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tion of structurally unambiguous polynuclear complexes; (2)
1. Introduction a knowledge of the electron-transfer properties of the
o o _ individual components; and (3) an understanding of the
Electron and energy transfer are ubiquitous in biological, extent to which the properties of each component are
chemical, and physical processes, which has led to extensivenfluenced upon their inclusion into larger assemblies.
multidisciplinary research efforts to elucidate the factors  \while a number of comprehensive reviews over the past
influencing mechanistic pathways. Of considerable impor- decade have addressed the design of and synthetic routes to
tance in these studies have been investigations of intramo-trinuclear, tetranuclear, and higher nuclearity complexes
lecular electron and energy transfer within polymetallic possessing a range of architectural md#ifg? the funda-
assemblies as a result of the diversity (coordination number, mental electron-transfer characteristics of such systems have
ligand environment, stereochemistry, and redox character-received significantly less attentiéAl-22despite their crucial
istics) provided by the metal centers in such structures.  jmportance. The review by Balzaet al! addressed inter-
Because of their multicomponent nature, these structurescomponent electron- and energy-transfer processes in pre-
have considerable design potential to exploit the cooperationdominantly dinuclear luminescent and redox-active com-
between the metals and/or other redox-active centers. Novelplexes, but the discussion of higher nuclearity species was
restricted to a few paradigmatic examples only. The elec-
* E-mail: Richard Keene@jcu.edu.au. Phone61-(0)7-4781 4433, Fax:  trochemical aspects of metallosupramolecular systems have
+61-(0)7-4781 6078. also been the subject of a number of reviéW®s 2> The
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subsequently provided a theoretical model linking their
physical properties and electron-transfer proce¥set
particular significance was the prediction of a relationship
between the maximum energy of the optically-induced IVCT
band,vmax and several factors which govern the activation
barrier for intramolecular electron transfer between the metal
centers:

Voax= A + Ao + AE + AE' (1)

where the FranckCondon contributions; and 4., cor-
respond to the reorganizational energies within the inner and
outer spheres (respectively); the redox asymmeity, is

the difference in energy between the vibrationally-relaxed
initial and final states in the hypothetical absence of
electronic coupling; and\E' reflects any additional energy
contributions due to spinorbit coupling and ligand field
asymmetry’®2° According to the classical Marcugiush
theory?8-31 for weakly-coupled symmetrical mixed-valence
systems, the energy barrier for thermal electron tranEfgr,

is directly related to the optical process through eq 2, and
the predicted bandwidth at half-height of the IVCT band,
Avy2°, is given by eq 3, wher® is the gas constant, is

the temperature (in kelvin), and the termRIBIn 2 takes
the value 2310 cnt at 298 K.

Vmax — 4Eth (2)
Avy,° = [16RTIN 205,012 (3)

A crucial issue in the analysis of mixed-valence complexes
is the extent of electronic delocalization between the metal
centers-which is governed by competition between the
electronic coupling parametdil{;) and the sum of the factors
on the right-hand side of eq?¥?°For Gaussian-shaped IVCT
bandsHap is given by

Ha, = 2.06 X 10 X(€madmadVin) 0N (4)

where emax and b denote the maximum molar absorption

coefficient of the IVCT band and the degeneracy of the
transition, respectively, and is the distance between the

metal centers in the limit of zero electronic coupling.
Alternatively, the parametex? has also been introduced as
a diagnostic for the extent of electronic delocalization:

(12 = 42 X 1074€ma)AV1/2/(bvmaXr2) (5)

According to the Robin and Day classification schethe,

molecular architecture of the assembly, the electron-transferthree classes of mixed-valence systems are distinguished on
properties of the components, and the bridging ligands (andthe basis of the relative magnitudes of the reorganizational
their interdependence) provide the potential for control of energy 4 = 4 + 1,) and H,, Class | systems are
useful processes, such as electron transfer along predetereharacterized by noninteracting centers, “localized” Class Il
mined pathways, multielectron exchange at a predeterminedsystems by weakly-coupled center$i{g < 1), and “delo-

potential, photoinduced charge separation, and so on.

calized” class Ill systems by strongly-coupled centets.(2

In this context, the intervalence charge transfer (IVCT) > 1). Electronic delocalization is promoted by mixing
characteristics of the mixed-valence forms of such systemsbetween the donor (VM) and acceptor (M) wave functions,
provide one of the most powerful and sensitive probes of and in the limit of strong overlap, delocalization is complete

inter-metal electronic interaction. Mixed-valence compotnds

and the metal centers possess identical valences. In this case

which contain an element that exists in more than one formal E, = 0, and the process involves a transition within the
oxidation state-have been known for centuries and possess molecular orbital manifold of the species. For symmetrical
important conductivity, magnetic, and spectral properties. In Class IIF? systems, the energy of the transition provides a

the late 1960s, Allen and Hu¥hand Robin and Day

direct measure dfly, SinceHap = Yovmax 2222 While the terms

published reviews of mixed-valence materials, and Hush “IVCT transition” and “mixed-valence” are retained, the
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transitions do not involve net charge transfer and the systemselectron transferand multiple nuclear and solvent vibrations
are more accurately defined as “average valence”. which are coupled to the electron transfeA recent seminal

In the early 1970s, specifically designed mixed-valence review by Meyer and co-worketsaddressed these issues
compounds were synthesizedotably the Creutz Taube ion from a semiclassical perspective, by defining an intermediate
[(NH3)sRuu-pyz)RUu(NH)s]>" (pyz = pyrazine§? and the regime, “Class II-1II"; in which the systems literally exhibit
cyclopentadienyl-linked biferrocene cation §&G)Fe(u- bothlocalized and delocalized behavior. This scenario arises
CsHa4—CsHa)Fe(GHs)] 7.2 The Marcus-Hush theor$? 3! has when the time scale for reorganization of the solvent modes
provided the preferred method of analysis for such mixed- is faster than that for the inner-sphere vibrations, giving rise
valence complexes due to the facility of its application, and to solvent averaging and electronic localization.
the validity of the model for the determination of the relative  The development of theoretical models to describe the

contributions of the fundamental parameters expressed in eqransition between the localized and delocalized regimes in
1 has been extensively tested and revieWetf. Experimen-  ginyclear systems represents a long-standing issue in mixed-
tally, these contributions have been probed by the dependencggjence chemistr§*~# Three- and four-state classical models
of the IVCT characteristics on structural and substitutional nave peen propos&din which the bridging ligand is
changes in the mixed-valence systems. These include theaypjicitly included as an additional electronic state. Semi-
distance between the metal centérshe ability of the  cjassical modef€72 combine a classical treatment of the
bridging ligand to delocalize the electronic chafgand the  gq|yent reorganizational contributions with a quantum me-
coordination environments of the metal center¥0-4244 chanical description of inner-sphere modes. The localized-
which can be controlled through variations in the metal (o gelocalized transition has also been treated through
centers and the bridging or terminal ligands. The character-quantum mechanical vibronic coupling formalisms, such as

istics of the external medium, such as the identity of the the “PKS model”376 and the computational approaches of
solvent346-%9 and anion§? % also constitute critical con-  Reimers and HusH.

tributions to the electron-transfer barrier. In the former case,

the A, contribution is generally treated by the classical traiahtf d and reli b fi f |
spherical cavity dielectric continuum model given in eq 6, Stalghtiorward and relies on observations from severa

in which the solvent is treated as a structureless dielectric ?hxpenmental teChfnl'\?gﬁ_is'tzW'd(ﬂ};ﬁ'ffere{“ t'Tg SCdR;S’
continuum and has no specific interactions with itself or with € appearance o ands and their solvent depenadence
the redox site@®? The metal centers of a symmetrical provide the most useful experimental criterion for distin-

dinuclear complex are assumed to be centrally located in gmshlng bet_WG?” Classes Il (broad, solvent-dependent,
two noninterpenetrating spheres>t 2a) embedded in the  |0Calized oxidation states) and II-lll (narrow, solvent-
dielectric. The parametessandd define the molecular radii independent, localized oxidation states). Due to the limited

and distance between the donor and acceptor,yahd number of experimental studies in which the factors which
Dop are the static and optical dielectric const:':mts of the influence the localized-to-delocalized transition have been
op

. systematically explored, there is currently extensive interest
solvent, respectively. in the preparation of dinuclear systems which exhibit Class
2 [1-11 behavior 39:4044.45.67.71 jkewise, the examination of the
Ao =€ (5_ a)(D_ - EJ (6) factors which govern the extent of electronic coupling
between the metal centers and hence the shift between

In accordance with egs 1 and B, should vary linearly !ocali;atipn anq delocalizatjon in higher nuclearity specjes
with the solvent dielectric function (i, — 1/Dy), with slope is of significant interest. While the mixed-valence properties
e(1/a — 1/d) and interceptl; + AE'. The validity of the pf dinuclear complexes of Fe, Ru, and Os have peen Qetalled
dielectric continuum model has typically been assessedin @ number of reviewd3940.67.%comparable discussions
experimentally through IVCT solvatochromism measure- for higher nuplearlty species are scarce, despl_te_ the potential
ments on dinuclear systerf?3537.38 4Experimentally, the of th_ese studies to prqwde powerful and sensitive probes to
classification of dinuclear mixed-valence compiexes is €lucidate aspects of intercomponent electron transfer. An
generally based upon the solvent dependence and theadditional level of complexity is introduced in IVCT studies
observed bandwidth at half-heigi¥°In localized systems, 9N such systems due to electron_lc coupling of the multiple
the IVCT transitions are of low intensity, Gaussian-shaped, Metal centers: the IVCT properties are not expected to be
and broad dmax < 5000 Mt cmt, Avy, = 2000 cntl) due simply a superposition of the charactenstlcs _of thg component
to coupling with solvent. In delocalized species, the bands Metal-based chromophores, which may give rise to IVCT
arise from transitions within the molecular orbital manifold characteristics which are markedly different from those of
of the systems and the bands are intense, naregw & their dinuclear counterparts.

5000 Mt cmt, Avy, < 2000 cmY), and solvent indepen- It must be noted that the band-shape analyses of dinuclear
dent. For systems near the transition between the localizedmixed-valence systems are often challenged experimentally
and delocalized regimesfax ~ 2Hap), the IVCT bands are by a number of factors. These include (i) multiple through-
frequently asymmetrically-shaped and intef{s#:6” bridge interactiongdue to the effects of low symmetry and

While clear examples of localized and delocalized sys- spin—orbit coupling at low-spin N (dz°) centers, which lead
tems have been reported in several comprehensive surveyso multiple overlapping IVCT and interconfigurational (IC)
of dinuclear mixed-valence complexes of Fe, Ru, and bands in the mixed-valence speé®®"87°which, if not
0s 33941440 many cases the classification based upon the separately resolved, also contribute to the bandwidi
abovementioned criteria has proven somewhat difficult. In multiple nuclear and solvent vibrations coupled to the
reality, the transitions between regimes are not abrupt, andelectron transfer which may have different time scéfemd
experimental studies have revealed a gradation in behavior(iii) contributions from environmental effects such as specific
between the fully localized and fully delocalized limits which  solvation and ion pairing which are not explicitly included
is governed by the relative time scales for intramolecular in theoretical treatments for IVCT and which invalidate the

While the classification of mixed-valence systems is not
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assumptions of the dielectric continuum model in €§Bhe of Prussian Blue, an infinite three-dimensional cubic array
determination of the “Class” of a mixed-valence system of alternate Féand Fé' centers linked by bridging cyanide
based on the abovementioned criteria is also complicated(CN™) groups?®?” The recognition of the mixed-valence
by the inability to accurately determind,, While r is nature of such polymeric cyanometalates provided, for the
typically equated with the through-space geometrical distancefirst time, an explanation for the extraordinary colors
between the metal centers, the actual charge-transfer distancdisplayed by many transition metal-containing minerals. The
which should be employed in eq 4 may be shorter due to diverse potential applications of cyanometalates, and the
electronic delocalization, self-polarization, and other effécts suitability of My(CN), building blocks for self-assembly
so that the equation provides a lower limit only fy, These processes have motivated the synthesis and investigation of
considerations will likewise be of significance for higher discrete cyano-bridged complex8sThese systems exhibit
nuclearity systems, although such aspects appear not to haventriguing physicochemical properties, including super-
been generally appreciated to date. paramagnetism and photoinduced magnetic ordering phe-

The present review seeks to draw attention to the currentnomena, as demonstrated for the molecular squares of Oshio
experimental and theoretical challenges in the area byet al;®%°! they exhibit multielectron catalytic properties in
addressing the fundamental electron-transfer properties ofcyano-ferrocene complex&sand they have been cited as
trinuclear and tetranuclear complexes through the analysisphotosensitizers in photovoltaic cells.
of their IVCT absorption characteristics. Of particular interest  geyeral reviews®93%have highlighted a range of archi-
are the multiplicity of the IVCT bands, and the appearance tectyral motifs for the cyanometalates of iron, ruthenium,
of appreciable second-order interactions (as demonstrated byyng osmium, including squaf@! cube% % ring 9% and
the appearance of remote IVCT transitions). Attention is also gtape100gtrctures, in addition to the well-established varia-
focused on the influence of the molecular shape of the tjons on the Prussian Blue structdfél2The wide range
assemblies on the nature of the IVCT. , of architectures are based on linear or angular arrangements

Three major factors are crucial to clarify the IVCT ot two or more M-CN—M’ rods, linked together at M
properties of such systems: first, the effect of increasing the ang/or M (M, M’ = Fe, Ru, Os). For trinuclear species of
number of electronically-coupled metal centers on the IVCT the form M-CN)M' (u-CN)M, geometric isomers may be
transitions (specifically their energy, intensity, and band- regjized through theis or trans disposition of the bridging
width); second, the effect of the relative distances and cyanide units coordinated to the central’ Mnit. The
orientations of the centers; and third, their stereochemical ympigentate nature of cyanietee., its ability to bridge two
relationship® Given the diverse range of metallosupramo- metal centers simultaneously via C or N as the donor atom
lecular architectures, these factors underlie the need for ag|sq gives rise to linkage isomers. A nonsymmetric electronic
systematic understanding of how the geometry of such gistribution in the bridge may thus be exploited to effect
systems influences their electron-transfer properties. vectorial energy and electron transfer in polynuclear com-

While a range of transition metal ions have been success-plexes. The bonding characteristics of cyanide are clearly
fully incorporated into trinuclear, tetranuclear, and higher gifferentiated at its C and N termini: C-bondeganide
nuclearity assemblies, the present review is restricted solelygisplays an affinity for electron-rich metals such a% @
to homo- or hetereonuclear species comprising the members— re "Ry, or Os) and, hence, exhibits favoratiacceptor
of the "iron triad™=iron, ruthenium, and osmium. Multi-  properties characteristic of strong-field ligands, while N-
component systems which incorporate ruthenium- and 0s-pondedisocyanidehas an affinity for relatively electron-
mium-based fragments are arguably more prevalent thangeficient metals such as 'M displaying predominantly
those of iron for studies of electron-transfer phenomena, ;,.qonor properties characteristic of medium-field ligands.
although there has been an interest in trinuclear and tetra- . .

The development of synthetic strategies to control the

nuclear iron complexes due to their suitability as model link fh ide bridae h ided tile famil
systems for metalloenzymic activity in biological systems. '"<ag€ ol the cyanide bridge has provided a versatiie family
of trinuclear cyano-bridged complexes of Fe, Ru, and Os.

An additional level of complexity is introduced into such Indeed. this is the most comprehensivelv studied class of
systems by the potential chirality of the constituent metal | . » IS | P nsively studied
trinuclear mixed-valence systems in terms of their IVCT

centers and the nonsymmetrical nature of the bridging tied% A di ; : ber of ts of metal
ligands. The present review also addresses the stereochemicd]l OPEMMEs-~A GISCUSSION ol a nUMbET of aSPeCts ol metal
metal charge transfer across cyanide bridges and in oligo-

complexities which are inherent in the majority of species . 3
incorporating polypyridyl ligands. The stereochemical influ- nuclear species has been presented by Vahrenleraf?

ences on the physical properties of such systems have only While preliminary reviews concerning the IVCT properties
recently been acknowledgé® of cyano-bridged trinuclear and tetranuclear systems have
Studies of IVCT characteristics in trinuclear and tetra- appeared/*** a number of recent studies have provided
nuclear complexes provide the means of bridging the gap important new insights into these properties. The influences
between the interpretation of electron transfer in simple Of the following factors on the IVCT properties are of
chemical reactions and that in large multicomponent systems.particular interest: (i) theis or trans arrangement of the
An understanding of the process in the larger arrays is Cyanide bridges at the central metal which give rise to

ultimately essential if their technological potential in in- ‘linear” or “round-the-corner” electronic communication
novative practical devices is to be realized. between the peripheral metal centers; (i) the cyanide

isocyanide isomerism of the ambidentate bridge; (iii) the
2. Cyano-Bridged Trinuclear and Tetranuclear identity of the peripheral ligands; (iv) the identity and

Complexes coordination environments of the central and peripheral metal

centers; and (v) the presence of specific solvent interactions

Cyano-bridged polynuclear complexes are among the at the peripheral (as opposed to bridging) cyanide units. Early

earliest and most extensively studied mixed-valence sys-attempts to elucidate the bulk structural, magnetic, and
tems®788 originating in the 18th century with the discovery spectral properties of Prussian Blue some 25 yeard®ago
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have provided the stimulus for the design and study of many Ru(NHs)s moieties, and (iv) R — Ru!" IVCT between
of these fundamental aspects in dinuclear and trinuclearthe remote metal centers of the Ru(NHunits. The latter

cyanometalates.

2.1. Molecular Chains and Wires Based on
(Polypyridyl)ruthenium(ll) Chromophores

The Ru(bpy)(CN), (bpy = 2,2-bipyridine) motif is an
attractive basis for polymetallic assemblies, as the cya-
nide ligands offer two potential binding sites for incor-
poration into larger assemblies comprising other transition

transitions of type (iv) had been observed only once
previously by von Kameke and TauB&in the spectrum of
trans [(NHs)sRu(u-pyz)Ru(NH)a(u-pyz)Ru(NH)s] "+ (see
section 3), while transitions of type (iii), which were observed
in the unoxidized [2,2,2] and mixed-valence [3,2,2] and
[3,2,3] forms, had not been previously reported.

Analysis of the [3,2,3] spectrum for [(NJERU—NC—
Ru(bpy»—CN—RU(NH)s]8*" 104108110 reyealed an IVCT

metal chromophores which serve as electron donors orPand at 15200 crt {(658 nm); émax = 5700 M™* cm,

acceptors. In studies extending the pioneering work of
von Kameke and Taub® and Powers and Mey¥f on
trinuclear pyrazine-brided chains (section 3), Bignozzi and
co-workerd?4108-115 haye investigated the related cyano-
bridged systems [(N§sRU—NC—M(bpy),—CN—Ru(NH)s]**

(M = Ru, Os}04108-110 and the analogues [(py)(N} Ru—
NC—Ru(bpy»—CN—RU(NHg)4(X)]** {X = NH3z or py
(pyridine)} .1411° The bridging cyano units are angularly
disposed by virtue of the centreils-Ru(bpy)} chromophore.

By comparison with the cases of the related monomeric
specieg?4108110 the metal-based oxidation processes for
[(NH3)sRu—NC—Ru(bpy»—CN—Ru(NHz)s]*" (represented

Avip = 4400 cn} attributable to Ry — Ru!", from which

the pertinent delocalization parametekky, and a2, were
determined as 1800 crhand 0.14, respectively, from eqs 4
and 5. A similarremotelVCT transition was absent in the
related pyrazine-bridged mixed-valence compf&slthough
such a transition was observed in the spectruntrafs
[(NH3)sRu(u-pyz)Ru(NH)4(u-pyz) Ru(NH)s] *.2% The dif-
ference between the cyano-bridged [2,3,2] ion and the
analogous pyrazine-bridged systéhwas attributed to the
stronger electronic interaction mediated by the cyanide
bridge. The magnitudes of the parameters, however, are
sufficiently small to warrant a localized Class Il descriptfon

by [2,2,2] to denote the valencies of the metal Centers) Werefor bOth SpeCies: The Short bndge Iength, or the Cylindl’ica'l
assigned to two sequential one-electron processes correhature of cyanide, which does not possess any steric

sponding to oxidation of the terminal Ru(Ndthoieties (
andll ; Figure 1), followed by one-electron oxidation of the
central Ru(bpyy) unit (111).

_e' _e- _e.
[2,22] =— [3,2,2] — [3,2,3] — [3,3,3]
+e +e +e
-0.125 -0.055 +1.170
- /N . remote IVCT T 5+
‘ N N
/ \Rull/ X
‘NHs o h-Xeo i NHg
c” N ;
HaN {“/ Z N\\*\N\v ‘HI/NH:;
Ru'"  adjacent IVCT ~="" " Ru
HaN™~ ‘\NH3 HaN"~ |\NH3
NHg NHg
Figure 1. Structure of [(NH)sRu—NC—Ru(bpy)—CN—

RU(NHg)s]™" (n = 4—7),1%8 demonstrating the adjacent and remote

IVCT transitions. Potentials were recorded in aqueous solution and

are quoted in volts (vs SCE).

The partially-oxidized forms of the trinuclear complexes

requirements for-overlap, was proposed to account for the
higher electronic coupling in this system compared with the
pyrazine-bridged specié?’

An adjacentIVCT transition (Ry' — Ru"") was also
evident for the [3,2,2] mixed-valence species at 14 600'cm
(685 nm) where the band maximum was red-shifted relative
to its position in the [3,2,3] system due to the lower electron-
withdrawing influence of the RY{NH3)s moiety on the
central metal. A new transition abEmoteorigin (i.e. Ry"

— Ru'") was observed at 9500 ci(1053 nm), which was
observed as a long-wavelength tail on tdjacentlVCT
band (Figure 2). Due to the correlation between the intensities
of theremotel VCT transitions and the relatextljacentVCT
transitions for the trinuclear cyano-bridged complexes, it was
suggested thaemotelVCT bands engage in an “intensity
stealing” mechanism from the predominadjacentlVCT
bands (and remote MLCT bands), which is dependent on
the electronic characteristics of the mediating bridging
ligands!o4

Katz and co-workefd” investigated the related 4-cy-
anopyridine-bridged species [Ru(bgy(u«-4-CNpy)Ru-
(NH3)s} 2], where the centralis-Ru(bpy) moiety is nitrile-
bound to the bridging ligand (Figure 3). One-electron

[3,2,2] and [3,2,3] are mixed-valence species, and they oxidation generated the€7 mixed-valence species which was

exhibited a rich combination of electronic transitions in
their UV/visible and near-infrared (NIR) absorption spectra,
which were ascribed to transitions of both metal-to-ligand
charge transfer (MLCT) and IVCT origin. In a (Ci¥bridged
trinuclear system comprising the MCN)M'(u-CN)M" core,
two forms of IVCT may be envisaged: one that involves
adjacentmetal centers (M—~ M' and M < M""), and one
involving remotemetal centers (M= M"). In the present

formulated as [2,2,3], where the terminal Ru(j¢-moieties
undergo sequential one-electron oxidation processes prior to
the central ruthenium. This was accompanied by the appear-
ance of two new bands (determined by Gaussian deconvo-
lution) at 16 000 cm® {(625 nNM);€max = 400 M1 cm™%;
CHzCN} and 9174 cm! { (1090 nm);emax= 20 M1 cm1},
which were assigned aadjacent Ru' — Ru" IVCT
transitions. The doubly-oxidized mixed-valence [3,2,3] spe-

[3,2,2] mixed-valence system, the transitions were assignedcies was characterized by an IVCT absorption at 15 405.cm

as (i) Ru'" — bpy MLCT originating from the Ri(bpy),
moiety (Ruy denotes the central ruthenium atom) and (ii)
Ru — Ru" IVCT betweenadjacentcyano-bridged units
(Ru denotes the terminal ruthenium center), in addition to
the intriguing observation of two types mmotetransitions,
attributed to (iii) Ry' — bpy MLCT originating from the

{(645 nm);emax = 700 M~ cm™1} which was attributed to

a 2-fold degenerate Ru— Ru'" IVCT transition!!” The
comparatively lower intensities of the IVCT bands relative
to those of the above-mentioned cyano-bridged systems were
ascribed to the larger metametal separation in the 4-cy-
anopyridine bridged species: 9.8 % A and 18.6 vs 10 A
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(a) [3,2,2] Ru(NH)4(py) unitg. The [3,2,2] species exhibited two
adjacent IVC% \remote IVCT distinct IVCT transitions associated with Ru— Ru';
VoW {15200 cn! (658 nm} and RY — Ru", {13 600 cn!
[2,3,2] [2,2,3] (735 nm} transitions (Table 1). The mono-oxidized mixed-
valence species [2,3] (the formulation reflects the fact that
Vimax = 14600 cm’! Vimax = 9500 cm’ the pentaammine moiety is oxidized first) and,?23]
€max = 3250 M"C1m'1 emax = 350 M'1C'f1"1 displayed bothadjacentandremotelVCT transitions.
Aviz = 4400 om Avi2 = 4200 cm Interestingly, aemotelVCT transition was also described
for the mixed-valenc&rans-[(NHz)sRU" (u-pyz)RU'(NH3) 4
(b) (u-pyz)RU'(NH3)s] "+ species reported by von Kameke and
101 Taubel!% however, the transition was observed at consider-

d-1®* Rut!1) -==—bpy

d-* Rut(m—’bpy

iT RuUl)—»Rut(IH)

ably lower energy{ ¥max = 5900 cnm?* (1695 nm} than the
transitions of similar origin reported by Bignozzi and co-
workerg04108-110 for cis-configured complexes. The differ-
ence was ascribed to a greater solvent reorganizational
contribution tovmax due to the closer proximity of solvent
molecules in the intersite region in thes- relative totrans
configured trinuclear specié¥

In the trinuclear system [NERU' (bpy—CN—RU'(bpy)y—

2+ /[ NC—RU'(bpy)y—CN]J?*,*the central Ru(bpy)hromophore
) IT Rut(IID-—RutGII) (i.e. N-bound to bridging cyanide) underwent a more facile
0 L2 B ARAN b - —— oxidation (0.66 V vs SCE; C#CN) relative to the C-bound
30 25 20 1.5 1.0 ;/}LmJ peripheral RU(bpy)(CN) moieties (1.19, 1.14 V). The

chromophoric units are structurally related, with the only

Figure 2. (a) IVCT band parameters for the adjacent and re-
mote IVCT transitions in [(NH)sRu—NC—Ru(bpy)—CN—
Ru(N 5+,104,108-110 (h) Absorption spectrum of the [3,2,2] ion . . . . Lo .
in I(DMl_'lg)S;olution.116 Tr(1e) dasheg Iinesprepresent an fgpproz(imate structural C(_)ns_lderatlons, mﬂ'C's conf_lguratlon involving
Gaussian analysis of the spectrum. The dotted line represents thééOplanar bridging and terminal cyanides was preferred on
sum of the bands obtained by Gaussian analysis. Ru indicates thethe basis of hindrance to rotation about the bridging cyanide

differences arising from the cyanide units (i.e. bridging vs
terminal, and C-bound vs N-bountf. On the basis of

ruthenium atom of the central Ru(bp¥) unit; Ru indicates the
ruthenium atom of a terminal Ru(N}42*3* unit.108

units!! The system will also exhibit sterecisomerism by
virtue of the potential chirality of the three constituent metal
centers. On the basis of shifts in the MLCT bands, the

o T N —‘ 6 contribution from the redox asymmetry of the metal centers
e (due to the nonsymmetric nature of the bridging cyanide
¢N/I N ligands) was estimated as 6-@.3 V. This was insufficient
N c” N ¢ N to account for the observed potential separat%ﬁél, and
N | SO | ; "|‘H3 \H the potential separations were instead attributed to significant
s py” Z Sa” 3 electron delocalization through the system. The mixed-
HSN/ | \NH hN” | N valence [2,3,2] species was characterized by an absorption
NH, 8 ¢ NH, N in the region 150084500 cn! (670-2220 nm) and

Figure 3. [Ru(bpy)}{ (u-4-CNpy)Ru(NH)s}]8+.117

centered at~7250 cn1? (1380 nmj4198110 which was
assigned as an IVCT transition from the peripheral' Ru
centers to the central Rumoiety!'! Due to the twofold

between adjacent and remote metal centers for the 4-cyanodegeneracy of the transition, a band with double the intensity
pyridine and cyano-bridged species, respectively. The ab-observed for its dinuclear congefférmight have been

sence of remote IVCT transitions in the analogous speciespredicted. However, the IVCT for this trinuclear system was
[Ru(bpy}{ (u-BL)RU(NHs)s}2]*" (BL = pyz, 4,4-bpy = 4,4-

bipyridine!??)

was ascribed to steric effects, as thes

split into two bands of comparable intensity separated by
~3000 cnt?, which could not be attributed to spimrbit

pyrazine or pyridine groups adopt an orientation that restricts coupling components! The delocalization parameters for
appreciabler-interactions through the central ruthenidih.
The IVCT properties for the trinuclear [3,2,3] species 2000 cmt, a? = 0.07; egs 4 and}53'! suggested that a

[Ru(bpy){ (u-

L)RU(NH3)s}2]™ (n =6, 8; BL= CN~, pyz,

dinuclear [NC-Ru'(bpy)—CN—RU" (bpy),—CNJ?** {Hap=

valence-localized Class Il description was also appropriate

4-CNpy, 4,4-bpy)*'” revealed a strong solvent dependence for the trinuclear mixed-valence system. The splitting of the
due to specific solvent interactions with the terminal pen- IVCT band was ascribed to a non-negligible coupling
taammineruthenium moieti€453118120 The |esser solvent
dependencies for the trinuclear systems relative to those ofsurfaces were constructed to account for the observed spectral
their dinuclear congeners were ascribed to the relatively splitting!* In Figure 4, two IVCT transitions arise from
larger molecular (solvent-excluded) volumes of the former. optical excitation between the adiabatic potential surfaces.
In the related systems [(py)(NHRu—NC—Ru(bpy)—
CN—RU(NH)4(X)]*" (X = NH3 or py)°4%denoted [22,2]

and [2,2,2],

respectivel\1° the doubly-oxidized [32,3]

mixed-valence species exhibitedjacentlVCT bands as-
sociated with a twofold degenerate 'Rt~ RuU"y transi-
tion at 13 600 cm! (635 nm){Ruw denotes the terminal

between theemotemetal centers, and the potential energy

The electrochemical and photophysical studies on the poly-
metallic complexes incorporating the M(bpghromophore
during the 1980s provided important and timely extensions
of the pioneering work of the late 1978%:1’However, the
ability to address fundamental aspects regarding geometrical
influences on the IVCT was limited by the invariabtis-
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Table 1. IVCT Properties of Cyano-Bridged Trinuclear and Tetranuclear Complexes

mixed-
valence origin of Vmad €max Avip  Hap
complex n state IVCT?2 (cm™) (M~tem™d) (em™d) (em™) o2 solvent ref
[(NH3)sRu—NC—Ru(bpy»—CN—Ru(NH)s]"™* 5[3,2,2] RY —Ru'" 14600 3250 4400 ¥O  104,108-110

Ru'—Ru" 9500 350 4200 340
6 [3,2,3] Rd —Ru" 15200 5700 4400 18000.14

[(NH3)sRu—NC—0s(bpy}y—CN—Ru(NHy)s]™ 51[3,2,2] RY —Ru" 7000 104
Ru'— Ru!" 1000
[(py)(NHs)sRU—NC—Ru(bpyy—CN—Ru(NHs)4(py)]™ 5[2,2,3] Ru' —Ru" 13300 2900 4700 110

Ru'" — Ru" 8200 350 4200

[3,2,3] Ru" — Ru!" 13600 3000 4400
[2,2,3] RU' —Ru" 14700 3100 4600 110

Ru' — Ru!" 10000 370 4200

6 [3,2,3] RU'—Ru" 15200 2900 4400

Ru' — Ru" 13600 3000 4400

6
[(py)(NH3)4aRu—NC—Ru(bpy»—CN—RU(NHz)s]™* 5

[(NC)(bpy)Ru—CN—Ru(bpys—NC—Ru(bpyy(CN)]™* 3232 R —Ru" 5700 2000 0.07 RO 104,111,112

7\ /N 7 [322] RY —Ru" 16000 400 CHCN 117
[(NH:))sRU_NC>70§N—RU(DPY)2_NECCN_HU(NHG)S]m Ru' —Ry" 9170 20

— — 8 [3,2,3] RY —Ru" 15500 700 5000
[(NC)(bpy):Ru—CN—Ru(dchpy)—NC—Ru(bpyh(CN)™ 50232 Ry'—RU' 7800 4660 3070 1370 0.031 GEN 126
[(NC)(bpy)zRu—CN—Ru(Hdcbpyy—NC—Ru(bpyx(CN)]™ 1232 Ry'—RuU" 7810 4600 3480 1450 0.035 GEN
[(H20)(bpyRu—CN—Ru(dchpy)—NC—Ru(bpyh(H-0)]* 6 [223] RY—Ru" 9050 2830 3140 1160 0.017 GEN
[(OH)(bpy)Ru—CN—Ru(Hxdchpyy—NC—Ru(bpy:(OH)]™ 0[223] RY—Ru" 11170 1900 3280 1080 0.01 GEN

aRu, Ry, and Ru denote central Ru(bpy)terminal Ru(NH)s, and terminal Ru(NB)4(py) units, respectively? Accounting for the twofold
degeneracy of the IVCT banfBand maxima obtained from Gaussian analysis of the band manifolie IVCT band appears as two overlapping
transitions with a maximum at 5700 cfnand side band at7250 cn1?, although spectral deconvolution of the manifold was not performed.

form of trans[(py)sRU{ NC—Ru(pyxCl},]*" were not pur-
sued'?! The effects of the relative orientations of the bridging
and/or terminal cyanide units, and the stereochemical am-
biguities that are inherent in polypyridyl-based complexes,
were also largely ignored.

The observation of efficient, vectorial electron-transfer
processes mediated by cyanide bridges prompted investiga-
tions of the intramolecular energy transfer properties of
related trinuclear complexes based on the centrd(E)
chromophord where pp is bpy, dcbpy: 4,4-bpy(COO)?,
or Hxdcbpy = 4,4-bpy(COOH}}. These have potential
applications as sensitizer units in artificial light-har-
vesting devices which mimic the “antenna effect” of natural
systems?22123 Notable examples include chromophere
] luminophore complexes such as [Ropy){ («-NC)Cr"-

Nuclear Configuration (CN)st2]* 13 and [RU (bpy)f trans (u-NC),Cr' (cyclam} 5]*+
Figure 4. Schematic representation of the diabatic (dotted) and (cyclam = 1,4,8,11-tetraazacyclotetradecatfé)?> where

F‘,\?gb%tbc,((tf‘)";j) FC’:ONterI‘_\Eﬁ', &nefysérfalchigor;Zheéﬂlr]];cleak\]r SysteM selective excitation of the Ru chromophore results in emis-
—Ru!(bpy),—CN—RU" (bpy),—NC—Ru'(bpy),—CN[**, where  _. Jumi 3 Whi i

electronic couplings of 2000 and 1000 chare assumed between slon frtomfttf;]e cr Iun;lnophorélb Whllst':]he photop?%/hsmal t
the adjacent and terminal metal centers, respectifély. aspects ot these systems are beyondad the scope of the presen

review, it is worth noting that these systems provided the
configured central metal, and the comparisonadfacent first observation of excited-state intervalence charge transfer
and remoteinteractions received limited attention. It was in trinuclear complexes.
envisaged that the efficiency of long-rangerfiotg interac- By the incorporation of the centratis-Ru(dcbpy)?>~
tions was facilitated through a polynuclear backbone in which unit which was N-bonded to bridging cyanide, trinuclear
the metals and intervening bridging ligands provided a linear complexes of the type [Ridcbpy){ («-NC)RuU'(bpy)-
(rather than angular) conduit for intra-metal electron transfer. (CN)};]2* 112:114.115.126.12{yere developed. The COCunc-
Indeed, these expectations were supported through electrotionalities facilitate adsorption onto TOsemiconductor
chemical studies by Meyer and co-workétson trans surfaces, and the light absorbed by the peripheral antenna
[(py)sRU NC—Ru(py)Cl},]?". This enabled a comparison chromophores (C-bonded to bridging and terminal cyanides)
of the effect of the overall linear or angular disposition of is efficiently channeled toward the central sensitizer unit.
the terminal metal centers on the intramolecular electron- The photochemical behavior of these systems has been
transfer characteristics with relateid-configured complexes  extensively investigated, particularly through transient mea-
such as [(bpyRU{NC—Ru(bpy»CN},]?+.111114 Electro- surements of their excited-state IVCT spectra. Application
chemically, a 0.28 V splitting was observed between the of Hush theor$2%34to the results of ground-state IVCT
redox potentials of the terminal Ru centers in tihens measurements yielded delocalization parametegsanda?;
configured comple*?* compared with the 0.08 V difference eqns 4 and 5) which were consistent with a Class Il
for the cis-configured complexi*'4 in support of the classification for the mixed-valence [2,3,2] speci¥s.
assertion that long-range interactions are facilitated through In an interesting extension of this work, Matsui and co-
a linear, rather than an angular, assembly. Unfortunately, theworkerd?® investigated the singly-oxidized forms of [(CN)-
consequences on the IVCT properties of the mixed-valence (bpy)Ru'—CN—Ru'(Hdcbpy}—NC—Ru'(bpy,(CN)]*" and

Energy (x 10° cm™)

(2.3.2]

.
. o
ITTTITL
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[(CN)(bpy).Ru"-CN—Ru"(dcbpyp—NC—RuU"(bpy),-
(CN)]Z (la/lb), as well as [(HO)(bpypRu'-NC—RU'-
(Hzdcbpy)—CN—RU' (bpy)(H20)1*" and [(OH)(bpy).Ru'—
NC—RU'(dcbpy)»—CN—RU'(bpy)(OH")]?>" (lla/lib ), shown
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than the C-bound case. The energies of the IVCT transitions
for the isomeric pair were markedly different: the-ReN—
Ru—NC—Re isomer exhibited an IVCT band at 12 280¢m
(780 nm) following one-electron oxidation, while the cor-

in Figure 5. These may be considered as “linkage isomers” responding band in ReNC—Ru—CN—Re appeared at 7350

I ¢ ~ 4600 M-'om"! (Hooc COOH
[(CN)(bpy)zRu"-CN-Ru"(pp),-NC-Ru''(bpy) o(CN)I" & \_/
=N N
op = < H,dcbpy
II € ~2000 Mem’” ooe -
/N
[(L)(bpy)zRu"-NC-Ru''(pp)o-CN-Ru" (bpy)o (L)]™ =N N
" dcbpy?
Complex pp L n m
la* Hadcbpy : 3+
Ib* debpy? : 1-
lla* Hodcbpy H0 - 5+
llo* debpy? OH - 1-

cmt (1360 nm).

2.2. Other Cyano-Bridged Molecular Chains and
Wires

Indelli and Scandold® investigated the ground- and
excited-state IVCT characteristics of the heterotrinuclear
complex [Cr'"(cyclam)(CN}},RU'(CN)4] (Figure 6). The

N N
N 4 )
N N
N=C—-|—Cr— C:N—\Ru/—NEC i ;CI<—]<CEN
C/ AN N\

-

Figure 6. [{Cr'"(cyclam)(CN}},RuU'(CN),4].130

N
Y

system has the capacity to exhibit electrochromic and

Figure 5. Structures showing the direction of electron transfer in Ccatalytic properties by adhesion to electrode surfaces, as the

trinuclear CN-bridged complexes. The direction of the IVCT is
from terminal units to the central unit ilm/b but in the opposite
direction inlla/b.126

where the central Ru(dcbpyhromophore is N-bound to
bridging cyanide inl and C-bound to bridging cyanide in
II 126 Protonation or deprotonation of central dchpydebpy

complex may be “wired” between two electrodes utilizing
the terminal cyanide units.

The presence of a broad and intense absorption feature at
29600 cnmt (338 nm) in aqueous solutierwhich was
absent from the spectra of the constituent metal-based-units
was attributed to the doubly-degenerate IVCT transition from
the central RU(CN), unit to the peripheral Cf(cyclam)-

ligands permitted variation in the overall charge on the (CN) moieties. On the basis of the band paramdtefs, =
complexes. Although relatively intense IVCT bands were 3250 Mt cm™! (half the experimental intensity) any;,
reported in all cases, notable differences were observed in= 4000 cntl}, the results of a theoretical analysis within

the mono-oxidized species derived from complekemnd

the framework of the Hush mod&P°-34were consistent with

Il. The IVCT was attributed to electron transfer from the a fully-localized Class B system, as typically observed for

terminal to central units it (emax = 4600 Mt cm™1), but
in the opposite direction foll (emax = 2000 Mt cm™1). A

cyano-bridged trinuclear complexes.
Forlano and co-worket& investigated a related series of

red shift was observed in the IVCT band of the corresponding complexes [(edta)Rt+—NC—M"(CN),—CN—RU" (edta)p~
deprotonated mixed-valence species, and the considerablyM = Fé', Ru', Od'). The shifts in the near-infrared

diminished intensity of the IVCT band in the latter was
ascribed to the existence of two interacting donor units in
as opposed to the single donor moietyllin Accordingly,
the a? values determined from Hush theory (e¢®8y3

IVCT bands in the trinuclear complexes were indicative of
RuU" (edta) coordination to the exposed nitrogen atoms of the
terminal cyanide ligands in the precursor dinuclear com-
plexes. A blue shift in the IVCT band from 14 750 ctin

revealed a larger degree of electron delocalization in the (678 nm) in the dinuclear species to 16 260¢ér615 nm)
former; however, both species were characterized within the occurred on formation of the trinuclear species. The localized

localized Class Il regimé.

IVCT transitions were attributed to intramolecular electron

The orientational effect of the cyanide bridge has also beentransfer from the central metal to pendant'Redta) moieties.

investigated for the dinuclear linkage isomers fdebpy)-
Re(COx—(u-BL)—Ru'—(bpy)(CN)]*, where BL= CN~

or NC™ (abbreviated ReCN—Ru or Re-NC—Ru, respec-
tively).*28 While IVCT studies were not reported, the redox
potential for the Re CN—Ru isomer was 130 mV cathodic
of the Re-NC—Ru isomer, where the first oxidation corre-
sponds to the RY' couple (the R oxidation was outside

Laidlaw and Dennintf?investigated the heterobi-, tri-, and
tetranuclear mixed-valence complexes [(@Q)u-CN)-
RU(NHz)s]?" (CrRu), cis-[{(OC)Cr(u-CN)},Ru(NHs)4]™
(Cr:Ru), and fac-[{(OC)Cr(u-CN)}sRu(NHs)s] (CrsRu).
Electrochemically, the complexes were characterized by two
redox waves corresponding to oxidation of the ruthenium
center (1e), followed by oxidation of the chromium

the potential window for methanol). Although not elaborated centers: the peak currents were in the ratios 1:1, 2:1, and
here, the marked differences between the electrochemical3:1 for CrRu, CsRu, and CgRu, respectively. A character-
properties of the isomeric forms were also manifested by istic feature of the GRu set i = 1, 2, or 3) was the vir-
significant differences in their efficiencies as sensitizers tually invariant redox potentials for both the Ru(§)kland

anchored to Ti@nanocrystalline films.
For the isomeric trinuclear complexes [Ru(bgy)-BL)-
Re(bpy)(CO}} 2%t (BL = CN~ or NC"),'?° comparison of

Cr(CO) centers, which was indicative of localized intra-
metal interactions.
A single Gaussian-shaped absorption band was observed

the redox potential for the first metal-based oxidation processin each case following the initial one-electron oxidation,
in the isomeric pair was consistent with the general trend which was assigned as an Ci\e> Ru(cP) IVCT transition.
that the center with the more facile oxidation is bound to The band parametef®.g. in nitromethaneym. = 11 010

the cyanide nitrogen. This is 0-D.2 V easier to oxidize

cmt (908 NM)émax = 3640 Mt cm™Y/Avy, = 4650 cnrt
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for CrRu; 10 580 (945)/5410/4840 for fRu; and 10 525 related tetranuclear comple(Mebpy)(CO3Re—(u-NC)} z-
(950)/5850/5010 for GRu} were consistent with a localized Fe'(CN);] suggested that &rans configuration was likely
(Class Il) designation. The intensity and bandwidth increasedto predominatés3?

with the number of bound Cr centers. However, a simple The energies of the IVCT bands in the trinuclear com-
correlation between the band parameters and nuclearity wagplexes were blue-shifted relative to the case of their dinuclear
not apparent. analogues, while the intensities were approximately twice

The IVCT energies exhibited a striking dependence on those observed for the related dinuclear spééiEEhe vetr
the solvent due to solvenammine hydrogen-bonding bands in the s_ymmetrlcal systems were assigned predomi-
interactions. The sensitivity of the IVCT energy to solvent Nantly to transitions between tiagjacentmetal centers. The
variation was greatest for the dinuclear compiex and leastPossibility of electronic coupling betweeremote metal
for the tetranuclear complex. This was consistent with a Centers was proposed to explain the observation of two
simplistic argument in which the solvent sensitivity was Closely-spaced redox processes for the geometrically-
directly proportional to the number of ammine ligands due €duivalent Rt centers in the RU—Fe'—Ru" system.
to outer-sphere hydrogen bonding or, conversely, the numberurther investigation of this hypothesis was not pursued.
of solvent molecules in the immediate second solvation While the IVCT intensities for the unsymmetrical Ru
sphere. Such solveathromophore interactions are likely ~SPecies were comparable to those in their dinuclearfie
to predominate in the less sterically encumbered dinuciear@nalogues, the Fe- M (M = Cr or Pt) IVCT transitions in
complex. The IVCT energy was also found to depend the Os—Fe—M' species exhibited S|gn|f|c§1ntly genhanced
significantly on the counterion, a trend which was more pro- F€~M electronic coupling, as shown by their relatively large
nounced in lower donating solvents. The trends in solvation intensities antHa, values. The enhanced coupling for the
and ion pairing were consistent with a localized (Class Il) OS System was attributed to an intensity-stealing mechanism,
assignment for the mixed-valence species. which ISd iamcliltated ?lééhe éarger torbltaleIT(et') agd the

. increased tendency o undergo strong-back-bonding
F J?S,Gitfgm%u éc(lgg):(?w";%%); )[](%éggghiégzl%l_ with the cyanide bridging ligand relative to the other metals
methyl-2,2-bipyridine) was investigated by Pfennig and co- of the series. The proposed mechanism may be regarded as

o L . X an example of aemoteinteraction between the terminal
workers= and exhibited a single broad solvent-dependent metal centers, where the bridging ligands mediate a mixing

peak in the visible region which was assigned as an IVCT 0 h I el %
transition from the terminal Réo the central P&(CN), unit. ?;)EW je&'{g;gi’;g: :\(Aagjolj(gzad?nﬁ/[c(;)‘rg ein(fed l\s/ltg(tags)] and
The trends observed in the IVCT properties of the related .. '
di- and tet | . sina the PBCN ral higher-energy charge-transfer states.
u;i?rg Ouengarggct ﬁges%(aecr;%?nr?%ggngsz(y) %30‘?:3;; IThe stahbility of_theJall r?nderl_V oxicda'gion Istates of

X ; . . ) . platinum has motivated the design of trinuclear systems
were consistent with this assignment: the IVCT absorption incorporating the Pf(L), chromophore, which have the

shifted to lower energies with increasing nuclearity of the : .
) potential to undergo multielectron charge-transfer processes
complexes: 20 120 cm (497 nm), 18 420 (543 nm), and which generate more than one electron upon absorption of

17 270 cm? (579 nm) for the di-, tri-, and tetranuclear : - N
complexes, respectively. This red shift was attributed to the gﬁ'{‘ﬁiﬁﬂﬂgﬁ ngfcml):ﬁglfg ei(%%ﬁlgg z[a(r':i% _,CIF\,IﬂV

decrease in the energy of the-NCN s* molecular orbital, IVCT band at 23 585 crF (424 NMiemac= 2365 M1 cmt
which is induced by coordination of the lone pair of electrons 4 Avys = 7170 cntd). A linear correlation was found

on the ‘;ga”ide nitrogen to one, two, or three pendarit Re between the redox potential for the''fee" couple and the
centers'® respectively. The increase in the molar absorp- energy of the IVCT band. Though simplistic in its ap-

vt o the NCT transiions it ncreasing PUEarty of proach, the_establishment of ‘general reiationships be-
.2 i 2" . tween the electrochemical and spectral properties of tri-
of the transition. !n a_ddltlon to the calculated_ delocahza_tlon nuclear assemblies is important for the design of more
parameters, application of the Hush theory yielded relatively sophisticated polynuclear assembfgghe delocalization

constant values dfl,, over the series of complexes, which _ . _ 1
: . e ; terq = 0.03) and bandwidths\y, = 7380 cnt
reflected the comparable internuclear distances and 'dem'cacl?arr?an::%ren;i(ﬁtent witL?Claiz I\IN:JIesigril}z;/tzion Thie gnd/%

origins of the IVCT processes. As typically observed for this (1 = 4 + Ao) values for the redox reaction EePtV—Fe!
class of complexes, the IVCT bands exhibited a strong .~ Fé';—Pﬂ'?—Fé' are given in Table 2. The significant
solvent dependence, with a linear correlation observed '
between the band energy and the acceptor number of ther,1. > veT parameters for

solvent’3* The data were consistent with a Class Il clas- [L(NC) sFe—CN—Pt(NH3)s—NC—Fe(CNYL] 2~ Analogued®”
sification for the mixed-valence complexes.

Vmax A AE
More recently, Pfennig and co-workéts reported a L (x103cmt(nm)) (x10%cm™) (x103cm?)

comprehensive investigation of ten homo- and hetero- "4 4 py 23.6 (424) 1597 10.84
trinuclear mixed-valence complexes of the form [()eV — pyz 23.9 (418) 15.89 11.21
NC—F€'(CN);—CN—M'(NH3)s]"t (M = Ru", Od", Cr"', 4-CN-py 24.0 (416) 15.93 11.29
or PtV; n= 2, 3, or 4)135 The four symmetrical compounds g-E%ﬁ gg-‘ll gégg 12-23 Egg
(i,e. M = M) exhibited a single broad absorption in the <~ : : :
visible or NIR region, attributable to Ee—~ M IVCT, while NMpyz 254 (393) 1552 12.98
the six unsymmetrical species (i.e. #M') displayed two
IVCT absorptions, characteristic of Fe> M and Fé — magnitude ofl in relation to symmetrical species such as
M’ IVCT. While some ambiguity existed in the structural [(NC)sFeé'—CN—Fe"(CN)s]®~ was ascribed to (i) the large
identity of the systems due to the possibilitya$ or trans reorganization of the bond lengths for theVARt" couple

isomerism, comparison with the crystal structure of the and (ii) the large solvent reorganizational energy which
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accompanies the process due to the different symmetries Ru'(CN)s]4~. The energy of the IVCT band decreased
bonding characteristics, and positions in space of the linearly with increasing DMSO fraction for both complexes,
m-bonding orbital on Peand thes-antibonding orbital in whereas the absorption bandwidth remained the same. This
PtVv. was consistent with the linear shift of the'MPtY—M"
Theoretical and experimental analysis of the electron- potential energy surfaces to higher energy with increasing
transfer processes occurring in this speéfé$suggested  DMSO mole fraction. The solvent dependence of thé Fe
that the first electron transfer occurred photochemically, — PtV IVCT in [(CN)sFeé'—CN—PtV(NH3),—NC—
while the second followed thermally from the second iron Fé€'(CN)s]*~ allowed control of the activation barrier and
center in the high-energy WPt"M" intermediate (M= Fe driving force for the forward and back electron-transfer
or Ru). The mechanism of the photoinduceti PtV IVCT processes. The origin of the effect was ascribed to specific
process involved the generation of the one-electron-transferhydrogen-bonding interactions with the'Feoieties: the
intermediate M'—Pt"'—M", followed by decay of the iron centers became more difficult to oxidize as the propor-
intermediate either through back-electron transfer to yield tion of water increased. Water molecules engage in stronger
the M'—PtV—M" starting material, or by thermal IVCT from interactions with the cyanide nitrogen atoms, thus lowering
the remaining M center to the Pt center to yield 2 equiv  the energy of the CNz* molecular orbitals and facilitating
of [M"(CN)s]®~ and 1 equiv of [Pt(NH3)4]>. M~—CN back-bonding. By contrast, the redox potential of
Accordingly, three potential energy surfaces were in- the PY unit is relatively unaffected by the solvent, as the
voked to describe the available electronic configurations electron lone pairs are unavailable to interact with the second
MI—ptV—M", MM —ptl—M" and M"—Pt'—M". The coordination sphere.
potential energy diagram (Figure 7) is depicted for the Class ~Pfennig and co-worket¥ investigated two series of
trinuclear complexes in which the internal redox potentials
CN cN L L CN on 4 of the terminal metallic units were varied to interrogate the
N i —‘ properties of the homologous series of compounds: (i)

| L K
NC—Fe’ C=N——Pt' N=C Fe—CN
/Ie / le [L(NC)4Fe—CN—Pt(NHs),—NC—Fe(CN)L]?>", where the
NC™ cN L L NC™ CN sixth coordination sites on the terminal iron units are varied

using six different substituted pyridine or pyrazine ligands,
L, shown in Figure 8; and (ii) [Pt(NEJ4]2[(NC)sM—CN—
Pt(NHz)4—NC—M(CN)s], where M= Fe, Ru, or Os.

N/ \N N/ A
\/ _
HOOC
Felptire Felprpel pyrazine (pyz) 2-pyridinecarboxylic acid (2PCA)

Fe_ptFe!

Figure 7. Schematic diagram of the potential energy surfaces for 7\

+ 7\ _
a trinuclear system of the type [(C#Pe'—CN—PtV(L),—NC— N o N—CHs NQ_@N

Fe!'(CN)s]*~ {L = ethylenediamine, 2(N)}.137 o
N-methylpyrazinium (NMpyz)  4,4"-bipyridine (4,4'-bpy)
Il complex. Thermal electron transfer between the metal

centers occurs along the lower pathway connectingBA NQ,CEN N/ \
C—D—E, where B and D are the transition states for the —
Fe'/PtV — Fe''/Pt" and PY /Fe' — Pt!/F€" electron-transfer F
processes, respectively, and C is thd' F@t"—Fée' inter- 4-cyanopyridine (4-CN-py)  2-fluoropyridine (2-F-py)
mediate. B and D differ only in the position of the Figure 8. Structures and abbreviations of the ligand$31.
transferring electron and possess equivalent mdigdnd
bond distances and solvation spheres around each metal Within the [L(NC)Fe—CN—Pt(NHs)s,—NC—Fe(CN)L]?>~
center. An alternative charge-transfer path is the optical series, the redox potential of the iron site was varied by
excitation A— F, which is not thermally accessible. Optical substitution of the terminal site L with minor effects only
excitation directly transfers the electron to an excited vibronic on 4, as shown in Table 2. In accordance with eq 1, a linear
transition state F, which, after relaxation to C, is then correlation was found betweemn,.x andAE, given the near
followed by the thermal electron transfer{©—E) or the constancy ofl for the series.
back reaction (€B—A). Theoretical analysis of the IVCT For the [Pt(NH)4][(NC)sM—CN—Pt(NHs),—NC—
band{Vmax = 23 585 cm?! (424 nm} in addition to time- Fe(CN})] series, the molar absorptivities and intensities of
dependent resonance Raman experint&hteere consistent  the IVCT bands for M= Ru and Os were less than those
with a one-electron Fe— PtV transition as the primary step  for the Fe analogue (Table 3). The bandwidths were in
in the net two-electron charge transfer. Thé FePtV IVCT reasonable agreement with those predicted on the basis of
band experienced a red shift with increasing mole fraction Hush theory, implying a localized description for the
of DMSO in a series of water/DMSO solvent mixturgs138 complex. A linear variation was again found betwegpnx
and a decrease in intensity due to a lesser proportion of theand AE for the series, in accordance with eq 1.
mixed-valence species at higher DMSO fractions. Bocarsly and co-worket® investigated the systems
Bocarsly and co-worket® have investigated the femto- [(CN)sFe'—CN—PtV(L),—NC—F&'(CN)s]*~ {L = ethyl-
second pumpprobe spectroscopy of the mixed-valence enediamine, 2(Nkj}. The lowest energy optical absorption
complex [(CN}Fée'—CN—PtY(NH3),—NC—F€e'(CN)s]*~ and was assigned as a one-electron-transfér +ePtV IVCT
the related complex [(CMRU'—CN—PtV(NH3)4;—NC— transition, which was consistent with electrochemical mea-
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Table 3. IVCT Parameters for [Pt(NH3)4]2[(NC)sM —CN—Pt(NH3),—NC—Fe(CN)] Analogues3’

M Vmax (x 1073 cm™t (nm)) €max (M~ cm™?) Avip (cmh) A(x10%cm™Y AE (x1073cm™) o

Fe 23.6 (424) 2365 7200 16.33 10.60 0.03
Ru 28.2 (354) 760 8200 16.67 14.90 0.02
Os 26.3 (380) 1700 7100 17.03 12.65 0.02

surements which revealed a single redox event assigned td which exhibited an IVCT maximum at 23 585 ci(424
simultaneous oxidation of the two noninteracting Fe centers. nm; emax= 2360 Mt cm™t andAvy, = 7200 cn1)}, which
The one-electron nature of the IVCT process was later was suggestive of the additive strength of the'-HetV
confirmed by Lewis and co-worket$,who reported the first  oscillator in these complexes. Since the ligand field strengths
application of pressure-tuning spectroscopy (PTS) to the and internuclear separations of the two bridges are compa-
determination of the one- or two-electron multiplicity of an rable, the different electrochemical and spectroscopic proper-
IVCT transition. In agreement with the report of Bocarsly ties between the two mixed-valence complexes were attrib-
and co-workers2 analysis of the IVCT band indicated the uted to different degrees of electronic coupling due to the
formation of the intermediate [Fe-Pt"—Fé'] species, as  bridging ligands. The steric hindrance of the methyl groups
opposed to a species arising from a simultaneous two-precludes the 3;3dimethyl-4,4-bipyridine bridge from
electron-transfer reactiofi* No further reports on the ap- achieving a coplanar arrangement of the pyridyl rings:
plication of PTS to the analysis of IVCT in higher nuclearity accordingly, the electronic interaction of the'Rtenters is
complexes have appeared. comparatively weaker than that in the unsubstituted analogue,
As demonstrated previously for related dinuclear cyano- where the pyridyl rings may rotate freely aneconjugation
bridged complexe® systematic modulation of the IVCT  across the bridge is facilitated as the torsional angle ap-
properties of the trinuclear assemblies is achievable by proaches zero. Resonance Raman and femtosecond-pump
varying the solvation environment of the complex. A probe experiments supported a longer excited-state lifetime
correlation was observed between the IVCT energy and theof | versusll .

semiempirical Gutmann acceptor number (AN) for [(€Fd)—
CN—PtV(eny—NC—F€'(CN)s]*~.134138The solvent depen-
dence was attributed to changes\k (eq 1) due to specific

Electrochemically] andll are characterized by a single
redox couple corresponding to the Fe unit at 0.53 and 0.55
V vs SCE forl andll, respectively (the trinuclear complex

hydrogen-bonding interactions between the solvent moleculesitself exhibits a redox process at 0.55 V). AVt redox

and lone pairs of electrons on the cyanide moieties.
Pfennig and co-worket¥ constructed potential energy
surfaces for trinuclear complex&$;'4tand the Hush model

couple was not observed since the electron transfer is
kinetically slow due to the large reorganizational energy
barrier associated with the change in geometry from square

was also found to be appropriate for the theoretical treatmentplanar to octahedral accompanying the oxidation. IF-tine

of IVCT in trinuclear systems which exhibit weak electronic cathodic redox potential is rationalized on the basis that the

coupling between the chromophoric units. PtV species is withdrawing slightly less electron density than
Attempts to exploit the multiphoton capabilities of these is the case inl due to electronic communication across the

compounds have afforded the ligand-bridged hexanuclearbridge. Forll , the Fe potentials in the tri- and hexanuclear

complexes consisting of two cyano-bridged triads [(MF€E)—
CN—PtV(NH3)sL—NC—F€'(CN)s]*~, where the bridging
ligand L is 4,4-bpy, |, or 3,3-dimethyl-4,4-bipyridine, II
(Figure 9)14?

NC—Fe" C=N—FPf N=C Fe—CN
7| 7|
NC" CN HsN' N NC® CN
| AN
/
B
=
ON eN N N CN cN
NC—Fe" C=N——VPf ——N=C —— Fe—CN
7| /|
NC™ CN HsN™ NH;4 NC® CN

Figure 9. Proposed structure of compléxComplexll contains
methyl groups in the 3)3ositions of the bridging ligan#?

Both complexes were characterized by a brodt-ePtV
IVCT band at 23 755 cmt (421 nmM;emax= 4230 M1 cm!
andAvy; = 7400 cm? for L = 4,4-bpy, andemax = 4240
M~ cm™t and Avy, = 7600 cmt for L = 3,3-dimethyl-
4,4-bipyridine). The integrated intensities of the IVCT
manifolds were approximately twice those for the trinuclear
congener [(NGFéE'—CN—PtV(NH3),—NC—F€'(CN)s]*~

complexes are identical due to the lack of electron coupling
across the 4,4bpy ligands.

2.3. Molecular Chains and Wires Based on the
1,1'-Dicyanoferrocene Ligand

The weak electronic interaction between the central
ferrocene moiety and the terminal ruthenium atoms resulted
in comparable electrochemical and IVCT properties of the
mixed-valence species derived from the trinuclear complex
[(NH3)sRu—NC—Fc—CN—Ru(NH)s]** (Fc = ferrocene;
Figure 10) with those of its dinuclear congener [()#Ru—

NC—Fc—CNJ2+.92
@‘CEN—RU(NHQ,)J“

Fe

[(NHs)sﬂu—Nzo‘@

Figure 10. [(NH3)sRu—NC—Fc-CN-Ru(NHg)s]4+.92

The energy and bandwidth of the IVCT transition for the
doubly-oxidized trinuclear ion [(NJsRU" —NC—Fc—CN—
RU"(NH3)s]®* {12 220 cn? (818 nm),Avy, = 6500 cntt
in CHsCN} were comparable with those of the analogous
dinuclear specie$11 900 cm?! (840 nm), Avy, ~ 6500
cm 1}, while the intensity of the IVCT band in the tri-
nuclear species was approximately double that of the di-
nuclear complex. However, the analysis was severely com-
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plicated by the comproportionation equilibrium, and ap-
proximations only for the IVCT parameters were obtained.
A doubly-degenerate IVCT transition was inferred for the
trinuclear species, corresponding to the two equivalent IVCT
transitions:

[(NH).RU" —~NC—Fc—CN—RU" (NH)]*"
[(NH,)RU'=NC—Fc"—CN—RU" (NH,)**

[(NH ) RU" —NC—Fc—CN—Ru" (NH,)*"
[(NH)sRU"—NC—Fc"—CN—RU"'(NH,)]*"

Chemical Reviews, 2006, Vol. 106, No. 6 2281

permitted an investigation of the influencea$—transand
linkage isomerism on the IVCT properties.

Addition of 1 equiv of chemical oxidant tdrans
[FE"—NC—Pt(L),—CN—F€']*"* (L = py, CN") andtrans
[FE"—NC—Pt(L),—CN—RU']3"* yielded a single IVCT
band in each case, which vanished upon further oxidation
of the second terminal unit. The "Ptenter is inert to
photoinduced oxidation by IVCT, so that the band was
assigned as emoteFe' — Fe' IVCT. An analogous band
was absent in theis-configured complexcis[Fe—NC—
Pt(bpy)-CN—FeP". Investigations of the mixed-valence
forms of trans[Fe—CN—Pt(pyr—NC—FeP" andcis[Fe—
CN—Pt(bpy)-NC—FeP" were precluded as the visible and
NIR regions were obscured by the absorption features of the

Electrochemical measurements revealed the presence of tw@hemical oxidant. Presumably, spectroelectrochemical gen-
closely-spaced redox processes which were attributed toeration of the species may be employed, but these experi-

oxidation of the terminal ruthenium atoms. A compropor-
tionation constant, of 10 was thus determined, which was
close to the statistical value of'#® and indicative of the
negligible contribution of electronic delocalization to the
redox potential differencé\Eox, between the metal centéfd.

No evidence was found for end-to-end interaction in the
mono-oxidized mixed-valence species.

2.4. Consequences of Geometric and Linkage
Isomerism on the IVCT Properties of
[M(z-CN)M'(u-CN)M] Chains

Cyano-bridged coordination complexes comprising linear
arrays of (M—CN), have attracted considerable attention as
systematic probes for the factors which govern long-range
(i.e. remotg metak-metal interaction&® IVCT studies have
focused predominantly on symmetrical trinuclear complexes
of the types M(CN-M'), or M(NC—M'),, as the lability of

many cyanide-containing complexes has hindered attempts

ments were not pursued in this case.

Evidence forremotelVCT transitions was provided by
the splitting (66-120 mV) of the redox waves associated
with oxidation of the external metal centers (separated by
ca. 10 A) in trans[Fe—CN—Pt(pyr—NC—FeF*, trans
[Fe—=NC—Pt(L),—CN—FePF"* (L = py, CN"), andtrans
[Ru—NC—Pt(CN)L—CN—Ru]", where the first oxidation
process occurs at the terminal metal center which is N-bound
to the bridging cyanide. By contrast, atis-configured
complexes exhibited simultaneous two-electron oxidation of
the external metal centers (separated by ca. 7 A). The small
magnitudes of the delocalization parametexd) (for the
remotetransitions according to Hush theory (e&5y-3*were
consistent with a Class Il assignment for the mixed-valence
species (Table 4). IVCT solvatochromism measurements for
trans[Fe—NC—Pt(CN)»—CN—Fe]" suggested that the en-
ergy of the transition was almost entirely dependent on the
reorganizational energyl.,

to prepare and unambiguously characterize tetranuclear 1h€ important finding from the comparison of isomeric

and higher nuclearity assembli¥sTwo notable exceptions

are the crystallographically-characterized tetranuclear com-

plexes [Cp(dppe)FeCN{ Fe(salen)} NC—Fe(dppe)Cg]" 14°
{Hgzsalen= N,N-bis(salicylidene)ethane-1,2-diamine; &p
cyclopentadienyl anion; dppe 1,2-bis(diphenylphosphine)-
ethané and a nearly linear tetranuclear complex comprising
the [Cp(dppe)Fe CN—MnPc—O—PcMn—NC—Fe(dppe)Cp]
backbone (Pc = phthalocyaninato aniory®

Despite the rarity of examples of tetranuclear complexes
in which IVCT has been probed, comparisons between
trinuclear species and their dinuclearH@N—M' analogues

trans and cis-configured complexes was the enhanced re-
mote interactions in linear (as opposed to angular) arrange-
ments of M-CN units. Indeed, the effectiveness of thens
arrangement of bridging cyanide moieties in promoting long-
range electron transfer was further borne out through the
electrochemical studies of a tetranuclear complex comprising
the nearly linear [Cp(dppe)FECN—MnPc—O—PcMn—
NC—Fe(dppe)Cp] backbori€® Two distinct F&/Fe" redox
couples were observ&d> corresponding to successive oxi-
dation of the terminal FeCp(dppe) units. The 0.17 V separa-
tion of the waves (3:1 benzene/acetonitrile) was indicative

have furnished extensive information on several fundamental©f @ moderately-strong electronic interaction between the Fe

aspects regarding intermetallic coupling in cyano-bridged
species. This includes the influence of bridging ligand
orientation (i.ecis or trans orientation of bridging cyanide
ligands), cyanideisocyanide linkage isomerism, the identity
and coordination environment of the terminal metal units,
and the one- or two-electron nature of the IVCT transitions
in trinuclear cyano-bridged assemblfgg49.15+154

Richardson and co-workép3 reported the first investiga-
tion of two isomeric trinuclear complexes differing only in
the cis or trans arrangement of the cyanide bridges at the
central metal. The effect of the relative orientation of the

centers separated by 13.2 A. Attempts to probe the potential
Fel/Fe!" mixed-valence species were not pursued.
Preparative efforts were thus focused on building blocks
that allow only atrans arrangement of cyanide bridges at
the central metal center. This was achieved by the incorpora-
tion of the tetradentate ligands salgid,salen= N,N-bis-
(salicylidene)ethane-1,2-diamineand its bis(methoxy)-
substituted analogue valen (Figure 11), which ensure square-
planar metal coordination at the central metal ions in a series
of trinuclear complexes [(lFFef (u-NC)Fe(L).Cp}2]?+ {L
= salen or valen; (), = (CO),, dppe, or (PP§),} .14

two terminal metal centers was addressed through complexes The visible spectra of the trinuclear species were domi-

comprising centratis- andtrans-configured platinum(ll) in
trinuclear arrays incorporating Fe(dppe)Cp or Ru(@p
terminal units'® The structural integrity of the square planar
platinum center was particularly attractive in this regard, as
its inertness to redox changes and ligand substitution

nated by intense ligand-to-metal charge transfer (LMCT)
absorptions of the (salen)ffaunits. For the trinuclear species
comprising the Fe(CQEp terminal units, discernible IVCT
bands were not observed; however, their appearance was
likely to be masked by the intense LMCT transitions. For
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Table 4. IVCT Parameters for M(z-CN)M'(u-CN)M" Chains Comprising Terminal Fe"" (dppe)Cp and Ru"" (PPhg),Cp (in CH:Cl5,)

Vmax  Vmax ax Avip(obs) Avip(calcy Ad

€m
backbone originof IVCT ~ (nm) (cm™) (M~tcm™) (cm™?) (cm™) o2d  (ecm™Y ref
transFe"' —CN—Pt!(py),—NC—F¢' e 151
cis-Fée''—=CN—Pt!(bpy)-NC—F¢' e
cis-Fée''—CN—Pt!(phen)-NC—F¢!
transFe" —NC—Pt!(py),—CN—Fé' Fel —Féll (1e7) 1310 7620 5200 4050 0.0008 7140
cis-Fe''-NC—Pt!(bpy)-CN—F¢' no IVCT
transFe!' =NC—Pt!'(CN),—CN—F¢' 1560 6410 4720 3560 0.0010 5520
transRuU"—NC—Pt!'(CN),—CN—Ru!
transFe!' =NC—Pt'(CN),—CN—RU" 750 13300 b 4300 0.0004 8200
trans-Fe!' —CN—Pt(pyp—NC—F¢' a
PcFe' —(NC—Fé'"), Fe' — Fe' (2e) 1290 7730 5370 3190 1910 0.019 1570 152
Fe!'—CN-Fé''Pc-CN-Fé' Fel —Fe (1e) 1300 7690
Fel —Fd (1e) 2150 4650
PcFé!—(CN—Fe) Fd' —Fe' (2e) 2250 4440 8030 2780 1760 0.043 1350
PcFd' —(NC—RU'), RU' — Fé!l (2¢) 88C° 11360 4430
RuU'-CN-Fé€'"Pc-CN—-RU' RU'—Fé' (1) 930 10750 2150
RU'—Fé' (1e7) 1116 8960 2660
Fe'—CN—Fée'"Pc-CN—-RuU" coincident 1320 7560 3260
Ru' — Fé'l (1e)
and Fé — Fé'' (1e)
Ru'—-CN-Fe''"Pc-CN—Fé€! Ru' —Fé'" (1e") 89 11240 1330, 6710
Fe' — Fe'l (1e7) 2200 4550
(salen)F# (NC—Fé!) f Fel —Fdl (2¢) 630 3950 152, 154
transFe'—NC—Ru'(CN)»(L),.—CN—Fe' f Fg! — Fq'l (1€") 980 2600 ~6500 ~0.008
L = pyridine
L = 4-methylpyridine 990 2800
L = 4-ethylpyridine 970 3600

aTerminal metal units are ®¥ (CN)s. ® Unaccessible, as the IVCT band appeared as a shoulder only on a higher energy abs@htaider.
dAvl/z(ObS) is the observed bandwidth, ana,(calc) is the bandwidth calculated from eq 3. The delocalization paranmetewés calculated
usingr = 5 and 10 A for F&Pc- and Pt-centered species, respectivelynvestigation precluded due to interference with the absorption features
of the chemical oxidanf. Terminal metal units are B¢ Cp(dppe).

S
C

tween the two outer organometallic units, separated by ca.10
—N salen A. The preparation of the mono-oxidized mixed-valence
d: b species remained elusive, and attempts to observe the IVCT
due to the remote IVCT interaction were unsuccessful.

/| \ ( Geiss and co-worket®-153subsequently reported a com-
0 N/—\N prehensive systematic study of trinuclear JMCN)FePc-

c - - (u-CN)M""1%* arrays comprising central Fe(ll) or Fe(lll)

)'( Q:o o] phthalocyaninato (Pc) units with electron-rich external
Fe(dppe)Cp or Ru(PRRCp fragments: [M—C=N—FePe-
OCH;  HCO  valen  N=C—M"]%* {M',M" = Cp(dppe)Fe or Cp(PRhRU,

X = Fe'(CO),Cp, Fe'(dppe)-Cp or Ru"(PPhy),Cp [M'—C=N—FePe-C=N—M"1%* {M',M" = Cp(dppe)Fe

Figure 11. Schematic diagram of the trinuclear complexes ©F Cp(PPB)RW}, [M'—N=C—FePe-C=N—M]”" {M',M"

[(1)2Fe (u-NC)Fe(),Cp} ]2 { L = salen or valen; (1> = (CO). = Cp(dppe)Fg, [Cp(dppe)Fe-C=N—FePec-C=N—

dppe, or (PP§),} .14 Ru(PPR).Cp]?*, and [Cp(PP¥).Ru—C=N—FePec-C=N—
Fe(dppe)Cp]". In view of the negligible electronic interac-

the complexes incorporating Fe(dpg&) and Ru(PP),Cp tion between the peripheral metal centers observed by

units, weak shoulders extending into the NIR region and Richardson and co-workers in the analogoissPt!(L)-cen-
overlapped with the intense LMCT transitions in the visible tered array§L = bpy, phen (1,10-phenanthroliief! the
region were assigned as two-electron IVCT transitions from central FePc unit was selected to afforttans orientation

the terminal F&or RU' centers to the central fe The band of the bridging cyanide ligands, so that the peripheral metal
parameters were only determinable for the dppe-containing centers were linearly disposed. Structural isomers containing
complex{vmax = 15 870 cm! (630 nM);emax = 3950 M1 all three possible orientations of the bridging ligands for the
cm1}. Spectral deconvolutionwhich may have aided in  external Fe(dppe)Cp fragments, and two possible orientations
the determination of the band parametensas not pursued.  for the external Cp(PRpRu fragments, were obtained from
The energy of the IVCT band for the trinuclear Fe(dp@g) the synthetic procedures, while the stability of the central
complex was higher than that of its dinuclear counterpart FePc unit in both the Fe(ll) and Fe(lll) oxidation states
[(salen)Feg-NC)Fe(dppexCp]*". Electrochemical charac- permitted the preparation of the oxidation-state isomers (i.e.
terization of the trinuclear complexes revealed a significant mixed-valence species). The results offered a comprehensive
splitting of the redox processes for the two terminal insight into the influence of (i) CN/NC linkage isomerism,
centers: for example, the trinuclear Fe(dp@g-containing (i) peripheral ligand identity, (iii) the oxidation state of the
complex exhibited three redox processes which were assignedentral Fe moiety, and (iv) metal sequence isomerism (as
to the F&" reduction at-0.35 V, followed by the successive  demonstrated for the unsymmetrical species) on the electronic
oxidation of the terminal &' centers at 0.46 and 0.86 V. communication between the external metal centers. Each
{CH.Cl, vs Ag/AgCL. The splitting of the latter redox pro-  trinuclear complex exhibited a redox process corresponding
cesses was indicative of remote electronic interactions be-to oxidation of the central Peo Fe", followed by two redox
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waves attributable to the external organometallic units. The were observed for the terminal Cp(dppe)Fe units, which were
latter suggested the presence of long-range electronic interacindicative of remote metalmetal interactions. The-110
tions between the external centers (which-afé® A apart). mV separation between the two processes was sufficient to
However, the chemical instability of the doubly-oxidized enable the preparation and solid-state isolation of the stable
species containing the central and terminal metal centers inmixed-valence complex [Cp(dppeBIC—Ru(pyy—CN—
the +I11 oxidation states precluded the experimental verifica- Fe(dppe)Cpl~ (using chemical oxidation with 1 equiv of
tion of suchremoteinteractions. ferrocinium hexafluorophosphate). This rare example of the
In addition to the intense Q-bands and LMCT transitions Solid-state stability of a mixed-valence species contrasts the
observed in the UV/visible region, species containing central more frequent situation wheri@ situ spectroscopic tech-
Fe''Pc units exhibited NIR bands which were assigned to nhiques are required for the generation and observation of
short-range IVCT transitions from the external metals t Fe such species.
(Table 4). As demonstrated previously for the cyano-bridged A broad NIR band which appeared at higher energy than
systems of this typ&! the energies of the IVCT bands for those observed previously in the related (P),- *** and
the external Fe(dppe)Cp or Ru(RREp moieties correlate  FePc-centereéé!>3complexes was assigned to a long-range
in a semiquantitative fashion with the redox properties: the F€' — Fe' IVCT transition. Application of the Hush
Ru(PPR),Cp units are more difficult to oxidize than the formalisn¥®2934utilizing approximate estimates for the band
Fe(dppe)Cp units. Accordingly, the IVCT bands for the latter parametergvma = 10 000 cni* (1000 nm),Avy;, = 6500
were observed in the NIR region and were more readily Mm% and the values ofmax provided in Table } yielded
apparent than those for the Ru(RRBp-containing systems, ~ Han &~ 900 cn* and an electron delocalization parameter
which appeared as shoulders in the visible region. (o) on the order of 1%, suggesting a Class Il assignrfient.
The influence of linkage isomerism on the IVCT properties These values are consldera}bly smaller than those for. related
was consistent with that found previously for isomeric dinuclear complexes in which the metahetal interaction
cyanometalate¥? for example, the IVCT band is shifted ~0Ccurs between adjacent metal centers, but they exceed those
from 7730 cm® (1290 nm) in [Fé—CN—Fe"Pc— for the trinuclear species comprising the' FC—Pt'—
NC—Fé€']* to 4440 cm® (2250 nm) in [Fé—NC—Fe" Pc— CN—Fe" bac:kbonelf51 Long-range interactions are thus
CN—Fe']*. The IVCT process occurs at relatively lower €hhanced when an intervening low-spin central metal' (Ru
energy in the latter case since the externdl enters are N this case) possesses filled d-orbitals which can facilitate

relatively electron deficient in the configuration in which hem-
they are bound to the cyanide-C atoms rather than the
cyanide-N atoms (Table 4). 2.5. Molecular Squares and Clusters

The lability of the CN bridge and the thermodynamic Tetranuclear cluster systems of the type jf*-TCNQ)-
preference for the isomers containing the cyanide N-bound { Os(PP),(CO)(H)Cl 4] { designated [(TCNQ)(Og) where
to the central FePc units were demonstrated during the“Os” represents terminal [B&PPfs),(CO)(H)CI] (PP =
syntheses of the trinuclear complexes. The preparation ofisopropyl) fragments coordinated via pendant cyanide moi-
all three linkage isomers of [(Pc)f@-BL)Fe(dppe)Cp2] " eties; Figure 1P have been investigated with regard to their
(BL = CN~ and/or NC) was achievedn situ as their unusual magnetic ordering phenomé#fa.
markedly different IVCT energies and intensities in their NIR

spectra were recorded (Table 4). The [(P¢)keNC)- [Os] s Oslsy. ’//N/[OS]
Fe(dppe)Cp,]t form was the most thermodynamically Nso N C c
preferredt>3 N/,,c>:<z>_<csN o c
Geiss and co-workel® have elucidated a number of subtle  [0s]” ~[0s] [OS]/N” s N jos]
aspects regarding the isomerism in the cyanometalates. The [TONQIOs. (TONBIOsl,

unsymmetrical species [ffe CN—Fé'"Pc-CN—F€']* and _
[RU'-CN—Fe"Pc—CN—RU']" exhibit two IVCT bands [Os] = Os(PPr'3)5(CO)(H)CI

corresponding to C-bound and N-bound external units. The Figure 12. [(TCNQ)(Os)] and [(TCNB)(Os)].155

CN/NC isomerism results in a coincidence of the IVCT

bands for [Fé—CN—Fe''Pc-CN—RuU']* when the identities The electrochemistry of [[TCNQ)(Og)¥evealed a single

of the terminal units differ, while two bands were evident two-electron oxidation wave corresponding to the formation
for [Ru' —CN—Fe""Pc—-CN—Fe'[*. Application of the Hush  of the mixed-valence dication, which was characterized by
analysig®2**to the IVCT bands revealed a Class Il classi- an intense IVCT transition at 8032 ¢i(1245 NMiemay =
fication for the species (Table 4). Interestingly, the deeply 50 000 Mt cm™1) and formulated as [(TCNQ(O29),]2".
blue-colored complex [Fe-CN—Fe'Pc-NC—F€'[*, which  The two-electron nature of the IVCT process was rationalized
represented the most thermodynamically stable of its threein terms of the existence of two electronically-uncoupled,

isomerst®® was described as an authentic molecular repre- jsolated bridged @%6—0s' subunits separated by the 2,2
sentation of Prussian Blue where the IVCT band corresponds(cyclohexa-2,5-diene-1,4-diylidene) bridge.

to an exchange of the oxidation states betweérafe Fé'. A new class of self-assembled metallosupramolecular
Subsequent efforts to probe remote IVCT transitions architectures comprising macrocyclic tetranuclear cores has
focused on the preparation of complexes involvingaas emerged in recent years. These “molecular squares” are the

arrangement of the bridging cyanide units at the central metal.subject of intense current interest, motivated by their potential
By virtue of the inertness of the Ruwctahedral coordina-  application in nanoscale devices and molecular machin-
tion center, the trinuclear specigmns[(py)sRU (u-CN)- ery156-158 However, only two reports concerning the oxida-
Fe(dppe)Ch,]?" 1% was prepared utilizing the central tive IVCT properties of such systems have appeared: Oshio
trans[RU(CN(py)4] (py = pyridine, 4-methylpyridine, or  and co-worker¥-°tinvestigated the mixed-valence forms of
4-ethylpyridine) fragment. In each case, two redox processesthe cyanide-bridged cluster molecules '[f"(«-CN),-
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Figure 13. Schematic diagram of the mixed-valence molecular squareMpEe-CN)4(bpy)]™ (M = Fe, Ru)0:%!

(bpy)]** (M = Fe, Ru), where the cyanide moieties bridge N

four cis-configured metal centers, giving rise to chiral squares (\ /j

(which have been characterized crystallographically) pos- N N L,

sessing eitheAAAA or AAAA configurations. 7 N
[Fe'4(u-CN)u(bpy)]** {abbreviated [Fe(CN)Fe(NC)Fe- °0

(CN)Fe(NC)I''} exhibited two quasi-reversible one-electron

redox processes corresponding to oxidation of the N-bound L =

Fe' centers (0.67 and 0.86 V vs SSCE/{tHN) followed

or ~ |
by an irreversible process (1.37 V) corresponding to oxida- 7\ SN
tion of a C-bound center, according to the sequence shown N

N
in I/IL/1Il in Figure 13. The d orbitals of the N-bound'Fe a L,
ions are destabilized, while the C-bound ions are stabilized O N7
by m-back-donation, so that the former undergo more facile \ |
oxidation. Formation of the mono-oxidized5 mixed-
valence specied \ was manifested by the appearance of a
new band in the NIR region, which gained intensity following

a further electron oxidation to theé6 mixed-valence state
(I1). The band{7246 cn* (1380 nm),emax = 8600 M?
cm 1, —35°C, CH;CN} was assigned as an IVCT transition
from the C-bound Peunits to theadjacentN-bound Fé
units. The pertinent delocalization parameters were obtained
from Hush theory®2%34based onemax = 4300 Mt cm™t . o
(two chromophores)max= 7250 cnT! (1380 nm), and\vy, 2.6. Prussian Blue Mimics
= 1450 cn1?, which yieldedHa, = 870 cnt anda? = 0.014

(or Hap = 1230 cn1! and a? = 0.028 by disregarding the
double degeneracy of the transition), consistent with the Class . .
Il classification of the mixed-valence system. Presumably, 2Nd N—bonlded to Fe® It exhibits an IVCT transition at
investigations on subsequent mixed-valence states wereL4 700 cm™ (680 nm). Attempts to prepare structural models

precluded on the basis of the irreversibility of the associated &1d mimics for Prussian Blue have focused on the prepara-
electrochemical processes. tion of mixed-valence complexes comprising'and Fé&'.

While organic ligands are generally considered to play an

The above studies were subsequently elaborated by. :
investigation of the heteronuclear molecular square!jRu  innocent role in such polynuclear complexes, Rogez and co-

Fe',(u-CN)a(bpy)e]** { abbreviated [R¥pFe!;]™", where the workers®®demonstrated the ability to tune the energy of the

Fe' and RU centers are N-bound and C-bound, respectively Fe' to FE" charge-transfer excited state through variation
to the bridging cyanide ungs®o All four accessible in the peripheral ligand (Lor L, Figure 14) in the cyanide-

oxidation states of the square were realized electrochemically®ridged polynuclear complexes [RENFe'L)e]"". The
(0.69, 0.94, 1.42, and 1.70 V vs SSCE; ), which bands for the heptanuclear complexes were almost identical

permitted an investigation of two of the three mixed-valence t0 those for their mononuclear analogues, with the appearance
states (v andV in Figure 13). One-electron electrochemical ©Of an additional band in the region 10 6622 000 cm

Figure 14. Peripheral ligands employed by Rogeizal 15°

the magnitude of delocalization in the heteronuclear mixed-
valence square¥ and VI is greater than that in their
homonuclear analogued (@nd Il), the parameters are
similarly indicative of a Class Il assignment for the mixed-
valence specieX.

Prussian Blue is generally represented by the formulation
Fe'Fe" (CN)e.xH,O, and it contains cyanide C-bonded td' Fe

oxidation to the mixed-valence species [Fe'Fe']5+ (V) (1000-455 nm) which was assigned as an IVCT transition
was accompanied by the appearance of a new band in therom the central low-spin F'eto the peripheral high-spin Fe
NIR region{4255 cnT! (2350 NM),emax = 5500 M1 cm2; ions. The band occurs at lower energy when thé' Fe

—35 °C, CH:CN}, while complete two-electron oxidation —chelating ligand is b, consistent with the more easily
to [Ru',F€!,]¢ (V1) resulted in the formation of a new band  reducible nature of this complex. An additional low-energy
at 7246 cm (1380 nMiemax = 8600 ML cm™1). The bands band was not observed in the spectrum of the mixed-valence

were subsequently assigned as IVCT transitions originating tetranuclear complex [G4 CNFeé" (L1)}5]*", where Fé& was

from the Fé to Fé'" site inV, and from the Rl to Fé" replaced by isoelectronic low-spin &oThis was considered
sites inVI. Analysis of the IVCT transitions according to indirect confirmation that the additional transitions in the
the Hush modét2°*4yieldedH,, anda? values of 1090 cmt spectra of the homonuclear iron complexes are indeed due

and 0.065 forV, and 1990 cm! and 0.096 forVI. While to Fé' — Fe'' IVCT.
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Figure 15. Pyrazine-bridged species basedtmnstetraammineruthenium as the linking metal unit, used in the studies by von Kameke,

Tom and Taubé?%

3. Pyrazine-Bridged Species

In early work, Meyeret all%’ investigated a series of
trinuclear complexes [(NBsRu(L)Ru(bpy}(L)Ru(NHz)s]&*"
(designated [2,2,2]; |= pyrazine, 4,4bipyridine, or other

detailed account of the IVCT trends among series of linear
polyferrocenes, and we therefore refer the reader to this
article. Accordingly, our present discussion is restricted to
reports on tri- and tetranuclearity polyferrocenes that have
appeared since 2001, as well as selected pertinent examples

dibasic N-heterocyclic ligand bridges) and their redox of prior work which were not addressed in that earlier review.

properties. In the mixed-valence-8on, the sites of oxidation

were isolated on the pentaammine termini ([3,2,3]). The 4 1. Linear Polyferrocenes

IVCT bands were similar in energy and intensity for th@é

and +8 species, which indicated there was no long-range

Work by Meyeret al1%tinvestigated bi-, 1,4ri-, and 1,1-

interaction between the terminal pentaammine centers in thetetraferrocenes (Figure 16) using electrochemical techniques.

+7 case. The mixed-valence species appear localized in
nature, and the properties of the IVCT bands were treated

in terms of the Hush analysi&?°34The dependence of,.x
on the identity of the bridge in the series indicates thak

is distance dependent. The authors recognized the possibility

of oxidation isomerisnrji.e. [3,3,2] as distinct from [3,2,3]

in these species, but there was no evidence for two

transitions.
Another early study by von Kameke, Tom, and Taldbe

Y | < <
Fe Fe Fe
oo 1| D

n

Figure 16. 1,1-Polyferrocene ions studied by Brovet al 16!

investigated two series of pyazine-bridged complexes with In all cases, the ferrocene groups were oxidizable to
transtetraammineruthenium as the linking metal unit: in the ferricinium at distinct potentials, implying localized'Fand

first, NH; occupied the terminatans positions i = 1—4)
while, in the other series, the termintthns ligand was
pyrazine o = 0—2; Figure 15). For the Nkiterminal species,

the terminal Ru center was oxidized first. Only in the
trinuclear casen(= 1) was there NIR evidence for end-to-

Fe' centers. Partial oxidation of the trinuclear and tetra-
nuclear species gave discrete mixed-valence ions which
exhibit IVCT transitions in the NIR region of the spectrum
5882-5000 cn1? (~1700-2000 nm). The increase in the
nuclearity of the dinuclear, trinuclear, and tetranuclear

end electron transfer in the one-electron oxidized species,complexes was apparent in the relative energies and intensi-

where a comproportionation constant of7bnsiderably
above the statistical value of-4vas measured for the
equilibrium [3,2,3]+ [2,2,2] == 2[3,3,3]. For the # form

ties of the IVCT transitions. The trinuclear species exhibits
two mixed-valence states for the one- and two-electron
oxidized systems, wheng,,x andemax are 5020 cm! (1990

of this trinuclear species, the IVCT was unsymmetrical and nm) and 1560 M* cm™ in the former case, and 5990 cin
was sensitive to solvent, implying it was a composite band. (1670 nm) and 1080 Wt cm™? in the latter. The similar

The IVCT band for the & form was symmetrical.

IVCT energies for the mono-oxidized trinuclear species with

The situation in the pyz-capped complexes was compli- its dinuclear congengvmax and emax are 5260 cm! (1900
cated by protonation of the pyz ligands, but IVCT was nm) and 760 M! cm™} support a localized classifica-

observed in the partially-oxidized species.
A study of the trinuclear completxans[{ Ru(NHs)s(pyz)} o-
Ru(NHz)4]™ (m = 6—9) was undertaken by Dergt al 1%

tion for the trinuclear system, where the presence of two
donor RU centers and a single Rucenter is reflected
in the intensity enhancement of a factor of two in the

Electrochemistry showed three distinct oxidations: chemical IVCT manifold over the dinuclear case. For the doubly-

oxidation (using C&) in combination with spectral mea-

oxidized trinuclear system, an additionAE, component

surements showed the appearance of an IVCT absorption amust be accounted for in the IVCT energy, as the product

5646 cn! (1770 nm) for the # ion, which disappeared
with the appearance of a new peak at 9680 t(h033 nm)
for the 8t ion.

4. Polyferrocences

High molecular weight polymerd\, > 10 000) consisting
of a backbone of conjugated ferrocedyic = (°>-CsHs™)-

of the light-induced electron transfer is an energetically-
unfavorable oxidation state isomer, i.e.,"Fd&c—Fct —
(Fct—Fct—Fc)*. The transition energy is blue-shifted as a
result and of lower intensity relative to that of the mono-
oxidized state due to the presence of a singlé &unor. In

the tetranuclear case, only the two-electron oxidized mixed-
valence state was characterifegaxandemaxare 5590 cm?
(1790 nm) and 1720 M cm™%}. The energy of the transition

Fe@®CsHs )} units have been the subject of extensive was intermediate between that for the two-electron-oxidized
research efforts since the 1960s through attempts to exploittrinuclear system and that for the dinuclear species, and the
their attractive electronic and magnetic features. A recent relative intensity of the IVCT manifold was again indicative
(2001) review of the electrochemical and IVCT properties of a localized classification.

of di-, tri-, and tetranuclear and higher nuclearity polyfer-

Plenioet al 12 have reported studies on ferroceneacetylene

rocenes by Nishihaté has provided an excellent and oligomers, including the trinuclear complexes shown in
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Figure 17. Symmetrical trinuclear ferrocenes, used in the study
by Plenioet al162

OCH,

Figure 17: IVCT transitions were observg@520-9524
cm! (1330-1050 nm}, but there was no consideration of
oxidation state isomers.

Nishiharaet al1%3-165 reported a systematic investigation

of the IVCT bands for the mixed-valence states for the series >

of oligo(1,1-dihexylferrocene-1,4diyl)s (Figure 18), where

I n
Hex" Hex

\@'b
e

Hex" — -

n=1-6
Hex" = CgHy3

Figure 18. Oligo(1,2-dihexylferrocene-1,1diyl)s.163-165

n = 2—6, generated by quantitative electrochemical or
chemical oxidation (1,idichloroferrocenium hexafluoro-
phosphate in CkCl,/acetone). A broad IVCT band was
observed in the NIR regiof4300-6300 cn1! (2325-1587
nm)} for the mixed-valence species of each oligomer from

D’Alessandro and Keene

combination is attractive while the 60 combination is
repulsive and thus requires greater energy for the metal
metal interaction (assuming the internuclear distance remains
constant).

The productvmaemaAv12 (Which is proportional toH,p
and o) was also observed to decrease monotonically with
an increase in the oxidation number for each oligomer and
was higher for even-numbered, compared with odd-num-
bered, oligomers; however, no rationale was provided for
these observations. While the simple neighboring-site inter-
action model afforded a qualitatively sound rationalization
for the trends in the IVCT properties for the linear polyfer-
rocenes, the concept was unable to account for the observed
properties of the mixed-valence states of the oligoferrocenes,
as potentially important effects on the electronic distribution
such as long-range interactions and solvation effects are
neglected. Nevertheless, the theoretical concept has provided
a valuable “first-principles” insight into the origins of the
internuclear electronic interactions in linear polymetallic
assemblies.

Rulkenset al ¢ observed a similar shift of the IVCT band
to higher energy with increasing oxidation state in their
stematic investigation of three series of oligo(ferroce-
nyldimethylsilane)s. Spectroelectrochemical experiments on
the series shown in Figure 19 revealed an IVCT absorption

— S

Fe

n=2-9

Figure 19. Oligo(ferrocenyldimethylsilane)$é

Fe

<

n-1

in the range 90907410 cn1?! (1100-1350 nMiemax < 150
M~tcm™Y) for the partially-oxidized complexes, typical for
Class Il mixed-valence complexes.

Nishiharaet al!®” investigated the IVCT characteristics
of the symmetrical and unsymmetrical linear azo-bridged
ferrocene trimers, FeFC—N=N—Fc and Fe-N=N—Fc—
N=N—Fc, where Fc and Fare §°-CsHs)Fe(;>-CsH, ) and

dinuclear to hexanucle_ar. While the possibility of multiple _Fe(5-CsHa )2, respectively (Figure 20). The unsymmetrical
IVCT bands for each mixed-valence state was deemed, their
<~ b —

experimental observation was considered unlikely due to theg
Fe Fe

broadness of the NIR absorption bands, which typically
=L <

extended into the mid-IR region, beyond the limit of

detection. The IVCT bands were thus simulated as a single

Gaussian-shaped curve for analysis. The general trend was

a shift in vmax to higher energy and a shift iax to lower Fe Fe
intensity with increasing oxidation state of the assembly,

while vmax for the first mixed-valence state (monocationic ©—N=N—©
form) shifted to lower energy with an increase in the num-

ber of ferrocene units. The bandwidths of 33GM0O0 cn'? Fe Fe

were comparable to those calculated from Hush théory @ @

(3200-3800 cnt), consistent with a localized Class |l Figure 20. (a) Unsymmetrical and (b) symmetrical ferrocene
classification for the polyferrocenes. trimers [Fe-Fc—N=N—Fc] and Fe-N=N—Fc—N=N—Fc], where

The shift invnax of the IVCT bands was analyzed on the
basis of a “neighboring-site interaction model” in which the

Fc and Ftare (®>-CsHs)Fe(;>-CsHs ) and Fe®-CsHy),, respec-
tively.167

mixed-valence states are assumed to represent linear com-

binations of reduced and oxidized nuclei. The shiftviix
of the IVCT band to higher energy with increasing oxidation

complex exhibited three one-electron redox waves, giving
rise to two mixed-valence states in which the charge

state for a given oligomer was qualified by the consideration distributions are approximately formulated ast+&c—

of the increase in energy required for the optical electron-

N=N—Fc and F¢—Fc—N=N—Fc". A single IVCT band

transfer process. Accordingly, if R and O denote the was observed at 5625 and 7465 ¢ni1778 and 1340 nm,

unoxidized and oxidized centers, respectively, the@

respectively) for the mono- and dicationic mixed-valence



IVCT in Trinuclear and Tetranuclear Complexes Chemical Reviews, 2006, Vol. 106, No. 6 2287

states, which compares with the IVCT band at 4910 tm

(2036 nm) for the dinuclear analogue. ‘@*
The symmetrical complex exhibited a reversible two- |

electron redox process corresponding to nearly simultaneous P

oxidation of the terminal Fe units, followed by a one-electron )

process associated with the central metal. The two mixed- // p

valence states were observed at 4905 and 6870 (2039 N

and 1456 nm, respectively) for the mono- and dioxidized
forms. The IVCT process was rationalized by a hole-transfer P/

mechanism to explain the shift to higher energy of both the P \\
IVCT and LMCT bands in more donating solvents. v

Aoki and Cheff® proposed a theoretical method for the
prediction of the redox response of linear trinuclear, tetra- P \
nuclear and higher nuclearity assemblies. The authors vp
explicitly recognized that the different redox isomers pos-
sessed various kinds of interaction energy depending on

configurational arrangements. For linear trinuclear com- N
plexes, four redox states can exist when all redox sites are /F:e -
equivalent, as shown in Figure 21, where R and O denote a P b
. _ W N\
ORR OOR ',Fe—
L 7\
- , . \/P
-e -e -e
RRR == |[ROR| == |ORO| == 000
+e +e” +e” Figure 22. Two- and three-center cyclopentadienyliron complexes
ﬂ ﬂ with metaconnections around a phenylene rit§.
RRO ROO two Fe centers were not equivalent, a result supported by

IR, Mdssbauer, ESR, and UV/visible spectroscopy which also
showed localization in the mixed-valence species (Class II).
An IVCT absorption was observgd290 cn1?! (1890 nm}
which was weakly coupledH,, = 161 cnt?). In both cases,
general reduced (un- Avizwas close to that derived by the Hush equatfoit,**

oxidized) and oxidized metal center, respectively. The ap- 8Suming a symmetrical complex. For the one-electron-
proach was based on the treatment of the interaction betweerPXidized trinuclear speciesmax = 5460 cnt* (1832 nm)
neighboring redox sites, such that the redox properties ariseBndHa»= 143 cni'. For the two-electron-oxidized trinuclear
from combinations of the interaction energies for OR, OO, SPecies, two IVCT bands were observed, which were
and RRI%8 The so-called “additive pair model” predicted the attnbu_ted to energetically d_|st|nct transitions for the sm.gllet
appearance of three redox waves for a system comprisingand triplet states of the mixed-valence compound arising
an odd number of redox nuclei, and the appearance of fourfrom the altern_ate antiparallel and parallel arrangements of
redox waves for a system comprising an even number of the two unpaired electrons at the formally 'Rusites,
redox nuclei, with the number of waves converging to two respectively (Figure 23). This was the first observation of
as the number of nuclei approached infinity. The appearance a
of fewer peaks than redox centers (whren 5) was ascribed _f‘
to energetically-degenerate mixed-valence states. Vab Vac

The linear polyferrocenes have provided an important
experimental basis to test and verify these theoretical Hr b C—H~
predictions. The electrochemical properties of the series of
bi-, 1,1-tri-, and 1,1-tetraferrocenes investigated by Meyer a a
et al1t were consistent with the prediction that the number _1_ _1_
of voltammetric waves was equivalent to the number of redox J>0 Vaor =—== J<0 Vace
centers. However, for linear pentanuclear and higher nucle-
arity polyferrocenesas well as more general trinuclear, _1_b Voot C_H —l—b Ve °—H~
tetranuclear and higher nuclearity species comprising ring
and starburst architecturethe treatment of nearest-neighbor TE=1 S(€=0)
interactions only was shown to be invalid where delocal- Figure 23. Spin combinations in a three-center complé.
ization was present (i.e., when the delocalization of the
electron was not restricted to the pair but spread to other
redox centers).

Figure 21. Chemical and electrochemical equilibrium reactions
for a linear trinuclear complex, where R and O denote the reduced
(unoxidized) and oxidized metal centers, respectively.

such a phenomenon in a synthetic mixed-valence system.
ESR spectroscopy indicated the singlet/triplet population ratio
is 25/75. In all cases, IVCT bands were o_btained by
4.2, Cyclic and Starburst Polyferrocenes gggg:glt(i)élrjgon of the observed spectra to eliminate LMCT
Weyland and co-worket® have studied the systems A recent publication has reported an electrochemical and
shown in Figure 22. For the dinuclear species, the crystal spectral study of the series of & heterotetranuclear
structure of the one-electron oxidation product showed the o-acetylide complexé&’ shown in Figure 24. One-electron
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thP—Ru—C—C—C—C—Ru PPh,

PHPh, pth
- Q<= Q
c
1
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—
Ph,P—Ru—C=C—R— —C—Ru—Pth
PHPh, Ph2P Figure 25. Schematic representation b#’!
Fe For the two-electron-oxidized analogu¢]{[), the IVCT

transition shifted to a higher energy than that observed for
[17T (solvent-independent, ClassHlll), and Mossbauer (two

O doublets with an area ratio of 1:1), IR (ring deformations
—@— for ferrocenium/ferrocene 1:1), and magnetic susceptibility
; Q Q v measurements (consistent with the spins of two uncoupled

electrons) indicate thatl Pt is a two-electron, two-hole
mixed-valence state. There are two possible oxidation
Figure 24. RuFe, tetranucleaw-acetylide complexe§® isomers for this species, but thrns geometry is likely to
be favored electrostatically.
oxidition of I, II, and IV (by chemical means, using
ferrocenium hexafluorophosphate) yielded'Ru"" mixed- 5. Polypyridyl Bridges
valence species. Electrochemical and visible/IR spectral = g o0i and co-workers investigated the tetranuclear
tsrt]ud||Qes reveal thatt;hebe'lcci—:‘c_tror;!c decigé;élllzsﬂ%njcepgnds ONcomplex [(bpy)Rus(u-bpt)Ru (1-2,3-dpp)Re(bpy)t o]
| ?h gLOUng mt' e t'n ging ltgartl e — 974_ '10?([ containing both electron-deficient 2,3-bis(2-pyridyl)pyrazine
» (e comproportionation constant wi8s = =. 74 x (2,3-dpp) and electron-rich 3,5-bis(pyridin-2-yl)-1,2,4-tri-
(calculated fromAE, data) and the IVCT band at 11 040 azolate (bpt) bridging ligands. as shown in Figure 8
cm1 (906 nm) was solvent-independent with,, = 16 400 ' '
M=t cm™L. The observed half-width of the bandif, =
3666 cmt) was markedly narrower than that predicted (5040
cm1) on the basis of eq &,*°so this complex was assigned
to the Class Ill regime. For compound$ ™ and IV *, the
IVCT bands occurred at 7622 and 9010 ¢rt.312 and 1110
nm) with emax = 15 950 and 19 110 M cm™1, respectively,
with a small solvent dependence. The measured half-widths
were Avy, = 2786 and 2753 cnt compared with the
calculated values of 4191 and 4557 ¢mrespectively. While
it is clear that the coupling between these centers is still
strong, they were assigned to a regime between the localized
and delocalized limits.

4.3. Quantum Cellular Automata Figure 26. Tetranuclear complex [(bpyRua(u-bpt)Ruf{ (1-2,3-

d R b 7+_172
The smallest building block of a quantum cellular automata PPIRW(DRY)} 2

(QCA) is a mixed-valence complex, as it consists of two Electrochemically, the complex exhibited two reversible
“dots” containing a mobile single electron. A more versatile redox processes atl1.09 and+1.55 V (in acetonitrile vs
building block is a square containing four electronically- SCE) corresponding to a one-electron oxidation of the Ru
coupled “dots” containing two mobile electrons, and a recent center followed by two simultaneous one-electron oxidations
paper by Jaicet al’* reports the first four-metal mixed- of the Ry centers. Oxidation of the central Roenter was
valence complex containing two mobile electrons in a square beyond the anodic potential window. Only the one-electron-
geometry. A schematic representation of the systgmP] oxidized [(bpy)Run" (u-bpt")Ruc{ (u-2,3-dpp)Re(bpy)} 28"
CsHs)Fe(75-CsHy)} a(7%-Cs)Co(7°-CsHs)] (abbreviated!) is mixed-valence species was characterized, and it exhibited a
given in Figure 25. The X-ray crystal structure of the one- NIR band at 1370 nm (7300 crfj €max = 1870 M1 cm™?,
electron-oxidized product|]", was determined, demonstrat- Awvy, = 3690 cmt) which was assigned as an &u—»

ing the square-planar array of ferrocene moieties. An NIR Ru)"" IVCT transition. On the basis of the classical Hush
IVCT band was found to be solvent-dependent, indicating analysig® (assuming an Ri+Ru, distance of 6.18 A), a
Class Il behavior for this mixed-valence ion. EPR confirmed localized classification was determined for the mixed-valence
the localized assignment, as did"bdauer studies, which  species.’?

showed two doublets (ratio 1:3). IR ring deformations also Haga et al. have synthesized the tetranuclear species
showed a ferrocenium/ferrocene ratio of 1:3. [{ Os(bpy}(bbbyH)} sRulf*,*7® where bbbyH = 2,2-bis-
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Figure 27. Bridging ligands used by Haget al.,}’3174and the two redox patterns in the ligand-bridged tetranuclear complexes.

(benzimidazol-2-yl)-4,4bipyridine ( in Figure 27), in which latter have small differences due to electrostatic and statistical
the oxidation pattern is dependent on whether the bridging factors, although the potential separations were small and,
ligand is protonated. When the bridge is deprotonated therefore it was not possible to perform selective oxidations
(bbby?™), the central RU center is oxidized first, followed  to form the individual mixed-valence species (which might
by the oxidation of the three outer Dsenters (pathway B disproportionate in any case). Instead, the authors reported
in Figure 27), whereas for the nondeprotonated bridge a flow-through voltammetry technique which allowed the
(bbbyH,), the order of oxidation is reversed (pathway A). calculation of the individual redox potentials for the suc-
The one-electron oxidation of the deprotonated species wascessive processes, from which the characteristics of the IVCT
achieved electrochemically, and the product showed nobands for the three mixed-valence species have been
absorption in the NIR region. However, when the bridging extracted using the respective comproportionation constants.
ligand was protonated, three absorptions appeared in the NIRSuch calculations lead to the conclusion that the IVCT
region—at 9524 cm! (1050 nm; assigned as an IVCT spectra for the ®, 10+, and 1H species occur at essentially
transition) and at 5263 and 4350 ch(1900 and 2300 nm,  the same energ{8390 cnt! (1192 nm} with absorption
respectively; assigned as¢dx transitions within the 0% coefficients of 120, 180, and 50 Mcm™?, respectively. The
part of the complex). Accordingly, the Os Ru electron- reason for the two-electron-oxidized species showing the
transfer reaction below can be induced by protonation of the highest absorption was not addressed.

bridging ligand: Redox interactions in starburst complexdsr example,

| 1113+ + tetranuclear complexes such as those shown in Figure
[{ Os'(bpy),(bbby} ;RU"]*" + 6H" — 28—have been treated theoretically by Aoki and co-work-
[{OS" (bpy),(bbbyH,)} { Os' (bpy),(bbbyH,)} ,Ru']** ers175176 Typically, two types of mixed-valence state are
envisaged (as shown in Figure 27): a central oxidized metal
In a subsequent publication, Haga and co-workers exam-with three peripheral reduced metals, or a central reduced
ined the analogous tetranuclear system with four Ru centersmetal with three peripheral oxidized metals. Assuming that
and with the imidazole rings methylated in the bridging interactiononly occurs between neighboring redox sites (i.e.,
ligand (l1).1* The oxidation sequence is consistent with an outer site has no direct interaction with the other two outer
pathway B in Figure 27. The electrochemical oxidation of sites and optical isomerism is ignored), eight redox and
the central Ru ion was separated from the three closely-geometric isomers are envisaged. Contrary to the naive ex-
spaced one-electron processes of the peripheral Ru ions. Th@ectation that a complex with four redox sites exhibits four
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Figure 28. Diyl-linked dinuclear and tetranuclear species based on Rucan)ers.’®
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redox waves, configurational mixing and the overlapping
nature of the various redox isomers lead to the appearanc

of two waves, corresponding to pathway B in Figure 27, AN
i.e., the appearance of a simultaneous three-electron oxidation
of the peripheral metal centers, followed by one-electron (@) NN N
oxidation of the central metar® @

Interestingly, the tetranuclear complex in Figure 28 N - 7 Ny
exhibited a peak potential difference for the mixed-valence @I} N |
state which was twice that for the mixed-valence state of N/ N~
the corresponding dinuclear complE&This suggested that (b)

(c)

configurational stabilization of the mixed-valence state was
enhanced by the presence of the additional metal centers,_. . - . e
T RIS . Figure 30. (a) 2,2-Bibenzimidole (BiBzImk);17® (b) bridgin
indicating delocalization of the electron dens[ty over the Iig%nd diquin(o>2a|ine[2,aa:2',3'-c]phen(azine1;79?c) be(nz)otriazgola%e
whole molecule. The result could only be realized from a jon (ptar).180

guantum chemical model of the redox interaction rather than

an “additive pair” model.

Rillema et all”” reported studies of the di-, tri-, and
tetranuclear complexes of the ligands'B23-tetrakis(2-
pyridyl)-6,6-biquinoxaline. The sequence of attachment of
Ru moieties is given in Figure 29, and electrochemical

Figure 29. Bridging ligand 2,23,3-tetrakis(2-pyridyl)-6,6biqui-
noxaline, showing the positions of metal coordinatién.

studies showed that the two "benzoquinoxaline” halvig3 (

RuU"]3* species showed an absorption in the NIR region
{12200 cm? (820 nm) in CHCN solutior} which was
attributed to overlapping LMCT and IVCT transitions, but
this IVCT behavior was not investigated further.
Kalyanasundararet al18! have studied the oligonuclear

complexes involving the bridging 3;bis(2-pyridyl)-3,3-
bi(1,2,4-triazolate) anion (BPBT) and its protonated form
BPBTH, (Figure 31). In the dinuclear specid&Ru(bpy)} »-

ogny
O B-B0

trinuclear J

Figure 31. 5,5-Bis(2-pyridyl)-3,3-bi(1,2,4-triazole) { BPBT},
showing coordination positions adopted in the dinuclear and

and2/4) behaved identically and that the two halves did not trinuclear complexe&t

communicate; that is, there are two di-bidentate bridging

ligands held together by a bond between two benzene groups(u-BPBTH,)]**, the ruthenium centers are believed to attach
The IVCT behavior was consistent with this assignment: at the two “ends”, involving both terminal pyridyl groups.

an IVCT band{at ~5263 cnt! (1900 nm} was seen only  For the trinuclear specieq Ru(bpy)}s(u-BPBT)l*", the

for the partially-oxidized trinuclear and tetranuclear species, additional ruthenium center attaches at the N4 andsNds

which had similar characteristics in both cases. There areof the triazolate groups. There are stereocisomeric forms of

also possibilities in this system for IVCT in partially-reduced both species, but the isomers were not separated in this study.

species. Although there was some electrochemical evidencen the mixed-valence dinuclear species, the IVCT would arise

for interaction between the subunits in these studies, no IVCT between two Ru centers located at the extremities of the

transitions were detected.

Rillema and co-worket€® subsequently reported studies
of the tetranuclear complex{Ru(bpy)(BiBzIm)}sRu]""
(Figure 30a). The mixed-valencéRu' (bpy)(BiBzIm)} -

bridge. However, in the case of the one-electron-oxidized
trinuclear species, the first oxidation was claimed to occur
at the central Ru center, so that IVCT would be over a shorter
distance.
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The mixed-valence complexes were observed by spectralmetal centers are identical: it implies that there is signifi-
studies using chemical oxidation. The dinuclear complex cantly greater delocalization in the more highly-charged
shows an IVCT transition at 5714 c(1750 nm), while, mixed-valence form. Not unexpectedly, the two mixed-
for the trinuclear complex, an IVCT band is seen at 5882 valence species exhibit significantly different IVCT charac-
cm! (~1700 nm). In both cases, the nature of the IVCT teristics. In the NIR region, the# state shows a structured,
bands indicated strong metahetal interaction (i.e. signifi-  low-intensity broad banecharacteristic of a valence-local-
cant delocalization). It is interesting to note the similarity of ized system-which appears to be comprised of several
IVCT bands, despite the difference in interchromophoric overlapping transitions. For the+5 analogue, the NIR
distance in the two cases. No comment was made about theabsorption is intensesfax = 8500 M* cm™%) and consists
IVCT characteristics of the two-electron-oxidized species, of at least three overlapping transitions: the sharpness and
for which there would be alternative pathways for IVCT intensity of the bands indicates a valence-delocalized system.
behavior. The application of Hush theot$?° to these two systems

Kaim et al1"® have reported studies of th{fcac)Ru'} z- revealsAvy; ~ 3500 cnt! (compared with the calculated
(u-L)] trinuclear speciegacac = acetylacetonate anion; L value of 4100 cm?) for the 4+ species, whereadvy,; =
= diquinoxaline[2,3a:2',3-c]phenazine (shown in Figure 900 cn! (calculated value 3325 crh) for the 5+ analogue.
30b}. In this case, although the redox potentials for the The results imply the complexes were in the Class Il and
oxidation processes leading to the formation of the mixed- Class Il regime$g/ respectively.

valence+ and 2+ forms were well separated\Eqx = 340 Studies by Belseet al!®® have investigated a series of
mV), no obvious IVCT bands were determined, suggesting trinuclear species in which Os(bpyand/or Ru(bpy) moi-
weak electronic coupling. eties are bridged by the series of ligands shown in Figure

Rocha and Toni& have reported electrochemical and 33. In these cases, the electrochemical oxidation of each Ru
spectroelectrochemical studies of the trinuclear complex

trans[(NH3).RU{ (bta)Ru(edtd),]" {bta” = benzotriazolate S n+
(Figure 30c), edtas ethylenediamindN,N,N',N'-tetraacetate; |

n=1,2, or 4. The electrochemical data indicate negligible ZN

communication between the peripheral Ru(edta) units, while Ma(bpy),

there is significant electronic interaction between adjacent RS N/

terminal and central Ru groups. The IVCT characteristics |

of the mixed-valence RU—Ru'—RuU" complex are similar Z

to those of the dinuclear speciggns[(NH3)sRu(bta)Ru-
(edta)]. Using the properties of the IVCT band and a

theoretical intermetallic distance, valuesttf, = 945 cmt o o

and o? = 0.021 were obtained using the Hush motep, 0

which reveal that the extent of electronic coupling (and

therefore delocalization) is significantly enlarged in the RN N I R

symmetrical trinuclear system compared with the dinuclear (bpy),M i o

analogue fflao = 870 cmt and a? = 0.017). N 0 N | X
In a recent paper, Thomat al®2 reported a trinuclear \ N_ -

ruthenium metallomacrocyle in which three Ru([9]-ang-S (bpy)zl\dc/

moieties are linked by 9-methyladenine bridges (Figure 32).

\ S

S/_\S N
Lo

1

g

J J

] o o Figure 33. Bridging ligands generating trinuclear complexes,
Figure 32. Macrocyclic ligand 1,4,7-trithiacyclononane, and the reported by Belseet al.183

triruthenium complex formed with each ruthenium center coordi-

nated to one macrocyclic ligand and bridged by 9-methyladéfifne.  or Os center always occurs near the same potential regardless

) ) ) of the tripod, and no IVCT bands were observed in the NIR
Electrochemical studies revealed three reversible metal-basegegion.

oxidation processes, whereE, values for the successive

redox couples are 175 and 380 mV. :
Accordingly, the comproportionation constants for thie 4 6. Stereochemical Influences on IVCT

and 5+ species are 760 and 2:81CF, respectively. Such a The vast majority of studies concerning the physical

variation is unusual in triangular complexes where the three characteristics of tri- and tetranuclear assemblies containing
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Figure 34. Bridging ligands HAT and ppz, and comparison of the IVCT transitions for the di- and trinuclear mixed-valence systems (a)
homochirat[{ Ru(bpy}} s(u-HAT)]"" (n = 7, 8) andmese[{ Ru(bpy)} («-HAT)]*>"; and (b) AA'A-[{ Ru(bpy)} A Ru(bpy)@-ppzk}]™ (n
= 7, 8) andmese[{ Ru(bpy}}»(«-ppz)P". The spectra are reported asij vs v.

polypyridyl ligands have been conducted on systems which porating 2,3-dpi§¢ which have been utilized extensively in
may be comprised of many stereoisomeric forms, although the construction of tri- and tetranuclear and higher nuclearity
this stereochemical complexity has been avoided in a numberassemblie$:293.204

of cases by virtue of their desigh®+1°¢While the presence Cyclic and differential pulse voltammetry studies of the
of many isomeric forms has often been acknowledged, the [{ Ru(bpy)}s(u-HAT)]¢" systems revealed three reversible
influence of the inherent stereochemistry of such species onone-electron redox processes, corresponding to successive
their spectral, electrochemical, and photophysical propertiesoxidation of the metal centers. For example, the potential
has only recently been report&f>86.197200 Keene and co-  differences between the three oxidation processes in the
workers586200ere the first to reveal differences in the trinuclear stereocisomek,A/AA-[{ Ru(bpy)}s(u-HAT)]&*
characteristics of the IVCT bands between diastereoiso- (AEoye-1y = 220 andAEus-2) = 244 mV, for the first and
meric forms of the same complex and reported the first second oxidations, respectively, 0.1 Mn{C4Ho)4]PFs/
systematic study on the IVCT properties of the stereochemi- CH;CN) were indicative of a significant degree of elec-
cally-unambiguous trinuclear systems which are “cluster- tronic delocalization within the assemt38.By comparison,
like” homochiral (As/A3)- and heterochiral (A2A/ALA)- AA'A-[{Ru(bpy)} { Ru(bpy)@-ppz)} 18" exhibited two
[{Ru(bpy)}s(u-HAT)]®" 201 and “chainlike” AA'A-[{Ru- closely-spaced one-electron redox proces&gs (~1137
(bpy)} A Ru(bpy)@-ppz)} 16+, shown in Figure 34 (where  mV, AExe-1) < 100 mV) corresponding to oxidation of the
the superscript t denotes theans arrangement of the ppz  terminal RU centers to RY, followed by one-electron
ligands at the central meta& The bridging ligands HAT  oxidation of the central RW?%? The results indicate that the
(1,4,5,8,9,12-hexaazatriphenylene) and ppz (4,7-phenanterminal centers are not significantly electronically-coupled
throlino-5,6:5,6' -pyrazine) are closely related electronically through the chainlike framework.

and structurally, and the planarity of the ligands overcomes The IVCT characteristics of the trinuclear mixed-valence
the problem of conformational lability in complexes incor- assemblies are consistent with the electrochemical studies,
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vary significantly depending on the extent of oxidation and three Ru centers i{ Ru(bpy}} s(u-HAT)] ¢t are equivalently

the overall geometry of the assembly, and differ markedly disposed and share in the available electron density. By
from the IVCT properties of their dinuclear counterparts. comparison, a “chainlike” arrangement of the three metal
As shown in Figure 34,{[Ru(bpy)}(u-HAT)]>" 2°1 and centers iINA'A-[{ Ru(bpy)} o Ru(bpy){-ppz)} 18" (Figure
[{Ru(bpy}} 2(u-ppz)Pt 292 exhibit asymmetrically-shaped 34b) gives rise to a decreased coupling through the central
IVCT bands which are consistent with a borderline localized- metal. As a result, the{ Ru(bpy)}s(«-HAT)]®" complex
to-delocalized classification. Each trinuclear system ex- exhibits a comparable degree of electronic coupling to its
hibits two mixed-valence states which were generated upondinuclear analogue, while the degree of electronic coupling
one- and two-electron oxidation of the6 species at  in AA'A-[{Ru(bpy}} A Ru(bpy)@-ppzk}]®* is reduced rela-
—15°C. tive to that in its dinuclear counterpart.

For the [Ru(bpy}} s(u-HAT)]®* system, spectroelectro- Th(_aoretically,_the assumption of a two-state moq_el an_d
chemical generation of the7 mixed-valence species was classical analysis was adequate for the IVCT transitions in
accompanied by the appearance of a new absorption featurdéhe predominantly localized A'A-[{ Ru(bpy)} o{ Ru(bpy)-
in the range 35009000 cnT! (2850-1110 nm) (Figure 34a).  (“-PPzR}]™ (n = 7, 8) mixed-valence complex. However,
Spectral deconvolution revealed the presence of three underfor the dinuclear{Ru(bpy)} 2(u-ppz)P* and [ Ru(bpy}} -
lying transitions, separated by 1305 and 1340 (hetero- (u-HAT)]>" complexes, as well as the trinuclegRu-
chiral) and 1275 and 1430 crh (homochira). The overall (bpy)}s(u-HAT)]™ (n = 7, 8) complexes where delocal-
integrated intensity of the IVCT manifold for theterochiral ~ iZation is more extensive, a molecular orbital approach which
form is slightly greater than that for tHeomochiralform, !ncludes vibronic coupling is re_:quwed. The treatment of the_se
and the intensities are approximately twice those for the ISSU€S represents a challengm_g problem which will require
related dinuclear complexes. The difference may be rational-focused computational efforts in the future.
ized on the basis of the doubly-degenerate nature of the optic- )
ally-induced transition from the two formally Ruwcenters 7. Trinuclear Oxo-Centered Iron Carboxylates
to the hole at the formally Rlicenter in the trinuclear spe-
cies. The bands were assigned as separate optically-inducegI
transitions between energy levels within the molecular orbital

Mixed-valence trinuclear oxo-centered carboxylate com-
exes with coexisting Feand Féd' centers have received
manifold of the trinuclear complexes which are split pre- extensive ir_1ter_est d.ue to the recognition of the.role of _spch
dominantlv b irorbit i f th tal i comple_xes in biological systems and_thelr potential me_dl_cmal
ominantly by spif-orbit coupling of the metal centers. properties® Recently, the incorporation of sulfur-containing
The +8 mixed-valence species exhibited IVCT bands at |igands such as mercaptocarboxylic acids (HSBOH) has
~8000 and 11 500 cr (1250 and 870 nm, respectively). been reported for the first tinf852%and we mention them
The transitions in the region at higher energies than 13 000 priefly here in light of the potential interest in these variants
cm* (770 nm) were assigned to LMCT and MLCT absorp- on the more generally recognized carboxylates due to their
tions by comparison with the related dinuclear species andincorporation of both “soft” sulfur and “hard” oxygen donor
by their behavior on oxidation to th¢9 species3 The atoms.
possibility exists that the multiple IVCT transitions originate Pandeﬁos in\/estigated the class of trinuclear oxo-centered
from optically-induced electron transfer between different iron carboxylate complexes, [Hed" O(OOCRYOOCRSH)-
“exciton” states. The doubly-oxidizee-g) species comprises (L)) {where R= Cy3H.; or CisHa; R = CH, or CsHs; and
two formally RU" centers and one formally Ricenter and L = pyridine (Figure 35§), which are characterized by a
therefore possesses two unpaired electrons. These may be

aligned in a parallel or antiparallel fashion, giving rise to an R R

overall singlet or triplet state for the trinuclear complex. The ‘ H ‘

energy required for opt_ical e_xcitati_on to these two different o /C\f\ /C'\
“exciton” states will differ, in which case the two new & ? o f
transitions observed in the NIR region for tHe8 species L\F‘ P °\F At "o ‘ s o At
may be rationalized in terms of transitions to singlet and o d e oo O/ge\o/ﬁis\o
triplet exciton states in a valence-localized trinuclear mixed- | 1 .. L ‘ d ‘ ‘ R ’ d ‘
valence species. The interpretation is not without prece- & "0-Fe—O R_¢ c. S—fe-0 R ¢
dence: Weylandet all®® proposed a similar argument to R o ' \o/\s Sr R o ‘ o N
account for the observation of multiple IVCT transitions in L H L

other trinuclear complexes (section 4.2; Figure 23). (@) (o)

f Figure 35. Structures of the trinuclear mixed-valence iron car-

The IVCT characteristics of the mixed-valence forms o
. . boxylates: (a) [FEO(OOCRX(OOCRSHX(L)3], where R= Ci3H
AAA-[{Ru(bpy)} o Ru(bpy)fe-ppz)}1°+ 22 exhibit localized C{ oy R(’ L[Cﬁ(or CﬁHi( and L— py)/slr(id)i3r)1]e205 and (b) [,fééf

behavior and are markedly different from those of the (SOCR),(OOCR)(L)4], where R= CigHp7, CigHay, or CisHas, R
corresponding mixed-valence forms of Ru(bpy}}s(u- = CHs or GgHs, and L= CHzOH .26

HAT)]¢+.15 One-electron oxidation of a terminal Ru center

in AA'A-[{Ru(bpy}}{ Ru(bpy)@-ppz)}15" gave rise to a  broad absorption in the region 13 6803 860 cm* (730—
broad, low intensity IVCT band for the-7 mixed-valence 720 nm) assigned as an IVCT band. Analysis of the
species which was composed of two underlying Gaussian-absorption band manifold was not pursued; however, the
shaped bands (Figure 34b). The transitions were identified valence-localized classification for the species was confirmed
as adjacentand remotelVCT transitions, with the former by Mossbauer spectroscopic studies up to 295 K, which
dominating the intensity of the IVCT manifold. The8 indicated coexisting Peand Fé' centers.

mixed-valence species exhibits a single dominant IVCT band The incorporation of thiocarboxylic acids and straight-
arising from the equivalent IVCT transitions from the central chain fatty acids has also been demonstrated by the reali-
Ru" to peripheral Rl centers. As shown in Figure 34a, the zation of trinuclear complexes with the general formulas
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Figure 36. Schematic structures of [IMOR)]*" cubes?t which is solvent-dependent. The value/ofy, = 7600 cnT*

(obtained from deconvolution of the IVCT and the spin-

[FE'Fe" ;0(SOCR)s(H-0)q] and [FéFe' ;0(SOCR);(OOCR}- allowed transition) compares with a theoretical value of 5000
_ ; 29,34; id-
(CHsOH)s] {where R= CyaHz7, CigHsi, or Ci/Hss and cm™* obtained from the Hush analysf2-*it was consid
R' = CHs or CHs (Figure 35b).2% The broad absorption ered _t_hat the_: Iarge experimental value may _be due to other
in the region 1378513862 cm! (725—-720 nm) was of transitions W|th|n_the_envelope. The valuelgg,_us generally
IVCT origin, and the presence of localized"Fand Fé' observed to be high in Fe cpmplexes contwn_mg@ebonds,
centers was confirmed by Mebauer measurements up to although the reason for this phenomenon is uncertain.
315 K. L .
A particularly interesting feature of the more general class 9. Tri-bidentate Bridges

of neutral trinuclear iron carboxylates, [Free" ,O(OOCR)- Kar et al213have studied the triruthenium complex shown
(L)s] {where R= CH; or C(CH)s and L= H,O, pyridine, in Figure 37 (where pp= bpy or phen). The electrochemistry
or NGsHs} was the presence of phase transitions. Below 35 showed three quasi-reversible oxidations separated2f0
K, Mdssbauer spectra reveal the existence of discrete Fe mV. EPR studies showed that, in the-4RU'RU'RU") and
(sites 1 and 2) and Fesite 3) states in the expected 2:1 5+ (Ru'RU"RuU'") mixed-valence ions, the unpaired elec-
ratio, therefore establishing localized (Class Il) behavior. The tron(s) were primarily located on the metal center. In both
complexes undergo temperature-dependent phase transitionsnixed-valence ions, the IVCT band was seen at 5263
and at room temperature, the-Hg:>-O) bond lengths reveal  cm? (~1900 nm), with the width being consistent with
two Fe' sites (1 and 2) and one Fesite (3)?°7 Since the  Class Il behavior. In each casty, = 560 cnt? (assuming
intramolecular electron-transfer process involves sites 2 anda Ru--Ru separation of 5.9 A), implying there are equivalent
3 only, with site 1 being valence-trapped at all temperatures, routes for Rli — RuU' transfer in the two cases.
the room-temperature data were consistent with a delocalized In the diradical 3 (RU'RU"RU") mixed-valence case,
description for the mixed-valence species. The theoretical two IVCT transitions are possible due to magnetic exchange
treatment for the mixed-valence trinuclear iron carboxylates between the formally Rl centers which may give rise to
has been considered by a number of grétip$°® and energetically-distinct singlet and triplet states, as observed
involves the generalization of the adiabatic potential energy previously by Weylandet al®® While the presence of two
surfaces developed for the two-site m3&&1to the three-  energetically-distinct IVCT transitions should lead to a
site case. The underlying assumptions were identical to thosepbroader envelope, no significant difference was detected
employed in the two-site treatment: i.e., the harmonic nature between the IVCT bands in theldand+5 mixed-valence
of the framework vibrations, a single vibrational mode (of species.
appropriate symmetry type) coupled to electron transfer, the
involvement of one orbital from each metal atom only, and 10. Dimers of Trimers

the applicability of a first-order perturbation treatment. The
; ; , Complexes of the type{Ru";Ru'(us-O)(u-CH;CO,)e-
model was employed to rationalize the localized nature of (abco}s(u-pyz)] {abco = 1-azobicycio[2,2,2]octane:;

the mixed-valence staté¥ ~ AP ;
pyz = pyrazind?* and related species of the general type
. [{ (RusO)(OACK(CO)(L)} 2(u-pyz)] (L = pyridine derivatives
8. Iron and Manganese Alkoxide Cubes containing electron-donating or electron-withdrawing substit-
Taft et al?'* have investigated a series of cubic structures uentsj*>~?'7 are hexanuclear species but are more akin to
in which there are four metal ions and four bridges at the dlnuqlear mlxe_zd-valence_spemes in their behavior and
alternating corners of a cube (Figure 36):.&eclusters of are not dlscussgd in any detail here. However, a recent study
this type are used as models for active sites of-irsmifur is noted involving a cluster of thel tylpé(RUGO)(OAC)G'
proteins, and there is a proposal of a similar cubic arrange- (CO)(PY} (u-Mepyz) (RusO)(OAC)(**C*O)(py)}] (Mepyz
ment of manganese and bridging ligands for the oxygen- — 2-methylpy_r_'c12|ne), in which there are two isomers arising
evolving center of photosystem 22 from the position of the methyl group in the unsymmetri-

Th bi PAFE -(OMeX(MeOHR(OB cal bridging ligand relative to the trinuclear cluster con-
prep:recdu bl)(/: Sclgrvs éxidatig(n ofel):sgg?n th)(se( prezs)gn\év: Sof taining the labeled carbonyl ligaritf Electrochemical studies
methoxide and benzoate anions. The complex Bas of the one-electron-reduced species revealed that the mixed-

symmetry, and X-ray structural studies ¢85 °C) indicated valence isomers are observed as discrete chemical species.

that the F# center was valence-localize@ result cor- . .
roborated by Mesbauer studies which indicate there is no 11. Conclusions and Future Perspectives

delocalization up to 250 K. The iron atoms are anti- The field of mixed-valence chemistry has a long and rich
ferromagnetically exchange-coupled. history which has been characterized by a strong interplay
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adjacent transfer occurs from the two degenerate donors (D) to the
N N\ -le” ¥\ terminal acceptor (A). In this case, a doubly-degenerate IVCT
@ D A D === A A b transition of approximately twice the intensity of that for

e W the related dinuclear congener is expected between the
weakly- to moderately-coupled metal centers. As the extent

adjacent of delocalization increases, however, the IVCT manifold has

¥\ e ¥\ TN been shown to split into two transitions of similar intensity
® A D b == A D A but slightly different energy®* The splitting has been

W rationalized on the basis of appreciable second-order interac-

tions between the terminal metal centers, and the fact that
the overall integrated intensity of the band manifold is
approximately doubled relative to the IVCT for the related
dinuclear complex is consistent with the two-electron nature
D of the IVCT processes. The construction of adiabatic
potential energy surfaces (shown schematically in Figure 4)

Figure 38. Schematic representation of the two mixed-valence provides a qualitative rationalization for the appearance of
states of trinuclear complexes with chainlike (a and b) or “trian- o |\VCT transitions.

gular” (c) architectures. The arrows depict the possible interactions . . o
between the oxidized electron-acceptor (A) and unoxidized electron- A second scenario may be envisaged upon oxidation of
donor (D) metal centers. one of the terminal metal chromophores (Figure 38b) and
gives rise to two IVCT transitions betweedjacentand
of experimental, theoretical, and computational studies. Theremotemetal centers. The situation is exemplified by the
analysis of IVCT transitions has provided a powerful window class of trinuclear cyano-bridged complexes discussed in
to the elucidation of fundamental factors which govern the section 2. The cyanide bridging ligand mediates a moderately
activation barrier to electron transfer, such as the Franck strong intercomponent electronic interaction, in which a
Condon factors and the extent of electronic delocalization. valence-localized (Class Il) designation has been proposed
While these studies have focused predominantly on dinuclearfor the majority of its tri- and tetranuclear complexes.
mixed-valence complexes, the present review has sought toExperimentally, the moderate metahetal interactions result
address the IVCT properties of trinuclear and tetranuclear in moderately intense IVCT bands which are attributed to
complexes of Fe, Ru, and Os, which provide the link between transitions betweeadjacentandremotemetal centers. The
the understanding of electron transfer in dinuclear systemslatter exhibit weak intensities, reflecting the larger metal
and electron transfer in extended arrays and supramoleculametal separation between the peripheral (as opposed to
systems. For the experimental chemist, it is also evident thatadjacen} centers. Indeed, the existence of such appreciable
characterization of the redox properties of higher nuclearity second-order interactions suggests that cyanide bridges act
complexes offers important insights into the relative energies as conduits for long-range vectorial electron and energy
of the metal-based components within such assemblies andransfer. A through-bond superexchange-assisted electronic
may aid in the identification of the origins of the IVCT coupling mechanism can be invoked to provide a first-order
transitions. semiquantitative approach for the appearance of sertiote
While considerable complexity may be expected in the interactions. The valence-localized classification of the higher
theoretical analysis of IVCT transitions in tri- and tetranuclear nuclearity cyano-bridged assemblies is consistent with their
complexes due to the presence of multiple, electronically- description as “supramolecular” species: they exhibit proper-
coupled chromophores, classical mod&tg(eqgs 1-5) have ties reminiscent of the constituent molecular components
been successfully applied to weakly-coupled systems. Quali-which are perturbed to a limited extent and in a predictable
tatively, the IVCT bands are reminiscent of those in the manner by intercomponent interactions.

analogous dinuclear mixed-valence complexes, and the trends For the two-electron-oxidized (diradical) mixed-valence
in the properties (energies, intensities, and bandwidths) of system depicted in Figure 38c, two IVCT transitions are
the transitions are readily interpreted by considering the de- anticipated due to magnetic exchange interactions between
generacy of the transition and the oxidation state of the as-the two radical centers. The [3,3,2] species possesses two
sembly. More specifically, the increase in nuclearity is gen- energetically-distinct electronic states depending on the
erally manifested by an increase in the intensity of the IVCT antiparallel or parallel alignment of the spins at the formally
and a shift to higher energy with increasing oxidation state. Ry centers. IVCT studies alone are insufficient to deter-

As the extent of electronic delocalization increases, how- mine whether the dominant coupling is ferromagnetic or
ever, the valence-localized scenario is no longer appropriate,antiferromagnetic; however, unless the coupling is extra-
and the IVCT characteristics of tri- and tetranuclear com- ordinarily strong, both states will be occupied at 298 K,
plexes have been shown to exhibit intriguing new properties leading to slightly different energies for the two IVCT
that are distinct from those of their dinuclear counterparts. processes. The effect will be to broaden the IVCT manifold
As an illustrative example, two mixed-valence states may for the [3,3,2] versus the [3,2,2] mixed-valence system.
arise from the two successive one-electron oxidation pro- Unfortunately, the identification of this effect has been
cesses in a linear trinuclear complex, where the initial site complicated in a number of cases by the broadening of the
of oxidation occurs at the central (a) or peripheral (b) metal |VCT manifold from other sources such as low symmetry,
centers, as shown in Figure 38. A trinuclear system in which extensive orbital mixing, spirorbit coupling of the metal
the metal centers are disposed in a “triangular” fashion is d orbital$° and overlap of the IVCT with low-lying LMCT
depicted in Figure 38c. and MLCT transitions. Clearly, reliable spectral deconvo-

Oxidation of the central metal (prior to the terminal units) lution procedures are paramount to discern the IVCT features
gives rise to the scenario in Figure 38a, where electron of interest.

N #

D D A

\>
<

(
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Conclusive evidence for the presence of singlet and triplet 13, References

IVCT transitions in a diradical mixed-valence system has
been reported in one case only for the diradical form of a
localized trinuclear mixed-valence complex by Weylafd,
while a tentative assignment has also been made for the
stereoisomers of borderline localized-to-delocalized trinuclear
polypyridyl complexeg®*

An important difference between dinuclear and higher
nuclearity systems is the possibility for additional second-

order spin-dependent electronic processes due to the existence

of itinerant “extra” electrons hopping over the exchange-
coupled magnetic sites. Various theoretical approaches for
the treatment of trinuclear mixed-valence complexes have
been proposed, as three-state extendi®i¥220 of the
classical two-state modé&l2°Early classical treatments were
developed for the trinuclear iron carboxyl&fEsnd involved

the construction of adiabatic potential energy surfaces. While
the quantitative details of these analyses are beyond the scop
of the present review, the application of a simple first-order
perturbation treatment to the three-site case results in the
prediction of two IVCT transitions, as discussed in relation
to Figure 4.

A semiclassical treatment for trinuclear mixed-valence
systems has also appea®dnd was based upon the solu-
tion of the vibronic problem using a similar starting form-
alism to the PKS model of Pieko, Krausz, and Schatz (with
the simplifying assumption of a single vibrational modg).
Importantly, the predictionvmax = 4Ew (eq 2) originally
formulated for dinuclear complexes was also found to be
applicable to weakly-coupled trinuclear complexes. The
influence of the third metal center was such that the local-
ized-to-delocalized transition is predicted to occur earlier
within the three-site classical model relative to the two-site
case;®?® however, the effect has not been investigated
experimentally.

Clearly, the understanding of the IVCT phenomena in
trinuclear and higher nuclearity complexes which exhibit
moderately strong to extensive electronic coupling, and the
experimental design of systems with interesting new electron-
transfer phenomena, would benefit enormously from the
clarification of the theoretical issues. For dinuclear mixed-
valence systems in the localized-to-delocalized and delocal-
ized regimes, the importance of additional states, the
consideration of the full vibronic coupling problem, and the
proper treatment of the asymmetric and symmetric modes
are subjects of intense current research eff8ffsS’and these
issues will likewise be important for higher nuclearity
systems. However, since the complexity of the computational
problem increases with the size of the polymetallic assembly,
it would seem that the clarification of the first-order
perturbation theory approach (i.e. the adiabatic problem)
represents a crucial preliminary step toward a more quantita-
tive theoretical basis for IVCT in higher nuclearity trinuclear
and tetranuclear complexes.

For the experimental chemist, the challenge is to synthesize
structurally and stereochemically unambiguous assemblies
in which the nature of the IVCT transitions can be inter-
rogated.
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K¢ may be deduced from electrochemical measurements, Kinee
exp{ AEoxF/RT}, where F/RT takes the value 38.92V at 298 K
and AEy is the separation between the two metal-based redox
processed? For trinuclear complexes, the comproportionation equi-

libria are
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whereK¢; andKc, are determined from electrochemical measurements,
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with AE taken as the potential separation between the first and second,
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