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Photochromic Molecules as Building
Blocks for Molecular Electronics

Belser Peter*

Abstract: Energy and electron transfer processes can be easily induced by a photonic excitation of a donor metal
complex ([Ru(bpy),J**), which is connected via a wire-type molecular fragment to an acceptor metal complex
([Os(bpy),**). The rate constant for the transfer process can be determined by emission measurements of the two
connected metal complexes. The system can be modified by incorporation of a switching unit or an interrupter
into the wire, influencing the transfer process. Such a molecular device corresponds to an interrupter, mimic
the same function applied in molecular electronics. We have used organic switches, which show photochromic
properties. By irradiation with light of different wavelengths, the switch changes its functionality by a photochemi-
cal reaction from an OFF- to an ON-state and vice versa. The ON- respectively OFF-state is manifested by a
color change but also in different conductivity properties for energy and electron transfer processes. Therefore,
the mentioned molecular device can work as a simple interrupter, controlling the rate of the transfer processes.
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Polynuclear complexes

Following a labora-
tory technician ap-
prenticeship at CIBA
AG, Peter Belser
studied chemical en-
gineering at the engi-
neer school in Win-
terthur with the final
examination as dipl.
chem. HTL. He got
his Diploma in chemistry at the University
of Fribourg and under the guidance of Pro-
fessor Alex von Zelewsky he was awarded
the degree of a PhD at the same Univer-
sity. Peter Belser’s dissertation involved
the synthesis and study of ruthenium dii-
mine complexes. After a postdoctoral stay
at the University of Fribourg he made his
habilitation in inorganic chemistry at the
same University. From 1992 to the present
day he is associate professor at the Depart-
ment of Chemistry, University of Fribourg.
His main scientific topics are: Synthesis of

*Correspondence: Prof. P. Belser
Department of Chemistry
University of Fribourg

Chemin du musée 9

CH-1700 Fribourg

Tel.: +41 26 300 8739

Fax: +41 26 300 9738

E-mail: peter.belser@unifr.ch

metal complexes of ruthenium and osmi-
um with diimine ligands and investigation
of their photophysical and photochemical
properties; synthesis of systems of ligands
that induce an optical activity after com-
plexation; synthesis and study of ‘molecu-
lar devices’ and ‘molecular switches’ and
finally study of photochromic spin-cross-
over complexes.

Introduction
Molecular electronics, a fascinating

topic, deals with reproducing electronic
circuits and logic functions on molecular

dimensions.!I The goal of such investiga-
tions is the miniaturization of the size of
electronic chips or in other words a tremen-
dous increase of storage density of such
electronic elements. The top-down ap-
proach is limited by the wavelengths used
in photolithography processes. With the
best techniques applied nowadays a reso-
lution in the range of several tens of nano-
meters is possible. On the other side, the
bottom-up strategy to build up electronic
circuits, incorporates molecular structures
in sub-nanometer scale. Very simple ele-
ments like an interrupter or a diode, which
work in the macro world perfectly, are not
easy to realize on a molecular level. Our
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approach to building up an electronic inter-
rupter uses the combination of photosensi-
tive molecular units and chain-type mol-
ecules acting as wires. Fig. 1 illustrates the
principle of the molecular device.

The driving force to induce an energy-
or electron transfer process through the
wire is induced by two metal complexes,
which act as a donor and acceptor unit.
The metal complex “[Ru(bpy),]** contains
enough energy in its excited state to in-
duce the above-mentioned transfer pro-
cess. As an acceptor unit the metal com-
plex [Os(bpy),]** takes up the energy. The
whole process can be observed by measur-
ing the emission generated by the two ex-
cited metal complexes.[2]

The Supramolecular System

[(bpy) ,Ru(bpy-Anthracene-bpy)
Os(bpy),] (PF,),

We encountered the topic of molecu-
lar switches and molecular electronics by
serendipity. During investigations on the
study of energy- and electron transfer re-
actions in bridged, bimetallic complexes
we developed a three-component system
in which the two metal complex units
[Ru(bpy),]** and [Os(bpy),]** are linked
by an anthracene-containing bridging li-
gand.BB The goal of our investigations was
the construction of a molecule in which
an internal energy transfer in a predeter-
mined direction and with a high efficiency
occurs. The discussed bimetallic complex
is depicted in Fig. 2 and the details of the
synthesis and photophysical properties are
published.[*

The bridging ligand was pre-
pared by a coupling reaction between
9,10-bis(chloromethyl)anthracene 1 and
benzylamine under basic conditions (so-
dium carbonate) to yield benzyl[{10-
(benzylaminomethyl)anthracen-9-yl}
methyl]-amine 2 in good yield. The coordi-
nating ligands 2,2’-bipyridine were intro-
duced into the anthracene fragment by a
reaction of the above-described secondary
amine 2 with 2,2’-bipyridinyl-5-carbon-
ylchloride 3 again under basic conditions
(DMA/TEA) yielding the bridging ligand
4 in moderate yield. The synthesis of the
bpy-anthracene-bpy bridging ligand can be
seen in Scheme 1.

The corresponding monometal-
lic complex was prepared by reaction of
[Os(bpy),CL ] and the bpy-anthracene-bpy
ligand in a 1:1 ratio, followed by an extend-
ed purification process. The second metal
complex (Ru) was then introduced by a nor-
mal procedure described in literature.!5!

Under oxygen-free conditions a very
efficient energy transfer process was ob-
served from the excited ruthenium donor
moiety to the acceptor part (Os). This was
indicated by an extremely short life-time
of the Ru-based emission of the Ru-anthra-
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Scheme 1. The synthesis of the bpy-anthracene-bpy ligand system.
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Fig. 3. Absorption and luminescence (inset) spectra of Ru-anthracene-Os (full line). Changes in
spectra caused by irradiation with visible light of an aerated solution are shown (dotted lines).
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cene-Os complex (excitation at 464 nm,
corresponding to the isosbestic point of
the [Ru(bpy),]** and [Os(bpy),]** subunits,
see Fig. 3) compared to the corresponding
model compound [Ru(bpy),]**. This indi-
cates that in Ru-anthracene-Os the *CT-Ru-
based excited state is strongly quenched by
the anthracene moiety inducing an energy
transfer process to the Os-moiety. A sche-
matic energy level diagram shown in Fig.
2 visualizes the situation.

In contrast, if the measurements were
made in air-equilibrated solutions, the ir-
radiation causes a photoreaction, indicated
by the progressive disappearance of the
anthracene absorption in the 350-400 nm
region (Fig. 3).

In parallel, an increase in intensity of
the Ru-based luminescence band at 640 nm
is also observed (see inset Fig. 3). The pho-
toreaction was found as a Ru-anthracene-
(’CT)-Os sensitized energy transfer to the
dissolved oxygen molecules. This resulted
in the formation of singlet oxygen, which
was able to react with the central ring of
the anthracene bridge. A careful NMR in-
vestigation has shown that the anthracene
unit was oxidized to an endoperoxide spe-
cies in which the anthracene aromaticity
is no longer present. The energy level of
the anthracene-endoperoxide moiety is
significant higher than the corresponding
aromatic anthracene. Therefore, the energy
transfer from the Ru- to the Os-part is no
longer possible (Fig. 2). The photochemi-
cal transformation into an anthracenen-i-
peroxo unit corresponds to an OFF situa-
tion for the energy transfer process, while

the bridging ligand under oxygen-free con-
ditions acts as an ON state.

The described Ru-anthracene-Os sys-
tem is one of the first described molecular
switches in which an energy transfer pro-
cess is interrupted by a chemical modifi-
cation (endoperoxide formation). Unfortu-
nately, the oxidation process described is
not reversible and all attempts to remove
the endoperoxide group failed. In con-
clusion, the Ru-anthracene-Os system is
a molecular device for vectorial energy
transfer, which undergoes ‘self-poisoning’
in the presence of oxygen.

The Rhenium Complex [Re(L)
(CO),CI] L = 1,3-dianthracen-9-yl)
propan-2-yl-2-([2,2’-bipyridin]-5-yl)
acetate

The above-described supramolecular
system led us to a new switching system
using a photochemical dimerization reac-
tion of two anthracene units (Fig. 4). The
photochromic property for that system is
located in the UV region.

The system is capable of distinguish-
ing between an ON/OFF state, a logic elec-
tronic operation on molecular dimensions.
The photophysical properties are published
in the literature.l] A short overview about
the preparation protocol for the synthesis
of the ligand system is given in Scheme 2.

Two molecules of 9-bromoanthracene
(5) were coupled with 2-(chloromethyl)
oxirane (epichlorhydrine) yielding the
switching unit 6. The metal coordinating

part was introduced by an esterification re-
action between 6 and 2-([2,2’-bipyridin]-
5-yl)acetic acid (7) with the help of DCC
to get the desired anthracene-bpy switch 8.
The synthesis of the ligand system and rhe-
nium complex is described in literature.[”]

The anthracene moieties in the non-
dimerized form are able to quench the ex-
cited triplet state of the rhenium complex
by an efficient energy transfer process.
Therefore, no emission from the rhenium
part can be observed. By irradiation of the
rhenium complex with light close to the vis-
ible region (365 nm) an intramolecular 47
+ 4n-dimerization process between the an-
thracene units takes place. In the dimerized
form the anthracene units have loosened the
aromatic character in the central benzene
ring and act no longer as an energy quench-
er. As a consequence, an intense emission
from the metal center can be observed.

By irradiation with light of 254 nm
wavelength, the dimerized form returns
to the open form accompanied by a non-
emissive behavior.

Such a chemically bounded bis-anthra-
cene system is an ideal molecular switch,
which can control or modulate energy/
electron transfer processes. In reality, the
described system represents only a internal
switch and allows no control of energy or
electron fluxes in molecular wires.

Further investigations are underway
to use the aforementioned switching part
as a ‘cyclophane’ type bis-anthracene unit
incorporated in a bridging ligand able to
coordinate two metal centers. In conclu-
sion, the supramolecular system described
above is an interesting and functional as-
sembly of two subunits, a photo-switchable
bis-anthracene moiety and a detector that
reveals the state of the switch by means of
its emission properties.

Controlling Energy Transfer
Processes by Photoresponsive
Dithienylethene Derivatives as
Bridging Ligand

A real development to build up an in-
terrupter for energy- or electron transfer
through wire-type molecules was achieved
by incorporation of the well-described pho-
tochromic dithienylperfluorocyclopentene
switch!” between the donor ([Ru(bpy),]*)
and the acceptor part ([Os(bpy),]*") of the
molecular construction. 8]

The preparation protocol for the
bridging ligand is given in Scheme 3.
4-(4-Bromophenyl)-[2,2’]-bipyridine  (9)
and  3-bromo-2-methyl-5-thiophenebo-
ronic acid (10) are coupled together by a
Suzuki reaction to get the precursor 11. A
second coupling reaction between 11 and
perfluorocyclopentene leads to the desired
bridging ligand 12 in moderate yield. The
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Fig. 5. The photochromic dithienylperfluorocyclopentene molecule as part of the bridging ligand.

corresponding metal complexes were syn-
thesized according to literature methods.!5!

The switch shows a perfect bi-stable
behavior and both states (open/closed re-
spectively OFF/ON) can be interconverted
by irradiation with light of 345 nm and 600
nm wavelengths, respectively. The proper-
ties of the complexes, Ru-switch-Ru, Os-
switch-Os, and for our investigations, the
most important complex Ru-switch-Os, are
described in the literature.5! Fig. 5 shows the
supramolecule in the open and closed form.

Interestingly, the switch can be photo-
chemically closed by light of different wave-

lengths. A direct irradiation with light of 345
nm into the '[L-state, which corresponds to
the closing process in the non-complexed
bridging ligand, leads to the closed form.
A second process, also forming the closed
switch was observed. By irradiation into
the *MLCT-band of the Ru-complex, an en-
ergy transfer process to the *IL-state of the
switching unit occurs. The energy of the ex-
cited *IL state is high enough to induce the
photochemical closing reaction of the two
thienyl-fragments of the switch (Fig. 6).

If the Ru-switch-Os compound is in its
open form, which corresponds to the OFF-

functionality (by means of energy conduc-
tivity) of the switching system, an efficient
energy transfer process via the °IL state
can be observed, indicated by the strong
emission from the Os-acceptor moiety and
consequently very weak emission remain-
ing from the Ru-donor part.

In the closed system, corresponding to
the ON state of the switch, an increased
n-delocalization and subsequent lowering
of the energy level of the switching unit
is observed (Fig. 6). The consequence of
such a lowering of the energy level cre-
ates a situation in which the switch acts as
an energy trap. The dithienylperfluorocy-
clopentene switch quenches both excited
states of the donor and acceptor part. For
the described system with a Ru-donor and
an Os-acceptor, such a behavior is unsuit-
able for an application as interrupter for
energy or electron transfer processes. The
situation changes if electrodes with an
experimentally defined potential differ-
ence can be applied, replacing the donor
and acceptor part in the molecule. The
corresponding molecular system will be
discussed in the following section of the
overview. Meanwhile we have constructed
a series of molecular devices with incor-
porated photochromic switches, showing
interesting photophysical properties.[°!

Molecular Electronics in Self-
assembled Monolayers (SAM)

The most fascinating approach to prove
our photochromic switches is its incorpo-
ration into self-assembled monolayers
(SAMs). It is well known that the prepa-
ration of SAMs is a difficult task if the
molecular units, which build up the layer,
contain bulky substituents.l'l We have re-
cently developed so-called ‘tripods’, able
to bind via three S—Au bonds to gold sur-
faces.ll!I The tripods are composed by a tet-
rahedral silicon core, decorated with three
thiol-containing legs, and a rigid connec-
tion to the head part of the molecule. The
head of the tripod can be any functionality,
depending on the planned properties of the
self-assembled monolayer. In our example
a ruthenium complex ([Ru(bpy),phen]*)
was used as the head to study photophysical
properties of an immobilized metal com-
plex on gold surface (Fig. 7). The quality
of the Ru-(S-Au), monolayer is depicted in
Fig. 8. The AFM picture indicates islands
of bounded tripods which are sufficiently
large to perform local measurements and
the quality and height of the layer (3 nm)
confirm monolayer formation and its sta-
bility. Such islands are well-known for
other thiolate complexes on surfaces.!1]

To study the way in which holes and
electrons can flow through the molecule,
tunneling junctions of SAMs of Ru-tripods
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Fig. 7. Tripod molecule anchored on a gold surface and a schematic representation of the
template stripped (TS) Au-Ru-tripod//EGaln tunnel junction. The EGaln top-electrode is biased

while the TS Au bottom-electrode is grounded.

were formed.[12] A conically shaped eutec-
tic indium gallium (EGaln) top-electrode
and a template striped (TS) Au surface as
bottom electrode was used to construct the
tunnel junction. The EGaln top-electrode
was biased while the TS Au electrode
was grounded. A typical junction size
was between 500-1000 um?. 17 junctions
were assembled at three different TS Au

surfaces. Of these 17 junctions, 14 were
working and 3 were shorting. The junc-
tions were then scanned between —2 and
+2 V. The corresponding J(V) curve and
the semi-log plot of a l/I(V)-curve is shown
in Fig. 9. The relatively large stability and
the high yield in working devices suggest
that the tripod molecules are very stable
and most likely constantly standing up and
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Fig. 8. AFM picture of self-assembled
monolayers of Ru-tripod on a gold substrate
and height profile, revealing the formation

of islands whose heights correspond to the
dimensions of the molecule.

the SAMs are densely packed. The TS Au-
Ru-ripod//EGaln junction rectify currents
with a rectification ratio R = (IJI(V)/IJI(-V))
~ 100 at = 1.5 V. The IJI(V)-curve shows
two sudden increases in current density at
—1.3 V and 0.9 V. This increase in current
density may reflect the on- and off-reso-
nance tunneling of the molecular HOMO
and LUMO levels of the Ru-tripod. Thus
at >0.9 V bias, holes are injected in the
HOMO level, while >—1.3 V bias electrons
are injected in the LUMO. Since these pro-
cesses take place at different potentials, we
observed rectification with larger currents
at positive bias.

A further development of such Ru-
tripod molecules is the incorporation of
a photochromic switch into the rigid con-
necting part of molecule. Such a modifica-
tion leads to a molecule whose rectifica-
tion properties can be influenced. The ex-
amination of the conductivity of the SAM
measured between two electrodes using a
EGaln setup demonstrated the possible ap-
plication of these molecules in molecular
electronics.

Conclusions

The incorporation of photochromic
units into wire-type molecules opens the
possibility to measure and modulate en-
ergy- and electron transfer processes. The
construction of a well-working interrupter,
the simplest functionality in molecular
electronics, is quite difficult because each
part of the whole molecule must have the
right energy to fit into the molecular ener-
gy diagram. The choice to use photochro-
mic units is given by the simple input to
change the state (ON/OFF) of the switch
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by light. If the driving force to induce the
mentioned energy or electron transfer pro-
cess is forced by an electrical potential
difference, both actions, transfer process
and change of the state of the switch, do
not interfere with each other. The last ex-
ample has shown that more complicated
functions, for example a rectification be-
havior, can be combined with a molecular
interrupter leading to new properties of the
whole system.
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