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Ion pair charge-transfer (IPCT) complexes consisting of dianionic dithiolene me-
tallates [ML,]*~, M = Ni, Pd, Pt, Cu, Zn, and dicationic 4,4’- and 2,2’-bipyridinium
derivatives (A?*) exhibit IPCT bands in the VIS-NIR region of the electronic
absorption spectrum. When both components are planar, the solid state structure
consists of mixed donor-acceptor stacks while that is not the case when one or
both are non-planar. By proper selection of the two components the driving force
of electron transfer (AG,,) from the dianion to the dication is varied from 0.7 to
—0.1 eV. It is shown that the Hush relation between optical and thermal electron
transfer is fulfilled for a number of thirty-two complexes. The reorganization energy
is in the range of 60 kJ-mol ! for the d® complexes while it is almost two times
larger for the d'° zinc compounds. The extent of charge delocalization is typical
for outer-sphere complexes as indicated by the parameter o which is in the range
of 10-+. Correspondingly, the interaction between the two redox states is rather
weak as suggested by the values of 220-360 cm ! calculated for the exchange
matrix element. Free activation enthalpies AG™ of electron transfer, as calculated
within the Hush—Marcus model, amount from 0.15 to 0.73 eV. It is found that the
electrical dark conductivity of these composite solids can be quantitatively predicted
from AG* in the range from 10-'* to 1072 Q- 'cm~"' in the case of complexes
consisting of planar components (Class ) while in the presence of a nonplanar
acceptor or copper as the central metal (Class II) no similar relation is observed.
The electrical photoconductivity is wavelength dependent and exhibits a maximum
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in the region of the IPCT band. Laser excitation of the solids produces a transient
photovoltage (Dember Voltage) with a half-life of about 20 milliseconds. The results
suggest that charge generation occurs by electron transfer and charge migration by
a hopping mechanism. When a photoisomerizable olefinic acceptor is employed,
the conductivity is ten times larger for the cis-isomer.

Key Words: charge-transfer complexes, metal dithiolenes, viologens, electron trans-
fer, electrical conductivity, photoconductivity, molecular semiconductors

1. INTRODUCTION

The rational design of physical properties of solids is a central topic
in materials research. Of special interest are optical and electrical
properties since light absorption may modify them in such a way
that storage of information becomes possible. All that is a typical
area of classical solid state chemistry although some recent con-
tributions come from molecular organic chemistry like the non-
linear optical properties of styrylpyridininm compounds’ or the
metallic electrical conductivity of charge-transfer (CT) salts ob-
tained from thetrathiafulvalenes (TTF) and tetracyanochinodi-
methane (TCNQ)? which function as donor D and acceptor A,
respectively. The composite nature of CT complexes offers the
advantage that relevant molecular properties of the components,
like redox potentials which should influence charge-transfer inter-
actions and therefore also conductivity, can be easily varied over
a wide range by proper substitution. In the above mentioned CT
complexes the specific electrical conductivity (o) decreases when
the oxidizing power of the TCNQ derivative increases while the
opposite is observed when tetra-methoxyselenaanthracene (TMSA)
is used as the donor. The reason for this behavior may be that the
different amount of charge transferred from and to the neutral
components D and A can induce different solid state structures
and therefore steric effects may overrule the desired electronic
influence. This seems not too surprising since the structure of these
compounds consists of separated —-D-D-D- and ~-A-A-A-
columns which allows only weak intercolumnar CT interactions
while others, intracolumnar of non-CT type, may become more
important.? Similar results were obtained for metal dithiolenes in
different oxidation states>¢ and for CT complexes of TCNQ with
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4.4'-bipyridinium acceptors.” Therefore a structure of mixed stacks
(-D-A-D-) should be better suited to explore the effect of vary-
ing CT interaction on physical properties. In addition, interfering
structural changes should be less likely when charged components
of planar geometry are employed which retain their planarity in
the oxidized and reduced forms. From this background it seemed
worthwhile to synthesize light-sensitive ion pair (IP) complexes of
the type {D?~A%+} wherein both components can undergo re-
versible electron transfer in the ground state. The complexes in-
vestigated are summarized in Fig. 1. They consist of a dianionic

A*[ML, |*

[ML,]*:

NC 8- 5 - s s -
NcIs' ~s s - x=(SIS_
mnt® ;1 dm? ;2 X=§:dmit? : M=Ni(3), Pd (3),

Pt (%), Cu (3")
X =0 :dmid® : M = Ni (4)

A2+.
+ N+ — —
0 W M cnmcrn-{ e <
+1 |+
A R
n=0: R=CH, : MV*:a R-R=(CH,),:DQ* : d
R=CgH;: OV*:b R=CH, : MQ™: g
R=CyHgr: StV¥:c (CH)4:BQ* : h
n=1: R=CH; : DPE-Me" (CH): PQ™ @ i
o
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FIGURE 1
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metal dithiolene [ML,]*~ and a dicationic 2,2'- or 4,4'-bipyridi-
nium derivative A2+, both of which may have a planar or non-
planar geometry. The components were selected in order that the
driving force of electron transfer from the donor to the acceptor
changes from 0.7 to —0.1 eV. In addition to the d-systems Ni(II),
Pd(II) and Pt(IT), also a few complexes of the d° metal atom Cu(1I)
were investigated. We note that the electrical conductivity of neu-
tral and partially reduced metal dithiolenes was first investigated
by Schrauzer® and later by Underhill, Cassoux and Kobayashi.? In
almost all cases the counterions were not redoxactive. The work
on mnt-complexes was reviewed recently.’

In this review we shall first report on the solid state structure
of these ion pair complexes, then discuss the relation between
optical and thermal electron transfer on the basis of the Hush—
Marcus model, and finally we address the question whether the
electrical dark and photoconductivity is significantly influenced by
molecular electron transfer properties. In addition we briefly men-
tion how the conductivity is influenced by steric effects like cis-
trans isomerization of an ethene-bridged bipyridinium acceptor.
Photoinduced electron transfer within these ion pairs has been
summarized recently. !

2. SYNTHESIS AND STRUCTURES

Methyl viologen salts of halogenometallates were reported more
than fifty years ago by Emmert and Lauritzen'! and were later fully
characterized by Williams er al.'1* {MV2*[Ir(mnt)(CO),]3 -}
and {MV(anthracene)}** were previously synthesized, the latter
evenin a zeolithe cage,'® and characterized by X-ray analysis. Inclu-
sion complexes with crown ethers are known also.'® Very recently
the complexes {MV2*(eosin)?~} and {BV2*[BV2*(eosin); ]*~},
BV2* = benzyl viologen, and their X-ray structures were re-
ported.!” The compounds discussed here are conveniently pre-
pared by metathesis which occurs upon combination of acetone
solutions of (NBu,),[ML,] and A[PF,} since the products imme-
diately precipitate due to their insolubility.18-20

The structure of MV[Zn(mnt),] consists of pseudo-columns of
tetrahedral [Zn(mnt),]*~ and non-planar MV?* units (Fig. 2).
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FIGURE 2 Solid state structure of MV[Zn(mnt),}.

Two independent ion pairs are found in the unit cell which differ
by the relative donor—acceptor arrangement. In one pair the viol-
ogen (A,B) is twisted by 34° around the central C—C bond and
the interplanar angles between the pyridinium rings, and two planar
halves of [Zn(mnt),]?~ are 85° and 37°. The other pair has the
slightly different angles of 39° (C,D), 85° and 52°, respectively.
Short intercolumnar distances occur from the aromatic viologen
hydrogen atoms to Zn (320 pm) and S (290 pm), while within the
dithiolene zincate pseudocolumns a short contact of 310 pm is
observed between the cyano nitrogen and a sulfur atom (Fig. 2,
dashed lines).

Changing the geometry of the dithiolene metallate to planar by
substituting nickel for zinc induces planarity for the viologen com-
ponent as indicated by the structure of MV[Ni(mnt),] which con-
sists of mixed columns (Fig. 3) along the x-axis.?! The planar ions
are arranged face-to-face approximately parallel to each other with
an interplanar angle of 5°. The centers of the two components are
offset (slipped) by 150 pm. This type of orientation therefore max-
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FIGURE 3 Solid state structurc of MV[Ni(mnt),].

imizes attractive charge—charge interaction and minimizes - re-
pulsion.?? The shortest interplanar distances are 360 and 340 pm,
values typical for organic CT complexes,?® and occur between sul-
fur atoms and the carbon atoms in ortho-position to the viologen
nitrogen which are known to carry the highest positive charge,
and between a sp? carbon atom of the mnt-ligand and the meta-
carbon atom of MV 2+ as indicated by the dashed lines in Fig. 3.

When in the above complex palladium is substituted for nickel,
in the resulting ion pair MV[Pd(mnt),] the basic structural features,
including the short interionic contacts, remain the same.?® This
indicates that the solid state structure is not influenced by CT
effects since [Pd(mnt),]*>~ is by 0.2 V a poorer donor than the
nickel complex.?

When MV?* is replaced by the non-planar 2,2'-bipyridinium
acceptor BQ?* (Fig. 4), a different structural type is obtained for
the resulting BQ[Ni(mnt),] ion pair.?’ The two pyridinium rings
are twisted by 64° and therefore only one of them is oriented face-
to-face to one dianion while the second one interacts with another
dianion. The angle between the corresponding donor and acceptor
planes is 5°. A short interionic contact of 323 pm is found between
a pyridinium carbon atom and nitrogen of the cyano group (dashed
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FIGURE 4 Solid state structure of BQ[Ni(mnt),].

line in Fig. 4). The structure does not change significantly when
in this compound nickel is substituted by cobalt.?*

In summary we conclude that tetrahedral d'° donors like
[Zn(mnt),]?~ induce a twisted conformation of the acceptor MV 2+
while the planar d7-* donors [M(mnt),]*>~ also enable a planar
geometry of the acceptor?®® which leads to formation of mixed
donor-acceptor stacks. This donor—acceptor arrangement should
maximize CT interactions.

3. RELATION BETWEEN OPTICAL AND THERMAL
ELECTRON TRANSFER

We have shown recently that in solution d'® and d® com-
plexes!8-21.2% exhibit weak IPCT bands (e = 40 M~'cm~! for
PQ[Pt(mnt),)'?) in the region of 400—1200 nm. When for the nickel
and platinum complexes the acceptor is varied from PQ?* to BQ?~
and MQ?*, the maxima of these bands are shifted to higher energy
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according to the Hush relation,*® E,, = x + AGpp, wherein E,
is obtained from the maximum of the IPCT band and AG;, the
driving force of electron transfer within the contact ion pair, from
the difference in the components redox potentials and the asso-
ciation constants of the ions before and after electron transfer.
The total reorganization energy x was obtained as 64 + 5 and
47 + 9 kJ-mol~! for A[M(mnt),] and A[M(dmit),], respectively.
The smaller value of the dmit-complexes as compared to the mnt-
compounds may be due to their more extended m-system, in accord
with the weaker solvent effect on the redox potentials.'®* When the
ethene-bridged acceptor E-DPE—Me?* is present in the above
mentioned ion pairs, x does not change significantly, while
introduction?® of the tetrahedral dithiolene zincate increases x to
115 kJ -mol L.

The free activation enthalpy of thermal electron transfer (AG*)
is the range of 130170 kJ - mol ~! as calculated from E,, and AGyp
according to AG* = EZ/4(E,, — AGyp).*® From these values
approximate potential energy curves can be constructed as shown
in Fig. 5. As can be seen from the location of the upper curves,
the back-electron transfer reaction is located at the beginning of
the “Marcus inverted region.”

The extent of charge delocalization between [ML,]*>~ and A%+
is described by the parameter o which is directly proportional to
the integrated intensity of the IPCT band and indirectly propor-

kJ/mol A*[Ni(dmit),] MQ*
BQ*
PQ*
- 150
— 100
Eep
- 50 .
A GlPA G
0
AZ[Ni(dmit),]*

FIGURE S Potential energy curves for electron transfer within A[Ni(dmit),] in
DMSO/THF = 1/1 (v/v) as obtained from E,, and AG,,.
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tional to E,, and the square of the inter-reactant distance between
the two ions.3%-*! Taking the latter as 560 pm one obtains a value
of 2.2 x 10~* for PQ[Pt(mnt),].** This is almost identical to the
value reported® for MV 2*+/[Fe(CN)g]* ~ and indicates a very small
amount of delocalization which is typical for outer-sphere com-
plexes.32:33 Correspondingly, the electronic coupling between the
two redox states is rather weak as indicated by the values of 220
and 200 cm~! (2.7 and 2.4 kJ-mol~!), obtained for the electron
exchange matrix element Hy,, from the relation Hp, = E,, X o.
The corresponding splitting of the two curves at the intersection
point®®3! is given by 2H}, 4 but is omitted for the purpose of sim-
plicity in Figs. 5 and 8.

Due to the low absorptivity of the IPCT band and its overlap
with dithiolene metallate absorptions it is often difficult to locate
the maximum from solution data with satisfying accuracy and re-
producibility. This difficulty is overcome when the onset of the
band in the Diffuse Reflectance Spectra of the powder is taken as
the energy of the IPCT transition (Epcr).?* As compared to E,,
obtained from the maximum in solution, the Ep - values are smaller
by 20 to 50 kJ-mol~'. Figure 6 illustrates the spectral changes
when in (NBu,),[Ni(dmit),] the cations are replaced by OV2?* and
BQ?*. The low-energy absorption of the tetrabutylammonium salt
(Fig. 6, spectrum A) at 1050 and 1250 nm has not been recognized
previously. It is assigned to a new type of ligand-centered transition
between occupied and empty molecular orbitals localized at both
entire ligands and both peripheral CS;-fragments, respectively.

0.30

absorption

0.15

0.000 L .
250 1375 2500
wavelength [nm]

FIGURE 6 Diffuse Reflectance Spectra of (NBu,),{Ni(dmit),] (spectrum A),
OV|Ni(dmit),] (spectrum B) and BQ[Ni(dmit),] (spectrum C).
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A coplanar arrangement of the two ligands is necessary to allow
this interaction since no corresponding bands are observable in the
tetrahedral zinc complexes. Introduction of OV2* induces the ap-
pearance of a broad IPCT band at about the same wavelength
(spectrum B), while in the case of the poorer acceptor BQ?* the
band is shifted to higher energy (spectrum C). The corresponding
onset wavelengths are 1453 and 984 nm, respectively.

As for E,, obtained from solution data, the Epcr values also
follow a modified Hush relation:

Epcr = X + AG),. (1)

Since in the solid state there cxists no association equilibrium,
AG,, which is directly obtainable from the redox potential differ-
ence E(A2*/*) — E([ML,]~"27), is used instead of AGp. Note
that AG, is the driving force for electron transfer between the
fully solvated free ions in solution:

A2 + ML~ = A* + [ML,]". )

From a corresponding plot for thirty-two complexes a linear regres-
sion analysis reveals a slope of 0.9 and a reorganization energy of
60 kJ-mol ! (Fig. 7). The deviation from the theoretical slope of
1.0 is not surprising since it is unlikely that the intrinsic barriers
of electron transfer are the same for all compounds.

As discussed for the solution data, potential energy curves can
be constructed from the Epcr, AG,,, and AG* values which are
summarized in Table I. Figure 8 shows that the system MV[M(dmit),]
is not in the “inverted region” and that the activation energy of
back-electron transfer is smaller for M = Pd (2—-6 kJ-mol ') than
for Pt and Ni (3-10 kJ - mol ~!). In agreement with this observation
the values of H,y, are generally larger for M = Pd than for M =
Ni, Pt as demonstrated by the values of 360 and 299 cm ! calcu-
lated for MV[Pd(dmit),]} and MV[Ni(dmit),], respectively.>® This
suggests a stronger coupling of the two surfaces at the intersection
point and therefore a lower barrier to back-electron transfer in
the case of the palladium ion pairs. A plot of AG* as a function
of AG, for twenty-five complexes reveals that the free activation
enthalpy decreases linearly with increasing driving force.
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Epcr [0V]

AGyz [eV]
FIGURE 7 Dependence of the onset of the IPCT band, obtained from Diffuse
Reflectance Spectra, on AG,,, the driving force of electron transfer between the
solvent separated ions in solution. @, ¥, B correspond to Ni, Pd and Pt complexes,
respectively.

Copper complexes have not been included in the plot according
to Fig. 7 since they may have a tetrahedral geometry as was re-
ported for the similar ion pair (1-ethylpyridinium),[Cu(dmit),].>

In summary we can state that for a large number of d® complex
ion pairs the reorganization energy of electron transfer stays ap-
proximately constant and the free activation enthalpy decreases
linearly when the driving force is increased from +0.7 to —0.1
eVv.

4. ELECTRICAL DARK- AND PHOTOCONDUCTIVITY

Electrical Dark Conductivity

While zinc compounds have specific conductivities lower than 1012
Q~'em~!, the values of the other complexes are in the range of
1019 to0 1073 O~ !em~!. From the variations of electrical param-
eters of pressed powder pellets with the driving force AG,, (Eq.
(2), Table I) two types of complexes can be distinguished. For
Class I compounds which contain Ni, Pd or Pt and one of the good
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kJ/mol

MV*[M(dmit),]

— 100

EIPCT

MVZIM(dmit) >

FIGURE 8§ Potential energy curves for electron transfer in the system MV[M(dmit),}
as obtained from Epr and AG,,.

acceptors a—f (E?*'* = —0.42 to —0.06 V) the electrical con-
ductivity increases with larger driving force. Contrary to that, o
does not change significantly for Class I complexes which all have
one of the poorer acceptors g—i (E>*/* = —0.75to —0.56 V) or
Cu as the central metal. For both classes the temperature de-
pendence of o, measured in the range of 20 to 110°C, follows a
typical Arrhenius relation, and activation energies E, were ob-
tained from the plots of log o vs. 1/T which in all cases exhibited
excellent linearity.

When log ¢ is plotted as function of E,, an approximately linear
relationship is found for both classes of compounds (Fig. 9). This
indicates that changes in ¢ originate only in changes® of E, ac-
cording to the equation log ¢ = const. —bE,. In order to test how
the conductivity depends on AG,, which can be taken as a measure
for the amount of charge transferred, in a regular fashion, the log
o values of all thirty-two complexes are plotted as functions of
decreasing driving force in Fig. 10. As can been recognized, only
the twenty-three Class I compounds exhibit a linear increase with
more negative AG,, while the remaining nine Class Il complexes
are influenced only negligibly. Thus, for ion pairs with planar
acceptors the conductivity can be quantitatively predicted from the
components redox potentials. It is likely that Class 1 complexes all

126



12: 47 15 January 2011

Downl oaded At:

log oar
N
o
.

L T L
01 02 03 04 05 06 07
EaleV]

FIGURE 9 Dependence of the specific electrical conductivity, plotted as log o
(2~ 'em~?), of pressed powder pellets on the activation energy.

2.0

4.0

o]

-8.0:]
-10.0+
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00 01 02 03 04 05 06 07
AG12 [eV]
FIGURE 10 Dependence of log o (2~ 'em~') of pressed powder pellets on AG,,.

form mixed donor—acceptor stacks as indicated by the X-ray results
for the mnt-complexes. This arrangement allows a maximized CT
interaction, while that is not the case for Class II compounds as
indicated by the structure of BQ[Ni(mnt),].

These results suggest that the activation energy of the electrical
dark conductivity of Class I complexes is largely determined by
the degree of CT interaction within the ion pairs which should
increase with decreasing free activation enthalpy AG* of the elec-
tron transfer reaction (Eq. (2)). The latter is obtainable within the
Hush—Marcus model from E,pcr and AG,,, and the data are sum-
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marized in Table I. From the approximately linear dependence of
log o on AG* (Fig. 11) one can conclude that charge generation
in the solid occurs by electron transfer from the dithiolene metal-
late donor to the bipyridinium acceptor. Since ab initio band cal-
culations for (NBu),[Ni(mnt),], MV[Ni(mnt),} and MV[Ni(dmit),]
in no case indicate the presence of energy bands for these solids,
it is suggested that charge migration occurs by a hopping mecha-
nism.>

The influence of steric alteration in the acceptor on the electrical
parameters was tested with the ethene-bridged viologen isomers
E- and Z- DPE-Me?* shown in Fig. 1. Since the trans-form is
the better acceptor, as indicated by the reduction potential of
—0.51 as compared to —0.61 V for the cis-isomer, one expects a
higher conductivity for the ion pair of the former when steric
influences would be negligible. It turns out?” that in the case of
DPE-Me[Ni(mnt),] the electrical parameters are almost the same
for both isomers while¢ o increases from 5 x 107 to 5 x 10-°
Q~'cm~! when the trans-acceptor is replaced by the cis-isomer in
DPE-Me[Ni(dmit),]. Thus, only the latter ion pair may change its
electrical conductivity as a consequence of light-induced cis-trans
isomerization. The control of a physical property through light
absorption in a central topic of photonics, an important part of
materials science.

3.04
£ -5.0
© |
o
2  7.04
9.04
11.0
—————r— ———
01 02 03 04 05 06
AG [eV]

FIGURE 11 Dependence of log o (2~ 'cm 1) of pressed powder pellets of Class
I complexes on the free activation enthalpy of electron transfer AG* as calculated
from AG); and Ejpcr-
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When the above conclusion is correct, that the first step in the
conductivity mechanism is electron transfer, one expects that ir-
radiation should have a pronounced effect since solution experi-
ments have demonstrated that photoinduced electron transfer can
take place.**#! In fact, when in (NBu,),[Ni(mnt),] the cation is
replaced by the redoxactive MV 2+, the photoconductivity (A =
696 nm) increases from =1072t0 4 x 1072 (2~ !cm~!. In the case
of the 1:2 ion pairs which do not have CT character, the corre-
sponding changes are negligible as indicated by the values of 1 X
10~%and 2 x 10~° Q~'cm~! when NBu,[Ni(mnt),] is compared
with MV[Ni(mnt),],.4>~*

Electrical Photoconductivity

Further evidence for the promoting effect of CT interaction stems
from the wavelength dependence of photoconductivity and from
photovoltage measurements. In order to prevent interference by
metal centered states, the zinc complexes {A**[Zn(mnt),]>~} were
examined. Surprisingly, the photoconductivity has a maximum in
the region of the IPCT band. Such behavior has been predicted
for intervalence complexes®®® and again supports the validity of
the Hush model for these redoxactive ion pairs. In the sequence
At = DQ?*, PQ?**, BQ?*, the photoconductivity maxima are
located at 760, 600 and 570 nm and their wavenumbers increase
linearly with more negative potential of the acceptor.*344 In the
optical spectra the corresponding IPCT maxima are shifted by
about 60 nm to the blue. A similar shift was observed for CT
complexes between tetranitrofluorenone and dibenzothiophene.*

U [mV]
0.2 1.0
Q
0.2 . 0.5
—T T T T T
200 400 10 30 50 time [ms]

A B

FIGURE 12 Decay of Dember Voltage abtained upon laser excitation (337 nm)
of pressed powder pellets of (NBu,),[Zn(mnt),] (A) and PQ{Zn(mnt),] (B).
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Measurement of the time resolved photovoltage (Dember Spec-
trum) of pressed powder pellets is successful only when a redox-
active cation is present as shown in Fig. 12 for (NBu,),[(Zn(mnt),]
and PQ[Zn(mnt),]. Laser excitation at a wavelength of 337 nm
affords a transient voltage with a half-life of 20 milliseconds.* The
same result is obtained with the corresponding nickel munt- and
dmit-complexes. This clearly demonstrates that only solids of CT
character are able to generate surface charges upon light absorp-
tion.

5. SUMMARY

The results summarized in this review demonstrate that ion pairs
consisting of doubly-charged planar and reversible redox systems
are excellent candidates to control the electrical conductivity of
the solid material by modifying the free activation enthalpy AG*
of electron transfer. The latter is easily obtainable from the energy
of the IPCT band and the components redox potentials through
application of the Hush—Marcus model. It is found that the log-
arithm of electrical conductivity increases linearly with decreasing
AG*. Although the electronic interaction within the ion pairs is
small, the conductivity increases by seven orders of magnitude
when AG* decreases from 0.73 to 0.15 eV. This holds only for
complexes (Class I) whose structure consists of an alternating do-
nor—acceptor stack of planar components but not for ion pairs
(Class IT) having a non-planar acceptor. In the latter case changes
in AG* do not significantly affect the conductivity. By the use of
a photoisomerizable acceptor it is found that trans to cis isomer-
ization increases the conductivity by one crder of magnitude. Such
a type of system may be suited to modulating this important phys-
ical property through light absorption, a phenomenon of central
interest to the area of photonics. It is proposed that charge gen-
eration in Class I complexes occurs by electron transfer while charge
migration takes place by a hopping mechanism. In accord with this
proposal is the observation that the clectrical photoconductivity is
much larger for ion pairs of CT character and that its wavelength
dependence has a maximum in the region of the IPCT band. In
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complete analogy to the latter, the maximum can be shifted in a
predictable manner by variation of the molecular redox potentials.
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