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ABSTRACT

The electrochemical oxidation of aliphatic thioethers. in aceto- 
nitrile typically results in an irreversible overall 2 e process at 
relatively high potentials (1.2 to 1.4 V vs. Ag/O.lM AgNO^ reference) . 
Because of interest in exploring the possible involvement of thioethers 
such as methionine in biological redox reactions, it is important that 
such oxidations be feasible bioenergetically. One way of facilitating 

oxidation is by intramolecular interaction of an electron deficient 
sulfur with a suitably situated neighboring group that can stabilize 
the sulfur positive charge. Another sulfur atom in the molecule can 
serve this function^ Compounds selected for this analysis were members 
of a group of mesocyclic dithioethers, ranging in ring size from 4 to

10. Electrochemical methods were used to determine kinetic and thermo
dynamic parameters associated with electron transfer, and to elucidate 
the oxidation mechanism. Computers wereuused to control the experiment, 
to record and store data, and to perform mathematical operations von cthe 
data. Simulations were also performed, and compared with experimental 

( data.



CHAPTER 1

INTRODUCTION

Recent studies in respiratory chain linked oxidative phosphory

lation have lent support to the hypothesis that a so-called "high 
energy" chemical, intermediate is the energy - conserving mechanism. 
Attention in this regard has focused..almost entirely on sulfur and 
phosphorus compounds f with good reason. In this chapter, the possible 
involvement of thioethers will be considered in light of their general 
response to oxidation, their. biological :;distribution and function, and.. ̂ 

the results of some model system experiments.

General Response to Oxidation 
Two complementary approaches krevtaken to explain the obvious 

differences in chemistry, between.sulfur and its Group VI congener,
oxygen. One approach focuses attention on the unoccupied d-orbitals,

3 2 •invoking an SP.d hybrid to explain sulfur1s well characterized octa
hedral coordination Ce.gySF^). Empty d-orbitals would allow a sulfur 

intermediate to accommodate up to 6 pairs of electrons during nucleo- 
philic attack. The other approach emphasizes the relative sizes of the 
atomic kernels.. Pauling core radii of sulfur and oxygen are 0.29 and
0.09 &, respectively. In conceptual terms, sulfur simply has more room 
around it to accommodate- paired electrons without violation of . the 
Pauli Exclusion Principle. According to Lennard-Jones (1954, p. 136), 
"It I the Pauli Exclusion Principle] does more to determine the shapes



and properties of molecules than any other single factor. It is the 
Exclusion Principle which plays the dominant role in chemistry."
From the mechanics of a Pauli packing model, it may be illustrated, how
ever, that "p-only" and "contracted d-orbital" models are merely 
different ways of describing the same phenomenon: the potential energy
space surrounding the kernel of a medium-sized atom. Certainly the 
size of the atomic kernel influences the length and strength of sulfur 
bonds and the allowed bond angles. Sulfur tolerates smaller bond 

angles than oxygen. Sulfur tends to form longer and somewhat weaker 
bonds than oxygen, and such bonds are more subject to displacement by 
nucleophilic attack. Core size also affects p-orbital overlap. When 
S bonds with second row elements 0, N, or C, this overlap is not 
optimal, hence S does not form TT bonds as readily, nor to the extent 
that :these second row elements do with each other. The ability to form 
multiple bonds means that a given intermediate may be represented by a 
greater number of possible resonance structures, each of which will 
make a contribution to the theinnodynamic stability of the configura
tion. Sulfur intermediates undergoing nucleophilic attack will not 
enjoy the thermodynamic stability afforded by a number of possible 
resonance structures< (Wald, 1962),; This is illustrated by comparison 
of ether and thioether electrochemical oxidations, for example.
Oxygen containing ethers are not readily oxidized at oxygen and tend 
rather to undergo bond cleavage reactions at an adjacent carbon.

Products which have been obtained are from indirect reactions with 
intermediate reactions with intermediates generated from solvent or 
supporting electrolyte. Analogous sulfur compounds will react to form



new compounds by expansion of the valence shell and bond formation with 
heteroatoms such as 0, N, and other S. The formation of a disulfide 
bond includes the possibility of dimerization. Sulfur readily and 
easily bonds with other sulfurs. Sulfur also acts as an electron pair 

donor. Intramolecular reactions of S as a neighboring group are well 
known :and have been documented for over 50 years. A number of workers 
have reported definite reaction rate enhancement by the anchimeric 
effect of neighboring sulfur especially where 3-, 5-, and 6-membered 

rings are formed (Bennett and Turner, 1938; Olivier, 1937) .
The oxidation of aliphatic thioethers results in a positive 

charge centered on sulfur. The molecule will seek one of several path
ways to relieve the discomfort of this charge. It may undergo internal 
nucleophilie. attack resulting in ring formation... In this example, 
reaction (1),

O

CHLORAMINE T
DIOXANE 
' 20°C

ch lor amine T extracts the acidic protons. Sulfur is chlorinated to 
form S+. The resulting nucleophiles attack the chlorosulfoniurn sulfur 
to form the double lactone. Liao et al. (19 74) have also performed this 
oxidation electrochemically. If water is present in the system, _it may 

act as a nucleophile and a sulfoxide, is formed. . The sulfoxide may
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then be further oxidized to the sulfone as illustrated in reaction (2) .

HCLC

CO H
H O
EtOH

c o n

C02H

The molecule may undergo a Pummerer rearrangement (Pummerer, 1909) .
tThis is a general class of reactions in which S is reduced with the 

concomitant oxidation of the a-carbon.. This .is-seen .in the treatment 

of sulfoxides with anhydrides. In this exainpleJ.dimethyl sulfoxide is 
treated with acetic anhydride.

Q
iiCH3-S-CH3 + Ac20 —

CH -S-CH OAc + HOAc
fAnother possibility to relieve the positive charge on sulfur is 

proton loss from an a-carbon, as shown below:

OAc
ce3- s- ce3 ©OAc



The product may react with starting material to form a dimer 
via C—S bond formation.

r -
Me— S — CH2 + Me^S --- >■ MeS— CHg— S+

^ 3

Cottrell and Mann (1969) hasten to point out that if even as 
little as 1% water is present, the sulfur cation radical will undergo 
nucleophilic attack by water, excluding the proton transfer and 
quantitatively converting the dimethyl sulfide to dimethyl sulfone. 
Sulfoxides and sulfones are more difficult to reduce than the sul- 
fonium salt, so the presence of water, whether from solvent or from 
the reaction of electrochemically generated protons with electrolyte
/ -f- — —(e.g., 2Hv + 2C10^ -— > Cl^O^ + H^O) , has proven to be of monumental
significance when..considering the "reversibility" of anodic oxidation.

A number of workers have examined the case of thioether oxida
tion. Cottrell and Mann (1969) report that the oxidation of dimethyl 
sulfide, CH. SCH , for example, is relatively difficult, and electro-O O '
chemically irreversible; the oxidation potential is 1.41 V vs 
Ag/AgNO^ CO. 1 M). in acetonitrile. They present oxidation potentials 
for a number of thiols and thioethers; all of them are more positive 
than the corresponding amines. Some of the compounds showed two or more 

oxidation steps within the potential range examined (Cottrell and Mann, 
1969). The ease of oxidation of aliphatic sulfides is, however, 
dramatically affected by neighboring groups which serve as electron



pair donors, including another thioether sulfur in the same molecule 

(Musker and Wolford, 1976; Wilson et al., 1979). The mesocyclic di- 
thioethers studied in these experiments were reversibly oxidized to 

stable cation radicals and dications at potentials which were sig
nificantly less anodic than other thioethers. One dithioether studied

-f-in some detail, 1,5-dithiocyclooctane, has been treated with NO , a 
one-electron oxidant, to produce what Musker and Wolford (1976) 
believe is the longest lived aliphatic sulfur cation radical.

Sulfur cation radicals have) .been generated in a variety of 
ways. Norman performed the one electron oxidation of several different
sulfides including methionine in a continuous flow cell by Ti(III) and 
H^O^. The persulfate couple was also used" as an oxidant. "Sulfur
cation radicals were detected by epr signal. The spectra gave evidence
of the species IR^S - SR^]^ which they felt came froirva. .dimerization 
of R^Se with parent compound (Gilbert, Hodgeman, and Norman, 1973) . In 

order to examine more closely the reaction

R2St + R2S --- > [r 2s - SR2] +

60Nelson, Peters on, and Symons (1978) used Co y-rays at 77°K to produce
the cation radicals. It is their conclusion that many species

+previously identified are fact dimer species of the form
[R2s “ SR2] . . The lifetimes of most sulfur cation radicals have been 
shown from these and other experiments to be similar to or greater 
than lifetimes of analogous oxygen compounds, but in most cases 

shorter lifetimes are observed \than those of corresponding nitrogen 
compounds. ! .



Distribution and Function of Thioethers 
in Biological Systems

Thioethers are ubiquitous in nature as methionine and as forms 
of cysteine. While 99% of the atoms in living organisms are H, 0, N, 
and C, most of the bonds involved in group transfer or energy con

serving mechanisms involve sulfur and/or phosphorus. Cantohi (1960) 
has reviewed the distribution and function of sulfonium ions in 
particular. They participate in transalkylation especially as methyl 
donors. The electron deficient sulfur increases the likelihood of 

nucleophilic attack at the methyl, carbon, and, since the resulting' -
thioether is a reasonable leaving group, the O S  bond is cleaved. 

Cantoni (1960) has estimated the Ag of hydrolysis for sulfonium com
pounds to be about -8 or -9 kcal, making them "energy rich" in the 
same sense as, for example, pyrophosphate. If a thioether were a 
participant in oxidative phosphorylation, it would most likely occur as 
a residue in an electron carrier in the electron transport chain 
(Lambeth and Lardy, 1969) . Cytochrome-c has been well characterized
and is often used as a paradigm case. Its amino acid sequence has been

\

determined for more than 30 species representing all branches of the 
phylogenic scale above bacteria. (Margoliash and Schejter,. 1966). In 
every case. Met-80 is the carboxy terminus of an invariant sequence of 
11 amino acids, and is the sixth ligand of the heme iron. Four 
nitrogen atoms in the porphyrin ring and one nitrogen on histidine-18 
are the other 5 ligands. The sulfur of Met-80 is an extremely poor 
ligand and apparently does not direct the folding of the protein. 

Rather, it ends up in proximity to the heme iron when the protein folds



in response to other factors. The invariance of the 11-amino acid 

sequence, the position of the methionine and its ligature with heme 
iron suggest that it may be active in electron transfer mechanisms 
(Schejter and Aviram, 1969).

"Model System11 Experiments 

Several studies have strengthened the possibility that oxidation 

of a thioether may be coupled to phosphory 1 ation in biological systems. 
Over 30 years ago Lavine (1947) noted that .the rate of iodinic oxidation 

of methionine to methionine sulfoxide was enhanced by the presence of 
inorganic phosphate. He proposed this mechanism, via sulfonium salt 

intermediate:

R  R R ^ .OH
R>  -  / »  1 —  E- / = -  - ^

I 0 0

Getisch and Higuchi (1967) noted that several nucleophiles 
could catalyze this reaction. They performed the following experiment:

'C02 0

R' R eon°-
O ^ ' O  "  0
II II

R—  S— R' + U T Q

The presence of the phthalic acid anhydride was confirmed by spectro
scopic measurement. Significant here is the fact that formation of an



acyloxy sulfonium salt is the intermediate step, and that part of the 
energy of oxidation is trapped as a carboxylic acid anhydride.

occurred easily (halogen oxidation) and rapidly (66% complete in one 
minute) .

Gensch and Hi guchi (1967) and La vine (1947) both isolated a 
reaction intermediate, dehydromethionine

in which the amino group is covalently bonded to sulfur. This inter
mediate was observed to be relatively stable, requiring over a week to 
decompose to the sulfoxide, in neutral solution.(Lavine, 1943, 1945).

Methionine has also been successfully oxidized electrochemically 
by. Mann (1960) to produce dehydromethionine.

When methionine occurs as a residue of a protein it is, of 
course, derivatized. Could the oxidation of a derivatized methionine 6 
also be coupled to the phosphorylation of adenine nucleotides? Lambeth 
and Lardy (1969) presented a model system in. which the bromine oxida
tion of a derivatized methionine, N — acetyl [D,L] ’ methionine, in the 
presence of orthophosphate and AMP, in fact yielded ADP and ATP. In 
their model system, a phosphorylated sulfonium ion was postulated as 

the chemical intermediate sought. Their reaction is shown below.

Under the experimental conditions chosen, this oxidation

COO 0

CH CH

■CH
CH2

3 2



o R" = OH, Pi, Adenosine, AMP, 
etc.

In (3), bromine reacts with sulfur to form a sulfonium ion. 
This..;species in (.4) undergoes nucleophilic attack by orthophosphate to 
displace the bromide ion. In (5), the phosphorylium ion is transferred 
to a suitable receptor.

Glass, Williams, and Wilson (1974) have proposed two pathways 

by which ".a phosphory late d sulfonium ion might arise in vivo, after loss 

of a single electron to produce a cation radical.

+HOPO 2~ .
+ -a, R_ S — 0P0
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These mechanisms make no assumptions about the members of the respira
tory chain, e.g., cytochromes, except that they behave as electron 
acceptors. In the context of cytochrome c, the reaction might proceed 
as follows (Lardy and Ferguson, 1969) where CH^S - R represents Met 80 
and the porphyrin ring is represented as Fe (II)

2-2 - 0P0+H0PQ
- le-le CH S'-dt-H+Fe (III) Fe (III)

Fe (III)

+2e Fe (II)
2-2H +H0P0

2- 2-OPO 0P0

-le — R
Fe (II) Fe (II)

CH —  R
Fe (II) ATP ADP

Three major questions are prompted by this scheme: (1) the
ease of oxidation of the thioether; (2) the stability of the cation 
radical; arid (3) if the process is to be cyclic, the reduction of the 
subsequently formed sulfoxide.

Neighboring group participation to facilitate oxidation and 

stabilize the incipient sulfonium ion is possible through a number of
A ■ ■ *' ' ' ‘ 1 .functionalities in the c&f to chrome. The porphyrin ring, with eleven 

double bonds, is electron rich. Since the heme iron is a transition
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element, it too is "electron rich." even in an oxidized state, with 
partially filled 3d orbitals. There are also numerous groups containing 
0, N, S, or aromatic rings in amino acid side chains, and in the protein 
backbone itself. There are 0 and N atoms in the amide groups.

Sulfoxide reduction has been shown to occur on acid hydrolysis 
(Ray. and Koshlund, 1962) . Certain sulfoxides are quickly reduced by 
sulfides and thiols including cysteine, in the presence of acid 
catalyst (Bovio and Mibtti, 1978; Dedmand, Farmer, and Morris, 1961).

- 'Evidence: for iri vivo enzymatic oxidation of methionine to
methionine sulfoxide, and for reduction of the sulfoxide to methionine, 
has been- presented (Lucas and Levenbrook, 1966) . The work of Musker 

and Wolford (1976) , Musker et al. (1978) , and Wilson et al. (1979) . 
demonstrate the unusual ease of oxidation and:vreversibility of thio-
ethers, and unusual stability of the cation radical, under certain

(

circumstances. But before considering further the possibility of a." 
thioether accomplice to oxidative phosphorylation, it is necessary to 
know more about the energetics and kinetics of the electron transfer, 
and the physical and chemical properties of the postulated inter
mediate. This present work was undertaken to determine thermodynamic 
and kinetic parameters for the reversible oxidation of three mesocyclic 
dithioethers, 1,5-dithiacyclooctane, 1,5-dithiacyclononane, and 1,6- 
dithiacyclodecane. Electrochemistry has chosen as the approach to 
these parameters for several reasons:

1. Kinetic and thermodynamic parameters are often determined 
rather directly by electrochemical methods.
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2. Highly reactive intermediates can be generated in solution, 
free' (or reasonably, sd) . from contaminants except supporting 
electrolytic cross reactions, and interferences.

3. The method is inherently sensitive and ultraconservative in the 

quantity of substance required.
4. The electrochemical experiment is readily interfaced to the 

online computer.

Data taken by computer are necessarily more precise than those 
found by, for example, examination of x-y recorder output. The operator 
may take far more data than one would otherwise. With a large data 
base, analysis may proceed as a function of several variables at once. 
This permits a more complete description of the system. Simulations 
may also be performed, and, provided the algorithms accurately describe 
the experiment, data and theory may then be compared. This permits the 
systematic tracking down of the othewise elusive thermodynamic and 
kinetic parameters of quasi-reversible systems.

When the potential of electron transfer is finally thus ob
tained, one has information about the structure and reducing power of 
the molecule, and may then consider the feasibility of such electron 
transfer within the context of a living organise. Any proposed model 
system must be able to pass at least these simple tests before one gives 
it further consideration.



CHAPTER 2

■ EXPERIMENTAL 

Reagents

Acetonitrile
Spectrograde acetonitrile (Ma the son, Coleman, Bell) was used

directly from the bottle without further purification. The water
content of the solvent was analyzed by GC (see Apparatus) and found

to be below the detection limit of the method (< 0.01%, i.e., < 0.6
mM) and within the'manufacturer’ s specifications .(̂  0.02%). Solvent
was handled under nitrogen atmosphere in a Vacuum Atmospheres Model
HE-113-210 dry box (Los Angeles, California). The purity of the
solvent was also checked by running a residual current curve of a

0.1 M NaCIC) solution at a scan rate of 0.1 v/s. The residual current 4
-6 2did not exceed 16 x 10 A/cm between the limits of 1.20 volts and

-f- ■-1.50 volts vs. a 0.1 M Ag /Ag reference electrode. No peaks were 
observed between the discharge limits. The purification of aceto
nitrile has recently been reviewed by Burfield, Lee, and Smithers 
(1977). Consistent with these observations, no improvement in solvent 
purity appeared to result from any of the following procedures:

1. Static drying over 3 A molecular sieve (introduced spurious 
peaks on residual current curve).

2. Distillation from P^O^ (solvent polymerizes) .

14
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3. Distillation from H^SO^, and subsequently, CaH^.

4. Passage through alumina column.
Removal of water by addition of 5-10 g neutral alumina, Brockmann 
grade, ("Ventron"-— Alfa Products, Danvers, MA) , directly to the 
electrochemical cell as described by Hammerich and Parker (1973) was 
attempted. The alumina was activated at 190°C for 48 hours prior to 
storage in the dry-box. Proton NMR solvent was deuterated ace to- 
nitrile with 1% TMS added by the manufacturer.

Dich lor ome thane
MCB " Spe ctroquali ty11 dich lor ome thane -was dried by Lthe method 

of Moreau and Weiss (1966). The solvent was washed three times in a 
separatory funnel with 5% sodium carbonate in distilled deionized water 
and dried over anhydrous magnesium sulfate. The dich lor ome thane was
filtered into a round-bottom flask containing P O .  It was distilled,2 5

o
sealed, and stored over 3 A molecular sieve until opening in the dry 
box under N atmosphere, where it was filtered before*.nee.

Sodium Perchlorate
Reagent grade sodium perchlorate, NaClO^ (G. F. Smith Chemical 

Co, 1, was recrystallized from ethanol, vacuum dried at 90°C for 3 days, 
and stored in the dry box.

Tetra-n-buty 1 Ammonium Hexafluorophosphate;
Tetra-n-butyl Ammonium Tetrafluoroborate

n-Bu„NPF^ and n-Bu NBFy. were obtained from Southwestern 4 6 4 4
Analytical Chemicals, Inc. They were vacuum dried at 60°C before 
introducing into the dry box. ;



Thioethers
The DTCN, DTCD, and DTCO used in all experiments were obtained 

either from'.Kenneth Musker at the University of California at Davis, 
or from Will Setzer at The University of Arizona (Fig, 1), DTCN and 
DTCD were purified by sublimation in this manner: A pyre^c tube 30 cm
long and 10 mm O.D. was sealed at one end to make a reaction vessel. 
The thioether was mixed with an excess of LiAlH^ in the bottom of the 
tube and heated gently (40°C) while applying vacuum. A dry ice collar 
affixed to the tube about 10 cm from the bottom caused the thioether 
to condense on the™walls. . The tube was then filled"with-N^y opened 
in the dry box, and the crystals transferred to a glass vial.

. i 1, 5- dithiacy clooctane 1,5-dithiacyclononane 1, 6-difhiacyclodecane

Fig. 1. The Three Thioethers

The DTCO, a liquid, was purified on a GC preparatory column
under the conditions described in the apparatus section. DTCO was

introduced into solutions directly using a microliter syringe which had
been cleaned as described, and then purged by forcing N through it.

■ ' , 2
The crystalline compounds, DTCN and DTCD, were always made up 

into stock solutions first and introduced by syringe or pipet, to make
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experimental solutions which varied in concentration from 0.05 to 

-32 x 10 M i n  a 1, 2, 5 sequence.
The stock solutions were made by placing 20-30 mg of compound, 

weighed by difference to the nearest 10 g on a Mettler Semi-Micro 
analytical balance (Eightstown, NJ) , into a 10 ml volumetric flask and 
diluted to the mark wittr spectrograde-acetonitrile.

Apparatus

Glassware
The Cell. A three-chambered pyrex cell consisted of a main 

compartment and two side arms. (see Fig. 2) . The main compartment was 

roughly hemispherical of 100 ml capacity and had three ground glass 

fittings on top, two T 10/18 and one 24/40. The 24/40 fitting was large 
enough to accommodate the RDE, or alternatively, a*-platinum flag 
electrode held in a teflon adapter. The 10/18 fittings permitted intro
duction of compounds as an experiment progressed, or allowed for 
flow over the solution if the experiment were conducted outside the 
dry!box. The side arms housed the counter and reference electrodes and 
were joined to :the main compartment by 1 cm diameter glass frits (fine) . 
The volume of each arm was approximately 10 ml. This cell and all 
glassware used were periodically boiled in a cleaning solution of 3 
parts ultra pure nitric acid (HNO^) and 1 part perchloric acid (HCIO^) . 
Glassware was routinely cleaned after use with AR grade acetone and 
numerous rinsings with distilled deionized water. Acetone and distilled 
deionized water were forced through all glass frits via suction.



Fig. 2. The Electrochemical Cell -- (a) Reference electrode; (b) indicating (working) 
electrode; (c) counter electrode; (d) teflon adapters; (e) glass stopper; (f) 
fine glass frits; (g) platinum flag electrodes. 
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Fig. 2. The Electrochemical Cell oo



Glassware was then vacuum dried at 80-r90°C at least overnight before 
introduction into the dry box.

Electrodes
Reference Electrodes. The reference electrode used for all 

acetonitrile solutions was a spiral shaped 14-16 ga silver wire in 0.1 

M AgNO^ in CH^CN. In CH^Cl^, an aqueous Ag/AgCl electrode was used. 
The potential of this electrode was found to be 0.595 V vs. the Ag/Ag 
in acetonitrile.

2Working Electrodes. . Platinum flag electrodes of area 1.16 cm 
were made as described by Sawyer and Roberts (19 74) . These electrodes 
including the counter electrode (below) , were cleaned as the glassware 

vacuum dried, and heated in a flame to incandescence before use.

Auxilliary Electrode. The same counter electrode was used in
3all experiments. . It was a platinum flag 3 cm in area, folded in half 

to a dihedral angle of about 90° in order to fit into the counter 
electrode compartment.

Potentios tat

The potentios tat was a Princeton Applied Research (PAR) me del 
173 (Princeton, NJ) equipped with model 176 current-to-voltage 
converter. The triangle waveform generator was designed by David L. 
Langhus and built by Brian R. Coleman. This device permits the 

operator to set an initial potential, positive and negative limits, 
multiple or single sweep, scan rate, and scan direction. It may be 
triggered manually or by computer signal. The triangle wave signal
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was channeled through the potentiostat to the experimental cell.

Current output from the cell was fed into the current-to-voltage con

verter in the PAR potentios tat and then filtered by a Burr-Brown UAF 
31 active filter (.Tucson, Arizona) in the low pass mode. Cutoff 
frequency was set at not less than one-half the data acquisitionrrate 
to prevent errors from aliasing, and was usually set equal to or 
greater than the data acquisition rate to prevent distortion of peak 
shapes.

Data points were taken by the modified Raytheon 12 bit Mini- 

verter system (Santa Ana, California) described by, Ramaley and Wilson
(1970) . The experiment and data handling were, controlled by a __
Hewlett-Packard 2100A computer with 16K core .(Cupertino, California) . 
Data were given preliminary inspection on a Tektronix Model 4010-1 
graphics terminal (Beaverton, Oregon) and temporary storage either on 
magnetic tape using Hewlett-Packard 7970 9-track, NRZI format recorder, 
or less of ten, oonppaper tape by a Hewlett-Packard 2895 B high speed 
paper punch. Data were stored permanently on disk, as -were all data 
manipulation and simulation programs , via a Hewlett-Packard 2100A 
computer with 32K core.

Gas Chromatography
Analysis of the solvent for water content was performed at 

the University Analytical Center under the following conditions: 
column: 1/8" x 60 stainless steel; column packing: Porapak Q (80-100) ; 
injection port temperature: 150°C; column temperature: 125°C;
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detector temperature: 250°C; He flow: 30 ml/min; sample size: 5 jj,1;
T.C. detector filament current:. 200 amps. Hewlett Packard model 7620A.

Preparatory workup was performed on the DTCO on a Varian 
series 1700 GC with TC detection under the following conditions: 
column: 1/4" jc 61 copper; column packing: 10% SE 30 on Chromosorb W;
injection temperature: 225°C; column temperature: 2050C;-detector 
temperature:2256C; flow rate: 30 ml/min; sample size: 10 p,l.

Spectroscopies
NMR. Proton Nuclear Magnetic Resonance Spectroscopy was done 

using a Varian T-60. -
EPR. Electron Paramagnetic Resonance Spectroscopy was 

performed with, a Varian E-3.
UV-V1S. Spectroscopy was performed with a Varian Cary 14.

Techniques
Cyclic Voltammetry. In acetonitrile, a 0.1 M solution was 

prepared in the dry box by weighing out 0.61 g NaClO^, transferring it 
to a 50-ml volumetric flask, and diluting to the mark with CH^CN. In 
dichloromethane, 0.82 g tetra-n-butylammoniurn tetrafluoroborate .
In-̂ CC Ĥ ). was added to 50 ml solvent for a 0.05 M solution. The
two side.;’.arms of the cell were filled reserving 35 ml for the main 

compartment. Electrodes were inserted into teflon adapters and 
placed in the cell. Care was exercised to ensure the same placement of 

the. working electrode with respect to the reference electrode for all 
experiments. A Teflon coated magnetic stir bar was put into the main 
compartment. Electrical leads were attached„.to the electrodes such
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that the voltage output of the potent! os tat was applied across the 
working and reference electrodes. After inspecting the residual 
current 'curve z the compound of interest was added and stirred thoroughly. 
Using program LPSC, written by Frank R. Shu and modified by Robert A.
Earl (’see appenddux),, current-potential curves were recorded -at scan 
rates from &.Q1 v/s to 10.0 y / s T h e  clock rate on the ADC was set - 
such, that a resolution of not less than 5 mv was achieved. Following 
each, scan, the working electrode was removed from the. dry box and 
heated in a flame to incandescence, since adsorption was significant 
after a single scan.

Rotating Disk Electrode Experiment
Solution, including compound to be studied, - was prepared as 

for cyclic yoltammetry. In order to minimize evaporation of experi
mental solution and to remove any soluble impurities, gas was passed 

through, acetonitrile before allowing it to enter thence 11. . A large 
platinum/platinum rotating ring disk electrode (RRDE) model DT-6 from 
Pine Instruments (.Grove City, PA)" served as "the working electrode.
The. ring electrode was not used; disk area in all experiments was

2 '0.. 415 cm . An analytical rotator. Pine Instruments model PIR-74,
varied rotation - speed from 400. to 10,000 rpm and resulting current-
potential curves were recorded on a Hewlett-Packard Mosely Division
x-y recorder model 7Q0.1A (Pasadena, CA) .

Controlled Potential Electrolysis Experiment
A solution was prepared as.for cyclic yoltammetry * The working 

electrode was the platinum disk of the RRDE, and also served to stir the



solution at 400 rpm in all electrolyses. The counter electrode was 
separated from the main compartment by an additional 50 ml of solution 

and 5 fine glass frits. It was believed that products of reduction at 

the CE were hindered from diffusing into the main compartment during 
the time frame of the experiment. The cell was purged with gas 

during electrolysis, as described for the RDE experiment.- The applied 
potential was determined by adding 100 mv to theliiighest observed, anodic 
oxidation peak potential of the desired product. The resulting current 
was output on a Linear Instruments model 355 strip chart recorder to 
produce a current-time curve, and also through a digital coulometer,

PAR model 379, which indicated total charge passed. _ In some experi
ments, aliquots of solution were removed at various intervals for 
spectroscopic examination, or, at the end point of the electrolysis, 
the products were desolvated, _dried, and dissolved in deuterated 
acetonitrile for proton NMR. For NMR analysis, the solutions were 
made 0.05 M in NaClO^ instead of 0.1 M to enhance product solubility.



CHAPTER 3

RESULTS AND DISCUSSION

Controlled Potential Electrolysis

Values for n and D may be obtained from this experiment. Q,
the total charge passed in the elapsed time, was recorded in two ways:
by the digital coulometer, and as the area under a current-time curve.
This area was found by cutting and weighing the strip chart. Q is a
function of n according to the relationship Q = nFVC, where F is the
faraday, V is the solution volume, and C is the concentration.-- The values

of n thus calculated were in agreement for each experiment, as seen in

Table 1, and approach a limiting value of 2 for all experiments with an
average value of 1.94 for DTCO, 1.68 for DTCN, and 1.35 for DTCD. Plots

of In i vs. t were linear. The slope of this line, K^, was used to
compute the value of D, the diffusion coefficient, according to the
method of Hftchman and Albery (1972) , from the equation .== 1.62

V1/6y/a31/2A. The other parameters have their usual meanings. The
values for were found using a TI-51A calculator that was programmed
to compute, a linear least squares regression. The resulting average

-5 -5values of D for DTCO, DTCN, and DTCD were 2.1 x 10 , 1.95 x 10 , and
1.90 x 10 \  respectively.

A visible color change occurred in the solution during the 
course of the experiment for DTCO only. A bright yellow color began to 
appear at approximately 10% completion of the electrolysis. The color



25

Table 1. Values of n and D calculated from controlled potential 
electrolysis experiment. ■

Compound :J . n D(cm2 s ■*■)
DTCO 1.94 2,10 jc K f 5
DTCN 1. 68 1.95 x 10-5
DTCD 1.57, 1.35 1.90 jx 10-5

intensified up to 50-60% completion of the electrolysis and then faded

gradually. Addition of stoichiometric amount of DTCO to the faded
solution restored the brightyyellow color. These observations were con
firmed by uv-vis and EPR spectroscopies. DTCN and DTCD solutions 
remained colorless to the eye. Spectroscopic analyses were not 
performed on these solutions.

Rotating Disk Electrode Experiments
Analysis of current-voltage curves for all three compounds gave

linear plots of limiting current, - i^, versus squarerroot of electrode 
1/2rotation speed, go , up to 6400 rpm. At go greater than or equal to

6400, a negative deviation from linearity is evident, (Figs. 3, 4, 5)" -
These values were not used in calculations since turbulence appeared to
disturbv-contact at the solution electrode interface. According to the
Levich equation i =0.62 nFAD^^C* GO^^V the slope of i vs.L b L
go**"̂  curves may be used to determine nD^'V where is solution con
centration in moles per cubic centimeter and go is in radians per second. 
The value of n was then found using the values of D determined from
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1/2 2 Fig. 3. DTCO; i vs. W Platinum RDE (0.415 cm ) —  0.1 M NaClO^ in
acetonitrile; 0.1 M AgNOg/Ag reference electrode in
acetonitrile; o = 0.2 mM; A = 0.5 mM; D = 2.0 mM.
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CPE data. For DTCO, n varies non-linearly from 2 to 1.4 as concentra

tion increases from 0.1 mM to 2.0 mM as reported in Fig. 6 and Table 

2. Values of n for DTCN and DTCD vary .according to concentration in a 
similar manner, ranging from 1.9 to 1.35 for DTCN and 1.9 to 1.34 
for DTCD;

The Cyclic Voltammetry Experiment
  Vo It ammogr ams of DTCO, DTCN, and DTCD show dependence on both

concentration and scan rate. Scan rate dependence is seen in the 
anodic shift of Epa, cathodic shift of Epc, and hence an increase in 
AEp as scan rate is increased (Figs. 7-14). Peak current ratio is also 
scan rate dependent (Figs. 15 and 16). The decrease in corresponds,

to an increase in the current of a cathodic peak which appears for all- 
three compounds in the:.:region of -0.5 v (Fig. 9). Figures .17-19 reveal 
the concentration .dependence of the voltammogram. For DTCO, at" a scan 
rate of 0.1 v/s, Epa varies from 0.316 v to 0.396 v as concentration 
is varied from 0.05 to 0.5 mM. Further "increase in concentration causes 
Epa to shift cathodically to 0.349 v. DTCN and DTCD show only in
creasing potential as concentration.is increased. These observations 
are summarized in Tables 3-6. Peak current ratios for DTCD and DTCO 
show opposing effects below 0.5 mM concentrations. DTCO shows first an 
increase then a decrease in ipc/ipa. This value becomes constant at 
approximately 0.78. DTCD shows the reverse tendency with peak current 
ratio becoming constant at approximately 0.45 (Figs. 15 and 16) .
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Table 2, Variation of n with concentration (RDE experiments).

Cone.
(mM) n(DTCD)

Slope 
x 10~4 n(DTCN) Slope . nfDTCD) Slope

.1 — 1.90 0.09 —

.2 2.0 0.18 1,79 0.16 1.72 0.15

.5 1.68 0.424 1.63 0.36 1.52 0.34

.7 ---- 1.50 0.64

H O ---- 1,41 0.63 1,40 0.63

1.5 ---- 1.38 0.99 —

2.0 1.40 1.34 1.31 1.18 1.31 1.18

1/2Slope = slope of Levich plot, i^ vs. w



Fig. 7. Effect of Scan Rate on Voltammograms of DTCO -- Cone. 1. 0 mM 
2 Pt electrode, A= 1.16 em ; reference electrode 0.1 M 

AgN03/Ag in acetonitrile; 0.1 M NaClo4 supporting electrolyte 
in acetonitrile; (A) = 0.01 v/s; (B) = 0.1 v/s; (C) = 1.0 v/s; 
(D) = 10 v/s. 
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Fig. 8. Effects of Scan Rate on Semi-integral of DTCO —  Cone. 1.0 mM 
Pt electrode, A = 1.16 cm^; reference electrode 0.1 M 
AgNOg/Ag in acetonitrile; 0.1 M NaClO^ supporting electrolyte 
in acetonitrile; (A) = 0.01 v/s; (B) = 0.1 v/s; (C) = 1.0 v/s; 
(D) = 10 v/s.
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Fig. 9. Voltammograms Showing Dimgr Reduction for DTCO —  Cone. 1.0 mM 
Pt electrode, A = 1.16 cm ; reference electrode 0.1 M 
AgN0g/Ag in acetonitrile; 0.1 M NaClO^ supporting electrolyte 
in acetonitrile; (A) = 0.01 v/s; (B) =0.1 v/s; (C) =1.0 v/s.
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Fig. 12. Effect of Scan Rate on Voltamrnograms of DTCD -- Cone. 0.1 mM 
Pt electrode, A= 1.16 cm2 ; reference electrode 0.1 M 
AgN03/Ag in acetonitrile; 0.1 M NaCl04 supporting electrolyte 
in acetonitrile; (A) = 0.01 v/s; (B) = 0.1 v/s; (C) = 1.0 v/s; 
(D) = 10 v/s. 
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Fig. 13. Effect of Scan Rate on Semi-integral of DTCD -- Cone. 0.1 mM 
Pt electrode, A= 1.16 cm2 ; reference electrode 0.1 M 
AgN03/Ag in acetonitrile; 0.1 M NaClo4 supporting electrolyte 
in acetonitrile; (A) = 0.01 v/s; (B) = 0.1 v/s; (C) = 1.0 v/s; 
(D) = 10 v/s. 
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Fig. 13. Effect of Scan Rate on Semi-integral of DTCD
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Fig. 17. Effect of Concentration on Voltammograms of DTCD —  Cone. 1.0 mM 
Pt electrode, A = 1.16 cm^; reference electrode7;Q.1 M AgNOg/Ag 
in acetonitrile; 0.1 .M NaClO^ supporting electrolyte in 
acetronitrile; (A) = 0.1 mM; (B) =0.5 mM; (C) =1.0 mM;
(D) = 2.0 mM.
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Fig, 17, Effect of Concentration on Voltammograms of DTCD
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Table 3. Concentration dependence of Epa; all three compounds.

ca Epab

0.05
DTCN

0.404
0.1 0.418
0.2 0.430
0.5 0.448
1.0 0.478
1.5 0.510

0.05
DTCD

0.489
0.1 0.482
0.2 0.437
0.5 0.447
1.0 0.478
2.0 0.505

0.05
DTCO

0.310
0.1 0.336
0.2 0.342
0.5 0.396
1.0 0.368
2.0 0.348

aMillimolar.
^Volts vs. 0.1 AgNO-g/Ag electrode; 0.1 M NaClO^ supporting

electrolyte in acetonitrile.



Table 4. Cyclic voltammetric data: DTCO in acetonitrile.

File Cone.3 V13 EpaC EpcC AEpd Epp/2d . e ipa ipc/ipa m (t)max ip/v1/2 ip/v^/^c n

NIE3C 0.05 0.01 0.285 0.188 97 38 0.26 99 377 7533
N50 0.10 0.316 0.272 44 119 0.36 68 377 7544
N100A 0.50 0.339 0.252 87 251 0.25 57 355 7108
DTCOM 0.1 0.01 0.330 0.285 45 56 88 0.83 190 796 7960 1.68
DTCON 0.10 0.332 0.283 50 53 295 0.62 160 8500
DTCOD 1.00 0.356 0.274 82 51 744 0.61 162 744 6770
DTCOC 10.00 0.399 0.270 130 75 2280 0.36 161 6550
PSOL 0.2 0.01 0.341 0.303 39 43 118 0.53 295 1180 5370
PSOC 0.10 0.344 0.287 57 39 416 0.81 256 1310 5972
PSOF 1.00 0.372 0.282 89 1170 0.61 230 1170 5310 »
PSOT 10.00 0.397 0.220 177 59 1838 0.73 688 3440
PSOU 10.00 0.391 0.226 165 53 2174 0.85
PSRB,C 0.5 0.01 0.375 0.320 55 55 180 0.81 377 1800 3280
PSRA 0.10 0.396 0.306 90 46 530 0.83 323 1680 3050
PSRD 1.00 0.446 0.256 190 1780 0.49 356 1780 3228
DTCNE 10.00 0.592 -.673 103 5279 456 1669 3339
PSRG 10.00 0.508 0.300 208 5180 0.25 371 1638 2978
PSI 1.0 0.01 0.396 0.335 61 48 420 0.90 537 4201 4201 1.26
PSH 0.10 0.421 0.322 99 61 1081 0.76 437 3418 3418 1.02
PSK 1.00 0.447 0.296 150 54 2934 0.58 446 2934 2934 1.05
N10 2.0 0.01 0.325 0.278 46 778 0.78 1713 7778 3888
N100 0.10 0.349 0.261 87 2187 0.74 1381 6915 3458
N500 0.50 0.368 0.248 121 4184 0.65 1177 5917 2958
DSA 5.00 0.10 0.420 0.234 186 78 4055 2195 12820 2565
DSB 1.00 0.518 0.108 410 138 10360 2334 10360 2078

aMillimolar



Table 4.— Continued

^Scan rate (v/s).

^Potentials in volts vs. 0.1 M AgNO^/Ag electrode in acetonitrile. 0.1 M NaClO^
supporting electrolyte.

^Millivolts.
^Microamperes.



Table 5. Cyclic voltammetric data: DTCN in acetonitrile.

File Conc.a V 3 EpaC Epcc Epp/2d ip a6 ipc/ipa m(t)max ip/v1//2 ip/v1//2C

RES38 0.05 0.01 0.400 -1.376 31 0.41 48.8 310 6200
RES37 0.10 0.457 -1.268 78.8 0.62 42.6 249 4984
RES42 1.00 0.466 -1.436 238 0.59 45.1 238 4760
RES44 10.00 0.490 75 713 1.53 44.8 225 4509
RES14 0.10 0.01 0.391 45 50 0.25 98 500 5001
RES12 0.10 0.480 -0.427 82 102 0.25 115 323 3233
RES16 1.00 0.481 -1.307 69 442 0.55 88 442 4420
RES19 10.00 0.529 78 1166 0.99 80 369 3690
RES23 0.427 51 89 0.25 166 888 4440
RES22 0.20 0.01 0.439 60 90 0.28 181 899 4495
RES21 0.10 0.448 60 241 0.23 126 761 3806
RES25 1.00 0.526 108 480 0.45 107 480 2402
RES27 10.00 0.622 153 1759 128 556 2781
RES4 0.50 0.01 0.395 -0.665 45 164 0.22 324 1636 3273
RES1 0.10 0.462 -0.603 69 357 0.40 357 1128 2256
RES 5 1.00 0.485 -0.790 78 1219 0.29 279 1219 2439
RES6 10.00 0.940 -1,137 1801 0.45 202 570 1139

aMillimolar.

^Scan rate (v/s).

^Potentials in volts vs. 0.1 M AgNO^/Ag electrode in acetonitrile. 0.1 M NaClO^ 
supporting electrolyte.

^Millivolts.
0Microamperes.



Table 6. Cyclic voltammetric data: DTCD in acetonitrile.

File name Cone.8 Scan rate13 EpaC EpcC AEpd Epp/2d ipae ipc® Ratio m(t)max/C m(t)max ip/v'/: ip/v1/2C Epd ipd
TSIMH 0.05 10 411 — — •  — -13 — —, 130 2600
TSIMD 100 488 232 256 25 11 0.44 79 1582
TSIMF 1000 520 134 386 129 53 0.41 129 2580
TSIMG 10000 527 236 291 566 210 0.37 179 3582
TCNO 0.1 10 455 383 72 76.3 24 0.32 760 7600 -457 4.2
TCNQ 100 474 355 119 186 78 0.42 620 6200 -472 6TCNT 1000 515 235 280 443 149 0,34 443 4430 — — —» —

TCNV 10000 788 118 670 1151 200 0.17 364 3640 -738 170
TCNZ 0.2 10 461 374 87 164 102 0.62 1640 8200 -433 4TCNX 100 564 296 268 313 230 0.73 990 4949 -564 23TCNY 100 487 286 201 480 100 0.21 1518 7590 -500 24PSK 1000 482 193 289 60 806 342 0.42 791 158 806 4030 off scalePSL 10000 529 188 341 88 2400 1415 0.59 890 178 759 3797 off scale
PSN 0.5 10 427 251 176 40 207 110 0.53 734 367 2070 4140 -498 4PSM 100 448 205 243 50 637 276 0.43 638 319 2015 4031 -494 35PSO 1000 562 174 388 105 1626 845 0.52 678 339 1626 3252PSP 10000 657 110 547 175 4241 2730 0.64 666 333 1342 2684
PST 1.0 10 437 215 172 50 348 196 0.56 602 602 3480 3480 -419 5PSS 100 477 172 305 60 995 449 0.45 3148 3148 -517 55PSU 1000 556 149 407 2802 1594 0.57 2802 2802 -503 71PSV 10000 716 75 641 5678 3972 0.69 1796 1796
PSZ 2.0 10 460 183 277 577 327 0.56 1029 5770 2885 -445 3
PSX,PSY 100 511 103 408 1548 804 0.52 890 4898 2449 -562 62TSIMA 1000 620 94 526 3985 2578 0.64 858 3985 1992 -570 68
TSIMB 10000 858 -267 1125 10310 5791 0.56 3262 1631
PSI,PSJ 0.2 10 413 291 122 40 104 62 0.60 ' 1040 5200 -456 2

aMilllmolar.
m̂v/a.
P̂otentials in millivolts vs. 0.1 M AgNÔ /Ag electrode in acetonitrile. 0.1 M NaClÔ  supporting electrolyte. 
M̂illivolts.
M̂icroamperes.



Semi-Integral Analysis
The current time data of the cyclic voltammietry experiments 

were transformed into the semi-integral function by evaluation of the 

convolution integral

I (t̂i/2 du
using the Riemann-Liouvi1le algorithm

m W  = <f)1/2 ^ [i(jA) + i(jA-A)] [(| ^ j + l)1/2-(|--j)1/2]
j=l

Current i is measured at equally spaced time -Intervals as i (0) , i(A) 7

i (2A), .o. i (j A) ... i(t) up to time t. Plotting m(t) as a function: of
potential produces a sigmoidal curve such as that obtained from a d» c

polarogram which may be evaluated logarithmically in a similar manner
1/2The semi-integral reaches a limiting value, m(t)max = nFAD C*, ando o

is independent of the .reversibility of the couple• This approach was 
used to determine an overall n-value for the diffusion controlled 
electron transfer process. Tables 4 and 5...show m(t) max to be in
dependent of scan rate for 0.1 < v < 10 v/s. Convection at low scan 
rates and charging current at high scan rates can cause abnormally 
large values of m(;t).max. The limiting value of m(t) on the return 
scan is not constant for any of the compounds. At 0.1 v/s the semi
integral curve most nearly returns to baseline, indicating 90% 
recovery of starting material for DTCO and as much as 70 and 85% 
recovery from DTCN and DTCD, respectively, are seen. The effect of 
convection is pronounced at 0.01 v/s. Nearly complete recovery of



51

starting material is observed if the scan is continued beyond the
second cathodic peak, or if the scan is stopped prior to this second
peak and current-time information continues to be recorded.

As in the RDE experiment, n-values calculated from the semi-
integral are concentration dependent, ranging from a value of 2 at low
concentrations to 1 at high concentrations (Table 7 and Fig. 20) .
Logarithmic analysis of the semi-integral curves was performed to
compute n. The rising portion of the semi-integral curve was treated
as a d.c. polarogram, or potentiometric titration curve, to which it

ip-iis identical, by. plotting ln(- — ) against potential; n is related
to the slope of this line by n = 59/slope.. _ These values are reported ..
in Table 8. For constant concentration n is higher at low scan rates, 

which is consistent with the results of the other electrochemical 
experiments.

Other Compounds
In addition to the three compounds that were the focus-of this 

work, a .number of thioethers were examined by cyclic voltammetry. The" 
results of these experiments (Table 9) enhance understanding of thio- 
ether oxidation and the role of neighboring group participation. With 
the exception of 2,5-dithio! hexane, compounds capable of intramolecular 
facilitation gave initial anodic peak potentials that were substantia 1 ly 
more negative than usual for aliphatic sulfides. With only a few 
exceptions, these oxidations were clearly irreversible. Peak 
potentials appear lower for compounds where 3-, 5-, or 6-membered rings 
may be formed. In the homologous series, 2,5-dithio hexane,
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Table 7» Variation of E , ipc/ipa and n as function of Cpa ^ ^ DTCO

File n m(t) n
CDTCO(mM) name Epa ipc/ipa (from ipa) max (from m(t))

0.05 N50 0.316 0.36 2.58 70 2.49

0.1 DTCON 0.332 0.62 3.02 160 2.94

0.2 PSOC 0.344 0.81 2.39 256 2.35 .

0.5 PSEA 0.396 0.83 1.53 330 1.18

1.0 TCOE 0.368 0.76 1.56 440 0.80

2.0 NI00 . 0.349 0.74 1.57 1100 1.01

Scan rate = 0,1 v/s.
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Fig. 20. Concentration Dependence of the Value of m(t)max, i.e., the Semi-integral of DTCO —  
Scan rate 0.1 v/s; conc. 1.0 mM Pt electrode, A = 1.16 cm2 reference electrode 0.1 M 
AgNO^/Ag in acetonitrile; 0.1 M NaClO^ supporting electrolyte in acetonitrile.
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Table 8. n Values calculated by logarithmic analysis of the semi- 

integral .

Cone. aV n

0.1 0.1 1.18 ('59/50)
0.1 1.0 0.84(59/70)

1.0 0.1 1.25(59/47)
2.0 0.1 1.43(59/41)

2.0 0.5 0.88(59/67)

aAssume curve of form E = E° . 059 , m (t)max - m(t) + n l o g----m(y  -

v = scan rate of-cyclic vd11ammogram in. v/sec.



Table 9. Cyclic voltammetry of other thioethers»

i Cone.
Compound Epa1 Epa2 Epc^ EPC2 ■ (mr4) Other cathodic peaks.

0

CH^ - 5 - CH0 CH.

C O
CH_ - C - CH_ - G - CH■i A d
u  O

of : To.

0.776 1.644 -0.316 -0.528 1.0

1.172 -0.312 0.5

_  ̂ 0.800 1.252 -0.396 -0.828 0.1
' 5 LJ .0.825 1.236 -0,486 -0,958 0.2

1,280 -0.564 0,05
1.148 —— 0.2
1.164 -0.4814 0.5
1.167 -0.236 2.0

0.884 0,588 0.1
0,767 0.573 0.2

01 ) 0:483 0,324 0.2
0.496 0.273 0,5

0.588 0.012 0.25

inin



Table 9.--Continued

Compound Ep^i Epa2 Epc1 .. Epc2 .
Cone. 
. (mM). . ..Other cathodic peaks

2,5 dithiohexane 1.052 1.52 0 00 1

1 Ii—1 0.5 Vo. 248 -0.440 -1.19

2,5 dithiohexane8- 1.156 — T TT 0,5 -0.372 -0,576 -1,320g
ditert butyl sulfide 1.02s 1.40 0.15 -T 0.5

.

O 0.844 1.708 — T 1.380 1.0 t0.280 -0.432

c h_ ̂  _3 ^ S - A .
0.708 1,256 0.252 0,25 -0.380

Trithiacyclononane 0.88 . 0,150vs TT . .0.1 . -0.731

a10 v/s scan rate; g = well shaped, large, s = small; vs = very small, barely discernible 
scan rate = 0.1 v/s except where noted.
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2,7-dithio heptane, 2,7-dithio octane, the formation of an intra
molecular disulfide bond would result in a 4-, 5-, or 6-membered ring, 
respectively.

If one were to judge -simply by the anodic peak potential, it 

might appear that the ability to form .a .5-membered .ring enhances the 
ease of oxidation (Epa = 0.617) ; the--.formation of a 6-membered ring 
would be next at Epa = 0.708 and 4-membered ring least favored (Epa = 
1.032) by a significant 300 mv. However, two fused 4-membered rings 
are formed if an intramolecular disulfide bond results from the 
oxidation of 1,4-dithiacyclohexane (Epa = 0.776) where the two sulfur 
atoms are held rigidly in bonding proximity. Also, 4-membered rings 
would be formed by intramolecular disulfide bonds in 1,4,7-trithia- 
cyclononane (Epa = 0.342) and 1,5-dithiaeycloheptane (Epa = 0.844).
These two compounds have fixed geometries and free rotation is not 
allowed about the C-bonds. The size of a ring formed by neighboring 
group participation (NGP) may be one, but clearly not the only, factor 
involved in apparent ease of oxidation. Electron transfer kinetic 

factors are undoubtedly also involved. Steric factors, ring strain, 
chemical kinetics, and the inductive effect of the sulfur atoms on one 
another would also need to be considered, in determining the thermo
dynamic parameters for . the molecules. The inductive effect of the two 
sulfur atoms has been demonstrated by the PES work of Coleman (1979} 
on these same compounds'. Ionization potentials indicate that ease of 

oxidation increases as the number of methylene groups separating the 
two sulfurs. Conclusions about the stability of any rings formed by 
NGP are unwarranted bn the basis of this information.



Two electron oxidation of the two thioketal compounds appears

to be more complex. If NGP occurs across a ring, fused 3- and 4- 
membered rings

oxidation then one would expect the 3- and 5-membered rings formation

Since a cathodic peak is seen on reduction, the system is not ir-

the same molecule and in both cases, would result in 5-membered ring 
formation. The compounds would be expected to.show comparable steric

similar to DTCN and DTCD so it should not be any surprise that they 
exhibit quasirreversible oxidation behavior. The aromatic rings appear 
to be electron-withdrawing as seen by the slightly higher Epa, in each - 
case compared with DTCN and DTCD, and the higher Epa for the dibenzo 
compound, than for the mono-benzo compound. . Four derivatives of 

methionine were examined by cyclic voltammetry (Table 10) - Adsorption 
was a serious problem in every case. Methionine itself was not soluble 
enough in acetonitrile to perform the experiment. All four compounds 
show strong adsorption peaks in the vicinity of 0.4 to 0.5 v.

or fused 3- and 5-membered rings result
CH3 C - CH C - CH3

If this were the only possibility for NGP enhancement of the ease of

to be favored, and indeed, it appears to be at higher concentration.

reversible. Disulfide bonds may also be formed between ring systems of

effects despite the additional methylene group in the 6-membered -rings.
The cyclic dithioethers -with attached aromatic ring systems are



Table 10. Cyclic volt'ammetry of methionine derivatives.

Compound Cone. Epa ipa . Ep Adsorption peak ,lavUp=as
Nr.acetyl met. methyl ester 0.1 . 1.381 ■ -70 0.551 -18

N-acetyl met. methyl ester 0.5 1.472 -281 0.495 -23

N-acetyl met. methyl ester 1.0; 1.442 -614 a , a

N-acetyl methionine 0,1. ' 1.347 -70 -0.045 -1804

N-acetyl met. methyl amide 0.1 1.381 -100,4 0,561 -28
N-acetyl met. methyl amide 0.5 1.278 1,403 (-217,.-283) 0.422 -9
AMMA sulfoxide 0,1 , __b _b 0.488 -32
AMMA sulfoxide 0.5° 1.415 -347 0,527
AMMA sulfoxide 0.5d 1.603 ™52 , 0,263

Scan rate =0.1 v / s .1 M NaClO^ in spectrograde CH^CN? ref. electrode: Ag/Ag+. Cone = mM 
aPeak was present but Epa, ipa not noted, 

kpeak absent, .
- 1

1.0 v/s scan rate.
a.01 v/s scan rate.

mID
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Otherwise, for aliphatic thioether oxidation, the peak potentials and 
irreversibility are quite typical. It should be noted, however, that 

for all four derivatives, the Epa was concentration and scan rate 

dependent. Therefore, the systems may well be more complicated than 
they appear. Ditert-butyl pyridine was added to N-acetylmethionine to 
see if oxidation was facilitated by removal of a cidi c p rot on s 7—h owe ve r 
the signal was unchanged.

Miscellaneous Experiments

C.V. in Dichloromethane
Cyclic voltammetry - was performed on all three compounds in 

dich lor ome thane. (Tables 11, 12, 13). Sodium perchlorate was insoluble 
in this solvent, and tetra-n-butylammonium tetrafluoroborate was used 
instead. Using the n-Bu^NBF^ salt in acetonitrile did not reveal any 

differences in electrochemical behavior that could be attributed to 
this change in supporting electrolyte. Therefore, differences in the . 
cyclic vo1tammetric behavior result from solvent effects, or possibly 
from .a combined soIvent-electrolyte interaction. The potential dif
ference between the two reference electrodes used (600 mV), accounts 
for essentially all of the difference in Epa, between the two solvent, 
systems,. As in acetonitrile, DTCO has the lowest Epa, followed by 
DTCN and DTCD in that order. Values for DTCD and DTCN were comparable 
in potential to each other, and ranged in excess of 100 mv greater 
than the DTCO. Epa varies linearly with respect to concentration, 
especially at low scan rate. A single anodic peak is seen at high scan 

rates for all concentrations. At slower scan rates, the peak has one



Table 11. Cyclic voltammetric data: DTCO in dichloromethane.

Cone .a vb Epac dipa ipc/ipa EpcC . dipe Epc2C
d

ipc2
Other peaks6 

(potential, current)

0.05 10 1.025 -79 0.52 0.865 41 (0.829, -28) (0.938, -48)
100 1.112 -227 0.38 0.720 87 0.564 225
1000 1.240 -584 0.82 0.560 476 0.356 548
10000 1.599 -1351 0.43 0.518 941 0.188 941

0.10 10 1.036 -87 1.13 0.908 98 0.003 13 (0.946, -32)
100 1.070 -225 1.07 0.852 240 0.035 53 (0.999, -183) (0.900, -111)
1000 1.138 -617 — 0.773 220 -0.060 150
10000 1.555 -1418 0.29 0.677 418 -0.076 479

0.2 10 0.920 -71 0. 66 0.746 47 -0.032 7 (0.871, -65)
100 1.016 -268 0.786 62 -0.082 62
1000 1.144 -755 0.77 0.642

0.774
588
387

-0.163 291

10000 1.537 -2001 1.34 0.276 2168 -0.146 747
0.5 10 1.038 -134 0.76 0.807 10 -0.023 10 (0.945, -111) (0.843, -67)

100 1.104 -432 0.85 0.822
0.900

99
139

-0.068 88 (0.912, -249)

1000 1.156 -1142 0.768 279 -0.093 279
10000 1.922 — 3066 0.337 2011 -0.552 1342

1.0 10 1.066 -262 1.58 0.811 414 -0.038 18 (0.840, -71) (0.934, -121)
100 1.154 -637 1.58 0.665 1010 -0.061 133 (0.917, -245)
1000 1.448 -1729 1.29 0.334 2333 -0.146 569
10000 2.005 -4303 0.219 2923 ? 1640

2.0 10 1.089 —416 1.01 0.772 334 -0.063 20 (0.935, -140) (0.862, -88)
100 1.227 -1178 1.76 0.561 1569 -0.075 161 (0.999, -444) (0.894, -273)
1000 1.589 -2377 1.70 0.219 4050 - —
10000 — — 0.014 (2513) +0.479 1491

aMillimolar.



Table 11. TT'Cbntiniiecj

Scan rate in mv/s.

^Potential in v vs. Ag/AgCl/KCl (sat'd) aq.; 0.05 M n-Bu^NBF^ supporting electrolyte in 
dichloromethane.

dMicroamperes.
0Anodic peaks other than the main oxidation wave. Coordinates of the peak are given as 

(potential, current).

1 mM ferrocene in CH^Clg gave Epa = 0.0701 v, Epc = 0,580 v at 0.1 v/sec. Corresponding 
values in CHcCN were Epa = 0.104 v and Epc = 0.004 v.
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Table 12. Cyclic voltammetric data: DTCN in dichloromethane.

aCone. bV Epac . dipa EpcC . dipe Other peaks0
0.05 10 ' 1.156 -16 0.751 16

100 1.150 -83 0.403 35
1000 1.222 -189 0.585 30
10000 1.658 -848 0.815 ?

0.1 10 1.116 -35 0.981 25.5
100 1.171 -93 0.921- 107 0.631
1000 • 1.276 -309 0.490 124
10000 1.696 -939

0.2 10 1.132 _ -57 0- 940 63 0.612 (7)
100 1.186. -171 0.906 157 0.610 (49)

. loop 1.336 -482 0.760 222 .0.572 (254)
10000 1.813 -1312 ? ? 0.488 (421)

0.5 10 1.141 -130 0.903 172
100 1.246 -382 shoulder
1000 1.496 -699 shoulder : 0.661 (284)
10000 >2.0 0.002 (946)

0.83 10 1.157 -185 0.887 220
1.0 10 1.162 -199 0.897 .184

100 1.323 -566 0.749’ 344 0.647 (359)
1000 1.693 -1170 0.302. 

0.370
789 
621 - 0.078 919 -0.209 937

10000 — — 0.120 1085 -0.398 1572
1.5 10 1.186 -230 0.850 132

100 1.403 -675 0.587 430 0.373 523
1000 1.765 -1341 0.315 870 -0.088 1091
10000 . — — -0.398 1685

aMillimolar.
]dScan rate in mv/s.
^Potential in v vs. Ag/AgCl/KCl (sat’d) aq.; 0.05 M n-Bu^NBF^ 

supporting electrolyte in dichloromethane.
^Microamperes.
eAnodic peaks other than the main oxidation wave. Coordinates 

of the peak are given as (potential, current) ,
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Table 13. Cyclic voltammetric data: DTCD in dichloromethane.

_ a b „ c . d c . d ^ c . d  „ c . <Cone. v Epa ipa Epa ipa Epa ipa Epc ipe

0.05 10
100

1000
10000

1.105 
1,175 
1,440

— 13
-43

-184
0.1 10

100
1000
10000

1.338 . 
1.175 
1.388 
1.350

-15
—84

-259
-902

0.2 10 1.153 -41 1,780 —14
100 1.248" —164 1.743 -108 0.238 0.743 0.258 743
1000 1.403 -452
10000 — — ——

0.5 10 1.208 -96
100 1.470. -151 1.778 -254
1000 1.583 -752
10000 1.407 — 948 0.488 -368

H O 10 1.275 -165 0.508 24
100 1.430 -346 0.243 194
1000 1.795 -980 0.268 786
10000 - —— 0.328 3.013

2.0 10 1.500. -100 0.278 28
100 1.478 -708 0.10 434
1000 1.902 -1477 0.010 1610
1000 1.907 -1546 0.173 1336

aMillimolar*
b- Scan rate in mv/s. -
^Potential in v vs. Ag/AgCl/KCl (sat8d) aq.; 0.05 M n-Bu^NBF^ 

supporting electrolyte in dichloromethane.
^Microamperes.
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or two shoulders, or is separated into two or three distinct peaks.
This effect is most pronounced for DTCO. The cathodic peaks are large,
also having shoulders at slow scan rates which appear to coalesce with.
the main peak at high scan rates-. DTCO exhibits the smallest . AEp, and

the smallest peak attributed to dimer or complex formation. For all
three compounds, the cathodic peak current decay i_s decidedly not pro-™ 

1/2portional to t . Adsorption peaks (ipav) were most pronounced for 
1/2DTCD. ipa vs. v approaches a limiting value for all three 

compounds. Epa 'is a non-linear function of scan rate.
_ ■

EPR . '
The epr signal generated by a partially electrolysed, solution 

of DTCO was compared with that published by Musker and Wolford (19 76) 
and found to be identical. The signal is a set of triplets split into 
triplets (.a nine line spectrum) . This suggests that there are two sets 
of two non-egyivalent p^otcmp,

NMR
Proton NMR results .at 60 MRz were inconclusive. A complex 

(non-first orderL multiplet is centered at 6 = 3.6 ppm downfield from 
te frame thy Isi lane.

Use of Other Electrolytes

Tetra-n-butyT ammonium tetraf luo rob orate and tetra-n- 

butylammonium hexafluorophosphate were both used in acetonitrile to 
compare their effect with that of sodium perchlorate. Cyclic voltammo- 
grams showed AEp, on the average, to be unchanged, but both peaks



66

shifted anodically about 30-100 iriv. Depending on the scan rate the 
peak assumed due to dimer formation was larger at all scan rates. It 
would appear that ip c/ip a was smaller and that complex formation was 
enhanced (Table 14).

Addition of .Tetrahydrothipphene
Tetrahydrothiophene (thiacyclopentane) was added in stoichio

metric amount to DTCO solution and cyclic voltammetry performed. - Anodic 

peak current, potential, and Epp/2 were unchanged. Cathodic peak 
current was diminished by about 10% at 0.1 v/s (ip = 507 to ip = 469) 

and 33% at 1.0 v/s (ip = 1356 to ip = 905) . -Peaks which are attributed 
to complex formation were commensurately enlarged. Epc was unchanged.

Effect of Electrode Surface

Peak potentials were found to be very sensitive to the condition 
of the electrode surface and varied by as much as 50 mv on successive 
scans. This effect has been reported by others. (Chambers, 1978) . A 
glassy carbon electrode had the effect of shifting Epa by over 100 mv 
from that recorded on a clean platinum electrode on the first, scan 
and about 400. mrv to 500 mv for successive scans. No further attention 
was given to the electrode surface condition except to flame the 
platinum electrodes after each voltammogram. This procedure afforded, 

a high degree of reproducibility on successive scans, i.e., ± 5 mv 
difference, which is the resolving capacity of the ADC- (Table 15).



Table 14. Cyclic voltammetry of DTCO showing the effect of supporting 
electrolyte.

aCone. bV Epa (v)C ipa (A)d cEpc . dipe . Ep (dimer) °

Q)I ipc/ipa

0.5 0.01 0.442 ' -198 0.370 121 ; -0.632 74 0.61

0.5 . 0.1 0.457 . - -637. 0.361 380 -0.677 96 0.59

0.5 H O 0.505 -1807 0.319 905 -0.713 186 . 0.50

0.5 OdH 0.658 -4214 0.271 1726 , -0.518 387 0.41

Conditions: 0.1 M n-Bu^NPF^ supporting electrolyte 

aMillimolar.

^Scan rate, v/s.
^Potential in volts vs. 0.1 M AgNO^/Ag electrode in acetonitrile. 

^Microamperes.
^Millivolts.

Table 15. Effect of electrode surface bn Epa, ipa for DTCO.

Surface Cone.a Scan rate*5 EpaC dipa EpcC
Clean Pt. 0.1 0.1 0.332 -295 0.283
Previously used Pt. 0.1 0.1 ' 0.413 -251 0.338
Clean glassy carbon 0.1 0.1 0.535 -266 0.022

aMillimolar.

^Potentials in volts vs. 0.1 M AgNOg/Ag electrode; 0.1 M 
NaClO^ supporting electrolyte in acetonitrile.

d .Microamperes.



Effect of Water
Addition of a 10 fold excess of water shifted Epa in the positive 

direction about 50 mv, Ae was increased about 10% at 100 mv/s scan rate; 
ip a was unchanged, but ipc was increased for all scan rates (Table 16) .

Table 16. Effect of water addition to solvent; _ DTCO.

Cone. aV Epa^ cipa Epcb . . c ipc AEd ipc/ipa

0.01 0.400 -153 0.355 150 46 0.98
0.1 - 0.416 -437 0.334 386 82 0.88

oH 0.458 -1230 0. 301 1071 157 0.87
10.0 0.543 -3286 0.214 2925 329 0.89

aScan rate: v/s.
^Potentials in volts vs. 0.1 M AgNOg/Ag electrode; 0.1 M 

NaClO^ supporting electrolyte in acetonitrile.
^Microamperes.

^Millivolts.
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Simulations
Simulations were performed to see how well certain theoretical" 

descriptions of the cyclic vo 1 tammetry experiment could be made to fit 
the Experimental data for DTCO. Simulations were not attempted for 
DTCN or DTCD. Two mechanisms, EE with slow electron transfer, and EEC 

(rev) , were simulated using program CVSX (Langhus, 1978) . The EE 
mechanism, as the simplest two electron case, is -a logical first choice. 
If this mechanism could be shown to describe the electrochemical system, 
it would then be unnecessary to attempt to fit a more complex model.
The EEC model was considered because the behavior of the experimental 
(real) cathodic peak is suggestive of this mechanism, as discussed 
below.

o/Program CVSX allows the operator to select values for E , •
o/E2 ' ^sl' ks2' °S/' a2' kf an<̂  tiie forward and reverse rates of 
the following chemical reaction. The algorithm also allows choice of 
scan rate and concentration.

CTThe parameter Epa was chosen to be fittted. The values of E_1
o/and E^ for each mechanism (Table 17) were found by simulating curves

at the slowest experimental scan rate, 0.01 v/s, using an arbitrary
0  ̂ 0/value of k = k , and varying the values of E = E until aS JL SZ 1 2

perfect fit to the real anodic peak was obtained. The effect of
electron transfer rates on peak potential and wave shape is more pro
nounced at higher scan rates, hence at slower scan rates, a range of 

values for k^^ = k ^  will give the same fit to the peak. The values of
ai and were assumed to be 0.5 since the peak shape for quasi- 

reyersible. kinetics does not depend on this parameter to a great
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Table 17. Kinetic thermodynamic and experimental values used for 

computer simulation of cyclic volt amine try.
—  = : : : : “

D = 2.1 x 10 (all species)
0Z 0/= e2 = "305 v
a = 0.5

k- = 30 sec ^
-1= 10 sec

k  ̂ = k . (as indicated) si s2
2Electrode area: 1.2 cm

Concentration: 0.1 mM except as indicated 
Starting potential: 0.0 v 
First switching potential 4- .78 v 
Second switching potential - .01 v

o' o'extent. After the values of E^ and E^ were decided upon, at slow 
scan rate, voltammograms were then simulated for several values of 
k ^  = ^ 2 over three orders of magnitude in-.scan. rate. By plotting 
real and simulated values of Epa against the log of scan rate, a family 
of curves was generated (Fig. 21). The simulation values of Epa 
bracketed the curve of Epa (real) versus log scan rate, except for 
the curve of Epa (sim) which corresponded to k ^  = k ^  = 0.04, for which 
all points coincided with the experimental values. The set of thermo
dynamic and kinetic.parameters used in this simulation are not set 
forth, as a unique solution to the theoretical equation. There may well 
be several sets of parameters which will give the same values of Epa 
for these scan rates. The parameter values must, however, be limited
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Fig. 21. Dependence of Anodic Peak Potential on Scan Rate
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to chemically and experimentally reasonable values, which these are.
A greater problem is the possibility that one parameter set would give 
good fits for more than one model, in which case, the simulations could 
not be used as a basis for choosing or rejecting a model.

Once Epa was fitted for three orders of magnitude change..in 
scan rate CO. 01 v/s to 10.0 v/s) other features of the volt ammo grams 
were examined for goodness of fit. ~ These features, Epc and ip c/ip a 
(the peak current ratio), were plotted as functions of scan rate with 
the same parameter from experimental data. The inadequacy of the two 

mechanisms investigated is thus graphically illustrated.
For the EE mechanism, simulated current ratios are approxi

mately 1.0 for every scan rate within the scan rate range examined, 
regardless of the value used for k ^ • - ln contrast, the experi
mental data exhibit a current ratio of .91 at 0.01 v/s and this ratio 
drops dramatically with each decade change in scan rate. Despite this 
difference in current ratio, the real anodic peak current is greater 
than or equal to the simulated current at every scan rate. While Epa 
for this model can be fitted at all scan rates (Fig. 22) for k ^  =
k = 0. 03, the simulated cathodic peak is more negative, than the real

/ /
at all values used for the k^’s (Fig. 23). The value of E^ and E^ 
could be adjusted to compensate for this, but the anodic peak would 

then be shifted.
. ■ "

Including a first order reversible following chemical step 

improves the fit between real and simulated voltammograms, but is still 
inadequate. Epa as a logarithmic function of scan rate shows a perfect 
correlation for all four scan rates for simulated and real data, at



Fig. 22. Dependence of Anodic Peak Potential on Scan Rate; Comparison 
of Simulated and Experimental Values- Conditions of simula
tion listed in Table 17. Experimental conditions: working 
electrode area= 1.16 em2 ; supporting electrolyte= 0.1 M 
Naclo4 in acetonitrile; electroactive species = 0.1 mM DTCO 
in acetonitrile; reference electrode= 0.1 M AgN03/Ag in 
acetonitrile. EE mechanism: o = experimental data; ~ = 
simulated, ks.= 0.02 em/sed; o = simulated, ks = 0.04 
em/sec; = s~ulated, ks = 0.05. 
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Fig. 22. Dependence of Anodic Peak Potential on Scan Rate; Comparison 
of Simulated and Experimental Values



Fig. 23. Dependence of Cathodic Peak Potential on Scan Rate -
Comparison of simulated and exper±mental values. 
Conditions of simulation listed in Table 17. Experimental 
conditions: working electrode area= 1.16 cm2 ; supporting 
electrolyte= 0.1 M NaCl04 in acetonitrile; electroactive 
species = 0.1 mM DTCO in acetonitrile; reference 
electrode = 0.1 M AgN03/Ag in acetonitrile. EE 
mechanism: o = experimental data; ~ = simulated, ks = 
0.05 em/sec; D = simulated, ks = 0.04 em/sec; 0= 
simulated, k = 0.02 em/sec. s 
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- 0.04. However, AEp was greater for simulated voltammograms 
at every scan rate. . Cathodic peak potentials could be fitted at k ^  = 
k^^ = 0.07, but then simulated Epa's are too negative (Fig. 24).

The cathodic current of the experimental voltammogram decays 
faster than the simultated cathodic current. When peak current ratios 
are plotted versus log scan rate (ipc/ipa vs log V) , a family of curves 
results for the simulated voltammetry that is very different in shape 
from ipc/ipa (real) versus log V (Fig. 25) . Also, there is great dis
parity in the individual values at every scan rate. Since even the 

shapes of these curves are so different, it is doubtful that any values 
of the heterogeneous rates could be chosen • that would enforce a fit.

The real data gave peak current ratio of 0.91 at 0.01 v/s, dropping 
sharply to 0.49 at 10.0 v/s. Simulated peak current ratios versus log 
V yielded plots that were sigmoidal with limits of 0.77 at 0.01 v/s 

and 0.63 at 10.0 v/s.
When the same thermodynamic and kinetic parameters are used to 

simulate voltammograms for a higher concentration, there is no match in 
Epa at any scan rate (Fig. 26) . Epa for the experimental data exhibits 
a dramatic anodic shift with increased concentration, whereas the 
simulated voltammograms, as ̂ predicted by theory, show no dependence of 
Epa on concentration. The simulated anodic peak potentials are pre
cisely the same at 1,0 mM as they are at 0.1 mM. This is evidence that 

a second or higher order reaction, such as dimerization, is occurring 

in the system "under study.
Simulations using this program were not performed for DTCN

or DTCD.



Fig. 24. Dependence of Epc on Scan Rate~ Comparison of Simulated 
EEC (rev) and Experimental Values -- Conditions: simula
tion conditions listed in Table 17~ experimental 
conditions--cone. = 0.1 roM, working electrode = 1.16 cm2 

platinum flag, reference electrode = 0.1 M AgN03/Ag in 
acetonitrile, supporting electrolyte = 0.1 M Naclo4 in 
acetonitrile. o = experimental values; ~ = simulated, 
k 0.05; o =simulated, k = 0.04; 0= simulated, 
ks = 0.02. s 

s 
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Fig. 25. Dependence of Peak Current Ratio on Scan Rate —  A comparison 
of simulated and experimental data. Mechanism: EEC (rev.). 
Conditions: simulation conditions listed in Table 17; 
experimental conditions— conc. =0.1 mM, working electrode = 
1.16 cm2 platinum flag, reference electrode = 0.1 M AgNO^/Ag 
in acetonitrile, supporting electrolyte = 0.1 M NaClO^ in 
acetonitrile. o = experimental data; A = all simulated data.
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Fig. 26. Effect of Concentration on Scan Rate Dependence of Anodic Peak 
Potential —  Mechanism: EEC (rev.). Conditions: concentration 
(both simulated and experimental) is 1.0 mM; working 
electrode = 1.16 cm^ platinum flag, reference electrode =
0.1 M AgNOg/Ag in acetonitrile, supporting electrolyte =
0.1 M NaClO^ in acetonitrile. o = experimental values;
A = simulated values.



CHAPTER 4

CONCLUSIONS AND SUMMARY

The previous chapter is a catalog of observations arranged under 
the headings of the experiments; the present chapter will integrate this 

information into a description of the electrochemical system. Data 

analyst s. lhas allowed several conclusions to be drawn. Important among 
them are the following.

1. Oxidation involves formation of two distinct oxidation states.

2. The rates of heterogeneous electron transfer are moderate
-2 -3(10 to 10 cm/sec) -

o'3. The E 1 s of the two electrochemical steps are very close.
4. Neighboring group participation (NGP) is crucial, .to the ease 

and reversibility of oxidation.
5. At least one dimer or .dimer-like complex is formed.

- The rate of formation of this complex is rapid; - its rate of
dissociation is moderate.

7. Other complexes may also form.
That the number of electrons transferred comes into question at all is 
because the cyclic voltammetric curve, in acetonitrile, consists of a 

single anodic peak with neither shoulders nor points of inflection. At 
concentrations greater than 0.5 mM it has the shape and appearance of a
one-electron wave and indeed, -the value of the current function

icorresponds to n = 1. On the other hand, at lower concentrations, the
79
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anodic, peak is sharper, having the appearance of a two-electron wave, 
and the current function corresponds to n := 2. N calculated from the 
controlled potential electrolysis experiment is always 2 for DTCO re
gardless of concentration. So, in the cyclic voltammetry (CV) and . 
rotating disk electrode experiments, n is concentration dependent, but 

in an overall oxidation process, n is constant at 2. The experimental 
conditions of the cyclic voltammetric experiment allow alternative 
product (or products) to form. Such alternative products are evidently 
even more favored for DTCN and DTCD for which even the controlled 
potential electrolysis fails to yield the expected n = 2. This may be. 
due to the fact that after a net one electron oxidation, a product forms 
which is electroinactive at the applied potential.

The presence of radicals in a partially electrolyzed solution 
of DTCO or DTCN indicates that the first step in the oxidation is the 
formation of a cation radical by the removal of one electron, e.g.,

+ -  o/DTCO DTC0" + e E1

Radicals are not observed for DTCD. The existence of radicals for 
DTCO and DTCN has been verified in the one electron chemical oxidation 
by nitrosonium salts (Musker and Wolford, 19 76). The DTCO cation 
radical is electroactive at very nearly the same potential as the 

parent compound. At slow scan rate and low concentration it can be 
further oxidized to form the dication, thus:

/
• +  v 2 +  — 0DTCO- — _  DTCO + e

T h e  c o n c e n t r a t i o n  d e p e n d e n c e  o f  n is n e e n  m o s t  c l e a r l y  i n  the r o t a t i n g  
d i s k  e l e c t r o d e  (JRDE) data. A t  v e r y  low c o n c e n t r a t i o n ,  a l l  three
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thioethers are oxidized by two electrons, to a first approximation, and 

the major product of oxidation is the dication. As concentration is 
increased, the value of n calculated from the limiting current de

creases, sharply at first, then asymptotically approaches a limiting 
value of 1.4 for DTCO and 1.35 for DTCN and DTCD. This, reflects an 
overall one electron per mole-oxidation.

o' o'E is very close to E since a separation of even 75 mv
■ o' o' - -(Ê  > ) would cause distortion of the peak due to a point of in
flection or the appearance of a shoulder. A &E of greater than 80 mv 
begins to reveal separate peaks. It is conceivable that the second 

electron transfer is even easier than the first, that E^ ■- 5. •
Homogeneous chemical steps might stabilize the product by, for example,., 
solvation, molecular rearrangement, nucleophilie attack, or proton loss. 
If this is the case, then classical disproportionation can occur. Dis- 
proportionation would occur according to.the scheme

+ 2 +  ■2 DTCO- — — aDTCO + DTCO

That the reverse reaction can and does o:ccur has been demonstrated by 
Musker e.t al. (.1978) . The equilibrium constant for the reaction is 
given by

o' o'so that for E^ >_ E^ the reaction is favored (Mastragostino, Nadjo, 
and Save ant,. 1968) .

The behavior of the cathodic peak strengthens the hypothesis 
that an intervening chemical step is involved. The cathodic peak 
current diminishes with increasing scan rate; this effect is mere
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pronounced for DTCN and DTCD than for DTCO. This is the opposite of 
what happens for a following irreversible chemical step, for which 

increased scan rate increases the cathodic current if the rate of the 

following chemical step is slow with respect to the rate of the scan.

In the present case, because of dissociation of the product of the 
chemical step, a slow scan rate allows for a higher effective concentra
tion of electroactive material in the vicinity of the electrode as the 
reverse rate of the intervening chemical step becomes coup arable with 
scan rate. This behavior, reversible EC, has been described by 

Nicholson and Shain (1964) and is similar to that observed in the 
oxidation of 2,6 di ter t-buty 1- 4- i sop ropy Iphenol (Richards and Evans,” ' 
1977). In the oxidation described by Evans, and in the present case, 
a second cathodic peak appears whose current varies inversely as ‘the 
main reduction peak. That is, as the scan rate is increased, the first 

reduction peak diminishes and the second reduction peak is increased. 

This effect appears to be greater at higher concentrations. The concen
tration dependence indicates that a "dimer or dimer-like complex is 
formed.

Logarithmic analysis of the semi-integral function supports 
this possibility. The slope of the rising portion of the curve is both 
scan rate and concentration dependent. The effect may be separated at 
constant concentration, increasing scan rate decreases the value of n 
calculated from the slope.of the rising portion of the curve. At 
constant scan ..rate, increasing concentration increases n. A true 
limiting value of the semi-integral, m(t)max, is apprached but never 
reached at any scan rate or concentration. For a given concentration.
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the value of m(t)max is high at very slow scan rate probably due to 
convection effects. At higher scan rates, however, the values for 
in(t)max are consistent within 10%. This is suggestive of diffusion 
control, but since a true plateau is not actually ̂ reached, neither is 
a potential of the diffusion control. This means the overall rate of 
electron transfer is kinetically controlled by the rate of dissociation 

of the electroinactive dimer species. The process of dissociation 
continuously frees electroactive cation radical which is further 
oxidized. For DTCO, the values of m(t) max are consistent with results 
of the cyclic voltammetry. That is, at low concentrations m(t)max 
corresponds to n = 2* and at high concentrations, to n = 1, (Table 7,
Fig. 20) .

On the return portion of the wave, the semi-integral does not 
return to zero. This is to be expected if a dimer is slowly dissociating. 

At 0.01 v/s scan rate, the semi-integral comes closest to returning to 
baseline, again suggesting dissociation of a dimer to produce electro
active species, within the timec frame of the experiment. At faster 
scan rates, the dissociation is not rapid enough and less electro active 
material is* available, for the reduction step. But the complex continues 
to dissociate, and virtually all of the starting material is eventually 

regenerated. This is observed either by halting the scan at the 
starting potential, 0.0 v, and continuing to record the current, or by 
continuing the scan in the negative direction past the region where 
the dimer itself is electroactive. The second procedure results in 
di re c t-. re due ti on of the dimer at about -0.5 to -0.6 v, depending on 
scan rate, compound, and concentration. In both cases, the value of
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the semi-integral very nearly returns to zero, indicating virtually 

complete recovery of the starting material.
The dependence of the anodic peak potential on concentration is 

further evidence of the formation of a dimer species. The peak shifts 
to more positive values as concentration is increased from 0.05 mM to
0.5 mM. At concentrations greater than 0.5 mM, the potential becomes 
more negative again which is the expected.behavior. This shows that 
the electrochemical mechanism is undergoing a change. At first, the 
oxidation involves two electrons,

2+  -  DTCO \ DTGO + 2e (n =' - i
At very low concentration (0.05 mM) the relative concentration of water 
is high, and an interaction with water is a likely candidate for the

ir reversible following chemical reaction, producing DTCO sulfoxide and 

causing the cathodic peak to be smaller than expected for a reversible 
two electron process. The sulfoxide is directly reduced at -1.2 v, 
and a-cathodic wave appears in this region at very low concentration. - - 
At concentrations- in the range 0.1 mM to 0.3 mM,' oxidation gradually 
becomes more difficult and the anodic peak potential is shifted to 
values indicative of this. At the same time, the cathodic peak en
larges due to the relative decrease in water concentration in the 
solvent. Smaller water to compound ratio means less sulfoxide formation 
and a higher peak, due to reduction on the return scan. Water is still 

present in .sufficient quantity to affect the equilibrium position of the 

complex. The more polar solvent has the effect of destabilizing the 
dimer, so in this concentration range, the cathodic peak is higher for
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all scan rates. As the bulk concentration is increased beyond 0.5 mM, 
oxidation is facilitated as seen in the negative shift of'.the anodic 

wave. This is the normal expected behavior. The cation radical reacts 

rapidly by a reversible process, so at slow;-scan rates and higher con
centrations, the cathodic peak still indicates good recovery of 
starting material, but at higher scan rates recovery drops to 20% or 
less for DTCO. This effect of complex formation is more pronounced 
for DTCN and DTCD. Since the anodic peak at these higher concentrations 
corresponds to n < 2, the mechanism has now become a combination of 
effects. The cation radical is still the first step. It may react with 

itself to form a true '.dimer
+ 2+2 DTCO•   (DTCO)2 (n = 1)

which would not be paramagnetic. Alternatively, it could react with a
molecule of parent compound to produce a dimer-like complex

+  ■ +DTCO- + DTCO —  ̂ (DTCO) .* (n = 0.5)

This reaction agrees very well with the work done by Gilbert et. al,
(1973), Bonifacic/et al.„(1975) , and Nelson et al. (1978) in which the
principal form of sulfide radicals formerly thought to be monomeric
were in fact shown to be dimeric

+ + r2s- :+ R2s V  ... sr2

The three electron bond renders the complex paramagnetic and could 
account for the epr signal, observed in partially electrolyzed solutions
of DTCO and DTCN. The epr signal recorded for DTCO is not at all
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inconsistent with this structure. The signal reported for DTCN 
(Musker and Wolford, 1976) does not yield a straightforward interpreta

tion .
The potential of the anodic peak alone is not an accurate 

measure of the ease of oxidation since it is concentration dependent as 
well as scan rate dependent. At. lower concentrations, -the equilibrium 
position of dimer formation lies to the left. . An overall‘.two electron 
oxidation is rendered more difficult due to dimer 'formation as concen
tration is increased. But the electrochemical mechanism also changes, 
going from a two electron to a one electron mechanism. The second 

electron transfer occurs to a lesser extent or perhaps at the limit, not 

at all, and the anodic peak potential then gradually shifts back.
The rates of the electron transfer steps are in the region of

quasi-reversibility. This is conspicuous in the interpretation of the 
cyclic voltammetric data. Both Epa and AEp are scan rate dependent 
(Fig. 14) but the cathhdic peak is usually present and for low scan 

rates is well formed. AEp approaches the theoretical limit of 57/n mv 
at 10 mv/s. On the other hand, the kinetics of electron transfer are 
not fast. Digital simulations verify quasi-reversible kinetics. The • 
value of the heterogeneous rate constant found by Ryan (1979) to give . 
the best fit with experimental data was 0.005.

With regard to the evident ease and reversibility of oxidation, 
DTCO, DTCN, and DTCD are atypical aliphatic sulfides. Comparisons with
all other thioethers reported to date show that these three give up
electrons with considerably greater ease and at faster rates, which 
can only be. attributed to the unique structure of the molecules. A



comparison of DTCO, 2,6-dithiaheptane, and thiacyclooctane (TCO) is 

most telling in this regard (Fig. L'27) . DTCO is the easiest by far, 
judging solely from the anodic peak potential. Stabilization of an 
incipient cation is made possible by the electron donating capability 
of the second sulfur atom, which is held rigidly in bonding -proximity 
by the geometry of the molecule. In the dithiaheptane, a neighboring 
group,' sulfur is present but free rotation is possible about the O- 

bonds. This means that optimal bonding angle is possible which may 

explain the irreversible oxidation for this molecule in DTCO. The 

sulfur.atoms are held in bonding proximity but are not necessary at the 
optimum bonding angle. The interaction between sulfurs -may thus be 
strong enough to affect the ease of oxidation but not so strong as to 
cause oxidation to be irreversible. For 2,6-dithiaheptane, where both 
bond angle, and bond distance may be optimized by the free rotation, 
oxidation‘ Is irreversible. ' In the TCO, neighboring sulfur is absent. 
There can be no intramolecular stabilization of a cation. The only 
stabilization; possible by sulfur"is intermolecular, as in the formation 
of a dimer or complex. This means that transannular interaction 
between the two sulfur atoms is a most significant part of the reaction 
s.cheme, although, it is* uncertain at precisely which point in the 
mechanism .it occurs. The following scheme is presented as a gener

alized electrochemical oxidation mechanism for the three compouhds. 
Reaction 2 is the transannular interaction Jpetween the two sulfur atoms.
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/

B C + e" E° ; (3a)

> ' - o', B ’ ^  C + e E3 ; (3b)

2B ^  A + C K (4a)

2B' - A + C K' (4b)

The possible dimer complexes are:

2B B2 Kd (5a)

2B 1 ; s B^ (5b)

A + B AB Kd (5c)

A + B1 •  AB1 K"J (5d) ̂ d
Q/ 0ZThe values of , E^ , and reported in Table 17 represent the

best fit to date found by digital simulation. For quasi-reversible
kinetics, the wave slope is not highly dependent on a; in, this work a
was assumed to be 0-5 for both electron transfers.

An anodic shift in Epa, as seen in this system, is usually an
indication of sluggish kinetics. But this shift is not just scan rate
dependent,' i:t is' also concentration dependent. Electron transfer rates
are first pX'&egcj or p^eudo^first order; they are not concentration
dependent* The. homogeneous' reaction is increasing the apparent slow-

1/2ness. A linear relationship exists between concentration and K ' /k^
(Fig. 28)„ so that if either k^ or K were known, the other could be
determined. The /yalue of K o r  what is more likely, a K r j Nd dCapparentl
resulting from a combination of K^^s, may be determined graphically. 

Epp/2 does not depend on chemical kinetics but is dramatically affected
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by electron transfer rates. AEp depends on both the homogeneous rate 
constant .and the chemical kinetics. Two families of curves may be 
generated from these relationships. Epp/2 is plotted against ¥ where

V • = k  , /(TTaD) 1/2et et
and

a = nFV/RT
"V" is scan rate and the other terms, have their usual electrochemical

I
significance. AEp is proportional to ^i^etic w*lere

\inetic = ^  (KCA)1/2

"a" is defined above, is the reverse .rate of the homogeneous . 
reaction, K is its equilibrium constant, and is the bulk concentra

tion. Plotting AEp vs ^ ^ net:i_c (Fig. 29) generates the second family 
of curves. A given scan rate V, will have a given value of AEp 
corresponding to a given Epp/2. Each of the two families of curves 

thus yields a set of theoretically possible values of ^ ^ e t i c  an<̂
Y . ..The point pairs from each family are then plotted as Y„ . et kinetic
vs ¥ to form two intersecting curves. The best theoretical value 

of the homogeneous rate constant is found at the point of intersection. 
Due to experimental error, the adjacent area is taken to include 

possible values. By using values of and ]̂cj_net^c corresponding
to several experimental values of V, thus satisfying the requirements 
of both. Epp/2 and AEp, digital simulation is performed with several 
possible vadnes of k^ to produce reasonably good fits between data and 
theory-.. (Ryan, 19791*



DTCO

qO

Fig. 29. Plot of AEp vs. Kinetic Parameter ip —  See text for definition. Line, theory; points, 
experimental.
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The interpretation of DTCN data is very similar to that of DTCO. 
Radicals are observed in the partially electrolyzed solution; the in

crease in the dimer peak closely correlates to the decrease in the main 

reduction,peak. Epa is concentration dependent but only shifts posi

tively; it does not exhibit a reverse (negative) shift with,further 
increases in concentration as the DTCO does. In general, the peak 
current ratios for DTCN.are lower at all scan rates and concentrations 
than for either DTCD or DTCO. Apparently dimerization occurs more 

rapidly and is less reversible.
DTCD exhibits some distinctive behavior. ' The anodic wave may, 

for certain concentrations, be differentiated into three peaks by 
analysis of the semi-integral function. Three anodic peaks are observed 
in the cyclic data for all three compounds in dichloromethane, but only 
the DTCD exhibits this behavior in acetonitrile.

The concentration dependence of Epa is most pronounced for 
DTCD. At high concentration, the potential of the anodic peak is as 
much as 50.0. ,mv greater than it is for the same scan rate at a lower 

concentration. It is felt that electrode surface phenomena are largely 
responsible for this exaggerated behavior.

Semi-^integral analysis for DTCD indicates that electron 
transfer rates are quasi^reversible as neither the reversible nor the 
irreversible case can be fitted by simulation. The value of 
7̂. — — - is constant in both the irreversible and reversibleip ’ •
cases-7 but is not constant for DTCD. The heterogeneous rates appear 
to be slower for DTCD than for either DTCN or DTCO. However, the - 
anodic peak, potentials for DTCD are comparable to those for DTCN, which
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suggests that the 1 s for DTCD may be more positive in order to
compensate for the slower kinetics. Charge transfer data for these
compounds support this possibility, however PES data do not (Coleman,

1979) . ^
A trend is observed in the peak current ratio. . The lowest 

ratio is observed at 0.1 v/s. The dimer, or complex, forms slowly and 
dissociates slowly, so that at 0.1 v/s the peak current ratio is a 
minimum. At this scan rate, the complex has time to form but not to 
dissociate. At slower scan rates, dissociation of the complex keeps 
pace with scan rate and the cathodic peak is larger. At higher scan 
rates, the complex has not had time to form to as great an extent, and
peak current ratio is comparable to that at 0.1 v/s.

The results of this research illustrate the usefulness and 

effectiveness of electrochemical methods for certain types of inquiry. 
The current-potential curve is a sensitive if complex indicator of what 
is happening at a solution-electrode interface. The truly enormous 
amount of information contained in a voltammogram cannot, however, be 
inferred by cursory' examination. Rigorous analysis of such data 

necessitates^ the use of a computer for several reasons: the high
degree of precision, accuracy, and reproducibility desired; the large 
size of the data base; and the complicated mathematics used in the 
analysis, e, g., the semi-integral analysis and the simulations. Com

bined with, the computer, electrochemical methods become a powerful tool 

for unlocking an otherwise bewildering array of intermingled effects. 
Some aspects of aliphatic sulfur oxidation have been elucidated by 
these -techniques.. One feature, the dimerization, would perhaps have
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remained unknown..but for electrochemical analysis- This report is by 
no means comprehensive. Rather, it directs attention to much more work 
that could be done toward the understanding of these compounds in 
particular, and of cyclic voltammetric data in general.



APPENDIX A

SOFTWARE

Three programs have been developed to obtain, record, and 
manipulate data from a cyclic voltammetry experiment which is interfaced 
toL:an on-line computer. Program LPSG written by Frank Shu; and ELPSC, 

a version edited by Bob Earl, enable the operator to control the 
experiment by computer, take the data, make an initial inspection via 
graphics terminal, and, if desired, give it temporary storage on 
magnetic tape-or paper tape. The paper tape-format allows .direct 
plotting on x~yu plotter. Program CVSX, written by David Langhus, per

mits direct disk storage of paper tape data files, data manipulation, 
and simulation of the C.V. experiment. Files stored.itemporarily on 
magnetic tape may be entered on the disc using program DDSS, written by 
Bob Earl, via cable link between the two computers. These programs are 
available as absolute binary tapes.
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paper
tape

lot?

Uses NSF computer:
controls the experiment 
produces temporary display 

of the data (4010) 
produces magnetic or 

paper tape

Requires both computers on line:
accomplishes magnetic tape 

transfer to disk where 
files may be accessed 
by CVSX

Uses Navy computer:
data files on disk may be 

examined and manipulated 
will punch paper tapes for 

x-y plotter hardcopy

The use of LPSC, data acquisition program performs several
functions in the cyclic voltammetry experiment. The operator must
establish certain experimental hardware, and software conditions before
the experiment. The computer then initiates the scan, converts analog
data to digital data, stores the- data points in;an array, plots the data
on graphics terminal,and invites the .operator to examine the plot more
closely by means of a cursor to obtain coordinates of any point on the

/ .

screen. When the operator has completed inspection, s/he is asked to 

select magnetic tape, paper tape, or no output of the data points. The 
data array is then purged and the next experiment may be performed, or 

the program may be terminated.

Experimental conditions established by the operator:
1. Triangle wave generator. Scan irate, initial potential, first 

and second switching potentials must be selected by the



appropriate settings on the triangle wave generator. Scan 
direction should be set (the light is on for positive sweep 
first, i.e., oxidation). Single cycle mode is chosen. Trigger 

pulse from the Raytheon System address 204008 goes to "start" 
on the generator. The trigger output generated by the LPSC 

which controls the sweep generator gives the wave form below 
under no-load conditions. -It is negative— going from +5. Ov to
O.Ov with a pulse width of 20 jj,sec.

-20 jj,sec
+5v

E

t

The output is DTL/PTL compatible. The second switching potential 
must be beyond (outside) the initial potential on the return 
scan; e.g., if initial potential = 0.0 v,

. 1st switching pot. = 1.2 v
2ndc switching pot. < 0.0 v (such as -0.1 v)

This is very important. All "external input" switches for 

positive and negative limits and starting potential must be in 
the down (off) position.'

The PAR external cell connection has three leads. The black is
not connected, the green goes to the working electrode, and red
goes to the counter electrode. The PAR Model 178 electrometer 
probe is connected to the reference electrode. Signal from



Triangle wave generator ("out") is fed into external signal
-

input of the potentiostat. Dials for channels A and B are set 
at 0.00, and these switches are off. Push in Ext. Trig, and be 
sure light is on in the button indicating the channel.selected 

by the signal from the generator. Operating mode is "controlled 

potential." Meter is set to measure current times one (xl) .
The IR compensation is normally off for scan rates < 100 mv/s. 
The ADC current output from potentiostat goes to active filter 
with f cutoff set at 1/2 clock frequency (Nyquist Rate) . Out
put (current) from filter is fed into channel 1 of A/D. 7 , 
Potential (electrometer monitor) goes tto PM input signal pro
cessor with amplifier gain (+5) and from there to channel 0 of 
A/D. Offset = 0. STDBY switch must be in - "operate" mode.
Pulse (not pulse) is connected to clock input. Clock rate must 
give 499 (Prog LPSC) (or 988) (option with Prog ELPSC) points 
with resolution at least 5mv. A/D settings: sequential mode;

CPU channel selection; (LPSC initiates conversion).
If using LPSC skip to step 12. If using ELPSC, it is necessary 
to read some routines from mag tape memory. Mag tape unit.
Load MTS 16K tape and set it "on .line." Be sure unit is ready 

to run by pushing one of the numbered buttons at lower left on 
cabinet. Be sure graphics terminal is on line.
Load binary tape 16K MTS Boot,,

(1)’ Set S-register to 0, P-register to 1008
(2)_. Press reset and run



1 00

(3) 4010 will display

"HP MAGTAPE SYSTEM NEXT"
(4) Load tape ELPSC/SCAN into photo reader.
(5) Put bit 15 on: 10000^
(6) Type on 4010 :PROG, LOADR"(carriage "return, line feed) 

ELPSC/SCAN will be read.
(7) 4010 will display 

"LOAD"
(8) Push button to store (s register) and give 10004O

(bits 15 and 2 are on) .
(9) Push "run." Mag tape will be .-read and when finished,

4010 will display

"LST"
(.10) Push "run." Remove mag tape MTS 16K and load the tape to 

be used for data storage. Hit "Page" on 4010 to clear the 
screen.

(11).z Hit run button on 2100A.

(12) If using prog. LPSC, load paper tape into NSF system using 
basic binary loader. Register s is set at 0; register p 
is set at 100^. Program is now ready to run. 4010 will 
display "TITLE OF THE RUN."

Operator may enter a maximum of 80 alphanumeric characters 
followed by CRLF. Terminal then displays:

, ENTER CLK ..FREQ, SCALE, OFFSET, PTS , SKIP.
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CLK FREQ. in cps as read from the clock.
SCALE pA/v on the potentiostat.
OFFSET volts offset on signal processor plus variation in the 

reference electrode. Can normally be set equal to zero^
PTS Number of data points to be taken. 499 max for program 

LPSC; 998 max for ELPSC.
SKIP Number of'points to be skipped when recording the data.

If none, then skip = 1 (every point- recorded) .

Operator then hits keys for CRLF and the run starts. When 

experiment is completed 4010 displays
E MAX = E MIN =
ENTER X MAX.. X0 X MIN

Enter values of potential that will center the display on the screen, 
usually a few hundred millivolts greater in magnitude than X MIN and 
X MAX, recorded for the experiment. The same is done for y values. Plot
of data is displayed along with calculated scan rate and the question
"PEAKS?”

If option 1 is selected, the cursor is activated. Coordinates 
of any point may be displayed by typing any character except S, which 
will exit this procedure.

4010 displays
"Output? -1 = mag tape 1 = paper tape 0 = none 

(operator selects) 

nFINISHED?" 1 = yes 0 = no
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Operator then either terminates the program or initiates the next scan. 
(Output formats are discussed in part 2 of this appendix.) If the 
program is terminated, an "end of file" statement is written on the 

tape, which'1 is then rewound. To record any more data, the operator must 
begin again atcstep 4 and use a new mag tape to record the data.

Use of DDSS: To transfer LPSC data from mag tape to disk;
this program enables the operator to take C.V. data on magnetic tape via 
LPSC and then easily and quickly transfer it to the user8 s disc files 
where it may be accessed by program CVSX. The operation requires both 
Navy and-NSF systems, the cable link between them, the Navy system8 s 
photo reader, the mag tape, and 4010 units associated with the NSF 
system. On the Navy system:

■ 1. Files must be defined on the user8 s disc in which to store the 
data. The DDSS and /E programs must also be on the disc.

2. Using any teletype, a list of these file names is punched on
paper tape with this format:

FILE 1 (CRLF)
FILE 2 (CRLF)

FILE N .(CRLF)
/E. ' (CRLF)

3. This tape is put into the photo reader. (User8 s discishould be 
ready for use with DOS-M.) *

User logs on, establishes the user disc, and types., :PROG, DDSS. The 
photo.vreader will read the first file name and then wait. Operator must 
start on the NSF side. The mag tape of the data is loaded and put on
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line. Paper tape of program DDST is read in using the Basic Binary 

Loader. S register is at 0, p register is at 2^. At this point the 

mag tape should be read and files stored sequentially under the names 
listed on the paper tape until /E is read on the paper tape or the mag 

tape, -whichever occurs first.. ~ -NSF- side'will then halt , but mag tape 
will not automatically rewind. Navy side is ready for the operator to 
examine or manipulate the data, or terminate as desired.

Program CVSX: This program allows real or simulated cyclic
data to be examined and manipulated in several ways. It will simulate 
certain reaction mechanisms and permit comparison of data with theory.
It is stored on the user's disk on the Navy system. Its use -is well 

documented by Langhus (1978) .

Output Formats

, Programs LPSC and ELPSC output a series of ASCIII records.
The number of records is a function of two variables, NPTS,i the• number 
of data -points taken, and SKIP, the skipping interval. The relationship 
is

NPTSnumber of records = 8  4- SKIP/2:

'Record 1 is an ASCII record oohtaining 80 alphanumeric - charac
ters. This is title information supplied by the operator in response to 
the question, "TITLE OF THE RUN."

Record 2 is an ASCII record with the format

5X, "OFFSET = "F8.3, 5X, "SCAN RATE =", E13.4
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where F8.3 is the potential offset as indicated by the operator. It is 
recorded in whatever units the operator chose at the time of the run. 

E13.4 is the scan^rate in volts/sec.
Record 3 -is an»3ASCII record of the potential axis for the 

purpose of scaling it in order to plot. The format is
"AXIS =", 3E15.4 

where the three E^fields are
<XMAx), <X0), <XMIN> 

respectively, given in volts.
Record 4 is. an ASCII record of the current axis for the purpose

of scaling in order to plot the data. The format is
"y-AXIS =", 3E15.4 

where the three E-fields are

. <YMAX>, <Y0>, <YMIN>
respectively, given in microamperes.

Record 5 is an ASCII record of the format 
"PLTL"

NPTSRecord 6 thru Record 6 + are records of the format

IX, 14, IX, 14

where the first I-field is the potential and the second I-field is the
current of a data' point. Both current and potential are in arbitrary 
units such that

XMAX - XMIN = 9999 
. YMAX - YMIN = 9999
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NPTSRecord 7 + 311 ASCII record containing "PLTL",
NPTSRecord 8 + g"Kjpy2 311 ASCII record of 80 alphanumeric charac

ters identical to Record 1 except that the first two characters are 
replaced., by 00.

CYCTR/TEST
This program transfers to magnetic tape, cyclic voltammetric 

data which have been stored on the disc by program CVSX (paper tape of 

■ LPSC, ELPSC, or data points prepared by hand) or by program DDSS (mag 

tape record from ELASC).
1. ...Operator prepares a paper tape directory of the file names to

be transferred ending with /E. This tape is loaded into the 

Navy system photoreader which is on line.
2. Line printer is on line.
3. A mag tape is loaded on NSF system and is on line..
4. User disc is loaded on the Navy system. User logs in, 

identifies the user disc, and types - '
:PROG,LTEST

Navy system will read the first file name and then wait for 
the NSF side to be ready.

5. Binary program CYCTR is loaded on the NSF system using the basic
binary loader. The s-register is set at 0; the p-register is
set at 00002 . The 4010 terminal must be on line.8

6. The 4010 terminal will display

"IS THIS THE FIRST TIME THIS PROGRAM HAS BEEN USED 
ON THIS TAPE?"
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7. If operator answers, "YES," the transfer process commences.
If the operator answers, "NO." The mag tape is read until the 
first end of file (EOF) is located and erased, after which 
transfer begins.

8. Navy system then prints all file names successfully transferred 
while simultaneously displaying the title information contained 
in the file, on the user terminal. If a file name read from 
the^paper tape directory cannot be located on the user disc, 
the next file name is read. When /E is read, an EOF is written 

on the mag tape, and both systems STOP. '

Output Formats.
The information is transferred and written in three records: (1)

title information, (.2) potential information, and (3) current informa
tion.

1. Record 1. The title information is in three parts.
a*j 13, 12, where 13 is the number of points; 12 is KEY.. .
b. 60E12.6, where each E-field is an element of a 60 element 

parameter array generated by program CVSX. This information
i is only useful if the file is simulated.
c. 40A2. This is an 80-character alphanumeric title supplied 

by the operator at the time the data were originated. It

is displayed on the Navysystem user terminal when the file
has been transferred.

2. Record 2 and Record 3 are the data point coordinates written in
the format: E12.6, IX, E12.6.
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where the first E-field is the potential and the second is the 

current. The number of entries in each record is equal to the 

number of points. *
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