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ABSTRACT 

The bis 1,4,7-trithiacyclononane (1,4,7-TTCN) complexes of iron, 

cobalt, nickel and copper are reported in this work. Their properties 

have been examined using computer-controlled electrochemical and 

spectroscopic techniques. These HCN complexes form readily, are 

unusually symmetrical and support electron transfer reactions at the 

meta 1 center. 

The cobalt(II) complex is octahedral, low spin and symmetrical. 

Four oxidation states of cobalt-TTCN complex are observed; two 

one-electron transfer processes are reversible. 

Copper (II) bis 1,4,7-TTCN is unusually symmetrical evidenced by 

both solid phase and ambient temperature aqueous phase electron 

paramagnetic resonance spectra. Prt unusually high redox potential for 

the copper complex indicates extraordinary stability of the CU(I) 

oxidation state but evidently not at the expense of CU(II) stability. 

The complex also has a high formation constant compared to other 

copper-thioether complexes. 

This unusual strength of thioether donor is attributed to ligand 

geometry. The 1,4,7-TTCN molecule is the only known cyclic 

polythioether to have all sulfur atoms endodentate. This structure 

contributes to thermodynamic stability of complexes as the ground state 

configuration of the free ligand is maintained in the complex. 

xii 



CHAPTER 1 

I NTRODUCTI ON 

Thioether coordination to transition metals has recently 

increased tremendously in importance with the discovery that 

redox-active type 1 "blue" copper proteins are coordinated by a number 

of ligands including the thioether, methionine. A number of other 

biologically important metal-centered molecules are also known to be 

coordinated by at least one methionine residue such as cytochromes C 

(S - Fe coordination) and certain enzyme cofactors of methanogenic 

bacteria for example, Factor F-420 (S - Ni coordination) (Lindahl 

et al., 1984; Tan et al., 1984; Sugiura et al., 1983; Moura et al., 

1984; Busch, 1977). Studies of thioether coordination have been 

relatively uninteresting, however, as thioethers have repeatedly been 

shown to be weak donors, forming unstable complexes unless aided by the 

preence of a stronger donor such as nitrogen or oxygen. The present 

work indicates that under some circumstances, thioether donor properties 

can change dramatically. 

To understand the properties of sulfur compounds, it is 

important first to consider the unique properties of the element. 

Although sulfur is a group VI element like oxygen, it differs 

'considerably in the types and properties of its compounds. Sulfur is 

much larger than oxygen having a Pauling crystallographic radius of 0.29 

1 
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Figure 1. Relative van der Waals-like sizes of the atomic cores of the 
principal non-metals. Pauling core-radii in hundredths of 
Angstroms are: C 15, N 11, 0 9, F 7; Si 41, P 34, S 29, Cl 
26; As 47, Se 42, Br 39. At the right are representations of 
the minimum size required for tetrahedral (4) and octahedral 
(6) coordination. 



t t 1 t 1 , I I 
GROUND STATE : TRIPLET 

Itt I ttl I I I I I I I 
3s2 3P~ 3P2 3P0 3d 0 

FIRST EXCITED STATE: SINGLET 

Figure 2 Representation of the triplet ground state, s2p4 configuration of 
elemental sulfur; representation of the singlet first excited state 
which is about 26 kcal per mole above the ground state. 
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A, contrasted with 0.09 A (Figure 1) for oxygen. This means, among 

other things, that there is simply more room about a sulfur atom than 

there is about an oxygen atom. Sulfur's ground state configuration is 

s2 p4 as illustrated in Figure 1, and being in the third row of the 

periodic table means that bonding with vacant d-orbitals may occur. 

These 3 d orbitals have been used to explain sulfur's ability to 

accommodate up to six pairs of electrons in the outer shell. However, 

the second row elements lithium and beryllium can also accommodate 

octahedral bonding without d-orbitals, but with core radii of 0.60 A and 

0.31 A respectively. Therefore, it is postulated that the sheer size of 

sulfur alone and not the presence of d-orbitals accounts for sulfur's 

bonding properties. It is easily illustrated, in any case, that 

"p-only" and "contracted d-orbital" models are merely two ways of 

describing the same phenomenon, viz., the potential energy space around 

the kernel of a medium-sized atom. Kernel size affects bond length, 

strength, angle, and orbital overlap. Sulfur tolerates smaller bond 

angles than oxygen. Sulfur forms longer and somewhat weaker bonds than 

those in analogous oxygen compounds. These bonds are more susceptible 

to displacement by nucleophilic attack. When the relatively large 

sulfur atom bonds with smaller second row elements, 0, C, or N, 

p-orbital overlap is not optimal, hence sulfur does not form multiple 

bonds as readily nor to the extent that oxygen does. Consequently 

oxygen compounds can exhibit greater thermodynamic stability. This is 

exemplified in the oxidation of ethers which are not readily oxidized at 



5 

oxygen but tend rather to undergo bond cleavage at adjacent carbon. 

Thioethers. in contrast. readily oxidize at sulfur and form new 

compounds by expansion of the valence shell to bond with heteroatoms 

such as C. O. N. P and other S. Sulfur readily and easily bonds with 

other sulfur and forms dimers. rings and transannular bonds through such 

interactions. The nucleophilic behavior of sulfur as a neighboring 

group is well known. Intramolecular reactions involving thioether S as 

a neighboring group occur commonly. and reaction rates are enhanced 

especially where 3-. 5-, or 6-membered rings are formed (Bennett and 

Turner 1938; Oliver 1937). Most of the chemistry of sulfur can be 

justified in terms of having in the lowest valence state. like oxygen. 

two unshared pairs of valence-shell electrons. but relative to oxygen. a 

large atomic core. The presence of the lone pairs on divalent sulfur 

accounts for the formation of sulfonium salts. sulfoxides. and sulfones. 

It accounts for the donor properties of sulfur toward Lewis acids. for 

the relatively long bond to sulfur (compared to the analogous oxygen 

bonds), the low-ionization potential of sulfur compared to oxygen. and 

several other characteristics as well. The size of the atom accounts 

for the formation of hypervalent compounds. Because sulfur. in a lower 

valence state. has both unshared valence shell electrons. and a 

coordinatively unsaturated atomic core. there is a high tendency for 

sulfur to react with other sulfur to form sulfur-sulfur bonds. 

Oxidation of thioether sulfur results in a positive charge on 

sulfur and an unpaired electron. The sulfur will tend to react in one 
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of several ways to gain back some of the lost electron density. 

Possible reaction pathways have been described elsewhere (Tagaki, 1977; 

Swanson, 1979) but all have the effect of increasing electron density on 

sulfur at the expense of another moiety. Thls means that the presence 

of a suitably located nucleophile will enhance the stability of the 

radical intermediate and render the ~G of the reaction more favorable. 

Thioether cation radicals have been generated in a number of 

ways. One-electron chemical oxidants used have included NO+ (Musker and 

Wolford 1976), Ti(II)/H202 (Gilbert et al., 1973), 12 and Br2 (Lambeth 

and Lardy, 1969); Co y-rays (Nelson et al., 1978) and pulse radiolysis 

via OH·(aq.) (Asmus, 1983) have also been used. Electrochemical 

oxidation has been performed by a number of workers. Cottrell and Mann 

(1969) have published oxidation potentials for a large number of 

thioethers. Their reported range of anodic peak potentials for the 

overall 2-electron process was 1.1 V to 1.5 V vs Ag/Ag+ in acetonitrile. 

All of these thioethers exhibit more difficult oxidation than the 

corresponding amines. Glass et al., (1982) have also published a list 

of over 50 anodic peak potentials for thioethers and Swanson (1979) has 

studied in detail a class of thioethers for which oxidation is greatly 

facilitated by the presence of an intramolecular nucleophile, 

illustrated in Figure 3. 

n = m = I, 2 

n = m 

Figure 3. Oithiacycloalkane 
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The structure of these molecules plays a critical role in their redox 

properties. The mesocyclic dithioethers show remarkable enhancement of 

rate and ease of oxidation. This work has been fully reported (Swanson, 

1979) but a brief summary of results is appropriate here. Taken as a 

paradigm, the case n = m = 1, i.e., the compound 1,5-dithiacyclooctane 

(DTCO) is oxidized in acetonitrile with an anodic peak potential of 0.34 

V vs. Ag/Ag+. This is fully 800-900 mV more negative than the average 

thioether, and signifies considerable stabilization of the cation 

radical species. The cyclic voltammogram consists of a single 

quasi-reversible wave (i a 2e-) at relatively low concentrations 

(0.1-0.2 mM). That the two electron transfers are sequential and not 

concerted is clearly evidenced by an epr spectrum which is observed 

during the course of the reaction and is comprised of a 9-line triplet 

of triplets. (Musker and Wolford, 1979) These data are consistent with 

a radical intermediate having two sets of two non-equivalent protons 

(Figure 4). The overall mechanism is complex and has been shown to 

include two possible dimer species, depending on concentration of the 

parent compound. The significant finding from this study is that the 

two sulfurs, constrained proximate to each other, experience greatly 

facilitated oxidation by the formation of a transannular 3-electron 

two-centered bond. This interaction has been fairly well characterized 

for dithiayclononane (DTCN) and dithiacyclodecane (DTCD) through X-ray 

crystal (Setzer et al., 1983) and photoelectron spectroscopy data 

(Setzer et al., 1981). The two sulfurs in the parent compound are 



orco"t +orca-.. orco2t 2 orcot - .... ~ orcoi+ 

N=0.5 N = 1.0 

Figure 4. Paramagnetic and diamagnetic dimer species of 1,5-dithiacyclooctane. 
N represents the number of electrons transferred per mole of oxidized 
species. 
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within the van der Waals contact distance which is 3.70 A, at 3.36 A for 

OTCN, 3.38 A for OTCO and 3.34 A for OTCO, based on MINOO/3 calculations 

and verified by X-ray crystal structure for the OTCN and OTCO (Setzer et 

al., 1983). As oxidation proceeds, the two sulfurs become closer 

together due to formation of a V2-order bond, viz., the three-electron 

bond which is 2010*. This type of bond has been reported by other 

workers (Gilbert et al., 1973; Nelson et al., 1978; Buxton et al., 1975: 

Asmus, 1979 and Gobl. et al., 1984). An important consequence of the 

radical electron residing in an anti-bonding orbital is that bond order 

increases when it is lost. Indeed, this second electron is lost more 

readily (at a lower potential) than the first and the resulting dication 

has a smaller S-S distance. OTC02+ has been isolated as a stable salt. 

The radical OTCO~ is also remarkably stable and has been shown to exist 

in solution at ambient temperature for as long as 18 hours (Musker and 

Wolford, 1976). It is the longest-lived aliphatic sulfur cation radical 

known. A detailed analysis of redox properties of this compound gave 
I I 

proof of two facile (EOl and E02 both about 0.3 V vs Ag/Ag+) and fairly 

rapid (0.05 sec-I) electron transfers. This finding has had impact on 

the interpretation of biological redox processes where a thioether, such 

as methionine, is a participant. While aliphatic thioethers are 

ordinarily difficult and slow to oxidize, it is apparent that where 

structural constraints allow or enforce a nucleophilic interaction, the 

sulfur may undergo reversible oxidation under biologically feasible 

conditions (low potential, fast rate). Redox active proteins would have 
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a number of nucleophilic groups capable of stabililing a thioether 

sulfur. These would include nitrogen and oxygen donors from the amide 

backbone as well as N. 0, aromatic and S donors from amino-acid side 

chains. A transition metal center would also be considered a possible 

source of electron density and could stabilize an electron-deficient 

sulfur during electron transfer reactions. 

Biological Implications 

Thioethers occur in every living thing as methionine and as 

derivatives of cysteine. Both of these amino acids are found in 

redox-active proteins as ligands to transition metal centers. Notable 

examples include the cytochromes. plastocyanin, azurin. and 

stellacyanin. It is thought that electron transfer processes may 

transact through the methionine (thioether) sulfur. The metal center 

may be thought of as surrounded by the non-conductive protein "coat" of 

the molecule. Thioether ligands often occur near the edge of the 

biomolecule and may provide the pathway for an outer sphere electron 

transfer mechanism to or from the redox partner. 

Thioether Coordination 

Because of the biological involvement, it is desirable to 

examine in detail the interaction of thioether ligands with transition 

metal centers. A number of studies focused on this question have 

consistently led to certain conclusions: 



a) That thioether is a weak a donor (Baker and 

Larsen, 1976; Lappert et al, 1979) and a weak 

field ligand. 

b) Thioether is a soft "acid and poor pi-acceptor. 

c) Formation constants for all-thioether-donor 

comp 1 exes tend to be small. - See Table 1. 

d) Complexes are readily displaced by stronger 

donors. 

e) Thioether donors contribute to higher redox 

potentials (Dockal et al., 1976) See Table 3. 

f) As a ligand in biological molecules having metal 

centers, thioether is too weak a donor to direct 

protein folding, but rather, it "end up" in 

bonding proximity when the protein folds in 

response to other factors. (Schejter and Aviram, 

1969). 

11 

Virtually all studies of thioether coordination to transition 

metals have shown this kuncharged group 6B donor to be weak relative to 

other types such as charged group 6B and 7B ligands or the uncharged 

group 5B ligands (Murray and Hartley, 1981). Thioether sulfur is 

consistently both a poorer a donor and a poorer TI acceptor than, for 

example, phosphorus in analogous compounds (Dyer and Meek, 1967). Work 

done by Cotton (Cotton and Zinga-Ies, 1962; Cotton and Weaver, 1965), 

Wilkinson (Abel et al., 1959) and others (Ainscough, 1976) shows that 
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TABLE 1. Formation constants for Metal compl~xes with Thioether 
Donors. 

Metal 

Copper( I I) 

Ligand 

dithioacetic acid 

3,3-Thiodipropionic acid 

Thiodiglycolic acid 

12-ane-S3 

14-ane-S4 

16-ane-S4 

18-ane-S4 

Et2TTU (See Figure 5) 

2 methylthio methyl pyridine 

1,4,7-TTCN 

Cobalt (II) dithioacetic acid 

3,3-Thiodipropionic acid 

Thiodiglycolic acid 

1,4,7-TTCN 

log K Reference 

ppt (Suzuki, et 
a1., 1967) 

3.0 (Suzuki, et 
a1.,1967) 

4.5 Tichane and 
Bennett, 1957 

1.7 

2.7 

<0 

2.06 

12 

1.5 

1.6 

3.4 

13 

Jones et al., 
1975 
Jones et a1., 
1975 
Jones et al., 
1975 
Jones et al., 
1975 
Jones et al., 
1975 
Jones et al., 
1975 
This work 

Suzuki et al., 
1967 
Suzuki et al., 
1967 
Tichane and 
Bennett, 1957 

This work 
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thioether sulfur has a greater pi-acceptor capacity than nitrogen donor 

1 i gands such as pyri di ne but 1 ess than tert i ary phosphi nes or ars i nes. 

While there is insufficient evidence to make a definite placement of 

thioethers into a trans-findluence series for octahedral complxes, it is 

clear that in most cases thioether lies low in trans-influence, above 

oxygen and comparable to chloride. There have been very few equilibrium 

studies of thioether complexes, but one study (Copley et al., 1954) 

showed thioethers Et2S and n-Pr2S will replace their oxygen analogues 

from [MC15.0R2J, M = Nb,Ta, which is believed due to the greater dipole 

moment and polarizability of thioether, making it a marginally better 

donor for higher oxidation state complexes. Even in such cases, 

increasing the electron withdrawing abillity of R in R2S complexes 

decreases complex stability suggesting that sulfur functions primarily 

as an electron donor. Because thioether sulfur possesses empty 3d 

orbitals, workers have attempted for years to find unequivocal evidence 

of pi bondi ng whi ch can theor'et i ca lly occu r whenever orbitals of the 

correct symmetry are available. While some findings are best explained 

by invoking a modest pi contribution, in general thioethers exhibit very 

little tendence to pi bonding. Ni(II), Co(II), and Cu(II) have all 

exhibited class b behavior by forming more stable complexes with 

thioether than with ether (Cattalini et al., 1969; Ford et al., 1972; 

Rheinberger and Siegal, 1975; Tichane and Bennett, 1957; Gonick et al., 

1954), however studies done with Ag(I), also a class b metal, show more 

back bonding with selenoether than with thioether and the Ag(I) -

thioether bond is determined by the sigma component (Pettit and 
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Sherrington, 1968; Pettit et al., 1968). Dominance of the sigma donor 

ability is further borne out by kinetic studies showing dn - dn 

metal-sulfur interactions to be either non-existent or minimal (Hartley, 

1973; Coletta, et al., 1972) for complexes in the Ni(II) family and 

Au(III). 

These findings may be understood by considering the structure of 

the thioether donor. To a first approximation the sulfur may be thought 

of as sp3 hybridized with two lone pairs. One or both of the lone pairs 

may form a covalent link to an electron acceptor. If one lone pair is 

bonding, the other will either remain non-bonding or it will participate 

in pi donation. If the later occures, sulfur then resembles sp2 

hybridization with pi donation occurring from a sulfur p orbital to the 

metal. There is very little indication of this occurrence even with 

early transition metals which would have the most suitable d-orbital 

symmetry. On the contrary, the instability of the vast majority of 

thioether complexes points toward a repulsive interaction between the 

non-bonding sulfur lone pair and electrons on the acceptor. The absence 

of strong pi bonding, the modest sigma donor abilities and the 

stereoelectronic repulsion of the non-bonding lone pair combine to make 

thioether a poor donor. 

Cobalt Thioether Coordination Chemistry 

For cobalt in particular the interaction with thioethers is so 

weak that there is not a single reference in the literature for a 

monodentate thioether complex and only 3 references were found for 
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bidentate thioether complexes (Carlin and Weissberger, 1964, Flint and 

Goodgame, 1968; Hathaway and Underhill, 1961}. These are all high spin 

Co(II). In studies of mixed donor Co(II) complexes, it becomes apparent 

that thioethers allow a high degree of inner sphere reactivity. These 

complexes are high spin octahedral Co(II) but seem to be in equilibrium 

with tetrahedral structures, which is not surprising since the energy 

difference between the two states is less for a d7 system than for any 

other first-row transition metal. 

Attempts to prepare Co(II) complexes of linear tetrathioethers 

have been marginally successful, and have produced high spin Co(II) 

(~ > 4.9· ~B) (Levason et al., 1976; Levason et al., 1975}. Substitution 

of some of the thioether moieties by phosphorus (Ph2P) yielded more 

stable complexes with low spin Co(II). (~eff = 1.98- 2.13 ~B) (DuBois 

and Meek, 1969). Macrocyclic tetrathioethers (Figure 5) have been used 

with good success and reported magnetic moments for the Co(II) complexes 

are on the order of 3.0 ~B or lower possibly indicating high spin-low 

spin crossover (Black and Mclean, 1969; Black and Mclean, 1968: Travis 

anb Busch, 1974}. A Co(III) complex is also reported (Black and Mclean, 

1968). The stability of these complexes was only marginally greater 

than for complexes of mono- and bidentate ligands. There seemed to be 

little macrocyclic chelate advantage and the reason for this no doubt 

lies in the fact that all donor atoms are exodentate, which after the 

first coordination step necessitates conformational changes for each 

successive step (Suzuki and Yamasaki, 1966; Gonick et al., 1954; Irving 

and Fernelius, 1956; Suzuki et al., 1968; Coates and Jones, 1976). 
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It should be pointed out that with one exception, all of these 

studies have used macrocycles of the type depicted in Figure 5. While 

illustrated with the S atoms endodentate, they have in fact all S-lone 

pairs pointing away from the center. In order for a metal to be 

coordinated in the center, the molecule must undergo a confonoational 

rearrangement which increases the free 'energy of complex formation and 

probably explains why there is a smaller macrocyclic effect than might 

be expected (Jones et al., 1975). Hartman et al. (1984) have 

investigated hexathioether 18-crown-6 and report both endo- and 

exo-dentate thioether moieties in the ligand ground state. This 

molecule forms octahedral complexes with transition metals more readily 

and the complexes are somewhat more stable than the all-exo-dentate 

thioether macrocyclic ligands previously reported. 

Iron-Thioether Coordination Chemistry 

Fe(II) complexes of 

Figure 6: 1.6-dipyridyl-2,5-dithiahexane 

and related compounds have magnetic moments in the range of 5.3 - 5.4 BM 

indicating high spin d6 configuration and octahedral coordination 

(Livingstone and Nolan, 1970). Polymeric non-stoichiometric complexes 

of Fe(II) and Fe(III) have been reported with a linear tetradentate 
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ligand having two thiolate and two thioether donors. Linear 

tetrathioethers are also shown to complex with Fe(III} which is 

surprising in view of "hardness" of the ferric ion. The Fe(III) atom is 

in spin state S = 5/2 and the magnetic moment is 5.91 BM (Levason et 

al., 1976). 

Ruthenium, inthe same group as iron, will produce complexes that 

give evidence of sigma* orbitals in the thioether donor contributing to 

back bonding and metal-ligand charge transfer (Stein and Taube, 1979). 

There is no evidence of this tendency for iron, and iron will not form 

monodentate thioether complexes while ruthenium will (Chatt et al., 

1971; Stein and Taube, 1979; Allen et al., 1971). Ruthenium also forms 

low spin d6 complexes with octahedral symmetry (~ = 1.9 - 2.1 BM) (Chatt 

et al., 1971; Ferguson et al., 1965). 

Nickel-Thioether Coordination Chemistry 

There are no reported monodentate thioether complexes of Ni(II}; 

however some are reported with bidentate ligands such as 

2.5-dithiahexane, (Flint and Goodgame, 1968; Sweeney et al., 1955), 

3,6 dithiaoctane (Backhouse et al., 1957). Cyclic bidentate ligands 

1,4-dithiacycloheptane (DTCH) and 1,5-dithiacyclooctane (DTCO) form 

square planar diamagnetic (NiL2}Y2, Y = C104 or BF4. DTCO will also 

form an octahedral chloro complex [Ni(DTCO}2C12Jn which is polymeric 

thru the bridging ligands (Musker and Hill, 1972; Hill and Hope, 1974). 

Prior to the preparation of Ni(II}(TTCN}2(BF4}2 for the present 

work, only one other thioether tridentate was reported to complex with 
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Ni(II) and that was TTD as illustrated in Figure 7 (Rosen and Busch 

1969) • 

Fi gure 7 

Trithiacyclododecane 

It forms a 2:1 complex with nickel 

tetrafluoroborate anion. A number of 

mixed ligand complexes are reported 

with thiol nitrogen and carbonyl 

donors, in addition to the thioether. 

Tetradentate ligands may be tripod, 

open-chain linear or macrocyclic and all three are reported in complexa-

tion with Ni(II). A series of Ni(II) tripod ligand complexes have been 

reported with the compound illustrated in Figure 8 (Ciampolini et al., 

1968; Fallani et al., 1975; Morassi et al., 1973; Sacconi and Horassi. 

1968; Sacconi and Morassi, 1970; Morassi and Sacconi, 1971). 

/N", 
CH2 I CH2 
\ CH2 \ 

CH2 I CH2 

1 
CH2 \ 

\ z 

x = y z = SR(NSSS) 

x = y = NEt2 Z = SMe (NNNS) 

x 
x = NEt2, y = Z = SMe (NNSS) 

y 
x = NEt2' Y = SMe, Z = PPh2 (NNSP) 

Figure R A Tripodal Ligand 

Magnetic moments for these compounds are in the range 3.~O - 3.23 BM. 

For R = Me it is reported that solution phase and solid phase geometries 

are identical (Ciampolini et al., 1968). These are octahedral complexes 

except when R = t-Bu for which steric hindrance requires a trigonal 

bipyramidal configuration. 
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With open chain tetrathioethers, nickel halide salts will 

produce octahedral complexes. From electronic spectral data these are 

tetragonal with in-plane and out-of-plane ligands. 

Ni(II) complexers with the cyclic tetrathioethers exhibit 

several stereochemistries (Rosen and Busch, 1969: Rosen and Busch, 1970; 

Rosen and Busch, 1969b) which seem to be dependent on choice of anion 

and size of ring. A13C NMR study of [Ni(II)TTP]2+ indicates 

interconversion between two conformers (Herron et al., 1976). The 

stability constant was compared with an open chain analogue, showing a 

ratio of 180 compared to 2.5 x 106 for the nitrogen ligands in 

nitromethane solution. Stability constant studies of Ni(II) with mixed 

donor macrocyclic and open chain linear polythioethers (either Nand S, 

(Conick et al., 1954; Coates and Jones, 1976; Kahmann et al., 1964; 

Herman et al., 1977), or 0 and S donors (Suzuki and Vamasaki, 1966; 

Irving and Fernelius, 1956; Suzuki et al., 1968; Lotz et al., 1959) 

indicate that formation of Ni(II)-thioether bond is favorable. Hintsa 

et al. (1983) report the formation of a stable complex of Ni(II) with 

hexathio-18-crown-6 having much shorter Ni-S bond lengths than 

previously reported. 

Copper-Thioether Coordination Chemistrl 

The Cu-S bond in thioether coordination complexes has been shown 

repeatedly to be weak. In two-thirds of the crystal structures reported 

to date, the copper(II)-sulfur bond is significantly longer than the sum 

of the covalent radii (Braithwaite et al., 1975; Coetzer, 1970; 
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Richardson and Payne, 1978; Setzer et al., 1983) consistent with a weak 

bond. Copper(!), however, is one of only a few metals for which the 

observed bond length with a thioether donor is shorter than the 

calculated bond length, suggesting some back-donation from the metal to 

the sulfur (Filippo et al., 1975; VanderMeer, 1973; Baker and Norris, 

1977; Domericano et al., 1968; Baker and Garrick, 1978; Karlin et al., 

1979; Brubaker et al., 1979). 

In equilibrium studies, Cu(II) shows class b behavior, forming 

more stable compounds with thioether than with either ligands. Reported 

equilibrium constants are on the order of 102 to 103 (Ford et al., 1972; 

Rheinberger and Sigel, 1975; Aruga, 1977). Kinetic studies of 

thioether-copper bond formation with macrocyclic tetrathioethers have 

resulted in complex formation rate constants (kf) of 102 to 103 M-1 

sec-1 and dissociation rate constants (kd) of 103 to 104M-1 sec-1 for 

the reaction process 

Cu2+ + L 

Cu(IO is thought to have a much higher affinity for thioether than 

Cu(II) but the equilibrium constant for tetrahydrothiophene-Cu(I) 

formation in aqueous ethanol, for example, is reported to be log K = 

0.02 to 0.04 (Rheinberger and Sigel, 1975), hardly a large value. 

Simple thioethers will form a range of complexes (Filippo et al., 1975) 

with species of R2S type. Bidentate thioethers form complexes with both 

Cu(I) and Cu(II). 
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The electronic spectra of Cu(II) complexes have been studied in 

detail with a view to determining the thioether sulfur - Copper(II) 

charge transfer transition. Approximately planar CuS2N2, CuS2C12 and 

CuS4 sets exhibit strong adsorption in the region os 22000 - 2600 cm-1 

which are assigned to the o(S) + Cu(II) ligand to metal charge transfer 

bands (Miskowski et al., 1976). The o(S) + Cu(II) are much less intense 

and due to a red shift of 500-700 cm-1 are not well separated from 

ligand field absorptions. 

There is some indication that the blue color of "blue" copper 

proteins is due to a Cu(II) - methionine S charge transfer band. A 

great number of acyclic and macrocyclic tetrathioethers and mixed ligand 

donors have been studied in an attempt to validate this hypothesis 

(Glick et al., 1976; Ferris et al., 1978; Rosen and Busch, 1970; Levason 

et al., 1975; Jones, Rorabacher and Ochrymowycz, 1975; Gorewit and 

Musker, 1976: Jones et al., 1978; Dockal et al., 1977; Jones et al., 

1975). Some indication exists that the blue-copper site is 

5-coordinate. Studies of some 5- and 6- coordinate systems have shown 

increased valued of EO' for the reduction of Cu(II) to CU(I), signifying 

. increased stability of the Cu(I) form relative to CU(II). This is not 

surprising in light of the apparently greater affinity of Cu(I) for the 

thioether ligand, however Cu(I) complexes tend to be four coordinate 

with tetrahedral geometry. In an interesting study employing the same 

macrocyclic tetrathioether, TTP, illustrated in the Figure 9, 



Fi gure 9 

Tetrathia 14-crown-4 (TTP) 
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comparisons with formation constants 

and redox potentials of a number of 

open-chain and macrocyclic 

tetrathioethers suggest TTP to be 

optimal for copper(II) (Jones et al •• 

1975). In contrast. TTP will form a 

Cu(I) complex but only 3 sulfurs come 

from one ligand molecule and the 

fourth must be from a second ligand molecule because the ligand cannot 

distort enough to accommodate the tetrahedral geometry required by 

Cu(I) (Dockal et al •• 1977). Due to the clear preference for different 

coordination geometry. it is not very likely that a given macrocyclic 

ligand would be able to accommodate both Cu(II) and CU(I). 

In particular. it is unlikely that a ligand forming octahedral 

complexes with Cu(II) would also stabilize Cu(I) in an octahedral 

coordination sphere. Such a complex would not be expected to exhibit a 

high redox potential. 

Copper-Centered Proteins 

The so-ca 11 ed lib 1 ue" or Type 1 copper-centered protei ns are 

currently the subject of vigorous investigation. These centers exhibit 

a combination of characteristics not yet duplicated by any single model 

compound: 

a) A visible absorption band at about 600 nm with 

high extinction coefficient (one or two orders 



of magnitude larger than other Cu(II) complexes). 

This has been attributed to a Cu + S charge transfer. 

b) An electron paramagnetic resonance (epr) spectrum 

with a very small hyperfine splitting constant All. 

See Table 2. 

c) Redox potentials several hundred millivolts 

higher than the inorganic Cu(II)(aq.)/Cu(I)(aq.) 

couple. See Table 3. 
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The high redox potentials of these complexes signify enhanced stability 

of the Cu(I) state relative to Cu(II). The redox-active plant protein 

plastocyanin has been well characterized and provides an interesting 

paradigm. This protein has a copper center ligated by two nitrogen 

donor atoms (imidazolide delta nitrogens on residues His 37 and His 87) 

and two sulfur donors (thiol on cysteine 84 and thioether on methionine 

92). The core of the molecule is highly hydrophobic and aromatic due to 

the clustering of six Phe residues. A strongly hydrophobic region 

surrounds the opening in which the copper atom is located. Twenty-eight 

of about 100 residues in plastocyanins are invariant for all species • 

. These include the four copper ligands and 6 of the 7 residues in the 

hydrophobic region above the copper. It is reasonable to presume that 

this configuration is essential for outer-sphere electron transfer, 

which requires the first coordination sphere to remain intact and yet 

allow electron transfer from the metal center to a point on the surface 

where a transition-state orbital overlap between ligands of donor and 



TABLE 2. EPR Data of Cu 2+ in Proteins and Some Selected Small 
Complexes. 

Protein 

Azurin (1) 

Azurin (1) 

Azurin (1) 

Stellacyanin (1) 

Umecyani n (1) 

Plastocyanin (2) 

Monoamine oxidase 
DialUine oxidase 

(3) 

Benzylamine oxidase 
(2·.3) 

Source 

Pseudomonas 
fluorescens 
Pseudomonas 
aeruginosa 
Bordetella 

g.l.. 

2.052 

2.052 

2.049 

Rhus vernicifera 2.025 

Horseradish 

Chenopod ium 
album 
Aspergillus 
Pig kidney 

Pig plasma 

2.05 

2.053 

niger2.07 m 

2.063m 

2.060 

Galactose oxidase (1) Dactylium 2.04 
dendroides 

Dopamine -hydroxylase Bovine adrenal 2.056 
(3.6) glands 

Ribulose diphosphate Spinach 2.09 
carboxylase (1) 

Superoxide dismutase Human red blood 2.06 
(2) cells 

Superoxide dismutase 
(2 ) 

Laccase, fungal (4) 
Type 1 

Type 2 

Bovine red blood 2.029 
cells 2.108 
Polyporus versicolor 

2.033d 

2.0S1d 

2.036 

2.2260 

2.273 

2.287 

2.2317 

2.226 

2.31 
2.294 

2.266 

2.28 

2.282 

2.32 

2.265 

2.265 

2.190 

2.243 

I All I 
(miO 

5.8 

6.0 

6 

3.5 

6.3 

17.5 
16 

15 

19 

17 

15.4 

16 

14.2 

9.0 

19.4 

25 



TABLE 2. (continued) 

Protein Source 

Laccase, tree (4) Rhus vernicifera 
Type 1 pH 3-8 

Laccase, tree (5-6) Rhus succedanea 

Ceruloplasmin (6-8) Human serum 
Type 1 

Ascorbate oxidase 
(8) 
Type 1 
Type 2 

Cucumus sativus 

Cytochrome oxidase(2) Beef heart 
Cu 2+-myoglobin 

pH 6.4 
~H 10.4 

Cu +-hemoglobin pH 5-9 
Cu 2+-insulin 

Cu 2+-transferrin 
2+ Cu
2
+-transferrin-bicarbonate 

CUr -alkaline phosphatase 
CuL+-glycylhistidine pH 11 
Cu(NCS) l-
Cu( NCCH 3)~-
Cu( BFNAe) 2 

26 

gl gil 

2.047 2.298 4.3 

2.06 2.21 7 

2.05 2.208 7.4 

2.22 6 d 

2.23 20d 
2.03 m 2.17 (3 

2.054 2.273 17.5 
2.046 2.186 19.4 
2.054 2.208 20.1 
2.0 2.303 15.8 
2.1 
2.05 2.205 21.6 
2.05 2.312 16.8 

2.31 16.7 
2.066 2.205 20.0 
2.07 2.43 8.9 

2.32 8 
2.041 2.158 12.3 

When two values are given for g~, they refer to gx and gy of a 
rhombic signal. Values for A -L (Ax, Ay) are not given because the 
corresponding splitting is unresolved or difficult to measure (except 
in the case of stellacyanin). Conversion factors for h~perfine 
couplings: 1 mK = 21.42/g gauss = 30.0 MHz (1 K c 1 cm- ). 
bolAxl .. 5.7 mK, IA"I < 3 mK. 
c.A ... 7.3 mK. . 

x 
dFrom analysis of published spectra. 
eBFNA m 1-benzene-azo-N-phenyl-2-naphthylamine. 
mg factor at zero absorption derivative (g ). 
Reference: Vanngard, T., 1972. 



electrons. This technique as well as magnetic susceptibility 

measurements were used to confirm findings from the epr. 
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Equilibrium studies reveal the strength of the complexation 

interaction, and by comparing equilibrium constants with other thioether 

ligands for the same metal, the role of structure is further elucidated. 

Metals can undergo significant changes in coordination sphere as 

a result of electron transfer, and many metals show strong coordination 

sphere preferences in different oxidation states. It was anticipated 

that this might be the case with 1,4,7-TTCN, especially for the 

'Cu(II)-Cu(I) couple as previously mentioned. Determination of redox 

potential would allow calculation of the relative stabilization of the 

various oxidation states by the ligand. The kinetics of electron 

transfer would provide insight into possible structural rearrangement 

and chemical steps involved in the electron-transfer mechanism. 

Evaluation of the impact of concentration on ease of electron-transfer 

would reveal the order of the reaction. A reaction order greater than 

first order would signal the formation of a dimer or adduct species 

since electron transfer rates are first order or pseudo-first order and 

are not concentration dependent. Determination of stability of the 

products of electron transfer reactions would be critical information in 

assessing the extent of structural changes resulting from electron 

transfer. 

The principal thrust of this investigation then, is to evaluate 

the thioether donor within the context of a particular set of structural 
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TABLE 3. Redox Potentials for Copper(II) Proteins and other 
Copper(II) Complexes. 

Compound pH 

Type-1 Copper Proteins 
azurin 7.0 

7.0 bean plastocyanin 

Polyporous laccase 
Rhus lascase 

5.5 
7.5 

Ceruloplasmi n 

Stellacyanin 
Mavicyanin 

Rusticyanin 

Cu(ll) complexes 
12-ane-S 3 
12-ane-S 4 
13-ane-S 

4 
14-ane-S 4 

15-ane-S 4 
16-ane-S4 
15-ane-S 5 
20-ane-S 6 
21-ane-S. o 
Et 22,3,2-S 

Me 2-2,3,2-S 
2,3,2-5 
l,4,7-TTCN 

5.5 

7.1 
7.0 

2.0 

(by ligand) 
(a) 
(a) 
(a) 
(a) 

(a) 
(a) 
(a) 
(a) 
(a) 
(a) 
(a) 
(a) 
6.0 

EO" mv vs. NHE Reference 

300 (Horio, 1968) 
370 (Katoh and Takamiya, 

lC)f)4) 
785 (Reinhammar,1972) 
394 (Reinhammar and 

Vanngard, 1973) 

490 (Deinum and Vanngard, 
1973) 

184 (Reinhammar, 1972) 
285 (Marchesini et al., 

1979) 
680 (Ingledew, 1976) 

789 
723 
674 
689 
611 
785 
798 
855 
805 
852 
892 
892 
842 
568 

(b) 
(b) 
(b) 
(b) 
(c) 
(b) 
(b) 
(b) 
(b) 
(b) 
(b) 
(b) 
(b) 
This work. 

a. 
b. 

conditions: 0.1 M HCl04 in 80% methanol, 20% water. 
Dockal et al., 1976, values reported are Ep, not EO'. 
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acceptor proteins can occur. The electron is then delocalized to the 

metal atom of the acceptor molecule. Colman et al. (1973) postulate 

that this electron transfer may occur through the imidazole ring of 

His-87. Their arguments, however, all apply equally well to the 

methionine 92 sulfur donor, and in light of the present work, there is 

no reason to exclude the thioether from consideration. I'n a compari son 

of plastocyanins with other Type I single-Cu proteins, it is noteworthy 

that stellacyanin which has a thiol ligand but contains no methionine 

residues, has the lowest reported redox potential of any Type I protein. 

The signifiance of a higher potential is that the reduced form of the 

metal is more favored relative to the oxidized form. It is also 

postulated in the case of copper Type I proteins that the higher redox 

potential is "required" by the redox partner molecule. 

1,4,7-Trithiacyclononane 

In order to examine the contribution of thioether donor to the 

properties of their complexes it would be desirable to minimize or 

eliminate the ambiguity of mixed donor systems. While mixed donor 

systems of Nand S, or 0 and S, admittedly resemble the usual 

coordination sphere of biologically important transition metals, the 

interpretation of the role of sulfur in such complexes has not been 

straightforward. It would be highly desirable to use a ligand molecule 

with all thioether donors, and if possible, one in which the thioether 

moieties were equivalent. Indeed such a ligand exists and has been well 
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characterized. 1, 4, 7-Trithiacyclononane (TTCN) is a mesocyclic 

9-crown-3 thioether analogue, as illustrated below. 

1, 4, 7-trithiacyclononane 

Figure 10 

This substance forms colorless needle-like crystals for which the X-ray 

crystal structure has been determined (Glass, Wilson and Setzer, 1980). 

The molecule assumes the <333> conformation (C3 symmetry) shown in the 

illustration. In contrast, its oxygen analogue 1, 4, 

7-trioxacyclononane adopts an asymmetrical <234> conformation. TTCN's 

<333> conformation makes the molecule chiral and both enantiomers are 

found in the unit cell. The transannular S-S distance is 3.451 A, which 

is less than the sum of their van der Waals contact distance of 2(1.85) 

or 3.70 A (Pauling, 1960). 

An important consequence of the endodentate configuration would 

be the enhanced rate and energy of coordination with transition metals. 

In order for metals of the first transition row to complex with 

exodentate polythioether ligands, the metal first attacks at one of the 

thioether positions. Conformational change must then occur to bring the 

. other sulfurs into bonding proximity. With all endodentate ligands, 

such a rearrangement need not occur. Consequently, it was felt that 
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this molecule would provide new and unambiguous insight into the nature 

of thioether-metal coordination. 

Four transition metal complexes of TTCN have been chosen for 

examination: iron(II). cobalt(II). copper(II). and nickel (II). With the 

exception of the iron complex, the preparation of these complexes has 

been presented in the literature (Setzer, et al., 1983). The complexes 

are two-to-one TTCN-to-metal i.e. bis 1,4,7-trithiacyclononane metal (II) 

tetrafluoroborate except for the iron(ll) which was prepared as the 

perchlorate and the sulfate, as well as the BF4- salt. 

Just the preparation itself of the Ni (II) complex pointed toward 

enhanced stability of the TTCN complex as it was possible to use a much 

simpler, more direct synthesis than proved possible for the macrocyclic 

polythioether complexes which have been previously prepared 

(Setzer, 1981). For these it had been necessary to prepare first the 

hex~acetic acid nickel(II) in order to achieve displacement by the 

thioether ligands. Presumably, complexation with other ligands was 

favored. by the need for the conformational change from exo- to 

endo-dentate. As this is already the preferred configuration for TTCN, 

there is a stronger chelate effect and competition by other ligands is 

t hermodynami cally unfavorabl e. 

X-ray crystallographic studies of the bis metal comp~exes 

confirm the octahedral structure. These data have been previously 

reported (Setzer, 1981). The salient points bear repeating here as they 

will be referred to in subsequent discussion. The unit cell of the 

nickel(II) complex contains two molecules with the nickel atoms 
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occupying crystallographic inversion centers. This crystal is in space 

group P21/c (No. 14 International Tables) as determined unambiguously by 

the systematic absences: hOI, 1 = 2n; OkO, k = 2n. The cobalt(II) and 

copper(II) complexes are isomorphous and have four molecules per unit 

cell with the metal atoms occupying inversion centers. These crystals 

are both in space group Pbca (No. 61 International Tables) which was 

unambiguously determined by the systematic absences: Okl, k = 2n; hOl, 

1 = 2n; hkO, h = 2n. This space group is orthorhombic and mandates 

octahedral symmetry. There is very little distortion of the ligand on 

going from the free to complexed forms, however, a decrease in the 

sulfur-sulfur distance from 3.45 A (free ligand) to 3.33 A (complex) may 

be a significant factor in the unusual electrochemical and spectroscopic 

findings reported in this work. 

Structural comparisons of these bis-TTCN complexes with other 

thioether donor complexes is important to an interpretation of the 

present findings. For example, almost all octahedral copper(II) 

complexes are tetragonally distorted. This is due to the Jahn-Teller 

effect for d9 electronic configurations. The apparently cubic symmetry 

of the TTCN complex evidently results from the conformational 

requirements of the ligand. The S-metal distances for the bis 

copper(II) complex are 2.419 A and 2.459 A. This is considerably 

longer than copper-sulfur distances in Cu(l,4,8,11-TTCT) (Cl04)2 which 

average 2.303 A. (For structure of TTCT, see Figure 5). 
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The Approach To the Problem 

The TTCN complexes were chosen, therefore, to simplify data 

interpretation as much as possible by: 

1) reducing the type of donor atoms to one element, 

namely, sulfur, 

2) providing for the greates t possible facilitation 

of electron transfer in the least ambiguous setting 

possible, and 

3) eliminating, in so far as possible, kinetic and 

thermodynamic contribution to electron transfer 

reactions arising from ligand-metal complexation. 

Electrochemical methods were selected as a principal tool of 

analysis for several compelling reasons. First, thermodynamic and 

kinetic information is desired for the electron transfer reactions of 

thioether-coordinated transition metals, and electrochemical methods 

often provide this information very directly in terms of E0
', the 

standard formal potential, and ksh, the heterogeneous rate constant. 

Secondly these methods are conservative in the amount of substance 

required and as the synthesis of TTCN is difficult with low yield (16% 

at best), this was a necessary consideration. Thirdly, electrochemical 

experiments are easily interfaced to the dedicated on-line computer and 

data are conveniently acquired, digitized, and stored, whence they may 

later be recalled for manipulations, such as point-by-point baseline 

corrections, or comparison with theoretically generated simulations. 
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Direct structural assessment had already been done via X-ray 

crystallography and ultraviolet photoelectron spectroscopy for the 

ligand molecule itself, yet many questions remained unclear. Epr 

(electron paramagnetic resonance) spectroscopy was an obvious choice of 

technique for elucidation of the electron configuration of metal 

complexes, as was ultraviolet spectroscopy in the region of non-bonding 

electron transitions. These techniques are also non-destructive and 

therefore conservative in the amount of material required. 

Quantitative EPR 

Electron Paramagnetic Resonance (epr) spectroscopy is a well 

established method for obtaining qualitative information about magnetic 

and electronic properties of any species possessing unpaired electrons. 

More recently, innovations and improvements in instruments as well as in 

numerical methods of analysis have opened the way for quantitation of 

epr data. As this is still an infrequently used technique some 

explanation of the method is appropriate here. Precision of = 1% has 

been reported for concentration measurements of paramagnetic species 

using this technique (Goldberg, 1978). The main advantage of epr (and 

NMR) over other techniques is that the standard used may be chemically 

different from the analyte, with certain constraints. Under conditions 

that kT»hv, where T is the absolute temperature, k is the Boltzman 

constant and v is the frequency of the epr measurement, (and the 

condition that microwave absorption does not alter the Q-factor of the 
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cavity), the concentration C, of a paramagnetic species is related to 

the doubly integrated, first derivative epr spectrum as 

c = 

This equation represents three major terms, as set off in brackets: 

first, the experimental conditions of temperature and microwave 

frequency; second, in square brackets, the characteristics of the 

analyte which include g, as a function of the change in resonant 

frequency with magnetic field (g = h/uS(dv/dS)), the partition function 

Z which embraces the line degeneracy and different electronic, 

rotational and vibrational stares; and Ej,mj, the energy of the state 

undergoing transitions. The parameter, nij, is the transition -dipole 

matrix element. J and Mj have their usual quantum mechanical 

interpretation. The last set of brackets contain instrumental 

parameters. P is the incident microwave power, A is the amplification 

of the epr signal. Bm is the magnetic field modulation, and S(B) is the 

epr signal, which is operated on by the double integral. S will be 

proportional to P when the microwave detector is maintained in its 

linear region. K is a constant for a given experiment and is comprised 

of the Q-factor for the cavity, the filling factor and several other 

instrumental properties. All of these are discussed in greater detail 

elsewhere (Goldberg, 1978; Goldberg et al., 1974; Goldberg and Crowe. 

1977) • 
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Calculation of EPR Double Integral 

Several methods may be used to calculate the double integral. 

The one used in this work is the actual double integral of the first 

derivative signal. The other common methods are based on approximations 

to the calculated double integral and include numerical calculation of 

the first moment and the product of the square of the linewidth and the 

amplitude, aw2 (Chesnut, 1977). Double integration is more general as 

it allows any paramagnetic material to be used as a standard, but tends 

to be less accurate than methods based on measurements of peak-to-peak 

or line-width amplitude. To improve accuracy of double integration, the 

following steps were taken, by means of an on-line computer: 

1) baseline determination 

2) first and second integration 

3) application of a correction factor for Lorentzian lines. 

For high signal intensities. an average of data points taken 

symmetrically about the zero point of the absorption derivative gives 

the baseline. For weak signal intensities or for broad line widths 

where there may be considerable drift, a linear baseline is usually 

assumed. Values of the baseline are determined at either end of the 

recorded spectrum where the condition I (H-Ho) I / Hpp » 6 prevails. In 

this region, the "wings" of the resonance. absorption is proportional to 

(H - Ho)-3 and the intercept of this line can be used to compute 

baseline at low- and high-field regions of the absorption. A linear 

least squares line is calculated from these baseline determinations and 
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subtracted from the spectrum. The resulting curve is doubly integrated 

by application of Simpson's rule, twice, 

i-I i-I 
1. = ~L r: [y~ - Y~(b)] + ~[Y~ - Y~(b) - Y~ - Y~(b)] 

J j =2 j =2 J J ~ ~ ~ 

(Goldberg, 1978) 

Taking data between non-infinite limits on a Lorentzian signal naturally 

introduces error in the double integral calculation. This may be 

corrected by several techniques including the one described by Goldberg 

(1978) and used in this work. It is not usually necessary to perform 

such a correction on Gaussian curves as they converge more rapidly to 

the value of the baseline at infinite field. 

Many instrumental parameters must be very carefully controlled. 

Precautions taken in this work include: 

1) Calibration of signal attenuation control. 

2} Calibration of modulation amplitude control 

(Goldberg and Bard, 1978). 

3} Accurate measurement of power level. 

4} Tuning epr cavity near critical coupling 

(Feher, 1957). 

5) Accurate baseline determination and correction 

factors for double integration. 

6) Avoidance of high incident power which would 

result in signal saturation. 



7) Use of small sample sizes to avoid cavity 

loading by excessive material (Goldberg and 

Crowe, 1977). 
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The double integral thus obtained is useful for the calculation 

of concentration of spins as well as in determination of the Curie 

temperature of transition metal compounds. 

Issues Addressed 

Several important issues are addressed in this study. The major 

premise in undertaking this investigation was that the structure of the 

ligand molecule would playa crucial role in determining the role of the 

thioether sulfur as a donor atom. This premise was broken into 

component questions that could be answered with the techniques 

available. First. for transition metals that can exist in more than one 

spin-state. the number of spins and location of unpaired electrons 

reveals much about the strength of the ligand field and the extent of 

back bonding. This information is obtained with electron paramagnetic 

resonance spectroscopy from which symmetry of the ligand field may also 

be discerned. Even for metals with only one spin-state. epr 

spectroscopy is useful in determining the subtleties of symmetry and 

distortion in the ligand field. 

Electronic spectra give information regarding the field 

splitting. and in some cases. charge transfer bands or their absence is 

also revealing about the strength of the ligand field and location of 
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constraints, and to determine the role of structure on strength and 

stability of interaction with various transition metal centers. 



Acetonitrile 

CHAPTER 2 

EXPERIMENTAL 

Spectrograde acetonitrile (Burdick and Jackson, "distilled in 

glass") was doubly distilled from P4010 and stored under nitrogen. The 

water content of this acetonitrile was found to be below detection limit 

(less than 0.01% or 6mM) when analyzed by GC (see Apparatus). 

Acrylonitrile was present at approximately 0.03% or 12mM, as evidenced 

by a very large cathodic wave that appeared in the residual current 

cyclic voltammogram at -1.7 v vs. Ag/Ag+ couple. This is a commonly 

reported result of distillation from P4010 (Burfield, et al., 1977). 

The residual current did not exceed 16 microamps between the limits of 

1.20 volts and -1.5 v vs. 0.1 M Ag+/Ag reference electrode. The UV-VIS 

spectrum showed a strong absorbance below 200 nm but was otherwise 

transparent. 

Dichloromethane 

Matheson, Coleman, and Bell dichloromethane was dried by the 

method of Moreau and Weiss (1966). The solvent was washed three times 

in a separatory funnel with 5% sodium carbonate in distilled deionized 

40 
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water and dried over anhydrous magnesium sulfate. The dichloromethane 

was filtered into a round-bottom flask containing P4010. It was 

distilled, sealed, and stored under nitrogen and when intended for 

electrochemistry. was also stored over 3 A molecular sieve and filtered 

before use. 

Tetra-n-butyl Ammonium Hexafluorophosphate 

Tetra-n-butyl Ammonium Tetrafluorobarate 

n-Bu4NPF6 and n-Bu4NBF4 were obtained from Southwestern 

Analytical Chemicals, Inc., and Fluka. They were recrystallized from 

ethanol three times, vacuum dried at 90°C for 48 hours and stored in the 

dry box. 

Ethanol. (U.S. Industrial Chemicals Co.) 100% USP grade ethanol 

was used as obtained. 

Methanol. (Ashland Chemical Company) Analytical reagent grade 

was used as obtained. 

Nitromethane. (Matheson, Coleman, and Bell, spectroquality) was 

purified by successive recrystallization under 6 Torr. 

Dimethylformamide was obtained in AR grade and further purified 

by distillation from P4010. 

Tetrahydrofuran (Aldrich, analytical reagent grade) was 

distilled from CaS04 prior to use. 

Water was triply distilled from KMn04 and passed through both 

cation and anion exchange columns before use. 
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Cu(II), Ni(II), and Co(II) complexes of TTCN were synthesized 

according to the method of Setzer (1981) and purified by vapor 

diffusion-recrystallization. Fe(II) (TTCN)2 (C104)2 and Fe(II) (TTCN)2 

(S04) were synthesized by Gregory Grant, University of Tennessee, 

Chattanooga. Cu(BF4)2, Ni(BF4)2 and Co(BF4)2 were obtained from 

Alfa/Ventron Products as analytical reagent grade and were dried under 

vacuum at 80°C. for 24 hours before use. CuS04 and COS04 (Mallinckrodt, 

analytical reagent grade) were dried under vacuum and used as standards 

for epr and magnetic susceptibility measurements. A9N03 was analytical 

reagent grade from Sigma and was dried at 90°C. in a vacuum oven before 

use in reference electrode solutions. All other thioether compounds 

analyzed were synthesized by Dr. Usha Devi (see Appendix B). MnS04 

standard for epr was obtained by roasting Pacific Coast calcite in inert 

atmosphere for 48 hours. 

Apparatus 

Glassware; The Cell 

A three chambered pyrex cell (Figure 11) consisted of two side 

compartments separated from the main compartment by fine sintered glass 

frits. The main compartment was roughly hemispherical in shape and had 

a capacity of 100 ml. Three ground glass fittings on top, two standard 

taper 10/18 and one standard taper 24/40, permitted the rotating disk 

electrode to be used as the working electrode and allowed for 

introduction of compounds or nitrogen purge as the experiment 

progressed. The side arms housed the counter and reference electrodes 
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b 

g 

Figure 11. The Electrochemical Cell -- (a) Reference electrode; 
{b) indicating (working) electrode; (c) counter electrode; 
{d) teflon adapters; {c) glass stopper; {f) fine glass frits; 
{g) platinum flag electrodes. 
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and were about 10 ml each in volume. A smaller capacity (25 ml) and 

simpler design cell was used occasionally for analysis of compounds in 

short supply (Figure 12,13). Both of these cells and all other 

glassware were periodically boiled in a cleaning solution consisting of 

3:1 mixture of nitric acid (HN03) to perchloric acid (HC104). Glassware 

was routinely cleaned with copious quantities of distilled deionized 

water and AR grade acetone. Both solvents were forced through all glass 

fits via suction. Glassware was then protected from dust with clean 

coverings and allowed to air dry before use. 

Electrodes 

Reference Electrodes 

The same reference electrode, used in all work, was Ag/Ag+ 

couple (O.lM A9N03 in acetonitrile). This electrode was constructed by 

force fitting a 0.5 cm length of vycor rod into a teflon barrel. The 

barrel was filled with the silver ion solution and a silver wire inserted 

and sealed at the top. This electrode had a potential of 0.592 V vs. 

normal hydrogen electrode. 

Working Electrodes 

Platinum flag electrodes of approximately 1 cm2 were constructed 

as described by Sawyer and Roberts (1974). All platinum electrodes were 

heated in a flame to incandescence prior to use, and in the cyclic 

,voltammetry experiment, between scans. This minimized coating of the 

electrode surface. A glassy carbon electrode was constructed by sealing 

a glassy carbon rod into one end of a 1.0 cm length of heat-shrink 
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Figure 12. Spectroelectrochemical titration cell. A. Ag/AgCl counter 
electrode, B. Hamilton valve for deaeration and sample 

·introduction, C. Platinum flag working electrode, D. Teflon 
coated spinfin, E. Ag/Ag reference electrode. 
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tubing and a V4-inch glass tube into the other end. The glass tube was 

partly filled with mercury and a copper wire was inserted to provide 

electrical contact. In some experiments it was advantageous to use a 

large platinum/platinum rotating ring-disk electrode (RRDE) model DT-6 

from Pine Instruments (Grove City, Pennsylvania) as the working 

electrode. The disk area for all such experiments was 0.415 cm2• This 

electrode was prepared for use by polishing with either diamond paste 

using a soft cotton cloth, or alumina using an emergy cloth wheel. 

Potent i ostats 

Two different potentiostats were used. The one used most often 

was a Princeton Applied Research (PAR) Model 173 (Princeton, New Jersey) 

equipped with Model 176 current-to-voltage converter, since this 

potentiostat was interfaced to a computer (see Appendix A) allowing 

on-line data organization. The other potentiostat, occasionally used 

was a PAR Model 362 potentiostat with built-in waveform generator. When 

this potentiostat was used, data were recorded on a Houston model 200 

x-y plotter (Bausch and Lomb). The PAR 362 required setting the initial 

potential at one of the limits. The Coleman-Langhus waveform generator 

described below permitted the initial potential to lie between the 

limits. 

The sweep generator used with the PAR model 173 potentiostat for 

on-line data acquisition was designed by David L. Langhus and built by 

Brian R. Coleman. This device allows the operator to set initial 

potential, positive and negative limits, multiple or single sweep, scan 
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rate and scan direction. It may be triggered manually or by signal from 

the computer. The triangle wave generaged by the sweep generator was 

channeled through the potentiostat to the experimental cell; current 

output from the cell was fed into the current-to-voltage converter in 

the PAR 176 and then filtered by a Burr-Brown (Tucson, Arizona) UAF 31 

active filter in the low pass mode. Cut-off frequency was set at not 

less than one-half the data acquisition rate i.e. the Nyquist frequency, 

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 

Miniverter system (Santa Ana, California) described previously by 

Ramaley and Wilson (1970). The experiment and data handling were 

controlled by a Hewlett-Packard Cupertino, California) 2100A computer 

with 16K core. Data were given preliminary inspection on a Tektronix 

(Beaverton, Oregon) Model 4010-1 graphics terminal and temporary storage 

on magnetic tape using Hewlett-Packard 7970 9-track, NRZI format 

recorder. Data were given permanent storage on hard disk, as were all 

data manipulation and simulation programs, via a Hewlett-Packard 2100A 

computer with 32K core. 

Gas Chromatography 

Analysis of solvents for water content was occasionally 

performed using a Hewlett-Packard 7620A gas chromatograph, under the 

following conditions: column: 1/8" x 61 stainless steel; column packing: 

Porapak Q (80-100); injection port temperature; 150°C; column 
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temperature: 125°C.; detector temperatue: 250°C.; helium flow: 30 

ml/min; sample size: 5~1; TCD current: 200 amps. Preparative gas 

chromatography was performed on aliphatic sulfide compounds on a Varian 

1700 GC with TC detection under the following conditions: column: 

V4" x 61 copper; column packing: 10% SE 30 on chromosorb W; injection 

temperature: 220 C.; column temperature: 205°C.; detector temperature: 

225°C.; flow rate: 30 ml/min; sample size: 10~1. 

Spectroscopies 

Electronic spectra in the ultraviolet and visible regions were 

recorded using a Varian Cary 219 interfaced to a Hewlett-Packard Model 

2100 A minicomputer (Earl, 1982). Data were simultaneously recorded on 

strip chart recorder (analog) and magnetic tape (digital). Data 

acquisition, manipulation and storage programs written and described by 

Earl were used. 

Electron paramagnetic spectra were taken using a Bruker 220-0 

spectrophotometer equipped with an X-band bridge (and also S-band and 

Q-band), a Varian 4560 temperature controller (Varian Associates, Palo 

Alto, California) with copper-constantan thermocouples, and a modified 

Varian TE104 mode dual sample cavity. A Magnum 15" magnet interfaced 

with a Hall controlled Bruker Model 031M field controller provided the 

magnetic field and sweep capability. The sample cavity was equipped 

with a cell dewar and liquid nitrogen or nitrogen vapor purge system. A 

Nicolet model 1280 computer with Nicolet epr software package controlled 

the experiment, data acquisition, and data storage. Data analysis 
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programs written by Ira Goldberg and Ted McKinney have been described 

elsewhere (Goldberg and McKinney, 1979). 

Electrochemical Technigues 

Cyclic Voltammetry 

Solutions were prepared in all experiments by dissolving enough 

of the chosen electrolyte in solvent to make a 0.1 M solution. The two 

side arms were filled, reserving 35 ml for the center compartment of 

the large cell or 10 ml for the small one. Electrodes were inserted in 

teflon adapters and placed in the cell. Care was exercised to ensure 

the same placement of the working electrode relative to the reference 

electrode in all experiments. Occasionally a teflon coated magnetic 

stir bar was placed into the center compartment, although this practice 

was usually avoided to prevent accidental contamination of the analyte 

solution. Electrical leads were attached to the electrodes such that 

the voltage output of the potentiostat was applied across the working 

and reference electrodes. After inspecting the residual current curve, 

the analyte compound was added. Using program ACCV (see Appendix A) 

current-potential curves were recorded at scan rates from 0.01 vis to 

10.0 vis. The clock rate on the ADC was set such that a resolution of 

not more than 5 mV. would be achieved for 1000 pts. Following each 

scan, the working electrode was removed from the solution and heated in 

a flame to incandescence, since in some cases adsorption was significant 

. after a single scan. 
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Rotating Disk Electrode Experiment 

A solution, including the compound under study, was prepared as 

described for cyclic voltammetry. In order to protect the solutions 

from air while minimizing evaporation of solvent and removing any 

soluble impurities, N2 gas was passed through solvent and then over the 

solution in the cell. An analytical rotator, Pine Instruments Model 

PIR-6, varied rotation speed from 400 to iO,OOO rpm while a linear 

potential ramp was applied across the cell by one of the potentiostats. 

The resulting current-potential curves were recorded on the Houston 

Model 200 x-y recorder. 

Controlled Potential Electrolysis Experiment 

A solution was prepared for cyclic voltammetry. Either the 

large platinum disk of the rotating ring disk electrode (RRDE) was used 

as the working electrode, or a platinum flag electrode was used with a 

magnetic stir bar, to ensure reproducible results. Cell was purged with 

N2 gas during electrolysis as described for the ROE experiment. The 

applied potential was determined by adding 100 mV. to the peak potential 

of the process under investigation. The resulting current was 

integrated with respect to time using a PAR model 379 digital coulometer 

which indicated total charge passed. Current-time curves were recorded 

using a Linear strip chart recorder. 

Spectroelectrochemistry 

Some experiments were performed in which products of 

electrochemical experiments were studied spectroscopically while the 
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electrochemistry was proceeding. The cells used for these experiments 

are illustrated in Figure 12 and 13. The cell for UV-VIS 

spectroelectrochemistry consisted of a 1 cm square cross-section cuvette 

surmounted by compartments for the necessary electrodes. A special flat 

cell was used for recording epr measurments during electrolysis. This 

cell was fitted with a special platinum gauze working electrode, and a 

reference electrode consisting of an 0.1 M A9N03 solution in a glass 

tube with platinum wire contact sealed into the solution-end of the 

electrode. and a silver wire sealed into the other end which provided 

contact to the potentiostat. 

Magnetic Susceptibilities 

Magnetic Measurements were made using a Faraday balance 

according to the method of Inoue (Mori et al., 1980). 

Formation Constants 

Determination of the stepwise formation constants for copper and 

cobalt complexes of TTCN was performed by titrating solutions of the 

metal with a solution of the TTCN. The progress of the titration was 

. monitored in two ways. First. electronic spectra were recorded using 

the Cary 219 spectrophotometer equipped with a microprocessor interfaced 

to the HP 2100A and program CARY. to indicate the concentration of the 

ML2 species. Secondly. a Cu2+ ion selective electrode was used to 

monitor the free metal concentration. Curves of experimental data, 

absorbance versus total ligand concentration were plotted and compared 

with simulations using an algorithum written by Nora Rankin. 
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Software 

Several programs have been developed to obtain, record and 

manipulate data from an experiment which is interfaced to an on-line 

computer. Programs ACCV and CARY allow the operator to control 

experiment and record data for cyclic voltammetry and UV-VIS 

spectroscopy, respectively. These programs also allow for initial 

inspection of the data on the Tektronix (Beaverton, Oregon) 4010 

graphics terminal. (See Appendix A) 



CHAPTER 3 

ELECTROCHEMICAL AND SPECTRAL DATA 

Each of the four compounds investigated in this work was 

subjected to analysis by cyclic voltammetry. controlled potential 

electrolysis. and rotating disk electrode linear sweep voltammetry. 

Cyclic voltammetric curves were also simulated for each compound using 

program CVSX. 

Electrochemistry of Copper-TTCN Complex 

Bis-1.4.7-TTCN copper(II) complex was investigated in several 

different solvents and exhibited strong solvent interactions. yielding 

unusable bizarre voltammograms in several cases. (These solvents were 

methanol. ethanol. dimethylformamide. tetrahydrofuran. dichloromethane, 

and nitromethane). The results of voltammetry performed in 

acetronitrile and water are reported here. Acetonitrile was chosen as a 

"standard" solvent for all of the compounds studied. but as it strongly 

interacts with copper to preferentially stabilize Cu(I). the redox 

potentials in acetonitrile reported here are understandably higher than 

those found in aqueous solution (Table 4). Water was chosen as the 

principal solvent for the copper-TTCN complex studies to be able to make 

some comparison with redox properties of Type 1 copper proteins. The 

objection has been raised (Augustin et al., 1981) that work done on 

54 
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model copper complexes in non-aqueous solvents yields "non-standard 

potentials derived from irreversible polarography." That objection is 

met in the present work, by using aqueous solutions and obtaining 

reversible data. 

The aqueous cyclic voltammetry of Cu(TTCN)2(BF4)2 consists of a 

single quasi-reversible wave centered at -.034 V vs. Ag/Ag+ which 

corresponds to 0.558 V vs. NHE (Figure 14). The potential of the 

peaks shifts slightly with scan rate, consistent with a standard 

heterogeneous rate constant on the order of 0.01 cm sec-I. The 

potential of this wave is not in any way dependent on concentration for 

over the 2 orders of magnitude that were examined (0.02 mM to 2.38 mM). 

No other redox processes were observed in aqueous solution within the 

range of the indicating electrode (+1.1 to -0.4 V vs. NHE) (Table 4). 

The diffusion coefficient was calculated in two way for the 

Cu(II) complex species. ROE curves were recorded as illustrated in 

Figure 15, and iL was plotted as a function of wV2 according to the 

Levich equation: 

iL 602 n FA02/3 Cbulk v-1/ 6wV2 

where n is the number of electrons transferred, F is the Faraday, A is 

the area in cm2 of the rotated electrode, 0 is the diffusion coefficient 

of the bulk species, C is the bulk concentration of the soluble 

electroactive species in moles per cubic centimeter, v is the kinematic 

viscosity of the solvent, w is the rotation speed of the electrode in 

radians per second, and iL is the diffusion limited current measured in 



Figure 14. Cyclic Voltammetry of Cu(TTCN)2(BF4)2 
Conditions: solvent in aqueous carbonate buffer, pH=6.0 
u = 0.11. Platinum working and counter electrodes. 
Ag/Ag+ reference electrodes 

a) 10 mv/s 
b) 20 mv/s 
c) 200 mv/s 
d) 500 mv /s 
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Figure 14. Cyclic Voltammetry of Cu(TTCN)2(BF4)2 
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TABLE 4. Cyclic Voltammetric Data for Copper-TTCN Complex 

Scan Rate Epc, V ipc, uA Epa, V ipa uA lIEp,mV ipa/ 
(mV/a) ipc 

10 -0.166 90 -0.080 -80 86 0.9 

20 -0.144 156 -0.083 -160 61 1 

50 -0.144 227 -0.075 -240 69 1 

100 -0.137 350 -0.069 -350 68 1 

200 -0.142 484 -0.066 -490 66 1 

500 -0.152 776 -0.054 -780 98 1 

1000 -0.171 1043 -0.038 -1044 104 1 

Conditions: Concentration: 2.38 roM 
Solvent: aqueous carbonate buffer;J1 = 0.11; pH 6 
Electrolyte: 0.1 M KN03 
Reference Electrode = Ag/AgN03 (0.1 M) 
Working and Auxiliary electrodes: platinum 
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i/CV"2 

1195 

1465 

1349 
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microamperes at the electrode. When iL is measured for a series of w 

values, the quantity of n02/3 may be determined from the slope of the iL 

versus wV2 line. The slopes of curves in Figure 10 vary as expected with 

concentration. The n02/ 3 value· must be checked by a second experiment 

as it consists of two unknowns. The method chosen as the check was to 

perform a controlled potential electrolysis, recording the current-time 

curve. Using the method of Hitchman and Albery (1972), 0 may be 

determined independently. The values of 0 derived from both experiments 

agreed within 10% and a 0avg. of 2 x 10-6 cm2 s-l was used for the 

calculation of n = 1. The product of the controlled potential 

electrolysis yielded a colorless solution and a voltammogram that was 

identical to the voltammogram of the starting material. ROE data for 

this product are shown in Fig. 16. Reversing the electrolysis 

quantitatively regenerated the starting material and the yellow color. 

Visible spectra were recorded of the solution at various stages 

in the electrolysis and provided verification of the oxidation states 

produced (Table 5). The yellow Cu(II) solution exhibits a broad, 

intense absorption with lambda max at 446 nm. (8 = 4692). The Cu(I) 

solution, which is colorless had two very low intensity absorptions, at 

430 nm (8 = 50) and 340 nm (8 = 54). The yellow starting solution 

corresponds to Cu(II). The product of the first electrolysis, to a 

lower oxidation state is CU(I), and the resulting solution is colorless. 

The yellow color of the copper(II) complex is restored upon qualitative 

electrolysis at the higher potential (Table 5). 



Figure 15. Rotating Disc Electrode data for Copper(II) TTCN Complex. 
Curve A is data plot for the starting solution. (Solution 
conditions described in Fig. 14) Curve B is plot of data 
taken after two quantitative electrolyses steps. The first 
step was a reduction to CU(I)" complex, and the second step 
was a regeneration of the starting material. Original con
centration (curve A) of CU(II)-TTCN complex was 2.38 mM. 
Other conditions as were: 

scan rate: 100 mv/s, 
area of electrode: 0.416 cm2 
reference electrode: Ag/Ag+ 
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Figure 15. Rotating Disc Electrode data for Copper(II) TTCN Complex. 
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Figure 16. Rotating Disk Electrode Data for Copper(!) TTCN complex pro
duced by controlled potential electrolysis of a Cu(II)-TTCN 
solution. The concentration of the starting solution was 
2.38 mu. Solvent used was an 0.01 M aqueous carbonate 
buffer. Platinum disk electrode area was 0.416 cm2. 
Reference electrode was Ag/Ag+. All other conditions as 
before. 



TABLE 5. Electronic Spectra for Bis Complexes of 
1,4,7-Trithiacyclononane 

Complex 

Co(TTCN)~+ (a: c) 

\ max (nm) (L mole- 1 cm-1) 

Co(TTCN); (a,d) 

Cu(TTCN)~+ (b,c) 

Cu(TTCN); (b,c ) 

2+ (d ,e) 
Fe(TTCN) 2 

Fe(TTCN)~+ (d,e) 

472 
338 
283 
265 

475 
338 

446 

430 
340 

527 

527 

104 
3510 
1740 
1830 

100 
3000 

4692 

50 
54 

36 

27 

61 

a. acetonitrile; 0.1 M Bu4NPF 6 b. aqueous solution, 0.1 M KN0 3 with 
carbonate buffer pH K 6.00. c. scan range: 250 to 750 nm d. scan 
range: 350 to 750 nm. e. nitromethane; 0.1 M BuN

4
Cl0

4 
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For cyclic voltammetry, current ratio ipa/ipc is nearly 1 at all 

scan rates and concentrations indicating that there is no chemical step 

competing for the product of the electrochemical reaction. This is 

consistent with the reversible behavior observed for the controlled 

potential electrolysis. For quantitative electrolysis, Q, the total 

charge passed in coulombs is calculated from: 

Q = nFCV 

where n is the number of electrons per mole, F is the Faraday, C is the 

concentration of the electrolysis solution in moles per liter, and V is 

solution volume in liters. Thus for a 0.7 mM solution of Cu-TTCN 

complex and assuming a one electron process, the expected Q would be 

2.34 coulombs. After 18 hours electrolysis of this solution 2.106 

coulombs, or 90% of theoretical yield was recorded. Electrolysis was 

halted, voltammograms and spectra recorded, and the direction of the 

electrolysis reversed. After another 18 hours, 1.89 coulombs of charge 

had been passed which is approximately 90% of the 2.106 coulombs passed 

on the forward step. Voltammograms were again recorded and spectra 

taken. As expected, cyclic voltammograms of the solution were virtually 

identical at each step of the process but the ROE linear sweep 

voltammograms recorded at various points in the process revealed that 
2+ 

the bulk species in the original, freshly prepared solution is Cu(TTCN)2. 

While cyclic voltammetry gives information about species at the surface 

of the electrode, hydrodynamic techniques such as the rotating disk 

electrode can give information about species in the bulk of the 
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solution. The current will be zero at potentials where the bulk 

solution species is not electroactive. The zero-current condition 

obtained in freshly prepared solutions of the Cu(l!) complex for 

potentials more positive than 0.050V vs. AgjAg+, whereas for the 

solution resulting from the first electrolysis step, the plateau of zero 

current corresponded to the one-electron reduction product. 

These data indicate that reversible one-electron reduction 
+ 

occurs to form Cu(I)(TTCN)2. The complete reversibility of the 

electrolysis indicates either no change in outer sphere organization of 

the molecule occurs or that any such changes are reversible. As no 

other peaks are observed in the voltammogram, no other species are 

present which are electroactive in the potential region under 

investigation. This rules out the possibility that a TTCN molecule is 

lost from the complex during electron transfer as TTCN itself is 

electroactive within this region, and an anodic peak would have been 

observed for its oxidation. 

Electrochemistry of Bis,1,4,7-TTCN Coba1t(II) Complex 

Cyclic voltammetry of the Co(II) solution yields three 

diffusion-controlled one-electron steps with cathodic peak potentials at 

-0.019, -0.783, and -1.580 V vs. AgjAg+ acetonitrile reference 

(Figure 17). This corresponds to 0.573, -0.191, and -0.998 vs. the NHE. 

These have been assigned as follows: 

Co (I II )L 2 + e- > Co (II)L2 Ep = -0.019 

Co (I I)L2 + e- > Co (I )L2 Ep = - O. 783 

Co(I)L2 + e- > Co (O)L + L Ep -1.580 
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Figure 17. Cyclic voltammetry of Co(TTCN)2(BF4)2. 
Conditions: 0.1 M TBATFB in acetonitrile; Ag/Ag+ reference; 
Pt working and counter electrodes; scan rate is 100 mv/s; 
complex concentration is 0.7 mM. 



CYCLIC VOLT/\Mf~ElfUC IJ/\T/\ FOR CO-TTCN COMPLEX -- ·---- -- - --· ·- -- - -- -- - --- - -· -- - -----

cone. f1m SC~!'- _r~j._e_n!!J'_J Epc_, _v. _t P!=_,_ ~-~- Ep~ , __ v tp_a_, __ u/\ _Ep ratto t /cv_l 12 
0.1 10. 0.009 5 0.069 5 60 1 15.81 

20 0.010 7 0.070 7 60 1 15.65 
50 0.007 11 0.071 11 M 1 15 .55 

100 0.005 16 0.073 15 6R 0.9 lfl.OO 
200 
500 -0.009 35 0.082 35 91 15.65 

1000 -0.031 50 0.099 t19 130 IS .RI 

0.15 10 0.010 7.5 0 .OH 7.5 M 1'l.R1 
20 
50 

100 0.010 24 0.078 . 2t1 68 16.00 
200 -0.002 35 0.000 3t1 82 16.t19 
500 -0.011 52 0.091 52 102 15 .50 

1000 -0.036 73 0.110 73 1t16 15 . 1R 

0.5 10 O.OOJI 25 0.073 24 69 1 15 .81 
20 0.001 35 0.080 35 76 1 15 .65 
50 O.OOJI 55 0.076 53 72 0.9 15.56 

100 -0.004 80 0.079 00 83 1 16.00 
200 -0.011 115 0.083 110 9t1 0.9 '16 0 26 
500 -0.029 173 0.100 170 12 1 15 0 o17 

1000 

1.0 10 0.000 52 0.069 50 69 1 16.4t1 
20 0 .005 73 0.077 75 72 1.1 16-.32 
50. -0.010 110 0.000 110 90 1 15 .56 

100 -0.006 160 0.076 160 82 1 16 . 10 
200 -0.019 230 0.008 225 107 1 16.?6 
500 -0.034 301 0.098 300 132 1 13 . t16 

1000 -0.067 330 0.119 335 106 1 10 . .-1.-1 

TABLE 6. MC~(TTCN)2(~F4)2 in 0.1 M tetrabutylammonium hexafluorophosphate in 
:l:~tr~~=:lnum flag working and counter electrodes. Ag/Ag+ reference 

0) 

<.n 
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Current potential curves recorded using ROE indicate by the plateau of 

zero-current that the bulk species corresponds to Co(II), the species 

present at potentials between the first two cathodic voltammetric peaks. 

UV-VIS spectroscopy for this species shows a strong absorption at 338 nm 

(E = 3510) with a small absorption maximum at 472 nm (E = 104). The 

latter is indication of a d-d forbidden transition with an energy of 

21,000 cm-1 (Table 5). 

The voltammetric peak potentials shift with scan rate in a 

predictable manner to increase Ep in accordance with theory for 

quasi-reversible kinetics. The peak potentials are not concentration 

dependent. The peak current exhibits the theoretical dependence on 

concentration, the current being directly proportional to concentration. 

The third reduction step is irreversible and is accompanied by the 

appearance of an anodic wave in the region where the TTCN lignad would 

be oxidized. This suggests loss of a ligand molecule from the complex 

on going to the Co(O) state. It is observed that the anodic currents of 

the first and second waves are dramatically diminished when the third 

reduction step is allowed to occur. Even without the third reduction 

step, the oxidation current of the second wave is never as large as the 

corresponding reduction current. The peak current ratio ipalipc is less 

than one for slower scan rates (0.01 vis to 0.2 vis) and approaches 1 

for faster scan rates (0.5 to 1.0 vis). This is suggestive of a slower 

chemical step subsequent to electron transfer. As there is no 

measurable concentration effect on this wave, dimer or adduct formation 

is ruled out, suggesting a first order process (Table 6). 
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Controlled potential electrolysis data recorded for the three 

waves show complete reversibility of the first and second steps but not 

of the third. For a solution containing 8 x 10-4 molar Co(TTCN)2 

(BF4)2, the charge passed in 14 hours at -1.0 V vs. Ag/Ag+ was 2.3 

coulombs or 85% of theoretical yield. A voltammogram recorded for this 

solution was virtually identical to that of the starting solution, 

however the ROE current-potential curves were shifted on the current 

axis as expected, showing approximately 85% conversion of the starting 

material to a species corresponding to the reduction product of the 

second wave. The starting material was regenerated via CPE at -0.7 V 

vs. Ag/Ag+. CPE of a fresh solution of cobalt-TTCN complex, carried out 

at 0.3 V vs. Ag/Ag+ generated the product of a one-electron oxidation of 

the starting material. The reduction of this was completely reversible 

back to starting material at -0.3 V vs. Ag/Ag+. 

The electrolyses were considered quantitative if 85% - 90% of 

the calculated charge had been passed within 18 hrs. These findings 

were consistent with UV-VIS spectra recorded at the start and conclusion 

of each electrolysis step (Table 5). The absorbances recorded for 

Co(II) complex occurred with maxima at 472 nm (8 = 104), 338 nm 

(8 = 3510), 283 nm (8 = 1740) and 265 nm (8 = 1830). Absorbances for 

Co(I) solution occurred with maxima at 475 nm and 338 nm with molar 

absorptivities as before. The other weak ultraviolet absorbances were 

absent for the Co(I). 

Values of nand 0 for Co-TTCN complex species were calculated as 

for copper complexes and the value used was 0.88 x 10-5 cm sec-I. 



Figure 18. Rotating Disk Electrode Experiment. iL vs. wV2 for 
Co(TTCN)2(BF4)2. Conditions: scan rate = 100 mv/s; Platinum 
electrode area = 0.416 cm2; platinum counter electrode; 
Ag/Ag+ reference electrode; 0.1 M TBATFB in acetonitrile. 
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Figure 18. Rotating Disk Electrode Experiment. 
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Figure 19. UV-Vis Spectrum for Co(TTCN)2(BF4)2 showing forbidden tran
sition at 472 nm. 
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TABLE 7. Rotating Disk Electrode Data: Co(TTCN)2( BF4)2 

Cone. 
!..-: ~ L 

w' (rps) /(rpm)':2 ~ (uA) Slope D calc. 

0.05 mM 6.472 (20) 8.4 
9.708 (30) 12.7 

12.92 (40 ) 16.9 
16.18 (50) 21.1 

-6 -5 1.31x10 0.88x10 

19.416 (60) 25.4 
22.652 (70 ) 28.7 
25.888 (80) 32.0 

0.10 roM 20 17 
30 25 
40 34 
50 42 2.6x10-6 0.87x10-5 

60. 51 
70 58 
80 65 

0.15 mM 20 27 
30 41 
40 52 
50 70 

-6 -5 
4.09x10 0.94x10 

60 79 
70 91 
80 107 



TABLE 7. (continued) 

Conc. 

0.50 mH 20 
30 
40 
50 
60 
70 
80 

1.0 roM 20 
30 
40 
50 
60 
70 
80 

calculated D avg = 0.89 x 10-5 

current(uA) 

87 
130 
173 
215 
260 
304 
347 

166 
249 
331 
414 
497 
580 
663 

slope 

-6 1.34 x 10 

') 

Conditions: Pt Rotating Disk A = 0.415 cro-

71 

D calc. 

.- :; 
0.91 x 10 

-5 
0.85 x 10 

Ag/Ag+ reference; Pt flag counter electrode; 
Scan Rate = 100 mv/sec for all data 
Solvent = acetonitrile 
Supp. Electrolyte c 0.1 M n-Pr4NBF~ 
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Tables and graphs of rotating disk electrode current data are included 

(Table 7; Fi gure 18). 

Electrochemistry of Fe-TTCN Complex: Fe(TTCN)2(C104)2 

Cye 1 ic voltammetry was performed on thi s compound in 

acentonitrile. A single one electron diffusion-controlled wave, 

centered at +1.040 V, was observed with the region of 1.9 V to -1.5 V 

vs. Ag/Ag+. The peak potentials shifted with scan rate consistent with 

quasi-reversible kinetics. Peak current ratio ipa/ipc was constant at 

1.0 ± 5% for all scan rates examined. 

Electrochemistry of Fe(TTCN)2(BF4h 
2+ 

The tetrafluoroborate salt of Fe(II)(TTCN)2 was only marginally 

soluble in acetonitrile, but was more soluble in nitromethane. The 

results of cyclic voltammetry for this compound in this solvent were not 

significantly different than for the perchlorate compound in 

acetonitrile (Fi gure 20). A single diffusion-controlled, one electron 

wave is observed at 1.040 V vs. Ag/Ag+ with quasi reversible kinetics 

(0.015 em sec- 1) (Table 8). ROE data confirm that Fe(II) is the bulk 

species, and that the wave is diffusion controlled (Figure 21). 

Controlled potential electrolysis was performed for quantitative 

conversion of the compound to the one-electron oxidation product. This 

product is identified as Fe(III)(TTCN)~+, and is stable enough to allow 

regeneration of the Fe(II) starting material in reversal of the 

electrolysis. 



Figure 20. Cyclic Voltammetry of Fe(TTCN)2(BF4)2 
Conditions: 0.1 M TEAP in nitl'omethane; Ag/Ag+ reference 
electrode; platinum working and counter electrodes; scan 
rate is 100 mv/s; complex concentration 0.3 mM. 
Solid line is experimental data (residual current has been 
sUbtracted). calculated curve. 
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Electrochemistry of Bis 1,4,7-TTCN Nickel(II) Complex 

Cyclic voltammetry of this compound was characterized by 

numerous irreversible waves, both anodic and cathodic in the region 2.0 

V to -1.7 V. One wave in the region of 0.324 V vs. Ag/Ag+ was 

quasi-reversible, and was subjected to closer investigation on the 

premise that it might prove to be Ni (II)/Ni (III) oxidation. This wave 

is a diffusion-controlled, one electron process with Ksh on the order 

of 0.008 cm sec-I. The peak potentials are independent of 

concentration. The product of CPE at 0.5 volts vs. Ag/Ag+ was unstable 

and CV of this product failed to show a quasi-reversible wave in the 

region of 0.3 volts vs. Ag/Ag+. The starting material was evidently not 

regenerated on the reverse step via CPE. Simulations were not performed 

for thi s wave. 

Simulation of Cyclic Voltammetric Data 

Us i ng a program wr itten by Langhus (1978) and modified by Ea rl 

(1982) and Root (1983), it was possible to calculate cyclic voltammetric 

current-potential curves, and to plot the theoretical curves with actual 

data for the purpose of comparison. Program CVSX allows simulation of 

one- or two-electron transfer mechanisms with following chemical steps 

and/or disproportionation (ECE, ECEC, or ECEO mechanisms). 

For the case of no intervening chemical step (EE or EEC 

mechanisms), a modification of the program simplifies the algorithm used 

to calculate current information. In either case, the operator selects 

values for the rates of three forward and reverse homogeneous reactions 
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TABLE 8. Cyclic Voltammetric Data for Iron-TTCN Complex 

J 

Scan Rate Epc (V) ipc, Epa(V) ipa(uA) ,jEp ,(mV) Current i/Cv'" 
(mV/s) (uA) Fa ti () 

10 1.018 6 1.087 -6 69 632 

20 1.013 7 1.084 -7 71 522 

50 1.002 11 1.080 -11 78 518 

100 1.001 16 1.080 -16 79 1 533 

200 0.998 20 1.088 -21 80 495 

1000 0.976 50 1.106 -130 130 0.9 527 

Condi tions: 
Concentration: 0.3 roM; solvent: nit rome thane; supporting 
electrolyte: TEAP, 0.1 M; reference electrode: + Ag/Ag ; working 
and auxiliary electrodes; Platinum. 



Figure 21. Rotating disk electrode experiment. iL vs. wV2 for 
Fe(TTCN)2( BF4)2· 
Conditions: 0.1 TEAP in nitromethane. Ag/Ag+ reference 
electrode; 0.415 cm2 platinum disk ROE working electrode; 
platinum counter electrode; complex concentration 0.3 mM. 
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(and they may be zero or infinite) and two standard heterogeneous rate 

constants for the electrochemical steps as well as n, the number of 

electrons transferred. Operator must also indicate values for alpha, 

the transfer coefficient, and EOI, formal potential for each of the two 

electron transfer steps. In addition to the initial concentration for 

each of six possible species involved in the reaction mechanism, 

diffusion coefficients for all species must be given. Certain 

experimental parameters must be provided and these are starting 

potential, first and second switching potentials, sweep rate, and 

electrode area. Tables of these data are presented for iron, cobalt, 

and copper complexes of TTCN (Tables 9 thru 11). Parameters chosen for 

simulations were experimentally derived where possible. Concentration, 

diffusion coefficient, number of electrons, initial and switching 

potentials, sweep rate and electrode area were all derived directly from 

experimental conditions and calculations. Values of alpha, the transfer 

coefficient were all assumed to be 0.5, since peak shape for 

quasi-reversible kinetics does not depend on this parameter to a great 

extent. The value of Epc, the cathodic peak potential was chosen to be 

fitted first. This was accomplished by Comparing simulation and 

experimental data for slower scan rates, 0.01 vIs to 0.1 vIs. The 

effect of electron transfer rates on peak potential and wave shape is 

more pronounced at higher scan rates, hence, at slower scan rates, a 

range of values for ksh, the standard heterogeneous rate constant. will 

give the same fit to the peak. After determining the value of EOI that 

gives the best fit of the ~athodic peak at slow scan rates, the standard 
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heterogeneous rate constant is found by iterative simulations through a 

range of possible ksh values. The values reported for TTCN compounds in 

Tables 9 - 11 are not set forward as unique solutions to the theoretical 

equation. There may be several such parameter sets that would give the 

same value of Epc. The chosen parameters must, however, be limited to 

values that are chemically and experimentally reasonable, which these 

are. A greater problem is that one parameter set might yield a good fit 

for more than one model, in which case, the simulations could not be 

used for choosing or rejecting a given mechanism. Fortunately in the 

present case only one model could be made to fit each set of 

e xperime nta 1 data. 

Once Epc was fitted for a variation of about three orders of 

magnitude in scan rate (usually 0.01 vis to 5 vis) other features of the 

Yoltammogram were examined for goodness-of-fit. Epa, the anodic peak 

potential, Epp/2 which is peak width at half height, and ipa/ipc which 

is the peak current ratio, were also examined. 

Simulation of Cu-TTCN Cyclic Voltammetric Data 

The simulation for the cyclic Yoltammetry of the Cu-TTCN complex 

is the most straightforward of the three compounds examined. Data for 

these simulations are presented in Figure 21. Comparison of the 

experimentally recorded and theoretically calculated data sets reveal a 

difference that is readily explained as charging current. The 

simulation algorithm used cannot correct for charging current, however 

an experimental residual current curve for the same scan rate and 



Figure 22. Cyclic voltammetry of Cu(TTCN)2(BF4)2. 
Conditions. 0.1 M KN03 in aqueous carbonate buffer pH = 6 
u = 0.11; Ag/Ag+ reference electrode; platinum working and 
counter electrodes: 100 mY/sec scan rate. 
-------- experimental data 
++++++++ calculated simulation 
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TABLE 9. Parameters used in Simulation of EE Mechanism; Copper TTCN Complex 

Initial molar concentration 

Diffusion coefficient 

Number of electrons 

E-zero, volts 

Heterogeneous rate constant, cm/s 

Alpha 

L 
Electrode area, cm 

Scan Rates examined 

0.1 roM 

0.9 x 10-5 

0.034 

0.05 

0.5 

0.6 

10 - 1000 mv/sec 
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potential range has bee~ subtracted point ~ point from the data. The 

charging current at the lelectrode evidently changes slightly upon 

addition of the analyte,1 hence the higher experimental current recorded 

at the extremes of the scan range. 

For the cob~lt domplex, simulations were performed for the first 

and second waves separately, and then it was attempted to simulate the 

data thru the entir~ potential range of both first and second waves 

together. The first two waves were fitted ve~ well separately. Cyclic 

voltammograms for t~e first wave are presented in Figure 22. Analysis 

of the fit of the c~lculated curve to the experimental data is analogous 

to the discussion fpr the copper-TTCN voltammogram. Differences between 

the two curves may ~e rationalized in terms of charging current. When 

the two waves were joined and calculation of the voltammogram performed, 

goodness-of-fit decreas~s noticeably for the second wave as the 

simulated currents are too large. Also, the peak current ratio, 

ipc/ipa, for the si~ulated data is still equal to one whereas the peak 

current ratio for the e~perimental data is less than one. This is 

suggestive of a followi~g chemical reaction (Figure 24). The wave 

centered at -1.58 V. vs. Ag/Ag+ was not simulated. 

Comparison of e~perimental and theoretical cyclic voltammetr;c 

data for iron-TTCN complex is shown in Figures 25 and 26. These curves 

are recorded for fqirly slow scan rates and the charging currents are 

minimal. Residual curr~nt subtraction has been performed on the 

experimental data &nd goodness-of-fit is excellent. 



Figure 23. Cyclic voltammetry of Co(TTCN)2(BF4)2 
Conditions: 0.1 M TBAP in acetonitrile; Ag/Ag+ reference; 
platinum working and counter electrodes; concentrations of 
complex is 0.10 mM; 10 mv/s scan rate. 
-------- experimental data 
++++++++ simulation 
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Figure 24. Cyclic voltammetry of Co(TTCN)2(BF4)2, with calculated curve 
superimposed, both waves included. Values as reported in 
Table 6. 
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TABLE 10. Values Used for Simulation of Cyclic Voltammetry, Cobalt-TTCN Complex 

First Wave Second Wave 

Concentration 0.8 x 10-3 M Concentration o • 8 x 10 - 3 1-\ 

Diff~sion coefficient 0.9 x 10-
5 

Diffusion coefficient 0.9 x 10-5 

Number of Electrons Number of Electrons 

E-zero -0.019 v. E-zero -0.783 v. 

Heterogeneous rate 0.012 He terogeneous rate 0.005 
constant (em/sec) constant (em/sec) 

Transfer coefficient 0.5 Transfer coefficient 0.5 

Simulations performed for range of scan rates 10-1000 mv/sec. 
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TABLE 11. Values Used for Simulation of Cyclic Voltammetry. Iron-TTCN Complex 

Concentration 

Diffusion Coefficient 

Number of electrons 

E-zero, Volts 

Heterogeneous rate constant (cm/sec) 

Transfer Coefficient 

Scan Rates simulated 

0.3 m.t.1 

-J 
0.88 x 10 

1 

1.040 vs. Ag/Ag+ 

0.015 

0.5 

10 - 1000 mv/s 
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Determination of Formation Constants 

A program written by Nora Rankin simulates the titration of a 

metal by a ligand that forms two complexes in two equilibrium steps. 

Program BIND prompts the user to enter valu~s of Kl, K2' El and E2' 

where El and E2 are molar absorbtivities for ML and ML2 and Kl and K2 

are equilibrium formation constants 

[ML] 
Kl = [M][L] and 

The mass balance equations for CM and CL. the total metal and 

total ligand concentrations respectively. are given in terms of molar 

concentrations for the free metal [M], the first complex [ML] and the 

second complex [ML2] as 

CM = [M] + [ML] + [ML2] 

CL = [L] + [ML] + 2[ML2] 

The four variables are [M], [L]. [ML] and [ML2] and the four constants 

are Kl. K2. CM and CL. Using these four equations. each of the four 

variables may be solved for individually in closed form and expressed 

solely in terms of the constants. The cubic equations which result are 

solved by a cube-root routine given by Bevington (1969). If [M1. the 

free metal concentration. is known experimentally for each point in the 

titration. the algorithm is changed to include this information in the 

calculation. 

Using the calculated values for [L]. [ML] and [ML21 and either 

the experimental or calculated value of [M] the total absorbance of each 

point on the titration curve is found by 
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TABLE 12. Formation constants of Bis 1.4,7~TTCN metal complexes 

metal K1 K2 K 
overall 

Cu2+ 9.7 x 105 
9.2 x 105 8.9 x lOll 

Co 2+ 9.2 x 105 
1.04 x 10 7 

9.5 x 10 12 
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ATOTAL = EML b[ML] + EML2 b[ ML 2] 

where the value of b is assumed to be 1 cm. It is presumed that the 

absorbance measurements are taken at a wavelength where free metal and 

free ligand do not absorb. The program varies the values of Kl. K2 and 

E1S until X2 is minimized using GRADLS, a program from Bevington (1969). 

The data file for comparison must contain x, y points where X=CL and 

y=A, absorbance at each point. Program BIND retur'ns the "best" Kl. K2. 

E, X2 and a file of x, y points where x=CL and y=ATOTAL. 

Figure 25 is a plot of visible absorbance data recorded during 

titration of a Cu(BF4)2 solution with TTCN solution. Tilese data were 

corrected for dilution and replotted in Figure 26 with the 

computer-generated curve superimposed. The best fit for the two-step 

complexation process was found using values of Kl = 0.97 x 106 and K2 

0.92 x 107, with X2 = 0.00050 (Table 12). 

Figure 27 is a plot of absorbance data recorded during titration 

of a Co(BF4)2 solution with TTCN solution and corrected for dilution. A 

calculated curve is superimposed. Values of Kl and K2 were found to be 

0.92 x 106 and 1.04 x 107 respectively for the first and second 

complexation steps with X2 = 0.0074 (Table 12). 



CHflPTER 4 

ELECTRON PARAMAGNETIC RESONANCE (epr) DATA 

Three epr experiments were performed on the TTCN complexes. 

First, on solid phase powder samples, first and second derivative 

spectra were recorded as functions of temperature through the range from 

60°C. to -173°C. The double integral was calculated and normalized, 

then plotted as a function of temperature. From these data Curie points 

for the complexes were determined. Second, spectra were taken of 

aqueous solutions of the cobalt and copper complexes in a flat epr cell. 

Third, aqueous solutions of copper and cobalt TTCN were frozen, and 

examined through a range of temperatures from 0 to -143°C. 

So 1 id Phase epr 

The Fe(TTCN)2S04 sample obtained from Gregory Grant of the 

University of Tennessee at Chattanooga was found to be high spin (or 

possibly contaminated with high spin iron). This was determined 

unequivocally by the prominent absorption H = 210 g at low field 

~ 1470 g, in addition to an absorption 250 9 wide at ~ 3400 g 

(Figure 28). The low field absorption is clear evidence for a double 

quantum transition, 6m greater than 1, which means spin states other 

than s = lf2 exi st. For thi s reason double integral data were not 

obtained for this compound. 
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Figure 28. EPR spectrum of Fe(TTCN)2(BF4)2. 
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Powder phase sample. Temperature is -150°C. 
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Ni 2+ is d8 and consequently possesses two unpaired electrons for 

a spin state S = 1. The Ni(TTCN)2(BF4)2 complex exhibits, as expected, 

a single very broad spectral line, 780 gauss wide and centered at 3210 

gauss. This results from the presence of two unpaired electrons in 

close proximity and the signal is too broad to be of any diagnostic 

utility! (This effect was so pronounced in solution that solution 
2+ 

spectra for Ni(TTCN)2 are not reported here) (Figure 29). 

Cobalt- and copper-TTCN complexes are both spin state S = ~2 and 

exhibit strong single line epr signals for the powder sample (Figure 30). 

These spectra are slightly anisotropic, and in order to see the effect 

of the anisotropy more clearly, the derivative spectra were recorded as 

well. For completely symmetrical coordination the second derivative 

curve would consist of two identical branches and would not drop below 

zero. The second derivative curves for Co- and Cu-TTCN are somewhat 

distorted from this, as seen from the data (Figures 31 and 32). The 

anisotropy is a temperature dependent phenomenon. The data for both 

complexes suggest higher symmetry at higher temperatures which is 

consistent with increased rotational energy and consequent signal 

averaging. 

The curves were also subjected to double integration 

calculation, as described in the experimental section. Curie 

temperatures were determined from a plot of the double integral, I, 

normalized for variations in the instrumental parameters of modulation 

amplitude and receiver gain, versus temperature. These data are 
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Figure 29. EPR spectrum of Ni(TTCN)2(BF4)2. 
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Figure 31. EPR spectra of Cu(TTCN)2(BF4)2 showing temperature dependence. 
Conditions: powder sample 

curves A: first derivative spectra 
curves B: second derivative spectra 

Temperature: a) 36°C b) -117°C c) -173°C 
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Figure 31. EPR spectra of Cu(TTCN)2(BF4)2 



Figure 32. EPR spectra of Co(TTCN)2(BF4)2 showing temperature dependence. 
Conditions: powder sample 

curves A: first derivative epr spectra 
curves B: second derivative epr spectra 

Temperature: a) -98°C b) -ISO°C 
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Figure 32. EPR spectra of Co(TTCN)2(BF4)2 
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presented in Figures 35 and 36. The Curie temperatures calculated in 

this manner are below OOK in all three cases which is not at all unusual 

and means that probably plots of data taken below 77°K would show an 

increase in slope as OOK is approached. The physical significance of 

the low Curie temperature is that the unpaired electrons maintain their 

independence regardless of temperature and do not interact neither to 

pair nor to oppose spins on neighboring metal atoms. This is reasonable 

since from X-ray crystal data, the metal atoms are on the order of 

7 - 8 A apart which is too far for any reasonable probability of 

interaction. While it is probable that the curves of double integral 

vs. temperature have a region of increased slope below 77°K, the 

linearity between 77°K and 350 0 K indicates that no metal-metal 

interaction occurs in the region examined. 

Calculations were also performed to determine the number of 

spins per sample for each of the four TTCN complexes available. This 

was done by comparing with MnS04 which is a well characterized standard. 

Samples were weighed on a micro balance to ± 1 x 10-7 gram accuracy. 

The calculated spins account for 97% ± 2% of the sample, which means 

that essentially all of the copper and cobalt are in the divalent state, 

in the crystalline form at room temperature. The equation used for this 

calculation is given in Chapter 1 and is the same one used for 

calculation of the double integral. 



I 
CD 
o 

x 

..J 
ct 
0: 
(!) 
W 
t
Z 

W 
-l 
m 
::> 
o 
o 

26 
o COBALT COMPLEX 
o COPPER COMPLEX 

22 

18 

i4 

10 

6 

-160 -120 -80 -40 o 40 

TEMPERATURE C·C) 

Figure 33. Double integral vs. Temperature data; solid samples. 
o Copper(II) complex of TTCN 0 Cobalt(II) complex of TTCN I-' 

C> 
C> 



1 16 

-• 0 12 
X -
.J 
ct 

8 0:: 
(!) 
LaJ 
t- 6 z 

LaJ 4 .J 
m 
::> 
0 
0 

0 

NICKEL COMPLEX 

-160 -120 -80 -40 0 40 

TEMPERATURE ( oc) 

Figure 32. Double Integral vs. Temperature data; solid sample of 
Ni(TTCN)2(BF4)2. 



102 

Solution Phase Measurements 

Aqueous solutions of cobalt- and copper-TTCN complexes were 

placed in a quartz flat cell and examined by epr. These spectra are 

very nearly isotropic and exhibit the theoretical 4-line pattern 

centered at 3312.5 gauss for CU(II), nuclear spin I :::: 3/2 (Figure 35) 

and 8-line pattern centered at 3249.9 for Co(II), nuclear spin I :::: 7/2 

(Figure 36). This is unequivocal evidence for low spin Co(II)-TTCN 

especially as no low field double quantum transitions are observed. 

Figure 37 shows the derivative spectrum for the cobalt complex. The 

peak-to-peak width, Hpp for the copper complex is 70.0 gauss and for the 

cobalt is 20.2 gauss, at the center of the multiplex. In each case, 

however, second order effects are seen in the gradual increase in 

peak-to-peak width toward the wings. These data were used to calculate 

geff, with unusual but consistent results. For the copper-TTCN complex, 

geff :::: 2.05605 which, with magnetic susceptibility ~ :::: 1.77 BM gives S 

:::: 0.496 according to the relationship 

~ :::: g .; s (s - 1) 

in the case of cobalt, the calculation yields geff :::: 2.066489, and since 

~ :::: 1. 71 BM, then s :::: 0.467 (values of u in Table 13). 

Only one g-factor is reported for these data because the spectra 

resemble the case where 

gxx :::: gyy :::: gzz 

This will result when either one of two situations occurs. First, if 

the molecule possesses cubic symmetr'y, (such as an octahedron, a cube 

or a tetrahedron), then X, Y, and Z, the elements of the principal axis 
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Figure 37. EPR ·spectrum of Co(TTCN)2(BF4)2· Second derivative~ aqueous 
solution; 25°C. 
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system, are all equivalent. The second occasion when this occurs is in 

a solution of. low viscosity, such as liquid water, where molecular 

tumbling causes all the g-factor anisotropy to be averaged out. The 

result in either case is that the g-factor is isotropic and may be 

represented by a single value. To distinguish between these two 

conditions, the solution may be frozen. If the g-factor remains 

isotropic then high molecular symmetry is confirmed. The results of 

that experiment presented here indicate that, for copper-TTCN complex 

g-anisotropy becomes evident from the appearance of four absorptions 

downfield. All calculated from these lines is on the order of 4 mK. 

This value is relatively low and is in line with values calculated for 

blue-copper proteins. Distortion from octahedral symmetry, then, is 

sma 11 but real. 

The solution phase data for the cobalt complex show evidence of 

two species slowly interconverting (Figure 38). It is possible that a 

dynamic effect occurs at higher temperatures such that only the average 

configuration is observed, but on freezing, when the interconversion 

kinetics are slowed, the two configurations may both be observed. The 

possibility exists for the presence of both highly symmetrical and 

slightly distorted octahedral coordination complexes. The slight 

distortion could arise from small changes in torsion angles of the 

ligand molecule. The capability of the TTCN molecule to undergo even 

fairly dramatic changes in torsion angle on complexation has been 

demonstrated very recently by a molybdenum complex of TTCN (Ashby and 

Lichtenberger, 1985). 
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TABLE 13. Magnetic Susceptibilities for Bis 1,4,7-TTCN Complexes 

METAL P(B.M. ) S 

2+ 
3.01 1 Ni2+ 

Cu2+ 1.77 1/2 
Co 1.71 1/2 
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Figure 38. EPR spectrum of frozen aqueous solution of Co(TTCN)z(BF4)2~ 
-8°C. 



CHAPTER 5 

CONCLUSIONS 

The examination of these unusual compounds has led to several 

important conclusions about thioether sulfur as a donor atom in 

transition metal complexes. The structure of the ligand has clearly 

played a pivotal role in the results, for without the unique geometric 

constraints of the 1,4,7-TTCN it is doubtful that anything new would 

have been observed. A nearly perfect fit seems to be achieved by the 

metal centers chosen (copper(II), nickel(II), cobalt(II) and iron(II)) 

into the cavity formed by the facial coordination of the two ligand 

molecules. The fact that the ligand molecules maintain a configuration 

only fractionally altered from the ground state of the free ligand 

unquestionably altered from the ground state of the free ligand 

unquestionably contributes to stability of the complexes. The important 

redox properties of the ligand itself contribute to this stability and 

greater redox potentials of the complexes. The strength of the 

thioether ligand field is a most unexpected result. These findings, 

summarized below, are discussed individually with implications for each 

metal treated separately at the end. 

1. Thioether sulfur is capable of establishing a 

strong ligand field. 
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2. Coordination complexes with all thioether donors 

can be remarkably stable, and can form readily. 

3. Thioether coordination facilitates electron transfer 

at metal center. 

Thioether as a Strong Donor 

110 

That thioether sulfur atom can be a strong donor is an 

unexpected finding, based on a considerable weight of evidence to the 

contrary. There is no doubt that this results from the steric and 

geometric constraints of the 1,4,7-TTCN molecule, and from the unique 

features of the sulfur atom itself. The difference in energy 

(21,000 cm- 1) between the eg and t2g levels in the cobalt complex, for 

example, exceeds the spin pairing energy for cobalt(II) and the low spin 

state results, which is rare for octahedral complexes of cobalt with any 

donor. Cooper (1984) postulated that sulfur might decrease the spin 

pairing energy of the cobalt, to explain the low spin state observed for 

Co(ll) hexathio 18-crown-6. This is a tempting explanation due to the 

well know polarizability of sulfur and its ability to expand a metal 

atom's electron cloud, the so-called nephelauxetic effect. While this 

effect may play some part, the present results show that the field 

splitting in these molecules is more than adequate to force spin pairing 

at energy levels previously reported (19,000 cm-1 to 21,000 cm- 1), for 

donor atoms not showing a strong nephelauxetic effect, such as N. It is 

more probable that the geometric constraints of the ligand actually 

compress the metal, in the case of Co(II), as the axial bonds are 
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shorter than the calculated sum of covalent radii. The equatorial bonds 

are the length of the calculated covalent radii (2.36 A). Both axial 

and equatorial bonds are shorter than the corresponding ones reported by 

Cooper et al., (1984) and there may be different reasons for the low 

spin state in the two complexes. The low energy conformation of the 

1,4,7-TTCN in the complex and apparently higher energy for distortion 

compensates the high energy coordination sphere of the metal. 

Stability of Thioether Coordination Complexe~ 

Thioether coordination of transition metals has not historically 

been shown to be strong. Ni(II) and Cu(II) have indicated some affinity 

for thioether hut equilibrium formation constants reported even for 

these metals have been low. The complexes of 1,4,7-TTCN have shown 

enhancement of stability by several orders of magnitude. This is even 

more unusual when one considers the fact that the over all Kf values for 

1,4,7-TTCN complexes are for a two-step processes (Kf = 1012 ) whereas 

the values reported for macrocyclic tetrathioethers (Kf = 101) to 103) 

represent a one step processes. Such an enhancement of stability 

probably derives in part from the fact that the ligand molecules are 

very nearly in their ground state conformation. All other macrocyclic 

thioether ligands are known to require conformational changes to bring 

the sulfur lone pairs into bonding position. This puts the ligand into 

a high energy state within the complex. In contrast, no such 

conformational change is required for 1,4,7-TTCN to complex to the metal 

center. This minimizes 6G for the reaction and would be expected to 
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increase both likelihood of bonding and stability of the complex thus 

formed. In addition, there is an apparent reduction of the electron 

repulsion effect from the remaining lone pair of the sulfur. 

Examination of the 1,4,7-TTCN crystal structures of both the complexed 

and free ligand suggests that the non-bonded lone pair is at an angle 

that would minimize repulsive interaction with the electrons of the 

metal atom. This interaction which is frequently invoked to explain the 

normally weak interaction of thioether with metals, is evidently absent. 

On the other hand, the epr and UV-VIS data do not suggest dn-dn 

metal-to-ligand back-bonding. With the possible exception of the copper 

complex, there is no spectral evidence of any significant charge 

transfer, and the epr indicates virtually spherical distribution of the 

unpaired electron about the metal center, thus localizing the unpaired 

electrons on the metal. This would help to explain why the bonds are 

not any stronger than they are, and are not shorter than the calculated 

covalent radii of the atoms. 

Thioether Facilitation of Electron Transfer 

All four metals studied were found to have considerably higher 

redox potentials than their soluble inorganic salts, and for the most 

part, higher potentials than other coordination complexes of the same 

metal (Table 13). This means that in these compounds, there is an 

enhancement of stability of the lower oxidation states relative to the 

higher oxidation states. Also, the waves studied, with the exception of 

Co(I) + e- + Co(O), were quasi-reversible, having fairly fast electron 
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transfer kinetics. The moderate kinetics for most of the waves are an 

indication that no major structural or solvation sphere rearrangements 

are occurring. Or that, if they occur, they are rapidly reversible. 

When the diversity of electronic configurations and metal atom radii are 

considered, this is a most remarkable property for a rigid coordination 

sphere of any set of donor atoms. It is the more remarkable because 

octahedral coordination is typically associated with greater stability 

of higher oxidation states. High cationic charge tends to increase the 

value of Dq and thus favor octahedral coordination as well as spin 

pairing. An exception to both of these tendencies occurs in the case of 

extremely low oxidation state complexes when pi bonding occurs. It has 

already been pointed out that while one might expect thioether donors to 

participate as acceptors in pi bonding, there is little concrete 

evidence that they do. Even for the cobalt{II) complex, which has 

shorter axial bond lengths than the calculated interatomic radii, it is 

the Co(O) state that is least stable suggesting an absence of pi bonds. 

The remarkable stability of both higher and lower oxidation states of 

the metals studied must be rationalized in some other way. Strong sigma 

bonding results from compatibility of energy levels of the bonding 

orbitals, good overlap of those orbitals, and to a somewhat lesser 

extent on the polarizability and dipole moment of the donor atom. It is 

a reasonable hypothesis that the more stable oxidation states of the 

metals possess the best orbital overlap and compatibility of energy 

levels with thioether while the less stable oxidation states are 
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benefitted by sulfur's polarizability, and the energetically favorable 

ligand conformation, and the ligand's dipole moment. In this case, the 

higher oxidation states are probably stabilized by the ligand in another 

way, and that is by the formation of a transannular 2-center 3-electron 

bond between two sulfur's of a single ligand molecule, or even by an 

intermolecular S-S bond. As discussed in the introduction, this ~a1a* 

bond has been shown to form at relatively low potentials upon oxidation 

of the DTCO molecule at sulfur. If the complex is oxidized at the metal 

center, one of the six sulfur donors could participate in a ligand-to

metal charge transfer to relieve the electron deficiency at the metal 

center. The now deficient thioether sulfur could in turn be stabilized 

by any adjacent sulfur. The facile and reversible nature of such 

electron transfers has already been demonstrated, and such 

intramolecular rearrangements would not make a measurable contribution 

to the kinetics of the metal redox processes. As they are on the order 

of 0.1 to 0.05 cm sec- 1 (Swanson, 1979), they are not the 

rate-determining process in the electron transfer mechanisms of these 

compounds. 

Gopper-Thioether Coordination 

The high reduction potential for Cu(II) bis 1,4,7-TTCN is 

evidence of great enhancement of stability of the Cu(I) state. That 

Cu(I) and Cu(II) might both be accommodated by a rigidly symmetrical 

octahedral coordination sphere is unusual. The virtual absence of 

Jahn-Teller distortion found in both the crystallographic and epr data 
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is balanced in part by the greater copper-ligand distances (2.419 to 

2.459 A) than are usually observed, which suggests that the copper atom 

may be able to move off-center within the structural constraints of the 

complex. On the time scale of either the X-ray crystallographic 

analysis or the epr experiment, this "dynamic" Jahn-Teller effect would 

yield a nearly spherical electron distribution about the metal center. 

In solution, the rate of molecular tumbling further contributes to the 

apparently spherical symmetry. The absence of g anisotropy observed in 

the solid state epr spectrum and extremely small value observed in 

frozen aqueous solution suggest that the unpafred electron could be in a 

pure metal orbital (dz2) for a compl ex with a 3-fol d axi s of symmetry. 

However, the X-ray data show unambigously that the compound is of highe; 

symmetry than 3-fold. It has, in fact, cubic symmetry and that implies 

the unpai;ed electron must be in a dx2-y2 orbital. 

The remarkable increase in reduction potential for Cu(II) 

parallels the increase observed in Type-a "blue" copper proteins, which 

exhibit redox potentials from 0.2 to O.8V vs. NHE (Dockal et al., 1976) 

(See Table 3). Proteins with ligation from methionine (thioether) 

consistently have higher potentials than those with cysteine (thiol) 

donors. These data indicate that such an increase in potential does not 

necessarily arise from highly distorted coordination as has been 

postulated, nor from a destabilization of the Cu(II) but rather from a 

rare octahedral stabilization of CU(I). It was demonstrated in the case 

of copper that 1,4,7-TTCN is displaced by solvent molecules upon 

reduction of the complex to copper(I) state, in acetonitrile. This was 
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not surprising since acetonitrile has a very strong affinity for Cu(I), 

and so stabilizes this oxidation state that Cu(II) becomes a fai r 

oxidizing agent in this solvent. However, in aqueous or alcoholic 

solution 1,4,7-TTCN stabilizes both Cu(I) and Cu(II) states, apparently 

while ~aintaining an octahedral coordination sphere. This is an 

unexpected finding in view of the strong preference of Cu(I) for 

tetrahedral coordination spheres. For this metal, the polarizability of 

sulfur may contribute to the strength of bond in the Cu(II) state, and 

accomodation of the rare octahedral structure for the Cu(I) state. The 

sigma bond strength of the thioether(S)-Cu(I) is fair due to 

compatablity of size and orbital energy levels, as well. 

It is interesting to compare the epr data for these complexes 

with published epr spectra of Type-1 blue copper proteins. In genera l , 

Type-1 copper proteins have smaller values of Af1 for the same value of 

gil than the Type-2 proteins. The reported g values for these proteins 

are in the range of 2.02 (Stellacyanin, Rhus vernicifera) to 2.07 

(monoamine oxidase, Aspergillus niger). The value of geff reported in 

this work is 2.056 and is within this range. Small, non-biogenic 

complexes of copper(II) have larger AIJ (hyperfine coupling constant) 

values resembling those of Type 2 copper proteins (on the order of 10 to 

20 x 10-~ cm-1) whereas the Type 1 Cu2+ appears to be in a class by 

itself, with hyperfine coupling constants that are typically much 

smaller (on the order of 2 to 8 x 1o-3 cm-1, usually). · Data obtained 

for the copper-TTCN complex do not permit calculation of hyperfine 

coupling constants as apparently the orbital contribution is quenched. 
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The appearance of hyperfine coupling in the frozen solution spectra 

indicates that a tetragonally distorted conformation is being 

established. 

Linewidths for Cu(II) proteins are typically on the order of 50 

gauss and the value for copper(II) TTCN complex, at 70 gauss, while not 

out of line, suggests that very little spin is transferred to the sulfur 

donor atoms. 

The low geff value is consistent with other reported values for 

all-thioether donors, and is even lower than most (Vanngard, 1972). 

'Futu re Wo rk 

As with most scientific investigations, more questions have been 

raised than answered. Additional projects that immediately suggest 

themselves are mentioned here. 

1. X-ray crystallographic determination of the structure of the 

iron-TTCN complex should be done in order to compare this compound more 

fully with the copper (II), nickel (II) and cobalt (II) complexes 

reported in this study. 

2. 
2+ 

Synthesis and complete analysis of Mn(II)(TTCN)2 would be of great 

interest. It is anticipated that complicated electrochemistry would 

result from the numerous possible oxidation states of the manganese 

center. It is also predicted that the metal-ligand complex formation 

might be less favored for lower oxidation state, due to the relatively 

large size of the metal ion, compared with other metal ions used to 

date. 
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3. Determination of the formation constants of the rest of the metal 

complexes formed by TTCN still needs to be done. These are expected to 

be high in keeping with the values found for copper- and cobalt-TTCN 

complexes. It is also desirable to determine ligand exchange rates for 

the TTCN with these metals. 

4. Chemical synthesis of the Cu(I)-TTCN is strongly indicated by the 

unusually high stability of this oxidation state as evidenced by the 

electrochemical data reported here. It should be possible not only to 

perform the direct chemical synthesis of the +1 oxidation state 

compound, but also to investigate its structure and properties as well. 

Structural analysis by X-ray crystallographic methods would be of 

especial interest in light of the present findings as the data strongly 

suggest a most unusual coordination sphere geometry for copper(I). 

5. In order to make comparisons of the copper complexes of TTCN with 

Type-1 blue copper proteins, it would also be desirable to determine the 

homogeneous redox rates for copper-TTCN complexes. 

6. Attenuated total reflectance (ATR) or some other solid state 

spectroscopic technique should be attempted of the frozen aqueous 

cobalt- and copper-TTCN complexes to determine the nature of the 

structural transitions observed in the epr. 
3+ 

7. Electrochemical synthesis of Co(II)(TTCN)2 should be possible based 

on the high stability of this complex as indicated by the cyclic 

voltammetric findings. Isolation and structural characterization 

should also be possible, and would be of great interest. 
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8. It is of continued interest to examine the role of sulfur in these 

unusual coordination complexes. To this end, the synthesis and 

characterization of other aliphatic thioether ligands with favorable 

geometric constraints should be pursued. In order to establish the role 

of sulfur as a donor in the presence of other donors, both 11 Stronger .. 

(eg. N) and .. weaker .. (eg. Se), it would be of interest to develop mixed 

donor chelates possessing the required geometry. Strategic use of bulky 

substituents, additional rings or bridging groups should be employed in 

order to 11 fine-tune 11 the ability of the thioether donor to undergo bond 

formation and neighboring group interactions. 

9. To be absolutely certain of the suspected coordinative symmetry, it 

would be advisable to perform epr spectroscopy on single crystals of the 

TTCN-metal complexes of cobalt and copper. In this manner, the 

ambiguity of results presented here would be alleviated. 

10. It would also be of interest to examine these compounds with 35 GHz 

epr in order to enhance structural elucidation. The higher frequency 

source would give greater separation to the g-factors in the spectra as 

well as enhancing ideality by minimization of second order phenomena. 

11. It would be of great interest to examine the copper complex for the 

possible formation of the Cu(II) oxidation state. Electrochemistry in a 

suitable solvent would be advised. This would have considerable impact 

on our understanding of redox-active copper-centered proteins. 
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APPENDIX A 

SOFTWARE 

User is referred to Fig. A for all of the ensuing discussion, 

pertaining to programs and hardware used in data acquisition and 

manipulation. 

ACCV (Acquire Cyclic Voltammetry) 

This user-friendly program is a derivative of program LPSC which 

was written by Frank Shu, modi fied by David Langhus, and Robert Earl, 

and rendered in its present form by Douglas Root. The operator must set 

certain instrumental conditions, namely the starting and switching 

potentials, the scan rate, the current sensitivity scale, the direction 

of scan and the data sampling rate. Sampling rate is determined by the 

formula 

(n umber 0 f poi nts) x (scan rate) 
data rate :: 

2x lIst switching potential-2nd switching potential I 
where (NPTS) is the number of points desired for this data file, limited 

at the upper end by the number of points the program is equipped to 

handle which is 998. The scan rate is gi ven in volts per second, and 

the absolute value of the range is in volts. This formula, correctly 

used, ensures that the entire current-potential curve will be recorded 

with maximum possible resolution. Resolution should never be less than 

5 mv per pOint and if it is, then the range must be shortened. 
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The program is available for use on a configured magnetic tape. 

This is loaded on the magnetic tape drive controlled by the "NSF" 

computer. "Mag tape bootstrap" on paper tape, is loaded into the 

computer using Basic Binary Loader and program address p = 100. The 

4010-1 terminal allows operator to control the computer-experiment 

interface. Operator is allowed to select one of three options after 

each scan: 

o Terminate program. 

1 Take another cyclic voltammogrdm. 

2 Store previous scan on magnetic tape. 

If the operator chooses option 1, "take another cyel ic voltammogram", 

slhe will be asked to provide the following information: 

Title, clock frequency, current s~nsitivity, number of points. 

The title may contain up to 80 alphanumeric characters and should 

include scan rate (which is not otherwise recorded), date of the 

experiment, compound used, concentration, solvent, electrolyte, and any 

other pertinent information. 

The clock frequency is the rate at which data points will be 

recorded and should be given in cycles per second (or Hz). This rate 

must correspond to the clock frequency on the digital display of the 

control panel. "Current sensitivity" is the scale of current pe; volt 

output selected on the potentiostat, and number of points is any desired 

number up to 998, calculated as previously described. Supplied with 

this information, the computer will send out a negative-going 20 

microsecond pulse, +5 to 0 volts, which initiates the scan. When the 
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desi~ed number of points, usually 998, have been taken, the 4010-1 

terminal will display the data, with a crosshair. Operator may select 

any pOint on the terminal, press any key except "s" and x-y coordinates 

of the crosshair poiition will be output on the terminal. When 

examination of the data is complete, operator presses "S" to return to 

the menu. Option 2 on main menu, "Save on mag tape" will store the scan 

just taken on a magnetic tape. Option 0 will terminate the program and 

rewind the magnetic tape. 

When all data taking is accomplished, data files are given 

permanent disk storage on the "Navy" computer which is hard-wi;ed to the 

NSF computer, using program CVOT (Cyclic Voltammetry Data Transfer) The 

"Navy" computer must be booted-up with DOS-M boot; the appropriate disk 

loaded, and program DOSS started on the Navy side. This program is 

resident on the disk. Also, a paper tape of file names is loaded into 

the photoreader. The file names must be files already allocated on the 

disk, and of the correct length. 35 sectors is adequate for 998 point 

cyclic voltammetry files. Format of the peper tape must be: 

File name 1 (carriage return, line feed) 

File name 2 (carriage return, line feed) 

File name n (carriage return, line feed) 

IE (carriage return, line feed) 

Operator then runs program CVOT on the "NSF" computer. Program 

terminated and tape is rewound automatically when the transfer is 

completed. 



124 

Once files are transferred, they may be inspected, manipulated 

and compared using program CVSX on the "Navy" computer. CVSX allows 

operator to select any of 22 options from the main menu. Many of these 

options relate only to simulation files and are discussed in the section 

on simulation. The most useful option for examination of experimental 

data is Option 13, "interactive data message". This option plots two 

cyclic voltammograms (either data or simulation) on the 4002 terminal 

and allows operator to interact on the GTX terminal. This option gives 

operator a second, sub-menu, of 12 more options, including options 9, 

output coordinates; 8 indicate current tilt; 6 indicate current offset 

and 1 or 2, which allow replacing one of the files with any othe~. 

Option 9, Output Coordinates, activates an x-y crosshair which 

operator controls with a joystick. Operator may align the crosshai~ 

wherever coordinates are desired and strike any key on the 4002 terminal 

except "T" to read coordinates printed out on the GTX terminal. 

Striking T will allow operator to return to sub-menu. Option 8, 

o Indicate Current Tilt, allows the operator to designate two pOints on 

the screen thru which the voltammogram will pass thru when replotted. 

This is extremely useful when comparing two voltammograms having 

different background current characteristics. Option 6, indicate 

current offset, is similarly useful when the slope of background current 

is identical but absolute value is different for two curves being 

compared. 
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For hardcopy of data. files are transferred to the DEC LSI.II 

computer using transfer programs CVTRAN on the LSI and DTCV on the 

" Navy" system. 

Files resident on the LIS-II may be readily manipulated and 

plotted on the x-y plotter with user-friendly. highly interactive 

programs PLOT and DTBS. DTBS or "Data Base" allows opertor to select a 

number of manipulative routines, including manipulation by a constant to 

be performed on UV-VIS spectra, x-y plot files or cyclic voltammetric 

data or simulation files. PLOT allows user to generate x-y data files 

if desired and to view the process of perfecting layout. position. axes, 

labels and so forth. culminating in production of a hardcopy on the HP 

7470 A x-y plotter. of any data or simulation file. These programs have 

been fully documented by Michael Planck, (1985). 

Programs similar in function to ACCV, CVSX. CVPT and DOSS are 

implemented for acquisition, storage and manipulation of UV-VIS spectra 

from the Varian Cary 219. These are also described fully elsewhere 

(Earl,1982). 



APPENDIX B 

ELECTROCHEMISTRY OF MISCELLANEOUS COMPO~JNDS 

Cyclic voltammetric data were recorded for several compounds 

that were expect~d to be of some interest. These data are reported here 

for the sake of completeness but are not to be considered as thorough 

investigations of these compounds. 

Thioethers 

Five thioethers were subjected to cyclic voltammetric 

investigation. They are illustrated in Figure B. The 1,4-diphenyl 

7-thia-5,6-benzonorbornyl 2,3-endo-dicarboxylic acid anhydride(I) was 

found to be virtually insoluble in acetonitrile although a 0.05 mM 

solution was made and some experiments were performed in this solvent. 

The majority of work on this compound was performed in dichloromethane, 

with tetra-n-butyl ammonium perchlorate as the supporting electroylte. 

Two irreversible oxidationwaves were observed. The first peak at about 

0.7 V, is consistently larger in current than predicted by theory for 

diffusion-control of electron transfer. This may be the result of 

either a catalytic effect or a surface adsorption step. The second peak 

at about 1.1 V yields currents that are related as v, according to 

theory. RDE data shows these waves to be one-electron high. A cathodic 

wave appears in dichloromethan, but not acetonitrile, at about -0.2 V 

126 



OH3S S~H3 CH'S CH:3 
\ / 3\ / 

H3C-C-C-CH3 H C-C-C-CH 
/ \ :3 / \ :3 

CH3 CH3 CH3 SCH3 ....- -

I ]I m 

(X> c:~) c:~ 
I 

TIl' 1L 
CH3 1ZI 

Figure 40. Miscellaneous Compounds Examined by Cyclic Voltammetry. 

..... 
N 
--J 



128 

and shifts cathodically with scan rate. This wave is approximately 

diffusion controlled. These data indicate that the compound undergoes 

two one-electron oxidations and that the first is somewhat facilitated, 

probably by the donation of electron density from the phenyl ring pi

clouds. This is consistent with what is known about enhanced 

facilitation of oxidation by the formation of a 3-electro~ bond yet the 

pi-donation from the benzo group does lower ~he first oxidation 

potential about 300-400 mv (Table A). The second electron transfer is 

at a higher potential. 

Two butane derivatives (11,111) were examined. Both isomers 

exhibited irreversible diffusion-controlled anodic W3ves at about 0.60 

to 0.65 volts and 1.05 V vs. Ag/Ag+ in acetonitrile. These data are 

consistent with the possibility of donation of electron density from one 

thioether sulfur to the other during electron transfer. The product of 

oxidation is evidently unstable as no trace of reduction appears for 

either compound within the potential range of the indicator electrode. 

The facilitation of oxidation is presumed to be intramolecular since 

concentration was kept well below levels for observable dimer-formation 

of other aliphatic sulfides (0.05 mM). The data are presented in Tables 

Band C. 

Compounds IV and V are of interest due to the possibility that 

aliphatic sulfides might function as non-metallic conductors. Electron 

tunnelling has been reported in similar compounds. Compound IV exhibits 

two very closely spaced, irreversible, diffusion-controlled anodic 

waves. The first wave is seen at around 1.3 V and the second at around 
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1.5 V vs. Ag/Ag+ reference electrode. The irreversible oxidation and 

relatively high potential rendered this compound of minimal interest 

(Table 0 and E). 

Amines 

Compound VI (Fig. A) was investigated by cyclic voltammetry in 

acetonitrile under the usual conditions. This compound is a cyclic 

diamine analogous to 1,5-dithiacyclooctane. There was no evidence of 

reversible electron transfer, probably due to reactivity of the products 

of oxidation. Oxidation peaks occur at 0.48 V and at 1.00 V. Reduction 

peaks occur at -0.02 V and 0.69 V. At higher concentration (0.5 mM) a 

suggestive couple appears at 0.5 V at 10 mv/s scan rate. As scan rate 

is increased, this couple is shifted in the positive direction and 

appears at 0.8 V for 100 mv/s scan rate. Scans were recorded starting 

in both the positive and negative directions. When reduction occurs 

first, a very small but definite peak is observed at 0.14 V which seems 

linked to the oxidative peak at 0.5 V. Otherwise, the voltammograms are 

featureless. 

It was antiCipated that the cyclic diamine would be easily 

oxidized, so the small peak appearing in the region of 0.5 V was 

subjected to closer examination. The cathodic peak associated with this 

oxidation is not always observed. At higher concentration (e.g. 2.0 mH) 

two other anodic peaks are observed between 0.0 V and 0.3 V. These 

oxidations are inconsistently observed at 0.5 mM concentration. The 
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anodic peak in the region of 0.5 V shows considerable shift with scan 

rate but is diffusion controlled. It is consistently larger than the 

anodic wave observed at 1.00 V. This suggests loss of product between 

the two waves. 



TABLE A. Cyclic Voltammetric Data: 1,4-Diphenyl 7-THIA-5,6-Benzo Norbornyl 

Solvent 

acetoni-
trile 

dich1oro-
methane 

2,3-Endo-dicarboxylic Acid Anhydride (I) 

conc ... mM Bcan rate.mv Eoa.vO ioa.uA Eoa.v !oa.uA ~ ioc. uA 

0.05 10 0.758 -6 1.325 -60 

100 0.799 -20 

0.2 10 1.056 -107 -0.177 

100 0.599 -60 1.110 -325 -0.201 

200 0.663 -84 1.138 -434 

500 0.826 -400 1.225 -533 -0.258 

1000 0.836 500 -0.325 

Tab 1 e A. 

a. potential in volts vs. AgjAgN03 {D.l M)jacetonitrile; D.l M NaC104 
supporting electrode in acetonitrile solutions; 0.1 M n-BuN4C104 supporting 
electrolyte in dichloromethan. -

20 

96 

370 

400 

I-' (..., 
1~ 



TABLE B. Cyclic Voltammetric Data: Butane Derivatives: (II) and (III) 

conCA {rnK} sc~n~~lJll'lLsl Epl.ya iOiLJ!A £D2~ 102.111\ 

0.05 10 0.609 -5 1.002 -54 

Threo isomers 100 0.615 -15 1.045 -130 

1000 0.650 -50 1.125 -580 

5000 0.674 -100 1.226 -1256 

Erythro isomer! 

0.05 10 0.696 -4 1.052 -20 

100 0.707 -10 1.234 -58 

1000 0.669 1.079 

0.05 10 0.664 -5 1.079 -9 

100 0.686 -16 1.047 -40 

1000 0.516 -128 1.016 -300 

0.05 50 

short range 200 

a. potential vs. Ag/AgN03 (0.1 M NaC104 supporting electrolytp in acetonitrile) 
....... 
w 

'" 



conc, (roM) 

0,10 

0,20 

0,50 

1.00 

2,0 

TABLE C. Cyclic Voltammetric Data for Compound IV 

CYCI,IC VOLTl\MMETRIC Dl\TA 
ecan rate(mv/eL &Qa.Y~ lQ~ 

10 1.123 -17 
50 1.391 -36 

100 1.393 -80 
1000 1.408 -381 

10 1.451 -58 
20 1.321 -67 
50 1.361 -129 

100 1.345 -183 
200 1.339 -223 
500 1.377 -301 

1000 1.471 -589 
2000 1.451 -832 

10,000 
10 
20 
50 

100 
500 

1000 
20 
50 

100 
200 
500 

1000 
2000 

10 
20 
50 

100 
200 
500 

1000 
2000 

1.352 
1.348 
1.367 
1.324 
1.494 
1.432 

1. 391 
1.414 
1.379 
1. 451 

-51 
-72 

-114 
-161 
-223 
-507 

-362 
-485 
-596 
-899 

-----8----
-----8----

1.153 -480 
1.157 -6BO 

1.214 -1073 
1.201 -1517 
1.454 -2149 
1.468 -3390 
1.485 -4522 
1.518 -6202 

£ru!.~ 
1.400 
1.474 
1. 518 
1.569 

1. 579 
1. 494 
1. 515 
1. 519 

1.656 
1. 592 
1.604 
1.452 
1.511 
1.519 
1.506 

1.599 
1. 438 
1 ~ 474 
1.508 
1.526 
1. 557 
1. 567 
1.692 
1. 432 
1.401 
1.397 
1.421 
1.566 
1.554 
1.617 
1.682 

112ihl!.A 
-20 
-45 

-100 
-428 

-76 
-129 
-239 
-242 

-655 
-764 

-1708 
-69 

-101 
-154 
-218 

-652 
-275 
-347 
-590 
-634 
-896 

-1267 
-1841 
-504 
-712 

-1106 
-1592 
-2249 
-3494 
-40B7 
-6701 

a. potential vs. Ag/AgN03 (0.1 M/acetonitrile; 0.1 M NaC104 supporting 
electrolyte; platinum working and counter electrodes- s. peak appears as a 
shoulder on the larger peak. ....... 

w 
(v 



conc,mM 

0.2 

0.5 

1.0 

2.0 

TABLE D. Cyclic Voltammetric Data for Compound V 

Bcan rate (mvl 5) 

10 
20 
50 

100 
200 
500 

1000 
2000 

10 
20 
50 

100 
200 
500 

1000 
2000 

10 
20 
50 

100 
200 

500 
1000 
2000 

10 
20 
50 

100 
200 
500 

1000 
2000 

~ 
1.211 
1.162 
1.175 
1.194 
1.210 
1.235 
1.222 
1. 292 
0.884 
1.195 
1.192 
1.193 
1.175 
1.189 
1.214 
1.260 
1.173 
1.143 
1.180 
1.183 
1.240 
1.233 
1.226 
1.299 
1.164 
1.191 
1.163 
1.193 
1.202 
1.224 
1.260 
1. 270 

iRLJ!A 

-6 
-11 
-16 
-26 
-38 
-71 

-157 
-247 
-7 
-15 
-30 
-48 
-66 
-94 

-190 
-313 
-20 
-43 
-55 
-69 
-117 
-241 
-276 
-432 
-58 
-68 
-93 

-137 
-130 
-346 
-417 
-695 

~ 
0.725 
0.712 

-0.709 
-0.733 
-0.734 
-0.770 
-0.857 
-0.840 
-0.691 
-0.706 
-0.705 
-0.778 
-0.736 
-0.763 
-0.788 
-0.851 
-0.790 
-0.719 
-0.711 
-0.722 
-0.759 
-0.847 
-0.797 
-0.828 
-0.828 
-0.735 
-0.748 
-0.764 
-0.771 
-0.784 
-0.790 
-0.823 

~ 

4 
8 

15 
19 
47 
96 
.59 
224 

5 
7 

22 
38 
59 
97 

200 
322 

1 
17 
39 
54 
93 

174 
250 
465 
46 
52 
66 

100 
104 
279 
337 
621 

a. potential vs. Ag/AgN03 (0.1 M)/acetonitrile~ 0.1 M NaC104. supporting 
electrolyte platinum working and counter electrodes.-
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TABLE E. Cyclic Voltammetric Data: Cyclic Diamine Compound VI 

scan rate (mv/s) Epa.yO ipa.uA Epo,yQ 

10 0.395 -17 0.990 
50 0.401 -38 1.044 

100 0.422 -54 1.046 
500 0.488 -117 1.089 

1000 00569 -165 1.065 
5000 0.699 -369 

10 0.507 -39 0.925 
50 0.495 -87 0.968 

100 0.586 -123 0.984 
500 0.522 -275 1.108 

1000 0.582 -375 1.041 
5000 0.785 -871 1.352 

a. potential vs. Ag/AgN03 (0.1 ~)/acetonitrile; 0.1 ~ NaC104, supporting 
electrolytes, platinum working and counter electrodes. 

ipa,uA 

-12 
-21 
-38 
-85 

-120 

-11 
-31 

. -45 
-100 
-142 
-318 

I-' 
W 
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