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Abstract: The series of dimers (bpy),CIRu(L)RuCl(bpy),2* (bpy is 2,2’-bipyridine; L is pyrimidine, pyrazine, 4,4-bipyridine,
trans-1,2 bis(4-pyridyl)ethylene, and 1,2-bis(4-pyridyl)ethane) has been prepared. One-electron oxidation gives solutions con-
taining the mixed-valence Ru(II)-Ru(I1) dimers. For the mixed-valence dimers where the bridging ligand is unsaturated, in-
tervalence transfer (IT) bands are observed in a series of polar solvents. The effect of the polarization properties of the solvent
on the energies of the optical transitions, and by inference on the activation energies for related thermal processes, can be treat-
ed using a simple dielectric continuum model. The effect of the distance between redox sites can also be accounted for by mak-
ing a relatively simple empirical correction to the continuum result. When extended to related outer-sphere electron-transfer
reactions, the results for the mixed-valence ions show that in polar solvents close contact between reactants is energetically fa-
vored even for like charged ions and that there is no energetic basis for expecting that long-range electron transfer will occur.

In mixed-valence dimers where electronic coupling be-
tween redox sites is weak, the excess electron is usually found
to be vibrationally trapped at one site at least in the equilibrium
sense.” Low-energy absorption bands are frequently observed
for such dimers which on the basis of their band shape and
medium dependences can be assigned to metal-metal charge
transfer (MMCT) or intervalence transfer (IT) absorption
bands (eq 1).2¢3 Hush?® and more recently Hopfield* have
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b m I 3+
7> GpnCRa N NRuTCllopy)™ (1)
given theoretical treatments for optical electron-transfer
processes. Assuming weak electronic coupling, harmonic os-
cillator vibrations, and a high temperature limit, the energy
of the optical transition (Egp) in a symmetrical ion like
(bpy)2CIRu(pyr)RuCl(bpy)23* (pyr is pyrazine) is given by
eq 3. In eq 3 E, is the energy of activation for the related
thermal reaction (eq 2).
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(B is 22-bipyridine)

Eop =4E, = 4AH™ (3)

Because of the simple nature of eq 3, and the ease of mea-
suring optical absorption bands, the appearance of MMCT or
IT bands can be of great value in probing the microscopic de-
tails involved in both optical and thermal electron transfer.
Earlier work with symmetrical mixed-valence ions2® has ex-
plored the role of medium effects in inner-323¢ and outer-
sphere’ intramolecular electron transfer, has studied the effect
of distance between redox sites,2¢%# and has led to the esti-
mation of absolute electron transfer rate constants from the
properties of IT bangs.’

We report here the preparation of a series of ligand-bridged
Ru(1l)-Ru(Il) dimers B;CIRu!/(L)Ru!!CIB,3* (L = py-
rimidine (pym), pyrazine (pyr), 4,4"-bipyridine (4,4’-bpy),
trans-1,2-bis(4-pyridyl)ethylene (BPE), and 1,2-bis(4-pyri-
dyl)ethane (BPA)). Oxidation of the dimers in solution gives
mixed-valence Ru(I1)-Ru(I11) dimers. IT bands appear for
the mixed-valence dimers in a series of polar solvents and the
energies of the bands are used to test and modify a dielectric
continuum model which accounts for the effects both of solvent
polarization and distance between redox sites. Part of this work
has appeared in a preliminary communication.?
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Experimental Section

Measurements, Ultraviolet-visible and near-infrared spectra were
recorded using Cary Models 14 and |7 and Bausch.and Lomb Spec-
tronic 210 spectrophotometers. Electrochemical measurements were
routinely made at a platinum bead electrode, are vs. the saturated
sodium chloride calomel electrode (SSCE) at 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 voltam-
metric experiments. The electrochemical measurements were per-
formed in three-chamber electrochemical cells whose dimensions and
construction have been described previously by Brown.!0 The tech-
niques employed for cyclic voltammetry, voltammetry, potentiometry,
and coulometry as well as the criteria used to judge the electrochemical
reversibility of the redox couples involved have also been described
by Brown,!?

Materials, Tetra-n-butylammonium hexafluorophosphate (TBAH)
was generally used as supporting electrolyte for electrochemical ex-
periments. It was prepared by standard techniques,'! recrystallized
three times from hot ethanol-water mixtures, and vacuum dried at
70 °C for 10 h.

Solvents used for near-infrared spectral measurements were purified
according to published purification techniques.'2.!3 All other solvents
used were reagent grade and used without further purification.

Deuterated solvents, used for near-infrared experiments, were
purchased commercially (Stohler Isotope Chemicals, Inc.) and used
without further purification.

Reagents. All chemicals used in the preparation of complexes were
purchased commercially as reagent grade and used without further
purification. Argon was scrubbed of oxygen by passing it through
Drierite, a heated column containing catalyst R3-11 (Chemalog),
followed by Drierite. Elemental analyses were performed by Galbraith
Laboratories, Inc., Knoxville, Tenn., and by Integral Microanalytical
Labs, Inc., Raleigh, N.C.

Preparation of Complexes. The preparations of the complex
(bpy)2RuCl22H,0'* and the salts [(bpy)2CIRu(NO)](PF4),!3 and
[(bpy)2XRu(L)(PFg),#H,0,'1-16 in which (L) = pym, pyr, 4,4-bpy,
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Table I. Elemental Analyses for the Salts [(bpy)2CIRu(L)RuCl(bpy)2](PFg),mH,0

caled found
salt? % C % H % N % CI % C % H % N % Cl
Ru(II)-Ru(II)
[B>CIRu(pym)RuClB;](PFg)2-H,0 41.10 2.98 10.89 5.51 41.13% 2514 10.60%
40.16 2.72 10.65 5.47
[B>CIRu(pyr)RuCIB,](PFe)> 41.68 2.86 11.05 41.38¢ 280  11.02¢
[B,CIRu(4.4-bpy)RuClB,] (PFg), 44.69 3.00 10.42 44.47 3.08 10.26
[B2CIRu(BPE)RuCIB,](PFg)-2H,0 44.42 3.30 9.96 5.18 44.24 311 9.96
[B2CIRu(BPA)RUCIB,](PF¢),:2H,0 44.39 3.44 9.96 5.04 43.41 2.86 9.97 4.30
Ru(I1D)-Ru(I11)
[B2CIRu(4,4’-bpy) RuCIB,] (PF4) +-2H,0 35.96 2.66 8.39 425 35.71 272 882  5.09
[B2CIRu(BPE)RuCIB,](PFg)42H,0 36.83 2.73 8.26 4.18 35.14 2.49 8.35 4.27

@ B is 2,2-bipyridine. The ligands were shown above. # Taken from ref 17. < Taken from ref 3a.

BPE, and BPA and X = CI=, NO,™ (n = |) or CH3CN, py (n = 2),
have been described previously.

The monomeric starting materials, [(bpy)>CIRu(L)](PFs), in
which (L) = pym, pyr, 4,4-bpy, BPE, and BPA, were purified by
column chromatography, using either unactivated alumina (Fisher
Scientific Co.) or cellulose (Baker Chemical Co., acid washed).
Jacketed chromatography columns were used. A slurry of alumina
in CH»Cl, was poured into the column, and the complex, dissolved
in CH,Cl5, was added dropwise to the top after settling. Mixtures of
MeOH in CH,Cl, were used as eluent. Initially 2% CH3;OH/CH,Cl,
was used followed by higher concentrations of CH3OH to elute the
first bands from the column which contained the desired products.
There were impurities retained on the column. The most probable
origins for the impurities were [(bpy)>CIRuN;], [(bpy)2CIRu(S)]-
(PFe) (S = solvent), and [(bpy)CIRu(NO)](PF¢),. All of the im-
purities could be removed from the columns by washing with pure
CH;O0H. Mixtures of CH3CN (reagent grade) in benzene and in
CH;Cl; were also used successfully as eluents. The concentration of
CH3CN was generally 20-30%. In general, elution using CH3;CN was
less desirable because of the problem of photochemical solvolysis re-
actions.

[(bpy);CIRu(L)RuCl(bpy)2K PFe);nH20, (L) = pym,!” pyr,3* 4,4"-bpy,
BPE, and BPA.18 Preparations for the dinuclear complexes have ap-
pcared previously.?¢-17.18 The preparations reported here represent
modifications of the previous procedures. Specific examples are cited,
but the same procedures were used for all the dimers.

[(bpy)2CIRu(4,4"-bpy)RuCl(bpy)z](PFe)2. Route A. [(bpy)s-
Ru(NO)CI](PF¢); (0.593 g, 0.771 mmol) was dissolved in 30 mL of
acetone. KN3 (0.063 g, 0.777 mmol) dissolved in a minimum amount
of CH3OH (~5 mL) was added dropwise to the solution. The solution
was protected from light. After 15 min of stirring, 4,4’-bipyridine
(0.074 g, 0.425 mmol) was added, and the acetone solution was heated
at reflux under argon for 20 h. The solution was constantly protected
from light. After about 20 h, the condenser was removed and the
volume of acetone reduced to ~10 mL. More acetone was added and
the volume reduced again. The remaining solution was filtered through
a medium glass frit to remove insoluble KPFg and added dropwise to
stirred anhydrous ethyl ether (~175 mL). The precipitate was col-
lected by suction filtration and dried under vacuum in a desiccator.
When dry the product was washed with ~30 mL of water to remove
the water-soluble salts and then redried under vacuum and reprecip-
itated from acetone/ether, yield ~90% for all complexes.

Product purity was ascertained using electrochemistry (the absence
of other noticeable redox couples) or by thin layer chromatography.
Further purification was accomplished by chromatography on alumina
or cellulose using CH3;OH/CH>Cl,, CH3CN/CH,Cl,, CH30H/
CeHe, or CH3;CN/CsHg mixtures as eluents, as described above. The
dimeric complexes had chromatographic properties like those of the
monomers described above but retention times were generally longer
than for the monomers. Yields after chromatography were 55-60%.
Elemental analysis results are given in Table I.

[(bpy)2CIRu(BPA)RuCl{bpy);](PFs)2. Route B. [(bpy),Cl-
Ru(NO)](PFg), (0.161 g, 0.209 mmol) was dissolved in ~30 mL of
acetone and protected from the light. KN3 (0.017 g, 0.210 mmol)
dissolved in a minimum (~5 mL) of CH3OH was added dropwise to
the stirred solution. After ~15 min [(bpy)2CIRu(BPA)](PFs) (0.161
g, 0.174 mmol) dissolved in 20 mL of acetone was added and the
mixture was allowed to heat at reflux under argon for 20 h. After 20

h, the red-orange solution was slowly filtered through a medium glass
frit into stirred anhydrous ether (~175 mL), and the precipitate col-
lected by suction filtration and dried under vacuum in a desiccator,
yield 90%. The complex was further purified by chromatography
giving a final yield of ~55%.

[(bpy)2CIRWL)RuCI(bpy)2k PF¢)s2H20, (L) = pyr, 4,4-bpy, and BPE.
The oxidized (Ru(III)-Ru(Il1)) forms of the dimeric complexes were
obtained from the reduced species by oxidation using (NH;),Ce-
(NO3)6. The procedure has been described elsewhere.!! In a typical
preparation [(bpy),CIRu(BPE)RuCI(bpy),](PFs), (0.316 g, 0.225
mmol) was dissolved in ~20 mL of acetone. Tetra-n-butylammonium
chloride, in excess, dissolved in acetone was added, causing the im-
mediate precipitation of the chloride salt which was collected by
suction filtration and washed with three 10-mL portions of acetone.
The salt was then dissolved in 0.1 M HCl and (NH4)2Ce(NO3)q (a
10% excess) was added. The oxidation is immediate, causing a color
change from purple-red to brownish-green, A saturated solution of
NH4PFg (15 mL) was then added and the PF¢~ salt which precipitates
out of solution was collected by suction filtration, washed with 0.1 M
HCI, and dried in vacuo. Elemental analyses are given in Table 1.

For spectrophotometric work the oxidized complexes were gener-
ated in situ using Ce(1V) solutions. The preparation and standard-
ization of these solutions have been described elsewhere.!8b

[(bpy)2CIRu(L)RuCl(bpy);]>*. The mixed-valence (Ru(Il)-Ru(l11))
complexes were generated in solution by one-electron oxidation either
electrochemically, using Ce(1V), or by mixing equimolar amounts
of the reduced (Ru(II)-Ru(l1)) and the oxidized (Ru(I1I)-Ru(I11))
dimers in the same solution.

Results

Electrochemistry. Cyclic voltammetry and coulometry ex-
perimentsin 0.1 M TBAH/CH;CN vs. SSCE (saturated so-
dium chloride calomel electrode) at 25 + 2 °C show that
the series of Ru(II)-Ru(11) dimers [(bpy),CIRu(L)RuCl-
(bpy)2]2* undergo two one-electron oxidations. Ey; values
(Table IT) were calculated from cyclic voltammograms (E1 >
= (Epa — Epc)/2). The Ey); values are formally reduction
potentials, except for a usually small correction term for dif-
ferences in diffusion coefficients, and refer to the equations:

[(bpy)2CIRu(L)RuCl(bpy),]3* + ¢
— [(bpy)2CIRu(L)RuCl(bpy),]2*: E/2(1)  (4)

[(bpy)CIRu(L)RuCl(bpy).]** + e
= [(bpy)2CIRu(L)RuCl(bpy)2]**: E1/2(2)  (5)

Separate values for E'y,5(1) and E'1,5(2) are resolved only
when L = pyr and pym. For L = 4,4"-bpy, BPE, and BPA only
one wave was observed in the potential region fromQto 1.4 V,
but the peak separations are considerably larger than the
theoretically predicted 58 mV. The large AE, values could
result from the close proximity of two closely spaced one-
electron waves.!0 Since the current is additive for each process
the result would be a slight apparent increase in AE,,. Varia-
tions in scan rate (50-500 mV/s) left peak potentials unaf-
fected and the ratios of anodic to cathodic peak currents



Powers, Meyer | Optical and Thermal Electron Transfer

1291

Table I1. Electrochemical Data for the Dimer [(bpy)>CIRu(L)RuCl(bpy),]3*/2* and 4+ /3+ Couples®

couple Eyp, VP AE,, mV< nd
[(bpy)2CIRu(pyr)RuCl(bpy),]3*/2* ¢ 0.89 75 ]
[(bpy)>CIRu(pyr)RuCl(bpy),]4+/3+ ¢ 1.01 75 1
[(bpy)2CIRu(pym)RuCl(bpy),]3+/2+/ 0.87 60 1.3 (at 0.95 V)
[(bpy)2CIRu(pym)RuCl(bpy),]4*+/3+ / 0.99 60 20(at1.2V)
[(bpy)>CIRu(4,4’-bpy)RuCl(bpy),]4+/3* and 3+/2+ 0.82 80
[(bpy),CIRu(BPE)RuCI(bpy),]4+/3+ and 3+/2+ 0.78 80 1.90
[(bpy)2CIRu(BPA)RuCI(bpy),]4+/3+ and 3+/2+ 0.77 90 2.03

4 1n 0.1 M [N(n-C4Hg)4]4(PFs)-CH3CN at room temperature. # Vs. the saturated sodium chloride calomel electrode. ¢ Calculated from
the difference in anodic and cathodic peak potentials. ¢ Determined by coulometry. ¢ Taken from ref 3a. / Taken from ref 17.

Table I1, Electronic Spectra for the Ions [(bpy)2CIRu(L)RuCl(bpy),]”* (m = 2.3, 4) in Acetonitrile

)\max, € X 1074, >\maXy € X 1074,
complex nm¢ M-lc¢m~1# complex nm¢ M-lem=!#
[(bpy)2CIRu(pyr)RuCl(bpy)s]?* ¢ 513 2.6 [(bpy)2CIRu(pym)RuCl(bpy),]*++ 425 0.49
498 (sh) 345 0.91
339 1.2 313 472
292 9.2 290 4.72
243 3.8 247 4.63
[(bpy)2CIRu(pym)RuCl(bpy)2]* 482 2.02 [(bpy)>CIRu(4,4’-bpy)RuCl- 420 0.75
455 (sh) (bpy)a]** 365 (sh)
385 (sh) 313 5.08
349 1.52 295 6.12
293 11.2 247 5.89
255 (sh) [(bpy)2CIRu(BPE)RuCI(bpy),]+* 417 (sh) 0.64
241 4.95 355 (sh)
[(bpy)>CIRu(4,4’-bpy)RuCl- 491 2.77 312 8.22
(bpy),]** 465 (sh) 303 7.64
410 1.80 247 5.35
368 (sh) [(bpy)2CIRu(BPA)RuCI(bpy),]4+ 420 (sh) 0.52
293 10.6 350 (sh) 1.26
260 (sh) 313 6.06
244 5.74 298 6.44
[(bpy)2CIRu(BPE)RuCI(bpy),]2+ 496 3.67 248 7.05
460 (sh) [(bpy)2CIRu(pyr)RuCl(bpy),]3+ ¢ 508 1.4
428 (sh) 2.27 475 (sh)
356 1.62 310 (sh)
294 13.8 292 6.0
286 (sh) 244 4.1
256 (sh) [(bpy)2CIRu(pym)RuCl(bpy),]**+ 482 1.44
243 4.35 450 (sh)
[(bpy)2CIRu(BPA)RuCl(bpy),]2+ 503 1.70 343 1.34
460 (sh) 313 (sh)
357 2.40 293 7.04
298 11.3 243 3.44
285 (sh) [(bpy)>CIRu(4,4-bpy)RuCl- 490 1.44
248 4.97 (bpy),]3+ 420 (sh)
[(bpy)2CIRu(pyr)RuCl(bpy),]4t ¢ 430 0.4 315 (sh)
310 5.0 298 7.44
300 5.0 248 5.94
246 4.9 [(bpy)2CIRu(BPA)RuCl(bpy),]3* 502 1.1
356 (sh) 1.94
315 1.14
297 9.44
248 5.4d

4 At room temperature, £2 nm in CH3CN. ¢ Estimated error in values is £10%. ¢ From ref 3a. ¢ Estimated assuming that K for the com-

proportionation equilibrium in eq 6 is 4.

(ipa/ipc) were ~1 for each process. Attempts to resolve the
two one-electron processes by potentiometric titrations were
also unsuccessful,

Using the E'j,2 values, the value of K¢om for the compro-
portionation equilibrium:

[(bpy)>CIRuM(L)Ru!Cl(bpy),]4*
+ [(bpy)CIRu!(L)Ru"'Cl(bpy)2]>*
= 2[(bpy)CIRu"!(L)Ru''Cl(bpy)2]3*  (6)

is ~10% for L = pyr and pym in 0.1 M [N(n-Bu)4]PFs/

CH;CN. The values appear to be the same in pure acetonitrile
from spectrophotometric experiments. Quantitative calcula-
tions based on the 3+ mixed-valence dimers where L = py-
rimidine or pyrazine have been corrected for the small amounts
of the 4+ and 2+ ions present at equilibrium.

Electronic Spectra. The ultraviolet-visible spectra of the
series of dimers are all similar. Spectral results for the
Ru(1)-Ru(II) dimers, for the mixed-valence 3+ dimers, and
for the Ru(IIT)-Ru(Iil) 4+ dimers, all in acetonitrile, are
summarized in Table I11.

The spectra of the 2+ and 44 dimers are nearly those of
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Table IV. Near-Infrared Spectral Data for the Ions [(bpy)>,CIRu(L)RuCl(bpy);]**
L = pym pyr¢ 4,4-bpy BPE
(I/DOP) )\max. VmaX1 maxs VmaXy xl"nﬂ.xi VmﬂXY )\muva VmaXY

solvent - (1/Dy) nm  cm™!'X1073 nm cm~!Xx 1073 nm cm~! X 1073 nm em~! X 1073
acetone 0.493 10]0£5 9.90 £ 0.05 920+ 10 10.87 £0.1
acetonitrile 0.526 13605 7.34 1300 7.69 985+ 5 10.15 £ 0.05 925+ 10 1081 +0.1
/Y,N-dimethylformamide 0.462 1060 £ 10 943 + 0.1 930+ 10 10.75 £0.1
dimethyl sulfoxide 0.438 1365 7.33 1060 + 10 943 + 0.1 1010 £ 10 9.90 £ 0.1
propylene carbonate 0.481 1335 7.49 1025+ 5 980+ 0.04 950+15 10.53+0.2
nitrobenzene 0.384 1400 7.14 1110 £ 10 9.01 £ 0.1 1030 + 20 9.71 £0.2
H,0/D,0¢ 0.546 1270 7.87 890 £ 20 11.24+0.3 830+ 15 11.90+0.3

@ From ref 3a.  £10 nm. < 0.1 M HCl in D;O for L = 4,4’-bpy, 0.1 M HCI/H;O for L = BPE.

C/ a
O/O/
A : i
o4 05 08
1.
( 2 " D: )

Figure 1. Plots of Eqp vs. [(1/Dgp) = (1/Ds)] for the near-1R bands of the
mixed-valence dimers [ (bpy)2CIRu(L)RuCl(bpy),]**: (a) L = pyr (from
ref 3a); (b) L = 4,4’-bpy: (¢) L = BPE.

related Ru(I1) or Ru(111) complexes, respectively.3211.180 The
spectra of the mixed-valence ions in the UV-visible spectral
region are nearly the sum of the spectra of [(bpy)2CIRu!!/(L)]*
and [(bpy)2CIRu!'!/(L)]?* groups. There are no new or unusual
absorption bands in this spectral region for the mixed-valence
ions.

Near-Infrared Spectra. In the near-infrared region, new
absorption bands appear for the mixed-valence ions which are
not present for either the 2+ or 4+ dimeric ions. The near-
infrared spectra of the mixed-valence complexes [(bpy),Cl-
Ru(L)RuCl(bpy),]3* in which L = pyr,32 pym,'7 4,4’-bpy, and
BPE were obtained in a variety of solvents and the results are
summarized in Table 1V where values of Apax and vmay, the
energy of the absorption at A, as well as values of the
quantity (1/Dqp — 1/Ds) for each solvent are also given. Dy and
D,y are the static and optical dielectric constants of the solvents
used. The near-1R bands for all the complexes are broad and
Aﬁl/z, the bandwidth at half-height, is on the order of
4000-6000 cm ™!, In general, bandwidths were determined by
doubling the half-bandwidths on the high-energy side because
of tailing at low energies into regions of solvent IR overtone
absorptions. In all cases, in the series of solvents used the ratios
of the experimental values for Ay, to the values calculated
from eq 7 were in the range 1.1-1.4,

Vnax = (M1/2)2/2'31 (Vmax and A171/2 inem™~!) (7)
Equation 7 has been derived by Hush for IT bands. The larger

than predicted bandwidths are not unexpected given the single
oscillator model used by Hush in deriving eq 7.

Solvent Dependence of Near-IR Bands. In Figure | are
shown plots of Eqp vs. (1/Dgp — 1/Ds) in the solvents used for
the IT bands of the dimers [(bpy)>CIRu(L)RuCI(bpy)2]3* (L
= pyr,3* 4,4’-bpy, and BPE). A linear least-squares program
was used to fit the data and the lines drawn represent the best
fit straight lines. The slopes, v intercepts, and correlation
coefficients for the three plots shown in Figure | are given in
Table V as are values of A; and A,, and 4, the internuclear
distance between redox sites. The significance of all of these
terms will be discussed in detail in later sections.

The uncertainty in the €yax values in Table V for the 4,4’-bpy
and BPE dimers arises because Kcom values for the compro-
portionation equilibria in eq 6 are unknown. The high values
in Table V were calculated assuming Kcom = 4 and the low
values that Kcom is sufficiently large that only the mixed-va-
lence ions are present in appreciable concentrations.

Attempts to observe IT bands for the dimer i were unsuc-

+
[BZCIRu"N@CHZCH2<O NRumCIBz:r
i

cessful, which is not surprising given the saturated region in
the bridging ligand. However, it should be noted that evidence
for very weak IT bands has been found for the ions ii! and iiiZ?

(NH%Ru@CHZCHZ@NRu(NHs)E“
ii

NN
\./\/SRu(NHs)ﬁﬁ+

iii

(NHy)sRuS

and studies on the BPA dimer at high dimer concentrations
might show the existence of a weak IT band.

Discussion

The evidence for localized valences and weak electronic
coupling in the dimer iv has been presented elsewhere.3? For

o) ]3+
uCl
[(bpy»CIRuN@NR (bpy),
iv
the other mixed-valence dimers, the longer Ru-Ru separation
and/or the higher energy of #* levels in the bridging ligands
are expected to lead to even smaller electronic interactions
between the Ru(I1) and Ru(111) sites.!®.20 The properties of
the dimers are consistent with this prediction as shown by the
weakness in intensity of the IT bands and by the clear simi-
larities in optical spectra and redox potentials for the mixed-
valence dimers with isolated monomeric complexes of Ru(IlI)
and Ru(I1) which are related chemically. For the mixed-va-
lence dimers, the relatively weak near-IR bands can then be
assigned to metal-metal charge transfer (MMCT) or inter-
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Table V. Experimental and Calculated Results from Plots of Eqp vs. [(1/Dop) = (1/Ds)] for the Near-IR Bands of the Dimers

((bpy)2CIRu(L)RuCl(bpy)2]**

slope correlation
(obsd), y int, coefficient
L \% \Y r ALY Ao,?V d A €max,® M~ cm™!
N@N 0.5375  0.676° 0.995 0.71 0.29 6.9 4556 at7.69 X 103 cm™!
=/
(pyr)
N@—@N 0.980¢  0.744¢ 1.00¢ 0.78  0.54 1.1 100-200at 10.15 X 103 cm~!
(4.4’-bpy)
|
NC>_C=T_CN 1.34 0.674 0.92 0.70 0.70 13.2 135-270 at 10.81 X 103 cm™!
H
(BPE)

¢ Values in CH3CN. # From ref 3a. ¢ Calculated excluding the value in 0.1 M HCI/D>O.

valence transfer (1T) bands (eq | and 8). The assignment is
consistent with the observed bandwidths and, as discussed
below, with the dependence of the band energies both on sol-
vent properties and on the distance separating the redox
sites.

(bpy)2CIRu!(L)Ru'!Cl(bpy),**
hv
—> (bpy)2CIRu"(L)Ru!Cl(bpy),** (8)
op
Role of the Medium. In a localized mixed-valence ion, the
excess electron is essentially trapped on one site. The trapping
occurs because the bond distances and structure at the chem-
ical sites are dependent on electron content and vary with ox-
idation state. The net effect is to create a vibrational trapping
energy. If the inner- and outer-sphere contributions to the vi-
brational trapping energy are separable, the energy of the IT
band is given by

Eop=Xi+Xo=X (9)

Xi and X, are the inner- and outer-sphere internal energy
contributions to the optical barrier to electron transfer. As-
suming a harmonic oscillator model for the vibrations in the
classical limit and also that electronic coupling between the
redox sites is weak, E,p is related to the energy or heat of ac-
tivation for the related thermal process

(bpy)>CIRu/(L)RuICl(bpy),*+
AH*
—> (bpy)2CIRuM(L)Ru!'Cl(bpy),**  (10)

by
AH* = Eop/d = x/4 (11)

For an intramolecular reaction like eq 10 where AG = 0, x; and
Xo are essentially equal to the corresponding free-energy terms
Aiand A,.26:28

The inner- and outer-sphere vibrational contributions to the
thermal barrier to electron transfer have been treated quantum
mechanically by a number of authors?3-23 and classically by
Marcus?¢ and Hush.?7 In the high-temperature limit where
the vibrational spacings involved are small compared to kgT
(Awn < kpT), the quantum-mechanical treatment leads to the
classical result.23:24

For optical electron transfer, the effect of solvent polariza-
tion has been treated in terms of a dielectric continuum
model:22:29.30

>\o=1/z(D1 —Di)f(f)f—f)i)zdv (12)

op s

Equation 12 is an expression for the free-energy difference
before and after electron transfer arising from solvent polar-
ization effects. Dy and D; are the dielectric displacement vectors
associated with the charge distributions in the final and initial
states. Dy and D,y are the optical and static dielectric constants
of the medium. The integration is performed from the surface
of an inner volume described by the metal plus inner coordi-
nation sphere ligands throughout the outer volume surrounding
the ion.

The choice.of the dielectric constants in eq 12 follows from
the nature of the optical electron transfer process. The use of
Dop for the medium after electron transfer has occurred is
appropriate from the “frozen nuclei” approximation of the
Franck-Condon principle. Since the time scale for the optical
transition is short compared to the time for transitions between
vibrational levels, only the electronic polarization component
of Dy can respond to the electron transfer. The orientational
and atomic displacement contributions to D which are vi-
brational in nature are too slow to respond.

Problems exist in the selection of an appropriate value for
D,. With high charge densities at the redox sites, dielectric
saturation effects are important.31:32 With ligands like NHj3,
H>0, or CN—, hydrogen bonding with solvent can strongly
influence solvent properties close to the ions.3? In solutions
containing high concentrations of electrolytes, the contribution
of the electrolyte to the polarization properties of the medium
must be taken into account.?433 If there are low-frequency
medium modes which are slow on the thermal electron transfer
time scale, they will not contribute to Ds.

However, for the complexes described here, the redox sites
are large and charge densities low. Given the ligands involved,
there should be no complications from hydrogen bonding. Most
of the optical experiments were carried out in dilute solutions
with no added electrolyte. Perhaps of most importance is the
fact that for the polar solvents used here D, is large compared
to Dyp. The medium dependence in eq 12 is dominated by the
term inverse in the electronic polarization of the medium and
variations in the static polarization are numerically small.

For the case of two charged spheres of radii @ and a; either
separated by an internuclear distance d or in close contact (d
= a; + a3), eq 12 can be integrated to give

| | | 1 |
>\0=e2(—+—-- 1
2a,  2a; d) (DQp DS) (13)

Since for a chemically symmetric mixed-valence ion a; ~ a5,
eq 13 becomes

1 1 1 1
= | — — | j—— — — 4
)\0 (al d) (Dop Ds) t )
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Table VI. Data for the Dependence of E,, on d in Selected Solvents for the Mixed-Valence Dimers [(bpy)2CIRu(L)RuCl(bpy),]**

Eop, cm~! X 1073

propylene

L d A a,, A CH;CN nitrobenzene carbonate Me,SO
pym 6.0 5.9 7.36
pyr 6.9 6.0 7.69 7.14 7.49 7.33
4,4’-bpy 11.1 6.4 10.15 9.01 9.80 9.43
BPE 13.2 6.5 10.81 9.71 10.53 9.90

From Plots of Eqp vs. 1/d

yintercept, cm~! X 1073 13.6 12.6 14.1 13.0
slope, cm=1 X 10-3.A -38.8 —39.4 —47.2 —40.6

Hush?7 has derived the equation

2 I 1V [ 1 1
>\04="—(—+___) _
/ 4 \2a;  2ay d]\Dy, Dy

for thermal electron transfer using a thermochemical ap-
proach. From his analysis, the terms in eq 13 can be interpreted
as follows: (1) The terms e2(1/2a)((1/Dop) — (1/Dy)) are
differences in solvation energies for the two redox sites in media
having dielectric constants Doy and Dy. (2) The term (e?/d)-
(1/Ds) arises because of a change in electrostatic repulsion or
attraction between the redox sites. (3) The term (e2/d)(1/Dgp)
accounts for the electrostatic interaction between the excited
electron-electron hole pair.

The integrated form in eq 13 is not exact since it fails to
account for the volume of the ions, but the correction involved
appears to be small.3637 Of a more serious consequence is the
fact that, for three of the four mixed-valence ions, L = pym,
pyr, and 4,4’-bpy, the integrated result cited in eq 13 is inap-
propriate. For those ions the internuclear distance is less than
the sum of the radii and the boundary condition d = a; + a3
is not met. The coordination spheres describing the redox sites
interpenetrate rather than being in close contact.

For the mixed-valence ions, the redox sites are not spherical.
Average molecular radii are shown in Table VI. They were
obtained by averaging the four distances along the Ru-N(bpy)
axes from the ruthenium ion to the end of the van der Waals
radii of the remote hydrogen atoms (7.1 A), the ruthenium to
chlorine (2.40 A)38 plus van der Waals radius (1.80 A),%° and
half the Ru-Ru distance. In the calculations an average Ru-N
bond distance of 2.12 A was used“? and the dimensions of the
bipyridyl ligands were taken from crystal structures of the
related complexes Fe(phen);2* 414 Fe(phen)s;3**1® and
Cr(bpy)3**.4'c The Ru-Ru distances were calculated from
standard C-C and C-N bond distances and a Ru-N distance
of 2.12 A,

Even though the integrated geometrical term in eq 13 does
not properly describe the series of mixed-valence dimers, it is
possible to test the influence of the medium by observing how
the energies of the IT absorption bands vary in a series of sol-
vents.> For the three ions where L =

N@N, N@'—@N, trans 'N©CH=CH©N

the predicted dependence of Eqp on (1/D,,) — (1/Ds) is ob-
served as shown by the plots in Figure | and by the correlation
coefficients in Table V.

From eq 9 the inner-sphere and outer-sphere contributions
to Eop are separable. Since X, ~ A, and since A, is given by eq
14, it follows that

1 |
Eo =>\i+ ===
P ¢ (al d)(

! 1
- (15)
Dyp DS)
Equation 15 predicts that extrapolation of the solvent depen-
dence plots in Figure 1 to the intercept should give numerical
values for A;. The value at the intercept corresponds experi-

mentally to the measurement of E,, in a nonpolar solvent
where Dop = D,

In fact, the extrapolations give the sum of all contributions
to Eop which are insensitive to changes in the medium. The
mixed-valence dimers contain spin-paired d%(Ru(11)) and
d3(Ru(111)). Because of the low symmetries at the redox sites
the dn levels are probably nondegenerate. If the dominant
contribution to the electronic transition occurs because of ex-
citation from a Ru(1I) level other than the highest level, there
could be an additional factor in £,, whose magnitude would
depend on zero-field splitting and spin-orbit coupling. This
point was made recently by Creutz.*? Such a situation is per-
fectly reasonable given the differences in electronic orbital
overlap factors expected for the various donor-acceptor orbital
combinations. The lack of obvious structure for the Gauss-
ian-shaped IT bands!-® suggests that either a single donor-
acceptor orbital pair dominates the transition or that, if there
are multiple orbital contributions, the energy spacings between
levels are small compared to the observed bandwidths.

Values for A; obtained by extrapolation are given in Table
V. In a proper accounting of the role of inner-sphere vibrations
the relevant modes must be considered and treated quantum
mechanically since, in general, the vibrational spacings are not
small compared to k7. The necessary vibrational information
is not yet available for the mixed-valence dimers, but the nu-
merical values for A; in Table V are revealing. They show that,
within experimental error, the inner-sphere vibrational con-
tributions to E,p are the same for the three mixed-valence ions.
The lack of a dependence of A; on the bridging ligand is ex-
pected given the chemical similarity in the bridging ligands and
the weak electronic coupling between redox sites. The two
redox sites act as uncoupled oscillators in terms of the inner-
sphere vibrations. However, the outer-sphere or solvent vi-
brations are coupled to both of the redox sites and that coupling
is the origin of the e2(1/d)((1/Dop) — (1/Dy)) term in eq
13.

The magnitude of A, is surprising given the lack of significant
differences in metal-ligand bond distances in pairs of ions like
Ru(NH3)e3t and Ru(NH;)¢2™ 40 and Fe(phen);3* and
Fe(phen);2+.412.0 Although not much can be said in the ab-
sence of detailed vibrational and structural information, it may
be worth noting that there could be significant changes in
Ru-Cl bond distances with oxidation state and noting again
that the A values may include an electronic contribution
arising from nondegeneracies in the donor and acceptor d=
levels.

A similar observation has been made by Endicott and co-
workers in their crystallographic studies on Co(I1) and Co(I11)
macrocyclic complexes.*? Using measured bond distances,
their estimates for calculated Ai/4 values using a classical
model for the vibrations seem to be consistently too low.

Role of Interreactant Distance. In comparing the data in
Figure 1 and Tables IV-VI for the four mixed-valence ions,
it is clear that the energies of the optical transitions increase
in magnitude as the distance between redox sites increases.
Since A is independent of &, the origin of the effect must be in
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Figure 2. Plot of E,, vs. 1/d for the mixed-valence dimers [(bpy).Cl-
Ru(L)RuCi(bpy)2]3* (L = pym, pyr, 4,4’-bpy, BPE) in acetonitrile.

the solvent polarization term. The dielectric continuum result
(eq 13-15) predicts a —1 /4 dependence for E,, which can be
seen more clearly in eq 16, which was obtained by rearranging

eq 15.
e[ 1 1 e[ 1 1
For [A‘ ¥ al(Dop D)] d (Dop 5] o

In Figure 2 is shown a plot of Eop vs. 1/d for the four
mixed-valence ions in acetonitrile including the case where L
= pyrimidine. In Table VI are summarized slope and intercept
data obtained from similar plots of E,p vs. 1/d for the three
ions where L = pyr, 4,4’-bpy, and BPE in a series of polar
solvents.

Although the linear decrease in £, with 1/d predicted by
eq 16 is observed, quantitative agreement between experiment
and theory is not satisfactory. Using an average value of A; =
0.73 V taken from Table V and a; = 6.4 A gives as a theoret-
ical equation for the data, E,, (V) = 1.91 — (7.57/d). An es-
timation of the best fit of the data in Figure 2 to a straight line
gives an equation of the form Eqp, (V) = 1.68 — (4.81 /d). The
lack of agreement with theory is not unexpected since, as noted
above, the boundary conditions used to obtain eq 13-16 are
unrealistic for three of the four mixed-valence ions.

Using the data for the IT absorption bands, it is possible to
derive an equation for E,p, empirically which is of the same
form as eq [6. In the modified equation (eq 17), A; and the
properties of the medium are kept unchanged, but it is assumed
that the values for-d calculated on the basis of molecular
structure are inappropriate.

1 ! ! !
Eop=A+e2|——— -—
° l ¢ (al d/) (Dop Ds)
Ineq 174" =d + Ad is taken to be a variable parameter equal
to the actual distance between redox sites plus an increment

Ad. Using A; = 0.73 V and the dielectric constants appropriate
to acetonitrile, eq 17 becomes

(7)

1 l

Eyp (V) =073 +7.57 (a2 d,) (18)

For the four mixed-valence ions, eq 18 can be solved for d’(=d
+ Ad) and, using the experimental values for £y, in acetoni-
trile, Ad is found to be 0.8 A for L = pyrimidine and 0.4 A for
the other three ions, giving an average value of Ad = 0.5 A.
In Figure 3 is shown a plot of the experimental E,, values
vs. ((1/a,) — (1/(d + 0.5))). The straight line is the theoretical
line calculated using eq 18 where d’ = d + 0.5 (A). The good
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Figure 3. Plot of Eopvs. ((1/a1) — (1/(d + 0.5))) for the mixed-valence
ions [(bpy)2CIRu(L)RuCl(bpy),]3* in acetonitrile.

agreement between experiment and theory shows that, at least
for the series of mixed-valence ions studied here, a simple
empirical correction to the prediction made by dielectric
continuum theory satisfactorily accounts for the effect of sol-
vent polarization on the energy of the optical transition. The
form of the correction is appropriate, at least qualitatively,
since, as 4 becomes less than 2a,, electron transfer occurs as
an “embedded” process within the material of the dimer itself.
The solvent occupies an increasingly remote outer volume and
interactions with its polarization properties are overestimated
by a simple 1/d dependence.

Cannon has proposed a more realistic approach to the in-
tegration of eq 12 for cases like the mixed-valence dimers.36
His approach is based on the earlier work of Kirkwood and
Westheimer on solvation energies for ellipsoidal shapes,* and
the reader is referred to his papers and to the recent paper by
German for a more detailed discussion.36¢

There is another point of interest in the context of the dis-
tance dependence effect which relates directly to the obser-
vations made here. Brown and Sutin have shown recently that,
for a series of closely related outer-sphere reactions where d
> a1 + a, the expected dependence on 1/d is observed.44

Another test of the empirically modified dielectric contin-
uum equation is available by comparing calculated and ex-
perimental slopes for the data. In Figure 1, E, is shown plotted
against ((1/Ds) = (1/Dyp)). Fromeq 15 the theoretical slopes
are given by e2((1/a1) — (1/d)) or, using the empirical cor-
rection ineq 18 where d’ = d + 0.5, by e2((1/a;) — (1/d")).
Theoretical and experimental values for the slopes of the sol-
vent plots are compared in Table VII. Once again, the agree-
ment between experiment and theory is striking and shows that
a continuum model for the dimers studied here, based on a
relatively simple approximation to molecular shape, is ade-
quate to account for solvent polarization effects.

Role of Distance between Redox Sites in Quter-Sphere Re-
actions. In an outer-sphere reaction, an initial diffusion to-
gether of the reactants occurs followed by electron transfer:

Ru'"'By(py)CI2* + Ru!'B,(py)CI+

‘ﬁ‘— RulllB,(py)CI12* . . . Rul'B,(py)CI+  (19a)
Ru'''B,(py)CI2* -+ - - Rul'Bs(py)CI*

£5 RuB,(py)CI* - + - RuMBy(py)CI2*+  (19b)

Ru!'By(py)CI* . .. RulllB,(py)CI2*+ — Ru''B,(py)Cl+
+ RuliBy(py)CI2*  (19¢)
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Table VII. Calculated and Experimental Slopes for the Variation
in Eop with ((1/Dop) — (1/Dy)) for the Mixed-Valence lons
[(bpy)2CIRul!(L)Ru"'Cl(bpy),]>*

exptl calcd®
L d A a;, A slope,V  slope, V
@ 6.1 5.9
72
NON 6.9 6.0 0.54 0.45

NO—@N 1.1 64 098 1.02
|
ND—C=T—CN 13.2 6.5 1.34 116
H

4 Calculated from e2((1/a;) — (1/(d + 0.5))). Note eq 18.

It is usually assumed that the reactants approach to a close
contact distance to form an ion-pair or association complex.
At first glance, the assumption of close contact seems sur-
prising at least for like-charged ions where electrostatic re-
pulsion is important. In fact, the distance between redox sites
is a variable and the possible role of long-range electron
transfer in outer-sphere reactions has been discussed.#6-48

The rate constant for outer-sphere electron transfer (eq 19a
and 19b) is given by

k = keKa = verexp[—[(AGa + AG*)/RT]]  (20)
AGA + AG*
RT

which is of the same form as for intramolecular electron
transfer (eq 2), k = vg exp[—(AG*/RT)]., except that the
term Ka = exp[—(AGa/RT)] has been included to account
for the association step. For the Ru(bpy),(py)CI2+/* self-
exchange reaction in eq 19a and 19b, the results obtained for
the chemically related mixed-valence ions [(bpy).CIRu(L)-
RuCl(bpy),]** allow the way the energy barrier to electron
transfer varies with distance to be evaluated quantitatively.
Fromeq |1 and 16, AG* (AS* ~ 0)26:28 varies with d as

) 2 2
AG*=[L+9—(1 _L) _g __I__L) 1)
4  4ay\Dy, D Dop Dy
Using the Eigen-Fuoss equation for the ion association step

Ink=Invp, — ( (20a)

gives for Ko
47w Nod3 ZAZpge? 1
Ka = _
A7 73000 [ DJART \1 + xd (22)
and for the corresponding free-energy change
4wNod® | ZaZpe? | |1 )
AGA = —RT
G "3000 t T Dd \T+xa) P

Ineq 22 and 23, Z4 and Zg are the charges on the ions and «
is the Debye-Hiickel term (87 Noe2l/1000DkpT)'/2. Ny is
Avogadro’s number and [ is the ionic strength. The use of d
rather than d’ in eq 21 is appropriate assuming that there is
no interpenetration of coordination spheres for the outer-sphere
reaction.

Combining eq 21 and 23 gives for the sum AGa + AG*

A e? 1 1 47!'N0
AGr= N4 £ | RTIn 20
AGa+AG [4 +4a1(Dop DS) RT I 3000
e2 (1|1 1 ZAZg 1
—3RTInd-S |- |- | -4aZe( L
. a/[a(DQp Ds) D, (1+Kd)] (24)

Using numerical values appropriate for the Ru(bpy).(py)-
CI2+/+ self-exchange reaction in acetonitrile of A; (0.73 V),
ay (6.6 A), Za (+2), and Zg (+1) gives for the theoretical
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Figure 4. Plots of AG A + AG* vs. d calculated from eq 24 and 25 for the
outer-sphere exchange reaction between Ru(bpy)a(py)Cl* and Ru-
(bpy)2(py)CI?* in acetonitrile under two conditions: / = 0 and I = 0.1
M.

dependence of the activation barrier on distance

AGa + AG* = 032 + (o.os Ind — l_dLQ) (V) (29)

Equation 25 gives AGa + AG*in V when d is in_A for the
ideal, dilute solution case in acetonitrile where 7 ~ 0.

In Figure 4 is shown a plot of the variation of AG 4 + AG*
with distance as predicted by eq 25. The striking point about
the plot is that, contrary to what has often been assumed, close
contact, even between like-charged ions, is favored energeti-
cally in polar solvents. The origin of the effect is in the 1/d term
in eq 24 and 25 which dominates the distance dependence. Both
the electrostatic repulsion (ZaZpe?/Dsd) and A (e?/4d)
((1/Dop) = (1/Dy)) terms vary inversely with d but with dif-
ferent signs. In polar solvents where D, << Ds and the product
Z AZ3y is sufficiently small, the decrease in A, as distance de-
creases is the more important term and electron transfer when
the ions are in close contact is favored energetically. As shown
in Figure 4, the effect is accentuated in solutions where added
electrolyte decreases electrostatic repulsions by the screening
effect of the added ions.

In order to include the complete dependence of the electron
transfer rate constant on distance, the distance dependence of
the frequency factor for electron transfer, v., must also be
considered (eq 19b). For cases where electronic coupling is
weak, v varies with the square of the electron exchange matrix
element which arises from overlap between appropriate elec-
tronic wave functions at the electron donor and acceptor
sites.*23-25 Since wave functions fall off essentially exponen-
tially with distance, the magnitude of v, will also increase with
decreasing d and there is no basis for expecting that long-
range electron transfer should occur for an outer-sphere re-
action in polar solvents.

Final Comments. The results obtained here suggest that a
relatively simple dielectric continuum model is adequate for
treating the effect of solvent polarization on optical and ther-
mal electron transfer processes in solution. In full detail, the
results are probably only valid in polar, nonviscous solvents.
In polymers, thin films, or membranes, where Dy, and D, are
of the same order of magnitude, local inhomogeneities, the
existence of low-frequency torsional modes, and other local
effects make a proper treatment of the role of the medium far
more difficult.

The conclusions reached concerning long-range electron
transfer clearly only apply to outer-sphere reactions where the
distance between redox sites is a variable. For enzymic sites
in a membrane, for different redox sites in frozen solutions or
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crystals, long-range electron transfer can be forced to occur.
For such reactions an important contribution to the observed
rate constant could become a small value of v, because of a
small magnitude for the extent of electronic orbital overlap
between donor and acceptor sites.

Assuming that the medium dependence observed here has
at least a qualitative predictability for other reactions, some
important conclusions can be reached concerning the effects
of molecular structure and of medium properties on rates of
electron transfer. It follows from eq 13-16 that in order to
minimize the A, contribution to the barrier to electron transfer
the reactants should be as large as possible (1/a; ineq 13) and
as close together as possible (1/d), and the medium should be
as nonpolar as possible (Ds — Dyp). It is interesting to note that
two of these three criteria (size and polarity of the medium)
are probably met in most biological membrane electron
transfer processes and that for these reactions the trapping
effect of the surrounding medium is probably small.
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