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P R E F A C E 

IN B I O L O G I C A L SYSTEMS, F U N D A M E N T A L Q U E S T I O N S R E M A I N about the 

mechanism of electron transfer between metal loprotein active sites separated 
by polypept ide chains and about factors control l ing the rate and specificity 
of biological electron transfer. T h e work presented here in includes both 
theoretical and experimental aspects of electron transfer i n metalloproteins, 
as w e l l as i n appropriate mode l systems. I n solid-state materials, theoretical 
interest i n electron transfer is current ly centered on understanding materials 
that display electronic phase transitions, particularly the high-transit ion-
temperature oxide superconductors. Exper imenta l work on solid-state m a 
terials includes studies of the design, preparation, and characterization of 
numerous one-, two-, and three-dimensional systems displaying a variety of 
electronic properties. This vo lume includes chapters pertaining to electron 
transfer i n both biological systems and solid-state materials. 

In M a r c h 1989 a symposium on "Inorganic Compounds w i t h U n u s u a l 
Properties . III . E l e c t r o n Transfer i n Biology and the So l id State" was h e l d 
at the Georg ia C e n t e r for C o n t i n u i n g Educat ion of the Univers i ty of Georg ia 
as one of the b iennia l symposia of the D i v i s i o n of Inorganic C h e m i s t r y of 
the A m e r i c a n C h e m i c a l Society. T h e purpose of this symposium was to 
stimulate communicat ion among scientists who are studying mechanisms of 
electron transfer i n metalloproteins and those who are studying similar proc
esses i n solid state materials. This symposium was a sequel to symposia 
ent i t led "Inorganic Compounds w i t h Unusua l Properties. I and I I . " that 
were h e l d at the Univers i ty of Georg ia i n January 1975 and Feb rua ry 1978 
and were publ i shed as Volumes 150 and 173 of the Advances in Chemistry 
Series. 

T h e program of the 1989 symposium inc luded 27 oral presentations, of 
w h i c h 23 are inc luded i n this vo lume. T h e speakers at the symposium rep 
resented industry , government laboratories, and diverse academic ins t i tu 
tions. 
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1 

Overview of Biological 
Electron Transfer 

R. J. P. Williams 

Inorganic Chemistry Laboratory, University of Oxford, South Parks Road, 
Oxford OX1 3QR, United Kingdom 

Electron transfer in biological systems uses metalloproteins to a very 
large degree. In this chapter, the properties of the metal ion sites are 
examined first. Subsequently the proteins are analyzed. The discus
sion is divided into metalloproteins for simple wirelike electronic 
conductor systems and proteins that couple electron transfer with 
other movements (e.g., of protons). Stress is placed on both structural 
and dynamic features of metalloproteins. It is shown that the metal 
ion and the protein are cooperatively adjusted in their properties, 
differently in different molecules, so as to optimize function. 

A HIS SURVEY O F LONG-RANGE OUTER-SPHERE E L E C T R O N TRANSFER i n b i 
ology deals first w i t h s imple electron-transfer proteins (Table I). T h e fol low
ing description of the sites of the metal ions i n these proteins is considered 
to be proven. 

1. T h e ligands around metal ions i n s imple electron-transfer pro 
teins are selected to a id electron-transfer rates; they reduce 
the centra l charge on the metal or induce the l ow-sp in rather 
than the high-spin state of a metal i on . Examples are sulfur, 
imidazole , and porphyr in ligands for i r on and copper atoms 
i n a l l the most important s imple electron-transfer proteins. 

2. T h e geometry around the metal i on i n s imple electron-transfer 
proteins is generated by the prote in fold. This fold is so strong 
that there is m i n i m a l l igand rearrangement on change of 
charge. Examples are the close-to-tetrahedral, entatic, state 

0065-2393/90/0226-0003$06.25/0 
© 1990 American Chemical Society 
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4 E L E C T R O N TRANSFER IN BIOLOGY AND T H E SOLID STATE 

Table I. Simple Electron-Transfer Proteins 
Protein Electronic Circuit 
Cytochrome c Mitochondrial periplasmic space 
Copper blue proteins Chloroplast chains 
Ferredoxins A l l energy capture chains 
Cytochrome b 5 Reductases 

of the b lue copper proteins and the coordination geometry of 
low-spin i ron i n cytochrome c. 

3. T h e metal i on sites are bur i ed some 10 A into the prote in so 
that adventitious reactions of the metal ions w i t h smal l l igand 
molecules cannot occur. The coordination sphere is effectively 
complete and inviolate because the prote in fold does not relax 
readily. T h e metal ion sites are also removed from the solvent, 
water. 

4. T h e conditions i n items 1, 2, and 3 generate ideal e lectron-
transfer sites. Such sites w o u l d provide very fast e lectron 
transfer i f the metal coordination spheres cou ld come into 
contact w i t h each other (i .e. , as i n small -molecule outer-
sphere reactions, i n w h i c h the unimolecular rate constant for 
electron transfer w o u l d be close to 1 0 1 0 s 1 i f there were no 
thermodynamic barriers). In the context of the b u r i e d sites of 
the electron-transfer proteins, this means that a factor of u p 
to about 1 0 5 i n unimolecular rate constant has been forfeited 
i n order to gain positional depth i n an insulator. T h e e lectron-
transfer sites are partially or completely h i d d e n centers. T h e 
rate constants now achieved, around 1 0 5 s" 1, are adequate for 
biological systems. 

5. P lac ing the metal ion just be low the surface of a prote in allows 
it to be covered by a recognition zone so that the e lectron-
transfer distance is i n the range of 10 A between its coord i 
nation sphere and one or perhaps two electron-transfer 
spheres of other prote in centers. 

6. T h e metal ion is or iented toward one quadrant edge of a 
roughly spherical prote in (e.g., the cytochromes and the b lue 
copper proteins), so that electron-transfer distances to a l l other 
quadrant edges exceed 15 A . 

7. The distance constraints i n i t em 6 and the recognit ion surface 
constraints i n i tem 5 ensure a h ighly selective route for elec
trons i n and out of the available s imilar ly designed e lectron-
transfer proteins. 
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1. WILLIAMS Overview of Biological Electron Transfer 5 

8. Thermodynamic control (the redox potential) is generated by 
a complex set of factors, inc lud ing the coordination sphere 
atoms and geometry, the surrounding prote in , and the ex
posure to solvent. These potentials have evolved to control 
rates and to al low devices such as potential droppers to connect 
electrons w i t h proton movements. 

9. Apart from these s imple electron-transfer proteins, w h i c h 
transfer electrons at low dr iv ing force, there are two further 
groups of s imple biological electron-transfer centers. I n very 
fast l ight - induced reactions there is often a considerable re 
action d r i v i n g force, and of course the center is h igh ly ener
g i z e d . T h i s c h a p t e r w i l l not c o n s i d e r s u c h exc i ted -s tate 
electron-transfer reactions. After the in i t ia l l ight absorption, 
electron transfer i n biological photoreaction centers becomes 
thermal transfer. T h e thermodynamic dr iv ing force is also 
important i n another group of proteins, oxidases, i n w h i c h 
there is a large energy change between the redox couples. 
O n e typical case is the reactions of oxocations (such as F e O ) 
i n s imple oxidases (such as peroxidases) w i t h restricted relax
ation of the prote in . 

This description applies to s imple electron-transfer proteins that are 
invo lved only i n a l lowing electrons to go from one site to another. T h e p r i m e 
examples are cytochrome c, b lue copper proteins, and many i r o n - s u l f u r 
proteins. W e have called these proteins uncoupled electron-transfer pro 
teins. Another variety of proteins is invo lved i n electron-transfer reactions 
that are coupled to other events (e.g., opening of clefts, cytochrome P 4 5 0 ; 
proton movement , cytochrome oxidase). I n these proteins, w h i c h are often 
based on heme centers and quite different copper centers from the b lue 
copper proteins (see i t em 6), there is evidence for considerable change i n 
prote in structure associated w i t h change of oxidation state. 

A t least two extreme sets of electron-transfer proteins have evolved. 
B o t h appear to be designed for the functions i n hand. W e can combine 
X- ray crystallographic data and high-resolution N M R spectroscopy to look 
closely at protein structure and dynamics to evaluate the design. C r y s t a l 
lographic data reveal the outl ine structure most accurately. These data can 
assist N M R spectroscopy to provide a w ider perspective on the dynamics. 

To begin , we must identify the function. F o r convenience, I separate 
three types of function of electron-transfer proteins (Figure 1). 

1. S imple electron transfer, as i n a wire made from hop centers 
(e.g., many F e S centers i n electron-transfer chains (Figure 2). 

2. Scavenger s imple electron transfer, as w h e n a prote in brings 
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E L E C T R O N TRANSFER IN BIOLOGY AND T H E SOLID STATE 

site I 

A T P 

N A D H 

_L_ 

redox potential/mV 

- 3 2 0 

complex I (NADH-ubiquinone reductase) 

F M N 

F e - S e l -305 succinate 

F e - S c , -245 1 complex II (succinate-
ubiquinone reductase) 

Fe-S C 4 F A D 

complex II (succinate-
ubiquinone reductase) 

Fe-Sei - 2 0 Fe -S + 3 0 m V 

F e - S c s •40 F e - S p l 

\ 
ubiquinone « Fe-Sp, 

\ 
ubiquinone « Fe-Sp, 

+30 
sited c y t . d * complex III (ubiquinone-cyt. c reductase) 
A T P cyt. bT (+240) 

F e - S R +280 

cyt. c, •225 

\ 
cyt. c 

i 
+270 

I complex IV (cyt. c oxidase) 
site III 

ATP — 

complex IV (cyt. c oxidase) 
site III 

ATP — 
cyt. a 

cyt. a , 

2 C u 

+200 

+400 

T 
•815 

Figure 1. A representation of the electron-transfer chain of the mitochondrial 
inner membrane. There are three types of electron-transfer protein. Those 
described in the text as static simple electron-transfer proteins are represented 
by Fe-S and cytochrome (cyt) Ci. Simple scavenger electron-transfer proteins 
are represented by cytochrome c. The remaining cytochromes belong to cou
pled proteins. Some copper proteins belong to each of the three classes. (Sub
scripts identify different protein centers and are not of consequence in this 

chapter. Reproduced from ref. 28.) 
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1. WILLIAMS Overview of Biological Electron Transfer 7 

Figure 2. A typical fold of an Fe2S2 electron-transfer protein, a ferredoxin, 
which shows a fi-sheet structure of parallel strands cross-linked by H bonds. 
(Reproduced with permission from reference 29. Copyright 1981 Japanese 

Biochemical Society.) 

reduc ing (oxidizing) equivalents from many centers and de 
livers them to one site by diffusion of the prote in i n a matrix 
(e.g. cytochrome c of mitochondria l electron-transfer chains). 
These proteins are similar to the first group, except for the ir 
surfaces. 

3. C o u p l e d electron-transfer proteins that, after or before the 
electron-transfer event, undergo considerable conformational 
adjustment so as to couple electron transfer w i t h proton move
ments, for example. 

F u r t h e r understanding of these functions depends on a detai led analysis of 
prote in structure against the background of knowledge from m o d e l studies 
and theory. 
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8 E L E C T R O N TRANSFER IN BIOLOGY AND T H E SOLID STATE 

Simple Electron-Transfer Proteins 

H o w closely do these proteins resemble solid-state electron-transfer matrices 
w i t h w h i c h we are familiar, such as hop semiconductors? In m y own mode l 
work (I) on electronic conduction i n what is effectively a sol id , crystal or 
glass, matrix, we made various mixed-valent solids from complex ions and 
analyzed their conductivity (Table II). Some were quite good conductors, 
but the overwhelming impression this research made upon me was that the 
cooperative electrostatics of the lattice made it difficult to create rap id charge 
movement by a hop mechanism i n a molecular sol id (I). 

Table II. Some Examples of Model Semiconductor Crystals 
Compound Log (Resistivity), 300 °C Activation Energy, ev 
K F e F e ( C N ) 6 

M +
 5 (CuCl 4 ) 3 - (CuCl 4 ) 2 -

~ 8 0.75 K F e F e ( C N ) 6 

M +
 5 (CuCl 4 ) 3 - (CuCl 4 ) 2 - - 1 0 0.3 

T l 3 F e ( C N ) 6 6 0.4 
[Fe(o-phen) 3 ] 2 + [IrCl 6 ] 2 - >8 >1.0 
F e 3 0 4 - 2 0.1 
Crocidolite" 10 >0.5 
NOTE: In these solids, high conductivity and low activation energy were observed only for very 
short metal-to-metal distances. 
flFe(II), Fe (III) asbestos. 

I w o u l d suggest that those who study simple electron-transfer chains 
should look at the problems we met. W e also investigated many black i n 
organic ionic lattice solids at room temperature, but fai led to find any really 
good conductors (unpublished observations). I was astonished w h e n others 
found superconductors i n some of these families. 

A great advantage of a prote in matrix is that the electrostatics are not 
cooperative, as is obviously the case i n an N a C l matrix. Moreover , although 
crystal lattices are r ig id and proteins crystall ize i n ordered matrices, prote in 
molecules are not crystallites. They more closely resemble glasses or even 
rubber l ike molecules that are easily open to low-energy minor relaxations. 
Typica l examples are the i r on - su l fur proteins descr ibed i n Table III . H o w 
ever, their relaxation is also l imi ted by cross- l inking, as i n a hard rubber . 
The F e n S n proteins are cross- l inked by the F e - S l inks , but they are also 
bu i l t of P sheets cross- l inked over remote parts of the sequence. They are 

Table III. Structural Features of F e - S Proteins 
Protein Structural Feature 
Ferredoxin (Fe 2S 2) 
Ferredoxin (Fe 4S 4) 
HIPIP* (Fe 4S 4) 
Rubredoxin (Fe) 

Antiparallel p sheet 
Short antiparallel sheet 
Three-stranded P sheet 
Small sheet segments 

"HIPIP is high-potential iron protein. 
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1. WILLIAMS Overview of Biological Electron Transfer 9 

found in fixed positions in biological organization. F i n a l l y , the e lectron-
transfer centers are b u r i e d away from solvent, so the charge switch does not 
involve solvent electrostatic energies. 

It is wor th stressing some other points from Table I I . In mixed-valent 
crystals, we found strong inter-complex- ion charge-transfer spectral absorp
t ion bands only at very short distances (e.g., F e 3 0 4 and Prussian blue). A t 
somewhat longer distances (e.g., the Cu(I ) -Cu(II ) system) the bands were 
m u c h weaker and were not detected in the [Fe (o -phen ) 3 ] 2 + [ I r C l 6 ] 2 ~ systems, 
where o-phen is 1,10-orthophenanthroline. The y have not been detected i n 
complexes of s imple electron-transfer proteins. T h e overlap integral i n these 
systems must be very small indeed. 

Cons ider a metal center taken from such a prote in , but now surrounded 
by a prote in sphere of radius close to the shortest distance to the prote in 
surface, for example, 10 A . In this posit ion it can make the usual pro 
t e i n - p r o t e i n contact distance for biological electron transfer i n a l l directions. 
A crystal from an equimolar mixture of such molecules i n its two oxidation 
states w i l l show an extremely weak charge-transfer band and it w i l l be a 
very poor conductor. This characteristic is generated not because of the 
rather low number of potential carriers, nor because of a h igh activation 
energy, but because the overlap is so smal l i n the lattice and mot ion is 
restricted. 

Contrast this situation to a cluster, F e n S n , w i t h i n w h i c h the conduct ivity 
w i l l be h igh , as i n F e 3 0 4 (Table II). Bio logical systems can make F e 3 0 4 or 
F e O ( O H ) crystals, but do not use them i n electronic devices. Bio logical 
electron transfer is slow, even i n proteins where some or a l l of the barriers 
found i n crystals have been removed to gain very selective local c ircuit 
pathways. 

Analysis. Shortly after our " fa i lures" to develop suitable electronic 
conductivity devices i n mixed-valent crystals, we devoted our attention to 
the analysis of what s imple electron-transfer proteins are real ly l ike . W e and 
others now have very detailed N M R spectroscopic studies of two series: 
cytochromes c and b 5 (2, 3, 15) and blue copper proteins (4, 5). These are 
al l s imple electron-transfer proteins. 

I shall concentrate on the properties of cytochrome c. W e have fu l l (90%) 
proton N M R spectroscopic assignments for yeast, tuna, and horse cyto
chrome c i n both Fe(II) and Fe(III) states as w e l l as 3 crystal structures for 
a l l the proteins (6-8). The N M R spectroscopic work established not just the 
resemblance of the solution and crystal structures, but the many dynamic 
features of these proteins. Space does not permit detai led analysis here , and 
I shall therefore state the conclusions brief ly. 

There is a general be l ie f that proteins are to be compared w i t h ordered 
crystal solids. O u r N M R spectroscopic data accumulated since 1972 do not 
match this p ic ture , w h i c h we believe to have arisen through a mis interpre -
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10 E L E C T R O N TRANSFER IN BIOLOGY AND T H E SOLID STATE 

tation of X - ray diffraction data. T h e X - ray data, diffraction patterns, reflect 
the h ighly populated states of proteins i n a regular lattice surrounded by 
water. This water contributes l i t t le to the diffraction pattern because m u c h 
of it is i n a l i q u i d state. O n l y a very small n u m b e r of water molecules have 
residence times i n excess of 10~ 9 s. 

The outside of proteins (e.g., lysines) must be i n rapid ly f luctuating 
states. This rap id fluctuation is conf irmed b y the narrow l ine widths of 
€ - C H 2 groups of lysines i n N M R spectra. T h e inside of proteins has been 
represented as fixed to a fixed secondary structure. T h e degree to w h i c h 
this structure fluctuates can be determined i n part experimental ly by us ing 
N M R spectroscopic analysis of, for example, aromatic r i n g f l ip rates, N i f - N D 
exchange, and relaxation t imes, especially for isolated 1 3 C nuc le i . T h e results 
of such studies give a mobi l i ty map of a prote in (Figure 3) (2). 

Figure 3. A mobility map imposed on the structure of cytochrome c. Some 
fast-moving flipping or flapping groups are hatched. Some slow-moving groups 

are filled in. Helices are illustrated. (Reproduced from ref. 2.) 
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1. WILLIAMS Overview of Biological Electron Transfer 11 

A more detai led map showing l ine -wid th studies throughout a prote in 
w o u l d dist inguish atoms that have N M R relaxation times equal to the t u m 
b l i n g t ime of the prote in , approximately 1 0 9 s" 1 for a 10,000-dalton prote in , 
from those that tumble more rapidly. A l l parts of the major secondary struc
ture are resistant to very fast independent mot ion. O n a longer t ime scale, 
slower motions of considerable ampli tude affect the intensities of cross-peaks 
i n two-dimensional N M R spectra. Fur thermore , signal averaging is possible 
w h e n more than one site is occupied by a g iven atom for appreciable lengths 
of t ime. These analyses show that motions of the main chain increase i n 
loops of the structure relative to helices and (3 sheets. T h e y also show that 
relative motions of main-chain segments must exceed 1.0 A on the t ime 
scale of 1 0 5 s" 1. This conclusion follows from the observation of aromatic 
r i n g flipping w i t h this rate constant inside most proteins, but noticeably not 
i n cytochrome c. 

Molecular Dynamics. Since proteins were first descr ibed i n these 
terms, there has been a very considerable advance i n computational studies 
of molecular mot ion i n proteins. These molecular dynamic calculations give 
a p icture of a prote in as a highly fluctuating assembly. F r o m both this work 
w i t h the experimental N M R spectroscopic data and today's X - r a y diffraction 
B factors, we can be certain that amino acid side chains such as valines and 
leucines flip as rapidly as phenylalanines. H o w e v e r , they are asymmetric 
tops and the mot ion is hard to detect. 

A major concern, then , is not just the structure of a prote in and its 
relationship to function, but the way i n w h i c h the dynamics w i t h i n the 
structure underl ies function (9, 10). Electron-transfer proteins are a part ic 
ular ly good case for study. So far electron-transfer proteins have been de 
scr ibed mainly i n terms of isotropic mot ion. T h e larger-scale motions of a 
hel ix or of a segment causing a groove-opening reaction are anisotropic, slow 
(>10~ 4 s), and difficult to detect except by perturbat ion of the whole struc
ture. However , such slow large-scale motions as these are requ i red to explain 
some reactions and m u c h N H - N D exchange i n proteins. T h e y w i l l be seen 
to be of great functional consequence later. 

Stiffness. T h e s imple electron-transfer prote in , cytochrome c, a l 
though it is a hel ica l prote in , is one of the stiffest proteins we have examined 
(Figure 3). It is cross- l inked. T h e blue copper proteins are formed from a 
stiff (3-sheet barre l , and cytochrome b 5 is supported by a (3 sheet (see F i g u r e 
2). (3 sheets are stiff because they are cross- l inked b y H bonds. I n the b lue 
proteins, the copper changes valence state or can be removed w i t h l i t t le 
effect on the structure. This condit ion is the basis o f the entatic state h y 
pothesis (JI) . T h e overal l impression of these proteins and of the F e n S n 

proteins (again (3 sheets, F i g u r e 1) is that the uptake or loss of an electron 
has l i t t le effect on the prote in conformation. This lack of effect confirms the ir 
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12 E L E C T R O N TRANSFER IN BIOLOGY AND T H E SOLID STATE 

description as s imple electron-transfer proteins. T h e i r stiffness is not to be 
confused w i t h the r ig id i ty of crystals. T h e inter ior of a l l these proteins re 
mains quite mobi le on the t ime scale of the electron-transfer reactions. 

F r o m other studies we know that other hel ica l proteins that are not 
cross- l inked are readi ly adjustable by i on b i n d i n g (calmodulin) (10), change 
of oxidation state or oxygenation (hemoglobin, h e m e r y t h r i n , hemocyanin) , 
or by phosphorylation (phosphorylase) (12). W e must look at a l l the e lectron-
transfer proteins i n terms of the ir secondary structure and the cross- l inking 
of that structure. Before turn ing to more mobi le frameworks, we need to 
inspect i n more detai l the significance of ind iv idua l amino acids i n the se
quences of the s imple electron-transfer proteins, both i n the inter ior and on 
the per iphery . 

Interior Side Chains and Electron-Transfer Rates. There is the 
suggestion that, independent of the redox potential of the metals i n e lectron-
transfer proteins, aromatic groups i n the inter ior of proteins can assist e lec
tron transfer. This suggestion is contrary to our experience i n two respects. 
F i r s t , i f i t were true , electron transfer from the heme of cytochrome c cou ld 
proceed through tryptophan-59 to the w r o n g side of the prote in . Th is result 
is not observed. Second, there is no evidence from models that e lectron-
transfer rates from centers that have redox potentials of around + 0 . 2 V are 
affected by aromatic residues outside the coordination sphere (13). H o w e v e r , 
i n v i e w of the assertion that aromatic residues could have such an effect, we 
examined the electron-transfer rates i n the fo l lowing two unimolecular r e 
actions. 

1. E l e c t r o n exchange between two cytochromes c, self-exchange, 
where the two proteins are h e l d together by hexametaphos-
phate anions ( H M P ) i n a complex [ C y t . c . H M P ] 2 (14). 

2. E l e c t r o n transfer between cytochrome c and cytochrome b 5 

i n their complex (14). 

B o t h reactions can be examined by N M R spectroscopic measurements of 
electron exchange seen through l ine-broadening. T h e test of the effect of 
aromatic groups has been made by site-specific mutagenesis where Phe-82 
of cytochrome c (see F igure 3) is replaced by Tyr -82 , G l y - 8 2 , or Ser-82 (6). 
T h e results are shown i n Table IV. N o assistance to electron-transfer rates 
of Phe-82 and Tyr -82 relative to G l y - 8 2 or Ser-82 was found. W e maintain 
the posit ion that aromatic amino acid residues can assist electron transfer 
only where the redox centers are at > + 0.8 V, such as i n reactions of FeO( IV) 
states of peroxidases (13, 16). 

A second c la im (17) has been made for the functioning of Phe-82 i n the 
electron-transfer reactions of cytochrome c w i t h cytochrome b 5 . A c c o r d i n g 
to this c la im, Phe-82 is so mobi le that it can flap out into the space between 
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1. WILLIAMS Overview of Biological Electron Transfer 13 

Table IV. Electron-Transfer Rates of Cytochrome c Measured at Equil ibrium 
by N M R Spectroscopy 

Cytochrome c Variant 

[FellCc, Fe!IlCb5]a 

I 
[FeluCc, Fe"Cb5], s'1 

Self-Exchange 
Bimolecularb 

Self-Exchange 
Intracomplexc 

s'1 

Horse: wild-type 0.6 ± 0.2 1800 ± 200 400 ± 100 
Yeast: C102T mutantrf 0.3 ± 0.1 300 ± 100 200 ± 100 
Yeast: C102T, F82G mutant* 0.5 ± 0.2 1200 ± 100 400 ± 100 

NOTE: Ref. 14. Cc is cytochrome c, and Cb is cytochrome b. 
"Determined by saturation transfer to Met-80 methyl resonance of Fe"Cc. Intensity decrease 
was independent of the F e n i C c / F e H C c ratio and total protein concentration (10 raM phosphate, 
pH 7.1, 30 °C). 
bDetermined by saturation transfer to Met-80 methyl resonance of F e n C c (100 mM phosphate, 
pH 7.0, 30 °C). 
determined from line broadenings: observed in the presence of hexametaphosphate (HMP), 
a polyphosphate anion known to cause aggregation of cytochrome c (pH 7.0, 30 °C). The 
intramolecular complex is [(Cyt c)2(HMP)2]. 
dThe yeast C102T, F82Y behaves very like the native protein. The code C102T means that, in 
this yeast, cytochrome c residue cysteine (C) at position 102 of the sequence has been replaced 
by a threonine (T) residue. F82G means that phenylalanine (F) 82 in the sequence has been 
replaced by glycine (G). Y is tyrosine and S is serine. 
The yeast C102T,F82S behaves very like F82G. 

the two cytochromes i n their complexes. O u r fu l l assignments of the two 
cytochromes separately and i n their complex allow us to state that no such 
movement of Phe-82 is detectable. A l though it flips rapidly i n the free 
cytochrome and i n the complex, there is no evidence for flapping outward 
at rates around 1 0 5 s" 1 (18). 

T h e inter ior of a l l these proteins allows quite considerable v i b r o n i c -
rotational mot ion. O u r evidence indicates that many aromatic rings i n most 
proteins flip rapidly , > 1 0 4 s" 1. W e can observe few other motions i n the 
interior . The cavity size needed to flip P h e and T y r residues is such that we 
bel ieve that many V a l , L e u , He , and M e t residues can rotate easily, although 
through their asymmetry they are seen i n one heavi ly populated state (as i f 
they were rigid). T h e exterior of the prote in and its motions become par
t icularly important w h e n we turn to the scavenger proteins. 

Surfaces of Scavenger Proteins. T h e dist inct ion between a scav
enger prote in and a prote in that is a permanent part of an organization lies 
not i n basic electron-transfer reactions, but i n the organization of the pro 
teins. Just as some classes of proteins have very mobi le interiors and others 
have relatively r ig id frameworks, so some proteins form relatively r i g i d as
semblies and others do not. Scavenger proteins (e.g., cytochrome c) are 
often nearly spherical and have virtual ly no concave surfaces. T h e scavenger 
proteins also have highly charged surfaces. T h e charges on prote in surfaces 
attributable to G l u , A s p , L y s , and A r g side chains are k n o w n to be relat ively 
mobi le themselves. F u r t h e r m o r e , their long-range electrostatic interactions 
w i t h other proteins allow considerable movement i n the complexes wi thout 
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14 E L E C T R O N TRANSFER IN BIOLOGY AND T H E SOLID STATE 

m u c h loss of energy. W i d e areas of the surface of cytochrome c are zones 
of approximately the same electrostatic potential . W e have examined these 
surfaces by using complex ion probes. W e cannot define a b i n d i n g site for 
ions such as [ C ^ C N ^ ] 3 - , but only a b i n d i n g zone (Figure 4) (19). 

T h e scavenger prote in has to be able to find an electron-transfer site, 
react, and leave that site i n ~10 3 s to maintain electron flow. Its b i n d i n g 
has to be effectively dif lusion-eontrolled to al low a b i n d i n g constant of 10 6

o 

T h e easiest way to achieve such a reaction between surfaces is to have many 
electrostatic mobi le fingers (lysines) that w i l l b i n d to many electrostatic 
mobi le anions. T h e assembly is mobi le . W e cal l this hand-in-glove fitting. 

T h e exact structure for the electron-transfer act may be of l i t t le con
sequence. T h e surface dynamics is of greater importance. I n contrast, some 
proteins, such as many F e „ S n electron-transfer proteins, are fixed parts o f 
organizations. W e suspect that the interactions they form are based more 
largely on shorter range hydrophobic forces than on electrostatic forces. 
Aga in , these proteins have m u c h more dist inctive shapes, insofar as they 
are k n o w n (Figure 2). It may w e l l be that, w h e n b o u n d i n an organized 
system, the ir surfaces are not mobi le . 

Simple Oxidases and Their Electron-Transfer Reactions 

Some of the major s imple oxidases are given i n Table V. I n the ir reactions, 
oxidation of substrate is not coupled to any other reaction. F o r example, 

dioxygen + substrate - » oxidized product + reduced oxygen 

T h e reaction is wr i t ten i n long-hand because reduced oxygen can appear as 
0 2 ~ , H 2 0 2 , or H 2 0 . T h e alternative of O^incorporat ion i n an oxidation does 
not require electron transfer except i n inner-sphere activation (e.g., i n d i -
oxygenases of soil bacteria). 

I n the case of plant peroxidases that oxidize phenols and indoles, the 
reaction is a one-electron oxidation by peroxide. T h e i r o n cycles from Fe(III) 
to a nomina l Fe(V) (i.e., Fe(IV) plus a free radical , through FeO(IV)) . T h e 
substrate goes to a free radical that may po lymerize . W e studied these 
electron-transfer proteins by us ing N M R spectroscopy to determine the 
structure w i t h substrate bound . W e showed that electron transfer took place 
over a distance of some 10 A (outer-sphere reaction) (20). O u r present interest 
lies i n the structure of these proteins. A l l the peroxidases i n this class of 
k n o w n structure are s imilar to s imple electron-transfer proteins, i n that they 
are cross- l inked either chemical ly (horseradish peroxidases) or b y (3 sheets 
(cytochrome c peroxidases). T h e pocket of the h igh-sp in heme is open to 
small molecules, 0 2 or H 2 0 2 , but not to the larger substrates such as phenols 
or indoles. E l e c t r o n transfer is not l inked to a conformational change. O t h e r 
oxidases i n this class may w e l l inc lude the copper oxidases such as ascorbic 
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16 E L E C T R O N TRANSFER IN BIOLOGY AND T H E SOLID STATE 

acid and pheno l oxidases, but we do not know the structure of the dioxygen 
sites invo lv ing type 2 C u and the copper pairs of these proteins. W e have 

Protein 

Table V. Long-Range Electron Transfer 
to Aromatic Compounds 

Group Involved 
Cytochrome c peroxidase 
Horseradish peroxidase 
Copper oxidases (laccase) 
Reaction center 
Ribonucleotide reductase 

Possibly tryptophan 
Phenols or indoles 
Phenols 
Tyrosine(P), phaeophytin 
Tyrosine 

NOTE: All systems involve high redox potential centers. Quinones 
and flavins are, of course, very different aromatic electron-transfer 
centers from metal ions with low-lying molecular orbitals (redox 
potentials). 

(a) 
Figure 5. The change in structure from (a) Fe(III) cytochrome c to (b) 

Fe(III)-CN~ cytochrome c. 
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1. WILLIAMS Overview of Biological Electron Transfer 17 

N M R spectroscopic evidence that the inside of many of these proteins is as 
mobi le as that of the s imple electron-transfer proteins. 

Conformational Changes: Groove Openings 

I n the description of cytochrome c, we have del iberately left aside one m u c h -
studied reaction, that w i t h cyanide (21). T h e reaction is very slow and quite 
unrelated to any fast, s imple , electron-transfer reaction. H o w e v e r , it is suit 
able as a mode l for coupled reactions. A t temperatures above 60 °C, the 
electron-transfer reaction of cytochrome c is coupled to a breaking o f the 
Met -80 -Fe ( I I I ) bond. W e shall consider the P450 reactions i n s imilar terms. 

A detai led N M R spectroscopic study w i t h fu l l assignment of the cyanide 
Fe(III) state of the prote in (21) shows that the groove opening is a l ever l ike 
action i n w h i c h the segment of the cytochrome be low the sequential chain 
79 to 85, w h i c h includes M e t - 8 0 , moves away from the heme to leave room 
for the cyanide anion (Figure 5). T h e reaction shows that relatively smal l 

(b) 
Figure 5.—Continued. 
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18 E L E C T R O N TRANSFER IN BIOLOGY AND T H E SOLID STATE 

domains of a prote in can move away from the bu lk , even on change from 
low-spin Fe(II) to h igh-sp in Fe(III). T h e reaction is 

low-spin Fe(II) - » low-spin Fe(III) —> high-sp in Fe(III) —» cyanide complex 

W e shall next look for s imilar changes i n other proteins, not ing that i n 
cytochrome c the movable part of the prote in is not cross- l inked. 

Coupled Electron Transfer 

These are the most difficult proteins to study. A m o n g i ron proteins, they 
inc lude hemoglobin , w h i c h is l i n k e d to a cytochrome b 5 reduct ion to protect 
i t ; hemerythr in ; cytochrome P 4 5 0 , w h i c h is l i n k e d to e i ther a cytochrome b 5 

or an F e n S n prote in to ensure the control led order of its reaction kinetics ; 
and cytochromes b and a of the electron-transfer chains of chloroplasts and 
mitochondria , i n w h i c h electron transfer is coupled to proton movement . 
A m o n g copper proteins, they inc lude the dioxygen carrier hemocyanin and 
the cytochrome oxidase center, C u B . 

C o u p l i n g here is not a coupl ing of the electrostatic potentials of the 
electron-transfer ions w i t h electrostatic potentials o f other groups, as i t may 
be i n cytochrome c 3 . C o u p l i n g is k n o w n to involve conformational changes 
(22-25). This result is shown not only through the properties of the proteins, 
but by fo l lowing the properties of the metal i on (for example, its spin state 
or electron paramagnetic resonance ( E P R ) signals). 

T h e information obtained about the metal centers themselves is r e 
veal ing. T h e coordination sphere of the copper, as seen d irect ly b y X - r a y 
structure determinat ion or by various physical measurements, is un l ike that 
found i n the blue copper proteins descr ibed as s imple electron-transfer 
proteins. It is l ike ly that there are no methionine or cysteine l igands, but 
only hist idines. Aga in , the copper(II) E P R signals are more closely those of 
distorted tetragonal Cu(II) sites i n models. I n the case of the h e m e proteins 
i n this class, the indications are that the i ron changes e i ther sp in state or 
the l igand geometry around it ( E P R data) d u r i n g reaction. T h e indications 
are that the metal i on sites themselves differ from those of the s imple elec
tron-transfer heme proteins. H o w e v e r , they do not differ greatly from some 
of the sites of the s imple oxidases. T h e differences i n function are related 
to the differences i n prote in fold and its mobi l i ty . 

T h e simplest case to consider first is that of hemoglobin . I n hemoglob in 
the dioxygen uptake reaction of h igh-sp in Fe(II) or the redox switch of h i g h -
spin Fe(II) to h igh-sp in Fe(III) hydrate is accompanied b y a considerable 
conformational change (Figure 6). T h e change involves some movement o f 
the i ron atom toward the heme plane, some adjustment of the i ron l igands, 
both the hist id ine and the porphyr in , and most important ly , the adjustment 
of helices. T h e adjustment of helices is , w e consider, a c ommon feature of 
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1. WILLIAMS Overview of Biological Electron Transfer 19 

al l these coupl ing proteins. The evidence that coupl ing is related to hel ix 
movements comes from general studies of proteins other than hemoglob in 
(e.g., the calc ium trigger proteins and phosphorylase). C o u p l i n g is also very 
l ike ly i n the cooperative action of hel ica l h e m e r y t h r i n and hemocyanin , 
where the i ron and copper ions undergo redox switches on dioxygen uptake 
rather than spin-state changes. 

"Fe-

HIGH SPIN LOW SPIN 
OR Fe(O) OR Fe(IO) 

Figure 6. A representation of coupled helix movements with chemical changes 
at the iron atom of a heme protein. 

A reveal ing example is prov ided by our study of cytochrome b ^ . T h e 
structure, shown i n F i g u r e 7, is a four-helix bund le prote in w i t h the i ron 
bound as i n cytochrome c (26). T h e redox potential of the prote in is p H -
dependent; there is a switch of 260 m V w i t h i n the p H range 5 .0 -8 .5 . Th is 
proton-coupled redox potential lies i n the physiological p H range. W e know 
that a conformational change accompanies the protonat ion-redox switch. I n 
this respect, the prote in is entirely comparable w i t h hemoglob in , but the 
reactions are now confined to low-spin states. These reactions are to be 
contrasted w i t h those of cytochrome c, F e „ S n , and the b lue copper proteins 
descr ibed i n the section on s imple electron-transfer proteins. 

G i v e n the obvious ease of h e l i x - h e l i x motions; the strong evidence for 
the h ighly hel ica l character of the membrane portions of cytochrome oxidase 
(i .e. , containing cytochrome a 3 and C u B ) , of the cytochrome b complex, and 
of cytochrome P 4 5 0 ; and the fact that these heme proteins are not cross-
l i n k e d by either extended (3 sheets or chemical cross-l inks, i t appears that 
coupl ing i n a l l these cases is a property of hel ix mot ion (20). Th is is not the 
place to extend the argument, but a whole range of other coupled activities 
of proteins appears to be associated w i t h hel ix mot ion (27). It is immediate ly 
clear by comparison w i t h s imple electron-transfer proteins that cross- l inking 
separates the prote in structures of coupled and uncoupled activities (27). 
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20 E L E C T R O N TRANSFER IN BIOLOGY AND T H E SOLID STATE 

Figure 7. The structure of cytochrome bm (opposite page) showing the groups 
likely to be responsible for the pH-dependent redox potential (see ref 26). On 
this page is shown the binding mode of two molecules in the crystals and the 

hydrogen-bonding network. (Reproduced from ref 26.) 

A t present we can describe the motions of the helices only b y analogy 
w i t h ca lmodul in and hemoglobin . H e r e is one major task for the chemist 
interested i n biological electron transfer. 

Other Electron-Transfer Centers 

T h e concentration on b lue copper centers and heme i n electron-transfer 
proteins has tended to h ide the diversity of such centers. E a r l i e r reference 
was made to F e n S n centers as typical of uncoupled almost-solid-state devices. 
O t h e r centers are s imilar , such as N i - S centers of d ihydrogen reactions and 
cobalamin centers of methane chemistry. (The v i tamin B 1 2 chemistry i n 
rearrangement enzymes seems to depend on homolyt ic fission g iv ing free 
radicals and not on electron transfer; it is based on atom movements.) Yet 
other centers inc lude F e - O - F e (or M n - O - M n ) for generating tyrosine-free 
radicals i n r ibonucleotide reductase; [ M n O ] n i n the dioxygen- l iberat ing cen -
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1. WILLIAMS Overview of Biological Electron Transfer 21 

Figure 7.—Continued 

ter of photosystem I I ; type 2 and type 3 copper i n copper oxidases; m o l y b 
d e n u m i n the two-electron reactions of N 0 3 ~ , S 0 4

2 ~ , and aldehydes; and a 
considerable n u m b e r of s imple i ron enzymes that may w e l l use i n n e r - or 
outer-sphere electron-transfer mechanisms (e.g., the oxidative enzymes of 
secondary metabolism). 

T h e most intr igu ing centers contain two or more meta l ions and partake 
i n reactions related to dioxygen reduct ion or release. T h e equivalent elec
tronic states are M ( I I ) 0 2 * M ( I I ) , M( I I I ) -0 2

2 «M(I I I ) , M ( I V ) 0 2 * 0 2 M ( I V ) , 
and the various mixed-valent intermediates for the dioxygen molecule . 
There are also corresponding reduced states such as M ( I I ) 0 2

2 " * M ( I I ) 
and M ( I I I ) 0 2 X ) 2 ~ M ( I I I ) . However , we must inc lude states of proton 
r e a c t i o n such as M ( I I ) ( H 2 0 2 ) M ( I I ) , M ( I I I ) ( O H X O H - ) M ( I I I ) , a n d 
M ( I V ) O H " # ~ H O M ( I V ) . It appears as i f these changes must be l i n k e d to 
conformational switches and to movements of protons deep inside proteins, 
such as cytochrome oxidase. 

These series may contain a larger n u m b e r of metal ions or an uneven 
n u m b e r of protons. Cho i ce of metal i on (i .e., copper, manganese, or iron) 
and choice of prote in fold for a g iven metal i on can provide control over 
thermodynamic balance between oxygen species. A n unsolved p r o b l e m is 
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22 E L E C T R O N TRANSFER IN BIOLOGY AND T H E SOLID STATE 

the resolution of questions posed by these electron-transfer centers, such 
as w h y this or that metal or particular choice of l igands is best for a g iven 
function. W h a t is the nature of the prote in selected b y evolution? I have 
t r ied to answer these types of questions for a l i m i t e d series of e lectron-
transfer proteins, but many other problems i n the electron-transfer systems 
of biology clearly remain untouched. 
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Formalism for Electron Transfer and 
Energy Transfer in Bridged Systems 

J . R. Reimers and N. S. Hush 1 

Department of Theoretical Chemistry, University of Sydney, Sydney, 
New South Wales 2006, Australia 

There is much current interest in the study of electron transfer or 
energy transfer between centers linked by a bridge, and a number 
of basic points need clarification in the interpretation of such proc
esses. For example, it is commonly assumed that communication 
through the bridge can be described in terms of an effective "two— 
level" model; under what circumstances is this justified? What are 
the conditions under which a single-parameter rate constant char
acterizes the process? With a view to providing some information 
about these and related questions, a formalism applicable to coherent 
transfer of energy (including electron transfer and hole transfer in 
cases where the vibrational motions do not need to be explicitly con
sidered) is developed. This formalism yields a completely general 
algorithm, which, in particular limits, reduces to a generalized form 
of Fermi's golden rule and of Rabi's rate equation. In so doing, it 
unifies a number of existing theories. 

E L E C T R O N (OR H O L E ) A N D E N E R G Y T R A N S F E R between a metal donor cen 
ter l i n k e d to an acceptor by a bridge is increasingly be ing studied exper i 
mental ly . Such systems often involve mixed-valent metal states; bioinorganic 
systems (both naturally occurr ing ( J , 2) and synthetic) are also of m u c h 
current interest. Des ign of molecular electronic devices, i n w h i c h there is 
also m u c h current interest, frequently involves elements o f this general k i n d . 
In molecular electronics, one desires to find ways of transferring electrons 
under control led conditions between different states of a device . Nature has 

JAddress correspondence to this author. 

0065-2393/90/0226-0027$10.25/0 
© 1990 American Chemical Society 
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28 E L E C T R O N TRANSFER IN BIOLOGY AND T H E SOLID STATE 

prov ided models for this process, and we can learn m u c h from studying 
processes such as photosynthesis ( I , 2), i n w h i c h l ight produces an electron 
i n an excited state (the donor state) that reacts to transfer the electron to a 
geographically distant state (the acceptor state). 

Indeed, it is possible to manufacture compounds i n w h i c h such transfers 
occur under control led conditions (3,4), and such compounds are candidates 
for molecular electronic devices. Usual ly , the br idge is composed of organic 
material and may be e ither a conductor (e.g., a conjugated bridge) or an 
insulator (e.g., a saturated hydrocarbon). Some day processes may be de 
ve loped by w h i c h the conductance of the br idge can be modi f ied significantly 
by an external signal (5,6). I n this chapter we generate a m o d e l that describes 
how the conductance of the bridge varies w i t h respect to some fundamental 
properties of the bridge. W e do not consider the question of h o w these 
properties may be modi f ied dynamical ly . O u r mode l is insp i red b y the 
observation that normal ly insulat ing bridges can i n fact become excellent 
conductors (see refs. 3 and 4). 

T h e basic formalism is developed i n this chapter. Perturbat ion expan
sions are performed to describe the kinetics w h e n the bath coupl ing is weak 
and w h e n it is strong, and an accurate interpolat ion scheme is presented for 
the intermediate region. T h e relationship of our approach to the effective 
two- level models o f Joachim (39), o f Broo and Larsson (45), and of M c C o n n e l l 
(24) is shown. As an application, our mode l is appl ied to three- leve l systems 
containing just one bridge state. T h e electron transfer is shown to be m u c h 
faster w h e n the br idge state is resonant w i t h the donor and acceptor states 
than w h e n it is nonresonant. This system is a mode l system for e lectron 
transfer through bridges. Quantitat ive features of the modulat ion of the 
donor-to-acceptor current are induced by changes made to br idge properties . 
F i n a l l y , a study of the br idge- length dependence of the reaction-rate constant 
is performed by us ing M c C o n n e l F s mode l H a m i l t o n i a n . 

Electron-Transfer Theory 

Inorganic systems have p layed a crucial role i n the development of e lectron-
transfer theory. Th is role is exempli f ied i n the work of Taube et a l . (7-14) 
and others (25) on mixed-valence b i s ruthen ium complexes. Th is chapter 
presents a formalism for considering electron-transfer problems. This for
mal ism is appl ied i n later papers (26, 27) to study electron transfer i n these 
systems. 

M o r e generally, e lectron- and energy-transfer phenomena have been 
studied extensively (28-47) and rev iewed (46-52). Usua l ly , through-bridge 
studies (45) imp l i c i t l y introduce the assumption that the kinetics can be 
descr ibed by us ing an effective two- level m o d e l i n w h i c h the total H a m i l 
tonian is replaced by an effective donor-acceptor interact ion H a m i l t o n i a n . 
W e generated a mode l for the rate constant that is not based on this as-
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2. REIMERS & H U S H Bridged Systems 29 

sumption. O u r mode l provides resolutions for ambiguities i n earl ier theories 
and shows how these approaches relate to both each other and fundamental 
physics. 

T w o - L e v e l Systems. W e started w i t h the energy-transfer m o d e l de 
ve loped by Robinson and Frosch (18-20), w h i c h describes energy decay i n 
two- level systems and i n networks of such systems. Electron-transfer proc 
esses form a subset of energy-transfer processes and feature the transfer o f 
an electron (or hole) over some distance, usually large compared to the 
spatial extent of the donor and acceptor states. I n the more general process, 
the electron cou ld transfer between donor and acceptor states w i t h i n the 
same region of space and thus produce negl igible dipole moment change. 

T h e language of this chapter is consistent w i t h the more-general p h e 
nomenon, and so the terms "donor" and "acceptor" always refer to the 
electronic states invo lved and not to chemical species or fragments. T h e 
donor and acceptor states are not eigenstates of the complete H a m i l t o n i a n , 
and thus they are not stationary states. Rather , they evolve i n t ime , and it 
is this t ime evolution w i t h w h i c h we are concerned. 

Dependence on the Bath . Robinson and F r o s c h descr ibed a large 
range of phenomena w i t h a theory containing just two variables: the H a m 
i l tonian matrix e lement V 1 2 connecting the two levels , and the accep
tor -so lvent coupl ing X of the final state to a bath. (These variables were 
original ly (18) named (3 and a / 2 , respectively.) B y some means (e.g., e lec
tr ical , thermal , photochemical , or mechanical), energy is p laced i n the donor 
state. As this donor state is not an eigenstate, it evolves i n t ime both co
herent ly and reversibly , thus transferring energy to and from the acceptor 
state. 

T h e acceptor state, however, is also coupled to a very large n u m b e r of 
addit ional states, w h i c h are col lectively k n o w n as the bath. Physical ly , the 
bath may be a surrounding fluid, prote in or crystal , and it may even inc lude 
internal molecular degrees of freedom. Because the bath contains a very 
large n u m b e r of states, it is h ighly improbable that energy w i l l be transferred 
back from the bath to the acceptor. Excess energy is thus lost, prevent ing 
the transfer of energy back from the acceptor to the donor. T h e final result 
is that energy is transferred from the donor to the acceptor, and a smal l 
amount of excess energy is also transferred to the bath. O u r approach extends 
the mode l of Robinson and F r o s c h to inc lude problems i n w h i c h the donor 
and acceptor are coupled through a bridge rather than just coupled d irect ly 
(through space). 

Acceptor—Solvent Coupl ing . A n essential feature of this theory is 
that the electron-transfer rate constant is expl ic i t ly dependent upon the 
acceptor-solvent coupl ing X. Thus , properties of the solvent are d irect ly 
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30 E L E C T R O N TRANSFER IN BIOLOGY AND T H E SOLID STATE 

inc luded . O t h e r solvent properties, such as static shifts of state energies and 
force constants, are inc luded indirect ly i n the use of solvent-dependent 
donor -br idge -acceptor potential parameters. I f the solvent is a d i lute gas, 
then the coupl ing X is probably related to the mean col l is ion frequency 
( " internal" collisions may need to be in c luded here) and can thus become 
quite small . 

T h e donor-to-acceptor rate constant cannot exceed k/fi (fl is the Planck 
constant). Thus , i n a d i lute gas the electron-transfer rate constant w i l l be 
smal l , independent of the nature of the donor and acceptor. I n l iqu ids , X is 
usually typical of rotational relaxation t imes, w h i c h , for systems w i t h large 
dipole moments, can give values of \/fi as large as 1 0 1 2 s" 1. Solids prov ide 
the abi l i ty to control X as, i n pr inc ip le , geometries can be constructed to 
favor some relaxation mechanisms but disfavor others. Dramat i c effects of 
this nature have been observed i n the spectroscopy of m i x e d crystals. I f they 
cou ld be control led, then it is possible that a molecular switch cou ld operate 
by modulat ing the relaxation t ime kh'1 i n order to change the donor-to-
acceptor current. 

E l e c t r o n transfer adds an extra degree of complexity to the basic energy-
transfer prob lem i n that two different sets of quantum numbers , e lectronic 
and vibrational , are involved . M u c h of the current research on e lectron-
transfer processes reported i n the chemical l i terature is concerned w i t h the 
special cases i n w h i c h the vibrat ional coordinates need to be treated expl ic 
i t ly . Such studies (e.g., refs. 46 and 47 and references therein) involve both 
vibrat ional and electronic coordinates; they are often concerned w i t h de 
pendence of the relaxation t ime X on the solvent fr ict ion. This emphasis is 
not necessary, however. I n this chapter we restrict ourselves to problems 
describable by just the electronic quantum numbers . A more general theory 
w i l l be presented elsewhere (52). 

General Formalism 

L e t and |i|iA) be wave functions representing the appropriate physical 
quantity (here, typical ly an electron or hole function) represent ing the donor 
and acceptor states, respectively. L e t the n wave functions \tyt) for a l l i = 
1 - n represent s imilar quantities representing bridge states. A l l of these 
functions are requ i red to be orthogonal. T h e total H a m i l t o n i a n operator H 
for the system plus bath is expressed as 

H = H s - iX|ifo><iM (1) 

where H s is the hermit ian Hami l t on ian operator for the isolated system 
modi f ied , i f necessary, to account for static effects (such as solvent shifts) of 
the bath; X indicates the rate of i rreversible decay of the acceptor state into 
the bath states. I f the acceptor is isolated from the br idge and donor, and 
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2. REIMERS & H U S H Bridged Systems 31 

i f the system has probabi l i ty P(0) of be ing i n the acceptor state at t ime 0, 
then it w i l l have probabi l i ty 

P(t) = P(0) exp ( ^ ) (2) 

of be ing i n that state at t ime t. T h e eigenvalues €j and eigenvectors \x) of 
the total Hami l t on ian are obtained by diagonalizing H , w h i c h yields 

l«h> = 2 C#|x,> (3) 

As H is not hermi t ian , e ; w i l l be complex and the matrix of the eigenvectors 
Xjy may be both not unitary and singular. Singularity is a rare phenomenon, 
and its effects (or, rather, lack of effects) are discussed elsewhere (53). W h e n 
they are l inearly independent , this invert ib le transformation yields 

l*> = 2 < V % > (4) 

W i t h the assumption that the system is i n the donor state |i(iD) at t ime t = 
0, then the probabi l i ty P^t) of be ing i n state i at t ime t is 

(5) 

and the probabi l i ty P(t) that the excitation has not leaked to the bath is g iven 
by 

P(f) = 2 PM = 2 Pa exp 2 H ( | * <*P ~n (6) 

where 

Pjk = Pk* = CDJCDK* 2 CjTKCh1)* (7) 
i 

are the intensities of the associated F o u r i e r components of P(t), w i t h real 
(R) and imaginary (I) components. T h e in i t ia l normalizat ion of the system is 
reflected i n the condit ion 

1 = P(0) = 2 Pjk (8) 

p,(t) = K » k k i H " 1 » M 2 = S ^ V e x p - p - ' 
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32 E L E C T R O N TRANSFER IN BIOLOGY AND T H E SOLID STATE 

A l t h o u g h ^ 0, typical ly R(p j f c) ^ 0 for j ¥^ k, and 

dP(0) 
= 0 (9) 

dt 

as in i t ia l ly no ampl i tude is present i n the decaying mode. I n general , a rather 
complicated t ime dependence is expected for these reactions as order n 
exponentially decaying modes contribute , as w e l l as order n 2 / 2 exponential ly 
decaying sinusoidal modes. I f none of the (complex) energy levels are de 
generate or pseudodegenerate, then the coefficients pjk w i l l a l l be near zero 
except for one dominant diagonal t e rm. S imple single-exponential decay of 
the donor state is thus observed, and i t is possible to introduce a single rate 
constant to describe the kinetics . The decay becomes more compl icated i f 
e ither a bridge l eve l approaches the donor l eve l or the complex energy 
separation between the donor and acceptor state becomes too smal l . N o 
unique ly def ined rate constant exists w h e n the t ime-dependence is so 
complicated. Thus , we define a measure of the overal l reaction-rate con
stant k as 

where T is the area under the decay curve P(t), obtained b y us ing a weight 
function W<j> that l imits the quantum y i e l d o f the donor-state-to-acceptor-
state transfer process to 

It is possible to define i n many ways; the details o f this are discussed 
elsewhere (53). In this chapter, we mainly restrict ourselves to the s imple 
case i n w h i c h the fu l l quantum y i e l d $ = 1 is obtained and W x(F(f)) = P(f). 
T h e integral i n e q 11 is then evaluated to give T = T D + T O D , where 

(10) 

(11) 

2<D f !(€,-) 
(12) 

and 

represent contributions from diagonal and off-diagonal terms, respectively, 
to the probabi l i ty decay curve P(t). A l though T D is always >0 , is t y p i 
cally <0 . 
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2. REIMERS & H U S H Bridged Systems 33 

F o r unit quantum y i e l d , these equations can be solved analytically for 
two- level systems (i .e. , direct through-space coupl ing between donor and 
acceptor, not i n c l u d i n g any bridge). L e t the total Hami l t on ian be g iven by 

/ HDD HDA \ ( 1 4 ) 

\HDA HM - iXj K } 

where the first basis vector is |i|iD) and the second basis vector is |i|/A). T h e 
through-space coupl ing HDA is often referred to i n the l iterature as V 1 2 , and 
we introduce the energy gap T) = H M - H DD so that the rate constant is 
g iven by (53) 

* * - O H . T 5 + . ( 1 5 ) 

2HDA + X 2 + if 

This equation is completely general i n the context of this chapter (i.e., w h e n 
appl ied to problems descr ibed by just one type of quantum number) . E q u a 
tions s imilar to this are also k n o w n to be important i n electron-transfer 
problems i n w h i c h both vibrational and electronic coordinates must be con
sidered (54). 

As an i l lustration of the quantities invo lved , some results for two- leve l 
systems are g iven i n F igures 1 and 2. I n F i g u r e 1, the probabi l i ty of be ing 
i n the acceptor state at t ime t> PA(t), and the probabi l i ty o f not decaying to 
the bath, P(t) from e q 6, are p lotted against reduced t ime for the resonant 
prob lem T| = 0. H e r e , we take a = | H D A | . F i g u r e 2 is a plot o f eq 15 versus 
the reduced decay rate X / a . T h e rate constant exhibits three regimes: the 
slow dra in regime, i n w h i c h the rate constant increases i n proport ion to X; 
a m a x i m u m regime identi f ied w i t h the m a x i m u m rate constant pred ic ted b y 
R a b i ; and a regime i n w h i c h the rate constant slows w i t h increasing bath 
decay rate. This t h i r d regime is identi f ied as a microscopic form of F e r m i ' s 
golden rule . T h e time-response functions g iven i n F i g u r e 1 are sampled 
from each of these three regimes. Rabi 's m a x i m u m regime is the one that 
most closely couples the entrance and exit rates through the acceptor state, 
and i n fact only a smal l amount of ampl i tude bui lds up on this state. 

A general analytical solution of e q 10 is difficult to obtain, and so we 
proceed by evoking perturbat ion theory to determine approximate expres
sions for Hk i n the l imits of small X and large X. T h e n we combine these 
results and construct by interpolation an expression appropriate for the entire 
range of X. 

Small-X Expansion. W h e n X is smal l , we express the total H a m i l 
tonian H as 

H = H s + AH, A H = - i X l i M ^ I (16) 
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T — I — i — | — i — | — i — | — i — | — i — i — i — | — r 

N 

in 
o 

- \R 

_L_ 
1 2 3 4 5 6 7 8 

1 2 3 4 5 6 
t t f / f f n 

Figure 1. Symmetric resonant two-level system: plots of the probability of 
being in the acceptor state, P A , and the probability of not decaying to the 
bath, P, versus reduced time ta/(irfi) for various acceptor-to-bath coupling 
strengths X. Key: N, no decay, X = 0; S, slow drain regime, X = O.J X 21AOL; 
R, Rabi maximum rate, X = 2lAa; and G, golden rule regime, X = 10 X 2l/ia 

(this curve barely exceeds zero). 

and determine the unitary eigenvector matrix I T and the associated diagonal 
eigenvalue matrix E ' of the system Hami l t on ian H s . Terms containing X are 
treated as perturbations and are exposed by transforming H to produce 

where 

H ' = ( u ' ) f m r = E ' - A H ' 

A H / = - i x i v i y 

(17) 

(18) 
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i — r - — T — i — | — i — i — i — r - —1—i— i—i—i—|—i—i—l—l—|—i—i—i—l—|—i 1—l—i— 

RABI MAXIMUM 
o fik=«/y2 a t X=V2a 

£ .̂ i 1 SLOW DRAIN / \ GOLDEN R U L E ! 
o 

Ol 
hk=X / \fil<=2<X 2/X • 

o \ 
CXI 
1 

r l l l i 1 i i i i i i i • • i i i i i 
- 3 - 2 - 1 0 1 2 3 

l o g 1 0 (X/ot) 

Figure 2. Symmetric resonant two-level system: plot of the reduced rate con
stant hlc/a versus the reduced acceptor-to-bath coupling strength XI a for full 
quantum yield (4> = I, a = 0). (Reproduced with permission from ref 53. 

Copyright 1989 Elsevier Science Publishers.) 

is the matrix of perturbations. I f 

| X l / A / t V l « W - £ / l V U ( 1 9 ) 

then the eigenvalues and eigenvectors of H ' are given accurately by a l ow-
order perturbation expansion i n X. F r o m these results (53), the rate constant 

fi k is approximated by 

**" " „,V + 2 ! , X - ( W ) 

where b is related to the effective H O M O - L U M O gap, n / is the effective 
n u m b e r of resonant states, and n a ' is an index of the donor-acceptor asym-
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36 E L E C T R O N TRANSFER IN BIOLOGY AND T H E SOLID STATE 

and 

metry . W h e n the fu l l quantum y i e l d is observed, these quantities are g iven 
by 

n / = n (22) 

< 2 3 ) 

is un i ty i f the donor and acceptor states are related b y symmetry . 
E q u a t i o n 19 is not sufficient to guarantee that 2 & X 2 « n^nx\ but for 

X sufficiently smal l , this extra condit ion also holds, and then e q 20 simplifies 
to 

= - 4 ^ 7 (24) n a n r 

T h e asymmetry parameter w a ' is so cal led because, w h e n the donor and 
acceptor are related by symmetry , UD/ = ±UA/ and thus n a ' = 1. W h e n 
no symmetry relation exists, however, for some eigenstates j, UA/ w i l l be 
come quite smal l w h i l e UD- grows large (i .e. , the acceptor w i l l contr ibute 
m u c h less than the donor to some eigenstates). This difference usually gives 
rise to quite large values of n a ' and so dramatical ly reduces the react ion-
rate constant (for small asymmetries, i t is possible that n a ' falls s l ightly be low 
unity) . T h u s , reactions between symmetrical ly equivalent donor and accep
tor usually proceed m u c h faster than corresponding reactions between d is 
t inct ly asymmetric species. 

T h e t e rm n r ' is an indicat ion of the n u m b e r of states resonant w i t h the 
donor state (and includes 1 for the donor state itself). M o r e precisely , i t is 
the m a x i m u m n u m b e r of resolvable diagonal components of the t ime-decay 
function P(t) (see e q 6). F o r h igh quantum yields less than uni ty (say $ = 
0. 99), only resonant components w o u l d be resolvable i n F(f), but as 4> —» 
1, n / —» n . This relationship is discussed i n detai l e lsewhere (53). 

L a r g e - X Expansion. W h e n X is large, a different perturbat ion ex
pansion is used to approximate the rate constant. T h e total H a m i l t o n i a n H 
is wr i t t en as 

H = H 0 + A H (25) 

 P
ub

lic
at

io
n 

D
at

e:
 M

ay
 5

, 1
98

9 
| d

oi
: 1

0.
10

21
/b

a-
19

90
-0

22
6.

ch
00

2

In Electron Transfer in Biology and the Solid State; Johnson, M., el al.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1989. 



2. REIMERS & H U S H Bridged Systems 

where A H T > = AH^ = H l } 8 j A for a l l i < j , and A H = 0, i . e . , 

37 

H 0 = 

JHDD HDi ••• H D N 0 \ 
Hw Hn ••• H L N 0 

#ni ••• H N N 0 
\ 0 0 — 0 HAA - t X / 

(26) 

and 

/ 0 0 
0 0 

A H = 

0 HDA\ 
0 H u ' 

. 0 0 - 0 H N A , 
\ H A D H A i ••• HAn 0 / 

(27) 

If E " and U " are the eigenvalues and eigenvectors, respectively, of H 0 , then 
the perturbation is exposed by transforming the total Hamiltonian H : 

where 

If 

H " = (U") + HU" = E " + A H " 

A H " = (U" ) f AHU" 

|£/' - HM + i\\ » \HAJ\Vj*A 

(28) 

(29) 

(30) 

then the eigenvalues and eigenvectors of H " are obtained by using a per
turbation expansion in HAj. Back transformation produces the eigenvalues e 

and eigenvectors 

( V ) 2 

c* = ^" + ^Tx> ~ | A
 H*'u«"b«) 

of H , where 

— H ^ — H D D 

H A / = X H A | U / 

(31) 

(32) 

(33) 

(34) 
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38 E L E C T R O N TRANSFER IN BIOLOGY AND T H E SOLID STATE 

and 8^ is the delta function. F o r unit quantum y i e l d , the approximate rate 
constant calculated by using eqs 10 -13 is g iven by 

- *» 
where 

W h e n the donor and acceptor states are related b y symmetry , T| = 0, and 
e q 35 simplifies to 

U a . . « a p ( 3 7 ) 

F o r problems invo lv ing electron transfer, i t is often appropriate to consider 
the acceptor state not as compris ing just one l eve l , but rather as compr is ing 
a cont inuum of levels w i t h a F r a n c k - C o n d o n weighted density of states p F C . 
T h e n , under certain conditions (52) (principally w h e n p F C is large), one can 
integrate over the energy gap i) i n e q 35, g iv ing 

M G R " = 2ir(V 1 2 < G R ' ) 2 p F c (38) 

A s descr ibed by Robinson and F r o s c h (18,19), the X-dependence disappears 
because the n u m b e r of states that contribute to the integral increase i n 
proport ion to X whi l e the ind iv idua l contributions (eq 37) decrease i n pro 
port ion to X. E q u a t i o n 38 is usually referred to as F e r m i ' s golden ru le , and 
e q 35 is a microscopic form of this rule . 

In summary, w h e n X is larger than all of the matrix elements of H s , the 
rate constant is g iven by an expression analogous to F e r m i ' s golden rule . 
T h e key feature here is that the rate constant is proport ional to the square 
of some energy-coupl ing t e rm. However , the decay into the bath is not 
expected to proceed exponentially w i t h t ime unless the br idge levels are 
nonresonant w i t h the donor leve l . The majority of experiments per formed 
invo lv ing electron or energy transfer have rather smal l couplings, m u c h 
smaller than X, and thus this l i m i t is most important. 

M i d - R a n g e in X . W h e n we combine the perturbat ion expressions 
for both the low-X and high-X regimes, we see that the rate constant increases 
w i t h X w h e n X is smal l , but decreases w i t h X w h e n X is large. Thus , the rate 
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2. REIMERS & H U S H Bridged Systems 39 

constant must attain some max imum value at some opt imal X. M a n y years 
ago, R a b i postulated that such a max imum existed, and he advanced some 
s imple formulae for this m a x i m u m rate constant i n two- leve l systems. W e 
used two separate approaches to de termin ing the properties of this m a x i m u m 
i n bridge systems. F i r s t , we extrapolated the low-X formula, e q 20. Second, 
we constructed an interpolation function that bridges the low-X and h igh-X 
results, eqs 24 and 35. 

T h e condit ion i n e q 19 may apply even w h e n X is of the order of X R , 
the value of the acceptor-to-bath coupl ing that maximizes the rate constant 
h. T h e n eq 20 is a good approximation to the rate constant i n the m a x i m u m 
(Rabi) regime. F r o m e q 20, this m a x i m u m is 

« R ' = (2n a 'n r ' fc)- 1 / 2 (39) 

and occurs w h e n 

x . ' = ( 4 0 ) 

Because X R ' is reasonably large, one questions the accuracy of eq 19 at this 
value of X. W h e n compared to fcR, the exact max imum obtained from e q 15 
for two- level systems, eq 39 overestimates the rate constant m a x i m u m by a 
factor of 2V2. Th is discrepancy has m i n i m a l effect on through-bridge ca lcu
lations i f it is removed by an empir i ca l renormalization (53), g iving: 

«fc R ' = 2 " 1 / 2 V 1 2 W (41) 

where 

V12<R> = (2naVfe)-1/a (42) 

The rescaled value of X R ' is then given by 

X . ' = n a ' n r ' M R ' = ( « ) 

It is possible to construct analytical functions of X that interpolate the rate 
constant k between the large-X and small-X l imits descr ibed previously . I f 
such an interpolat ing function provides a good approximation to k for a l l X , 
the prob lem of taking a perturbat ion expression beyond its bounds w o u l d 
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40 E L E C T R O N TRANSFER IN BIOLOGY AND T H E SOLID STATE 

be avoided, and the function w o u l d give a good approximation of the R a b i 
m a x i m u m rate constant. A very useful interpolat ing function is obtained 
s imply by adding the appropriate low-X and high-X parts of the decay area 
T . W e define such a function as 

Ti ~ ~2k~ + 2(V12<GR>)2 ( j 

where n / and n a^_are def ined from the small -X l i m i t b y eqs 22 and 23, 
respectively, and V 1 2

( G R ) is def ined from the golden ru le l i m i t b y e q 36. Th i s 
function leads to a def init ion of an approximate rate constant ki9 

= _ 2X(V12<GR>)2 

' (V 1 2< G R>) 2n aV + X 2 ( 0 ) 

w h i c h does i n fact have the correct l imits as X —• 0 and as X —> <». T h e 
m a x i m u m i n this function (at fu l l quantum yield) is 

flkm = (n a 'n r ' )^V 1 2 < G R > (46) 

and occurs at X = X i R , where 

x<R = KV)V2V12<GR> (47) 

so that 

Am = K'nMiK (48) 

and 

ttmX» = (V 1 2<G B») 2 (49) 

W h e n e q 46 is appl ied to two- level systems, e q 15 is obtained (even for 
arbitrary i\) so that this formula i n fact gives exact results. E m p i r i c a l l y , i t is 
observed that eq 46 is always exact to w i t h i n numer i ca l prec is ion w h e n fu l l 
quantum y i e l d is obtained. Thus , the entire X dependence of the rate con
stant may be expressed expl ic i t ly . A l l of the other quantities i n e q 46 can 
be obtained from a knowledge of just the isolated system H a m i l t o n i a n , 
prov id ing a considerable phi losophical and computational advance. T h i s gen
eral result is interesting, but no formal proof o f this equivalence is yet k n o w n . 

F r o m a practical standpoint, the method of extrapolation is s impler to 
implement than the interpolat ion method because eq 46 contains parameters 
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2. REIMERS & H U S H Bridged Systems 41 

der ived from two different perturbation expansions us ing two different ref
erence Hamil tonians , eqs 16 and 26. T h e advantage of us ing kA is , however , 
that it is more accurate. F o r almost a l l problems of practical importance , 
fcR' is sufficiently accurate, and thus this extra accuracy is immater ia l . I f 
accuracy forces one to use ki9 then, i n certain important l imi t s , the e igen
states of one of the two Hamil tonians can be expressed i n terms of the 
eigenstates of the other, thus greatly s impl i fy ing the theory. 

Relation to the Work of Joachim 

T h e R a b i m a x i m u m regime is very useful i n that it reveals the m a x i m u m 
rate constant, irrespective of the nature of the environment . Its analogous 
regime for problems i n w h i c h both electronic and vibrational coordinates 
must be considered is treated successfully by Beats's generalized method 
(29). I n a wel l -des igned system, the " o n " state of some molecular switch w i l l 
have a transfer rate close to this max imum rate, and so this regime is i m 
portant to the design of molecular electronic devices. 

Joachim (39) developed a theory for this regime i n br idged systems that 
has prov ided m u c h insight into the causes of distance- independent transfer 
processes. H i s theory is insp ired , but ad hoc, i n that no physical basis exists 
for the impl i c i t postulates. As a result, nonphysical effects such as d iscon
tinuit ies i n the m a x i m u m rate constant as a function of the H a m i l t o n i a n are 
introduced. Th i s chapter demonstrates that, under certain conditions, our 
general formula for the R a b i rate constant reduces to a form very s imilar to 
the equations of Joachim, but containing none of the nonphysical effects. 

W e worked from the extrapolated formula, e q 39, and assumed that no 
br idge states are resonant w i t h either the donor or acceptor states. 0oachim's 
theory is intended to treat resonant situations.) N o w only one off-diagonal 
p-matrix e lement (see e q 7) remains significant, and this contributes 

(50) 
(ed' - EAy 

to b (see e q 21), where D and A are the indices of the eigenstates whose 
character is dominated by the donor and aeeeptorbasis states, respectively. 
T h e effective coupl ing e lement for the R a b i rate, V 1 2

( R ) (see e q 42), simplif ies 
i n this nonresonant l i m i t to 

T7 (NR) _ 1 £ P ' £ A 1 / K l \ 
V l 2 " ( 2 n a ' n r y * ( } 

I f we consider only problems i n w h i c h the donor and acceptor are related 
b y symmetry , then n a ' = 1. A lso , i n these circumstances, i t is shown else
where (53) that w h e n the quantum y i e l d is h igh but < 1 (say 0.99), then the 
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42 E L E C T R O N TRANSFER IN BIOLOGY AND T H E SOLID STATE 

n u m b e r of resonant modes n / - » 2. E q u a t i o n 39 thus simplifies to 

M S N R ' = 2-''2V12<SNB> (52) 

where 

(SNR) 

Joachim (39) proposed two expressions for the R a b i rate constant and cal led 
them the " H e f f " method and the " E x a c t " method. T h e exact method invo lved 
the solution of the t ime-dependent Schrodinger equation for the system 
H a m i l t o n i a n H s , and the H e f f method is der ived as an approximation to the 
exact method . Rather , we demonstrate that his H e f f method is closer to 
physical reality and that his exact method usually provides only a rough 
numer i ca l approximation to it . Joachim appl ied his methods to systems de 
scribed by matrices of the form suggested b y M c C o n n e l l (24) 

/ 0 P 0 : 0 0 0 \ 
p e0 a l 0 0 0 
0 a e0 : 0 0 0 

0 0 0 : e0 a 0 
0 0 0 : a e 0 p 

\0 0 0 : 0 p 0 / 

(53) 

where HDA = 0, HDD = H^, HBB = HM + e0, HD1 = HAn = p , and 
Hii+1 = a for a l l i and i + 1 on the bridge. 

T h e exact method is based on a s imple extension of Rab f s or ig inal 
concept. Rabi 's idea, appropriate for two- level systems, is that the m a x i m u m 
possible rate is the inverse of the t ime. I n the no-reaction case, where 
ampl i tude just pendulates from donor to acceptor and back again, i t takes 
the or ig inal ampl i tude i n the donor to first reach the acceptor. This process 
is i l lustrated i n F i g u r e 3 where , for a two- level system, the probabi l i ty of 
be ing i n the acceptor state PA is p lotted against reduced time tV 12l(ITft). 

It is easy to show that the pendulat ion frequency is o> = 2V12/ti, so the 
t ime of the first donor-to-acceptor transition is IT/<D, and the rate constant 
is fikn = 2 i r ~ 1 V 1 2 . Joachim's extension (39) of this idea to br idged systems 
is to define the rate constant from the reciprocal of the t ime at w h i c h the 
first donor-to-acceptor transition is a m a x i m u m ; this m a x i m u m is de termined 
numerica l ly by solving the t ime-dependent Schrodinger equation. A n ex
ample is given i n F i g u r e 3, where , for the situation i n w h i c h n = 8, e0 = 
1, a = 0.8, a n d p = 0.08, the time-response function is p lot ted and Joachim's 
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44 E L E C T R O N TRANSFER IN BIOLOGY AND T H E SOLID STATE 

m a x i m u m is indicated by an arrow. F o r Rabi 's two- leve l system, the t i m e -
response function is sinusoidal , but for Joachim's br idged systems, the t i m e -
response function contains addit ional contributions from the many h i g h -
frequency F o u r i e r components. Thus , the actual t ime at w h i c h the m a x i m u m 
occurs is very sensitive to the phasing of these high-frequency components. 
T h e center of the band of the first recurrence is a good indicat ion of the 
rate constant; the actual m a x i m u m itself is this quantity plus a noise t e rm. 

Joachim's H e f f method (39) is designed to determine the center of the 
band of the first transition. It is thus a m u c h better measure of the reaction 
rate than is his exact method , and it gives the rate constant as 

fth = - ? 1 2< S N R) (54) 
IT 

This equation is very s imilar to our nonresonance equation, e q 52. T h e 
difference between the prefactors is only minor . That such a difference 
should exist is expected, as the prefactor i n Rabi 's or ig inal equation was not 
obtained from fundamental theory, but was just an estimate. M o r e i m p o r 
tant, e q 52 is va l id only i n the nonresonance l i m i t , whereas Joachim intends 
that e q 54 be appl ied universally. 

A n ambiguity arises i n Joachim's equation at resonance, because i t is no 
longer clear w h i c h two eigenstates j,k should be chosen to represent the 
donor and acceptor basis states. H e resolved this ambiguity by selecting the 
D and A eigenstates as the states w i t h the particular j and k that maximize 
the product | U D / U D k ' U A / U A k

f \ . In the l ight of the derivat ion presented 
here , this step is tantamount to inc lud ing only the largest off-diagonal con 
tr ibut ion to T (see the def init ion of b, e q 21). H i s def init ion works w e l l off-
resonance, but fails at resonance, as then the product w i l l be equally as large 
for at least two different sets of j and k. 

As a resonance is crossed, the ident i ty of the " D " and " A " eigenstates 
changes so that eq 54 is, i n general , discontinuous. Joachim h imse l f may not 
have been aware of this prob lem. I n his or ig inal paper (39) he used only a 
coarse abscissa gr id for his plots and drew lines through the discontinuit ies . 
F i g u r e 4 from ref 39 is redrawn i n our F i g u r e 4 on a m u c h f iner gr id to 
highl ight the discontinuities; for this figure, n = 8 and (3/a = 0.1. T h e 
open circles i n F i g u r e 4 are the (continuous) results fcR obtained b y numer i ca l 
solution of e q 10 (employing a quantum y i e l d of about 0.99; see ref. 53). T h e 
analytical approximation e q 46 provides results that are very s imilar to fcR 

itself. To highl ight the effects, this figure is redrawn i n F i g u r e 5, along w i t h 
a plot o f the real part of the eigenvalues of our complex matrix H , e q 1. 
W h e n e0 = 0, the eight br idge eigenstates are symmetr ical ly d is tr ibuted 
about the two donor levels. Increasing e0 breaks this symmetry and, i n t u r n , 
forces each of the four l ow- ly ing bridge eigenstates to become resonant w i t h 
the donor and acceptor levels. These resonances give rise to strong inter 
actions, faster rate constants, and discontinuities i n kj. 
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2. REIMERS & H U S H Bridged Systems 45 

F o r the prob lem chosen by Joachim, the effect of the discontinuity is 
quite smal l , but its effect is h ighly system-dependent. It is possible that kj 
i tself remains continuous and only its first derivative is discontinuous (53), 
but i n other circumstances, it is possible to see a 10-fold change i n the value 
of kj as the discontinuity is crossed. 

A l though Joachim's H e f f expression is c learly quite useful away from 
resonance, it was designed specifically to handle resonant problems. Joachim 
used this expression to study bridge- length dependences. W e show later 
that, although Joachim's approach usually produces good results, it also 
produces undesirable unphysical effects (unlikely to correspond to reality). 
A s i t is no more difficult to evaluate e q 46 than it is to imp lement Joachim's 
a lgor i thm, its use is preferred to the more approximate equation. Indeed , 
solution of the fundamental equation, e q 10, is possible for quite large br idge 
sizes. Joachim's H e f f expression is an effective two- level model . It assumes 
that the rate constant for a br idged system can be expressed i n the same 
functional form as the rate constant for a two- level system. T h i s , however , 
is only the case w h e n no bridge levels are nonresonant. I n general , effective 
two- level models are inappropriate for br idged systems. 

Relation to the Work of Broo and Larsson 

Larsson (43-45) introduced an effective two- level m o d e l to estimate the 
effective donor-to-acceptor coupl ing for situations i n w h i c h the br idge is 
nonresonant. O u r formalism gives results very s imilar to those of the recent 
work of Broo and Larsson (4S) i n the nonresonance l i m i t . 

G o l d e n Rule . F i r s t , we investigated the golden rule regime and s i m 
pl i f ied the general expressions for the rate constant e q 10 i n the l i m i t that 
both the bridge levels are not resonant w i t h either the donor or acceptor 
levels, and that X is large. H e r e , " large" takes on a different meaning from 
that of eq 30, as the introduct ion of the nonresonance condit ion allows the 
perturbat ion expansion to be performed for m u c h smaller values of X than 
was previously possible. F i r s t , the total Hami l t on ian H is wr i t ten as 

where A H , ; = A f f ^ = H^}A + A H 0 8 j D for a l l i < j , and AH« = 0; that is , 

H = H 0 + A H (55) 

Ihdd o 
0 Hl 

0 
Hi 

0 
0 

\ 
n In 

Ho = (56) 
0 

0 
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|e0/a| 
Figure 5. Bottom, Figure 4 reseated. Top, reduced real component of the 

eigenvalues of H plotted against the reduced bridge energy gap, e 0 /a. 
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48 E L E C T R O N TRANSFER IN BIOLOGY AND T H E SOLID STATE 

and 

A H = 

/ 0 HM ••• HDN HDA\ 

H1D 0 - 0 HLA 

HND 0 - 0 HNA 

\HAD HA1 -.. HAN 0 / 

(57) 

If EM and U w are the eigenvalues and vectors, respectively, of H 0 , then the 
perturbation is exposed by transforming the total Hamiltonian H : 

HT = ( U ' T H U ' " + A H ' " 

where 

A H ' " = (U'7AHU"' 

If the nonresonance condition 

\EJ" - » \HAJ\ 

and 

where 

\ET - HDD\ » \HDJ\ V j # A , D 

HAJ'" = 2 HMUf and HQJ" = 2 *W 
i i 

holds and the weak condition on X 

(58) 

(59) 

(60a) 

(60b) 

(61) 

|n + i X | » 
TJ III TT lit 

nDA + 2a rj E1 (62) 

also holds, then the eigenvalues and eigenvectors of H ' " are obtained by 
using a perturbation expansion of up to fourth order in Hp / " , H A J " \ and H D A . 
Back transformation produces the eigenvalues € and eigenvectors of H . 
Fourth-order perturbation terms are included, as the direct coupling H D A 

is often very small in bridged systems. This perturbation makes the fourth-
order through-bridge coupling 

EH
„, rj ill 

Dj "Aj 
TJ _ T? Ill 

j*A,D nDD 
(63) 

of paramount importance. 
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2. REIMERS & H U S H Bridged Systems 49 

The large-X condit ion, eq 62, ensures that higher terms i n the per tur 
bation expansion are small . It is a m u c h weaker condit ion than that used 
previously in eq 30, as the direct -coupl ing and through-bridge terms are 
often many orders of magnitude smaller than a typical matrix e lement Hir 

Thus , e q 62 may be va l id for m u c h smaller X than e q 30 is va l id for. 
Evaluat ion of the rate constant from eq 10 -13 is straightforward and is 

described elsewhere (53). Basical ly, a single eigenvalue is dominated by the 
donor state so that the rate-constant decay is dominated by just one of its 
diagonal F o u r i e r components. Thus , the decay is single exponential , and it 
obeys the rate law for two-level systems i n the golden rule regime, eq 15. 

2X(V 1 2<N G R>) 2 

+ X 2 
= - \ " J (64) 

The effective two-state coupl ing is defined i n the nonresonant golden rule 
l imi t as 

H mrr m 
Dj tJAj 

v 1 2 « N G R » = a DA + 2 „ U ( 6 5 ) 

and the effective energy gap is 

r, - H M - HDD + 2 , 7f ™ - » ™ ( 6 6) 

F o r the important case i n w h i c h the donor and acceptor are related by 
symmetry , r\ = 0; eq 64 simplifies to the familiar golden rule form 

« . ,„ 2(V 1 2(*G R>) 2 

H*GR = (67) 

Broo_and Larsson (43-45) der ived a quantity s imilar to Vl2
{NGR\ w h i c h we 

call V 1 2
( £ ) , by constructing a two- level Hami l ton ian H (E). This Hamiltonian 's 

eigenvalues equal the approximate eigenvalues of the donor state and the 
acceptor state of the system Hami l ton ian H s , w h i c h was obtained by using 
low-order perturbation theory. T h e i r approach is very similar to ours, except 
that we appl ied perturbation theory to evaluate the rate constant. In contrast, 
they first introduced an effective two-state mode l and then appl ied the 
perturbation theory. This approach gives 

H(E) = 

I IT , v ( f lp /T rr , v HQTh*" \ 
nDD ' 2md r V m n D k ' ZJ p F w 

j*A,D & j¥>A,D ^ 

**DA -T ZJ z? I? w rtAA ZJ T? T? W. 
\ j*A.D & ~ &j j*A,D ^ " &j 

(68) 

after one cycle of L o w d i n part i t ioning (55, 56). 

 P
ub

lic
at

io
n 

D
at

e:
 M

ay
 5

, 1
98

9 
| d

oi
: 1

0.
10

21
/b

a-
19

90
-0

22
6.

ch
00

2

In Electron Transfer in Biology and the Solid State; Johnson, M., el al.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1989. 



50 E L E C T R O N TRANSFER IN BIOLOGY AND T H E SOLID STATE 

Unfortunately , the parameter E i n this equation is i l l -de f ined , and this 
construction yields a unique result only for the very important case w h e n 
HDD = HM. In general , Broo and Larsson (45) expressed this parameter i n 
an ad hoc fashion as the average E = (HDD + O t h e r attempts (57) 
to resolve this ambiguity generate models w i t h other adverse properties 
such as nonhermit ian system-only Hamil tonians H s . Typica l ly , E is m u c h 
larger than the energy difference H ^ - H p o , and so the precise def init ion of 
E is not of great practical significance. O u r approach provides a un ique 
resolution of this ambiguity , but eq 64 also contains an adverse physical 
property. T h e microscopic forward and reverse rate constants calculated by 
using e q 64 are different because of the un ique role g iven to HDD i n e q 65. 
Broo and Larsson's (45) resolution of the ambiguity i n E does, correctly , 
show microscopic reversibi l i ty . I n our results, the asymmetry results from 
the very different physical roles ascribed to the donor and acceptor states. 
I f necessary, an improved rate constant could be def ined as the rec iprocal 
of hal f of the t ime requ i red to complete microscopical ly both the forward 
and reverse reactions, k = 2kFkR/(kF + fcR). 

R a b i M a x i m u m . Next , we investigated the R a b i m a x i m u m regime. 
In Larsson's approach (43-45), one effective coupl ing e lement is generated 
and used i n a two- level kinetics theory to determine the reaction-rate con
stant. W e proceeded by expanding our general formula for the R a b i rate 
constant, eq 52, i n the l imi t of a nonresonant bridge. F o r problems i n w h i c h 
the donor and acceptor states are related b y symmetry , our approach and 
the approach of Broo and Larsson (45) give the same results. W h e n T| is 
large, application of fourth-order perturbat ion theory yields 

ED' = HDD - tf> (HM + 2 1 ? " H i ) ' (69) 
\ j * A , D "DD ~ &j I 

and 

EA' = H A A - V (HDA + 2 T T ^ T ™ 
\ j # A , D " A A ~~ I 

where E", HD", and HAj" are given i n eqs 58 and 61. These equations 
preserve microscopic reversibi l i ty , and they cannot be wr i t t en i n the f orm 
given by an effective two- level theory. H o w e v e r , as E is m u c h larger than 
its uncertainty, very s imilar results are expected from the two approaches. 

I n practical computational terms, no great difference exists between the 
method of Broo and Larsson (43-45) and the methods presented here. B o t h 
sets of expressions appear expensive to evaluate for large bridges, as they 
require the knowledge of a l l of the eigenvalues and eigenvectors of the system 
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2. REIMERS & H U S H Bridged Systems 51 

Hami l ton ian . However , the equations can be rewri t ten (53) i n a form that 
can be solved iteratively without requ i r ing any eigenvalues to be found or 
even the entire matrix to be simultaneously h e l d i n core memory . This 
approach makes practical calculations invo lv ing many thousands of br idge 
states. 

The concepts under ly ing Larsson's approach have been around for a 
long t ime and have proved very successful i n interpret ing nonresonant elec
tron-transfer processes. Broo and Larsson (45) cemented these ideas into a 
strong simple unit . F r o m the foregoing discussion, it is reasonable to con
c lude that our approach reduces to Broo and Larsson's i n the nonresonant 
l i m i t , as i t should. 

Relation to the Work of McConnell 

M a n y years ago, M c C o n n e l l (24) presented a very useful formula for in ter 
pret ing spin transfer processes i n situations where the bridge levels are 
nonresonant w i t h the donor and acceptor levels. I n a wel l -des igned system, 
the "off* state of some molecular electronics device w i l l most l ike ly display 
kinetics i n this regime (5,6); thus, it is important to understand the properties 
of this regime. 

Today, chemical physics interest is often d irected toward problems i n 
w h i c h resonance occurs, and for these problems M c C o n n e l l ' s approach is 
inapplicable. Authors often compare the results of the ir advanced theories 
for resonant rate constants to the results of M c C o n n e l l ' s theory without 
discussion. F r o m reading, one is left w i t h the feel ing that M c C o n n e l l ' s 
formula should be discarded and only the n e w formula retained. I n ref. 39, 
a factor of 2 has adventitiously entered into M c C o n n e l l ' s formula, and so 
Joachim failed to notice that his formula does i n fact give the correct n o n -
resonance results. In this chapter, we reinterpret M c C o n n e l l ' s work i n the 
l ight of modern discussion and show how his s imple analytical results can 
be inc luded at the appropriate l imi t of more-general theories. 

T h e usefulness of M c C o n n e l l ' s formula stems from the practical dif f i 
culties i n evaluating equations l ike eqs 51, 65, and 69 for large bridges. A n 
efficient iterative method for evaluating these equations is descr ibed else
where (53). M c C o n n e l l ' s formula provides an analytical solution for the rate 
constant of systems described by n + 2 d imensional H a m i l t o n i a n matrices 
of the form of e q 53. This mode l Hami l t on ian is excellent for s tudying 
through-bridge kinetics. M c C o n n e l l (24) showed that, for such systems, 

This formula is extremely useful, as it d irect ly relates matrix elements to 
rate constants. C lear ly , it is appropriate only i n the nonresonant br idge l i m i t , 
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52 E L E C T R O N TRANSFER IN BIOLOGY AND T H E SOLID STATE 

and methods such as those of Joachim (39) and of Broo and Larsson (45) 
reduce to M c C o n n e l F s formula i n this l imi t . 

Model of Resonant Bridge Coupling 

Equat i on 46 is observed numerica l ly to provide exact results for the rate 
constant w h e n fu l l quantum y i e ld is obtained. It is m u c h s impler than the 
general expression, and it may be appl ied to obtain analytical expressions 
for the rate constant of complicated systems. I n designing a molecular elec
tronics device to have particular desired properties, one has a great advantage 
i f an analytical expression is available for the current (rate constant) as a 
function of the molecular parameters. W e adopted a three- level system as 
the basic mode l for electron transfer through a resonant br idge. T h e method 
appl ied here may be appl ied to generate analytical models for more c om
pl icated systems, i f desired. W e neglected the effects of through-space cou
p l ing , and wrote the three- level Hami l ton ian as 

IHDD HDB 0 
H = J HDB HBB HBA I (72) 

0 HBA HAA - ikj 

F o r s impl ic i ty , we e l iminated the zero of energy by introducing the variables 
e0 = H B B - H D D and TJ = H A A - H D D . This step leaves five independent 
variables. 

To evaluate e q 46, we first obtained V 1 2
r G R ) by using eq 36. This ca l 

culation gives 

V (GB) = HDBHBA ( ? 3 ) 

( 2 f f D B
2 + e<?)v* K } 

T h e effective coupl ing matrix e lement decreases as the br idge energy is 
raised or lowered , and the coupl ing strength is independent of the acceptor 
energy. This independence is a general property of eq 36. Next , we evaluated 
n a ' n / by using e q 23. This step gives 

, , 2 i W + H B A
4 + T I 2 ( 2 H d b

2 + g 0
2) + 2i\e0(HDB* - HBA

2) 
n, nr = 2 (74) 

NDB NBA 

F i n a l l y , the rate constant for a l l through-bridge-coupled three- level systems 
at fu l l quantum y i e l d is given by eq 46 as 

^ = . £ti\.n DB nBA . 
2 i / D B

4 + H B A
4 + 2i)e0(HDB* - HBA

2) + ( 2 H D B
2 + e o W + X 2 ) V ' 
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2. REIMERS & H U S H Bridged Systems 53 

F o r symmetr ic systems where a = HDB = HBA and T| = 0, the rate constant 
becomes 

n k = 3a* + (2a2 + e&)\* ( ? 6 ) 

The rate constant is a max imum w h e n e0 = 0 (i.e., w h e n there is a complete 
resonance between the bridge leve l and the donor and acceptor levels). A t 
this m ax i m u m , the value of the rate constant is 

* - a y r b <"> 

This result is very s imilar to the rate law for symmetr ic two- level systems, 
i f we associate the coupl ing HDA i n e q 15 w i t h HDB and HBA i n e q 72. Thus , 
adding the resonant br idg ing state decreases the R a b i rate constant by only 
a small amount, from 2" 1 / 2 HDA to 2 ~ 1 / 6 H D B . H o w e v e r , it may have added a 
significant spatial distance between the regions i n w h i c h the donor and 
acceptor states are localized, and thus it is resonant coupl ing that gives rise 
to smal l distance dependences of electron-transfer rate constants. 

It is possible to find the equation of the l ine upon w h i c h the rate constant 
is simultaneously a max imum w i t h respect to TJ, e0, X, and HDB. Th is l ine 
is near 

j] = e0 = 0 , 
HBA\ \HBA 

and gives the rate constant as approximately 

Eml = = 21/* (78) 

7 - = 2 " 5 / l H M | (79) 
m̂ax 

Thus , the fastest rates occur w h e n the donor and acceptor states are iso-
energetic w i t h the bridge state, and the donor-to-bridge coupl ing is sl ightly 
less than the bridge-to-acceptor coupl ing. This result is not physical ly correct 
as, because of the pr iv i leged role of H B A , a different microscopic rate constant 
is evaluated for the forward reaction and for the reverse reaction. It appears 
only w h e n the coupl ing is asymmetric , and the difference between the 
calculated rate constants is usually only small . Calculations of br idge m o d 
ulation of the electron-transfer rates should not be significantly affected. 

Bridge-Length Dependence 

The mode l Hami l t on ian eq 53 introduced by M c C o n n e l l (24) is very useful 
for studying the br idge- length dependence of electron-transfer reaction 
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rates. Joachim (39) used this Hami l t on ian to good advantage and demon
strated that the available parameter space al lowed regions i n w h i c h the rate 
constant oscillated as the bridge length increased. Because of the importance 
of this result and the small problems found w i t h the method , we repeated 
Joachim's calculations by using the R a b i rate kR obtained by numerica l ly 
maximiz ing eq 10 w i t h respect to bath interaction X, us ing a h igh quantum 
y i e l d of about $ = 0.99. T h e results from our analytical expression e q 49 
usually differ insignificantly from these numer ica l results. 

F i g u r e 6 corresponds to F i g u r e 3 i n ref. 39. I n our vers ion, Joachim's 
rate constant kj and kR are p lotted on a log scale as a function of the br idge 
length n for the situations i n w h i c h the H a m i l t o n i a n parameters p / a = 10, 
1, or 0.1 wh i l e e0/a = 0, 0.5, 2, or 10. I n general , there is excellent 
agreement between the two sets of rate constants kR and kj. M i n o r differ
ences occur for the situation i n w h i c h ($/a = 1, e0/a — 0.5 where kj/a 
oscillates wh i l e kR/a decreases monotonically; and for the situation i n w h i c h 
($/<x = 10, e0/a = 0.5 where kj/a in i t ia l ly increases before decreasing, 
whi le kR/a decreases monotonically. 

Joachim (39) appears to have plotted his figure too coarsely to observe 
this nonmonotonic behavior i n his rate constant. T h e behavior arises because 
the nature of the two eigenstates selected by Joachim's algorithm to represent 
the donor and acceptor states changes as n increases. T h e only major dif
ference occurs for the situation i n w h i c h p / a = 10, e0/a = 0 where kj/a 
increases monotonically toward a l i m i t i n g value whi l e kR/a decreases m o n 
otonically. Joachim d i d not investigate this region of the function space and 
so fai led to observe this effect. T h e effect arises because Joachim's algorithm 
locks onto one pair of eigenstates, w h i c h happen to be the lowest and h i g h 
est eigenstates. T h e i r energy separation is ~|2p|, independent of br idge 
length. A large number of eigenstates contribute about equally to the rate 
constant, kR. A s n increases, this magnitude dilutes the effect of the largest 
contr ibution and so reduces the rate constant. 

F i g u r e 7 corresponds to F i g u r e 5 i n ref. 39. Unfortunately , Joachim d i d 
not give sufficient information for his or ig inal figure to be reproduced , so 
the correspondence is only indirect . W e evaluated the rate constant at n = 
1 to 5 and extracted the br idge- length dependence parameter y by fitting 
the data to 

*n(n) = M0) e x p ( - 7 n ) (80) 

T h e results are plotted i n F i g u r e 7 as contour lines for w h i c h y = 0.1, 0.2, 
0.5, and 1.0 as functions of the reduced Hami l t on ian parameters |(J/a| and 
|e 0 /a|. Unfortunately , extracting the decay constants is not always a w e l l -
def ined procedure. F i g u r e 6 shows that the rate constant may oscillate as a 
function of n and, even i f it decays monotonically, the decay is not always 
exponential . W e thus plot on F igure 7 the regions (labeled " A " ) i n w h i c h 
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nonmonotonic decay is observed; the regions (hatched and labeled " B " ) i n 
w h i c h monotonic but nonexponential decay is observed; the regions (labeled 
" C " ) i n w h i c h exponential decay is observed; and the regions (hatched and 
labeled " D " ) i n w h i c h a monotonic increase i n decay rate is observed. 

As a cr i ter ion for exponential decay, we selected as exponential decays 
those i n w h i c h the error i n the slope is less than 5% to w i t h i n the 9 0 % t-
test confidence leve l . T h e scales i n F i g u r e 7 are l inear i n the arc tangent of 
the variable. Th is approach contracts the range 0 —» °° to a finite length and 
emphasizes the central region i n w h i c h the variables are bo th near 1. 

T h e plot for kR shows that the oscillatory region A is that for w h i c h 

< 0.5, < 2 (81) 

H e r e , the rate constant decays only very slowly w i t h br idge length , and it 
is conceivable to b u i l d a h ighly conduct ing br idge by explo i t ing this region. 
E x t e n d i n g beyond i t is the nonexponential decay region B , w h i c h contains 
the decay contours w i t h 7 = 0.1 and 0.2. C l e a r l y , these exponents cannot 
be interpreted l i teral ly , but they do give a qualitative feel to the decay over 
the region n = 1-5. T h e nonexponential region extends up to about 

+ 2 < 4 . 5 (82) 

T h e exponentially decaying region C extends to inf inity beyond region B , 
and includes both M c C o n n e l l ' s region w i t h large \e0/a\ and the region of 
large |0/a|. 

Qual i tat ively , these results suggest that i f a value of 7 < 0.5 is ever 
deduced , one should check for nonexponential behavior. F u r t h e r , i f a value 
of 7 < 0.2 is deduced , one should check for oscillatory behavior. N o m o n 
otonic increasing regions exist for kR. 

T h e plot for kj looks rather s imilar to the plot for kR i n the nonresonance 
region w i t h large |e 0 /a|. Analysis is hampered w h e n |e 0 / a| < 1 because 
the discontinuities i n Joachim's expression cause nonmonotonic behavior to 
be observed i n areas that are not intr insical ly oscillatory (see F i g u r e 6 w i t h 
f$ /a = 10, e0/a — 0.5 as an example). F u r t h e r , the monotonical ly increasing 
region D is unphysical and a l l four contours of 7 e n d discontinuously i n this 
region. Therefore, although Joachim's theory is insightful and generally quite 
accurate, i t is not always applicable. T h e rate constant kR and its accurate 
analytical approximates are thus preferred to kj. 

T h e effect of a bridge state is small w h e n the br idge state is resonant 
w i t h the donor and acceptor states. This pr inc ip le can be appl ied to explain 
the results for kR seen i n F i g u r e 7. F i r s t , we transformed the H a m i l t o n i a n 
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matrix into a form i n w h i c h the bridge states do not interact w i t h themselves. 
W e wrote 

H = 

/ 0 0 0 
0 e0 a 
0 a e0 

0 0 0 
0 0 0 

\ 0 0 0 

0 0 0 \ 
0 0 0 
0 0 0 

e0 a 0 
a e0 £ 
0 P ik I 

(83) 

diagonalized the diagonal blocks, and used these eigenvectors to transform 
H and produce 

H ' = 

where 

/ € + 0 Hit H l n ' 0 ° \ 0 0 0 
# 2 , 3 ' Hn+1,3' ^ n + 2 , 3 ' 

# 2 , n ' 

0 0 " n + 1 , 3 ' e_ 
0 

\ o 0 # n + 2 , 3 Hn + 2,n 0 € + / 

a ± ( a 2 + 4p 2 )v 2 

2 

(84) 

(85) 

are the eigenvalues of the 2 x 2 blocks, and E H is the n X n diagonal matrix 
of the eigenvalues of the H i i c k e l Hami l ton ian . This H a m i l t o n i a n appears i n 
many band theories, and its eigenvalues cover quite even ly the range e 0 -
2a to e0 + 2a. C o m p l e x couplings such as H 2 J contain the couplings of the 
donor and acceptor levels to the bridge eigenstates, and we chose not to 
express them explic it ly . 

Qual i tat ively , resonances of the donor and acceptor states w i t h the 
bridge states are avoided i f € ± fall outside the band g iven by E H . W h e n this 
condit ion is not met, then oscillations i n kR(n) are possible. Increasing the 
bridge length n can tune different bridge levels onto the donor and acceptor 
levels i n m u c h the same fashion as e0 tuned resonances i n F i g u r e 5. If, 
however, the coupl ing matrix elements HJJ and H2j associated w i t h the 
tuned resonance are m u c h smaller than other coupl ing matrix e lements , 
then the effect of the tun ing may be insufficient to induce oscillations i n kRi 

but it w i l l produce nonexponential decay. Thus , we see that the dist inct 
regions A (oscillatory), B (nonexponential), and C (exponential) should exist 
i n F i g u r e 7. 
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T h e donor (or acceptor) state may be represented by just one of the two 
eigenstates e ± or it may be evenly part it ioned into both of the eigenstates. 
I f 

em - p 2 » 0 (86) 

then i t can be represented by just one eigenstate. Thus , i n order to avoid 
resonances, only one of the eigenvalues must l ie outside of the br idge band. 
This situation occurs when 

(S2 + 2\ae0\ - 4 a 2 » 0 (87) 

W h e n both eigenstates contain significant donor (or acceptor) character, then 
the second eigenvalue also must not fall w i t h i n the br idge band , and this 
condit ion requires that 

p 2 - 2|ae 0| - 4 a 2 » 0 (88) 

T h e loc i of the three curves for w h i c h these functions actually equal 0 are 
plotted i n F i g u r e 8. Compl i ca ted bridge- length dependences are expected 
i n the hatched region of this figure, as w e l l as i n the nearby surrounding 
areas. Also plotted i n F igure 8 are the regional boundaries from F i g u r e 7. 
T h e osc i l latory-monotonic boundary lies completely w i t h i n the hatched re 
gion, but the monotonic -exponent ia l boundary mostly lies sl ightly outside 
of it . 

That the hatched region underestimates the extent o f the nonexponential 
effects is expected, as this region is obtained by replacing the > > operators 
i n e q 86 -88 w i t h > operators. In one smal l area, the observed mono
tonic -exponent ia l boundary actually lies inside the unstable hatched area. 
To some extent this location is brought about because the effects of conditions 
86 and 88 constructively interfere i n the region where both conditions almost 
ho ld , and so the effect of the resonances is weakened. 

A more significant effect, however, is that the observed boundaries are 
evaluated by using only a finite range of n from 1 to 5. I n this region, the 
decay curves typical ly display a small amount of curvature, w h i c h becomes 
more obvious as larger ranges of n are considered. The same prob l em arises 
i n experimental br idge- length dependence studies, and any observed result 
is l i m i t e d by the accuracy and extent of the available data. 

Conclusions 

T h e formalism that was introduced allows the rate of energy-transfer (in 
particular, electron-transfer) processes to be interpreted i n terms of the 
coupl ing present both w i t h i n the system of interest and between the system 
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Figure 8. Plot of the region in which nonexponential bridge-length dependence 
is expected: Curve a is e 0

2 - P 2 = 0; curve b is $z + 2|ae0| - 4a2 = 0; and 
curve c is $2 - 2\ae0\ -4a2 = 0. The dotted lines are the nonmonatonic-to-
monatonic boundary and the monotonic-to-exponential boundary for k R , as 

shown in Figure 7. 

and its surrounding bath. This interpretation is part icularly relevant to prob 
lems i n molecular electronics as the mode l describes the modulat ion of the 
donor-to-acceptor current by properties of the connect ing br idge . Interac
tions between the molecular system and the surrounding bath are shown to 
be very important i n determining the current , and the current is shown to 
increase w i t h bath coupl ing w h e n the coupl ing is low, to reach some max
i m u m (the R a b i regime), and to decrease w i t h coupl ing w h e n the coupl ing 
is h i g h (the microscopic golden rule regime). 

Considerable enhancement of the electron-transfer rate is shown to 
occur w h e n the bridge levels are degenerate w i t h the donor and acceptor 
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levels. F o r three- level systems, the reaction rate is shown to decrease i n 
proport ion to e 0~ 2, where e0 is the donor-to-bridge energy gap. T h e donor-
to-acceptor current is most sensitive to this br idge parameter. F o r systems 
containing n br idge levels that are descr ibed by M c C o n n e l l ' s H a m i l t o n i a n , 
to a good approximation the decay of the reaction rate constant w i t h br idge 
length is shown to be exponential i f 

p 2 + 2|ae 0| - 4 a 2 » 0 (89) 

and monotonic but nonexponential i f 

P 2 + 2|ae 0| ~ 4 a 2 « 0 (90) 

and nonmonotonic (possibly oscillatory) i f 

P 2 + 2\ae0\ - 4 a 2 « 0 (91) 

These regions correspond somewhat to the regions i n w h i c h the br idge -
length dependence decay constant 7 is > > 0 . 2 , —0.2, and « 0 . 2 , respec
t ively. 

Exponent ia l t ime-decay of the donor to acceptor states is shown only to 
occur w h e n the donor state is nonresonant w i t h both the br idge states and 
the acceptor state. This situation occurs w h e n either the real or imaginary 
component of the energy gap is large. (A large imaginary component actually 
impl ies a large uncertainty i n the real component of the energy gap, and 
averaging over the i m p l i e d distr ibut ion results i n a large average effective 
real component). Fast reaction rates re ly upon the presence of resonances, 
and so they are expected to proceed nonexponential ly w i t h t ime . T h e n u m b e r 
of F o u r i e r components of the t ime decay increases w i t h the square of the 
n u m b e r of states resonant w i t h the donor state. 

Effective two-state models are shown to be appropriate only i n the 
nonresonant bridge l imi t . Usual ly , these models are appl ied w h e n the br idge 
is resonant as w e l l . I n such a case, these models are shown to be quite 
rel iable except for ambiguities that arise, w h i c h are resolved by ad hoc 
assumptions, and lead to nonphysical effects. A sol id foundation is bu i l t for 
methods such as that of Broo and Larsson (45), the insightful studies of 
Joachim are veri f ied and extended, and the significance of M c C o n n e l l ' s 
formula to current research is stressed. 
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Some Aspects of Electron Transfer 
in Biological Systems 

Norman Sutin and Bruce S. Brunschwig 

Department of Chemistry, Brookhaven National Laboratory, Upton, N Y 11973 

Electron transfer occurs over relatively long distances in a variety 
of systems. In interpreting the measured electron-transfer rates, it 
is usually assumed that the rate constants depend exponentially on 
the distance separating the two redox sites and that this distance 
dependence arises from the decrease in the electronic coupling of the 
redox sites with increasing separation. Although the electronic cou
pling is an important factor determining the distance dependence of 
the rate, theoretical considerations show that the nuclear factors are 
also important. Another factor, of particular importance in biological 
systems, is the accessibility of different protein conformations. Such 
conformational changes afford a mechanism for controlling electron— 
transfer rates and can lead to directional electron transfer under 
suitable conditions. The effects of conformational changes can be 
particularly marked, and even unexpected, in the inverted free-en
ergy region. 

F A C T O R S D E T E R M I N I N G E L E C T R O N - T R A N S F E R R A T E S i n biological systems 
are current ly of considerable interest (1-5). Recent studies have focused on 
two aspects-the distance dependence of the rates and the role of prote in 
conformational changes. B o t h are discussed i n this chapter. 

A n u m b e r of experimental approaches are be ing used to obtain e lectron-
transfer rates as a function of the distance separating the redox sites. O n e 
approach involves the measurement of intramolecular electron-transfer rates 
i n synthetic systems i n w h i c h the two redox sites are separated by a r ig id 
br idg ing group or spacer of vary ing length (6-11). Ano ther approach involves 
the modification of naturally occurr ing systems. Typica l ly , one of the metal 

0065-2393/90/0226-0065$07.00/0 
© 1990 American Chemical Society 
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66 E L E C T R O N TRANSFER IN BIOLOGY AND T H E SOLID STATE 

centers i n a mult is i te metal loprotein is replaced b y a different metal center 
(e.g., one of the i ron atoms i n hemoglobin is replaced b y a z inc atom), w h i c h 
is then photoexcited to initiate electron transfer (12, 13). A l ternat ive ly , a 
redox center or cofactor may be covalently or electrostatically attached to a 
specific region of a single-site metal loprotein; the latter may be the native 
prote in (e.g., cytochrome c or myoglobin) or a derivative (e.g., z inc -subst i 
tuted cytochrome c) (14-23). 

I n interpret ing the experimental data, i t is frequently assumed that the 
distance dependence o f the observed rate arises solely from the decrease i n 
the electronic coupl ing of the redox sites w i t h increasing separation. A l 
though the decrease i n electronic coupl ing is an important consideration, 
other distance-dependent factors also need to be considered (24, 25). O n e 
a im of this chapter is to draw attention to the importance of (nuclear) re 
organization energy i n determin ing distance dependence. 

Another aspect considered i n this chapter is the role of prote in confor
mational changes. Such conformational changes may precede or fol low the 
actual electron transfer and can lead to direct ional e lectron transfer i n suit
able systems. D i rec t i ona l electron transfer has recently been invoked to 
rationalize an "anomalous" rate of intramolecular electron transfer between 
the i ron and r u t h e n i u m centers i n a modi f ied cytochrome c (17). T h e ox i 
dation of the Fe(II) heme by R u n i ( N H 3 ) 4 ( i s n ) (isn is isonicotinamide) attached 
to the hist idine-33 residue of cytochrome c is m u c h slower (17) than the 
reduct ion of the Fe(III) heme by a h is t id ine -bound R u n ( N H 3 ) 5 moiety (16), 
despite the very s imilar d r i v i n g forces for the two reactions. 

Is ied and coworkers (17) interpreted this apparent dependence of the 
rate on direct ion by proposing that the iron(II) prote in undergoes a confor
mational change pr ior to its oxidation to iron(III). T h e conditions under w h i c h 
direct ional electron transfer may occur are discussed, as are some remarkable 
consequences of conformational changes on electron-transfer rates i n the so-
cal led inverted region. 

Theoretical Model 

F o r the present purpose, we adopt a semiclassical m o d e l i n w h i c h the elec
tron transfer occurs at the intersection of two harmonic (free-energy) curves, 
one for the reactant(s) and the other for the product(s) (1, 26-30). W e further 
restrict the discussion to intramolecular electron-transfer processes. T h e 
electron-transfer rate constants for such systems are given by (1, 26-30) 

k = K e l v n r n e - * G - " < r 

(\ + A G 0 ) 2 

A G * = 
4\ 

(1) 

(2) 

(3) 
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3. SUTIN & BRUNSCHWIG Biological Systems 67 

where K e l is the electronic transmission coefficient or adiabaticity factor, v n 

is the frequency of the nuclear motion that takes the system through the 
intersection region (destroying the transition-state configuration), Tn is a 
correction for nuclear tunnel ing , A G * is the contr ibut ion to the free energy 
of activation from the nuclear reorganization, A G 0 is the free-energy change 
for the electron transfer, and X is the reorganization parameter. T h e reor
ganization parameter is the energy difference between the reactants' and 
products ' free-energy surfaces at the reactants' e q u i l i b r i u m nuclear config
uration for the case where A G 0 = 0 (see F i g u r e 1). 

Nuclear Configuration 
Figure 1, Plot of the free energy of the reactants (left parabola) and products 
(right parabola) as a function of nuclear configuration (reaction coordinate) 
for an electron-exchange reaction. The splitting at the intersection of the curves 
is equal to 2H r p , where Hrp is the electronic coupling matrix element. X is the 
vertical difference between the free energies of the reactants and products at 
the equilibrium nuclear configuration of the reactants. Thermal electron trans
fer occurs at the nuclear configuration appropriate to the intersection of the 

reactant and product curves. 

The reorganization parameter contains a contr ibut ion from each mode 
that undergoes a displacement as a consequence of the electron transfer. 
Two classes of contributions to X are generally dist inguished: one, X i n , is 
associated w i t h generally fast changes i n the intramolecular (inner-shell) b o n d 
distances and angles; the other, X o u t , is associated w i t h slow changes i n the 
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68 E L E C T R O N TRANSFER IN BIOLOGY AND T H E SOLID STATE 

polarization of the surrounding m e d i u m (outer-shell). X o u t depends upon 
solvent polarity, the shape of the molecule , and the separation of the redox 
sites. I n the case of proteins or other macromolecules, conformational 
changes that are coupled to the electron transfer may be inc luded i n e i ther 
Xto or X o u t , depending on their t ime scale. 

T h e free energies of the reactants and products are functions of the ir 
nuclear configurations. Sections through the parabolic basins obtained by 
plott ing the free energies of the reactants and products versus the config
urations of their inner - and outer-coordination shells are shown i n F i g u r e 
2. T h e straight l ine j o in ing the reactant (R) and product (P) m i n i m a is the 
reaction coordinate; this l ine is the abscissa for the plot i n F i g u r e 1. T h e 
dashed l ine is the path of steepest descent from the activated complex to 
the R and P m i n i m a . This pathway is relevant to the descr ipt ion of the 
detai led dynamics of the reaction. 

- 4 - 2 0 2 4 

I n n e r - s h e l l C o o r d i n a t e 

Figure 2. Sections through the parabolic basins obtained by plotting the free 
energies of the reactants and products as a function of the intramolecular 
(inner-shell) and solvent coordinates. The reactants' minimum Risin the upper 
left corner; the products9 minimum P is in the lower right corner. The solid 
lines are equally spaced energy contours, the dashed curve is the classical 
reaction path, and the dotted line is the reaction coordinate. The surface is 

drawn with the assumption that both A G 0 and Hrp are equal to zero. 

Two free-energy regimes can be dist inguished, depending on the relative 
magnitudes of A G 0 and X (eq 2) ( J , 24, 26-30). In the " n o r m a l " regime 
(|AG°| < X), A G * decreases and the rate constant increases as the d r i v i n g 
force for the electron transfer becomes more favorable. W h e n |AG°| = X, 
A G * — 0, and the reaction is barrierless. I f the d r i v i n g force is increased 
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3. SUTIN & BEUNSCHWIG Biological Systems 69 

even further (|AG°| > X), A G * w i l l increase and the rate constant w i l l de
crease w i t h increasing dr iv ing force. This set of circumstances is the " i n 
v e r t e d " regime. T h e dependence of the logarithm of the rate constant on 
the d r i v i n g force for the electron transfer (at constant X and K e l ) is shown i n 
F i g u r e 3. 

The difference between the normal and inverted regimes can be further 
i l lustrated by considering the variation of the rate constant w i t h X at constant 
A G 0 . Aga in the rate is maximal w h e n X = |AG°|. W h e n X > |AG°|, increasing 
X increases A G * and decreases the rate. B y contrast, w h e n |AG°| > X, 
increasing X decreases A G * and increases the rate. Thus , the rate responds 
oppositely to changes i n the intr insic barr ier X i n the normal and inver ted 
regions ( I , 24, 26-30). Because d imin i shed reactant separation, solvent po
larity , and structural differences decrease the intr insic barr ier , such changes 
promote rap id electron transfer i n the normal region but lead to decreased 
rates i n the inverted region. This situation is i l lustrated i n F i g u r e 4. 

The Electronic Factor 

W i t h i n the L a n d a u - Z e n e r treatment o f avoided crossings, the electronic 
transmission coefficient i n eq 1 is g iven by 

where v e l is the e lectron-hopping frequency i n the intersection region, 
is the electronic coupl ing matrix element, and fi = hi In (h is the Planck 
constant). E q u a t i o n 4 shows that K e l = 1 (i .e. , the reaction is adiabatic), 
w h e n v e l > > 2 v n and that K e l = v e l / v n < < 1 (i.e., the reaction is nonadi -
abatic) w h e n v e l < < 2v n . W i t h i n this framework, the rate constant for a 
nonadiabatic reaction is g iven by 

where the nuclear tunnel ing factor i n eq 1 has been neglected. F o r a non 
adiabatic reaction, the product K e l v n is independent of v n ; that is, the elec
tron-transfer rate is determined by the e lectron-hopping frequency v e l and 
not by a nuclear-vibration frequency. 

(4b) 
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X , e V 

Figure 4. Variation of the logarithm of the rate constant for an electron-transfer 
reaction with the reorganization parameter. The three curves are for driving 
forces of 0.8, 1.0, and 1.2 eV. Note the opposite effect of changes in X on rate 
constants in the normal and inverted regions and the relatively large effect of 

X changes on reaction rates in the inverted region. 
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Although there is general agreement that H ^ w i l l decrease w i t h i n 
creasing separation of the redox sites, the exact dependence of on sep
aration distance (r) is s t i l l an open question. F o r many systems, appears 
to decrease exponential ly w i t h increasing separation distance (eq 6) 

where H^0 is the value of at r = r 0 , r 0 is the close-contact separation 
of the redox sites, and ($ measures the rate of decrease of the electronic 
coupl ing w i t h separation. Because of the decreased coupl ing at large sepa
rations, most reactions w i l l be nonadiabatic at large separations of the re 
dox sites. H o w e v e r , there is a caveat. E q u a t i o n 4 shows that the relevant 
parameter de termin ing the degree of adiabaticity is not but the ratio 
v e l / v n . As a consequence, a reaction may remain adiabatic even up to 
large r i f vn is sufficiently small . F o r example, certain long-range electron 
transfers i n metalloproteins might be adiabatic i f coupled to a sufficiently 
slow protein-conformational change. 

This description (and eqs 1-3, apart from the nuclear tunne l ing correc
tion) is based on transition-state theory, i n w h i c h an e q u i l i b r i u m distr ibut ion 
between the in i t ia l and transition-state configurations is assumed. This e q u i 
l i b r i u m assumption may break down w h e n a particular nuclear mot ion l ead
ing to (or from) the transition-state configuration is very slow. It then becomes 
necessary to use a steady-state or a more elaborate treatment (31-33). 

Electronic Coupl ing Element . F o r concreteness, we restrict the 
discussion of the electronic coupl ing e lement to the case i n w h i c h the redox 
sites are metal centers. I n suitable mixed-valence systems, (at the e q u i 
l i b r i u m nuclear configuration of the reactants) can be estimated from the 
intensities of the metal-to-metal charge-transfer transitions (34). A variety 
of theoretical approaches have also been used to estimate and its distance 
dependence. 

E l e c t r o n transfer proceeding by direct overlap of the d orbitals of the 
two metal centers decreases very rapidly w i t h increasing separation of the 
sites. Consequent ly , rapid electron transfer over large distances requires 
mediat ion by the intervening m e d i u m or l igands. I n fact, mediat ion by the 
ligands is an important factor i n close-contact (or even interpenetrating) 
encounter complexes formed between " s i m p l e " aquo or ammine metal c om
plexes (35, 36). 

Mediat i on by ligands or br idg ing groups is conveniently considered i n 
terms of electron and hole superexchange formalisms. T h e former mecha
n ism involves impart ing to the ground states of the reactants and products 
some metal-to- l igand charge-transfer ( M L C T ) excited-state character (deriv
ing from electron promotion to the empty IT* or o* ant ibonding orbitals of 

(6) 
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72 E L E C T R O N TRANSFER IN BIOLOGY AND T H E SOLID STATE 

the ligands or br idg ing groups). B y contrast, the hole superexchange m e c h 
anism involves mix ing of l igand-to-metal charge-transfer ( L M C T ) excited 
states (formed by electron wi thdrawal from the f i l led IT or cr bond ing orbitals 
of the ligands or br idg ing groups). These two conduct ion mechanisms are 
depicted i n Scheme I. D e p e n d i n g upon the nature of the metal centers and 
of the l igands, e i ther the e lectron- or the hole-conduction mechanism may 
predominate . 

D + X " A D X + A " 
(electron) (hole) 

, H \ 
J 1 or -j—i r-j— 
44- 44- 44- +• 

• + - — — 

44" 44" 44* 44" 
DXA D*XA" 

(reactant) (product) 
Scheme I 

T h e electronic coupl ing i n outer-sphere electron-exchange reactions of 
metal complexes can be treated i n terms of molecular orbitals formed from 
l inear combinations of meta l - and l igand-based orbitals of the appropriate 
s y m m e t r y a n d e n e r g y . B y u s i n g p e r t u r b a t i o n t h e o r y a n d n e g l e c t i n g 
m e t a l - l i g a n d overlap, the molecular orbitals for the m e t a l - l i g a n d bonds can 
be wr i t t en as 

^ M L = ¥ M + y^L (7) 

(8) 
EM ~ EL 

where ^ P M and ^ L are the (unperturbed) metal and l igand wave functions, 
and E M and Eh are their energies at the nuclear configurations corresponding 
to the intersection region (transition state), respectively. T h e coefiicient y 
is the m e t a l - l i g a n d mix ing or covalency parameter. N e w t o n (35, 36) showed 
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3. SUTIN & BRUNSCHWIG Biological Systems 73 

that, prov ided the ligands are IT or a donors and the electron transfer pro 
ceeds by overlap of the orbitals of the ligands of the two reactants, the 
electron-coupling matrix e lement for a (symmetrical) exchange reaction can 
be estimated from 

Hrp ~ " y ' 2 H L L (9) 

H L L = V L D H V U (10) 

where HLh is the one-electron transfer integral for the l igand orbitals of the 
two reactants i n contact i n the transition state, and 7 ' is tlje covalency 
parameter for the oxidized complex (X' i n Newton 's notation (35, 36)). 

The electronic coupl ing elements for the F e ( H 2 0 ) 6
2 + / 3 + (t2gM transfer), 

R u ( N H 3 ) 6
2 + / 3 + (*2g(*ir) transfer), and low-spin C o ( N H 3 ) 6

2 + / 3 + (eg(<r) transfer) 
e lectron exchanges (eq 11) have recently been calculated 

M L 6
2 + + M L 6

3 + ± 5 M L 6
3 + + M L 6

2 + (11) 

by using this approach and ab init io wave functions for the redox pairs 
modeled as supermolecule clusters (35, 36). Because the ligands are electron 
donors, the hole variety of superexchange mechanism dominates. T h e elec
tronic coupl ing i n these systems is treated i n terms of the l igand-to-metal 
charge-transfer ( L M C T ) interaction. F o r the apex-to-apex approach of the 
two reactants, H L L is calculated to be about 5000 c m " 1 w i t h the normal ized 

ranging from 12 c m " 1 for the F e ( H 2 0 ) 6
2 + / 3 + exchange to 940 c m " 1 for 

the low-spin C o ( N H 3 ) 6
2 + / 3 + exchange. Moreover , for both H 2 0 and N H 3 

l igands, a > IT mediat ion (35, 36). 
F o r the aquo and ammine complexes, hole conduct ion is favored over 

electron conduction because of the relatively poor reduc ib i l i ty of the satu
rated H 2 0 and N H 3 l igands. W i t h unsaturated ligands such as pyr id ine 
(pyr), w h i c h has relatively l ow- ly ing IT* orbitals, metal-to- l igand charge 
transfer w i l l be more important than w i t h saturated ligands. Thus , i n the 
R u ( N H 3 ) 5 p y r 2 + / 3 + exchange (eq 12), both metal-to- l igand (Ru(II) to pyr IT*) 
and l igand-to-metal (pyr IT to Ru(III)) charge-transfer interactions may be 
significant. 

R u ( N H 3 ) 5 p y r 2 + + R u ( N H 3 ) 5 p y r 3 + ± 5 

R u ( N H 3 ) 5 p y r 3 + + R u ( N H 3 ) 5 p y r 2 + (12) 

I f the electronic coupl ing of two pentaammine pyr id ine complexes is p r e 
dominant ly through the edge-to-edge C 3 * * ' C 3 interaction of the two p y r 
idines, then the fo l lowing expression for i f ^ can be der ived by us ing s imple 
molecular orbital ( M O ) theory (37-41) 

Hrp = HD,N L a \ , ) a^HC3,C3 ( Q % ) f f A , N (13a) 
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where HDN and HAN are the coupl ing elements between the dir orbitals of 
the donor and acceptor metal sites and the p orbitals of the ir coordinated 
nitrogen atoms, respectively; H C 3 C 3 is the coupl ing e lement between the 
C - 3 atoms of the two pyr id ine rings i n the edge-to-edge approach of the 
reactants; a 3 is the coefficient of the p z orbi ta l of C - 3 i n the L C A O (linear 
combination of atomic orbitals) expansion of the pyr id ine molecular orbi ta l ; 
aN is the coefficient of the pyr id ine nitrogen i n the L C A O expansion; and 
E d w and E p y r are the energies of the metal d i T and pyr id ine molecular orbitals, 
respectively. (In this treatment, the matrix e lement and coefficients for the 
donor site are averages for the oxidized and reduced donor, and s imi lar ly 
for the acceptor site.) F o r exchange reactions such as e q 12, e q 13a reduces 
to e q 13b, w h i c h is equivalent to eq 9. 

Hrp ~ H M N — — | H C 3 C 3 (13b) 

E q u a t i o n 13 shows that, for efficient conduct ion, the orbital coefficients 
should be large both for the atom coordinated to the meta l center and for 
the per iphera l atom prov id ing the coupl ing to the other reactant. 

Electron Transfer in Metalloproteins. Long-range electron trans
fer i n metalloproteins can be treated by an extension of the same approach. 
Cytochrome c w i l l be considered as an example. I n cytochrome c the i r on 
atom is coordinated to the four nitrogens of the p o r p h y r i n r i n g and is b o n d e d 
to two axial ligands (histidine-18 and methionine-80). T h e p o r p h y r i n r i n g is 
covalently bonded to the prote in v ia two thioether bridges. In a der ivat ized 
cytochrome c, a ru then ium pentaammine is attached to hist id ine-33 of the 
prote in (14,15). T h e derivat ized metal loprotein can then be mode led as two 
metal (iron and ruthenium) complexes attached to a b r idg ing group (the 
polypeptide chain) v ia their ligands (the po rphyr in or hist idine-18, m e t h i 
onine-80, and histidine-33). Such c o m p l e x - b r i d g e - c o m p l e x systems, i n 
w h i c h the bridge is attached to the per iphery of the coordinated l igands, 
can also be considered in terms of extended H u c k e l theory. E q u a t i o n 14a 
has been proposed by Larsson (37-41) for the case i n w h i c h the two redox 
sites are connected by n sequential br idg ing units. 

n (H„. + 1) 
H r p = *=S (14a) 

In e q 14a the br idg ing units are either coupled to one another ( H i i + i ) or, 
i n the case of the terminal units , to the redox sites ( H 0 > 1 and H n n + 1 ) . A £ f is 
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the vert ical difference between the energies of the electron donor (or ac
ceptor) and br idg ing unit i. T h e superexchange mix ing again occurs at the 
nuclear configuration appropriate to the intersection region. I f a l l the Hii+1 

and A £ j are s imilar , then the decrease of H^2 w i t h increasing separation 
distance is exponential , w i t h P given by 

where I is the length of the br idg ing unit . In the present context, I = 
(r - r 0 ) / n , where n is the n u m b e r of br idg ing units (30, 37-41). 

This discussion shows that (3 is l ike ly to vary from system to system and 
to depend both on the nature of the intervening m e d i u m and on the nature 
of the redox sites. T h e donor electron density at the (peripheral) l igand atom, 
to w h i c h the br idg ing group is attached, is an important parameter. I f this 
density is sufficiently large so that H^0 (eq 6) ~ 50 c m " 1 , then the reaction 
w i l l be adiabatic at r = r 0 (the exact condit ion is v e l = v n , w h i c h gives 
K e ] = 0.6). T h e magnitude of P can then be estimated from 

prov ided that the appropriate nuclear v ibrat ion frequency is used and a l 
lowance is made for the distance dependence A G * . Repor ted values of ($ 
range from —0.7 to 1.5 A"1, w i t h typical values around 1.1-1.2 A " 1 (I). F o r 
apex-to-apex contact of the aquo and ammine complexes considered earl ier , 

varies by over two orders of magnitude, 10-1000 c m " 1 (r ~ 7 .0 -7 .3 A), 
depending on the nature of the metal center. F o r ruthenium-attached cy
tochrome c (21), — 0.1 c m " 1 at r ~ 16-18 A (n = 14 amino ac id residues) 
and H^ ~ 0.7 c m - 1 for a comparable separation of osmium(II) and ruthe -
nium(III) centers i n a po lypro l ine -br idged (n = 3) b inuc lear complex (25). 
H e r e , as before, r is the direct , straight-l ine separation distance. 

A n important consideration i n the metal loprotein systems is whether 
the electronic coupl ing is through-bond (i.e., along the tortuous path pro 
v i d e d by the polypeptide chain) or through-space. T h e latter situation i n 
volves coupl ing across polypeptide chains, perhaps v ia the amino ac id side 
chains, van der Waals contacts, or hydrogen-bonding networks (2). T h e 
similar magnitudes of H^ for the prote in (n = 14) and po lypro l ine (n = 3) 
systems suggests that the electron transfer i n the der ivat ized cytochrome c 
proceeds predominant ly through space. Th is aspect, as w e l l as orientation 
and orbital symmetry effects, is current ly under active investigation. 

Reorganization Energies 
Distance Dependence. As discussed earlier, electron-transfer rates 

depend on nuclear reorganization energy, as w e l l as on electronic coupl ing . 

(14b) 

(15) 

 P
ub

lic
at

io
n 

D
at

e:
 M

ay
 5

, 1
98

9 
| d

oi
: 1

0.
10

21
/b

a-
19

90
-0

22
6.

ch
00

3

In Electron Transfer in Biology and the Solid State; Johnson, M., el al.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1989. 



76 E L E C T R O N TRANSFER IN BIOLOGY AND T H E SOLID STATE 

B o t h factors vary w i t h the distance separating the redox sites. T h e distance 
dependence of the electronic coupl ing was considered i n the preced ing 
discussion. H e r e we focus on the distance dependence of the reorganization 
energy (eq 2). 

The A G 0 i n e q 2 is the d r i v i n g force for the electron transfer at separation 
distance r . Thus , depending on the charges on the redox sites and also on 
the neighboring charge d is tr ibut ion , the d r i v i n g force for the e lectron trans
fer w i l l change as the distance separating the redox sites is var ied (J). A l 
though such changes i n A G 0 can be important , part icularly i n low-die lectr i c -
constant media (6, 7), i n polar media the A G 0 changes are l ike ly to be 
overshadowed b y those i n X o u t . 

T h e value of X o u t depends on the shape of the molecule and , for a g iven 
molecular shape, on the distance separating the redox sites. Expressions for 
X o u t have been der ived for systems that can be represented by two spheres 
(for b imolecular reactions) or by an e l l ipsoidal or spherical cavity (for in t ra 
molecular electron transfer) i n a die lectr ic c ont inuum (26, 27, 42, 43). These 
expressions have been tested experimental ly (24). T h e X o u t values calculated 
from the e l l ipsoidal mode l are i n fairly good agreement w i t h the values 
calculated from the energies of the metal-to-metal charge-transfer transitions 
i n mixed-valence complexes ( £ o p , e q 16) (42, 43). I n part icular , the distance 
dependence of the calculated X o u t parallels that of £ o p . 

( N H 3 ) 5 R u H ( b r i d g e ) R u n i ( N H 3 ) 5 - - ^ [ ( N H ^ R u ^ b r i d g e j R u ^ N H ^ l * (16) 

X o u t can also be obtained from the temperature dependence of thermal elec
tron-transfer rates i n systems w i t h small (or known) X i n values (24, 25). E v e n 
i f Xfo is not k n o w n , the distance dependence of the activation energy should 
reflect that of X o u t i n suitably chosen systems. This approach has been ex
p lo i ted by Is ied and coworkers (25) i n a study of the thermal intramolecular 
electron transfer i n a mixed-metal system (eq 17). 

( N H 3 ) 5 0 s I I - i s o ( p r o l i n e ) n - R u I I I ( N H 3 ) 5 - - U 

( N H 3 ) 5 O s m - i s o ( p r o l i n e ) n - R u n ( N H 3 ) 5 (17) 

Values of the activation energy and entropy as a function of the distance 
separating the two metal centers were de termined from the temperature 
dependence of the rate as a function of the n u m b e r of pro l ine units i n the 
polypeptide chain. Somewhat unexpectedly, the distance dependence of the 
activation enthalpy (AH*), w h i c h reflects the distance dependence of X o u t , 
is larger (slope of A H * / R T versus r = 0.91 A"1) than that of the activation 
entropy (AS*), w h i c h reflects the distance dependence of In K e l (slope of 
- A S * / R versus r = 0.68 A - 1 ) . F o r these systems, the distance dependence 
of the nuclear factor is larger than that of the electronic factor! Thus , the 
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assumption that the decrease i n rate w i t h distance arises ent ire ly through 
the electronic factor can be i n serious error. 

T h e single-sphere mode l was used to mode l X o u t for r u t h e n i u m -
derivat ized cytochrome c; X o u t is calculated to be ~ 0 . 7 e V for an i r o n -
r u t h e n i u m separation of 18 A (24). I n systems of this type, r ( M - M ) can be 
var ied by attaching the R u ( N H 3 ) 5 moiety to different residues on the prote in 
surface. A l though it is generally assumed that X o u t variations can be neglected 
for such systems, calculations (based on a dielectr ic cont inuum mode l w i t h 
D i n = 1.8) show that X 0 I I t is quite sensitive to the posit ion of the r u t h e n i u m 
on the prote in surface. Thus , even i n der ivat ized metalloproteins, the d is 
tance dependence of X o u t must be taken into account w h e n interpret ing 
measured intramolecular electron-transfer rates. 

Consecutive Conformation Changes and E l e c t r o n Transfer . 
Metal loproteins may have thermal ly accessible conformers w i t h e lectron-
transfer properties that differ from those of the stable prote in . W h e n X is 
large or i f ^ is smal l , the direct electron transfer w i l l be slow and more 
complicated mechanisms may operate w i t h unstable conformers. H e r e we 
discuss two such mechanisms (eqs 18 and 19). In the first, an unstable 
reactant conformer R * is formed pr ior to the electron transfer. I n the second, 
the electron transfer yields an unstable product conformer P * . (Equations 
18 and 19 have also been considered by Hof fman and Ratner (44); see ref. 
45 for a detai led discussion.) 

I n terms of these equations K r r * — fcrr*/fcr*r and Kpp* = k^/k^ are the 
e q u i l i b r i u m constants for the conformational changes, is the e q u i l i b r i u m 
constant for the overal l reaction, k^p and k^* are the rate constants for the 
forward electron transfers, and kpr* and fcp*r are those for the reverse electron 
transfers. T h e spectra of the stable and unstable conformers are assumed to 
be s imilar , so their interconversion cannot be observed direct ly . Because 
K r r * « 1, only very small amounts of R* are ever present. A s a consequence, 
the assumption regarding the s imilarity of the spectra can be relaxed for the 
R * mechanism. 

Equat ions 18 and 19 are of the same general form, and their kinetics 
are treated elsewhere (45). Two cases can be dist inguished, depending on 
whether the rates are control led by the electron transfer (case 1) or by the 
conformational change (case 2). In the latter case, the overal l reaction is said 
to be "gated" . T h e rate constants for these two cases are summarized i n 
Table I. 
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Table I. Rate Constants and Free-Energy Barriers (AG*) 
for Direct and Two-Step Electron-Transfer Reactions 

Case I , a 

Electron-Transfer ~~ Case 2, 1 

Mechanism Controlled Gated 

R 
(AGrp° + X n 

4X r n 

R ±5 R* ±5 F Krr*kr*p 

A G n { (AG, / - AGrr»° + Xr«p)s (AGr 

4X 

krr 

J + 

4Xrr* 
X r„) 2 

(AG„» + Ap*,° Hh X^) 2 

4Xro* 

K-rp* kp*p 
A G ,° + (AGyp.° + Xpp*)2 

4X„ 

aFor Case 1, the R* mechanism requires that k^r » krr*y &r*P, and kpr*. The P* mechanism 
requires that kp*p or krp* » kp*r. 
6For Case 2, the R* mechanism requires that k,*p » krr*, k^r, and kpr*. The P* mechanism 
requires that £p* r » k^*, kpp*, and &p*p. 

W e w i l l assume that the electron-transfer reaction can be represented 
i n one-dimensional nuclear-configuration space, as shown i n F i g u r e 5. D e 
spite this restrictive assumption, the s impl i f ied mode l has a l l the important 
features of the more general case (45). W e further assume that the energy 
surfaces are harmonic , w i t h identical force constants. T h e change i n the 
e q u i l i b r i u m nuclear configurations for the electron-transfer reaction invo lv 
ing the intermediate can be e ither smaller or larger than that for the direct 
R—> P reaction (i .e. , for the R * mechanism, e i ther Iq^ - qn

p\ < \qn

r - qn

p\ 
or \qn^-qn

p\ > IqZ-Q/l where qr,,1 is the e q u i l i b r i u m nuclear configuration 
of species i). I n the former case, the e q u i l i b r i u m configurations of R * and 
P * l ie between those of R and P, and the reorganization parameters for the 
R* —» P and R - * P * reactions w i l l be smaller than that for R —» P (i .e., X ^ * 
or X^p < X ^ , where K^p and X ^ * are the reorganization parameters for 
R* —> P and R —» P * , respectively). This type of unstable conformer is 
referred to as a low-X intermediate (Figure 5, top). W h e n the change i n the 
e q u i l i b r i u m nuclear configurations for the reaction invo lv ing the in terme-
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Nuclear Configuration 

Figure 5. Plot of the energy of the reactants (left parabola), an intermediate 
(dashed parabola), and the products (lowest parabola) as a function of nuclear 
configuration. The parabolas are assumed to have identical force constants. 
The top figure represents a reaction in the normal region with a low-k ft* or 
P* intermediate. The bottom figure represents a reaction in the inverted region 

with a high-k P* intermediate. 

diate (R —* P * or R * —> P) is larger than that for the direct R - > P reaction, 
the unstable conformer is cal led a high-X intermediate . I n this case, the 
intermediate lies e ither to the left of R or to the right of P (Figure 5, bottom). 

T h e free-energy changes for the ind iv idua l steps are related b y eqs 20 
and 21 

A G r p ° = AG r r *° + A G ^ 0 (20) 

A G r p ° = A G r p * 0 - A G P / (21) 

where AG r r *° and AG P P *° are the free-energy changes for R —» R* and P —» 
P * , respectively; and A G ^ p 0 and A G ^ * 0 are the free-energy changes for the 
electron-transfer reactions R * —» P and R - » P * , respectively. The expres
sions for the reorganization (free-energy) barriers for the electron transfers 
and the conformational changes can be obtained from e q 2 w i t h the appro
priate reorganization parameters and d r i v i n g forces. T h e results are inc luded 
i n Table I. The barriers for the case 1 R* and case 2 P * mechanisms inc lude 
the contr ibut ion from the preequ i l i b r ium step. 
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Compar ison of the expressions for the barriers i n case 1 (electron-transfer 
control) allows one to predict whether the R * mechanism, the P * mechanism, 
or the direct R—» P reaction w i l l be favored under a g iven set o f conditions. 
T h e equations can be solved to give expressions for the energies of R * and 
P * , A G ^ * and AG^** , respectively, at w h i c h the two-step and the direct 
mechanisms have the same barriers. T h e relevant expressions for reaction 
v ia R * and P * are, respectively, 

^ = ( l ± V p ) ( ^ ) - ( p ± V p ) (22) 

* S * ! , - ( i ± Vp) {^j - (p ± Vp) (23) 

P = ^ (24) 
Krp 

where X,* is or X ^ * where appropriate. A two-step mechanism is favored 
w h e n the energy of the intermediate , AG, ,* 0 or AGpp*°, falls i n the range 
between the two solutions for A G ^ * or AG^** 

0 < A G , + < A G , 0 < A G r (25) 

where i stands for e ither r r * or p p * and the appropriate roots of e q 22 or 
23 are used. 

Equat ions 22 and 23 behave differently for low-X (p < 1) and high-X 
(p > 1) intermediates. In F i g u r e 6 values of A G r r * ± / X ^ l (long dashed lines) 
and A G p p * ± / X r p (short dashed lines) for the low-X intermediates (p = 0.50) 
are plotted versus A G r p ° / X r p . T h e total shaded area is the region where the 
P * mechanism is favored; t h e R * mechanism is favored i n the heavi ly 
shaded area. F o r a l l other regions the direct path has the lowest energy 
barrier . T h e low-X R * pathway is favored only at l ow d r i v i n g force and for 
A G ^ 0 < X ^ / 4 , although the low-X P * pathway is favored over a w i d e r range 
of A G r p ° / X r p and AG p p *° values. As p approaches uni ty , the intercept ap
proaches zero and the region where the R * mechanism is favored disappears. 
As p decreases ( X ^ > > X f*), the region where the two-step mechanisms are 
favored (the shaded area) becomes larger. F o r reactions w i t h only a smal l 
d r i v i n g force, the energy o f R * or P * must be less than V X ^ X , * - X ^ for the 
two-step pathway to be energetically favorable. T h e two-step reactions u t i 
l i z i n g high-X intermediates are never favorable i n the normal free-energy 
region. However , they can become favorable i n the inverted region. 

Inverted Region. I n the inverted region ( jAG^ 0 ) > X ^ ) , the low-X 
R * pathway is always unfavorable because both the increased d r i v i n g force 
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Figure 6. A plot of A G ^ / X ^ (or A G p p ^ / X r p ) versus AG r p
0 /X r p where A G n * * 

(or A G p p * ^ is the free energy of H * (or P*) when the barriers for the two-
step and the direct pathways are equal. The figure is calculated with p = 0.50 
(low-K intermediates). The heavily shaded area is the region in which the R* 
mechanism is favorable, and the total shaded area is the region in which the 
P* mechanism is favorable. The direct route has the lowest energy barrier in 

the unshaded region. 

and the smaller reorganization parameter make the R * P reaction more 
inverted than the direct reaction. F o r the low-X P * pathway, the d r i v i n g 
force and the reorganization parameter for the electron transfer are both 
smaller than for the direct reaction. T h e lower dr iv ing force reduces the 
barr ier by making the reaction less inverted (or even normal), but the lower 
reorganization parameter increases the barr ier by making the reaction more 
inverted . Equat ions 22 -24 can again be used to predict w h e n the P * m e c h 
anism is favored over the direct pathway. I n general , the low-X P * mechanism 
is favored only at large values of AG p p * ° [> ( X ^ - X^*)], as seen i n F i g u r e 
7. H o w e v e r , these large values of AG p p * ° can result i n very large barriers 
for the P * —» P reaction. 

F o r the high-X intermediates, the increase i n the reorganization param
eter can make these pathways favorable i n the inverted region. F o r the h i g h -
X P * pathway, both the increase i n X and the decrease i n d r i v i n g force 
(relative to the direct reaction) make the electron transfer less inverted or 
even normal . F i g u r e 7 shows the regions of A G r p ° / X l 7 , and A G ^ / X ^ for a 
g iven p where the two-step pathways are favored. 
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1.4 1.6 1.8 2.0 

- A G r p / X r p 

Figure 7. Same plot as Figure 6, except that p = 2.0 (high~\ intermediates). 

I n metal loprotein systems there w i l l often be many conformational 
isomers of the reactants or products. M o s t of these conformers w i l l have 
unfavorable electron-transfer properties (i .e. , they w i l l have large reor
ganization parameters or be relatively unstable) and w i l l not be e lectron-
transfer-active i n the normal free-energy region. However , these unfavorable 
properties become an advantage i n the inverted region. T h e conformers can 
become active intermediates i n the electron transfer, part icularly i f they are 
formed relatively rapidly . As a consequence, metal loprotein systems can use 
such unfavorable conformers to achieve rap id electron transfer w h e n the 
direct reaction is slow by v ir tue of be ing i n the inverted region. 

Three-Step Mechanisms. In the preced ing discussion i t was as
sumed that only a single intermediate , e i ther R * or P * , was formed i n the 
overal l reaction. M o r e complicated mechanisms can also exist (46). F o r ex
ample , e q 26 shows a three-step mechanism i n w h i c h both an R * and a P * 
intermediate are invo lved . 

R «± R * <± P * «± P (26) 

W e define the three-step mechanism i n eq 26 as a high-X pathway w h e n 
X ^ * > X ^ , where X ^ p * is the reorganization parameter for the R * —> P * 
electron transfer, and as a low-X pathway w h e n X ^ p * < X ^ . I n conventional 
b imolecular electron transfers, R * and P * are often referred to as the p r e -
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cursor and successor complexes, respectively. A similar notation may be 
useful for intramolecular electron transfers. T h e case i n w h i c h the h igh-X 
intermediate corresponds to a large separation of the redox sites (i .e. , a h i g h 
X o u t ) i n bimolecular electron transfers has been considered previously (47). 

W h e n the R * —> P * step is rate de termin ing and AG r r *° = AG p p * ° , the 
rate of the three-step intramolecular mechanism can readi ly be compared 
w i t h the rate for the corresponding direct reaction (as w e l l as w i t h the two-
step mechanisms). Proceeding as i n the two-step case, e q 27 is der ived for 
A G ^ , the energy of R * (or P*) w h e n the direct and three-step intramolecular 
mechanisms have equal barriers. 

A G 

X, 

p = ^ (27b) 

E q u a t i o n 27a is a parabola centered on the A G ^ / X ^ axis w i t h an intercept 
of (1 - p)/4. The shaded area i n F i g u r e 8 shows the region where the three-

Figure 8. A plot of AG r r * ± /X r p versus AG r p°/X r p, where A G ^ is the free energy 
of R* when the barriers for the three-step and the direct pathways are equal. 
The shaded area to the left of the figure (p = 0.5) is the region in which the 
low-k three-step mechanism is favorable; the shaded area to the right of the 
figure (p = 2.0) is the region in which the high-X three-step mechanism is 
favorable. The direct route has the lowest energy barrier in the unshaded 

regions. The figure is drawn with the assumption that AGrr*° = AGPP*°. 
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step mechanism is favorable for both h i g h - and low-X pathways. F o r low-X 
pathways (p < 1), the three-step mechanism is favored only i n the normal 
free-energy region and at l ow values of j A G ^ / X ^ (the parabola is inverted) . 
F o r the high-X pathways (p > 1), the three-step mechanism is favored only 
i n the inverted region (the parabola is upright) . 

Low-k Intermediates and Directional Electron Transfer 

Direc t i ona l electron transfer has been invoked for ruthenium-modi f i ed cy
tochrome c (17), and may i n fact exist i n a variety of conformationally labile 
metal loprotein systems. I n terms of the mode l discussed here , the cyto
chrome c results may be interpreted by postulating that Fe(II) cytochrome 
c has a low-X conformer. T h e reactions of the p e n t a a m m i n e - r u t h e n i u m 
derivative of cytochrome c may then be represented b y e q 28. T h e electron 
transfer i n the forward direct ion proceeds by a two-step mechanism i n w h i c h 
a rap id (but unobserved) conformational change, e q 28b, succeeds the elec
tron-transfer step, e q 28a. T h e concerted electron transfer is slower than 
the two-step mechanism i n this case. 

( c y t ) F e n i - R u " ( N H 3 ) 5 * [ ( cy t )Fe I I -Ru I I I (NH 3 )5 ] (28a) 

* [ ( c y t ) F e n - R u l n ( N H 3 ) 5 ] ^ ( c y t ) F e n - - R u m ( N H 3 ) 5 (28b) 

T h e reverse electron-transfer reaction for the tetraammine isonicot in-
a m i d e - r u t h e n i u m derivative of cytochrome c may proceed either by the 
concerted reaction, eq 29, 

( c y t ) F e n - R u n i ( N H 3 ) 4 ( i s n ) (cyt)Fe l n -Ru»(NH 3 ) 4 ( isn) (29) 

or by a two-step mechanism i n w h i c h a rap id conformational change on the 
iron(II), e q 30a, precedes the electron transfer, eq 30b. T h e pr ime denotes 
a reaction of the isonicotinamide (isn) derivative. 

( cyt )Fe 1 1 - R u m ( N H 3 ) 4 ( i s n ) — *[ (cyt )Fe»- R u m ( N H 3 ) 4 ( i s n ) ] (30a) 

* [ (cyt )Fe»- R u m ( N H 3 ) 4 ( i s n ) ] — (cyt )Fe 1 1 1 - R u n ( N H 3 ) 4 ( i s n ) (30b) 

Cons ider the fol lowing parameters: A G f o r ° ~ A G r e v ° ~ - 3 . 5 kcal mol~\ 
A G , * 0 = 6 kcal m o l " 1 (K(* = K/ = 4 x 10" 5), X ^ = 36 kcal m o l 1 for the 
direct reactions, and X,* = 5 kcal m o l 1 for the electron-transfer reaction i n 
e q 28a or 30b. Calculations using these values y i e l d barriers for eqs 28a, 29, 
and 30 of 2.8, 7.3, and 7.0 kcal m o l " 1 , respectively. P r o v i d e d that a l l the 
electron-transfer steps have similar (electronic) prefactors, the observed rate 
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constants for the forward and reverse reactions w i l l differ by about three 
orders of magnitude, despite the s imilar d r i v i n g forces for the overal l r e 
actions (Figure 9). T h e observed rate constants depend strongly on the 
direct ion of the electron transfer. T h e barr ier for the electron transfer, e q 
30b, is about 1 kcal m o l " 1 , and the rate constant for this step is more than 
four orders of magnitude faster than that for the direct reaction, e q 29; 
however , the p r e e q u i l i b r i u m step i n e q 30a is unfavorable by 6 kcal m o l " 1 . 
This barr ier results i n a net rate for eq 30 that is only sl ightly faster than 
that for the direct reaction. I f it is assumed that fcfor = fcrev' ~ 10" 2 s" 1, then 
fcfor* ~ 20 s"\ fcrev*' ~ 400 s" 1, and fcfor(obs) ~ 20 s 1 , fcrev'(obs) ~ 10" 2 s" 1. 
T h e latter rate constants are s imilar to those seen for the cytochrome c 
derivatives. 

F i n a l l y , i n this discussion, the electronic factor has been assumed to be 
the same for the different electron-transfer pathways. A d d i t i o n a l subtleties 
are introduced w h e n this factor is a l lowed to vary. Recent ly Isied and co
workers. (48) extended their studies of forward and reverse electron-transfer 
rates i n der ivat ized cytochrome c. A l though their new results are s t i l l p r e -

L 

Nuclear Configuration 
Figure 9. Plot of the free energy of the reactants, intermediate, and products 
for electron transfer within the ruthenium-modified cytochrome c. The top 
figure is for the Run(NH3)5-cyt-c-Fem system; the reaction proceeds from the 
left to the right curve. The figure shows the lowering of the reaction barrier 
by the involvement of the F * intermediate (the conformational^ modified cyt-
c-Fe11). The bottom figure is for the Rum(NH3)4isn-cyt-c-Fen system; the re
action proceeds from the right to the left curve. The bottom figure shows the 
negligible effect of the R* intermediate on the barrier for electron transfer 

within the isonicotinamide derivative. 
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l iminary , the rates for a l l the systems studied cannot be reproduced b y a 
scheme that considers only X changes. H o w e v e r , the rate constants can be 
approximated by a scheme i n w h i c h a low-X conformer of the Fe(II) cyto
chrome c has an (or H^*) that differs from the of the stable conformer. 
T h e fo l lowing parameters y i e l d electron-transfer rate constants close to the 
observed values: ( K ^ V J ^ ~ 10 3 , ( K ^ V J ^ = (Ke]vn)^ ~ 10 7 , X ^ ~ 1.5 eV, 
X r * p = X^* ~ 0.5 eV, and AG r r *° = AG P P *° ~ 0.5 eV. F i g u r e 10 illustrates 
the free-energy surfaces for these parameters. T h e intersection of the Fe(III) 
and *Fe(II) cytochrome c surfaces lies above that of the Fe(III) and Fe(II) 
surfaces. H o w e v e r , despite the unfavorable nuclear barrier for reaction v ia 
the intermediate , because ( K ^ V J ^ « ( K ^ V J ^ * the reaction st i l l proceeds 
through the unstable conformer of the Fe(II) cytochrome c. 

Nuclear Configuration 
Figure 10. Plot of the free energy of the reactants, intermediate, and products 
for electron transfer within the ruthenium-modified cytochrome c. The top 
figure is for the Run(NH3)s~cyt-c-Fem system; the reaction proceeds from the 
left to the right curve. The bottom figure is for the Rum(NH 3)4isn-cyt-c-Fen 

system. Here the reaction proceeds from the right to the left curve. The 
figure is drawn with Xrp = 1.5 eV, Xr*p = Xrp* = 0.5 eV, and AGrr* 0 = 

A G P I J , 0 = 0.5 eV. 

Acknowledgments 

W e acknowledge very helpful discussions w i t h C a r o l C r e u t z and M a r s h a l l 
N e w t o n . This research was carr ied out at Brookhaven Nat ional Laboratory 
under Contract D E - A C 0 2 - 7 6 C H 0 0 0 1 6 w i t h the U . S . Depar tment of E n -

 P
ub

lic
at

io
n 

D
at

e:
 M

ay
 5

, 1
98

9 
| d

oi
: 1

0.
10

21
/b

a-
19

90
-0

22
6.

ch
00

3

In Electron Transfer in Biology and the Solid State; Johnson, M., el al.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1989. 



3. SUTIN & BRUNSCHWIG Biological Systems 87 

ergy and supported by its D i v i s i o n of C h e m i c a l Sciences, Office of Basic 
E n e r g y Sciences. 

References 

1. Marcus, R. A.; Sutin, N. Biochim. Biophys. Acta 1985, 811, 265. 
2. Beratan, D. N.; Onuchic, J. N.; Hopfield, J. J. J. Chem. Phys. 1987, 86, 4488. 
3. Closs, G. L. ; Miller, J. R. Science 1988, 240, 440. 
4. McLendon, G. Acc. Chem. Res. 1988, 21, 160. 
5. Larsson, S. Chem. Scripta 1988, 28A, 15. 
6. Oevering, H . ; Paddon-Row, M. N.; Heppener, M. ; Oliver, A. M. ; Cotsaris, E.; 

Verhoeven, J. W.; Hush, N. S. J. Am. Chem. Soc. 1987, 109, 3258. 
7. Paddon-Row, M. N.; Oliver, A. M. ; Warman, J. M. ; Smit, K. J. ; de Haas, 

M. P.; Oevering, H . ; Verhoewen, J. W. J. Phys. Chem. 1988, 92, 6958. 
8. Isied, S. S.; Vassilian, A.; Magnuson, R. H.; Schwarz, H. A. J. Am. Chem. Soc. 

1986, 107, 7432. 
9. Isied, S. S. Prog. Inorg. Chem. 1984, 32, 443. 

10. Wasielewski, M. R.; Niemczyk, M. P.; Svec, W. A.; Pewitt, E . B. J. Am. Chem. 
Soc. 1985, 107, 1080. 

11. Wasielewski, M. R.; Niemczyk, M. P.; Svec, W. A.; Pewitt, E . B. J. Am. Chem. 
Soc. 1985, 107, 5562. 

12. Ho, P. S.; Sutoris, C.; Liang, N.; Margoliash, E.; Hoffman, B. M. J. Am. Chem. 
Soc. 1985, 107, 1070. 

13. Petterson-Kennedy, S. E.; McGourty, J. L. ; Kalweit, J. A.; Hoffman, B. M. 
J. Am. Chem. Soc. 1986, 108, 1739. 

14. Winkler, J. ; Nocera, D. G.; Yocom, K. M. ; Bordignon, E.; Gray H. B. J. Am. 
Chem. Soc. 1982, 104, 5782. 

15. Nocera, D. G.; Winkler, J. R.; Yocom, K. M. ; Bordignon, E.; Gray, H. B. 
J. Am. Chem. Soc. 1984, 106, 5145. 

16. Isied, S. S.; Kuehn, C.; Worosila, G. J. Am. Chem. Soc. 1984, 106, 1722. 
17. Bechtold, R.; Kuehn, C.; Lepre, C.; Isied, S. S. Nature 1986, 322, 286. 
18. Conklin, K. T.; McLendon, G. Inorg. Chem. 1986, 25, 4084. 
19. Conklin, K. T.; McLendon, G. J. Am. Chem. Soc. 1988, 110, 3345. 
20. Brunschwig, B. S.; DeLaive, P. J.; English, A. M. ; Goldberg, M. ; Gray, H. B.; 

Mayo, S. L. ; Sutin, N. Inorg. Chem. 1985, 24, 3473. 
21. Elias, H.; Chou, M. H. ; Winkler, J. R. J. Am. Chem. Soc. 1988, 110, 429. 
22. Axup, A. W.; Albin, M. ; Mayo, S. L . ; Crutchley, R. J . ; Gray, H. B. J. Am. 

Chem. Soc. 1988, 110, 435. 
23. Karas, J. L . ; Lieber, C. M.; Gray, H. B. J. Am. Chem. Soc. 1988, 110, 559. 
24. Sutin, N. ; Brunschwig, B. S.; Creutz, C.; Winkler, J. R.; Pure Appl. Chem. 

1988, 60, 1817. 
25. Isied, S. S.; Vassilian, A.; Wishart, J. F.; Creutz, C.; Schwarz, H. A.; Sutin, N. 

J. Am. Chem. Soc. 1988, 110, 635. 
26. Marcus, R. A. Annu. Rev. Phys. Chem. 1964, 15, 155. 
27. Marcus, R. A. J. Chem. Phys. 1965, 43, 679. 
28. Sutin, N. Acc. Chem. Res. 1982, 15, 275. 
29. Sutin, N. Prog. Inorg. Chem. 1983, 30, 441. 
30. Newton, M. D.; Sutin, N. Annu. Rev. Phys. Chem. 1984, 35, 437. 
31. Zusman, L. D. Chem. Phys. 1980, 49, 259. 
32. Hynes, J. T. J. Phys. Chem. 1986, 90, 3701. 
33. Nadler, W.; Marcus, R. A. J. Chem. Phys. 1987, 86, 3906. 
34. Creutz, C. Prog. Inorg. Chem. 1983, 30, 1. 

 P
ub

lic
at

io
n 

D
at

e:
 M

ay
 5

, 1
98

9 
| d

oi
: 1

0.
10

21
/b

a-
19

90
-0

22
6.

ch
00

3

In Electron Transfer in Biology and the Solid State; Johnson, M., el al.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1989. 



88 E L E C T R O N TRANSFER IN BIOLOGY AND T H E SOLID STATE 

35. Newton, M . D . J. Phys. Chem. 1988, 92, 3049. 
36. Newton, M . D . J . Phys. Chem. 1966, 90, 3734. 
37. Larsson, S. J. Am. Chem. Soc. 1981, 103, 4034. 
38. Larsson, S. Chem. Phys. Lett. 1982, 90, 136. 
39. Larsson, S. J. Phys. Chem. 1984, 88, 1321. 
40. Larsson, S. J. Chem. Soc. Faraday Trans. 2 1983, 79, 1375. 
41. Onuchic, J . N . ; Beratan, D . N . J . Am. Chem. Soc. 1987, 109, 6771. 
42. Brunschwig, B. S.; Ehrenson S.; Sutin, N . J. Phys. Chem. 1986, 90, 3657. 
43. Brunschwig, B. S.; Ehrenson, S.; Sutin, N . J. Phys. Chem. 1987, 91, 4714. 
44. Hoffman, B. M . ; Ratner, M . C. J. Am. Chem. Soc. 1987, 109, 6237. 
45. Brunschwig, B. S.; Sutin, N . J. Am. Chem. Soc. 1989, 111, 7454. 
46. Sutin, N . In Bioinorganic Chemistry II; Raymond, K. N., Ed.; Advances in 

Chemistry 162; American Chemical Society: Washington, D C , 1977; pp 156-172. 
47. Brunschwig, B. S.; Ehrenson, S.; Sutin, N. J. Am. Chem. Soc. 1984, 106, 6858. 
48. Wishart, J. F. ; Cho, M.; Isied, S. S. In Abstracts of the Thirteenth DOE Solar 

Photochemistry Research Conference; Argonne National Laboratory: Argonne, 
I L , 1989; p 188. 

RECEIVED for review May 1, 1989. A C C E P T E D revised manuscript July 24, 1989. 

 P
ub

lic
at

io
n 

D
at

e:
 M

ay
 5

, 1
98

9 
| d

oi
: 1

0.
10

21
/b

a-
19

90
-0

22
6.

ch
00

3

In Electron Transfer in Biology and the Solid State; Johnson, M., el al.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1989. 



4 
Directional Electron Transfer 
in Ruthenium-Modified Cytochrome c 

Stephan S. Isied 

Department of Chemistry, Rutgers, The State University of New Jersey, 
New Brunswick, N J 08903 

Studies of intramolecular oxidation and reduction in cytochrome c 
complexes covalently modified at the His-33 residue with a variety 
of ruthenium amine and ruthenium polypyridine complexes are pre
sented. The redox potential of the ruthenium complexes vary over a 
potential range above and below the redox potential of the native 
cytochrome c. These studies show that the reduction of cytochrome 
c with these ruthenium complexes proceeds with a rate-limiting elec
tron-transfer step that changes with the driving force of the reaction, 
as expected. Oxidation of cytochrome c proceeds with rates signifi
cantly lower than those expected on the basis of the driving force of 
the reaction. A mechanism to interpret the directional electron-trans
fer behavior of these ruthenium cytochrome c complexes on the basis 
of conformational changes of the reduced cytochrome c is described. 

RAPID ELECTRON TRANSFER CAN BE OBSERVED OVER LONG DISTANCES 
(~ 10-20 A) (1-11), as shown by studies on electron transfer w i t h organic 
and inorganic donor-acceptor complexes. T h e factors that control the rate 
of electron transfer i n these systems are dr iv ing force, reorganization energy, 
and distance and orientation. 

Polypeptide Donor-Acceptor Complexes 

In an attempt to gain further insight into these factors, we have synthesized 
and studied a series of br idged polyprol ine complexes (12) of the type 
[ ( N H 3 ) 5 O s - L - R u ( N H 3 ) 5 ] 5 + , where L (the ligand) is isn(Pro) n , i sn is the iso-
nicot iny l group, and n = 0, 1, 2, 3, or 4 (Table I). 

0065-2393/90/0226-0091$06.00/0 
© 1990 American Chemical Society 
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92 E L E C T R O N TRANSFER IN BIOLOGY AND T H E SOLID STATE 

Table I. Rates and Distances of Intramolecular Electron Transfer 
in [ ( N H 3 ) 5 O s - L - R u ( N H 3 ) 5 ] 5 + 

Complex Rate Constant, s'1 Os-Ru Distance, A 

N O T E : L is isn(Pro)„, isn is isonicotinyl group, and n — 0, 1, 2, 3, or 4. 

T h e C - and N - t e r m i n a l residues i n Table I are der ivat ized w i t h 
[ ( N H 3 ) 5 R u n - ] and [ ( N H 3 ) 5 O s n i s n - ] , respectively. T h e redox potentials of the 
Os(II - I II ) couple and the Ru(I I - I I I ) couple are such that electron transfer 
i n this series of complexes occurs from Os(II) —> Ru(III) w i t h a d r i v i n g force 
of—150 m V (13). I n this series of complexes, the d r i v i n g force (the difference 
i n redox potential between the Ru(II - I I I ) and the Os(II - I I I ) couple) and the 
inner-sphere reorganization energy are kept constant, w h i l e the distance 
between the Os and R u centers increases by 3.2 A per pro l ine . U n d e r the 
conditions used to carry out these experiments (~0.1 M C F 3 C O O H ) , the 
pro l ine oligomers are predominant ly i n the ell-trans configuration and there
fore act as a r ig id spacer separating the metal ions (12). 

T h e rate of intramolecular electron transfer i n this series of molecules 
decreases by more than 8 orders of magnitude as pro l ine residues are i n 
troduced. Analysis o f the temperature dependence of these rate constants 
showed that the decrease i n rate w i t h distance i n these molecules is at tr ib 
uted to both the increase i n outer-sphere reorganization w i t h distance and 
the decrease i n electronic coupl ing between the donor and acceptor as pro 
l ine residues are introduced (12, 13). 
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4. ISIED Ruthenium-Modified Cytochrome c 93 

Intramolecular electron transfer for the tetraproline complex occurs w i t h 
a rate constant —50 s" 1 at a metal-to-metal distance of —21 A (12,14). R a p i d 
electron transfer at these long distances is observed at very l ow d r i v i n g 
forces. H e n c e , increasing the dr iv ing force or decreasing the outer-sphere 
reorganization energy is expected to y i e l d rap id intramolecular e lectron-
transfer rates at even longer distances. Extrapolat ion of these results i n d i 
cates that intramolecular electron transfer w i l l be observable at m e t a l - m e t a l 
separations o f 3 0 - 4 0 A i n the mi l l i second t ime scale. W e are current ly 
pursu ing this goal by synthesizing molecules that have 6 -10 prol ines sep
arating the donor and acceptor metal ions. 

Protein Donor-Acceptor Complexes 

O n e of the techniques that has l ed to a new understanding of the mechanism 
of electron transfer i n electron-transfer proteins is the use of the prote in as 
a donor-acceptor complex by covalently attaching to these proteins a w e l l -
def ined transition metal complex that binds to a specific amino acid site. 
A l though this technique had been used to modify ribonuclease (15, 16), the 
synthetic breakthrough i n modi fy ing cytochrome c occurred w h e n the re 
action of [ ( N H 3 ) 5 R u ( O H 2 ) ] 2 + w i t h cyt c was carr ied out at h i g h prote in 
concentrations w i t h h igh metal-to-protein molar ratios (17). Exhaust ive char
acterization of this modif ied prote in showed that the r u t h e n i u m is covalently 
b o u n d to the H i s 33 side chain of cyt c and that the prote in d i d not undergo 
any measurable perturbat ion as a result of the modif ication (18-20). 

W h e n the modi f ied prote in is prepared i n the Ru(III)cyt c(III) oxidation 
state and then reduced w i t h a variety of radicals generated by pulse radiolysis 
techniques (21, 22), intramolecular electron transfer from the r u t h e n i u m site 
to the heme site occurs w i t h a rate constant k = 53 s 1 (reduction potential , 
E°, for cyt c = 0.26 V and E° for [ ( N H 3 ) 5 R u n - n i ( H i s ) ] = 0.10 Vs. N H E ) (23, 
24). T h e temperature dependence, concentration dependence, and p H de 
pendence of this electron-transfer reaction were investigated. T h e results of 
this investigation showed that the rate of electron transfer is independent 
of concentration and moderately sensitive to temperature (enthalpy change 
A H * — 3.5 kcal M 1 and entropy change A S * — - 3 9 eu). T h e electron-
transfer reaction is independent of p H between p H 5 and 9, and then 
increases be low p H 5 as the native conformation of the cyt c changes (23). 

T h e observation of intramolecular electron transfer between the r u 
t h e n i u m site and the heme site occurr ing at distances of 12 -15 A (Figure 
1) is extremely significant, because it represents the first observation of an 
intramolecular electron-transfer reaction w i t h i n a ruthenium-modi f ied elec
tron-transfer prote in . T h e magnitude of the rate constant (53 s"1) is s imilar 
to the rate constants for other dynamical processes that are known to occur 
w i t h i n the native cyt c prote in . This finding l e d us to question whether 
the unimolecular rate observed is rate l i m i t i n g i n electron transfer (as i n equa-
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Ru(NH 3 ) 4 L 
Ru(bpy)2L 

Figure 1. Ruthenium-modified cytochrome c, showing the relative position of the 
heme and the ruthenium sites. 

t ion 1) or i n a protein-associated conformational change (as i n equations 2a 
and 2b). 

R u n c y t c i n J E * R u m c y t c i i (!) 

where kET is the rate constant for intramolecular electron transfer. 

Ru»cyt c m - H Ru»*cyt c" 1 (2a) 

Ru n *cyt c 1 1 1 R u n l c y t c" (fast) (2b) 

where kcc is the rate constant for a prote in conformational change. 
To answer this question, we designed a series of related r u t h e n i u m 

molecules that are more oxidiz ing than cyt c and w o u l d therefore al low us 
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to reverse the direct ion of electron transfer i n the modif ied cyt c. Thus , we 
could change the heme of cyt c from an electron acceptor to an electron 
donor. T h e rationale b e h i n d these experiments is rather s imple . If the u n i -
molecular rate observed is rate l i m i t i n g i n electron transfer, then oxidation 
as w e l l as reduct ion should be observed w i t h i n these ruthenium-modi f ied 
proteins. 

T h e remaining part of this chapter describes the results of these exper
iments and proposes a kinet ic scheme for the electron-transfer reactions of 
ruthenium-modi f ied cytochrome c. 

Results 

T h e ruthenium-modi f ied proteins l isted i n Table II were prepared and p u 
ri f ied by procedures similar to those publ i shed earlier (19, 23, 25). T h e 
complexes were characterized by difference vis ible spectra, c ircular d i chro -
i sm, trypt ic digestion, R u - F e analysis, cycl ic vo l tammetry , and differential 
pulse polarography. Results of these characterization studies clearly showed 
that a l l the ru then ium complexes were bound to the H i s 33 site and that 
there was no measurable difference i n the conformation of the modi f ied and 
the native proteins. Table II lists the reduct ion potential of the r u t h e n i u m 
ammine site i n the ruthenium-modi f ied proteins. F o r the b ipyr id ine series, 
the reduction potentials have been obtained only for the corresponding 
ru then ium complexes. 

F i g u r e 1 shows the structure of cyt c and the relative positions of the 
heme to the ruthenium-modi f ied sites. Table II summarizes the rates of 

Table H . Rates of Intramolecular Electron Transfer and Reduction Potential 
of Ruthenium-Cytochrome c Complexes 

Rate Constant, 
Intramolecular ET, 

Ruthenium-Modified cyt c E°, V k, s'1 Direction ofET 
Native H H cytochrome c 0.26 — — 

c-[(NH3)4Ru(OH)]-(II/III) -0.01 5 x 10 2 Ru - » heme 
[(NH3)5Ru]-(II/III) 0.13 55 Ru —> heme 
c-[(NH3)4Ru(py)]-(II/III) 0.36 2.0 Ru - » heme 
t-[(NH3)4Ru(py)]-(II/III) 
c-[(NH3)4Ru(isn)]-(II/III) 

0.37 1.5 Ru —> heme t-[(NH3)4Ru(py)]-(II/III) 
c-[(NH3)4Ru(isn)]-(II/III) 0.44 < 1 0 2 Heme —» Ru 
t-[(NH3)4Ru(isn)]-(II/III) 0.44 < i o - 2 Heme —> Ru 
c-[(NH3)4Ru(Mepz)]-(II/I) -0.02 6 x 10 2 Ru —» heme 
c-[(NH3)4Ru(Mepz)]-(II/III) 0.72 - 1 . 5 Heme —> Ru 
[Ru(bpy)2(py)]-(II/I) -1 .3 2.8 x 10 5 Ru —» heme 
[Ru(bpy)2(im)]-(II/I) -1 .3 2.0 x 10 5 Ru - » heme 
[Ru(bpy)2(py)]-(II/III) 1.1 40 Heme —» Ru 
[Ru(bpy)2(im]-(II/III) 1.0 55 Heme - » Ru 
N O T E : E° was taken versus the normal hydrogen electrode. E T is electron transfer. 
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96 E L E C T R O N TRANSFER IN BIOLOGY AND T H E SOLID STATE 

intramolecular electron transfer for the reduct ion and the oxidation of cyt c 
by these ruthen ium reagents. Char t I shows the ligands i n the r u t h e n i u m 
reagents. 

Discussion 

Table II shows that the rate of reduct ion of cyt c can be changed b y more 
than 5 orders of magnitude, depending on the redox potential and the re 
organization energy of the ruthenium-modi f ied prote in . T w o types of c o m 
plexes coordinated to H i s 33 of cytochrome c can be ident i f ied . I n the the 
first type, electron transfer takes place from (or to) a r u t h e n i u m t 2 g - t y p e 
orbital . Th is condit ion is true for a l l the oxidation reactions of cytochrome 
c by the different ru then ium complexes. 

F o r the intramolecular reduct ion of cytochrome c, the reduc ing agent 
can be e i ther a ruthen ium t 2 g metal-centered electron as i n the [ ( N H 3 ) 4 R u n -
L ] ( L is cis or trans O H " , N H 3 , py , isn) complexes or a l igand-centered IT* 
orbital as i n the c i s - [ ( N H 3 ) 4 R u n ( M e p z ) ] and the [ ( b p y ) 2 R u n - L ] ( L is p y or 
im) complexes. T h e role of the ruthenium(II) attached to the cytochrome c 
is e ither as a reduc ing agent or as a covalent l inker to h o l d the M e p z and 
bpy l igand i n the proximity of the H i s 33 site. Thus , the distance for electron 
transfer from these organic radicals to the cytochrome closely resembles the 
distances for reduct ion from the ru then ium orbitals. T h e reorganization e n 
ergy for electron transfer for the l igand-centered reductions could be dif
ferent from the reorganization energy from the ruthenium-centered orbitals. 
This difference should be taken into account w h e n compar ing rates of r e 
duct ion of cytochrome c from ruthenium-centered orbitals vs. l igand-cen
tered orbitals. 

O 0 ~ Q O — 
\ = / \ — N = - S \==/ 

py: pyridine bpy: 2,2'-bipyridine Mepz: methylpyrazlnlum 

\ = / N H 2 N = / 

Isn: isonlcotlnamlde Im: Imidazole 
Chart I. Ligands in ruthenium reagents. 
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4. ISIED Ruthenium-Modified Cytochrome c 97 

T h e oxidized ruthenium(III) form of the [ ( N H 3 ) 4 R u - M e p z ] 3 + and the 
[ ( b p y ) 2 R u - L ] 3 + are intramolecularly reduced by cytochrome c to the cor
responding ruthenium(II) species (a metal-centered orbital). I n these cases, 
reorganizational energies of the ruthen ium center are associated w i t h the 
rate of electron transfer. 

T h e novel property of the second type, the [ ( N H 3 ) 4 R u n - M e p z ] and the 
[ ( b p y ) 2 R u n - L ] cytochrome c species, is that oxidation to the ruthenium(III) 
center can be observed, as w e l l as reduct ion from the l igand-centered r a d 
icals. Thus both the oxidation and reduct ion of cytochrome c can be observed 
from the same inorganic modif ier , even though it is metal -centered i n one 
direct ion and l igand-centered i n the other. Correc t i on for the reorganiza
tional energies between the metal center and the l igand center allows a 
direct comparison of oxidation and reduct ion at these s imilar distances. 

B inuc lear ru then ium complexes of the br idg ing pyrazine and b ipyr id ine 
type can be used to observe metal-centered oxidation and reduct ion . C o m 
plexes of the type [ ( N H 3 ) 5 O s - L L - R u ( N H 3 ) 4 - L - ( O H 2 ) ] 4 / 5 + (where L L is p y r 
azine and L is 4,4'bpy) have mul t ip le ox idat ion-reduct ion properties that 
w i l l a l low the oxidation and reduct ion of cytochrome c to metal -centered 
orbitals. I n these cases, correction for reorganizational energies because 
of the or ig in of the orbital for the electron-transfer reaction w i l l not be 
necessary. 

"One-Direction" Electron Transfer 

Table II shows that the rates of oxidation and reduct ion of cytochrome c b y 
these covalently modif ied r u t h e n i u m complexes do not proceed i n a s imple 
reversible elementary step. T h e fact that the rate of intramolecular oxidation 
of cis- and J r a n s - [ ( N H 3 ) 4 R u n - L ] ( L is isn) by cytochrome c is m u c h slower 
than the reduct ion of cytochrome c w i t h [ ( N H 3 ) 5 R u n - ] indicates that more 
complex chemistry is associated w i t h electron transfer i n the prote in . A s 
sociation of this complexity w i t h the prote in rather than w i t h the r u t h e n i u m 
label is inferred from the variety of ru then ium complexes that exhibit the 
same behavior. W e interpreted this i n 1986 as "d irect ional e lectron transfer", 
where prote in conformational states play a role i n the intramolecular elec
tron-transfer reaction (24). 

Subsequent to our work, a paper on "gated electron-transfer reactions" 
by Ho f lman et a l . (26) was pub l i shed to interpret a related observation i n 
the ir work on photo induced electron transfer i n prote in electron-transfer 
complexes. Sut in et a l . (27, i n this volume) worked out the general theoretical 
formalisms for the many possible types of "d irect ional e lectron transfer". 
This theoretical work opens u p more avenues for designing n e w types of 
donor-acceptor complexes that exhibit direct ional electron transfer. 

T h e chemistry of cytochrome c can be used to a id i n the interpretat ion 
of this directional electron transfer i n ruthenium-modi f i ed cytochrome c. 
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98 E L E C T R O N TRANSFER IN BIOLOGY AND T H E SOLID STATE 

T h e reduct ion of cytochrome c w i t h ru then ium reagents covalently attached 
to H i s 33 is dependent on the d r i v i n g force of the reaction. Table II shows 
that this rate can be varied over 5 orders o f magnitude b y changes i n the 
ruthen ium complexes. O n the other hand , the intramolecular oxidation of 
cytochrome c is 4 - 5 orders of magnitude slower than its reduct ion after 
correction for d r i v i n g force and reorganizational energy. A mechanism to 
interpret these results is shown i n Scheme I. Thus cytochrome c n i is reduced 
to an activated intermediate , cyt c* 1 1 , w h i c h undergoes a conformational 
change to the stable form of cyt c 1 1 . Therefore, i n the reduct ion of cyt c we 
measure the rate of formation of this activated intermediate , kx. F o r the 
oxidation of cytochrome c, the p r e - e q u i l i b r i u m to form the same activated 
intermediate is requ ired first. This requirement depresses the observed rate 
of intramolecular oxidation to k_x/Keq, and therefore we observe a s igni f i 
cantly decreased intramolecular rate of oxidation for the cytochrome c. Th i s 
mechanism is one of many that can be used to interpret the observed results. 
T h e attractiveness of this mechanism is its s impl ic i ty . O t h e r mechanisms 
invo lv ing more intermediates and associated rate constants can also be used 
to interpret the results. 

Another attractive feature of this mechanism is that i t is very s imi lar to 
the mechanisms proposed for electron transfer at sol id electrodes. In the 
language of electrochemistry, the mechanism (Scheme I) is referred to as 
the E C mechanism (i.e., a chemical reaction [an e q u i l i b r i u m or conforma
tional change, etc.] fo l lowing the electron-transfer step i n the reduct ion 
process). 

F i n a l l y , it is of interest to define the molecular event that leads to this 
conformational change. F u r t h e r work from N M R and t ime-dependent res-

Ru cytc Ru cytc ^—• Ru cytc 

Forward reaction 

k = k obs 

Reverse reaction 

Scheme I. Directional electron-transfer mechanism. 
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4. ISIED Ruthenium-Modified Cytochrome c 99 

onance Raman spectroscopy might shed l ight on these molecular events. 
T h e other important question that should be addressed is whether "one-
direct ion electron transfer" can be observed from different sites of the prote in 
surface to the heme and vice versa. C h e m i c a l modification of cytochrome c 
and site-directed mutagenesis experiments are requ i red to generate specific 
b i n d i n g sites i n different regions of the cytochrome c so that experiments 
s imilar to the ones out l ined i n this chapter can be carr ied out. C o m p a r i 
son of the intramolecular oxidation and reduct ion properties of the heme 
site from different regions of the prote in should provide answers to these 
questions. 
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5 
Photoinduced Electron Transfer Across 
Peptide Spacers 

Leonardo A . Cabana and K i r k S. Schanze 1 

Department of Chemistry, University of Flor ida, Gainesville, FL 32611 

A series of molecules was prepared in which a metal complex center, 
[(bpy)Re(I)(CO)3(pyr)]+ (bpy is 2,2'-bipyridine, pyr is 4-aminopyr
idine), is linked to a 4-(N,N-dimethylamino)benzoate unit (DMAB) 
by a covalent bridge consisting of 0, 1, and 2 L-proline units (com
pounds 0, 1, and 2, respectively). In these molecules, electron transfer 
from DMAB to Re is initiated by photoexcitation of the Re --> bpy 
metal-to-ligand charge-transfer (MLCT) excited state. 

(bpy)ReI• • •DMAB --> 

(bpy-)ReII• • •DMAB --> (bpy-)ReI• • •DMAB + 

MLCT 

Electron-transfer kinetics were studied in two solvents by monitoring 
the MLCT emission. Rate constants for intramolecular electron trans
fer (kET) for 0, 1, and 2 in CH3OH at 20 °C are 9.8 X 107, 5.3 X 
10 6, and 5.6 X 105 s-1, respectively. The temperature dependence of 
kET also was determined in CH3OH. The results are consistent with 
a nonadiabatic, long-range electron-transfer mechanism. Emission
-decay kinetics of 2 in CH3CN suggest the presence of two confor
mational isomers with dramatically different electron-transfer rates. 
The emission data is supported by the observation of two confor
mational isomers in the 13C NMR spectrum of 2. The strong depen
dence of rate on conformation for 2 is consistent with a through—
space mechanism for electron transfer. 

THE MECHANISM OF ELECTRON-TRANSFER (ET) REACTIONS has been s tud
i e d by using photochemistry for many years. E a r l y k inet ic studies focused 

1 Address correspondence to this author. 

0065-2393/90/0226-0101$07.00/0 
© 1990 American Chemical Society 
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102 E L E C T R O N TRANSFER IN BIOLOGY AND T H E SOLID STATE 

on bimolecular quenching of photoexcited chromophores b y electron donors 
or acceptors (quenchers). Through these studies a significant amount of 
information has been obtained concerning the relationship between the d r i v 
ing force ( A G E X ) and the rate (fcEX) for endothermic and weakly exothermic 
E T reactions (1-8). 

However , a disadvantage of b imolecular systems is that the rate of the 
intr ins ic E T step is not direct ly obtained from the observed quench ing rate 
because the chromophore and quencher must diffuse together to form an 
encounter complex pr ior to E T (8). Th i s l imitat ion is severe for strongly 
exothermic reactions because diffusion is the rate -determining step for 
quench ing i n this case ( J , 4). I n addit ion , no information is available con 
cern ing the structure of the encounter complex d u r i n g E T for b imolecular 
reactions. 

To overcome the disadvantages of b imolecular systems, an increasing 
n u m b e r of studies have focused on photo induced intramolecular E T i n co
valently l i n k e d chromophore -quencher ( C - Q ) compounds (9-30). I n C - Q 
systems, an electron donor or acceptor is covalently attached to a chromo
phore to al low measurement of kET wi thout the complicat ion of diffusion 
effects. I n these systems, i t is possible i n pr inc ip le to measure kET d irect ly , 
even i n cases where the rate is exceedingly rap id . Th is measurement has 
become possible through advances i n fast t ime-reso lved methods for the 
study of the kinetics of photo induced processes (31, 32). 

Spacer Structures 

I n many early C - Q systems, the chromophore and quencher were attached 
v ia flexible methylene chains (9-11). Some information was obtained w i t h 
these systems regarding the effect o f relative orientation of the donor and 
acceptor on fcEX (9). H o w e v e r , because of the f lexibi l i ty of the methylene 
spacers, l i tt le information was obtained concerning the effect on E T of sep
aration distance or the molecular structure of the spacer. M o r e recently , 
attention has turned to C - Q systems, i n w h i c h the chromophore and 
quencher are attached by r i g id spacers i n an effort to prov ide detai led i n 
formation about structural factors that control E T reaction rates. I n these 
studies chromophore and quencher sites are h e l d together b y r i g i d organic 
spacers, peptides, and prote in matrices (14, 15, 1 9 - 2 2 , 27 , 28 , 33-37). 

T h e wel l -def ined spacer structure makes i t possible to determine fcEX 

under conditions i n w h i c h the separation distance between and the relative 
orientation of the donor and acceptor are known. W h e n the r i g i d spacer 
systems are used, it becomes possible to address several questions of interest: 

1. W h a t is the effect of distance on the rate for E T ? 

2. H o w does the molecular and electronic structure of the spacer 
affect the rate for long-distance E T ? 
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5. CABANA & SCHANZE Peptide Spacers 103 

3. H o w does kE1 depend on the relative orientation of the donor 
and acceptor? 

In addit ion to addressing these questions, studies of photo induced i n t r a 
molecular E T across r ig id spacers have prov ided exper imental evidence for 
the Marcus inverted region (13) and have l e d to the development of syn
thetic systems that m i m i c the pr imary events i n photosynthesis (14, 15, 
17, 18, 38). 

Structural and kinet ic studies of proteins invo lved i n biological redox 
reactions (e.g., the photosynthetic reaction center prote in complex, cyto
chrome c, b lue copper proteins) (39-45) have l e d to the realization that the 
prote in-bound redox sites are frequently separated by 5 - 2 0 A w h e n E T 
occurs. I n many cases the transferring electron " t u n n e l s " across an inter 
ven ing prote in matrix (45, 46). This realization has l e d to an increasing 
n u m b e r of experimental and theoretical investigations focused on under 
standing the role of the intervening prote in i n mediat ing long-range E T . 
O n e experimental approach to this prob lem has been to study E T i n struc
tural ly wel l -def ined native and modi f ied proteins (33-37, 40-42, 45-47). 
H o w e v e r , a disadvantage of this approach is that i t is difficult to systematically 
vary structural elements i n the protein-based systems. 

A n alternative approach is to study intramolecular E T i n systems i n 
w h i c h a donor and acceptor are separated b y synthetic pept ide spacers. Th is 
approach was p ioneered by Isied, who studied thermal ly activated E T be 
tween metal centers i n several systems that use a series of r i g i d o l igo -L-
pro l ine peptide spacers (48-50). W i t h this method , the separation distance 
between the redox sites can be systematically var ied to al low investigation 
of the distance dependence of fcET across a wel l -de f ined pept ide spacer. 
Ol igopro l ine peptides are wel l - su i ted for use as spacers because i n prot ic 
solvents the pept ide chain adopts a hel ica l form that exists predominant ly 
i n a single conformation and undergoes isomerization at a comparatively slow 
rate. This fact has been established i n N M R spectroscopic experiments 
(51-54) and through studies of end-to-end Forster excited-state energy trans
fer across oligoprolines ranging from 6 to 10 amino acid units (55, 56). 

Photoinduced Intramolecular ET 

W e init iated a series of investigations i n w h i c h we apply the technique of 
photo induced intramolecular E T to study the kinetics of E T across a series 
of r i g i d ol igoprol ine spacers. These studies were designed to obtain q u a n 
titative information concerning the distance dependence of kET across p e p 
tides for the photochemieally activated process. O n e goal is to prov ide data 
that w i l l al low a direct comparison of the distance dependence for a pho 
to induced E T w i t h the thermal ly activated E T processes studied b y Isied. 
It is hoped that such comparisons w i l l l e n d insight concerning the mechanism 
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104 E L E C T R O N TRANSFER IN BIOLOGY AND T H E SOLID STATE 

for electron tunne l ing across spacers that have structural characteristics i n 
common w i t h redox proteins. 

In the pept ide - l inked electron-donor-acceptor systems descr ibed i n this 
chapter (see structures), the photoexcited Re(I) metal complex acts as an 
electron acceptor and the dimethylaminobenzoate ( D M A B ) moiety acts as 
an electron donor. T h e Re(I) complex was chosen p r i m a r i l y because it has 
a wel l -characterized metal-to- l igand charge-transfer ( M L C T ) excited state 
that is luminescent , relatively long- l ived , and a strong oxidant (24, 25, 57, 
58). T h e D M A B donor was chosen for the relative ease w i t h w h i c h it can 
be incorporated into the pept ide synthesis and because the amido l inkage 
that b inds the donor to the pept ide chain restricts dynamic mot ion . 

0-m : R = H 

0 : R = N M e 2 

1- m : n = l , R = H 1 : n = l , R = N M e 2 

2- m : n = 2, R = H 2 : n = 2, R = NMe2 

In compounds 0-2, photoexcitation of the Re(I) complex into the M L C T 
excited state initiates intramolecular E T from the D M A B donor to the metal 
center. 

(bpy)Re 1- • ' D M A B — 

(bpy- )Re 1 1 - • - D M A B - ^ (bpy- )Re 1 - • - D M A B + (1) 
MLCT 
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5. CABANA & SCHANZE Peptide Spacers 105 

where bpy is 2 ,2 ' -b ipyr id ine . T h e rate constant for E T i n 0-2 has been 
examined i n two solvents by both steady-state and t ime-reso lved fluores
cence spectroscopy. T h e results indicate that the rate of E T is strongly 
dependent upon the number of pept ide spacers. I n addit ion , temperature-
dependence experiments indicate that E T i n 0-2 is nonadiabatic and thus 
suggest that long-range E T occurs i n each case. 

Experimental Procedures 
The peptide ligands and metal complexes were prepared by standard methods (25, 
27). Each complex was purified by repeated column chromatography. The structures 
of the complexes were confirmed by *H and 1 3 C N M R spectroscopy and by elemental 
analysis. 

Cyclic voltammetry was carried out on a voltammograph (Bioanalytical Systems 
CV-2 ) . Experiments were carried out in a two-compartment cell in which Pt disk 
working electrodes and Pt wire auxiliary electrodes were separated from the reference 
electrode (saturated calomel, SCE) by a medium-porosity glass frit. Tetraethylam-
monium perchlorate (TEAP) (Kodak, recrystallized) was used at a concentration of 
0.1 M as supporting electrolyte. 

Solvents used in emission experiments were Kodak spectroquality. In all ex
periments, sample concentrations were —10 5 M , with optical densities at 400 nm 
~0.10. Stern-Volmer experiments demonstrated that this concentration was suflfi-
ciendy low to preclude bimolecular quenching. Temperature control during the 
luminescence experiments was maintained to within ± 1 °C by using a recirculating 
bath (Hakke D3). Steady-state luminescence spectra were obtained on a spectro
photometer (Spex Industries F-112A). Quantum-yield measurements were made 
relative to an emission actinometer consisting of Zn(II)-[5,10,15,20-tetraphenylpor-
phyrin] in air-saturated benzene (emission quantum yield, <$em = 0.030) (59). The 
metal-complex samples and the actinometer had matched optical densities at the 
excitation wavelength (nm 400). 

Emission-decay measurements were carried out by using time-correlated single-
photon counting (60). Excitation light was filtered with a near-UV bandpass filter 
(Schott, U G - 1 1 , maximum transmittance at 350 nm), and emission light was filtered 
with a 600-nm interference filter. In all cases, data acquisition was carried out until 
10,000 counts were obtained in the maximum channel. Analysis of emission-decay 
data was carried out by the nonlinear least squares method; the analysis provided 
for deconvolution of the excitation lamp response (60). In every case, the reduced 
chi-squared value for the fit of the experimental data was acceptable (x 2 ^ 1.3). 

Results and Discussion 

Thermodynamics and Kinetics of Intramolecular E T . T h e ther 
modynamic dr iv ing force for photo induced D M A B to Re intramolecular E T 
(the second step i n eq 1) can be approximated b y us ing e q 2 (20). 

14.45 
A G E T = E i / 2 ( D M A B / D M A B + ) - E i / 2 ( b p y / b p y - ) - E M L C T - (2) 

€ r i D A 

I n this equation, E i / Z ( D M A B / D M A B + ) and E i / 2 b p y / b p y " ) are the half-wave 
oxidation and reduct ion potentials for the D M A B donor and the 2 ,2 ' -b ipyr -

 P
ub

lic
at

io
n 

D
at

e:
 M

ay
 5

, 1
98

9 
| d

oi
: 1

0.
10

21
/b

a-
19

90
-0

22
6.

ch
00

5

In Electron Transfer in Biology and the Solid State; Johnson, M., el al.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1989. 
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id ine l igand, respectively; EMLCT is the excited-state energy; and the last 
t e rm represents the coulombic interaction between the electron and electron 
hole i n the charge-separated state. 

In order to estimate A G E T for each of the R e - D M A B complexes, the 
relevant electrochemical data were obtained i n C H 3 C N solution by using 
cycl ic voltammetry (see Table I). T h e M L C T excited-state energy for the 
complexes was obtained by fitting the emission spectra w i t h a spectral s i m -

Table I. Electrochemical Potentials, Emission Energies, and A G E T 
Complex E P (DMAB/DMAB +), V Ei/2(bpy/bpy),V EMLCT, eV A G £ R , eV 

0 + 0.98 - 1 . 1 8 2.34 - 0 . 1 8 
1 + 0.92 - 1 . 2 0 2.31 - 0 . 1 9 
2 + 0.93 - 1 . 2 0 2.31 - 0 . 1 8 

NOTE : £i / 2and £ p values were obtained from cyclic voltammetry in C H 3 C N solution with the 
SCE reference. JEMLCT is emission energy calculated from spectral fit (ref. 59) of emission from 
complex in C H 3 O H . A G E T was calculated from eq 2 and data in Table I. Error in A G E T is 
estimated to be ±0.1 eV. 

ulation program that allows approximation of the 0 - 0 band energy from the 
broad structureless spectra that are typical of Re(I) M L C T states (57, 61). 
T h e estimated £ M L C T energies are also l isted i n Table I. B y using these data 
and e q 2, A G E T values were calculated for 0-2 (see Table I). T h e data show 
that intramolecular E T is weakly exothermic and is nearly constant across 
the series. 

Scheme I presents an excited-state scheme that is used to mode l the 
kinet ic behavior o f the R e - D M A B complexes. Br ie f ly , the mode l assumes 
that the photon is absorbed by the metal-complex chromophore and rapid ly 
produces the d i r R e - » IT* bpy M L C T excited state (24, 25, 57, 58). T h e 
M L C T state subsequently decays, by e i ther radiative or nonradiative decay, 
back to the ground state (fcd°) or by electron transfer (fcET) to produce a 
charge-transfer state. Because E T competes w i t h decay of the M L C T state 

( b p y l R e n - D M A B 
NskET 

( b p y " ) R e - D M A B + 

+hv 

( b p y ) R e I - D M A B 

Scheme 1. Energy-level diagram for 0 -2 , including kinetic rate constants. 

 P
ub

lic
at

io
n 

D
at

e:
 M

ay
 5

, 1
98

9 
| d

oi
: 1

0.
10

21
/b

a-
19

90
-0

22
6.

ch
00

5

In Electron Transfer in Biology and the Solid State; Johnson, M., el al.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1989. 



5. CABANA & SCHANZE Peptide Spacers 107 

by normal paths, the kinetics can be determined from the M L C T l u m i n e s 
cence by using either steady-state or t ime-resolved techniques. 

Equat ions 3 and 4 have been used to calculate E T rate constants (11, 
16, 19-21, 26, 27), 

*«<•> = [ f " l ] £ 0) 

fcET(T) = " " A (4) 
T T 

where <& and T are the emission y i e ld and l i fet ime for the donor-substituted 
complexes (0-2), and <I>° and T° are the same parameters for the correspond
ing unsubstituted mode l complexes (0-m, 1-m, and 2-m). These equations 
are der ived from the kinet ic scheme (Scheme I) under the assumption that 
kd° is the same for the donor-substituted and unsubst i tuted complexes. T h e 
assumption of a l ow electronic interaction between the R e center and the 
D M A B moiety is impl i c i t . 

This mode l provides an accurate representation of the excited-state m a n 
ifold of the R e - D M A B complexes, as shown by comparison of the electronic 
absorption spectra of the donor-substituted complexes w i t h the correspond
ing unsubstituted complexes. T h e spectra of 1-m, 1, and N , N - d i e t h y l - 4 - ( N , N -
dimethyl )benzamide ( D E - D M A B ) are shown i n F i g u r e 1. E a c h of the metal 
complexes displays a low-intensity absorption band (e ~ 4000 M " 1 cm" 1 ) 
near 360 n m . This band is assigned to the d i r R e —» IT* b p y M L C T absorption 
(24, 25 , 57, 58). T h e only significant difference between the spectra of 1 and 
1-m is the enhanced absorption noted i n the 200 -330 -nm region for 1 c o m 
pared to 1-m. This region is where the D M A B TT,ir* absorption occurs, as 
indicated by the spectrum of D E - D M A B . T h e fact that the absorption 
spectrum of 1 is nearly the sum of the component parts (1-m and D E - D M A B ) 
indicates that the electronic interaction between the D M A B donor and the 
Re center is very weak. 

Conformations of the Peptide Spacers and Structures for 0 -2 . 
T h e pept ide bond i n pro l ine oligomers can exist i n two conformations, as 
shown i n structure I. This conformational isomerization has been studied i n 
various prol ine-containing peptides by using 1 3 C N M R spectroscopy (51-54). 
This technique is useful because the chemical shift for each of the four pro l ine 
r i n g carbons is different for the cis and trans conformations. C a r b o n N M R 
spectroscopic experiments were carried out on 1 and 2 i n two solvents to 
examine the cis-trans conformational e q u i l i b r i u m for the pept ide spacers. 
F i g u r e 2a shows the 1 3 C N M R spectra of 1 and 2 i n the 2 0 - 7 0 - p p m region 
i n C D 3 C N . As expected, i n the spectrum of 1 the pro l ine r i n g carbons appear 
as four resonances. However , i n the spectrum of 2 the pro l ine r i n g carbons 
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appear as 16 resonances, rather than the expected 8. Th i s spl i t t ing of the 
pro l ine r i n g carbon resonances is attr ibuted to the existence of both cis and 
trans conformations at the p r o l i n e - p r o l i n e pept ide b o n d for 2 i n C D 3 C N . 
T h e less-intense resonances that are shifted from the stronger resonances 
are assigned to molecules i n w h i c h the p r o l i n e - p r o l i n e b o n d is i n the cis 
conformation (51-54). F i g u r e 2b shows the same region of the carbon N M R 
spectrum for 1 and 2 i n C D 3 O D solution. Aga in i n the spectrum of 1, the 
four r i n g carbons appear as singlets. Interestingly, the carbon spectrum of 
2 i n C D 3 O D is m u c h s impler than i n C D 3 C N ; resonances caused by m o l 
ecules i n the cis conformation are v ir tual ly absent. This result indicates that, 
i n C D 3 O D solution, 2 exists predominant ly i n the conformation w i t h the 
p r o l i n e - p r o l i n e bond i n the trans conformation. 

T h e structures of 0 , 1 , and 2 were approximated by a P C - b a s e d molecular 
model ing program employ ing the fo l lowing technique (62). T h e coordinates 
for the [ (bpy)Re(CO) 3 (4-aminopyridine) ] + complex were input w i t h the co
ordinates from the X - r a y structure of [ (bpy )Re(CO) 3 (4 ,4 ' -b ipyr id ine ) l + (63). 
T h e coordinates for the pro l ine spacers were input w i t h the coordinates from 
the X - r a y structure of £rans-poly-L-proline (64). T h e structure of D M A B was 
obtained w i t h the structure-generating function of the mode l ing program. 
T h e D M A B - t o - p r o l i n e , pro l ine-to -4-aminopyridine , and D M A B - t o - 4 - a m i -
nomethylpyr id ine amide bonds were a l l assumed to be i n the trans confor
mation. T h e structures thus generated are shown i n C h a r t I. F r o m these 
structures, an estimate can be made for the R e - t o - D M A B distance i n the 
three complexes by taking the distance from the R e atom to C - l i n the 
D M A B aromatic r ing : 0, 9.2 A; 1, 11.4 A; and 2, 14.9 A. 

Intramolecular E T in Methanol Solution. T h e quantum y i e l d (4>) 
and l i fet ime (T) of the Re —» bpy M L C T luminescence of 0 -m, 1-m, 2 -m, 
and 0 - 2 were measured at 20 °C i n methanol . T h e data l i s ted i n Table II 
represent the average of three independent measurements of each param
eter, and the errors are the experimental standard deviations. Compar i son 
of the data shows that i n each case $ and T are quenched i n the donor-
substituted complexes compared to the unsubst ituted complexes. F u r t h e r 
more , the extent of quenching is strongly dependent upon the n u m b e r of 
pro l ine spacers between the Re complex and the D M A B donor. T h e or ig in 
of this quenching is assumed to be solely compet i t ion of D M A B - t o - R e E T 
w i t h decay of the M L C T state by normal decay paths. 

Quenching. Several l ines of evidence support the premise that M L C T 
quenching results from E T . 

1. A flash photolysis experiment was conducted on a solution 
containing 0-m (10" 4 M ) and D E - D M A B (0.01 M ) . T h e so
lut ion was excited w i t h an exc imer -pumped dye laser into the 
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Table II. Emission Yields and Lifetimes 
in C H 3 O H Solution 

Complex Q}em T, ns 
0-m 178 ± 1 
1-m 0.034 ± 0.001 121 ± 1 
2-m 0.032 ± 0.001 120.4 ± 0.6 
0 — 9.62 ± 0.04 
1 0.022 ± 0.001 73.7 ± 0.7 
2 0.030 ± 0.001 115.2 ± 0.6 
NOTE: Argon outgassed solutions were at 20 ° C . Each value is the 
average of three independent measurements; errors are standard 
deviation in measurements. 

Chart 1. Possible solution conformations for 0, I, and 2, determined as de
scribed in the text. 
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Re M L C T absorption band of 0-m. A long- l ived transient ab
sorption (lifetime >30 |xs) that was produced is assigned to 
the charge-transfer products formed v ia b imolecular E T from 
D E - D M A B to the photoexcited Re complex. 

2. T h e singlet and tr ip let energies of e thy l p-(IV,N-dimethyl) -
aminobenzoate are 82 and 70 kcal , respectively (65,66). (These 
energies are based on vertical excitation to the xLh and 3 L b 

excited states.) T h e singlet and tr ip let energies of the D M A B 
moiety are expected to be very s imilar . Therefore, energy 
transfer from the Re-based M L C T state (55 kcal) to D M A B is 
endothermic and w i l l be comparatively slow. 

3. Studies of the kinetics for b imolecular quench ing of [(bpy)-
R e ( C O ) 3 L ] + ( L is C H 3 C N ) by a series of organic amines ( in
c lud ing D E - D M A B ) and methoxybenzenes w i t h vary ing ox
idation potentials are entirely consistent w i t h electron-transfer 
quenching i n each case. T h e data are s imilar to those observed 
i n studies of b imolecular quenching of R u ( b p y ) 3

2 + by reduc 
tive E T from a series of organic amines (4), except that the 
Re complex is also quenched efficiently by the weak m e t h -
oxybenzene reductants because of the more positive exci ted-
state reduct ion potential (*Re + /Re°) . 

Taken together, these experiments provide compel l ing evidence that the 
predominant mechanism for quenching of the Re-based M L C T state b y the 
D M A B moiety is E T . 

ET Rate Constants. B y us ing the luminescence data, E T rate constants 
were calculated for 0 w i t h eq 4 and for 1 and 2 by us ing both eqs 3 and 4 
(see Table III). I n determin ing E T rates, the m o d e l used for complex 0 was 
0-m and the models used for complexes 1 and 2 were 1-m and 2 -m, re 
spectively. There is relatively good agreement i n the rate constants deter
m i n e d b y us ing the quantum y i e ld and l i fet ime data for 1 and 2. Th is 

Table III. Electron-Transfer Rate Constants and Activation Parameters 
in C H 3 O H Solution 

Complex kE1(T), s-la A H * ( T ) , kcd/molb AS*(T), kcallmolb 

0 — (9.81 ± 0.04) x 107 3.29 ± 0.07 -10.7 ± 0.2 
1 (4 ± 1) x 106 (5.3 ± 0.2) x 106 4.04 ± 0.05 -14.0 ± 0.2 
2 (6 ± 3) x 105 (3.7 ± 0.6) x 105 4.1 ± 0.5 -19 ± 2 

" ^ E T ^ ) and &ET(T) were calculated at 20 °C with eqs 3 and 4, respectively. Each rate constant 
is the average of three independent determinations; errors were determined by propagating 
the errors in the fluorescence measurements. 
^Activation parameters were determined from an Eyring plot of rate constants (derived from 
lifetime data) at six temperatures ranging from -7 to 41 °C. Rate constants at each temperature 
were measured in two independent runs, and averages were used to construct the Eyring plots. 
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agreement indicates that the assumptions used i n der iv ing the k inet i c scheme 
are va l id (compare ^ E T ( * ) a n d & E T (T) i n Table III). H o w e v e r , because of the 
lower precis ion i n the quantum-y ie ld data, the kET(j) values are used i n the 
fol lowing analysis. Compar i son of the data for 0 - 2 demonstrates that the E T 
rate, w h i c h decreases by a factor of 10 -20 w i t h each added residue, is strongly 
dependent on the number of pro l ine spacers. 

I n the semiclassical treatment of E T , the rate constant for E T is 
given by 

&ET = V n K e , K n (5) 

where v n is a nuclear-vibration frequency, K e l is the electronic transmission 
coefficient, and K N is the nuclear transmission factor (67). This equation 
suggests that the electron-transfer rate constant can be separated into two 
terms: one that describes the electronic interaction between the donor and 
acceptor (K c 1) and one that contains the dependence of the rate on nuclear 
reorganization and free-energy effects ( K d , the F r a n c k - C o n d o n terms). A n 
expression that is commonly used to describe the distance dependence of 
nonadiabatic E T is 

k(r) = k0 exp{ -p (r - r0)} (6) 

where k0 is the rate w h e n the donor (D) and acceptor (A) are at the van der 
Waals contact distance, r 0 is the sum of the rad i i of D and A , and r is the 
center-to-center separation distance between D and A (47, 68). Compar i son 
of these equations shows that k0 ~ v n K n and suggests that the exponential 
t e rm i n e q 6 describes the distance dependence o f K E L . I n other words, e q 
6 impl ies that the decay of rate w i t h distance arises only from a decrease i n 
the electronic coupl ing between D and A w i t h increased separation. 

F i g u r e 3a shows a plot of the 20 °C rate data according to the treatment 
suggested by e q 6 for 0 - 2 , where r is taken as the distance from the Re 
center to C - l of the D M A B r ing . A least squares analysis of the data yields 
a value of (3 = 0.96 A"1 for the slope of the rate plot. It is of interest to 
compare this distance dependence w i t h that observed for other systems that 
have been examined to date. A survey o f exper imental studies concerning 
the distance dependence of E T i n proteins and i n synthetic systems indicates 
that P ranges from 0.8 to 2.0 A"1 (20, 21, 26, 35, 47-50, 69-71). Desp i te 
the wide variabi l i ty , most of the data tend to cluster i n the range 0 .8 -1 .2 
A"1. Some specific examples inc lude : 

1. E T from an aromatic hydrocarbon donor to organic acceptors 
separated by r ig id organic glasses (p = 1.2 A-1) (71). 

2. E T from an aromatic hydrocarbon donor to an aromatic h y 
drocarbon acceptor across a series of saturated cycl ic organic 
spacers (p = 1.0 A 1 ) (70). 
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3. E T from a photoexcited dimethoxynaphthalene donor to a 
cyanoethylene acceptor across a series of saturated b icyc l i c 
organic spacers (p = 0.88 A"1) (21). 

Distance Dependence. These examples show that the distance depen
dence for D M A B to Re E T across the ol igoprol ine spacers is very s imilar to 
that observed for E T across saturated organic spacers. B a r r i n g complications 
invo lved w i t h the interpretation of P values, this result suggests that the 
abi l i ty of the pept ide to mediate electronic coupl ing between a donor and 
an acceptor is not very different from that of a saturated hydrocarbon. This 
finding is consistent w i t h the predictions of theoretical models that have 
been used to describe the electronic structure of peptides. T h e models 
suggest that E T (electronic coupling) along the pept ide backbone v i a unf i l l ed 

In k et 

AH* 
RT 

AS* 
R 

20 

18 

16 

14 

12 

10 

-6 

-8 

10 i 

-12 

•14 

-8 

-10 

•14 

o b 

© 

® 

B c 
" ® 

: ! 
1 r-

® 

1 2 1 6 2 0 

D i s t a n c e , A 

Figure 3. (a) Plot of In k £ T vs. distance for 0, I , and 2; (b) plot of - A H # / R T 
vs. distance; (c) plot of AS* /R vs. distance. Squares with error bars represent 
data for 0, 1 and 2; circled polygons represent data for Os(II) -» Ru(IIl) ET 
(data from ref 48). Distance values for 0-2 are estimated as described in the 

text. 
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(IT*) levels is improbable because of the comparatively h i g h energy of the 
orbitals invo lved (72). Thus , i n the pept ide -br idged systems, E T must occur 
by paths that involve (electronic coupl ing via) a orbitals s imilar to those of 
saturated-hydrocarbon spacers. 

T h e data presented here in , along w i t h data from work of Is ied, al low 
comparison of the distance dependence of the rate for E T i n three different 
o l igoprol ine-br idged systems. Is ied studied thermal ly activated E T i n two-
metal d i m e r systems (49, 50) 

( N H 3 ) 5 M 2 + - i s o - ( L - p r o ) n - M 3 + ( N H 3 ) 5 - » 

( N H 3 ) 5 M 3 + - i s o - ( L - p r o ) w - M 2 + ( N H 3 ) 5 (7) 

where iso is isonicotinic acid and pro is pro l ine . F o r Os(II) - » Co(III) E T 
( A G < - 0 . 1 V ) , p ~ 2.0 A 1 ; for Os(II) -> Ru(III) ( A G ~ - 0 . 1 5 V) , p ~ 1.5 
A 1 (49, 50). Remarkably , comparison of these data and the data on the 
R e - D M A B system show that for E T across the same ol igoprol ine spacer, p 
values range from 1.0 to 2.0 A"1. Th is range w o u l d be reflected b y a rate 
difference of approximately 1 0 4 at a separation distance of 10 A. These are 
not subtle differences! 

T h e large disparity may arise from one or more of several factors that 
may differ i n the systems. T h e decay of the electronic coupl ing term (KC 1) 
w i t h distance may be dependent on the molecular and electronic structure 
of the donor and acceptor. Several theoretical studies us ing superexchange 
theory support this hypothesis (73, 74). T h e treatment of d istance-depen
dence data obtained by e q 5 impl ies that the only t e rm that varies w i t h 
distance is the electronic coupl ing (K c 1 ) . H o w e v e r , the outer-sphere reor
ganization energy is expected to increase w i t h distance (50, 68, 75); this 
increase w o u l d lead to a decrease of the F r a n c k - C o n d o n t e rm (K d ) , i n a d 
di t ion to the expected decrease i n the electronic coupl ing t e rm (KCI). T h e 
size of the increase i n the outer-sphere reorganization energy w i t h distance 
may depend on at least two factors that are different i n the ol igoprol ine 
systems studied to date: the size of the donor and acceptor ions and the 
polarity of the solvent (50). 

Temperature Dependence. O n e way to test the possibi l i ty that both 
K D and K N vary w i t h distance w o u l d be to analyze the rate data i n a manner 
that allows separation of the distance dependence of the two terms. F o r an 
E T reaction i n w h i c h the entropy change (AS E T ) is zero, the activation pa 
rameters obtained from temperature-dependence studies al low separation 
of nuclear and electronic factors as follows (50, 76): 

(8) 
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5. CABANA & SCHANZE Peptide Spacers 119 

where A H * is activation enthalpy, A S * is activation entropy, R is the gas 
constant, and T is temperature. 

To provide the data necessary for analysis as suggested by e q 8, the 
temperature dependence of fcEX i n methanol has been determined from the 
M L C T luminescence l i fetime of complexes 0-m, 1-m, 2 -m, and 0 - 2 at six 
temperatures ranging from - 7 to 40 °C. E T rate constants at each temper 
ature were determined by us ing eq 4. T h e entire temperature-dependence 
experiment was repeated two times for each complex, and the set of average 
rate constants thus obtained were used to construct E y r i n g plots. A H * and 
A S * values were determined from the E y r i n g plots, and the values are l is ted 
i n Table III . 

Activation Entropy and Enthalpy. T h e data i n Table III show that for 
0 - 2 the activation entropy is less than zero, and it becomes increasingly 
negative as peptide spacers are added. Negative A S * has been observed for 
E T reactions i n a number of mode l systems and for intramolecular E T i n 
modi f ied prote in systems. I n these cases, negative A S * values have been 
attr ibuted to a nonadiabatic E T mechanism arising f rom separated donor 
and acceptor sites w i t h weak electronic coupl ing between them (40, 41, 49, 
50, 77). T h e observation of negative A S * for E T i n 0 - 2 provides evidence 
that E T is nonadiabatic. This observation supports the premise that the 
pro l ine peptide spacers are r i g id and ho ld the Re and D M A B centers apart 
d u r i n g the E T process. Intramolecular E T is forced to occur b y a through-
b o n d (or possibly through-space) mechanism across the pept ide spacer. O n 
the other hand , no clear t rend emerges from the activation enthalpy data; 
this t e rm is nearly constant w i t h i n experimental error across the series. A 
systematic increase i n A H * w i t h added spacers is expected because of the 
dependence of the outer-sphere reorganization energy on distance (67, 68). 
T h e reason for the lack of a systematic variation of A H * w i t h distance i n the 
R e - D M A B system is unclear at present. 

It is of interest to carry out an analysis of the activation parameter data 
as suggested b y e q 8 to separate the distance dependence of the nuclear 
and electronic terms. Exper imenta l data are not available concerning A S E T 

for the excited-state E T reaction given i n e q 1. H o w e v e r , on the basis of 
the fol lowing reasoning, we suggest that the entropy change is smal l or 
nearly zero for the R e - D M A B system. T h e largest contr ibut ion to the overal l 
entropy change for the D M A B - » Re E T reaction is expected to be associated 
w i t h solvent reorganization around the donor and acceptor that is d r i v e n b y 
charge transfer. Because the photo induced E T process involves the overal l 
charge rearrangement R e + - D M A B —> R e - D M A B + , changes i n entropy 
associated w i t h solvent reorganization around the Re center concurrent w i t h 
its reduct ion are expected to be closely balanced by the entropy associated 
w i t h solvent reorganization around D M A B concurrent w i t h its oxidation. I n 
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addit ion, the overal l entropy changes associated w i t h M + —» M ° i n b ipyr id ine 
complexes and for D - » D + i n organic donors have been shown to be 
comparatively small (78, 79). 

I n F i g u r e 3b and 3c, - A H * / R T and A S * / R are p lot ted as a function of 
distance for 0-2. T h e activation enthalpy plot shows no systematic variat ion, 
although the activation entropy plot shows a pronounced negative slope. 
T h e appearance of the plots suggests that the distance dependence of J t E T 

arises mainly from variation of Ke] (50). A n interest ing correlation arises u p o n 
comparison of the activation parameter data for photo induced E T i n 0-2 
and for thermal Os(II) - » Ru(III) E T i n ( N H 3 ) 5 O s n - i s o - ( L - p r o ) n - R u i n ( N H 3 ) 5 

(n is 1, 2, and 3). T h e data points for A H * and A S * i n the O s - R u system are 
inc luded i n the correlations shown i n F igures 3b and 3c (50). 

Compar ison of the plots shows that the slope of the A H * plot for the 
O s - R u system is considerably greater than the apparent slope for the 
R e - D M A B system. A possible explanation for the difference i n slope is that 
the distance dependence of the outer-sphere reorganization energy is greater 
for the O s - R u system than for 0-2. This distance dependence cou ld result 
from the fact that the experiments were carr ied out i n H 2 0 for the O s - R u 
system and i n C H 3 O H for 0-2. B y contrast, the A S * / R points for the O s - R u 
system and for 0-2 follow the same correlation. Th i s remarkable correspon
dence suggests that the distance dependence of the electronic transmission 
term is identical for the two systems. Such correspondence is not surpr is ing 
i n l ight of the fact that the molecular structure of the spacer i n the two 
systems is identical . T h e overal l distance dependence of the E T rate is quite 
different for the two systems. T h e temperature-dependence data suggest 
that this difference arises main ly from a difference i n the distance depen 
dence of the nuclear terms i n the two systems. 

Studies in C H 3 C N Solution. T h e luminescence decays for 0-m, 
1-m, and 0-2 were monitored i n C H 3 C N solution. L i fe t imes obtained from 
analysis of the experimental decays are l isted i n Table IV. Decays for 0-m, 
1-m, 0, and 1 were fitted adequately w i t h a single exponential decay function. 
Rate constants for intramolecular E T i n each complex were calculated w i t h 
eq 4 by using 0-m and 1-m as the models for 0 and 1, respectively. I n contrast 
to the situation for 0 and 1, the luminescence decay for 2 was biphasic . I n 
accord w i t h this condi t on , a biexponential equation was used to fit the data. 

I(t) = ai exp — - + a 2 exp — - (9) 

In this expression, I(t) is the instantaneous emission intensity , t is t ime , and 
Ti and a* are the l i fet ime and ampl i tude , respectively, of the i t h decay 
component. Table I V contains the parameters obtained from the fit of the 
decay for 2 by using this equation. T h e decay displays two clearly resolved 

 P
ub

lic
at

io
n 

D
at

e:
 M

ay
 5

, 1
98

9 
| d

oi
: 1

0.
10

21
/b

a-
19

90
-0

22
6.

ch
00

5

In Electron Transfer in Biology and the Solid State; Johnson, M., el al.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1989. 



5. CABANA & SCHANZE Peptide Spacers 121 

Table IV. Emission Lifetimes and Electron-Transfer 
Rate Constants in C H 3 C N Solution 

0-m 188 — 

0 10.6 8.9 x 10 7 

1-m 143 — 

1 57.5 1.0 x 10 7 f e 

2 16.3 (51%) 5.4 x 10 7 

98.9 (49%) 3.1 x 10 6 6 

"Argon outgassed solutions were at 20 °C. The estimated errors in 
lifetimes and rate constants are ± 1 % and ± 5 % , respectively. 
^These rate constants were calculated by using eq. 4 and the cor
responding lifetime component. The model complex used for the 
calculation was 1-m. 

components w i t h roughly equal amplitudes. B y us ing the l i fetimes of the 
two components and the l i fet ime of the mode l complex (1-m), two E T rate 
constants were calculated w i t h e q 4. 

A n interest ing correlation is noted between the luminescence data for 
2 and the carbon N M R spectroscopic data presented i n F i g u r e 2b. F o r 2, 
two sets of resonances resolved i n the C D 3 C N N M R spectrum were assigned 
to species i n w h i c h the p r o l i n e - p r o l i n e b o n d was i n the trans and cis con 
formations. M o l e c u l a r models of 2 indicate that the R e - D M A B distance is 
strongly dependent on the conformation of the p r o l i n e - p r o l i n e pept ide 
bond . I n the cis conformer (cis-2), the closest R e - t o - D M A B separation d is 
tance is less than 10 A; i n the trans conformer (trans-2), this distance is 
estimated to be greater than 14 A. Perhaps the two l i fet ime components 
observed i n the luminescence decay correspond to these two conformers. 
T h e short and long l i fet ime components cou ld be due to cis-2 and trans-2, 
respectively. 

This interpretation of the biphasic decay for 2 can be used i n interpret ing 
the E T rate data obtained for the R e - D M A B complexes i n C H 3 C N . T h e 
E T rate decreases systematically along the series 0 , 1 , and trans-2. H o w e v e r , 
the E T rate for cis-2 is faster than for 1. T h e strong dependence of E T rate 
on conformation for 2 suggests that E T may occur v ia a through-space m e c h 
anism, at least i n the case of cis-2. F u r t h e r insight concerning this hypothesis 
may come from temperature-dependence experiments on 2 under conditions 
i n w h i c h the decay for each conformation can be resolved. 

Conclusions 

T h e R e - D M A B system provides interest ing information concerning the d i s 
tance dependence of photo induced E T . T h e temperature-dependent rate 
data i n C H 3 O H solution suggests that E T across the pept ide spacers is 
strongly nonadiabatic. This situation is consistent w i t h the hypothesis that 
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the ol igoprol ine spacers are r i g id and that the R e center and the D M A B 
moiety are not i n close contact d u r i n g E T . T h e activation entropy data for 
0-2 correlate remarkably w e l l w i t h data on thermal E T i n ( N H 3 ) 5 O s n - i s o -
( L - p r o ) n - R u m ( N H 3 ) 5 . This pre l iminary evidence indicates that the distance 
dependence of the electronic transmission factor for thermal and photo
chemical E T is s imilar i n these two pro l ine -br idged systems. Studies of 2 
w i t h two slowly interconvert ing conformers present indicate that the E T 
rate is strongly dependent on conformation and suggest the possibi l i ty that 
E T occurs v ia a through-space mechanism. 

W o r k i n progress seeks to vary the d r i v i n g force for E T b y p lac ing 
substituents on the 2 ,2 ' -b ipyridine l igand at the R e center. Efforts are also 
underway to better define the structure of the ol igoprol ine spacers i n 1 and 
2 by us ing molecular mechanics calculations and X - r a y crystallography. 
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Energetics and Dynamics of Gated 
Reactions 

Control of Observed Rates by Conformational 
Interconversion 

Brian M. Hoffman, Mark A . Ratner, and Sten A . Wall in 

Department of Chemistry, Northwestern University, Evanston, IL 60208 

Several unusual aspects of reactions in larger molecules, especially 
biological systems in the condensed phase, are discussed. In partic
ular, we are concerned with processes involving "soft" (overdamped, 
low-frequency) degrees of freedom, such as might be associated with 
a conformational interconversion in a macromolecule. The role of 
subsidiary stable minima on the reaction surface is considered; sub
sidiary stable minima can provide an indirect transfer route whose 
activation barriers can be substantially smaller than the direct, con
certed reaction path from precursor to successor. When these con
siderations are applied to a cyclic electron-transfer scheme, "gating" 
behavior, in which conformational changes control the overall proc
ess, emerges naturally. This chapter also considers quite a different 
dynamic effect, where anisotropy in the diffusion of the system on 
the potential energy surface substantially changes the dynamic be
havior and can lead to transient decays that cannot be fit to a single 
exponential law. 

CONVENTIONAL TRANSITION-STATE THEORY MUST BE E X T E N D E D w h e n a 
reacting system has certain key features associated w i t h its potential-energy 
surface. These theoretical considerations were init iated (I , 2) to explore what 
consequences might arise w h e n an electron-transfer system exhibits mul t ip l e 
stable conformational states that can interconvert at rates competit ive w i t h 

0065-2393/90/0226-0125$06.50/0 
© 1990 American Chemical Society 
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126 E L E C T R O N TRANSFER IN BIOLOGY AND T H E SOLID STATE 

electron transfer (3-5). As noted earlier (J), this situation is general and by 
no means l i m i t e d to electron-transfer reactions (6-8). 

T h e fo l lowing section describes a cycl ic k inet ic scheme appropriate for 
conventional intramolecular electron transfer (ET) , where reactant and p r o d 
uct each exhibit a single stable conformation and conformational dynamics 
are not important. After that the role o f conformational interconversion is 
discussed, and the kinet ic scheme that applies to a system i n w h i c h electron 
transfer is coupled to the conversion between two stable conformations is 
developed (I). T h e n these equations are solved, and the ir most interest ing 
l i m i t i n g forms are analyzed. 

F i n a l l y , the alternate situation (2) is descr ibed, i n w h i c h conformational 
dynamics qualitatively change the observed kinetics o f a reaction. T h e re 
acting system that is considered undergoes anisotropic diffusion on a two-
dimensional energy surface, one d imension of w h i c h can be considered a 
conformational coordinate. Th i s case corresponds to a generalization of K r a 
mers ' description of chemical reactions i n the strongly coupled regime and 
leads to nonexponential relaxations, even for surfaces w i t h one stable con
formation for each of the reactant and product . 

Conventional Intramolecular Electron Transfer 

A general k inet ic scheme for s imple intramolecular electron-transfer reac
tions is g iven i n F i g u r e 1. A system consisting of an intramolecular (linked) 
donor-acceptor [d,a] pair i n its ground state, A , is excited to a reactive state, 
A * . M o s t often this is done by flash photolytic excitation of d. E l e c t r o n 

Figure 1. Simple kinetic scheme for electron transfer within a linked donor-
acceptor pair. State A represents the ground-state [d,a] pair. A * is the state 
formed at t = 0 by excitation to the donor excited state (d*,a). State A*%can 
decay back to A (rate constant, kD) or can react to form the charge-transfer 
intermediate, I (rate constant, kt), composed of the (d + ,a~~) pair. In turn, 

reverse charge transfer re-forms A from I (rate constant, kb). 
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6. H O F F M A N E T AL. Gated Reactions 127 

transfer, d* - » a (or d —* a*), then produces the charge-separated in ter 
mediate, I = [d + ,a~], at rate constant, kt. This intermediate can re turn to 
the ground state b y the reverse electron-transfer process, a" d + , w i t h 
rate constant, kb. W i t h i n this scheme, the t ime course o f the species A * and 
I are as follows (9): 

A*(t) = A*(0)e-** f (la) 

I (t) = A*(0) ( y
 k t

 y ) Hp*** - e~kbt) ( lb) 

where A*(0) is the in i t ia l concentration of [d*,a]. A c c o r d i n g to e q l a , A * 
decays exponentially w i t h the rate constant, 

kp = kD + kt (lc) 

where kD is the decay rate of A * i n the absence of E T . Thus , kt can be 
determined from kp by independent measurement of kD. 

Equat i on l b represents the creation of I from A * at a rate constant kt 

and its reaction to form A at rate constant kb. This equation corresponds to 
an exponential rise and fall o f I , w i t h its concentration m a x i m u m at t ime T: 
I(T) = A*(0X* t /*>) exp(-fc<T); T = (In (*>/*<))/(*> - *<), where fc> and k< 
refer to the larger and smaller of kh and kt. I f kb < fcp, then kb can be 
determined from the slow decay of intermediate I ; i f kb > kpy then kb is 
obtained by measuring the rap id appearance of I. 

T h e first port ion of this scheme also applies to reactions where A * 
represents a state i n w h i c h a rapid b imolecular event has reduced d or 
oxidized a. Such preparation can be done b y pulse radiolysis or b y flash 
photolysis of a sacrificial E T reagent (10); a subsequent intramolecular 
charge-transfer step produces I as the e n d product . These two cases differ 
from the flash photolytic excitation of d (or a) i n that kD = 0. 

Introduction of Conformational Variation 

A n electron-transfer event is control led by the F r a n c k - C o n d o n pr inc ip le , 
and thus is h ighly sensitive to the accompanying nuclear rearrangements. 
I n the standard theory of Marcus and H u s h ( I I , 12), the coupled nuclear 
modes of motion are d iv ided into inner - and outer-sphere modes. Inner -
sphere modes inc lude bond- length changes i n the redox centers themselves, 
and contribute a reorganization energy, X f ; the surrounding m e d i u m is 
treated as a continuous dielectr ic , w i t h reorganization energy X 0 , and the 
total reorganization energy i s X = \ 0 + X l . A potential-energy diagram 
depict ing this situation is presented i n F i g u r e 2. I n most cases, and part ic 
ularly for small inorganic ions reacting near room temperature, inner - and 
outer-sphere reorganizations are treated on equal footing. 
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128 E L E C T R O N TRANSFER IN BIOLOGY AND T H E SOLID STATE 

potential 

Inner 

Figure 2. Schematic potential-energy surface for ordinary electron trans
fer without conformational state change. The abscissa is the inner-sphere 
vibrational coordinate, the ordinate is either the outer-sphere coordinate 
or an internal low-frequency motion. The reaction proceeds over a saddle 
point located on a line joining precursor minimum (upper left) to successor 
minimum (lower right). (Reproduced from ref. 1. Copyright 1987 American 

Chemical Society.) 

This formalism assumes that, i n an E T process such as the forward-
transfer (A* —• I) and back-transfer (I —> A) reactions, there is but a single 
stable conformational form for each of the precursor (P) and successor (S) 
electron-transfer states (Figure 2). H o w e v e r , there must be many cases i n 
w h i c h an "outer -sphere" coordinate is associated w i t h a conformational mode 
that has two (or more) m i n i m a corresponding to alternative stable confor
mations (Figure 3) and the substates of the P and S species display a dynamic 
conformational e q u i l i b r i u m that can modulate the E T rates. 

Moreover , major prote in conformational changes can occur at rates that 
are competit ive w i t h observed rates of E T (13,14). Such "gat ing" may occur 
i n the complex between z inc cytochrome c peroxidase (ZnCcP) and cyto
chrome c (3, 9,15-17) or for cytochrome c itsel f (18). M o r e generally, i t has 
been proposed that a variety of other chemical reactions are conformationally 
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6. H O F F M A N E T AL. Gated Reactions 129 

p o t e n t i a l 

Inner 

Figure 3. Schematic potential-energy surface for electron transfer with con
formational equilibrium. The ordinate is a conformational coordinate, and 
the surface describes processes such as the A * —» I transfer described in the 
text and in Figure 4. Transfer from the conformational^ favored precursor 
state (upper left) to the stable successor conformer (lower right) occurs by 
a two-step process (either across and then down or down and then across), 
rather than by the combined upper left to lower right path, which 
has a higher barrier. (Reproduced from ref 1. Copyright 1987 American 

Chemical Society.) 

gated (19-21). A two-state case, w h i c h represents the simplest m o d e l for 
any and a l l such reactions, was presented previously (I). Th i s chapter gives 
a more general solution to the kinet ic equations that arise. 

Cons ider a donor-acceptor pair , [d,a], as part of a system that exhibits 
two conformations, (B) boat and (C) chair. F o r concreteness, we may imagine 
d and a as attached 1,4 on a cyclohexane r ing ; the same formal situation w i l l 
be real ized i n far more interest ing ways w i t h prote in complexes. I n this 
case, each of the three system states shown i n F i g u r e 1, (A, A * , and I) is 
composed of two conformational substates (A = A B + A c ; A * = A B * + 
A c * ; I = I B + I c ) . In the i l lustration, the distance and the through-bond 
relationships that govern electron transfer between d and a w i l l differ i n the 
B and C conformations of the r ing . 

F o r nonadiabatic electron transfer, this variation w o u l d cause the matrix 
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130 E L E C T R O N TRANSFER IN BIOLOGY AND T H E SOLID STATE 

element that enters as a prefaetor into the (nonadiabatic l imit ) rate expres
sions to differ i n the B and C conformers (II,12). Genera l ly , the energetics 
of charge creation or annihi lat ion w i l l be coupled to conformation. I n the 
i l lustrat ion, this coupl ing obviously occurs, for the coulombic stabil ization 
of a charge-separated state w i l l be greater i n the boat conformer, where d + 

and a" are close, than i n the chair. Moreover , the process of f orming the 
reactive state A * can change the conformational energetics. B y l inkage r e 
lationships, this means that the e q u i l i b r i u m between conformers can be 
different i n system states A , A * , and I. 

Introduct ion o f the conformational equ i l i b r ia impl i c i t i n F i g u r e 3 ex
pands the k inet ic scheme of F i g u r e 1 to that of F i g u r e 4. H e r e , the A , A * , 
and I states each exhibit two conformations of the l i n k e d donor -acceptor 
system (B and C ) , each potential ly w i t h different interconversion rates and 
energetics (equi l ibr ium ratio). Because of these differences, the activation 
energy for E T is not the same for the two conformers. 

Th i s scheme includes E T rate constants only for the d * —» a and a " —» 

Figure 4. Kinetic scheme for electron transfer for a donor-acceptor couple 
within a system where the states A, A*, and I each undergo conversion between 
two stable conformers C and B. The symbols and rate constants are as shown 
in Figure I, with the following additions. The conformational substates and 
associated electron-transfer rate constants are labeled by conformer; the con
formational conversions are defined by the equilibrium constant in A (1Leq) 

and by rate constants in A* (ku,ka) and in I (k„i,kdi). 
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6. H O F F M A N E T AL. Gated Reactions 131 

d + electron-transfer processes, i n w h i c h the system conformation is con
served (the "hor i zonta l " reactions i n F i g u r e 3), and conformational and E T 
steps only occur sequentially. Intuit ive ly , i t might be expected that a k inet i c 
scheme for E T i n the presence of an energetic coupl ing between charge 
state and conformation must inc lude E T that is synchronous w i t h a confor
mational change i n the m e d i u m coordinate, namely the "d iagonal " processes 
i n F i g u r e 3, P B - » S c , and P c —» S B . Th is i n t u r n w o u l d open the issue of 
" f r i c t i on" along the coupled diagonal path, part icularly i n prote in systems 
where large molecular masses are invo lved and at l ow temperatures. 

However , i n the cases of interest here i t is not necessary to inc lude the 
synchronous process (e.g., A c * —> I B ) for reasons that can be d iscerned upon 
examining F i g u r e 3. O n a potential-energy surface i n w h i c h the precursor , 
A * or I , and also the successor, I or A , exhibit two stable m i n i m a , the 
transit ion states on the diagonal reaction paths (e.g., P c to S B ) l ie at a h igher 
energy than a l l other transition states, in c lud ing those for the isoconfor-
mational E T reactions ( P c —» S c and P B —> S B ) and those for the confor
mational conversions ( P c —> P B and S c —» S B ) (Figure 3). There can be no 
compensation for this increased activation energy by the preexponential t e rm 
w h e n E T is adiabatic, nor is effective compensation l ike ly i n the nonadiabatic, 
long-range E T processes of interest here. Thus , i n this case where the 
conversion is between stable conformers, the rates for the sequential con 
formational and E T processes are greater than those for the synchronous 
reactions, w h i c h can be omitted . 

I n some cases the conformational step w i l l be slower than the E T step, 
and these deserve to be cal led gated reactions. This point perhaps represents 
the most interest ing feature of our analysis and w i l l be shown later to have 
profound consequences for efforts to ascertain the degree of conformational 
control i n electron-transfer reactions. 

O u r or iginal publ icat ion (I) speculated that the synchronous reaction 
always can be omitted . Brunschwig and Sut in (22) conf irm that this condit ion 
is true for the case of concern i n our or iginal paper and here , where the 
m i n i m a are stable. T h e y further show that i t is not true i n the l i m i t i n g case 
where the second m i n i m u m is barely stable; this l imitat ion is who l l y u n 
important i n the present context. 

Electron- Transfer Kinetics with Conformational Dynamics 

W e w i l l discuss the kinet ic scheme shown i n F i g u r e 4 i n terms of the 
photoinit iated (d* —» a) electron-transfer and thermal ( d + a") processes 
i n a donor-acceptor pair coupled w i t h i n a molecule or complex that exhibits 
two stable conformations. Reactions init iated by a second-order reduct ion of 
d are described b y the first hal f of this scheme. T h e populat ion of A * i n the 
C conformation is defined as ( A c * ) , i n the B conformation as ( A B * ) , and the 
total population of A * as (A*) = (A B *) + ( A c * ) . T h e populat ion of the e lectron-
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132 E L E C T R O N TRANSFER IN BIOLOGY AND T H E SOLID STATE 

transfer intermediate , I , and its conformational substates are def ined anal 
ogously. I n the ground state, A , the conformational e q u i l i b r i u m is descr ibed 
by the e q u i l i b r i u m constant, ( A B / A c ) e q = K e q . H o w e v e r , coupl ing between 
electronic state and conformation might alter the conformational e q u i l i b r i u m 
i n A * or I: ( A B * / A C * ) - K e q * = kjkd; ( I B / I c ) e q - K e q ' = kjkdl. 

A n important feature of most experiments is that the detect ion methods 
employed do not dist inguish between conformers. Thus , we require equa
tions for the total populations, A * and I , fo l lowing the formation o f A * at 
t = 0 by flash excitation or second-order reduct ion (oxidation) of A . G e n 
eral ly , the d* —» a transfer process is experimental ly characterized by fo l 
l owing the loss of A * , the d + ^ - a " process by fo l lowing the t ime course of 
I. W e w i l l examine the two processes i n t u r n . 

Reaction of Initial State: A * - » I: Exact Solution. T h e k inet i c 
schemes i n Figures 3 and 4 correspond to the fo l lowing k inet i c equations 
for the A * populations: 

<*(Ac*) 
dt 

d(AB*) 

dt 

= -(ktc + ku + kD)(Ac*) + fe^AB*) (2a) 

= fcu(Ac*) - (ktB + kd + fcD)(AB*) (2b) 

For the general case, the initial conditions for the A * state are determined 
by the equilibrium distribution of the A c and A B ground states: [A c*(* = 
0)] = (1 - F)A*(0); [AB*(t = 0)] = FA*(0). Here A*(0) = [Ac*(t = 0)] + 
[AB*(f = 0)] and F = kj(ktt + kd) = K e q / (1 + K e q ) . Solving eqs 2a and 
2b for the general case via a Laplace-Carson transformation (23) yields 

^ = Cle-fi + c2e-# (3) 
A*(0) 

Ac*(*) 
A*(0) 

A B *(«) 
A*(0) 

with the definitions 

(f,g) = l/2[2feD + kd + ku + ktB + ktc 

= (1 - F)(clce-f> + c^e-») (4a) 

= F(c1Be-fl + cwe-*) (4b) 

V(fc„ + kdf + (ktB - ktcXks - k t c + 2kd - 2ku)] (5) 

c i = (6a) 
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6. H O F F M A N E T AL. Gated Reactions 133 

where 

c 2 = £ — = (6b) 
g - / 

c l c - ^ / (7a) 
g " / 

C2C = (7b) 
g - / 

c 1 B = ^ / (7c) 
g " / 

c 2 B = (7d) 
g - / 

*« = kD + fc„ + kd + (1 - F ) * „ + Fktc (8) 

*„c = kD + ktB + (9a) 
1 - F 

^ = * D + + | (9b) F 

I n contrast to the exponential dependence of A*(t) for the s imple E T scheme 
(Figure 2, eq la ) , the general form of the overal l A*(t) populat ion , e q 3, is 
biexponential , w i t h the two rate constants be ing the sum (g) and difference 
(f) of two positive terms: 0 < g. T h e long-t ime behavior of (A*) is governed 
by the rate constant, / ; the short-t ime behavior by the larger rate constant, 
g. I n the fo l lowing discussion, it w i l l frequently be useful to consider s i tu 
ations where a single exponential t e rm controls the behavior of (A*(£)). T h e 
effective rate, feobs, can be wr i t ten as the sum of the decay-rate constant, kD, 
and an effective electron-transfer t e r m , fcET. 

fcobs = kD + kET (10) 

There are several i l luminat ing l i m i t i n g cases of the general solution. A most 
interest ing situation occurs w h e n < < 1 and thus the only state in i t ia l ly 
prepared is A c * . I f A c * does not exhibit rap id E T , namely k^ ~ 0, then 
E T only occurs subsequent to the A c * —» A B * conversion. This is "gated" 
E T i n the tradit ional sense that u n t i l the "gate" has been opened (that is , 
u n t i l A B * is formed from A c * ) , there is no conversion to product I. W h e n 
the state, A c * , in i t ia l ly populated cannot undergo E T , there must be an 
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in i t ia l lag per iod , w i t h kET = 0 (eq 10); the early-t ime (t = 0) rate constant 
For decay of A * 

Kb* = h (11a) 

represents only the A c * —» A c re turn to ground state. Subsequently , kohs 

increases w i t h t ime as A B * is formed and undergoes the A B * —» I B reaction. 
I n this gating situation, the long-t ime behavior of e q 3 exhibits two 

special cases of physical interest. W h e n the conformational e q u i l i b r i u m is 
fast compared to the E T rate, corresponding to gated E T w i t h a fast gate, 
at l ong t ime , the A c * <-> A B * p r e e q u i l i b r i u m is established, g iv ing the steady-
state result , 

*obs ~ kD + [ktB(F) + M l - F)] (lib) 

Thus , the apparent electron-transfer rate kET is a population-weighted av
erage. T h e opposite extreme arises w h e n conformational conversion A c * —» 
A B * is slow compared to the subsequent E T ; this is the tradit ional gated E T 
w i t h a slow gate. A t long t ime , the A c * *" > A B * conformational step is 
rate - l imit ing . E a c h complex attaining the high-energy conformation of the 
precursor crosses w i t h essentially unit efficiency to the product state I ; the 
overal l E T rate constant is just kET = ku> and 

fcobs = kD + ku (11c) 

Reaction of E T Intermediate: I ~ » A (Scheme II): Exact Solu
tion. T h e E T intermediate state denoted I i n F i g u r e 4 is created from A * 
and simultaneously is be ing converted to A by E T . T h e two conformers of 
A * can undergo paral le l reactions to the corresponding I conformers. I n this 
section the term successor complex refers to A , and precursor complex is I. 

T h e k inet ic schemes i n F i g u r e 3 and F i g u r e 4 y i e l d the fo l lowing k inet i c 
equations for the conformers of I: 

d(lc) 
dt 

dt 

= - ( * „ / + **c)(Ic) + U I B ) + M A c * ) (12a) 

= U l c ) - (kdI + kbB)(lB) + M A B * ) (12b) 

Once again, an exact solution may be obtained v ia the L a p l a c e - C a r s o n 
transformation. T h e solution to the general case for the t ime course of I(£) 
is a rather unwie ldy four-exponential function that does not l e n d itself to a 
discussion of its salient points. (For the sake of completeness, this solution 
is g iven i n the Appendix . ) W e w i l l instead consider here an i l luminat ing 
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subcase of the general case, where I is formed only through I B and where 
ku » kd » kD and k^ = 0. Thus , the A * —> I process can be descr ibed 
by a single process, A B * - » I B , and by a single exponential decay w i t h a rate 
&obs = kD + ktB. I n effect, we ignore gating i n A * by consider ing only state 
A B * i n order to see most clearly the effect of I B I c on the I —» A process. 
T h e kinet ic equations for the conformers of I obtained for this case are 

dt 

dt 

= -(K, + kbc)(Ic) + Uh) (13a) 

= Ulc) " (** + kbB)(IB) + * , B (A B *) (13b) 

B y solving the coupled equation set (eqs 13a and 13b) for the boundary 
conditions [I c (* = 0)] = [lB(t = 0)] = 0 and by using 

At*(t) = A*(0)g- f e b ! f (14) 

w e f ind 

!(*) 
A*(0) 

where 

n - m L^obs ~ m n - kohs J 

(15) 

(m,n) = I [kbB + kbc + kdl + kul T 

V f e z + kuIf + (kbB ~ kbc)(kbB - kbc + 2 * d / - 2fcM/)] (16) 

and 

* z = fcfcc + kuI + (17) 

T h e t ime course of (I) is determined by a three-exponential function invo lv ing 
the A * —» I rate constant, fcobs, and the I - » A rate constants, m and n . T h e 
rate constants m and n are composites only of the fundamental rate constants 
associated w i t h state I ; the fundamental rate constants descr ib ing intercon
version and decay of the A * substates do not appear i n m and n . 

To il lustrate this exact description of the I —» A process, we examined 
the situation i n w h i c h gating w i t h i n I has the maximal effect. I is populated 
only through the A B * - » I B channel , but the I B conformer is unreactive, 
w i t h kbB = 0. This situation represents ideal ized conformational contro l of 

 P
ub

lic
at

io
n 

D
at

e:
 M

ay
 5

, 1
98

9 
| d

oi
: 1

0.
10

21
/b

a-
19

90
-0

22
6.

ch
00

6

In Electron Transfer in Biology and the Solid State; Johnson, M., el al.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1989. 



136 E L E C T R O N TRANSFER IN BIOLOGY AND T H E SOLID STATE 

E T because the d + ^ - a E T process can occur only after an I B - » I c 

conversion through the sequential process, 

_ kdi he . 
I B > I c > A 

where the I B - » I c step is the "gate". There are two interest ing subcases. 
W h e n the gating conformational change, I B - » I c , is slow compared to the 
rate of E T w i t h i n the reactive B conformer (kdl « kbc), 

A*(0) kdl - k obs 

W h e n the gate is rap id compared to the subsequent E T step (kbc « kdt), 
then 

l(t) KB 
A*(0) feeff ~ fcobs 

( e -Ust _ (19) 

where 

^ = ~ f r (20) 
he + kul 

B o t h o f these subcases y i e l d a biexponential functional form ident ical to that 
of the ungated kinet ic scheme, eq l b . O n e of the rate constants is kohs, 
associated w i t h creation of I ; the other describes the E T reaction, I —> A . 
W h e n the gate is slow, the apparent rate constant o f the E T reaction is 
not that for the E T step, but rather is kdl, a conformational parameter. 
Converse ly , w h e n the conformational change is fast, e q 19 says that the 
d + ^ a " E T reaction w i t h i n the I c conformer is the rate -determining 
step for the I —> A process. 

Another interest ing l imi t can be i l lustrated by again consider ing the 
situation w h e n I is populated only through the A B * - » I B channel , but now 
the I B conformer is reactive and kbB > kdl ~ fcobs > kuI, kbc. I n this l i m i t , 
i f e q 15 can be wr i t ten in the form 

J £ L = Cl€-k* + C2e-mt + C3e-nt (21) 

where 

- c 3 * c 2 > ct (22) 

This result impl ies that the intermediate appears w i t h rate constant n ~ 
kbB + kdI and decays w i t h rate constant m ~ kul + kbc. 
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Multimode Reaction Dynamics 

I n condensed-phase chemical reactions, inc lud ing but not restricted to elec
tron transfer, the relationship between the B o r n - O p p e n h e i m e r potential 
energy surfaces (or free-energy surfaces) and the rate processes occurr ing 
on those surfaces is nearly always discussed i n terms of the activation energies 
(or activation free energies) invo lved i n surmount ing barriers along a reaction 
path leading from a reactant to a product configuration ( I I , 12, 24). A t h igh 
temperatures the rate constant w i l l then be given i n a general ized transit ion-
state theory form 

k = k0Ke~AG,RT (23) 

where k is the rate constant, k0 is an attempt frequency for crossing the 
barrier , K is a transmission coefficient descr ib ing recrossing of the barr ier , 
and A G * is the activation free energy. T h e dominant temperature depend
ence arises from the exponential t e r m , and one generally expects a single-
exponential t ime-course for the reactant concentration. T h e standard E T 
rate theory, in the adiabatic l i m i t , is exactly of this form, w i t h K& 0 replaced 
by a universal frequency near 1 0 1 3 s" 1, and A G * = (X 4- A ) 2 / 4 X . F o r non 
adiabatic E T , the prefactor Kk0 becomes 

i _ 2 i r V P A
2 , , 

K k ° " * (4irX*r )* 

w i t h VDA as the electron tunne l ing matrix element. Formulas 23 and 24 
w o u l d be appropriate for the ind iv idua l electron-transfer rate constants (ktB, 
ktc, kbB, and kbc) that appear i n the earl ier discussion i n w h i c h the s imple 
transition-state theory was extended to inc lude mul t ip le stable m i n i m a . 

W e have out l ined the modifications that must be made i n the standard 
nonadiabatic rate expressions of eqs 23 and 24 w h e n mul t ip l e stable m i n i m a 
occur on the potential surface. F o r other situations of real importance, dy 
namics on the potential-energy surface, rather than the surface itself, require 
extension of these formulas. T h e first of these dynamic extensions to receive 
extensive recent experimental and theoretical work arises from dynamic 
solvent relaxation effects (25-41); it is important for bo th large- and smal l -
molecule dynamics, especially at short t imes. Solvent relaxation is important 
i n several situations, most obviously w h e n it is r equ i red to trap a successor 
complex that might otherwise convert back to precursor. A s impl i f ied p icture 
(33) of these dynamic corrections replaces the standard form for nonadiabatic 
transfer 

kEr = kNA (25) 
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by the corrected version 

* E T = (26) 

where we have 

h _ ?2E V p A
 P-EA/RT ton\ 

4irV i 2 

T* = - T d (29) 

w i t h rh Td, €oo, and e 0, respectively, the longitudinal and D e b y e relaxation 
times and the optical and static d ie lectr ic constants. F o r slow solvent relax
ation, 

16irfc B T 

y2 

exp RT 

1 K « 1 
K » 1 

(30) 

Thus , i n this l i m i t , the rate is s imply the product of the activation energy 
to attain the barr ier top and the rate of solvent relaxation requ i red to stabilize 
the product configuration. 

W e treated a second set of circumstances i n w h i c h the s imple activated 
complex p icture requires dynamical extension. I n condensed phase, excited 
translational or vibrational states undergo frequent energy-relaxing collisions 
w i t h the solvent. U n d e r these conditions, the dynamic behavior of the system 
point m o v i n g on the potential surface w i l l generally be diffusive, w i t h mean 
free path short compared to characteristic distances along the potential sur
face. Kramers long ago studied the implications of this diffusive transport 
for chemical rate processes (42). I n the past 15 years a large n u m b e r of 
studies, both theoretical and experimental , have used general ized Kramers 
models to analyze rates for processes as different as isomerization, ionic 
conduct ion, and enzyme-substrate b i n d i n g (43, 48). 

T h e or iginal Kramers formulation, and the majority of its extensions, 
considered pictures i n w h i c h motion occurs along a single reaction coordi 
nate, and thus the diffusive dynamics of barr ier crossing occurs i n one d i 
mension. Situations can frequently occur, however , i n w h i c h the one-
dimensional picture is inadequate. A g m o n and H o p f i e l d (49, 50) noted that 
for reactions i n proteins, it may be necessary to treat internal mot ion of the 
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prote in as def ining the " m e d i u m " coordinate (Figure 2). W h e n the prote in 
is h ighly conformationally mobi le , there are no n e w effects. 

However , as mot ion i n this coordinate is s lowed, for example by a 
decrease i n temperature, reorganization of the prote in becomes difficult and 
finally impossible ; the system no longer can reach the classical transit ion 
state (Figure 2), and the reaction rate decreases. Examples might inc lude 
C O reb ind ing (21, 51), the case of E T w i t h stable intermediate states, or 
isomerization about a double bond , i n w h i c h extension of the b o n d v ibrat ion 
coordinate substantially changes the barr ier height. U n d e r such conditions, 
the Kramers picture should be extended to two coordinates, and just such 
an analysis of the isomerization prob lem has been prov ided b y A g m o n and 
Kosloff(52). 

I n many systems, however, part icularly i n proteins w i t h slow confor
mational motions characterized by very large effective masses and smal l force 
constants, the characteristic t imes for the coordinates may be very different. 
Addi t i ona l ly , the different degrees of freedom may have totally different 
effective frictions, corresponding to differing diffusion constants along the 
differing mot ion directions. As a result, the evolut ion of the system on the 
potential surface can be governed not only by the potential surface itself 
(that is , b y the forces arising from the gradient of the potential) , bu t also 
from nonuni form frictional forces for differing coordinates. 

A s imple example might he lp to clarify this discussion. F i g u r e 5 A p r e 
sents a schematic potential surface for C O reb ind ing to myog lob in . T h e 
abscissa corresponds to translational mot ion of the C O away from the F e 
site, and the ordinate measures prote in conformational mot ion . T h e confor
mational ("outer-sphere") motions w i l l occur very slowly; the small-species 
("inner-sphere") motions along the abscissa are far faster. A g m o n and H o p -
field (49, 50) therefore assumed that the effective reactive mot ion corre
sponds to straight-l ine motions along the x coordinate, starting from some 
distr ibut ion of probabi l i ty (just a Bol tzmann-type distribution) along the y 
axis. Physical ly , this condit ion w i l l ideal ly correspond to a d is tr ibut ion of 
barr ier heights, corresponding to crossing the r idge l ine R at various cuts 
along the y axis. Th is d istr ibut ion , i n t u r n , can mean that dynamics about 
the s imple saddle point S of F i g u r e 5 A can become irrelevant for the overal l 
rate because barr ier crossing w i l l occur a l l along the ridge l ine , not only at 
the saddle point itself. T h e n the overal l rate w i l l be given by an average of 
the rate for each straight-l ine trajectory paral le l to x—that is , at each con
formation, a rate of C O reb ind ing can be def ined, and the overal l observed 
rate w i l l be an average over a l l accessible conformations. 

T h e appealing and physical ly reasonable picture of A g m o n and H o p f i e l d 
represented an important step i n interpret ing reactions occurr ing i n situa
tions such as a prote in where the characteristic frictions and mot ion t ime 
scales are substantially different along various coordinates. H o w e v e r , the 
straight-l ine trajectories paral lel to the x axis, corresponding to fast-coordi-
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Figure 5. (A) A schematic sketch of the potential surface for the ligand protein 
rebinding reaction. R denotes the ridge, T the separatrix, and S the saddle 
point. The stable reactant and product configurations are denoted by a and 
b, respectively. The shapes and orientations of R and T are schematic and 

other possibilities exist as discussed in the text. 

nate mot ion at fixed position along the slow coordinate, c learly represents 
a great over-simpli f ication that cannot be generally va l id . T h e issues raised, 
however, inc lud ing the differences between reactions de termined b y r idge-
l ine crossing as opposed to saddle-point crossing, the effects of very different 
frictions along the various motions, and possible nonexponential rate be 
havior arising from short-t ime transients on the product side of the r idge 
l ine but not yet stable at product-type geometries, mer i t extended cons id 
eration (53). 

Recently , this prob lem was considered by using a Smoluchowski equa
tion approach (2). T h e equations of motion for the system are then 

x = — — + V2kBT/my1 wx 

myi dx 

- 1 d V 
y = — + V2kBT/my2 w2 

my2 dt/ 

(31a) 

(31b) 

w i t h yi and 72 the frict ion coefficients for x and y motions, respectively; and 
kB, T, m, wu and w2 are, respectively, Bo l t zmann constant, temperature, 
mass, and two independent white noise (random modulation) terms. This 
equation is expected to ho ld w h e n the mot ion is strongly damped , so that 
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B 

Figure 5. (B) A plot of the potential corresponding to the lower eigenvalue of 
the 2x2 vibronic coupling problem. The ratio of the diffusion coefficients 
is 8 = 0.1. The ridge and separatrix shown in the figure have been calculated 
for this ratio. Unlike the situation in the schematic picture (A), R and T touch 
(at the saddle point), but do not cross each other. (Reproduced with permission 

from ref 2. Copyright 1989 American Institute of Physics.) 

yx and y2 exceed a l l important frequencies; this should be true i n prote in 
E T reactions. 

Anisotropy i n the motion along the potential surface can have two causes. 
T h e first cause is the potential V(x,y) itself, whose structure can cause the 
dominant evolut ion to skirt the saddle point , fo l lowing instead a route 
through stable intermediates, as already discussed. T h e second cause is 
anisotropic diffusion or friction that arises because the effective damping , or 
relaxation, is stronger along one direct ion (say y) than along the other. T h e 
latter case introduces anisotropic behavior on the rhs of e q 31, and results 
i n faster motion along one coordinate than along the other, just as i n the 
A g m o n - H o p f i e l d picture. T h e A g m o n - H o p f i e l d mode l , however , corre
sponds to the l i m i t where there is no diffusive flow along the y coordinate 
(that is , to y2hi w h i c h is not physical ly just i f ied. Solut ion of e q 31 , 
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then, extends the A g m o n - H o p f i e l d p icture to y i e l d the correct result for 
general anisotropic diffusion D^/Dw, where D ^ , the diffusion coefficient 
along ac, is g iven by 

D „ « ^ (32) 

T h e results o f mathematical analysis of the Smoluchowski equations, 31a and 
31b, are best understood i n terms of F igures 5 A and 5 B , w h i c h show cases 
of smal l and large anisotropy, respectively. F i g u r e 5 A is a schematic r ep 
resentation of the C O - r e b i n d i n g prob lem. F i g u r e 5 B is a plot o f a 2 X 2 
v ibronic coup l ing (Jahn-Tel ler) prob lem w i t h large anisotropy ( D ^ / D ^ = 
0.10). I n both cases, the curve labeled R denotes the ridge l i n e — t h a t is, 
the l ine on the potential surface separating reactant and product regions. 
T h e curve labeled T is cal led the separatrix, and i t is the set o f points that 
separates dynamic motions corresponding to reactant and product . T h e ridge 
l ine is de termined solely b y the potential surface, V(x9y), and is the curve 
that separates the potential wel ls o f the chemical ly and physical ly dist inct 
reactant and product (for instance, precursor and successor states i n an E T 
process). T h e separatrix T is dynamical ly de termined as the " l i n e of no 
r e t u r n " . 

Trajectories that pass over T i rrevers ib ly proceed to form product , but 
a trajectory that has not reached T may recross the r idge l ine ( indeed, w i l l 
recross i t i n long-t ime, anisotropic situations). I f = D ^ , the separatrix 
and r idge become identical and a normal , one-dimensional reaction-path 
treatment is applicable. H o w e v e r , they can become very different i f the 
diffusion coefficient is h igh ly anisotropic, as the figures indicate, and i n this 
case quite unusual kinetics are predicted . 

W h e n the r idge l ine and separatrix diverge, i f the rate constant is meas
u r e d b y appearance of the system point near the bottom of the product w e l l , 
then at very long times the reaction dynamics is exponential i n t ime , w i t h 
the activation energy fixed b y the height of the saddle barr ier , Es. B u t short-
t ime transients can appear, corresponding to the system crossing back and 
forth over the ridge l ine into the product region before i rrevers ib ly passing 
the separatrix T. A n actual measurement of the reaction progress corresponds 
(as it nearly always w i l l , g iven our def init ion of precursor and successor i n 
terms of geometry) to an observable phenomenon that changes w h e n the 
system crosses the ridge l ine (e.g., C O b o u n d or unbound ; charges separated 
or not). Thus , the kinetics observed w i l l , i n general , be mult iexponent ia l , 
because of the mul t ip le crossings and recrossings of the ridge. 

T h e Smoluchowski mode l for anisotropic diffusive reactions o n a two-
dimensional potential surface (eqs 31a and 31b) leads, as Klosek-Dygas et 
a l . show (2), to a proper mathematical description of the physical not ion 
expressed b y A g m o n and H o p f i e l d (and by Grote and H y n e s (45) and van 
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der Z w a n and H y n e s (46)). T h e actual t ime dependence of the precursor 
concentration thus contains not only energetic information about the barr ier 
at the saddle point (from the temperature dependence of its long-t ime asymp
totic value), but also information on the anisotropy of the diffusion coefficient 
(from its shorter-t ime dynamics). Frauenfe lder and coworkers have studied 
extensively the nonexponential transients i n the C O reb ind ing situation (21, 
51), but we are aware of no such in -depth experimental study of transient 
nonexponential behavior i n E T reactions. 

Discussion 

This chapter examines two generalizations of the standard activated complex 
rate theory that are needed to discuss dynamic processes occurr ing on po
tential surfaces on w h i c h mult ip le stable m i n i m a occur, or on w h i c h the 
system evolves by anisotropic diffusion. 

W e analyzed the simplest k inet ic scheme for a system that displays more 
than one stable conformational state and undergoes intramolecular electron 
transfer. I n particular, we focused on the situation i n w h i c h the conforma
tional conversion rates and e q u i l i b r i u m can change upon excitation or charge 
transfer. 

Desp i te this energetic coupl ing , the synchronous processes (e.g., P c ~ " * 
S B ) can be omitted from consideration because the activation free energy 
along the synchronous pathway is greater than that for electron transfer 
w i t h i n a single configuration. T h e fact that E T and conformational reactions 
are sequential , and not concerted, is a major factor i n efforts to disentangle 
conformational and electron-transfer influences. Th is factor is of key i m p o r 
tance because standard detection methods monitor only the E T event, and 
not conformational changes w i t h i n one electronic state. I n many, i f not most, 
instances the measured t ime course of a single gated E T reaction is l ike ly 
to be indist inguishable from a reaction without gating. 

Fortunate ly , the partial decoupl ing of E T and conformational processes 
afforded b y the absence of synchronous events i n pr inc ip le and i n practice 
allows for the identif ication of an observed decay rate constant. I f one con
structs a series of homologous systems i n w h i c h the E T energetics (or elec
tronic coupling) is modi f ied without change i n the conformational e q u i 
l i b r i u m , thus leaving the conformational rates unchanged, then the observed 
rate constants w i l l be unchanged i f the reaction is contro l led b y a confor
mational rate, but w i l l vary i f this is not so. 

W i t h the aims of specificity and clarity, we discussed conformational 
effects i n terms of intramolecular electron-transfer phenomena, focusing on 
a donor-acceptor complex activated b y flash photolysis or a second-order 
redox event. H o w e v e r , the general set of rate equations (eqs 2a and 9) and 
the k inet ic schemes of F i g u r e 4 are applicable to other types of rate process. 
F o r example, either proton-transfer or isomerization reactions can be con-
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tro l led by gat ing—that is, by conversion between two conformational geo
metries that have different reactivities. T h e presence of addit ional stable 
m i n i m a on a two-dimensional potential-energy surface that involves a con 
formational coordinate (the vert ical coordinate o f F i g u r e 4) distinguishes this 
class of reactions. 

W e also brief ly recounted the behavior to be expected w h e n the mot ion 
from precursor to successor involves no secondary stable m i n i m a , but rather 
anisotropic diffusion, arising from substantially different fr ict ion, or damping , 
along conformational and inner-sphere vibrat ional modes. U n d e r such c i r 
cumstances, the system trajectories w i l l stray substantially from the steepest-
descents pathway from reactant over the saddle point to product geometries. 
I n this case the in i t ia l populat ion of reactant w i l l exhibit a mult iexponent ia l 
decay because the ridge l ine , w h i c h separates reactant and product states 
on the potential surface, no longer is coincident w i t h the separatrix, w h i c h 
separates reactant and product regions o f reactive trajectories. Study of the 
transient decay behavior can provide important insights into the dif fering 
frictions along the two modes, as w e l l as the shape of the potential surface. 
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Appendix. Exact Solution to the General Case of I —> A 

T h e solution to the coupled equation set (12) was found by using the L a 
p l a c e - C a r s o n transformation. T h e boundary conditions are [lc(t = 0)] = 
[IB(t = 0)] = 0; A c *(f) and AB*(t) are given i n e q 4, and the total populat ion 
i n state I at t ime t is 

/(*) = f ap + bf+ c _fi ag2 + bg + c 
A*(0) l(g -f)(m -f)(n - f ) 6 + (f-g)(m - g)(n - g) 

am2 + hm + c , an2 + bn + c 
(f - m)(g - m)(n ~ m) (f - n)(g - n)(m - n) 

where 

a = kc + (ktB - kc) F (A.2) 

-b = ktB[K + F(kul + kdl + kbc + kc + kD)] + 

k , c [ k d + (1 - F)(kul + kdI + kbB + ktB + kD)] (A.3) 
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o = hsiKi + kdl + fcic)[fc„ + F(fc,c + kD)] + 

K(K + hi + he) lh + (1 - F) (ha + kD)} (A.4) 

/ and g are as def ined i n e q 5, and m and n are as def ined i n eq 16. As i n 
the subcase examined earl ier , m and n are composites only of the fundamental 
rates of state I. 
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7 

Electronic Coupling and Protein 
Dynamics in Biological 
Electron-Transfer Reactions 

J. S. Bashkin and G. McLendon 1 

Department of Chemistry, University of Rochester, Rochester, N Y 14627 

Long-distance electron transfer between proteins has received exten
sive experimental and theoretical treatment over the past several 
years. Large discrepancies exist between the reported values for the 
electronic damping factor, β, for protein-protein complexes and 
ruthenium-modified proteins. In this chapter, we employ tri
plet-triplet energy transfer between cytochrome c (cyt c) and cyto
chrome c peroxidase (ccp) to provide a more direct measure of β for 
this system than was previously obtainable. We also examine protein 
dynamics on picosecond-nanosecond time scales by using the time— 
resolved fluorescence of an arylaminonaphthalene dye complexed to 
apomyoglobin. The time-dependent shift of the fluorescence is ana
lyzed to evaluate the potential influence of protein dynamics on long
-distance electron-transfer rates, and hence on the values of β ex
tracted from rate data. 

JLfONG -DISTANCE E L E C T R O N TRANSFER B E T W E E N PROTEINS has rece ived 
extensive experimental and theoretical treatment over the past several years 
(1-7). T h e rate constant for such a reaction can be wr i t ten as: 

where v is (ir/ft 2k sJfc BT) 1 / 2| V(R 0 ) 1 2exp (-0R); F C W D is the F r a n c k - C o n d o n 
weighted density of states, equal to ( A G - X ) 2 / 4 X ; R is the closest do-

v - F C W D (1) 

'Address correspondence to this author. 
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148 E L E C T R O N TRANSFER IN BIOLOGY AND T H E SOLID STATE 

nor-aceeptor approach distance; and V(R0) is the electronic coupl ing matrix 
e lement at contact distance R0. (Also, see l ist of symbols.) T h e t e rm v is a 
frequency factor, containing both an electronic coupl ing-distance depen 
dence t e rm, exp (~PR), and a nuclear frequency t e rm (v N = (Tt/fi2kskBT) ). 
It has been po inted out (8-19) that, where the rate of solvent reorientation 
is slow relative to e lectron transfer, 

K* ^ v N = TL-X (2) 

where Tl is the longitudinal relaxation t ime of the solvent. T h e F r a n c k -
C o n d o n weighted density of states ( F C W D ) contains the dependence of rate 
on dr iv ing force (AG) and most of the dependence on reorganization energies 
(X = X i n n e r s p h e r e + X s o l v e n t ) . M o s t experimental efforts have been d irected 
toward understanding the F r a n c k - C o n d o n ( F C ) factors and observing the 
" inver ted reg ion" predic ted by Marcus (20) (decreasing rates w i t h increasing 

Symbols 
F C W D F r a n c k - C o n d o n weighted density of states 
n Planck constant 

Bo l t zmann constant 
*«. rate constant for an electron-transfer reaction 
R closest donor-acceptor approach distance 
R0 

contact distance 
T absolute temperature 
T1 lowest-energy tr iplet state 
T2 excited tr iplet state 

electron-transfer coupl ing matrix e lement 
energy-transfer coupl ing matrix e lement 

V(R0) electronic coupl ing matrix e lement 
p electronic damping factor 
p + 

coupl ing t e rm for hole transfer 
P- coupl ing t e rm for electron transfer 
A G dr iv ing force 
A G j * inner-sphere (intramolecular) barr ier 
A G S * outer-sphere (solvent) barr ier 
A G T * total barr ier 
\ reorganization energy 
K solvent reorganization energy 
V frequency factor 

characteristic intramolecular (reactant) frequencies 
nuclear frequency term 
frequency of solvent reorganization 
longitudinal relaxation t ime of solvent 
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7. BASHKIN & M C L E N D O N Electronic Coupling and Protein Dynamics 149 

d r i v i n g force). B y measuring how electron-transfer rates vary w i t h ther
modynamic dr iv ing force (AG) , the reorganization energy (X) is calculated, 
assuming a constant v ~ 1 0 1 3 s" 1. The electronic damping factor, p , may 
then be extracted i f the donor-acceptor distance is known . 

F e w experimental efforts have been reported that measure direct ly the 
parameters contained w i t h i n v for proteins ((3 and v N ) , and the assumption 
of a value of 1 0 1 3 s" 1 is open to question. Hof fman and co-workers (21) 
performed a temperature-dependence study of electron-transfer rates be 
tween Z n 2 F e 2 hemoglob in subunits and extracted from these data values for 
V(R0), p , and X, but no separation of X into X 4 and X s was possible. C o n 
sequently, m u c h less is known about the frequency factor term than the F C 
terms. W e now present two experiments designed specifically to address 
this issue. 

Two experimental approaches for studying electron transfer between 
proteins have been developed. M c L e n d o n and co-workers (22-27), Hof fman 
and co-workers (28-32), and others (33) have studied pro te in -pro te in couples 
i n w h i c h the donor and acceptor (heme) proteins form stable, noncovalent 
1:1 complexes. M e t a l substitutions i n the heme moiety are employed to vary 
A G and to permit photoinit iation of the electron-transfer process. W i t h this 
approach, the observed rate at opt imal A G may be used to estimate P, by 
assuming ~ 1 0 1 3 s" 1, F C W D ~ 1, and that R is known. Such estimates 
vary over a significant range, from P = 1.5 A"1 for the cyt c : cyt b 5 couple 
(27) to P = 1.2 A"1 for the cyt c : ccp (25) and Z n 2 F e 2 hemoglobin couples 
(cyt c is cytochrome c; ccp is cytochrome c peroxidase) (34-36). This approach 
suffers from some uncertainty i n donor-acceptor ( D - A ) distances, w h i c h are 
relatively w e l l def ined for the Z n 2 F e 2 hemoglobin (Hb) hybrids (34-36), but 
less w e l l def ined for the other systems. T h e existence of mul t ip le prote in 
b i n d i n g sites and the dynamics of a pro te in -pro te in complex may give rise 
to a distr ibut ion of D - A separations. These aspects are current ly under study 
i n our laboratory. T h e assumptions of v N ~ 1 0 1 3 s" 1 and F C W D ~ 1 are also 
questionable. 

G r a y and co-workers (5, 37-39) and others (40-45) have pursued a dif
ferent approach, i n w h i c h a R u L 5 (L is N H 3 , pyridine) fragment is covalently 
bound to a specific hist idine residue on a prote in surface, w i t h a consequently 
wel l -def ined donor-acceptor separation. Potential difficulties may arise w i t h 
this methodology because F C factors, w h i c h can depend on D - A distance, 
are not completely known for al l derivatives. The number of available H i s 
residues is l i m i t e d , thus the n u m b e r of D - A separations is also l i m i t e d . A 
series of L 5 R u - M b derivatives has y ie lded P = 0.85 ± 0.1 A"1 (5), w h i c h 
is significantly smaller than the estimates obtained from metal substitutions. 
Such discrepancies have dramatic consequences for predicted reaction rates. 
F o r example, w i t h R = 16 A, a change i n P from 0.8 to 1.2 s" 1 results i n a 
10 3 difference i n the calculated rate constant for electron transfer. A n i n 
dependent technique for determinat ion of P is requ ired to understand this 
disparity. 
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150 E L E C T R O N TRANSFER IN BIOLOGY AND T H E SOLID STATE 

Triplet-Triplet Energy Transfer 

T h e first project to be discussed here was suggested b y the work of Closs 
et a l . (46, 47) comparing electron transfer and t r i p l e t - t r i p l e t energy-transfer 
rates. Dexter (48) showed that, although the energy-transfer reaction 
3 D / 1 A —» * D / 3 A is rigorously dipole forbidden, the process can s t i l l occur 
by an exchange mechanism that is formally a simultaneous double electron 
transfer. B y exact analogy w i t h electron-transfer reactions, the rate of the 
t r i p l e t - t r i p l e t energy transfer is g iven by (46): 

kex = v • e x p [ - ( p + + p_)R] • F C W D (3) 

where P + is the coupl ing t e rm for hole transfer and p_ for e lectron transfer. 
W h e n P + ~ P_, then |V e x| 2|Vet|. U n l i k e electron transfer, however , no 
charge b u i l d u p occurs d u r i n g t r i p l e t - t r i p l e t transfer because electrons are 
simultaneously exchanged between the donor and acceptor. Consequent ly , 
solvent reorganization energy (X s) and solvent dynamics (TJ, w h i c h may 
dominate the F C factors and v N i n electron transfer, can be neglected i n 
energy transfer. Therefore, less ambiguous information on (3 might be 
obtained. 

T h e equivalence of electron transfer and t r i p l e t - t r i p l e t energy transfer 
i m p l i e d by e q 3 was beautifully conf irmed experimental ly by Closs et a l . 
(46,47). B y us ing a common series of spacer molecules , and therefore equ iv 
alent electronic coupl ing terms, they found that In (& e t) — 2 In (& e x), as 
suggested by e q 2. W e have now appl ied this concept to estimate the elec
tronic damping parameter P v i a tr iplet energy transfer for the e lectron-
transfer prote in couple , cyt c : ccp. 

Z i n c cytochrome c (Zn cyt c), w h i c h acts as a t r ip let donor, and H 2 

p orph yr in cytochrome c peroxidase (H 2 ccp ) , w h i c h acts as a tr ip let acceptor, 
were used. W h e n it is free i n solution, Z n cyt c has a t r ip let l i fet ime of ~ 1 4 
ms (25). A s imilar value of 13.5 ± 0.5 ms was de termined i n this work, 
moni tor ing delayed fluorescence at 570 n m . I n l ike manner , H 2 c c p has a 
tr ip let l i fet ime of ~ 1 . 4 ms (25). Moreover , cyt c and ccp form a strong 
noncovalent complex (K = 1 0 8 M " 1 ) . O n b i n d i n g to H 2 c c p , the l i fet ime of 
the Z n cyt c t r ip let state decreases to 10 ms (Figure 1), although that of the 
H 2 c c p increases to a s imilar value. This behavior is consistent w i t h direct 
energy transfer from Z n cyt c to H 2 c c p w i t h kex — 20 s" 1. 

I n l ight of Z e m e l and Hoffman's study ( 35) of a l lowed tr ip let I \ —> T2 

processes i n Z n 4 H b , we var ied the excitation power b y 10-fold w i t h no 
change i n the observed rate, thereby e l iminat ing a (two-photon) Tx —» T 2 

process invo lv ing the acceptor. Taking the previously est imated d o n o r -
acceptor (edge-edge) distance for the cyt c : ccp couple as R = 16 A , 
and assuming (maximal) values of v' = 1 0 1 3 s" 1 and F C W D = 1 gives p = 
0.85 ± 0.05 A - 1 . A n y smaller values of v' or F C W D w o u l d further lower 
p. Th is value agrees surpris ingly w e l l w i t h the estimates of G r a y and co-
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2 

T i m e (msec) 

Figure 1. Decay data for 3Zn cyt c delayed emission (X = 575 nm). Top curve: 
Zn cyt c alone (pH 7.0, 10 mM Pi, T = 298 K, cone. = 105 M); k = 80 s~2. 
Lower curve: Zn cyt c + H2ccp (1 equivalent), all other conditions as for top 

curve; k = 140 s'1. 

workers (5, 38) for myoglobin , but is significantly smaller than the values 
previously obtained by us and others. It remains to be seen whether this 
result is a general one, and further studies are i n progress. 

This result leads to a second curious d i l emma. If (J is indeed l ow (($ ~ 
0.9 A"1), then a l ow nuclear frequency factor is requ ired to explain the slow 
electron-transfer rates. G r a y and co-workers (5, 38) derive a value from their 
data of v N ~ 1 0 1 0 s" 1. W e do not know w h y v N should be so low. O n e possible 
explanation may l ie i n detai led consideration of solvent dynamics, as out l ined 
i n the fol lowing section. 

Solvent Dynamics 

T h e dependence of electron-transfer rates i n condensed med ia on solvent 
relaxation and nonequ i l i b r ium solvation has been the subject of numerous 
studies (8-19, 46, 47, 49-66). Weaver and Gennet t (JO) showed rates of 
electrochemical exchange between organometallic redox couples to be cor
related to T l , the longitudinal solvent relaxation t ime. Kosower (9, 11), 
F l e m i n g (50-53), and others (54, 55) investigated the phojtophysics of organic 
dyes and the influence of solvent dynamics on dye fluorescence. U s i n g 
coumarin and arylaminonaphthalene derivatives, these researchers a l l ob
served a correlation between Tl and the formation and decay rates for charge-
transfer excited states. 
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152 E L E C T R O N TRANSFER IN BIOLOGY AND T H E SOLID STATE 

T h e interpretations, based on the theories of H y n e s , Wolynes , and co
workers and others (12-17) suggest that for an adiabatic electron transfer, 
the nuclear frequency factor is dominated by solvent dynamics, v N ~ 1 /T L , 
and the expression from transition-state theory ( v N ~ kBT/fi) is not appro
priate (12-18). T h e frequency nuclear factor v N der ived from transition-state 
theory is usually wr i t ten (10, 18): 

= / v s
2 A G s * + v » A G , * \ * 

\ A G S * + A G j * / 1 ; 

where v s is frequency of solvent reorganization, v 4 is characteristic in tra 
molecular (reactant) frequencies, A G S * is outer-sphere (solvent) barr ier , 
A G j * is inner-sphere (intramolecular) barr ier , and A G T * = A G S * + A G , * . 

Weaver and Gennet t (10) showed that eq 4 underestimates the contr i 
but ion of damped solvent mot ion w h e n \ { is small . Rather , he found that 
the fo l lowing relat ion, der ived for exchange reactions (14,15), gave the best 
agreement w i t h his data: 

/ A G T * \ W 

V H - f r J - 1 - f ^ r d (5) 

I n contrast, E f r i m a and Bixon (16) and M c G u i r e and M c L e n d o n and co
workers (18, 19) noted that, i n the nonadiabatic l i m i t , the frequency factor 
w i l l be control led not by solvent relaxation, but by electronic coupl ing , V(R), 
and thus be independent of T L : 

adiabatic l i m i t * — (6) 

nonadiabatic l imi t ket
d oc [V(R)f 

In the simplest treatment (18, 19), the two l i m i t i n g rates can be treated 
independent ly , and the observed rate w i l l then be 

fcobs = fcad + fcd W 

H e n c e , fcobs may actually vary w i t h ( I /TJJI , w i t h n vary ing from 0 to 1, 
depending on the relative values of T l and V(R). M c G u i r e ' s (18, 19) exper
imenta l results on nonadiabatic electron transfer i n glycerol (over a 10 7 

change i n T l ) gave n = 0.6. 
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Protein Dynamics 

None of these studies, however, focused on the implications of the dynamics 
of the condensed phase for electron transfer between proteins. There has 
been no direct measure of T l for a prote in , and the question arises whether 
the dynamics of prote in response to charge separation may modulate elec
tron-transfer rates i n biological systems. 

T h e fol lowing project follows m u c h of the same methodology employed 
by B r a n d and co-workers (67-71) several years ago. B r a n d used t ime-resolved 
emission spectroscopy (TRES) to study the interaction of fluorescent probes 
to apomyoglobin. These probes b i n d direct ly to the vacant heme pocket of 
apomyoglobin, as shown by competit ion experiments w i t h heme (kB ~ 10 5) 
(67-71) B r a n d observed spectral shifts on a nanosecond t ime scale b y us ing 
N-(-p-tolyl)-2-aminonaphthalene-6-sulfonate (2,6-TNS). 

W e have proceeded on the assumption that the fluorescence of such 
dyes is modulated by prote in dynamics i n a manner analogous to solvent 
relaxation. W e selected analino-2-aminonaphthalene-6-dimethylsulfonamide 
( 2 , 6 - A N S D M A ) as the fluorescent probe of choice. Th is particular dye has 
convenient spectral properties and binds to apomyoglobin s imi lar ly to 2,6-
T N S . It removes any potential contributions of hydrogen bond ing effects b y 
the sulfonate group to the prote in dynamics. T h e photophysics o f 2,6-
A N S D M A i n various organic solvents has been extensively s tudied b y 
Kosower (9,11, 56-66). F o r example, H u p p e r t and Kosower (56-66) showed 
that T l

- 1 (solvent) ~ kem, the risetime for long wavelength emission. 
Representative fluorescence-decay curves and theoretical fits for the 

d y e - p r o t e i n complex are shown i n F i g u r e 2. T h e decays cou ld a l l be fit w e l l 
to double exponential decay functions. T h e l i fetimes, dependent on emission 
wavelength, fe l l i n the ranges 1-3 and 5 - 8 ns. T h e T R E S were reconstructed 
from the fitted decay curves and the static fluorescence spectrum. Typ i ca l 
t ime-resolved spectra are shown i n F i g u r e 3. T h e results c learly show a shift 
of the 2 , 6 - A N S D M A fluorescence to lower energy w i t h t ime , along w i t h a 
broadening i n spectral shape. This change is h ighly nonexponential a n d 
occurs on a nanosecond t ime scale. T h e effect is best i l lustrated i n F i g u r e 
4, i n w h i c h the half-height points on the high-energy side o f the peaks are 
plotted against t ime. 

O v e r a l l , the spectral shift is approximately 1100 c m " 1 over 20 ns. These 
results are consistent w i t h those obtained by B r a n d (67-71). Compar i son of 
our data w i t h those of Kosower (56-66) for 2 , 6 - A N S D M A i n organic solvents 
shows myoglobin to have relaxation properties similar to those o f 1-decanol. 
F o l l o w i n g the arguments o f V a n der Zwan and H y n e s (13), the fastest c o m 
ponents of Tl w i l l provide the prote in relaxation necessary for electron trans
fer to occur. Therefore, i f we take Tl = 50 ps (approximating the fluorescence 
r iset ime at long wavelength, where A G ~ 0), and X = 0.8 eV, then w i t h 
A G / = ( A G - X ) 2 / 4 X ~ 0.2 eV, eq 5 yields a lower l i m i t of v N = 1.5 X 
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1 0 1 0 s" 1. This value of v N is 2 - 3 orders of magnitude be low the value generally 
accepted and used for the evaluation of various dynamic parameters i n pro 
te in electron-transfer reactions. 

A consequence of this analysis is that the same nuclear prefactor w i l l 
not be appropriate for al l prote in systems. As noted by M c G u i r e (18, 19), 
the dependence of reaction rates on T l w i l l depend on the relative magni 
tudes of V(R) and T l . Compar ison of electron-transfer rates from different 
prote in couples, or even different m e t a l - h e m e derivatives of the same pro 
teins, must be made w i t h caution. N o t a l l variation i n rates may be attr ib 
utable to changes i n A G for a particular series, but as V(R) changes relative 
to T l , prote in dynamics w i l l exert vary ing degrees of influence on e lectron-
transfer rates. Th is may explain some of the discrepancies i n (3 and X values 
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25 .5 

24 .0 H 1 1 1 
0 10 20 

T i m e ( n s ) 

Figure 4. Shift in fluorescence of 2,6-ANSDMA-apomyoglobin complex. Data 
are half-height energies measured on the high-energy side of the TRES. 

determined for different prote in couples and through different exper imental 
methodologies. 

Experimental Section 

Energy Transfer. Zn cyt c (72) was prepared by a variation of the method of 
Vanderkooi. A 2.0- X 2.5-em column (Bio-Rex 70, Biorad) was used in place of a 
150- X 2.5-cm column (G-50 Sephadex) to remove polymeric forms of the protein. 
H 2 porphyrin cytochrome c peroxidase (H2ccp) was prepared by reconstitution of 
the apoprotein (73) with protoporphyrin IX. The Zn cyt c triplet lifetime was de
termined by monitoring delayed fluorescence at 570 nm. The H2ccp triplet lifetime 
was determined similarly, monitoring at 620 nm. Samples were prepared at 10 mM 
ionic strength (pH 7 phosphate), conditions that ensure formation of a strong non-
covalent complex (K = 108 M 1 ) . The 3Zn excited states were prepared by excitation 
with a Q-switched Nd:YAG laser (Quanta-Ray model DCR-2, 7-ns pulse width, 
second harmonic, 532 nm) or a N2-pumped dye laser. Laser firing and data collection 
were controlled with a computer (IBM-XT) and software written in ASYST by D. 
Heiler. Further details of the apparatus have been published elsewhere (26, 74). 

Protein Dynamics. Apomyoglobin was prepared by a variation of the method 
of Teale (75). The apoprotein was then dialyzed twice against distilled water for 0.5 
h each, followed by two dialyses for 1 h each against pH 6.4, 20 mM BIS-TRIS 
buffer. The protein was further dialyzed against doubly distilled deionized water and 
then passed down a 2-cm column (Sephadex G-25, 0.01 mM Kphos, pH 6.8) im
mediately prior to use. 2,6-ANSDMA was prepared and purified by published pro
cedures (66). Samples (20-40 u,M protein, 1:4 dye:protein ratio) were degassed by 
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7. BASHKIN & M C L E N D O N Electronic Coupling and Protein Dynamics 157 

gently stirring over 2 h in a continuously purged (N2) glove box. Data collection took 
4-5 h and was performed at 24 °C. 

The fluorescence decay curves were obtained using standard single-photon 
counting (SPC) techniques and fit with a least-squares fitting routine. Excitation 
pulses (295 nm) were produced from a mode-locked Nd:YAG pumped dye laser 
(Coherent model 700). The cavity-dumped dye laser, fitted with a single-plate bi-
refringent filter and a saturable absorber, produced 1-ps pulses as measured by an 
autocorrelator (Femtochrome model FR103). Subsequent second harmonic gener
ation was produced with p-barium borate. The detector was a broad-band 6-|xm 
proximity focus microchannel plate (Hamamatsu R2809U-11). A 0.25 M emission 
monochromator (Spex) was used with a 600-line /nm grating. Slits on either side of 
the monochromator were opened to 2 mm or less. The total instrument response 
was approximately 50 ps. 

Sample integrity was monitored by comparing decay curves measured period
ically at one wavelength. The time-resolved emission spectra (TRES) of the pro
tein-dye complex were reconstructed (as described by O'Conner and Phillips (76), 
software adapted by Mark Prichard) from the static fluorescence spectrum of the 
protein-dye complex and the fluorescence-decay curves. Temporal resolution of the 
TRES was 9.8 ps, spectra were followed out to 20 ns past excitation, and wavelength 
resolution varied between 2 and 5 nm. The static fluorescence spectrum was recorded 
on fluorescence spectrometers (Spex D M IB or Perkin Elmer MPF-44A model). 
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Electrostatic, Steric, and 
Reorganizational Control of Electron 
Self-Exchange in Cytochromes 

Dabney White Dixon and Xiaole Hong 

Department of Chemistry, Georgia State University, Atlanta, GA 30303 

To probe the factors that control biological electron transfer, we 
analyzed the electron self-exchange reactions of cytochromes c, c551, 
and b5. Numerical analysis of the crystal structures gave heme ex
posures and dipole moments of the proteins. Molecular modeling of 
the electron-transfer complexes allowed calculation of the heme-heme 
distance. These values, in conjunction with the experimental rate 
constants as a function of temperature and ionic strength, give the 
reorganizational energies, λ, which are 0.7, 0.5, and 1.2 eV for 
cytochromes c, c551, and b5, respectively. The numerical values of 
the reorganizational energies are sensitive to the assumptions made 
about the heme exposure, but the order (i.e., cytochrome c551 < 
cytochrome c < cytochrome b5), remains the same for reasonable 
values of the heme exposure. The parameters derived from this anal
ysis were used to analyze studies of the bimolecular electron transfer 
between cytochromes c and c551, the bimolecular electron transfer 
between cytochromes c and b5, and the intracomplex electron transfer 
between cytochromes c and b5. The correlation between the self— 
exchange parameters and those obtained from these studies is very 
good. 

ELECTRON TRANSFER IS ONE OF THE MOST BASIC b io logical reactions, i m 
portant i n photosynthesis, oxidative phosphorylation, oxidation of endoge
nous and exogenous substrates, and maintenance o f enzymes i n active states 
(1-8). T h e rate constant is control led by a variety o f factors, i n c l u d i n g the 
d r i v i n g force, distance, and reorganizational energy of the system (9-21). 

0065-2393/90/0226-0161$06.00/0 
© 1990 American Chemical Society 
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162 E L E C T R O N TRANSFER IN BIOLOGY AND T H E SOLID STATE 

T h e nature of the intervening residues and orientation of the prosthetic 
groups are considered important. I n addit ion , conformational change is c o m 
i n g into focus as a control l ing factor for biological e lectron transfer (22-25). 

C u r r e n t understanding of the factors that control e lectron transfer comes 
from a variety of types of studies. Measurement of electron-transfer rate 
constants between physiological partners is certainly important , part icular ly 
i n an effort to understand how electron transfer occurs i n v ivo (1-9). H o w 
ever, u n t i l the advent of s ite-directed mutagenesis, these studies d i d not 
al low systematic variation of the properties of the proteins. Therefore , i n 
the last two decades great effort has gone into measurement of e lectron-
transfer rate constants between nonphysiological partners (15-21). Such 
studies inc lude b imolecular electron transfer between two proteins or be 
tween a prote in and an inorganic or organometallic complex. M o r e recently , 
these studies have been expanded to inc lude intramolecular electron transfer 
between two proteins w i t h i n a complex or between the prote in redox site 
and an organometallic species attached to the prote in surface (16-18). B e 
cause diffusional considerations are nonexistent and p r o t e i n - p r o t e i n elec
trostatic interaction factors are m i n i m a l i n intramolecular electron transfer, 
these studies al low particular focus on the dependence of e lectron transfer 
on distance, on the intervening residues, o n the reorganizational energy of 
the two centers, and on the orientation of the two redox centers. 

S t i l l another approach to prob ing the factors that control electron transfer 
comes from measurement of e lectron self-exchange, e lectron transfer be
tween the ox id ized and reduced forms of the same molecule (20, 26): c y t a

o x 

+ c y t b
r e d ±¥ c y t a

r e d + cyt b °\ 
E l e c t r o n self-exchange rate constants are of fundamental importance 

because the thermodynamic d r i v i n g force ( A G 0 ) is zero i n this reaction, and 
hence there is no net d r i v ing force for the reaction. Differences i n the 
electron self-exchange rate constants between similar proteins arise from 
differences i n the electrostatic, geometric, and reorganizational character
istics of the proteins. Self-exchange rate constants for a variety of b - and 
c-type cytochromes, measured direct ly v i a N M R spectroscopic techniques, 
are g iven i n Table I. These rate constants span at least five orders o f mag
ni tude , from 1 0 2 to 1 0 7 M " 1 s" 1. A n understanding of the factors that de
termine this w ide range is important for a clear p icture of biological e lectron 
transfer. 

O u r goal i n this chapter is to delineate the factors that control e lectron 
transfer i n three heme proteins: cytochrome c (48, 49), cytochrome c ^ (50), 
and cytochrome b 5 (51-54). Self-exchange is a b imolecular process and as 
such can be expressed (20) as 

- A G r * 
fcet = S K a V n K e l exp ' (1) 

where ket is the observed rate constant for electron transfer; S is the steric 
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8. DIXON & H O N G Electron Self-Exchange in Cytochromes 163 

factor, w h i c h reflects the hypothesis that electron transfer occurs p r i m a r i l y 
at the exposed heme edge i n the cytochromes; K a is the association constant 
for formation of the precursor state from the two separated electron-transfer 
partners; v n is the nuclear frequency factor; K d is the average probabi l i ty of 
passing from the transition state to products; A G r * is the free energy of 
activation (the sum of both inner-sphere and outer-sphere reorganizational 
energies); R is the gas constant; and T is the temperature. W e measured 
the self-exchange rate constants of these three proteins as a function of ionic 
strength and temperature; details of these measurements are reported else
where (42, 46, 55). T h e rate constants, i n combination w i t h prote in dipole 
moments calculated from the crystal structures and molecular mode l ing of 
the electron-transfer complexes, al low us to estimate each of the parameters 
i n e q 1 and thus provide a detai led picture of the factors that control e lectron 
transfer i n cytochromes. 

Steric Considerations 

A l l three of the heme proteins discussed here in have part of the heme itself 
exposed to solvent (56, 57). E a r l y suggestions that electron transfer occurs 
mainly through the exposed heme edge i n b imolecular electron transfer (57) 
were fol lowed by various experiments to establish this. M u c h of the work 
has invo lved derivatization of specific residues on the prote in surface. In 
general , alterations close to the exposed heme edge have a larger effect on 
electron transfer than do derivatizations removed from the heme (58). M o r e 
recently, a numer i ca l analysis of the heme exposure, assuming exponential 
falloff of the electron-transfer rate constant, indicated that most of the elec
tron transfer occurs though the exposed heme edge (55). E v e n i f e lectron 
transfer is largely at or near the exposed heme edge, a n u m b e r of different 
complexes may be invo lved , as has been discussed by N o r t h r u p et a l . for 
the cytochrome c - cytochrome c peroxidase system (59), b y M a u k et a l . for 
the reaction between the d i m e t h y l ester of cytochrome c and cytochrome 
b 5 (60), and by Slayton et a l . for reactions of cytochrome b 5 w i t h various 
partners (61). 

I f we assume that electron transfer occurs largely through the exposed 
heme edge, then i t is necessary to know the fraction of the prote in surface 
that is heme to analyze the data. To compare the electron-transfer rate 
constants of the three proteins discussed here in , we calculated this fraction 
b y us ing a probe sphere of 1.5 A and the C o n n o l l y a lgor i thm (62), as i m 
p lemented i n the B I O G R A F molecular mode l ing program (63). T h e fraction 
of the surface area of the prote in that is heme , <|>, is 0.007, 0.012, and 0.038 
for cytochrome c [we made appropriate substitutions i n the X - r a y structure 
of the prote in from tuna (48, 49)], cytochrome c 5 5 1 (50), and cytochrome b 5 

(51), respectively. 
T h e form of bovine cytochrome b 5 s tudied consists of 82 amino acid 

residues and differs from the l ipase-solubi l ized form that has been charac-
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166 E L E C T R O N TRANSFER IN BIOLOGY AND T H E SOLID STATE 

ter ized crystallographically by removal of two residues from the amino ter 
minus and nine residues from the carboxyl terminus . T h e sequence has 
recently been redetermined from the bovine l iver cytochrome b 5 c D N A 
clone (52) and from gas-phase sequence analysis of trypt ic peptides obtained 
from a tryptic hydrolysate of apocytochrome b 5 (46). T h e corrected sequence 
differs from that reported earl ier (53, 54) i n that residue 57 is now k n o w n 
to be aspargine and residues 11 and 13 are k n o w n to be glutamic ac id and 
glutamine, respectively. 

Cytochrome b 5 is somewhat different from cytochromes c and c ^ i n 
that one of the heme propionates is extended out into the solvent. To de 
termine the contr ibut ion of this propionate, we removed the t e rmina l 
C H 2 C 0 2 H atoms from the data set. T h e heme fraction decreased to 0.027. 
W e used the larger 0.038 i n the calculations i n this chapter; the smaller 
heme exposure w o u l d result i n a smaller reorganizational energy. 

I f electron transfer were to occur only through the exposed heme edge, 
then the steric factor, S, w o u l d be s imply the fraction of the surface of the 
prote in that is heme squared or <|>2. Th is is, however , a m i n i m u m value 
because, as Marcus and Sut in po inted out (20), it is i n general necessary to 
integrate over a l l mutual orientations and distances of the reacting pair . 
Marcus and Sut in used a value of S o f 0.01 i n the ir analysis o f the e lectron 
self-exchange rate constant of cytochrome c (20). G i v e n that the surface of 
cytochrome c is 0 .7% heme, this value of S assumes that electron transfer 
is enhanced b y addit ional factor of 15. 

W e made detai led numer i ca l analyses of the X - ray structures of cyto
chromes c, C55L5 and b 5 , by us ing a m o d e l i n w h i c h electron transfer falls off 
exponentially w i t h distance (55). T h e mode l assumed that the orientation of 
the two hemes and the nature of the intervening residues had no effect on 
the electron-transfer rate constant and that electron transfer occurred only 
at the surface of the prote in . T h e analysis showed that e lectron transfer at 
the heme edge accounts for 4 0 % (cytochrome c) to 8 0 % (cytochrome b 5 ) of 
the total electron transfer. These values w o u l d correspond to enhancements 
of 2.4 for cytochrome c and 1.3 for cytochrome b 5 . F o r this chapter w e chose 
an enhancement factor of 5, between the upper and lower estimates. 

T h e heme exposures and h e m e - h e m e distances calculated from the 
crystal structures may not represent the values found i n solution. I n a study 
of the cytochrome c - cytochrome b 5 interaction, Wendo losk i et a l . (64) ran 
picosecond dynamics and found substantial motions of the residues i n the 
interface between the two hemes. In particular , they observed that the side 
chain of phenylalanine-82 moved to a br idg ing posit ion between the two 
hemes i n the complex. They also found that the in ter - i ron distances i n two 
simulations were 1.1-2.1 A smaller than the 17.8-A distance i n the static 
model . 

Pro te in motions i n general are under increasing study (65-68). Mot i ons 
i n cytochromes have been measured w i t h N M R spectroscopic techniques 
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8. DIXON & H O N G Electron Self-Exchange in Cytochromes 167 

(69, 70). Studies of amide N H exchange, i n c l u d i n g work on the cytochromes 
(71, 72), reveal that relatively large prote in motions occur on a biological 
t ime scale (73). M y o g l o b i n has also been investigated by molecular mode l ing 
(74). Its crystal structure shows no channel large enough to admit to ligands 
such as carbon monoxide. Therefore, prote in fluctuations are necessary to 
accommodate the C O b ind ing . The mode l ing indicates that more than one 
channel from the prote in surface to the heme opens and closes dynamical ly 
and allows C O b ind ing . T h e b i n d i n g of xenon to myoglobin shows s imilar 
characteristics (75). 

The Association Constant, Ka 

T h e association constant of the two cytochromes i n the proper geometry for 
electron transfer, K a , can be estimated by calculating the effective vo lume 
over w h i c h the reaction occurs along the reaction coordinate m u l t i p l i e d by 
an electrostatic work term [exp (-wr/RT)] (20), 

—ID 
K = 4 irNr*8(r ) exp — r (2) 

where N is Avogadro's number , r is the sum of the rad i i of the two e lectron-
transfer proteins, 8(r) is the range of internuclear separations that contr ibute 
significantly to the reaction rate, and wr is the work to b r i n g the two proteins 
into the proper geometry for electron transfer. T h e value for 8(r) is usually 
taken to be that at w h i c h the electron-transfer rate constant falls to lie of 
its value at the distance of closest approach. I n general , e lectron transfer is 
thought to fall off exponentially as exp [-p(d - d0)] (d is the distance between 
the two hemes i n the electron-transfer complex); 8(r) may be estimated as 
p"1. F o r cytochrome c, r = 33.2 A (47). W i t h P = 0.9 A"1 and hence 
8(r) = 1.1 A, we calculate 4 i rNr 2 8 ( r ) = 9.3 M 1 . 

Values for cytochrome e ^ and cytochrome b 5 are g iven i n Table I I . 
M u l t i p l i c a t i o n of these values by the appropriate work terms (discussed i n 
the next section) gives the K a values. These K a values are rough approxi 
mations because the specifics of the prote in surface cannot be taken into 
account. T h ey are not direct ly comparable w i t h experimental measurement 
of prote in association, because the latter includes geometries that are not 
product ive for electron transfer. O u r N M R spectroscopic studies have shown 
no evidence for d imerizat ion of cytochromes c or c 5 5 1 at concentrations u p 
to approximately 10 m M . Cytochrome b 5 shows small changes i n the c h e m 
ical shifts and l ine widths of the h e m i n m e t h y l resonances as a funct ion of 
concentration. I f these changes reflect prote in d imer izat ion , then the e q u i 
l i b r i u m constant is 2 5 - 3 0 M " 1 (55). 
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168 E L E C T R O N TRANSFER IN BIOLOGY AND T H E SOLID STATE 

Table II. Calculation of Reorganization Energies 
for ket = S K a v n K e I exp (-G r*/RT) 

Factor Cytochrome c Cytochrome c5si Cytochrome b5 

Heme fraction surface area 0.007 0.012 0.038 
Steric factor 0.0012 0.0036 0.0361 
Radius (A) 16.6 14.4 15.9 
4irr2dr 9.27 6.98 8.50 
Work (kcal mol 1) 2.7 0.30 3.1 
K a (M-1) 0.097 4.2 0.045 
Heme-heme distance 8.9 8.6 7.5 
K ei = exp - d0)) 4.9 x io - 3 6.5 x io- 3 1.7 x io - 2 

SK A V N K e l 5.9 x 106 9.8 x 108 2.9 X 108 

ket (exptl.) 
A G r * (kcal mol 1) 

5.1 x 103 5.1 x 106 2.7 x 103 ket (exptl.) 
A G r * (kcal mol 1) 4.2 3.1 6.85 
X(eV) 0.72 0.54 1.2 
NOTE: \L = 0.1 M , 25 ° C . 

The Work Term and Electrostatic Considerations 

Bimolecu lar electron transfer i n biological systems occurs between species 
that usually have a net charge as w e l l as a substantially asymmetric charge 
d istr ibut ion . G i v e n an appropriate mode l , one can use the dependence o f 
the electron-transfer rate constant on ionic strength to calculate two related 
parameters: the energy needed to form the electron-transfer complex (i .e. , 
the work term) at a given ionic strength and the rate constant extrapolated 
to infinite ionic strength. 

O f the theoretical approaches presently available, w e (55) and others 
(76, 77) find that o f van L e e u w e n (78) to be the best at the ionic strengths 
used i n N M R experiments (0 .1-1 .5 M ) . This formalism treats each prote in 
as both monopole and a dipole . T h e expression is: 

In A = -[ZmZrei + (ZD)(1 + Kr) + (DD)(1 + Kr) 2 ] ̂ jL^f(K) (3a) 

where k is the Bo l t zmann constant, q is the charge on the electron, € is the 
dielectr ic constant, e 0 is the permit t iv i ty of vacuum, and T is the temper 
ature. 

ZD = Z < » P r e d ' + ZredDj 
qr 

D D - - i t ? - ( 3 c ) 

/ W = 1 " 6 X P ( ^ r ) (3d) 
K r ( l + y ] 
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8. DIXON & H O N G Electron Self-Exchange in Cytochromes 169 

where Z o x and Z r e d are the net charges of the oxidized and reduced prote in , 
respectively; Dox' and D r e d ' are the components of the dipole moments 
through the exposed heme edge, respectively; r is the sum of the rad i i of 
the two electron-transfer partners; K depends on the ionic strength, |x, as 
0.329 jx1 /2; kt is the rate constant at a g iven ionic strength; and fcinf is the rate 
constant at infinite ionic strength. 

Calculat ion (79, 80) of the dipole moments from the X - r a y structures 
gives the values i n Table III . The dipole moment is or ig in-dependent for 
molecules w i t h a net charge; the center of mass has been chosen as the 
or ig in for our calculations. F i g u r e 1 shows the point where the positive e n d 
of the dipole extends through the surface of the prote in for cytochrome b 5 . 
T h e positive e n d of the dipole extends through the side of the prote in away 
from the heme. A s can be seen i n Table I I I , the dipole moments for cyto
chromes c and b 5 are very similar i n magnitude, but opposite i n sign (i.e., 
the positive e n d of the dipole moment extends through the prote in near the 
exposed heme edge i n cytochrome c). T h e dipole moment of cytochrome 
Cgsi is s imilar to that of cytochrome c i n orientation, but the magnitude of 
the dipole moment is m u c h smaller for the former prote in . 

The dipole moments can also be estimated from the dependence of the 
observed self-exchange rate constant on the ionic strength. In these ca lcu
lations, the data are fit to van L e e u w e n s equations by us ing a nonl inear 
least-squares algorithm and three adjustable parameters: the dipole moments 
through the exposed heme edge of the oxidized and reduced proteins and 
the rate constant at infinite ionic strength. As can be seen i n Table I I I , the 
dipole moments calculated i n these two ways are i n very good agreement. 
Thus , the van L e e u w e n approach is a useful electrostatic formalism at this 
l eve l of representation. 

T h e monopole -monopole , monopo le -d ipo le , and d i p o l e - d i p o l e contr i 
butions as a function of ionic strength for cytochrome b 5 are shown i n F i g u r e 
2. T h e monopole -monopole t e rm falls qu ick ly to zero at these ionic 

Table IH. Net Charges and Dipole Moments 
Through the Exposed Heme Edge of Cytochromes 

Protein 
Cytochrome c 

r p
a = 16.5 A, Oh = 30° 

Cytochrome C551 
r p = 14.4 A, 6 = 17° 

Cytochrome b 5 

r p = 15.9 A, 9 = 15° 

Oxidized Reduced Method 
+ 7.5 + 6.5 
273 258 X-rayc 

300 275 fit tO fcex 

-2 -3 
150 120 X-ray 
-7.5 -8.5 

-250 -280 fit tO fcex 

-280 -330 X-ray 
"Protein radius. 
bAngle of the dipole moment with respect to the heme plane. 
cRef. 80. 
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170 E L E C T R O N TRANSFER IN BIOLOGY AND T H E SOLID STATE 

Figure 1. Cytochrome b5 structure. The dashed line represents the dipole 
moment, which is from the center of mass (near lle-23) through the surface 
of the protein (positive end of the dipole near the amino nitrogen of Lys-5). 

strengths, as expected. T h e monopo le -d ipo le t e rm falls more slowly to zero, 
and the d i p o l e - d i p o l e t e rm is almost constant between |x = 0.1 and 1.5 M . 
E q u a t i o n 3 also allows calculation of the contr ibut ion of the work t e rm to 
K a . A s s u m i n g that only electrostatic interactions are important i n d e t e r m i n 
i n g the rate constant as a function of ionic strength, the work needed to 
form the electron-transfer complex is wT = -RT In (k^k^). T h e values of 
wr are 2.7, 0.3, and 3.1 kcal m o l " 1 for the heme edge-to-heme edge c o m 
plexes of cytochromes c, c 5 5 1 , and b 5 , respectively, at 0.1 M ionic strength. 

Extrapolat ion of these interactions to infinite ionic strength allows es
t imation of the rate constant that ostensibly w o u l d be observed i n the absence 
of electrostatic interactions. T h e Zc inf for cytochrome c, c 5 5 1 , and b 5 are 5.1 
X 10 5 , 2 X 10 7 , and 6.9 x 1 0 5 M 1 s" 1, respectively. T h u s , even w h e n the 
electron self-exchange rate constants are extrapolated to infinite ionic 
strength, that of cytochrome c^i is s t i l l substantially larger than those of 
cytochrome c and cytochrome b 5 . The origins of this condit ion are found i n 
both steric and reorganizational energy differences. 
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Electron Transfer in the Heme-Edge-to-Heme-Edge Complex 

P r o t e i n - p r o t e i n electron transfer is nonadiabatic i n most instances. That is, 
e lectron transfer does not occur each t ime the reactants achieve the t ran 
sition-state geometry. It is generally thought that electron transfer falls off 
exponentially w i t h distance. In this case, v n K e i can be expressed as (20) 

v n K e I = 10 1 3 exp [-(3(ef - do)] (4) 

where d0 is the value of d (the distance between the two hemes i n the 
electron-transfer complex) at w h i c h K d equals 1 and ($ is a system-dependent 
constant. O n the basis of recent work of G r a y and M a l m s t r o m (81) i n the 
ruthenated cytochrome c system, we chose a value for (3 of 0.9 A - 1 for our 
calculations. F o r d0, we adopted the convention that d0 = 3 A (20, 81). 

T h e value of d was calculated by mode l ing a l l three of the self-exchange 
complexes discussed i n this chapter. I n each case, a heme-edge-to-heme-
edge geometry of the two proteins was created by us ing the crystal structures 
of the proteins and the B I O G R A F molecular mode l ing software ( D R E I D I N G 
force field). These models give distances of closest approach between the 
two hemes of 8.9 A for cytochrome c, 7.5 A for cytochrome b 5 , and 8.6 A 
for cytochrome c ^ . O u r results for cytochrome c are i n very good agreement 
w i t h those of Weber , who found a heme-edge-to-heme-edge distance of 9.4 
A w i t h no min imizat i on (20). These values of d a l low calculation of the values 
of v n K e i as shown i n Table I I . These values are, however , only approximate 
because it is generally necessary to integrate over a l l distances and mutua l 
orientations of the electron-transfer partners. 

Calculation of Self-Exchange Reorganizational Energies 

O n c e the electron self-exchange rate constants are measured and values for 
the parameters S, K a , and v N K E L are estimated, one can calculate A G r * ac
cording to e q 1. These values are 4.2, 3.1, and 6.9 kcal m o l - 1 for cytochromes 
c, 055!, and b 5 , respectively. T h e rate constant for electron transfer should 
depend on the free-energy change for the electron step ( A G 0 ' ) and the 
reorganizational energy of the reaction, X, as (26) 

- ax^y 
where A G 0 ' is ( A G 0 + wp - wr), A G 0 is the free-energy change of the 
reaction, and wp and wr represent the work requ i red to b r i n g the reactants 
and products to the separation achieved i n the electron-transfer complex. 
F o r self-exchange reactions, the terms wr and wv are equal to each other. 
W h e n the thermodynamic dr iv ing force for the reaction, A G 0 , is zero (as i n 

 P
ub

lic
at

io
n 

D
at

e:
 M

ay
 5

, 1
98

9 
| d

oi
: 1

0.
10

21
/b

a-
19

90
-0

22
6.

ch
00

8

In Electron Transfer in Biology and the Solid State; Johnson, M., el al.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1989. 
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the self-exchange reaction), X = 4 A G r * . Therefore, the X values for these 
three self-exchange reactions are 17, 12, and 28 kcal m o l " 1 or, i n conventional 
energy units , 0.7, 0.5, and 1.2 e V for cytochromes c, c ^ , and b 5 , respec
t ively. 

Numer i ca l l y , the reorganizational energies depend strongly on the v a l 
ues assumed for the steric factor. I f one uses s imply the fraction of the surface 
area that is heme squared as the steric factor, then the calculated X values 
w o u l d be 0.4, 0.2, and 0.9 e V for cytochromes c, cmi9 and b 5 , respectively. 
O n the other hand , i f consideration of e lectron transfer over a l l distances 
and mutua l orientations of the two proteins were to enhance the e lectron-
transfer rate constant by a factor of 10 for both proteins, then the X values 
for the three self-exchange reactions w o u l d be 0.9, 0.7, and 1.3 eV. 

Cross Reactions 

Cytochrome c and Cytochrome c ^ . Cytochrome e ^ is a smaller 
prote in than cytochrome c, w i t h a more exposed heme and a closer h e m e -
edge-to-heme-edge distance i n the complex, as w e l l as a smaller net charge 
and a smaller dipole moment . A l l of these points indicate that the electron 
self-exchange rate constant for cytochrome c 5 5 1 should be larger than that of 
cytochrome c. W e calculate the difference to be about 170-fold at 0.1 M 
ionic strength and 25 °C. Exper imenta l ly , a substantial difference is indeed 
observed. However , at = 0.1 M and 25 °C, the rate constant for cyto
chrome 055! (5.1 X 1 0 6 M " 1 s"1) is i n fact three orders of magnitude greater 
than that of cytochrome c (5.1 x 1 0 3 M _ 1 s _ 1 ) . G i v e n eq 1 as a mode l for 
electron transfer, the very fast rate of self-exchange for cytochrome c^i is 
explained as a smaller reorganizational energy for that prote in . 

O n e can also arrive at the conclusion that cytochrome c^i has a very 
low reorganizational energy by considering the absolute magnitude of the 
electron self-exchange rate constant, 1 0 7 M _ 1 s" 1. T h e dif fusion-controlled 
interaction of two cytochromes c ^ has a rate constant of about 5 X 1 0 9 M " 1 

s" 1 (82). I f only a small percentage of the surface area of the prote in is reactive, 
then cytochrome c 5 5 1 e lectron self-exchange is occurr ing essentially at dif
fusion control . This conclusion impl ies that there can be no other significant 
energy barrier (i.e., reorganizational energy) to the process. 

T h e formalism expressed here in should be useful i n analyzing the re 
action between cytochrome c and cytochrome 055!. T h e reorganizational 
energy of electron transfer between two proteins can be expressed as (26) 

A G r * = 
A G n * + AGgg* + A G 1 2 ° ' 

2 + 8 ( A G n * + A G ^ * ) 
( A G 1 2 0 ? 

(6) 

where A G r * is the reorganizational free energy of the electron-transfer r e 
action, A G n * and A G 2 2 * are the reorganizational energies of the two self-
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exchange reactions, and A G 1 2 ° is the free-energy change for the e lectron-
transfer step, calculated from the difference i n redox potentials. T h e redox 
potentials of the two proteins are, fortuitously, s imi lar (83-88). T h e reor
ganizational energy w h e n A G 1 2

0 ' = 0 should be the ar i thmetic mean of the 
reorganizational energies o f the two partners (cf. e q 6), or approximately 3.8 
kcal m o l " 1 i n this case. W e can use the net charges and dipole moments i n 
Table III to calculate a work te rm of 2.0 kcal m o l " 1 . T h i s result , i n c o m b i 
nation w i t h data i n Table II and a h e m e - h e m e distance of 8.7 A, allows 
predict ion of a rate constant o f 3 x 1 0 4 M " 1 s 1 (JX = 0.1 M , 4 °C). T h e 
electron-transfer rate constant between cytochrome c and cytochrome c ^ 
has been measured by two groups (89, 90). T h e rate constant for the b i 
molecular reaction at 0.1 M ionic strength and 4.5 °C is 1.6 X 1 0 4 M " 1 s" 1. 
Thus , the predic ted rate constant is i n excellent agreement w i t h that meas
u r e d experimental ly . 

T h e electron-transfer reaction between cytochrome c and cytochrome 
Cgsx is known to be independent of ionic strength over the range |x = 0 .04 -0 .4 
M (90). T h e net charges and dipole moments of the proteins al low one to 
calculate the expected dependence of the electron-transfer rate constant on 
ionic strength. In l ine w i t h the experimental data, the calculated rate con 
stant is independent of ionic strength over the range of interest. A fit to the 
data is shown i n F i g u r e 3. T h e only adjustable parameter, the rate constant 
for the electron-transfer reaction at infinite ionic strength, k^, is 3.6 X 1 0 4 

M 1 s" 1. 

2-1 , , , , . . 1 —I 
0.0 0.4 0.8 1.2 1.6 

Ionic strength (M) 
Figure 3. Electron-transfer rate constants for cytochrome-cytochrome reac
tions as a function of ionic strength. The solid lines are best fits to the data, 
given the dipole moments in Table 111 and the kinf reported in the text. Key: 
•, cytochromes c-cm (90); • , cytochromes c-bs (94). (Reproduced with 

permission from ref. 55. Copyright 1989 Rockefeller University Press.) 
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Cytochromes c and b 5 . O u r analysis concludes that cytochrome b 5 

has a larger reorganizational energy than cytochrome c. These two proteins 
are very s imilar i n size and almost identical i n net charge and net dipole 
moment . However , the heme is more exposed i n cytochrome b 5 . This dif
ference leads to a larger S factor. T h e two hemes are able to get closer i n 
the c y t o c h r o m e b 5 - c y t o c h r o m e b 5 c o m p l e x t h a n i n the c y t o c h r o m e 
c - cytochrome c complex. T h e result is a smaller value of v n K e l . T h e changes 
i n both S and v n K e l predict a faster electron-transfer rate constant i n the 
complex for cytochrome b 5 . 

T h e mode l predicts that the electron self-exchange rate constant should 
be 50 times larger for cytochrome b 5 than for cytochrome c. H o w e v e r , 
experiment shows that there is almost no difference. G i v e n e q 1 as a m o d e l 
for e lectron transfer, the necessary conclusion is that the reorganizational 
energy for cytochrome b 5 is larger than that for cytochrome c. T h e heme i n 
cytochrome b 5 is more exposed, and the greater exposure may lead to a 
larger reorganizational energy because the heme is calculated to have a larger 
reorganization i n water than i n the prote in (91). Another possibi l i ty is that 
electrostatic repuls ion between the extended heme propionates of the two 
cytochromes i n the heme-edge-to-heme-edge complex is not adequately 
mode led by the van L e e u w e n approach. 

I n the past 15 years, substantial attention has been pa id to the e lectron-
transfer reaction between cytochrome c and cytochrome b 5 (92-94). A t l ow 
ionic strength, the two cytochromes form a complex that has been studied 
by us ing model ing (64, 95), optical (96, 97), and N M R spectroscopic tech 
niques (98, 99). M c L e n d o n and M i l l e r used pulse radiolysis to measure 
intramolecular electron transfer i n the cytochrome c - cytochrome b 5 complex 
(93). D a t a as a function of the d r i v i n g force of the reaction al lowed t h e m to 
calculate a X of approximately 0.8 e V for the sum of the reorganizational 
energies of cytochromes c and b 5 . 

A value for X can also be calculated as 

T h e self-exchange reorganizational energies der ived here in give a value for 
X of 0.95 eV. T h e difference between the two estimates comes both from 
errors i n the approximations for b imolecular electron transfer and from the 
assumption i n the intracomplex electron-transfer experiments that the sub
stitution of one metal for another at the active site results i n no change 
beyond that of a l ter ing the redox potential . O v e r a l l , however , these two 
estimates of the reorganizational energy, one der ived from intracomplex 
electron transfer as a function of free energy and the other der ived from 
bimolecular self-exchange data, are i n very good agreement. 

A t h igh ionic strengths, the reaction between cytochrome c and cyto-
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chrome b 5 becomes bimolecular . D a t a of Stonehuerner et a l . (94) are given 
i n F i g u r e 3. T h e sol id l ine is a fit to the data, i n c l u d i n g the charges and 
dipole moments g iven i n Table I I I and a £ i n f of 1.1 X K ^ M ^ s - 1 . C o n s i d e r i n g 
that there is only one adjustable parameter, k^, the fit is very good. 

Conclusion 

I n this chapter we have integrated experiment , calculations from crystal 
structure data, and molecular mode l ing to present a picture of e lectron 
transfer for cytochromes c, 055!, and b 5 that encompasses both b imolecular 
and unimolecular electron transfer. T h e two types of measurements are 
complementary and lead to s imilar conclusions for the reorganizational e n 
ergy of the proteins i n question. Electrostatic interactions appear to be qui te 
w e l l mode led b y van L e e u w e n theory. H o w e v e r , better models of both 
p r o t e i n - p r o t e i n electrostatic interactions and prote in motions w i l l be w e l 
come. 
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Electron-Transfer Kinetics of Singly 
Labeled Ruthenium(II) Polypyridine 
Cytochrome c Derivatives 

Bill Durham, Lian Ping Pan, Seung Hahm, Joan Long, 
and Francis Millett 

Department of Chemistry and Biochemistry, University of Arkansas, 
Fayetteville, AR 72701 

Cytochrome c was labeled at specific lysine groups with Ru(bi
pyridine)2(dicarboxybipyridine) [Ru(bpy)2(dcbpy)]. Singly labeled 
derivatives at lysines 7, 8, 13, 25, 72, 86, and 87 were isolated. Laser 
flash photolysis experiments showed that the excited state of the ru
thenium complex undergoes an electron-transfer reaction with the 
heme in some of the derivatives. The first-order rate constants are 
16 X 106 and 26 X 106 s-1 for the forward and backward electron 
 -transfer reactions, respectively, in the derivative labeled at lysine 13. 
Derivatives also were prepared by allowing Ru(bpy)2CO3 to react 
with cytochrome c at pH 7, followed by reaction with imidazole. 
Purified derivatives containing Ru(bpy)2(imidazole)2+ linked to his
tidines 26 and 33 were obtained. 

SMALL METAL COMPLEXES COVALENTLY LINKED TO METALLOPROTEINS 
have proven to be invaluable i n the study of electron-transfer reactions. 
M u c h of the p ioneer ing work i n this area has been done by G r a y , Is ied, 
and co-workers, who used R u ( N H 3 ) 5

2 + b o u n d to the naturally occurr ing 
hist id ine residues of cytochrome c (cyt c) (1-5), myoglob in (6), and other 
proteins (7-9). I n these examples, the distances between the redox centers 
are w e l l def ined, as are the d r i v i n g forces for these reactions. A r m e d w i t h 
this information, these researchers have been able to compare the observed 
rate constants for electron transfer to those predic ted b y the theoretical 
treatments presented by Marcus (10-13). 

0065-2393/90/0226-0181$06.00/0 
© 1990 American Chemical Society 
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182 E L E C T R O N TRANSFER IN BIOLOGY AND T H E SOLID STATE 

F r o m these comparisons, it has become evident that the distance de 
pendence for electron transfer through prote in can be descr ibed as an ex
ponential decrease w i t h distance scaled by a t e r m ($ (typically about 0 .9 -1 .2 
A"1). T h e free energy dependence of these reactions appears to be w e l l 
descr ibed by the relations developed by Marcus . F e w examples of reactions 
have d r i v i n g forces of magnitude comparable to or larger than the reorgani 
zational barriers , but such reactions are of considerable interest. Questions 
about the nature of the molecular material between redox centers and h o w 
it may affect the rate of e lectron transfer are current ly be ing actively pursued . 

M a n y c lever strategies have been used to systematically vary the d r i v i n g 
forces i n these systems, inc lud ing changing the metal i n the heme port ion 
(14) of the prote in and permutat ion of the ligands on the r u t h e n i u m (15). 
T h e zinc-substituted proteins (6) provide long- l ived excited states w i t h w h i c h 
reactions w i t h h igh d r i v i n g forces can be explored. 

W e have developed a synthetic method (16) that allows the attach
ment of Ru(bpy) 2 (dcbpy) to the amine e n d of lysine residues (bpy is b i p y r -
id ine ; dcbpy is the deprotonated form of 4 ,4 ' -d icarboxy-2 ,2 ' -b ipyr idine) . 
R u ( b p y ) 2 ( d c b p y ) is e s s e n t i a l l y e q u i v a l e n t to the w e l l - k n o w n c o m p l e x 
R u ( b p y ) 3

2 + (17). R u ( b p y ) 3
2 + has a strongly ox id iz ing or reduc ing excited 

state w i t h a l i fet ime of about 600 ns. It has been used i n the study of e lectron-
transfer reactions w i t h many different reagents, i n c l u d i n g cyt c and several 
other proteins (13, 18, 19). T h e distance dependence question has been 
explored w i t h esterifled derivatives of R u ( b p y ) 3

2 + i n synthetic polymers (20). 
T h e reactions of R u ( b p y ) 3

2 + ( i .e. , the excited-state and ground-state 1 + 
and 3 + forms) are characterized by h igh d r i v i n g forces and l ow reorgani 
zational barriers. T h u s , the (bpy) 2 Ru(dcbpy-cyt c) derivatives may prov ide 
further opportunities to obtain information about electron transfer i n the 
barrier-free regime. A n added advantage is that the electron-transfer p r o p 
erties of the native heme i ron can be explored i n these studies. Proteins 
derivat ized w i t h Ru(bpy) 2 (dcbpy) w i l l have reasonably wel l -de f ined geom
etries from w h i c h the distances between electron-transfer centers can be 
obtained. 

I n the process of developing a practical synthetic route to the (bpy ) 2 Ru-
(dcbpy-cyt c) derivatives, a valuable side reaction was discovered. This side 
reaction can ult imately be made to produce (bpy) 2 (imid)Ru((His)cyt c) de 
rivatives ( imid is imidazole) i n w h i c h the two coordination sites not taken 
up by b ipyr id ine are occupied b y a s imple imidazole and the imidazole of 
a hist idine residue. These derivatives show long- l ived room-temperature 
emission that presumably w i l l undergo photoredox reactions. 

Synthesis of (bpy)2Ru(dcbpy-cyt c) Derivatives 

T h e general synthetic scheme used to prepare the (bpy) 2 Ru(dcbpy-cyt c) 
derivatives is shown i n Scheme I. T h e N -hydroxysucc inimide ester of dcbpy 
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184 E L E C T R O N TRANSFER IN BIOLOGY AND T H E SOLID STATE 

was prepared by reaction w i t h the partial ly deprotonated dcbpy i n d i -
methyl formamide ( D M F ) i n the presence of d icyc lohexylcarbodi imide. T h e 
ester was found to react w i t h the lysine groups of cyt c i n a few hours at 
room temperature. T h e major separation step per formed at this stage is 
i l lustrated i n F i g u r e 1. T h e pur i f ied fractions were al lowed to react w i t h 
about a 10-fold excess of R u ( b p y ) 2 C 0 3 (presumably R u ( b p y ) 2 ( H 2 0 ) 2 + i n so
lution) and then chromatographed to remove unreacted starting material . 

A few of the original ly pur i f i ed fractions contained mixtures of closely 
related derivatives that cou ld be separated b y further chromatography. H i g h -
performance l i q u i d chromatographs ( H P L C s ) of t rypt i c digests o f the 
ruthenium-conta in ing derivatives and subsequent amino ac id analysis of the 
appropriate fractions were used to identify the location of each label . A 
representative example is i l lustrated i n F i g u r e 2. T h e pur i f i ed derivatives 
had heme redox potentials i n the range of native cyt c, 250 -260 mV. T h e 
derivatives also retained the 695-nm absorption band. Th is retention i n d i 
cated that methionine 80 was not per turbed . 

Synthesis of (bpy)2(imid)Ru((His)cyt c) Derivatives 
It was discovered d u r i n g the preparation of the (bpy) 2 Ru(dcbpy-cyt c) de 
rivatives that R u ( b p y ) 2 C 0 3 was able to specifically modify the h is t id ine res
idues o n cyt c upon prolonged incubation at p H 7. T h e reaction is reasonably 
efficient and does not require a large excess of reagent. It was possible to 
separate two singly labeled (bpy) 2 (H 2 0)Ru( (His )cyt c) derivatives b y chro 
matography ( C M - 3 2 ) (data not shown). These derivatives, as w e l l as the 
parent compound R u ( b p y ) 2 ( i m i d ) ( H 2 0 ) 2 + , were not luminescent . H o w e v e r , 
o n e o f us ( D u r h a m ) h a d p r e v i o u s l y o b s e r v e d t h a t s o l u t i o n - p h a s e 
R u ( b p y ) 2 ( i m i d ) 2

2 + had an emission centered at 660 n m w h e n excited at 450 
n m . Therefore, the crude reaction mixture of (bpy) 2 (H 2 0)Ru( (His )cyt c) 
derivatives was incubated w i t h 1 M imidazole to prepare (bpy) 2 -
(imid)Ru((His)cyt c) derivatives. T h e reaction, fol lowed b y moni tor ing the 
emission at 660 n m , was found to be complete after 18 h . Chromatography 
( C M - 3 2 ) resulted i n the separation shown i n F i g u r e 3. T h e U V - v i s i b l e 
spectra of fractions 1 and 2 were equal to the sum of the spectra of one 
equivalent of R u ( b p y ) 2 ( i m i d ) 2

2 + and one equivalent o f native cyt c (F igure 
4); fraction 3 contained 2 equivalents of R u ( b p y ) 2 ( i m i d ) 2

2 + . 
Fractions 1 and 2 were rechromatographed ( C M - 3 2 ) , and an aliquot o f 

each was digested w i t h t ryps in and chromatographed on a reverse-phase 
H P L C co lumn, as descr ibed by P a n et a l . (16). I n the chromatogram of 
fraction 2, the native pept ide 2 8 - 3 8 was complete ly miss ing, and a 
Ru(bpy) 2 ( imid) 2 -containing pept ide that e luted a l i t t le later i n the chro 
matogram had the same amino acid composit ion as 28 -38 . There were no 
other changes i n the H P L C chromatogram relative to that of native cyt c. 
Therefore, fraction 2 is singly labeled at H i s 33. I n a s imilar fashion, fraction 
1 was found to be singly labeled at H i s 26. 
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Figure 1. Purification of the dcbpy-cyt c and (bpy)2Ru(dcbpy-cyt c) deriva
tives. A, The crude reaction mixture of dcbpy-cyt c (500 mg) was chromato
graphed on a 2.5- x 70-cm column (Bio-Rex 70) with an exponential gradient 
from 50 mM ammonium phosphate, pH 7.2, to 160 mM ammonium phosphate, 
pH 7.2. The flow rate was 25 mL/h and the fraction size was 3.8 mh. Ab-
sorbance was measured at 542 nm. B, Fraction 1 from A was rechromato-
graphed on a 1.5- X 25-cm column (Whatman sulfopropyl SE-53) with an 
exponential gradient from 20 to 250 mM sodium phosphate, pH 6.0. The 
fraction size was 1 mh and the absorbance was measured at 542 nm. C, 
Repurified fraction 4 was treated with Ru(bpy)2C03 and chromatographed 
on a 0.6- X 45-cm column (Whatman CM-32) with a gradient from 20 to 
400 mM sodium phosphate, pH 6.0. The fraction size was 1 mL and absorb
ance was measured at 542 nm. The fraction marked 4U contained un
modified dcbpy-cyt c. (Reproduced from ref. 16. Copyright 1988 American 

Chemical Society.) 
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Figure 2. HPLC of the tryptic digest of (bpy)2Ru(dcbpy-cyt c) fraction 4A. 
The tryptic digest (50 \Lg) was eluted on a column (Dynamax 300-A) with a 
linear gradient from 0.019c trifluoroacetic acid to 100% methanol. The native 
and ruthenium-containing peptides were identified by amino acid analysis and 
indicated on theftgure. Small peptides such as 23-25 and 26-27 eluted in the 
void volume of the column. (Reproduced from ref. 16. Copyright 1988 Amer

ican Chemical Society.) 

T h e emission spectra of fractions 1 and 2 were very s imilar to that of 
R u ( b p y ) 2 ( i m i d ) 2

2 + , w i t h a m a x i m u m at 670 n m at 298 Κ (Figure 4) and 619 
n m at 77 K . 

Electron Transfer in (bpy)2Ru(debpy-cyt c) 

A l l experimental evidence supports the contention that the excited-state and 
ground-state parameters of Ru(bpy) 2 (dcbpy) l i n k e d to cyt c are nearly i d e n 
tical to those of the free complex. Specifically, both have luminescence 
maxima at 662 n m at 298 Κ that shift to 606 n m at 77 K . T h e l i fet ime of the 
free complex and the l i fet ime of a derivative made from lysozyme, a prote in 
w i t h no heme i r o n , are also identical . T h e absorption spectra of the der iv 
atives of cyt c are the sum of the cyt c and r u t h e n i u m complex spectra. 

C h e r r y a n d H e n d e r s o n (17) e x a m i n e d the exc i ted -s tate decay o f 
Ru(bpy) 2 (dcbpy) and showed it to be s imilar to R u ( b p y ) 3

2 + . T h e addit ion of 
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Figure 3. Purification of (bpy)2(imid)Ru((His)cyt c) derivatives. The mixture 
was chromatographed on 1.5- x 30-cm column (Whatman CM-32) with an 
exponential gradient from 50 to 200 mM sodium phosphate, pH 6. The fraction 
size was 1 mh, and the absorbance was measured at 542 nm. The sample was 
prepurified by chromatography onal- x 10-cm column (Riogel P-2) with 20 

mM sodium phosphate, pH 7. 

an electron-transfer-quenching pathway complicates the decay of the excited 
state as indicated b y Scheme II . I n this scheme, a l l decay paths that do not 
involve electron transfer are represented b y rate constant kd, e lectron trans
fer from the excited state by ki9 and back electron transfer of the result ing 
ground-state molecules by k2. T h e rate constant kd contains radiative and 
nonradiative terms, i n addit ion to possible contributions from energy-trans
fer quenching . Solution-phase R u ( b p y ) 3

2 + * has been shown to be quenched 
b y electron transfer by cyt c (2). Exper imenta l ly , however , i t is difficult to 
rule out the possibi l ity that there is some contr ibut ion from energy transfer. 
It cannot be r u l e d out on spectroscopic grounds. 

O u r in i t ia l studies showed that (bpy) 2 Ru(debpy-eyt c) derivatives ex
h ib i t ed quenching of both the luminescence intensity and l i fet ime. T h e 
magnitude of the quenching appeared to decrease w i t h increasing r u t h e n i u m 
complex to heme distance. 

I n a subsequent investigation, transient absorption measurements 
made w i t h laser flash photolysis equipment were carr ied out w i t h the 
Ru(bpy) 2 (debpy-eyt c) derivatives (22). T h e derivatives labeled at lysines 86, 
87, and 8 showed no luminescence quenching , and no transients indicative 
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350 450 * 550 650 
Wavelength 

Figure 4. Absorbance and luminescence spectra of (bpy)2(imid)Ru((His)cyt c). 
Absorbance spectra shown for fraction 2 (—), native cyt c (—and 
Ru(bpy)2(imid)2

2+ (- - -)• The uncorrected luminescence spectrum of 
Ru(bpy)2(imid)2

2+ is shown on the right of the figure. 

of electron transfer were found w i t h these derivatives. T h e derivative w i t h 
a modi f ied lysine 13, however , showed a transient at 550 n m that c learly 
indicates the formation of an Fe(II) intermediate (Figure 5). F u r t h e r m o r e , 
the transient difference spectrum for the region around 550 n m shows m i n 
i m a at 542 and 556 n m that arc isosbestic points i n the conversion of ox id ized 
to reduced cyt c. As expected, the transient is short - l ived because of the 
back-reaction w i t h ground-state Ru(III). T h e luminescence decay and t ran
sient absorbance measurements at 550 and 440 n m were simultaneously fit 
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Figure 5. Transient absorbance of (bpy)2Ru(dcbpy-(lysine 13)cyt c) recorded 
at 550 nm following a 25-ns pulse at 460 nm (Nd:YAG pumped coumarin 460 

dye laser). Sample was purged with nitrogen. 

to the fol lowing equations: 

J (Ru(II)*, emission) = I0e^h+ki)t (1) 

I (Fe(II), 550 nm) = A[e~ ( * 1 + * d ) f - e~ht] (2) 

ί (Ru(II),440nm) = àzUoC0[l - B e ~ ( f c l + * d ) i + Ce~ht] (3) 

where C 0 is the concentration of Ru(II) excited state produced by laser pulse , 
I is the signal intensity at any t ime , I 0 is the signal intensity at t = 0, A = 
k^e^Co/ikz-k^kt), Β = ( V * d ) / ( V f c i - f c d ) > C = kJikf-kr-kà, and the 
rate constants are as indicated i n Scheme II . Correct ions were also made 
for the finite rise and fall t ime of the laser pulse as described b y Demas (23). 
The values for the first-order rate constants (kd = 8 ± 3 Χ 1 0 6 s" 1, ^ = 
16 ± 3 Χ 1 0 6 s"\ k2 = 26 ± 5 Χ 1 0 6 s"1) were obtained for the lysine 13 
derivative (22). Derivat ives modi f ied at lysines 25, 27, 72, and 7 were also 
found to have transients associated w i t h electron transfer. T h e measured 
first-order rate constants k2 i n these cases were 1.5 ± 0.3 Χ 10 6 , 30 ± 
5 Χ 10 6 , 24 ± 5 Χ 10 6 , and 0.6 ± 0.2 Χ 1 0 6 s 1 , respectively (22). 

Because both cyt c and R u ( b p y ) 3
2 + have been examined extensively, i t 

is informative to compare the observed rate constants w i t h those pred i c ted 
by theory. In the context of the semiclassical treatment suggested b y Marcus 
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190 E L E C T R O N TRANSFER IN BIOLOGY AND T H E SOLID STATE 

and Sut in (13), the fol lowing relation between free energy, distance, and 
rate is expected. 

ι 10 1 3 exp [-β(ά - 3)] exp [ - ( X + A G ) 2 ] 
*el ~ 4KRT W 

I n this expression, A G is the free energy of reaction, ke\ is the rate constant 
for electron transfer, d is separation distance, λ is the reorganizational bar 
rier, and β is the scaler that describes how fast the rate decreases w i t h 
separation distance. T h e t e rm (d - 3), where d is the interauclear separation, 
is in c luded to al low for a van der Waals contact distance of 3 Â, at w h i c h 
distance the first exponential t erm is assumed to be unity . Studies of the 
R u ( b p y ) 3

2 + self-exchange rate suggest that contact is best measured w i t h 
respect to the l igand atoms because of the d e r e a l i z a t i o n of metal -e lectron 
density onto the b ipyr id ines . A x u p et a l . (6) made use of a s imilar assumption 
i n the ir analysis o f electron transfer i n ( N H 3 ) 5 R u ( H i s ) M b . I n the ir case, the 
distance between the nearest l igand atoms was taken as a measure of d ( i .e. , 
heme or hist id ine ring atoms around Z n and hist id ine ring atoms or amine 
nitrogens on the ru then ium complex). 

Estimates of the reorganizational barr ier for the reaction of R u ( b p y ) 3
3 + 

w i t h heme Fe(II) can be made from self-exchange data for cyt c and 
R u ( b p y ) 3

2 + . Typ i ca l values g iven i n the l i terature are 100 and 55 k j , 
respectively (13, 21). T h e reorganizational barr ier for e lectron transfer 
w i t h i n a derivative based on these values is 78 k j . T h e d r i v i n g force for 
forward and backward electron transfer reactions us ing reduct ion potentials 
E°(2 + * / 3 + ) = - 0 . 7 2 V and £° (2 + / 3 + ) = 1.31 V for Ru(bpy) 2 (dcbpy) 
are 0.98 and 1.05 V, respectively. Values of β are somewhat var ied , but 
0.9 A " 1 appears to be representative. I n the case of the lys ine 13 derivat ive , 
we estimate d to be i n the range of 6 - 1 0 Â on the basis of constraints 
of the lysine ta i l , 9 - 1 6 Â for lysines 25 and 7, 6 - 1 2 Â for lysine 27, and 
8 -16 Â for lysine 7. F i g u r e 6 shows the locations of the labeled lysines. 

B y using the parameters described, e q 4 can be used to predict a distance 
dependence for the reaction of Ru(bpy) 2 (debpy) 3 + w i t h the Fe(II) of the 
heme. T h e relation is i l lustrated i n F i g u r e 7. T h e best-fit l ine was obtained 
w i t h β = 0.9 Â " 1 and λ = 43 k j . 

Electron Transfer in (bpy)2(imid)Ru((His)cyt c) 

A quenching scheme ident ical to that descr ib ing the reactions of the 
Ru(bpy) 2 (dcbpy-cyt c) derivatives can be used w i t h the hist id ine derivatives. 

T h e luminescence decay rates for fractions 1 and 2 were found to be 10 
Χ 1 0 6 and 12 Χ 10 6 s _ 1 , respectively. These compared w e l l w i t h a rate 

constant of 14 Χ 1 0 6 s" 1 measured w i t h solution-phase R u ( b p y ) 2 ( i m i d ) 2
2 + . 

N o absorption transients indicative of electron transfer were observed. I n 
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9. DURHAM E T AL. Ru(ll) Polypyridine Cytochrome c Derivatives 191 

Figure 6. Schematic diagram of horse-heart cyt c viewed from the front side 
of the heme crevice. The approximate positions of the β carbon atoms at the 
lysine residues are indicated by closed circles and dashed circles for the residues 
located on the front and bach of cyt c, respectively. (Reproduced from ref 

22. Copyright 1989 American Chemical Society.) 

these derivatives, it appears that the rate of e lectron transfer from the excited 
state of ru then ium to the heme must be too small to compete w i t h the 
natural luminescence decay rate. 

Experimental Methods 

Preparation of (bpy)2(imid)Ru((His)cyt c) Derivatives. Horse-heart cyt c (2 
mM Sigma type VI in 2 mL of 20 mM sodium phosphate, pH 7) was incubated with 
4 mM Ru(bpy)2C03 (22) for 16 h at 25 °C in the dark under anaerobic conditions. 
Imidazole, 1 M, was then added to the solution, and the incubation continued for 
an additional 18 h. The solution was oxidized with potassium ferricyanide and passed 
through a 1- X 10-cm column (Biogel P-2) to remove excess reagent and equilibrate 
the modified cyt c with 20 m M sodium phosphate, pH 7. The sample was eluted 
from a 1.5- X 30-cm column (Whatman CM-32) with an exponential gradient from 
50 to 200 mM sodium phosphate, pH 6. Visible spectra of each fraction were recorded 
on a diode array spectrophotometer (Hewlett-Packard HP8452A). Fluorescence spec
tra were recorded on a spectrometer (Perkin-Elmer 650-40) using excitation at 450 
nm. Luminescence lifetimes were measured as described by Pan et al. (16). 

Identification of the Residue Modified. Each derivative was dialyzed into 0.1 
M bicine, pH 8, at a concentration of 1 μg/μL and digested with 50 n g ^ L TPCK-
treated trypsin for 15 h. (TPCK is tosylamide-2-phenylethyl chloromethyl ketone.) 
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10 

d (angstroms) 
Figure 7. Plot of natural logarithm of the rate constant vs. separation distance 
d. Best-fit line calculated with β = 0.9 A1 and λ = 43 kj. Data points for 
denvatives modified at lysines 7 (A), 13( + ), 25 (M), 27 (%), and 72(x)at 
the minimum and maximum estimated distance. (Reproduced from ref 22. 

Copyright 1989 American Chemical Society.) 

The tryptic digests were separated on a reverse-phase HPLC column (Dynamax 300 
A) with a linear gradient from 0.01% trifluoroacetic acid to 100% methanol. The 
eluent was monitored at 210 and 290 nm by using two HPLC detectors in series. 
The amino acid composition of each peptide was determined as described by Pan et 
al. (16). 
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10 
High-Pressure Studies of Long-Range 
Electron-Transfer Reactions in Solution 

Nita A. Lewis and Daniel V. Taveras 

Department of Chemistry, University of Miami, Coral Gables, FL 33124 

Electron transfer in the mixed-valent complex (μ-2,6-dithiaspiro— 
[3.3]heptane)decaamminediruthenium(II,III) hexafluorophosphate 
(I) was studied in D2O under high pressure (1.5 kbar). On the basis 
of a tunneling theory, the volume of activation for this process was 
estimated to be -7.2 ± 0.5 cm3/mol at several different concentrations 
and ionic strengths. This value results primarily from solvent rear
rangement during the electron-transfer process. It may be approxi
mated quite accurately by even the simplest electron-transfer 
theories. The advantages of using models based on ellipsoidal shapes 
and dielectric cavities are discussed, as well as the potential of high— 
pressure studies as a test of electron-transfer theories. 

E L E C T R O N - T R A N S F E R R E A C T I O N S B E T W E E N IONS A N D M O L E C U L E S in so

lution, both intermolecular and intramolecular, have been the subject of 
intense experimental and theoretical investigation during the past three 
decades (1-3). Numerous experimental and theoretical approaches to study
ing these kinds of processes have been devised. One of the most recent 
approaches is the application of high pressure during the course of the 
investigation. Pressure as an experimental variable has been employed rather 
extensively in areas such as pressure-tuning spectroscopy (PTS) (4), kinetics 
(volumes of activation) (5), and synthesis (6). However, until recently its use 
in the study of electron-transfer reactions in solution was rather limited. 

Theoretical Models 

Effect of H i g h Pressure. Particularly useful tools in the study of 
outer-sphere electron-transfer (OSET) reactions are the many theoretical 

0065-2393/90/0226-0197$06.00/0 
© 1990 American Chemical Society 
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198 E L E C T R O N TRANSFER IN BIOLOGY AND T H E SOLID STATE 

models that sometimes are val idated by experimental results or tt^at may be 
used to explain such results. I n 1974 Stranks (7) developed a theory, based 
on Marcus 's and Hush ' s previous work as discussed by C a n n o n (I), that t r i ed 
to predict the effect of h igh pressures on O S E T processes i n solution. T h e 
attempt was considered successful because almost a l l of the available ex
per imenta l data were correctly reproduced by the theory. Unfortunately , i t 
was discovered later that there was an algebraic error i n one of Stranks's 
formulas. I n fact, very few experimental volumes of activation are pred ic ted 
by his calculations (8). 

T h e specific reasons for the apparent failure of the S t r a n k s -
M a r c u s - H u s h ( S M H ) theory are not yet ful ly understood. O n e possibi l i ty 
is that u n t i l very recently the experimental data were available only for 
intermolecular reactions, i n w h i c h the die lectr ic cont inuum approximations 
may lead to erroneous estimates of electrostatic interactions. In those r e 
actions the distance between the metal centers normal ly is not accurately 
k n o w n , but has to be estimated from the dimensions of the ligands sur
rounding the reacting centers. 

Swaddle and co-workers (9-1 J) improved Stranks's mode l somewhat b y 
inc lud ing modern developments i n electron-transfer theories, such as e l l i p 
soidal dielectric-cavity models and nonadiabaticity contributions. T h e y d e m 
onstrated (JO) that the variation w i t h pressure of the distance between 
reacting species was crucia l i n achieving reasonable agreement between 
volumes of activation de termined experimental ly and the corresponding the 
oretical estimates. Therefore, some insight may be obtained into the m e 
chanics of the process by fixing the distance between two metal centers w i t h 
a connecting l igand and studying the intramolecular electron transfer process 
under pressure. 

Intramolecular Redox Reactions. Numerous studies of intramo
lecular redox reactions employ ing binuclear transition metal mixed-valence 
complexes have been reported (2) since the original paper on this subject 
by C r e u t z and Taube (12) appeared i n 1973. Usual ly the energy of the 
intervalence transfer (IT) band for a symmetr ical mixed-valence molecule 
( £ o p or λ) is treated as aris ing from two contr ibut i ons—an inner-sphere 
reorganizational energy, X t o , w h i c h results from stretching and compressing 
internuclear bonds pr ior to electron transfer, and X o u t , w h i c h results from 
reorientation of solvent molecules. 

λ = \ i n + \ o u t (1) 

T h e die lectr ic cont inuum m o d e l is usually employed to describe the solvent 
reorganization contr ibut ion; e q 2 results. 

λ - = ( Δ 6 ) 2 ( έ + έ 4 ) ( 5 : " έ ) (2) 
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10. LEWIS & TAVERAS Long-Range Electron-Transfer Reactions in Solution 199 

where A e is the charge transferred, ax and a2 are the radi i of the two 
reactants, d is the distance between their centers, DQ is the optical d ie lectr ic 
constant, and D s is the static dielectric constant of the m e d i u m . N o r m a l l y , 
a sol id has a m u c h smaller D s than the corresponding l i q u i d , typical ly by a 
factor of 10 or more. Thus , e q 2 predicts a large red shift of the I T band 
upon freezing a solution containing a mixed-valence complex. H a m m a c k et 
al . (13) tested this idea by employ ing pressure- induced freezing of so lu
tions containing the ferrocenium binuclear species and the complex 
( b p y ) 2 C l R u ( p y z ) R u C l ( b p y ) 2

3 + , where bpy is 2 ,2 ' -b ipyr id ine and pyz is p y r -
azine. O n l y very small shifts i n I T band energy occurred. H a m m a c k et a l . 
concluded that the dielectr ic cont inuum mode l is inadequate i n de termin ing 
reorganizational energies i n intervalence redox processes. O t h e r systems 
were also t r i ed , apparently without success (14). 

T h e same authors later reported a P T S study (15) of the w e l l - k n o w n 
C r e u t z - T a u b e i on , ( N H 3 ) 5 R u ( p y z ) R u ( N H 3 ) 5

5 + , i n l i q u i d D 2 0 up to 7 kbar. 
A total b lue shift of only 35 c m " 1 was observed. They concluded that the 
pr imary effect of pressure on the C r e u t z - T a u b e ion is to change the amount 
of electronic coupl ing between the metal centers b y compression of the 
internuclear bonds. B y comparison, the v ibronic coupl ing is affected only 
very slightly. These results are i n agreement w i t h an already-high degree 
of electronic coupl ing suggested by other evidence. 

Observations. W e examined an electronically very weakly coupled 
complex, the dinuclear complex I (16), i n D 2 0 at moderately h igh pressures 
(1.5 kbar) (17). W e observed a shift of more than 200 c m " 1 to a lower wave
length. This shift is interest ing because the bu lk modulus always increases 
wi th pressure, and therefore the energies of v ibrational motions are normal ly 

expected to increase. That is , it is more difficult for a b o n d to stretch w h e n 
the surrounding solvent molecules are compressed. Apparent ly , i n the case 
of very weakly electronically coupled metal systems, the vibrational coupl ing 
of the dinuclear complex w i t h the solvent molecules is enhanced b y pressure, 
and this enhanced coupl ing leads to a decrease i n the energy of the v ibronic 
optical transition band (17). 

The oscillator strength and hence the v ibronic coupl ing was sl ightly 
enhanced by pressure, as shown i n F i g u r e 1. This enhanced coupl ing , c o m -

5 + 
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0.275, 

β.βββ» 1 1 1 1 1 
610 886 1882 1198 1394 1598 

WAVELENGTH nm 

Figure 1. IT band of complex I at different pressures. Key: top to bottom, the 
pressures are 1500, 750, and 1 bar. 

b i n e d w i t h the red shift, may be explained by assuming a flattening of the 
v ibronic wel ls i n the Marcus potential energy diagram caused by a pressure-
induced softening of the spr ing constants that define the wel ls (17). A n 
alternative explanation w o u l d be that a decrease occurs i n the displacement 
between the two wells along the reaction coordinate. This explanation can 
be excluded, however, on the basis that it predicts a change i n the energy 
of the optical transit ion, but not of the v ibronic coupl ing. 

It has been proposed (17) that, because of the l i m i t e d electronic coupl ing 
between the metal atoms i n this molecule , pressure effects on interactions 
w i t h the m e d i u m predominate over those that w o u l d increase electronic 
coupl ing (i.e., compressions of internuclear bonds). This proposal accounts 
for the observation that complex I is sensitive to our pressure range (1-1500 
bar), whereas the C r e u t z - T a u b e ion was v irtual ly unaffected because this 
pressure range is insufficient to cause measurable changes i n intermolecular 
distances. Smal l compressions of the Ru(II) and Ru(III) bond lengths of the 
C r e u t z - T a u b e ion leading to the observed stronger electronic coupl ing be 
tween the metal centers are possible at the higher pressures employed by 
Hammack et a l . (15) (up to 7000 bar i n solution). 

Theoretical Calculations of Volume of Activation 
It had been demonstrated previously that the pr imary mechanism for elec
tron transfer i n the spiro binuclear system is tunnel ing (18). Therefore, a 
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nonadiabatic, mul t iphonon theory proposed by Hop f i e ld (19, 20) was used 
to calculate the thermal rate of e lectron transfer at each pressure, & a b , from 
the energy of the optical transit ion, £ o p , and the extent of coupl ing , |Tab|, 
namely, 

^ = ( f ) l r a b P ( 2 ^ r - e X p ( ^ - 2 ; r A ) 2 ) 0) 

. (n 2 + l ) (3)(2300)£ o p fe6 / - ( £ a - £ b - A) s • 
1 a b | (2n)(2ir2)(IV)a2e2(2iT σψ P \ 2 σ 2 ' W 

where η is the refractive index of the connecting l igand, fi is Planck's constant 
d iv ided by 2ττ, c is the speed of l ight , Ν is Avogadro's number , a is the 
distance between metal centers, e is the charge of the electron, σ is the 
hal f -bandwidth at 0.61 of the I T band at the peak ma x imum, £ a and £ b are 
the redox energies, Δ is the v ibronic coupl ing parameter, and e is the ex
t inct ion coefficient of the I T band at the peak m a x i m u m (18). W i t h these 
data and eq 5 (5), 

81n f c a b \ / A V * 
ÔP L \RT 

(5) 

(where Ρ is pressure, Γ is absolute temperature, and R is the gas constant), 
A V * , the vo lume of activation for the intramolecular electron exchange, was 
estimated to be - 7 . 5 ± 0 . 2 c m 3 / m o l at an ionic strength of 0.08 M . 

To clarify the significance of this quantity, expressions for the vo lume 
of activation have been der ived from several different electron-transfer the
ories. T h e results suggest that the experimental value for complex I arises 
almost exclusively from solvent rearrangement and that it may be pred ic ted 
accurately by even the simplest models. 

T h e expression for the total vo lume of activation is der ived by application 
of eq 6 to a l l the contributions to the electron-transfer free energy of act i 
vation, A G * , produc ing eq 8, w h i c h was original ly postulated b y Stranks (7). 

(6) 

A G * = A G M u l * + A G D H * + A G f r * + A G , * * (7) 

A V * = A V ^ , * + A V D H * + A V , * + A V ^ * (8) 

where the subscripts denote the coulombic work to b r i n g the reactants 
together at zero ionic strength (coul), the D e b y e - H u c k e l correct ion at a 
nonzero ionic strength ( D H ) , the internal rearrangement of b o n d lengths 
and angles (ir), and the solvent rearrangement d u r i n g the redox process 
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(solv). I n a compound such as I the reactants need not be brought together, 
and i t follows that the first two terms i n e q 7 disappear. F u r t h e r m o r e , the 
A V j / t e rm is negl igible because the pressures necessary for significant b o n d 
length contraction are w e l l beyond our available range (7,10,11). Therefore, 
e q 8 is greatly s impl i f ied , be ing apparently l i m i t e d to the t e r m for solvent 
rearrangement, that is , 

- A W - ( ! ψ ) τ - ( i ) ( ^ ) r (9) 

x - - ( ^ ) ( è - è ) i ( D " - D - ) ' d T ( 1 0 ) 

where DA and DB are the die lectr ic displacement vectors created i n vacuo 
by the precursor and successor complexes, respectively, and dr is a vo lume 
differential (2). This is quite advantageous. Several expressions are reported 
i n the l i terature to calculate X o u t , whose differences stem pr imar i l y from the 
method used to solve the integral i n e q 10 (21). 

Hard-Spheres M o d e l . T h e mode l used by Stranks (7) to calculate the 
contr ibut ion of solvent rearrangement around the reactants i n the transition 
state was the classical conduct ing hard spheres model . I n this mode l the 
electrostatic influence of the spheres upon each other is neglected, but the 
electronic polarization of the solvent, as the instantaneous charge d is tr ibut ion 
on each i on changes, is considered. T h e result ing equation is (2): 

Δ ν * = + u 2 " l) δΡ (D0 " D)T 

where e is the charge of the electron, al and a2 are the rad i i of the two 
spheres, and d is the intermetal distance. 

F o r the calculation of A V * , al and a2 were considered to be 3.5 Â 
(pentaammineruthenium moiety radius) (17), whereas d was taken as the 
through-space length of the connecting spiro l igand (9.2 Â). T h e pressure-
dependent t e rm was calculated to be (1.167 ± 0.015) Χ 10" 5 a t m " 1 from the 
data of Reis ler and E i s e n b e r g (22) for the refractive index and Srinivasan 
and K a y (23) for the dielectr ic constant of D a O at h igh pressures. T h e re 
sult ing value is - 7 . 1 ± 0 . 1 c m 3 / m o l (Table I). A ref inement to the h a r d -
spheres mode l advanced by Kharkats (24), w h i c h holds for any d, also was 
used. 

A V * = ( * - ψ - - 1 - p « - - ! h £ ± ^ y i — ( — - — ' 
\ 4 / | _ a d \cP - a2 d d2 - a 2 / J bP \D0 Ds (12) 

where ax = a2 = a. T h e A V * calculated is - 7 . 0 ± 0 . 1 c m 3 / m o l . 
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Table I. Calculated Volumes of Activation in D 2 0 for 
Intramolecular Electron Transfer Process in Complex I 

Method Equation AV* f l AV* f e 

Hard spheres 11 -7 .1 (0 .1 ) — 

Modified hard spheres 12 -7 .0 (0 .1 ) — 

Separated spheres 13 -7 .0 (0 .1 ) — 

Perfect ellipse 14 -11 .7 (0.2) - 7 .2 (0 .1 ) 
Normal ellipse 16 -10 .3(0 .1) - 7 .0 (0 .1 ) 
B E S ellipse 18 - 6 . 3 (0.2) - 4 . 3 ( 0 . 1 ) 
B E S simplified 20 - 8 . 4 ( 0 . 1 ) -7 .4 (0 .1 ) 

NOTE: A V * values are given in cubic centimeters per mole. The 
values in parentheses are standard errors. 
"Calculated using (d/2 + a) as semimajor axis and a as semiminor 
axis (dotted-line ellipse in Figure 2). 
^Calculated using the dimensions determined from the minimum 
enclosing volume convention (full line ellipse in Figure 2). 

Dielectric -Cavity Models . These models are more appropriate for 
mixed-valence dinuclear complexes l ike I, because they account for the 
difference i n permit t iv i ty of the space between the metals (connecting ligand) 
compared to the bu lk solvent. H o w e v e r , the expressions obtained are m u c h 
more elaborate because of the addit ion of imaging effects and exclusion of 
the space occupied b y the cavity d u r i n g the integration of the die lectr ic 
displacements i n the m e d i u m . 

T h e separated-dielectric-spheres mode l also was developed b y Kharkats 
(25). This mode l is based on two separated spheres of permit t iv i ty D i n e m b e d 
ded i n a m e d i u m of permit t iv i ty D s , w i t h the charge be ing transferred from 
one center to the other. T h e result is approximate because the inhomogeneity 
of the external field and the redistr ibut ion of the charges on the reactants 
caused b y interaction w i t h the induced dipoles are neglected (21). T h e 
expression for A V * is 

2 D s D i n - D0DiQ + 2DsD0\ihDs 

D 0 ( 2 D S + D i n ) 3 J\hP 

F o r this calculation, was assumed to be the square of the refractive index 
of the connect ing l igand. Because e q 13 requires the use of invariant values 
of D s and D G , the calculation was performed w i t h the values at 250, 750, 
and 1250 bar, g iv ing a result ing average A V * = - 7 . 0 ± 0 . 1 c m 3 / m o l . 
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E l l i p s o i d a l C a v i t y M o d e l . C a n n o n (26) was the first to apply the 
el l ipsoidal cavity m o d e l of K i r k w o o d and Westhe imer (27) to mixed-valence 
dinuclear complexes. In this case, the cavity is formed by revolution of an 
ell ipse around its major axis. T h e expression for A V * was first der ived by 
Swaddle (9), namely 

s ( y = 2 m ~ ( ~ 1 ) B ] ( 2 n + 1 ) 4 {l°2 " i m l o ) (15) 
n = 0 PJlo) 

where A and Β are the semimajor and semiminor axes, respectively; lQ is 
the reciprocal of the eccentricity of the el l ipse (i.e., lQ = Al'(A2 - B2)V2; 
S(lQ) is the so-called "shape" factor; and PjlQ) and Qn(lQ) are associated 
Legendre polynomials of degree n. These polynomials , de termined i n the 
present work b y a computer calculation using standard recursive formulas, 
were checked against publ i shed tabulations (28). 

Two sets of dimensions A and Β were used for the calculations w i t h 
el l ipsoidal cavity models. T h e first one used the ordinary assumption that 
A = (d/2 + a) and Β = a. In contrast, the second set of dimensions fol lowed 
the convention recently suggested by Brunschwig , E h r e n s o n , and Sut in (29) 
of the m i n i m u m enclosing vo lume. T h e latter method was appl ied graphically 
and produced the values A = 9.3 and Β = 4.3. B o t h results are l isted i n 
Table I and depicted i n F i g u r e 2. 

To achieve his result, C a n n o n (26) assumed that the change i n dipole 
moment from precursor to successor complex could be replaced w i t h l i t t le 
error by another dipole of equal moment , but w i t h charges located at the 
foci o f the e l l ipsoid . G e r m a n (30) solved this prob lem by general iz ing the 
K i r k w o o d - W e s t h e i m e r theory to the case i n w h i c h charges are located any-

Figure 2. Diagram of the ellipses whose dimensions were used in the calcu
lations. The full line represents the minimum enclosing volume, whereas the 

dotted line results from using the (NH3)sRu radius as semiminor axis. 
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where i n the el l ipsoidal cavity. F o r a symmetr ica l d inuclear compound w i t h 
« < Ds, the corresponding expression for A V * w o u l d be 

„ [1 - ( - ! ) - ] « [ * Î L ± i W ) ] i 

S f t ) = Σ Λ " <17) 

where R is the interfocal distance, 2 ( A 2 - B 2 ) 1 / 2 , and μ is a prolate spheroidal 
coordinate equal to d/R. 

T h e direct integration approach of C a n n o n (26) and G e r m a n (30) avoids 
consideration of certain features l ike the differential reaction field. This was 
po inted out by Brunschwig et a l . (29), who used a thermodynamic cycle to 
calculate the energy requ i red to recharge the e l l ipsoid from its in i t ia l charge 
distr ibut ion to the final nonequ i l i b r ium charge distr ibut ion. T h e adjustment 
of D 0 , as part of the total solvent permit t iv i ty , occurs simultaneously w i t h 
the actual charge transfer. O t h e r authors interpret the solvent reorganization 
energy as the difference between the free energy changes for charge transfer 
i n med ia of permit t iv i ty Ds and D 0 (29). 

Two pressure-dependent expressions were obtained from the B r u n -
s c h w i g - E h r e n s o n - S u t i n (BES) model . I n the first expression, the imaging 
effects were assumed to be unresponsive to the changes i n pressure, hence 
result ing in equations s imilar to eqs 16 and 17, namely, 

* Η ? ) ( 1 ) < ( έ - έ 1 
ς / η _ ν 2[1 - (-ΐΥ}(2η + 1)[Ρ„(μ)] 2 Q . (l0) 

1 W _ 2. ρ /IX 
n=0 r » W 

(19) 

Nevertheless , the form of the expressions given by B E S also allows evaluation 
of the effect of pressure on the imaging effects, thus result ing i n e q 20. 

A V * = [Σ 
L n = 0 

x„(i - Y„) m 

4 R / L n f o ( D 5 - DiBYnf\hP τ 

" x„(i - Y„) /δΡ, 
èo(Po - DiaYnf\bP/Tj 

(20) 
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X» = 
2[1 - ( -l )"] (2n + l)[PM?Qn(l0) 

(21) 

Wo) 

h - Qn + l(Q 

Qndo) 

(22) 

W h e n e v e r absolute values for Ds and D 0 were needed, the calculation was 
performed at a fixed pressure and then averaged w i t h the results obtained 
at other pressures. 

T h e fact that the results obtained depended heavi ly on the evaluation 
of the L e g e n d r e polynomials d i d not seem to be very cr i t ical . E v e n though 
al l the calculations were performed u p to η = 10, stepwise tabulations 
showed that most of the expressions converged rather rapidly . As a further 
check o n the possibi l ity of mathematical artifacts, the value of activation 
vo lume exerted by a change i n the eccentricity lQ o f the el l ipse was calculated 
whi l e keep ing a constant or ig inal vo lume. Th is approach can be envis ioned 
as squeezing out a sealed bal loon of e l l ipt i ca l shape. T h e A V * found through 
the B E S mode l d i d not vary, as shown i n F i g u r e 3. 

7.00 

6.50 

υ 
ΐ 6.00 

J 9 - ° ( 9 υ 0 o 
J O L 

5.50-
1.040 1.060 

1 
1.080 

Eccentricity 

— I 
1.100 1.120 

Figure 3. Change in the AV* calculated with the BES approach as a function 
of the eccentricity of the ellipse. The absolute geometric volume of the ellipse 

was held constant for all the points. 
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Medium Effects on Volume of Activation Value 

Evidence reported by our group (31, 32) demonstrated that intramolecular 
electron transfer i n very weakly coupled systems l ike I are especially sensitive 
to m e d i u m effects. I n h ighly polar solvents such as D 2 0 , ionic strength and 
ion-pair formation seem to dominate, whereas i n solvents of l ow dielectr ic 
constant, concentration effects may be important (33). 

The variation of the I T band frequency w i t h pressure was measured at 
six different concentrations over a threefold concentration range (1 .5-4 .5 
m M ) by us ing C e ( N H 4 ) 2 ( N 0 3 ) 6 ; no systematic changes were observed. T h e 
average for the vo lume of activation was - 7 . 2 ± 0.5 c m 3 / m o l . A n ionic 
strength dependence study was also t r i ed , i n w h i c h fixed concentrations (1.5 
m M ) of both complex I and Ce(IV) were subjected to different amounts of 
added N H 4 N 0 3 i n the concentration range 0 .05-0 .30 M . N o variat ion of 
A V * cou ld be discerned. 

Discussion 

Table I lists the values for the vo lume of activation of the intramolecular 
electron transfer process i n complex I calculated from several theoretical 
models. T h e agreement w i t h the activation vo lume estimated from the I T 
band p iezochromism is quite satisfactory. A l o n g w i t h Swaddle 's previous 
work, this agreement lends support to the val idi ty of the S M H mode l . A 
judic ious choice of experimental system seems to be important i n achieving 
successful results. Th is probably reflects the importance of the system's 
geometry on the calculations. The most important property of complex I is 
obviously the fixed distance between the metal centers. T h e mathematical 
derivation of the final expressions was greatly s impl i f ied because only the 
dielectr ic properties of the solvent were pressure-dependent. L i k e w i s e , the 
choice of D 2 0 as the solvent enabled us to use permit t iv i ty data reported 
in the l iterature that was measured direct ly under pressure. 

T h e numbers i n Table I also indicate that the results of the calculations 
were consistent w i t h the ir respective physical meaning. F o r example, the 
el l ipsoidal-cavity models d i d not y i e l d good values unless the m i n i m u m 
enclosing vo lume condit ion was used. F i g u r e 2 shows that us ing the 
( N H 3 ) 5 R u radius as the semiminor axis generates a smaller space that might 
not inc lude the whole complex ( including the solvent molecules d irect ly 
coupled to it). In the cavity models, the m e d i u m inside the cavity is exc luded 
d u r i n g the integration of e q 10. T h e t e rm A V ^ * essentially accounts for the 
électrostriction of solvent molecules outside this cavity. I f A V s o i v * is too smal l , 
some molecules that should be inside the cavity are considered as rear
ranging. T h e m i n i m u m enclosing vo lume condit ion apparently corrects this 
situation. 

O n the other hand , the very good values obtained w i t h the s impler 
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spherical models were somewhat surpris ing. It has been suggested (29) that 
the interconnect ing l igand sometimes has a refractive index η not too dif
ferent from the solvent used. Because D i n normal ly is assumed to be the 
square of η for the l igand, there is not m u c h difference between D i n and 
D 0 . (In our case, D0 is approximately 2 5 % higher than D^. ) T h e consequence 
is a numerica l ly correct result that is not easily interpreted. Table I also 
indicates that, for the B E S mode l , the fu l l expression is less accurate than 
the s impl i f ied version. This finding impl ies e ither that the imaging effects 
are not affected b y pressure or that the complicated nature of the fu l l pres
sure-dependent expression introduces numer ica l errors into the calculation. 

A l though many quantum mechanical models (34) i n pr inc ip le al low the 
calculation of thermal rate constants from optical data, the approach of H o p -
field (29, 20) is s imple enough to be experimental ly useful without the need 
for addit ional approximations. A n y systematic errors i n the rates or iginating 
from fundamental failures i n the theory should cancel out because the vo lume 
of activation was estimated from the slope of a l inear plot. This condit ion 
means that employ ing high-pressure measurements of intramolecular elec
tron-transfer rates may be an excellent method of assessing the val id i ty of 
any g iven theoretical model . 

Conclusions 

T h e S M H mode l of e lectron transfer i n solution under h i g h pressures may 
represent an adequate approach to the interpretation of exper imental h i g h -
pressure data, prov ided that some of the variables are e i ther e l iminated or 
s impl i f ied through rational selection of experimental probes. Because of the 
apparent importance of an accurate assessment of the distance between the 
reactants, the study of mixed-valence d inuclear complexes featuring i n t r a 
molecular electron transfer may be most advantageous. It seems l ike ly that 
only complexes w i t h a medium-to -h igh component of v ibrat ional coupl ing 
i n the v ibronic band exhibit enough sensitivity to pressure changes to be 
experimental ly useful. 

High-pressure studies may be employed to test electron-transfer the 
ories. A n y systematic errors introduced by assumptions and approximations 
of any g iven theory are l ike ly to originate i n such a way that those errors 
w i l l cancel out i n the pressure-dependent formulae. T h e results reported i n 
the present work are only our first report of the use of high-pressure meas
urements to dist inguish features of the various electron-transfer theories. 
Exper iments i n a variety of media , direct measurement of intramolecular 
electron-transfer rates, and study of a series o f complexes w i t h vary ing 
lengths of the interconnect ing l igand under pressure are presently under 
investigation i n our laboratories. 
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A detai led description of the equipment and experimental procedures 
that we used can be found elsewhere (16). 
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11 
Intramolecular Electron Transfer from 
Photoexcited Ru(II) Diimine Complexes 
to N,N'-Diquaternarized Bipyridines 

Russell H . Schmehl1, Chong Kul  Ryu1, C. Michael Elliott2, 
C. L . E. Headford2, and S. Ferrere 2 

1Department of Chemistry, Tulane University, New Orleans, LA 70118 
2Department of Chemistry, Colorado State University, Fort Collins, CO 80523 

A series of complexes of the type [L2Ru(II)(4.x.3-DQ2+)]4+ was 
prepared where L is either 2,2'-bipyridine or 4,4',5,5'-tetramethyl— 
2,2'-bipyridine and 4.x.3-DQ2+ is a ligand in which a 4,4'-dimethyl— 
2,2'-bipyridine links to a diquaternary 2,2'-bipyridine through a 
methylene chain (x). Rate constants for intramolecular electron 
transfer from the excited Ru(II) complex to the diquaternary 2,2'— 
bipyridine decrease as the length of the bridging chain increases from 
x = 2 to 12. The observed electron-transfer rate exhibits an even-odd 
chain length alternation for x = 2 to 6. A large reorganizational 
barrier is obtained (1.6 V) from the temperature dependence of the 
electron-transfer rate for the x = 6 complex. Rate constants for the 
back reaction were estimated from yields for trapping the Ru(III) of 
the intermediate by triethylamine. A preliminary account is given of 
environmental effects on the intramolecular electron transfer. 

T H E D E P E N D E N C E O F E L E C T R O N - T R A N S F E R RATES on donor -acceptor sep
aration is of fundamental interest i n charge-transfer chemistry (1-4). This 
dependence is particularly true for electron-transfer reactions i n biological 
systems (2-4), where the distance can be large (>15 Â). 

M o d e l systems have been prepared that l ink an electron donor and 
acceptor through a sterically r ig id spacer framework for w h i c h the do
n o r - a c c e p t o r d i s tance is c l e a r l y d e f i n e d (5-13). S e v e r a l e l egant p o r -
p h y r i n - q u i n o n e complexes have been prepared (14-18) i n w h i c h photo-

0065-2393/90/0226-0211$06.00/0 
© 1990 American Chemical Society 
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induced electron transfer occurs from the excited porphyr in to a quinone 
l i n k e d to the porphyr in through a rigid bridge. Closs and co-workers (I , 
5-8) examined electron transfer from the b i p h e n y l anion through steroid 
and decal in l inks to naphthalene. A n exponential dependence of the e lectron-
transfer rate on the n u m b e r of bonds between the donor and acceptor is 
observed for l i n k e d derivatives i n w h i c h the stereochemistry of the l ink to 
the br idg ing a lky l framework is fixed (i .e. , both donor and acceptor are 
equatorial). T h e results indicate that through-bond electronic coupl ing is an 
important component i n long-distance (thus nonadiabatic) e lectron transfer 
i n this system. 

F a r more work has been done on donor-acceptor systems l i n k e d b y 
flexible chains or br idg ing groups w i t h several s lowly interconvert ing con-
formers (19). M u c h of this work has been d irected toward understanding 
intramolecular chain dynamics i n flexible polymers (20, 21). Studies of the 
dependence of the rates of intramolecular excimer formation or electron 
transfer on the n u m b e r of methylene units i n the br idg ing chain have y i e lded 
a mix of results (22-28). F o r instance, the rate of intramolecular electron 
transfer i n a lky l - l inked anthracene-a lkylamine systems i n polar solvents is 
only weakly dependent on the chain length and shows a m i n i m u m for the 
three-methylene-br idged complex (28). 

Mataga and co-workers (29, 30) reported a systematic decrease of the 
rate constant for electron transfer (fcet) w i t h increasing chain length (two, 
four, and six methylenes) for l i n k e d oc taethy lporphyr in -benzoquinone c o m 
plexes. In the more complex br idged te t rapheny lporphyr in -benzoquinone 
systems studied by C o n n o l l y and others (31-33), evidence is obtained for 
ground-state Π complex formation i n complexes connected b y two or three 
l i n k i n g methylenes. Intramolecular self-exchange electron transfer i n a l k y l -
l i n k e d α-naphthyl and IV-phthalimide moieties was studied by Szwarc and 
co-workers (20). A n exponential decrease w i t h increasing chain length up to 
six methylenes was observed i n propr ioni tr i le . F o r longer l inkages, the rate 
was found to be essentially invariant w i t h solvent. 

In a l l of these a lky l - l inked systems, at least one of the two reactive 
species is uncharged and ground-state complex formation is frequently ob
served. A m u c h smaller body of information exists for flexible cha in - l inked 
donor-acceptor complexes i n w h i c h both reactive sites have l ike charges. 
Intervalence-transfer (IT) absorption i n mixed-valence complexes (34) (eq 1) 
has shown that electronic coupl ing between the metal centers decreases 
rapidly as the n u m b e r of methylenes i n the br idg ing l igand ( l ,n-b is (4-pyr-
idyl)alkanes) increases. In fact, no IT band is observed for the l ,2 -bis (4-
pyridyl)ethane br idged d i m e r (35, 36) 

[ ( b p y ) 2 C l R u ( I I ) ( p y - ( C H 2 ) n - p y ) R u ( I I I ) ( N H 3 ) 5 ] 5 + ^ 

[ (bpy) 2 ClRu(III ) (py- (CH 2 ) n -py)Ru(II ) (NH 3 )5] 5 + (1) 

where bpy is 2 ,2 ' -b ipyr id ine and py is pyr id ine . 
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H u r s t and co-workers (37, 38) examined photo induced electron transfer 
from Cu(I) olefin complexes l i n k e d to Co(III) pentammine through alkenoic 
acids, aminoalkenes, and pyridylalkenes. F o r the aminoalkene series, a 
steady decrease i n the quantum y i e l d for photoreduct ion of the Co(III) center 
was observed w i t h increasing a lkyl chain length up to eight methylene b r i d g 
ing carbons, where the quantum y i e l d was be low the l i m i t of measurement 
(38). They attr ibuted the chain- length dependence to both the effect of 
coulombic repuls ion of the two centers on the d is tr ibut ion of conformers i n 
solution and the rap id relaxation of the Cu(I)-to-olefin(Tr*) metal-to- l igand 
charge-transfer ( M L C T ) state (<10 ns), w h i c h is faster than chain fo lding 
(10-100 ns) (21). 

E l l i o t t , K e l l e y , and co-workers (39-41) reported the dynamics of in t ra 
molecular electron transfer from photoexcited Ru(II) d i imine chromophores 
to several d iquaternized species diquaternary 2 ,2 ' -b ipyr id ine l i n k e d through 
the br idg ing l igand i n structure 1. T h e l igand designation 4 . x . n - D Q 2 + cor
responds to a po lymethylene bridge w i t h a variable n u m b e r of methylenes, 
x, l i n k e d through the 4 posit ion of the coordinating 2 ,2 ' -b ipyr id ine to a 
d iquaternized 2 ,2 ' -b ipyr id ine w i t h η = two, three, or four methylenes l i n k 
ing the nitrogen centers of the b ipyr id ine . 

1 

T h e rate constants for the photo induced process (eq 2) are dependent 
upon both the exergonicity of the process and a rap id intramolecular redox 
e q u i l i b r i u m between the br idg ing b ipyr id ine and the other ligands i n the 
coordination sphere of the Ru(II) (L is bpy , 4 ,4 ' -d imethy l -2 ,2 ' -b ipyr id ine 
( D M B ) , or 4 ,4 ' ,5 ,5 ' - te tramethyl -2 ,2 ' -b ipyr id ine (TMB)) i n the photoexcited 
complex (39). 

[ ( L ) 2 R u ( I I ) ( 4 . x . 3 - D Q 2 + ) ] 4 + > [ (L ) 2 Ru(I I I ) (4 . x .3 -DQ + ) ] 4 + (2) 

This chapter describes the effect of changing the n u m b e r of b r idg ing 
methylene carbons, x, on the rate of photo induced electron transfer i n c o m 
plexes w i t h a fixed exergonicity ( L is bpy or T M B and η = 3). T h e effect of 
environmental perturbation on the electron-transfer dynamics is also p re 
sented. A pre l iminary account is g iven of measurement of the rap id thermal 
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back electron transfer (eq 3) by trapping the transient Ru(III) complex w i t h 
tr iethylamine. 

[ (L ) 2 Ru( I I I ) ( 4 . x .3 -DQ + ) ] 4 + [ ( L ) 2 R u ( n ) ( 4 . x . 3 - D Q 2 + ) ] 4 + (3) 

Results for the forward electron transfer (eq 2) show that the electron-transfer 
rate decreases w i t h increases i n the n u m b e r o f methylene carbons and that 
rates for electron transfer depend on whether the br idge has an odd or even 
n u m b e r of carbon atoms. 

Redox and Spectroscopic Properties of 
[(L)2Ru(4.x.3-DQ2+)]4+ 

T h e br idg ing ligands were prepared as reported earl ier (39, 40, 42) and 
diquaternarized w i t h 1,3-dibromopropane to y i e l d 4 . x . 3 - D Q 2 + (x = 2, 3, 4, 
5, 6, or 12). T h e br idg ing l igand ( 4 . x . 3 - D Q 2 + ) was then heated (175 °C) w i t h 
an excess of [ R u ( L ) 2 C l 2 ] ( L is b p y or T M B ) i n ethylene glycol under N 2 for 
1 h to produce the result ing complex, [(L) 2 Ru(4 . x. 3 - D Q 2 + ) ] 4 + . Puri f icat ion 
of the complex was achieved b y repeated chromatography o n si l ica gel w i t h 
5:4:1 acetonitrile:water:saturated aqueous K N 0 3 (39, 40). 

T h e redox behavior for the series of complexes w i t h fixed L was ident ical ; 
one-electron oxidation of the complex (eq 4) was reversible by cyc l ic v o l -
tammetry and corresponds to the metal- local ized, Ru(III / I I ) , couple (40). 

[ ( L ) 2 R u ( I I I ) ( 4 . x . 3 - D Q 2 + ) ] 5 + <Ά> [ ( L ) 2 R u ( H ) ( 4 . x . 3 - D Q 2 + ) ] 4 + (4) 

F i v e reversible reductive waves were observed by cycl ic vo l tammetry (40). 
T h e first two occur (eq 5) at - 0 . 6 4 and - 0 . 9 2 V vs. the sodium-saturated 
calomel electrode ( S S C E ) and correspond to two sequential reductions of 
the 4 . x . 3 - D Q 2 + . 

[ ( L ) 2 R u ( I I ) ( 4 . x . 3 - D Q 2 + ) ] 4 + ^ [ (L ) 2 Ru(I I ) (4 . x .3 -DQ + ) ] 3 + (5a) 

[ (L ) 2 Ru( I I ) ( 4 . x .3 -DQ + ) ] 3 + ^ [ (L) 2 Ru(II)(4.x.3-DQ°)] 2 + (5b) 

T h e remain ing reductions correspond to sequential reduct ion of the d i i m i n e 
ligands coordinated to the Ru(II) center. T h e first of these reductions is at 
- 1 . 3 6 V for [ (bpy ) 2 Ru(4 .2 .3 -DQ°) ] 2 + , v i r tual ly ident ical to the first reduct ion 
potential of [ ( b p y ) 2 R u ( D M B ) ] 2 + , w h i c h is bpy local ized. Table I summarizes 
redox data for complexes i n w h i c h L is e i ther bpy or T M B . 

T h e absorption and emission properties of Ru(II) d i i m i n e complexes 
have been wide ly studied (43). T h e spectroscopic characteristics of the 
[ ( L ) 2 R u ( 4 . x . 3 - D Q 2 + ) ] 4 + series closely paral le l those of the parent complex, 
[ ( L ) 2 R u ( D M B ) ] 2 + , except that the emission quantum yields are smaller and 
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Table I. Physical Properties of Complexes with the 
Ligand 4.6.3-DQ 2 * 

Property [(bpy)2Ru(L)]4+ [(TMB)2Ru(L)]4+ 
E° [Ru(III/II)] e 1.24 1.06 
E° [ D Q ( 2 + / + ) ] e -0.64 -0.64 
E° (U/L'-)b -1.36 -1.51 
Eem (298 K), n m c 624 634 
<ï>em (298 K ) c 0.008 0.003 
kr, s _ 1 8.1 x 10 4 8.3 x 10 4 

ΔΕ, Vd 0.36 0.46 
Potentials, E°, vs. SSCE in C H 3 C N . 
bV is bpy for [(bpy)2Ru(L)]4+ and DMB of the 4.6.3-DQ2+ for 
[(TMB)2Ru(L)]4+. 
In deaerated C H 3 C N . Emission maxima, Eem> and quantum yields, 
Φ em, are uncorrected for detector response. 
^Determined from the approximate Em, E° [ D Q ( 2 + / + ) ] , and E° 
[Ru(III/II)] using ΔΕ = Eoo - E° [Ru(III/II)] + E° [ D Q ( 2 + / + ) ] . 

the luminescence decay rates are m u c h faster than those of the parent c o m 
plex. T h e absorption is Ru(II) to L( ir*) M L C T . E m i s s i o n arises from the 
3 ( M L C T ) state that is formed fol lowing intersystem crossing from the 
* ( M L C T ) state. F o r the parent complex, the intersystem crossing efBeiency 
is un i ty (44). 

T h e 3 ( M L C T ) state of [ ( b p y ) 2 R u ( D M B ) ] 2 + is quenched efficiently by the 
diquaternary 2 ,2 ' -b ipyr id ine . F lash photolysis and steady-state trapping (of 
transient Ru(III)) studies indicate that the quenching occurs by electron 
transfer from the excited complex to the diquaternary 2 ,2 ' -b ipyr id ine (43, 
45, 46). T h e luminescence and redox characteristics of the Ru(II) c o m -
p lex -d iquaternary b ipyr id ine systems studied here are g iven i n Table I. T h e 
exergonicity of excited-state electron transfer i n [ ( L ) 2 R u ( 4 . 6 . 3 - D Q 2 + ) l 4 + is 
estimated from the Ru(III / II ) and D Q ( 2 + / + ) potentials and the z e r o - z e r o 
emission energy, of [ ( L ) 2 R u ( D M B ) ] 2 + (39-41). Exergonic i t ies i n the 
range of - 0 . 3 6 to - 0 . 4 6 V indicate that the reactions are i n the normal free 
energy region (45, 46, 47, 48). 

Chain-Length Dependence of Photoinduced Electron Transfer 

T h e luminescence l i fetimes of the complexes i n the series [ (bpy) 2 Ru(4.x.3-
D Q 2 + ) ] 4 + i n C H 3 C N at 298 Κ are given i n Table II . T h e rate of intramolecular 
electron transfer from the 3 ( M L C T ) state of the Ru(II)complex to the l i n k e d 
diquaternary b ipyr id ine (eq 2) is obtained from the difference i n l u m i n e s 
cence decay rates of the diquaternary b ipyr id ine -conta in ing complex (fcobs) 
and the parent complex of the series, [ ( b p y ) 2 R u ( D M B ) ] 2 + , k0 (eq 6). 
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Table II. Luminescence Lifetimes and Intramolecular 
Electron-Transfer Rate Constants for [(bpy)2Ru(L)] 

Complexes in C H 3 C N at 298 Κ 

Ligand L τ, ns k* x I 0 6 , 8'1 

Number of 
C-C Bonds 

D M B 690 ± 5 
4 . 2 . 3 - D Q 2 + 1.7 ± 0.5 590 3 
4 . 3 . 3 - D Q 2 + 42 ± 3 22 4 
4 . 4 . 3 - D Q 2 + 18 ± 3 54 5 
4 .5 .3 -DQ 2 + 128 ± 3 6.4 6 
4 .6 .3 -DQ 2 + 99 ± 2 8.7 7 
4 .12 .3-DQ 2 + 373 ± 6 1.2 13 

This rate assumes that electron transfer occurs exclusively from the 3 ( M L C T ) 
state and that the intersystem crossing efficiency, t\isc9 is un i ty for the d i 
quaternary b ipyr id ine-conta ining complexes. I f reduct ion of the d iquater 
nary b ipyr id ine occurs from the ^ M L C T ) state, t\isc must be less than 1. 
Because the luminescence l i fetime (rem), emission quantum y i e l d (<t>em), and 
T)isc are related (eq 7), relative changes i n the intersystem crossing efficiency 
can be de termined from quantum y i e l d and l i fet ime data i f i t is assumed 
that the radiative decay rates, kT, of the parent complex and the diquater-
nized-species diquaternary 2 ,2 ' -b ipyr id ine-containing complex are the same. 

^ e m Ήΐ8ο^ι·Τ"βιη CO 

F o r the complex [ ( b p y ) 2 R u ( 4 . 6 . 3 - D Q 2 + ) ] 4 + , the emission quantum y i e l d 
i n C H 3 C N is 0.008 ± 0.001 and the luminescence l i fet ime is 99 ns, g iv ing 
a value of 8 Χ 1 0 4 s 1 for η Jfe r . This value is close to the [ ( b p y ) 2 R u ( D M B ) ] 2 + 

radiative decay rate of 8.3 Χ 10 4 . T h e s imilar i ty impl ies that electron transfer 
from the * ( M L C T ) state of [ ( b p y ) 2 R u ( 4 . 6 . 3 - D Q 2 + ) ] 4 + is not a major decay 
path. B imolecu lar quench ing can also be excluded as a decay path for the 
3 M L C T state under the experimental conditions used. T h e complex con
centration was low (<2 Χ 10" 5 M ) and the b imolecular quench ing rate 
constant is less than diffusion-controlled (2 Χ 1 0 8 M " 1 s" 1). 

F i g u r e 1 illustrates the dependence of In (fcet) on the n u m b e r of car
b o n - c a r b o n bonds between the two redox centers. A l t h o u g h the data are 
l i m i t e d , it is clear that, for odd numbers of bonds u p to 7, an exponential 
decrease i n fcet occurs. T h e exponential falloff is expected i f the predominant 
conformation of the complexes i n solution is ful ly extended and conforma
t ional fo lding is slow on the t ime scale of the experiment . T h e observed 
alternation of fcet w i t h the n u m b e r of bonds is also consistent w i t h electron 
transfer from ful ly extended conformers. T h e observed exponential decrease 
for the series br idged by an odd n u m b e r of bonds suggests that the e lectron-
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Ο 2 4 6 8 10 12 14 

# C-C bonds 
Figure 1. Plot of In (k^) vs. the number of C-C bonds between the Ru(II)-
coordinated bipyridine and the diquaternized species diquaternary 2,2'-bi
pyridine. The solid line represents the least-squares fit to data from complexes 
with an odd number of C-C bonds (O, odd; A, even). The dashed line rep

resents the decay rate of [(bpy)2Ru(DMB)]2+. 

transfer rate w i l l be slower than the decay rate of the unquenched complex 
(dashed line) w h e n more than nine bonds separate the Ru(II) complex from 
the d iquaternized species diquaternary 2 ,2 ' -b ipyr id ine . F o r the 13-bond 
br idged complex, the measured fcet is greater than (k0)~l, an indicat ion that 
conformational changes fo l lowing excitation of the complex result i n e lectron 
transfer. 

Studies of W i n n i k (21) show that the dynamics of conformational changes 
i n l inear a lky l polymers are on the 10-100-ns t ime scale. T h e luminescence 
l i fetimes of the [ ( bpy ) 2 Ru(4 .a : . 3 -DQ 2 + ) ] 4 + series are i n the range o f 1-100 
ns (except for the 4.12.3 complex). Therefore, the observed rates are l ike ly 
to be a function of both the rate of conformational change and electronic 
tunne l ing from the dominant solution conformers. F l ex ib l e chain-br idged 
donor-acceptor complexes are poor models for examining distance effects 
on electron-transfer reactions. However , such effects may be seen i n systems 
that have electron-transfer rates that are faster than conformational rear
rangement rates (fcet > 1 0 7 s"1) or have steric or electrostatic factors that 
h inder conformational motions. 

T h e excited-state electron transfer i n these complexes exhibits temper 
ature dependence between 180 and 300 K . Luminescence l i fetimes of 
[ ( T M B ) 2 R u ( 4 . 6 . 3 - D Q 2 + ) ] 4 + and [ ( T M B ) 2 R u ( D M B ) ] 2 + i n 4:1 ethanol : 
methanol above the liquid-to-glass transition temperature are shown i n F i g -
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ure 2. B o t h complexes show temperature-dependent luminescence decays. 
T h e behavior of [ ( T M B ) 2 R u ( D M B ) ] 2 + is s imi lar to that of other d i i m i n e Ru(II) 
complexes that exhibit thermal ly activated internal conversion from the 
3 ( M L C T ) state to a metal -centered, 3 ( M C ) , state (43). 

T h e temperature dependence of intramolecular e lectron transfer (eq 2) 
can be examined by using eq 6 to determine fcet at each temperature. A c 
tivation parameters obtained from E y r i n g plots y i e l d an activation enthalpy 
(AH*) of 4.7 k c a l / m o l and an activation entropy (AS*) of - 8 . 9 eu . F o r in t ra 
molecular electron transfer i n po lypro l ine - l inked O s - R u ammines , the ac
t ivation enthalpy, and hence the reorganizational energy, has been shown 
to depend on the distance between the two redox active centers (49). 

F u r t h e r , it was shown that the distance dependence of the nuclear factor 
is greater than that of the electronic factor i n these systems. I f i t is assumed 
that A S = 0 for the reaction and that there is no temperature dependence 
of solvent die lectr ic properties , then the reorganizational energy, λ , can be 
de termined from Af f* ; i n [ ( T M B ) 2 R u ( 4 . 6 . 3 - D Q 2 + ) ] 4 + , X = 1.6 V. Est imates 
of λ o f approximately 0.8 V have been obtained from studies of b imolecular 
excited-state electron transfer between Ru(II) b i p y r i d y l complexes and a 
series of diquaternary b ipyr id ines and viologens (45-48). I n this complex, 
the larger λ may result from the increased distance or from conformational 
changes requ ired pr ior to electron transfer. 

I n pr inc ip le , the rate of back electron transfer from the reduced d iqua 
ternary b ipyr id ines to the Ru(III) (eq 3) can be de termined e i ther from flash 
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photolysis or steady-state photolysis, i n w h i c h one of the transient species 
is chemical ly trapped. Subnanosecond flash photolysis studies (39) of 
[ ( L ) 2 R u ( 4 . 2 . 3 - D Q 2 + ) ] 4 + showed that the back electron transfer is faster than 
the rise t ime of the apparatus used. Thus , a lower l i m i t for the rate constant 
was estimated to be 3 X 1 0 1 0 s _ 1 (39). 

O n e approach to chemical ly trapping one of the intermediate ions formed 
i n e q 2 is reduct ion of the Ru(III) by a m i l d reductant such as tr iethylamine 
or tr iethanolamine. This approach has been wide ly used i n schemes to gen
erate reduced viologens or diquaternary b ipyr id ines for studies of hydrogen 
evolut ion from water using col loidal catalysts (50-52). T h e scheme for trap
p i n g Ru(III) by tr iethylamine i n the series [ ( L ) 2 R u ( 4 . x . 3 - D Q 2 + ) 4 + is shown 
i n eqs 8 -12 . 

[ ( L ) 2 R u ( I I ) ( 4 . x . 3 - D Q 2 + ) ] 4 + [ (L ) 2 Ru( I I I ) ( 4 . x .3 -DQ + ) ] 4 + (8) 

[ (L ) 2 Ru( I I I ) ( 4 . x .3 -DQ + ) ] 4 + [ ( L ) 2 R u ( I I ) ( 4 . x . 3 - D Q 2 + ) ] 4 + (9) 

[ (L ) 2 Ru( I I I ) ( 4 . x .3 -DQ + ) ] 4 + + ( C 2 H 5 ) 3 N - ^ 

[ (L ) 2 Ru( I I ) (4 . x .3 -DQ + ) ] 3 + + ( C 2 H 5 ) 3 N t (10) 

( C 2 H 5 ) 3 N + + ( C 2 H 5 ) 3 N ^ ( C 2 H 5 ) 3 N H + + ( C 2 H 5 ) 2 N ( C H C H 3 ) (11) 

[ ( L ) 2 R u ( I I ) ( 4 . x . 3 - D Q 2 + ) ] 4 + + ( C 2 H 5 ) 2 N ( C H C H 3 ) 
[ (L ) 2 Ru( I I ) ( 4 . x .3 -DQ + ) ] 3 + + ( C 2 H 5 ) 2 N = C H C H 3 (12) 

T h e radical cation of tr iethylamine formed i n e q 10 reacts w i t h a second 
mole of ( C 2 H 5 ) 3 N to produce a radical that can reduce a second diquaternary 
b ipyr id ine (eq 12). Thus , a single photon w i l l produce two reduced d i q u a 
ternary b ipyr id ines . T h e overal l quantum y i e l d ( # 0 b s ) for the process is g iven 
by e q 13. 

4>obs = 2^isc[kJ(kr + kn + fcet)]{fct[(C2H5)3]/(fcb + fct[(C2H5)3N])} (13) 

T h e intersystem crossing efficiency, T| I S C , is assumed to be uni ty , and the 
electron-transfer efficiency, ket/(kr + kn + fcet), η φ is obtained from the 
emission lifetimes of [ ( L ) 2 R u ( 4 . x . 3 - D Q 2 + ) ] 4 + , T c , and [ ( L ) 2 R u ( D M B ) ] 2 + , τ 0 , 
as 1 - ( T C / T 0 ) . A n estimate of the intramolecular back-electron-transfer rate 
may be obtained from the efficiency of trapping, & t [ (C2H 5 ) 3 N] / ( f c b + 
fct[(C2H5)3N]), and knowledge of the trapping rate, kt. Photolysis of the 
complexes [ ^ p y ) 2 R u ( 4 . x . 3 - D Q 2 + ) ] 4 + i n C H 3 C N containing 0.5 M ( C 2 H 5 ) 3 N 
leads to the product ion of the reduced diquaternary b i p y r i d i n e , [ (bpy) 2 Ru-
( 4 . x . 3 - D Q + ) ] 3 + , after 10 -30 m i n of photolysis for the 5-, 6-, and 12-carbon 
br idged species. 

Table III lists observed quantum yields for D Q + product ion and ap-
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Table HI. Quantum Yields for Trapping of [(bpy)2Ru(4.x.3-DQ+)] 
with (C 2 H 5 ) 3 N 

Complex V k*, s-1 

[(tmb)2Ru(4.6.3-DQ2+)] 0.95 0.003 1.3 x 1010 

[(bpy)2Ru(4.5.3-DQ2+)] 0.87 0.003 1.0 x 1010 

[(bpy)2Ru(4.6.3-DQ2+)] 0.84 0.002 2.0 x 1010 

[(bpy)2Ru(4.12.3-DQ2+)] 0.45 0.007 3.0 x 109 

NOTE: These values assume that = 1 and kt = 2 Χ 10 7 M ' V 1 . See text eq 13. 
"Fraction of excited states quenched by electron transfer. 
^Observed quantum yield for diquaternized species formation. Relative error is ± 5 0 % . 

proximate intramolecular back-electron-transfer rates w i t h an assumed trap
p ing rate constant of 2 Χ 1 0 7 M " 1 s" 1 (46). T h e margins of error are large 
because of the uncertainty in the luminescence lifetimes of the complexes, 
coupled w i t h the fact that the reduced diquaternary b ipyr id ine slowly de
composes. As a result, the calculated back-electron-transfer rate constants 
represent upper l i m i t i n g values. Results from bimolecular trapping of pho -
toproducts from photolysis of [ R u ( b p y ) 3 ] 2 + and diquaternary b ipyr id ine i n 
aqueous solution (46) y i e ld values of 1-4 X 1 0 1 0 M - 1 s" 1 for the geminate 
back-electron-transfer rate. 

A l though l i m i t e d data are available here , the results are qualitatively 
comparable w i t h distance-dependence effects observed for the forward elec
tron transfer (eq 2). Back-electron-transfer rates that are m u c h faster than 
quenching rates are expected because the reorganizational energies of the 
forward and back electron transfer should be comparable. G i v e n the act i 
vation parameters obtained for the forward process, the back reaction should 
be close to the activationless l i m i t (λ = 1.6 V and A G = - 1 . 8 8 V) . 

Environmental Effects on Intramolecular Electron Transfer 

A few simple experiments il lustrate the relative importance of coulombic 
and dynamic conformational changes on excited-state electron transfer i n 
[ ( b p y ) 2 R u ( 4 . x . 3 - D Q 2 + ) ] 4 + . A d d i t i o n of tetraethylammonium perchlorate (0.1 
M ) to acetonitrile solutions of both the 6- and 12-carbon br idged complexes 
results i n an increase i n fcet, as shown i n Table IV. T h e observed effect is 
consistent w i t h a strong influence of electrostatic factors on the distr ibut ion 
of conformers i n solution pr ior to electron transfer. 

Viscosity effects on electron transfer i n these complexes depend on the 
particular m e d i u m . F o r example, as shown i n Table IV, there is only a factor 
of 2.2 decrease i n the luminescence l i fetime of [ ( T M B ) 2 R u ( 4 . 6 . 3 - D Q 2 + ) ] 4 + 

i n changing the viscosity, η, of the m e d i u m from glycerol at 273 Κ (η = 
220,000 cp) to 4:1 ethanol:methanol at the same temperature (η = 1.2 cp). 
However , i n poly(methyl methacrylate) ( P M M A ) glasses at room tempera
ture , the luminescence l i fetime of [ ( b p y ) 2 R u ( 4 . 6 . 3 - D Q 2 + ) ] 4 + becomes b i -
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Table IV. Effects of Medium on Intramolecular Excited-State Electron Transfer 
Complex Medium Temperature, Κ Ί\ ns 
[(bpy)2Ru(4.12.3-DQ2+)]4+ C H 3 C N 298 373 ± 6 

C H 3 C N , 0.1 M T E A P * 298 93 ± 3 
[(bpy)2Ru(4.6.3-DQ2+)]4+ C H 3 C N 298 99 ± 2 

C H 3 C N , 0.1 M T E A P f e 298 57 ± 4 
P M M A C 298 608 ± 

1460 ± 
5 (33%) 
8 (67%) 

[(bpy)2Ru(4.6.3-DQ2+)]4+ C 2 H 5 O H - C H 3 O H 298 36 ± 3 
glycerol 298 99 ± 4 
e 2 H 5 O H - C H 3 O H 276 63 ± 3 
glycerol 273 141 ± 6 

"τ is luminescence lifetime of 3 M L C T emission. 
*ΤΕΑΡ is tetraethylammonium perchlorate. 
T M M A is poly(methyl methacrylate) glass. 

exponential and the longer of the two decays approaches that of [(bpy) 2-
R u ( D M B ) ] 2 + i n P M M A . T h e nearly complete disappearance of intramolec
ular electron transfer i n P M M A may result from slow dielectr ic relaxation 
of the m e d i u m (53-55). These effects are current ly be ing investigated i n 
greater detai l . 

Summary 

This work demonstrates that excited-state electron transfer i n flexible cha in -
l i n k e d donor-acceptor complexes w i t h a large coulombic repuls ion between 
the donor and acceptor can show effects s imilar to those observed i n rigid 
br idged systems. F o r the series [ ( b p y ) 2 R u ( 4 . x . 3 - D Q 2 + ) ] 4 + , both electronic 
and nuclear factors are important i n determin ing the rate of intramolecular 
electron transfer, as reflected by the large distance dependence and ob
servable temperature dependence. Ion recombination i n this complex series 
is rap id ( > 1 0 i 0 s 1 ) , even i n complexes w i t h long a lky l bridges. F u r t h e r , 
examination of excited-state electron transfer of these complexes i n viscous 
and rigid media illustrates that dielectric relaxation effects can significantly 
affect the electron-transfer rate, particularly w h e n the m e d i u m dielectr ic 
relaxation rate is slower than the excited-state relaxation rate. 
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12 
Bridged Mixed-Valence Systems 

How Polarizable Bridging Ligands Can Lead 
to Interesting Spectroscopic and 
Conductive Properties 

M a r y Jo Ondrechen, Saeed Gozashti, L i - T a i Zhang, and Feimeng Zhou 

Department of Chemistry, Northeastern University, Boston, MA 02115 

In bridged mixed-valence dimers of the form M-L-M (where M 
is a metal ion and L is a bridging ligand), two remote metal ions some
times can be strongly coupled to each other via certain bridging 
ligands, even if they are separated by several angstroms or more 
and have essentially zero d-orbital overlap. In discrete bridged 
dimers of this type, the frequency maximum and the shape of the 
intervalence transfer band are strongly dependent on the bridg
ing species. This type of interaction could lead to interesting 
conductive properties in the extended-chain linear polymeric system 
. . .-M-L-M-L-M-L-M-L-M-....More importantly, the system 
properties are controllable by chemical substitution on the bridging 
ligand L. In both the discrete systems and the extended systems, 
properties are dependent upon the electron occupation. Model Ham
iltonians for these systems, which contain essential one- and two— 
electron terms, are presented. The important interactions in the dis
crete systems, and their implications for extended systems, will be 
discussed. 

l\ HOST OF BRIDGED MIXED-VALENT OR BINUCLEAR COMPLEXES have been 
synthesized i n the past 2 0 - 3 0 years (1-5). In a br idged d imer , two metal 
atoms or ions are h e l d together by some br idg ing l igand. The successful 
efforts to synthesize such compounds were motivated by a desire to make 
prototype mode l compounds that could offer new understanding of some 
very fundamental and intr igu ing questions: I n the inner-sphere mechanism 

0065-2393/90/0226-0225$06.00/0 
© 1990 American Chemical Society 
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226 E L E C T R O N TRANSFER IN BIOLOGY AND T H E SOLID STATE 

for electron transfer, how does the electron-transfer step occur (6)? H o w 
does electron transfer occur i n biological systems (7-9)? A r e two or more 
classical structures of a particular species i n e q u i l i b r i u m or i n resonance 
(10-14)? 

Per iod ic one-dimensional analogues of the discrete b r idged d i m e r i c c o m 
plex also may be synthesized. Quasi -one-dimensional solids have attracted 
substantial interest i n chemistry , physics, materials science, and engineer ing 
(15). Some of these one-dimensional chains consist o f transition metal ions 
j o ined together by a br idg ing l igand (16, 17). 

O n e of the most excit ing and chal lenging new developments i n a l l of 
science i n the past couple of years is the discovery of new superconduct ing 
materials w i t h higher cr i t ical temperatures (T c ) for superconduct iv i ty (18, 
19). M a n y of these new superconductors may be thought of as mixed-valence 
compounds of copper, i n w h i c h copper ions are j o ined together i n a two-
dimensional net by oxide br idg ing ligands. 

I n this chapter, we discuss some of the advantages of coupl ing meta l 
atoms or ions together by us ing br idg ing ligands. T h e efiFects o f the electronic 
structure of the bridge on the properties of the whole system, and how these 
efiFects might be exploited, are discussed. Special emphasis is p laced on 
complexes of r u t h e n i u m , i n w h i c h the strength of the m e t a l - l i g a n d IT back-
bond ing interaction is strongly dependent on electron occupation. I n the 
next section, particular systems are discussed. T h e n m o d e l Hami l ton ians 
containing one- and two-electron terms to describe the systems of interest 
are presented. 

Systems 

Discrete B r i d g e d D i m e r s . I n a discrete b r idged d imer i c complex 
M - L - M , two metal atoms or ions M are j o ined together by some br idg ing 
l igand L . T h e degree of (indirect) M - M coupl ing and a l l o f the properties 
that arise from this coupl ing are changed i f the br idg ing l igand L is altered. 
I n a l l of the discrete examples discussed i n this section, the m e t a l - m e t a l 
distance is l ong enough so that the direct m e t a l - m e t a l interaction is weak. 

I n a br idged mixed-valence complex, the frequency m a x i m u m , w i d t h , 
and shape of the intervalence transfer (IT) band i n the opt ical absorption 
(OA) spectrum have been shown to vary considerably as the br idg ing l igand 
is changed (20,21). F o r example, i n a series of br idged mixed-valence d imers 
of r u t h e n i u m , the frequency m a x i m u m is shifted b y a factor of 2 and the 
w i d t h increases by a factor of 10 from the most strongly coupled b r idg ing 
l igand to the most weakly coupled br idg ing l igand (20, 21). 

I n this section we show how the br idg ing ligands influence the spectra 
of the discrete br idged d imer . Some expressions for transit ion energies and 
a cr i ter ion for d e r e a l i z a t i o n of the odd electron are obtained, i n terms of 
the br idging- l igand properties. 
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W e showed i n earl ier papers (22-26) that the ground- and excited-state 
potential surfaces (which correspond to in i t ia l and final states i n the inter -
valence transfer transition) are changed completely w h e n the coupled elec
tronic state or states on the br idg ing l igand are inc luded expl ic i t ly i n the 
mode l Hami l t on ian . I n a two-state mode l (27-29) i n w h i c h the two metal 
ions are assumed to be direct ly coupled , the only nuclear degree of freedom 
coupled to the I T transition is the antisymmetric (or vibrat ional difference) 
coordinate, represented i n structure 1. 

1 

Cons ider , on the other hand, a three-site mode l Hami l t on ian , where a 
single electronic state on the bridge (state 2) is coupled to one electronic 
state on each of the metal ions (states 1 and 3) as; 

H = He + tfv + H e _ v (1) 

! ( ï î H m ' " ' v ) ( 3 ) 

H e _ v = 2 Α , ^ α / α , (4) 

H e r e a t
+ and ai are, respectively, the creation and annihi lat ion operators for 

the i t h electronic state. The m o m e n t u m and the coordinate for the i t h nuclear 
degree o f freedom are given by p{ and qi9 respectively. These vibrat ional 
modes are assumed to be harmonic oscillators w i t h reduced mass, miy and 
frequency, ω έ . The parent metal basis states 1 and 3 are assumed to be 
degenerate, and the energy gap between the bridge basis state 2 and the 
metal basis states is given by a . / is the electronic coupl ing (or resonance 
integral) between the bridge and each metal state. A , is the v ibronic coupl ing 
between the electronic state and the vibrat ional mode on the i t h site. W i t h 
the explicit inc lusion of an electronic state on the br idge , the al lowed elec
tronic transitions are now coupled to the totally symmetr ic (or vibrat ional 
sum) coordinate on the metal atoms (22), represented i n structure 2. 

L — 
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I n addit ion , the vibrat ional coordinate on the br idg ing species, q2, may 
also be coupled to the electronic transitions. I n the case of very strong 
resonance interaction between the metal and br idg ing species (i .e. , / is large 
and negative), the totally symmetr i c v ibrat ional modes dominate the w i d t h 
and shape of the O A bands (25). I f the br idge state is omit ted from the 
mode l H a m i l t o n i a n , these important totally symmetr ic v ibrat ional modes 
are artificially decoupled from the electronic degrees of freedom (26, 30). 

W h e t h e r the br idged mixed-valence complex M - L - M has the o d d elec
tron local ized [ R o b i n - D a y (31) Class I or II] or delocal ized [ R o b i n - D a y Class 
III] , of course, depends on the nature of the br idg ing species L . Equat ions 
1-4 may be solved i n the adiabatic ( B o r n - O p p e n h e i m e r ) approximation to 
obtain an approximate cr i ter ion for d e r e a l i z a t i o n of the o d d electron. T h e 
ground-state potential-energy surface has s ing l e -min imum form whenever 
the inequal i ty condit ion 

A2(U + α)[Κ17(ί7 - α ) ] " 1 < 1 (5) 

is satisfied, where 

Κ = raxd)]2 = ra3a)3
2 (6) 

and where 

17 = ( a 2 + 8 / 2 ) 1 / 2 (7) 

This condit ion depends on the relative energy (a) o f the coupled br idge 
orbital and the meta l -b r idge electronic coupl ing (J). 

I f inequal i ty 5 is satisfied, then the electron transfer is faster than the 
vibrat ional t ime scale (~10~ 1 3 s), the two classical structures are i n resonance, 
and the complex is average-valent (or R o b i n - D a y Class III). I n this case, 
the three molecular orbitals ( M O ) of the complex have bonding , nonbonding , 
and ant ibonding (Β, N , and A) character (32). These orbitals may be rep 
resented schematically as i n structure 3. These three M O s resemble the 
H u c k e l M O s of the p i system of the a l ly l radical . 

T h e br idged system w i t h the M O s depicted i n structure 3 w i l l have 
al lowed transitions at energies (E) g iven approximately by 

£ A - £ N = ^ P (8) 

and 

£ N - E B = (9) 
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Β 

Ν 

A 

0 0 0 

Θ Θ 

Θ 0 Θ 
3 

(The B - t o - A transition is symmetry-forbidden.) H e r e we have ignored the 
small shifts i n frequency maxima caused b y the difference i n zero-point 
energy between the ground- and excited-state surfaces. These transit ion 
energies are governed by the br idge-dependent quantities α and / . 

I n references 33 and 34, we argued that the C r e u t z - T a u b e ion (35), a 
pyraz ine-br idged mixed-valence d i m e r of r u t h e n i u m , is such an average-
valent structure, w i t h M O s resembl ing those shown schematically i n struc
ture 3. I n this complex, the meta l -b r idge electronic coup l ing is large enough 
(J = - 0 . 8 eV) to cause complete d e r e a l i z a t i o n of the unpa i red electron. 
This conclusion is consistent w i t h a n u m b e r of experimental observations 
(36-38). T h e mode l given by eqs 1-4 successfully predicts the posit ion and 
shape of the intervalence bands. 

O n the basis of this mode l , it is possible to " ta i l o r " a br idg ing l igand, 
perhaps by chemical substitution (39), to create a discrete d i m e r that absorbs 
l ight at a particular frequency. F o r instance, i f a methoxy group is p laced 
on the pyrazine r i n g of the C r e u t z - T a u b e i on , the w i d t h at ha l f -maximum 
of the I T (intervalence transfer) band doubles and the frequency m a x i m u m 
shifts toward the b lue (39). S imi lar ly , we can control the extent of br idge -
mediated (indirect) m e t a l - m e t a l coupl ing and , therefore, the shape of the 
potential surfaces and the degree of electron d e r e a l i z a t i o n . This capabil ity 
suggests some potential ly very excit ing possibil it ies for one- and t w o - d i 
mensional per iodic br idged systems. 

One-Dimensional Br idged Chains . E x t e n d e d chains of meta l 
ions M and br idg ing ligands L w i t h the l inear structure 
. . . - M - L - M - L - M - L - M - L - M - . . . are potential ly very important be 
cause of the possibi l i ty of conductivity along the M - L axis and also of 
control of the conductive properties through synthetic alteration of the b r i d g 
ing l igand. Some of the "redox po lymers" reported recently (40, 41) have 
this type of structure. L inear , l ow-polymer analogues of the C r e u t z - T a u b e 
ion were reported earlier by T o m (42). A n u m b e r of metal phthalocyanine 
(PcM) and metal porphyr in ( P r M ) br idged chains (see structure 4), where 
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1 >/ 
N ' Ν 

the four Ν atoms represent the macrocyelic species and where L is the b r i d g 
ing l igand, have been studied to date and are k n o w n to exhibit semicon
duct ing properties (16, 17, 43-47). U n d e r some conditions, these sys
tems have been found to become conductors (45). 

There is already evidence that the conductive properties o f these chains 
are dependent upon the br idg ing species. F o r example, [PcFe(d ib ) ] n has an 
electrical conductivity of 2 X 10~ 5 S / c m (where d i b is p-diisocyanobenzene); 
i f 2 ,3 ,5 ,6-tetramethyl- l ,4-di isocyanobenzene is substituted for the d i b b r i d g 
ing l igand, the conductivity drops to 1 Χ 10" 7 S / c m (17). [PcRu(pyz) ] n has 
a conductivity of 1 Χ 10" 7 S / c m , but [PcRu(tz) ] n has a conduct iv i ty of 1 X 
10" 2 S / c m (17). (Here pyz is pyrazine and tz is 1,2,4,5-tetrazine.). 

I n systems of this type, the conduct ivity is strongly dependent upon the 
electron occupation. F o r example, i f the chain is partial ly ox id ized , the 
conduct ivity generally increases (17, 45). 

T w o - D i m e n s i o n a l S u p e r c o n d u c t i n g S y s t e m s . M o s t of the new 
copper oxide superconducting materials (18, 19, 48, 49) may be thought of 
as mixed-valence compounds of Cu(II) and Cu(III) , i n w h i c h the copper ions 
are j o ined together by the polarizable oxide br idg ing l igand to form the two-
dimensional structure represented i n structure 5. 

M—L—M—L—M—L—M—L—M—L—M 
I I I I I I 
L L L L L L 
I I I I I I 
M—L—M—L—M—L—M—L—M—L—M 
I I I I I I 
L L L L L L 
I I I I I I 
M—L—M—L—M—L—M—L—M—L—M 
I I I I I I 
L L L L L L 
I I I I I I 
M—L—M—L—M— L—M—L—M—L—M 

F o r electron-accounting purposes only , we regard the holes as located 
on the copper atoms. H o w e v e r , the holes may occur ent ire ly or partial ly on 
the oxygen atoms (SO) (50). T h e system could also be thought of as a m i x e d -
valence compound of O 2 - and O 1 " , w i t h Cu(II) acting as a b r idg ing l igand ; 
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T h e crit ical temperature for superconductivity , T c , is dependent u p o n 
the stoichiometry of the mater ia l , and hence upon the electron occupation. 
F o r example, i n the system Y B a 2 C u 3 0 6 + I , where 0 < χ < 1, T c depends 
upon χ and reaches a m a x i m u m at a value less than χ = 1 (51). 

One- and Two-Electron Contributions to the Total Energy 

O n e - E l e c t r o n Terms . T h e H u c k e l (or t ight-binding) m o d e l H a m -
i ltonian contains only one-electron terms and has the form: 

i i,j 

where the p r i m e on the summation indicates the restrictions that i and j are 
nearest-neighbors and that i >j. E q u a t i o n 2 is such a model . I n the systems 
considered here, only one basis orbital per atom is important . E f is the 
energy of the isolated basis orbital on atom i and J y is the resonance integral 
for the interaction between nearest-neighbor atoms i and j. 

A significant feature of the Huckel m o d e l is that the M O energy- level 
diagram that results from diagonalization of e q 10 is independent of the 
electron occupation of the M O s . This m o d e l might be reasonable for con
jugated p i systems of carbon, for example, but i t is c learly not correct for 
transition metal systems where electron correlation is significant. T h u s , w h e n 
a Huckel mode l is appl ied to a transition metal complex, the values one 
finds for the parameters E{ and apply only to that complex w i t h fixed 
charge and fixed sp in state. These one-electron models may have some ut i l i ty 
i n the predict ion of the properties of br idged complexes as functions of the 
electronic structure of the br idg ing l igand, but they are obviously inadequate 
i n the description of properties (such as transition energies and conduct iv
ities) as functions of electron occupation. 

E l e c t r o n - E l e c t r o n Repulsion. T h e descr ipt ion of properties as 
functions of e lectron occupation are part icularly important i n po lymer i c sys
tems. I f the (undoped) l inear chain ( M L ) N contains Ν metal ions and each 
metal i on M has two possible oxidation states, η and η + 1, then there are 
Ν + 1 possible values for the total charge on the chain. W i t h dopants that 
part ial ly oxidize or partial ly reduce the in f in i te -membered l inear chain , a 
cont inuum of values for the electron occupation of the chain is possible i n 
pr inc ip le . 

T h e H u b b a r d mode l (52, 53), w h i c h has been used w i d e l y as a better 
alternative to the H u c k e l mode l , incorporates e lec tron-e lec tron repuls ion 
between electrons of opposite spin on the same atom. (We again confine 
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ourselves, for purposes of discussion, to cases where only one basis orbital 
per atom is important.) T h e H a m i l t o n i a n may be wr i t t en as 

i 

where U{ is the C o u l o m b repuls ion between two electrons of opposite spin 
i n the same spatial orbital . These terms, lead to the rais ing and l ower ing of 
orbital energies as the electron occupation is changed. I n a transit ion metal 
complex, the ionization potential may change b y several electronvolts i f the 
complex is oxidized or reduced by one electron. These models have been 
appl ied extensively i n solid-state physics. T h e applications of such a m o d e l 
to discrete mixed-valence d imers of transit ion metals is discussed i n refer
ence 53. Exact solutions to e q 11 for the l inear chain have been obtained 
by L i e b and W u (54). 

To date, no H u b b a r d mode l has been found to exhibit superconductivity . 
H o w e v e r , several groups have looked at extended H u b b a r d (55) models for 
the copper oxide systems, seeking regions of parameter space where two 
particles (or two holes) exhibit an effective attractive pa i r ing interact ion (56). 
A n extended H u b b a r d H a m i l t o n i a n may be wr i t t en as 

H EH = H Huh + Σ v u ai î t f l i î aJ 4 iaj i (12) 

u 

T h e p r i m e indicates that i and j are nearest neighbors. T h u s , the extended 
H u b b a r d mode l is l ike the H u b b a r d mode l , except that e lec tron-e lec tron 
repuls ion between electrons on nearest-neighbor atoms is also in c luded and 
is g iven the symbol V r W e can indeed find values for the parameters such 
that there is apparent attractive pa ir ing between electrons (or between holes) 
(56). H o w e v e r , an artificially large value for the nearest-neighbor repuls ion 
V w i l l t end to force the pa i r ing of electrons. I n that case, the extended 
H u b b a r d mode l does not give m u c h physical insight into the possible m e c h 
anism for effective attraction (and hence for superconductivity) i n that part 
of parameter space. 

Occupation-Dependent Resonance E n e r g y . I n our studies of the 
electronic structure of some discrete systems, such as the back-bonding and 
p i -bond ing m o n o m e l i c complexes [ R u ( N H 3 ) 5 p y z ] 2 + and [ R u ( N H 3 ) 5 p y z ] 3 + , 
we find that a s imple H u b b a r d mode l does not contain sufficient f lexibi l i ty 
to account proper ly for the observed ionization potentials and transit ion 
energies and for our calculated energy differences (57, 58). F o r example, 
the H u b b a r d mode l predicts too large shifts i n the energy gap between the 
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R u 4 d orbitals and the ττ* pyz orbital upon oxidation of the 2 + species to 
the 3 + species. 

E x p e r i m e n t a l evidence (59-61) shows that Ru(II) back-bonds strongly, 
but Ru(III) does not. Thus , the m e t a l - l i g a n d electronic coup l ing (or effective 
resonance integral) is strongly dependent on the electron occupation. To 
introduce greater f lexibi l i ty and detai l (for the descript ion of back-bonding 
complexes) into the mode l given by eq 11, we inc lude an explic it , l inear 
dependence of the resonance integral upon the electron occupation on 
the metal n M . W i t h / ( n M ) , an addit ional two-electron integral is effectively 
introduced into the model . L i k e the extended H u b b a r d mode l , this m o d e l 
(which includes occupation-dependent resonance energy) can have an ef
fective attractive interaction between electrons for certain values of the 
parameters (57, 62). W i t h i n the framework of the new mode l , this interact ion 
arises from increased resonance stabilization upon the addit ion of an electron. 

Extended-chain br idged complexes i n w h i c h the meta l ions back-bond 
to the br idg ing l igand should have interest ing occupation-dependent con 
duct ive properties. F o r example, the ful ly reduced br idged chain of 
[ R u ( I I ) - L ] n may show increased conductivity as the system is partial ly ox i 
d ized . However , i t should show decreased conduct iv i ty as i t approaches fu l l 
oxidation to Ru(III), because the m e t a l - l i g a n d resonance integral becomes 
small for low electron occupation on the metal i on . 

Conclusions 
T h e spectroscopic and conductive properties of br idged mixed-valence c o m 
pounds may be control led by synthetic alteration of the br idg ing l igand. T h e 
te rm that is probably most readily control led b y chemical substitution on 
the br idge is the energy of the coupled br idge orbital , g iven by α i n e q 2 
and by E{ i n eq 10. 

T h e occupation dependence of the properties of these systems is also 
of interest. Chains of br idged mixed-valent species may exhibit conduct ivity 
of electrons, holes, or both electrons and holes, depending on the occupation 
of the system. 

T h e apparent occupation dependence of the resonance integral i n the 
back-bonded complexes is intr iguing . U n d e r some conditions it can lead to 
an effective attractive pa ir ing interaction between electrons (62). The m e c h 
anism for superconductivity i n the new higher Tc materials is not yet clear, 
although many have been proposed. It is not even certain at this t ime 
whether the mechanism is pure ly electronic or phonon-mediated. N e v e r 
theless, the search for plausible electronic mechanisms for effective attractive 
interactions between electrons is important. 

T h e dependence of the properties of br idged mixed-valence compounds 
upon the br idg ing l igand and upon the electron occupation has not yet been 
exploited fully. 
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13 
Chiral Recognition 
by Metal-Ion Complexes 
in Electron-Transfer Reactions 

Rosemary A. Marusak, Thomas P. Shields, and A. Graham Lappin1 

Department of Chemistry, University of Notre Dame, Notre Dame, IN 46556 

Chiral induction in the reaction between horse cytochrome c(II) and 
[Co(ox)3]3- (ox2- is oxalate(2-)) was investigated. The usefulness of 
[Λ-Co(ox)3]3- as a stereoselective probe is established in the oxidation 
of [Co(en)3]2+ (en is 1,2-diaminoethane), in which two products are 
formed: [Co(en)3]3+ by an outer-sphere pathway with an enantio
meric excess of 8% Δ and [Co(en)2(ox)]+ by an inner-sphere pathway 
with an enantiomeric excess of 1.5% Λ. Stereoselectivity in the re
action with cytochrome c(II) averages 9%, with a preference for the 
Λ form of the oxidant. Equilibrium dialysis experiments with cyto
chrome c(III) indicate that [Λ-Co(ox)3]3- binds preferentially to the 
protein and that this ion pair is a good model for an active electron
-transfer precursor complex. The mechanism is discussed in terms of 
known anion binding sites on the protein surface. 

REPORTS OF CHIRAL INDUCTION IN ELECTRON-TRANSFER REACTIONS in
volving metal-ion complexes have been published over the past decade 
(1-5). The induction is a direct measure of the relative reactivities of an 
optically active reagent, Δ-Α ο χ (ox is oxidized) with the enantiomeric forms 
of the electron-transfer reaction partners A-B r e d and A - B r e d (red is reduced), 
expressed as kàJk±x, eqs 1 and 2. 

Δ - Α ο χ + à-Breà A - A r e d + Δ - Β ο χ (1) 

Δ - Α ο χ + A - B r e d - ^ à-Areà + Δ - Β ο χ (2) 

1 Address correspondence to this author. 

0065~2393/90/0226-0237$06.00/0 
© 1990 American Chemical Society 
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T h e reaction between [Co(edta)]" [ e d t a 4 - is 1,2-diaminoethane-N ,Ν,Ν',Ν'-
tetraacetate(4-)] and [ C o ( e n ) 3 ] 2 + (en is 1,2-diaminoethane) is perhaps the 
most extensively studied system from the point of v i ew of stereoselectivity 
(4, 5). It is an outer-sphere process, and w h e n [â-Co(edta)]~ is used, the 
product , [ C o ( e n ) 3 ] 3 + , shows a 10% enantiomeric excess of the Λ isomer, a 
Δ Λ process where kàA/kàA is 1.22. These stereoselectivity studies are pos
sible because of the substitution inertness of the cobalt(III) complexes and 
the slow electronic self-exchange between cobalt(III) and cobalt(II), w h i c h 
prevents racemization by a self-exchange mechanism. 

Comparisons w i t h ion-pair ing stereoselectivities for inert isostructural 
analogues (5, 6) suggest a dominant role for precursor complex stereoselec
t iv i ty i n the ch i ra l induct ion . A mode l of the precursor complex has been 
der ived from studies w i t h structural ly related derivatives. I n the mode l , the 
orientation of the [Co(edta)]" oxidant is w e l l def ined, hydrogen-bonding 
through its carboxylate face to the amine protons of the [ C o ( e n ) 3 ] 2 + reduc -
tant. Th is latter reagent is indiscr iminate i n its interactions because of its 
relatively h igh symmetry and its conformational labi l i ty . 

T h e importance of hydrogen bonding through the carboxylate face of 
the oxidant i n this reaction has prompted studies w i t h the related complex 
[Co iox^] 3 " , i n w h i c h carboxylate faces are also available, as oxidant (7). T h e 
complex is readily resolved (8); i t has a reduct ion potential of 0.57 V (vs. the 
normal hydrogen electrode) (9) and a low self-exchange rate (10), w h i c h are 
ideal for stereoselectivity studies. H o w e v e r , it is heat- and l ight-sensit ive 
and is prone to rap id racemization, even i n the sol id state. 

O n e reason for investigating the use of [ C o i o x ^ ] 3 " as a stereoselective 
oxidant lies i n its value as a probe of the mechanisms of e lectron transfer 
w i t h metalloproteins be low their isoelectric points. C h i r a l recognit ion i n 
reactions of metalloproteins has proved to be rather difficult to detect, de 
spite the obvious chiral i ty of the reagents invo lved . E a r l y workers i n the 
field failed to detect rate differences i n the reduct ion of Δ - and A - [ C o ( e n ) 3 ] 3 + 

by parsley ferredoxin ( II ) and the reduct ion of horse cytochrome c b y Δ -
a n d A - [ C o ( s e p ) ] 2 + (sep is sepulchrate , 1 ,3 ,6 ,8 ,10 ,13,16,19-octaazabicy-
clo[6,6,6]eicosane) (12). However , rate measurements are rather insensit ive 
and cannot dist inguish stereoselectivities be low the order of 10% or so. M o r e 
recently, Bernauer and Sauvain (13) reported stereoselectivity i n the reaction 
of ch ira l iron(II) complexes w i t h plastocyanin. T h e int imate mechanism i n 
vo lved is not k n o w n , as the i ron reagents have been shown to favor i n n e r -
sphere mechanisms (14). 

Stereoselectivity i n the reduct ion of [ C o i o x ^ ] 3 " b y cobalt(II) i n 1,2-
diaminoethane solutions is reported i n this chapter to demonstrate the use
fulness of this reagent as a stereoselective oxidant. Because of the ut i l i ty of 
this reagent, [Co iox )^ 3 " is employed as a ch ira l probe i n the oxidation of 
horse cytochrome c(II). This particular reaction is chosen for several reasons. 
F i r s t , the prote in carries a + 6 charge at p H 7; the - 3 charge on the oxidant 
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enhances the electrostatic attraction between the reagents, a factor important 
i n inf luencing the stereoselectivity. Second, the reaction is relat ively w e l l 
characterized, and two previous kinet ic studies are reported (15,16). F i n a l l y , 
e lectron transfer at cytochrome c takes place through the exposed heme 
edge, around w h i c h there are wel l -def ined anion-b inding sites. N M R spec
troscopic studies (17, 18) w i t h the paramagnetic analogue [ C r f a x ^ ] 3 " have 
p inpo inted three areas on the prote in surface at w h i c h b i n d i n g takes place, 
a weak site distant from the heme edge and two stronger b i n d i n g sites i n 
the v i c in i ty of the reaction center. T h e role of these b i n d i n g sites i n the 
electron-transfer process w i l l be discussed. 

Experimental Details 
The preparation of K 3[Co(ox) 3] · 3 . 5 H 2 0 (molar absorptivity, €βο5 = 165 M 1 c m 1 ) 
and resolution of the complex were carried out by literature methods (7, 8). The 
absolute configuration is taken as [A-HsarCoiox^] 3 " (A€622 = 3.80 M 1 cm"1) (19). 
The complex is light-sensitive, and all manipulations were carried out in the dark. 
Racemization of the complex amounted to 10-12% over a 2-h period; this value was 
applied as a correction factor in the studies. The reaction stoichiometry and products 
were determined by high-performance liquid chromatography (HPLC) with an ion-
exchange column (Waters Protein Pak S P - 5 P W Sephadex). 

Typical reaction conditions involved addition of [Co^x^] 3 - (ΙΟ"3 M ) to a solution 
containing cobalt(II) ( ΙΟ 2 M ) in excess 1,2-diaminoethane (2.0 x 10 2—10 1 M ) and 
appropriate supporting electrolyte, with rapid stirring and under an atmosphere of 
argon to prevent aerial oxidation of the cobalt(II) complex. In some experiments, 
oxalate ion and l,2- 1 3C-oxalate ion (3 x ΙΟ - 3 M ) were added to the cobalt(II) solution. 
After completion of the reaction, the mixture was cooled and ice-cold 6 M HC1 added 
so that the resultant p H was less than 1. Aliquots of this mixture were then subject 
to analysis. The two products [Co(en) 3] 3 + and [Co(en)2(ox)J+ were isolated on a 
1- χ 10-cm column (Sephadex SP C-25) and a 1- X 20-cm column (Dowex 50X2-
400), washed with water and dilute acid, and eluted with 1.0 M HC1 and 0.01 M 
HC1, respectively. 

The electron-transfer stereoselectivity was determined by examining the optical 
purity of the reaction products. Absolute configurations are [A-( + )-Co(en)2(ox)]+ (€500 
= 103 M " 1 cm" 1 , A € 5 2 0 = 2.65 M 1 cm"1) (20) and [A-( + )-Co(en) 3] 3 + (€467 = 88 M 1 

c m 1 , & € m = 190 M 1 cm - 1 ) (21). Kinetic measurements were made anaerobically 
at 25.0 °C and 0.1 M ionic strength (NaC10 4), under pseudo-first-order conditions 
with an excess of reductant and with an excess of the 1,2-diaminoethane ligand as a 
buffer. The decomposition of [ C o ^ x J J 3 - was monitored at 605 nm. 

Horse cytochrome c (Sigma, Type VI) was used without further purification. 
Samples of the oxidized protein were dialyzed in appropriate bufier solutions for at 
least 2 h before use. The reduced protein was obtained by the addition of a few 
crystals of sodium dithionite to the oxidized protein, followed by dialysis with argon-
saturated buffer under an atmosphere of argon. In a typical equilibrium dialysis 
experiment, 5 m L of ΙΟ - 3 M cytochrome c(III) (10 - 2 M Tris buffer, 0.1 M ionic 
strength (KC1)) was dialyzed against 5 m L of 3 x 10 - 3 M racemic [Co(ox);}]3- in the 
same buffer for 1 h at 0 °C. The [CoioxJJ 3 - solution was then examined for optical 
activity. 

Electron-transfer stereoselectivities were determined by mixing 2 m L of 5 X 
10 4 M cytochrome c(II) in appropriate buffer at 0.1 M ionic strength (KC1) with 
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equal volumes containing a two- to fivefold excess of [Co(ox)3]3~, also in buffer at 23 
°C. After the reaction proceeded to completion, the protein was removed on an ion-
exchange column (Sephadex SP C-25) and the optical activity in the resulting 
[Coiox^]3" was determined. Kinetic measurements were made at 550 nm under 
pseudo-first-order conditions, with an excess of [Coiox^]3" in 5 X 10 3 M buffer and 
ionic strength 0.1 M (KC1). 

Results and Discussion 

Oxidation of Cobalt(II) in 1,2-Diaminoethane Solutions by [Co 
(ox^] 3 " . T h e s to i ch iometr i c r e d u c t i o n of [Co(ox) 3 ] 3 ~ b y cobalt(II) i n 
aqueous solutions of 1,2-diaminoethane (en) results i n the formation of two 
products that can be separated by H P L C or conventional chromatography 
(Figure 1). T h e products are identi f ied spectroscopically as [ C o ( e n ) 3 ] 3 + and 
[Co(en) 2 (ox)] + , and the relative amount of each is dependent on the en 
concentration. A t l ow [en], the dominant product is [Co(en) 2 (ox)] + . T h e 
proport ion of [ C o ( e n ) 3 ] 3 + increases w i t h increasing [en] (Figure 2), a result 

[Co(en) 2(ox)]+ 

Figure 1. HPLC analysis (SP-5PW Sephadex) of the products of the reac
tion of [Co(ox)3]3~ with cobalt(H) in 1,2-diaminoethane solutions, (a), [en] = 
0.122 M; (b), [en] = 0.183 M. The wavelength is 346 nm, where excess 
[cobalt(II)] has little absorbance. There is an initial Schlieren gradient 
caused by the passage of excess 1,2-diaminoethane, but the cation peahs are 

readily identified. 
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20 -

0 0 — • 1 1 1 • 1 1 1 

0.0 0.1 0.2 0.3 0 .4 

[en], (M) 

Figure 2. Plot of percent [Co(en)3]3+ product as a function of [en] for 
the oxidation of [cobalt(U)] in 1,2-diaminoethane solutions by [Co(ox)3]3~ at 

25.0 °C and 0.10 M ionic strength. 

suggesting that the reaction involves two paral le l pathways differing i n the ir 
dependence on [en]. 

The kinetics of the reaction are also consistent w i t h this observation. 
T h e reaction is first-order i n [Co(ox) 3 ] 3 " and [Co(II)] concentrations. T h e 
second-order rate constant, kso, shows a strong dependence on [en] (Figure 
3), w h i c h is explained by the mechanism i n eqs 3 - 5 , w i t h the result ing rate 
law, e q 6. Best-fit parameters are k0 = 390 ± 20 M 1 s 1 and k{ = 3300 ± 
300 M 1 s" 1, w i t h a value for K 3 = 2000 M " 1 (22). These parameters show 
reasonable agreement w i t h values for k{lkQ estimated from the stoiehiometry 
results. 

[Co(en) 2 ] 2 + + en 

[Co(en) 2 ] 2 + [Co(ox) 3 ] 3 -

[Co(en) 3 ] 2 + + [Co(ox) 3 ] 3 -

< = ± [Co(en) 3 ] 2 + K3 = 2000 M " 1 (3) 

[Co(en) 2(ox)] + + " [Co(ox) 2 ] 2 - " (4) 

[Co(en) 3 ] 3 + + l C o ( o x ) 3 ] 4 - " (5) 

b + K3k0[en] 
1 + K 3 [ e n ] W 
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242 E L E C T R O N TRANSFER IN BIOLOGY AND T H E SOLID STATE 

where fcobs is the observed rate constant. Pathway kQ, w h i c h leads to the 
formation of [ C o ( e n ) 3 l 3 + , is most l ike ly outer-sphere i n nature because no 
intermediates are observed i n the reaction. Pathway ki9 w h i c h leads to 
[Co(en) 2 (ox)] + , is shown from experiments r u n i n the presence of free 1 3 C -

0 .00 0.02 0.04 0 .06 0 .08 0 .10 

[en] (M) 
Figure 3. Plot of the second-order rate constant, k s o, as a function of [en] for 
the oxidation of [cobalt(II)] in 1,2-diaminoethane solutions by [Co(ox)3]^ at 

25.0 °C and 0.10 M ionic strength. 

4 

-1 1 1 ' 1 

400 500 ( 0 0 
wavelength (nm) 

Figure 4. Circular dichroism spectra of (a), [Co(ox)3]^. Continued on next 
page. 
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labeled oxalate ion to incorporate none of the added label . H e n c e , the oxalate 
i n [Co(en) 2 (ox)] + is der ived from the [ C o i o x ^ ] 3 " as a result of an inner-sphere 
electron transfer i n w h i c h a doubly br idged oxalate i on is transferred. 

Stereoselectivity i n this reaction can be investigated by the use of op
tically active [A -Ck^ox^] 3 " as oxidant. T h e reaction products are optical ly 
stable and not prone to racemization by a self-exchange mechanism. T h e 
circular d ichro ism spectra o f the isolated products under wel l -de f ined con
ditions are shown i n F i g u r e 4. These results indicate that for the [ C o ( e n ) 3 ] 3 + 

there is an 8% enantiomeric excess of the Δ isomer; for the [Co(en) 2 (ox)] + 

there is a 1.5% enantiomeric excess of the Λ isomer. These stereoselectivities 

c 
i 

-0.1-

Figure 4. (b), [Co(en)3]3+ produced in the reaction of [Co(ox)3]3~ with [co-
balt(II)] in 1,2-diaminoethane solutions; and (c), [Co(en)2(ox)]+ produced in 
the reaction of [Co(ox)3]^ with [cobalt(II)] in 1,2-diaminoethane solutions. 
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are modest but nevertheless demonstrate the ut i l i ty of [Co(ox) 3 ] 3 " as a 
stereoselective oxidant. Somewhat surpris ingly, ch ira l induct ion i n the outer-
sphere reaction is greater than that i n the inner-sphere reaction. T h e doubly 
br idged intermediate in the inner-sphere reaction holds the chira l centers 
around 5 A apart (Figure 5), so that there is l itt le intimate contact. H e n c e , 
transfer of chiral i ty is difficult. O n the other hand, for the outer-sphere 
reaction, int imate contact between the coordination spheres is possible, and 
indeed l ike ly . 

sA 

Figure 5. Representation of the oxalate-bridged inner-sphere intermediate pro
posed in the reaction of [Co(ox)3]3~ with [Co(en)2]2+, showing the separation 

between the chiral centers. 

As w i t h the corresponding oxidation by [Co(edta)] - , outer-sphere 
stereoselectivity reflects the h igh symmetry and conformational flexibility 
of the [ C o ( e n ) 3 ] 2 + reductant. W h e r e the reductant is more r i g i d and ster-
ically demanding , as w i t h [ C o ( ( ± ) - c h x n ) 3 ] 2 + ((±)-chxn is r a c - l , 2 - d i a m i n o -
cyclohexane), stereoselectivities can be m u c h larger, approaching 7 0 % 
enantiomeric excess (23). Such h igh stereoselectivity indicates an int imate 
interaction i n w h i c h the coordination spheres of the reactants interpenetrate. 
Stereoselectivities of this magnitude w o u l d facilitate the detection of ch i ra l 
induct ion i n reactions w i t h metalloproteins. It is of interest then to identi fy 
whether the interactions w i t h a metal loprotein w i l l provide a large or modest 
stereoselectivity, and thus to determine the specificity of the interaction. 
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Oxidation of Horse Cytochrome c(II) by [Co(ox)3] T h e reaction 
between horse cytochrome c(II) and [Co(ox)3]*~ is a wel l -characterized single-
electron transfer that has been the subject of two previous k inet ic inves
tigations (15, 16). U n d e r pseudo-first-order conditions w i t h an excess of 
oxidant and at p H 7.0, oxidation of cytochrome c(II) by [ C o ^ x ^ ] 3 " is a first-
order process for greater than three half-lives. Pseudo-first-order rate con
stants are presented i n Table I. A plot of the first-order rate constant, fcobs, 
against [Co(III)] is l inear, w i t h no evidence for rate saturation to indicate 

Table I. Rate Constants for the Reaction of [CoCox^] 3 -

with Horse Cytochrome c(II) 
pH JO3 [Co(III)], M 103 ko f e s, s-1 k s o, M - V 1 

4.10 E 1.50 13.3 8.9 
4.44 E 1.44 11.3 7.9 
4.98 E 1.43 10.4 7.3 
5.28 E 1.37 10.7 7.8 
5.99 E 1.39 11.3 8.1 
5.97* 1.42 8.47 6.0 
6.46FE 1.40 8.33 6.0 
6 .81 6 1.61 9.40 5.9 
6.88 6 1.41 8.47 6.0 
7.90* 1.40 8.07 5.8 
5.55 E 1.43 10.1 7.1 
6.11 E 1.44 10.8 7.5 
6.58 E 1.51 11.3 7.5 
6.70 D 1.61 11.1 6.9 
6.72RF 1.45 10.2 7.0 
7.17*" 1.45 8.92 6.1 
7.68RF 1.60 10.4 6.5 
7.99E 1.77 10.5 5.9 
8.57 E 1.78 10.4 5.8 
9.02 E 1.78 9.33 5.2 
7 .0# 0.36 2.74 7.7 
7.0(K 0.64 3.76 5.9 
7.00^ 1.13 6.66 5.9 
7.0(K 1.68 9.33 5.6 
7.0(K 2.39 14.3 6.0 
6.78* 1.61 10.1 6.3 
6.80 Λ 1.61 9.70 6.0 
6.80* 1.61 9.40 5.8 

NOTE: Reaction conditions were 25.0 ° C , 0.10 M ionic strength 
(KC1), and [cyt C(II)] = 5 Χ 10" 6 M. 
Α5 X 1 0 " 3 M acetate. 
bL7 x ΙΟ"3 M phosphate. 
C5 x ÎO"3 M M E S . 
D5 x ÎO"3 M H E P E S . 
•1.7 X ÎO"3 M borate. 
'3.3 X 10~3 M phosphate. 
G5.5 x ΙΟ"4 M phosphate and 5 X 10" 3 M H E P E S . 
Λ 8.3 x ΙΟ"4 M phosphate and 5 Χ 10" 3 M H E P E S . 
1 .11 Χ ΙΟ"3 M phosphate and 5 x 10" 3 M H E P E S . 
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the presence of kinetical ly important ion-pair formation. Rate saturation has 
not been detected i n previous work on this reaction or i n reactions w i t h 
other negatively charged reagents such as [ F e i C N ) ^ 3 " (18, 24). 

I n weakly coordinating buffers, the second-order rate constant for the 
electron transfer is almost independent of p H over the range 4 .5 -7 .5 (Figure 
6), w i t h a value of 7.1 ± 0.4 M _ 1 s" 1 , compared to the previously reported 

15 I 1 

« 10-

0 j 1 1 1 1 — ι 1 1 1 

4 S 6 7 8 

p H 
Figure 6. Dependence of kso on pH for the reaction of horse cytochrome 
c(II) with /CofoxjaJ3" at 25.0 °C and 0.10 M ionic strength (KCl). Key: O , 
acetate buffer; · , MES (2-[N-morpholino]ethanesulfonic acid); • , HEPES 

(N-2-hydroxyethylpiperazine-N'-2-ethanesulfonic acid). 

value of 5.5 M " 1 s" 1 i n 0.5 M phosphate at p H 7.0 (15). B e l o w p H 4.5, the 
reaction shows a slight t rend , increasing w i t h decreasing p H , perhaps re 
sponding to changes i n the prote in charge. Above p H 8, a more marked 
rate reduct ion is expected on thermodynamic grounds. I n the presence of 
chlor ide i on , the reaction shows inh ib i t i on by phosphate to the extent of 
about 2 0 % of the reaction rate (Figure 7), a feature noted previously (16). 
Phosphate i on is k n o w n to b i n d at sites on the prote in surface that are used 
by a l l anions (25). Apparent ly [Co(ox) 3] 3~ is able to oxidize both ch lor ide -
and phosphate-bound forms of the prote in at approximately the same rate. 
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S S J 1 1 1 

0.000 0.001 0.002 0 .003 0.004 

[phosphate] (M) 
Figure 7. Dependence ofkso on the total phosphate concentration at pH 6.8 
for the reaction of horse cytochrome c(II) with [Co(ox)3]3~ at 25.0 °C and 

0.10 M ionic strength (KCl). 

Equilibrium. W h e n horse cytochrome c(III) is d ia lyzed against a so
lut ion containing [ C o i o x ^ ] 3 - , equi l ibrat ion of the b i n d i n g of the complex ion 
w i t h the prote in takes place. O n e isomeric form of the i on binds preferential ly 
to the prote in , and its concentration is depleted i n the b u l k solution. D e 
tection of stereoselectivity is achieved by examining the c ircular d i chro ism 
spectrum of the bu lk solution. It is also possible to examine the enantiomeric 
enhancement of the prote in b i n d i n g by dialysis of the equi l ibrated prote in 
solution w i t h buffer and examination of the complex released. T h e two m e t h 
ods are complementary in that the enantiomer enhanced i n the first exper
iment is the opposite o f that enhanced i n the second experiment. 

True e q u i l i b r i u m conditions cannot be established because [Co fax^] 3 " 
racemizes w i t h i n a few hours i n solution, even at 0 °C. F i g u r e 8 shows the 
circular d ichroism spectrum of the bu lk [ C o ^ x ^ ] 3 - after dialysis. T h e c ircular 
d ichro ism obtained by d ia lyz ing the equi l ibrated dialysis sack w i t h buffer 
has been subtracted. Qu i te clearly, this spectrum shows that the presence 
of the Δ isomer is enhanced i n the bulk solution and indicates preferential 
b i n d i n g to the prote in b y the Λ isomer. W i t h an estimate of the e q u i l i b r i u m 
constant for association of racemic [Co(ox) 3] 3~ w i t h horse cytochrome c(III) 
of 200 M 1 (18), the ratio KA/$à is calculated to be i n excess of 1.04. 

American Chemical Society 
Library 

1155 15th St., N.W. 
Washington» D.C. 20036 
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400 500 
wavelength (nm) 

600 

Figure 8. Circular dichroism spectrum (φ, millidegrees) of 1.5 x ΙΟ"3 M 
[Coiox)^3- after dialysis with 1 x ΙΟ"3 M cytochrome c(UI) in 10~2 M HEPES 

buffer at pH 7.0 and 0.10 M ionic strength (KCl). 

Stereoselectivity. T h e stereoselectivity of the electron-transfer reaction 
between horse cytochrome c(II) and [Co(ox) 3 ] 3 " can be examined b y deter 
m i n i n g the optical activity produced i n solutions of [Co fax^ ] 3 " w h e n it is 
reacted w i t h a stoichiometric deficiency of the prote in . A typical spectrum 
obtained i n this manner is shown i n F i g u r e 9. T h e spectrum, that of the Δ 
isomer, indicates that the [ A - C o i o x ^ ] 3 " reacts preferential ly w i t h the prote in . 
T h e stereoselectivity, l i t t le affected by p H over the range 4 .2 -7 .6 , is re la -

400 600 500 
wavelength (nm) 

Figure 9. Circular dichroism spectrum (φ, millidegrees) of 3.85 X 10^ M 
[Co(ox)3]3~ obtained in the reaction of cytochrome c(II) (2.3 X 10~* M) with 
excess [Co(ox)3]*~ (1.53 X 10 3 M) in HEPES buffer, pH 6.97, at 23 °C and 

0.10 M ionic strength (KCl). 
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t ive ly insensitive to the presence of phosphate i on and the support ing elec
trolyte, w i t h kjk± averaging 1.19 (Table II). This insensit ivity impl ies that 
the b i n d i n g of phosphate is not important i n stabi l iz ing the i on pair w i t h 
[ C o f a x ^ ] 3 - , a feature that is i n general agreement w i t h the smal l effect of 
phosphate on the reaction rate. 

Table II. Stereoselectivity in the Oxidation of Horse Cytochrome c(II) 
by [ C o M J 3 -

104[cytc(iï)], 104 UCo(oxhl^l, 
pH M M ee\ % k A / k A 
4.43FE 2.2 14.3 7 ± 2 1.15 
6.97 C 2.4 15.3 6 ± 2 1.13 
7.01 E 3.0 11.3 11 ± 1 1.25 
6.73RF 1.6 15.3 10 ± 1 1.22 
6.87"" 1.2 15.0 10 ± 1 1.22 
4.70 E 2.4 14.2 4 ± 2 1.08 

NOTE: Reaction conditions were 23 ° C and 0.10 M ionic strength (KC1). 
aee is enantiomeric excess; Λ form in all cases. 
fe5 x Ι Ο 3 M acetate. 
c5 Χ ΙΟ"3 M HEPES. 
Ί . 7 x ΙΟ"3 M phosphate. 
'No supporting electrolyte. 

Stereoselectivity i n the electron-transfer reaction between cytochrome 
c(II) and [ C o i o x J J 3 - is smal l , a fact suggesting that the interactions invo lved 
are not particularly specific. However , a qualitative interpretat ion of the 
data is not uninformative. A l though there is no k inet ic evidence for an 
intermediate i n the reaction, the overal l process can be separated into two 
kinet ical ly distinct steps: formation of an electron-transfer precursor complex 
between the prote in and the oxidant, fol lowed by electron transfer w i t h i n 
this assembly. 

B o t h of these steps can provide a source of stereoselectivity, but ex
perience w i t h reactions between m e t a l - i o n complexes suggests that p r e 
cursor complex formation assumes a dominant role (5). A l t h o u g h i t is not 
possible i n this instance to examine stereoselectivity d irect ly i n the precursor 
complex, the process can be modeled b y the e q u i l i b r i u m dialysis exper i 
ments i n w h i c h the only difference is the oxidation state of the prote in . Some 
caution is recommended i n this interpretation because the prote in does 
undergo a small conformational change d u r i n g the redox process. Th is change 
is k n o w n to affect the conformation at the heme edge, the presumed site of 
electron transfer (18). 

Binding Sites. N M R spectroscopic investigations of the b i n d i n g of the 
paramagnetic analogue [Cr(ox) 3] 3~ to cytochrome c(III) reveal the location 
of at least three anion-b inding sites on the prote in surface (Figure 10). Two 
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Figure 10. Representation of cytochrome c, showing the heme edge and anion-
binding sites as indicated in the text. Site 1 is on the top side of the protein, 

away from the heme edge; sites 2 and 3 are close to the heme edge. 

of these sites are close to the heme edge. H o w e v e r , a t h i r d (weak) b i n d i n g 
site on the opposite side of the prote in , distant from the heme edge, can 
be ignored i n the present argument. O f the two sites close to the heme 
edge, site 3 has the highest affinity for [ C ^ o x ^ ] 3 - and has been shown to 
be kinet ical ly important i n the oxidation by [ F e ( C N ) 6 ] 3 " (25). It seems l ike ly 
that it is the pr imary b i n d i n g site for [ C o i o x ^ ] 3 " i n the equi l ibrat ion and 
electron-transfer studies. Phosphate is k n o w n to b i n d mos^strongly at sites 
1 and 2 (26), so that the interaction of [ C o i o x ^ ] 3 " at site 3 might be expected 
to be relatively insensitive to the presence of phosphate, as has been found. 

T h e detai led information available about the int imate electron-transfer 
mechanism makes this particular reaction ideal for explor ing the in terpre 
tation of stereoselectivity data. I n general , w h e n m e t a l - i o n complexes are 
capable of b i n d i n g to different sites on the surface of metalloproteins, an 
important question i n de termin ing the detai led mechanism is the role of the 
precursor i n the overal l reaction. There are two kinet ical ly indist inguishable 
possibil ities: mechanism A (eqs 7 and 8), where the precursor is active and 
forms an intermediate on the reaction profi le, and mechanism Β (eqs 9 and 
10), where the precursor is inactive, the so-called "dead -end" mechanism. 

A cyt c(II) + [Co(ox) 3 ] 3 - <± {cyt c(II),[Co(ox) 3] 3-} (7) 

{cyt c(II),[Co(ox) 3] 3-} -> cyt c(III) + "[Co(ox) 3]*-~ (8) 

Β cyt c(II) + [Co(ox) 3 ] 3 " <± {cyt c(II),[Co(ox) 3] 3-} (9) 

cyt c(II) + [Co(ox) 3 ] 3 " - » cyt c(III) + " [Co(ox) 3 ] 4 - " (10) 

I n mechanism A , the ion-pair ing and electron-transfer steps involve an i d e n 
tical arrangement of reagents and should reflect s imi lar stereoselectivities. 
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However , this is not necessarily the case i n mechanism B . If, for example, 
strong ion pair ing w i t h a Λ stereoselectivity is demonstrated, the interact ion 
of the metal loprotein w i t h two equivalents of the oxidant w i l l produce an 
excess of the Δ isomer i n solution. I n the case of the inactive (dead-end) 
complex, the Δ isomer w i l l be preferentially reduced (unless stereoselectivity 
i n step 10 exceeds that i n step 9). W i t h the active complex, the Λ isomer 
w i l l be preferential ly reduced. This distinct preference provides a readi ly 
available means for differentiating between the two mechanisms. 

The results obtained for the oxidation of cytochrome c(II) b y [Co iox^ ] 3 " , 
i n w h i c h ion-pair ing and electron-transfer stereoselectivities are comparable 
i n both magnitude and sense, strongly suggest that mechanism A is oper
ating. T h e result is not particularly surpris ing. H o w e v e r , i t demonstrates 
the mechanistic potential of stereoselectivity studies and points the way to 
experiments i n w h i c h the role of the i on pair is more controversial . 

Acknowledgments 

T h e authors acknowledge the generous support of this work by the Nat ional 
Science Foundat ion (Grant N o . C H E 87-02012). 

References 

1. Geselowitz, D. Α.; Taube, H. J. Am. Chem. Soc. 1980, 102, 4525-4526. 
2. Kondo, S.; Sasaki, Y.; Saito, K. Inorg. Chem. 1981, 20, 429-433. 
3. Lappin, A. G.; Laranjeira, M. C. M. ; Peacock, R. D. Inorg. Chem. 1983, 22, 

786-791. 
4. Geselowitz, D. Α.; Hammershøi, Α.; Taube, H. Inorg. Chem. 1987, 26, 

1842-1845. 
5. Osvath, P.; Lappin, A. G. Inorg. Chem. 1987, 26, 195-202. 
6. Sakaguchi, U. ; Yamamoto, I.; Izumoto, S.; Yoneda, H. Bull Chem. Soc. Jpn. 

1983, 56, 153-156. 
7. Bailar, J. C.; Jones, Ε. M. Inorg. Synth. 1939, 1, 37. 
8. Kaufman, G. B.; Takahashi, L. T.; Sugisaka, N. Inorg. Synth. 1966, 8, 208-209. 
9. Hin-Fat, L.; Higginson, W. C. E . J. Chem. Soc. A 1967, 298-301. 

10. Ehighaokhuo, J. O.; Ojo, J. F.; Olubuyide, O. J. Chem. Soc., Dalton Trans. 
1985, 1665-1667 

11. Armstrong. F. Α.; Sykes, A. G. J. Am. Chem. Soc. 1978, 100, 7710-7715. 
12. Toma, Η. E.; Murakami, R. A. Inorg. Chim. Acta 1984, 93, L33-L36. 
13. Bernauer, K.; Sauvain, J. J. Chem. Soc., Chem. Commun. 1988, 353-354. 
14. Bernauer, K.; Puosaz, P.; Porret, J. ; Jeanguenat, A. Helv. Chim. Acta 1988, 71, 

1339-1344. 
15. Holwerda, R. Α.; Knaff, D. B.; Gray, Η. B.; Clemmer, J . D.; Crowley, R.; 

Smith, J. M. ; Mauk, A. G. J. Am. Chem. Soc. 1980, 102, 1142-1146. 
16. Rush, J. D.; Lan, J. ; Koppenol, W. H. J. Am. Chem. Soc. 1987, 109, 2679-2682. 
17. Eley, C. G. S.; Moore, G. R.; Williams, G.; Williams, R. J. P. Eur. J. Biochem. 

1982, 124, 295-303. 
18. Moore, G. R.; Eley, C. G. S.; Williams, G. In Advances in Inorganic and 

Bioinorganic Mechanisms; Sykes, A. G., Ed. ; Academic: New York, 1984; Vol. 
3, pp 1-96. 

 P
ub

lic
at

io
n 

D
at

e:
 M

ay
 5

, 1
98

9 
| d

oi
: 1

0.
10

21
/b

a-
19

90
-0

22
6.

ch
01

3

In Electron Transfer in Biology and the Solid State; Johnson, M., el al.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1989. 



252 E L E C T R O N TRANSFER IN BIOLOGY AND T H E SOLID STATE 

19. Okazaki, H.; Kushi, Y.; Yoneda, H . J. Am. Chem. Soc. 1985, 107, 4183-4189. 
20. Jordan, W. T.; Brennan, B. J.; Froebe, L . R.; Douglas, Β. E . Inorg. Chem. 

1973, 12, 1827-1831. 
21. McCaffery, A . J.; Mason, S. F.; Norman, B. J.; Sargeson, A . M. J. Chem. Soc. 

A 1968, 1304-1310. 
22. Smith, R. M.; Martell , A . E . Critical Stability Constants; Plenum: New York, 

1975; Vol. 2, ρ 36. 
23. Marusak, R. Α.; Osvath, P.; Kemper, M.; Lappin, A . G . Inorg. Chem. 1989, 

28, 1542-1548. 
24. Butler, J.; Davies, D . M.; Sykes, A . G . J. Inorg. Biochem. 1981, 15, 41-53. 
25. Butler, J.; Davies, D . M.; Sykes, A . G . ; Koppenol, W. H.; Osheroff, N.; Mar 

-goliash, E. J. Am. Chem. Soc. 1981, 103, 469-471. 
26. Osheroff, N.; Brautigan, D . L.; Margoliash, E . Proc. Natl. Acad. Sci. U.S.A. 

1980, 77, 4439-4443. 

RECEIVED for review May 1, 1989. A C C E P T E D revised manuscript July 24, 1989. 

 P
ub

lic
at

io
n 

D
at

e:
 M

ay
 5

, 1
98

9 
| d

oi
: 1

0.
10

21
/b

a-
19

90
-0

22
6.

ch
01

3

In Electron Transfer in Biology and the Solid State; Johnson, M., el al.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1989. 



14 
The Role of Free Energy in Interligand 
Electron Transfer 

L . K . Orman, D. R. Anderson, T. Yabe, and J. B . Hopkins 1 

Department of Chemistry, Louisiana State University, Baton Rouge, LA 70803 

Electron transfer between ligands in the metal-to-ligand charge trans
fer (MLCT) excited states of Ru(II) polypyridine complexes was in
vestigated by using a powerful two-color picosecond Raman 
technique. Photoexcitation into the MLCT absorption band results 
in the promotion of an electron to one of three possible ligand ac
ceptors. In mixed-ligand complexes it is unambiguously established 
that excitation initially produces an ensemble of complexes with elec
trons localized on dissimilar ligands. Transient Raman spectroscopy 
is used to measure the rates of interligand electron transfer as a 
function of the free energy separation between ligands (ΔG 0 ) . The 
apparent rate increases from ≤106 to ≥1011 s-1 with a change in ΔG0 

of only 0.12 eV. The free energy dependence of the electron-transfer 
rate is clearly much steeper than predicted by simple Marcus theory. 
The implications of these results are discussed with respect to the 
possible mechanisms that enhance electron transfer in metal com
plexes. 

T H E P H O T O C H E M I S T R Y O F POLYPYRIDYL C O M P L E X E S O F RU (II ) has been 
an object of long-term interest (1-4). I n recent years, research has cont inued 
into the ut i l izat ion of these complexes as light-active antennae (5, 6) that 
p u m p electrons into subsequent reactions. Interl igand electron transfer 
( I L E T ) i n the excited metal-to- l igand charge-transfer ( M L C T ) states is a 
crucial aspect of excited-state photochemistry that must be understood to 
opt imize the efficiency of these complexes as a source of photoelectrons. 
This chapter discusses the rate of I L E T i n the excited M L C T states of m i x e d -
l igand po lypyr idy l complexes of Ru(II). 

address correspondence to this author. 

0065-2393/90/0226-0253$06.00/0 
© 1990 American Chemical Society 
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Previous investigations of the excited M L C T states were per formed by 
using fluorescence (7, 8) and nanosecond Raman spectroscopy (9-12). I n 
mixed- l igand complexes, there is l i m i t e d experimental evidence (7, 8) for 
dual luminescence originating from dissimilar ligands i n the same complex. 
In support of the fluorescence experiment, transient Raman spectroscopy 
produced s imilar results ( I I , 12). This l e d to the conclusion that the l igand-
local ized M L C T states are coupled strongly enough to permi t facile e lectron 
transfer. F o r many substituted b ipyr id ine complexes, the fluorescence l i fe 
t ime at 298 Κ is —500 ns. F r o m this it is generally conc luded that the rate 
of I L E T is » 1 / 5 0 0 ns. 

This chapter discusses picosecond transient Maman experiments that 
investigate the free energy dependence of I L E T . Raman spectroscopy is a 
direct measurement of this process because resolved vibrat ional bands can 
be identi f ied unambiguously w i t h the M L C T state local ized on each type of 
l igand i n the complex. T h e free energy gap between ligands ( A G 0 ) is tuned 
b y chemical substitution of b ipyr id ine ligands. I n a l l cases, substitution takes 
place on the opposite side of the ring from the R u - n i t r o g e n b o n d to keep 
the electronic coupl ing between ligands constant. Contrary to previous r e 
sults, the rate of I L E T varies from ^ 1 0 6 to ^ 1 0 1 1 s" 1 and is very strongly 
dependent on free energy. This conclusion assumes knowledge about the 
energy gap between ligands, although the energy gap is not d irect ly meas
ured . T h e implications of this uncertainty are discussed later. 

Experimental Details 
The details of the experimental apparatus are described in several recent publications 
(13, 14). The laser system used in these studies is mode-locked continuous-wave 
NdYAG laser coupled with a high repetition rate chirped pulse regenerative amplifier 
that was pioneered (15, 16) at Louisiana State University. 

The 1-kHz repetition rate and high peak power of this laser are ideal for transient 
Raman investigations. One of the unique features of this laser is that the pulse width 
can be varied between 10 and 150 ps by controlling the magnitude of the frequency 
chirp. In the data presented, the pulse width and laser power for each particular 
experiment are stated in the figure caption. 

The two-color experiment involved excitation of the sample by pump and probe 
pulses at two different wavelengths: pump pulses at 532 nm, with an energy of 0.3 
mj, and probe pulses at 354.7 nm, with an energy of 0.03 mj, were typically used. 
The laser power at 354.7 nm was limited by using an NRC laser power attenuator. 
The probe pulses were optically delayed from the pump pulses to produce transient 
Raman spectra at various temporal delays. A chopper was used to allow 354.7 nm 
only or both colors to excite the sample. No background signals correlated solely to 
the 532-nm laser were observed. Because the chopping action takes place on a fast 
time scale compared to the frequency of the major noise components, spectra with 
very high signal-to-noise ratios can be obtained. A computer sorts the Raman signal 
from each laser pulse into two channels according to the phase of the chopper. In 
this way, two separate spectra are simultaneously obtained. The first channel cor
responds to excitation with both 354.7 and 532 nm, and the second channel to 354.7 
nm alone. The pure two-color spectrum is generated by subtracting the one-color 
background components from the raw two-laser signal. 
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Detection consists of a scanning double monochromator, photomultiplier tube, 
and gated integration. The sample is a free-flowing jet of optical quality that flows 
at a speed sufficient to ensure that no two laser shots interrogate the same region of 
solution. The cold experiments were performed in a cylindriçally shaped De war flask 
oriented such that the principle symmetry axis was vertical. An aluminum sample 
cell 0.375 in. thick makes up the bottom of the Dewar flask. When the Dewar flask 
is filled with a refrigerant, this cell is in direct contact with the cryogenic fluid above 
it with an area of 7 in 2 . Both dry ice-acetone and liquid nitrogen were used as 
refrigerants. 

The aluminum cell contained a 5-mL sample reservoir optically accessed from 
the bottom through a quartz window. Because the sample cell was physically part 
of the Dewar flask, the entire cell-Dewar flask assembly was rotated to keep suc
cessive laser pulses from probing the same region of sample. The possibility of laser 
heating was monitored in situ by measuring the ratio of the S tokes-anti-Stokes solvent 
bands. No evidence of laser heating was observed (13). 

The compounds discussed in this chapter are [Ru(bpy)3]2+, [Ru(Me2bpy)3]2+, 
[Ru(5,5'-Me2bpy)3]2+, [Ru(Ph2bpy)3]2+, [Ru((COOH)2bpy)3]2+, [Ru(bpym)3]2+, and 
the mixed-ligand analogs. Abbreviations used are as follows; bpy is 2,2'-bipyridine, 
Me2bpy is 4,4'-dimethyl-2,2'-bipyridine, Ph2bpy is 4,4f-diphenyl-2,2'-bipyridine, 
(COOH)2bpy is 4,4'-dicarboxy-2,2'-bipyridine, and bpym is 2,2'-bipyrimidine. The 
compounds were prepared by previously published (13) methods and purified chro-
matographically (Sephadex LH-20). 

The mixed-ligand complexes were checked for impurities consisting of the sym
metric trisubstituted complexes by using a spectroscope (Bruker AM400 high-res
olution Ν MR). The ring protons corresponding to the bpy and substituted bpy ligands 
can easily be resolved. Assignments are straightforward by comparison to the sym
metric complexes. Integration of the peaks corresponding to the protons on the 
respective ligands indicates that an impurity of tris complex, if it is present at all, 
must be less than 1% of the composition of the sample. In fluorescence studies, even 
a small amount of impurity can lead to erroneous results because the detection 
efficiency is very sensitive to the quantum yield of fluorescence. Raman spectroscopy 
is less sensitive to the lifetime of the excited state, as long as the lifetime exceeds 
the 10-ps laser pulse width. In some of our results the relative intensities of the 
Raman bands from two dissimilar ligands in the same complex are roughly equal. 
This result cannot be explained by impurities. 

Spectroscopic Results 

Two-color transient Raman spectroscopy is a powerful method for s tudying 
the dynamics of excited states. T h e excited-state dynamics can be obtained 
by introduc ing an optical delay between the p u m p and probe lasers. In 
addit ion, because the probe laser is maintained at a relat ively l ow energy 
density, mult iphoton artifacts that might arise from st imulated Raman are 
e l iminated. Fur thermore , the assignments of v ibrat ional bands to the ground 
and excited state are relatively straightforward because the low-energy d e n 
sity-probe laser only weakly produces the excited state. F i g u r e 1 illustrates 
this point . In this figure the Raman spectra obtained at 354.7 n m for 
[ R u ( M e 2 b p y ) 2 ( b p y ) ] 2 + appear under conditions where only the probe laser 
interrogates the sample (Figure IB ) and where simultaneous excitation to 
the M L C T state occurs (Figure 1A). T h e two spectra are subtracted and the 
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Figure 1. Transient Raman spectrumofthe MLCT state of[Ru(Me2bpy)2(bpy)]2+ 

in H20 with two-color excitation at 532 nm and probe at 354.7 nm. Time dehy 
between pump and probe lasers is 0 ps. Dashed lines connect ground-state 
bands in each figure. Concentration was 2 mM. Key: A, two-color spectrum 
including one-color background components obtained by simultaneous exci
tation at 354.7 and 532 nm; pulse energy at 354.7 nm was 30 μ/ in a 3-mm 
beam waist; pulse energy at 532 nm was 200 μ/ in a 1-mm beam waist; B , 
one-color background spectrum obtained with 354.7-nm excitation alone; as
terisks indicate excited-state bands; and C , pure two-color spectrum obtained 
by subtracting the one-color background components from the experimental 
two-color spectrum. (Reproduced with permission from reference 13. Copy

right 1989 American Institute of Physics.) 

result is shown i n F i g u r e 1C. In the latter, posit ive-going peaks represent 
excited-state features. Ground-state bands appear to be b leached, as i n d i 
cated by negative-going peaks. T h e excited-state bands correspond to those 
previously assigned as the l igand-local ized M L C T state. 

T h e apparent bleaching effect occurs for two reasons. F i r s t , the p u m p 
pulse depletes the ground-state populat ion by excit ing the M L C T transit ion. 
Second, the optical density of the solution increases at the probe wavelength 
because of the presence of the transient M L C T absorption. This increased 
optical density reduces the path length of the probe laser i n the sample, 
and thereby causes the intensity of ground-state bands to be d imin i shed . 
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Transient Raman spectra of [ R u ( M e 2 b p y ) 2 ( b p y ) ] 2 + i n methanol (not shown) 
exhibit (14) strong deplet ion of solvent bands, i n addit ion to deplet ion of 
bands corresponding to the ground state of the complex. T h e fact that solvent 
bands appear to deplete indicates that a change i n optical density is the 
dominant effect leading to the apparent deplet ion of ground-state bands i n 
the spectrum shown i n F i g u r e 1C . I n fact, the solvent bands provide an 
internal reference for correct ing the spectra for deplet ion , as descr ibed i n 
a separate publ icat ion (14). 

T h e assignments of vibrational bands w i t h respect to l igand parentage 
must also be considered. Fortunate ly , the coupl ing between ligands is so 
smal l i n the compounds studied that vibrat ional bands of one particular l igand 
do not change i n frequency w h e n a different type of l igand is substituted 
into the complex. T h e l igand parentage i n m i x e d complexes can therefore 
be assigned by direct comparison to the tris-substituted complexes. A n ex
ample is shown i n F i g u r e 2 for the pure excited-state spectra of A , 
[ R u ( b p y ) 3 ] 2 + ; B , [ R u ( M e 2 b p y ) 2 ( b p y ) ] 2 + ; and C , [ R u ( M e 2 b p y ) 3 ] 2 + . Th is 

CO 
iz; 
w 
ι—ι 

w > 

fxl 
ft 

1 1 0 0 1 3 0 0 1 5 0 0 1 7 0 0 

RAMAN S H I F T i c m - 1 ) 

Figure 2. Pure two-color spectra obtained by subtracting the one-color signal 
shown in Figure 6 from the raw two-color signal similar to that in Figure 5A. 
Dashed lines connect excited-state bpy bands. Solid lines connect excited-state 
Me2bpy bands. Concentration was 2 mM in H20. Key: A, [Ru(bpy)3]2+; B, 
[Ru(Me2bpy)2(bpy)]2+; andC, [Ru(Me2bpy)3]2+. (Reproduced with permission 

from reference 13. Copyright 1989 American Institute of Physics.) 
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I ' ' 1 1 I 1 1 1 1 

1380 1440 1520 1580 
R A M A N S H I F T ( c m - l ) 

Figure 3. Pure two-color transient Raman spectra. Concentration was 2 mM 
in H20. Key: A, [Ru(5,5'-Me2bpy)3]2+

; β, [Ru(5,5'-Me2bpy)2(bpy)]2+ with an 
expanded view as an insert; and C, [Ru(bpy)3]2+ 
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method is straightforward and leaves l i t t le doubt as to the nature of the 
assignments. F i g u r e 2 C clearly shows excited-state features corresponding 
to the l igand-local ized M L C T states of both bpy and M e 2 b p y . 

Spectra for other complexes are shown i n Figures 3 -6 . There are two 
important features i n this data. T h e first po int is shown i n Figures 2 and 3, 
where the pure excited-state spectra of the mixed complex are shown i n the 
midd le spectrum. T h e top and bottom views show the respective symmetr ic 
tr isubstituted complexes. In each figure, the mixed- l igand spectra exhibit 
features corresponding to an excited M L C T state where the electron is 
local ized on both types of l igand present i n the complex. 

T h e second important feature i n the transient R a m a n spectra is p r e 
sented i n Figures 4 - 6 . The [ R u ( P h 2 b p y ) ( b p y ) 2 ] 2 + , [Ru(bpym) (bpy ) 2 ] 2 + , and 
[ R u ( ( C O O H ) 2 b p y ) ( b p y ) 2 ] 2 + spectra exhibit excited-state bands characteristic 
of only one l igand i n the mixed- l igand complex. F o r [Ru(bpym) (bpy) 2 ] 2 + the 
spectral congestion is m i n i m a l , i n that there are no b p y m bands at f requen
cies anticipated for bands corresponding to the bpy l igand. This result impl ies 

>-
Ê-

t 
CO 
w 
t — I 

> 

s 

1 1 0 0 1 3 0 0 1 5 0 0 1 7 0 0 

R A M A N S H I F T C c m - 1 ) 

Figure 4. Fure two-color transient Raman spectra. Solid lines connect bands 
assigned to the MLCT state of the Ph2bpy ligand. Dashed lines indicate the 
expected (but absent) position of bands assigned to the MLCT state of the bpy 
ligand. Concentration was 2 mM in H20. Key: A , [Ru(Ph2bpy)3]2+; B, 

[Ru(Ph2bpy)(bpy)2]2+; and C , [Ru(bpy)3]2+. 
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a) A bpy* 

bpy* / 1 

/ \ bpym* / \ 

bpym* 

ι I ι I I ' I 

w 
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: b ) 
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• ι • • • 
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Ι · | · · · Ι | · · Ι 

1250 1300 
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Figure 5. Pure two-color picosecond Raman spectra of [Ru(bpy)2(bpym)]2+ 

obtained by excitation at 532 nm and probing at 354.7 nm. Concentration is 
2 mM. Key: a, expanded spectrum of 50:50 mixture of [Ru(bpy)3]2+ and 
[Ru(bpym)3]2+; b, expanded spectrum of [Ru(bpy)2(bpym)]2+ with a time delay 
between the pump and probe of 0 ps; and c, expanded spectrum of 
[Ru(bpy)2(bpym)]2+ with the time delay between the pump and probe pulses 

at 4000 ps. 
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1200 1300 1400 1500 1600 
R A M A N S H I F T (cm-*) 

Figure 6. a, Pure two-color picosecond Raman spectra in H20 of [Ru-
((COOH)2bpy)(bpy)2]2+; asterisks indicate excited-state bands assigned to the 
(COOH)2bpy ligand; arrows indicate the expected (but absent) position of the 
bands corresponding to the MLCT state localized on the bpy ligand. b, One-

color picosecond Raman spectrum of [Ru(bpy)3]2+. 

that any excitation to the higher energy bpy l igand has decayed on a t ime 
scale fast compared to the 10-ps probe pulse. The fact that the bpy l igand 
has in i t ia l ly undergone excitation can be seen i n the ground-state Raman 
spectrum. Resonance Raman bands can be observed and assigned to both 
the bpy m and bpy ground-state ligands. T h e bpy bands are resonantly e n 
hanced i n the spectrum to approximately the same degree as i n [ R u ( b p y ) 3 ] 2 + . 
This fact indicates that the laser is i n resonance w i t h the excited M L C T state 
of bpy. This specific enhancement is a consequence of the importance of the 
F r a n c k - C o n d o n factor i n the resonance Raman enhancement (17). T h e effect 
of the F r a n c k - C o n d o n factor is to selectively enhance those bands along 
w h i c h there is a distortion i n the potential between the ground and excited 
state i n resonance. 

F o r the ground state of [Ru(bpym) (bpy) 2 ] 2 + , this distortion appears to 
be the same as that occurr ing i n [ R u ( b p y ) 3 ] 2 + because the observed ground-
state bpy bands i n [Ru(bpym)(bpy) 2 ] 2 + have the same frequencies and r e l -
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ative intensities as those i n [ R u ( b p y ) 3 ] 2 + . G i v e n that the M L C T states are 
assumed to be local ized, a distortion of potential along the v ibrat ional co
ordinates i n bpy can occur only w i t h M L C T excitation to the b p y l igand. 
There is no change i n the magnitude of the resonance Raman enhancement 
o f the g round -s ta te b p y bands i n [ R u ( b p y m ) ( b p y ) 2 ] 2 + c o m p a r e d to 
[ R u ( b p y ) 3 l 2 + . Therefore, it is expected that the laser produces an in i t ia l 
population of roughly one- th ird to two-thirds on the b p y m and bpy l igand, 
respectively. 

F i g u r e 5 indicates that the bpy l igand is not observed i n the excited 
state. I n fact, to escape detection w i t h the signal-to-noise ratio shown i n 
F i g u r e 5, the bpy bands must be present at an intensity at least 75 t imes 
smaller than the corresponding b p y m bands. This is taken as evidence that 
the in i t ia l excitation to the bpy- local ized M L C T state has decayed on a t ime 
scale faster than the 10-ps observation t ime . T h e same reasoning is app l i ed 
to [ R u ( ( C O O H ) 2 b p y ) ( b p y ) 2 ] 2 + . H e r e again, the spectra indicate an absence 
of Raman bands corresponding to the excited state of the higher-energy b p y 
l igand. T h e indicat ion is that the rate of I L E T i n [ R u ( ( C O O H ) 2 - ( b p y ) ( b p y ) 2 ] 2 + 

is faster than the 10-ps laser pulse w i d t h . 

Dynamics 

Two-color Raman spectroscopy was used to establish that electrons are l o 
cal ized on both types of ligands i n [ R u ( M e 2 b p y ) 2 ( b p y ) l 2 + . T h e two-color 
excited-state spectrum for [ R u ( M e 2 b p y ) 2 ( b p y ) ] 2 + is shown i n F i g u r e 7 for 
various t ime delays between the p u m p and probe lasers. N o dynamics are 
observed on a picosecond t ime scale. In fact, F i g u r e 7 shows that there are 
no dynamics occurr ing al l the way out to 500 ns. T h e impl i cat ion from this 
result is that electron transfer from the M e 2 b p y l igand to the bpy l igand 
occurs at a rate slower than 2 Χ 1 0 6 s" 1. 

T h e energy gap between these two ligands is estimated (13) at 890 c m " 1 

from the reduct ion potentials of [ R u ( b p y ) 3 ] 2 + and [ R u ( M e 2 b p y ) 3 ] 2 + . T h e 
difference i n the 2 + / 1 + reduct ion potentials of the respective tr is -subst i -
tuted complexes is assumed to approximate the M L C T excited-state energy 
gap. T h e reduct ion is be l ieved to be that of the complexed l igand, thereby 
m i m i c k i n g excited-state behavior. I f this estimate is i n error , there is an 
a l t e r n a t i v e e x p l a n a t i o n f o r t h e l a c k o f d y n a m i c s o b s e r v e d i n t h e 
[ R u ( M e 2 b p y ) 2 ( b p y ) ] 2 + excited state. T h e possibi l i ty exists that fast electron 
transfer establishes thermal e q u i l i b r i u m between the two diss imilar l igands. 
It should be possible to determine i f the b p y and M e 2 b p y ligands are in 
thermal e q u i l i b r i u m by investigating the temperature dependence of the 
Raman spectrum. I n other words, i f fast I L E T is occurr ing , i t should be 
possible to collapse the population on the higher-energy l igand into that of 
the lower by cool ing the sample. 

Low-temperature Raman spectra are shown i n F i g u r e 8. N o change i n 
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1 3 0 0 1 5 0 0 1 7 0 0 

R A M A N S H I F T ^ m * " 1 ) 

Figure 7. Pure two-color spectrum of the MLCT state of [Ru(Me2bpy)2(bpy)]2+ 

produced by excitation at 532 nm (200 μ/ , 1-mm beam waist) and probed at 
354.7 nm (30 μ/ , 1-mm beam waist). The temporal delay between the pump 
and probe lasers is given in the figure. Solid lines labeled M* indicate bands 
assigned to the excited state of Me2bpy. Bands labeled B * indicate bands 
assigned to the excited state of bpy. Data shown here were obtained by sub
tracting the one-color spectrum from the raw two-color spectrum. Concen
tration was 2 mM in H20. (Reproduced with permission from reference 13. 

Copyright 1989 American Institute of Physics.) 

the relative intensities of the bands assigned to the M e 2 b p y and b p y l igand 
are observed over a temperature range o f 9 0 - 2 9 5 K . Be tween these extremes 
i n temperature, s imple statistical mechanics predicts that even an energy 
gap of 60 c m - 1 w o u l d exhibit a factor of 2 change i n populat ion i f thermal 
e q u i l i b r i u m appl ied . It is difficult (although not impossible) to bel ieve that 
the estimated energy gap is h igh by more than a factor of 15, leading to 
an actual energy gap of ^ 6 0 c m 1 between the M e 2 b p y and b p y l igand. 
T h e more l ike ly conclusion is that thermal e q u i l i b r i u m does not apply 
and that the lack of dynamics results from slow electron transfer at a rate 
fcILEX < 2 Χ 1 0 6 s" 1. 

The temporal dynamics were also investigated for the [ R u ( 5 , 5 ' - M e 2 b p y ) 2 -
( bpy ) ] 2 + complex. T h e result is the same as for [ R u ( M e 2 b p y ) 2 ( b p y ) ] 2 + . N o 
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Figure 8. One-color spectrum of the MLCT state of [Ru(Me2bpy)2(bpy)]2+ 

produced by excitation at 354.7 nm (30 μ/ , 250-μτη beam waist). The tem
peratures are given in the figure. Concentration was 2 mM in CD3ODfor Β 
and C. A was obtained at 2 mM in a 60:40 CD3OD:D20 glass. Solid lines 
labeled M * indicate excited-state bands of Me2bpy. Bands labeled B* corre
spond to the excited state of bpy. (Reproduced with permission from reference 

13. Copyright 1989 American Institute of Physics.) 

dynamics were observed, out to the longest delay (50 ns) investigated. T h e 
data are summarized i n Table I. T h e rate constants quoted for the first two 
entries are lower l imits of the rate estimated from the longest delay inves
tigated i n each case. 

Discussion 
O n e of the major conclusions of this chapter is i l lustrated b y the data s u m 
mar ized i n Table I. T h e transient Raman data provide a direct means of 
clearly demonstrating that electron populations are established on the lower-
energy l igand i n less than 10 ps for energy gaps ^1130 c m - 1 . T h e conclusions 
are not as straightforward for energy gaps less than 1130 c m " 1 . T h e Raman 
spectra for the mixed- l igand complexes are extensively overlapped. E v e n 
so, the two-color transient Raman spectra unambiguously establish that there 
are isolated bands that can be assigned to the M L C T state local ized on each 

 P
ub

lic
at

io
n 

D
at

e:
 M

ay
 5

, 1
98

9 
| d

oi
: 1

0.
10

21
/b

a-
19

90
-0

22
6.

ch
01

4

In Electron Transfer in Biology and the Solid State; Johnson, M., el al.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1989. 



14. ORMAN E T AL. Free Energy in Interligand Electron Transfer 265 

Table I. Apparent Rate of Interligand Electron Transfer as a Function 
of Free-Energy Gap Between Donor and Acceptor Ligands 

Complex Reaction Coordinate A G 0 , cm'1 

[Ru(Me2bpy)2(bpy)]2 + 

[Ru(5,5'-Me 2bpy) 2(bpy)] 2 + 

[Ru(Ph 2bpy)(bpy) 2] 2 + 

[Ru((COOOH ) 2 bpy)(bpy) 2 ] 2 + 

[Ru(bpym)(bpy)2]2+ 

(Me2bpy) - » (bpy) 
(5,5'-Me 2bpy) -> (bpy) 
(bpy)^(Ph 2 bpy) 
(bpy) - » (COOH ) 2 b p y ) 
(bpy) -> (bpym) 

890 
1130 
1300 
3080 
3240 

< 2 X 10 6 A 

< 2 X 10 7 F L 

> 2 Χ 10 1 1 

> 2 Χ 10 1 1 

> 2 Χ 10 1 1 

These rates are lower limits representing the maximum delays investigated (500 ns for Me2bpy 
and 50 ns for 5,5'-Me2bpy). 

distinct l igand. The populations do not appear to evolve i n t ime between 
10 and 500 ns. I n addit ion, the population of electrons local ized on the 
higher-energy l igand do not cool into the lower-energy l igand over a t e m 
perature range of 90 -298 K . 

T h e present data cannot dist inguish between the fo l lowing two possi
bi l i t ies . E i t h e r the estimated energy gap separating the lowest - ly ing tr iplet 
M L C T states is grossly i n error (that is, the estimated energy gap is h i g h 
by more than a factor of 15) or the lowest- ly ing tr ip let M L C T states are 
weakly coupled (such that electron transfer does not occur w i t h i n the ob
servation t ime of the experiment). It might seem at first glance that the 
latter possibi l ity is inconsistent w i t h the observation of fast electron transfer 
for energy gaps greater than 1130 c m " 1 . However , this is not necessarily the 
case. 

L i g h t at 354.7 and 532 n m init ia l ly excites into the singlet M L C T state, 
w h i c h decays into the tr iplet state i n less than 10 ps. T h e t e rm "s inglet " , 
w h i c h refers to the spin configuration of the state before spin orbit coupl ing , 
does not i m p l y that the electronic state is a pure singlet. It is possible that 
electron transfer is fast i n the init ial ly excited singlet electronic state, but 
slow i n the lowest l y i n g tr iplet states. W h e n I L E T on the singlet surface is 
not complete before intersystem crossing to tr ip let occurs, some populat ion 
is left on the higher energy l igand. Once i n the tr iplet state, I L E T might 
i n fact be very slow. This mechanism w o u l d account for the lack of dynamics 
observed i n the tr iplet state. F o r energy gaps ^1130 c m " 1 , I L E T is appar
ently complete on the singlet surface w i t h i n the t ime i n w h i c h intersystem 
crossing occurs. I n this case, because the picosecond Raman experiment 
probes only the tr iplet surface, no population is observed on the h igher 
energy l igand. 

There are many reasons w h y the rate of I L E T is expected to be fast on 
the singlet potential surface. A t higher energies, m i x i n g w i t h addit ional 
electronic states can enhance the overal l electronic coupl ing between dif
ferent ligands. O n e such possibi l i ty is coupl ing to metal -centered d - d states. 
Caspar and M e y e r (19) showed the importance of metal -centered states i n 
the energy-gap dependence of luminescence from the tr ip let states i n anal -
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ogous complexes. It was determined (19) that the energy transfer from tr ip let 
M L C T to metal-centered d - d states is thermal ly activated. F o r the higher 
energy singlet states, thermal activation is not a necessary prerequis i te to 
energy transfer. In fact, it is energetically possible for complete m i x i n g to 
occur between the singlet and d - d states. The end result of mix ing the 
singlet state w i t h a l l of the electronic states available at the higher energies 
w i l l ult imately be to enhance the probabi l i ty for radiationless decay. F u r t h e r 
work is necessary to clarify the mechanism of electron transfer i n these 
complexes. I n particular, direct measurement of the excited-state energy 
gaps is now i n progress. 
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Band Orbital Mixing and Electronic 
Instability of Low-Dimensional Metals 

Myung-Hwan Whangbo 

Department of Chemistry, North Carolina State University, 
Raleigh, NC 27695-8204 

Electronic instability of a low-dimensional metal leading to its 
metal-insulator or metal-superconductor transition is discussed from 
the viewpoint of orbital mixing between filled and empty levels near 
the Fermi level of a normal metallic state. This chapter examines the 
concept of Fermi surface nesting, its relationship to a metal-insulator 
transition, the correlation between real and reciprocal space prop
erties, and the difference in orbital mixing between insulating and 
superconducting states. 

S O L I D - S T A T E M A T E R I A L S A R E O F T E N C L A S S I F I E D according to how their 
resistivities (p) vary as a function of temperature (Γ). T h u s , metals and semi 
conductors are characterized by positive and negative slopes i n their ρ vs. 
Τ plots. T h e stability of a metal l ic state depends on several factors, such as 
temperature and pressure. W h e n the temperature is l owered , a meta l may 
become a semiconductor (1) or a superconductor (2). 

T h e electronic structure of a sol id is descr ibed by energy bands as shown 
i n 3, where rectangular boxes represent al lowed regions of energy (i .e., 

τ 

1 

τ 

2 

0065-2393/90/0226-0269$06.00/0 
© 1990 American Chemical Society 
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• 
• 

3 

energy bands). A given band consists of Ν discrete levels , where Ν is the 
total number of uni t cells i n a sol id. Because Ν —» °c for a l l practical purposes, 
a l l energy levels fal l ing w i t h i n a band are al lowed. In a one-electron band 
picture , e lec tron-e lectron repuls ion is neglected so that each band l eve l can 
be filled w i t h two electrons. I n this p ic ture , a semiconductor (or an insulator) 
contains only completely filled and completely empty bands, so that an 
energy gap (i.e., band gap £ g ) exists between the highest occupied and the 
lowest unoccupied band levels (see 4a). (An insulator is a semiconductor 

± 

4 a 

w i t h a large band gap.) O n the other hand , a metal has at least one partial ly 
filled band (see 4b) so that no energy gap exists between the highest occupied 

4 b 

leve l (i .e., the F e r m i leve l ef) and the lowest unoccupied band leve l . 
T h e electronic instabil ity of a metal that leads to e i ther a meta l - insu lator 

or a metal -superconductor transition may be descr ibed on the basis of orbital 
mix ing between the occupied and unoccupied levels (1-3). A new electronic 
state der ived from the orbital mix ing may become more stable than the 
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15. WHANGBO Low-Dimensional Metals 271 

metal l ic state w h e n the energy gain result ing from the interactions between 
the occupied and unoccupied levels outweighs the inherent energy increase 
caused by introducing h igher - ly ing , unoccupied levels. Because the energy 
difference between the occupied and unoccupied levels around the F e r m i 
l eve l can be very smal l , the extent of this energy increase can be made very 
small . Consequent ly , orbital mix ing among the band levels i n the v i c in i ty 
of the F e r m i leve l is crucial for a meta l - insulator or a meta l - superconductor 
transition. 

F r o m the v iewpoint of one-electron band theory, a meta l - insu lator t ran 
sition occurs w h e n the F e r m i surface of a partial ly filled band is w e l l nested. 
A metal may have a chance to become superconducting only w h e n it is free 
from electronic instabil ity toward a meta l - insulator transit ion. This chapter 
considers how the concept of F e r m i surface nesting comes about, w h y F e r m i 
surface nesting leads to an electronic instabil i ty toward a meta l - insu lator 
transit ion, how real and reciprocal space properties are related, and finally 
how the orbital mix ing leading to a superconducting state differs from that 
leading to an insulating state. 

Fermi Surface Nesting 

F o r s impl ic i ty , let us consider a two-dimensional (2D) rectangular lattice 5, 
w i t h repeat distances a and b. T h e coordinate of a lattice site is g iven b y 
(ma, nb), where m and η are integers. I f one orbital represents each lattice 
site, the orbital located at the site (ma, nb) may denoted by \ m n . In this 
notation, the orbital at the coordinate or ig in is g iven by χοο and those at its 
nearest-neighbor sites along the a- and h- directions by χ 1 0 and χ 0 1 , r e 
spectively. The al lowed energy levels of lattice 5 are descr ibed by the band 

h a - w 
τ · · 
b 
i . , , » 

5 
orbitals φ ( * β , kb), 

Φ(Κ, h) = N" 1 / 2 2 Σ exp(ifc ama) · exp(ikbnb) · \ m n (1) 

m η 
where ka and kh are wave vectors along the a and b directions, respectively, 
and the terms exp(ikama) and exp(ikbnb) are coefficients for the site orbital 
X m n . F o r convenience, the wave vectors ka and kh may be confined to the 
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fo l lowing values: - ττ /α ^ ka < tt/a and -πlb < < These values 
define the first B r i l l o u i n zone (shown i n F i g u r e 1) i n wave vector (i .e. , 
reciprocal) space. Those wave vectors define a l l possible values for the coef
ficients exp(ikama) and ex$(ikbnb) i n e q 1. 

i 

Y M 

Γ Χ 

Figure 1. First Bnllouin zone of the 2D rectangular httice 5, where Γ = (0,0), 
Χ = (πΙ&,Ο), Υ = (Ο,ιτ/b), and M = (ir/a, π lb). 

T h e band energies E(ka, kb) associated w i t h the orbitals φ(Λ β , kb) are 
expressed as 

E(ka> h) = α + 2 β β cos fcea + 2β* cos (2) 

w h e n the overlap between site orbitals is neglected (e.g., <Χοο|χιο > = 

< X o o l X o i > = 0). H e r e α is the C o u l o m b integral , and β 0 and β & are the 
nearest-neighbor resonance (i .e. , hopping) integrals along the a and b d i 
rections, respectively. G i v e n HeS as an effective H a m i l t o n i a n , α , β α , and β& 
are def ined as 

α = <Xoo|H e f f | X oo> (3a) 

β. = <Xoo|H e f f |Xio> (3b) 

β* = < X o o | H e f f | X o i > (3c) 

T h e nature of the band energies E(ka, kb) is usually examined b y p lot t ing 
E(ka, kb) as a iunct ion of wave vectors (i .e. , band dispersions) along certain 
lines of the first B r i l l o u i n zone (e.g., Γ—»X—»M—»Υ-»Γ i n F i g u r e 1). F i g u r e 
2 shows three examples of band dispersions that i l lustrate how the ratio of 
the resonance integrals, β& /β α , affects the shape of band dispersion. F igures 
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2a, 2b, and 2c represent the cases of β 6 / β α = 0, $ b / $ a < 1, and β ^ / β α = 
1, respectively. I n F i g u r e 2, each dashed l ine refers to the F e r m i l eve l for 
the case i n w h i c h the band is half- f i l led, w h i c h occurs i f there is one electron 
per site to contribute to the band. 

F i g u r e 2 shows that wave vectors i n a certain region of the first B r i l l o u i n 
zone lead to occupied band orbitals, and those i n the remain ing region to 

\ 
Υ Γ X M Y 

(a) 

γ r x M Y 

(O 
Figure 2. Dispersion relation of eq 2 for (a) $bt&* — 0, (h) & < 1, and 

(C) βΒ/β& = 1. 

unoccupied band levels. This relationship is shown i n Figures 3a, 3b, and 
3c, w h i c h correspond to the band dispersions of F igures 2a, 2b, and 2c, 
respectively. I n F i g u r e 3, the wave vectors of the shaded regions are oc
cup ied (i.e., they lead to occupied band levels), and those of the unshaded 
region are unoccupied. Because al l wave vectors are equally probable , the 
size of the occupied wave vector region is proport ional to the band filling. 
Thus , for a half - f i l led band, one-half of the first B r i l l o u i n zone is occupied. 

 P
ub

lic
at

io
n 

D
at

e:
 M

ay
 5

, 1
98

9 
| d

oi
: 1

0.
10

21
/b

a-
19

90
-0

22
6.

ch
01

5

In Electron Transfer in Biology and the Solid State; Johnson, M., el al.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1989. 



274 E L E C T R O N TRANSFER IN BIOLOGY AND T H E SOLID STATE 

(a) (b) (c) 
Figure 3. Fermi surfaces associated with the half-filled bands of Figure 2, (a) 
βι,/βα = 0, (b) βι,/βα < I, and(c) βι,/β3 = J. Filled wave vectors are indicated 

by hatching. 

T h e F e r m i surface of a partial ly filled band is def ined as the boundary 
that separates the occupied wave vector region from the unoccupied wave 
vector region (4). T h e F e r m i surface of F i g u r e 3a or 3b consists of separated 
l ines, and hence is said to be open. F o r the electrons w i t h the crystal 
momenta hkl 2it along a certain wave vector d irect ion , there exists no band 
energy gap i f the wave vector l ine crosses a F e r m i surface. I n such a case, 
a partial ly filled band system under consideration exhibits a metal l ic char
acter along the wave vector direct ion. W h e n a straight wave vector l ine does 
not cross a F e r m i surface, w h i c h is possible i f the F e r m i surface is open, 
the partial ly filled band system behaves as a nonmetal along that wave vector 
d irect ion. T h e presence of an open F e r m i surface characterizes a one-
dimensional ( ID) metal . Thus , F igures 3a and 3b both represent I D met 
als. T h e wave- l ike F e r m i surface of F i g u r e 3b reflects the fact that interac
tions along the b d irect ion are nonvanishing (i.e., β& Φ 0). T h e extent of 
how strongly the F e r m i surface deviates from the ideal I D F e r m i surface 
(i.e., the straight lines of F i g u r e 3a) is measured by the wave vector ratio, 
AJfc/(ir/a). Note that àk = 0 for β * / β β = 0 (Figure 3a), and àk = 1 for 
β & / β β = 1 (Figure 3c). Thus , the àk/(ir/a) ratio scales w i t h the β * / β β 

ratio. 
T h e F e r m i surface of F i g u r e 3c, obtained for the case of β & / β α = 1, 

has a rectangular shape. A F e r m i surface w i t h a closed loop is said to be 
closed. A 2 D metal is characterized by the presence of a closed F e r m i surface. 
F igures 4a and 4b show the F e r m i surfaces associated w i t h the band of 
F i g u r e 2c for the cases i n w h i c h the band is less and more than half - f i l led, 
respectively. T h e F e r m i surface of F i g u r e 4a is a "distorted c i r c l e " centered 
at Γ. I n contrast, the F e r m i surface of F i g u r e 4b features "d istorted c i rc les " 
centered at the four corners of the first B r i l l o u i n zone. (This becomes clearer 
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w h e n the pattern of F i g u r e 4b is repeated by translating it i n the ka and kb 

directions.) T h e F e r m i surface of F i g u r e 4a becomes more c ircular as the 
band filling is further reduced, and so does that of F i g u r e 4b as the band 
filling increases further. T h e F e r m i surfaces of F igures 4a and 4b both 
represent 2 D metals. 

A piece of a F e r m i surface may be translated by a single wave vector q 
and superimposed on another piece of the F e r m i surface. I n such a case, 
the F e r m i surface is said to be nested b y the wave vector q. F o r example, 
the F e r m i surfaces of F i g u r e 4 are not nested, but those of F igures 3a, 3b, 
and 3c have the nesting vectors shown i n F igures 5a, 5b, and 5c, respectively. 

Y Y Y 

(a) (b) (c) 
Figure 5. Nesting vectors associated with the Fermi surfaces of Figure 3. (a) 

βι,/β. = 0, (b) βΒ/βα < I, and (c) βι,/β. = I. 

In F i g u r e 5b it is not immediate ly obvious to see what the nesting vector 
does, because F i g u r e 5b shows only the port ion of the F e r m i surface be 
longing to the first B r i l l o u i n zone. W i t h an extended zone representation of 
the F e r m i surface, wh i ch is obtained by repeating the pattern of F i g u r e 5b 
i n the two wave-vector directions, it becomes clear that the nest ing vector 
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q superimposes the left-hand-side piece of the F e r m i surface onto the r ight -
hand-side piece. 

Electronic States Derived from a Normal Metallic State by 
Orbital Mixing 

A metal l ic state predic ted by one-electron band theory (i .e. , a normal m e 
tall ic state) is not stable w h e n its F e r m i surface is nested, and i t becomes 
susceptible to a meta l - insulator transition under a suitable perturbat ion. 
W e now examine the nature of the nonmetal l ic electronic states that are 
der ived from a normal metal l ic state upon m i x i n g its occupied and unoc
cup ied band energy levels (1-3). F o r s impl ic i ty , we w i l l discuss this orbital 
mix ing on the basis of the ideal I D band structure shown i n F i g u r e 2a. Th is 
band is dispersive only along the direct ion paral le l to Γ—»X (i.e. , the a 
direct ion i n real space). In this situation, the energy E(ka, kb) is independent 
of kb. Thus , by dropp ing our reference to the wave vector kb, eqs 1 and 2 
are s impl i f ied as 

< W U = N- 1 / 2 2 exp(^ e ma) · X m (4a) 
m 

E(ka) = α + 2 β β cos kaa (4b) 

T h e band dispersion of eq 4b for the first B r i l l o u i n zone, -it/a < fefl < 
ττ/α, is shown i n F i g u r e 6, where kf and -kf are the F e r m i wave vectors. 
Thus , the wave vectors i n the -kf< ka ^ kf region are occupied , and those 
i n the remain ing region are unoccupied. I n this I D representation, the F e r m i 
surfaces are g iven b y the two points kf and -kf, and the nest ing vector is 
2kf. (By def init ion, a F e r m i surface occurs i n the form of points i n I D 
representation, l ines i n 2 D representation, and surfaces i n three-dimensional 
(3D) representation, i n w h i c h three independent wave vectors are used to 
describe intersite interactions along three directions. Thus , i n 3 D repre -

Figure 6. Dispersion relation of eq 4b, where δ is a small positive number in 
reciprocal space. 
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sentation, the F e r m i surface of a I D metal is g iven by two separate p lanel ike 
surfaces, that of a 2 D metal by a cy l inder l ike surface, and that of a 3 D metal 
by a spherel ike surface.) G i v e n δ as a small positive number , the occupied 
band orbitals near the F e r m i leve l are g iven by φ ( -& / + δ) and φ ( ^ - δ) , 
and the unoccupied orbitals by φ ( ^ + δ) and φ ( -& / - δ). T h e occupied 
orbital φ ( -& / + δ) differs from the unoccupied orbital $(kf + δ) by the wave 
vector 2kfy and φ ( & / - δ) differs s imilar ly from φ ( - £ / - δ). M i x i n g the orbitals 
φ ( -& / + δ) and φ ^ + δ) leads to new orbitals ψ(-&/ + δ) and ψ(&/ + δ), 
def ined as 

«Κ-*/ + δ) = (1 + Wrkf + δ) + + δ)] (5a) 

«Κ*, + δ) = (1 + γ ν 2 [ - Ύ Φ ( - * / + δ) + «Κ*, + δ)] (5b) 

where y is a mix ing coefficient. 
It is important to analyze spin and charge-density changes induced b y 

the orbital mix ing shown i n eq 5. F o r s impl ic i ty , we assume that the overlap 
between site orbitals vanishes (e.g., < χ 0 | X i > = 0). T h e n the charge 
d istr ibut ion result ing from the unmodi f ied orbi ta l φ(£) (i .e. , φ*(£)φ(&)) is 
g iven by 

φ*(*)φ(*) = N~l Σ χ Λ , (6) 
m 

Thus , a l l site orbitals have the same coefficient, 1 /N, so that a l l sites have 
an identical density. T h e new orbitals, ψ ( - ^ 4- δ) and i|i(fcy 4- δ), lead to 
the fol lowing density distributions: 

ψ*(-* / + δ) + δ) = I V " 1 £ [1 + 2Ύ(1 + 7 2)" 1 cos 2kfma] · Xm*Xm 

m 

(7a) 

ψ*(*/ + δ )ψ(^ + δ) = Ν-1 S U " 2Ύ(1 + Υ 2 ) " 1 cos 2kfma] · Xm*Xm 

m 
(7b) 

Equat i on 7 is independent of the parameter δ, w h i c h measures how far 
away the orbitals φ ( -& / + δ) and φ ( ^ + δ) are from the F e r m i leve l . T h e 
coefficients of X T O * X m i n e q 7 are not uni form, but their magnitudes vary i n 
a per iodic manner that is descr ibed by the nesting vector 2fc^as 27(1 + 72)"1 

cos 2kf ma. Consequent ly , the orbital mixings defined by e q 5 introduce 
density waves w i t h respect to the metal l ic state. I f the absence of a density 
wave i n a chain is represented by a straight l ine , 6a, then the presence of 
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it can be represented by a wavy l ine , 6b or 6c. In 6b and 6c, e lectron gain 

6 a 

and loss w i t h respect to the density d istr ibut ion of 6a are represented b y 
the crests and troughs of the waves, respectively. L i n e 6b shows density 
accumulation i n the region where 6c shows density deplet ion. Thus , the 
density waves 6b and 6c are out of phase. T h e repeat distance, L , of 6b or 
6c is increased by a factor of ( 2 ι τ / α ) / 2 ^ w i t h respect to that of 6a, so that 
L = Ttlkf. F o r the I D band given by e q 4b, the kf value for the band 
occupancy 1/n (e.g., η = 2 for a half - f i l led band) is g iven by kf = ττ/ηα, so 
that L = na. 

T h e density waves given by the orbitals ψ(-&/ + δ) and i|/(fcy + δ) i n e q 
7 are out of phase because i|f(-fy + δ) accumulates electron density on the 
sites where ψ ( ^ + δ) depletes electron density, and vice versa. W h e n we 
fill the orbitals ψ( -£ / + δ) w i t h two electrons, leaving the orbitals $(kf + 
δ) empty , a charge-density wave state ( C D W ) results. In this state, each site 
has an equal density of up-spin and down-spin electrons, but the total elec
tron density at each site varies i n a periodic manner. A n example of C D W 
der ived from a half- f i l led metal l ic band of a I D chain is shown i n 7 (2), 

_ 11 η u « 

7 —· · · · · 

where the length of an upward or downward arrow at each lattice site r ep 
resents the magnitude of the up-sp in or down-spin electron density, r e 
spectively. I f we f i l l the orbitals ψ(-&/ + δ) w i t h an up -sp in electron and 
the orbitals ψ ( ^ + δ) w i t h a down-spin electron, there occurs a spin-density 
wave state ( S D W ) . In this state, the total electron density at each site is 
ident ical , but each site has unequal densities of up-spin and down-sp in 
electrons that vary i n a periodic manner. A n example of an S D W der ived 
from a half- f i l led band of a I D chain is depicted i n 8 (2), where the net spins 

ρ U 4 1k 4 Ο —· · · · 
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of the lattice sites have an antiferromagnetic ordering. Though not shown, 
we obtain results identical to 8 by mix ing the unoccupied orbitals ψ(-&/ -
δ) w i t h the occupied orbitals - δ). 

This orbital mix ing cannot occur unless a certain perturbat ion , H', is 
introduced to a metal l ic system so that a n e w effective H a m i l t o n i a n becomes 
Ijeff + H , T h e o r b i t a j s ψ ( _ ^ + δ ) a n ( j + a r e n o t eigenfunctions 

of HeS + H\ so the interaction between φ ( -& / + δ) and φ ( ^ + δ) under 
the perturbat ion Hf (i.e., < φ ( - & / + δ) | Η' \ $(kf + δ ) > ) does not neces
sarily vanish. T h e perturbation causing the C D W state associated w i t h a 
F e r m i surface nesting vector, 2kf, is a lattice v ibrat ion (i.e., phonon) w i t h 
the wave vector 2kf. The C D W is referred to as commensurate w h e n the 
ratio (itld)l2kf is an integer (e.g., 2, 3, . . .) and incommensurate other
wise. A commensurate C D W state is susceptible to a permanent lattice 
distortion as a result of e l ec t ron-phonon interactions. T h e perturbat ion caus
ing an S D W state is an on-site repuls ion, U (2). G i v e n that the total density 
at each site is ident ical , the total energy of a system can be lowered by in t ro 
duc ing spin polarization on each site because it reduces the extent of on-site 
repuls ion. 

Fermi Surface Nesting and Electronic Instability 

W e now consider w h y F e r m i surface nesting plays a prominent role i n 
induc ing a C D W or S D W state from a normal metal l ic state. To s impli fy 
our notation, an occupied wave vector (ka, kb) may be represented by k, 
and an unoccupied wave vector (ka\ kb) b y k'. O r b i t a l m i x i n g between an 
occupied orbital φ ( φ and an unoccupied orbital φ ( ^ ) leads to new orbitals 
i|i(k) oc φ(1ζ) + 7 φ ( ^ ) and i|i(k') α - 7φ (£ ) + φ ^ ' ) . These n e w orbitals introduce 
electron-density waves described by the wave vector q = k - k', w h i c h are 
out of phase i n their density distributions. W h e n a F e r m i surface has a 
nesting vector q, this orbital mix ing can be per formed for a l l the wave vectors 
i n the nested region of the first B r i l l o u i n zone, thereby leading to the sets 
of new orbitals {*|*(k)} and {i|*(k')} differing i n their wave vectors b y q = 
k - k'. A C D W state is obtained w h e n the orbitals i|/(k) are each doubly 
occupied. A n S D W state is obtained w h e n the orbitals i|i(k) and i|i(k') are 
each singly occupied by up-sp in and down-spin electrons, respectively. 

W i t h a nested F e r m i surface, the sets of orbitals {i|i(k)} and {i|/(k')} inc lude 
those der ived from mix ing the occupied and unoccupied levels [ φ ( φ and 
φ ( ^ ) , respectively] i n the v i c in i ty of the F e r m i leve l . T h e energy difference 
between such orbitals φ ^ ) and φ ( ^ ) is smal l , so that the orbital m i x i n g 
between them is significant, and so is the interaction energy < φ ( φ |H'| 
φ ^ ' ) > . In addit ion, the energy lower ing that results from such an interact ion 
matrix e lement can be gained from al l the wave vectors k and k' re lated by 
the nesting vector q = k - k' i n the nested region of the first B r i l l o u i n zone. 
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This is w h y the electronic instabil ity toward a C D W or an S D W state is 
strong w h e n a normal metal l ic state possesses a complete F e r m i surface 
nesting. As the extent of F e r m i surface nesting d iminishes , that of the elec
tronic instabil i ty decreases. 

B o t h C D W and S D W states are insulat ing i n nature because a band 
energy gap is created at the F e r m i l eve l as a result of orbital m i x i n g (2). A n 
insulat ing state has no F e r m i surface, by def init ion, because its highest 
occupied and lowest unoccupied levels are not degenerate. Thus , for a 
meta l - insulator phase transition arising from a C D W or an S D W formation, 
the orbital mix ing induced by the F e r m i surface nesting is said to destroy 
the F e r m i surface. A sl ightly incomplete F e r m i surface nest ing occurs w h e n 
the pieces of the F e r m i surface invo lved have sl ightly different curvatures 
i n certain wave vector regions. F o r such a case as w e l l , there exists an 
electronic instabil ity result ing from the nested portions of the F e r m i surface. 
T h e latter are destroyed upon the associated orbital mix ing . After a phase 
transition result ing from this orbital mix ing , the small unnested portions of 
the F e r m i surface give rise to small pocketl ike n e w F e r m i surfaces around 
t h e m , so that the result ing new electronic state is s t i l l metal l ic (5). That is , 
an incomplete F e r m i surface nesting leads to an incomplete destruction of 
the F e r m i surface, w h i c h is responsible for m e t a l - m e t a l transitions. 

So far we have considered that a band leve l be low e f is complete ly filled 
(i .e. , occupancy of 1); that above e f is completely empty (i .e. , occupancy of 
0). Th is picture is va l id for a l l levels w h e n Τ = 0, but on ly for the levels 
l y i n g outside the v i c in i ty of the F e r m i l eve l (e.g., e < ef - 4kBT and e > 
ef + 4kBT, where kB is the Bo l t zmann constant) w h e n Τ > 0. F o r the levels 
l y i n g close to the F e r m i l eve l (e.g., ef - 4kBT < e < e{ + 4fc BT), whose 
orbital mix ing plays a crucial role i n l ower ing the energy of a I D metal , 
thereby leading to a meta l - insulator transit ion, the ir orbi ta l occupancy f(e) 
at nonzero temperature is g iven by the F e r m i - D i r a e d is tr ibut ion funct ion, 
f(e) = {1 + expf(e - ef)/kBT]}-\ Thus , f(e) < 1 for e < eb and f(e) > 0 for 
e > ef. F o r example, i n F i g u r e 6, the occupancy of φ ( -& / + 8) is less than 
1, and that of φ(&/ + δ) is larger than 0 (at Τ > 0). Consequent ly , the energy 
gain result ing from the orbital mix ing between φ ( -& / + δ) and $(kf 4- δ) is 
m a x i m u m at Γ = 0 and decreases as Τ is raised. T h u s , only w h e n Τ is 
l owered be low a certain temperature does the energy gain associated w i t h 
the orbital mix ing become substantial enough to cause a meta l - insu lator 
transition. 

CDW Instability and Real vs. Reciprocal Space Correlations 
M e t a l - i n s u l a t o r transition aris ing from a C D W instabi l i ty is not abrupt, but 
typical ly undergoes a series of steps (6). This process can be i l lustrated by 
considering a I D metal as composed of weakly interact ing chains. A t a h i g h 
temperature, each chain has no tendency for C D W formation, so a l l chains 
have uni form density distributions, as i l lustrated i n F i g u r e 7a. B e l o w a 
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(a) (b) 
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Figure 7. Schematic representation of what happens to a ID metal with CDW 
instability as a function of temperature T . (a) Uniform electron-density dis
tribution at Τ > TJD, (7?) ID fluctuation at T X < Τ < T I D , (cj ZaferaZ ordering 

at T C < Τ < T X , and (dj long-range order at Τ < T C . 

certain temperature T 1 D , each chain has a tendency for C D W formation. As 
shown i n F i g u r e 7b, a C D W is formed and destroyed dynamical ly at many 
parts of each chain , and C D W formation i n one chain is independent of 
those i n other chains. T h e average length of a C D W segment (i .e., coherent 
length) is ξ β . B e l o w a certain temperature Tx ( < T 1 D ) , C D W segments among 
different chains begin to order along the interchain d irect ion as shown i n 
F i g u r e 7c, where ξ& is the coherent length along the interchain direct ion. 
B e l o w a certain temperature T c (<T X ) , C D W formation i n each chain is 
complete and C D W s among different chains are ordered , as shown i n F i g u r e 
7d. Thus , a long-range order sets i n . T h e coherent lengths ξα and ξ& increase 
gradually upon lower ing the temperature as the extents of long-range order 
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along the in t ra - and interchain directions increase. These coherent lengths 
become infinite w h e n a long-range order is complete i n both directions. 

Crys ta l structures are largely determined by single-crystal X - r a y dif
fraction measurements, whose diffraction patterns are recorded i n rec iprocal 
space. T h e temperature dependence of the diffraction pattern of a I D metal 
is closely related to what happens to it i n real space, as discussed i n con 
nection w i t h F i g u r e 7. A t Τ > T 1 D , the diffraction pattern of a I D metal 
shows only Bragg peaks, as shown i n F i g u r e 8a. A t Tx < Τ < T 1 D , the 
diffraction pattern shows difiuse lines (or sheets i n 3 D representation) per 
pendicular to the ka d irect ion , w h i c h are located at ± 2kf from the rows of 
the Bragg peaks, as shown i n F i g u r e 8b. T h e thickness of the difiuse l ine is 
g iven by ξα~ι. A t Tc < Τ < Tx, the difiuse l ines are transformed into difiuse 
spots (or rods i n 3 D representation) centered at (2kf, qb) and its equivalent 
positions, as shown i n F i g u r e 8c. T h e thickness of a difiuse spot along the 
ka and kb directions is g iven by ξ β

_ 1 and ξ & "\ respectively. B e l o w T c , a l ong -
range order sets i n so that the difiuse spots are converted into superlattice 
spots, as shown i n F igure 8d . T h e difiuse spot thicknesses along the i n t r a -
and interchain directions are inversely proport ional to the coherent lengths 
ξ α and ξ b > respectively. Therefore, the diffuse spots become smaller as the 
extent of long-range order along the two directions increases. T h e y even 
tually become superlattice spots after a long-range order sets i n along both 
directions. 

Superconductivity and Electronic Instability 

W h e n the temperature is lowered, a metal may become susceptible to a n 
other type of electronic instabil ity, formation of a superconduct ing state. 
F o r a metal to be superconducting, i t should avoid the electronic instabi l i ty 
toward a meta l - insulator transition leading to a C D W or an S D W state 
associated w i t h a good F e r m i surface nesting. I n general , the F e r m i surface 
of a I D metal is wel l -nested, so a I D metal rarely undergoes a m e t a l -
superconductor transition. As seen from Figures 3c and 4, the F e r m i surface 
nesting of a certain 2 D metal l ic system can be removed b y partial oxidation 
or part ial reduct ion. F o r example, w h e n half - f i l led, the C u O a layer x2 - y2 

band of a high-temperature copper oxide superconductor has a wel l -nested 
F e r m i surface (as i n F i g u r e 3c) (7). In such a case, the C u O a layer is no 
longer a metal but exhibits an antiferromagnetic state (i.e., an example of 
an S D W state). T h e C u 0 2 layer shows superconductivity only w h e n some 
electrons are removed from (8, 9) or added to (10, 11) the x2 - y2 band so 
that its F e r m i surface loses nesting character (as i n F i g u r e 4). 

F r o m the v iewpoint of one-electron band theory, a superconduct ing 
state also involves orbital mix ing among the band levels above and be low 
the F e r m i leve l . However , the way this orbital mix ing comes about differs 
considerably from that discussed for C D W and S D W states. Charge carriers 
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(c) H h - f " 1 ( d ) 
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Figure 8. Schematic representation of diffraction patterns of a ID metal with 
CDW. (a) Only Bragg peaks are present atT > Tw, (b) diffuse lines occur at 
T x < Τ < T J D , (c) diffuse lines become diffuse spots at T c < Τ < T x , and (d) 

difiuse spots become superlattice spots at Τ < T c . 

of a superconducting state are not ind iv idua l electrons, but pairs of electrons 
(called Cooper pairs) having opposite momenta (i.e., opposite wave vectors) 
(12-15). Thus , Cooper pairs are not described b y ind iv idua l band orbitals 
<|>(k) and <|>(k'), but by product functions <|>(k)<J>(-k) and <j)(k')<J>(-k'), where k 
and k' refer to occupied and unoccupied wave vectors of a normal metal l ic 
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state, respectively. T h e energy lower ing that gives rise to superconduct ivity 
is induced by the interaction o f an occupied pair function φ(1ζ)φ(—k) w i t h an 
unoccupied pair function <|>(k')4>(-k') ( i .e. , <<|>(k)<|>(-k) \H'\ φ (£ ' )ΦΗ<' )>) . 
T h e perturbation HR causing this mix ing is e l e c t ron -phonon interaction i n 
tradit ional superconductors. 

As a consequence of the interaction between pair functions, the character 
of the unoccupied pair function is mixed into that of the occupied pair 
function. I n this indirect way, a superconduct ing state incorporates unoc
cup ied orbital character into occupied orbital character. Interactions be 
tween pair functions <|>(k)<|>(k) and <|>(k')<|>(k') introduce an energy gap at the 
F e r m i leve l . Th is energy gap is a few mult ip les o f kBTc at absolute zero 
temperature, where T c refers to the superconduct ing transit ion temperature , 
and gradually decreases to zero at Tc (12-14). 

F o r tradit ional superconductors descr ibed b y the B C S theory j ( I2 -J5 ) , 
Cooper pair formation is induced by e l e c t ron -phonon interaction. A m o v i n g 
electron causes a slight, momentary lattice deformation around itself. T h e 
deformation affects the mot ion o f a second electron i n the wake of the first 
i n such a way that, effectively, the two electrons move as an entity , as i f 
bound together by an attractive force. T h e extent of e l e c t ron -phonon cou
p l i n g is measured b y the e lec t ron -phonon coupl ing constant, λ. 

A m o n g the several factors affecting the magnitude of T c (15), the most 
important one is the e lec t ron -phonon coupl ing constant, λ. I n general , Tc 

increases w i t h increasing λ. F o r a lattice w i t h atoms of mass M and w i t h a 
phonon spectrum effective for the e l e c t ron -phonon coupl ing , the constant 
λ varies as λ « 1 / Μ < ω 2 > , where < ω 2 > is the square of the phonon fre
quencies averaged over the phonon band (14), and the Μ < ω 2 > te rm has 
the d imens ion of a force constant. Therefore, a large X results w h e n the 
lattice has a low-frequency phonon spectrum (i.e., soft phonons aris ing from 
vibrations w i t h shallow potential wells). Thus , w h e n the lattice is soft toward 
the l o w - f r e q u e n c y p h o n o n s c r u c i a l for s u p e r c o n d u c t i v i t y , the e l e c 
t r o n - p h o n o n coupl ing constant, λ , is large, thereby rais ing the T c (16). 

F o r the high-temperature copper oxide superconductors (8-11), no 
satisfactory theory has been developed yet. Nevertheless , an interest ing 
s tructure -property relationship is found for the copper oxide ho le -
superconductors (i .e. , those superconductors whose C u 0 2 layers have less 
than half - f i l led x2 - y2 bands) by plott ing the Tc values against the in-plane 
C u - O b o n d lengths, r C u _ 0 (J 7). F o r every class of the Tc vs. r C u _ 0 correlations, 
there exists an o p t i m u m in-plane C u - O bond length , r o p t , for w h i c h the Tc 

is a m a x i m u m , such that the Tc decreases gradually as r C u _ Q e i ther increases 
or decreases from r o p t . 

Analysis of the T c vs. r C u _ _ 0 correlations suggests (17) that the strength 
of the in-plane C u - O bond , w h i c h can be altered e ither b y changing the 
extent of partial oxidation of the C u 0 2 layers or by changing the size of the 
cations occupying the 9-coordinate sites adjacent to the C u 0 2 layers, is an 
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important parameter governing the magnitude of T c . N a m e l y , there exists 
an o p t i m u m in-plane C u - O bond strength for w h i c h the Tc is a m a x i m u m , 
and the Tc decreases as the in-plane C u - O bond strength e i ther increases 
or decreases from the o p t i m u m value. This conclusion also applies to the 
copper oxide electron-superconductors (i .e. , those superconductors whose 
C u 0 2 layers have more than half- f i l led x2 - y2 bands) (18). F o r instance, the 
Tc

 v s - r cu-o pl°* obtained for the various E u x 8 5 _ 3 C L a I C e o . 1 5 C u 0 4 samples w i t h 
vary ing χ shows a max imum. Subst i tut ing L a 3 + for E u 3 + does not change 
the extent of the partial reduct ion i n the C u 0 2 layer, but i t increases the 
average r C u _ 0 , thereby weakening the in-plane C u - O b o n d on average, 
because L a 3 + is greater i n ionic size than E u 3 + . 

Cer ta in ly , for a superconducting state to occur, the energy increase 
associated w i t h the introduct ion of unoccupied orbital character should be 
smaller than the energy gain result ing from interaction among pair functions. 
D e p e n d i n g upon the nature and strength of the perturbations causing orbital 
mix ing , a normal metal l ic state w i t h nested F e r m i surface may i n pr inc ip le 
lead to a superconducting state w h e n the temperature is lowered . F e r m i 
surface nesting gives rise to a meta l - insulator transit ion such as C D W or 
S D W formation i n most cases, but to a superconducting state w h e n the 
interaction matrix elements <<|>(k) \H'\ <|>(k')> responsible for C D W or S D W 
formation are small compared w i t h the interaction matrix elements <<|>(k)<|)(k) 
|H'| <|>(k')<|>(k')> that cause a superconducting state (5,19). W h e n the relative 
stabilities of C D W , S D W , and superconducting states are s imilar , preference 
of one state over the other is delicately balanced b y a change i n temperature 
and pressure. 

Concluding Remarks 

T h e electronic structure of a C D W , an S D W , or a superconduct ing state 
may be descr ibed i n terms of orbital mix ing between filled and empty levels 
of a normal metal l ic state. I n contrast to the case of C D W and S D W states, 
orbital mix ing i n a superconducting state occurs indirect ly v ia interactions 
between filled and empty pair functions. Because incorporation of unoccu
p i e d orbital character raises energy, only those levels i n the v i c in i ty of the 
F e r m i l eve l are crucia l for a meta l - insulator or meta l - superconductor t ran
sit ion. T h e perturbations causing C D W and S D W states are phonon and 
on-site repuls ion , respectively, and occurrence of these two states require 
F e r m i surface nesting. O u r discussion is l i m i t e d to those electronic states 
that originate from a normal metal l ic state, and is appropriate w h e n the o n -
site repuls ion U is small compared w i t h the band w i d t h W (e.g., W = 4 β β 

i n the I D band shown i n F i g u r e 6) (I , 2, 20-22). W h e n U is greater than 
W , electrons are local ized on lattice sites. It is difficult to describe the l ow-
l y i n g excited states of such a local ized state by a band electronic structure 
theory because the latter is based upon the assumption that electrons are 
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delocal ized throughout the lattice. Loca l i zed electronic systems are typical ly 
examined i n terms of mode l Hamiltonians (e.g., spin and H u b b a r d H a m i l -
tonians) designed to study their l ow- ly ing excited states (21). 

Acknowledgment 

This work was supported by the U . S . Department of E n e r g y , Office of Basic 
E n e r g y Sciences, D i v i s i o n of Materials Sciences under Grant D E - F G 0 5 -
86ER45259. 

References 

1. Whangbo, M. -H. J. Chem. Phys. 1979, 70, 4963. 
2. Whangbo, M. -H. J. Chem. Phys. 1980, 73, 3854. 
3. Whangbo, M. -H. J. Chem. Phys. 1981, 75, 4983. 
4. Jones, H. Theory of Brillouin Zones and Electronic States in Crystals; 2nd ed.; 

North-Holland: Amsterdam, Netherlands, 1975; pp 43-49. 
5. Whangbo, M. -H. ; Canadell, E . Acc. Chem. Res. 1989, 22, 375. 
6. Pouget, J. P. In Low Dimensional Electronic Properties of Molybdenum Bronzes 

and Oxides; Schlenker, C., Ed. ; Reidel: Dordrecht, Netherlands, 1989; Chap
ter 3. 

7. Whangbo, M. -H. ; Evain, M. ; Beno, Μ. Α.; Williams, J. M. Inorg. Chem. 1987, 
26, 1829, 1831, 1832. 

8. Sleight, A. W. Science 1988, 242, 1519. 
9. Sleight, A. W.; Subramanian, Μ. Α.; Torardi, C. C. Mater. Res. Soc. Bull. 1989, 

XIV, 45. 
10. Tokura, Y.; Takagi, H.; Uchida, S. Nature 1989, 337, 345. 
11. James, A. C. W. P.; Zahurak, S. M. ; Murphy, D. W. Nature 1989, 338, 240. 
12. Bardeen, J. ; Cooper, L. N.; Schrieffer, J. R. Phys. Rev. 1957, 108, 1175. 
13. Grassie, A. D. C. The Superconducting State; Sussex University Press: London, 

1975; Chapter 2. 
14. Solymar, L. ; Walsh, D. Lectures on the Electrical Properties of Materials; 4th 

ed.; Oxford University Press: Oxford, England, 1988; Chapter 14. 
15. McMillan, W. L. Phys. Rev. 1968, 167, 331. 
16. Whangbo, M. -H. ; Williams, J. M. ; Schultz, A. J. ; Emge, T. J. ; Beno, M. A. 

J. Am. Chem. Soc. 1987, 109, 90. 
17. Whangbo, M. -H. ; Kang, D. B.; Torardi, C. C. Physica C, 1989, 158, 371. 
18. Wang, E.; Tarascon, J . -M. ; Greene, L. H. ; Hull, G. W. Phys. Rev. B., in press. 
19. Whangbo, M. -H. ; Canadell, E . J. Am. Chem. Soc. 1988, 110, 358. 
20. Whangbo, M. -H. Acc. Chem. Res. 1983, 16, 95. 
21. Brandow, Β. H. Adv. Phys. 1977, 26, 651. 
22. Mott, Ν. F. Metal Insulator Transitions; Barnes and Noble: New York, 1977. 

RECEIVED for review June 6, 1989. A C C E P T E D revised manuscript August 7, 1989. 

 P
ub

lic
at

io
n 

D
at

e:
 M

ay
 5

, 1
98

9 
| d

oi
: 1

0.
10

21
/b

a-
19

90
-0

22
6.

ch
01

5

In Electron Transfer in Biology and the Solid State; Johnson, M., el al.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1989. 



16 
Ceramic Superconductors 

Single-Valent versus Mixed-Valent Oxides 

John B. Goodenough 

Center for Materials Science and Engineering, University of Texas at Austin, 
Austin, TX 78712-1084 

The problem of electronic transport in oxides is reviewed briefly. The 
situation in the main-group oxides is contrasted with that in the rare
-earth oxides. In Ba1-xKxBiO3, for example, introduction of mixed 
valence allows superconductivity to compete with the charge-density 
wave stable in the "single-valent" stoichiometry; and in ferromagnetic 
EuO, oxidation leads to small-polaron conduction, but reduction 
gives a metal-semiconductor transition below the Curie temperature. 
The d-block transition-metal oxides are of intermediate character; in 
these oxides, either localized magnetic moments or charge-density 
waves may compete with superconductivity. However, an abrupt 
transition from antiferromagnetic order to high-critical-temperature 
(Tc) superconductivity, such as that found in some copper oxides, is 
not observed in oxides where a single-band model is clearly appli
cable. The special features that allow for a two-band model in the 
high-Tc oxide superconductors are emphasized. In addition, attention 
is called to a thermal-expansion mismatch between A-O and B-O 
bonds in structures related to the ABO3 perovskites, and the rela
tionship of the electronic and structural features is pointed out. These 
special features provide the necessary framework for a strong-cou
pling theory of superconductivity. 

V J E R A M I S T S HAVE TRADITIONALLY B E E N MORE INTERESTED i n refractory 
insulators than i n metal l ic oxides. Consequently , the 1986 report of h i g h -
Tc (critical temperature) superconductivity i n an oxide appeared to many to 
be an especially extraordinary finding, even though several oxides were 
already known to be superconductors. 

0065-2393/90/0226-0287$09.75/0 
© 1990 American Chemical Society 
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To understand metal l ic conductivity i n oxides, it is useful to consider 
separately three different types of atomic outer electrons: the valence s and 
ρ electrons active i n bonding ; the rare-earth 4 f n manifolds that everywhere 
remain local ized, interact ing only weakly w i t h neighbor ing atoms; and the 
transit ion-metal d electrons. T h e d electrons are of intermediate character; 
i n some oxides they act l ike valence electrons, i n others l ike local ized elec
trons, and i n a few they exhibit a transitional character. T h e latter situation 
occurs i n the h i g h - T c copper oxide superconductors; they exhibit a transit ion 
from an antiferromagnetic semiconductor i n the single-valent state to su 
perconduct iv i ty i n a mixed-valent state. H o w e v e r , superconduct ivity gives 
way to normal metal l ic behavior after a relat ively narrow composit ional 
range. A n y mode l of the superconductive properties of these copper oxides 
must address the question of w h y superconductivity occurs i n only a narrow 
compositional range. 

Main-Group Oxides 

Most main-group oxides remain refractory insulators; attempts to render 
them electronic conductors by chemical dop ing tend to be frustrated b y the 
spontaneous incorporation of compensating native defects. T h e p r o b l e m is 
w e l l i l lustrated by the b inary compound M g O , w h i c h has the rock-salt struc
ture. 

Construct ion of the electronic energies on the basis o f an ionic m o d e l 
is i l lustrated i n F i g u r e 1. T h e 0 " / 2 ~ redox energy for the free i on lies above 
the energy of vacuum ( E v a c ) ; the formation of a free O 2 " i on requires over
coming a negative electron affinity. T h e M g 2 + / + redox energy lies be low 
E v a c by the second ionization energy of magnesium. Ετ is the energy r e q u i r e d 
to remove the remaining 3s electron from M g + to an O " i on at inf inite 
distance to create free M g 2 + and O 2 " ions. Assembly of these ions into the 
rock-salt structure of M g O leads to a gain of electrostatic M a d e l u n g energy 
EM > Eh w h i c h stabilizes the compound. Conservat ion o f energy lowers 
the 0 " / 2 ~ and raises the M g 2 + / + redox energies b y the same amount, and 
a n £ M > Ει produces a crossover of the two energies. Introduct ion of covalent 
hybr id izat ion lowers the effective charge on the ions from their value i n a 
point-charge mode l , w h i c h lowers the spl i t t ing EM-Ei. H o w e v e r , this l ow
er ing is compensated by the repuls ion between bond ing and ant ibonding 
states introduced by this hybr id izat ion . Therefore the point-charge m o d e l 
gives a good zero-order approximation for the b i n d i n g energy of the crystal 
i f appropriate core -core short-range repulsive energies are introduced . F i 
nal ly , the translational symmetry of the crystal introduces a broadening of 
the energy levels into energy bands, but the bandwidths remain narrow 
enough to have a large energy gap (Eg) between a f i l l ed valence band 
of p r imar i l y 0 - 2 p character and an empty conduct ion band of p r i m a r i l y 
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Mg-3s character. These bands are therefore g iven the formal identifications 
0 2 " : 2 p 6 a n d M g 2 + : 3 s . 

I n M g O , the energy gap E g is sufficiently large and the band edges are 
so posit ioned that the M g 2 + : 3 s conduction band is energetically inaccessible 
to electrons and the 0 2 ~ : 2 p 6 band remains inaccessible to holes. C h e m i c a l 
dop ing that w o u l d raise the F e r m i energy (EF) into the conduct ion band or 
w o u l d lower it into the valence band produces native defects that mainta in 
E F w i t h i n the gap. 

Conduction Bands of C r o u p Β Metals . O n the other hand , the 
conduct ion bands of heavy G r o u p Β metals i n higher valence states are 
energetically accessible. A l t h o u g h the S n 4 + : 5 s conduct ion b a n d of S n 0 2 l ies 
3 e V above the 0 2 " : 2 p 6 valence band, nevertheless it can be doped to give 
a metal that is transparent, and the P b 0 2 cathode of a l e a d - a c i d battery is 
metal l ic even without the inject ion of hydrogen on discharge. 

T h e situation is i l lustrated i n F i g u r e 2 for three cubic perovskites: 
B a S n 0 3 , B a P b 0 3 , and the hypothetical B a B i 0 3 . Stoichiometric B a S n 0 3 is 
a semiconductor because the S n 4 + : 5 s conduct ion band lies discretely above 
the 0 2 " : 2 p 6 valence band, as i n S n O a ; B a P b 0 3 is a semimetal because the 
P b 4 + : 6 s and 0 2 " : 2 p 6 bands overlap, as i n P b 0 2 . C u b i c B a B i 0 3 w o u l d have 
a greater overlap of the " B i 4 + : 6 s " and 0^:2ρ6 bands, but the conduct ion 
band w o u l d be half - f i l led, thereby raising E¥ above the top of the valence 
band. C lear ly , an ionic model becomes less appropriate for these heavy B -
metal oxides where a small E M - E j impl ies strong covalent mix ing between 
the metal-6s and oxygen-2p orbitals and the bandwidths cause Eg to d i s 
appear. 

T h e situation i n the hypothetical cubic B a B i 0 3 must be dist inguished 
from the other two cases because the Bi :6s conduct ion band is half - f i l led. 
T h e electronic energies of a part ial ly filled band can be stabi l ized b y a change 
i n the translational symmetry that lowers the energies of occupied states at 
the expense of unoccupied states by opening up an energy gap at the F e r m i 
surface. W h e r e this energy gain exceeds the elastic restor ing energy that 
favors higher symmetry , a semiconductor -meta l transit ion can be expected 
be low some crit ical temperature Tt (I). A l ternat ive ly , the e l e c t ron -phonon 
interactions can stabilize the condensation of Cooper pairs be low a super
conductive cr i t ical temperature T c . Thus , the lattice instabil it ies responsible 
for semiconductor -meta l transitions be low T t are competit ive w i t h the sta
bi l izat ion of superconductivity. 

Chemists know that B i 4 + is not a stable valence state; it is unstable 
against the disproportionation reaction 

2 B i 4 + - » B i 3 + + B i 5 + (1) 

Thus , it comes as no surprise that cubic B a B i 0 3 does not exist at room 
temperature. As i l lustrated i n F i g u r e 3, the oxygen atoms are cooperatively 
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Figure 3. Oxygen-atom displacements from ideal-perovskite positions in mon-
oclinic BaBi03. (Reproduced with permission from ref 41. Copynght 1989 

Materials Resource Society.) 

displaced so as to create two distinguishable B i atoms, a B i j w i t h larger B i - O 
distances and a B i n w i t h shorter B i - O distances. There is also a cooperative 
t i l t ing of the octahedra relative to a [100] axis that lowers the symmetry from 
cubic to monocl inic . These displacements c learly signal a disproport ionation 
reaction that may be descr ibed as 

2 B i 4 + - » B i ^ + + B i „ < 4 + 8 ) + (2) 

where δ = 1 w o u l d correspond to a classic disproport ionation into B i 3 + and 
B i 5 + . I n fact, a δ — 0.5 is found (2); a δ < 1 represents a charge-density 
wave ( C D W ) . N o matter what the value of δ, the creation of two d i s t in 
guishable B i sites by the freezing out of a v ibrat ional breathing mode changes 
the translational symmetry of the crystal so as to split the conduct ion band 
i n two, leaving the F e r m i energy Ε F i n an energy gap. B a B i 0 3 is thereby 
rendered a semiconductor. 

P o l a r - S t a t e S t a b i l i z a t i o n . Stabil ization of a polar state on the B i -
atom array is possible only because the electrostatic correlation energy U 
between Bi-6s electrons, w h i c h is the energy cost to create a nonuni form 
distr ibut ion of charge, is smaller than the gain Δ i n covalent-hybridizat ion 
energy associated w i t h the mot ion of the oxygen atoms toward one B i atom 
and away from the other (J). I n the physics l i terature, a Δ > U is referred 
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to as a "negative U" (i .e., a [7 e f f = U - Δ < 0). This condit ion can be stable 
only where the free-atom U is relatively smal l , as for the Bi -6s electrons, 
and even there only for a range of bandwidths , as is i l lustrated schematically 
i n F i g u r e 4. 

I f Κ is substituted for B a i n B a ^ K J B i O g , the B i 0 3 framework becomes 
oxidized. As the Bi -6s conduct ion band becomes less than half - f i l led, the 
wavelength q of the C D W that opens up a gap at E F increases and the 
stabilization energy of the C D W decreases, l ower ing the semiconduc
t o r - m e t a l transition temperature Tt (I). In fact, q need not remain c o m 
mensurate w i t h the periodic i ty o f the crystal structure, and the Ba 1 _« c K x Bi0 3 

system exhibits a monoc l in ic - tetragonal transition w i t h increasing χ that 
probably represents a transition from a commensurate to an incommensurate 
C D W (3-5). As the K-subst i tuted phases are difficult to synthesize, the 
phase diagram of F i g u r e 5 must be considered tentative. A single crystal 
w i t h χ = 0.13 was found to be cubic at room temperature and to exhibit no 
magnetic anomaly characteristic of superconductivity down to lowest t e m 
perature (6), but i t was inadvertently destroyed before a T t cou ld be meas
u r e d i n the sample. However , near χ = 0.25 there is an abrupt onset of 
superconductivity w i t h a Tc that decreases monotonical ly w i t h increasing χ 
over the narrow composit ional interval 0.25 < χ < 0.5. A two-phase region 
probably separates the C D W and superconductor compositions, but this 
feature has not yet been established. 

Anomalous Superconductivity. A l though the B a 1 _ 3 C K I B i 0 3 super
conductors appear to be descr ibed by the B a r d e e n - C o o p e r - S e h r i e f f e r (BCS) 
weak-coupl ing theory (7), they exhibit a T c that is higher than expected from 
that theory for the measured density N(EF) of one-electron states at the 
F e r m i energy. Therefore, this system is classified w i t h the h i g h - T c copper 
oxides as representative of anomalous superconductivity . I n this respect, i t 
differs from the other k n o w n oxide superconductors such as T i O and 
L i [ T 2 ] 0 4 . Moreover , confinement of superconductivity to a narrow c o m 
positional range (i .e., a narrow e lec t ron-atom ratio) is a str ik ing feature that 
has not yet been addressed theoretically. 

Examinat ion of F i g u r e 2(c) is instructive. Oxidat ion of the B i 0 3 array 
lowers E¥ toward the top of the O ^ p ^ band ; experimental evidence that EF 

lies w i t h i n the 0 - 2 p 1 T band i n the superconductor composit ion χ = 0.4 is 
now available (8). A dist inguishing feature of a h i g h - T c oxide superconductor 
is an Ε F that c u t s — o r nearly c u t s — t w o bands, a TT or I T * band of p r i m a r i l y 
0-2p < î r character and a σ* band of pr imar i l y cationic (Bi-6s or Cu-3d) char
acter. I n the other oxide superconductors, such as T i O or L i [ T i 2 ] 0 4 , EF cuts 
a single cationic d band. T h e possible significance of this d ist inguishing 
feature w i l l be discussed i n a final speculative comment. 
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Figure 5. Tentative phase diagram for the system Βαι-χΚχΒι03' 

Rare-Earth Oxides 
Electronic Structure. T h e 4f electrons o f the rare-earth ions are 

t ightly bound to their atomic nucleus and are screened from interactions 
w i t h ne ighbor ing atoms by the 5 s 2 5 p 6 c losed-shell core electrons. As a result , 
the intraatomic interactions among the 4f electrons of the 4 P configuration 
are m u c h larger than the interatomic 4 f - 4 f interactions. Consequent ly , the 
Hami l t on ian descr ib ing a 4 f n configuration has the form 

Η = H0 + V e l + A L S + Arf + ffz (3) 

where H0 is the spherical approximation and the successive terms represent 
successive perturbat ion corrections to this approximation. T h e first three 
terms, w h i c h inc lude the electrostatic covalent interactions between the 4f 
electrons (V e l ) and the spin-orbit coupl ing ( A L S = X L * S) responsible for 
mult ip le t splittings, are present i n the free atom and give rise to an atomic 
magnetic moment 

M<j = gjM-B (4) 

where g is the L a n d e spectroscopic spl i t t ing factor, J is the total angular 
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m o m e n t u m quantum number , and μ Β is the B o h r magneton. T h e energy 
V e l gives rise to the splittings Un between successive 4 P configurations (i .e. , 
4 P and 4 P + 1 ) . Because the radial extension of the 4f electrons is relat ively 
smal l , the energies Un are large; Un > £ g , where £ g is the energy gap 
between the top of the 0 - 2 p valence band and the bottom of the L n - 5 d 
conduction band. (Stronger covalent mix ing of the 0 - 2 p orbitals w i t h L n - 6 s 
versus L n - 5 d orbitals raises the bottom of the Ln-6s band above the bottom 
of the L n - 5 d band.) A Un > Eg restricts the n u m b e r of energetically available 
4f n configurations to one or, at most, two; two are accessible only i f a 4 f n 

configuration has its energy fal l ing w i t h i n £ g . 
T h e last two terms i n e q 3 are the crystal-f ield spl i t t ing A c f , w h i c h 

pr imar i l y results from L n - 4 f interactions w i t h the nearest-neighbor oxide 
ions, and the Zeeman spl i t t ing Hz attr ibuted to the internal magnetic fields 
produced by interatomic magnetic-exchange interactions w i t h nearest-neigh
bor magnetic atoms. Because A c f and Hz are both weaker than A L S , the 
effective atomic magnetic moment μ e f f obtained from magnetic-susceptibi l ity 
measurements provides an excellent measure of the 4 f n configuration at a 
rare-earth ion. A n y 5d electrons present act l ike valence electrons; therefore, 
the "va lence" of a rare-earth ion is generally defined as the total n u m b e r of 
outer electrons on the atom minus the n u m b e r η of the ground-state 4 f n 

configuration. 

Characteristics. Some consequences of these considerations are i l 
lustrated i n F i g u r e 6 for G d O and E u O , each w i t h the same rock-salt struc
ture as M g O . T h e valence 0 2 ~ : 2 p 6 and conduct ion L n : 5 d bands are 
constructed i n a manner analogous to the construction of the valence and 
conduct ion bands of M g O , but w i t h differential covalent m i x i n g of 0 - 2 p w i t h 
Ln -6s and 5d orbitals render ing the bottom of the conduct ion band L n : 5 d 
i n character. T h e spl i t t ing U between 4f 8 and 4f energy levels is part icular ly 
large because the 4f configuration just completes the half -shel l . T h e 4f 
l eve l for G d falls w e l l be low the top of the valence band , and the 4f* energy 
lies w e l l above the bottom of the conduction band. Therefore, only the 4f 
l eve l can be occupied, and the G d has the formal valence G d 3 + according 
to the magnetic cr i ter ion. However , each G d can transfer at most two elec
trons to the oxygen, so the t h i r d valence electron occupies the G d - 5 d con
duct ion band, and G d O is a metall ic antiferromagnet, the interatomic 
antiferromagnetic exchange be ing indirect through the i t inerant 5d elec
trons. In E u O , on the other hand , the E u 2 * ^ configuration lies i n an 
energy gap about 1.1 e V be low the bottom of the E u - 5 d conduct ion band . 
Therefore, E u O is a semiconductor that can be doped either η-type or 
p-type (negative or positive charge charriers) because bo th the E u - 5 d and 
E u - 4 f 7 energies are accessible (9). Moreover , the dominant interatomic mag
netic exchange is ferromagnetic v ia a E u ^ - E u t S d superexchange in ter 
action, and E u O is a ferromagnet at l ow temperature. 
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£dQ EuO 

ε 

Figure 6. Schematic of 4fn manifold energies relative to the energies of the 
conduction and valence bands of GdO and EuO. 

Oxidat ion of E u O to E u ^ O introduces cation vacancies and lowers EF 

into the narrow E u 2 + : 4 f 7 l eve l , w h i c h represents the E u 3 + / 2 + redox energy. 
Because the 4f electrons are local ized, the electron-transfer t ime T H for the 
reaction 

E u 3 + + E u 2 + ±5 E u 2 + + E u 3 + (5) 

is slow relative to the per iod ω κ
_ 1 of an optical-mode v ibrat ion (i" h > ω Β

4 ) } 

w h i c h means that the empty 4f energy at a E u 3 + i on is raised above the 
occupied 4f 7 energy at a E u 2 + i on by a local reorganization energy. T h e 
situation is completely analogous to the redox energies of an i on i n solution, 
except that the per iodic i ty of the crystal structure requires a configuration 
mobi l i ty that averages the electron occupancy at a g iven E u atom over t ime. 
T h e mobi le electron (or hole i n this case) and its local deformation is cal led 
a " sma l l po laron" . Because it has a diffusive mot ion , its drift mob i l i ty is g iven 
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Figure 6. Continued. Schematic of4f° manifold energies relative to the energies 
of the conduction and valence bands of Eui-tP and Ε Μ Ο ; _ 8 · 

by the E i n s t e i n relat ion 

μ = kT kT 
exp 

- A G „ 
kT 

(6) 

where e0 is the magnitude of the electronic charge and A G m = A H m - Τ 
àSm is the motional free energy. T h e motional enthalpy àHm is a measure 
of the magnitude of the local reorganization energy Τ âSm. T h e electronic 
conductivity is related to the electron mobi l i ty v ia the relation. 

σ = ρβ0μ (7) 
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where ρ is the concentration of mobi le holes. It follows that the conduct iv i ty 
of E u ^ O retains an activation energy through μ, even where ρ is inde 
pendent of temperature, so the mixed-valent system also exhibits semicon
ductor behavior. 

Reduct ion of E u O to E u O ^ produces oxygen vacancies VQ that stabilize 
a two-electron trap state from out of the conduct ion band (10). This situation 
differs from phosphor-doped s i l icon, where the donor state is a single-elec
tron trap. Because the trap states are condensed out of the conduct ion band , 
the ir energies r ide w i t h the bottom of the conduct ion band. O n cool ing 
through the ferromagnetic C u r i e temperature T c , states w i t h spins paral le l 
to the spin of the 4Γ configuration (a sp in direction) have the ir energies 
shifted relative to the states of opposite sp in (β spin direction) b y 2μΒΗί, 
where H i is the internal molecular field resul t ing from the interatomic mag
netic-exchange interactions. T h e two electrons trapped at an oxygen vacancy 
have opposite spins, so one rides w i t h the bottom of the α-spin band and 
the other w i t h the bottom of the β-spin band. T h e energy of the α-spin 
donor state is l owered by Ut i n a single-electron trap. A s the spontaneous 
magnetization M s increases be low T c , H{ increases; at a cr i t i ca l value of M s 

the β-spin donor energy crosses the bottom of the α-spin conduct ion band . 
As the temperature continues to decrease, the β-spin donor electrons are 
empt ied into the α-spin conduction band. These conduct ion electrons i n 
crease T c , thereby increasing M s , w h i c h produces a positive feedback that 
results i n a sharp semiconductor-to-metal transition w i t h decreasing t e m 
perature. T h e electrons i n the conduction band are i t inerant (τ Η < ω Β

_ 1 ) , so 
there is no local reorganization to trap them. Therefore, their mob i l i ty is 
g iven by the expression 

where m * is the electron effective mass and T s is the mean free t ime between 
scattering events. W i t h a fixed mobi le -e lectron concentration and a mob i l i ty 
that decreases w i t h increasing temperature because scattering from phonons 
increases i n probabi l i ty w i t h temperature, the electronic conduct iv i ty has a 
metal l ic character. 

Transition-Metal (d-Block) Oxides 

A descript ion of the outer d electrons at transit ion-metal cations i n an oxide 
begins w i t h the recognition that the d orbitals interact m u c h more strongly 
w i t h ne ighbor ing atoms than the 4f orbitals, but not as strongly as the outer 
s and ρ orbitals. Whereas the interatomic interactions give a bandwidth W 
> U for the s and ρ electrons, but a ( A c f + Hz) < A L S for the 4f electrons, 
the d electrons are of intermediate character; they have a cubic component 

μ = 
m' 

(8) 
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Δ 0 of the crystal l ine-f ield spl i t t ing A c f and a bandwidth W result ing from 
interactions w i t h other transit ion-metal atoms that may be comparable to or 
even greater than the V e l t e rm responsible for the interatomic correlation 
spl i t t ing U between d n and d n + 1 manifolds. It is therefore generally useful 
to beg in w i t h the influence of the cubic component of the crystall ine field 
àc attributable to interactions w i t h the nearest-neighbor oxide ions as ex
pressed by the Hami l t on ian 

H = H0 + (V e l + AJ (9) 

B y symmetry , the cubic component of the crystall ine field splits the fivefold 
degeneracy of the d orbitals into two accidentally degenerate groups, the 
twofold-degenerate e orbitals having the angular dependences 

and < ^ > ( 1 0 ) 

Γ 

and the threefold-degenerate t 2 orbitals having the angular dependences 

/ , ~ * ^ «*» - , (H) 
r 2 r z 

This spl i t t ing quenches the az imuthal orbital angular m o m e n t u m L z = 
-ifi d/Βφ associated w i t h the atomic d orbitals [(x 2 - y2) ± ixy]/r2. Covalent 
hybr id izat ion is introduced by a l lowing a v i r tua l e lectron transfer from an 
O 2 - i on to an empty d orbital ; from second-order perturbat ion theory, the 
covalent-mixing parameters are g iven by 

Lea 

< 1 2 » 

where bm is the cat ion -anion resonance integral (electron-transfer-energy 
matrix element) and Δ Ε is the energy separation of the acceptor and donor 
orbitals of the charge transfer. T h e result of this covalent hybr id izat ion for 
octahedral-site coordination is (3) 

Ac « Δ Μ + % ( λ σ
2 - λ , 2 ) Δ£χ + % λ 5

2 Δ £ 2 (13) 

where Δ Μ is a relatively small electrostatic component, ΔΕι and Δ £ 2
 a r e 

the energy separations of the empty c a t i o n - d n + 1 configuration and the 0 - 2 p 
donor and the 0-2s donor orbitals. T h e subscripts σ , I T , and s refer to m i x i n g 
w i t h 0 - 2 ρ σ , 0 - 2 ρ π , and 0 -2s orbitals, respectively. T h e crystal- f ield wave 
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functions having e-orbital and t 2 - o rb i ta l symmetry i n octahedral-site coor
dination are 

where the φ( are the appropriately symmetr ized 0 -2s , 0 - 2 ρ σ , and O ^ p ^ 
orbitals; Νσ and Nv are normalizat ion constants. Extens ion of the d wave 
functions out over the anions v ia the covalent mix ing accomplishes two 
important things: it reduces the parameter U from its value for the free ion 
to that more nearly g iven by successive redox potentials for the hydrated 
cation i n aqueous solutions, and it allows important interatomic cat-
i o n - a n i o n - c a t i o n interactions to occur. 

Intraatomic Energy Considerations. T h e next step i n the p r o b l e m 
is to consider the relative magnitudes o f A c and the intraatomic-exchange 
component Δβ χ i n V e l for h igh-spin configurations. A high-sp in configuration 
(Δ0 < Δ6Χ) is found only where the d orbitals are sufficiently local ized to 
impart a local ized magnetic moment to the transit ion-metal cation. 

Once these intraatomic energy considerations have been obtained, i t is 
then necessary to consider the interatomic interactions between l ike atoms, 
w h i c h introduce a bandwidth W to the configuration d n . I f the condit ion 
W < U holds, then the d n configuration is local ized and imparts a local 
i zed magnetic moment to the transit ion-metal atoms. I n the l i m i t W < 
A L S < U> t n e interatomic exchange interactions i n a single-valent compound 
are treated by second-order perturbation theory; this treatment gives rise 
to the superexchange s p i n - s p i n interaction. F o r half - f i l led orbitals, this latter 
interaction is antiferromagnetic; the corresponding magnetic -ordering (Néel) 
temperature is 

where b ~ e X 2 for eat ion-anion-cat ion interactions and b ~ € exp ( -R /p ) for 
cat ion-cat ion interactions. I n these expressions, e is a one-electron energy, 
R is the interatomic separation, and ρ is a parameter i n units of R. T h e 
energy 

Ψβ = K(fe ~ ΚΦβ ~ Κ Φα) (14a) 

(14b) 

(16) 

includes any contr ibut ion from àc or Δ 6 Χ that must be added for a part icular 
value of η i n the d n configuration (II) . 
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Localized-Electron Configuration. This local ized-electron p icture 
applies to the 3 d 5 configuration of a M n 2 + i on i n the antiferromagnetic 
insulator M n O , and construction of an energy diagram proceeds as out l ined 
i n F i g u r e 7. In this case, the M a d e l u n g stabilization raises the M n 2 + : 3 d 5 

configuration, as w e l l as the M n 2 + : 4 s energies, above the top of the 0 2 " : 2 p 6 

band. T h e energy separation U of the 3 d 6 and 3 d 5 configuration is large 
because I7 e f f = 17' + Δ 6 Χ applies on adding an electron to a set of half - f i l led 
orbitals, as is found i n the high-spin d 5 = t 2

3 e 2 configuration. O n the other 
hand , the energy separation between the 3 d 5 and 3 d 4 configurations is only 
Ues = U'> w h i c h is relatively small for the crystal- f ield i|i e orbitals. T h u s , 
both the M n 3 + / 2 + and M n 4 + / 3 + redox energies l ie above the top of the 0 2 : 2 p 6 

valence band, so the three valence states M n 2 + , M n 3 + , and M n 4 + are c h e m 
ically accessible i n oxides (see also F i g u r e 8). H o w e v e r , a I7 e f f = 17' + Ac 

lowers the 3 d 3 configuration below the top of the 0 2 ~ : 2 p 6 band , so it is not 
possible to oxidize manganese beyond M n 4 + i n an octahedral interstice of 
an oxide. T h e relatively small 17' separating the 3 d 4 and 3 d 5 configurations 
makes it possible for a "negative-[7" disproportionation to occur. 

2 M n 3 + - » M n 2 + + M n 4 + (17) 

However , i n practice this reaction is only found at the surface of a manganese 
oxide; for example, i n strong acidic media it allows L i [ M n 2 ] 0 4 to be trans
formed to λ - Μ η 0 2 (12). 

T h e superconductor T i O corresponds to a single-valent compound hav
ing W > 17', where t7 e f f = U' for a 3 d 2 configuration i n an octahedral 
interstice. F o r a W > 17', the 3d electrons are i t inerant, and t ight -b ind ing 
band theory must be appl ied to the electrons i n the crystal- f ield i|i t orbitals. 
T h e result ing density-of-states curve N(E) for T i O (we neglect the sponta
neous introduct ion of atomic vacancies i n the structure) is compared to that 
of M n O i n F i g u r e 8. B y contrast, V O contains a half - f i l led set of t 2 orbitals 
( V 2 + : t 2

3 e ° ) , so I7 e f f = 17' + A c is larger. Nevertheless , the bandwidths of 
the V 3 + / 2 + and V 4 + / 3 + redox energies overlap (W > U), so the compound 
is semimetal l ic w i t h a deep m i n i m u m i n the N(E) versus Ε curve at EF. I n 
this case, the correlation spl i t t ing U is large enough to introduce an important 
enhancement of the P a u l i paramagnetic susceptibi l i ty , but the compound 
remains metal l ic w i t h no vanadium magnetic moments , and hence no an 
tiferromagnetic order, at low temperatures. 

F o r a half - f i l led band, these considerations lead to the phase diagram 
of F i g u r e 9, w h i c h shows a transition from an antiferromagnetic semicon
ductor for b < fog (i .e. , W < 17), where there are local ized magnetic moments 
on the cations, to a Pauli-paramagnetic metal for b > bg (i .e. , W > 17), 
where the existence of a F e r m i surface at £ F allows for a transit ion to 
superconductivity be low a T c s g iven by the weak-coupl ing B C S theory. It 
is immediate ly apparent from this figure that, w i t h a s ingle-band mode l , the 
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presence of spontaneous magnetic moments associated w i t h a correlation 
spl i t t ing U > W is incompatible w i t h superconductivity . 

Mixed-Valent Configuration. A g a i n we must ask what happens 
w h e n the system is changed from a single-valent to a mixed-valent config
uration. Oxidat ion , for example, w o u l d lower t F into the lower of the cor
relation-split bands, and reduct ion w o u l d raise it into the upper of the 
correlation-split bands. I n this case, it is necessary to d ist inguish whether 
the partial ly filled band , according to the He i senberg uncertainty pr inc ip l e , 
gives rise to an e lectron-hopping t ime between ne ighbor ing atoms 

T h « — (18) 

that is l ong or short compared to the per i od ω Β
_ 1 o f the optical -mode v ibrat ion 

that w o u l d trap i t — b y a small -polaron reorganization e n e r g y — i n a local 
deformation. As i l lustrated i n F i g u r e 10, the mixed-valent sp ine l L i [ M n 2 ] 0 4 

contains smal l polarons and retains local ized magnetic moments on the M n 
atoms, whereas isostructural L i [ T i 2 ] 0 4 is metal l ic and a superconductor. 
A lso shown are the N(E) versus Ε curves for A j M O a bronzes ( M = M o or 
W ) that are metal l ic superconductors as a result of strong M - O - M inter 
actions; i n L i [ T i 2 ] 0 4 the strong interatomic interactions are T i - T i interac
tions across shared octahedral-site edges. 

O f course, C D W transitions can occur i n transit ion-metal oxides w i t h 
W > U. This situation is richly i l lustrated i n the chemistry of the m o l y b 
d e n u m oxides (13). B u t m y purpose now is to t u r n to the h i g h - T c copper 
oxide superconductors. 

High-Tc Copper Oxides 

A l l the h i g h - T c copper oxide superconductors have a c o m m o n structural 
feature: they contain intergrowths of copper oxide layers and other oxides. 
T h e simplest of these structures is the tetragonal phase of F i g u r e 11(a), 
w h i c h is the room-temperature structure of L a 1 8 5 S r 0 1 5 C u O 4 w i t h a Tc ~ 40 
K . Between room temperature and T c , the structure undergoes a displacive 
transition to orthorhombic symmetry i n w h i c h the tetragonal (c /a > 1) C u O e 

octahedra rotate cooperatively, as indicated i n F i g u r e 11(b) (14, 15). Th i s 
simplest of the cuprate superconductor systems w i l l serve to i l lustrate the 
essential features considered i n this chapter. 

T h e phase diagram for the system L a 2 _ x S r i C C u 0 4 is shown i n F i g u r e 12 
for 0 < χ < 0.4; to retain a fu l l oxygen content w i t h 0.15 < χ < 0.27, it is 
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Figure 11. (a) Tetragonal Τ structure of LalMSr0i5CuO4, and (b) oxygen dis
placements below the orthorhomhic-tetragonal transition temperature Tt. 

necessary to prepare the samples under pure 0 2 and for χ > 0.27 under 
h igh oxygen pressure (~3 kbar) (16-18). F i v e features should be noted: 

1. L a 2 C u 0 4 is orthorhombic at room temperature and an ant i 
ferromagnetic semiconductor. 

2. In the composit ional range 0 < χ < 0.08, the antiferromag-
net ic -ordering temperature Γ Ν decreases sharply w i t h increas
ing x, disappearing at a semiconductor -meta l boundary, w h i c h 
is probably a narrow two-phase region. 

3. Superconduct iv i ty is confined to a narrow composit ional range 
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0.1 ^ χ < 0.3, w i t h i n w h i c h the system becomes orthorhombic 
be low a T t > T c . 

4. D y n a m i c , short-range antiferromagnetic fluctuations have 
been observed (19) i n the superconductor compositions, the 
coherence length decreasing w i t h increasing χ and the spin 
fluctuations exhibit ing no change as the temperature was r e 
duced through Tc. 

5. T h e normal metal state changes from p-type to η-type on 
doping beyond the superconductive composit ional range. 

F i g u r e 13(a) shows a schematic representation of the one-electron d e n 
sity of states N(E) versus energy E, as calculated from band theory for 
L a 2 C u 0 4 (20-22). However , L a 2 C u 0 4 is antiferromagnetic, w i t h a copper? 
magnetic moment μ € ι 1 = 0.5 μ Β (23, 24). Consequent ly , i t is necessary to 
amend the diagram by the introduct ion of a correlation spl i t t ing of the σ* 
band, as shown i n F igure 13(b). F r o m the tetragonal (c /a > 1) symmetry of 
the C u 0 6 octahedra, the top of the σ* band has 3 d x 2 _ y 2 parentage (z axis 
paral le l to c axis), but w i t h strong covalent hybr id izat ion w i t h the 0 - 2 p x and 
0 - 2 p y σ-bonding orbitals i n the C u 0 2 planes. T h e observation of a copper 
magnetic moment shows that the empty σ* band states are pr imar i l y C u -
3d i n character, w h i c h means an £ M > £ j applies for the σ-bonding orbitals, 
where the energies £ M and £ j have the same meaning as i n F i g u r e 1, but 
w i t h the second electron removed from copper or iginating from the C u -
3dx2_y2 orbital . However , w i t h a 

I /* = U' + £kt>W„ (19) 

where Δ 4 is the tetragonal component of A c f , i t is necessary to inquire whether 
an £ M > £ j can st i l l apply on deeper oxidation of the system. 

M o b i l e H o l e s . T h e spectroscopic evidence suggests that, i n a l l the 
p-type copper oxide superconductors, oxidation creates mobi le holes i n band 
states that are pr imar i ly 0 - 2 p i n character, the particular 2p orbitals be ing 
the ρ x and p y σ - or ττ-bonding orbitals of the oxygen atoms i n the C u 0 2 

planes (25, 26). H o w this can be so is i l lustrated schematically i n F i g u r e 
13(c). This pecul iar situation arises because of the cross-over from £ M > Ελ 

for C u 2 + to £ M < Ει for C u 3 + . T h e correlation spl i t t ing of the σ* band 
ensures that, on oxidation, £ F drops into the i r * band rather than into the 
lower σ* band. Moreover , the observation of short-range spin fluctuations 
on the copper i n the superconductive phase shows the persistence of this 
correlation spl i t t ing to higher values of χ i n L a 2 _ I S r I C u 0 4 . P r e l i m i n a r y data 
show that for χ > 0.3, where the system remains tetragonal and a normal 
metal to lowest temperatures, £ F has moved out of the I T * band into only 
the σ* band as the correlation spl i tt ing becomes U < W C T , where F i g u r e 
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Figure 12. Tentative phase diagram for the system La2-xSrKCu04. (Reproduced 
with permission from ref. 41. Copyright 1989 Materials Resource Society.) 

13(a) applies. W i t h o u t the correlation spl i t t ing , the holes should be stabi l ized 
i n the σ* band states, as these are the most strongly ant ibonding. T h e unspl i t 
a * I 2 _ y 2 band is less than half - f i l led, so the charge carriers become n-type. 

Thus , a common feature of the electronic structure of the h i g h - T c 

B a ^ K J B i O s a n d L a 2 _ x S r x C u 0 4 (and other copper oxide systems as well) is 
a F e r m i energy that intersects (or nearly intersects) two bands, a σ* band 
of p r imar i l y cationic character (Bi-6s or Cu-3d) and a TT or I T * band of p r i m a r i l y 
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0 - 2 ρ „ character. M o b i l e holes i n either the I T * or lower σ*^_^ bands are 
responsible for the superconductivity i n the copper oxides (27); they make 
possible an abrupt transition from an antiferromagnetic semiconductor to a 
superconductor w i t h increasing oxidation, and from a superconductor to a 
normal metal where a collapse of the correlation spl i t t ing of the σ*^.^ band 
occurs. 

I n this connection, attention should be drawn to the evidence for a sharp 
transition i n the C u - O bond length on going from the antiferromagnetic 
state to the superconductive state (28, 29). I n the case of the superconductor 
phase L a 2 C u 0 4 05—prepared at 800 °C under 23 kbar of pressure i n a double 
ce l l consisting of C r 0 3 on one side of a Z r 1 _ I C a I 0 2 _ ï separator and the sample 
on the o ther—heat ing i n air yields a first-order phase change to antiferro
magnetic L a 2 C u 0 4 w i t h loss o f oxygen (28). T h e excess oxygen is incorpo
rated as O 2 " ions i n the tetrahedral sites of the double L a O layers of F i g u r e 
11(a) (30, 31), where i t oxidizes the C u 0 2 layers (28). T h e change i n lattice 
parameters on traversing the transition is shown i n F i g u r e 14. 

T h e α-axis increases on passing from the superconductor to the antifer
romagnetic semiconductor. T h e increase i n C u - O distance is even more 
marked , as the t i l t ing of the C u O e octahedra is greater i n the antiferro
magnetic phase. T h e shorter C u - O distance is reflected i n a stronger 
C u - O - C u interaction, w h i c h moves the system to the right from a ba < b% 

i n the energy-band diagram of F i g u r e 9 for the half- f i l led σ*^.^ band ; i n 
fact, it appears to move ba to a & σ « bg. Such a change w o u l d not normal ly 
introduce superconductivity ; any band exhib i t ing short-range antiferro
magnetic correlations w o u l d have a deep m i n i m u m i n the N(E) versus Ε curve , 
w h i c h w o u l d suppress Tc according to conventional B C S theory. 

Suppression of Cu Magnetic Moment. T h e discussion thus far has 
concentrated on the electronic properties that may be pecul iar to the h i g h -
Tc copper oxides. W e have found evidence for an important increase i n the 
strength of the C u - O - C u interactions i n the C u 0 2 sheets, and hence for a 
part ial suppression of the copper magnetic moment , on passing from an 
antiferromagnetic phase to a superconductor phase on oxidation from 
(CuOa) 2 " . W h e r e the C u - O - C u bond angles are bent from 180°, the mobi le 
holes responsible for the h i g h - T c superconductivity occupy band states of 
pr imar i ly 0 - 2 p character; where the bond angles at l ow Γ are 180°, the 
charge carriers occupy v*x2_y2 band states and the oxides exhibit normal 
metal l ic behavior to lowest temperatures. I n copper oxides w i t h the 
Y B a 2 C u 3 0 6 + I structure, the C u 0 2 - Y - C u 0 2 layers containing double C u 0 2 

sheets retain bond angles that are bent from 180° at a l l oxidation states, and 
T c is found to increase w i t h the concentration o f mobi le holes (32). W e have 
also argued that where the F e r m i energy cuts both a π* and a σ* band , 
there the orbital hybridizations that opt imize C u - O bond ing and b o n d angles 
can readi ly adjust themse lves—via electron-lattice c o u p l i n g — i n t o b o n d 
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Figure 14. Room-temperature lattice parameters versus quench temperatures 
for La2CuO405 heated successively to higher temperatures before quench
ing. (Reproduced with permission from ref. 28. Copynght 1989 American 

Physical Society.) 

changes associated w i t h lattice vibrations. W e have referred to these h y 
br idizat ion fluctuations as "polarization fluctuations" (33). O n the other hand , 
such a model infers a strong coupl ing of the superconductive C o o p e r pairs 
v ia a strong electron-lattice interaction yet to be identi f ied. 

Structural Considerations 

To address the remaining questions, it is necessary to re turn to structural 
considerations. 

The h i g h - T c oxide superconductors a l l have structures related to that of 
perovskite, C a T i 0 3 . The ideal A B 0 3 cubic perovskite contains a s imple cubic 
B O 3 framework of corner-shared octahedra w i t h the A cation at the center 
of the uni t - ce l l cube. A variety of displacive transitions to lower symmetry 
are known (34); C a T i 0 3 , for example, is orthorhombic at room temperature 
as a result of a cooperative buck l ing of the T i 0 3 framework that optimizes 
the C a - O bonding. 

Perovskite Structure. T h e perovskite structure is remarkable i n two 
fundamental respects. It may sustain large concentrations of vacancies on 
any of the three atomic arrays; many of the h i g h - T c copper oxide phases not 
discussed contain ordered oxygen vacancies, for example. O n traversing a 
[001] axis, B 0 2 planes alternate w i t h rock-salt-type A O planes; this structural 
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feature requires a matching of b o n d lengths that, once met, allows ready 
stabilization of intergrowth structures. L a 2 C u 0 4 is the simplest example of 
such an intergrowth structure. 

T h e cr i ter ion for bond- length matching has tradit ionally been expressed 
by the Go ldschmidt tolerance factor 

t = / A + T o (20) 
V 2 ( r B + r 0 ) 

where r A , r B , and r Q are the respective ionic rad i i . I f t is 1, there is a perfect 
epitaxial match for intergrowth of (AO) rock-salt layers w i t h B 0 2 planes. 
However , the thermal expansions of the softer A - Ο bonds are greater than 
those of the B - O bonds, so the factor t decreases w i t h decreasing temper 
ature. T h e existence of a t ~ 1 at the firing temperature i n a high-temperature 
synthesis may al low the structure to form, but at lower temperatures the 
B - O bonds are subjected to a compressive stress and the A - O bonds to a 
tensile stress. This bond mismatch can be re l ieved by a displacive transit ion 
such as the octahedral-site buck l ing found i n C a T i 0 3 . 

O r t h o r h o m b i c D i s t o r t i o n . I n L a 2 C u 0 4 , the distort ion from tetra
gonal to orthorhombic symmetry represents an improvement of the b o n d -
length matching; the L a - O bond lengths are decreased and the C u - O b o n d 
lengths are increased by the t i l t ing of the C u O e octahedra. I f the smaller 
N d 3 + i on is substituted for L a 3 + , the bond- length mismatch is accommodated 
by a removal of the oaxis oxygen to the plane of tetrahedral sites of N d 3 + 

ions, thus creating a fluorite-type intergrowth layer. I n this structure (Figure 
15) the C u - O - C u bond angle is 180°, and the oxide does not become a 
superconductor i f these C u 0 2 layers are ox id ized (35). H o w e v e r , it does 
become a superconductor i f these layers are reduced (36-39). 

W h a t is remarkable is that a l l of the p-type superconductors (those that 
become superconductors on oxidation) have C u - O - C u b o n d angles <180° . 
Moreover , the disappearance of superconductivity w i t h increasing χ i n the 
system L a 2 _ x S r x C u 0 4 is associated w i t h the disappearance of the or thorhom
bic distortion at a Tt > Tc. E v e n the superconductor L a 2 C u O 4 0 5 , w h i c h is 
nearly tetragonal at room temperature, becomes orthorhombic at T t > T c . 

I n addit ion to this structural correlation, the copper oxide supercon
ductors are characterized by a smal l coherence length (ξ ~ 10 Â) and a weak 
isotope effect, w h i c h are characteristic of the strong-coupling l i m i t where it 
should be possible to think about the coupl ing of Cooper pairs i n poten
tial wel ls created by real-space lattice deformations. T h e structural corre la
tions appear to provide a clue as to what those real-space lattice deformations 
may be. 

Cons ider first a p-type orthorhombic L a x 8 5 S r 0 1 5 C u 0 4 . T h e or thorhom
bic distortion is created to rel ieve the compressive stress on the C u - O b o n d 
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318 E L E C T R O N TRANSFER IN BIOLOGY A N D T H E SOLID STATE 

Figure 15. Tetragonal Τ structure ofNd2Cu04. (Reproduced with permwsion 
from ref. 41. Copyright 1989 Materials Resource Society.) 

length. I n this situation, S r 2 + substitution for a smaller L a 3 + i on relieves 
this s t ress—and hence reduces the magnitude of the orthorhombic distor
t i o n — b o t h by increasing the mean A - O bond length and by introduc ing 
holes (O-Ëp^ holes) into the C u - O bonds. I n this environment , a hole i n 
the ant ibonding i r * bands of O-p^p , , and C u - d ^ parentage w o u l d shorten 
the C u - O b o n d length i n the basal plane and thus w o u l d tend to increase 
the C u - O - C u bond angle toward 180°. Therefore, a cooperative change 
i n the bond angle w i t h i n a restricted area of a C u 0 2 sheet w o u l d tend to l o 
calize the hole to that area of the sheet. 

Polarons. T h e extended hole and associated lattice deformation w o u l d 
represent a " large po laron" because the hole w o u l d be trapped i n a region 
inc lud ing mul t ip le C u and Ο centers. T h e mobi l i ty of a large polaron is not 
activated; it moves w i t h a m o m e n t u m vector k that remains a good quantum 
number . Co l l i s i on w i t h a second large polaron of m o m e n t u m - k and opposite 
spin creates a reinforced potential w e l l i n w h i c h the hole pair becomes 
trapped as a " large b ipo laron" . In an external electric field, the potential 
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w e l l w i t h its two trapped holes moves i n the superconduct ing state w i t h a 
drift velocity without scattering by the phonons of the crystal . W h a t makes 
strong the coupl ing between the paired holes is an enhancement of the 
electron lattice coupl ing by the internal stresses bu i l t into the system through 
a bond- length mismatch and by the re l ie f of this stress w i t h a bend ing of 
the C u - O - C u bond and easy bond rehybr id izat ion . O n l y i f the C u - O - C u 
angle is bent from 180° can the structure respond strongly to the stress re l i e f 
associated w i t h I T * band holes. 

I n N d 2 C u 0 4 , the 180° C u - O - C u bonds tend to be stretched, so there 
can be no potential w e l l associated w i t h a hole. L e n g t h e n i n g of the C u - O - C u 
bond length reduces the C u - O - C u interactions, w h i c h keeps a ba < b% and 
hence a copper magnetic moment . However , introduct ion of electrons into 
the upper σ* band relieves any tensile stress i n the C u - O - C u bonds and 
creates a mixed valence on the copper that lowers the cr i t i ca l bandwidth for 
a spontaneous copper magnetic moment (2). T h e long-range antiferromag
netic order and μ 0 ι 1 — a s w e l l as any tensile stress on the C u - O b o n d s — 
disappears w i t h an increasing electron concentration i n the σ* bands. T h e r e 
fore, these materials can be doped η-type. Moreover , square-coplanar co
ordination is not opt imal for C u + ions; the electrons may become trapped 
as large polarons by a dynamic bend ing of the C u - O - C u b o n d angles from 
180°. Thus , η-type superconductivity can be stabil ized and have a h i g h Tc 

because of enhanced electron-lattice coupl ing where the C u - O - C u b o n d 
angle is 180°. 

Summary 

A survey of electronic-conduction processes i n so l id oxides was out l ined and 
appl ied to the prob lem of h i g h - T c superconductivity i n ceramic materials. 
T h e pecul iar structural features of the perovskites were h ighl ighted i n an 
attempt to identify the or ig in of the enhanced pa ir ing potential o f the s u 
perconductive pairs i n perovskite-related structures. T h e competit ive nature 
vis â vis superconductivity of C D W s or a correlation spl i t t ing associated w i t h 
spontaneous atomic moments was also stressed. T h e fo l lowing features ap
pear to be common to a l l the h i g h - T c copper oxides: 

1. intergrowth structures, w h i c h introduce internal stresses, i n 
ternal electric fields, and a strong anisotropy of the electronic 
properties; 

2. a W « 17, w h i c h is manifest by the appearance of supercon
duct iv i ty i n a narrow compositional range between an ant i 
ferromagnetic semiconductor and a normal metal ; 

3. a W « %ωη, w h i c h results i n strong electron-lattice interac
tions; and 
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320 E L E C T R O N TRANSFER IN BIOLOGY AND T H E SOLID STATE 

4. an £ M « EY—particularly i n the p-type superconductors— 
that lowers the energy of polarization fluctuations that can 
contribute to screening out the coulombic repuls ion between 
electrons of a Cooper pair . 

Probably several (and perhaps all) of these features are p lay ing cr i t i ca l roles 
i n the stabilization of h i g h - T c superconductivity. 
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Geometrical Control of 
Superconductivity in Copper 
Oxide Based Superconductors 

Jeremy K . Burdett and Gururaj V. Kulkarni 

Department of Chemistry and The James Franck Institute, University of 
Chicago, Chicago, IL 60637 

The geometrical control of the electronic structure of some of the 
recently synthesized copper oxide based high-critical-temperature 
(Tc) superconductors is presented. Although current thinking con
cerning these fascinating materials is in a state of flux and uncon
ventional theories abound, it is shown how many of the properties 
of these systems may be understood by using rather conventional 
orbital ideas that have been used for a long time by the chemical 
community. 

THE SERIES OF HIGH-TEMPERATURE COPPER OXIDE CONTAINING super
conductors that has been synthesized over the past 3 years (1-7) has 
attracted considerable speculation concerning the nature of the mechanism 
b e h i n d their novel electrical properties. A question of paral le l importance 
is how the electronic structure of these materials leads to a situation that is 
favorable for the operation of a superconducting mechanism. W e have l ong 
k n o w n that geometrical structure int imately controls the electronic structure 
of bo th molecules and solids. I n this chapter we want to show that some of 
the fundamental observations concerning the structure of these electronically 
nove l systems are readily interpreted i n terms of conventional orbi ta l ideas 
(although at the present t ime some w o u l d regard them as a l i t t le speculative). 
W e shall comment too on some of the salient features of the electronic state 
of affairs i n these systems that we feel are important. 

0065-2393/90/0226-0323$07.25/0 
© 1990 American Chemical Society 
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324 E L E C T R O N TRANSFER IN BIOLOGY AND T H E SOLID STATE 

Electronic Structure of Copper Oxides 
The structures of the known copper oxide containing superconductors have 
been rev iewed elsewhere (8). They al l have a common feature, a C u 0 2 plane 
that is not always flat, of four-coordinate, approximately square-planar, cop
per atoms and two-coordinate oxygen atoms, l i n k e d i n the way shown i n 
F i g u r e l a . Sheets of this type, i f they were l i n k e d v ia two apical oxygen 
atoms as in F i g u r e l b , wou ld lead to the s imple R e 0 3 structure type. I n 
sertion of a large cation (A) i n the cavity of this structure leads to the structure 
of perovskite, of A B 0 3 stoichiometry. Thus , the retention of the C u 0 2 p lane 
leads to a commonly used descript ion of these systems as one der ived from 
the perovskite arrangement. 

F igures 2a -2c show different environments found i n k n o w n structures. 

ô ô 
Figure 1. a, The Cu02 sheet, a fundamental constituent of all high-temperature 
copper oxide superconductors; b, the relationship of the Cu02 sheet to the 

perovskite structure. 

 P
ub

lic
at

io
n 

D
at

e:
 M

ay
 5

, 1
98

9 
| d

oi
: 1

0.
10

21
/b

a-
19

90
-0

22
6.

ch
01

7

In Electron Transfer in Biology and the Solid State; Johnson, M., el al.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1989. 



17. BURDETT & KULKARNI Copper Oxide Based Superconductors 325 

Figure 2. Geometrical arrangements found in copper oxide superconductors. 

Figures 2a and 2b show the environment found i n the tetragonal and or
thorhombic forms, respectively, of the 2 - 1 - 4 compound ( L a 2 _ I S r x C u 0 4 ) . 
H e r e the copper atom is six-coordinate. T h e C u 0 2 planes contain an extra 
two oxygen atoms attached to copper at somewhat longer distances than 
those i n the plane. T h e sheets are flat i n the tetragonal form and r u m p l e d 
i n the orthorhombic form. I n this chapter we shall present the first e lectronic 
explanation of this interest ing transformation. F i g u r e 2c shows the structure 
of the puckered C u O £ sheet (ζ > 90°) w i t h a five-coordinate copper atom 
found i n the 1 - 2 - 3 compound ( Y B a 2 C u 3 0 7 _ 8 ) . As i n the 2 - 1 - 4 compound , 
the apical C u - O distance is longer than that i n the plane. This apical oxygen 
is connected to another part of the structure i n a way we w i l l describe later. 
F i g u r e l a shows the bare G u 0 2 plane itself, found i n ( T l O ) 2 B a 2 C a 2 C u 3 0 8 , 
for example. 

Coordination Shell Plasticity. T h e structural chemistry of C u n is 
one of the most complex and fascinating of the d-block elements. Part icular ly 
interest ing is the plasticity of the coordination shel l . I n Scheme I, a diagram 
adapted from a we l l -known review article (9), we show some pathways con
nect ing the variety of geometries found for species w i t h oxygen-containing 
ligands. Tradit ional ly such distortions have been descr ibed as result ing from 
the J a h n - T e l l e r instabil i ty of octahedral d 9 C u 1 1 , but there are clearly other 
factors at work (10) invo lv ing the 4s and 4p higher-energy orbitals on copper. 
I n these systems it is difficult to understand, and thus predict , the size of 
the distortion away from octahedral for a given system. There is a spectrum 
of C u - O distances i n systems that are closely related chemical ly , and quite 
different distances are often found i n polymorphs of the same material . F o r 
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326 E L E C T R O N TRANSFER IN BIOLOGY AND T H E SOLID STATE 

Scheme I 

example (9), i n the α form of C u 2 ( N H 3 ) B r 2 the C u - N distances are (a pair 
at) 1.93 A , and the C u - B r distances (a pair at) 2.45 Â and (a pair at) 3.08 
Â. I n the β form they are (a pair at) 2.03 Â and (a set o f four at) 2.87 Â, 
respectively. 

W h a t is clear is that the distortion coordinates are invariably soft, p r o b 
ably quite anharmonic , and apparently inf luenced by the l igand env ironment 
v ia the ubiquitous "crystal -packing forces". F o r the extended arrays u n d e r 
discussion, this means that the geometrical p ic ture is contro l led not only b y 
direct C u - O interactions but b y the nuances of O - O interactions and b y 
the effect of the cations of different sizes and charges. E q u i l i b r i u m C u - l i g a n d 
distances are, as a result , extremely difficult to predict . These interactions 
have been mode led (22) for the present series of compounds w i t h some 
success. This chapter concentrates on orbi ta l interactions. T h e structural 
chemistry of d 8 systems, (for example, C u m ) is very different. L o w - s p i n d 8 

complexes (those of P t n and P d ° are the best known) are never octahedral , 
but always square-planar. Th is may be interpreted (22) i n terms of a larger 
J a h n - T e l l e r d r i v i n g force (twice as large by us ing the angular-overlap model) 
away from octahedral for the d 8 configuration, compared to that for d 9 . 

L o c a l Coordination Geometries. F r o m a chemica l point of v i ew , 
the electronic structure of these materials may be bu i l t up b y consideration 
of the energy levels associated w i t h local coordination geometries. W e w i l l 
see that this provides a very useful a id i n understanding the l eve l shifts of 
the bands themselves as the structure is changed. Through-bond coup l ing 
i n oxides is generally considerably smaller than i n sulfides, and because the 
angles of the structure are close to e ither 90° or 180°, σ/ττ separability is a 
reasonable approximation for many purposes. 

F i g u r e 3 shows the energies of the d orbitals by us ing the angular-
overlap mode l (22) for a set of relevant geometries. Reca l l that the energy 
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328 E L E C T R O N TRANSFER IN BIOLOGY AND T H E SOLID STATE 

parameter ea depends upon the bond length. It increases i n magnitude as 
the internuclear separation decreases. Because of the geometry at copper, 
the important part of the electronic structure (that associated w i t h the highest 
occupied molecular orbital of an isolated fragment, the x2 - y2 orbital) is 
very s imilar i n a l l of the geometrical environments found. W e can understand 
this by reference to F i g u r e 3. T h e energy of the x2 - y2 orbital is contro l led 
solely by the βσ values of the in-plane l igands, of w h i c h there are always 
four. T h e energy of the filled, deeper - ly ing z2 is m u c h more sensitive to 
geometry. T h e energy of z2 drops to lower energy, e i ther as the apical 
distances are increased, or as one or both apical ligands are removed . I n a l l 
of the structure types found (Figures 1 and 2), e i ther there are no apical 
ligands attached to the C u 0 2 planes or the ones that are present are b o u n d 
at large internuclear separations. Typica l values for the 2 - 1 - 4 c ompound 
are 1.90 Â (in-plane) and 2.45 Â (apical); typical values for the 1 - 2 - 3 c om
p o u n d are 1.93 Â (in-plane) and 2.30 Â (apical). 

T h e band structure associated w i t h the copper atoms i n the C u 0 2 planes 
is thus s imply der ived as shown i n F igure 4. It is clear that a many-body 
picture of these materials w i l l have to be employed to understand these 
systems i n depth , but here we w i l l use a tradit ional chemica l mode l , where 
many-body terms i n the energy are added to a basically one-electron ap
proach to highl ight some aspects of their structure. T h e s imple orbi ta l ideas 
we have descr ibed lead to the result that the highest-energy electrons l ie 
i n an orbital of x2 - y2 symmetry , heavi ly mixed w i t h oxygen σ orbitals and 
ant ibonding between copper and oxygen. This v i e w is not universal ly h e l d . 
Arguments have been put forward (13) for holes i n an oxygen 2pir der ived 
band. In L a 2 _ I S r I C u 0 4 (with χ = 0) the copper atoms are clearly w e l l -

Figure 4. Diagram showing construction of the energy hands of the infinite 
Cu02 sheet from the orbitals of a fragment. 
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17. BURDETT & KULKARNI Copper Oxide Based Superconductors 329 

descr ibed as C u 1 1 , and this x2 - y2 band is exactly half fu l l of electrons. Such 
electronic situations, invariably unstable, are usually al leviated (14,15) e i ther 
by a Peierls -type distortion or by the generation of an antiferromagnetic 
insulat ing state. 

A n example of a Peierls-type distortion is found (16) i n the mixed-valence 
p la t inum chain compounds, P t n L 4

e P t i y L 4 X 2 , where X is a hal ide and L is 
an amine (Scheme II). H e r e P t m atoms disproportionate to alternating oc-

\, \, \, 1/ 1/ 1/ I, 1/ 
„ . . X - P t - X - P t - X - P t - X - P L . . . * . . . . X - P t - X P t X - P t - X P L . . . 

Ί ' I Ί '\ / I /| /| /| 
Scheme II 

tahedral Pt™ and square-planar P t 1 1 centers. T h e energetics d r i v i n g the 
distortion are a combination of one-electron terms (leading to a stabil ization 
of the fu l l z2 band on P t " ) and many-body terms (leading to a coulombic 
repuls ion between the two electrons i n the same orbital). Peier ls - type d is 
tortions may sometimes proceed without any obvious coulombic penalty. 
Cons ider the (Jahn-Teller) instabil ity associated w i t h singlet cyclobutadiene, 
or the analogous (Peierls) structural instabi l i ty associated w i t h an inf inite 
chain of equidistant hydrogen atoms (15). T h e opening of a H u b b a r d gap, a 
feature of the antiferromagnetic insulating state, involves no geometrical 
change (in first order , at least) and is control led by many-body effects. A n 
example is found i n the undoped material L a 2 C u 0 4 . In fact, i n a l l of the 
superconductors made to date there is some mechanism, e i ther b y dop ing 
(making χ Φ 0 i n L a ^ S r ^ C u O ^ or by overlap w i t h orbitals associated w i t h 
other structural features (as i n Y B a 2 C u 3 0 7 _ 8 ) , w h i c h removes some of the x2 

— y2 density. This feature is important because it reduces the possibi l i ty o f 
these half- f i l led band effects. As the charge transfer increases, the tendency 
for the opening of a H u b b a r d gap, and the tendency for a Peier ls distort ion, 
or other instabil i ty is reduced. Thus , a diamagnetic metal l ic state may result . 
The properties of this state, from w h i c h (on this model) superconduct ivity 
occurs, are important here. T h e electron occupancy of this x2 - y2 band is 
crucial to the electronic properties of the material and , as we shall see, is 
important i n the geometrical control of the structure. 

The 2-1-4 Compound 

In the 2 - 1 - 4 compound, L a 2 _ I S r I C u 0 4 , the occurrence of superconduct ivity 
is associated w i t h the value of x. As noted earl ier , for χ = 0, the material 
is an antiferromagnetic insulator. It becomes a superconductor only for χ > 
0.05, presumably w h e n enough electron density is removed from the x2 -
y2 band to al low the existence of a stable metal l ic state. This c ompound 
exists i n (at least) two forms, one of tetragonal and the other of orthorhombic 
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330 E L E C T R O N TRANSFER IN BIOLOGY AND T H E SOLID STATE 

symmetry . T h e relative stability of the two is strongly contro l led b y χ (17). 
As the amount of strontium doping (x) increases (i .e. , as the average copper 
d count decreases), the tetragonal structure gradually becomes more stable 
than the orthorhombic structure. This manifests itself i n a drop i n the t ran 
sition temperature for the transformation as χ increases (17,18). F o r example, 
w i t h χ = 0 the orthorhombic-to-tetragonal transit ion occurs at 533 °C; w i t h 
χ = 0.15 it appears at 190 °C; and w i t h χ = 0.2 it is the only arrangement 
known. Increasing χ leads to a deplet ion of the highest energy band of the 
system, x 2 - y2. F i g u r e 5 shows an energy difference curve between the 
two forms, from t ight -b inding calculations on the two solids (19) as a function 
of e lectron count, designed to explore this transformation. 

d-count 
Figure 5. Calculated energy difference between the tetragonal and orthor

hombic forms of the 1-2-3 compound from a tight-binding calculation. 

I n good agreement w i t h experiments (17), the tetragonal structure is 
predic ted to be increasingly favored w i t h decreasing d count. T h e energet
ically important part o f the plot (around d 9 ) , where the slope is largest, 
occurs i n that region where the x2 - y2 band is be ing populated. O n e of the 
puzz l ing things about this distortion is that no gap is opened up at the F e r m i 
l eve l , as i n the Peier ls - type distort ion noted i n the previous section. (Par
enthetical ly, we note that the shape of this d-count-dependent curve from 
moments considerations (20) also tells us that the distort ion is not of the 
Peierls type.) W h a t is the d r i v i n g force for the distort ion, and w h y does i t 
appear to be so dependent on d count? 

P u c k e r i n g D i s t o r t i o n . A n important clue comes from studies of the 
pucker ing distortion of the five-coordinate arrangement shown i n F i g u r e 2c. 
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A similar curve is found for this distort ion. F o r d 6 systems ζ = 90°, but for 
d 9 systems ζ > 90°. There is not a good col lect ion of exper imental data to 
compare w i t h theory for these copper-based systems, but the calculated plot 
is exactly what w o u l d be expected from the wel l -establ ished variation i n 
molecular geometry w i t h d electron count for Bve-coordinate transit ion metal 
systems. A molecular orbital diagram for the pucker ing distort ion (shown i n 
F i g u r e 6b) comes from the work of Rossi and Hof fmann (21). T h e stabil ization 
associated w i t h the x2 - y2 orbital d u r i n g the distort ion, d r i v e n by the re l ie f 
of strong m e t a l - l i g a n d antibonding interactions (Figure 6), shifts the energy 
m i n i m u m of the structure away from those geometries w i t h 90° and 180° 
O - C u - O angles. Destabi l izat ion of the occupied levels favors the ζ = 90° 
structure. I n F i g u r e 6a the mix ing of σ interactions into these yz and xz 
orbitals as the angle ζ increases leads to their destabil ization. A s the pop 
ulation of the x2 - y2 orbital (band) decreases, the d r i v i n g force for increasing 
ζ is reduced. 

ι 
ι 
I 

Figure 6. Energy-level diagrams during puckering distortion. 

There are other solid-state examples of the same type. O n e that involves 
a iT-type interaction (rather than the σ-type interaction descr ibed here) is 
the question of planar or pyramidal geometry at oxygen i n the M O a structures 
of rut i le (T iO2) (planar) and C a C l 2 (pyramidal). T h e planar structure is found 
for l ow electron counts where ant ibonding orbitals are not occupied. H o w 
ever, by the t ime the I T * levels are fu l l (at d 6 ) , the pyramida l structure (the 
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analog of the puckered structure i n the copper oxides) is favored (22). Such 
orbital ideas are useful i n many areas of chemistry ; see ref. 23, for example. 

Orthorhombic Distortion. A very s imilar mechanism applies to the 
distortion i n the 2 - 1 - 4 compound. H e r e the geometrical change is more 
complex, but the pr inc ip le is the same. T h e distortion changes the O - C u - 0 
angles (Figure 6c) such that m e t a l - l i g a n d overlap is reduced and the desta
bi l izat ion associated w i t h the antibonding x2 - y2 band is lowered. As χ 
increases from zero i n the 2 - 1 - 4 compound, the electron occupation of the 
x2 - y2 band is reduced, the stabilization energy associated w i t h the or 
thorhombic structure decreases, and eventually the tetragonal structure is 
found as the lowest energy alternative. D e p l e t i o n of the x2 - y2 band on 
increasing χ is associated w i t h a decrease i n m e t a l - l i g a n d ant ibonding i n 
teractions on this model . Corre lat ion w i t h experimental ly de termined C u - O 
distances provides support ing evidence for this v iewpoint . T h e y are (17, 24) 
1.9035(1) Â for χ = 0 and 1.8896(1) Â for χ = 0.15. 

Thus , the pucker ing distortion of the 1 - 2 - 3 compound and the ortho
rhombic distort ion of the 2 - 1 - 4 compound are manifestations of the same 
electronic phenomenon. T h e difference between the two lies clearly i n the 
coordination n u m b e r at copper. A pucker ing distortion is less l ike ly for six-
coordinate systems than for five-coordinate ones, s imply because i n the 
former there are oxygen atoms on both sides of the C u O £ plane. A more 
complex distort ion, at first sight difficult to understand, appears to be the 
energetically favored alternative here. It is interest ing to see that these 
structural variations are w e l l descr ibed b y a s imple conventional chemica l 
mechanism. C e n t r a l to the argument is that these highest-energy electrons 
are located i n an x2 - y2 orbi ta l , certainly heavi ly mixed w i t h oxygen, but 
w i t h a strong C u - O ant ibonding interaction that is angle-dependent. T h e r e 
is no indicat ion from this analysis of the structural p r o b l e m , that the electrons 
are located on an orbital w h i c h is largely oxygen ττ i n character, as suggested 
by other models. 

Sleight (e.g., ref. 8) has long identi f ied the local copper geometry as 
playing a crucia l role i n these systems and has made some correlations 
between Tc (critical temperature) and C u - O distances and angles. H e has 
emphasized, however , the importance o f the i r - type meta l -oxygen in ter 
actions i n control l ing geometry. Sleight's mode l calls for re l ie f of I T * in ter 
actions associated w i t h yz and xz orbitals on bending , i n a way exactly 
analogous to the re l ie f of σ interactions (via the x2 - y2 orbital) here. It is 
not possible on such a mode l to direct ly b u i l d i n the effect o f e lectron count 
changes. F o r the mode l described here , the C u - O distance is sensitive to 
the populat ion of the x2 - y2 band. This sensitivity leads us to ask the question 
whether the Sleight correlation of C u - O distance w i t h T c is real ly one w h i c h 
is measuring x2 - y2 density. 

O n c e we have explored the results of an orbital mode l , it is important 
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17. BURDETT & KULKARNI Copper Oxide Based Superconductors 333 

to put the results i n perspective. T h e computed result of F i g u r e 5 is actually 
quite sensitive to the geometries chosen for the calculation. Exper ience tells 
us that i f this is the case, there are usually energetic contributions not 
proper ly modeled by using such a one-electron theory. I n the present case, 
nonbonded interactions between the oxygen atoms are an obvious source of 
the prob lem. O u r study (25) of the details of the geometry of rut i le (T iO2 ) 

found an interplay between the direct T i - O interactions and the matrix O - O 
interactions of the approximately close-packed solid. Short C u - O distances 
i n the present series of systems signal an important contr ibut ion from this 
source. These results and the "molecular mechanics" results of ref. 11 there
fore present a complementary picture of this structural p rob l em. 

The 1-2-3 Compound YBa2Cu307_$ 

T h e basic geometrical arrangement of Y B a 2 C u 3 0 7 _ 8 , the first above - l iqu id -
nitrogen-temperature superconductor, is s imply der ived from the perovskite 
structure (it w o u l d have the formula Y B a 2 C u 3 0 9 ) by the omission of some 
of the oxygen atoms. The structure is shown for the δ = 0 system i n F i g u r e 
7 (δ varies from 0 to 1.) Defect perovskites are w e l l known . C a 3 M n 3 0 7 5 

0(2) B a 

Y 
Cu 

Figure 7. The 1-2-3 structure, YBa2Cu307^, with δ = 0. 

(i.e., C a M n 0 2 5 ) , w h i c h may be generated by heating the parent perovskite 
C a M n 0 3 , contains square-pyramidal metal atoms. I n the 1 - 2 - 3 compound 
there are square planes and square pyramids for δ = 0. The vacancy order ing 
i n C a M n 0 2 5 may be readily understood (26) using chemical ideas. W e shall 
see that they are also useful for the vacancy prob lem i n the 1 - 2 - 3 compound. 
T c varies (27) w i t h oxygen stoichiometry i n a most interest ing way (Figure 
8). F o r l ow δ it appears to be almost flat, but at around δ = 0.3 there is a 
rapid drop. This drop is fol lowed by another plateau region before Tc sharply 
drops to 0 at around δ = 0.6. 
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100K 

δ - 0 . 6 \ OK 

Y B a 2 C u 3 0 7 δ — * Y B a 2 C u 3 0 6 

Figure 8. Variation of T c with oxygen stoichiometry in the 1-2-3 compound. 

This material clearly has a different structural chemistry from the 2 - 1 - 4 
compound , and one complicated by a variable oxygen stoichiometry. There 
are many questions we have to ask. I n particular , w h y are the vacancies 
ordered i n the way shown for 8 = 0, and what controls the order ing for δ 
Φ 0? I n Y B a 2 C u 3 0 7 _ 8 for δ = 0, diffraction studies (see the col lect ion of 
references i n ref. 28) have shown that the site labeled w i t h an asterisk i n 
F i g u r e 7 [0(5)] is empty , and thus the structure is composed o f five coor
dinate planes and four coordinate chains of copper atoms. A picture emerges 
for the structure consistent w i t h the geometrical environments we expect 
to see for the various oxidation states of copper. T h e structure consists of 
C u n ( 2 ) 0 2 sheets l i n k e d by rather long Cu(2) -0 (4) linkages to C u m ( l ) 0 3 

chains. T h e sheets thus contain roughly square-pyramidal C u 1 1 atoms. T h e 
chains contain C u m atoms i n approximately square-planar coordination, l ead 
ing overal l to an orthorhombic structure ( Y B a 2 ( C u n 0 2 ) 2 ( C u m 0 3 ) ) . F o r δ = 
1, a l l o f the sites labeled as 0(1,5) are unoccupied , the square planes have 
been replaced by l inear O - C u ' - O dumbbel l s , and now the structure is 
tetragonal ( Y B a ^ C u ^ ^ C u ^ ) . 

Computed Band Structure. Th is v iewpoint also comes from the 
computed band structure. F i g u r e 9 shows how the orbi ta l diagrams asso
ciated w i t h the local (square and square-pyramidal) units get broadened into 
bands i n the extended sol id. Because the electronic area of interest l ies 
between d 8 and d 1 0 , we only show the x2 - y2 and z2 - y2 bands. T h e 
unconventional label ing of the latter comes about s imply from the axis choice 
for the sol id . It is real ly only an x2 - y2 orbital turned on its side. There are 
twice as many x2 - y2 levels as there are z2 - y2 levels, ref lecting the 
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d 9 C u " Is d 8 C u I M (short Cu-O) 

Figure 9. Broadening of the levels of local fragments into energy bands in the 
extended solid for the 1-2-3 structure. Only the two highest levels are shown. 

stoichiometry of the material . T h e picture that results shows two roughly 
half - ful l bands corresponding to x2 - y2 orbitals on the two C u 1 1 atoms, and 
an almost empty z2 - y2 band on the C u 1 1 1 atom. W e should ask w h y the z2 

- y2 band associated w i t h the chain atoms lies to h igher energy than the x2 

- y2 band associated w i t h the plane atoms. This is a natural consequence of 
the shorter average C u - O distance i n the chains (1.86 and 1.94 Â) compared 
to the planes (1.93 and 1.96 Â), w h i c h gives rise to a larger value of e„ for 
the former. I f the C u ( l ) - 0 distances were the same as the C u ( 2 ) - 0 distances, 
the two bands w o u l d occupy very s imilar energetic positions and each copper 
w o u l d have approximately the same oxidation state. 

This smal l amount of overlap that we show is v i ta l ly important because 
this is the mechanism by w h i c h the x2 - y2 bands of the planes avoid the 
half - f i l led electron configuration, w i t h a l l of the drawbacks descr ibed earl ier . 
T h e connectivity of the atoms i n this structure allows an interest ing f lexibi l i ty 
for the chain atom coordination, w h i c h then feeds back into the structural 
prob lem. Because the C u ( l ) - 0 ( 4 ) distance is not fixed b y the coordination 
demands of other atoms, i t is able to adjust to such a length that the z2 -
y2 band lies to higher energy than the x2 - y2 bands, and , i n so doing, 
preserves the approximate C u " and C u m labels. T h e exact details o f the 
plane-to-chain charge transfer are difficult to compute, as they w i l l be sen
sitive to small variations i n the structure. However , the important point is 
that w h i l e i n the 2 - 1 - 4 compound ( L a 2 _ . I S r I C u 0 4 ) , the electron density i n 
the x2 - y2 bands is broadly control led by the amount of s tront ium doping ; 
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the corresponding feature i n the 1 - 2 - 3 compound is de termined b y the 
geometrical effects we have just described. 

T h e result of doping of this material w i t h z inc is interest ing. Z n " is a 
d 1 0 system, and substitution of Cu(2) by z inc w i l l tend to increase the e lectron 
density i n the x2 - y2 band. Eventua l ly , w h e n the band is close enough to 
half - ful l , superconductivity w i l l be switched off. (This switching off occurs 
(29) for close to 14% zinc.) W i t h the assumption of approximately equal 
densities of states for the three bands at the F e r m i l eve l , this corresponds 
to the addit ion of about 0.043 electron per Cu(2). W e should recal l a s imi lar 
figure (around 0.05 electron per copper) for the cr i t ical removal of electron 
density from the half - f i l led copper band i n the 2 - 1 - 4 compound. 

Oxygen Stoichiometry. O f particular interest i n this system is the 
variation i n geometrical and electronic structure w i t h oxygen stoichiometry. 
A l though there have been many structural studies, the fine details are u n 
fortunately not as w e l l established as we w o u l d l ike . T h e variation i n ce l l 
parameters w i t h δ is w e l l k n o w n , but the ident i ty of the sites from w h i c h 
oxygen is lost is s t i l l not completely de termined , because diffraction exper
iments are not sensitive to local order ing features. F o r δ = 0 there are 
ordered square planes o f copper atoms i n the chains, and for δ = 1 there 
are ordered dumbbel l s , but the details o f the structure for arbitrary δ are 
somewhat elusive. 

M o s t studies show loss of oxygen from the planes perpendicular to ζ 
that contain the C u ( l ) atoms, but both O ( l ) and 0(5) sites seem to be occupied 
for δ > 0. F o r some values of δ the crystal symmetry appears to be tetragonal 
rather than orthorhombic . There are probably locally ordered regions of the 
structure so that such a result may be understood i n terms of chains of 
square-planar copper atoms of vary ing lengths r u n n i n g i n both the a and b 
directions. O n e way o f regarding the tetragonal structure is thus as an equal 
mixture of the two. E x p e r i m e n t a l evidence supports this v i e w (30, 31). A 
schematic picture of this situation is shown i n F i g u r e 10, i n w h i c h the two 
coordinate C u 1 atoms are represented b y empty space and the C u m atoms 
by l ines to indicate chains. 

O n e important question concerning the changes i n properties w i t h ox
ygen stoichiometry is how this should be treated theoretically (32). Is i t , for 
example, realistic to add 2δ electrons to the F e r m i l eve l of a calculation, 
w i t h δ = 0 reflecting the loss of δ oxygen atoms? (This is the so-called r i g i d -
band model.) C o n s i d e r first a m o d e l where a single oxygen atom is lost from 
one o f the O ( l ) sites of the material . Scheme II I shows how two or ig inal ly 
square-planar copper atoms now l ie i n a T-shaped environment . F i g u r e 3 
shows that the energy levels associated w i t h such a geometry l i e deeper than 
the x 2 - y2 band of the square plane, a result that leads to a loss of electrons 
from the F e r m i l eve l rather than the gain o f the r i g id band approach. This 
comes about s imply because there are two T-shaped copper atoms, whose 
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planes chains 

5 = 0 

^ - y 2 

planas 

I m 
dumbells 

δ = 1 

planas chains 

T-shape and 

δ > ο 

planas chains 

T-shapa and 

after c axis anomaly 

Figure 10. Schematic variation of the band structure of the 1-2-3 compound 
with oxygen stoichiometry. At the bottom of each figure is a schematic picture 
showing the arrangement of regions of chain (Cum) atoms (lines) and dumbbell 

(Cu1) atoms (space). 
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V 

Scheme HI 

levels require four extra electrons to be filled, but there are only two elec
trons made available b y the loss of a single oxygen atom. If, however , the 
oxygen vacancies order so that chains of copper dumbbel l s are formed, as 
i n Scheme IV, only one copper leve l per oxygen atom drops to l ow energy 
and needs to be filled. Therefore, there is no change i n the n u m b e r of 
electrons at the F e r m i leve l . T h e way the vacancies order i n the structure 
thus crucial ly controls the electronic descript ion at the F e r m i l eve l . (E lse 
where (19) we suggest that an order ing process is responsible for the first 
d ip at δ = 0.3 i n T c , as shown i n F i g u r e 8). 

F i g u r e 10 shows i n a schematic way how the band structure of the 
material changes w i t h increasing δ. T h e n u m b e r of levels (represented by 

mm 
Scheme IV 
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the breadth of the box i n the picture) associated w i t h the x2 - y2 bands of 
the planar copper (Cu 1 1 ) atoms remains constant, but loss o f oxygen atoms 
from the chains generates C u 1 atoms at the expense of C u m atoms. A t δ = 
1 there are of course no C u m z2 - y2 levels , and the x2 - y2 bands of the 
planar copper atoms are exactly half fu l l . Raveau et a l . (33) cal led the T -
shape geometry around copper an abnormal one. (In molecular chemistry 
it is found for a single low-spin d 8 molecule (34).) O n e way of envisaging 
the order ing process is thus one w h i c h min imizes the n u m b e r of such local 
structures. 

Some other evidence suggests order ing i n the structure as the oxygen 
is removed. F i g u r e 11 shows the experimental ly de termined variation (28) 
i n atomic oaxis parameters w i t h δ. T h e absence of l inear variation w i t h δ 
i n these values suggests that a cooperative effect is contro l l ing the structure. 
O n this mode l , then , for l ow δ the dimensions are contro l led by C u 1 1 1 and 
for h i g h δ by C u 1 . There is another feature of these plots w h i c h is also 
interest ing, and leads to further correlation w i t h experiment . I n F i g u r e 11 
a smooth curve has been drawn through the experimental points. E q u a l l y 
w e l l at around δ = 0.6 the data could be interpreted as suffering a sharp 
change. This has been cal led (35) " the c-axis anomaly" . Interestingly, this 
is the point where Tc rapidly drops to zero (Figure 8). O f particular i m p o r 
tance to us and our mode l is that at this point , the C u ( l ) - 0 ( 2 ) distance 
abrupt ly shortens from 1.85 to 1.80 Â. As a result, we calculate that the ζ 2 

- y2 band is pushed to higher energy, and electron transfer to the chains is 
suddenly cut off. N o w the planar copper atoms have exactly half - f i l led x2 -
y2 bands, and we have a s imple explanation for the disappearance of super
conductivity . F i g u r e 10 puts these ideas together. 

Charge Movement on Distortion 

T h e distortions descr ibed i n the section on the 2 - 1 - 4 compound left a l l of 
the copper atoms equivalent i n the structure. T h e change i n electron density 
associated w i t h each atom d u r i n g the distort ion is probably small . Such a 
comment does not apply to the distortion of the p la t inum hal ide chain shown 
i n Scheme II . I n this disproportionation process, considerable formal charge 
transfer has taken place. T h e distortion of the C u 0 2 planes, shown i n Scheme 
V and descr ibed as a "breath ing" mot ion, has s imilar features. A dynamic 
mot ion of this type is favored by many i n the chemical c ommuni ty as a 
mechanism for superconductivity , w h i c h is associated w i t h very strong elec
t r o n - p h o n o n coupl ing. (See, for example, ref. 36 and the series of articles 
i n ref. 6.) F i g u r e 12 shows how the densities of states associated w i t h the 
x2 - y2 bands change d u r i n g such a motion from a calculation on the 1 - 2 - 3 
compound. 

As the distances around one copper atom contract, the band (A) is pushed 
to h igher energy (recall our earl ier discussion of the variation of ea w i t h b o n d 
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5.9V 

53-
·-·*.—t Y (=c/2) 

4 . 5 · - ^ 

4.20 » 

2.2-

1.85.. 

1.75 

8 * ο: 0(3) 

2.3*ί.«^ Cu(2) 

B a 

·-• · 
·. 0(4) (=Cu(1)-0(4)) 

-4-

2Λ0\ • ν 

2.30|- f Cu(2)-0(1) 

δ = 1.0 δ = ο.5 δ - ο 

YBs^Ci^Og YBî^CugC^ 

Figure 11. Changes in geometry as a function of oxygen stoichiometry for 
the 1-2-3 compound. Shown are the changes in ζ coordinate for the rele

vant atoms. 

length) and becomes largely associated w i t h this copper atom. As the dis 
tances around the other copper atom expand, the band (B) moves to lower 
energy and becomes largely associated w i t h this second type of copper atom. 
O v e r a l l , the effect is to transfer electrons from A to B . A s a result , the copper 
atom w i t h the shorter C u - O distances becomes more C u m - l i k e and the 
copper atom w i t h the longer C u - O distances becomes more C u ' - l i k e . I n 
creasing and decreasing the C u - O distances by an amount equal to the 
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Scheme V 

Equilibrium 

x2.y2 x2.y2 

Contracted Expanded 

> 

LU 

- I D 

A Β 
- 1 1 

) 
- 1 2 ι 
- 1 3 

Figure 12. Changes in the x2 - y2 densities of states on breathing (Scheme V). 

magnitude of the thermal v ibrat ion parameters associated w i t h the C u - O 
distances determined experimental ly from neutron diffraction studies (37) 
of the 1 - 2 - 3 compound leads to a calculated charge transfer o f 0.22 electron. 
O u r one-electron calculations (Figure 13) show too a stabil ization of the 
distortion for a metal d-count appropriate to the half - f i l led band on the C u 0 2 

planes. Such global pictures are very useful i n understanding the or ig in of 
such distortions. In the language of the moments method (20), the shape of 
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0.1 

-0.4 I • ι • ι • ι • ι 1 ι I 
0 2 4 6 8 10 

d-Count 
Figure 13. Computed stabilization energy of the breathing mode (Scheme V) 
in the 1-2-3 compound as a function of the average number of d electrons 

per copper. 

the curve associated w i t h d orbital configurations corresponding to occupancy 
of x2 - y2 and z2 orbitals is a fourth-moment one, typical of J a h n - T e l l e r and 
Peierls distortions. N o static distortion of this type is actually observed, 
w h i c h impl ies that an important ingredient has been left out of the p rob l em. 

W e ment ioned the importance of both one- and two-electron terms i n 
the energy, i n contro l l ing distortions of molecules and solids. T h u s , for 
example, the energy difference between h i g h - and low-sp in octahedral N i 1 1 

complexes is (crudely) de termined by the two-electron terms i n the energy, 
whereas the distort ion of the octahedral structure to the square comes about 
v ia one-electron terms. W h e t h e r a given N i 1 1 complex is octahedral and 
high-spin or square-planar and low-spin is thus a balance between the two 
types of forces. 

In the distortion of the C u 0 2 planes there is a s imilar balance. H e r e it 
involves the cost of p lac ing two electrons on the same copper atom. T h e 
effect is largest w h e n the x2 - y2 band is close to half - ful l . I n this case, on 
distort ion, electrons w i l l have to be paired i n some of the orbitals on atom 
Β as a consequence of the P a u l i pr inc ip le . These on-site repulsions associated 
w i t h the two electrons i n the x2 - y2 band of the C u M i k e atoms w i l l desta
b i l i ze such a distortion. F i g u r e 13 indicates that as the e lectron count moves 
away from the half - f i l led band, the d r i v i n g force associated w i t h the one-
electron part of the energy also decreases. Thus , the d-count dependence 
of these two terms works i n opposite directions. S imi lar comments apply to 
analogous distortions i n the 2 - 1 - 4 and other compounds containing sheets 
of square-planar copper atoms. 
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T h e size of these many-body terms is difficult to evaluate. F r o m values 
of atomic ionization energies (38), the disproportionation reaction 2 C u n —• 
C u 1 + C u m costs 16.54 eV. C lear ly , the actual charge transfer i n the sol id 
is considerably less, and the metal orbitals are considerably delocal ized v ia 
extensive meta l -oxygen interactions. (A s imilar explanation can be offered 
for the nephelauxetic effect i n transition metal complexes.) D i spropor t i on 
ation is observed both i n sol id B a B i 0 3 and i n C s A u C l 3 . T h e atomic values 
for the energetics of these two cases caution against general use of such 
numbers i n solids. F o r b i smuth , the disproportionation ZBiw B i m + B i v 

costs m u c h less than a s imilar disproportionation i n copper (4.7 eV). H o w 
ever, for gold, 2 A u n —> A u 1 + A u 1 1 1 , the figure is not very different 
(13.5 eV). 

O n e variant of the breathing motion is shown i n structure 1 and Scheme 
V I for the C u 0 2 sheet of the 1 - 2 - 3 compound. H e r e the oxygen atoms 

Cu 

Scheme VI 

remain fixed and the C u - O stretching is real ly associated w i t h an increase 
i n the pucker ing of the sheet. (The asymmetric mot ion we show occurs only 
at the edge of the B r i l l o u i n zone, as shown i n structures 2 and 3. A t the 
center of the zone, the two copper atoms move in-phase and chemical ly 
remain equivalent.) F o r this distortion, both an increase i n pucker ing and 
an increase i n C u - O distance lead to a drop i n the energy of the x2 - y2 

band associated w i t h that copper atom, and so the p icture is s imilar to that 
shown i n F i g u r e 10. As before, the unfavorable e lec tron-e lec tron coulombic 
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repuls ion between two electrons forced to l ie on the same copper atom 
resists the distort ion. T h e particular motion shown i n structure 1 and Scheme 
V I is interest ing i n that the puckered structures show no motion of the 
oxygen atoms. A l though we have yet to establish the connection between 
such a mot ion and superconductivity , we do point out the observation (6, 
7) of a zero or near-zero oxygen isotope dependence of T c i n the 1 - 2 - 3 
compound. 

H o w does the magnitude of the electron transfer on pucker ing vary w i t h 
the geometry? It is easy to see that i f the sheets are flat then the dynamic 
electron transfer is zero i f the oxygen lattice remains fixed. This is shown 
i n structure 4. I f the ampl i tude of the pucker ing is the same at the two 

Cu 

ο- X „o 
Cu 

centers, then no asymmetry i n band posit ion can occur on v ibrat ion . Thus , 
a mechanism of this type suggests that electron transfer w i l l increase w i t h 
pucker ing . 

The 2-2-1-3 System, Fb2Sr2(Lnl_y My
lI)Cu308+x 

P b 2 S r 2 ( L n 1 . y M j , n ) C u 3 0 8 + I (where L n is a lanthanide or early transi 
t ion e lement such as y t t r i u m and M 1 1 is a two-valent i on such as Sr or 
Ca) has recently been characterized (39). It has several features of the 
1 - 2 - 3 and 2 - 1 - 4 compounds. In the stoichiometric c ompound 
P b 2

n S r 2
I I L n m ( C u I I 0 3 ) 2 C u I 0 2 (x = y = 0), we can envisage (Figure 14) 
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Figure 14. The observed structure of the 2-2-1-3 compound 
PhzS^Ln^y M, n )Cu 3 0 8 + i c. 

C u ! 0 2 dumbbel ls and C u n 0 3 square pyramids , just as i n the 1 - 2 - 3 c o m 
p o u n d Y B a 2 ( C u I I 0 2 ) 2 ( C u I 0 3 ) w i t h δ = 1. F i g u r e 15 shows a schematic band 
picture h ighl ight ing this. T h e role of the M 1 1 species here is s imi lar to that 
i n the 2 - 1 - 4 compound. Electrons are removed from the x2 - y2 bands of 
C u " w h e n y Φ 0 but χ = 0 and the electron occupancy moves away from 
half - ful l . T h e analogy w i t h the 1 - 2 - 3 compound may be pushed further to 
ask whether , w h e n χ > 0, behavior s imilar to that descr ibed earl ier w i l l be 

x2-y2 

dumbells 

Cu1 

Figure 15. Schematic band picture showing the arrangement ofCul02 dumbells 
and Cuu03 square pyramids. 
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found. A d d i t i o n of oxygen to the d u m b b e l l region could result i n chains of 
square-planar copper atoms i f χ = 1. F o r χ close to 0, T-shaped C u 0 3 units 
w i l l be formed. Thus , geometrically (and perhaps electronical ly , too), this 
process is s imply the reverse of that for the 1 - 2 - 3 compound shown i n 
Schemes III and IV. T h e situation i n P b 2 S r 2 ( L n 1 _ y M y

n ) C u 3 0 8 + I is very 
interesting. The material merits future detai led study of its properties as χ 
and y are var ied . 

Conclusions 

W e have shown how many of the electronic aspects of these fascinating 
systems are control led by geometrical features of the structure. T h e focus 
of attention has been on orbital ideas, but it is clear that other types of 
interactions are important here too. (See ref. 11, for example.) O u r c o m 
putations of the apical -basal angle at the square p y r a m i d i n the 1 - 2 - 3 
compound show a sensitivity of 2° or so, depending on whether the Y atoms 
are inc luded i n the calculation (19). Th is sensitivity suggests a complex trade
off between different types of interactions. W e look forward to the synthesis 
of more compounds of this type to test the predictions of the m o d e l descr ibed 
here. 
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18 
Organometallic Chemical Vapor 
Deposition 

Strategies and Progress in the Preparation 
of Thin Films of Superconductors Having 
High Critical Temperatures 

Lauren M. Tonge, Darr in S. Richeson, Tobin J. Marks , Jing Zhao, 
Jiming Zhang, Bruce W. Wessels, Henry O. Marcy , and C a r l R. Kannewurf 

Materials Research Center, Northwestern University, Evanston, IL 60208-3113 

Highly oriented films of the high-critical-temperature (Tc) supercon
ductors YBa2Cu3O7-δ, Bi2(Sr,Ca)3Cu2Ox, and TlBa2Ca2Cu3Ox can 
be prepared by organometallic chemical vapor deposition (OMCVD) 
by using volatile molecular β-diketonate (acetylacetonate, dipi
valoylmethanate, heptafluorodimethyloctanedionate) and organo
metallic (triphenylbismuth, cyclopentadienylthallium) precursors. 
After annealing, zero-resistance temperatures for these three films 
are 86, 75, and 102 K, respectively. Keys to high-quality O M C V D 
-derived films include the use of fluorocarbon-containing precursors, 
the use of low deposition pressures, the use of water as a reactant 
gas, and the use of rapid thermal annealing techniques. 

T H E R E C E N T D I S C O V E R Y O F S E V E R A L C L A S S E S of superconducting m i x e d -
metal oxides w i t h cr i t ical temperature (T c) values greater than 77 Κ has 
stimulated intense wor ldwide scientific interest (1 -3) . O n e area of great 
activity has been the development of processes to produce high-qual i ty t h i n 
films of these materials (4-6), because it is l ike ly that h i g h - T c superconduc
tors w i l l first have technological impact i n this form. Efforts to date have 
pr imar i l y centered on physical vapor deposit ion ( P V D ) techniques such as 
sputtering, evaporation, molecular beam epitaxy, and laser ablation (4-6). 

0065-2393/90/0226-0351$06.00/0 
© 1990 American Chemical Society 
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A n attractive alternative chemical vapor deposit ion ( C V D ) approach is or 
ganometallic chemical vapor deposition ( O M C V D ) (7, 8). 

Such a process produces films by using volatile meta l -organic molecular 
precursors and suitably designed gas-phase react ion-depos i t ion chemistry . 
I n pr inc ip le , O M C V D offers the advantages over P V D of relatively s imple 
apparatus, amenabil i ty to large-scale deposit ion, abi l i ty to coat variously 
shaped objects, adaptability to a wide range of materials, the possibi l i ty of 
deposit ion at l ow temperatures, and the possibi l ity of creating metastable 
structures. Indeed , O M C V D is the technique o f choice for the large-scale 
fabrication of films of I I I - V and I I - V I semiconductors (7), and it has been 
used to produce films of a variety of metal oxides (8-12). 

W i t h regard to produc ing h i g h - T c superconduct ing th in films b y 
O M C V D , crucia l questions concern whether suitable precursors and dep 
osition chemistry can be developed. This chapter reviews recent efforts at 
Northwestern Univers i ty to develop O M C V D processes for h i g h - T c super
conduct ing films and describes some of the properties of the result ing films. 
F i l m s o f the Y B a g C u a O ^ , (BiO) 2 Sr 2 Ca„_ 1 Cu n 0 3 E , and ( T l O ) I I I B a 2 C a l l _ 1 C u l l O I 

classes o f superconductors can be prepared on a variety o f substrates. These 
films have excellent phase pur i ty , h igh degrees of preferential orientation, 
and good electrical properties. 

Strategies for Precursor Design and Deposition Methodology 

A requisite property for a l l O M C V D precursors must be suitable volat i l i ty . 
A n attractive strategy to achieve this volati l i ty is to m i n i m i z e lattice cohesive 
energies by encapsulating the metal i on i n a sterically saturating nonpolar 
l igand environment (13,14). L i g a n d fluorination is k n o w n to further promote 
volati l i ty (13, 14). F o r large divalent and trivalent ions (especially C a 2 + , 
S r 2 + , B a 2 + , and Y 3 + ) , such requirements can be satisfied only w i t h b u l k y , 
mult identate ligands (15). O t h e r important considerations i n precursor se
lect ion inc lude ease of synthesis, purif ication, and handl ing . A l l factors be ing 
equal , air-stable precursors are most desirable because they are more con
venient ly manipulated and require less special ized apparatus. F i n a l l y , 
O M C V D precursors must display appropriate gas-phase reactivity for the 
formation of films (i.e., a precursor that is chemical ly inert w i l l be useless). 

F o r our in i t ia l h i g h - T c O M C V D experiments (16-21), β-diketonate c om
plexes were chosen for C u , Y, C a , Sr , and B a sources (structure 1). Cu(acac) 2 

(acac is acetylacetonate), Y (dpm) 3 , Ca(dpm) 2 , and Sr (dpm) 2 (dpm is d i p i v a l -
oylmethanate) are sufficiently volatile to transport the respective metals. I n 
our hands, however, Ba(dpm) 2 (16, 17) has insufficient volati l i ty. Attempts 
to transport it result i n i rreproducib le vapor pressure characteristics, thermal 
decomposit ion, and l ow deposition yields. I n contrast to Ba(dpm) 2 , we f ind 
that Ba(fod) 2 (fod is heptafluorodimethyloctanedionate) (16) is more volat i le , 
exhibits steady vapor pressure, and transports B a at lower temperatures and 

 P
ub

lic
at

io
n 

D
at

e:
 M

ay
 5

, 1
98

9 
| d

oi
: 1

0.
10

21
/b

a-
19

90
-0

22
6.

ch
01

8

In Electron Transfer in Biology and the Solid State; Johnson, M., el al.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1989. 



18. T O N G E E T A L . Organometallic Chemical Vapor Deposition 353 

M / 
,0 — C 

Ri 

; C H 

0 —C 

Ri = R2 = CH 3 M(acac)n 

Ri = R 2 = C(CH 3) 3 M(dpm)n 

Ri = C(CH 3) 3 ; R2 = CF 2 CF 2 CF 3 M(fod)n 

1 

w i t h far less decomposit ion. It also serves as a beneficial source of fluoride 
(vide infra). F o r B i and T l sources, the organometallic compounds t r i p h e n -
y lb i smuth (structure 2) and cyc lopentadienylthal l ium (structure 3) offer h i g h 
volati l i ty , air stabil ity, and reactivity w i t h respect to deposit ion chemistry 
(vide infra). A l l precursors used i n this work were rigorously pur i f i ed b y 
mul t ip le subl imation or recrystall ization. 

2 3 

W i t h regard to designing O M C V D chemistry , the goal has been to 
employ reagents that cleanly strip ligands from the precursor molecules 
under as m i l d conditions as possible, to afford less-volatile products. I n 
pr inc ip le , s imple oxidation (eq 1) offers one such approach. 

M L n + 0 2 — M O x + L oxidation products (1) 

where M is metal and L is l igand. H o w e v e r , it appears to require very h igh 
deposit ion temperatures for h i g h - T c superconductor O M C V D (19) and pro 
duces significant yields of B a F 2 w h e n appl ied to Ba(fod) 2 transport (eq 2) 
(15, 22). 

Ba(fod) 2 + 0 2 — B a F 2 + other products (2) 
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Protonolysis of the precursor m e t a l - l i g a n d bonds w i t h water vapor (eqs 3 
and 4) appears to be a cleaner, m i l d e r approach, and the hydroxide products 
are expected to ult imately condense and y i e l d nonvolati le oxides. 

L n M - O R + H 2 0 -^-> L n M - O H + R O H (3) 

L n M - R ' + H 2 0 L n M - O H + R ' H (4) 

F u r t h e r m o r e , we B n d that water vapor can be employed to contro l the 
amount of B a F 2 produced i n Ba(fod) 2 O M C V D (eq 5) (16, 22). 

B a F 2 + H 2 0 B a O + 2 H F (5) 

I n practice, we find that oxygen saturated w i t h water vapor and water vapor 
alone are excellent reactant gases for the deposit ion process. 

O M C V D was carr ied out at l ow pressure (266-666 P a [2 -5 ton*]) i n a 
co ld-wal l horizontal quartz reactor w i t h separate, para l le l , heated quartz 
inlet tubes for introduc ing the precursors i n an argon stream. Low-pressure 
operation is part icularly useful i n maximiz ing deposit ion yields at l ow p r e 
cursor temperatures. Substrates were located on a carbon susceptor that was 
heated w i t h an I R lamp. Reactant gases were introduced immediate ly u p 
stream from the susceptor. Substrates employed inc lude [100] single-crystal 
M g O , [100] single-crystal S r T i 0 3 , and 9.5 m o l % yttr ia-stabi l ized z irconia 
(YSZ) w i t h random orientation. F o l l o w i n g deposit ion, films were annealed 
under oxygen i n a manner appropriate to each material (vide infra). 

Micros t ruc tura l characterization of O M C V D - d e r i v e d films was carr ied 
out by X - r a y diffraction ( C u K J , scanning electron microscopy ( S E M ) , scan
n i n g A u g e r spectroscopy, and energy-dispersive X - r a y analysis ( E D X ) . 
Charge-transport characterization employed four-probe techniques and the 
automated instrumentation descr ibed previously (23, 24). 

OMCVD ofYBa2Cu307_s Films 

Depos i t i on of Y B a 2 C u 3 0 7 _ 8 films can be carr ied out b y us ing the precur 
sor combinations Cu(acac) 2 4- Y ( d p m ) 3 + Ba(fod) 2 (16) or Cu(acac) 2 + 
Y ( d p m ) 3 + Ba(dpm) 2 (17), w i t h the former precursors pre ferred (vide supra). 
I n such experiments, source temperatures were 150, 100, and 170 °C for 
the C u , Y, and B a precursors, respectively. T h e system pressure was 666 
P a (5 torr), the substrate temperature was 700 °C, and water vapor was 
employed as the reactant gas. T h e ini t ia l ly deposited films are largely amor
phous (as shown by X - ray diffraction, F i g u r e 1A) and insulat ing. As can also 
be seen i n F i g u r e 1A, the as-deposited films contain traces of B a F 2 . T h e 
amounts of B a F 2 can be increased by increasing the 0 2 / H 2 0 ratios i n the 
reactant gas dur ing deposition (16, 22). 
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Figure 1. X-ray diffraction patterns of (A) an as-deposited, OMCVD-derived 
Y-Ba-Cu-O film on [100] MgO and (B) Y-Ba-Cu-0 film on [100] MgO 

after annealing. 

Annea l ing of the film i n F i g u r e 1A under flowing oxygen for 10 h at 600 
°C, 1.5 h at 900 °C, and 10 m i n at 960 °C produces crystal l ine, 0 .5-2.0-μηι-
thick films of the Y B a 2 C u 3 0 7 _ 8 superconductor (Figure IB ) . T h e enhanced 
relative intensities of the (00Î) reflections versus those i n a randomly or iented 
powder indicate significant preferential orientation of the crystallite c axes 
perpendicular to the plane of the substrate. H e n c e , the charge-transporting 
C u O sheets are or iented paral lel to the plane of the substrate. Measurement 
of the c axis length indicates an oxygen stoichiometry of approximately 
Y B a 2 C u 3 0 6 6 . There is no diffraetometric evidence for contaminating C u O , 
B a C u 0 2 , or B a 3 Y 4 0 9 phases (18). Pre l iminary studies (22) indicate that i n 
creasing the quantity of B a F 2 increases the degree of preferential c axis 
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orientation perpendicular to the substrate plane. A s imilar effect has been 
noted i n films deposited by pyrolysis of metal carboxylate coatings (25). 

F i g u r e 2 shows variable-temperature four-probe resistivity data for an 
annealed film of the type shown i n F i g u r e I B . T h e metal l ike behavior (dp/ 
d T > 0) at h igher temperatures is characteristic of relat ively h igh-qual i ty 
Y B a 2 C u 3 0 7 _ 5 films (4-6), as is the onset of the superconduct ing state at ~ 9 0 
K . I n this particular specimen, ρ = 0 occurs at 66.2 Κ (16). A scanning 
electron micrograph of a typical annealed Y B a 2 C u 3 0 7 _ s film of the type shown 
i n F i g u r e I B reveals l -5 -μηι grains evenly d is tr ibuted over the film (Figure 
3). 

In an effort to improve film charge-transport characteristics and to m i n 
imize film-substrate reactions (26), rap id thermal anneal ing techniques have 
been appl ied (22). Annea l ing as-deposited films i n flowing oxygen for 1.5 h 
at 870 °C and for several seconds at 980 °C considerably enhances grain size 
and grain overlap (evident i n S E M photographs), as w e l l as increasing the 
ρ = 0 temperatures. The resistivity data shown i n F i g u r e 4 indicate ρ = 0 
temperatures for the Y B a 2 C u 3 0 7 _ 8 films subjected to rap id thermal anneal ing 
on S r T i 0 3 and Y S Z of 78 and 87 K , respectively. T h e latter temperature is 

100 150 200 

TEMPERATURE (K) 

Figure 2. Variable-temperature four-probe resistivity data for an annealed 
OMCVD-derived YBa2Cu307^film on [100] MgO. 
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Figure 3. Scanning electron micrograph of an annealed OMCVD-derived 
YBa2Cu307^film on [100] MgO. 

w i t h i n a few degrees of the highest values yet reported for Y B a 2 C u 3 0 7 _ 8 

films prepared by P V D techniques (4-6). 

OMCVD of (BiO)2Sr2Can^CunOx Films 

In contrast to the Y B a 2 C u 3 0 7 _ 8 system, the B i - S r - C a - C u - O superconduc
tors exhibit a complex crystal chemistry w i t h Tc values as h igh as 110 Κ 
(27-30). Needless to say, O M C V D , in using four sources, presents a great 
challenge. Depos i t ion of B i - S r - C a - C u - O films was carr ied out at 266 P a 
(2 torr) by using the precursors B i ( C 6 H 5 ) 3 , Ca (dpm) 2 , Sr (dpm) 2 , and 
Cu(acac) 2 w i t h source temperatures of 145-230 °C and a substrate t emper 
ature of 550 °C (31-34). T h e reactant gas was water-vapor-saturated oxygen. 
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A l t h o u g h water vapor alone gives acceptable deposit ion yields of C a , Sr , 
and C u oxides, oxygen is necessary to achieve efficient, simultaneous dep 
osition o f B i . Presumably the hydrolyt ic stabil ity of the B i - p h e n y l b o n d is 
too great to al low efficient protonolytic cleavage. 

F i g u r e 5 A shows that the as-deposited B i - S r - C a - C u - O films are crys 
tal l ine. However , the lattice parameters of c = 24.4 Â and a = b = 5.4 Â 
indicate a previously observed (35,36) semiconduct ing phase. S E M indicates 
an irregular, probably heterogeneous, film microstructure (Figure 6A) for 
the as-deposited films. Annea l ing of the as-deposited films i n f lowing oxygen 
for 0.5 h at 600 °C and 0.5 h at 865 °C yields 3 - 6 ^ m - t h i c k films that (by 
X - r a y d i f f r a c t i o n , F i g u r e 5 B ) c o n s i s t l a r g e l y o f t h e Tc = 8 5 Κ 
B i 2 ( S r , C a ) 3 C u 2 O x phase (27-30, 37, 38). T h e enhanced intensities of the 
(001) reflections indicate significant preferential orientation of the crystall ite 
c axes perpendicular to the surface of the substrate. Thus , as i n the case of 
the Y B a 2 C u 3 0 7 _ 8 films, the charge-carrying C u O planes are formed paral le l 
to the substrate plane. The diffraction data also indicate traces of the c = 
37 A , Tc = 110 Κ B i 2 ( S r , C a ) 4 C u 3 O x phase (27-30, 37, 38), as w e l l as of the 
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2 0 . 0 3 0 . 0 4 0 . 0 5 0 . 0 6 0 . 0 
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Figure 5. Α. X-ray diffraction pattern of an unannealed Bi-Sr-Ca-Cu-O film 
on [100] MgO. The tentative indexing assumes a tetragonal cell with e = 24.4 
Â and a = b = 5.4 λ. Β. X-ray diffraction pattern of an annealed 
Bi-Sr-Ca-Cu-O film on [100] MgO. The reflections assigned to the T C = 

110 Κ (x) and semiconducting (o) phases are so indicated. 

aforementioned c = 24.4 Â semiconduct ing phase. S E M data for a typical 
annealed film reveal a rough surface w i t h grain sizes of 5 -15 μιη (Figure 
6B) . Results on Y S Z substrates are similar . 

F i g u r e 7 shows charge-transport data for a typical annealed O M C V D -
der ived B i - S r - C a - C u - O film on [100] M g O . As is typical of relat ively h i g h -
qual i ty films, transport is metal l ic (dp /dT > 0) at higher temperatures. T h e 
onset of superconductivity begins at —110 K , w i t h ρ = 0 at 75 K . P V D -
der ived B i - S r - C a - C u - O films have been reported to exhibit ρ = 0 t e m 
peratures as h igh as 100 Κ (39), although most reports are i n the 7 0 - 8 0 Κ 
range. 

OMCVD of(TlO)mBa2Can^CunOx Films 

T h e ( T l O ^ B a a C a ^ C u A system (m = 1, 2; η = 1, 2, 3) exhibits the 
greatest mul t ip l i c i ty of h i g h - T c superconducting phases (27-30), impressive 
environmental stabi l i ty (40-45), a paucity of intergranular "weak l i n k s " that 
appears to l i m i t the crit ical current densities of other h i g h - T c materials 
(44-46), and reported Tc values as h igh as 122 Κ (26-29). Nevertheless , the 
volati l i ty of T l 2 0 and T l 2 0 3 complicates the annealing of P V D - d e r i v e d 
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Figure 6. A. Scanning electron micrograph of the unanneahd Bi-Sr-
Ca-Cu-O film in Figure 5A. B. Scanning electron micrograph of the annealed 

Bi-Sr-Ca-Cu-O film in Figure 5B. 
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T l - B a - C a - C u - O films, and O M C V D w i t h four sources is expected to be 
difficult. W e find that excellent h i g h - T c T l - B a - C a - C u - 0 films can be pre 
pared by two complementary, O M C V D - b a s e d approaches (47). I n one ap
proach, a B a - C a - C u - O film is prepared by O M C V D and T l is then 
introduced by vapor diffusion of the oxides. I n the second approach, T l is 
introduced into the B a - C a - C u - O film v i a an O M C V D process that uses 
volatile cyc lopentadienylthal l ium. 

O M C V D o f B a - C a - C u - O f i lms was c a r r i e d out u s i n g Ba ( f od ) 2 , 
Ca (dpm) 2 , and Cu(acac) 2 as precursors at 666 P a (5 torr) of pressure i n the 
reactor described. T h e source temperatures were 160-210 °C, the substrate 
temperature was 600 °C, and water vapor was employed as the reactant gas. 
T h e as-deposited films were annealed for 3 h at 800 °C i n flowing oxygen 
saturated w i t h water vapor. T h e role o f the water is to remove excess fluoride 
from the films (vide supra). 

To introduce T l into the B a - C a - C u - O films b y vapor diffusion, the films 
were heated under air for 3 m i n at 870 °C (followed b y slow cooling) i n a 
closed a lumina cruc ib le containing a pel let of b u l k T l B a 2 C a 2 C u 3 O x . Th is 
material serves as a source of T l 2 0 and T l 2 0 3 (40-45). X - r a y diffraction 
measurements (Figure 8A) reveal that the films are composed p r i m a r i l y of 
the T l B a 2 C a 2 C u 3 0 , Tc = 110 Κ phase (40-46). T h e enhanced (00/) reflection 
i n t e n s i t i e s i n d i c a t e , as for t h e a f o r e m e n t i o n e d Y - B a - C u - O a n d 
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Figure 8. X-ray diffraction patterns of (A) a Tl-Ba-Ca-Cu-0 film on YSZ 
prepared by OMCVD of a Ba-Ca-Cu-O film followed by vapor diffusion of 

thallium and (Β) a Tl-Ba-Ca-Cu-0 film on YSZ prepared by OMCVD. 
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B i - S r - C a - C u - O films, h igh preferential orientation of the crystall ite c axes 
perpendicular to the substrate plane. S E M data (Figure 9A) reveal a h igh ly 
irregular surface w i t h l -5 -μηι grains. Charge-transport data (Figure 10A) 
for these films reveal metal l ike character at h igher temperatures and a t ran 
sition to the superconducting state beg inning at —120 K . T h e ρ = 0 t e m 
perature is 102 K . W i t h one recent exception (46), this temperature is , to 
our knowledge, comparable to the best achieved w i t h P V D - d e r i v e d films 
(40-45). 

T l introduct ion into the B a - C a - C u - O films by O M C V D was carr ied 
out by using T l ( C 5 H 5 ) i n an atmospheric-pressure reactor. T h e source t e m 
perature was 5 0 - 8 0 °C, the substrate temperature was 300 °C, the carrier 
gas was argon, and the reactant gas was water-saturated oxygen. T h e as-
deposited films are amorphous by X - r a y diffraction and are semiconduct ing. 
A n n e a l i n g of these films can be carr ied out by rap id heating (—1 m i n at 800 
°C) under air i n a closed cruc ib le or, more satisfactorily, i n the presence of 
bu lk T l B a 2 C a 2 C u 3 O a . to avoid tha l l ium loss. T h e X - r a y diffraction patterns 
of these films (Figure 8B) are s imilar to those descr ibed. This s imi lar i ty 
indicates the predominance of the T l B a ^ a ^ u ^ Tc = 110 Κ phase, w i t h 
the possible presence of traces of other phases. A g a i n , preferential o r i en 
tation of the crystallite C u O planes paral le l to the substrate surface is e v i 
dent. T h e charge-transport characteristics of the O M C V D - d e r i v e d 
T l - B a - C a - C u - O films (Figure 10B) are metal l ike at h igher temperatures, 
w i t h a superconducting onset at —120 Κ and ρ = 0 at 100 K . E l e c t r o n 
micrographs (Figure 9B) reveal a smoother, more regular surface than i n 
the case of films prepared by O M C V D + T 1 2 0 - T 1 2 0 3 vapor diffusion. 

Conclusions 

T h e in i t ia l results of this research effort show that O M C V D is a viable 
approach to the synthesis of h i g h - T c superconduct ing films. Indeed , h igh ly 
or iented films of the Y B a 2 C u 3 0 7 _ 8 , B i 2 ( S r , C a ) 3 C u 2 O x , and T l B a ^ a a C u ^ 
superconductors have been prepared w i t h zero-resistance temperatures of 
86, 75, and 102 K , respectively. T h e fol lowing points are part icularly note
worthy: 

• the use of Ba(fod) 2 as a volatile B a precursor and source of film-
or ient ing B a F 2 ; 

• the use of low-pressure deposit ion procedures; 

• the use of water as a protonolytic reactant gas and B a F 2 m o d 
erator; 

• the observation of amorphous Y - B a - C u - O and T l - B a -
C a - C u - O films pr ior to annealing; 
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Figure 9. Scanning electron micrograph of (A) the Tl-Ba-Ca-Cu-O film 
shown in Figure 8A and (B) the Tl-Ba-Ca-Cu-O film shown in Figure 8B. 
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Ο 50 100 150 200 250 300 
TEMPERATURE (Κ) 

Figure 10. Four-probe variable-temperature electrical resistivity data for (A) 
the Tl-Ba-Ca-Cu-0 film shown in Figure 9A and (B) the Tl-Ba-Ca-Cu-0 

film shown in Figure 9B. 
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• the use of B i ( C 6 H 5 ) 3 and T l ( C 5 H 5 ) as volatile B i and T l sources, 
respectively; 

• the use of rap id thermal annealing techniques to improve film 
grain structure and electrical properties ; and 

• the use of combined O M C V D and vapor diffusion techniques 
for film deposit ion. 

These results indicate that many factors i n the O M C V D process inf luence 
h i g h - T c superconductor film stoichiometry and microstructure (hence, 
charge-transport characteristics) i n a way that is not yet w e l l understood. 
Important issues to be addressed concern the development of more volati le 
and reactive precursors, understanding the deposit ion chemistry , under 
standing the role i n film growth of substrate and added reagents (e.g., B a F 2 ) , 
understanding the anneal ing-crystal l izat ion chemistry , and understanding 
film microstructure-charge-transport (especially cr i t i ca l current density) r e 
lationships. F u r t h e r research w i l l focus upon these issues and on deve lop ing 
O M C V D routes to other nove l electronic materials. 

Acknowledgments 

This research was supported by the Nat ional Science Foundat ion through 
the Northwestern Mater ia ls Research C e n t e r (Grants D M R 8 5 2 0 2 8 0 and 
DMR8821571) and i n part by the Office of Nava l Research and Argonne 
Nat ional Laboratory. 

References 

1. The Chemistry of High-Temperature Superconductors; Nelson, D. L . ; Whit
tingham, S. M. ; George, T . F., Eds.; ACS Symposium Series 351; American 
Chemical Society: Washington, DC, 1987. 

2. The Chemistry of High-Temperature Superconductors II; Nelson, D. L.; George, 
T . F., Eds.; ACS Symposium Series 377; American Chemical Society: Washing
ton, DC, 1988. 

3. Maple, M. B., Ed. MRS Bull. 1989, XIV, No. 1, 20-71, and references therein. 
4. Thin Film Processing and Characterization of High-Temperature Superconduc

tors; Harper, J. M. E.; Colton, R. J.; Feldman, L. C., Eds.; American Vacuum 
Society Series No. 3; American Institute of Physics Conference Proceedings No. 
165; American Institute of Physics: New York, 1988. 

5. High-Temperature Superconductors II; Capone, D. W., II; Butler, W. H . ; Bat
logg, B.; Chu, C. W., Eds.; Extended Abstracts; Materials Research Society: 
Pittsburgh, PA, 1988. 

6. Laibowitz, R. B. In ref. 3; Maple, M. B., Ed. ; pp 58-62, and references therein. 
7. Dapkus, P. D. Ann. Rev. Mater. Sci. 1982, 12, 243-269. 
8. Prakash, H. Prog. Cryst. Growth Charact. 1983, 6, 371-391. 
9. Ryabova, L. A. Curr. Topics Mater. Sci. 1981, 7, 587-642. 

10. Curtis, B. J.; Brunner, H. R. Mater. Res. Bull. 1975, 10, 515-520. 

 P
ub

lic
at

io
n 

D
at

e:
 M

ay
 5

, 1
98

9 
| d

oi
: 1

0.
10

21
/b

a-
19

90
-0

22
6.

ch
01

8

In Electron Transfer in Biology and the Solid State; Johnson, M., el al.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1989. 



18. T O N G E E T A L . Organometallic Chemical Vapor Deposition 367 
11. Itoh, H . ; Takeda, T.; Naka, S. J. Mater. Sci. 1986, 21, 3677-3680. 
12. Souletie, P.; Bethke, S.; Wessels, B. W.; Pan, H. J. Cryst. Growth, (Proc. Third 

Int. Conf. II-VI Compounds) 1988, 86, 248-251. 
13. Cuellar, Ε. Α.; Miller, S. S.; Marks, T. J. ; Weitz, E . J. Am. Chem. Soc. 1983, 

105, 4580-4589. 
14. Cuellar, Ε. Α.; Marks, T. J. Inorg. Chem. 1981, 20, 2129-2137. 
15. Sievers, R. E.; Sadlowski, J. E . Science 1978, 201, 217-223, and references 

therein. 
16. Zhao, J. ; Dahmen, K . -H. ; Marcy, H. O.; Tonge, L. M. ; Marks, T. J. ; Wessels, 

B. W.; Kannewurf, C. R. Appl. Phys. Lett. 1988, 53, 1750-1752. 
17. Zhao, J.; Dahmen, K.-H.; Marcy, H. O.; Tonge, L. M. ; Wessels, B. W.; Marks, 

T. J.; Kannewurf, C. R. Solid State Commun. 1989, 69, 187-189. 
18. Berry, A. D.; Gaskill, D. K.; Holm, R. T.; Cukauskas, E . J. ; Kaplan, R.; Henry, 

R. L. Appl. Phys. Lett. 1988, 52, 1743-1745. 
19. Yamane, H. ; Masumoto, H. ; Hirai, T.; Iwasaki, H . ; Watanabe, K.; Kobayashi, 

N.; Muto, Y.; Kurosawa, H. Appl. Phys. Lett. 1988, 53, 1548-1550. 
20. Panson, A. J. ; Charles, R. G.; Schmidt, D. N.; Szedon, J. R.; Machiko, G. J. ; 

Braginski, A. I. Appl. Phys. Lett. 1988, 53, 1756-1758. 
21. Zhang, K.; Kwak, B. S.; Boyd, E . P.; Wright, A. C.; Erbil, A. Appl. Phys. Lett. 

1989, 54, 380-382. 
22. Zhao, J. ; Marcy, H. O.; Tonge, L. M. ; Wessels, B. W.; Marks, T. J. ; Kannewurf, 

C. R. Physica C, 1989, 159, 710-714. 
23. Lyding, J. W.; Marcy, H. O.; Marks, T. J. ; Kannewurf, C. R. IEEE Trans. 

Instrum. Meas. 1988, 37, 76-80. 
24. Kanatzidis, M. G.; Marks, T. J. ; Marcy, H. O.; McCarthy, W. J. ; Kannewurf, 

C. R. Solid State Commun. 1988, 65, 1333-1337. 
25. Gupta, A.; Jagannathan, R.; Cooper, Ε. I.; Geiss, Ε. Α.; Landman, J. I.; Hussey, 

B. W. Appl. Phys. Lett. 1988, 52, 2077-2079. 
26. Cheung, C. T.; Ruckenstein, E . J. Mater. Res. 1989, 4, 1-15, and references 

therein. 
27. Sleight, A. W.; Subramanian, M. A.; Torardi, C. C., ref. 3, pp 45-48, and 

references therein. 
28. Schuller, I. K.; Jorgensen, J. D. In ref. 3; Maple, M. B., Ed. ; pp 27-30, and 

references therein. 
29. Maeda, H . ; Tanaka, Y.; Fukutomi, M. ; Asano, T. Jpn. J. Appl. Phys. 1988, 27, 

L209-L210. 
30. Tarascon, J. M. ; LePage, Y.; Barboux, P.; Bagley, B. G.; Greene, L. H. ; 

McKinnon, W. R.; Hull, G. W.; Giroud, M. ; Hwang, D. M. Phys. Rev. Β 1988, 
37, 9382-9389. 

31. Zhang, J. ; Zhao, J . ; Marcy, H. O.; Tonge, L. M. ; Wessels, B. W.; Marks, T. J . ; 
and Kannewurf, C. R. Appl. Phys. Lett. 1989, 54, 1166-1168. 

32. Yamane, H. ; Kurosawa, H. ; Hirai, T.; Iwasaki, H . ; Kobayashi, N. ; Muto, Y. Jpn. 
J. Appl. Phys. 1988, 27, L1495-L1497. 

33. Gaskill, D. K.; Berry, A. D.; Cukauskas, E . J. ; Fatemi, M. ; Fox, W. B.; Holm, 
R. T.; Kaplan, R., presented at the Materials Research Society Fall Meeting, 
Boston, MA, Nov. 28-Dec. 2, 1988; Abstract F9.8. 

34. Kimura, T.; Ihara, M. ; Yamawaki, H . ; Ikeda, K.; Ozeki, M. , presented at the 
Materials Research Society Fall Meeting, Boston, MA, Nov. 28-Dec. 2, 1988; 
Abstract F9.7. 

35. Mikalsen, D. J. ; Roy, R. Α.; Yee, D. S.; Shivashanker, S. Α.; Cuomo, J. J. 
J. Mater. Res. 1988, 3, 613-618. 

36. Rice, C. E.; Levi, A. F. J. ; Fleming, R. M. ; Marsh, P.; Baldwin, K. W.; Anzlowar, 
M. ; White, A. E.; Short, K. T.; Nakahara, S.; Stormer, H. L. Appl. Phys. Lett. 
1988, 52, 1828-1830. 

 P
ub

lic
at

io
n 

D
at

e:
 M

ay
 5

, 1
98

9 
| d

oi
: 1

0.
10

21
/b

a-
19

90
-0

22
6.

ch
01

8

In Electron Transfer in Biology and the Solid State; Johnson, M., el al.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1989. 



368 E L E C T R O N T R A N S F E R IN B I O L O G Y A N D T H E S O L I D S T A T E 

37. Hazen, R. M. ; Prewitt, C. T.; Angel, R. J. ; Ross, N. L . ; Finger, L. W.; Hadi
diacos, C. G.; Veblen, D. R.; Heaney, P. J . ; Hor, P. H. ; Meng, R. L. ; Sun, 
Y. Y.; Wang, Y. Q.; Xue, Y. Y.; Huang, Z. J. ; Gao, L. ; Bechtold, J. ; Chu, 
C. W. Phys. Rev. Lett. 1988, 60, 1174-1177. 

38. Marshall, A. F.; Oh , B.; Spielman, S.; Lee, M. ; Eom, C. B.; Barton, R. W.; 
Hammond, R. H. ; Kapitulnik, Α.; Beasley, M. R.; Geballe, T. H. Appl. Phys. 
Lett. 1988, 53, 426-428. 

39. Fukutomi, M. ; Machida, J. ; Tanaka, Y.; Asano, T.; Yamamoto, T.; Maeda, H. 
Jpn. J. Appl. Phys. 1988, 27, L1484-L1486. 

40. Ichikawa, Y.; Adachi, H . ; Setsune, K.; Hatta, S.; Hirochi, K.; Wasa, K. Appl. 
Phys. Lett. 1988, 53, 919-921. 

41. Nakao, M. ; Yuasa, R.; Nemoto, M. ; Kuwahara, H . ; Mukaida, H . ; Mizukami, A. 
Jpn. J. Appl. Phys. 1988, 27, L849-L851. 

42. Lee, W. Y.; Lee, V. Y.; Salem, J . ; Huang, T. C.; Savoy, R.; Bullock, D. C.; 
Parkin, S. S. P. Appl. Phys. Lett. 1988, 53, 329-831. 

43. Shih, I.; Qiu, C. X. Appl. Phys. Lett. 1988, 53, 523-525. 
44. Ginley, D. S.; Kwak, J. F.; Hellmer, R. P.; Baughman, R. J. ; Venturini, E . L . ; 

Morosin, B. Appl. Phys. Lett. 1988, 53, 406-408. 
45. Ginley, D. S.; Kwak, J. F.; Hellmer, R. P.; Baughman, R. J. ; Venturini, E . L . ; 

Mitchell, Μ. Α.; Morosin, B. Physica C 1988, 156, 592-598. 
46. Hong, M. ; Liou, S. H. ; Bacon, D. D.; Grader, G. S.; Kwo, J. ; Kortan, A. R.; 

Davidson, B. A. Appl. Phys. Lett. 1988, 53, 2102-2104. 
47. Richeson, D. S.; Tonge, L. M. ; Zhao, J. ; Zhang, J. ; Marcy, H. O.; Marks, 

T. J.; Wessels, B. W.; Kannewurf, C. R. Appl. Phys. Lett. 1989, 54, 2154-2156. 

RECEIVED for review May 1, 1989. ACCEPTED revised manuscript August 2, 1989. 

 P
ub

lic
at

io
n 

D
at

e:
 M

ay
 5

, 1
98

9 
| d

oi
: 1

0.
10

21
/b

a-
19

90
-0

22
6.

ch
01

8

In Electron Transfer in Biology and the Solid State; Johnson, M., el al.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1989. 



19 
Centered Cluster Halides 
for Group-Three and Group-Four 
Transition Metals 

A Versatile Solid-State and Solution Chemistry 

Friedhelm Rogel, Jie Zhang, Martin W. Payne, and John D. Corbett 

Department of Chemistry, Iowa State University, Ames, IA 50011 

A large number and variety of M6X12-type cluster halides constructed 
from a rare-earth metal or zirconium (X is Cl, Br, or I) are stable 
only when centered by an interstitial element Z. At least 22 elements 
are known to function as Z, and over a dozen structure types are 
represented. New results are presented in three different areas: the 
encapsulation of 3d transition elements in zirconium chlorides to 
give Lix(Zr6Cl12Z)Cl6/2 phases in the Nb6F15 structure with two inde
pendent, interpenetrating cluster networks or analogues of the 
K2Zr7Cl18H structure; bonding of heavy transition metals (Ru, Rh, 
Pd, Re, Os, Ir, or Pt) within rare-earth-metal (R) clusters with R7I12Z 
or R6I10Z compositions (R is Pr, Gd, or Y); the preparation of new 
cluster phases from solid-state cluster compounds via room-temper
ature solution chemistry in CH3CN. The products include the optimal 
14-electron cluster ((C2H5)4N+)4Zr6Cl18C4-, the 18-electron analogue 
((C2H5)4N+)4[(Zr6Cl12Fe)Cl64-], and three examples containing the 
new 12-electron cluster Zr6Cl12Be4-, in which cluster-bonding elec
trons have clearly been removed. 

V J H E M I C A L C L U S T E R S O F T H E M 6 X 1 2
n + A N D M 6 ' X 8

m + T Y P E S have been 
k n o w n for many years for the more-central transit ion elements ( M is N b or 
Ta ; M ' is M o ; X is C l , B r , I , or, i n one case, F ) . F o r the more-relevant 
M 6 X 1 2 type, var ied binary and ternary n i o b i u m and tantalum compounds 

0065-2393/90/0226-0369$06.25/0 
© 1990 American Chemical Society 
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have been identi f ied that contain ( N b , T a ) 6 X 1 2
2 + ' 3 + clusters along w i t h ad 

dit ional halide anions (J). T h e electronic requirements of these clusters seem 
to be relatively restrict ive, w i t h only 16 or 15 electrons left i n m e t a l - m e t a l 
bond ing orbitals i n the two charge types, respectively, after the l ower - ly ing 
halogen valence orbitals have been filled. T h e ( N b , T a ) 6 X 1 2

2 + , 3 + c luster 
phases are generally synthesized at h igh temperature and therefore represent 
e q u i l i b r i u m species. O n the other hand , the reversible oxidation of these 
clusters to (Nb,Ta)<5X 1 2

4 + species can be accomplished i n aqueous solution 
near room temperature (2, 3). Presumably , these products are only k i n e t i -
cally stable w i t h respect to disproportionation. 

G i v e n the generality that something close to 15 or 16 electrons is r e 
q u i r e d for cluster stabil ity, i t is clear that analogous clusters of e i ther z i r 
c on ium (Ti , Hf) or y t t r i u m (Sc, L a , etc.) w i l l be seriously electron-deficient. 
This shortage might be al leviated by forming Z r 6 X 1 2

3 " c luster anions instead, 
but these have not yet been found. Rather , a very wide col lect ion of c luster 
phases constructed from most of the earl ier transit ion metals can be achieved 
i f particular interst it ial elements are also bound i n the center of each cluster. 
O n e reason for this requirement is presumably the addit ional electrons con 
tr ibuted to the c luster-bonding manifold , although strong bond ing between 
the host metal and the added interst it ial e lement must also be an important 
component of this k i n d of " so lu t i on" to cluster stability. 

Th i s n e w chemistry was discovered by accident, as is often the case. 
"Advent i t ious impur i t i e s " l ed to new scandium, y t t r i u m , and z i r con ium 
phases that, as luck w o u l d have i t , were exceedingly w e l l crystal l ized and 
therefore easy to recover for crystal-structure studies, even w i t h quite smal l 
yields. A residual electron density was observed i n the centers of some, but 
not a l l , o f the clusters that were found w i t h i n the n e w phases. These ob
servations, coupled w i t h both the d imensional implications of interst i t ial 
elements that had been found i n some extended cluster systems for w h i c h 
the host structure was already k n o w n (4, 5) and paral le l work by others on 
gadol in ium halide clusters containing dicarbon (6, 7), l e d to the recognit ion 
of both the phenomenon and its extensive implications (8-10). Subsequent 
synthetic explorations w i t h the intentional introduct ion of potential in ter 
stitial elements have revealed the remarkable breadth and versati l i ty of this 
new chemistry. 

Some of the first mysteries to be c lari f ied were a few nove l and unex
pected z i rconium and scandium phases that naturally had been obtained i n 
low and erratic yields . These turned out to be Z r 6 I 1 2 C , C s Z r 6 I 1 4 C , and 
S c ( S c 6 C l 1 2 N ) cluster compounds, as w e l l as inf inite condensed cluster chain 
examples l ike S c 7 C l 1 0 C 2 and S c 4 C l 6 B (JO, J J ) . A m u c h larger group of c en 
tered clusters was uncovered w h e n the studies were extended to the z i r 
c on ium chlorides (9, 12-17). I n this case, the range of possible interst i t ial 
elements was not m u c h greater (comprising just H , B e , B , C , or N ) , but 
the structural variety was impressively more diverse. 
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T h e variety arose from both a greater versati l ity i n intercluster br idg ing 
modes by chlor ine and the opportunity to accommodate alkal i -metal cations 
w i t h i n that br idged cluster network. T h e basis for the br idg ing options is 
shown on the left side of F i g u r e 1, a centered z i r con ium cluster to w h i c h 
are bonded not only the customary 12 inner chlor ine atoms (CP) that br idge 
edges of the (nominal) Z r 6 octahedron, but also six more outer chlorines 
(Cl°) at the vertices. T h e latter appear i n some way i n a l l c luster hal ide 
structures, a fact indicat ing the presence of a strongly bond ing orbital that 
is d irected outward (exo) from each cluster vertex. Thus , the increase i n the 
amount of addit ional chlor ine bonded to an M 6 C 1 1 2 c luster compound from 
0 to 6 (n) is accompanied by a regular change i n the character of the chlorines 
occupying these terminal positions, starting at η = 0 w i t h inner , edge-
br idg ing types "bor rowed" from adjacent clusters ( C l i _ a ) , then those that 
only br idge between clusters (Cl f l " f l ) , and end ing w i t h chlor ine atoms that 
are terminal at only one vertex (C l u ) . 

ο 

Figure 1. Zr6Xi2 clusters containing interstitial atoms Z. Left, the (Zr6Xi2Z)X6 

unit with the essential terminal halide atoms bound at the six metal vertices; 
right, the cluster core with a better representation of the strong Zr-Z bonding 
with the interstitial atom. Halogen is represented by open ellipsoids in both. 

Z i r c o n i u m chlor ide phases are k n o w n that contain a l l possible amounts 
of additional hal ide , 0 < η < 6. In addit ion, the intercluster br idg ing that 
is present for a l l cases but η = 6 generates cluster matrices that may be 
somewhat flexible and even afford several interconnect ion motifs for a g iven 
n. O n e can also accommodate cations w i t h i n these networks, a lkal i -metal 
ions (M 1 ) i n nearly a l l instances. Thus , a l l three variables (χ, Z , and n) may 
be altered to generate a large family of compounds: M I

I [ Z r 6 C l 1 2 ( Z ) ] C l n . 
Syntheses of these compounds at 750-850 °C generally give single-phase 

products under thermodynamic control , and so the particular products ob-
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tained are largely control led by stoichiometric proportions that fix η and χ 
and by n(Z), the n u m b e r of electrons prov ided by a workable Z. E le c t ron i c 
control of these syntheses appears to focus quite w e l l on 14 bonding electrons 
i n clusters centered by main-group element (viz. , 14 = 6 · 4 - (12 + n) + 
n(Z) + x). Mo le cu lar orbital ( M O ) calculations are consonant w i t h exper i 
mental observation and correspond to an occupancy of Z r - Z bond ing levels 
alg

2 and tlu
6 plus the Z r - Z r bonding highest occupied molecular orbi ta l 

( H O M O ) t2g\ the lowest unoccupied molecular orbital ( L U M O ) is a2u. T h e 
v i ew on the right i n F i g u r e 1 emphasizes the somewhat greater importance 
of the Z r - Z bond ing developed. 

Several addit ional factors also appear important i n the stability of not 
only —50 such z i r con ium chlorides i n about 12 dînèrent structures, but also 
i n a somewhat dissimilar group of z i r con ium iodide clusters. These factors 
have recently been generalized and summarized (17). A particular subset of 
the fol lowing factors w i l l be important i n our subsequent discussions: 

1. Larger interst it ial atoms naturally expand the cluster, and thus 
br ing each metal vertex closer to the plane of the four ne igh
bor ing X 1 atoms (Figure 1). This condit ion does two important 
things, particularly w i t h iodides: It allows the necessary exo 
halogen at each vertex to come closer to the metal (reduced 
X f l - X f repulsion), and it enhances the probabi l i ty that the a2u 

w i l l remain the L U M O orbital because of Z r - X * ττ* contr i 
butions thereto. 

2. Changes i n the cluster proportions i n the opposite d irect ion 
increase the l ike l ihood of forming 15- or 16-electron units i n 
the presence of a smaller metal (Nb), a larger hal ide (I), or a 
smaller interstit ial e lement. This so-called matrix effect (18) 
does w e l l i n correlating z i r con ium chloride results w i t h the 
different stabilities of centered z i r con ium iodides and also the 
empty n i o b i u m and tantalum cluster halides and oxides. 

3. T h e sizes and numbers of intercluster cavities suitable for 
countercations are determined both by the size of the clusters 
(via Ζ, X ) and by the angle at intercluster br idg ing hal ide. 
Converse ly , the need for cavities of a g iven n u m b e r and size, 
and therefore the structure adopted, may be forced by the 
reactants prov ided and the need for 14 electrons i n most c lus
ters. 

4. Arguments regarding phase stability are made difficult and 
tenuous because the most important factor i n these syntheses, 
or their fai lure, is the stability of alternate phases. These 
phases may change w i t h the choice of cluster metal , hal ide , 
or Z. 
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T h e str iking operation of these factors, sometimes i n inexplicable ways, can 
be seen i n the contrasting behaviors of the centered z i r con ium iodides. F i r s t , 
these have to date been found w i t h only two structures and compositions, 
namely Z r 6 I 1 2 Z and ( M + ) Z r 6 I 1 4 Z . Second, the clusters are now remarkably 
more adaptable than the chlorides regarding the size of Z , w h i c h may inc lude 
K , A l , S i , G e , and P. The 1 1 % range i n extreme Z r - Z distances i n the iodides 
corresponds to 0.38 Â i n the average separation d ( Z r - Z r ) (8, 19, 20). T h e 
larger members of this group reduce a matrix effect that is more severe than 
i n cluster chlorides and therefore improve both Z r - Γ and Z r - I a overlap. As 
might be expected from the preceding discussion of electronic stabil ity i n 
the chlorides, a good number of 15- and 16-electron clusters are now found 
w i t h iodides. 

F i n a l l y , 3d transition metals may also be encapsulated i n both Z r 6 I 1 2 ~ 
type (Cr , M n ) and ( M ) Z r 6 1 1 4 - t y p e structures ( M n , F e , Co) (21). W i t h 3d 
valence orbitals present on Z , the o p t i m u m stability s imply increases from 
14 to 18 electrons as a result of the addit ion of a nonbonding e g

4 orbital set 
on the transition metal Z . (The tlu and t2g c luster orbitals exchange roles i n 
Z r - Z and Z r - Z r bonding.) Th is type of cluster provides new and interest ing 
versions of intermetal l ic compounds. 

This chapter relates exceptional advances i n three different extensions 
of cluster chemistry. 

1. T h e nove l structures achieved w h e n the smaller z i r con ium 
chloride clusters are combined w i t h 3d metals, pr inc ipal ly i n 
Z r 6 C l 1 5 Z and M 2 Z r C l 6 · Z r 6 C l 1 2 Z (= M 2 Z r 7 C l 1 8 Z ) structure 
types. 

2. T h e remarkable differences found for rare-earth-metal c luster 
iodides, i n w h i c h one can encapsulate 4 d and 5 d , as w e l l as 
3d , metal atoms. 

3. T h e beg inning of a nonaqueous solution chemistry of centered 
z i r con ium chloride clusters that can be achieved at room t e m 
perature, inc lud ing the isolation of more-oxid ized 12-electron 
clusters. 

New Zirconium Cluster Chlorides 

A sizable difference has long been evident i n the stabilities of z i r con ium 
cluster chlorides versus iodides regarding enclosure of main-group elements 
beyond the second per iod (e.g., A l , S i , P, Ge) . I n spite of many attempts, 
no chlor ide cluster has been found that bonds any of these elements. O n e 
possible explanation is that the matrix effect and poor bond ing caused b y 
the disparity i n sizes of iodine and z i r con ium is re l ieved and the Z r - I bond ing 
is improved to a significant extent w h e n larger interst it ial atoms are enclosed. 
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Because iodides readi ly encapsulate 3d metals (21), the in i t i a l expectation 
was that a s imilar exclusion w o u l d apply to chlor ide clusters as w e l l , because 
atoms such as F e and C o are almost as large as S i , G e , and s imilar atoms 
i n the iodides. 

It became clear by mid-1986 that our predictions of phase stability on 
such a s imple basis were once again inadequate and that many 3 d elements 
may be so bonded i n Z r 6 C l 1 2 Z units . Moreover , the combinat ion of the 
smaller chloride w i t h a larger interst it ial e lement has a significant effect on 
the shape of the cluster. This difference provides a variety of Z r 6 C l 1 5 Z phases 
i n what had hitherto been a singularity, the novel N b 6 F 1 5 structure (22). 
These chlor ide clusters also y i e l d several variations of the K 2 Z r C l 6 · Z r 6 C 1 1 2 ( H ) 
structure (23), where in a lanthanide or alkaline-earth e lement substitutes 
for z i r con ium i n the Z r C l 6

2 ~ group. T h e opportunity to vary the electron 
count on the interst it ial atom once again gives an appreciable versati l i ty to 
the structural family. 

A powerful s tructure-determining e lement i n this c luster chemistry is 
the necessity of bonding hal ide exo at the c luster vertices, a process that 
generates network structures for compositions w i t h 0 -4 halides beyond the 
basic 12 (27). A large interst it ial atom together w i t h a smal l halogen places 
the metal vertex closer to the plane of the four adjoining X* atoms (Figure 
1). This configuration provides more access to the vertex both for bond ing 
of X e and for reaction w i t h nucleophiles. These factors are a l l important i n 
de termin ing the size and n u m b e r of cavities between clusters, where coun -
tercations can be accommodated. Thus , for Z r 6 C l 1 2 ( Z ) C l 6 / 2 compositions, 
the T a 6 C l 1 5 - t y p e structure provides the most compact arrangement for 
small Ζ (B, C , Ν), and apparently, only one smal l cation can be accommo
dated (14). 

Progressively more open arrangements occur for K Z r 6 C l 1 5 C (12) and 
K 2 Z r 6 C l 1 5 B (13) structure types, as an increasing fraction of the Z r 6 - C l ° - Z r 6 

bridges become l inear. T h e intercluster cavities become even larger w h e n 
i ron is incorporated. Thus , K Z r 6 C l 1 5 F e (but not C s Z r 6 C l 1 5 F e ) exhibits a 
superstructure of the K Z r 6 C l 1 5 C type, i n w h i c h the l inear chains have puck
ered appreciably i n order to d i m i n i s h the oversized cavities available to 
potassium. I n contrast, the structure of C s Z r 6 C l 1 5 C o is normal ( C s Z r 6 C l 1 5 C 
type (12)), and C s Z r 6 B r 1 5 F e and C s Z r 6 B r 1 5 C o exhibit what appears to be 
cation disorder, presumably because the potential sites are now too large. 

N b 6 F 1 5 T y p e s . T h e most nove l results along these l ines occur 
w i t h Z r 6 C l 1 5 Z compositions w h e n Ζ is M n , F e , C o , or N i and w i t h only 
small L i + cations, or none at a l l . T h e z i r con ium vertices i n these clusters l i e 
nearly i n the plane of the four adjacent C P atoms, the trans C I - Z r - C P 
angles average 175°, and only l inear intercluster bridges Z r 6 - C l e - Z r 6 

allow the m a x i m u m possible separation of the clusters. A s a result , these 
compounds now contain two interpenetrat ing but not interconnected 
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19. R O G E L E T A L . Centered Cluster Halides for Transition Metals 375 

( Z r 6 C l 1 2 Z ) C l 6 / 2 networks, a configuration that had previously been seen only 
for N b 6 F 1 2 F 6 / 2 (22). 

N e w compounds of this type inc lude the dark purp le L ^ Z r & C l ^ M n , 
L i Z r 6 C l 1 5 F e , Z r 6 C l 1 5 C o , and Z r 6 C l 1 5 N i , w i t h single-crystal results available 
for a l l . T h e first three contain 18 c luster-bonding electrons, and the n i cke l 
m e m b e r has 19. T h e l i t h i u m positions i n the manganese-containing phase 
have been conf irmed by N M R spectroscopy. T h e T h 6 B r 1 5 F e phase has been 
reported to have the same structure (24). 

This nove l cluster network is shown i n F i g u r e 2 for L i Z r 6 C l 1 5 F e . 

Figure 2. The two interpenetrating Re03-like networks in Li(Zr6Cli2Fe)Cl6/2, 
distinguished by solid and open outlines of the zirconium octahedra. Chlorine 
atoms (crossed thermal ellipsoids) form linear bridges between the Zr6Cli2Fe 
clusters. Inner chlorine atoms in the clusters and the lithium atoms are not 

shown (90% probability ellipsoids). 
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T h e arrangement amounts to a body-centered-cubic array of clusters. 
C o r n e r clusters are connected only to other corners, w i t h a s imilar r e la 
t ionship for the body-centered units . E a c h network is equivalent to the 
R e 0 3 (= R e 0 6 / 2 ) structure, w i t h r h e n i u m replaced b y the much- larger 
Z r 6 C l 1 2 Z cluster, w h i c h allows two such networks to interpenetrate. 

Remarkably enough, a single R e 0 3 - l i k e connect ivity has also been found 
w i t h a ( Z r 6 C l 1 2 M n ) C l 6 / 2 c luster network. I n this case, the arrangement has 
s imply twisted into a rhombohedral array of br idged clusters, complete ly 
equivalent to the R e 0 3 — > P d F 3 structural relationship (25), wh i l e three C s + 

ions and the n e w Z r C l 5 " ( D 3 h ) prop it open. A [110] section of this result is 
shown i n F i g u r e 3. 

K 2 Z r 7 C l 1 8 H Analogues. F i n a l l y , these larger Z r 6 C l 1 2 Z units may also 
be combined w i t h other compound anions to al low access to another variety 
of cluster phases, those that originate w i t h K 2 Z r C l 6 · Z r 6 C l 1 2 ( H ) (23). T h e 
cubic-close-packed Z r 6 C l 1 2 Z clusters (see F i g u r e 4) are now separated b y a 
l ike array of Z r C l 6

2 " anions. T h e chlor ine atoms i n these anions are also 
bonded exo to a l l z i r con ium vertices of the clusters. T h e separation of the 
structure descript ion into neutral Z r 6 C l 1 2 Z clusters and Z r C l 6

2 ~ ions is some
what artif icial , but i t is consistent w i t h a 0.3-Â difference i n distances between 
C l e - Z r 6 and C l e - Z r C l 5

2 " i n the parent. Subst i tut ion of lower- f ie ld L a 3 + or 
B a 2 + for the isolated z i r con ium makes a descr ipt ion i n terms of 6 -18 - l ike 
clusters, as i n (Cs + ) 2 L a 3 + [ ( Z r 6 C l 1 2 M n ) C l 6

s " ] , increasingly more apt. A n o t h e r 
18-electron example is found i n K L a Z r 6 C l 1 8 F e and , as 14-electron clusters, 
i n K 2 L a Z r 6 C l 1 8 B and K 2 B a Z r 6 C l 1 8 C . T h e isostructural K 0 , i R ( N b 6 C l 1 8 ) phases 
are also k n o w n w h e n R is a rare-earth e lement (26). 

A n 18-electron cluster can also be obtained w i t h C s L a Z r 6 C l 1 8 F e i n a 
distorted version of the same structure, where there is now room for only 
a single uniposit ive cation. T h e 16-electron n i o b i u m parent is C s L u N b 6 C l 1 8 

(27). 

Rare-Earth-Metal Clusters 

N e i t h e r chlorides nor iodides of the rare-earth metals appear to afford the 
great variety of clusters centered b y the l ighter elements that have been 
seen w i t h z i r con ium. I n addit ion to S c ( S e 6 C l 1 2 ( B , N ) ) noted earl ier , there are 
only the analogues Sc (Sc 6 I 1 2 ) (B ,C) (28) and a dicarbide-containing S c 6 I n C 2 

(29). T h e reduced iodine content of the latter is achieved through sharing 
of Γ"1 atoms between pairs o f clusters, such as 

Se \ / Sc 

Se ' V Sc 
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Figure 3. A [110] section of the structure of (CsJr)3[(ZréCli2Mn)Clm]2~ZrClf 
(R3c). The cluster network defines a twisted Re03-like unit with bridging angles 
of 133° (vs. 180° in Figure 2). The clusters and the ZrCl5~ ions lie on vertical 

threefold axes (90% ellipsoids). 

T h e C 2 interst it ial e lement is already w e l l - k n o w n from work elsewhere on 
a variety of gadol inium halides, for example, i n condensed clusters that share 
metal edges either i n d imers , as i n G d 1 0 C l 1 8 ( C 2 ) 2 (6), or i n an inf inite chain 
version G d 1 2 I 1 7 ( C 2 ) 3 (7, 24). O n the other hand , the y t t r i u m chlorides seem 
to be quite free of centered octahedral c luster examples of a l l k inds . A n 
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exploration of reduced lanthanum chlorides suggests a s imi lar result is p rob 
able there, too ( H . - J . M e y e r , unpublished) . 

Explorat ion of 3d metals i n cluster iodides of rare-earth metals (R) was 
in i t ia l ly p rompted b y the discovery of Z r 6 I 1 2 Z - t y p e clusters i n w h i c h Ζ is 
C r , M n , F e , or C o . As is often the case, many more clusters were subse
quent ly found than just z i r con ium analogues. Ini t ia l ly , rare-earth-metal i o 
dide systems were investigated for R (Se, Y, P r , Gd) and Ζ ( M n - N i ) . A 
considerable n u m b e r of black R 7 I 1 2 Z phases were discovered there in w i t h 
the structure of S c ( S c 6 C l 1 2 N ) , w h i c h is the same as that of Z r 6 I 1 2 C w h e n the 
first (isolated) metal atom is omitted . These phases contain cubic-close-
packed ( A B C . . . ) R 6 I 1 2 - t y p e clusters i n w h i c h a l l t ermina l positions are 
bonded to inner iodine i n ne ighbor ing clusters. Octahedral holes between 
clusters of the same stacking orientation are occupied by the R 3 + i on . A 
[110] section of the structure for S c 7 I 1 2 C o is shown i n F i g u r e 4 (30). T h e 
environment of the seventh metal atom between two clusters i n this structure 
is detai led i n F i g u r e 5. 

T h e 14- or 18-electron closed-shell benchmarks for main-group or t ran 
sit ion-metal interst it ial elements seem to be relatively important w i t h z i r 
c on ium chlor ide clusters, although z i r con ium iodide clusters w i t h 3d 
transition metals usually contain 18 or 19. These guidelines seem less i m 
portant for the rare-earth elements, as we now find examples that range 
from 16 to 20 (i .e. , w i t h M n , F e , C o , N i , or C u , respectively, i n P r 7 I 1 2 Z ) . 

Dist inct ions found w i t h other R hosts are st i l l puzz l ing . Presumably they 
depend on such subtleties as cluster and cavity sizes and alternate phase 
stabilities. T h u s , only 18- and 19-electron examples (Co, Ni ) have been 
obtained w i t h scandium, although 16-18-electron clusters ( M n , F e , Co) 
are formed b y y t t r i u m . E v i d e n t l y , complete occupancy of the nomina l 
t l M

6 H O M O (for 18 electrons) is not so cr i t ical here, perhaps because the 
a.o.'s on R and thence the tlu set l ie relat ively h igh w i t h these more-electro
positive host elements. (The tlu set is real ly important only for R - R bond ing 
because the ρ orbitals on transit ion-metal interst it ial atoms l ie too h i g h to 
be effective.) 

A greater surprise for rare-earth-metal cluster iodides came w i t h the 
discovery that these are also stable w h e n encapsulating 4 d and 5d metal 
atoms (31, 32). F o r example, the fo l lowing Ζ are found i n P r 7 I 1 2 Z phases, 

M n F e C o N i C u 
R u R h P d 

Re O s Ir Pt 

thereby spanning 16- to 20-electron clusters. T h e same list is found for 
gado l in ium; however , A g gives clusters w i t h nei ther host (or the right con
ditions have not been found). O n the other hand, y t t r i u m does not appear 
to y i e l d Y 7 I 1 2 Z products w i t h N i , R h , P d , Os , I r , P t , or any of the group-
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Figure 5. The arrangement of two ReX^Z3" clusters about the isolated R3+ 

atom in R7Ii2Z phases. R atoms are solid and the R-Z bonding is emphasized. 
New compounds in this structure include those where R is Pr or Gd and Ζ is 

Ru, Rh, Pd, Re, Os, Ir, or Pt. 
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19. R O G E L E T A L . Centered Cluster Halides for Transition Metals 381 

six elements. However , i n the cases of Os , R h , Ir , and Pt , this result is 
apparently because an alternate cluster phase, Y 6 I i 0 Z , intrudes . B o t h struc
ture types occur only w i t h y t t r ium clusters containing cobalt or r u t h e n i u m . 
Z i r c o n i u m seems to show very l i t t le of an analogous chemistry w i t h most of 
the 4d and 5d elements. 

T h e versatil ity of Nature is nicely demonstrated by this new structure 
type, Y 6 I 1 0 R u (31), w h i c h occurs for y t t r i u m w h e n Ζ is C o , N i , R u , R h , O s , 
Ir , or P t , but so far only for P r 6 I 1 0 O s and not (yet) for gadol in ium. T h e 
reduced iodine content is achieved, as w i t h S e 6 I n C 2 , through sharing of 
inner iodine atoms. I n this case, the shared atoms form infinite chains of 
br idged clusters rather than pairs. A port ion of this construction i n Y 6 I 1 0 O s 
is shown i n F i g u r e 6. Pairs of 14 atoms bridge octahedral edges i n adjo in
ing clusters, whereas paral lel bridges invo lv ing 15 are of the more c ommon 
1 ^ type. 

T h e ideal octahedral cluster w o u l d exhibit a tlu
4 H O M O , w h i c h may be 

the reason for a significant compression of the isolated octahedra i n Y 6 I 1 0 R u 
along what is close to a fourfold axis roughly normal to the chain d irect ion . 
This distortion is i n the direct ion to produce an eu

4 ground state and possibly 
occurs because the ρ orbitals on Ζ (which normal ly w o u l d y i e l d the opposite 
distortion) l ie so h igh as to be unimportant . Instead, the distortion is de 
t e rmined more by Y - Y interactions (30). A l t h o u g h the Y - R u bonds i n Y 6 I 1 0 R u 
differ by 0.21 Â, the difference is only 0.09 Â i n Y 6 I 1 0 O s . T h e smaller 
difference may mean the behavior is more complex and less obvious than 
anticipated. There seems to be no significant compression i n Y 6 I i o I r (17 
electrons) (32). T h e average Y - O s distance i n Y 6 I 1 0 O s is 0.17 Â less than 
that i n the intermetal l ic Y 3 O s . W e have observed this general effect w i t h 
many novel M 6 Z clusters (19, 21, 30, 31) i n w h i c h it might be imagined that 
we have s imply captured the smallest e lement of an intermetal l i c interaction. 

Zirconium Cluster Chlorides in Nonaqueous Solutions 

A large family of centered z i r con ium cluster chlorides M 2 C
I ( Z r 6 C l 1 2 Z ) C l n can 

be obtained i n about 12 structural arrays i n w h i c h the clusters are h e l d 
together by chlor ine bridges w i t h Cl f l"° or C l f l _ i functionalities. T h e stabilities 
of these clusters peak sharply at 14 cluster electrons. T h e question natural ly 
arises as to whether a greater range of electronic stabilities might exist i n 
metastable clusters prepared near room temperature, paral le l ing the be 
havior w i t h N b 6 X 1 2

n + units where the 15- and 16-electron units obtained i n 
high-temperature phases can be oxidized to 14-electron examples i n aqueous 
solution. 

The solution process envisioned requires not just solvation of the product 
ions, but a suitable nucleophi le to open u p the Z r 6 - C l - Z r 6 l inkages. E x 
tensive explorations of this chemistry have revealed a sizable l ist of reactions 
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that do not work, but some that w i l l . The best quanti f ied systems are those 
from w h i c h single crystals have been isolated and characterized structurally. 
A substantial n u m b e r of other solutions exist from w h i c h suitable crystals 
have not yet been obtained. 

T h e clusters are naturally good reduc ing agents and rapid ly react w i t h 
water, alcohol, and acetone, w i t h both oxidation and solvolysis. Acetoni tr i l e 
seems quite suitable as a solvent under many circumstances, whereas d i -
methyl formamide and d imethy l sulfoxide oxidize most substrates too readi ly . 
Solut ion of cluster species appears to require not only l igation but also 
complexation of the alkal i -metal cation better than that afforded b y the 
solvent alone. B o t h crown ethers (18-crown-6, 15-crown-5) and 2,2,2-crypt 
have served this purpose w e l l , although crystall ine derivatives have been 
isolated more frequently as R 4 N + or ( C 6 H 5 ) 4 P + salts. T h e reactions are 
carr ied out w i t h conventional vacuum techniques and mul t i chambered glass 
apparatus equ ipped w i t h poly(tetrafluoroethylene) (Teflon) needle valves. 

A common mode of reaction produces a Z r 6 C l 1 8 Z anion from a ch lor ide -
poorer (bridged) phase. Retent ion of a 14-electron uni t is i l lustrated b y 
reaction 1. 

K Z r 6 C l 1 5 C ( s ) qfag^T<> ( ( C 2 H 5 ) 4 N + ) 4 ( Z r 6 C l 1 8 C 4 - ) · 2 C H 3 C N (1) 

T h e conversion takes place over a per iod of a few days at room temperature 
and is accompanied by precipitat ion of a second, poorly crystal l ine material . 
T h e addit ional chlor ide necessary to form the " 6 - 1 8 " product must come 
from the " 6 - 1 5 " reactant, a fact suggesting that the precipitate left may be 
Z r 6 C l 1 4 C (12). T h e same dark r e d product has actually been found i n both 
tr i c l in i c and monocl inic structures, the choice apparently depending on h o w 
rapidly the crystals are grown. Reactions of other clusters containing in ter 
stitial B e , B , or C a l l seem to follow this general route to Z r 6 C l 1 8 Z n " solutes 
plus a chloride-poorer precipitate, i n spite of the presence of diverse neutral 
ligands or, as i n reaction 1, excess bromide or chlor ide . 

O n the other hand , the incorporation of i r on w i t h i n the cluster is k n o w n 
to expand the metal octahedron relative to the surrounding chlorides. Th is 
expansion evident ly makes the vertex more accessible to attack. T h u s , r e 
action 2 produces a very dark blue-violet solution of the indicated product 
rapidly and quantitatively. 

K Z r 6 C l 1 5 F e Ε Η « ^ Ν ^ ( ( C 2 H 5 ) 4 N + ) 4 [ ( Z r 6 C l 1 2 F e ) C l 3 B r 3 * - ] · 2 C H 3 C N (2) 

B o t h clusters have the opt imal 18-electron count. T h e solutions do not appear 
as stable as before. 

Questions regarding the accessibility of more oxidized clusters were 
first answered by crystalline products obtained through accidents or i n 
appropriate chemistry. Twelve-e lectron Z r g C l ^ B e 4 " clusters have been 
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obtained i n three different black salts or iginating w i t h two different re -
aetants, N a 4 Z r 6 C l 1 6 B e and K 3 Z r 6 C l 1 5 B e . B o t h an air leak and the addit ion of 
acetone were original ly responsible for the oxidations. The compounds are 
[ ( C 6 H 5 ) 4 P + ] 4 ( Z r 6 C l 1 8 B e 4 - ) · 4pyr id ine , P P N + ( N a - c r y p t + ) 3 ( Z r 6 C l 1 8 B e 4 - ) and 
( ( C 2 H 5 ) 4 N ^ ( Z r e C l i g B e 4 - ) · 2 C H 3 C N ( P P N is bis(tr iphenylphosphor-
anylidene)ammonium). T h e last compound is isostructural w i t h both the 
monocl inic carbon- and the iron-centered cluster products descr ibed. B r o 
m i d e d i d not substitute for C l e i n the product obtained from N a 4 Z r 6 C l 1 6 B e . 
T h e 12-electron cluster is stable i n both tetrahydrofuran and pyr id ine . O x 
idation of R b 5 Z r 6 C l 1 8 B by the C H 3 C N solvent at - 5 0 °C was also found to 
produce the more-complex [ ( C e H s J ^ + l e i Z r e C l x g B ^ Z r C l e 2 " w i t h a 13-elec-
tron cluster. T h e 12-electron cluster present i n the ( C 6 H 5 ) 4 P + salt is shown 
i n F i g u r e 7. 

T h e dimensions of the new clusters are nice ly consistent w i t h those 
found i n networks w i t h the same cluster-based electron counts, and they 

Figure 7. The 12-electron cluster in the compound [(C6H5)4P+]4 (Zr6Cl12-
BeCl6

4~) · 4py. The cluster has D2d symmetry. 
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show the appropriate changes on oxidation. A few more-subtle factors that 
apparently affect cluster distances need to be noted, however. T h e radial ly 
d irected (exo) bonds Z r - C l f l act i n opposition to Z r - Z bonds. L o n g Z r - C l f l 

bonds correlate w i t h shorter opposed Z r - Z interactions, and vice versa. Th i s 
factor has been discussed most for Z r 6 X 1 4 Z and Z r 6 C l 1 6 Z structures (8, 15, 
16), where there are two different kinds of exo chlorines i n each and the 
clusters are distorted i n the expected way. I n general, the more-basic chlo
rine atoms of lower coordination number ( C l e > Cl°" e > C l e _ i ) are b o u n d to 
the cluster more strongly, so that the new Z r 6 C l 1 8 Z n ~ clusters descr ibed i n 
this chapter should represent the end point even in the presence o f large 
and less-polarizing countercations. A l though such effects appear real , they 
are small (only a few hundredths of an Angstrom i n most cases), whereas 
the cluster electron count appears to be more important i n de termin ing 
distances. 

Table I compares the Z r - C , Z r - Z r , and Z r - C l e distances i n the two 
( ( C 2 H 5 ) 4 N ) 4 ( Z r 6 C l 1 8 C ) · 2 C H 3 C N structures w i t h those i n three solid-state 
cluster carbides, the last of w h i c h contains 15 rather than 14 electrons. T h e 
first two extended structures have only br idg ing chlorines i n exo positions. 
T h e Z r - C l ° separations are seen to shorten by 0.04 Â w h e n these become 

Table I. Comparison of ZreChgC 4 " Cluster Dimensions with Those 
in Cluster Networks 

Parameter 
[(C2H5)4N+]4Zr6Cl18C4-

Tricl. Monocl. Zr6Cl14Ca KZr6Cl15Cb Cs£r6Cl16Cc 

Cluster electrons 14 14 14 14 15 
d(Zr-C) 2.296 2.295 2.286 2.279 2.261 
d(Zr-Zr) 3.248 3.245 3.232 3.223 3.197 
d(Zr-Cl) 2.597 2.586 2.630d 2.640** 2.596, 2.689* 

N O T E : All d values are given in angstrom units. Standard deviations for all structures listed are 
<0.002 Â in Z r - C and Zr-Zr, and <0.006 Â in Zr -Cl . 
"Data from ref. 16. 
feData from ref. 12; averages for two independent clusters. 
cData from ref. 15. 
''For bridging Zr-Cl"-* . 

t e rmina l atoms i n the new derivatives. T h e Z r - C distances i n the new 
Z r e C l ^ C 4 - clusters then average sl ightly greater (0.013 Â) than those i n 
br idged structures, and the Z r - Z r separations closely fol low a V 2 d ( Z r - Z ) 
relationship appropriate to an octahedron. T h e extra cluster electron present 
i n C s 3 Z r 6 C l 1 6 C is clearly bond ing for Z r - C interactions, decreasing that 
distance by about 0.020 Â. 

T h e dimensions of the 13-electron cluster Z r e C l ^ B 4 " are s imi lar ly c o m 
pared w i t h those for several 14-electron solid-state boron analogues i n Table 
II . T h e evidence seems clear that a c luster-bonding electron is b e i n g r e 
moved , w i t h the Z r - B distance increasing by nearly 0.05 Â. M O calculations 
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(17) show that the Z r - Z r bond ing H O M O i n the parent is clearly t 2 g
6 , w i t h 

the Z r - Z (and Z r - Z r ) bond ing sets t I t t
6 and a l g

2 l y ing lower. 
Twelve-e lectron clusters have been characterized i n three different com

pounds, a l l beryl l ides . Table III shows that this t rend continues; removal of 
two electrons from the nomina l t2u

6 causes d ( Z r - B e ) to increase by 0.070 
A , w i t h d ( Z r - Z r ) changing by 0.10 Â. T h e paral le l decrease i n d ( Z r - C l e ) is 
0.11 Â, but this is conftised b y the intrusion of br idg ing Z r - C l f l " f l functions 
i n the reference structures. Another factor may pertain i n the Z r - C l f l i n 
teractions as w e l l : the so-called matrix effect caused by close C l - C l contacts 
al l around the cluster. To some extent, this could mean that the chlor ine 
framework remains relatively fixed as the Z r 6 un i t moves w i t h i n it i n response 
to bond ing and size effects. I n this case, the z i r con ium w o u l d i n part just 
move out toward the C l e atom i n response to the loss of two c luster-bonding 
electrons. Such a behavior is part icularly clear w i t h iodides (19, 21, 30). 

F i n a l l y , dimensions of the new 18-electron iron-centered clusters 
( Z r e C l ^ F e J C l a B r a 4 " and ( Z ^ C l ^ e ) ^ 4 " , both isolated as the ( C 2 H 5 ) 4 N + 

salts, are comparable to those i n the br idged L i Z r 6 C l 1 5 F e , Z r 6 C l 1 4 F e , and 
the starting material K Z r 6 C l 1 5 F e . T h e Z r - F e distances i n the new derivatives 
average 2.440 Â, 0.016 Â longer than those i n w h i c h the opposed termina l 
chlor ine is shared. T h e Z r - C l e separations are 0.14 Â less than i n the first 
reference phase descr ibed, about as expected. 

Closure 

T h e foregoing sections represent snapshots of some major results i n three 
ongoing research investigations o f hal ide cluster chemistry that were taken 
i n F ebru ary 1989. T h e complet ion dates of a l l of these are some t ime away, 
and so the presentations are necessarily fragmentary and incomplete . T h e 
cont inued discovery of new and unexpected chemistry i n a l l three areas is 
especially noteworthy and encouraging. 
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Oxidative Intercalation of Graphite 
by Fluoroanionic Species 

Evidence for Thermodynamic Barrier 

Neil Bartlett, Fujio Okino, Thomas E . Mallouk, Rika Hagiwara, 
Michael Lerner, Guy L. Rosenthal, and Kostantinos Kourtakis 

Department of Chemistry, University of California, Berkeley, CA 94720 
Materials and Chemical Sciences Division, Lawrence Berkeley Laboratory, 
Berkeley, CA 94720 

Whether oxidative intercalation of graphite by fluoroanions can occur 
may be estimated from the electron affinity, Ε (-ΔΗ298 in kcal mol-1), 
of the oxidizing half reaction. For first-stage salts with MF6- guests, 
Ε must exceed 120 kcal mol-1. The values of E(e- + 3/2 

MF5 --> M F 6- + 1/2 MF3) for AsF5 and PF5 (125 and 87 kcal mol-1, 
respectively) account for the spontaneous intercalation of graphite by 
AsF5 and the failure of PF5 to do so. Spontaneous intercalation by 
PF5 + F2 occurs because E(e- + PF5 + 1/2 F2 --> PF6-) = 165 kcal 
mol-1. The thermodynamic nature of the barrier to intercalation is dem
onstrated by the reduction of CxPF6 salts by PF3: CxPF6 + 1/2PF3 --> 
xC + 3/2 PF5. Chlorine with certain fluoroacids can also bring 
about intercalation of fluoroanions. Polarizable neutral molecules, 
by improving the lattice energetics of graphite salts, may also be 
spontaneously intercalated (e.g., C1 4AsF6 + 1/2AsF5 --> C 1 4AsF 6· 

1 / 2 A S F 5 ) . When high positive charge at carbon occurs, F- is trans
ferred from the fluoroanion to the carbon and novel graphite fluor
ides (e.g., C1.3F) are formed. 

^flL OST OF T H E REACTANTS THAT BRING ABOUT INTERCALATION of graphite 

are either strong oxidants or reductants such as nitr ic acid or alkali metal 
(1-3). T h e oxidation or reduct ion of the graphite that accompanies the i n 
tercalation was clearly shown by Ubbe lohde and co-workers (4-6) to be 

0065-2393/90/0226-0391$06.00/0 
© 1990 American Chemical Society 
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accompanied by an increase i n the in-plane resistivity of the graphite. Th i s 
resistivity was commonly an order of magnitude smaller i n ful ly intercalated 
material than i n the prist ine graphite from w h i c h the intercalation c o m 
pounds had been obtained. T h e graphite band structures of Cou l son and 
co-workers (7, 8) nice ly account for the conductivity i n terms of increase i n 
the n u m b e r of e lectron carriers i n the conduct ion band of the reduced 
graphite or an increased n u m b e r of e lectron holes i n the valence band of 
ox idized graphite. 

T h e preparation of C 6 F 6
+ salts (9) and the derivat ion from t h e m of 

polycycl ic cation salts (10,11) suggested that very h igh positive charges might 
be sustainable i n graphite by A s F 6 " and other stable perfluoroanions and 
that excellent electrical conductors made of high-oxidation-state carbon cou ld 
thereby be obtained. This development l e d to synthesis of graphite f luo-
roarsenates v ia interaction of graphite w i t h 0 2

+ A s F 6 " and to the discovery 
(12) that the guests i n the product of the interaction of graphite w i t h A s F 5 

suggested that A s F 5 acts as an electron oxidizer according to equation 1. 

e " + % A s F 5 - » A s F 6 " + î4AsF 3 (1) 

T h e g r a p h i t e - A s F 5 intercalation compound was prepared first by C h u n - H s u 
et a l . (13). T h e compound aroused m u c h interest because of the finding (14) 
that the in-plane specific conduct ivity of some of the g r a p h i t e - A s F 5 materials 
exceeded that of copper. A l t h o u g h the (graphite ) + A s F 6 " salts appeared to 
involve higher electron wi thdrawal from the graphite, h igher conductivit ies 
than those of the ir g r a p h i t e - A & F 5 relatives were not observed (15). Indeed , 
w h e n the (graphite) + A s F 6 " salts were prepared from the interaction of graph
ite w i t h A s F 5 - F 2 gaseous mixtures (16), the product salts were often less 
conductive than their partial ly oxidized relative, g r a p h i t e - A s F 5 . 

It appeared that the poor electrical conduct iv i ty must be associated w i t h 
bond ing of fluorine to carbon throughout the graphite structure, the fluorine 
migrat ion throughout the galleries be ing facilitated by the intercalated spe
cies. D i r e c t evidence (15) for a decrease i n conduct iv i ty was obtained i n the 
case of graphite intercalation by I r F 6 w h e n the first stage was reached. This 
and the finding from Môssbauer spectroscopy (17) that the first-stage C x I r F 6 

salt contained some Ir(V) i n lower than octahedral site symmetry were con
sistent w i t h transfer o f F " from the anion to the carbon. 

As ide from this matter of the transfer of fluorine to the h ighly oxidized 
carbon, it appeared to Bart lett and M c Q u i l l a n (18) that the intercalation of 
graphite by ox id iz ing fluorospecies was thermodynamical ly determined . A l 
though B o r n - H a b e r cycles have long been appl ied to intercalation c o m 
pounds of graphite [e.g., see G . R. H e n n i g rev iew (I)], a salt formulation 
for graphite compounds formed w i t h guests capable of y i e ld ing fluoroanions 
(e.g., A s F 5 ) was not generally accepted at that t ime. Bart lett and M c Q u i l l a n 
(18) noted that, at least for M F 6 ~ salts, where the nearly isodimensional 
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nature of M F 6 " w o u l d result i n s imilar lattice energetics for a g iven l eve l o f 
charge, the free energy of formation w i t h change i n metal atom (M) w o u l d 
depend most upon the electron affinity of the ox id iz ing hal f reaction. T h e y 
estimated a threshold electron affinity of approximately 125 kcal m o l - 1 , but 
they d i d not establish the thermodynamic nature of that threshold. 

This chapter provides further evidence for the importance of the electron 
affinity of the oxidiz ing hal f reaction i n the intercalation of graphite b y fluo-
rospecies. Moreover , the s imple thermodynamic mode l that accounts for 
the oxidative intercalation of graphite by fluoroanions is conf i rmed by r e 
versal of the intercalation i n reactions of k n o w n enthalpy change. Thresho ld 
values of electron affinity (£) for the onset of intercalation and for Brst-stage 
intercalation by M F 6 ~ have also been assessed. 

C e r t a i n salts (e.g., C 2 8
 + A s F 6 ~ ) provide for the access of f luorine through

out the galleries of the graphite and its extensive f luorination. Th i s f luorine 
access has resulted i n the separation of a CXF phase that has proved to be 
f luorinated graphite, retaining s p 2 carbon. That phase, w h i c h is an insulator, 
can have a fluorine content as h igh as C L 3 F . 

Discussion 

Electron Affinity Values. T h e hexafluorides of the t h i r d transit ion 
series elements ( M 1 ) have interatomic distances that change only sl ightly 
w i t h atomic n u m b e r (19), and their effective packing volumes (20) are s imilar . 
Therefore, we assume that the work done i n separating the graphite-atom 
sheets (W) w i l l be the same for a l l M 1 i n making a salt of g iven composit ion 
C j M ^ e " . I n addit ion, the lattice energies (17) for a l l M 1 w o u l d be al ike. 
Because the work function (i) w o u l d be the same for a given l eve l of charging 
( C I

+ ) , we can expect the enthalpy change for reaction 2 to change i n step 
w i t h the electron affinity, E, of M ^ e , i n accord w i t h the cycle i l lustrated 
i n F i g u r e 1. 

AH? 9 8 [xC(graphi te ) + Μ Ψ 6 - ^ C / M 1 ^ - ] (2) 

George and Beauchamp (21) measured E ( W F 6 ) as 81 kcal m o l " 1 and N i k i t i n 
et a l . (22) evaluated £ (PtF 6 ) to be 184 kcal m o l " 1 . Because the observed 
chemistry (23) requires a smooth increase i n Ε w i t h atomic n u m b e r for these 
hexafluorides, the £ ( M F 6 ) for the other fluorides can be obtained by inter 
polation. They provide an excellent basis for assessment of the threshold for 
intercalation to form C / M ^ e " . Magnet i c data (15) for the Os and Ir salts 
CXM lF6 have established the quinquevalence of the metals. M o r e o v e r , W F 6 

w i l l not by itself b r i n g about intercalation, whereas both O s F 6 and I r F 6 form 
first-stage salts and R e F 6 forms a higher-stage salt (24). Therefore , the 
Ε ί Μ ^ β ) threshold for intercalation of graphite by M F 6 ~ has to be between 
81 and 106 kcal m o l " 1 [the £ ( W F 6 ) and E ( R e F 6 ) values]. T h e threshold 
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Ionization 

work, I 
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Expansion 
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ΔΗ<0 
+ η MF 6 • 

AS<0 

η MFg 

n« 

MF6" 

MF6-
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Lattice 
energy, L 

Figure 1. A thermodynamic cycle for oxidative intercalation of graphite. 

E ( M F 6 ) value for first-stage C / M Î g " formation has to be between E ( R e F 6 ) 
and E ( O s F 6 ) (i .e. , between 106 and 131 kcal m o l 1 ) . 

A l l M F 6 " ions have M - F distances (25) between 1.7 and 1.9 Â, so it is 
probably not a gross approximation to extend the assumptions of the con 
stancy of W and U, used for the t h i r d transition series M 4^", to a l l M F 6 " . 
This approximation appears to be va l id , as the fo l lowing examples and the 
data g iven i n F i g u r e 2 i l lustrate. 

A l though P F 5 (in contrast to A s F 5 ) does not itself b r i n g about interca
lation of graphites, first-stage salts are easily formed i n admixture w i t h flu
orine (26-28) at approximately 20 °C. This salt formation happens because 
(29) E ( P F 5 + V i F 2 + e - > P F 6 " ) = 163 kcal m o l " 1 , w h i c h is sl ightly greater 
than E ( I r F 6 ) . Because the electron affinity of the analogous A s F 5 - F 2 reaction 
is even greater (30), the easy formation (12) of first-stage C x

+ A s F 6 ~ salts is 
explained. B u t the C ; c

+ P F 6 " salts also provide for the demonstration of the 
thermodynamic basis of the electron-affinity threshold. 

Treatment o f second- and higher-stage C I
+ P F 6 ~ salts w i t h P F 3 at ap

proximately 20 °C reduces the salts w i t h e l iminat ion (29,31) of P F 5 according 
to equation 3, 

y 2 P F 3 + P F 6 " % P F 5 + e " (3) 

for w h i c h the enthalpy change (29) of 87 kcal m o l " 1 represents the electron 
affinity for the reverse reaction. This value is not m u c h greater than E ( W F 6 ) . 
Because W F 6 by itself is not intercalated by graphite, such electron affinities 

 P
ub

lic
at

io
n 

D
at

e:
 M

ay
 5

, 1
98

9 
| d

oi
: 1

0.
10

21
/b

a-
19

90
-0

22
6.

ch
02

0

In Electron Transfer in Biology and the Solid State; Johnson, M., el al.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1989. 



20. B A R T L E T T E T A L . Oxidative Intercalation of Graphite 395 

Ο tntercolotion to I s t stage 
Φ Partiol intercalation 
φ No reaction 

(e - + MFy + 1/2 F 2 — - MFy+j) 

BF, 

SiF4 

(e" + MF 6 —*· MFg) 

n > e F 4 O O 
AsF5 SbF5 

Ο Ο Ο 
WF6 ReF6 0sF6 IrF€ 

(e~ + 3/2 MF5 — MFg + 1/2 MF3) 

PtFe 

PF« 
Ο 

AsF5 SbF5 

(e - + MFy + 1/2 C l 2 + HF — MF"+, + HCI) 

BF, 
SiF. 

)6eF4 

>PF« 

(e" + 2MFy + 1/2 Cl 2 — " + MF„_,CI) 

BF 3 PF 5 GeF4 

m l ι i i ι i i . n i l m l m i l n i m i i l l m i l l m i n i i I II 
-BO -100 -120 -140 -160 -180 

Δ Η ° 9 β (kcal/mole) 

Figure 2. Intercalation of graphite by perfluoroanions as a function of the 
electron affinity of the oxidizing half reaction. 
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are inadequate to meet the requirements for graphite intercalation by M F 6 ~ . 
O n the other hand , the spontaneous intercalation of graphite by A s F 5 (13) 
is ev ident ly a consequence of the h igh electron affinity of the ox id iz ing hal f 
reaction (29) [E(e~l + 3/2AsF5 -> A s F 6 " + fcAsFa) ^ 123 kcal m o l " 1 . 

T h e vacuum-stable C^AsFe product obtained b y remov ing A s F 5 and 
A s F 3 from the g r a p h i t e - A s F 5 material (32) is a mixture of first- and second-
stage C j A s F e salts. E v e n repeated treatment of graphite w i t h A s F 5 does not 
y i e l d a pure first-stage salt, and treatment of first-stage C ^ A s F e " (made v ia 
A s F 5 + F 2 ) w i t h a half-molar quantity of A s F 3 leads to a mixture of second-
and first-stage C^AsFe. This result gives clear evidence that the Ε for the 
A s F 5 electron-oxidation hal f reaction is close to that for the first-stage C j A s F e 
thermodynamic threshold. 

Apparent ly , this s imple mode l for C I
+ M F 6 " salts also fits nonoctahedral 

M F y " , so long as the effective height of MFy~ i n the graphite galleries is 
close to that o f M F 6 " . Recent examples (33) from these laboratories inc lude 
the intercalation of G e F 5 " from G e F 4 - C l 2 mixture [the electron affinity for 
the appropriate reaction, E(2 G e F 4 + V2C1 2 + e" - » G e F 5 " + G e F 3 C l ) , is 
118 kcal mol" 1 ] and P F 6 " from P F ^ C l a - H F mixture [for w h i c h E ( P F 5 + 
y 2 C l 2 + H F + e" - » P F 6 " + HC1) is 117 kcal mo l " 1 ] . I n conformity w i t h 
these e lectron affinities, each intercalation is spontaneous, but first-stage 
salts are not produced. 

Volume and Lattice E n t h a l p y . I n the example of G e F 5 ~ interca
lation just descr ibed, we departed from the case of M F 6 " guest species. 
G e F 5 " has one fewer F l igand; therefore, i t must have an effective vo lume , 
based on Zachariasen's cr i ter ion (34), approximately 17 Â 3 less than M F 6 ~ . 
F o r closely packed guest species, this effective vo lume w o u l d be important. 
F i r s t let us examine the consequences of vo lume on lattice enthalpy. 

F i g u r e 3 illustrates a remarkably s imple correlation between lattice e n 
thalpies and the formula unit vo lume for A + X " salts recognized by M a l l o u k 
et a l . (30) as be ing w i t h i n the usual errors of rather sophisticated evaluations 
from k n o w n structures and partial charge distr ibutions. T h e empir i ca l r e 
lationship 

t / ( A + X - ) ( i n kcal m o l " 1 ) = 556.3[V( in Â 3 ) ] " V 3 + 26.3 (4) 

should be l i m i t e d i n application to l ight-atom hard- l igand cases because the 
equation does not contain expl ic i t ly a closed-shell repuls ion t e r m . T h e ad 
vantage of the relationship is that i t immediate ly provides for an assessment 
of the lattice energy of an A + X ~ salt i f the close-packing vo lume (V) is k n o w n . 

I f the cation is large (e.g., [ (n -buty l ) 4 N] + ) , changing the anion from 
P F 6 " to B F 4 ~ changes the lattice enthalpy less than i n the case of K + salts. 
Indeed, for K P F 6 and K B F 4 salts, the difference i n lattice enthalpy is ap-
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Figure 3. Correlation of lattice energies for A+B~ salts with formula unit 
volume. Open circles represent lattice energies calculated as described in ref. 

28. The closed circles are lattice energies from ref. 35. 

proximately 10 kcal to the advantage of K B F 4 . B u t the fluoride ion affinities 
(30) (-ΔΗ£», M F , + F " 1 -> F F + 1 - ) are B F 3 , 92 and P F 5 , 101 kcal mol" 1 ) . 
Therefore, 

ΔΗ£» ( K P F 6 + BF 3 —» K B F 4 + P F 5 ) « - 1 kcal m o l " 1 (5) 

Al though the entropy change is slightly unfavorable, i t is not sufficient to 
render AC|98 positive (36). F o r fluorides, S|9 8 is proport ional to formula uni t 
vo lume ( V F U ) , w i t h S298 (in entropy units) equal to 0.42 V F U (in A 3 ) . 
O n the other hand, i n the case of the [ ( n - b u t y l ) 4 N ] + salts, the lattice energy 
favors the B F 4 " m u c h less than i n the Κ + case. T h e entropy change is nearly 
the same as i n the Κ + salt situation. T h e consequences are dramatic to the 
chemistry. K P F 6 is quantitatively converted (37) to K B F 4 b y B F 3 at 20 °C, 
whereas the mixed buty lammonium salts are i n e q u i l i b r i u m w i t h B F 3 and 
P F 5 at ordinary pressures. 

Graphi te has a m u c h smaller effective radius than [ ( n - b u t y l ) 4 N ] + , at 
least normal to the sheet ( r e f f ~ 1.7 À). Therefore, the impact of vo lume of 
the anion upon the lattice energy is important. Thus the graphite hexafluo-
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rophosphate salt, l ike K P F 6 and unl ike [ (n-butyl) 4 N] + P F 6 , is quantitatively 
converted (37) by B F 3 to the fluoroborate. 

e , P F 6 + (y + 1 ) B F 3 - » C I B F 4 · t / B F 3 . + P F 5 (6) 

As e q 6 demonstrates, more B F 3 is taken u p than P F 5 is l iberated. This 
result is an oddity o f the graphite salt situation. H e r e , i n contrast to the Κ + 

and b u t y l a m m o n i u m salts, the anions are exposed to one another i n the 
galleries between the carbon sheets. E v i d e n t l y the addit ional B F 3 uptake 
provides for increased screening of anion from anion. Indeed, y can be as 
great as 3 w i t h ordinary pressures (approximately 1 atm) of B F 3 and a second-
stage C J P F 6 salt can y i e l d a first-stage salt CXBF4 · 3 B F 3 . 

Nestled Salts. A more dramatic instance o f the effect of "d ie lec tr i c 
spacers" i n graphite salts is prov ided (32) b y the first-stage fluoroarsenate of 
composit ion C 1 4 A s F 6 . This material is prepared by the routes shown i n 
Scheme I and is identical to the first-stage component of the vacuum-stable 

CeFe

+AsFe 

or 

02*AsFe-

or 

1/2 F2 + AsF5 

+14C (graphite) -> C14*AsFe < 

> 

+ CeFe 

+ 0, 

Scheme I 

product of the interaction of graphite and A s F 5 gas. T h e A s F 6 " ions are 
nestled i n ordered domains w i t h i n the graphite galleries, as shown i n F i g u r e 
4. This arrangement is an accidental consequence of the F - F nearest-neigh
bor distance i n A s F 6 ~ be ing similar to the distance between the centers of 
contiguous hexagons i n the graphite-sheet structure. F i g u r e 4 shows that 
closer packing of the nestled A s F 6 " is not possible. Th is arrangement is i n 
harmony w i t h the observed composit ion of this phase, C 1 4 A s F 6 . W h e n the 
sol id is exposed to a sustained pressure of A s F 5 (approximately 1 atm at 
approximately 20 °C), the X - r a y diffraction pattern changes dramatical ly and 
the composit ion changes i n accord w i t h e q 7. 

C 1 4
+ A s F 6 - + V i A s F 5 -> C 1 4

+ A s F 6 ~ · % A s F 5 (7) 

T h e X - r a y data show that this uptake of A s F 5 by the C 1 4 A s F 6 expands the 
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20. B A R T L E T T E T A L . Oxidative Intercalation of Graphite 399 

Figure 4. The idealized nestled structural model for a single layer of AsF6' 
guests in C14AsF6. The unit cell is outlined. 

carbon-sheet separation from 7.6 Â i n the nestled salt to 8.1 Â i n the 
C 1 4 A s F 6 · 1/2AsF5. E v i d e n t l y the dielectr ic screening effect [or bond ing of 
the A s F 5 to y i e l d a μ-fluoro-bridged species (38) such as ( F 5 A s - F - A s F 5 ) ~ ] 
provides sufficient favorable energy to more than compensate for the d i 
min ished attraction energy, w h i c h must accompany the expansion, and the 
unfavorable entropy change associated w i t h the uptake of gaseous A s F 5 . T h e 
observed diffraction pattern of the C 1 4

+ A s F 6 " is satisfactorily accounted for 
(32) w i t h the structure i l lustrated i n F i g u r e 4. This structure requires that 
adjacent carbon-atom sheets be i n staggered relationship to each other. As 
atoms, of course, always reside midway between ecl ipsed carbon atoms of 
these adjacent staggered sheets. 

W i t h the uptake of A s F 5 (to composit ion C 1 4 A s F 6 · VfeAsFs), the carbon-
atom sheets move into registry w i t h one another, as w e l l as farther apart. 
T h e observed diffracted X - r a y intensities require that the As atoms be placed 
midway between the enclosing carbon sheets. I n the ab plane, a l l of the 
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guest atoms are ful ly d isordered i n this phase. In C i 4 AsF 6 · V2ASF5 the guests 
are therefore l ike a two-dimensional l i q u i d . Remov ing the A s F 5 restores the 
nestled, relatively ordered , C 1 4 A s F 6 phase. 

M u c h the same sort of structural change as observed for C 1 4 A s F 6 to 
C 1 4 A s F 6 · V 4 A s F 5 occurs w h e n A s F 3 is added to the nestled salt. O n removal 
of volatiles, A s F 5 is observed as a consequence of the reduct ion of the carbon 
already a l luded to, and the result ing sol id is a mixture of first- and second-
stage C j A s F 6 nest led A s F 6 salts. 

V2AsF3 + A s F 6 " -> % A s F 5 + e " (8) 

Fluorinated Graphite. Perhaps the most unexpected aspect of 
graphite fluorosalt chemistry was the finding that salts such as C^AsFe rapidly 
consume addit ional gaseous fluorine (16, 32) at approximately 20 °C. This 
uptake is accompanied by a marked loss o f electrical conductivity . O k i n o 
(32) found that this material o f composit ion C 1 4 A s F 6 · ~ 2 F was less con
duct ive than the graphite from w h i c h it was made. Because the carbon sheets 
i n C 1 4 A s F 6 , w h i c h itsel f shows a specific conduct ivity comparable w i t h that 
of a l u m i n u m metal , bear a charge C 1 4

+ , they are unl ike ly to be attacked by 
elemental f luorine, w h i c h is an electrophile . T h e attack to generate C - F 
bonds probably involves transfer of F " to a positive carbon atom. T h e f luor i -
nation of C 1 4 A s F 6 and other C^AsFg salts may therefore occur v ia a species 
A s F 7

2 " . T h i s , l ike most seven-coordinate species (39) (e.g., I F 7 and R e F 7 ) 
w o u l d undergo intramolecular and intermolecular fluorine-ligand exchange. 
T h e latter, v ia transient f luor ine-br idged species to A s F 6 " (i .e. , [ F 6 A s -
F - A s F J 3 " ) , could provide for the observed facile d istr ibut ion of f luorine 
throughout the graphite galleries. Such mechanisms could also i n part pro 
vide a plausible basis for understanding the formation of a fluorinated graph
ite of composit ion C L 3 F , w h i c h is formed (40) as a black first-stage sol id 
concurrently w i t h first-stage fluorinated graphite salt C 1 4 A s F 6 · x F , w h e n 
second- or third-stage C y A s F e salts are fluorinated at —20 °C i n the presence 
of anhydrous hydrogen fluoride ( A H F ) . H o w e v e r , the separation o f the C X F 
phase i n the presence of A H F must also involve fluoride i on transport as 
(HF)„F" species. 

T h e C L 3 F is a more h ighly fluorinated relative of the s p 2 carbon fluorides 
first descr ibed by Rudorf f and Rudorf f (41). It possesses remarkable k inet i c 
stability, and its resistance to oxidation b y perchlor ic acid at 160 °C provides 
for its separation from C 1 4 A s F 6 · acF, w h i c h the ac id destructively oxidizes 
at that temperature. Because the X - r a y diffraction data (40) for C 1 3 F show 
the hexagonal carbon-atom array to be only sl ightly expanded relative to 
graphite itself, w i t h a graphite-cel l aQ equal to 2.46 Â, most of the fluorine 
ligands i n this material must have neighbors at 2.46 A . This distance is 
remarkably short. I n harmony w i t h the use of so many of the ττ-system 
electrons i n b i n d i n g F ligands (each C to w h i c h F is bound must be an insulat ing 
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20. B A R T L E T T E T A L . Oxidative Intercalation of Graphite 401 

point i n the network), C 1 3 F is an insulator. Its specific conductivity , σ ~ 
ΙΟ" 7 Ω " 1 c m " 1 , is attributable to F " transport i n the gallery. 

Conclusions 

E v i d e n t l y the s p 2 carbon network is remarkably stable to e lectron oxidation 
to h igh charge levels (at least C 1 4

 + ) . G o o d conductors are thereby generated. 
F o r h igh positive charge development, however , i t is essential to have anions 
of very low fluorobasicity; otherwise, F " transfers to the carbon. T h e s p 2 

bonding of graphite persists even w h e n 7 0 % of the TT b ond ing electrons are 
consumed i n bond ing F ligands, as i n the insulator C 1 3 F . 

Acknowledgments 

This work was supported by the Direc tor , Office of E n e r g y Research, Office 
of Basic E n e r g y Sciences, C h e m i c a l Science D i v i s i o n of the U . S . D e p a r t 
ment of E n e r g y , under Contract N o . D E - A C 0 3 - 7 6 S F 0 0 0 9 8 . 

References 

1. Hennig, G. R. Prog. Inorg. Chem. 1959, 1, 125. 
2. Rudorff, W. Ado. Inorg. Chem. Radiochem. 1959, 1, 224. 
3. Herold, A. In Mater. Sci. Eng. 1977, 31, 1; and In Physics and Chemistry of 

Materials with layered Structures, Intercalated Layered Materials; Levy, F. A., 
Ed; Reidel: Dordrecht, Netherlands, 1979; Vol. 6, pp 323-421. 

4. Bottomley, M. J . ; Parry, G. S.; Ubbelohde, A. R. Proc. Roy. Soc. (London) 
1964, A279, 291. 

5. McDonnell, F. R. M.; Pink, R. C.; Ubbelohde, A. R. J. Chem. Soc. 1951, 191. 
6. Ubbelohde, A. R. Nature 1971, 232, 43. 
7. Coulson, C. Α.; Taylor, R. Proc. Phys. Soc. (London) 1952, 65, 815. 
8. Coulson, C. Α.; Duncanson, W. E . Proc. Phys. Soc. (London) 1952, 65, 825. 
9. Richardson, T. J. ; Bartlett, N. J. Chem. Soc., Chem. Commun. 1974, 427. 

10. Richardson, T. J. ; Tanzella, F. L.; Bartlett, N. J. Am. Chem. Soc. 1986 108, 
4937. 

11. Richardson, T. J. ; Tanzella, F. L.; Bartlett, N. In Polynuclear Aromatic Com
-pounds; Ebert, L. B., Ed; Advances in Chemistry 217; American Chemical 
Society: Washington, DC, 1988; ρ 169. 

12. Bartlett, N. ; Biagioni, R. N.; McQuillan, B. W.; Robertson, A. S.; Thompson, 
A. C. J. Chem. Soc., Chem. Commun. 1978, 200. 

13. Chun-Hsu, L . ; Selig, H . ; Rabinovitz, M. ; Agranat, I.; Sarig, S. Inorg. Nucl. 
Chem. Lett. 1975, 11, 601. 

14. Falardeau, E . R.; Foley, G. M. T.; Zeller, C.; Vogel, F. L. J. Chem. Soc., Chem. 
Commun. 1977, 389. 

15. Bartlett, N. ; MeCarron, Ε. M. ; McQuillan, B. W.; Thompson, T. E . Synth. Met. 
1979-80, 1, 221. 

16. Thompson, T. E.; MeCarron, Ε. M. ; Bartlett, N. Synth. Met. 1981, 3, 255. 
17. Kaindl, G.; Mallouk, T. E.; Bartlett, N. , unpublished. 

 P
ub

lic
at

io
n 

D
at

e:
 M

ay
 5

, 1
98

9 
| d

oi
: 1

0.
10

21
/b

a-
19

90
-0

22
6.

ch
02

0

In Electron Transfer in Biology and the Solid State; Johnson, M., el al.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1989. 



402 E L E C T R O N T R A N S F E R IN B I O L O G Y A N D T H E S O L I D S T A T E 

18. Bartlett, N. ; McQuillan, B. W. In Intercalation Chemistry; Whittingham, S.; 
Jacobson, Α., Eds.; Academic: New York, 1982; pp 19-53. 

19. Kimura, M. ; Schomaker, V; Smith, D. W.; Weinstock, B. J. Chem. Phys. 1968, 
48, 4001. 

20. Siegel, S.; Northrop, D. A. Inorg. Chem. 1966, 5, 2187. 
21. George, P. M. ; Beauchamp, J. L. Chem. Phys. 1979, 36, 345. 
22. Nikitin, M. I.; Sidorov, L. N. ; Korobov, M. V. Int. J. Mass Spectrom. Ion. Phys. 

1981, 37, 13. 
23. Bartlett, N. Angew. Chem. Int. Ed. Engl. 1968, 7, 433. 
24. Selig, H . ; Vaknin, D.; Davidov, D.; Yeshurun, Y. Synth. Met. 1985, 12, 479. 
25. Interatomic Distances and Supplement (Special Publications Nos. 11 and 18); 

The Chemical Society: London, 1958, 1965. 
26. Ebert, C. B.; Selig, H. Mater. Sci. Eng. 1977, 31, 177. 
27. Ebert, C. B.; Selig, H. Synth. Met. 1981, 3, 53. 
28. McCarron, E . M. ; Grannec, Y. J . ; Bartlett, N. J. Chem. Soc., Chem. Commun. 

1980, 890. 
29. Rosenthal, G. L . ; Mallouk, T. E.; Bartlett, N. Synth. Met. 1984, 9, 433. 
30. Mallouk, T. E.; Rosenthal, G. L . ; Muller, G. ; Brusasco, R.; Bartlett, N. Inorg. 

Chem. 1984, 23, 3167. 
31. Rosenthal, G. L. Ph.D. Thesis, University of California—Berkeley, 1984. 
32. Okino, F. Ph.D. Thesis, University of California—Berkeley, 1983; Okino, F.; 

Bartlett, N., to be submitted to Chemistry of Materials. 
33. Hagiwara, R.; Lerner, M. ; Bartlett, N. , to be published. 
34. Zachariasen, W. H. J. Am. Chem. Soc. 1948, 70, 2147. 
35. Kapustinskii, A. F. Zh. Fiz. Khim. 1934, 5, 59. 
36. Mallouk, T. E . Ph.D. Thesis, University of California—Berkeley, 1984. 
37. Kourtakis, K. Ph.D. Thesis, University of California—Berkeley, 1987. 
38. Dean, P. A. W.; Gillespie, R. J. ; Hulme, R. J. Chem. Soc., Chem. Commun. 

1969, 990. 
39. Bartlett, N. ; Beaton, S.; Reeves, L. W.; Wells, E . J. Can. J. Chem. 1964, 42, 

2531. 
40. Hagiwara, R.; Lerner, M. ; Bartlett, N. J. Chem. Soc, Chem. Commun. 1989, 

573. 
41. Rudorff, W.; Rudorff, G. Chem. Ber. 1947, 80, 413. 

RECEIVED for review June 7, 1989. ACCEPTED revised manuscript September 27, 
1989.  P

ub
lic

at
io

n 
D

at
e:

 M
ay

 5
, 1

98
9 

| d
oi

: 1
0.

10
21

/b
a-

19
90

-0
22

6.
ch

02
0

In Electron Transfer in Biology and the Solid State; Johnson, M., el al.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1989. 



S E O F T H E M O L Y B D E N U M B L U E M E T H O D for spectrophotometric deter
mination of phosphate, silicate, and related species is widespread and has a 

Current address: Division of Colors and Cosmetics, U.S. Food and Drug Administration, 
Washington, D C 20204 

2Address correspondence to this author. 

0065-2393/90/0226-0403$06.00/0 
© 1990 American Chemical Society 

21 

Intramolecular Electron Transfer 
and Electron Delocalization 
in Molybdophosphate 
Heteropoly Anions 

Julie N. Barrows1 and Michael T. Pope2 

Department of Chemistry, Georgetown University, Washington, D C 20057 

The electronic structures of mixed-valence heteropoly 12-molybdo
phosphate anions (heteropoly blues) were investigated by electronic 
absorption spectroscopy and by 17O and 31P NMR spectroscopy in 
aqueous and acetonitrile solutions. The one-, two-, and four-electron 
reduced forms of a-PMo 1 2O 4 03- (aI, aII, and aIV), are shown to 
retain, on the NMR time scale, the tetrahedral symmetry of the ox
idized Keggin structure. These anions are class II mixed-valence spe
cies, with the additional electrons weakly trapped on molybdenum 
centers. The particularly stable four-electron reduced species β— 
Η  χΡΜo 12O40(7-x)- (βIV) is derived from the C3v isomer of the Keggin 
structure. This anion is shown, on the basis of its intense narrow 
optical absorption band, 17O NMR, and anomalous 31P chemical shift, 
to contain delocalized valences (class III). Upon deprotonation, βIV 
reverts to a class II species with "normal" spectroscopic properties. 

 P
ub

lic
at

io
n 

D
at

e:
 M

ay
 5

, 1
98

9 
| d

oi
: 1

0.
10

21
/b

a-
19

90
-0

22
6.

ch
02

1

In Electron Transfer in Biology and the Solid State; Johnson, M., el al.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1989. 



404 E L E C T R O N T R A N S F E R IN B I O L O G Y A N D T H E S O L I D S T A T E 

long history ( I , 2). A l though experimental procedures vary i n detai l , the 
main feature of such determinations involves the addit ion of molybdate and 
a reduc ing agent (such as ascorbate or tin(II)) to an acidif ied solution of the 
analyte. A n intense b lue color develops i n the solution and its absorbance 
is measured. T h e species responsible for the b lue color is one of a family of 
mixed-valent heteropolymolybdate anions k n o w n as heteropoly blues (3, 4). 

In the absence of a reduc ing agent, reaction of molybdate(VI) and phos
phate ions i n acidic med ia leads to the formation of the 12-molybdophosphate 
anion, α - Ρ Μ ο ^ Ο ^ 3 " (α0), w i t h the we l l -known K e g g i n structure (5-7) i l 
lustrated i n F i g u r e 1. 

As w i t h many other Keggin-structure polymolybdates and po ly tung-
states, the reduct ion behavior of a 0 has been studied by electrochemical 
methods (8-11). Fruchar t and Souchay (9) reported that a 0 , on a rotating 
p la t inum electrode i n 1 M H C 1 0 4 i n 5 0 % aqueous dioxane to prevent h y 
drolysis , showed four reversible two-electron reductions leading to species 
identi f ied as a l l , a l V , a V I , etc. (The roman numerals signify the n u m b e r 
of added electrons.) W h e n the reduced species were generated by contro l led 
potential electrolysis i n aqueous acidic solution, the polarograms underwent 
modification and ult imately showed a different set o f two-electron waves 
that were attr ibuted to a β isomer. Correspond ing reduced derivatives of 
the β series were labeled βΠ, βίν, etc. T h e oxidized β 0 species may be 
part ial ly stabil ized i n organic solvents (8). Polarograms of a 0 and βίν are 
i l lustrated i n F i g u r e 2. T h e βίν species is generated by electrolytic reduct ion 
of a 0 i n aqueous media or by direct reaction of molybdate(VI) , mo lybde 
n u m ^ ) , and phosphate (12). T h e βίν complex is formed i n the m o l y b d e n u m 
blue method for phosphate analysis. 

W e reported (13) the structure of the βίν anion from X - r a y analysis of 
a crystal of a hemica l c ium ac id-sa l t , C a o . s H e P M o ^ O ^ * 1 7 . 5 H 2 0 . T h e struc
ture, i l lustrated i n F i g u r e 3, conf irmed the assumption that the α - β i som
er ism was based upon rearrangement of an edge-shared tr iad of M o O e 

octahedra. In the β anion, one such tr iad has been rotated by ττ/3 w i t h 
respect to its posit ion i n the α (Keggin) structure. C loser inspect ion of the 
βίν structure revealed that the m o l y b d e n u m atoms i n the ring of six edge-
and corner-shared M o O e octahedra adjacent to the rotated group had been 
displaced from their positions observed i n the oxidized α anion, and that 
the oxygens l i n k i n g the edge-shared octahedra were protonated. 

T h e Μ ο · · · Μ ο separations were 3.56 and 3.67 Â for octahedral edge-
and corner-shared connections, respectively, i n contrast to values of 3.41 
and 3.71 Â found i n a 0 (5). Because there was no crystallographic evidence 
of e i ther static or dynamic disorder, i t appeared that the four addit ional 
electrons had become delocalized over part or a l l of the structure. T h e 
present investigation was undertaken to define the electronic structure of 
βίν and to contrast this w i t h what is known about the electronic structures 
of other heteropolymolybdate blues. 
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Figure 1. Bond and polyhedral representations of the Keggin structure oh 
served for a-PMo^Oeo3'-
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Figure 2. Rotating platinum electrode polarograms, vs. a saturated calomel 
electrode, of a-Na2HPMo1204o (aO) and 0.02 M $-Η7ΡΜθι204ο (β/V) in 50% 

ethanol-H20. Supporting electrolyte: 0.5 M HCl. 

Experimental Methods 

Preparation of Compounds. a-Na^PMo^O^raHssO (α0), β-[(η-^Η 9 ) 4 Ν] 3 -
PM012O40 (β0), and β-Η 7ΡΜθι 2 θ4ο·ηΗ2θ (βίν) were prepared according to Roc-
ehiecioli-Deltcheff et.al. (12) and identified by IR and 3 1 P NMR spectroscopy and 
electrochemistry. The effective molecular weights of aO and βIV were determined 
by eoulometry to correspond to these formulas with m = 31 and η = 21. The 
heteropoly blues al l , alV, and aVI were prepared in 50% aqueous ethanol by 
electrolytic reduction of aO in 0.1 M HCl or 2.0 M acetate buffer, pH 4.7, on a 
platinum gauze electrode. (Although aO is completely hydrolyzed at pH 4.7, elec
trolysis of such solutions results in the clean formation of the desired heteropoly 
blues, which are hydrolyticaUy stable at this pH.) The progress of the electrolyses 
was monitored by eoulometry and by cyclic voltammetry. 

Aqueous ethanolic solutions of βΙΙ and aqueous solutions of βνΐ were prepared 
analogously from βίν at pH 4.7. Tetrabutylammonium salts of aO, a l l , and βΙΙ were 
prepared by addition of an aqueous ethanolic solution of (n-C 4H 9) 4NBr. The tetra
butylammonium salt of βίν was prepared by addition of a 1 M HCl solution of 
(n-C 4H 9) 4NBr. The heteropoly blues were isolated as air-sensitive acid salts and 
were handled under argon in a glove box. Elemental analysis [calculated (found), in 
percent] for a-[(n-C4H9)4N]3H2PMoi204o (H2aII, precipitated from 0.5 M HCl in 
50% ethanol): C, 22.59 (23.17); H, 4.34 (4.34); N, 1.65 (2.06); P, 1.21 (1.21). 

Potentiometric titration with (n-C 4 H 9 ) 4 NOH confirmed both acidities, and the 
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deprotonated anion gave clean voltammograms in acetonitrile. Elemental analysis 
[calculated (found), in percent] for β-Κη-Ο^θ^Ν^ΗΡΜο^Ο^ (ΗβΠ, precipitated 
from pH 4.7 buffer in 50% ethanol): C, 27.52 (26.81); H, 5.23 (5.06); N, 2.01 (2.33); 
P, 1.11 (1.12). The acidic proton was confirmed by potentiometric titration with 
(n-C 4 H 9 ) 4 NOH. Elemental analysis [calculated (found), in percent] for 
β-[(η-θ4Η9)4Ν]3Η4ΡΜο12θ4ο (Η 4βΐν, precipitated from 1 M HC1, product is 
very air-sensitive): C, 22.58 (21.36); H, 4.42 (4.17); N, 1.65 (1.90); P, 1.21 (1.24). 

Potentiometric titration with (n-C 4 H 9 ) 4 NOH revealed only one clear endpoint, 
corresponding to one replaceable proton in acetonitrile solution. The tetrabutylam-
monium salt of αϊ was prepared by electrolytic reduction of the tetrabutylammonium 
salt of a0 in acetonitrile (0.02 M, 0.1 M (η^4Η 9 ) 4 Ο0 4 ) . The dark green air-stable 
product spontaneously precipitated and was filtered off, washed with dichloro-
methane, and recrystallized from acetonitrile-dichloromethane. 

a-[(n-C4H9)4N]4SiWi204o was prepared as previously described (12). a-[(n-
C4H9)4N]4PMovWnO40 and a-[(n-C 4H 9)4N]3PMoV IWii0 4o were prepared by modi
fication of previously reported procedures (14-16): a-[(n-C4H9)4N]3PWi2O40 (A) was 
prepared as previously described (12). [(n-C4H9)4N]MoOCl4 (B) was prepared by 
adding (n-C 4H 9) 4NBr to molybdenum(V) in aqueous HC1 ("Mo(V) solution" (12)). 
The bright green solid was filtered off, washed with 6 M HC1, and recrystallized 
from methanol containing 10% 12 M HC1. To 4 g of A in 150 mL of hot acetonitrile 
were added 5 mL of 1 M (n-C 4H 9) 4NOH in methanol, then 1.2 g of B. The purple 
product, a-[(n-C4H9)4N]4PMovWiiO40 (C), was precipitated with ethyl acetate, fil
tered off, and recrystallized from acetonitrile. a-[(n-C 4H 9) 4N]3PMo V IWii04o was pre
pared by bromine oxidation of an acetonitrile solution of C. The yellow product was 
precipitated with ethyl acetate, filtered off, and recrystallized from acetonitrile. 

nO-enriched samples of tetrabutylammonium salts of a0, al , and a l l were 
obtained by first preparing an aqueous solution of enriched a0 (17). A mixture of 
1.65 mL of 20% nO-enriched H 2 0 and 1.65 mL of water was carefully added to 
0.150 g of PC1S. To the resulting solution was added 1.0 g of N a 2 M o 0 4

e 2 H 2 0 , and 
the solution was allowed to stand for 4 h. Concentrated (12 M) HC1 (0.5 mL) was 
then added and after 1 h the solution was transferred to the electrolysis cell with 
7.7 mL of H 2 0 , 0.5 mL of 12 M HC1, and 12.0 mL of ethanol. 

The solution was electrolytically reduced to a l l and the reduced solution treated 
with (n-C 4H 9) 4NBr to yield a-[(n-C4H9)4N]3H2PMoi2O40 (enriched H2aII). Air oxi
dation of an acetonitrile solution of H 2aII yields aO, which was recovered by solvent 
stripping. Careful neutralization of the protons of H 2aII by stoichiometric addition 
of (n-C 4 H 9 ) 4 NOH in acetonitrile gives a solution that is air-oxidized to αϊ. 1 7 0-
enriched β0 was obtained by adding 0.6 mL of 20% 170-enriched Η 2 0 to 0.3 g of 
β0 in 20 mL of C H 3 C N . The solution was allowed to stand overnight. The solid was 
recovered by solvent stripping. (The oxygens bonded to the central phosphorus atom 
do not undergo noticeable oxygen exchange and do not give a detectable 1 7 0 NMR 
line under these conditions.) 

Elemental analyses were carried out by E + R Analytical Laboratory, Co
rona, NY. 

Electrochemistry. Polarography and cyclic voltammetry were performed with 
apparatus assembled from McKee-Pederson modules, or on a voltammetric analyzer 
(IBM model EC-225). Rotating and stationary platinum working electrodes, a plat
inum wire counter electrode, and a saturated calomel reference electrode were used. 
Electrolyses were carried out on a platinum gauze electrode with a potentiostat 
(Brinkmann-Wenking model 70 TST) and a coulometer (Koslow Scientific model 
541). 
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408 E L E C T R O N TRANSFER IN BIOLOGY AND T H E SOLID STATE 

Figure 3a. Bond representations of the structure of the anion in β-
Cao.sHePMouOw* 17.5H20, viewed perpendicular to the three-fold axis. 
The three oxygen atoms, Oil, at the edge-shared junctions of the equatorial 
ring, are protonated. (Reproduced from ref 13. Copyright 1985 American 

Chemical Society.) 

NMR Spectroscopy. A spectrometer (Bruker AM-300WB) operating at 7.05 
Τ (300.13 MHz for protons) was used. Resonance frequencies were 40.688 MHz for 
1 7 0 and 121.496 MHz for 3 1P. Pulse widths (90°) were 36 μβ for n O and 11 μ$ for 
3 1P. Chemical shifts are reported with respect to external H 2 0 and 85% H 3 P 0 4 ; this 
positive sign indicates a resonance at higher frequency than the standard. Longi
tudinal relaxation times (Ti) were determined by the inversion-recovery method. 
Solid-state magic angle sample spinning (MASS) and nonspinning 3 1 P spectra of βίν 
were recorded on the same instrument. The 1 7 0 NMR spectrum of β0 was recorded 
on a spectrometer (400-MHz, Bruker) at the University of South Carolina NSF NMR 
Facility. 

Results and Discussion 

O n e - a n d T w o - E l e c t r o n B l u e s . aO undergoes a series of two-
electron reductions i n protic solvents leading to protonated a l l , a l V , etc. , 
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21. BARROWS & POPE Molybdophosphate Heteropoly Anions 409 

Figure 3b. Polyhedral representation of the anion in Figure 3a. 

but as the p H is raised, the two-electron polarographic waves split into 
p H - i n d e p e n d e n t one-electron waves (9). T h e one-electron reduced species, 
a - P M o ^ O ^ 4 - (al ) , is most conveniently studied by reduct ion of aO i n an 
aprotic solvent. T h e electron spin resonance (ESR) spectrum of α ϊ , reported 
several years ago (18), consists (at Τ < —60 Κ) of an axial l ine w i t h hyperf lne 
structure result ing from interaction of the electron w i t h one m o l y b d e n u m 
atom ( 9 5 ' 9 7 M o , —25%, / = 5 /2 , where ί is the nuclear spin quantum number) . 

T h e hyperf ine structure disappeared as the temperature was raised. T h e 
complete spectrum broadened rapidly above 77 Κ and was not observable 
at room temperature. This behavior, and analogous behavior for correspond
i n g reduced tungstates, has been interpreted according to a class II (19) 
mixed-valence m o d e l (i .e. , one i n w h i c h the unpa ired electron is trapped 
on a single metal atom at low temperatures, but undergoes rap id intramo
lecular hopping among the other metal atoms as the temperature is raised). 
T h e electronic spectrum of α ϊ (and analogues) has been interpreted according 
to the same mode l (20). 

B o t h α ϊ and a l l anions i n acetonitrile solution give wel l - reso lved 1 7 0 
N M R spectra that are shown i n F i g u r e 4 and summarized i n Table I . These 
spectra verify that the reduced anions retain the tetrahedral symmetry of 
the K e g g i n structure on the N M R t ime scale. A s imilar spectrum for H 2 a I I 
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b,c 

Figure 4. Oxygen-17 NMR spectra of 17O-
enriched tetrabatylammonium salts of the 
oxidized and one-, and two-electron reduced 
forms of a-FMonOm3-: 1, aO; 2, al; 3, a l l , 
in CD3CN, 338 K; a, terminal oxygen; b, 
oxygen linking corner-shared octahedra; c, 
oxygen linking edge-shared octahedra; d, in-

tenor phosphate oxygen; *, H20. 

b c 

b,c 

1000 800 600 400 200 
1 7 0 (ppm) 

i n water -d ioxane was reported earlier by Kazansky et a l . (21) and interpreted 
i n terms of a delocal ized electron pair. 

Electron Exchange. T h e wel l -resolved spectra of unprotonated α ϊ and 
a l l (Figure 4) verify that intramolecular electron transfer is rapid . F u r t h e r 
more , the spectrum of α ϊ is consistent w i t h the conclusion drawn from E S R 
spectroscopy that the unpaired electron undergoes rap id spin relaxation at 

Table I. Oxygen-17 NMR Data for Oxidized and 
Reduced Forms of PMo^O^ 3 " Isomers 

Anion Τ, Κ Chemical Shifts, ppm (Line Widths, Hz) 
aO 297 938 (70), 583 (80), 551 (165), 80 (660) 

338 937 (40), 584 (50), 552 (100), 80 (360) 
β0* 333 999 (ND), 585 (ND), 555 (ND) 
a l 297 784 (210), 706 (570), 567 (580), 80 (660) 

338 801 (160), 686 (410), 570 (290), 80 (500) 
a l l 297 878 (190), 539 (760), 523 (375), 70 (1000) 
H a l l 297 902 (190), 560 (760), 533 (665), 70 (800) 
H 2 a I I 297 917 (270), 571 (620), 537 (700), 70 (1000) 
NOTE: Measured ση enriched tetrabutylammonium salts in 
C D 3 C N , 0.0025 Μ (α0, a l l , Hal l , H2aII), -0.005 Μ (β0), 0.009 
M (al). 
eMeasured at the University of South Carolina NSF NMR Facility; 
line widths were not determined (ND). 
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21. BARROWS & POPE Molybdophosphate Heteropoly Anions 411 

room temperature ( T e ~ 10 9 s). This is conf irmed by observation of a 
relatively narrow 3 1 P N M R l ine for α ϊ at 297 Κ (Δν^, 2.6 H z ; Γ χ , 0.75 s; 
Γ 2 , 0.12 s; δ, +3 .5 ppm). C h e m i c a l shifts and l ine widths for a 0 and a l l 
under the same conditions were - 0 . 4 p p m , 0.1 H z , and - 3 . 3 p p m , 0.1 H z , 
respectively. 

K o z i k et a l . (22) observed narrow 3 1 P N M R lines for paramagnetic tung-
stophosphate heteropoly blues i n aqueous solution and determined inter -
molecular electron-exchange rates. I n the present case, measurements were 
made of the l ine w i d t h of a 0 i n the presence of vary ing concentrations of 
αϊ . T h e ionic strength (μ) of the solution was maintained w i t h a-[(n-
C 4 H 9 ) 4 N ] 4 S i W 1 2 O 4 0 . Evaluated rate constants at 297 Κ are 5 .3±0 .3 Χ 1 0 3 

M 1 s 1 i n acetonitrile (μ = 0.04 M ) and 3 .8±0 .2 Χ 1 0 3 M 1 s" 1 i n d i m e t h y l 
sulfoxide (μ = 0.32 M ) . Dif fusion-control led rates for exchange between - 3 
and - 4 anions of diameter 11.2 Â i n solvents of dielectr ic constant 36.8 and 
47.6 are 1 Χ 10 4 and 7 Χ 10 4 M 1 s 1 , respectively. 

W e have also examined electron exchange between a - P M o v W n O 4 0
4 ~ 

and a - P M o ^ W n O ^ 3 " by the same method. I n v i e w of the strongly local ized 
nature of the unpaired electron i n a - P M o ^ n O ^ 4 " (well-resolved E S R 
spectrum at room temperature), the 3 I P N M R l ine of this anion is broad 
(120 H z , acetonitrile; 600 H z , d i m e t h y l sulfoxide). As antic ipated, the ex
change rates are slower than those invo lv ing a 0 and a l : k = 7 ± 2 Χ 1 0 2 

and 8 0 ± 6 M " 1 s" 1 i n acetonitrile and d imethy l sulfoxide, respectively. 

Isotropic Shifts. The isotropic shifts of the l 7 0 N M R lines of α ϊ are 
discussed elsewhere (23, 24). Such shifts are scalar i n or ig in because, i n the 
fast intramolecular electron-exchange l i m i t that pertains here , the anion 
retains tetrahedral symmetry. T h e small shift observed for the inter ior phos
phate oxygens is consistent w i t h the weak bonds that l ink these oxygens to 
the molybdenums. T h e remaining lines i n the spectrum of α ϊ at 297 Κ are 
assigned, by comparison to M o 6 0 1 9

2 ~ / 3 ~ , as follows: 784 p p m , termina l ox
ygen; 706 p p m , oxygen l i n k i n g corner-shared octahedra; 567 p p m , oxygen 
l i n k i n g edge-shared octahedra. O n the basis of their temperature depen 
dence (25) (Table I), these lines correlate w i t h those i n the spectrum of a 0 
at 938, 551, and 583 p p m , respectively. The isotropic shifts for the two kinds 
of b r idg ing oxygens have opposite signs. O u r observation of only upf ie ld 
isotropic shifts for M o 6 0 1 9

2 _ / 3 ~ (23), an anion that has edge-shared br idg ing 
and termina l oxygens but no corner-shared oxygen, is the basis for the stated 
assignments for the Kegg in structure. 

F o u r - E l e c t r o n Blues. T h e spectroscopic properties of βίν are s u m 
mar ized i n Tables II and III and Figures 5 and 6. It is convenient to discuss 
these i n l ight of the previously reported crystal structure. A l l three types of 
spectra ( 3 1 P N M R , 1 7 0 N M R , and electronic) show pronounced changes as 
the anion is deprotonated. T h e p K s of the f inal three acidities of β-
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412 E L E C T R O N TRANSFER IN BIOLOGY AND T H E SOLID STATE 

Η γ Ρ Μ ο ^ Ο ^ , corresponding to the loss of the protons located on the r i n g 
of six M o 0 6 octahedra previously discussed, are 4.5, 6.9, and 9.3 (9). 

In 0.1 M H C l the 1 7 0 N M R spectrum is consistent w i t h the C 3 V s y m 
metry of the β structure. A t 338 Κ it shows three resolved resonances (2:1:1) 
i n the termina l oxygen region, as w e l l as five " b r i d g i n g " resonances (Figure 
5). Kazansky et a l . (26) described a s imi lar 1 7 0 N M R spectrum, w i t h two 
lines of approximately equal intensity resolved i n the t e rmina l region, and 
attr ibuted i t to the two-electron reduced species. H o w e v e r , the reported 
3 1 P chemical shift (discussed later) identifies i t as β ίν . T h e lower effective 
N M R symmetry of β ί ν is caused by an unequal d is tr ibut ion of the four 
addit ional electrons, rather than by the molecular structure. Th i s causality 
is demonstrated by the s imple spectrum of β0 , w h i c h has a total of on ly 
three l ines i n the termina l and doubly -br idg ing oxygen regions (TablerT). 
T h e 1 7 0 N M R spectrum of otlV, recorded i n 5 0 % e t h a n o l - D 2 0 at 297 Κ to 
retard decomposit ion, also shows three l ines (Table II), as expected for an 
exchange-averaged K e g g i n structure. E v e n at 297 K , the spectrum of β ί ν 
is st i l l partial ly resolved i n acidic solution, but at p H 7.6 only two broad 
resonances are detected. 

900 800 700 600 500 400 

1 7 0 (ppm) 
Figure 5. Natural abundance 17Ο JVMR spectrum of β/V anion in 0.1 M HCl, 

D20, 338 K; oxygen labels as in Figure 4. 

As also observed by others (21, 26, 27), the 3 1 P resonance of β ί ν at p H 
~ 0 appears at - 1 2 . 5 p p m . This represents an upf ie ld shift of 9 p p m from 
that of aO, whereas other reduced species ( a l l , a l V , a V I , βΙΙ , and βνΐ) 
have corresponding shifts of < 4 p p m (δ - 4 . 4 to -7 .6 ) . T h e chemica l shift of 
β ί ν is unchanged between p H 0 and 4.7, but thereafter the l ine broadens 
somewhat and the chemical shift decreases (see Table III). 

Proton Exchange. Solutions of the te trabuty lammonium salt of β ίν , 
β - [ ( η - Ο 4 Η 9 ) 4 Ν ] 3 Η 4 Ρ Μ ο 1 2 Ο 4 0 , i n acetonitrile show a broad (60 H z ) 3 1 P N M R 
l ine that broadens st i l l further (210 H z ) w h e n a single proton is removed b y 
the addit ion of the stoichiometric quantity of ( n - C 4 H 9 ) 4 N O H . F u r t h e r a d 
d i t ion of base led to mul t ip le - l ine spectra that indicate anion decomposit ion. 
W e attribute the broad lines to slow proton exchange (inter- or i n t r a 
molecular) for the fo l lowing reasons. T h e values of Tx for the aqueous and 
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Table Π. Oxygen-17 N M R Data for Four-Electron 
Reduced Forms of P M o ^ O ^ 3 " Isomers 

Anion Τ, Κ Chemical Shifts, ppm (Line Widths, Hz) 
aIV a 297 911 (480), 465 (1200), 438 (1400) 
βίν* 297 934 (550), 909 (500), 530 (1000), 440 (590) 

338 933 (200), 915, 911 (335e), 555 (170) 
545 (335), 512 (225), 441, 433 (580e) 

βίν* 297 868 (1230), 513 (2000) 
NOTE: Measured at natural abundance. 
a0.2 M alV, 0.1 M HC1, 50% ethanol-D 20. 
è0.25 Μ βίν, 0.1 M HC1, D 2 0 . 
Total width of two overlapping lines. 
<*0.1 Μ βΙΥ, 1.0 M Tris buffer, pH 7.6, D 2 0 . 

nonaqueous solution spectra are s imilar (2.5 and 3 .0 s, respectively) ; this 
s imilarity rules out possible paramagnetic effects. A broad l ine , observed i n 
the LH N M R spectrum of the tetraprotonated species i n acetonitri le at 4 
p p m , is attr ibuted to the anion's protons because the l ine disappears upon 
the addit ion of a drop of D 2 0 . 

Table III. Phosphorus-31 N M R Data for Oxidized and Reduced Forms 
of P M Q M O ^ 3 " Isomers 

Anion 
Aqueous 
Solvent0 pH 

Chemical Shifts, ppm 
(Line Widths, Hz) 

Aqueousb Acetonitrile' 
a0 A 4.7 -3.2 (<1) -0.4(0.1) 
αϊ +3.5 (2.6) 
a l l A 4.7 -5.9(0.8) -3.3(0.1) 
alV A 4.7 -5.0 (1.5) 
aVI A 4.7 -7.6 (1.6) 
βο -0.1(0.3) 
βΙΙ A 4.7 -5.8 (1.8) -2.4 (8) 
βίν Β 0 -12.5 (1.2) 

C 2.7 -12.4 (0.8) 
A 4.7 -12.6 (<1) 
D 5.1 -11.5 (4.3) 
Ε 6.9 -10.6 (3.2) 
F 7.6 -9.8 (5.4) 
G 9.5 -9.4 (3.8) 

Η 4βΐν -9.5 (60) 
Η 3βΐν -8.6 (210) 
βΥΙ D 4.7 -6.4 (17) 
NOTE: Data were obtained at 297 Κ. 
Solvents: A, 2 Μ acetate buffer, 50% ethanol-D 20; B, 0.5 M HC1-D 2 0 ; C, 1 M C H 2 C l C O O H 
buffer-D 20; D, 2 M acetate buffer-D 20; E , 1 M K H P 0 4 buffer-D 20; F, 1 M Tris buffer-
D 2 0 ; and G, 1 M N a H C 0 3 buffer-D 20. 
b0.02 Μ (α0, a l l , alV, aVI, βΙΙ, βνΊ), 0.01 Μ (βίν). 
c0.002 M (a0, β0), 0.01 M (al, a i l , βΙΙ, βίν). 
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The optical spectrum of β ί ν is also strongly p H dependent, i n contrast 
to those of other molybdophosphate blues (see F igure 6). The intense (molar 
absorptivity (em a x) of 27,000 M " 1 c m - 1 ) , relatively narrow band at 830 n m , 
w h i c h is the reason for the analytical value of the mo lybdenum blue pro 
cedure, is lost as the anion is deprotonated. S imi lar spectral changes have 
been reported previously (28), and also for the corresponding " β ί ν " der iv 
ative of S i M o ^ O ^ 4 - (29). T h e spectrum of the deprotonated anion shows 
broader absorption bands w i t h e m a x ~ 8000 M 1 c m 1 , w h i c h are s imilar to 
those observed for other heteropoly b lue species (3, 29-31), such as the 
protonated and deprotonated a l l i l lustrated in F i g u r e 6a. 

W i t h the exception of β ί ν i n acidic solution, the m a x i m u m intensities 
of heteropoly b lue spectra are roughly proport ional to the n u m b e r of added 
electrons, —2000 M 1 c m 1 per electron for polymolybdates. This observation 
may be explained on the basis of v irtual ly independent intervalence charge-
transfer transitions w i t h i n the polyanion structure, assuming a class I I m i x e d -
valence mode l for these species. 

Electronic Structure. T h e unique β ί ν spectrum suggests a change of 
electronic structure, perhaps to class III w i t h complete ground-state d e r 
ealization of the four electrons over a l l or part of the anion structure. T h e 
830-nm absorption band is m u c h narrower than w o u l d be calculated from 
the conventional H u s h treatment i f it were assumed to be an intervalence 
charge-transfer transition of a class II complex (Table IV) . 

T h e delocal ized nature of β ί ν is further supported b y the X - ray structural 
results that indicate three-fold symmetry for an anion w i t h four addit ional 
electrons. O n the basis of these data, the observation of three termina l 1 7 0 
N M R resonances w i t h relative intensities 2:1:1, and the large chemical shift 
anisotropy ( σ χ - σ ( | = 10 ppm) observed i n the solid-state 3 1 P N M R spectrum 
of β ίν , there is good reason to believe that the electrons are predominant ly 
delocal ized over the equatorial r ing of six M o O e octahedra. ( σ χ and ay are 
the perpendicular and paral le l components of the nuclear shie ld ing tensor.) 

Ring-Current Effects. Such electron d e r e a l i z a t i o n should lead to the 
observation of ring-current effects. Indeed, the situation i n β ί ν w o u l d then 
be analogous to that of benzene, because the four extra electrons can be 
considered to be invo lved i n TT orbitals (derived from M o " d x y - " and Ο i r 
orbitals) that are topologically analogous to the i r orbitals of benzene. B y 
using the conventional Johnson -Bovey tables (33, 34) and a ring radius of 
3.44 À (= Σ ( Μ ο · · ·Μο)/2ιτ), we can estimate a r ing-current sh ie ld ing of 
the central phosphorus nucleus of 4.1 p p m . 

K o z i k et a l . (35) and Casan-Pastor (36) attr ibuted enhanced diamagnetic 
susceptibilities of two-electron reduced heteropolytungstate blues to ring 
currents. O u r general observation that chemical shifts of central 3 1 P nuc le i 
are decreased as the anions are reduced is consistent w i t h , although does 

 P
ub

lic
at

io
n 

D
at

e:
 M

ay
 5

, 1
98

9 
| d

oi
: 1

0.
10

21
/b

a-
19

90
-0

22
6.

ch
02

1

In Electron Transfer in Biology and the Solid State; Johnson, M., el al.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1989. 



21. BARROWS & P O P E Molybdophosphate Heteropoly Anions 415 

5 ι • r—* 1 • 1 • 1 «-—ι • r 

.Ε 

0 Ι · 1 1 — ι — . 1 • 1 1 • 1-

2 0 1 8 1 6 1 4 1 2 1 0 8 

Wavenumber /10^cm~"^ 

3 0 ι » 1 < 1 « 1 « 1 ·——ι * Γ 

2 0 1 8 1 6 1 4 1 2 1 0 8 

Wavenumber /1 O^cm 1 

Figure 6. Electronic spectra of a, a-PMomOm5' (all) and α-Η2ΡΜθι204ο3~ 
(Η&Η) as tetrabutyhmmonium salts in CH3CN; and b, β-Η7ΡΜο1204ο (βίν) 

in aqueous solution at varying pH. 

 P
ub

lic
at

io
n 

D
at

e:
 M

ay
 5

, 1
98

9 
| d

oi
: 1

0.
10

21
/b

a-
19

90
-0

22
6.

ch
02

1

In Electron Transfer in Biology and the Solid State; Johnson, M., el al.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1989. 



416 E L E C T R O N TRANSFER IN BIOLOGY AND T H E SOLID STATE 

Table IV. Intervalence Charge-Transfer Band Profiles 
(cm'1) for Reduced Forms of P M 0 1 2 O 4 0 3 " Isomers 

Anion E o / Δνΐ/2, obs. Δνι/2, cale.b 

H 2aII 10120 4910 4815 
a l l 10120 4650 4815 
βΙΙ 9460 4480 4650 
β ίν (pH 0) 9230 4240 4600 

12050e 2900 5250 
βΙΥ (pH 9.8) 9580 3550 4680 
"Lowest energy of intervalence charge-transfer absorption band, 
unless specified otherwise. 
6Δνι / 2 = (16 kT In 2 E o p) / 2(ref. 32). 
'Prominent 830-nm band. 

not require , that interpretation. Deprotonat ion o f β ί ν results i n both loss 
of the intense optical absorption band and decreased sh ie ld ing of the phos
phorus nucleus. W e speculate that the deprotonated anion has more con
ventional Μ ο · · · Μ ο separations i n the equatorial ring (i .e. , alternating 
between 3.4 and 3.7 Â for edge- and corner-shared octahedra) and that this 
conformation results i n less electron d e r e a l i z a t i o n and a class II electronic 
structure. 
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L O L E C U L A R AND ORGANIC FERROMAGNETIC COMPOUNDS, although pos
tulated i n the 1960s, have only recently been synthesized and characterized 

0065-2393/90/0226-0419$06.00/0 
© 1990 American Chemical Society 

22 
Organometallic Electron-Transfer Salts 
with Tetracyanoethylene Exhibiting 
Ferromagnetic Coupling 

Joel S. Miller1 and Arthur J. Epstein2 

1Central Research and Development, Ε. I. du Pont de Nemours and Company, 
Experimental Station-E328, Wilmington, D E 19880-0328 

2Department of Physics and Department of Chemistry, The Ohio State 
University, Columbus, O H 43210-1106 

Some molecular organic solids comprising linear chains of alter
nating total spin angular momentum quantum number S = 1/2 

metallocenium donors, D, and cyanocarbon acceptors, A (i.e., 
• • • D · + A · - D · + A · - • • • ) exhibit cooperative magnetic phenom
ena (i.e., ferro-, antiferro-, ferri-, and metamagnetism). For 
[FeIII(C5Me5)2]•+[TCNE]•- (Me is methyl; TCNE is tetracyanoeth
ylene), bulk ferromagnetic behavior is observed below the Curie tem
perature of 4.8 K. Replacement of FeIII with CrIII, NiIII, and FeII leads 
to complexes with antiferromagnetic coupling, ferrimagnetic behav
ior, and almost no magnetic interaction, respectively. These results 
are consistent with a model of configuration mixing of the lowest 
charge-transfer excited state with the ground state developed earlier 
to understand the magnetic coupling of such systems. The model, 
which predicts the magnetic coupling as a function of electron con
figuration and direction of charge transfer, is a useful guide in the 
design of new organic and organometallic complexes with cooperative 
magnetic coupling. New TCNE-based electron-transfer salts were 
prepared to test the model and identify new materials with ferro
magnetic coupling. 
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420 E L E C T R O N TRANSFER IN BIOLOGY AND T H E SOLID STATE 

(1-5). This development, w h i c h parallels the discovery of molecular and 
organic-based superconductors, extends the study of cooperative phenomena 
i n molecular organic materials. T h e broad range of phenomena i n the mo 
lecular organic sol id state, combined w i t h the anticipated modification of 
physical properties v ia conventional synthetic organic chemistry and the 
ease of fabrication enjoyed by soluble materials, may ul t imately lead to the ir 
use i n future generations o f electronic and photonic devices. 

This chapter summarizes the configuration mix ing of a v i r tua l t r ip let 
excited state w i t h the ground state for an alternating donor-acceptor ( D - A ) 
one-dimensional chain mode l for the stabilization of ferromagnetic coup l ing 
of this electron-transfer compound (1-6). A discussion of the c o m m o n idea l 
i zed magnetic behaviors expected i n materials (2) and a more comprehensive 
discussion of several models for ferromagnetic coupl ing i n molecular p o l 
ymer i c materials can be found i n publ i shed reviews (1-5). 

Stabilization of Ferromagnetic Coupling by 
Configuration Mixing 

S p i n al ignment throughout the sol id is necessary for bu lk ferromagnetism. 
Several mechanisms (J-5) have been proposed for the pairwise stabil ization 
of ferromagnetic coupl ing among spins. H o w e v e r , these schemes are insuf
ficient to account for three-dimensional ferromagnetic behavior. A mecha
n ism to account for this three-dimensional interaction is descr ibed i n this 
chapter. 

T h e mode l of configuration mix ing of a v i r tua l tr iplet charge-transfer 
excited state w i t h the ground state for a · · · 0 * + Α * " 0 * + Α * ~ Ο β + 

Α * · · · chain to stabilize ferromagnetic coupl ing was original ly introduced 
by M c C o n n e l l (6)> F o r a D * + A " ~ pair w i t h a half-occupied nondegenerate 
highest occupied molecular orbital ( H O M O ) , the spins couple antiferro-
magnetically (Figure 1, la). (Presumably, the v ir tual charge transfer involves 
only the highest-energy partial ly occupied molecular orbital ( P O M O ) . C i r 
cumstances i n w h i c h v i r tua l excitation from a lower - ly ing filled (or to a h igher -
ly ing filled) orbital dominate the admixing excit ing state are conceivable, 
and the orbital degeneracy and symmetry restrictions are relaxed.) 

A d m i x t u r e of the higher energy charge-transfer states w i t h the ground 
state lowers the total electronic energy and stabilizes antiferromagnetic cou
p l ing . F i g u r e 1 ( l i b and l i e ) illustrates ai* electron be ing delocal ized onto 
an adjacent site. This energy reduct ion and derea l i za t i on does not occur 
w h e n the two electron spins are paral le l (ferromagnetically aligned), i n accord 
w i t h the P a u l i exclusion pr inc ip le . Thus , antiferromagnetic and (for other 
electron configurations) ferromagnetic coupl ing can be achieved along and 
between chains (2, 5, 7, 8). 
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22. M I L L E R & EPSTEIN Organometallic Electron-Transfer Salts 421 

D + A " D + A " A " 

(la)-· · + 4 4 4 4 -
( lb ) . . · 4 4 ·• 
(Ic) . . · 4 4 · 

( D a ) . . . 4 4 4 4- 4 · 
(Hb). . · 4 Ί Τ 1 Τ 4 4 4 · 

(Πο)· · · 4 4 ' 4 > 4 + 4 · 
(nd) · · • 4 4 - 7 4 4 · 

(Πβ)· · • •4H 4 4 4 "¥ 4 4 4 · 

«•.••44- 44- 44.14 44 4 4 - · 
<™>-44- 44- 44 #4 44 4 4 -

Figure 1. Schematic illustration of stabilization of antiferromagnetic or fer
romagnetic coupling. If both the D and A have a half-filled nondegenerate 
POMO (sl) (la), then the A*~D (or D«-A) charge-transfer excited state (lb or 
equivalently Ic) stabilizes antiferromagnetic coupling. If either D or A has a 
non-half-filled degenerate POMO (e.g., d 3 , assumed here to be the D) (Ha), 
then the D<—A charge-transfer excited state formed (lib) or A<—D charge-
transfer excited states formed via excitation of a "spin up" D electron (He or 
lid) will stabilize antiferromagnetic coupling. In contrast, the excited state 
formed via the D<—A charge transfer (He) stabilizes ferromagnetic coupling. 
Hund's rule predicts this to be the dominant excited state that admixes with 
the ground state. If the D and A have non-half-filled degenerate POMO (e.g., 
d 3 j (Ilia), then the A<—D (or D<—A) charge-transfer (disproportionation) ex

cited state (IHb) stabilizes ferromagnetic coupling. 
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422 E L E C T R O N TRANSFER IN BIOLOGY AND T H E SOLID STATE 

[FeUI(CsMe^z] '+[TCNE] - as a Model System Exhibiting 
Bulk Ferromagnetic Behavior 

E x p e r i m e n t a l evidence for ferromagnetic ground-state behavior i n a molec 
ular compound has been l i m i t e d to the charge-transfer salt of decamethyl -
ferrocene, F e n ( C 5 M e 5 ) 2 , 1> w i t h tetracyanoethylene, 2 ( M e is methy l ; T C N E 

is tetracyanoethylene) (9, 10). This electron-transfer salt possesses both the 
alternating · · · D * + A * ~ D β + A "~D * + A *~ · · · (F igure 2) crystal and electronic 
structures prescr ibed by the configuration m i x i n g mechanism already de 
scr ibed (9). 

The high-temperature susceptibil ity of [ F e m ( C 5 M e 5 ) 2 r + [ T C N E ] - fits 
the C u r i e - W e i s s expression w i t h θ = + 3 0 Κ (Figure 3) and indicates d o m 
inant ferromagnetic interactions (9). T h e susceptibi l i ty and saturation mag
netization calculated as the sum of the contributions from [ F e m ( C 5 H 5 ) 2 ] * + 

paral le l to the C 5 molecular axis and [ T C N E ] is 6.46 mil l ie lectromagnet ic 
u n i t s p e r m o l e ( m e m u / m o l ) at 2 9 0 Κ a n d 1 6 . 7 e l e c t r o m a g n e t i c 
uni ts*k i logram per mole ( emukG/mo l ) , respectively. These values are i n 
excellent agreement w i t h the observed values of 6.67 m e m u / m o l and 16.3 
e m u k G / m o l for single crystals al igned paral le l to the chain axis (10). 

A spontaneous magnetization is observed for polycrystal l ine samples 
be low 4.8 Κ i n the Earth 's magnetic field (9). T h e magnetization of these 
crystals is 3 6 % greater than that of i ron metal on a per - i ron basis, and it 
agrees w i t h the calculated saturation moment for ferromagnetic a l ignment 
of the donor and the acceptor spins. T h e cr i t ical (Curie) temperature , T c , 
is 4.8 K , and hysteresis loops characteristic of ferromagnetic materials are 
observed (1-5). A large coercive f ie ld of 1 k G is recorded at 2 Κ (10). T h e 
physical properties are summarized i n Table I. 

Single-crystal susceptibil ity can be compared w i t h different physical 

CH3 
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22. M I L L E R & EPSTEIN Organometallic Electron-Transfer Salts 423 

Figure 2. Alternating donor-acceptor, · · · D ' + A · · · ), linear chain structure 
of [Fem(C5Me5)2]'+[A]'- (A is TCNQ, TCNE, DDQ, or C4(CN)6), 
[FelI(C5H5)2][TCNE], and [Fem(C5Me5)2]'+[C3(CN)5]'-. The structure shows 

adjacent out-of-registry chains for TCNE. 

models to aid the understanding of microscopic spin interactions. F o r sam
ples or iented paral le l to the field, the susceptibi l ity above 16 Κ fits a one-
dimensional He i senberg mode l w i t h a ferromagnetic exchange, / , of 19 c m " 1 

(JO). Variation of the low-f ie ld magnetic susceptibi l ity w i t h temperature for 
an unusually broad temperature range above Tc [χ oc (Τ - T c )~ 7 ] , magnet i -
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Ε 
ô 
Ε 

C L 

δ 
CO 
3 

C0 
Ο 
Φ 
C 

α ο 

e 
ο. 
ο 
φ 
DC 

900 

800 -

700 • 

600 

500 

400 

300 

200 

100 

ICo l»(C5Me5)2l+tTCNE] -
θ β ·1 Κ * y 

f [ΝΙ«>(05Μθ5)2]·ηΤ0ΝΕ]· 
θ s -10 κ 

[Fem(C5Me5)2]-+[TCNEK 
θ s +30 Κ 

300 

Temperature, Τ, Κ 
Figure 3. Reciprocal susceptibility, x~J, extrapolated from the high-tempera
ture data for [MUI(C5Me5)2]'+[TCNE]-[M is Fe (ferromagnetic: θ = 30 Κ), 

Ni (antiferromagnetic: θ = - 10 Κ), and Co (paramagnetic: θ = -1 Κ)]. 

zation w i t h temperature be low T c [ M °c ( T c - T ) " p ] , and the magnetization 
w i t h magnetic field at T c (Μ « Η 1 / δ ) enabled the estimation of the β , 7, and 
δ cr i t ical exponents. T h e values of 1.2, ~ 0 . 5 , and 4.4, respectively, were 
determined for the magnetic field parallel to the chain axis. These values 
are consistent w i t h a mean-f ield- l ike three-dimensional behavior . Thus , 
above 16 K , one-dimensional nearest-neighbor spin interactions are sufficient 

 P
ub

lic
at

io
n 

D
at

e:
 M

ay
 5

, 1
98

9 
| d

oi
: 1

0.
10

21
/b

a-
19

90
-0

22
6.

ch
02

2

In Electron Transfer in Biology and the Solid State; Johnson, M., el al.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1989. 



Ta
bl

e 
I.

 P
hy

si
ca

l 
Pr

op
er

ti
es

 o
f 

[F
e(

C
5
M

e 5
)J

·+ 
[T

C
N

E
]'

" 

22. MIL 

Fo
rm

ul
a 

C
2

6
H

3
0
N

4
F

e 
Γ H 50

 
St

ru
ct

ur
e 

l-
D

- 
· 

-D
'+

A
--

D
-+

A
--

D
 

+
Α

··
 

· 
· C

ha
in

s 
9r

 
w

 
So

lu
bi

lit
y 

C
on

ve
nt

io
na

l o
rg

an
ic

 s
ol

ve
nt

s 
9r

 
w

 
Cr

it
ic

al
/ C

ur
ie

 t
em

pe
ra

tu
re

 
4.

8 
Κ

 
C/3

 

C
ur

ie
-W

ei
ss

 θ
 c

on
st

an
t 

+ 
30

 Κ
 

Sp
on

ta
ne

ou
s 

m
ag

ne
tiz

at
io

n 
Ye

s,
 i

n 
ze

ro
 a

pp
lie

d 
fi

el
d 

ζ 
M

ag
ne

ti
c 

su
sc

ep
ti

bi
lit

y 
(||

 t
o 

l-
D

 c
ha

in
s)

 
0.

00
66

7 
em

u/
m

ol
 (

ob
s, 

29
0 

K
) 

Ο
 

M
ag

ne
ti

c 
su

sc
ep

ti
bi

lit
y 

(||
 t

o 
l-

D
 c

ha
in

s)
 

0.
00

64
0 

em
u/

m
ol

 (
ca

lc
, 2

90
 K

) 
M

ag
ne

ti
c 

su
sc

ep
ti

bi
lit

y 
(1

 t
o 

l-
D

 c
ha

in
s)

 
0.

00
18

0 
em

u/
m

ol
 (

ob
s, 

29
0 

K
) 

S 
M

ag
ne

tic
 s

us
ce

pt
ib

ili
ty

 (
1 

to
 l

-D
 c

ha
in

s)
 

0.
00

17
7 

em
u/

m
ol

 (
ca

lc
, 

29
0 

K
) 

Ο
 

Sa
tu

ra
tio

n 
m

ag
ne

tiz
at

io
n 

(||
 t

o 
l-

D
 c

ha
in

s)
 

16
,3

00
 e

m
uG

/m
ol

 (c
al

c 
16

,7
00

 e
m

uG
/m

ol
); 

36
%

 g
re

at
er

 t
ha

n 
ir

on
 (

ir
on

 b
as

is
) 

1.
 

Sa
tu

ra
tio

n 
m

ag
ne

tiz
at

io
n 

(X
 t

o 
l-

D
 c

ha
in

s)
 

6,
00

0 
em

uG
/m

ol
 (c

al
c 

8,
80

0 
em

uG
/m

ol
) 

ft
 

In
tr

ac
ha

in
 e

xc
ha

ng
e 

in
te

ra
ct

io
n 

(||
 t

o 
l-

D
 c

ha
in

s)
 

27
.4

 Κ
 (1

9 
cm

'1
) 

In
tr

ac
ha

in
 e

xc
ha

ng
e 

in
te

ra
ct

io
n 

(X
 t

o 
l-

D
 c

ha
in

s)
 

8.
1 

Κ
 (

5.
6 

c
m

1
) 

H
ys

te
re

si
s 

cu
rv

es
 

Ye
s 

(1
00

0 
G

 c
oe

rc
iv

e 
fie

ld
; c

f. 
1 

G
 fo

r 
ir

on
 m

et
al

) 
β 

Cr
iti

ca
l c

on
st

an
t 

0.
5 

(c
f. 

0.
38

 fo
r 

ir
on

 m
et

al
) 

y 
Cr

iti
ca

l c
on

st
an

t 
(||

 a
nd

 X
 t

o 
l-

D
 c

ha
in

s)
 

1.
22

, 
1.

19
 (

cf
. 

1.
33

 fo
r 

ir
on

 m
et

al
) 

1 

δ 
Cr

iti
ca

l c
on

st
an

t 
4.

4 
(c

f. 
un

kn
ow

n 
fo

r 
ir

on
 m

et
al

) 
s 

Fe
rr

om
ag

ne
tic

 o
rd

er
in

g 
5

7
F

e 
M

os
sb

au
er

 Z
ee

m
an

 sp
lit

ti
ng

 
Ye

s;
 n

eu
tr

on
 d

iff
ra

ct
io

n 
st

ud
ie

s 
on

 p
ol

yc
ry

st
al

lin
e 

de
ut

er
at

ed
 s

am
pl

es
 

i 
Fe

rr
om

ag
ne

tic
 o

rd
er

in
g 

5
7
F

e 
M

os
sb

au
er

 Z
ee

m
an

 sp
lit

ti
ng

 
Ye

s;
 i

n 
ze

ro
 a

pp
lie

d 
fi

el
d 

[la
rg

e 
in

te
rn

al
 f

ie
ld

: 4
24

,0
00

 G
 (

4.
2K

)]
 

"1
 

Ph
ys

ic
al

 m
od

el
 

N
ew

 m
ec

ha
ni

sm
 fo

r 
fe

rr
om

ag
ne

tis
m

 a
pp

ea
rs

 t
o 

b
e 

op
er

at
iv

e;
 p

re
di

ct
iv

e 
C/3

 
m

od
el

 b
as

ed
 u

po
n 

co
nf

ig
ur

at
io

na
l m

ix
in

g 
of

 th
e 

lo
w

es
t 

ch
ar

ge
 tr

an
sf

er
 

S"
 

ex
ci

te
d 

st
at

e 
de

ve
lo

pe
d 

Ad
di

tio
na

l m
ag

ne
tic

 b
eh

av
io

rs
 o

bs
er

ve
d:

 
C

he
m

ic
al

 m
od

ifi
ca

tio
n 

le
ad

s 
to

 m
et

a-
, 

an
ti

fe
rr

o-
, f

er
ri

-, 
pa

ra
-, 

an
d 

Ad
di

tio
na

l m
ag

ne
tic

 b
eh

av
io

rs
 o

bs
er

ve
d:

 
di

am
ag

ne
tic

 b
eh

av
io

r 

4^
 

to
 

 P
ub

lic
at

io
n 

D
at

e:
 M

ay
 5

, 1
98

9 
| d

oi
: 1

0.
10

21
/b

a-
19

90
-0

22
6.

ch
02

2

In Electron Transfer in Biology and the Solid State; Johnson, M., el al.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1989. 



426 E L E C T R O N T R A N S F E R IN B I O L O G Y A N D T H E S O L I D S T A T E 

to understand the magnetic coupl ing , but near T C three-dimensional spin 
interactions are dominant (10). 

The 5 7 F e Mossbauer spectra of the T C N E electron-transfer salt of 
F e ( C 5 M e 5 ) 2 are informative. A typ i ca l six- l ine Zeeman split spectra are ob
served i n zero appl ied magnetic field at l ow temperature as the radical anions 
provide an internal dipolar field. F o r example, a Zeeman split spectrum 
w i t h an internal field of 424 k G (4.2 K ) is observed for the [ T C N E ] " " (9) 
salt. T h e internal fields are substantially greater than the expectation of 110 
k G / s p i n / F e . 

S imi lar ly structured electron-transfer complexes based on T C N E and 
organometallic donors were investigated i n an effort to understand the struc
tural features necessary to stabilize their bu lk ferromagnetic behavior . O u r 
study inc luded complexes w i t h substitution of the M e groups on the cyclo-
p e n t a d i e n i d e r i n g w i t h H , i n c r e a s i n g t h e r i n g s i z e to s ix b y u s i n g 
bis(arene)chromium, and substitution of F e w i t h R u and Os . 

Stable radicals are needed to form ferromagnetically coupled chains. 
Thus , electron transfer must occur to enable closed-shell donors and accep
tors to be candidates for magnetic materials. T h e one-electron solution r e 
versible reduct ion potential , E°, provides a means to gauge whether or not 
electron transfer might occur for a sol id. F o r example , ferrocene is more 
difficult to oxidize (by 0.5 V) than decamethylferrocene, and i t is unable to 
reduce T C N E (11-15). Nevertheless , the diamagnetic ferrocene analog of 
[ F e m ( C 5 M e 5 ) 2 r + [ T C N E ] * ~ (i .e., [ F e " ( C 5 M e 5 ) 2 ] [ T C N E ] ) forms (12-14) and 
possesses the ident ical structural mot i f (16-18) (Figure 3). E i t h e r a t e m 
perature- or pressure- induced " n e u t r a l - i o n i c " transition (19-22) might be 
sufficient to lead to the stabilization of ferromagnetic behavior. H o w e v e r , 
above 2 Κ at ambient pressure, only F e " is observed v ia Mossbauer spec
troscopy, and no discontinuity is observed i n the susceptibi l ity data (15). 

T h e C o " 1 analog, [ C o i n ( C 5 M e 5 ) 2 ] , + [ T C N E ] - , has been prepared and 
exhibits essentially the C u r i e susceptibi l ity anticipated for S = V2 [ T C N E ] 
(Θ = - 1 . 0 K) (9). Because the cation is diamagnetic, the electron-transfer 
complex has only one spin per formula unit . It appears that the · · · ϋ * + Α * ~ 
D " + A * " » · · structure type w i t h both S ^ V2O and S ^ V2 A is necessary, 
but insufficient, for stabi l iz ing cooperative h ighly magnetic behavior. A t 
tempts to prepare [ M m ( C 5 M e 5 ) 2 r + ( M is R u , Os) salts of [ T C N E ] ' " have 
yet to lead to suitable compounds for comparison w i t h the h ighly magnetic 
F e m phase (23). Format ion of [ R u n i ( C 5 M e 5 ) 2 ] ' + is complicated by dispro
portionation to R u " ( C 5 M e 5 ) 2 and [ R u I V ( C 5 M e 5 ) ( C 5 M e 4 C H 2 ) ] + (24). T h e 
O s 1 1 1 analog l e d to the preparation of a salt w i t h T C N E ; however, l ow sus
ceptibi l i t ies and crystals unsuitable for single-crystal X - r a y studies (23) 
have hampered progress i n this area. Replacement of F e 1 1 1 i n 
[ F e m ( C 5 M e 5 ) 2 r + [ T C N E ] - w i t h N i m (S = Vfc) or C r m (S = %) leads to 
compounds exhib i t ing cooperative magnetic properties (25). 

T h e motivation for studying these complexes emanated from the mode l 
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for the stabilization of ferromagnetic coupl ing i n molecular solids (26). A n 
tiferromagnetic coupl ing is predicted for d J - s 2 complexes w i t h s1 <— d1 

charge transfer and ferromagnetic coupl ing for d1 <— s1 charge transfer [s1 

is one electron i n a nondegenerate orbital on , for example, the donor; d1 is 
one electron i n a doubly degenerate (or accidentally degenerate) orbital on , 
for example, the acceptor]. T h e [ N i i n ( C 5 M e 5 ) 2 ] * + [ T C N E ] ' ~ complex pos
sesses this e l e c t r o n i c c o n f i g u r a t i o n , a n d its s u s c e p t i b i l i t y obeys the 
C u r i e - W e i s s expression w i t h θ = - 1 0 Κ (Figure 3). This situation is con
sistent w i t h dominant antiferromagnetic interactions and s1 <— d1 charge 
transfer ( J - 5 , 10). T h e mode l predicts antiferromagnetic coupl ing i f eaph 
site possesses a half - f i l led P O M O . 

F o r heterospin systems ( S D Φ S J w i t h lower-symmetry s and d P O M O s , 
only two-electron configurations support ferromagnetic coupl ing. I l lustrative 
systems, however, have yet to be identi f ied for these electron configurations. 
Because of an accidental degeneracy of the cation's e 2 g and a l g orbitals (J J) , 
[ C r m ( C 5 M e 5 ) 2 ] " + possesses a t3 P O M O [t3 is three electrons i n a t r ip ly 
degenerate (or accidentally degenerate) orbital on , for example, the donor]. 
Thus , the [ T C N E ] * " salt of [ C r m ( C 5 M e 5 ) 2 ] , + is predic ted to exhibit ant i 
ferromagnetic behavior leading to ferrimagnetic coupl ing (as the spin state 
cannot cancel) for e ither A ' ~ «— D * + or D " + <— A*~ charge transfer (2-5). 
A n investigation of the magnetic properties of the C r n i system is i n progress. 
However , the pre l iminary magnetization data are consistent w i t h ferr imag
netic behavior (25). 

To test the necessity of a 2 E ground state, the T C N E electron-transfer 
salt w i t h the lower-symmetry F e ( C 5 M e 4 H ) 2 donor was prepared (27). T h e 
magnetic susceptibil ity can be fit by the C u r i e - W e i s s expression between 
2.2 and 320 K , and the moment is consistent w i t h two independent spins. 
T h e susceptibil ity is not f ie ld-dependent and θ ~ 0 K . T h e absence of 
three-dimensional ferromagnetic or antiferromagnetic order ing above 
2.2 Κ i n [ F e ( C 5 M e 4 H ) 2 ] ' + [ T C N E ] , _ contrasts w i t h the behavior of 
[ F e ( C 5 M e 5 ) 2 ] * + [ T C N E ] - . This is i n accord w i t h the 5 7 F e Mossbauer data, 
w h i c h only shows nuclear quadrupole spl i t t ing for the [ F e ( C 5 M e 4 H ) 2 ] " + 

salts and not zero-f ield Zeeman spl itt ing. T h e lack of magnetic order ing 
may arise from poorer in t ra - and intermolecular overlap w i t h i n and between 
the chains leading to substantially weaker magnetic coupl ing for 
[ F e ( C 5 M e 4 H ) 2 ] , + [ T C N E ] ' ~ . This weak magnetic coupl ing w o u l d suppress 
any spin-order ing temperature. Al ternat ive ly , because of the overal l C2v 

symmetry , the [ F e ( C 5 M e 4 H ) 2 ] 2 + charge-transfer excited state may be a s i n 
gle, not a triplet as expected for [ F e ( C 5 M e 5 ) 2 ] 2 + . T h e admixture of a singlet 
(not a triplet) charge-transfer excited state should lead to antiferromagnetic 
(not ferromagnetic) coupl ing (1-5). 

The T C N E electron-transfer salt of F e ( C 5 M e 5 ) ( C 5 H 5 ) was sought, as the 
donor had C 5 symmetry and was sufficiently strong to reduce T C N E . H o w 
ever, un l ike the T C N E charge and electron-transfer salts of F e ( C 5 H 5 ) 2 and 

 P
ub

lic
at

io
n 

D
at

e:
 M

ay
 5

, 1
98

9 
| d

oi
: 1

0.
10

21
/b

a-
19

90
-0

22
6.

ch
02

2

In Electron Transfer in Biology and the Solid State; Johnson, M., el al.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1989. 



428 E L E C T R O N TRANSFER IN BIOLOGY AND T H E SOLID STATE 

F e ( C 5 M e 5 ) 2 , respectively, w h i c h possess the desired · · · D A D A D A · · · m o 
t i f i n the sol id state, the s imple (1:1) F e ( C 5 M e 5 ) ( C 5 H 5 ) * + salt could not be 
isolated. T h e isolated complex (2:3) salt does not have the desired · · · D A D -
A D A * · · one-dimensional chain structure. Th is structural mot i f is the only 
one reported to support cooperative magnetic interactions (e.g., ferromag
netic). Therefore, we were unsuccessful i n employ ing F e ( C 5 M e 5 ) ( C 5 H 5 ) as 
a donor to prepare new materials to extend our understanding of cooperative 
m a g n e t i c b e h a v i o r i n m o l e c u l a r m a t e r i a l s . T h e f o r m a t i o n o f [ F e -
C p C p * ] 2 [ T C N E ] 3 · T H F ( T H F is tetrahydrofuran) emphasizes the current 
inabi l i ty to predict solid-state compositions, let alone structure types (28). 

T h e infrared spectra and magnetic susceptibi l ity of the [ C r ^ C e M e ^ -
H ^ J d ' ^ T C N E ] * " (x = 3, 6) salts are consistent w i t h two unpaired elec
trons per formula unit . These salts exhibit dominant ferromagnetic cou 
p l ing , as ev idenced from a fit o f the high-temperature susceptibi l ity to the 
C u r i e - W e i s s expression w i t h θ = ~ + 11.4 Κ (29). Crystals suitable for 
single-crystal X - r a y analysis, however, have not been prepared; thus, the 
structures of these salts are unknown. W i t h the observation of ferromagnetic 
coupl ing i n other charge-transfer salts w i t h · · • D * + A ' ~ D * + A * ~ D ' + A , ~ 
D ' + Α * " · · · l inear chains (1-5) and the infrared evidence for isolated 
[ T C N E ] and not [ T C N E ] 2

2 ~ , we propose that these ferromagnetically cou
p l e d complexes also have this structural arrangement. Specific details o f the 
in t ra - and interchain interactions arising from the canting and interchain 
registry of the chains, as w e l l as the interatomic separations, must await the 
structural determinations. 

This study was designed to probe the effect of the electronic structure 
on magnetic behavior. T h e present understanding of the mechanism for 
stabilization of ferromagnetic coupl ing i n molecular-based donor -acceptor 
complexes is configurational mix ing of a charge-transfer excited state w i t h 
the ground state. T h e mode l predicts that, for excitation from the H O M O 
of a donor to an acceptor (both w i t h a half - f i l led nondegenerate H O M O , as 
is the case for these [ T C N E ] * " salts), only antiferromagnetic coup l ing is 
stabil ized. Because the [Cr(arene) 2 ] ' + cation has an e g ^ g 1 e lectronic struc
ture and a 2 A l g ground state (30), antiferromagnetic behavior is pred ic ted . 
Thus , the observed ferromagnetic coupl ing suggests that the mode l is i n 
adequate. T h e mode l , however , is consistent w i t h the observed data i f we 
consider that the A "~ <— D * + charge-transfer excitation results from the next 
highest occupied molecular orbital (not the P O M O of the cation) to the 
radical anion P O M O . Thus ferromagnetic coupl ing , w h i c h may ult imately 
lead to bu lk ferromagnetic behavior, is achievable for systems where both 
the donor and acceptor have 2 A g ground states. 

Recent ly a T C N E electron-transfer salt of the quadruply bonded M o 2 L 2 

was descr ibed i n the l iterature (31). Because the infrared v ( C = N ) absorption 
was characteristic of isolated [ T C N E ] * " radical anions and the cation was 
also a radical w i t h potential ly doubly degenerate H O M O (i.e., d3), we sought 
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L 

to study the magnetic properties of this complex. T h e results of the magnetic 
susceptibil ity measurements taken on the Faraday apparatus between 2.2 
and 320 Κ are consistent w i t h two independent spins modestly antiferro-
magnetically coupled (i.e., θ = - 6 Κ). The observed effective moment is 
2.45 μ Β ; that expected for two independent g = 2, S = 1/2 spins is 2.44 
μ Β . A t low temperature a field-dependent susceptibil ity is not observed. 
Crystals suitable for single-crystal X - ray study, however, cou ld not be p re 
pared; thus, the solid-state packing mot i f is unknown. 

Model for the Stabilization of Bulk Ferromagnetic Behavior 

T h e mode l for magnetic coupl ing by configuration admix ing of a v i r tua l tr iplet 
excited state w i t h the ground state is l i m i t e d to the repeat uni t (i.e., 
[ F e i n ( C 5 M e 5 ) 2 r + [ T C N E ] * " . Inter- and intrachain spin al ignment are re 
q u i r e d for bu lk ferromagnetism. M i x i n g of a w i t h the Ε g s ground state lowers 
the energy to E ' g s (Figure 4). Because the cation is essentially equidistant 
to [ T C N E ] " " above and below it w i t h i n a chain , v i r tua l transfer of an e 2 g 

electron may occur to form the admixable tr iplet excited state w i t h e ither 
[ T C N E ] '". Thus , excitations a and b enable two excited states, a and b , to 
mix w i t h E g s to lower the energy to E " g s (Figure 4) and lead to intrachain 
spin al ignment. 

However , even w i t h complete intrachain spin al ignment (i .e. , ferro
magnetic coupled), correlation of spins on adjacent chains i n the opposite 
sense w o u l d lead to bu lk antiferromagnetic coupl ing. Macroscopic ferro
magnetism w i l l not occur unless interchain spin al ignment occurs. I f adjacent 
chains are out of registry by one-half the chain axis length, then [ T C N E ] * " 
radicals res iding i n adjacent chains may be ferromagnetically coupled to the 
interchain F e m sites, as are the intrachain [ T C N E ] " " radicals. T h u s , exci 
tations a, b9 and c enable three excited states, a, b , and c, to mix w i t h E ^ 
to further lower the energy to E ' " ^ (Figure 4) and lead to the spin al ignment 
throughout the bu lk that is necessary for bu lk ferromagnetism. 
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Design Criteria for Ferromagnetic Coupling via the 
McConnell Mechanism 

The M c C o n n e l l mechanism leads to several important cr i ter ia for the design 
of a molecular organic ferromagnet. Foremost is the requirement that the 
stable radicals possess a non-half - f i l led degenerate P O M O . (For a charge-
transfer salt, this requirement applies to e i ther a donor or acceptor, but not 
to both.) These radicals must not have structural -e lectronic distortions that 
lower the symmetry and significantly break the degeneracies (e.g., the 
J a h n - T e l l e r effect). Acc idental ly degenerate systems (e.g., h i g h sp in t ran 
sit ion, lanthanide, and actinide metal coordination complexes), however , 
suffice. F u r t h e r m o r e , opposing effects (e.g., retro versus forward v i r tua l 
charge transfer) or magnitude of the stabilization (e. g., inversely proport ional 
to distance and energy difference between the m i x i n g states) may obscure 
the effect and lead to other phenomena. Addi t i ona l ly , other mechanisms ( I , 
2, 5) for molecular-based ferromagnetic behavior may be present. 

Conclusions 

T h e quest for s /p orbital-based ferromagnets remains the focus of intense 
wor ldwide interest. The magnetic data on [ F e ( C 5 M e 5 ) 2 ] " + [ T C N E ] "~ d e m 
onstrates that ferromagnetism is achievable i n organic-based molecular sys
tems. Replacement of the doublet organic acceptor w i t h a diamagnetic 
acceptor demonstrates that the organic species is crucia l for achieving b u l k 
ferromagnetism. This system contains low-spin F e m , not h igh-sp in F e 1 1 or 
F e m or i ron metal . T h e ferrocenes possess chemica l (e.g., reactivity s imi lar 
to aromatic organic compounds, such as benzene) and physical (e.g., so lu
b i l i ty i n conventional polar organic solvents) properties ak in to organic c o m 
pounds, not inorganic network solids. 

Acc identa l or intr insic orbital degeneracies, albeit rare for organic m o l 
ecules, are needed for stabilization of ferromagnetic coup l ing b y the ex
tended M c C o n n e l l - l i k e mechanism. Thus , for stable D2d or C=>3 symmetry , 
S >: 1/2 radidals w i t h a degenerate P O M O are required . It is a challenge 
to the synthetic chemist to prepare radicals that have nondegenerate P O M O s 
and do not undergo a J a h n - T e l l e r distort ion, w h i c h w o u l d e l iminate the 
desired electronic configuration. I n addit ion to preparation of the des ired 
radicals, their secondary and tertiary solid-state structures must be achieved. 
F i n a l l y , single crystals large enough for the study of the ir anisotropic mag
netic properties must be prepared. 
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L· H E D I S C O V E R Y O F D O P E D C O N J U G A T E D P O L Y M E R S has generated sub
stantial research interest, both at the fundamental l eve l and i n v i e w of 
possible applications (1-3). These polymers inc lude doped polyacetylene, 
polyani l ine , po lypyrro le , and other polyheterocycles. Potential applications 
based on the conduct ing properties of these systems range from l ight-weight 
batteries, antistatic equipment , and microelectronics to speculative concepts 
such as "molecular e lectronic" devices (4, 5). 

0065-2393/90/0226-0433$06.00/0 
© 1990 American Chemical Society 

23 
Stabilization of Conducting 
Heteroaromatic Polymers 
in Large-Pore Zeolite Channels 
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Different strategies to encapsulate polymeric chains in ordered hosts 
are discussed. Pyrrole was polymerized as a model within the crys
talline channel system of faujasite (three-dimensional) and mordenite 
(one-dimensional) zeolite molecular sieves. Polymerization required 
the presence of an intrazeolite oxidant such as ferric or cupric ions. 
No reaction was observed with the Νa and Fe(II) forms of the zeolites. 
The yield of the reaction was highest with vapor-phase pyrrole, and 
it was low in aqueous solvents. The systems were characterized with 
a combination of electronic, infrared, and Raman spectroscopic data. 
Electron spin resonance measurements were used to explore the trans
port properties, and preliminary bulk powder conductivity meas
urements were performed to evaluate potential conduction paths on 
the outside of the zeolite crystals. The intrazeolite heteroaromatic 
polymer chains represent the first example of host-stabilized one
-dimensional molecular conductors, or molecular wires. 
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434 E L E C T R O N TRANSFER IN BIOLOGY AND T H E SOLID STATE 

Polypyrro le (PPy), for example, has been extensively studied i n the form 
of th in films deposited on electrode surfaces (6). E lec t rochemica l oxidative 
polymerizat ion of pyrro le w i t h anions (e.g., C 1 0 4 ~ , H S 0 4 ~ ) present i n so
lut ion results i n relatively air-stable, h ighly conduct ing films. Po lypyrro le 
can also be prepared v ia chemical oxidation of pyrro le w i t h Cu(II) or Fe(III) 
salts i n solution (7-10). The proposed reaction path (6) v ia cation radicals is 
shown i n Scheme I. 

H H 

Scheme I. Oxidative polymerization of pyrrole. 

In contrast to inorganic semiconductors that are characterized b y three -
dimensional covalent bonding and h igh carrier mobi l i t ies and are adequately 
descr ibed by rigid-band models, interactions i n organic po lymers are h igh ly 
anisotropic (11). Atoms are covalently l i n k e d along the chains, whereas i n 
terchain interactions are m u c h weaker; these structural features can cause 
collective instabilities such as Peierls distortions. D o p i n g occurs by charge 
transfer between the intercalated dopant molecules or atoms and the organic 
chains, and it can result i n substantial local relaxations of the chain geometry. 
N e w local ized electronic states i n the gap are introduced by these charge-
transfer- induced local geometric modifications of the po lymer . 

I n heteroaromatic polymers such as P P y , the ground state is nonde-
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23. BEIN ET AL. Conducting Heteroaromatic Polymers 435 

generate; the ground-state geometry w i t h aromatic structure w i t h i n rings 
and single bonds between rings is more stable than the corresponding q u i n -
o id resonance structure. Because the qu ino id structure has a smaller band 
gap (lower ionization potential and larger electron affinity), the introduct ion 
of a charge on the chain can result in relaxation from the aromatic to the 
qu ino id structure. T h e result ing electronic structure of P P y as a function of 
dop ing is depicted schematically i n F i g u r e 1. 

Figure 1. Band structure of polypyrrole as a function of doping level (sche
matic). Key: A, neutral polymer; B, polaron ( + ), spin = Vfe, three new tran
sitions; C, bipolaron ( + +), spin = 0, two transitions; D, heavily doped, 

bipolaron bands. 

Recent studies (12, 13) conclude that at l ow doping levels, the chains 
are ionized to produce a radical cation (polaron) that is " p i n n e d " to the 
counterion and does not contribute significantly to the conduct ivity . A t 
h igher doping levels, polarons can combine or ionize to form spinless d i -
cations (bipolarons) that are associated w i t h a qu ino id segment extending 
over four to five rings. T h e bipolarons are assumed to transfer charge v ia 
interchain hopping that corresponds to the observed spinless conduct ivity . 
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436 E L E C T R O N TRANSFER IN BIOLOGY AND T H E SOLID STATE 

This m o d e l is consistent w i t h the absence of P a u l i susceptibi l i ty i n the h ighly 
conduct ing form of P P y (13). 

The study of the conduction mechanism of these polymers has been 
impeded by the low leve l of structural def init ion of most samples. T h e 
amorphous products of e lectrochemical and chemical oxidative p o l y m e r i 
zation reactions present a w ide range of possible interchain interactions (e. g. , 
islands w i t h microcrystal l ine order separated b y amorphous regions, u n 
known degrees of cross- l inking, or bundles of fibers combined i n d isordered 
arrays). 

Fundamenta l studies of the electronic structure and conduct ion m e c h 
anism of conduct ing polymers w o u l d benefit substantially i f the l ow-
dimensional structures were available as isolated, structural ly w e l l -
def ined, chemical ly accessible entities. T h e goal of our research program i n 
this area is to design corresponding mode l systems v ia encapsulation of 
po lymer ic chain conductors i n low-dimensional , crystal l ine host lattices, par 
t icularly i n zeolites. E m b e d d i n g a single chain i n a zeolite matrix is also of 
interest, because the electronic properties of single chains i n the sol id state 
are not easily available. C h a i n segments, even i f short, are interest ing be 
cause of potential quantum-size effects on the electronic structure that have 
been observed i n col lo idal semiconductor systems, both i n suspension and 
stabil ized i n zeolite host systems (14-17). 

This chapter reports on our in i t ia l progress (18) i n the encapsulation 
of heteroaromatic conjugated polymers i n large-pore zeolites, part icularly 
polypyrrole . W e recently succeeded i n synthesizing polyani l ine (19, 20) and 
polythiophene (21) i n zeolite Y and mordenite . Previous ly reported strategies 
for the design of low-dimensional structures are discussed i n the fo l lowing 
sections. 

Stabilization of Low-Dimensional Polymer Structures 

U r e a and other organic hosts have been explored for the radiat ion- induced 
inc lusion polymerizat ion of clathrated monomers such as butadiene (22). 
Wel l - s tud ied examples inc lude v i n y l chlor ide , acrylonitr i le and butadiene 
i n urea, butadiene, pentadiene i n deoxycholic ac id , and ethylene and pro 
pylene i n perhydrotr iphenylene . Po lymer izat ion i n the clathrates is usual ly 
induced b y exposure to high-energy radiation that produces radicals der ived 
from host and guest molecules, and proceeds v ia a l i v i n g radical mechanism. 
Inclusion polymerizat ion can result i n a h igh degree of steric control of the 
result ing inc luded po lymer chains. To our knowledge, no conjugated, con
duct ing clathrate systems have yet been synthesized. 

I f the d imension of channel-shaped hosts is extended such that u n h i n 
dered diffusion of monomers can occur, conduct ing polymers can be formed 
on an electrode surface. Po lypyrro le and poly(3-methylthiophene) fibrils w i t h 
diameters between 0.03 and 1 μπι at 10-μηι length have been synthesized 
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i n microf i l ter membranes (Nuclepore) (23, 24). Stretch al ignment has often 
been employed to create direct ional anisotropy i n preformed polymers , such 
as i n polyacetylene (25-27). L i q u i d crystal po lymerizat ion under a magnetic 
field is an alternative technique to achieve al ignment (28, 29). 

Inorganic layer compounds have been explored for the po lymerizat ion 
of organic compounds i n two dimensions (30). Prominent examples are based 
on layer perovskite halide salts w i t h the general formula ( R C H 2 N H 3 ) 2 M X 4 , 
where M is a divalent metal such as M n , F e , C u , and C d , and X is a hal ide 
ion (31). T h e organic cations separate the layers formed by the metal halides. 
I f the organic cations contain 2,4-diene units , the corresponding layered 
compounds can be po lymer ized w i t h gamma irradiat ion to form 1,4-disub-
stituted frans-polybutadienes (32, 33). H o w e v e r , i f related diacetylene-con-
taining layer perovsldtes are po lymer ized , the or iginal lattice is gradually 
broken up (30). Recent studies explored the intercalative po lymerizat ion of 
pyrro le , thiophene, and ani l ine i n layered F e O C l (and V 2 O s ) (34-36); this 
polymerizat ion exploits the wel l -establ ished oxidative intercalation of organic 
molecules (37, 38) w i t h concomitant reduct ion of F e O C l . It was found that 
pyrro le intercalated into F e O C l and po lymer i zed to result i n an inorganic-
conduct ing po lymer h y b r i d structure w i t h an interlayer spacing increased 
by 5.23 Â. 

O t h e r two-dimensional systems that w i l l not be discussed here inc lude 
the electropolymerization of ani l ine intercalated i n montmor i l lon i te clay (39) 
and polymerizations i n L a n g m u i r - B l o d g e t t films or b i layer membranes (40). 

Efforts to form composites between polypyrro le and a variety of porous 
materials such as paper, c loth, or wood have been based on an approach 
comparable to that used i n the present study. Typica l ly , the respective 
material was impregnated w i t h an oxidant such as F e C l 3 (41, 42) and sub
sequently contacted w i t h pyrro le vapor or solution. Po lypyrro le (and po ly -
aniline) have been inc luded i n perfluorosulfonated ionomer membranes 
(Nafion) by stepwise treatment w i t h aqueous ferric chlor ide and the m o n 
omers (43). 

This br ie f survey indicates that no single chains of conjugated systems 
w i t h long-range order have yet been stabi l ized i n sol id matrices. W e w i l l 
show that our approach, based upon intrazeolite po lymerizat ion reactions, 
succeeds i n the formation of such systems. 

Zeolites as Microporous Host Structures 

Zeolites (44-47) are crystall ine open framework metal oxide structures (clas
sically aluminosilicates w i t h hydrophi l i c surfaces) w i t h pore sizes between 
3 and 12 Â and exchangeable cations compensating for the negative charge 
of the framework. T h e topologies of these systems inc lude one-dimensional 
channels, intersecting two-dimensional channels, and three-dimensional 
open frameworks. Recent developments inc lude hydrophobic structures 
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438 E L E C T R O N TRANSFER IN BIOLOGY AND T H E SOLID STATE 

w i t h compositions close to S i 0 2 (48), incorporation of transition metals into 
the framework (49), and the discovery of metal aluminophosphate sieves 
(50). A l k a l i metal cations, possibly coordinated to oxygen-meta l rings w i t h 
C 3 v or C 2 v symmetry i n zeolite Y (Figure 2), can be exchanged for transit ion 
metal ions and the system can be heat-treated to induce cation migrat ion 
and removal of water. Table I presents a br ie f descript ion of zeolite structure 
types used i n this study. 

A Β 

100 

010 
Figure 2. Structure of faujasite (A) and mordenite (B). 

These features make zeolites extremely attractive candidates as hosts 
for po lymer ic conductors. T h e y offer wel l -de f ined , stable crystall ine channel 
structures w i t h dimensions at the molecular leve l . T h e nature of the internal 
surface, as de termined by cation type and other factors, w i l l affect the dipolar 
and redox surface interactions and diffusion rates of polar versus nonpolar 
monomers. Previous work related to the present study includes the catalytic 
formation of polyacetylene from acetylene on the external surface of C o Y 
and N i Y zeolites (51) and on K X zeolite (52). 

This chapter presents recent results on the successful encapsulation of 
polypyrro le chains i n large-pore three-dimensional and one-dimensional zeo
l ite hosts. T h e host structures examined i n this study inc lude zeolite Y (three-
dimensional channel system, 7.5-Â pores), mordenite (one-dimensional 
channels, 7-A pores), and zeolite A (three-dimensional channels, 4 .1 -A 
pores). Po lypyrro le was oxidatively po lymer ized i n Cu(II ) - or Fe(III) -con-
taining zeolite pores, such as 

N a Y + FeS0 4 ( aq ) NaFe(II )Y ^ ° C > 
p y r r o l e 

NaFe(III )Y ( v a p o r / s o l v e n t ) > P P y / N a F e ( I I ) Y (1) 
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T h e intrazeolite oxidation o f Fe(II) w i t h oxygen probably involves the for
mation of F e ( I I I ) - 0 - F e ( I I I ) bridges i n appropriate coordination sites (53), 
although generation of some amorphous i ron oxide cannot be exc luded (54). 

T h e systems were characterized w i t h a combinat ion of electronic , i n 
frared, and Raman spectroscopic data. E l e c t r o n spin resonance (ESR) and 
conduct ivity measurements were used to explore the transport properties. 

Experimental Details 

Sample Preparation. Zeolite Precursor Materials. Fe(II)Y zeolite was pre
pared from the sodium form of zeolite Y (Linde LZ-Y52, Alfa) by conventional aqueous 
ion exchange with ferrous sulfate under nitrogen atmosphere and dried at 295 Κ 
under nitrogen (54). The resulting ferrous Y zeolite [unit cell compositions, based 
upon ion exchange, Fe6Na44(Al0 2)56(Si0 2)i36 for solution loadings and 
Fei0Na36(AlO2)56(SiO2)i36 for vapor-phase loadings] was heated under a flow of oxygen 
(40 mL/min) in a quartz tube reactor at a rate of 1 K/min to 370 Κ (10 h), then to 
620 Κ (3 h), and subsequently evacuated for 2 h at that temperature to give Fe(III)Y. 
The color of the zeolite changed from white to light brown during this treatment. 
Ferrous mordenite (Fe(II)M) was similarly prepared from Na mordenite (LZM-5, 
Union Carbide) by ion exchange to give white Fe3Na2(AlO2)8(SiO2)40. This material 
was oxidized in a scheme similar to that used with ferrous Y and generated light 
brown Fe(III)M. Cu(II) forms of these zeolites and zeolite A were obtained by ion 
exchange with Cu(N0 3) 2, resulting in samples CuY, CuM, and CuA with 15, 2.5, 
and 8 Cu ions per unit cell (u.c.), respectively. Dehydrated sodium zeolites (heated 
at 1 K/min up to 720 Κ under vacuum, kept at 720 Κ for 10 h) and the metal-
containing dry samples were stored under nitrogen in a glove box prior to use. 

Bulk Polypyrrole. Bulk polypyrrole was prepared by chemical oxidation of 
pyrrole (Aldrich) with FeCl 3

e 6H 2 0 (Aldrich) according to published procedures (7, 
8, 55). Oxidation with an oxidant:pyrrole ratio of 2.4 in aqueous solution at 292 K, 
carried out under nitrogen, represents the optimal reaction conditions for highest 
yield and conductivity (7). 

Intrazeolite Polymerization of Pyrrole. Pyrrole was diflused into the pore sys
tem of the dry zeolites in a variety of solvents and via gas-phase adsorption (Table 
II). In the solvent reactions, 0.500 g of Fe(III)Y was suspended in a solution of 5.16 
mg of pyrrole (0.077 mmol) in 50 mL of the respective solvent and stirred at 295 Κ 
for 15 h under nitrogen. Similarly, 0.500 g of Fe(III)M was reacted with 12.5 mg 
(0.187 mmol) of pyrrole. For the vapor-phase reactions, ~0.5 g of dry zeolite was 
weighed into a small quartz reactor, evacuated at a vacuum line at 1.33 mPa (10-5 

torr), and equilibrated with 270 Pa (2 torr) of degassed pyrrole at 295 Κ for 1 h. 

Characterization. Fourier transform infrared (FTIR) spectra were taken at 
4- cm 1 resolution (Mattson Polaris instrument) and were analyzed with the ICON 
software. Electronic absorption spectra of the samples dispersed in glycerin were 
obtained with a spectrophotometer (PE 356) at 2-nm resolution. ESR spectra between 
40 and 300 Κ were obtained with a Varian Ε-109 instrument operating at X-band 
frequencies. Conductivity measurements at 295 Κ were carried out with pressed 
wafers of the bulk polymers and of the zeolite powders by using the four-point 
technique (56). Resonance Raman spectra were generated by irradiating the sample 
with 5 mW at 457.9 nm. Scanning electron micrographs were taken with an Hitachi 
5- 800 microscope. 
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Table II. Zeolite-Pyrrole Samples 
Sample0 Loading with Pyrroleh Surface Capacity0 Reaction Time, h Color 

NaY-V 41 0.2 1 white 
NaM-V 2 0.06 1 white 
Fe(II)Y-V 40 0.2 1 white 
Fe(II)M-V 2 0.06 1 white 
Fe(III)Y-V 39 0.2 1 black/turquoise 
Fe(III)Y-W 2 0.2 15 light green 
Fe(III)Y-T 2 0.2 15 grey/ turquoise 
Cu(II)Y-V 50 0.2 1 black/turquoise 
Fe(III)M-V 1.0 0.06 1 turquoise 
Fe(III)M-W 1.2 0.06 15 light green 
Fe(III)M-T 1.2 0.06 15 light green 
Cu(II)M-V 0.7 0.06 1 turquoise 
Cu(II)A-V 0.3 0.3 1 very light green 

"Abbreviations: Y, zeolite Y; M, mordenite; A, zeolite A; V, vapor phase; W, water; T, toluene. 
^Molecules per unit cell. 
The surface capacities for l-μπι crystals are based on 0.6-nm diameter for pyrrole; normalized 
per zeolite unit cell. 

Results and Discussion 

I f pyrrole is al lowed to diffuse into large-pore zeolites that contain ferric 
ions, the color of the result ing adduct changes slowly from l ight b r o w n to 
different shades of turquoise green and black. This s tr ik ing reaction appears 
to be completed w i t h i n a few minutes i f the pyrrole is admitted as vapor 
into the dry zeolite, and w i t h i n a few hours i f diffused from solution (Table 
II). I n contrast, pyrrole i n zeolites containing only sodium ions or Fe(II) 
ions does not react to form colored products. Irrespective of pyrro le con
centration and m e d i u m (different solvents or vapor phase), none of these 
blank experiments resulted i n a color change of the sample (Table II). Th is 
behavior strongly suggests that pyrrole polymerizes to po lypyrro le i n a redox 
reaction that involves the intrazeolite ferric or cupric ions. B u l k po lypyrro le 
has been synthesized chemical ly v ia oxidative coupl ing of pyrro le i n various 
solutions and suspensions of ferric chloride. A n overal l reaction scheme i n 
H 2 0 / C 2 H 5 O H solution has been proposed (57). 

4 C 4 H 5 N + 9 F e C l 3 * n H 2 0 - ^ ( C 4 H 3 N ) 4
+ C 1 -

+ 8 H C 1 + 9 F e C l 2 * n H 2 0 (2) 

T h e fol lowing discussion of the sample characteristics confirms the formation 
of intrazeolite polypyrrole . 

Sample Characteristics. IR Spectra. B u l k po lypyrro le is charac
ter ized by a broad I R absorption that extends from an electronic absorption 
band at ~ 1 e V (8000 cm" 1 ) down to about 1700 c m " 1 and obscures the C - H 
and N - H vibrations of the po lymer (6). The oxidized and the neutral forms 
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of the polypyrrole have very s imilar C - C and C - H pyrro le r i n g vibrations 
i n the 1600-800-cm" 1 region (58, 59). I n contrast to pyrro le , the r i n g v i b r a 
tions of the po lymer are relatively broad and can be dist inguished from 
remain ing unreacted monomer. T h e intrazeolite po lypyrro le shows I R bands 
quite s imilar to the typical set o f bands characteristic for b u l k po lypyrro le . 
H o w e v e r , certain shifts that vary w i t h host and preparation conditions are 
observed (Figure 3). Accord ing to the electrical potential o f the zeol ite , the 
po lymer chains should not exactly duplicate the b u l k spectrum. F o r instance, 
bands of sample F e ( I I I ) Y - V prepared from vapor phase occur at 1572 (1540), 
1473 (1452), 1309 (1280-1300), and 790 (791) c m " 1 . Positions of b u l k po ly 
pyrro le are g iven i n parentheses (58, 59). 

T h e I R spectra of zeolite Y samples show a higher concentration of 
po lypyrro le than the mordenite samples, probably because of the h igher 
pore vo lume fraction available i n the former host. Intrazeolite P P y recovered 
after dissolution of the host i n H F shows features very s imi lar to those of 
the b u l k po lymer (Figure 3). 

Format ion of po lypyrro le according to the oxidative reaction mechanism 
is expected to produce two protons per monomer . These protons must be 
accommodated i n the zeolite, but the I R data of these samples do not show 
clear hydroxy l features. This result is not surpr is ing i n v i e w of the strong 
electronic absorption extending beyond the high-energy part of the spec
t r u m . S imi lar observations are noted i n the p o l y p y r r o l e - F e O C l system (60). 
W i t h its pronounced ac id-base and ion-exchange propert ies , the zeolite 
framework (or intrazeolite F e species) is expected to accommodate the a d 
dit ional proton concentration. 

Raman Spectra of Intrazeolite Polypyrrole. B u l k po lypyrro le is k n o w n 
to exhibit weak Raman spectra, but resolved bands i n the 800-1600 c m " 1 

range have recently been obtained w i t h smooth films formed on electrode 
surfaces (61). Resonance Raman spectra of po lypyrro le - zeo l i t e samples (e.g., 
sample Fe ( I I I )Y -V) show weak but resolved bands at 1598 and 1418 c m " 1 

that correspond to the vibrations at 1591 and 1418 c m - 1 reported for po ly 
pyrro le film grown on a P t electrode (62). 

Location of the Polymer Chains. It is clear from the c o m b i n e d spec
troscopic evidence discussed and from the electronic spectra that po lypyrro le 
forms w h e n pyrro le reacts w i t h zeolites containing ferric and cupr ic ions. 
I n the context of synthetic strategies for the design of molecular " w i r e s " , it 
is important to determine the location of the po lypyrro le w i t h respect to the 
host. A film of po lypyrro le at the outside of the zeolite crystals w o u l d not 
constitute a system of isolated molecular chains. Because of the insoluble 
nature of the po lymer , extraction experiments do not provide m u c h infor
mation. However , significant indirect evidence confirms the p icture of zeo
lite-encapsulated polypyrro le . 
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Figure 3. IR spectra (KBr pellets) of samples. Key: A , NaY; B , Fe(Ill)-V; 

C, PPy extracted from Fe(IH)-V; and D , bulk polypyrrole. 
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T h e polypyrrole is not formed i n either the N a or Fe(II) forms of the 
zeolites. Therefore the polymerizat ion is dependent upon a redox reaction 
w i t h the predominantly intrazeolite Fe(III) and Cu(II) ions. T h e p o l y m e r i 
zation reaction is one to two orders of magnitude slower i n the zeolite host 
than it is i n homogeneous solution. This retardation indicates diffusional 
l imitations for the pyrro le migrat ing into the channel system. F i n a l l y , an 
analysis of the uptake of monomer into the zeolite confirms the same con
clusions. Table II lists the uptake of monomer i n different zeolite hosts and 
compares the values w i t h those expected from monolayer-coating on the 
surface of crystals w i t h 1.0-μπι diameter. 

These results show that far more monomer can be accommodated w i t h i n 
the zeolite pores than expected for surface adsorption (the values for mor 
denite are smaller because of a smaller uni t cell). F u r t h e r m o r e , we find that 
pyrro le is not adsorbed into the pore system of zeolite A , as expected from 
its smaller pore diameter (4.1 Â), but the uptake corresponds very w e l l w i t h 
the value expected for surface adsorption. Thus , i f the monomer is exc luded 
from the inter ior of the zeolite, not more than about one monolayer is 
adsorbed at the crystal surface. 

O n the basis of the stoichiometry of monomer loading versus Fe(III) or 
Cu(II) present i n the zeolite, it can be concluded that i n the zeolite Y samples 
prepared v ia vapor-phase saturation, only about 2 0 % of the adsorbed pyrro le 
molecules can be oxidatively coupled. T h e remainder of the monomer is 
probably st i l l present i n the zeolite pores. T h e m a x i m u m exchange l eve l of 
~ 1 0 F e / u . c . was chosen to avoid potential zeolite lattice breakdown (54). 
I n a l l other samples, the relative excess of Fe(III) is expected to suffice for 
a complete reaction. 

T h e rate of polymerizat ion as estimated from the rate of sample coloration 
is m u c h faster i n a three-dimensional zeolite (zeolite Y) than i n a one -d i 
mensional pore system (mordenite). A l l these data taken together prov ide 
clear evidence that the polymerizat ion of pyrro le proceeds w i t h i n the zeolite 
channel system i f the monomer has access into the pores. 

T h e reaction m e d i u m has an interesting influence on the intrazeolite 
concentration of the polymer . In contrast to homogeneous solution prepa 
rations, water is one of the most unfavorable med ia for intrazeolite p o l y m 
erizations. Reactions i n hydrocarbon solvents and v ia vapor-phase loading 
result i n the highest po lymer yields. Possibly, water screens the intrazeol ite 
redox-active metal ions from the monomer molecules. 

Electronic Structure and Transport Properties. Electronic Spec
tra. T h e Fe(III)-containing zeolite hosts exhibit a broad absorption be 
tween 300 and 450 n m , w h i c h accounts for the l ight b r o w n color of these 
zeolites. The electronic spectra of the sodium and ferrous forms do not differ 
significantly. I f pyrrole is adsorbed into the sodium forms and ferrous forms 
of both zeolites, the optical spectra in the vis ible range remain unchanged. 
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In contrast, the spectrum of sample F e ( I I I ) Y - V shows two important n e w 
features at 400-500 n m (~2.7 eV) and at energies lower than 650 n m ( F i g 
ure 4D) . 

0.6 - i • 1 

300 700 800 400 500 600 
Wavelength (nm) 

Figure 4. Electronic absorption spectra of samples. Key: A , NaM; B , NaY; 
C, Fe(III)M-V; and D , Fe(III)Y-V. 

T h e spectral features of the samples prepared i n toluene and w i t h vapor-
phase pyrrole are more pronounced than those of the other samples. T h e 
red absorption of Y zeolite samples is generally stronger than that of m o r 
denite. I n addit ion, the vapor-phase product F e ( I I I ) M - V shows a feature 
between 520 and 700 n m (—2.0 eV, F igure 4C) . Absorpt ion maxima at 2.3 
and 0.7 e V have been observed w i t h electrochemically formed, h igh ly doped 
polypyrrole ; the higher energy band shifted to lower values at lower oxidation 
levels (63). O n the basis of the electronic m o d e l discussed, we assign the 
bands at 2.7 and 2.0 e V and that i n the near-IR region to b ipolaron absorp
tions that are typical of polypyrrole at different oxidation levels. Thus , we 
can conclude that the oxidation leve l of P P y i n faujasite is h igh and that 
there is probably a b imodal d istr ibut ion of h ighly ox id ized and m e d i u m 
oxidation levels of po lypyrrole i n mordenite . T h e conduction band absorption 
appears to occur i n the n e a r - U V range. F i n a l l y , the spectrum of C u ( I I ) A - V 
does not exhibit any of the features observed w i t h the large-pore samples 
(not shown). 

ESR Spectra. Po lypyrro le in F e ( I I I ) Y - V and F e ( I I I ) M - V shows an 
E S R signal at proportionality factor g = 2.0027, very s imilar to the bu lk 
value (13). The spin densities calculated from the E S R lines and the monomer 
loadings are 3 Χ 10" 4 per pyrrole monomer i n sample Fe ( I I I )Y -V , and 9 X 
10 4 per pyrrole monomer i n sample F e ( I I I ) M - V . Because the degree of 
polymerizat ion is not precisely known, these numbers are lower l imits w i t h 
respect to the po lymer content. The corresponding spin susceptibil it ies show 
C u r i e behavior between —40 and 300 Κ (Figure 5A). These data are explained 
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Figure 5. ESR data of sample Fe(III)Y-V. Key: A, Cune behavior; B, line 
width as function of temperature. 

w i t h a small concentration of paramagnetic defects that have also been ob
served i n bu lk polypyrro le samples, probably a result of defects i n the π 
system of the po lymer chain (13). Surpr is ingly , the l ine w i d t h of the E S R 
resonance of intrazeolite polymers is at the order of 10 G (Figure 5B) , i n 
contrast to a typical value of 0.2 G for pure b u l k po lymers . In the bu lk , the 
l ine w i d t h can be reversibly increased to s imi lar values by adding several 
weight percents of oxygen (13). Because our samples were measured i n 
vacuo, the most l ike ly explanation for the large l ine w i d t h is an intr ins ic 
dipolar interaction between the po lymer chains and the charged zeolite 
channel walls. 

Conduct iv i ty measurements of po lypyrro le - zeo l i t e samples show d r a 
matic differences compared to bu lk properties. A l t h o u g h values for b u l k 
polypyrrole are at the order of 10 S / c m (8), the zeolite samples have powder 
conductivit ies be low 10~ 9 S / c m . These dc measurements are not considered 
to give the conductivity of the po lymer chains because shorter chains cou ld 
reside i n the zeolite cages without prov id ing a continuous conduct ion path. 
This s tr ik ing result is expected, however, because "perfect" samples that 
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have clean, uncoated dielectr ic crystal surfaces cou ld not provide any con
tinuous conduct ing path through a pressed wafer. Thus , this observation 
provides addit ional evidence for the strictly intrazeolite location of the con
jugated polymers . In i t ia l X - r a y photoelectron spectroscopy measurements 
of related intrazeolite polyani l ine samples clearly indicate a deplet ion of 
nitrogen at the zeolite crystal surfaces. 

Conclusions 

This study shows that pyrro le can be oxidatively po lymer ized i n the channel 
system of zeolite molecular sieves. Comprehens ive spectroscopic character
ization identifies the nature of the polymerizat ion product and provides 
strong evidence for encapsulation w i t h i n the channel systems. This approach 
to isolated "molecular w i res " v ia intrahost po lymerizat ion is presently be ing 
extended to a variety of other organic and inorganic conduct ing systems. 
M o r e detai led studies w i l l address issues such as the intrazeolite po lymer 
chain length, effects of host pore size, and transport properties of the re 
sult ing low-dimensional systems. 
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Brookhaven National Laboratory, 65 
Colorado State University, 211 
Ε. I. du Pont de Nemours and 

Company, 419 
École Polytechnique, 433 
Georgetown University, 403 
Georgia State University, 161 
Iowa State University, 369 
Lawrence Berkeley Laboratory, 391 
Louisiana State University, 253 
North Carolina State University, 269 
Northwestern University, 125, 225, 351 
Ohio State University, 419 
Rutgers, The State University of New 

Jersey, 91 

Tulane University, 211 
University of Arkansas, 181 
University of California— 

Berkeley, 391 
University of Chicago, 323 
University of Florida, 101 
University of Georgia, xv 
University of Miami, 197 
University of New Mexico, 433 
University of Notre Dame, 237 
University of Oxford, 3 
University of Rochester, 147 
University of Sydney, 27 
University of Texas at Austin, 287 
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Subject Index 

A 
Acceptor-solvent coupling, 29-30 

collision frequency, 30 
rate constant, 30 

Activation entropy and enthalpy 
distance dependence, 76 
peptide-linked compounds, 119 

Activation parameter, analysis of data, 119 
Adventitious impurities, cluster halides, 

370 
Air-stable precursors, vapor deposition, 352 
Alkyl-linked systems, electron transfer, 212 
Angular-overlap model 

energies of the d orbitals, 326-328 
energy-level diagrams, 327/ 

Anion-binding sites, on the protein surface, 
249-250 

Anisotropy 
motion along the potential surface, 141 
small and large, 142 

Annealed film, variable-temperature four-
probe resistivity data, 356 

Annealing techniques 
film charge-transport characteristics, 356 
grain structure and electrical 

properties, 366 
Anomalous superconductivity, 293 
Antiferromagnetic coupling 

predicted, 427 
schematic illustration of stabilization, 421/ 
stabilization, 420 

Antiferromagnetic fluctuations, 
superconductor compositions, 311 

Antiferromagnetic insulator, 329 
Antiferromagnetic ordering 

net spins of the lattice sites, 279 
temperature, 310 

Antisymmetric coordinate, 227 
Apomyoglobin, interaction of fluorescent 

probes, 153 
Aromatic compounds 

long-range electron tranfer, 16# 
See also Oxidases 

Aromatic rings, vibronic-rotational 
motion, 13 

Association constant, proper geometry for 
electron transfer, 167 

Β 
Back-electron-transfer rate 

estimation, 219 
observed and calculated, 220 
quenching rates, 220 

Band calculations, L ^ C u O ^ 314/ 

Band dispersion 
first Brillouin zone, 276 
ratio of resonance integrals, 272-273 

Band energies, nature, 272 
Band orbital mixing, 269-286 
Bath, transfer of energy, 29 
Bi-phenyl bond, hydrolytic stability, 358 
B i - S r - C a - C u - O film 

charge-transport data, 359 
electrical resistivity data, 361/ 
film microstructure, 358 
resistivity data, 358/ 
scanning electron micrograph, 360/ 
surface grain sizes, 359 
X-ray diffraction pattern, 359/ 

Bimolecular electron transfer 
in biological systems, 168 
rate constants, 162 

Binding sites, on protein surface, 249-250 
Binuclear ruthenium complexes, bridging 

pyrazine and bipyridine, 97 
Biological electron transfer, overview, 

3-23 
Biological systems, electron transfer, 

65-88 
Bipolarons, doped polymer chains, 435 
Bleaching effect, ground-state bands, 

256 
Blue copper proteins 

geometry around metal ion, 3-4 
stiffness, 11 
See also Copper proteins 

Bond-length mismatch 
fluorite-type intergrowth layer, 317 
internal stresses, 319 

Born-Oppenheimer potential energy 
surfaces, rate processes, 137 

Breathing motion 
C u 0 2 sheet of 1-2-3 compound, 343 
density changes, 431/ 
stabilization energy, 342/ 

Bridge-length dependence 
contour plots, 56/ 
electron-transfer rates, 53-59 
highly conducting bridge, 57 
Joachim's rate constant, 54 
nonexponential, 60 

Bridge eigenstates, couplings of the donor 
and acceptor levels, 58-59 

Bridge length, Rabi rate constant and 
Joachim's effective two-level rate 
constant, 55/ 

Bridge states, practical approach to 
calculations, 51 

Bridged chains, 229-230 
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Bridged systems 
acceptor state probability versus reduced 

time, 43/ 
conductance of the bridge, 28 
dimeric complexes 

discrete, 226-229 
efforts to synthesize, 225 
one-dimensional analogues, 226 

electron transfer and energy transfer, 
27-63 

formalism, 27-63 
maximum rate constant, 41 
mixed-valence, 225-235 
model system for electron transfer, 28 
not resonant with donor or acceptor 

states, 41 
pendulation frequency, 42 

Bridging 
cluster halides, 371 
infinite cluster chain, 382/ 
shared atoms, 381 

Bridging ligand 
control of spectroscopic and conductive 

properties, 233 
derivatized metalloprotein, 74 
donor electron density, 75 
extended Huekel theory, 74-75 
physical properties, 215# 
redox and spectroscopic properties, 

214-215 
spectra of the discrete bridged dimer, 226 
tailored to create a discrete dimer, 229 

Brillouin zone 
2D rectangular lattice, 272/ 
wave vectors, 272-273 

Bulk antiferromagnetic coupling, correlation 
of spins on adjacent chains, 429 

Bulk ferromagnetic behavior 
configuration admixing, 430/ 
model for stabilization, 429 
model system, 422-429 
structural features, 426 

C 
c-Axis anomaly, 339 
C - F bond, generation, 400 
C L 3 F , stability and characteristics, 400 
Carbon-atom sheets 

effect of AsF 5, 399-400 
relationship to each other, 399 

Ceramic superconductors, 287-322 
Chain atom coordination, flexibility, 335 
Chain length 

electron transfer, 212 
photoinduced electron transfer, 215-

220 
Charge-density wave state 

dynamic and independent, 281 
instability, 280-282 

Charge-density wave state—Continued 
long-range order, 281-282 
periodic density variation, 278 

Charge-transfer salt, See Electron-transfer 
salt 

Chiral induction 
inner-sphere reaction, 244 
metal-ion complexes in electron-transfer 

reactions, 237-252 
outer-sphere reaction, 244 
precursor complex stereoselectivity, 238 

Chiral recognition, See Chiral induction 
Chromatographic separation of 

products, 240/ 
Chromophore-quencher compounds, 

photoinduced intramolecular ET, 102 
Circular dichroism spectra, 242/ 
Clathrated monomers, radiation-induced 

inclusion polymerization, 436 
Cluster(s) 

body-centered-cubic array, 375-376 
bridged network, 371 
condensed, 377 
18-electron, 376 
electronic requirements, 370 
infinite chain, 377 
kinetic stability, 370 
reducing agents, 383 
rhombohedral array, 376 

Cluster anions, 370 
Cluster halides 

centered, 369-389 
iodides of rare-earth metals, 378 
solution process, 381-383 
stability of alternate phases, 372 
synthesis, 371-372 

Cluster network, zirconium chloride, 377/ 
CO-rebinding problem, 142 
1- 2-3 Compound 

computed band structure, 334-336 
defect perovskites, 333 
geometrical effects, 336 
structure, 333/ 334/ 
vacancy problem, 333 
variation of Tc with oxygen stoichiometry, 

334/ 
2- 1-4 Compound 

distortion, 330 
removal of electron density, 336 
strontium doping, 335 
superconductivity and value of x, 329 

2-2-1-3 Compound 
analogy with 1-2-3 compound, 345 
observed structure, 345/ 
schematic band picture, 345/ 
structural features, 344-346 

Conducting polymers 
model systems, 436 
stabilization in large-pore zeolite 

channels, 433-449 
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Conduction bands, Group Β metals, 
290-292 

Conductivity 
bridged, 229-230 
dependent upon bridging species, 230 
dependent upon electron occupation, 230 
metal center in a protein sphere, 9 
mixed-valent solids, 8 

Configuration mixing, model, 420 
Conformational changes 

cytochrome C^17 
diagonal processes, 131 
electron transfer, 77-80 
interconversion, 125-146 
intramolecular electron-transfer 

phenomena, 143 
linear alkyl polymers, 217 
synchronous reactions, 131 

Conformational dynamics, electron-transfer 
kinetics, 131-136 

Conformational energetics, nonadiabatic 
electron transfer, 130-131 

Conformational equilibrium, to modulate 
electron-transfer rates, 128 

Conformational interconversion, See 
Conformational changes 

Conformational isomerization 
electron-transfer properties, 82 
peptide spacers, 107-114 

Conformational motion 
characteristic times for the 

coordinates, 139 
CO rebinding to myoglobin, 139 

Conformational reactions, detection 
methods, 143 

Conformational variation, 127-131 
Conformers 

detection methods, 132 
gating conformational change, 136 
parallel reactions, 134 
reactive, 136 

Conjugated polymers, intrazeolite 
location, 447 

Cooper pairs 
coupling, 316 
electron-phonon interactions, 284 
pairs of electrons, opposite wave 

vectors, 283 
Cooperative magnetic interactions, 

structural motif, 428 
Coordination shell plasticity, 325-

326 
Coordination sphere, protein fold, 4 
[Co(ox)3]3-

after dialysis, 248/ 
obtained in reaction, 248 

Copper magnetic moment 
empty σ* band states, 311 
La 2 Cu0 4 , 311 
suppression, 313-316 

Copper oxide superconductors, 323-347 
d electrons, 288 
electronic structure, 324-329 
geometrical arrangements, 325/ 
geometrical control of 

superconductivity, 323 
mobile holes, 311-313 
structural features, 308-313 
structure-property relationship, 284 

Copper proteins 
electron transfer, 18 
structure, 18 

Correlation splitting 
copper oxide superconductors, 311 
La 2 Cu0 4 , 314/ 
mixed-valent configuration, 308 

Coupled electron tranfer, 18-20 
Coupled nuclear modes of motion, 127 
Covalent hybridization 

crystalline field, 301 
effective charge on ions, 288 
repulsion between bonding and 

antibonding states, 288 
Creutz-Taube ion 

changes in intermoleeular distances, 200 
electronic coupling between metal 

centers, 199 
Cross reactions 

cytochromes c and b5, 175-176 
cytochromes c and Cssi, 173-174 

Crystal-packing forces, 326 
Crystal structure 

copper atoms of varying lengths, 336 
diffraction patterns, 282 
periodicity, 298 

Crystalline field 
splitting, 301 
wave functions, 301-302 

C u - O antibonding interaction, angle-
dependent, 332 

C u - O bond 
distances, 325 
in-plane, 284-285 
length 

abrupt transitions, 311-313 
antiferromagnetic phase, 313 
energy changes, 340 
orthorhombic distortion, 318 
thermal vibration parameters, 

341 
Cubic framework, structural 

considerations, 316 
Cubic perovskites 

conduction bands, 290 
energy densities, 291/ 

Cu0 2 plane 
construction of energy bands, 328/ 
perovskite structure, 324/ 
stabilization of distortion, 341 
variations, 325 
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Cytochrome-cytochrome reactions, 
electron-transfer rate constants, 174/ 

Cytochrome b, characterization, 163-166 
Cytochrome b5, structure, 170/ 
Cytochrome b^, structure, 20/-21/ 
Cytochrome c 

change in structure, 16/-17/ 
characterization, 163-166 
directional electron transfer, 84-86, 

91-100 
electron transfer, 74-75 
electrostatic potentials, 15/ 
factors that control electron transfer, 

161-179 
geometry around metal ion, 3-4 
heme edge and anion-binding sites, 250/ 
labeled at specific lysine groups, 181-193 
mobility map, 10/ 
properties, 9-12 
reaction with cyanide, 16/-17/ 
stiffness, 11 

Cytochrome c derivatives 
electron transfer 

(bpy)2(imid)Ru((His)cyt c), 190 
(bpy)2Ru(dcbpy-cyt c), 186-190, 

191/ 192/ 
synthesis 

(bpy)2(imid)Ru((His)cyt c), 184-186, 
187/ 188/ 

(bpy)2Ru(dcbpy-cyt c), 182-184, 183/ 
185/ 186/ 

Cytochrome e^i 
characterization, 163-166 
reaction with cytochrome c, 173-174 
reorganizational energy, 173 

Cytochromes, electron self-exchange 
reactions, 161-179 

D 
D and A eigenstates, discontinuities, 

44-47 
d-Block oxides, 300-308 
d-Block transition-metal oxides, 287 
Damped solvent motion, nuclear frequency 

factor, 152 
"Dead-end" mechanism, 250 
Decamethylferrocene with 

tetracyanoethylene 
5 T Fe Mossbauer spectra, 426 
ferromagnetic ground-state behavior, 

422-429 
high-temperature susceptibility, 422 
properties, 425f 
reciprocal susceptibility, 424/ 
saturation magnetization, 422 
stabilization of bulk ferromagnetic 

behavior, 429 
Zeeman split spectra, 426 

Decay path, determination, 216 

Decay rate constant, partial decoupling of 
E T and conformational processes, 143 

Density distribution 
charge-density wave state, 278 
spin-density wave state, 278 
waves out of phase, 278 

Density distributions, site orbitals, 277 
Density wave, orbital mixings, 277 
Derivatized metalloprotein, 

cytochrome c, 74 
Diamagnetic metallic state, 329 
Dielectric-cavity models, permittivity of the 

space between metals, 203 
Dielectric continuum approximations, 

intermolecular reactions, 198 
Dielectric continuum model, solvent 

reorganization contribution, 198-199 
Dielectric spacers, in graphite salts, 398 
Diffraction pattern, ID metal 

temperature dependence, 282 
with CDW, 283/ 

Diffuse spots, long-range order, 282 
Diffusional limitations, pyrrole migrating 

into zeolite channel system, 444 
Diffusive transport, chemical rate 

processes, 138 
Dimerization of cytochromes, 167 
Dioxygen molecule, reduction or release, 21 
Dipole moments 

calculation from X-ray structures, 169 
function of ionic strength, 169 
self-exchange rate constant and ionic 

strength, 169 
through the exposed heme edge of 

cytochromes, 169* 
Ν,Ν'-Diquaternarized bipyridines, 

211-223 
Diquaternized species formation, quantum 

yields, 220* 
Directional electron transfer 

complex chemistry associated with 
protein, 97 

conformational changes, 66 
cytochrome c, 84-86 
low-λ intermediates, 84-86 
mechanisms at solid electrodes, 98, 

98f 
molecular events, 98-99 
ruthenium-modified cytochrome c, 

91-100 
Discontinuity 

identity of eigenstates, 44 
system-dependent effect, 45 

Dispersion relation, 273/ 276/ 
Disproportionation 

B i 4 + reaction, 290-292 
energy costs, 343 

Distance constraints, electron transfer, 4 
Distance dependence 

across oligoproline spacers, 117-118 
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Distance dependence—Continued 
outer-sphere reorganization energy, 120 
peptide-linked compounds, 117/ 

Distortion 
breathing motion, 339 
charge movement, 339-344 

Distortion coordinates, ligand 
environment, 326 

Donor-acceptor complex 
bridged polyproline complexes, 91-93 
transition metal complex at a specific 

amino acid site, 93-95 
Donor-acceptor distance 

predicted reaction rates, 148 
sterically rigid spacer framework, 211 
uncertainty, 148 

Doped conjugated polymers, potential 
applications, 433 

Doping 
electronic conductors, 288 
local relaxations of chain geometry, 434 
native defects, 290 
structural stability, 330 
with zinc, 336 

Doping levels, production of polaron s, 435 
Drift mobility, 298-299 
Driving force 

electron-transfer reactions, 190 
electron transfer in Os and Ru couple, 92 
photoinduced electron transfer, 105-106 

Dynamics 
temporal, 263-264 
thermal, 262-263 
two-color Raman spectroscopy, 

262-264 

Ε 
Eccentricity of the ellipse, volume of 

activation, 206/ 
Effective atomic magnetic moment, 297 
Effective resonance integral, electron 

occupation, 233 
Elastic restoring energy, 290 
Electrical conductivity, uptake of gaseous 

fluorine, 400 
Electrical conductors, high-oxidation-state 

carbon, 392 
Electron-affinity threshold, thermodynamic 

basis, 394 
Electron-density waves, density 

distributions, 279 
Electron-electron repulsion, 231-232 
Electron-exchange reaction, free 

energy, 67/ 
Electron-hopping time, correlation-split 

bands, 308 
Electron-phonon interaction 

condensation of Cooper pairs, 290 
coupling, 284 
traditional superconductors, 284 

Electron-transfer centers 
blue copper and heme, 20 
Fe and Mn, 20 
Ni-S, 20 
two or more metal ions, 21 
unsolved problems, 22 

Electron-transfer distance, recognition 
zone, 4 

Electron-transfer kinetics, conformational 
dynamics, 131-136 

Electron-transfer mechanism, intepretation 
of stereoselectivity data, 250 

Electron-transfer pathways, 85-86 
Electron-transfer processes 

general formalism, 30-41 
in terms of system, 59-60 
kinetics, 29-30 

Electron-transfer proteins 
analysis, 9-12 
coupled, 5, 7 
examples, At 
large-scale motions, 11 
ligands around metal ions, 3 
scavenger, 5-7 
simple, 5-14 
surface dynamics, 13-14 
typical fold, 7/ 
uncoupled, 3-5 

Electron-transfer rate 
conformation dependence, 122 
cytochrome c, 13i 
dependence on donor-acceptor 

separation, 211 
dielectric relaxation effects, 221 
direction of electron transfer, 85-86 
distance dependence, 65, 118 
effect of aromatic groups, 12 
electronic factor, 69-75 
enhancement, 60-61 
interior side chains, 12-13 
measurement, 65-66 
nonadiabatic reaction, 69-71 
normal and inverted regimes, 68-69 
number of C - C bonds, 217/ 
Phe-82 movement, 12-13 
population-weighted average, 134 
protein conformations, 65 
rate of conformational change and 

electronic tunneling, 217 
related to conformation, 121 
temperature dependence, 76, 118, 

148 
Electron-transfer rate constant 

calculation, 107 
acceptor-solvent coupling, 29-30 
chain length, 212 
controlling factors, 161-162 
in weakly coordinating buffers, 

246 
measurement, 162 
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Electron-transfer rate theory 
nonadiabatic limits, 137 
solvent relaxation, 137-138 

Electron-transfer reaction 
conformational parameter, 136 
cytochromes c and b5, 175 
cytochromes c and c^, 174 
gated, 78# 
in solution 

dielectric cavity models, 203 
ellipsoidal cavity model, 204-206 
hard-spheres model, 202 
high-pressure studies, 197-210 
SMH model, 198, 208 
theoretical models, 197-200 

kinetics, 241 
logarithm of the rate constant, 70/ 
models for examining distance effects, 217 
nuclear-configuration space, 78 
pathways, 242 
temperature, concentration, and pH 

dependence, 93 
time dependence, 32 
two-step mechanism, 80 

Electron-transfer reaction rate, bridge-
length dependence, 53-59 

Electron-transfer salt 
decamethylferrocene with 

tetracyanoethylene, 422-430 
magnetic properties, 428-429 
one-dimensional chain structure, 427-428 
T C N E , 427 

Electron-transfer stereoselectivity, 
determination, 239-240 

Electron-transfer theory 
bridged system, 28-30 
two-level model, 28-29 

Electron-transfer time, localized 4f 
electrons, 298 

Electron affinity, oxidative intercalation of 
graphite, 393-396 

Electron energies 
construction, 289/ 
MnO, 304/ 
three mixed-valent systems, 309/ 
TiO, VO, and MnO, 305/ 

Electron occupation 
polymeric systems, 231 
raising and lowering of orbital 

energies, 232 
Electron populations, lower-energy ligand, 

264-265 
Electron self-exchange 

in cytochromes, 161-179 
rate constants, 162, 164f, 175 

Electron superconductors, 285 
Electron superexchange mechanism, 71-74 
Electron transfer 

acceptor state as a continuum of levels, 38 
barrier-free regime, 182 

Electron transfer—Continued 
between centers linked by a bridge, 

27-63 
between ligands, 253 
between proteins, experimental 

approaches, 149 
biological systems, 65-88, 161 
chain of the mitochondrial inner 

membrane, 6/ 
directional, 91-100 
distance dependence in proteins and 

synthetic systems, 116 
gated, 77-78 
kinetic scheme for donor-acceptor 

couple, 130/ 
mediation by the intervening medium or 

ligands, 71 
metalloproteins, 74-75 
nonadiabatic, conformational variation, 

129-130 
one-direction, 97-99 
photoinduced, 101-124 
rate constants, 115-117 
rate constants and activation 

parameters, 115f 
reaction of intermediate state, 134 
ruthenium-modified cytochrome c, 85/ 
schematic potential-energy surface, 

128/ 129/ 
theoretical model, 66-69 
through protein, distance 

dependence, 182 
Electronic conductivity, electron mobility, 

299-300 
Electronic coupling 

along the peptide backbone, 117-118 
biological electron-transfer reactions, 

147-159 
distance dependence, 118 
ligand-to-metal charge transfer, 73 
matrix element for exchange reaction, 73 
metal centers, 71-74 
nuclear frequency factor, 152 
outer-sphere electron-exchange reactions, 

72-73 
pentaammine pyridine complexes, 73-74 
pressure effects on interactions with 

medium, 200 
redox sites, 66 
through-bond or through-space, 75 

Electronic damping factor 
discrepancies in reported values, 147 
estimation, 150 

Electronic energies, construction on the 
basis of an ionic model, 288 

Electronic instability 
Fermi surface nesting, 271, 279-280 
low-dimensional metal, 269-286 
metal-insulator or metal-superconductor 

transition, 270-271 
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Electronic instability—Continued 
superconductivity, 282-285 

Electronic stability 
antiferromagnetic insulating state, 329 
Peierls-type distortion, 329 

Electronic state, singlet and triplet, 265 
Electronic structure 

copper oxides, 324-329 
effect on magnetic behavior, 428 
energy levels, 326-329 
solid, 269-271 
unique βίν spectrum, 414 

Electronic transitions, vibrational coordinate 
on the bridging species, 228 

Electronic transmission coefficient, 69 
Electronic transmission factor, distance 

dependence, 122 
Electrostatic factors, distribution of 

eonformers in solution, 220 
Electrostatic interactions, work term, 

168-170 
Ellipsoidal cavity model 

calculations, 204-206 
direct integration approach, 206 
pressure-dependent expressions, 205 
volume of activation, 206 

Emission yields and lifetimes, peptide-
linked compounds, 114f 

Energy-transfer processes 
acceptor-solvent coupling, 29-30 
dependence on the bath, 29 
two-level systems, 29 

Energy bands 
of a solid, 269-271 
1-2-3 structure, 335/ 

Energy densities, one-electron states, 291/ 
Energy difference, tetragonal and 

orthorhombic forms, 330/ 
Energy gap 

between ligands, 254 
bridged systems, 47/ 
donor-to-bridge, 61 
electron populations on lower-energy 

ligand, 264 
lowest-lying triplet M L C T states, 265 
reduction potentials, 262 

Energy'level 
one-electron theory, 333 
x2-!/2 orbital, 328 

Energy transfer, between centers linked by 
a bridge, 27-63 

Enhancement factor, electron transfer at the 
heme edge, 166 

Entropy change, Re-DMAB system, 119 
Equilibrium, complex ion with 

protein, 247 
Equilibrium nuclear configuration, electron-

transfer reaction, 78-79 
Excitation, bpy-localized M L C T 

state, 262 

Excited-state decay, electron-transfer-
quenching pathway, 187 

Excited-state electron transfer 
coulombic and dynamic conformational 

changes, 220 
effects of medium, 22It 
flexible chain-linked donor-acceptor 

complexes, 221 
See aho Photoinduced electron transfer 

Excited-state manifold, Re-DMAB 
complexes, 107 

Excited states, spectroscopic results, 
255-262 

Exponential decay, bridge length, 57 
Exponential time-decay, donor to acceptor 

states, 61 
Extended-chain bridged complexes, 

occupation-dependent conductive 
properties, 233 

Extended-chain polymeric system, 
conductive properties, 225 

F 
Fast electron transfer, thermal equilibrium 

between two dissimilar ligands, 262 
Faujasite structure, 438/ 
Fe-S proteins, structural features, St 
Fe(III)-0-Fe(III) bridges, intrazeolite 

oxidation, 438-440 
Fermi energy, copper oxide 

superconductors, 312 
Fermi surface 

definition, 274 
dimensional representation, 276-277 
distorted circles, 274-275 
filled wave vectors, 274/ 
metals and nonmetals, 274 

Fermi surface nesting 
description, 271-276 
electronic instability, 279-280 
metal-insulator transition, 285 
superconducting state, 285 
vectors, 275 

Fermion energies 
half-filled band, 294/ 
like-atom interatomic resonance integral 

b, 306/ 
Ferredoxin, 7/ 
Ferromagnet, EuO, 297 
Ferromagnetic coupling, 419-432 

alternating donor-acceptor one-
dimensional chain model, 420 

McConnell mechanism, 431 
model system, 422-429 
stabilization 

by configuration mixing, 420 
mechanism, 428 
model, 426-427 
schematic illustration, 421 
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Ferromagnetic coupling—Continued 
two-electron configurations, 427 

Ferromagnetically coupled chains, stable 
radicals, 426 

Ferromagnetism, in organic-based molecular 
systems, 431 

Flash photolysis, gated reactions, 127 
Flash photolysis experiment, peptide-linked 

compounds, 113-115 
Flash photolytic excitation, intramolecular 

electron transfer, 126-127 
Fluorescence, 2,6-AN S D M A-apomyoglobin 

complex, 156/ 
Fluorescence decay curves 

2,6-ANSDMA-apomyoglobin 
complex, 154/ 

experimental method, 157 
Fluorescence emission spectra, 2,6-

AN S D M A-apomyoglobin 
complex, 155/ 

Fluorescent probes 
decay lifetimes, 153 
protein dynamics, 153 

Fluorides, electron affinity for intercalation 
393-396 

Fluorinated graphite, formation mechanism, 
400-401 

Fluorine-carbon bonding, electrical 
conductivity, 392 

Fluorine-ligand exchange, mechanism, 
400 

Fluoroanions, spontaneous intercalation of 
graphite, 391-402 

Formal-valence ambiguity, La 2 Cu0 4 , 315/ 
Franck-Condon principle, electron-transfer 

event, 127 
Free energy 

electron transfer, 67 
equal barriers, 81/ 82/ 83/ 
function of nuclear configurations, 68 
inverted, 69 
normal, 68-69 
rate processes, 137 
role in interligand electron transfer, 

253-266 
ruthenium-modified cytochrome c, 86/ 
sections through the parabolic 

basins, 68/ 
Freedom, in larger molecules, 125 
Frictions, motions in proteins, 139-143 

G 

Gas-phase reactivity, vapor deposition, 352 
Gated electron transfer 

gating within intermediate, 135-136 
limiting case of the general solution, 

133-134 
mechanisms, 77-78 
preequilibrium, 134 

Gated reactions 
degree of conformational control, 131 
energetics and dynamics, 125-146 
general solution to kinetic equations, 129 

Geometric modifications of the polymer, 
charge-transfer-induced, 434 

Golden rule regime 
effective energy gap, 49 
effective two-state coupling, 49 
rate constant, 45 
symmetry, 49 

Graphite, oxidative intercalation by 
fluoroanionic species, 391 

Graphite-AsF5 intercalation compound, in-
plane specific conductivity, 392 

Graphite band structures,.conductivity, 392 
Graphite-sheet structure, nearest-neighbor 

distance, 398 
Groove openings, cyanide Fe(III), 17 
Guest species 

disordered, 400 
effective volume, 396 
interaction of graphite with AsF 5, 392 

H 
Hand-in-glove fitting, 14 
Hard spheres model, solvent 

rearrangement, 202 
Helical proteins, adjustable, 12 
Helix movements 

coupled, 19 
cross-linking, 19 

Heme-edge-to-heme-edge complex 
electron transfer, 172 
electrostatic repulsion, 175 
interaction free energy, 171/ 
model, 172 

Heme-heme distances, crystal structures 
and solution, 166 

Heme exposure, reoganizational 
energy, 166 

Heme proteins 
bimolecular electron transfer, 163 
coupled helix movements, 19/ 
exposed heme edge, 163 
factors that control electron transfer, 

161-179 
fraction of protein surface, 163-166 
structural changes, 18 

Hemoglobin, conformational change, 18 
Heteroaromatic polymers 

conduction mechanism, 436 
ground-state geometry, 434-435 
stabilization in large-pore zeolite 

channels, 433-449 
Heteropoly blues, See Molybdophosphate 

heteropoly anions 
High-pressure data 

interpretation, 208 
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462 E L E C T R O N TRANSFER IN BIOLOGY AND T H E SOLID STATE 

High-pressure data—Continued 
test of electron-transfer theories, 

20B 
High-pressure studies, electron-transfer 

reactions in solution, 197-198 
High-spin configuration, 302 
High-T c copper oxides 

common features, 319 
superconductors, 316-319 
transition-metal oxide, 308-317 

Hole superconductors, 284 
Hole superexchange mechanism, 71-74 
Hop mechanism, charge movement, 8 
Horse cytochrome c(II) 

dependence of rate on pH, 246/ 
rate constants, 245f 

Hubbard gap, antiferromagnetic insulating 
state, 329 

Huckel Hamiltonian, matrix of 
eigenvalues, 58 

Hydridization fluctuations, 316 
Hydrogen bonding through the carboxylate 

face of the oxidant, 238 

I 
Inclusion polymerization, steric control, 436 
Insulator 

band energy gap at the Fermi level, 280 
See also Semiconductor 

Intercalation of graphite, by fluoroanions, 
391-402 

Inter-complex-ion charge transfer, mixed-
valent crystals, 9 

Intercluster bridging modes, 371 
Intercluster cavities 

size of interstitial atom, 374 
sizes and numbers, 372 

Interligand electron transfer 
apparent rate, 265t 
coupling to metal-centered d-d 

states, 265 
free energy dependence, 254 
rate, 254 
role of free energy, 253-266 

Interpenetrating networks, zirconium cluster 
chlorides, 375/ 

Interstitial elements, 
C 2, 377 
centered cluster halides, 369 
crystal-structure studies, 370 
effect on shape of the cluster, 374 
14- or 18-electron closed-shell, 376, 378 
zirconium and scandium phases, 370 

Intersystem crossing efficiency, relative 
changes, 216 

Intervalence-transfer absorption, 212 
Intervalence-transfer band, symmetrical 

mixed-valence molecule, 198 

Intraatomic energy considerations, 
transition-metal oxides, 302 

Intraatomic interactions, 4f electrons, 296 
Intramolecular electron transfer 

cyclic kinetic scheme, 126-127, 126/ 
distance dependence, 218 
driving force, 93 
environmental effects, 220-221 
medium effects, 207 
methanol solution, 113 
notation, 82-84 
outer-sphere reorganization energy, 93 
photoinduced, 211-223 
rate constant, 94, 162v 216i 
rates and distances, 92ί 
ruthenium site and heme site, 93 
temperature dependence, 92, 218 
theoretical model, 66-69 
thermodynamics and kinetics, 105-107 
three-step mechanism, 82-84 

Intramolecular redox reactions, 198-199 
Intrazeolite polymerization, reaction 

medium, 444 
Intrazeolite polypyrrole 

electronic absorption spectra, 445/ 
electronic structure and transport 

properties, 444-447 
ESR data, 446/ 
IR spectra, 443/ 
reaction scheme, 441 
sample characteristics, 441-444 
See also Polypyrrole 

Inverted region, conformational isomers, 82 
Iodide clusters 

infinite chains of bridged clusters, 381 
rare-earth metals, 378 
structure, 379/ 380/ 

Ion recombination, 221 
Iron-centered clusters, dimensions, 388 
Iron proteins 

electron transfer, 18 
structure, 16/-17/ 

Isomerization reactions, control by gating, 
143-144 

Isotropic shifts, n O NMR lines of αϊ, 411 

Κ 
Keggin structure, 12-molybdophosphate 

anion, 404 
bond and polyhedral representations, 405/ 
tetrahedral symmetry, 409 

Kinetic behavior, Re-DMAB complexes, 
106-107 

L 
Lattice deformation 

coupling of Cooper pairs, 317 
electron-phonon interactions, 279 
moving electron, 284 
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Lattice energy 
correlation with volume, 397/ 
effect of volume, 397-398 
levels, 271-276 

Lattice enthalpy, effect of volume, 396-398 
Lattice instabilities, semiconductor-metal 

transitions, 290 
Lattice vibration, perturbation causing 

C D W state, 279 
Layer perovskite halide salts, 437 
Ligand fluorination, volatility, 352 
Ligand parentage, 257 
Ligands, in electron-transfer proteins, 3 
Linear-chain structure 

alternating donor-acceptor, 423/ 
charge-transfer salts, 428 

Liquid crystal polymerization, 437 
Local coordination geometries, energy 

levels, 326-329 
Local deformation, 308 
Localized electron configuration, transition-

metal oxides, 303-308 
Localized magnetic moment, transition-

metal cation, 302 
Long-distance electron transfer 

between proteins, 147-159 
rate constant, 147-148 
through-bond electronic coupling, 212 

Low-dimensional metals, electronic 
instability, 269-286 

Low-dimensional polymer structures, 
stabilization, 436-437 

Luminescence decay 
in C H 3 C N solution, 120-121 
related to conformation, 121 

Luminescence-decay-rate constants, 
temperature dependence, 218/ 

Luminescence lifetimes, 216i 

M 
Macromolecule, conformational 

interconversion, 125 
Macroscopic ferromagnetism, interchain spin 

alignment, 429 
Madelung stabilization, MnO, 303 
Magnetic coupling, configuration 

admixing, 429 
Magnetic ordering temperature, 

antiferromagnetic interaction, 302 
Magnetic phenomena, cooperative, 419 
Magnetic susceptibility 

T C N E electron-transfer salt, 427 
variation with temperature, 423-424 

Manifold energies, conduction and valence 
bands, 298/ 299/ 

Marcus inverted region, 103 
Matrix effect 

cluster halides, 372 
Z r - C l interactions, 388 

McConnell mechanism 
design of a molecular organic 

ferromagnet, 431 
nonresonant bridge limit, 51 

Mechanisms, means for differentiating, 251 
Medium effects, volume of activation, 207 
Metal, energy bands, 270 
Metal-bridge electronic coupling, 

derealization of unpaired 
electron, 229 

Metal coordination spheres, electron-
transfer sites, 4 

Metal-insulator transition 
nested Fermi surface, 276 
one-electron band theory, 271 
orbital mixing destroys Fermi surface, 280 
series of steps, 280-282 

Metal ions, sites in proteins, 3 
Metal-ligand electronic coupling, electron 

occupation, 233 
Metal orbitals, derealization, 343 
Metal-oxygen interactions, controlling 

geometry, 332 
Metal-superconductor transition, ID 

metal, 282 
Metal-to-ligand charge transfer 

photoinduced, 253 
pyridine, 73 
to metal-centered d-d states, 266 

Metallic antiferromagnet, GdO, 297 
Metallic state 

electronic states derived by orbital 
mixing, 276-279 

nested Fermi surface, 276 
Metalloproteins 

chiral induction, 238 
conformational isomers, 82 
electron transfer, 74-75 
electron transfer in biological systems, 3 
electron-transfer properties, 77 
electron-transfer reactions, 181 

Microscopic reversibility, reaction rate 
constant, 50 

Microscopic spin interactions, single-crystal 
susceptibility, 422-423 

Mixed-valence configuration, transition-
metal oxides, 308 

Mixed-valence dinuclear complexes, 
ellipsoidal cavity model, 204-206 

Mobile holes 
abrupt transitions, 313 
band states, 313 
concentration, 300 
copper oxide superconductors, 311-

313 
Modified protein, characterization, 93 
Molecular dynamics, proteins, 11 
Molecular electronics 

bridged systems, 27 
electron-transfer compounds, 28 
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Molecular electronics—Continued 
maximum rate constant, 41 
properties desired in device, 52 

Molecular modeling program, peptide 
structures, 113 

Molecular orbitals, metal-ligand bonds, 
72-73 

Molecular system, surrounding bath, 60 
Molecular wires 

host-stabilized one-dimensional molecular 
conductors, 433 

organic and inorganic conducting 
systems, 447 

Molybdenum blue method, phosphate 
analysis, 403-404 

12-Molybdophosphate anion, reduction 
behavior, 404 

Molybdophosphate heteropoly anions 
bond representation, 408/ 
electrochemistry, 407 
four-electron blues 

crystal structure, 411-412 
electronic structure, 414 
intervalence charge-transfer band 

profiles, 416* 
NMR data, 413* 
optical spectrum of βίν, 414 
proton exchange, 412-414 
ring-current effects, 414-416 

intramolecular electron transfer and 
electron derealization, 403-417 

one- and two-electron blues, 408-411 
electron exchange, 410-411 
hyperfine structure, 409 
intramolecular hopping, 409 
isotropic shifts, 411 
oxygen-17 NMR data, 410* 

polyhedral representation, 409/ 
preparation of compounds, 406-407 
spectroscopy, 408 
tetrabutylammonium salts, 410/ 

Μο· · ·Μο separation 
βίν crystal, 404 
ring-current shielding, 414-

416 
Monoclinic-tetragonal transition, charge-

density wave state, 293 
Mordenite 

rate of polymerization, 444 
structure, 438/ 

Multimode reaction dynamics, 137-143 

Ν 
Natural-abundance spectrum of βίν 

anion, 412/ 
Néel temperature, antiferromagnetic 

interaction, 302 
Nephelauxetic effect, transition metal 

complexes, 343 

Nesting vector 
Fermi surface extended in two wave-

vector directions, 275-276 
Fermi surfaces, 275, 279 

Nestled salt 
ions in ordered domains, 398-400 
structural model, 399/ 

Neutral-ionic transition, stabilization of 
ferromagnetic behavior, 426 

Nonadiabatic electron transfer 
across peptide spacers, 121 
distance dependence, 116 

Nonexponential behavior, rate constant, 
57 

Nonmetallic electronic states, orbital 
mixing, 276 

Nonmonotonic decay 
bridge length, 54-5J 
discontinuities in Joachim's expression, 

57 
Nonresonant bridge limit, McConnell's 

approach, 51 
Nuclear configuration, energy of reactants 

and products, 79/ 
Nuclear frequency factor 

electron-transfer rate, 151 
solvent dynamics, 152 

Nuclear modes of motion, 127 
Nuclear prefactor, for protein 

systems, 155 
Nuclear reorganization energy, 75-84 

Ο 
Occupation-dependent resonance energy, 

232-233 
Octahedral cluster, compression of isolated 

octahedra, 381 
Oligoproline peptides, conformational 

changes, 103 
On-site repulsion 

perturbation causing SDW state, 279 
two electrons in the x 2-!/ 2 band, 342 

One-color spectrum, M L C T state, 264/ 
One-dimensional chains 

bridged dimeric complexes,226 
metal ions and bridging ligands, 229-230 

One-dimensional metal 
C D W instability as function of 

temperature, 281/ 
open Fermi surface, 274 

One-electron calculations, band structure of 
copper atoms in C u 0 2 planes, 328 

One-electron terms, prediction of 
properties, 231 

One-electron transfer, horse cytochrome 
c(II) and [Co(ox)3]3-, 245 

Optical density 
depletion of solvent bands, 257 
transient M L C T absorption, 256 
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Orbital degeneracies 
stabilization of ferromagnetic 

coupling, 431 
f3 POMO, 427 

Orbital mixing 
CDW, SDW, or superconducting 

state, 285 
ideal ID band structure, 276 
near the Fermi level of normal metallic 

state, 269-286 
perturbation introduced to a metallic 

system, 279 
spin and charge-density 

changes, 277 
superconducting state or insulating 

state, 271 
superconductivity, 282 

Ordered oxygen vacancies, high-Tc copper 
oxide phases, 316 

Organometallic chemical vapor deposition, 
351-368 

advantages, 352 
B i - S r - C a - C u - O films, 357-359 
description of process, 354 
development, 353 
issues to be addressed, 366 
precursor design and deposition 

methodology, 352-354 
T l - B a - C a - C u - O films, 359-363 
Y - B a - C u - O films, 354-357 

Organometallic electron-transfer salts with 
tetracyanoethylene, 419-432 

Orthorhombic distortion 
bond-length matching, 317-318 
compressive stress on the C u - O bond 

length, 317-318 
coordination number at copper, 332 
stabilization, 332-333 
superconductivity, 317 

Orthorhombic symmetry 
displacive transition, 308/ 
LagCuO* 310 

Oscillator strength, pressure, 199-200 
Oscillatory behavior, rate constant, 57 
Outer-sphere electron-transfer reactions, 

197-198 
Outer-sphere stereoselectivity, symmetry 

and conformational flexibility, 244 
Oxalate-bridged inner-sphere 

intermediate, 244/ 
Oxidases 

electron-transfer reactions, 14-16 
See also Aromatic compounds 

Oxidation, deposition precursors, 353 
Oxidative intercalation of graphite 

electron affinity of the oxidizing half 
reaction, 395/ 

electron affinity values, 393-396 
fluorine access, 393 
fluoroanions, 391-402 

Oxidative intercalation of graphite— 
Continued 

in-plane resistivity, 392 
thermodynamic cycle, 394/ 
thermodynamic model, 393 
volume and lattice enthalpy, 396-398 

Oxides 
main-group, 288-295 
metallic conductivity, 288 
rare-earth, 296-300 
single-valent versus mixed-valent, 

287-322 
transition-metal, 300-308 

Oxidized clusters, accessibility, 383-384 
Oxygen displacements 

ideal-perovskite positions, 292/ 
orthorhombic symmetry, 310/ 

Oxygen stoichiometry 
1-2-3 compound, 334 
changes in geometry, 340/ 
changes in properties, 336 
geometrical and electronic structure, 

336-339 
rigid-band model, 336 
variation of band structure, 337/ 

Oxygen vacancies, structural order, 338 

Ρ 
Pair functions, interactions, 284 
Pauli paramagnetic susceptibility 

transition from an antiferromagnetic 
semiconductor, 303 

VO, 303 
Peierls distortions, in organic 

polymers, 434 
Peierls-type distortion, 329 
Pendulation frequency, two-level and 

bridged systems, 42 
Peptide, ability to mediate electronic 

coupling, 117-118 
Peptide-linked electron-donor-acceptor 

systems, structures ; 104 
Peptide spacer 

activation entropy, 119 
conformational isomerization, 107-114 
distance dependence of kET, 103 
electron transfer, 101-124 

Perovskite 
arrangement, 324 
layer perovskites, 437 
structural considerations, 316-319, 324/ 

Perturbation, causing the C D W 
state, 279 

Perturbation expansion 
direct-coupling and through-bridge 

terms, 49 
fourth-order terms, 48 
nonresonance condition, 45 

Perturbation theory 
evaluation of rate constant, 49 
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466 E L E C T R O N TRANSFER IN BIOLOGY AND T H E SOLID STATE 

Perturbation theory—Continued 
second-order, 302 
two-level systems, 33-41 

Phase diagram 
B a ^ K ^ i O a , 296/ 
La^Sr^CuO^ 312/ 

Phase stability, zirconium cluster 
chlorides, 374 

Phonon 
low-frequency, 284 
perturbation causing C D W state, 279 

Phosphate ion 
binding on protein surface, 246 
rate dependence, 247/ 

Photoexcitation, in interligand electron 
transfer, 253 

Photoexcited Ru(II) diimine complexes, 
211-223 

Photoinduced electron transfer 
across peptide spacers, 101-124 
bimolecular systems, 102 
chain-length dependence, 212-213, 

215-220 
chromophore-quencher 

compounds, 102 
dependence on number of 

bonds, 212 
driving force, 106f 
electrochemical potentials, 106f 
emission energies, 106f 
energy-level diagram, 106/ 
kinetics, 101-124, 132-134 
kinetics across rigid oligoproline spacers, 

103-105 
porphyrin-quinone complexes, 211-223 
processes, 131 
rate constants, 213 
See also Excited-state electron transfer 

Photolysis, rate of back electron transfer, 
218-219 

Photosynthesis 
bridged system, 28 
systems that mimic, 103 

Physical vapor deposition techniques, high-
Tc superconductors, 351 

Planar copper atoms, x2-yz bands, 339 
Plane-to-chain charge transfer, variation in 

structure, 335 
Point-charge model, 288 
Polar-state stabilization, 292-293 
Polarizable bridging ligands, spectroscopic 

and conductive properties, 225-
235 

Polarization fluctuations, 316 
Polaron 

doped polymer chains, 435 
lattice deformation, 318-319 
mobility, 318-319 

Polymer chains 
conductivity, 446-447 

Polymer chains—Continued 
encapsulation in ordered hosts, 433 
zeolite matrix, 436 

Polymerization in clathrates, high-energy 
radiation, 436 

Polypeptide donor-acceptor complexes, 
directional electron transfer, 91-93 

Polypyridyl complexes of Ru(II), 
photochemistry, 253 

Polypyrrole 
band structure as a function of doping 

level, 435/ 
composites with porous materials, 437 
conductivity measurements, 446-447 
electrochemical oxidative polymerization 

of pyrrole, 434 
formation of protons, 442 
intrazeolite oxidation, 438-440 
oxidation level in faujasite and 

mordenite, 445 
paramagnetic defects, 446 
sample characteristics, 441-444 

concentration in zeolites, 442 
location of the polymer chains, 442-444 
Raman spectra, 442 
ring vibrations, 442 

See also Intrazeolite polypyrrole 
Porphyrin-quinone complexes, 211-223 
Potential surface 

anisotropy, 141 
CO rebinding to myoglobin, 139 
dynamics on, 137 
ligand protein rebinding reaction, 

140/ 141/ 
nonuniform frictional forces, 139 

Potential well, large bipolaron, 318 
Precursor complex, model, 238 
Precursor concentration, time 

dependence, 143 
Probe laser, low energy density, 255 
Products formed, proportion, 241/ 
Proline ring carbons, l 3 C NMR spectra, 

109/-112/ 
Protein(s) 

compared with ordered crystal solids, 
9-10 

fluctuation, 10 
molecular dynamics, 11 
relaxation times, 11, 153-155 
structure and function, 11 

Protein conformational changes 
distance dependence, 66 
rate constant, 94 
reaction rates, 128 

Protein dimerization, 167 
Protein donor-acceptor complexes, 

directional electron transfer, 93-95 
Protein dynamics 

biological electron-transfer reactions, 
147-159 
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Protein dynamics—Continued 
fluorescent probes, 153-156 
influence on electron-transfer rates, 

155-156 
picosecond-nanosecond time 

scales, 147 
Protein fold, geometry around the metal 

ion, 3-4 
Protein matrix, advantages, 8 
Protein mobility 

anisotropic diffusion, 144 
classical transition state, 139 
effective frictions, 139 
internal motion, 138-139 
investigations, 166-167 

Protein-protein electron transfer, 
dependence, 172 

Protein structure, associated with change of 
oxidation state, 5 

Protein surface, anion-binding sites, 250 
Proton-transfer reactions, control by gating, 

143-144 
Protonation-redox switch, conformational 

change, 19 
Protonolysis, precursor metal-ligand 

bonds, 354 
Puckering distortion 

coordination number at copper, 332 
driving force, 330-332 
electron repulsion, 343-344 
energy-level diagrams, 331/ 
energy stabilization, 331 
magnitude of electron transfer, 344 

Pulse radiolysis, 127 
Pyrolysis of metal carboxylate coatings, 

preferential orientation, 356 
Pyrrole 

diffusion into large-pore zeolites that 
contain ferric ions, 441 

oxidative polymerization, 434/ 447 
uptake by zeolites, 444 

Q 
Quenching 

histidine derivatives, 190 
kinetics, 115 
luminescence intensity and lifetime, 187 
peptide-linked compounds, 113 
predominant mechanism, 115 

Quinoid structure, doped aromatic 
polymer, 435 

R 
Rabi maximum regime, nonresonant 

bridge, 50 
Radial extension, 4f electrons, 297 
Radiationless decay, mixing of singlet 

state with all electronic states 
available, 266 

Rare-earth ions, valence, 297 
Rare-earth metal clusters, 376-381 

iodide systems, 378 
stability with 4d and 5d metal atoms, 

378-381 
Rare-earth oxides, 296-300 

characteristics, 297-300 
electronic structure, 296-297 

Rate constant 
acceptor-to-bath coupling, 39 
complete resonance, 53 
expression for a bridged system, 45 
H e f f method and "Exact" method, 42 
interpolating function, 39 
microscopic, 53 
microscopic reversibility, 50 
nonexponential region, 57 
nonmonotonic behavior, 54 
observed and theory, 189-190 
Rabi maximum, 39-41 
rate law for two-level systems, 49 

Reaction driving force, electron-transfer 
proteins, 5 

Reaction rate 
control, 125-146 
presence of resonances, 61 

Redox potential 
cytochrome c and cytochrome C551, 174 
electron-transfer proteins, 5 

Reorganization barrier, electron transfer 
within a derivative, 190 

Reorganization energy 
consecutive conformation changes and 

electron transfer, 77-80 
cytochromes c and b5, 175 
dependence on steric factor, 173 
distance dependence, 75-77, 218 
electron-transfer rates, 75-84, 168f 
inverted region, 80-82 
molecular shape, 76 
self-exchange, 172-173 
single-sphere model, 77 
temperature dependence, 76 
three-step mechanisms, 82-84 

Reorganization parameter, free-energy 
surfaces, 67-68 

Resistivity, as a function of temperature, 
269 

Resistivity data, rapid thermal annealing, 
356-357 

Resonance 
H e f f expression, 45 
McConnell's approach, 51 
nonresonant bridge levels, 51 
two-level and bridged systems, 44 

Resonance Raman enhancement 
Franck-Condon factor, 261 
magnitude, 262 

Resonant bridge coupling, model, 52-53 
Ridge-line crossing, friction, 139-140 
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Ring-current effects 
electron derealization, 414 
enhanced diamagnetic susceptibilities, 414 

Rock-salt structure 
MgO, 288 
with B 0 2 planes, 317 

Room-temperature lattice parameters 
vs. quench temperatures, 
La 2 CuO 4 0 5, 316/ 

Ruthenium-modified cytochrome c 
characterization studies, 95 
directional electron transfer, 91-100 
intramolecular electron transfer and 

reduction potential, 95# 
oxidation and reduction from the same 

inorganic modifier, 97 
rate of reduction, 96 
reducing agent, 96 
relative position of heme and ruthenium 

sites, 94/ 
reorganization energy, 96-97 

Ruthenium(II) polypyridine cytochrome c 
derivatives, electron-transfer kinetics, 
181-193 

Ruthenium reagents, ligands, 96/ 
Rutile, geometry, 331 

S 
Saddle-point crossing, friction, 139-140 
Salt formation, admixture with fluorine, 394 
Scavenger proteins 

represented by cytochrome c, 6/ 
surfaces, 13-14 

Screening of anion from anion, carbon 
sheets, 398 

Second-order rate constant, 242/ 
Self-exchange rate, ligand atoms, 190 
Self-exchange rate constant, cytochromes, 

162, 173 
Semiconductor 

crystals, examples, 8i 
energy bands, 270 
insulator, 270 
temperature, 269 

Separated-dielectric-spheres model, 
permittivity, 203 

Single chain, zeolite matrix, 436 
Singlet electronic state 

electronic coupling between different 
ligands, 265 

energy gaps, 265 
Site orbitals, density, 

277 
Small polaron, mobile electron and its local 

deformation, 298 
Solution conformations, peptide-linked 

compounds, 114/ 
Solvent dynamics, 151-152 
Solvent permittivity, 206 

Solvent relaxation effects, dynamic 
extensions, 137-138 

Solvent reorganization energy, free energy 
changes, 205 

Space correlations, real vs. reciprocal, 
280-282 

Spacer structures 
chromophore-quencher compounds, 

102-103 
rate of electron transfer, 102-103 

Spectral congestion, 259 
Spectroscopic results, polypyridyl complexes 

ofRu(II), 255-262 
Spin-density wave state, periodic unequal 

densities, 278-279 
Spin alignment, bulk ferromagnetism, 420 
Spin direction, conduction electrons, 300 
Spin polarization, total energy of a 

system, 279 
Spinless conductivity, bipolarons, 435 
Splitting 

crystalline-field, 301 
interatomic correlation, 301 

Spontaneous magnetization, polycrystalline 
samples, 422 

Stability, metallic state, 269 
Stabilization energy 

charge-density wave state, 293 
orthorhombic structure, 332 

Stereoselective oxidant, probe of 
mechanisms of electron transfer with 
metalloproteins, 238 

Stereoselectivity 
analysis, 237 
chiral induction in reactions with 

metalloproteins, 244 
comparisons, 238 
detection, 243, 247 
optical activity, 248 
oxidation of horse cytochrome c(II), 249f 
source, 249 

Steric considerations, 163-167 
Steric factor 

evaluation, 166 
reorganizational energy, 173 

Stretch alignment, directional anisotropy in 
preformed polymers, 437 

Structural transformation, transition 
temperature, 330 

Superconducting materials, mixed-valence 
compounds with polarizable oxide-
bridging ligand, 230-231 

S uperconductivity 
bond angles, 317 
ceramic materials, 287-322 
compositional range, 293, 310-

311 
Cooper pairs, 283 
copper oxide electron-

superconductors, 285 
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Superconductivity—Continued 
copper oxide hole-

superconductors, 284 
critical temperature, 231, 351-368 
electronic instability, 282-285 
extended Hubbard models, 232 
Fermi surface nesting character, 282-285 
geometrical control, 323-347 
high-Tc, 287 
high-Tc copper oxide superconductors, 

308-317 
interaction of occupied and unoccupied 

pair function, 284 
mechanism and structure, 323 
mixed-valence compounds of copper, 226 
narrow compositional range, 288 
orbital mixing among the band levels, 

282-285 
perturbations causing orbital mixing, 285 
planar copper atoms, 339 
preparation of thin films, 351-368 
stabilization, 319 
temperature, 269 

Superexchange mixing, nuclear 
configuration, 75 

Superexchange spin-spin interaction, 302 
Superlattice spots, long-range order, 282 
Symmetric coordinate, 227 
Symmetric trisubstituted complexes, 259 
Symmetry, two-level systems, 36 
Synchronous processes 

electron transfer, 131 
intramolecular electron transfer, 143 

Τ 
Temporal dynamics, 263 
Tetrabutylammonium salts, electronic 

spectra, 415/ 
Tetracyanoethylene, 419-432 
Tetragonal symmetry, C u 0 6 octahedra, 311 
Tetragonal Τ structure 

La 1 8 5 Sr 0 1 5 CuO 4 , 310/ 
Nd 2 Cu0 4 , 318/ 

Thermal activation, higher energy singlet 
states, 266 

Thermal equilibrium, temperature 
dependence of Raman spectrum, 262 

Thermal processes, electron transfer, 131 
Thermal rate constants, calculation from 

optical data, 208 
Thermodynamic control, electron-transfer 

proteins, 5 
Three-step mechanism, electron-transfer 

reaction, 82 
Through-bridge kinetics, McConnell's 

approach, 51 
Time delays, between pump and probe 

lasers, 262 
Time-response function, two-level and 

bridged systems, 44 

T l - B a - C a - C u - 0 film 
charge-transport characteristics, 363 
electrical resistivity data, 365/ 
precursor, 359-362 
preparation methods, 362-363 
scanning electron micrograph, 364/ 
stability, 359 
X-ray diffraction patterns, 362/ 

Total energy, one- and two-electron 
contributions, 231-233 

Transient absorption, Ru(bpy)2(dcbpy-cyt c) 
derivatives, 187-188 

Transient Raman spectrum with two-color 
excitation, 256/ 

Transition energies, bridge-dependent 
quantities, 229 

Transition metal(s) 
encapsulated in zirconium structures, 

373 
group-three and group-four, 369-389 

Transition-metal oxides, 300-308 
Transition temperatures 

half-filled band, 295/ 
like-atom interatomic resonance integral 

b, 307/ 
Translational motion, C O rebinding to 

myoglobin, 139 
Translational symmetry, conduction 

bands, 290 
Trap states, out of the conduction band, 300 
Triplet electronic state, energy gaps, 

265-266 
Triplet-triplet energy transfer 

electronic damping factor, 147 
equivalence of electron transfer, 150-151 
rate, 150-151 

Tunneling, spiro binuclear system, 200 
Tunneling electron transfer, protein-bound 

redox sites, 103 
Two-color spectra 

M L C T state, 263/ 
one-color signal, 257/ 
Raman spectra, 258/ 259/ 260/ 261/ 

Two-dimensional metal, closed Fermi 
surface, 274-275 

Two-dimensional superconducting systems, 
230-231 

Two-electron calculations 
distortion of the C u 0 2 planes, 342 
energy difference between high- and low-

spin, 342 
Two-level systems 

energy-transfer model, 29 
Fermi's golden rule, 38 
formulae for maximum rate constant, 

39-41 
large-λ expansion, 36-38 
mid-range in λ, 38-41 
probabilities, 33 
small-λ expansion, 33-36 
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Two-level systems—Continued 
symmetric resonant, 34/ 35/ 
symmetry relation, 36 
unit quantum yield, 33 

Two-state models, nonresonant bridge 
limit, 61 

U 
Unstable conformer 

high-λ intermediate, 79 
low-λ intermediate, 78 

V 
Vibrational bands, assignment with respect 

to ligand parentage, 257 
Vibrational coupling, dinuclear complex with 

solvent molecules, 199 
Vibrational difference coordinate, 227 
Vibrational modes, totally symmetric, 228 
Vibrational sum coordinate, 227 
Vibronic coupling, pressure, 199-200 
Vibronic coupling problem, 142 
Vibronic wells, Marcus potential energy 

diagram, 200 
Volatility, vapor deposition, 352 
Volume, effect on lattice enthalpy, 396-398 
Volume of activation 

agreement of model and experimental 
system, 207-208 

distance between reacting species, 198 
intramolecular electron-transfer 

process, 207 
medium effects, 207 
solvent rearrangement, 201 
theoretical calculations, 200-202 

W 
Water, protonolytic reactant gas, 363 
Wave vector 

Fermi surface, 274 
first Brillouin zone, 272, 273 
proportional to band filling, 273 

Work term 
association constant, 167 
electrostatic considerations, 168-170 

Y 
Y-Ba-Cu-Ο film 

preferential orientation, 355-
356 

scanning electron micrograph, 357/ 
variable-temperature four-probe resistivity 

data, 356/ 
X-ray diffraction patterns, 355/ 

Ζ 
Zeolite(s) 

channel structures, 438 
description, 437-438 
large-pore, 433-449 
microporous host structures, 437-440 
structure types, 439* 

Zeolite-pyrrole samples, 441 
Zeolite Y 

maximum exchange level, 444 
rate of polymerization, 444 

Zirconium cluster chlorides 
bond lengths, 385 
cluster dimensions, 385*, 386*, 387* 
Du symmetry, 384/ 
enclosure of main-group elements, 

373- 374 
incorporation of iron within the 

cluster, 383 
interpenetrating networks, 

374- 375, 377/ 
molecular orbitals, 372 
nonaqueous solutions, 381-388 
oxidized clusters, 383-384 
range of electronic stabilities, 381 
reducing agents, 383 
solution and precipitation, 381-383 

Zirconium halides, contrasting 
behaviors, 373 

3Zn cyt c delayed emission, decay 
data, 151/ 
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