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The mixed-valence ion [(bpy)2(py)Ru(4,4'-bpy)Ru(py)(bpy)2]5+ (bpy is 2,2'-bipyridine, 4,4'-bpy is 4,4'-bipyridine, and 
py is pyridine), which is structurally similar to a R~(bpy)~~+,Ru(bpy)~~+ contact ion pair, has been generated in solution 
by oxidation of the corresponding 4+ ion. The 4+ ion has been prepared and characterized as the PF6- salt. For the 5+ 
ion an absorption band appears in the near-infrared region which does not appear for either the 4+ or doubly oxidized 
6+ ion. The near-IR band has been assigned to an intervalence transfer (IT) transition, but compared to closely related 
systems, the properties of the band are unusual. Although Eop (the energy of the near-IR absorption at A,,,) measured 
in a series of solvents does increase with ( l /n2  - l/DJ (n2 and Ds are the optical and static dielectric constants of the solvent 
medium), the relationship between the two may not be linear, and linearity is predicted by the Hush treatment for IT transitions. 
In addition, the sensitivity of E, to changes in solvent as measured by the slope of a plot of Eop vs. (1 /n2  - 1 /Ds) is much 
less than theoretically predictedl They intercept of the same plot is far higher than expected given recent results which 
estimate the rate of outer-sphere self-exchange between R~(bpy)~*+ and R ~ ( b p y ) ~ ~ + .  The results obtained may indicate 
that thermal, intramolecular electron transfer is sufficiently rapid that solvent dielectric relaxation effects may become 
important. However, it is difficult to understand the relatively large values of E ,  observed for the IT band. 

Introduction 
The results of recent experimental work using mixed-valence 

complexes of ruthenium'-8 have been of value in pointing out 
the connection which was first suggested by Hushg between 
optical electron transfer in mixed-valence ions and thermal 
electron transfer in related systems. In an outer-sphere, 
self-exchange reaction such as 
RU(NH,)~,+ + Ru(NH,),'+ -+ Ru(NH,),'+ t Ru(NH$)(,+ ( l ) ' O  

(bpy is 2,2/-bipyridine, py is pyridine), electron transfer occurs 
by initial ion-pair formation (eq 3) followed by electron 
transfer within the ion pair (eq 4). An activation barrier to 

(bpy),ClRu(p~)+ + (bpy),C1Ru(py)2+ + 
(bpy),ClRu(py)+, ( b p ~ ) , C 1 R u ( p ~ ) ~ +  (3) 

(bpy),ClRu'I(py)', (bpy),CIRulll(py)z+ -+ 

(bpy),CIRulll(py)Z+, (bpy),CIRull(py)+ (4) 
electron transfer within the ion pair exists because both 
metal-ligand bond distances and the orientation of molecules 
in the outer coordination sphere respond to changes in the 
oxidation state at the metal. The same microscopic consid- 
erations also apply to optical (eq 5) and thermal (eq 6 )  electron 
transfer within dimeric or oligomeric8J2J3 mixed-valence 
complexes in which there are localized redox sites on the 
vibrational time scale4.6s8,9 (4,4/-bpy is 4,4'-bipyridine). 

(bpy),ClR~"(4,4'-bpy)Ru~~~CI(bpy), '+ - hv 

EOR 

(bpy),C1R~~~~(4,4'-bpy)R~'~Cl(bpy), * (5 1 
Ea (bpy),ClR~~I(4,4'-bpy)Ru"~Cl(bpy), - 

(bpy),C1R~"'(4,4'-bpy)Ru~~Cl(bpy), '+ (6) 

Application of the Franck-Condon principle to thermal 
electron transfer means that reorganization of the inner- and 
outer-coordination spheres must occur prior to electron 
transfer, and this is the basis for the classical barrier crossing 
treatments given by Hush9 for intervalence transfer and by 
Marcus15 and Hush16 for outer-sphere electron transfer. More 
recent theoretical treatments have tended to emphasize the 
importance of electron-phonon coupling between the ex- 
changing electron and the surrounding vibrational system and 
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to point out that in thermal electron transfer, nuclear tunneling 
through the barrier may play an important role.l7J8 

In mixed-valence ions, the excess electron tends to be 
"trapped" at one site by differences in inner- and outer-co- 
ordination sphere vibrational modes. The differences exist 
because the oxidation states at the two metal sites are different. 
They are the origin of the intramolecular activation barrier 
to electron transfer in the mixed-valence ion. 

Orbital overlap between the sites is promoted by mixing with 
ligand orbitals of the appropriate symmetry. With orbital 
overlap, electron delocalization occurs from Ru(I1) to Ru(II1). 
Delocalization mixes the oxidation state properties of the two 
sites and decreases the differences in the inner- and outer- 
coordination spheres. If overlap is sufficient, the barrier 
created by vibrational differences can be completely overcome 
and the two sites will be equivalent on the vibrational time scale 
which is a useful working definition for a delocalized system. 

The extent of overlap needed for delocalization will clearly 
depend on the system involved. Increased orbital overlap leads 
to an increase in the electronic resonance energy which is 
needed to overcome the vibrational trapping energy. Rea- 
sonable estimates for the vibrational trapping energy in the 
absence of significant delocalization can be made. The es- 
timates are based on outer-sphere, self-exchange measurements 
using complexes which have the chemical and physical 
properties of the redox sites in the mixed-valence ion; compare, 
for example, reactions 2 and 6.2-436J4 If delocalization is 
extensive or the trapping energy (the activation barrier to 
electron transfer) is small, a transition from localized to 
delocalized states, or perhaps to some intermediate state 
between the two limiting descriptions, may be accessible. If 
the activation barrier is small, the delocalized state may be 
accessible even with slight orbital overlap. 

Recently, a flash-photolysis technique was used to measure 
the rate of R~(bpy) ,~+ /Ru(bpy) ,~+  self-exchange.lg The 
observed rate constant at 25 OC is near the diffusion-controlled 
limit and it has been concluded that the slight activation barrier 
arises largely from changes required in the outer-coordination 
sphere. This view is consistent with crystal structures of salts 
of the closely related ions F e ( ~ h e n ) , ~ +  2o and F e ( ~ h e n ) ~ ~ +  
which show nearly identical Fe-N bond distances in the two 
ions. 

We have prepared and isolated the ion [ (b~y)~(py)Ru-  
(4,4/- bpy)Ru(py) ( b ~ y ) ~ ]  4+ and have generated the related 5+, 
mixed-valence ion in solution. The 5+ complex is essentially 
a R~(bpy),~+,Ru(bpy),~+ dimer in which there is a chemical 
link between sites rather than the loose binding of a contact 

0 1978 American Chemical Societv 



1786 Inorganic Chemistry, Vol. 17, No. 7, 1978 Michael J. Powers and Thomas J. Meyer 

assignments made in related complexes, the shoulder may well 
have its origin in a (Ru")dn - ~*(4,4'-bpy) transition which 
is strongly red-shifted in the dimer because of the remote 
Ru(py)(bpy), g r o ~ p . ' , ~ , ~ ~  Because of the remarkable excit- 
ed-state properties of R ~ ( b p y ) , ~ + ,  4a331 an attempt was made 
to observe luminescence from the dimer in an alcohol glass 
at  77 K. A weak luminescence was observed a t  X,,,(uncor) 
610 nm. The observed luminescence feature occurs at the same 
energy as A,,, for R ~ ( b p y ) , ~ + , l  and related monomeric 
complexes and is sufficiently weak that it may originate from 
an impurity in the sample. 

A cyclic voltammogram of the dimer in 0.1 M [N(n- 
CdH,),](PF,) vs. SSCE at 25 f 2 "C includes only a single, 
broad oxidative wave and its corresponding reductive com- 
ponent (AEp = 90 mV; E l j z  = 1.36 V) at potentials more 
positive than 0 V. This behavior is typical af Ru-Ru dimers 
where the bridging ligand is 4,4'-bipyridine, trans-l,2-bis- 
(4-pyridyl)ethylene, or 1,2-bis(4-pyridyl)ethane. For such 
complexes only a single broad wave is observed in the potential 
region of the Ru(III)/Ru(II) couples for related monomeric 
complexes. In fact, the cyclic voltammograms consist of two, 
closely spaced one-electron waves corresponding to the suc- 
cessive oxidations of the 4+ ion to the 5 +  ion and of the 5+ 
ion to a 6+ ion.3,4b,32 Coulometry at  anodic potentials past 
the broad oxidation wave gave n values that were consistently 
> 2  and rereduction gave n < 2.  The problem with the 
coulometric results is that solutions of the 6+ ion are unstable. 
The 6+ ion slowly oxidizes the solvents used or trace water 
or other impurities in them. With time, reduction of the 6+ 
ion to the 5+ ion and more slowly of the 5+ ion to the 4-t- ion 
can be observed spectrophotometrically in all of the solvent 
media used. The instability toward reduction of the 6+ ion 
has prevented us from isolating it as a pure, stable salt free 
of the 5+ ion. The same problem has been encountered in 
the attempted preparation of stable salts of R ~ ( b p y ) , ~ + . * ~ , ~ ~  

Formal potentials for the 6+/5+ and 5+/4+ couples (eq 
7 and 8) must be separated by at least 36 mV on the basis of 
[(bp~)~(p~)Ru(4,4'-bpy)Ru(py)(bpy),l 6+  + e- + 

[(~PY)~(PY)R~(~,~'-~PY)R~(PY)(~P~~)~ I '+ + e- --f 
[ ( ~ P Y ) ,  ( P Y ) R ~ ( ~ , ~ ' - ~ P Y  )Ru(py)(bpy), ] + (8) 

the existence of statistical factors for the two c o ~ p l e s . * ~ ~ ~ ~ ~  As 
a result there is a statistical factor of 4 favoring the con- 
proportionation equilibrium in eq 9 which means that for eq 
9, K L 4.0. 

I(~PY)~(PY)R~(~,~'-~PY)R~(PY)(~~~), 1 6 +  t 

[(~PY),(PY)R~(~,~'-~PY)R~(PY)(~PY), I 5 +  (7) 

[(~PY)~(PY)RU(~,~'-~PY)RU(PY)(~PY), 1 4 +  -L 

2 [(bpy), (pY)Ru(4,4'-bpy)Ru(p~)(bpy), ] 5 +  (9 ) 

The 5+, mixed-valence ion was generated in solution by 
controlled-potential electrolysis of the 4+ ion at 1.6 V vs. the 
SSCE. Oxidation to n = 1 gave a solution containing an 
equilibrium mixture of the 4+, 5 + ,  and 6+ ions (eq 9). The 
stability of such solutions was sufficient that spectral da ta  could 
be obtained before appreciable net reduction of the 5+ ion to 
the 4+ ion had occurred. In Figure l b  is shown an optical 
spectrum obtained after oxidizing the 4+ ion in acetonitrile 
by 1 equiv of Ce(1V). A general decrease in absorbance is 
observed in the visible spectrum with no new absorption bands 
appearing. 

Near-Infrared Spectral Properties. In the near-infrared 
spectral region, the 4+ and 6+ dimers are transparent, but 
an absorption band appears for the 5 9 ,  mixed-valence ion as 
shown in Figure 2. The mixed-valence ion was generated 
electrochemically in a series of solvents and the properties of 
the near-IR bands observed are summarized in Table I. Given 
also in Table I are values of  AD^,^^^ (the spectral bandwidth 
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Figure 1. (a) UV-visible spectrum in CH3CN of [ ( b ~ y ) ~ ( p y ) R u -  
(4,4'-bpy)Ru(p~)(bpy)~]~~ and (b) visible spectrum of the 5t, 
mixed-valence dimer produced by one-electron oxidation using Ce(1V) 
as oxidant. The 5C ion is reduced to the 4+ ion with time (see text). 

ion pair although the Ru-Ru separation in the dimer (1 1.1 
A) is slightly shorter than the close contact distance (14.2 A) 
within an ion pair.22 

Our principal interest here was in the properties of the 
mixed-valence ion. The results of the outer-sphere, self-ex- 
change experiment show that the vibrational trapping energy 
is small, and that suggests that the system might be delocalized 
or might be near the delocalized limit. 
Experimental Section 

Measurements. Ultraviolet, visible, and near-infrared spectra were 
recorded using Cary Model 14 and Model 17 and Bausch and Lomb 
UV210 spectrophotometers. Electrochemical measurements were 
made vs. the saturated sodium chloride calomel electrode (SSCE) 
a t  25 & 2 "C and are uncorrected for junction potentials. The 
measurements were made using a PAR Model 173 potentiostat for 
potential control and a PAR Model 175 universal programmer as a 
sweep generator for experiments. Elemental analyses were performed 
by Integral Microanalytical Labs, Raleigh, N.C.  

Materials. Tetra-n-butylammonium hexafluorophosphate (TBAH) 
was prepared by standard  technique^.'^^^^ Acetonitrile (MCB 
Spectrograde) was dried over Davidson 4-A molecular sieves for 
electrochemical and spectral measurements. All solvents used were 
purchased commercially and purified according to standard proce- 
d u r e ~ . ~ ~ , ~ '  

Preparation of Complexes. [(bpy)2(py)Ru(4,4'-bpy)Ru(py)- 
(bpy)d(PF6)4'2HzO. [Ru(bpy)?(NO)pyI (PFd328 (0.608 g, 0.635 
mmol) was dissolved in -30 mL of acetone. KN, (0.052 g, 0.635 
mmol) dissolved in a minimum (-5 mL) of methanol was added 
dropwise while protecting the stirred solution from light. After 15 
min, a solution of 4,4'-bipyridine (0.061 g, 0.317 mmol) in acetone 
was added and the mixture heated at reflux under argon for 24 h. 
Toward the end of the reaction period, the acetone was distilled off 
and the mixture was taken to dryness. The bright orange complex 
was redissolved in a minimum of acetone, filtered through a medium 
glass frit into - 150 mL of stirred ether, and collected by suction 
filtration; yield -95%. The complex was further purified by column 
chromatography on A1203 using MeOH/CH2C12 mixtures or 
CH3CN/C& mixtures for elution. The yield after chromatography 
was 70%. Anal. Calcd for R u ~ C ~ ~ H ~ ~ N , ~ ~ ~ P ~ F ~ ~ :  C, 41.40; H ,  2.99; 
N, 9.58. Found: C,  41.32; H,  2.76; N, 9.58. 

[(bpy),(py)R~(4,4'-bpy)Ru(py)(bpy)~]~',~~. The mixed-valence 5+ 
and Ru(II1)-Ru(II1) 6+ complexes were generated in solution by 
electrochemical means or by using (NH4)2Ce(N03)6 as an oxidant. 
The complexes are remarkably effective oxidizing agents which 
prevented their isolation as pure solids. Solutions of the ions were 
generated as needed by oxidation of the 4 f  ion in solution. 

Results 
Spectral and Redox Properties. The optical spectrum of 

[ ( b ~ y ) ~ ( p y )  Ru(4,4'-bpy)Ru(py) ( b ~ y ) ~ ] ~ '  in acetonitrile is 
shown in Figure 1. It is very similar in detail to the spectrum 
of R ~ ( b p y ) ~ ~ + * ,  except for the appearance of a shoulder on 
the high-energy side of the 450-nm band. Given the similar 
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Figure 2. Near-infrared spectrum of [(bpy)z(py)Ru(4,4’-bpy)Ru- 
( p y ) ( b ~ y ) ~ ] ~ ’  in 0.1 M [N(n-C4H9)4](PF6)/CH3CN. The mixed- 
valence ion was generated by electrolysis of the 4+ ion until n = 1. 

Table I. Near-Infrared Spectral Data for 
[(~PY),(PY)R~(~,~’-~PY)R~(PY)(~PY), 1 ’’ 

G ’ 2  

(obsd), 
l l n 2  - EO,, cm-I x 

Solvent‘ I/D, cm-’ x i o 3  i o 3  i O y b  1 0 ~ 2 ~  

Acetonitrile 0.526 7.90 t 0.lc 4.10 1.7-3.4 1.6-3.2 

Nitrobenzene 0.384 7.10 * 0.05 3.90 2.6-5.2 2.7-5.4 
Propylene 0.481 7.40 f 0.05 4.94 

Nitromethane 0.498 7.55 i 0.05 3.86 
Benzonitrile 0.388 7.30 ?: 0.05 4.20 

The ranges reported for the 
values of f and a2 were calculated assuming for the high number 
that oxidation of the 4 +  ion gives the mixed-valence 5 + ion only. 
The low values were calculated assuming that K = 4 for the con- 
proportionation equilibrium in eq 9. 
ments. 0.1 M DCl/D,O. e Mixed-valence ion generated using 
Ce(1V). 

at half-height), the oscillator s t r e r~g ths f~~  where these values 
were obtainable, and values of a2 calculated using equation 
l O S 9  In eq 10, E,,, is the maximum molar extinction coef- 

D,Od$e 0.546 7 . 5 0 i  0.05 4.05 2.3-4.6 2.3-4.6 

carbonate 

‘ 0.1 M in [N(nC,H,),](PF,). 

Average of five experi- 

ficient for the near-IR band, ijmax is the energy of the band, 
and d is the Ru-Ru separation. For mixed-valence ions where 
the valences are localized, a2 gives an estimate of the extent 
of delocalization of the extra electron in the ground ~ t a t e . ~ , ~ ~  
Exact values for a2 and f could not be calculated because 
equilibrium constants for the conproportionation equilibrium 
in eq 9 are not known. The data in Table I are given as a range 
in cy2 andf. The low values were calculated assuming K = 
4 for eq 9 and the high values assuming that one-electron 
oxidation of the 4+ ion gives the mixed-valence ion only. The 
actual values are somewhere within the ranges reported. 

Previous work on near-IR bands using mixed-valence 
Ru-bpy ions has been carried out in dilute solutions with no 
added electrolyte. Since the convenient generation of 
[ ( bpy)2(py)Ru(4,4’-bpy) Ru( py) (bpy)2] 5+ involved electro- 
chemical oxidation, it was necessary to have an added sup- 
porting electrolyte. A test of the effect, if any, of added 
electrolyte on near-IR band properties was made by generating 
the 5+ ion in a series of solutions where the concentrations 
of added supporting electrolyte, [ N ( ~ I - C ~ H ~ ) ~ ]  (PF,), were 
varied over the range 0.01-0.2 M in acetonitrile. As found 
previously for the ion [(NH3)5Ru(pyr)RuCl(bpy)2]4+,1b there 

(kK) Eo, ’OI< 8 ____--..+I. - - -  -----I -I- _ -  - - -  - -  

( ** - ks) 
Figure 3. Plot of E,, vs. ( l / n 2  - l / & )  for [(bpy)(py)Ru(4,4’- 
bpy) WPY 1 (bpy 121 ’+, b, and for ( ~ P Y  1 ClRN4,4’-bpy 1 RuCl (bpy 121 ’+, 
a. Plot c is a calculated line assuming A, = 0 (see text). 

was no systematic shift in P,,, with added electrolyte and the 
observed values were all a t  (7.9 f 0.1) X lo3 cm-’ (1 kK E 
io3 cm-’). 

In Figure 3 is shown a plot of E,, (P,,,, the energy of the 
near-IR transition) vs. ( l /n2 - l/Ds). n2 and D, are the optical 
and static dielectric constants for the pure solvents. The use 
of static dielectric constant values for the pure solvents would 
appear to be justified, at least for the cases where [N(n- 
C4H9)4] (PF,) is the added supporting electrolyte. For such 
large ions, dielectric saturation effects are expected to be 

and at the dilute concentrations used, corrections for 
the volume fraction occupied by the electrolyte are negligi- 
ble.36b For purposes of comparison, a similar plot is shown 
for the mixed-valence ion [(bpy)2C1Ru(4,4’-bpy)RuC1- 
( b p ~ ) ~ ] ~ + . l ~ , ~ ’  The comparison between the two plots is in- 
structive since the bridging ligand is the same in both ions and 
they differ only in the ligand occupying the sixth coordination 
site. From the plots for the two ions the following parameters 
were obtained: (1) for [(b y)zC1Ru(4,4’-bpy)RuCl(bpy)2]3+, 
slope = 7.9 X lo3  cm-’ ik-l, y intercept = 6.0 X103 cm-’, 
correlation coefficient r = 0.99; (2) for [ ( b ~ y ) ~ ( p y ) R u -  
(4,4’-bpy)R~(py)(bpy)~]~+, slope = 3.1 X lo3 cm-’ y 
intercept = 6.0 X103 cm-’, r = 0.79. 
Discussion 

Spectral and Redox Properties. The spectral and redox 
properties of the ion [ (b~y)~(py)Ru(4,4’- bpy)Ru(py) ( b ~ y ) ~ ]  sf 
are consistent with the presence of discrete, weakly interacting 
Ru(I1) and Ru(II1) sites. The E112values (1.29 V in 0.1 M 
[(n-C4H9)4] (PF6)/CH3CN) and the absorption spectrum in 
the visible region are very nearly those for an equimolar 
mixture of R ~ ( b p y ) ~ ~ +  and R ~ ( b p y ) , ~ +  in CH3CN. 

Near-Infrared Spectral Properties. The properties of the 
near-IR band for the 5+ dimer are somewhat unusual both 
when compared to the theoretical predictions made by Hush 
and when compared to experimental results obtained for the 
ions [(bpy)zC1Ru11(L)Ru111Cl(bpy)2]3+. The most useful 
comparison is with the ion [(bpy)2C1Ru11(4,4’-bpy)Ru111Cl- 
( b p ~ ) ~ ] ~ +  and plots of IT band energies vs. ( l /n2 - l /Ds) are 
shown for both complexes in Figure 3. 

Hush has derived eq 11 for the variation of E,, with the 

EoD=Ai 4- (me)’(ul/2 + a 2 / 2 -  l /d)( l /n2 - l / Q  (11) 

dielectric properties of the surrounding m e d i ~ m . ~  In eq 1 1, 
m is the extent of charge transfer in the IT  process, e is the 
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unit electron charge, a, and a2 are the molecular radii at the 
electron donor and acceptor sites, d is the internuclear sep- 
aration between sites, n2 and D, are the optical and static 
dielectric constants of the medium, and A, is the inner co- 
ordination sphere contribution to Eop, 

E,, is the energy difference between the ground and vertical 
mixed-valence excited state (eq 5). If delocalization is slight, 
E,, is determined by the excess vibrational energy content of 
the excited state over the ground state. Optical excitation, 
which occurs instantaneously on the vibrational time scale, 
produces Ru(I1) and Ru(II1) sites in the equilibrium coor- 
dination environments of the other oxidation state. 

In the derivation of eq 11, it is assumed that the contri- 
butions to E,, from inner coordination sphere vibrational 
modes (A,) are separable from contributions from the lower 
frequency modes of the surrounding solvent and that the 
solvent (outer sphere) contributions can be treated using a 
dielectric continuum model. Using this model and treating 
the redox sites as spheres give A0 = (me2)(a1/2 + a2/2 - 
l / d ) ( l / n *  - l/Ds) which is the second term in eq 11.9,38 

From eq 11, a plot of E,, vs. ( l / n2  - l /DJ should be linear 
with slope (me)2('/2al -I- 1/2a2 - 1/d) and intercept From 
Figure 3, for the ion [(bpy)2C1Ru"(4,4'-bpy)Ru"'Cl(bpy)2]3+ 
in six solvents the expected linearity is found (r = 0.99), the 
intercept, A, = 6.3 X103 em-', is the same within experimental 
error as values found for the ions [(bpy),CIRuIT(BPE)- 
R ~ " ' C l ( b p y ) ~ ] ~ +  and [ (bpy),ClRu"( yr)Ru"'Cl(bpy),] 3+,2J4 

x103 cm-'/A) slopes are in excellent agreement. 
For the calculated values of the slope, the internuclear 

separation d (see eq 11) was taken to be 11.1 A. On the basis 
of the known crystal structures of salts of Fe(phen)32+20 and 
F e ( ~ h e n ) ~ ~ + , ~ l  it was assumed that a, = a2. al was calculated 
to be 6.4 A from the average value of the four Ru-bpy edge 
distances (7.1 A), half the Ru-Ru separation (5.64 A), and 
the Ru-Cl distance (4.2 The Ru-bpy edge distance was 
calculated from the crystal structure of Fe(phen)?+ using the 
reported bond distances, 1.1 A for the van der Waals radius 
of hydrogen24 and correcting for the difference in Ru-NZ3 and 
Fe-N bond distances.20,21 The smaller values (5.7 A) used 
earlier were based on metal-edge distances4I which did not 
include the van der Waals radius for h y d r ~ g e n . ~ ? ~  Similar 
although less precise agreement between experiment and 
theory has also been found for two mixed-valence biferrocene 
ions.42 

The situation is far less satisfying for the ion [ ( b ~ y ) ~ -  
(py)Ru(4,4'-bpy)R~(py)(bpy)~l~+. If a straight line is drawn 
through the points in Figure 3, they intercept is 6.0 X103 em-', 
but the correlation coefficient is far lower (0.79) than obtained 
for the other systems, and it is not obvious from the data that 
a linear relationship actually exists. In Figure 3c is shown a 
theoretical line, E,, = (6.5 X103 cm-1/A)(l/n2 - l /DJ,  
calculated using the molecular distances cited above43 and 
assuming that A, = 0. In comparing Figure 3b and c, it is clear 
that the experimental slope (3.1 X103 cm-'/A) is far less than 
the calculated value of 6.5 X103 cm-'/A showing that the IT 
band energy is much less responsive to changes in solvent 
dielectric properties than predicted. The intercept of the plot 
is essentially the same as that found for [(bpy),ClRu(4,4'- 
bpy)RuCl(bpy),] 3f .  The value seems to be unreasonably high 
given the structural data for the F e ( ~ h e n ) ~ ~ +  and F e ( ~ h e n ) ~ ~ +  
salts and the rapid R ~ ( b p y ) , ~ + / ~ +  self-exchange rate which 
suggest that A, should be small." For the chloro dimer, the 
properties of the IT band have been shown to be consistent 
with the independently estimated rate of [R~(bpy)~(py)Cl]~+/+ 
se l f -ex~hange ,~ .~  and the relatively large Xi value may be 
reconcilable in terms of significant changes in the Ru-Cl bond 
distances with oxidation state,5 although this point is not clear 

and the observed (7.91 X103 em-'/ K ) and calculated (7.13 
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in the absence of x-ray structural information. 
The magnitude of the a2 values calculated here for 

[(bpy)2(py)Ru(4,4'-bpy)Ru(py)(bpy)2]5+ is also somewhat 
surprising. The value in 0.1 M [N(n-C4HJ4] (PF6)/CH3CN 
((1.6-3.2) X is in the same range as a2 for 
[(bpy)2C1Ru(4,4'-bpy)RuCl(bpy)2]3+ in acetonitrile 
((2.16-4.32) X although it might be expected to be 
considerably lower. From reduction potential measurements, 
the substitution of a pyridine group for a chloride ion in 
Ru-bpy complexes causes a steady increase in reduction 
potential-(bpy)2RuC1,fio, E l  2 = 0.3 1 V; ( b p ~ ) ~ R u ( p y ) -  
C12'/+, E l p  = 0.79 V; (bpy)2Ru(py),3+i2+, Ell2 = 1.30 V-and 
the increase in potential is followed linearly by an increase in 
vmax for the lowest s*(bpy) 4- d s  charge-transfer (CT) 
transition.44 The increase in reduction potential with the 
number of pyridine-type ligands is thought to arise largely 
because of stabilization of Ru(I1) by increased d.lr - s* 
back-bonding. Back-bonding stabilizes the d s  levels and 
decreases the radial extension of the d s  orbitals along the 
remaining coordination directions. If the orbital mechanism 
for Ru(I1)-Ru(II1) overlap is ds(Ru") +. s*(4,4'-bpy) 
mixing, which effectively carries the Ru" d7r wave function 
across the bridge to Ru(III), a decrease in a2 would be ex- 
pected for [(~PY)~(PY)R~(~,~'-~PY)R~(PY)(~PY)z~ '+ compared 
to the chloro dimer because of increased back-bonding to the 
nonbridging ligands. That such effects can be significant is 
suggested by the fact that [(bpy)2C1Ru(pyr)RuC1(bpy)2]3+ 
is a localized valence case while in [(NHJ,Ru(pyr)Ru- 
(NH3)5]5+, where there are no ligands competing for d7r(RuI1) 
electron density, enhanced Ru(I1)-Ru(II1) overlap apparently 
leads to equivalent Ru sites although the evidence is somewhat 
e q u i ~ o c a l . ~ ~ ~ , ~  

A possible origin for the apparently anomalous behavior of 
the IT band for the pyridine dimer could be that the additional 
electron in the ion [ (bpy),(py) Ru( 4,4'-bpy) Ru( py) ( b p ~ ) ~ ]  '+ 
is delocalized between sites, at  least on the infrared time scale. 
In a delocalized ion the assignment of the near-IR absorption 
band would be to an optical transition between delocalized 
electronic levels, and the energy restrictions imposed by the 
Hush treatment for IT transitions would no longer apply nor 
would the usual interpretation of a2 as being a measure of the 
extent of ground-state delocalization. 

A completely delocalized description for the ion seems 
unlikely. For the Creutz and Taube ion [(NH,),Ru(pyr)- 
RU(NH,)~]  5+, the near-IR band is far narrower than predicted 
for an IT transition. Its energy varies only slightly with 
changes in the dielectric properties of the medium,46 and its 
bandwidth and temperature dependence are consistent with 
an origin involving a transition between delocalized electronic 
levels.45 In contrast, the near-IR band for [ ( b ~ y ) ~ ( p y ) R u -  
(4,4'-bpy)R~(py)(bpy)~]~+ is broad and does respond sig- 
nificantly to changes in solvent although to a lesser degree than 
expected. 

For the pyridine mixed-valence ion, the surrounding solvent 
structure could be partially relaxed. Frequency-dependent 
studies show that in the microwave region molecular rotations 
of solvent molecules begin to lag behind the oscillations of an 
applied electric field which gives rise to dielectric loss ef- 
f e c t ~ . ~ ~ , ~ ~ - ~ ~  From dielectric loss measurements, relaxation 
times of -10" s have been determined for water and a number 
of polar organic solvents at  room iemperature. The rate 
constant k for intramolecular electron transfer in the ion 
[(bpy)2C1R~'1(pyr)R~111Cl(bpy)2]3* has been estimated to be 
- <3 X 10l0 s-l at  room t e m p e r a t ~ r e . ~  If the frequency of 
electron oscillation in the ion [(bpy)2(py)Ru(4,4'-bpy)Ru- 
(py)(bpy)2]s' were in this range but slightly faster, dielectric 
loss effects would begin to influence its properties noticeably. 
A lag would occur between solvent rotation and the oscillating 



electric field created by the exchanging electron. The simple 
assumption of a dielectric continuum would no longer apply. 
The contribution of the solvent to valence trapping would be 
dependent on the electron oscillation rate which would lead 
to an electron-phonon coupling between the exchanging 
electron and reorientations in the outer-coordination sphere. 

Even if the rate of electron oscillation is sufficiently rapid 
to cause nearly complete dielectric relaxation in the solvent 
surrounding the ion, valence trapping may still exist on the 
vibrational time scale (10-12-10-13 s). The trapping could occur 
because of differences in the inner-coordination spheres arising 
from the change in oxidation state at the two sites. The extent 
of trapping will depend on the force constants and distance 
changes involved since they determine the difference in vi- 
brational energy between the activated complex for electron 
transfer and the equilibrium vibrational states. 

The magnitude of the E values for the ion [ ( b ~ y ) ~ ( p y ) -  
Ru(4,4’-bpy)R~(py)(bpy)~Y+ are a troubling feature. The 
data suggest that there may be a rather large contribution to 
E,, from A,. This would be a surprising result, once again, 
because of the nearly identical Fe-N bond distances found in 
salts of F e ( ~ h e n ) , ~ + ~ O  and Fe (~hen) , ’+~ l  and the rapid 
self-exchange rate for the R ~ ( b p y ) , ~ + / ~ +  c0up1e.l~ 

If dielectric loss effects are important in the outer-coor- 
dination sphere around the mixed-valence ion because of rapid 
intramolecular electron transfer, no simple relationship can 
be expected between E,, and ( l / n 2  - l / D 8 ) .  The extent of 
dielectric loss could vary considerably from solvent to solvent 
because of differences in solvent relaxation times. Differences 
in the deviations between the appropriate dielectric constant 
in the oscillating field of the exchanging electron and the static 
dielectric constant, D,, could cause at least part of the scatter 
in the values shown in Figure 3. There would no longer be 
a basis for comparing the experimental data with a calculated 
slope based on the static dielectric constant of the solvent. 

We are left with a dilemma because of the magnitude of 
E,, for the I T  band. With complete or partial dielectric 
relaxation, the trapping energy exerted by the solvent arising 
from differences in solvation at  the different oxidation state 
sites must decrease. This would decrease the energy difference 
between ground and mixed-valence excited states and thus Eo,. 
The expected decrease could be compensated for in part by 
increased electron delocalization induced by electron-phonon 
coupling which would cause a greater splitting between 
surfaces. The system could still be localized on the infrared 
time scale because of incomplete dielectric relaxation and 
because of trapping by vibrational modes which occur at 
frequencies higher than the electron oscillation frequency. 

Since molecular differences between oxidation state sites 
are probably slight, thermal electron transfer by nuclear 
tunneling through the barrier may be important and there may 
be no direct relationship between optical and thermal electron 
transfer. Such a model might explain the large bandwidths 
observed but not the values for E,,. A last factor which could 
affect E,, is an increased splitting between the mixed-valence 
excited-state and ground-state surfaces because of extensive 
orbital overlap between Ru(I1) and Ru(II1). Assuming that 
the near-IR band is an I T  transition, the rather small value 
of a2 argues against extensive delocalization in the ground 
state. In fact, it is hard to justify the existence of a significant 
electronic orbital overlap in the dimer given the localized 
nature of the valences in mixed-valence ions like 
[(~PY)~C~RU(~,~’-~PY)RUC~(~PY)~I ’+- 
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Polynuclear ppyrazine complexes based on trans-tetraammineruthenium as  the linking metal unit have been prepared 
in two series. In one, ammonia occupies the terminal trans position and in this series the number of ruthenium atoms, 
n, ranges from 3 to 6 .  In the other series, with n = 2, 3, and 4, the terminal trans ligand is pyrazine. For the ammonia 
capped series, cyclic voltammetry indicates that the terminal ruthenium atoms are  oxidized first. In this series, only when 
n = 3 does the near-IR absorption give evidence of end-to-end electron transfer in the one-electron oxidation product of 
the fully reduced species. For this system, the fact that the conproportionation constant of 70 much exceeds the statistical 
value also points to the conclusion that there is end-to-end communication. The mixed-valence species derived from both 
series show absorption in the near-infrared, usually complicated by the possibility of more than one metal-to-metal 
charge-transfer process. As the chain length increases, the absorption for the fully reduced state corresponding to the T* - nd transition moves progressively to lower energy, reaching 726 nm for the species with n = 6. On oxidation, this absorption 
moves to higher energies and at  the same time it decreases in intensity, finally disappearing in the fully oxidized state. 

Introduction 
In the study of mixed-valence molecules, it is of interest to 

bridge the gap between our understanding of electron transfer 
in simple chemical reactions and electron transfer as it is 
encountered in extended arrays of atoms such as semicon- 
ductors and conductors. There is hope of achieving this by 
the study of polynuclear mixed-valence molecules. Results 
for several such systems have already been described: with 
pyrazine (pz) as bridging group and Ru(bpy), as the metal 

the  mixed-valence species derived from 
[ [(NH3)sRu(L)]2Ru(bpy)2]6+ by ~xida t ion ,~  and polyferrocene 
s p e c i e ~ . ~  The systems we describe are most closely related to 
those reported on in the first three references and the Creutz 
ion itselfS5 In our systems, pyrazine is the bridging group and 
each ruthenium bears at most two r-acid ligands. Other work6 
has shown that the properties of the Creutz ion are dra- 
matically altered when most of the saturated ligands are 
replaced by unsaturated ones. 

Our investigations have included species with as many as 
six ruthenium atoms linked by pyrazine. Covering as they have 
a large number of species, they are incomplete in important 
respects, but we believe that the descriptions of the prepa- 
rations and of general properties warrant publication a t  this 
stage. 
Experimental Section 

Preparations. I t  is to be noted at  the outset that efforts to link 
large units proved futile, and the strategy we followed in the first series 
involved the stepwise reactions of the neutral species trans- [SO3- 
(NH3)4Ru(OH2)]  to form trans pyrazine capped species [Hpz- 
( R u ( N H ~ ) ~ ~ z ) , H ] ~ ” + ~  where n ranges from 1 to 4. Sulfite labilizes 
the trans position, so that substitution takes place readily (it must 
be remembered, however, that this labilization is accompanied by a 
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much reduced affinity).’ O n  acidifying a solution containing a 
ruthenium sulfito complex and oxidizing with H202,  S 0 3 2 -  is converted 
to SO?-. When the resulting species is reduced, SO?- is replaced 
by water, and this ligand in turn is replaced by pyrazine. The source 
of the sulfito complex is [S02Ru(NH3)4C1]C1.8 The  species 
[(NH3)sRu(pz)(Ru(NH3)4pz),RU(NH,),12”+4 with m = 1-4 were 
then prepared by the reaction of ( N H 3 ) s R ~ O H ? t  with the appropriate 
pyrazine capped complex. The methods of preparation ensure that 
all the  species we have studied are  trans. Argon was used for 
deaeration in all the procedures which are  described. 

[ t r ~ n s - R u ( N H ~ ) ~ ( p z H ) ~ ] C l ~ .  Three hundred milligrams of 
t runs- [R~(NH~)~(S0~)Cl]Cl  and an equal weight of pyrazine (pz) 
were dissolved in 4 m L  of deaerated water, and the p H  was adjusted 
to 7-8 using N a H C 0 3 .  The solution was left for 5-10 min in the 
dark, acidified to about 1 M with HC1 (no significant color change), 
and when C 0 2  evolution had almost ceased, 30% H 2 0 2  was added 
with stirring, until the color changed to a greenish brown. The mixture 
was added to a stirred solution of a 20-fold larger volume of con- 
centrated HCl/acetone (1:19 by volume). Stirring was continued for 
several minutes and the solution was then cooled in the refrigerator 
for 1-2 h. The precipitate was collected, washed with acetone followed 
by ether, and dried in vacuo (yield >60%). The dried product has 
[Ru(NH3)(S04)pz]C1 as  the major component. A total of 100 mg 
of the latter was dissolved in 2 m L  of 0.01 M HC1 and the solution 
was deaerated and reduced with zinc amalgam. Pyrazine (350 mg) 
was added, and after 2 h in the dark, the solution was poured into 
2 m L  of concentrated HC1 + 40 m L  of acetone while stirring. O n  
storing in the refrigerator for 2 h, the precipitate was collected, washed 
with ether and acetone, and dried under vacuum (yield about 50%, 
without purification by gel filtration). 

[HpzRu2pzH]C16. The first part of the preparation follows that 
just described except that 100 mg of [ R u ( N H ~ ) ~ S O ~ C I ] C ~  and 12 
mg of pyrazine were dissolved in 3 m L  of deaerated water (after 
addition of N a H C 0 3  the solution was dark red). The solid product 
of the oxidation by H 2 0 2  (in this case the solution is yellowish green 
brown after a sufficient quantity of H 2 0 2  is added) is [SO4Ru2SO4]CI2 
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