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Abstract 
Several cyanide-bridged polynuclear complexes have been synthesized in the 

context of intramolecular energy and electron transfer studies. A valence- 
localized description is generally appropriate for such complexes. Withinsuch a 
localized picture, however, the cyanide bridge is found to provide a remarkable 
degree of metal-metal electronic coupling. This conclusion can be drawn from a 
variety of experimental results. Specific attention is devoted here to the 
spectroscopic observation of appreciable second-order interactions between 
remote (i.e., non directly bridged) sites in a polynuclear complex. 

1. INTRODUCTION 

Cyanide is an ambidentate ligand capable of binding simultaneously 
(bridging) two metal centers 111. The most outstanding and long-known example 
of such type of binding mode is represented by mixed-valence solid materials of 
the Prussian Blue type. The binding properties of the two ends of cyanide are 
quite different. C-bonded cyanide behaves as a typical strong-field ligand, with 
good x-acceptor properties (probably related to the high x* amplitude at 0, and 
af%ity for relatively electron-rich metals. On the other hand, N-bonded cyanide 
behaves more like a medium-field, mainly o-donor, ligand, with affinity for 
relatively electron-poor metals. A clear example of this asymmetric behavior is 
the polymeric structure of Prussian Blue, where cyanide is C-bonded to low-spin 
Fe(U) and N-bonded to high-spin Fe(IID. 

Although polymeric cyano-bridged materials of such type have been known for 
a long time, discrete cyano-bridged complexes of well-defined nuclearity (e.g., 
binuclear and trinuclear complexes) have been synthesized and isolated only 
recently 121. Detailed electrochemical, spectroscopic, and photophysical studies 
have been carried out on such molecular species, leading to the conclusion that a 
valence-localized description is generally appropriate for cyano-bridged 
polynuclear complexes [2,3]. Within such a localized picture, however, the 
cyanide bridge is found to provide a substantial amount of metal-metal electronic 
coupling in the polynuclear complex. Evidence for such coupling can be obtained 
from a variety of experimental results, including 6) intercomponent perturbation 
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of electrochemical properties 14-91, (ii) intercomponent perturbation of UV/vis 
spectroscopic properties [4,5,7-g] , (iii) presence of intense inter-valence transfer 
transitions in mixed-valence complexes [4,5,91, (iv) presence of related transitions 
in excited-state UV/vis spectra [lO,lll, (v) in&component perturbation of ligand 
stretching frequencies in excited-state IR spectra 1121, (vi) second-order 
interactions between remote sites [4,5,7,91. 

Point (vi> is related to the fact that, in a cyano-bridged polynuclear complex, 
appreciable electronic coupling can take place even between metal centers which 
are not directly bound via a cyanide bridge. For example in some trinuclear 
complexes of the type 

M,-(CN)_MS;(CN)-M, 

where M , M 
apprecia 6 1 

, 
le e 

and M, represent metal centers, spectroscopic evidence for 
ectronic coupling between Mi and M, has been obtained. This 

problem will be discussed in some detail in this article. 

2. REMOTE INTERVALENCE TRANSF’ER 

The example to be discussed belongs to a series of bi- and trinuclear complexes 
of general formulae [X(NHJ,Ru-NC-Ru(bpy),-CN3”+ and [X(NH 1 Ru-NC- 
Ru(bpy) -CN-Ru(NH 1 Yj”+ (X = NH , py; Y = NH py; n = 2,3; m = 4-6! &S]. The 
possible2combinatio&‘of (i) X and $ancillary ligkds and (ii) oxidation states of 
the [-Ru(NH~>~~~~+ and/or [-Ru(NH,)~YI~+~+ subunits give rise to a large number 
of complexes within this series. Let us consider, as a prototypal case within this 
series, the species shown in Fig. 1. In this species, several electronic states are 
relevant. with the following one-electron configurations (-. represents the radical 
anion of the ligand): 

(0) ground state: 

- 

(1) Ru + bpy MLCT: 

(2) Ru + py MLCT: 

(3) Ru -_) bpy remote MLCT: 

(4) Ru + Ru IT: 

(5) Ru + Ru remote IT: 

Of these excited states, types 1 and 2 would be present in the isolated 
components as well, but 3-5 are new states of intercomponent charge transfer 
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type, characteristic of the polynuclear species as such. Transitions corresponding 

N-N= bpy 

N= NH, 

Fig. 1. Schematic structure of the [py(NH,),Ru*l-NC-Ru*‘(bpy),-CN-Ru’n(NH,)~]s+ 
trinuclear complex. 

to the various types of excited states can be easily identified in the absorption 
spectrum of this complex. The resolution of the absorption spectrum of the 
complex into various types of transitions is shown in Rig. 2. By selective oxidation 
or reduction of the various sites in the molecule, very clear spectral changes take 

& x1o-3 

10 
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Rig. 2. Resolution of the absorption spectrum of [p 
y(NHL 

IdRu-NC-Ru(bpy),-CN- 
RuWH,),.5+ into various types of charge transfer transi ‘0118. 

place, making the attribution of the various types of transitions straightforward 
[3,41. 

The various types of optical electron transfer transitions can be analyzed in 
terms of Hush model, which relates band energy, intensity and halfwidth wit.j 
thermodynamic energy gradient, AE& center-to-center electronic coupling, H 
and reorganizational energy X C13-153. The analysis of the intervalence trari%‘ei 
transition taking place across the cyanide bridge (transition of type 4) provides 



286 

the following values: H a’ = 
AJ 

1800 cm-‘, h = 8700 cm-‘, AE = 5600 cm“. The 
substantial coupling prove ed by cyanide is apparent, but the degree of electron 
delocalization between the two metal centers, a2 = (H,‘1)2/(h + AEj2 = 0.02, is 
sticiently small to warrant a localized description of tlns trinuclear complex. 

Of particular interest from the point of view of the present discussion is the 
direct observation of remote IT (type 5). Since intensity is primarily related to 
electronic coupling 113-151, this observation proves that sizable electronic 
coupling between non-directly-bridged, “remote”, redox sites is present in these 
system. An,,analysis of the remote IT transition according to Hush model 113-151 
yields H = 300 cm-’ between the terminal metal centers of this trinuclear 
complex?l’he experimental result is very clear, but the origin of such a 
remarkable electronic coupling is puzzling. As a matter of fact, a thro h-space 
mechanism, i.e., direct orbital overlap between two metals lying = 7 7 apart, 
seems to be unplausible for an electronic coupling of this size. Thus, some 
through-bond mechanism is likely to be involved in the inter- 
action between remote metal centers. 

Three related trinuclear complexes (Fig 3), with the same distribution of 

a) 

1 5+ 

Em = 3500 

& rmmta IT = 350 

E remote IT = undetectable 

EpT=7olm 

& _*m=looo 

Fig 3. Schematic structures of trinuclear complexes related to the complex of F’ig 
1 (same symbols and abbreviations), and molar absorptivities of the IT and 
“remote” IT absorption bands in their spectra. 

oxidation states betweenthe metal centers, have been investigated by the 
authors (Figs 3a 141 and 3c 1161) and by Meyer and coworkers (Fig. 3b 1171). It is 
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interesting to note (Fig 3) that the intensity of remote IT changes widely among 
these complexes, in a way that is hardly related with expected metal-metal bond 
distances, but seems to depend strongly on the groups (bridging ligands and 
metal) interposed between the two remote metals. This again points towards 
some through-bond rather than througb-space mechanism. 

3. SUPEEEXCHANGE 

One of the simplest models to deal with through-bond interactions in 
covalently bonded supramolecular systems is that of superexchange 118-231. 
Consider an A-L-B system in which the redox orbitals of the A and B molecular 
components do not overlap appreciably with each other, due to the large A-B 
distance. They do overlap, however, with appropriate orbitals (HOMO and 
LUMO) of the L bridge, resulting in an indirect, through-bridge, mixing. In terms 
of electron configurations, this amounts to consider that the initial and final 
states of the electron transfer process are coupled together uia interaction with 
high-energy states involving electron transfer from or to the connector (Fig. 4). 
The two “intermediate” states can be conveniently called electron-trunsfer 
(A+-L--B) and hole-trunefer (A-L+-B-1 states. It is important to realize that there 
is nothing such as a real electron (or hole) hopping from A to L to B in this 
mechanism: the electron transfer occurs in a single step from A to B. The 
electron- and hole-transfer configurations help to propagate the interaction, but 
they usually occur at high energies and the corresponding states are never 
populated during the process. These states are thus often designated as “virtual 
states”. 

Fig. 4. Energy level diagram illustrating superexchange interaction between a 
donor A and an acceptor B through a bridging group L. The figure represents 
zero-order states corresponding to pure, localized electronic configurations: Yoi 
and ‘5”’ are the initial and final states of an electron transfer process, while Y”, 
and YJ are electron- and hole-transfer 
states !nvolving the bridge. For the other symbols, see text. 

A more quantitative picture of the factors that affect the magnitude of the 
superexchange interaction can be obtained from perturbation theory. Let us label 
with i, f, e, and h the initial, final, electron- and hole-transfer states, respectively. 
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Let us also use the o superscript (as, for example, in Y”) to indicate 
wavefunctions, matrix elements, and energy differences relating to zero-order 
states, i.e, states that correspond to pure, localized electronic configurations. In 
the limit of small electron delocalization, the true initial and final states of the 
electron transfer process are given by an appropriate admixture of the 
corresponding zero-order states (eqs 1,2). According to second-order perturbation 

Y,= Yi+aY’Of (11 

Y;= Yof- a YOi (2) 

theory, the initial wavefunction is given by eq 3, where the Ho and AE” terms are 
the matrix elements and the energy differences, respectively, between the various 

Hoif 
Yi = Yq.+ - YOf’ 1 

Ho, Hofi Hofi HoP Hoii H”$ 

m”if 

1 ‘y”f (3) 
w-g2 

zero-order states. Since the first-order perturbation matrix element HoV is equal 
to zero because of the negligible direct orbital overlap between A and B, the 
mixing coefficient is given by eq 4. If we define the effective electronic coupling 

Hok Hok 
U= 

H”, HoP 
(41 

between the initial and final states, HAB , from a = H,$AE:,., and consider 
AEipbEi, then 

(5) 

In eq 5, the energy differences AlPi and AE”* are to be taken at the geometry of 
the crossing point. 

In the common case where L is a simple bridging group (e.g., and organic 
spacer in organic donor-acceptor dyads, or a bridging ligand between two metal 
centers), the electron- and hole-transfer states lie at very high energies (‘virtual” 
states) and it is difficult to have reliable values for the quantities (energies, 
intermediate couplings) involved, according to (51, in the calculation of the 
electronic coupling. At least formally, the trinuclear complexes discussed in the 
previous section can be considered as A-L-B systems in which the two terminal 
metal centers play the role of A and B, while the central metal fragment (possibly 
together with the bridging ligands) constitutes the L “bridge”. In this case, the 
electron- and hole-transfer states involving the bridge may occur at low energy 
and be spectroscopically observable. For instance, in the case of Fig. 2, the 
electron- transfer state is the remote MLCT state (corresponding transition, 3) 
and the hole-transfer state is the IT state (corresponding transition, 4). The 
analysis of these spectroscopic transitions according to Hush model 113-151 



289 

(subject to some assumptions [24]) yields the appropriate AR and H values, to be 
used in eq 5. When this is done for the case of Fig. 2, the following values are 
obtained Ho. = Ho = 1500 cm-l, Hoih = Hofi = 1900 cm-‘, AR”. = 16000 cm-l, AEoih = 
9900 cm-‘. By substituting these values in eq 5, an end-&-end superexchange 
coupling of 500 cm-’ is calculated. This can be compared with the actual coupling 
of 300 cm-l, obtained from the spectroscopic parameters of the end-to-end IT 
transition (transition 5 in Fig 2). Given the approximations involved, the 
agreement is satisfactory. Thus, electronic coupling between remote metal 
centers in these trinuclear complexes occurs mainly through-bond, and the 
mechanism can be conveniently represented, at least qualitatively, by 
superexchange. 

According to eq 5, good “conducting” bridges (i.e., bridges with good ability to 
produce superexchange coupling) must (i) possess low-lying charge (electron- or 
hole-) transfer states and (ii) be efficiently coupled to the terminal units. In the 
case of the complex “bridge” present in the system of Fig 2, these features are 
brought about by (i) the redox properties of central metal and its non-bridging 
ligands and (ii) the electronic properties (short distance, efficient x-bonding) of 
the bridging cyanides. 

It is instructive to compare, from this point of view, the complex of Rigs 1 and 
2 with those in Fig 3. It is seen that there is a correlation between the intensity of 
the IT band between adjacent metal centers and that of the remote IT band. As a 
matter of fact, given the relationship between electronic coupling and band 
intensity [13-151, eq 5 actually predicts that the remote IT band “steals” intensity 
from nearby charge transfer bands (IT and remote MLCT) involving the central 
metal-containing bridge. Since the reasons for the changes in intensity of the IT 
band along this series of complexes can be reasonably explained in terms of 
bonding arguments, including the nature of the bridging ligands and the metal, a 
basis for the rationalization of the observed remote couplings is available. For 
example, in the comparison between the complexes of Figs 3a and 3b, cyanide 
provides better coupling than pyrazine between adjacent metal centers (as 
witnessed by the intensity of the IT transition), and this results in a stronger 
remote coupling between the two terminal units. The difference between the 
complexes of Figs 3a and 3c can be rationalized in terms of the greater orbital 
size and tendency to x back bonding of 0s relative to Ru. 

4. SPLI’ITING OF DEGENERATE IT TRANSITIONS 

The example discussed here belongs to a series of polychromophoric 
complexes designed for to intercomponent energy transfer studies [73. These are 
the binuclear and trinuclear cyano-bridged complexes 

and 

In these complexes, the only structural differences between the various Ru- 
centered units are made by the cyanide ligands (bridging vs. terminal, C- bonded 
vs. N-bonded). In the mixed-valence forms depicted above, these differences 
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Fig. 5. Spectra of the mixed-valence complexes [NC-Run(bpy) -CN-Ru1x(bpy)iClV12+ 
(a) and [NC-Runtipy)2-CN-Ru*x(bpy)2-NC-Run(bpy)2-CNl~+ (b). 

determine the distribution of oxidation states between the metal centers. The 
via/near-RX spectra of these complexes are shown in Fig. 5. 

nuclear contlguratlon 

Fig. 6. Schematic representation of non-interacting (dotted curves) and 
interacting (continuous lines) energy surfaces for a 8 mmetrical trinuclear 
mixed-valence complex such as [NC-Ru”(bpy),-CN-Ru x ‘(bpy),-NC-Ru”(bpy),- 
CNls+. The interacting curves are calculated assuming electronic couplings of 
2000 cm-l between adjacent metal centers, and 1000 cm” between terminal ones. 

Besides the usual MILT bands in the visible, these spectra show clear Ru(II) 
+ Ru(II1) intervalence bands in the near-IR region. Analysis of the intervalence 
transfer band of the binuclear complex according to Hush theory [13-151 yields 
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d = 2000 cm-l,X= 5700 cm-', AJZ = 2000 cm-', and a2 = (H 
?P 

“)a/@+ AE>2 = 0.07, 
in mating again a substantially valence-localized strut ure with, however, Y 
considerable intercomponent interaction. A remarkable observation is that in this 
case, as well as in other related bi- and trinuclear systems [9], the intervalence 
transfer transition for the trinuclear complex is not simply twice as intense as 
that of the binuclear one (as would be expected on the basis of its degeneracy) but 
rather seems to be split into two transitions of comparable intensity and slightly 
different energy. A likely explanation of this fact brings again into focus a non- 
negligible electronic coupling between remote sites. Fig. 6 shows a schematic 
representation of this situation in terms of(i) zero-order non-interacting curves 
for ground state and the two “degenerate” intervalence transfer states, and (ii) 
first order curves allowing for the intercomponent interactions. The coupling 
between remote centers required to reproduce (at the avoided crossing between 
the two zero-order intervalence transfer states) the observed spectral splitting is 
compatible with the expectations of a model similar with that of Section 3 (Fig. 
4), in which the Yoi and Ya, are now degenerate excited states and Y, is the 
ground state. 

6. CONCLUSIONS 

In cyano-bridged polynuclear ruthenium complexes, thanks to the large 
electronic coupling provided by bridging cyanide between adjacent units, 
electronic interaction can extend appreciably over at least three metal centers. 
Some spectroscopic consequences of electronic coupling between remote metal 
centers in trinuclear complexes have been discussed. 
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