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one-electron energy change of the screened valence electrons
(AH )., the very large positive value of AL, (for positive AE)
is largely compensated by the negative value of AT, and AC,.
This results in a value of (AH,g), that is of the same order of
magnitude as AC,. Depending on the case, one of these two energy
terms will make the most important contribution to AE.”"!7
Sometimes, but not always,’” it will be AC,,.

Whether these conclusions can be maintained beyond the
Hartree—Fock level, and whether they are valid for the exact
(experimental) situation, is a question that can find only a partial
answer. Indeed, for the exact wave functions, the distinction
between open and closed shells becomes meaningless. But the
question can be discussed for the global components AL, AT, and
AC, which—in Hartree—Fock theory—are given by

AL = AL, + AL, AT = AT,

AC = AC+ AC, + AC, (1D

The analysis of the experimental data presented in this paper
shows that the energy sequence of the multiplets within a 3d¢
configuration is determined by the electron—-nuclear attraction L,
not by the interelectronic repulsion C. The number of systems
and states considered here is far from complete, but the present
results suggest that Hartree~Fock theory is probably a reliable
guide in providing a qualitatively correct picture of the excitation
process.!” Therefore, we have confidence in the Hartree—Fock
predictions also for those cases where an exact analysis has not

been carried out so far: examples are 4d¢ and 5d¢ systems,’ f*
systems,? and especially molecular transition-metal complexes.?2

Both conventional multiplet theory and ligand field theory are
basically first-order perturbation approaches. The analysis of
Table II shows that the conceptual framework underlying these
classical theories is inadequate. Both theories are qualitatively
very satisfactory, and they have an undeniable predictive value.
But they fail (even qualitatively) in providing the reason that a
certain energy pattern of the excited states is observed. The
conventional textbook rationalization of multiplet theory, Hund’s
rules, and ligand field theory is basically too simplistic. One of
the consequences is that phenomena such as high-spin/low-spin
transitions, spin-pairing energy, the nephelauxetic effect, ligand
field excitations, etc. should be reconsidered against the proper
physical background.
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The relationship between the electrochemically determined redox asymmetry, AEVZ’ and the spectroscopic intervalence-transfer

band energy, Eqr, over a series of asymmetric dimers of the formulation (bpy),Ru!

(Cl)pyzRu'(NH;),L** has been investigated

in two ways. In the first method the unique ligand L is varied synthetically so as to manipulate the potential of the ruthenium-
ammine end of the dimer. In the second method the solvent is varied so as to manipulate the potential of the ruthenium—ammine
end via the well-known solvent donor number effect. Comparison of these two approaches reveals that there is a solvent donor
number dependent contribution to the Frank—Condon barrier of approximately 0.006 eV /DN that completely overwhelms the
dielectric continuum theory derived (1/n* — 1/D,) solvent dependence typically observed in symmetrical dimers. Implications with
respect to the potential energy surfaces governing electron transfer in these systems are discussed.

Introduction

Considerable progress has been made in recent years in both
understanding and experimentally elucidating the role of the
solvent in optical and thermal electron-transfer processes in fluid
solution.!* The roles of both solvent dielectric!®*% and solvent
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dynamical'®*2 properties have received careful attention. One
of the most notable convergences between theory and experiment
has been in the application of the dielectric continuum theory of
the solvent reorganizational barrier as developed by Marcus® and
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Hush® to the kinetics of certain thermal electron-transfer reactions?
and to the energies of the optical electron-transfer or interva-
lence-transfer (IT) absorption processes in mixed-valence, binu-
clear transition-metal complexes.!®*

Spectroscopic studies of solvent effects on optical electron
transfers are especially advantageous due to their relatively high
experimental precision and convenience of execution. The energy
of the IT transition in symmetric molecules such as in eq 1 is

(bpy);CIRu!!-Ly-RullICl(bpy),** ——
IT
(bpy);CIRu!-L,~Ru"ICl(bpy);™** (1)
EIT = IYinner + Xouter = EFC (2)

1 1 1 1 1
= 2 — + — - = [ —
Xouter € (2(11 2(12 d)(n2 Ds) (3)

determined primarily by the combined degrees of nuclear reorg-
anization that occur within the inner coordination sphere of
primary ligands and the outer, or solvation, sphere of solvent
molecules around the complex when the electron is transferred.”
Thus, the energy of the intervalence transfer is essentially a
Franck—Condon energy in such cases. IT band energies have been
demonstrated to vary in good agreement with the dielectric
continuum theory (DCT) prediction as expressed in eq 3, both
with respect to the distance between the sites 4 as the bridging
ligand L, is varied and with respect to the solvent dielectric
function (1/n? - 1/D,), where e, is the electron charge, g, is the
radius of the donor site, a, is the radius of the acceptor site, »
is the refractive index, n? is the solvent’s dielectric constant at
optical frequencies, and D, is the solvent’s static dielectric constant
(bpy = 2,2’-bipyridine).!®*

The success of eq 3 has also been extended to metal-to-ligand
charge-transfer (MLCT) transitions as in the complex
(bpy),0s"'Cl(N-Methyl-4,4’-bipyridinium)3+?

The situation is more complicated, however, if there exists the
possibility for strong, specific solvent—solute interactions as has
been demonstrated, for example, to be the case in a study of the
solvatochromism of the MLCT and LMCT transitions in ruthe-
nium(II) and -(III) ammine complexes.® In these complexes it
was shown that the solvatochromism of the charge-transfer
transitions was due primarily to the strong solvent dependence
of the Ru¥M—ammine redox potential and the resulting variations
in the ground- and excited-state energy gap. The solvatochromism
correlated well with the Lewis base strength of the solvent as
measured by the Gutmann donor number (DN)!° and by other
known indicators of hydrogen bond acceptance ability.!! It was
also recognized that there might be a DN-dependent contribution
to the outer-sphere reorganization energy Xyye:-

A growing body of work in this regard on thermal electron
transfers has shown both theoretical and experimental evidence
for significant noncontinuum effects on the thermodynamics and
kinetics of both heterogeneous (electrode) and homogeneous
(bimolecular) electron-transfer reactions for ammine-ligand- and
aquo-ligand-bearing transition-metal redox couples.!?!5
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existence of excited spin~orbit states on the spectroscopically produced
Ru!! site, it has been concluded that the measured A, for an inter-
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Figure 1. Schematic representation of the potential energy surfaces for
a redox-asymmetric mixed-valence dimer where the asymmetry AE is
manipulated without change in the Franck—Condon energy Egc.

In this work we have undertaken to quantitatively assess the
importance of these specific solvent-solute interactions as con-
tributors to the Franck—Condon barrier to optical electron transfer
in redox asymmetric mixed-valence systems such as shown in (4),
where pyz = pyrazine and L is varied over a range of ligands (see
Tables II and III).

(bpy),CIRu!'-pyz-Rull(NH,),~L#* —2
Em
(bpy);CIRuM-pyz-Ru}(NH;),~L*** (4)

Figure 1 illutrates the relationship between the potential-energy
surfaces for the ground- and excited-state redox isomers of an
asymmetric system. AFE represents the thermodynamic internal
energy difference between the two thermally equilibrated redox
isomers, Ejy represents the energy of the vertical spectroscopic
transition from the lower to the upper surface, and Ag represents
the total amount of nuclear reorganization in both the inner and
the outer spheres that takes place upon thermal electron transfer.
The nuclear coordinate Ag represents a one-dimensional projection
of all the nuclear displacements, both reactant and solvent, that
occur upon electron transfer. Equation 2 must now be modified
to include the AE term:

Eipr = Epc + AE (5)

In the simplest case, a variation in the redox asymmetry §(AE)
will show up spectroscopically as an equivalent variation in the
energy of the intervalence-transfer band §E. If, however, as AE
is varied there are any simultaneous changes in Aq or in one of
the many force constants defining the shape of the upper surface,
then the quantity 6E;y/8(AE) will deviate from unity.

The key to the work reported on here lies in the fact that it is
possible to vary AE and hence monitor 6Er/3(AE) in systems
as shown in eq 4 by two different methods. One method is to
“tune” AE via synthetic variations in L so as to selectively vary
the redox potential of the ammine-bearing end of the dimer.!5!’
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The second approach is to vary the solvent and thus selectively
affect the potential of the ammine-bearing end via the well-known
solvent donor number dependency of the redox potentials of such
groups 12801314 Any systematic differences observed in the
8E;1/8(AE) values obtained by these two approaches should be
informative with regard to possible vatiations in the Franck-
Condon barrier Epc as AE is manipulated.

As will be seen in the following development, these expectations
are indeed borne out, and a strong donor number dependent
contribution to Ec is revealed.

Experimental Section

Synthesis. (bpy),Ru''Cl, was synthesized according to the literature
method.!®

(bpy),Ru"'Cl(pyz) PF; monomer was synthesized according to a slight
modification of the method due to Sullivan.** A 0.5-g amount of Ru-
(bpy),Cl, was added to 60 mL of 1:1 ethanol/water and heated at reflux
for 45 min in the presence of a 4-fold molar excess of pyrazine ligand
(Aldrich). A 5-fold molar excess of NH,PF, solid (Alfa) was added after
the mixture was cooled, and the ethanol was removed by rotory evapo-
ration with heating. The crude PF¢™ salt of the product was isolated by
filtration and then reprecipitated once by dissolution in a minimum
volume of acetone followed by filtration into 8 volumes of stirring an-
hydrous ether. The pure, red-black (bpy),RuCl(pyz)PF¢ was isolated
chromatographically on alumina as the main red band using a 3:1 tolu-
ene/acetonitrile eluent containing 1% methanol. Typical yields were
80%. The redox potential of this molecule was found to be 0.838 V vs.
SCE in good agreement with previous reports.*

(NH;);Ru'CI(C1),. This starting material was synthesized from
RullCl;:nH,0 (Alfa) with use of the method of Clarke.!® A 5.00-g
amount of Ru'Cl,:nH,0 was stirred overnight with 62.6 mL of 64%
hydrazine and 62.5 mL of H,O to yield a purple-red solution. To this
mixture, which was in an ice bath, was slowly added 125 mL of 12 M
HCI, and the resulting mixture was then heated at reflux for 2 h. The
yellow (NH,)sRuCl; product was isolated by filtration after it was chilled
at 0 °C for at least 3 h. Typical yields were 80%. Trace NH,Cl im-
purities could be removed by a single recrystallization from 0.1 M HCL

(NH,)sRuOH,(PF),. This reagent was synthesized according to the
method reported in ref 9 and kept in a desiccator at 0 °C. It was found
to retain its synthetic utility for several months upon careful storage.

trans -SO;Ru''(NH,) ,Cl, was synthesized from the pentaammine tri-
chloride with use of the methods outlined by Clarke'® and Vogt?® (see
also ref 9).

trans -LRu''(NH,),S0,CI (L = 3,5-Me,-py, py, 4-Me-py, 4-Ac-py,
4-CONH,-py (Isonicotinamide), 3-Cl-py, 3-F-py, 2,6-Me,-pyz, bpy (-N-
H,), phen (-NH;)). The trans-LRu"(NH,),SO,Cl, intermediate was
made by stirring 0.1-0.4 g of trans-SO,Ru(NH,),Cl, in the presence
of excess L in 50-60 °C H,0O for 10-30 min. In the case of the more
hydrophobic ligands such as 3,5-Me,-py or phen, addition of 15% acetone
and use of the longer reaction times were necessary-to ensure complete
reaction (reaction with the chelates bpy or phen also involves loss of one
equatorial ammine group to yield a triammine product). It was found
to be important in this procedure that the ligand be added to the water
first. Heating of the trans-SQ,Ru''(NH,),Cl, starting material in water
alone for any period of time resulted in impurities. After reaction the
trans-LRuSO,(NH,),Cl, product could be isolated in quantitative yield
by addition of 10 volumes of reagent grade acetone. These products were

(17) (a) Curtis, J. C.; Meyer, T. J. Inorg. Chem. 1982, 21, 1562. (b) Toma,
H. Can. J. Chem. 1979, 57, 2079. (c¢) Toma, H. J. Chem. Soc., Dalton
Trans. 1980, 3, 471.

(18) Sullivan, B. P,; Salmon, D. J.; Meyer, T. J. Inorg. Chem. 1978, 17, 3334,

(19) Clarke, R. E. Masters Thesis, University of California at Santa Barbara,
1978.

(20) Vogt, L. H.; Katz, J. S.; Wiberly, S. E. Inorg. Chem. 19685, 4, 1156.

(21) AE,, in the [(bpy),RuCl],pyz(PFy), dimer studied by Callahan et al.22
is 0.12 V in acetonitrile. This splitting is due primarily to electrostatic
and secondarily to delocalization stabilizations of the mixed-valence
ILIII redox state relative to the ILII and ITL1III states. For the deca-
ammine pyrazine-bridged ion [(NH;)sRu],pyz(PF¢), in acetonitrile
AE,); = 0.430 V¥ and the relative importances of the electrostatic and
delocalization contributions are unclear. For the dimers studied in this
work the former effect probably predominates and will likely be
somewhat increased compared to that in the Callahan dimer due to the
higher charge density at the ammine end.

(22) Callahan, R. W.; Keene, F. R.; Meyer, T. J.; Salmon, D. J. J. Am.
Chem. Soc. 1971, 99, 1064.

(23) dela Rosa, R.; Chang, P. J.; Salaymeh, F.; Curtis, J. C. Inorg. Chem.
1985, 24, 4229.
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typically light orange to pinkish red. The product was then dissolved in
a minimum of H,O and oxidized to trans-LRu™(NH;),S0,Cl by slow
addition of 1:1 30% H,0,/0.2 M HCl. Complete reaction was signalled
by a color change to light yellow or orange after 2-10 min. The product
was precipitated by addition of 10 volumes of reagent acetone. Yields
ranged from 60 to 90%. These products were stable for months upon
storage at 0 °C under desiccation.

trans-LRu"(NH;),OH,(PF¢),. These complexes were synthesized
analogously to the pentaammine aquo complex.” In a typical preparation
0.10 g of trans-pyRu™(NH;),SO,Cl was reduced in 1-3 mL of H,O over
a Zn/Hg amalgam for 10 min. The resulting orange-red solution was
transferred under argon to a flask containing a 10-fold molar excess of
solid NH,PF¢. This mixture was stirred under Ar for 5 min and then
chilled in a refrigerator. The product (yellow for L = py, red for L =
bpy) was isolated by filtration under Ar and washed with anhydrous
ether. Yields varied according to L: e.g. 89% for L = 3-Cl-py, 35% for
L = 4-Cl-py. These reagents maintained their synthetic utility for up
to several months when stored at 0 °C under desiccation. In some cases
a slight discoloration to green or brown was noted over time. These
compounds still worked in subsequent dimer syntheses but tended to give
lesser yields and poorer initial purities.

(bpy),Ru''Cl(pyz) Ru"'(NH,),L(PF;),. Method A. In this approach
a 3-fold molar excess of the trans-LRu'(NH,),OH,(PF¢), monomer is
reacted with the (bpy),Ru"'Cl(pyz)PFs monomer (typically 0.1 g) in ~15
mL of Ar-degassed acetone at 40 °C for 8~24 h. The crude, dark purple
dimer (bpy),Ru'Cl(pyz)Ru"'(NH,),L** is isolated as a chloride salt from
this mixture by addition of 3 mL of a saturated solution of tetraethyl-
ammonium chloride in 7:3 acetone/methanol. The chloride salt is iso-
lated by filtration, washed with acetone, and dried. This is converted to
the PFq salt by dissolving the chloride in water, filtering the mixture,
and then adding an excess of NH,PF and collecting the crude PF¢” salt.
In order to obtain informative electrochemical data as to the purity of
the compound at this stage, it must be reisolated from acetone/ether.

Method B. In this mixed-solvent approach the aquo compound is not
isolated itself but is generated as needed from the more stable SO,
complex. A 3-fold molar excess (typically 0.15 g) of trans-LRu'll-
(NH,),SO,Cl is reduced for 10 min over Zn/Hg in 2-3 mL of H,0O and
then added to an Ar-degassed solution of (bpy),RuCl(pyz)PF; in 50:50
acetone/ethanol (2-3 mL). This ternary solvent mixture is heated at
40-50 °C for at least 12 h. During this time the reaction mixture slowly
changes from red-brown to the purple color characteristic of the dimeric
product. After the reaction is judged complete, a 6-8-fold molar excess
of NH,PF4 and 8-10 mL of H,O are added. The PF salt is precipitated
by removing the volatile solvents slowly on a rotary evaporator. Care
should be taken not to allow the flask to go to dryness, as this leads to
the formation of rather bothersome mixed salts. The crude PF¢ salt is
then isolated by filtration and dried.

Purification. The crude dimers synthesized by these methods contain
both unreacted (bpy),RuCl(pz)* monomer and [LRu™(NH,),],0**
oxo-bridged impurities. (The latter of these is evident in the electro-
chemistry in acetonitrile as a low-potential wave in the neighborhood of
0.2 Vvs. SCE.) Both of these impurities can be removed by repeated
interconversion between chloride and PF4 saits. The reddish
(bpy),RuCl(pyz)* monomer remains partially soluble in the acetone
filtrate after chloride precipitation of the dimer from acetone, and the
oxo-bridged ammine dimer remains.in the H,O filtrate after PF™ pre-
cipitation of the dimer from water. In no cases were more than three
interconversions required. Partial reprecipitation from chilled acetone
(2 mL) by slow addition of Et,O so as to isolate three fractions of solid
was also a useful method.

Microanalytical data (Berkeley Chemical Analytical Services) for all
the compounds analyzed are as follows. Anal. Calcd (found) for
(bpy),RuCl(pyz) Ru(NH,)s(PF¢);+H,0: C, 24.66 (24.39); H, 3.19
(3.17); N, 13.24 (12.19); C/N, 1.86 (2.00). Calcd (found) for
(bpy),RuCl(pyz)Ru(NH,),py(PF¢);-2H,0: C, 27.89 (27.84); H, 3.31
(2.98); N, 12.39 (11.82); C/N, 2.25 (2.36). Caled (found) for
(bpy),RuCl(pyz)Ru(NH,);(bpy)(PFs)+3H,0: C, 30.77 (30.55); H, 3.27
(3.83); N, 11.66 (11.21); C/N, 2.64 (2.73). Caled (found) for
(bpy);RuCl(pyz)Ru(NH,),(3,5-Me,-py) (PF¢);+(CH;),CO:  C, 31.44
(31.57); H, 3.65 (3.13); N, 11.91 (11.29); C/N, 2.264 (2.80). Calcd
(found) for (bpy),RuCl(pyz)Ru(NHj3)4(4-Me-py) (PF¢)s-(CH;),CO: C,
30.84 (29.67); H, 3.53 (3.08); N, 12.04 (11.78); C/N, 2.56 (2.52).

Fe''(bpy),(PFs); Oxidant. The Fe!'(bpy);(PFy), starting material was
made by heating 1 g of Fe(NH,),(S0,),:6H,0 in a 4-fold molar excess
of 2,2’-bipyridine in 100 mL of boiling water for 45 min to yield a bright
red solution. Addition of 3 equiv of NH;,PF; precipitated the crude red
solid Fe!l(bpy),(PF¢),. This material was dissolved in a minimum volume
of acetone and filtered into ether for isolation and for removal of un-
reacted 2,2’-bpy. The Fe!! form was generated by dissolving 0.1-0.2 g
of the Fe'l in 5 mL of acetonitrile acidified with 1-2 drops of concen-
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Table I Solvents Used in This Study and Their Donor Number, 1/4? - 1/D,, Acceptor Number, 1/D,, and Eg g+ Values
no. solvent DN¢ 1/n*-1/Dp AN® D} Epgpet V
1 nitromethane (NM) 2.7 0.4978 20.5 38.57 0.309
2 nitrobenzene (NB) 4.4 0.3851 14.8 34.82 0.371
3 benzonitrile (BN) 11.3 0.3885 15.5 25.2 0.388
4 acetonitrile (AN) 14.1 0.5289 19.3 375 0.376
5 tetramethylene sulfone (TMS) 14.8 0.389
6 propylene carbonate (PC) 15.1 0.4811 18.3 (63) 0.359
7 butyronitrile (BT) 16.6 0.4816 20.3 0.384
8 acetone (AC) 17 0.4934 12.5 20.74 0.463
9 trimethyl phosphate (TMP) 23 0.464
10 dimethylformamide (DMF) 26.6 0.4637 16 36.7 0.460
11 dimethylacetamide (DMA) 27.8 0.4587 13.6 37.78 0.478
12 dimethyl! sulfoxide (Me,SO) 29.8 0.4372 19.3 48.9 0.433

2Taken from ref 5. ®Taken from: Koppel, I. A,; Palm, V. A. In Advances in Linear Free Energy Relationships; Chapman, N. B., Shorter, J.,
Eds.; Plenum: London, 1972; pp 254-258. <Measured via differential pulse polarography at a Pt disk in 0. M TEAH (1 mV/s sweep rate, 5-mV

pulse amplitude, 0.2-s drop time).

Table I Spectroscopic and Electrochemical (vs. SCE) Data for the Molecules (bpy),Rul'Cl(pyz)Ru'(NH;),L** in Acetonitrile

Amax(IT), €mars Ay, Epr, E\/2(Ruy), E\/3(Rug), AE, 5,

no. ligand nm M1tem™ eV eV \ \' \%

1 NH, 1035 £ 10 1300 0.678 1.198 £ 0.01 0.553 + 0.003 0.973 £ 0.003 0.420 £ 0.005
2 4-Me-py 1180 £ 20 1240 0.673 1.051 £ 0.018 0.684 0.983 0.296

3 3,5-Me,-py 1160 713 0701 107 0.667 0.963 0.296

4 py 1176 1340 0.679 1.046 0.722 1.005 0.283

5 3-F-py 1266 + 20 918 0.635 0.99 0.709 0.937 0.228

6 4-Ac-py 1190 518 0.674 1.04 0.762 0.990 0.228

7 3-Cl-py 1308 £ 20 1082 0.614 0.95 0.769 1.001 0.223

8  4CO)NHypy 1232 490 0733 1.002 0.754 0.970 0.221

9 2,6-Me,-pz 1304 868 0.665 0.950 0.812 0.987 0.175

10 bpy (-NHj;) 1313 400 0.70 0.954 0.815 0.975 0.160

11 phen (-NHj;) 1310 826 0.736 0.947 0.851 1.000 0.149

aQbtained by doubling the value from the low-energy side of the band. ®Experimental uncertainty in Ap,,(IT) is estimated at £10 nm except

where noted.

Table ITI. Spectroscopic and Electrochemical (vs. SCE) Data for the Molecules (bpy),Ru!Cl(pz)Ru!'Y(NH,),L** in DMF

Amﬂx(IT)a €maxs AV1/2v ElTv AE!/Z(Ruu)v AEI/Z(Rub)’ AEI/Z;

no. ligand nm M1 em™ eV eV \Y \Y A

1 NH, 822 + 10 590 0.677 1.512 £ 0.018 0.255 £ 0.003 0.975 £ 0.003 0.720 £ 0.005
2 4-Me-py 912 510 0.636 1.360 0.424 0.972 0.548

3 3,5-Me,-py 872 £ 15 403 0.720 1.348 0.450 0.983 0.531

4 py 900 £ 5 480 0.674 1.378 0.455 0.996 0.538

6 4-Ac-py 902 313 0.658 1.370 0.437 0.964 0.527

7 3-Cl-py 940 407 0.700 1.319 0.485 1.00 0.515

8 4-C(O)NH,py 905 235 0.663  1.364 0.505 0.982 0.477

9 2,6-Me,-pz 920 315 0.680 1.356 0.484 0.974 0.490

10 bpy (-NHj;) 975 212 0.700 1.272 0.692 0.978 0.326

11 phen (~NHj3) 1015 230 1.222 0.628 0.973 0.345

trated HPF,. A saturated solution of ceric ammonium nitrate in aceto-
nitrile was then added dropwise until the solution turned from red to
greenish blue. This solution was then filtered into stirring anhydrous
ether to precipitate the light blue Fe!''(bpy),(PF); solid. This oxidant
could be used stoichiometrically to oxidize solutions of ILII dimers as
long as it retained its blue color (up to 4 months if care was taken to store
it in a desiccator). Exposure to moisture, however, resulted in a rapid
return to the red Fe!! form and loss of oxidizing power.

Tetraethylammonium Hexafluorophosphate (TEAH). TEAH elec-
trolyte was synthesized by heating 25 g of tetracthylammonium bromide
(Aldrich) in rapidly stirring H,O (250 mL) with a 20% molar excess of
KPF, (Alfa). After 20 min at 70~-80 °C and subsequent cooling the
resulting crude TEAH solid was filtered off and washed with cold water.
Trace bromide was removed by dissolving this solid in a minimum of
acetone and filtering into a stirring, saturated H,O/KPF; solution of at
least 6-fold larger volume. The resulting precipitate was collected by
filtration and dried in vacuo. Yields were typically 70-80%. Recrys-
tallization from hot ethanol gave white crystals.

Electrochemical Measurements. The electrochemical measurements
were made with use of an IBM 225EC electrochemical analyzer using
an IBM cell that was sealed from the atmosphere after assembly.
Measurements were performed on 1.5-mL solvent volumes with 0.1 M
TEAH as supporting electrolyte and ~0.1 mM complex. Most of the
solvents could be used as received after at least 8 h of standing over 3-A
molecular sieves. In cases where large background currents due to im-
purities or water were encountered, it was found that passing the solvent
over a column of activated alumina prior to addition of TEAH led to

some improvement (NM, BN, AN, DMA; see Table I for solvent ab-
breviations). In the very low donor number solvents such as NM or NB
it was found that the redox potential of the ammine-bearing end of a
given dimer (the more cathodic wave in all these systems) would drift
slowly to lower values with time upon standing. This was probably due
to preferential solvation of the ammine-bearing end of the molecule by
trace water entering the system neither from the reference electrode or
the air. This drift could be reversed back to the original value by addition
of 6-10 3-A molecular sieves and 3 min of standing. From this we
conclude that our potential data are not unduly influenced by trace water
as a contaminant.

The potential of Fc/Fc* in each solvent is listed in Table I. These
potentials were obtained by using the differential pulse polarography
technique at a freshly polished Pt-disk electrode. It was found that
potentials measured by DPP were far less influenced by trace monomeric
impurities, closely spaced waves, or slight background currents than
potentials measured by cyclic voltammetry.

Spectrophotometric Measurements. Near-infrared spectra were re-
corded on a Perkin-Elmer 330 UV-vis—near-IR spectrophotometer with
the slit under automatic servo control. Spectra were obtained by stepwise
titration of the ILII dimer to maximum absorbance and then slightly past
with use of the solid Fell(bpy),(PFg), as oxidant.

Results and Discussion

Electroanalytical and spectral data for the dimers are listed
in Tables II-V. The substantial solvent effect on the electro-
chemistry of the L = py dimer is shown for acetonitrile and DMF
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Table IV, Spectroscopic and Electrochemical (vs. Fe/Fc*) Data for the Dimer (bpy),Ru®Cl(pyz)Ru(NH,)s** in Various Solvents

Amax(IT),¢ €maxs Arypf Eyr, Ejjp(Ru,),  Eyp(Ruy), AE) ), Eyx - AE) ),
no. solvent nm M-tem! eV A% \' \' \' eV
1 NM 1248 = 15% 1245 0.610 0.994 £ 0.010 0.641 0.315 0.315 0.079

1332
2 NB 1210° 1300 0.641 1.025 0.229 0.547 0.316 0.709

1315
3 BN 1084% 950 0.688 1.144 0.149 0.549 0.400 0.744

1080
4 AN 1029 1300 0.678 1.205 0.174 0.592 0.418 0.787

1035
S T™S 980 1000 0.704 1.265 0.076 0.614 0.538 0.727
6 PC 963 740 0.636 1.290 0.061 0.596 0.535 0.755
7 BT 1046 850 0.680 1.186 0.152 0.552 0.400 0.786
8 AC 980b 1030 0.703 1.205 -0.041 0.506 0.547 0.718

975
9 TMP 872 690 0.649 1.422 -0.052 0.581 0.633 0.789
10 DMF 818* 590 0.677 1.516 -0.205 0.515 0.720 0.796

822
11 DMA 824 550 0.652 1.505 -0.198 0.516 0.714 0.791
12 Me,SO 780 515 0.717 1.589 -0.197 0.548 0.745 0.844

%Via doubling of low-energy side. ®In 0.1 M TEAH. °Experimental uncertainty in \,,,(IT) estimated at £10 nm except where noted.

Table V. Spectroscopic and Electrochemical (vs. Fc/Fc*) Data for the Dimer (bpy),Ru!'Cl(pyz)Ru(NH;),py** in Various Solvents

Amax(IT) €mars Avyp* Eyr, E,p(Ruy), E,p(Ruy), AE, ), Epp - AEp,
no. solvent nm M1cmt eV eV \' A v eV
1 NM 1620 £ 15% 1900 0.226 0.769 £ 0.010 0.471 £ 0.003 0.641 £ 0.003 0.170 £ 0.005 0.599 + 0.015

1600 :

2 NB 1608 1500 0.290 0.771 0.369 0.565 0.196 0.575

1610
3 BN 1296 1340 0.629 0.957 0.240 0.717

1309 0.301 0.541
4 AN 1207¢ 1340 0.679 1.027 0.288 0.739

1176 0.322 0.610
5 TMS 1142 1090 0.734 1.086 0.201 0.603 0.342 0.744
6 PC 1139 1190 0.664 1.074 0.263 0.603 0.340 0.734
7 BT 1220 1020 0.674 1.016 0.297 0.560 0.203 0.753
8 AC 1128 1120 0.677 1.099 0.198 0.550 0.352 0.747
9 TMP 970 580 0.697 1.278 0.096 0.557 0.461 0.817
10 DMF 9195 670 0.665 1.349 -0.005 0.536 0.541 0.808

900
11 DMA 900 400 0.713 1.373 -0.048 0.500 0.548 0.825
12 Me,SO 883 380 0.790 1.409 -0.042 0.577 0.619 0.790

“*As in Table IV.
< (Mem™)
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1200
AN

000 020 040 0G0 080

VOLTS vs Fc/Fc’

Figure 2. Differential pulse polarograms vs. Fc/Fc* for the dimer
(bpy),RullCl(pyz)Rull(NH,),py(PFy); in acetonitrile (AN) and di-
methylformamide (DMF) (0.1 M (TEA)PF, supporting electrolyte,
Pt-disk electrode, 1 mV/s sweep rate, 5-mV pulse amplitude, 0.2-s drop
time).

in Figure 2. Figure 3 shows the near-IR spectra of this dimer
in acetonitrile and DMF.

Ion-Pairing Effects. Early in this study we attempted to use
Br, vapor as our oxidant in the spectrophotometric experiments

1000

800F

- —-~\
e Sea
600 . ~~ DMF
/’ \\\
b Pl ~ /’

400k -
I/’
200 pras
L L M, 1 1 L i L 1. i 1 1 | | L 1 1
0.80 100 120 140 1.60
Figure 3. Near-infrared spectra for the (bpy),RuflCi(pyz)Rull-

(NH,),py** mixed-valence dimer in acetonitrile and DMF.

and encountered seemingly anomalous results in the low donor
number solvents. Redetermination with Fe(bpy);** as oxidant
revealed that substantial spectral shifts were being induced in the
low donor number solvents (DN < ~14) due to ion pairing of
the product bromide ion and the Ru(NH,),L fragment. In
nitromethane, for example, it was found that for L = NH,
Amax(Bra) = 1008 nm while A\, (Fe(bpy)s**) = 1332 nm. In
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Figure 4. E” vs. AE, ;; (difference in first and second half-wave poten-
tials) as L is varied in acetonitrile and DMF. For a key to the ligands
see Tables IT and III.

acetonitrile, however, this difference drops to 12 nm, and in DMF
it is =2 nm. These last values are within experimental error of
each other.

A more subtle medium effect was observed by comparing the
spectral results obtained in a pure solvent with those obtained in
the 0.1 M TEAH/solvent mixture used in the electrochemical
measurements. Inspection of Tables IV and V shows that no
systematic and experimentally significant variations are found
except for the L = NH, dimer in the weak donor solvents NM
and NB. In this case the presence of 0.1 M TEAH shifts A,
from 1332 nm in pure nitromethane to 1248 nm and from 1315
nm in pure nitrobenzene to 1210 nm. This correction to Erg has
the effect of bringing the points for NM and NB onto the line
formed by the other solvents in Figure 6. Curiously, such shifts
are not observed for the L = py dimer and in fact these two points
are both below the line in Figure 6. This would imply either that
the trans pyridine ligand on the Ru"'(NH;), fragment disrupts
ion pairing with PF or that the AE} ; value measured in the L
= py case is predominantly due to electrostatic and resonance
effects rather than true redox asymmetry. Another possible
complication regarding these two points is the onset of valence
delocalization (vide infra).

Variations in L. Tables II and III summarize the electro-
chemical and spectroscopic results obtained when L is varied in
both AN and DMF as solvents, respectively. The variations in
L are capable of sweeping AE, /, over a 394 mV range in DMF
and a range of 271 mV in AN. In all cases it is the redox potential
of the first Rul/I! wave that moves as L is varied. The potential
of the second wave (the (bpy),RuCl(pyz) fragment) moves only
very slightly.?* The smallest AE, value of 0.149 V is obtained
for L = 1,10-phenanthroline in AN These peaks are still suf-
ficiently well resolved that any correction for overlapping would
be negligible.?

Figure 4 shows the relationship between Err and AE, ; obtained
in both AN and DMF. The slope of the line in AN is 0.98 £ 0.15
eV/V at 95% confidence with a correlation coefficient of 0.895.
In DMF the slope is 0.69 + 0.20 eV /V with a correlation coef-
ficient of 0.88. Due to the grouping of the points, the data in DMF

Chang et al.
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Figure 5. AE),; vs. solvent donor number for the dimers L = NH,
(triangles) and L = py (circles). For the solvent key see Table I.

are rather inconclusive other than to indicate that the slope is
probably no greater than 1. The line in AN is considerably more
informative and supports the 1:1 energetic relationship expected
on the basis of Figure | and in fact found between these spec-
troscopic and thermodynamic quantities in similar studies involving
both intervalence-transfer!7#%? and metal-ligand charge-trans-
fer? transitions. It is possible, however, that the AE, /2 values
for L = phen and bpy in AN are anomalously large and cause
the slope of the line to be too high2! Another possible complicating
factor is that the radii @, of the Rul ammine acceptor sites are
significantly larger for the L = bpy and L = phen complexes at
the early part of the line than for the pentaammine complex at
the upper end. This would have the effect of decreasing any
DCT-related X, value by about 35% as calculated in eq 3 and
thereby once again increasing the slope of the line.

The 1:1 energetic relation 8E;7/3(AE|5) = 1 is predicated on
the assumption that 6(AE} ;) = 8(AE) as represented in Figure
1 (vide infra). In the case of variations in L this is probably a
fairly reasonable assumption except for possible small variations
in the entropic component of AE,; due to the same radius var-
iations mentioned above. With use of the relationships established
by Hupp and Weaver it can be calculated that this effect will
amount to less than 40 mV upon going from L = NH;to L =
bpy (-NHj,) in acetonitrile.!*

Variations with Solvent. The positions of the redox potentials
of the ammine-bearing ends of the two dimers investigated (L =
NH;, py) were found to vary strongly as a function of solvent (see
Tables IV and V). This behavior is readily explained as being
due to the well-known donor number effect arising from hydrogen
bonding between solvent molecules acting as Lewis bases and the
acidic protons of the coordinated ammines.>'%!31% Figure 5 shows
the correlations obtained between AE;; and the solvent donor
number. For the pentaammine dimer we find a slope of 0.017
£ 0.002 V/DN and an intercept of 0.24 £+ 0.05 V with a corre-
lation coefficient of 0.966. For the tetraammine dimer with L
= py we find 0.016 £ 0.002 V/DN and an intercept of 0.09 £
0.04 V with a correlation coefficient of 0.969.

These slopes are slightly less than what would be expected on
the basis of the approximate —-0.0047 V/DN per ammine value
observed by Weaver and co-workers in a series of ruthenium

(24) These small variations, though treated as being negligible here, form
the basis for an analysis of the coupling between the redox sites as
presented in ref 23.

(25) Richardson, D. E.; Taube, H. Inorg. Chem. 1981, 20, 1278.

(26) Calculated as the average of X on ¥ and Y on X linear least-squares
fits by using a standard program.?’

(27) Mortimer, R. S. Mathematics for Physical Chemistry, Macmillan:
New York, 1981; p 298.

(28) Goldshy, K. A.; Meyer, T. J. Inorg. Chem. 1984, 23, 3002.

(29) (a) Juris, A.; Belsir, P.; Barigelletti, F.; Zelewsky, A.; Balzani, V. Inorg.
Chem. 1986, 25, 256. (b) Lever, A. B. P.; Picchens, S. R.; Miner, P.
L.; Licoccia, S.; Ramaswamy, B. S.; Magnell, K. J. Am. Chem. Soc.
1981, 7103, 6800. (c) Crutchley, R. J; Lever, A. B. P. Inorg. Chem.
1982, 21, 2276. (d) Dodsworth, E. S.; Lever, A. B. P. Chem. Phys. Lett.
1984, 112, 567. (e) Dodsworth, E. S.; Lever, A. B. P. Chem. Phys. Lett.
1985, /19, 61.
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ammine monomers.!2 The predicted value for the pentaammine
dimer would be 0.24 V/DN and that for the tetraammine pyridine
dimer would be 0.19 V/DN if the E,;;(Ru) potentials were
solvent-invariant. Careful inspection of the.E,;(Ru,) and
E;/;(Ruy) values in Tables IV and V (or of Figure 2), however,
shows that the E;;,(Ru,) potential does in fact track that of the
E\ 2(Ru,) potential to a small extent due to the electronic coupling
between sites.* This phenomenon, along with any possible dis-
ruptive interactions between the (bpy),RuCl(pyz) moiety and
the ruthenium ammine to solvent molecule hydrogen bonding at
the other side of the bridge, would explain the rather shallow
slopes. In principle one would still expect the tetraammine com-
pound to exhibit a 20% lesser slope than the pentaammine.
Apparently the precision of our data is insufficient to reveal this.

Relationship between AE,, and AE. At this point it becomes
important to consider in detail the relationship between the
electrochemically measured free energy difference AE, ;, and the
internal energy difference between redox isomers AE as shown
in Figure 1. AE represents an internal energy difference, which
in the absence of pressure—volume work is the same as the enthalpy
difference for the reaction shown in eq 6. AE),,, on the other

(bpy):CIR Uy (pyz) Ru, I(NH,), L4+ ==
(bpy)2ClRubm(pyz)Rub“(NH3)4L‘+ (6)

hand, represents the free energy change for the comproportionation
reaction shown in eq 7, where we adopt the shorthand notation

AGem
Rub"Rua“ + Rub‘“Rua"‘ Pr— 2RubIIRuaIII (7)

Ru, and Ru, for the bis(bipyridine)- (second DPP peak) and
ammine-bearing (first DPP peak) metals, respectively, and it is
readily shown that

AGeom = —nF (AE,)2) ®

(F is the Faraday constant and in this case n = 1). The rela-
tionship between AE and AE,/, can be made apparent by con-
sidering a thermochemical cycle similar to the one discussed by
Goldsby and Meyer?® (Scheme I). The quantity E; ,(Ruy) is
a fictitious one and would be less than the E, ,(Ruyp) potential
both because the electrostatic influence of the Ru,! center would
be different from that of the Ru,!"! center which pertains in the
measureable E, ,(Ruy) case and because reduction to form
Ru,™Ru,” must disrupt any delocalization stabilization in the
mixed-valence state whereas reduction to form Ru,URu,' is
favored by the delocalization energy. From Scheme I it is
straightforward to show that

AE = AE, + I(AS) + (El/z(Rub') —Eip(Rup))  (9)

where we now express AE and 7(AS) in eV/mol. Taking de-
rivatives with respect to AE, ;, yields

8(AE) /8(AE, ) =

a
L+ 3@, » TAS) + (Eia(Ru) - Eijs(Rus))) (10)

From work on related monomeric systems, the entropy of in-
tramolecular electron transfer AS is expected to depend upon the
sizes and charge types of the ions as well as the solvent acceptor
number.!?* No strong dependence upon AE) , in the absence of
changes in these other quantities would be expected. The quantity
E, ;(Ruy) - Ey/;(Ruy) would vary slightly with AE, ;; insofar as
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Figure 6. Errvs. AEj; as solvent is varied for L = NH, (triangles) and
L = py (circles). For the solvent key see Table I.

the delocalization energy between the sites will vary with AE ,,
but this effect will be numerically small (vide infra; see also ref
23 and 30). Thus we find agreement with the intuitive expectation
that 6(AE)/3(AE, ;) = 1.

As indicated above, for a given dimer in a series of solvents the
T(AS) term, and hence AE| 5, should vary with the solvent ac-
ceptor number. Dual-parameter fits of the AE, data using the
solvent donor numbers and acceptor niumbers together, however,
lead to no significant improvement in the correlation shown in
Figure 5. Neither does inclusion of 1/D;, as might be expected
if solvent dielectric properties were important in defining the
electrostatic component of AE,/,.3! From these facts we conclude
that the predominant solvent effect on AE| ;, is enthalpic in nature
and dependent solely upon the solvent donor number within the
precision of our data.

There is recent evidence to suggest that in fact it is the free
energy of intramolecular electron transfer, AG, rather than internal
energy, AE, which should be considered as the appropriate factor
in defining the thermodynamic asymmetry component of Ep7.3%
As far as the work presented here is concerned, the difference is
unimportant since it is solvent-induced variations in the enthalpic
component of AE,,, that are causing the changes in the ther-
modynamics of intramolecular electron transfer.

Relationship between AE, /, and E;r As the Solvent Is Varied.
Figure 1 shows that for the simplest possible case in which Ep¢
is invariant with AE one would observe Ey1/8(AE) = 1 and hence,
by virtue of eq 10 and 5 SE;p/3(AE,;;) = 1 as long as Egc is
invariant with AE. This behavior is indeed observed to be the
case as L is varied in acetonitrile. If, however, Egc changes as
AE is varied, 0E[1/8(AE, ;) will deviate from unity. This is
observed to be the case in Figure 6, where the relationship between
Eyr and AE ), as the solvent is varied for the L = NH; and L
= pyridine dimers is shown. For the pentaammine dimer we find
a slope of 1.23 £+ 0.08 eV/V, at 95% confidence with an intercept
0.65 + 0.07 eV and a correlation coefficient of 0.971. For the
tetraammine pyridine dimer we find a slope of 1.26 & 0.07 eV/V,
an intercept of 0.67 £ 0.05 eV, and a correlation coefficient of

(30) Salaymeh, F.; de la Rosa, R.; Curtis, J. C., manuscript in preparation.

(31) Sutton, J. E.; Taube, H. Inorg. Chem. 1981, 20, 3125.

(32) (a) Marcus, R. A.; Sutin, N. Comments Inorg. Chem., in press. (b)
Haim, A. Ibid. 1985, 4, 113.

(33) Hupp, J. T., private communication.
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Figure 7.. Schematic diagram of the bond length changes that occur
about the ruthenium ammine group upon electron transfer in both weak
and strong donor solvents.
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Figure 8. E;r — AE; vs. solvent donor number for L = NH; (triangles)
and L = py (circless. For the solvent key see Table I.

0.986 (omitting the nitromethane and nitrobenzene data for the
reasons discussed earlier).

The slopes of the lines in Figure 6 stand in sharp contrast to
those obtained in the cases where L is varied. The data indicate
that Egc is increasing with AE,, in such a way as to make the
quantity 0E;7/3(AE, ;) exceed unity by an experimentally sig-
nificant amount.

The origin of this effect is readily understood if we consider
the nature of the specific solvent—solute interaction taking place
at the ammine end of each molecule. In strong donor solvents
the Ru(III) ammine fragments are stabilized relative to their
Ru(II) forms and hence the Rul¥/™ redox potential decreases. This
comes about because of the more acidic nature of the Ru(III)
ammine protons* and their subsequently increased H-bond do-
nation ability.?* There should also be a greater redox-state-de-
pendent change in the nuclear coordinates and force constants
of the solvent—solute complex as the solvent donicity goes up and
the overall enthalpic consequences of hydrogen bonding become
more important.!%* This idea is illustrated in Figure 7, where,
from the bond length variation rules as set forth by Gutmann and
co-workers, we would expect to find the following inequalities to
apply to the various bond lengths indicated: a > d, b <e, ¢ >
fia>a,b<b,c>cid>d,e<e’ f>f. If we define, for
example, a = |a — a, then we would predict da < 8d, 6b < de,
and é¢c < &f. This result contradicts the idea of a constant Ag
with varying AE as shown in Figure 1 and would indicate that
any solvent donor number induced variations in AE will also bring
about variations in Ag.

Solvent Dependence of the Franck—Condon Energy. From eq
9 and the apparent unimportance of the solvent dependence of

(34) Navon, G.; Waysbort, D. J. Chem. Soc., Chem. Commun. 1971, 1410.

(35) Work in progress in this laboratory would indicate that the equilibrium
constant for preferential solvation of Me,SO in acetonitrile about a
ruthenium(III) ammine complex is approximately 12-fold that of the
corresponding ruthenium(II) ammine complex.

(36) Gutmann, V.; Resch, G.; Linert, W. Coord. Chem. Rev. 1982, 43, 133.

(37) Creutz, C. Inorg. Chem. 1978, 17, 3723.

(38) Hupp, J. T., private communication.
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WEAK DONOR
STRONG DONOR

Figure 10. Schematic representation of the potential energy surfaces for
the dimers (bpy);RulCl(pyz)Ru(NH;),L** as solvent donor number
is increased.

the T(AS) term we can assert that AE = AE, + (constant terms)
as the solvent is varied. Since Egc as illustrated in Figure 1 is
equal to Ejp ~ AE, it is clear that Egc should be proportional to
the quantity E;r — AE, 5. Changes in the Franck—Condon energy
with solvent, 6Egc, should be equal to 6(Eir — AE, ).

Figure 8 shows a plot of the quantity Eir — E; , vs. solvent donor
number. Though the data are rather scattered, the correlation
is quite clear. For the pentaammine dimer the slope is found to
be 0.0055 £ 0.0017 eV/DN with an intercept of 0.68 £ 0.04 ¢V
and a correlation coefficient of 0.743. For the tetraammine
pyridine dimer (omitting NB and NM) we find a slope of 0.0060
+ 0.0017 eV /DN, an intercept of 0.66 £ 0.04 eV, and a correlation
coefficient of 0.825.

These correlations are not improved by inclusion of the 1/#?
- 1/D; parameter of dielectric continuum theory (DCT) in a
dual-parameter-fitting procedure. In fact the lack of correlation
with the DCT parameter is made obvious in Figure 9. The pattern
displayed in Figure 8 matches fairly well with that which is
obtained when one simply plots donor number vs. 1/n? - 1/D,.

A further important aspect of the solvent barrier is revealed
if we consider the shape of the IT band as AE) , is varied. Table
V shows us that the band becomes very sharp and narrow as
judged from en., and Av;,, for the (bpy),Rul'Cl(pz)Ru'™-
(NH;),py** dimer in nitromethane and nitrobenzene where the
AE, values are reduced down to 0.170 and 0.196 V, respectively,
via the donor number effect on the potential of the ammine
fragment. Such band shape changes are generally taken as being
indicative of a change from a localized to a delocalized electronic
structure and will be favored by a small redox asymmetry? and
a small trapping barrier.'* No such band sharpening is observed
in Table II, where variations in the unique ligand in acetonitrile
as solvent are used to bring AE,;, down to similarly small values
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(0.175 V for L = 2,6-Me,-pz, 0.149 V for L = phen (-NH3)).
These data suggest that the determining factor that allows for
the onset of electron delocalization in the former case is the smaller
trapping barrier in nitromethane and nitrobenzene (donor numbers
of 2.7 and 4.4) relative to acetonitrile (donor number 14.1).

Potential Energy Surfaces. From the foregoing discussion based
on the bond length variation rules and the experimental evidence
set forth here, we are in a position to arrive at a fairly detailed
picture of the effects of solvent on the potential energy surfaces
defining optical and thermal electron-transfer processes in systems
such as these. Figure 10 shows the qualitative changes that would
be expected upon going from a weak to a strong donor solvent.
From the diagram it can be seen that AE’> AE, Aq’> Ag, and
Erc’ > Epc. We note that both redox isomers are stabilized upon
going to a higher donor number solvent. It is the greater sta-
bilization of the Rul!'A,L-bearing isomer relative to that of the
Rul"A L -bearing isomer that causes Ey/;(Ru,) to fall with in-
creasing solvent donicity. The increase in Epc will be due not only
to the increased Ag, as discussed earlier, but also to the increase
in force constants defining the H-bonding interaction in the
solvation sphere as the solvent donicity is increased.

A more quantitative mapping of solvent effects on these surfaces
may become possible in the future given sufficient study of such
factors as the thermodynamics of preferential solvation about
Ru(II) and Ru(III) ammine moieties®> and vibrational data precise
enough to reveal solvent effects on the NH stretching frequencies.

Inner-Sphere Franck—Condon Barrier. The intercepts in Figure
8 are due to the reorganizational energy that would still remain
in a zero donor number solvent, the slight band-shifting effect
resulting from overlapping multiple transitions,” a subtractive
component due to the fact that AE|,, exceeds AE by some fairly
constant amount arising from electrostatic and resonance effects,’!
and an additive component due to any residual DCT-related
solvent barrier that might remain. If we choose a least lower bound
of 0.12 V for the electrostatic correction, then the IT band energy
in the absence of any donor number dependent Franck—Condon
energy and in the absence of any thermodynamic asymmetry, AE,
becomes 20.79 + 0.06 eV. An approximate upper bound of 0.31
eV can be calculated for the DCT term by using eq 3 if an average
effective value of 0.47 is used for 1/n? ~ 1 /D, and the radii are
picked as being 6.8 and 4.4 A.'2%¥ If the hydrogen-bonded layer
of solvent molecules around the ammine end of the dimer adds
to the effective radius the value of this barrier would be lower.
Combining all these considerations leads to a predicted value of
0.5 = 0.2 eV for for the intercept if we ignore the overlapping,
multiple-transition correction.

Plots of the IT band energy vs. the DCT term 1/n? - 1/D, for
the symmetrical dimers ((bpy),RuCl),L,>* where the bridging
ligand L, is varied yield intercepts on the order of 0.71 £ 0.04
eV. These intercepts can be related to the inner-sphere Franck-
Condon barrier when corrected for the overlapping, multiple-band
effect.”!® It should be noted, however, that they still exceed what
would be expected for X, on the basis of known structural data.!®
A recent, nine-solvent redetermination of the solvent dependence
of Ejp for the symmetrical {(NH;),Ru],(4,4"-bpy)** dimer con-
firms earlier results yielding a good correlation with DCT and
gives an intercept of 0.54 * 0.04 eV if the data in D,O and
methanol are ignored. Averaging these would predict an intercept
of 0.63 * 0.06 eV for an asymmetric system such as
(bpy),RuCl(pyz)Ru(NHj;)s**. The value for the tetraammine

(39) Brown, G. M,; Sutin, N. J. Am. Chem. Soc. 1979, 10/, 883.
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pyridine species might be slightly higher but would not be expected
to differ greatly.’™ It is noteworthy that the observed intercepts
derived here for asymmetric systems from donor number plots
and the predicted intercepts derived from the entirely different
DCT form of solvent dependence in symmetric dimers are in
reasonable agreement.

Concluding Remarks

One interesting contrast presented by this work is that the
solvent dependence in these systems is completely dictated by
specific, noncontinuum effects whereas that for the
[(NH;)sRu],(4,4’-bpy)** dimer is found to be of the DCT type
(vide supra).’”3® This is quite surprising until one considers that
lengthening the bridging ligand from pyrazine to 4,4’-bpy and
substituting a ruthenium pentaammine moiety for the larger
(bpy),RuCl group will increase the magnitude of the DCT solvent
dependence by a factor of about 2.7 as predicted from eq 3 and
known structural data.!® Even this, however, does not dispel the
quandary completely since the presence of twice as many ru-
thenium~ammine groups should also double the importance of
the solvent donicity effect on the Franck—Condon barrier.

That redox-state-dependent hydrogen bonding to solvent in
mixed-valence dimers containing ruthenium-ammine groups
should introduce a substantial Franck—Condon barrier to optical
electron transfer is not surprising, and in fact the existence of
hydrogen-bonding-dependent Franck—Condon energies has also
been recognized as being important for organic chromophores.*
It is striking, however, that the DCT solvent effect is so completely
supplanted by the noncontinuum solvent effect for the molecules
investigated here. One would expect that an appropriately de-
signed mixed-valence system should be identifiable which would
respond simultaneously to both kinds of solvent-induced barriers.
Work along these lines is currently under way.*!

The elucidation of the noncontinuum solvent effect as revealed
in this work is made possible because of the high degree of com-
plementarity that exists between thermodynamic and spectroscopic
data on mixed-valence systems in general. The strong theoretical
and experimental relationship between optical and thermal electron
transfer is highlighted if we note the parallelism between this work
and the growing body of work demonstrating the importance of
noncontinuum solvent effects on thermal electron transfers in
related mononuclear systems.!2-13

Separation of the reorganizational barrier to electron transfer
into well-defined inner- and outer-sphere components is clearly
inappropriate when strong, specific solvent—solute interactions are
operative. The continuing refinement of our microscopic un-
derstanding of ionic solvation and its consequences regarding
electron transfer promises to allow for a more and more detailed
mapping of the potential energy surfaces (and hence reaction-
coordinate diagrams) for these relatively large and complicated
molecular systems.
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