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Mixed-valence compounds contain at  least two 
atoms or two identical molecular moieties in differ- 
ent oxidation states.2 Compounds 1-6 are examples 
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of intra- and intermolecular mixed-valence com- 
pounds.2-7 These and other related mixed-valence 
compounds are of great interest because they form 
an important link in the study of inorganic, organic, 
and biological oxidation-reduction reactions. More- 

Dwaine 0. Cowan, a native of Fresno, Calif., received the B.S. degree 
from Fresno State College in 1958, and the Ph.D. degree from Stanford 
University. After a postdoctoral year at the California Institute of Tech- 
nology, he joined The Johns Hopkins University, where he is now Profes- 
sor of Chemistry. His research interests include the organic solid state, 
organometallic chemistry, photochemistry, and electron transport in bio- 
logical systems. 

Frank Kaufman received the B.S. degree from the University of Roch- 
ester and the Ph.D. degree from The Johns Hopkins University and is 
currently an NIH Postdoctoral Fellow at The Royal Institution. Jongsei 
Park and Carole LeVanda are graduate students at The Johns Hopkins 
University. 

over, data derived from the study of inorganic 
mixed-valence molecules suggest that  the properties 
of mixed-valence compounds will rarely be just the 
sum of the properties of the component parts taken 
separately. For example, most Fe(I1) and Fe(II1) 
salts are colorless to pale green, while most Fe(I1)- 
Fe(II1) mixed-valence salts are deep blue to black. 
Likewise, the electrical conductivity of Fe304, a 
mixed-valence Fe(II)Fe(III) oxide, is lo6 times larger 
than the trivalent Fe203. 

The properties of these mixed-valence compounds 
will depend upon the amount of delocalization or the 
extent of interaction (cy) between the two moieties. A 
classification now in common usage is2a 
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where a is defined for the ground state of the com- 
plex as 

(1) 
@ i  and @ j  are wave functions for the donor-acceptor 
components of the mixed-valence system. 

$G = (1 - cy2)1'2@i + c y @ j  
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The optical and electronic properties of com- 
pounds 3,2a and 56 suggest that  they belong in 
class 11, while compounds 2,4 4 , 5  and 6 7  exhibit 
greater delocalization and probably belong in class 
111. While the preparation and properties of mixed- 
valence inorganic compounds have been explored in 
some depth, relatively little work has been published 
regarding mixed-valence organic and organometallic 
compounds. This situation should rapidly change in- 
asmuch as the following statement made by Robin 
and Day with specific reference to inorganic com- 
pounds is equally applicable to  organic and orga- 
nometallic compounds: 

“For those interested in the interrelationships be- 
tween electronic structure, molecular structure, elec- 
tronic spectra, electronic conduction, and molecular 
magnetism, the mixed-valence systems offer a class 
of compounds unique in chemi~ t ry . ”~a  

Furthermore it is our prejudice that mixed-valence 
organometallic compounds are more amenable to ar- 
chitectural tinkering than are their inorganic coun- 
terparts and thus provide the means with which to 
probe the variety and complexity of mixed-valence 
interactions. 

Molecular and Electronic Structure of Ferrocene 
and Ferricenium Ion 

The ferrocenyl unit is an attractive component in 
the study of mixed-valence compounds due to the 
ease with which it may be oxidized. A variety of fer- 
rocene compounds8 have been prepared (7-10). I t  
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should be possible to convert these and similar com- 
pounds into mixed-valence compounds uia chemical 
and electrochemical means. Compound 1 was readily 
prepared by oxidation of 7 ,  with an excess of benzo- 
quinone in the presence of picric a ~ i d . 3 , ~  In the con- 
formation shown, 1 has less opportunity for both 
through-bond and through-space interaction than 
the oxidized form of 8, while compounds 9 and 10 
when oxidized should exhibit less delocalization than 
1. Biferrocene [Fe(II)Fe(III)] picrate ( I )  and related 

(8) (a)  M.  Rosenblum, ”Chemistry of the Iron Group Metallocenes,” 
Wiley, New York, K. Y.. 1965; (b) D. E. Bublitz and K .  L. Rinehart,, Jr.,  
Or8 Reac t . .  17, l(1969).  
(9) F. Kaufman and 0 . 0 .  Cowan, J .  Amer. Chem. Soc. ,  92,6198 (1970). 
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Figure 1. Molecular  orbital energy level d i ag ram of ferrocene (re- 
drawn from R. Prins. Mol .  Phys , 19,603 (1970)). 

mixed-valence organometallic compounds possess a 
number of interesting properties that  will be consid- 
ered after a short review of the current ideas regard- 
ing the electronic structure of ferrocene and ferrocen- 
ium cation. 

Most semiempirical molecular orbital theory cal- 
culations for ferrocene1* give a molecular orbital 
energy level scheme similar to the one shown in Fig- 
ure 1. While there are some level-ordering differences 
among the various calculations, it is now generally 
accepted that the LUMO and the two HOMO are 
primarily metal d orbital in character, as shown by 
Mossbauer, optical, esr, and photoelectron spectro- 
scopic studies. 

Ferrocenium ion ( F c f )  has been assigned the orbi- 
tally degenerate 2E2a [ ( e ~ ~ ) ~ (  a ~ ~ ) ~ ]  configuration 
based on magnetic susceptibilityloaJIJz and 
esr10aJ1aJzJ3 studies which indicate that the ezg 
orbital is not completely filled. For example, the mag- 
netic moment of Fc+BF4- at room temperature is 
2.49 p ~ ;  this value is much larger than the spin only 
moment of 1.73 p ~ ,  However, the eZg and a lg  orbitals 
are close in energy, and it is difficult to decide which 
is the HOMO, ( e ~ ~ ) ~ ( a ~ ~ ) ~  or ( a 1 ~ ) ~ ( e 2 , ) ~ .  

The blind application of photoelectron spectros- 
copy and Koopmans’ theorem ( e l o n i z a t l o n  - - 
- torbl ta lbCF) to the study of ferrocene would suggest 
that  the HOMO is the eZg level since the intensity of 
the signal corresponding to the first ionization is 

(10) (a)  R. Prins, Mol .  Phys., 19, 603 (1970); (b) I. H.  Hillier and R. M. 
Canadine, Discuss. Faraday Soc., 47, 27 (1969); i c )  Y. S. Solin, I). I*J. Hen- 
drickson and H. B. Gray, J ,  Amer. Chem. SOC., 93,3603 (1971). 
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10, 1559 (1971). 
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twice as great as that  of the second ionization. 
However, since the first two ionizations differ by 
only 0.35 eV (2800 cm-I) ,  all that  can safely be con- 
cluded is that  the two levels are close in ener- 
gy.10a,12913,14 The success of Koopmans' theorem de- 
pends upon the approximate cancelation of (a) the re- 
organizational energy required by the ion after the 
electron has been ejected and (b) the electron-elec- 
tron correlation energy difference between the neutral 
molecule and ion. It is therefore not surprising that, 
in contrast to PES, the optical spectrum of ferrocene 
is best interpreted in terms of a highest occupied al, 
orbital.lOc 

The 617-nm ( 1 6 0 0 - ~ m - ~ )  absorption of the ferri- 
cenium ion was originally attributed to the 2E2g - 
2A1, transition in which an electron is excited from 
the a1,(3d) to the e2,(3d) 0rbita1.l~ Prinsl0a,l6 and 
Gray11 have argued that this assignment is improba- 
ble since the molar absorptivity ( 6  = 340) is larger 
than that observed for similar 3d-3d transitions in 
the absorption spectra of other metallocenes. They 
assign this band to the symmetry-allowed 2E2, - 
2E2u transition, in which an electron is excited from 
the el, ligand orbital to the partly filled ezg ion orbi- 
tal. In favor of this assignment are the observations 
that  substitution of an electron-donating methyl 
group on the ferrocenium ion produces a red shift of 
700 cm -1, while an electron-withdrawing acetyl 
group produces a blue shift of 2700 cm -I. 

Electronic Absorption Spectroscopy of Mixed- 
Valence Compounds 

In order to discuss the electronic spectra of biferro- 
cene [Fe(II)Fe(III) J picrate and related compounds, 
it is desirable to know more about the extent of delo- 
calization ( a )  in these compounds. X-Ray photoelec- 
tron spectra (PES) of the following six ferrocene 
compounds were measured17 in order to evaluate the 
extent of interaction between the two ferrocenyl 
units: ferrocene, biferrocene, ferrocene [Fe(III)] pic- 
rate, ferrocene [Fe(III)] fluoroborate, biferrocene 
[Fe(II)Fe(III)] picrate, and biferrocene [2Fe(III)] fluo- 
roborate. 

If there is only weak interaction between the two 
ferrocene units in biferrocene, then upon formation 
of biferrocene [Fe(II)Fe(III) J picrate the charge 
should be relatively localized on one ferrocene unit. 
In the closely related series of ferrocene compounds 
described, the binding energies of a specific iron core 
level are expected to vary approximately linearly 
with the charge on these atoms. If our postulate that  
biferrocene [Fe(II)Fe(III) J picrate can be described as 
a class I1 ( a  = 0-0.1) mixed-valence compound is 
correct, then we should observe two transitions for 
each Fe core level. This is in fact what was observed 
for biferrocene [Fe(II)Fe(III)] picrate. The transition 
a t  a binding energy of 707.7 eV corresponds in shape 
and position to Fe 2p3/2 bands found in ferrocene 
and biferrocene, while the transition a t  a binding 
energy of 711.1 eV corresponds in position and shape 
to the Fe 2p3/2 bands observed in ferrocene [Fe(III)] 

(14) D. N. Hendrickson, Inorg. Chem., 11, 1161 (1972). 
(15) D. R. Scott and R. S. Becker, J. P h p .  Chem., 69,3207 (1965). 
(16) R. Prins, Chem. Commun., 280 (1970). 
(17) D. 0. Cowan, J. Park, M. Barber, and P. Swift, Chem. Commun., 

1444 (1971). 
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Figure 2. Visible-ultraviolet-near infrared spectrum of biferro- 
cene [Fe(II)Fe(III)] picrate ( l ) ,  solid line; spectrum of ferrocene 
[Fe(III)] picrate, broken line. 

picrate, ferrocene [Fe(III) J fluoroborate, and biferro- 
cene [2Fe(III) J fluoroborate. This latter ionization 
band is broadened by exchange interaction of the 
core electrons and unpaired valence electrons. 

The X-ray PES results indicate that  there is a t  
best weak interaction between the two ferrocenyl 
rings in biferrocene [Fe(II)Fe(III)] picrate. This con- 
clusion is confirmed by the Mossbauer spectrum of 
this compound.18 Here again the Mossbauer spec- 
trum appears to be a composite of the spectra ob- 
tained for ferrocene and ferrocene [Fe(III) J picrate. 

There are several factors that  could account for 
the weak interaction between the ferrocene and fer- 
rocenium portions of biferrocene [Fe(II)Fe(III)] pic- 
rate. The most important is probably the fact that  
the HOMO is nonbonding in character. 

Since a is small for biferrocene [Fe(II)Fe(III)] pic- 
rate, we expect to observe electronic transitions simi- 
lar to those observed for ferrocene and ferrocenium 
picrate. The electronic spectrum of biferrocene [Fe- 
(II)Fe(III)] picrate is shown in Figure 2 along with the 
spectrum of ferrocene [Fe(III)] p i ~ r a t e . ~  The presence 
of the ferrocene-ferrocenium transitions is consistent 
with the suggested weak interaction between the two 
portions of the molecule. There are, however, a t  least 
two important differences. The 600-nm (2E2g - 
2E2u) band is broadened and shifted to higher ener- 
gy, and a new near-infrared transition is observed a t  
1900 nm ( 6  = 550, acetonitrile) which is assigned to a 
mixed-valence electron-transfer transition. 

A simple substitution effect cannot explain the 
broadening and change in energy of the 600-nm tran- 
sition since ferrocene, like an alkyl group, is electron 
donating relative to the ferrocenium ion and should 
give rise to a red shift. The determination of the 
Hammett cp for the ferrocenyl group as a substitu- 
ent on benzene shows it to be a stronger electron- 
donating ligand than the methyl group.19 

It is possible that the broad 600-nm band is com- 
posed of two transitions (see Figure 3).  If this is true, 
one would expect the Fc(e1,) - Fc+(e2,) transition 
to be blue shifted in relation to the known Fc+ (el,) - Fc+(ezg) transition. Attempts to resolve this 600- 
nm band by spectroscopic measurements a t  low tem- 
peratures have only been partially successful to date. 

All mixed-valence class I1 and I11 compounds pre- 
pared and studied thus far are characterized by a 

(18) D. 0. Cowan, R. L. Collins, and F. Kaufman, J .  Phys. Chem., 75, 

(19) A. N. Nesmenanov, E. G. Perevolova, S. P.  Gubin, K. I. Grandberg, 
2026 (1971). 

and A. G. Kozlovosky, Tetrahedron Lett., 2381 (1966). 
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Figure 3. Possible mixed valence (electron transfer) transition in 
biferrocene [Fe(II)Fe(III)] picrate. 

new electronic transition in the' visible to near-in- 
frared region of the spectrum. The intensity of this 
new transition, which is seen in the absorption spec- 
trum of the mixed-valence species but not in the 
spectra of any of the equal valence precursor com- 
pounds, is an extremely sensitive gauge of the extent 
of interaction, even when a is very small.2 As such, 
the appearance of this new absorption band is a sim- 
ple and useful diagnostic tool to identify the pres- 

- ence of a compound which is mixed valent in charac- 
ter. Mixed-valence electronic transition data for a 
number of new compounds are given in Table 
I.336,20-23 Recently mixed-valence transitions have 
also been observed for mixed oxidation state ferrocene 
compounds prepared from terferrocene, quaterferro- 
cene, sexiferrocene, and p ~ l y f e r r o c e n e . ~ ~  

For biferrocene [Fe(II)Fe(III)] picrate this transi- 
tion corresponds to the intramolecular electron 
transfer shown in Figure 3 ( - - - - - A )  

where * indicates a vibrationally excited ground 
state. As such, the transition involves an electron 
transfer between two metallike orbitals (ezg) that in- 
teract only weakly with the T conjugated system of 
the molecule. From the following discussion it will be 
seen that the energy ( A )  of the mixed-valence transi- 
tion is dependent upon differences in geometry and 
bond lengths in the donor and acceptor portions of 
the molecule but is not very dependent upon the ex- 
tent of delocalization in the ground state ( a )  or upon 
the distance separating the donor and acceptor 
moieties. However, the intensity of the allowed tran- 
sition is proportional to the square of the probability 
of finding the electron on the acceptor portion in the 
ground state and upon the square of the distance be- 
tween the two moieties. A simple model (Figure 4) 
first proposed by Hush2b,c provides qualitative in- 
sight into how the various molecular parameters 
alter the mixed-valence transition. If we have a 
mixed-valence compound where the mixed-valent 
moieties have oxidation states i and j, respectively, 
then the ground-state electron distribution is [i,j]. 
The new absorption band is assigned to the [ij] + hv 

(20) G. Emschwiller and C. K. Jorgensen, Chem. Phys. Lett., 5 ,  561 

(21) G. R. Eaton and R. H. Holm, Inorg. Chem., 10,805 (1971). 
(22) C. Sigwart, P. Hemmerich, and J. T. Spence, Inorg. Chem., 7, 2545 

( 1968). 
(23) S. B. Saha and S. Basu, J. Chim. Phys. Physicochim. B i d ,  67, 

2069 ( 1970). 
(24) (a)  Unpublished observations of M. Rausch, F. Kaufman, J. Park, 

and D. 0. Cowan. (b) Aharoni and Litt (S. M. Aharoni and M .  H. Litt, J .  
Organometal. Chem., 22, 171, 179 (1970)) have prepared a ferrocene-ferr- 
cenium mixed crystal; nonew near-ir band was reported. 

(1970). 
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Configuration Change 
Figure 4. Potential energy-configuration diagram for a symmetri- 
cal one-electron transfer. The curves represent two weakly inter- 
acting states i and j ,  with different equilibrium configurations 
(0 ,Xo) .  If these states are represented as harmonic oscillators 
[ E ( X )  = k A X 2 ] ,  then the maximum for the optical transition is 
equal to kXoZ and the maximum for the thermal transition (at  
X o / 2 )  is equal to k ( X o / 2 ) 2 ;  or the thermal activation energy is 
one-quarter of the optical transition energy (Eth = E,,/4) (re- 
drawn from ref 9). 

- p,i]* transition in which the optical excitation re- 
sults in intermolecular or intramolecular electron 
transfer. In the limit of XO = 0 in Figure 4, the equi- 
librium (configuration) normal coordinates of the i 
and j states would be equivalent and there would be 
no Franck-Condon barrier to optical electron trans- 
fer. This means that,  as the electron-transfer transi- 
tion in a series of mixed-valence compounds (Table 
I) tends toward higher energy. the atoms which are 
in different oxidation states find themselves in in- 
creasingly different ligand environments. This ex- 
plains why the electron-transfer transition in biferro- 
cene [Fe(II)Fe(III)] has such a low energy compared 
with other members of Table I. While the X-ray 
datagas25 are not as detailed as one would desire, we 
know that ferrocenium ion is structurally very simi- 
lar to ferrocene. There is a very small difference in 
the cyclopentadienyl-iron-cyclopentadienyl dis- 
tances between the two, and a small distortion from 
the Dg symmetry of ferrocene has been noted for the 
ferrocenium ion,11,12 The energy of the optical tran- 
sition is dependent on the difference in configuration 
at  the two sites because structural and/or electronic 
reorganization is required to accommodate the intra- 
molecular electron transfer. 

If the mixed-valence compound is unsymmetrical, 
i . e . ,  the structure of the two moieties is different, 
the interpretation of the electron-transfer bands is 
complicated by the fact that  the zero point energy 
levels for the initial and final states may be vertical- 
ly displaced relative to each other. A case in point is 
provided by the mixed-valence ruthenium complexes 
11 (Table I )  where substitution of pyrazine ( l l b )  for 

[(H3K)4(L)RuN'o'NRu~NH3)6]6t u 
11 - 

NH3 (1  la) results in an electron-transfer band which 
is shifted to higher energy6 (410-nm shift). In these 
complexes both configurational and energy differ- 
ences between the [i,j] and the ~ , i ]  states lead to the 
observed shift in wavelength maximum of the 
mixed-valence transition. 

(25) (a)  T. Bernstein and F. H. Herbstein, Acta Crystailogr., S e c t .  B,  
24, 1640 (1968); (b) R. C. Petersen, Ph.D. Thesis, The University of Cali- 
fornia, Berkeley, Calif., 1966. 
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Table I 
Spectral Data for Mixed Valence Compounds 

Compd Formula c Ref 

The intensity of the electronic transition depends 
upon the magnitude of the transition dipole moment 
(M12) (eq 2) between the ground (1) and excited 

M12 = (1IZ,e,X,I2) (2) 
state (2);  see Figure 4. Since 1 and 2 are composed of 
mixed donor ( a,) and acceptor (a l )  wave functions i t  
is possible to  show2cv26 via first order perturbation 
theory that  for a simple isolated donor-acceptor sys- 
tem the magnitude of M12 is 

IM121 = ear  (3) 

where r is the distance between the donor and accep- 
tor, and the a is approximately defined in equation 
1. The intensity (oscillator strength) will then de- 
pend upon the square of both the interaction param- 
eter (a) and the distance (r) separating the interact- 
ing donor-acceptor moieties. Based on this type of 
perturbation treatment it is possible to estimate a2 
from spectral data  using the following equation 

(4) 

In this equation, the band shape of the electron 
transfer transition is assumed to be Gaussian, emax is 
the molar absorptivity a t  the band maximum, A l p  
is the band half-width in wave numbers, E is the fre- 
quency in wave numbers and r is the donor-acceptor 
distance in A. Using this equation, a 2  is calculated 
to be 1.610 X 10-3 for Prussian blue2c [KFeII- 
Fe111(CN)6.H20]; 0.9-1.4 X for biferrocene 
[Fe(II)Fe(III)] picrate (1); and 1.7 X for Creutz 
and Taube’s ruthenium complex ( 5 ) .  All three of 
these compounds meet the trapped valence require- 
ment, a C 0.25.26 

Thermally Activated Electron Transfer  
In addition to  the optical Franck-Condon path for 

electron transfer, mixed-valence compounds can also 
undergo a thermally activated process which leads to 
electron exchange when the transition-state equilib- 
rium geometry is achieved (see Figure 4). From this 
model it can be seen that  the activation energy for 
the thermal electron-transfer process is equal to or 
greater than one-fourth the energy of the optical 

a2 Y (4.5 X 10-4)tmaxAi/z/(Er2) 

(26) B. Mayoh and P .  Day, i. Amer. Chem. SOC., 94, 2885 (1972). When 
the resonance interaction between the i and j components of the mixed va- 
lence system is as large as Eth (Eth = Eop,,), then complete delocalization 
exists. Since the resonance interaction p between the i and j components is 
given by p = a(Eop), then a must be less than % to have trapped valences. 
This classification criterion is analogous to Mott’s classification of the elec- 
tronic structure of crystals (small polaron or band models). I. G. Austin 
and N. F. Mott, Science, 168,71(1970). 

transition.2c This allows one to calculate a thermally 
activated unimolecular electron-transfer rate con- 
stant (kth). 

kth = kT/h exp[hc~/(4RT)] ( 5 )  
For biferrocene [Fe(II)Fe(III)] picrate the calculated 
rate constant is 1.3 X 1010 sec-1. This is comparable 
to the unimolecular rate constant (4 X lo9 sec-I) es- 
timated from the product of the experimental sec- 
ond-order rate constant for the exchange of ferrocene 
and ferrocenium ion and a concentration term calcu- 
lated so that the average iron-iron distance would be 
the same as that  found for compound 1.399 

A second example which involves fewer approxi- 
mations in the rate calculation is the binuclear cop- 
per complex 14 (Table I) which has a mixed-valence 
absorption band a t  900 nm.23 An esr study of this 
compound indicates that  intramolecular exchange 
rate is greater than 108 sec-I, while the value calcu- 
lated from the energy of the optical electron-transfer 
transition is 5 X 108 sec-1. 

It seems very probable that  the relationship be- 
tween electronic structure and electron-transfer rates 
in mixed-valence compounds will be useful in defin- 
ing the important rate-determining parameters in 
oxidation-reduction reactions. This is especially true 
for bimolecular reactions which proceed through a 
short-lived activated complex, where the rate-deter- 
mining step is electron ‘transfer within the com- 
p l e ~ . ~ 7 3 ~ s  The importance of precursor complex forma-$ 
tion has been discussed for electron-transfer reac- 
tions,27 and kinetic and spectral data have been used 
as evidence for the occurrence of certain mixed-valent 
complexes in the reaction mechanism. Recently it 
has been suggested that  mixed-valence species serve 
as intermediates in several interesting reactions. Esr 
measurements during the autocatalytic decomposi- 
tion of alkylcopper(1) species29a have been interpret- 
ed in terms of complexes of the RCuICuO type. Opti- 
cal changes during the Mn(II1)-catalyzed oxidative 
decarboxylation of a c i d ~ ~ ~ b  are thought to be due to 
the formation of MnIII(RC02),MnII complexes. 

There are many components of living systems 
which contain two or more metal atoms in close 
proximity.30 When the metal atoms of these com- 

(27) (a) R. H. Marcus, Annu. Reu. Phys. Chem., 15, 155 (1964); (b) A. 
G. Sykes, Aduan. Inorg. Chem. Radiochem., 10,153 (1967). 

(28) (a) J. F. Endicott, J. Phys. Chem., 73, 2594 (1969); (b) R. C. Patel, 
R. E. Ball, J. F. Endicott, and R. G. Hughes, Inorg. Chem., 9, 23 (1970); 
(c) D. P. Rillema, J. F. Endicott, and R. C. Patel, J. Amer. Chem. SOC., 94, 
394 (1972). 

(29) (a) K. Wada, M. Tamura, and J. Kochi, J. Amer. Chem. SOC., 92, 
6656 (1970); (b) J. M. Anderson and J. Kochi, ibid., 92,2450 (1970). 
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pounds are involved in valence changes, mixed-va- 
lence effects may be important in determining physi- 
cal parameters such as oxidation-reduction poten- 
tials and rates of chemical reactions. In addition, 
mixed-valence intermediates are involved as redox 
couples in the electron-transfer chains of chloroplasts 
and mitochondria, where a number of metal-contain- 
ing proteins shuttle electrons between oxidizing and 
reducing substrates. In this regard, a model system 
for aerobic oxidation of cytochrome c has been pre- 
pared in which the electrons are thought to be trans- 
ferred by tunneling between Fe(I1)-Fe(II1) potential 
wells.31 

One group of biological compounds tha t  can be 
considered as mixed valence in character is the non- 
heme iron pr0teins.30a9~~ These substances, which 
have active sites of the type (Fe-S),, where n = 1-8, 
have been examined by a variety of physical tech- 
niques which indicate that the iron atoms ( n  > 2 )  
can be in close structural and electronic proximity.33 
The 2.5-A resolution X-ray map of bacterial ferre- 
doxin ( n  = 8) indicates tha t  there are two clusters of 
tetrahedrally arranged 4Fe-4S units in the molecule.34 
Magnetic susceptibility and Mossbauer measure- 
ments on a number of these iron-sulfur proteins in- 
dicate that the oxidized form is diamagnetic, while 
the reduced form has one unpaired electron, which is 
delocalized over all the iron atoms in the active 
site.33b A model with antiferromagnetically coupled 
Fe(II1) atoms (oxidized form) and Fe(I1)-Fe(II1) 
atoms (reduced form) has been suggested to account 
for these results.35 Spinach ferredoxin and beef 
adrenodoxin, on the other hand, have Fe-S active 
sites which are not characterized by a high degree of 
metal-metal interaction. Circular dichroism and ab- 
sorption spectra of these substances have transitions 
a t  about 11,000 cm-I that have been interpreted as 
mixed-valence bands due to weak Fe(II1)-Fe(I1) or- 
bital 0verlap.~2 The weak coupling hypothesis is con- 
sistent with the low mixed-valence band intensity 
and the presence of the individual component transi- 
tions in the Mossbauer and electronic absorption 
spectra. 

Many of the iron-sulfur proteins have unique 
physical properties, such as extremely low oxidation- 
reduction potentials (near the value of the H2 elec- 
trode) and g values of less than 2 as measured by esr 
experiments for the reduced (mixed-valence) forms. 
The reasons for the extraordinary properties of indi- 
vidual species, or the explanation for differences in 
the behavior of related iron-sulfur proteins, is not 
immediately apparent from the structural data on 
the active sites. For example, ferredoxin and HiPIP 
have structurally similar Fe-S c l u ~ t e r s , 3 ~  yet their 
Eo values differ by 0.7 V.36 

(30), (a) D. 0. Cowan, G. Pasternak, and F. Kaufman, Proc. iVatl. Acad. 
Scz. 0. S., 66, 837 (1970); R. J. P. Williams in "Current Topics in Bioener- 
getics," D. R. Sanadi, Ed., Academic Press, New York, N. Y., 1969. 

(31) J .  H. Wang,Accounts Chem. Res., 3,90 (1970). 
(32) W .  A. Eaton, G. Palmer, J. A .  Fee, T. Kimura, and W. Lovenberg, 

Proc. Natl .  Acad. Sei. U, S., 68, 3015 (1971). 
(33) (a)  B. B. Buchanan and D. J. Amon, Aduan. Enrymol. Reiat. Areas 

Mol. B i d ,  33, 119 (1970); (b) J. C. M .  Tsibris and R. W. Woody, Coord. 
Chem. Reti., 5,417 (1970). 

(34) L. C. Sieker, E. Adman, and L. A. Jensen, Nature (Londonj, 235, 
40(19721. 

(35) K. K. Rao, R. Cammack, D. 0. Hall, and C. E.  Johnson, Biochem. 
J., 122, 257 (1971). 

It is possible that geometrical distortions from the 
normal geometry may be important in determining 
the properties of these systems. 

Structural Change 
It  is expected that interaction between the appro- 

priate atoms in a mixed-valence compound [ij] may 
manifest itself in discrete structural changes relative 
to the [z',i] or p,j] parent species. 'I'hesr changes are 
expected to depend on the nature of the interaction 
between the HOMO levels and the structural rigidity 
of the molecular framework. A major distortion in 
structure may result in bonding changes which will 
be reflected in new bond lengths and bond angles 
that can be easily measured by X-ray crystallogra- 
phy. On the other haod, some subtle geometric dis- 
tortions could elude X-ray detection. 

Mixed-valence organometallic chalcogen complex- 
es have been prepared and studied by X-ray crystal- 
lography in order to determine the stereochemical 
consequences of removing a valence electron. The 
tetramercapto-bridged Mo(II1) dimer, [Mo(h5-C5- 
H5) (SCH3)2 12, and the corresponding mixed-valence 
cation were prepared and found to have very similar 
bond distances and bond angles.37 These results 
were in strong contrast to those found for the mixed- 
valence iron-sulfur dimer [Fe( h5-C5Hs)(CO)(SC- 
H3)]2+, The latter compound has an iron-iron dis- 
tance of 2.925 A which was a decrease of 0.46 A rela- 
tive to tha t  found for the diamagnetic neutral 
dimer.38 The decrease in the metal-metal distance 
was also reflected as a large distortion (16") of the 
bridging Fe-S-Fe angle (98" neutral species). 

The difference in sensitivity to mixed-valence in- 
teraction upon removal of one valence electron from 
the M o  us. Fe dimer was ascribed to the presence of 
angular strain in the bridging ligands of' the former 
compound which prevented any shortening of the 
Mo-Mo bond upon oxidation. This interpretation is 
consistent with the very small bridging Mo-S-Mo 
angles (64") found in the neutral dimer, 

The decrease in the E'e-Fe bond length of the di- 
mercapto mixed-valence compound was attributed 
to the formation of a one-electron metal-metal bond 
upon removal of a single electron from the complete- 
ly filled c antibonding orbital by oxidation of the 
neutral dimer. 

Geometrical changes have also been detected in 
ferrocene dimersi2 upon the removal of one or more 
valence electrons, even though the metal orbitals in- 
volved in the valence change are only weakly coupled 
and nonbonding in character. Biferrocene can exist 
in three stable oxidation states, the diamagnetic 
[2,2] and the two paramagnetic states [2,3] and [3,3].  
The choice of one- us two-electron oxidation de- 
pends upon the oxidizing agent used.s The paramag- 
netic derivatives, which contain one [2,3] and two 

(36) HiPIP also has unique esr properties since it is the oxidized form 
(g i ,  = 2.12, gL=  2.04) and not the reduced form which has an unpaired 
electron. See G. Palmer, H. Britzinger, R. W .  Estabrook, and R. H. Sands 
in "Magnetic Resonance in Biological Systems," H. Ehrenberg, B. G. 
Malmstrom and T. Vanngard, Ed., Pergamon Press, London, 1967, p 159. 

(37) N.  G. Connelly and L. F. Dahl. J.  Amer. Chern. Soc. ,  92, 7470 
( 1970). 

(38) N. G. Connelly and L. F. Dahl, J.  Amer. Chem. Soc., 92, 7472 
( 1970 j . 
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Table I1 
Electrical Conductivity at 298 K and Activation Energy (E,) 

Compd u,  (D cm) -1 E,, eV Ref 

Ferrocene 
Ferricenium picrate 
1 
2 
3 
4 
4 reduced 
6 

10-14 
10-13 
10-8 

100 
250 

0.25 
10-12 
0.3-120 

0.90 9 
. . .  9 
0.43 3 
0.023b 4b 

2a 
0.19 5 

5 
0.0856 7c 

a Conductivity data for 4 was determined on a pellet; all other 
data were from single crystal measurements. b Low-temperature 
activation energy. 

[3,3] unpaired electrons respectively, can be studied 
by magnetic susceptibility and electron spin reso- 
nance. The differences in observed behavior indicate 
that geometric distortions in these compounds can 
lead to changes in electronic structure. 

Electrical Conductivity 
Table I1 gives electrical conductivity data for sev- 

eral mixed-valence compounds and their non-mixed- 
valence parents. The electrical conductivity of single 
crystals .of the biferrocene [Fe(II)Fe(III)] picrate were 
found to be 106 times larger than that  of ferrocene or 
ferrocenium p i ~ r a t e . ~ 9 ~  Measurement of the conduc- 
tivity as a function of temperature indicated that 
compound 1 was an intrinsic semiconductor, with an 
activation energy for the conduction of 0.43 eV. This 
is in comparison to an activation energy of 0.9 eV 
found for ferrocene. The difference between the acti- 
vation energy for electrical conduction (0.43 eV) and 
the thermal activation energy for intramolecular 
electron transfer (0.16 eV) indicates that  the rate- 
limiting process in the conduction is electron hop- 
ping between the individual molecules in the crystal. 
The electrical conductivity of ferrocene polymers (16, 
17) can be dramatically increased when the polymers 
are converted into mixed-valence poly sa1ts.l 

16 17 

A simple electron-hopping model for the electrical 
conductivity is consistent with the observations that  
the conductivity is relatively insensitive to the anion 
structure, or to conjugation, but  is very sensitive to 
the fraction of the ferrocene units oxidized. The 
higher conductivity for compounds 2, 4, and 6 which 
stack in one-dimensional chains is probably due to 
(a) stronger interaction between individual units and 
(b) appropriate molecular orientation within the 
crystal for interaction between more than two of the 
molecular units. However, recent experimental39 and 
theoretica140 work suggest that  the probability of 
finding a very highly conducting one-dimensional 
system is quite low. This is a consequence of the fact 
that  even small random potentials (caused, for ex- 
ample, by counterions) will result in the localization 
of an otherwise extensively delocalized system. 

The organic compound with the highest known 
electrical conductivity combines the cation of com- 
pound 4, tetrathiafulvalenium cation (TTF+), with 
the tetracyano-p-quinodimethane anion (TCNQ-) .41 
Single crystals of this material have a conductivity of 
650 0-l cm-l  a t  room temperature and a value of 
15,000 f l - l c m - l a t  77 K.  

(39) J. H. Perlstein, M. J. Minot, and V. Walatka, Mater. Res. Bull., 7, 

(40) A. N. Bloch, R. B. ‘Weisman, and C. M. Varma, Phys. Rev. Lett., 

(41) Unpublished observations of D. 0. Cowan, J. Ferraris, J. H. Perl- 

309 ( 1972). 

28,753 (1972). 

stein, and V. Walatka. 


