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Influence of Anions on Intervalence Charge Transfer (IVCT) in Mixed-Valence Dinuclear
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Spectroelectrochemical studies of the intervalence charge transfer (IVCT) characteristics of both diastereoi-
someric forms of the dinuclear complefRu(bpy)} 2(u-dpi~)]"" [bpy = 2,2-bipyridine; dpi- = 4,5-di(2-
pyridyl)imidazolate] showed that the degree of inter-metal electronic coupling (or valence delocalization) is
dependent on stereochemical identity. Increasing the relative concentration of the strongly associating anion
toluene-4-sulfonate in acetonitriledfCsHg)sN]{ B(CsFs)s} solution differentially decreased the level of
delocalization for the two diastereoisomers. In a comparative investigation of electrochemical and spectro-
electrochemical techniques of the anion-induced electron localizatidiRim(ppy)} »(«-dpo)P+ [dpo = 3,4-
di(2-pyridyl)-1,2,5-oxadiazole], differences were observed between the two methodsordédreandextent

of effects induced by a number of inorganic anionse(PBF,~, ClO,7). It was determined that the measure

of coupling derived from electrochemical methods was less reliable than that obtained from spectral methods.
Comparative electrochemical studies were undertaked Migbpy).} 2(«-BL)]"" {M = Ru, Os; BL= dpo,

dpi~), which revealed substantial differencesAik,, (the separation between the redox potentials for the
MMM —M" and M'—=M"'/M™M —M"" couples) for the two metal centers and therefore the compropor-
tionation constank., dependent on the neutral or anionic nature of the bridging ligand.

Introduction symmetrical di-ruthenium complex of this typ&,is minimal

Dinuclear  ligand-bridged  mixed-valence complexes as the bond lengths and angles .in ruthenium polypyridyl
[{LaM"} (u-BL){M"'L}]™ (M = metal centers, L= terminal _complexes _undergo (_)nly very minor char?ges on'"iRy
ligands, and BL= bridging ligand) have played a pivotal role |n'[erco_nver5|_or4,‘6 AE, is small for a symmetrical complex,
in the assessment of activation barriers to intramolecular electron@nd spin-orbit coupling is very small for the ruthenium centers.
transfer since the disclosure in 1973 of the Cretftaube ion, Accordingly, the outer-sphere reorganizational compoigtt
[{ Ru(NHg)s} (u-pyz) Ru(NHg)s}1°+ (pyz = pyrazine)* The associated with solvent and anion reorganizatioonstitutes
absorption band observed in the near-infrared (NIR) region of the major barrier to electron transfer.
the electronic spectrum for such species is identified as the
optically induced intervalence charge transfer (IVCT) transition,
which provides a sensitive and powerful insight into electronic
coupling of the metal centers through the bridge by an electron
superexchange mechanism, because the eneygy, (intensity The complexes involved are of the forniM(bpy)a} 2(u-
(¢), and bandwidth Avy/;) of these transitions can be quanti- BL)]"™", where M= Ru and Os and BI= 3,4-di(2-pyridyl)-
tatively related to the factors that influence the activation barrier 1 2 5-oxadiazole (dpo) or 4,5-di(2-pyridyl)imidazolate (dpas

Two recent publications from our laboratory have discussed
solvent reorganizational effects on IV@P;the present work
addresses the issue of anion effects.

to electron transfet® _ shown in Figure 1. The synthesis, stereoisomerism, structural
For valence-localized mixed-valence dinuclear systems,Hush  featyres, spectral and electrochemical characterization, and some
proposed the relationship IVCT properties of the ruthenium complexes have been

published previously®11 The dpo bridging ligand has very low-
lying * orbitals, which result in a very delocalized system with
the strong electronic coupling occurring by an electron-transfer
mechanism. The dpibridged complexes are less delocalized,
but the anionic character of dpidetermines that electronic
coupling will be described by a hole transfer mechanidfs.

Vo= A + AE, + AE' 1)

wherel is a reorganizational contribution that is a consequence
of Franck-Condon restrictionsAE, arises from redox asym-
metry, andAE' represents the energy contributions due to-spin
orbit coupling and/or ligand field asymmetry. The reorganiza-
tional contribution can be further subdivided into inner- and  Access to diastereoisomeric forms of the four species provides
outer-sphere componerftsand/,: Ai corresponds to the energy  a particular opportunity for an intricate insight into anion
required for reorganization of the metdigand and intra-ligand  participation in the charge-transfer process. This paper reports
bond lengths and angles, arg is the energy required for  electrochemical and spectroelectrochemical studies of the effect
reorganization of the surrounding solvent medium. For a of anions on the IVCT processes in the ruthenium and osmium

; — - - complexes, which allows a telling comparison of electrochemical
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\ / species were recorded at regular intervals and checked for
/ \ reversibility by regeneration of the initial unoxidized complex
N= =\ spectrum after the mixed-valence spectrum had been obtained,
and by observation of clean isosbestic points. The IVCT spectra
dpo N/ \N N@ N dpi’ were scaled age(v)/v dv.21718The uncertainties in the energies
N (Vmay), intensities [€/v)may, and bandwidths Avi) were
Figure 1. The di-bidentate bridging ligands 3,4-di(2-pyridyl)-1,2,5- €stimated as=10 cm%, £0.001 M™%, and+10 cnt?, respec-
oxadiazole (dpo) and 4,5-di(2-pyridyl)imidazolate (djpi tively.
Elemental microanalyses were performed at the Microana-
lytical Unit in the Research School of Chemistry, Australian
Physical Measurements1D and 2D'H NMR spectra were National University.

performed using a Varian Mercury 300 MHz spectrometer. The  Materials. 2,2-Bipyridine (bpy; Aldrich, 99+-%), potassium
IH NMR chemical shifts for all complexes are reported relative hexafluorophosphate (KRFAldrich, 98%), ethylene glycol
to 99.9% d-acetonitrile [CRCN; Cambridge Isotope Labora-  (Ajax, 95%), sodium toluene-4-sulfonate (Aldrich, 98%), Am-
tories (CIL)] ato = 1.93 ppm.*H NMR assignments were  perlite IRA-400 (Aldrich) anion exchange resin (Gbrm), and
performed with the assistance of COSY experiments to identify |aboratory reagent solvents were used as received. fietra-
each pyridine ring system. butylammonium hexafluorophosphate{LsH)sN]PFs; Fluka,
Electrochemical measurements were performed using a99+%), tetran-butylammonium perchlorafd(n-CsHg)4N]CIO4,
Bioanalytical Systems (BAS) 100A Electrochemical Analyzer. Fluka, >99%}, and tetraa-butylammonium tetrafluoroborate
Cyclic (CV) and square wave (SWV) voltammograms were {[(n-C,Ho)sN]BF,, Fluka, >99% were driedin vacuoat 60
recorded at room temperature in a standard three-electrode celbC prior to use, and ferroce{gFe(Cp)]; BDH} was purified
using a glassy carbon or platinum button working electrode, a by sublimation prior to use. SP Sephadex C-25 and silica gel
platinum wire auxiliary electrode, and an Ag/Ageference (200-400 mesh, 60 A, Aldrich) were employed for the
electrode. Ferrocene was added on completion of each experichromatographic separation and purification of ruthenium

ment as an internal standard, and all potentials are quoted incomplexes. Immediately before use, acetonitrile {CN;
mV relative to [Fe(Cpj*°.* For standard measurements, a 1 Aldrich, 99.9+%) was distilled over Capd

mM solution of the complex in acetonitrile contained 0.1 M The bridging ligands 2,3-bis(2-pyridyl)quinoxaline (dg8),
[(n-CaHo)aN]PFs or 0.02 M [(p-Cate)sNI{B(CeFs)a} as elec- 3 4 gj(o-pyridyl)-1,2,5-oxadiazole (dp#)and 4,5-di(2-pyridyl)-
trolyte. In anion dependence studies, th? electirolyteiwas 0.02jhidazole (dpiH}* were prepared by literature methods [the
M [(Q-C4H9).4N]X, where X = {B(C¢Fs)a} =, BFa™, PR, or latter two were a gift from Professor Peter Steel (University of
ClOs™. Cyclic voltammetry was performed_\iwth ascan rate of canterhury, Christchurch, New Zealand)]. The ruthenium
100 mV st and a SenSItIVIty. of ].,MA V -; square _vgave Complexes {Ru(bpy>}2@l'dpb)](PE)4 {dpb — 2,3-biS(2-py-
voltammetry was performed with a sensnlwty.om\ V~ia ridyl)quinoxaling ,2° [{ Ru(bpy)} 2(u-dpo)](PR)4,2° and fRu-
step potential of 4 mV, a square wave amplitude of 25 mV, (bpy)} 2(u-dpi)](PFs)stt were synthesized and chromatographi-
and a square wave frequency of 15 Hz. All SWV potentials are 5|1y separated into their diastereoisomeric forms, as reported
repo_rted to+3 mV. The comproportlonatlon const_am was previously. The electrolyte fCsHg)aN]{ B(CsFs)} 32! and the
obtained fromAE, (the separation of the potentials for the jomium precursor [Os(bpyGl,]-2H,02223were obtained using
M —MI/MT =M and M'—M"/M"—M" oxidations), obtained jierature methods. The electrolyte Cs(GBqBrs)2¢ was pro-
from the electrochemical measurements according to®q 2. igeq by Dr. Richard Webster (Australian National University).

K. = expAE, F/RT) 2) Complex Syntheses and Diastereoisomer Separatidq.Os-
(bpy)} 2(u-dpi~)](PFe)s. [Os(bpy}Cls]-2H,0 (94.3 mg, 0.155

UV/visible/NIR spectroelectrochemistry was performed at mmol) and dpiH (16.5 mg, 0.0747 mmol) were dissolved in
room temperature using a CARY 5E UV/vis/NIR spectropho- €thylene glycol (2 mL) containing saturated aqueous NaOH (3
tomer interfaced to Varian WinUV software. The absorption drops), and the mixture was heated at reflux for 10 min in a
spectra of the electrogenerated mixed-valence species wergnodified microwave oven (at high power) in 1 min intervals
obtainedin situ in an optically semi-transparent thin-layer with stirring in between. The hot solution was cooled to room
electrosynthetic (OSTLE) cell (path length0.06835 cm). The ~ temperature and then diluted with® (50 mL). Separation of
cell consisted of a platinum gauze working electrode in the path the dinuclear complex from the crude reaction mixture was
of the spectrophotometer (with matching gauze in the referenceachieved by gradient elution chromatography (column dimen-
beam), a platinum wire auxiliary electrode, and a silver wire Sions~25 cm x ~3 cm diameter) with a SP Sephadex C-25
reference electrod®:26 The cell potential was controlled using ~ cation exchanger as support. The complex was loaded as the
a BAS CV27 voltammograph coupled to a digital multimeter reaction mixture: the mononuclear products eluted with 0.2 M
to allow both current and voltage to be monitored simulta- NaCl and the dinuclear species with a 0.4 M NacCl solution.
neously. Measurements for both diastereoisomers of the ruthe-The dinuclear complex was isolated by addition of solid KPF

Experimental Section

nium complexes{[Ru(bpy)} 2(u-dpi~)]™ and [ Ru(bpy)} 2(u- to the eluate and extraction with dichloromethane. The organic
dpo)I'* were made in acetonitrile solutions containing the layer was evaporated to dryness on a rotary evaporator after
electrolytes 0.02 M [{-C4Ho)4N]{B(CcFs)s}, 0.02 M [(n- drying with anhydrous Ng8O;: yield, 32 mg (27%).

C4Hg)sN](toluene-4-sulfonate) or mixtures of the two (the total Diastereoisomeric separation was achieved using a SP Sepha-
[(n-C4Hg)4N]™ concentration always being maintained at 0.02 dex C-25 cation exchanger as support in columns that were
M to keep ionic strength consistent), with a complex concentra- typically 90 cm in length by 1.6 cm in diameter. The crude

tion ca 0.5 mM; diastereoisomers of Ru(bpy}} 2(«-dpo)"™ complex was converted from the $£Ro the CI salt in aqueous
were also studied in 0.02 M rf{C4Hg)4sN]X, where X = solution using an Amberlite anion-exchange resin. The solution
{B(CsFs)s} ~, BF4~, PR, or CIO;~ as well as 0.1 M [if- was filtered, and the filtrate was loaded onto a column and eluted

C4Hg)4N]PFs. The absorbance spectra of the electrogeneratedwith 0.2 M sodium toluene-4-sulfonate solutié™® diastere-
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oisomeric separation was achieved within one pass down the
chromatographic column with the rac isomer being eluted first
followed by the meso (both forms were brown). Each isomer
was precipitated by addition of KR&nd isolated by extraction
into dichloromethane, and the solvent was removed by rotary
evaporation.

Because of the very strong association between the eluent
anion and the dinuclear complex, special care was needed to a b(i) b(ii)
ensure complete removal of the anion from the isolated sample.Figure 2. The (a) rac and (b) meso diastereoisomerg BU(bpy)} 2~
Purification of each isolated complex was achieved by adsorp- (¢-dpo)I'*, viewed perpendicularly to the plane of the bridging ligand
tion onto a short column (5 cm in length 1.5 cm in diameter) ~ [0() and b(ii) are views from opposite sides of the bridge]. In part a,
of silica gel (200-400 mesh) equilibrated in AR acetone. The "€ Pink bpy ligands on the front side of the molecule are orthogonal

- . to each other and are identical to the purple ligands on the back side.

complexes were loaded as thesPEalt dissolved in acetone, |, harth, the pink ligands are parallel to each other but are not identical
washed with copious amounts of acetone, water, and thenio the purple ligands on the opposite side, which are also parallel but
acetone, and eluted with a saturated solutie®%) of NH,- nearly in line with each other. The arrows indicate the internal cavities.
PFs in AR acetone. An equal volume of water was added, and
the acetone was removed under reduced pressure. The ComtO|U€ne-4-SU|f0nate solution as the eluent. After rigOfOUS
plexes were isolated by vacuum filtration through Celite and Purification, the'H NMR spectra of the diastereoisomers of both
washed with chilled water. The complexes were subsequently ©Smium complexes were recorded. Assignment of the peaks was
removed from the Celite using AR acetone, which was made with reference to the analogous ruthenium spégiés.
evaporated under reduced pressure, and the compound was driedor the dpi-bridged osmium complex, the spectra for the two
under vacuum. diastereoisomers were distinctly different, confirming a suc-

Meso.Anal. Calcd. for OsCssN1oHaiPsFig: C, 38.3: H, 2.49: cessful separation, as demonstrated by the resonances for the
N; 10.1. Found: C, 37.8; H, 2.81; N, 9.7H NMR (6 ppm, proton on the imidazolate ring for the meso and rac forms at
CDsCN): 5.34 (1H, s), 7.087.06 (6H, m), 7.19 (2H) = 7.2 5.34 and 5.71 ppm, respectively. The spectra are shown in
Hz, t), 7.388 (2HJ = 6.3, t), 7.434 (2H,] = 6, d), 7.49 (2H, Figure S1 of .the Suppo.rtlng Information. . .
J=5.7 Hz, d), 7.52 (2H,) = 5.7 Hz, d), 7.63 (2H,) = 98.4 ~ The dpo-bridged osmium complex proved rather intransigent
Hz, 1), 7.66 (2H,J = 7.5 Hz, 1), 7.733 (2H) = 6 Hz, d), 7.776- in terms of the purification and characterization. Alth_ough cation
7.865 (6H, m), 8.097 (2H] = 6 Hz, d), 8.27 (4H,) = 8.7 Hz, exchange chromatography separated the complex into two clear
d), 8.40 (2H,J = 8.4 Hz, d), 8.47 (2HJ = 9.3 Hz, d), 8.50 bands-presumably the two dlastereplsp_metbelH NMR of
(2H, J = 9.3 Hz, d).Rac.Anal. Calcd. for OsCszN1oH41PsF1gr the two isolated products showed significant peak-broadening.
14H,0: C, 33.3: H, 3.63: N, 8.8. Found: C, 32.9; H, 2.89: N, This feature persisted after sustained attempts of further
9.1.1H NMR (6 ppm, CQXCN): 5.71 (1H, s), 6.967.04 (8H, purification by crystallization and chromatography, although it
m), 7.22 (2H,J = 6.3 Hz, t), 7.38 (2HJ = 6 Hz, t), 7.41 (2H, could arise from conformational isomerism, as described previ-
J=5.4.Hz, d), 7.48 (2H) = 6 Hz, d), 7.62 (4HJ = 8.1 Hz, ously for [ Ru(bpy}} (u-2,3-dppfRu(phenj]*" {2,3-dpp= 2,3-
), 7.70-7.88 (10H, m), 7.93 (2H) = 5.4 Hz, d), 8.27 (2H)  bis(2-pyridy)pyrazine; pher= 1,10-phenanthrolife?” The
= 7.8 Hz, d), 8.42 (6H, m). electrochemistry data were sufficiently promising to persevere,

[{ Os(bpy)} 2(u-dpo)](PFe)z. [Os(bpy)Cls]-2H.0 (94.3 mg, although two ;mall redox.processes were observed in addition
0.155 mmol) and dpo (16.8 mg, 0.0747 mmol) were dissolved 1 those confidently assigned to thet{@+] and [6+/5+]
in 3:1 ethanol/water (10 mL) and heated at reflux for 80 h. ©xidations of desired complex that corresponded to the major
Subsequent treatment was performed as described above: yieldc@MPonentin the sample. This issue was not resolved and may
24 mg (20%). Diastereoisomeric separation was achieved in oneP® due to an unknown decomposition of the coordinated ligand.
pass down the cation exchange chromatography column (SP The formation of cavities _abov_e and bglow_the bridging Il_gand
Sephadex C-25) with the rac isomer being eluted first followed @1d bounded by the terminal ligands in dinuclear species of
by the meso (both forms were dark purple). Thé¢ NMR thls type ha§ b.een .dlscussed in detail preyloé~§l§ﬁ~27.D|-
spectra had similar features to their ruthenium analogues, butPidentate bridging ligands can be categorized as lihéar,
many of the resonances were rather broad. Concerted attempt@ngulari or stepped-parallél on the basis of the relative
at further purification met with limited success. The complexes diSPosition of the bidentate coordination sites: both the dpo
were considered not sufficiently pure for elemental analysis, @1d dpT" ligands used in the present study are angular. The

although the electrochemical studies indicated that they were cavities allow the complexes to act as hosts for guest anions
substantially the desired complexes. and/or solvent molecules in solutiasdifferential solvent and

anion association may occur between the diastereoisomers due
to the differences in their shape and dimensions. This provides
the opportunity to exploit the stereoisomeric forms of these
Synthesis, Diastereoisomer Separation, and Characteriza-  dinuclear species as a means of investigating outer sphere effects
tion. The syntheses and diastereoisomer separations of theon inter-metal electronic coupling via the studies of the IVCT

Results and Discussion

complexes{Ru(bpy}} 2(«-dpo)](PF)4,° [{ Ru(bpy)} 2(u-dpi~)]- transition.

(PFe)3,** and f Ru(bpy}} 2(1-dpb)](PFs)4*° have been reported In the present case, for the structurally similar “angular”

previously. bridges dpo and dpij the two diastereoisomeric forms present
The complexes{[Os(bpy}} 2(u-dpi~)](PFs)s and [ Os(bpy)} > quite different spatial alternatives to the anion, as shown in

(u-dpo)](PFs)4 were synthesized by reacting 2.2 equivois- Figure 227 The rac isomer has only one kind of cavity (both

[Os(bpy}Cl;]-2H,O with the appropriate bridging ligand using above and below the bridge) which is reasonably large and
microwave and thermal methods, respectively. The separationnonspecific (Figure 2a). On the other hand, the meso isomer
of the diastereoisomers was achieved on a SP Sephadex C-2has two differently shaped interior cavities: one of them [Figure
cation exchange chromatography column with aqueous sodium2b(i)} has two bpy ligands parallel and well separated from
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TABLE 1: Electrochemical Data in Acetonitrile Solution for Both Diastereoisomers of [ Ru(bpy)z} 2(#-dpi~)]**" (Ru-dpi~),
[{ Os(bpy)} 2(u-dpi~)]*" (Os-dpi~), [{Ru(bpy)z}2(#-dpo)]*" (Ru-dpo), and [ Os(bpy)} 2(#-dpo)]** (Os-dpo): All Redox Potentials
Are Determined from SWV and Are Quoted to -3 mV against [Fe(Cp)]

diastereoisomer

meso rac
supporting AEox Eoxz Eox1 AEo Eoxz Eox1
cation electrolyté Ke mV mV mV Ke mV mV mV
Ru-dpo PE /0.1 M 1.2x 1¢° 360 1536 1176 4.8 10° 336 1536 1200
Os-dpo PE/0.1M 1.3x 10 420 970 550 1.5 10 424 976 552
Ru-dpi- PR/0.1 M 6.5x 1P 344 884 550 1% 1¢° 312 844 532
Os-dpi- PR/0.1 M 3.8x 10° 212 376 164 2. 1¢° 196 364 168
Ru-dpi- {B(CsFs)4} 7/0.02 M 7.3x 1P 347 931 584 7.9 1P 349 941 592
Os-dpi- {B(CeFs)4} /0.02 M 6.1x 10° 224 428 204 5.% 108 220 428 208
aCation is p-(C4Hg)4N]™ in all cases.
each other where aromatic anions may associate-siacking values, they are significantly lower for the dpbridged

or hydrophobic interactioff and the cavity on the opposite side analogue. The smallég, value for the M-dpf case is interpreted
of the bridge [Figure 2b(ii)] consists of parallel ligands that are as being a consequence of thedonor nature of the anionic
almost in line with each other, to which anions may have bridge and the resultant preference for a hole transfer (rather
considerably less access. The exterior cavities made by thethan an electron transfer) mechanism for valence exch&nge.
terminal ligands are identical in the diastereoisoniérs. The alternate mechanisms that operate in charge transfer in
Nature of the Bridging Ligands—Electrochemical Studies. the dpo- and dpibridged complexes (electron and hole transfer,
The comparison of neutral and anionic bridges in terms of their respectively) are expected to differently affect the relative
mediation of the coupling between the two metal centers in responses oK. between analogous ruthenium and osmium
dinuclear species has been discussed previdéskyln the complexes?213the osmium mixed-valence complexes have an
present instance, the electrochemical behavior of the di- increased; in the case of electron transfer but a decredsed
ruthenium and di-osmium complexes of the bridges dpo (neutral) for the hole transfer relative to their ruthenium analogues. In
and dpi- (anionic) was investigated on the basis of the very the case of ther-acceptor bridge dpo with two metal centers,

close structural relationship of the respective species. the metal centers back-donate electrons into the acceptor LUMO
Electrochemical studies were undertaken on 1 mM solutions of the ligand*2 removal of an electron from one of the metal-
of both diastereoisomers of M(bpy)z} 2(u-dpi~)]3" (M-dpi™) centered orbitals increases the donation of electrons to the

and [M(bpy)z} 2(u-dpo)+ (M-dpo) (where M= Ru, Os) in LUMO of the ligand from the other metal center (mediated
acetonitrile/0.1 M p-(C4Hg)sN]PFs solution and in the case of  through ther-system of the ligand) making the redox potential
the dpi-bridged complexes in acetonitrile/0.02 kH{C4Hg)4N]- higher for the second metal oxidation. Osmium has stronger
{B(CsFs)4} solution. The redox potentials for the metal-based s-donating abilities than ruthenium am@ is therefore higher
oxidations Eox1 and Eoy), the separation between those for osmium complexes [1.% 10’ (meso) and 1.5« 107 (rac)
potentials AEyy), and the comproportionation constanks, for osmium, compared with 1.2 10° and 4.8x 1P for the
calculated fromAEy (eq 2) are shown in Table 1. respective diastereoisomers of ruthenium]. In the case of a

Each complex showed two reversible one-electron oxidations sz-donor bridge such as dpithe opposite argument applies.
that correspond to the successive oxidation of the metal centersThe metal centers in this case are accepting electrons from the
(Eoxa for the [5+/4+] couple, Eoyx, for the [6+/5+] couple for donating HOMO of the ligané? removal of an electron from
M-dpo, and the [4/3+] and [5+/4+] couples, respectively,  one of the metal-centered orbitals increases the donation from
for M-dpi~). For each bridging ligand, the metal-based oxida- the HOMO to that center, removing electron density from the
tions in the ruthenium complexes occur at characteristically other, thus making the redox potential higher for the second
higher potentials (more anodic) than in their osmium ana- metal oxidation. Osmium is a weakefacceptor than ruthenium;
logues?® the magnitude of this effect will be less, akgshould be lower

For the dpo- and the dpibridged dinuclear ruthenium and  for osmium complexes in a hole transfer situation [3800 (meso)
osmium complexes in acetonitrile/{ C4Hg)4N]PFs solution, the and 2100 (rac) for the osmium diastereoisomers and«618°
meso diastereoisomer had a larger valuABfx (andK¢) than and 1.9 x 1C° for the respective ruthenium complexes in
the respective rac form. Although there may be an inherent acetonitrile/p-(C4Hg)sN]PFs solution]. The same trend holds for
stereochemical effect brought about by alignments-sf/stems the complexes in acetonitril@H(C4Hg)4N]{ B(CsFs)4} solution.
and/or reorganizational energies, there will also be a contribution ~ Anion-Association Studies. Determination of the Least-
from differential anion association because of the nature of the Associating ElectrolyteThe degree of inter-metal electron

interior cavities. coupling or valence delocalization for a given dinuclear complex
The oxidations for the dpo-bridged complexes occurred at is often qualitatively assessed from the difference between the
higher potentials (more anodically) than the dpridged redox potentialAE,y for the successive oxidations; MM, —

analogues: this is an electrostatic effect as the unoxidized dpi  M{"MJ"" and M{"M,"" — M""M," 30 which can in turn be used
bridged species has an overalt Zharge, whereas the dpo- to calculate the comproportionation constagg)( as given in
bridged species has a-4charge, making the latter intrinsically  eq 2.
more difficult to oxidize and thus increasing the potential. However, the value oAE,y is known to be influenced by

For both ruthenium complexes, tidEy, (and thereforel) the presence of anions in the electrolyte in which such
values are very large, indicating there is significant electronic electrochemical measurements are made: under “nonassociat-
coupling under these conditions (with the dpo-bridged complex ing” electrolyte conditions, thAEyy value is at its greatest but
being slightly higher). However, in the case of osmium, although will be diminished when there is strong association between an
the dpo-bridged osmium species have very lakggy (andKc) anion and the dinuclear compl&¥é®31The presence of an anion
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TABLE 2: Electrochemical Data for [{Ru(bpy),} 2(#-dpb)]"" Against [Fe(Cp)] ™ in Acetonitrile Solution: All Redox Potentials
Are Quoted to +3 mV

diastereoisomers of Ru(bpy}} 2(u-dpb)*

meso rac
supporting AEox Eox2 Eox1 AEox Eoxe Eox
electrolyte Kex 1073 mvV mv mvV Kex 1073 mv mvV mV
[(n-C4Hg)aN]PFs/0.1 M 2.4 200 1291 1091 1.3 184 1295 1111
Cs(CBiHeBrg)/0.1 M 4.5 216 1341 1125 2.2 198 1333 1135
[(n-CaHa)aN]{ B(CsFs)4}/0.02 M 5.2 220 1376 1156 2.8 204 1372 1168

that associates into the cavities above and below the bridgingcharge transfer (MLCT) transitions. Oxidation to the dpecies
ligand of the complex cation reduces the average charge of thewas distinguished by the appearance of an intense band in the
ion-pair relative to the nonassociating case, so both oxidationsregion from 3300 to 8000 cni (the lower energy side was
are more easily performed and both are shifted cathodically. obscured by the detector limit), which was assigned as the IVCT
Once the first oxidation has occurred, ion-pairing will then be band. A less intense band appeared in the region-828M0O0
stronger for electrostatic reasons, resulting in a larger shift of cm~1, which was assigned as a ligand-to-metal charge-transfer
Eox2 and thus reducind\Eoy. Therefore, in principle, because a (LMCT) band. The appearances of the new bands were
large AEy« is associated with delocalization, the presence of accompanied by &50% reduction in the intensity of the MLCT
anions enhances the localization of the charges in the mixed-bands, which is attributed to the conversion of one of the centers
valence species. from RU' to RuU". On returning to the 3 species, the IVCT

To probe this effect, it was necessary to establish a “baseline” and LMCT bands completely collapsed, and the MLCT bands
electrolyte for which there was minimal association. Reed et returned to their original intensity. Isosbestic points generally
al. 2432.33have championed a series of icosahedral carboraneremained stable on generating the dpecies and on returning
anions as the lowest coordinating anions, and Geiger and co-to the 3t species, with the starting spectrum being regenerated
workerg! have proposed the use of the tetrakis(pentafluorophe-to ~95% for both diastereoisomers under all the electrolyte
nyl)borate anio B(CsFs)s} ~ in the same context. We undertook ~ conditions.
the electrochemistry (CV and SWV) of the diastereoisomers of ~ As the IVCT band for {Ru(bpy}} 2(«-dpi~)]** appeared in
the complex {Ru(bpy}} 2(u-dpb)I*" [dpb = 2,3-bis(2-pyridyl)- the region of the detector limit, a full analysis of the IVCT band
quinoxaline] in acetonitrile solution using 0.1 M Cs(GBe- was difficult. Nevertheless, a semiquantitative analysis could
Bre) and 0.02 M [(-C4Ho)aN]{ B(CsFs)4} 3 as the electrolytes.  be made with regard to the effect of the anion: an overlay of
The ferrocene/ferrocenium couple ([Fe(gp)) was used as  the IVCT bands for {Ru(bpy}}(u-dpi~)]** with different
an internal reference for these studies and added upon compleelectrolytes is provided in Figure S2 (Supporting Information),
tion of each experiment. Although this couple is known to be where the spectral data are plotted as the reduced form of

solvent- and electrolyte-dependéhiye have showH that in Jelv dv vsv. The bandwidthAv,, was taken at half the band
the electrolytic conditions used in these studies there is little maximum vmay, and the theoretical bandwidthvy,® was
difference between it and the redox couple [Fe{®lg)] /0,36 calculated from eq 8738 where the reorganizational energly (

which is known to be less susceptible to the environment. The = 4 + o) is assumed to be equal teax Ris the gas constant,
results for the electrochemistry are shown in Table 2, along and the term 1BT = 2310 cn1! at 298 K.
with a comparison for data obtained using acetonitrile/0.1 M

[(n-C4Hg)aN]PFs. Av,,° = [16RTIn 2(1)]"* = [16RTIn 2(v,,.,)]1"*  (3)
Both diastereoisomers of Ru(bpy)} 2(u-dpb)'* were ob-
served to have lower potentidsx; andEqx. with the carborane Brunschwig, Creutz, and Susthave introduced a parameter

than with the tetrakis(pentafluorophenyl)borate electrolyte (al- " based upon the experimental and predicted IVCT bandwidths,
though the respectivAEo, values in the two electrolytes for  given in eq 4, which attempts to provide a measure of the
each of the diastereoisomers are within experimental uncer-electronic Coup]ing in mixed-valence Systemsl The magnitude
tainty). These results suggest that perfluorinated-tetraphenylbo-of T distinguishes the cla&sof a mixed-valence system: €

rate is the more weakly associating of the two anions under 1 < 0.1 for weakly coupled (localized) Class Il systems, 8.1

these specific conditions, and accordingly, 0.02 M@Hs)4N]- I' < 0.5 for moderately coupled (localized) Class Il systens,

{B(CsFs)a} was chosen as the base electrolyte for use in these~ 0.5 at the transition between Class Il and Class IlI, Brl

studies. 0.5 for strongly coupled (delocalized) Class Il systems.
Spectroelectrochemical Studies of the Complex{Ru- Although the measure is only semiquantitative, it is consistent

(bpy)2}2(-dpi~)]"*. Spectrochemical investigations were per- with the findings of a variety of physical techniques for a range
formed at 25°C on 0.5 mM solutions of both diastereoisomers of complexes? it provides a reasonable assessment of the
of [{Ru(bpy}} 2(u-dpi~)]3" over the UV/visible/NIR spectral  coupling for mixed-valence systems between the localized and
range in acetonitrile solution containing 0.02 M{CsHo)aN]X, delocalized limits, although band shape analyses may frequently
where X denotes B(§Fs)s~, toluene-4-sulfonate, or a mixture  be complicated by a number of factdfs.
of the two (and maintaining constant ionic strength). The
toluene-4-sulfonate anion is known to very strongly associate 1 — 1 _ 12 _q _
to complexes of this genre (a fact that is exploited in the I'=1= (Avy)[16RTIN(2)v e 1 (Avl/z)/(AVuz(ol)l)
separation of the diastereoisome%j>26

The spectra for the diastereoisomers ¢RU{(bpy)} 2(u- For the present case of Ru-dpthe results for the band maxima
dpi”)]™ have been reported previoushThe spectral features  (vmay, the molar absorption coefficients/fmay), the (pseudo)
of the 3+ species were assigned as a combination of overlapping bandwidths, and the electronic coupling fackbare shown in
dz(RU") — z*(dpi~) and dr(Ru') — 7*(bpy) metal-to-ligand Table 3.
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TABLE 3: NIR Spectral Data of the Reduced Absorption in the meso isomer is affected to a greater degree by addition
Spectra for the High-Energy Side of the IVCT Manifold of of associating anions than is the rac isomer. These observations
[{Ru(bpy)a}o(u-dpi7)] can be rationalized in terms of the size of the interior clefts of
[Tos]? Vmal  €Vmax  Avip  Avip® each isomer. In the meso form, one of the cavities is of the
%  diasterecisomer cm™* M cm?® cm' T appropriate proportions for an aromatic anion such as toluene-
0 rac 3300 1.091 2080 2760 0.25 4-sulfonate to intercalate between the bpy ligands due to
meso 3300 0.767 1930 2760 0.30 g-stacking/hydrophobicity, thus distorting thesystem and
10 rac 3300 0485 2130 2760 0.23  gacreasing inter-metal communication. In the rac isomer, the
o5 ?;ecso gggg 8:2;1? g(l)gg %;gg 8:3? cavity is larger and rather more open, so that the presence of
meso 3300 0532 2090 2760 0.24 the anion(s) has a less direct effect. This difference in cavity
50 rac 3300 0.722 2200 2760 0.20 sizesis probably also the reason why the meso curve begins to
meso 3300 0.573 2110 2760 0.24  saturate more quickly than the rac: the former only needs one
100 rac 3300 0.775 2210 2760 0.20  ortwo very closely associating (@rstacking) anions to depress
meso 3300 0.749 2130 2760 0.23

the communication, and the latter needs more to produce the
@The concentration of toluene-4-sulfonate as a percentage of 0.02same level of depression as the anions are not as close or the
M [(n-CsHe)N)s]X where { B(CeFs)s} - makes up the remainderDue interaction does not have such spatial restraints.

to the cutoff at the detector limitmax was taken as 3300 crh Electrochemical Studies of the Complex{Ru(bpy)s} »(u-

0.32 dpo)]"*. Electrochemistry was performed on 1 mM solutions
of both diastereoisomers of Ru(bpy)} 2(«-dpo)l** in aceto-
nitrile containing 0.02 M [i-C4Hg)aN]X, where X= B(CgFs)4,
ClOs~, PR, and BR~. The electrochemistry was also con-
ducted in a solution containing 0.1 MnHCsHg)sN]PFs to
compare the effect of electrolyte concentration on the data.

The complexes in each electrolyte solution showed two
reversible one-electron oxidations, except for 0.02 M- [(
C4Ho)uN]PFs and [(-C4Hg)sN]{ B(CsFs)s} where Eoxo was
beyond the solvent breakdown. The redox potentials for the
022 AN oxidations Eox1 and Eoxo), AEoy, and the calculated compro-

- portionation constantk. are given in Table 4.

020 - ' — The trend forAE. (and thus forKg) in the rac form is
B(CsFs)s~ > PR~ > ClO4~ > BF47; in the meso form, it is
018 . . ; . . B(CsFs)s~ > PR~ > BF4~ > ClO4™, so that the strength of the
0d 02 04 ue 08 10 1.2 association of the anion with the respective diasterecisomers is
Relative toluene-4-sulfonate concenfration in the reverse order for BF and CIQ~. The general trend
Figure 3. TheT parameter for meso (blue) and rac (red) diastereoi- follows those reported in the literature for complexes of a similar
somers of {Ru(bpy}} 2(u-dpi~)]** from spectroelectrochemical mea-  nature (including the variability of CI©).1° As described above,
surements in acetonitrile solution as a function of theQ4Ho).N]- the meso and rac diastereocisomers experience differential
(toluene-4-sulfonate) it CaHs)aNJ{ B(CeFs)s} electrolyte ratio. association of anions between the isomers depending on the
The values ofl" suggest that these complexes should be specif@c qlime_nsions of the internal cavities above _and below
classified as Class f For each electrolyte condition, the rac 1€ Pridging ligand and shape of the electrolyte anion.
isomer had a lower value of than did the meso isomer, The electrochemistry was also performed on both diastere-
suggesting that it is slightly more localized. oisomers in acetonitrile/0.1 M 1fi(CsHo)aN]PFs. This is a
Figure 3 presents a graph of tHe parameter for each  standard electrolyte solution often used for electrochemical
diastereoisomer as a function of the relative toluene-4-sulfonatemeasurements, and the electrochemical data for the higher
concentration. concentration solution are shown in Table 4 along with the 0.02
The data show that increasing the concentration of toluene-M [(n-CsHe)aN]PFs for comparison. Although there is a
4-sulfonate progressively decreases the delocalization for bothdifference in the ionic strength, in acetonitrile/0.02 M-[(
diasteroisomers and therefore presumably the inter-metal elec-CsHg)aN]PFg solution, the first oxidation is 20 mV more anodic
tronic coupling: it is possible that association of an increasing than that for acetonitrile/0.1 Mii¢C4Hg)sN]PFs, and the second
number of ions about the species may distort the electron densityoXidation potential is beyond the limit of the solvent in the
to produce this effect. There is an apparent saturatior2as former case. The lowe, in the latter case might be expected
relative toluene-4-sulfonate concentration, at which point there because of the higher anion concentration, which allows a
are~10 toluene-4-sulfonate anions to every complex ion: this greater level of association with the complex cation, decreasing
may be the upper limit of the number of anions that can fit the effective charge about the metal centers and reducing the
around the complex cation, either spatially or electrostatically oxidation potentials. The effect is significan€o.. can be
(or a combination of both). measured for both diastereoisomers with 0.1 MQgHg)4N]-
Another very interesting feature of the plots is the change in PFs as the electrolyte, whereas it is considerably anodidact
I for each diastereoisomer. For the rac form, there is a drop of anodic of the solvent limitin acetonitrile/0.02 M [¢-C4Hs)4N]-
0.05 inT from the maximum value (no toluene-4-sulfonate) to PFs solution. These observations highlight the need for a
the saturation point, and the drop is rather steady before Standard set of electrolyte conditions in data used to nikake
saturation. On the other hand, with the meso isomer, the comparisons, as noted previously by D’Alessandro and Ké&ene.
magnitude of the drop is 0.07, and the decrease is much sharper Spectroelectrochemical Studies of the Complex{Ru-
between 0 and 10% toluene-4-sulfonate concentration than is(bpy)2} 2(#-dpo)]"*. UV/visible/NIR spectroelectrochemistry
the case with the rac isomer. This indicates that the localization was performed on 0.5 mM solutions of both diastereocisomers

0.28

0.26

0.24 4
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TABLE 4: Electrochemical Data for Each Diastereoisomer of { Ru(bpy)} 2(#-dpo)]"* in Acetonitrile Containing Different

Supporting Electrolytes

diastereoisomers of Ru(bpy}} 2(u-dpo)Ft

meso rac
supporting AEox Eoxz Eox1 AEo Eoxz Eox1
electrolyté Kex 107° mV mV mV Kex 107° mV mV mV
{B(CFs)4} /0.02 M b 1240 b 1288
PR~/0.02 M b 1192 b 1220
ClO47/0.02 M 35 328 1504 1176 4.1 332 1512 1180
BF,7/0.02 M 7.6 348 1528 1180 2.6 320 1540 1220
PR/0.1 M 1.2 360 1536 1176 4.8 336 1536 1200

a Cation is p-(C4Hg)4N] " in all casesP Potential beyond the anodic limit of the solvent: as this occurs1800 mV,AEy will be >500 mV.

All redox potentials quoted te-3 mV against the [Fe(Cg)™°.

TABLE 5: NIR Spectral Data of the Reduced Absorption
Spectra for the IVCT Manifold of [ { Ru(bpy)2} 2(#-dpo)]>*
(Acetonitrile Solution)

supporting
electrolyte diaster-  Vmax €/Vmax Avip Avip®
aniort eoisomer cm?* M7t cm?! cmt! T
{B(CéFs)s} /0.02M rac 6418 0.191 1570 3850 0.59
meso 6558 0.374 1590 3890 0.59
PR/0.02 M rac 6508 0.493 1560 3880 0.60
meso 6625 0.715 1630 3910 0.59
PR /0.1 M rac 6478 0.473 1580 3870 0.59
meso 6626 0.793 1620 3910 0.59
ClO,7/0.02 M rac 6413 0.512 1580 3850 0.59
meso 6593 0.808 1630 3900 0.58
BF,7/0.02 M rac 6457 0.250 1590 3860 0.59
meso 6603 0.704 1640 3910 0.58

aCation is p-(C4Hg)sN] ™ in all cases.

of [{ Ru(bpy)} 2(u-dpo)I*" in acetonitrile in the same electrolyte
solutions used as in the above electrochemistry studies. A
general description and assignment for the spectra{fleu{
(bpy)} 2(u-dpo)'™ have been given previously.

The analysis of the IVCT band is given in Table 5.

The clas® to which a complex belongs can be made by
analysis of the IVCT band, in particular the paramefe(a
measure of delocalization), which is calculated (eq 4) from the
deviation of the bandwidth from its theoretical vaffawhen
0 < T < 0.5, the complex is Class Il (localized); whé&h~
0.5, the complex is ClassHllI; and whenI” > 0.5, the complex
is Class Il (delocalized).{[Ru(bpy}} 2(u-dpo)P" is thus cat-
egorized as delocalized wifh ~ 0.6: as such, the IVCT may

500

400 +

300 4

200 -
00M {B(CFa)d 0.0MPF, 0.IMFPF, 002M CIO; 0.02M BFy

0.62

0.60

0.58 4

0.56 -

0.54 1

0.52

0.50 -

D0ZM {BICFsl D0 FF, DAMPF, 002M CIO; D02M BF,

Supporting Electrolyte Anion

Figure 4. AEy (a) and thd” parameter (b) for the rac (red) and meso
(blue) diastereoisomers of Ru(bpy}}2(«-dpo)P* in different electro-
lyte conditions. The countercation in the solutions is-@Ho)sN]*.
The values ofAEy for 0.02 M {B(C¢Hs)s} ~ and Pk~ in part b are
lower limits due to the inability to measui&,, because of potential

best be regarded as a transition of an electron from a delocalizedimitations of the medium.

molecular orbital to a higher energy delocalized molecular
orbital (z — #*). In the dpo-bridged complexes, the oxidation

from spectroelectrochemical and electrochemical studies of

state of the mixed-valence species is therefore better representetVCT behavior, are each considered to provide a measure of

as MMM} rather than MM}'.

TheT values for each of the diastereoisomers show very little
change with variation of the electrolytes: over the range of
anions, for the rac and meso diastereoisoniexsries by 0.01.
TheT data are presented in Figure 4 and indicate that neither
anion association or the stereochemical identity of the complex
are a determinant in the extent of delocalization. As a qualitative
comparison, the differences between thevalues for the
analogous dpibridged species betweem{CsHg)sN]{ B(CsFs)4}
and [(-C4Hg)4N](toluene-4-sulfonate) reported above were
larger—viz. 0.05 for the rac isomer and 0.07 for the meso isomer.
The increased effect of then{CsHo)4N](toluene-4-sulfonate)
may well be due to its capacity for specificstacking and
hydrophobic interactions in the caviti€san effect that is
considerably enhanced with the meso isomer.

Comparison of Spectroelectrochemical and Electrochemi-
cal Methods. The parameterE andAE.y, derived respectively

valence localization/delocalization in dinuclear ligand-bridged
complexes. Although they cannot be directly relatedy
qualitative comparison can be made between them, and if both
methods were valid the trends for the same complexes in
different electrolytes should be the same; however, it is clear
they are not.

There are three main differences between the trends. First,
from spectroelectrochemical studies pRU(bpy)} 2(«-dpo)P,
across the series of anions, there is no discernible difference in
the degree of delocalization between the two diastereocisomers
(Figure 4). By contrast, electrochemically, there may be some
indication that there is greater delocalization associated with
the meso diastereoisomer in 0.1 M¢Fand 0.02 M BR~
(Figure 4). Second, electrochemical studies of the same complex
show that the relative effect of each electrolyte anion on the
inter-metal communication is in the order BF> CIO;~ >
PR~ for the rac diastereoisomer and GIO> BF,~ > PR~
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for the meso diastereoisomer of the complex. The spectroelec-Conclusions
trochemical results are not distinguishable for the diastereoi-
someric pairs. Third, from electrochemical studies in solutions
containing 0.02 M [-CaH)aN]PFs and [(-CaHg)aNI{ B(CeFs)a}, plexes of the structurally related bridging ligands dpo and dpi
both diastereoisomers show much largéiox values than with  paye given a significant insight into the role of the anion in the
the other three electrolytes. In those inorganic electrolytes, the process.

AEox values for the rac isomer have similar magnitudes and = gpectroelectrochemical studies of the diastereoisomeric forms
there is variability forAEq in the meso isomer (Figure 4).  of [{Ru(bpy)} 2(u-dpi~)]™* showed that the degree of valence
Nevertheless, there is a clear distinction between the 0.02 M delocalization is dependent on the stereochemical identity of
[(n-C4Hg)aN]PFs and [(-C4Ho)aN]{ B(CeFs)4} solutions and the  the species and further that increasing the relative concentration
0.1 M [(n-C4Hg)aN]PFs, 0.02 M [(n-C4Hg)aN]BF4, and 0.02 M of the strongly associating anion toluene-4-sulfonate in aceto-
[(n-C4Hg)aN]CIO4 solutions. Spectroelectrochemically, the in-  nitrile/[N(n-C4Hg)4]{ B(CeHs)4} solution differentially decreased
organic anions have no discernible effectlowompared with the level of delocalization for the two diastereoisomers.

Studies of the anion-dependence of the IVCT characteristics
of the mixed-valence dinuclear ruthenium and osmium com-

the weakly associating “baseline” ofnfC4Hg)4N]{ B(CsFs)4}, In a comparative investigation of electrochemical and spec-
and there is no clear distinction between the electrolytes as thereroelectrochemical techniques of the anion-induced localization
was for the electrochemical methods. in [{ Ru(bpy)} 2(u-dpo)P™, differences were observed between

The reasons why the different techniques provide different the two methods in therder andextentof effects induced by

interpretations of the extent of localization/delocalization in & Number of inorganic anions (PF BF,~, CIO;"). The effect
mixed-valence dinuclear complexes is an important issue, asproduced by the anion association was less important than the

e lferaure conans many examples whkevalves ave' L %0CIETIC% GeTUY b1 e el s e e
been used to compare electronic communication in such . .
4345 . , methods was less reliable than that derived from spectral
specieg’®46 Many of these comparisons are very questionable,
. L . methods.
not only because of variations of conditions under which the
determinations were made but also because there is an underly- Acknowledgment. This work was supported by the Aus-

ing unreliability of the electrochemically based method. tralian Research Council. We are grateful to Dr. Richard
The comproportionation constak¢ is a measure of stability ~ Webster (Australian National University, Canberra, Australia)
of the mixed-valence species, which has been shd#1’to for performing the electrochemical experiments with the car-

arise from ther-characteristics of the metal centers and bridging borane anion (CBHe¢Brs)~ and to Professor Peter Steel
ligand, which also mediate the electron transfer. Accordingly, (University of Canterbury, Christchurch, New Zealand) for
the comproportionation constant is also considered a measureoroviding the bridging ligands dpo and dpiH.

of inter-metal communication. However, rather than measuring

the stability of the mixed-valence species alone, it is conceivable Supporting Information Available: *H NMR spectra of
that the electrochemically determinidis actually measuring ~ diastereoisomers of s(bpy}} 2(u-dpi~)])(PFe)s in CD:CN and
the stability of the cation/anion(s) entity or some combination NIR spectra formese[{ Ru(bpy)} 2(u-dpi-)]*" in acetonitrile

of the two factors. If that were so, tHé, expression in eq 2 Solution containing varying ratios of toluene-4-sulfongie/
would need to be modified to include the effects of the anion (CeFs)4} . This material is available free of charge via the
association for each oxidation process, which presume knowl- Internet at http://pubs.acs.org.

edge of the equilibrium data relating to the associations. A recent
paper by Barriere and Geigémodifies the oxidation potentials
for ion-pairing, which would support this argument. The stability (1) Creutz, C.; Taube, H). Am. Chem. Sod.973 95, 1086-1094.
(and equilibrium data) of the ion-pair would be highly dependent g; nﬂgﬂ m g'gggt'régﬂir% if;?;wglgglls, 13301;114;2'3

on the identity and concentration of the anion, and the  (4) Creutz, Cinorg. Chem 1978 17, 3723-3725.
stereochemical identity of the complex, which is verified by (5) Brunschwig, B. S.; Creutz, C.; Macartney, D. H.; Sham, T.-K;
the variation inK; seen in the present results. Accordingfy, Su“”é N(':'::L:?zdag Esgcufﬁg?&cﬁt nﬁgéalz;d 173

derived electrochemically without modification may not be a 273 D’Ales,san.dro,gl.Z). M.?'Junk’ P. C.; Keene, F. Bupramol. Chem.
totally reliable indication of delocalization or inter-metal 2005 17, 529-546.

electronic coupling as it is not a measure of the mixed-valence ~ (8) D:A:essa”drov D- W Keene, Rhem. Phys200§ 324 8-25.
species alone. On the other hand, the parameter derived fronbhe(na). EDuﬁ %st'gggrfiagyélggfy‘ A-C.; Davies, M. S.; Keene, F. R.
the spectral measurement for delocalizatibnjs determined (10) Richardson, C.; Steel, P. J.; D’Alessandro, D. M.; Junk, P. C;
from the dimensions of the IVCT band, which is predominantly Keene, F. RJ. Chem. Soc., Dalton Tran8002 2775-2785.

dependent on charge transfer between molecular orbitals. Thqréﬁg?zggaéei’géﬂi’ggélessandro’ D. M. Keene, . R.; Steel, Bakon.
only effect on the orbitals by the inorganic anions in solution  (12) Kaim, W.; Kasack, Vinorg. Chem.199Q 29, 4696-4699.

is to slightly distort them, and hence, their effect on delocal- _ (13) Heilmann, M,; Frantz, S.; Kaim, W.; Fiedler, J.; Duboc lrg.
ization is very small. Previous ion-pairing and thermochromism Ch('T‘i)Aéfnzr?ggﬁagz.lggége} W. EChem. Re. 1996 96, 877-910
studies on related dinuclear systémave shown that as a result (15) Duff, C. M.; Heath, G. Alnorg. Chem.1991 30, 2528-2535.

of the differential stereochemically directed anion effects, there  (16) D'Alessandro, D. M.; Keene, F. Rhem. Eur. J2005 11, 3679~

is a small contribution to the redox asymmetry terfXEg) in 368% Reimers, J. R.: Hush, N. 810rg. Chem.1990 29, 36863697

eq 1, and therefore dn through its calculation using egs 3 and ngg D'Alessandro, D. M.: Keene, ,:_g@hem. Soc. Re2006 35, 424

4. However, the effect is modest and thevalue determined 440.

spectrally in the present worldespite its qualitative nature N I(I’::-(?I}g.Ygg?rﬁrzl%O?- %éfi?' L. S.; Tregloan, P. A.; Keene, FER.

is to be regarded as more reliable than tke parameter

i k (20) Kelso, L. S. Ph.D. Thesis, James Cook University, Townsville,
determined electrochemically froRE,y. Queensland, Australia, 2000.
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