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ABSTRACT

In Part I of this thesis, the electrochemical properties of
cobalt(I)-2, 2’-bipyridine and cobalt(I)-6, 6'-dimethyl-2, 2’ -bipyridine
complexes were investigated, including their reactions with reducible
substrates and their adsorption on mercury electrodes.

Electron transfer rate constants measured for cyclooctatetraene
and cis-[(C,H;)Fe(CO)P(CgH,),],, molecules which undergo large intra-
molecular rearrangements upon electron transfer, in non-aqueous
solvents with various tetraalkylammonium salts as supporting electro-
lytes are presented in Part II. The electrode kinetics were measured
by cyclic voltammetry, chronocoulometry and AC impedance techniques.
Values of the rate constants found were as large as 0. 30 cm/sec.

Synthesis and adsorption behavior of several novel substituted
ruthenium ammine complexes.are discussed in Part III. The adsorption
6n mercury was used to distinguish between the two thiocyanate linkage
isomers, Ru(NHs)sNCS” and Ru(NHa)_.,SCN2+. The coordination proper-
ties of ruthenium(IT) were used to prepare trans-Ru(NH,),(NCS)(4-vinyl-

pyridine)Ru(EDTA), a binuclear ruthenium species.
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Part I

Electrochemistry and Adsorption of Bis 2,2’ -Bipyridinecobalt(I) and
Bis 6, 6’ -Dimethyl-2, 2’ -Bipyridinecobalt(I) in Acetonitrile



INTRODUCTION

Several recent reports by Anson and coworkersl’ 2 héve investi-
gated the electrochemical and catalytic behavior of cobalt-2, 2’ -bipyri-
dine complexes in acetonitrile. In the first of these, 1 the previously
claimed catalytic reduction of acrylonitrile by a low-valent cobalt

3 was shown not to involve reduction of the

tris-bipyridine species
acrylonitrile by Co(I) but instead there was formation of an adduct
between the Co(I)-bipyridine material and acrylonitrile. This adduct
showed a new wave for reduction of Co(I) to Co(-I) which was at a
potential positive of that for the Co(I) to Co(-I) wave in the absence of
acrylonitrile, and had been mistakenly taken for a catalytic reduction
wave. Formation of adducts with the Co(I)-bipyridine complex was
also found to occur for other vinyl monomers. An important result
from this work1 was that the half-wave potential for reduction of the
Co(II) tris-bipyridine species to the Co(I) complex was independent of
added "free' 2, 2’'-bipyridine concentration, thus implying no loss of
coordinated bipyridine‘ligand from the Co(I) compound during its
electrolytic formation. Production of Co(bipy);" (bipy = 2, 2'-bipyridine)
by electroreduction of the tris-bipyridine cobalt(II) is in agreement

4,5 put contrary to other irxvestigations.ﬁ"9

with that reported earlier
The Co(bipy)s is a characteristic dark blue witha . at 601 nm

(e ~ 5,200), 4,10 which has been assigned to a metal-to-ligand charge
transfer. In the absence of any substrates, the cobalt tris-bipyridine
complexes show well-behaved, reversible behavior for the Co(III) to

Co(II) to Co(I) waves on both mercury and platinum electrodes.



2 investigated the electrocatalytic reduction of allyl

A later study
chloride by the Co(I)-bipyridine complex in an inner-sphere electron
transfer process to form 1,5-hexadiene and oligomers. Even greater
catalytic rates were found for allyl chloride when cobalt(II) bis-bipyri-
dine was electroreduced, however, even the Co(bipy): was ineffective in
catalyzing the reduction of allyl alcohol or acrylonitrile. One of the
primary objectives of this study was to investigate further the electro-
chemistry and catalytic utility of the bis-bipyridine cobalt complex in
acetonitrile solutions.

Chemical reductions of Co(bipy):+ with NaBH, or Na/Hg amalgam
to form Co(bipy); have shown that the Co(I) species may reéct with

5 12 and even ethyl

N,O, 11 aromatic nitro compounds, “ acetylene
bromide12 but these reactions were always carried out with an excess
of reducing agent present and the exact stoichiometry of the reactions
was not determined. The catalytic reduction of nitrous oxide by the
Co(I) was singled out for more detailed investigation in this study
because the N,0 could possibly bind to the inner-sphere of the cobalt-
bipyridine species and provide a simple model for oxygen reduction in
cobalt-porphyrin complexes. However, as discussed in Part I, the
reaction of N,O and Co(bipy);: (where n = 2 or 3) was not as uncom-
plicated as was first thought.

In addition to discussing the bis-bipyridine cobalt electro-
chemistry and catalytic properties, Part I also reports the preparation
and characterization of a highly hindered bis-6, 6’-dimethyl~2, 2’~bipyridine
cobalt(Il) whose electrochemistry more closely f)arallels the redox

13
behavior of Co(terp):+ than that of Co(bipy):+. These results, along
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with the adsorption behavior of the bis-bipyridine (substituted and
unsubstituted) cobalt(I) on mercury electrodes in acetonitrile, have

been published. 14

EXPERIMENTAL

Materials. ''Spectrograde' acetonitrile (Aldrich) was distilled first
from CaH, and again from BaO just prior to use. (Burdick-Jackson)
"UV quality'" acetonitrile was used as received. "Poiarographic grade"
tetraethylammonium perchlorate and tetra-n-butylammonium per-
chlorate (Southwestern Analytical Company) were vacuum dried and
used as supporting electrolytes without further purification. Tetra-n-
butylammonium trifluoromethane sulfonate was prepared as described
by Brandstrom.ls Sodium perchlorate (G. F. Smith) was recrystallized
twice from water and dried at 110°C. Nitrous oxide (Matheson) and
n-butyl bromide (Matheson, Coleman, and Bell) were used as received.
Allyl chloride (Eastman) was distilled prior to use. Co(bipy)s(C10,),,
Co(bipy)s(C10,), * 3H26 and Co(terp),(C10,), were synthesized according
to standard procedures. 13,16 All these salts gave satisfactory
elemental analyses as did 6,6’-dimethyl-2, 2’-bipyridine, dmbp, syn-
thesized according to a published procedure. 17 Elementary analysis
of dmbp: C, 78.23%; H, 6.57%; N, 15.21%. Calculated: C, 78.45%;

H, 6.82%; N, 15.41%, Solutions of Co(bipy)>* and Co(dmbp): ~ were
prepared by adding aliquots of a standard solution of Co(C10,), - 2H,0
in acetonitrile to stoichiometric quantities of the ligands in the
supporting electrolyte solution just prior to use.

[Co(terp)(bipy)(H,0)][PF,], was prepared according to Martel. 18



Apparatus, Cyclic voltammograms were obtained with a Princeton
Applied Research (PAR) Model 173 potentiostat driven by a PAR Model
175 universal programmer. Working electrodes were a commercial
hanging mercury drop electrode (Metrohm), a static mercury drop
electrode (PAR Model 303), a planar platinum button electrode or a
pyrolytic graphite disk electrode mounted in glass with heat-shrinkable
tubing.

Chronocoulometry experiments were accomplished by means of
a computer-based apparatus similar to that described previously. 19
Controlled-potential electrolyses were conducted with the PAR Model
173 potentiostat equipped with a PAR Model 179 digital coulometer.
The electrolysis cell employed was modeled after the design described
by Moore and Peters., 20 Solutions were usually deoxygenated by
bubbling with argon that had been passed through hot copper turnings.
When more complete exclusion of oxygen was desired, the experiments
were connected inside a controlled atmosphere box (Vacuum Atmos-
pheres Company).

Rotating ring-disk measurements were performed according to

21 jnside the controlled atmosphere box. The

conventional practice
Pt-ring, Pt-disk electrode, electrode rotator, and the bipotentiostat
were from Pine Instrument Co. (Grove City, Pa.). An x-y-y
recorder (Hewlett Packard Model 7046) was used to record disk and
ring current-potential curves simultaneously. A dual compartment
cell was employed with a platinum wire auxiliary electrode and the
reference electrode separated from the main cell compartment by a

sintered glass frit,



The radius of the disk electrode was 0.301 cm (A = 0.285 cmz).
The inner and outer radii were 0, 314 and 0. 332 cm, respectively. The
collection eft'iciency21 (measured by reducing Co(bipy):+ at the disk and
oxidizing the resulting Co(bipy); at the ring in the absence of any sub-
strates) was 0.19 in relatively good agreement with the value (0.18)

22 This electrode was cleaned

calculated from the electrode geometry.
by polishing with 0.3 um alumina on a polishing cloth before use and on
a kimwipe before each scan.

UV-VIS spectra were recorded with a Cary Model 219 Spectro-
meter or a Hewlett-Packard Model 8450A Spectrometer. Potentials
were measured and are reported with respect to an aqueous Ag/AgCl
reference electrode which has a potential ca. 45 mV more negative
than a saturated calomel electrode. Experiments were conducted at

the laboratory temperature, 22 + 3°C.

RESULTS AND DISCUSSION

Co(bipy)>™ and Co(bipy): "

The cyclic voltammetry of solutions containing cobalt(II) and
bipyridine is particularly simple when the molar ratio of metal to
ligand is one to three. As shown in Figure 1A, three waves appear at
ca. +0.4, -0.9 and -1.5 volts corresponding to the Co(II)/Co(II),
Co(1I)/Co(1) and Co(I)/(-I) couples, reSpectively.l’3 The first two
couples appear completely reversible at scan rates from 0. 02 to
10 volt s™ (with a plot of peak current versus the square root of scan
rate that is linear) while the last couple yields cathodic peak currents

that are larger than their anodic counterparts at scan rates below



ca. 1volt s™, The responses obtained are essentially identical at
both mercury and platinum electrodes. The polarographic half-wave
potential for the Co(II)/(I) couple is unaffected by the addition of as

1 showing that no bipyridine

much as 0.1 M excess 2, 2’-bipyridine
molecules leave the inner coordination sphere of cobalt(II) during the
reduction to cobalt(I).

23 with solutions of

Double potential step chronocoulometry
Co(bipy)§+ indicates little or no adsorption on mercury or platinum of
the tris-bipyridine complexes of cobalt(III), (II) or (I). During con-
trolled-potential reduction of Co(bipy)§+, the current decreases expo-
nentially with time and 1.0 faraday per mole of cobalt(II) is consumed.
The resulting solution of Co(bipy): are dark blue and appear stable for
weeks when stored in an oxygen-free atmosphere.

There are significant changes in this simple pattern when the
initial solution contains only two moles of 2, 2’-bipyridine per mole of
cobalt(Il). Figures 1B.and 1C show cyclic voltammograms for
Co(bipy):+ at mercury and platinum electrodes. At mercury, a small
wave appears ahead of the main Co(II) reduction peak and the corre-
sponding anodic response includes a narrow, sharp wave typical of
adsorbed species. In addition, a small,irreversible oxidation peak is
observed at +0.14 V on mercury (its magnitude depends on the scan
rate and the concentration of the complex) just prior to the small,
reversible response corresponding to the Co(II)/(III) couple. The
magnitude of this Co(II)/(III) response increases if the ligand-to-cobalt
ratio is increased above 2 to 1 and decreases to zero when the ratio is

reduced below ca. 1,8to 1. At any fixed ratio, the response gives an



Figure 1. Cyclic voitammograms of Co(bipy):+ and Co(bipy):+ in

acetonitrile.

A. 1.0 mM Co(bipy): ; mercury electrode (0. 0255 cm?);
scan rate = 200 mvV s™%,

B. 1.8 mM Co(bipy):+; mercury electrode; scan rate =
100 mV s™,

C. 0.5 mM Co(bipy): ; platinum electrode (0.20 cm?);
scan rate = 200 mV s, ,

Supporting electrolyte: A,B - 0.1 M tetraethylammonium

perchlorate; C - 0.1 tetrabutylammonium trifluoro-

methane sulfonate.
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indication of the amount of Co(bipy):+ formed by ligand exchange
reactions between species with fewer than three coordinated ligands.
The irreversible wave at +0.14 V arises from the oxidation of cobalt
metal as demonstrated by cyclic voltammetry on Hg with solutions of
Co(Cl10,), * 2H,0 in acetonitrile in the absence of bipyridine.

At platinum electrodes, no pre-wave or anodic spike appears at
the potentials where the cobalt(II)/(I) couple is active (Figure 1C)
suggesting that there is much weaker interaction between cobalt(I) and
the platinum surface. At both electrodes, the peak current for
reduction of Co(bipy):+ exceeds the value for the same concentration
of Co(bipy):+ and the ratio of cathodic to anodic peak current is well
above unity. The peak current ratio depends upon the concentration of
the complex and the scanrate, approaching unity at sufficiently high
scan rates. (A plot of peak current versus square root of scan rate is
non-linear. )

The course of controlled-potential reductions of Co(bipy):+ also
differs markedly from that of Co(bipy)§+: With the latter complex,
plots of the logarithm of the current vs. time are linear and 1.0 faraday
is consumed per mole of cobalt(Il). The former complex yields non-
linear plots and consumes 1,3 to 1.4 faradays per mole. Changes in
the color of the electrolysis solution also differ from those observed
during the reduction of Co(bipy):+: The initially pale yellow solution
develops a violet color during the first few minutes of the electrolysis
before it acquires the deep blue color characteristic of Co(bipy): . No
intermediate violet color precedes the appearance of the blue color

when Co(bipy):+ is reduced.



Figure 2.

11

UV-visible spectra of A, Co(bipy); and B, Co(bipy)y

in acetonitrile. Spectrum A, obtained from a partially
reduced solution of Co(bipy):+, was scaled to correspond
to 0.23 mM Co(bipy); . Spectrum B is for a 0.23 mM
solution of Co(bipy):" that was fully reduced to Co(bipy).
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Interruption of an electrolysis of Co(bipy):+ at an early stage
when the solution is violet results in a fading of the violet color in a
matter of minutes and restoration of the initial pale yellow color.

(Both Co(bipy):"' and Co(bipy):+ are yellow), Curve A of Figure 2 isa
spectrum of the violet solution. The spectrum was recorded as rapidly
as possible after the electrolysis was interrupted. The spectrum of the
stable, blue Co(bipy)y ion is shown for comparison in curve B.
Although the precise composition of the violet solution is uncertain,

the spectrum shown is believed to be dominated by Co(bipy);" .
(Co(bipy):"' and Co(bipy):+ absorb negligibly at wavelengths greater

than 450 nm; the only likely interfering contaminant is Co(bipy)s and
none was detected in the spectrum obtained after the violet color had
disappeared).

Solutions of Co(bipy):+ that have been exhaustively electrolyzed
at -1.2 volts have spectra that are identical to that of Co(bipy);" , but
only two-thirds of the initial cobalt is accounted for by the intensity of
the absorption. Cyclic voltammograms show a reversible response at
the potential corresponding to the Co(bipy):+/Co(bipy);" couple with peak
currents corresponding to two-thirds of the cobalt initially present.
The missing cobalt cannot be recovered by the addition of more bipyri-
dine, It is believed to be in the form of cobalt metal that results from
the decomposition of cobalt(I) complexes containing fewer than two bi-

pyridine ligands as outlined in Scheme I.
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SCHEME 1
2+ .t -
Co(bipy), +e — Co(bipy), (1)
2Co(bipy); = Co(bipy)y + Co(bipy)* (2)
ZCo(bipy)"' - Co+ Co(bipy):+ (3)
.2+ .
Co(bipy), + e — Co(bipy), (1)

etc.

According to this scheme the net resﬁlt of the electrolysis of a solution

of Co(bipy):+ will be given by reaction 4:
Co(bipy): ' +4/3e~ — 1/3Co + 2/3 Co(bipy): . (4)

This accounts for both the observed disappearance of one-third of the
cobalt and the consumption of 1.3 to 1.4 faradays per mole of cobalt
during the electrolysis.

Scheme 1 also accounts for the observation that the cathodic peak
currents in cyclic voltammograms of 1 mM solutions of Co(bipy):+
exceed the anodic peak currents except at scan rates above ca. 2 V s,
Additional support for Scheme 1 comes from the observation that
voltammograms obtained in solutions prepared by adding equimolar
quantities of Co” and bipyridine to acetonitrile show new peaks that
correspond to the deposition of cobalt metal as well as smaller peaks
for the generation of Co(bipy);.

An alternative scheme can be written for the loss of Co(bipy);"

involving its disproportionation to Co(bipy): and Co(bipy):+. However,
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Groshen et al. 24

have examined the electrochemistry of chemically
synthesized Co(bipy): and shown that it is thermodynamically unstable
with respect to disproportionation to Co(bipy);' and Co(bipy), (as is
consistent with the absence of a wave for the reduction of Co(bipy): to
Col(bipy)y in the cyclic voltammetry of Co(bipy):'). Thus, if Co(bipy);
were to disproportionate it would have to proceed according to

reaction 5:

3Co(bipy); — 2Co(bipy);’ + Co(bipy); (5)

and the equilibrium constant for this reaction can be calculated from
the relevant voltammetric peak potentialsz4 to be ca. 10~*°, This is
one reason that the observed decomposition of Co(bipy); was ascribed
to reactions such as those given in Scheme 1 instead of to direct dis-
proportionation as depicted in reaction 5.

Co(bipy); generated by the disproportionation of Co(bipy), should
also decompose via reactions 2 and 3 of Scheme 1. Groshens et al. 24
did not consider this possibility but the cyclic voltammograms they
repoi't for solutions prepared from Cokbipy)? contain prominent peaks
at the potential of the Co(III)/Co(II) couple that were found in this study
to appear only when tris bipyridine complexes are present (Figure 1).
In addition, the peak current densities of the voltammograms shown in
references 24 are about half as great as those of Figure 1 and of
Groshens et al. (cf. Figure 2A of reference 24) under the same con-
ditions when the solution is prepared from Co(bipy)§+. The conductance

24
of solutions prepared from Co(bipy): is also much smaller than

would be expected if all of the cobalt added were present as Co(bipy);"
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and Co(bipy),. Thus, we conclude that the disproportionation of
Co(bipy); in acetonitrile to yield Co(bipy); and Co(bipy); as described
in reference 24 was accompanied by significant decomposition of the
Co(bipy); so that Co and Co(bipy): were also produced by reactions 2
and 3 of Scheme 1.

Reactions of Co(bipy); with Reducible Substrates

One objective in studying the electrochemical reduction of
Co(bipy):+ was the possibility that Co(bipy);" , With an open coordination
site, would prove to be a better catalyst than Co(bipy);" for reductions
of substrates that are difficult to reduce directly but might be activated
by coordination to the Co(I) centers. Nitrous oxide was examined as a
poésible substrate because its reduction by borohydride in homogeneous
solution is known to be catalyzed by cobalt-bipyridine complexes11 and
. the direct electrochemical reduction of N,O at mercury occurs at poten-
tials much more negative than those where Co(bipy):+ is reduced. 25

Cyclic voltammograms for the Co(bipy)_:+ and Co(bipy):+ in the
absence and presence §f N,O are compared in Figure 3. The addition
of N,O produces very little change in the peak currents for the reduction
of either complex. However, the anodic peak currents are decreased
significantly and the bigger effect is shown by Co(bipy):+. The addition
of N,O also eliminates the adsorption pre- and post-waves exhibited by
Co(bipy):+ at mercury electrodes. Chronocoulometric tests showed
that the adsorption of the reduced complex is essentially eliminated by
the addition of N,0O.

The lack of significant increases in the cathodic peak currents in

Figure 3 in the presence of N,O shows that the rate of its reduction by
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Co(bipy);" or Co(bipy);’ is not large under these conditions. However,
the decrease in anodic current suggests that N,O does reat;t with
Co(bipy); (but not Co(bipy);) either to form a moderately stable adduct
that is not oxidizable at potentials where Co(bipy);" is oxidized or to
produce oxide (or hydroxide) ion that attacks the Co(bipy);" complex26
thus decreasing the anodic peak current. The reaction also reduces
the adsorption of Co(bipy);" suggesting that, if an adduct is formed, the
coordination site at Co(I) that is occupied by the N,O is essential for
the formation of the adsorption bond to the mercury surface.

Repeated cycling of the mercury electrode in solutions of
Co(bipy):+ and N,O causes the voltammogram to collapse until amost
no current flows, The response returns immediately at a fresh elec-
trode. At a platinum electrode the voltammogram collapses almost
immediately indicating a strong passivation of the electrode surface.
Similar behavior results during controlled potential reduct'ions of
Co(bipy):+ at -1.2 volt in the presence of excess N,O. The electro-
lysis current does not attain a §teady level as would be expected if a
catalytic reduction of the N,O were proceeding. Instead the current
decays (plots of log (current) vs. time are non-linear) reaching zero
after ca. 1.7 faradays per mole of cobalt are passed through the
solution. The resulting brownish-yellow solution contains a small
quantity of a dark precipitate and exhibits no electrochemical responses
at a fresh mercury drop electrode except for an anodic wave attributable
to the presence of free bipyridine. It seems likely that the oxide ion2"
(or hydroxide ion) generated by the slow reduction of N,O to N, attacks

the cobalt-bipyridine complexes present, removing the cobalt from
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Figure 3. Effect of N,0 on cyclic voltammograms of Co(bipy):+ and
Co(bipy)s -
A. 1.9mM Co(bipy):+; platinum electrode;
initial potential -0. 6 volt.
B. 2.0mM Co(bipy):+; mercury electrode;
initial potential -0. 4 volt,
Supporting electrolyte: 0.1 M tetraethylammonium
perchlorate,

Scan rate = 200 mV s™*,
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solution and thereby halting the electrolysis. The substance produced
by the reaction with the strong base is believed to form stable,
passivating coatings on the surfaces of mercury and platinum elec-
trodes that are responsible for the rapid decay in the current. The
electrolysis could be prolonged a little by addition of proton donors,
such as diethyl malonate, but no conditions were found where the
Co(bipy)s -facilitated reduction of N,O could be sustained.

With substrates whose reduction does not liberate a strong base,
e.g., alkyl halides, Co(bipy);" could conceivably serve as an effective
reduction catalyst., However, the catalytic reaction would have to |
proceed relatively rapidly in order to avoid the loss of catalyst
according to Scheme 1 with precipitation of cobalt metal. Rapid

2 but with non-activated halides,

reduction is the case with allyl chloride
e.g., n-butylbromide, the reaction with Co(bipy): was too slow to be
practical for electrosynthetic exploitation.

Catalysis of the reduction of allyl chloride by Co(bipy);" or
Co(bipy);" was further studied by fast scan cyclic voltammetry and
rotating ring-disk volta'mmétry. As anticipated from earlier work, 2
the rate of reduction of allyl chloride is faster when Co(bipy);' is the
catalyst instead of Co(bipy);. Actually, with a 5-fold excess of allyl
chloride present, scan rates greater than 2 V/sec show only a small
amount of reaction between Co(bipy);" and the allyl chloride while scan
rates greater than 500 V/sec are needed to obtain comparable
responses with Co(bipy);" . In addition, ring-disk experiments were
performed with a 10-fold excess of the allyl chloride present (pseudo

first-order conditions) to examine the kinetics of the catalytic reaction.
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Qualitatively, the catalytic disk currents for Co(bipy);+ are 3/2to 3
times larger than those for Co(bipy);" and the corresponding anodic

ring currents are smaller. In addition, it appears that the catalytic
current for the reaction of the tris-bipyridine cobalt(I) species with
allyl chloride is essentially independent of rotation rates above 400 rpm
(see Figure 4).

Bis 6, 6'-dimethyl-2, 2’-bipyridine cobalt(II)

A cyclic voltammogram for Co(dmbp):+ recorded at a pyrolytic
graphite electrode is shown in Figure 5A while 5B shows the response
obtained at a mercury electrode. The reversible couples at -0.63 volt
and -1.20 volt both correspond to one-electron processes, i.e.,

Co(IT) &= Co(I) and Co(I) &= Co(0). The anodic wave at +0. 32 volt is
observed only at mercury and is therefore not attributable to the oxi-
dation of Co(II) to Co(III). Instead, the wave is believed to arise from
the oxidation of mercury to form H g(dmbp):+ and Coz+. The same wave
appears in solutions containing only the uncoordinated ligand but its
peak potential appears at a less positive value (+0.26 V), as expected.
No corresponding anodic wave is present in solutions of Co(bipy):+ (or
Co(bipy)§+) probably because of the much greater stability (and/or
smaller lability) of this complex.

No wave for the oxidation of Co(1I) to Co(IlI) was found under any
conditions at graphite or platinum electrodes, even in the presence of
10 mM uncoordinated ligand at potentials as positive as +1.5 volt. The
two methyl substituents apparently produce sufficient steric crowding
to prevent the formation of the tris complex28 that would be required

for the oxidation of Co(II) to Co(IIl) to proceed at accessible potentials.
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Figure 4. Rotating disk currents in acetonitrile solutions at a
platinum electrode for ® 1.8 mM Co(bipy):+/ +,
O catalytic reduction current from 1.8 mM Co(bipy):+
in the presence of 18 mM allyl chloride, ® 1.8 mM
CO(bipy)§+/+
1.8 mM Co(bipy):+/ * in the presence of 18 mM allyl

chloride, A 1.8 mM Co(bipy).”/~

/+

, O catalytic reduction current from
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Figure 5. Cyclic voltammogram of 1, 8 mM Co(dmbp):+ in
acetonitrile. A. Pyrolytic graphite electrode.
B. Mercury electrode. Scan rate: 100 mV s,
Supporting electrolyte: 0.1 M tetraethylammonium

perchlorate.
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The ratio of anodic to cathodic peak currents for the Co(II)/(I)
and Co(1)/(0) waves in Figure 5A are close to 1.0 at all scan rates
indicating that both of the reduced forms of the complex are much more
stable than is Co(bipy); . This was confirmed by controlled-potential
reduction of a solution of Co(dmbp):+ at -0.9 volt, Linear log (current)
vs, time curves resulted and 1. 05 faradays were consumed per mole
of complex. The resulting purple solition ("max at 577 nm (¢ ~ 5, 600))
showed no evidence of decomposition by pathways similar to those in
Scheme 1. It was stable for days in the absence of oxygen. A spectrum
of a solution of Co(dmbp); is given in Figure 6, curve A.

Further reduction of Co(dmbp); at -1.5 volt consumed an addi-
tional 1, 07 faradays per mole of complex and produced a dark blue-
black solution whose spectrum is shown in Figure 6, curve B. This
reduced solution appeared stable for several hours in the absence of
oxygen but cobalt metal precipitated from the solution if it was allowed
to stand overnight.

Reduction of Co(dmb'p)? via two 1-electron steps and at more
positive potentials than for Co(bipy):+ reduction is very similar to the
electrochemical behavior of Co(terp):+ (see Figure 7), and, as discussed
in the next section, their reactivities toward reducible substrates are

also comparable.

Exposure of Co(dmbp);_to Reducible Substrates
The formal potential of the Co(dmbp)2*/* couple is about 400 mV

+
more positive than that of the Co(bi.py):+/ couple, Co(dmbp): is thus

a much weaker reductant than Co(bipy); and this is reflected in its

inertness towards potentially reducible substrates., Addition of nitrous
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Figure 6. UV-visible spectra of 0.23 mM solutions of
(A) Co(dmpb);' and (B) Co(dmbp), in acetonitrile.
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Figure 7. 1.8 mM Col(terp),(C10,), in CH,CN containing 0.1 M
tetraethylammonium perchlorate on (BPG) carbon at

a scan rate of 50 mV/sec.
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+
oxide to solutions of Co(dmbp): produced no detectable changes in the
/

in contrast with the Co(bipy):+/ * couple, the anodic peak current was

cyclic voltammogram for the Co(dmbp):+ + couple. In particular, and
undiminished and the anodic peak potential did not shift in the presence
of N,O. This indicates that N,O does not coordinate with Co(dmbp):
(and it is certainly not reduced at an appreciable rate). Supporting this
interpretation was the failure of N,O to affect the adsorption (vide infra)
in the way that it did for Co(bipy): . Even the further reduction of the
Co(dmbp); to Co(dmbp), was largely unaffected by the addition of
nitrous oxide (less than a 10% decrease in the anodic peak current).
Similar results were obtained with allyl chloride or acrylonitrile as
the substrate, or when Co(terp);" and Co(terp): were used as possible
catalysts,

An alternate starting point for thg preparation of a reactive Co(I)
species which has an open coordination site was the Co(terp)(bipy)(aq)z+
complex; however, in non-aqueous media, this compound undergoes
rapid ligand reorganization to form Co(terp):+ and Co(bipy):+. Only
when excess chloride ions are present could a single reduction wave
for the Co(terp)(bipy)(Cl)* be observed with a half-wave potential
exactly between the half-wave potentials for the bis-terpyridine and
bis-bipyridine cobalt(II) species. Because of the necessity of chloride
ion in the 6th coordination site, no further studies were carried out on
this complex.

Adsorption of Co(bipy)s on Mercury

Chronocoulometry23 showed no detectable adsorption

(<10™** moles ecm™) of Co(bipy):+ on mercury or platinum electrodes.
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However, there was clear evidence for strong adsorption when mercury
(but not platinum) electrodes were exposed to Co(bipy);+ . Because of
the relatively rapid decomposition of Co(bipy):' (Scheme 1), it was not
possible to prepare stable solutions in which the adsorption could be
measured. Instead, solutions of Co(bipy):+ were employed and
Co(bipy); was generated at the electrode surface by adjusting its
potential to -1.2 volt where the diffusion-limited reduction of Co(bipy):+
proceeded. At the end of the generation period (45 seconds was typical),
the electrode potential was stepped to -0.4 volt where the diffusion-
limited oxidation of Co(bipy):' proceeded. The resulting charge-time
data were linearized by plotting charge vs. (time)';' 23 and the quantity
of Co(bipy);" adsorbed was estimated from the difference between the
charge axis intercept and the corresponding value measured in a blank
run in the pure supporting electrolyte. The slopes of the chronocoulo-
metric plots of charge vs. (time)% were typically about half as large as
those obtained in corresponding experiments in which the stable
Co(bipy);‘;+ complex was genérated at the electrode and then reoxidized
to Co(bipy):+. (A diffusion coefficient of 1.7 * 10~° cm’/sec was
calculated from the chronocoulometric slopes for the Co(bipy):+.)

The smaller slopes almost certainly result from the partial decom-
position of Co(bipy);" during the period that it is generated. This means
that the actual interfacial concentrations of Co(bipy): that give rise to
the adsorption cannot be measured precisely. The adsorption data are
therefore presented by specifying the concentrations of the Co(bipy):+
solutions in which the Co(bipy);+ was generated with the understanding

that this provides only a qualitative measure of the effect of concen-
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tration changes on the adsorption.

Table I summarizes the adsorption data at several concentrations
of Co(bipy):+. The adsorption is clearly quite extensive, even from
0.1 mM solutions. The apparent maximum in the adsorption at a
concentration of 0.45 mM may be the result of competition between the
adsorbate and the increasing quantities of cobalt metal that are deposited
on the mercury surface via reactions 2 and 3 as the concentration of
Co(bipy); increases.

Chronocoulometric charge-time transients for the reduction of
Co(bipy)"';+ are strongly influenced by the fact that the Co(bipy);" formed
at the electrode is adsorbed. Figure 8 shows that the slope of the
charge-(time)% plot at times before the adsorption has attained its final
value is larger for the reduction of Co(bipy):+ than of Co(bipy):+ where
there is little or no adsorption of the reaction product. Chronocoulo-
metric charge-(time)% transients for electrode processes in which an
unadsorbed reactant is converted to an adsorbed product are usually no
different from those obtained without product adsorption unless the
adsorption results in large changes in the electric charge density on the
electrode surface. The differential capacitance of the mercury elec-
trodes at -1.2 volt showed no major increase in the presence of
Co(bipy):+ so that the higher slope of curve B in Figure 8 cannot be
attributed to changes in the surface charge density of the electrode.
Instead, we believe the higher initial slope results from the further
reduction of Co(bipy);" by one electron as it is adsorbed. Thus, the
Co(bipy):+ that is reduced to adsorbed product consumes two electrons

+
while only one electron is consumed in reducing unadsorbed Co(bipy):
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TABLE 1
Adsorption on Mercury of the Product of the Reduction
-+
of Co(bipy): in Acetonitrile®P

Concentration of Co(bipy):+, mM nFT, p.Cc
0.11 12
0.14 16
0.23 42
0.45 100
0.9 78
1.8 78
3.6 88

a. Supporting Electrolyte: 0.1 M tetrabutylammonium trifluoro-
methane sulfonate,

b. The electrode potential waé held for 45 seconds at -1.2 volts and
then stepped to -0.4 volt for 100 msec.

c. To convert these values into mole cm'z, n = 2 should be used

(see text).
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Figure 8. Chronocoulometric charge-(time)% transients for the
reduction of (A) Co(bipy):+ and (B) Co(bipy):+ at mercury
electrodes. The potential was stepped from -0.4 to -1.2
volts. (C) Response obtained in the pure surporting

electrolyte. Supporting electrolyte as in Figure 1B,
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to unadsorbed Co(bipy);" . The higher slope decreases toward the value
expected for a one-electron reduction once the electrode surface is
fully covered with the adsorbed product because continued reduction of
Co(bipy):+ requires only one electron. Supporting this interpretation
are the data in Table I which show that the ratio of the initial slopes of
chronocoulometric plots for the reduction of Co(bipy):+ and Co(bipy):+
depends on the reactant concentration. The ratio approaches unity as
the concentration increases because a smaller and smaller fraction of
the Co(bipy);" generated at the electrode surface is adsorbed.
According to this interpretation, the species adsorbed is a
complex of Co(0). The fact that the adsorption occurs on mercury but
not on platinum or graphite electrodes indicates that the adsorption
requires strong interaction with the mercury atoms on the electrode
surface. A stabilizing interaction with the surface would also be
required to overcome the intrinsic instability of Co(bipy): demon-

24 Increasing the d electron density on the

strated by Goshens et al..

cobalt by reduction to éobalt(O) would be expected to favor the formation

of a metal-metal bond with mercury. Similar surface coordination

chemistry leading to adsorption on mercury was encountered in

previous studies with low-valent complexes of cobalt29 and rhodium. 30
If two electrons are involved inthe oxidation of the adsorbed

cobalt complex, the molar quantities adsorbed are only half as great

as might have been anticipated from the data of Table I. Nevertheless,

the maximum quantities adsorbed represent more of the complex than

- could be accommodated in a close-packed monolayer with the bipyridine

rings positioned parallel to the surface (ca. 1.5 X 10™*° moles cm™ for
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TABLE II

Ratio of Slopes of Charge-(Time)? Plots for the Reductions of Co(bipy):

+
and Co(bipy): at Mercury Electrodes in Acetonitrile?

Concentration of complex, mM Slope ratio® nFI‘/Qtotc
0.11 1,32 0.30
0.14 1,28 0.26
0.23 1.28 0.27
0.45 1.20 0.28
0.90 1.21 0.26
1.8 1.12 0.17
3.6 1.07 0.12

a. The potential was stepped from -0.4 to -1.2 volt for 100 msec,

c.

The slopes were obtained from a least-squares fit of the charge-

time data. Supporting elecfrolyte as in Table 1.

Slope for Co(bipy):+.

Slope for Co(bipy)2™

nFI is the quantity of cobalt complex adsorbed at the end of

100 msec. It was estimated from the faradaic charge consumed in

the first 0.2 msec after the potential was stepped from -1.2 volt

back to -0.4 volt; Q;  is the total faradaic charge passed during

the recording of the charge~time transient.
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a molecular diameter of 14 4. 31 Adsorption with the bipyridine rings
perpendicular to the electrode surface is conceivable, especially if the
resulting "stack" of bipyridine ligands could interact cooperatively with
one another because the very strong dependence of the adsorption on
concentration (Table I) points to attractive rather than repulsive inter-
actions between the adsorbing molecules.

The potential dependence of the adsorption was not clearly
established because measurements were restricted to a narrow range
of potentials by the proximity of the wave corresponding to the further
reduction of Co(bipy);" . A weak trend toward increased adsorption at
more negative potentials appeared to be present. This might reflect
the fact that the adsorption of Co(bipy); is accompanied by its reduction;
a step that proceeds only at more negative potentials in the absence of
adsorption.

Addition of nitrous oxide or acrylonitrile to solutions of Co(bipy):+
greatly diminished the adsorption of subsequently generated Co(bipy);" .
Both of these molecules are likely to coordinate to the Co(bipy);' com-
plex, 2 where they may block the position needed for the formation of
the mercury-cobalt bond believed to be responsible for the adsorption.

The interpretation offered here for the pattern of adsorption
exhibited by Co(bipy);" is supported by the adsorption behavior of the
analogous cobalt complex of 6, 6’-dimethyl-2, 2’-bipyridine as discussed

in the following section.

Adsorption of Co(dmbp); on Mercury

Although the cyclic voltammograms for Co(dmbp):+ (Figure 5B)

contain none of the hallmarks of adsorption evident in the voltammograms
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of Co(bipy):+ (Figure 1B), chronocoulometric measurements revealed
extensive adsorption of Co(dmbp);" . The greater stability of Co(dmbp):
(compared with Co(bipy);") simplified the measurement of its adsorption
on mercury. The complex was generated at the electrode surface in
solutions of Co(dmbp):+ by adjusting the electrode potential to values
between the Co(dmbp):+/ * and Co(dmbp): /o waves for 45 seconds before
stepping to -0.1 volt where the complex was reoxidized to Co(dmbp):+
at a diffusion controlled rate. The plots of anodic charge vs. (time)%
had slopes that matched those for the corresponding steps for the
reduction of Co(dmbp):+ showing that Co(dmbp);' was not disproportio-
nating. (A diffusion coefficient of 1.4 * 10™° cm’/sec was calculated
from the chronocoulometric slope.) In addition, the plots for the
reduction of Co(dmbp):+ did not show the higher slopes exhibited in the
analogous experiments with Co(bipy):+. This indicates that the reduc-
tion of Co(dmbp):+ to both adsorbed and unadsorbed Co(dmbp); consumes
only one electron and serves to support the previous interpretation of
the higher slopes of the charge-(time)% plots for Co(bipy):+. The extent
of adsorption of Co(dmbp): , determined from the intercepts of charge-
(time)% plots for the step to -0.1 volt, is shown in Figure 9A as a
function of the potential where the Co(dmbp).: was generated. The
adsorption was measured over a sufficiently wide range of potentials

to establish clearly that the adsorption increases at more negative
potentials, Since no further reduction accompanies the adsorption of
Co(dmbp): , the potential dependence must have a different origin than
that suggested earlier for the case of Co(bipy):' . The adsorbing

species is cationic but the dependence seems too strong to be attributed
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to simple electrostatic factors. Studies of metal-metal bonding in the
adsorption of low-valent,transition-metal complexes are still too sparse
to provide a basis for understanding the effect of electrode potential on
the extent of adsorption. At the highest concentrations and most nega-
tive potentials, the adsorption reaches values almost as large as those
obtained with Co(bipy);' and it clearly exceeds the value corresponding
to a monolayer of complexes lying flatly on the electrode.

The adsorption of Co(dmbp), was also measured chronocoulo-
metrically by generating this complex at the electrode surface in
solutions of Co(dmbp)§+. The results, displayed in Figure 9B, show an
even stronger potential dependence of the adsorption that passes through
a rather sharp maximum. The decrease in adsorption at the most
negative potentials could arise from preferential adsorption of the
supporting electrolyte cations (although no adsorption of the tetraalkyl-
ammonium ions on mercury was indicated in the work by Fawcettsz)

but the factors underlying the large increase in adsorption at potentials

positive of the maximum are not evident.



Figure 9.
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Potential dependence of the adsorption of (A) Co(dmbp);'"
and (B) Co(dmbp), at mercury electrodes. The electrode
was held for 45 sec. at the indicated potential in a solution
of Co(dmbp).f.+ and then stepped to -0.1 volt for 100 msec.
Concentration of Co(dmbp).', mM: @ - 0.11; O - 0,23;

| - 0.45; O -0.90,

Supporting electrolyte: 0.1 M tetrabutylammonium

trifluoromethanesulfonate.
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CONCLUSIONS

This study has pointed to the intrinsic reactivity of Co(bipy);* that
originates in its coordimtive unsaturation and is expressed by its
search for an additional ligand (Scheme 1) and by its strong interactions
with the surface of mercury electrodes. Although highly reactive
toward coordination reactions the bis-bipyridine cobalt(I) species was
not sufficiently reactive as a reductant to be exploited as a catalyst for

the reduction of N,O or alkyl halide reduction. Only allyl chloride
proved suitable as a substrate. The related complex, Co(dmbp):' , is

much more stable than Co(bipy);" , is also strongly adsorbed on mercury
and is even less reactive toward reducible substrates. Adsorption of
both complexes is proposed to depend upon the formation of cobalt-
mercury bonds and in the case of Co(bipy);" , further reduction is
believed to accompany adsorption so that the species adsorbed is a

complex of Co(0).
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Part II

Electrode Kinetics for Electron Transfer to Cyclooctatetraene

and cis-[(C,H,)Fe(CO)P(C.H,),],
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INTRODUCTION

Determination of heterogeneous electron transfer rates to
molecules which undergo large intramolecular rearrangements upon
oxidation or reduction are of great current interest1 -1 because
researchers are looking for experimental verification of electron

8-10

transfer theories, such as the one proposed by Marcus, which

attempts to account for the physical factors which influence the

rate, 1,2,11-14 Several of the major factors proposed to affect the
rates of electron transfer include intramolecular rearrangements,
solvent reorganization and the work terms associated with bringing
the reactants and products together from the bulk, 8-10 A number of
organic molecules have been studied in this context becéuse of their
large intramolecular rearrangements upon electron transfer.

6,15-17 16,17 , 4

Examples include cyclooctatetraene, its derivatives

hindered stilbenes. %
Co(NH,):+/2+, Ru(NHQ)ZH 2."' and several metal aquo species

have been investigated to determine the extent of the influence of intra-

In addition, inorganic complexes such as
2,3,18,19

molecular changes on the experimentally measured rates of electron
transfer, both in solution and at electrodes.

The rate of electro-reduction of cyclooctatetraene has received

6,15-17, 20-22

much attention because of the large intramolecular

rearrangements that accompany reduction of the preferred, tub-shaped

23-25 4, the basically planar

conformation of the neutral molecule
radical anion. 26-28 The reduction of cyclooctatetraene to its radical

anion is governed by a small electron transfer rate, ks, while
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relatively fast electrode kinetics are observed for further reduction of
the radical anion to the dianion. The latter process requires very
little internal structural changes since the dianion is also flat, 26-30
These early studies were conducted in non-aqueous 'solvents containing
tetra-n-butylammonium saltsb 16,17 (or tetrapropylammonium per-
chloratels) as supporting electrolytes., Recent work has shown, both
qualitativelyzo’ 22 and quantitatively, 31 that the rate of electron transfer
to such molecules is drastically affected by the size of the tetraalkyl-
ammonium cation used as supporting electrolytes: The smaller the
cation size, the larger the rate constants.

In the present study, the first, one-electron reduction of cyclo~
octatetraene was reinvestigated in non-aqueous solvents containing
tetraalkylammonium perchlorates of various sizes. The effect of the
supporting electrolyte cation was found to dominate the factors that
influence the heterogeneous rate constant, with the ks for the first
electron transfer becoming as large as that for the second electron
transfer when tetramethylammonium perchlorate is the supporting
electrolyte, despite the extent of the intramolecular rearrangements
involved in the reduction.

In the past few years, several paperssz’ 33 have been published
in which EXAFS (Extended X-Ray Absorption Fine Structure)
Spectroscopy was used to obtain structural data for a series of
dinuclear metal complexes and their ions in both the solid state and
in solution. For many of these compounds, oxidation or reduction
entails the making or breaking of a metal-metal bond which causes

these molecules to enlarge or contract. Sometimes the distance
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between the two metal centers changes by as much as 0.54. One such
system for which the EXAFS data exist for the neutral, mono- and
dicationic species and for which fairly large internal rearrangements
occur upon oxidation is [(C,H,) Fe(CO)P(C.H,),],. The reduction of this
complex causes the distance between the two iron atoms to decrease
from 3.4982 in the neutral molecule to 3.14 4 in the monocation to
2.764 4 in the dication as an iron-iron bond is formed. At the same
time other structural changes also occur. 34 This compound has been

35 so it was

subjected to only a cursory examination electrochemically,
decided to investigate its electrochemical behavior more extensively
in acetonitrile with tetraalkylammonium salts as supporting electro-

lytes, the results of which are reported here.
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EXPERIMENTAL

Materials. (Burdick-Jackson) "UV-quality' acetonitrile and dimethyl-
formamide were used as received except in those situations where
very dry solvent was needed, in which case the solvent/supporting
electrolyte solution was first dried with Linde sieves (3 A for aceto-
nitrile, 4 for dimethylformamide) and then by several grams of
activated alumina (Woelm neutral alumina heated at 300° C under
vacuum overnight) per 25 ml. '"Polarographic grade" tetraethyl-
ammonium perchlorate, tetra-n-butylammonium perchlorate (South-
western Analytical Co.) and tetramethylammonium perchlorate

(G. F. Smith) were vacuum dried and used as supporting electrolytes
without further purification. Tetra-n-butylammonium trifluoro-
methane sulfonate was prepared as described by Brandstrom. 36
Cyclooctatetraene (Aldrich) was distilled under vacuum prior to use
and kept under argon at 0°C, Ferrocene (ROC/RIC) and bis(penta-
methylcyclopentadienyl) iron (Strem) were used as received, as was
diphenylanthracene (Aldrich). cis-[(C,H,)Fe(CO)P(C.H,),], was
prepared according to the method of Hayter37 and purified by column
chromatography using neutral alumina and eluting with heptane con-
taining increasing amounts of benzene. Fraction #5 (eluted with 60%
benzene and 40% heptane) was collected and upon evaporation yielded
fine, dark brown crystals of the desired product. Elemental analysis
of cis-[C,H,)Fe(CO)P(C¢Hy),].: C, 63.4% and H, 4.5%. Calculated:
C, 64.7% and H, 4.5%. Assignment of this fraction to the cis-isomer
was based upon earlier work37 that showed the trans-isomer eluting

prior to the cis conformer (Fraction #3 in this study gave essentially
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the identical electrochemistry as Fraction #5 but was not studied
because it was only produced in small quantities) and becaﬁse of its
melting point above 285°C (the reported mp37 for the cis-isomer is
302°C while for the trans it is 215°C),
Apparatus, Cyclic voltammograms at scan rates less than 1 V/sec
were obtained with a Princeton Applied Research Model 173 potentio-
stat driven by a PAR Model 175 universal programmer and recorded
on a Houston Model 2000 recorder. For scan rates greater than
1 V/sec, the PAR Model 175 was used to drive a home-built potentio-
stat®® equipped with direct iR feedback capabilities (the iR feedback
was set for each scan rate to a point just prior to oscillation of the
system) and the resulting current-potential curve recorded on a
Textronik Model 5000 Digital Scope and then transferred to a Houston
recorder. Chronocoulometric measurements were accomplished by
means of 2 computer-based apparatus, 52

AC Impedance measurements were performed with a home-built
potentiostat (used in the three-electrode configuration) in conjunction
with the Ithaco Model 391A Lock-In Amplifier and a Fluke voltmeter.
Working electrodes were a static mércury drop electrode (PAR Model
303) whose bevelled capillary had been moldified40 to reduce the
internal resistance to ca. 1 Q or a planar platinum wire sealed in
glass (area = 0,009 cmz), surrounded by a large platinum gauze elec-
trode as the auxiliary electrode and with a silver wire as the pseudo-
reference electrode. All electrodes were in the same solution to
prevent phase shifts and no iR compensation was used. This system

was tested with a mock cell consisting of precision resistors and
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capacitors with values similar to those measured in real experiments
at frequencies of 100 to 6000 Hz, First the in- and out-of-phase AC
currents with a 5.00 mV AC signal applied to a circuit corresponding

to a background solution (shown below) were measured. The best

—WWW—| |

151 0.1 uF

results (i,e., the measured resistance and capacitance matched the
known values within 1%) were obtained at frequencies greater than
3000 Hz, Then a mock cell chosen to mimic the presence of slow

electron transfer (drawn below) was examined. Analytical subtra.ction41

1 1
1 T
0.1uF
— NN Z, —
1510 s -
vl R
200 1.0uF

of the results obtained with the circuit corresponding to a background
solution from those of the mock cell show that the precision of deter-
mining Z; (the faradaic impedance due to electrode kinetics) by this
method was better than 5%. For real chemical systems, best results
were obtained with the potentiostat tsed in a 3-electrode configuration
and with no iR compensation applied at frequencies between 150 to

800 Hz.
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Controlled potential electrolyses were conducted with the PAR
Model 173 potentiostat equipped with a PAR Model 179 Digital
Coulometer. The electrolysis cell employed was modeled after the
design of Moore and Peters. 42 Solutions were deoxygenated with
argon but when more complete exclusion of oxygen was desired, the
experiments were connected inside a controlled-atmosphere box
(Vacuum Atmosphere Co.). UV-Visible spectra were recorded with
a Hewlett Packard Model 8450A Spectrometer. Potentials were
measured and are reported with respect to an aqueous Ag/AgCl
reference electrode except in those cases where a silver wire pseudo
reference electrode was used to reduce phase shifts. The Ag/AgCl
electrode has a potential ca. 45 mV more negative than a saturated

calomel electrode. Experiments were conducted at ambient tempera-

ture, 22°+2°C.
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RESULTS AND DISCUSSION

Electron Transfer Rates to cis-[(C.H.)Fe(CO)P(C.H.,),],

Cyclic votammograms for 1 mM solutions of cis-
[(C.H)Fe(CO)P(CH,).], (I) in acetonitrile show two reversible, one-

35 These waves,

electron steps similar to those described by Dessy.
at -0.045 V and +0.29 V, (Figure 1) correspond to oxidation of the
neutral parent molecule (Fe---Fe separation = 3.4983) to the radical
cation (Fe---Fe separation = 3,14 4) to the dication (Fe---Fe
separation = 2,764 4). The large changes in the Fe-Fe separation is
due to formation of a metal-metal bond between the iron centers. 34
These oxidations were examined by cyclic voltammetry on both
mercury and platinum electrodes. Chronocoulometry and voltammetry
at high scan rates showed that there is some adsorption of the radical
cation of I on mercury so that rate measurements were performed
mainly on platinum electrodes. Some kinetic data were obtained on
mercury by chronocoulometry only when starting with a solution of the
neutral parent molecule.

Long term stability of the radical cation and dication in aceto-
nitrile was determined by bulk electrolyses conducted in a controlled-
atmosphere bax. Oxidation of cis-[(C,H,)Fe(CO)P(CH;).],

(€42 ~ 3200 M~ cm™) at +0.1V until the current decayed to zero
involved the loss of one electron per molecule and produced a blue
(€sas ~ 4500 M~ cm™ and €,q, ~ 1600 M~ cm™) solution of the radical
cation which was stable for weeks, Further oxidation at +0.5 V

yielded the dication (ca. 1.1 electrons per molecule were transferred)
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Figure 1. Cyclic voltammogram of 1,0 mM cis-[(C,H;)Fe(CO)P(C.H,),],
in acetonitrile containing 0.1 M tetraethylammonium per-

chlorate at a scan rate of 100 mV/sec.
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which was bright yellow (e ,, ~ 8000 M™*cm™), not blue as reported by
Dessy. 35 Decomposition of the dication discouraged attempts to
measure the rate constant for the oxidation of the radical cation to the
dication.

Heterogeneous electron transfer rate constants for the one-
electron oxidation of L ferrocene and bis(pentamethylcyclopentadienyl)
iron are reported in Table I. Ferrocene and the pentamethyl-ferrocene
derivative were used as reference complexes because they undergo
almost no inner-sphere reorganization upon oxidation. 43,44 Their
half-wave potentials (+0,40V for ferrocene and -0,11 V for bis(penta-
methylcyclopentadienyl)iron) are also similar to that for I and their
heterogeneous electron transfer rates have been measured previously.45'4'7

Rates of electron transfer were measured by cyclic voltammetry
using the potential separation between the anodic and cathodic peak
currents to calculate the rate constant according to the method of
Nicholson and Shain?8 (see Appendix II), Measurements were made at
scan rates from 100 mV/sec to 100 V/sec. Compensation of the ohmic
potential drop was adjusted at each scan rate to reduce or eliminate
this effect on the peak splitting. Calculations based on the peak current
obtained at a scan rate of 100 V/sec and the solution resistance
measured in separate AC impedance experiments showed that the con-
tribution of the ohmic drop to the peak splitting without any added com-
pensation would have amounted to about 20 mV at this scan rate (an
error in the measured ks of less than a factor of two for this case).

Values of the measured rate constants for each complex in this study

were essentially scan rate independent. The similarity of the kg
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TABLE I (continued)

a.

All solutions were 0.3 to 1.0 mM in substrate.

TEAP = tetraethylammonium perchlorate; TBAP = tetra-n-butyl-
ammonium perchlorate; TBA-TFMS = tetra-n-butylammonium
trifluoromethane sulfonate.

Chrono = Chronocoulometry; Cyclic = Cyclic Voltammetry.
Diffusion coefficients were calculated from the chronocoulometric
slopes50 when stepping onto the diffusion-limited plateau or from
the peak current in cyclics.

No iR compensation was used.

Formation of cis-[(C,H,)Fe(CO) P(CaHs)z];’ was accomplished by
bulk electrolysis at +0.1 V of the neutral parent.
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values for ferrocene found in the present work with that of previous
workers46’ 47 would tend to support the reliability of the cyclic voltam-
metric technique as applied here.

Application of chronocoulometry to the measurement of hetero~
geneous electron transfer rates in this study was accomplished

according to a procedure outlined by Christie et al. 49

(see Appendix II).
Substrate concentrations were limited to 1 mM or less because of
solubility and adsorption problems. Electronic feedback was employed
to reduce the uncompensated resistance. The electrode was stepped
from potentials where no faradaic reaction occurs to potentials within
+ 20 mV of the half-wave potential for the complex under study.
Sufficiently long data acquisition times were used to insure that a plot
of charge versus (time)% became linear for at least 50% of the total
time, Then extrapolation of the linear portion to time = 0 and sub-
traction of the double layer charge measured in a background solution49
allowed calculation of the intercept on the (time)? axis. The rate
constant was determined from the maximum value of the intercept on
the (time)% axis, which occurs at the half-wave potential for the sub-
strate when the transfer coefficient is 0,5, and a diffusion coefficient
measured from a potential step to the diffusion-limited plateau of the
wave, 49

The rate constants listed in Table I for cis-[(C,H,)Fe(CO)P(C.H,),],,
ferrocene and pentamethyl-ferrocene are quite similar despite the fact
that large intramolecular changes accompany the oxidation of I but not
for the other two reactants. The rate constants are not corrected for

51

double layer effects”” but the corrections would be similar for all three
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molecules because their half-wave potentials are not very different.
The possibility that the oxidation of I proceeds through a high energy
intermediate which has only minimal intramolecular rearrangements
before it relaxes into the conformation observed in the solid state was
checked by starting an experiment with an electrogenerated solution of
the radical cation and measuring the kS for reduction back to the
neutral parent. The rate constant was found to be independent of which
half of the redox couple was studied. However, it should be pointed
out that this experiment does not exclude the possibility that there may
be molecular-distance differences between the molecules in the solid
state and in solution, although this is considered unlikely.

Thus, it appears that the heterogeneous rate constant for I is quite
largeinspite of the large changes in the Fe-Fe distance and the other

34 which accompany electron transfer. This is contrary

rearrangements
to what might have been expected (a priori) on the basis of Marcus’
theory. 8-10 However, due to the complexity of the overall rearrange-
ments and the lack of physical data, it was not possible to calculate how
large the inner-sphere energy should be; thus only qualitative arguments
are possible. The similarity in rate constants for I, ferrocene and
pentamethyl-ferrocene (the latter two undergo only very little intra-

43,44y 5ooms to indicate that the

molecular changes upon oxidation
electron transfer rate for all three reactants is basically controlled by
the outer-sphere solvent reorganization energy. The lack of an effect

from the large Fe-Fe distance changes on the rate of oxidation of I may
be due to compensatory changes in other parts of the molecule or these

intramolecular changes represent only a small fraction of the total
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energy for activation for electron transfer to I because of the bond
energies involved.

Several other trends in Table I deserve comment: The oxidation
of I is slower on mercury than on platimum electrodes; changes in the
nature of the supporting electrolyte (i.e., the sizes of the anion or
cation) produced only small changes in the rates; the rate constant for
the pentamethyl-ferrocene derivative is larger than that for ferrocene
which is consistent with the relative homogeneous self-exchange rate

52 The effect of the electrode material

constants for these compounds.
on the rate of electron transfer to I could reflect a real difference
between the energy of activation for electron transfer on the two elec-
trodes (although none is predicted by Marcus theorys'10 for simple
outer-sphere reactions). However, it could also be the result of
adsorption of the radical cation of I on mercury since there is no
difference in the rate constant for ferrocene on the same two electrodes.
The insensitivity of the rate constants to the size of the cation or anion
of the supporting electrolyte is notable because several examples of
systems showing contrary behavior have been reported. 20,22, 31 One

of these is discussed in the next section.

Electron Transfer Rates to Cyclooctatetraene

An organic compound whose rate of reduction has been widely
studied and found to be rather low is cyclooctatetraene (COT). The low

value of ks for the first electron transfer to this molecule has been
6,15-17 Upon

attributed to large intramolecular rearrangements.

reduction by one electron, COT rearranges from tub-shaped
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26-28 The radical anion can be

planar (or nearly planar) radical anion.
further reduced to a planar dianion. 26-30 In most of the previous
studies, 6,16 tetra-n-butylammonium perchlorate was used as the
supporting electrolyte and the rate constant for the first reduction step
is reported as 0.002 cm/sec while that for the second is 0.15 cm/sec.
A somewhat higher rate constant for the first step ( kg = 0.008 cm/sec)
was reported when tetra-n-propylammonium perchlorate was the

31 have shown that the

supporting electrolyte. 15 Recently Evans et al.
nature of the supporting electrolyte cation can produce very large
effects on heterogeneous electron transfer rate constants. For example,
the rate of reduction of t-nitrobutane in acetonitrile increased by over a
factor of 10° when the supporting electrolyte cation was changed from
tetra-n-pentylammonium to hexadecyltrimethylammonium. 81 Quali-
tatively similar results for the reduction of COT in dimethylformamide
have been reported by Fry et_al.zo and by Parker et al. 22

To extend these studies on the rate of reduction o COT as a
function of the size of the supporting electrolyte cation, AC impedance

83 were performed on solutions of COT in acetonitrile or

measurements
dimethylformamide. Supporting electrolytes tested were tetra-n-butyl-
ammonium, tetraethylammonium and tetramethylammonium perchlorates,
The resulting rate constants along with those for diphenylanthracene and
perylene, which were employed as model compounds, are listed in

Table II. The values of ks were calculated from the intercepts (RCT)

of plots of the in-phase impendance (Rs) versus (27 frequency)'% 41,53
(see Appendix IT). Data were obtained from measurements of the in-

phase and out-of-phase AC currents at the DC potential of maximum
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in-phase current for each substrate at each frequency with a 5,00 mV
AC potential applied. Corrections for the solution resistafxce and
double layer capacitance were applied by analytical subtraction41 of
values of these parameters obtained in a background solution at the
same potential as that used when the substrate was present. Examples
of such plots for COT and the model complexes are presented in
Figures 2-6. In evaluating the values of ks it was assumed that the
transfer coefficient, a, was 0.5 and that the diffusion coefficients for
the oxidized and reduced species were equal. No attempt was made to

51 because the necessary data do not yet

correct for double layer effects
exist,

The values for the rate constants measured in this study for the
first reduction of COT, of diphenylanthracene and of perylene in aceto-
nitrile solutions are very similar to those found earlier (Table II). As
anticipated from the investigations of Fry et al. 20 ang Evans et al., 81
the rate constant for COT in tetramethylammonium/dimethylformamide
solutions is approximé.tely 50 times larger than the rate measured with
tetra-n-butylammonium perchlorate as the supporting electrolyte. In
fact, the rate constant in the former electrolyte is within a factor of
two of that for the reduction of COT-'-.G' 55 The larger rates in sup-
porting electrolytes containing the smaller cations has been ascribed
in part to a difference in the location of the Outer Helmholtz Plane31 or
possibly to discreteness-of-charge eft'eci:s.56 However, the observed
variation in rates is too large to be totally accounted for by these
1‘a.ctors.31 Another possible source of the effect is ior pairing between

the tetraalkylammonium cation and the radical anion of COT, although
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1
Figure 2. Impedance vs. (2r frequency) 2 plots for 0.47 mM perylene

in acetdnitrile containing 0. 35 M tetramethylammonium

perchlorate on mercury. @ In-phase impedance (RS);
1
2r frequency Cg )-

@ Out-of-phase impedance (
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1
Figure 3. Impedance vs. (2r frequency) 2 plots for 0.6 mM diphenyl-
anthracene in acetonitrile containing 0.3 M tetra-n-butyl-

ammonium perchlorate on mercury. @ In-phase impedance
1
27 frequency C, :

(Rs); B Out-of-phase impedance (
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Figure 4. Impedance vs. (2n frequency)'% plots for 1.0 mM cycloocta-

tetraene in acetonitrile containing 0.2 M tetra-n-butyl-

ammonium perchlorate on mercury. @ In-phase impedance

, 1
(Rg); @ Out-of-phase impedance (5t Cs)'
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Figure 5. Impedance vs, (27 frequency)";' plots for 1.0 mM cycloocta-
tetraene in acetonitrile containing 0. 3 M tetraethylammonium
perchlorate on mercury. ® In-phase impedance (Ry);

B Out-of-phase impedance ( 1 ).
2r frequency Cg
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1
Figure 6. Impedance vs. (2r frequency) 2 plots for 1.0 mM cycloocta-
tetraene in dimethylformamide containing 0,15 M tetramethyl-

ammonium perchlorate on mercury. @ In-phase impedance
1

2r frequency Cg '

(Rs); M Out-of-phase impedance (
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ESR of homogeneous solutions of COT* in the presence of various
cations showed no evidence of such ion pairing.57’ 58

All of the factors responsible for the effect of the nature of
the supporting electrolyte on the rate constant have not yet been eluci-
dated but the fact remains that k  for the first reduction of COT can be
as large as 0.24 cm/sec, despite the major structural changes that
result from the reduction. The large magnitude of the ks values for
both COT and I are in the range where the outer-sphere, rather than
the inner-sphere, reorganization energy dominates the factors that
control the electrode reaction rate. 7,10 Thus it appears that much
care must be taken in predicting how large an effect the inner-sphere
structural changes will have on the rate constant for electron transfer,
especially when it is not possible to calculate the latter from bond
length changes and bond strengths using Marcus theory.s'm It would
be very interesting to know if the homogeneous self-exchange rates for
these species followed -the behavior of their heterogeneous rates and if
similar increases in the rates of electron transfer could be observed
for other complexes with large intramolecular structural changes when .
changing the supporting electrolyte cation from tetra-n-butylammonium
to tetramethylammonium. Unfortunately, such data are not yet

available.
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CONCLUSIONS

Two complexes, cis-[(C,H,)Fe(CO)P(CH,).], and cycloocta-~
tetraene, which are known to have large intramolecular structural
rearrangements upon oxidation and reduction, respectively, have been
studied via cyclic voltammetry, chronocoulometry and AC impedance
techniques. Heterogeneous electron transfer rate constants were
measured for these species in non-aqueous solvents and were as high
as 0.25 cm/sec, a rate usually associated with electron transfer
limited only by the outer-sphere reorganizational energy. Although the
reasons behind such large rates for these species have not been fully
elucidated, it seems possible that compensato;y structural changes in
other parts of the molecule may lower the barrier to electron transfer.
In any case, this study has clearly shown that it is not justified to
associate large structural changes with slow electron transfers in

general,
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PART III

Synthesis and Properties of Several Novel Ruthenium Ammine
Complexes. Some Applications of Electrochemistry to the

Study of Reaction Rates, Formal Potentials and Adsorption.
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INTRODUCTION

In the past ten years the chemical, spectral and electrochemical

behavior of ruthenium ammine species has received considerable

1 2-4

both for a variety of ruthenium(II) pentaammine™ ~ and

5

attention,

complexes and also for some ruthenium(III) ammine
4,6

tetraamine
compounds. The effects of various ligands on the formal potential
for the Ru (III/II) couple and on the position of the metal-to-ligand
charge transfer (MLCT) band have been investigated. 3-1 Basically,

the results from these studies show that the greater the r-accepting
ability of the ligand, the more positive is the formal potential for the
ruthenium (1I/III) couple. This trend is due to stabilization of the
ruthenium(Il) oxidation state relative to the ruthenium(IIl). Low spin
Ru(Il) is d® and a good 7-back-donor while d° Ru(III) is a 7-acceptor.

For ligands which are not 7-bonding, greater stability of the Ru(II)
oxidation state relative to the Ru(II) is found for those ligands with the
larger ligand field strength, with a subsequent negative shift in the
formal potential, ¢ In some cases, there exists a correlation between
the formal Ru(II/II) potential for the substituted ruthenium pentaammine
complex and the position of the visible absorption (MLCT) band of the
ruthenium(II) species.

The large differences in the chemical and coordinative properties
of Ru(III) versus Ru(Il) pentaammine species have been used to prepare
complexes which are coordinately stable in one oxidation state but, upon
electron transfer, rapidly rearrange to accommodate an entirely new

ligand environment. Although it has been possible to measure the rates
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of coordination and aquation of various ligands in the substituted

ruthenium ammines spectrally, 2,5,8 cyclic voltammetry has proven to

be particularly useful in examining the kinetics of ligand substitutions
when the reaction rates fall within the time domain of the cyclic sca.n.3’4’6
The results of investigations into the aquation and coordination rates

for a wide variety of ligands and substituted ruthenium(II) ammine com-
plexes appear to show that both these processes occur via a dissociative

2,9 11 addition, studies with cis- and trans-ruthenium(II)

mechanism.
tetraammines have indicated that there is a trans-labilizing effect3’ 8 in
these species, although those factors which govern this effect are not
fully understood. In the present investigation, cyclic voltammetry has
been employed to monitor both aquation and coordination rates for
several novel ruthenium(II) ammine complexes.

An interesting compound that has been prepared is the ruthenium-

(111) pentaammine isothiocyanate,4 in which the NCS™ ligand is believed

to be N-bound to the rut.henium atom. However, recent work of Taubem
and Isied11 have provided a synthetic route to the corresponding S-
bonded isomer, Ru(NH,),SCN2*, To distinguish between other similar
NCS linkage isomers, infrared spectroscopy has been applied. 12-14
The feature best used to differentiate the two isomers was found to be
the intensities (and to a lesser extent the position) of the C-N stretching
mode at approximately 2050 cm™, The N-bound species has a greater

4 while the S-bonded complex has lower

intensity than free thiocyanate
intensity, although great care must be taken to compare only measure-
ments in identical media. In the present investigation it was found that

cyclic voltammetry, visible absorption spectroscopy and the extent of
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adsorption on mercury could also be used to distinguish the two linkage
isomers of thiocyanate-substituted ruthenium pentaammine complexes.
Preliminary investigations into the adsorption behavior of
Ru(NHs)_,,NCS"' on meréury electrodes have shown that this complex
displays moderate adsorption, probably via the isothiocyanate ligand. 15
This fact, coupled with a convenient synthesis of a compound that can be
used as the starting point for formation of trans-substituted ruthenium

5,8 has been exploited to prepare complexes which can

tetraammines,
both coordinate other redox molecules and adsorb on mercury electrodes.
Formation of such molecular anchors is exciting because they could be
used to hold various redox couples at a known distance from mercury
electrodes and allow measurement of electron transfer rates to the
attached redox center. The effects of attaching redox catalysts at a
known distance from the electrode on the electrode kinetics for these
species are important parameters to understand in the field of attached

16

redox catalysts, "~ and for which very little data are currently

available, 17

In the present report, the preparation, characterization
and electrochemistry of several molecular anchor-redox couple

assemblies will be further explored.
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EXPERIMENTAL
Materials, [Ru(NH,);,C1]Cl, was prepared from Ru(NHs),C"l, (Matthey

18 by dissolving 7.0 g of

Bishop, Inc.) as described in the literature
Ru(NH,),Cl, in 150 ml of 6 N HC1 and refluxing for four hours. Upon
cooling the solution, a yellow precipitate is formed and collected by
filtration. After washing this solid with cold 20 ml-portions of 6 N HC],
CH,OH and acetone, it was redissolved in 0.1 N HC1 by heating, then
filtered hot and allowed to slowly cool to room temperature. After
several days the bright yellow crystals (5 g) were collected and washed
with CH,OH. |

trans-Ru(NH,),(HSO,), was synthesized according to a method out-
lined by Vogt g_al.m 2,0 g of [Ru(NH,),C1]CL, was dissolved in 80 ml
of distilled water containing 2.83 g of NaHSO,. While slowly bubbling
SO, through this solution it was heated to a temperature between 75-80°C
" for one hour. Then the solution was cooled down to 0°C, with continued
bubbling of SO, through solution, to precipitate out the white solid. The
product (1.8 g) was then washed with cold water and ethanol.

trans-[Ru(NH,),(SO,)C1]C1 was used as the starting point for syn-
thesis of other trans-substituted ruthenium tetraammine complexes.
It was prepared from trans-Ru(NH:,).,(HSO:,)z18 by dissolving 1.35 g of
this compound in 150 ml of boiling 6 N HCI; it dissolves only slowly
turning the color of the solution red. This solution was filtered hot to
remove a black side-product and reheated to dissolve any crystals that
may have precipitated. Finally the solution was cooled down in a
refrigerator overnight to precipitate orange-brown, needle-shaped

crystals (0.5 g) of the desired product which were washed with cold
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10-m1 portions of 6 N HC1 and CH,OH.

[Ru(NH,),NCS](C1O,), was prepared from [Ru(NH,),C1]CL, by
electrochemical reduction of a 10 mM solution at -0.6 V4 to form
Ru(NHs)s(HzO)2+ followed by addition of excess NaSCN, air oxidation
until a dark-red colored solution is formed and precipitation of the
purple perchlorate salt with excess NaClO,.

[Ru(NH,),SCN] (PF,),, the S-bound thiocyanate isomer, was syn-
thesized by dissolving 25 mg of (NHa)sRu-S-S-Ru(NI-Is):'PlO’ - (kindly
donated by Stephen Isied) in 2 ml of deoxygenated water which contained
10 mg of NaHCO;. Then 100 mg of NaCN were added and the solution
was stirred in air for 30 minutes in a well-ventilated hood. After
addition of several drops of trifluorcacetic acid to acidify the solution
and further stirring in air, this soiution was chromatographed on an
ion-exchange resin (Sephadex SP-C50-120) eluting first with water, then
0.02 M trifiuoroacetic acid (TFA) and finally with 0.2 M TFA to remove
a purple band which contained the desired complex. After concentration
of the purple solution, the PF, salt was precipitated by the addition of
excess NH,PF,.

trans-Ru(NH,),(NCS)(SO,) was obtained from trans-[Ru(NH,),-
(SO,)C1]Cl1 via the following reaction sequence. To 5 ml of deoxygenated
water containing 0.25 g of NaHCO,; were added 0,2 g of trans-
[Ru(NH,),(SO,)C1]C1 and excess NaSCN (0.2 g). The solution was
stirred until all the solid material had dissolved. Then 0.5 mlof 12 N
HC1 was added as quickly as possible (gas and heat were evolved),
followed by 0.5 ml of 30% H,0, within five seconds. If hydrogen

peroxide is added much after five seconds, even just a few seconds,
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the yield of the desired product decreases considerably. The addition
of H,0, produces a dark-red solution from which an orange-red solid
can be precipitated by the addition of 50 ml of a 30% ethanol/70% ether
mixture. This solid was redissolved in a minimal amount of water and
chromatographed on a Sephadex G-10 column with distilled water as the
elutant. | Only the dark-orange band was collected and concentrated by
rotary evaporation. Finally, the solid was dried at room temperature
under vacuum.

trans-Ru(NH,),(NCS); was generated by electrochemically reducing
0.1 g of trans-Ru(NH,),(NCS)(SO,) in 0.2 M CF,COOH at -0,6 V to pro-
* duce trans-Ru(NH,),(NCS)(H,0)*, followed by addition of excess NaSCN
(0.2 g) and air-oxidation. The resulting solution was concentrated by
rotary evaporation and chromatographed on the Sephadex SP-C50-120
column., Unfortunately it was not possible to precipitate the PF, salt,
even after the addition of a large excess of NH,PF,, so only qualitative
spectral and electrochemical measuremehts were feasible.

Ethylenediaminetetraacetatoruthenium(II, Ru(EDTA)(H,0)", was

prepared and donated by Roger Baar, 19

20 were performed on all solid samples

Ruthenium analyses
studied by cyclic voltammetry and visible absorption spectroscopy in
this study. This procedure was accomplished by dissolving several mg
of the desired ruthenium complex in 5 ml of 2 M KOH, which also con-
tained 100 mg of K,S,0,. Then the solution was heated for 30 minutes
at or near the boiling point to concentrate the solution down to 1 ml.
After the solution was allowed to cool,it was diluted to 10 or 25 ml with

2 M KOH. Measurement of the absorbance at 415 nm for the sample
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and using the known extinction coefficient of 1040 M~* em™ 20 & was

- possible to determine the ruthenium concentration and henée the mole-
cular weight of the species. Reasonable results were obtained for
Ru(EDTA)(H,0)", [Ru(NH,),NCS](CI0,), and trans-Ru(NH,),(NCS)(SO,)
(when it was vacuum dried because this species was very hydroscopic).

In the case of [Ru(NH,),SCN](PF,),, the initial analysis of freshly prepared
material was slightly lower than the predicted value (although no contami-
nation could be detected by cyclic voltammetry or spectrally) and with
time the complex (even in the solid state) seemed to decompose.

However, all experiments with the S-bound ruthenium pentaammine
thiocyanate were performed within 48 hours of its preparation and no
further characterization of the decomposition was carried out.

In all the cases of trans-substituted ruthenium tetraammines
reported in this study, the trans-configuration was proposed because no
cis-trans rearrangements have been observed during the preparation of
similar trans-Ru(II) complexes3’ 21 from the known trans-conformation
of trans-[Ru(NH,),(w;)Cl]Cl. 18 Formation of N-bound isothiocyanate
ligands in trans-Ru(NH,),(NCS)(SO,) and trans-Ru(NH,),(NCS); was
postulated because of the similarity between the coordination reaction
conditions for attachment of NCS™ to these complexes and the coordination
reaction conditions used for the preparation of the known N-bonded
Ru(NI-L_,),,NCS"".4 These syntheses for Ru(NH,),NCS"" involve coordi-
nation of NCS™ to the ruthenium(II) centers which is very different from
the reaction sequence used to obtain the S-bonded thiocyanate ruthenium-

(I1) pentaammine, 10,11
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Apparatus. Cyclic voltammograms were obtained with a Princeton
Applied Research Model 173 potentiostat driven by a PAR Model 175
universal programmer and recorded on a Houston Model 2000 recorder.
For scan rates greater than 1 V/sec, the transient current-potential
curves were first recorded on a Textronik Model 5000 Digital Scope
before being transferred to the Houston recorder. Controlled-potential
electrolyses were conducted with the PAR Model 173 potentiostat
equipped with a PAR Model 179 digital coulometer and using a cell

22

modeled after the design of Moore and Peters. Chronocoulometry

experiments were accomplished by means of a computer-based data

23 with the working electrode consisting of the

acquisition system
modified (reference 40 in Part II of this thesis) PAR Model 303 static
mercury drop electrode surrounded by a platinum gauze electrode as
the auxiliary and a Ag/AgC1 reference electrode, 24
The amount of adsorption was determined by subtractihg the
intercept on the charge axis found in the substrate solution from the

25 This was

double layer charge obtained in a background experiment.
necessary because both oxidation states were adsorbed and it was not
possible to use double-step chronocoulometry26 to measure the double
la&er charge, thus the quantities of adsorbed material reported here were
only approximate quantities. UV-visible spectra were obtained with a

Hewlett-Packard Model 8450A Spectrometer.
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RESULTS AND DISCUSSION

Spectral pr.operties and formal potentials for several of the com-
plexes examined in this study are listed in Table I. Formalpotentials
were evaluated from cyclic voltammetric curves, which in the case of
trans-Ru(NH,),(NCS)(SO,) required potential sweep rates high enough
(10V/sec or higher) to avoid the loss of SO; from the inner-coordination
sphere of the electrogenerated Ru(Il). The loss of SO; from Ru(II)
species has been previously reported to occur with a half-life of 0.3 sec
for trans-(HO,CC,H N)Ru(NH,),(SO),. 27 In the present investigation,
the rate of loss of SO; from trans-Ru(NH,),(NCS)(SO,)” was conveniently
monitored by cyclic voltammetry (see Figure 1) both by the appearance
of a new reversible couple at -0, 24 V for trans-Ru(NH3)4(NCS)(H20)2+/ *
and by the loss of reoxidation current for trans-Ru(NH,),(NCS)(SO,)".
Using the theory of Nicholson for a charge transfer process followed by

28 the rate constant for the loss of

an irreversible chemical reaction,
SO; from trans-Ru(NH,),(NCS)(SO,)” in 0.2 M CF;COOH was found to be
4.6 sec™ (see Table IT). This value for the loss of SO from the Ru(Il)
coordination sphere is slightly lower than that reported for trans-
(HO,CC H N)Ru(NH,),(SO,) but in the same range for other aquation

reaction rates of various substituted ruthenium(IIl) ammine complexes.z'8

N-Bound vs. S-Bound Thiocyanate

When the [Ru(NH,),NCS](C10,), prepared in this study is dissolved
in 0.2 M CF,COOH, a deep red-purple color results which is presumed
to be the N-bound thiocyanate isomer. Its spectral and voltammetric
responses are essentially identical to those of a complex prepared in a

4

similar electrochemical fashion. ® In this previous report, 4 infrared
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TABLE 1

Electronic Spectra and Formal Reduction Potentials of

Several Ruthenium(III) Ammine Complexes

Ru(III) Complex Apax» 0 (€ in M lem™h2 E; in voltsP
Ru(NH,),NCS"" 494(2175), 335 (sm), 270 (sm) -0.21
Ru(NH,,),Ncsz+c 494( --), 335 (sm) -0.23
Ru(NH,),SCN°" 492(2150), 335 (sm), 270 (sm) -0.20
Ru(NH,),SCN** 486( -- ), 335 (sm) -0.20
t-Ru(NH,),(NCS)(SO,)  468(3475), 308(1675) -0.36
t-Ru(NH,),(NCS); 746 (sm), 525( -~ ), 290 (sh) -0.24

a. sm = small peak; sh = shoulder.

b. Measured by cyclic voltammetry with a Ag/AgCl reference
electrode.

c. Measured in 0.3 M NaCl solution.
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TABLE II

Determination of the Aquation Rate Constant for
trans-Ru(NH,),(NCS)(SO,)".

Scan Rate (V/sec)? ipa/ipcb r(sec)® k¢(sec 1d

0.5 0.35 0.38 5.9

1.0 0.51 0.19 5.3
2.0 0.69 0.085 4.7

3.0 0.178 0.063 3.2

4.0 0.80 - 0.048 4.0

5.0 0.85 0.038 4.2
av.-4.6

a. For a switching potential of -0.55 V. Ej for the Ru(IlI/I) couple
of trans-Ru(NH,),(NCS)(SO,) is -0.36 V. ‘

b. The ratio of anodic (1p ) to cathodic (lp ) peak currents calculated
using Nicholson's method28 to correct for baseline drift.

c. 7 is the time between E} and the switching potential.

d. kf found from Figure 12 in reference 28a.
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Figure 1, Cyclic voltammogram for 1.5 mM trans-Ru(NH,),(NCS)(SO,)
on (BPG) carbon in 0.2 M CF,COOH.
A. Scan rate = 50 mV/sec.
B. Scan rate = 1 V/sec.
C. Scanrate =10 V/sec.
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absorption bands corresponding to the C-N stretching mode of the NCS
ligand in [Ru(NH,),NCS](C10,), were measured in the solid state, com-
pared to free thiocyanate and found to yield an integrated intensity five
times larger than the uncoordinated thiocyanate. The relative ordering
of intensities was used to support the assumption that the NCS ligand in
[Ru(NH,),NCS](CIO,), is N-bonded to the ruthenium. % 12-14 Comparison
of the proposed N-bound ruthenium pentaammine isothiocyanate to the
species prepared in such a way as to form the S-bonded isomerm’ 11
shows that these two complexes are not identical, Although the
differences in the formal reduction potentials and visible spectral
properties between the two ruthenium(IIT) linkage isomers are small
(Table I), they are reproducible. In 0,3 M chloride ion media, there
is an 8 nm shift toward higher energy for the ligand-to-metal charge
transfer (LMCT) bandand a 30 mV positive shift in the formal reduction
potential for Ru(NH,),SCN>* over that found for Ru(NH,),NCS" .
However, in 0.2 M CF,COOH solutions, the spectral and potential
differences between the two linkage isomers is only 2 nm and 10 mV,
with the S-bound complex still at the higher energies and more positive
potentials relative to the N-bonded ruthenium pentaammine isothio-
cyanate. The shift in the position of the visible absorption band to
higher energies for Ru(NHs)SSCN2+ in the presence of chloride ions may
be due to an ion pairing effect, similar behavior has been observed for
Ru(NHs)s(pyridine)H in non-aqueous solvents with sodium chloride. T
Isomerization of the S-bonded ruthenium(Il) pentaammine thio-
cyanate does not appear to occur on a cyclic voltammetric time scale

(20 seconds or less) but if a solution of Ru(NI-I;,),,SC‘Nz+ is allowed to sit
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at room temperature, it converts into the N-bound isomer within
several days. Similar results for the S-bound to N-bound éonversion
for solutions of Ru(NH,),,SCN” were reported by Taube et al. 10 In
addition, there was no indication of aquation of either Ru(NH,,,)sNCS+ or
Ru(N’Hs),;SCN+ at the slowest scan rates employed (50 mV/sec), con-
trary to the implied aquation rate for the Ru(NHs)sNCS.’" complex. 4

The reaction of Ru(NHa)sNC§ * with ng"' ions? has been cited as
evidence in support of the proposed N-bound conformation, but in the
present investigation, ng"' was found to react similarly with either
ruthenium pentaammine thiocyanate isomer. Addition of Hg(C10O,), to
red-purple solutions containing either S-bound or N-bound ruthenium(III)
pentaammine thiocyanate immediately produces a yellow solution

because of the following reactions:4’ 29

‘Ru(NH,),NCS"" + Hg** = Ru(NH,),(NCS)Hg"*
Ru(NH,),SCN"* + Hg"* =2 Ru(NH,),(SCN)Hg"*.

The ruthenium(III) pentaammine thiocyanate mercury(Il) adduct shows
a small absorption band at 399 nm while the isothiocyanate derivative
has an absorption maximum at 400 nm. Addition of chloride ions to
either solution returns the respective spectrums to 92% of their original
intensities with no apparent isomerization of the S-bonded ruthenium(III)
pentaammine thiocyanate into the N-bound ruthenium(III) pentaammine
isothiocyanate. Reaction of both ruthenium pentaammine thiocyanate
linkage isomers with Hgz+ may be explained by proposing that the sulfur

atom can coordinate both ruthenium and mercury simultaneously.



101

Thus, the reaction of Hg" with Ru(NHz,),,SCN""+ and Ru(N’H,,)sNCS2 * can
- not be used to distinguish between the two isomers as previously
proposed. 4

As already discussed, the spectral and formal potential behavior
for the two linkage isomers of the ruthenium pentaammine thiocyanate
species are very similar although not identical, but in their adsorption
properties on mercury electrodes there are large differences.
Summarized in Figure 2 are the results of chronocoulometric adsorption
measurements for the Ru(Il) and Ru(Ill) pentaammine thiocyanate and
isothiocyanate complexes as a function of potential and substrate con-
centration on mercury electrodes in 0.2 M trifluoroacetic acid. There
appear to be only minor differences in the adsorption properties of the
two Ru(IT) species, with slightly larger quantities adsorbed and a greater
potential dependence for the Ru(NH3)5SCN+, but for the ruthenium/(III) .
pentaammine thiocyanate and isothiocyanate complexes the adsorption
profiles are quite distinctive. While Ru(NH,),NCS®~ is adsorbed almost
as strongly as Ru(NH,)sNCSH, the S-bound isomer, Ru(NH3),,SCN2+, is
essentially not adsorbed at all. In addition, the potential for mercury
oxidation in the presence of the N-bonded thiocyanate isomer was
approximately 100 mV more negative than that for the S-bound ruthenium
pentaammine thiocyanate. These two features, the difference in
mercury oxidation potential in the presence of S-bound vs. N-bound
thiocyanate ruthenium(III) pentaammine and only a little adsorption (less
than 3 ycoul/cm?) of the Ru(NH,),SCN>', more than any other were
indicative of which linkage isomer of ruthenium pentaammine thio-

cyanate was present in solution.
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Figure 2. Potential dependence of the adsorption of (A) Ruthenium
pentaammine isothiocyanate and (B) Ruthenium pentaammine
thiocyanate at mercury electrodes. The electrode was
held for 30 sec. at the indicated potential in a solution of
(A) Ru(NHa)sNCS)” or (B) Ru(Mis)sSCNz"' and then stepped
to -0, 6 V for Ru(Ill) reduction or +0,1 V for Ru(Il) oxidation,
Concentration of substrate, mM: ® - 0.2; B -0.5; O - 1.0;
A - 2,0. Supporting electrolyte: 0.2 M CF;COOH; pH =1.4,
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The adsorption properties of the N-bound ruthenium(II) and
ruthenium(III) pentaammine isothiocyanate complexes have also been
studied in 0.2 M CF,COONa (at pH = 6.5), in1 M NH,F15 and in 0.32M
Na,SO415 solutions with analogous results to those reported in Figure 2.

30 a concentration of 2 mM

Based upon a molecular radius of 3.34,
Ru(NHg)sNCS+ shows about § of a monolayer of adsorption, with repul-
sive rather than attractive interactions among the adsorbing molecules
indicated15 from a plot of the values of the quantities adsorbed in
Figure 2 in Frumkin coordinates, 81 Also, the observed potential
dependences follows the trend toward greater adsorption at the more
positive potentials found for several cther metal isothiocyanate com-
plexes. 32 This probably reflects the increased interaction of the sulfur
atom (in the NCS ligand) with the more positively charged mercury
surface, similar to the affinity of several metal thiocyanate species
(including Ru(NH,),NCS**) with Hg**. %3233 1t has been suggested that
the greater the value of the ligand field stabilization energy, the greater
the extent of adsorption. 32,33 The ruthenium pentaammine isothio-

cyanate species also appear to fit this correlation.

Formation of a Molecular Anchor - Redox Couple Complex

It has been proposed to exploit the moderate adsorption of
ruthenium(II) ammine isothiocyanate complexes to prepare a molecule
which could be used for attaching redox couples at a known distance
from the mercury electrode. 17 The properties that such a molecule
must have include strong adsorption on mercury in a known geometric
conformation, electroinactive in the potential region where the redox

couple is electroactive, possible coordination of a variety of redox
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couples and convenient monitoring of the coordination of the redox
couple to the molecular anchor either spectrally or voltammetrically.
One possible candidate for such a complex that fulfills many of the
above requirements is trans-Ru(NH,),(NCS)(4-vinylpyridine)*.
Formation of trans-Ru(NH3)4(NCS)(4—vinylpyridine)+ was accom-
plished by electrochemical reduction of 2 mM solutions of either
Ru(NH,),NCS"" or trans-Ru(NH,),(NCS)(SO,) at -0.6 V in 0.2 M
CF,COCH (pH = 1. 4) containing approximately 40 mM 4-vinylpyridine
(pKa 5.2-5, 43%

7 to 12 hours in the absence of oxygen and resulted in the complete

. The reducing potential of -0.6 V was maintained for

coordination of the vinyl group to the ruthenium(Il) atom. This coor-
dination reaction is easily monitored by cyclic voltammetry (see
Figure 3) because coordination of the olefin to the Ru(II) center shifts
the formal potential of the Ru(II/III) couple over one volt more positive,
similar to that observed for other ruthenium(Il)-olefin species. 3
After the coordination reaction was complete, the pH of the solution
was raised to 6.5 to deprotonate the pyridine nitrogeﬁ and the aqueous
solution was extracted with three 20-ml portions of diethyl ether to
remove excess 4-vinylpyridine. Then the resulting aqueous solution
was exposed to reduced pressure to remove any remaining dissolved
ether, the pH was readjusted to 6.0 and the chronocoulometric
adsorption measurement made. At pH values above 5.0, the solution
of trans-Ru(NH,),(NCS) (vinylpyridine)"' was somewhat light sensitive,
decomposing in only three to four hours, so this solution of trans-
Ru(NH,),(NCS) (vinylpyridine)* was used immediately after preparation

for adsorption measurements. After the chronocoulometric
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Figure 3. A. Cyclic voltammogram of the solution produced by
reducing 2 mM [Ru(NH,),C1]CL, at -0.6 V in the
presence of 40 mM 4-vinylpyridinium for three hours.
B. Cyeclic voltammogram of the solution generated by
reducing 2 mM Ru(NH:,),,NCS2 *at -0.6 V in the presence
of 40 mM 4-vinylpyridinium for eight hours. Carbon
(BPG) electrode. Supporting electrolyte: 0.2 M CF,COOH;
pH =1,.4., Scan rate = 100 mV/sec.
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determination of the double layer charge on mercury for each potential
step in the 2 mM trans-Ru(NH,),(NCS) (vinylpyridine)+ solution (trans-
Ru(NH;),(NCS) (vinylpyridine)* is electroinactive in the entire potential
region accessible on mercury), a redox couple which coordinates the
pyridine nitrogen was added and adsorption data were acquired as a
function of applied potential and redox couple concentration.
Ru(EDTA)(H,0)~ was used as the redox couple because with its
ruthenium atom in either oxidation state, Ru(II) or Ru(III), it binds

36,37 2nd the formal

strongly and quickly to the pyridine nitrogen
potential for Ru(EDTA) (pyridine)” reduction is observable on mercury
electrodes. In addition, coordination of the pyridine nitrogen to the
inner-coordination sphere of Ru(EDTA) is easily monitored by cyclic
voltammetry because of the +100 mV shift in the formal potential for
Ru(EDTA) (pyridine)” vs. Ru(EDTA)(H,0)" reduction (see Figure 4).
Visible spectroscopy also could be used to follow the coordination of
Ru(EDTA) to the pyridine nitrogen in trans-Ru(NH3)4(NCS)(vinylpyridine)'*,
however this method was not as convenient as cyclic voltammetry
because the spectral chaoges were relatively minor. 34 Under the
experimental conditions used here, 2 mM trans-Ru(NH,),(NCS)(vinyl-
pyridine)* at pH = 6.0 with increasing concentrations of Ru(EDTA)(H,0)"
added (from 0.2 to 1.5 mM), complete coordination of the ruthenium(II)
EDTA complex to the pyridine nitrogen of the molecular anchor, trans-
Ru(NH,),(NCS)(vinylpyridine)*, was found. There was no indication in
cyclic voltammograms of these solutions of Ru(EDTA)" in the presence
of trans-Ru(NH,),(NCS)(vinylpyridine)* that any Ru(EDTA)(H,0)"

remained uncomplexed.
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Figure 4. A. Cyclic voltammogram of 1 mM Ru(EDTA)(H,0)".
B. Cyclic voltammogram of 1 mM Ru(EDTA) in the
presence of 2 mM 4-vinylpyridine.
Carbon (BPG) electrode. Supporting electrolyte: 0.2 M
CF,COONa; pH =5.6. Scan rate = 100 mV/sec.
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Adsorption measurements on mercury electrodes for solutions of
trans-Ru(NH,),(NCS)(vinylpyridine)Ru(EDTA) as a function of potential
and concentration are shown in Figure 5. Although these solutions
show some adsorption, the quantities involved (7-12 ucoul/cm’) are
small, especially if the adsorbing molecules are perpendicular to the
surface via adsorption through the thiocyanate ligand as anticipated.
However, the potential dependence of the adsorption of trans-Ru(NH,),-
(NCS)(vinylpyridine)Ru(EDTA) species, more adsorption at more
negative potentials, is in the opposite direction to that found for
Ru(NH,),NCS*" or Ru(NH,),NCS* in the same media (Compare Figure 5
to Figure 2A). In fact, adsorption measurements performed on mM
solutions of Ru(NH,),(vinylpyridine)Ru(EDTA)*, 38 which has no thio-
cyanate ligand to help induce adsorption, exhibits the same potential
dependence and extent of adsorption as trans-Ru(NH,),(NCS)(vinyl-
pyridine)Ru(EDTA). This may imply that it is the size and solubility
of the entire ruthenium ammine vinylpyridine ruthenium EDTA
assembly which dictates its adsorption on mercury and that perhaps
adsorption occurs with the molecule lying flat on the electrode surface.
The possibility that the thiocyanate ligand is lost during the formation
of.trans-Ru(NHa),,(NCS)(vinylpyridinium)z"' was ruled out from a com-
parison of the Ru(II) oxidation potential (Epa) for the product formed
from electro-reductions of either Ru(NHa)sNCSz+ or trans-Ru(NH,),-
(NCS)(80,) in the presence of 4-vinylpyridine (Epa ~ + 0,75 V) to that
for Ru(NHs)s(vinylpyridinium)” (Epa ~ +0,95 V). Thus it appears that
the ruthenium ammine isothiocynate complex is not suitable as a

molecular anchor for attachment of redox couples to the mercury



Figure 5.
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Potential dependence of the adsorption at mercury
electrodes of: O - 2 mM Ru(NH,), (4-vinylpyridine) in
the presence of 1 mM Ru(EDTA); 8 2 mM trans-
Ru(NH,),(NCS)(4-vinylpyridine) in the presecce of

0.5 mM Ru(EDTA); @ - 2 mM trans-Ru(NH,),(NCS)-
(4-vinylpyridine) in the presence of 1 mM Ru(EDTA);
A 2 mM trans-Ru(NH,),(NCS)(4-vinylpyridine) in the
presence of 2 mM Ru(EDTA). Complete coordination
of Ru(EDTA) to the pyridine nitrogen was observed.
The electrode was held for 30 sec at the indicated
potential and stepped to -0.6 V for Ru(Il) reduction or
+ 0.1 V for Ru(Il) oxidation., Supporting electrolyte:
0.2 M CF,COONa; pH = 6.0.
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electrode only because its adsorption was not strong enough.

Attempts to modify the adsorption behavior of the ruthenium
ammine vinylpyridine ruthenium EDTA species by using SeCN to help
induce adsorption on mercury proved unsuccessful because of diffi-
culties in preparing a complex with N-bound selenocyanate coordinated
to the ruthenium ammine center. No further efforts were expended on
this synthesis although it is still believed that the general approach of
substituted ruthenium ammine complexes may yet prove fruitful in the
preparation of a molecule which is adsorbed and can coordinate various
redox couples so that their electrode kinetic parameters could be

measured.
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CONCLUSIONS

Comparison of the spectral and electrochemical properties of
N-bound ruthenium pentaammine isothiocyanate versus S-bonded
ruthenium pentaammine thiocyanate has shown that there are minor
differences in their formal potentials and the position of their visible
absorption bands. In particular, the adsorption behavior on mercury
electrodes is very indicative of which linkage isomer is present. The
lability of several substituted ruthenium(Il) ammine complexes was
exploited to prepare trans-Ru(NH,),(NCS)(4-vinylpyridine)*. This
molecule was used to both coordinate Ru(EDTA)™ and to adsorb the
resulting species on mercury. Unfortunately, the adsorption was not
strong enough to allow measurement of the electrode kinetics to the

adsorbed assembly.
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Ru(NH,),(vinylpyridine)Ru(EDTA)* was generated from electro-
reduction of [Ru(NH,),C1]Cl, at -0, 6 V in the presence of 40 mM

4-vinylpyridinium for 7 hours followed by precipitation of chloride
ions with Agt. After filtering off the AgCl, the pH was raised to
6.5 and the aqueous solution washed with three 20-ml portions of

diethyl ether. Then a slight vacuum was applied to remove
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APPENDIX I

Simple Electron Transfer Reactions: Comparison of

Experimental Results to Theoretical Predictions
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The following compilation of published rate constants for hetero-
geneous and homogeneous electron exchange reactions grew out of a
search for complexes in which large intramolecular rearrangements
accompany electron transfer (see Part II). It was intended to use such
complexes in testing of several of the predictions of Marcus' theory. 1-7
With few exceptions, only experimentally measured rate constants as
reported in the original publications are included in Table I. Electrode
processes were restricted to those in which both reactant and product
are soluble in the solute. (For a more extensive compilation of elec-
trode reactions, including amalgam formation, see Tanaka. 8) All
values are uncorrected (i. e., the heterogeneous rate constants are not
corrected for the effects of the electrical double layer and the homo-
geneous rate constants are not corrected for ionic strength effects)
because suitable corrected values are rarely available. This table has
proven useful to numerous members of the Anson group and is being
included here in the hope that it may be helpful to future group members.

There are several well known theories of electron transfer,
including those by Marcus, 1-7 Hush, 9-11 ;ng Dogonadze, 12 put the
theory proposed by Marcus for simple, outer-sphere electron transfer
is particularly well-suited to providing theoretical equations with
physical significance concerning the factors which influence the rate.

2,7,13,14 which discuss

Although there are several good references
Marcus theory and its application to electron transfer reactions, I will
attempt to summarize some of the basic equations so that a discussion

of several of the predictions of Marcus theory may be examined in light

of this compilation.
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TABLE I

Compilation of Heterogeneous Electron Transfer and

Self-Exchange Rate Constants for Redox Reactions
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METHOD ABBREVIATIONS

ACV = AC Voltammetry

ACI = AC Impendance

cv = Cyclic Voltammetry

CH = Chronocoulometry

CI = Current Impulse

ES = Exchange and Separation
ESR = Electron Spin Resonance
FR = Faradaic Rectification

G = Galvonastatic

GDP = Galvanostatic Double Pulse
HTE = Hydrodynamic Tubular Electrode
HV = Hydrodynamic Voltammetry
IR = Infrared Spectroscopy

IT = Isotopic Tracer

IV = Current-Voltage Curves
LOA = Loss of Optical Activity
NMR = Nuclear Magnetic Resonance
NPS = Normalized Potential Sweep
P = Potentiostatic

PG = Polarography

RD = Rotating Disk Voltammetry

RFPG = Radio Frequency Polarography
SV = Staircase Voltammetry

TD = Transfer Diffusion
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CHEMICAL AND ELECTRODE MATERIAL ABBREVIATIONS

aq
bipy

C

Cp

Cp
DMF
DMSO
DME
en
EDTA
GC
HMPA

phen
TCNQ
TCNE

TBAF
TPAP
TEAP
THAP
TEAB
TBAI

TBAP

Hydrated

2, 2'-bipyridine

Carbon (graphite) Electrode
cyclopentadienyl

Carbon Paste Electrode
dimethylformamide

dimethyl sulfoxide

dimethoxyethane

ethylenediamine
ethylenediaminetetraacetate

Glassy Carbon Electrode
hexamethyl phosphoramide
nitrobenzene

oxalate

1,10-phenanthroline

1,7,8, 8 -tetracyanoquinodimethane
tetracyanoethylene

tetrahydrofuran
tetra-n-butylammonium hexafluorophosphate
tetrapropylammonium perchlorate
tetraethylammonium perchlorate
tetra-n-hexylammonium perchlorate
tetraethylammonium bromide
tetra-n-butylammonium iodide

tetra-n-butylammonium perchlorate
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