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The voltammetric behavior of the title complexes has been studied. These complexes give a one-electron

oxidation wave and a one-electron reduction wave in most solvents.

A linear correlation between the (E;;—

Ef}y) values and the solubility parameters of the solvents was obtained. The (EJ— E:y) values were interpreted

in terms of the solvation energy of the complexes.

A number of electrochemical studies of transition
metal complexes with N, N-disubstituted dithiocarbam-
ates have been reported. Considerable work has been
carried out at the platinum electrode in acetone or
acetonitlile as the solvent, where the: electrode re-
actions have been shown to be relatively simple; e.g.,
the dithiocarbamato complexes of the first-row tran-
sition metals from chromium to copper give a one-
electron oxidation wave as well as a one-electron
reduction wave.!~? Solvent effects on the redox po-
tential of complexes have been widely studied. Gold-
ing et al.® investigated the redox behavior of iron(III)
dithiocarbamates and interpreted the variation in the
redox potentials of the complexes in acetone—water
solutions by considering the effect of the solvent as
a perturbation of the energy-level scheme. Recently
Austrian workers have described the solvent effects on
the half-wave potentials of tetraethylammonium hexa-
cyanoferate(III)® and hexacyanomanganate(I1I),10
tris(ethylenediamine)cobalt(III) perchlorate,¥ and
tris(acetylacetonato)manganese(I1I1)12 by means of the
donor-acceptor approach. In the present paper the
voltammetric behavior of manganese(1II), iron(III),
and copper(II) complexes with 1-pyrrolidinecarbodi-
thioate [Mn(pcd);, Fe(pcd);, and Cu(ped),] is ex-
amined in eleven nonaqueous solvents, and the solvent
effects are discussed.

Experimental

Mn(ped);, Fe(ped);s, and Gu(pcd), were prepared ac-
cording to previously described methods.?:13:6) All the sol-
vents used were purified in a conventional manner.14:1%

Tetrabutylammonium perchlorate (TBAP) was prepared by
metathesis from an aqueous solution of sodium perchlorate
and tetrabutylammonium bromide, which has been synthe-
sized with tributylamine and butyl bromide, thoroughly
washed with water, and recrystallized twice from ethanol.
The voltammetric studies were carried out at the platinum
disk electrode by the rotating electrode method, cyclic voltam-
metry, pulse voltammetry, and differential pulse voltammetry
with a Yanagimoto P-1000-type polarograph. An aqueous
SCE and a platinum wire were used as the reference electrode
and the counter electrode respectively. All the sample
solutions containing 0.1 M TBAP as supporting electrolyte
were deoxygenated with pre-dried nitrogen and kept in
the dark throughout the experiment because the complexes
were relatively unstable to light.

Results and Discussion

Studies of the diffusion current are described for
only Fe(pcd); in this paper because Cu(pced), is slightly
soluble in most solvents used and Mn(pcd); decom-
poses slowly in solution except in the cases of N,N-
dimethylformamide and dimethyl sulfoxide, in which
Mn(pcd); decomposes immediately. Fe(ped); under-
went both a one-electron oxidation to Fe(pcd)y+ and
a one-electron reduction to Fe(pcd),~ in all the sol-
vents studied. The limiting current at the rotating
electrode was proportional to the square root of the
rotation speed, and the peak current in cyclic voltam-
metry was proportional to the square root of the scan
rate, indicating that both the electrode reactions in
the respective solvents are controlled by diffusion. The
differential pulse and the cyclyc voltammetric be-
havior shows that the electrode reaction of the oxi-

TABLE 1. THE PULSE VOLTAMMETRIC AND THE CONVECTIVE DIFFUSION CURRENTS
OF THE OXIDATION WAVE OF Fe(pcd)g
2 ok—1 —1/2("%—1

Solvent g CILO_? T A rf:o(i—l per A g;: rx:olcll p— I,C*-1py/2 102 (Lw=Y/2C *-1) (55/64-1/8)2)
Acetone 0.302 68.8 4.67 3.78 3.86
Acetonitrile 0.399 69.4 4.45 4.04 4.06
Dichloromethane 0.412 61.3 4.04 3.93 3.97
Isobutyl methyl ketone 0.542 50.3 2.66 3.70 3.56
Nitromethane 0.627 50.5 2.96 4.00 4.23
N,N-Dimethylformamide 0.796 43.3 2.26 3.86 4.07
Nitrobenzene 1.811 26.1 1.13 3.51 3.88
Dimethyl sulfoxide 1.996 24.3 1.01 3.43 3.81

a) d: density of the solvent in gcm-3.
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dation and the reduction are reversible or nearly
reversible, and that the oxidation process is more
reversible than the reduction process in the respective
solvents. Table 1 shows that there is a marked de-
pendence of the normalized pulse voltammetric dif-
fusion current (I,/C*) and the normalized convective
diffussion current (I,/w'/2C*) of the oxidation wave for
Fe(pcd)s on the viscosity of the solvents (7). Fe(ped)g
is too insoluble in the alcohols for us to obtain reliable
data on the normalized diffusion currents. According
to the Cottrell equation, the pulse voltammetric dif-
fusion current is proportional to the square root of
the diffusion coefficient (D). Using the Stokes-Einstein
relation, I nY2/C* can be expected to be constant,
provided the diffusion coefficient is due solely to a
change in the viscosity. The value of IpV2/C* in
Table 1 are almost constant, indicating that there
is no specific interaction between Fe(pcd); and the
molecule of each solvent. As is shown in Table 1,
this is also confirmed by the rotating disk electrode
method with the aid of the Levich equation and the
Stokes-Einstein relation.

The half-wave potential of the oxidation (E%h
and the reduction (Eij') of the pcd complexes were
found to vary appreciably with different solvents. To
aviod the difficulty in evaluating the liquid-junction
potential between the reference electrode used (SCE)
and the solvent studied, the difference between E;
and Ei; was used to discuss the solvent effect.
The (Eg5—Eis) values for Fe(ped);, Mn(pcd),;, and
Cu(pcd), are listed in Table 2, together with the
solubility parameter (§),16:1?) the relative dielectric
constant (&), the donor number (DN),'® and the
acceptor number (4N),'® of the solvents. As may
be seen from Table 2, there is a correlation only
between the (ESi—Ei}) values and the solubility
parameters. When the oxidation and the reduction
processes at the rotating electrode are reversible,
E; and ETY can be written as follows:

s = Egx + (RT/F) In (fyDy®?/ fuDy-*?) (1

and:
ER' = Efa + (RT/F) In (fuDy-**/fu-Du*") (2
where E& and Ef. are the standard potentials of
the M/M+ and M~/M couples respectively, and where

TABLE 2. SOLVENT PARAMETERS AND (Ej;—

Solvent Effects on Voltammetry of pcd Complexes

2529

fis the activity coefficient, the subscripts M, M*, and
M- representing the neutral complex, the cation formed
by oxidation, and the anion formed by reduction
respectively. By applying the Born-Haber cycle, the
(Exx—E%4) can be written as follows:

F(E%—E%) = I, — Ey + AGi+ + AGi- — 2AGs,  (3)

where I, and E, are the ionization potential and the
electron affinity of the neutral complex respectively,
and where AG® is the solvation energy. From Egs.
1—3, the (E%—Ei)) can be expressed by:
F(EZ—Eff) = I, — Ex + AGy+ + AGx- — 2AGx
+ 2RT In (fux/fu) + (2/3) RT In (Dy*/Dy-Dy-). (%)
Among the values of the last five terms on the right-
hand side of Eq. 4, which may vary with different
solvents, those of the last two terms are considered to
be almost constant. The solvation energy of the ion
is predominantly electrostatic in nature and is, then,
expressed by the modified Born equation.?® The
variation in the AG,+ and AG,- with different solvents,
evaluated from the modified Born equation with the
crystallographic radius of 6.42A for Fe(ped),,2) is
too little to explain the difference in (Eji—Eiy).
Consequently, the remaining term, that is, the solva-
tion energy of the neutral complex, must be largely
responsible  for the difference in (EH—ED)
values. When the complex with a solubility param-
eter, dy, is transferred from the gas phase to the
polar solvent of the molar volume, Vg, and solubility
parameter, ds, AG,y is approximately expressed by:22)
AGy = Vgbs(ds—Oy). (5)
Since the first and second terms on the right-hand
side of Eq. 4 are inherent in the complexes, and since
the remaining terms except AG, are considered to
be almost constant in all the solvents studied, Eq. 4
can be written as:

F(EjR—EY) = —2Vs0s(0s—0m) + & (6)
or:

F(E:—EfY) + 2Veds? = 2Vs0s0u + k. )
Figure 1 shows the plot of the value of the left-hand
side of Eq. 7 for Fe(pcd); vs. 2Vyds. It gives a straight

line with a slope of 11.44 (cal cm~%)¥/2, corresponding
to the dy of Fe(pcd);. The 6, values of Mn(pcd),

E5sl) VALUEs

Ej,—EfY /mV

No Solvent 8/ (cal cm—3)1/2 € DN AN
Cu(ped), Fe(pcd); Mn(ped),
1 Isobutyl methyl ketone 8.58 13.1 — — 1111 996 524
2 Acetone 9.62 20.7 17.0 12.5 1052 954 485
3 Dichloromethane 9.88 9.0 — 20.4 1038 930 473
4 Nitrobenzene 11.06 34.8 4.4 14.8 995 879 417
5 N,N-Dimethylformamide 11.79 36.7 26.6 16.0 960 860 —_
6 Acetonitrile 12.11 36.0 14.1 18.9 924 841 387
7 Nitromethane 12.90 36.0 2.7 20.5 911 811 359
8 Dimethyl sulfoxide 12.97 46.6 29.8 19.3 865 766 —
9 1-Propanol 12.18 20.4 — — 880 714 301
10 Ethanol 12.78 24.3 — 37.1 850 700 297
11 Methanol 14.50 32.6 19.0 41.3 808 645 231
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Fig. 1. Plot of Eq. 7 for Fe(pcd),.
Numbers correspond to those in Table 2.
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Fig. 2. Plot of Eq. 6 for Fe(pcd),.

Oy: 11.44 (calcm=3)Y/2. Numbers
those in Table 2.

correspond to

and Cu(pcd),, as obtained from a similar plot, are
11.40 and 11.32 (cal cm=3)Y2 respectively. These
Oy values are considered reasonable compared with
the value of other complexes.??) Using the 8, value
thus evaluated, the (E%x—Eiy) value was plotted
against Vgdg(65—0y). The plot for Fe(pcd)y is shown
in Fig. 2, which gives two straight lines, one for the
aprotic solvents, and the other, for the alcohols. These
linear relationship indicates that Eq. 6 is a valid ex-
pression of the solvent effect. The difference between
the alcohols and the other solvents may be due to
the difference in the entropy change of the solvation
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being neglected in Eq. 5. Similar relations were
obtained for Mn(pcd); and Cu(ped),. It may be
concluded from these results that the variation in
the half-wave potential of these pcd complexes with
different solvents is not dependent on the solvation
energy of the ions formed by oxidation and reduction,
but is dependent on the solvation energy of the neutral
complexes.

The authors wish to thank Professor Sachio
Murakami for his many helpful discussions.
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