.c. polarogramé (146). 1f \both the firét
ﬂand second reduct{gﬁ stepslare electrochemically
. reversible (meaning that the kinetics of the heterogeneous
" electron transfer reactions are not rate-limiting), then
the reproportionation reaction again has no effect. If.
the second reaction is not reversible however, a facile
reproportionation reaction gives rise to an increase in
the peak current for the second reduction (146). The
éffect of differing‘diffusivities among the species

involved was briefly considered in this context.

. Experimental studies of reproportionation reactions

Ry



\

are predominantly of the spectroelectrochemical Qarioty.
The work of Kuwana and coworkers has already been
menti&ned (142,143). Armstrong et al. determined the rate

oA .

of the reproportionation reaction occurring durind thé )
two-;lectron reduction of p-nitsebenzavaehyde in sulfolane
by spectroelectrocﬁemistry (148). More?recently Bewiék_gg 2
al. examined reproportionation reactjions occurring upon

" the twojelectron‘oxidation of N-aryl-p-phenylenediamines
also by‘a spectroelectrochemical technique {144). In this
study: ratios of the limiting current for the second one-
electron oxidation over the first at a Pt RDE ranged from
0.88 to l,lb. - No .explanation was offered for this
difference. Similérly, Andrieux and Sayéant péported

observing decreased wave heights at both the DME and the

RDE for the second reduction step of ene-diamines (145)'f
but again no a;tempt.was'made to explain the phenomenon in
terms of differing diff;sivities.

Consecutive electron transfer accompanied by repro-

portionation can be represented by the following general

scheme:




s

P+e 20 Epg
¥
Q +e” R EaR

K
PH!zﬁ 2Q [61)

«To date, only Qne study has considered the effect that
differing diffusivities of the specfés P, Q and R might
,have on masg-transport—limited currents observed fér the
’sécond wave. Eddowes and ératzei studied the.oxidation of
tetrathiafulvalene in aqueous micellar solution £149).
The micelles-were required ﬁo solubilize the test
compound. Since the product of the one-electron oxidation
bore a positive charge, and thus resided predominantly in
the aquedus phase, its diffusivity was observed to be some
12,5 times larger than that of the micelle-bound neutral
compound. As a consequence, the lim{?ing current measured
at a Pt RDE for the‘two-elgctron oxidé{}on.step was over

five times that for the initial one-electron process

(149).
' )

“The di'ffusion cogfficient of Q may be calculated from

the value of the limiting current for the two-electron
reduction (or oxidation) according to the following

equation (82,149):




dc , dc
%K = 2 Dp(a?g)z-o + Do(agg)z-o [62)

Evaluation of the surface concentration gradients for P

and Q requires solution of a set of differential equations

not unlike those solved for the EC-catalytic mechanism in
Chapter II1. Eddowes has formulated the problem on two
occasions (82,149) but,&iffyet, has published a solution

only for the case DQ/DP = 12.5.

3. Independent Electrode Reactions Coupled by a e

Hong@geneous . Electron-Transfer Reaction

Before pro&eeding to the formulation and numerical

solution of the boundary value problem corresponding to

tained i

reactions (59} to [Q}], some ‘pertinent results

for a related mechanism will be briefly disc For

-

two independent electrode reactions coupled

homogeneous electron-transfer reaction, the fol

ng
scheme can be written:
A+ ny e” 2 B "Exp [63a)
C+n,e 2D ' E&p (63b]
kg :
A + (ny/ny)D T——= B + (ny/n3)C . (64)

k-4
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where E2y < Efp. oho of :h; earliest examples of this
mechanism (ca. 1953), due to Miller ond Orlon’n (150), had

Ce(IV)/Ce(111) and ozfuzoz as the A/a and C(q couples
r aphtc

respectively. A 149 incrbaso in thq’pq

diffusion current for diquqen roduct ‘avdJ oblarvcd in

RL U‘v Bt
the presence of Ce(lv). }A rapid eidﬁﬁton*mnqnator
.: %7.

reaction was poatulated ho[occqr rﬁvxh f‘ tuqion layer o

A
<.4 “‘Q:! ~‘

:”t- for the

and the non-additivity th« Aiﬁ&ﬁgﬂoﬁ ?
reduction of Ce(fV) @M Ozgﬂiﬁ attffbutad,&a tﬁe large

“,~4‘Il' 'j[
difference in the q;ﬁfua&on coefficients @f Ce(IV) (0.6 x

1075 cm2/s) and O} ?Q 6 %1075 em2/3) (1505 Some thirty

years elapsed béfore a quantxtative tcaﬁtyent relating
A

observed current to the rate and eqwilibrwbm parameters of

i
reactxon {64] and aci?unting for dxfferlng diffusivities

v

appgared (151). In this casg, Andrieux et al. solved{the,
. — X
mechanism in the context of potential step chroncampero- N

s sfui%i
’ -nﬁ)luene

n DMF (152). From

* ~ .
metry and chronocoulometry. The the
[ S ]
applied to the reductiod & a,mi

"and *II) tetrapheny porphy

1ndepe§lent measuremehts, the dxfﬁusion coefficient of the

. F R

former compound was found to be nearly three times that of
the latter. 051ng thxs ratio and assum&ng a fast
homogeneous electroh transfer reaction, Andrieux et al.
were able to predict the reduction currents observed in a

mixture of the two compounds. /{

1

1
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Of relevance to the present work was the findlng that

hthe chronoamperometrlc response observed for most

.«

eXperlmental systems could be explaxned on . the bas1s of

o

‘cases corresponded to K eq for reactlon [64] equals one

'exchange) The numerlcal value of K

'(self exchange) or Keq equals ® (1rrevets1ble cross-‘;

q'had a s1gn1f1cant

effect on' the predlcted electrochemlcal response only over

the 1nterval 2 < K

eq <. 100.' This. corresponds to

- pdlfferences 1n standard potentlals ranglng from 18 to 118.

pmV for n l; For potent1al separatlons greater than 118

«

x.mV, reactlon [64] may be treated as 1rrever31ble (that 1s,

ﬂ

.4k_4 = d). A secopd»flnd1ng of Andrleux et?al was also of

.[Ggl»were“

‘limedlcted response iny for 0;25r< A < 4.v Below

%
relevance to the: present work. The klnetrcs of reactlon

Lund to affect the predlcted electrochem1ca1

.5",

’;rate of reactlon [641 has a 51gn1f1cant effect on the 1

-
V§~

.\,'_,. e

‘ two 11m1t1ng cases (151). Thermodynam1cally, the- 11m1tt%gﬂf
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,C. ‘The Dependence of the Lev1ch Constant on the lequlon

Coeff1c1ent Ratio DP/DQ o ‘&‘

‘l; Formulatlon of the BoundaryvValue Problem
. The numerlcal solutlon of the differential equatlons

descrlblng consecutlve electron transfer with repro—r

portionation (reactions'[§9} to‘[Gll) was undertaken in

order to calculate diffusion coefficients from measured ﬂ

;1imiting‘currents. (In the studles already mentioRed .

3
1

(149,152),° lndependently measured d1ffu51on coeff1c1ents.
were used to calculate 11m1t1ng currents ) The
»formulatlon of the problem 1@ based on the work of Eddowes
(82 149) ~ The probleﬁ has been s1mp11f1ed by assumlng the
-reiwoportlonatlon reactlon [61] is "1rrever51b1e“ (k3 >>
_3). For all the compounds stud1ed,_the dlfference 1nff
half-wave potentlals for the f1rst and second reductlon'
steps exceeded the requrred 118 mV minimum (151) 'The
concentratlons of P and Q at. the electrode surface were,
taken to be zero. The electrode potentlal ls therefore';

e

- aSsumed to lie on the 11m1t1ng current plateau for the

2 -

"second reductlon step. Whlle the problem ‘is formulated in
terms of reductlon réactlons, the results appl¥ e%&ally to

~ox1datlons.

s,
%



Follownmg the conventlons established in Appendlx I
»and used in Chapter 111, the normal1zed differentlal
- equations deseplblng,consecutlve electron~transfer with *

reproportionation are:

Dp —»& + 23,997 22— - 13.029 K cpey =0 = [651
? l-. ;‘('ﬁﬁ“i' et
o B L e
- d%c, , 8¢, *‘ éf&*;f S
D. —- + 23,997 2% —= + 2(13 029) k'CpCpr = O [66]
— PCR = ,
az® . dz ‘ o
. R
- d’cy , dcg L

ac ac~ - dc
— i P - » Q ' ~ R = A
Dp gz * o a7 * Dr Gz 0.

-y
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2. 'Numerical Solutlon by Orthogpnal Collocation Qﬂﬁiﬁ

’)h

Apg}icatlon of the orthogonal collOcatlon technfﬁue

transforms the boundary value problem to the following set

4

)ofr51mu1taneous equatlons:

Q v
. First; define
- : C : S ‘
s T | o y
L Cg2 e .
Fp(i,j) = B(i,j) + 23.997 — aA(i,])
kK
. - : » .
~where k = P, Q or R.

For apeeies!P:

] &
’ . ‘ ' ' "vﬁﬁl ‘
2 Fp(l J) CP(Z ) - 13 029 — Cp(Zi)icRQZi) =
J 27 Dp no
S : . L
- Fpli,N+2) o « - lesl
%
- For species.Qif’v
) : , - !
NeL o %
) FQ(l,J) CQ(Z )+ 2(13.029) = Cp(2; ) Crl2Zi )
j=2 D
IR P
: .;a"‘vj,‘ R ‘ ' ’ .
=0T S ~ 169)




"For species R:’

\ ’ . - ‘
S N+ - Fp(i,1) A(1,35) - 0
o1 FRUL) cplzy) - =2 ' x

J 2 ‘ - D RA(lrl)

{(DpCp(z3) + DgCo(Z§) + DeCr(Z;))

»r

. ‘ o | 6P A(1,N+2)
. - 13.029 i CP( “)CR(Zi) = FR(ill) - :
. DR : . ' DR A(lrl)

 The boundary conditions at 2 =0 and zZ =1 have'been
1ncorporated into; the above set of equatlons. The

equatlon for- species R makes use of the f%llow1ng

®

_expre331on for CR(O) derived from the boundary condltlons

at 2 = 0:

. B A(1,N+2) N+l .. ..
Cg(0) = - P - zéi%Lll__ x.
B, A(1,1) j=2 Dy All,1)

©

A

(BPCP(Zj)k+ BQCQ(Zj)_f BRCR(Zj))

The,program‘CETRPZ was written to solve equations
[68] to [70] as a function of éP' Dg BR' and.E. A

“listing of the program appéars in Appendix II.



3. Validatioh ofvthe-Numerical Solution

'To verlfy Operation of the program, the problem was
olved for. DP = DQ = DR = 1. .hpcqrd1ng to Andrieux and
Savéant, ‘the solution in this:caéé is simply the Levich

equation-with n = 2 (145). h?or N = 24 and‘; = 1000, thé

following results were obtaihed;‘

+
dc. d¢

(m) = 1.1 x207% = 4.479
9z 4=0 (& )z=o

N

The corresponding con@ep;fation profilés are shown in
Figure 56; "In the lihiéhof*large'h; the concentration
gradientvoﬁfspeciésap at the électrode.surfacei;‘

effectivély zero, The incoming flux of‘eleCtroacﬁive.
species at the electrode surface consists ehtirel§ of the =

intermediate Q. The limiting current for the overall two-

electron reduction is given by

cp FADG2/3 w176 41/2 cp(e) ' (71]

i)
{
For DP = Dg =’DR, Cp, = 1.241 in which casé equation {71)
‘corresponds to the Lev1ch equation w1th n = 2.

As a further check on the Valldlty of the numerlcal
solution, a talculation was carried out for the’ Caseg
-igolQed by Eddowes and Gratzel,(I49).f For DQ/DP = 12.5,
DR/DQ =1, k = 1000, and N = 24, the follow1ng surface

concentration gradlents were found-.

9 \\\;ﬂ. . | | ¢
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Figure 56.

Concentration Profiles éor Consecutive Electron
Transfer Accompanied by a Rapid.Reproportionation
Reaction at the Rbtating Disk Electrode. Curves
computed by orthogonal collocation with N = 24

Dp = DQ = Dg, ,5 = 1000.



dCp dcq

= 0.066; . = 1.88
Faf—)z=o | | (37')z=0 |

Substituting these values ;;yb equation [62), expressing
DQ'in terms of Dp and reve ting to gimensioned variables

gave:

N\
\»

iy = 2.82 FADR2/3 v1/6 W1/2 cp(a)

which when conveftad‘to rotatidn speed in Hz was in
excellent agréement with the equation‘giVen by Eddowes and
Gratzel (149). A‘problem existed with the numerical
solution ih»that tha surface concentration gradient for
species- P oaght tb have been zero (and that for species Q
correspondlngly larger) Increasing the‘value-of k used
in the calculatlon only aggravated the problem. It turns
out that- the case under con51derat10n lies close to the
limit of applicability of the orthogonal collocation
'sdiution. As a consequence of thHe large differeace in the
diffasion coefficients of P and Q, the P concentration
profile dropavrather abruptly to zero as Z decreases and’
even a degree 24’polymonia1-is not quite adequaté to the
task of repreéenting it. The problem‘is manifested as a
non-zero surface concentration gradient fo; P and by -

oscillations on the order of #1% in the concentration
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profile for P. Although it is skgnificant numerically,
the error in the collocation solution for DQ/DP = 12 5 is
still minor from anlexperimental point of view.
Thevproblem encountered at extreme values of DQ/DP
can be overcome by application of fhe spline technique as
was done in Chapter III for the second—order EC-catalytic
mechanism at lafge';. Alternatively, Eddowes recommended
the following change of varlable:
4 : _
U = (1 + exp(-aB))/(1 + exp(afz—ﬁ)))
where « and B are adjustable pan;meters used to make the )
transformed funct1on better fit» the collocaolon p01nts
(82). A third option uses exponentlally weighted
orthogonal polynomials to bet;er fit the collocation
points to the function (153). ,None of theee solﬁtiigs was

The ordina

implemented in the present work however. y

collocation technique with N = 24 and:k = 1000 gave good

results over the modest range of diffuéion coefficient
ratlos examined (0.5 <DP/DQ < 2.0). The normalized
surface concentration gradient for P was less‘than 5 x
10'4,throughout and oscillations in the concentration
profiles never exceeded 0.01% in amplitude.° Although
machine accuracy for single precision was not attained,

the accuracy of the numerical solution was more than

adequate for the purpose of the present work.

. v : >



4. The Levich Constant as a Function of Dp/Dg

To determine the diffusion coef.ficient§' of the
bipyridinium cation radicals from limiting current
measurements, it was necessary to solve equations [68] to
'(70] as a function of DP/DQ for k equals 1000. This was’
done over the interval 0.5 < Dp/po <2.0 and from the
results the coefficient of equation [71)-Cy, was calculated
as a function of DP/DQ. The values obtained, which are |
independent of Dg, are listed in Table 36 for Dp/Dq <1
and in Table 37 for DP/DQ > 1. Plots of these data appear
" in Figures 57 and 58. For each graph, the points can be
fitted to a good approgimation by two line segments, one
for each half of the graph. The equations for these line
segments and the intervals over which they apply rare given

in Tables 36 and 37.

D. Calculation of the Diffusion Coefficients of

Bipyridinium Cation Radicals

To illustrate the calculation of diffusion
coefficients from limiting current measu;ements, the case
of methyl viologen will be considered in detail. The
diffusion coefficient of the dication was calculéteﬁ using
the Levich equatibn together with the_;esult given in

-

Table 35 for the initial one-electron ‘reduction. Taking A
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- Table 36. Consecutive Electron Transfer with Reproportionatiqn., .'nu,
Levich Constant for 0.5 € Dp/Dg &1. q\

Dp/Dg (ch/dz)z_o L
»
0.50 3,3246 0.921
0.5% 3.4562 0.958
0.60 3.5825 0.992
,0:65 3.7049 1.026
0.70 f 3.,8238 1.059
0.75 3.9393 1.091
0.80 4.0523 .1.\23
© 0.85 4.1624 1,153
0.90 4.2702 1.183
0.95 4,3755 1.212
1.00 4.4790 1.241
f’ ’
el

For 0.50 <DP/DQ € 0.75: ¢y = 0.678 (DP/DQ) + 0.584.

For 0.75 € Dp/Dy € 1.00: Cp = 0.598 (Dp/Dg) + 0.644.

£
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Table 37.. Consecutive Electron Transfer with Reproportionation. The )

Levich Constant for 1 < Dp/Dg < 2,
’

] .
| Dp/Dg (4C/dZ) 5.0 cL *
& 1.00 4.4790 1.241
1.10 4.8311 | 1.338
1.20 5.1795 1.435
~ .30 5.5246 ' 1.530 o
1.40 s.8670 1.625 ¢
’ 1.50 | 6.2068 1.719
N 1.60 645446 1.813°
\S 1.70 6.8799 : 1.906
1.80 7.2135 1 1.998
1.90 7.5450 2,090 | o
2,00 . 7.8751 . 2,182

i

]

For 1.0 € Dp/Dgy € 1.5: Cp = 0.956 (Dp/Dg) + 0.286. ‘ , .

oy

L]

For 1.5 € Dp/Dg € 2.0: Cp = 0.925 (Dp/Dg) + 0.322. =~ ' n
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Figure 58. Tﬁe Levich Co;:tant as a Function of the

.

Diffusion Coefficient Ratio for the Interval
1.0 S Dp/Dg S 2.0. The data and the equations
for the twO line segments appear in Table 37.



- o. 458 cm2 and V= 4 ao x 10"3 cmz/s, a value o
'l;rVO 03) X 10 -5. cmz/s was obtalned.‘ mo éalculate the
; dlffu51on coeff1C1ent of the catlon radlcal, the:

73,expresslon for CL in the range 0. 50 < Dp/DQ <0 75 vas .

1nserted‘1n equatlon [71] to glve

11‘sl(o.678(D§/D¢)1/3j«‘0f584 pg?/?)
% } o R B .

xEApg2/3 VS W2 gpiey 2]

: 031ng the result glven in Table 35 for the two~e1ectron

e > ('
"‘reductlon together w1th the values of A, v and DP glven

1
¥

above, quatlon I72] becomesA R
PR . %
,' ‘ P i N - “ v ‘- : " . . ) "’. ."' ‘ ) R
: . ! o 1/3° ‘« v 103 n.2/3y = _—
SR - = (0.1115/D, + 7.621 x 103 Dy2/3) = 9.623

;;;Mllmil' Dg ;,(1.158 x 1072 + 7,919 x 102 Dg)3

‘The cub1c equatlon in DQ was solved 1terat1vely us1ng a

pocket calculator to glv a value of (1. 92 + 0. 03)vx 10-3°

cmz/s for the dlffu51on co-ff1c1ent of khe methyl v1ologen
; . ~eatlon,radrca1. Fhe,dyffuslbn_coefflc1ents forqthe‘catlon

-radiCals,ofvthefother-bipyridihium.compdunds studied were’

caLculated*in the'manner'just deSctibed' The data used in

th? calCulatlons are glven in TabLe 35 and the results
i R . - A

”obtalned are summanlzed in Table 38.v oD 4§3$=1a”??’

R TR . , e : e SRR TR R

&



 Table 38.

e

b.
Ce

lefusion Coefflcients of quuaternized Blpyrldinium

.Compound lnsoluble.

4

chatlons and Cation Radxcals 1n Acetonltrile (0. 1 M
TEAP). -
N PRI : i e - ) - . . ' .
* Compound Diffusion Coefficient2/107° cm?/s’ ‘DD
- R o Pe/Pg 4,
'Dicétiop : Cation Radical ‘
MeV 1.26$0,03 1,920,03 © 0.6640.03
. HeVv 1.1310.01 1.53+0,02 .0,74%0,02
‘CeVP - - o -
BzV 1404+0,02 1.81%0.03 0:.5740,03
CcxV 0.87+0.01 1.33%0.02 0.65+0.02
PhV 11.08%0.01 . 1.51$0,02 0.72#0.02
CyV 0.89+0.01 1.59+0.02  0.56+0,02
n-PrV .  1.23%0,02 1.6640.03 0.7440.02
i-Prv 1.22$0.01 . 1.76%0.02 0.69%0.02
Buv 1.1240. 025 1,7340.03 0.65%0,03
HxV 1.06+0.01 . 1.42$0.01 0.7540.01
HpV 1.0240.01 1,3240,02 0.77+0.02
oV 1,000, o b 7.2840.02 0.7840.02
DiQ 1:2230305 1.9'340.05 0.63£0.05
TriQ - ©1:26%0.01 1.7330.02 0:7340.01
TetQ 1,24#0.02 1.9410.03. 0:640.02 @@ﬁp
S o o
7 1401£0.02 < -c
< 0.9140,02 -C -¢

Uncertalntles based on 95% confidence limits for the slopes of
the Lev1ch plots. ' '

Elecfrode pa551vated by product of the two-electron reduction.

)



E.. ExperimentalVCcnfirmation'cf the Diffusion'Coefficgént

of the Methyl Viclogen Cation_Racical o /

KN
. I

, To check the va11d1ty of the value obtalned for the

dlffu51on coeff1cient of. the methyl v1ologen catlon '_3ﬁ3
_radlcal a more dlrect measurement was undertaken.  Ai
solutlon of the catlon rad1ca1 in acetonltrlle (1 ; 10 4
M) was produced by electrolys1s at constant potent1a1 as '
descrlbedvln Chapter IV.» The dlffu51on coeff1c1ent of
,MeV*"was determlned Dy measurlng 11m1t1ng currenb as a _
functlcn cfsgotatlon speed for both the ox1dat1on reactacn

.MeV+' ¥ MeV2+ +e” (Bp = 0.0..V vs SCE) and the reduction

reaction Mev'*® + e 2 Mev® (Ep = -1.10 V) at the GC RDE.

The results'obﬁained'for five trials of the exper{mentfare:

ihown an Table 39. From the re51dual current observed for
the reductlon of MeV2+ at -0 65 V,'lt was apparent that
fthe bulk electroly51s failed to achleve complete
'conver51on pf MV2¥*to MeV*'. Accordlng to the half- 11fe
estlmated from the decay curve for the electroly51s
current,‘the ‘electrolysis time ought to have been
'sufficient to ensure 99.9% cqnver51on; The re51dual
reductlon Gurrent, ccrreSponding te 2 to 5% of thel
horlglnal MeV2+ probably resulted from the presence of

'ﬁt

Ytraces of dloxygen in the purge gas., To compensig fﬁ&

7

°



Table 39.

Determination of the Diffusion Coeffic&gnt of the Methyl
‘ Viologen Cation: Rad1cal.
- i, L
[MeVv2¥] . ﬁesidh%laf Mev?t* Oxidatighb' .' Mev*® Reduction®
mM “Al/Au)1 2 j@/Aun/z o . ComAM2
s? ST R ) Ty
pA/ /2 1075 cn /s was'/2 1075 en?/s
o394 - 30 s, 5»7 . 4,92 ., 5490 2.10
0.1194  0.20 5.52 1.90 1 8.62 - 1.95
: . : v
0.1194 0.16 5.35 1.81 5.13 1.70
« - ’ 4 i o
0.0992"  0.312 4:52 1.84° 4.18 1.88
: Vo Cow
0.0992 0.09 4,38 1,77 4 - 4,23 1.68
: 4 1S 23,
) 0 éf;y ‘
Average,. 1.85, 1.86
\;. : ” '
s.de ., 0.06 0.18
954 CI- ", 0.08 0.22
!; N 'v;lw
a. Ep = -0.6% V vs SCE. . &
be Fp = 0.00 ¥ 2
) : N Jf.. ' Ab
Ce ED = -1 -10 VO .
. ~ » » 3



iheompletevconversion, the limiting current for Mev2+
reduction at -0.65 V was measured‘as a function of

rotatien speed. The results were subtracted from those

served for Mevt*® reduction at -1.10 V. and added to those

o'served for Mevt® oxldatlon at 0.0 V.

*f The dxffu51on coeffldlents obtalned from the Lev1ch
Aplots for the ox1dat10n_and reductlon of Mevt"® are given
in Table 39. Aitheugh considerable scatter is present in
the”results for the reduction, the averages of the results
are in good agreement. vTéé overall éverage value is (1.86
+ 0.12),x‘10'5 cm2/s. To provide%a_sound basis for
combarison, the determination of the dlffu51on coeff1gZent
of MeV+' usihg equation [72] was carrled out at three
dlfferent concentratlons.' The results are shown in Table
40. The value obtained, (1.94 + 0.06) x 10-° cmz/e, is.in
reasonable ~agreement w1th that obtalned from the
'electroly51s experlment. |

It yas ‘noted that the electrolysis sreaction was not
-chemically reversible. On admiesion of diogygen‘te the
eiectroiysis'cell, the blue color of -the cation radicai
élewly disappeared ;eev%hg behind a yellow.soiutieh tather
'than the initial’colorless solution. An electrolysis was
carried out usiné a blank solution but.hovcolqr was
observed. The UV-visibie'absotbanee spectrum of the

yellow solution remaining after air-oxidation was-




Table 40. Reproducibility of the Diffusion Coef&icients of - the

Methyl Viologen Dication and Cation Radical.

. R o : , :
, [MéV?*] One-Electron Reduction " Twp-Electron Reduction
ey a2 pla a1 /2 b.
PR D ML
e AR / V - . . - .
SE T g2 105 em?is o as/2 1075 cm?/s
e - Lo : ‘

" o.ofez " a8s 1.29 7.77 1,95
0.1246 4.38 1.26 9.62 1.91
0.1916 6.93 i.31 . . 15,10 1.95

' Average 1.29 _ ' 1.94
s.d. 0.02 0.02
" 95% CI 0.06 . 7 0.06 R

a. Calculated from fhe Zevich equation with A = 0.4458‘cm2 and v =

4.80 x 1073 cm?/s.

U

b. Calculated from equation [72] using the value found for Dy at th ‘

same concentration. - - ‘ - g
Q

t
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474 -'nm was also observed.

,”ibould be responsible for the observed decomposition‘

recorded. The absorbance of the MeV2+ peak at 260 nm was
only 80% of that expected given the original "‘ | -
concentrations. A’ broad peak at 396 nm with a sh&der at

[} v

"A search of the literature uncovered reports frou:

Sawyer s group on the quantltatlve formatlon of a bronze—

L3

colored d1amagnetlc product when equimolar solutlons of
MeV*' and 02 in DMF were' mgxed (154,155). Th p%oduct

was thought to be an alkyl peroxide formed: byma radlcal—
Kl J‘ »
rad1caf coupllng at C, of the b1pyr1d1 um ring., The = °

peroxide was not stable but decomposed rapidly to formhét

fairly complex mixture of products of which two were

{RY] : IS
identified: 1l-methyl-2- pyrldone and the~1 1' -dimethyl- 2_,-

|

oxo—4,4f-bipyr1d1n1um dication. In view of 1ts

instability, it was not surprising that nohe of the.

spectral features reparted for the peroxide (154) matched

those observed for the yellow solution remaining after thehkjgt

electrolysis experiment. The reaction of 021 with Mev*

7

however. Although the reaction of 0, with Mev** to form g
- . p ‘
0,° is not thermodynamicaldy favored in the absence of an

‘acid (30), the subsequent reaction of 021 with another.

. L J
MeV** could change this. If the latter reaction initiates

the decom%osition of MeV*?*, then the bulk of the

~ decomposition would have taken place after the



electrolysis experimént was complete and dioxygen.waé
admitted to the eleétrochemical cell, As residual
dioxygen on the order of 5 x 10~ M was present throughout
the electrolysis, a igr;ain Mount of decompoaitiqn may
have océurrgd over the éoﬁrse of the experiment. While it
.is not possible to estiméte the extent to which this may
have occurred, such decomposition may account for the
lower value of the diffusion coefficient of Mevt* observed

in the bulk electrolysis experiment.

F. The Effect of the Differences in Diffusivities on

the Values Obtained for k;

WOrking’curves'for the kinetic experiments described
in Chapter V were pecalculated taking into account the
diffusion coefficient raiios found in Table 38.' These
curves ‘were used 1n conJunctlon with the experlmental data
to calculate new estlmates for k;. . These values, delAoted
by kl , are given 1n«Table 41. For comparison, the values
oﬂkl obtalned on the assumptlon of equal diffusivities

1fference in

are shown as well.”ﬁACcountlng for thef
: #
diffusivities leadsﬁto a 10 to 50% increase in the

calculated value of kl' The ratio kl*/kl shows no

51gn1f1cant correlatlon w1th the dlfqulOn coefficient

ratio DP/DQ (r = 0. 022) or w1th the value of k1 (r =




]
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Table 41. Effect of Differences in the Diffusivities of the Catalyst

¢

Species on the Values Obtained for k.

i

Compound Ji Dp = DQ Dp ¢ DQ
X, kq* kq*/k,
T ‘ u-lg .
MeV (1.40£0.05)x10°  *§(2,02£0,08)x10° . 1,44
Hev - (1.2420.03)x10% ' (1.8320.07)x10® . 1.48
CeV L+ (1.10%0.14)x10% ¢ - .
BzV: " (3.8830.13)x10°  ©(4.46%0,15)x10°  #1,15
Cxv (7.5140.44)x10° " (9.9040.49)x10%  '1,32
PhV - (1.6320.11)x10%"  (1.9620.15)x10% - " 1,20
cyv .. © (5.10%0.26)x103, (7.3520,36)x103 1.44
’ i | .
n-prv (1.45£0.05) x10° (1.7920.17)x10® ' 1,23
i-prv (0.93:0,05)x10° (1.29$0.06)x108. 1,39 .
Buv (1.60£0.11) x10° (2.47¢0.22)x10® 1,54 ©
HxV (1.7420,24) x10® (2.5840.12)x10° 1.48 "
HpV (1.970.09) x10° (2.3940,38) x10° 1.21
" Ocv © % (2.4620.13)x106 (2.9020.15)x10% 1,18
"DiQ (5.040.31) x10° (7.1540.44) x105 1,42
TriQ (8.941,1)x10° (1.560,09)x107 1.75
~\\ TetQ (1.9840.16) x108 (2.1840.33) x108 1.10
DiP (2.4340,.33)x108 - -
TriP (1.1640.05) x10® - -
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-0.36). For the mo part; the uncertainties qgsOC1ated
with k1* are somewhat 1a£99r than those associaQed Qith
Ky.

It should be noted that whefeas the rate constants
were determined in acetonitrile containiﬁg 1 M acetic
acid, the diffusién coefficient ratios in Table 38 were
measured in the absence of acid. (Current from the
reduction of H* precluded the determination of the
diffusion coefficients of the cation radicals in the
presence of the acid,) 1In recalculating the rate
constants, it has been assumed that the diffusion
coefflclené ratio is unchanged in the presence of the
acid. In addition, the uncertainties of the ratios in
Table 38, which are based on the 95%-confidence intervals
for the LeV1ch slopes in Table 35, probably belie the |
iaccuraCY with which these ratios are known. The ratios
are based on limiting currents measured at four, rotation
speédé and at one concentration (ca. 1 x 10-4 M). From
'the,reSU1t§ obtaihed for three separéle determinations of
Dp and Dg for methyl viologen at three different
.concentrations (Tabie 40), .the ratio DP/DQ was calculated
as 0.66 + 0,06. These results suggest that uncertainties
on the order of $10% may be more appropriate for the
diffusion coefficient ratios in Table 38. The t10%

uncertainty and the assumption associated with the use of

[IEE = S .; SEET " ’mﬂﬂwi vy < s
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the diffusion coefficient ratios togoehor with the 210%

uncertainty in k) associated with errors in dioxygen

concentrations (see Chapter V) render the differences

oﬁserved between k; and k;* less significant than the

numbers in Table 41 might suggest. Overall errors in k,

» afé,on the order of t10% whereas overall errors of #15-20%

are perhapa,more appropriate for k;*.
- .
Before closing this chapter, a few words are in order
concerning the source of the differences in the

diffusivities of bipyridinium dications and cation

‘radicals. The stability of the cation radicals of

diquaternized salgg of 2,2'- and 4,4'-bipyridine is a
conseq®ence of the delocalization of the odd electron ovef
the entire ring sysﬁém (21). According to Homer et al.
(22), some eighteen resonance struétures can be drawn for
the methyl viologen cation radical, none of which invoke
charge separation. By contrast, the positive charges of
the dication are localized around the ring nitrogens.

Upon one-electrdn reduction, these two discrete positive
charges are replaced by a single positive charge whigh,
like the odd electron, is delocalized ihroughout the ring
system. Substantial solvent and‘counterion reorganization
can be expected to accompany this cthge and it is

reasonable to assume that this reorganization would favor

an increased diffusivity for the cation radical.
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CHAPTER -V11

CORRBLATIONiOF KINETIC RESULTS WITH THE CHEMICAL AND
BIOLOGICAL PROPERTIES OF BIPYRIDINIUM COMPOUNDS
A\

A. Introduction

In this chapter the result@ obtained for the rates of
reaction of bipyridinium cation.radicals with dibxygen are
examined in a number of contexts. From the dependence of
the rate constants on the half-wave potentials of the
catalysts, conclusionk are drawn concerning the nature of
the homogeneous eiectron—transfer reaction. A comparison
of the rate constants obtained, in th{; work with those
found by other workers using differeng techniques and
different solvents follow5u Finally, the kinetic results
are compared to published data on the herbicidal activity
of bipyridinium compounds: In this chapter discussion is
confined almost exclusively to the results of Chapter V,
which were calculated on the assumption of equal
diffusivities for the oxidized and reduced qums of the
bipyridinium compounds. Exceptions £o this statement have

been duly noted. While the effects of the differences in

+Mffusivities observed in Chapter VI were significant

o

relative to the estimated uncertainties in the values of

247
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.gfx,“bonloquonco with respect to the
‘ghiu chapter. Since it was not

he: diffusion coefficient ratios for *’.

,,g v

: 4 "
U «’
.i .

\ B. Calculation of the Raté’ Constant for the Equilibrium

Exchange Reaction

Electron-transfer reactions in solution can be
&4

conatdered to comprise three successive steps (160).

& 'U51ng the MeV*‘/OZ reaction as an example:

Act
.. Kdif | £ k N
MeV + 0y T/ —= (MeV w D) T =
kd1f ;5’;"fj:ig k—%
& '»::" Do e :
V\ . ' ‘ Lo . B ’,“ N \:‘4'
B Kehif |
(Mev2*, . 105" w——-'r"-» MeVv2* + 0,7 {73
o RITY) .
.".‘-x - R & . 123
)— . “ i ’ t - "):

The quantltxes xn paren:heses raﬁhesent the sbec1es in
%

their reactlon SLtbs thcq and k IACtvare the actxvatxon-

"controlled. rate cdnStants and kdif i8 the*dxffu31on—

?
l

i
limited rate. coﬁstant} The observed forward rate constant
B :'N ‘0

kp.is given by (161): jﬁér_fé

A

L ca ) N
el . )
[ o B f vo4
N o s : EY
LA : . b
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o

1/ky = U/kgye + 17k AC8 | ‘)
N - / '

The diffusion-limited, rate constant can be calgulated from

the Smoluchowski equation (161) as:

Kdif = 4 Na Dd

- « &y
where D is the average diffusion coefficient of the

. . } -
reactants, d is the distance between the reacting centers

and Ny is Avogadro's number: From the resuits given in .’
Tables 22 and 25, D for .the Mev*‘/oz reaction in
acetonitrile ig 4.8 x 1075 cm?/s. For dioxygen, the
molecular radius has been calculated from the bond length
and the van der Waals radius as 0.16 nm (30). Using the
Stokes-Einstein egquation and‘the diffusion coefficient

»

ratio 002/0 = 6.9, the radius of the methyl viologen

Mev2*
dication may be approximated as 1.] nm. From these values
and the Smoluchowski equation, kyi¢ is calculated as 5 x
1010 M-1g-1, \ .

The activation-controlled rate constant for the

forward elestron transfer is given by (160):
log k{ACt = log kg SOl - o30l(E3, - ERR)/0.059 - (75]

where 501 and k 5°! are the transfer coefficient and the

K

R



'v;:to be revers1b1e w1thout exceptlon (122 140 141) )

Uiequ1l1br1um exchange rate constant of the homogeneous ’ z&ij’v:

electron transfer reacf101 respec@1vely.;_Equatlon [75]

fgdlfference 1n the standard potentlals of the catalyst

'(E°Q) and the substrate (EAB) couples. 'For the 02/02

‘ ~7
'couple, Sawyen et al. gf&e the formal reductlon potent1al

E°‘;1n acetonltrlle conta1n1ng 0.1 M TEAP as.<0 87 V vs’
/ad.fSCE=(109)‘- The half-wave potentlals ‘given. 1n Tables CA
. ) & . vv‘,.‘q‘f*
'-23 and 29 may be taken as’ va11d estlmates of the formal

kbpotentlals of the catalyst couplesx (HUnlg and CO-workers:

: -4
- have studled a number of these, compounds by polarography

. ; BT
in. aceton1tr1le and have found the 1n1t1a1 reductlon waves ‘
!0 R R Hd

."'

fASSumlng %hat Ehe dlfference in formal potentlals equals

-the dlfference in standard potentlals and u51ng the 1

measured values of klgfrom %gbf ,
s e = 2 " B
[data was prepared accqrd1ng to eqﬁat10n$[73] The plot 1s o

‘shown in Flgure 59 and the data are glven 1n Table 42a

The plot qs 11near over the entlre range of compounds"
5 : :

stud;ed and the slope, -8 7 1 0 6 V ; 1s in. good

hagreement w1th the” value expected for 4501 0 By that 1s,

/ i X
-

1:18 5 \7'1 : These resuIts 1ndlcate that react1on [73] 1s o ‘f?t"

uiunder actlvat1on control for all the compouﬂds studled. ..i

¥
From the y—1ntercept of Frgu:e 59, log k S°L equals 9. 7@

,ns

éﬁ 29. U51ng the values of kl calculated 1n Chapter,VI“for




007 'og&-, o 04 ~o;e' - 08

i""

ot - . . °

T wJ.th" igxwgn &n Acetqnltrlle lfata appear in 5
5 T T L Table 427 . Slcepe = -8.7 x 0. 6 V ; 1ntercept"— Ko
BT 981}’0 3»,,:»#0 995. ST e

o ; . . : N [ LU ’i - o“~

~ ' A . - M . .
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Radicals wit§ Dioiygen as a Function of Potéﬁtial

Note: Eﬁé .f‘or 0, + e

- i
o

$epara£ion.
. ‘D
~cqmpdqnd' , -.E1/2= 'Eﬁé f‘. Ef,é - EOé.‘ log }"-1
. veusscE .y
MeV 0.45 0.42 6.15
Hev ‘. _fck44 '_. . 0.43 6.09
cev . 0.44 o ¥.43 6.04
Bav - 07 ) -;6250_f3 5.59
cxv 0.31. 6&5§i h;sé
Phv 3 4:21
ey 3.71
Pl
Dio / 5.70
TriQ - L 0T " ,.0.30 6.95
L. I R
TetQ " 0i69 B 0.18 » 8.30

20," equals -0.87 V vs aq, SCE (109).

[%

&

Table 42. Rate Canstants_ﬁor the ‘Reaction .of Bipyridinium'Catioﬁ_




unequal catalyst dxffusivities, a value of -8, Jg; 0 5 V"1

is obtained for the slope and 9.92 t 0.26 for log kg sol

It should be ‘noted that the formal potentials used to
calculate the standard potentlal dlfference EPQ - EAB
glven in Flgure 59 were determ1ned under aprotlc X | ' -~
cond1t1ons. rIt is for thls reason that the- slope of the"- ”?ﬁ

14

graph in Figure 59 is negative. Under aprotic condltlons,

~ reaction (73] proceeds in the opp051te dlrectlon to ‘that

shown._ The rate constant of the reverse reaction. k_y is
. A - PENNRAN

1nversely proport10na1 to the rate constant k1 whlch‘lLs

* . : <

ﬂactually“measure- . SR S - -
s o T L ) ; ,
. R I ] . . ™Y i - ' . ‘
. o . ' Ly ? .

.
w3 .,

) i T } Qt K
C.: Comparlson w1th the Results of tﬂér K1net1c Studles
N : ﬂv’;.,\ " d.; S
As dlscussed in Chapter I, much of the prev1ous ‘yrk
‘1

on the rates of reaction of blpyrldénlum cation réplcars

v 'h,ﬁh

‘with dloxygen employed spectroscop1c fove es such as~ = ¢

pulse rad101y51s (27,28) and laser ’ g’ (27) which

’are su1t,_ ast reactiOns. In these
technlquqi 1o 195 'on is usedttotgenerate ohe-
'electron redu01ng’agents whldh reac; ‘very rapldly (<10 ps)
with ﬁipyrldlnlum dlcatlong_to produce the conrespondfhg ', -
pcat1on radﬂcals €27, 28). .'The decax‘ln the absorbance of'

the’ catlon radlcals in the presence of dioxygen is

_ observed, typ1cally for a few m1111seconds, and the rate

L]

) : \'.':

”,constant is calculated-from the decay curve. ! s (,)
R R : : S ,

Lo - '
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solution have been determined by Farrington et al. using

the technique of pulse radioly51s (28).

‘ Thevratenconstants.forfthe<reaction~of a,varie

--pyridinium cation radicals with dioxygen in aqueous

The results

ty of

»

obtained together with\the cohparable values meaSured in

acetonitrile'as part of the present work are shown in

o fable 43. ‘The order of reactivity of th

kl Hzo/k1 AN va 1es from 4.8 for the fastest reactio

1048 for the slowest. Assuming%%hat Ehe

can be eoncluded that acetonitrlle is, ‘a

dlfferentlating solvent, in'terms of thﬁ

-

i-water. éince ctf%nfrates

N

v

1

E
?

kK1 ,Hp0 and Kk, AN are free L ser?ous sys

“blpyrldlnlum wn rqdicals toward dioxy

s
e‘cation radicals

'

estimates of.

queous solut1on are

§;3g3§ approachlng the diffu51on llmit; the observed rate

u,',

; . according to equation [74]

]

It as for this, reason:tﬂ@t

! the rate conStants measured in aqueous solutiw show

T4 cbn51derably leSs var'

-“'
e

——

}obsdpwed rates are determined

. \g\; In acetonitrile,. _
<y entire AT ".1vation, a process whlch is muoh more

‘ﬁen51t1ve to the nature of the substituents of the

bipyridinium cation radicals than 1s@d1f£usion. E

IR &

+. % (Diffusion coegfic1ents‘ﬁor a
e T T

R !

o ‘ . 4

§ . x

P

)

oW

‘aqueous solution are substantially hlgher. JThe ratio

n&o‘

is'the same, but the pulse rad101y51s v;lues‘observed in

coqstants conta1n 51gn1f1cant contributlons from dlwon‘

‘on than equation {75) predicts.

the compounds in Table 43

v«.

il

a3
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‘Table 43,’ Cqmparison of Rate Constants  Obtained by Pulse Radiolysis

_in AqueQus Solution with_Thosg of This WOrk.

v’ Ct

rd

- " ! . . - ‘ T

.- Aqueous Solution® in Acetonitrile

 Compound " Ppulse Radiolysis in- '  Rotating Disk® Electrode

Ky Al ky - log ky
. 108 ulg-t e 0 MeteTl. K
Mev | 8.020.3- 7  8.90. i 14.040.5 "w | 6.1;5
HeV - $3.640.2 8.56 12.480.3° K3 CH
BZ-Y:_.' e . 3.8810.13 8

N . . . 'v [ 1 ¢ e ]
PhV.. - .. 0.22%0,01 . 7.34 ¢ 0.1680.01 . 4.32,

pig . 4.7#0.3 ' 8.67 5,04+0.31° 5 70
Creig. 8.440.6 -, 8.92 89411 e 6.95
. - ,» ' M' . ,
-~ . LT
TetQ . . 9.60:4 8.98 19804160 8.30 ™
-
‘ .
\
a.  Reference 28, pH 6.8, 18°C. Lo .

b. This work, 1.0 M HOAc,’_ 0.1 M/TEAP, 25°C.

-

IS

: .- i B T e | - o y

e

Tt

[ ]
c. Rapid dimerization of‘BzV+' prevgnted the measurement of ki

T

™
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lie in the range 1. 0 to 1.2 x 10 -5 cmz/s. The. :
differentiating power of acetonitrile found i.his o 0‘.,,,'
at is ob!erved 'in acetonitrile isf

miner 1 acid strength

S contejt 1ﬁﬂh6t without Erecedent. The differentiation of

well known (162). In aqueous solution, these acids - apgg\r .

j.g

equally strong as a cOnsequeyce of the limit on acid \‘i»'; ~
" ﬁ 'u’._ w
j‘:strength established by autoprotolypis. The . diffusion “u; .

4.,m. = RN k

PR

T-transfer reactions.

zwi

' ates of fast ele:;'

Fdrther*ev;denceuof the sen51tiw1ty of the - e

N ‘ » ; "‘ '
‘f '?'fmeas%femehtsﬂmadgyan éé%oﬁiﬁ&ile can be found in the

A3 ‘

‘results &or the alkyl- substltuted v1ologens.. These are

. w J

plotted as a function of the number of carbon atoms fh*the
B

- alkyl Chain in Figure 60.% Reductlon potentg.}s measured

..0‘

e 9

for these compounds were identical withln experimental fjw

stants for the ‘n-alkyl
*

;trend toward larger values

error. (see Table 23). The ,ratea‘;“

v1ologens showed a con51stﬁ
’w1th'1nCrea51ng chain length._ This gan,be rationalized in )
'terms of better solvation of the-product dicatien 'as the-
‘..? e 1n‘1ength 1ncreases. The substantial decrease in

kl observed for isopropyl ‘viologen is con51stent with the

. locagion of the maximum unpalred spin density in the ’v i‘ , .\
j@‘kidn.radical at the carbon atoms adgacent to “the r1ng | L
Hll:trogens (155). The greater steric h1ndrance suffered by |

these atoms acc. for the sloweg rate of reaction. ‘ '

Rate con?tants obtained‘by Batterson et ai (27) for

'

L ]
[ A .

. . p . . ¥,
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Figure 60.

’

»

. 10

Rate of the Reaction of Alkyl Viologen Cation
Radicals'with Dioxygen in Acetonitrile as a
Function of Alkyl Chain Length. The two entries.
at n = 3 correspond to n-propyl viologen . (upper)
and i-propyl viologen- (lower) .

»
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‘the reaction of the methyl viologen cation radical with

dioxygen in water and in a number of alcohols are shown in
Table 44. With the exception of the value for,‘water, the
results ere similar in magnitude to those found in
acetonitrile and.DMSO in the present work. Also shewn in
Table 44 are the viscosity and the dielectric constant for

each of the solvents., Thq kinetj.c results resist attempts

‘at correlation w#"*thesg propertiﬁt. Solvent viscoqity
.

would not be expectedk}o “directly affect the rate of

e;ectron transfer reactions under actlvafihnﬁﬁontrol. The

s

'(; &
levent dlelectrlc constan‘”has been invoked to.explain

mﬁe 1arge difference between the results obtained in water

'and aLcohols (27). 'No trend in the values of k1 as a

function of dielectric constant is found for the

-

. ]
nonaqueous solvents of Table 44 however.

N

Flnally, 1t is 1nterest1ng to compare the results
obtained in thls'work for.rgte constantsrand diffusion.

coefficients determined in acetonitrile and DMSO. From

the results presented'in Tables 22 and 34, the fellowing

rﬁt{os~wereucalculated: ' e
, | e |
Compound | o DDMZO/DAN ]k‘Dmso/k AN
| Mev o 0.20 - 0% 28"
He® T oule 0.4
~ pio o a S0 Y 0.33
. 0, : B J .~ 0.28 S -

25é,.ew

v

&
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Table 44, Rate

TR

.

Constants of the MeV'°®/O, Reaction in Various .

a. Viscosities from'Reference 156 except where noted.

e

1

d. From Reference 158.°

e. This worke.

. - -
c. From Reference 27 except where noted.

LY

. Solvents at 25°C, .
SolQént T’ ;b ky €
f:; 106 m~1s"!
Methanol 0.543 32.6 3.3
Ethanolf - 1.075 2403« 1.3
1-Prcpanolf ) 1.924 201 3,0
2-Propan§1f 1.959 18.3 0.87
Acetonitrile 0,343 38,89 1,40
& ﬂD}mgthylsulfoxide 1.9% B 454 0.40°
&) S - . S
- Wwater . . & 0.890 ,45 - 78.5 ,. . 600
R
w0 )
. . S

b., Dielectric constants fxom Reference &57 except where noted.

' éé@_,

f., Contained 5% water. ' value¥ for 7 and e are for the pure

solvents, -

*

g. From Reference 159.

o
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The viscosfty ratio “An/ﬂnnﬁo equals 0.17. The diffusion .

e

: s/
coefficient ratios for the bipyridf%lum dications conform

nicely to the Stokes-Einstein equation (163). That the
ratio for dioxygen does not conform is likely due:to its
small size relative to the solvent molecules. As

ment ioned above, the rate constant ratid is not expected

to be proportional to the viscosity ratio.

x

D. Correlation of thg Kinetic Results withJHerbicidél

Activities

In one of the earligest papers on the subject, Homer
- ,
et @al1. found a very strong correlation between the

. herbicidal activity of certain bipyrid}nium compounds and

" their standard reduction potentials in agueous solution as

measured by potentiometric titration with sdgdium

" dithionite (22). Their results are shown if Table 45

‘along with values of k; determined in acetonitrile (tﬁis

-

s-‘{fyork) and in agueous solution (28). Herbicdidal activities

are givgn in terms of,threshoid“concentrations, defined as
CAm e e I

the minimum concentration required to obtain a complete

' ,kill'%Fder'a standardizpd!s%t of experimental

conditions. Threéhold concentrations ranged from 1 x 10753

« to 5 xf}0'3 M fog the compounGS‘Stuzied. Correlation

coefficients between the herbicidpdrfctivities and the
various chemical pfoperties ateAgiven in Table 45. The o>~

Y . *\; ) ¢ ‘ .
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son of the Herbicidal Activities of Certain

,' ntpyridtnhuu Compourids with Reduction Poeontialn And log kq»

.ce« This work.

v Aq&ooblﬁolqtipn ‘ AcetonitrileC _Herbicidal Activity
' oLy ’ ' '
Compound -g°8 109 f(ﬂP. K -21/2 log ky* Mustard Tomato
:V-VS SCE .V V8 SCE "109 T.C. "109 T.C.
HeV - Q.65 8,56 0.44 6.09 4.00 4.46
' { .
CeV 0.67 - 0.44 6.04 - 4.04
DiQ - 0.59 8.67 0.38 5,70 4.82 4.96
TriQ 0.79 8,92,  0.%7 6.95 2.30 2.52
'r ' +1.00 -0,73 +0,.,98 -0,98
(Mustatdl . .
r +0.98 -0.M +0.99 -0.98
(Tomato) ‘ PR
e v L B h s =
A ]
» c *
,, Yoe ’
o ’ .
v .8,
'bs Reference 28. Sroy A[ - s
T .oe, 'ﬂ; n‘ '

-
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‘itrongtcorrclntion oblorvcd botw‘.n thrulhold

'ngconccnttutiona and: lquoou: roduction potcntinlu cdrriosi

%qovor to éko a1f~wavo potontials mcanurod in

pcetonitrile. While harbicidal activities Ahou,& utronq,
ppsitive corrolation with reduction potantiala, thoy lhow

an equally strong, nagative correlation with th alues o[

& i

o thp rate constant Ky Herﬁ}cidal aetivities are plotted

‘)tv ,w'
vérsus the logarithm of kj "in Figure 61. . Compounds whese

cation radicals reacted with dioxygen at a faster rate
were found to have larger threshold concentrations, and
[ 3 :

therefore lower herbicidal activities. A similar ﬁegativé

W

correlatlon,walbe{t a weaker one, was observed between

[

herbicidal activities and the values of k,; measured in

water by pulse radiolysis. ’ )
) L d

The negative correlations were surprising in view of

the postulated mechanism. .For the compounds studied, it

is thg correlation with reduction potential that is more
significang in terms of rationalizing the observed
herbicidal activities.’ Using the‘standard reduction
potential- and the threshold cqnceht}a;ion for each
compound studied, Homer et al, émplqyed the Nernst
equationuto calculate the cation radiqgl concentration
expected at the potential of the NAD*/A&DH couple (0.38 V
vs NHE)., The concentration was found éo be approximately

constant (0.5 to 2.5 «x 1075 M) for th? compounds studied

which suggests that thermodynamlc factors control the

{
3
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Figure 61. Comparison of t.he Herbicidal Activity of Bipyrid-‘v

1 N

- inium Compounds with the Reactivity of the Corre-

sponding Catfon Radical Toward Dioxygen in Aceto-
nitrile. Data from Table 45. TC = threshhold
concentration (see text). @ Mustard, @ Tomato.




Herbicxdal ao&ivity, Compounds whose catlon radiéals LQ"
\‘@ﬂpgf:/react more

/ to reduce,

Homer etfal._noted that such:good resths for the

*oorrelatlon of. herb1c1da1 act'” tles w1th standard ’fp"'f fﬂrfj

‘reduct1on potent1als were not obtalned 1n other plant

.

‘jspec1es\stuQ1ed. ﬂThe results thﬂf’weﬁe obtalned for

‘! these other spe01es/were not publlshed ) Some 1nd1catlond

R of the var1ab111ty whlch may be encountered is glven by/' L E

’,the results of Summers for the d1- and trlmethylene-ff***gghdfﬁd“

br1dged salts og?l,l?—phenanthrollne (164) For dlphen,fv‘

the herb1c1dal act1v1t1es (relatlve to dlquat equals 1 O)f::/'ﬁg
g R y “‘;/“’5
g toward 11nseed, buckwheat,.mustard, and sugar beets were Y

found to be 0 0’ 0 0 O l ahd 1 0 respectlvely.:&:urlﬁdf“

“ptrlphen, the results were 0 1, 0 2, 0 3, and l O.ng.
\ : e o wf o :r .
The p051t1ve correlatlon of herb1c1da1 act1v1t1es//'

ﬂ~w1th reduct1on potentlals holds for potentlals less than

“or equal to that of dlquat. Accordlng to Whlte, compounds

_}w1th more posatlve reductlon potentials show decreé51ng

f:héfblCldal aé¢1v1ty (23) Unfortunately ﬁhere -3 é no dfjgv*
/p:publlshed data\on the herblcidal act1v1t1es Of/éompounds

'fln this potentlal range. In vfew of the relaglonshlp\;

affounfﬂ}o exlst between half-wave potentlalswand log kl,
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'-rocomplex functlons of a numberfof factors~and attempts to

1fyvproperty are usually naive.

serles of a}ky,

lgwave potentlals, the rate constant kl does prov1de a

'f; Blologlcal actlvxtles of - chemlcal compounds are ofhl‘/:

’tCOrrelate such actlwat\\\‘w1

preV1ously,;the
ac;tonitrlle are Wi tually 1dentical.\ Slgnlflcan“
varlationsj\howev\r, are observed 1n thelr herb1c1dal

act1v1t1es._ The results obtalned by Ross et al for ' ',

duckweed (165) are plotted versus klxln Flgure 62. A

p051t1$e correlatxon ex1sts but the corrélatlon Lo .

- o

A\hcoeff1c1ent 1s not large (r 0.35), andlso the‘variation;
‘1n kl does not account for much of the var1at1on 1n I 'lgl:'

-observed herblcldal act1v1t1es. In contrast to the half— .{#'

f;measure mhlch is capable of some degree of dlscr1m1nat1on

-

‘;[among the varlous compounds.w 'f“ . SRR P )

Pl

\ :

»t\any s1ngle chem1ca1 i,_ Q’ i“@

N

-SEEJOUS efforts to account ‘”; R

‘~Txfor herblcidal act1v1t1es ne d to cons1der a number of

."factors 1nclud1ng such thlngs as reductlon potential, log

ngkl, solub111ty, ahd s1ze of the molecule (166). In view /J*F\
1fof the spec1es to—spe01es varlablllty, a large amount of A
"herb1c1dal data 1s required(%s well. The dearth of

V”glpubllshed 1nformatlon on’ the blologlcal act1v1ty of 7f: : ">-_45fi
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 Figure 62. Comparison of the Herbicidal Activity of n-Alkyl
, . " Viologens with the Rate of Reaction of their ’

N - Cation Radicals with Dioxygen in Acetonitrile.f‘
_Herbicigdal activities from reference TEE,' ILC = o
lethal ‘concentration (M). r = 0.35. T L
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bipyridinium compounds is surprising in view of the télﬂl

considerable body of literature devoted to these compounds

I
K4

(20 21). The value of the present work to the

understanding of herbicid activities ‘lies in the

potent1a1 for the b1pyr1d1n1um d1cat10ns. For electro—
chemlcally rever51b1e b1pyr1d1n1um compounds, the'
relatlonshlp can be expected to have predlctlve value, and

so rate constants for such’ compounds can be estlmated from

¢

the more’ ea51ly measured half-wave potentials. The values'

T

obtalned for ki may be of some ut111ty in more, elaborate

analyses of the factors controlllng the herb181dal

A

act1v1ty of b1pyr1d1n1um compounds. ~

\..,- .

>
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SUMMARY AND CONCLUSIONS

v P : . ' . b ‘ * .

’_EleCtron-transfer reactions inéolving diokygen as the{' |

»

ecceptor a!B of fundamental 1mportance ta 11fe
l ”"

~processes. Redctlons of this type have -‘been 1mp11cated in

the toxlc*effects of a number of classes of chemicab

A

compounds. The obJectlve of thls work was to measure rate'

¢

'constants for the reactlon of,these medlators w1th ~
. ,{

In the~first section, the differéntial eduation

B de5cr1b1ng the pseudo—flrst order and second order

~

Y
2

EC- catalytlc mechanlsms at the rotating disk electrode

were solved numerlcally u51ng a polynomlal approxlmatlon

o

technique.' The results obtalned wereeln good agreement
0 :

with pnblished approxlmatetanalytlcal solutlons for

o _ ¥ _ S : : ' :
various limiting'cases. From currents measured at the RDE

for the reduction of b1pyr1d1n1um dlcatlons in the

presence and. absence of dloxygen, rate constants ky for

the reactlon of b1pyr1d1n1§m cat1on radlcals w1th dloxygen

1n ac1d1c acetonltyple and DMSO were determlned. The

numerlcal solutlon for ‘the second- -order EC-catalytlc

mechanlsm was used to relate observed currents to the rate

“ 268
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°constants of the homogeneoua reactions. sRate constants\

.

Vlwere obtaiﬂed for the cati ,'radicals of- eighteen deubly

'quaternited derivatives of 2,2' and 4 4‘-bigyr1d1ne dnd

1, 10—phenah¢hrbline. The rate constants inxacetonitrile

‘-ranqed ‘from 5 .x 103 to 2 x 108 u-1 ‘1 The electro-

chem1ca1 techn1que proved to be well- -suite
-

. determination of fast electrothransfer reacti
Fo ' s -
rf'involving dioxygen. Most of the 1nformat10n requ1red,

<

'rlncludlng dioxygen concentratlons and dlffu51on
coefﬁlelents for the reacting spec1es, was obtained ﬁrbm
’ ngrents measured-at the RDE. From tne‘resultsxof.the
‘kinetic studies, tne'reaction rates were shown to be

activation-éontrolled_and’the rate constant for the

‘ equ111br1um exchange reactlon of b1pyr1d1h1um cation

'radlcals and dloxygen 1n acetonltrlle was calculated¥

log kg sol equals 9.8 + 0.3,
&\

From measurements of mass- transport limited currents-

-

for the one- and two-electron reduetlons of b1pyr1d1n1um
d1cat10ns, the diffusion coeff1c1ents of the corresponding
cation‘radicals were determined. The Calculations-
'frequlred the numerical solutlon of the dlfferentlal
equatlons descr1b1ng current. at the . RDE for a consecutlve
,electron transfer accompanred by a rapld,\}rreversible ree

prOportlonatlon. The diffusibn coefficients of tBe

b1pyr1d1n1um catlon radlcals were found to be between 30



and ‘50 porcont larqet than those o£ the correlpondinq

dications. For methyl violoqen, thip difference was w\

confirmed by preparing a solution of the cation radical

and measuring the diffusion coefficient according to nhe
: | Levich equation. The estimdtes of thzﬁ:ate cortstants for
 the reaction of the cation radicals with dioxydﬂ‘yw

1ncreased by an average of .35 percent when. the difference

-

in the diffusion coefficients was taken ig;o account.
| The values of-kl measured~1n acetonitrile ‘were .
compared wf%h published results obtained in aqueous
solution by pulge radiolysis. ﬁhilg the order of\

reactivit{ wés found to be the same in both solvents, the

-

* reactions in water were anywhere between five and one

- .

thousand times faster than‘the correspondlng reactions in

acetonltrile. Acetonltrile acted as a much more strongly

dlfferentiating solvent than dld water. The rate

*

constants measured’ 1n water spanned a factor of 40 whereas

@

those measured for the: same compounds in acetohitrlle

-

spanned four orders of magnitude.\ "The dlfference was -

\\\\\attributed to the levelling effect of diffusion processes

on the observed rate constants in aqueous solution.
- The results of the k1net1c ‘studies’ showed a strong
negative correlation with published herb1c1da1 agtivities

measured for a number of the compounds in mustard and

,tomato plants. Compounds whgse<cation radicals r act more,'

P
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;rapidly with dioxyqon woro pootor horbicidol. It was

concludod that “for theso coTpounda thermodynamic factors

N -

'wenp mpre relevant to ‘the herbicidal act\vitiea than were’
\ ‘ /

. * “/

kinetic factors. ' /

*

The valuea of kl measured in acetonitrilé were found

.‘ e

to be quite sensitive to ‘changes in the nature of the

. . . P
substituents. ' Significant differences were even observed

.

for the series -of n-alkyl viologens whose substituents

ly one or two‘carbo;latoms. Variations in
k; did n vaccount fér'mudh of .the observed variaiion in
the he;biéidal acti§ity of the alkyl viologens. The rate
conStants\did:provide a measure of discrimination among
these compounds while their’reductién potentials, which
were virtually identical, did not#

f

In terms of future work, extension of the present
techn1ques to the reaction of semiquinones with dloxygen
appears promising. The relationship between Qbserved
cataljtic currents and the rate 6f reaqtion of .
sgmiquinones withidioxygfn is compliﬁated by thé COmpeting
ptbcess of diéproportionation of thevsemiquinoné. The
excess qéid requiréd td drive the Qomogeneous oxidation
also promotes the disproporionation. The hydroquinone.
produced”?y the disproportiqnaﬁion reaction is much 1e§s

" reactive toward dioxygen than is the semiquinone (167).

Accounting for the disproportionation process in the



‘,contoxt of the EC-catalytic mochanilm would po}mtt kin&tic
A\

studies of a wider range of compounds 1nc1uding any ot o é

'thoae whose biological activity derivoa from tdd o ' ,k

{cycling. ' ’ . Q SRR

\..‘ ’ " 7 y
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APPENDIX I

APPLICATION OF THE ORTHOGONAL COLLOCATION TECHNIQUE TO .THE

CONVECTIVE-DIFFUSION EQUATION FOR THE

ROTATING DISK ELECTRODE (RDE)

A. Introduction

This section describes the numerical approximation
technique employed to solvé the differential equations
describing the pseudo-first- and second-order EC-catalytic
mechanisms at the RDE. By way of introquction to the
orthogonal collocation techhique,‘the solution to theA
differential equation describing mass-transport to the RDE

o

(the Levich equat?on) will Se described in some detail,

We begin by considering an electrochemical reaction:
P tne” 2Q , (A-1]

taking place at the surface of an RDE; The rate of the
reaction is assumed to be‘sufficiently large that the
current flow throﬁgh the electrode is determined by the
rate of‘mass transfer from the bulk solution. The.
variation of the concentration of spécies P with time at

any pcint in solution is given by (81):
-

- 288 -
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where cp = concentration of species P, Dp = diffusion
coefficient of P, z = distance normal ta the electrode,
and v, = axial velocity of the solution. The axial
velocity near the electrode surface‘is approximated by

(81):

/

v, = =0.510 w3/2 y"1/2 ;2 - (A-3]

where w = angular vizocity of the electrode and v =

kinematic viscosity. 1In the steady state, 3c/3t = 0 and

equation [A-2] becomes:

2

d cP dcP
dz dz

-

A similar equation can be written for the product species

Q:
dzc ch
Dg —x2 = v, —2 =0 .. Ia-5)

The boundarywcphditions defining the problem are as

follows. At z = O:




dc dc
P
Dp(gz™) *03-91 -0
Proz Trap o(" 220
cp(O)/c°(01 = exp{(nF/RT)(E*-E)} {A=-7)

»

At z = =1 gpl=) = bulk concentration of P

Co(‘) = 0

Equation [A—G]’describes the flux balance which mu?t exist
at the electrode surface. Equation [A-7] expresses the
surface concentration ratio in terﬁs of the Nernst
equation. For the mass-transport-limitea cége, eduation
[A-7) is replaced by cp(0) = 0.“

To endowithé solution to the problem with general ‘
applicability, it is customary to redefine the problem in
terms of dimensionless concentration and distance
variables denoted here and throgghout the body of the

thesis by upper-case C and Z respectively. Concentrations

are normalized with respect to the bulk concentration of

P, CP(c’):
Cplz) = cplz)/cp=)
Colz) = cglz)/cpl=)

Distance is normalized with respect to the transport

boundary layer as given by Eddowes (82):



‘*thlckness as deflned by Lev1ch (81) The solutlon to the‘

'74problem is sought over the restrlcted 1nterva1 0 < z < 1.

w oy

P Substltut1ng the dlmen51onless varlables and
W

"71ncorporat1ng the

'@xpre551on for ax1al velqc1ty transforms

V};ithe equatlons %@scrlblng theﬁboundary value problem to-'
L iDp —— ¥ 33.997722 =2 =0 . (Aa-9)

.,;_ &2 C S dédeeif R e PR
DQ ——f— + 23, 997 z2 o= 0. Lo Ias10)

At Zbl,': 0, DPEﬁ— + DN g

o

CP(O)/CQ(O) exp{(nF/RT)(E°—E)}

At z=1 Cpm T

CQ(I) 0 e?;;tfe}eef TE;E”f ,?ff”ffifft;fﬁfif

I

vZA;iefThe dlmen51on1ess dlffu31on coefflclents DP and DQ result

T'ffrom normallzlng DP and DQ w1th respect to the larger of

1 :f?i?'the two..;




The solutlon to the above equations descrlbes the
’?;varlatlon of CP and CQ as a function of dlstance thrOugh-(*

'out the transport boundary layer.‘ From the solution one

‘"Tfjcan der1Ve the fam11Lar Levth equation descrlbing current B

\ ;
i

. at ‘the RDS:.. T

‘B.,_Introduction'to'@nthogonal Collocation

“.

Orthogonal collocatlon is one of a general class of f

approx1mat10n technlques known as methods of welghted
uresxduals. It orlglnated w1th Vllladsen and: Stewart (97)
‘and has been applled to varlous problems in chem1cal
'englneer\ng. The technlque was 1ntroduced nto' |

electrochemlstry by Wh1t1ng and’ Carr (86) It has 51nce

been applled to a varlety of electrochem1ca1aklnetgg/’

AN

“,»problems (87). ‘-,1'f t

To understand the orthogonal collocatlon technlque,
'con51der the mass transport equatlon for . spec1es P,
mequatlon [A—9] To this ordlnary dlfferentlal equatlon in
"Z' we can wr1te ‘a- trlal solutlon in the form of "a.

:polynom;al of degreegN, ': B

Npa2Z

ep(my = Y oay2d




@

ffset of orthogonal polynomlals known as

I RN : g

through the 1nterval and 1nc1ud1ng the _,daries;(98).f

Rt

’The accuracy and computatlonal eff1c1ency of

collocatlon technlques are strongly dependent on E%e
7

ch01ce of the collocatlon p01nts._ Vllladsen and Mlchelsen

have shown that an optlmal collocatlon technlque rescltsr

—

—

when the collocatlon p01nts are chosh

as the roots of“a'
jacobi polynomials,

(98) ‘ These polynomlals are deflned ‘over the 1nterval 0 <

x < 1 by the orthogonallty relat»onshlp

g xB-xg e p (0B () g (@B (x) ax = 0

SN

3 . .

The mathematlcal basis of. ortﬁcgonal collocatlon 1s set

forth in the book by Vllladsen and Mlchelsen (98) and that

by Botha and P1nder (99)




]

'C. Transformation of the Bounda:y Value Problem to a Set

‘of L1near Equatlons in z‘v.
L. i : . . ' ". .
‘ leen an orthogonal polynom1al of degree N w1th N

v

real/f%ots zl,.“fé 1 to ﬁ over the 1nterval 0 < z > l, we

'

'Y'can express, the solutlon to equatlon [A-9] at each of the

*

roots as t‘t

R \ ’ o | 3
CplZy) ='Eo 'a'(Zi)J e S . [Aa-11)

?

Equation [A-11] is 'differentiated to,give

¥l o

B 2 e NP TICTIEE '
T | zmzy gl 7 T

'd?cP R T

: dz 2=7.: ]=2 s .

1

~

- o

© By substituting theSe’expressions intg [A-9] and

evaluatlng the resultlng equatlon at each of the N roots-
(known as the 1nterlor collocatlon p01nts)‘ we obtaln a

set‘of N equatlons‘Ln N+2 unknowns‘aj, j =0 to N+l A

-51m1lar set of N equatlons in N+2 unknowns bJ is obtained

for spec1es Q. ‘The boundary condltlons at Z = 0 and. Z‘é‘l'f

prOVide;the four remalnlng equatlons required to complete

~the cystem. Thus the bOundary value problem can be

‘transformed to a set of 51mu1taneous llnear equations.

*



solutlon or one of 1ts derlvatlves is de51red at some

Instead of explic1tly solvxng for the coefflcients of

the approX1mat1on polynomials ai and b1, lt 1s usual to'

& -
solve for the values of the ordinate at the collocatlon"*

‘a

.po1nts, 1 e. foﬁ’cp(zi) and CQ(Z ) This dev1ce

‘S1mpllﬁies formulatlon of the problem 1n cases where the

~

'ltalye(s) of Z."In the:case of the RDE we are pr1mar11y
i 'l 7

”’w, b ’
1nterested in the flux of - spec1es P at the electrode

-surface and therefore ‘wish to evaluate the quant1ty

L ’ v
» B .

9Cp
az | z=0 °

In general, the coefficients of the approximation

polynomials'are not-dTrectly of interest‘ leen CP(Z ¥

"and CQ(Z ) together with th&tcollocatlon p01nts, the

coefficients can be_recovered, if necessary, by Lagranglan

interpolation." R B o v ¢

'
/

The atial derlvatlves are expressed as.a’ functlon

‘of the coRcentrations at the collocation p01nts bf

, ’ : &
dCP , N+1 :
az 2=72. = .1 Aij Cp(2Zj) . .




P : . . ’ .," ﬁ%g

e | a0
) ‘

~ The- coeff1c1ents Alj ‘and BlJ depend only on the degree N
chosen for the orthogona; polynomlal. These coeff1c1ents,
along w1th the roots of a degree N Jaco pelynomlal, are .

_-readlly computed using published subrojthes (87‘98).

* The system of simudtaneous equatlons descrlblng “the

bgundarx value - problem ?;\terms of the concentfetLOns of

speciee P and Q at the collocétion'points is given" T

-

below. The boundary conditions at z = 1 have been

1ncorporated directly into the equatlons.- v
v\» N , _ - . : .y : ,‘ | . ‘ | . —
,jgb (DpBjj + '23.997 zfAi5) Cplzj) = o |
- (DpBjj + 23.997 2%A; w41 - [a-12]
N ' 2 N ‘
jzd (DQBij + 23.997 ZlAij) CQ‘ZJ) =0 . JA‘13]

for i = 1 to N4

-

The boundary_cohditions at 2 =50 are _ S :



1 4

N _ ‘ . - v;‘ -
sl 20,3(Pp Cp(23) * Dg=Cqlzy)) = = Dphg,y+1

0 .

Cp(0)/Cqu(0) = exp{(nF/RT)(E°-E)}

1

ER}

For the mass—tfansport-limited case, the ratio CP(OL/CQ(O)

is set to some arbitrarily small value such as 1076,

L4

’\ 3 .
| _
.‘ D. Solving for the Levich Equation (

!' The . program LEVI?H was'written'to generate and: solve .
the preéeding system of equaﬁionst' A listing of the |

. program together with details éoncerning the

‘implementation appéars in'Appendix II. The results

i

. obtained for concentrations at the collocation points -are

‘shown in Table A-1..

_—Current flow through an electrode is described by a

cdmbination of Fick's first law of diffusion and Faraday's

law "as



. .

‘Table A-1. Concentrations at the‘Collocation“Pofhﬁg\fbr‘the Mags - e T

,r";'
. M e .
Transport-Limited Current at the RDE.
2 Cp o .
) 0.000 - 1.000x106 1.000 / )
‘. LV ,

. 1.986x1072 4.448x10"2 9.555x10™ "
1.017x1070 2.272x107" 7.728x10""
. 2.372x107" 5.176x10"" 4,824x107" .
- 4.083x10°1 8.071x10"" 1.929x10~" .
Y ' , _
B 5,91 7x1071 9.607x10"! 3,925x1072
- ’ r )
: 7.628x107) 9.960x10™1 3.984x1073 .
: ‘ . ’
8.983x107" 9.997x1071 2.709x1074
9.801x10" 1.000 1.022x10~5
1,000 1.000 0,000 - -
. r #

* Results obtained with N =8, Dp = Dy, D/v = O, and Cp(0)/Cq(0) = 10°6.

1
¥ . \
¢ .

*\kz‘f;}



o .+ ' ‘ . 1, a

- The normaliied concentration gradient.at the electrode
. . S ot © . L .

‘surface is calculated from the‘values ﬁor'\he .

. concentration of P at the coilocatidn'points as
\

.dCP NEI‘ o ’ o

VA 2=0 = 5=0 Ag, 3 CP(Zj)[ [A-15]

Eqpation [A—14] is transformed into the Levich equation by |

recognizing that

3z | z=0 ° 37_ 2=0 . y [A-16]

3

Substituting [A-16] into [A-14] and including the

expressiod for zp Rves

dCp |,

i =[0.27704 £ nFAD2/3 v-1/6 ,1/2 ¢ (o)

2=0 ]

3

~

The quanfity in square'bréckets corrésponds to the

constant in the Levich equation. Results obtained by

»

orthogonalfcollocation as a function of N are given in,
Table A-2. They are in good agreement with Levich's “value

of 0.62 for N > 4. For N > 8 the results are in excellent

‘ ' : . _ ‘ : o
agreement with the value 0.62048 obtained by s

T

parrow and

.



b

Table A-2. The Levich Constant as a Function of the Degree of the

e

Approximation Polynomial.

Levich .Constant

10

12

he)

0.584824
0.622849
0.620573
*  0.620471
0.620467

0.620467

L~



€regg who used,numo;ical intedra;ion to s

'analogoua heat transfer problem (100).

‘ As mentidned above, the coefficients’of the
Approximation polynomials are éasilyaﬁﬁaculatgd. The
coeffiéiepté~for the N = 8 solutién are giVeq in Table
A-3, W c efficientS‘weré used to generatg“the
concentration profiies forispecies P and Q shown in Figure

-10

A 3

E. A Refinement to the Calculétidn - The Extended Axial:

Velocity Equation

™

- : \
The expressioe-fop axial velocity given by equation
fA-3] 'is an approximation valiigonly very near the
elgétrode surface, that is for < 1. It is the first

term of the Cochrane eguation, a power series describing

axial flow toward a rotating disk as a function of

-

distance normal to the disk (76,81). Riddiford has

pointed out that higher terms make a,significant

*

contribution (76,1015, An extended axial velégity

equation with coefficients as cited in reference 76 is

Al

givep by

7

= -(w)1/2[0.51023 ()22 - 3 (£)3/2;3

3,



Table A-3. Coefficients

Transport-Limited: Case. ﬁcsults obtained by orthogonal’

colloca;ion with N = 8,

&

of the Approximation Polynomials for the Mass-

Degree Species P Species Q

0 1.0000x10”7 +.0000

1 2.2396 -2.2396

2 7.0733x1072 -7.0734x1072

3 -1.6764 1.6764

4 9.5961 -9,5961

5 -5.6848x10 5.6848x10"

6 1.2053x102 -1.2053x102
: 7 -1.1950%102 1.1950x10%2

8 5,7454x10] -5.7454x10"

9 -1.0870x%10] 1.0870x10’
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Figure A-1. Concentration Profiles for the Mass-Transport- ,
Limited Current at the Rotating Disk Electrode.
For the electrode reaction P + ne” = Q with
Dp = Dng. The circles locate the\collocation
points for N = 8. .

ot



- (A=-17)

’ 0061592 wy 2 4
+ === (;l z?])

LR

Normalizing this equatibn and using it in place of [(A-3]

{p the derivation of [(A-9) gives v
_ dch . ‘
Dp —5— - 47.030(-0.51023 + 1.2032 sc"1/3z° ]:)
' d z . '

dc
_ ~2/3,2172 -
1.3375% Sc YAB WA 3zt 0.

Use of the extended equation introduces an additional
parameter, the Schmidt number Sc which is defined as Sc =
v/Dp. Values of Sc are generally in the' range 50 to 2000

for aqueous andinon-aqueous electrolytes. Use of only the

first term of equation [A-17] is equivalent to assuming Sc ”

z ) .
The constant iR the Levich equation C;, depends to a
modest extent on the value of Sc. Gregory and Riddiford
employed graphical integration to determine the dependence b

and expressed their results as (101):

C_ = 0.554/(0.8934 + 0.316 sc™0-36).

-

S - 5 . .
A decade later, Newman §3Tv€f¥the problem analytially
(102):



0.62048/(1 + 0.298

The extended axlal veloc1ty equat1on was 1ncluded 1n

.vthe program LEVICH and CL was determlned as a funct1on of e

":;SCH The results are shown 1n Table A-4 along w1th values

*fflnlte—d1fference solutlon of the transxent response of

'atnumerlcal solutlons, those beyond the f1rst contrlbute

'»b

“calculated u51ng the above two equatlons. greement 1s‘

hexcellent throughout.’ The collocatlon results are 1n
'espgg@ally good agreement w1th Newman s equatlon.; Table

;A-4 aTso shows results obtalned from a recent expllCIt jﬁf'“

et

o the RDE (103) Th1s program accommodated the flrst 95

“.ﬁterms of the Cochrane equatlon, the number apparently

irequ1red for convergence to 1 part 1n 106 for Sc ~ lO.M ;‘~“'"

:Results for more reallstlc values of Sc, such as those
*shown in Table A-3,“were obtalned w1th 8 terms._ The’ﬂ
"concern w1th addltlonal terms beyond the th1rd 1s Probably

\

'warranted in v1ew of the var1ab111ty assoc1ated w1th the

\?flnlte dlfference results.viv' 1[5\i

Whle addltlonal terms are ea51ly 1ncorporated 1n§f\\

ka.l1tt1e of value to the overall result.- Flgure A-2 shows;_ol

rfax1al veloc1ty1as a functlon of dlstanoe Z calculated

H!"“u31ng equatlon [A-3] and equat1on [A-l7] w1th Scfé 1000r

"'gg‘Neglect of the hlgher terms leads to a substantlal

[ad
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Table A-4. The Levi@h;Cohétanfjasla thcfion‘pfitﬁe-Séhﬁidt'uumbef‘sc;;fk

oo

S Coilcéation

a

!

" Finite Difference

b

100 0.57961

..

500 0.59675
1000 . 0.60171

‘o 0.62047

" Reference 103.
 interva1sJuééd
b‘pggferenhe'102;

 Réferencé-101{

Y

0.57912-0.57925.

0.60181-0,60195

_ This work. N';:B@}Dg

Exact value obtained depends on time and‘distance

 0.62065-0.62091 -

2

= DQ.

oy

Newman®
*10;57938
\‘ongsid
| 0;66168'

0162048

: ' T
for theﬂnumefiga»1§pprdximation,

o
s
R

”énalytical solUtion.;

Graphical integration.

CgF

©0.58095

0.59754

0.60238

'0.62010

Rigaiforad
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Figure A-2 Simple and Extended Axial Velocity Equations.
.Equation [A-3] (Simple), - -
Equation [A-17) (Extended). 'Velocities have’

- been nor_mal_ized with respect to equation [A-3].




overestlmate of Vz for'Z 5'0 5. The error 1ntrodUced 1nto

the. convectlon term 1n equatlon [A 9] 1sfqu1te minor 51ncegﬁ

f'»_dC/dz approaches zZero . 1n thls reglon'(see Flgure A—l).

‘that 1t Eends to compensate for

fInclus;on.of hlgher terms 1s“probably only Justlf;able if,

edgefeffeCts~are consideredfas well.

N

"lLeV1ch has p01nted odt that neglect of the seoond and

’hlgher terms of the Cochrane equgé&on may be a v1rtue in.
e

neglect of electrode

edge effects in the formulatlon of the problem (81)

In the case of’ the ECdc;%alytlc mechanism, . the hlgher

t'terms are of even less 1mport. ‘The" effect of the

n,homogeneous reactlon is to 1ncrease the concentratlon

v

‘ gradlents near the electrode surface and thus to extend

‘the reglon.over whlgh dC/dZ'ls approx1mately zero.»'Due to -

the parabollc dependence of- vz on z, the entirfe’ convectlve
N term becémes qu1te negllglble.' Thls ‘is the ba51$ of

Savéant s approx1mate numerlcal solut1on for the second—

>

”order EC- catalytlc mechanlsm (93) as dlscussed in Chapter



APPENDIX IT
 PROGRAM LISTINGS

vIhcluded'ih”this‘E§behdix'are the brdgramS’and

.

usubroutlnes used to 1mplement the numer1ca1 solutlons to

.. the boundary value problems discussed in Chapters III. and

VI and Appendlx I. The programs were_wr1tten in PDP-11

.‘”FORTRAN'IV (Digital~EQUipment Corporation‘(DEC),~Maynard,

MA). They include: ein:vk

Program Name

'LEVICH
Becr1

ECRIWC '

‘RDECR2
ECR2WC .

'RDECR3

 ECR3WC

CETRP2

current at the RDE.

Working curves for the same.

‘Function

~ Solution for the mass-transport-limited

'

Solution for'the psuedo;firSt—order

EC-catalytic mechahism at the RDE.

“Working curvegs fdr=theusame.

Solution for the second-order

EC-catalytic mechanism at the RDE. |

Numé:itai'selution,fo; the secgnd-otdef
EC-Catalytid hechahisﬁ’at the RDE fbr
large ky (us1ng the spllne t?Chnlque)
Working curves for the samer—; o
Qonsecut;vevelectroneﬁransfer with
peptppoftiohation.

: P2 k . : .
e ’ . A K4

A .

ey



The programvllstlngs are followed by 1lstings of the

| subroutlnes contalned in the r&brary ﬁile DGSPLB OBJ. 'Not
"*1nc1uded are listlngs of the subrodtlnes contalned i he'
11brary flle MATLIB. OBJ. These subroutlnes 1mp1ement
'standard mathematlcal operatlons andwwere taken from the
;PDP 11 FORTRAN IV Sc1ent1f1c Subrout1nes Package. (Source
code for the same subroutlnes is publlcly avallable as
part of the IBM Sc1ent1£1c Subroutlnes Package ) y
Concernlng PDP-11 FORTRAN IV, the only dec1dedly non- t T\
standard feature 1s the $ format descrlptor whlch is used -
- to suppress the’ carrlage return character at the end of an
output record.'- ' o

Programs were complied and executed under the RT 11 .

3SJ (Vo2- OZC) operatlng system on a DEC PDP 11/03
| mlnrcomputer with’ 64 kbyte of memory and equlpped w1th a’
KEVll Exténded Arlthmetlc Chlp. As awbenchmark for
comparlng executlon tlmes glven in the body of the the51s'

'w1th those whlch can ge expected on- other machlnes, the

‘\follow1ngvvalues_were recorded formthe t1me,requ1red to

“invert singlehprecision matrjces:' , ‘Ai e \A“
; ’d,»f"{ Dimension. T EXecution Time (s)
; f_ 10 x10 // R 1.6
15 x 15 o ‘,T. 4.6, P
C207x 20 S 9.8 L
¢ LR TR e |
30 x30 , 3.8

40 x 40 7303 -
. C : R,



‘The 'matrix inversions‘were performed on matrices filled

with randomly generated numbers using subroutine MINV of
~"the Scient1f1c Subroutlnes Package.’ This subroutine ,uses
the Gauss Jordan method with full row and column p1vot1ng
;and it also calculates the determlnant. :

Concerning the use of the programs which follow, : -}

satisfactory-results in terms of- both accuracy»and
: execution time were obtainedvfor,the EC-catalytic
mechanism'using COllocatlon polynomials ofkdegree 8'and a
1convergence criterlonfof 1 x 1078, Thebonly exceptions to
'lthls rule occurred for the spllne programs RDECR3 and
‘ECRBWC. For large values of ky (greater ‘than’
approx1mate1y 1000), the program occas1onally failed to
converge to 1 part in 108 and so a convergence cr1terlon

)
of 1 x 1077 was used bnstead. D1ffus1on coeff1c1ents are

normal1zed w1th1n the program and so may be entered 1n-
elther d1mens1oned or dlmen31onless form.

L1st1ngs of two utlllty programs are also 1ncluded 1n
;thls appendlx. The program KPRCAL uses Lagrangian
-1nterpolat1on to calculate k1net1c parameters g1ven a -
tabulated worklng ‘curve and the approprlate experlmentally“
measured currents. The program CONPRO uses Lagranglan

1nterpolat10n to recover the coeff1c1ents of the

“approx1mat10n polynomlals,g1ven a llst of the

g o




: ‘ - ) : st 7
- | ‘l” ‘ Q‘- ,v{:; . o ‘\ ‘
concen.vtaf:ions at the collocation poins:s. The .
approxmatlon po;momlals are. then use;i to generate - N
concentratlon proflles over any de31red 1nterva1. _ - ‘



C
C
¥
C
C
C
c
c
- C
 C
c
c
c
c
c
c
c
C:
C
c
C
,C.
C
C
o
e
C
C
C.
C
c
C
C
¢
c
c
C
c

0OOONOOOOOON0G00

&

"+ Source File:

DIMENSION ROOTS(20),CONCS(
&

Titie Mass-Transport Limited Current to. the RDE .
Numerical Solution by Orthogonal Collocation.
‘ Date: 03-Dec-86

- LEVICH. S08B

Author: * J. Nolan

LEVICH.SNG Object File:

PROGRAM LEVlCH

Purpose .
This program uses orthogonal collocation to obtain
the steady-state solution to the differential equations
describing mass transport to the RDE. Tormulation of the
boundary valu problem is based on Eddowes’ treatment
{J. EYectroanal Chem., Vol:. 158, p.1, 1983).
mentation of the orthogonal collocation'technique follows
J. Villadsen and M.L. Michelsen, "Solution of Differential
Equation Models by Polynomial Approximation", Englewood

Cliffs, N.J.: Prentice-Hall, Inc., 1978.

Modifications: - S ) .
1. Included date and versibn number on printodl (v01-B,
28-Jun-88). ’

External References:

Fn/Sr ' Src File Obj File
Subroutine GENAB GENAB.. SNG DGSPLB.OBY
Subroutine RDECDE RDECDE . SNG DGSPLB.0OBY .
Subroutine CONSL1 CONSL 1.SNG DGSPLB.0OBY : .
Subroutine CSCGP CSCGP. SNG DGSPLB.OBY
Subroutine DATE N/A FORLIB.OBY

‘Variable Declarations:

IMPLICIT REAL*4 (A-H,0-Z)
LOGICAL*=1 DATARR(S)

) ,AMAT(20,20) ,BMAT(20,20),
‘3?3 , :

1

36
BOUND(36).CMAT(36i
D

EQUIVALENCE (CONCS{1),BOUN
lhput:

-

3

‘N - Order of the.collocation polynomial

NR - Number of simulta
DBARP - Normalized giff

(N<=18)

equations. (=2*N);, ‘
on coefficient of species P.

DBARQ - Normalized diffusion coefficient of species Q.

DVRAT—--Ratio of the larger d\ffus1on§coeff1c1ent to
. the Kinematic viscosity (=1/5c).
CRATIO - Concentration ratio (P/Q) at Z = 0. \
E

Output: . o b

DATARR - System date (DD-MMM-YY).
ROOTS - Roots of the collocation polynomial.

AMAT ,BMAT - Discretjzatton matrices contawning the }

14
%

R

Implementation’

ey
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OO0

10
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OO0

jgond derivatives ‘
-7 /7

coefficients for the first ancyg
: of the concentration-profile. :
CMAT - Matrix containing the system qf simultaneous
' equations generated. ‘ ‘ .
BOUND" - Vector containing the boundary conditions. A
CONCS - Vector containing the concentrations at the Ok
' collocation points. (Equivalence’'d to BOUND.) ‘ oA
CP0,CQ0. - Surface concentrations of species P and Q
1 respectively. ' o .
¢ GRAD - Surface concentration gradient.
CLEV- Levich constant. : :

Logical Units Referenced: -

5 = Términal Input
7 = Terminal Output

Data Statemenpsﬁ

DATA CTBL /3.609614/
ND=20 - : ’
NE=36

ND=20 corresponds to the derivative array dimens%ons.
NE=36 corresponds to the simultaneous equation array
dimensions. ’ :

Executable Code -
Print header and prompt for degree of collocation polynomial..
CALL DATE(DATARR) - \

WRITE(7,100) (DATARR(1),1=1,9)
WRITE(7,110)

READ(5,200) N

NR=2#N

Prompt for transport parameters.

WRITE(7,120) . s
READ(5,210) DP

WRITE(7,125)

READ(5,210) DQ

WRITE(7,130) :

READ(5,210) DVRAT

WRITE(7,140) ~ : ,
READ(5,210) Srat10 ‘ od

Normalize diffusion coefficients with reépecf to the
larger of the two.

DBARP=1. , !

" DBARQ=DQ/DP -

1F(DQ.LE.DP) GOTO 20
DBARP= 1. /DBARQ
DBARQ=1.

7

' , Evaluate coefficients of discretization matrices A and B.



OO0

OO0 OO0 OO0

OO0

OO0

20 CALL GENAB(N,ND,ROOTS,AMAT, BMAT)

Generate matrix of simultaneous equations for the concen-
trations of species P and Q at the collocation points.
CALL RDECDE (N,ND,NE, RDOTS AMAT ,BMAT ,DVRAT ,DBARP,DBARQ,
& CRATID CTBL CMAT, BOUND )
Solve for concentrations at the collocation points.™
CALL CONSLl(N NE,NR,CMAT,CONCS)
Calculate concentration gradient of species P at Z = 0.
CALL CSCGP(N.ND.NE,Db&RP.DBARQ.CRATlO.AMAT,CONCSpCPO.GRAD)
Print out collocation points and corresponding concentrations.
WRITE(7,150) - |
CQ0=CPO/CRATIO v »
WRITE(7,160) 0.,CP0,CQO ' v
WRITE(7,160) (ROOTS(I+1),CONCS(1),CONCSII+N), 1=1,N) : Q.
WRITE(7,160) 1.,1.,0. .
CLEV=1./3.
CLEV=DBARP==CLEV
FLEV=CLEV/CTBL
CLEV=CLEV=GRAD
WRITE(7,170) GRAD o .
WRITE(7,180) CLEV e
Loop to repeat for set of values.
WRITE(7,180)
READ(5,220) 1LOOP
IF (ILOOP .EQ. 0) GOTD 30
WRITE(7,100) (DATARR(I1),I=1,9)
GOT0 10 :
30 CONTINUE . - ' .
sToP B
Format Statements ‘ ' oy

100 FOR“"( 'Q’, 13X '-**Mass Transport Limited Current at the RDE
&*"’.7 /, 15X, Numeracal Solution by Orthogonal Collocatlon ,
&/,/,' Version vV0i-B’ ,50X,941,/)

110 FORMAT (" ' Enter degree of collocation polynomIal (}2) ‘',8)
120. FORMAT (* &, “Bnter diffusion coefficient for spec1es P. '.,$%)
125 FORMAT (} “€hter diffusion coefficient for species Q. ',$) -
130 FORMAT {( ,a Eﬁter D/v ratiq. $)

140 FORMAT(Y{ ™ “Enter value of surface concentratmon ratio. .§)

150 FORMAT (' \Jq’Concentrataon Proflle at the Collocation Points

. &/,/.,8X,'2' ,12X,'Conc. P’ ,9X,'Conc. Q',/,/)

160 FDRMAT(3(1P£15 6,1x),/) )

170 FORMAT(’O'.’Concentration Gradient. at the Disk Surface: ',
8§1PE15.6) L ‘ ;

180 FDRMA;('O'.'Levich Constant: ' ,1PE15.6,/F

190 FORMAT(‘0’ ,’Enter '1 to repeat, 0 to terminate. ',$)

€3
LY



200 FORMAT(12
210 FORMAT(G1
220 FORMAT(11

)
5.8)
c ) .
. END
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Title: Pseudo-First-Order EG-Catalytic Mechanism at the ROE.
Numerical Solution by Orthogonal Collocation.

Author: J. Nolan Date: 15-Dec-86
Source File: RDECR1.SNG Object File: RDECRY.SOB

PROGRAM RDECR1

A

. Purpose;

This program uses, orthogonal collocation to obtain
the solution to the differential equations describing the
pseudo-first-order EC-catalytic mechanism at the rotating -
disk electrode. Formulation of the boundary value problem
is based on Eddowes’' treatment of the mass-transport- limited
case (J. Electroanal Chem., Vol. 159, p.1, 1983). Imple-
mentation of the orthogonal collocation technique follows
J. Villadsen and M.L. Michelsen, "Solution of Dif;!rential
Equation Models by Polynomial Appfoximation”, EngTewood
Cliffs, N.J.: Prentice-Hall, Inc., 1978.

The program returns the concentration profiles of the
catalyst species P and Q as well as the dimensionless current
ratio R normalized to the case wHere kK equals zero. It
incorporates .the extended axial velocity equation and prov-
ision is made for inequalities in the diffusion coefficients
of P and Q. :

El

Modifications: M

1. Included date and version number on printout. (V01-B,
28-Jun-87) S -

',2. Input parameters and calculated }esults sent to file

attached to L."U. 4,(Vv01-C, 15-Sept-87)
External References:/

Fn/Sr . Src File Obj File .

Subrout ine GENAB GENAB. SNG DGSPLB.OBY
Subrout ine RDECDE RDECDE . SNG DGSPLB.DOBU
Subrout ine CONSL1 CONSL 1. SNG DGSPLB.OBY
Subrout ine CSCGP CSCGP . SNG . DGSPLB.OBY
Subroutine DATE N/A FORLIB.OBY
Function AMAX1 - N/A FORLIB.OBY

VariabienDeclarations:

IMPLICIT REAL*4 (A-H,0-Z)

LOGICAL*1DATARR(9) .

DIMENSION ROOTS(26),CONCS(48),AMAT(26,26),BMAT(26,26),
- BOUND (48) ,CMAT (48, 48)

..J&
® EQUIVALENCE (CONCS(1),BOUND(1))

Input:’

N - Order of the collocation polynomial (N<=24).
NR - ‘Number of simultaneous equations (=2sN),
DBARP - Normalized diffusion coefficient of species P.
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OO0

OO0

ND=26 |
NE =48 Lo

DATA CRATIO, cy@ /1.E-06,3. 60&

2}
CALL DATE(DATARR)

DBARQ -'*Normulizod diffuﬂong coofficunt of

DVRAT - Ratio of the larger diffusion coeffich
the kKinematic viscosityi(s4/Sc). Ty

CRATIO - Concentration ratic [P/Q) at 2 = 2 ,
st 1.E-06). ! IRELeN

PARKIN - Kinetic parsmeter. . °! f
. CTBL - Transport boundary Pay&; c?cf?igic t&
- " ns ‘1}
. . ': ),;,,,_‘,,, ‘ ,“::’L . X
OUtpUt . ‘j:‘ * “,“ M*:"?j;ﬁ:‘ A'\r‘? '
DATARR - System date (DD-WMMP¥Y i .7 oii " Dy
ROOTS - Roots of the coll (QQ\"‘ynomiaP:rJI”e‘z .
AMAT ,BMAT - Discretizatio) $¢ 8" containing O?z}
coefficients for the ipét “ahd second‘ﬂoriv fﬂves‘
of the concentratiod’ dnofH ‘,*'
CMAT - Matrix containinQQ{hd BYS. ém of simu)taneops‘
equations generat w

BOUND - Vector contaimirg Boundary conditions,« .\ (%,

CONCS - Vector contatining concentrations at the ™y :
collocation points. (Equivalence’'d tq BOUND.«;

CP0,CQD - Surface concentrations of species.P and Q%v
respectively.

GRADO - Surface concentration gradient for PARKIN ﬁ* 0.

GRi/}O - Surface concentration ratic normalised to o

GRADO. } v
Logical Uhiés Referenced: . V@
4 = File Output oy
5 = Terminal Input 5
7 = Terminal Outmput
" - 3 K
‘Data Statements: A

ND=26 corréspdnds to the derivative array dimensions.
NE=48 corresponds to the. s;multaneous equation array
dimensions.

Executable Code ; Ty

Print header and prompt for déﬁree of collocation polynomial.

i

WRITE(7,100) (DATARR(1),1=1,9) b
WRITE(4,100) (DATARR(L),1=1,9)

WRITE(7,110) ) |
READ(5,200) N : . | ‘
NR=2#N ' .

Pronptlfor transport parameters.

WRITE(7,120) \
READ(5,210) DP

WRITE(7,125)

READ(5,210) DQ

-

&



' ";erTE(v 1901
READS, 210) DVRAT

R L Echo 1npu : arameters on L U 4
'“:'g-WRITE(4 110)
1 WRITE (4,930) N
WRITE(4,:120) _ o
© < WRITE(4,240) " DP ST R AT S
- WRITE(4,125) © . ... ST D
. "WRITE(4,240) DQ ., . = SR S e e
Lo WRITE(4,-130) ST R A -
© '+ WRITE (4 240) DVRAT RRRPER

Normahze d1ffus1on coeff1c1ent$ w1th respect to the
larger of the two ERE T v ‘ .

OO0

- DMAX= AMAX1(DP DQJ
" DBARPzDP/DMAX R
,‘,DBARO DQ/DMAX ) ,
‘ Evaluate coefflcvents of d1scretlzd§1on matruces A and B

5 CALL GENAB(N ND ROOTS AMAT BMAT) '

Imt1ahze loop flag PARKIN =0 for f1rst t1me through
in: order to calculate GRADO o

v : )

Clist o S e

CTBL=CTBLO el
G120 e e

“Prompt for the K:
layer coeff i

10 WRITE (7,455 )
- READ(5,810) “PARKIN
CWRITE(7,.140) -
READ(S #10) cTB :
’lF(CTBL“iE 0. ) cTBL:

~wR1TE(4,135) [ S EAAE R,
"AWRITE (4240) PARKIN ST s e e T
SWRITE(4,140) P T DR E wéﬂ‘ o

WRITE (4,240) CTBL e S

; “‘:_ter and “trawsport boundary-
":;-f1rst ;) cn

OO OO .

ener&te{ ma~t-r ix of

OO0

"~ cRaTio,CTBL,CMAT, BOUND )’ |
ttwe kmetlc tFrm in the system of equahons
STERNS ﬁﬁK1NtCTBL*~2 e 'lx/j’f,_ S
o 30 1'1 m; S T | -_" e

i CMA‘;!(I lN) CWAT(I IN)+(TERM/DBARP)

LTy .',nnﬁ

Bl

e

TR ND: SUAVAT, BMAT ,DVRAT DBARP DBARO _.f'“




30

'obo,nbﬁgonhf,--tfﬂ

40

Cooo

o000 -

60

C
C
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100 FORMAT( 0, 13X '"*Pseudo Flrst Order EG2 C
- & Numerlcal sofution by Orthogony

'HD FORMAT (' "_'._’Enter "
$ 0 CDRMAT("’ "Enter diffusion coefficient for species P. 4(.%;

- CONTlNUE R0E ) . :

o Solve for concentrations at the collocatlon potnts ey
~'{fCALL CONSL1(N NE NR,CMAT CONCS) "~ \NKV, EE AT I o
' n Calculate concentrat1on grad1ent of specxes P at Z =V6f . o

5 CALL CSCGP(N ND NE.,DBARP ,DBARQ,CRATI0, AWAT, CONCS | cpo GRAD) LT

- GRATIO= GRADO/GRAD*CTBL/CTBLO ,ly‘ i

:'WRITE(4 150) ' . . S I
" WRITE(4,160) 0.,CP0,CQO | : L

'13;0 FORMAT(* -

I

CMAT(IN lN) CMAT(IN IN) (TERM/DBARQ)

.Clear loop flag and set GRADO on hrst pass

IF (11 .EQ..0) GOTO 40
- GRADO=GRAD ,
11=0 | SO .
GOTO 10 R S 2

Prmt out collocahon pomts and correspond1ng concentrahons
"WRITE (7, 150)

CQO=CPO/CRATIO PO
SRITE(7,160) 0. ,CPO,CQ0

CWRITE(7,160) (RDOTS(I+1) CONCS(I) CONCS(1+N) 1=1,N) "

WRITE(7 160} ..0. R
WRITE(? 170) ‘GRAD *

»{WRITE(? 180) ’GRATIO
Echo on# U‘ 4. ‘

WRITE(4,160) (ROOTS(IH) CONCS(I) CDNCS(I+N) I=1,N)}

CWRITE(4,160) 1.,1.,0.

WRITE(4,170) GRAD

,WRITEM 180) GRAT10 'v\

Loop to repeat for next value of PARKIN.

CWRITE(7.190) S I e

READ(5,220) 1LOOP - o R FOCHARO R

IF (ILOOP .EQ. 0) GOTO 60 & . T - R o
GOTO 10 = e ~ e

'CONTINUE - D : R e ’

B

st o L :g_f

Format Statements R T ‘ AR 9 »W

.pv - .

o 0 4 /twg Mechamsm

Guxs' | 3Xx,'at the Rotating Dj, lectrod 16X, = ey

§§l Colloca% # :

&' Version VO13C", 53 X, 9A1, /Ix ¥
egree of tollocatlan polynomial (12)

“FORMAT ("

N, Enter diffusion coeffic1ent for specxes Q. :'7
f.Enter D/v ratio. ‘%) o
FORMAT(' er value of kmet\c parameter _,5)_

- *4‘ -



‘1140
150

7k16
B
: _.1180
1180
200
210

220
230

¥ -

FORMAT('_'.’Enter transport boundary coefftcient ..S)
FQRMAT(’.f.‘Goncentrations at’ the Collocation Points
&/,/,10X,' 2" ,12X,’ Conc. P’ 9X Copc. Q' /) : ,
FORMAT(3(1PE16 6)) ' )
‘FORMAT(' 0", ‘Concentratlon Gradtent at the Disk Surface. ‘
&1PE15.6) . L

EORMAT ("0’ , ’Current Rat1o._‘ IPEIS 6, Vi TR
.FORMAT(* .* 'Enber 1 to repeat 0 to term1nate )
FORMAT (12) " e | R
FORMAT(G15.6) - R R ,
FORMAT(11) ’ A R

FORMAT(* ' ,12) o . ’
FORMAT(' ! 1PG15 6) ERTEEE B

END |
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Titte:  Pseudo-First-Ofder EC- Catalytic Mechanism at the RDE‘ o
: : Uorking Curves by Orthogonal Collocation ‘

'Authorﬁ J. Nolan ;‘ S “'} i Date '_15 Dec 86

PROGRAM Ecn1wc f' ] *'f;r S e g\fn,igkerffae;-,;,; ir o
| Purpose G T el e

This program calculates woreré*curves (i e. current
ratio R as a funct!on of the log of the Kinetic parameter)
for the pseudo-first-order EC-catalytic mechanism at the RDE
R is calculated by the.orthogonal collocation techofyue usxng
the extended axial velocity equation. Provision is made for
~-inequalities in the diffiision ‘coefficients of the three - .
species involved. Transport boundary optimisation is a awl-'
-~ able as an option. It is useful for 1arge values of: the ’
o Kinetic,parameter.. , ‘

»

Mod1f1cat1ons

1. lncluded date and vers1on number: on pr1ntout (V01 B,
28~ dun 87). - . o o

External References - o = -
,u‘ : A : 1“’

Fn/Sr . ‘erc File Y. .0bj File o LT
c - Subroutine GENAB ' GENAB.SNG. f'.DGSPLB.UBJ : Q”QJ'
C subroutine OCECR4. - OFECR1.SNG - DGSPLB.OBJ - AR
C Subroutine DATE = N/A = . FORLIB.0OBJ DETERRECI
- C 'Function ABS,AMAX1. N/A- -~ .. .FORLIB.OBJ .
- C ,Var1able Declarations: A
c
: -IMPLICIT REAL*4 (A H,0- Z)
' DIMENSION ROOTS(261, AMAT(26 26) BMAT (26, 26)
© o REAL*47 LKHI,LKLO, LKlNC LK, K
- LoGICAL=1 DATARR(Q) -
C : ) )
c N - Order of the collocatlon polynom1al (N< 24),
-G NR - Number of simultaneous equations (=2=N}.
-C _DBARP - Normalized diffusion coefficient of specxes P.
C DBARQ - Normatized diffusion coefficient of species Q.
c DVRAT . - Ratio of the larger d\ffus1on coeff1c1ent to
c - " the kinematic viscosity (=1/5c).
c CRATIO - Concentration ratio (P/O) at 2 =0 (f1xed ‘
-C - ) v at 1.E-06).
c - CTBL - Transport'boundary layer coeff1c1ent
cC N/ ‘ :
Co Output
C: u :
C 'DATARR - System date - (DD MMM YY) :
c . “@RAD- - Surface concentration gradlent.'
c - K- Knnet1c parameter =
S C th - 1L0G10 of K ' ,
S C ROC - Current ratao normalzzed to kK= 0.

R
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Log1c§1 Units Referénced

, R 4;=”Data F\Ie ‘ : . ,"
- . 5 = Terminal  Input’ '
 _8'= Iermvnal Output

Data Statements m*

DATA CRATIO, CTBLO /1. E 06 3. 6096/
ND 26

‘ .
Executable Code %
Pr1nt header

CALL DATE(DATARR)

WRITE(7,100) (DATARR(I),1=1,9)

WRITE(4,100) (DATARR( 1),1=1,9} .

. Prompt for working curve parameters.

WRITE(7,110) . : )
READ(5,200) N _ ‘
WRITE(7,120),

READ(5,210) DP

WRITE(7,130)

READ(5,210) DQ

WRITE(7, 140) o
READ{5,210) DVRAT
WRLTE(7,150)

READ(5,240) NCTBL,

Prompt for calculation loop parameters.

WRITE(7,160)
“READ(5,210) LKLO
WRITE(7,170) I
READ(5,210) LKHI, -
WRITE(7,180) -
READ(5,210) LKINC

List parameters in data file.'
WRITE(4,110)

WRITE(4,220) N
WRITE(4,120)

I3

P

EbADDLEDSL

Normallze w1th rgspect to the larger d1ffusxon coeffmcient.

DMAX= AMAX1(DP pQ)
DBARP=DP/DMAX
DBARQ=DQ/DMAX
l .
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10

20

—_oOo0 O

110
120
130
140

150
160

170

180

185 -
190

200
210
220

230
240 -

Calculate factor matrices und determ1ne GRADO.

cTBL= CTBLO : , ,
- CALL GENAB(N,ND, ROOTS AMAT BMAT) '
' CALL 0CECR1(N ND 'RODTS, AMAT BMAT,0. DVRAT DBARP DBARQ.
& ' CTBL CRATIO GRAD) -
' GRADO GRAD/CTBL S

-InitialiSe’calculatidn loop.

TUP=INT (ABS(LKHI-LKLO) /LKINC+0.5)+1 . : R

IF (LKLO .GT. LKHI) LKINC=-1.*ABS(LKINC) .
WRITE(7,185)
WRITE(4,185)

DO 20 1=1,1UP

LKzLKLO+FLOAT (I~ 1)*LKINC

K=10.

x| K

LF(NCTBL.EQ.O) GOTO 10

-CALL

 ROC=CTBL*GRADOYGRAD

CTBL1=8,/DSQRT(K) ,

IF (CTBL1.LT.CTBLO) CTBL=CTBL1
OCECR1(N,ND,ROOTS, AMAT, BMAT K, DVRAT, DBARP, DBARQ,
" CTBL,CRATIO,GRAD)

WRITE(7,190) LK,ROC .
WRITE(4,130) LK,ROC
CONTINUE , - :

STOP
Format S

FORMAT (" O
C&xxx! [ 23

& Curves by Orthogonal Collocatlon v/ ,/,' Version vO1- B’ ,50X,

&94A1,/)
FORMAT ("
FORMAT ('
FORMAT (*
FORMAT (’
FORMAT (-
"FORMAT ('
FORMAT ('
FORMAT ('
FORMAT ('
FORMAT (2(
FORMAT (12
FORMAT (G1
FORMAT ('
FORMAT ('
FORMAT (11

END

tatements ,
‘13X, '***Pseudo First-Order EC- Cata]yt\c Mechan1sm
X.”at the Rotatihg Disk Electrode’,/,/, 18X, Working

,"Enter degree of collocat1on polynomial (12). *,
' Enter diffusion coefficient for species P. %)
,'Enter diffusion coeff1c1ent for spec1es Q. '.$%)
' Enter D/v ratio. 8 o

,' Enter initial value for LOG10(K). , )
,'Enter final value for LOG10(K). $)

.’ Enter increment v for LOG10(K) V%)
.SX,’L (K)ﬁ.BX,’CurrenE Ratio’ ,/)
PE16.6)]. - - .

!
)
'
I
!
1
1
’
!

1PE
)
5.6)
",12)
‘;1PG15.6)
).

,' Transport boundary layer optlmtsatlon (0o/1)2 '.,$)
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Title:

Author J. Nolan
Source F\le RDECR2.SNG
PROGRAM RDECRZ

Purpose ' b

b
case (J. Electroarnsl.Chem., Vol.

L J

A

OO0

. describing the mechanism.

.species P and Q.

Modifications:

28-Jun-87).

Date
ObJect File:

‘e‘.

159, p.1

Second-Order EC-Catalytic Mechanism at the RDE.
'Numerical Solution by Orthogonal Collocation.

~ 04-yan-87 .
 RDECR2.508 o

, This program uses -orthogonat collocatlon to obtain
. the steady-state .solution to the differential equations
//g seribing the second-order EC-catalyfic mechanism at
— qi RDE. Formulation of the boundary value problem. is

ed on Eddowes’ treatment of the mass- tranggg;t limited
1

“Solution of Differential

1. . Included date and ver51on number on prlntout (v01-8,

2. Input parameters and calculated results sent to f1le
‘ attached to L. U. 4 (v0i-C, 09- Sept 87)

3

Imple-
.mentation of the orthogonal collocatlon technique follows
J. Villadsen and M:L..Michelsen,
2 Equation Models by Polynom1al Approximation”, Englewood
* Cliffs, N.J.: Prentice-Hall, -Inc., 1978.
The. program retirns concentratxon profiles of. the three
species involved as well as .the dimensionless current ratio
R, which is normalized to the case where k equals 0. Simple
iteration is used to solve the set of nonlinear equations
To conserve storage and to speed
execution, the equations describing the substrate A are
handled independently from those describing. the catalyst

External References

Fn/Sr Src File
‘ .
Subroutine GENAB GENAB. SNG
Subroutine RDEC RDECDE . SNG
Subroutine HSRCDE HSRCDE . SNG
Subroutine CSCGP "CSCGP.. SNG
Subroutine SCNCA SCNCA . SNG
Subroutine ARRAY ARRAY.FOR
Subroutine SIMQ SIMQ.FOR
‘Subroutine DATE N/A
Function AMAX1 N/A

Varlable Declaratlons

Obj File

DGSPLB.0BY
DGSPLB.0BY
DGSPLB.0BY

DGSPLB.OBY -

DGSPLB.0BY
MATLIB.OBY

CMATLIB.OBY
“FORLIB.OBY

FORLIB.QBY

j<:‘

IMBLICIT REAL*4 (A- H,0-2)
LOGICAL*1 DATARR(Q) -

' DIMENSION ROOTS(20),AMAT(20,20) ,BMAT (20, 20) PCNCS(36)
& CNCS(36),CMA' {386, 36) DMAT (1296 , PCNCSA(IB).
& ' CNCSA (18}, CMATA(lB 18) DMATA(324) BOUND(38)

& :

e

BOUNDA(tB) CONCSl(36) e

X



AR
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C
. C
- C
C
C
C
C .
c‘t
“C
C
c .
C
C
c
C
C
C
C
C.
C
C
C
C
c
C
c
.C
C
c
- C
C
C
- C
- C
C
C
C
C
- C
C
- C
C
C
C
C'
c
C
C
¢.
C

,lnput D ‘:‘;]¢Q'nnn - .’
‘N - Order of the collocation polyncmlal (N< 18)

NR - ‘Number of simultaneous equations. g

CRATIO - Surface concentration ratin (P/Q). :

DBARP --Normalized diffugion coefficient of species P.

DBARQ - Normalized diffdsion.coefficient of species Q.

DBARA - Normalized diffusion coefficient of species A.

DVRAT - Ratio of the %argest diffasion coefficient to -/"
the kinematic viscosity. (=1/5c). :

CBARA - Concentrat1on of spec1es A normal1zed to that

PARKIN - K1netic parameter Lo ! (

CTBL - Transport boundary Iayer coeffucwent '

SSQRCM - Convergence criterion, defined as the sum of
the squares of the correctwons between success1ve
iterations.

Dutput:

DATARR - System date (DD-MMM-YY).

ROOTS - Roots of the collocation polynomial.

AMAT ,BMAT - Discretization matrices.-containing the
coefficients. for the first and second derivatives
of thé conceritration profile.

CMAT -. Matrix containing the system of sxmultaneous
equat\ons for species P and Q.

DMAT - Packed vector equivalent of CMAT.

CNCS - Vectorfcontaining .concentrations of spec1es P
and Q aty the collocation points.

CMATA ,DMATA,GNCSA - Corresponding arrays for species A.

BOUND;, BOUNDA - Vectors-containing constant terms for the
respect1ve systems. of equations.

‘CONCS1 -~ Initial concentrations of P and Q from the mass-

transport limited case.

CP0,CQ0,CAQ - Concentrat1ons of the respect1ve spec1es

at Z = 0. .
GRAD.- Surface’ concentrat1on gradient of species P.
GRADO - Surface ‘concentration gradient for PARKIN = 0.
NITS - Number of! 1terat10ns required for convergence
ROC - Current ratio.!
CAT -Catalyt1c eff1c1ency.

J,ogwal Units Referenced -

\\

4 = File Output ~
5 = Terminal Input . L o _
7 = Terminal Qutput : .

‘Data Statements

DATA CRATIO, CTBL /1 E 06-,3.6096/

ND=20
NE=36
NF=18

TﬂlRD 1./3.

" Executable Code
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10

WRITE(7,100) (DATARR(1),

. Print" heaﬂer and prompt for parameters.
CALL DATE (DATARR) '

(4.100) (DATARR(1) ;
7

arameters on L.U. h.

]
bLbhbbhbhoabhbh T

Normalize with respect to the largest diffusfon coefficient.

DMAX0=AMAX 1 (DP Q)
DBARP=DP/DMAX0

DBARQ=DQ/DMAXD -~

NR=2=N

Generate matrix of simultaneous equations for the concen-
trations of species P and Q at the collocat1on poﬂ@ts

CALL GENAB(N,ND,ROOTS, AMAT BMAT)

CALL RDECDE (N,ND,NE,ROOTS, AMAT , BMAT, DVRAT DBARP ,DBARQ, CRATIOe
&

CTBL CMAT CONCS1)

Solve for concentrat1ons at the collocation points for the

- case where K = 0.

CALL ARRAY(2,NR,NR,NE,NE,DMAT,CMAT)

CALL SIMQ(DMAT,CDNCS1,NR,KS)
IF (KS.EQ.1) GOTO 98 -

‘Calculate concentration gradient (of species P) at Z = 0.

CALL CSCGP(N,ND,NE,DBARP,DBARQ,CRATIO, AMAT, CONCS1 CPO GRAD)
GRADO=GRAD

Prompt for kinetic parameter, normalized concentration,
diffusion coefficient of species A, etc.

WRITE(7,140) b
READ(2,210) PARKIN
WRITE(7,150)
READ(5,210) CBARA



OOOQ

OO0

OO0

OO0

OO0 O

20 CONTINUE

WRITE(7,160)
READ(5,210) DA
WRITE(7,170)
READ(5,210) SSQRCM

Echo on L.U. 4, !

WRITE(4,140) » ' .
40) PARKIN ) N ¢

WRITE(4,2
WRITE(4,150)
WRITE(4,240) CBARA
" WRITE(4,160) A
WRITE(4,240) DA
WRITE(4,170)
WRITE(4,240) SSQRCM

Re-normalize with respect to the largest diffusion
coefficient, :

DMAX=AMAX1(DP,DQ.DA)

DBARP=DP/DMAX

DBARQ=DQ/DMAX

DBARA=DA/DMAX

DMAX13=(DMAX/DMAXOQ) ==*THIRD

DRAT23=({(DP/DA )%+ THIRD)**2

NITS=1 '

Set previous A concentrations equal to the bulk concentration
as a first approximation. Set previous P and Q concentrations
to those found for k = 0.

DO 20 I=1,N
IN=I+N
PCNCS(1)=CONCS1(])
PCNCS(IN)=CONCS1(IN)
PCNCSA (1) =CBARA

Regenerate the discretized transport equations for species
P and Q and generate those for the substrate.

CALL_RDECDE(N.ND.NE.RODTS.AMAT.BMAT,DVRAT.DbikP.DBARQ.CRATID.
é CTBL,CMAT,BOUND) ' ‘ “

CALL HSRCDE (N,ND,NF,ROOTS, AMAT ,BMAT ,DVRAT,DBARA,CBARA,CTBL,

& CMATA,BOUNDA) -

Generate the packed vector equivalents. This is the starting
point for the iterative solution of the nonlinear system of
. equations. ) ,

R.NR,NE,NE ,DNAT CMAT)

CALL ARRAY(2,N
CALL ARRAY(2.N,N,NF .NF,DMATA,CMATA)
D0 33 I=1,N

IN=1+N

CNCS(1)=BOUNDI(1)

CNCS(IN)=BOUND ( IN

CNCSA(1)=BOUNDA(]
CONTINUE '

)
y
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o000

40

(eXeXe]

45

(eXelele

Inc lude thé Kinetic terms.
CONSTzPARKIN*CTBL#*=»2

DO 35 I=1,N
11=(1-1)eN+]
1IN=(J+N-1)eNR+] S
ININ=1IN+N
TERM=CONST *PCNCSA(1 )
DMAT(1IN)=DMAT (1IN)+TERM/DBARP
DMAT (ININ)=DMAT( ININ) - TERM/DBARQ
DMATA(11)zDMATA(I1)-CONST*PCNCS (1+N) /DBARA
CONT INUE

.

Solve for concentrations at the collocation points.

" CALL SIMQ(DMAT,CNCS,NR,KS)
"IF (KS.EQ.1) GOTO 99
" CALL SIMQ(DMATA,CNCSA N,KS)

‘ (KS.EQ. 1} GOTO 99

Determine the sum of the squared corrections and save
current concentrat1ons

$SQRC=0.

DO 40 I=1,N
IN=1+N
SSQRC=SSQRC+{PCNCSA (1) -CNCSA(]) )%#2
PCNCSA(1)=CNCSA(])
SSQRC=SSQRC4 [PCNCS( 1) -CNCS (1)) #+2
PCNCS(1)=CNCS (1)
SSQRC=SSQRC+(PCNCS(IN) - CNCS(IN))**Q
PCNCS(LN)=CNCS(IN]

CONTINUE |

1F (SSQRC.LE.SSQRCM) GO TO 45
NITS=NITS+1, 7
GOTO 30 : ‘

Calculate current ratio and catalytic ef?iciency;

: A :
CALL CSCGP(N,ND,NE,DBARP,DBARQ,CRATIO,AMAT ,CNCS,CP0O,GRAD)

€CQ0=CPO/CRATID
CALL. SCNCA(N,ND/NF,AMAT,CBARA,CNCSA,CAD)
ROC=(GRADO/GRAD ) *DMAX 13 -

. CAT=DRAT23*(1./ROC-1.)/CBARA

Print results along with final concentratlons Echo on

) NITS

) 0.,CP0,CQ0,CAD

) (RDOTS;I+1).CNCS(I).CNCS(N*I).CNCSA(I).
I=1,N
1.,1.,0.,CBARA

x
0
L
—_
m.
\) ~N N~ o

WRITE(

‘WRITE(7 90 GRAD,ROC, CAT

WRITE(4,180) NITS :
WRITE{4,185) 0.,CP0O,CQ0,CAD -




o
¥

GWRITE(d 185) (?00T§%§*1) CNCS(I) CNCS(N*I) CNCSAI(l),
=1

WRITE(4, 185) 1.,1 CBARA !
WRITE(4, 190) GRAD,ROC,CAT

. *p to repeat for next value of PARKIN CBARA and/or
ARA.

WRITE(7,195) .

READ(5,220) 1LOOP

(1LOOP .EQ. O) GOTO 60
GOT10 10

Error exit for singu\ar matrices.

93 WRITE(7, 999)
ST0P

o000

C
C Format Statements
C
1

00 FORMAT{’ 0’ 16X, ' **»Second-Order EC- Cata\yt1c Mechanlsm**-‘,
&/,23X%," at the Rotating Disk £lectrode’ ,/,/,16X,'Numerical
& Solut1on by Orthogonal Collocation’ ./,/.’ Version V01-C',
&§50x,981,/)

110 FORMAT(’' ' ,'Enter degree of collocation polynom1al (12). ' ,$%)
115 FORMAT(’ ’ .'Enter diffusion coefficient for specres P. '.8)
120 FORMAT(' ‘",'Enter diffusion coefflcrent for specnes Q. '.%)
130 FORMAT (& ‘' ' Enter D/v ratio. %)
140 FORMAT(' ' ,’Enter wvalue of kinetic parameter. ',$)
> FORMAT (' ‘' ,'Enter normalized concentration of species A. ’,$)
ORMAT (' ' ,'Enter diffusion coefficient for species A. ',$)
ORMAT{‘ ‘' ,'Enter convergence cr1terlon $) :

FORMAT(’O’.’Number of Iterations:',13,/./, BX Root’ 1MX,
g ,8X, Conc. Q' ,9X%,' Conc. A'

185 FO MAT(4(1PE16 6))

190 FORMAT('0’',’' Concentration Grad1ent at the Disk Surface o,
§1PE15.6,/, / ' Current Ratlo ,1PE15.6,7,/,
&’ Catalytwc Efficiency: 1PE15 6./)

185 FORMAT('0’,' Enter 1 to repeat 0 to terminate. ' ,$)

200 FORMATI(I2)

210 -FORMAT{G15. 6)

220 FORMAT(I1)

230 FORMAT(' ' ,12) : . ’

240 FORMAT(' ' ,1PG15.6) - ‘

999 FORMAT('0’,’ Singular matrix#encountered...execution ends.’ /)

C .
END . A

1

,



Title: e»eSecond Order EC-Catalytic Mechan{gm ut_fhe;RDE‘~~
Working Curves by Orthogonal Collocation

Author: J. Nolan ' Date: 07-van-87

:

Souhde File: ECR2WC.SNG Object File: ECR2WC.SOB
PROGRAM : E CR2W( ‘

i

.

Purpose:

ES

This program calculates working curves (i.e. current
ratio R as a function of the log of the kinetic parameter)
for the second-order EC-catalytic mechanism at the RDE. R is
calculated by the orthogonal collocation technique using the
extended axial velocity equation. Provision is made for
inequalities in the diffusion coefficients of tHe three
species involved.

1. Included date 'and version number on printdﬂt {v01-8,
28-Jun-87) . ‘ ‘ .

E}ternal Reférences:
Frn/Sr Src File Obj File

Subroutine GENAB GENAB . SNG .DGSPLB.0OBY
Subroutine RDECOE  RDECDE.SNG DGSPLB.0OBY
Subroutine HSRCDE :© HSRCDE .SNG DGSPLB.0OBY
Subroutine CSCGP- CSCGP . SNG DGSPLB.0OByY
Subroutine OCECR2  OCECR2.SNG DGSPLB.0OBY
Subroutine DATE N/A - ° FORLIB.OBY
Function AMAX1,ABS N/A FORLIB.OBY

Variab]e Declarations: -

c
C
C
C
C
C
c
¢
C
C
c
o
C
C
C
C
C
C
C
C Modifications:
¢
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
¢
C

(20 ), '7(20,20) ,BMAT(20,20),CMAT (36,36,
18,1 ),BQUNQ(3$)180UNDA(18).CNCS(36)
S B U e
f "thecottdeation polynomial (N<=18).
‘s‘pf.ghg collocation polynomial.
Discrétrzation matrices containing the
f ighgsvfbr:the first and second derivatives
¢ concentration profile- _
Surface concentration gradient when Kk = 0.
Normalized diffusion coefficient of species P
Normalized diffusion coefficient of species Q.

,0-
5y
- '

i

: €ﬂAT-;_Ratio‘pf‘the largest diffusion coefficierit to
» . » the Kinematic viscosity (=1/5c).
'+ CBARA - Concentration of species A normalized to that of
~swe oo~ species ‘P ( = Excess Factor).
© 'PARKIN - Kinetic parameter :
‘LKLO, LKHI - Range of Logl(kinetic parameter).

ARA ™ Normalized diffusion coefficient of species A. .

e
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CRATIO - Surface concenf}lt(on ratio (P/Q).
CTBL - Transport boundary layer coefficient.

SSQRCM - Convergence criterion.

-Output'

DATARR - System date (DD-MMM-YY),

CMAT,CMATA - Matrices containing the systemé of trans-
port equations for species P, Q and A,

BOUND,BOUNDA - ve€tors containing the constant terms
for above systens.

. CNCS - Concentrations of P and Q at lhe collocation

points.

GRAD - Surface concentration gradient.

LK - LOG10(Kinetic parameter).

ROC - Current ratio.

CAT - Catalytic efficiency.

Logical Units Referenced:

4

5
7

Hwounon

¥

Data Statements

DATA CRATIO,CTBL /1.E-06,3.6096/

ND=20
NE=36
NF=18

E xecut

Pﬁi“dw.

: ¢

CALL (DATARR)
WRITE(7,100) (DATARR(I
WRITE(4,100) (DATARR(I

WRITE(7,110)
READ(5,200) N
WRITE(7,115)
READ(5,210) DP
WRITE(7,120)
READ(5,210) DQ
WRITE(7,125)
READ(5,210) DA
WRITE(7,130)
READ(5,210) CBARA
WRITE(7,135)

READ(5,210) DVRAT

WRITE(7,140)

READ(5,210) SSQRCMs
Prompt for calculatfion loop parameters.

WRITE(7,145)

READ(5,210) LKLO

Data File
Terminal Input
Terminal Qutput

P

- Prompt for program parameters.

Y

»



‘ "f:wR1TE(4 220)' SSQROM.

‘WRITE(4,115) R ’ /
WRITE(4,220) DP
WRITE(4,.420)
WRITE{4,220) DQ s
‘WRITE(4,125) i
WRITE(4,220) DA -
WRITE (4,130)" 5 ;
WRITE (4,220) . CBARA e
WRITE(4.135) g
L WRITE(4,220) DVRAT .
S WRITE(4,140) '

Normalwze d1ffus1on coeff1c1ents w1th respect to the largest

. DMAX=AMAX1(DP, DQ DA) T P e T T
- DBARP=DP/DMAX. _..,--.'-‘;' T T s T e
‘1;_DBARA DA/DMAX g ol R I S

Calcu]ate factor_matrlpes and determlne GRADO

CALL GENAB(N ND, ,0015 AMAT BMAT) ‘

CALL RDECDE(N ND’, NE*,RDOTS . AMAT, BMAT DVRAT DBARP DBARQ CRATIO

& “CTBL, CMAT BOUND)

CALL HSRCDE(N ND:NF, ROOTS, AMAT BMAT DVRAT DBARA CBARA CTBL

& CM&TA BOUNDA) :

CALL OCECRQ(N 0. DBARP DBARQ, DBARA CBARA SSQRCM CMAT BOUND

& CMATA BOUNDA NITS, CNCS) -:ﬁs R
CSCGP(N ND NE DBARP D%&RQ CRATIO AMAT cncs cpo GRADO) PR

In1t1al:se calculat1on loop and prlnt headlngs

S up INT(ABS(LKHI-LKLO)/LKINC+0.5)+1
(LKLO .GT." LKHI) LKINC=-1, FABS(LKINC) -

”ﬁwnxxe(v 170) ?f«‘.,‘,c SRR

‘. ",
[

AEVEREE

L ‘wRITE(4 170) 3 . - . ,‘ .“-._,b . » A _‘ s “ ‘ ‘ | ‘ (

1guiGenerate the work\ng curve R
’\foo 10 T=qup o
LK= LKLOfFLOAT(l/l)*LKINC ST

CALL OCECRQ(N PARKIN DBARP DBARQ DBARA CBARA SSQRCM

'”-4&”5. . CMAT,BOUND,CMATA BOUNDA,NITS,CNCS).

- .CALL CSCGP(N,ND, NE DBARP .DBARQ, CRAT]D AMAT, cncs 5po GRAD)
__' ROC=GRADO/GRAD - S LG
- CAT=(1./ROC-1.)/CBARA  * o T
‘WRITE(7,180) LK,ROC;CAT . NITS -~ " = 7o
WRITE(d 180) LK, ROC; CAT, NITS - o e




110

115
120

125
130

135

140
145

150

160
170

180

200

210

220
230

CONTINUE
STOP

Format Statements

FDRMAT( 0' 16X '***Second d?der EC Catalytlc Mechanism*-*';;7v
: &/ 23X, “at. the Rotating Disk Electrode’ ,/,/,18X,’ Working

& Curves by Orthogonal Co)locat\on ol Ver310n vo1-8',
&50X,9A1)" -

"FORMAT (" 0, ’Enter degree of co]locat1on polynom1al (12). ' .8)
FORMAT(’ ‘" Enter diffusion coefficient for species P. ‘_.$)
FORMAT("'.'Enter_dwffuston coeffigient for species Q. 8
FORMAT (" *,’Enter diffusion coefficient for'species A: %)
FORMAT (' "*,’Enter normalized conoentratlon of spec1es AT,
FORMAT(' *,’Enter D/v ratio. . $)
~FORMAT (* ”.'Enten‘convergence-cr1terlon 5) ) o
L MAT('Vg.’Enter initial value for LOG10(K) ’.$)
. RMAF% 9 "Enter final value for LOGI0(K). W)
FORMAT

' ’Enter ancrement value for LOG10(K) 4%
FORMAT%/ 7x "Loglk)', GX ‘Current Ratio’ ,2X, : ~
& ‘Cat. Eff1c1ency 2X N1ts Y

FORMAT(3(IPEN6:6).6)

FORMAT(12) "
FORMAT(G15.6) - -
FORMAT (" *,1PG15.6)

FORMAT(" *,12) .
END. ® .
B had ) . %‘ .y
SN Y
b ta g =

8) E
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'f'Author:* d

"'describing the mechanism.
. execution,
“‘handled 1ndependentty frow those descrubvng the catalyst‘

&

&

~the RDE.
based .on Eddowes
.case (J. Electroanal Chem,
meritation of.the orthogonal collocat1on techn1que follows-
"Solution of Differential

fttle

rSource Ftle

PROGRAM RDECRS

Purpose

Thls program uses global spline collocat1on to obtaxn

Nolan

RDECR3 SNG

- Date
ObJect Flle

Second Order EC Catalytic Mechan1sm at the RDE",'
Numerlcal Solution by Global Spline COIlocataonij'

11 Mar 87

‘Roscas,soa e

the steady-state solution to thé differential equations:

J.. Villadsen and M. L.

Formul

Vol.

“Michelsen,

159, p.1,

1983).

:describing the second order £EC-catalytic mechanism at . .
ion of .the boundary value problem is
reatment of the mass- transport-1imited

Imple-

EquattOn Mode]g by Paﬁyaomnal Approxrmat1on . Englewood

Cliffs, N.J.

spec1es P a

Prentice-Hall,
The - program returns concentrat1on profiles of the three
species involved as well as the dimenstonless current ratio
“ 'R, which is normalized to the case where k equals 0. Simple
'1terat10n is used to solve the set. of nonlinear equations -
To conserve storage and to speed

Inc.,

1978.

the equations descr1b1ng the substrate A are

nd Q.

Mod1f1catlons

28-dJun-

871).

attached to L.

Extegnal References

Fn/Sr

Subroutxne

Subroutine
Subroutine

~Subroutine

Subrouting’
Subroutine

‘Subroutine:

Functlon AM

: PCNCSA(30) CMAJA43O 30),BOUN
EQUIVALENCE (CNCS(t) BOUND(I))

GENAB

RDCDSP

HSCDSP
KTCDSP
ARRAY

SIMQ

DATE.
AX1.

U 4 (V01 -C,

&

o
% -

-

MSrc lee -

. »
GENAB . SNG
RDCDSP. SNG
HSCDSP.SNG -
KTCDSP.SNG
'ARRAY . FOR
STMG.FOR

N/A -

N/A

fVar1able Declarat1ons

IMPkJCIT REAL*4 (A-H,0-Z)
- LOGICAL*1 DATARR(9)
".DIMENSION ROOTS(16),AMAT(16,16) ,BMAT (16, 16) PCNCS (60
. ¢ CNCS(60),CMAT(60,60), Bouno(sgé

R

i

,t; lncluded date and vers1on number on. pr1ntout (V01 =B,

. §
2. Input parameters and calculated results sent to f11e ’
10 Sept 87)

(CNCSA(1

Obj File .
- 'DGSPLB.0BY

DGSPLB.0OBY
DGSPLB.0BY

DGSPLB.0BY

. "MATLIB.0BU
" MATLIB.OBU.
" 'FORLIB.OBJ

FORL1B.0BY

BOUND

,CONCS1(60), CNCSAt30)
(30),cOLPTS{30]

(1))

‘.“ 1..:




¢
¢
C .
- C
C H
C
. L.
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C
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. C
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C
C
C.
- C
C‘.
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C
- C .
C
C
C
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" C
. C
<
C
G
¢
S C
C
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OO0

.-

Input o 'l'm - ‘5,",[ PR

N - Order of the colﬁocation polynom1al (N( 14) _ :
“NR: -. Number ,of - simu]taneous . equations S
. CRATIO - Surface coficeptration: ratio (P/Q).
DBARP - Nonma]ize digggs1on coefficient of species P.
.DBARQ ; Norma lized diffusion coefficient of species Q.
‘DBARA - - Normali d diffysion coefficient of species A.
.DVRAT - Ratio the laﬁgest diffusion coefficient. to
the Kingfatic v15cdsvty (=1/Sc7

PARKIN - K1net1c parameter S ‘ S g
CTBL - Transport. bowndary layer coeff1c1ent ‘
SPLPT - Spline point.

 SSQRCM - Convergence cr\ter1on. defuned as the sum:- of

'the squares of the correct1ons between success1ve

~Giterations. -

\7

A ,Output ' '," , . T : i

4

DATARR - Current system dateq(DD MMM s
RODTS -'Roots of the collocai;on pol ial.
: AMAT BMAT - Discretization ma;r1ces~conta1n1ng the
S ‘coefficients-for the f1ret angh second derivatives
. of -the concentration profile.
. CMAT - Matrix containing the system of s1multaneous .
equations for species. P ahd Q.
CNCS..- Vector contamnwng concemtratwons of specfes P
and Q at the collocation Qp1nts
CMATA,CNCSA - Corresponding "arrays for species A. o
’BOUND‘%OUNDA - Vectors containipg constant terms for «the
- » respect1ve systems of equations. »
CONCS1 ‘Initial concentrations,of P and Q from the mass-
transport-limited . case. %
GRAD - Surface concentrat1on grad1ent of spec1es P.
"~ GRADO - Surface concentration gradient for PARKIN = 0.
- NITS - Number of iterations requ1red for convergence
.+ ROC - _Current ratio.- . ‘-

CAT -Catalyt1c-eff1c1ency : f*w 3 e
b091cal Un1ts Refefenced " o oo ot
4 = File Output - o R e
5 = Terminal Input - e R :
7 = Terminal Output o
Data Statements oL . W s

DATA CRAT10,CTBL /1'E-06, 3.6096/
ND=16 -

"NE=60 ‘

~NE=30 = o
CTHIRDAL./3.C -

Executable Code '
Prrnt header and prompt for parameterstl

CALL DATE(DATARR)



o006

OO0 (@]

O 0000 .

OO0

'2XsXs)

5.

om0t S ' AL
“WRITE(7,100) (DATARR(I) 1=1,9) 3
WRITE(4,100)  (DATARR(1).1=140F f
WRITE(7;110) . '

READ(5,200) N
"WRITE(7,115)
. READ(5,210) DP .
WRITE(7,120) AP
READ(5,210). DQ - i
‘WRTTEL7, 1,3%)' 4
READ(5,210) DVRAT
WRITE(7,135)
READ(5,210) SPLPT

Echoon L.U. 4 f
WRITE(4,110)
WRITE(4,230) N ;
WRITE(4,115) : /
WRITE(4,240) DP /
WRITE(4,120), .
‘WRITE(4,240) DQ
WRITE(4;130)
WRITE(4,240) DVRAT , /
WRITE(4,135) v
WRITE(4,240) SPLPT ’

' chLPT-1 -SPLPT

Normallze w1th respect to the largest diffusion coeff1c1ent

DMAXO AMAX1(DP Do)
DBARP=DP/DMAXD

" DBARQ:= DQ/DMAXO ‘ h
NR=4*N+4 , . .
’/NR2 NR/2
N1=N+1
N2-N+2
Generate’ matrlx of simultaneous equations for the concen- y
trations of species P and Q at the collocation points. .
CALL GENEB(N ND,ROOTS, AMAT , BMAT) o

caLt RDCDSP(N ND,NE ,ROOTS, AMAT BMAT,DVRAT, DBARP, DBARQ CRATID
& : ‘

CTBL SPLPT CMAT CONCSI)

Solve for concentrat1ons at the collocation points for the
case where k = 0.

CALL ARRAY (2 ,NR,NR, NE,NE,CMAT, CMAT) T
CALL SIMO(CMAT CDNCS1 ‘NR, KS) o :
If (KS EQ. 1) GOTO 99 :

>

Calculate concentration gradient (of. species P) ai .= 0.

' GRADO=0.

.

DO 5 J=1,N2 v ' . _ o
GRADO= GRADQ+AMAT(1 u)*Cchs1(u) o , “ el
\CONTINUE . _ v . e

L . NI
. : o g 2y
7 . . ) . . ‘ﬁ )‘ ’
.o At ., ) . 7 -, o
. .. 3 . . p
.



OO0

10

OO0 eXelel

00000 O

N
o

OO0

30

oo

WRIT

Re-normalize with respect'td the largesi diffusion coefficient

GRADO=GRADO/SPLPT

Prpnpt fon.Mnetic parameter, norma“zed concentration.

' diffpsion céeﬁ{icient of species A, etc. @

WRITE(7,1400% «% L L
READ(5,210 | APARIIN . ABF

x

-]

—

—
mmmmmmmim

4

DMAX=AMAX 1(DP,DQ,DA)
DBARP=DP/DMAX

DBARQ=DQ/DMAX

DBARA=DA/DMAX .

DMAX 13=(DMAX/DMAXD ) #5 THIRD
DRAT23=((DP/DA) **THIRD)**2

NITS=1

" Set previous,A concentrations equal to the bulk conéentratibn
as a first approximation. ‘Set previpus P and Q concentrations
to those found for k = 0. : . ) :

DO 20 I=1,NR2
IN=1+NR2
.PCNCS(1)=CONCS1(I)
. PCNCS(IN)=CONCS1(IN) _— . :
e« PCNCSA(1)=CBARA : , _ . g

CONT INUE o )
‘ Regenerate the discretized transport equations for spec1es S

P and Q and generate those fob the substrate, This is the
starting point for the iterat1ve ‘solution of - the system of
_nonlinear equations. . ; . :

CALL RDCDSP(N,ND, NE ROOTS, AMAT ,BMAT, DVRAT DE!RP QBARQ CRATIO
& 3

CTBL, SPLPT ‘CMAT, BDUND)

(CALL HSCDSP(N,ND,NF,ROOTS, AMAT, [BMAT, DVRAT, DBARA CBaRa, CTBL
é -~ sPLPT, CMaTA, BOUNDA) . " S %
Include the Kinetic terms. - nli‘“‘ i; _z3 ' B :‘}‘{2' L
CALL KTCDSP(N,NE,NF, PARKIN, DBARP ,DBARQ , DBARA CI:BL SPLPT, ’,}g T
LR o L




0co0o

40 CONTINUE ' | | ~

c .

& : PCNCSA, Piﬂf,s CMATA CMAT) 0. . - ’

Solve for qoncentratlons at the c0110cation points o

CALL ARRAY{2,NR, NR NE,NE, CMAT, CMAT)

© CALL SIMQ(CMAT CNCS NR KS)

IF (KS.EQ.1) GOTO 99

CALL. ARRAY(2,NR2,NR2,NF NF, CM%&A CMATA)

CALL SlMQlCMATA C CSA NR2, KS) ,

JF (KS.EQ.1) 010" L \ o ;

" Determine the sum of the squared cogf}qt1ons and save. ','

_current concentrations. gﬁé . %

SSQRC=0. | | o TN

DO 40 1= .MR2 n ’ : o ‘ R 2
IN=I+NR2" _~°

SSQRC=S5SQRE+ (PCNCSA (1) -CNCSA(1) ) #w2
"PCNCSA{I)}=CNCSA(T) :
SSQRC=SSQRC+{PCNCS(1)-CNCS(1) ) %#2 ;
PCNCS(I)=CNCS(1)

SSQRC=SSQRC+ ( PCNCS (IN) -CNCS (IN) ) %% 2
PCNCS(IN)=CNCS(IN) -

IF (SSQRC.LE.SSQRCM) GOTOD 45 o ' ﬁf*“}
NITS=NITS+1 ' \ - -
GOTO 30

qas'too 50 1=1,Nt-° : o A

AN2TSNT
COLPTS(I)=RODTSI)*SPLPT .
COLPTS(IN)= SPLPT+ROOTS(1)+CSPLPT

50 CONTINUE

C
- C
Cc .

) Calculate current ratio and catalytlc efficiency.

GRAD=0. L
DO 55 J={,N2
~ GRAD= GRAD+AMAT(1 d)‘CNCS(d)

- 55. CONTINUE °

OO0

GRAD=GRAD/SPLPT . - ’
ROC=(GRADO/GRAD ) *DMAX 13 -
CAT=DRAT23=(1./ROC- 1 ) /CBARA

o

‘ Pr1nt results along w1th\f1nal concentratvons Echo on

& .

on L.U. 4.

CWRITE(7,180) NITS ' o
WRITE (7. 185) (COLPTS(I) CNCS(1), CNCS(I+NR2) CNCSA(1),

L I=1, NS
WRITE(7,185) 1. .CBARA
WRITE(7,190) GRAD ROC,CAT

WRITE(4,180) NITS

WRJT£A4.185)1(CDLPTS(I) CNCS (1), CNCS(I+NR2) CNCSA(I)
i I=1,NR2) ,

V10,07, CBARA




OO0

oan.

—-O0O0

110
115
120
130
135
140
150
160
170
180

185
190

195

200
210
220
-230
240
999

. Error exit for singular matrices.

é&

"&1PE15.6, /'/ ‘ Current Rat1o L1PE15.6,/,/,

Loop to repeat for next value of PARKIN, CBARA and/or
DBARA.

WRITE(7,195) | e
READ(S,320) 1100 | < .

“1F (1LOOP .EQ. O} GOTO 60

: GOTO 10
CONT-INUE
STOP

WRITE(7,999)

S sTOP : - !

Format Statements

FORMAT (' 0’ , 16X, ***xSecond-Order EC- Catalyt1c Mechanisme*»'  /,
823X, at the Rotat1ng Disk Electrode’ ,/, / 14X,' Numerical

.& Solution by Globa\ Spline Collocation’, A / Version V01-C'.,

&50%,941,/)
FORMAT(' ,' Enter degree of collocation polynom1a1 (12). *,§)
FORMAT (' ' ’Enteh diffusion coefficient for-species P. .S)
FORMAT (' ' ,'Enter ‘diffusion coeff1C\ent for- specwes Q. %)
FORMAT(' ' ,'Enter D/v ratio.. $) .
FORMAT (' ’Eﬁter spline point. 8
FORMAT ("4 ' Enter value of Kinetic parameter $) ' ,
FORMAT(' ' ,'Enter normalized comcentration of spec1es A, 'L8)
FORMAT(! ' ,“Enter diffusion coefficient for species A. ' ,%)
FORMAT(’ ' ,'Enter convergence cr1ter1an ,9)

FORMAT(' 0’ , " "Number. of Iterat1ons 13, /"f 8X ‘Root' .,

& Conc. P, 9X ‘Conc. Q' ,9X%X,'Conc. A' /)
FORMAT (4(1PE16.6)) ,
“FORMAT (' 0’ ,'Concentration GradIent at the D1sk Surface !

& Catalyt1c Efficiency: 1PE15 6v/) -

FORMAT(' * ,"Enter t to repeat 0 to terminate. ' ,$%)

FORMAT (12) . |

FDRMAT{GIS.E‘ - s S ’
FORMAT(11). T S o .
FORMAT(* *,12) L ¥
FORMAT (" 1PGlS 6) : s ' -

FORMAT(' 0’ , "singular matrix enco fferéd...exﬁpuiion.ends}f./)

END
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Title: "=«aSecond-Order EC;CataI
S Working Curves by G

Author: aJ. Nolan |
~ Source File: ECR3WC.SNG -
PROGRAM ECR3WC

Purpbée:

- Object File:

tic Mechanism at fhe RDEw=»
obal Spline{Co)location"

127"6?'87
ECR3WC. SOB

Date:

This program calculates working curves (

value problem.

among the diffusio

»lpvolved.

Modifications:'

1. Included date and version nuymber on.printout'(V01-B.
. 26-dJdun-88) ..

External References:

Fn/Sr
Subroutine

Subroutine

Variable D

IMPLICIT REAL*4 (A-H.O-Z)
LOGICAL=*1 DATARRI{9)

GENAB
Subroutine GSECR3
DATE
Function AMAX1yABS

GENAB.GNG
GSECR3, SNG;

arations:

RN Y

Obj File -

' DGSPLB.0BY

DGSPLB.0OBY

- FORLIB.OBY

FORLIB.0BY

DIMENSION ROOTS(16),AMAT(16,16),BMAT(16,16)

REAL=4 LKHI,LKLOTLKINC,LK

N - Order of the collocation polynomial (N<=14).
ROOTS - Roots of the collocation polynomial.

. AMAT ,BMAT - Discretization matrices containing the
coefficients for the first and second derivatives
of the concentration profile.

‘Surface concentration gradient when k

Normalized diffusion coefficient of species P.

Normalized diffusion coefficient of species Q.

Normalized diffusion coefficient of species A.

Ratio of the largest diffusion coefficient to

the kKinematic viscosity (=1/5c).

CBARA - Concentration of species A normaliz

Excess Factor).

DBARP
DBARQ
DBARA
DVRAT

. GRADO

species P |

PARKIN - Kinetic parameter.
LKLO, LKHI - Range

- CRATIO - Surface con

f log(kinetic parameter).
ntration ratio (P/Q).
CTBL - Transport boundary layer coefficient. ..

i'e. current
.ratio ds a function of the log of the Kkinetic parameter)
for the second-order EC-Catalytic mechanism at ‘the RDE.
Global spline collpcation’'is used to solve the boundary-
The program incorporates the extended axial
velocity equation and provision is made for inequalities
n.coefficients of the three species

ed to that of
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 CALL DATE (DATARR)

Output:.

DATARR - System date (DD-MMM-YY).
GRAD - Surface concentration gradient,
LK - LOG10(Kinetic parameter) :
ROC - Current ratio.

CAT - Catalytic efficiency.

Logical Units Referenced:

4 = Data File
5 = Terminal Input
7 = Terminal QOutput

Data Statements

DATA CRATIO /1 E-06/
ND=16

'Executable Code 0
Print header.

WRITE(7,100) (DATARR

(1
WRITE(4,100} (DATARR(I

!
[

Prompt fqr grogram parameters.

WRITE(7,110)
READ(5,200) N
WRITE(7,115)
READ(5,210) DP
WRITE(7 120)
READ(S, 210) DQ
WRITE(7,125)
READ(5,210) DA
WRITE(7,130)

READ(5,210) CBARA |
WRITE(7,135) h
READ(5,210) DVRAT ™ —
WRITE(7,140)

READ(5,210) SSQRCM

Prompt for calculation loop parameters.

WRITE(7,145)
READ(5,210) LKLO
WRITE(7,150)
READ(5,210) LKHI

"WRITE(7,160)

READ(5,210) LKINC
List parameters in the data file.

WRITE(4,110)
WRITE
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110

115

120
125
130
135
140

145
150

WR]
T WRI

Normalize diffusion coefficients with respect to the largest.

DMAX=AMAX1(DP,DQ,DA)
DBARP=DP/DMAX
DBARQ=DQ/DMAX
DBARA=zDA/DMAX

-,

Calculate factoq matrices and determine GRADO.

CaLL GENAB(N.ND.RODTS.AMAT,BM}I)

CatL GSECR3(N,Nb,ROOfS.AMAT.BMAT,DVRAT,DBARP,DBARO.CRATIO,
DBARg .CBARA,SSQRCM,0. ,N1TS,GRADO)

&

Initialise calculation loop.

IUP=INTIABS{LKHI-LKLO)/LKINC+0.5)+1

IF {(LKLO .GT.

WRITE(7.170)
WRITE(4,170)

D00 I=1,1uP
LK=LKLO+FLOAT(1-1)2LKINC
PARKIN=10 wslK
CALL. GSECR3(N,ND,ROOTS,AMAT,BMAT DVRAT,DBARP,DBARQ,

CRAT10,DBARA,CBARA, SSQRCM, PARKIN,NI1TS.GRAD]

LKHI)} LKINC=-1.#ABS(LKINC)

ROC=GRADO/GRAD

CATs(1./ROC-1.)/CBARA

WRITE(7,180) LK,ROC,CAT,NITS

WRITE(4,180) LK,ROC,CAT NITS ¢
CONTINUE

STOP

Format Statements

"FORMLT(’ 0’ ,16X,’ »**Second-0Order EC-Catalytic Mecha®ismess'  /,
823X, at the Rotating Disk Electrode’ ,/,/, 16X, ' Working Curves

& by Global Spline

&941,/)

FORMAT ('
FORMAT ('
FORMALT ('
FORMLT ('
FORMAT (’
FORMLT (’
FORMAT ('
FORMAT
FORMAT(’

01

‘
’
’
[
’
’
’
’

.V Enter
.V Enter
,'Enter
. Enter
. Enter
,'Enter
. Enter
,' Enter
. Enter

Collocation’ ,/,/,' Version VO1-8',650X,

degree of collocation polynomial (12). *, $}
diffusion coefficient for species P. ‘.,$) -
diffusion coefficient for species Q. ‘.$%)
diffusion coefficient for species A. ' ,$)
normalized concentration of species A. ',
D/v ratio. ' %)
convergence criterion. ' ,$)
initial value for LOGI0(K).
).

$)

'8)

final value for LOGI0I(K ‘'.$)



P,
\' .

'‘Enter increment value for LOG10(K).

160 FORMAT (' ',

170 FORMAT(/,7X,'Log{k)’' ,6X,'Current Ratio’,h2X,
& '‘Cat. Efficiency’ ,2X,'Nits',/)

180 FORMAT(3(1PE16.6),16)

200 FORMAT(12)

210 FORMAT(G15.61

220 FORMAT (' ' ,1PG15.6)

230 " FORMAT(' ' ,12)

C

END

‘\8)
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2. Coféedutive Electron Transfer with Reproportionation.
‘W%:*.qﬁ r.cu?nrical ‘Solution by Orthogonal Collocatio % :

Noal hor: V. 'Noﬁa':&ﬁ_ . ¥ ' Date: 01-yun-88
\b " e’ - ® G ‘ ? ¢
© O 1 Te . WEETR™  roR Object File: CETRP2.0BY
- O 8 , : _ :
S RAM CETRP2 ’ : . "
N C N, &
R X rpose: ' o X

o¥e¥oYoXo

o o Qo Qo

This program uses orthogonal collocation to obtainh the
solution to the differential equations describing consecutive
electron transfer accompanied by an irreversible reproportion-
atioh at the rotating disk electrode. Formulation of the
praoblem follows Eddowes (J. Electroanal. Chem., Vol. 159,

p.1. 1983). Implementation of tie orthogonal collocation
technique foll J#& Villadsen and M:L. Michelsen, “"Solution
of Differentia?sgquation Models by Polynomial Approximation",
Englewood. Cliffs, N.J.: Prentice-Hall, Inc., 1978.

iie program returns concentration profiles of the three
speci® involved as we!l as the concentration gradients at the
electrode surface. Newton-Raphson iteration is employed to
solve the nonlinear system of equations describing the
mechanism. The weighting factor GAMMA contrgls the tendency -
the program to oscillate about the desired ution at larger
values of Kinetic parameter (>10). A vailue ofrarfound 0.25

seems to work reasonably well. e S %f*.f.g
Modifications: None. B S e
: . ' “‘J K v "4: ." . .
External References: * | . =i pe TR
R . L . ) A .
Fn/Sr Srcifile s ﬁyﬁj File
'Pv »45: 4 ' ,‘a._«:'.-
Subrout ine GENAB GENAB.SNG ™ = DGSPLB.QBUY
Subroutine SCGRD1  SCGRD1.FOR - DGSPLB,0BY
Subroutine ARRAY  ARRAY.FOR "@~gapwtlpposq ‘
Subrout ine GMPRD GMPRD .FOR '+ » MATLIB.OBU * | i ,
Subroutine GMSUB-  GMSUB.FOR ~ . MATLIB.QB® R :
Subrout ine SIMQ -SIMQJFOR ‘ ’W*’QATLIBZ gy 3 - S
Subroutine DATE N7A™ . .  FORWIB.PBY - | _—
Function AMAX1 N/& i f“ﬁ‘"EQFL&B\QBﬂ* : .
Variable Declarations: oy T I’ﬂ'f o e B -
. I B 1y
IMPLICIT .REAL*4 (A-H,0-7) -~ 4.,/ "0 "0 0 ) ~
DIMENSION ROOTS(26),AMAT(26,36) ,BMATI6,36); PCONCS(72),
CONCS(72),BOUND(72), PMAT{ 24,24) ,QMAT (24 ,24) .
RMAT(24,72) ,RJCBMX(S76 ), PMATV. 576 ) ,QMATV (576 ),
~ RMATV(1728) R T R
EQUIVALENCE (PMAT(1, 1), PMATVA) ) (QMATINE, 1), QMATV (1)) §
(RMAT(1, 1) RMATV(#)):  Toos D00 \
LOGIC4L=*1 DATARR(9) S

- Vo . !
- . Ly -

Input :

N - Order of the collocatioﬁ'bolyﬁomial (NC=24).
NR - Number of simultgneous equatijons.
BRI . v '

9



¢
¢
C
C
Cc-
C
C
C
C
C
, C
C
C
¢
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
c
c
C
C
o
C
C
C

i

DBARP - Normalized diffusion cocfficlcnt of species P.

DBARQ - Normalized diffusion coefficient of species Q.

DBARR - Normalized diffusion coefficient of 'spoclu R.

PARKIN - Kinetic goulmotor

CTBL - Transport ndary layer coefficient.

CKTCOF - Kinetic term coefficient. (

SSQRCM - Convergence criterion, defined as the sum of
the squares of the corrections betwcen successive
fterations.

GAMMA - Damping ‘factor. p

Sbtput:

DATARR - Array containin? the current date (DD-MMM-YY),

ROOTS - Roots of the colloocation polymomial.

AMAT ,BMAT - Discretization matrices containing the
coefficients for the first and second derivatives
of the ‘concentration profile.

PMAT - Matrix containing the coefficients of the system
of simultaneous equations for species P.

QMAT - Matrix containing the coefficients of the system
of simultaneous equations for species Q.

RMAT - Matrix containing the coefficients of the system
of simultaneous equations for species R.

'CpNCS - Vector containing concentrations of species P, Q,

and R at the collocation points.
BOUND - Vector containing constant terms for the system
of equations describing P, Q and R.
PCONCS - Previous toncentrations of P, Q and R.
RJCBMX - Scratch matrix used to hold Jacobians.
CRO - Concentrations of species R at Z = 0.
GRADP - Surface concentration gradient of spec1es P (=0).
GRADQ - Surface concentration gradient of species Q.
GRADR - Surface concentration gradient of species R.
NITS - Number of iterations required for convergence.

Logicatl Units Referenced:

¢

. Data
'DATA CTBLO /3.6096/

ND=26
NE=24
NF=72

4 = Data File Output T

5 = Terminal Input -

7 = Terminal Qutput

Statements ’

CTBL=CTBLO.

Executable Code

Print header and prompt for parameters.

CALL DATE(DATARR)
WRITE(7,100) (DATARR(I),1=1,9)

WRITE (7%10) !

- READ(S, 200) N

. ¢
~ 3 N . - 1 .
V. .o . .
9 ' .




ced hDMA = MAXI(DP DQ DR) R a_‘ _' B -.&v_lf ‘
L. . “DBARP=DP/DMAX . e S Lot '
o U DBARQ=DQ/DMAX . e R T
»;»DBARR DR/DMAX L s __;»_lu'
Ty o C : -l
Generate matrrx of s1multaheou5 equat1ons for the concen-
‘"‘trat1dns of specxes P Q and R at the collocatlon po1nts

”CALL GENAB(N ND ROOTS AMAT BMAT) e fﬁ,@ e ,"'7?’9”¢"‘g

} » o
o o6ooT

U UNTE N+23 e T T T T |
o cisL3sD. 51023*CTBL§:3 e oy

T DO 10 1_1 N el .. e o e . < . . -v TR a
v ,I1-l+1 R R RE S NN PR et L
“yIN T+N o T : T
o UAXVEL= CTBL3*ROOTS(I1)**2 ..;,g L R T e
o AXVELP=AXVEL/DBARP . . . .%o 000 S e e
" AXVELQ=AXVEL/DBARQ = = T e T R A
. AXVELR=AXVEL/DBARR ~ .- e
. BOUND{1)=-BMAT(11,NT)- AXVELP*AMAT(I1 NT) ,
"BOUND(IN)=0
' TEMP=1BMAT (11, 1)+AXVELR*AMAT(11 1)N/AMAI@4 IgggaARR
‘BOUND ( IN+N) = TEMP*DBARP*AMAT(i NT) L4
~+CONCS(I)=BOUND(T) .
SBO 10 UsTLN N ,,;,, Sl
B \J] d+1 Sl ‘_v .. = 0. AT ‘,‘.. .
NN T SRR AN C R
JNN dN+N »‘ : aq e “'.',-.. v" 0,. o a. i . : t ) -5
. TEMPi= TEMP*AMAR(I u1r R Sy
CPMAT-( 1y, J)=AXVELP*AMAT (1 .dI)+BMAT(I1,d1l
~ QMAT (I, y)=AXVELQ*=AMAT (11,01 )+BMAT (11, 01) ,
RMAT (1, UNN )= AXVELR*AMAT_11,d1)+BMAJ(I1.d1) : LA LT
T RMAT(I,J)=-DBARP*TEMP1 & " .. o ST
15/711»RMAT(1 UN)==DBARQ*TEMPT - 7. . TR ST TR
A ‘3u“RMAT(I dNN) RMAT(I dNN) TEMPI*DBARR R
»1o,jc0N11N "

1
1
1
(

Calculat concentrat1ons at the oollocat1on pornts 1n the

C

C. absence of a homogeneous reactvon a5 a f1rst approxlmaiwon R
c C

4

“eatt ARRAY(2 N.NNE, Nsxaucamx PMAT) , SOy
" | CALL SIMQ{RUTBHX:CONCS, NLKS)T ,‘a SRR TP ERC R VPO LI R S
/-IF(KS. eo 1) I 99_- T _3=i~,yiﬂ_;; e T L e b




: \ ' Che f l>:?”  PR
REE concs(xN+N)-1 -CDNCS(I) ;
. 15 CDNTINUE

“C.. : . .
i fc‘;‘n Pack coeff:cwent irlces :
- C '
cALL ARRAY(z NE:NB PMAfV!ﬁmAT) g
CALL ARRAY.(2: NE.,NE , QMATV., QMAT )

CALL ARRAY(Q N w_xNE NF RMATV, RMAT)

G lnput k1net1c parametef and damp1ng factoﬁpﬁ
S ol i - LTS, » .,"-u
' 20;,NIT“=1TW roh :«;% o ; : L, T
S MWRITE(T, 1408 ' P o
o READ(5;210)" PARKIN - .
CCUSWRITE(T, 145)
. “READ(5,240) GAMMA, r'
- _* PREAD(5,220) IPRINT - :
, tKTCOF=PAR51N*CTBL**2 - RN
-.C : ® FOR IRER Y
. B - C ‘ Save prev1ously determlned concentratwohs and load boundary
ST -C - vectors. - This is. the stant1ng po1nt for %ha 1terat1bn
€ . .

25 DO 30 T=1.NR
: PCONCS(I) comds<1)
30 CDNTINUE

R 0._’.‘_' o : .
1y

¢ .
- C " Compute resxdua] vector (stored 1n CONCS)
C

ONTEN+T L 7',=, R
N2=N1+N ~
", CALL .GMPRD(RAT ,PCONCS, CONCS N, N, 1) -

© 7 "CALL ‘GMSUB(CONCS,'BOUND, CONCS N, 1}

4. _CALL GMPRD(QMAT, PCONCS (N1 CONCS(N1).

© . # . TCALL GMSUB{GONCS(N1),BOUND{NT). [CONCS(N
" CALL GMPRD(RMAT,PCONCS. coucséﬁgi
SECTE QALL GMSUB(CONCS(NQ) BOUND(N2 ONCS( N2

e

5- Include the K1net1c terms

2 e
D003 LN e |
S T8 B
 TERM-CKTCOF*BCONCS (1) =PCONCS ( IN+1:)
, . CONCSII)CONCS{1)-TERM/OBARP
T " CONCS(IN)=CONCS (IN)+2, *TERM/DBARQ
b . CONCS{ 1NeN = cgucs<1N+h)-TERM/DBARR
3& CONTINUE

‘”*“//, C»“f Compute dacobIan for specwes P

L NK2 N*2 x‘ﬂ pi,l,ﬁ‘v
’~ ,'” NN N v , .
o j DO 1e1, NN v
LR \deCBMX(I)’PMATV(])
40 CDNTINUE Tl

il

*‘n.\ el ®

sy

N+ TP

L.

p
x(

o

)* B f . a5 5 R g . K . o
II) RJCBMX(II) CKTCOF*PCONCS(NX2+I)/DBARP;




Compute correction terms

T CALL SIMQ(RUCEMX, CDNCS(1) N.KS) Sl e _—
w‘,.c*~ {IF (KS'EQ.1) GOTO'89. | toe

cvcsc,“ K

€ Repeat for spec1es Q ‘»*"‘ Co e ; ‘
: c ' : . R N o : N ) . ‘ B - [ N ’ - :. . " :“'A
T ©o o D0CB0 s 1 NN U AR
NP S ’ RdCBMX(l)'OMNTV(I) R G e e
. R 50 CONTINUE : : . S :
C

: CALL SIMO(RdCBMX CONCS(N1) N KS) , - - L ‘
¢ ; IF(KS EQ ‘1) GOTO 99 ] I S o :

" ‘And for spec1es R.

JOFF=2xNN ~ R A
DO 60 I=1,NN "~ o AR , T
. . RdCBMX(I) RMATV(IUFF*I) e L R B
60 CDNT]NUE L R LIRS
. D0 65 1=1 N
- T1=1(]
B RJCBM:
65 CONTINUE
CALL SIMQ(RJCBMX CONCS(N2) N
IF(KS EQ 1) GOT0 99 ,

"nn

-1) N+ 1 0. 'y -
X(IT)=R dCBMX(I]) CKTCOF*PCONCS(I)/DBARR

k!

«

%

Calculate new estnmates for concentratwonsgpn- determine

~the sum of the squared correctlons ' o :

RN o . : » o,

’jSSQRC 0 e e e '
b0 70 1=1, NR : g -

: SSQRC= SSORC+CONCS(I)**2

Lo " CONCS(1]= PCONCS(1)-CONCS(1)

Lo L 'CONCS(1)= CONCS(I)+GAMMA*PCONCS(I) GAMMA*CDNCS(I)
-~ 70 ."CONTINUE

" IF(IPRINT.NE. 1) GOTO 72 _ .
U WRITE(7,180).'NITS °
.'A.WRITE(7 185) (ROOTS(I+1), CONg.lI) CONCS(I+N) CDN

U emooo

SR & S L= N S ,
72" IF (SSQRC.LE. SSQRCM) G0 TO 75,
. NITS=NITS®1 - . R T A
LB0Te25 T e TS
. . . - AR q

i

Calculate surface concentratwon gradIents

75 CALL SCGRDI(N ND ;NF ,DBARP, DBARQ DBARR AMAT‘CO S.QRAD?.. o>
3 GRADQ GRADR’CRO) o

< Pr1nt results along w1th frnal coqg;mtratlons o L .

c : , .0 -

~ WRITE(,180) NiTS IRIRLIN
WRITE(7,185) 0.,0.,0.,CRO. ~ “* % . o 4 "

o o Ay WRITE(? 185) (?ODTS§I+1) CONCS!I[ CONCS(1+N) CDNCS I+NX2)
LT D R T .




LooptOrepeat p.r‘OQram'. ; n i " 9 o

-~ WRITE(7,195)

READ (5, 220) 1L00P

©IF (1LODP".EQ. 0) GoTo 80

, . . - A
. GOTO 20 | R _ , T o
80 CONTINQE S . _ A PR
oo STOP™ L : R T _ S -
t, C “ ) : ' . . . .y T
> C Error ex1t for s1hgu1ar matr1ces . T o : .
,, C . hv" P 3 ! £ ' !
.98 WRITE(7 999) e iy e J:“hy R » L
L osToP U - - L E |
: e o ' e o Y 2 ’
s C Format Statements - c ,-"x. . éﬁQh,\A » Lt
. C v ' L) e a W A R
100 - FORMAT(’ 0’ ,10X,’' Consecutive- Electron Transfer with Repro 1; o
&portwonat1on A 26X,'at the Steady State RDE' , / / ‘ ¥ S
&' -Version V03-A",50X,9A1./) . -3 Y
410 - FORMAT(’ ' ,’'Enter degree of collocatwon polynomial (12). ‘.5\‘ S
115 FORMAT(" ', '"Enter diffusion cqefficient for species P2:> W9 A
120,LFORMAT('~’.#Enter diffusion coefficient for species Q. W8 . i‘
130 FORMAT(’ *,’'Enter diffusion coefficient for: species R. 'L 8) -
140" FORMAT(' ', Enter value of kinetic parameter . 8 - .
145 = FORMAT{" ' ,'Enter value,of weighting factor.. .S)
150 FORMAT(' ' Enter 1 for‘extended output. ', $%).
160 FORMAT(’ ' ,’Enter convergence* cc1ter10n ’.$)
180 FORMAT(’O’ .. Nupber_of Lterations: .16, /.1;7X," Root’
_ .&' Conc. ,9x, Conc. B4, 9X,Conc. R’ /) -
185 F0RMAT(4(1PE15,5 1X)) N I 7 S
190 FORMAT(’O"’Surface~Conc-' at1%&56rad1ent of, _pecies P LT
.&1PE15.6) ¥ _ : v
‘(\‘ 191 FORMAT('0Q’., 'SurFace C&ﬂbentratton Gradie of Specles Q f._
AN 15,61 - T J "
. 182 FOR T(%O' ,' Surface Concentrat103 Grad1ent of Spe01es R "y v
. §1RPE15.6) - : SR
C 135 FORMAT(' 0’ , ’Enter T“to repeat 0 ‘to term1gate. .3 AV R
. 200~ FORMAT}IZ) : R R SRS (I SR o o
- 210 FORMAT(G15.8) PR U RN e
2207 FORMAT(I1}. : ') _ ‘ o
o ‘ 999 FORMAT(’O’ ’S1ngu1arf’?ar1x encruntered ..execution ends.’' /) .
e C L , , gt : B N ,
v . END ' ) v ‘ T i i .
) ‘ , A ’ )
oo : -’;# ’ [ : %“ -



€ Title: Concentration Profiles for the RDE.
C ) N . . . . ! ' . ~
”Ev Author: J. Nolan Da'te: 22-Nov-86 :
C. _ Source File: CONPRO.SNG Object File: CRNPRO.OBJ |
- PROGRAM CONPRO
fyg;&.  Purpose: .. ‘
S ‘ S . L Co : o
. c This program recovers the coefficients of the approxi-
‘ c mation polynqmia]'re1atihglconcentﬁation to. distance .givgn
.. C a set of collocation points and thé corresponding concen-
o C trations.. It then uses these coefficients to generate a -
;\‘ 3 . : : - . 3 : . . ‘e
~.C - concenteation profile over a specified interval. b4
. C N o S ) I
C[ﬂﬂ“Mddifiéations: None'. A
C. N . v N
« . C “External References: ‘ ’ i .
C » Fn/Sr Src File % 0bj F.i“ o
C o o : gl
- C Subroutine ARRAY ARRAY.FOR © -MATL1B.0BY
-~ C Subroutine SIMQ ~ SIMQ.FOR MATLIB.OBJ
‘s C Subroutine PVAL - PVAL.FOR .. MATLIB.OBJ -
b C . Subroutine ASSIGN N/A ~._FDRL1B.0OBY
__,‘» C - - 'l' . . Lt 1 . .
« C. Variable Declarations:
c N ‘ R . A . . - .
© IMPRICIT REAL*4 (A-H,0-7). S . 4
-, - DIMENSION RQOTS(20),CONCS(2 .COE?FS(?O:B).CVQJ(B),
© . & s UMAT(20,20),TMAT(20,20) - , i
‘' e, EQUI L%?CE (COEFFS{1,1),CCNCS(1,1)) 2
. c - = ,Lﬁbut:"'
C o . R ] o
.- C . NCNPR:- Number of concentration profiles. - ‘
% ,C v % NROOT§ - Numbér of collocation points. v
/¢ 4% ROBTS"- Vector containing collocation points, .
. - € 4  :2CCNCS - ongentratiops at . the collocation pgﬁnts,
g G XLO -'LAWer bound for cpncentfFation profile. )
C " & XHl - Higher bdund;forwconcentra i profile.
c ' XIN@ - Step. size for concentratfon profile.
C. : == NPTS - Number of points for ncentration profile.
;Ef' f;7w'"%“OMAT”— PO lynomes’ #éctoé;?atrix;' L S o
c. . COEFFS:.- Coefficients -of the approximation polynomial
- C % (eguivalenced to CCNCS). - ‘ ~
C TMAT - Scratch matrix. . T
- €+~ - CVCT - Concentrations of species at distance X. ‘ge
S e Tl . R Lo
. C ~ " logical Units Referenced: R St e 4
C ¢ Y . '.‘ , . - r N . . . . . - 1..~ .
c *».8 3 File Input o " e
- C 4= Plot File : T LN :
' C .., _vb =.Terminal Input BSEI . '\
LR T Terminal Outputs = — : Vo
| B g % -, ~ i
: - Soub s v tLo
. ..~ B - ‘.‘:.' . l) TQ_.‘




Executable Code u;”', . " =

WRITE (7, Y00) o |
4CALL ASSIGN(3,’ OK1: A", -1)- oo
. MRITE (7,110) R s
> . READ (5,200 NCNPR‘ ' S e

"y NRODTS=0 'h, e
ND=20 .~ S o

D010 I=1,ND ST

-

O

oy
-

NROOT S=

T . Is+1 . 4
. 10 CONTINUE “

‘b N b

o .-
'a, LS . B '

% Open plot f\le S ‘ RN e

000

20 WRITE (7,120) - ; o £
CALL ASSIGNI(4, 'DK1LA, - 1)
. A

@
Generate.factOr matr1x Oy

OO0

, . DO 30 1=1NROOTS - .
. . . OMAT(1,1)=1.D0 - .
; 00 -30° J=2,NRQDTS,
o ‘ OMATJI u) QMAT (1, J- 1)-RodT5(1)
30 CONTINUE g .
; . »_

po]ynomxals A . 2

o N
. DO 40 1CNPR=1, CNPR ' o
: CALL.- Y(2:NROOTS, NROOTS, ND, ND, THAT, oMAT)@
. = o., . CALL ?MQLTMAT CCNCS(l ICNPR) NROOTS KS)-. '
- . S TR (KSR EQ. 1) GOTO 99
o 40 ‘CONTINUE - ,
' WRITE (7 130) .
y PO 45 1=1, NROOTS .. ’ e VNﬁzé
- "WRITE (A, 220) 1-1.(COEFFS(I.J),J=1,NCNP>)
45 CDNTINUE » ‘
Ca \ . ,
c lnput limits for the @valuated concentratlon profxle

C
B © - WRITE(7,140) f/
- ‘READ(5,230) XLO ' ,
A * MWRITE(7,150) B w T
READ(5:230) XHI B RN

*

[
[eleleXe]

~ L WRITE(7,160): - . o R

READ(5.230) XINC
’ﬁc . In1t1aluse calculat1on loop

NPTS: INT(ABS(X*T ferc+o 57+1 R
IF (XLO,GT . XHI ) x1 MieABSOUINC)

Cdedens
R RALINETE A O

Open data file and read co]\ocat1on potnt§ and corres-,

[
o
Lo

READ(3,21 a ,END=20" RDOTS(I) (CCNCS(J d) J=1, NCNPR)

“Calculate and 11§T“the coeff1c1ents of apprOX1mat1onzin

,
C
4
: ’
é . '
) ’
s .
% .
-
R
P
AT .
V4
At
. @
.
i
AN
4 I
\ ' ,
§ .
v
. ®§.
. e '
- + ‘
o
'.9 ‘
.Qﬂ
e
W
-
3



.,: '\,-l )

_zs

€ ntS.

¢

M8 Enter*the lnpufﬂda afr?g héme-

20 FORMAT("’ " Enter *thi L
130 FORMAT(' ', 'Coeff1c1eﬂts of the approxtmatlon polynomlals_

- 150 FORMAT (" * ‘Enten the upper bound of the" concentratlon

" 200 FORMAT(12)

110 FORMAL.(%" " En' e&myp umber . of . Specﬂes g '.8)
output détafile name. . $)

& are:’ /)

140 FORMAT(' 0’ ’Enter the lower boand of the concentratlon e

& profile.- ',%)
+ & profile. )

160 FORMAT (' ¢ ‘Enter the 1ncrement size. EYE

170 FORMAT(;?' 'Concentratlon prof1les as a funct10n
& are: o

180 FORMAT (" 0’ ’S1ngular factor matrwx encount o .
& term1nated ") g

210 FORMAT(44.1PE16.6)) . ;
220 FORMAT (15,34 1PE 5.6, m) '
230 FORMAT(GIS g8)

END

.

R ‘.' k"’ . .‘l
& .
: - ¥
L e o ‘ -

“100 FORMAT Mé’f 5X," #x#RDE ‘CoFipants ﬂ*p%@oi}‘{&;:&*

‘clt;‘;‘| s “ ) o . & "'v‘;"'fl ‘“, . .4 ' ' A :
DD 60 1 S ’ L
, - -XLO+(FLOAT(1 1))-xmc ‘e (S
o 'DUSOJINCNPR' '
v . - CALL PVAL(CVCT(d) x COEFFS(1, d) NRODTS) e
50 commus : . -
" WRITE(7,210) X, (CVCT(U); =1, NCNPR) o
anEM 21“;( (cvcnd) J=1 NCNPR) % e
so commue )
'.st %’w ‘. . )
- o R ¢
; ."‘;‘i#.*!w. - \"'Jl‘.‘,"’ v, .

¥

cutioﬁ°

distance.

‘. .Qe




'nn6oonondnnhnnoohﬁpnnnnonnnnnnnn 0000000 .

»

. _ .-
nqnnnnnnnnononnéhn

.. paraméter is located by a bmary search a

 Altered.display gfprmat:;
‘ nqmber *(vo1-C) to output ' (26 May-88) .,

: Vériable Declaratiom‘s.

LB

Title: &&netic Parameter Calcuﬂation Program

Author: . Nolan‘ R Dat¢ 16-Dec- 86
. Scurce"r? ile: KPRCAL. FUR ’,3,-“ Object File: KPRCAL.OBJ
PROGRAM KPRCAL ¢ .

rt ~'”
: f‘ers for second-
, ddta and
31 ¥atidt as a

This program determines Kmetvc par '
order EC catalyt reaétions. given expe

the appropriate working curve (i.e., cu
function of kinetic parameter).. The appfo ﬁmat’e Kinetig
ajcefi‘hed esti-

*‘?

mate is obtamed by’ Lagrang1an interpolat

Mod1f1cat1ons = S

Added fﬂename prompts Mg«w&aﬁam répea

error handlj

\9 Sep 7)
Modhi f Jesl gprogram repeat loop and - adde

ha vers1on‘

External _‘ﬁeferences. : ‘{S’? * .
. ' c ' ¥ .
Fn/Sr - Src Fi le s fObJ‘f’) d 3
) . : N N ‘ - P y‘J
Function ABS e  N/ATCY v Fb e L
Subroutine DATE . N/A A :.‘.‘" - FD ! DBJ ‘ R
Subroutine ASSIGN ~N/A ¥ » e
Subroutine CLOSE - _N¥A% *4"‘ au oea-
Subroutine BINSEA JRINSEA.FOR ey BINSE A
‘Subroutine ARRAY  "MEARRAY FOR " ATfel 6. BJ' 4
- Subroutine- SIMQ  ¥SIMQ.FOR - . MAT B. 0B ;
L.fOR : MATLIB 0By

Subroutine PVAL .

40

bl » . ]
'DIMENSTON RVALS(1000), FMATM q‘) coswsw‘f: S
LOGLCAL=1 DATARR(S)" . o

5 .:“_i' Coa .
o .

Inpfit: AT Gl T e
' - > ¢ . . v P
4 i
RVALS - @urrent rat1os for: work’mg*curve
YO, Y1 - irst and last entries for kmetlc parameter
on, working curve. el

NWCP. - Number pf points on \prkmg curve.
“YINCR - Kinelic parameter step size .
‘N - Degree .of interpolation polynotmal
+ W - Rotation speed in rpm.
CLSST - Roundoff criterion, . ‘ '
_FMAT - Factor matr1x for Lagranglan mterpolatlon

.

A Output

'.‘.DATARR - Current date (DD-MMM-YY') . o
OMEGAL 3 -Log. (base 10} of angular: veloc1ty +)
“INRST - lndex of nearest. pomt on workang curve.

"

“ ' [ N PO

1)



QOO0 ON0AOTC

(@]

OO0 oo

0n0000. -

20 - PINCR4&BS((Y4-YO)/FLOAT(NWCP-1)) *

Cr Beginnﬁngmgf‘calcu]ation lpop..,lhput data.

* . . f
* . w I
*

v o o o A : -

COEFFS -‘Cocfiﬂbcie'ntc of jntgrpolaiion’ polynomia). ‘
. RLOGKP *~Lo?.(bq;e 10). of ‘Kinetic parameter. . L
RKP - Kinetic parameter’ =~ - - .

Logical Units Referenced:

3 = Working Curve Data
.4 = Experimental Data ;
;5 = Terminal Input : S
¥ 6 = Terminal Output P ek
1}Exe“cutab]e cwe \ ‘ ﬁ";‘ | .- ;‘: ;4&% »
- S L ’ M R . g ‘x -

Program header ‘and prompt‘for'wohking\purQe file ngmé.‘

. CALL D&TE(DATARR) SERUEE .
" WRITE(7,100) (PATARR(L).1=1,8) = . . f. x»

.y 2 | L -
i 5 WRI T-E%ros-);w‘f@ L -
" CALL ASSIGN(&DK1:A" - 1) _ 2 .

NMCP=1 o B s
READ(3,208,.Y0, RVALS 1 _
bO_10 1=8@9“oo. )
* "READ % 200, END=20) Y1,RVALS(])
NWCP=NWCP+ 1 ;
10 . CONTINUE

-

‘e

'CLSSTI® 25+ Y INCR

25 'WRITE(7110) '
CALL ASSIGN(4,'DK1:4’,-1) |
WRITE(7,115) - ' , ‘ e e .
30, READ(4,210,END=70) W.CO.C1. : '
L R=co/cr | . - | v

.

Find index of nearest R value on working gurve.
CALL- BINSEA(R,RVALS, INRST ,NWCP

N Print message and go to next point if current#ratio is out ‘
of the range over which valid interpolation may be carried™ P
out. . - S . , o - ‘ ~

~ B

,w/i?(x-NRsr.-LT.u GOT® 98" . : Tt | , \‘_

IF ((INRST+2).GT.NWCP) GOTD 98 - .

.Compute base index for polynomial in‘te.rpolat'ion. (1f R
"~ ‘'value falls about midway between two points on working
gurve four pdints .are used for "idterpolation. Qgherwise
. threé are used. ), : , _
> N=3 Lo B . -
IBASE=]NRST-1 5. ; T o T
ﬂIF(ABSLReRVALS(lNRST}).LE.CLSST} GOT0 40 : //‘

- - TR ) - e e - ’ t

-



OO0

50

’C .
. C
c

c
60

OO0

noo -

40

RLOGKP:NO*FLOAT(IBASE 1)*YINCR+YDFFST . , . o

, ,WRIT

100

Nzd
1F(R.LTY. RVALS(INRST)) GOT0 40
IBASE=1BASE- :

. )
Compute factor matrix. Note that the 'lnterpolation is
carrjed out relative to the kinetic parameter corresponding
to IBASE ~ @

DO, 56 1=1 N - , .
COEFFS(I)=FLOAT(I-1)*YINCR ' : L
FMAT(I,1)=1, .
TEMP=RVALS (IBASE+1- 1)

DO 50 ¢=2,N :
FMAT(1,4)= FMAT(I J- 1)‘TEMP
CONTINUE

Sélve for polynomial coefficients.

4 TE(N. EO 4) -GOTO g@
~ CALL ARRAY(ZIN.N.4, 4 FMAT, fMAT)

¢aLL SIM@(FMAT”GUEFFS N KS)
1F (KS, EO 1) G070 99
. \g
Compute the value of log (KP) correspondxngyto R,
'\ﬁ\f o
"CALL PVAL:(YOFFST,R, cos?Fs N)

oF
3 ‘ .
& *

‘5
ﬁ'b

EX

; quculate rema1n1ng parameters and pr1nt

OMEGAL = 4L G10(0wﬂOd7198‘W) .
RKP=10. *»fEOGKP : . - o
7 12Pz,w R,OMEGAL, ﬁL@GKP RKP

GOT Ok

CALL CLOSE(d)

WRITE(7,150)

READ(5.220) rtoop
B ‘ .

‘WRITE(7,160)
GOTO (90,80,25)

CALL CLOSE(3) :
PS5 _ \ .
STOP, . e

Pl M i . / .
- Error messages . '

1LO0P+1

-

WRITE(7,130) W, R & o * .
GOTO 30 L @ \ \ Cwe, \

: 54TE(7 149) w R . , : T
GOip %0 : -
‘ Format Statements STa o {

’“L

FORMAT(* * ,19X,’ #**Kinetic Parameter Evafuatlon--"
! Vers1on Vo1-C’ 50X, 9A1m/ /)



>

105 FORMAT(’ ' ,’'Enter working curve file name. ‘.$) .
110 FORMAT(* ' 'Entcr input dsta fne name. ',$
x;;ts‘fongm'”'.sx ‘W L10X, R, 13X, ‘4og(w)’ ,8X, Log K.P. -, 10X

120 FORMAT{’ ' ,F8.1,4(1PE16.8))
130 FORMAT(’ ' ,F8.1,1PE16. 8 2X,'Current ratio out of range.’)
140 FORMAT(' ' ,F8.1,1PE16.8, 2X, Sin?ular matrix encountered.’ ) >
150 FORMAT]'O'.'Enter 0 to stop. or new working curve, 2 for new

§ data. ',$)
160 FORMAT(' ')
200 FORMAT(2E16.8) , e
, 210 FORMAT(3G15.8) N ‘ e
A c220'FORIA1(1 )
~ END
C ‘ '
+ C Title: Binary Search Routine
C . .
~I., C Author: J. Nolan Date: 16-Dec-86
C , , :
o Source’Ftle BINSEA.FOR Object File: BINSEA.OBY
C - ‘
SUBRDUTINE BINSEA(X, XLIST INDEX,LLEN)
C
c Purpose.
[ C ’ - R
C This routine searches a list sorted j
C or descending order. 1t returns the in t
C - match to the search term. 1f the 1i ass
C the search term an index of -1 is refurned. .
- C Modifications: « None. s
. C, o
: Cf' E&ternal References:
fg % . En/Sr Src File Obj File .
C L]
B et ﬁm@ﬁo&émn INT N/A FORL1B.0B
C
C Variable DecJarathns:
c ‘ C e v
DIMENSION XLIST(1)
- IUN AL
C Input:
C
. C X - Search Rerm.
C XLIST & List to be searchéd. *
b, C LLEN - Lengm\of list. . ,
: c, : '
L - C Output :- e - !
C . . : : ~
c . INDEX - Index of,search term. o
C ’
C Executable Code,
.o - - ‘
Ny ,, I R
@ ~ ISIGM=INT(SIGN(Y. XLISTHALLEN)-XLIST(1))) . o L&
: lTDp-I#bEN . . o, : . e
. 1BOT= 4 bt Sy
C S A a" *
Y 41" ". &
\ ! ..‘(“’v,' ¥ <



o000

15

20
25

OO0

39

‘,1 D=(1TOP+1BOT)/2 |,
TR (X-XLIST(IMID)) 20,25, 25

Rcverse nscignnnpts if ltsl is desconding order,

IF(1SIGN.EQ.1.) GOTO 1o o B
110P=1 B . o

’ 1BOT=LLEN - o

Return if search tgrm.not in rangé of "1ist.

“JF(X.GT. XLIST(ITOPQ) RETURN

JREXLLT. xLlST(lBOT)k RETURN?

1F (1ABS (1TOP- 1801 ) . Le)w) GOT0 30

i

ITOP=IMID

GOT0 15 - |

180T=1MID R
~.G0TO 15 : } EERR

i X 0 .
Determine which index is closest to target value.

~

INDEX=1BOT
NXTIND=1SI1GN+INDE
ACLOSE=XLIST(NXTI@D)-XLIST ( INDEX) N
. XGLOSR=ABSQ((X-XLIST(INDEX).)/%CLOSE) ' =
IF(XCLOSERPGT . 0.5) lNDEX NXTIND R O
RETURN,, oA o
B C - o
END ' B S s
Y )
. "“"’*' ”
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Vitie: 'Orthogonal Collocation--Calculation of the - . ..
"n“”-anghppnggntions at the c°llpcation~Pofhts.> T 4!'”
4 7

ey L rerraniretions |
i ‘“‘;_Aqthorkgfd;mwplaﬁ ~ Date: 22-Sep-86
‘Spurce File:, CONSL1.SNG - ° Object Files DGSPLB.TbY

. SB8ROUTINE cbNSCieh NE NR.cMaT,BOND) -

8 Purpose: . R oo
s [ o ,

This routine solves the system of |inear eguations

- describing concentrations at the collogcation points. -

' Modifications: None.

. e P &y
"External References: '.f =

. .
Fn/Sr Src File Obj File

Subroutine SIMQ SIMQ.FOR MAT™.1B.0BY
Subroutine ARRAY . ARRAY.FOR MATLIB.OBJ

) ' Y

1

OO0 O00O0ON

Variable Declarations:

IMPLICIT REAL=*4. (A-H,0-2)
DIMENSION BOUND(NE),CMAT(NE,NE)

~Input: ‘ .

— , .
N - Order of the apllocation polynomial.
NR - Number of simultaneous equations.
. NE - Dimension of arrays in calling program,
CMAT - Matrix containing the system of simultaneous
equations generated. -
BOUND - Vector containing boundary conditions.

P

[ -
Y
-

Output: ,'
CMAT - Matrix containing the remnants of the Gaussian
elimination procedure of subroutine SIMQ. '
BOUND - Vector contatning concentrations at the colloc- .
ation points. . . .
Executable Code
Solve for concentrations at the collocation points.
_ CALL ARRAY(2,NR,NR,NE,NE,CMAT,CMAT).

CALL SIMQ(CMAT,BOUND,NR,KS)

-

C1f KS =1, CMAT is singular.

5 <. IF 1KS .EQ. 1) GOTD-99 - O S
P Vr’c T Q S ‘9.>’ ngh" '='\(“Qf;’;~"-_f;,;‘,-j ] z? »* T S RS N ¢
- RETURN © T s a R

OO0 0 00000ANO0000N00omA0OO

. C ; :
C - Error exit for singular matriggs.
. 4 y ‘ . / . . - (A



99 WRITE(7, 100) - 3 .
S10P Y

‘% +

100 FORMAT('Q', ‘Executfon terminated ..singular ma tF 1 x encountered:’
& in Subrout ine CONSL1 i)
Ce ! .
\ END , St ’

-
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L3

~ Author: J..Nolan

* Source File: 'CSCGPISNG_ .~ Object Rile: DGSPLS,0BJ
{’sueROUTINE'cscéb(N,ND.NE,DBARQ.DBARQ,CRATio}AMAT;concé;cpo.
) | , PARS 1o, s

—

LR - . ’ : . . . ' B . B
{ . , : . ! . ‘
C s = - . . . . . ~

Title: Orthogonal Collocation--Cateutation ‘of the Surface
poee W Concentration Gradijent of Species P.. .

. Date! 20-0ct-86 -

‘ ~_GRAD)
M . . .
Purpose: . . P : . .

This routipe calculafes-the'surfq;e'conpéntngtidn,andv
surface concentration gradient of species .P given: the " ,
concentrations of species P\and Q at the interior collocation

-points, L .o ; .
2.

Modifications: Nome. S Ry
Variable Declafatidhé: I . ‘.;;; . v l“‘iaj
IMPLICIT REAL#g'LAQHfo§Z)' ’ SRR o L
DIMENSION AMAT (ND,ND ), CONCS (NE ) : |
- Input; . ‘ ' S f,
; N - Order ofAthé collocation polynbmiél.

ND.NE' - Correspond to. the array dimensions in the
calling program. . T { B
: CRATIO -. Concentration ratio (P/Q) .at 7 = 0. coe
. DBARP" - Normalized diffusipon coefficient of species P,
- . DBARQ - Normalized diffusion coefficient of species Q.
- CONCS - Concentrations of P and Q at the N interior
'~ . collocation points. .o - oo :
. AMAT - Coefficient matrix for the first derivative
e of concentration with respect to distance."

Output: - v AN BT
. CPO - Concentration of species P at.Z = 0.  ' R
GRAD - Concentration gradient of species P at-z = 0.
_Executable Code A — ' '
"CachJafe:thé éurface cohdentﬁation} \:.: o e
CPO=0. o L T
DO 10 U=t N o - , - |
‘ Jizd+1 - . - -

' Calculate the coricentration gradient.

 CONTINUE.

JN=J+N _ S : B
CPO=CPO+AMAT(1.dl)*(DBARP*CONCS(J)+DBARQ*CONCS(JN)) .

CP0=CPO+AMAT (1, NT)*DBARP - q
CPO=%CRAI}0*CPO/(AMBT(1,1)*(CRAT10§DBARP+DBARQ))
CCPi=A, R ; , S S




: EN.D o ' )

HéRKb:d. '7‘.; R SR
DO 20 WEITN - SO ff

- J1z d+1 -
" GRAD= GRAD+AMAT( 1, U1)‘CONCS(JL

CONTINUE

GRAD: GRAD+AMAT(1 1)*CPO+AMAT‘(1 NT)*CPI

4 .

RETURN

,.
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' 'Tgtle: Drthogonal Collocation~-leferehtiation and
' ' ; Gaussian Ouadrature Welqhts

o]

.

- Authors

V1lladsen, ; and Michelsen. M L ’"Solution of

133f.,.419. |
Source | F1le DFGPR SNG  Object File: ‘DGSPLB.0BY

‘Purpose

quadrature weights normalized to sum .

. \ ~
o .. . », 1

Modifications: None. ‘“ ‘.

OO000000 0000000000000

External References: None.’ 4

OO0

Variéb!e'Declaratiéns: E e :

s 7

IMPLICIT REAL*4 (A-H,0-2)

DIMENSION DIF1(ND) DIF2(ND) DIF3(ND),RGOT(ND), VECf(ND)_

o Inputs

- - Degree of Jagobi polynomial.

0 - X =0 included? (Yz1, N=0).

1 ’X = 1 included? (Y=1, N=0%.

Jndlcator o
1 : Discretizationn matrix for Y(1) (X)

2 : Discretizatjon matrix for Y(2 ) (X)

: 3 : . Gaussian quadrature weights

AL,BE - Values of alpha and beta. .

ROOT - Vector containing the N+NO+N1 zeros of

’ the node polynomial.

DIF1, DIF2, DIF3 - Vectors containing the first,

' second and third der1vat1ves of the node

polynom1al

- Dlmen91on o;éoutput vectors.

-
>

Output:

|
VECT - Computed vector of we1ghts
Executable Code '

OO0 00000000O0000000

NT =N+NO+N ’ e
“ IF (1D .EQ: 3) GO0 10 | v \

DO 20 “y=1,NT C —
CIF (4 .NE. 1) GOTO 21. ’

IF (ID .NE. 1) GOTO S . - |
VECT(1)=DIF2(1)/DIF1(1)/2. 3

6070 20 *\

5 VECT(I)= DIF3(I)/DIF1(I)/3
- GOTO 20

D\fferéntlal Equatxon Models by Polynom1al Approximatlon“'
‘Englewood Cliffs, N.J.: Prentlce Hall . Inc., 1978, pp.

: SUBRDUTINE DFOPR (ND,N.NO.N1. I,ID,DIF1,QIF2,DIF3.ROOT.VECT)

5ubrout1ne evaluates d\scretlzat1on matr1ces apd Gaussian




-.7Y=Roor(1) Robr(u)
~{vec1(ul=oxr4(})cg

v=0.. | . | L | |
DD 257y=1.NT S | .

mkEXe (=X)L C L o
STE (NOTIEQ. O Axs AX/K/K S c .

*RETURN | . T

-x\‘;‘

d)/
’=VECT(d)*(le2(I)/DrF1(l) -2. /Y)

FAd
IF (1D “EQ. 2 T(d

~CONTINE S ey, .
. G0T0.50 . s SH.,_:;i R | S

XsROOT(u) - - o o T SR

AT

ANAUEQ. 0) AX=AX/ (1. X)/(1 =X

’vszidJ AX/DIF1(J)**2 f’

Y=Y+VECT(J) , o e T

DO 60 Jz1,NT ' , - e T - .

vscw(a>*v5c1(df/v - SR - L

END . .'::'.' ) " K . . . ] ) \

N o
¢ LRI B . . - ) )
o ,o .o .
. . < .
R . . . . ., . .
¥ o .
s .
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OO0 OO0 COOO

Title:

\ » /becqetfzit

Author: J. Nolan

Source File: GENAB.SNG

' SUBROUTINE GENAB(N,ND,R0D

‘Pufpose:
E This routine genera

the first and second der

‘respect to distance. De

of roots of the collocat
aé at the points 0 andA1
’quifications:

. Redimensioned for N<
External Refereaces:

Sre

- ﬁn/Sr |
Subrout ine JCOB] JCOB

Subroutine DFOPR: DFOP
. Vériable'DeclarationS:'
IMPLICIT REAL*4 (A-H,0-Z)
DIMENSION ROOTS(ND),AMAT{
DIMENSION DIF1(26),DIF2(2

Input:

Drthogoﬁil Cbllocationr-Computatézn of'{he'“'

fon Matrices A’ a -
| | 10-dul-86

Object}File: DGSPLB.OBJ
TS, AMAT, BMAT) ‘

Date:-

tes the coefficient matrices for
ivatives of. cancentration with
rivatives -are evaluated at each
ion polynomial of degree N as well

=26 (V01-B,01-Jun-88)". -

Obj File

File
t o o A ’
1.SNG DGSPLB.OBY - . .1 L

R.8NG ' DGSPLB.OBY. ..~

ND,ND) ,BMAT(ND,ND)
6),DIF3(26),WORKV(26)

N -FOrder'of the collocation polynomial

"ND - Array dimensions. .-

Q'Output;

- RDOTS - Roots ‘of the

.

collbqation.bolynomia1.

. DIF1!DIF2,DIF3 - Vectors containing the first, 'second

and third deri

vatives of the.node.polynomial-a;

the collocation points.

coefficients f
of the.concent

' Data Statements:

DATA AL,BE,NO,N1 ZO..O.,1

®  AMAT,BMAT - Discretization matrices containing the

or the first

! and second der.ivatives
ration .

profile.

Lk
.

RV .-

L]

AL=BE=0 means Legendre Polynomials.evaluated by JCOBI.

NO=N1=1 means X =0and X =
polation points.

Executabtle. Code

1 are-included™as inter-

v

»



00 ooo

10

20

(

0

Calculate roots and derivatives of Legen/:e:polynomihl of
degrée N L N - A .

* CALL dCDBI(NQ N NO N1; AL BE DIFI DlF2 DIF3 ROOTS)
Evaluate coefficients of discretdzation matr ces A and B.
NT=N+NO+N1

'DO0 20 I=1,NT | o

CALL 'DFOPR(ND,N,NO,N1, 1,1,DIF1,DIF2,D1F3,ROOTS  WORKV )
L0 10 J=1,NT .
AMAT (1, 4)= wova(u)
CONTINUE
CALL -DFOPR(NO,NNO,N1,1,2,DIF 1’ 0152 DIF3,RODTS, WORKV )
,D0 20 J=1,NT .
BMAT (1, J) =WORKV(y)
CONTINUE ¢
RETURN
END
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¢
C
C
o
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" C

Title:

&

ffi

Author: .

Source‘File

Purpose:

¢

RDE.
on Eddowes’

Nolan

GSECR3.SNG

Vol.

Michelsen,

Dbdect File:

SUEROUTINE GSECR3(N,ND, ROOTS AMAT, BMAT DVRAT DBARPNdbARQ.
& ‘ CRATID DBARA CBARA SSORCM PARKIN Nl?S GRAD)

158, p.1,

Date:

1983) .

Equation Models by Polynomial Approximation",

Cliffs, N.J.

© Prentice-Hall,

Inc.

1978.

Second Drder EC~ Catalytic Mgchanism at the-RDE
Numericaa Solution by Global Spline Co!location

12-Mar 87

DGSPLB. OBd

“This routine uses global spline qpllocatlon to obtain
the steady-state $olation to the differential equations
describing the second-order EC-Catalytic mechanism at the
Formulation of the boundary value problem is based
treatment of the mass-transport- limited case
(J. Electroanal Chem.,
‘ation of the orthogonal coklocat!on techn1que follows
J. Villadsen and M.L.

Imp lement -

Solution of Differential
Englewood

G

Fot,

The program returns the surface concentration grad\ent

of species P as well as the number of iterations required

for convergence.

Modifications:

1. Revised calculation of spline point

»

External References:

Fn/Sr‘

Subrout ine
Subrout ine
Subroutine
Subroutine
Subroutine

function.&MAx1,

—

RDCDSP

HSCDSP
KTCDSP

ARRAY

SIMQ

¢

Src File ,

RDCDSP.SNG

" HSCDSP.SNG
"KYCDSP.SNG -

ARRAY . FOR
SIMQ.FOR -
N7 A

Variable Declarations:

" CNCS(60),CMAT(60,60), BOUND (601

IMPLICIT REAL=*4 (A-H,0-2Z) ¢
DIMENSION ROOTS(ND], AMAT(ND ND), BMAT(ND ZEéNPC
0)

P -

/

Obj File

DGSPLB.0OBYJ
DGSPLB.0BY
DGSPLB.OBY
MATLIB.OBY
MATLIB.OBY

“-FORLIB.O0BY

CNCSA (301}, CMATA( 30, 30) BOUNDA (.

EOUIVALENCE

\

lnput

(V01-B,26-Jun-88).

NCS(60),

CSA(30),

(CNCS(‘) BOUND(1)) (CNCSA( 1) .BOUNDA( 1))

.-

N - Order of the collocation polynom1a1 (N<=14)
NR - Number of simyltaneous equations.

CRATIO - Surface concentration ratio (P/Q).
DBARP - Normalized diffusion coefficient of specxes P.
DBARQ - Normalized diffusion coefficient of species Q.

Note that the: spline point is re-evaluated
at the end of the run using the calculated value of GRAD.
This spline point is used when this routine is next called.

n

DBARA - Normalized d1ffusi§P coefficient of species A.

&

fa.



DVRAT - Ratio of the largest diffusion coefficient to
- . theskinematic vigcosity (=1/S¢). .
CBARA ; gonpentration>of species A normalfzed to that

O . . -

“PARKIN - Kinetic‘g;raneten. ‘ .

CTBL -, Transport undary layer coefficient,

SPLPT - spline ppint. - 5 : _ _ \

SSQRCM - Gpnvergence,criteribn, defineg as the sum of
the squares of ‘the corrections between successive
iterations. , { .

.ROOTS - Roots of the collocation polynomial, ~

AMAT ,BMA] - Discretization matrices containing the °
coefficients for the first and secopd derivatives
of the concentration profile,

§ Output: , ¥

~

L

caoonnonnnnnngs .

X YGRAD - Sur ation‘gradient of species P.
C ' { respect to the spline point ).
C NFTS - Nu ions required for convergence. -
C . ) ‘
o Data Statements -
C ) s ‘
. DATA CTBL,SPLPTQ, SPLPT /3.6096,0.5,0.5/
DATA PCNCSA,PCNCS /30*0.,60%0./ :
NE=60 .
NF=30
C .
C Executable Code
c » ! 4
NITS=1 _
N2=N¢2 | :
NR=4‘N"4 © N N r
i NR2=NR/2 N .
C . , : o
’ IF (PARKIN.EQ.O0.} SPLPT=0.5 ‘ ' s
Loc . | _
‘ C Generate the discretized transport equations for catalyst
C v couple as well as those for the substrate. This is the
C starting point for the .iterative solution. :
! C

. * . N . -
10 CALL RDCDSP(N,ND,NE.ROOTS,AMAT;BMAT;DVRAT.DBARP.DBARQ;CRATIO,
& v LCTBL,SPLPT,CMAT,BOUND) o
' cattL HSCDSP(N,ND,NF,ROOTS,AMAT,BMAT.DVRAT,DBARA,CBARA.CTUL.
r ] SPLPT [CMATA ,BOUNDA } -

(e XeXe]

Include the Kinetic terms.

CaLL KTCDSP(N,NE,NF,PARKIN.DBARP.DBARO.DBARA.CTBL.SPLPT.
& ‘ PCNCSA.PCNCS.CMAIA,CMAT)

Solve for concentrations at'the collocation points,

¢ . CALL ARRAY{2,NR,NR,NE,NE,CMAT,CMAT)

~ CALL SIMQICMAT,CNCS,NR,KS)

1F (KS.EQ. 1) ,GOTO 99
CALL ARRAY (2,NR2,NR2,NF,NF ,CMATA, CMATA )
CALL SIMQ(CMATA,CNCSA.NR2,KS) ,
IF (KS.EQ.1) GOTD 99

o000



9 Determine the sum of the .squared corrections and save
g current concentrations. - ’ ,
SSQRC=0. - '
DO 20-1=1,NR2 :
. INs1#NR2 ) P
C SSQRC=SSQRC+(PCNCSA(])-CNCSA(]) )2

PCNCSA(1.)=CNCSA(])
SSQRC=SSQRC+(PCNCS(1)-CNCS(1))ew2
.- PCNCS(1)=CNCS(1) '
SSQRC=SSQRC+(PCNCS(IN)-CNCS(IN))=e2
PCNCS(IN}=CNCS(IN)
20 CONTINUE

c
IF (SSQRC.LE.SSQRCM) GOTO 30

NITS=N]TS+1

GOT0 10
C ' .
C Calculate concentration gradjent of species P at 7 =
c: -

30 GRAD:=0.

AY

DO 40 J=1,N2
. GRAD=GRAD+AMAT(1,J)*CNCS(y) © *
40 CONTINUE .
GRAD=GRAD/SPLPT

C .
C Update spline point.
C
SPLPT=4./GRAD ~
‘IF (SPLPT.GT.SPLPT0) SPLPT=SPLPTOQ
C )
RETURN
C .
C Error exit for singular matrices.
c

89 WRITE(7,999)
STOP

Format Statements

99 FORMAT('0',’Singular matrix encountered in subrout ine
& GSECR3.',/,/)

END “

O wWwooOon

/

0.
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cribing theXwransport of the substrate

Title! Second-Order EC-Catalytic Mechanism at the RDE.
. Transport Equations for the Suljgtrate
by Spline Collocation.*

® .
Author: J. Nolan Date: 11-Mar-87
Sourceé File: , HSCDSP.SNG Object File: DGSPLB.OBJ

SUBROUTINE HSCDSP(N.ND.NEVROOTS.AMAT,BMAT.DVRAT.DBARA.CBARA.
& . .

CTBL,SPLPT,CMATA, BOUNDA )

Purpose:

This rputine generates the systemitf equations des-
pecies A as part of

the spline collocation solution of the sécond-order EC-

catalytic mechanism at ‘the RDE. Wae interval over which

the problem is defined is.divided into two sub-intervals

at the spline point SPLPT. :

Modification;: None .

Variable Déclarations:

IMPLICIT REAL*4 (A-H,0-7)

DIMENSION ROO?S(ND).AMAT(ND.ND'.BMLT(ND,ND).BOUNDA(NE).
8 .

CMATAINE ,NE)
Input:

N - Order of the collocation polynomiat.

ND,NE - Correspond to the array dimensions in the
calling program. : .

ROOTS - Collocation points.

AMAT ,BMAT - Discretization matrices containing the
coefficients for the first and s€cond depiv-
atives of the concentration profile.

DVRAT - Ratio of diffusion coefficient (of species P)
to Kinematic viscosity.

DBARA - Diffusion coefficient of species A normalized
to that of species P.

CBARA - Concentration of species A normalized to that
of species P. ' .

CTIBL - Transport boundary layer coefficient,

SPLPT - Spline point. . '

Output: )
CMATA - Coefficients for the system of equations
describing the tradsporg of species A.
BOUNDA - vector containing corresponding constant terms.
. . u

Define statement function for axial velocity and parameters
for same.

AXVEL(X,C1~C2)=CTBL3-(5.1023E-01*X'(C1+C2'X))*x'42

DVR3A=1./3. : ’
DVR3A= (DVRAT«DBARA ) =sDVR3A



oXaXel

10

OO0

20

OO0

40

OO0 O

c:n--1.2032-ovnié
C2Ax1.33750DVR3Ne»2
CTBL3*CTBLe+3

-
-~

NizN+1 ‘
N2aN+2
NRz2eN+2
CSPLPT=1,-SPLPT

Zero simultaneous equation matr1x

CONTINUE i

o

00 10 1=1,NR o
: DO 10 J=1,NR
CMATA(I,J)=0.

Compute coefficients for first sub-interval.

00 20 I=1,N

IR EDER

BOUNDA(])=0.
ROOT=ROOTS(I1)esPLPT
AXVELA=SPLPT*AXVEL(ROOT,C1A,C24) /OBARA
DO 20 J=1,N2
CMATA(I J)=BMAT (11, J)+AXVELA*AMAT (11, 4)

CONTINUE

Ditto for second sub-interval .

DO 30 1=1,N
I1=]1+1
L 1251+
<> ROOT=ROOTS(11)*CSPLPT+SPLPT

CONTINUE

AXVELA=CSPLPT=AXVEL (ROOT,C 4, C2A)/DBARA
BDUNDA(I2)'-CBARA‘(BMAT(11 N2)*AXVELA'AMAT(XI NZ))
DO 30 J=1,N1

J2=J+N 1
CMATA(IQ.J2)=BMAT(I1,d)+AXVELA'AMAT(Il.d)

Contwnu1tz/gond1t\on for dA/dZ at the spline point.

NA1=z2%N+ 1 I
1ASP=N+2

FACTR=SPLPT/CSPLPT
BOUNDA(NA1)=AMAT( 1 N2)‘FACTR‘CBARA

DO 40 Ji1=1,N+1

d2=IASP4J1~1 ‘
CMATA(NAY,J1)=AMAT(N2,J1)
CMATA(NA1 d2)=°AMAT(1. 11+FACTR

CONTINUE

CMATA(NAI,IASP)=CMATA(NA1.]ASP)*AMAT(NZ.N2)

Boundary condition at 2 = 0.

NAT=NA1+1 . ‘
DO 50 J=1,N2

CMATA(NA1, J)=AMAT(1,J)



50 CoNTINue
BOUNDA (NA1 )0,
RETURN

gND
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Title: S‘ocond~0rdelr EC-Catalytic Mechanism at the RDE.
‘Transport Equations for the Substrate.

Author: J. Nolan » Date: 25-Oct-B6
Source Fi18: MSRCDE.SNG  Object File: DGSPLB. 0By

" ‘sbaaoutihé HSRCDE (N, ND,NE |ROOTS, AMAT ,BMAT,DVRAT , DEARA . CBARA

CTBL,CMATA, BOUNDA )

¢

Purpose:

. This routine generates the system of equations
. describing -the transport of substrate species A, ]t
incorporates the extended form of the axial velocity
equation.

Modifications: None.
Variable Declarations:

INPLICIT REAL*4 (A-H,0-2)
DIMENSION ROO1S(ND).AMAT(ND;ND),BMAY(ND.ND’.BOUNDA(NE).
& CMATA(NE ,NE) ’

Input:

N - Order of the collocation polynomial .

NT - Number of collocation points (zN+2).

ND,NE . Correspond to the array dimensions in the
calling program.

ROOTS - Collocation potnts.

AMAT ,BMAT - Discretization matrices containing the
coefficients for the first ang second deriv-
atives of the concentration profile.

DVRAT - Ratio of diffusion coefficient (of species P)

/ to kinematic viscosity.
' DBARA - Diffusion coefficient of species A normalized
to that of species P.

CBARA - Concentration of species A normalized to that
of species P. ,

creL - Transport boundary layer coefficient.

Output:

CMATL - Coefficients for the system of equations
describing the transport of species A. .
BOUNDA - Vector containing corresponding constant term
. ‘ . L4

Deﬁgne statement function for axial velocity and pérameters
for same. .

AXVEL(X.CI.C2)=CTBL3‘(5.1023E-01*X'(C1*C2'X))'X"Z xx

ClA=-1,2032+DVR3A
C2A=1,3375+DVR3A%s2
CTBL3=CTBL=*3

DVR3A=1./3.
DVR3A=(DVRAT=DBARA)*«DVR3A

S.
g



Generate the - dxscret1zed transport equations for spec1es A
at the collocatlon po1nts : o .

‘00 101N ,:»  ‘ ;_" oo ﬁ‘ i _ Nl ,
|

dndafn

s 11=]+1
- AXVELA=A

o XVEL. ROOTSlll) C1
Bz (BMAT (11
I,
)=

1
1

( A
.l)*AXVELA*AMAT
NT)+AXVELA*AMAT
B1*AMAT(1 NT) B

)/DBARA )
1))/AMAT(1 1)

S ,C2A
I A LR (I,
soewwo 0 B2=BMAT( {11,N ‘
- BOUNDA ( } 2)*c ARA
DO 10 y=1, |
S disg+
CMATA(I J)=BMAT(11: d1)*AXVELA*AMAT(I1 g1 -

& ‘ 4 B14AMAT(1 d1) , 4 ‘
10 CONTINUE R s L , R
c | . : R \ ‘
RETURN o S o |
o
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i;Title? Roots and Der1vat1ves of. daco@ﬂ Polynomlals ‘
'vAuthors : '.j , R /ﬂ : S : :‘\\\

VIIIadsen J. and Mlchelsen, L., "Solution of : S
ntial Equat1on ModeIs by '-ynomlal ApproxmmatIQn" R T
ewood Cl1ffs,-N d Prent!c ,Hall lnc 19 8,.pp ,". Coel
., 418, . 4oy

Source File' dCbBl SNG'  bJect Fite: | DGSPLB 0By
SUBROUTINE dCOBI(ND N NO N1 Af;BE DIF1 DIF2, DIF3 ROOT)
., .I. ]

Purpose o ARt
‘Evaluation of roots d der1vat1ves of Jacobi poly-
nomidls P(N) (AL, BE). jfchlne accuracy 7D.
‘ Modrf1cat1ons‘ None . /7 ’

External References /ﬁone.

Fe
/

Varlable Declarat1 Qs

'nqonoohooonihnnnnoodﬁnq

IMPLICIT REAL*4 (a-H,0-7) R
DIMENSIDN DIF1(ND)fD 1F2(ND) . DIF3(ND),ROOT(ND)

v Input 1/
‘ND - D1men510n of output vectors.
N - - De ree of .Jacobi polynomial.
NO - X /=0 1nc1uded7 {Y=1, N=0). . .
NY - }Zz ! included? (Y=1, N= 0). e o ' Ty
- Values of alpha and beta S ' v

R@oT - Vector conta1n1ng the N+N0+N1 zeros of

o the nodexgolynomial. -
DIF1, DIF2, DIF3 : Vectors’ containing the first;
,second and th1rd derlvatvves of the. node .

nnnodohohnnnonhndnoonn‘
L3

polynom1al L
- /?Xecutable Code R ‘ "7'
W4 F1r§t,'evaluat1on of coeff1c1ents in recursion. formulas
/Recursvon coeff1c1ents are stored in DIF1 and DIF2
/

/AB-AL+BE \ A S o )

! AD=BE-AL v S R , Co
AP=BE=Al s , S . o
DIF1(t)=(A D/(AB+2 1+1)/2,

DIF2(1)=0. :
IF (N .LT..2) GOTO 15
DO 10 1=2.N o
N IR S 5 B
' Z=AB+2 .»Z71

D F1(I)°(AB~AD/Z/(Z+2 )+1)/2. o
' (1 '.NE. 2) GOTO 11
DIF2(L)'(AB+AP+ZI)/Z/Z/(Z+1 }



R < o) (o IS T K '
St 227wz
CYsZAw(AB+Z1) . : v S .
- YsY={AP+Y) RN ' o
o DIF2(1)=Y/2/(Z-1.) o A : S
' 10 "CONTINUE . : ' . R

C
C .
._)_‘C'.

Root determlnatlon by Newton methéd with suppression of
prevxously determ1ned roots ~ :

15 X= 0
DO 20 1=1, N - ‘
25 'xp=0. = | . ‘ ‘ b4
L OXN=1, S . ’
XD1=0.
XN1=z0, ~
DO 30 dJ= @
- XP=(DIF1 J=X)*XN-DIF2(J)+XD
XP1=(DIF JI-X)*XN1-DIF2(J)*XD1-XN
XD=XN-" . - - } . w
XDI=XN1 : - .
: XN=XP’ 3 ;
30 XN1EXPT e T
» 2C=1, : - \ - ~
ZaXN/ENT R S
w28QL 1) GOTO 21 ' o
2.1

1.N
(J
1

Vi

-06) .60TO 25

St CANE gl : o ,
C. “Add eventua] 1nterpolation points as X=0 and/or X:=%.
C . : . ! . . [ .

i N+NO+N1'
IF (N0 .EQ?. 0} GOTO 35
DO 31 1=1,N o
C o JEN1EL 0w .
31 ROOT(y+1)=ROOT(J)

~ “ROOT(1)=0. ) .
35 IF (N1 .EQ. 1) ROOT(NT)-1 -
c - ' '
C Now evaluate'Per 1vat1ves of polynomIal -
-C C ” v ‘ ]
DO 48 I=1,NT
X=ROOT(1)
DIF1(I)=1,
DIF2(1)=0.
DIF3(1)=0.
+ DO 40 J=1,NT ,
IF (U .EQ. I)-GOTO 40
Y=X=ROOT (y) . -,
DIF3(])=Y*D]F3(I)+3'DIF 2(1) - ’
DIF2(1)=Y«DIF2(]1)+2«DIF1(] )'
DIF1(1)=Y*DIF1(]) )
40 CONTIN UE - - . ®
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Title: Second-Ordér EC-Catalytic Mechanism at the RDE.
: ~ "Calculation of the Kinetic Terms: for the = . °

Wnﬁgnhnbnﬁ<f ‘

. Spline Collocation Solution. o, "
. Author: J. Nolan h Date: 12-Mar-87° )
£ source File: "KTCDSP.SNG Object File: pGSFLB.OBU |
‘7 a.‘,‘-m":»‘.'",‘l.‘_" , ) oy R ) ‘ . » . o f . ‘5 ) .
Ve AQSROUTINE KTCDSP(N.NE.NF.PARKIN.DBARP,DBARO.DBARA.CTBL.
Dy & SPLPT,PCNCSA,PCNCS.CMATA,CMAT),-‘
C ‘ . ‘ o
C Purpose: - @ . oo : : .
C q ‘ ) ,b ' o R .
C This routine calculates the Kinetit: terms appropriate
C to a second-order catalytic reaction at an RDE and incorpor -
C - ates them in the systems of transport equations generated by
o " the subroutines RDCDSP.and HSCDSP . _ L
c . , ‘ o : -
C Modifications: None.
¢ . : . .
C Variable Declarations: : ‘ : - .
_ IMPLICIT-REAL*4 (A-H.,D-7) . : : e
: DIMENSION PCNCSA(NF).CMATA(NF.NF).PCNCS(NE).CMAT(NE.NE)
Cv, i . z “A ' \ .
¢ e -_
- C v‘.N‘:ﬁﬂrder of theicollocation polynomial, .
C i NE;NE;; Correspond to the array dimensions in the
-C ©ooofcalling program. :
C " PARKIN - Kinetic parameter. ', : :
€ DBARP,DBARQ,DBARA - Normalized diffusion coefficients
- C ' mfonmthe"respective species. . .
c CTBL - Transport boundary layer coefficient, \'
C SPLPT "~ Spiine point. . . h
C PCNCS,PCNCSA - Previdus°concentrations_of species P, (
- C - ahd A.- : : o o
C . CMAT,CMATA - Matrices containing coefficients for trans-
C ’ "port equations of catalyst couple and substrate.
C - " ) ) N . . .-. ‘ ‘
o C Output: v ‘
C el Sl e : . " 2
C - . CMAT . CMATA -, Matrices inclding Kinetic terms. '
C’ .", - :, - T, ' . ,- .‘ \ * b
C.. T R o T "
CUT L UNRENs2 o ke
o CSPLPT=1.-SPLPT .. - C
N IQOFF=2«N+1 . - ; ‘ o
ST e JQOFFz3%N<4 G
e L vFACTR1=PARK1N5(CTBL'SPLPT)**2 o
S :FACTRZ:PARK{Ni(CTBL‘CSPLPTrr*2'“4 ' _ ‘
: : 3 LR ) e - ) T, - P v o
L 28 {1 L ST T
: - ?IQIé1P1+lOOFFV C T A S : \
S 1Q2=1Q 14N ; e . IR

© o WQI=IP14IQOFF+2 - e
 ‘ﬂvJQ2=1pT*UQOFFf : o



a

C ) . . N . P . ‘
- TERM=FACTR1#PCNCSA(IP1+1) I
CMAT(IP1,UQ1)=CMAT(1P1,JQ1)+TERM/DBARP
' CMAT(1Q7:JQ1)=CMAT(1Q1,JQ1)-TERM/DBARG
c o | | ,
, .TERMzFACTR2#PCNCSA(IP1+N2)
| CMAT(IP2,JQ2)=CMAT (I1P2,JQ2)+TERM/DBARP -
. CMAT(1Q2,JQ2) =CMAT (102,JQ2) - TERM/DBARQ
- TERM=FACTR 1*PCNCS (JQ1) .
| CMATA(IP1,1P1+1)=CMATA(IP1, 1P 1+1)-TERM/DBARA
e T o |
- TERM=FACTR2=PCNCS(JQOFF+1P1) = u
. CMATA(IP2, IP1+N2)=CMATA(1P2, 1P N3 ) - TERM/DBARA
.10 CONTINUE ' ‘
.10 co
RETURN '
END ° % \



et
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C
C.
C
. C
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.

Title: Pseudo-First-Order EC-Catalytic Mechanism at the RDE.
s ‘Numerjcal Solution by Orthoqpnal‘Collocgtion,

Author: J. Nolan _ Date:. 15-Dec-86
. ' L > £ o
Source File: OCECRI.SNG - Object File: DGSPLB.0BJ *

SUBROUTINE ocet§1(&.no,Roots.AMAr.BMAT,pARKlNZDVRAT.oaARP,
& . - DBARQ.CTBL,CRATIO,GRAD) - |

¢

' Pucpose: - ' ‘ o : ‘ -

" This subroutine uses orthogonal collocation to Bbtain
the steady-state solution to the differential equations
describing the pseudo-first-order EC-catalytic mechanism at
thé RDE. Formulation of the boundary value problem is -
based on Eddowes’ treatment of the mass-transport-1imited
case (J. Electroanal Chem., Vol. 159, p.1, 1983). “lmple- .
mentation oﬁ,lhe.orthogonal collocation technigue follows
J. Villadsen and" M.L- Michelsen, "Solution of Differential
Equation Models by Polynomial Approximation", Englewood
Cliffs, N.J.: Prentice-Hall, Inc., 1978.

" The routine returns the surface concentration gfadient -
given a value for the Kinetic parameter. Note that the
AMBnd B matrices must be supplied by the calling program.

= . . vy
C Modifications: None.
c . ) e ) -t . . J
- C External References: . R §
C L : . ; e

" C ", Fn/Sr . Srg File , Obj File
C R - N A .g' ‘ -
¢’ Subroutine RDECDE  RDECDE.SNG. DGSPLB.0OBuU»

c Subroutine CONSL 1 CONSL 1.SNG DGSPLB.0OBY
C Subroutine CSCGP CSCGP. SNG - DGSPLB.0BY.
C Variable Declarations: _ : :
"IMPLICIT REAL=4 (A-H,0-Z) S
DIMENSION RDOIS(ND).AMAT(ND.ND).BMAT(ND.ND).
& . CONCS(48).BOUND(48J.CMAT(48;48)
- EQUIVALENCE (CONCS{1),BOUND( 1))
C .
C Input:
G - .
C N - Order of the collocation polynomial (N<=24).
c NR - Number of simultameous equations (=2%N)..

C « -DBARP - Normalized difEEsion coefficient of species P.
C , DBARQ - Normalized diffusion coefficient of species Q.
C 0" DVRAT - Ratio of the diffusion coefficient to Kinematic
c ’ viscosity (=1/Sc). o « )
C CRATIO - Concentratign ratio (P/Q).at Z = 0.

c PARKIN - Kinetic parameter. .

C CTBL - Transport-boundary~layer coefficient.

C R .

c.- - Output:

c o » _ L

C CMAT - Matrix -containing the system of simultaneous
C equations generated. o E _



c
c
C
C
£
C
c

LY

OCO0OMmO00a”

Q@ ooo

)

SO 00 0ooe ooo

(g

“CALL CONSL1(N.8E.NR,C AT,CONCS)

END

.,

. BOUND - vector. containing boundary condi tions. .
.. -CONCS “- Vector containing concéntrations at the
v ~_collocation points. (Equivalence’'d to BOUND. ),

_GRAD - Surface concentration gradient. J '

Data Statements: | ) /, 7
NE=48 A | |
NR=2#N - . .

4.

(NE=48 correspoﬁds to the simultaneous equation .array
dimensions. ) ; _ \

Executablé Code - -

Generate matrix of Simultaneous.équations'foﬁ‘the~cohcen-
trations of species P and Q at the collocation points.

CALL RDECDE (N.ND.NE,ROOTS, AMAT, BMAT, DVRAT , DBARP , DBARQ
s ,

CRATIO,CTBL.CMAT;BOUND)

Include the kinetic terh\in the system of equations.

TERM= PARKIN=CTBL %2

DO 10 I=1,N. T
IN=I+N o .
CMAT(1.IN)=CMAT (1, IN)+(TERM/DBARP ) 5
ey CMATUIN IN)=CMAT(IN, INS- (TERM/DBARQ)
CONTINUE : > .

A N (3 iqi

Solve for concentfations.at the“qollocétion pqi%tgavﬁr%

, &

Calculate cohéentrat1on gradient of species P at Z=0.

CALL CSCGP(N.NQ.NE,DBARP.DBARQ.CRATIO.AMA].CONCS.CVO,GRAD)

RETURN 1 - - ‘ &

N .
S A\ d -
S
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Author: J. Nolan
Source File: OCECR2.SNG

Title: Second-Order EC-Catalytic Mechanism at the RDE. n
Numerjcal Solution by Orthogonal Collocation, RN

R
‘Date: 07-Jan-87

Object File: DGSPLB.OBY

SUBROUT INE bcecaz}N.pAaxxu.osARP.DsARo.baARA.caARA.ssoncm,
8 CMAT ,BOUKID, CMATA, BOUNDA, NI TS, CNCS)

Purpose:

)

This subroutine uses orthogona collocation to obtain

the d

describing the second-order EC-catalytic mechanism at |
Formulation of the boundary value problem is

based on Eddowes’ treatment of the
.case (J. Electroanal Lhem., Vol. 1
\mentation.of
J. Villadsen and M.L.

Michelsen,

ifferential equations

mass-transport-1imited
59, p.1, 199%)

the orthogonal collocation technique follows

Solution of Differential

Equation Models by Polynomial Approximation”, Englewood

Cliffs, N.U.: Prentjce-Hall, Inc.,

1878.

The subroutine returns the concentrations of the parti-
ating species at Yhe collocation points given values:® for

for the Kinetic parameter,

the bulk concentration of sub-

- strate species A and the normalized diffusion coefficients

‘'species P, Q and A. iterat
nonlinear set of equations describ

~—
0
(o]
3
[
o
-3
<
o
7]
~—
o]
=
1Y
Q
[¢]
[}
3
Q
—~
(o]
n
he
1]
1]

ion is used to solve the '
ing the mechanism.

d execution; the equations for

the substrate are handled independently of those for the

catalyst couple. ‘

Note that, with the exception
concentrations found in the preced
starting point for ¥he iterative p

Modifications: None.

-~

External References:

Fn/Sr Src File
-Subroutine ARRAY ARRAY.FOR
Subroutine SIMQ SIMQ.FOR

Variéble Déclarations:

IMPLICIT REAL*4 (A-H,0-7)

DIMENSION CNCS(36),CMATT36,356), DMAT
8 CMATA(18,18) ,DMATA(324) B
& PCNCS(36),PCNCSA(18)

Input:

N :“Order of the coliocation
PARKIN - Kinetic parameter,
DBARP - Normalized diffusion

DBARQ - Normalized diffusion
DBARA - Normalized diffusion
CBARA - Concentration of spec

- . l

of the first call,
ing call are used as
rocedure.

the

Obj File

MATLIB.OBJ
MATLIB.0BJ

(1296) ,CNCSA(18) u
OUND(36),B0UNDA(i8), @@

polynomial (N<=18).
coefficient of species P. ’
coefficient of species Q.
coefficient of species A.

ies A normalized to that



-~ of P, -, , ' o
SSQRCM - Convergence criterion, defined as the sum of
' the squares of the corrections betwesn succesive
fterations. . o .
CTBL - Transpart boundary coefficient (fixed st 3.6096).
CMAT,CMATA - Matrices containi the system of gimul-
~_taneous equations for. species P, Q and A.
BOUND,BOUNDA - Vectors containi constant terms for
the systems of linear equations. i

& Output: -

;Z,DMAT.DMATA - Packed vector equivalents of CMAT ,CMATA, -
ap CNCS - Vector containing concentrations of species P
7 and Q at the collocation points.

WONITS - Number of iteratiéns required.

X

&
Regenerate the packed coefficient matrices and the boundary
vectors.

o
C
C
C

10 GALL ARRAY(2,NR,NR,NE,NE,DMAT, CMAT)
o CALL ARRAY(2,N,N,NF,NF,DMATA,CMATA)

DO 20 I=1,N
i IN=]+N -
CNCS(1)=BOUND{(1])
CNCS(IN)=BOUND(IN)
CNCSA(1)=BOUNDA(])
20 CONTINUE

C 2
C ‘Include the Kinetic terms.
o o
CONST=PARKIN*CTBL **2 ¥
C
DO 30 I=1,N
‘ IT=(]1-1)=N+}
TIN=(1+N- 1) =NR+]
ININ=TIN+N

TERM=CQNST*PCNCSA(])

DMAT(1IN)=DMAT(1IN)+TERM/DBARP

DMAT (ININ)=DMAT(ININ)-TERM/DBARQ

DMATA(I1)=DMATA(11)-CONST=PCNCS(1+N)/DBARA
30 CONTINUE

Solve for concentrations at thg collocation pofnts.
CALL SIMQ(DMAT,CHCS,NR,KS) *

IF (KS.EQ.1) GOTD 99
C.LL SIMQ(DMATA,CNCSA,N,KS)

OO



o000 -

CONTINUE

"RETURN
- WRITE(7,999)

“1F (ks.£0.1\ gaza g

- Determine ti
" current concem

rof - the cduared corrections and save
ticns - :

SSQRC=0. \ : : )
PO 40 let, N\ .
INE+N
SSQRC=SSQRC (PCNCSA(JL-CNCSA(X))‘*?
_PCNCSA(1)2CNCSA(]
SSORC=SSORGS pc~c5(1> ~CNCS (1)) we2
PCNCS(1)=CNCSY 1 )

SSORC=SSORC+(PCNCS(IN) “CNCS(IN) )es2
“PCNCS(IN}=CNCS(IN)

lF (SSQRC.LE.
NITS=N]
GOTO 10

-

STO

FORMAT( 0’
)
END

SSORCM). GO TO 50 .
TS+t ,

' Singular matrix encountered in subroutine OCECR?
o
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Title: Second-Order EC-Catalytic Mechan{sm at the RDE.

Author: J. Nolan
Source File:” RDCDSP.SNG

Transport Equations for the Catalyst Couple
. by Spline Collocation.

Date: " 11-Mar-87
Object File: DGSPLB.0BY

&SUBROUTINE RDCDSP(N.ND.NE.ROOTS,AMAT.BMAT.DVRAT.DBARP.DBARQ.

Purpose:

CRATIO,CTBL,SPLPT,CMAT., BOUND)
-

This routine generates the system of simultaneous

equations corresponding to the spline collocation solution
of the convective-diffusion equations for a redox couple
at a rotating disk electrode. The interva) over which

the problem is defined is subdivided into two intervals
at the spljne point SPLPT..

Modifications: None.

Variable Declarations:

IMPLICIT REAL*4 (A-H.0-2)

»

DIMENSION ROOTS(ND),AMAT(ND,N94.BMAT(ND.ND).BOUND(NE).
5 ,

_

Define statement functi
for same.

- CMAT(NE,6NE)
Input:‘

N - Order of the collocation polynomial,

NR - Number of simultaneous equations (z4*N+4)

ND,ﬁB - Correspond to the array dimensions in the
calling program. N

ROOTS - Collocation points.

AMAT ,BMAT - Discretization matrices containing the
coefficients for the first and second deriv-
atives of the .concentration profile.

CRATIO - Concentration ratio (P/Q) at X = 0.

DVRAT - Ratio of diffusion coefficient to Kinematic
viscosity. :

DBARP - Normalized diffusion coefficient of species P.
DBARQ - Normalized diffusion, coefficient of species Q.

CT8L - Transport boundary coefficient.
SPLPT - Spline point. :

’Output:

/
CMAT - Matrix containing the system of simultaneous
equations generated in terms of unknown conc-
. entrations at the collocation points. 4
BOUND - Vector containing constants corresponding to
the boundary at 2:=1.

-

AAVEL(X,C1,C2)=CTBL3# (5. 1023E-014X*(C1+C25K ) JoKun?

on for axial velocity and parameters

A
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30 CONTINUE
c _

¢
¢

DVR3Ps1./3. o
ovnao-(ovaAr:gaAno)'-ovaap

DVR3Ps (DVRATDBARP ) s#DVR 3p
C1Pe-1,2032¢pVR3P
C2P=1,3375#DVR3P#s?
C10=-1,2032«pVR3Q
"C2Q21,3375%DVR3Qes2
CTBL3=CTBL=+3

N1sN+1 , ’
N2aN+2 - . ¥

NR= 4N+ 4

CSPLPT=1.-spLpf

Zero simultaneous equation matrix.

DO r0 f*=1,NR
DO 10 J=1,NR

CMAT(1,4J)=0.
CONT INUE

Compute coefficients for first sub-interval.

10FF=2xN+1
DO 20 IP=1,N
I1=1P+1 w
10=1P+10FF .
BOUND(IP)=0.
BOUND(1Q)=0.
RODOT=ROOTS(]1)=SPLPT
AXVELP=SPLPT*AXVEL (ROOT,C1P,C2P) /DBARP
AXVELQ=SPLPT=AXVEL (ROOT,C1Q.C2Q)/DBARQ
DO 20 uP=1,N2
JQ=JP+10FF+1 - o
CMAT(1P.dP)=BMAT(Il.dP)*AXVELP*AMAT(Il.d
CMAT(1Q,0Q)=BMAT(11,UP)+AXVELQ=AMAT (11 y

o

)
)

COTTINUE
Ditto for second sub-interval,

JOFF=3%N+1

DO 30 I1=z1,N _ -
I1=]1+1 : . ~—
IP=]1+N (
1Q=1+]0FF .
RO0T=RO0TS(Ill!CSPLPT+SPLPT
AXVELP:CSPLPT*AXVEL(ROOT,CIP.CQP)/DBARP
AXVELO=CSPLPT-AXVEL(ROOT.CIQ.C20)/DBARQ
BOUND(IP)=-BMAT(II,N2)~AXVELP*AMAT(I1,N21“

. BOUND(10Q):0.
“ DO 30 v=1,N1
JP=J+N1 3

JQ=10FF+y+2 '

CMAT(IP.JP):BMAT(LJ.d)+AXVELP*AMAT

CMAT(IQ#JO)=BMAT(I yWUI+AXVELQ=AMAT

AN

11,9)
I1,4)

Continuity conditions. for dP/dZ and dQ/dz at the spline point.

L

NP1=2ener . -~
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40

50

LN : . Q
1PSPaN+2 .

FACTRsSPLPT/CSPLPT
BOUND(NP1)'AMAT‘{§~2P‘FACTR

NQisd4eN+2

IQSFB3QN+4 Ly ’ A
1Q0=2+N+3 . .
BOUND(NQ1)=0. ' o

DO 40 JP1=1,N+4
JP2: 1PSP+yP1-1
JQ1=1Q0+uP1-1
JQ2: 1QSP+P1- 1
CMAT(NP1,UP1)=AMAT(N2,UP1)
CMAT(NP1,JP2)=-AMAT (1.JP1)*FACTR
CMAT(NQ1,dQ1)=AMAT(N2 . JP1)
- CMAT(NQ1,JQ2)=-AMAT(1.JP1)FACIR
CONTINUE ,

CMAI(NP1.1PSP)=CMAT(NPI.IPSP)oAMAT(N2.N2)
CMAT(NQ1,1QSP)=CMAT(NQ1,IQSP)+AMAT (N2 .N2)

Boundary conditions at Z = 0.
NPQ1=4+N+3 )
CMATINPQ1,1)=1,
CMAT(NPQ1,1Q0)=-CRATID
BOUNDI(NPQ1)=0 .

NPQI1=NPQI+1 -
DO 50 JP=1,N2
w  JQ=1Q0+uJP-1
CMAT(NPQ1,JP)=AMAT(1,yP)=DBARP
CMAT(NPQ1,JQ)=AMAT(1,JP)«DBARQ
CONTINUE

BOUND(NPQ1)=0.

RETURN »
END .
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Source File: RDECDE
‘SUBROUT INE RDECDE (NN

S This routine ge
equations correspond
~solution of the_cpnv

~_coefficients of the
-over which the bound
,Avariedvthhough the p

Modifications: " None

. Vafiabie'beclérétion

S0 IMPLICIT REAL®4 (4-H. i :
DIMENSIONvROOTS(ND),AMAT(ND.ND).BMAT(ND,ND).BOUND(NE).
RLELL |  NRTIND D B ,

. TMAT(NE,NE)
Input:. -
"N~ Order of th
© NR - Numbep of
- ROOTS - Colloca
AMAT ,BMAT - Dis
. coeffigien
L ative® Bf
* 'CRATIO - Céncen
\DVRAT,- Ratio o
- viscosity.
DBARP - Norma.l i
CTBL - Transpor
Output: ‘

- the bounda

. for same.

. Author:  J. Nolan ,

uations for a_Redox Couple at the RDE.

"Solution by Orthogonal Collocation. . . -

"+ Date: 06-Oct-g6

JSNG ¢ Object File: | DGSPLB.OB, e
D,NE,RODTS, AMAT  BMAT ,DVRAT ,p ARP , DBARQ,
TI&CTBL, TMAT BOUND) . ' § o

o

nerates the system of simultaneous
ing to -the brthogonal“co]location
ective-diffusion equation for a single
tating disk electrode: It incorporates
vthe.bquation»for axial velocity and

r inequalities in the diffusion

two members of the couple. xThe,intefyaJ

ary value problém is defined can be
arameter CTBL., - Coe

. K
;! \‘,‘
St B BN
an

0-2).

e collocation polynomial. .

NT. - Number of collocation points (=N+2).

simultaneous equations (=2N) .

ND,NE - Correspond to the array dimensions in the
calling program. - . S :

tion- points. L »
cretization matrices.containing the
ts for the first and sécond deriv-
the concentration profile. - o
tration ratio (P/Q) at X =z 0,

f diffusion coefficient to Kinematic

zed diffusion coéf?idient of species P.

DBARQ - Normalized diffusion coefficient of species Q. :

t - boundary coefficient.

TMAT - Matrix containing the system of simultaneous
‘équations generated in terms of unknown conc- .
. entrations 4t the collocation points. .
- BOUND - Vector.containing¢constahts corresponding to

ry at Xs=

" Define Statement“fuﬁctjon for axial'velobity and'paraméfér§




. DVR3P=1./3.

&3
*7r3r>nt1xwévry .

10" CONTINUE
c

$E1BL3#(5.1023E-01+X# (C1+C24X) JwXon2

S

- XVEL(X,C1;C2)

DVR3Q= (DVRAT*DBARQ) +*DVR3P
DVR3P= (DVRAT*DBARS b »DVR3P.

. CI1P=-1.2032%«DVR3P =~ . . - 3
" C2P=1.3375%DVR3P=»2 = = . -7
- C€1Q=-1.2032%DVR3Q - R o
- C2Q=1.3375=DVR3Qx*2 R _

CTBL3=CTBL**3"

- Generate a system of 2N.$imultaneous_eduations in terms

- of the 2N ‘concentrations of ‘species P and Q at the collo--
cation points. The.equations'descfibing the boundary

- conhditions at Z = 0 (ftux balahce and P/Q concentration

ratio) have been included thereby eliminating the variables

representing the unknown concentrations pf P and Q at Z = 0.

BOZAMAT (1, 1)» (CRATIO*DBARP+DBARQ)

NT=N+2

DO 10 I=1,N

' I1=1+1 o
INZI+N AR ;
AXVELP=AXVEL(ROOTS(11),C1P,C2P)/DBARP:-

4 A YVELQ=AXVEL(ROOTS(11),C1Q.€2Q) /DBARQ

Z e P=(BMAT(I1,1)+AXVELP*AMAT (11, 1) )%CRATIO/BO

kiﬁND(I)=B1PSDBARP*AMAT(1}NT)’(BMAT(I1;NTY+AXVELP%AMAT

C{I1,NT)) ‘ y
¥10=(BMAT I1.1)+AXVELQ*AMAT(LL,1))/80;
BOUND(IN)=B1QsDBARP*AMAT (1. NT) E

= N L , )

DO 10 W

" o—

N ‘ , .
B2P=B1P*AMAT(1,41). - s .
TIMAT(1,J)=AXVELP*AMAT(11,U1)+BMAT(11,J1)-DBARP*B2P
TMAT(1,UN)=-DBARQ*B2P » , ' S
B2Q=B1Q=AMAT(1,J1) . - '
TMAT(IN,J)=-B2Q*DBARP - S T ,
TMAT(IN.JN):AXVELQ*AMAT(11,u1)+BMA1(11.J1)-JBARQ*520 .

RETURN
END
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S C o Title: Cohsecutive'Electron‘Transg”#?wifh;RebroborticnatiOn.
c c ‘Calculation of Surface Concentration Gradients.
-c-‘ o “_ ) . " i ‘ . B , . L 0 .'," . o “
, - 'C.. Author: :J. Nolan e - Date: 28-May-88
. c v . o . . . - . ‘4 . . o e . . .
C  Source File: -SCGRD 1. SNG - Object File: DGSPLB.0BY " Cy
C . "A o R ‘ _ RES
’ ‘SUBROUTINE'SCGRDJ(N.ND,NE.DBARP,DBARQ.DBARR,AMAT.CONCS.GRADP,
& SR * GRADQ,GRADR,CRO) : D ‘ ‘
cC . o - R
' g"_’hPurbose;_ ‘ R 7 -
c This routiheoéalcufates the»surfagg 6oncentration'of,
C species R and the surface concentration gradients of species
-C. P, Q and R given their concentrations at the interior collo- -
- C +cation points. - : - : S
C : : '
-C Modifications: None. : *
C ; L , b
, C Variable Declarations:
. C L o
. IMPLICIT REAU*4 (A-H,0-Z)
DIMENSION AMAT(ND.ND),CONC§+N53

.Input:‘ : o AN h R _'“/h

- N -.Order of the coltocation polynomial.
ND,NE - Correspond ‘to the array dimensions in the

__calling program. . . ‘ - N
DBARP - Normalized diffusion coefficient of species P.
-DBARQ - Normalized diffusion coefficient of. species Q.
DBARR - Normalized diffusion coefficient of species R.
CONCS. - Concentrations of P, Q and R at the N interior

"~ collocation points. - " R
AMAT - Coefficient matrix f ‘the first derivative
of concentration with r spect to distance.

3

=ﬁOO(‘)EOIOOOOOVOOOOO'OOOOOOOOO

Output:
CRO -iC6ncentﬁétioh‘of speciés R at Z = 0.
GRADP - Concentration gragient of species P at 7 = 0.
. GRADQ - Concentration grallient of species Q at,Z = 0.
GRADR - Concentration gradient of species R at' Zz = 0.
Executaﬁg Code o
Calculate the surface concentration of species R. -
NT=N+2 ) . - ‘ S
.CRO=0. . . , . - : ' : :
DO 10 J=1,N e e
Td1=d+] :o '
JN=J+N B z ,
~ U UNN=JNeN e - a 7
CRO:CRO+AMAT(1.J1)*(DBARP*CONCS(d)+DBARO*CONCS(dN)+

& ~ DBARR*CONCS(UNN)) . ~
10 ~CONTINUE . - . o
- CRO=(-CRO-AMAT(1,NT)«DBARP)/DBARR/AMAT (1, 1)

[}
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Calculate the surface concentration gradients
¢
GRADP 0.

GRADQ=0. - o e
GRADR= CRO*AMAT(1 1 L

DO 20 J=1,N )
dizder
“dNzJ+N |
JNN=JN$N -
GRADP=GRADP +AMAT {1, J1)*CONCS (4 )
GRADQ=GRADQ+AMAT (1, 1)*CONCS (N
CRADR=GRADR+AMAT (1,1)*CONCS (N

CONT INUE -
»

) o
N)

,GRADP=GRADP+AMAT(1;NT)

RETURN
END
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"'jw;ritwefr]Seéonaﬁbr&ébjscécatqiy:i¢MMechahism at the RDE. o ®
e - Surface Concentration of the Substrate.

;f;«Authbr:' J. Nqianf: . Date: 26-Feb-87
~ Source File:. SCNCA.SNG ' Object File: DGSPLB.OBY
- SUBROUTINE SCNCA(N,ND,NF,AMAT,CBARA,CONCSA,CAQ) .

) o
\’. o

-

Purpose: . co

~.This routine evaluate the surface concentrations for
.+ the substrate given its concentrations_at the interior
.- cOllocation points. , A ; .
o Ay o . ',Zfb - [y
Modifications: Nope. .

' Ak » .
Variable Declapgtjohs: e

IMPLICIT REAL*4 (A-H,0-7) o ,
- DIMENSION AMAT(ND,NDJ;CONCSA(NF) « . . - C

G
- C
- C
. C.
; C
-C
C .
c
C
C
CT
~C

Ihput:‘ ~; :: - o .
AMAT - Discretization matrix for first derivative of = .
- . 'the collocation polynomial. . :
CBARA - Concentration.of A at Z = 73 (Excess factor).
CNCSA - Concentration of A at collocation points.

Output:

S Ooooocoocatno00n

: CAD - Concentration of ‘A at Z = 0. * '
.ExequtﬁbEQgCode
CAD=0.D6
DO 10 y=1,N , _
: Jiz g+ o )
R , CAO=CAD+AMAT (1, U 1) «CONCSA({ J)
o Ao CconTINUE C L c.
oo CAO=(-AMAT(1,N+2)«CBARA-CAQ)/AMAT(1,1)
4 RETURN |
c 42) ' ';4" )
—~  END ‘ 4
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Title:, Second-Ordersic-Catalytib Mechanism at' the RDE,
, Surface Concentratﬂgns of the Catalyst Species P and Q.

_Date: 26-Feb-87
Object' File: DGSPLB.DBY
" ‘SUBROUTINE SCNCPQ(N.ND,NE  AMAT DBARP, DBARQ , CRAT10, CONCS,
e L . _ RATIO ﬂ

Author: Y. Nolan,
Source File: SCNCPQ.SNG

CP0,CQO)

Purpose: .
collocation points.
Modifications: None:

Variab]e Declarations:

IMPLICIT REAL®4 (A-H,0-7) o
DIMENSION AMAT(ND,ND}.CONCS (NE ) .

Input:

-~

AMAT - Discretization matrix for first derivative of

collocation polynomial.

DBARP.,DBARQ - Dimensionless diffusion coefficients
e

for P and Q.

~‘C§ATJO - Concentration ratio of P and Qzat Z

CNCS - Concentrations of P and Q at the collo

-points. '

N

Output: : .

CP0,CQO - Concentrations of P and Q at 2

Ekecutable Code

NT=N+2

CP0=0.D0O

DO 10 J=1,N .
Jizd+1. ' ' N
UN=J+N :

CONTINUE ~
CPO=CPO+AMAT (1,NT)*DBARP

CPO=-CRATIO*CPO/(AMAT(1, 1 )= (CRATIO*DBARP+DBARQ) )

CQ0=CPO/CRATID

~ RETURN

END

_g‘

= This routine evaluate .the surface concentrations for
species P and Q given their concentrations at the intepior

CPO=CPO+AMAT (1, 41) % (DBARP*CONCS () +DBARQCONCS (N |

.




