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rounded by a polarizable continuum are in
progress. For more details, see [4].

6. Modelling the Coordination
Sphere of Lanthanides

Hydrated lanthanides(lII) ions
Ln3+(H20t (x = 8, 9) with Ln3+ = Gd3+ ,
Sm3+ and Dy3+ are currently studied using
DFT and the results are in agreement with
similar Hartree-Fock results [10]. The
calculations are related to experimental
results in order to elucidate the hydrata-
tion behavior of lanthanide(Ill) ions. It
has been established that the coordination
number of the lanthanides changes in the
middle of the serie: Nd3+, Sm3+, Eu3+ [I I].

The energies between different struc-
tures (i.e., cube, square antiprism, and
dodecahedron) of the first sol vation sphere
are compared. The bond energy as a func-
tion of ion-water distance obtained in the
local density approximation (LDA) is pre-

sented in Fig. 3. It is seen that the square
antiprism has energetically the most favo-
rable coordination geometry. This result is
in good agreement with MD simulations
of NMR data obtained by Foglia, Helm,
Kowall and Merbach in Lausanne [12].

The charge polarization of the coordi-
nated water molecules at different ge-
ometries is also being studied in order to
design better interaction potentials to be
used in molecular dynamics (MD) simu-
lations of such systems. More results will
be presented at the fall session 1994 of the
New Swiss Chemical Society.
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Molecular Devices Based
on Bridged Transition-Metal
Complexes
Peter Belser*

Abstract. The article from A. von Zelewsky, in this issue gives a broad survey about
some scientific activities at the Institute of Inorganic Chemistry of the University of
Fribourg. The present contribution will be rather focused on a detailed study of the
photophysical and photochemical behavior of a molecular device that is capable to
undergo energy- and/or electron-transfer processes.

1. Introduction

form functions and have, therefore, the
potential to behave as molecular devices.
Photochemical molecular devices are those
that use light to achieve their functions.

The development of photochemical
molecular devices for different applica-
tions (e.g., artificial photosynthesis and
information processing) [4 J is based on
the design of molecular species in which
photoi nduced energy- or electron-transfer
processes can take place over a long dis-
tance with high efficiency.

To elucidate the role played by various
factors in determining the occurrence of
photoinduced energy- and electron-trans-
fer processes, we have designed and syn-
thesized different bridged polynuclear
metal complexes [5][6]. The requirements
for the construction of such a molecular
device for charge separation are (Fig. 1):

Fig. I. Block diagram of a molecular device that is capable for an ellergy-trall.\'fer process

The scientific field of supramolecular
chemistry [1-3] means that such compli-
cated systems have the potential to achieve
much more capabilities than simple mole-
cules. A simple molecule has only the
possibility to participate in chemical reac-
tions. Supramolecular systems can per-

*Correspondence: Prof. Dr. P. Belser
Institute of Inorganic Chemistry
University of Fribourg, Perolles
CH-1700 Fribourg

hv ! ----~
M1--l rigid bridge rM2

~ IhV'
energy - transfer ,



CHEMIE IN FREIBURG/CHIMIE A FRIBOURG 347
CHIMIA 48119941 Nr. 'I \S<PI"lIlh<rl

rounded by a polarizable continuum are in
progress. For more details, see [4].

6. Modelling the Coordination
Sphere of Lanthanides
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are compared. The bond energy as a func-
tion of ion-water distance obtained in the
local density approximation (LDA) is pre-

sented in Fig. 3. It is seen that the square
antiprism has energetically the most favo-
rable coordination geometry. This result is
in good agreement with MD simulations
of NMR data obtained by Foglia, Helm,
Kowall and Merbach in Lausanne [12].

The charge polarization of the coordi-
nated water molecules at different ge-
ometries is also being studied in order to
design better interaction potentials to be
used in molecular dynamics (MD) simu-
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we have used [Os(bpYhF+-type metal
complexes as the acceptor part of the
molecular device.

- We need also a connecti ng component
(rigid bridge), which can be used to
link together the two above mentioned
active components in the desired spa-
tial arrangement. In the present article,
some of such spacers, used in our lab-
oratories, are depicted.
As mentioned before an important re-

quirement for the usefulness of such su-
pramolecular devices is their degree of
spatial organization. Species in which the
active components are linked by non-rigid
spacers are of little practical interest, be-
cause practical devices require vectorial
energy or electron transfer over long dis-
tances.

Ru" and OS" polypyridine-type com-
plexes exhibit suitable excited-state and
redox properties to play the role of build-
ing blocks forthe construction ofphotoac-
tive supramolecular systems [8]. For syn-
thetic reasons, it is difficult to assemble
these metal-containing building blocks
with the appropriate bridges to bui Id up
extended and rigid structures.

We have now synthesized a series of
binuclear metal complexes that are con-
nected by the novel bridging ligand 1,4-
bis[ (2,2'-bi pyridine-5-yl)ethynyl]bicy-
clo[2.2.2]octane (bpy-S-bpy and the cor-
responding metal complexes M)-S-M2;

see Fig. 2). The ligand synthesis is depict-
ed in the Scheme.

The two bpy units are separated by a
1.0 nm long spacer (S) which contains a
rigid bicyc100ctane component and two
linear acetylene-type units. In the binuc-
lear species, the distance between the
two metal centers (ca. 1.7 nm; Fig. 3)
changes only slightly on rotation around
the single bonds connecting the bridge to
the bpy units. These rod-like, nanoscale
supramolecular metal complexes exhibit
interesting excited-state and redox prop-
erties.

The novel ligand bpy-S-bpy has been
synthesized [5][6] through the correspond-
ing bis-alkene 3. The phosphonate 1was
obtained by an Arhu~()l' rearrangement
from5-(bromomethy I)-2,2'-bipyridine [91.
Bicyclo[2.2.2]octane-I,4-dicarboxalde-
hyde (2) [10] and 1 were coupled by a
Wadsworth-Emmons reaction to give the
(E,E)-diene 3. Bromination at room tem-
perature gave 4 and subsequent dehydro-
bromination by refluxing with excess KOH
yielded the diyne bpy-S-bpy 5, which was
isolated as a colorless, crystalline solid.
An X-ray structure of the bridging ligand
bpy-S-bpy shows clearly the rod-like struc-
ture (Fig. 4).

fi ~ #N N
V

M(bPYh2+

ed-state electron-transfer reactions. An
excellent candidate for such a molecu-
lar component is [Ru(bpYh]2+ (bpy =
2,2'-bipyridine) [7].

- The second molecular component (M2)

is a species capable of undergoing a
one-electron reversible redox reaction.
Other requirements are: a) suitable re-
dox potentials; h) thermal and photo-
chemical stability in both of the oxida-
tion states; c) good quenching ability
for electron transfer (or energy trans-
fer), and d) suitable kinetic factors for
electron-transfer reactions. In our study ,

1,6 nm

II (N.N
N---.---)1,8 nm ".

_________? ;=N N-

~fi~~# ~#~#N N

C:.·.··j The average value is 1.7 om
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[(bpYhRu(bpy-S-bPy)f+

[(bpYhOs(bpy-S-bpy)]2+

[(bpYhR u(bPy-S-bPy)Ru(bPYh]4+

[(bpYhOs(bPy-S-bPy)Os(bPYht+

[(bpYhRu(bPy-S-bPy)Os(bPYh]4+

Fig. 3. Conjimnlllional arrangement of the dillLlclear metal complexes

Fig. 2. Schematic representation of'the bridging ligand bpy-S-bpv and of its mononuclear and
dinuclear cOlllplexes

bpy-S-bpy

- A molecular component that can act as
an interface toward light (M I)' This
component can be easily transferred to
the excited state and has fully reversi-
ble redox behavior. Further require-
ments in practical systems are: a) sta-
bility towards thermal and photochem-
ical decomposition reactions; h) suita-
ble ground- and excited-state redox
potentials; c) high efficiency of popu-
lation of the reactive excited state; d)
sufficiently long lifetime of the reac-
tive excited state, and e) appropriate
kinetic factors for ground- and excit-
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Fig. 4. Crystal structure and unit cell of the bridging ligand bpy-S-bpy. The bicyclooctane unit is
disordered.
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unite one. This is confirmed by the
decrease in the excited state lifetime
of the Ru-based unit (from 23 I ns in
Ru-S-Ru to 22 ns in Ru-S-Os) and by the
rise time (21 ns) observed for the develop-
ment of the luminescence of the Os-based
unit.

o-G-\P(OEth
~II ~# •.

N N r

der the experimental conditions used.
Therefore, the results demonstrate that
in Ru-8-0s an intramolecular energy-
transfer process takes place, which
quenches the luminescent excited state
of the Ru-based unit and sensitizes the
luminescent excited state of the Os-based

Scheme. Synthesis of the Ligand bpy-S-bpy

2. Discussion and Results

The absorption spectra in the visible
region and the luminescence spectra of the
binuclear compounds are displayed in Fig
5. Two isosbestic points are present at 416
and 466 nm. Excitation at one of these
wavelengths on the Ru-S-Os compound
(as was the case for the luminescence
experiments), each metal-based unit ab-
sorbs 50% of the incident light.

In oligonuclear complexes electronic
interaction between the mononuclear com-
ponents may range from very strong to
very weak (with almost equal properties
for separated and bridged units) depend-
ing of the nature of the bridge. In the case
of the novel bridge bpy-S-bpy, we can
notice (Table) that the first oxidation po-
tential, the first reduction potential, the
absorption maxima, and all the lumines-
cence properties are almost identical for
Ru-S, Os-S, Ru-S-Ru, and Os-S-Os. This
suggests little or a very weak electronic
interaction between the metal-containing
units in the dinuclear compounds.

In the dinuclear heterometalic species
Ru-S-Os, the quantum yield of the Ru-
based luminescence is ca. ten times
smaller than those of the reference com-
pounds Ru-8 and Ru-8-Ru, whereas the
quantum yield of the Os-based lumines-
cence is about the same as that observed
for the reference compounds 05-8 and
Os-8-0s.

The Ru-based luminescence intensity
of a 1: 1mixture ofRu-S-Ru and Os-8-0s
in MeCN solutions is 50% of an isoab-
sorptive (at the 466 nm isosbestic point)
Ru-S-Ru solution, indicating that inter-
molecular quenching does not occur un-

Using this bridging ligand, we have
synthesized the mononuclear metal com-
plexes [(bpY)2Ru(bpy-S-bpy)]2+ (Ru-S);
[(bpYhOs(bpy-S-bpy)]2+ (Os-S) and the
dinuclear complexes [(bpY)2Ru(bpy-S-
bpy)Ru(bpYh]4+ (Ru-S-Ru); [(bpY)20S-
(bpy-S-bpy)Os(bpYh]4+ (Os-S-Os), and
[(bpy hRu(bpy-S-bpy )Os(bpy h]4+ (Ru-S-
Os) as PF6--salts [8]. We have character-
ized the compounds by elemental analy-
sis, FAB mass spectrometry, IH-NMR,
UV/VIS spectroscopy and determined
their spectroscopic, luminescence, and
electrochemical properties. We have also
investigated the quenching of the lumi-
nescence of the Ru-based unit by the Os-
based unit in the heterometallic species
[(bpy hRu(bpy-S-bpy )Os(bpy h]4+. The
rate constant for the photoi nduced energy-
transfer process was measured and com-
pared with the current theories.
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Table. Spectroscopic and Electrochemical Data of the Ru and Os Complexes. The data are measured in acetonitrile solutions. For comparison
purposes the 'parent' [Ru(bpYhF+ and [Os(bpYhF+ are also shown. Further informations about the experimental conditions are given in [3].
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Fig. 5. Absorption lind (inset) uncorrected luminescence spectra of {(bpy}zRu( bpy-S-bpy )Ru( bpy }zJ4+
(---), [(bpy)ps(bpy-S-bpy)Os(bpy}zj4+ (-...), and [(bpy}zRu(bpy-S-bpy)Os(bpy}zj4+ (-)
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rate formalism Yen can be expressed with
the following factors: VN*/(, as where VN
is the average nuclear frequency factor, /(
is the electronic transmission coefficient,
and t1G:f: is the free activation energy.
This last term can be expressed by the
Marcus quadratic relationship (Eqn. 5).
where Acn is the intrinsic barrier and t1Go

sibility cannot be excluded, however, that
a Dexter-type energy-transfer mechanism
(Fig. 6) is also involved and plays a major
role.

For an exchange energy-transfer mech-
anism, the rate constant in the nonadiabat-
ic limit can be expressed as in Eqn. 3 [13]
[14] Yen and t1G:f: can be obtained from
Eqns. 4 and 5, respectively. In an absolute
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3. The Rate Constant of the Energy-
Transfer Process

be calculated on the basis of spectroscopic
quantities by Eqn. 2.

')(H )2\' _ - en
en - h (

i )112
i'enRT

The rate constant for energy transfer of
(Ru-S-Os) can be calculated from Eqn. 1,

where rand t> are the luminescence life-
time of the Ru-based component in Ru-S-
Os and in the Ru-S-Ru species, respec-
tivel y. Energy -transfer processes can take
place by Forster-type (dipole-dipole reso-
nance) [11] and/or Dexter-type (electron
exchange) [12] mechanisms (Fig. 6).

The expected rate of energy transfer
according to the Forster mechanism can

For Ru-S-Os, c1>o = 0.015, rD = 226 ns,
r= 1.7 nm (n = refractive index of the used
solvent, v = wavenumber, fA = molar
extinction coefficient), and the value ob-
tained for the overlap integral is 4.7 x
10-]4 M-1cm-3. The calculated value ob-
tained for ken (Eqn. 2; 2.4 xl 07 S-I) is of the
same order of magnitude of the experi-
mental value (4.1 x 107 S-I). In view ofthe
approximations involved, it could well be
that the Forster mechanism counts for the
observed energy-transfer process. The pos-

(. )

the standard free-energy change of the
energy-transfer process.

Using the reasonable assumptions
[IS] [16] that i) the free energy change can
be understood as the difference between
the zero-zero spectroscopic energies of
the donor and acceptor excited state
(-0.33 eV), and ii) the reorganizational
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energy Aen is equal to the spectroscopic
Stokes shift [15][16] (i.e., ca. 0.2 eV)
between absorption and emission of do-
nor, the process falls in the Marcus invert-
ed region with a value of 0.4 for the expo-
nential term of Eqn. 3 at room tempera-
ture. Assuming VN = I X 1013 S-I, the
experimental value ken =4. I X 107 S-I yields
(Eqn. l) a value of ca. I X 10-5 for the
electronic factor K". This shows that the
process is strongly nonadiabatic. From
Eqn. 4, a value of 0.4 cm-I can thus be
obtained for the through-bond electronic
interaction energy Hen between the two
metal-containing units, under the assump-
tion that the observed energy-transferproc-
ess takes place only by an exchange mech-
amsm.

"Forster"

t-\ ./-1,, ,
, .
\CI --- CI.:

, .

-+ , +t/ +-"-H-
D* M D M*

"Dexter"

t-~-

n = 1,2,3

Fig. 7. A new series of dridging ligands for dinuc/ear complex formation

Fig. 6. Schematic representation of the 'Forster' and 'Dexter' mechanism for energy transfer. CI
corresponds to the Coulomb interaction.

M*
+-

DMD*

e-- transfer

-+~-H-
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In conclusion, we have synthesized a
rigid bis(bipyridine) bridging ligand, bpy-
S-bpy, which has been used to construct
rod-like dinuclear metal complexes on
nanometric dimension. In spite ofthe long
metal-metal distance (1.7 nm), in thedinu-
clear, heterometallic Ru-S-Os compound
light excitation of the Ru-based unit is
followed by a very efficient (>90%) ener-
gy-transfer process (ken = 4.] X 107 S-l),
which causes the sensitized emission of
the Os-based unit.

The new ligand might be used to build
up more complicated molecular devices,
which contains donor and acceptor lig-
ands. Such types of supramolecules are
capable to held the charge separated state
for a long time and open the field for
chemical appl ications. An interesting ques-
tion is the dependence of the length of the
bridge on the effectiveness of the energy-
or electron-transfer process. To answer
this question, we are preparing new bridg-
ing systems with different length of the
spacer unit (Fig. 7).

5. Conclusion and Further
Developments


