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An electrochemical approach to assessing the degree of electronic coupling in mixed-valence binuclear complexes
is outlined. The method relies on the comparison of electrochemical potential shifts induced at both the directly
and indirectly perturbed metal sites when a ligand substitution process is carried out at one site, e.g., [symmetric]
(NH;)sRu-Ly,—~Ru(NH;)s*+/5+/6* — [asymmetric] L(NH3)sRu-Ly,~Ru(NH,)s*+/5+/6* where the bridging ligand
Ly, is either pyrazine or 4-cyanopyridine and the perturbing ligand L is a substituted pyridine. It is found that the
degree of electronic coupling in these systems is at least three times that which would be predicted based solely on
spectroscopic measurements. The stabilization energy due to electron delocalization in these complexes can be
accounted for with near-quantitative accuracy. It is also shown how the Mulliken analysis of the data allows for
an estimation of the Wolfsberg-Helmholz constant K, which can be used in the calculation of off-diagonal matrix
elements for molecular donor-acceptor interactions.

The elucidation of the nature and extent of the electronic
coupling between redox sites in mixed-valence binuclear complexes
continues to offer a challenging fundamental problem. One of
the primary frameworks for understanding this area has been the
theoretical connection forged by Hush between the electronic
coupling and the energy and band shape of an intervalence charge-
transfer band in those mixed-valence systems where one is
observable.:2 Inrecent work, Reimers and Hush have expanded
the approach and applied it to the case of quite weakly coupled
systems such as the polyene-bridged Creutz-Taube ion? analogues
studied by Launay and co-workers.**

In a previous communication from this laboratory we proposed
a new approach to this problem based on a combination of
systematic synthetic variations and electrochemical potential
measurements.® The redox perturbation directly induced by
ligand substitution at one end of a diruthenium dimer is compared
to the perturbation indirectly induced at the other end of the
dimer. Figure 1 showsan example of the kind of electrochemical
measurements used and the quantities of interest. The systems
used in the previous study were a series of close synthetic variants
of the Creutz—Taube ion,’

trans-L(NH,) 4R“b—PZ—Rul(NH3)54+ /5+/6+

where pz is pyrazine and L = substituted pyridines of variable
dxr — x* back-bonding ability.” The ratio of the electrode
potential shift at Ru, (the more positive redox couple) to the shift
at Ru, (the less positive redox couple) upon variation in L at Ru,
was denoted by the variable m, and this quantity was related to
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Figure 1. Differential pulse polargramsillustrating potential shifts induced
by ligand substitution on the Creutz-Taube ion: (a) (NHj3)sRu-pz-Ru-
(NH;)s**/5+/5%; (b) (NH3)sRus~pz—Rus(NHs)4py**/3+/6%; (c) (NHy)s-
Rug—pz-Rup(NHj;)42,6-MePz4+/5+/6+,

the degree of mixing between the interacting redox sites using a
formalism derived from the Mulliken theory of donor-acceptor
interactions.®?

In the current paper we report on refinements of this approach,
application to a broader set of complexes, and comparison with
assessments of coupling based on spectroscopic data and the Hush
formalism. The complexes used here include series of asym-
metrically substituted dimers like the one above but with
4-cyanopyridine (4CP) as bridging ligand as well assymmetrically
substituted systems, selected cis-substituted dimers, and several
rhodium analogs.

Basis of the Hush Formalism. The spectroscopically-based
metal-metal coupling formalism developed by Hush! arises out
of the perturbational treatment of donor—acceptor interactions
due to Murrell.>!19 The potential field of the unreduced acceptor
ion is treated as a perturbing term in the Hamiltonian which
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operates on the zero-order wave function ¢4 describing the system
when the exchanging electron is localized completely on the donor
ion. The zero-order state with the electron completely localized
on the acceptor is designated ¢,. The resulting perturbed wave
functions for the ground and excited (charge-transfer) statesare
written as % ¢4 + ag, and % = @, + Aga. Murrell derived
the perturbational expressions for a and A as

= Had - Saded = Had B SadHaa
*TTE,-E, E,—E,

where Hug = (¢ulHles) and Sus = (a/a). If it is assumed that
[\l > |ol, then the transition dipole between ¢; and ¢, is

- S, aM;) (22)

(1)

Md’a’ = (¢;Iﬁ|¢;) = a(Maa = Mdd) + (Mda

Hush pointed out that in the limit of small S.q4 eq 2a reduces to
My, = epr (2b)

where egis the charge on the electron and ris the distance between
the donor and acceptor sites. Since the oscillator strength f can
be calculated from experiment as = 4.32 X 10~° { edv = 4.6 X
10~® €masAwy /2 (Where Avyy; is in cm™')!! and from theory as f/ =
1.09 X 105 (Mas/e0)? (Where the units of My, are electron
angstroms),'? then |My,| = 0.02(e(Aw, 2) /¥)"/2 and it follows that

o = 4.24 X 107, (A, )/ (v7) (3)

where r is in angstroms and v is typically taken as being vpgx.!?
From eq 1 at the § = O limit it can be seen that the resonance
energy due to the charge-transfer interaction in a weakly-coupled
system is then

H

a

g=a(E, —Ey) = avy,, =205 X
lo_z[emax(A”l/Z)/”max] 1/zl'max/l' (4)

Equations 3 and 4 have been widely utilized in assessing the
degree of electronic coupling between metals in mixed-valence
complexes.!:24514-16  One of the most impressive successes of
this approach has been the correct prediction of the ordering of
intramolecular electron-transfer rates in molecules of the type
(NH;)sCo"l-Ly,—Rull(NH;)s%* based on the couplings calculated
from the intervalence-transfer absorption spectra of the corre-
sponding diruthenium species.!’

Independent experimental confirmation of the quantitative
validity of these equations and their range of applicability,
however, has been lacking. Recent resultsindicate that in mixed-
valence binuclear copper derivatives of hemocyanin there may be
significant disagreement between estimates of the extent of
coupling based on eqs 3 and 4 and those based on a detailed
analysis of EPR spectral data.!® Recent investigations by Hupp
and co-workers on the metal-ligand coupling in mononuclear
complexes of the type Rull(NH;),(phen)?* and in heteronuclear
cyanide-bridged mixed-valence dimers of the type (NHj)s-
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Rulll_-CN-Fell(CN);~ 1920 also point to stronger coupling than
would be indicated by eqs 3 and 4. A very recent report from
Hupp’s group?! indicates that application of the Stark spectroscopy
results of Oh et al.?? to the symmetrical mixed-valence system
(NH;)sRul4,4’-bpyRulll(NH3)s%* might also be consistent with
a stronger quantum coupling between the redox sites than
previously thought.

The work we report in this article also indicates a divergence
from the quantitative estimates arrived at via the spectroscopic/
perturbational treatment when applied to our relatively strongly
coupled systems. The differing effects of cis vs trans and
symmetric vs asymmetric substitution will be discussed. In
addition, we will show how the electrochemical/Mulliken ap-
proach allows us to account near-quantitatively for the thermo-
dynamic resonance stabilization in these complexes. In the
appendix we will show how a straightforward analysis of these
systems allows us to evaluate the empirical parameter K of the
Wolfsberg—Helmholz relation in the context of molecular donor~
acceptor interactions.

Experimental Section

The ruthenium trichloride trihydrate starting material used in this
study was provided by the Johnson-Matthey platinum group metals loan
program. Rhodium trichloride was purchased from Aesar. Pyrazine
“gold label” was purchased from Aldrich and used without further
purification, as was ammonium hexafluorophosphate. 4-Cyanopyridine
was purchased from Aldrichand recrystallized once from absolute ethanol
prior touse. “Omnisolv” acetonitrile was purchased from VWR Scientific
and was passed over a column of activated alumina prior to use. The
TEA(PFg) supporting electrolyte used in the electroanalytical experiments
was prepared according to the method described by Change et al.2
Tetraethylammonium chloride was purchased from Aldrich and used
without further purification.

Starting Materials. Ru(NH3)sCl(Cl); was made according to the
method described in ref 23. Ru(NH;)sOH2(PFs)2 was synthesized
according toref 24. The trans-substituted compounds trans-LRu(NH;)4-
SO4(Cl) and trans-LRu(NH;)4(OH2)(PFs)2 were synthesized according
to ref 23. The starting material for the cis-substituted compounds cis-
Cl,Ru(NH;)4(Cl) was synthesized according to the method of Clarke.2
Some minor refinements were added to this procedure,?® and these are
outlined below.

cis[CLLRoM(NH;3)4JCL. A 5-g amount of Rull(NH;)sCI(Cl); was
suspended in 125 mL of argon-degassed concentrated (14.8 M) ammonium
hydroxide. The mixture was heated at reflux for approximately 25 min
under a blanket of argon until it turned dark pink. At this point 4.95
g of calcium dithionate (Pfaltz-Bauer) was added to the mixture while
still hot but not refluxing. The mixture was chilled at 0 °C for 1 h in
order to initiate precipitation of the pinkish-white hydroxypentaam-
mineruthenium(III) dithionate. A 200-mL volume of ethanol was added
to complete the precipitation of product. The product was isolated by
filtrationand dried in a vacuum desiccator. The product was then dissolved
in 60 mL of argon-degassed, saturated oxalic acid, and the mixture was
heated at reflux for no more than 5 min under an argon blanket. At this
point a yellow precipitate started to form and the mother liquor turned
dark brown. The mixture was chilled at 0 °C for 2 h, and the yellow
product, cis-(oxalato)tetraammineneuruthenium(IIl) dithionate, was
isolated by filtration and washed with ethanol. The yellow product was
then dissolved in 8 M HCI (125 mL), and the solution was heated near
reflux for 10 min. After filtration while hot, 125 mL of ethanol was
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Binuclear Ruthenium Ammine Complexes

Table I. Electrochemical Potential Data for the Various Monomeric
Species Synthesized in the Course of This Study?

Lin
L(NH;.RuLo**/**  Eypp(Lee =pz) (V)  Eija(Lye = 4CP) (V)

NH; 0.124 £ 0.003 0.220 % 0.003
trans-3,5-Meapy 0.277 0.360
trans-py 0.312 0.396
trans-4-Brpy 0.425
trans-4-Clpy 0.430
trans-3-Clpy 0.357 0.443
trans-3-Fpy 0.375 0.445
trans-2,6-Meapz 0.427 0.471
bpy? 0.450 0.522
cis-3,5-Me;py 0.084 % 0.009

cis-py 0.310

cis-3-Fpy 0.340

¢ All potentials measured vs fc/fc* in 0.1 M TEA(PF;) at a platinum
disk electrode. » Triammine species.

added to the filtrate and the mixture was cooled overnight at 0 °C. The
resulting yellow product, cis-(NH3)4RuCly(Cl), was isolated by filtration
and then further purified by recrystallization from warm 8 M HCl/
ethanol (=40 mL of ethanol added to a solution of the product in a
minimum volume, =30 mL, of 8 M HCIl). Chilling at 0 °C for 8 h gave
a 65% yield of product. Thisstarting material was found to be long-term
stable at room temperature. Subsequent to our own work on this system,
a new and reportedly superior synthesis for this starting material was
published by Pell et al.?’?

Asymmetrically Trans-Substituted Dimers. Thedimers trans-L(NH;)4-
Rul'-Liy—Ru!(NH3)s(PFs)s, where Ly, = pyrazine (pz) or 4-cyanopy-
ridine (4CP), were synthesized in a two-step procedure. The first step
was the synthesis of the appropriate monomeric starting compound as
described below.

Monomers. ¢rans-LRu(NH;3)Lor(PFs)2. In the case where Ly =
pyrazine, the required monomeric units were synthesized by reacting
about 100 mg of the trans-LRu(NH;)4(OH,)(PFs), starting material
with a 2- or 3-fold molar excess of pz in 20 mL of argon-degassed acetone
at room temperature for 2 h. This solution was filtered into a 5-fold
volume of stirring ether in order to precipitate the monomeric product.
Yields were 80% to 60% depending on the purity of the initial trans-
LRu(OHj,) starting material. Inthe case where Ly was the 4-cyanopyr-
idine ligand, syntheses were performed using the starting material trans-
L(NH3)4Ru'(SO,)C] and a method similar to that outlined by Clarke
and Ford®® and by Katz et al.?® The sulfato complex (about 100 mg) was
reduced over Zn/Hg amalgam in water (about 3 mL) at about pH 3
(addition of a small amount or trifluoroacetic acid vapor was frequently
used to attain this condition). The resulting solution of trans-LRu(NH;3)4-
(H20)?* was added slowly to a stirring, argon-degassed solution of a
6-fold excess of 4-cyanopyridine. After 1 h of reaction at room
temperature, excess NH,PF¢ was added and the resulting trans-
LRu(NH;),4CP(PFg); solid wasisolated by filtration. The major product
(ca. 90%) from this reaction is the nitrile-bound isomer,* but in some
cases there was a small low-potential shoulder in the differential pulse
polarograms which probably corresponded to the pyridine-bound minority
product which is known to form under these conditions.?® This impurity
could be removed by slow, partial reprecipitation of the complex (with
some sacrifice in yield) from concentrated acetone solution by slow addition
of diethy] ether or toluene at 0 °C.2* Electrochemical potential data for
the monomeric ruthenium species synthesized in the course of this study
are listed in Table I.

Dimers. The asymmetric dimeric species were then made by reacting
60-90 mg of the trans-LRuLy, monomeric species with a 3-fold molar
excess of (NH3)sRu(OH2)(PFg); in 20 mL of argon-degassed acetone at
40-50 °C for 24 h. The crude product was isolated by filtering this
solution into five volumes of ether. The oxo-bridged ((NHj;)sRu)20-
(PF¢)4 impurity which forms due to excess pentaammine aquo can be
eliminated by metathesis to the chloride using a nearly saturated solution
of tetraethylammonium chloride (TEACI) in 70:30 acetone/methanol
followed by isolation of the PF¢~ salt from water using ammonium

(27) Pell,S.D.;Sherban, M. M,; Tramontano, V.; Clarke, M. J. Inorg. Synth.
1989, 26, 65-68.
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hexafluorophosphate as described in ref 23. Yields of pure dimer were
typically on the order of 50-70% except for the case for L = 2,6-Me;pz,
which was only 20% due to the relatively high solubility of the PFg- salt
in water. Before clectrochemical or elemental analysis it is important to
isolate the final dimeric product at least once from acetone/stirring ether
in order to eliminate any excess NH,PFs. Insome cases electrochemical
analysis by differential pulse polarography will show the presence of
some unreacted trans-LRuLs, starting material. This can be eliminated
by partial reprecipitation from acetone/ether or acetone/toluene as
described in ref 23. This procedure diminishes the final yield, however;
thus it is preferable to avoid its necessity by being to sure to use fairly
fresh pentaammine aquo (less than 2-weeks old) in sufficient excess and
according to the above conditions so that the dimerization goes to
completion. Purity of the final product could be readily assessed by
differential pulse polarography. The presence two and only two peaks
of equal heights (within 10%) was taken as evidence for a pure(or at least
monomer-free) dimer. Elemental analysis results for those compounds
analyzed are summarized in Table II. Electroanalytical and near-IR
spectroscopic data for the asymmetric pyrazine-bridged dimers are
summarizedin Table I1I. Data for the asymmetric 4-cyanopyridine dimers
are in Table IV.

Symmetrical trans-Substituted Dimers. Dimers of the general formula
(trans-LRu(NH;)4)2L4:(PF¢)4 were synthesized by reacting 100—120 mg
of the appropriate trans-LRu(OH,) starting compound?® with 0.3 equiv
of Lyr (pyrazine or 4-cyanopyridine) in 20 mL of argon-degassed acetone
at 40-50 °C for 24 h. Workup proceeded as described above. Elemental
analysis results for those compounds analyzed are shown in Table II.
Electroanalytical and spectroscopic data are summarized in Table V for
the pz-bridged series and in Table VI for the 4CP-bridged series.

Asymmetrical Cis-Substituted Dimers. cis-L(NH3)RuTpzRuo"(NHs)s-
(PFé)4. The first step in these syntheses was to make the appropriate
monomeric units, cis-L(NH3)4Rul’pz(PFs),.

Monomers. cis-L(NH3)Rullpz(PF¢);. These species were made via
the cis-L(NH3),RullICI(Cl), intermediate described by Marchant et al.3!
and also employed by Pavanin et al.3? In a typical preparation, 0.200
g of the cis-[Clo(NH;3)4Rulll|C] starting material (0.726 mmol) was
reduced over Zn/Hg amalgam in 5 mL of argon-degassed H.O. After
about 5 min of reduction, an argon-degassed solution of 52 mg of pyridine
(0.658 mmol) in 1.5 mL of degassed water was slowly added dropwise
with stirring over a period of 10 min (entire solution still over theamalgam).
The reaction was allowed to continue for another 20—30 min, at which
time the amalgam was filtered away and resulting solution of cis-py-
(NH;),Rull(OH,)** was oxidized to the cis-py(NH;)RullICI3* by the
dropwise addition of a 1:1 mixture of 2 M HCl and 30% H,O,. Oxidation
was judged to be complete when the solution had changed from the orange-
brown color of the Ru(II) species to the pale yellow characteristic of the
Ru(Ill). The dichloride salt, cis-py(NH;3),Ru!CI(Cl);, was then
precipitated in near-quantitative yield by the addition of 15 volumes of
acetone. This product is long-term stable as a solid.

Reduction of this product over Zn/Hg amalgam in argon-degassed
H,0 leads tothe regeneration of the Ru(II) aquo compound in reasonable
purity. Dropwise addition of a solution of the cis-py(NH3)«Rul(OH;)2*
generated in this manner to a stirring, argon-degassed solution of a 6-fold
excess of pyrazine leads rapidly to the desired cis-py(NH;)Rullpz2*
product. Thisproductcan then beisolated as the PF¢-salt via the addition
of a large excess of NH4PFs. Several reprecipitations from acetone/
ether should be performed in order to eliminate excess NH4PFs. Yields
for this step were on the order of 65% for L = pyridine and 50% for L
= 3-fluoropyridine.

Dimers. The asymmetrical dimers cis-L(NH;)4RullpzZRul!(NH,);-
(PFs)4 werereadily synthesized by capping the monomer with Rull(NHj)s-
(OH;)** in degassed acetone as described above for the analogous trans-
substituted asymmetrical species.

Symmetrical Cis-Substituted Dimers. [(cis-L(NH3)Ru?);pz](PF)..
These complexes were synthesized in acetone using cis-L(NH;)4Rull-
(OH2)(PFs); monomer isolated from a freshly reduced aqueous solution
of theappropriate ruthenium(I1I) trichloride complex prepared according
to the method described above. In a typical preparation, 150 mg of the
cis-py(NH3)Ru(OH.)(PFg)2 starting material was reacted in argon-
degassed acetone with 5.4 mg (0.25 equiv) of pyrazine bridging ligand.
After 24 h at 40 °C, the resulting purple-red solution was filtered and

(31) Marchant, J. A.; Matsubara, T.; Ford, P. C. Inorg. Chem. 1977, 16,
2160-2165.

(32) Pavanin, L. A ; Giesbrecht, E.; Tfouni, E. Inorg. Chem. 1988, 24, 4444—
4446.
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Table II. Elemental Analytical Data (%) for a Sampling of the Compounds Used in This Study

compd C: obs (theor) H: obs (theor) N: obs (theor) C/N: obs (theor)
trans-3FpyA4Ru(4CP)RuAs(PF¢)42CH3;COCH; 15.87 (16.29) 3.84 (3.78) 13.21 (13.47) 1.20(1.21)
trans-3,5Mezpy A4Ru(4CP)RuA s(PF¢)4-CH3;COCHj; 15.89 (15.94) 3.92 (3.85) 13.88 (14.01) 1.14 (1.14)
trans-pyA4Ru(4CP)RuAs(PF¢)42H,0 10.93 (11.44) 3.21 (3.49) 14.13 (14.61) 0.77 (0.78)
(cis-pyAsRu)2pz(PFe)4 15.24 (14.54) 3.76 (3.31) 13.94 (14.53) 1.09 (1.00)
(cis-3FpyA4Ru)2pz(PFe) CH;COCH; 15.55 (16.32) 3.71 (3.39) 13.38 (13.44) 1.16 (1.21)
trans-pyA4Ru(4CP)RhAs(C104)s2H20 10.32(10.28) 3.63 (3.83) 15.60 (16.06) 0.66 (0.64)
AsRu(4CP)RhAs(Cl1O4)s-H,O 7.44 (71.24) 3.61 (3.65) 16.86 (16.96) 0.44 (0.43)

Table ITI.  Electrochemical and Spectroscopic Data for the Asymmetrical Pyrazine-Bridged Dimers trans-L(NH;)4Ru,pzRu,(NHj3)s(PFg)s,
Rhodium Analogues trans-L(NH;)4RuspzRh(NH3)s(PFs)s, and the Dimers cis-L(NH3)sRuspzRu,(NH3)s(PFe)s
L Eip(Rug)  Ey(Rup)  AEy®  SE1p(Ru)®  SE1(Rup) m? Ep(nm) Ep(eV)  emax  Ar2(eV)
trans-L(NH3)4RubpzRua(NH;)s(PFe)s
(1) NH; 0.042¢ 0.473 0.431 1596 0.777 7620 0.184
(2) 3,5-Mezpy 0.117 0.536 0.419 0.075 0.063 1.19 1624 0.763 4300 0.246
(3) py 0.128 0.563 0.435 0.086 0.090 0.96 1595 0.777 3050 0.300
(4) 3-Fpy 0.134 0.601 0.467 0.092 0.128 0.72 1500 0.827 2420 0.409
(5) 3-Clpy 0.146 0.602 0.456 0.104 0.129 0.81 1488 0.833 3400 0.389
(6) 2,6-Mezpz 0.167 0.620 0.453 0.125 0.147 0.85 1345 0.922 2430 0.478
(7) bpy 0.189 0.643 0.454 0.147 0.170 0.87 1153 1.075 1650 0.510
0.908
CiS-L(NH3)4RprZRu.(NH3)5(PF5)4
(1) 3,5-Mezpy 0.015 0.440 0.425 -0.027 -0.033 0.82 1597 0.776 4160 0.218
(2) py 0.099 0.589 0.490 0.057 0.116 0.49 1441 0.861 2920 0.392
(3) 3-Fpy 0.104 0.609 0.505 0.062 0.136 0.46 1541 0.805 2790 0.418

4AEy;; = Eyja(Rup) — Ejjpp(Rug). ? 8E1/2(Rug) = Ejja(Rug)(LARuspzRUAs*/5+) - Eyja(Ru,)(AsRuppzRusAs**/5+), ¢ 5E| 3(Ruy) =
Ej/2(Rup)(LA4RuppzRU,As3*/6%) — Eyj3(Rup)(AsRuppzRusAs3+/6*). 4 m = 8E)3(Ru,)/8E) ;2(Rug). ¢ All potentials measured in acetonitrile/0.1 M

TEA(PF) vs fc/fc*. f Triammine species. £ Average value.

Table IV. Electrochemical and Spectroscopic Data for the Symmetrical Pyrazine-Bridged Dimers trans-(L(NH3)4Ru(2pz(PFs)4 and
cis-(L(NH;3)4Ru)2pz(PF¢)4 and the Rhodium Analogues trans-L(NH;3)4RupzRh(NH;)s(PFe)s

L Eip(Ru)  Eip(Ruy)  AE1*  FEip(Rw)?  ¥Eip(Rup) m'? Egp(mm)  Eqp(eV) emas  Anpz(eV)
trans-(L(NH;)4Ru)2pz(PFe)s
(1) NH; 0.042¢ 0.473 0.431 1596 0.777 7620 0.184
(2) 3,5-Mezpy 0.220 0.575 0.355 0.103 0.039 0.38 1703 0.728 3040 0.244
3) py 0.242 0.582 0.340 0.114 0.019 0.17 1685 0.736 5940 0.229
(4) 3-Fpy 0.347 0.669 0.305 0.213 0.068 0.32 1690 0.734 9100 0.240
(5) 3-Clpy 0.351 0.672 0.321 0.205 0.070 0.34 1692 0.732 4360 0.241
(6) 2,6-Mezpz 0.376 0.656 0.280 0.209 0.036 0.17 1690 0.730 1525 0.410
(7) bpy’ 0.444 0.674 0.230 0.255 0.031 0.12 1140 0.861 920 0.497
0.25¢
trans-(L(NH3;)RupzRh(NH3)4(PFs)s
(1) NH; 0.392 —0.081
) py 0.533 —0.049
(3) 3-Clpy 0.564 -0.108
(4) 3-Fpy 0.512 -0.157
cis-(L(NH;3)4Ru)2pz(PFe)s
(1) py 0.260 0.628 0.368 0.161 0.039 0.24 1648 0.752 6000 0.220
(2) 3-Fpy 0.336 0.699 0.363 0.232 0.090 0.39 1651 0.751 4570 0.222

0.32¢

4 AEy;2 = E1jp(Rup) — E1j2(Rug). ¢ 8Eyj3(Rug) = E1/2(Rug)((LA4RU)zpz**/5*) — E1/2(Rua)(LAsRuppzRUAs4H/3%), € §Eyja(Rup) = Eyja(Rup)-
((LA4Ru);pz5+/6%) - Ey ;2(Rup)(LAsRup)(LAsRuppzRUA 53 /6+), 4’ = (8Ey/2(Rup) /(8 E1/2(Ru,)). ¢ All potentials measured in acetonitrile/0.1 M

TEA(PF) vs fc/fct. S Triammine species. 8 Average value.

the crude product was precipitated as the chloride salt by the dropwise
addition of a nearly saturated solution of TEACI in 70:30 acetone/
methanol (care must be taken not to add more than what is necessary
to completely precipitate thedimer). Afterseveral washings withacetone,
the crude chloride salt was briefly dried by suction in air and then
precipitated from water (after filtration) as the PFs~ by the addition of
NH4PFs. Purification of these molecules proved to be rather difficult.
It was finally found that unreacted monomericimpurities could be removed
by partially precipitating the chloride salt of the dimer from an acetone
solution of the PF¢salt using a fairly dilute (about one-fourth saturated)
solution of TEACI in acetone/methanol. The desired dimeric product
comes out of acetone before the monomeric impurity under these
conditions. Final purification was achieved by several reprecipitations
from acetone using a large excess (five volumes) of ether to force the
product out. Microanalytical data for the compounds analyzed are in
Table II.

Rhodium/Ruthenium Analogs of the Trans-Substituted Dimers. The
rhodium analogues of a selection of the trgns-substituted diruthenium

dimers were made from the appropriate rhodium monomeric species,
(NH;)sRh™ML(CLO4);.

Rhodium Monomers. The starting material for these monomers was
the aquo compound (NH3)sRh(H20)(C10,); synthesized by the method
of Foust and Ford*: from rhodium(III) pentaammine trichloride (Aesar).
The substituted pentammine species, (NH3)sRh!IL(C1Qy);, were then
made using the method of Pfenning et al. Gelroth ef al. report that the
pyridine-bound product predominates with 4-cyanopyridine as entering
ligand on Rh(III).% This fact was confirmed by FTIR experiments which
showed that the nitrile stretch of the (NH;3)sRh4CP(ClQ,); is at 2238
cm-!—very close to the frequency for the free ligand at 2243 cm!.36

(33) Foust, R. D.; Ford, P. C. Inorg. Chem. 1972, 11, 899-890.

(34) Pfenning, K. J.; Lee, L.; Wholers, H. D.; Petersen, J. D. Inorg. Chem.
1982, 21, 2477-2482.

(35) Gelroth, J. A.; Figard, J. E.; Petersen, J. D. J. Am. Chem. Soc. 1979,
101, 3649,

(36) Curtin, E. H,; Katz, N. E. Polyhkedron 1987, 6, 159-162.
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Table V. Electrochemical and Spectroscopic Data for the Asymmetrical 4-Cyanopyridine-Bridged Dimers

trans-L(NH3)4Ruh‘CPRu,(NH3)5(PF6)4

L E\/2(Ruy) Ey/5(Rup) AE,;* 6E1/2(Ru.)b 8E1/2(Rup)* mi Ey (nm) Eq (eV) €max Avyz (eV)
(1) NH, 0.056¢ 0.331 0.275 1020 1.216 1275 0.618
(2) 3,5-Mezpy 0.069 0.430 0.361 0.013 0.099 0.13 908 1.370 1010 0.658
3) py 0.079 0.466 0.387 0.023 0.135 0.17 892 1.390 1145 0.608
(4) 4-Clpy 0.076 0.494 0.418 0.020 0.163 0.12 860 1.442 560 0.641
(5) 4-Brpy 0.077 0.499 0.422 0.021 0.168 0.13 873 1.420 480 0.655
(6) 3-Clpy 0.089 0.524 0.435 0.033 0.193 0.17 860 1.442 1000 0.660
(7) 3-Fpy 0.088 0.513 0.425 0.032 0.182 0.18 850 1.459 940 0.655
(8) 2,6-Mezpz 0.079 0.534 0.455 0.023 0.203 0.1:! 840 1.476 660 0.672
0.1

4AE;;; = Eip(Ruy) — Eja(Rug). 8 6E1/2(Rus) = Eyja(Rug)(LAsRupdCPRUAs*/5Y) — E)ja(Rus)(AsRusdCPRuUAs*/5+). € SE1 /5(Rup) =
Ey/2(Rup)(LAsRus4CPRuU,A55¥/6%) — E)/3(Rup)(AsRupdCPRu,A5+/6%), ¢ m = (8E1/3(Ru,)) /6E1/2(Rup)). ¢ All potentials measured in acetonitrile/

0.1 M TEA(PFg) vs fc/fc*. f Average value.

Table VI. Electrochemical and Spectroscopic Data for the Symmetrical 4-Cyanopyridine-Bridged Dimers trans-(L(NH3)4Ru)24CP(PFe)4 and

the Rhodium Analogues trans-L(NH3)4Ru4CPRh(NH;)s(PF¢)s

L Ey2Rus)  Ei2(Rup)  AE2°  ¥E12(Rus)’  &Erja(Rup) mé Egp(nm) Eqp(eV)  emux  Anyja(eV)
trans-(L(NH3)4Ru)24CP(PF6)4
(1) NH; 0.056¢ 0.331 0.275 1020 1.216 1280 0.663
(2) 3,5-Meapy 0.220 0.437 0.217 0.151 0.007 0.046 1026 1.209 890 0.712
A3) py 0.250 0.475 0.225 0.171 0.009 0.053 1028 1.206 1580 0.600
(5) 4-Brpy 0.295 0.515 0.220 0.218 0.016 0.073 1050 1.181 1780 0.602
(4) 4-Clpy 0.295 0.512 0.217 0.219 0.018 0.082 1042 1.190 1480 0.629
(6) 3-Clpy 0.308 0.525 0.217 0.219 0.001 0.005(7) 1035 1.200 1080 0.630
(7) 3-Fpy 0.310 0.526 0.216 0.222 0.013 0.059 1033 1.201 940 0.620
(8) 2,6-Mezpz 0.335 0.545 0.210 0.256 0.011 0.043 960 1.290 450 0.750
9) bpy' 0.399 0.575 0.176 994 1.248 660 0.740
0.052¢
trans-L(NH3)4Ru4CPRh(NH3)4(PF6)5
(1) NH; 0.306 ~0.025
) py 0.462 —0.013
(3) 3-Clpy 0.504 -0.021
(4) 4-Brpy 0.492 —0.023

9 AEy;; = Eij2(Rup) — E1j2(Rua). ® #Erj2(Rua) = Eyja(Rua)((¢7-LAgRU)4CPH/5) — Eyj5(Rug)(#r-LAsRup4CPRuU,As**/5), © 8By ja(Ruy) &
E1;3(Rup) ((LA4RU)24CP5*/6%) — Ey /3(Rup) (1r-LA4Run4CPRU,A5**/6%), 4 m'= (8 Ey1/2(Rup)) /(8 E1/2(Ruy)). ¢ All potentials measured in acetonitrile/

0.1 M TEA(PFe) vs fc/fc*. / Triammine species. § Average value.

Coordination at the nitrile functionaliy would be expected to give a positive
50-60 cm-! shift.3?

Dimers. Thedimers trans-L(NH3)4sRuLyRh(NH3)s(ClO.)s were then
synthesized in degassed water by reacting the rhodium pentaammine
species with the appropriate trans-L(NH3)sRu(OH3)?* compound
(prepared asdescribedinref23). The perchlorate anions from the rhodium
pentaammine (L) would interfere with the dimerization step; hence, it
was necessary to first exchange them with chlorides via anion exchange
on Dowex 1-X4 anion-exchange resin. The resulting solution of (NH3)s-
RhIIL, (Cl); (typically starting from 120 mg of the perchlorate, now in
a total solution volume of 4—5 mL) was degassed with Ar and then reacted
witha 30% molar excess of the freshly prepared ruthenium aquo compound
in 3—4 mL of water for 36 h at 40 °C. The crude dimeric product was
then precipitated by addition of a large excess of LiClOy4. Yields were
on the order of 40-50%. In some cases precipitation was enhanced by
the addition of up to one volume of zert-butyl alcohol. The crude products
could be recrystallized from dilute, aqueous perchlorate.

Caution! Perchlorate salts are explosive and should be handled with
great care. Quantities in excess of 3040 mg should not be isolated,;
vacuum dessiccation to extreme dryness should be avoided. Samples
should always be looked upon as a potential source of ignition with
respect to flammable organics.

It was found that conversion to the PF¢ salts of these dimers was
necessary in order to obtain reasonable solubility in our electrochemical
solvent (acetonitrile/0.1 M TEA(PFs)). Metathesis was accomplished
by dissolving the perchlorate salt in a minimum of warm water and then
adding a large excess of NH4PFs and chilling the solution of 0 °C. In
some cases it was again necessary to enhance precipitation with small
amounts of rert-butyl alcohol. In cases where mixed ClO4/PFs- salts
were obtained, the pure PFg could be isolated by dissolving product in
anacetone/water mixture containing excess NH4PFs and then evaporating
the acetone on a rotary evaporator. Overall yields were on the order of
20-30%. Microanalytical data are listed in Table II; electroanalytical
data are in Tables 111 and VI. The nature of the linkage isomer for 4CP
as a bridge was confirmed as being RuNCpyRh!! by FTIR. Upon

reaction of the Rul"4CP monomer with (NHj3)sRul(OH;)?* for example,
the nitrile stretch shifted from 2238 to 2195 cm-!—a position consistent
with nitrile coordinated to ruthenium(I1).28

Electrochemical Measurements. Differential pulse polarography was
used to assess compound purity and to determine E)/; values. An IBM
225 volatmmetric analyzer was used in all measurements. The working
electrode was in all cases a freshly polished a platinum disk, and the
reference electrode was a saturated KCl calomel electrode. It was found
that the day-to-day drift of the calomel electrode was sufficient to obscure
the small potential differences being probed in this investigation. Hence
it was found to be necessaryto calibrate the reference against the ferrocene/
ferrocenium couple with each and every potential determination. All
potentials listed in this work are referenced directly to the fc/fc* couple,
The supporting electrolyte was in all cases 0.1 M tetraethylammonium
hexafluorophosphate (TEAH) synthesized as in ref 23, Standard DPP
parameters were 2.0 mV /s scan rate, 15-mV pulse amplitude, 0.1 drop
time, and 0.1-s time constant.

Near-Infrared Spectra. Spectra were recorded ona Perkin-Elmer 330
UV-vis—near-IR spectrophotometer. The oxidant used to generate the
ILIII mixed-valence species in situ from the I1,II dimers was Fe(bpy)i-
(PF¢)3 (prepared according to the method described in ref 23). Ina
typical experiment, the oxidant was added in small increments (about 0.2
equiv) until the intervalence-transfer band maximum was observed to
rise and then begin to fall. The absorbance and peak position for the
most strongly absorbing trace was taken as being representative of the
pureILIIIdimer. Thedimersinvestigated in thisstudyall have sufficiently
large AEj;; values (difference between first and second reduction
potentials) that corrections for comproportionation to the observed
extinction coefficients were ignored.3’

FTIR Spectra. FTIR spectra were recorded on a Nicolet DX20B
spectrometer using pressed KBr pellets to contain the sample.

(37) (a) Sutton, J. E.; Sutton, P. M.; Taube, H. Inorg. Chem. 1979, 18,
1017-1021. (b) Sutton, J. E.; Taube, H. Inorg. Chem. 1981, 20, 3125-
3134.
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Figure 2. E;;3(Ru,) and Ey;2(Ruy) for the pz-bridged dimers vs Ey 2 for
the appropriate monomeric species frans-LA4Rupz?*/3+ (data from in
Tables I, 111, and IV).

Results and Discussion

The electrochemical and near-IR spectroscopic data for the
various dimers investigated are shown in Tables III-VI. From
Table I11, for example, we see that upon going from trans-L =
NHj; (entry number one, the Creutz—Taube ion) to trans-L = py
intheasymmetric, trans-substituted series that the redox potential
of the directly perturbed metal, Ruy, shifts by 0.090 V while that
of the indirectly perturbed metal, Ru,, shifts by 0.086 V. The
ratio of these shifts as defined by m = (6E1,2(Ru.))/(6E1,2(Ruy))
is then 0.96. Further inspection of this table shows that if the
perturbing pyridine ligand is attached in the cis position relative
to the bridge, then the shift at Ru, compared to Ru,, drops and
now we find m = 0.49. It is important to note that the m values
listed in Tables III and V represent the experimental ratio
(3E|)2(Ru,))/(8E12Rup)), which corresponds to the synthetic
transformation of replacing one of the ammine ligands at one end
of the symmetric decaammine dimer with some unique ligand L
(see Figures 1-4)

[symmetric] (NH,)Ru-L,—Ru(NH,);*" —
[asymmetric] cis/trans-L(NH,),Ru,~L, ~Ru,(NH,)**

The average m value over the trans-substituted, pz-bridged series
is 0.90 % 0.27; for the cis-substituted dimers it is 0.59.

A major trend which emerges from the data in Table IIT is that
as the redox perturbation is increased, the observed bandwidth
at half-height, Av, 3, of the IT band rapidly increases. Forexample
the relatively narrow and characteristically Robin and Day class
I1I (valence delocalized)?8 value of 0.184 eV for the Creutz—
Taube ion widens to 0.510 for L = bpy (entry number 7)—a
value corresponding to the class II (valence localized) category
of Robinand Day. Forthe asymmetric trans-py dimer we observe
Avyjz = 0.300 eV—an intermediate case.

In the trans-L, asymmetric 4CP-bridged series (Table V) we
see much smaller m values (average = 0.14 + 0.03) and only a
very slight possible trend in the Ay, values.

(38) Robin, M. B.; Day, P. Adv. Inorg. Chem. Radiochem. 1967, 10, 247—
403.
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Figure 3. E\;2(Ru,) and E;;2(Ruy) for the 4CP-bridged dimers vs E; ;2
for the appropriate monomericspecies rrans-LA4RudCP2+/3+ (data from
Tables I, V, and VI).
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Figure 4. Schematic illustration of how the quantities m and m’can
calculated using the slope ratios from Figures 2 and 3. m
(8Ey/2(Ruy))/(8E1/2(Ruy)) for the asymmetrical dimers, and m’
(8’E1/2(Ruy))/(8’E1/2(Ruy)) for the symmetric series.

ReE

The electrochemical and spectroscopic data for the corre-
sponding symmetrically substituted dimers, (LAjRu), Ly */5+/6+
are summarized in Tables IV an VI. For the pyrazine-bridged
series (Table IV), we note that one major difference from the
asymmetric dimers is that now AE),, decreases as we proceed
down the table to stronger w-back-bonding ligands. The same
is also true to a lesser extent for the 4CP-bridged series (Table
VI). For the pz-bridged series we see that even though AE) ; is
decreasing, Av;/>steadily increases down the series—an important
point to which we will return.

In Tables IV and VI for the symmetrical dimers we list the
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FigureS. Observed behaviors of the IT bandwidth, Avy /2, and the potential
difference AE)/; between the first and second metal oxidations for the
pz-bridged series of dimers (data from Tables III and IV).

experimental ratio m’, which is defined as 8’E;;2(Ruy))/
8E\/2(Ru,)) for the synthetic transformation

[asymmetric] cis/trans-LA Ru-L, Ru,A;—
[symmetric] (cis/trans-LA Ru),L,,

Significantly, the m’values for the symmetrical dimers are found
to be considerably smaller than the m values listed in Tables III
and V. The importance of this point will be discussed in a later
section. For the pz-bridged trans-series we find m’(av) = 0.25
+0.11 and for the cis-series we find m“(av) = 0.32. Thedifference
between the two values is probably insignificant given the scatter
in thedata. For the trans-substituted 4CP series (Table VI), we
find m“(av) = 0.052 £ 0.025.

An alternative way in which to characterize the shift ratios m
and m’is consider the slopes of plots of E1/2(Ru,) and E)/2(Ruy)
for the various dimers as progressively stronger perturbation is
applied relative to the decammine species. If weusethe monomer
potential, E;;2(LAsRuLy2*/3*), as a measure of the strength of
the applied perturbation, then we can generate Figures 2 and 3.
The behaviors of the two asymmetric dimer series are as shown
in Figures 2a and 3a. The overall effective shift ratio for the pz-
and 4CP-bridged dimers is then just equal to the ratios of the
slopes of the best-fit lines for E);2(Ru,) and E;3(Rup). For pz
we find m = 0.418/0.523 = 0.80. For 4-CP as bridge we find
m=0.117/0.831 = 0.14. The data for the symmetric dimers are
displayed in Figures 2b and 3b. For these series, the m’ ratios
are equal to the differences of the slopes between the symmetric
and asymmetricseries. This relationshipisillustrated graphically
in Figure 4. Over the pz-bridged series we obtain m’ = (0.652
~0.523)/(1.202 - 0.418) = 0.17. This value is in reasonable
agreement with the value of 0.25 & 0.11 arrived at above. For
4-CP we find m’ =~ (0.879 - 0.831)/(1.123 - 0.117) =
0.05—essentially exact agreement with the previous value.

Bandwidth Effects in the Pyrazine-Bridged Series. Examining
thedatain Tables II1 and IV shows that one of the more interesting
relationships between measureable properties for these dimers
(asymmetric and symmetric pz-bridged, respectively) is the one
which exists between the differential pulse polarographic peak
splitting, AE1/,, and the intervalence transfer (IT) absorption
bandwidth at half-height, Av,/;. Figure 5 illustrates this rela-
tionship graphically. Itisclearthattheredox asymmetryinduced
by substitution of increasingly d=-electron density withdrawing
ligands on one side of the asymmetric dimers leads to a much
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more rapid widening of the IT band, and by inference a delocalized
— localized change in electronicstructure, than does the addition
of dx-electron withdrawing ligands to both sides as in the
symmetric series. Additionally, it would appear that redox
asymmetry induced by trans substitution (filled circles) is
somewhat more effective than cis substitution (filled triangles)
in bringing about the delocalized — localized change in electronic
structure.

In the symmetric series, the rate of widening in Av;/» which
attends the increasing demand on the d=-electron density at the
metal ions by the terminal ligands L does not appear to be much
affected by the position of the substitution (note the open circles
and triangles on same trendline in Figure 5). The decrease in
AE) /> as dw-electron density is withdrawn from the dimer was
not properly taken account of in our early work on these systems.$
The significance of this will be discussed in a later section.

Rhodium Analogues L(NH;)Rul/IL, RhTI(NH,)s3*/6* of the
Asymmetric Series. In Tables IV and VI for the symmetric pz-
and 4CP-bridged series, respectively, we list electrochemical
potential data obtained for several rhodium analogues of the
formula shown above. These molecules were examined with the
idea that the degree of valence delocalization in a given
diruthenium dimer might be reflected in the electrochemical
potential difference between the E} ;;(Rus) peakin the diruthenium
case and the single Rul/Il couple of the rhodium—ruthenium
dimer (the RhII(NH;)s** fragment is electrochemically inactive
over the potential range of the dimers). Any special thermo-
dynamic stabilization of the mixed-valence (d=%,dx°) diruthenium
dimer arising from electronic delocalization would be absent in
the electrostatically identical but fully d-saturated (d«S,dx5)
RulRh™ dimer. This strategy was used by Creutz and Taube
in their pioneering investigations® of mixed-valence binuclear
complexes and subsequently by Moore et al. in an extensive
investigation of binuclear complex photochemistry.?® It has also
been critically discussed by Richardson and Taube in a review
of this area.!4

Creutz and Taube obtained a shift in the Rul/1 redox potential
of —0.050 V for the synthetic transformation of replacing a
ruthenium(III) pentaammine moiety with a rhodium one,

(NHa)sRu"/"lszuln(NHa)55+/6+ —
(NH;)sRuu/lanRhI“(NHa)55+/6+

(potential measured at pH 1in 0.1 MKCl). Moore etal.obtained
avalue of -0.057 V in neutral 0.1 M KC1.¥ Our value listed in
Table II1is—0.067 V (measured in 0.1 M TEA (PFs)/acetonitrile).
Including the three trans-substituted, pz-bridged dimers listed in
Table III, we find an average value of 0.056 V. For 4CP as
bridge, we find —0.025 V for the decaammine species and an
averageof -0.014 V over theseries (Table V). Thisisinqualitative
agreement with the expectation of a decreased coupling between
metals in the 4CP-bridged case relative to pz, but it is somewhat
smaller than what might be expected given the value of —0.019
V found by Moore et al. for the longer 4,4’-bpy-bridged
decaammine.? We note, however, that the error limits for these
quantities are on the order of £0.008 V; hence, all that can
rigorously concluded is that the two appear to be comparable
within error. Implications of the potential data for the rhodium
analogues with regards to resonance stabilization in these
complexes will be discussed in a later section.

Maulliken Formalism and Electronic Coupling. In this section
we will briefly describe some of the aspects of the Mulliken
treatment of donor—acceptor interactions and show how the
approach can be used in conjunction with electrochemical potential
data in such a way as to address the issue of electronic coupling
in mixed-valence dimeric systems.

(39) Moore, K. J.; Lee, L.; Mabbott, G. A.; Petersen, J. D. Inorg. Chem.
1983, 22, 1108-1112.
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Mulliken Model for Donor—Acceptor Interactions
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Figure 6. Simple two-state mixing scheme used in Mulliken’s theoretical
analysis of donor-acceptor interactions.?

Figure 7. Application of the Mulliken model to the mixed-valence dimer
case.

Figure 6 illustrates the mixing scheme used by Mulliken in the
development of his simplified resonance structure theory of charge-
transfer complexes.®® The basis set consists of the hypothetical
zero-order “no bond” state ¥{(D,A), which has the exchanging
electron fully localized on the donor site, and the “dative” state

g(D",A'), where the electron is fully localized on the acceptor
site. These two starting wave functions are mixed using a
variational treatment so as to give rise to stabilized ground-state
wave function ¥, and a destabilized, excited-state combination,
V.. The forms of the resulting wave functions are written as

¥, = a*¥3(D*,A7) -
b*¥(D,A) (5)

¥, = a¥}(D,A) + b¥; S(D*AY)

The energies E; and E, are found to be

,8 S2) [Eo

where the followmg definitions apply

~SH £ ((A/2)* +8,8,)" 2] (6)

S=(¥l¥)  H= (VA

B;=H-SE) A=E)-E°

The quantity Ej pertaining to the no-bond basis wave function
is taken as the energy of donor’s HOMO relative to vacuum and
is generally equated with the ventrical ionization potential of the
isolated donor with small corrections to reflect the proximity of
the acceptor.® Figure 7 shows how the Mulliken formalism
applies to the case of mixed-valence binuclear complexes such as
the ones used in this study. A major point of difference compared
tothe organicdonor—acceptor complexes typically addressed using
this theory is that now most (or all if AE = 0) of the zero-order

(40) See ref 8b, Chapter 9.
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splitting A originates in the Franck—Condon energy associated
with the vertical electron transfer.

Of central interest to us are the wave function coefficients a
and b of eq 5. Mulliken derived the following expressions for
their ratio:

E-E H-SE
prbja=— i L WOE
T(H-SE)  (Ej-E,
Rearranging these expressions leads to (8) and (9),
p(H-SE,) = E, - E (8)
p(E,- E) =H-SE, O)

Solving (8) and (9) for either H or S and equating the resulting
expressions leads to (10),

(=) o
*7\E,-

Our approach to finding a link between electrochemical
potential shift data and the quantity p rests upon the idea that
by perturbing one end of a mixed-valence dimer through ligand
substitution we can, in effect, vary the energy EY independently
of E3 or vice versa. If we can then obtain information about how
Eg and E, respond to this perturbation because of their quantum
coupling to Ej, we can assess the ratio p.

Making reference to Figure 8, it can be seen that a perturbation
8E} in the energy of the no-bond state will give rise to
perturbatlons 5E'£ and 5E: in the favored and disfavored redox
isomers of the ground state of the system (the superscripts fand
d signify that we are referring to the favored and disfavored
redox isomer in the case of the right-hand surfaces where there
is now a redox asymmetry). There will also be a downward shift
5E{ in the energy of the excited-state of the favored redox isomer
with a magnitude very nearly equal to 6E§. An important
underlying assumption here is that the surfaces are harmonic
and that the ligand substitution process does not significantly
change their shapes or displacement in nuclear configurational
space. The new redox asymmetry of the dimer, AE, will effect
the electrochemical potential difference between the first and
second oxidations of the dimer, AE,,, in a predictable way.

From Figure 8, we see that the most directly relevant quantities
we might try to calculate from theory would then be 8E,/$E7 and
oE? /8E}. Changing from finite increments to part1a1 d1fferen-
tlafs and making reference to eq 6, we find equations (11) and
(12),

0B,/ = L[ 1/2-s(em/0ED) -

1

2—R(—A/2 +
(8, + 8,)(3H/3E) - 56,)] (1)

=111 /2 - S(am/9E) — (L) d

3E?/SES 0[1/2 SEH/oEY - (55 )a%/2 +

8+ B R /0EY -sph | (12)
where 0 = 1 - S2and theother variables are as defined previously.4!
The readily measurable experimental quantity we wish torelate
to the quantum coupling in the system is the electrochemical

potential shift ratio m = (6E1/2(Ru,)) /(8E1/2(Rus)), which obtains
upon ligand substitution. The theoretical quantity of relevance

(41) In denvmg (11) and (12), we have used the relations aE"d [OE] =0,
oEY® /El=1,and Ad= E"d E3¢, where the superscript d 1nd1cates that
these quantmes corrcspond to the disfavored redox isomer in Figure 8
(the higher-lying curve of the pair on the right-hand side of the figure).
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5+
(NH,)gRuy—Ly —Ru (NH,)2

5+
L(NH,),Ru, ~L, —Ru, (NH,);

Figure 8. Schematic illustration of how the potential surfaces respond to ligand substitution processes.

is clearly the ratio which we will denote by »:

n = (9E;/3EY)/(9E{/ OE}) (13)

The nature of the relationship between the experimental ratio m
and the theoretical quantity n will be discussed in detail in a later
section. Substitutingeqs 11 and 12 intoeq 13 yields a theoretical
expression for n. In thelimit that H/4E] = 0and $E7 « A, such
that &/ = A9, # = B¢, and R/ = R¢, we find
R-A/2+ 88,
T R+A/2+S8,
where R is the square root term in eq 6, ((A/2)? + 8182)!/2
Solving for R in eq 14 yields
1
(n-1)
where we have used the identity 82 = 8; — SA.

Combining eqs 6 and 10, we can readily write an expression
for p,

~ (E?+E:)/2-SH—R—E‘;a]‘“_
T lEe+ey2-sH-R-E]
A-2(S8, + R) 1/2
[—A -2(S(8,- SA) + R)

In the limit of small S, this expression reduces to the remarkably
simple result

(14)

n

R=

[~(A/2)(n + 1) + SB,(1 — n) + nS?A]  (15)

(16)

p=n 17

The same logic and mathematics can be applied to the
alternative experimental shift ratio m’ = (5E;;2(Ruy))/
(5E1/2(Ru,)) obtained when we directly perturb E3 by replacing
ligand L with NH; at Ru, in L(NH3)4Ruy—Ly,—Ru,(NH;),L.42
Now the theoretical quantity of interest is n’ =
(aEﬁ/aEg) /(aEg/aE;), and we again obtain eqs 16 and 17 but
with n’ replacing n.

Relationship between the Electrochemical Potential Shift Ratios
m and m’ and the Electronic Coupling. The redox asymmetry in
a given dimeric system, as depicted by the quantity AE in Figure
8, contributes directly to the observed differential pulse polaro-

(42) The situation is now similar to that depicted in Figure 8 except that the
product’s potential surface moves up in energy upon synthetic manip-
ulation. In this case, we make note of the relations 3E2/4ES = 1 and
SEY J3ES = 0.

graphic peak splitting AE); illustrated in Figure 1. AE is not
the only source of the peak splitting, however, and the various
contributions to AE} /> have been discussed by Sutton et a/.3” and
by others.14394346 For complexes of the kind studied in this
work, there will be five primary contributions to AE s,

AEl/z = AEdeloc + AE(:oul + AEsmt + AEinduct + AE (18)

AEqo represents the splitting due to resonance stabilization
of the mixed-valence state relative to either to 2,2 or 3,3 isovalent
states. This splitting will have the effect of increasing E;2(Ruy)
and decreasing E;;>(Ru,) by an amount equivalent to magnitude
of xgy—the resonance stabilization depicted in Figures 6 and 7.
It is generally thought to be a quite minor contribution. We
would point out, however, that part of the reason for concluding
this has been based on the use of eq 4 for assessing the magnitude
of the resonance interaction. The AE.,, term represents the
decreased electrostaticrepulsionin the 2,3 oxidation state relative
to the 2,2 and 3,3 parent states. AE,, is the “statistical”
contribution to the stability of the 2,3 state in symmetric AE =
0 systems relative tothe parent states. AEjqy: is a term that has
to do with the inductive and =-back-bonding effects that
specifically destabilize the 2,2 state relative to the 2,3 state in
systems such as the ones used in this study.?’

The AE,,, term is at a maximum of 36 mV for AE = 0 and
will fall off toward 0 as AE (true redox asymmetry) about
surpasses 60 mV.%> The AE,, term will be primarily a function
of the distance between the charge centers and the dielectric
constants of the intervening medium and the solvent medium
surrounding the dimer.37%4447 Sutton et al., have shown that this
term makes a small but significant contribution to the peak
splitting in fairly weakly coupled systems such as the 4,4'-
bipyridine-bridged decaammine dimer.?? Its contribution would
be expected to increase in the dimers studied in this work due to
the shorter bridge lengths. Since the metal-metal distance is
constant over each of the series which we use in our comparisons,
however, we will assume that the AE,,,; term remains constant
as well,

The largest contribution to the peak splitting according to the
work of Sutton et al. is the AEingy: term. This term arises from
a combination of two effects. The first is due to the decreased

(43) Gange, R.R.; Spiro, C. L.; Smith, T. J.; Hamann, C. A.; Thies, W.R.;
Shiemke, A. K. J. Am. Chem. Soc. 1981, 103, 4073-4081,

(44) P;]aniappan, V.; Singru, R. M.; Agarwala, U. C. Inorg. Chem. 1988,
27, 181-187.

(45) Dose, E. V. Inorg. Chim. Acta 1981, 54, L125-L127.

(46) Ernst, S.; Kasack, V.; Kaim, W. Inorg. Chem. 1988, 27, 1146-1148,

(47) (a) Ehrenson, S. J. Am. Chem. Soc. 1976, 98, 7510-7514. (b)
Brunschwig, B.; Ehrenson, S.; Sutin, N. J. Phys. Chem. 1986, 90, 3657~
3668.
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x-acid nature of the bridging ligand in a 2,2 dimer relative to a
2,3 dimer. We might describe this effect as “x* overcrowding”
atthe bridging ligand. The first oxidation of the complex to form
the 2,3 dimer is thus made anomalously easy compared to either
the second oxidation or, in most cases, to the appropriate
monomeric compound. The magnitude of the destabilization of
the ILII oxidation state is made clear by comparing the redox
potential data in Tables I, III, and IV where we see that the
+2/+3 oxidations of the (+2) charged monomers are actually
at higher potentials than the first (Ru,; +4/+5) symmetric dimer
oxidations in spite of the significantly higher charges on the dimers.
The second aspect arises as result of the inductive effect of the
coordinated Ru,! ion on the bridging ligand =* levels in the
mixed-valence dimer. The AsRu, 'Ly, Ruy!/TAL5*+/6* potential
is thus increased relative to the LAsRuL2*/3* monomer couple
due to the greater x-acidity of the bridging unit toward Ruy".

As shown in Figure 8, replacing an ammine ligand on a
decaammine dimer with a substituted pyridine ligand L will clearly
increase (create) the redox asymmetry AE by pulling down
E]. This will show up as an increase in the observed electro-
chemical peaksplitting. Importantly, however, this same synthetic
operation also has the potential to change the magnitudes of the
AE¢0c, AEgai, and AEjquc terms. Specifically, AEgcoc Will
decrease due to the increased value of A (see Figures 6 and 7)
and the resulting attenuation of the resonance interaction (note
eq 6). AEiauct will decrease due to the decreased d=-electron
density on Ruy, (there will now be competition for the dx electron
density at Ru, between the bridging ligand and new ligand L).
Additionally, the AEy,; contribution will fall off from its maximum
value of 36 mV.

The consequence of the changes in AE jeioc, AEsat, and AEjnduct
with substitution at Ruy is that the shift ratio m = (6E;,2-
(Ru,))/(8E1;2(Ruy)) will be made larger than what would be
expected if indeed m = n = (3E7/0E3)/(9E,/3E?). The reason
for thisis that the downward changes in AEeioc, AEyat, and AEinduct
cause 0E 2(Ru,) to be a larger positive number than it would be
otherwise. Thus the coupling between the bond and no-bond
basis states that would be deduced using the measured m value
and eq 16 or 17 would be an overestimate. For this reason, it is
also necessary to consider the complementary experimental ratio
m’and the synthetic operation in which L is replaced by ammine
at Ru, on a symmetric, disubstituted dimer,

L(NH,),Ru,~L,~Ru,(NH,),L** —
L(NH,),Ru,-L, ~Ru,(NH;);**

Now the situation is such that the AE.. term will decrease
dueto the increased value of A in the resulting asymmetric dimer.
In principle, the magnitude of this contraction in AE;;; should
be somewhat less than in the previously discussed synthetic
transformation since the spectroscopic data indicate that delo-
calization is attenuated in the symmetric (LA4Ru);L,, dimers
relative to the (symmetric) decaammine dimers (note the left-
hand curve in Figure 54). Once again, the AE;;,, term will fall
off from 36 mV. Both of these changes act to depress AE): in
the asymmetric dimers relative to the symmetric, disubstituted
ones; thus they will act to make m’ too large since both cause
&E.;2(Ru,) to decrease in magnitude. Similarly, the magnitude
of &E,2(Ruy) is increased by the dropping away of the AEqu,
contribution. The changein AE .. does not introduce an artifact
into &’E1 ;2(Ruy) since E;2(Ruy) and E; of the Mulliken model
are directly related in our treatment. Importantly, the change
in the AEjqquc: term and its impact on 6E;2(Ru,) is now in the

(48) The progressive widening of the IT band in the symmetrical pz-bridged
series as stronger and stronger perturbation is applied would be consistent
with the generally accepted idea that IT bands are characteristically
narrow in valence-delocalized dimers and characteristicially wider in
localized systems with bandwidths predicted by the equation due to
Hush, Avyj; = (2310(Eop — AE))1/2 182
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Table VII. Thermodynamic Resonance Stabilization Energies x; As
Determined by Comparing the Redox Potentials of Selected
Diruthenium and Heterobimetallic Ruthenium/Rhodium Dimers

trans-(LRu- trans-L(NH3)4-
(NHj))aLee**/6*,  RuLeRh(NH3)s*+/6+,
L Ey/2(Ruy) E,;»(Ru) Xs
Lu=pz
(1) NH, 0.4734 0.392 -0.063%
(2) py 0.582 0.533 -0.031
(3) 3-Clpy 0.672 0.564 -0.090
(4) 3-Fpy 0.669 0.512 -0.139
Lee = 4CP
(1) NH, 0.331 0.306 -0.025
(2) py 0.475 0.462 -0.013
(3) 3-Clpy 0.525 0.504 -0.021
(4) 4-Brpy 0.515 0.492 ~0.023

¢ All potentials in volts vs ferrocene/ferrocenium. ¢ In the case of pz
as bridge, the x4 value is corrected for the 18-mV anodic shift expected
in Ey/2(Rup) due to AEyy, in the symmetrical dimers (see text). Note:
This contribution of AE)/2 is not present in the 4CP case due to the
asymmetry of the bridge itself.

opposite direction than in the previous synthetic transformation.
This can be understood if we consider ligand additivity effects.*
The inductive destabilization of the 2,2 oxidation state (and the
resulting cathodic shift in the Ru, reduction potential) arising
from “x* overcrowding” at the bridge will be less in the
symmetrically disubstituted dimers than in either the asymmetric
monosubstituted analogues or the decaammine species due to the
fact that the relative impact of the x-acid strength of the bridging
ligand Ly, will be attenuated by the presence of L on Ru, and the
resulting competition ford= electron densityat Ru,. Theincrease
in AEinduct Upon going from the symmetric disubstituted to the
asymmetric monosubstituted configuration will manifest entirely
in the magnitude of 6E, 2(Ru,) and will have the effect of making
8E\2(Ru,) a larger negative number than it would be otherwise
(the inductive effect of the Ru,!!! unit coordinated to the bridge
on the value of E;/2(Rup) will not depend on whether Ru, is in
a pentaammine or a tetraammine L coordination environment).
Thus m’ = (§’E;2(Rup))/(8E1/2(Ru,)) will be diminished.

We have no direct way to separate and compare the opposing
influences of the changes in AEgeioc, AEgia;, and AEinduct ON M,
Estimates of the resonance stabilization x, based on potential
data from the rhodium analogues taken in conjunction with the
potential data on the symmetric dimers, however, do indicate
that AEjquc is probably the larger effect. The x, stabilization
energies for the various symmetrical dimers for which rhodium
analogues were studied are listed in Table VII. These values are
arrived at by comparing the observed value for the potential of
the AsRhUIL,, Rull/lIA,L5+/6+ couple with the Ej/2(Rus) value
for the corresponding symmetrical dimer (corrected for AE in
the case of the pz-bridged dimers). Inspecting the values for the
two series, we see that there is no obvious drop-offin the resonance
stabilization as the terminal ligands become more electron-
withdrawing. This rather surprising result is counter to our
expectations and to trends in delocalization based on intervalence-
transfer absorption data (vide infra). At the same time, we note
that the slopes of the E1/3(Rug) V8 Emonomer plots in Figures 2 and
3 both considerably exceed unity. The apparent lack of variation
in xg (and hence AEqqq) over the range of monomer potentials
used here combined with the observation of these large slopes for
AE;/2(Ru,) indicate that the primary additional effect operating
on E1;2(Ru,) over the symmetric series is in fact the one due to
variations in AEnq,c as L is varied. This would imply that m’
is likely to be decreased by the upward change in AEindauct more
than it is increased by the changes in AE .. and AEy, when L
is taken to ammine at Ru,.

(49) Bursten, B.; Green, M. R. Prog. Inorg. Chem. 1988, 36, 393-485.
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From all of the foregoing, we conclude that the electronic
coupling computed on the basis of the experimental ratio m will
be too high. The coupling based on the m’ratio will most likely
be too low, but we cannot confidently assess by how much. We
will take the coupling calculated on the basis of m’as a reasonable
lower limit to the true value.

Mines et al. have applied the electrochemical potential shift
ratio approach described here to the problem of assessing the
degree of electronic coupling between the metal and =-back-
bonding ligand in mononuclear complexes such as Ru(INH;)4-
(phen)2+.!9 Here the situation is simpler and the interpretation
of the shift ratio is more straightforward. Because there is no
central w-back-bonding bridging unit mediating the interaction
between the redox sites, there is no special inductive destabilization
of the fully reduced form of the system—in this case Rull(NH;),-
(phen-)*. Since there is no possibility for electron delocalization
from the reduced phen #* level into the filled d= levels of the
Ru(Il), then variations in the energies of the d= levels through,
for example, solvent donicity changes cannot directly effect the
energy of an electron in the HOMO of the fully reduced complex
(a phen #n* level in this case). For this reason, shifts in the
Rull(NH;)4(phen)2*/1* couple as the metal d= levels are ma-
nipulated (or vice versa) can be simply related to the coupling
between the d= levels and the empty phen #* LUMO in the 2+
complex.

Two subtleties in the data bear mentioning at this point. From
Table III we see that for the asymmetric pz-bridged series the
shift ratio m appears to decrease somewhat with stronger redox
perturbation down the series. This might be expected if either
of the contributions to m from changes in AE gejoc O AEjpgyct reaches
a natural limit as we progress down the series or if the change
in electronic structure from delocalized to localized (as evidenced
by the IT bandwidth variations) shows up in the observed m.
Second, the observation that m drops for cis-substituted relative
to trans-substituted asymmetric dimers is in keeping with the
idea that competition for d= electron density is important since
in the cis case competition will be attenuated due to the
orthogonality of the metal orbitals involved.

Application of the Mulliken Formalism. Equations 6—17 provide
us with the means to analyze our mixed-valence dimeric systems
and assess the degree of electronic coupling within the context
of the Mulliken model. Prior to beginning this analysis, however,
it is useful to consider the probable magnitude of the overlap
integral § = (¥|¥3) relevant to each of our two bridging
ligands, pyrazine and 4-cyanopyridine. Creutz has developed
and applied a straightforward molecular orbital scheme for
estimating the ligand =* contribution to the highest occupied
molecular orbital for ruthenium pentaammine and tetraammine
complexes of nitrogen heterocyclic ligands.®® In their recent
application of this approach to the Creutz-Taube ion they
calculate possible values of 0.37 and 0.51 for the coefficient of
the pyrazine =* orbital in the HOMO of the ion (depending on
the details of the model chosen). If we take the middle of this
range, 0.44, as a reasonable estimate, then this would imply an
S value of on the order of (0.44)2 =~ 0.2 for the overlap of ¥{ and
¥4 in our application of Mulliken theory to the pyrazine-bridged
series of dimers.

This estimate is based purely on an “electron-transfer” coupling
pathway, as is the depiction of the coupling between ¥ and
W9 givenin Figure 7. Hupp®! as well as Richardson and Taube!42
have both pointed out that substantial coupling can occur through
a “hole-transfer” pathway involving superexchange between the
metalsites via higher-lying ligand-to-metal charge-transfer states.

(50) (a) Zwickel, A. M.; Creutz, C. Inorg. Chem. 1971, 10, 2395-2399. (b)
Creutz, C.; Chou, M. H. Inorg. Chem. 1987, 26, 2995~-3000.
(51) Hupp, J. T. J. Am. Chem. Soc. 1990, 112, 1563—1565.
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Participation of this pathway would presumably give rise to a
second, additive contribution to the total effective overlap.s?

For the 4-cyanopyridine bridge, we make reference to the data
and molecular orbital approach used by Richardson and Taube
inthe course of their work on electronic coupling in mixed-valence
dimers. From their data onthe pentaammineruthenium(4CP)2*
monomer, we calculate a ligand 7* coefficient of 0.38; thus, our
estimate for S becomes (0.38)2 2 0.14 for the 4CP-bridged series.

From eq 6 it follows that the charge-transfer energy can be
written as

E, =2R/(1-§% (19)

where R = [(A/2)? + 81(8: —SA)]1/2. If we correct the observed
IT band energy for the contribution arising from spin—orbit
coupling effects,53%4 then eq 19 allows us to estimate a value of
R from E, at any given S. Equation 15 for R as a function of
n, S, B, and A can be solved for A to yield

A=[(n-1)YR-SB)]1/(S*n-(1+n)/2) (20

Using R calculated from Ey, and S, 7 as approximated from the
electrochemical shift ratio m’,and aninitial guess for 8, (a negative
number), we can then calculate a value for A.

Using the expanded form of Rineq 19, the following expression
for 8 can be solved:

B, = [SA-(SA2 - (A* - EZ(1-8)?)/2 (1)

Iteration between (20) and (21) leads to a consistent pair of A
and Bvalues for given values of E,, S,and m’. The wave function
coefficient ratio p can then be calculated using eq 16. The results
of such calculations on the symmetrical pz and 4CP-bridged
dimers are shown in the first four columns of Tables VIII and
IX. The average values of ), A, and p obtained at S = 0.2 for
the pz-bridged seriesare—0.19eV,0.27 eV, and 0.51, respectively.
For the 4CP series at S = 0.14 we find the following average
values: 8 = -0.22eV, A =0.82¢V, and p = 0.24.

Having consistent values for 8; and A, we are now able to
calculate an estimate for the predicted resonance stabilization of
the ground state due to electron delocalization. The resonance
stabilization is described by Mulliken as?

where E;, Ej, and x; are as illustrated in Figure 6. Using
perturbation theory Mulliken derived the following approximate
formula for x, in the limit that (A/2)2 » 8,8,

xs = ~(8)*/4 23)

In the 4CP case, the limiting condition is approximately satisfied
since (Aqv/2)? = 0.166 and 8,8, = 81(81—-SA) = 0.071. Equation
23 then predicts x; = —0.057 eV.

For the pz-bridged series, the limiting condition is clearly not
met; (A /2)2=0.018 and 8,8, =0.047. A more exactexpression
for x; can be obtained by using eq 6 for E; in eq 22,

Xg = [A—2SB, - (& + 48} - 488,4)'/*]/(2(1 - §%) (24)

The predicted value of x, for the pz-bridged series is then
calculated to be —0.087 eV. For the 4CP series eq 24 predicts
xg = —0.050 eV.

The predicted values for x, of —0.087 and —0.050 eV for the
resonance stabilization of the pz- and 4CP-bridged dimer series
arein quitereasonable agreement with the observed average values
of —0.081 and —0.021 eV obtained from the electrochemical studies

(52) Bertrand, P. Chem. Phys. Lett. 1987, 140, 57—63.

(53) We assume an additive contribution of 0.217 eV in all cases due to
spin—orbit coupling effects; see ref 52.

(54) Kober, E. M.; Goldsby, K. A.; Narayana, D. N. S.; Meyer, T. J. J. Am.
Chem. Soc. 1983, 105, 4303—4309.
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Table VIII. Calculated® Parameters for the Symmetrical pz-Bridged Series (L(NHj)4Ru)zpz’+

L S 8 A o o* a b Hin® Hapec® a
trans-L
(1) 3,5-Me,py 0 -0.228 0.230 0.616 0.616 0.85 0.53 3.04 0.762 0.115
0.2 -0.209 0.187 0.616 0.727 0.78 0.48 3.22 0.762 0.115
0.35 -0.186 0.153 0.616 0.796 0.74 0.46 3.44 0.762 0.115
(2) py 0 -0.183 0.368 0413 0413 0.92 0.38 2.40 1.02 0.155
0.2 -0.166 0.310 0413 0.565 0.87 0.36 2.75 1.02 0.155
0.35 -0.147 0.259 0.412 0.666 0.83 0.34 3.07 1.02 0.155
(3) 3-Fpy 0.2 -0.202 0.218 0.566 0.688 0.80 0.46 3.13 1.30 0.197
(4) 3-Clpy 0.2 -0.207 0.207 0.583 0.702 0.80 0.47 3.16 0.90 0.137
(5) 2,6-Meapz 0.2 -0.165 0.306 0.413 0.566 0.87 0.36 2.75 0.70 0.106
(6) bpy 0.2 -0.182 0.432 0.346 0.511 0.90 0.31 2.53 0.53 0.081
(1) py 0 -0.211 0.328 0.490 0.490 0.90 0.44 2.69 0.99 0.150
0.2 -0.192 0.272 0.490 0.628 0.84 0.41 2.97 0.99 0.150
0.35 -0.170 0.225 0.490 0.717 0.79 0.39 3.24 0.99 0.150
(2) 3-Fpy 0.2 -0.220 0.191 0.624 0.733 0.78 0.49 3.23 0.87 0.132
ave 0.2 -0.19 0.27 0.51 0.64 0.83 0.42 2.98 0.89 0.134

2 Based on the assumptions that n = m’ (see text) and E? =-~12.0eV (see ref 61). ¢ Units are electron angstroms. ¢ Calculated for the § = 0.2 cases.

of the rhodium analogues discussed in an earlier section. In fact,
given the approximations we have had to make and the very
simplified nature of the Mulliken treatment relative to more
modern and complete quantum descriptions of these sys-
tems,*1455-6! we find the level of agreement between experiment
and theory evidenced on this point to be remarkable.

Wave Function Coefficients. Given our estimated values for
S and p, it is now possible for us to calculate the coefficients g,
a*, b, and b* in the variational ground- and excited-state wave
functions written ineq 5. For a and b, this is done by using the
ratio p = b/a and the normalization condition

a’+2Sab + b = 1 (25)
For a* and b* we must first consider the excited-state ratio po*
= b*/a*. In a derivation analogous to the one leading up to eq
16 it can be shown that the excited-state ratio is

So—(ES+ E3)/2+SH - R]

E‘l’a (ES+E)/2+SH-R

A+ 2(8(8,-SA)-R)

-A+2(88,-R)
Once again, in the S = 0 limit we find p* = v/n. This expression
in conjunction with the excited-state normalization condition
(a*)?-2Sa*b* + (b*)* = | (27

allows us to calculate the excited-state coefficients.

The values of p, p*, @ and b are listed in Tables VIII and IX
for the symmetrical dimers where we have used the assumption
that n= m’in our evaluation of R (seeeq 15). For the pz-bridged
series we obtain average, p, a, and b values of 0.51, 0.83, and

(26)

(55) (a) Zhang, L.; Ko, J.; Ondrechen, M. J. J. Phys. Chem. 1989, 93, 3030—
3034. (b) Zhang, L.; Ko, J.; Ondrechen, M. J. J. Am. Chem. Soc. 1987,
109, 1666-1671. (c) Ondrechen, M. J.; Ko, J.; Zhang, L.J. Am. Chem.
Soc. 1987, 109, 1672-1676.

(56) (a) Piepho, S. B.; Krauz, E. R,; Schatz, P. N. J. Am. Chem. Soc. 1978,
100, 2996-3005. (b) Neuenschwander, K.; Piepho, S. B.; Schatz, P. N.
J. Am. Chem. Soc. 1985, 107, 7862-7869. (c) Prassides, K.; Schatz,
P. J. Phys. Chem. 1989, 93, 83-89.

(57 (a) Plepho S.B.J. Am.Chem. Soc. 1988, 1 10, 6319—6326. (b) Piepho,

B. J. Am. Chem. Soc. 1990, 112, 4197—4206

(58) (a) Larsson, S. Chem. Phys. Lett. 1982, 90, 136-139. (b) Broo, A;
Larsson, S. Chem. Phys. 1992, 161, 363—378.

(59) (a) Tanner, M.; Ludi, A. Inorg. Chem. 1981, 20, 2348-2350. (b) Joss,
S.; Burgi, H. B.; Ludi, A. Inorg. Chem. 1985, 24, 945-954.

(60) Marcus, R. A. J. Phys. Chem. 1992, 96, 1753-1757.

(61) Lauher, J. W. Inorg. Chim. Acta 1980, 39, 119-123.

(62) We note that eq 30 already reflects the fact that less than a full electron
is transferred in the transition. This is denoted by the presence of a,a*
and b,b* in the equation.

0.42, respectively. For 4CP the average p, a, and b are 0.24,
0.94, and 0.23. If the true value of 7 lies closer to the average
of m and m’ than to the least lower bound of m’itself (used in
the calculations for Tables VIII and IX), then the pz-bridged
average values become 0.76, 0.73, and 0.55. The 4CP values
become p = 0.315, a = 0.92, and b = 0.29.

Electronic Coupling and Transition Dipole Calculations. Mul-
liken gives the following formula for the expected transition dipole
of a charge-transfer absorption band:®

Btheor = f‘l',uop\lls dr = [a*b(ud —uj) +
(aa* - bb*)(uy, - Su)] (28)

where uqpis the transition dipole-moment operator, the difference
3 — i represents the change in dipole moment upon going from
W1 to ¥, and the second difference, u;, — Sus, arises due to the
dipole generated when a charge —S is transferred from the donor
molecule to the average position of the overlap charge. This
expression is analogous to the equation from Murrell’s treatment
which we have listed as eq 2a in the introduction section. Mulliken
offered the following simplification of (28):

bb*)S(F,— 1)) (29)

where 7 and 7, represent the average position of the exchanging
electron when completely localized on either the donor or the
acceptor and Fy, is the average postion of the overlap population.
If we take the first difference as simply being the metal-metal
separation 4 and the second difference as half of this, then (29)
simplifies to

Bepeor = a*b(F, — 1)) + (aa* -

Hiheor = d[a‘b + (S/z)(aa‘l - bb‘)] (30)

In the limit of small S and a* = 1, eq 30 reduces to eq 2b.

In Tables VIII and IX we have listed the values obtained for
Htheor USing eq 30 and our calculated values for a, a*, b, and b*.
The spectroscopic value is defined by

€ v
bapee = (0.02) %A‘E] (31)
max
We also list the values of « calculated from the spectroscopic
transitiondipoleusing eq 3. From the tables we see that calculated
transition dipoles based on the above assumptions considerably
exceed the spectroscopic values. Inthe pyrazinecase,theaverage
1atio Of Hincor/ Mapec is 3.6. For 4CP the average is 4.6. Similar
disagreement obtains if we compare the wave function coefficient
b obtained from our electrochemical analysis and the coefficient
a calculated from the experimental transition dipole and eq 3.
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Table IX. Caiculated® Parameters for the Symmetrical 4CP-Bridged Series srans-(L(NH;)4Ru)24CP5*

L S 8 A p° [ a b s’ Papec” a
(1) 3,5-Meapy 0 -0.203 0.905 0.214 0.214 0.98 0.21 1.90 0.505 0.056
0.14 -0.194 0.839 0.214 0.344 0.95 0.20 2.44 0.505 0.056
0.20 -0.188 0.803 0.214 0.397 0.94 0.20 2.67 0.505 0.056
(2) py 0 -0.216 0.889 0.230 0.230 0.97 0.23 2.04 0.619 0.069
0.14 -0.206 0.822 0.230 0.358 0.95 0.22 2.55 0.619 0.069
0.20 -0.200 0.785 0.230 0.411 093 0.22 2,78 0.619 0.069
(3) 4-Brpy 0.14 -0.231 0.763 0.270 0.395 0.93 0.25 2.82 0.667 0.074
(4) 4-Clpy 0.14 —0.244 0.754 0.286 0.409 0.93 0.27 2.92 0.619 0.068
(5) 3-Clpy 0.14 -0.067 0.936 0.071 0.208 0.99 0.07 1.28 0.526 0.058
(6) 3-Fpy 0.14 -0.215 0.805 0.243 0.371 0.94 0.23 2.65 0.487 0.054
(7) 2,6-Mezpz 0.14 -0.204 0.914 0.207 0.338 0.95 0.20 2.39 0.355 0.039
ave 0.14 -0.22 0.82 0.24 0.37 0.94 0.23 2.63 0.542 0.060

@ Based on the assumptions that n = m’ (see text) and E‘,’ = -12.0 eV (see ref 61). » Units are electron angstroms. ¢ Average calculated for the S

= 0.14 cases, omitting the data for 3-Clpy.

For pz as bridge, we find an average value of 3.3 for the b/« ratio.
For 4CP the average is 3.5.

These results indicate that the discrepancy between the wave
function coefficients arrived at via the electrochemical /Mulliken
approach outlined here and the spectroscopic Murrell/Hush
formalism has its origins in the difference between the experi-
mental transition moment and the one which would be consistent
with theory based on the magnitudes of p, p*, and S. Recent
work by OH and Boxer using Stark effect spectroscopy has shown
that the actual charge-transfer distance in intervalence-transfer
transitions may in fact be substantially less than the simple
geometric distance between the metal sites.?? Hupp has pointed
out the possible significance of this with regards to reconciling
optically and electrochemically derived estimates of the electronic
coupling in mixed-valence dimers.? In the case of the present
systems, however, we would have to divide the distance parameter
d in eq 30 by 3.6 and 4.6 in order to bring the observed and
calculated transition moments into agreement for the pz- and
4CP-bridged series, respectively. In order to bring the wave
function coefficient b into agreement with the optically-derived
avalue from eq 3, the geometric distance would have to be divided
by factorsof 3.3and 3.5. Somediminution of the effectivedistance
between the charge centroids would be predicted given the
participation of the bridging ligand =* levels in the HOMO’s of
the zero-order states (see Figure 7 and the discussion preceding
eq 19), but this effect is at least approximately accounted for by
the second term in eqs 28-30. Distance corrections by factors
of as much as 3 or more are not obviously explicable to us.

In light of the above, we are lead to question the validity of
eqs 28-30 when applied to relatively strongly coupled mixed-
valence systems such as those reported on here. This comes as
no surprise in the case of the pz-bridged series given that it has
been widely recognized that coupling in the Creutz—Taube ion
is strong enough to require a delocalized MO treatment for an
accurate description of its electronic structure.255-57,58b,59,61,63-65
Itis surprising, however, that the same level of discrepancy persists
even for the 4-cyanopyridine dimers.

Equations 28—30 are based on a simple one-electron model for
a formal bonding-to-antibonding transition. Detailed molecular
orbital analyses of the electronic structure of these systems,
however, indicate that the intervalence transfer transition is
substantially bonding-to-nonbonding in character.50555.57.61 Vj.
bronic effects are also thought to be very important in determining
the details of the IT band shapes and intensities in these
complexes.>-57 It may simply be that eqs 28-30, and hence eq
3, are outside of their range of applicability even in systems as
strongly coupled as the 4-cyanopyridine dimers studied here.

(63) Hush, N. S, In Mixed-Valence Compounds; Brown, D. B., Ed.; NATO
Adv. Study Ins. Ser. 58; D. Reidel: Boston, MA, 1980, pp 151-188.

(64) Beattie, J. K.; Hush, N. S;; Taylor, P. R. Inorg. Chem. 1976, 15, 992~
993

(65) Wor'lg, K.Y.;Schatz, P. N.; Piepho, S. B. J. Am. Chem. Soc. 1979, 101,
2793-2799.

The electrochemical/Mulliken approach outlined in this paper
clearly rests on a highly simplified, one-electron quantum
description of the system and a relatively large set of assumptions
regarding the interpretation of the observed electrochemical
potential shifts. A major strength, however, is that the range of
applicability with regards to the overlap integral S and the mixing
parameter p is not as highly restricted as it is in the case of the
spectroscopic/Murrell-Hush formalism. Independent assess-
ments of the degree of coupling in these systems such as, for
example, the ESR measurements reported by Westmoreland et
al.’® and the resonance Raman data discussed by Mines ez a/.!®
should prove to be very helpful in sorting out the ranges of validity
and usefulness for the two approaches.

An Alternative Measure of Delocalization Based on Bandwidth.
Figure 5 illustrates the effects of the various synthetic manip-
ulations on the intervalence-transfer absorption bandwidth and
the electrochemical peak splitting AE);; for the pz-bridged
complexes (no such pronounced trends are evident in the 4CP-
bridged dimers). The curvesshow usthat the electronic structure
can be tuned from delocalized, the Creutz-Taube ion case where
Avyy2'= 0.184 eV, to localized, Av /2 = 0.5 ¢V, either by placing
a single x-back-bonding ligand on one side of the Creutz-Taube
ion and thereby imparting a redox asymmetry to the dimer as
well as decreasing w-back-bonding to the bridge or by symmet-
rically substituting the dimer in such a way that only »-back-
bonding to the bridge is affected.

We can use the bandwidth effects of these procedures to create
a provisional “degree of delocalization” scale. We will postulate
that a bandwidth of 0.184 eV (the experimental value for the
Creutz-Taube ion) represents a degree of delocalization, w, of
1.0. We further postulate that a bandwidth on the order of 0.558
eV, asis observed for strongly valence-trapped Callahan dimer,%¢
represents an w value of 0.0. These two assumed extrema allow
us toplace the pz-bridged dimers on the w scale according to their
observed bandwidths.

Figure 9 shows a plot of w for each dimer vs the potential of
the appropriate L(NH;),Rupz2*/3* monomer couple (presumably
a reasonable measure of the strength of the perturbation being
applied). Itisclear from the figurethat asymmetrical substitution
leadstoa faster loss of delocalization through most of the potential
range. The main point of interest is that both plots, and especially
the one for the symmetrical dimers (the open points), indicate a
fairly abrupt change in slope ata certain point. The symmetrical
dimer data clearly indicatea rapid change from mostly delocalized
to mostly localized at a monomer potential of approximately 0.38
V. This trend falls in line with the recent prediction made by

(66) Callahan, R. W.; Keene, F.R.; Meyer, T. J.; Salmon, D. J. J. Am. Chem.
Soc. 1977, 99, 1064.



3908 Inorganic Chemistry, Vol. 32, No. 18, 1993

T T T T !
10 @ \\§ T
N \\\\~§\§ v
\ ~ -
~e % 0Q
08 |- \ ‘\ _
\
’ \
0\ \
06 | \ \ i
\ \
o
0.4 |- .\ d T
ANEE
\\ \
0.2 | 0\ v o4
8
0.0 |- N
| i | | | |

0.10 ©0.15 020 025 030 035 040 045

N
E monomer vs. fc/fc

1/2

Figure9. Variation in the degree of delocalization parameter w (calculated
from the bandwidth data in Tables II1 and IV) with stronger and stronger
applied perturbation (as indicated here by the potential of the appropriate
monomer compound selected from Table I): Filled circles, rrans-L(NH3)4-
Rup-pz-Ru.(NH3)s**; open circles, (trans-L(NH;)sRu)spz**; open
triangles, (cis-L(NH3)4Ru),pz**.

Broo and Larsson that the Robin and Day class III/class I1
transition as a function of dimeric structure should by fairly
sharp.’8 The same trend is not clearly present in the m”-derived
measures of delocalization listed in Table VIII, although it may
be showing up in the significantly smaller value of p obtained for
the triammine~bpy species. Importantly, inspection of Table
VII where we list the x; values arising from the resonance
interaction in the symmetrical pz-bridged systems reveals nosuch
pronounced transition. Whether this reflects a real difference
between the thermodynamic and the spectroscopic consequences
of the change in electronic structure or simply the noise level in
our electrochemical x; measurements is unclear.

Concluding Remarks. The Mulliken model for donor—acceptor
interactions provides a simple and useful theoretical framework
for understanding certain broad aspects of the electronic coupling
in mixed-valence binuclear complexes. Althoughitisonly a one-
electron treatment of the problem and is by no means a full
quantum description of the system,*!45%! we find that by
extending the theory to include electrochemical potential shift
data resulting from synthetic manipulations we are able to gain
valuable insight into the magnitude of the quantum coupling and
the resonance delocalization energy in simple dimeric systems.
Our results indicate that the extent of wave function mixing in
these systems as measured by the wave function coefficient b
exceedsthe estimate of a arrived at viaeq 3 and spectroscopically-
based input data by a factor of at least 3.5 or so. The relative
ordering of the coupling in the pz- and 4CP-bridged dimers,

Salaymeh et al.

however, remains in good qualitative agreement. Comparing
the average coupling obtained as a function of bridging ligand,
we find 5(4CP)/b(pz) = 0.55 and a(4CP)/a(pz) = 0.45.
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Appendix. Application to the Wolfsberg-Helmholz
Approximation

A frequently employed approximation in the calculation of
molecular orbitals from atomic orbital basis sets is the Wolfsberg—
Helmbholz relation, which allows for the convenient computation
of off-diagonal matrix elements,

H;=K,S,(H;+ Hjj)/z (Al)

where K;; is an empirically chosen parameter.” For atomic
orbitals, the optimum value for the adjustable paramer K is
typically found to be about 1.75. Inprinciple, it should be possible
to use the data and parameters we have generated in this study
tosolve for the effective K, values that would apply toa molecular
analog of eq 32,

H = K,S(E; + E3)/2 (A2)
Substituting eq 33 into the definition of 8 allows us to write
2(8, + SE))
26 tSE) (A3)
SQ2E} + A)

For the symmetrical pz-bridged series at an assumed S value
of 0.2 we find K;2 = 1.09. For the 4CP series at S = 0.14 we
find K;; = 1.16. We note that these values do not change
substantially depending on whether we use m’ or m,, = (m +
m?)/2 in our calculation of 8; and A. Neither is there a very
strong dependence on our choice of 8. It is interesting that the
two values are as close as they are. In a theoretical study of
linear-chain phthalocyanine-based complexes Pietro, Marks, and
Ratner arrived at a K, value of 0.5 for a molecular analog of eq
32.%8 Thus, there is some supporting precedent for a diminished
magnitude of X in the molecular vs atomic application of the
Wolsfberg—Helmbholz relationship.

(67) (a) Mulliken, R. S. J. Chim. Phys. 1949, 46, 497, 675. (b) Wolfsberg,
M.; Helmholz, L. J. Chem. Phys. 1952, 837-843. (c) Hoffmann, R. 1.
J.Chem. Phys. 1963, 39,1397-1412; 1964, 40, 2474,2745. (d) Cusachs,
L. C.; Cusachs, B. B. J. Phys. Chem. 1967, 71, 10601073,

(68) Pietro, W. J.; Marks, T. J.; Ratner, M. A. J. Am. Chem. Soc. 1988, 107,
5386-5391.



