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A, INTRODUCTION

The trend in standard electrode potentials for M(H,0)?* complexes has
been reasonably reproduced by thermodynamic calculations {2] in which the
influence of ligand field contributions has been incorporated and a correla-
tion with ionisation potentials has been recognised [3-5]. Ligand field
energies have also been considered for other metal based redox systems. Kim
and Rock [6] have established a correlation between Dg values and redox
potentials for a series of octahedral cobalt and iron complexes, Chadwick
and Sharpe [7] used a ligand field energy calculation for a comparison of the
redox potentials of the oxidations of M(H,0)?* and M(CN){~ (M=Cr,
Mn, Fe, Co), although the agreement with experimental values was only
moderate. Lintvedt and Fenton {8] stressed the importance of the spherical
ligand field energy term in addition to other ligand field contributions to the
E* of transition metal complexes. In general, neither the full thermody-
namic treatment, nor the more restricted ligand field treatment has resulted

* See ref. 1.
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TABLE 2

E, ,, values (V) of some 1,2-dithiolenes of the first transition series

Compound Oxidation Ti L4 Cr Mn Fe Co
state

M(S,C,Cl )i /1~ (v, vy +0.58® +0.17 +0.11 +040 +0.27 -
M(S,C,Cl )3 /% (Hi/IV) —105 —-097 —036 -0%2 —0.77 -
M(5,C,Cl)5 7% (11 /511) - - - —-1.12% —1.5 -
M[S,C(CN}),13~ /1~ (v/v) - +048 +0.76 - +0.51  +0.40°
M[S,C(CN), 13773~ (il /1V) - —-061 +005 —035 -—-038 +003
M[S,C{CNY, 1473 i/ - - - —0.72°% —1.18 -

*In CH,Cl, vs. SCE. Data taken from ref. 15, ® Special cases, for comments see text.

in a satisfactory insight into the relationships between redox potentials and
metal characteristics such as electron configuration, Textbooks presenting
such relationships are rather clondy about their origin [4,9].

In this article a model is developed to evaluate the relative 4 orbital
energies in transition metal containing redox systems and using this model
trends in redox potentials are discussed. Redox potentials have been success-
fully related to the energy of the redox orbital for organic systems [10] as
well as for organometallic systems [11] by means of molecular orbital
calculations. Experimental evidence that such relations exist comes from
published correlations between E, , values and charge-transfer energies [12].

In the last decade a wealth of redox data on dithiocarbamaie (dic=
R,NCS; ) complexes has appeared [13]. Together with the data on aquo
complexes, they provide a good starting point for the evaluation of d orbital
energy contributions to £ values [14]. The model is also applied to other
series of octahedral or pseudo-octahedral complexes containing various
ligand systems with the emphasis on common aspects of these complexes in
relation to their redox properties.

E* and E, ,, data from the hiterature are given in Tables | and 2.

B. RELATIVE REDOX POTENTIALS

The redox processes considered here are the one-electron oxidations and
reductions of the octahedral transition metal complexes ML : ML? - ML**!
+e¢~, with standard electrode potential ES(n,z) = E*(n,z); ML.! - ML~
+e”, with the standard electrode potential E2 (n,z}=E°{n+ 1,z — 1),
where z is the charge of the complex and n is the number of d electrons on
the centrai metal atom.
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Discussion of trends implies discussion of differences and three types of
relative values of £ are of interesi: (i} the difference in redox potentials
between complexes MLY, and ML’ of different metals in the same oxidation
state and with the same coordination, AAM, M )=E*®(n,z)— E®(n+ 1,z)
for two metals which are neighbours in the periodic system; (it} the dif-
ference in redox potentials between two consecutive electron-transfer steps
of the same complex; A{ox, red) = E(n,z) — ESn,z)= E®(n,z)} — E*(n
+ 1,z — 1) (this has been previously called the redox stability [13] and
represents the stability of a complex ML?, with respect to its disproportiona-
tion to ML:*! and ML:™!); (iii) the difference in redox potentials between
complexes ML’ and ML": of the same metal with a given oxidation state and
coordination geometry but with different ligands, A(L,L’) = E*(ML?)—
E“(ML"%).

Values of £ are dominated by three contnbutions. The first of these, the
energy of the redox electron in the reduced molecule, can for comparison of
values of £ be conveniently replaced by the energy of the redox orbital
including electron pairing energy when required, e(redox), according to
Koopmans theorem. This contribution is our major concern here. Note that
according to the TUPAC sign convention, +E° must be related to —e(re-
dox). The second contribution, the free energy of solvation, a°, can be
evaluated from the equation [16): a° = —2Fx — 23S, in which F is the
Faraday constant, x is the surface potential of the solution and § = Ne?*[1 —
(1/D]1/2r, where N is Avogadro’s number, D, is the static dielectric
constant of the solvent and r is the radius of the molecule. From this, it
follows that the contribution of the solvation energy to A(M, M’) is nearly
zero, 1€, solvation has a negligible effect on the redox potential difference
between analogous complexes of different metals. The solvation energy
contribution to A{ox, red) is —2.38, i.e. solvation reduces the redox stability of
any complex and there is a greater reduction for complexes smalier in size.
The solvation energy contribution to A(L, L") is a function of the charge on
the ligands and of the radius of the molecules, hence its influence on redox
potential differences of complexes of the same metal with different ligands
varies. The third contribution arises from other physicochemical changes,
eg. changes in spin state and coordination environment, For a complex
ML’ , the posttions of the HOMO, corresponding to e(redox} for the oxida-
tton, and of the LUMO, corresponding to ¢(redox) for the reduction, impose
limits on the values of E}, and E, consequently, physicochemical changes
are expected to lower EY, raise EZ; and invariably decrease the redox
stability, A{ox,red), of such a complex. If the contribution due to
physicochemical change is sufficiently large A{ox,red) may be reduced to
zero or less and a transition involving two or more electrons may be
observed.
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C. THE ENERGY OF THE REDOX ORBITAL

The energy of the redox orbital, e(redox), is written as a summation of iwo
terms: (a) the energy of the lowest-lying 4 orbital, in O, symmetry this is
€(#5,), and (b} the difference in energy between this orbital and the redox
orbital; in O, symmetry these values are zero, P, A and P+ A, depend-
ing on the 7,.e, electron configuration where P denotes the electron pairing
energy. Electron pairing energy is required whenever the redox orbital of the
reduced species belongs to a more than half-filled subset. A_, is the oc-
tahedral ligand field splitting energy. The energy of the e, orbital is writien
as €{e,) =e(r;,) A,

Novel in this approach is the emphasis on the first term, €(7,, ), which in
fact serves as a reference energy level permitting comparison between
complexes of different meials, different valence states and/or different
ligands. It is a very convenient reference since it i1s well defined in molecular
orbital theory. Differences in €(1,, ) contribute to differences in £ values. A
discussion of the origins of these differences, Ae(z,,), is given below where it
will be shown that €(¢,,) 15 a reasonably smooth function of the number of 4
electrons, n, for a series of ML}, complexes with varying M and that €(z,,)
also depends on L, and on z [17].

(i) The influence of the metal

e{redox) is a step function of the number of d electrons, n, with steps for
low-spin complexes of P at d**, of A_, — P at 4% and of P at 4%° and with
steps for high-spin complexes of A, atd**, of P— A _, atd*® and of A_, at
d®3. Plots of e(redox) versus n for ML’ complexes with varying M are given
in Fig. 1 for high-spin and in Fig. 2 for low-spin compiexes, with an arbitrary
slope for €(1,,) versus n and an arbitrary mean value for P and A, in each
figure. Certainly P and A_, vary irregularly for metal ions and ligand
systems [9] within a series of complexes with the same ligand and so the use
of a mean value is valid only to some approximation.

The experimental E © values of the M(H,0)2*/** couples (Fig. 1) and the
E, ,, values of the M(dic)]/'* couples (Fig. 2) are also given. The experimen-
tal points for the two series of redox couples follow the model curves closely.
The most striking observation is the large difference in slope, —Ae(z,,)/An,
between the two series, it being approximately 1.5-1.9V per d electron for
the aquo complexes and 0.3-0.4V per 4 eleciron for the dithiocarbamate
complexes.

An interesting situation arises at the 477 interval of the low-spin with
respect to the high-spin complexes: for low-spin complexes EJ, increases
from 2° to 4% and decreases from 4% to 7, but for high-spin complexes EZ
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Fig. 1. Step function of £ vs. 4" configuration for high-spin octahedral complexes; d” and
the model curve refer to M(IT). (@) Model points; {+ and O} experimental; (O} influenced
by physicochemical changes; (A} calculated for high-spin Co(III).

Fig. 2. Step function of £, ., vs. " configuration for low-spin octahedral complexes; 4” and
the model curve refer to M(I1]) for the dic complexes and to M(Il) for the other complexes.
Symbols as in Fig. 1.

decreases from d° to d* and increases from d®to d'.

The complex Co(H,0);* has a low-spin configuration. Due to the change
of spin state the Co(H,0)2"/>* couple has a lowered E ®. This illustrates
well the influence of a physicochemical change on £*. Johnson and Sharpe
[18] obtained a value of E*=2.6V for the high-spin form of Co(H,0);"
which is also given in Fig. 1.

Other series of complexes show similar dependencies of E,,, on the
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number of 4 electrons. Fig. 1 illusirates this dependency for high-spin -
M(acac); and Fig.2 for the low-spin M(bipy); and M(CN); complexes as
well as for pseudo-octahedral M(C;H,),. The upper curves for each series of
complexes in Fig. 2 correspond to the model curve; the lower curves will be
discussed below. The series are less extensive than for the M(dtc), com-
plexes, but the trends are obvious. Once again, differences in the slope,
—Ae(t5,)/An, are striking. Values for —Ae(#,,)/An based on the experi-
mental curves from Figs. 1-3 are collected in Table 3.

Couples for which £ may have been influenced by physicochemical
changes are: Co(acac)?*/>*, lowered E* due to a change of spin state;
Co(CN)?™ /Co(CN)3 ™, increased E® due to a change of coordination
environment; Fe(bipy)3*/'* | increased E* due to a ligand centered redox
transition.

Recently, electrochemical data on dinuclear metallofulvalene complexes,
IM(C o Hg),)? (2=0, 1+, 2+), were reported [19]. For the two series of
couples 0/1 + and 1 + /2 + two similar curves for E, ,, versus n were found
(Fig. 2). It can be shown that the doubling of energy levels in these dinuclear
complexes causes a doubling of the curves of E| ,, versus n such that the
[M,(C,oH,), 1% and [M,(C,,Hy),1'" /2% oxidations both behave as if
they were singte M(II}) /M(III) transitions. Such doubling does not imply
that the redox electron is localised on one of the two metals.

(ii} Redox stabilities

The contributions to A{ox, red) are —Ae(#,,) from the slope in ¢( t5,) and
zero, P, A, or (A, — P) from the ligand field energy, in addition to

TABLE 3

Experimental magniiudes of A(M, M), A(ox,red) and A(L,L") for series of octahegral
complexes

Ligand A(M, M"), Afox, red), A(L,L"}®,
slope of E® vs. n slope of E™® vs. z slope of E* vs. Zo*
H,O 1.5-1.% =20
R,acac”™ 1,5-19 »1.7 ~0.13
CN™ ~0.8
RNC® ~0.8 ' 0.5-0.9
bipy 0.4-0.7 ~0.7
C:H; 0.4-0.7 ~0.7
R,NCS; ~0.35 ~0.9 ~0.09
R,C,S; ~0.30 ~0.7 ~0.08

® Data from ref. 25. ® o *=Taft substituent constant.
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— 28 from the solvation energy. This can readily be seen from Fig. 3 where
the model curves for EZ, and E7, are given as a function of the number of d
electrons for the low-spin case. Note that the lower curve, corresponding to

* . is merely the upper curve, which corresponds to EJ,, shiited one unit of
n to the left and to lower potential. In Fig. 3 the experimental E, ,,,, and
E,| /5. values for a series of M(dtc); complexes are also shown. There is a
surprisingly good agreement between the model and experimental curves;
the small and large redox stabilities coincide in the two cases.

Figure 3 shows why Cr(dtc}; and Co(dtc); have a much larger redox
stability than the other M(dtc); complexes. It is obvious from the model that
d* and 4%, high-spin d° and low-spin d® octahedral complexes have a large
redox stability, and that d', 4%, d%, d" and d° as well as low-spin d” and
high-spin d¢ octahedral complexes have a small redox stability. Thus, this
corresponds with the well-known stability of half-filled and filled subshell
configurations. The reason for the stability of these configurations is either

EW\/\/O

E
1!1.0:/\#+/*\* 11 Ev,,V
J3 o

H{dic)3 .
S

E‘iz,r;a\*,,’:f"
V Cr Mn Fe Co Ni

1 i | i ] 1 1 1 i 1 1
gt dZ 4¢3 g & df df 48 ¢? o0

- +
.+/ _1

et +-= 0 H[rnnl]f'h' 0
e Mty HY
ey Mimai,-/

¥ [r Man Fe Lo
] ]

L ] ]

[+] -N-

R +__,..--+-—-+ H(SIC‘CI‘];‘

et MESE )T

= Ol 3m- | !
TV Cr Me F:‘ M{5,C.CLJ, 13
e L L] 1 i

Fig. 3. Redox stebility and 4" configuration for low-spin octahedral complexes; d" and the
model curves refer to M{III). Symbols as in Fig. 1.
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the higher energy of the orbitals in the next subshell, or the electron pairing
energy required to add electrons to the half-filled subshell.

The Mn{dc)}/!~ point deviates from the curve. In view of the position of
the dtc ligand in the spectrochemical series, a high-spin configuration is
expected for this complex, by analogy with the high-spin state of Fe(II}{dtc);
[20] and in view of the high-spin /low-spin equilibrium of Fe(Iil)(dtc),. For
Fe(dtc)2/!~ a large influence of the spm statc on E, ,, is not expected; the
experimental E, ,, corresponds to 130t —15.el, with a a’ orbital contribution
c(tzg) P about equal to the 4 orbital contribution from the 12 —rt2
transition. For Mn{dtc)g, however, the transition #5, — 13,2 differs by 24
— 2P from the 5, — t2 transition which may account for the deviation of
the Mn(dtc)J”!~ point from the curve.

In Fig. 3 are also given the E, ,, values of the first row complexes of some
1,2-dithiolates [S,C,(CN);™ = maleomtnledltlnolate mnt, and $,C,Ci;" =
tetrachlorobenzene-1,2-dithiolate, ict]. According to Schrauzer [21], 1,2-di-
thiolates shouid be able to generate more extensive redox series than 1,1 —
and 1,3-dithiolates. He ascribes this to the charge rearrangement in the «
system which is easier for the “even” 1,2-dithiolates than for the “odd” 1,1 —
and 1,3-dithiolates.

Close inspection of the E, ,, vs. n curves for the M(IIIY(mnt); /%~ couples
and their tct analogues (Fig.3) reveals some similarities with the dithic-
carbamates, aithough the mn¢ and tct curves have smaller slopes,
—Ae(,,)/Bn, and lower redox stabilities. Compared with the metal dithio-
carbamates, the redox potentials are much lower for the dithiolenes, abount
1.1V for mnt and 1.5V for tct complexes. These lower E, ,, values may be a
consequence of the larger donor strength of the dinegative 1,2-dithiolate
ligands with respeci to the mononegative 1,1-dithiolate ligand and imply that
the +2 oxidation state of the metal can be achieved only for Mn(iI} and
Fe{II}. For the other metals the + 2 state lies below the potential range used
experimentally. Furthermore, the M(S,C,R,); /!~ redox couples become
accessible for nearly all metals. For these oxidations the influence of the
metal on the £, ,, vs. n plot has disappeared. The oxidation of the TK1V)
complex with a d % configuration is an indication that the redox orbitals are
now ligand orbitals.

Couples which may have been affected by physicochemical changes are:
Co(mnt)2~ , lowered E, sz« due to a two-electron transition and
Mn(S,C,R, )37, increased E, ;3 rea Probably connected with high-spin Mn(tl),
cf. Mn(dic); .

The dinuclear fulvalene complexes exhibit the completely different picture
expected for two successive redox steps (Fig. 2); two parallel lines are found
which indicate that similar ligand field contributions are present for both
redox steps.
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Once the contributions of A, and £ to the redox stability have been
taken into account, the remaining contributions are 2§ (due to the
solvation energy) and —Ae{r,;)/Az. For the dithiocarbamate complexes,
—28 — Ae(t,,)/Az is approximately 0.9 V. Fig. 2 shows that for the bipyri-
dyl and cyclopentadienyl complexes this is about 0.7 V. The redox stabilities
of the high-spin complexes are considerably greater than those of the
low-spin complexes. Only limiting values of A{ox, red) can be given for the
high-spin complexes since reduction of the M(I1) aquo and acetylacetonato
complexes usually results in metal deposition. The value of A(ox,red)
exceeds 2.0V for M(H,0)* and 1.7V for M(acac),”. These data are
summarized in Table 3.

The potential range spanned by an electron-transfer series is determined
by the sum of the redox stabilities involved. The number of redox steps
detected for such a series is limited by the potential range of the experiment.
A large number of consecutive redox steps may be expecied U —Ae(¢,,)/Az
is small and if no large contribution due to a ligand field energy term (A
or P) is present. Only low-spin complexes have sufficiently low —Ae(t,,)/Az
values (see below) to exhibit extensive redox series. Therefore for octahedral
complexes the larger electron-transfer series are expected for 4% and for
low-spin d°-¢, in which cases a 1, orbital set is filled from zero to three and
from three to six electrons, respectively. Examples of these are: 4%,
M(S,C,R,)% 273~ (M = Cr, Mo, W) and Re(S,C,R )72~ [15]; 4°°,
Fe(S,C,R )\ ™2~ 24~ [15], M(dic),[S,C,(CN),]'* =2 (M = Fe, Ru, Os)
[22], Os(dtc)2*1*#1~ [23], Cr(CN); ==~ [7} and Cr(CNR);*2+1+9
[241.

{iii) The influence of the ligand

For a discussion of the influence of the ligand on E* values, the three
relevant contributions are: (a) differences in solvation energy, a variable and
therefore a complicated factor; (b) differences in A_, and in P (these
differences are mostly negligible when only substituents on a ligand are
varied but are especially relevant for very different ligands); (¢} differences
in €(t,,) which are related to the net donor strength of the ligand but also
depend on the metal as can be seen from the large variation in slopes,
Ae(t,,3/An, in Figs. 1-3. This implies that the ordering of £ for ML}
complexes, even after correction for solvation energy and ligand field energy
contributions, is not necessarily the same for each metal, nor is it necessarily
equal to the ordering of the ligands L according to their net donor proper-
ties. In fact, the degree of covalency between metal and ligand must be taken
into account as a second parameter. It has been argued that significant
covalency should give rise to a large substituent effect on E,,,, but
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Nieuwpoort and Steggerda [26] have shown that this trend is not observed.
Suggestions as to how covalency affects €(7,,) and the implications inter alia
for the substituent effect on E, ,, are discussed in the next section.

D. THE ¢,, ENERGY LEVELS

In molecular orbital theory €(t,,) is described as the sum of the valence -
state ionisation energy (VSIE) of the d orbital of the metal M with effective
charge ¢, VSIE{,, and of a = covalency contribution, &, thus €(¢;,) =
—VSIEY, +A,. The VSIE is charge dependent. Usually this property is
accounted for by the expression VSIE{, — a,, + 8uq. For free ions, 8 is
about 9-16 eV, however, due to covalency, the charge dependency is
considerably reduced in complexes by a factor k& (0 <k <1). Cotton and
Harris [27] give a value of AVSIE /Ag = kf8,, = 1-5 eV for chloro compiexes
of the heavier transition elements and Keijzers et al, [28] find that k8, =
0.75-1.5 eV for Cu(dtc),. Consequently, VSIE{, — a), + kB \q.

Griffith [29] has shown that the experimental VSIE for free M(III} ions,
after correction for electron pairing, is a smooth function of the nuclear
charge Z, and hence of the number of 4 electrons, n, increasing by about
80% from d! to d'°. Hence VSIE may be expressed as a function of a
reference value, VSIEZ,, thus VSIE{, = VSIEZ,(1 + yn), where y is about
0.08. This relation is assumed to be valid for any charge q. Therefore as an
approximate overall expression, VSIEY, = {a, + kB, q}1 + yn).

This formula is sufficiently sophisticated for a discussion of general
trends. Equally useful for this purpose is the proportionality A,(:)1 /AE .,
from first-order perturbation theory. AE, = E,—E, = —VSIE{,— E,
where E; is the ligand orbital energy. A_ is positive for a = donor ligand and
negative for a 7 acceptor ligand. We are concerned with changes in A, and
may write: dA_/dVSIE{, = dA,_ /dE, = A_/AE,;. Hence,
—de(t,,)/dVSIEf, =1—-4,/AEy,, which is denoted by A. This implies
that changes in €(¢,,} are smaller than changes in VSIE due to covalency.
Furthermore, changes in charge z of the complex or changes in ligand donor
strength affect ¢ and thus VSIE{, since dVSIE{, /dg = k8,,. Consequently
greater covalency implies a lesser change in €(#,,) with change in effective
charge on the metal. Thus covalency reduction effects are superposed on
changes in €(7,,).

Contributions to A{M, M’} originate from d /d»n, which operates on VSIE{,
while contributions to A{ox, red) come from d/dz operating on g. Contri-
butions to A(L, L’} are due to changes in ligand orbital parameters, repre-
sented by d /dy, . One part of d/dy is 9/0E,, d/dy; operates on g and
9 /0E, operates on A, . This resuits in '

A{M, M'): _d‘(’zg)/d":AY(anf+kﬂmf‘?) (1)
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Afox, red): —de(r,,)/dz = AkBy(dg/dz) (2}
AL, L): —de(t,,)/d¢, = AkBy(dg/d, ) — A, /AEy (3}

where A =1—A_/AE,, . The [ollowing parameters have therefore to be
considered when discussing trends in redox potentials: g, dg/dz, dg/dy,,
k,A_/AEy, and, eventually, y. From these parameters dg/dz and dg/dy
are determined (i) by the extent of metal character in the redox orbital and
(ii) by the ease of charge redistnibution in the complex. Both (i) and (ii) are
related to the covalency of the metal-ligand bond; 4 and A /AE\,, also
depend on this covalency, whereas g depends on the net (¢ +7) donor
strength of the ligands and the formal oxidation state of the metal. Hence,
trends in redox potentials can be discussed in a chemical way by considering
how changes in the net donor strength and in the extent of covalency affect
the six parameters, This is presented in Tabled. Contributions from the
solvation energy are¢ included but y has not been considered. The value of y
presumably decreases with the effective metial charge g.

The trends presented in Table4 are in direct agreement with the experi-
mental results collected in Table 3. With regard to the slopes related to A{M,
M”), a better understanding of the quantitative values can be obtained from
eqn. (1}. Expenmentally, the slopes occur in the range 0.3-1.9V per d
electron. With values of 4 between 0.5 and 1.0, of a_, + k8 ;g between 8
and 24 eV and y<0.08, the entire experimental range can be covered,
Neither 4 nor k& alone can cause such a large range but together they can.

According to eqn. (2) the redox stabilities depend on dg/dz, which
approximately represenis the extent of metal character of the redox orbital.
The covalency reduction factor & also enters into the equation which implies
that the redox stability is enhanced by differences in the amount of metal

TABLE 4

Survey of trends

As donor As covalency As radius
strength increases increases
increases
q dg/d:z do/dyy  A,/AE & )
decreases decreases increases  increases  decreases  decreases
AM, M} decreases decreases  decreases
Afox, red) decreases decreases  decreases  increases

AL, L") increases  decreases decreases
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character. With values of 4 between 0.5 and 1.0, of &8,, between 0.75 and
5eV and of dg/dz between 0.5 and 1.0 {at least 50% metal character) the
entire experimental range of A(ox, red), 0.3-2.0V, can be covered.

Concerning the influence of ligand substituents, the model indicates that
there are opposing contributions to A(L,L"). The experimental data reveal
that ligand substituent effects decrease with increasing covalency. Hence in
cases of significant covalency the lowering of the charge dependency of the
VSIE and other contributions to Ae(t,,) ouiweigh the increase due to the
increased ligand character of the redox orbital.

In conclusion, the model presented here provides an improved under-
standing of many experimental electrochemical! data in both a qualitative
and semiquantitative way. lis emphasis on the 7,, energy level may be
unrealistic when an e, level is involved, but if necessary the model can be
adapted. As far as has been checked, the model is equally valid for second
and third row transition metals, but owing to the increased tendency to
conform to the 18-electron rule, no long series of octahedral metal complexes
are found there. Finally, electrochemical data of complexes which have other
geometries {notably square planar) fit the basic charactenistics of the model
with contributions from the position of the lowest-lying d orbital, the ligand
field splitting energy and the spin pairing energy.
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