




Abstract 
 
According to the famous axiom known as Moore’s Law the number of 
transistors that can be etched on a given piece of silicon, and therefore 
the computing power, will double every 18 to 24 months. For the last 
40 years Moore’s prediction has held true as computers have grown 
more and more powerful. However, around 2020 hardware manufac-
turers will have reached the physical limits of silicon. A proposed so-
lution to this dilemma is molecular electronics. Within this field re-
searchers are attempting to develop individual organic molecules and 
metal complexes that can act as molecular equivalents of electronic 
components such as diodes, transistors and capacitors. By utilizing 
molecular electronics to construct the next generation of computers 
processors with 100,000 times as many components on the same sur-
face area could potentially be created. 
 
We have synthesized a range of new pyridyl thienopyridine ligands 
and compared the electrochemical and photophysical properties of 
their corresponding Ru(II) complexes with that with the Ru(II) com-
plexes of a variety of ligands based on 6-thiophen-2-yl-2,2´-bipyridine 
and 4-thiophen-2-yl-2,2´-bipyridine. While the electrochemistry of the 
Ru(II) complexes were similar to that of unsubstituted [Ru(bpy)3]2+, 
substantial differences in luminescence lifetimes were found. Our 
findings show that, due to steric interactions with the auxiliary bipy-
ridyl ligands, luminescence is quenched in Ru(II) complexes that in-
corporate the 6-thiophen-2-yl-2,2´-bipyridine motif, while it is on par 
with the luminescence of [Ru(bpy)3]2+ in the Ru(II) complexes of the 
pyridyl thienopyridine ligands. The luminescence of the Ru(II) com-
plexes based on the 4-thiophen-2-yl-2,2´-bipyridine motif was en-
hanced compared to [Ru(bpy)3]2+ which indicates that complexes of 
this category are the most favourable for energy/electron-transfer sys-
tems.  
 
At the core of molecular electronics are the search for molecular 
ON/OFF switches. We have synthesized a reversible double cyclome-
tallated switch based on the Ru(tpy) complex of 3,8-bis-(6-thiophen-
2-yl-pyridin-2-yl)-[4,7]phenanthroline. Upon treatment with acid/base 
the complex can be switched between the cyclometallated and the S-
bonded form. This prototype has potentially three different states 
which opens the path to systems based on ternary computer logic. 



 

Sammanfattning – Swedish abstract 
 
Enligt den berömda Moores Lag så kommer det antal transistorer som 
kan placeras på en bit kisel att dubbleras var 18:e till 24:e månad, 
d.v.s. processorkapaciteten kommer att dubbleras var 18:e till 24:e 
månad. De senaste 40 åren har detta påstående varit sant och datorerna 
har blivit allt kraftfullare. Runt 2020 kommer dock Moores Lag att 
utsättas för svåra prövningar. Processortillverkarna börjar helt enkelt 
att nå den fysiska gränsen för hur små transistorer som kan tillverkas 
av kisel. lösning på detta problem är att gå över till s.k. molekylär-
elektronik. Genom att utveckla enskilda molekyler och metallkomplex 
som kan fungera som dioder, kondensatorer och transistorer kan ut-
vecklingen mot allt snabbare och kraftfullare datorer fortsätta.  
 
Vi har syntetiserat en ny grupp av pyridyl tienopyridiner och kom-
plexbundit dem med ruthenium. De fotofysiska och elektrokemiska 
egenskaperna för dessa komplex har sedan jämförts med ruthenium-
komplex med ligander baserade på 6-tiofen-2-yl-2,2´-bipyridin och 4-
tiofen-2-yl-2,2´-bipyridin. De elektrokemiska resultaten visade inga 
stora skillnader mellan dessa Ru-komplex och [Ru(bpy)3]2+. De foto-
fysiska mätningarna visade stor skillnad i luminiscenslivslängd. I de 
komplex vilkas ligander baserades på 6-tiofen-2-yl-2,2´-bipyridin var 
livslängden för kort för att uppmätas (under 30 ns), vilket förmodligen 
bero på steriska interaktioner med de övriga koordinerade bipyridylli-
ganderna, medan den hade jämförbar livslängd med [Ru(bpy)3]2+ i de 
komplex som hade pyridyl tienopyridiner som ligander. De komplex 
vars ligander var baserade på 4-tiofen-2-yl-2,2´-bipyridin uppvisade 
längre luminiscenslivslängd än [Ru(bpy)3]2+. Detta indikerar att kom-
plex av denna typ bör vara den mest användbara för komplex som ska 
ingå i system där elektroner eller energi ska överföras mellan olika 
punkter. 
 
En mycket viktig typ av föreningar inom molekylärelektroniken är de 
som kan fungera som ”strömbrytare”, föreningar som beroende på 
extern stimulans kan växla mellan två eller flera lägen. Vi har synteti-
serat en ny reversibel dubbelt cyklometallerad brytare baserad på 
rutheniumterpyridinkomplexet av föreningen 3,8-bis-(6-tiofen-2-yl-
pyridin-2-yl)-[4,7]fenantrolin. Genom behandling med syra/bas kan 
detta komplex fås att växla mellan den cyklometallerade formen till 
den S-bundna formen och tillbaka igen. Denna prototyp har potentiellt 
tre olika lägen, vilket skulle möjliggöra trinär datalogik.  
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"The object of life is not to be on the side of the majority, but to escape finding  
oneself in the ranks of the insane." 

-Marcus Aurelius, Roman Emperor 161-180 A.D 
 
 

"Chemists are a strange class of mortals, impelled by an almost maniacal 
impulse to seek their pleasures amongst smoke and vapour, soot and flames, 

poisons and poverty, yet amongst all these evils I seem to live so sweetly 
that I would rather die than change places with the King of Persia.” 

-Johann Joachim Becher, German chemist/alchemist, 1635-1682 
 
 

“A tidy laboratory means a lazy chemist.” 
       -Jöns Jacob Berzelius, Swedish chemist, 1779-1848 
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Introduction: The Path to Molecular 
Electronics 

1.0 The integrated circuit 
 
The most significant scientific breakthrough of the 20th century is the 
advent of the integrated circuit and microelectronics. 
 
 A century ago Albert Einstein did all his calculations by hand, aided 
only by a slide-rule. 60 years ago the first computer ENIAC contained 
17,486 vacuum tubes and weighed 27 tons. 50 years ago the portable 
transistor radio was a high-tech novelty. 25 years ago the first IBM 
Personal Computer was introduced with an Intel 8088 CPU, a clock 
speed of 4.7 MHz and an internal memory of 640 kB at a retail price 
of $1,565. Ten years later an IBM PC cost approximately the same but 
now it had an Intel 80486 CPU with 48 times as many transistors and 
probably 4-8 Mb of internal memory. Today in 2007 microelectronics 
is an integrated part of the western world. We file our tax returns from 
a computer. We book our flight tickets from a computer without ever 
talking to a travel agency. We store our photos digitally on a hard 
drive. Said photos are taken with a digital camera that has a compu-
ting power that the astronauts on the Apollo rockets could only dream 
about. We store our entire music collection within a tiny iPod that 
uses advanced algorithms to compress the music into small mp3s.1 
The physicians monitor our health using sophisticated equipment that 
would have been impossible without microelectronics. No part of so-
ciety has been unaffected by the ever shrinking electronics and the rise 
of the Internet.  
 

                               
1 Mp3: Definition from Encyclopaedia Britannica – “Abbreviation of MPEG-1, audio layer 3. 
Standard technology and format for the compression of audio signals into very small comput-
er files.”  
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As mentioned, the scientists of the early 20th century did their calcula-
tions by hand. Today most of the sciences rely completely on comput-
ers for data processing and solving massive mathematical equations 
that were previously impenetrable. As an example, in early 2007 a 
team of mathematicians from The American Institute of Mathematics 
used a supercomputer called Sage at the University of Washington to 
map what has been called the most complex object in mathematics, 
the 248-dimensional object known as the Lie E8 group (see Figure 1).2 
When E8 was originally discovered in 1887 it was thought that it 
could never be understood. This accomplishment would have been 
impossible without a supercomputer with a large memory and im-
mense computing power.  
 

 
 

Figure 1: A two-dimensional graphic representation of the 248-
dimensional E8 group. 

 
However, scientific feats such as these are just the icing on the cake. 
What is more important is how microelectronics has transformed so-
ciety as a whole, and how it continues to transform society as it is fur-
ther miniaturized and finds novel applications. Is there no limit? 
 
The first step on the path to microelectronics and the integrated circuit 
was taken in 1947 at Bell Laboratories when William Shockley, John 
Bardeen and Walter Brattain built the first transistor (see figure 2).3 Its 
advantages compared to the old vacuum tube were obvious. It could 

                               
2 American Institute of Mathematics, http://aimath.org/E8/, 2007-05-12 
3 In 1956 Shockley, Bardeen and Brattain were awarded the Nobel Prize in Physics. 
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be manufactured in a highly automated procedure, did not need time 
to heat up, was more robust, had shorter response time and consumed 
less power. Furthermore, it could be made much smaller than vacuum 
tubes, a crucial advantage.  
 

 
 

Figure 2: A replica of the first transistor, made of germanium. 
 

In the beginning transistors were made as individual components and 
then assembled onto a board together with other electronic compo-
nents (diodes, resistors, etc.) to make an electric circuit. It did not take 
long before the assemblies started to become too complicated and 
crowded with electronic components. Already in 1952 a British engi-
neer named G. W. A. Dummer suggested that it was unnecessary to 
manufacture all the components of an electric circuit (wires, transis-
tors, resistors and capacitors) in separate pieces and then assemble 
them on a board. The same circuit could be made much smaller and 
more efficient if all of these devices were contained in the same piece 
of semiconductor, an integrated circuit. At the time the technology for 
creating such a circuit did not exist, but in 1958 Jack Kilby at Texas 
Instruments developed a method to create an integrated circuit out of 
germanium.4 The full potential of the integrated circuit was not rea-
lized until the planar transistor was discovered later the same year, 
which enabled Robert Noyce at Fairchild Semiconductor to design 
and patent the first stable integrated circuit of silicon for mass produc-
tion.5 Instead of tediously assembling hundreds of components on a 
                               
4 In 2000 Kilby was awarded the Nobel Prize in Physics for his invention of the integrated 
circuit.  
5 T. Hey; P. Walters; The New Quantum Universe; Cambridge University Press; 2003; p 122-
130; ISBN: 0521564573 
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board they could now be etched, all at the same time, into a wafer of 
silicon by a lithographic process.  
 

 
Figure 3: The first integrated circuit incorporated a tran-
sistor, a capacitor and resistances in a piece of germanium. 

 

1.2 On Moore’s Law 
 
In 1965 the chemist Dr. Gordon E. Moore (who would later co-found 
Intel together with Robert Noyce) published a short paper in which he 
made certain observations about the future development of the inte-
grated circuit.6 He noted that “The complexity for minimum component 
cost has increased at a rate of roughly two per year”. The popular 
interpretation of this observation has been called “Moore’s Law” and 
it states that the number of components that can fit onto a given sur-
face of silicon will double every 18 to 24 months, i.e. that computing 
power will double every 18 to 24 months, see Graph 1.  
 
 
 

                               
6 G. E. Moore; Electronics; 38 (8); 1965 
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Graph 1: The popular interpretation of Moore’s law. 

 
Being logarithmic, Graph 1 does not fully convey the extremely rapid 
development. If we change Graph 1 into a linear graph, we get a clear-
er picture, see Graph 2. There is a parallel here, to the old story of the 
Emperor and the Inventor of chess who wanted to be paid in grains of 
rice laid out on the chess board. On the first square of the chess board 
the Inventor wanted one grain of rice. On the second two grains of 
rice. On the third four grains of rice. On the fourth eight grains of rice 
etc., until all the squares were filled. In the beginning the emperor 
thought that that was cheap. After half the chess board (32 doublings) 
the Inventor had totally 4 billion grains of rice, and the Emperor was 
probably starting to worry. At the end of chess board (after 63 doubl-
ings) the Inventor had been paid 18 million trillion grains of rice, 
enough to cover the entire surface of the earth. 
 

 
Graph 2: Moore's Law on a linear scale. 
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The same is true for the continuing development of the integrated cir-
cuit and computing power. When computers were invented at the end 
of World War II they certainly had their uses, but not that many took 
notice. Given their massive size and complicated operating procedures 
computers were predominantly used by the military and universities. 
As technology advanced, computers and microchips began to find 
more and more uses. But it was not until the early-to-mid 90s that the 
true home-PC revolution began, when computing power seemingly 
exploded. It did not really, it simply followed the same exponential 
growth that it had had the last 30 years. It is now, at the beginning of 
the 21st century that things really start to get interesting (incidentally 
after approximately 32 doublings of computing power, counted since 
WWII). Note the extreme leap in computing power between the Pen-
tium D microprocessor and the Intel Core 2. Completely predictable, 
yet remarkable.  
 
In an interesting essay called “The Law of Accelerating Returns” in 
2001 Dr. Ray Kurzweil reformulated Moore’s Law.7 Noting that it is 
really not an exponential growth in the number of transistors that we 
are interested but an exponential growth in computing speed at a fixed 
price. By looking back 100 years and plotting the speed (in instruc-
tions per second) per $ 1,000 of 49 famous calculators he arrived at 
graph 3. 
 
It shows that the trend of exponentially increasing computing speed at 
a fixed price did not start with the invention of the integrated circuit in 
the mid-60s. Moore’s Law (as pertaining to integrated circuits made 
out of silicon) is merely the fifth paradigm providing accelerating 
price-performance. The exponential growth of computing speed 
started with the electromechanical machines used in the 1890 U.S. 
census, continued with Alan M. Turing’s relay-based “Robinson” that 
was essential in cracking the Nazis enigma code, the vacuum-tube 
computers, the transistor-based machines that made the Apollo pro-
gram possible and is now racing forward with the modern integrated 
circuits. Also notable is that according to Kurzweil’s graph the expo-
nential increase in computing speed is increasing exponentially, mean-
ing that in the future we will not only see a doubling of computing 

                               
7 R. Kurzweil; The Law of Accelerating Returns; 
http://www.kurzweilai.net/meme/frame.html?main=/articles/art0134.html, Kurzweil Technol-
ogies Inc., 2007-05-18 
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speed every 24 months, soon it will be every year, then every month, 
then…    
 

 
 

Graph 3: Moore's Law abstracted back to the year 1900.7 
 
It all begs the question – will it continue infinitely? Well, of course 
not. To begin with there is a final limit on how much information can 
be stored and processed in a finite space. In a short paper astrophysic-
ists Lawrence M. Krauss and Glenn D. Starkman calculated that at 
present speed, where computing speed doubles every 24 months, the 
limit will be reached in approximately 600 years.8 Furthermore, the 
paradigm known as Moore’s Law will finally run out of steam around 
2020. 
 
The world’s first modern computer processor was the Intel 4004 (inci-
dentally also the first entry in Graph 1). When it was released in 1971 
this stunning – for the time – piece of hardware delivered the same 
                               
8 L. M. Krauss; G. D. Starkman; Universal Limits on Computation; 
http://arxiv.org/PS_cache/astro-ph/pdf/0404/0404510v2.pdf, The Cornell University, 2007-
05-02 
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computing power as the vacuum-tube computer ENIAC, but instead of 
17,486 vacuum tubes it contained 2,250 transistors with a circuit line 
width of 10 microns (10,000 nanometres).  Today’s top-of-the-line 
processor, the Intel Core 2 Duo contains 590 million transistors with a 
circuit line width of 0.065 microns (65 nanometres). Just by thinking 
about it makes it obvious that this shrinking of the features of the sili-
con chip cannot continue forever, sooner or later we will be down to 
individual silicon atoms, and then what? Halves of atoms? 
 
The limit of how many components that can be crammed onto a piece 
of silicon will be reached long before we would have to start worry 
about how to store information in halves of atoms. The biggest ob-
stacles are pure physical constraints that already start to appear as the 
bulk properties of semiconductors vanish at the nanometre scale and 
thus the operating principles upon which the present devices are based 
fail. One of these fundamental barriers are the layers of silicon dioxide 
that are used as insulators within the transistors. According to the In-
ternational Technology Roadmap for Semiconductors the projected 
oxide thickness by 2012 will be less than one nanometre, or approx-
imately five silicon atoms across. However, utilizing scanning trans-
mission electron microscopy David A. Muller and co-workers have 
shown that with present day technologies the thinnest useable layer of 
silicon dioxide is 1.2 nm, and that there is a fundamental limit at 0.7 
nm (approximately four silicon atoms) for a perfect layer of silicon 
dioxide.9 Any thinner and the silicon dioxide will no longer act as an 
insulator, rendering the entire transistor (and by extension the inte-
grated circuit) useless. 
 
As the components grow smaller, quantum mechanics also becomes a 
factor and things like superposition, interference, entanglement and 
the uncertainty principle must be taken into consideration.10  
 
Furthermore, as the number of transistors grow exponentially, so does 
the cost. This fact has been called “Moore’s Second Law”. Currently a 
fabrication line costs $2.5 billion to construct. This cost is estimated to 
rise to about $100 billion by 2015. Beyond that further advances in 
silicon-based technology will only come at extreme costs, making it 

                               
9 D. A Muller; T. Sorsch; S. Moccio; F. H. Baumann; K. Evans-Lutterodt; G. Timp; Nature; 
1999; 399; 758-761 
10 J. M. Tour; Acc. Chem. Res.; 2000; 33; 791-804. 
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not only difficult but also economically unsound to develop smaller 
circuits. 
 
So to continue the development of ever faster and smaller computers it 
is clear that a new paradigm is needed, just as indicated in Graph 3. 
The paradigm of Moore’s Law replaced the paradigm of the transistor 
which in its turn replaced the paradigm of the vacuum-tube. So, what 
new paradigm will replace Moore’s Law? 
 

1.3 Molecular Electronics 
 
A proposed solution to this dilemma is molecular electronics.11,12 A 
computer really only operates by manipulating binary “1” and “0” to 
store information. All that is required is a switch that turns a current 
on (1) or off (0). This is what a transistor does, and by following the 
same general structure on a very small scale, one can make single mo-
lecules that perform this function. Not only is it possible to synthesize 
molecules that mimic transistors, it has been shown that all the com-
ponents (diodes, wires, RAM, etc.) of microelectronics can be re-
placed by molecules. 
 
The concept of extreme miniaturization of computers and machines 
was first put forward by the famous physicist and Nobel laureate Ri-
chard P. Feynman in his 1959 speech “There’s Plenty of Room at the 
Bottom”13 at the annual meeting of the American Physical Society at 
the California Institute of Technology. Feynman called for chemists, 
physicists and engineers to join together in a venture to miniaturize 
machines, information storage and information processing: 
 

 I don't know how to do this on a small scale in a 
practical way, but I do know that computing ma-
chines are very large; they fill rooms. Why can't we 

                               
11 Several reviews of the area are available, a few examples are: (a) R. L. Carroll; C. B.  
Gorman; Angew. Chem. Int. Ed.; 2002; 4378-4400. (b) C. A. Mirkin; M. A. Ratner; Annu. 
Rev. Phys. Chem.; 1992; 719-754.  
12 A closely related area of research, not covered by this thesis, is that of molecular machines. 
An excellent review is available: V. Balzani; A. Credi; F. M. Raymo; J. F. Stoddart; Angew. 
Chem. Int. Ed.; 2000; 3348-3391. 
13 R. P. Feynman; Engineering and Science; 1960; 22-36. 
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make them very small, make them of little wires, lit-
tle elements – and by little, I mean little. For in-
stance, the wires should be 10 or 100 atoms in di-
ameter, and the circuits should be a few thousand 
angstroms across. Everybody who has analyzed the 
logical theory of computers has come to the conclu-
sion that the possibilities of computers are very in-
teresting---if they could be made to be more compli-
cated by several orders of magnitude. If they had 
millions of times as many elements, they could make 
judgments. They would have time to calculate what 
is the best way to make the calculation that they are 
about to make. They could select the method of 
analysis which, from their experience, is better than 
the one that we would give to them. And in many 
other ways, they would have new qualitative fea-
tures. 

 
Then in 1974 Arieh Aviram and Mark A. Ratner published a paper in 
which they suggested that an individual molecule of the structure do-
nor-bridge-acceptor (DBA) between two electrodes could act as a rec-
tifier, a fundamental electronic component.14 Aviram and Ratner sug-
gested that by using appropriate substituent groups on an aromatic 
system it would be possible to increase or decrease π electron density 
within a molecule and thereby create relatively electron-poor (p-type) 
or electron-rich (n-type) subunits of the molecule. To keep the elec-
tron-rich part from interacting with the electron-poor part an insulat-
ing bridge of σ-type would be placed between them. Based on this 
concept they proposed a molecular structure (the “Gedänkenmolekül” 
or “thought molecule”), see Figure 4, that mimicked the electron 
structure of a common solid state p-n junction and presented theoreti-
cal calculations that showed that when a voltage was applied the mo-
lecule should act as an insulator until a limit was reached at which 
point a current would suddenly switch on. 

                               
14 A. Aviram; M. A. Ratner; Chem. Phys. Lett.; 1974; 29; 277. 
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Figure 4: The Gedänkenmolekül proposed by Aviram and Ratner 
as a single-molecule rectifier. A DBA structure with tetracyano-
quinodimethane as an electron-poor acceptor coupled to the elec-
tron-rich donor tetrathiofulvalene via the non-conducting methy-
lene bridge, ensuring that the π systems of the donor and the ac-
ceptor are essentially non-interacting. 

 
The concept may seem fairly easy to test, but it would be almost 25 
years before Robert M. Metzger could prove that the ideas of Aviram 
and Ratner held true and that a Langmuir-Blodgett monolayer of a 
molecule, see Figure 5, with electronic properties similar to the 
Gedänkenmolekül indeed was a rectifier.15 The Gedänkenmolekül it-
self has – to this authors knowledge – never been synthesized. 
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Figure 5: [(N-hexadecylquinolin-4-ium-1-yl)methylidene]tricyano-
quinodimethanide, the molecule that was shown by Metzger and 
coworkers to be a unimolecular rectifier. 

 

                               
15 Robert M. Metzger; J. Mater. Chem.; 2000; 10; 55-62. 
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Only three years after Aviram and Ratner’s thought-provoking paper 
Shirakawa and co-workers published their first report on a highly con-
ducting plastic.16 By doping polyacetylene with iodine the conductivi-
ty was increased 10 million times, making the doped polymer as con-
ductive as some metals. In the late seventies and early eighties this 
was further built upon by Forrest L. Carter who suggested that future 
computers could be based on molecular electronic devices. In a series 
of papers17 and books18 Carter suggested designs for molecules that 
could act as molecular wires and single-molecule versions of conven-
tional AND, OR and NOR logic gates. His conceptual framework 
sparked a lot of interest and a series of conferences based on his ideas 
were held during the 80s. From 1990 and forward real progress has 
been made and several kinds of organic molecules and organometallic 
complexes that acts as basic electronic components, for example rec-
tifiers,15 wires,19 diodes,20 transistors,21 switches22 and DRAM23 have 
been discovered.  
 
 
 

                               
16 H. Shirakawa; E. J. Louis; A. G. MacDiarmid; C. K. Chiang; A. J. Heeger; Chem.  
Commun.; 1977; 578. 
17 (a) F. L. Carter; J. Vac. Sci. Technol.; 1983; 959-968. (b) F. L. Carter; Physica; 1984; 175-
194. (c) F. L. Carter; R. E. Siatkowski; Molec. Struct. Energet.; 1989: 307-392 
18 (a) F. L. Carter (Ed.); Molecular Electronic Devices; 1982; Marcel Dekker; New York; 
ISBN: 9780824780586. (b) F. L. Carter (Ed.); Molecular Electronic Devices II; 1987; Marcel 
Dekker; New York; ISBN: 9780824775629. 
19 (a) M. A. Reed; C. Zhou; C. J. Muller; T. P. Burgin; J. M. Tour; Science; 1997; 278; 252-
254. (b) L. A. Bumm; J. J. Arnold; M. T. Cygan; T. D. Dunbar; T. P. Burgin; L. Jones II;  D. 
L. Allara; J. M. Tour; P. S. Weiss; Science; 1996; 217; 1705-1707. (c) A. Nitzan; M. A. Ratn-
er; Science; 2003; 300; 1384-1389. 
20 (a) M. Elbing; R. Ochs; M. Koentopp; M. Fischer; C. von Hanisch; F. Weigend; F. Evers; 
H. B. Weber; M. Mayor; PNAS; 2005; 102; 8815-8820. (b) M-K. Ng; D-C. Lee; L. Yu; J. Am. 
Chem. Soc.; 2002; 124; 11862-11863. 
21 (a) M. S. Gudiksen; L. J. Lauhon; J. Wang; D. C. Smith; C. M. Lieber; Nature; 2002; 415; 
617-620. (b) Y. Huang; X. Duan; Y. Ciu; L. J. Lauhon; K-H. Kim; C. M. Lieber; Science; 
2001; 294; 1313-1317. (c) A. Bachtold; P. Hadley; T. Nakanishi; C. Dekker; Science; 2001; 
294; 1317-1320. 
22 J. Chen; M. A. Reed; A. M. Rawlett; J. M. Tour; Science; 1999; 286; 1550-1552. 
23 (a) J. E. Green; J. W. Choi; A. Boukai; Y. Bunimovich; E. Johnston-Halperin; E. Delonno; 
Y. Luo; B. A. Sheriff; K. Xu; Y. S. Shin; H-R. Tseng; J. F. Stoddart; J. R. Heath; Nature; 
2007; 445; 414-417. (b) P. Ball; Nature; 2007; 445; 362-363. 



 22 

1.4 Advantages and disadvantages of organic 
semiconductors 
 
Replacing today’s top-to-bottom approach where tiny features are 
etched into a slab of silicon with a bottom-up approach where logic 
gates are formed from single molecules and molecular wires would 
allow for integrated circuits with 1013 transistors/cm2 instead of the 
108/cm2 previously mentioned, a 100,000-fold improvement. Further-
more the response times of molecular devices can be as low as femto-
seconds (10-15 s) while the response times of today’s silicon-based 
devices are counted in nanoseconds (10-9 s).24 Miniaturization holds 
many promises. For example, it would be possible to make a computer 
of the same size as the present ones, but with a million times the com-
puting power. We could build a powerful computer no bigger than a 
pendant that could be carried around the neck, enabling us to be online 
24/7. We can imagine building microscopic machines – nanomachines 
- with a molecular computer inside them controlling them. These ma-
chines can, for example, be used to monitor our health or maybe even 
repair damaged tissue inside our bodies. Or maybe a molecular com-
puter made up of organic materials could be implanted into our very 
bodies, fusing man and machine The sky is the limit when it comes to 
molecular electronics. 60 years ago it was impossible to conceive 
what new machines and applications the transistor would lead to. 
Likewise molecular electronics will find applications that we have 
never even dreamed about. Replacing the silicon-based technology of 
today is the least of the changes molecular electronics will bring. 
 
Another advantage of molecular devices is that once a pathway exists 
they are easy to prepare in large quantities. One could in a single reac-
tion flask prepare, for example, 6.022× 1023 devices or more at once. 
All of them perfectly identical. This number is larger than the com-
bined number of transistors used in all computational devices today. 
This will probably mean that the hardware-software equilibrium will 
be changed by molecular electronics. In today’s computers relatively 
simple, but fast, central processing units (CPU) are used while all of 
the complicated functions reside in the software, making the programs 
large and complicated to create and also making the overall process 
slower. An alternative is so-called wired logic, where all, or most of 
the, complicated functions are built into the integrated circuit.24 This 
                               
24 J. M. Tour; M. Kozaki; J. M. Seminario; J. Am. Chem. Soc.; 1998; 120; 8486-8493 
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makes the overall computational process much faster and also makes 
large memories and complicated programs unnecessary. Combined 
with the principle of self-assembly of the devices, molecular electron-
ics offers the possibility of constructing large integrated circuits with 
complicated functions, something that will raise performance by sev-
eral orders of magnitudes in addition to the already mentioned im-
provements. 
 
Alas, no complete integrated circuit based on molecular electronics 
exists yet. Most of the molecules that has been shown to exhibit the 
desired characteristics of different types of logic gates do so as large 
ensembles of molecules (often in solution), not hooked up in a com-
plete circuit. One of the main problems is how to assemble the inte-
grated circuit itself and attach it to the rest of the circuitry. On a Pen-
tium chip each of the 108 transistors is addressable and attached to a 
power supply. The molecular devices may be easier to make in large 
quantities, but they are more difficult to arrange on a flat surface or in 
a three-dimensional scaffold. One suggested method is to allow the 
molecules to self-assemble on a gold surface. The assembly takes 
place in a matter of minutes, or at most days. The problem is that even 
in a well-ordered self-assembled molecular array  the defect density 
will be at least 1-5%, a value that is infinitesimal for traditional silicon 
based chips.10 This is a problem, but it does not necessarily render an 
integrated circuit based on molecular electronics useless. In their work 
with Teramac, an intentionally defect-ridden supercomputer, Heath 
and co-workers25 showed that by using the crossbar architecture26 and 
careful programming Teramac could be turned into a robust and po-
werful computing machine despite having nearly a quarter of a million 
defects in its processors. Stoddart and Heath utilized the same ap-
proach in 2007 when they successfully constructed a 160-kilobit mo-
lecular electronic DRAM from [2]rotaxane molecules.23 Even though 
only 25% of the switches were classified as “good” the DRAM was 
functional. It remains to be seen if this method can be generalized to 
other molecular electronic circuits. A third option is to place an indi-
vidual molecule (or at most a few) in a nanometre-sized gap between 
two electrodes. By utilizing this technique the electrical conductance, 
stability, the interaction between the molecule and the metal junction 
and other factors can be probed. However, it is difficult to envision 

                               
25 J. R. Heath; P. K. Keukes; G.S Snider; R. S. Williams; Science; 1998; 280; 1716-1721. 
26 M. H. Lee; Y. K. Kim; Y. H. Choi; IEEE Trans. Nanotechol.; 2004; 3; 152-157. 
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how this technique could be turned into a general technique useful for 
the production of molecular computers.  
 
A second obstacle that must be taken into consideration is that of out-
put/input homogeneity. This question is intrinsically linked to the 
question of how to connect a molecular electronic device to the rest of 
the circuitry. If, for example, a photon is put into the system you want 
a photon out, otherwise it is nigh on impossible to design a system 
where one logic gate can operate another logic gate and so on. The 
molecular logic gates that have been demonstrated27 works by many 
different mechanisms, changes in pH, addition of certain chemical 
reagents, absorption of UV or visible light etc. The logic functions 
result from the statistical distribution of chemical or physical events 
(fluorescence, chemical reactions, electrochemical processes) caused 
by the simultaneous stimulation of large molecule ensembles in solu-
tion. Most of these systems are not based on output/input homogenei-
ty. Excitation by a photon in may give an electron out and vice versa. 
These systems constitute proof-of-principle, but they are not an im-
mediate solution to the molecular computer. The aforementioned 
[2]rotaxane-DRAM by Heath and Stoddart23 is connected to an elec-
trical signal via the crossbar architecture and fulfils the requirement 
for input/output homogeneity. That it utilizes electricity is another 
strong argument for this kind of system since it is an established tech-
nique and is presumably fairly easy to integrate with established tech-
nology. However, Francisco Raymo and co-workers28 has done some 
intriguing work on systems which uses light (photons), rather than 
electricity, for digital communication and data processing – molecular 
photonics. Advantages are speed (signals travel at the speed of light), 
the possibility to superimpose signals and reduced energy consump-
tion (reducing the amount of heat evolved). Disadvantages include the 
wiring problem – how can an optical switch be incorporated into a 
solid-state device while maintaining its signal transduction abilities? 
Furthermore, light is a multidirectional signal and communication 
between two specific molecules by emission/reabsorption of photons 
is rather inefficient. This is not a problem at the macroscopic scale of 
Raymo and co-workers, but certainly though a challenge if molecular 
photonics is to be scaled down to individual molecules.     

                               
27 (a) B. L. Feringa (Ed.); Molecular Switches; 2001; Wiley-VCH, Weinheim; 339-361; 
ISBN: 3527299653. (b) U. Pischel; Angew. Chem. Int. Ed.; 2007; 46; 4026-4040. 
28 (a) F. M. Raymo; Adv. Mater.; 2002; 14, 401 – 414. (b) F.M Raymo; S. Giordani; J. Am. 
Chem. Soc.; 2002; 124; 2004 – 2007. 
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The third big obstacle lies in the vast amounts of heat emitted from a 
CPU. A common Pentium chip emits ~40W of heat (100W under ex-
treme circumstances) and operates at temperatures in the range 40-75 
oC. Due to the heat evolved integrated circuits are still built in only 
one planar layer, otherwise it would not be possible to cool them 
enough to avoid a meltdown. Technology-wise it is possible to con-
struct integrated circuits in several layers and thereby linearly increase 
computing power, but it is not possible to cool the CPUs enough for 
them to be of any practical use. Since molecular computing would 
utilize chips that has a million times as many circuits on the same sur-
face and that operate a million times faster the heat generated would 
be enough to melt the chip – and the computer - instantaneously. A 
way to avoid this could be to operate the molecular devices by elec-
trostatic interactions24 instead of the traditional way, with a current of 
electrons. The molecular devices could function by small reshapes of 
the electron density due to the input signals and electrostatic potential 
interactions between molecules would transport the information 
throughout the integrated circuit. The changes in electrostatic potential 
correspond to a very small charge transfer, a fraction of an electron, 
and would severely lessen the amount of heat generated by the device.  
 

1.5 On the philosophy of things very small  
 
All the practical issues of molecular electronics aside, to achieve a 
molecular computer the underlying philosophy of computing ma-
chines might have to be reconsidered. Computing machines were first 
conceived to free scientists from tedious, repetitious calculations as 
they prepared, for example, astronomic, ballistic or trigonometric 
tables. Before computers these calculations were based on standar-
dized forms for collecting intermediary results and keeping track of 
the progress of the calculation. The architecture and operation of cur-
rent computers directly corresponds to this methodology. Computers 
are assembled from elementary pattern recognition units, the so-called 
logic gates, operating according to binary Boolean logic. Computers 
excel at all tasks that resemble the calculation of tables, because that is 
what they were designed to do.29  
                               
29 K.-P. Zauner; Crit. Rev. Solid State and Material Sciences; 2005; 30; 33-69. 
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The fantastic success of the current paradigm has made digital compu-
ting synonymous with information processing. However, in the early 
days of computer science the term “computer” referred to a wide 
range of systems based upon diverse philosophies and methodologies. 
In the effort to devise a new information processing machine it might 
be wise to return to an older definition of computing: 
 

A computer is a system that starts from a state which 
encodes a problem specification and changes, fol-
lowing the laws of nature, to a state interpretable as 
the solution to the problem.30 

 
Instead of forcing a molecular computer to follow the same methodol-
ogy as today’s silicon-based transistor technology it would be wiser to 
utilize the unique properties of molecular materials to extend compu-
ting beyond the limits of binary Boolean logic. For example, why 
should a molecular computer necessarily operate by binary logic? Ma-
thematically the most effective base for representing numbers is 3 
(actually, the most effective base is e, but 3 is the most effective in-
teger).31 One of the first calculating devices ever, built by Thomas 
Fowler in 1840 was based on ternary logic. In the 1950s and the 1960s 
efforts were made to build computers based on ternary logic, resulting 
in the ternary computer Setun being constructed by Nikolai Brusnet-
sov at Moscow University. However, the ternary computer lost to the 
binary computer because of the difficulty in developing reliable three-
state devices. When the required technology finally was available the 
binary technology had become established and the tremendous in-
vestments for fabricating binary chips would have overwhelmed any 
small advantage offered by other bases.  
 
The binary system is a relic from the early days of the computer. Now 
when the paradigm of the silicon-based transistor is posed to be re-
placed by the paradigm of molecular electronics there is no reason to 
hang on to the less optimal parts of the old paradigm. Designing mo-
lecules capable of ternary logic is certainly no trivial task, but com-
pared to the other challenges facing molecular electronics it is certain-
ly not the hardest task.  
 
                               
30 K.-P. Zauner; M. Conrad; Soft Computing; 2001; 5; 39-44. 
31 B. Hayes; American Scientist; 2001; 89; 490-494. 
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As already mentioned, molecular electronics may also shift the soft-
ware-hardware equilibrium towards wired logic. The infinite possibili-
ties of organic chemistry offers the opportunity of tailor-made sys-
tems. The need for programming in itself is a limiting factor and we 
may move towards systems that require little or no programming.29 
Artificial neural networks built upon principles of self-assembly are 
an example of information processing systems that require no pro-
gramming at all. 
 
When trying to establish a new paradigm for how computers are to 
work in the next 50 years it is important to not be blinded by the cur-
rent – very successful – paradigm and instead try and take advantage 
of the possibilities offered by the new technology. This is easier said 
than done, not in the least since it is quite likely that the first opera-
tional molecular devices  will not be complete computers, but rather 
molecular devices integrated within computers that are based on sili-
con technology. For example a computer could utilize a silicon-based 
processor, but have a memory made up of molecular devices, perhaps 
a variation the previously mentioned DRAM by Stoddart and Heath.23 
This would allow molecular electronics to “sneak in” through the 
backdoor, but at the same time it could be detrimental since it would 
force molecular electronics to operate along the lines of the current 
paradigm, and not by principles that are optimal for molecular elec-
tronics.  
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Background Theory 

 

2.0 Conductivity 

2.1 Inorganic semiconductors  
 
Charge transport in a material is measured, at macroscopic levels, by 
its conductivity 
 
 σ = nqµ (1) 
 
where n is the density, q the charge and µ the mobility of the charge 
carriers. Metals have a high conductivity mainly due to a very high 
charge density (i.e. free electrons). However, charge mobility in a 
metal is quite low, mainly limited by a high rate of collisions. In con-
ventional inorganic semiconductors the charge density is 104 to 108 
times lower than in metals, on the other hand their mobility can be up 
to a 1000 times higher.   
 
The concept of the semiconductor has largely evolved during the 20th 
century. Most dictionaries define semiconductors as “any of a class of 
crystalline solids intermediate in electrical conductivity between a 
conductor and an insulator”32. In reality there is not a very clear dis-
tinction between insulators and semiconductors. Band theory33,34 offers 
a possibility to explain the basic differences in conductivity between 
materials such as metals, silicon, alkanes and polyacetylenes. 
 

                               
32 Definition from Encyclopaedia Britannica. 
33 J. Singh; Electronic and Optoelectronic Properties of Semiconductor Structures; 2003; 
Cambridge University Press; ISBN: 9780521823791. 
34 D. Fichou (Ed.); Handbook of Oligo- and Polythiophenes; 1999; ch. 5; ISBN: 3527294457. 
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The bands in band theory refers to energy levels. In solids the orbitals 
of the individual atoms overlap and instead of having discrete energy 
levels as in the case of free atoms, the available energy states form 
bands, separated by a forbidden band gap, see Figure 6. Electrons are 
only allowed to reside in the allowed bands, not in the energy gap be-
tween them. The highest energy occupied band is called the valance 
band and the lowest energy unoccupied band is called the conduction 
band (note the correspondence between the CB and the VB of a mole-
cular solid and the Lowest Unoccupied Molecular Orbital, LUMO, 
and the Highest Occupied Molecular Orbital, HOMO, of a single mo-
lecule). Two cases can then occur. In one case an allowed band is 
completely filled with electrons while the next allowed band is sepa-
rated from the first by an energy gap Eg and is completely empty at 0 
K. In the other case, the highest occupied band is only partially filled 
with electrons.  
 
When an allowed band is completely filled with electrons the electrons 
in the band cannot conduct any current. Electrons, being fermions, 
cannot carry any net current in a filled band since they can only move 
into an empty state. The only way to get a current to flow through the 
material is to somehow excite the electrons into the higher, empty 
band. 
 
In an insulator the forbidden band gap between the valance band and 
the conduction band is very large (> 4 eV), meaning no charge carriers 
reside in the conducting band even at elevated temperatures. The rea-
son for this wide gap is that the valance band is made up of bonding 
orbitals which are completely filled while the conducting band is 
made up of anti-bonding orbitals which are much higher in energy. If 
a charge is injected into an insulator it simply has no energetically 
favourable way to travel within the material. 
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Figure 6: According to its electronic structure any given 
material may be placed in one of the three categories de-
picted above. 
 

Metals have either a partially filled valence band (see Figure 6), which 
is the case for all transition metals with their unoccupied d-orbitals, or 
a near-zero (or even non-zero) band gap between the valence band and 
the conduction band. In any case, metals are excellent conductors be-
cause of the large number of free charge carriers (electrons) that can 
participate in current transport.  
 
A semiconductor is a material in which the valence band is completely 
filled at 0 K and the conduction band is completely empty. However, 
the band gap is not very large (<3 eV). At ambient temperature some 
of the electrons leave the valence band and occupy the conduction 
band, leaving the valance band with some unoccupied states. A dis-
tinction must be made between intrinsic  and extrinsic semiconduc-
tors. In an intrinsic semiconductor, electrons are thermally excited 
from the valence band into the conducting band. As the concentration 
of electrons in the conducting band  decreases exponentially with the 
band gap it follows that only low band gap materials are intrinsic sem-
iconductors (e.g. germanium, Eg = 0.66 eV). It follows that an intrinsic 
semiconductor is a better conductor at elevated temperatures and that 
conductivity decreases as the temperature drops. An extrinsic semi-
conductor is a material that must be doped with another material in 
order to become conducting. By adding minute amounts (ppm) of a 
doping material that adds either electrons (n-type) or holes (p-type) to 
an insulating material a semiconductor is created. A prime example is 
silicon (Eg = 1.12 eV) which is usually doped with boron, gallium or 
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arsenic to improve its  conductivity. It should be mentioned that com-
pared to metals all semiconductors are poor conductors.  
 

2.2 Organic semiconductors 
 
Most organic molecules are insulators, their valence bands are com-
pletely filled with electrons and they cannot conduct a charge. Polya-
cetylene had been prepared as a silvery film in 1974 by Shirakawa and 
co-workers, but despite its metallic appearance it was not a conductor. 
However, by oxidizing (doping) with iodine, chlorine or bromine va-
pour the polyacetylene film was made 109 times more conductive.16 
The doped form of polyacetylene had a conductivity of 105 S m-1, a 
much higher value than any previously known polymer. As a compar-
ison teflon has a conductivity of 10-16 S m-1, diamond 10-12 S m-1 and 
copper 108 S m-1.  
 
A crucial property of a conducting polymer (or any conducting organ-
ic molecule) is the presence of conjugated double bonds. Conjugation 
means that that the bonds between the carbons are alternately single 
and multiple. Every double bond contains a localized sigma (σ) bond 
which forms a strong chemical bond and a weaker pi (π) bond. Organ-
ic chemistry shows that conjugated double bonds behave very diffe-
rently from isolated double bonds. Conjugated double bonds act col-
lectively, sensing that the next-nearest double bond is also a double 
bond. This sequence allows the π orbitals of the double bonds to over-
lap in a continuous fashion, giving rise to delocalized orbitals (and π 
electrons) that run along the entire chain. This π delocalization results 
in relatively low band gaps and the polymer is a semiconductor.  
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Figure 7: Doping of polyacetylene with a halogen, for ex-
ample iodine, results in  a polaron. 
 

The dopant either removes or adds electrons to the polymer. For ex-
ample, iodine (I2) will abstract an electron under formation of an I3

- 
ion, see figure 7. If an electron is removed from the top of the valence 
band of a polymer, such as polyacetylene the vacancy (hole) so 
created does not delocalize completely, as would be expected from 
classical band theory. If one imagines that an electron be removed 
locally from one carbon atom, a radical cation would be obtained.35 

This cation is referred to as a polaron. The moving of the polaron 
along the backbone equals an electric current flowing through the ma-
terial. This mechanism is also called electron hopping since the charge 
carrier “hops” from one localized site to another along the chain.  
 
Due to Colombic attractions between the polaron and the counterion 
(I3

- in Figure 7), which has a very low mobility in the material, the 
polaron is rather localized. This explains why such a high concentra-
tion of dopant is necessary to make polyacetylene conductive, almost 
1 wt% when inorganic semiconductors usually contain less than one 
ppm of dopant. 

                               
35 The Nobel Prize in Chemistry 2000 Advanced Information; 
http://nobelprize.org/nobel_prizes/chemistry/laureates/2000/chemadv.pdf; The Nobel Founda-
tion; 2007-07-11. 
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3.0 Poly- and Oligothiophenes 
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Figure 8: A few examples of conducting polymers, from the 
top, polythiophene, polypyrrole and polyaniline. 

 
The discovery of highly conducting polyacetylene by Shirakawa and 
co-workers in 1977 prompted the synthesis of other polymers with 
conjugated π-systems such as polypyrrole,36 polyaniline,37 polyfuran38 
and polythiophene.38,39 Polythiophene has several favorable properties 
that over the years has made it the most widely studied conducting 
polymer. Polythiophenes can have a variety of structural variations 
and substituents and still retain its conducting properties. Furthermore 
both conducting and semiconducting polythiophenes are very stable 
and are readily characterized.40  
 
A close relative to the polythiophenes are the oligothiophenes. While 
a polythiophene can contain hundreds of thiophene subunits an oligo-
thiophene typically only contains a dozen or fewer subunits (the long-
est41 oligothiophene ever synthesized contains 48 thiophene units). In 
the beginning oligothiophenes were prepared and studied mainly to 
collect data that could be used to explain and fine-tune the properties 
of polythiophenes, but some of their physical properties surpass even 

                               
36 A. F. Diaz; J. I. Castillo; J. Chem. Soc. Chem. Commun.; 1980; 397. 
37 A. F. Diaz; J. A. Logan; J. Electroanal. Chem.; 1980; 111. 
38 G. Tourillon; F. Garnier; J. Electroanal. Chem.; 1982; 173. 
39 J. Roncali; Chem. Rev.; 1992; 711-738. 
40 D. Fichou (Ed.); Handbook of Oligo- and Polythiophenes; 1999; ch. 3-5; ISBN: 
3527294457. 
41 N. Sumi; H. Nakanishi; S. Ueno; K. Takimiya;  Y. Aso; T. Otsubo; Bull. Chem. Soc. Jpn.; 
2001; 979-988 
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those of polythiophenes. Oligothiophenes have been suggested as 
components for molecular electronic and optical devices.   
 
A disadvantage of both unsubstituted poly- and oligothiophenes have 
been their low solubility in organic solvents. This can be attributed to 
strong intermolecular π-π interactions that cause the molecules to form 
highly stable stacks. It is true that present (and most likely in the fu-
ture) semiconductors rely on materials in the solid state where solubil-
ity is an insignificant problem, but good solubility makes it much 
more easy to handle the material, chemically modify the oligomer and 
eventually assemble the molecular device. Fortunately it is possible to 
increase the solubility of poly- and oligothiophenes by introducing 
alkyl substituents in the α- or β-positions of the thiophenes in the 
chain without decreasing their conducting properties significantly.  
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Figure 9: By attaching alkyl groups the solubility of oligothio-
phenes is greatly enhanced. Sexithiophene a) has a solubility in 
CHCl3 lower than 0.05 g/l. Alkylated sexithiophene b) on the oth-
er hand has a solubility of 400 g/l CHCl3 while dodekathiophene 
c) has a solubility of approximately 4.5 g/l CHCl3.42 

 

3.1 Synthesis  
 
Traditionally polythiophenes have been synthesized by electrochemi-
cal polymerization. Electrochemical polymerization is convenient, 
since the polymer does not need to be isolated and purified, but it pro-
duces structures with varying degrees of structural irregularities, such 

                               
42 K. Müllen (Ed.); G. Wegner (Ed.); Electronic Materials: The Oligomer Approach; 1998; 
Wiley-VCH; ISBN: 3527294384  
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as cross-linking. Chemical synthesis offers the possibility of acquiring 
regioregular substituted polythiophenes of predetermined length, but 
was long out of the scope of organic chemists. The first chemical syn-
thesis of perfectly regioregular poly(3-alkylthiophenes) was reported 
by McCullough and co-workers in 1992, see Scheme 1.43  
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Scheme 1: The McCullough method for chemical synthesis 
of poly(3-alkylthiophenes). 

 
The synthesis of oligothiophenes usually proceeds in a stepwise man-
ner. Firstly, the building blocks are synthesized and then these are 
coupled via Stille,44 Kumada,44 Negishi44 or Suzuki44 coupling reactions 
to yield the desired products. Chemical modification of subunits long-
er than four thiophenes are rarely performed. This methodology al-
lows for the synthesis of oligothiophenes with very specific lengths 
and substitution patterns.  
 
For further details about the synthesis of poly- and oligothiophenes 
there are several excellent reviews and books available.45 
 

3.2 Conductivity 
 
Electrons are delocalized along the conjugated backbones of polythio-
phenes through overlap of the π-orbitals, resulting in an extended π-
system with a filled valence band. Analogously with polyacetylene, 

                               
43 R. D. McCullough; R. D. J. Lowe; Chem. Soc., Chem. Commun.; 1992;  70–72. 
44 L. Kurti; B. Czako; Strategic Applications of Named Reactions in Organic Synthesis; 2005; 
Academic Press; ISBN: 0-12-429785-4 
45 See, for example: (a) G. Schopf; G. Koßmehl; Adv. Polym. Sci.; 1997; 1–166. (b) R. D. 
McCullough; Adv. Mater; 1998; 93-116; (c) J. Roncali; Chem. Rev.; 1992; 711-738. (d) D. 
Fichou (Ed.); Handbook of Oligo- and Polythiophenes; 1999; Wiley-VCH; ISBN: 
3527294457. 
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the polythiophene can be turned into a charged polaron by removing 
electrons from the π-system (p-doping) or adding electrons into the π-
system (n-doping). 
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Figure 10: Doping of a polythiophene by oxidation (p-type 
doping). 

 
The spatial extension of a polaron in a polythiophene has been calcu-
lated and found to correspond to five thiophene units.40 This means 
that in an oligothiophene the polaron cannot be considered as a charge 
free to move along the chain, rather it has to be considered as a radical 
cation. In short oligothiophenes the charge transport is believed to 
occur by another mechanism; electron tunnelling.46  
 
As with polyacetylene a much higher level of doping is required in 
polythiophenes (20-40%) than in inorganic semiconductors.  McCul-
lough and co-workers43 have measured the conductivity of poly(3-
dodecylthiophene) doped with iodine approaching 103 S cm-1. In gen-
eral the conductivity of polythiophenes is slightly below 1000 S cm-1, 
but higher conductivity than so is not necessary for many applications 
of conducting polymers. 
 

3.3 Applications 
 
In our group oligothiophenes are used as molecular wires between 
polypyridyl complexes of ruthenium (see section 4). The polypyridyl 
complex acts as a light harvester, an electron from the ruthenium core 
                               
46 N. J. Tao; Nature Nanotechnology; 2006; 173. 
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is excited by UV-light and can then travel via the oligothiophene 
chain to another site further down the chain.  
 
Oligo-and polythiophenes have found further use than just as promis-
ing molecular wires in research projects. AGFA uses a polythiophene 
film as the antistatic layer on their photographic films. Furthermore, 
oligothiophenes show great promise in being used as the semiconduct-
ing element in organic light-emitting diodes (OLED) and thin film 
field-effect transistors (FET).47  
  

                               
47 (a) D. Fichou (Ed.); Handbook of Oligo- and Polythiophenes; 1999; ch. 9; Wiley-VCH; 
ISBN: 3527294457. (b) Horowitz, G.; Adv. Mater.; 1998 (10); 365-377. (c) Facchetti, A.; 
Deng, Y.; Wang,  A.; Koide, Y.; Sirringhaus, H.; Marks, T. J; Friend, R. H; Angew. Chem. 
Int. Edt.; 2000 (39) 4547-4551. (d) Funahashi, M.; Hanna, J-I.; Adv. Mater; 2005 (17); 594-
598. 
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4.0 Ruthenium(II) polypyridyl complexes 
 
Amongst transition metal polypyridyl complexes, those belonging to 
group VIII are the most extensively studied. Metal ions such as Ru2+, 
Os2+ and Fe2+ form low-spin octahedral complexes with strong-field 
ligands such as bipyridines48 (bpy) and phenanthrolines (phen). The 
stability of these complexes is presumably enhanced by the symme-
trical t2g

6 configuration. As one of the few metal complexes with the 
unique combination of properties; luminescence in solution at room 
temperature, moderate excited state lifetime, ability to undergo elec-
tron and energy transfer processes, ease of synthesis and chemical 
stability, [Ru(bpy)3]2+ (see Figure 11) has received a lot of attention 
from researchers during the last 25 years.49 Ruthenium polypyridyl 
complexes have found use in diverse systems such as molecular 
wires,50 sensors and switches51 and in solar energy research.52 
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                    Figure 11: [Ru(bpy)3]2+ 

 

                               
48 For further information about the synthesis of 2,2’-bipyridines and their derivatives, see: G. 
R. Newkome; A. K. Patri; E. Holder; U. S. Schubert; Eur. J. Org. Chem.; 2004; 235-254. 
49 (a) K. Kalyanasundaram; Photochemistry of Polypyridine and Porphyrin Complexes; 1992; 
Academic Press ltd.; London; ISBN: 0-12-394992-0. (b) A. Juris; V. Balzani; F. Barigelletti; 
S. Campagna; P. Belser; A. Von Zelewsky; Coord. Chem. Rev.; 1988; 85-277. (c) R. J. Watts; 
J. Chem. Educ.; 1983; 60; 834-842. (d) V. Balzani; G. Bergaminia; F. Marchionia; P. Cero-
nia; Coord. Chem. Rev.; 2006; 1254-1266. (e) T. J. Meyer; Pure Appl. Chem; 1986; 1193-
1206.  
50 (a) N. Robertson; C. A. McGowan;  Chem. Soc. Rev.; 2003; 96-103. (b) F. Barigelletti; L. 
Flamigni; Chem. Soc. Rev.; 2000;  1-12 
51 A. P. De Silva et. al.; Chem. Rev.; 1997; 1515-1566. 
52 (a) L. Sun; B. Åkermark; S. Styring; L. Hammarström; Chem. Soc. Rev; 2001; 36-49. (b) E. 
A. Medlycott; G. S. Hanan; Coord. Chem. Rev.; 2006; 1763-1782 
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4.1 Photophysical properties 
 
The [Ru(bpy)3]2+ complex has octahedral geometry of D3 symmetry. 
The absorption spectrum in the visible region, see Figure 12, is domi-
nated by an intense metal-to-ligand charge transfer (1MLCT) band at 
450 nm, caused by the transition from a metal dπ orbital to a ligand 
based orbital (πL*). The peak at 300 nm is assigned to ligand-centered 
(LC) π-π* charge transfer and the peak at 344 nm to metal-centered 
(MC) d-d charge transfer.49b 

 

 

Figure 12: The electronic absorption spectrum of [Ru(bpy)3]2+.49b 

Excitation of [Ru(bpy)3]2+ in any of its absorption bands leads to a 
single emission band with a maximum at about 600 nm, see Figure 13. 
The emission properties (intensity, lifetime and energy position) are 
strongly temperature- and solvent-dependant. For example, in de-
gassed aqueous solutions at room temperature the emission has a life-
time of 600 ns and a quantum yield (Φ)  of 0.042, while in a rigid al-
coholic glass at 77K the emission has a lifetime of 5000 ns and a 
quantum yield of 0.4.49b The emission properties can also be tuned as 
desired (to a certain extent) by modifying the pyridyl ligands.  
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Figure 13: The emission spectra of [Ru(bpy)3]2+ in ethanolic solu-
tion at room temperature.49b 

Upon excitation the 1MLCT decays rapidly (<1 ps) via spin-forbidden 
intersystem crossing (isc) to a 3MLCT state. In most cases this is the 
state that is responsible for luminescence emission and bimolecular 
excited state interactions. In purely organic molecules intersystem 
crossing processes are formally forbidden, due to a change in multip-
licity, and are therefore very slow or hindered. For organic molecules 
the rate constant for intersystem crossing, kisc, is typically 1-1000×106 
s-1. The presence of the heavy metal core in inorganic systems such as 
[Ru(bpy)3]2+ causes a large spin-orbit coupling which results in a mix-
ing of the singlet and the triplet state. In other words, the 3MLCT is 
not 100% triplet, it has some of the character of a singlet state as well. 
This results in a breakdown of the selection rules prohibiting changes 
of multiplicity. In inorganic systems kisc values of 109-1012 s-1 are 
common, which is on par with the rate constants of internal conver-
sion processes which are not forbidden at all.53 
 
As can be seen in Figure 14 the 3MLCT is actually not a single energy 
level but a manifold composed of a cluster of at least three closely 
spaced energy levels having similar but not identical properties. How-
ever, the energy difference between the levels are small, and at room 
temperature the photophysical properties can be treated as arising 
from a single state having the averaged properties of the three contri-
butors.  
 
In, for example, acetonitrile the 3MLCT has a lifetime of 890 ns (Φ = 
0.059) in room temperature which is long enough for the excited state 
of [Ru(bpy)3]2+ to transfer its energy to another molecule (a quencher), 
                               
53 (a) J. N. Demas; J. Chem. Educ.; 1983; 60; 803-808. (b) See ref. 49e. 
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either via energy transfer or electron transfer. In the absence of an 
external quencher the decay from the 3MLCT occurs via emission to 
the ground state (dashed arrow), via non-radiative decay to the ground 
state (solid arrow) or via thermal activation to higher lying excited 
states, i.e. 3MC as shown in Figure 14. Once in the 3MC state non-
radiative decay is very fast.49  
 

[Ru(bpy)3]2+

1MLCT [Ru(bpy)3]2+

3MLCT [Ru(bpy)3]2+

3MC-dd
isc

knr'

Eact

kdd

knr
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E

Excited state
manifold

 
Figure 14: The excitation and deactivation pathways available to 
[Ru(bpy)3]2+.49 

The lifetime τ of the emitting ligand-to-metal charge transfer (LMCT) 
is given by equation 2. 
 1/ τ = kr + knr +kdd  (2) 
 
where knr, kr and kdd are the rate constants for the non-radiative decay, 
radiative decay and thermal population of the upper 3MC d-d state 
respectively. The emission lifetime τ and the quantum yield (Φ) can be 
measured, which opens up the opportunity to determine kr via equa-
tion 3.49a 
 kr = τ/ Φ  (3)  
 
The final rate constant kdd can be determined by temperature-
dependant lifetime measurements. With these constants the photo-
physical properties of the complex have been established. 
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The above information pertains to [Ru(bpy)3]2+, but a close relative 
that has also been extensively researched is the terpyridine54 complex, 
[Ru(tpy)2]2+ (see Figure 15). Instead of being complexed to three bi-
dentate ligands, Ru2+ is here complexed to two tridentate ligands. 
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                                 Figure 15: [Ru(tpy)2]2+ 

[Ru(tpy)2]2+ has attracted attention mainly because of its straightfor-
ward stereochemistry. [Ru(bpy)3]2+ is chiral and building enantiomeri-
cally pure polynuclear systems is challenging and requires either time-
consuming purification procedures (and loss of 50% of the product in 
every step) or very specific reaction conditions and reagents to syn-
thesize the isomerically pure systems. Replacing [Ru(bpy)3]2+ with 
achiral [Ru(tpy)2]2+ would simplify things significantly. However,  the 
photophysical properties of [Ru(tpy)2]2+ are poor. The coordination 
about the metal centre deviates substantially from octahedral, the N-
Ru-N’’ bite angle is only 160o (compared to 173o in [Ru(bpy)3]2+). As 
a result of this steric strain the energy difference between 3MLCT and 
the 3MC state is significantly decreased, in [Ru(bpy)3]2+ ΔEact is ap-
proximately 3600 cm-1 while in [Ru(tpy)2]2+ ΔEact is only about 1500 
cm-1, see Figure 14. In the 3MC the electron occupies an anti-bonding 
metal orbital, which leads to significant geometrical distortion and 
rapid non-radiative decay. The effect of the rapid thermal population 
of the 3MC state in [Ru(tpy)2]2+ is seen in the luminescence lifetime 
which is only 0.25 ns at room temperature.49 
 
However, the idea of an achiral Ru(II) polypyridyl complex is com-
pelling and significant research efforts have been put into extending 
the luminescence lifetime. This is usually done by modifying the tpy 
ligand, attaching suitable functionality to increase its electronic conju-

                               
54 For further information about terpyridines, see: E. C. Constable; Chem. Soc. Rev; 2007; 
246-253 
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gation55 or increasing the bite angle by adding methylene groups be-
tween the pyridines or by replacing two or more of the pyridine rings 
with other compounds. As a result tridentate polypyridyl Ru(II) com-
plexes with a lifetime of more than 50 ns at room temperature have 
been synthesized.52b,56 
 

4.2 Redox properties 
 
The most widely used method for probing the electrochemical proper-
ties of [Ru(LL)3]2+  (where LL = any generic bidentate ligand) has 
been cyclic voltammetry (CV) in non-aqueous aprotic solvents. Oxi-
dation of Ru(II) polypyridine complexes usually involves a metal cen-
tered orbital (πM, t2g) and the formation of genuine Ru(III) complexes, 
which are generally inert to ligand substitution. 
 
[RuII(LL)3]2+ [RuIII(LL)3]3+  +  e-

 
 
Reduction of Ru(II) polypyridyl complexes may in principle involve 
either a metal-centered or a ligand-centered orbital, depending on the 
relative energy ordering. When the ligand field is sufficiently strong 
or the ligands can be easily reduced, reduction takes place on a ligand 
(πL

*) orbital. The reduced form is usually quite inert and the reduction 
process is reversible.  
 
[RuII(LL)3]2+  +  e- [RuII(LL)2(LL-)]+

 
 
Up to six electrons can be “pumped” into [Ru(bpy)3]2+ in this fashion, 
yielding the highly reduced complex [RuII(bpy2-)3]4-. 
 
There has been some debate as to whether the added electron is loca-
lized on a single ligand or delocalized over all three ligands so that 
each ligand has a negative charge equal to 1/3 e-. Evidence and 
theory57 now seems to favour that the electron is located on a single 

                               
55 (a) M. Maestri; N. Armaroli; V. Balzani; E. C. Constable; A. M. W. C. Thompson; Inorg. 
Chem.; 1995; 2759-2767. (b) A. Harriman; M. Hissler; A. Khatyr; R. Ziessel; Chem. Com-
mun.; 1999; 735. 
56 E. A. Medlycotta; G. S. Hanan; Coord. Chem. Rev.; 2006; 250 (13-14); 1763-1782 
57 O. V. Sizova; V. I. Baranovski; N. V. Ivanova; A. I. Panin; Int. J. Quantum Chem.; 
1997; 183-193. 
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ligand. In the case of a heteroleptic ligand it is thus possible to assign 
the first and subsequent reductions on a specific ligand. 
 
When the ligand field is weak and/or the ligands cannot be easily re-
duced the reduction process can take place in a metal centered (πM

*) 
orbital. In such a case reduction would lead to an unstable low spin d7 
system, which would lead to fast ligand dissociation making the 
process electrochemically irreversible.  
 
[RuII(LL)3]2+  +  e- [RuI(LL)3]+ [RuI(LL)2]+  +  LL
 
Such behaviour has been reported for iridium complexes but has never 
been clearly observed for ruthenium complexes.  
 
The CV of [Ru(bpy)3]2+ in acetonitrile (vs. Ag electrode) can be seen 
in Figure 16. As expected one oxidation and three reduction processes, 
all monoelectric and reversible, can be observed. The redox potentials 
are independent of solvent.49

 
 

 
        Figure 16: Cyclic voltammogram of [Ru(bpy)3]2+. 49b 

 

4.3 Charge transfer 
 
As mentioned in section 4.1, an excited state which is sufficiently 
long-lived may be involved in electron or energy transfer processes in 
solution. The lowest 3MLCT excited state of the complex [Ru(bpy)3]2+ 
(denoted by *) lives long enough to encounter other solute molecules 
(Q), even when these are present in low concentrations, and possesses 
suitable properties to play the role of electron donor (7), electron ac-
ceptor (8) or energy donor (9).  
 
*Ru(bpy)3

2+  +  Q  →  Ru(bpy)3
3+   +  Q- oxidative quenching (7) 

*Ru(bpy)3
2+  +  Q  →  Ru(bpy)3

+   +  Q+ reductive quenching (8) 
*Ru(bpy)3

2+  +  Q  →  Ru(bpy)3
2+   +  *Q energy transfer (9) 
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As shown in Figure 17 the energy available to *Ru(bpy)3

2+ for energy 
transfer processes is 2.12 eV, and its reduction and oxidation poten-
tials are +0.83 and -0.79 V (in acetonitrile). It follows from these val-
ues that excited Ru(bpy)3

2+ is both a good electron acceptor, good 
electron donor  and good energy donor.   
 

 
Figure 17: The energy available to Ru(bpy)3

2+ for energy and elec-
tron transfer processes in deaerated acetonitrile at 298 K. Poten-
tials vs. SCE. 49c  

 
By attaching [Ru(bpy)3]2+ to other metal complexes via a molecular 
wire it is possible to direct the energy/electron transfer process along 
the wire to a desired target (instead of random interactions with other 
solutes). By this methodology it could be possible to power tiny cir-
cuits by light or to mimic photosynthesis to make H2 from H2O.52a 
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5.0 Cyclometallation 
 
Cyclometallated58,59 complexes can be seen as an intermediary between 
organometallic compounds and coordination chemistry.  
 
Coordination chemistry deals with the compounds that result from 
donation of electrons into vacant orbitals on a metal. The species do-
nating electrons to the metal is called a ligand and may donate one to 
three electrons per donor atom. Common donor atoms are S, N, O and 
P. The newly formed bond is known as a dative (or coordinate) bond 
and the resulting compound is a complex. Schematically the bond is 
sometimes depicted as an arrow pointing from the ligand to the metal, 
see Scheme 2. 
 

nL MX++ M Ln
X+

 
              Scheme 2: Formation of a dative bond. 

 
Organometallic chemistry deals with those compounds that exhibit a 
significant bonding interaction between a metal and one (or more) 
carbon atoms. An example of an organometallic compound would be 
[W(CH3)6], see Figure 18, while a classic example of a coordination 
compound is [Ru(bpy)3]2+, see Figure 11. 
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  Figure 18: [W(CH3)6], an organometallic compound. 

 
The central feature of cyclometallated compounds is the presence of at 
least one common (S, N, O, P) donor atom and one carbon donor 
atom. A ligand capable of cyclometallated coordination must therefore 
be at least bidentate, bonding through one common donor atom and 
also at least one carbon atom. If such a ligand forms a chelated com-
plex then a new cyclic X-M-C system is formed, see Figure 19.  
 

                               
58 E. C. Constable; Polyhedron; 1984; 1037-1057 
59 M. Maestri; V. Balzani; C. Deuschel-Cornioley; A. von Zelewsky; Photochemistry and 
luminescence of cyclometallated complexes, ch. 1 in “Advances in Photocemistry vol. 17”; 
1992; John Wiley & Sons; ISBN: 0-471-81526-8  
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Figure 19: General structure of a cyclometallated compound. 

 
The mechanism for a general cyclometallation reaction is expected to 
proceed as detailed in Scheme 3.58,60 In the initial associative step the 
incoming metal system binds via the donor atom X of the cyclometal-
ling ligand, thereby losing one of the ligands initially associated with 
it. In the second step a π-bonding interaction between the aromatic 
ring and the metal occurs. The metal loses another of the ligands in-
itially associated with it. In the third step the π-interaction gives way 
to a cyclohexadienylium transition system which in the fourth step 
loses a proton, yielding the cyclometallated complex. 
 

[MLx]n+

X

+
Lx-1M

X

Lx-2M

X
Lx-2M

X

H

+

X

Lx-2M -H+

n+

n+(n-1)+ n+
-

charge-separated
transition state  

Scheme 3: General mechanism for the formation of a cyclometal-
lated compound.58 

                               
60 G. W. Parshall; Acc. Chem. Res.; 1970; 139. 
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The carbon-metal bond is a combination of two binding modes (see 
Figure 20): 
 

a) σ-donation from the ligand carbanion (similar to the case with 
donation of the lone pair of the common donor atoms N, P, S 
and O). 

b) Metal d-orbital→empty carbon π* orbital back bonding. 
 
It is the latter case, the back-bonding, that gives organometallic and 
cyclometallated compounds their particularly close contact between 
the ligands and the metal ions. This results in their special chemical 
and physical properties. 
 

M+ C- C-

metal-carbon bond

σ-donation from negatively
charged carbanion

-backbonding from metal
d-orbitals into empty  *-orbitals
on carbon.

π
π

 
Figure 20: Two binding modes combine to make up a metal-
carbon bond. 

 

5.1 Cyclometallated Ru(II) complexes 
 
Since this thesis is concerned with ruthenium(II) polypyridyl com-
plexes only cyclometallated complexes of ruthenium and pyridyl li-
gands will be discussed. However, there are several other kinds of 
cyclometallated complexes with other ligands and metals, such as  
Ir(III), Rh(III), Pt(IV), Pd(II), and Os(II) to mention few.58,59 
 
It has been shown that for the formation of a systems of the type N-M-
C (where N is pyridine) the ring must contain a total of five atoms for 
a cyclic product to be formed, see Figure 21. 
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 Figure 21: A five-membered cyclometallated system. 

 
An example of a cyclometallated system that has been extensively 
studied as a model system is [Ru(bpy)2(ppy)]+ (where ppy = phenyl-
pyridine), see Figure 22.  
 

N

N

N

N

NRu

+

 
 

Figure 22: One of the most studied cyclometallated systems, (2-(2-
pyridyl)phenyl)bis(2,2’-bipyridine)ruthenium(II).  

 
The spectroscopic properties of the cyclometallated complexes 
[Ru(bpy)2(ppy)]+,61 [Ru(bpy)2(nppy)]+, [Ru(bpy)2(bhq)]+ (where bhq = 
benzo[h]quinoline, and nppy = 2-(3-nitrophenyl)pyridine) have been 
thoroughly examined.62 The absorption spectra of [Ru(bpy)2(ppy)]+ is 
shown in Figure 23. 
 

                               
61 E. C. Constable; J. M. Holmes; J. Organomet. Chem.; 1986; 203-208. 
62 (a) P. Reveco; J. H. Medley; A. R. Garber; N. S. Bhacca; J. Selbin; Inorg. Chem.; 1985; 24; 
1096-1099. (b) P. Reveco; R. H. Schmehl; W. R. Cherry; F. R. Fronczek; J. Selbin; Inorg. 
Chem.; 1986; 24; 4078-4082. (c)  P. Reveco; J. H. Medley; A. R. Garber; R. J. Gale; J. Selbin; 
Inorg. Chem.; 1986; 25; 1842-1845. 
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Figure 23: Absorption spectra of [Ru(bpy)2(ppy)]+ in MeOH.62b 

It is evident from the absorption spectra that all transitions in 
[Ru(bpy)2(ppy)]+ occur at lower energy than in the noncyclometal-
lated analogue [Ru(bpy)3]2+. The bands occurring at 250 and 320 nm 
are similar to the bands of the free ligands and can thus be assigned as 
LC transitions. The bands occurring in the visible region are assigned 
as MLCT transitions. This assignment is based upon the large extinc-
tion coefficients and their similarity to MLCT transitions in related 
Ru(II) complexes. In [Ru(bpy)2(ppy)]+ two intense bands are observed 
at 550 and 495 nm. The band at 550 nm is assigned as Ru→bpy CT 
transitions. These are significantly red-shifted compared to 
[Ru(bpy)3]2+. The band with a maximum at 495 nm is assigned as 
Ru→ppy CT.62 
 
It should be noted that these two bands occurring around 495 and 550 
nm are characteristic of cyclometallated complexes. They occur in 
[Ru(bpy)2(nppy)]+ and [Ru(bpy)2(bhq)]+ as well and can also be ob-
served in UV-vis spectra of cyclometallated terdentate ligands.63 
 
All three complexes emit in a glass at 77 K. The emission bands show 
the structure characteristic of the Ru→bpy 3MLCT emission and is 
red-shifted compared to  [Ru(bpy)3]2+. For example, emission from 
[Ru(bpy)2(nppy)]+ has its maximum at 682 nm and a liftetime of 878 
ns. The emission is strongly temperature-dependant. None of the 
complexes emit over 140 K, indicating a very small activation energy 
for one or more non-radiative processes.59,62b 
 
Cyclometallation also has a significant effect on the electrochemistry 
of Ru(II) polypyridyl complexes. For a comparison of oxidation-
reduction potentials, see Table 1.  

 



 51

Table 1: Comparison of the red/ox potentials of cyclometallated 
bidentate Ru(II) complexes.62 

Complex E1/2 (ox.) vs. 
SCE, V 

Epeak (red.) vs. SCE, 
V 

[Ru(bpy)3]2+ 1.35 -1.33; -1.52; -1.76 
[Ru(bpy)2(ppy)]+ 0.66 -1.65
[Ru(bpy)2(bhq)]+ 0.58 -1.57
[Ru(bpy)2(nppy)]+ 0.78 -1.23

 
Oxidations are metal-centered and reductions are ligand-centered. 
Replacement of a nitrogen donor by a donor that is essentially a car-
banion greatly increases the electron density around the metal core. 
This raises the energy of the metal d orbitals, which explains the dra-
matic decrease in oxidation potentials compared to [Ru(bpy)3]2+. The 
ligand-centered reductions are also affected by the presence of the 
cyclometallating ligand. For both [Ru(bpy)2(ppy)]+ and 
[Ru(bpy)2(bhq)]+ the first reduction occurs around -1.6 V compared to 
-1.33 V for [Ru(bpy)3]2+. 
 
In a study by Barigelletti63 and co-workers cyclometallated terdentate 
Ru(II) polypyridyl complexes show comparable trends to bidentate  
cyclometallated  Ru(II) polypyridyl complexes. Barigelletti and co-
workers compared a series of cyclometallated and noncyclometallated 
Ru(II) complexes incorporating mono- and disubstituted 1,10-
phenanthroline- and 2,2’:6’,2’’-terpyridine-type ligands. The absorp-
tion and emission of the cyclometallated compounds were red-shifted 
compared to the noncyclometallated compounds. Remarkably, the 
cyclometallated complexes were found to have relatively long-lived 
emission (70-106 ns) at room temperature. This phenomenon is due to 
the strong ligand field provided by σ-donation by the carbanion which 
increases the energy gap between the 3MLCT levels and the 3MC level 
(see Figure 14). CV showed that (analogously with bidentate ligands) 
the oxidation potentials of the cyclometallated complexes were sub-
stantially decreased (~0.7 V lower) compared to the noncyclometal-
lated complexes. The ligand-centered reductions were similarly raised 
compared to the noncyclometallated complexes. 
 
The difference in redox and luminescence properties of cyclometal-
lated and non-cyclometallated complexes can be utilized to synthesize 

                               
63 F. Barigelletti; B. Ventura; J-P. Collin; R. Kayhanian; P. Gavina; J-P. Sauvage; Eur. J. 
Inorg. Chem.; 2000; 113-119. 
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complexes that can be employed as molecular switches. This subject 
will be further discussed in Section 6.3. 
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Results and discussion 

 
This chapter is a summary of completed and ongoing projects. The 
discussion below is based on two articles (Paper I and Paper II), as 
well as unpublished results.  
 
The discussion is divided into four sections. Section 6.0 details some 
general methods and mechanisms that have been used throughout the 
projects. Section 6.1 details the synthesis of three new thieno-
bipyridyls while Section 6.2 is details the synthesis of a range of 
Ru(II) complexes and the subsequent analysis in an attempt to find  
out the effect of bridge-ligand conformation upon metal-metal cou-
pling in oligothiophene-bridged Ru(II) tris-bipyridine complexes. The 
final Section 6.3 details the synthesis of a new reversible double cyc-
lometallated switch with possible use in ternary logic memory ele-
ments. Experimental details for Section 6.3 can be found in Appendix 
2 while relevant NMR spectra can be found in Appendix 3. 

6.0 General methods and mechanisms 
 

6.0.1 Stille cross-coupling 
 
The Stille cross-coupling64 reaction is a palladium catalyzed cross-
coupling reaction where an organotin compound is coupled to an or-
ganic halide, see Scheme 4, creating a new covalent bond. It is has 
very few limitations as to the nature of the R-groups and is one of the 
most widely used methods for creating carbon-carbon bonds, despite 
the toxicity of organotin compounds. The organohalides employed are 
                               
64 (a) D. Milstein; J. K. Stille; J. Am. Chem. Soc.; 1978; 100; 3636-3638. (b) J. K. Stille; 
Angew. Chem. Int. Ed.; 1986; 508–524. (c) P. Espinet; A. M. Echavarren; Angew. Chem. Int. 
Ed.; 2004; 4704-4734. 
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bromides or iodides, but a recent paper by Fu and co-workers65 details 
reaction conditions that allows for the use of organochlorides.  
 

R' Sn(R)3

Pd(0)
R'' X R' R'' X Sn(R)3+ +  

Scheme 4: General outline of the Stille reaction. R = alkyl, R′ = 
alkyl, aryl, R′′ = alkyl, aryl, X = halide (usually I or Br). 

Several different variations of the palladium catalyst are available. 
Our group uses Pd(PPh3)4 which is quite stable (a bottle stored in a 
refrigerator for 4 years showed no decrease in activity) and is compa-
ratively inexpensive.  
 
The Stille reagent itself is usually synthesized from an organohalide 
compound. The halide is lithiated with n-BuLi and then quenched 
with the appropriate stannylating reagent, see Scheme 5. Our group 
uses tributylstannyl chloride as the stannylating reagent, but other sev-
eral other reagents are available. Trimethylstannyl chloride, for exam-
ple, would yield a much more reactive Stille reagent, unfortunately the 
trimethyl derivative is about 1,000 times more toxic than the tributyl 
derivative.   
 

R1 X

1 equiv.
n-BuLi

R1 Li
Sn(R3)Cl

R1 Sn(R)3 
Scheme 5: General outline for synthesis of the Stille reagent. R = 
alkyl, R′ = alkyl, aryl, X = I or Br. 

The Stille reaction can be conducted in a range of different solvents, 
for example toluene, 1,4-dioxane, THF and DMF. Even metal com-
plexes can take part in Stille cross-coupling reaction if the reaction is 
performed in an appropriate solvent.66  
 
The general mechanism for the Stille reaction can be seen in Scheme 
6. If the palladium catalyst is supplied as a Pd(II) complex (1), for 
example Pd(OAc)2, then the first step is reduction to the reactive Pd(0) 
species (2). Oxidative addition of the organohalide species then yields 
a cis intermediate which rapidly isomerizes to the  trans intermediate 
3. Transmetallation with the stannyl compound yields intermediate 4, 
which isomerizes to the cis intermediate 5, which then yields the 

                               
65 A. F. Littke; L. Schwarz; G. C. Fu; J. Am. Chem. Soc.; 2002; 124; 6343-6348 
66 S. J. Dunne; E. C. Constable; Inorg. Chem. Commun.; 1998; 5(1); 167-169  
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product 6 through reductive elimination. At the end of the cycle the 
catalyst Pd(0) is reformed and can take part in the reaction again. 
 

PdII

Pd0Ln

reduction

R'-X

oxidative
addition

Pd

L

L

XR'

R'-Sn(R)3

X-Sn(R)3

transmetallation
Pd

L

L

R''R'
trans/cis-
isomerism

Pd

R''

L

LR'

R'-R''

reductive
elimination

1

2

3

4

5

6

 
Scheme 6: Mechanism for the Stille reaction. L = ligands (for ex-
ample PPh3), R' = alkyl, aryl, R′′ = alkyl, aryl, X = I or Br. 

The only major side reaction associated with the Stille coupling is 
oxidative homocoupling of the organstannane reagent and under harsh 
reaction conditions allylic and (Z)-alkenyl components may undergo 
double bond migration and isomerization. 
 

6.0.2 Negishi cross-coupling 
 
First published in 1977, the Negishi cross-coupling67 was the first 
reaction that allowed for the preparation of unsymmetrical biaryls in 
good yield. In the Negishi reaction an organozinc compound is 
coupled to an organohalide compound. The reaction is catalyzed by 
nickel or palladium.  

                               
67 E. Negishi; A. O. King; N. Okukado; J. Org. Chem.; 1977; 42 (10); 1821-1823 
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R' X + R Zn X

Pd0 or
Ni0

R' R + X Zn X 
Scheme 7: General outline for the Negishi Cross-coupling. R = al-
kyl, aryl, R′ = alkyl, aryl, X = Cl, Br, I. 

An advantage of the Negishi reaction compared to the Stille reaction 
is that the organozinc compounds readily couples with organochlo-
ride, something that until recently was very inefficient in the Stille 
reaction. A disadvantage is that to make the organozinc halide it is 
necessary to use a special (and expensive) form of zinc called Rieke 
zinc. Other disadvantages are that secondary and tertiary alkylzincs 
may undergo isomerization and, due to the high reactivity of organo-
zincs, CO insertion usually does not happen. 
 
The mechanism for the Negishi reaction is similar to that of the Stille 
reaction, see Scheme 6. The difference is the transmetallation step 
which involves an organozinc compound (and yields X-Zn-X) instead 
of an organotin compound.  
 

 6.0.3 Kröhnke pyridine synthesis 
 
The 2,2’-bipyridine motif has received a lot of attention during the last 
30 years, mainly because of its many uses within the field of supramo-
lecular chemistry and nanoscience. One approach to their synthesis is 
via metal-catalyzed coupling of pyridine, substituted pyridines or 2-
halopyridines to form the desired 2,2’-bipyridines. Another method is 
via cyclization reactions like the Kröhnke pyridine synthesis,68,48 see 
Scheme 8.  

N
R1

O R2 R3

O

NH4OAc, AcOH
N

R2

R3R1

X-

 
Scheme 8: General outline of the Kröhnke pyridine synthesis. R1 
= H, alkyl, aryl, R2 = H, alkyl, aryl R3 = H, alkyl, aryl, X = I, Br. 

Using Kröhnke’s method, 2,2’-bipyridines can be prepared by the 
reaction of a pyridinium salt with an unsaturated ketone or aldehyde, 
see Scheme 9. A Michael addition yields the 1,5-diketone interme-
                               
68 (a) F. Kröhnke; Synthesis; 1976; 1-24. 
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diate (if R3 is anything other than H) which then cyclizes in the pres-
ence of NH4OAc. In our group Kröhnke methodology has been used 
to prepare compounds of the general type 6-thiophen-2-yl-2,2´-
bipyridine and 4-thiophen-2-yl-2,2´-bipyridine. 
 

N
R1

O

X-

N
R1

O
H

R2

O

R3

N
R1

O

R2
H

OR3

R2

R1R3 OO

NH3

R2

R1R3 HNO
H

OH -H2O

R2

R1R3 HNO
NR3

R2

R1

-PyH+

 
Scheme 9: Mechanism for the Kröhnke pyridine synthesis. R1 = 
H, alkyl, aryl, R2 = H, alkyl, aryl R3 = H, alkyl, aryl, X = I, Br. 

In a variation of the Kröhnke pyridine synthesis a pyridacylpyridinium 
salt can be reacted with an α,β-unsaturated ketone to produce a 2,2’-
bipyridine, see Scheme 10. 
 

N

O

N
+

I-

+

O

R1

R2

NH4OAC, AcOH

N N

R2

R1 
Scheme 10: A variation of the Kröhnke synthesis starting from a 
pyridacylpyridinium salt. 

 

6.0.4 Beckmann rearrangement 
 
The Beckmann69 rearrangement is the acid-catalyzed rearrangement of 
an oxime to an amide. In the century that has passed since it was first 
carried out in 1886 it has been become established as one of the most 
widely used rearrangements in organic chemistry. The conversion of 

                               
69 (a) E. Beckmann; Chem. Ber.; 1886; 89; 988. (b) R. E. Gawley; Org. React.; 1988; 35; 14-
24. 
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cyclohexanone oxime into ε-caprolactam, which is a basic component 
of nylon, has been a classic textbook example for years, see Scheme 
11. 
 

N
OH

H
N

O

 
Scheme 11: The conversion of cyclohexanone oxime into ε-
caprolactam, a classic example of the Beckmann rearrangement. 

The rearrangement can be conducted under a range of conditions.70 A 
few examples are: 
 

1. In concentrated sulfuric acid (oleum). 

2. In polyphosphoric acid. 

3. PCl5 in diethyl ether. 

4. In a Beckmann solution (consists of conc. HCl in a mixture of 
acetic acid and acetic anhydride). 

5. In acetonitrile with ytterbium triflate as a catalyst.71 

The mechanism of the reaction is not completely understood, but it is 
believed to be along the lines of Scheme 12. 
 

R1

C

R2

N

OH

+H+
R1

C

R2

N

OH2

-H2O
C NR2 R1

O

R2 N
H

R1

I II III IV

+

+

 
Scheme 12: General mechanism for the Beckmann rearrange-
ment. R1 = alkyl, aryl, R2 = alkyl, aryl. 

Protonation of the oxime (I) yields an oxonium cation (II). Upon de-
parture of water the R1 group migrates to nitrogen, giving a nitrilium 
cation (III). The cation is in turn hydrolyzed, leading to the amide 
(IV).  

                               
70 M. T. Nguyen; G. Raspoet; L. G. Vanquickenborne; J. Am. Chem. Soc.; 1997; 119; 2552-
2562.  
71 J. S. Yadav; B. V. S. Reddy; A. V. Madhavi; Y. S. S. Ganesh; J. Chem. Research; 2002; 
236-238. 
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6.0.5 Vilsmeier-Haack reaction 
 
The Vilsmeier-Haack44,72 reaction was originally applied to the formy-
lation of activated arenes with a Vilsmeier reagent formed from a 
substituted amide and phosphorous oxychloride, see Scheme 13. 
 

N

O

+ POCl3
N

ClH

+

 
Scheme 13: Formation of the Vilsmeier reagent from DMF and 
phosphorous oxychloride. 

In our group the Vilsmeier-Haack reaction has not been used for for-
mylation. Instead we have used a modification of the procedure de-
veloped by Meth-Cohn and co-workers.73 By adding three equivalents 
of POCl3 the Vilsmeier-Haack reaction can be utilized to synthesize 
thienopyridines, see Scheme 14.  
 

SBr N
H

O

POCl3

SBr N Cl
+

Vilsmeier
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SBr N Cl

N
+

SBr N Cl
+

N
+

H

H

S
N

H
+

Cl

H NMe2

BrS N Cl

Br

H

-Me2NH

 
Scheme 14: Synthesis of a thienopyridine via a modified Vilsmei-
er-Haack reaction. 

 

                               
72 A. Vilsmeier; A. Haack; Chem. Ber.; 1927;  60; 119. 
73 O. Meth-Cohn; B. Narine; B. Tarnowski; J. Chem. Soc., Perkin Trans. 1; 1981; 1531 – 
1536. 
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6.0.6 Skraup synthesis  
 
The Skraup44,74 synthesis is a reaction for the synthesis of quinolines 
and phenathrolines. In its original conception aniline is heated with 
sulfuric acid, glycerol, and an oxidizing agent, see Scheme 15. 
 

NH2
HO OH

OH

H2SO4
Nitrobenzene

130 oC

N

 
Scheme 15: Overview of the original version of the Skraup syn-
thesis. 

In the above reaction nitrobenzene plays the role of both solvent and 
oxidizing agent. Otherwise the oxidation can be achieved by adding 
iodine or an iron(III) salt.  
 
If a diaminobenzene is used as starting material instead of aniline the 
product is a phenanthroline, see Scheme 16. 

NH2
HO OH

OH

H2SO4
Nitrobenzene

130 oC

N

NH2 N

 
Scheme 16: The synthesis of 1,10-phenanthroline using 1,2-
aminobenzene as starting material. 

The mechanism is subject to some debate. In the traditional view the 
reaction starts with the in situ dehydration of glycerol to yield acrole-
in, see Scheme 17. The newly formed acrolein is then added to the 
aniline by conjugate addition. Ring-closure and oxidation yields the 
pyridine ring. However, in a recent paper Denmark and co-workers, 
based upon carbon isotope scrambling experiments, an alternative 
fragmentation-recombination mechanism has been proposed.75 
 

                               
74 Z. Skraup; Berichte; 1880; 13; 2086. (b) S. A. Yamashkin; E. A. Oreshkina; Chem. Hetero-
cycl. Comp.; 2006; 42 (6); 701-718.  
75 S. E. Denmark; S. Venkatraman; J. Org. Chem.; 2006; 1668-1676. 
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Scheme 17: The long-established mechanism for the Skraup syn-
thesis. 

It is not possible to obtain substituted quinolines or phenanthrolines in 
the Skraup synthesis. A variation, the Skraup-Doebner-Von Miller 
synthesis,44,74 uses a pre-formed α,β-carbonyl compound as starting 
material instead of glycerol, see Scheme 18.  
 

NH2

+

R1

R3

O

R2 H2SO4
Nitrobenzene

130 oC
N

R3

R2

R1

 
 

Scheme 18: The Skraup-Doebner-Von Miller synthesis allows for 
the synthesis of substituted quinolines. 

The biggest drawback of the Skraup synthesis is the very real possibil-
ity of immediate catastrophic failure as soon as the sulfuric acid is 
added to the reaction mixture. The reaction is well known for its ex-
tremely exothermic nature. It occasionally proceeds relatively smooth-
ly, but in the majority of cases gets beyond control, with consequent 
loss of material (usually all the material) through the condenser. Sev-
eral methods to prevent this from happening have been developed.74b 
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In our group we follow the method developed by E. W. Cohn.76 By 
adding ferrous sulphate and boric acid to the reaction mixture before 
the sulfuric acid, the reaction is brought under control and the yield 
slightly improved. 
 

                               
76 E. W. Cohn; J. Am. Chem. Soc.; 1930; 52 (9); 3685-3688. 
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6.1 Synthesis of three new thienobipyridyls 
 
When utilizing an oligothiophene as a molecular wire between two 
ruthenium polypyridyl complexes an important factor is how the wire 
is attached to the complex. In the systems utilized by our group thus 
far, 6-thiophen-2-yl-2,2´-bipyridine and 4-thiophen-2-yl-2,2´-
bipyridine, the oligothiophene wire is attached by a standard covalent 
bond, see Figure 24. 
 

N

N
Ru(bpy)2

N

N
Ru(bpy)2

S

A B

S

 
Figure 24: A Ru(II) polypyridyl complex with an oligothiophene 
molecular wire attached in the 6-position of a pyridine (A) and in 
the 4-position (B). 

Molecular modelling studies, however, indicate that steric interactions 
between the thiophene rings and neighbouring hydrogen atoms on the 
adjacent pyridine ring result in an interannular twist which reduces π -
orbital overlap between the oligothienyl bridge and the chelating unit. 
The optimal inter-annular angle between the pyridine and the thio-
phene would be 0o, that is a completely planar system. Molecular 
modelling indicates an angle of no less than 42o between the thio-
phene and the pyridine in system A while the angle is calculated to be 
<0.5o in system B.77 By fusing the bipyridine unit to the first thiophene 
unit of the chain the π -overlap between them should be optimized 
without affecting its chelating ability, see Figure 25. 
 

                               
77 Molecular modelling was performed with Hyperchem™ using molecular mechanics and the 
MM+ force field. 
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N

N
Ru(bpy)2

N

N
Ru(bpy)2

S

S

 
Figure 25: π-overlap between thiophene and pyridine should be 
optimized by fusing the first unit of the oligothienyl bridge to the 
pyridine. 

While several related substituted analogues of these pyridyl thienopy-
ridines (or their phenanthrene equivalents) have been reported (Amr et 
al,78 Goerlitzer et al,79 Halverson et al,80 Zhang et al81), these methods 
were not suitable for the generation of the parent thienopyridines 1-3, 
see Figure 26, nor were these analogues suitable for complexation due 
to steric hindrance arising from the substituents present in these sys-
tems. Thus routes to three new pyridyl thienopyridines 1-3 were de-
vised. 

N
S

N

N
S

N

S

N N

1 2

3  
Figure 26: The three new pyridyl thienopyridines; 6-pyridin-2-yl-
thieno[3,2-b]pyridine (1), pyridin-2-yl-thieno[2,3-b]pyridine (2) 
and of 6-pyridin-2-yl-thieno[3,2-c]pyridine (3). 

 

                               
78 Amr, Abdel-Galil, E.; Hegab, M. I.; Ibraheim, A. A.; Abdulla, M. M.; Monatsh. Chem.; 
2003; 134; 1395. 
79 Goerlitzer, K.; Kramer, C.; Pharmazie; 2000; 55; 645. 
80 Halverson, A. P.; J. Heterocycl. Chem.; 1996; 727. 
81 Zhang, Q. T.; Tour, J. M.; J. Am. Chem. Soc.; 1997;  9624. 
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6.1.1 Synthesis of 6-pyridin-2-yl-thieno[3,2-b]pyridine (1) 
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Scheme 19: The pathway to 1 from methyl 3-aminothiophene-2-
carboxylate (2). 

After several failed attempts to synthesize 1 by nitration of thiophene 
and subsequent reduction, the pathway in Scheme 19 was devised. 
The problems with introducing a nitrogen-based functionality on the 
thiophene ring by nitration was avoided by using commercially avail-
able methyl 3-aminothiophene-2-carboxylate (4) as starting material, 
see Scheme 19.  
 
In the first step of the synthesis the amino group of 4 was protected 
through reaction with ethyl chloroformate in refluxing toluene. This 
high-yielding synthesis (94%) had previously been described by Fu-
kumi and co-workers. 
 
The resulting 3-ethoxycarbonylamino-thiophene-2-carboxylic acid 
methyl ester (5) was then reduced to its corresponding alcohol with 
LiAlH4 in dry ether at 0 oC and quenched with water. The alcohol was 
not isolated due to its instability. Most of the solvent was removed by 
careful evaporation under reduced pressure and then a large volume of 
chloroform was added. This was necessary as previous experiments 
had shown that the oxidation of the alcohol to the aldehyde using 
MnO2 did not proceed if significant amounts of ether were present. 
When treated with excess MnO2 (20 equiv.) for 1.5 hrs (2-formyl-
thiophen-3-yl)-carbamic acid ethyl ester (6) was isolated as a colour-
less solid in moderate yield (65%). Attempts made to decrease the 
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amount of MnO2 failed. The oxidation was attempted with 2 equiva-
lents and 10 equivalents of MnO2 but no product was recovered in 
either case, even though reaction time was increased.   
 
The aldehyde was then treated with 2-acetylpyridine and NaOH in 
MeOH to yield the desired chalcone-like product [2-(3-oxo-3-pyridin-
2-yl-propenyl)-thiophen-3-yl]-carbamic acid ethyl ester (7) as a yel-
low solid in 69% yield. 
 
In the final step the carbamic acid ethyl ester of 7 was hydrolysed to 
the amine by refluxing in 48% HBr for approximately 2 hrs. The 
amine was never isolated as ring closure occurred immediately, and 
the desired product 1 was obtained in good yield (75%) after recrystal-
lization from EtOH. The overall yield of this five-step synthesis was 
32%. 
 

6.1.2 Synthesis of 5-pyridin-2-yl-thieno[2,3-b]pyridine (2) 
 
Since synthesis of 1 by using 4 as starting material was a success, it 
was assumed that 2 could be easily synthesized by the same methods 
simply by switching starting material from 4 to methyl 2-
aminothiophene-3-carboxylate (8), see Scheme 20. The first step, pro-
tection of the amine to yield 2-ethoxycarbonylamino-thiophene-4-
carboxylic acid methyl ester (9), was as simple as in the synthesis of 
1. However, in the second step (reduction and oxidation of the car-
boxylate group), problems arose. When 9 was treated with LiAlH4 and 
MnO2 the yield of (3-formyl-thiophen-2-yl)-carbamic acid ethyl ester 
(10) was only 8-10% (estimated from 1H NMR spectra) with many 
byproducts present. This was disappointing compared to the synthesis 
of 6 which had been acheived in 65% yield. The reaction was studied 
under several different temperatures, -78, -10 and 0oC, and in different 
solvents (THF) but no improvement in the yield could be obtained. 
The reduction was also attempted using DIBAL-H instead of LiAlH4, 
but then no reduction of 9 was observed at all. It appeared that the 
alcohol derivative of 9 was unstable, resulting in breakdown of the 
thiophene ring before the alcohol could be oxidized to a formyl group 
by MnO2. Of course, since some product was obtained it would be 
possible to make a large batch of 9, treat it consecutively with LiAlH4 
and MnO2 and then purify the product mixture (probably by column 
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chromatography) until enough pure 10 had been obtained to continue 
the synthesis. However, this was not economically feasible since the 
starting material 8 was quite expensive.  
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Scheme 20: Attempted synthesis of thienopyridine 2 using methyl 
2-aminothiophene-3-carboxylate as starting material. Due to the 
low yield of 10, synthesis of 11 was never attempted. 

Since the pathway in Scheme 20 did not work as intended and those 
pathways that included nitrated compounds had proven difficult, a 
new pathway (see Scheme 21) with two different opportunities for 
obtaining 2, was developed. Option A would yield the bromo deriva-
tive of 2, 2-bromo-6-pyridin-2-yl-thieno[2,3-b]pyridine (18) instead of 
2, but this was acceptable since a bromination of 2 was planned in the 
further derivatisation of this compound. 
 
In the first step 1-(5-bromo-thiophen-2-yl)-ethanone was treated with 
NH2OH to give a mixture of the stereoisomers E-1-(5-bromo-
thiophen-2-yl)-ethanone oxime (13) and Z-1-(5-bromo-thiophen-2-yl)-
ethanone oxime (14) in a ratio of 1:1. This was far from optimal since 
only the E-isomer would yield the key product N-(5-bromo-thiophen-
2-yl)-acetamide (15) after a Beckmann rearrangement. Attempts to 
increase the yield of the E-isomer were not successful. However, 13 
could easily be separated from 14. 14 is sparingly soluble in CH2Cl2 at 
ambient temperature while 13 is completely soluble. All that was re-
quired to separate the stereoisomers was to triturate the mixture with 
CH2Cl2 (about 10 ml CH2Cl2 per gram). When the solvent was evapo-
rated 1H NMR revealed that the filtrate contained 13 and 14 in a ratio 
of 9:1, which was deemed sufficient to proceed to the next step, the 
Beckmann rearrangement. In the Beckmann rearrangement an oxime 
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is converted into an amide. The rearrangement was attempted using 
three different methods: 
 

1. In dry ether at 0oC with PCl5.82 

2. In refluxing acetonitrile with ytterbium(III) triflate as cata-
lyst.71 

3. In acetone with tosyl chloride.83 

Analysis by 1H NMR revealed that all three methods had approx-
imately the same yield of 15 (~60%), with a slight advantage for me-
thod 2. Method 1 yielded many byproducts while the reaction mix-
tures obtained from methods 2 and 3 consisted only of the starting 
material 13 and the product 15. The catalyst Yb(OTf)3 is expensive 
and large amounts (≥10 mol%) must be used, so for economic reasons 
method 3 was used for the large-scale synthesis of 15. 
 

                               
82 O. Meth-Cohn; B. Narine; Synthesis.; 1980; 133-135. 
83 S. Conde; C. Corral; J. Lissavetsky; J. Heterocycl. Chem.; 1985; 22; 301. 
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Scheme 21: A pathway to 2 via a Beckmann rearrangement, a 
Vilsmeier reaction and a Negishi cross-coupling. 

  
For the next step there were two options, both of which utilized a 
Vilsmeier reagent. In route A a simple formylation with one equiva-
lent of Vilsmeier reagent would yield 2-bromo-6-pyridin-2-yl-
thieno[2,3-b]pyridine 16. Hopefully this product could then, analo-
gously with how 6 was turned into 7, be converted to a chalcone-like 
derivative which after ring closure would yield 18. In method B a 
modified Vilsmeier reaction73 would yield 2-bromo-6-chloro-
thieno[2,3-b]pyridine (19) which then after removal of the bromide by 
metal-halide exchange could be derivatized to 2 by a Negishi cross-
coupling with commercially available 2-pyridylzinc bromide. 
 
Both methods had their advantages and disadvantages. In method A 
compound 18 would be obtained instead of 2. This could actually be 
seen as an advantage since that would abolish the need for an addi-
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tional step where 2 would be brominated. Furthermore the bromine 
would unambiguously be in the 2-position of the thienopyridine, while 
a straightforward bromination of 2 with Br2 or NBS might yield a 
mixture of brominated isomers. On the other hand, it was far from 
certain that 17 could be synthesized from 16 by the same methods as 7 
was synthesized from 6. It was also uncertain if the amide could be 
hydrolyzed into an amine without affecting the rest of the molecule.  
 
Method B, on the other hand, consisted of known compounds and 
procedures which more or less guaranteed that it would work. 
 
To decide which pathway would be pursued the synthesis of both 16 
and 19 was performed. It was found that 16 was formed with a lot of 
byproducts and purification was complicated. 19, however, required 
only column chromatography (silica, EtOAc:Hexane 1:1) to be suffi-
ciently pure for the next step in the synthesis. For these reasons it was 
decided to go ahead with method B and put method A on hold. 
 
The bromine in 15 was needed to avoid competition between the 5- 
and the 3-positions of the thiophene in the modified Vilsmeier reac-
tion. Now, to avoid competition between the 2-position and the 6-
position in the Negishi cross-coupling the bromine was removed by 
treating 19 with n-BuLi at -35oC in dry ether and quenching with wa-
ter. It was necessary to carry out the reaction at -35oC instead of -78oC 
(the temperature usually recommended for lithiation by literature) 
because 19 precipitated if the temperature was dropped below -40oC.  
 
6-Chloro-thieno[2,3-b]pyridine (20) was treated with 2-pyridylzinc 
bromide in dry refluxing THF under a nitrogen atmosphere. After a 
few hours a grey precipitate became visible. The precipitate was a 
good sign since 2, if formed, was expected to form an insoluble com-
plex with Zn2+. After 24 hrs the reaction was deemed complete and the 
Zn(II) pyridyl complex was broken up by pouring the reaction mixture 
into a solution of Na2CO3/EDTA, thereby liberating the pyridyl thie-
nopyridine. 2 was then obtained simply by extracting the aqueous 
phase with diethyl ether. The overall yield of the five-step synthesis 
was 8%. 
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6.1.3 Synthesis of 6-pyridin-2-yl-thieno[3,2-c]pyridine (3) 
 
The synthesis of (3), see Scheme 22, started with the protection of 
thiophene-3-carboxaldehyde (20) with ethylene glycol. A modifica-
tion of the procedure by Gronowitz84 yielded nearly quantitative 
amounts of thiophene-3-yl-[1,3]dioxolane (21) (97%). Formylation of 
21 using the procedure of Hibino  and co-workers85 presented no syn-
thetic difficulties. 3-(1,3-Dioxolan-2-yl)thiophene-2-carbaldehyde 
(22) was formed in quantitative yield (99%). 
 
The Wittig reagent triphenyl-pyridin-2-yl-methyl-phosphonium bro-
mide (24) was prepared by a standard procedure in good yield (83%). 
 
The final synthetic steps towards the target molecule 3 were adapta-
tions of the procedures reported by Hibino and co-workers85 for the 
synthesis of thienopyridines with phenyl and methyl substituents. 
 
The Wittig reaction between 22 and 24 yielded 2-[2-(3-[1,3]dioxolan-
2-yl-thiophen-2-yl)-vinyl]pyridine (25) in a moderate yield (62%). 
Loss of product was suspected in the work-up, due to difficulties in 
removal of the byproduct triphenylphosphine oxide. Subsequent de-
protection with potassium hydrogen sulfate in acetone gave the alde-
hyde 26 in good yield (86%).  
 
Prior to ring closure, 26 was converted into its oxime 27 through reac-
tion with hydroxylamine. Ring-closure was performed by refluxing 27 
in Decalin® for several hours while monitoring with TLC. Recrystalli-
zation from hot EtOAc yielded 3 as colourless crystals (20%). The 
overall yield of this six-step synthesis was 7.5%. 

                               
84 S. Gronowitz; B. Gestblom; B. Mathiasson; Ark. Kemi; 1963 (20); 407. 
85 S. Hibino; S. Kano; N. Mochizuki; E. Sugino; J. Org.Chem; 1984 (49); 5006. 
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Scheme 22: Pathway for the synthesis of 3 via a Wittig reagent 
and ring-closure in refluxing Decalin®. 
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6.2 The effect of bridge-ligand conformation upon 
metal-metal coupling in oligothiophene-bridged 
Ru(II) tris-bipyridine complexes. 
 

6.2.1 Introduction 
 
As has been detailed in Section 4, *[Ru(bpy)3]2+ is at the same time a 
good energy donor, a good electron acceptor and a good electron do-
nor. Thus Ru(II) polypyridyl complexes could potentially serve as 
electron source/sink in molecular electronic systems. In order to direct 
this energy/electron transfer to a specific target, a linker or a bridge is 
required. A wide variety of bridges have been reported with the most 
common being oligophenylenes, oligo(phenylethylene)s and oligothi-
ophenes. Due to their stability and ease of derivatisation, oligothio-
phenes have gained prominence within the field of molecular electron-
ics and have found application in organic light-emitting diodes and 
organic field-effect transistors, see Section 3. However, the attach-
ment of a linker of any kind to one of the bipyridine ligands will affect 
the photochemistry of the resulting [Ru(bipy)2(L)]2+ complex. Steric 
effects between the bridge and the auxiliary bipyridine ligands may 
alter the coordination symmetry of the metal core, leading to drastic 
shortenings of luminescence lifetimes by opening up fast non-
radiative pathways, and minimizing the capacity for directed ener-
gy/electron transfer. 
 
In order to investigate the influence on luminescence and redox prop-
erties of the Ru(II) complexes due to the position and type of the oli-
gothiophene bridge a range of Ru(II) polypyridyl complexes was syn-
thesized. The relevant ligands are illustrated in Figure 27. Focus has 
been put upon systems with short thienyl bridges (in order to avoid the 
situation where the bridge oxidizes before the metal centres86) and 
attachment points in the 4- or 6-position of the pyridine which will 
potentially allow for optimal mesomeric interaction between the 
bridging and chelating parts of the ligand. Also, the planar pyridyl 
thienopyridine ligands synthesized in the previous section have been 
complexed with Ru(II) and their luminescence and redox properties 

                               
86 T. M. Pappenfus, K. R. Mann; Inorg. Chem; 2001 (40); 6301-6307. 
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have been determined in order to compare these systems (with a com-
pletely planar interface between the chelator and the conductor) with 
the systems where an ordinary σ-bond attaches the conductor to the 
chelator.  

6.2.2 Synthesis 
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Figure 27: The thirteen ligands prepared for complexation with 
ruthenium.  

 
In the first step the parent compounds 6-thiophen-2-yl-2,2´-bipyridine 
(28) and 4-thiophen-2-yl-2,2´-bipyridine (33) were synthesized using 
Kröhnke methodology, see Scheme 23. 
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Scheme 23: Adding 3-thiophen-2-yl-propenal to 1-(2-oxo-2-
pyridin-2-yl-ethyl)-pyridinium iodide (PPI) in the presence of an 
ammonium source yields 4-thiophen-2-yl-2,2´-bipyridine (33). 
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Scheme 24: Adding a Mannich salt to a pyridinium salt in the 
presence of an ammonium source yields 6-thiophen-2-yl-2,2´-
bipyridine (28).  

Bromination followed by Stille cross-coupling with commercially 
available tributyl-thiophen-2-yl-stannane then yielded 6-
[2,2']bithiophenyl-5-yl-[2,2']bipyridinyl (30) and 4-[2,2']bithiophenyl-
5-yl-[2,2']bipyridinyl (35). The synthesis of 35 is representative, see 
Scheme 25. 
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Scheme 25: Synthesis of 6-[2,2']bithiophenyl-5-yl-[2,2']bipyridinyl 
(35) via bromination and Stille cross-coupling. 

 
The bis-bidentate ligands 5,5'-Bis(2,2'-bipyridin-6-yl)-2,2'-bithiophene 
(31), 5-(2,2'-bipyridin-4-yl)-5'-(2,2'-bipyridin-6-yl)-2,2'-bithiophene 
(32) and (5,5’)-bis[2,2’]bipyridin-4-yl-[2,2’]bithiophenyl (36) were 
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likewise synthesized by bromination, conversion to Stille reagents and 
subsequent cross-coupling. The synthesis of 36 is representative, see 
Scheme 26. 
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Scheme 26: The synthesis of the symmetric bis-bidentate ligand 
(5,5’)-bis[2,2’]bipyridin-4-yl-[2,2’]bithiophenyl (36). 

The ligands 31, 32 and 36 are all sparingly soluble in organic solvents. 
36 was completely insoluble in CDCl3, DMSO-d6, benzene-d6, ace-
tone-d6 and CD3CN. The only solvent that could dissolve 36 suffi-
ciently to obtain a 1H NMR spectrum was acetic acid-d4. 
 
A fourth fused ligand, 5-pyridin-2-yl-thieno[2,3-c]pyridine (37), was 
synthesized within the group using an adaptation of the method for 
synthesizing 3 (see Scheme 22). Instead of creating the double bond 
via a Wittig reaction it was here created via a Heck44 reaction, see 
Scheme 27. Deprotection and derivatisation to the oxime and ring-
closure by the methodology detailed by Hibino85 in refluxing Deca-
lin® yielded 37.  
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Scheme 27: Synthesis of a fourth thienobipyridyl 5-pyridin-2-yl-
thieno[2,3-c]pyridine (37) via a Heck reaction.  

 
The ruthenium complexes 39-53 (see Figure 28) were all synthesized 
by heating (120oC) the appropriate ligand with 1.05  equivalents of 
Ru(bpy)2Cl2 (2.1 equivalents in the case of 42, 43 and 49) in ethylene 
glycol until TLC showed complete consumption of the ligand (usually 
after 4-5 hrs). The complex was then precipitated as its hexafluoro-
phosphate salt and was subsequently purified by repeated precipitation 
from acetonitrile/diethyl ether. 



 78 

N N

Ru(bpy)2
S

2+

NN

Ru(bpy)2

2+S

N N

Ru(bpy)2

S

N N

Ru(bpy)2

S

N N

Ru(bpy)2

S

2+

2+

2+

N N

Ru(bpy)2

S

2+

S

4+

44

50

51

53

52

42

N NSNN

Ru(bpy)2 Ru(bpy)2

S
43

N

N

SNN

Ru(bpy)2

Ru(bpy)2

4+

S

49

N

N

S

N

N

(bpy)2Ru

Ru(bpy)2

4+

S
N

N

SNN

Ru(bpy)2

2+

47
S

N

N

S

N

N

Ru(bpy)2

2+

48

R
39: R = -H
40: R = -Br
41: R = -Th

R

44: R = -H
45: R = -Br
46: R = -Th

 
 

Figure 28: The Ru(II) complexes that were synthesized for lumi-
nescence and electrochemical studies. 

 
The complexes 47 and 48 were synthesized by Stille cross-coupling of 
the brominated parent complex.66 The synthesis of 48 is representative, 
see Scheme 28. The synthesis was monitored by TLC and was stopped 
when no further product appeared to be formed. After precipitation as 
the hexafluorophosphate salt 48 was dissolved in the minimum 
amount of acetonitrile and purified by preparative TLC. The yield of 
47 and 48 after purification was lower than that of the other complex-
es. This is attributed to the purification step, where it is believed that 
some of the product unfortunately bound irreversibly to the silica gel. 



 79

 

S
N

N

S

N

N

Ru(bpy)2

2+

48

N N

Ru(bpy)2

2+

S

Br

N

N

S

SnBu3

45

+ 5 mol% Pd(PPh3)4
Acetonitrile
reflux, 7 hrs

N2-atmosphere
38

 
Scheme 28: Synthesis of monometallic bis-bidentate Ru(II) com-
plex 48 by Stille cross-coupling on the complex in dry acetonitrile. 

The electrochemical and photophysical properties of complexes 39-53 
were examined using UV, CV and luminescence spectroscopy. The 
results are summarized in Tables 2 and 3. For complete CV data and 
spectra, see Appendix 1. 
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6.2.3 Results of CV and luminescence measurements 
 

Table 2: The results from the investigation of the luminescence 
properties of complexes 39-53. (a) As PF6

- salt. (b) Aerated aceto-
nitrile. (c) Acetonitrile solution under continuous Ar purge, 17.5 
oC. (d) Less than 30 ns. (e) Absorption data for [Ru(bpy)3]2+ from 
ref. 49b. (f) The blue fluorescence at 628 nm and the near-IR flu-
orescence at 731 nm were too weak to be quantified, τ < 30 ns. 

Complex[a]   Absorption[b]

λmax (nm)                (log ε) 
Emission[c]   

     λmax (nm)              τ (ns) 

[Ru(bpy)3]2+ 452  4.16[e] 610 1745 
39 448 4.04 628, 731[f] [d] 
40 - - 378 - 
41 448 4.04 Quenched - 
42 448 4.20 Quenched - 
43 457 4.24 Quenched - 

   
44 457 4.37 627 3000 
45 458 4.25 634 3800 
46 - - 642 4300 
47 463 4.40 633 1920 
48 - - 620 2260 
49 - - 624 2910 

   
50 450 4.36 623 275 
51 448 4.24 622 1040 
52 450 4.32 615 1420 
53 - - 614 1510 

 
The results, shown in Table 2,  suggest that the longest lifetimes for 
the red emission (λmax = 614-642 nm) is achieved if the bridge is at-
tached in the 4-position of pyridine. In complex 39 and 40 a very 
short-lived emission was observed and in complex 41 it was complete-
ly quenched. This was also the case for the bimetallic complexes that 
incorporated 6-[2,2']bithiophenyl-5-yl-[2,2']bipyridinyl (42 and 43).  
These results matched our expectations. Molecular modelling indi-
cates that in complexes where the oligothienyl bridge is attached at the 
6-position of the bipyridines, interaction between the oligothienyl 
bridge and the auxiliary bipyridine ligands results in significant distor-
tion of the complex. In complexes where the oligothienyl bridge is 
attached in the 4-position of bipyridine molecular modelling indicates 
no distortion of the inner coordination sphere at all, which is reflected 
in the excellent lifetimes, longer than for [Ru(bpy)3]2+, for complex 
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44-49. The excitation spectra were all very similar showing only small 
shifts from the spectra observed for [Ru(bpy)3]2+ and indicating that 
the emissions arise from the same 3MLCT transition. An interesting 
detail is that the presence of the second metal centre in 49 did not 
cause quenching as it did in 42 and 43. These results strongly suggest 
that the position of attachment has important consequences as to the 
establishment of a stable excited electronic state, a requirement for 
subsequent electron or energy transfer through the bridging ligand. It 
was for this reason that the fused pyridyl thienopyridine ligands 1-3 
and 37 (complexes 50-53) in which the thiophene ring is fused to ei-
ther the b or c face of one of the pyridine rings, thereby ensuring a 
completely planar interface between the chelator and the conjugation-
extending aromatic ring, were synthesized. 
 
The Ru(II) complexes 50 (τ = 275 ns) and 51 (τ = 1040 ns), which 
incorporated pyridyl thienopyridines with a thiophene unit fused to the 
b face (ligands 1 and 2), both show red-shifted luminescence with 
much longer lifetimes than the corresponding complexes where one or 
more thiophene units was covalently bound to the 6-position of the 
2,2’-bipyridyl unit (complex 39-41, ligands 28-30). This was expected 
since ligands 1 and 2 should cause less steric interaction with the aux-
iliary bipyridyl ligands of the complex compared to ligands 28-30. 
 
With the pyridyl thienopyridine ligands with the thiophene fused to 
the c face even longer lifetimes were achieved. Complex 52 (τ =1420 
ns) and 53 (τ = 1510 ns). This is seems reasonable since a thiophene 
unit fused to the c face would be expected to interact even less with 
the other 2,2’-bipyridyl ligands than a thiophene unit fused to the b 
face, thereby preserving symmetry. 
 
However, complex 44 (3000 ns) and 46 (4300 ns), in which the oligo-
thienyl bridge was attached in the 4-position of pyridine by a σ-bond, 
display the longest luminescence lifetimes by far, even longer than the 
other thienopyridine complexes. If luminescence lifetimes are an indi-
cation of a ability to act as an energy/electron-donor then it would 
appear that complexes in which the oligothienyl bridge is attached to 
the pyridine by a σ-bond in the 4-position would be superior to com-
plexes where the first thiophene unit of the bridge is fused to the pyri-
dine. However, this comparison is complicated by the different ab-
sorption characteristics of these complexes due to the variations in the 
extent of conjugation in the unique bipyridine system in each case. 
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Table 3: Redox potentials (V vs. Fc+/0) of complexes 39-50 meas-
ured by cyclic voltammetry. Conditions: CH3CN (Et4NClO4), v = 
200 mV s-1, 298 K. (a) as PF6

- salt. 

Complex[a] Dithiophene+/0

 
Ru3+/2+

 
Ru2+/+

 

[Ru(bpy)3]2+ +0.874 -1.728
39 +0.869 -1.706
40 +0.894 -1.700
41 +1.120 +0.900 -1.687
42 +0.878 -1.684
43 +1.290 +0.867 -1.670

 
44 +0.850 -1.694
45 +0.865 -1.687
46 +1.086 (irr.) +0.891 -1.788
47 +1.094 +0.854 -1.679
48 +1.193 +0.874 -1.636
49 +1.260 +0.839 -1.608

  
50 +0.892 -1.676
51 +0.924 -1.641
52 +0.829 -1.755
53 +0.849 -1.758

 
Substitution by a thiophene unit in the 4- or 6-position of the 2,2’-
bipyridinyl system should increase electron density within the bipyri-
dine π system and facilitate oxidation, consequently leading to less 
positive values for the Ru(II)/Ru(III) couple. Both 39 (Δ = -5 mV) and 
44 (Δ = -26 mV) are indeed easier to oxidize than the parent 
[Ru(bpy)3]2+. By introducing a (5-bromo-thiophen-2-yl) substituent 
the couple increases by 25 mV and 15 mV (with respect to 39 and 44). 
Surprisingly, introduction of the electron-rich 2,2´-bithiophenyl unit 
increases the metal couple, both 41 (Δ = +26 mV) and 46 (Δ = +15 
mV) are more difficult to oxidize compared to [Ru(bpy)3]2+. This ef-
fect was not observed with the doubly bipyridyl-capped ligand sys-
tems where the Ru(II)/Ru(II) couple occurred at the same or lower 
potentials, compared to [Ru(bpy)3]2+. 
 
The systems containing a bithiophenyl unit, except 42, all displayed 
an oxidation centered on the bithiophene unit. Such oxidations have 
been previously noted with ter-, tetra- and sexithiophene bridged bis-
bipyridine systems,86 however no thiophene oxidation has been ob-
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served within the solvent limit in bis-bidentate systems containing a 
single thiophene unit. This may indicate that the bithiophene unit of 
42 is not planar and that the thiophene units act relatively indepen-
dently.  
 
The bithiophene-centered oxidations of complex 41, 43 and 46-49 
were reversible, except in the case of the uncapped complex 46. The 
ability to reversibly oxidize a bridging ligand may offer unique prop-
erties to a molecular switching device, however the irreversible nature 
of the oxidation in uncapped oligothiophenes (most likely due to elec-
trochemical dimerisation) sets a limitation to the incorporation of such 
motifs within a molecular electronic device, at least in solution phase. 
 
The Ru(II)/Ru(III) couples for the bimetallic complexes reflect the 
characteristics of their monometallic building blocks. The two metal 
oxidations occurred at the same time in all cases  (or at least could not 
be resolved under the experimental conditions), suggesting that the Ru 
cores are not strongly coupled. In general, one can say that the 4-
thiophen-2-yl-[2,2’]-bipyridyl motif tends in all cases to cause a great-
er electron donation towards the metal centres than those of the cor-
responding 6-thiophen-2-yl-2,2´-bipyridine motif, with a resulting 
decrease in the size of the Ru(II)/Ru(III) couple while at the same time 
adopting a more planar bithiophenyl structural unit, leading to easier 
oxidations of the bridgehead unit itself. 
 
The CV results for the fused pyridyl thienopyridine systems 50-53 fell 
in two groups. The systems where the thiophene unit was fused to the 
b face (50, 51) were more difficult to oxidize and easier to reduce than 
[Ru(bpy)3]2+, while the systems where the thiophene unit was fused to 
the c face (52, 53) were more easily oxidized than and slightly harder 
to reduce [Ru(bpy)3]2+

. Within the two groups there is a small differ-
ence in oxidation potential depending on the orientation of the thio-
phene, for the couple 50/51, Δ = 32 mV and for the couple 52/53 Δ = 
20 mV.  
 
It is somewhat difficult to explain the results from complexes 50 and 
51. As mentioned, the addition of an electron-rich thiophene (even 
more so since it is fused to the pyridine) should increase electron den-
sity and consequently result in lower values for the Ru(II)/Ru(III) 
couple. It could be argued that the rigid geometry of ligands 1 and 2 
result in a greater disturbance of the inner coordination sphere, result-
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ing in poorer overlap with the metal d orbitals, thus diminishing any 
effect from the presence of the fused electron-rich thiophene ring. Li-
gands 1 and 2 may actually represent a greater steric challenge than 
ligands 28-30 (complexes 39-41) where the thiophene unit/s are free 
to rotate in order to find an energy minimum which is not possible for 
the pyridyl thienopyridine ligands. However, this line of reasoning is 
contradicted by the luminescence results since both complex 50 and 
51 display quite long-lived red luminescence while complex 39-41 
display no or very short-lived luminescence (less than 30 ns). 
 
The c face pair, 52/53, display the properties expected from a Ru 
complex of a pyridyl thienopyridine species. The increased electron 
density decreases the oxidation potential of the Ru(II)/Ru(III) couple, 
and increases the values of the ligand-centered reduction. 
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6.3 A reversible double cyclometallated switch 
 

6.3.1 Background 
 
At the core of the effort to create molecular electronic devices are the 
synthesis and characterization of molecular switches. In July 2001, 
Fraser Stoddart and his co-workers announced that they had built an 
electronic switch consisting of a layer of several million molecules of 
an organic substance called [2]rotaxane.87 A rotaxane is a mechanical-
ly-interlocked molecular architecture consisting of a dumbbell-shaped 
molecule that is threaded through a macrocycle or ring-like molecule. 
The two components trapped as the two end-groups of the dumbbell, 
called stoppers, are larger than the internal diameter of the ring, and 
thus prevent dissociation since this would require significant distortion 
of the covalent bonds. When subjected to external stimuli the macro-
cycle can move from its initial position along the axis to stop in 
another position, see Figure 29.  
 

 
Figure 29: General principle for a switch based on [2]rotaxane. 

By linking a number of [2]rotaxane switches Stoddart and co-workers 
produced a rudimentary molecular version of an AND gate, a device 
that performs a basic logic operation. With well over a million mole-
cules apiece, the switches were far larger than would be desirable, and 
they could only be switched once before becoming inoperable. Re-

                               
87 A. R. Pease; J. O. Jeppesen; J. F. Stoddart; Y. Luo; C. P. Collier; J. R. Heath; Acc. Chem. 
Res.; 2001; 433-444. 
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cently Stoddart and co-workers have managed to improve their 
[2]rotaxane system and produce a molecular memory that could be 
switched up to ten times before failing.23 
 
The systems devised by Stoddart compromised of mechanically inter-
locked components, such as rotaxanes and catenanes, designed such 
that the internal movements of one component with respect to the oth-
er were readily controllable. The weak noncovalent bonding interac-
tions between the constituent parts allows the activation of these com-
ponents such that they can move in a linear fashion (rotaxanes) or a 
rotary fashion (catenanes). These molecules can be activated by 
switching the recognition elements on and off either chemically, elec-
trically or optically, such that they perform motions reminiscent of the 
moving parts in macroscopic machines. 
 
The molecular motions required in the Stoddart switching process are 
substantial, leading to long response times and the need for inter-
molecular cooperativity in condensed matter. The template-based syn-
theses utilized for the generation of these systems are also low-
yielding and not amenable to the construction of more complex mole-
cular circuitry.  
 
Following the principles laid out by Constable, Rees, Dunne and 
Schmitt,88 our group has developed a number of reversible molecular 
switches based on cyclometallated Ru(tpy)-complexes, which can be 
activated both by changes in pH and irradiation with light and may 
also be amenable for integration with solid state devices. 
 

                               
88 (a) E. C. Constable; S. J. Dunne; D. G. F. Rees; C. X. Schmitt; J. Chem. Soc. Chem. Com-
mun.; 1996; 1169-1170. (b) D. G. F. Rees; Cyclometallation and Ambidentate Ligands in 
Supramolecular Coordination Chemistry; Doctoral Dissertation; Basel University, Switzer-
land; 1997. 



 87

N

N

N

N

N

Ru

1+

S

N

N

S

N

N

N

Ru

2+

H+

OH-, heat, light

purple orange  
Scheme 29: The original switch developed by Constable and co-
workers. 

The switching mechanism is based upon a change in binding mode for 
a metal-coordinated thiophene ring, see Scheme 29. The change in 
bonding mode from the cyclometallated complex to the S-coordinated 
complex forces the thiophene ring out of the plane of the bipyridine 
unit, resulting in a significant change in the redox potential of the ru-
thenium centre (Δ = 0.51 V). While the ability to switch the complex 
using pH or light is interesting there are currently no foreseeable way 
these methods can be applied in the environment of an integrated cir-
cuit, but they might be applicable in sensor technology.    
 
The most important feature of these systems lies in the relatively small 
amount of molecular movement which is required to switch between 
the two states when compared to the Stoddart system. Furthermore, 
the utilization of metal complexes allows the construction of intricate 
molecular architectures using supramolecular assembly techniques. 
 

 6.3.2 Ternary logic 
 
The greater flexibility of these systems allows for the creation of a 
molecular electronic switching system (based upon double cyclome-
tallation) that can be switched between three modes. This would open 
the way to ternary logic with its enormous increase in storage capaci-
ty.31 To put things in perspective, a 16-bit microcomputer with on-
board memory has access to more than 216 bits of directly accessible 
memory (~ 65 kbits), while the same microcomputer based on ternary 
logic would have access to 316 bits (~43 Mbits) of memory. As there 
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are few solid state materials which display the required electronic cha-
racteristics for this purpose, an obvious opening for the application of 
molecular devices is created. 
 

6.3.3 Project aim 
 
The goal of the project is to create high-density logic and memory 
devices based on metal organic complexes capable of displaying bi-
nary/ternary computing logic using minimal power. We propose that 
this could be achieved by creating bimetallic systems incorporating 
cyclometallated units. In order to display ternary switching a strong 
electronic interaction must exist between the two metal centres, this 
can be achieved effectively if at least one ring from each of the chelat-
ing components is fused within the same aromatic subunit. 
 

6.3.4 Synthesis and Ru(II) complexation of the first 
prototype, 3,8-bis-(6-thiophen-2-yl-pyridin-2-yl)-
[4,7]phenanthroline. 
 
In order to synthesize the first prototypic system the pathway in 
Scheme 30 was created. The molecule 3,8-bis-(6-thiophen-2-yl-
pyridin-2-yl)-[4,7]phenanthroline (59) was chosen as prototype since 
the synthesis appeared to be fairly uncomplicated. 4,7-Phenanthroline 
(55) could be synthesized by a simple Skraup synthesis and Baxter89 
and co-workers had previously synthesized 3,8-dibromo-
[4,7]phenanthroline (58) from 55. A Stille coupling with 2-thiophen-
2-yl-6-tributylstannanyl-pyridine would then yield the desired product 
59. 
 

                               
89 P. N. W. Baxter;  R. G. Khoury; J.-M. Lehn; G. Baum; D. Fenske; Chem. Eur. J.; 2000;  
4140–4148. 
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Scheme 30: Pathway for the synthesis of 3,8-bis-(6-thiophen-2-yl-
pyridin-2-yl)-[4,7]phenanthroline (59). 

However, problems arose in the synthesis of 4,7-dimethyl-4,7-
phenanthrolinium diiodide (56). The reaction must be performed in a 
sealed glass tube, but the available equipment (a Paar bomb) was non-
operational. To circumvent this problem 4,7-dimethyl-4,7-dihydro-
[4,7]phenanthroline-3,8-dione (57) was synthesized via an alternative 
procedure,90 see Scheme 31. The rest of the synthesis proceeded as 
planned. 

                               
90 B. Douglas; R. G. Jacomb; W. O. Kermack; J. Chem. Soc.; 1947; 1659-1661. 
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Scheme 31: An alternative route for the synthesis of 4,7-dimethyl-
4,7-dihydro-[4,7]phenanthroline-3,8-dione 57. 

The bis-tridentate ligand 59 was heated (120oC) in ethylene glycol 
together with two equivalents of Ru(tpy)Cl3 and a few drops of the 
mild reducing agent N-ethylmorpholine for 2 hrs, see Scheme 32. The 
complex was precipitated as the hexafluorophosphate salt and was 
subsequently dissolved in the minimum amount of dichloromethane 
and purified by column chromatography (silica, CH2Cl2:MeOH 12:1). 
The appropriate fractions were combined, the solvent was evaporated 
and the purple residue was again precipitated as the hexafluorophos-
phate salt.  
 
 



 91

NN NN

S S

Ru(tpy)Cl3
N -ethylmorpholine

Ethylene glycol
120 oC
2 hrs

NN NN

S S
Ru

N

N

N
N

N

N

Ru

NN NN

S SRu

N

N

N
N

N

N

Ru

H+OH-,
heat

59

63
purple

64
red  

Scheme 32: The cyclometallated complex 63 was synthesized from 
ligand 59 and Ru(tpy)Cl3. Treatment of an acetonitrile solution 
with acid afforded the S-bonded complex 64. 

Analysis by 1H NMR (CD3CN) revealed a symmetrical product with 
the proton shifts that would be expected of the cyclometallated prod-
uct, see Figure 30. Note especially the doublets at 5.5 ppm and 7.1 
ppm belonging to the two thiophene protons. Upon addition of a sin-
gle drop of conc. H2SO4 to the NMR tube the purple solution instantly 
turned red. The 1H NMR spectrum revealed a symmetrical product 
with the proton shifts expected of the S-bonded form, see Figure 31. 
Note especially that the doublets at 5.5 ppm and 7.1 ppm are absent, 
instead peaks at 7.05 ppm and 7.5 ppm, belonging to a thiophene 
AMX system are now discernible. This supports the assignment of 
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complex 63 as a purely cyclometallated complex that upon treatment 
with acid can be switched to 64, a purely S-bonded complex. 
 

 
Figure 30: 1H NMR (recorded in CD3CN) of the cyclometallated 
complex 63. 

 
Figure 31: 1H NMR (recorded in CD3CN) of the S-bonded com-
plex 64. 

Assignment of 63 as a cyclometallated complex is further supported 
by analysis by UV-vis spectroscopy, see Figure 32. Comparison with 
other terdentate cyclometallated complexes reveals striking similari-
ties, especially the twin bands at 500 and 550 nm. The UV-vis spec-
trum of S-bonded 64 is markedly different, see Figure 33, the band at 
550 nm being much weaker. Spectra of the S-bonded form seems to 
suggest that the band at 550 nm in Figure 32 would be due to a 
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Ru→59 MLCT transition while the band at 500 nm is due to a 
Ru→tpy MLCT transition. 
 

 
Figure 32: UV-vis spectrum of the cyclometallated complex 63. 
Spectrum was recorded in acetonitrile (aerated solution). C = 10.3 
µM. 

 
Figure 33: UV-vis spectrum of the S-bonded complex 64. Spec-
trum was recorded in acetonitrile (aerated solution). C = 6.9 µM. 

To produce a larger amount of the S-bonded complex 64 to be able to 
characterize its properties a portion of 63 was dissolved in a mixture 
of CH3CN and HCl and was briefly refluxed. After precipitation 64 
was isolated in almost quantitative yield. 
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By treating an CH3CN solution of 64 with NaOH (aq.) the S-bonded 
form of the complex is converted back into the cyclometallated form. 
NMR analysis showed that the complex thus obtained was identical to 
the complex acquired by refluxing 59 with Ru(tpy)Cl3. The cyclome-
tallated and the S-bonded forms of the complex are thus two states of 
a reversible pH-controlled switch. Attempts have been made to flip 
the thiophene unit by illuminating with UV light, but at the time of 
writing these attempts have not been successful. This is not necessari-
ly to be seen as a failure since it implies that the complex is at least 
chemically and physically stable under irradiation at these wave-
lengths.    
 
Admittedly, this prototype (the pair 63/64) is not a ternary switch. It is 
yet merely a binary ON/OFF (cyclometallated/S-bonded) switch. To 
be a ternary switch it must be demonstrated that it is possible to flip 
only one thiophene unit, yielding an intermediate state, the asymme-
tric complex 65, see Figure 34. This would result in a single system 
with three different states. At the time of writing work is in progress to 
generate this crucial state through pH titrations and speciation studies. 
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N

N
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65  
Figure 34: The asymmetric complex 65 would be the third state of 
the switch and correspond to a state between the ON and OFF 
positions. 
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Conclusions and future experiments 

 
If the bipyridine ligand of a Ru(II) polypyridyl possesses a thiophene 
unit in the 6-position luminescence is very short or quenched. If the 
bipyridine ligand possesses a thiophene unit in the 4-position lumines-
cence is not quenched, indeed it is enhanced with respect to that dis-
played by [Ru(bpy)3]2+. 
  
If the bipyridine ligand has a thiophene unit fused to the b face lumi-
nescence is enhanced compared to the case where the thiophene was 
attached by a covalent bond in the 6-position. If the thiophene is fused 
to the c face luminescence lifetimes is on par with [Ru(bpy)3]2+, but 
still shorter than in the case of substitution in the 4-position. 
 
No, or very weak electronic interactions was displayed between the 
metal centres of the binuclear complexes in Section 6.2. This creates 
an obvious opening for the inclusion of the pyridyl thienopyridine 
ligands synthesized in Section 6.1 as the coordinating units in these 
bridged systems. It is envisaged that binuclear complexes of these 
ligands will display a higher degree of metal-metal interaction 
 
For future experiments is seems wise to further study the Ru(II) 
polypyridyl complexes where the oligothienyl bridge is attached either 
by a covalent bond in the 4-position or is attached to a thiophene unit 
fused to the c face of pyridine. Even though complexes of the fused 
systems 50-53 did not display the promising luminescence properties 
of complex 44-46 they should not be discarded. If not for anything 
else, their novel structure warrants further examination. Of the fused 
complexes 50-53, complexes 52 and 53, where the thiophene was 
fused to the c face displayed the longest luminescence lifetimes and 
the most intense emissions. Research efforts will be focused on these 
two compounds. 
 
The next step in this project is to prepare bimetallic complexes utiliz-
ing fused pyridyl thienobipyridines that are comparable to the bimetal-
lic complexes in Figure 28. Furthermore, to investigate the mecha-
nisms of electron transfer, bridged bimetallic complexes of mixed 
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valency91  ([(RuII(bpy)2)L(RuIII(bpy)2)]) based on both 4-thiophen-2-
yl-2,2´-bipyridine (33) and fused systems 5-pyridin-2-yl-thieno[2,3-
c]pyridine (37) and 6-pyridin-2-yl-thieno[3,2-c]pyridine (3) must be 
prepared and their intervalence charge transfer (IVCT) properties ex-
amined. 
 
The first prototype of a reversible double cyclometallated switch is 
proof of concept. However, much work remains. To begin with, the 
crystal structures of complex 63 and 64 must be determined. Further-
more, the elusive asymmetric complex 65 must be created and the 
electrochemical properties of all three states examined in detail. While 
that work continues a range of bimetallic reversible cyclometallated 
complexes based on other ligands, see Figure 35,  are to be synthe-
sized – a single complex is a far too limited sample if the properties of 
these kind of systems are to be elucidated.  

 
Figure 35: Two examples of ligands which are to be evaluated as 
double cyclometallated switches. 

Further, if the experiments with mixed valence systems of the fused 
pyridyl thienopyridine ligands are promising, there is an intriguing 
possibility to merge the fused systems detailed in Section 6.1 with the 
molecular switches detailed in Section 6.3, see Figure 36.  

                               
91 W. Kaim; B. Sarkar; Coord. Chem. Rev.; 2007; 584-594. 
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Figure 36: 3,8-Bis(4-(thiophen-2-yl)thieno[3,2-c]pyridin-6-yl)-4,7-
phenanthroline, an example of a prototypic switch where the first 
unit of the thienyl bridge/conductor is fused to the c face of the 
pyridine. 
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