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SUMMARY

Ligand-bridged peolynuclear conplexes made up of metal-
containing subunits with long=lived excited states are suited
for the study of intramelecular electronic energy transfer.
Using Ru(IT) and Cr{III} complex units as building blocks and
cyanide as bridging ligand, 2 number of Ru(II}-Ru{IIL), Ru(II}-
Cr(III) polynuclear complexes have been aynthesized. Efficient
intramolecnlar energy transfer between adjacent metal centers
cccurs in these systems, as shown by quenching and photo-
sensitization of the appropriate emissions. when the behavier of
the polynuclear complex is compared with that of the component
subunits, a number of interesting effects are ghserved including
spectral sensitization, antenna effect, luminescence shift,
enhanced population of the emitting state, photoprotection,
excited-state intervalence transfer, chemiluminescent charge
recombination. Possible developments of the results towards the
design of photconic melecular devices are discussed.

INTRCDUCTION

The photochemistry and photephysics of simple coordination
compounds has made substantial progress in the last two decades
{ref. 1-3). By now, the fundamental factors governing the
excited=state behavior of several classes of coordination
compounds are relatively well understood. Particularly for many
d3 and a® metal complexes, synthetic contrel and tuning of
important properties such as excited-state energy and lifetime,
enission yields, photoreactivity, excited-state redox potentials
is now feasible. Followlng the current "eupramolecular" tendency
of chemical resesarch, inorganic photochemistry is evolving from
the study of =simple ceordinatien compounds te that of more
complex systems. Particularly interesting from this peint of
view are moclecular systems that contain twe or mere metal
centers connected by bridging ligands. These compounds are
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conveniently called polynuclear complexes.

Te ebtain a photochemically intereasting pelynuclear complex,
an "assembling™ procedura is usually followed, i.e., one starts
with mononuclear species having well-defined individual
properties (excited-state sanergies, redox potentials, photo-
physical parameters} and then mnakeas the appropriate chemical
connections between these units {usually by the strategy of
"complexes as  ligands" or by making chemical bonds between
ligands on different metal centers). The first obvious guestion
concerns the extent to which the energetics of the constituent
metal-containing fragments is changed in this process. The
answer depends on the degree of electronic interaction between
the units, which in turn depends on a comkination of metal
fragment and bridge properties. In the limit of strong
interaction, a delocalized description of the polynuclear
complex would be needed, leading to energy levels (and ta
photochenical and photophysical properties) that are mostly
unrelated to these of the individual subunits. This limit way be
encountered in other polymetalllc systems (e.g., c¢lusters with
direct metal-metal bonds) but is relatively rare in ligand-
bridged polynuclear complexes. For these species the interaction
is generally sufficiently small that, although the energy levals
of the subunits can be somewhat perturbed by mutual interaction,
a localized description is appropriate.* In other words, in most
cases the Known photophysical and photochemical gproperties of
the individual subunits can still ke used as a basis to analyze
the behavior of the polynuclear complex.

If ¢the bhehavior of a polynuclear complex were simply a
superposition of those of the subunits, however, there would be
little interest in this type of pheotochemical systems. The
interest comes indeed from the fact that, besides (or in
competition with) the characteristic processes of the single
subunits ({intracomponent processes}, new processes involving
different subunits (intercomponent processes) are possible in a
pelynuclear complex. The most important intercomponent processee

*The relationship between the strength of interaction and the
degree of localization has been worked out in particular datail
in the case of "mixed-valence" polynuclear complexes {ref. 4],
where the weak-interaction casge of intereat to this work is
usually lakelled as class II behavior.
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are photoinduced electron transfer and electronic energy

transfer. In the photochemistry of coordination compounds enerqy
and electron transfer are well known as bimolecular phenomena
occurring upen collisiconal encounters between excited ang
ground-state reactants in seclution. In principle, such processes
should occur at least as rapidly and efficiently when, as in a
polynuclear complex, the "reactant™ wunits are covalently
attached by a bridging ligand. The syntheasis of polynuclear
systems suitable for the study of intercomponent photoinduced
energy or electron transfer processes has been undertaken in
recent years in various laboratories (refs. 5~12}). 1In this
article, we will briefly summarize and discuss some of our work
in this area, with particular regard to the study of
intercomponent electronic energy transfer.

The polynuclear complexes described in this article were
specifically designed and synthesized. They have the general
structures schematically shown in Pig. 1, where A, B, and ¥ are
metal-containing subunits bound together by bridging cyanide
ligands. Various RuU{II} and Cr(III} complex fragments have heen
used as A, B, and X (A, B = Eig—Ru(bpy]gCN+, Ru(bpy}{CN}5 ,
cr(enys?”, trans-cr(cyclam)cn®t, cr(muss®t: x = cis-Ru(bpy),®t,

A--—NEC-——X-—-CEN———@
@—0511———1{— —Nzc———@

Fig. 1. Schematic structures of +the polynuclear conplexes
investigated, consisting of variocus metal containing complex
units (A, B, and X, see text) connected by bridging cyanide
ligands.

O

®

cis—Ru[bpy(COO)z]zz_, trans-Ru(CN)42_). The rasults cbtained are
summarized and briefly discussed in the following sections,
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Ru{II} BIPYRIDINE POLY¥CHROMOPHORIC COMPLEXES.
These complexes {(ref. 13) contain two or three cis—Ru(bpy)22+
units, and cyanides as bridging and terminal ligands:
NC-Ru(bpy ) 2~CN-Ru(bpy ) 3=CN*

NC~Ru(bpy ) 3~CN-Ru(bpy ) 3=NC=Ru (bpy ) 2=CN2"

They can bhe classified as polychromophoric systems, but the

chromophoric units are not all identical, as they differ in the
C- or N-bonded nature of the bridging cyanides. This affects to
some extent the energies of the netal-to-ligand charge transfer
(MLCT) states of the various Ru(hpy)22+ chromophores, that
decrease {by ca. 0.1 um_l for sach step) in the order NC~Ru-~CN >
CN-Ru-CN > CN-Ru-NC . In these systems, a single emission is
observad that can be attributed to the lowest enerqy
chromophore. Although no selective population of the MICT
excited states of the varicus chromophores is possible in these
systems dque to overlapping absorption bands, the exact
correspondence between excitation and absorptlion spectra in

MLCT — lmrer
'Y 1 b
MLCT _
1
MpeT — e Pout
-11£ﬁLCT

NC-Ru(bpy) 2-CN-Ru (bpy) 3-NC-Ru(bpy) 2-CN2T

Fig. 2. Schematic representation of the energy  transfer
mechanism for +the trichromophoric complex. The efficiency of
conversion to the emitting state is unitary.
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these complexes points towerds a very efficient intramclecular
energy transfer process from the higher-energy chromophores to
the lowest emitting ocne. The energy transfer process is likely
of the triplet-triplet Dexter type (although a coulomkic singlet
mechanism cannot be ruled out}. The photophysical behavior of
these polychromophorie spacies (ref. 13} is schematically
represented in Fig. 2, using the trinuclear complex as an
examnple.

A related polychromophoric system that has been recently
synthesized and studied {(ref. 14} is the trinuclear complex

NC—Ru(bpy)z-CN-Ru[bpy(COO)z]z—NC—Ru(bpy)z—CNz_

in which the carboxylic groups on the bipyridines of the central
chromophoric unit have the effect of further lowering the MICT
energy of this unit relative to that of the terminal ones. This
leads to sizeable shifts in MLCT absorption and +thus to  the
possibllity to address the individual chromophores with light of
different wavelengths. &also in this caee, emiesion from the
central c¢hromophore is observed with constant efficiency,
independent on chromophore that undergoes light excitation.

The results show that in these polychromophoric systems fast
(subnanosecond) intramolecular energy transfer between adjacent
Ru[bpy)22+ chromophores always leads to 100% aefficijent
poprulation of the lowest energy chromophore. It can be noticed
that polychromophoric systems of this type exhibit an "antenna
effect" simllar (though probabkly different 1n mechanism) to that
by which the antenna pigments increase the aeffective absorption
¢ross-section of the special pair in natural photosynthetic
reaction centers. It is conceivable that artificial antennas
similar +to the above-discussed ones kut of larger size c¢an ke
constructed by replacing the terminal wunits with polymeric

polychromephoric chains.

Ru(IT}~Cr{IT1) CHROMOPHORE-LUMINOPHORE COMPLEXES

Selective excitation of the energy donor and unambiguous
identification of the excited state of the acceptor are ideal
reguisites to be sought in the design of a polynuclear complex
for intramclecular energy transfer studies. In order to meet
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these conditions, one should choose as components (1) an energy
donor unit {chromophore) with good light-absorbing propertias in
a spectral region in which the acceptor is transparent and (ii)
a transparent energy acceptor unit with very specific light-
emitting properties (luminophore). The strong visible absaorption
makes Ru(II) polypyridine complexes good candidatas as
chromophoric units. Among possible luminophores, Cr(III}
complexes have been selected because of their week visible
ligand field absorption and their very characteristic doublet
emission.

Using gig—Ru(bpy)22+ as chromopheric and Cr(CN)53_ as
luminophoric unit, the cyano-bridged trinuclear complex

Cr(CN) 5-CN-Ru (bpy } 3-NC=Cr (CN) 5+

has been synthesized (ref. 15). The visikle absorption spectrum
is dominated by the MLCT bands of tha chromopheoric unit, the
contribution by the luminophoric units in +this region baing
absclutely negliglble. In DMF, visikle exclitation of the complex
gives rise to the long-lived sharp phosphcorescence typical of
the cr(cN)g o~ *°
from the -CHN-Ruibpy)-NC- unit (see, e.dq. the trinuclear complex
of the previowa section as a model molecule) is completely
quenched. The excitation spectrum of the luminhophore-based
emission caincides with the chromophore-based absarption

Eg state, while the MLCT phosphorescence expected

spectrum. This is «¢lear indication for the occurrence of an
efficient intramolecular  chromophore-to-luminophore  energy
transfer process. The detailed mechanism inferred from
quantitative measurents (ref. 15) is shown in Fig. 3, where the
behavior of the chromophore-luminophore complex is compared with
that {ref. 16) of the isclated luminophore. The key step is an
exchange energy transfer process leading from the chromophore
triplet (Ru(T;)) to the luminophore doublet state (Cr(Dg)}. In
the isclated luminophore, the deoublet state can only be reached
{following ultraviolet light absorption) through the excited
guartet {Cr({,)), resulting in photolability (because of a
guartet photosubstitution reacticon) and low doublet yield
{because of inefficient quartet-->doublet intersystem crossing)
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(ref. 16). Because of the direct access to the doublet, on the
centrary, the chromophere-luninophore complex has a unitary
doublet yield and is photostable.

= 0.08
Cr(Qy) Q17 — reaction
Ru(sy )
=1
= 0,5
RU(T) — n=1
M o) Do
F _
Ru(Sg) Ccr{Qg) Q0
(a) (b}

Fig. 3. Photophysical mechaniams for the chromophere-luminophors
complex (a) and luminophore (b} in DMF.

The behavior of this complex illustrates some of the ways 1in
which the performance of a luminophore can be improved by
covalent coupling to a chromophoric unit: (1) gpectral
geneitization; (ii) antenna effect; (iii} enhancement of
luminescence yields: (iv) photoprotection.

There are other interesting ways in which the chromophore-
luminephore complex differs frowm the bare luminophore (ref. 15).
One of theee is that the absorption spectrum of the long-~Ilived
deubiet state of the chromophore luminephore complex {excited-
state absorption gpectrum, ESA) exhibits a broad visible band
that is completely abzent in the ESA spectrum of the
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luminophore. This corresponds to an "intervalence transfer" (IT)
transition in which ruthenium is oxidized and excited chromium
is reduced, i.e.,
]
Cr{IIT}=Ru{II}=*Cr{IlI) ----> Cr(III)-Ru(III}-Cr{II)

The presence of this IT execited state is probably responsible
for the failure teo obtain doubly excited =species of the
*Cr(III}-Ru(Il)=~*Cr(II1) type upon two-photon excitation of the
trinuclear complex. The IT excited state 1is not seen in  the
ground-state absorption spectrum as it is hidden by the intense
MLCT bands of the chromophore.

A trinuclear complex of similar structure has been recently
synthesized (ref. 17} using the same chromophore and trans-
Cr(cyclam](CN)2+ {cyclam = 1,4,8,11-tetraazacyclotetradecane) as
luminophoric unit:

NC-Cr(cyclam) -CN-Ru(bpy) ;-NC-Cr{cyclam)-CN% "

The reasons for choosing this luminophore lie in its superior
thermal and photochemical stability and in its ability to emit
strongly in many sclvents including water (Cr(CN}ss_ was limited
tc DMF as working solvent). Morecover, its trans dicyano
structure seems to be ideally suited in view of developments
towards more extended polynuclear systems (see later). This
complex also exhibits efficient intramolecular chromophore-to-
luminophore energy transfer, and its photophysical behavior
(ref. 17) is, as a whole, guite asimilar to that described above
for the analogous Cr(CN)s-CN-Ru(bpy)z-NC-Cr{CN)g? .

In principle, an exchange mechanism permits energy transfer
from the triplet state of the chromophore to both the doublet
and the guartet states of the luminophere. In Cr(CN)s~CN-
Ru(bpy)z-NC-Cr(CN}54_, only the doublet pathway was
enhergetically possible because of the large doublet-guartet
separation in the luminophore and the relatively low triplet
energy of the chromophore, but in other systeme of this type
competition with a quartet pathway ([RufTj)~->Cr(Qq)-—>Cr(Dg})
cannot be ruled cut. To investigate this point, a particular
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chromophora-luminophore complex, namely,
Ru(bpy) (CN}3-CN-Cr (NH3 )5

has been recently synthesized (ref. 18). This complex has the
built-in property of a tunable chromophore triplet energy, as
the +three non-bridging cyanides are extremely sensitive to
guter-sphere donor-acceptor interactions (refs. 19,20). Thus,
the energy gap between the Ru(T;) state and the cCr(Dp} and
Cr(Q1) states can be easlly changed by means of solvent effects
or protonation. The results available indicate =mensitization of
the lumincphore phosphorescence by the chromophore under a
variety of experimental conditions (sclvent composition and acid
content). The doublet yield, however, appears to decrease with
increasing doner triplet energy, consistent with competition
between a low-energy, efficient doublet pathway and a high-
energy, inefficient quartet pathway (ref. 18). aAside from the
guartet complication, chromophore-luminopheore complexes with
tunakle donor-acceptcr energy gap should also be useful to
investigate the driving force requirements of the energy
transfer step, a point that may be relevant for futurea
extensions of the work (see below). This gquestion could be
particularly important when, as in these cases, polar MICT
states are involved and some solvent reorganization should

acconpany the energy transfer process.

SENSITIZATION OF LUMTNOPHORE EMISSTON BY AN UNUSUAL MECHANISM

The trinuclear complex
NC-Cr{cyclam}-CN-Ru(CN)4-NC-Cr(cyclam)-CN

has been recently synthesized and studied (ref. 21).
Experimentaliy, the complex behavea in many reapects like the
previously described chromophore-luminophore complexes, but the
mechanism wunderlying this behavior is quite different. The
lowest energy feature in the absorption spectrum of the conmplex
is an intense kand in the near ultraviclet. Contrary to what
happened in the previocus complexes, however, the lowest energy
band cannot be asssigned to the Ru(II}-containing fragment (that
absorbs farther in the ultraviclet and is therefore not a true
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tchromophore" in this complex). This band actually corresponds
to an IT transition eof the type

hy
Cr(III)=-Ru{IL)-Cr(III} ----> Cr{III}-Ru(III)-Cr(II)

Excitatien into this band gives rise to very efficient
phosphorecence from the Cr(cyclam}(CN)2+ lumincphore. This
result does not arise, as in the previcus chromophore-
luminophore complexes, from energy transfer but rather from a
back electron transfer process that leaves the Cr(Ill) center in
the excited doublet state

Cr{III)-Ru(IIXI}-Cr{IIl) ----> Cr{ILI)-RU{IIl)-*Cr{III}
This process is interesting from several viewpoints. Tt can be

noticed that this pracess is the intramolecular analog of a

chemiluminescent alectron transfer reaction. Bimolecular

procesaes of thizs type have been extensively investigated with
several reactant pairs, and a number of Ru(III}/Cr{Il} cases,
e.g.,

+

Ru(bpyia®’ + cri4,4'-Me bpy);2t -——->

Ru(bpy)32+ + *Cr(4,4'-Masbpy)s>"

have been reported (ref 22). Therefore, the mechanism by which
the luminophore emission is sensitized in this complex can be
conveniently called "chemiluminescent charge recombination®.
Looking at the polynuclear complex as a single (albeit
supermolecular) entity, inter-component photophysical processes
are simply viewed as processes interconverting different excited
states of the supermolecule. In intramclecular energy transfer,
a locally excited gtate is converted into another one. 1In
photoinduced intramolecular electron transfer (ref. 23) a
locally excited state is converted into a c¢harge transfer (IT)
atate. Chemiluminescent charge recombination is the canversion
of a charge transfer (IT) state into a locally excited state,
i.e, the reverse of photoinduced electron <transfer. Its
observation fills an empty place in the cataloque of the
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possikle inter-component processes of polynuclear complexes.

TOWARDS PHOTONIC MOLECULAR DEVICES

There 1is currently a growing interest in the pessibility to
extend the macroscopic concept of "device" at the molecular
level (refs. 24-27). The idea of "moclecular device" stands at
the crossrocads between molecular biclogy, where the relationship
between wolecular structure and functien is an all-pervading
concept, and micrgelectronics, where the possibility to start
with moelecules and go "small upward" iz seen as the ultimate
alternative to the "large downward" approach of litheographic
technigues. A molecular device is an assembly of molecular
components (i.e., a supramclecular structure)} that, because of
the specific arrangement of the components in the dimensions of
space and energy, is able to perform a function. Molecular
devices capable of performing light-induced functions (il.e.,
devices powered by 1light or capakle of elaberating light
signals) can be called photonic molecular devices (PMD). General

requirements, action mechanisms, wmachinery, and possible
applications of PMDs have been discussed (refs.28,29).

In the previous sections we have seen that (i) polynuclear
complexes are made of compenents with individual photochemical
and photophysical properties and (i1i} the behavier of the
polynuclear complex is determined by the spatial arrangement and
relative ehergetics of the components. Polynuclear complexes
clearly have some of the distinctive features of PMD=., Whether
or not a given polynuclear complex is tc be considered a PMD
depends, of course, on the extent to which its behavior
constitutes a wuseful light induced function. Scome of the
polynuclear complexes discussed in this  article  perforn
functions that could be interesting in the context of PMDs.

For example, polynuclear complexes featuring efficient
antenna effects could serve as energy collecting subunits in
various kinds of PMDs for energy conhversion. In particular,

complexes such as
2=
NC=-Ru(bpy) z-CN-Ru[bpy {C00) 2] 3=-NC-Ru(bpy}2—CN

(or more extended versions of it) could be profitably used to
overcome the problem of insufficient light absorption in the
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sensitization of semiconductor electrodes for wet photovoltaic
cells {ref. 30). Polynuclear complexes featuring antenna effect
and spectral sensitization may alsc find applications as
luminescent lakels or wavelength shifters.

The facile observation of exchange energy transfer in ligand=-
bridged polynuclear complexss suggests that multi-step energy
migration through extended chains ar networks of transition
petal centers g¢ould Pbe feasible, provided that the energy
gradient reguired for each transfer step is small. &s a first
step in this direction, it has been recently verified (ref. 31}
that energy transfer is fast and efficient in the binuclear
CriIIL)/Cr{ITl) complex

NC-Cr(cyclam)-CN-Cr(CH)g

that emits efficiently from the doublet state localized on the
pentacyano unit irrespective of the initially excited unit. When
this result ie coupled with those described above for

NC-Cr (cyclam) =CN-Ru(bpy } 3=NC~Cr(cyclam) =N

the possibility to fuse the two systems and ohtain a two-step
chromophore=relay-luninophore energy transfer is apparent. The
syr.thetic feasibility of such an extended polynuclear complex is
currently under examination.

In a perspective wview, polynuclear complexes featuring
chemiluminescent charge recombination alsec lock as interesting
building blocks for MPDs. In fact, if such systems could bhe
connected by suitable "™molecular wlres" te electrodes,
conversion of electricity into light at a molecular level could
be achieved.

These are but a few hints at some of the roles that
polynuclear camplexes featuring intramelecular photo-
senzitization could play in conceivable PMDs. It should be kept
in mind, of course, that the development of practical PMDs is a
formidable chemical problem, that will certainly require long
times and largely interdisciplinary efforts. However, the basic
idea that molecular systems can be engineered so0 as toc perform
specific light-induced functions is stimulating, and (as shown,
e.g., by recent work on photoinduced charge separation (refs.



311

32-34)) important information concerning the structure-function
relationships can be obtained from the study of relatively
simple supramolecular systema. From thias viewpoint, palynuclear

complexes seem to be interesting versatile systems to work with.
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