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Summary

Summary

In Chapter 1, a brief introduction to basic concepts and terminologies of polymer

chemistry is given. The most widely used methodologies applied to the synthesis of

monodisperse ^-conjugated oligomers are then presented, and the reader is made

familiar with the useful concept of the effective conjugation length (ECL). Chapter 1

ends with an extensive survey of known monodisperse ^-conjugated oligomers and

their applications in theory and practice.

The principal topic of this thesis, which is the synthesis and investigation of

monodisperse poly(triacetylene) (PTA) oligomers, is described in Chapter 2. Some

alternative approaches and improvements in the synthetic routes towards (E)-hex-3-ene-

1,5-diyne ((£)-l,2-diethynylethene, DEE) monomer structures are first described. A

first estimation of the ECL by means of UWVis spectroscopy using a series of

trimethylsilyl-end-capped, monodisperse PTA oligomers (up to the hexamer) and two

high molecular weight polymers, where saturation of the physical properties was

already achieved, is then presented. These preliminary estimations revealed a value of

about n = 7-10 monomer units, depending on the method of evaluation. Third harmonic

generation (THG) measurements provided a similar value of n = 10 for the ECL. The

preparation of a second, triethylsilyl-end-capped PTA oligomer series up to the

hexadecamer helped to close the interesting gap between oligomer and polymer

analysis and allowed an in depth investigation above the linear structure-property

regime to a length where saturation effects become apparent. The highly soluble and

surprisingly stable monodisperse hexadecamer (16-mer) with its 96 (!) linearly

conjugated carbon atoms (16 double and 32 triple bonds) and a length of 11.9nm

(measured between the terminal Si-atoms) currently represents the longest fully

^-conjugated oligomer consisting of only double and triple bonds that does not gain any

additional stabilization from aromatic sub-units, and exhibits considerable potential for

use as a single molecular wire. Whereas convergence by cyclic and steady-state

- XIII -



Summary

voltammetry, UV/Vis, as well as Raman spectroscopy was observed at the predicted

length of n = 10 monomer units, a more complex picture for the chain-length

dependence of the second hyperpolarizability y emerged from THG measurements. In

contrast to the predicted saturation behavior which was expected to lie around the

dodecamer, the nonlinear response showed only a linear dependence between yln vs. n

up to the octamer. Beyond this, a significant deviation from the linear relationship was

noted. Whereas for the dodecamer the y/n-value fell, it increased again for the

hexadecamer to reach the saturation value previously observed for polydisperse PTA

polymers. Finally, the effect of electron-donating (p-dimethylaminophenyl) and

electron-withdrawing (p-nitrophenyl) groups on the physical properties of the linearly

^-conjugated PTA backbone are analyzed by several spectroscopic techniques in two

series of donor-donor (D-D) and acceptor-acceptor (A-A) functionalized oligomers,

revealing some astonishing and interesting properties. In particular, the unexpected

nonlinear optical behavior obtained for the higher triethylsilyl-end-capped oligomers

was found to be much more pronounced in the PTA oligomer series with D-D and A-A

terminal substitution.

In Chapter 3, attempts to approach new polymer types with a PTA hybrid

backbone for linear and nonlinear applications are presented. A comprehensive series

of structurally related chromophores has been prepared that consist of ^-conjugated

DEE segments about a central spacer intended to modulate the linear and nonlinear

optical properties. The twelve different aromatic spacers serve both as a rigid girder to

maintain structural integrity and a conduit for electron flow. They range from

^-electron deficient (e.g., pyridine, pyrazine) to ^-electron rich (e.g., furan, thiophene)

moieties. In addition, a ft-a>u-Pt(PEt3)2 spacer was introduced as the central bridge in

order to investigate the degree of electronic interruption between the terminal DEE

units when metals are added into the conjugated backbone. Whereas the linear optical

absorption properties could be only marginally influenced by the central bridge, the

nature of the spacer played a significantly more pronounced role in affecting the second

hyperpolarizabilities. In general, it was found that spacers with high aromaticity reduce

the nonlinearity owing to strong localization of the ^-electrons on the aromatic bridge

which prohibits extended electronic communication along the unsaturated C-atom

backbone. The synthesis of two polydisperse copolymers with an -A-B-A-B- sequence

containing naphthalene and 2,3,5,6-tetrafluorobenzene units revealed only moderate

third-order nonlinearities, which again has to be mostly ascribed to the strong tendency

to form localized states. Most spacer compounds showed high fluorescence quantum
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Summary

yields making them interesting building blocks for the synthesis of polymers for use in

light-emitting devices (LEDs). In addition, the longest-wavelength absorption

maximum )^nmx of a pyridine spacer compound was found to undergo a dramatic batho-

chromic shift upon treatment with acid, opening perspectives for use in proton-driven

switches or pH sensors.

The investigation of the photochemically reversible trans-cis isomerization of

DEEs and TEEs substituted with electron-donating (p-dialkylaminophenyl) and/or

electron-accepting (p-nitrophenyl) groups is described in Chapter 4. These

chromophores are, after stilbenes and azobenzenes, only the third class of such

compounds that have been investigated in a comprehensive way with respect to photo-

isomerization. The type and degree of D/A functionalization was found to drastically

affect the partial quantum yields of isomerization ^-»c and <PC-*- Total quantum

yields in M-hexane varied across a wide range from 4>total = 0.72 for a bis-acceptor

substituted TEE to <Ptotal = 0.015 for a fourfold, bis-donor, bis-acceptor functionalized

TEE derivative. The specific photochemical behavior of these chromophores, such as a

strong relationship between $t0tal and solvent polarity, the pronounced dependence of

4>t_c and &c—t on the wavelength of excitation AeXC, and the absence of any thermally

inducable isomerization at 27 °C in ra-hexane, sets diem apart from similarly substituted

stilbene derivatives. Most of their photochemical properties can be rationalized as a

result of the expanded ^-conjugated carbon frame, which allows arylated DEEs and

TEEs to attain planarity in both isomeric forms. Therefore, electronic and solvent

effects on the isomerization behavior can be studied and quantified separately from

steric influences. This property again differentiates this class of chromophores from the

analogously functionalized stilbene counterparts.

Finally, in Chapter 5, the synthesis of a series of novel TEMPO (2,2,6,6-tetra-

methylpiperidine-A'-oxyl) diradicals in which two TEMPO moieties are attached to the

termini of rigid acetylenic and phenylacetylenic molecular rods is described. Short

synthetic entries were developed for all five target molecules with averaged end-to-end

distances ranging from 1.4 nm to 2.8 nm, as calculated from molecular dynamics

simulations. The interradical distances in these rigid, linear molecules were determined

by a new four-pulse version of the pulsed double electron-electron resonance (DEER)

experiment that allowed for the first time broad distributions of electron-electron

distances to be measured without dead-time artifacts. The dipolar spectra revealed

end-to-end distances for the oligomers, which agreed within experimental error, with
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Summary

the averaged calculated electron-electron distances. This new method may find wide

application in biological and materials sciences for the determination of electron-

electron distances up to the predicted theoretical limit of approximately 8 nm.
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Zusammenfassung

Zusammenfassung

In Kapitel 1 wird zunachst eine kurze Einfiihrung zu grundlegenden Begriffen und

Terminologien der Polymerchemie gegeben. Anschliessend werden die bedeutensten

Synthesestrategien, welche fiir die Herstellung von monodispersen, ^r-konjugierten

Oligomeren Anwendung finden, vorgestellt, und der Leser wird mit dem ntitzlichen

Konzept der effektiven Konjugationslange (effective conjugation length, ECL) vertraut

gemacht. Kapitel 1 schliesst mit einer umfasssenden Zusammenstellung bekannter

monodisperser ar-konjugierter Oligomere und deren Anwendungen in Theorie und

Praxis.

Das Hauptthema dieser Arbeit, die Synthese und Untersuchung von mono¬

dispersen Poly(triacetylen) (PTA) Oligomeren, wird in Kapitel 2 vorgestellt. Zunachst

werden Alternativen und Optimierungen in der Synthese von (E)-Hex-3-en-l,5-diin

((E)-1,2-Diethinylethen, DEE) Monomerstrukturen diskutiert. Eine monodisperse, mit

Trimethylsilyl-Endgruppen versehene Serie von PTA Oligomeren (bis hin zum

Hexameren), sowie zwei Polymere mit hoherem Molekulargewicht, die bereits

Sattigung der physikalischen Eigenschaften aufzeigten, ermoglichten anhand von

UV/Vis spektroskopischen Messungen eine erste Abschatzung der ECL. Diese

vorlaufigen Ergebnisse zeigten, je nach Auswertungsmethode, einen Bereich von

n = 7-10 monomeren Einheiten. Messungen mittels Frequenzverdreifachung (third

harmonic generation, THG) ergaben fur die ECL einen ahnlichen Wert von n = 10. Die

Herstellung einer zweiten, mit Triethylsilyl-Endgruppen versehenen Serie von

Oligomeren, die bis hin zum Hexadecameren reichte, war von entscheidender

Bedeutung, um die interressante Liicke zwischen Oligomer- und Polymeranalyse zu

schliessen und ermoglichte eine umfassende Untersuchung von Struktur-Eigenschafts-

beziehungen in einem Bereich, in dem bereits Sattigungseffekte zu beobachten sind.

Zudem stellt das ausserordentlich gut losliche und Uberraschend stabile, monodisperse

Hexadecamer (16-mer) mit seinen 96 (!) linear konjugierten Kohlenstoffatomen
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(16Doppel- und 32 Dreifachbindungen) und einer Lange von 11 9 nm (gemessen

zwischen den terminalen Si-Atomen) das gegenwartig langste, durchgehend

jr-konjugierte Oligomer dar, welches nur aus Doppel- und Dreifachbindungen aufgebaut

ist, kemerlei zusatzhche Stabihsierung von aromatischen Einheiten erfahrt, und ein

betrachthches Potenhal bei der Verwendung als singularer molekularer Draht aufweist

Wahrend mittels Cyclo- und stationarer Voltammetne, UV/Vis, sowie Raman

Spektroskopie Konvergenz bei der vorausgesagten Lange von n = 10 Monomer-

einheiten beobachtet wurde, ergaben THG Messungen einen wesenthch komplexeren

Zusammenhang zwischen Kettenlange und zweiter Hyperpolansierbarkeit y Entgegen

der etwa lm Bereich des Dodecameren erwarteten Satbgung, zeigte die mchhneare

optische Antwort nur bis hin zum Octameren zwischen yln vs n eine hneare

Abhangigkeit Oberhalb dieses Bereiches wurde eine signifikante Abweichung von der

linearen Beziehung beobachtet Wahrend fur das Dodecamer der y/«-Wert abfiel, zeigte

derjemge des Hexadecameren wiederum einen Ansbeg und erreichte den bereits fruher

fUr polydisperse PTA Polymere beobachteten Sattigungswert Abschhessend werden

die Auswirkungen von elektronenschiebenden (p-Dimethylaminophenyl) und

elektronenziehenden (p-Nitrophenyl) Gruppen auf die physikalischen Eigenschaften des

linear ;r-konjugierten PTA RUckgrates anhand verschiedenster spektroskopischer

Methoden an zwei Senen von Donor-Donor (D-D) und Acceptor-Acceptor (A-A)

funktionalisierten Oligomeren untersucht, was zu einigen uberraschenden und

mterressanten Eigenschaften fuhrte lm besonderen zeigte sich, dass das unerwartete

nichtlineare optische Verhalten, das in der mit Tnethylsilyl-Endgruppen versehenen

Ohgomerenreihe beobachtet wurde, in den D-D und A-A end-substituierten Senen

wesenthch ausgepragter ist

In Kapitel 3 werden Versuche vorgestellt, neue Polymere mit einem PTA

Hybndruckgrat fur hneare und nichtlineare optische Anwendungen herzustellen Eine

umfassende Sene von strukturell verwandten Chromophoren wurde synthetisiert, deren

w-konjugierte DEE Segmente uber eine zentrale Bruckeneinheit miteinander

verbundenen sind, urn eine Modulation der linearen und mchtlinearen optischen Eigen¬

schaften zu erreichen Die zwblf verschiedenen aromatischen Einheiten, die als

zentrales Element in die neuen DEE Monomore eingebaut wurden, dienten sowohl als

starre, die strukturelle Integntat erhaltende als auch den Elektronenfluss kontrolherende

Bruckenelemente Diese reichen von ^elektronenarmen (z Bsp Pyndm, Pyrazin) bis

hin zu w-elektronenreichen (z Bsp Furan, Thiophen) Systemen Zusatzhch wurde, um

das Ausmass der elektromschen Abschirmung beim Einbau von Metal Ien in das
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konjugierte System zu untersuchen, eine Verbindung mit frans-Pt(PEt3)2 Brttcke

hergestellt. Wahrend die linearen optischen Absorptionseigenschaften durch den

Einbau einer zentralen Briickeneinheit nur eine marginale Beeinflussung erfuhren,

spielte fiir die zweite Hyperpolarisierbarkeit die Art des Distanzhalters eine wesentlich

signifikantere Rolle. Im allgemeinen zeigte sich, dass Briickenelemente mit hoher

Aromatizitat die Nichtlinearitat reduzieren, da eine ausgepragte Lokalisierung der

jr-Elektronen auf der aromatischen Einheit stattfindet, wodurch eine elektronische

Kommunikation Uber das ungesattigte Kohlenstoffgeriist hinweg weitgehend verhindert

wird. Die Synthese von zwei polydispersen Copolymeren mit -A-B-A-B- Sequenz, die

Naphthalen- und 2,3,5,6-Tetrafluorbenzoleinheiten enthalten, ergaben nur massige

Nichtlinearitiiten dritter Ordnung, was wiederum auf die hohe Tendenz zur Ausbildung

stark lokalisierter Zustande zuriickgefuhrt werden kann. Die uberwiegende Anzahl der

neuen Verbindungen wies hohe Fluoreszenzquantenausbeuten auf, was sie zu

interessanten Bausteinen fiir die Synthese von Polymeren fiir licht-emittierende Bauteile

(LEDs) macht. Zudem zeigte eine Verbindung mit Pyridinbriicke bei Zugabe von Saure

eine dramatische bathochrome Verschiebung des langstwelligen Absorptionsmaximums

Amax, was Perspektiven zur Verwendung in wasserstoffionen-getriebenen Schaltern

oder pH Sensoren eroffnet.

Eine Studie zur photochemischen, reversiblen trans-cis Isomerisierung von DEEs

und TEEs, die mit elektronenschiebenden (p-Dialkylaminophenyl) und/oder elektronen-

ziehenden (p-Nitrophenyl) Gruppen substituiert sind, wird in Kapitel 4 vorgestellt.

Diese Chromophore stellen, nach Stilbenen und Azobenzolen, erst die dritte Klasse

derartiger Verbindungen dar, die auf ihr photochemisches Isomerisierungsverhalten hin

ausfiihrlich untersucht wurden. Es zeigte sich, dass Art und Anzahl der D/A

Funktionalisierung einen signifikanten Einfluss auf die partiellen Quantenausbeuten

<fy_»c und <&c-»t ausUbt. Die totalen Quantenausbeuten in n-Hexan variierten in einem

weiten Bereich von <&total = 0.72 fiir ein bis-Acceptor substituiertes TEE bis hin zu

^otal = 0.015 fiir ein vierfach, bis-Donor, bis-Acceptor funktionalisiertes TEE Derivat

Das spezifische photochemische Verhalten dieser Chromophore, wie etwa eine starke

Beziehung zwischen <2»totaj und der Losungsmittelpolaritat, die ausgesprochene

Abhangigkeit von <fit-»c und <Pc-»t von der Anregungswellenlange ?^xc, als auch die

Abwesenheit von jeglicher thermisch induzierbarer Isomerisierung bei 27 °C in

n-Hexan, unterscheidet diese in eindeutiger Weise von ahnlich substituierten Stilben-

derivaten. Die uberwiegende Anzahl ihrer photochemischen Eigenschaften lfisst sich

durch das expandierte ^-konjugierte Kohlenstoffgeriist erklaren, welches arylierten
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DEEs und TEEs vollstandige Planantat in beiden isomeren Formen ermoghcht

Dadurch konnen elektrotusche und losungsmittelabhangige Effekte von stenschen

Einflussen abgekoppelt studiert und quantifiziert werden Eine Tatsache, die diese

Chromophorenldasse ganz entscheidend von analog funktionalisierten Stilbenen abhebt

Im abschliessenden Kapitel 5 wird die Synthese einer Sene von neuartigen

TEMPO (2,2,6,6-Tetramethylprpendin-W-oxyl) Diradikalen, bei denen zwei TEMPO

Einhei ten an den Enden von starren, molekularen Staben aus Acetylen- und

Phenylacetyleneinheiten angebracht sind, beschneben Kurze syntheUsche Zugange

wurden fur alle funf Zielmolekule entwickelt, deren End-zu-End Abstande entsprechend

von Molekuldynamiksimulationen im Bereich von 1 4 bis 2 8 nm liegen Die

Interradikalabstande in diesen starren, hnearen Verbindungen wurden mittels emer

neuen Vier-Puls Version des gepulsten Doppel Elektronen-Elektronen Resonanz

(DEER) Expenmentes ermittelt, das es zum erstenmal ermoglichte, breite Verteilungen

von Elektronen-Elektronen Abstanden ohne Totzeitartefakte zu bestimmen Die

dipoiaren Spektren ergaben fur die Oligomere End-zu-End Abstande, die, innerhalb des

expenmentellen Fehlers, in sehr guter Ubereinstimmung mit den berechneten,

gemittelten Elektronen-Elektronen Distanzen sind Es ist zu erwarten, dass diese neue

Methode zur Bestimmung von Elektron-Elektron Abstanden bis hinauf zum theorebsch

vorhergesagten Limit von 8 nm weitreichende Anwendungen in biologischen und

matenalwissenschaftlichen Forschungsgebieten finden wird
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1. Introduction

Chapter 1

Introduction

rChe reader mustfit thepieces together, mth the author's discreet help

Maureen Howard
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1 Introduction

1.1 Polymers - Giant Molecules: Here, There, and Everywhere...

1.1.1 From Atoms to Molecules, Oligomers, and Polymers - A BriefHistory

The idea of atoms,1 meaning an infinitely small object, goes back to the Ancient

Greeks For them it was nothing more than a formal postulate and required more than

2000 years to transform this hypothesis into reality, to demonstrate that the usual forms

of matter around us are made of atoms and clumps of atoms which we call molecules 2

The first determination of the size of a molecule can probably be attributed to Benjamin

Franklin He poured a small spoonful of oil on the waves of the sea, and then measured

the area over which the npples had disappeared an area which turned out to be huge

In our modern language we would say that he had constructed a very thin monolayer of

oil molecules A hundred years later this experiment was repeated by Lord Rayleigh,

who made another step forward and used this experiment to calculate the size of a

molecule by dividing the volume of oil by the wetted area With this historical

experiment, molecules were no more a figment of a philosopher's imagination, but

became a real, measurable physical object [1]

Another 200 years had to pass, before scientists recognized that many things

around us (wood, cloth, food, our bodies themselves ) are made of macromolecules3 or

polymers4 as we call them now The concept of macromolecules emerged very slowly

and it was only after the pioneering work of Staudinger that, by the beginning of the

1930s, the concept of the chain structure of macromolecules became generally

established Like many other scientific ideas, one could discern three well-known

different stages, which the concept that macromolecules are long molecular chains went

through before acceptance within the very short period of just ten years - at the

beginning people say, 'It's impossible'' then, 'There may be something in it'' and

eventually, 'Oh well, but that's a well-known fact'' The concept of macromolecules in

the following years turned out to be of significant value for the emergence of molecular

atomos (gr) indivisible The smallest particle of an element

molecula (lat) small mass Molecule smallest particle of a chemical compound
macros (gr) large The term macromolecule is used to emphasize the large size of a molecule in

which different monomelic units may be arranged irregularly [2] It is often used synonymously with

the term polymer

polys (gr) many, meros (gr) parts Polymers are molecules that consist of many parts or umts The

term refers to molecules with many units joined to each other through chemical covalent bonds, often

in a repeating manner
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1. Introduction

biology, in settling pre-conditions for an understanding of biomacromolecules and their

functions embedded in complex biological systems [3].

To be considered a polymer, a molecule must consist of a great number of

monomer units and it has been recommended that polymers (or macromolecules) should

have a molecular weight of at least 10000 or consist of more than 1000 atoms [4,5].

The longest known polymers - both natural and synthetic - are deoxyribonucleic acid

(DNA) molecules, where the number of monomer units can easily reach a million.5 The

elucidation of the chemical structures of the giant molecules of living systems, DNA,

ribonucleic acid (RNA), and proteins, and their biological relationships is a milestone in

biological chemistry. It is certainly not an exaggeration to state that all life on earth

depends on the interplay between the two classes of biomacromolecules: nucleic acids

and proteins. Nearly all chemical reactions in organisms such as generation of energy

or synthesis of new cell structures are catalyzed by specific proteins called enzymes.

Besides these two outstanding classes of biopolymers that carry out an astonishing

range of biological functions there are many other polymers that are widespread in

nature. For instance, oligo- and polysaccharides play a tremendously important

biological role and show properties of great technical and commercial value. The most

abundant polysaccharides consist of glucose or glucosamine units. Connection of these

monomer units via j3-l,4 linkages allow cellulose and chitin to form very long straight

chains. The strong intramolecular hydrogen-bonding between these long chains forms

highly insoluble fibrils displaying high mechanical strength and are ideal structural

elements for the construction of the cell walls of plants and bacteria. In contrast,

connection via a-1,4 linkages in glycogen and starch results in completely different

polymers, helical structures whose roles are to store energy in animals and plants.

Over the last 60 years, a plethora of artificial polymers and plastics have made

their way to market and their world-production based on a volume basis, now exceeds

that of steel, whose growth has barely doubled over the same period [7], But polymers

are much more than plastic bags and other common plastics. The adventure of light-

amplification by stimulated emission of radiation (laser) technology in 1960 opened up

a new area in polymer chemistry: the search for new materials with unusual optical

properties [8]. The way these high-tech w-conjugated polymers manipulate light can be

5 One of the smallest DNA molecules consists of 5100 base pairs and has a length of 1700 nm, while

one of the largest contains 6.2 - 107 base pairs with of 2.1 cm length in the unfolded, linear state [6]!
The diameters of most DNA molecules are only about 2 nm.
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1. Introduction

used to build 'active' optical devices for switching, amplifying, and storage of light

signals just as silicon-based devices operate electrical signals. Another important

discovery was the finding in the late 1960s that poly(acetylene), after doping with

iodine, exhibits an electrical conductivity up to 105 S cnr1 and thus similar to that of

copper [9,10]. A vigorous world-wide search for purely organic-based conductors

started, and many other, in their doped state conducting ^-polymers appeared soon, e.g.,

poly(p-phenylene), poly(p-phenylene sulfide), and poly(pyrrole) [10]. The finding of

Holmes and Friend in 1990 that poly(p-phenylene vinylene), and related polymers can

be used as the active component in organic polymer-based light-emitting devices

(LEDs), was another landmark in the history of polymer chemistry [11], This

breakthrough in the field of ^-conjugated polymers stimulated an intense worldwide

search for organic semiconductors that combine the optical and electronic properties of

classical inorganic semiconductors (e.g., Si, Ge) used for photonic devices with the

well-known processing advantages and mechanical properties of organic polymers.

Since these pioneering days, considerable progress has been made in both the

development of emissive materials for display purposes, and the fabrication of large-

area, ultra-lightweight, conformable, high-resolution, full-color flat panel displays.

Applications in the manufacture of computers, laptops, TV-screens with low power

consumption will approach reality in the near future, and the potential for discovery and

practical applications in this area still seems unlimited.

During the past decade, the number of ^-conjugated organic materials and

polymers being explored as advanced materials for electronic and photonic applications

has developed rapidly and witnessed an ever increasing interest from both academic and

industrial research laboratories and represents today a topic of high significance and

actuality. Their inherent synthetic flexibility, potential ease of processing, and the

possibility of tailoring material characteristics to suit a desired property makes organic

polymers very promising candidates in materials science and many other areas of

modern chemistry and physics. The great attraction of ^-conjugated oligomers and

polymers is manifold and they have already become part of our daily lives or are

promising candidates for numerous applications for the technologies of the next

millennium, like for use as laser dyes [12], scintillators [12], light-emitting diodes [13],

piezoelectric and pyroelectric materials [14], photoconductors [15], for optical data

storage [16], optical switching and signal processing [17], and in nonlinear optics

[18-20] to mention just a few.
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Now, the artistry of the organic chemist can be brought to bear in combining,

manipulating, and controlling the manifold benefits of organic polymers By clever

orchestration and judicious choice of reaction conditions (such as temperature, pressure,

polymerization initiators, concentration, solvent, and emulsifiers) and reactant

(monomer) structures, polymers with tailored properties to build in plasticity or hard¬

ness, tensile strength, flexibility, thermal softening or thermal stability, chemical inert¬

ness or solubility, hydrophobicity or hydrophilicity, biodegradability (responsiveness to

microorganisms), electrical conductivity, photoconductivity (polymer becomes

conducting upon irradiation), electroluminescence, or nonlinear optical properties can

be obtained Many other types of polymers with interesting and challenging properties

like ferroelectncs, magnets, liquid crystals, or bio-responsive materials are also

currently under active development and are becoming increasingly important At the

turn of the millennium, new products which will impact upon various aspects of modern

life will bring many appealing properties and changes in the matenals we use, the

materials in which we are clothed, housed, transported, and the matenals for computers

and telecommunication As barriers between biology and chemistry are collapsing, it

can be expected that materials science and chemistry will come ever closer together and

such cross-fertilization will lead to further stimulation in both areas [21]

1.1.2 The Use ofSynthesizing Weil-Defined Oligomers

One of the oldest reports on the preparation of oligomers6 goes back to the 1860s,

when Lourenco described the synthesis of a series of ethylene glycol oligomers from

monomer to hexamer [22,23] The coupling of 1,2-ethylenediol and 1,2-dibromoethane

yielded a crude mixture, from which the oligomers were obtained by distillation and

characterized by elemental analysis In 1925, Staudinger and co-workers prepared a

senes of monodisperse7 oxymethylene diacetate oligomers to close the interesting gap

oligos (gr) few The term oligomer describes compounds containing only a few monomelic units,

usually up to 10 20 There is, however, no clear boundary between (molecular weight or number of

monomer units) between oligomers and polymers, although it has been recommended that polymers
should have a molecular weight of at least 10000 Da or consist of more than 1000 atoms [4,5]

A polymer sample in which all the molecules have the same degree of polymerization and therefore

the same molecular weight is named monodisperse Polymers samples containing molecules of

different size are characterized by a polydispersiry index M^IM^, where Uv = i^M^/SV^Af,
(weight average molecular weight) and Mn = J^N^MjlNi (number average molecular weight = the

sum of the individual molecular weight values divided by the number of molecules) For

monodisperse samples M„/A/„ = 1 and for the others M^Mn > I [24]
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between oligomers and polymers and to establish the theory of macromolecules [25,26]

The study of the physical properties (e g ,
B p ,

M p , solubilities, densities, viscosities)

of this homologous series as a function of n showed a serial order and revealed several

systematic trends8

With the ever growing importance of ^-conjugated polymers in matenals science

and many other areas of modern chemistry and physics, the study of oligomers with

precisely defined lengdi and constitution serving as model compounds soon became an

important tool for correlating physical properties to chemical structures To date,

numerous homologous series of monodisperse oligomers have been investigated and

shown to be highly useful in consolidating or rejecting a theoretical hypothesis or idea

(see Section 113)

A second interest in monodisperse ^-conjugated oligomers of defined length and

constitution arises from their potential to act as molecular wires in molecular scale

electronics9 and nanotechnological devices, which has renewed interest in the

experimental [29-33] and theoretical [34] study of such mesoscopic devices

Nanostructures are assemblies of bonded atoms that have dimensions in the range of

1 to 100 nm [3] with 103-109 atoms and a molecular mass of 10M010 Da Whereas in

nature larger structures are build up from smaller building blocks, either through

formation of covalent bonds or supramolecular assemblies ('bottom-up' approach),

today's technology has focused over the last years in optimizing the fabncation of

electronic components from the macroscopic level downward, reaching ultimately the

nanoscopic level ('top-down' approach) This steadily increasing miniaturization of

micro-pattemed structures opened up new and exciting perspectives for the realization

of quantum-effect and single-electron solid-state devices In quantum dots for instance,

devices with very small islands of only 5-100 nm in dimension, quantum mechanics

restricts each electron's energy to one of a finite number of one-electron energy levels

After a meeting of the Deutsche Naturforschergesellschaft in Dusseldorf in 1926, where Staudinger
reported the existence of molecules being a thousand tunes larger than those chemists studied so far,
one person from the audience commented 'We are shocked like zoologists would be if they were told

that somewhere in Africa an elephant was found who was 1500 feet long and 300 feet high' And the
chaunan summarized his position by adding 'Such enormous organic molecules are not my personal
liking but it appears that we all shall have to become acquainted with them' [27]

'Molecular electronics' is a poorly defined term since some authors refer to it as any molecular based

system such as a film or liquid crystalline array Others have preferred to reserve the term 'molecular

electronics' for single molecule tasks, such as single molecule based devices or single molecule wires

To avoid confusions, one should follow the recommendations of Bloor by using two sub categories,

namely 'molecular matenals for electronics' for bulk applications and 'molecular scale electronics' for

smgle molecule applications [28]
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(discrete energy states). Thus, in such ultra-small structures two effects, energy

quantization and tunneling, become dominant and strongly influence the flow of

electrons [30].

With state-of-the-art photolithographic techniques, the current resolution limit for

micro-structure manufacturing has reached the 10 nm mark [35,36], which is in the

range of molecular scale wires that are now synthetically accessible owing to the

remarkable progress over the past years in synthetic chemistry [37]. Figure 1.1

illustrates the cross-over areas in terms of the dimensions and functions present in the

natural world studied by the biologist with the unnatural worlds of the synthetic chemist

(pursuing the 'bottom-up' approach) and the electronic engineer (pursuing the 'top-

down' approach) [38].

Perhaps one of the most intriguing proposals concerning the transport of electrons

through a single molecular wire has been described by Aviram and Ratner. In 1974

they published a paper in which they discussed the possibility of using an organic

molecule as a unidirectional wire [39]. They concluded that, '...a properly constructed

single organic molecule can indeed exhibit useful device properties...', but also

cautioned that,'... a large number of materials and synthesis problems must, clearly, be

overcome before such a molecular electronic device can be tested in the laboratory.'.

This has remained a highly challenging idea: the construction of a molecular computer

purely based on organic molecules [40]. This highly fascinating concept of an ultimate

computational system in terms of information storage density and speed, still remains

an impetuously discussed and exceptionally controversial item and has been addressed

in several review articles and monographs [29,41].

It is widely accepted that future nanoelectronic or nanophotonic processes will

likely require monodisperse ^-conjugated molecular rods of defined length as key

components for ultradense and ultrafast information transportation, processing, and

storage [37,41,42]. The slow step in existing computational architectures is not usually

the switching time, but the time it takes for an electron to travel between devices [37].

By using molecular scale electronic interconnects, the transmission times could be

minimized, resulting in computational systems that operate at far greater speeds than is

presently attainable from conventional patterned architectural arrays [30,32]. Present

computational systems utilize approximately 1010 silicon-based devices. If devices

were to be based upon single molecules, using routine chemical syntheses, one could
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prepare over 1023 devices in a single reaction flask [43]. However, the question of

addressing large arrays of ordered molecular scale devices remains a severe problem

which is presently unattainable.
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1.1.3 Why Oligomers? Why MonotHsperse?

The investigation of extended ;r-chain polymers is often inhibited by their

insolubility in common organic solvents, and the presence of structural defects can

severely hamper the obtaining of sound physical data. Hence, monodisperse oligomers

serve as excellent models to provide specific information concerning the solution,

electronic, photonic, thermal, and morphological properties of their corresponding

polydisperse macromolecular analogs [41,42]. Furthermore, they have been used as

model compounds for interpreting structural and conformational properties of polymers.

For instance, Nelson et al. recently demonstrated that oligo(p-phenyl ethynylene)s

spontaneously acquire a stable helical conformation having a large cavity, depending on

chain-length, solvent, and temperature [44]. Certainly, this opens up new dimensions

for instance in studying the folding process of biopolymers, that commonly adopt well-

defined three-dimensional structures.

It was Tour, who recently nicely outlined what kind of questions are likely to be

answered by careful study of model oligomers [41]. Some of them are as follows: i)

'When does an oligomer begin behaving like a polymer for a specific function like the

longest-wavelength absorption (Am^), the solution optical band gap (Eg), redox or

nonlinear optical (NLO) properties?' ii) 'By building a series of oligomers with

increasing chain-length and determining their linear optical or nonlinear optical

response trends, can we assess the required minimum degree of polymerization needed

to attain a desired optical response from a polymer?' iii) 'How do chain-length and

conformation relate to physical, electronic, and optical phenomena?' iv) 'Can we learn

about polymer conformations in solution by studying the responses of a family of well-

defined smaller structures?' v) 'What is the mean value of monomer units becoming

charged upon doping in poly(acetylene)?' In fact, numerous publications over the last

years have convincingly proved that such questions (and certainly many more) can

indeed be answered by careful analysis of precisely defined oligomers.

The detailed characterization of oligomers with defined length and molecular

structure is often far easier than characterization of their polydisperse homologs. For

instance, nuclear magnetic resonance (NMR) spectroscopy details are more easily

resolved than with randomly distributed polymer samples, although exact assignments

become increasingly difficult with larger structures owing to the occurrence of signal

broadening and signal overlap [41,42,45]. On the other hand, the 'oligomeric
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approach' cannot answer all questions raised and also has its own limits and

shortcomings, since not all physical or chemical properties can be extrapolated towards

the high molecular weight polymer. For instance, macromolecules differ from small

molecules both in their solution properties (e.g., high viscosity, diffusion behavior) and

in their solid-state properties (e.g., amorphous or semicrystalline structures) and thus

bulk effects are not likely to be simulated by their low molecular counterparts [45].

1.1.4 Synthetic Strategiesfor the Synthesis ofMonodisperse Oligomers

One of the most striking difficulties in studying monodisperse oligomers is their

often difficult synthesis and purification. For the synthesis of well-defined

^-conjugated oligomers, several approaches have emerged over the last years.

Although we concentrate on ^-conjugated systems in this introduction, the mentioned

strategies could also be applied to non-conjugated molecules. In the following, the

most common methods used will be briefly discussed; a more detailed summary on the

methods of preparation can be found in recent review articles [41,42].

The first, most elegant and efficient way for the direct acquisition of the

envisaged long oligomers is certainly a binomial strategy, utilizing modern synthetic

organic and organometallic methodologies. For such an approach, three essential

requirements have to be met: i) two orthogonal protection groups A and B have to

allow selective deprotection or activation to A* and B*, respectively, ii) the cross-

coupling reaction must be selective and high yielding, and iii) each formed reaction

product should be easily separable from the by-products and the starting materials

(Scheme 1.1a) [46]. This method that repeatedly doubles the molecular length at each

iteration step has been successfully applied by Tour and co-workers in the synthesis of

the 12.8 nm long oligo(p-phenylene ethynylene) 1 (Scheme 1.2) [47,48]. The same

iterative divergent/convergent approach was used for the preparation of oligo-

(ot-thiophene ethynylene) derivatives up to a hexadecamer [37,49]. This reaction

sequence also allows in principle the coupling of oligomers with different length,

giving rise to the synthesis of oligomers with an odd number of repeating units (e.g.,

coupling of a hexamer with a monomer unit to a heptamer).

-10-
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(a)

M B

i)

II)

(«

M A

i")

—( M I" E

[I]

(C)

Scheme 1.1. (a) Binomial reaction protocol. M = monomer unit, i) and ii) are steps
that deprotect or activate the protection groups A and B, yielding A* and B*,

respectively. Hi) Coupling reaction, (b) Homocoupling of a monomer building block in

the presence of an end-capping unit E. The polydisperse mixture obtained has sub¬

sequently to be purified, e.g., by chromatographic methods, (c) Solid-phase supported
reaction scheme.

The second possible strategy is homocoupling of a symmetrical monomer

(Scheme 1.1b), which eventually is terminated by the addition of an end-capping agent

that will irreversibly block the end of the chains, preventing them from any further

reaction. This 'one-pot-synthesis' approach generally prevents control of oligo-
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selectivity and such a statistical polymerization often yields very low amounts of a

particular oligomer. Nevertheless, this reaction protocol can be useful in cases were

high yielding cross-coupling reactions [50] are simply not available or where rapid

access to a whole hole series of monodisperse oligomers is desirable and subsequent

chromatographic separations are applicable. For instance, the oxidative Hay [51] or

Eglinton [52] acetylene coupling methods are typical examples for this second strategy

and have been widely used for the synthesis of oligomers with a poly(triacetylene)

backbone [53-58]. Careful choice of reaction conditions (e.g., time, solvent,

temperature) usually allows the optimization of the formation of a desired oligomer.

(c)

— Et2N3-

Et2N3-

-SiMe3

2"

R = 3-ethylheptyl, n = 4

R

AN- H
(a)

rv^
- SiMe3

(t>)

Scheme 1.2. The iterative divergent/convergent synthetic approach to linear oligo-

(a.-thiophene ethynylene) oligomers, (a) K2C03, MeOH, 23 °C or n-Bu4NF, THF,

23°C. (b) Mel as solvent, 120 °C, screw-cap tube, (c) [Pd(dba)2] (dba =

dibenzylideneacetone) (5 mol%), Cul (10 mol%), PPh3 (20 mol%), HN(i-Pr2)/THF
(1:5), 23 °C.

The practical limit of both methods mentioned so far often lies in difficulties

encountered during the chromatographic separation (e.g., size-exclusion

chromatography (SEC)) of higher intermediates with relatively low differences in

molecular weight between subsequent oligomers. This problem may be circumvented

by submitting already higher oligomers to the synthetic reaction scheme applied and

thus the oligomeric chain can grow by several monomer units per iteration. The second

limitation for the construction of larger, well-defined oligomers comes from the often

low solubility of rigid structures, permitting facile separation. Therefore, the
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attachment of suitable side-chains to each repeating unit providing solubility is an

essential design criteria that has to be met at a very early stage of synthesis-planning.

Furthermore, appropriate side-chains can provide stability or help in the tuning of

electronic properties of the targeted oligomer in a desirable way. However, high-

yielding and clean reactions are critical in every case, since structural defects seldomly

can be 'corrected' afterwards by removal of a side-product [45]. In principle, one could

also start with polymeric materials and carry out a degradation process, which

especially for non-conjugated polymers has reached some importance [59]. However,

this strategy also reaches its limit when differences in molecular weight between

subsequent oligomers are not sufficient anymore to permit chromatographic separation.

The third strategy is outlined in Scheme 1.1c and was initially designed for the

synthesis of peptides: the solid-phase synthesis method introduced by Merrifield in

1963 [60,61]. In this stepwise approach, the monomer units are covalently anchored to

an insoluble polymer resin {e.g., poly(p-chloromethyl styrene)). After transformation or

activation of the free end-group a new monomer unit that is dissolved in a suspension of

the polymer-supported material is coupled. After an eventual washing step, the end-

groups can be reactivated and coupled to a new monomer. The primary advantage of

this solid-phase supported method lies in the vast excess of coupling units that can be

added to help each reaction step go to completion, which is essential for the formation

of pure products. In the last step, low-weight molecules are removed by filtration and

washing of the resin and the completed oligomers are then cleaved from the polymer

support. A strategy to overcome the shortcoming that not all activated end-groups have

reacted during the reaction process is to use a second reagent as a capping agent that

irreversibly blocks unreacted ends of the chain, since subsequent purification is far

easier with compounds of large size difference. Several aspects of the design and

synthesis of ^-conjugated molecules as well as detailed discussion of the synthetic

methods presented herein have previously been reviewed [40-42,62],

Ultimately, it should not be overlooked that the rapid progress in the synthesis of

7r-conjugated molecules has significantly been stimulated by several developments and

improvements in other fields of science. Complex and sophisticated analytical and

material characterization methods like high molecular weight mass spectrometry, as for

instance matrix-assisted laser-desorption-ionization time-of-flight mass spectrometry

(MALDI-TOF-MS), have uniquely contributed to today's understanding of high

molecular weight oligomers and polymers.

-13-
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1.1.5 The Effective Conjugation Length in n-Conjugated Systems

The desire to tailor organic compounds for a specific physical task requires a

detailed correlation between structure and properties [45]. The knowledge of the

number of repeat or monomer units in a certain conjugated polymer required to furnish

size-independent redox, optical, or other properties is of great practical and theoretical

interest. Initially, 'conjugation and no end' was thought to be an idealized concept, but

soon it turned out that an effective conjugation length (ECL) [63], confinement length

(CL), or derealization length (DL) [64] exists even in very long ^-conjugated chain or

ladder polymers excluding structural defects. Although the effective ^-electron

derealization length is a value which is not directly accessible by physical

measurements, the idea of 'conjugation length' or 'effective conjugation length' has

evolved to one of the central concepts in the theoretical and experimental understanding

of many properties of conjugated polymers [65]. The usefulness of homologous series

of oligomers for the experimental determination of the effective conjugation length has

been widely demonstrated [65-68].

The fact that ^-conjugated polymers exhibit a converging limit for certain

physical properties (e.g., A^,, redox potentials, first and second hyperpolarizabilities)

arises from mutual distortions from planarity of the conjugated backbone, for instance

by rotations around single bonds. This results in reduced ^-overlap and thus the

conjugation exhibits a limited extension. In systems containing aromatic building

blocks, resonance stabilization is another factor reducing the mobility of the

^-electrons. Furthermore, electron-electron correlations which are often negligible in

short jr-systems become relevant in molecules containing large numbers of ^electrons.

The dependence of the gap between the highest occupied molecular orbital

(HOMO) and the lowest unoccupied molecular orbital (LUMO) on the oligomer length

and geometry of the molecule is not only of fundamental interest, but it is the key issue

to be considered in designing new oligomeric and polymeric materials, in particular,

those with large optical nonlinearities [69]. One of the simplest theoretical models that

can be used to describe changes of physical properties as function of chain-length

follows the description of a 'particle in a box'. Since this classical model, shown in

eqn. (1), contains no correction for electron-electron correlation effects, its validity is

restricted to molecules with a limited number of ^-electrons. In eqn. (1), n stands for

the quantum number, h for the Planck constant, m for the mass of the electron or
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particle, a for the length of the box, and E for the energy of the particle [70]. However,

one-particle models have proved to have significant predicting power at both the

qualitative and quantitative levels, although one has to be aware of certain limitations

[69].

*-¥$ a)
2ma

To evaluate the ECL, various algorithms have been discussed in the literature.

Another simple way is a linear plot of the physical property (e.g., longest-wavelength

absorption energy Emax or band gap Eg) vs. the inverse number of monomer units 1/w.

Usually this linear correlation of a homologous series of oligomers yields only

reasonable results in cases where no obvious saturation is observed. Nevertheless, the

estimation of convergence values by extrapolation using linear functions derived from

small oligomers to polymeric materials can often only be a rough approximation and

sometimes even results in misleading conclusions [63]. However, satisfying results can

be obtained in cases where higher oligomers or polydisperse polymers are available that

already show saturation of their physical properties. Thus, from the crossing point of

the linear regression line obtained from the oligomer series with the horizontal

saturation level line for the polymers, the ECL can be easily derived [53]. On the basis

of the 'Free Electron Gas Model' of Kuhn [71,72] for polyenes, Wenz et al. deduced

eqn. (2), a linear expression describing the relationship between the optical absorption

energy or band gap E and N, the number of conjugated double and triple bonds per

molecule [73].

EmVJ-*--Yl)-±-
(2)0 {4ml^ 4JN + 1/2

In equation 2, V0 refers to the amplitude of a sinusoidal potential which corrects the free

electron gas model for bond length alternation, L0 to the length of the unit of

conjugation, h to the Planck constant, and m to the mass of the electron. Linear

regression analysis of the plot of the energy at the longest-wavelength absorption

maximum or the band gap, respectively, against l/(iV + 0.5) yields then the ECL

relating to UV/Vis spectroscopy. Assuming that the second, orthogonal tf-orbitals of

the triple bonds are not contributing to the extended ^-electron derealization, this

model has successfully been applied to poly(diacetylene)s (PDAs) [74] and

-15-



1. Introduction

poly(triacetylene)s (PTAs) [53] for evaluation of the ECL based on optical absorption

energies and band gaps, respectively.

Lewis and Calvin formulated eqn. (3), a simple, linear relationship based on the

harmonic oscillator model. This was shown to give excellent results in the linear range

for a series of polyenes [75]. In equation 3, n corresponds to the number of monomer

units of the conjugated chain, A to the wavelength of absorption, and k is a constant.

tf=kn (3)

Another method which is a modification of eqn. (3) was proposed by Hirayama

who demonstrated that the wavelength of the first absorption maximum in polyene

derivatives and oligo(p-phenylene)s can be expressed by eqn. (4), where A, B, and C are

empirical parameters and N is a proposed index depending on the structure of the

homochromophores [76-79].

XL=A-BC" 0<C<1 VimX1mlx = A (4)

Recently Meier et al. presented the exponential equations 5 and 6

300 = £,,_ + (£u -£,,_) «~°,("~t> (5)

A,(n) = Al,.+a,i.-A1,1)e-*'<"-1) (6)

to accurately describe the dependence of absorption and fluorescence data on the

number of repeating units n [63]. In this equations Ev, and A,,, being the energy

respectively the wavelength of the optical transition, belong to the i-th absorption

maxima, n corresponds to the number of monomer units, and £,_ and A1M are the

limiting values for n (p) ~. The differences AE1 = ElA - £1M and AA, = A100 -Ay

represent the total shift of the absorption or fluorescence caused by the extension of the

conjugation on going from monomer (« = 1) to polymers {n = °°). Contrary to the

algorithms presented so far, this approach provides AE,- and AA-values characterizing

the overall effect of conjugation and with the parameters a, and b,, respectively, an

indicator of how fast the limit of convergence is actually approached. Thus, the 'growth

functions' 5 and 6 provide a simple and reliable method predicting the ECL and the

overall effect of conjugation Afi, or A A,, respectively, in a series of ^-conjugated
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oligomers. In order to demonstrate the generality of eqns. (5) and (6), Meier et al.

applied this algorithm to a large variety of different ^-conjugated oligomers to evaluate

their ECL [63].

Another algorithm widely used is the Pade approximation given in eqn. (7), where

£, refers to the optical transition energy of the i-th oligomer and E„ to the convergence

value of the infinitely long chain [63,80]. Since eqn. (7) allows extrapolations from the

data of only three subsequent oligomers, it is mostly used in cases where only few data

points are available.

E, - E2 £,

^,£,2 1

E2-E3 1

The definition of the ECL is by no means restricted to UV/Vis spectroscopy only.

Many data from various other spectroscopic methods like vibrational spectroscopy

(e.g., Raman, FT-IR), electrochemical methods, or nonlinear optical spectroscopy

display saturation effects above a critical value.

The aim of the following discussion is to give an overview of the progress made

in the synthesis and characterization of well-defined ^-conjugated oligomers and to

demonstrate their manifold contributions to today's understanding of polymer

properties by relating molecular structures to macroscopic properties. Owing to the

overwhelming mass of literature data on ^-conjugated oligomers, a comprehensive

summary would be far beyond the scope of this introduction which must remain

selective. However, an attempt has been made to illustrate the most predominant

structure types of linear monodisperse ^-conjugated oligomers that have been

investigated to date. Although the main emphasis of the following review is directed

predominantly towards ^-conjugated oligomers, comparisons with related polymers will

be made where appropriate. The summary starts with conjugated oligomers containing

carbon-carbon double and triple bonds, then goes on with a discussion of phenylene-

type oligomers and planarized systems thereof, moves then to thiophene-based

oligomers, and ends with a potpourri of oligomers that do not fall into the categories

mentioned previously. Recently, excellent reviews appeared on the synthesis of

^-conjugated oligomers and polymers [29,42,45,62], on current developments in
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molecular wires [40], on conjugated macromolecules of precise length and constitution

for the construction of nano-architectures [41], and on the synthetic principles for band

gap control in linear ^-conjugated systems [81].

1.2 Survey on Monodisperse n-Conjugated Oligomers

1.2.1 Oligoenes

Linear oligoenes may be viewed as structurally well-defined model compounds

for poly(acetylene) (PA), which is the simplest conjugated ^-conjugated polymer with

an all-carbon backbone not composed of aromatic rings and with a degenerate ground

state. PA has been widely explored over the last years for its interesting and promising

material properties, in particular for its high electrical conductivity (up to 105 S cm-1)

upon doping (Figure 1.2) [9,82-84].

V

R

R

H

frans-Poly(acetylene) (PA)

trans-Poly(diacetylene) (PDA)

trans-Poly(triacetylene) (PTA)

frans-Poly(pentaacetylene) (PPA)

Carbyne

Figure 1.2. Progression of linear K-conjugated all-carbon backbones from trans-

poly(acetylene) to carbyne.
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Polyene model compounds have played a dominant role in studying these

processes [85]. With the recent report that highly conjugated ionic poly(acetylene)

polymers may overcome some of the limitations of classical PA, this area has regained

considerable interest [86]. This high conjugation has been achieved by introducing one

or two ionic charges into each PA repeat unit, resulting in polymers with one of the

highest charge densities known and extended conformations owing to the electrostatic

repulsion between subsequent segments [86]. Recent progress in the synthesis and

characterization of PA as well as that of other conjugated polymers and oligomers has

been recently reviewed by Feast et al. [62], Unfortunately, PA is an intractable,

insoluble, and infusible material and thus several attempts have been made to make PA

more processible by attaching solubility-providing side-chains. However, severe steric

interactions between adjacent side-groups other than hydrogen distort the ^-conjugated

backbone out of planarity resulting in loss of conjugation. In polyenes with a

carotenoid backbone this effect, known as allylic-l,3-strain, also plays a significant role

owing to steric interactions of the methyl group and adjacent hydrogens [87].

2a-c

TPP = tetraphenylporphyrine A = a b c
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Various polyenes with terminally functionalized donor (D), acceptor (A), or

redox-active groups have been synthesized with the aim of showing their energy

transfer properties or exploring their use as molecular wires [40-42,88-90]. For

instance, Lehn and co-workers demonstrated that a, cu-bis-pyridyl oligoenes, in¬

corporated into vesicle bilayer membranes, function as a molecular wire mediating

electron transfer from an external reducing phase to an internal oxidizing phase [91].

Effenberger and Wolf have synthesized the carotenoid polyenes 2a-5c with

different end-groups to study intramolecular energy transfer processes. Interestingly,

the interruption of the conjugation by a bicycloalkane unit in the oligomers 4a-5c

resulted in a modified, but still observable energy transfer as evidenced by fluorescence

quantum yield measurements [92]. A previous publication from the same group dealt

with aspects concerning the synthesis of these polyenes as well as a discussion of the

accurate determination of EIZ isomer ratios by analysis of 'H-NMR coupling constants

of alkene protons [93].

Duhamel and co-workers have presented a short synthesis of the D-D, D-A, and

A-A polyenes 6a-c [88]. These polyenes - lacking any angular methyl or other groups -

show potential as molecular wires for energy transfer or as nonlinear optical

chromophores.

R = Me, SiEt3, SiMe2tert-Bu

Mullen and co-workers have synthesized via Stille coupling a homologous series

of stable polyenes 7a-c to follow the electron-transfer behavior by cyclic voltammetry

[85]. The facility of this route opened up a versatile, alternative approach to the

preparation of polyenes without using more conventional methods like the Wittig
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reaction [94,95]. The oligomers 7a-c showed high redox activity, with 7c displaying

seven reversible successive charge-transfer events from the tetraanion to trication at the

time-scale of cyclic voltammetry. A plot of the HOMO-LUMO energy difference AE

according to the electrochemical data yielded an extrapolated AE value for PA of

1.7 eV, which is in agreement with the band gap determined experimentally and

theoretically for PA itself [96]. A single X-ray crystal analysis of the dodecahexaene

7b revealed a packing structure where the bulky tert-butyl groups in the spaces between

the layers are accommodated in such a way that each polyene chain is surrounded by

six neighboring tert-butyl groups. This arrangement shows a sub-cell structure very

similar to that of trans-PA as obtained from X-ray diffraction and lattice packing

calculations [97]. The authors therefore concluded that 7b can be regarded as a model

compound for the packing in trans-PA.

7a-c n=1-3 8a-e n=1-5

Furthermore, 7b and 7c can serve as models for doped PA, since polyenes with six to

ten or more double bonds are comparable to the regions of the PA chain becoming

charged upon oxidation or reduction [98]. The nature of the electrical conductivity in

PA was subject of tremendous experimental and theoretical effort over recent years and

has been addressed in several publications using polyene model oligomers [99-101].

Valence effective Hamiltonian (VEH) calculations on oligomers of PA have been used

to compute ionization potentials, optical transition energies, and electron affinities in

PA [67], These have been found to be in remarkably good accordance with

experimentally observed values.

An elegant way to synthesize odd and even polyene oligomers has been presented

by Knoll and Schrock [102], Controlled ring-opening metathesis gave access to poly-

disperse mixtures of different polyene isomers end-capped by tert-butyl groups, and

those having as many as 13 double bonds were subsequently separated by flash

chromatography on silica gel under nitrogen at -40 °C. The trans(cis,trans )„ series 8 as

well as odd and even series of all-trans oligomers containing up to nine double bonds

were analyzed in more detail by UV/Vis, and 1U- and 13C-NMR spectroscopy.

Oligoenes above the 17-mer were found to be rather unstable under the reaction and
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isolation conditions. Extrapolation by plotting UV/Vis absorption data vs. \ln revealed

a HOMO-LUMO gap of 1.79-1.80 eV for an infinite all-trans PA chain. In a different

study, the same oligomers containing 3-13 conjugated double bonds were subjected to

6°Co y-irradiation in Freon matrices. The generated radical cations were then used as

model compounds to study the doping process in PA by UV/Vis spectroscopy [99].

O ^=^

/3-Carotene (9) and vitamin A (10) are naturally occurring polyene oligomers and

thus were early targets for studying intramolecular energy transfer processes and first

and second hyperpolarizabilities. For instance, large molecular third-order optical

nonlinearities were measured in polarized carotenoids like 11, displaying a 35-fold

enhancement of the second hyperpolarizability Ynax (me Ymeasured at the three-photon

resonance) relative to the symmetric /3-carotene (9) [103,104]. This dramatic increase

in ymax of 11 as compared with /}-carotene, which itself has one of the largest third-

order nonlinearities known, has been attributed to symmetry breaking and to the large

difference in dipole moments between the ground and excited states introduced by the

strong terminal acceptor functionality.

Oligoenes have also served as textbook examples for the correlation between

various propounded theoretical models and experimentally observed parameters (e.g.,

particle in a box model, vide supra). Especially in nonlinear optics, combined

experimental and theoretical studies have been made employing both unsubstituted and

more, especially D and/or A functionalized oligoenes for establishing design criteria

towards conjugated organic molecules with enhanced nonlinear optical responses [105-

108]. The chain-length dependence on the third-order polarizability in three different

series of o;<B-polyenes bearing electron-withdrawing (Series I: 12a-c) or electron-

donating end-groups (Series II: 13a-d ) and asymmetric D-A polyenes (Series III:

14a-c) was systematically studied by Pucetti et al. revealing the following trends [109]:
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i) In each series of homologous compounds, the lengthening of the conjugated chain

induces hyperchromic and bathochromic shifts in the UV/Vis absorptions and each

series obeyed the linear dependence of Amax with the square root of the number of

carbon-carbon double bonds as has been previously observed in the case of oligoenes

[75]. ii) Measurements of the first hyperpolarizability j8 by EFISH (Electric Field

Induced Second Harmonic generation) at 1.34 um and the second hyperpolarizability y

via third harmonic generation (THG) at 1.91 um showed a sharp increase in the

y-values in all three series of homologous compounds with increasing chain-length. A

nonlinear fit according to the relationship y= k na of the y-values obtained by SHG

(Second Harmonic Generation) against the number of monomer units n revealed an

exponent of a = 2.3 for the bis-acceptor Series I (12a-c) and 3.0 for the bis-donor

Series II (13a-d). iii) Exceptionally large y-values were observed for the longest bis-D

polyenes and no saturation occurred up to 11 double-bonds and for the D-A

Series m (14a-d).

Series I

OHC
CHO

OHC.

OHC

12a

CHO 12"

CHO 12c

Series II Me2N

Me2N NMe2

13d
NMe2
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Series I Me2Nv

Me2N

14a

CHO

V
14b

CHO

Me2Nv

14c

CHO

In a similar study, using THG and EFISH techniques, the asymmetrically

substituted etffl-polyenes 15a-c were investigated, displaying an increase in 7by about

two orders of magnitude for 15c as compared with that for 15a [110]. Experimental

results disclosed, that for small numbers of double-bonds n, a power law dependence

y= k • na is suitable to approximate the theoretical results in all models, with an

exponent a between 3 and 6. For larger values of n, /becomes linear in n and y/n

approaches a constant value. The saturation of )/n in polyenes with very narrow

polydispersities obtained by living polymerization techniques has been found by THG

measurements (1.9 um) to occur at approximately 120 double-bonds [111] and thus at

considerably longer chain-lengths than theoretically predicted [112].

fr
s

f<ys

CHO 15a

CHO
15b

CHO
15c

Utilizing D-A substituted oligoenes, specifically polymethine dyes such as

oligomer 16, Marder and co-workers developed a bond length alternation model (BLA,

defined as the difference between the average lengths of carbon-carbon single and

double bonds in a polymethine chain) using both experimental and theoretical results to
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relate the magnitude of the second hyperpolarizability yto the extent of changes in

molecular geometry (Figure 1.3) [113-116].

Figure 1.3. Resonance structures of 16, with the polymethine form shown in the

middle.

By tuning the BLA via chromophoric structure, solvation effects, or an external electric

field, ycould be optimized in either a positive or negative sense for polymethine dyes of

a given conjugation length [117]. These same studies, and others [118], suggested a

strong correlation between linear and nonlinear optical properties (a, B, "ft of

conjugated organic molecules and predicted that as the first hyperpolarizability B is

maximized for a given chromophore, the second hyperpolarizability /should approach

zero, suggesting a limit to the ability of D-A substitution to increase y-values. A more

detailed overview on the recent experimental and theoretical progress in the field of

nonlinear optics dealing with oligomeric and polymeric chromophores can be found in

refs. [19,119-123].

1.2.2 Oligoenynes

The second representatives in the progression of linearly 7C-conjugated all-carbon

backbones that do not contain aromatic units are poly(diacetylene)s (PDAs, Figure 1.2).

They represent a unique class of conjugated polymers insofar as PDAs can be obtained

as perfect macroscopic single crystals by topochemical solid-state polymerization of

suitably pre-arranged and substituted butadiynes [124], a requirement severely limiting

their accessibility. PDAs are not conducting upon doping but show large third-order
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nonlinear coefficients [19,125] and are considerably more stable than PAs. Polyenyne

oligomers as model compounds for PDA have been much less investigated than

oligoenes in the case of PA. The first systematic series of trans-enyne oligomers dates

back to 1986 and was published by Wudl and Bitler [126]. They reported the synthesis

of tert-butyl-capped oligomers 17a-e by a repetitive strategy applying transition-metal-

mediated (Ni(0) and Pd(0)) cross-coupling reactions. With increasing chain-length, the

color turns from white (17a,b) to deep yellow (17e) and solubility in «-hexane or

benzene rapidly decreases.

The fert-butyl end-caps were found to be essential for high thermal stability, and the

oligomers displayed no particular sensitivity to air and light, as is generally observed in

the case of oligoenes. Interestingly, 17d does not react with iodine over a period

> 24 h, which strongly contrasts the behavior of oligoene oligomers with identical

chain-length. For example, j3-carotene (9), can be easily doped with iodine to give IR

and Raman spectra similar to those obtained of iodine-doped PA. Additionally,

attempts to n-dope a film of 17d with sodium napthalenide and 18-crown-6 in ether

were unsuccessful [126].

17a

17b
-£

>r
-*

^^"^-^-^
17e

—f
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In an in depth study, Giesa and Schulz used the oligoenynes 17a-d and the

substituted compounds 18a-c as model compounds for PDA and investigated their

physical properties by UV/Vis, Raman, !H-NMR, and 13C-NMR spectroscopy as a

function of chain-length and geometry [74]. The ECL in PDAs was calculated to be

around n = 10 monomer units, with an extrapolated optical absorption energy towards

an infinite chain-length of V0 = 2.25 eV (Amax = 551 nm, see eqn. (2)) [74], The

construction of stereo-defined oligomers 19-23 with double and triple bonds of limited

conjugation length by Pd(0)-catalyzed reactions from readily available precursors has

been reported by Crousse et al. [127]. These compounds may help to generate a deeper

insight into the influence of geometry (Z/E) or bond type (double vs. triple bond) on

various physical properties.

-27-



1. Introduction

1.2.3 Oligoynes

A challenging aspect of carbon chemistry is the preparation of infinite one-

dimensional rods composed exclusively of alkyne units, which seem to be the ultimate

prototypes for carbon-based molecular wires [128]. The corresponding polymer,

carbyne C^, gained early interest as a hypothetical carbon allotrope which could behave

as a novel electrical conductor; discussions on the latter remain highly controversial

[129]. The inability of attaching side-chains to oligoynes providing solubility, stability,

or for fine-tuning of physical properties is a significant drawback and severely limits the

use of this oligomer class. Nevertheless, the intense synthetic activity in preparing

oligoynes for predicting carbyne properties led to three series of oligomers, namely

24a-e [130], 25a-f [131], and 26a-h [132], containing up to 20 linearly conjugated

carbon atoms.

H3C [ = ] CH3 24a-e n = 2-6

25a-f n = 2-6,8

26a h n = 2-8,10

EfcSi—[ = ] SiEfe 27a-l n = 2-12,16

Walton and co-workers described the bis-triethylsilyl-protected oligoyne series

27a-l. Oligomer 271, which is composed of 16 conjugated CfeC units, represents the

longest oligoyne reported so far, but it has never been completely characterized [133].

The oligomers 27a-l were constructed by repeated oxidative Hay-coupling of mono-

protected oligoynes, which were obtained by statistical deprotection with methanolic

NaOH of the appropriate precursor and subsequent chromatographic separation. The

authors measured not only the UV/Vis spectra of the protected series 27a-l, which

displayed distinctive fine-structured absorption bands, but also of the corresponding

deprotected oligomers up to the 12-mer. The low solubility and chemical stability of

the deprotected oligoynes allowed only operations under high dilution conditions and
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prevented accurate determination of extinction coefficients by UV/Vis spectroscopy.

The same group also reported the synthesis of asymmetrically substituted (ferf-butyl-,

phenyl-, triethylsilyl-end-capped) oligoynes containing up to 6 GO units prepared by

mixed oxidative Hay-couplings using one of the reaction partners in huge excess [134].

An alternative way to access odd and asymmetrically substituted oligoynes utilizes the

Cadiot-Chodkiewicz cross-coupling reaction. Eastmond and Walton applied this

methodology to the synthesis of a mono-silylated triyne, bearing differently substituted

phenyl groups [135]. In the same study, the germanium analogue of triethylsilyl-

acetylene was utilized as a protecting group. The cleavage of the Ge-acetylene bond

under acid conditions (unlike their silicon counterparts) may serve as an alternative

protection scheme to base-sensitive oligoynes [136].

In a comprehensive study, Hirsch and co-workers presented the one-step

synthesis, isolation, spectroscopic characterization (by UV/Vis, IR, 13C-NMR

spectroscopy, cyclic voltammetry), and computational investigation of the rod-shaped

a.o-dicyanopolyynes 28a-f [137]. Together with the already known smaller

representatives NC-CN, NC-C=C-CN, and NC-C=C-C=C-CN [138], oligomers 28a-f

form a continuous homologous series of oligoynes. The compounds 28a-f were

prepared by vaporization of graphite under Kratschmer-Huffman conditions in the

presence of dicyan ((CN)2), allowing convenient access to the new oligomers and

avoiding tedious successive acetylene couplings. Oligoynes of similar constitution to

28a-f such as HC„N (n = 1,3,5,7) have been detected by Hare and Kroto as molecules in

interstellar space [139].

NC = = = CN 28a

NC == = = = CN 28b

NC = = = = = CN 28c

NC = = = = = = CN 28d

NC = = = = = = = CN 28?

NC = = = = = = = = CN 28f
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In order to explore charge transfer and electron delocalization processes, Gladysz

and co-workers have prepared the one-dimensional symmetrically metal end-capped

molecular wires 29a-g using a step-growth approach [140]. The dirhenium /x-oligoyne-

diyl complexes 29a-g were synthesized by a combination of Cu-catalyzed oxidative and

cross-coupling reactions and displayed a surprisingly high environmental stability

which allowed an extensive investigation of their physical properties. The redox-active

Re(I) end-groups undergo a reversible oxidation to the +2 state, with a potential

separation of the two distinct oxidation events in 29a of 0.53 V. As the conjugated

spacer between the metal centers, and thus the 'resistance' of the bridge increases, the

two oxidations start to behave independently and merge to give a single - presumably

two-electron - oxidation for 29g, which represents with its C2o-chain the longest

oligoyne between two terminal metal centers reported so far. Surprisingly, as the

carbon chain-lengthens in this series, the first oxidation potential becomes thermo-

dynamically less favorable.

Ph3P

29a-f n = 0,1,2,4,6,8

PPh3 Ph3P

29g

The same group reported on the asymmetrically substituted oligomer 30 with an

odd number of carbon atoms between the two metal centers. This was found to be

extremely light-sensitive and decomposed on the time scale of hours in the dark at room

temperature [141]. However, from IR measurements it became apparent that the

cumulene resonance form 30a dominates over the alternative acetylene resonance

structure 30b in such types of complexes and absorptions at ^^-^ = 634 nm in the

UV/Vis spectrum suggest appreciable rhenium-to-manganese charge transfer character.
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Other examples for monodisperse ohgoynes capped with metal centers for the

study of electron transfer processes are 31, where the indistinguishable redox states of

the two Fe centers in this thermally stable mixed-valence complex [Fe(II)-Cg-Fe(ni)+]

suggest that the electron transfer rate between the termini is very high [142], the D-A

'cumulene' carbon rod 32 [143], or the multinuclear complexes 33 described by

Grosshenny, Harnman and Ziessel, where ruthenium(II)bis(terpyndyl) sub-units are

covalently attached to a free terpyndyl ligand by ethynediyl or butadiynediyl bridges,

respectively [144]

-Fa- =

p L
V_p 31

n+
p^^N

'

NM82
l^p

-

/
-s—Fe^ PF6 (CO)5M=C=C=C=C=C,

&-
32 M = Cr,W

\

NMe2

33

Rii2Zn(1) n='\

RU2Zn(2) n = 2

Ru2Fe(1) n='\

Ru2Fe(2) n=2

RU2C0CI) n=1

Ru2Co(2) n = 2
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1.2.4 Oligo(p-phenylene)s

Poly(p-phenylene) (PPP) has found considerable interest over the last years since

it acts as an excellent organic conductor upon doping. Whereas in the neutral form PPP

is an insulator displaying conductivities down to 10-12 iWcnr1, doping raises its

conductivity into the metallic region with values around 500 Q^cm-1 [145,1461. It is

therefore not surprising that poly(p-phenylene)s have become one of the most widely

investigated polymers as documented by several review articles dealing from their

synthesis to their various physical properties [62,84,145-148]. The second interest in

PPP materials comes from the fact, that polymers with a PPP backbone and derivatives

of PPP can be used as the active component in blue light-emitting devices (LEDs) and

thus are the focus of ongoing research [13,149-151]. Recently, Schliiter and co-workers

described the preparation of PPP backbones that are densily coated with Frechet-type

dendrons of generations one to three. These systems have a cylindrical rather than

spherical shape in solution [152], Such types of polymers and especially oligomers of

defined length would be of substantial interest as insulated molecular wires, where

functionalized dendrons add on additional functions like enhanced electrical or optical

properties. In parent oligo- or poly(p-phenylene)s, steric interactions between ortho-

hydrogens of consecutive aryl moieties cause a 23° twist, significantly reducing the

^-overlap and thus preventing an extended ^-conjugation [145,153,154]. In principle,

the solubility properties of PPP-derived oligomers or polymers should be easily

enhanced by addition of substituents along the conjugated backbone. However, any

change to groups larger than hydrogen, causes even greater out of plane deformation

resulting in a disturbance of the ^-overlap and a reduction of the ECL (as can be seen

by a hypsochromic shift in the UV/Vis spectra) [154].

Although oligo- and poly(p-phenylene)s often exhibit remarkable thermal

stabilities, which makes them attractive candidates for numerous applications requiring

thermally robust ^-conjugated organic materials, their low solubility and intractability

has so far precluded any commercial development of this polymer class [145]. The

structurally related and more soluble oligomers like oligo(p-phenylene)s 34a-h also

show a rapid decrease in solubility with increasing chain-length [155], but solubility

properties can be slightly enhanced by addition of tert-butyl groups in the terminal aryl

rings like in the series 35a-d [156-158]. As expected, the ECL determined by linear

absorption spectroscopy for both series 34a-h and 35a-d was found to be in good

agreement yielding n = 9 and n = 11, respectively [63]. Oligomers of type 34 were also

subject of third-order nonlinear optical investigations by time-resolved degenerate four-
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wave mixing (DFWM), revealing ^3)-values < 1.6 • 10-13 esu for both quaterphenyl

(n = 4, 34d) and quinquephenyl (n = 5, 34e), and an increase up to 1.7 10"12 esu for the

octiphenyl in = 8, 34h) [19,159]. Semiempirical calculations involving both singly and

doubly excited configurations showed D-A functionalized oligo(p-phenylene)s to be

much less efficient second and third harmonic generation chromophores than oligoenes

and oligoynes of comparable length and substitution [106].

The evolution of the electronic structure in a series of oligo(p-phenylene)s in

comparison with oligoynes and oligo(p-phenylene vinylene)s has been studied using

ultraviolet photoelectron spectroscopy and quantum chemical calculations based upon

the valence effective Hamiltonian (VEH) method of Logdlund et al. [160]. The authors

found excellent agreement between theory and experiment allowing a detailed

description of the evolution of the electronic structure in these types of polymers.

H--Q-H

34a-h n=1-8

36a

36b

35a-d n = 2-5

(XJ-CX) "•

\_/\ TVJ^V
36d

J\ /W
36e

01igo(p-phenylene)s have played a dominant role as model compounds for PPP in

studying physical mechanisms related to intra- and interchain charge transport or

distribution and stabilization of charges and spins on ^-conjugated chains. This is of

special interest considering the application of PPP and related conjugated polymers in

rechargeable batteries [148,156,161,162]. The aryl oligomers 34c-d, 35b-d, and 36b-e

were investigated by cyclic voltammetry and the corresponding diamagnetic dianions,

obtained by reaction with alkali metals, using NMR spectroscopy [156,163]. The
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electrochemical reduction of 35b-d reflected the behavior found in other w-conjugated

systems. With increasing chain-length, an increasingly depolarized first reduction

potential and a decreasing difference between the first and second reduction events was

observed. All compounds containing up to four benzene units undergo a two electron

reduction, whereas longer chains are capable of accepting more electrons. Centers of

highest charge density are usually the para-positions especially on the inner rings.

From NMR experiments it became evident that rotation about the formal single bonds is

significantly retarded in the reduced species. The radical monoanions of both series

35b-d and 36a-e were also studied by absorption spectroscopy in THF solutions [164],

which revealed interesting differences between the two oligomer series. In 36a-e, the

methyl substituents significantly perturb the ^-conjugation by twisting the phenylene

rings out of planarity. This results in the tendency of the radical anions to localize the

spins in smaller sub-units. Thus, 36c and 36e behave as biphenyl radical anions, and

36d as a terphenyl radical anion rather than as higher oligo(p-phenylene) oligomers

with extended ^-conjugation. This demonstrates impressively that model compounds

must be carefully chosen if correct conclusions are to be made when predicting

properties of higher polymers by extrapolation. The same study provided evidence that

the first reduction step in oligo(p-phenylene)s causes a geometrical reorientation

towards a more planar, quinoidal system to stabilize the radical monoanion. The second

electron is then able to delocalize over the entire ^-system. The ionization potentials,

optical transition energies, and electron affinities for 34a-c and PPP have been

calculated by Bredas et al. [67].

An interesting feature of oligo(p-phenylene)s has been reported by Yanagida and

co-workers [165]. They studied oligomers 34c-f as well-defined model compounds for

PPP in homogeneous photocatalysis processes, leading to the simultaneous formation of

hydrogen and ethanol upon laser flash photolysis of aqueous triethylamine in the

presence of RUCI3.

Spiro-linked oligo(p-phenylene)s like 37a-c have been used as blue emitters in

electroluminescent applications. They are soluble in common solvents, show glass

transition temperatures up to 250 °C, and with their high photoluminescence quantum

efficiencies in the solid-state, represent an alternative to high molecular weight PPP

polymers [166].
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The diradical 38, in which two phenoxyl radicals are coupled by a triphenyl

spacer, has been investigated by Rebmann et al. [167]. Despite the strongly populated

triplet state at temperatures above 200 K in 38, which is accessible via oxidation of the

corresponding diol with Pb02 or aqueous KOH/K3[Fe(CN)6] under inert atmosphere

conditions, antiferromagnetic coupling between the radical termini is observed.

Presumably owing to the twisted aryl backbone a quinonoidal singlet state is effectively

prevented. Organic di- and polyradicals like 38 with two or more weakly interacting

unpaired electrons have received considerable attention owing to their promising

materials properties in the preparation of organic molecular ferromagnets and super¬

conductors [168].
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Using Suzuki cross-coupling reactions of boronic acids and aromatic halides

under Pd(0)-catalysis, Hensel and co-workers prepared in a repetitive sequence the rigid

rods 39a-d with up to 16 phenylene rings and orthogonal functional groups at both

termini [169]. The substituted oligomer 39d represents the longest monodisperse

oligoOo-phenylene) reported so far.

Me3S
39a n= 1

39b n = 2

Me3S-

p6H13 P6H13 peHt p6M1

Hi3C6 H13C6 H13C6 H13C6

Br

39c n= 1

39d n = 2

The C6-alkyl chains at every second aromatic unit provide solubility in common

organic solvents, which allowed full characterization of the compounds and will be a

prerequisite for the synthesis of even higher rods. However, as already mentioned,

several studies have shown that attachment of side-chains of various structure and

length to oligo- and poly(p-phenylene)s affects not only the solubility but also structure,

phase behavior, and electronic properties [170]. For example, unsubstituted PPP

undergoes a mutual distortion of the phenylene sub-units by 23°, whereas in

2,5-dialkylated PPPs this angle increases to approximately 45° with the consequence of

losing the typical properties of a ^-conjugated polymer [66].

The oligo(p-phenylene) series 40a-c exhibiting terminal cyclometallating

bipyridylbenzene ligands (N,C,N-coordination) displays pronounced electronic

coupling over up to 2 nm in their mixed-valence forms. The much higher electron-

donor character of the anionic phenyl bridging ligands and the shorter Ru-C(phenyl)

bonds result in a substantially increased metal-metal interaction when compared to the

analogous terpyridine oligomers [171]. This strong communication between both metal
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centers may be an essential requirement for future molecular systems capable of fast,

long-range electron transfer. This is of significance for the realization of artificial

photosynthesis systems or in molecular electronics.

1.2.5 Strategies to Planarize Oligo- and Poty(p-phenylene)s

The planarization of oligo- and poly(p-phenylene)s to maximize the extent of

conjugation by enhancing Tr-orbital overlap has been of interest for a number of years.

One possible approach in pursuing this objective is the connection of adjacent aryl

groups by 1,2-annelation rather than linear 1,4-connection as in the case of classical

PPP. The resulting linear [njacenes 41 are polymers with low band gap energies and

thus are inherently sensitive towards oxidation and dimerization [172]. Nevertheless,

they represent a highly interesting class of materials from a theoretical and

experimental point of view [173,174], Other examples for the planarizing of the

extended ^-system are polymer types 42 [175], 43 [175-177], and 45, where the

repeating sub-structures 5,6-dihydro-3,8-phenanthrene [poly(phenanthrene)s, PPT] and

4,5,9,10-tetrahydro-2,7-pyrene [poly(tetrahydropyrene)s, PTHP] still allow inherent

flexibility through rotations about C(sp2)-C(sp2) bonds. The investigation of the

UV/Vis convergence behavior of the partially planarized oligo(p-phenylene)s 44a-f

revealed a nearly doubled ECL of n = 19 compared to the parent oligo(p-phenylene)

series 34a-h and 35a-d with n = 1 and n = 11 benzene rings, respectively [63].

The oligo(pyrene)s 46b-48b were investigated by Mullen and co-workers as

model oligomers for polymer 45 and were shown to display several interesting features

[178]. First, the longest-wavelength absorptions of 46b-48b displayed remarkably

close Amax-values (46b: 344 nm; 47b: 350 nm; 48b: 353 nm), which significantly
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contrasts the behavior of similarly substituted oligo(arylene)s. Second, cyclic

voitammetry showed that the first reduction potentials E\ are virtually independent of

the number of pyrene units (47b: £j = -2.24 eV; 48b: £j = -2.27 eV). Charging of each

pyrene sub-unit with one electron results in a low Coulombic interaction, which is also

different to oligo(p-phenylene)s where considerable Coulombic interaction occurs on

increasing the charge. Third, the generation of the dianion 47b2' does not lead to a

diamagnetic state as is observed in the dianions of biphenyl or l,l'-binaphthyl. All

these results convincingly provide evidence for the fact that the pyrene moieties are

electronically decoupled from each other to a high extent in polymers like 45.

43 R = alkyl

44a-f 0=2,4,6,8,10,12

a: R = H

b: R = n-octyl

c: R = n-pentyl

The planarization of a classical PPP backbone by introducing a,a'-connected

methylene bridges gave raise to the low band gap polymer 49 [175,179] and the

optically active non-helical poly(p-phenylene) 50 [180], which are of theoretical

interest owing to their electronic properties and the possibility of topological isomers

[181]. The ladder polymers 49 and 50 exhibit very attractive optical and electronic

properties such as extremely small Stoke shifts and are highly electroluminescent when

used as the emitter material in light-emitting diodes [179,180,182],

The model compounds 51a-c, which were isolated from oligomeric mixtures by

conventional or preparative size-exclusion chromatography, are available with odd

numbers of aromatic sub-units (n = 3,5,7) [66]. The estimation of their ECL by plotting

45 R = alkyl

46 n = 2

47 n = 4

48 n = 6
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the longest-wavelength energies £max vs. the inverse number of aryl units Vn revealed

a significantly lower value of n = 11-12 (± 2) benzene units compared to that of the

poly(tetrahydropyrene)s 44a-f with a value of about n = 20 (± 1) benzene rings [66].

The latter ECL is in excellent agreement with n = 19, obtained by the exponential

equations (5) and (6) of Meier et al. [63]. However, the decreased ECL value for the

series 51a-c compared to 44a-f is surprising, and contrasts the expectation that

planarization of the aromatic ^-system should lead to a substantial increase in the ECL

owing to the considerably facilitated conjugation through the entire backbone. Site-

selective fluorescence studies, a technique which eliminates inhomogeneous spectral

broadening by exciting selected chomophores, of the ladder-type oligomers 51a-c

showed emission of resonant fluorescence and, except for a bathochromic shift, the

spectra were independent of the ^-conjugation length [183].

R1H R2

49
R1 = C6H13

RZ = -1,4-C6H4-C10H21

50 R =

OC6H13

OC6H13

Jx/2

R1 = alkyl

RZ = -1,4-C6H4-C10H21

51a-c n = x + 3

x = 0,2,4

Other examples of fully planarized polymers with a PPP-type backbone are the

vinylene-bridged derivatives 52, which may be viewed alternatively as poly-

(p-phenylene cw-vinylene) with aryl-aryl linkages in the polymer main chain [184], the

imine-bridged PPP-based polymer 53 of Tour and co-workers [153,185], or the poly-
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(p-phenyl pyridyl) 54 described by Meijer and co-workers which self-assembles into

ladders owing to strong intramolecular hydrogen-bonding between neighboring rings

[186].

The homologous perylene oligomer series 55a-58b, formally derived by

connecting two parallel poly(p-phenylene) and poly(acetylene) strands, provides a

further example of a fully planarized extended ^-system and serves as model

compounds for poly(pen'-naphfhalene)s [187-189]. The synthesis of po\y(peri-

naphthalene)s was a long-targeted objective, since theoretical calculations predicted a

low-lying HOMO-LUMO band gap giving raise to intrinsic conductivity [190].

Various efforts towards their preparation were not successful as a result of substantial

synthetic challenges and their expected extreme insolubility in organic solvents. Thus,

the oligorylenes 55b-58b with solubilizing pendant tert-butyl groups represent a first

attempt for extrapolating experimental oligomeric data towards the properties of

poly(peri-naphthylene)s [187-189]. The longest-wavelength absorption Amax

undergoes a large increase from 439 nm in 55b to 560 nm in 56b and to 660 nm in 57b

(1,4-dioxane) owing to extended planarized ;r-chromophores [187].

In comparison, the related homologous oligo(l,4-naphthylene) series 59a-c

displayed hardly any change in Amax on going from dimer 59a to tetramer 59c (59a:

293 nm; 59b: 300 nm; 59c: 302 nm). This result reflects the significant steric

interactions between adjacent naphthylene units which lead to a nearly orthogonal
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ground-state configuration [188]. A similar situation has been found in the solubilized

oligo(9,10-anthrylene)s 60a-c, exhibiting a longest-wavelength absorption A^j for the

trimer 60b of 402 nm and 408 nm for the tetramer 60c in CH2CI2 [191]. Further proof

of the high rigidity of the conjugated backbones in 55-58 is nicely demonstrated by

fluorescence spectroscopy: first, by the very small Stoke shifts with 7 nm (55b: Aem =

446 nm), 13 nm (56b: Xem = 573 nm), and 18 nm (57b: ^m = 678 nm), and second by

the high fluorescence quantum yields 0p or" 0.94 for 55b and 0.70 for 56b

(1,4-dioxane), respectively. Surprisingly, the fluorescence of 57b was found to be

unexpectedly small, with <% = 0.05 [187].

The energy gap AE values derived from UV/Vis/NIR measurements of the three

successive oligomers 56b-58b were used to extrapolate the band gap of the infinite

poly(peri-naphthylene) polymer AE<„, yielding 0.98 eV in solution and 0.92 eV in the

solid, non-crystalline state. The high redox activity of the oligorylenes 55-58 is

remarkable, allowing for the case of 58b seven successive fully reversible redox steps

from a tetracation to a radical trianion as determined by cyclic voltammetry. Oligomers

55b-58b were also used to determine the spin density distribution in oligorylenes as a

function of chain-length [192]. Study of the radical anions of 55b-58b with electron

paramagnetic resonance (EPR) and electron-nuclear double resonance (ENDOR)

spectroscopy revealed a picture where the positions of the highest spin density occur at

the outermost naphthylene units, being in accordance with theoretical calculations

(HMO/McLachlan and Pariser-Parr-Pople (PPP) methods). This result does not reflect

the situation in linear ^-conjugated systems like oligo(p-phenylene vinylenes), where
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the highest spin densities are found at the central parts of the molecules already for

small chain-lengths.

The extended planar ^-systems of oligo(peri'-naphthylene)s 55-58 makes them

attractive candidates for third-order NLO chroraophores. The ^<3)-values from THG at

1.064 um of oligorylene derivatives 55b-58b increased systematically with the

reciprocal of the Sq -> Sj excitation energy, the wavelength of the longest-wavelength

absorption A^x, and the ^-conjugation chain-length [19,193,194]. The non-resonant

^(3)-value of 58b was measured to be 80 • 1012 esu and the oligorylene series 55b-58b

afforded a steep power law relationship with an exponent a = 5.6.

60b 60c

Derivatization of oligorylene oligomers with terminal imide groups yielded the

oligorylenimide compounds 61-63, which represent a promising new class of NIR

fluorescence dyes, as they exhibit high extinction coefficients, high fluorescence

quantum yields, and excellent thermal, chemical, and photochemical stabilities. Their

absorption maxima Amax (63a: 764 nm; 63b: 781 nm) are significantly shifted as

compared to their corresponding oligorylene derivatives (526 nm), and by varying the

side-chains, they can be modified to serve either as soluble dyes or as insoluble

pigments [195].
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a: R = H C3H7

b: R = 4-tert-butylphenoxy --

1.2.6 Otigofo-phenylene vinylene)s

The report of Friend and Holmes [11] in 1990 that light-emitting devices can be

constructed from poly(p-phenylene vinylene) (PPV, 64) films has provided a highly

stimulating impetus to the field of ^-conjugated organic molecules, and polymers with

the PPV backbone are now among the most extensively studied ones [13,149]. The

physical and electronic properties of PPV and its various, differently substituted

derivatives have attracted much attention both from experimental and theoretical

scientists [196]. Molecular engineering has allowed the controlled manipulation of the

HOMO-LUMO gap energy in PPV-based polymers, copolymers, and blends, allowing

the manufacture of electroluminescent materials for the construction of LEDs [150,197]

with light emissions covering the whole visible spectrum, and light-emitting electro¬

chemical cells (LECs) [198]. Even difficult to achieve blue light-emitters can be made

from PPVs owing to polymers containing regions with limited conjugation length or

short oligomers of the poly(p-phenylene vinylene) type as side-chain chromophores

[199]. In this respect, oligo(p-phenyl vinylene)s such as 65a-66e have helped much in

the drive to achieve a basic understanding of the optical properties of PPV polymers.
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PPVs as emitter materials could also be successfully applied to the fabrication of

organic-based lasers [200].

Several groups have studied the photoexcited state behavior of PPVs utilizing

poly(p-phenylene vinylene) oligomers of defined length and constitution to obtain

structure-property relations [201] and to gain information about their decay behavior

[202]. Recently, Yu and co-workers evaluated in an elegant study the LED

performance as a function of conjugation length for a partially alkylated hexameric and

decameric oligo(p-phenylene vinylene), which allowed uniform films to be obtained by

spin-casting [203]. Whereas UV/Vis, photoluminescence, and electroluminescence

spectra showed small shifts for the two oligomers, the 10-mer device displayed a lower

tum-on voltage, a smaller operation current, and greater stability than the 6-mer device.

Furthermore, it has been demonstrated that oligo(p-phenylene vinylene)s can be

vacuum evaporated to yield high purity thin films which are studied in order to gain

insight into solid-state structural aspects of conjugated materials [204]. Correlated

quantum-chemical calculations helped also significantly in clarifying the importance of

intermolecular interactions on the electronic and optical properties of ^-conjugated

chains [205].

R

Ft

Ft = H, alkyl. alkoxy, alkylsilyl,... R = H 65a-c n = 0-2

R = tert-Bu 66a-e n=1-5

The ECL of the longest-wavelength absorption maximum Amax for the series

66a-e was estimated to be n = 10 monomer units and thus is in surprisingly good

accordance with the value obtained for the oligo(p-phenylene)s 35a-d (n = 11)

considering the less sterical hindrance in the former system [206]. Interestingly, the

structurally related oligo(9,10-anthrylene vinylene)s 67a-f [206] which show an even

lower tendency to planarize revealed exactly the same linear optical ECL of n = 10

monomer units, but with a much less pronounced convergence behavior than observed

for series 66a-e [63]. The longest monodisperse oligo(p-phenylene vinylene)s

synthesized are the dialkoxy substituted oligomers 68a-g [63,207]. With the longest

64
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oligomer 68g (n = 11) saturation of A^j was indeed attained, nicely conforming with

the experimentally estimated ECL value of about n = 10 monomer units found for the

unsubstituted series 66a-e. Oligomers and polymers of type 68 were also subject to a

systematic investigation of their photoreactivity and photoconductivity in order to

optimize the photoconducting properties of dialkoxy substituted PPVs [208].

Comparison of the linearly ^-conjugated para-connected oligomers 66a-e with

their meta-linked counterparts 69a-d revealed several interesting differences. In the

series 66a-e, a bathochromic shift of k^^ with increasing number of monomer units is

observed. In contrast, no chain-length dependence of A^^ for the neutral or radical

anions obtained upon doping with potassium is found in the case of the constitutional

isomers 69a-d [42,209]. Furthermore, the spectra of the monoanions in the meta-series

are fully in accordance with the spectrum of the stilbene monoanion in each case [209].

In addition, ESR/ENDOR spectroscopic investigations of 69b-d left no doubt that the

spin density in the radical anions is localized in a central stilbene unit [209,210], All

these results nicely demonstrate that meta-coupled phenylene units act as effective

conjugation barriers and oligo(m-phenylene vinylene)s 69a-d thus do not exhibit the

classical features of ^-conjugated oligomers.

OC3H7
OC3H7

H7C30
H7C30

68a-g n= 1,2,3,4,6,8,11

69a-d n=1-4

The well-defined oligomers 66a-e which are soluble in organic solvents have

provided useful information on the extension of polarons and bipolarons along a

^-conjugated chain [164,211]. Optical measurements showed that even in the
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reductively charged oligomer 66e convergence is not attained. This provides evidence

that a polaronic state within a PPV backbone affects at least about nine to ten styryl

units [211]. Detailed studies concerning the (i) redox capacity of poly(p-phenylene

vinylene) oligomers 66a-e and several related model oligo(p-phenylene vinylene)s, (ii)

the charge distribution in the resulting carbanions, and (iii) the electron transfer induced

structural changes were performed by Mullen and co-workers [64,80,161,162,212]. For

instance, all oligomers 66a-e were found to be effective electron-acceptors and the

highest ^-charge was localized at the central olefinic bond. While in their neutral state

oligo(p-phenylene vinylene)s exhibit rapid rotation about all formal single bonds, ion

formation significantly enhances the corresponding rotational barriers and gives rise to

detectable stereoisomers [80,213,214].

The third-order nonlinear optical susceptibility ft1) of thin films of oligo- and

poly(p-phenylene vinylene)s by THG using variable laser wavelengths from 900 to

1520 nm revealed general scaling laws for PPV and related oligomers and other one-

dimensional ^-conjugated polymers [194]. For the scaling relationship ^3Vc^nax ~

An,^, where Og^ and Xmzx denote the absorption coefficient and the wavelength of

the lowest-energy absorption maximum, respectively, an exponent x = 10 ± 1 was found

which is much larger than the theoretically by Hiickel calculations predicted value of
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The donor/acceptor substituted oligo(p-phenylene vinylene)s 70a-e were prepared

by an elegant cation-anion coupling sequence, targeting NLO chromophores with

enhanced hyperpolarizabilities owing to large lateral dipole moments [215]. In contrast

to unsubstituted PPV, which possesses an ECL of about n = 10 monomer units,

convergence of the A^x-value occurs in the D-A systems 70a-f after only 5-6 units.

The fluorescence of the oligomers is effectively quenched, and the compounds stabilize,

according to cyclic voltammetry measurements, both positive and negative charges

equally well. However, configurational and conformational isomers and Coulombic

repulsion between the individual dipole centers prevents a significant additivity of the

individual dipoles (70a: u = 6.12 D; 70f: u = 9.35 D).

The p-phenylene vinylene molecular wire 71 with terminal ferrocenes and a

metal-to-metal distance of 4 nm has been prepared by the groups of Bildstein,

Schottenberger, and Launay [216]. The pentamethylated ferrocenes in 71 showed

increased solubility in combination with enhanced stability of the oxidized states.

Therefore, compounds such as 71 are promising materials for studying electron transfer

processes across a conjugated ;r-chain. Another example for a model compound to

study electron transfer processes is the poly(p-phenylene vinylene) hexamer terminated

with porphyrin groups synthesized by Ono et al. [217].
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An expanded version of PPV with the poly(l,4-phenylenehexa-l,3,5-trienylene)

(PPHT) 72 has been presented by Sonoda and Kaeriyama [218]. Preliminary

investigations of the model oligomers 73a-c showed that PPHT undergoes easily

thermally induced cis-trans isomerizations under iodine catalysis and displays a

significant bathochromic shift compared to PPV.

1.2.7 Oligo(p-phenylene ethynylene)s

The tremendous advances in the chemistry and physics of PPV over recent years

have stimulated further interest in related types of structures, such as the poly-

(p-phenylene ethynylene) (PPE) polymers like 74, which can be viewed as

dehydrogenated PPVs or the poly(p-phenylene butadiynylene) 75 [219]. Owing to their

high degree of rigidity, PPEs exhibit large photoluminescence efficiencies both in

solution and in the solid-state and their extremely stiff, linear backbone enables

maximum orientation, which is an important feature for the preparation of oriented

films or blends. Their potential as photoluminescence materials in organic polymer-

based devices [220] or as fluorescent chemosensors [221] has already been

demonstrated. Additionally, various oligo(p-phenylene ethynylene) spacers for the

modular construction of organometallic nonlinear optical chromophores have been

designed [222]. Furthermore, Moore and co-workers recently demonstrated that poly-

(p-phenylene ethynylene) oligomers spontaneously can adopt a stable helical

conformation having a large cavity and thus are valuable tools for studying folding

processes in corresponding polymer systems [44].

I

R = n-hexyl

74

Yf

R = n-t\exyl

75

Si((-Pr)3

R = H 76a-d n=1-4

R = SiMeg 77a-d n=1-4
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Utilizing palladium-copper-mediated cross-coupling reactions, Dixneuf and co¬

workers prepared the two oligo(p-phenylene ethynylene) series 76a-d and 77a-d, which

were characterized by IR, NMR, mass spectrometry, and elemental analysis [223].

In an attempt to span the lithographically-derived probe gaps of two gold

electrodes with a single molecule or with small packets of molecules, the group of Tour

has synthesized via an iterative divergent/convergent approach the 128 A long oligo-

(p-phenylene vinylene) 1 [47,224]. As binding sites for adhesion to the gold surfaces in

the longest known oligo(p-phenylene ethynylene) 79 [225] thiol end-groups were used

[48], protected as thioacetyl moieties which undergo cleavage under mildly basic

conditions [226]. In addition, the hole series 1, 78a-d provided useful information

about the optical properties of PPE polymers as a function of chain-length.

Experimentally, Tour and co-workers observed saturation for the longest-wavelength

absorption An,ax of compounds 1, 78a-d in the range of n = 10 monomer units [47].

Interestingly, Meier et al. predicted for exactly the same series, applying eqns. (5) and

(6) a considerably lower ECL of n = 5 repeating monomers [63].

Et2N3- "\_

R = 3-ethylheptyl

-SiMe3

AcS-o
R = C12H25

79 n=16

78a-d 0=1,2,4,8

1 n=16

rO ~

\

\
O

\C \&sd

80a-h n = 0-7

Bumm et al. used the recent developments in scanning-tunnelling microscopy

(STM) methodology to directly measure the conductivity through a single organic

molecule [227]. They self-assembled a small number of short poly(p-phenyl

ethynylene) oligomers into a monolayer film of non-conjugated thioalkanes on a gold

surface, where the molecular 'wires' protruded about 7 A above the insulating layer.

By searching on the top of the layer, a significantly enhanced current flow was found,
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when the STM probe tip was in contact with one of the conjugated molecules as

compared to the insulating monolayer. In a different experimental set-up, using the

mechanically controllable break junction, Tour and co-workers measured the

conductance of a junction containing a single benzene-1,4-dithiol molecule [228].

A set of conjugated orffco-linked oligo(o-phenylene ethynylene)s 80a-h were

synthesized by Grubbs and Kratz according to classical Pd(0)-mediated methodologies

[229]. The white to slightly tan solids dissolve well in benzene and showed under

cyclic voltammetry conditions no tendency for reduction but rather undergo irreversible

oxidations in CH2C12. Combined UV/Vis and single X-ray crystal structure studies of

80c and 80d indicated that rotation about the C(sp)-C(sp2) bonds is facile allowing for

helical orientation of the p-phenyl ethynyl moieties.

1.2.8 Oligo(a-thiophene)s

Unquestionably poly- and oligo(a-thiophene)s belong to one of the most carefully

studied types of conjugated polymers and have received a great deal of attention for

both fundamental and practical reasons. Generally, poly(a-thiophene)s (PT, 81) can be

viewed as a c«-PA chain in which the structure is stabilized by the bridging sulfur atom

[230]. In comparison to PA, mis provides several interesting features such as i) higher

environmental stability, ii) structural versatility which allows for the modulation of

electronic and electrochemical properties by attaching appropriate side-groups to the

monomers, and iii) a non-degenerate ground state related to the non-energetic

equivalence of the two limiting mesomeric forms (aromatic and quinoid) of PT. PTs

have excellent semiconducting properties when doped [83,84,101], and the oligomers

exhibit many of the desirable electronic characteristics that have been evident in the

polymers [231,232]. In addition, it has been shown that poly(a-thiophene)s can be

chemically grafted onto glass surfaces forming thin conductive films [233], are suitable

materials for Langmuir-Blodgett LEDs [234], and act as nucleobase-responsive

materials [235]. Oligo(a-thiophenes) in tetrathiafulvalene hybrid systems have also

been found to exhibit potent electron donor characteristics [236], to be attractive

building blocks for nonlinear optical materials [19,237], to serve as optical and redox

switchable devices [238], and many bithiophene and terthiophene derivatives display

interesting biological properties [239,240]. Furthermore, oligo(a-thiophene)s of
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defined length have found growing interest in device applications such as field-effect

transistors (FETs) [241], LEDs [242], photovoltaic cells [243], and light modulators

[244]. Poly- and oligo(a-thiophenes) can be prepared either by chemical or

electrochemical methodologies. Both approaches have been extensively reviewed by

several authors in a number of articles [62,230,245]. Recently, Zhang and Tour have

opened synthetic pathways to low optical band gap poly(a-thiophene)s by using an

alternating donor/acceptor repeat unit strategy [246] and to imine-bridged, nearly planar

and soluble PTs [247].

Prasad and co-workers synthesized the oligo(a-thiophene)s 82a-g and studied the

dependence of the band gap, the linear optical susceptibility, the polarizability cc, and

the second hyperpolarizability y as a function of increasing chain-length [248]. From

these early measurements, the authors concluded, in order to achieve a respectable

%p)-va\ue of 10-9 esu, one needs only an oligomer with about n = 9-10 repeating

thiophene units - a statement, which might be interpreted as an early attempt to estimate

the ECL in PT polymers by means of the second hyperpolarizability. The UV/Vis

related ECL of the oligomers 82a-f was reported by Meier and co-workers to be around

n = 17 monomer units [63].

81 82a-g n= 1-6,8 83a-f n = 2-7

The redox characteristics of oligo(a-thiophene)s 83a-f bearing cycloalkane end-

caps have been thoroughly studied by Bauerle and co-workers [249]. The use of the

2,3-cyclohexene end-group is twofold; on the one hand they block the reactive a- and

j8-positions of the thiophene moieties and also provide the highly desired feature of

increased solubility. The first and second oxidation potentials were found to decrease

with increasing chain-length and to scale linearly with the inverse number of monomer

units. Furthermore, this study showed for the first time clearly that the dimer binding

energy of the thienyl radical cations increases with the oligomer chain-length. The

electronic and optical properties of similiar oligo(a-thiophene)s were subject to careful

investigations and had been studied extensively by several other researcher-groups,

addressing especially questions concerning the polaron and bipolaron formation during

the charging process [10,67,68,250-258].
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A more soluble oligo(a-thiophene) series ranging from monomer 84a to octamer

84h has been presented by Tour and Wu [231]. The values for the longest-wavelength

absorption ^max in 84a-h displayed a bathochromic shift throughout the series

indicating that the HOMO and LUMO levels are merging, and although consecutive

increases in Amax were noticed for each additional monomer group, no apparent

saturation was observed. Furthermore, oligomers 84b-e and 84g,h allowed either

polaron or bipolaron species to be formed under stoichiometric control of FeCl3

oxidation [10,68]. Using spectroscopic measurements, a more resolved picture for

charge state formation in FT oligomers emerged than was described by previous

models. In the same study, the delocalization length was estimated to be around n = 12

monomer units for the radical cation (polaron) and n = 10 monomer units for the

dication (bipolaron) in PTs.

aMe3S—( >-SiMe3

Me3Si-0—0-SiMe3
s s

Me3S—( }—( }—( >-SiMe3 <=

s s s

Me3S4>-buXiXVsiMe3 -

o S S o

o S S ^ S w

M63S4^1u^^ 9

84
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The homologous thiophene oligomer series 85a-d, containing dodecyl side-

groups for solubility reasons, has been prepared in the group of Bauerle [259]. The

isomerically pure a-linked oligo(alkyl thiophene) 85d represents with an end-to-end

distance of 64 A in the linear form the longest monodisperse and fully characterized

oligo(a-thiophene) to date. Besides studies of their optical and redox properties, STM

pictures on a graphite substrate revealed a linear alignment of the thiophene backbone,

thus demonstrating the potential of 85d to act as a molecular wire. The ECL deduced

from UVA'is measurements was found to be for series 85a-d around n = 20 and thus a

little bit higher than for the oligo(a-thiophene)s 82a-f with n = 17 [63],

Blanchard and co-workers have reported the isomerization dynamics of a family

of substituted poly(a-thiophene) oligomers both in the electronic ground and first

excited states [260]. Using temperature dependent !H-NMR techniques, they found an

isomerization barrier in the ground state in the order of = 8 kcal moH, with no

significant influence of the length of the oligomer. The barrier to isomerization in the

first electronic excited state was determined from fluorescence lifetime measurements

to be slightly reduced, with a value of <• 5 kcal moH.

C12H25

H25C12

85a-d n = 4,8,12,16

A careful investigation of the influence of chain-length and derivatization on the

lowest singlet and triplet states and intersystem crossing in dimeric, trimeric, and

tetrameric oligo(a-thiophene)s and substituted terthiophenes was performed by Friend

and Bredas, yielding considerable information and helping the understanding of the

photophysical properties of these oligomers and their derivatives [261].

In an approach to orthogonally fused conducting polymers for molecular

electronics, which were suggested by Aviram to be suitable interconnections in

molecular scale electronic devices for signal storage, processing, and amplification

[262], Tour and co-workers prepared the bridged dimers of a,a'-coupled thiophene

oligomers such as 86 and the spiro-fused phenylene thiophene mixed oligomer 87

[43,263].
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H9C4 HgC4 C4H9 C4Hg

87

The electrochemical and electronic properties of these systems were studied and

revealed that 86 can be oxidized sequentially both electrochemically and with FeCi3 to

produce the mono-radical cation, the bis(radical cation), the radical cation/dication, and

the bis(dication), respectively [264]. Apart from some interactions between the neutral

and the radical cation forms in 86, no relevant electronic cross-communication between

the orthogonally arranged heptamer radical cations or the dications were found except

for some possible weak magnetic coupling. In a later study, it was shown that the

positively charged center (polaron) migration in 86 along the ^-conjugated chain has an

activation energy barrier of less than 100 cm-1 [265].

MeS MeS SMe

88a-c « = 2,4,6 89a 89b 89c

SMe SMe

89d 89e
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Examples for functionalized oligo(a-thiophene)s are 88a-c [266] containing a,a>-

aldehyde end-groups or the donor substituted series 89a-e showing interesting physical

properties and biological activities [240]. For instance, the a-linked oligo(methylthio

thiophene)s 89b-e exhibit high phototoxic activities against nematodes, larvae and eggs

of insects, bacteriae, algae, and fungi owing to their property to photosensitize the

formation of singlet oxygen (^C^).

01igo(a-thiophene)s have also been used as conjugated linkers between donor-

acceptor systems to study energy transfer properties, exhibiting several intriguing

advantages compared to oligoene spacers such as improved thermal and chemical

stabilities, higher fluorescence quantum yields, large degree of ^-delocalization along

the conjugated chain, and no potential for isomerization [267]. Examples are the

anthryl oligo(thienyl) porphyrin systems 90a,b and 91 or the fourfold anthryl

quinque(thienyl) substituted porphyrin 92 with its light-harvesting molecular antenna

architecture [268]. These systems showed after photoexcitation extremely fast

(< 10 ps) and quantitative intramolecular energy transfer (> 98%) from the anthracene

donor to the emitting porphyrin acceptor group through the oligo(a-thiophene) bridge.

91 R1 = D, R2 = C5H11

92 R1 = R2=D

n!n!)-R Ri!H>R riKtr
93 94 95

R = Sitert-BuMe2
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Barbarella and Pudova have reported an elegant way to tune the HOMO-LUMO

energy gap in oligo- and poly(a-thiophene)s, taking advantage of the hypervalent

nature of the sulfur atom [269]. For instance, selective oxidation at the thienyl S-atoms

by m-chloroperbenzoic acid allowed the obtention of oligo(a-thiophene) 5,5-dioxides

94 and 95, which exhibit a significant red shift of the maximum-wavelength absorption

A^x with respect to 93 owing to the dearomatization of the thienyl rings (93: k^^ =

y26 ran; 94: A^,^ = 390 nm; 95: An,ax = 406 nm in CHC13). Further evidence for a

lowering of the optical gap is given by cyclic voltammetry revealing that 94 and 95 are

more easily reduced than oxidized with respect to 93. Such sulfones could be of

interest for use as sensors, electro-optical devices, or in other classical areas of

thiophene-based materials.

1.2.9 Oligo(a-thiophene vinylene)s

Monodisperse oligo(a-thiophene vinylene)s such as the series 96a-g have been

synthesized utilizing controlled Wittig-Horner coupling reactions and low-valent

titanium reagents (McMurry) [270]. The third-order nonlinear optical properties of the

poly(a-thiophene vinylene)s oligomers 96a-d were the subject of a combined

experimental and theoretical study [271]. THG measurements at the fundamental

wavelength of 1064 nm for thin films of the oligomers 96b and 96c revealed values up

to y = 1.65 10-33 esu, which are larger than theoretically expected because of

resonance enhancement. Interestingly, the increase in hyperpolarizability gained by

adding double or triple bonds between thiophene groups was found to be only modest

compared to thiophene oligomers of similar length. Furthermore, theoretical static

^values predicted a higher response in the vinylene derivatives than in the

corresponding ethynylene systems, whereas the experimental results provided the

reverse trend owing to stronger resonance enhancement in the latter compounds.

p8H11

96a-g n=1-7
97a,b n = 1,3
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The estimation of the UV/Vis related ECL for series 96a-f revealed n = 14

repeating units. This is three monomer units lower than the value reported for the

oligo(a-thiophene)s compounds 82a-f. However, 96a-f still displayed a moderately

higher convergence behavior than observed for oligo(a-thiophene)s 82a-f [63].

H17C8 H17Ce

97g

The poly(a-thienylene vinylene) oligomer series 97a-g and 98a-d bearing

solubilizing alkyl side-chains were prepared by Roncali and Frere to systematically

study electrochemical and optical properties as a function of chain-length [272-274].

The oligomers 97a-g showed the expected bathochromic shift of the longest-

wavelength absorption and a decrease of the HOMO-LUMO solution optical gap with

extension of the conjugation length, but no apparent saturation was observed in either

case (97g: X^^ = 586 nm) [272]. The electrochemical analysis of the octamers 97e and

97f provided the first conclusive evidence that the dication is formed directly through a

single-step two-electron transfer in such systems. In addition, oligomers 97e,f allowed

reversible charging up to the tetracationic state below 1.0 V vs. SCE [273].

Interestingly, solution-cast films of 97e,f exhibited band gap values comparable to or
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even smaller than that of the parent poly(a-thienylene vinylene) itself [273]. The

oligo(a-thienylene vinylene)s 98a-d with n-hexyl groups at the 3,4-positions of each

thiophene unit showed high solubility in a wide range of organic solvents [274]. The

hexadecamer 98d is the longest monodisperse oligo(a-thiophene vinylene) published

and saturation of the effective conjugation was still not observed by means of UV/Vis

spectroscopy. From a comparison of the oligomer 98d with hexadecamers containing

the same number of carbon atoms or similar dimensions such as the oligo(p-phenylene

ethynylene) 78e (128 A, Amax = 376 nm in CH2CI2) or a hexadeca(a-thiophene

ethynylene) (100 A, Amax = 442 nm in CH2C12) it is becoming apparent, that the

oligo(a-thiophene vinylene) 98d (95 A, Am^ = 601 nm in CH2C12) exhibits the largest

extended ^-conjugation. The fact that poly(a-thiophene vinylene) oligomers show the

steepest increase of the effective conjugation length per additional monomer unit as

well as the smallest band gap makes them very suitable for use as molecular wires.

98a-d n = 1,2,4,6

Examples for thiophene-based oligomers with high electron affinity are

compounds 99a-d, which have been prepared by Knoevenagel condensations [275].

These cyano substituted oligo(heteroarylene vinylene)s exhibited the expected positive

shift of the reduction potential, and stable anion radicals and dianions were formed for

systems with three thiophene units. For higher oligomers, direct reduction to the

dianion through a single-step, two-electron transfer was observed for the first time,

underlying their potential as useful compounds for modeling negatively charged

bipolarons.
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NC r-* CN

i.2.I0 Oligo(a-thiophene ethynylene)s

The third-order nonlinear optical properties of the poly(a-thiophene ethynylene)

oligomers lOOa-d [276] studied by THG revealed ^values up to 1.65 10"33 esu for

lOOd, manifesting no dramatic increase compared to oligo(a-thiophene)s or oligo-

(a-thiophene vinylene)s of similar length [271]. A preliminary value for the ECL

deduced from UV/Vis measurements yielded n = 12 monomer units, but needs further

investigation owing to lack of data points [63]. In the propagation starting with

oligo(a-thiophene)s 82a-f and oligo(a-thiophene vinylene)s 96a-f, the oligo-

(a-thiophene ethynylene)s lOOa-d displayed the highest 'velocity of convergence' as

characterized by the parameter fy in eqn. (6) (82a-f: £»j = 0.352; 96a-f: fej = 0.425;

lOOa-d: fcj = 0.446). The higher the ftj-value is the faster convergence, respectively

saturation of the optical property is attained. However, this is also reflected in the

ECLs which have been estimated to be n = 17 for 82a-f, n = 14 for 96a-f, and n = 12 for

lOOa-d, whereas the last value would need re-evaluation owing to the lack of data

points of higher oligomers.

Tour and co-workers described the synthesis of soluble oligo(3-ethyl-2,5-

a-thiophene ethynylene)s lOla-e via an iterative divergent/convergent approach, which

99b

99c

99d
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doubles at each stage of iteration the molecular length [37,49]. Besides the oligo-

(a-thiophene ethynylene) lOle, the hexadecamers of poly(a-thiophene) (85d), poly-

(a-thiophene vinylene) (98d), and poly(p-phenylene ethynylene) (78e) are also

synthetically accessible. Recently, Tour and co-workers presented the synthesis of the

poly(OE-thiophene ethynylene) heptadecamer 102 which is 128 A long and contains

thioacetylphenyl groups at the termini. After cleavage of the thiol protecting ester

groups, these binding sites should allow attachment to proximal gold probes in order to

study their use as molecular wires in molecular scale electronic devices [29,37,277].

1 Jn

100a-U n=1-4

102 n=17

CH2CH3 CH2CH3 CH3CH2 CH3CHJ

103

Apart from these attempts to use oligo(ot-thiophene ethynylene)s such as the

orthogonally fused system 103 as charge transporting interconnections in molecular

scale electronics, the oligomer series lOla-e disclosed important informations about the

scaling laws of the second hyperpolarizability with chain-length in such types of
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Tt-conjugated backbones [278]. THG measurements in THF solutions of lOla-d gave a

power law exponent of a = 2.4, which is lower than the experimentally observed value

of 2.8 reported for oligo(a-thiophene)s of similar length. Furthermore, these

investigations showed for y/n a strong increase up to n = 8 (lOld) but tended to level

off for n = 16 (lOle), demonstrating effects of saturation.

1.2.11 A Potpourri of n-Conjugated Oligomers

Substitution of carbon atoms in oligoenes by nitrogen has considerable impacts

on the resonance energy and thus directly on the lowest-energy absorption A,„ax and

other physical properties [279]. Poly(methineimine) [-(CH=N)„-] oligomers [280], for

instance, found attention from a theoretical point of view [281], but owing to their

limited stability have been much less investigated than their all-carbon counterparts.

Despite the importance of poly(pyrrole) in the field of conducting polymers, less

experimental work was devoted to the investigation of poly(pyrrole) oligomers.

Although oligo(pyrrole)s are quite sensitive to heat and light, two pyrrole series 104a-e

[282] and the iV-methyl derivatives 105ag [283] allowed first estimations about the as

yet, unrealized polymer. For instance, the ECL for both series were predicted to lie in

the range of n = 13 (104a-e) and n = 7 (105a-g) pyrrole units, respectively [63]. The

much lower value for the latter series reflects nicely the increased steric interactions

owing to the iV-methyl groups in this system compared to 104a-e.

i i

H CH3

104a-e n= 1,2,3,5,7 105a-g 0=1-7

New developments led to the synthesis of low-band gap zwitterionic and planar

conjugated poly(pyrrole)s which possess a reversible pH-, solvent-, and ion-dependent

absorption ranging from the UV to the NIR spectral region, making them attractive for

polymer-derived sensor applications [284], First studies on novel poly(silole pyrrole)

co-oligomers such as 106 revealed this ff-conjugated backbone to be a promising

candidate for low-band gap polymers [285].

"M
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An approach to molecular wires based on linearly conjugated polyporphyrin

systems was presented by Crossley and co-workers with the tetrakisporphyrin 107,

exhibiting an edge-to-edge length of about 56 A [286]. Other examples are the

multichromophoric photonic wire 108 studied by Wagner and Lindsey that showed a

remarkably high yield of energy transfer from the boron-dipyrromethene to the free

base porphyrin [287], or the one- and two-dimensional porphyrin oligomers and

polymers containing oligothienyl molecular wires explored by Shimidzu et al. [288].

108 n = 3

-62-



1. Introduction

Examples for structurally perfect, fully ^-conjugated double-stranded (ladder)

oligomers are 109 [289] and 110 [290] synthesized by Schliiter and co-workers. They

have served as model compounds for analogous high molecular weight polymers,

which showed conductivities in their doped state up to 0.01 S cm-1 [291] and are

interesting materials with the focus on optical nonlinearity, electroluminescence, and

photovoltaics [292].

CO2C12H25 CO2C12H25 CO2C12H25

109

C12H25 C12H25 C12H25 C12H25

110
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Chapter 2

Monodisperse Poly(triacetylene)

Oligomers:

Synthesis, Characterization,
and Physical Investigations

A>gatsdrule for mters °3e notexplain overmuch.

William Somerset Maugham
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Abstract: In this chapter, the physical properties of poly(triacetylene) (PTA)

oligomers as a function of chain-length and the nature of the terminal

substitution were investigated. Initial efforts were directed toward

improving synthetic routes to (£)-hex-3-ene-l,5-diyne ((£)-l,2-diethynyl-

ethene, DEE) monomer structures. In addition, the preparation of

asymmetrically substituted DEEs will be presented. This turned out to be

highly important for the controlled access to both terminally functionalized

and unsubstituted oligomers. The discussion will then highlight some

aspects of the various methodologies to be considered concerning synthetic

strategies used for the preparation of monodisperse PTA oligomers.

Section 2.3 presents the first, highly soluble TMS-end-capped PTA

oligomer series ranging from monomer to hexamer, which allowed full

characterization and systematic investigation of the physical properties as a

function of chain-length, including preliminary estimations on the effective

conjugation length (ECL) in PTAs derived from various methods. Several

interesting questions arising during the investigation of the shorter TMS-

end-capped oligomers will be answered by a series of terminally TES-TES

substituted, higher order PTAs. Furthermore, investigations of a mono¬

disperse PTA hexadecamer helped to close the important gap between

oligomer and polymer analysis. With its 96 (!) linearly conjugated carbon

atoms (16 double and 32 triple bonds) and 11.9 nm length between the

terminal Si-atoms this hexadecamer is currently the longest linearly and

fully ^-conjugated molecular wire consisting of only double and triple
bonds. For the higher representatives of this series, convergence effects

were observed by cyclic and steady-state voltammetry, UV/Vis, Raman,

and THG spectroscopy. Finally, the influence of electron-releasing and

-withdrawing groups on the physical properties of the ^-conjugated PTA

backbone were analyzed by several spectroscopic techniques in two series

of donor-donor (D-D) and acceptor-acceptor (A-A) functionalized oligomer

series, revealing some unexpected and astonishing features.

2.1 Introduction andAim ofthis Thesis

At the time when this project was launched, the chemistry and physical properties

of poly(acetylene) (PA; [-(CR=CR)„-]) and poly(diacetylene) (PDA; [-(C=C-

CR=CR)„-]) oligomers and polymers had been exhaustively investigated for about two

decades. Much less was known about the next higher 'homologous' polymer class in

this series; the poly(triacetylene)s. Poly(triacetylene)s [PTAs; -(C=C-CR=CR-

C=C)„-] can be viewed as the third class of linearly conjugated polymers with a

nonaromatic, all-carbon backbone in die progression which starts with poly(acetylene)
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and poly(diacetylene) and ultimately leads to the linearly ^-conjugated carbon allotrope

carbyne HC=C)n-] (see Figure IS, Chapter 1), The onry known PTA-based oligomers

and polymers at that time were the phenylacetylene-end-capped tetraethynylethene

oligomer series la-e [1-3] and the polydisperse longer chain PTAs 2, 3a, and 3b

investigated by Diederich and co-workers [4,5].

rs—-

A^OaSi

o

Si(APr)3/

1a

1b

1c

1d

1e

(H25C12)2N

2 C= C-Si(/-Pr)3

3a CH2OSifert-BuM62

3b CH2OSiterf-BuMe2

*n Mn

2 22 9600

3a 31 11300

3b 22 8000

4 17 16800

N(C12H25)2

The monodisperse oligomers la-e allowed the first correlation between physical

properties and increasing chain-length in PTA compounds. For instance, the solution

optical band gap for series la-e extrapolated to infinite chain-length was estimated to be

E„ = 2.3 eV (536 nm), which is comparable with that of many poly(diacetylene)s

(E„ = 2.1 eV) [1], Electrochemical analysis of the redox properties of these conjugated
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rods also revealed some interesting features. While none of the oligomers la-e could be

oxidized below Em = + 1.0 V in THF (vs. Fc/Fc+), which helps to explain their

amazingly high stability in air, they were all readily reduced with the number of

reversible, one-electron reduction steps corresponding to the number of tetra-

ethynylethene (TEE) moieties in each oligomer. Furthermore, with increasing number

of monomer units the first reversible reduction transfer was shifted to less negative

potentials [1]. Unfortunately, difficulties in large-scale preparation and limited

solubility of la-e precluded a more extensive investigation of the physical properties of

these molecular rods as a function of chain-length. The ongoing interest in carbon-rich

polymers in the Diederich group soon resulted in the preparation of the laterally bis-

donor substituted polymer 4 with significantly enhanced materials properties [5,6].

PTA 4 underwent electrochemically one reversible one-electron reduction and one-

electron oxidation step, and the solution optical band gap with E„= 1.6 eV (770 nm)

was substantially reduced when compared to that for 2 (Eg = 2.0 eV, 619 nm) [4].

Similar to PDAs, poly(triacetylene)s were found to not become conductive upon

doping; rather they exhibit moderate to high nonlinear optical responses depending

largely on the type and degree of functionalization [7]. In particular, the two-

dimensionally functionalized PTA monomers, tetraethynylethenes and (E)-l,2-

diethynylethenes, were found to be excellent candidates for high and efficient NLO

chromophores. A comprehensive library of more than 50 different donor and/or

acceptor arylated TEEs and DEEs has allowed systematic structure-property

relationship studies to be made and has provided a deeper insight into the nature of

nonlinear optical effects in such chromophores [5,7,8]. In two-dimensionally

substituted TEEs, which are accessible by short and efficient Pd(0)-catalyzed cross-

coupling reactions [9,10], a total of six conjugation pathways in two dimensions are

effective: two linear cis- and two linear fra/is-conjugation as well as two geminal-cross-

conjugation paths (Figure 2.1).

As already outlined, the limited accessibility and solubility of the tetra-

ethynylethene oligomer series la-e precluded detailed investigations of these oligomers.

The aim of the present work is therefore, to open a synthetic pathway providing access

to a series of monodisperse PTA oligomers which should allow, owing to their high

solubility in a wide range of common solvents and high environmental stability, full

characterization and an in depth study of their physical properties as a function of chain-

length. Interestingly, many physical properties relevant for materials science are
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directly related to the formation, transport, and annihilation of charge. Thus, the

systematic investigation of the electrochemical, linear optical (absorption and

fluorescence spectroscopy), nonlinear optical (third harmonic generation, THG) and

vibrational (Raman spectroscopy) properties with evolution of the chain-length will be

focused on. Furthermore, extrapolations of oligomer properties towards their high

molecular weight homologues should provide useful information about PTA polymers,

necessary for further improvements of targeted PTAs with unusual and interesting

properties. Structure-property correlations are not the sole focus of this work. A

second objective pursued the synthesis of monodisperse PTA oligomers above the

technologically interesting length limit of 10 nm. Such oligomers with defined length

and constitution may find applications in the ever emerging and important field of

molecular scale electronics (see Section 1.1.2, Chapter 1).

Figure 2.1. Schematic representation of all possible conjugation paths in two-

dimensionally donor-acceptor substituted tetraethynylethenes. Besides two linear

trans- (a) and two linear cis- (b), two geminal- (c) conjugation paths are also realized.

The conjugation along the so-called cross-conjugation paths (c) is weak relative to

paths (a) and (b). D = donor, A = acceptor.
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2.2 Symmetrically andAsymmetrically Functionalized Monomers

2.2.1 Improved Monomer Synthesis

In view of future applications of PTA polymers as NLO materials or in other

areas, where gram quantities are needed, a simple and high yielding synthesis of the

(£)-hex-3-ene-l,5-diyne monomer structure 8 is of critical importance. In addition,

improved access to derivative 8 is of central interest for the use of tetrakis-substituted

tetraethynylethenes in nonlinear optics, where they have already demonstrated their

high potential [7,8]. For the aim of the work presented here, our focus immediately

turned to monomer 10 as the ideal repetitive unit for the construction of large

oligomeric structures [4,11]. The diethynylethene 10 can be obtained in gram

quantities by known procedures (5 steps, approximately 20% overall yield), is a

crystalline solid, stable to air and moisture, undergoes efficient oxidative Hay

homocouplings, and provides high molecular weight PTA polymers such as 3a or 3b

with relatively high solubility in a range of apolar solvents [4,11]. The major

drawbacks of the early synthesis outlined in Scheme 2.1, are the bromination of the

triple bond in dimethyl acetylenedicarboxylate (5), which yields the dibromo fumarate

6 in usually not more than 48%, and the Pd(0)-mediated Sonogashira coupling of 6 to

2,3-dialkynylated 7, whose outcome is directly related to the nature of the silyl

protecting group of the acetylene.

Whereas the use of (i-Pr^SiOCH usually results in yields around 90% of the

coupling product, the sterically less demanding MejSifeCH reduces the yields to a

moderate 48%. In the latter reaction, the crude reaction mixture turned immediately

black upon work-up (40 °C water-bath temperature) in approximately 30% of all cases

resulting in complete decomposition. This observation was never made with

(t-Pr)3SiOCH and may be explained by the less sterical crowding and thus stability

towards nucleophilic attack (by H2O?) of the silyl protecting group in MegSi.

Considerable improvement could be achieved by using Et3SiOCH as the coupling

acetylene moiety. This combines the affordable stability during the course of reaction

and work-up and the necessary rather mild cleavage properties of the silyl groups on the

terminal alkynes in the presence of the (rerf-butyl)dimethylsilyl ether groups in the

side-chains. Using this acetylene protecting group, yields could be improved by about

25% to an acceptable 74%. Subsequent reduction of the fumarates 7 with DIBALH

provided access to diols 8 in good yields, which were then directly protected under
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base-catalysis to the tetra-silylated monomelic building blocks 9. Whereas the milder

nucleophilic reagents NaOH and K2CO3 in THF/MeOH (1:1) allowed selective

cleavage of 9b and 9a, respectively, to the free ira/w-enediyne 10 in excellent yields,

treatment of 9c with n-Bu4NF in wet THF resulted in removal of both lateral and

terminal silyl protecting groups.

COOCH3

COOCH3

5

(a) cH3a
0CH3

(ft) CH30

Q M

OCH3

R d

(c)

Me2tert-BuSiO'

J^

^
(d)

OSifert-BuMe2
HO

R

^

OH

(e)

Me2tert-BuSiO
,OSitert-BuMe2

a SiMe3

b SiEt3

c Si(/-Pr)3

Scheme 2.1. Depiction of the classical synthesis of the (E)-hex-3-ene-l,5-diyne
monomer building block 10. (&) Br2> cone. HOAc, 48%. (b) R3SiC^CH,
[PdCl2(PPh3)2], Cul, NEt3, 48-90%. (c) DIBALH, CH2Cl2, ca. 95%. (d) tert-

BuMe2SiCl, DMAP, NEt3, CH2Cl2, ca. 84%. (e) n-Bu4NF, wet THF or 1 M NaOH,

THF/MeOH (1:1) or K2C03, THF/MeOH (1:1), ca. 99%.
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Since there is no direct method known for the deprotection of (i-Pr)3Si in the

presence of the (fert-butyl)dimethylsilyl ether solubihzing groups in 9c, the use of the

(i-Pr)3Si as an acetylene protection is limited to cases where compound 8 directly is

used for TEE synthesis [10] In addition, the resulting highly polar dialkynyldiol makes

purification from residual n-Bu4NF very difficult and subsequent reprotection of the

hydroxy functions with tert-BuN^SiCl becomes rather problematical Whereas the

intermediates with Me3Si and (j-Pr^Si alkyne protecting groups (7a [4,11], 7c [1,3,4],

8a [4,11], 8c [1,3,4], 9a [4,11], and 9c [1,3,4]) are crystalline compounds and thus may

be easily purified in large quantities by recrystalhzation, the corresponding trans-

enediynes with Et^Si groups 7b [12], 8 b [12], and 9b are oils and require

chromatographic purification

The targeted bis-silyl alkynylated intermediates 7 could also be approached in

principle via Stille-type coupling of 6 with the corresponding silyl-protected acetylenes,

used m the synthesis of frans-substituted tetraethynylethenes [11,13] However, when

this possibility was tried it soon became apparent that this procedure displays no

significant advantage compared to the Sonogashira cross-coupling The organotm

reagents are expensive, highly toxic, have to be handled with great care, and the

stannylated tnalkylsilyl acetylenes must be prepared in an additional reaction step prior

to use Furthermore, the reaction yields for both coupling methods proved to be

comparable in most cases

Since all the strategies mentioned so far have certain drawbacks, an improved

synthesis of building blocks 8 and 10 was required An intriguing alternative route as

outlined in Scheme 2 2 would therefore start from the commercially available and

cheap (E)-2,3-dibromobut-2-ene-l,4-diol (11), which needs, apart from any prior

hydroxy group protection step, only one transformation to the desired building blocks 8

Several test reactions were therefore performed on a 100-1000 mg scale with differently

substituted starting materials and monitored by a combination of thin layer

chromatography (TLC) (solvent n hexane/ethyl acetate 10 1 to 15 1) and ^-NMR

spectroscopy The results are summarized in Table 2 1 •

Reactions (b) (c) had already been carried out by Markus Hobi during his Diploma Thesis, but were

repeated during the course of this study [14]
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(a)

11
Me3Si

SiMe3

8a

Me2fert-BuSiO
(c)

OSItert-BuMe2
^

Me2tert-BuSiO

12
(e) (/-Pr)3Si

Si(APr)3

OSitert-BuMe2

-x- (f)
BzO

(ff)

13
Me3Si

SiMe3

OBz

X-
(/I)

BzO

(')

13 (/-Pr)3Si

Si(APr)3

OBz

h1iC5oco^;ocoC5Hii
Br

^^

(/)

16

HuCsOCO

Me3Si

SiMe3

OCOC5H,

Scheme 2.2. Attempts for an alternative approach to the (E)-hex-3-ene-l,5-diyne core,

(a) Me3SiCsCH, [Pd2(dba)3] (dba = dibenzylideneacetone), PPh3, Cul, HNEt2, PhMe,

THF, r.t. (b) (i-Pr)3SiC^CH, [PdCl2(PPh3)2], MeMgCl, THF, r.t. (c) (i-Pr)3SiC^CH,
[NiCl2(dppp)2] (l,3-bis(diphenylphosphino)propane), MeMgCl, THF, r.t. (d) (i-Pr)jSi-
C=CH, [PdCl2(PPh3)2], ZnCl2, THF, r.t. (t) (i-Pr)3SiC=CH, [Pd(PPh3)4], ZnCl2,
THF, r.t. (f) Me3SiC^CH [PdCl2(PPh3)2], Cul, NEt3, PhMe, r.t. (g) Me3SiC^CH,
[PdCl2(PPh3)2], Cul, NEt3, AgN03, THF, r.t. (h) (i-Pr)3SiC^CSn(n-Bu)3,
[PdCl2(PPh3)2], THF, r.t. (i) (i-Pr^iC^CSnfn-Bu)^ [PdCl2(PPh3)2], PhMe, 100 °C.

(])Me3SiC^CSnMe3, [Pd(PPh3)4], PhMe, 100 °C [15].
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Table 2.1. Reaction conditions and results of the cross-coupling methods applied to

(E)-2,3-dibromo compounds 11-13 and 16.

entry reaction reaction conditions results and comments

10

(a)

(b)

(c)

W>

(«)

(/)

(*)

(h)

(0

(/)

15 h at r.t.

6 d at r.t.

5 d at r.t.

48 h at r.t.

24 h at r.t.

15 h at r.t.

2 d at r.t.

14 d at r.t.

2 hat 100 °C

8 h at 100 °C

and 12 h at r.t.

after work-up, no product

according to ^-NMR

after work-up, no product according
to !H-NMR; litde mono-adduct,

mainly (j-Pr)3SiC=C-GEC(i-Pr)3

after work-up, no product according
to 'H-NMR; little mono-adduct,

mainly (i'-Pr)3SiOC-GsC(i-Pr)3

according to TLC, hardly any product
formation; little mono-adduct, mainly

(i-Pr)3Si&C-&C(i-Pr)3

after work-up, no product according
to •H-NMR; less mono-adduct,

mainly (i-Pr)3SiOC-CfeC(i-Pr)3

according to TLC, mainly

(i-Pr)3SiteC-OC(i-Pr)3;
recovery of starting material

after addition of AgN03, reaction

color turned immediately brown; TLC

showed no product formation

according to TLC, mainly mono-
adduct and less product;

chromatographic separation difficult

according to TLC, less mono-adduct

and product; mainly

(j-Pr)3SiC=C-G<Xi-Pr)3

after work-up, mixture of mono- and

bis-coupled product; chromatographic

separation difficult

Generally, none of the reaction conditions applied to the (£)-2,3-dibromobut-2-

ene-l,4-diol compounds resulted in a clean and high yielding transformation to the

corresponding (£)-hex-3-ene-l,5-diynes 8c, 9c, 14a, or 16. Only the last three reaction

conditions (entries 8-10), resulted in significant amounts of mono- and bis-coupled
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product, but owing to the large side-chains, the two formed products showed minor

polarity differences and chromatographic separation proved rather tedious and time

consuming. The last reaction in particular clearly demonstrated (entry 10) that

generally the best strategy would be to first introduce the acetylene moieties and then

protect the hydroxy groups. This would make use of maximum polarity differences of

the formed products, since chromatographic purification steps after such Pd(0)-

catalyzed reactions can rarely be avoided. Furthermore, elevated reaction temperatures

(entry 8 vs. 9) were found to favor dimerization of triisopropylsilylacetylene yielding

(i-Pr)3SiC=C-OC(i-Pr)3 rather than improve product formation. All other cross-

coupling reactions revealed the presence of little or no product as evidenced by TLC,

and thus work-up was omitted. The addition of AgNC>3, which should move the

equilibrium to the product side by formation of insoluble Agl, was found to have little

effect on the yield of desired coupling product [16].

At this point, the question arises why, with the exception of the Stille-type

couplings, the broad variety of reaction conditions applied produced such unsatisfactory

results. That even more as the coupling of trimethylsilylacetylene with the {tert-

butyl)dimethylsilyl-protected (Z)-2,3-dichlorohex-3-ene-l,4-diol yields the desired

product in 73% under standard Sonogashira conditions at r.t, whereas reaction with the

corresponding frtms-dibromo compound 12 under the same conditions failed [17].2 In

addition, it is quite surprising why the C-Br bonds in 12, which usually are more

activated to Pd(0)-catalyzed coupling than the C-Cl bonds, do not seem to have any

beneficial effects on reaction yields. As for both starting materials the electronic

conditions should be comparable, a possible explanation thus focuses on steric

considerations. It is quite likely that the bulky side-chains prohibit insertion of the

palladium catalyst to the C-Br bond blocking the catalytic cycle. The fact that the

differently protected (E)-2,3-dibromo starting materials 12,13, and 16 exhibited no

dramatic change in reactivity suggests that the free nucleophilic hydroxy group in 11

does not account for the tremendously reduced coupling tendency compared to the

(Z)-2,3-dichlorohex-3-ene-l,4-diol. However, it cannot be excluded that the oxygen at

the /3-position plays a crucial role (/J-oxygen effect), although the nature of the side-

chain protecting group in 12,13, or 16 does not seem to have a significant influence on

the reaction outcome. The results presented here clearly demonstrate that the attempted

re-design towards the synthesis of monomer 9 or 10, respectively, by the approaches

2
Me3SiCsCH, Cul, n-BuNH2,[PdCl2(PPh3)2], benzene, r.t, 18 h. This reaction conditions have been

widely applied to the synthesis of cis-substituted DEEs [17].
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outlined in Scheme 2.2, did not provide a successful alternative. Nevertheless,

replacement of Me3SiC=CH with Et3SiOCH in the classical route for synthesis of

monomer 5 (Scheme 2.1), displays several significant advantages. The use of

triethylsilylacetylene not only increased yields to 74% compared to 48% when

trimethylsilylacetylene was used, but makes this route also more reliable owing to the

higher stability of the coupling products.

2.2.2 Some Aspects Concerning the Synthesis of Asymmetrically Substituted

Monomers and the Synthetic Strategy Applied to the Synthesis of

Monodisperse PTA Oligomers

An asymmetrically substituted DEE monomer is of critical importance for the

synthesis of monodisperse oligomers, independently of the synthetic strategy applied.

If one of the reaction steps relies on statistics it would be strategically advantageous to

introduce the asymmetry as early as possible during synthesis. Thus, it was tested if a

Sonogashira reaction with equal amounts of differentially protected acetylenes would

yield the desired asymmetrically substituted DEE 18 (Scheme 2.3).

(a)
„ CH3CTY 7a SiMe3 SiMe3

18 Si(APr)3 SiMe3

7c Si((-Pr)3 Si(APr)3

Scheme 2.3. Synthesis of asymmetrically substituted DEE 18 via statistical

Sonogashira coupling, (a) (i-Pr)3SiC=CH, Me3SiCsCH, [PdCl2(PPh3)2], Cul, NEt3,
7a: 0%, 18. 4%, 7c: 26%.

Early test reactions revealed, that a combination of trimethylsilyl-/

triisopropylsilylacetylene would provide a product readily purified by standard

chromatography. However, the outcome of this experiment was rather unexpected. Not

only the overall yield with 30% was disappointingly low, but also the product

distribution of 7a:18:7c with 0:12:78 was fairly amazing and found to be reproducible.

The major product was consistently homo-coupled trimethylsilylacetylene and the bis-

triisopropylsilyl derivative 7c. The desired asymmetrically silylated compound 18

-100-



2. Monodisperse Poly(triacetylene) Oligomers

could only be obtained in modest 4% yield. Obviously, both trimethylsilyl- and

triisopropylsilylacetylene do not exhibit the same tendency towards the cross-coupling,

thus prohibiting a statistical product formation or exhibit considerable differences in

thermodynamical stability.

In Chapter 1, the basic strategies for the synthesis of monodisperse oligomers

have already been outlined (see Scheme 1.1). In principle, for the synthesis of PTA-

based oligomers with defined length, two different strategies can be applied. One can

either pursue a binomial approach, which constantly doubles molecular length at each

iteration step, or a homocoupling reaction protocol of a symmetrical monomer, whose

further reaction is prevented by the addition of an end-capping agent which irreversibly

blocks the ends of the growing chains. Whereas the previous method allows the

synthesis of specific oligomers with desired length, the latter 'one-pot-synthesis'

approach lacks control of oligoselectivity and produces to a first approximation a

Gaussian distribution of oligomers. In the past, ^-conjugated long-chain oligoynes

were constructed in a tedious stepwise fashion using multiple Hay [18] and Eglinton

[19] homocoupling reactions or by the corresponding heterocoupling reactions of

terminal alkynes with bromoacetylenes originally reported by Cadiot-Chodkiewicz [20]

(Scheme 2.4).

Me2tert-BuSiO

Me3Si

^

^
OSiferf-BuMe2

Me2ferf-BuSiO

Et3Si

19 20

(a)
Me2fert-BuSiO-

MeaSi—=—

Me2fert-BuSiO-

"OSifert-BuMe2

21

—^—SiEt3

~OSitert-BuMe2

Scheme 2.4. Example of a Cadiot-Chodkiewicz cross-coupling reaction of the mono-

ethynylsilylated DEE 19 with the mono-bromoacetylene 20 yielding the asymmetrically
protected dimer 21. Typical reaction conditions would be: (a) CuCl, HNEt2, MeOH,

NH2OH HCl.
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However, the development of an efficient cross-coupling reaction cannot be

viewed as an isolated process. Equally important for a successful binomial strategy are

orthogonal protecting groups that can be cleaved under mild and selective conditions

without affecting the solubility providing (fert-butyl)dimethylsilyl ether side-chains.

Indeed, without such a requirement the cross-coupling reaction would be of limited use.

For instance, dimer 21 exhibits no orthogonal protection pattern since the terminal

triethylsilyl group cannot be cleaved without affecting the trimethylsilyl moiety.

Scheme 2.5 depicts two different possibilities for an orthogonal alkyne protection which

are in principle applicable to the DEE monomer 10.

Me2fert-BuSiO J

Me3Sr

19
"V (a)

Me2tert-BuSiO

(b)

GeMe3

OSifert-BuMe2

Possibility A
Me2terf-BuSiO

Me3Si

GeM03

OSi(ert-BuMe2
22

Possibility B
Me2fert-BuSiO

OSifert-BuMe2
24

Me2ferfrBuSiO'^Nir
II ^,OSifert-BuMe2

Me3Sr
19

Me2tert-BuSiO
OSitert-BuMe2

Scheme 2.5. Two possible sets of orthogonal protecting groups allowing selective

cleavage to the free terminal alkyne without affecting the lateral (tert-butyl)dimethyl-

silyl ether side-chains, (a) CuBr, THF/MeOH (b) K2C03, THF/MeOH (1:1). (c) A,

PhMe.
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Possibility A would apply the orthogonal trimethylsilyl/trimethylgerrnanyl

protecting scheme recently developed by Vasella and co-workers [21]. The DEE

monomer building block 10 should exhibit high stability towards nucleophilic bases

such as n-BuLi, which is an important requirement for the introduction of silyl and

germanyl groups. Treating compound 22 with CuBr under conditions (a) should

selectively cleave the trimethylgermanyl group in 22 yielding mono-silylated 19,

whereas the mildly basic conditions (b) should quantitatively produce the mono-

germanylated compound 23. The second strategy B makes use of acetone as a

protecting group for terminal acetylenes, which can be cleaved regio-selectively upon

heating in refluxing toluene to DEE 19. The combination trimethylsilyl/[dimethyl-

(oxy)propyl]dimethylsilyl (DOPS) is another set of orthogonal protecting groups for

acetylenes recently presented [22]. However, besides the several step synthesis of the

DOPS group itself, the main disadvantage arises from the fact that the DOPS protecting

group can only be introduced already appended to an acetylene moiety, which

drastically limits its synthetical utility. This drawback precluded the use of the

TMS/DOPS protection scheme. Although for the purpose of the present work the

simultaneous synthesis of a whole 'repertoire' of oligomers would be highly beneficial

for an in depth structure-property correlation, initial attempts focused on optimizing the

Cadiot-Chodkiewicz-type cross-coupling reactions for DEE monomers, particularly

since with possibility A and B excellent orthogonal protection schemes appropriate for

DEEs were at our disposal.

A suitable model reaction for testing the Cadiot-Chodkiewicz key-reaction

applied to DEEs is depicted in Scheme 2.6. The mono-silylated DEE 19 represents an

important asymmetrically protected building block and was accessible via a statistical

mono-lithiation of DEE 10 with n-BuLi in THF at -78 °C, following quenching with

Me3SiCl. Interestingly, the reversed strategy, namely statistical deprotection of

monomer 9a with 0.1 M borax solution, yielded besides targeted 19 various side-

products. Subsequent chromatographic purification gave the desired mono-silylated

compound 19 as a stable colorless oil in 55% yield [5,23]. Bis-silylated product 9a

could easily be deprotected to starting material 10 upon treatment with K2CO3 in

THF/MeOH (1:1) allowing recycling. The synthesis of dibromo DEE 26 caused

considerably more problems. Transformation of bis-silylated 9a to' the halogenated

monomer 26 was achieved with 2.4 eq. Af-bromosuccinimide in acetone at r.t. under

light protection and proceeded according to TLC quantitatively [24]. However,

compound 26 was found to be a rather unstable oil and did not tolerate concentration.
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Thus, a stock solution of 26 in THF stored at -24 °C and strictly protected from day¬

light and air was used for the following optimization reactions.

Me2tert-BuSiO „

OSifert-BuMe2
+

U^OSifert-BuMe2

19 26

(a)or(b)

Me3Si—\ =

Me2fert-BuSiO

OSi(ert-BuMe2

- SiMe3 2 27a

3 27b

Scheme 2.6. Attempted synthesis oftrimer27b via cross-coupling reaction of19 and

26. (a) CuCl, MeOH, THF, Et2NH, NH2OH HCl, 0 "C. (b) [PdCl2(PPh3)2], Cul,

(i-Pr)2NH, THF, 0 'C.

Two different coupling methodologies were tested. The first one, according to

Bohlmann et al. [25] uses the classical Cadiot-Chodkiewicz conditions CuCl and

Et2NH with NH2OH • HCl as reducing agent at 0 °C (Scheme 2.6; conditions (a)), and

the second methodology was a Pd(0)-catalyzed C(sp)-C(sp) cross-coupling with Cul,

(i-Pr)2NH (Scheme 2.6; conditions (b)) [5]. Unfortunately, both methods revealed

nearly exclusively dimer 27a formed by homocoupling of monomer 19 and hardly any

cross-coupled trimer 27b as evidenced by TLC.3 In addition, several test reactions

disclosed that both cross-coupling reactions are very temperature sensitive which

strongly influences the product distribution. Besides the moderate yields obtained, the

most consequential drawback to this approach will be a change in reactivity of the

terminal alkyne groups with elongation of the ^-conjugated chain owing to electronical

and steric effects. Thus, optimal conditions once developed for the cross-coupling of

two monomer building blocks do not necessarily yield satisfactory results for the

coupling of higher oligomers under the same conditions. It could have been expected,

that tedious and time consuming optimization studies would have been necessary at

3 Dimer 27a shows turquoise (^.em = 425 nm) and trimer 27b light-blue (^m = 440 nm) fluorescence
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every elongation step. This proved the demise of this synthetic approach for the

construction of long, entirely ^-conjugated systems. Such an approach may be better

justified in cases where the coupling alkyne moiety is not in direct conjugation with an

ever increasing backbone and therefore no changes in reactivity must be expected as

recently demonstrated for the synthesis of acetyleno-oligosaccharides by Vasella and

co-workers [22].

2.3 TMS-End-Capped, Monodisperse Poly(triacetylene) Oligomers:
From Monomer to Hexamer

2.3.1 Synthesis and Characterization ofthe TMS-End-Capped Oligomers

End-capping reactions have been widely used in polymer chemistry since they

provide an easy way to influence oligomer distribution or polymer length, respectively

[26]. By controlled addition of the end-capping agent during the course of

polymerization, reactive terminal groups are blocked and thus prevented from further

reaction. Depending on factors such as reagent concentrations, solvent, temperature,

and others, the mean degree of oligomerization can easily be influenced. The asym¬

metrically silylated monomer building block 19 was used for several reasons. Apart

from its availability in gram quantities, we believed that the structural similarity

compared with the repeating unit 10 would not perturb the electronic character of the

oligomer backbones. This is of significant interest both from a synthetic point of view

in guaranteeing similar reactivity during homocoupling of repeating and end-capping

unit as well as in providing optimal stability to the ^-conjugated oligomers. The

synthesis of oligomers 27a-e by oxidative Hay polymerization of (£)-hex-3-ene-l,5-

diyne 10 in the presence of 19, bearing the end-capping Me3Si group, was carried out in

dry CH2C12 at r.t. (Scheme 2.7) [27].

The size distribution of the oligomers was strongly dependent on the reaction

conditions and the ratio of the two starting materials and could be nicely followed by

size-exclusion chromatography (SEC). In contrast to the synthesis of TEE oligomers

la-e, where the end-capping phenylacetylene was added after running the reaction for

2 d at r.t. to form significant amounts of le, the oligomerization in the present system

was much faster owing to the higher solubility and consequently enhanced reactivity of
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monomer 5. For instance, if terminating DEE 19 was added only a few minutes later

after the initiation of the reaction, high molecular weight polymers were formed almost

exclusively. Therefore, the end-capping monomer 19 had to be present in the reaction

from the beginning on, if shorter oligomers such as 27a-e were targeted.

Me2tert-BuSiO

Me3Si

OSifert-BuMe2
Me2terf-BuSiO

19

OSi(ert-BuMe2

10

(a)

yield

27a 2 58%

27b 3 20%

27c 4 9%

27d 5 2%

27e 6 1%

OSi(ert-BuMe2

Me3Si-

-s \— SiMe3

Me2(ert-BuSiO

Scheme 2.7. Synthesis of monodisperse poly(triacetylene) oligomers 27a-e. (a) CuCl,

TMEDA CN,N,N'J?-tetramethylethylenediamine), CH2Cl2, molecular sieves 4 A,

02, r.t.

The individual multinanometer-sized molecular rods ranging from dimer 27a to

hexamer 27e were isolated by a combination of size-exclusion chromatography

(CH2Cl2, Bio-Beads S-Xl beads) and flash chromatography (SiO2-60, eluent:

n-hexane/PhMe 1:1), and then further purified by precipitation from MeOH. Higher

oligomers, which were only formed in minor amounts, were not separable despite their

good solubility. All oligomers are stable towards exposure to light, air, and

temperatures beyond their melting points and are readily soluble in a wide range of

apolar solvents thus allowing full characterization by means of M.p., lH- and

13C-NMR, FT-IR, Raman, UV/Vis, LDI-TOF-MS, and elemental analysis (Table 2.2).
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The rigid rod-like oligomers 9a and 27a-e extend in length (measured from

terminal Si to Si) from 9.6 A (9a) to 46.1 A (27e), as shown by force-field energy

minimization calculations (Table 2.2) [28]. A general formula for estimating the

oligomeric length / in A is given by eqn. (1),

/ = 7.3(n-l) + 9.6 (1)

where n corresponds to the number of monomeric sub-units. The computed length for

monomer 9a is in good agreement with the value found by X-ray structural analysis,
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which showed a distance between the two Si-atoms at the termini of 9.71 A

(Figure 2.2a). Similar to 9a, the X-ray crystal structure analysis of the free diethynyl

derivative 10 revealed a nearly perfectly planar carbon framework with a maximum

deviation from the least-squares plane passing through the entire conjugated carbon

backbone of only 0.02 A making it thus an ideal building block for the synthesis of

linearly jr-conjugated oligomers (Figure 2.2b). Repeated attempts to grow crystals

suitable for X-ray crystallography of the higher TMS-end-capped oligomers were not

successful, which is most likely a result of the high steric disorder introduced by the

side-chains.

Table 2.2. Some physical properties ofTMS-end-capped oligomers 9a and27a-e.

compound n Ilk" M.p. / °C *

9a 1 9.6 49

27a 2 16.9 97

27b 3 24.2 138

27c 4 31.5 168

27d 5 38.8 189

27e 6 46.1 196

"Length estimated from equation (1). ^Uncorrected.

Owing to the atomic radius of silicon, which is approximately 50% larger than

that of carbon,4 and the surrounding bulky (<erf-butyl)dimethylsilyl side-chains the

linearly rc-conjugated all-carbon backbone gets an optimum of steric shielding, which

accounts for the high environmental stability of this oligomer series. This makes them,

in combination with their excellent solubility properties, excellent candidates for the

investigation of structure-property relationships in poly(triacetylene)s.

4 The covalent radius of single bonds for silicon are 1.18 A and for carbon 0.77 A [29].
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(a)

Figure 2.2. Molecular structures in the crystals of 9a (a) and 10 (b). The ORTEP

drawing depicts thermal ellipsoids at the 30% probability level. Selected bond lengths
[A] and angles [°] in 10. C(l)-C(2) 1.162(6), C(2)-C(3) 1.425(5), C(3)-C(3A) 1.349(7),

C(3)-C(4) 1.511(5), C(4)-0(5) 1.423(5), Si-0(5) 1.649(3); C(l)-C(2)-C(3) 176.3(5),

C(2)-C(3)-C(4) 115.6(3), C(3A)-C(3)-C(4) 123.0(4), C(3)-C(4)-0(5) 111.9(3), Si-O(S)-

C(4) 125.7(2). Detailsfor X-ray crystallography are provided in Appendix I.

The molecular mass of oligomers 27a-e could either be determined by MALDI-

TOF or LDI-TOF mass spectrometry at positive ion and linear detection mode.

Generally, both methods proved to be of high diagnostic value and served as the

-109-



2. Monodisperse Poly(triacetylene) Oligomers

analytical tool of choice. Figure 2.3 shows hexamer 27e measured by both MALDI-

TOF (a) and LDI-TOF (b) mass spectrometry.

(a)

2000-1

1500-

1000-

500-

2344 [M+Na]

m**'^?*^^*AfrVi»HT-i ft
1800 2000 2200 2400 2600 2800

m /z

(b)

2000

1500

1000

(M - OSi(CH3)2C(CH3)3- C(CH3)3]*

2260[M-C(CH3)3]+

1800 2000 2200 2400 2600 2800

m /z

Figure 2.3. MALDI-TOF (matrix: CCA (a-cyano-4-hydroxycinnamic acid)) (sl) and
LDI-TOF (b) mass spectra ofhexamer 27e.
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The matrix-assisted mass spectrometry technique exhibited very little fragmentation for

these types of oligomers, displaying essentially only a single [M + Na]+ peak

(Figure 2.3a). In comparison, recordings performed in the absence of an energy

absorbing matrix displayed several significant fragments consisting of successive losses

of lateral (fert-butyl)dimethylsilyl groups (Am = 57: C(CH3)3 and Am = 74:

OSi(CH3)2). For instance, Figure 2.3b shows a very small intensity for the molecular

ion peak [M]+ of hexamer 27e at m/z = 2320 and a very intensive fragment pattern with

peaks at m/z = 2260 ([M - C(CH3)3]+) and m/z = 2128 ([M - OSi(CH3)2C(CH3)3 -

C(CH3)3]+). The deviation from the calculated most abundant isotope for all

molecular ion peaks in this oligomer series was found to be less than + 2 Da.

2.3.2 NMR Studies on the TMS-End-Capped Oligomers

Owing to their high solubility in CHC13, all six oligomers 9a and 27a-e could be

easily investigated by lH- and 13C-NMR spectroscopy. The number of monomer units

for all six oligomers was confirmed by integration of the iH-NMR signals for the

terminal trimethylsilyl vs. the lateral (tert-butyl)dimethylsilyl protons, as demonstrated

by the !H-NMR spectrum of hexamer 27e in Figure 2.4. The terminal 18 protons of the

trimethylsilyl group and the lateral 12 dimethyl protons of the (tert-butyl)dknethylsilyl

group showed a ratio of (12 6):18 = 4:1, and by that, revealing exactly the

theoretically expected value.

r

r

9876 54 3 2 10 ppm

Figure 2.4. 'H-NMR spectrum (500 MHz, CDCl3) ofhexamer 27e recorded at r.t.

-Ill-



2. Monodisperse Poly(triacetylene) Oligomers

An excellent tool for the analysis of the molecules was provided by their

13C-NMR spectra, which depicted n C(sp2)- and In C(sp)-atom resonances, with n

being the number of monomer units. Thus, simply counting the number of C(sp2)

resonances did not only immediately show which kind of oligomer was present, but

also was found to be the ultimate purity check for these high carbon content PTA

materials. A comparison of the C(sp2)- and C(sp)-atom regions of the 13C-NMR

spectra (125.8 MHz, CDC13) of all six oligomers 9a and 27a-e is given in Figure 2.5.

(a) (b)

135 134 133 132 131 130 PP° 110 105 100

Figure 2.5. Comparison of the C(sp2)- (a) and C(sp)-atom region (b) of the 13C-NMR

spectra (125.8 MHz, CDCl3) of PTA oligomers recorded at r.t. From bottom to top:
monomer 9a, dimer27a, trimer27b, tetramer 27c, pentamer 27d, and hexamer 27e.
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In the 13C-NMR spectra of monomer 9a to hexamer 27e, measured in CDCI3 at

125.8 MHz, all C(sp2)- and C(sp)-atom resonances are clearly separated and even at the

stage of the hexamer 27e, no peak overlap was observed. The resonances of the

terminal double bonds in 27b-e appeared around 129.5 and 133.5 ppm, respectively,

whereas those of the interior alkene moieties were noticed near 132 ppm as can be seen

from Figure 2.6.5 Correspondingly, the C(sp2)-atoms in the polydisperse polymers 3a

and 3b revealed a single peak at 132.11 ppm [4]. The intensity of resonance signals of

the outer acetylene moieties in the polymers were too low to be detected. In accord

with studies on polyenynes and related systems, it was found that the 13C-NMR data

for the present oligomer series are not very useful for estimating the effective

conjugation length in FTA materials [30].

(a) (*>)

«5
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•
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•
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•
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•
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» 100-
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Figure 2.6. Graphical representation ofthe Cfsp2)- (a) and C(sp)-atom resonances (b)

ofPTA oligomers 9a and27a-e (125.8 MHz, CDCl3). The 13C-NMR resonances of3a

and 3b are viewed as signalsfor an infinitely long chain polymer.

5 The internal reference in the 13C-NMR spectra was the central peak of the triplet for CDCI3 at

77.0 ppm.
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2.3.3 Electrochemical Studies on the TMS-End-Capped Oligomers

The electrochemical properties of PTAs 9a and 27a-e were examined by

Dr. Corinne Boudon and Dr. Jean-Paul Gisselbrecht in the group of Prof. Maurice

Gross at the Universite Louis Pasteur in Strasbourg using cyclic and steady-state

voltammetry as well as polarography in THF or CH2Cl2 with 0.1 M n-Bi^NPFg as the

supporting electrolyte (Table 2.3). Whereas all six conjugated rods were reversibly

reduced in one-electron transfer steps, they could not be oxidized below E£ = +1.23 V

vs. Fc/Fc+, which helps to explain their amazing stability to laboratory air over periods

of months. With lengthening of the ^-conjugated backbone, the first reversible

reduction step became increasingly facile. A comparison between the DEE oligomers

9a and 27a-e with the corresponding TEEs in the series la-e, however, clearly showed

that the reduction of the former requires much more negative potentials in each case

[1,3,31].

Table 2.3. Comparison of the cyclic voltammetric reduction characteristics of TEE

oligomers la-e and DEE oligomers 9a and 27a-e.

compound n
F" a

compound F" b F" c gpad

la 1 -1.57 9a -2.68 a
- -

lb 2 -1.32 -1.60 27a -2.10 - 1.29

lc 3 -1.17 -1.42 -2.00 27b -1.88 -2.09 1.25

Id 4 -1.14 -1.32 -1.76 -1.99 27c -1.80 -1.95 1.23

le 5

6

-1.07 -1.24 -1.55 -1.65 -1.85 27d

27e

-1.75

-1.71

-2.30

-2.30

1.23

1.23

"V vs. Fc/Fc+, Hg electrodes in THF + 0.1 M n-Bu4NPF6, la-e: scan rate v = 10 V s"1,
9a: only reversible electron transfer at scan rates v > 1 V s_1, formal redox potential

E'L = \EP° + E")ll. 6V vs. Fc/Fc+, glassy carbon electrode in CH2C12 + 0.1M

/1-BU4NPF6, only reversible electron transfer at scan rates v > 1 V s_1, formal redox

potential ££,_, ={Epa +£pc)/2. cPeak potential £^2 for irreversible reduction. ''Peak

potential E£ for irreversible oxidation.

At the stage of the oligomers, the pendant alkynyl groups and the phenylacetylene

end-capping groups in la-e provide a significantly larger stabilization of the lowest

unoccupied molecular orbital (LUMO) than the pendant tert-BuMejSiOCr^ groups and
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the Me3Si end-capping residues in 9a and 27a-e. Comparisons between lb-c and the

corresponding oligomers bearing (i-Pr)3Si instead of phenylacetylene end-capping

groups showed that the influence of these groups on the first reduction potential rapidly

decreases with oligomeric length: the first reduction potentials vs. Fc/Fc+ in THF

(+ 0.1 M n-Bu4NPF6) for the (i-Pr^Si-end-capped oligomers corresponding to lb-c are

E'^ = -1.52 V (dimer) and E'^ = -1.23 V (trimer) [17,31]. The second striking

difference between the two sets of oligomers is that the number of reversible one-

electron reduction steps for la-e corresponds directly to the number of tetraethynyl-

ethene moieties in each rod, whereas in the series 9a, 27a-e, only a second, irreversible

reduction step was observed for trimer to hexamer. At that point, some interesting

comparisons between the carbon-rich PTA oligomers and fullerenes can be drawn.

Studies of the electrochemical behavior of Cgg showed up to six one-electron reduction

steps in MeCN/PhMe at -10 °C. The first reduction occurred at E^ = -0.98 V vs. the

standard calomel electrode (SCE) and each subsequent reduction was = 0.4 - 0.5 V

more difficult. The hexaanion was only formed at the very negative potential of E^ =

-3.26 V [32], Thus, it appears to be an intrinsic feature of all-carbon materials that 10

carbon-atoms are able to stabilize one negative charge [33]. Indeed, TEE oligomers

la-e revealed exactly this picture, where 10 carbon atoms (= one TEE monomer unit)

can adopt one negative charge, 20 carbon atoms two, and so forth. However, the DEE

oligomers 9a and 27a-e showed a slightly different behavior, where even hexamer 27e

with its 36 carbon atoms underwent only two rather than the expected three reduction

steps. This brings us immediately to another highly relevant criterion related to the ease

of a reduction step in PTA oligomers: ID vs. 2D arrangement of the carbon atoms.

Whereas the TEE monomer la with its 10 two-dimensionally arranged carbon atoms

shows a first reduction step at ££, = -1.57 V, the DEE dimer 27a with 12 linearly

connected carbons is only reduced at E'^ = -2.10 V under exactly the same conditions.

The disparity in the first reduction potential between the two oligomeric series,

however, vanishes upon passing to longer-chain polymers. From small amplitude

waves owing to the low solubility of the long-chain PTAs in THF and low diffusion

coefficients, the first reduction potential had been determined as ££, = -0.70 V for 2

and as E'^ = -0.65 V for 3a [4]. The shorter 22-mer sample 3b {MJM^ = 2) was

reduced at E'^ = - 0.60 V vs. Fc/Fc+ on a Hg electrode in CH2C12 (+ 0.1 M

n-Bu4NPF6) and verified the previous results found for 3a. Figure 2.7 shows a plot of

the first reversible reduction potential vs. the number of monomelic units n (a) and as a

function of \ln (b) for both sets of oligomers as well as for polymers 2,3a, and 3b.
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(a)

o 1a-e

* 2

• 9a, 27a-e

X 3a, 3b

(b)

0 1a-e

K 2

• 9a, 27a-e

X 3a 3b

Figure 2.7. First reduction potentials of la-e, 9a, 2, and 3a in THF (+ 0 1 M

n-BujNPFfr V vs Fc/Fc+) and of3b and 27a-e m CH2CI2 plotted as afunction ofa fa)

andoflM(b)

Despite the differences encountered at the stage of the shorter oligomers, the first

reduction potentials of both senes ultimately seem to converge to the same limiting

value at the stage of the longer-chain polymers around ££, = -0 6 V (Figure 2 7a)

Apparently, the nature of the pendant groups ((i-Pr)3Si-CsC vs terf-BuMe2SiOCH2)

affects the reduction potentials of PTAs only in the shorter oligomers, whereas the

conjugation pathway along the linear all-C-atom backbone largely determines the

LUMO energy and reducibility in the longer-chain polymers A linear fit between 1/n

and the first reduction potential can only be obtained for the shorter oligomer series
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la-e and 9a, 27a-e (Figure 2.7b). Upon inclusion of the data for the three polydisperse

compounds 2, 3a, and 3b, however, a linear correlation is no longer obtained. Owing to

the small amplitude waves that have been measured for the long-chain polymers,

caution needs to be exercized when interpreting these data. It is quite likely that

aggregation phenomena could have led to the observed anodic shift of the first

reduction potential. In view of the lacking data for intermediate-sized oligomers with

n = 7 - 20, an estimation of the effective conjugation length from the electrochemical

data therefore seemed to be at that stage not straightforward.

2.3.4 UV/Vis Studies on the TMS-End-Capped Oligomers

The UV/Vis spectra of the series 9a, 27a-e were measured in CHCI3 solutions at

r.t. and are reproduced in Figure 2.8 [27]. Only for monomer 9a and dimer 27a is a

clear longest-wavelength transition A^j observable. For the longer oligomers, the

lowest-energy transition was covered under an intense, inhomogeneously broadened

absorption band. A precise determination of Amax and £max, respectively, therefore

required the deconvolution of the UV/Vis spectra. By assuming a sum of Gaussian line

shapes in energy space, all spectra could be exactly reproduced (see Appendix II). The

obtained absorption energies Emax and their uncertainties were then transformed back to

wavelengths and are given in Table 2.4 for oligomers 9a and 27a-e. With increasing

oligomeric length, the longest-wavelength absorptions Aj„ax as well as the end

absorptions are increasingly bathochromically shifted. However, no apparent saturation

for Amax was reached even at the stage of hexamer 27e.

In the spectrum of hexamer 27e (Figure 2.8) the lowest-energy transition is fully

covered under the broad absorption band. This transition was calculated as A^, =

463.6 ± 0.5 nm (£„,„ = 2.67 eV), and the solution optical gap £g was determined to be

2.54 eV (488 nm).6 The observation of significant vibrational fine-structure in the

spectrum even at the stage of the hexamer provides support for a rigid planar conjugated

backbone in solution. Only DEE dimer 27a and trimer 27b displayed a bright

fluorescence in CHCI3 solutions with a fluorescence quantum yield of <Pp = 0.01

(Table 2.4). Similar quenching phenomena of the fluorescence with evolution of the

6 The terminus band gap originally has been adapted from solid-state physics as it describes a solid-state

phenomenon. However, practice shows, that the actual band gap of the solid polymer will likely be

significantly smaller than the value predicted from solution UV/Vis measurements.
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chain-length have also been observed in other ^-conjugated systems such as oligo-

(a-thiophene)s [34]. Theoretical calculations revealed that in Tr-conjugated systems of a

certain chain-length, the electronic 2Ag state can cross-over with the 1BU state. When a

2Ag state comes to lie below the 1BU state, non-activated and very efficient intersystem

crossing (ISC) processes can occur since an electronic transition 2Ag (p)lAg is dipole

forbidden and hence very low fluorescence quantum yields result [35].

9a

27a

27b

27c

27d

27e

250 300 350 400 450 500 550 600

A/nm

Figure 2.8. Electronic absorption spectra ofoligomers 9a and27a-e in CHCI3.

Temperature-dependent UV/Vis measurements in n-hexane for pentamer 27d

between 54 °C and -45 °C with a home-made cryostat gave similar spectra with a weak

bathochromic shift of the most intense absorption band from 407 nm at 54 °C to 415 nm

at -45 °C, as can be seen from a plot shown in Figure 2.9.7 This demonstrates that the

conjugation length in PTAs is only slightly affected within this temperature range.

Similar findings had been reported by Giesa and Schulz for polyenynes serving as

model compounds for PDAs [30]. As expected, the dimer 27a shows a minor

solvatochromicity with a bathochromic shift of the absorption band at A = 371 nm in

going from acetone (371 nm) to chloroform or benzene (376 nm). There was no

apparent correlation between A and solvent polarity observed.8

7 Assistance of Andy Taton in recording low-temperature UV/Vis spectra of compound 27d is gratefully
acknowledged.

8 The most intensive absorption band of 27a in acetone: 371 nm; acetonitrile: 371 nm; diethylether:
371 nm; n-hexane: 372 nm; ethyl acetate: 372 nm; 2-propanol: 372 nm; tetrahydrofuran: 374 run;

dichloromethane: 375 nm; chloroform: 376 nm; benzene: 376 nm; dimethyl sulfoxide: 376 nm.

60000
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Table 2.4. UV/Vis andfluorescence data ofoligomers 9a and27a-e.

compound n Amax/nm
(eV)«

e/M-icnrlrm-l6 £g/eV
(nm)e

Aem / toad

(<%)e

9a 1 296.4 ±0.1 (4.18)

27a 2 378.1 ±0.1 (3.28)

27b 3 420.3 ±0.1 (2.95)

27c 4 439.0 ±0.2 (2.82)

27d 5 458.9 ± 0.4 (2.70)

27e 6 463.6 ±0.5 (2.67)

19700 4.01 (309) -

24200 3.14 (395) 425 (0.01)

28600 2.82 (439) 440 (0.01)

35200 2.67 (464) -

29700 2.58 (480) -

36500 2.54 (488) -

"Longest-wavelength absorption in CHCI3 at r.t., obtained by deconvolution of the

absorption spectra. fcMolar extinction coefficient. cSolution optical band gap,

determined by the intersection of the tangent passing through the turning point of the

lowest-energy absorption band and the x-axis. ^Longest-wavelength emission

maximum in CHCI3 at r.t., AgX = 356 nm. ^Fluorescence quantum yields; anthracene

(&F = 0.33) was used as a reference compound [36].
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Figure 2.9. Temperature dependence of the most intense absorption bandforpentamer
27d between 54 °C and -45 "C measured in n-hexane.

The plot of the most intense absorption band against the reciprocal number of

monomer units \ln for the PTA oligomers 9a and 27a-e revealed a straight line with an

intercept at 445 ± 4 nm (2.79 ± 0.03 eV). Such a linear relation between the 0-0
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transition energy and chain-length has been observed for many conjugated oligomers

including ohgo(p-phenylene vinylene) [37,38], oligo(a-thiophene) [39,40], oligoenyne

[30], and ohgo(p-phenylene ethynylene) [41] oligomers and is expected from

theoretical models [42] This extrapolated value of A^,* for the related infinite-chain

polymer is in very good agreement with the experimental numbers measured for 3a

(449 nm, 2 76 eV) and 3b (448 nm, 2 77 eV), demonstrating that 9a and 27a-e are

suitable model oligomers for long-chain PTAs

(a)

(b)

• 9a, 27a-e

* 3a, 3b

saturation Enax

fitted line

1 — 1/n

9a,27a-e

3a, 3b

saturation Eg

fitted line

—

1/n

Figure 2.10. (&) Plot of the lowest-energy transition Emax vs 1/n (n = number of
monomenc units) for the series 9a, 27a-e and polymers 3a, 3b Linear regression for
9a, 27a-e affords Emajt (eV) = 183 (1/n) + 2 35 (b) Plot of the solution optical gap

energy E„ vs 1/n for the series 9a, 27a-e and polymers 3a, 3b Linear regression for
9a, 27a-e affords E„ (eV) = 178 (1/n) + 2 23 In both cases, saturation is observedfor
3a and 3b, as indicated by the horizontal line The effective conjugation length is

evaluated at the crossing point ofboth lines
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In order to estimate the effective conjugation length (ECL) in PTAs, the lowest-

transition energies %(were plotted as a function of 1/n for compounds 9a, 27a-e and

3a, 3b (Table 2.4, Figure 2.10a).9 The crossing of the straight line for the oligomers

with the horizontal saturation level line for the polymers revealed that the effective

conjugation length was reached in PTAs containing 8 ± 1 monomer units, which

corresponds to a total of 21 - 27 double and triple bonds and a rod length of 53 - 68 A,

respectively. In an analogous evaluation, using the solution optical band gap £g, a

slightly higher value of 10 ± 1 monomer units was obtained (Figure 2.10b).10

To evaluate the ECL, we also applied the linear expression given in eqn. (2) [43]

which had been deduced based on the free electron gas model of Kuhn [44].

° Um4 4

In equation 2, E is the optical absorption energy or band gap, N the number of

conjugated double and triple bonds per molecule, V0 the amplitude of a sinusoidal

potential which corrects the free electron gas model for bond length alternation, L0 the

length of the unit of conjugation, h the Planck constant, and m the mass of the electron.

Linear regression analysis [30,43] of the plot of the energy at the longest-wavelength

absorption maximum £max against \I(N + 0.5) yielded V0 = 2.28 ± 0.02 eV and

n = 7 ± 1. Thus, this analysis provided a slightly lower value for n than the analysis of

the plot of £max vs. Vn (Figure 2.10a). A plot of the solution optical band gap £g vs.

l/(N + 0.5) revealed similar values with n = 9 ± 1 and V0 = 2.16 ± 0.02 eV. Overall, the

value for V0 in PTAs fits very nicely into the general trend seen in the series of PAs

(V0 = 1.75 eV), PDAs (V0 = 2.25 eV), and polyyne models of carbyne (V„ = 2.50 eV)

[30]. In conclusion, this UV/Vis study disclosed that the convergence of the linear

optical properties in PTAs is reached in the range of about 7-10 monomer units. In

comparison, for PDAs an effective conjugation length of n = 6 [43] and n = 10 [30]

monomer units (corresponding to 12 or 20 double and triple bonds, respectively),

depending on the method of extrapolation, has been reported.

The maximum of the longest-wavelength absorption A^^ was obtained by deconvolution for 3a and

3b as 480 ± 1 nm (E^ = 2-58 eV).

The solution optical band gap for 3a is 2.40 eV. See also ref. [4].

1

N + l/2
(2)
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2.3.5 Raman Scattering Studies on the TMS-End-Capped Oligomers

Another powerful tool for gaining more information about the s-electron

delocalization along the conjugated backbone of linear polymer chains besides UV/Vis

spectroscopy is Raman scattering [30]. Whereas in a UV/Vis experiment the transition

energies between electronic levels of a delocalized conjugated electron system can be

determined, Raman scattering permits the determination of the vibrational energy of

one particular bond type in a delocalized system. Thus, the observed Raman

frequencies may be strongly influenced by mechanical constraints such as stretching or

bonding forces, type and degree of functionalization, hydrogen bonds, crystal strain,

and solvent [30]. An excellent introduction to Raman spectroscopy applied to it-

conjugated oligomers can be found in refs. [45].

The PTA oligomers 9a and 27a-e were measured in CHCI3 solutions at r.t.

(Table 2.5). With the lengthening of the ^-conjugated chain, the carbon-carbon double

and triple bonds become weaker and the Raman frequencies associated primarily with

these bonds, Vj(c=q and V2(o=)> are expected to decrease [45]. The spectrum of

hexamer 27e is shown in Figure 2.11. The Raman shifts obtained for the v^q^q

stretch at 2160 cm1 and the carbon-carbon double bond V2(o=c) at 1557 cm-1 appeared

as strong and sharp peaks.

Table 2.5. Raman scattering data ofoligomers 9a and27a-e.

compound n v1(oC)/M1cm-1" v2(C=c)/M"lcm"1"

9a 1 2213 1574

27a 2 2187 1567

27b 3 2175 1562

27c 4 2169 1560

27d 5 2165 1558

27e 6 2163 1557

3b = 22 2156 1556

"Raman frequencies measured in CHCI3 solutions at r.t.
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Figure 2.11. Raman spectrum ofhexamer 27e measured in CHCI3 solutions atrt

For the PTA oligomers 9a and 27a-e, both Vi(o=c) and V2(c=q vibrations

decreased in energy with increasing chain-length, whereby the V^o^c) frequencies

displayed a significantly more pronounced variation with increasing length of the

conjugated backbone (Table 2 5) The experimental Raman shifts for the present PTA

oligomer series show a satisfying linear relationship on \ln for Vi(c=q, as shown in

Figure 2 12 A similar linear dependence of the Raman shifts on the length of the

conjugated backbone has been reported for PDA model compounds [30] The deviation

of the v^c^Q frequencies from the included line for dimer 27a and 27b probably ansed

from the fluorescence of these two oligomers, all other compounds exhibited no

fluorescence For the carbon-carbon double bond stretches v2(c=c), deviation from

linearity is considerably more pronounced

A direct estimation of the ECL by crossing the linear regression line obtained

from the Vi(q=q values of oligomers 9a and 27a-e with the horizontal line of the

polydisperse PTA polymer 3b is not appropnate, since no obvious saturation has been

reached for the latter Instead, a rough approximation by linear extrapolation using the

linear regression line obtained from oligomer data to infinite chain-length revealed a
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value for Vi(c=q of 2154 cm-1 or approximately n = 32 monomer units.11 This value

exceeds by a factor of three the previous estimations of the ECL derived from UV/Vis

data as has been shown in the last section. An explanation for this finding might be that

conformational changes, which are known to strongly affect Raman energies, mask

effects which occur with extension of the ^-conjugated chain in current PTA model

oligomers. Performing similar evaluations for the PTA oligomers oligomers 9a and

27a-e using FT-IR data of the resonance frequency for the acetylene triple bonds led

generally to much less accurate correlations. In addition, the evaluation was

complicated by the presence of several allowed resonance bands for the acetylene triple

bonds.

From experimentally obtained Raman shifts, several authors have estimated

effective conjugation lengths for PDAs using polyene model compounds around n = 5-7

monomer units [46]. However, applying more suitable PDA oligomers, Giesa and

Schulz obtained a much higher ECL [30].

Figure 2.12. Plot of the Raman v1(CsC) shifts for PTA oligomers 9a and 27a-e. The

inserted line is a guidefor the eyes.

11
v1((M;) = 60.12 (1/n) + 2154 12. Correlation coefficient r = 0.996.
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2.3.6 Third Harmonic Generation Studies on the TMS-End-Capped Oligomers

The second hyperpolarizability y^ that describes molecular third-order nonlinear

optical effects is defined by

Pi = £o («„ Ej + Pm EJE* + Y„u Ej EkE, + ..) (3)

where p1 is the induced dipole moment, e0 the vacuum permittivity, ay the linear

polarizability, /3yk the first-order hyperpolarizability, and Ex the local field at the

molecule. Summation over common indices is assumed. The third-order optical

nonlinearity was studied by Ulrich Gubler and PD Dr. Christian Bosshard in the group

of Prof. Peter Giinter at the Institut fur Quantenelektronik (ETH Honggerberg, Zurich)

using third harmonic generation (THG) in CHCI3 solutions. In an isotropic liquid, only

the rotational average yof y[jki needs to be considered as described by eqn. (4).

7 = 7V 1111
"*" Y2222 + 73333 + 7ll22 + 7ll33 + 72211 + 72233 + 73311 + 73322/ V*)

In these experiments, the macroscopic third-order nonlinear optical susceptibility %W

(-30,(0,(0,(0) was measured. It is related to the molecular averaged yby eqn. (5)

= N«&®.
1 + C

Is i r~> im

M. M.
(5)

where ys and ym are the molecular third-order nonlinearities of the solvent and the

molecule, respectively, and C is the concentration, expressed as the ratio between the

total weight of the solute molecules to the weight of the solvent used [47]. N^ is

Avogadro's number, af(C) the density of the solution, andy^C) is the local field

correction factor in the Lorentz approximation (using the refractive indices of the

solvent) [48]. Ms and Mm are the molecular masses of the solvent and the solute

molecules, respectively. The solution densities were assumed to be constant with

concentration. In addition to the molecular y, the bulk third-order nonlinear optical

susceptibility Xiw% f°r a sample containing only chromophore was estimated. It should

be noted that an isotropic arrangement of the molecules was assumed for these ^f^-
values, and an optimized alignment of all molecules in linear chains or stacks would

lead to even larger values of xtam- Furthermore, these estimations present a lower limit

of what can be expected in the bulk since the small (with respect to the pure
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compounds) refractive index of the solvent CHCI3 was used in the calculation of Xwty*-

A realistic refractive index of 1.7 for the solid-state would give values of xfam, mat are

typically two times larger. For more detailed introductions to nonlinear optics and the

various methods of measurement, see refs. [49,50].

The non-resonant second hyperpolarizability y, measured via THG in CHCI3

solutions at X = 1.907 urn was analyzed in the series 9a, 27a-e as a function of

oligomeric length [27]. The results are summarized in Table 2.6. For comparison, y

was also determined for the soluble, shorter tetraethynylethene oligomers la-c, in order

to estimate the impact of the additional conjugation paths in these molecules, which

involve the pendant alkyne groups and the additional phenylacetylene end-caps.

Table 2.6. Second hyperpolarizabilities of oligomer series la-c and 9a, 27a-e from
third harmonic generation experiments atX = 1.907 fim. xfun, was measured relative

tofused silica (y$ = 3.9 1022 rn^V-2 (2.8 1014 esu)).

compound n y 110-36

esu"

y 1IO-48

m5V-2"

yd)
^100%

b yO)

A100%

/10-12esu*

yd)

110-20 ra2V-2*

la 1 240 3.41 41 1.1 1.6

lb 2 1030 14.5 105 2.9 4.1

lc 3 2570 35.9 183 5.1 7.2

9a 1 22 0.32 5 0.14 0.19

27a 2 108 1.51 13 0.37 0.52

27b 3 363 5.08 31 0.86 1.2

27c 4 740 10.3 49 1.4 1.9

27d 5 1320 18.5 72 2.0 2.8

27e 6 1780 24.9 79 2.2 3.1

"Rotational average of the ytensor. b
Xwa% bulk values are extrapolated from measured

values of y, assuming a linear dependence on concentration. The estimations present a

lower limit, since density and the small (with respect to the pure compounds) refractive

indices for local field corrections of CHCI3 were used in the calculation of xlan-
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Different mathematical approaches, such as Hiickel-type tight-binding modeling,

ab initio calculations, or Pariser-Parr-Pople (PPP) simulations, predict for conjugated

molecules shorter than the critical conjugation length a power law dependence y~ na,

where n corresponds to the total number of monomer units. For the exponent a, values

between 3 and 6 have been reported, depending on the model used [51]. Above the

critical conjugation length, the cubic hyperpolarizability /should saturate and increase

only linearly with the number of monomer units n. The related macroscopic

susceptibility ^<3' should not be further enhanced and stay constant.

For the PTA samples 9a and 27a-e, a plot of /n vs. n revealed a power law for y

with a fitted exponent a = 2.5 ± 0.1 (Figure 2.13). However, owing to the sigmoidal

relationship between /n and n, which can be divided into a supralinear (9a, 27a), linear

(= 27b-d), and a saturation regime (> 27e), the exponent a depends directly on the

number of oligomers used for the evaluation. Therefore, to allow direct comparisons

with other conjugated systems attention must to be paid on how this exponent has been

derived. THG measurements of a polydisperse film-sample of 3a [4] showed a

macroscopic susceptibility tf-r>= 7.8 • 10"20 m2V~2 (5.6 • 10"12 esu), and in solution this

value was reproduced for 3b within one percent, confirming that the limit of the critical

conjugation length is certainly passed. The corresponding j/n-values for 3a (y =

300 10-48 m5V-2,22000 • 10"36 esu) and 3b (y= 219 • 1048 m5V"215650 • 1036 esu)

are included in Figure 2.13, and the saturation level is indicated by a horizontal line.

The crossing of the power law and the saturation level yields a critical conjugation

length of about n = 10 monomer units (30 double and triple bonds), in gratifying

agreement with the value obtained from UV/Vis spectroscopy. It is not yet clearly

understood whether linear absorption and second hyperpolarizability data should lead to

the same critical conjugation length, but it seems to hold true in the case of FTAs.

Only few nonlinear optical data as a function of chain-length have been reported

for linearly conjugated polymers, owing to the often difficult synthesis of homologous

series of larger oligomers. In making comparisons, attention needs to be paid whether

the measurements were performed out of resonance; furthermore, differences in

experimental techniques must also be considered. Measurements by degenerate four-

wave mixing (DFWM) and electric field induced second harmonic generation (EFISH)

tend to give a larger exponent for the power law (between 3 and 5) than THG data [52].
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• 9a, 27a-e

x 3a, 3b

saturation y/n

fitted power law

1 10 100

n

Figure 2.13. Dependence of the second hyperpolarizability y on conjugation length,
presented as a double logarithmic plot ofyln vs. n. The sigmoidal relationship between

y/n and the number ofmonomer units n is clearly visible. For oligomers 9a and27a-e,

a power law y ~ na fa = 2.5 ± 0.1) andfor polydisperse polymers 3a and 3b saturation

is obtained. The effective conjugation length is evaluated at the crossing point of both

lines.

Unsubstituted PA showed an exponent for the power law in the range of 2.5, but

the critical conjugation length seems to be much larger than in PTAs, with about 120

double bonds [53]. Substituted PAs gave exponents between 2.3 and 4.6 depending on

the attached substituents, showing clearly the influence of the electron density

distribution on the conjugated backbone [54]. A comparison between PDAs and PTAs

would be of interest, but second hyperpolarizability data for series of homologous PDA

oligomers have not been published so far. THG studies on poly(a-thiophene) yielded

an exponent of 2.8 for the power law [55]. For the critical conjugation length, different,

contradicting results have been published and comparisons to PTAs are therefore

difficult. THG measurements disclosed for poly(3-ethyl-a-thiophene ethynylene) an

exponent of 2.4 and a critical conjugation length of about 10 monomer units (30 double

and triple bonds) [56]. Thus, the second hyperpolarizability y of different linearly

conjugated polymers seems to scale with a power law y~ na, with an exponent around a

= 2.5 for THG measurements. This is significantly below theoretical predictions and

quantum chemical calculations.

THG measurements in the series of tetraethynylethene oligomers were limited to

the shorter members la-c, owing to low solubility for their longer-chain congeners

°
100
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(Table 2.6). The existence of additional conjugation paths in these compounds

increased the second hyperpolarizabilities by about one order of magnitude, as

compared to 9a, 27a, and 27b.

Some preliminary theoretical calculations on y for the PTA series 9a, 27a-e

performed in the group of Bredas pursuing a valence effective Hamiltonian sum-over¬

states (VEH-SOS) approach revealed fairly good agreement between theoretical and

experimental data for oligomeric lengths n > 3, as previously observed for PA and PDA

oligomers [57]. The three different regions for the evolution of yn with increasing

chain-length can be distinguished, i) Generally, y/n increases with extension of chain-

length, ii) From n = 4 to n = 7 y/n scales with a power law y~ na. iii) Finally, for n > 8

the beginning of the saturation regime may be suggested. In addition, from the

calculations the experimentally observed sigmoidal increase of y« as a function of n

was also apparent, thus confirming the experimental observation to be a systematic

trend and not an error in measurement (see Figure 2.13). The estimated power

coefficient according to the least-squares fit was equal to 2.6 and in very good

agreement with the experimentally observed value of 2.5 ±0.1. Finally, the estimation

of the ECL to be little more than n = 10 monomer units is also in excellent agreement

with the experimental one.

A direct comparison of the second hyperpolarizability results obtained from

VEH-SOS calculations for PA, PDA, and PTA oligomers unambiguously shows that

the growth of y/n is much slower in the case of PDA and PTAs. The reason for that are

the additional triple bonds creating potential barriers in the conjugated backbones of

PDA and PTAs and thus hindering the ^-electron displacement. This also explains the

slightly lower nonlinear optical response of PTAs compared to PDAs or PA. For

instance, the experimentally obtained ^<3)-values of PDA derivatives are typically

> 1.0 101l esu [58] (PTA 3a: #<3> = 5.6 • 10"12 esu at 1.907 um, film). Furthermore, it

seems that the saturation of yW for PTA occurs earlier than for PDA and PA oligomers.

This is in agreement with the general observation, that by replacing increasing numbers

of double bonds for triple bonds perturbations of the ^-conjugation occurs, resulting in

a decrease of the ECL.
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2.3.7 Semiempirical Computation of the UV/Vis Spectrum of the TMS-End-Capped

Hexamer

The theoretical calculations of the electronic absorption of TMS-end-capped

hexamer 27e were performed by Dr. Harold Baumann at the Laboratorium fiir

Organische Chemie, ETH Zurich. The existence of a converging limit of the maximum

absorption wavelength ^^ in a series of oligoenes with increasing chain-length has

been a subject of broad discussion and controversy for more than 40 years. The

explanation of the phenomenon by Longuet-Higgins and Salem based upon bond

alternation had been considered to be the most satisfactory one [59]. Nowadays, one

would speak of a Hartree Fock (HF) singlet instability which leads, for a long oligoene,

to another time reversal invariant closed shell (TICS or restricted) HF solution which

causes structural distortion such as bond alternation [60]. It was Fukutome who offered

another explanation of the above phenomenon [61]. He applied the general HF theory

to oligoenes without bond alternation and showed that the conventional diamagnetic

ground state becomes unstable when the length of the molecule exceeds certain critical

values. He presented the axial spin density wave solution (ASDW) and the charge

transfer wave solution (CTW) which were shown to have undulating spin density or

charge density distribution and finite energy gaps between the excited and ground states

even in the limit of infinite length. These new solutions of the Hartree Fock equations

potentially have physical meaning or at least have some relation to properties of great

interest such as antiferromagnetism and superconductivity [62]. Fukutome estimated

the appearance of the ASDW solution for conjugated ring and chain molecules and

found with his theoretical approach for rings about 11 and for chains about 5

conjugated carbon-carbon s-bonds as thresholds [61]. Of course, these two thresholds

are only rough estimates and vary in certain limits depending on the theoretical

approach. On the basis of Fukutome's prediction for conjugated chain molecules, it can

be expected that PTA hexamer 27e will fall with high probability within the category of

systems which show an ASDW solution reducing the tendency of bond alternation in

spite of its short triple bonds.

For the computation of the electronic transitions of hexamer 27e, consisting of

36 conjugated jr-centers, the computer program SIXW.C (ANSI-C), which is based on

the semiempirical methods MINDO/3, MNDO, and PM3, was used [63]. In order to

minimize the computational effort, the (terf-butyl)dimethylsilyl groups were replaced

by -S1H3 moieties [64]. The PM3-computed heat of formations A/ff are presented in

Table 2.7.
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Table 2.7. AHcfor PM3-optimized structures ofhexamer 27e.

geometry symmetry Tt-bonds Afff (kj moH)

RHF« Q 'localized' -118.4

RHF" C- 'localized' -120.9

UHF* Ci 'delocalized' -121.3

UHFfc Cj 'delocalized' -136.8

"Restricted Hartree Fock. ^Unrestricted Hartree Fock.

The lowest heat of formation was found for the unrestricted Hartree Fock UHF Q

'delocalized' structure. Owing to the large structure of hexamer 27e, it is not possible

to annihilate the spin contamination energy part because the spin annihilation algorithm

diverges with increasing size of the molecules in spite of the use of the significantly

improved formulation of the Sanibel coefficients by Pauncz [65]. In other words,

although the projected energy would lie even lower, our experience showed that the

spin contaminated structures are rather realistic where geometrical parameters are

concerned.

Figure 2.14a shows the calculated UHF spin densities at the carbon centers of the

^-conjugated backbone. The numbers indicate for this molecule a spin polarized

electronic structure, or a so-called spin density wave (SDW), which results from a non-

singlet HF instability. A plus sign indicates an a-spin and a minus sign denotes a

/J-spin dominance at the indicated a-center. This situation results in an equalization of

the bond lengths as can be seen in Figure 2.14b and 2.14c.

The SDW has been subject of experimental research activities for about twenty

years and was observed for the first time in some low-dimensional organic conductors

as the low temperature non-metallic phase below the transition temperature Tc [66].

With a length of 4.6 nm the hexamer 27e falls in the category of molecules where our

computations predict SDWs for both conjugated large ring and long chain systems.

There is strong evidence that the SDW is not an artifact of the semiempirical method

but has a strong physical background. For instance semiempirical results for an

[ 18]annulene have recently received confirmation by ab initio computations [67].

-131-



2. Monodisperse Poly(triacetylene) Oligomers
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Figure 2.14. (a) The UHF spin densities ofhexamer 27e, for which a spin polarized
electronic structure resulting from a non-singlet HF instability is found. A plus sign
indicates an a-spin and a minus sign a fi-spin dominance at the designated %-centers.

Shown are also the bond lengths equalization in the UHF optimized structure of27e (b)
in comparison with the RHF optimized one (c).

In Figure 2.15, the experimental spectrum of 27e with the three most relevant

calculated transitions is given. Table 2.8 shows the computed first 19 transitions of

PTA hexamer 27e. The program characterizes these transitions by the occupied and

virtual orbitals which define the main electronic configurations of the 19 excited states.

As a first step to the theoretical investigation of PTA 27e, we have considered its first

electronic transition. It is characterized by a transition from the occupied orbital 211 of
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the irreducible representation ag to the virtual orbital 212 belonging to the irreducible

representation au. In Table 2.9 are listed the energies of the theoretical first ag (p)a„

transitions for the RHF and UHF optimized structures with the corresponding

experimental energies of the absorption band of hexamer 27e.

Table 2.8. Calculated transitions of27efor the UHF structure with C; symmetry.

No. transition symmetry energy intensity

occ.a virt. * occ.° virt. * (eV) (cnr1) (nm) / ec

(M^cm1)

1 211 212 h au 2.771 22348.9 447.4 3.3632 181546.2

2 207 212 h »u 2.880 23228.0 430.5 0.0003 15.3

3 206 212 au 3u 2.965 23913.1 418.2 0.0000 0.0

4 203 212 H au 3.073 24790.1 403.4 0.0002 9.2

5 211 213 h ag 3.086 24895.7 401.7 0.0000 0.0

6 205 213 h H 3.322 26798.2 373.2 0.0000 0.0

7 204 213 au H 3.326 26829.7 372.7 0.0002 9.2

8 211 214 ag au 3.441 27755.9 360.3 0.4298 23201.8

9 209 213 ag ag 3.683 29704.0 336.7 0.0000 0.0

10 209 214 H »u 3.782 30505.3 327.8 0.2282 12317.1

11 211 232 h au 3.786 30541.3 327.4 0.0166 894.0

12 211 233 h ag 3.820 30810.8 324.6 0.0000 0.0

13 211 234 ag a« 3.882 31310.1 319.4 0.0006 34.2

14 210 235 au ag 4.046 32635.7 306.4 0.0010 54.3

15 210 236 ^ a« 4.046 32635.7 306.4 0.0000 0.0

16 210 212 au au 4.230 34116.7 293.1 0.0000 0.0

17 210 216 au au 4.292 34615.3 288.9 0.0000 0.0

18 210 215 au ag 4.292 34615.3 288.9 0.0014 77.6

19 211 224 h ag 4.391 35420.9 282.3 0.0000 0.0

"Occupied orbital. ^Virtual orbital. cMolar extinction coefficient. £=/ 2.699 lOVfc

{b: line width = 0.5).
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Table 2.9. Comparison of the calculated and experimentally obtained longest-

wavelength absorption X^,^ ofhexamer27e.

Amax £calc. AmaxexP- £exP-

calc.(nm)and (M^cnr1) (nm)a (M^cnr1)

dev. (kJ moH)

RHF UHF RHF UHF

211 212 398 447 177407 181546 463.610.5 36500

+ 42.7 + 9.6

"Longest-wavelength absorption measured in CHC13 at r.t., obtained by deconvolution

of the absorption spectrum.

It is obvious that the structure computed by UHF shows a first absorption

(447 nm) which is closer to the experimental wavelength in the region of 460 nm than

the one computed for the RHF structure (398 nm). The main component (60%) of the

excited state corresponds, as already stated, to an electronic configuration which may be

interpreted in a pictorial way as the HOMO-LUMO transition represented in

Figure 2.16 (LUMO: (a), HOMO: (b)). The theoretically estimated extinction

coefficients of the optimized structures (RHF: £ = 177407 M-'cnr1; UHF: e =

181546 M^cnr1) are, though too large, in the approximate order of magnitude of the

experimental value of e = 36500 M'cnr1.

Generally, the PTAs share some characteristics with the annulenes because for

both classes it is possible to consider either structures with localized or delocalized

^-bonds. Whereas for the annulenes, localization or derealization expresses itself in

different symmetry point groups (e.g., [18]annulene delocalized: Dg^, localized: D^)

this is not the case for a linearly ^-conjugated chain. As the experimental value of

hexamer 27e fits better with the theoretical result for a 'delocalized' structure, we

assume the existence of the spin density wave predicted by Fukutome. This result is of

fundamental interest. Strong support for our result is coming from the fact that for

[18]annulene the results computed with the same CNDO/S (complete neglect of

differential overlap) parameter set were recently confirmed by ab initio calculations, as

already mentioned. This indicates that Fukutome's concept of the behavior of long

polyenes is likely correct for the poly(triacetylene)s and seems to be more realistic than

HOMO LUMO

orbital no.
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the concept of the bond length alternation for long ^-conjugated chains introduced by

Longuett-Higgins and Salem.

250 300 360 400 450 500 550 600

A / nm

Figure 2.15. The experimental UV/Vis spectra of 27e and the calculated strongest

absorption bands are represented as lines at the appropriate wavelength. The most

intense transition was normalized to the experimentally measured extinction coefficient.

Figure 2.16. The first electronic band of the RHF and UHF optimized structures of
27e is characterized by a transition from the HOMO (orbital 211, bottom) to the

LUMO (orbital 212, top).
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2. Monodisperse Poly(triacetylene) Oligomers

2.4 TES-End-Capped, Higher Monodisperse Poly(triacetylene)

Oligomers: From Monomer to Hexadecamer

2.4.1 Preliminary Synthetic Studies

The physical investigations of the TMS-end-capped oligomers 9a and 27a-e

opened up several interesting questions. The most striking ones are whether the linear

and nonlinear optical properties really show saturation around n = 10 monomer units

and how the electrochemical properties evolve upon going to longer conjugated chains?

These questions immediately called for the synthesis of higher, well-defined PTA

oligomers in order to close the interesting gap between oligomer and polymer analysis.

Only experimental investigations will be able to answer such questions related to the

behavior of PTAs at this 'turning region'.

Initial attempts to synthesize longer, monodisperse oligomers focused on the

polymerization of a higher repeating unit than just a monomer in the presence of an

end-capping group. The only repeating units higher than a monomer building block

which are directly accessible are the DEE dimers 27a and 29a. Scheme 2.8 outlines

their synthesis. Oxidative homocoupling of the asymmetrically substituted monomers

19 or 28, which can easily be prepared by statistical protection of monomer 10 with the

corresponding trialkylsilyl chloride, led in excellent yields to dimers 27a or 29a,

respectively. Deprotection with K2C03 or NaOH in THF/MeOH (1:1) yielded the bis-

deprotected dimer 30, which had to be treated with care and was only stable in dilute

solution. The strategy to use dimer 30 as the repeating and 19 as the terminating unit

was tested using various reaction conditions. Standard solutions of both reactants in

toluene were prepared (= 0.1 M) and used for the systematic evaluation of optimal

reaction conditions. Using a 1:2 ratio of the starting materials 19 and 30 at the elevated

temperature of 60 °C resulted in the formation of higher oligomers as detected by

analytical SEC and MALDI-TOF measurements. It seems to be likely, that the

reactivity difference between the terminal alkynes in monomer 19 as compared to dimer

30 is responsible that oligomer formation was observed only at higher reaction

temperatures. At r.t., the more reactive dimer 30 polymerized much faster forming high

molecular weight polymers, whereas monomer 19 predominantly dimerized to 27a.

However, the relatively small mass difference of 700 Da between subsequent PTA

oligomers in this series (n = 2,4,6,8...) was insufficient to allow efficient separation of

-136-



2. Monodisperse Poly(triacetylene) Oligomers

the hexamer from the octamer by preparative SEC.12 The separation of the octamer

from the decamer or even higher oligomers was impracticable owing to the limited

resolution performance of the SEC material (Bio-Rad, Bio-Beads S-Xl or S-X3 beads,

CH2CI2) although glass-columns of 180 cm length were used.

Me2tert-BuSiO
OSiferf-BuMe2

19 SiMe3

28 SiEt3

(a)

Me2tert-BuSiO~

~OSitert-BuMe2

R

27a SiMe3

29a SiEt3

OSifert-BuMe2

(b)

Me2fert-BuSiO-

"OSifert-BuMe2

30

OSitert-BuMe2

Scheme 2.8. Direct synthesis of symmetrically substituted dimers 27a and 29a, and

cleavage to 30. (a) CuCl, TMEDA, CH2Cl2, molecular sieves 4 A, 02, r.t. (b) K2C03,
THFMeOH(Ll) orNaOH, THF/MeOH(l:l).

The synthesis of an even longer repeating unit was the next target. Since there

was no direct route for the preparation of a PTA trimer or tetramer available, it was

thought that statistical silylation of the bis-deproteced 30 and subsequent dimerization

of the mono-silylated dimer to the corresponding tetramer may provide a solution. One

problem to be expected was the complete removal of residual water from the work-up

after the deprotection of 27a or 29a, since this could interfere with the subsequent

lithiation step. A second difficulty arose from the similar polarity of Me3Si or Et3Si

12
Although for SEC separations, differences in the molecular size or structure (e.g., globular vs. linear)
are the most important criteria for a satisfactory separation, the molecular mass difference between

compounds to be separated is often used as a guide.
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2. Monodisperse Poly(triacetylene) Oligomers

protected mono- or bis-protected dimers, which would make chromatographic

separation rather difficult. This stimulated the idea to design a 'dendrimer silyl

protecting group', which should allow, owing to its large size, more facile separation of

the starting material from mono- and bis-silylated dimer 30. At the outset, it was clear

that two difficult problems would have to be overcome in realizing this synthetical

strategy. First, the purification of a first generation dendritic silyl chloride should not

be very easy, since the most common way of purifying silyl chlorides, namely

distillation, should not be applicable in the present case owing to the relatively high

molecular mass. Secondly, steric hindrance around the silicon atom should be adjusted

in such a way that cleavage under mildly basic conditions (NaOH or K2CO3 in

THF/MeOH (1:1)) readily proceeds without affecting the lateral (tert-butyl)-

dimethylsilyl ether groups in 30 or the protected derivatives. These two prerequisites

led to the design of the first generation Frechet-type silyl fluoride 34 (Scheme 2.9).

Scheme 2.9. Synthesis of the 'dendrimer protecting group' precursor 32 and attempted

synthesis of the silyl fluoride 33. (a) CBr4, PPh3, THF, 99%. (b) CH2=CH-

CH2Si(CH3)2CH2MgCl, Cul, THF, -SO 'C, 96%. (c) KHF2, CF3COOH or Br2, HF

Pyridine orN02BF4.
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2. Monodisperse Poly(triacetylene) Oligomers

The molecular mass difference between a mono- and bis-silylated dimer (Am =

490 Da) of type 30 with such a 'dendrimer protecting group' and the unprotected parent

dimer should allow rapid separation via SEC on a preparative scale. Furthermore, silyl

fluorides are not as sensitive towards hydrolysis than the corresponding chlorides,

making purification of 34 easier and more efficient. The first generation

hydroxydendron 31 was prepared in 67% yield from 3,5-dihydroxybenzylalcohol

according to the literature, using p-(tert-butyl)phenyl groups at the periphery instead of

phenyl groups as in the classical Frdchet dendrons [68]. The 18 protons of the tert-

butyl group served as excellent probes for analytical reaction control and purity check.

Reaction of the benzylalcohol 31 with CBfy and PPb.3 provided bromide 32. This was

subsequently reacted with allyldimethylsilylmethylmagnesium chloride to afford the

desired dendron 33 in excellent yield. However, all attempts to transform allyl silane

precursor 33 to the dendrimer silyl fluoride 34 were unsuccessful (Scheme 2.9).13 All

three methods employed, (i) KHF2, CF3COOH [69], (ii) Br2, HF • Pyridine [70], or (iii)

NO2BF4 [71], resulted in cleavage of the dimethylsilyl group or, as observed under

conditions (ii), in bromination of the central aromatic ring as evidenced by JH-NMR

spectroscopy. The use of lower temperatures for conditions (ii) and (iii) resulted either

in no reaction or still in extensive decomposition. Obviously, the central oxygenated

ring exhibited considerably higher reactivity towards electrophiles then the silyl allyl

group destined for cleavage. Since these efforts did not give the desired result, a second

strategy towards a 'dendrimer silyl protecting group' for terminal acetylenes was

envisaged as depicted in Scheme 2.10.

Starting from 3,5-dimethoxyaniline, a Sandmeyer reaction [72] yielded di-

methoxybromide 35, which was used to study suitable reaction conditions for

introducing the dimethylsilyl chloride functionality. The generation zero dendritic silyl

chloride 36 was used to work out optimal conditions for purification and subsequent

protection of DEE monomer 10. Again, the highly activated benzene ring in 35 made

selective halogen-lithium exchange a rather tricky undertaking. Whereas reactions

performed with n-BuLi predominantly resulted in orf/io-lithiation in the a-position to

the two methoxy groups [73], the use of fert-BuLi at -78 °C and subsequent quenching

with dimethylsilyl dichloride mainly formed 36, which could be purified by vacuum

distillation at = 0.01 Torr and 80 °C without decomposition. Indeed, test reactions

showed that the silyl chloride 36 allows statistical protection of monomer 10 and can be

Help in preparing compound 33 by Dr. Masato Ito is gratefully acknowledged. I also would like to

thank Corinne Schall for her engagement in exploring this 'dendrimer protecting group' chemistry.
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removed with K2CO3 in THF/MeOH (11) As expected, the starting material 10 and

mono- and bis-silylated products revealed excellent separation properties by SEC,

making this route a very promising one The next step focused on the synthesis of

protecting group 38 Cleavage of the methyl ether groups in 35 with HI in refluxing

acetic acid [72] and subsequent protection with p-(fert-butyl)benzyl bromide afforded

the first generation dendnmer bromide 37 [68] Halogen exchange with tert-BuLi

according to the conditions worked out for 35 and subsequent trapping with Me2SiCl2

afforded 38 However, subsequent purification via vacuum distillation was

unsuccessful Prolonged heating up to 210 °C at » 0 01 Torr resulted in complete

decomposition of the silyl chlonde dendron 38 Thus, further work on this 'dendnmer

silyl protecting group' was abandoned The successful synthesis of higher mono¬

disperse PTA oligomers will be discussed in the next section

/

-Si,

CI

36

(a) / V°N

Br

35

(b) (c)

Scheme 2.10. Second strategy for the attempted synthesis of a 'dendnmer silyl

protecting group' for acetylenes (a) tert-BuLi, EtiO, MeiSiCli, -78 °C, 36 <= 80%

(b) HI (47%), AcOH, reflux, 98% (c) p- (tert Butyl)benzylbromide, K2C03,
18-crown-6, acetone, reflux, 70%
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2.4.2 Synthesis and Characterization of TES-End-Capped Oligomers

It was found that statistical deprotection of dimer 27a under kinetic control with

K2C03 in THF/MeOH (1:1) gives a mixture of mono- and bis-deprotected dimers,

which can be oligomerized directly under Hay conditions removing the need for

handling of the rather unstable free acetylenes and tedious purification of precursors.

Problems associated with adjusting the reaction time to minimize formation of any bis-

deprotected dimer 30 could be solved by replacement of the trimethylsilyl with the

bulkier triethylsilyl protecting group. Reaction times for cleavage of the terminal

triethylsilyl groups in 29a with NaOH in THF/MeOH (1:1) at r.t. were typically and

reproducibly around 20 min, which even allowed reaction control by TLC (solvent:

n-hexan/ethyl acetate 40:1).

OSifert-BuMea^

—= t— SiEt3 (a)

OSitert-BuMe2>

, Mejterf-BuSiO

29a SiEt3 SiEt3

39 SiEt3 H

30 H H

OSitert-BuMe2\ n yield

(/>) ' \ ^ A—SiEt3 29a 2 70%

Et3Si—\ s= f I
29b 4 20%

,Me2ferfBuSiO / * 6 5%

Scheme 2.11. Synthesis oftetramer 29b by statistical deprotection ofdimer 29a and

subsequent Hay oligomerization. (&) NaOH, THF/MeOH (1:1). (b) CuCl, TMEDA,

CH2CI2, molecular sieves 4 A, O2, r.t.

The crude mixture was then extracted with CH2CI2, the organic phase washed with

saturated NH4C1, dried over MgS04, and the solvent removed in vacuo until a volume
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2. Monodisperse Poly(triacetylene) Oligomers

of approximately 30 ml was attained. The concentrated solution was then poured

directly into a flask fitted with a reflux condenser and a calcium chloride drying tube

and containing toluene over molecular sieves (4 A). Pre-prepared TMEDA/CuCl

catalyst was then added. The oligomerization was performed at a temperature of

100 °C and by blowing a stream of pure O2 directly on top of the solution. After

vigorously stirring for 1 h, the mixture was worked up and the oligomers purified by

preparative SEC. This strategy permitted the synthesis of predominantly tetramer 29b

in about 20% yield, next to some minor amounts of hexamer 29c (« 5%) and traces of

unseparable polymers (< 5%) in a rapid and efficient way (Scheme 2.11). The re-

isolated dimer 29a (= 70%) was then used in the next deprotection-oligomerization

cycle, thus making this route very efficient. However, it should be noted that the

isolated yields depended very much on the precise reaction conditions, primarily on the

reaction time and concentration of NaOH used in the initial deprotection reaction.

The same procedure, using tetramer 29b instead of dimer 29a as the starting

building block allowed the synthesis of monodisperse octamer 29d (20%), dodecamer

29e (10%), and finally the targeted hexadecamer 29f in a reasonable yield of 5%

(Scheme 2.12). Separation of the oligomers up to the dodecamer 29e was achieved by

preparative size-exclusion chromatography on glass-columns with CH2CI2 as eluent.

However, efficient purification of the hexadecamer 29f afforded preparative SEC on a

commercial TosoHaas TSKgel G3000 HR (5 um), 21.5 mm ID x 60 cm column.14 In

all cases, the purity of the fractions was checked by analytical SEC, which was found to

be extremely useful. With other techniques such as !H- and 13C-NMR spectroscopy,

impurities (lower and higher oligomers) at levels of less than 10% could not be detected

while analytical SEC was sensitive for impurities down to levels around 1%. The SEC

traces of the dendritic oligomers were detected at A = 400 nm, and all oligomers

showed one single peak with a purity greater than 99% (Figure 2.17). As already

observed for the shorter TMS oligomer series, precipitation from MeOH and

centrifugation of the formed solid turned out to be of high value for final purification.

14 Attention has to be paid to the solvent used for preparative SEC. Using THF as a solvent eventually
resulted after prolonged exposure tunes in decomposition of the oligomers The reason for that has

not unambiguously be identified, but may be caused by acid traces in THF causing hydrolysis of the

lateral (ferr-butyl)dimethylsilyl ether groups and thus complete decomposition of the purified
oligomers We would like to thank Thomas MSder for assistance in performing this separation.
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0S\tert-BuMB2\

—s= 1—SiEt3

Et3Si-i ss

v
Me2tert-BuSiO

29a

OSitert-BuMe2\

,Me2tert-BuSiO

(a)

ji

29b SiEt3 SiEt3

40 SiEt3 H

41 H H

OSifert-BuMe2\

(b)
-SiEl3

Et3Si— =e-

Me2fert-BuSiO

yield

29b 4 50%

29(1 8 20%

29e 12 10%

29f 16 5%

Scheme 2.12. Synthesis of octamer 29d, dodecamer 29e, and hexadecamer 29f by
statistical deprotection of tetramer 29b and subsequent Hay oligomerization. fa)

NaOH, THF/MeOH(l:l). (b) CuCl, TMEDA, CH2Cl2, molecular sieves 4 A, 02, r.t.

Figure 2.17. SEC traces of the pure TES oligomers. From right to left (tR = retention

time): monomer 9b (tR = 14.72 min), dimer29a (lR = 13.92 min), tetramer 29b (tR =

12.98 min), hexamer 29c (iR = 12.39 min), octamer 29d (tR = 12.03 min), dodecamer

29e ft/} = 11.56 min), and hexadecamer 29f(XR = 11.30 min) detected at\ = 400 nm.
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2. Monodisperse Poly(triacetylene) Oligomers

An improved synthesis of hexadecamer 29f was achieved by using octamer 29d

as the repeating unit, which is shown in Scheme 2.13. The greater difference in

molecular weight allowed a more facile purification of the hexadecamer 29f from the

starting material and higher polymers formed during the oxidative polymerization

(Figure 2.18). In addition, this strategy should allow the isolation of a PTA 24-mer

(<r= 11.04 min) as can been seen from the SEC trace in Figure 2.18b. Preliminary

investigations by UV/Vis spectroscopy revealed that this band possesses the typical

absorption characteristics of a PTA oligomer.

OSitert-BuMe2\

=s SiEt3 (a)

OSitert-BuMe2\

vMe2fert-BuSiO

ji

29d SiEt3 SiEt3

42 SiEt3 H

43 H H

OSifert-BuMe2\

«*
-SiEt3

Et3Si-4 s=-

, Me2tert-BuSiO

yield

29d 8 70%

29f 16 20%

Scheme 2.13. Improved synthesis ofTES hexadecamer29f startingfrom octamer 29d.

(a)NaOH, THF/MeOH(l:l). (b) CuCl, TMEDA, CH2Cl2, molecular sieves 4 A, 02,
r.t.

As has already been observed for the TMS-TMS series, the TES-TES oligomers

exhibited with growing chain-length an increasingly deep yellow color; they showed

high stability towards air and moisture, which is not an obvious property for such

highly conjugated systems. They are readily soluble in aprotic solvents such as toluene

and CH2C12, but insoluble in MeOH or other protic solvents. Up to the hexadecamer

29f, all oligomers were fully characterized by means of M.p., *H- and 13C-NMR,
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2 Monodisperse Poly(tnacetylene) Oligomers

FT-IR, Raman, UV/Vis, MALDI-TOF-MS, and elemental analysis, and further studies

disclosed how the physical properties evolve with increasing chain-length (Table 2 10)

(a) (b)

6 7 8 9 10 11 12 13 14 15

f/min

9 10 11 12 13 14 15

f/min

Figure 2.18. SEC traces of the crude reaction mixture directly after work-up detected

atX = 400 nm, showing clearly the advantage of using the longer repeating unit29d in

the oligomenzation procedure Using tetramer 29b (a) and octamer 29d (b) as the

starting building block for oligomenzation The peak atlR= 11 04 min possibly

corresponds to a PTA 24-mer

With its 96 (') linearly conjugated carbon atoms (16 double and 32 triple bonds)

and 11 9 nm length between the terminal Si-atoms, the hexadecamer 29f is currently the

longest linearly and fully ^-conjugated molecular wire consisting of only double and

triple bonds that does not gam any additional stabilization from aromatic sub-units

(Table 2 10) The PTA hexadecamer 29f is only 0 9 nm shorter then the longest

molecular wire published so far by Tour and co-workers, a 12 8 nm long poly-

(p-phenylene ethynylene) hexadecamer (see Section 12 7, Chapter 1) [41] As has

been stated in the introductory Chapter 1, the current resolution limit for micro-

structure manufacturing by photolithographic techniques has reached now the 10 nm

mark The hexadecamer 29f therefore represents another candidate towards the

challenging research area of charge transport through a single molecular wire
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Table 2.10. Some physical properties ofthe TES-TES oligomer series 9b, 29a-f.

compound llka M.p. / °C b

9b 1 9.6 -

29a 2 16.9 69

29b 4 31.5 151

29c 6 46.1 183

29d 8 60.7 202

29e 12 89.9 219

29f 16 119.1 >220

"Length estimated from equation (1). ^Uncorrected.

600-1

500-

300-

200-

100-

6056 [M+Na]*

^4m^h
2000 3000 4000 5000 6000 7000

m/z

Figure 2.19. MALDI-TOF mass spectrum of the hexadecamer 29/ (matrix: IAA (3-(3-
indolyl)acrylic acid)).

The molecular mass of the hexadecamer 29f was determined by MALDI-TOF

mass spectrometry using positive ion and linear detection mode (Figure 2.19). Utilizing

an IAA matrix, no fragmentation and only a single [M + Na]+ peak was observed,
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2. Monodisperse Poly(triacetylene) Oligomers

revealing exactly the mass of the calculated most abundant isotope with 6055.5 Da

(12c32913c3H574°3228si3l29si230si23Na+)- since *e hexadecamer 29f has been

prepared by oxidative dimerization starting from octamer 29d, the absence of any

impurities around m/z = 3000 in the MALDI-TOF mass spectrum attributed to

remaining starting material unequivocally prove the high purity of this compound.

The excellent solubility of the TES-end-capped oligomers, which nevertheless

expectedly also decreases with increasing chain-length, allowed full characterization by

NMR methods. As already observed for the shorter TMS series, comparative analysis

of the triethylsilyl vs. the lateral (fe/?-butyl)dimethylsilyl protons by !H-NMR

integration proved to be a reliable tool for determination of oligomer size. In the

13C-NMR (125.8 MHz, CDC13) the chemical shifts of the olefinic and acetylenic

carbon atoms revealed in principle the same trends as perceived for the previously

investigated TMS series. Addition of * 20 mM Cr(acac)3 as a paramagnetic relaxation

agent to the sample solution of octamer 29d, dodecamer 29e, and hexadecamer 29f

significantly enhanced the resolution of the 13C-NMR spectra (signal to noise ratio)

and permitted reliable NMR measurements of such high molecular weight compounds

with small sample quantities (less than 20 mg!). For all oligomers, the peaks

corresponding to the outer alkynes appeared at 102 and 107 ppm and those of the

interior alkyne groups resonated between 81 and 88 ppm. The peaks of the alkene

groups were recorded between 129 and 133 ppm. Whereas for the octamer 29d all 8

C(sp2)- and 16 C(sp)-atoms were still clearly separated, peaks for dodecamer 29e

overlapped for the interior alkynes at 83 and 87 ppm and the alkene carbons at 132

ppm, respectively. This suggests that between octamer 29d and dodecamer 29e the

point is reached where individual carbon atoms in the 13C-NMR begin to resemble each

other electronically. The information at which point a single monomer unit loses its

electronic individuality is important for the determination at what chain-length a

polymer can delocalize charge carriers without that carrier experiencing end-effects.

Such a charge carrier will be mobile when it can move in either direction along a

polymer chain isoenergetically, which means that the DEE units on either side of the

charge carrier must be essentially identical electronically ('ideal' one-dimensional

wire). This finding is in striking accordance with the ECL estimated for the shorter

TMS-end-capped oligomer series, where both linear and nonlinear optical methods

revealed a value around 10 monomer units. Furthermore, studying a series of well-

defined oligo(p-phenylene vinylene) oligomers, Mullen and co-workers gained useful

information on the extension of polarons and bipolarons along a ^-conjugated chain
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2. Monodisperse Poly(triacetylene) Oligomers

[74,75]. They provided evidence by optical measurements that a polaronic state within

a PPV backbone can be achieved with at least about nine to ten styryl units [75].

2.4.3 Electrochemical Studies on the TES-End-Capped Oligomers

The redox properties of ^-conjugated polymers are of tremendous importance.

The conductivity and stability of a doped organic polymer depends upon how

efficiently electrons can be added to or removed from the polymer backbone and the

stability of the resulting species. Thus, doping efficiency is directly related to the redox

properties of the polymer backbone. Previous attempts to dope PTA polymers 3a and

3b in order to enhance electrical conductivity were not successful [5]. These

observations are in agreement with theoretical calculations which showed that charges

in PDAs and PTAs are preferentially located at the double bonds, owing to the fact that

triple bonds are much more difficult to transform [57]. Therefore, the strongly confined

polarons in PDAs and PTAs are unlikely to move and thus low conductivity results.

The redox characteristics of the higher TES-end-capped series 29a-f were studied

by Dr. Corinne Boudon and Dr. Jean-Paul Gisselbrecht in the group of Prof. Maurice

Gross at the Universite Louis Pasteur in Strasbourg by a combination of cyclic and

steady-state voltammetry in CH2CI2 + 0.1 M n-Bu4NPF6 as the supporting electrolyte

and are listed in Table 2.11. In accord with the electrochemical behavior and potentials

observed previously for the TMS-end-silylated oligomers 9a and 27a-e, all TES-TES

compounds except hexadecamer 29f were reversibly reduced in one-electron transfer

steps. However, for the higher species 29e and 29fonly poorly resolved peak potentials

were obtained from cyclic and steady-state voltammetry. Thus, the reduction potential

of especially the hexadecamer 29f is not well-defined and therefore should be

interpreted with care. In agreement with TMS compounds 9a and 27a-e, the new TES-

end-capped oligomers 29a-f revealed an increasingly facile first reduction with

lengthening of the ^-conjugated chain. Plotting the first reduction potentials of the

TES-TES series 29a-f vs. 1/n gave a straight linear correlation up to hexamer 29c and

then leveled off to show saturation for octamer 29d and hexadecamer 29e

(Figure 2.20a). Again, possibly owing to the uncertainty for 29f this data point is

slightly different from the expected saturation value. Linear extrapolation of the

saturation line and crossing with the y-axis revealed a first reduction potential for
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infinite chain-lengths around E^ = -1.70 V vs. Fc/Fc+ and a ECL of about n = 10

monomer units and thus is in excellent agreement with the results obtained from

UV/Vis and THG spectroscopy. Furthermore, this result provided evidence that an

average charge delocalization in PTAs extends approximately over 10 monomers or 60

carbon ^-centers, which is of interest for polymer doping. It should be noted, that a plot

of the first reduction potentials obtained from steady-state voltammetry vs. the inverse

number of oligomer units shows an even more pronounced saturation behavior for

29d-e, with the point for hexadecamer 29f being slightly off the expected curve

(Figure 2.20b).

Table 2.11. Cyclic and steady-state voltammetric redox characteristics of TES-end-

capped oligomers 29a-f.

compound n E'^a E£e E'^J E'0*J

(AEp/mV)b (slope /mV)« (slope /mV)«

-2.11 (73)29a 2 -2.10 (102)

29b 4 -1.76 (95)

-1.90 (63)

29c 6 -1.71 (90)

29d 8 -1.69 (80)

29e 12 -1.72 (160)

29f 16 -Ijocd

+1.20

-1.77 (55)
"

-1.90 (70)

-1.72 (70) -

-1.70 (65)
+1.20 (110)

2.25 (125)

-1.69 (95) +1.13 (85)

-1.76^ _

aV vs. Fc/Fc+, glassy carbon electrode in CH2CI2 + 0.1 M w-Bi^NPFg, scan rate v =

0.1 V s"1, formal reduction potential ££, = (e1" + E*)!!. b AEp = Em - E^, where

subscripts ox and red refer to the conjugated oxidation and reduction steps,

respectively. Irreversible electron transfer. dPeak potential poorly resolved. ePeak

potential E£ for irreversible oxidation. fW vs. Fc/Fc+, rotating disk electrode in

CH2C12 + 0.1 M n-Bu4NPF6. ^Logarithmic analysis of the wave obtained by plotting
Evs. log[//(/to-/)].

The estimation of the ECL based on the redox characteristics is very sensitive to

the accuracy of the experimental data, whereas the UV/Vis data intrinsically are much

more robust towards slight deviations. However, the extrapolated reduction potential

for unfunctionalized PTAs is far from the averaged reduction potentials of Ej£, =

-0.63 V obtained for the two polydisperse PTA polymers 3a and 3b. The clear
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saturation tendency obtained for the intermediate-sized TES-end-capped PTA

compounds 29d-f nicely closes the interesting gap between oligomer and polymer

analysis, strongly indicating that an experimental artefact owing to the polydispersity of

these two samples or some kind of impurity may have caused the depression of the first

reduction potentials in 3a and 3 b. It is noteworthy, that the first reduction of

hexadecamer 29f was irreversible on the time scale of cylic voltammetry, whereas both

polydisperse compounds 3a and 3b revealed a reversible reduced event. In addition,

aggregation effects between a reduced and neutral PTA polymer chain may stabilize the

negatively charged polymer. This could be another explanation for the observed shift

towards more anodic potentials. However, as already stated, linear extrapolation of the

first reduction potentials towards infinite chain-length provides a value around E^ =

-1.7 V, which is the highest imaginable reduction potential, if a bending of the curve

and thus saturation effects are neglected. That is another strong hint, that the

experimentally observed values for 3a and 3b are likely incorrect. The irreversibility of

the first electron transfer for hexadecamer 29f suggests that an accurate experimental

estimation even if higher monodisperse oligomers would be available can only be made

with reservations.

Another interesting point to compare is the difference between the oxidation and

the reduction potential with the UVTVis data. For dodecamer 29e, an energy difference

between the oxidation and reduction potential from steady-state voltammetry of AE =

2.82 eV is obtained. Converting the most-intensive absorption band of the UV/Vis

spectrum for 29e from nm to energies in eV revealed with E = 2.82 eV a value in

excellent agreement with the electrochemistry data. However, using the An^-value

obtained by deconvolution resulted in slightly less concurrence (E = 2.63 eV). Again,

these data are in considerable disagreement with the previously measured first reduction

potentials for 3a and 3b of E£, - -0.63 V, since taking the irreversible oxidation

potential of the dodecamer 29e with E = 1.13 V into accord, an electrochemical gap

of AE = 1.76 eV would be calculated, which clearly is not correct.

The observed saturation of the first reduction potentials in the present series of

^-conjugated monodisperse PTA oligomers is not without precedence. Similar linear

relationships between redox potentials upon chain extension for shorter ^-conjugated

oligomers and saturation effects of the electrochemical properties for the higher

representatives have been observed for instance in oligo(a-thiophene)s by Bauerle [40],
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in oligo(a-thiophene vinylene) oligomers in the group of Roncali [76], or by Mullen

and co-workers in a series of oligo(p-phenylene vinylene)s [38].

(a)

-2 6-
A

-2 2-

>

^ -1 8-
*#«A«

^

•

•
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29f

I -1-4-
A 9a, 27a-e

-10 X 3a, 3b
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*
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Mn
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Figure 2.20. Evolution of the first reversible reduction potentials of the higher TES-

end-capped oligomers 29a-f measured by cyclic voltammetry CH2Cl2 (+ 0.1 M

n-Bu4NPF6, V vs. Fc/Fc+) (a) and by steady-state voltammetry CH2Cl2 (+ 0.1 M

n-B^NPFfr V vs. Fc/Fc+) (b). The hexadecamer 29f revealed only a badly resolved

peak potential, which wasfound to be not reversible. The first reduction potentials of
the TMS-TMS oligomers 9a and 27a-e, and the polydisperse polymers 3a and 3b are

included for comparison. For the reduction potentials obtained from steady-state

voltammetry a slightly more pronounced saturation behavior is observed.
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2.4.4 UV/Vis Studies on the TES-End-Capped Oligomers

The UV/Vis spectra of the higher PTA oligomer series 9b, 29a-f were recorded in

CHC13 solutions at r.t and are reproduced in Figure 2 21. In accord with the shorter,

previously discussed, TMS-end-capped oligomer series, the higher PTA oligomers 9b

and 29a-f display a shift of the longest-wavelength absorptions A^m as well as of the

end absorptions to lower energies with increasing conjugation length of the w-system.

180000

E
o

2

9b

29a

29b

29c

29d

29e

29f

250 300 350 400 450 500 550 600

i/nm

Figure 2.21. UV/Vis spectra of the higher TES-end-capped oligomers 9b and 29a-f
recorded m CHCI3 solutions at r.t.

As already described in Section 2.3.4, the precise determination of the k^^ and

£max required deconvolution of the absorption spectra as the real longest-wavelength

transition is hidden under an inhomogeneously broadened absorption band owing to

molecular vibrations. The resulting kmax and E^^, after fitting a sum of Gaussian line

shapes in energy space and back-transformation to wavelengths, are collected in

Table 2.12. The most important feature to note is the saturation of the longest-

wavelength absorption A^x in the higher oligomer members. With increasing chain-

length, the relative bathochromic shift of the deconvoluted Amax-values becomes

increasingly small; from hexamer 29c to octamer 29d AAmax = 4 nm, from octamer 29d

to dodecamer 29e AA^^ = 3 nm, and finally from dodecamer 29e to the hexadecamer

29f no additional increase in A,^ is observed. By visual examination, the saturation of

the linear optical properties can now be determined to occur between the octamer 29d

and the dodecamer 29e. From the shorter TMS-TMS oligomers, a value of
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10 monomer units for the UV/Vis-based ECL has been predicted by extrapolations.

This now finds experimental confirmation with the TES-end-capped series 9b, 29a-f

Table 2.12. UV/Vis data of the higher PTA oligomer series 9b, 29a-f.

compound n ^max/nm
(eV)a

E/M-W1* £g/eV
(nm)c

9b 1 299.6 ±0.1 (4.14) 21400 4.00 (311)

29a 2 379.4 ±0.1 (3.27) 26200 3.13 (396)

29b 4 439.2 ±0.2 (2.82) 37200 2.66 (466)

29c 6 463.7 ±0.8 (2.67) 36500 2.55 (487)

29d 8 468.1 ±0.8 (2.65) 55700 2.50 (496)

29e 12 471.2 ±0.6 (2.63) 85900 2.48 (500)

29f 16 471.8 ±0.6 (2.63) 112000 2.48 (500)

"Longest-wavelength absorption in CHCI3 at r.t., obtained by deconvolution of the

absorption spectra. *Molar extinction coefficient. cSolution optical band gap,

determined by the intersection of the tangent passing through the turning point of the

lowest-energy absorption band and the x-axis.

A more elaborated determination of the ECL can be performed with the two

exponential equations 6 and 7, recently presented by Meier et al.

E,(„) = £,„+(£,,-£, J «-*<-> (6)

to accurately describe the dependence of absorption and fluorescence data on the

number of repeating units n [77]. In these equations E\\ and A^i belong to the i-th

absorption maxima, n corresponds to the number of monomer units, and Eia> and Aji00
are the limiting values for n -» <*>. The differences A £j = ElX - Eioo and A At =

\ oo
- A, j represent the total shift of the absorption or fluorescence caused by the

extension of the conjugation on going from monomer (n = 1) to a polymer (n = 0°). In

contrast to the algorithms presented so far, this approach provides with A £, and A A, an

excellent tool to characterize the overall effect of conjugation and with the parameters
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a[ and bv respectively, an indicator of how fast the limit of convergence is approached.

The 'growth functions' 6 and 7 therefore provide a simple and reliable method to

predict the ECL and the overall effect of conjugation AEi or A^, respectively in a series

of ^-conjugated oligomers. Such an approach is useful in cases, where the oligomer

data already display convergence and thus a linear extrapolation to infinite chain-length

as described for the TMS-end-capped oligomers in Section 2.3.4 is no longer feasible.

For the practical approach to £jj00 and Ajj00 one has to define a 'saturation criterion'

concerning the ECL. A reasonable assumption can be based on the accuracy of an

ordinary spectrophotometer, with

K- ~ Kecl ^ 1 nm . (8)

This means the maximum conjugation is virtually reached for an «ecl> which fulfills

eqn. (8); the additional increase of A^^ has to be smaller than 1 nm. For instance, a

polymer with n > /«ecl wou^ not nave an absorption maximum, which is shifted to

lower wavelengths. An analogous criterion can be used for the energy values.

Applying eqns. (6) and (7) to the absorption data of TES-end-capped oligomers 9b and

29a-f revealed the following results (Figure 2.22):

Aaoo = 471.2 ± 1.3 nm E^ = 2.65 ± 0.02 eV

A^ = 300.5 ±2.1 nm A£j = 4.13 ±0.03 eV

b{ = 0.594 ± 0.022 ax = 0.8216 ± 0.052

"ECL = 10 "ECL = 10

Thus, also by using this evaluation method, the previously determined value of

n = 10 monomer units is obtained. The parameter b\, which characterizes the 'velocity

of convergence' is, at 0.594, relatively high compared with other types of ^-conjugated

oligomers. For instance, oligo(p-phenylene)s, oligo(p-phenylene vinylene)s, and oligo-

(a-thiophene ethynyle)s display comparable values to PTA oligomers with by = 0.679,

0.574, and 0.535, respectively [77]. From all systems investigated by Meier et al.

oligo(p-phenylene ethynylene)s were found with b\ = 1.086 to exhibit the fastest

saturation behavior [77].
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Figure 2.22. Convergence of the absorption maxima in the series of the PTA oligomer
series 9b, 29a-f and determination of the ECL (&) Evaluation using wavelengths and

overlaid exponential fit (b) Evaluation based on energy values and overlaid

exponentialfit

Convergence of the linear optical properties has been experimentally observed

only in a few different ^-conjugated systems The most prominent examples where

saturation of A^x has been obtained are the dialkoxy substituted ohgo(p-phenylene

vinylene)s by Meier and co-workers [77,78], the ohgo(p-phenylene ethynylene)s [41]

and ohgo(a-thiophene ethynylene)s [79] from the group of Tour, the N-methyl

substituted pyrroles prepared by Kauffmann and Lexy [80], or the ohgo(9,10-

anthrylene vinylene)s from Mullen and co-workers [81]
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The solution optical band gaps E„ for all seven oligomers in the TES-end-capped

series were determined by the intersection of the tangent passing through the turning

point of the lowest-energy absorption band and the x-axis. Thus, for dodecamer 29e

and hexadecamer 29f an Eg-value of 2.48 eV (500 nm) was found, confirming the

previously published data for the polydisperse PTA polymers 3b with 2.4 eV (517 nm)

[4]. This value is even smaller than the one found for poly(p-phenylene vinylene) witfi

E„ = 2.5 eV. PPV polymers have found tremendous interest from both academia and

industry over recent years owing to their excellent optical and chemical properties [82].

Whereas the longest-wavelength absorption values already display saturation for

dodecamer 29e and hexadecamer 29f, the extinction coefficients display a proportional

growth related to the number of chromophores present in the conjugated chain. The

maximum molar extinction coefficient in the present series is detected for the

hexadecamer 29f with e = 149400 M^cnr1 at A = 439 nm. Generally, long-chain PTA

oligomers do not fluoresce, thus only dimer 29a in this series shows strong blue

fluorescence upon irradiation at A,,x = 366 nm [35].

A comparison of the three differently silylated monomers 9a, 9b, and 9c indicates

a strong d;r-p;r. conjugative interaction between the terminal silicon atoms and the

^-conjugated backbones. The most intense electronic transition of the Me3Si-end-

capped monomer 9a increases from 283 nm to 284 nm (A£ = 0.02 eV) for Et3Si

monomer 9b and 286 nm (A£ = 0.05 eV) for (i'-Pr)3Si monomer 9c. Removal of both

terminal silicon protection groups to the free diethynyl compound 10 reduces this value

to 262 nm, clearly demonstrating that the silicon actively participates in the

^-conjugation. Similarly, the bis-silylated compound 27a shows a shift of the

absorption band from 376 nm to 360 nm (AE = 0.15 eV) for the free diethynyl dimer 30

[83,84].

2.4.5 Raman Scattering Studies on the TES-End-Capped Oligomers

Raman scattering studies on the TES-end-capped oligomer series 9b, 29a-f were

performed in CHCI3 solutions at r.t. In accord with the results obtained for the shorter

PTA oligomers 9a and 27a-e, the Raman frequencies of the double and triple bonds,

vl(teC) an(l v2(OC)> decreased with lengthening of the ^-conjugated chain

-157-



2. Monodisperse Poly(triacetylene) Oligomers

(Table 2.13). The Raman frequencies obtained for the carbon-carbon triple bonds

vl(OC) decreased linearly from 2217 cm-1 for monomer 9b to 2158 cm-1 for

hexadecamer 29f. It should be noted that for the present series of PTA oligomers,

several Raman-allowed acetylene resonances are possible. This is displayed by

numerous very weak absorption bands in the acetylenic region, thus making a precise

identification of the vibration mode sometimes quite difficult. Furthermore, with

increasing chain-length the acetylene and olefinic resonance signals significantly gain

in intensity. Except for octamer 29d for which a very slight deviation from the linear

trend was observed, a continual decrease of the carbon-carbon double bonds resonance

frequencies V2(c=C) in tne TES-end-capped series is observed, although to a much

smaller extent than for the acetylenic bonds.

Table 2.13. Raman scattering data ofthe TES-end-capped oligomers 9b and29a-f.

compound n Vi(c=C)/M~lcm_1" v2(c=c)/M"lcnrl"

9b 1 2217 1574

29a 2 2187 1568

29b 4 2169 1558

29c 6 2164 1556

29d 8 2160 1553

29e 12 2158 1556

29f 16 2158 1555

aRaman frequencies measured in CHC13 solutions at r.t.

A plot of the measured V^cfeQ Raman shifts as a function of the number of

monomer units shows for this PTA series exponential decay (Figure 2.23). In addition,

the Raman shift obtained for polydisperse polymer 3b, which may be viewed as an

infinitely long PTA backbone, fits with Vj^q = 2156 cm-1 nicely into the observed

trend, although it exhibits a slightly reduced value of 2 cm-1. From the plotted data, the

ECL can directly be estimated to lie in the range of 10 monomer units. This is in

notable disagreement to the precedingly investigated TMS-end-capped oligomers,

where a rough approximation by linear extrapolation revealed a rather high ECL of

approximately n = 32 monomer units and a vibrational frequency at infinite chain-
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length for the acetylene bonds of 2154 cnv1. This example demonstrates how linear

extrapolations owing to missing data points at the range of saturation can easily lead to

wrong interpretations. In particular, the rather weak decrease between subsequent data

points introduces large errors to linear regression parameters. Extrapolations to infinite

chain-length magnify such errors and give rise to wrong predictions. However, with

this new, carefully evaluated ECL of n = 10 DEE units based on Raman shifts the

previously presented results obtained for UV/Vis and THG spectroscopy find

corroboration.

Figure 2.23. Plot of the Raman VjicsC) resonancefrequenciesfor the TES-end-capped

oligomers 9b and29a-f.

2.4.6 Third Harmonic Generation Studies on the TES-End-Capped Oligomers

The non-resonant second hyperpolarizability y, measured via third harmonic

generation (THG) in CHC13 solutions at A = 1.907 um by Ulrich Gubler and

PD Dr. Christian Bosshard in the group of Prof. Peter Giinter at the Institut fiir

Quantenelektronik (ETH Honggerberg, Zurich) was analyzed in the TES-end-capped

series 9b, 29a-f as a function of chain-length (Table 2.14). In order to estimate the

impact of the terminal trialkylsilyl groups, ywas also determined for the three

differently protected monomers 9a-c. From the obtained microscopic hyper¬

polarizability y, the macroscopic hyperpolarizability Xvm,was estimated by assuming

an isotropic arrangement of the molecules and using the density and refractive indices
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(for local field corrections) of the solvent CHCI3. This estimate gives a lower limit of

what can be expected in the bulk sample.

Table 2.14. Second hyperpolarizabilities y of the higher oligomer series 9b, 29a-ffrom
third harmonic generation experiments atX= 1.907 \im. Xwm was measured relative

tofused silica (x = 3.9 lfr22 m2V"2 (2.8 1014 esu)).

compound „ 7/10^ y/i0-48 ^ ^ ^ ^
esu" mV-° ,3)

/ 10-12esu* / 10-20m2V-2fc

9a 1 22 0.31 5 0.13 0.18

9b 1 28 0.39 5 0.14 0.20

9c 1 28 0.40 4 0.13 0.18

29a 2 129 1.80 14 0.40 0.57

29b 4 863 12.07 55 1.54 2.15

29c 6 2141 29.94 95 2.67 3.73

29d 8 4348 60.79 149 4.16 5.82

29e 12 3611 50.49 84 2.36 3.30

29f 16 10170 142.20 181 5.05 7.07

"Rotational average of the y tensor. b Xvim, bulk values are extrapolated from measured

values of y, assuming a linear dependence on concentration. The estimations present a

lower limit, since density and the small (with respect to the pure compounds) refractive

indices for local field corrections of CHCI3 were used in the calculation of Xwo%-

As already stated for the shorter TMS-end-capped series, different mathematical

models predict for ^-conjugated molecules shorter than the ECL a power law

dependence y~ na, where n corresponds to the total number of monomers units. Above

the critical conjugation length, the cubic hyperpolarizability y should saturate and

increase only linearly with the number of monomer units n. Thus, the related

macroscopic susceptibility X^ should not be further enhanced and remain constant.

For the higher TES-end-capped oligomers ranging from monomer 9a to octamer

29d, a plot of y/n vs. n revealed a power law for /with a fitted exponent a = 2.5 ± 0.1,

confirming our previously found exponent for the TMS oligomer series (Figure 2.24).
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As expected, hexadecamer 29f levels off from the linear regression line and clearly

shows saturation for the quotient fin to a first approximation. Considering the

experimental error of the THG values which has for these three data points been

estimated to lie in the range of ± 100 • 10-36 esu, the values for hexadecamer 29f with

y/n = 635 • 10-36 esu and the polydisperse PTA polymers 3a and 3b, with yh =

710 10-36 esu and ~/n = 711 • 10-36 esu, respectively, overlap. For comparison, the

/n-values for 3a and 3b are included in Figure 2.24, and the saturation level is

indicated by a horizontal line. Also for this series, the crossing of the power law and

the saturation level yields a critical conjugation length of about n =10 monomer units

and is in complete agreement with the result obtained from the TMS-end-capped series.

• 9b, 29a-f

o 9a, 27a-e

* 3a,3b

saturation y/n

fitted power law

1 10 100

n

Figure 2.24. Dependence of the second hyperpolarizability y on conjugation length,

presented as a double logarithmic plot of y/n vs. nfor TES-end-capped oligomers 9b

and 29a-f. For comparison, the y-data of9a and 27a-e are included. For oligomers 9a
and 29a-d, a power law y ~ na (a = 2.5 ± 0.1) and for hexadecamer 29f and the

polydisperse polymers 3a and 3b saturation is obtained.

However, an unusual behavior was observed for dodecamer 29e, whose nonlinear

optical response clearly lay beyond the theoretically expected value. Not only the

estimated bulk nonlinearity of dodecamer 29e with Xvm,
~ 2-36 • 10-12 esu is nearly

half of the value obtained for octamer 29d with Xvm, = 4.16 • 10'12 esu, but also the

molecular hyperpolarizability y= 3611 • 10~36 esu is significantly lower than the one

measured for octamer 29d (y = 4348 • 10~36 esu). Furthermore, the nonlinearity per

monomer unit /n for 29e (301 • 10~36 esu) was found to be even lower than the value

observed for hexamer 29c (357 10-36 esu). Re-measurement of dodecamer 29e

revealed the same result making an experimental artefact rather improbable.

S 100
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Furthermore, analytical controls of PTA dodecamer 29e directly after the THG

measurements by analytical SEC and UV/Vis spectroscopy disclosed that the

compound was stable during laser irradiation and did not suffer from decomposition.

However, the observed results for the higher PTA oligomers in particular for

dodecamer 29e revealed a quite unexpected trend. To the best of our knowledge, a

similar observation of a decreasing molecular hyperpolarizability /upon elongation of

the ^-conjugated chain for higher oligomers has so far not been reported in the

literature. For terminally substituted PTA oligomers, which will be presented in the

next section, a similar behavior was observed. Whereas in the case of the unsubstituted

TES-end-capped oligomers, only one data point lies beneath the hypothetical value, this

effect is much more pronounced in donor-donor and acceptor-acceptor functionalized

PTA oligomers. Therefore, there is strong evidence that the presented data are not

experimental artefacts but have a sound physical basis. Additional experiments such as

wavelength dependent nonlinear optical experiments (e.g., Z-scan, DFWM) will

provide more information necessary to elucidate a clear picture for the physical effects

underlying this phenomenon. However, the present data strongly suggest that the

relationship between second hyperpolarizability and chain-length of a given

^-conjugated molecule may be more complex than previously thought and may not

necessarily follow a simple correlation throughout the entire range of oligomeric length.

The THG measurements of the three differentially silylated monomers 9a-c

revealed nearly identical values (Table 2.14). While in the UV/Vis spectra the +1 effect

caused a significant systematic bathochromic shift of the longest-wavelength absorption

Ajnjx, no corresponding trend was observed for the second hyperpolarizabilities yor the

macroscopic susceptibility %p\
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2.5 Donor-Donor andAcceptor-Acceptor Substituted Poly(triacetylene)

Oligomers and Polymers

2.5.1 Synthesis and Characterization of Donor-Donor and Acceptor-Acceptor

Substituted Oligomers

In order to study the influence of electron-releasing and -withdrawing substituents

on poly(triacetylene)s as a function of chain-length, two series of donor-donor (D-D)

48a-f and acceptor-accepor (A-A) 49a-f functionalized oligomers, from monomer to

hexamer, were prepared. In addition, polydisperse PTA polymers with average

polymerization degrees of n = 18 for the D-D polymer 48g and n = 12 for the A-A

polymer 49g were prepared allowing further structure-property correlations.

The asymmetrically donor and acceptor substituted DEE-end-capping units were

synthesized according to Scheme 2.14. Mono-silylated 19 was coupled with 1 eq. of

p-iodo-N, Af-dimethylaniline or p-iodonitrobenzene yielding after selective removal of

the trimethylsilyl group the mono-functionalized compounds 46 [23] and 47,

respectively.

.JOos
Me2tert-BuSiO

D .OSitert-BuMe2

Me3Si'

(a)
Me2tert-BuSiO'

Me3Si

19

,OSiferf-BuMe2

44 R = NMe2

45 R = N02

(b)
Me2fert-BuSiO

OSitert-BuMe2
46

47

R = NMe2

R = NQ2

Scheme 2.14. Synthesis ofdonor and acceptor substituted monomers 46 and 47for use

as end-capping units, (sl) p-Iodo-N,N-dimethylaniline or p-iodonitrobenzene,
[PdCl2(PPh3)2], Cul, NEt3, r.t. 44. 85%, 45: 95%. (b)NaOH, THF/MeOH (1:1), r.t.

46: 90%, 47: 93%.
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The corresponding bis-functionalized donor-donor and acceptor-acceptor

monomers 48a [5,23] and 49a were prepared starting from symmetrically deprotected

trans-enediyne 10 and coupling with 2 eq. of p-iodo-AW-dimethylaniline or p-iodo-

nitrobenzene under the same reaction conditions used for the synthesis of 46 and 47

(Scheme 2.15). Both mono-deprotected compounds 46 and 47 proved sufficiently

stable for full characterization and could be stored under refrigeration at -20 °C with

negligible decomposition.

Me2tert-BuSiO^"s)T ^
w Me2tert-BuSiO'

„

X .OSifert-BuMe2 ** U OSitert-BuMe2

H

10

48a R = NMe2

49a R = N02

Scheme 2.1S. Synthesis of the symmetrically substituted D-D andA-A monomers 48a

and 49a, respectively, (a.) p-Iodo-N,N-dimethylaniline or p-iodonitrobenzene,

[PdCl^PPh3)2], Cul, NEt3, r.t. 48a: 39% [23], 49a: 69%.

The synthesis of the terminally D-D and A-A functionalized oligomers 48b-f and

49b-f was accomplished by Hay polymerization of monomer 10 in the presence of end-

capping 46 and 47, respectively (Scheme 2.16) [18], The oxidative polymerization

reaction was found to be hardly influenced by the terminal D/A functionalities, and

stirring in a vessel open to the atmosphere for 2 h at r.t. was sufficient for completion of

the reaction in both cases (Figure 2.25). The distinct bis-functionalized oligomers

48b-f and 49b-f were isolated by preparative SEC (Bio-Rod, Bio-Beads S-Xl beads,

CH2CI2) and additional purification by precipitation of concentrated CH2CI2 solutions

from MeOH. However, the yields of the distinct oligomers were found to be strongly

dependent on the reaction conditions applied. For instance, using 47/10 in a ratio of 4:1

gave the A-A oligomers 49b-f in the yields shown in Scheme 2.16, whereas using a

ratio for 47/10 of 2:3 shifted the distribution considerably towards the higher oligomers

(49b: 32%, 49c: 20%, 49d: 14%, 49e: 8%, 49f: 6%). For both reactions, the fastest

eluting products from SEC were also collected and provided samples for polydisperse

functionalized PTA polymers (48g: n = 18, MJMn = 2.04 and 49g: n <= 12,

MV//MB= 1.65). As expected, all oligomers proved to be stable towards standard
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laboratory conditions and did not necessarily require refrigeration. Their high solubility

in a wide range of solvents such as CHCI3, CH2Cl2, or THF was very beneficial

allowing full analytical characterization by means of M.p., *H- and 13C-NMR, FT-IR,

Raman, UV/Vis, MALDI-TOF, and EA. The spectroscopic data of dimer 48b, which

had already been prepared by dimerization of monomer 46 [5,23], were found to be

identical with those previously described [5,23]. While the D-D substituted oligomers

48a-f showed bright fluorescence in n-hexane and CHCI3 solutions (although this was

less intense with increasing chain-length), none was observed for the A-A

functionalized compounds 49a-f.

uSil0 T
OSi/erf-BuMe2

^^
H'

46 R = NMeg

47 R = NQ2

Me2tert-BuSiO

10

OSitert-BuMe2

(a)

~o

OSifert-8uMe2\

Me2ferf-BuSiO

R = NMe2

yield

48b 2 62%

48c 3 18%

48d 4 7%

48e S 4%

48f 6 2%

48g = 18 3%

R = N02

yield

49b 2 62%

49c 3 20%

49d 4 7%

49e 5 3%

49f 6 2%

49g = 12 4%

Scheme 2.16. Synthesis ofD-D and A-A substituted PTA oligomers 48b-f and 49b-f
and polymers 48g and 49g via oxidative Hay coupling, (a) CuCl, TMEDA, CH2CI2,
molecular sieves 4 A, 02, r.t.
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8 9 10 11 12 13 14 15 16

f/min

Figure 2.25. SEC traces of the crude reaction mixture directly after work-up of the

oxidative ohgomenzation of DEE monomer 10 and donor substituted end-cap 46

From right to left (t/( = retention time) dimer 48b ft/j = 14 19 min), tnmer 48c (tg =

13 55 mm), tetramer 48d (tR = 13 08 mm), pentamer 48e (tR = 12 74 mm), and

hexamer 48f(tR = 12 46 mm) detected atX = 400 nm

Crystals of 49a were grown by slow diffusion of n-hexane into a concentrated

solution of CH2Cl2, and X-ray single crystal structure analysis was completed for

structure confirmation (Figure 2 26) The central scores of the frans-bis-acceptor 49a

showed bond lengths and angles in the range of those seen in similarly substituted DEE

and TEE structures [9,23] The entire conjugated carbon framework is nearly perfectly

planar with aryl rings including the mtro groups rotated less than 3° out of the best

plane through the DEE core

The individual size of the oligomers for both series of functionalized compounds

could readily be determined by !H-NMR integration, using either the signals for the

8 aryl protons or the 12 protons of the dimethyl groups as probes Of particular interest

were the 13C-NMR (125 8 MHz, CDCI3) spectra In contrast to the unfunctionahzed

PTA oligomer series, where peak overlap started with dodecamer 29e, both D-D and

A-A oligomers 48a-f and 49a-f revealed signal overlap as early as the pentamers For

the D-D oligomers 48a-f, the C(sp2)-atom resonances for pentamer and hexamer

showed peak overlap at 132 8 ppm, although C(sp) atom signals remained clearly

separable even for the hexamer The polydisperse polymer 48g displayed peak overlap

for the C(sp2)-atoms at 132 3 ppm and the C(sp)-atoms at 87 3 and 83 1 ppm,

respectively, and the terminal p-iVyV-dimethyl substituted aryl ring showed resonances
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for the H-C(sp2)-atoms at 132.7 and 111.7 ppm. The quaternary C-atoms next to the

donor group resonated at 150.3 ppm, the quaternary C-atoms linked to the ^-conjugated

backbone at 109.9 ppm, and the C-atoms of the dimethyl group at 40.1 ppm. In

contrast, effects of peak overlapping were significantly more pronounced for the A-A

series 48a-f. Whereas for pentaraer 49e, the C(sp)-atoms at 87.37 ppm already

overlapped, the hexamer 49f displayed overlapping at 83.30 and 87.38 ppm as well as

for the C(sp2)-atoms at 132.43 ppm. For the terminal p-nitrobenzene moieties, signals

at 147.3 ppm (quaternary C-atom next to the nitro group), at 129.6 ppm (quaternary

aryl C-atom linked to the backbone acetylenes), and at 132.1 and 123.8 ppm for the

H-C(sp2)-atoms were identified. The resonances displayed by A-A functionalized

polymer 48g are in accord with these findings for the oligomers, where signals merged

at 132.1 ppm for the C(sp2)-atoms and at 87.1 and 82.9 ppm for the C(sp)-atoms. This

study revealed that the type of terminal functionalization drastically affects the

electronic properties in this class of oligomers as experienced by significant changes in

the chemical shifts. In conclusion, terminal substitution of PTA oligomers with either

electron-releasing or -withdrawing groups significantly reduces the required length

before individual carbon atoms start to resemble each other electronically.

Figure 2.26. ORTEP drawing of49a with thermal ellipsoids at the 30% probability
level. Selected bond lengths [A] and angles [°] in 49a: C(l)-C(2) 1.45(2), C(2)-C(3)
1.16(2), C(3)-C(4) 1.45(2), C(4)-C(5) 1.374(14), C(5)-C(6) 1.375(14), C(6)-C(7)
1.36(2), C(7)-N 1.503(14), N-O(l) 1.190(12); C(l)-C(2)-C(3) 177.7(13), C(2)-C(3)-
C(4) 176.0(13), C(3)-C(4)-C(5) 121.0(11), C(6)-C(7)-N 116.4(12), C(7)-N-0(l)

120.0(12). Detailsfor X-ray crystallography are provided in Appendix I.

-167-



2. Monodisperse Poly(triacetylene) Oligomers

The collection of the highest molecular fractions (fR =11.3 min) allowed the

obtention of bis-functionalized polydisperse polymers 48g and 49g as deep red solids,

fairly soluble in a wide range of aprotic solvents such as CHCI3, CH2CI2, or THF.

Using a ratio of 2:3 of end-capping 46 or 47 to repeating monomer 10 guarantees to a

high degree that the free terminal acetylenes on both ends of the chains are substituted.

This is of significant importance, since subsequent separation of bis-, mono-, and

unfunctionalized polymers proved to be impossible. With the exception of an

orthogonal protection scheme or a solid-state synthesis protocol, there is no other

alternative synthetic route to such selectively bis-terminally substituted polydisperse

polymers than using the end-capping reagent in high amount compared to the repeating

unit. On the other hand, this strategy clearly sets a limit to the molecular weights of the

polymers obtainable, which lies approximately around 10000 Da. However, in the

following the average polymerization degrees of both polymers obtained from

analytical SEC, EA, and 'H-NMR end-group analysis are compared. Included are the

values of the most intense peak taken from the MALDI-TOF spectra, which displayed

for both polymers a broad, asymmetric Gaussian-type size distribution (Figure 2.27).

48g: analytical SEC = 18 49g: analytical SEC - 12

•H-NMR = 15 !H-NMR » 12

EA =12 EA « 10

MALDI-TOF » 12 MALDI-TOF » 10

While for the A-A polymer 49g good agreement for the average molecular weight by

analytical SEC, !H-NMR end-group integration, and EA is observed, slightly higher

divergence was obtained for the D-D polymer 48g. In both cases, the lowest values

were found by EA and MALDI-TOF measurements. However, it is well-known that

MALDI-TOF mass spectrometric analysis of broad, polydisperse polymers provides

quite differing results from those obtained by more conventional methods [85]. The

reasons for these false results are manifold. On the one hand, high molecular weight

polymers require higher laser power for the desorption/ionization process than do lower

molecular weight polymers and this causes smaller than expected peak areas for the

high mass component. On the other hand, matrix effects and doubly charged molecular

peaks may also play a significant role. However, the intriguing accordance within

analytical SEC, !H-NMR spectroscopy, and EA for the average molecular weight gives

strong support that both ends of the polymer underwent substitution. This was not the

case for the methods previously used, where the repeating monomer was first
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oligomerized and subsequently - often after hours - the actual end-cap was added [5].

The often low quality in terms of bis-end-functionalization of such polymers is then

exemplified by the differing results obtained from analytical SEC and JH-NMR end-

group integration.

(a)

4615 [»+Na]

(b)

100-

0 I i i i i I i i i

3000 4000

3897 [M+Naf

Figure 2.27. MALDI-TOF mass spectra of the D-D and A-A polymers 48g (matrix:
THA/AHC (2',4',6'-trihydroxyacetophenone/ammonium hydrogencitrate) (a.) and 49g

(matrix: IAA (3-(3-indolyl)acrylic acid)) (b), respectively. For both types ofpolymers
the [M + Na]+ peak was the most dominant, followed by [M + Na]+. In the case ofthe
D-D polymer 48g, additionalfragmentation was observed [M - OSi(CH3)2C(CH^]+.
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The thermal stability of polymers 48g and 49g was examined by both

conventional melting-point (M.p.) determination and differential scanning calorimetry

(DSC).15 They exhibited high thermal stability and showed no sharp melting points,

but started to decompose, accompanied by decoloration, at temperatures higher than

190 °C (49g) and 200 °C (48g), with continuing slow decomposition over a range of

50 °C and 35 °C, respectively.

Investigations of the effects of conjugation length on linear and nonlinear optical

as well as electrochemical properties of D-A systems were also of substantial interest.

Therefore, in addition to the known D-A monomer 50a the dimeric DEE derivative 50b

was prepared as shown in Scheme 2.17 [5,23]. Oxidative coupling of mono-

deprotected 46 and 47 in a 1:1 ratio under Hay conditions provided a statistical mixture

of 48b:50b:49b, from which the pure dimeric compounds were isolated by a

combination of flash (SiC>2-//, eluent: n-hexane/ethyl acetate 10:1 + 1% NEt3) and

preparative thin-layer chromatography (Scheme 2.18). The relatively low yield of

isolated D-D compound 48b was owing to problems during separation. Alternatively,

the symmetric dimers 48b and 49b can be synthesized individually in substantially

higher yields via oxidative Hay coupling using precursors 46 and 47, respectively [23].

The 13C-NMR (125.8 MHz, CDC13) spectrum of the D-A dimer 50b clearly displayed

all expected 4 different C(sp2)- and 8 C(sp)-atom resonances of the ^-conjugated

backbone as well as the 8 signals for the terminal substituted aryl rings.

NMe2

Me2tert-BuSiO
OSiterf-BuMe2

50a

Scheme 2.17. Synthesis of D-A substituted DEE monomer 50a. (a) p-Iodonitro-
benzene, [PdCl2(PPh3)2h Cul, NEt3, r.t, 78% [23].

15 The DSC measurements were performed by Prof. Rik Tykwinski which is gratefully acknowledged.
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,NMe2

Me2ferfBuSiO T
.

Me2fert-BuSiO J

U ^OSitertBuMe2 + JL ,OSifert-BuMe2

^^
H' H'

46 47

(a)
/

*o

OSi(ert-BuMe2

Me2fert-BuSiO

R1 yield

48b Me2 Me2 12%

50b Me2 N02 29%

49b N02 N02 24%

Scheme 2.18. Synthesis of D-A substituted DEE dimer 50b via mixed oxidative Hay
coupling. (&) CuCl, TMEDA, CH2CI2, molecular sieves 4 A, O2, r.t.

The type and degree of D/A functionalization had a profound influence on the

photochemically induced trans-cis isomerization behavior of the DEE oligomers. In

particular, substitution with electron-withdrawing groups facilitated photochemical

isomerization as will be discussed in more detail in Chapter 4. Thus, by irradiation of

A-A functionalized frans-isomer 49a in a quartz cell with monochromatic light

(A = 366 nm) for 2 h at r.t. the cw-derivative 51 could be synthesized in preparative

scale. Subsequent chromatographic purification by flash chromatography {SiOi-H,
eluent: n-hexane/CH2Cl2 1:2) afforded 51 in 37% yield and greater than 95%

stereoisomers purity as a yellow solid.
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2.5.2 Electrochemical Studies on the Donor-Donor and Acceptor-Acceptor

Substituted Oligomers

The electrochemical properties of both end-functionalized series, 48a-f and 49a-f,

the correspondent polymers 48g and 49g, the mono-functionalized oligomers 44 and

45, and the asymmetrically substituted D-A compounds 50a and 50b were investigated

by Dr. Corinne Boudon and Dr. Jean-Paul Gisselbrecht in the group of Prof. Maurice

Gross at the Universite Louis Pasteur in Strasbourg with cyclic and steady-state

voltammetry in CH2Cl2 using 0.1 M «-Bu4NPFg as the conducting electrolyte

(Table 2.15). For the bis-p-N,N-dimethylamino compounds 44, 50a, 50b, and 48b-g

the first observed oxidation potential occurred consistently around E£ = +0.42 V,

which can directly be ascribed to the oxidation of the aniline group as revealed by

comparisons with iV^V-dimethylaniline. Only for D-D monomer 48a a slightly lower

oxidation potential of £^° = +0.31 V was observed. The reductions occurring on the

DEE core for trimer 48c and higher D-D functionalized oligomers were well-defined

and behaved as quasi-reversible electron transfers as shown either by the slope of the

wave in the steady-state voltammetry experiments or by the peak potential separation in

the cyclic voltammetry. Several discrete reduction steps were obtained for the A-A

oligomers 49a-f, for which the first one was reversible and involved two electrons. For

49c-g one irreversible oxidation step was also observed around E* = +1.24 V. This

high oxidation potential helps to account for their excellent environmental stability

under standard laboratory conditions over periods of months. Whereas for all A-A

functionalized oligomers 49a-f the first reversible reductive electron transfer process

occured at E^ = -1.40 V, the magnitude of the second reduction potential varied

linearly with 1/n (Figure 2.28). This result suggested that the first reduction occurred

on both terminal p-nitrophenyl groups, which could easily be verified by measuring

reference compounds nitrobenzene and 4,4'-dinitrobiphenyl, which show reductions at

fQ = -1.61 V and E^ = -1.44 V, respectively. However, the peak potential difference

observed by cyclic voltammetry and also the slope of the wave in the steady-state

voltammetry experiments clearly indicated that the two one-electron reductions are not

occurring at exactly the same potential. Wave analysis revealed that the two one-

electron reductions, occurring on the two terminal p-nitrophenyl groups, are separated

by about 50 mV. This indicates that there is a certain degree of electronic

communication between the /7-nitroaryl end-groups and that they are not independently

acting redox centers. The second reduction events behaved as an irreversible electron

transfer in the cyclic voltammetry experiments, owing to the absence of any re-
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oxidation peak. The trimer 49c and polydisperse A-A PTA polymer 49g proved to be

exceptions. Both gave nicely fitting and reversible second reduction potentials.

However, the observed slopes in the steady-state voltammetry for 49a-f were in

agreement with a quasi-reversible redox process, occurring on the jr-conjugated DEE

core. For both D-D and A-A series 48a-f and 49a-f, an increasingly facile first and

second reduction potential was observed with increasing chain-length as expected. A

plot containing the end-substituted oligomers including the corresponding higher

polymers 48g and 49g as well as the TMS-end-capped oligomers 9a and 27a-e of the

reduction potentials vs. \ln is provided in Figure 2.28. From the graphical

representation, it is evident that the D-D 48a-f and the TMS-TMS series 9a, 27a-e

behave similarly with a nearly identical slope on extending the conjugation length. In

contrast, a quite different slope is obtained for the A-A series 49a-f. In this series,

reduction occurs first at the p-nitrophenyl groups before in the DEE core itself. As a

result, reduction of the ^-conjugated PTA backbone takes place on a dianion and not on

a neutral species as is the case for the other two series. This second reduction step in

the A-A series 49a-f was even more facile than the first reduction event for the silylated

neutral oligomers 9a and 27a-e. With increasing chain-length, the effect leveled off

and for both hexamers 48f and 49f, the reduction was observed at nearly the same

potential, indicating that at long chain-lengths the nature of the end-group has relatively

little effect on the position of the electron transfer potential (see also Section 2.3.3).

This striking observation strongly suggests that a p-nitrophenyl anion still displays

features of an electron-acceptor, although not as strongly than the neutral form.

However, it should be added, that in the case of the silylated compounds 9a and 27a-e

the first reduction is reversible, whereas for the A-A oligomers 49a-f the reduction of

the DEE backbone (third reduction event) is not. Obviously, Coulombic interactions by

adding a third electron on the ^-conjugated core of the A-A dianions are still

outweighed by the electron-stabilizing properties of the p-nitroaryl groups. This may

be explained by strongly localized charges on the nitro groups which, in addition, are

rotated out of the plane of the phenyl ring to prevent direct conjugative interactions.

Both oligomer series merged at the same reduction potential around E^ = -1.70 V,

including the end-substituted polymers 48g and 49g, respectively. In the two bis-

functionalized polymers, the influence of the end-groups on the PTA backbone for the

first reduction potential nearly vanished, although the redox activity of the end-groups

could clearly be detected. The data for 48g and 49g again provide a strong indication

that the previously determined first reduction potentials at E'^ = -0.65 V and E'^ =

-0.60 V for the parent PTA polymers 3a and 3b, respectively, do not reflect the correct
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reduction potential for an infinitely long PTA chain [5]. Further support for this is

provided by linear optical spectroscopy, which revealed for the transition energy of the

deconvoluted longest-wavelength absorption band A^^ of the two unsubstituted PTA

polymers £max = 2.58 eV [27]. A very similar value was deduced from steady-state

voltammetry for A-A PTA polymer 49g with AE = 2.50 eV. In addition, a rough

estimation of the ECL yielded n = 10 monomer units for both functionalized series

48a-g and 49a-g, independent of the nature of the end-groups.

Table 2.15. Cyclic and steady-state voltammetric redox characteristics of D-D and

A-A substituted oligomers 48a-f and 49a-f, polydisperse polymers 48g and 49g, mono-

functionalized oligomers 44 and 45, and D-A compounds 50a and 50b, respectively.

compound n E'°a

(AEp/mV)b

E* e

Ered OX red

(slope / mV)h

EM«
^OX

(slope / mV)
h

Ph-NMej - - - +0.44 - +0.44 (120)

44 1 +0.40 (88)* - - - +0.41 (73)

48a 1 +0.31 (85)c - - - +0.32 (82)

48b 2 +0.41 (74)<* - +0.99 - +0.42 (80)

48c 3 -1.93 (85)

+0.42 (75)

-2.19 +0.97 -1.96 (86)

-2.18 (89)

+0.42 (71)

+0.98 (73)

48d 4 -1.80 (110)

+0.42 (90)

-2.02 +1.02 -1.88 (88)

-2.01 (80)

+0.43 (72)

48e 5 -1.79 (175)

+0.43 (80)

-2.37 - -1.82 (114)

-2.38 (69)

+0.43 (69)

48f 6 -1.74 (130)

+0.42 (75)

-2.18 +1.02 -1.75 (80)

-2.16 (71)

+0.42 (65)

48g = 18 -1.70 (125)

+0.41 (95)

- - -1.72 (135) +0.41 (73)

Ph-N02 - -1.61 (80) - - - -

02N-Ph-Ph-N02 - -1.44 (100) - - _
i

-

45 1 -1.41 (90) -2.00 -1.44 (87)

-2.04 (135)
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Table 2.15. (continued).

49a 1 -1.42 (120) -2.16 - -1.45 (100)

-2.12 (180)

-

51 1 -1.40 (100) -2.09 - -1.44 (100)

-2.09 (115)

-

49b 2 -1.39 (95) -1.90

-2.30

-1.41 (80)

-1.87 (80)

-2.10 (68)

49c 3 -1.39 (95)

-1.74 (95)

-1.95 (105)

+1.30 -1.40 (80)

-1.79 (92)

-1.94 (100)

+1.24 (73)

49d 4 -1.38 (110) -1.73

-1.88

-2.04

+1.24 -1.39 (85)

-1.78 (110)

-2.20 (100)

+1.23 (85)

49e 5 -1.38 (105) -1.79

-2.05

+1.24 -1.40 (90)

-1.74 (65)

-2.11 (94)

+1.23 (104)

49f 6 -1.38 (100) -1.80

-1.93

+1.22 -1.39 (92)

-1.70 (76)

-1.98 (148)

+1.19 (109)

49g = 12 -1.41 (70)

-1.71 (150)

-1.37 (135)

-1.69 (78)

-1.84 (90)

+1.13 (106)

50a 1 -1.43 (80)

+0.42 (70)*

-2.02 - -1.43 (73)

-2.01 (119)

+0.42 (70)

50b 2 -1.40 (85)

+0.43 (66)

-1.90 - -1.43 (66)

-1.91 (75)

+0.42 (67)

aV vs. Fc/Fc+, glassy carbon electrode in CH2CI2 + 0.1 M n-B^NPFg, scan rate v =

0.1 V s-1, formal redox potential E'° =(Ee° +Epc)/2. bbEp = Em - E^, where

subscripts ox and red refer to the conjugated oxidation and reduction steps,

respectively. cReversible electron transfer at scan rates v > 0.2 V s_1. ''Reversible

electron transfer at scan rates v > 1 V s_1. Teak potential ££j for irreversible

reduction. ./Peak potential E£ for irreversible oxidation. S\ vs. Fc/Fc+, rotating disk

electrode in CH2CI2 + 0.1M w-BitjNPFg. ^Logarithmic analysis of the wave obtained

by plotting E vs. log[//(/fa-/)]. 'Ill-defined electron transfer wave.
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The estimation of the ECL depends very strongly on the accuracy of the reduction

potentials. Even slight deviations in the second decimal place of the reduction

potentials highly influence the visual appearance of the data points, which ought to

follow a linear relationship in the graphical representation. For both substituted PTA

series 48a-f and 49a-f, the steady-state voltammetry data were found to obey a linear

relationship between reduction potential and inverse number of monomer units to a

much higher degree than the data obtained from cyclic voltammetry.

The question whether both p-nitrophenyl groups in 49a undergo electrochemical

reduction independently is of substantial interest. In a series of donor and/or acceptor

functionalized tetraethynylethenes, the electrochemical results suggested initially that

the ^-conjugated carbon core is inefficient at delocalizing charges between the terminal

redox centers, since the first redox potentials were essentially independent of the

substitution pattern about the TEE core and/or the presence of other functionalities [86].

2.6-
< i

2.4- • 48c-f

2.2-

A (

X

) o

48g

49a-f

2.0-
•

+ 49g

1.8-

x+

• A

s^0
O A 9a, 27a

1.6-

() 0.25 0.5 0.75

1/n

Figure 2.28. Evolution of the first reduction potentials of D-D 48a-f (steady-state

voltammetry) and TMS-TMS oligomers 27a-e (cyclic voltammetry) as well as the

second reduction potentials for A-A oligomers 49a-f (steady-state voltammetry) in

CH2Cl2 (+0.1 M n-Bu4NPF6, V vs. Fc/Fc+) and monomer 9a in THF plotted as a

function ofl/a.

Ab initio calculations by Anouk Hilger and PD Dr. Hans-Peter Ltithi at the Swiss

Center for Scientific Computing (SCSC, ETH Zurich) did not support the in¬

dependently acting redox centers, but also revealed a much more complex picture [86].

These theoretical investigations proposed that the molecules adopt a cumulenic/quinoid
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structure during the course of electrochemical reduction, and most importantly, the

central olefinic bond acquires significant single bond character. This theoretical

hypothesis was validated by the irreversible electrochemical isomerization of

ci's-derivative 51 to its trans-isomer 49a during cyclic voltammetric reduction

(Figure 2.29). Starting from isomerically pure 51, controlled electron transfer to the

DEE compound yielded the bis-reduced species 512~, which then underwent very

efficiently isomerization to the trans-species 49a2-. Oxidation finally produced

isomerically pure 49a. Interestingly, control experiments starting from the trans-form

49a showed no isomerization tendency to the corresponding cis-DEE.

N02

Me2tert-BuSiO

02N

,OSitert-BuMe2

51 49a

•2e" +2e" -2e' +2e'

o o
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rr
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RO' I Me2ferf-BuSiO f
RON l_ ,OSitert-BuMe2

-%

xv
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O"

I

"0

R = Si(ert-BuMe2

Figure 2.29. Proposed mechanism for the electrochemically induced cis-trans

isomerization between enediynes 49a and 51.
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2.5.3 VV/Vis Studies on the Donor-Donor and Acceptor-Acceptor Substituted

Oligomers

The UV/Vis spectra of the end-functionalized PTA oligomers 48a-f (D-D), 49a-f

(A-A), and the corresponding polydisperse polymers 48g and 49g were recorded in

CHCI3 solutions at r.t. and provided a great deal of information about their electronic

structures (Figure 2.30). In accord with previously discussed silyl-end-capped

oligomeric series, a bathochromic shift of the longest-wavelength absorptions km3x

upon increasing the linear conjugation length of the backbone ^-system was observed.
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Figure 2.30. UV/Vis spectra of D-D and A-A substituted oligomers 48a-f (a) and

49a-f (b) as well as polydisperse polymers 48g and 49g, respectively.
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Owing to the inhomogeneously broadened longest-wavelength absorption bands

in D-D series 48a-g and A-A compounds 49a-g, precise determination of the An^- and

£max-values required deconvolution of the absorption spectra as described in

Section 2.3.4. The obtained A^a*- and Emax-values are listed in Table 2.16. The most

apparent and striking difference between these two functionalized PTA series is the

much earlier saturation of the bis-donor substituted oligomers 48a-f compared to that of

the corresponding A-A series 49a-f. While D-D compounds 48a-f evidently displayed

no additional increase for A^^ in going from tetramer 48e to pentamer 48f, a similar

saturation effect at such small number of oligomer units is not observed for the A-A

series 49a-f (Figure 2.31). Thus, the ECL based on UV/Vis data for the D-D series

48a-f can be determined to n - 4 monomer units. In a similar procedure, assuming that

saturation of the linear optical properties is already attained for the A-A functionalized

polymer 49g, an ECL value around n = 10 monomer units can be estimated. This ECL

value is considerably larger than for the D-D substituted series 48a-f, but in agreement

with the previously found ECL for the silylated series 9a, 27a-e and 9 b, 29a-f,

respectively. However, the ECL estimated for D-D oligomers 48a-f contrasts the

results from the electrochemistry study, which did not indicate saturation at such a short

chain-length.
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Figure 2.31. Graphical representation of the longest-wavelength transition energies

Emax obtained by deconvolution for D-D and A-A substituted oligomers 48a-f and

49a f, TMS-end-capped oligomer series 9a, 27a-e, as well as the corresponding
polydisperse polymers 48g, 49g, and 3a.
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Table 2.16. UV/Vis data of D-D and A-A substituted oligomers 48a-f and 49a-f,

polydisperse polymers 48g and 49g, mono-functionalized oligomers 44 and 45, as well

as D-A compounds 50a and 50b, respectively.

compound n ^m^ I run (eV) °

compound n

£ /M^cnr1*

*max/nm(eV)a
£ /M^cnr1*

44 1 379.110.1(3.27)

30600

" " ' 45 1 376.611.6(3.29)

17100

48a 1 408.610.1(3.03)

41500

49a 1 402.910.5 (3.08)

27600

48b 2 454.8 10.3 (2.72)

42600

51 1 404.3 ± 0.5 (3.06)

13500

48c 3 469.310.7(2.64)

53900

49b 2 430.410.3(2.88)

33100

48d 4 472.011.9(2.62)

64200

49c 3 442.5 10.7 (2.80)

47900

48e 5 472.411.2(2.62)

73000

49d 4 455.210.6(2.72)

57300

48f 6 472.411.1(2.62)

81000

49e 5 460.910.7 (2.69)

70000

48g = 18 472.410.8 (2.62)

146300°

49f 6 464.210.8 (2.67)

83000

- - - 49g = 12 470.210.6(2.63)

142800°

50a 1 450.410.9(2.75)

20400

- - -

50b 2 456.410.5(2.71)

32100

- - -

"Longest-wavelength absorption in CHC13 at r.t., obtained by deconvolution of the

absorption spectra. *Molar extinction coefficient. cMolar extinction coefficient based

on the average polymerization degree derived from analytical SEC.

The previously discussed electrochemical measurements revealed that

unsubstituted DEE monomer 9a has considerable electron-accepting properties. This
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observation may help to explain the trends of the three PTA oligomer series displayed

in their UV/Vis spectra. The A-A substituted oligomers 49a-e also contain strong

electron-acceptors in the form of terminal p-nitrobenzene substituents, thus the

evolution of the optical properties with chain-length is hardly disturbed and the ECL is

found to be in the range of n = 10 monomer units. However, the p-A^V-dimethyl-

aniline end-groups are strong electron-donors and thus intramolecular charge-transfer

(CT) transitions between the terminal electron-donating and internal DEE units in the

D-D compounds 48a-f occur, which dominate their optical properties. These internal

CT transitions are strongly localized and hardly affected by the lengthening of the

conjugated ^-system, thus explaining the early saturation at the stage of the tetramer

48d.

Of the three series 9a, 27a-e, 48a-e, and 49a-e, the unfunctionalized silylated

oligomers 9a and 27a-e revealed the largest relative bathochromic shifts AA^* in

going to higher chain-lengths; the other D-D and A-A substituted oligomers showed a

much smaller disparity in their A^j-values. Interestingly, the type of substitution be it

electron-releasing or withdrawing had minimal effect on the^ for monomers 48a

and 49a as reflected by 409 and 403 nm, respectively. Conversely, end-substitution in

48a and 49a significantly influences the electronic properties as shown by a 110 nm

shift to higher wavelengths compared to the bis-silylated monomer 9a. However,

Figure 2.31 displays that all three series, substituted and unsubstituted ones, converge at

higher oligomer lengths and the three differently substituted polydisperse polymers 3a,

48g, and 49g have the same longest-wavelength absorption maxima Ajj^ of = 470 nm

(= 2.6 eV), providing evidence that with increasing chain-length the influence of the

terminal substituents decreases. In addition, the £max data points of all three series

follow a sigmoidal trend, which was already observed for the second hyper-

polarizabilities of the TMS-end-capped compounds 9a and 27a-e. For all measured

oligomers, the extinction coefficients displayed, to a first approximation, a proportional

growth related to the number of chromophore units present in the conjugated chain,

although the absolute error of the extinction coefficient e, especially for the

polydisperse polymers 48g and 49g, is in excess of 10% accuracy level.

A direct comparison of the UV/Vis spectra of D-D, D-A, and A-A monomers

48a, 50a, and 49a, respectively, is provided in Figure 2.32. As already mentioned, the

nature of end-group functionalization, as can be seen by a comparison of D-D

substituted 48a and A-A substituted 49a, seems to have little effect on the shape of the

longest-wavelength absorption band and the position of the Amax-values. However, a
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similar situation is found too for the mono-substituted PTAs 44 and 45 with a A^^ of

379 and 377 nm, respectively. Whereas in similar systems, (rani-conjugation pathways

revealed to be considerably more effective in promoting charge through a ^-conjugated

system than cis- or even gem-pathways, the deconvoluted A^x of 51 (404 nm) has been

found to be slightly bathochromically shifted compared to its fra/is-counterpart 49a

(403 nm) [9,23].

(a)

(b)

E
o

2

48a

50a

49a
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A/nm

48b

50b

49b
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A/nm

Figure 2.32. Graphical representation of the UVA'is spectra ofmonomelic D-D 48a,

D-A 50a, and A-A 49a substituted PTAs (&) as well as the dimeric compounds D-D

48b, D-A 50b, and A-A 49b (b).
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However, a significant pattern for the cw-PTA compounds such as 51 in the UV/Vis

spectra are the second, quite intense absorption bands shifted to higher energies (for 51

at 314 nm) compared to their franj-substituted isomers. The spectrum of the D-A

substituted monomer 50a exhibited a broad absorption band at lower energy with an

end-absorption extending beyond 500 nm, characteristic for intermolecular CT

transitions. Interestingly, the molar extinction coefficients £ for the two observed

absorption bands are nearly half of that found for the D-D and A-A compounds 48a and

49a, such as if it they would have been split up symmetrically. Slightly different trends

were observed for the dimeric series 48b, 50b, and 49b. Whereas the D-D and D-A

compounds 48b and 50b exhibited nearly the same ^ with 455 and 456 nm, the

longest-wavelength absorption for the A-A dimer 49b was hypsochromically shifted to

430 nm as expected. However, the effect of the intramolecular CT for D-A dimer 50b

on the shape and position of the absorption bands was not as pronounced as in the case

of monomeric 50a. In addition, increasing the linear conjugation length also produced

a rather modest bathochromic shift of the CT band as revealed by the comparison of

monomeric 50a (A,,^ = 450 nm) to dimeric 50b (A,^ = 456 nm).

In conclusion, it can be stated that the type of end-functionalization plays a

marked effect on the linear optical properties in PTA oligomers. Whereas D-D

substitution in 48a-f significantly reduces the ECL to the rather unexpectedly low value

of n = 4 monomer units, saturation properties in the case of p-nitrophenyl

functionalized oligomers 49a-f are only slightly be influenced compared to the silyl-

end-capped unfunctionalized PTA oligomers. Thus, also for the A-A series 49a-f an

UV/Vis-based ECL of about n = 10 monomers is found. For both asymmetrically

substituted D-A compounds, monomer 50a and dimer 50b, a significant bathochromic

shift compared to their pure, unfunctionalized PTA backbones was found. However,

the asymmetrically substituted monomers 44 and 45 as well as the D-D and A-A

compounds 48a and 49a showed a rather modest dependence on the kmsJi with respect

to the nature of the terminal electron-donating or -accepting group.
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2.5.4 Raman Scattering Studies on the Donor-Donor and Acceptor-Acceptor

Substituted Oligomers

The Raman frequency measurements of donor-donor and acceptor-acceptor

substituted oligomer series 48a-f and 49a-f were performed in CHCI3 solutions at r.t.

As observed for the silylated PTA oligomer series 9a, 27a-e and 9b, 29a-f, the Raman

frequencies of both double and triple bonds, Vi(c=q and Vfyoo decreased with the

lengthening of the ^-conjugated chain (Table 2.17).

Table 2.17. Raman scattering data of the donor and/or acceptor functionalized
oligomers 48a-fand 49a-fas well as the polydisperse polymers 48g and 49g.

compound n vl(G=C)' M-'cnr1
a

compound n Vi(oC) I ^'W a

48a 1 2162 49a 1 2179

48b 2 2158 49b 2 2170

48c 3 2156 49c 3 2166

48d 4 2156 49d 4 2164

48e 5 2156 49e 5 2163

48f 6 2156 49f 6 2162

48g = 18 2156 49g = 12 2158

"Raman frequencies measured in CHCI3 solutions at r.t.

While for the carbon-carbon triple bonds Vj^q commonly a sharp absorption

band was obtained, the olefinic bonds for the D-D and A-A substituted PTA oligomers

48a-f and 49a-f gave raise to numerous weak and ill-defined absorption bands, possibly

owing to the additional aryl groups. Therefore, the following discussion will only focus

on the Vj(c=c\ Raman shifts. As a general trend, the Raman resonance frequencies for

the carbon-carbon triple bonds varied for both functionalized series 48a-f and 49a-f

with 2179 cm-1 (49a) to 2156 cm-1 (49g) over a much smaller range than observed for

the pure, silylated PTA backbones 9a and 27a-e, which in return showed the largest

differences of all three series investigated (2213-2156 cm1). In addition, the relative

decrease of Avj/q=q between successive oligomers was most retarded for D-D series

48a-f, where saturation of the resonance frequency Vi^q was already obtained for
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trimer 48c (2156 cm-1). An identical behavior for all three types of oligomers was seen

for the evolution of the longest-wavelength absorption energies £max in the UV/Vis

study. Again, the intramolecular CT effect in the D-D oligomers 48a-f may be

responsible for the observed behavior. The very low Raman-based ECL found for the

D-D series may be ascribed to intramolecular charge-transfer, which becomes dominant

beyond the trimer 48c. A plot of the experimentally obtained v^^cj Raman shifts as a

function of the number of monomer units for the D-D and A-A PTA series 48a-f and

49a-f are given in Figure 2.33. For comparison, the Raman frequencies of the

unfunctionalized TMS-end-capped oligomers 9a and 27a-e, together with the data of

polymers 3b, 48g, and 49g, are included.
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Figure 2.33. Comparative plot of the Raman Vi(c^C) resonance frequencies for TMS-

end-capped oligomers 9b, 29a-f, A-A oligomers 49a-f, D-D oligomers 48a-f, as well as

the polydisperse polymers 49g and 48g.

To a first approximation, a linear correlation between the Vuc^n Raman shifts

and the extension of the backbone conjugation is observed, although this is only valid

for monomer 48a to trimer 48c in the D-D series. All three series tend to converge at

the common frequency of Vj^q = 2156 cm-1. The slightly higher value measured for

polymer 48g (2158 cm-1) may suggest that saturation is not necessarily attained for the

A-A series. Additionally, the constant and very small chain-length dependence of the

vi(OC) Raman shifts complicate a proper estimation of the ECL for the A-A

functionalized oligomers 49a-f. The measurement of the Raman resonance frequency

vi(OC) f°r A-A polymer 49g revealed a slightly too high value with a deviation of

+2 cm-1. However, assuming that this deviation arises from an experimental error, a

Raman-based ECL for the A-A series 49a-f of approximately n = 10 is obtained.
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2.5.5 Third Harmonic Generation Studies on the Donor-Donor and Acceptor-

Acceptor Substituted Oligomers

The second hyperpolarizability y of the D-D and A-A arylated PTA oligomers

48a-f and 49a-f, the corresponding polymers 48g and 49g, the mono-functionalized

monomers 44 and 45, as well as the asymmetrically substituted compounds 50a and

50b, were measured by Ulrich Gubler and PD Dr. Christian Bosshard in the group of

Prof. Peter Gunter at the Institut fur Quantenelektronik (ETH Honggerberg, Zurich)

using THG in CHC13 solutions at A = 1.907 um (Table 2.18). Special attention was paid

to the evolution of the nonlinear optical properties of the end-functionalized oligomers

48a-f and 49a-f as the ^-conjugated backbone increased in length. Except for tetramer

48d, pentamers 48e, 49e, hexamers 48f, 49f, and the polymers 48g and 49g, which

showed slight absorption at the third harmonic frequency 3ffl (636 nm), all other

compounds did not absorb at this wavelength and thus their y-values are not resonantly

enhanced. The microscopic hyperpolarizability y-values were then transformed to the

macroscopic hyperpolarizability Xm% DV assuming an isotropic arrangement of the

molecules, using the density and refractive indices (for local field corrections) of the

solvent CHCI3, to give a lower limit of what can be expected in the bulk sample.

The experimental results shown in Table 2.18 lead to a number of very interesting

and also astonishing conclusions. First, bis-substitution with electron-releasing (p-NJV-

dimethylaniline) or electron-accepting (p-nitrobenzene) groups significantly increases

the nonlinearity (up to 14 times!) compared to the corresponding bis-silylated DEEs.

Similar observations have been made for TEEs and also for other classes of NLO

chromophores [8,54]. Interestingly, the p-iV,JV-dimethylamino donor group in mono-

arylated DEE 44 was not found to enhance the second hyperpolarizability yor xfaa% m

contrast to mono-nitro functionalized 45. Moreover, both compounds revealed exactly

the same value. In addition, the donor group in monomer 48a enhanced y only by a

factor of 1.4 compared to the corresponding acceptor DEE 49a (Figure 2.34). However,

the effect of p-/V,N-dimethylamino donor groups in similar TEEs led to a 2-fold

increase of the nonlinear optical response, owing to the much stronger acceptor

properties of TEEs [8]. Furthermore, nonlinearities are hardly influenced by trans- or

cis-configurations as demonstrated by a direct comparison between 48a and 51, which

revealed for the latter even a modest enhancement of y.

Second, an up to 28-fold increase in the value of ywas obtained by changing from

centro-symmetric unsubstituted DEEs to acentric D-A functionalization (9a: y =
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22 • 10-36 esu; 50a: y
_ 608 • 10-36 esu). Going from symmetrical D-D or A-A

substitution to acentric D-A systems still results in a 2-fold increase of y(48a: y =

296 10'36 esu; 50a: y = 608 • 10"36 esu). These experiments are in agreement with

previous results obtained for TEEs [8] as well as theoretical predictions by Garito et al.

[87] and the widely used three-level model for y derived from static perturbation

theory [88]. The beneficial effect of asymmetrical electron distribution on y vanished

almost completely in D-A dimer 50b, which only showed a minor increased response

compared to the corresponding symmetrically substituted D-D oligomer 48b.

Table 2.18. Second hyperpolarizabilities offunctionalized D-D and A-A substituted

oligomers 48a-f and 49a-f, polydisperse polymers 48g and 49g, mono-functionalized
oligomers 44 and 45, as well as D-A compounds 50a and 50b, respectively, from third

harmonic generation experiments atX= 1.907 ftm. xlom, was measured relative to

fused silica (%f = 3.9 lfr22 m2^2 (2.8 W'14 esu)).

compound n y /10-36

esua

E/M-lcm-lb

y /10-48

m5V-2a

y<3)
A100% c

y(3)

/10-12esuc

A100%

/ 10-20 m2V-2c

44 1 117(0) 1.64 23 0.63 0.88

48a 1 296 (0) 4.14 53 1.47 2.06

48b 2 1073 (17) 15.00 119 3.33 4.66

48c 3 1785 (36) 24.96 144 4.03 5.63

48d 4 3160(96) 44.18 200 5.60 7.83

48e 5 3544(100) 49.55 185 5.17 7.23

48f 6 2882(198) 40.30 128 3.58 5.00

48g = 18 14440 (550) 201.90 228 6.40 8.94

45 1 122 (0) 1.71 23 0.66 0.92

49a 1 211(0) 2.95 37 1.04 1.46

51 1 230 (0) 3.22 41 1.14 1.59

49b 2 528 (0) 7.38 58 1.63 2.28

49c 3 1095 (19) 15.31 88 2.46 3.45

-187-



2. Monodisperse Poly(triacetylene) Oligomers

Table 2.18. (continued).

49d 4 1734 (31) 24.24 110 3.07 4.29

49e 5 2122 (67) 29.67 110 3.09 4.32

49f 6 2219 (104) 31.03 98 2.75 3.84

49g = 12 8864 (380) 123.94 207 5.78 8.09

50a 1 608 (0) 8.50 108 3.01 4.21

50b 2 1118(0) 15.63 124 3.46 4.84

"Rotational average of the y tensor. *Molar extinction coefficient at 3to (636 nm).

cZ[aa, bulk values are extrapolated from measured values of y, assuming a linear

dependence on concentration. The estimations present a lower limit, since density and

the small (with respect to the pure compounds) refractive indices for local field

corrections of CHCI3 were used in the calculation of xlmt-

Third, an increase in conjugation length leads to larger values of y. This is

illustrated by both functionalized series, D-D and A-A oligomers 48a-f and 49a-f, and

is in full agreement with the data collected for the two unfunctionalized, bis-end-

silylated oligomer series 9a, 27a-e and 9b, 29a-f studied previously (Figure 2.34).
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Figure 2.34. Dependence of the second hyperpolarizability y on conjugation length,

presented as a double logarithmic plot of yln vs. nfor the D-D and A-A oligomer series

48a-f and 49a-f as well as the corresponding polydisperse polymers 48g and 49g. For

comparison, the y-values of the TES-end-capped oligomers 9b and 29a-f and the

polymers 3a and 3b are included.
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As expected, both symmetrically functionalized monomers 48a and 49a start at

considerably higher values than the parent DEE monomer 9a, but to a first

approximation the higher oligomers in these two series approach the values measured

for the polydisperse PTA polymers 3a and 3b, representatives of an infinitely long PTA

backbone. Although the two arylated polydisperse polymers 48g and 49g matched the

saturation values of PTAs 3a and 3b, the favourable influence of D-D and A-A end-

functionalization could be detected up to hexamers 48f and 49f, which still displayed

significantly larger y -values compared to the parent TES-TES hexamer 29c. A plot of

y/n vs. n visualizes that the bis-end-silylated DEE series 9b, 29a-c featured a much

steeper increase of y/n than both arylated oligomer series 48a-f and 49a-f (Figure 2.34).

Both, 48a-f and 49a-f displayed a sigmoidal relationship between y/n and n similar to

that observed for the unsubstituted oligomer series.

The chain-length dependence of y/n revealed a rather unusual picture for both

functionalized series. The higher oligomers not only level off from the linear

relationship yfn vs. n, but reach a maximum value at the tetramers 48d and 49d only to

fall again for the corresponding pentamers and hexamers. Indeed, the /n-values of

hexamers 48f and 49f even dropped below those obtained for trimers 48c and 49c,

respectively. The possibility that the observed deviations arised from decompositions

occurring during the THG measurements was discounted by analytical controls

(UV/Vis and analytical SEC) immediately after laser irradiation, which showed no

indication of decomposition. The values for the polydisperse polymers 48g and 49g

then converged at a similar value obtained for PTAs 3a and 3b. The fact that exactly

the same trend, although in not such a pronounced form, was observed for the parent

PTA series 9b, 29a-f strongly indicates, that this behavior is certainly not coincidental

but has a strong physical meaning, yet to be theoretically analyzed. It appears, that the

influence of the terminal functionalized aryl groups on y/n lasts only a few monomer

units and nearly vanishes at the stage of the pentamers/hexamers to be then overtaken

by the nonlinear response from the PTA backbone itself. For the bis-end-silylated

oligomers 9b and 29a-f this feature is much less pronounced possibly owing to the

weak electron-donating effect of trialkylsilyl groups. Certainly, more intermediate

sized TES-TES-end-capped oligomers around n = 12 would be considerably beneficial

to investigate how marked this dip in y/n around the dodecamer 29e really is. It could

be possible that conformational effects not visible with linear optical spectroscopy have

a significant influence on the nonlinear optical behavior. However, the comprehensive

data from the three series 48a-f, 49a-f, and 9 b, 29a-f, as well as from four
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correspondent polymers 48g, 49g, 3a, and 3b, strongly suggest that the relationship

between second hyperpolanzability and chain-length of a given ^-conjugated molecule

may be substantially more complex than initially anticipated and may not necessarily

follow the widely three-level model for y. Only a combination of theoretical and

experimental investigations, such as wavelength dependent nonlinear optical

experiments (e.g., Z-scan, DFWM), will be able to provide the information needed for

developing a clear picture of the underlying physics.

2.6 Summary

The synthesis of a readily available, new series of monodisperse TMS-end-capped

PTA oligomers ranging from monomer to hexamer which exhibited amazing

environmental stability and solubility, allowed systematic investigation of their physical

properties by different methods. Cyclic and steady-state voltammetric studies revealed

that all six oligomers underwent a reversible one-electron transfer reduction, becoming

increasingly facile with lengthening of the ^-conjugated backbone, but could not be

oxidized below E£ = +1.23 V vs. Fc/Fc+. In their UV/Vis spectra, these oligomers

show longest-wavelength absorptions ^^ as well as the end absorptions which are

bathochromically shifted with increasing number of monomer units. From the linear

optical properties, the ECL in PTAs was estimated for the first time by various

evaluation methods to lie in the range of n = 7 - 10 monomer units, depending on the

method used. Measurements by THG in this oligomer series revealed for the second

hyperpolanzability y, a power law dependence y ~ n" with a fitted exponent

a = 2.5 ± 0.1. This exponent showed an amazing coincidence with that of other

^-conjugated polymers, measured by the same technique in their transparency range.

The ECL for the second hyperpolanzability ywas found to be around n = 10 monomer

units. Thus, both linear and nonlinear optical methods predict a similar ECL in PTA

polymers.

The preparation of a higher TES-end-capped PTA series up to the hexadecamer

allowed an in depth investigation above the linear structure-property regime to a length

where saturation effects become visible. Whereas convergence by cyclic and steady-

state voltammetry, UV/Vis, and Raman spectroscopy was observed at the predicted

length of n = 10 monomer units, a significantly more complex picture for the chain-
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length dependence on the second hyperpolarizability emerged from THG results. Up to

the PTA hexamer, a linear relationship between /« and n was observed. Beyond this, a

deviation from the linear relationship is noted and for the dodecamer a value even lower

than that observed for the hexamer is found. After this decline, /n of the hexadecamer

raised again to reach the saturation value previously found for polydisperse PTA

polymers. In addition, the hexadecamer with its 96 (!) linearly ^-conjugated carbon

atoms (16 double and 32 triple bonds) and 11.9 nm length between the terminal

Si-atoms the hexadecamer represents the longest linearly and fully TT-conjugated

molecular wire consisting of only double and triple bonds described so far and exhibits

considerable potential for use as a single molecular wire.

Studying the influence of electron-releasing and -withdrawing substituents on the

^-conjugated backbone as a function of chain-length provided further insight into the

electronic characteristics of poly(triacetylene)s. Two series of symmetrically D-D and

A-A functionalized oligomers ranging from monomer to hexamer, including two higher

molecular weight polymers as well as an asymmetrically substituted monomer and

dimer, were studied by cyclic and steady-state voltammetry, Raman and UV/Vis

spectroscopy, as well as THG measurements. Whereas for both functionalized series

the electrochemical studies yielded an ECL around n = 10 monomer units, and thus

were independent of the nature of the end-groups, different results were obtained from

UV/Vis spectroscopy and Raman scattering experiments. Despite the fact that the

second reduction of the A-A oligomers took place on a dianion, this electron transfer

was found to be even more facile than the first reduction event for the neutral TMS-

TMS oligomers. This observation indicated that a p-nitrophenyl anion still exhibits

electron-accepting properties. End-substitution with electron-releasing groups was

highly efficient in reducing the ECL, yielding by UV/Vis spectroscopy the amazingly

low value of only n = 4 monomer units and, by Raman scattering, an even more

reduced chain-length of saturation with n = 3 for the D-D oligomers. In contrast,

p-nitrophenyl functionalization hardly influenced the convergence behavior compared

to the parent, bis-silylated PTA oligomers by showing an ECL of about n = 10

monomers for both methods. Significant increases for the second hyperpolarizability y

upon substitution with donor and acceptor groups were found by THG as was expected

from studies of similar chromophores. However, the chain-length dependence of y/n

revealed for both substituted series a rather unusual result. The higher oligomers of

both functionalized series did not only level off from the linear relationship yfn vs. n,

but reached with their tetramers a maximum value only to drop drastically for the
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corresponding pentamers and hexamers. This effect was found to be independent of the

nature of the end-groups and was considerably more pronounced than observed for the

terminally silylated higher oligomer series previously investigated. The present data

suggest that this phenomenon is not an experimental artefact but has a sound physical

background. Additional experiments such as wavelength dependent nonlinear optical

experiments will be necessary before a clear picture can emerge for the underlying

physics. However, these data strongly indicate that the relationship between second

hyperpolarizability y and chain-length of a given ^-conjugated molecule may be of

higher complexity than initially expected and not necessarily increases in an

exponential manner towards saturation with lengthening of the backbone.
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2.7 Experimental Part

2.7.1 Instrumentation

Flash chromatography (FC): silica gel 60 (70 - 270 mesh, 0.05 - 0.2 mm) from

Macherey-Nagel, silica gel 60 (70 - 230 mesh, 0.063 - 0.2 mm) from Merck, silica gel

60 (230 - 400 mesh, 0.04 - 0.063 mm) from Macherey-Nagel, or silica gel 60 (230 -

400 mesh, 0.04 - 0.063 mm) from Fluka with a head pressure of = 0.3 bar. Silica gel H

(5-40 Jim) from Fluka with a head pressure of » 0.5 bar.

Thin-layer chromatography (TLC): Polygram SIL G/UV254 (Macherey-Nagel) or

silica gel 60 F754 (Merck) on pre-coated glass plates using the indicated solvents. The

compounds were visualized by 254 or 366 nm light, anisaldehyde stain (0.5 ml

anisaldehyde in 50 ml cone, acetic acid and 1 ml cone, sulfuric acid), ninhydrin solution

(300 mg ninhydrin in 100 ml n-butanol and 3 ml cone, acetic acid), or 0.5% potassium

permanganate solution in water and subsequent development by heating with a heat-

gun. Preparative thin-layer chromatography was performed on preparative silica gel

60 F254 pre-coated glass plates from Merck.

Analytical size-exclusion chromatography (SEC) of oligomers 27a-e, 29a-f, 48b-f,

and 49b-f: two columns connected in series: TosoHaas TSKgel G2500 HR (5 urn) and

TosoHaas TSKgel G2000 HR (5 um), 7.8 mm ID x 30 cm. Instrumentation: Merck-

Hitachi HPLC pump L-7100; Merck-Hitachi column oven L-7360; Merck-Hitachi UV-

detector L-7400; Merck-Hitachi chromato-integrator D-2500; detector wavelength

fixed at A = 400 nm; solvent THF (HPLC grade) thermostatted at 60 °C; flow rate fixed

at 1 ml min-1. Polydispersity index Mn/Mv(, measurements of compounds 48g and 49g:

Columns: Polymer Laboratories PL-Gel mixed-C5 (5 um), 7.5 mm ID x 60 cm.

Instrumentation: Knauer gel permeation chromatograph equipped with a KMX-6-

LAALS'-detector (low angle laser light scattering) from Chromatix and a Viscotek-

differential-viskosimeter H502. Data aquisition and evaluation: software program

TriSEC GPC-Software. (Version 2.7); solvent THF (HPLC grade) thermostatted at

45 °C; flow rate fixed at 1 ml min-1. Calibration with polystyrene standards from

Polymer Laboratories.

Preparative size-exclusion chromatography (SEC) of oligomers 27a-e, 29a-e, 48b-f,

and 49b-f, as well as polymers 48g and 49g: Column: glass-column 5 x 180 cm, filled
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with Bio-Rad Bio-Beads S-Xl. Instrumentation: UV/Vis detector from Knauer; all

chromatograms recorded at ambient temperature with a variable detection wavelength

ranging from A = 300-600 nm; solvent PhMe or CH2Cl2 (technical grade, distilled prior

to use) at r.t.; flow rate ca. 10 drops muv1 operated with gravity. The styrene-

divinylbenzene-copolymer gel was allowed to swell up for 24 h prior to use in

approximately the 7-fold volume of solvent. Separation of TES-TES hexadecamer 29f

was performed on a TosoHaas TSKgel G3000 HR (5 nm), 21.5 mm ID x 60 cm

column. Instrumentation: Merck-Hitachi HPLC pump L-6250; Merck-Hitachi UV-

detector L-4250; Merck-Hitachi refractive-detector, Merck-Hitachi chromato-integrator

D-2500; detector wavelength fixed at A = 400 nm; solvent THF (HPLC grade) at r.t.;

flow rate fixed at 5 ml min-1.

FT-IR spectra: Perkin-Elmer-FT1600 spectrometer. All spectra were measured in

CHCI3 solutions. The absorptions are given in wavenumbers (cm1). The intensity of

the bands is described as s (strong), m (medium), or w (weak).

UV/Vis spectra: Varian-CARY-5 spectrophotometer. All spectra were measured as

solutions in the indicated solvents. Absorption maxima Amax are reported in nm and

molar extinction coefficients e in M^cnr1. Shoulders are indicated by sh.

NMR spectra: 1H-, *3C-, and 19F-NMR spectra: Bruker AMX-500, Bruker AMX-400,

Varian GEMINI-200 and -300 spectrometers. All spectra were measured at r.t. in the

indicated solvents. Residual protic solvent of CHCI3 at 7.24 ppm and the central

resonance of the triplet for CDCI3 at ?7'-0 ppm were used as the internal reference in the

!H- and 13C-NMR spectra, respectively. The resonance multiplicity in the !H-NMR

spectra are described as s (singlet), d (doublet), t (triplet), q (quartet), and m (multiplet).

Broad resonances are indicated by br. and signal overlap is marked as overlap.

Coupling constants J are given in Hz. For para-substituted aryl rings having an

AA'BB' spin system, V coupling constants of the pseudo-doublet are given. 13C-NMR

spectra were recorded with complete proton decoupling. For the monodisperse PTA

oligomers 27a-e, 29a-f, 48b-f, and 49b-f described herein, side-chain atoms, in

particular those belonging to the (fm-butyl)dimethylsilyl protection functionality,

frequently over-lapped. However, in all cases apart from PTA polymers 48g, 49g and

monodisperse TES-TES oligomers 29e, 29f the unsaturated C-atom resonances in the

conjugated backbone were always clearly distinguishable.
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Mass spectra: EI, FAB, LDI-TOF, and MALDI-TOF mass spectra were performed by

the Mass Spectrometry service at the Laboratorium fur Organische Chemie, ETH

Zurich. EI-MS (m/z (%)): VG-Tribrid spectrometer; spectra were measured at 70 eV.

FAB-MS (m/z(%)): VG-ZAB-2SEQ spectrometer; spectra were determined in

m-nitrobenzyl alcohol (3-NOBA) as the matrix. LDI-TOF-MS (m/z (%)) and MALDI-

TOF-MS (m/z (%)): Bruker Reflex spectrometer equipped with a N2 laser system

(337 nm) to desorb and ionize analyte molecules, which were previously dissolved in

CH2C12 and deposited on to the center of the probe tip and dried under vacuum; spectra

with reflectron detection were measured in the positive- or negative-ion mode and

acceleration voltage of 15 kV and 20 kV, respectively; for MALDI-TOF-MS, the

spectra were determined in 3-(3-indolyl)acrylic acid (IAA), 2,5-dihydroxybenzoic acid

(DHB), or 2',4',6'-trihydroxyacetophenone (THA)/ammonium hydrogencitrate (AHC)

as the matrix. For EI, FAB, LDI-TOF, and MALDI-TOF mass spectra of all

compounds discussed herein, the experimentally observed highest peak in the

molecular ion cluster is reported followed in parenthesis by the isotopic molecular

formula corresponding to the calculated most intense peak in the cluster.

Raman spectra: Perkin-Elmer series 2000R NIR FT-Raman spectrometer. The spectra

were excited in CHC13 solutions at 1064 nm (Nd:YAG laser, Spectron Laser Systems)

at 700-900 mW laser power. The absorptions are given in wavenumbers (cm-1). The

intensity of the bands is described as s (strong), m (medium), or w (weak).

Fluorescence spectra: SPEX-1680 Fluorolog 0.22 m double spectrometer. For

calibration, chinin hydrosulfate and anthracene with the known fluorescence quantum

yields &p= 0.55 and <&p= 0.33, respectively, were used [36]. Calculation of the

unknown fluorescence quantum yield <Pg of compound B was made according to

equation (9), where

<Pb = <vCb,<?a'£a'1 W

<PAis the known fluorescence quantum yield of compound A, FA and FB the integrated

areas beneath the emission peaks of compounds A and B, </A and q% the relative light

intensity at the wavelength of excitation AeXC of compounds A and B, £A m& eB me

decadic extinction coefficients at the wavelength of excitation Aexc for compounds A

and B, and «A and nB the refractive indices of the solvents at the wavelength of
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excitation AeXC for compounds A and B, respectively. The position of the longest-

wavelength emission maximum Aem is depicted in nm.

Melting points: BUM SMP-20 apparatus. All melting points were measured in open

capillaries and are uncorrected.

Elemental analyses: Mikrolabor at the Laboratorium fur Organische Chemie, ETH

Zurich.

Third harmonic generation measurements: Chloroform solutions with initial

concentrations of 0.5 to 1.5 weight percent were prepared and later diluted to four lower

concentrations. The laser source was a pulsed Nd:YAG laser (A = 1.064 um, 10 Hz

repetition rate, pulse duration of 5 ns) which was used to pump a H2 gas Raman cell

yielding a frequency shifted wavelength of A = 1.907 um. The s-polarized beam was

then focused on to the sample with a/= 500 mm lens. Third harmonic generation

measurements were performed by rotating the 1 mm thick fused silica cuvette with the

solution parallel to the polarization to generate Maker-fringe interference patterns. The

Maker-fringe patterns were analyzed in a manner similar to that described in the

literature [47]. All measurements were calibrated against fused silica x =

3.9 • 10-22 n^/V2 (2.8 • 10-14 esu) [89]. A comparison of measurements of fused silica

in vacuum and air allowed all subsequent measurements to be performed in air.

2.7.2 Materials and General Techniques

Reagents and reaction solvents were of highest available quality obtainable from

either Aldrich, Fluka, Merck, Sigma, or Riedel-de Ham and if not otherwise stated used

without further purification. CH2CI2, CCI4, and PhMe used for reactions were dried

over molecular sieves 4 A unless otherwise stated. THF and Et20 were distilled from

Na/benzophenone, PhMe from Na immediately before use. NEt3 was distilled from

CaH2 and stored over molecular sieves 4 A. THF for analytical SEC was purchased

from Merck. All reactions involving air- and/or moisture-sensitive compounds were

performed by using standard high-vacuum (» 0.01 Torr) or Schlenk techniques under

N2 or Ar of technical quality. Solvents for Sonogashira-type couplings were either

degassed by at least three pump-thaw cycles or by vigorously bubbling N2 through the

solution for at least 1 h. A positive pressure of N2 or Ar was essential to the success of
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Pd(0)-catalyzed reactions. All other reactions were performed in standard glassware

under an inert atmosphere of N2 or Ar. Evaporation and concentration in vacuo was

done at water-aspirator pressure and anhydrous MgS04 was used as the drying agent

after aqueous work-up. Flash chromatography was performed using distilled technical

grade solvents. Crystallographic data of compounds 9a, 10, and 49a are listed in

Appendix I.

2.7.3 Experimental Details

(E)-3,4-Bis{[(Xe.rt-butyl)dimethylsilyloxy]methyl}-l,6-bis(triethylsilyl)hex-3-ene-1,5-

diyne (9b). To a solution of 8b (3.30 g, 9.05 mmol, 1.0 eq.) in dry CH2C12 (30 ml) was

added tert-BuMe2SiCl (4.09 g, 27.15 mmol, 3.0 eq.), DMAP (//^V-dimethylamino-

pyridine) (0.066 g, 0.54 mmol, 0.06 eq.), and NEt3 (3.66 g, 5.04 ml, 36.20 mmol,

4.0 eq.) under N2. After stirring at r.t. for 24 h, the solvent mixture was removed in

vacuo, the crude reaction mixture diluted with saturated aq. NH4CI solution (100 ml),

and extracted with CH2C12 (200 ml). The collected organic phases were washed with

saturated aq. NaCl solution (100 ml) and dried (MgS04). Evaporation of the solvent at

reduced pressure and FC (SiO2-60, eluent: n-hexane/ethyl acetate 10:1) afforded 9b in

84% yield (4.52 g).

Colorless oil. UV/Vis (CHC13): 284 (27600),

OSifert-BuMe2
2% (24000>- FT-1* <CHC13>: 2954*' 2929s'

( 2882s, 2862s, 2144s, 1472s, 1462s, 1415m,

r. «.,
/

s SiEt3
1390m, 1375m, 1365m, 1256s, 1182s, 1102s,

cta&i
= <c

) 1036m, 1006s, 974m, 937m, 839s, 704s. Raman

Me2tert-BuSiO
(CHCI3): 3017s, 2926w, 2400w, 2188u>, 1574w,

9b 1496w, 1214m, 761m, 665s, 364s, 259s.

!H-NMR (500 MHz, CDCI3): 0.06 (s, 12 H);

0.59 {q, 37 = 8.0, 12 H); 0.88 (s, 18 H); 0.98 (t, 3J = 8.0, 18 H); 4.45 (s, 4 H).

13C-NMR (125.8 MHz, CDCI3): -5.23; 4.36; 7.48; 18.40; 25.91; 64.06; 102.78; 104.62;

130.66. EI-MS: 592.4 (0.5, [M]+; calc. for 12C32H640228Si4+: 592.4), 577.4 (3, [M -

CH3]+), 535.4 (99, [M - C(CH3)3]+), 87.1 (100, [SiH(C2H5)2]+). Anal. calc. for

CazH^O^ (593.21): C 64.79, H 10.87; found: C 64.74, H 11.03.
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(E)-3,4-Bis{[(tert-butyl)dimethylsilyloxy]methyl}-l,6-bis(triisopropylsilyl)hex-3-ene-

1,5-diyne (9c). To a solution of 8c (10.00 g, 22.28 mmol, 1.0 eq.) in dry CH2C12

(120 ml) was added tert-BuMe^iCl (8.40 g, 55.70 mmol, 2.5 eq.), DMAP (0.16 g,

1.34 mmol, 0.06 eq.), and NEt3 (9.02 g, 12.40 ml, 89.12 mmol, 4.0 eq.). After stirring

at r.t. for 24 h, the solvent mixture was removed in vacuo, diluted with saturated

aq. NH4C1 solution (100 ml), and extracted with CH2C12 (200 ml). The collected

organic phases were washed with saturated aq. NaCl solution (100 ml) and dried

(MgSC^). Evaporation of the solvent at reduced pressure, followed by purification

using a short plug (SiO2-60, eluent: n-hexane/CH2Cl2 1:1), and crystallization from

MeOH gave 9c in 98% yield (14.78 g).

White solid. M.p.: 65-67 °C. UV/Vis

OSitert-BuMe2
(CHCI3): 286 (25000), 296 (24000). FT-IR

\ = Si(APi)3 (CHCI3): 2944s, 2887s, 2862s, 2256w,
(/-Pr)3Si s= f

2144m, 2062w, 1600w, 1462s, 1385m,

Me2fert-BuSiO 1364m, 1256m, 1180m, 1101s, 1036m,

1016m, 1015m, 996m, 933m, 909s, 883s,

839s. Raman (CHC13): 3017s, 2925w,

2399w, 2133w, 1575w, 1496w>, 1214m, 877w, 761m, 665s, 364s, 259s. !H-NMR

(500 MHz, CDCI3): 0.06 (s, 12 H); 0.88 (s, 18 H); 1.07 (s, 42 H); 4.49 (s, 4 H).

13C-NMR (125.8 MHz, CDC13): -5.22; 11.28; 18.68 (2 x); 25.95; 64.29; 103.44;

103.58; 130.71. EI-MS: 676.5 (0.02, [M]+; calc. for 12c38H760228Si4+: 676.5), 619.4

(11, [M - C(CH3)3]+), 73.1 (100, [Si(CH3)3]+). Anal. calc. for C38H7602Si4 (677.37):

C 67.38, H 11.31; found: C 67.45, H 11.37.

Cleavage of 9b to 10: (E)-3,4-Bis{[(tett-butyl)dimethylsilyloxy]methyl}hex-3-ene-l,5-

diyne (10). To a solution of 9b (0.15 g, 0.25 mmol) in THF/MeOH (20 ml, 1:1) was

added slowly 1 M NaOH solution (3 ml) at r.t. After stirring for 16 h, the solvent

mixtured was removed in vacuo, the crude reaction mixture diluted with saturated aq.

NH4CI (50 ml), and extracted with CH2C12 (200 ml). The organic phase was washed

with saturated aq. NaCl solution (100 ml) and dried (MgSC<4). Removal of the solvent

at reduced pressure and purification by a plug (SiO2-60, eluent: n-hexane/ethyl acetate

10:1) provided 10 in 99% yield (0.089 g) as a white solid. M.p.: 69-70 "C (lit.: 70 °C

[11]). Compound 10 has previously been described in the literature [4,11].
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OSifert-BuMe2

Me2fert-BuSiO

10

(E)-2,3-Dibromo-l,4-bis{[(ten-butyl)dimethylsilyloxy]methyl}but-2-ene (12). To a

solution of 11 (5.00 g, 20.33 mmol, 1.0 eq.) in dry CH2C12 (120 ml) was added

fert-BuMe2SiCl (7.66 g, 50.83 mmol, 2.5 eq.), DMAP (0.15 g, 1.22 mmol, 0.06 eq.),

and NEt3 (8.23 g, 11.32 ml, 81.32 mmol, 4.0 eq.) under N2. After stirring at r.t. for

24 h, the solvent mixture was removed in vacuo, the crude reaction mixture diluted with

saturated aq. NH4C1 solution (100 ml), and extracted with CH2C12(200 ml). The

collected organic phases were washed with saturated aq. NaCl solution (100 ml) and

dried (MgSC>4). Evaporation of the solvent at reduced pressure and FC (SiC>2-60,

eluent: n-hexane/CH2Cl2 1:1) yielded 12 as a white solid.

Yield: 98% (9.46 g). M.p.: 24-25 "C. FT-IR

Me^rt-BuSiO^r6' (CHCl3>: 2952S' 2862i' 1472S> 1390W' 1364m'

BrAv^0Sltert-BuMe2 12575, llllj, 1045m, 1006m, 939w, 838s, 78b.

12
1H-NMR (200 MHz, CDC13): 0.12 (s, 12 H);

0.93 Cs, 18 H); 4.55 (s,4H). 13C-NMR

(50 MHz, CDCI3): -5.38; 18.08; 25.56; 66.98; 121.87. EI-MS: 457.1 (0.3, [M- CH3]+;

calc. for 12C15H310228Si279Br2+: 457.0), 415.0 (8, [M - C(CH3)3]+), 336.1 (22, [M -

C(CH3)3 - 79Br]+), 189.1 (39), 147.0 (52), 73.0 (100). Anal. calc. for Ci6H3402Si2Br2

(474.43): C 40.51, H 7.22, Br 33.68; found: C 40.36, H 7.00, Br 33.57. This compound

had already been partially characterized [14].

(E)-2,3-Dibromo-l,4-bis[(benzoyloxy)methyl]but-2-ene (13). To a solution of 11

(1.00 g, 4.07 mmol, 1.0 eq.) in dry CH2C12 (50 ml) was added DMAP (0.50 g,

4.07 mmol, 1.0 eq.) and pyridine (3.22 g, 3.28 ml, 40.70 mmol, 10.0 eq.) under N2.

After cooling to 0 °C, benzoyl chloride (2.00 g, 1.65 ml, 14.25 mmol, 3.5 eq.) was

added over a period of 10 min, the ice bath was then removed and die reaction mixture

stirred at r.t. for 4 h. The reaction was diluted with saturated aq. NaHCC>3 solution (100

ml) and saturated aq. NaCl solution (100 ml), extracted with CH2C12 (200 ml), and the

collected organic phases dried (MgSC^). Evaporation of the solvent at reduced

-199-



2. Monodisperse Poly(triacetylene) Oligomers

pressure and FC (SiO2-60, eluent: n-hexane/ethyl acetate 10:1) furnished 13 as a white

solid in 72% yield (1.34 g).

M.p.: 83-84 °C. FT-IR (CHC13): 3067m, 3036m, 2954m, 1964ve,

Bz0x^Y'Br 1913W, 1790m, 1723s, 1600s, 1492m, 1451s, 1369s, 1174s, 1026s,

Br
A—-0Bz 974m, 764s, 708s. iH-NMR (500 MHz, CDC13): 5.31 (s, 4 H);

13
7.45-7.48 (m, 4 H); 7.57-7.61 (m, 2 H); 8.10-8.12 (m, 4 H).

13C-NMR (50 MHz, CDC13): 67.62; 119.62; 128.50; 129.42;

129.83; 133.42; 165.70. EI-MS: 373.0 (10, [M - Br]+; calc. for 12C18H140479Br+:

373.0), 189.1 (8, [M - 2 79Br - C6H5CO]+), 105.1 (100, [C6H5CO]+), 77.1 (32,

[C6H5]+). Anal. calc. for CigHi404Br2 (454.12): C 47.61, H 3.11, Br 35.19; found:

C 47.63, H 3.06, Br 35.11.

(E)-2,3-Dibromo-l,4-bis[(hexanoyloxy)methyl]but-2-ene (16). To a solution of 11

(5.00 g, 20.33 mmol, 1.0 eq.) in dry CH2C12 (20 ml) was added DMAP (1.24 g,

10.17 mmol, 0.5 eq.) and pyridine (16.08 g, 16.38 ml, 203.33 mmol, 10.0 eq.) under

N2. After cooling to 0 °C, hexanoyl chloride (9.58 g, 9.83 ml, 71.16 mmol, 3.5 eq.) was

added over a period of 10 min, the ice bath was removed, and the reaction mixture

stirred at r.t. for 4 h. The reaction was then diluted with saturated aq. NaHC03 solution

(100 ml) and saturated aq. NaCl solution (100 ml), extracted witfi CH2C12 (200 ml),

and the collected organic phases dried (MgS04). Evaporation of the solvent at reduced

pressure and FC (SiO2-60, eluent: n-hexane/ethyl acetate 50:1) gave 16 as a colorless

oil in 89% yield (8.04 g).

FT-IR (CHC13): 3036m, 2964s, 2939s, 2872m, 1739s,
Br

1471m, 1456m, 1433w, 1416w, 1380m, 1345w, 1320w,HuCsOCO^Y

Br,
^OCOCsHu I277w, 1231m, 1159s, 1097s, 1036m, 995m, 913w.

IH-NMR (400 MHz, CDC13): 0.85-0.88 (m, 6 H); 1.27-

1.31 (m, 8 H); 1.61-1.65 (m, 4 H); 2.35 (t, 3J = 7.4,

4 H); 4.99 (s, 4 H). "C-NMR (100 MHz, CDC13): 13.83; 22.23; 24.48; 31.19; 33.91;

67.09; 119.53; 172.86. EI-MS: 361.1 (9, [M - 79Br]+; calc. for 12C16H260479Br+:

361.1), 324.9 (1, [M - C5HuCOO]+), 183.0 (37), 99.0 (100, [C5HnCO]+).

Dimethyl 2-trimethylsilylethynyl-3-triisopropylsilylethynyl fumarate (18 ). To a

carefully degassed solution of 6 (1.00 g, 3.31 mmol, 1.0 eq.), [PdCl^PPhj^] (0.12 g,

0.17 mmol, 0.05 eq.), and Cul (0.038 g, 0.20 mmol, 0.06 eq.) in NEt3 (35 ml) was

added trimethylsilylacetylene (0.65 g, 0.94 ml, 6.62 mmol, 2.0 eq.) and triisopropyl-

silylacetylene (1.21 g, 1.47 ml, 6.62 mmol, 2.0 eq.). After stirring for 72 h at r.t., the
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solvents were removed in vacuo, the crude reaction mixture diluted with saturated aq.

NaCl solution (100 ml), and extracted with CH2C12 (200 ml). The collected organic

phases were washed with saturated aq. NaCl solution and dried (MgS04). Evaporation

of the solvent at reduced pressure and FC (SiO2-60, eluent: n-hexane/CH2Cl2 3:1)

yielded 18 as a pale yellow oil in 4% yield (0.052 g) and 7c in 26% yield (0.43 g).

FT-IR (CHC13): 3036m, 2954s, 2899m, 2862s, 2154w,

1733*, 1554w, 14625, 1436s, 1385m, 1318m, 1251*,

1195m, 1149*, 1072m, 1021m, 999m, 908m, 882s, 856*.

!H-NMR (300 MHz, CDC13): 0.21 (*, 9 H); 1.08 (*, 21 H);
(i-Pr)3S^ 6 3.811 (*, 3 H); 3.813 (*, 3 H). 13C-NMR (75 MHz,

CDC13): -0.49; 11.18; 18.49; 52.67; 52.92; 98.28; 100.22;

109.57; 112.66; 127.37; 127.80; 169.49; 169.69. EI-MS:

420.3 (3, [M]+; calc. for 12c22H360428Si2+: 420.2), 405.3 (10, [M - CH3]+), 377.2

(100, [M - CH(CH3)2]+), 349.2 (40, [M - SiCH(CH3)2]+), 145.1 (34), 133.1 (30), 117.1

(37), 105.0 (45), 89.0 (84), 73.0 (100, [Si(CH3)3]+), 59.0 (58). HR-EI-MS: 420.2145

([M]+; calc. for 12C22H360428Si2+: 420.2152).

(E)-l,6-Dibromo-3A-bte{[(taX-butyl)dimethykilyloxy]methyllhex-3-ene-l,5-diyne (26).

To a solution of 9a (0.030 g, 0.059 mmol, 1.0 eq.) in acetone (2 ml) was added AgN03

(0.0014 g, 0.0083 mmol, 0.14 eq.) and W-bromosuccinimide (0.026 g, 0.14 mmol,

2.4 eq.). After stirring the solution for 3 h at r.t. in the absence of light, the mixture was

diluted with saturated aq. NaCl solution (100 ml), extracted with Et20 (200 ml) and the

collected organic phases were dried (MgS04). Evaporation of the solvent under N2 to a

volume of 10 ml and purification by a short (!) plug (SiO2-60, eluent: n-hexane/ethyl

acetate 10:1) afforded 26 in 71% yield (0.022 g). Attention: If the compound is not

instantly used it must be kept in solution and stored under refrigeration at -20 °C!

Brown solid. M.p.: > 150 °C (dec). FT-IR

OSifert-BuMe2
(CHCl3). 2958*, 2933*, 2892m, 2862*, 2246w,

\ == Br 2185m, 1600w, 1570w, 1550w, 1472m, 1462m,
Br ~

\ 1408w, 1390tv, 1364w, 1319w, 1256*, 1215w,

Me2tert-BuSiO 1193h>, 1108*, 1041m, 1005m, 940m, 836*, 781m,

26 686iv, 675h>. !H-NMR (200 MHz, CDC13): 0.10

(*, 12 H); 0.91 (*, 18 H); 4.40 (*, 4 H). "C-NMR

(50 MHz, CDC13): -5.04; 18.54; 26.04; 61.82; 63.99; 77.40; 131.22. FAB-MS: 521.1

(14, [M]+; calc. for 12C20H34''9Br2O228Si2+: 521.1), 391.0 (22, [MH - OSi(CH3)2-
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2. Monodisperse Poly(triacetylene) Oligomers

C(CH3)3]+), 72.9 (100, [Si(CH3)3]+). Anal. calc. for CjoH^B^C^Siz (522.47):

C 45.98, H 6.56; found: C 46.04, H 6.66.

Direct synthesis of 27a via oxidative dimerization of the asymmetrically silylated

monomer 19. (E, E)-3,4,9,10-Tetrakis{[(ten-butyl)dimethylsilyloxy]methyl}-l,12-bis-

(trimethylsilyl)dodeca-3,9-diene-l,5,7,U-tetrayne (27a). To a solution of 19 (0.53 g,

1.21 mmol, 1.0 eq.) in dry CH2CI2 (10 ml, containing molecular sieves 4 A) was added

TMEDA (TV^VA'^V'-tetramethylethylenediamine) (0.20 g, 0.26 ml, 1.70 mmol, 1.4 eq.)

and CuCl (0.048 g, 0.49 mmol, 0.4 eq.) at r.t. After stirring under an atmosphere of air

for 12 h, an EDTA (ethylenediaminetetraacetic acid) solution (pH 8, 100 ml) was

added and the reaction mixture extracted with CH2CI2 until the washings were

colorless. The collected organic phases were washed with saturated aq. NaCl solution

(100 ml) and dried (MgS04). Removal of the solvent at reduced pressure and

purification by a plug (SiC>2-60, eluent: n-hexane/CHzC^ 1:1) provided 27a in 98%

yield (0.52 g) as a solid.

OSifert-BuMe2\

\ ^ V— SiMe3

Megtert-BuSiO /

27a

The spectroscopic data for 27a are identical to those already described herein obtained

by a different procedure.

Typical methodfor the attempted cross-coupling of mono-silylated 19 and bis-bromo-

acetylene compound 26. (a) With CuCl, Et2NH and NH2OH HCl. To a solution of 19

(0.090 g, 0.21 mmol, 2.5 eq.) and 26 (0.043 g, 0.083 mmol, 1.0 eq.) in dry THF (15 ml)

and Et2NH (5 ml) was added CuCl (0.03 g, 0.025 mmol, 0.3 eq.) and NH2OH • HCl

(0.023 g, 0.33 mmol, 4.0 eq.). After stirring for 3 h at r.t., TLC control indicated no

formation of trimer 27b. Performing the reaction at 0 °C revealed the same result.

(b) With [PdCl2(PPh3)2], Cul, (i-Pr)2NH. To a carefully degassed solution of 19

(0.090 g, 0.21 mmol, 2.5 eq.), 26 (0.043 g, 0.083 mmol, 1.0 eq.), [PdCl2(PPh3)2]

(0.003 g, 0.004 mmol, 0.05 eq.), and Cul (0.001 g, 0.004 mmol, 0.05 eq.) in dry THF

(5 ml) was added (i-Pr)2NH (0.021 g, 0.029 ml, 0.21 mmol, 2.5 eq.) at -20 °C. After

Me3Si-
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warming up to r.t, the solution was stirred for 12 h. By TLC control, no formation of

trimer 27b was observed.

Synthesis of oligomers 27a-e via end-capping polymerization of 10 with 19 as the end-

cap. To a solution of 10 (0.087 g, 0.24 mmol, 1.0 eq.) and 19 (0.21 g, 0.48 mmol,

2.0 eq.) in dry CH2CI2 (10 ml, containing molecular sieves 4 A) was added TMEDA

(0.079 g, 0.10 ml, 0.68 mmol, 2.8 eq.) and CuCl (0.019 g, 0.19 mmol, 1.3 eq.) at r.t.

After stirring under an atmosphere of air for 2 h, an EDTA solution (pH 8, 100 ml) was

added and the reaction mixture extracted with CH2Cl2 until the washings were

colorless. The organic phase was washed with saturated aq. NaCl solution and dried

(MgSC>4). Concentration at water aspirator pressure, followed by purification using

size-exclusion chromatography, FC (SiC>2-60, eluent: n-hexane/PhMe 1:1), and finally

precipitation from MeOH gave the pure oligomers 27a-e as solids.

(E,E)-3^9J0-Tetmkis{[(ten-butyl)dimethylsilyloxy]methyl}-l,12-bis(trimethylsilyl)-

dodeca-3,9-diene-l,5,7,l1-tetrayne (27a).

Pale yellow solid. Yield: 58%

OSiterf-BuMe2\ (0.121 g). M.p.: 97-98 °C. UV/Vis

{
—

\-siMe3 (CHC13): 274 (17600), 286

Me3Si—\ == f I (19200), 300 (21800), 319 (21400),

Me2terf-BuSiO / 351 (28000>- 376 <2470°)- VT-JR

^ '2 (CHCI3): 2958s, 2933*, 2862s,

27a 2144w, 1600w, 1580w, 1462m,

1410W-, 1380m, 1362m, 1276s,

1251s, 1169m, 1108s, 1041m, 1006m, 939m, 841s. Raman (CHCl3): 2926w, 2399w,

2187w, 2135vf, 1567w, 1497w, 1215m, 762m, 666s, 364s, 259s. iH-NMR (500 MHz,

CDCI3): 0.075 (s, 12 H); 0.078 (s, 12 H); 0.18 (s, 18 H); 0.892 (s, 18 H); 0.894 (s,

18 H); 4.39 (s, 4 H); 4.45 (s, 4 H). 13C-NMR (125.8 MHz, CDC13): -5.18; -5.15; -0.23;

18.37; 18.39; 25.90; 63.84; 63.90; 81.96; 85.44; 101.51; 109.26; 129.62; 133.14.

MALDI-TOF-MS (DHB): 869.9 (34, [Af]+; calc. for 12C46H860428Si6+: 870.5), 813.9

(100, [M - C(CH3)3]+). Anal. calc. for C46H8604Si6 (871.71): C 63.38, H 9.94; found:

C 63.49, H 9.90.

-203-
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M63Sl—\ =-

-s= 1— SiMe3

Me2fert-BuSiO

27b

(E ,
E

, E)-3,4,9,10,15,16-Hexahs([(ten-butyl)dimethylsilyloxy]methyl}-l,18-bis(tri-

methylsifyl)octadeca-3,9,15-tnene-l,5,7,ll,13,17-hexayne (27b)

Yellow solid Yield 20%

pSitert-BuMe2\ (0 059g) Mp 138-139 °C

UV/Vis (CHC13) 271 (sh, 26000),

285 (28400), 302 (25300), 322

(24200), 377 (sh, 42200), 389

(46200), 407 (sh, 36700) FT-IR

(CHCI3) 2954s, 2929i, 28825,

2862s, 2144w, 1600w, 1472m,

1462m, 1410w, 1390w, 1364m, 125b, 1164w, 1108s, 1041 w, 1006m, 913m, 8415

Raman (CHC13) 2925w, 2399w, 2175w, 2135iv, 1562w, 1214m, 761m, 6655, 3645,

2595 !H-NMR (500 MHz, CDCI3) 0 076-0 082 (overlap, 36 H), 0 19 (5, 18 H), 0 89

(5, 54 H), 4 39 (5, 4 H), 4 44 (5, 4 H), 4 45 (5, 4 H) 13C-NMR (125 8 MHz, CDC13)

-5 18, -5 16, -0 25, 18 34, 18 36, 18 38, 25 86, 25 88, 63 81, 63 87, 63 89, 81 90,

83 20, 85 24, 87 37, 101 46, 109 53, 129 46, 132 17, 133 47 LDI-TOF-MS 1235 3

(31, [M]+, calc for 12c6513ch120O628Si729Si+ 1234 7), 1176 8 (100, [M -

C(CH3)3]+) Anal calc for C66Hi20O6Si8 (1234 37) C 64 22, H 9 80, found C64 37,

H9 76

Me3Si—\ =-

-= \—SiMe3

(E, E, E, E)-3,4,9,10,15,16,21,22-Octakis([(tert-butyl)dimethylsilyloxy]methyl}-l,24-

bis(tnmethylsrfyl)tetracosa-3,9,15,21-tetraene-l,5,7,ll,13,17,19,23-octayne (27c)

Deep yellow solid Yield 9%

pSi/ert-BuMe2\ (0 034 g) Mp 168-169 "C

UV/Vis (CHCI3) 278 (sh, 25800),

287 (27100), 301 (25800), 322

(22200), 380 (sh, 39700), 403

(52100), 423 (sh, 42500) FT-IR

(CHCI3) 30155, 29545, 29335,

28625, 2359w, 2133w, 1472m,

1462m, 1359w, 1256m, 12235, 12155, 1108m, 1005w, 913m, 8415 Raman (CHC13)

2925w, 2399w, 2169m, 2137w, 1560w, 1214m, 761m, 6655, 3645, 2595 'H-NMR

(500 MHz, CDCI3) 0 075-0 081 (overlap, 48 H), 0 18 (5, 18 H), 0 89 (5, 72 H), 4 39 (5,

4 H), 4 43 (5, 8 H), 4 45 (5, 4 H) 13C-NMR (125 8 MHz, CDC13) -5 18, -5 17, -5 14,

-0 24, 18 34, 18 35, 18 37, 18 39, 25 86, 25 89, 63 82, 63 86, 63 88, 63 90, 81 86,

83 13, 83 35, 85 21, 87 17, 87 59, 101 46, 109 60, 129 45, 132 00, 132 53, 133 54

LDI-TOF-MS 1596 9 (20, [M]+, calc for 12c8513CH1540828Si929Si+ 1596 9), 1539 5

Me2tert-BuSiO

27c
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0Siferf-BuMe2>

-SiMe3
M63Si—\ ^=-

(100, [M - C(CH3)3]+). Anal. calc. for C86Hi54OgSi10 (1597.04): C 64.68, H 9.72;

found: C 64.50, H 9.60.

(E, E, E, E, E)-3,4,9,10,15,16,21,22,27,28-Decakis{[(tert-butyl)dimethylsilyloxy]-

methyl}-l,30-bis(trimethylsilyl)triaconta-3,9,15,21,27-pentaene-l,5,7,ll,13,17,19,23,

25,29-decayne (27d).

Deep yellow solid. Yield: 2%

(0.009 g). M.p.: 189-190 °C.

UV/Vis (CHC13): 285 (27700), 302

(27100), 321 (23800), 341 (sh,

22000), 416 (57200). FT-IR

(CHC13): 30055, 2954i, 29335,

2862s, 2359w, 2133w, 1600w,

1472m, 1462m, 1364w, 1256m,

1159w, 1108m, 1005w, 940w, 910w, 84b. Raman (CHCI3): 2926w, 2399w, 2165m,

1558m, 1366w, 1214m, 876w, 761m, 6655, 3645, 2595. 'H-NMR (500 MHz, CDCI3):

0.076-0.083 {overlap, 60 H); 0.19 (5,18 H); 0.89 (s, 90 H); 4.39 (5,4 H); 4.44 (5,12 H);

4.46 (5,4 H). 13C-NMR (125.8 MHz, CDCI3): -5.17; -5.14; -0.24; 18.32; 18.37; 18.39;

25.86; 25.89; 63.82; 63.85; 63.87; 63.90; 81.84; 83.07; 83.27; 83.38; 85.20; 87.12;

87.38; 87.64; 101.45; 109.62; 129.44; 131.97; 132.35; 132.60; 133.56. LDI-TOF-MS:

1959.5 (22, [M]+; calc. for 12C10513CH18gO10 28Siu 29si+: 1959.2), 1901.3 (100, [M-

C(CH3)3]+). Anal. calc. for Ci06H18gO10Si12 (1959.70): C 64.97, H 9.67; found:

C 64.84, H 9.72.

Me2fert-BuSiO

27d

OSitert-BuMe2\

(E, E, E, E, E, E)-3,4,9,10,15,16,21,22,27,28,33,34-Dodecakis{[(tert-butyl)dimethyl-

silyloxy]methyl}-l,36-bis(trimethylsilyl)hexatriaconta-3,9,l5,21,27,33-hexaene-l,5,7,

11,13,17,19,23,25,29,31,35-dodecayne (27e).

Deep yellow solid. Yield: 1%

(0.006 g). M.p.: 196-197 T.

UV/Vis (CHC13): 285 (29400), 301

(28400), 321 (26200), 425 (64000).

FT-IR (CHC13): 3056m, 29565,

29225, 28565, 2300w, 2161w,

2125w, 1678w, 1606w, 14945,

14675, 1378m, 12675, 1159h>,

1106m, 894m, 8395. Raman (CHC13): 2925w, 2399w, 2164m, 1557m, 1364w, 1214m,

-s= t-SiMe3
Me3Si—\ =-

Me2tert-BuSiO

27d
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961w, 876w, 761m, 665s, 36%, 259s. !H-NMR (500 MHz, CDC13): 0.079-0.086

(overlap, 72 H); 0.19 (s, 18 H); 0.90 (s, 108 H); 4.40 (s, 4 H); 4.44 (s, 16 H); 4.46 (s,

4 H). 13C-NMR (125.8 MHz, CDC13): -5.17; -5.15; -0.25; 18.33; 18.36; 18.38; 25.86;

25.89; 63.82; 63.85; 63.88; 63.91; 81.85; 83.07; 83.23; 83.33; 83.41; 85.19; 87.10;

87.32; 87.42; 87.64; 101.48; 109.60; 129.46; 131.97; 132.32; 132.43; 132.62; 133.57.

LDI-TOF-MS: 2320.1 (17, [M]+; calc. for 12C12513CH22201228Si1329Si+: 2321.4),

2260.4 (100, [M - C(CH3)3]+). Anal. calc. for C126H2220i2Sii4 (2322.36): C 65.17,

H 9.64; found: C 65.07, H 9.65.

(E)-3,4-Bis/[(tert-butyl)dimethylsilyloxy]methyl}-l-(triethylsilyl)hex-3-ene-l,5-diyne

(28). To a solution of 10 (0.54 g, 1.49 mmol, 1.0 eq.) in dry THF (40 ml) at -78 °C was

added slowly 1.6 M n-BuLi in n-hexane (0.93 ml, 1.49 mmol, 1.0 eq.). After 30 min,

Et3SiCl (0.38 ml, 2.24 mmol, 1.5 eq.) was added and the solution was warmed up to r.t.

over a period of 1 h. Saturated aq. NH4C1 solution (50 ml) was added and the reaction

mixture extracted with CH2C12 (200 ml). The organic phase was washed with saturated

aq. NaCl solution (100 ml) and dried (MgS04). Removal of the solvent at reduced

pressure and purification by FC (SiC>2-60, eluent: n-hexane/Q^C^ 3:1) gave 28 in

66% yield (0.44 g).

Pale yellow oil. FT-IR (CHC13): 3300s, 2956s,
OSi/ert-BuMe2

2929s< 2%%2S, 2860s, 2133m, 1600w, 1472s,

\ 3= H 1462s, 1415m, 1390m, 1375m, 1362m, 1256s,

EtaSi = f
U67^ uoo^ m9m 1006m, 974w, 939w,

Me2tert-BuSiO 911m, 839s. iH-NMR (200 MHz, CDC13): 0.07

(s, 12 H); 0.66 (q, 3J = 8.0, 6 H); 0.89 (s, 18 H);

0.99 (r, 37 = 8.0, 9 H); 3.49 (s, 1 H); 4.42 (s,

2H); 4.47 (s, 2 H). 13C-NMR (50 MHz, CDC13): -5.31; 4.22; 7.36; 18.31; 25.80;

63.86; 63.99; 80.43; 88.74; 102.49; 104.84; 129.85; 131.37. EI-MS: 421.3 (1, [M -

C(CH3)3]+; calc. for 12C22H4l°228si3+: 421-2)- Anal- calc- for C26H5o02Si3 (478.94):

C 65.20, H 10.52; found: C 65.17, H 10.65.

Synthesis of29a via oxidative dimerization ofthe asymmetrically silylatedmonomer28.

(E, E)-3,4,9,10-Tetrakis{[(tttt-butyl)dimethykilyloxy]methyl}-l,12-bis(triethylsilyl)do-

deca-3,9-diene-l,5,7,ll-tetrayne (29a). To a solution of 28 (0.15 g, 0.32 mmol,

1.0 eq.) in dry CH2C12 (20 ml, containing molecular sieves 4 A) was added TMEDA

(0.05 g, 0.07 ml, 0.44 mmol, 1.4 eq.) and CuCl (0.012 g, 0.13 mmol, 0.4 eq.) at r.t.

After stirring under an atmosphere of air for 5 h, an EDTA solution (pH 8, 100 ml) was

-206-



2. Monodisperse Poly(triacetylene) Oligomers

added and the reaction mixture extracted with CH2CI2 until the washings were

colorless. The collected organic phases were washed with saturated aq. NaCl solution

(100 ml) and dried (MgSC>4). Removal of the solvent at reduced pressure and

purification by a plug (SiO2-60, eluent: n-hexane/ethyl acetate 20:1) provided 29a in

97% yield (0.14 g).

Pale yellow solid. M.p.: 69-70 °C.

OSifert-BuMe2\ UV/Vis (CHC13): 287 (21200), 301

\
_

\
0

(24000), 320 (23800), 352 (30100),

EtgSi—{ =
/ j 377(26500). FT-IR (CHC13): 2956s,

Me^BuSIO / 2929s>m2s'2i56s'2144m' l567w'

'2 1472s, 1462s, 1415m, 1390m, 1375m,

29a 1361m, 1256s, 11725, 1106$, 1006s,

972m, 911m, 839*. Raman (CHC13):

3017s, 2925w, 2399w, 2187w, 2132w, 1568w, 1498w, 1214m, 761m, 665s, 364s, 259s.

!H-NMR (500 MHz, CDCI3): 0.068 (s, 12 H); 0.073 (s, 12 H); 0.62 {q, 3/= 8.0, 12 H);

0.89 (s, 36 H); 0.98 (t, 3J = 8.0, 18 H); 4.40 (s, 4 H); 4.48 (s, 4 H). "C-NMR

(125.8 MHz, CDCI3): -5.22; -5.16; 4.31; 7.45; 18.36; 18.38; 25.87; 25.91; 63.87; 64.07;

81.92; 85.47; 102.71; 107.07; 129.94; 132.95. FAB-MS: 954.5 (60, [W]+; calc. for

12C52H980428Si6+: 954.6), 897.4 (55, [M - C(CH3)3]+), 823.3 (37, [M -

OSi(CH3)2C(CH3)3]+), 439.1 (100). MALDI-TOF-MS (THA, AHC): 977.9 (100, [M +

Na]+), 954.8 (36, [Af]+; calc. for 12C52H980428Si6+: 954.6), 897.7 (46, [M -

C(CH3)3]+), 823.5 (95, [M - OSi(CH3)2C(CH3)3]+). Anal. calc. for C52H9804Si6

(955.87): C 65.34, H 10.33; found: C 65.22, H 10.25.

Synthesis of the TES-end-capped PTA oligomers 29b and 29c via oxidative Hay

coupling ofpartially deprotected 29a. To a solution of 29a (0.32 g, 0.33 mmol, 1.0 eq.)

in THF/MeOH (20 ml, 1:1) was added 1 M NaOH solution (1 ml) at r.t., and the

reaction carefully monitored by TLC (solvent: n-hexane/ethyl acetate 40:1). After the

yellow spot of bis-deprotected 29a appeared on the TLC (approximately 10 min), the

reaction was immediately quenched by adding saturated aq. NH4C1 solution (100 ml)

and extracted with CH2CI2 (200 ml). The collected organic phases were dried

(MgS04) and concentrated in vacuo to a volume of approximately 10 ml. The solution

was diluted with dry CH2CI2 (20 ml, containing molecular sieves 4 A), and TMEDA

(0.05 g, 0.07 ml, 0.46 mmol, 1.4 eq.) and CuCl (0.012 g, 0.13 mmol, 0.4 eq.) were

added. After stirring under an atmosphere of air for 2 h at r.t, an EDTA solution (pH 8,

100 ml) was added and the reaction mixture extracted with CH2C12 until the washings
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were colorless. The organic phase was washed with saturated aq. NaCl solution

(100 ml) and dried (MgSO^). Concentration at water aspirator pressure, followed by

purification using size-exclusion chromatography, and precipitation from MeOH gave

the pure oligomers 29b and 29c in 20% (0.057 g) and 5% (0.013 g) yield, respectively,

besides 70% (0.224 g) of recovered starting material 29a.

(E, E, E, B)-3,4,9,10,15,16,21,22-Octakis{[(tert-butyl)dimethylsilybxy]methyl)-l,24-

bis(triethyhilyl)tetracosa-3,9,15,21-tetraene-l,5,7,ll,13,17,19,23-octayne (29b).

Deep yellow solid. M.p.: 151-152 °C.

OSifert-BuMe2\ UV/Vis (CHC13): 288 (30000), 302

_
,

S|p
(29000), 323 (25800), 403 (55600),

EtgSi—1 ss { J
3

425 (sh, 44300). FT-IR (CHC13):

Me2fert-BuSiO
2956m, 2932m, 2887w, 2856m,

2361w, 2339w, 2186w, 2131w,

2* 1600m, 1472m, 1462m, 141 lw,

1361w, 1256m, 1169w, 1106m,

1006m, 970tv, 937w, 907w, 839*. Raman (CHC13): 3017m, 2925w, 2399w, 2169w,

2136w, 1558H-, 1214m, 761m, 665s, 364s, 259s. iH-NMR (500 MHz, CDC13): 0.069

(s, 12 H); 0.075 (s, 12 H); 0.082 (s, 24 H); 0.62 (q, 3J = 8.0, 12 H); 0.890 (s, 36 H);

0.894 (s, 36 H); 0.99 (t, 3J = 8.0, 18 H); 4.40 (s, 4 H); 4.435 (s, 4 H); 4.436 {s, 4 H);

4.48 (s, 4 H). I3C-NMR (125.8 MHz, CDC13): -5.23; -5.17; 4.29; 7.45; 18.35; 18.38;

25.86; 25.89; 63.84; 63.88; 64.07; 81.79; 83.13; 83.37; 85.22; 87.16; 87.61; 102.62;

107.47; 129.77; 132.03; 132.51; 133.33. MALDI-TOF-MS (THA, AHC): 1702.5 (100,

[M + Na]+), 1680.5 (42, [M]+; calc. for 12C9113CH1660828Si929si+: 1681.0), 1622.6

(79, [M - C(CH3)3]+), 1548.8 (79, [M - OSi(CH3)2C(CH3)3]+). Anal. calc. for

C^HieeOgSiu) (1681.20): C 65.73, H 9.95; found: C 65.68, H 10.04.
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(E, E, E, E, E, E)-3,4,9,10,15,16,21,22,27,28,33,34-Dodecakis{[(tert-butyl)dimethyl-

silyloxy]tnethylf-l,36-bis(triethylsilyl)hexatriaconta-3,9,l5,21,27,33-hexaene-l,5,7,1 1,

13,17,19,23,25,29,31,35-dodecayne (29c).

Deep yellow solid. M.p.: 183-184 °C.

OSiJert-BuMe2\ UV/Vis (CHC13): 285 (32700), 303

(
_

\ (31700), 322 (29500), 423 (66000).

Ets,Si—^ = 1 j FTIR (CHC13): 2956m, 2932m,

., t *a
0.) / 2887w, 2856m, 2398w, 2359w,

Me2tert-BuSiO /
'6 2340H-, 2333w, 1600m, 1472m,

29c 1462m, 141 lw, 1361w, 1256m,

1170»v, 1111m, 1006m, 979w, 941w,

91 \w, 839s. Raman (CHC13): 3017m, 2926vc, 2399x>, 2164w, 1556w, 1498w, 1214m,

761m, 665*, 364s, 259*. !H-NMR (500 MHz, CDC13): 0.069 (s, 12 H); 0.075 (s, 12 H);

0.083 (s, 48 H); 0.62 {q, 3J = 8.0, 12 H); 0.890 (s, 36 H); 0.894 (s, 36 H); 0.895 (s,

36 H); 0.99 (t, 37 = 8.0, 18 H); 4.40 (s, 4 H); 4.44 {s, 16 H); 4.48 (s, 4 H). 13C-NMR

(125.8 MHz, CDCI3): -5.23; -5.17; 4.29; 7.46; 18.35; 18.38; 25.86; 25.90; 63.84; 63.89;

64.07; 81.77; 83.04; 83.21; 83.32; 83.42; 85.20; 87.09; 87.33; 87.43; 87.66; 102.61;

107.50; 129.76; 131.98; 132.31; 132.42; 132.60; 133.35. MALDI-TOF-MS (THA,

AHC): 2430.0 (100, [M + Na]+), 2408.5 (68, M+; calc. for I2C131I3CH23401228Si12
29Si30Si+. 2407.5), 2350.0 (47, [M - C(CH3)3]+), 2275.8 (68, [M - OSi(CH3)2-

C(CH3)3]+). Anal. calc. for C132H234012Si14 (2406.53): C 65.88, H 9.80; found:

C 65.84, H 9.83.

Synthesis of higher TES-end-capped PTA oligomers 29d-f\m oxidative Hay coupling

ofpartially deprotected 29b. To a solution of 29b (0.10 g, 0.059 mmol, 1.0 eq.) in

THF/MeOH (30 ml, 1:1) was added 1 M NaOH solution (1 ml) at r.t., and the reaction

carefully monitored by TLC (solvent: n-hexane/ethyl acetate 40:1). After the yellow

spot of bis-deprotected 29b appeared on the TLC (approximately 10 min), the reaction

was immediately quenched by adding saturated aq. NH4C1 solution (100 ml) and

extracted with CH2C12 (200 ml). The collected organic phases were dried (MgS04)
and concentrated in vacuo to a volume of approximately 10 ml. The solution was

diluted with dry PhMe (20 ml, containing molecular sieves 4 A), and TMEDA (0.01 g,

0.01 ml, 0.083 mmol, 1.4 eq.) and CuCl (0.002 g, 0.024 mmol, 0.4 eq.) were added.

The oligomerization was performed in refluxing PhMe under an atmosphere of pure

oxygen. After 1 h, an EDTA solution (pH 8, 100 ml) was added and the reaction

mixture extracted with CH2C12 until the washings were colorless. The organic phase

was washed with saturated aq. NaCl solution (100 ml) and dried (MgS04).
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Concentration at water aspirator pressure, followed by purification using size-exclusion

chromatography, and precipitation from MeOH gave the pure oligomers 29d, 29e, and

29f in 20% (0.018 g), 10% (0.009 g), and 5% (0.005 g) yield, respectively, besides 50%

(0.050 g) of recovered starting material 29b.

(E, E, E, E, E, E, E, E)-3,4,9,10,15,16,21,22,27,28,33,34,39,40,45,46-Hexadecakis-

{[(tert-butyl)dimethylsilyloxy]methyl}-l,48-bis(triethylsilyl)octatetraconta-3,9,15,21,

27,33,39,45-octaene-l,5,7,ll,13,17,19,23,25,29,31l35,37,41,43,47-hexadecayne (29d).

Deep yellow solid. M.p.: 202-203 °C.

OSitert-BuMe2\ UV/Vis (CHC13): 286 (34200), 304

c.c,
(33300), 322 (32400), 432 (85600).

-blfcl3

EtsSi—\ = { J FT-IR (CHC13): 3002m, 2978s,

Me2tert-BUSiO /
2900m' 2363vv' 2338m,> 1600w'

1482w, 1444m, 1394m, 1335w,

29d 1305n>, 1239m, 1044s, 938w, 878m,

805w. Raman (CHC13): 3017m,

2925w, 2399*, 2160w, 1553w, 1497w, 1214m, 761m, 666s, 364s, 259s. !H-NMR

(500 MHz, CDCI3): 0.069 (s, 12 H); 0.075 (s, 12 H); 0.083 (s, 72 H); 0.62 (q, 3J = 8.0,

12 H); 0.89 (s, 36 H); 0.90 (s, 108 H); 0.99 (t, 3J = 8.0, 18 H); 4.40 (s, 4 H); 4.44 (s,

24 H); 4.48 (s, 4 H). 13C-NMR (125.8 MHz, CDC13> = 20 mM Cr(acac)3): -5.35; -5.29;

4.16; 7.33; 18.22; 18.25; 25.74; 25.77; 63.72; 63.76; 63.94; 81.64; 82.90; 83.06; 83.10;

83.13; 83.20; 83.29; 85.07; 86.95; 87.18; 87.23; 87.25; 87.32; 87.54; 102.49; 107.37;

129.63; 131.85; 132.17; 132.25; 132.27; 132.31; 132.48; 133.22. MALDI-TOF-MS

(THA, AHC): 3156.0 (100, [M + Na]+), 3134.7 (30, [M]+\ calc. for 12C17o13C2H302016
28Si1629Si30Si+: 3132.9), 3075.3 (40, [M - C(CH3)3]+), 3001.8 (43, [M - OSi(CH3)2-

C(CH3)3]+). Anal. calc. for CmH302O16Silg (3131.85): C 65.96, H 9.72; found:

C 65.76, H 9.89.
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(E, E, E, E, E, E E, E, E, E, E, E)-3,4,9,10,15,16,21,22,27,28,33,34,39,40,45,46,51,52,

57,58,63,64,69,70-Tetracosakis{[(ten-butyl)dimethylsilyloxy]methyl}-l,72-bis(triethyl-

silyl)doheptaconta-3,9,15,21,27,33,39,45,51,57,63,69-dodecaene-l,5,7,ll,13,17,19,23,

25,29,31,35,37,41,43,47,49,53,55,59,61,65,67,71-tetracosayne(29e).

Deep yellow solid. M.p.: 219-220 °C.

OSifert-BuMe2\ UV/Vis (CHC13): 280 (42100), 305

_

SJE
(41000), 322 (40800), 437 (116600).

ElgSi -\ == { j FT-IR (CHCI3): 2956s, 2927s, 2856s,

Me2tert-BuSiO
2188w, 2176w, 2132w, 2125w,

1600s, 1472s, 1460s, 1361m, 1256s,

Me 1159w, 1111s, 1006m, 976w, 941w,

901w, 839s. Raman (CHC13):

3017m, 2925u>, 2399w, 2158w, 1556w, 1496w, 1214m, 761m, 665s, 364s, 259s.

!H-NMR (500 MHz, CDCI3): 0.069 (s, 12 H); 0.075 (s, 12 H); 0.084 (s, 120 H); 0.65

(q, 3J = 8.0, 12 H); 0.89 (s, 54 H); 0.90 (overlap, 162 H); 0.99 (t, 3/ = 8.0, 18 H); 4.40

(s, 4 H); 4.44 (s, 40 H); 4.48 (s, 4 H). 13C-NMR (125.8 MHz, CDC13, = 20 mM

Cr(acac)3): -5.51 (overlap); 3.94; 7.12; 17.99 (overlap); 25.52 (overlap); 63.49

(overlap); 6h.ll (overlap); 81.40; 82.66-83.06 (overlap, 10 x); 84.84; 86.72; 87.01

(overlap, 7 x); 87.09; 87.31; 102.25; 107.14; 129.40; 131.62; 131.94; 132.04 (overlap,

7 x); 132.25; 132.99. MALDI-TOF-MS (THA, AHC): 4604.9 (100, [M + Na]+),

4581.9 (36, [M]+; calc. for 12C25013C2H438O2428Si2429Si30Si+: 4581.7), 4524.3 (40,

[M - C(CH3)3]+), 4450.7 (71, [M - OSi(CH3)2C(CH3)3]+). Anal. calc. for C252H43g

024Si26 (4582.51): C 66.05, H 9.63; found: C 65.98, H 9.62.

Optimized synthesis of hexadecamer 29f via oxidative Hay coupling of partially

deprotected 29d. To a solution of 29d (0.10 g, 0.032 mmol, 1.0 eq.) in THF/MeOH

(90 ml, 1:1) was added 1 M NaOH solution (1 ml) at r.t., and the reaction carefully

monitored by TLC (solvent: n-hexane/ethyl acetate 20:1). After the yellow spot of bis-

deprotected 29d appeared on the TLC (approximately 10 min), the reaction was

immediately quenched by adding saturated aq. NH4CI solution (100 ml) and extracted

with CH2Cl2 (200 ml). The collected organic phases were dried (MgS04) and

concentrated in vacuo to a volume of approximately 10 ml. The solution was diluted

with dry PhMe (50 ml, containing molecular sieves 4 A), and TMEDA (0.01 g, 0.01 ml,

0.045 mmol, 1.4 eq.) and CuCl (0.001 g, 0.013 mmol, 0.4 eq.) were added. The

oligomerizarjon was performed in refluxing PhMe under an atmosphere of pure oxygen.

After 1 h, an EDTA solution (pH 8, 100 ml) was added and the reaction mixture
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extracted with CH2CI2 until the washings were colorless. The organic phase was

washed with saturated aq. NaCI solution (100 ml) and dried (MgS04). Concentration at

water aspirator pressure, followed by purification using size-exclusion chromatography,

and precipitation from MeOH gave the pure oligomers 29f in 20% (0.019 g) yield,

besides 70% (0.070 g) of recovered starting material 29d.

(E, E, E, E, E, E, E, E, E, E, E, E, E, E, E, E)-3,4,9,10,15,16,21,22,27,28,33,34,39,40,

45,46,51,52,57,58,63,64,69,70,75,76,81,82,87,88,93,94-Dotriacontakis([(\ert-butyl)-

dimethylsilyloxy]methyl}-l,96-bis(triethybilyl)hexanonaconta-3,9,15,21,27,33,39,45,

51,57,63,69,75,81,87,93-hexadecaene-l,5,7,ll,13,17,19,23,25,29,31,35,37,41,43,47,

49,53,55,59,61,65,67,71,73,77,79,83,85,89,91,95-dotriacontayne (29f).

Deep yellow solid. M.p.: > 220 °C.

OSifert-BuMe2\ UV/Vis (CHCI3): 270 (61300), 281

-SiEt3
(61200), 301 (sh, 56800), 321

EtaSi—I = f (53300), 439 (149400). FT-IR

Me2tert-BUSiO / (CHQ3>: 2956s> 2933s' 2856i-

2417w, 2383w>, 2348w, 1667m,

29f 1645m, 1600m, 1495m, 1461m,

1367m, 1261s, 1183m, 1168m, 1100s,

1072m, 1041m, 1017m, 922w, 839m, 811m. Raman (CHC13): 3017m, 2925w, 2398w,

2158m>, 1555w, 1496w, 1214m, 761m, 665s, 364s, 259s. 'H-NMR (500 MHz, CDC13):

0.069 (s, 12 H); 0.075 (s, 12 H); 0.083 (s, 168 H); 0.62 (q, 37 = 7.9, 12 H); 0.89-0.90

{overlap, 288 H); 0.99 (t, 3J = 7.9, 18 H); 4.40 (s, 4 H); 4.44 (s, 56 H); 4.48 (s, 4 H).

13C-NMR (125.8 MHz, CDC13, ~ 20 mM Cr(acac)3): -5.42 (overlap); 4.03; 7.21; 18.09

(overlap); 25.60 (overlap); 63.59 (overlap); 63.81 (overlap); 81.52; 82.60-83.15

(overlap, 14 x); 84.93; 86.81; 87.10 (overlap, 11 x); 87.18; 87.40; 102.35; 107.25;

129.49; 131.69-132.19 (overlap, 13 x); 132.35; 133.08. MALDI-TOF-MS (IAA):

6055.6 (100, [M + Na]+; calc. for 12C32913C3H574O3228Si3i29Si230Si23Na+: 6055.5).

Anal. calc. for 332^740328134 (6033.16): C 66.10, H 9.59; found: C 66.20, H 9.52.

Cleavage of bis-silylated dimer 27a to bis-deprotected 30. (E, E)-3,4,9,10-

Tetrakis{[(tett-butyl)dimethylsilyloxy]methyl}dodeca-3,9-diene-l,5,7,ll-tetrayne (30).

To a solution of 27a (0.10 g, 0.11 mmol, 1.0 eq.) in THF/MeOH (10 ml, 1:1) was added

slowly K2C03 (0.048 g, 0.34 mmol, 3.0 eq.) at r.t. After stirring for 30 min, the

reaction mixture was diluted with saturated aq. NaCI (50 ml), extracted with CH2C12

(200 ml), and the organic phase dried (MgSC^). Removal of the solvent at reduced
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pressure to a volume of 10 ml and purification through a (short!) plug (SiO2-60, eluent:

n-hexane/ethyl acetate 10:1) provided 30 in approximately 98% yield (0.078 g).

Attention: The compound is only stable in solution and must be stored under

refrigeration at -20 °C!

UV/Vis (CHC13): 264 (19100), 277 (21400),

OSitarMuMeA 291 (21100)' 3U (17600)' 336 (23000)' 36°

' \ (20800). FT-IR (CHCI3): 3303s, 2968s,

_

) = TH 2933s, 2894m, 2862s, 2246w, 1600u>,
~

1472m, 1462m, 1440w, 1390w, 1364w,

^Mejfert-BuSiO J 125fe> 1215i) U55m, 1103s, 1041w,

3, 1005w, 841s. !H-NMR (500 MHz, CDCI3):

0.131 (s, 12 H); 0.129 (s, 12 H); 0.941 (s,

18 H); 0.944 (s, 18 H); 3.67 (s, 2 H); 4.47 (s, 4 H); 4.50 (s, 4 H). "C-NMR

(125.8 MHz, CDCI3): -5.19; -5.14; 18.35; 18.39; 25.88; 63.67; 64.02; 80.38; 81.54;

85.19; 90.64; 130.52; 132.23. FAB-MS: 726.3 (52, [Af]+; calc. for 12c40H70O428Si4+:
726.4), 669.3 (71, [M - C(CH3)3]+), 595.3 (62, [M - OSi(CH3)2C(CH3)3]+), 555.3

(100).

3,5-Bis[p-(tert-butyl)benzyloxy]benzylalcohol (31). To a solution of 3,5-dihydroxy-

benzylalcohol (7.01 g, 50.03 mmol, 1.0 eq.), p-(tert-butyl)benzylbromide (25.00 g,

18.54 ml, 110.06 mmol, 2.2 eq.), and 18-crown-6 (2.65 g, 10.01 mmol, 0.2 eq.) in dry

acetone (800 ml) was added K2C03 (17.29 g, 125.08 mmol, 2.5 eq.) and the reaction

heated at reflux under N2 for 2 d. The resulting suspension was diluted with saturated

aq. NaCl solution (100 ml), extracted with CH2C12 (200 ml), and the organic phase

dried (MgS04). Evaporation of the solvent and purification by FC (SiO2-60, eluent:

n-hexane/ethyl acetate 5:1 -» 1:1; gradient) gave 31 in 79% yield (17.08 g).

White needles. M.p.: 116-117 °C. FT-IR

(CHC13): 301 lw, 2967m, 2910m, 2867w,

191 lw, 1800w, 1594s, 1517w, 1461m, 1410m,

1367m, 1294w, 1265m, 1156s, 1056m, 1017m,

860w, 839m. iH-NMR (300 MHz, CDC13):

1.35 (s, 18H); 1.95 (t, 3J = 5.6, 1 H); 4.61

(rf, 3J = 5.6, 2 H); 5.00 (s, 4 H); 6.59 (t, 4J =

2.2, 1 H); 6.64 (d, 4J = 2.2, 2 H), 7.38 (d, 3J =
31

8.4 Hz, 4 H), 7.44 {d, 3J = 8.4, 4 H).

"C-NMR (75.5 MHz, CDC13): 31.20; 34.45; 65.19; 69.97; 101.23; 105.60; 125.57;
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127.57; 133.83; 143.49; 151.14; 160.37. EI-MS: 432.3 (2, [M]+; calc. for

12C29H36°3+: 432-3)> 235-2 (5). 147-2 (100' [CH2C6H4C(CH3)3]+). Anal. calc. for

C29H36O3 (432.61): C 80.52, H 8.39; found: C 80.65, H 8.49.

3,5-Bis[p-(teft-butyl)benzyloxy]benzylbromide (32). To a solution of 31 (2.00 g,

4.63 mmol, 1 eq.) and CBr4 (1.92 g, 5.78 mmol, 1.3 eq.) in dry THF (20 ml) was added

PPI13 (1.52 g, 5.78 mmol, 1.3 eq.). The resulting mixture warmed up as PPh3 dissolved

and yielded a white precipitate. After 30 min, the mixture was diluted with n-hexane

(60 ml) and passed through a plug (SiO2-60, eluent: n-hexane). Evaporation of the

solvent gave compound 32 as a colorless oil in 99% yield (2.27 g) which crystallized

upon standing.

White needles. M.p.: 100-101 °C. FT-IR

(CHCI3): 301 lw, 2967m, 2910m, 2867h>,

191 lw, 1800tv, 1594s, 1517w, 1461m, 1410m,

1367m, 1342m, 1318m, 1267m, 1161s, 1115m,

1056r, 1019m, 911w, 840m. iH-NMR

(300 MHz, CDCI3): 1.35 (s, 18 H); 4.43 (5,

2 H); 5.00 (i, 4 H); 6.58 (t, 3J = 2.2, 1 H); 6.66

(d, 3J = 2.2, 2 H); 7.40 (d, 3J = 8.0, 4 H); 7.45

32 (d, 3J = 8.0, 4 H). 13C-NMR (75.5 MHz,

CDCI3): 31.22; 33.51; 34.49; 70.01; 102.14;

108.05; 125.63; 127.64; 133.64; 139.79; 151.26; 160.30. EI-MS: 494.2 (0.5, [A/]+;

calc. for 12C29H350279Br+: 494.2), 415.3 (2, [M - "Brf), 235.2 (6), 147.2 (100,

[CH2C6H4C(CH3)3]+). Anal. calc. for C29H3502Br (495.51): C 70.30, H 7.12,

Br 16.13; found: C 70.23, H 7.20, Br 15.89.

l,3-Bis[p-(tert-butyl)benzyloxy]-5-[2-(allyldimethylsityl)ethyl]benzene (3 3). To a

solution of 32 (2.41 g, 4.86 mmol, 1.0 eq.) and Cul (0.19 g, 0.87 mmol, 0.2 eq.) in dry

THF (5 ml) was added an 1.3 M ethereal solution of allyldimethylsilylmethyl-

magnesium chloride (4.9 ml, 6.37 mmol, 1.3 eq., freshly prepared from allyldimethyl-

silylmethyl chloride and magnesium in Et20) at -50 °C. After stirring the resulting

suspension for 1 d at r.t., the reaction mixture was quenched by adding saturated

aq. NH4CI solution (100 ml), extracted with Et20 (200 ml), and the collected organic

phases dried (MgS04). Removal of the solvent under reduced pressure and FC

(SiO2-60, eluent: n-hexane/CH2Cl2 1:1) gave 33 in 96% yield (2.47 g).
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White crystals. M.p.: 56-57 °C. FT-IR

^\C. (CHCI3): 3011w, 2967m, 2910m, 2867w,

jTj 1906w, 1800w, 1594.$, 1517w, 1461m, 1411m,

1367m, 1347m, 1289m, 1256m, 1156*, 1115m,

1056*, 1031m, lOlOw, 900m, 839m. !H-NMR

/ (500 MHz, CDCI3): 0.00 (s, 6 H); 0.85-0.89

?VS (m, 2 H); 1.31 (5, 18 H); 1.52 (dd, 3y = 8.1,

47 = 1.2, 2 H); 2.54-2.57 (m, 2 H); 4.81-4.85

(m, 2 H); 4.97 (s, 4 H); 5.73-5.81 (m, 1 H);

6.45 (5, 2 H); 7.34-7.40 (m, 8 H). "C-NMR (125.8 MHz, CDC13): -3.81; 16.62; 23.16;

30.19; 31.35; 34.58; 69.91; 99.22; 106.99; 112.88; 125.50; 127.53; 134.03; 134.97;

147.56; 150.99; 160.08. EI-MS: 528.3 (16, [M]+; calc. for 12C35H4g0228Si+: 528.3),

487.3 (100, [M - CH2CHCH2]+), 341.2 (7), 147.1 (97, [CH2C6H4C(CH3)3]+). Anal,

calc. for C35H4802Si (528.86): C 79.49, H 9.15; found: C 79.27, H 9.07.

Typical procedures for the attempted transformation ofallyl silane 33 into silylfluoride

34. (i) With KHF2 and CF3COOH. To a solution of 33 (0.10 g, 0.19 mmol, 1.0 eq.) in

CHC13 (20 ml) was added KHF2 (0.03 g, 0.38 mmol, 2.0 eq.) and CF3COOH (0.07 g,

0.04 ml, 0.57 mmol, 3.0 eq.), and the mixture was heated at reflux under an atmosphere

of N2. After 4 h, an aliquot was taken, diluted with saturated NH4CI solution (50 ml)

and extracted with CH2CI2 (100 ml). The organic phases were collected and dried

(MgS04). !H-NMR of the crude mixture indicated partial loss of the silyl methyl

moiety, (ii) With Br2 and HF Pyridine. To a solution of 33 (0.10 g, 0.19 mmol,

1.0 eq.) in dry CH2C12 (10 ml) was added slowly Br2 (0.36 g, 0.12 ml, 2.27 mmol,

12.0 eq.) and HF • Pyridine (0.65 g, 0.59 ml, 22.68 mmol, 120.0 eq., 70% HF in 30%

pyridine), and the mixture was stirred at 0 °C in a polyethylene vessel. After 3 h an

aliquot was taken, diluted with saturated NH4CI solution (50 ml) and extracted with

CH2C12 (100 ml). The organic phases were collected and dried (MgS04). !H-NMR of

the crude mixture indicated bromination of the central aryl moiety, (lii) With NO^BF^.

To a solution of 33 (0.10 g, 0.19 mmol, 1.0 eq.) in dry CH2C12 (20 ml) was added solid

N02BF4 (0.03 g, 0.19 mmol, 1.0 eq.) under an atmosphere of Ar. After stirring for 3 h

at -78 °C, an aliquot was taken, diluted with saturated NH4CI solution (50 ml) and

extracted with CH2C12 (100 ml). The organic phases were collected and dried

(MgS04). JH-NMR of the crude mixture indicated no reaction. Repeating the the

same reaction at -44 °C (dry ice, MeCN) resulted in cleavage of the silyl methyl groups.

\k
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Synthesis of model protecting group 36. 3,5-Dimethoxyphenyldimethylsilyl chloride

(36). To a solution of 35 (4.00 g, 18.5 mmol, 1.0 eq.) in dry Et20 (250 ml) at -78 °C

was added slowly over a period of 40 min 1.7 M tert-Buhi in n-pentane (21.8 ml,

37.0 mmol, 2.0 eq.). After 20 min, Me2SiCl2 (4.78 g, 4.5 ml, 37.0 mmol, 2.0 eq.) was

added, the cooling bath removed, and the reaction stirred for an additional period of 2 h.

Careful distillation at high vacuum (=* 0.01 Torr, = 70 °C) under strict exclusion of

moisture yielded the silyl chloride 36 in approximately 80% yield (3.42 g) and 90%

purity.

Colorless oil. iH-NMR (200 MHz, CDC13): 0.68 (s, 6 H); 3.82 (s,

6 H); 6.54 (t, AJ = 2.2, 1 H); 6.76 (d, 4/ = 2.2, 2 H). 13C-NMR

(50 MHz, CDC13): 1.99; 55.25; 102.14; 110.59; 138.36; 160.65.

"TN EI-MS: 230.0 (75, [M]+; calc. for 12C10H15O228Si35ci+: 230.1),
01

215.0 (100, [M - CH3]+), 138.0 (57, [Affl - Si(CH3)2Cl]+).
36

3,5-Bis[p-(tert-butyl)benzyloxy]bromobenzene (37). To a solution of 35 (5.00 g,

23.15 mmol, 1.0 eq.) in acetic acid (60 ml) was added 47% HI solution (46.0 ml,

254.65 mmol, 11.0 eq.), and the mixture was heated at reflux for 24 h. Subsequently

1 M Na2S203 solution (100 ml) was added, the mixture extracted with CH2C12

(200 ml), the organic phases washed with saturated aq. NaHC03 solution (100 ml), and

the collected organic phases dried (MgSC>4). After purification through a plug

(SiO2-60, eluent: CH2Cl2/MeOH 98:2), 4-bromoresorcinol was obtained in 98% yield

(4.29 g) to which p-(fert-butyl)benzylbromide (10.52 g, 7.80 ml, 46.30 mmol, 2.0 eq.),

K2C03 (8.00 g, 57.88 mmol, 2.5 eq.), 18-crown-6 (1.22 g, 4.63 mmol, 0.2 eq.), and dry

acetone (600 ml) was added. The mixture was heated at reflux under an atmosphere of

N2 for 1 d and then the resulting suspension diluted with saturated aq. NaCl solution

(100 ml), extracted with CH2C12 (200 ml), and the organic phase dried (MgS04).

Evaporation of the solvent and purification by FC (SiO2-60, eluent: n-hexane/CH2Cl2

10:1) furnished 37 in 70% yield (7.80 g) as white crystalls.

v
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*H-NMR (200 MHz, CDCI3): 1.31 (s, 18 H);

4.94 (s, 4 H); 6.53 {t, AJ = 2.3, 1 H); 6.75 (d,

4J = 2.3, 2 H); 7.32 (d, 3J = 8.4, 4 H); 7.40 (d,
3J = 8.4, 4 H). 13C-NMR (50 MHz, CDC13):

31.23; 34.53; 70.14; 101.31; 110.93; 125.66;

127.60; 128.39; 133.31; 151.37; 160.58.

EI-MS: 480.2 (1, [Af]+; calc. for 12C28H33°2
Br+: 480.2), 401.2 (2, [M - 79Br]+), 235.2

(9), 147.2 (100, [CH2C6H4 C(CH3)3]+).

Attempted synthesis of dendron silyl chloride 38. 3,5-Bis[p-(teft-butyl)benzyloxy]-

phenyldimethylsilyl chloride (38). To a solution of 37 (4.00 g, 8.31 mmol, 1.0 eq.) in

dry Et20 (120 ml) at -78 °C was added slowly over a period of 40 min 1.7 M tert-BuU

in n-pentane (9.8 ml, 16.62 mmol, 2.0 eq.). After 20 min, Me2SiCl2 (2.15 g, 2.0 ml,

16.62 mmol, 2.0 eq.) was added, the cooling bath removed and stirring continued for an

additional period of 2 h. Distillation under vacuum (= 0.01 Torr, » 210 °C) resulted in

complete decomposition even with strict exclusion of moisture.

(E)-3,4-Bis{[(tert-butyl)dimethylsilyloxy]methyl}-l-(p-nitrophenyl)-6-(trimethylsilyl)-

hex-3-ene-l,5-diyne (45). A mixture of 19 (0.27 g, 0.61 mmol, 1.0 eq.), p-iodonitro-

benzene (0.18 g, 0.73 mmol, 1.2 eq.), [PdCl^PPhj^] (0.021 g, 0.030 mmol, 0.05 eq.),

and Cul (0.007 g, 0.037 mmol, 0.06 eq.) in degassed NEt3 (5 ml) and CH2C12 (20 ml)

was stirred at r.t. for 24 h. The solvent and NEt3 were removed in vacuo, and the

resulting residue was passed through a plug (SiO2-60, eluent: CH2C12). FC (SiC^-ff,

eluent: n-hexane/ethyl acetate 15:1) of the crude reaction mixture and removal of

remaining p-iodonitrobenzene by crystallization from n-hexane gave pure 45 in 95%

yield (0.30 g).

Pale yellow solid. M.p.: 74-75 °C.

OSifert-BuMe2 TjV/Vis (CHC13): 283 (15400), 354

_
0

-= SiMe3 (23800). FT-IR (CHC13): 2956m,

~o—
> 2933m, 2856m, 2200w, 2133w, 1594s,

Me2tert-BuSiO 1522r, 1472w, 1460w, 1344s, 1256m,

*
1139w, 1106m, 1006w, 933s, 844s.

Raman (CHC13): 2925m>, 2399w,

2197w, 2133w, 1961.V, 1572w, 1496w, 1341w, 1214m, 1106w, 876w, 761m, 665s,

364s, 259s. JH-NMR (300 MHz, CDC13): 0.08 (s, 12 H); 0.19 (s, 9 H); 0.89 (s, 18 H);
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4.47 (5, 2 H); 4.52 (s, 2 H); 7.53 (d, 37 = 8.6, 2 H); 8.17 (d, 37 = 8.6, 2 H). 13C-NMR

(75.5 MHz, CDC13): -5.30; -5.26; -0.38; 18.24; 18.29; 25.77; 63.86; 91.72; 98.79;

101.49; 108.35; 123.76; 129.90; 130.10; 131.44; 132.12; 147.20. EI-MS: 542.3 (0.02,

[M - CH3]+; calc. for 12C28H43N0428si3+: 542-3)> 500-2 (10. W - C(CH3)3]+), 73.0

(100, [Si(CH3)3]+). Anal. calc. for C29H47N04Si3 (557.96): C 62.43, H 8.49, N 2.51;

found: C 62.14, H 8.27, N 2.43.

(E)-3,4-Bis{[(teit-butyl)dimethylsilyloxy]methyl}-l-(p-nitrophenyl)hex-3-ene-l,5-diyne

(47). To a solution of 45 (0.32 g, 0.57 mmol, 1.0 eq.) in THF/MeOH (30 ml, 1:1) was

added K2C03 (0.23 g, 1.70 mmol, 3.0 eq.). The solution was stirred for 2 h at r.t,

extracted with CH2Cl2 (200 ml), the organic phase washed with saturated aq. NaCl

solution (100 ml), and dried (MgSC>4). Removal of the solvent under reduced pressure

gave 47 in 97% yield (0.27 g).

Pale yellow solid. M.p.: 82-83 °C. UV/Vis

rf-BuMe2
(CHC13): 270 (8000), 343 (13500). FT-IR

= H (CHC13): 3300m, 3027m, 3009m, 2958m,

2931m, 2856w, 2439w, 2396w, 2303w,

Me2tert-BuSiO 2192h>, 1598j, 1522s, 1472w, 1460w,

47 1346.S, 1265m, 1139h>, 1106m, 1006w,

932w, 894w, 855m, 838.S. Raman (CHC13):

2925w, 2399w, 2197w, 2133w, 1961 w, 1572w, 1496w, 1341 w, 1214m, 1106w, 876w,

761m, 665s, 364s, 259*. !H-NMR (300 MHz, CDC13): 0.10 (s, 12 H); 0.90 (s, 18 H);

3.60 (s, 1 H); 4.51 (s, 2 H); 4.53 (s, 2 H); 7.55 (d, 3J = 9.0, 2 H); 8.19 (d, 3J = 9.0, 2 H).

"C-NMR (75.5 MHz, CDC13): -5.31; -5.25; 18.24; 18.31; 25.73; 25.77; 63.67; 64.01;

80.32; 89.77; 91.29; 98.66; 123.80; 129.92; 130.32; 130.89; 132.15; 147.29. EI-MS:

428.1 (14, [M- C(CH3)3]+; calc. for 12C22H3oN0428Si2+: 428.2), 84.0 (100), 73.0 (77,

[Si(CH3)3]+). Anal. calc. for C26H39N04Si2 (485.78): C 64.29, H 8.09, N 2.88; found:

C 64.00, H 7.99, N 2.84.

Synthesis of donor-donor oligomers 48b-f and polymer 48g via end-capping Hay

polymerization of10 with 46 as the end-cap. To a solution of 10 (0.035 g, 0.095 mmol,

1.0 eq.) and 46 (0.138 g, 0.29 mmol, 3.0 eq.) in dry CH2C12 (10 ml, containing

molecular sieves 4 A) was added TMEDA (0.031 g, 0.04 ml, 0.27 mmol, 2.8 eq.) and

CuCl (0.008 g, 0.081 mmol, 0.8 eq.) at r.t. After stirring under an atmosphere of air for

2 h, an EDTA solution (pH 8, 100 ml) was added and the reaction mixture extracted

with CH2C12 until the washings were colorless. The organic phase was washed with

02N-o—
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saturated aq. K2CO3 solution (50 ml) and dried (MgS04). Concentration at water

aspirator pressure, purification by size-exclusion chromatography, and precipitation

from MeOH gave the D-D oligomers 48b-f and polymer 48g as solids.

(E, E)-3,4,9,10-Tetrakis{[(tert-butyl)dimethylsilyloxy]methyl}-l,12-bis[p-(dimethyl-

amino)phenyl]dodeca-3,9-diene-l,5,7,11-tetrayne (48b).

OSiterf-BuMe2

Me2N'-CM—
—k>NMe2

Me2tort-BuSiO

48b

Orange solid. Yield: 62% (0.086 g). M.p.: 154-155 °C (lit: 153-155 °C [23]). Raman

(CHCI3): 2925w, 2398w, 2158m, 1606w, 1562*, 1519w, 1372w, 1214m, 1155w, 973w,

761m, 665s, 364s, 259s. iH-NMR (500 MHz, CDCI3): 0.11 (s, 12 H); 0.12 (s, 12 H);

0.915 (5,18 H); 0.920 (s, 18 H); 2.98 (*, 12 H); 4.51 (s, 4 H); 4.55 (s, 4 H); 6.62 (d, 3J =

8.9, 4 H); 7.30 (d, 3J = 8.9,4 H). 13C-NMR (125.8 MHz, CDC13): -5.06; 18.42; 18.44;

25.96; 40.13; 63.98; 64.33; 82.64; 85.07; 85.56; 105.26; 109.88; 111.75; 126.21;

132.73; 133.95; 150.36. MALDI-TOF-MS (THA, AHC): 987.8 (45, [M + Na]+), 965.5

(100, [Af]+; calc. for 12C5513CH88N20428Si4+: 965.6), 907.5 (9, [M - C(CH3)3]+),

833.8 (67, [M - OSi(CH3)2C(CH3)3]+). The spectroscopic data are in agreement with

those previously published for 48b [23].

fE, E, E)-3,4,9,10,15,16-Hexakis{[(tert-butyl)dimethylsilyloxy]methyl}-l,18-bis[p-(di-

methylamino)phenyl]octadeca-3,9,15-triene-l,5,7,11,13,17-hexayne (48c).

~CH—

_OSifert-BuMe2>

-NMG2—K>
M62N-

Me2/ert-BuSiO

48c

Orange solid. Yield: 18% (0.034 g). M.p.: > 170 °C (decol. from orange to deep red),

203-206 "C (melt). UVA'is (CHC13): 288 (35400), 320 (33900), 427 (77500). FT-IR

(CHCI3): 3011m, 2956m, 2933m, 2856m, 2400m, 2167w, 1606s, 1522m, 1445m,
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1361m, 1267s, 1111m, 1045w, 1006w, 933w, 839*. Raman (CHC13): 2925w, 2399w,

2156m, 1605H-, 1558m, 1372u>, 1214m, 1149w, 971w, 762m, 665s, 364s, 259s.

!H-NMR (500 MHz, CDC13): 0.102 (s, 12 H); 0.105 (s, 12 H); 0.117 (s, 12 H); 0.910

(s, 18 H); 0.911 (s, 18 H); 0.919 (s, 18 H); 2.98 (s, 12 H); 4.46 (s, 4 H); 4.50 (s, 4 H);

4.55 (s, 4 H); 6.62 (d, 3J = 9.0, 4 H); 7.31 (d, 3J = 9.0, 4 H). "C-NMR (125.8 MHz,

CDCI3): -5.13; -5.08; -5.07; 18.37; 18.41; 18.43; 25.90; 25.95; 40.12; 63.91; 63.95;

64.32; 81.75; 84.26; 84.58; 85.57; 87.73; 105.77; 109.74; 111.74; 125.89; 132.01;

132.78; 134.60; 150.42. MALDI-TOF-MS (THA, AHC): 1352.1 (28, [M + Na]+),

1328.5 (100, [M]+; calc. for l2c75l3cH122N20628Si6+: 1327.8), 1271.2 (41, [M -

C(CH3)3]+), 1197.0 (43, [M- OSi(CH3)2C(CH3)3]+). Anal. calc. for C76H122N206Si6

(1328.34): C 68.72, H 9.26, N 2.11; found: C 68.68, H 9.26, N 2.09.

(E, E, E, E)-3,4,9,10,15,16,21,22-Octakis{[(ten-butyl)dimethylsilyloxy]methyl}-l,24-

bis[p-(dimethylamino)phenyl]tetracosa-3,9,15,21-tetraene-l,5,7,11,13,17,19,23-octa-

yne (48d).

o

OSifert-BuMe2>

-f~\-NMe2
Me2N

L

Me2tert-BuSib

48d

Deep orange solid. Yield: 7% (0.017 g). M.p.: > 190 °C (decol. from red to deep red),

220-224 °C (dec). UV/Vis (CHC13): 287 (40800), 427 (86800). FT-IR (CHC13):

3011m, 2956m, 2933m, 2856m, 2167w, 1606s, 1561m, 1522m, 1472m, 1462w, 1448w,

1361m, 1256s, 1106m, 1006w, 944w, 839s. Raman (CHC13): 2925w, 2400w, 2156m,

1605w, 1557m, 1370^, 1214m, 1144w, 970w, 762m, 665s, 364s, 259s. !H-NMR

(500 MHz, CDC13): 0.093 (s, 12 H); 0.096 (s, 12 H); 0.102 (s, 12 H); 0.115 (s, 12 H);

0.903 (s, 18 H); 0.906 (s, 18 H); 0.909 (s, 18 H); 0.916 (s, 18 H); 2.98 (s, 12 H); 4.445-

4.446 (overlap, 4 H); 4.451-4.453 (overlap, 4 H); 4.49 (s, 4 H); 4.55 (s, 4 H); 6.62 (d,

3J = 9.0, 4 H); 7.30 (d, 3J = 9.0, 4 H). 13C-NMR (125.8 MHz, CDC13): -5.14; -5.08

-5.07; 18.36; 18.37; 18.41; 18.43; 25.89; 25.95; 40.12; 63.88; 63.90; 63.95; 64.32

81.59; 83.20; 84.49; 84.52; 85.57; 87.11; 88.09; 105.88; 109.71; 111.74; 125.82

131.69; 132.65; 132.79; 134.74; 150.44. MALDI-TOF-MS (THA, AHC): 1712.8 (43,

[M + Na]+), 1690.3 (100, [M]+; calc. for 12C9513CH156N20828Si729Si: 1691.0), 1632.4
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(53, [M - C(CH3)3]+), 1558.0 (47, [M - OSi(CH3)2C(CH3)3]+). Anal. calc. for

C96H156N2OgSi8 (1691.01): C 68.19, H 9.30, N 1.66; found: C 68.01, H 9.14, N 1.61.

(E, E, E, E, E)-3,4,9,10,15,16,21,22,27,28-Decakis{[(tert-bMyl)dimethylsilyloxy]-

methyl}-l,30-bis[p-(dimethylamino)phenyl]triaconta-3,9,15,21,27-pentaene-l,5,7,11,

13,17,19,23, 25,29-decayne (48e).

/ OSifert-BuMe2\

\ Me2fert-BuSiO /

48e

Red solid. Yield: 4% (0.011 g). M.p.: > 200 °C (decol. from red to deep red), 225-

228 °C (dec). UV/Vis (CHC13): 288 (44700), 428 (97900). FT-IR (CHC13): 3022m,

2956m, 2933m, 2856m, 2400h>, 2167h>, 1606$, 1561m, 1522m, 1472m, 1462w, 1448*,

1361m, 1256$, 1106m, 1006w, 944w, 839s. Raman (CHC13): 2925w, 2400w, 2156m,

1605w, 1557m, 1367w, 1214m, 1142w, 961w, 762m, 665s, 364$, 259*. iH-NMR

(500 MHz, CDCI3): 0.088 (s, 12 H); 0.091 (*, 12 H); 0.094 (s, 12 H); 0.101 (s, 12 H);

0.113 (i, 12 H); 0.900 (s, 18 H); 0.901 (s, 18 H); 0.904 (s, 18 H); 0.908 (s, 18 H); 0.915

(s, 18 H); 2.98 (s, 12 H); 4.44 (s, 8 H); 4.45 (s, 4 H); 4.49 (s, 4 H); 4.55 (s, 4 H); 6.62

(rf, 37 = 9.0, 4 H); 7.30 (d, 3J= 9.0, 4 H). "C-NMR (125.8 MHz, CDCI3): -5.14; -5.08;

-5.07; 18.35; 18.41; 18.44; 25.88; 25.95; 40.12; 63.87; 63.89; 63.95; 64.32; 81.55;

83.01; 83.43; 84.46; 84.59; 85.57; 86.99; 87.44; 88.17; 105.91; 109.70; 111.75; 125.81;

131.62; 132.32; 132.79 (overlap, 2 x); 134.77; 150.44. MALDI-TOF-MS (THA,

AHC): 2076.1 (31, [M + Na]+), 2053.8 (100, [M]+; calc. for 12c11513CH190N2O1028Si9
29Si+: 2053.2), 1995.8 (15, [M - C(CH3)3]+), 1921.5 (68, [M - OSi(CH3)2C(CH3)3]+).
Anal. calc. for CngH^oNjO^Sijo (2053.67): C 67.84, H 9.32, N 1.36; found:

C 67.55, H 9.44, N 1.25.
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(E, E, E, E, E,E)-3,4,9,10,15,16,21,22,27,28,33,34Dodecakis{[(teitbutyl)dimethyl

sifyloxyjmethyl} 1,36 bis[p-(dimethylamino)phenyl]hexatnaconta 3,9,15,21,27,33-

hexaene 1,5,7,11,13,17,19,23,25,29,31,35 dodecayne (48f)

OSifert-BuMe2

^ /
Me2N
<-^—

—k>NMe2

l
Me2tert-BuSiO

48t

Red solid Yield 2% (0 008 mg) M p > 200 °C (decol from red to deep red), 245-

250 °C (dec) UV/Vis (CHC13) 286(49300), 431 (109400) FT-IR (CHC13) 3022m,

2956m, 2933m, 2856m, 2370w, 2333w, 2167h>, 1606$, 1561m, 1522m, 1472m, 1462w,

1361m, 12565, 1106m, 1006w, 944w, 839s Raman (CHC13) 2925w, 2400w, 2156m,

1605w, 1557m, 1364w, 1214m, 1137m>, 961w, 763m, 6655, 364s, 259s !H-NMR

(500 MHz, CDC13) 0 086 (s, 24 H), 0 090 (s, 12 H), 0 093 (s, 12 H), 0 100 (s, 12 H),

0 113 (5, 12 H), 0 898 (s, 36 H), 0 900 (s, 18 H), 0 904 (s, 18 H), 0 907 (s, 18 H), 0 915

(s, 18 H), 2 98 (s, 12 H), 4 44 (s, 12 H), 4 45 (s, 4 H), 4 49 (5, 4 H), 4 55 (s, 4 H), 6 62

(d,3y = 90,4H),730(rf,37=90,4H) 13C-NMR (125 8 MHz, CDCI3) 515,-508,

-5 06, 18 35, 18 41, 18 44, 25 87, 25 88, 25 95, 40 12, 63 86, 63 89, 63 95, 64 32,

81 53, 82 96, 83 22, 83 48, 84 46, 84 61, 85 57, 86 96, 87 31, 87 52, 88 19, 105 92,

109 69, 111 74, 125 80, 131 60, 132 25, 132 45,13279 (overlap, 2 x), 13478, 150 44

MALDI-TOF-MS (THA, AHC) 2439 2 (73, [M + Na]+), 2416 6 (100, [M]+, calc for

12C135l3CH224N201228Si1129Si+ 2415 4), 2359 8 (19, [M - C(CH3)3]+), 2285 3 (65,

[M - OSi(CH3)2C(CH3)3]+) Anal calc for C]3^224^012Si12 (2416 33) C 67 60,

H 9 34, N 1 16, found C 67 46, H 9 08, N 1 23

0C,CD-/p (Dimethylamino)phenyl]poly[(E) 3,4-bis{[(tett butyl)dimethylsilyloxy]methylj

hex 3 ene-l,5-diyne] (48g)

-o4—

pSifert BuMe2\

-NMe2

Me2N-

Me2fert BuSiO

48g

—H>

-222-



2. Monodisperse Poly(triacetylene) Oligomers

Red solid. Yield: 3% (0.029 g). M.p.: > 200 "C (decol. from red to deep red), > 240 °C

(dec). DSC: 205 °C dec. over a range of 35 °C. UV/Vis (CHC13): 280 (76200), 441

(180500). FT-IR (CHCI3): 2956m, 2933m, 2856m, 2167h-, 1606m, 1522m, 1472m,

1462m, 1361m, 1261m, 1006m, 939w, 839s. Raman (CHCI3): 3017w, 2400w, 2156m,

1605m/, 1556m, 1214m, 761m, 665s, 364s, 259s. !H-NMR (500 MHz, CDC13): 0.09-

0.11 (overlap); 0.89-0.91 (overlap); 2.98 (br. s); 4.44-4.45 (overlap); 4.49 (br. s); 4.55

(br. s); 6.62 (br. d, 3J = 9.0); 7.30 (br. d, 3J - 9.0). "C-NMR (125.8 MHz, CDC13,

« 20 mM Cr(acac)3): -5.27 (overlap); 18.23 (overlap); 25.75 (overlap); 40.04; 63.73

(overlap); 63.83 (overlap); 64.20 (overlap); 81.42 (overlap); 82.81 (overlap); 83.11

(overlap); 84.34; 84.50; 85.45; 86.82; 87.03; 87.14-87.44 (overlap); 88.10; 96.11;

105.82; 109.56; 111.63; 125.54 (overlap); 125.66; 127.29-128.10 (overlap); 128.66;

131.47; 132.11; 132.28 (overlap); 132.68 (overtop); 134.67; 150.32. MALDI-TOF-MS

(THA, AHC): 6065.2 (15, [M + Na]+; calc. for 12C333l3C3H564N2O3228Si3029Si30Si
Na+ (n = 16): 6064.5), 5702.5 (25, [M + Na]+; calc. for 12C31313C3H530N2O3028Si28
29Si3°SiNa+ (n = 15): 5702.3), 5339.6 (46 [M + Na]+; calc. for 12C29313C3H496N2028

28Si2629Si30SiNa+ (n = 14): 5340.1), 4977.6 (71, [M + Na]+; calc. for 12C27313C3H462

N2O2628Si2429Si30SiNa+ (n = 13): 4977.9), 4615.4 (100, [M + Na]+; calc. for

12C25313C3H428N2O2428Si2229Si30SiNa+ (n = 12): 4615.7), 4252.5 (97, [M + Na]+;

calc. for l2C23413C2H394N2O2228Si2029Si30SiNa+ (n = 11): 4252.5), 3889.1 (42, [M +

Na]+; calc. for 12C2i413C2H36oN202o28Sii829Si30SiNa+ (n = 10): 3890.3). Anal. calc.

for C236H394N2022Si22 (« = 11, 4229.56): C 67.02, H 9.39, N 0.66; found: C 67.15,

H 9.24, N 0.53. SEC (THF, 45 °C, Rl-detector): Mn = 6460, Mw = 13200 (Mw/Mn =

2.04).

(E)-3,4-Bis{[(tsrt-butyl)dimethylsityloxy]methyl}-l,6-bis(p-nitrophenyt)hex-3-ene-I,5-

diyne (49a). p-Iodonitrobenzene (0.17 g, 0.69 mmol, 1.0 eq.), tPdCh(PPh3)2] (0.010 g,

0.014 mmol, 0.02 eq.), and Cul (0.003 g, 0.017 mmol, 0.02 eq.) were added to a

thoroughly degassed solution of 10 (0.10 g, 0.28 mmol, 2.5 eq.) in NEt3 (20 ml), and

the solution was stirred for 18 h at r.t. The NEt3 was then removed in vacuo, sat. aq.

NaCl solution was added (100 ml), and the mixture was extracted with CH2CI2

(200 ml). The combined organic phases were dried (MgSC>4) and concentrated in

vacuo. FC (Si02-H, eluent: n-hexane/ethyl acetate 5:1) and precipitation via addition

of MeOH to a saturated CH2CI2 solution gave 49a (0.11 g, 69%) as a yellow solid.
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OSi/ert-BuMe2

Me2tert-BuSiO

49a

M.p.: 158-159 °C. UV/Vis (CHC13): 372 (45300). FT-IR (CHC13): 2969m, 2933m,

2856m, 2448vc, 2359w, 2340m>, 2207w, 1594*, 1522*, 1494w, 1472m>, 1344s, 131 lw,

1256m, 1106m, 856s, 839.$. Raman (CHC13): 2925w, 2399w, 2179iv, 1570w, 1495w,

1343h>, 1214m, 1107w, 876w, 761m, 665.$, 364s, 259*. *H-NMR (500 MHz, CDC13):

0.13 (s, 12 H); 0.92 (s, 18 H); 4.61 (s, 4 H); 7.58 (d, 37 = 9.0, 4 H); 8.21 (d, 3J = 9.0,

4H). 13C-NMR (125.8 MHz, CDC13): -5.08; 18.38; 25.84; 63.95; 91.45; 99.50;

123.76; 129.63; 130.59; 132.10; 147.28. EI-MS: 607.5 (1, [Affl]+; calc. for

12C32H43N20628Si2+: 607.3), 591.5 (2, [M - CH3]+), 549.4 (100, [M - C(CH3)3]+).
Anal. calc. for C32H42N206Si2 (606.87): C 63.33, H 6.98, N 4.62; found: C 63.42,

H 7.08, N 4.51.

Synthesis of acceptor-acceptor oligomers 49b-f and polymer 49g via end-capping Hay

polymerization of10 with 47 as the end-cap. To a solution of 10 (0.028 g, 0.077 mmol,

1.0 eq.) and 47 (0.149 g, 0.31 mmol, 4.0 eq.) in dry CH2C12 (30 ml, containing

molecular sieves 4 A) was added TMEDA (0.025 g, 0.03 ml, 0.22 mmol, 2.8 eq.) and

CuCl (0.006 g, 0.062 mmol, 0.8 eq.) at r.t. After stirring under an atmosphere of air for

2 h, an EDTA solution (pH 8, 100 ml) was added and the mixture extracted with

CH2C12 until the washings were colorless. The organic phase was washed with

saturated aq. NaCl solution (100 ml) and dried (MgSC^). Concentration at water

aspirator pressure, followed by purification using size-exclusion chromatography, and

precipitation from MeOH gave the A-A oligomers 49b-f and polymer 49g as solids.
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(E, E)-3,4,9,10-Tetrakis{[(tert-butyl)dimethylsilybxy]methyl}-l,12-bis(p-nitrophenyl)-

dodeca-3,9-diene-1,5,7,11 -tetrayne (49b).

<^—

pSifert-BuMe2\

-N02O-
02N-

Me2fert-BuSiO

49b

Yellow solid. Yield: 62% (0.093 g). M.p.: 146-147 °C. UV/Vis (CHC13): 303

(27500), 395 (56500). FT-IR (CHC13): 2956m, 2932m, 2856m, 2189h>, 1595m, 1522m,

1472m, 1460m, 1345s, 1261m, 1106m, 1006w, 856m, 839s. Raman (CHC13): 2925w,

2399vc, 2170m, 1591m, 1565m, 1342m, 1214m, 1163w, 1106iv, 101 lw, 972w, 876h>,

761m, 665s, 364s, 259s. ^-NMR (500 MHz, CDC13): 0.12 (s, 24 H); 0.914 (s, 18 H);

0.918 (s, 18 H); 4.53 (s, 4 H); 4.54 (s, 4 H); 7.56 (d, 3J = 8.8, 4 H); 8.20 (d, 3J = 8.8,

4 H). 13C-NMR (125.8 MHz, CDC13): -5.15; 18.36; 18.39; 25.85; 25.87; 63.88; 63.95;

82.55; 86.08; 91.51; 100.67; 123.75; 129.63; 130.29; 132.08; 132.73; 147.27.

FAB-MS: 968.5 (20, [M]+; calc. for 12C52H76N20828Si4: 968.5), 911.4 (28, [M -

C(CH3)3]+), 837.4 (37, [M - OSi(CH3)2C(CH3)3]+), 72.9 (100, [Si(CH3)3]+).

Anal. calc. for C52H76N2OgSi4 (969.54): C 64.42, H 7.90, N 2.89; found: C 64.24,

H 7.72, N 2.89.

(E, E, U)-3,4,9,10,15,16-Hexakis{[(ten-butyl)dimethylsilyloxyJmethyl}-l,18-bis(p-nitro-

phenyl)octadeca-3,9,15-triene-l,5,7,11,13,17-hexayne (49c).

OS\tert-BuM&2

02N«^+—
—H>no2

Me2tert-BuSiO

49c

Yellow solid. Yield: 20% (0.041 g). M.p.: 169-170 °C. UV/Vis (CHC13): 315

(32100), 407 (75700). FT-IR (CHC13): 3011m, 2956m, 2933m, 2856m, 2341w, 2181 w,

1594m, 1522m, 1472m, 1344s, 1256m, 1106m, 1006w, 939w, 839s. Raman (CHCI3):

2925>v, 2399w, 2166m, 1563m, 1343m, 1214m, 1153w, 1106w, 970w, 876w, 762m,

665s, 364s, 259s. iH-NMR (500 MHz, CDCI3): 0.103 (s, 12 H); 0.107 (s, 12 H);
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0.110 (s, 12 H); 0.910-0.909 (overlap, 54 H); 4.46 (s, 4 H); 4.52 (s, 4 H); 4.53 (s, 4 H);

7.55 (d, 3J = 8.9, 4 H); 8.20 (d, 3J = 8.9, 4 H). "C-NMR (125.8 MHz, CDC13): -5.15;

-5.11; 18.35; 18.38; 25.85; 25.87; 63.88; 63.95; 82.63; 83.17; 86.12; 87.30; 91.56;

100.68; 123.75; 129.65; 130.31; 132.08; 132.43; 132.74; 147.32. FAB-MS: 1330.4'

(46, [M]+; calc. for 12C72H110N2O1028Si6+: 1330.7). MALDI-TOF-MS (THA, AHC):

1353.7 (12, [M + Na]+), 1330.5 (26, [Mf; calc. for 12C72HH0N2O102«Si6+: 1330.7),

1274.4 (100, [M - C(CH3)3]+). Anal. calc. for C72H110N2O10Si6 (1332.20): C 64.92,

H 8.32, N 2.10; found: C 64.97, H 8.19, N 2.18.

(E, E, E, E)-3,4,9,10,15,16,21,22-Octakis{[(tett-butyl)dimethylsilyloxy]methyl}-l,24-

bis(p-nitrophenyl)tetracosa-3,9,15,21-tetraene-l,5,7,ll,13,17,19,23-octayne (49d).

/ OSifert-BuMea\

o2nhQ = \ =

1 0~N°2
\ Me2fert-BuSiO /

49d

Deep yellow solid. Yield: 7% (0.019 g). M.p.: 222-223 °C. UV/Vis (CHC13): 260

(49600), 304 (43100), 417 (95300). FT-IR (CHC13): 2951m, 2929m, 2852m, 2192w,

1596m, 1519m, 1473m, 1464m, 1343s, 1260m, 1106m, 1007w, 836s. Raman (CHC13):

2925w, 2399w, 2164m, 1560m, 1343w, 1214m, 1106w, 962w, 876h>, 762m, 665s, 364s,

259s. 'H-NMR (500 MHz, CDC13): 0.095 (s, 12 H); 0.097 (s, 12 H); 0.105 (s, 12 H);

0.108 (s, 12 H); 0.905 (s, 18 H); 0.908-0.914 (overlap, 54 H); 4.45 {s, 8 H); 4.51 (s,

4 H); 4.53 (s, 4 H); 7.55 (d, 3J = 9.0, 4 H); 8.20 (rf, 3/ = 9.0, 4 H). 13C-NMR

(125.8 MHz, CDC13): -5.15; -5.11; 18.36; 18.38; 25.86; 25.88; 63.90; 63.97; 82.70;

83.21; 83.26; 86.15; 87.31; 87.35; 91.60; 100.67; 123.75; 129.68; 130.34; 132.08;

132.445; 132.454; 132.75; 147.36. MALDI-TOF-MS (THA, AHC): 1718.4 (49, [M +

Na]+), 1694.7 (50, [M]+; calc. for l2C9113CHi44N201228Si729Si+: 1694.9), 1637.6

(100, [M - C(CH3)3]+). Anal. calc. for C^H^^OuSig (1694.86): C 65.20, H 8.56,

N 1.65; found: C 65.41, H 8.40, N 1.78.
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(E, E, E, E, E)-3,4,9,10,15,16,21,22,27,28-Decakis{[(ten-butyl)dimethylsilyloxy]-

methyl}-l,30-bis(p-nitrophenyl)triaconta-3,9,15,21,27-pentaene-l,5,7,ll,13,17,19,23,

25,29-decayne (49e).

02nhQJ—
pSitert-BuMe2\

-N02—4^'

Me2terf-BuSiO

Deep yellow solid. Yield: 3% (0.011 g). M.p.: 227-229 °C. UV/Vis (CHC13): 423

(112400). FT-IR (CHC13): 2956m, 2933m, 2856m, 2189w, 1594m, 1522m, 1472m,

1463m, 1344,$, 1256m, 1106m, 1006w, 839s. Raman (CHC13): 2925w, 2399w, 2163m,

1559m, 1497w, 1342w, 1214m, 876w, 762m, 665s, 364s, 259s. !H-NMR (500 MHz,

CDC13): 0.089 (s, 12 H); 0.093 (s, 12 H); 0.095 (s, 12 H); 0.104 (s, 12 H); 0.107 (s,

12 H); 0.900 (s, 18 H); 0.903 (s, 18 H); 0.907 (overlap, 54 H); 4.44 (s, 4 H); 4.45 (s,

8 H); 4.51 (s, 4 H); 4.53 (s, 4 H); 7.55 (d, V = 9.0, 4 H); 8.20 (d, 3J = 9.0, 4 H).

13C-NMR (125.8 MHz, CDC13): -5.15; -5.10; 18.36; 18.39; 25.87; 25.88; 63.90; 63.97;

82.71; 83.20; 83.26; 83.29; 86.16; 87.31; 87.37 (overlap, 2 x); 91.61; 100.67; 123.75;

129.68; 130.34; 132.08; 132.44; 132.45; 132.46; 132.75; 147.36. MALDI-TOF-MS

(THA, AHC): 2080.7 (79, [M + Na]+), 2057.2 (55, [M]+; calc. for 12Cm13CH178

N201428Si929Si+: 2057.1), 2000.3 (100, [M - C(CH3)3]+). Anal. calc. for C112Hi78

N2014Siio (2057.53): C 65.38, H 8.72, N 1.36; found: C 65.27, H 8.68, N 1.44.

(E, E, E, E, E, E)-3,4,9,10,15,16,21,22,27,28,33,34-Dodecakis{[(teit-butyl)dimethyl-

silyloxy]methyl}-l,36-bis(p-nitrophenyl)hexatriaconta-3,9,l5,21,27,33-hexaene-l,5,7,

11,13,17,19,23,25,29,31,35-dodecayne (49f).

o2nhQ-

OSitert-BuMe2\

-N02O'

Me2terf-BuSiO

49f

Deep yellow solid. Yield: 2% (0.009 g). M.p.: 240-242 °C. UV/Vis (CHC13): 425

(132300). FT-IR (CHC13): 3022m, 2957m, 2933m, 2856m, 2189w, 1594m, 1522m,
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1472m, 1463m, 1344s, 1261m, 1106m, 1006w, 939w, 828s Raman (CHC13) 2925w,

2399h>, 2162m, 1558m, 1496w, 1343m>, 1214m, 876w, 761m, 665s, 364s, 259s

!H-NMR (500 MHz, CDCI3) 0 087 (s, 24 H), 0 092 (s, 12 H), 0 094 (s, 12 H), 0 104

(s, 12 H), 0 107 (s, 12 H), 0 898 (s, 18 H), 0 902 (s, 18 H), 0 905-0 907 (overlap, 72 H),

4 44 (s, 8 H), 4 45 (s, 8 H), 4 51 (s, 4 H), 4 53 (s, 4 H), 7 55 (d, 3J = 9 0, 4 H), 8 20 (d,

3J = 9 0, 4 H) 13C-NMR (125 8 MHz, CDC13) -5 15, -5 11, 18 36, 18 39, 25 88,

63 89, 63 98, 82 71, 83 20, 83 26, 83 30 (overlap, 2 x), 86 16, 87 30, 87 35, 87 38

(overlap, 2 x), 91 61, 100 67, 123 75, 129 68, 130 34, 132 08, 132 43 (overlap, 2 x),

132 45, 132 47, 132 75, 147 36 MALDI-TOF-MS (THA, AHC) 2442 8 (100, [M +

Na]+), 2419 3 (46, [M]+, calc for 12C13i13CH212N201628Si1129Si+ 2419 3), 2362 8

(79, [M-C(CH3)3]+) Anal calc for C^jHj^O^Sin (2420 19) C 65 51, H 8 83,

N 1 16, found C 65 41, H 8 80, N 1 24

a,(0-Bis(p-nitrophenyl)poly[(E)-3,4 bis{[(tett-butyl)dimethylsilyloxy]methyl}hex-3-ene-

1,5-diyne] (49g)

(OSifert-BuMe2\= ^ = ) QN°2
Me2fert-BuSiO /

'

n

49g

Deep yellow/orange solid Yield 4% (0 028 g) M p > 220 °C (decol from yellow to

brown), > 240 °C (dec ) DSC 193 °C dec over a range of 50 °C UV/Vis (CHC13)

286 (72300), 437 (191000) FT-IR (CHC13) 3016m, 2953m, 2930m, 2885w, 2856m,

2399w, 1595m, 1520m, 1472m, 1463m, 1361w, 1343m, 1267m, 1106m, 1006w, 838s

Raman (CHCI3) 3017w, 2400w, 2158m, 1557m, 1214m, 762m, 665s, 364s, 259s

!H-NMR (500 MHz, CDCI3) 0 08-0 12 (overlap), 0 90-0 91 (overlap), 4 44-4 45

(overlap), 4 51 (br s), 4 53 (br s), 7 55 (br d, 3J = 8 9), 8 20 (br d, 3J = 8 9)

13C-NMR (125 8 MHz, CDC13, « 20 mM Cr(acac)3) -5 46 (overlap), 18 05 (overlap),

25 57 (overlap), 63 55 (overlap), 82 92 (overlap), 85 84, 87 06 (overlap), 91 25,

100 37, 123 49, 129 34 (overlap), 130 00 (overlap), 13181 (overlap), 132 08

(overlap), 132 40 (overlap), 146 98 MALDI TOF MS (IAA) 6066 9 (7, [M + Na]\

calc for 12C32913C3H552N2O3628Si3029Si30SiNa+ (n = 16) 6068 4), 5708 5 (13, [M+

Na]+, calc for 12C30913C3H518N2O3428Si2829Si30Si Na+ (n = 15) 5706 2), 5345 3 (18,

[M +Na]+, calc for l2C2g913C3H484N203228Si2629Si3<>SiNa+ (n = 14) 5344 0),
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4983.8 (31, [M + Na]+; calc. for l2C26913C3H450N2O3028Si2429Si30SiNa+ (n = 13):

4981.8), 4620.6 (46, [M + Na]+; calc. for 12C24913C3H416N2O2828Si2229Si30SiNa+
(n = 12): 4619.6), 4259.2 (74, [M + Na]+; calc. for l2C23o13C2H382N202628Si2o29Si
30SiNa+ (n = 11): 4256.3), 3896.6 (100, [M + Na]+; calc. for 12C21o13C2H34gN2024

28Silg29Si30SiNa+ (n = 10): 3894.1), 3533.7 (85, [M + Na]+; calc. for 12Ci9o13C2H3i4
N202228Si1729SiNa+ (n = 9): 3529.9). Anal. calc. for Czn^gNjC^Sizo (« = 10,

3870.85): C 65.78, H 9.06, N 0.72; found: C 65.75, H 9.25, N 0.93. SEC (THF, 45 °C,

Rl-detector): Mn = 4390, Mw = 7230 (MJMn = 1.65).

(Z)-3,4-Bis{[(teit-butyl)dimethylsilyloxy]methyl}-l,6-bis(p-nitrophenyl)hex-3-ene-l,5-

diyne (51). A solution of 49a (0.035 g, 0.058 mmol) in CH2CI2 (100 ml) was irradiated

in a quartz cell with monochromatic light (366 nm) for 2 h at r.t. Removal of the

solvent in vacuo and purification by FC (SiC^-ff, eluent: n-hexane/QfeCh 1:2) gave

51 (0.013 g, 37%) in greater than 95% stereoisomeric purity as evidenced by 'H-NMR.

Yellow solid. M.p.: 132-133 °C. UV/Vis

N02 (CHCI3): 298 (sh, 20700), 314 (23100), 368

(23700). FT-IR (CHCI3): 2952m, 2930m,

2854m, 2253w, 2195w, 1595*, 15155,

1346*, 1260m, 1108m, 9055, 853m, 838m.

•H-NMR (500 MHz, CDCI3): 0.13 (s,

12 H); 0.92 (5, 18 H); 4.45 (5, 4 H); 7.57 (d,

a N02 3j _ g 8) 4 H). g 19 (rf>
3j _ g g> 4 H)

!3C-NMR (125.8 MHz, CDC13): -5.20;

18.34; 25.82; 61.51; 94.33; 94.78; 123.78; 130.01; 131.44; 132.10; 147.24. EI-MS:

607.2 (0.4, [Affl]+; calc. for 12C32H43N20628Si2+: 607.3), 591.2 (1, [M - CH3]+), 549.1

(66, [M - C(CH3)3]+), 73.1 (100, [Si(CH3)3]+). Anal. calc. for 032^2^0^2

(606.87): C 63.33, H 6.98, N 4.62; found: C 63.42, H 7.00, N 4.53.

Synthesis ofdonor-donor, donor-acceptor, and acceptor-acceptor dimers 48b, 50b, and

49b, respectively, via mixed Hay coupling of 46 and 47. To a solution of 46 (0.11 g,

0.23 mmol, 1.0 eq.) and 47 (0.11 g, 0.23 mmol, 1.0 eq.) in dry PhMe (10 ml, containing

molecular sieves 4 A) was added TMEDA (0.049 g, 0.06 ml, 0.42 mmol, 1.4 eq.) and

CuCl (0.012 g, 0.12 mmol, 0.4 eq.) at r.t. After stirring under an atmosphere of air for

2 h, an EDTA solution (pH 8, 100 ml) was added and the mixture was extracted with

CH2CI2 until the washings were colorless. The organic phase was washed with

saturated aq. NaCl solution (100 ml) and dried (MgS04). Concentration in vacuo,

Me2Iert-BuSiO

Me2tert-BuSiO.
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purification by FC (S1O2-H, eluent: n-hexane/ethyl acetate 10:1), and preparative thin-

layer chromatography (SiO2-60, eluent: n-hexane/ethyl acetate 10:1 + 1% NEt3)

yielded the pure oligomers 48b, 49b, and 50b.

(E , E)-3,4,9,10-Tetrakis{[(tett-butyl)dimethylsilyloxy]methyl}-12-[p-(dimethylamino)-

phenyl]-l-(p-nitrophenyl)dodeca-3,9-diene-l,5,7,11-tetrayne (50b).

/ OSiterf-BuMe2\

02NhQ 1 = ^ = Q"NMez
\ Me2fert-BuSiO /

50b

Deep red solid. Yield: 29% (0.069 g). M.p.: 188-189 °C. UV/Vis (CHC13): 291

(28500), 399 (53300), 442 (sh, 39600). FT-IR (CHC13): 3022w, 2956m, 2933m,

2856m, 2167m, 1606m, 1561m, 1522m, 1472m, 1460m, 1344s, 1256m, 1161m, 1106m,

1033w, 1006>v, 944w, 839*. Raman (CHC13): 2925h>, 2399w, 2163m, 1562m, 1342w,

1214m, 1159h>, 972h>, 761m, 6655, 3645, 2595. 1H-NMR (500 MHz, CDCI3): 0.112 (5,

6 H); 0.115 (5,12 H); 0.123 (5, 6 H); 0.91 (5, 9 H); 0.918 (5, 18 H); 0.923 (5, 9 H); 2.98

(5, 6 H); 4.51 (5, 2 H); 4.53 (5, 4 H); 4.56 (5, 2 H); 6.62 (d, 37 = 9.0, 2 H); 7.31 (d, 3J =

9.0, 2 H); 7.55 {d, 3J = 8.9, 2 H); 8.19 (d, 3J = 8.9, 2 H). ^C-NMR (125.8 MHz,

CDCI3): -5.09; -5.08; -5.07; 18.36; 18.40; 18.44; 25.86; 25.89; 25.95; 40.11; 63.90;

63.95; 63.96; 64.33; 81.43; 84.00; 84.37; 85.53; 86.95; 91.84; 100.28; 105.94; 109.65;

111.74; 123.73; 125.77; 129.83; 130.69; 131.92; 132.04; 132.79; 134.80; 147.20;

150.45. FAB-MS: 966.5 (45, [Mf; calc. for iSc^H^NzOe^Si,^: 966.5), 909.4 (5,

[M - C(CH3)3]+), 835.4 (11, [M - OSi(CH3)2C(CH3)3]+), 72.9 (100, [Si(CH3)3]+).

Anal. calc. for Cj^^O^ (967.61): C 67.03, H 8.54, N 2.90; found: C 66.83,

H 8.59, N 2.78.

48b: Yield: 12% (0.028 g). The spectroscopic data for 48b are identical to those

already described herein.

49b: Yield: 24% (0.053 g). The spectroscopic data for 49b are identical to those

already described herein.
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Chapter 3

Novel, Hybrid

Poly(triacetylene) Monomers:

Modulation of Conjugation by

Incorporation ofa Central Spacer

ffhance is die essence efevery omentum,

however, mastpeefkdon'tencounter chance

R-iedrich Nietzsche
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Abstract: A comprehensive series of structurally related chromophores has been

prepared that consist of ^-conjugated (£)-l,2-diethynylethene (DEE)

segments about a central spacer intended to modulate the linear and

nonlinear optical properties. The twelve different spacers serving both as a

rigid girder to maintain structural integrity and a conduit for electron flow

which have been incorporated into the central part of the DEE monomers,

range from ^-electron deficient (e.g., pyrazine, pyridine) to ^-electron rich

(e.g., thiophene, furan) moieties. In addition, a fran.r-Pt(PEt3)2 spacer was

introduced as the central bridge in order to investigate the degree of

electronic interruption between the terminal DEE units when adding metals

into the backbone All new compounds were, with exception of the

platinum spacer, synthesized following a general strategy which relied

upon a Sonogashira cross-coupling between bis-halogen or bis-trifluoro-

methanesulfonate spacer precursors, and the mono-ethynyl DEE fragment.
The electrochemical behavior was found to resemble to a large extent that

observed for the parent DEE dimer. Whereas the influence of the central

bridging unit on the linear optical properties was found to be minor,

considerable changes in the nonlinear optical properties, measured by third

harmonic generation in solution, were obtained. Polydisperse copolymers
were prepared from the naphthalene and 2,3,5,6-tetrafluorobenzene DEE

monomers which exhibited the most promising second hyperpolarizability

^values. The rather low molecular weight of the polymers obtained and

their consequent poor mechanical properties as well as their only moderate

nonlinear performance, offer potential for further improvements.

3.1 Introduction

The current push to exploit photonic technologies has created a strong need for

nonlinear optical (NLO) materials. Their unique way of manipulating the propagation

of light beams make a wide range of processes and applications of NLO effects possible

such as frequency doubling, frequency tripling, and parametric fluorescence [1]. In the

first decade of nonlinear optics investigation, research has relied almost exclusively on

ferroelectric inorganic crystals such as quartz, potassium dideuterium phosphate

(KD2PO4, KDP), lithium niobate (LiNb03), potassium niobate (KNb03), cadmium

sulfide (CdS), or 0-barium borate (BaB204, BBO) [1,2]. In 1976, Sauteret et al. found

large third-order optical nonlinearity in poly(diacetylene) p-toluene sulfonate (PDA-

PTS) polymers [3]. That finding demonstrated for the first time that large nonlinearities

are by no means restricted to small organic molecules but are also found in organic

polymers exhibiting extended ^-conjugated systems. This opened up new and exciting
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opportunities, and interest in the development of organic and organometallic NLO

materials has steadily increased over the past two decades [1,2,4]. These materials

must satisfy stringent requirements with regards to optical absorption, scattering loss,

processibility, and mechanical, mermal, and environmental stability. They should also

have comparable or even better off-resonance susceptibilities, faster nonlinear response

times, and lower manufacturing costs than the known inorganic materials, which

remain widely used [1,5]. One of the most attractive characteristics of organic

molecules and molecular materials are their large nonlinearities and the amenability to

optimize their properties by rational modification of their structures [5]. Modern

synthetic methods enable the chemist to fine-tune the photophysical properties of a

material to enhance a particular NLO effect by altering its chemical structure.

Furthermore, flexible synthetic routes allow incorporation of functional groups for

increasing solubility, which greatly facilitates the processing of polymers into devices.

Whereas second-order nonlinear optical effects appear only in molecules that lack a

center of symmetry, there are no symmetry requirements for third-order NLO effects

[2]. This opens the way for a wide variety of materials that can be utilized for third-

order nonlinear optics, since the synthesis of symmetric chromophores is often much

easier than introducing asymmetry into a given molecule.

The aim of this project was to investigate a series of new chromophores la-m that

consist of two conjugated (E)-l,2-diethynylethene segments linked by a central spacer

intended to modulate linear and nonlinear optical properties. While DEE oligomers

display increasing third-order nonlinearities with increasing chain-length [6], these

highly ^-conjugated rods exhibit little fluorescence.1 The introduction of aromatic

spacers between two DEE units may alter both linear and nonlinear optical as well as

fluorescence properties. The series of bridges that have been incorporated to DEE

dimer la were selected to cover a wide range of electronic properties, varying from

electron deficient pyridine and pyrazine units to electron rich moieties like thiophene

and furan. In addition, phenyl, 4,4'-biphenyl, naphthalene, and anthracene spacers

provide various degrees of ^-electron conjugation. Although organic NLO materials

usually have a much higher NLO response than inorganic materials, their optical

application is currently limited by an often dramatic absorption red-shifted from the UV

to the visible region [7]. More recently, Zyss [8] and Moylan et al. [9] have indicated

that some interruption of chain conjugation, for instance, by the incorporation of a

semiconjugated spacer, might lead to good NLO properties and avoids high absorptions

1 For an explanation see Section 2.3.4, Chapter 2.
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in the visible region. Thus, monomer lm containing a trans-PtQI) spacer expected to

interrupt the K-n interaction between both terminal (E)-hex-3-ene-l,5-diyne units was

designed and prepared.

OSitert-BuMe2

OSifert-BuMe2

Spacer/

Me2/erf-BuSiO
MB3Si —

- K

Me2fert-BuSiO

Spacer none

OSiterf-BuMe2

Me2tert-BuSiO

1a 1b

~o—o~o~

1c 1d

F F

19

XJ

1h

rV- ^IX- -^V
PEta

Pt —

I

PEt3

1k 1m

This rational approach to searching for new modular building blocks should allow

the tailoring of polymer properties and blending of the advantageous properties of other

well-known polymer classes (e.g., poly(a-thiophene)s or poly(p-phenylene vinylene)s)

with the interesting features of poly(triacetylene)s (PTAs). Special attention was
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thereby paid to an enhanced linear and nonlinear response combined with favorable

thermal and mechanical properties. For instance, the naphthalene and 2,3,5,6-tetra-

fluorobenzene DEE monomers le and lg, respectively, revealed the most promising

second hyperpolarizability ^values and were therefore selected as the starting point for

the preparation of the corresponding high molecular weight polymers 2a and 2b by

Pd(0)-catalyzed cross-coupling reactions.

2a
OTf

OSitert-BuMe2 F

H-\ =*-
2b

Me2fert-BuSiO

Another aim of the project was to find ways of increasing the fluorescence

quantum yields in both PTA oligomers and polymers. Organic materials with good

fluorescence and electroluminescent properties are of interest for use in light-emitting

devices (LEDs) which represent an alternative to the well-established display

technologies based on cathode-ray tubes and liquid-crystal displays (LCDs),

particularly with respect to large-area displays for which the existing methods are not

well suited [10],
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3.2 Results and Discussion

3.2.1 Synthesis and Characterization

The synthesis of DEE dimer la and trimer lb has already been described in

Section 2.3.1 of Chapter 2. The naphthalene-bridged chromophore le, Pt(II)

o-acetylide complex lm, and polymer 2a have been prepared by Dr. Jennifer A. Wytko,

and anthracene-bridged compound If was made in collaboration [11]. The symmetrical

spacer compounds lc-m were accessible following the general procedure depicted in

Scheme 3.1 using two eq. of mono-protected DEE 3 [12,13] and the appropriate bridge

in the presence of a palladium catalyst. With the exception of naphthalene and trans-

Pt(II) compounds le and 1 m, respectively, Sonogashira cross-coupling reaction

conditions [14] were used for the synthesis of spacer compounds lc-m. These reactions

also afforded small quantities of la (typically around 5%) as a side product owing to

homocoupling of mono-silylated DEE 3. The detailed experimental conditions and

product yields are collected in Table 3.1.

OSifert-BuMe2

ss H

X— Spacer —X

Me3Si as—

Me2tert-BuSiO

X = CI, Br, I, OTf

3

OSifert-BuMe2

Spacer

pSiterf-BuMez

—9 SiMe3

Me3Si =s-

Me2tert-BuSiO
Me2terf-BuSiO

1c-m

Scheme 3.1. Preparation ofcompounds lc-m. Detailed reaction conditions and yields
are listed in Table 3.1.

In view of the higher reaction yields, diiodinated spacers were chosen whenever

possible, since Pd(0)-mediated alkynylations with electron poor aryl iodides, as

compared to the bromide analogs, are generally more efficient and occur at lower

temperatures [15]. All halide spacers were commercially available with the exception
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of 2,5-dibromopyrazine and 2,6-bis(trifluoromethanesulfonate)naphthalene, which were

prepared according to published procedures. The dihalide compound 2,5-dibromo¬

pyrazine was synthesized in two steps by bromination of 2-aminopyrazine with

N-bromosuccinimide [16] and subsequent diazotization of the amino group [17] in 71%

and 66% yield, respectively. Esterification of 2,6-dihydroxynaphthalene with trifluoro-

methanesulfonic acid anhydride afforded 2,6-bis(trifluoromethanesulfonate)naphthalene

in 72% yield [18]. Although yields varied considerably for the new hybrid DEE

monomers, electron deficient pyridyl- and pyrazyl-bridged compounds li and lj,

respectively, were obtained in higher yields than electron rich thiophene or furan

compounds Ik and 11, respectively.

Table 3.1. Reaction conditions employedfor the coupling ofDEE mono-alkyne 3 with

the bis-functionalized spacers affording chromophores lc-m.

compound spacer" reaction conditions d
yield

lc 1,4-diiodobenzene NEt3, CH2a2, r.t., 18 h 74%

Id 4,4'-diiodobiphenyl NEt3,r.t, 18 h 48%

le 2,6-bis(trifluoromethane- [Pd(PPh3)4],HN(i-Pr)2, 84%

sulfonate)naphthalene
b PhMe,60°C,4h

If 9,10-dibromoanthracene NEt3, CH2C12, reflux, 36 h 7%

lg l,4-diiodo-2,3,5,6-

tetrafluorobenzene

NEt3, r.t., 22 h 33%

lh l,4-diiodo-2,3,5,6-

tetramethylbenzene

NEt3, PhMe, 70 °C, 18 h 12%

li 2,5-dibromopyridine NEt3, 80 °C, 18 h 71%

lj 2,5-dibromopyrazine c NEt3, PhMe, 80 °C, 18 h 82%

Ik 2,5-diiodothiophene NEt3, PhMe, 60 °C, 18 h 52%

11 2,5-dibromofuran NEt3, PhMe, 70 °C, 48 h 30%

lm Oww-[Pta2(PEt3)2] Cul, HN(i-Pr)2, THF,

r.t, 20 h

65%

a0.5 eq. were used. ^Prepared according to ref. [18]. cPrepared according to refs. [16]
and [17]. <*[PdCl2(PPh3)2] (3 mol%) and Cul (6 mol%) were employed as catalysts,
under an inert atmosphere for all coupling reactions unless otherwise indicated.
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Despite the use of reactive diiodide precursors, tetrasubstituted phenyl compounds

lg and lh were isolated in poor yields, probably owing to steric hindrance around the

reactive iodide centers as well as the electron-donating character of the four methyl

substituents in the latter case. The very low 7% yield of the anthracene-bridged DEE If

resulted from difficult purification as well as the use of the less reactive dibromide

spacer. Owing to difficulties in preparing 2,6-dibromonaphthalene from the

corresponding dihydroxy compound via bromination with Br2 and PPh3 in a solid-state

reaction at 320 °C [19], the easily synthesized 2,6-bis(trifluorornethanesulfonate)-

naphthalene [18] was employed for the synthesis of compound le. This triflate

derivative efficiently cross-coupled with the mono-protected DEE 3 using [Pd(PPh3)4]

as the catalyst [20].

The fran.s-Pt(II)-linked dimer lm was prepared stereoselectively in good yield by

reacting two eq. of 3 with trans-[PtCl2(PEt3)2] in THF in the presence of Cul catalyst

and HN(i-Pr)2 as base [21]. The mononuclear metal complex lm displayed the

characteristic 1:4:6:4:1 quintet for the methyl proton signals of the PEt3 moiety in the

!H-NMR (200 MHz, CDC13), which is caused by a 1:2:1 triplet splitting owing to the

methylene protons together with a 1:2:1 triplet splitting of the 'virtually coupled'

phosphorus atoms [22]. In the 13C-NMR (50 MHz, CDC13), the ethynyl carbons

coordinated to the platinum center were strongly deshielded by approximately 20 ppm

compared to the analogous dimer la without the platinum spacer [6]. The trans-

geometry of the PEt3 groups at the platinum center was confirmed by the single pseudo

triplet at 12.41 ppm and a 3lp-l95pt coupling constant of 2936 Hz in the 31P-NMR

(121.5 MHz, CDCI3) spectrum.

All new spacer compounds are stable towards exposure to light, air, and standard

laboratory conditions and have been fully characterized by means of M.p., lH- and 13C-

NMR, FT-IR, UV/Vis, FAB-MS, and high-resolution FAB-MS or elemental analysis.

The FT-IR frequencies obtained for the alkyne stretch appeared sharp and clearly

visible around V(C=c) = 2133 cm-1 (CHCI3) for all spacer compounds. In the 13C-NMR

(50, 75.5, and 125.8 MHz) spectra measured in CDCI3 solutions, all expected four

C(sp)-atom resonances belonging to the alkyne moieties and the two C(sp2)-atoms of

the DEE double bond as well as the expected number of C-atoms corresponding to the

central spacer groups were clearly separated. The molecular masses of lc-m were

determined by FAB-MS spectrometry, which revealed for the majority of the spacer

compounds minor fragmentation and considerably intensive [A/]+ or [AfH]+ peaks.
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Whereas the thiophene and furan compounds Ik and 11, respectively, were isolated as

oils, melting points between 56-58 °C for pyrazine (lj) and 137-138 °C for the 2,3,5,6-

tetramethylbenzene (lh) spacer compounds were obtained. However, none of the

investigated compounds showed decomposition at the temperature of melting.

Based on third harmonic generation results, the naphthalene and 2,3,5,6-tetra-

fluorobenzene DEEs le and lg, respectively, were chosen as the most promising

candidates for preparing polymeric materials with enhanced NLO properties. Although

bridged dimers le and lg could have been desilylated and polymerized under oxidative

Hay conditions, this would have led to polymers in which each aromatic spacer was

separated by two enediyne units spanning a distance of approximately 16 A. In order to

achieve polymers with an -A-B-A-B- sequence, it was preferable to react bis-

deprotected alkyne 4 with the corresponding spacer precursors in a 1:1 ratio under

Sonogashira reaction conditions. However, partial defects in the sequence of this one-

to-one motif, resulting from homocoupling of DEE monomers, were probable and

unavoidable.

OSiferf-BuMe2

— H (a) or (b)

H as-

Me2tert-BuSiO

4

OSi(ert-BuMe2 f

Me2tert-BuSiO

2b

Sheme 3.2. Synthesis of polydisperse polymers 2a and 2b. (&) 2,6-Bis(tri-

fluoromethanesulfonate), [PdCl2(PPh3)2], Cul, HN(i-Pr)2, DMF, 90 °C, 5 d, 5%.

(b) [PdCl2(PPh3)2], Cul, HN(i-Pr)2, PhMe, 90 °C, 20 h, 13%.
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All mixture of 4 [23,24] and either 2,6-bis(tnfluoromethanesulfonate)-

naphthalene [18] or l,4-diiodo-2,3,5,6-tetrafluorobenzene was reacted for several hours

at 90 °C in dilute DMF or PhMe (= 0 003 M), respectively, in the presence of the

catalytic system [PdC^PPl^J/CuI and HN(i-Pr>2 as base (Scheme 3 2) The progress

of the reaction could be conveniently monitored by analytical size-exclusion

chromatography (SEC), which displayed immediately after initiation of the reaction the

formation of growing oligomers However, even after prolonged reaction times

significant amounts of low molecular weight oligomers remained and only partial

transformation to polymer was possible

The enrichment of higher molecular weight fractions of both polymers 2a and 2b

could be accomplished by repeated size-exclusion chromatography (Bio-Beads S-Xl

beads, THF for 2a, CH2Cl2 for 2b) isolating the fastest eluting fractions Repeated runs

of preparative size-exclusion chromatography were required for both polymers to obtain

a satisfactory quality with respect to a uniform average polymerization degree as

determined by analytical SEC However, it should be noted that owing to the greater

solubility of the 2,3,5,6-tetrafluorobenzene polymer 2b in CH2CI2 and THF,

purification was much easier than for its naphthalene counterpart 2a The analytical

determination of the polydispersity index Afw/Mn revealed for both copolymers 2a and

2b astomshing and rather unexpected results 2 Whereas the naphthalene DEE polymer

2a with Mv//Ma =116 gave a reasonable value for the polydispersity index, an

unrealistic high number-average molecular weight Mn was obtained for this polymer

with 84900 Da However, the opposite situation was found for the 2,3,5,6-tetra¬

fluorobenzene copolymer 2b with M^/M^ = 45 98 and Mn = 3380 Da It is likely that in

both cases residual solvent molecules were captured within the high molecular weight

polymer fractions This affected the response from the light scattering (LS) detector

suggesting low molecular weight Aggregation phenomena may also account for these

misleading results Comparison of the SEC retention times fR of polymers 2a and 2b

with the fR vs mass calibration obtained from the higher monodisperse TES-end-

capped PTA oligomers described in Section 2 4 2 of Chapter 2, allowed an assignment

of the average degree of polymerization to n = 18 and n = 12, respectively Owing to

the rather small intensities of the terminal free acetylene protons, estimation of the

average polymerization degree n by iH-NMR end-group integration analysis proved to

be rather difficult However, for film casting and spinning, higher molecular weights

The analytical characterization using SEC was performed by Martin Colussi which is gratefully
acknowledged
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than obtained in the present case would be beneficial in order to improve the

mechanical qualities. However, it is known that the synthesis of ^-conjugated polymers

by metal-catalyzed polymerization reactions usually provides polymers with rather low

molecular weights of typically 103 - 104 Da and high polydispersity indices [25].

Whereas the naphthalene DEE copolymer 2a showed a deep yellow orange color

in THF solution, the one obtained of the 2,3,5,6-tetrafluorobenzene polymer 2b was

more deep dark brown, which had as a solid, a metallic appearance. The longest-

wavelength absorptions A^, were determined as 395 nm for 2a and 402 nm for 2b,

respectively, and thus in both cases were not considerably shifted compared to model

compounds le (A,,^ = 381 nm) and If (Amax = 382 nm). In the FT-IR spectra,

measured as solutions in CHCI3, both polymers 2a and 2b displayed various distinct

absorption bands for the alkene and alkyne resonance frequencies ranging from

V(C=C) *" 1620-1690 cm"1 and V(C=q " 2338-2435 cm"1, respectively. The 13C-NMR

(125.8 MHz) spectra for 2a and 2b were recorded in CDCI3 solutions at r.t. with added

Cr(acac)3 (= 20 mM) as a paramagnetic relaxation agent. Both polymers revealed

strong signal overlap for the C(sp)-atom and the C(sp2)-atoms signals. For instance,

polymer 2a displayed broad signals for the alkyne C-atoms centered at 88 and 101 ppm

as well as for the expected six signals of the C(sp2)-atoms of the naphthalene moieties

at 121.3, 127.8, 128.7, 129.6, 130.9, and 132.2 ppm, respectively. Furthermore, the

19F-NMR (282 MHz, CDCI3) spectrum of 2b displayed two broad resonances for the

fluorine atoms at -135.97 and -136.00 ppm.

3.2.2 Electrochemical Studies on the Spacer Compounds

The redox characteristics of the spacer compounds la-m were investigated by

Dr. Corinne Boudon and Dr. Jean-Paul Gisselbrecht in the group of Prof. Maurice

Gross at the Universite Louis Pasteur in Strasbourg using cyclic and steady-state

voltammetry in CH2C12 with 0.1 M n-BujNPFg as the conducting electrolyte. The

results of this study are summarized in Table 3.2. As a general trend it was found, that

the bridged hybrid DEEs la-m closely resemble the redox properties of the parent DEE

dimer la. Some of the species such as DEE trimer lb, anthracene If, 2,3,5,6-tetra¬

fluorobenzene lg, and pyrazine compound lj also gave rise to quasi-reversible

reductions as was observed for the DEE dimer la. With the exception of Pt(II)-bridged
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compound lm, which could not be reduced within the potential range of cyclic and

steady-state voltammetry, lc (benzene), Id (4,4'-biphenyl), le (naphthalene), lh

(2,3,5,6-tetramethylbenzene), li (pyridine), Ik (thiophene), and 11 (furan) spacer

compounds only showed irreversible reduction signals, mainly owing to the fact that

they exhibited negative potentials close to the solvent discharge. The observed

reduction potentials for compounds containing either a phenylene (lc; ££j = -2.44 V),

4,4'-biphenylene (Id; ££ = -2.37 V), naphthalene (le; E£ = -2.28 V), 2,3,5,6-

tetramethylbenzene (lh; ££, = -2.35 V), and the heteroaromatic species pyridine (li;

££ = -2.25 V), thiophene (Ik; ££ = -2.16 V), and furan (11; ££j = -2.40 V) were

reduced at more negative potentials than the DEE dimer la (£^, = -2.10 V) itself,

despite the enlargement of the ^-conjugated system. This first reduction was even more

difficult than a second reductive electron transfer on DEE trimer lb, where a potential

of E£l = -2.09 V is needed for reducing the radical monoanion (see Section 2.3.3,

Chapter 2). Only for the anthracene If (££, = -1.72 V), 2,3,5,6-tetrafluorobenzene lg

(£^, = -1.90 V), and the pyrazine lj (£^j = -1.80 V) spacer compounds were the first

reduction potentials less negative than that of DEE dimer la. In addition, the latter

three compounds showed a reversible electron transfer on the time scale of cyclic

voltammetry (scan rate v = 0.1 V s1). These results suggest that, for the majority of

spacer compounds investigated, there is only weak communication between the two

DEE halfs on either side of the central spacer unit and rather weak ^-electron

derealization along the conjugated backbone.

Table 3.2. Cyclic and steady-state voltammetric redox characteristics of spacer

compounds la-m andPTA hybridpolymers 2a and 2b.

compound E" a Epc e pP" s
OS

E\ah Emh
an

(A£,/mV)fc (slope / mV)' (slope / mV)'

la -2.10 (130) c
- +1.29 -2.12(70) -

lb -1.88(80) -2.09 +1.25 -
-

lc - -2.44 +1.24 -2.46 (150) +1.24 (78)

+1.42 (98)

Id - -2.37

-2.45

+1.18 - +1.17 (97)

le - -2.28

-2.38

+1.17 -2.28 (96)

-2.44 (80)

+1.14(75)
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Table 3.2. (continued).

If -1.72(85) -2.13 +1.22 -1.74 (80) +0.72 (67)

+0.72 (90) -2.12(90) +1.22 (90)

lg -1.90 (130) -2.23 - -1.91 (65)

-2.32 (65)

-

lh +1.02(115) -2.35 - - +1.01 (80)

li - -2.25

-2.43

+1.43 - +1.44(129)

lj -1.80(105) -2.20 - -1.83(113)

Ik +1.04 (150) d -2.16 - -2.32(200) +1.02(71)

+1.37(181)

11 +1.00(130) -2.40
. -2.32(123) +1.00(106)

lm +0.72(75) - +1.16 - +0.73(68)

+1.16(85)

2a - -2.10/ +1.04/ -2.05(110)/ +0.98(85)/

2b -1.65(80) -1.98 - -1.66(98)

"V vs. Fc/Fc+, glassy carbon electrode in CH2CI2 + 0.1 M n-Bu4NPF6, scan rate v =

0.1 Vs-1, formal redox potential E" =(ep° + EK)l2. * AEp = Em - E^, where

subscripts ox and red refer to the conjugated oxidation and reduction steps, respectively.
cReversible electron transfer at scan rates v > 0.5 V s"1. ''Reversible electron transfer at

scan rates v > lVs4. ePeak potential E^ for irreversible reduction. /Ill-defined

electron transfer wave. sPeak potential E£ for irreversible oxidation. *V vs. Fc/Fc+,

rotating disk electrode in CH2CI2 + 0.1 M n-Bi^NPFg. 'Logarithmic analysis of the

wave obtained by plotting E vs. logf//^^ - /)].

However, support for partial ^-electron derealization over the conjugated

backbone is provided by spacers lc-f, since the first reduction of this series is

significantly more facile than that of the TMS-end-capped DEE monomer, for which

the very negative reduction potential of ZQ = -2.68 V vs. Fc/Fc+ (Hg electrode in

THF) was measured (see Section 2.3.3, Chapter 2). The unsubstituted spacers benzene,

4,4'-biphenyl, naphthalene, and anthracene are reduced at rather negative potentials
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below -2.3 V vs. Fc/Fc+ [26], whereas the corresponding DEE-bridged compounds

displayed first reduction potentials of ££ = -2.44 V (lc), ££ = -2.37 V (Id), ££j =

-2.28 V (le), and E'^ = -1.72 V vs. Fc/Fc+ (If), respectively. The (£)-l,2-diethynyl-

ethene moiety exhibits significant electron-withdrawing properties and thus should shift

the reduction potentials of the bis-DEE substituted spacers to less negative potentials

compared to that of the parent, unsubstituted ones. For example, the first electro¬

chemical reduction of a porphyrin compound linearly substituted with two DEE units at

the me^o-positions showed that each DEE group helps to shift the reduction potential

by about 0.15 V to less negative values compared to that of the unsubstituted porphyrin

(Znporph: E',^ = -1.85 V, DEE-Znporph: E'^ = -1.66 V, DEE-Znporph-DEE: ££ =

-1.50 V vs. Fc/Fc+) [11]. Similar trends were also found in the present series of spacer

compounds. For instance, pyrazine shows a first reduction potential of -2.13 V [27],

whereas the pyrazine spacer compound lj undergoes the first reductive electron transfer

at E'^ = -1.80 V. The two DEE moieties significantly facilitate the first reduction by

0.33 V. This is in gratifying agreement with the results obtained from the mono- and

bis-DEE substituted porphyrins.

As already mentioned, the first reductions of the spacer series containing

phenylene (lc), 4,4'-biphenylene (Id), naphthalene (le), and anthracene (If) bridges are

clearly shifted to less negative values in going from phenyl to anthracene. For the same

series a similar shift to less positive oxidation potentials is observed in the same

direction with the exception of If (Table 3.2). Furthermore, the potential difference

between the first oxidation and the first reduction half-wave potentials as found by

steady-state voltammetry, are in good agreement with the HOMO-LUMO gap observed

by UV/Vis spectroscopy. For example, the phenyl spacer compound lc revealed a

longest-wavelength absorption band at Amax = 352 nm (Emax = 3.52 eV) and the

anthracene chromophore If one at A„iax = 495 nm (EmSiX = 2.50 eV). This is in nice

agreement with the observed potential differences of 3.68 eV and 2.44 eV from cyclic

voltammetry. Time-resolved spectroelectrochemical measurements were carried out for

the anthracene compound If. The UV/Vis spectra recorded during the redox process

exhibited well-defined isosbestic points which confirm the interconversion of the two

redox stable states - namely the neutral initial species and the generated radical anion -

on the time scale of the measurement (Figure 3.1).
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Figure 3.1. Time-resolved UV/Vis absorption spectra for the reduction (a) and re-

oxidation (b) ofIfin CH2Cl2 + 0.1 M n-Bu^NPFg. Measurements were performed in a

thin-layer cell through an optically transparent thin-layer electrode (OTTLE) made ofa

platinum minigrid (1000 mesh).

The DEE spacer compounds containing the heterocyclic bridges pyridine (li),

pyrazine (lj), thiophene (Ik), and furan (11) showed several redox events depending on

the nature of the spacer (Table 3.2). As expected, the first reduction was significantly

facilitated for the more electron deficient pyrazine compound lj compared to pyridine

species li containing only one nitrogen. In addition, the same trend was observed for

the pyridine/phenyl couple, where the former was 0.19 V more easily reduced than the

phenyl compound lc. Whereas the heterocyclic systems thiophene and furan were not
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reducible under the typical experimental conditions used in cyclic or steady-state

voltammetry [27], the corresponding bis-DEE compounds Ik and 11, showed reductions

at ££j = -2.16 V and £* = -2.40 V, respectively. The oxidation of thiophene Ik

occurring at ££ = +1.04 V and furan compound 11 at E'0l = +1.00 V was significantly

more facile when compared to the unsubstituted spacers, which are oxidized at

potentials above +1.2 V [27]. Since the presence of the electron-attracting DEE groups

should make oxidative electron transfers more difficult in compounds Ik and 11, it can

be concluded that the oxidations are located on the extended DEE core. However,

additional experiments such as EPR measurements of the intermediate radical cations or

theoretical calculations would be necessary in order to develop a clearer picture of

where the incoming electron is located.

The mononuclear Pt(II) spacer complex lm could be oxidized reversibly at £*° =

+0.72 V by cyclic voltammetry for sweep rates higher than v = 0.1 V s_1, whereas for

lower sweep rates the oxidative electron transfer step became irreversible. This redox

behavior and the position of the oxidation potential are in agreement with the

generation of an unstable Pt(III) complex as described in the literature [28]. However,

within the experimentally accessible potential range of cyclic and steady-state

voltammetry no reduction of compound lm occurred.

Owing to the low solubility of both polydisperse polymers 2a and 2b at r.t. in

CH2O2, which was made worse by the presence of the supporting electrolyte

n-Bu4NPF6, only poorly resolved electron transfer waves were obtained. For both

types of polymers, 2a and 2b, only moderately more facile reductions with ££j =

-2.10 V and ££, = -1.65 V, respectively, compared to the ones of corresponding model

dimers le (£^ = -2.28 V) and lg (£^ = -1.90 V) were obtained by cyclic and steady-

state voltammetry (Table 3.2). Furthermore, both polymers and corresponding

oligomers showed either irreversible (like for naphthalene compounds 2a and le) or

reversible electron transfer behavior (as in the case of 2,3,5,6-tetrafluorobenzene

species 2b and lg). The HOMO-LUMO gap for polymer 2a estimated from electro¬

chemical data was calculated to E = 3.45 eV and is thus comparable with the one

obtained from UV/Vis data (Em!a = 3.14 eV). However, the value derived from cyclic

voltammetry measurements has no thermodynamic meaning since in this case the redox

steps were not reversible.
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3.2.3 UV/Vis and Fluorescence Studies on the Spacer Compounds

The UV/Vis absorption spectra of TMS-end-capped DEE dimer la and trimer lb

as well as those for spacer compounds lc-m were measured in CHCI3 solutions at r.t.

The longest-wavelength absorption bands Amax for all compounds are listed in

Table 3.3. In general, the linear optical absorption spectra of all spacer compounds

except Id, le, and lm resembled two fairly well-defined absorption bands in the visible

region between 340 and 410 nm. The observation of significant vibrational fine-

structure provides support for a rigid planar ^-conjugated backbone is found to be

especially pronounced for DDE dimer la and trimer lb as has already been outlined in

Section 2.3.4 of Chapter 2 (Figure 3.2).

250 300 350 400 450 500 550 600

XI nm

Figure 33,. UV/Vis absorption spectra ofDEE dimer la and trimer lb.

The vibrational fine-structure present in the UV/Vis spectra of TMS-end-capped

dimer la and trimer lb between 250-330 nm was much less prominent in the spectra of

all other spacer compounds lc-m, which revealed broad and unstructured absorption

bands. Introduction of a simple phenylene bridge did not generate major changes in the

absorption spectrum of lc compared to that of dimer la, apart from nearly doubled

extinction coefficients (Figure 3.3). The transitions appeared at almost identical

wavelengths in both compounds, the only difference being that the well-defined lowest-

energy absorption A^^ at 376 nm in la transformed to a shoulder at 374 nm in lc

(Table 3.3). However, the absence of any notable bathochromic shift for lc

demonstrates that the insertion of a phenyl moiety to DEE dimer la surprisingly does

not result in a significant enlargement of the ^-conjugated system.
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Table 3.3. UVAfis andfluorescence data ofspacer compounds la-m and polymers 2a
and 2b measured in CHCl$ at r.t.

compound Xra!alwaa Aex/nm^ Aem/nm« <t>ph
(e/M-icm-1)* (e/M-icm-1)6

la 376 (24700) 356 (25300) 425 0.01

lb 407 (sh, 36700) 356 (31800) 440 0.01

lc 374 (sh, 36700) 356 (52100) 394,418 0.49

Id 351(76300) 356 (74600) 399,421 0.73

le 381 (sh, 47500) 356 (58900) 398,422 0.65

If 495 (42300) 356 (1360) 398, 420, 508,542 0.35

lg 382 (57400) 356(66600) 403,425 0.46

In 384 (40100) 356 (46500) 403,424 0.57

li 376 (sh, 10200) 356 (15400) 407,421 0.40

liH+c 380 (45300) 356 (35200) 480 0.07'

lj 392 (sh, 41900) 356 (39800) 427 0.65

ljH+d 382 (46500) 356 (33200) 427 0.03'

Ik 404 (sh, 32400) 356 (32400) 430, 454 0.22

11 398 (sh, 23900) 356 (26300) 422 0.02

lm 342 (42300) 356 (33000) - -

2a 395 (450600) e 356 (306700) 446, sh 468 0.51

2b 402 (278000)e 356 (203500) 398,423,459 0.49

"Experimentally observed longest-wavelength absorption in CHCI3 at r.t. bMolar

extinction coefficient. CHC1 was used as proton source. dCF3COOH was used as

proton source. "Molar extinction coefficient based on the average polymerization

degree derived from analytical SEC (2a: n = 18; 2b: n = 12). /Excitation wavelength.
^Fluorescence emission bands. ^Fluorescence quantum yields; anthracene (0p = 0.33)

was used as a reference compound [29]. 'Fluorescence quantum yields decreased with

increasing acid concentration.
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Figure 3.3. UV/Vis absorption spectra ofDEE dimer la andphenylene-bridged lc.

In compounds lg and lh containing tetrasubstituted phenyl groups, small

bathochromic shifts for A,,^ of AA = 6 nm and 8 nm, respectively, were observed

relative to dimer la (Figure 3.4). Again, for both compounds the aromatic benzene

spacers augmented the molar extinction coefficients, but the small red shifts observed

indicate that the ^-electron derealization over the entire molecule is not significantly

enhanced by the presence of these spacers and the electronic communication between

both DEE fragments remains rather small.

1a

19

1h

250 300 350 400 450 500 550 600

A/nm

Figure 3.4. UV/Vis absorption spectra ofDEE dimer la, 2,3,5,6-tetrafluorobenzene
compound lg, and 2,3,5,6-tetramethylbenzene-bridged lh.
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The electronic properties of oligopyridine-based molecular wires have previously

been tuned by fusing additional rings to a central benzene spacer [30]. In our

compounds, replacing the phenyl group in lc with a naphthalene spacer resulted for

compound le in a red shift for A,^ of only AA = 13 nm. In this case, extension of the

homocyclic aromatic ring was not more effective than the tetrasubstituted phenylene

bridges in increasing ^-electron delocalization. Although the anthracene-linked dimer

If displayed absorptions at much lower energies than the other compounds in this series

C^max = 495 nm), the UWVis spectrum was more characteristic of anthracene rather

than of a (£)-l,2-diethynylethene (Figure 3.5).

—. 1c

1e

1f

250 300 350 400 450 500 550 600

A/nm

Figure 3.5. UV/Vis absorption spectra of spacer compounds lc (phenyl), le

(naphthalene), and If(anthracene).

Partial loss of conjugation was expected for the 4,4'-biphenyl-linked compound

Id, as the individual phenyl rings of this spacer are not coplanar. The UV/Vis

spectrum, which showed one broad absorption band at An,^ = 351 nm, confirmed this

expectation (Figure 3.6). Insertion of a Pt(II) center into the DEE dimer also inhibits

delocalization across the backbone, as seen by the significant blue shift of the Xmla for

the mononuclear complex lm (Figure 3.6). Ziessel and co-workers have also observed

that platinum acts as an insulator in alkyne-Pt(II)-alkyne-bridged donor-acceptor metal

complexes [31], Electronic insulation upon incorporation of a Pt(II) center between two

terminal tetraethynylethene fragments has also been described by Diederich and co¬

workers [32]. Whereas an unbridged TEE dimer showed a lowest-energy absorption

maxima at A^* = 466 nm (n-hexane), the corresponding platinum o"-acetylide complex

displayed a significantly shifted A^^ of 429 nm (CH2CI2).
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Figure 3.6. UV/Vis absorption spectra of spacer compounds lc (phenyl), Id (4,4'-bi-

phenyl), andPt(Il) complex lm .

Among the heterocyclic-bridged compounds, the electron rich thiophene and

furan spacers both generated bathochromic shifts of their spectra relative to those of

either the DEE dimer la or the phenyl spacer compound lc (Figure 3.7). Thiophene,

despite its lower electron excessivity compared to furan [33], produced slightly greater

red shifts (la: Amax = 376 nm; Ik: Amax = 404 nm, sh; 11: Amax = 398 nm, sh).

Interestingly, in both compounds the longest-wavelength absorption Am^ transformed

to pronounced shoulders with respect to la. Furthermore, the molar extinction

coefficient for thiophene-bridged Ik was considerably enhanced compared to its furan

counterpart 11.

60000-,
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Figure 3.7. UV/Vis absorption spectra of TMS-end-capped dimer la as well as

thiophene andfuran spacer compounds Ik and 11, respectively.
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The nitrogen heterocyclic spacers, li (pyridine) and lj (pyrazine), displayed quite

interesting UV/Vis properties. For both compounds the characteristic vibrational fine-

structure present in DEE dimer la was lost and the longest-wavelength absorption XmS]i

appeared as a shoulder (Figure 3.8). Whereas for pyridine compound li the atypical

low intensity of this shoulder should be noted, the one for the pyrazine-bridged

compound lj was nearly fully covered under a broad, unstructured absorption band.

Most interestingly, both nitrogen containing heterocycles did not show a common shift

of their ^jj, but displayed an unexpected trend. Introducing one nitrogen into the

central six-membered ring revealed no change in the position of the longest-wavelength

absorption in li (A^^ = 376 nm, sh) apart from its appearance as a shoulder, whereas

the presence of two nitrogen atoms in the pyrazine compound lj (An,^ = 392 nm, sh)

red shifted the spectrum with respect to dimer la by about AA = 16 nm.

1a

11

250 300 350 400 450 500 550 600

XI nm

Figure 3.8. UVWis absorption spectra of TMS-end-capped dimer la and nitrogen

containing heterocyclic compounds li and lj, respectively.

Protonation of the nitrogen heterocycles li and 1 j by treatment with cone,

aqueous HC1 and cone. CF3COOH, respectively, resulted in a strong bathochromic shift

for the most intensive absorption band of AA = 43 nm for pyridine-bridged species li

(Figure 3.9a). For the pyrazine spacer couple lj/lj H+ this effect was much less

pronounced and produced a red shift of only AA = 10 nm (Figure 3.9b). Upon addition

of aqueous NaOH solution to the protonated forms, the neutral species could be

regenerated in both cases, and the UV/Vis spectra became virtually identical to those

measured before the acidic treatment. The effect of acid on the relative position of the

longest-wavelength absorption maxima values An^ may be rationalized by disturbing
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the aromatic heterocyclic systems, possibly by a through space Coulombic interaction,

and thereby causing a partial break of the aromaticity, although protonation occurs at an

orbital orthogonal to the aromatic ^-system. Thus, the tendency to strongly localize

^-electrons at the aryl rings diminishes and conjugation through the entire backbone is

considerably facilitated (Figure 3.10).
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Figure 3.9, Effects ofprotonation on the electronic absorption spectra in CHClj of

pyridine spacer compound li (proton source: HCl) (a), and pyrazine-bridged

compound lj (proton source: CFjCOOH) (b). In both cases, addition ofNaOH to the

protonated species regenerates the original spectrum.

Acid treatment of tetraethynylethenes, terminally functionalized with R2NC5H4

donor and 02NCgH4 acceptor groups, however, revealed a completely opposite
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behavior [13]. Protonation of donor-acceptor substituted tetraethynylethenes resulted in

a strong hypsochromic shift owing to the complete loss of the charge-transfer transition

bands. Also in these cases, protonation of the amino group was a completely reversible

process. With these two parameters, terminal bis-alkyl amino and ring nitrogen

substitution, the level of electronic communication along the molecular wire can be

controlled. In addition, both systems complement each other in an unique way allowing

for shifting the longest-wavelength absorption maxima A^* either batho- or hypso-

chromically upon variation of the pH. This raises the possibility for engineering

reversibly proton switchable chromophores designed to fulfill a wide variety of

different functions ranging from proton sensors to pH-controllable materials for linear

and nonlinear optical applications [34].

OSitert-BuMe2

Me3Si s=—

Me2fert-BuSiO

N—'

OSi(ert-BuMe2

= SiMe3

Me2fert-BuSiO

longest-wavelength absorption X = 337 nm

+ H+

OSiferf-BuMe2
OSitert-BuMe2

= SiMe3

Me2fert-BuSiO

1i H*
longest-wavelength absorption X = 380 nm

Figure 3.10. Schematic representation ofa proton-driven switch. In the unprotonated
state, resonance stabilization of the pyridine spacer prohibits extended conjugation

along the entire backbone: ^-conjugation off (top). Upon treatment with acid the

aromaticity of the central spacer is partially disturbed, possibly owing to Coulombic

interactions, allowing for increased communication along the molecular wire:

%-conjugation on (bottom).

-262-



3. Novel, Hybrid Poly(triacetylene) Monomers

The UV/Vis spectra of both polydiperse polymers 2a and 2b are shown in

Figure 3.11. Whereas polymer 2a displays a second, less intensive absorption at

A = 292 nm in addition to the longest-wavelength absorption band, polymer 2b exhibits

only one extensive, unstructured and broad absorption. Interestingly, both polymers 2a

and 2b have very similar A^j values (395 nm (£max = 3.14 eV) for 2a and 402 nm

(£max = 3.08 eV) for 2b). The solution optical band gap £„, derived from the crossing

point of the tangent passing through the turning point of the longest-wavelength

absorption band and the x-axis, was calculated to be E. = 2.1A eV (2a) and £g =

2.63 eV (2b). Assuming that the effective conjugation length in both types of

^-conjugated backbones has already been attained, which seems for average

polymerization degrees of n = 18 (2a) and n = 12 (2b) quite likely (if compared to the

pure PTA polymer with n «• 10 monomer), the Eg-values for both hybrid backbones are

considerably higher than that for the parent PTA polymer (E„ = 2.40 eV, see Section

2.3.4, Chapter 2). However, this experimental result may be explained by the difficulty

of polarizing an aromatic bridge, thus the electron derealization is mainly restricted to

the homocyclic ring preventing any extended electronic communication along the

backbone. In addition, introduction of strongly localized sub-systems within a

conjugated backbone causes significant disturbances in the ^-electron wavefunction

(unfavorably deep valleys and high mountains!) resulting in an decreased 'electron

mobility' along the chain.
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Figure 3.11. UV/Vis absorption spectra of the polydisperse naphthalene and 2,3,5,6-

tetrafluorobenzene polymers 2a and 2b, respectively. The molar extinction coefficients
are based on the average polymerization degrees derived from analytical SEC

(2a: n «18; 2b: n = 12).

2a

2b
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It is quite remarkable that despite the wide variety of different spacer systems

ranging from ^-electron rich to ^-electron deficient, that have been incorporated into

the DEE dimer la, none of the homo- and heterocyclic bridges caused a larger

bafhochromic shift in Xm!lx or a decrease in the solution optical band gap Eg, than the

(£)-hex-3-ene-l,5-diyne system itself (Table 3.3). The only exception was anthracene

compound If with A^^ = 495 nm, which more closely resembled the typical UV/Vis

characteristics of anthracene. However, it has also been described in the literature that

copolymers compared to the corresponding homopolymers can exhibit batho-

chromically shifted k-k* absorption bands. For instance, Yamamoto et al. presented a

copolymer of thiophene and 2,3-diphenylquinoxaline that gave rise to an absorption

band at Amax = 603 nm, whereas homopolymers of thiophene and 2,3-diphenyl¬

quinoxaline exhibited absorption peaks at about 460 and 440 nm, respectively [25].

The fluorescence properties for the series of spacer compounds la-m and the two

polydisperse polymers 2a and 2b were also measured in CHCI3 solutions at r.t. The

majority of these dimers displayed strong fluorescence emission and high quantum

yields <% (Table 3.3). As the TMS-TMS DEE dimer la and trimer lb showed only

very weak emission efficiency (<Pp = 0.01), the quantum yields of these bridged dimers

can be attributed predominately to the aromatic spacers. The 4,4'-biphenyl-linked DEE

dimer Id displayed with &p = 0.73 the highest fluorescence quantum yields of all

investigated spacer compounds la-m. This was somewhat surprising since

fluorescence is generally favored in structurally rigid molecules. The extended

aromatic system of the naphthalene spacer compound le also resulted in a high

quantum yield of 0p = 0.65. For the anthracene-bridged compound If, however, only a

moderately enhanced quantum yield with Qp = 0.35 was obtained compared to the

anthracene reference itself (<P^ = 0.33). The UV/Vis absorption and emission spectra of

If are displayed in Figure 3.12, nicely showing the mirror-like relationship between

absorption and emission spectra.

Simple heterocycles such as pyridine, furan, or thiophene generally do not exhibit

fluorescence [35]. Nevertheless, the pyridine, pyrazine, and thiophene containing

dimers li, lj, and Ik, respectively, were fluorescent. Protonation of pyridine-bridged

compound li caused a shift in the longest-wavelength emission by AAgm = 59 nm from

Aem = 421 nm to kem = 480 nm, indicative of a lower triplet energy with respect to the

unprotonated state (Table 3.3). Interestingly, the position of Aem for pyrazine

compound lj was unaffected by the addition of acid. In the cases of heterocycles li and
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lj protonation resulted in nearly complete fluorescence quenching and quantum yields

steadily decreased as increasing amounts of acid were added.
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Figure 3.12. Normalized UV/Vis absorption (solid line) andfluorescence (dashed line)

spectra ofanthracene spacer compound Ifrecorded in CHClj at r.t.

The naphthalene and 2,3,5,6-tetrafluorobenzene copolymers 2a and 2b showed

intense fluorescence with quantum yields of @p = 0.51 and &p = 0.49, respectively.

Usually, fluorescence decreases in polymers upon elongation of the ^-conjugated

backbone for reasons already discussed in Section 2.3.4 of Chapter 2. In the present

case, however, emissive states seem to be strongly localized at the aromatic subunits

and to an extent are electronically 'decoupled' from neighboring DEE chromophores,

which helps to hamper nonradiative decay pathways. In addition, the encouraging

fluorescence quantum yields G>p obtained in both cases may serve as an excellent

starting point for designing highly efficient electroluminescent materials for use in

LEDs.

3.2.4 Third Harmonic Generation Studies on the Spacer Compounds

The second hyperpolarizability y of the spacer compounds la-m and both

polydisperse polymers 2a and 2b were measured by Ulrich Gubler and PD Dr.

Christian Bosshard in the group of Prof. Peter Glinter at the Institut fiir

Quantenelektronik (ETH Honggerberg, Zurich) via THG in CHC13 solutions at
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X = 1.907 um. The microscopic hyperpolarizability Rvalues were then transformed to

the macroscopic hyperpolarizability xlan according to eqn. (5) described in Section

2.3.6 of Chapter 2 by assuming an isotropic arrangement of the molecules, using the

density and refractive indices (for local field corrections) of the solvent CHCI3 to give a

lower limit of what can be expected in the bulk sample.

The experimental results shown in Table 3.4 led to a number of interesting

conclusions. Astonishingly, none of the incorporated bridges, whether homocyclic or

heterocyclic ones, resulted in a larger y-value than that obtained for DEE trimer lb with

its (£)-hex-3-ene-l,5-diyne spacer and y= 363 10~36 esu. Extending the ^-conjugated

framework of DEE dimer la by a simple phenylene unit in compound lc, resulted in a

very moderate increase of yfrom 108 10"36 esu to 130 • 10-36 esu, despite the

significant enlargement of the jr-system (6 additional or 50% more ^-electrons!).

However, introducing two linearity linked phenylene groups as demonstrated by 4,4'-bi-

phenyl spacer compound Id led with y= 241 10-36 esu to a more than doubled second

hyperpolarizability compared to dimer la, which is not obvious when the backbone

shows greater flexibility.

Table 3.4. Second hyperpolarizabilities of spacer compounds la-m as well as

polydisperse polymers 2a and 2b from third harmonic generation experiments at X =

1.907 pm. jtfa^is calculated relative to fused silica (X&1 = 3.9 lfr22 m2V-2

(2.8 1014 esu)).

compound y 110-36

esu"

e/M-'cnr1*

y 110-48

m5V-2fl

y(3)
A100% f

y(3)

*fe

*ioo%

/1012esu/

y(3)

/ 10-20 m2V-2/

la 108 (0) 1.51 13 0.37 0.52

lb 363 (0) 5.08 31 0.86 1.2

lc 130 (0) 1.82 15 0.41 0.58

Id 241 (0) 3.37 25 0.71 0.99

le 363 (0) 5.08 39 1.09 1.53

If 307 c 4.29 31 0.88 1.23

lg 283 (0) 3.96 30 0.83 1.16
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Table 3.4. (continued).

lh 171 (0) 2.39 18 0.51 0.71

li 104 (5) 1.45 12 0.33 0.46

UH+d 89(9) 1.24 10 0.28 0.39

lj 234 (4) 3.27 26 0.74 1.03

ljH+d 175 (28) 2.45 20 0.55 0.77

Ik 210 (0) 2.94 24 0.66 0.92

11 173 (6) 2.42 20 0.55 0.77

lm 117(0) 1.64 10 0.27 0.38

2a 6024 (141)e 84.23 73 2.05 2.87

2b 1264(581)* 17.67 22 0.62 0.86

"Rotational average of the ytensor. 6Molar extinction coefficient at 3o (636 nm).
Extinction coefficient £ drifting. 4IC1 was used as the proton source. eValue based on

the average polymerization degree derived from analytical SEC (2a: n » 18; 2b: n <

12). fXwn bulk values are extrapolated from measured values of y, assuming a linear

dependence on concentration. The estimations present a lower limit, since density and

the small (with respect to the pure compounds) refractive indices for local field

corrections of CHCI3 were used in the calculation of Xum,-

Fusing two adjacent benzene groups by 1,2-annelation and thereby rigidifying

and planarizing the ^-system notably raised the second hyperpolarizability yas can be

seen by comparison of phenyl spacer compound lc (y = 130 • 10-36 esu) with its

naphthalene counterpart le (y = 363 • 10"36 esu), for which the same y-value was

observed as for TMS-end-capped trimer lb. Enlarging the TT-chromophor orthogonally

to the molecular main axis and thus not along the predominant ^-conjugation pathway

as in anthracene compound If, caused a decrease of the y-value to 307 • 10-36 esu with

respect to le.

Substitution of the central phenyl spacer in lc with four methyl groups raised the

second hyperpolarizability yfrom 130 • 10-36 esu to 171 • 10"36 esu in lh. However,

replacement of the (T-electron donors by fluorine, an atom which induces a strong

negative inductive effect (-1 effect), further increased the third-order nonlinearity to

y = 283 • 10~36 esu as demonstrated by the 2,3,5,6-tetrafluorobenzene spacer compound
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lg. Although most of the potential organic chromophores used in NLO applications

contain an aromatic moiety such as benzene or a heterocyclic ring, a number of

theoretical and experimental investigations suggest that nonaromatic bridges such as

polyenes, polyynes, and cumulenes exhibit much larger nonlinear optical responses

than comparable aromatic analogues [33]. For example, the INDO-derived

(intermediate neglect of differential overlap) second hyperpolarizability of donor-

acceptor oligoene 4 is about five times larger than that of its homocyclic, aromatic

counterpart p-nitroaniline (5). The values given in parentheses are the INDO-derived

fi/5 parameters at a fundamental excitation energy of 0.1 eV.

4 5 6

/i/3 = 350.51 • 10"30 esu yfi = 77.25 • 10_30 esu /ifi = 132.70 • 10"30 esu

Although one could argue that the higher NLO response of the linearly arranged carbon

chain in 4 is caused by the increased molecular length, it is rather speculative whether

length alone can account for such an enhancement. However, computations of fifl for

control compound 6, which has a molecular length nearly identical to that of 5, indeed

revealed nearly a doubling of the NLO response properties [33]. This study implies

that greater aromatic character of a bridge hampers conjugation along an unsaturated

TT-C-chain, since the ^-electrons tend to be localized in the aryl system. Thus, the

higher nonlinearity seen for the open chain compound lb compared to the homocyclic

phenyl spacer compound lc becomes apparent, although the linear bridge in lb is a

(£)-hex-3-ene-l,5-diyne and not an all-(£)-hexatriene system. The strong tendency of

benzene to localize ^-electrons accounts also for the minor enhancement of yin lc

relative to DEE dimer la. The augmented nonlinearity of the 2,3,5,6-tetramethyl-

benzene spacer compound lh compared to lc my be rationalized by the higher

TT-electron density in the former system facilitating polarization along the backbone. In

contrast, the strongly electron-withdrawing fluorine atoms in lg disturb the aromaticity

of the phenyl spacer resulting in an increased second hyperpolarizability.

A molecular architecture with less aromatic stabilization of the bridge can be

realized by replacing benzene with heterocyclic systems and should result in a greater

NLO response as already outlined [33], Nevertheless, going from benzene spacer

compound lc to pyridine-bridged chromophore li revealed a decrease in the second
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hyperpolarizability from y= 130 10"36 esu to y = 104 • 10"36 esu. Interestingly,

replacing a second C-atom by nitrogen raised the y-value again significantly to

234 • 10"36 esu for the pyrazine species lj and is thus even above the level of the phenyl

compound lc. While treatment with a proton source caused a strong, respectively small

bathochromic shift for both nitrogen heterocycles li and lj, the second

hyperpolarizabilities experienced in both cases a decrease. The Rvalue of pyridine

compound li decreased from 104 • 10-36 esu to 89 10-36 esu and that of pyrazine

species lj from 234 • 10"36 esu to 175 10-36 esu for the protonated species li H+and

lj H+, respectively. This observed behavior is therefore quite surprising, while in most

cases a red shift for h^x parallels an increase of the third-order nonlinearity [36],

although some exceptions to this general rule have been reported [37].

For both five-membered heterocycles, thiophene and furan compounds Ik and 11,

respectively, the second hyperpolarizability (Ik: y = 210 • 10-36 esu; lc: y =

173 • 1036 esu) revealed a substantial increase compared to phenylene-bridged lc. At

first glance, it is surprising that the Rvalue for the thiophene-bridged DEE dimer Ik

was found to be higher than for its oxygen counterpart 11, since calculations show that

the electron excessivity of furan is larger than for thiophene [33]. In general, electron

excessivity tracks aromaticity. The higher the aromatic character the more localized are

the ^-electrons thereby reducing the third-order nonlinearity y. Whereas replacing an

aromatic moiety like benzene by a nonaromatic group such as polyenes or polyynes

could lead to substantially lower thermal/chemical stability, aromatic heterocycles have

the advantage that, while there is a reduction in the energy cost to break the aromatic

stabilization, substantial thermodynamic stability remains. This seems to be an

important design criterion for the engineering of future hybrid poly(triacetylene)

polymers tailored for high nonlinear optical performances.

The mononuclear, linear platinum a-acetylide complexe lm displayed with

y= 117 • lO-36 esu a high nonlinearity compared to the unbridged DEE dimer la

(y= 108 • 10"36 esu). It is interesting to note, that this y-value lies considerably above

that of two single TMS-end-capped DEE monomers with 2 x 22 • 10-36 esu =

44 • 10"36 esu. In contrast, the investigation of the linear absorption properties for lm,

presented in the previous section, demonstrated that insertation of a Pt(II) center to the

DEE dimer la effectively inhibits derealization along the ^-conjugated backbone, as

evidenced by a significant hypsochromic shift for the A^j. Therefore, it might be

suggested that the high y-value obtained for lm is caused by an internal charge-transfer
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from the platinum to the electron-accepting DEE moieties and not necessarily by an

electronic communication between both terminal ^-conjugated backbone fragments

over the Pt(II) bridge. Unfortunately, owing to the relatively high atomic mass of

platinum a lower Xm%'va^us results for bridged lm {x\mn = 0.27 • 10-12 esu) than is

obtained for la (xlm = °-37 ' 10~12 esu)-

The third-order nonlinearities of the polydisperse copolymers 2a and 2b showed

moderate resonance enhancement owing to absorptions at the third harmonic

wavelength 3o = 636 nm (Table 3.4). Whereas the second hyperpolarizability of the

naphthalene polymer 2a revealed with y= 6024 • 1036 esu nearly five times the value

observed for the 2,3,5,6-tetrafluorobenzene polymer 2b showing y= 1264 • 10"36 esu,

the jlfj^j-values of 2a relative to the reference compound, fused silica, still gave an

enhancement of more than three times compared to 2 b (2 a: xloU/X^ = 73;

2b: xfmtlXu1 = 22). Again, strong localization of electronic transitions, especially for

2b seem to account for the relatively low third-order nonlinearities observed. In view

of commercial applications for optical polymers in telecommunication systems such as

interconnection, switching, and signal processing optical losses owing to absorptions at

k > 850 nm are one of the major concerns [38]. Higher losses at the two

technologically important wavelengths of 1.3 and 1.55 um caused by the higher

harmonics of C-H vibrational absorptions should be especially avoided. By replacing

hydrogen with heavier atoms such as deuterium or fluorine, such losses at 1.3 um have

been reduced to lower than 0.1 dB cm-1. Thus, owing to the lack of any C(sp2)-H

bonds in the ^-conjugated backbone, tetrasubstituted fluorine polymer 2b reveals

interesting features for the construction of polymer channel waveguides despite its

moderate NLO response.
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3.3 Summary

The present work has demonstrated that conjugation in (£)-l,2-diethynylethene-

based chromophores can be tuned by incorporation of a central spacer. The twelve

different jr-conjugated bridges which were incorporated ranged from electron deficient

to electron rich moieties and served both as a rigid girder to maintain structural integrity

and to modulate electron flow. Efficient electronic interruption between the terminal

DEE units as evidenced by UV/Vis spectroscopy was achieved with a fran,s-Pt(PEt3)2

spacer. The electrochemical behavior of these new compounds was found to resemble

to a large extent that observed for the parent DEE dimer exhibiting several distinct

redox events depending on the nature of the incorporated bridge. Most spacer

compounds showed in the linear absorption spectra broad, unstructured absorption

bands, losing most of the vibrational fine-structure of short PTA oligomers. In

addition, only minor shifts in the longest-wavelength absorption were observed for the

majority of bridged DEEs. Treatment of the pyridine spacer compound with acid

resulted in a dramatic bathochromic shift and nearly complete fluorescence quenching,

opening exciting prospects for this chromophore in proton-driven switches or pH

sensors. In contrast, considerable changes were obtained for the nonlinear optical

properties, measured by third harmonic generation in CHCI3 solutions. Generally,

spacer units with high aromaticity were found to reduce the nonlinearity owing to

strong localization of the ^-electrons on the aromatic bridge prohibiting extended

conjugation along the unsaturated backbone. The second hyperpolarizabilities of two

polydisperse copolymers with an -A-B-A-B- sequence containing naphthalene and

2,3,5,6-tetrafluorobenzene units revealed only moderate third-order nonlinearities,

again presumably owing to the formation of localized states. Additional theoretical

studies should allow more insight into the electronic properties in these types of

chromophores. This will provide a better understanding of the observed

electrochemical, linear, and nonlinear optical properties. However, this study provides

a successful base to further improve PTA hybrid polymers with respect to better

thermal, mechanical, linear, and nonlinear optical responses.
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3.4 Experimental Part

For Instrumentation and General Techniques see Section 2 7 1 and Section 2 7 2

of Chapter 2 The synthesis of TMS-end-capped spacer compounds la and lb has

already been described in Section 2 3 1 in Chapter 2 The naphthalene-bridged

chromophore le, Pt(II) o-acetyhde complex lm, and polymer 2a have been prepared

by Dr Jennifer A Wytko, and anthracene-bridged compound If was made in

collaboration [11]

In the 13C-NMR spectra of the spacer compounds lc, Id, and lf-1 described

herein, side-chain atoms, in particular those belonging to the (tert-butyl)dimethylsilyl

protection functionality, frequently overlapped However, in all cases apart from

polymer 2b the unsaturated C-atom resonances in the conjugated backbone were always

clearly distinguishable

General Work-up for Pd(0)-catalyzed coupling reactions. Unless otherwise noted,

Pd(0)-mediated reactions were worked up as follows After the designated reaction

time, the solvents were removed in vacuo The resulting residue was taken up in

CH2CI2 and washed twice with saturated aq NH4C1 solution (2 x 100 ml) The

collected organic fractions were then dried over MgS04, filtered, and evaporated to

dryness

l,4-Bis[(E)-3,4-bis{[(tert-butyl)dimethylsilyloxy]methyl}-6-(trimethylsilyl)hex-3 ene-

l,5-diynyl]benzene (lc) A degassed solution of 3 (0 10 g, 0 23 mmol, 10 eq),

1,4-diiodobenzene (0 038 g, 0 11 mmol, 0 5 eq), [PdCl2(PPh3)2] (0 005 g, 0 007 mmol,

0 03 eq ), and Cul (0 003 g, 0 014 mmol, 0 06 eq ) in NEt3 (2 ml) and CH2C12 (10 ml)

was stirred at r t under an atmosphere of Ar for 18 h Work-up and purification by FC

(SiO2-60, eluent n-hexane/PhMe 2 1) gave lc as a white solid (74%, 0 081 g)

OSifert-BuMe2

M83& = f

Me2tert BuSiO

1c

OSitert-BuMe2

> ^ SiMe3

Me2terf-BuSiO
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M.p.: 59-60 °C. UV/Vis (CHCI3): 303 (17300), 340 (sh, 45700), 352 (54400), 374 (sh,

36700). FT-IR (CHC13): 3022*, 2956m, 2953m, 2856m, 2356h>, 2353w, 2133w, 1600w,

1506h<, 1472m, 1470m, 1409w, 1391w, 1373w, 1361w, 1255m, 12075, UOOs, 1039ve,

1006w,933iv, 844s, 817m. !H-NMR (200MHz, CDCI3): 0.10(s, 24H); 0.19(s, 18H);

0.91 (*, 36 H); 4.48 (s, 4 H); 4.52 (s, 4 H); 7.36 (s, 4 H). "C-NMR (50 MHz, CDC13):

-5.76; -0.84; 17.76; 25.26; 63.25; 63.45; 88.02; 100.14; 101.22; 106.52; 122.62; 129.16;

129.89; 130.68. FAB-MS: 946.6 (29, [M]+; calc. for 12C52H90O428Si6+: 946.6), 889.5

(100, [M- C(CH3)3]+), 816.5 (24, [M- C(CH3)3 - SiMe3]+), 759.4 (17, [M- 2 C(CH3)3
- SiMe3]+). Anal. calc. for C52H90O4Si6 (947.81): C 65.90, H 9.57; found C 65.67,

H 9.69.

4,4'-Bis[(E)-3,4-bis{[(tert-butyl)dimethylsilyloxyJmethyl}-6-(trimethylsilyl)hex-3-ene-

l,5-diynyl]biphenyl (Id). A degassed solution of 3 (0.10 g, 0.23 mmol, 1.0 eq.), 4,4'-di-

iodobiphenyl (0.047 g, 0.11 mmol, 0.5 eq., ca. 90% purity), [PdCl2(PPh3)2] (0.004 g,

0.005 mmol, 0.02 eq.), and Cul (0.001 g, 0.006 mmol, 0.03 eq.) in NEt3 (10 ml) was

stirred at r.t. under an atmosphere of Ar for 18 h. Work-up and purification by FC

(SiO2-60, eluent: n-hexane/PhMe 3:1) afforded Id as a colorless solid (48%, 0.047 g).

OSitert-BuMe2
OSi(ert-BuMe2 (

Me2(ert-BuSiO
Me2tert-BuSiO

Id

M.p.: 102-103 °C. UV/Vis (CHC13): 270 (18800), 317 (sh, 39100), 351 (76300).

FT-IR (CHC13): 3012n>, 2956m, 2936m, 2856m, 2360w, 2336H-, 2133m, 1678w, 1600m,

1472m, 1463m, 1407w, 1389w, 1375w, 1361w, 1250s, 1183m, 1100.1, 1039m, 1006m,

933m, 839*. !H-NMR (200 MHz, CDCI3): 0.115 (s, 12 H); 0.119 (s, 12 H); 0.20 (5,

18 H); 0.92 (s, 18 H); 0.93 (s, 18 H); 4.52 (s, 4 H); 4.54 (*, 4 H); 7.49 (rf, 3/ = 8.3 Hz,

4 H); 7.56 (d, 3J = 8.3 Hz, 4 H). 13C-NMR (50 MHz, CDC13): -5.73; -0.81; 17.79;

25.29; 63.32; 63.48; 87.03; 100.37; 101.32; 106.27; 121.98; 126.24; 128.84; 130.08;

131.32; 139.57. FAB-MS: 1022.3 (32, [M]+; calc. for ^gH^O^SV-. 1022.6),

965.3 (100, [M - C(CH3)3]+), 893.3 (25, [M - C(CH3)3 - SiMe3]+), 835.2 (13, [M -

2 C(CH3)3 - SiMe3]+). HR-FAB-MS: 1022.5754 ([Ai]+; calc. for l2C5gH940428Si6+:
1022.5767). Anal. calc. for C58H9404Si6 • 1/2 H20 (1032.91): C 67.44, H 9.27; found

C 67.45, H 9.36.

Me3Si ^s-
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9,10-Bis[(E)-3,4-bis([(ten-butyl)dimethylsilyloxy]methyl}-6-(trimethylsilyl)hex-3-ene-

l,5-diynyl]anthracene (If) A degassed solution of 3 (0 10 g, 0 23 mmol, 1 0 eq ),

9,10-dibromoanthracene (0 038 g, Oil mmol, 0 5 eq ), [PdCl2(PPh3)2] (0 005 g,

0 007 mmol, 0 03 eq ), and Cul (0 003 g, 0 014 mmol, 0 06 eq ) in NEt3 (15 ml) and

CH2CI2 (5 ml) was heated at reflux under an atmosphere of Ar for 36 h Work-up and

purification by FC (S1O2-6O, eluent n-hexane -» n-hexane/PhMe 2 1, gradient),

preparative TLC (SiO2-60, eluent n-hexane/PhMe 2 1), and recrystallization from hot

i-propanol yielded If as orange needles (7%, 0 008 g)

OSitert-BuMe2

M e3Si = f

Me2tert-BuSiO

1f

Mp 178-179 °C UV/Vis (CHC13) 281 (52700), 320 (19700), 335 (30500), 466

(36200), 495 (42300) FT-IR (CHC13) 3022m, 2955m, 2856m, 2133w, 1600w, 1472m,

1256m, 1106m, 844s !H-NMR (500 MHz, CDC13) 0 16 (s, 12 H), 0 17 (s, 12 H), 0 23

(s, 18 H), 0 94 (s, 18 H), 0 95 (s, 18 H), 4 73 (s, 4 H), 4 76 (s, 4 H), 7 54 (dd, 3J =

6 5 Hz, 47 = 3 2 Hz, 4 H), 8 60 (dd, 3J = 6 5 Hz, 4J =32 Hz, 4 H) 13C-NMR

(125 8 MHz, CDCI3) -5 05, -5 00, -0 13, 18 54, 25 98, 26 07, 64 46, 64 67, 98 77,

100 03, 102 17, 107 61, 118 86, 126 93, 127 38, 129 57, 131 02, 132 14 FAB-MS

1046 6 (100, [M]+, calc for 12C60H94O428Si6+ 1046 6), 916 5 (17, [M - C(CH3)3 -

SiMe3]+) HR-FAB-MS 1046 5268 ([M]+, calc for 12C60H94O428Si6+ 1046 5767)

l,4-Bis[(Ji)-3,4-bis{[(teTt-butyl)dimethylsilyloxy]methylf-6-(trimethylsilyl)hex-3-ene-

l,5-diynyl]-2,3,5,6-tetrafluorobenzene (lg) A degassed solution of 3 (0 10 g,

0 23 mmol, 1 0 eq ), l,4-dnodo-2,3,5,6-tetrafluorobenzene (0 047 g, 0 12 mmol,

0 5 eq ), [PdCl2(PPh3)2] (0 005 g, 0 007 mmol, 0 03 eq ), and Cul (0 003 g,

0 014 mmol, 0 06 eq ) in NEt3 (15 ml) was stirred at r t under an atmosphere of Ar for

22 h Work-up and punfication by FC (S1O2-6O, eluent n-hexane/PhMe 1 2) afforded

lg as a crystalline yellow solid (33%, 0 035 g)

OSi(ert-BuMe2

} = SiMe3

Me2tert-BuSiO

-274-



3. Novel, Hybrid Poly(triacetylene) Monomers

Me3Si-

OSi/ert-BuMe2
OSifert-BuMe2 Fv 7 (

( /\ ff
^ SiMe3

Me2fert-BuSiO

'

F
Me2tert-BuSiO

M.p.: 125-126 °C. UV/Vis (CHC13): 340 (sh, 47000), 359 (67700), 382 (57400).

FT-IR (CHC13): 2996m, 2856m, 2200w, 2133w, 1600w, 1489m, 1256m, 12225, 1106s,

983m, 844s, 789s. !H-NMR (300 MHz, CDCI3): 0.085 (s, 12 H); 0.090 (s, 12 H); 0.20

(s, 18 H); 0.898 (s, 18 H); 0.902 (s, 18 H); 4.50 (s, 4 H); 4.53 (s, 4 H). 13C-NMR

(75.5 MHz, CDC13): -5.46; -5.43; -0.36; 18.29; 25.77; 63.64; 63.72; 80.38; 100.39;

101.30; 109.15; 129.06; 133.12; 144.61; 148.20. 19F-NMR (282 MHz, CDC13):
-136.60. FAB-MS: 1018.4 (23, [W]+; calc. for 12C52Hg6F40428Si6+: 1018.5), 961.3

(100, [M - C(CH3)3]+), 888.3 (56, [M - C(CH3)3 - SiMe3]+), 831.2 (28, [M - 2 C(CH3)3
- SiMe3]+). Anal. calc. for C52Hg6F404Si6 (1019.76): C 61.25, H 8.50; found C 61.34,

H8.71.

l,4-Bis[(E)-3,4-bis{[(tett-butyl)dimethylsilyloxy]methyl}-6-(trimethylsilyl)hex-3-ene-

l,5-diynyl]-2,3,5,6-tetramethylbenzene (lh). A degassed solution of 3 (0.10 g,

0.23 mmol, 1.0 eq.), l,4-diiodo-2,3,5,6-tetramethylbenzene (0.044 g, 0.11 mmol,

0.5 eq., ca. 90% purity), [PdCl2(PPh3)2] (0.005 g, 0.007 mmol, 0.03 eq.), and Cul

(0.003 g, 0.016 mmol, 0.06 eq.) in NEt3 (4 ml) and PhMe (10 ml) was stirred at 70 °C

under an atmosphere of Ar for 18 h. Work-up and purification by FC (SiC>2-60, eluent:

n-hexane/PhMe 1:1) furnished lh as a yellow solid (12%, 0.012 g).

OSifert-BuMe2

—= SiMe3

Me3Si

Me2fert-BuSiO
Me2fert-BuSiO

1h

M.p.: 137-138 °C. UV/Vis (CHCI3): 253 (19700), 286 (sh, 10500), 307 (14800), 344

(sh, 36800), 361 (49200), 384 (40100). FT-IR (CHC13): 3012w, 2956m, 2936m,

2856m, 2133w, 1600w, 1494w, 1472h>, 1460m, 1409w, 1391w, 1373w, 1361w, 1255m,

1139m, 1100s, 1039w, 1006m, 933m, 909w, 844s. 1H-NMR (500 MHz, CDCI3):
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0.0855 (5, 12 H); 0.0863 (s, 12 H); 0.20 (s, 18 H); 0.89 (s, 18 H); 0.90 (s, 18 H); 2.40 (s,

12 H); 4.53 (s, 4 H); 4.57 (s, 4 H). 13C-NMR (125.8 MHz, CDC13): -5.40; -5.36; -0.39;

18.20; 25.66; 25.76; 63.86; 64.37; 95.38; 100.38; 101.83; 106.28; 123.46; 128.73;

130.59; 135.56. FAB-MS: 1002.5 (75, [M]+; calc. for ^gHggC^Sig-'-: 1002.6),

945.4 (100, [M - C(CH3)3]+), 872.4 (52, [M - C(CH3)3 - SiMe3]+), 815.3 (9, [M -

2 C(CH3)3 - SiMe3]+). HR-FAB-MS: 1002.6098 ([Afl+; calc. for 12C56H980428Si6+:

1002.6080).

2,5-Bis[(E)-3,4-bis{[(Xeit-butyl)dimethylsilyloxy]methyl}-6-(trimethylsilyl)hex-3-ene-

l,5-diynyl]pyridine (li). A degassed solution of 3 (0.10 g, 0.23 mmol, 1.0 eq.), 2,5-di-

bromopyridine (0.027 g, 0.11 mmol, 0.5 eq.), [PdCtyPPh^] (0.005 g, 0.007 mmol,

0.03 eq.), and Cul (0.003 g, 0.016 mmol, 0.06 eq.) in NEt3 (20 ml) was stirred at 80 °C

under an atmosphere of Ar for 18 h. Work-up and purification by FC (SiC>2-60,

eluent: n-hexane/PhMe 3:2 + 1% NEt3) gave li as a pale yellow solid (71%, 0.074 g).

OSitert-BuMe2

OSitert-BuMe2 (

( /=\ ) = SiMe3

) =
* ) =

\
Me3Si s= K. n—V )

) Me2tert-BuSiO

Me2fert-BuSiO

1i

M.p.: 61-62 °C. UVA'is (CHC13): 298 (sh, 35100), 321 (48400), 337 (46800), 376 (sh,

10200). FT-IR (CHC13): 3012w, 2956m, 2936m, 2856m, 2200w, 2133w, 1561w,

1544w, 1473m, 1461m, 1409w, 1385w, 1361m, 1250j, HOOu, 1044w, 1006m, 939m,

839i. !H-NMR (300 MHz, CDC13): 0.079 (s, 12 H); 0.087 (s, 12 H); 0.19 (s, 18 H);

0.89 (s, 36 H); 4.49 (s, 4 H); 4.53 (s, 4 H); 7.28 {d, 3J = 8.1 Hz, 1 H); 7.76 {dd, 3J =

8.1 Hz, 4J = 2.7 Hz, 1 H); 8.63 (d, 4J = 2.7 Hz, 1 H). "C-NMR (75.5 MHz, CDC13):

-5.72; -5.69; -0.80; 17.84; 25.36; 63.44; 63.49; 87.00; 98.57; 101.15; 107.58; 119.74;

126.18; 127.77; 129.14; 131.47; 138.38; 141.37; 150.98. FAB-MS: 948.5 (10, [Affl]+;

calc. for 12C51H90NO428Si6+: 948.6), 890.4 (15, [M - C(CH3)3]+), 817.4 (6, [M -

C(CH3)3 - SiMe3]+). HR-FAB-MS: 948.5510 ([A/H]+; calc. for 12C51H90NO428Si6+:

948.5485).
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2,5-Bis[(E)-3,4-bis{[(teft-butyl)dimethylsilyhxy]methyl}-6-(triinethylsilyl)hex-3-ene-

l,5-diynyl]pyrazine (lj). A degassed solution of 3 (0.145 g, 0.33 mmol, 1.0 eq.),

2,5-dibromopyrazine (0.039 g, 0.17 mmol, 0.5 eq.), [PdCl2(PPh3)2] (0.007 g,

0.010 mmol, 0.03 eq.), and Cul (0.004 g, 0.020 mmol, 0.06 eq.) in NEt3 (5 ml) and

PhMe (10 ml) was stirred at 80 °C under an atmosphere of Ar for 18 h. Work-up and

purification by FC (SiC>2-60, eluent: n-hexane/ethyl acetate 15:1) afforded lj as a pale

yellow solid (82%, 0.129 g).

OSifert-BuMe2

OSi(ert-BuMe2 (
( /=N \ = SiMe3

M^Si =s= f N_/ >
) Me2tert-BuSiO

Me2fert-BuSiO

1J

M.p.: 56-58 °C. UV/Vis (CHC13): 286 (18700), 307 (20200), 375 (50600), 392 (sh,

41900). FT-IR (CHC13): 3022s, 2956m, 2953m, 2856m, 2356w, 2353w, 2133w, 1600w,

1506w, 1472m, 1470m, 1409h>, 1391 w, 1373w, 1361 w, 1255m, 1207s, 1100s, 1039w,

1006>v, 933n>, 844s, 817m. !H-NMR (500 MHz, CDC13): 0.092 (s, 12 H); 0.099 (s,

12 H); 0.20 (s, 18 H); 0.90 (s, 36 H); 4.50 (s, 4 H); 4.54 (s, 4 H); 8.58 (s, 2 H).

l^C-NMR (125.8 MHz, CDC13): -5.39; -5.35; -0.49; 18.12; 25.64; 63.61; 63.68; 91.80;

97.02; 101.20; 108.65; 128.90; 132.60; 137.47; 146.92. FAB-MS: 948.6 (17, [M]+;

calc. for 12C50H8gN2O428Si6+: 948.5), 891.5 (100, [M - C(CH3)3]+), 818.5 (38, [M -

C(CH3)3 - SiMe3]+), 761.4 (11, [M - 2 C(CH3)3 - SiMe3]+). HR-FAB-MS: 948.5327

([M]+; calc. for 12c50H8gN2O428Si6+: 948.5359). Anal. calc. for C5oH8gN204Si6 •

1/2 H20 (958.79): C 62.64, H 9.36, N 2.92; found C 62.51, H 9.17, N 2.88.

2,5-Bis[(E)-3,4-bis{[(Xeit-butyl)dimethylsilyloxy]methylf-6-(trimethylsilyl)hex-3-ene-

1,5-diynyl]thiophene (Ik). A degassed solution of 3 (0.10 g, 0.23 mmol, 1.0 eq.),

2,5-diiodothiophene (0.038 g, 0.11 mmol, 0.5 eq.), [PdCl2(PPh3)2] (0.005 g,

0.007 mmol, 0.03 eq.), and Cul (0.003 g, 0.016 mmol, 0.06 eq.) in NEt3 (2 ml) and

PhMe (10 ml) was stirred at 60 °C under an atmosphere of Ar for 18 h. Work-up and

purification by FC (SiO2-60, eluent: n-hexane/PhMe 1:1) yielded Ik as a pale yellow

oil (52%, 0.055 g).
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OSitert-BuMe2
OSitert-BuMe2 (

S \ ^ SiMe3

11Me3Si ^=-

Me2tert-BuSiO

Me2tert-BuSiO

1k

UV/Vis (CHC13) 260 (19100), 286 (13600), 313 (13600), 367 (sh, 38800), 381

(45900), 404 (sh, 32400) FT-IR (CHC13) 3012w, 2956m, 2936m, 2856m, 2343w,

2133m, 1517w, 1472m, 1409w, 1391w, 1373w, 1361m>, 126b, 1251vc, 1183m, 1100s,

1039w, 1006w, 911m, 844s !H-NMR (200 MHz, CDC13) 0 10 (s, 24 H), 0 20 (s,

18 H), 0 910 (s, 18 H), 0 914 (s, 18 H), 4 45 (s, 4 H), 4 51 (s, 4 H), 7 05 (s, 2 H)

13C-NMR (50 MHz, CDC13). -5 91, -0 93, 17 64, 25 20, 63 16, 63 29, 91 41, 93 22,

101 19, 107 06, 124 45, 129 09, 129 76, 131 31 FAB-MS 952 2 (52, [Mf, calc for

12C5oHg80428Si6S+ 952 5), 895 2 (100, [M - C(CH3)3]+), 822 2 (26, [M - C(CH3)3 -

SiMe3]+), 765 1 (16, [M - 2 C(CH3)3 - SiMe3]+) Anal calc for C50H88O4Si6S

(953.83) C 62 96, H 9 30, S 3 36, found C 63 02, H 9 53, S 3 15

2,5-Bis[(E)-3,4-bis{[(tcrt-butyl)dimethylsilyloxy]methyl}-6-(trimethylsilyl)hex-3-ene-

l,5-diynyl]furan (11) A degassed solution of 3 (0 120 g, 0 27 mmol, 1 0 eq ), 2,5-di-

bromofuran (0 031 g, 0 14 mmol, 0 5 eq ,
ca 90% purity), [PdCl2(PPh3)2] (0 006 g,

0 009 mmol, 0 03 eq ), and Cul (0 003 g, 0 016 mmol, 0 06 eq ) in NEt3 (4 ml) and

PhMe (10 ml) was stirred at 70 °C under an atmosphere of Ar for 48 h Work-up and

purification by FC (S1O2-6O, eluent n-hexane/PhMe 1 2) furnished 11 as a highly

viscous colorless oil (30%, 0 035 g)

OSiferf-BuMe2

OSitert-BuMe2 (
\ = SiMe3

\y.M63SI-
Me2tert-BuSiO

Me2tert-BuSiO

UV/Vis (CHCI3) 255 (11900), 291 (14500), 304 (17200), 358 (sh, 26900), 372

(32200), 398 (sh, 23900) FT-IR (CHCI3) 3012w, 2956m, 2936m, 2856m, 2133w,

1600w, 1502w, 1472m, 1463m, 1409iv, 1391w, 1373w, 1361w, 1250m, 1139m, 1100s,

1044w, 1024w, lOOOw, 967>v, 911w, 844s !H-NMR (500 MHz, CDC13) 0 090 (s,
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12 H); 0.091 (s, 12 H); 0.19 (s, 18 H); 0.900 (s, 18 H); 0.906 (s, 18 H); 4.44 (s, 4 H);

4.50 (s, 4 H); 6.57 (s, 2 H). "C-NMR (125.8 MHz, CDCI3): -5.42; -5.36; -0.45; 18.14;

25.647; 25.654; 63.55; 63.60; 90.49; 91.55; 101.43; 107.65; 116.82; 129.34; 130.07;

137.57. FAB-MS: 936.7 (36, M+; calc. for 12C50H88O528Si6+: 936.5), 879.7 (100,

[M - C(CH3)3]+), 806.7 (30, [M - C(CH3)3 - SiMe3]+), 749.6 (11, [M - 2 C(CH3)3 -

SiMe3]+). HR-FAB-MS: 936.5265 ([M]+; calc. for 12C5oH880528Si6+: 936.5247).

a-Iodo-poly{[(E)-3,4-bis{[(t£it-butyl)dimethylsilyloxy]methylfhex-3-ene-l,5-diynyl]-

2,3,5,6-tetrafluorobenzene} (2b). A degassed solution of 4 (0.20 g, 0.50 mmol,

1.0 eq.), l,4-diiodo-2,3,5,6-tetrafluorobenzene (0.18 g, 0.50 mmol, 1.0 eq.),

[PdCl2(PPh3)2] (0.023 g, 0.033 mmol, 0.06 eq.), and Cul (0.013 g, 0.066 mmol,

0.12 eq.) in HN(i'-Pr)2 (5 ml) and PhMe (150 ml) was stirred at 90 °C under an

atmosphere of Ar for 20 h. Work-up, purification by size-exclusion chromatography,

and precipitation from MeOH gave polymer 2b as a metallic solid (13%, 0.033 g).

/ OSifert-BuMe2 f f\

\Me2fert-BuSiO /

2b

M.p.: > 240 °C. UVA'is (CHCH3): 402 (278000). FT-IR (CHC13): 3022s, 2956m,

2933m, 2856m, 2400m, 2211m, 1639m, 1578m, 1489s, 1475m, 1361w, 1261m, 1178w,

1106s, 1006m, 983s, 939m, 839s. Raman (CHC13): 3017m, 2180w, 1638w, 1566*,

1430w, 1214m, 766m, 665s, 364s, 259s. !H-NMR (500 MHz, CDC13): 0.05-0.12

(overlap); 0.90-0.92 (overlap); 4.53 (overlap); 4.56 (overlap); 4.64 (overlap).

"C-NMR (125.8 MHz, CDC13> » 20 mM Cr(acac)3): -5.61 (overlap); -5.47 (overlap);

18.19 (overlap); 25.63 (overlap); 63.34 (overlap); 63.52 (overlap); 86.79 (overlap);

87.07 (overlap); 96.10 (overlap); 99.91 (overlap); 104.50-104.95 (overlap); 130.77

(overlap); 131.17 (overlap); 144.90-145.20 (overlap); 146.90-147.27 (overlap).

l^F-NMR (282 MHz, CDC13): -85.21 (overlap). Anal. calc. for C26H34(^4812:

C 61.15, H 6.71; found: C 58.72, H 7.36, N 0.91. SEC (THF, 45 °C, LS-detector):

Ma = 3380, Mw = 155400 (MJM^ = 45.98).
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Abstract: In this chapter, the investigation of the photochemically reversible trans-cis

isomerization of (E)-hex-3-ene-l,5-diynes ((£)-l,2-diethynylethenes,

DEEs) and 3,4-diethynylhex-3-ene-l,5-diynes (tetraethynylethenes, TEEs)
substituted with electron-donating (p-dialkylaminophenyl) and/or electron-

accepting (p-nitrophenyl) groups is described. They are, after stilbenes and

azobenzenes, only the third class of such compounds that have been

investigated in a comprehensive way with respect to photoisomerization.
The type and degree of donor/acceptor (D/A) functionalization was found

to drastically affect the partial quantum yields of isomerization <Pt->c an^

<Pc-h- Total quantum yields in n-hexane varied from <J>totai = 0.72 for a

bis-acceptor substituted TEE to <Ptotai = 0.015 for a fourfold, bis-donor, bis-

acceptor substituted TEE derivative. Furthermore, a strong relationship
between <Ptotai and solvent polarity as well as a strong dependence of 0t^c
and <Dc^n on the wavelength of excitation Xg^ was observed. Temperature

dependent studies over the range of 6.5 to 65 °C for a bis-acceptor

substituted DEE indicated that no significant tiiermal activation barrier in

the excited states is involved in the photoisomerization process. None of

the compounds studied underwent thermal isomerization at 27 °C in

n-hexane, setting them significantly apart from similarly substituted

stilbene derivatives. Theoretical investigations at the ab initio HF/6-31G**

level of theory revealed a significant reduction in the bond order of the

central olefinic double bond in the D-D, D-A, and A-A TEEs upon

electronic excitation, accounting for the facile photoisomerization.

4.1 Introduction

At first glance, it may look as if the photochemical trans-cis interconversion

between two geometric isomers appears to be nothing more than a simple and straight¬

forward example of a fundamental photochemical process: 180° rotation about the C=C

double bond. The first model for trans-cis isomerization was proposed by Olson in

1931 [1], only a few years after the formulation of quantum mechanics. Within the last

60 years, however, it has become increasingly evident that trans-cis photo¬

isomerization, for example that of stilbenes or other olefins, is a rather complex reaction

and exhibits several intriguing features. Nearly every step of the reaction mechanism

may be influenced by various external variables such as sensitizers, additives, solvents,

concentration, irradiation wavelength, temperature and viscosity, or by internal factors

such as substitution pattern (electron pulling and/or pushing groups), steric hindrance of

substituents, photochemical stability, and external and internal heavy atom effects.

Furthermore, mechanistic considerations for olefinic isomerizations are complicated by
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competing processes such as fluorescence, intersystem singlet-triplet crossing (ISC),

and the potential participation of intermediate phantom or twisted intramolecular charge

transfer (TICT) states, which all may play crucial roles [2], Today, on the basis of a

vast amount of experimental results, the essential features of the trans-cis

photoisomerization reaction, in particular for stilbenes [3-6], azobenzenes [7], and

olefins in general [8], have been identified, widely accepted, reasonable mechanistic

models developed, and lively controversies settled. However, numerous issues have

not yet been resolved to the last detail and thus the study of trans-cis isomerization

continues to attract attention as a seemingly simple, yet challenging and rewarding field

of research [9].

As already mentioned, the photochemical behavior of stilbenes as it relates to

trans-cis isomerization processes has been widely studied from both theoretical and

experimental viewpoints [4-6]. These molecules are a practical choice for such studies

owing to their facile synthesis, thermal and chemical stability, and varied electron-

donating and/or electron-accepting functionalities [10]. Stilbenoid systems have also

rapidly gained importance in recent years in the area of materials science. The ability

to control and dictate the photochemical trans-cis isomerization about an olefinic bond

is appealing for many objectives targeted in modern materials science [11]. Some of

the more important applications, which are either already technological realities or

show potential, are optical brighteners, laser dyes, scintillators, light-emitting diodes,

optical switching, energy storage networks, optical data storage, photopolymerization,

photo-chemical crosslinking, photoinitiators, photoresists, photoconductors, and

nonlinear optics [3]. More recently, practical applications of functional, bistable olefins

have been realized in systems such as the chiroptical switches introduced by Feringa

and co-workers [12]. The importance of trans-cis isomerizations is not only limited to

the numerous technological processes in our daily lives. For instance, the

photochemical induced cis -> trans isomerization of retinal and the consequent

conformational changes in rhodopsin are the primary events in visual excitation [13].

Furthermore, it has recently been suggested that photoreversible trans-cis

interconversion about double bonds in certain pyrrole containing molecules is a key

factor in manifold processes involved in the growth of plants [14].

(£)-l,2-Diethynylethenes (DEEs, (£)-hex-3-ene-l,5-diynes) and tetraethynyl-

ethenes (TEEs, 3,4-diethynylhex-3-ene-l,5-diynes) with electron-donating (p-dialkyl-

aminophenyl) or electron-accepting (p-nitrophenyl) substituents are two classes of
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highly stable molecules that are available from straightforward and high yielding

synthetic protocols and amenable to versatile and diverse functionalization [15-18].

Scheme 4.1 gives a graphical representation of the photochemical trans-cis

isomerization process in donor and/or acceptor (D/A) substituted tetraethynylethene

derivatives, leading to the conversion of (£)-l into (Z)-l and the reverse reaction.

(APr)3Si

D/A

(9-1

D/A

hv

Si(/-Pr)3

(J-Pr)3Si

(PPr)3Si

(Z)-1

D/A

D/A

Scheme 4.1. Photochemical trans-cis isomerization in donor/acceptorfunctionalized

tetraethynylethenes. D standsfor an electron releasing (donor) andA for an electron

withdrawing group (acceptor).

In the case of cw-stilbene or tetraphenylethene derivatives, the close proximity of

aryl moieties results in steric interactions which undoubtedly influence the electronic

and photonic characteristics of these molecules. In contrast, the expanded,

^-conjugated enyne framework of DEEs and TEEs sets these compounds significantly

apart from the corresponding stilbenoid chromophores. The aryl rings with their

pendant donor and/or acceptor functionalities are sufficiently remote from each other to

preclude unfavorable steric interactions during the course of trans-cis isomerizations.

This allows the isolation of electronic effects from steric effects. Indeed, single X-ray

crystal structural analysis of a m-bis-arylated D-A TEE showed that planarity is

maintained across the entire conjugated chromophore including the aryl rings [17]. In

contrast, calculations of the ground state of cw-stilbene revealed a propeller-shaped

conformation with out-of-plane twisting of the phenyl rings by 30-60° [19,20], while

/rans-stilbene should show only a very small deviation from planarity [21].

Experimental results confirm that cw-stilbene is nonplanar in the gas and liquid phase

with a dihedral angle between the planes of the central double bond and a phenyl ring

of 30-50° [19,22-24]. An almost planar structure in the solid-state has been determined

by single crystal X-ray analysis for /ra/w-stilbene [25], whereas in solution out-of-plane

distortion has been observed by Raman spectroscopy [26].
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Some physical properties of DEEs and TEEs have already been documented

through investigations of their thermal stability [16-18], electrochemical behavior

[27,28], and nonlinear optical responses [29,30]. These studies revealed that the

physical characteristics of DEEs and TEEs can be significantly manipulated by the

appropriate choice of donor and/or acceptor substituents. The behavior of

functionalized DEEs and TEEs under photochemical irradiation is of critical

importance towards utilization of these molecules for device construction and practical

applications. The synthesis of TEE-based polymers targeting high nonlinear responses

showed that polymers, especially those functionalized with electron-rich side-chains,

efficiently undergo photochemical isomerization [31].

OSi/erf-BuMe2

Me2fert-BuSiO

(E)-2, R = NMe2

(E)-3, FUNO2

Me2N

OSirert-BuMe2

Me2tert-BuSiO ]j

(£)-4

N02

Si(J-Pr)3

(E)-S, R = NMe2

(E)-6, R = N02

MffcN

(APr)3Si

Si(/-Pr)3

(£)-7

N02

(n-Ci2H2s)2N

N(n-C12H25)2

N02

(£)-8 (£)-9, DANS
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These findings stimulated an in depth study of the photoisomerization

characteristics of functionalized DEE and TEE derivatives to learn more about the

principles required for efficient trans-cis interconversion in these types of

chromophores. The photochemical isomerization for two series of donor-donor (D-D),

acceptor-acceptor (A-A), and donor-acceptor (D-A) substituted DEEs (£)-2-(£)-4 and

TEEs (£)-5-(E)-8, looking in particular at the effect of structure, solvent, temperature,

and wavelength of irradiation, were therefore thoroughly investigated in collaboration

with Johannes Bartek, Dr. Rik Tykwinski, and Dr. Erich Meister [32], In some aspects,

these compounds display a behavior similar to that of analogously substituted stilbenes;

thus D-A substituted DEEs and TEEs, in analogy to stilbenes such as (£)-9

(7V^-dimethylaminonitrostilbene, DANS) or (£)-10, prefer the cw-configuration upon

irradiation in apolar solvents. In other aspects, however, the results presented here

clearly show that the unencumbered framework of DEEs and TEEs imparts unique

characteristics on these chromophores, despite their structural similarity to stilbene

analogs. For instance, the expanded chromophores do not undergo thermally induced

isomerization, and the solvent and excitation wavelength dependence of their

photoinduced trans-cis isomerization differs strongly from that reported for stilbenes.

4.2 Mechanisms of trans-cis Photoisomerization and Some Aspects of

the Photochemical Isomerization Behavior ofStilbenes

Superficially the photochemical isomerization of a C=C double bond seems to be

a quite simple process. The detailed picture, however, is complicated by the presence

of multiple electronic and multiple intramolecular degrees of freedom. The absorption

of electromagnetic radiation is usually a very fast process taking place within 10-15 s.

Such excitations are accompanied by a change in the electron distribution within the

molecule implying a concomitant change in the nuclear co-ordinates. Within 10-12 s

after light absorption, the molecule can release some of the absorbed energy by

cascading down from upper vibrational states of Si to lower levels of Sj, thus resulting

in a reduction in the bond order of the C=C moiety. Twisting about this bond is

therefore possible during the excited-state lifetime [33]. The multiplicity (singlet or

triplet) of the excited surface upon which photoisomerization occurs is not always clear.

In particular, it varies strongly with the nature of the substituents connected to the

double bond. The exact nature of the nuclear motion involved in the isomerization is
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also open to question. In the following, some aspects of the photochemical trans<is

isomerization process in stilbenes, which are strongly related to DEEs and TEEs, will

be discussed (Scheme 4.2).

hv

(£)-10 (Z)-10

Scheme 4.2. Photochemical trans-cis isomerization ofthe parent stilbene (E)-10.

In the case of stilbenes, three distinct mechanisms for the trans-* cis

isomerization process have emerged. The first mechanism is internal conversion from

the first excited singlet state to highly excited vibrational levels of the ground state

through which isomerization occurs. This has been found to be relatively unimportant

[5]. The second proceeds through a sensitized triplet mechanism which involves an

intersystem crossing from taww-singlet state (h*) to frans-triplet state (3t*), followed

by isomerization along a triplet surface that either crosses or nearly crosses with the

ground state singlet surface near 90° (Figure 4.1).

~I

90°180'
0

Figure 4.1. Schematic representation of the isomerization coordinate for the reaction

from both the trans- and cis-sides in stilbene (10) following a sensitized triplet

mechanism. E = energy and O = torsion angle about the double bond. Figure adopted

from ref. [4],
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However, since both triplet configurations, 3t* and 3c*, are separated by no (or only a

small) activation barrier from the excited perpendicular triplet state (3p*), they are in

fast equilibrium [4], This latter mechanism has been found to be important in some

substituted stilbenes, e.g., those functionalized with nitro groups [5].

The third, and commonly accepted mechanism for the isomerization of stilbene,

involves, after excitation of the trans-form (h) to the first excited trans-singlet state

(h*), twisting about the olefinic bond (internal rotation, presumably 90°) into the first

excited perpendicular singlet state ('p*). Internal conversion to the perpendicular

ground state (Jp), bypassing triplet states, followed by internal rotational relaxation to

the cis- and frans-ground states completes the isomerization process (Figure 4.2) [5]. A

comprehensive discussion of the mechanisms of trans-cis photoisomerization in

stilbenes can be found in ref. [4].

-r-

90'

"I—

0°180'
<P

Figure 4.2. Schematic representation of the isomerization coordinate for the reaction

from both the trans- and cis-sides in stilbene (10) via a singlet mechanism. E = energy

and © = torsion angle about the double bond. Figure adoptedfrom ref. [4].

Stilbenes cannot only undergo triplet donor sensitized (second mechanism) or

unsensitized (third mechanism) photochemical isomerizations. They are also amenable

to thermal interconversion of the olefinic bond and display a pronounced thermal

isomerization behavior (Figure 4.3). In the ground state Sq, a high activation barrier

separates the trans- and cw-isomers. In the case of the parent cis-stilbene (Z)-10, the
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energy of the cis-ground state is higher than that of its frans-counterpart (E)-10, owing

to the larger dihedral angle of cis-stilbene. Depending on the method employed, a

measured free energy difference -AG° between the two stilbene isomers of

10-20 kJ moH has been reported [34-36]. Other studies have revealed that the free

energy difference is only slightly influenced by the electron releasing and/or

withdrawing nature of the substituents [37-39]. Steric interactions in the cis-form,

however, enhance the free energy difference and hence shift the equilibrium more

towards the frans-isomer.

"
AW°= 19.2+0.4kJmol1

(AS°:=4.4±1.0JK-1inol-1>

1^

180'

T

90'

<J>

Figure 4.3. Energy profile for the thermal equilibrium of(E)- and (Z)-stilbene (10) in

tert-butylbenzene. E = energy, © = torsion angle about the double bond, AH
°

free
reaction enthalpy, and AS'free reaction entropy. Figure adoptedfrom ref. [3].

For the Arrhenius activation energy barrier £a between cis- and rrans-stilbene

ground states of 10, values around 180 kJ mol-1 and an A-factor of the order of 1012 s_1

have been reported [4,34], Both structure and substitution strongly influence the

thermal cis -t trans isomerization, whereby substituents in the 4-position (-OCH3,

-NO2, -NH2) generally help to reduce £a. The proportion of the cis-isomer (Z)-10

under thermal equilibrium conditions is small; for example, at 30 °C in benzene it is

less than 0.1%, and it increases to slightly more than 1% in fert-butylbenzene at 188 °C

[40]. This holds true for the great majority of stilbenoid compounds, where the

proportion of the cw-isomer in the thermal equilibrium remains rather small (< 5%). It
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should be noted, that in solution it is very difficult to exclude the possibility of catalysis

by trace impurities, since a great variety of catalysts {e.g., Pd(0), iodine) can influence

the thermal cis-trans isomerization of stilbenoid compounds.

4.3 Results and Discussion

4.3.1 Structure Dependence

The photochemical trans-cis isomerization of the donor and/or acceptor

substituted DEEs and TEEs (£)-2-(£)-8 was probed via monochromatic irradiation of

dilute n-hexane solutions (ca. 2-4 10"5 M) at 27 °C. The excitation wavelength A^

normally corresponded to the lowest-energy absorption maximum A^^ in the UV/Vis

spectrum of each molecule [16,17]. In the case of tetrakis-arylated TEE (£)-8,

however, higher energy excitation (Aexc = 390 nm) was required since irradiation at

Anjjj (528 nm) over a period of 18 min at maximum light intensity [41] resulted in

negligible isomerization to (Z)-8. The evaluation of quantum yields from experimental

data for (E)-3-(£)-8 together with an outline of the mathematical methods employed is

described in detail in the Experimental Part.

For the isomerization of compounds (£)-3-(£)-8, well-defined isosbestic points

were obtained and no decomposition products were detected by UV/Vis spectroscopy

or high-performance liquid chromatography (HPLC) analysis. Only the D-D

substituted DEE (£)-2 entered into a secondary, undefined reaction pathway upon

irradiation. This degradation was observed regardless of working with air-saturated or

degassed solutions; therefore its photoisomerization could not be studied quantitatively.

In Figure 4.4, the UV/Vis spectra recorded during the photoisomerization process of

D-A substituted (E)-7 in n-hexane as a function of irradiation time (a) as well as a

three-dimensional representation of the same experiment are presented (b). Whereas

for the significant absorption bands corresponding to the trans-isomer at A = 290 nm,

450 nm and the shoulder at A = 470 nm a weakening during the irradiation course is

observed, two characteristic bands of the cis-isomer at A = 360 nm and 380 nm appear.
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(a)

(b)

250 300 350 400 450

XI nm

500 550 600

300 400 450 500

A/nm

600

Figure 4.4. Electronic absorption spectra recorded in n-hexane at 27 °C during the

photoisomerization of (E)-7 as a function of irradiation time (a) and a three

dimensional plot ofthe same data (b)
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The concentrations of the trans- and cw-isomers at the photostationary state are

directly related to fy-K and <Pc_h, and the molar absorption coefficients et and ec at

the wavelength of irradiation A^, if photochemical side-reactions and self-quenching

can be neglected [3,4]. A photoequilibrium constant in analogy to that of a classical

equilibrium constant can be defined as follows:

A'eq
photo

'

*c-t £cC?
(1)

Analysis of the isomeric ratio at the photostationary state by HPLC afforded the final

trans- and cis-concentrations C^ and C^, respectively, which were then used for the

calculation of the partial rate constants i^. and &,._>,, as well as the photoequilibrium

constants ^oto (Table 4.1 and Figure 4.5).

Table 4.1. Experimentally determined trans- and cis-concentrations offunctionalized
DEEs (E)-3 and (E)-4, and TEEs (E)-5-(E)-8 in n-hexane at 27 "C and calculated

photoequilibrium constants therefrom.

compound ^-exc f ma % trans " % cis a #eq b

photo

(£)-3 360 45.5 54.5 1.2

(E)A 405 2.9 97.1 33.5

(£)-5 450 59.7 40.3 0.7

{E)-6 416 57.5 42.5 0.7

(E)-l 451 10.8 89.2 8.3

(£)-8 390 68.3 31.7 0.5

aAt photostationary state. ^Photoequilibrium constant.
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5

% trans %

Figure 4.5. Graphical representation of the equilibrium concentrations in percentages
at the photostationary state for compounds (E)-3-(R)-8

The partial rate constants, in combination with the irradiation light intensity /„,

the molar absorptivity Ajq of the irradiated solution at the photostationary state, and

the molar decadic extinction coefficients of the pure isomers et and £c at the

wavelength of excitation ultimately afforded the partial quantum yields 0t^,c and

^c-M' respectively (Table 4.2 and Figure 4.6).

The electronic structure of the arylated DEEs and TEEs has a substantial impact

on the ratio of trans- and c;s-isomers at the photostationary state and on the partial

quantum yields <£(_><. and <£>£_>(, for which changes of about two orders in magnitude

were observed The A-A substituted 3 and 6 showed, by far, the highest total quantum

yields <Ptota] of 0 41 and 0.72, respectively. Unfortunately, the decomposition of D-D

substituted DEE (E)-2 prevented a direct comparison with its TEE counterpart (E)-5 In

analogy to the bis-acceptor derivatives 3 and 6, D-D substituted 5 displayed little

preference for formation of the trans- or ci's-isomer in the equilibrium product

distribution, albeit the partial quantum yield 0c^t was consistently higher than 0t^c in

all three cases
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Table 4.2. Results of the photochemical trans-cis isomerization offunctionalized DEEs

(E)-3 and (E)-4, and TEEs (E)-5-(E)-8 in n-hexane at 27 °C.

compound Acxc / nm <*Uc #c^t #total fl/2/min a

(£)-3 360 0.14 0.27 0.41 0.5 9

(£)-4 405 0.080 0.0080 0.088 10.0 27

(£>5 450 0.072 0.18 0.25 0.4 29

(£>6 416 0.29 0.43 0.72 0.7 6

(£)-7 451 0.025 0.0052 0.030 4.8 101

(£)-8 390 0.0027 0.012 0.015 0.2 276

aCalculated for IQ = 1.0 10"10 E sec"1 cm"2.

Figure 4.6. Graphical representation of the partial quantum yields <bt-k: end <bc-^t ct

the photostationary state for compounds (E)-3-(E)-8.
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The D-A functionalized molecules 4, 7, and 8 showed the lowest total quantum

yields with 4>total = 0.088, 0.030, and 0.015, respectively. In contrast to all other

compounds, for which ^c_>t was about 2 to 5 times larger than <Pt_K, a reversed trend

was observed for D-A systems 4 and 7, with <Pt-K being 10 and 5 times larger than

<Pc_h> respectively. As a consequence, compounds (£)-4 and (£)-7 were transformed

almost completely into the cis-isomers. This results from the inability of the nonpolar

solvent n-hexane to stabilize the higher dipole of the fro/w-isomers in the excited state

(vide infra). The tetrakis-arylated TEE 8 showed a 2:1 translcis ratio at the photo-

stationary state with <PC_H being nearly five times that of <Pt-»c- In many aspects, the

photochemical properties of chromophore 8, despite its cis- and gem-D-A conjugation

pathways, indeed resemble more closely those of trans-D-D (5) or trans-A-A TEE (6)

than those of a cis-D-A TEE (7).

The rate at which the arylated DEEs and TEEs undergo isomerization is of

practical importance, since application of functional materials requires both structural

homogeneity and stability. Under the assumption that the partial quantum yields 4>t-*c

and ^c-jt are independent of irradiation light intensity and chromophore concentration,

half-life times f1/2 f°r uniform irradiation intensity were calculated. These 'i/2_values

for compounds (E)-3-(£)-8 (Table 4.2) clearly highlight the influence of substitution on

the rate of isomerization; alternatively, /j/2 can also ^e viewed as an indicator of

relative 'photostability'. The A-A substituted (£)-3 and (E)-6 rapidly undergo

isomerization, displaying half-life times of mere minutes, whereas the D-D TEE (E)-S

and the D-A substituted (£)-4 and (£)-7 are consistently more resistant to isomerization

in n-hexane. The most retarded rate, with a fj/2 of almost 5 h, was obtained for the

tetrakis-arylated TEE compound (£)-8.

The excitation wavelength Aexc at which a molecule must be irradiated to undergo

complete conversion from the trans-isomei to its cis-form is of great interest not only

from a synthetic point of view but also for device construction [3]. The trans- and cis-

isomers of compounds 3-8 have very similar absorption bands in their UV/Vis spectra,

and thus even by using different excitation wavelengths X^g, a complete conversion

from one isomeric form to the other can seldom be achieved. Besides the positions of

the absorption bands, the partial quantum yields are also important since they dictate

whether or not complete conversion can be expected (eqn. (1)). The D-A compounds 4

and 7 show the greatest disparity, with <J>c_>t « #t_,c. Indeed, irradiation at the
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longest-wavelength absorption maximum Amax of (E)-4 and (£)-7 caused nearly

complete conversion to the cis-isomer.

The fact that <Ptotai is significantly smaller than unity, especially for the D-A

functionalized systems 4, 7, and 8, shows that there exist major relaxation channels for

the excited states that do not result in direct isomerization. Fluorescence, among others,

is one such competing pathway, whereby physical deactivation of the St state can occur

by internal conversion (Sj -» Sq) and by intersystem crossing (Si -» Tj) [3].

Furthermore, temperature was found to have an appreciable influence on the

competition between fluorescence and trans —> cis isomerization in stilbenes [3,8]. The

D-D and D-A molecules (£)-2, (£)-4-(£)-5, (£)-7, and (£)-8 displayed varying degrees

of fluorescence in n-hexane [16], whereas for both A-A compounds (£)-3 and (£)-6, no

fluorescence was observed in this solvent. In fact, the isomerization processes of 3 and

6 are by far the most efficient (<Ptotai = 0.41 and 0.72). The fluorescence processes of

(£)-4 (<% = 0.13) and (£)-7 (% = 0.42) are quite efficient [16], and accordingly, their

isomerization tendency is significantly reduced (4: 4>total = 0.088; 7: 0totai = 0.030).

Remarkably, although the fluorescence quantum yield &p for the D-D derivative trans-

5 is high {&p = 0.53) [16], the second highest isomerization rate within the TEE series

is observed for this chromophore (<Ptotai = 0.25). The D-A substituted TEE (Z)-7 also

displayed a bright fluorescence in n-hexane (<Pp = 0.12). This contrasts the absence of

fluorescence at ambient temperatures displayed by c/s-stilbene derivatives, which has

usually been explained by very short-lived first excited states [4,8]. Recently it has

been shown that the decay of ci's-stilbene at room temperature in both the gas phase and

in solution occurs in less than 2 • 10~12 s [5]. The rapid isomerization of cis-stilbenes

has been attributed to steric strain which is absent in the c/s-DEE and cis-TEE

derivatives. This structural difference could determine differences in excited state

lifetimes and fluorescence quantum yields among the two classes of compounds.

The D/A-functionalized DEEs and TEEs exhibit remarkably different photo¬

chemical behavior compared to corresponding stilbene molecules. A large variation of

both partial quantum yields <Pt_^c and <I>c^t as a function of substitution of the central

core with donor and/or acceptor groups is observed. In contrast, to a first

approximation, 3>c_k is independent of substitution about the stilbene framework,

whereas d^^ shows considerable dependence upon changes in functionality. For

example in the nonpolar solvent mixture methylcyclohexane-isopentane (2:1), the

donor substituted (£)-4-dimethylaminostilbene exhibits a partial quantum yield for the
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isomerization to the c/j-derivative of <Pt-»c = 0.52 [42]. In benzene, the trans-

configured DANS (9), 4,4'-dinitro-, 4-methoxy-4'-nitro-, and 4-amino-4'-nitrostilbene

show &t_+c = 0.016, 0.27, 0.40, and 0.10, respectively [43]. In contrast, for all

mentioned stilbene derivatives <Pc-h varies over a much smaller range, as is illustrated

by 0C^ = 0.22 [37], 0.40, 0.34, 0.43 and 0.44 [43], respectively.

4.3.2 Solvent Dependence

The trans-cis isomerization for D-A substituted TEE 7 was examined by

irradiation of either the cis- or the frans-isomer at 451 nm in solvents of different

polarity at 27 °C. With the exception of CHC13, in which isomerization rates were

slower than expected, the photoequilibrium constant steadily decreased with solvent

polarity and the photostationary state shifted increasingly towards the trans-isomei

(Table 4.3 and Figure 4.6). The partial quantum yields for 7 steadily diminished with

increasing solvent polarity, and the total quantum yields became quite small (Table 4.4

and Figure 4.7). The ratio ^^O,.^^ also decreased significantly with solvent polarity

and correlated well with the dipole moments of the solvents. In the most polar solvents

MeCN and DMF, fy-x was reduced to zero and (E)-7 remained isomerically pure after

irradiation for 115 min. The absence of isomerization of (£)-7 in MeCN and DMF

precluded determination of <Pc_>t from these reactions. Thus, independent

measurements of <Pc-x starting from pure (Z)-7 were conducted in these solvents.

Table 4.3. Solvent dependence of the photochemical trans-cis isomerization of D-A

substituted TEE 7 at 27 °C.

compound solvent &exc , nm % trans b % cis b
photo

(£)-7 n-hexane 451 10.8 89.2 8.3

(£)-7 CC14 451 16.1 83.9 5.2

(£)-7 THF 451 29.3 70.7 2.4

(£)-7 EtOH 451 27.4 72.6 2.6
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Table 4.3. (continued).

(£>7 CHCI3 451 30.2 69.8

(£)-7 MeCN 451 a 100 0

(Z)-7 MeCN 473 a 0 100

(Z)-7 MeCN 451" 0 100

(£)-7 MeCN 291 40.8 59.2

(£)-7 DMF 451" 100 0

(Z)-7 DMF 451 « 0 100

2.3

1.5

"Changes in absorption were too insignificant for evaluation of quantum yields
*At photostationary state. cPhotoequilibrium constant.

solvent n-hexene CCI

% trans %

Figure 4.6. Graphical representation of the solvent dependence of the equilibrium
concentrations at the photostationary slate for compound (E)-7 (kexc = 451 nm).
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Irradiation of (Z)-7 in MeCN at A,^ (473 nm) resulted in no isomerization after

20 min. At slightly higher energy (451 nm), 0c^t remained negligible after irradiation

at maximum light intensity [41] for more than 1 h, with insufficient conversion to (E)-7

for calculation of 0c-+t outside huge experimental error. Irradiation of (£)-7 at

significantly shorter wavelength (291 nm) did induce isomerization and afforded

<Pt-»c = 0.022 and ^c_>t = 0.019. At this higher energy, however, decomposition was

eventually observed following continued irradiation at the photostationary state.

Negligible isomerization of (Z)-7 was also seen in DMF upon excitation at

A.,„
= 451 nm.

'"exc"

The total quantum yield <Ptotal showed a substantial decrease as a function of

solvent polarity. This can be explained by the significantly higher dipole moments of

(Z)- and (£)-7 in their excited states as compared to their ground states, resulting from

intramolecular D-A charge transfer. These highly polar states are strongly solvated by

polar solvent molecules; hence, the tendency towards geometric isomerization is low,

since this requires greater reorganization of the solvent structure (i.e., is dependent on

the solvent relaxation time).

Table 4.4. Solvent dependence of the photochemical trans-cis isomerization of D-A

substituted TEE 7 at 27 °C.

compound solvent ^exc' *t->c ®c-H ^total ^t-K^
-hi

nm 100 100 100 0
_^

moment"/

c->t Cm

(£)-7 n-hexane 451 2.5 0.52 3.0 4.8 0

(£)-7 CC14 451 0.54 0.17 0.71 3.2 0

(£)-7 THF 451 0.14 0.092 0.23 1.5 5.7

(£)-7 EtOH 451 0.054 0.033 0.087 1.6 5.7

(£)-7 CHC13 451 0.038 0.023 0.061 1.7 3.7

(£)-7 MeCN 451" 0 - - - 11.7

(Z)-7 MeCN 473" 0 - - 11.7
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Table 4.4. (continued).

(Z)-7 MeCN 451"

(£)-7 MeCN 291

(£)-7 DMF 451"

(Z)-7 DMF 451"

2.2

0

1.9 4.1 1.2

11.7

11.7

ca. 12.7

ca. 12.7

"Changes in absorption were too insignificant for evaluation of quantum yields.
*From ref. [44].

solvent n-hexene CCI4 THF EtOH CHCI3 MeCN DMF

&,-

Figure 4.7. Graphical representation of the solvent dependence of the partial quantum

yields ^>,^c and 0c_j, at the photostationary state for compound (B)-7 (kexc =

451 nm).

The ratio of the partial quantum yields 0i^>c/0c^jt also decreased with increasing

solvent polarity. The resulting formation of more trans-isomer can be explained again

by solvent stabilization. In nonpolar solvents, the photostationary equilibrium favors

formation of the c/'-s-isomer due to more favorable dipolar interactions. In the more
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polar solvents, the trans-isomei also encounters substantial stabilization through

solvation, which reduces its propensity to isomerize into the cis-form.

Anomalous behavior was observed in CHC13. The partial quantum yields for

trans-cis isomerization in this solvent were similar to those measured in EtOH. This

was rather unexpected as these values were anticipated to be intermediate between

those observed in CCI4 and THF solutions. The trans-cis isomerization showed clean

isosbestic points, and no degradation products were observed in the HPLC analysis of

the equilibrium mixture of 7 in this solvent. The possibility that this deviation arises

from the presence of EtOH, used as a stabilizer in commercial CHCI3, was discounted;

a control isomerization experiment using CCI4 containing ca. 1% added EtOH

ultimately revealed no rate retardation as compared to pure CCI4.

The solvent dependence of the trans-cis isomerization of D-A substituted TEE 7

sharply contrasts the behavior of DANS (9) which already shows <Pt_K = 0 in EtOH

[43]. Furthermore, the partial quantum yields 4>c_yt in the case of DANS and stilbene

are essentially solvent independent [43]. This has often been interpreted as an

indication that long-lived intermediates, with concomitant solvent rearrangement, are

not involved in the major cis -» trans reaction pathway [4], The different behavior of 9

as compared to 7 could result from the steric interactions between the two phenyl rings

in nonplanar cis-DANS. These interactions ultimately favor formation of the trans-

isomer in a polar stabilizing medium, and cis —> trans isomerization of DANS occurs

even in highly polar solvents such as DMF (d^^ = 0.15) [43]. Similar steric

constraints do not exist in the bis-arylated tetraethynylethene 7; in the absence of strain

release as driving force, cis -» trans isomerization is no longer observed in polar

solvents such as DMF or MeCN (Table 4.4 and Figure 4.7) which stabilize both

isomeric forms. This analysis demonstrates well that solvent effects in TEEs can be

studied separately from steric influences, which is not the case for stilbenes.

The change of <Pt-»c with solvent polarity has been observed almost exclusively

with polar stilbenes and with azastilbenes. Stilbenes bearing polar ring substituents of

different electron-attracting power undergo several solvent-solute interactions which

strongly influence their photophysical and photochemical behavior. In asymmetrically

substituted stilbenes, the excited states can form a large dipole moment (> 20 Debye)

and the relaxation dynamics therefore depends strongly on solvent polarity as has

already been discussed [5].
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Another factor which can severely retard the rate of isomerization is solvent

viscosity. For stilbenes it has been found that generally &c-x is less dependent on

viscosity than <Pt-»c> an effect which can be explained in terms of molecular volume

theory [5]. An important point to bear in mind here is the fact that macroscopic

viscosity is not a good measurement of microscopic friction. To account for this

discrepancy, Saltiel and co-workers [45] have defined a specific microviscosity based

on diffusion coefficients. It has been demonstrated that sterically demanding

substituents like dodecyl chains can drastically alter the dynamics of isomerization,

leading in more viscous media to considerably greater retarding effects on the

photochemical isomerization compared to their short-chain counterparts. This

observation should also hold true in the case of DEEs and TEEs and is therefore

another important design criterion that has to be kept in mind if low photoisomerization

rates are desired.

The dependence of #t_>c and 0c^t on the excitation wavelength for D-A

substituted TEE 7 also significantly distinguishes this molecule from DANS. Studies

of DANS at different irradiation wavelengths revealed that 0t^c and 0c^t are both

independent of Aexc, even if the irradiation involved different absorption bands [43]. In

contrast, the partial quantum yields of 7 (Table 4.4 and Figure 4.7) and tetrakis-arylated

TEE 8 displayed a strong dependence on the irradiation wavelength. For instance,

irradiating molecule (£)-8 at 528 nm for 18 min caused negligible isomerization [41],

whereas irradiation at higher energy (A,,xc = 390 nm) gave 4>totai = 0.015 (Table 4.2 and

Figure 4.6).

The contrasting results in the photoisomerization of D-A substituted TEEs and

DANS are somewhat surprising considering that the lowest-energy excited states of

both molecules should be dominated by an intramolecular D-A charge transfer. For

DANS, the independence between the excitation wavelength and the isomerization

quantum yields has often been advanced as evidence against an isomerization from the

lowest singlet excited state [4]. The strong dependence from excitation wavelength

now suggests that trans-cis isomerization of D-A functionalized DEEs and TEEs

follows a different mechanism to that postulated for donor-acceptor substituted

stilbenes such as DANS.
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4.3.3 Temperature Dependence

The temperature dependence of the photoinduced trans-cis isomerization was

studied for the A-A substituted DEE 3, which previously had been shown to undergo

cis -» trans interconversion upon electrochemical reduction [27]. Under photochemical

isomerization conditions, trans-cis product distributions and thus the magnitudes of

<Pt^c and <PC_* can be influenced by a thermodynamic rotational barrier in the excited

state [5,43]. To investigate the magnitude of such a barrier to rotation, the

photochemical trans-cis isomerization of 3 was measured in 1,4-dichlorobutane at

temperatures from 6.5 to 65 °C (Table 4.5).

Table 4.5. Temperature dependence of the photochemical trans-cis isomerization of
A-A substituted DEE 3 ".

T/°C % transb %cis" K%otoc 4>Mc <*W ^total *\^l

<&<;-*

6.5 55.1 44.9 0.81 0.11 0.31 0.42 0.35

14.0 54.7 45.3 0.83 0.12 0.35 0.47 0.34

21.0 53.9 46.1 0.86 0.11 0.33 0.44 0.33

32.5 51.8 48.2 0.93 0.13 0.33 0.46 0.39

47.5 48.6 51.4 1.06 0.14 0.29 0.43 0.48

65.0 49.0 51.0 1.04 0.14 0.31 0.45 0.45

aAexc = 372 nm in 1,4-dichlorobutane. *At photostationary state. cPhotoequilibrium
constant.

Examination of the trans-cis ratio over this temperature range showed only slight

changes in the isomeric distribution as the amount of trans-3 present at the photo-

stationary state decreases from 55 to 49% upon raising the temperature.

Correspondingly, the photoequilibrium constant for the isomerization process increases

only slightly from 0.81 to 1.04. Due to the uncertainties in the determination of <Pt_K.
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and ^>C_M, the partial quantum yields for 3 can be considered independent of

temperature over the range investigated. Therefore, one can conclude that a significant

thermal activation barrier is not involved in the photochemical isomerization process.

Control experiments within the same temperature range revealed that there is no

competing thermal trans-cis isomerization involved.

The effects of temperature on <Pt_)C and <Pc_»t °f stilbenes have been extensively

studied. They generally show for 0C^ a mucn lower temperature dependence than that

for #(_»(;. In various cases, (fy^ decreases below room temperature, whereas <!>,._), is

constant down to much lower temperatures provided that the solvents do not become

highly viscous [4]. Thus, the results for A-A substituted 3 mirror the behavior of

4-nitrostilbene which showed no change in *t_»c and <Pc_^t over a range of 25 to

-150 °C in the non-viscous solvent mixture of methylcyclohexane-isohexane (2:1) [42].

The temperature independence of the partial quantum yields can be of significant

relevance to device construction, where a stable optical behavior within the temperature

range of operation is desirable.

4.3.4 Computational Studies

As observed for most conjugated flr-systems, there is a strong relationship between

changes in electronic structure and changes in geometry. Therefore, the consideration

of the changes in electron density on the Tt-bonds gives a good indication of the

geometric modifications occurring upon excitation [46]. Inspection of the wave-

functions, which had been calculated by Anouk Hilger and PD Dr. Hans-Peter Liithi,

showed that the first excited state in the D-D, A-A, and D-A substituted TEEs (£)-5-

(£)-7 originates mainly from an electron transition between the highest occupied

molecular orbital (HOMO) and the lowest unoccupied molecular orbital (LUMO).

For the analysis of the effects of substitution on the electronic structure for the

series of D-D, A-A, and D-A TEEs (£)-5-(£)-7, we therefore focused on the

corresponding HOMOs and LUMOs. The calculations on the ground state were

performed at the ab initio HF/6-31G** level of theory. In the calculated structures, the

Si(i-Pr)3 groups of (£)-5-(£)-7 were replaced by H-atoms for simplicity.
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Figure 4.8. Highest occupied molecular orbitals (HOMOs; left) and lowest

unoccupied molecular orbitals (LUMOs; right) of D-D substituted (E)-S (top), A-A

substituted (E)-6 (middle), and D-A substituted (E)-7 (bottom). In the structures

computed on the HF/6-31G** level of theory, the (i-Pr)jSi groups of (E)-S-(E)-7 were

replaced by H-atoms.

In the D-D substituted (£)-5, strong derealization of the HOMO throughout the

whole ^-system is observed as depicted in Figure 4 8a. The LUMO, on the other hand,

mainly shows localization on the central olefinic bond, i.e, strong 7r*-antibonding
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character, and only weak derealization into the phenyl rings. The HOMO of the A-A

substituted (E)-6 reveals strong ^-bonding character which is concentrated about the

central TEE core (Figure 4.8b). The LUMO displays strong Jt*-antibonding character

for the central double bond and some delocalization into the/>-nitrophenyl groups. The

presence of a surprisingly strong ethylenic ;r*-antibonding character in the LUMO of

TEE 6 has also been observed in the study of the electrochemical reduction behavior

[27]. The HOMO of the D-A substituted (£)-7 clearly exhibits ^-bonding character that

is delocalized over the TEE core and the donor substituent (Figure 4.8c). In the LUMO

of (£)-7, delocalization over the TEE core into the acceptor moiety is observed. Both

frontier orbitals are concentrated about the central olefmic bond. In all three cases, the

promotion of an electron from the HOMO to the LUMO therefore results in the

elongation of this particular bond. Thus, the barrier to rotation is strongly reduced,

enabling facile isomerization.

4.4 Summary

The photochemical trans-cis isomerization of donor/acceptor substituted DEEs

and TEEs showed a strong dependence on the pattern and degree of functionalization,

solvent polarity, and excitation wavelength. The total quantum yield for photo-

isomerization decreased in the series from A-A, to D-D, and to D-A substituted

derivatives. Photochemical trans-cis interconversion was significantly suppressed in a

more highly functionalized bis-donor, bis-acceptor substituted TEE. Computational

studies displayed strong ^*-antibonding character for the central double bond in D-D,

A-A, and D-A substituted TEEs, which explains their facile photoisomerization. A

significant thermal activation barrier to photoisomerization was experimentally not

observed. D-A substituted arylated DEEs and TEEs, similar to DANS, prefer the

cis-configuration upon irradiation in apolar solvents at room temperature, whereas for

the symmetrically substituted DEEs and TEEs no preference for either isomer was

found. However, important differences were also revealed between the two classes of

chromophores. The photoisomerization of the expanded chromophores is wavelength

dependent which is not the case for stilbenes. Furthermore, the partial quantum yield

*c_m for isomerization of arylated DEEs and TEEs is strongly dependent on solvent

polarity, whereas the corresponding isomerization of stilbenes is unaffected by solvent.

The results obtained in the photoisomerization of stilbenes are strongly affected by the
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steric interactions in the nonplanar ci's-isomers. In contrast, as a result of their

expanded ^-conjugated carbon frames, arylated DEEs and TEEs are planar in both

isomeric forms and isomerization quantum yields depend exclusively on electronic and

solvent effects. Thus, the DEE and TEE derivatives allow investigation and

quantification of the latter effects separated from steric influences. None of the

investigated compounds showed a tendency to undergo thermally induced

isomerization, catalyzed by traces of iodine or uncatalyzed. This sets them further apart

from functionalized cw-stilbene derivatives that easily undergo a thermal reaction to the

trans-form. The strong dependence of the isomerization process on solvent polarity

and excitation wavelength allows versatile manipulation and fine-tuning of the

interconversion around the olefinic bond in DEEs and TEEs. These characteristics

should make them very suitable for the construction of photochemically driven

switches and hinges.

4.5 Experimental Part

4.5.1 General Techniques

Solvents were HPLC or spectroscopic grade (Aldrich or Fluka) and were used as

received except for 1,4-dichlorobutane (Sigma) which was distilled prior to use. When

appropriate, solvents were degassed by a minimum of three freeze-pump-thaw cycles

and the solutions transferred to sealed cuvettes under argon. Compounds (£)-2, (£)-4-

(E)-8, and (Z)-7 were prepared according to published procedures [16]. The synthesis

of (£)- and (Z)-3 has been described in detail in Section 2.5.1, Chapter 2. HPLC

separations were performed on a Hewlett Packard HP 1090 liquid chromatograph

equipped with a diode array detector (DAD). Monochromatic sample irradiation in a

1 x 1 x 3 cm quartz cell from Helima was carried out using a SPEX-1680 Fluorolog

0.22 m double spectrometer equipped with an Osram XBO 450 W Xenon lamp (ozone

free) and a stabilized power supply. To ensure homogeneity of the solution throughout

the irradiation process, a small magnetic stirrer plate was placed below the

thermostatted cell holder. UV/Vis spectra were recorded on a-Varian Cary 5

spectrophotometer equipped with a thermostatted sample holder. Determination of the

fluorescence quantum yield for (Z)-7 was done as described in the Section 2.7.1 of

Chapter 2.
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4.5.2 Photoisomerization Procedures

4.5.2.1 General

All samples were irradiated at 27 °C with the exception of (E)-3 in the variable

temperature studies, where samples were thermostatted at the appropriate temperature

throughout the entire experiment. All measurements were performed in non-degassed

solvents. Control experiments using non-degassed solvents showed that irradiation at

the longest-wavelength maximum A^^ caused no detectable decomposition before

reaching the photostationary states. For (£)-2, however, decomposition was always

observed following irradiation, despite the use of degassed n-hexane. All experiments

with compounds showing rapid isomerization, like (£>3 and (£)-6, were carried out

using only red light for illumination, whereas all other derivatives tolerated

incandescent light of low intensity without observable changes in their UV/Vis spectra.

Data for all isomerization experiments can be found in Appendix HI.

4.5.2.2 Typical Procedure

A solution (ca. 2-4 10~5 M) of an isomerically pure compound was placed into a

quartz cuvette equipped with a magnetic stirring bar. Preliminary irradiation and

analysis were used to adjust the monochromatic light intensity for each molecule in

order to allow isomerization to the photostationary state (PS) within a reasonable time

period (usually not more than 2 h). A series of UV/Vis spectra were then taken over a

full range (250-600 nm) as a function of irradiation time until the PS was reached (see

Figure 4.4).

Plots of absorbance A. vs. time t at different analysis wavelengths A„bs

(typically four, vide infra) were examined to confirm attainment of the PS (Figure 4.9).

Following attainment of the PS and measurement of the final absorption spectrum, the

irradiated solution was kept in the dark for at least 12 h and the absorptions at different

Aobs were remeasured. For all six compounds (E)-3-(E)S investigated in this study,

there were no observed changes from the PS absorption values, thus precluding

participation of a competitive, thermal trans-cis isomerization during the investigation.
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2500

t/s

Figure 4.9. Plot ofabsorption vs. irradiation time for (E)-7 atfour observation wave¬

lengths (Xgbg) confirming attainment ofthe photostationary state.

After every isomerization reaction, extinction and extinction difference diagrams

according to eqns. (2) and (3) were constructed by plotting absorbance or normalized

absorbances, respectively, at one of the analysis wavelengths as a function of the other

three analysis wavelengths to prove uniformity of the trans-cis photoisomerization

process (Figure 4.10) [47].

4. (t) = const + A.
Aobs, 1 Aol

(0 (2)

AA. (t)
obs, 1

AA. (t)
= const with AA. (f) = A, (t) - A, (0) (3)

^,j~ A„.u~ ^-„i~

Experiments were discarded if clear isosbestic points were not obtained (e.g., in

experiments with photodecomposing (E)-2) or if the extinction diagrams produced

nonlinear relationships.
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Figure 4.10. Extinction diagram (a.) and extinction difference diagram (b) of (E)-7
showing linear dependence ofthe different K0j,s-values.

The photoisomerization kinetics were determined as follows: a stirred solution of

(E)-3-(E)-8 (3 cm3) was irradiated at Aexc for the appropriate time. The irradiated

solution was then removed from the irradiation chamber in the dark (red light) and the

absorptions at different wavelengths (Aobs) were measured immediately. The

observation wavelengths k^^ for each molecule were chosen at points in the respective

UV/Vis spectrum where absorbances of trans- and ci's-isomers displayed the greatest
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disparity. The irradiation/absorbance measurement process was then continued until

the photostationary state was reached, albeit more frequently during initial stages of the

isomerization when greater changes were observed.
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Figure 4.11. HPLC diagram of (E)-7 (isomeric purity approximately 95%) before
irradiation (a) and after attainment ofthe photostationary state (b).
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After reaching the PS, a small sample of the solution was removed and stored in

the dark (-20 °C) for subsequent HPLC analysis of the equilibrium trans-cis isomeric

concentrations (Figure 4.11). The irradiation/absorbance measurements were

conducted twice for (E)-3, (E)-4, (£)-6-(£)-8 and once for (E)-5 in the structure-

function studies with n-hexane as solvent (affording ca. 40 data points per ^obs)- The

solvent and temperature dependence studies were performed once for each compound

(affording ca. 20 data points per A„bs)-

4.5.2.3 Calculation ofFirst-Order Rate Constants

The determination of first-order reaction constants kt_>c and jfcj..,^ required

accurate knowledge of the photoequilibrium concentrations of each isomer in the

reaction mixture. These were obtained by HPLC analysis of the irradiated solution

using a SiC>2 stationary phase (Nucleosil-100, Knauer) and n-hexane/ethyl acetate

mixtures (ca. 95:5) as the mobile phase. In each case, A^j of the ira/w-isomer served

as the detection wavelength of the DAD. In order to obtain a calibration curve

concentration vs. trans-peak area for each compound, a dilution-row (1:0, 4:1, 3:2, 1:1)

of four different concentrations of pure /rani-compound was prepared, and each

solution was measured five times. A straight calibration line was then fitted to obtain

the relationship between concentration and trans-peak area. Each sample was

measured five times, and the equilibrium concentration of the fra/w-compound C^q
was obtained from the resulting trans-peak areas using the calibration curve. The

concentration of the photoequilibrium cis-isomer C^ could then be calculated from the

difference between the initial concentration of the trans-isomei C^ and C^5. The

relative precision claimed for the evaluation of the equilibrium concentrations was

better than 2% in all cases. To ensure accuracy in the determination of concentrations,

the calibration curve for the DAD was repeated as above for each different solvent

utilized in the isomerization reaction.
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Assuming first-order kinetics for the photochemical trans-cis isomerization in

both directions under the absence of competing thermal isomerization pathways

(eqn. (4))

hv (4)
A =^=^ B

hv

the rate law according to Guggenheim can be written as follows (eqn. (5a)):

lc(t)-(f*)
1

(cf-C)
- (*-+*-)f (5a)

where C[ corresponds to the starting concentration of trans-compownA, Ct (t) to the

concentration of irons-compound at time t, C^ to the concentration at the photo-

stationary state, and &{_>,; and kc-x are the partial rate constants of the isomerization

from trans —» cis and from cis -»trans, respectively [47,48].

Equation (5a) can also be written in its exponential form:

(cuo-cf1) _t.,

(tf-cfM
WiA * = *'- + *"' (5b)

The total absorption of the solution at time t can be written as the sum of both

absorbing species, the cis- and fnms-isomers, for a cuvette length of 1 cm as

A, (0=Ct(f)-et + Cc(0-£c (6)
obs

where A, (t) corresponds to the absorption of the solution at time t at the
Aobs

observation wavelength A0t,s and et and ec are the molar extinction coefficients of the

pure trans- and ris-isomers at A^. To use this equation directly for the evaluation of

the experimentally observed changes in absorption, the concentrations have to be

expressed as a function of irradiation time r:

-Jfc-f
CtW = (c?-Cf).e-^ + Cf<' (7)
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ccw = cf-ct(o

= Ct0-(ct0-C^)e-*-'-Cf1

= Cf{l-e-*'') (8)

Substitution of the concentrations in eqn. (6) with expressions (7) and (8), and

rearrangement finally gives the desired relation between A(f) and time t,

Ax (t) = et-C^ + Ec-C^+(et-ec) C^e
-k t

(9)

where A. (0 is the time-dependent absorbance of the reaction mixture at A^, and et

and ec are the molar extinction coefficients of the pure trans- and c/s-isomers at the

wavelength of observation, respectively. The overall rate constants k were then

obtained by applying an exponential fit to eqn. (9) (Figure 4.12) [49].

09

— fitted line

o data points

400 1200 1600

t Is

2000 2400 2800

Figure 4.12. Absorption vs. time diagram for (E)-7 and the nonlinear fit according to

eqn. (9) affording the overall rate constant t
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Table 4.7. Comparison of the partial quantum yields •fij-x; and Oc_H as obtained by
the Guggenheim, Kezdy and Swinbourne, and nonlinearfit methodfor compound (E)-6.

compound method <Pt-»c ^c->t ^total ^t->c'

<*>c->t

(£)-6 GUfl 0.26 0.39 0.65 0.67

(E)-6 KS* 0.30 0.45 0.75 0.67

(£)-6 NLC 0.29 0.43 0.72 0.67

"GU = Guggenheim method, fit according to eqn. (10). fcKS = Kezdy and Swinbourne,

fit according to eqn. (11). CNL = nonlinear fit according to eqn. (9).

4.5.2.4 Light Intensity

The intensity of the monochromatic light was determined by the ferrioxalate

actinometric method of Hatchard and Parker [51]. The ^FefX^O^ concentration of

the standard solution was 0.006 M for Aexc = 360, 390, 405, 416 nm and 0.15 M in the

case of ^xc = 450 and 451 nm. A two-point calibration was done, doubling the

irradiation time in the second run. Thus, 3 cm3 of the actinometric solution were put

into a spectrophotometer cell identical to that of the photoisomerization reaction and

irradiated under exactly the same conditions as subsequent measurements. Of each

irradiated solution, a 1 cm3 sample was diluted with an aq. phenanthroline solution

(0.2 M, 2 cm3), acetate buffer (0.5 cm3), and water to 10 cm3 in a volumetric flask.

Both solutions were stored in the dark (red light) for 30 min, and the absorption at

510 nm was then measured. The time of irradiation was adjusted to give a final

background corrected absorption of the two irradiated solutions in the range of 0.2 to

1.0. From these two independent absorption values, the light intensity /„ in E s_1 cm-2

was calculated for each A„c.
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4.5.2.5 Calculation ofQuantum Yields

The calculation of partial quantum yields was done as described in the literature

[47]. Using the known quantities C^ and C^9 and the overall rate constant k

(eqn. (9)), the partial rate constants for the forward &,_»,. and the reverse reaction kc_^

could be determined from eqns. (12) and (13):

* = *t_M!+ib_ft (12)

j^eq _

Cq
_

*t-»c nn

n "c-M

The partial quantum yields <Pt_K and O,.^ are then given by eqns. (14) and (15):

*t->c = ^TAeq (W)

1000 /,

k
C;

1 _ 10 '%x

*c-»t = ^TAeq (15)

0 Aeq

where IQ is the intensity of the irradiation light in E s_1 cm-2. A complete description

of the dynamics for a homogenous stirred solution in a cuvette with parallel windows at

constant monochromatic irradiation without scattering and reflection at the exit window

is detailed in the literature [52,53]. For the quantum yields of isomerization Ot_>c and

<Pc-h> a relative error (precision) of less than 3% is claimed, whereas the absolute error

(accuracy) is ca. 10%. In cases where the isomerization quantum yields are below 0.1,

however, <&t_>c and &c^ are considered to be much less accurate.

In cases where the UV/Vis spectrum of the pure cis-isomer was not available, the

molar decadic extinction coefficient for the cw-isomer ec, required for the calculation

of <£<;_*< was calculated from eqn. (16),
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nexc (16)

where Aeq is the absorbance at kexc at the photostationary state

Aexc

Eqn (16) could also be used to generate the entire spectrum of the c«-isomer of 7

as shown in Figure 4 13 This method is particularly beneficial in cases where the cis-

lsomer is not easily accessible, such as (Z)-6, which is hardly separable from (£)-6 on a

preparative scale A comparison between the calculated and expenmental UV/Vis

spectra for (Z)-7 showing excellent agreement is also provided in Figure 4 13

14

12

measured

calculated

Figure 4.13. UV/Vis spectrumfor (Z)-7 calculatedfrom eqn (14) and compared to the

experimentally measured spectrum
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Chapter 5

Diradicalsfor Determination of
End-to-End Distances with a New

Four-Pulse Double Electron-

Electron Resonance Experiment

'Uhere is nothing morepracticalthan agood themp

Immanuel Kant
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Abstract: A new four-pulse version of the pulsed double electron-electron resonance

(DEER) experiment allowed broad distributions of electron-electron

distances to be measured without dead-time artefacts. This was revealed by
its application to the BIPO (4,4'-(butadiyne-l,4-diyl)bis(4-hydroxy-2,2,6,6-

tetramethylpiperidine-JV-oxyl)) diradical and an entire series of other, novel

TEMPO (2,2,6,6-tetramethylpiperidine-A'-oxyl) diradicals in which two

TEMPO moieties were attached to the termini of rigid acetylenic and

phenylacetylenic molecular rods. Short synthetic entries were developed
for all six target molecules with averaged end-to-end distances ranging
from 1.4 nm to 2.8 nm, as calculated from molecular dynamics simulations.

Application of the four-pulse DEER sequence to the compounds
immobilized in a polystyrene matrix at 15 K afforded electron-electron

distances which were in very good agreement with the calculated averaged
end-to-end distances. The new method may find wide application in

biological and materials sciences for the determination of electron-electron

distances up to a predicted theoretical limit of 8 nm. In order to extend the

radical-radical distance above the 3 nm mark, a second homologous series

of 2,6-di(/ert-butyl)phenol end-capped oligomers up to the pentamer with

^-conjugated PTA magnetic couplers were prepared. Unfortunately, the

high reactivity in the unprotected, oxidized state severely limited the

investigation of their physical properties. However, measurements of the

third-order nonlinear optical susceptibility by third harmonic generation

(THG) revealed a 13-fold increase of the second hyperpolarizability yupon
oxidation of the shortest diol oligomer to the corresponding diphenyl-

quinone. This observation may serve as a guide for the future development
of nonlinear optical redox switches.

5.1 A Series of Oligomers with TEMPO Radical Termini

5.1.1 Introduction

Organic di- and polyradicals with two or more weakly interacting unpaired

electrons have found considerable attention in recent years owing to their promising

materials properties for use as organic molecular ferromagnets or superconductors [1].

Sterically shielded nitroxide radicals often exhibit a chemical inertness quite

uncharacteristic compared to that of most other free radicals, making them a subject of

intense theoretical and experimental investigations. The use of such free radicals as

reporter groups has rapidly evolved as one of the most powerful and versatile tools in

biophysics for the study of biological systems [2-4]. Particularly, the determination of

distances and the spatial arrangement between functional groups and resulting
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topologies in biological systems [5] and amorphous solids or the size and shape of ionic

multiplets in ionomers [6-8] is of fundamental interest and continues to attract attention

as a yet challenging and rewarding field of research. Unfortunately, the lack of periodic

structures in such systems often severely restricts or simply prohibits the application of

classical scattering techniques such as X-ray or small angle X-ray scattering.

1a

lb

1c

Id

18

27.7 A

R = Siterf-BuMe2

One possibility to detect such distances is the analysis of magnetic dipole-dipole

interactions, making use of the dipolar coupling between the spin probes. For instance,

the nuclear dipole-dipole couplings are successfully used in nuclear magnetic resonance

(NMR) spectroscopy to evaluate distances between atomic nuclei [9]. However, the

observable range by NMR is limited by the low magnitude of the nuclear magnetic
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moments [10] In contrast, free radicals can be studied conveniently by electron

paramagnetic resonance (EPR) spectroscopy [11] This technique allows for the

determination of interatomic distances of dipolar coupled electrons up to several

nanometers, since the electron magnetic moment is about 3 orders of magnitude larger

than that of the nuclei The dipolar coupling leads to shorter longitudinal relaxation

times T\ and phase memory times rm, and has been used for estimating distances in

spin-labeled iron porphyrins [12] Quantitative determination of distances, however,

requires more sophisticated techniques, such as pulsed Double Electron-Electron

Resonance (DEER) spectroscopy, pioneered by Milov and Tsvetkov [13] and Larsen

and Singel [14]l

To the best of our knowledge, this technique so far has not been applied for the

quantitative determination of unknown distances Only initial attempts to study end-to-

end distances in a senes of aliphatic hydrocarbons have been reported [16] This is

partly a result of technical limitations of pulsed EPR (dead-time) [17] but also owing to

the lack for such measurements of a senes of compounds with well defined end-to-end

distances ranging up to several nm Therefore, it was the aim of this project to

synthesize the TEMPO (2,2,6,6-tetramethylpipendine-iV-oxyl) diradicals2 la-e in which

the two TEMPO moieties are linked by rigid, planar and ^-conjugated spacers with

large, well-defined end-to-end distances The dipole-dipole interactions in the TEMPO

diradical senes la-e were studied by Matthias Pannier and Dr Michael Hubnch in the

group of Prof Dr Hans W Spiess at the Max-Planck-Institut fur Polymerforschung in

Mainz using the four-pulse DEER techmque This new method represents an extension

of the classical three-pulse DEER [16] to a four-pulse sequence, which generates an

echo, and therefore overcomes one of the so far limiting factors the dead-time In

addition, such diradicals are of particular interest as precursors (models) for highly

conjugated polymers for electronic, photonic, and optical applications [19]

1 For a general introduction to pulsed EPR spectroscopy, see ref [15]
2 A comprehensive discussion concerning the definition of a 'diradical' can be found in ref [18]
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5.1.2 Synthesis and Characterization

The synthesis of 4,4'-(butadiyne-l,4-diyl)bis(4-hydroxy-2,2,6,6-tetramethyl-

piperidine-Af-oxyl) (BIPO, la) [20-22] was accomplished by a new, simple, and short

route as outlined in Scheme 5.1 [23].

A
N

I

O

(a)

Si(/-Pr)3

(«

(c)

H-QD-H

5 S = A

6 S = B

(d)or(e)

Me2ferf-BuSiO

OSitert-BuMe2

-=— B

Y-^ OH

-N V—( S )—t<^N-O
x|~^ HO

1b S = A

1c S = B

+

y~^PH
o-n Y-nn--H

7 S = A

8 S = B

(c)

^Y ho ^
;: lit -o-< y-cD-GE>^r>o.

Scheme 5.1. Preparation of TEMPO diradicals la-e. (&) (i-PrfcC^CH, n-BuLi, THF,

-78 'C, 1 h then 20 °C, 2 h, 64%. (b) n-Bu^WF, wet THF, 96%. fc) CuCl, TMEDA, 0%

CH2CI2, molecular sieves 4 A, 3 h, la: 79%, Id: 55%, le: 86%. (d) 5, n-BuLi (2 eq.),

anhydr. LiBr (10 eq.), 2, THF, 0 °C, 1 h then 20 °C, 2 h, 7: 28%, lb: 39%. (s) 6,

n-BuLi (2 eq.), anhydr. LiBr (1 eq.), 2, THF, O'C.lh then 20 °C, 2 h, 8:25%, Ic: 9%.
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Commercially available 2,2,6,6-tetramethyl-4-piperidone hydrochloride was first

transformed to the free amine by exhaustive washings with 1 M NaOH solution, then

oxidation with hydrogen peroxide in MeOH under Na2W04 catalysis afforded the

TEMPO radical 2 as an orange solid in 81% yield [24]. Since the nitroxyl moiety acts

as protecting group for the amine, metallated (j-Pt^CheCH can directly be added as a

nucleophile to the carbonyl group of TEMPO compound 2. Thus, slow addition of

lithiated (j-Pr)3C=CH in THF via syringe pump to 2,2,6,6-tetramethyl-4-oxopiperidine-

W-oxyl (2) in THF at 0 °C provided 3 in 64% yield. By slow diffusion of Me2SO into a

solution of TEMPO radical 3 in CH2CI2, crystals suitable for X-ray crystal structure

analysis could be obtained. The relatively short distance of 1.283(4) A of the O-N bond

provided evidence for an intact nitroxyl moiety. Furthermore, this crystal structure

revealed quite surprisingly that the triisopropylsilylacetylene residue, rather than the

hydroxy group, adopts the axial position as depicted in Figure 5.1. An analysis of the

crystal lattice showed that intermolecular H-bonding is not at the origin of the observed

conformational preference, since the nitroxyl O-atom and the H-atom of the hydroxy

group of two neighboring molecules are at a distance of 4.57 A (Figure 5.2a).

Interestingly, the nitroxyl moieties adopt a staggered face-to-face arrangement with a

radical-radical distance of 5.47 A and are isolated from each other by shielding

triisopropylsilyl groups owing to favorable hydrophobic interactions.

CI17I CI18!

Figure 5.1. X-ray structure ofTEMPO radical 3. The ORTEP drawing depicts thermal

ellipsoids at the 30% probability level. Selected bond lengths [A] and angles [']:

0(1)-N(1) 1.283(4), N(l)-C(2) 1.494(5), C(2)-C(3) 1.520(6), C(3)-C(4) 1.516(6), C(4)-

C(7) 1.465(7), C(7)-C(8) 1.208(6); 0(1)-N(1)-C(2) 115.5(3), N(l)-C(2)-C(3) 109.6(3),

C(2)-C(3)-C(4) 117.9(3), C(3)-C(4)-C(7) 113.9(3), C(4)-C(7)-C(8) 176.5(4). Details

forX-ray crystallography are provided in Appendix I.
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(a)

(b)

Figure 5.2. (&) Crystal packing of TEMPO radical 3 showing a distance of 4 57 Afor

the mtroxyl 0 atom and the H-atom of the hydroxy group between two neighboring

molecules and an intermolecular radical radical distance of 5 47 A (b) Columnar

stacks of3 are aligned within sheets separated by the trusopropylsilyl groups
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Subsequent removal of the silyl protecting group of radical 3 with n-Bu4NF in

wet THF afforded the free ethynyl derivative 4 in 96% yield, which was then

oxidatively dimerized under Hay conditions [25] to give la [20] in 79% yield. The

synthesis of diradicals lb-e followed a similar route as shown in Scheme 5.1. Addition

of dilithiated (£>3,4-bis{[(tert-butyl)dimethylsilyloxy]methyl}hex-3-ene-l,5-diyne (5)

[26] or p-diethynylbenzene (6) [27] to 2 (2 eq.) in THF in the presence of high

concentrations of LiBr (up to 10 eq.) [28] afforded both mono- and bis-coupled

products 7 (28%), 8 (25%) and lb (39%), lc (9%), respectively. The addition of LiBr

had a strong influence upon the mono- and bis-coupled product distribution. For

instance, the absence of LiBr in reaction (d) yielded predominantly mono- and hardly

any bis-adduct, whereas performing the reaction with 10 eq. of LiBr showed nearly the

reversed trend. Oxidative Hay coupling of the mono-alkynes 7 and 8 finally led to the

desired TEMPO diradicals Id and le, respectively. The rather low solubility of

compounds la, lc, and le made chromatographic purification quite tedious and

difficult. All five diradicals la-e could be stored without special precautions and were

stable without noticeable decomposition for several weeks under ambient temperature

and laboratory conditions. The new compounds lb-e as well as la were fully

characterized by M.p., FT-IR, UV/Vis, MS spectrometry, and EA or HR-MS

spectrometry. Reduction of the nitroxyl group with vitamin C [29], hydrazine or

sodium sulfide [30] in MeOH proceeded quantitatively within minutes by forming the

corresponding hydroxyl amine, thus enabling purity checks by NMR methods. Facile

re-oxidation to the free radical form could then be achieved by treatment with Fremy's

Salt ((K03S)2NO) [31] or m-chloroperbenzoic acid [32].

Repeated attempts to access TEMPO diradical lc by reaction of acetylene 4 with

p-diiodobenzene under standard Sonogashira coupling conditions ([PdCl2(PPh3)2], Cul,

NEt3, CH2CI2) failed. Therefore, it may be suggested that the nitroxyl radical interferes

with the catalytic redox cycle of the palladium, thus prohibiting any successful reaction.

It is noteworthy that no Pd(0)-catalyzed reaction in the presence of a free TEMPO

radical could be found in the literature. Furthermore, efforts to prepare diradicals

longer than le by oxidative oligomerization of 5 in the presence of end-cap 4 under Hay

conditions failed (Scheme 5.2). In this case, reactivity differences between the two

types of terminal acetylenes seemed to be responsible for the observed behavior;

repeating unit 5 oligomerized quite rapidly and mainly formed high molecular weight

polymers, whereas TEMPO radical 4 dimerized as a result of its retarded reactivity.

This difference in the observed reactivity was mainly attributed to the limited solubility
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of 4 in CH2CI2 at r.t. Therefore, a much more soluble TEMPO radical was designed.

Protection of the hydroxy group in 3 as a benzyl ether gave the corresponding TEMPO

radical 9, which was then transformed, by cleavage of the silyl protecting group with

n-Bu+NF in wet THF, to the free ethynyl derivative 10. Unfortunately, no change in the

outcome of the oxidative oligomerization was obtained using this more soluble end-

capping agent (Scheme 5.2). Again, radical 10 predominantly dimerized, whereas the

enediyne 5 formed polymers. In addition, it should be noted that oligomers with intact

nitroxyl radical groups may not be separated with preparative size-exclusion

chromatography (SEC) since the radicals can undergo irreversible reactions with the

styrene-divinylbenzene-copolymer gel. However, preliminary experiments revealed

that using 4-ethynyl-4-hydroxy-2,2,6,6-tetramethyIpiperidine instead of TEMPO radical

4 as the end-cap indeed provided the desired PTA oligomers. Thus, again providing

evidence for the hypothesis that the free radical moiety is not compatible with the

conditions of such a mixed Hay coupling reaction.

OSitert-BuMe2

31

4 H H

9 Si(APr)3 OBn X (a)

10 H OBn t

•O-N

Scheme 5.2. Attempted synthesis of monodisperse PTA oligomers containing TEMPO
radical termini, (a.) 4 or 10, CuCl, TMEDA, CH2CI2, molecular sieves 4 A, O2, r.t.
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5.1.3 Evaluation ofInterradkal Distances

The analysis of the DEER signals closely follows that of the conventional three-

pulse DEER experiment as described by the groups of Tsvetkov [13] and Singel [14].

The time domain signal ApDEER consists of two exponentials which lie back to back to

each other and are superimposed by a modulation as given in eqn. (1),

V-eerCM = cos(aABAt)exp(kCFB At) (1)

with

«ab=«dd(3cos20ab-1) (la)

and

k=
9W3

°,DD =~^Z
(lb>

where C is the concentration of the unpaired electron spins, FB the fraction of electron

spins excited by the microwave pulse at frequency V2 (see Figure 5.3), /%0hr the Bom-

magneton, gA and gB the g factors of the respective electrons, and r^ the electron-

electron distance. Furthermore, At = fB - 2t (Figure 5.3), 6p& is the angle between the

magnetic field fl0 and the dipolar axis which connects the two electrons, and fflrjrj the

dipolar coupling constant in angular frequency units [23]. Equation 1 describes an

oscillation with frequency v^g = (Op^IlK owing to the dipolar coupling between the

two unpaired electrons within the diradical, superimposed on an exponential decay

reflecting the much weaker dipole-dipole coupling between different diradicals [33,34],

The information about the end-to-end distance r^g is encoded in (o^g. For a powder,

an average over the different orientations of end-to-end vectors has to be taken,

resulting in a spectrum with two singularities which correspond to #ab = 90°,

resembling the well-known Pake spectrum of a spin pair in nuclear magnetic resonance

[35].

The symmetric four-pulse DEER time-domain signal of the longest diradical of

the series, le, recorded at 15 K in a polystyrene matrix is given in Figure 5.4a. The

exponentials and the superimposed modulation are clearly visible. After subtraction of

the exponential decay and Fourier transformation, a Pake-type spectrum is obtained
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(Figure 5.4b). In contrast to the conventional DEER experiment where only

singularities can be observed, broad contributions to the line shape are observable with

the four-pulse DEER sequence [14,16]. This substantial advantage and improvement is

owing to the absence of dead-time in the four-pulse DEER experiment and allowed for

the first time to measure broad distributions of dipolar couplings.

Tt/2 71 n
A

v'j\ n n /V_
4 x M 2 T « T

v*
n

i tB

Figure 5.3. The newly developed four-pulse DEER sequence consists of a refocused
echo at microwave (mw) frequency v [ and a n-pulse at mw frequency V2 which is

incremented in time. The time tg is the incrementation time which starts at lg = T and

ends at lg - 3x, with X being the fixed evolution time ofthe refocused Hahn echo pulse

sequence. All microwave pulses utilized were of a duration of 32 ns and had a mw

frequency difference ofAv = 60 MHz

In the present study, the singularities which define the dipolar coupling constant

and thus the electron-electron distance are very narrow and clearly recognizable. Only

the 'foot' of the Pake spectrum is not visible, as would be expected from orientation

selection owing to only partial excitation of the inhomogeneously broadened

14N-nitroxide EPR spectrum [14]. The measured coupling constants and their

corresponding calculated electron-electron distances for the series la-e are given in

Table 5.1. These distances are also compared to the results of molecular dynamics

simulations, which revealed averaged end-to-end distances from 1.5 nm (la) to 2.8 nm

(le) [36]. Instead of using N-0-, the parameter set of the N-OH group was utilized for

the simulations. It was recommended by Hartmann et al. to use the C=0 group as a

surrogate for the nitroxyl N-O moiety in performing such simulations [37]. However,

the error introduced into the end-to-end distances by the use of the N-OH parameters

instead of those for C=0 is more than outweighed by the conformational freedom of the

nitroxide spin labels resulting from the axial/equatorial positions of the alkyne

substituents on the six- membered rings and the rotations about the C(sp)-C(sp3) bonds.
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Figure 5.4. (&) Four-pulse DEER time domain signal of diradical le mixed into

polystyrene at 15 K. All pulses had a length oftp = 32 ns and the evolution time X had

a duration of 1200 ns. (b) Four-pulse DEER spectrum of le as obtained by Fourier

transformation of the time-domain data in (a) after subtracting two exponentials and

zero filling. The bar indicates the distance 2vDD between the two singularities of an

unbroadened Pake pattern thatfits the experimental spectrum.

Moreover, this conformational freedom of the nitroxide spin labels also explains

the uncertainty of about ± 1 A, which is not attributed to spectroscopic limitations. For

the shortest diradical la, no experimental coupling constant could be obtained, since it

was not possible to apply microwave ^-pulses shorter than 32 ns as would be necessary

to excite the dipolar subspectra. This bandwidth problem leads to a lower interradical

distance limit of approximately 1.5 nm for the present method. On the other hand, at

p
I

2v1 *VDD
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least five full oscillations with the frequency corresponding to the singularities in the

Pake pattern should be observable in an interval of length T for a precise distance

determination (see Figure 5.4b). The length of the whole sequence (4t) should not

considerably exceed the phase memory time Tm for sensitivity reasons. Both

requirements combined suggest an upper distance limit of about 8 nm for the method to

be applicable. Experimental and estimated distances are in gratifying agreement,

considering the fact that the DEER experiments were performed in a matrix at 15 K,

while molecular dynamics simulations were done in the gas phase at ambient

temperature. The experimental distances appear to be systematically shorter than the

calculated ones by about 8%, which again must be attributed to the conformational

freedom of the TEMPO radical termini.

Table 5.1. Dipolar coupling constants Vqd and interradical distances tab obtainedfor
la-e by molecular dynamics simulations and experimentally measured data.

compound vDD [MHz] 4vDD[MHz]a ^[A]» r^iky

la - - 14.411.0 -

lb 14.16 0.49 16.5 ± 1.0 15.4 ±0.2

lc 10.25 0.49 18.8 ±1.0 17.2 ± 0.3

Id 4.88 0.49 23.6+1.0 22.0 ± 0.7

le 3.05 0.49 27.7+1.0 25.7 ±1.4

"Experimental error of the dipolar coupling constant. 6Averaged distances estimated

from molecular dynamics simulations, measured from oxygen to oxygen of the terminal

N-OH groups [36]. cExperimentally obtained distances.

5.2 Monodisperse PTA Oligomers with Phenoxy Radical Termini

5.2.1 Introduction

The disadvantage of the TEMPO diradical series la-e presented in the first section

of this chapter was mainly that the end-to-end distances were not exactly defined

because of the rotational flexibility of the terminal piperidine moieties. Therefore,
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completely planar diradical oligomers with an angle of 180° between the ^-conjugated

backbone and the radical groups would be highly desirable for performing distance

measurements with the new four-pulse DEER method. One obvious way to achieve

this target would be to transform the hydroxy group in 3 into a double bond, thus

generating an ideal planarized radical end-group. However, attempts to eliminate the

hydroxy group in TEMPO radical 3 following a published procedure using POCI3 in

refluxing PhMe failed [38]. Therefore, and with the aim to reach the 8 nm distance

region, a new diradical oligomer series bearing terminal 2,6-di(terf-butyl)phenoxy

groups was targeted. The chemistry and physical properties of 2,6-di(ferr-butyl)-

phenoxy mono-, di-, and polyradicals have been widely studied by several research

groups over the last years, especially focusing on their EPR characteristics [39-42], A

major advantage of the 2,6-di(ferf-butyl)phenoxy group is its direct and convenient

generation from the easily accessible corresponding 2,6-di(ferf-butyl)phenol precursors

by oxidative removal of the phenol hydrogen atom under basic conditions using several

standard one-electron oxidation agents such as K3[Fe(CN)6] and Pb02 [41]. The

2,6-di(tert-butyl)phenols tolerate a wide range of classical ether protecting groups,

which exhibit the desired stability during the course of the oxidative oligomerization

and also allow for subsequent selective removal under mild conditions without affecting

the lateral (tert-butyl)dimethylsiryl moieties. In contrast to TEMPO radicals, where the

unpaired electron is strongly localized at the N-O- moiety, the connection of the

2,6-di(tert-butyl)phenoxy groups in para-position may allows extended ^-conjugation

throughout the planar unsaturated oligomer backbone. Therefore, higher chemical

reactivity than that observed in the case of the piperidine diradical series la-e may not

be unexpected.

5.2.2 Synthesis and Characterization

The planned synthesis of PTA oligomers bearing 2,6-di(/ert-butyl)phenol end-

groups via mixed Hay oligomerization [25] required the introduction of a free acetylene

moiety at the para-position of the aryl ring in phenol 11. Therefore, commercially

available 11 was brominated with Br2 in CC14 at 0 °C giving the bromophenol 12 in

83% yield after recrystallization from a mixture of EtOH/H20 (4:1) (Scheme 5.3) [43].

Owing to the high electronic activation of the para-position by the hydroxy group, the

electrophilic halogenation proceeded very smoothly and cleanly, showing quantitative
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conversion within minutes. Unfortunately, the subsequent Sonogashira coupling of 12

with N^SifeCH yielded only traces of the desired phenylacetylene 13. This result

can be ascribed to the very unfavorable electronics of the aryl compound. In general,

Sonogashira couplings proceed better with electron poor aryl rings and electron rich

acetylene groups [44]. In order to allow for a more facile CXsp^-Qsp) formation,

replacement of the bromo with an iodo substituent would be highly favorable. Hence,

phenol 11 was treated either with IC1 in THF [40] or with I2, or H202 in EtOH [45].

Whereas under the first reaction conditions the iodide 14 was formed in a moderate

yield (13%), none of the expected product was obtained from the second reaction.

Instead, complete conversion to the biphenylquinone 15 occurred, which was also

observed in approximately 60% yield under the IC1 reaction conditions. This oxidative

dimerization depends strongly on the nature of the halide and the reaction conditions

used and is proposed to be radically induced. It is also well-known for such types of

phenols [40]. However, under standard Hay conditions phenol 11 underwent nearly

exclusively transformation to the biphenylquinone 15, which can be reduced with

Na2S204 in EtOH/THF (15:1) to the corresponding diol 16 (Scheme 5.3) [42,46].

OH

11

(a)

(c)

(b)

+ O

(d)

OH

SiMe3 13

15

(e)

16

Scheme 5.3. Synthesis of the 2,6-di(tert-butyl)phenylethynyl compound 13. (a) Br2,
CCl4, 0 °C, 83%. (b) Me3SiCsCH, [PdCl2(PPh3)2], Cut, NEt3, 6%. (c) ICl, THF, 14:

24%, 15: =60% orI2, H202, EtOH, 15: quant, (d) Me3SiC=CH, [PdCltfPPh^], Cul,

NEt3, 72%. (e) Na2S204, EtOH/THF, reflux, 90%.
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Since diol 16 eventually can be oxidized to the corresponding mono- and/or

diradical by oxygen from the atmosphere or other traces of oxidizing impurities, the

protection of the free diol group at an early stage during the course of synthesis seemed

to be desirable. Since the direct iodination of 11 resulted in poor yields of the mono-

iodine compound 14 and an electrophilic substitution of a protected phenol 11 also

appeared to be quite unfavorable, an alternative approach for the introduction of the

ethynyl group at the para-position in 11 was developed (Scheme 5.4). Protection of the

hydroxy group in 12 as a benzoyl ester afforded compound 17, whose bromine

substituent could easily and cleanly be converted to an iodine by halogen-lithium

exchange with fert-BuLi and subsequent quenching with iodine. Whereas Stille-

coupling of 17 with Me3SiC^ZSnMe3 gave phenylacetylene 19 in 48% yield after 2 d

at 100 °C, coupling of iodide 18 in a Sonogashira reaction proceeded much more readily

under milder conditions. Deprotection of 19 with K2CO3 in THF/MeOH (1:2) gave the

desired benzoyl protected phenylacetylene end-cap 20 in an excellent yield of 97%.

Scheme 5.4. Synthesis of the benzoyl-protected phenylacetylene end-cap 20. (a.) BzCl,

DMAP, NEt3, THF, 66%. (b) tert-BuLi, I2, THF, -78 °C, 86%. (c) Me3SiC=CH,
[PdCl2(PPh3)2], Cul, NEt3, 97%. (dj Me3SiC^CSnMe3, [Pd{PPh3)4], PhMe, 100 'C,

48%. (e) K2C03, THF/MeOH (1:2), 97%.
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The synthesis of the PTA oligomers 21a-f bearing the protected 2,6-di(fert-

butyl)phenyl end-groups by oxidative Hay polymerization of (£)-hex-3-ene-l,5-diyne 5

in the presence of phenylacetylene 20 was carried out in dry CH2Cl2 at r.t. under an

atmosphere of air (Scheme 5.5). The individual multinanometer-sized oligomers 21a-f

were isolated by SEC (CH2CI2, Bio-Beads S-Xl beads) and additionally purified by

precipitation from MeOH. All oligomers were stable towards exposure to light, air, and

temperatures beyond their melting points and were readily soluble in a wide range of

solvents, allowing full characterization by means of M.p., ^H- and 13C-NMR, FT-IR,

UV/Vis, LD-TOF-MS, and elemental analysis.

BzO ^—H
Me2terf-BuSiO

OSiferf-BuMe2

(a)

BzO

OSitert-BuMe2\

, Me2ferf-BuSiO

OBz

yield

21a 0 23%

21b 1 4%

21c 2 6%

21 d 3 4%

21e 4 3%

21f 5 1%

Scheme 5.5. Synthesis of monodisperse PTA oligomers 21a-f bearing the protected

2,6-di(teit-butyl)phenyl end-groups for generating phenoxy diradicals by oxidation,

(a) CuCl, TMEDA, CH2Cl2, molecular sieves 4 A, 02, r.t.
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5.2.3 The Quinone/Hydroquinone System as a Molecular Switch for Nonlinear

Optics

The benzoyl-protected oligomers 21a-f can be readily transformed to the free

diols by reductive cleavage of the ester groups with DIBALH. For example, Scheme

5.6 illustrates the transformation of the shortest oligomer 21a to the butadiyne diol 22a.

Oxidation with K3[Fe(CN)6] or Pb02 then generated the diradical 23a [41]. The

oxidation of diol 22a with Pb02 in basic CHC13 solution also afforded 23a in

quantitative yield. Unfortunately, the free phenoxy diradical oligomers are highly

reactive. Therefore, radicals of type 23a should only be handled in a sealed apparatus

using degassed solvents in order to avoid premature decomposition.

Scheme 5.6. Cleavage of the benzoyl ester groups in 21a and oxidation to the free
diradical 23a. (a) DIBALH, CH2Cl2, 80%. (b) K3[Fe(CN)6] orPb02, KOH, CHCl3.
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The dramatic change in the UV/Vis spectroscopic properties of 22a upon

oxidation are documented in Figure 5.5. Whereas the butadiyne phenol 22a displayed

several significant absorption bands with a longest-wavelength absorption of

^max = 346 nm (CHCI3), the oxidized form 23a revealed one major, broad and

unstructured absorption at A,^ = 550 nm with an absorption cut-off around A = 650 nm

and a smaller band positioned at X = 490 nm.

175-
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100-
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0 50-

0 25-

0 00

250 350 450 550 650 750

XI nm

Figure 5.5. UV/Vis spectrum of diol 22a before and after direct oxidation in the

UV/Vis cuvette with Pb02 in KOH/CHCI3 generating diphenoxy radical 23a.

The large bathochromic shift of diol 22a of about 200 nm upon oxidation to 23a

may also result in a large increase of the second hyperpolarizability y. Future

experiments will have to clarify whether 23a prefers the acetylenic (diphenoxy) or the

cumulenic form. However, cumulenes have been demonstrated to exhibit strong

nonlinear optical responses. For instance, Ph2(C=C)5Ph2 with a rather short

^-conjugated chain of only 10 carbon atoms exhibited an extraordinarily high /-value of

10000 • 10'36 esu, measured by THG in solution and not significantly enhanced by

resonance [47], Preliminary investigations revealed that hydroquinone 16 indeed shows

a considerable enhancement of 7 upon oxidation to 15 (Pb02 in KOH/CHCI3), with a

/-value of 8 • 1036 esu {x'malxT = 2) in me reduced form and 102 • 10"36 esu

(Zioon/ytft' = 27) for the oxidized biphenylquinone form. In general, hydroquinones

can only be irreversibly oxidized to the corresponding quinone form by electrochemical

methods [46,48] However, entering the redox cycle with the quinone form usually

allows a fully reversible two-step reduction to the hydroquinone from, if the reaction is

performed in MeCN [46,48]. This may be used to realize an electrochemically driven

21a

22a
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nonlinear optical switch, that allows to modulate the nonlinear optical response

depending on the oxidation state. In the case of couple 15/16, a ratio for the second

hyperpolarizability y between oxidized and reduced forms of yox/yle^ = 13 was

measured, which seems to be a reasonable starting point for further investigations.

Unfortunately, the electrochemical properties of 16 and 22a, which were examined by

cyclic and steady-state voltammetry, revealed that both compounds undergo irreversible

oxidation steps at rather positive potentials with E£ = 0.65 V (£^2 = 0.65 V) for 16

and E£ = 0.82 V, 1.18 V (E = 0.80 V, 1.19 V) for 22a, measured in CH2C12 +

0.1 M Bu4NPF6 vs. Fc/Fc+. The same irreversibility was obtained in MeCN, even after

addition of water to the dry MeCN. This clearly shows that by oxidation of the fully

protonated hydroquinone, a reversible redox cycle cannot be attained in aprotic

solvents. Future experiments will disclose if PTA oligomers 21a-f are suitable model

oligomers for end-to-end distance measurements with the four-pulse DEER method.

Additional experiments will be necessary to explore the electrochemical redox behavior

of these expanded hydroquinone oligomers. Making the hydroquinone/quinone redox

cycle reversible will be a challenging task with considerable potential for use as

nonlinear optical switches.

5.3 Summary

With the oligomer series bearing TEMPO radical moieties on both ends, the

amenability of the advanced Fourier transformation electron-electron double resonance

spectroscopy for measuring electron-electron distances in the range of 1.6 nm to 2.8 nm

could successfully be demonstrated. The dipolar spectra yielded end-to-end distances

for the oligomers, which agreed, within the experimental errors, with the distances

obtained by molecular dynamics simulations. These experiments provide a successful

base for applying this technique to more complex systems, where intergroup distances

might not be as well-defined, such as for probing interfaces and cluster sizes in

heterogeneous polymers or connectivities in site-directed spin-labeled biomolecules.

However, it can be expected that the new method will find wide application in

biological and materials sciences for distances measurements up to the theoretically

predicted limit of approximately 8 nm. The second oligomer series studied, containing

2,6-di(fert-butyl)phenol groups on both terminal ends, could conveniently be oxidized

to the corresponding phenoxy diradicals. However, their high reactivity, possibly
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owing to the linking ^-conjugated backbone, precluded any successful distance

measurements so far. The large difference of the second hyperpolarizability ymeasured

between hydroquinones and their corresponding quinone forms may find use in tunable

or switchable nonlinear optical materials.

5.4 Experimental Part

For Instrumentation and General Techniques see Section 2.7.1 and Section 2.7.2 of

Chapter 2. Crystallographic data of compound 3 can be found in Appendix I.

Preparative size-exclusion chromatography (SEC) of oligomers 21a-f: Column:

glass-column 5 x 180 cm, filled with Bio-Rad Bio-Beads S-Xl. Instrumentation:

UV/Vis detector from Knauer, all chromatograms have been taken at ambient

temperature with a variable detection wavelength ranging from X - 290-600 nm;

solvent CH2Cl2 (technical grade, distilled prior to use) at r.t.; flow rate

ca. 10 drops min-l operated with gravity. The styrene-divinylbenzene-copolymer gel

was allowed to swell for 24 h prior to use in approximately a 7-fold volume of solvent.

Distance Determination. The four-pulse DEER measurements were performed on a

modified Bruker ESP380E X-band Fourier transformation spectrometer. One channel

of the microwave pulse-forming unit was used for a second microwave frequency. An

HP-86290B RF plug-in module in an HP-8350B sweep oscillator was employed as

source for the second frequency. The output microwave of the HP-86290B RF plug-in

module was increased by an amplifier from Miteq (AMF-5S-8012-18). The probehead

was a commercial electron-nuclear double-resonance (ENDOR) resonator from Bruker

(EN4118X-MD4) which was overcoupled for obtaining a broad resonator resonance

line. The resolution of four-pulse DEER experiments depends on the length of the

constant time interval 2f. For precise determination of long distances f= 1200 ns was

used. This in turn required a measurement temperature of 15 K to ensure that enough

signal was left despite phase relaxation for a period of 4.8 us. The choice of a

difference of 60 MHz between the two microwave frequencies enabled us to work with

a single-mode resonator yet to excite transitions of the two nitroxide moieties

selectively.
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4,4'-(Butadiyne-l,4-diyl)bis(4-hydroxy-2,2,6,6-tetramethylpiperidine-N-oxyl) (la). To

a solution of 4 (0.044 g, 0.22 mmol, 1.0 eq.) and CuCl (0.009 g, 0.09 mmol, 0.4 eq.) in

dry CH2O2 (4 ml, containing molecular sieves 4 A) was added TMEDA (0.036 g,

0.046 ml, 0.31 mmol, 1.4 eq.) at r.t. After stirring under an atmosphere of air for 2 h,

an EDTA solution (pH 8, 100 ml) was added and the reaction mixture extracted with

CH2Cl2 until the washings were colorless. The organic phase was washed with

saturated aq. NaCl solution (100 ml) and dried (MgS04). Concentration under reduced

pressure and purification by FC (SiO2-60, eluent: n-hexane/ethyl acetate 1:1) gave la in

79% yield (0.034 g).

Orange solid. M.p.: 142 °C (dec.) (lit.:

\y 153 "C (dec.) [20]). FT-IR (CHCI3):

_VtY_0. 3589s, 3356m, 3000s, 2933s, 2868w,

HO^-Ty 2356m, 2156w, 1467m, 1443w, 1431w,

1378m, 1361s, 1342w, 1300w, 1265m,

1239s, 1194s, 1176s, 1137w, 1024w,

lOOOw, 91 Ivy, 916w, 891w, 839s. UV/Vis (EtOH): 238 (4400), 257 (sh, 3400). EI-MS:

390.4 (3, [Afl+; calc. for 12C22H34N2°4+: 390.3), 376.4 (2, [MH2 - 0]+), 360.3 (2, [M-

NO]+), 83.0 (100). HR-EI-MS: 390.2531 ([Afl+; calc. for 12C22H34N204+: 390.2518).

Anal. calc. for C22H34N2O4 • 1/5 H20 (394.13): C 67.05, H 8.80, N 7.11; found

C 67.05, H 8.76, N 6.99. This compound has already been partially characterized

[20-22].

4,4'-[(E)-3,4-Bis{[(text-butyl)dimethylsilyloxy]metkyl}hex-3-ene-l,5-diyne-l,6-diyl]-

bis(4-hydroxy-2,2,6,6-tetramethylpiperidine-ii-oxyl) (lb). To a solution of 5 (0.050 g,

0.14 mmol, 1.0 eq.) and anhydr. LiBr (0.12 g, 1.38 mmol, 10.0 eq.) in dry THF (30 ml)

under N2 at 0 °C was slowly added 1.6 M n-BuLi in n-hexane (0.17 ml, 0.28 mmol,

2.0 eq.), and the mixture was stirred for 30 min. Subsequently, 2 (0.12 g, 0.69 mmol,

5.0 eq.) in dry THF (4 ml, containing molecular sieves 4 A) was introduced via syringe

pump within 1 h and the solution stirred for an additional 2 h at r.t. The mixture was

diluted with saturated aq. NH4CI solution (100 ml), extracted with CH2C12 (200 ml),

and the organic phase dried (MgSC>4). Purification by FC (SiC>2-60, eluent:

n-hexane/ethyl acetate 5:1) furnished 7 (28%, 0.021 g) as a slightly orange solid, and

preparative thin-layer chromatography (SiO2-60, eluent: n-hexane/ethyl acetate 1:1) of

the residue yielded lb (39%, 0.038 g) as an orange solid.

•O-N
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OSifert-BuMe2

OH

Me2tert-BuSiO

1b

HO

M.p.: 124-125 °C. UV/Vis (EtOH):

270 (25400), 277 (sh, 22600).

FT-IR (CHC13): 3689m, 3589m,

3300m, 3000m, 2958s, 2933*,

2856*, 2356m, 2332m, 1600m,

1494w, 1472m, 1463m, 1433w,

1421w, 1379>f, 1361m, 1343w,

1261m, 1237w, 1183m, 1100s,1006m, 939w, 915w, 891w, 839s. FAB-MS: 707.5 (100,

[MH3]+; calc. for 12C38H71N20628Si2+: 707.5), 706.4 (90, [MH2]+), 705.4 (37, [Affl]+),

704.4 (33, [M]+), 692.4 (16, [A/H3 - CH3]+), 691.4 (36, [Affi2" CH3]+), 690.4 (53, [AfH

- CH3]+), 689.4 (84, [M - CH3]+). Anal. calc. for C38H6gN206Si2 (705.15): C 64.73,

H 9.72, N 3.97; found C 64.73, H 9.50, N 3.74.

-s—h

4-[(E)-3,4-Bis{[(tert-butyl)dimethylsilyloxy]methyl}hex-3-ene-l,5-diyne-l-yl]-4-

hydroxy-2,2,6,6-tetramethylpiperidine-N-oxyl(7).

M.p.: 89-90 °C. UV/Vis (EtOH): 264 (22300),

OSifert-BuMe2 272 (sh, 19800). FT-IR (CHCI3): 3590w,

3400w, 3303m, 3005m, 2958s, 2933s, 2862s,

2405w, 1600w, 1472m, 1463m, 1382w, 1364w,

1344w, 1256s, 1237w, 1180m, 1100s, 1041m,

1005m, 939w, 892w, 836s. FAB-MS: 537.2

(46, [MH3]+; calc. for l2C2gH55N0428Si2+:

537.4), 536.2 (92, [MH2]+), 535.2 (34, [MH]+), 534.2 (65, [M]+), 522.2 (8, [MH3 -

CH3]+), 521.2 (21, [MH2 - CH3]+), 520.2 (54, [AfH - CH3]+), 519.2 (55, [Af - CH3]+),

518.2 (100, [M - 0]+). Anal. calc. for C29H52N04Si2 (534.91): C 65.12, H 9.80,

N 2.62; found C 64.90, H 10.07, N 2.63.

OH

Me2tert-BuSiO

4,4'-(l,4-Diethynylphenyl)bis(4-hydroxy-2,2,6,6-tetramethylpiperidine-ti -oxyl) (lc).

To a solution of 6 (0.12 g, 0.97 mmol, 1.0 eq.) and anhydr. LiBr (0.084 g, 0.97 mmol,

1.0 eq.) in dry THF (80 ml) under N2 at 0 °C was added dropwise 1.6 M n-BuLi in

n-hexane (1.21 ml, 1.94 mmol, 2.0 eq.), and the mixture was stirred for 30 min.

Subsequently, 2 (0.12 g, 0.69 mmol, 5.0 eq.) in dry THF (4 ml, containing molecular

sieves 4 A) was introduced via syringe pump within 1 h and the solution stirred for an

additional 2 h at r.t. The mixture was diluted with saturated aq. NH4C1 solution

(100 ml), extracted with CH2C12 (200 ml), and the organic phase dried over MgS04.

Purification by FC (SiO2-60, eluent: n-hexane/ethyl acetate 10:1) furnished mono-
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adduct 8 (25%, 0.071 g) as a slightly orange solid, and a second gradient FC (SiO2-60,

eluent: n-hexane/ethyl acetate 4:1 —> 1:1; gradient) of the residue gave lc (9%, 0.039 g)

as an orange solid.

M.p.: 182-183 °C. UV/Vis

OH
V/ (EtOH): 212 (18400), 217

•O-n' / =—f=\ =—-/n-O- (18100), 270 (42100), 282

HO ^-/ (41700). FT-IR (CHC13):

1c 3622s, 3467m, 301 Is, 2978s,

2889m, 2467H-, 1600w, 1483w,

1444w, 1396w, 1373m;, 1250w, 1044$, 878m. FAB-MS: 469.3 (100, [MH3]+; calc. for

12C28H41N2°4+: 469-3), 468.3 (28, [MH2]+), 467.3 (10, [MH]+), 466.3 (5, [M]+).

HR-FAB-MS: 469.3077 ([MH3]+; calc. for 12C2gH4,N204+: 469.3066). Anal. calc. for

C28H38N204 1/2 H20 (475.63): C 70.71, H 8.26, N 5.89; found C 70.30, H 8.04,

N 5.70.

4-[(4-Ethinylphenyl)ethinyl]-4-hydroxy-2,2,6,6-tetramethylpiperidine-N-oxyl(S).

M.p.: 121-122 °C. UV/Vis (EtOH): 210

OH
(16700), 216 (16800), 265 (36000), 277

~~

(39000). FT-IR (CHCI3): 3589s, 3400w,

3300s, 3000m, 2976s, 2933s, 2444w,

2222w, 2111w, 1917w, 1672w, 1600h>,

1506s, 1467m, 1455m, 1402w, 1378m,

1361m, 1340w, 1299w, 1263w, 1239s, 1191h>, 1174h-, 1044w, 1017m, IOOOh-, 917h>,

839s. EI-MS: 296.2 (25, [M]+; calc. for 12C19H22N02+: 296.2), 195.1 (100, [M -

CgHsCCH]*). HR-EI-MS: 296.1654 ([M]+; calc. for 12C19H22N02+: 296.1650).

Anal. calc. for C19H22N02 • 1/8 H20 (298.65): C 76.42, H 7.51, N 4.69; found C 76.40,

H 7.60, N 4.67.

4,4'-[(E, E)-3,4,9,10-Tetrakis{[(teTt-butyl)dimethylsilyloxy]methyl}dodeca-3,9-diene-

1,5,7,1l-tetrayne-l,12-diyl]bis(4-hydroxy-2,2,6,6-tetramethylpiperidine-N-oxyl) (Id).

To a solution of 7 (0.042 g, 0.079 mmol, 1.0 eq.) and CuCl (0.003 g, 0.03 mmol,

0.4 eq.) in dry CH2C12 (5 ml, containing molecular sieves 4 A) was added TMEDA

(0.013 g, 0.016 ml, 0.11 mmol, 1.4 eq.) at r.t. After stirring under an atmosphere of air

for 2 h, an EDTA solution (pH 8, 100 ml) was added and the reaction mixture extracted

with CH2C12 until the washings were colorless. The organic phase was washed with

saturated aq. NaCl solution and dried (MgSC^). Concentration under reduced pressure

A^r-=-H
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and purification by FC (SiC>2-60, eluent: n-hexane/ethyl acetate 3:1) afforded Id in

55% yield (0.023 g).

OSitert-BuMe2 \ ,

OSttert-BuMe2
( N-O-

Me2tert-BuSiO
Me2tert-BuSiO

1d

Orange solid. M.p.: 114 °C (dec.). UV/Vis (EtOH): 267 (26600), 280 (27200), 294

(25600), 314 (21600), 343 (25800), 367 (22700). FT-IR (CHC13): 3689tv, 3589m,

3360w, 3000m, 2959s, 2933*. 2856s, 2356m, 2332m, 1600m, 1472m, 1463m, 1379w,

1361m, 1343h>, 1256m, 1237w, 1100s, 1042w, 1020>v, 1006h>, 939w, 916w, 891w,

839s. FAB-MS: 1052.4 (31, [MH2 - OJ+; calc. for 12C58H104N2O728Si4+: 1052.7),

1051.4 (38, [MH - 0]+), 1050.4 (29, [M - 0]+), 632.2 (100). HR-FAB-MS: 1051.6842

([Affl - 0]+; calc. for l^Hu^O,2^: 1051.6842).

4,4'-[Bis(p-ethinylphenyl)butadiyne-l,16-diyl]bis(4-hydroxy-2,2,6,6-tetramethyl-

piperidine-N-oxyl) (le). To a solution of 8 (0.060 g, 0.20 mraol, 1.0 eq.) and CuCl

(0.008 g, 0.08 rnmol, 0.4 eq.) in dry CH2C12 (20 ml, containing molecular sieves 4 A)
was added TMEDA (0.033 g, 0.042 ml, 0.28 mmol, 1.4 eq.) at r.t. After stirring under

an atmosphere of air for 3 h, an EDTA solution (pH 8, 100 ml) was added and the

reaction mixture extracted with CH2C12 until the washings were colorless. The organic

phase was washed with saturated aq. NaCl solution and dried over MgSC>4. After

concentration in vacuo and purification through a plug (SiC>2-60, eluent: THF) le was

obtained in 86% yield (0.051 g).

• O-N

Orange solid. M.p.: 169-170 °C (dec). UV/Vis (EtOH): 224 (17100), 233 (15100),

261 (17000), 277 (18400), 292 (24600), 310 (33400), 332 (41000), 356 (35000). FT-IR

(CHCI3): 3622s, 3467m, 3022s, 2974s, 2889m, 1444w, 1389vr, 1250m, 1044s, 878m.

EI-MS: 592.2 (6, [MH2]+; calc. for 12C38H44N204+: 593.2), 591.1 (10, [Mfl+), 590.2
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(3, [M]+\ 559.2 (92, [M - HNO]+), 140.0 (100). HR-EI-MS: 590.3136 ([Af|+; calc. for

12C38H42N204+: 590.3144).

4-Hydroxy-N-oxo-2,2,6,6-tetramethyl-4-(triisopropylsilylethynyl)piperidine (3). To a

solution of triisopropylsilylacetylene (1.93 g, 2.39 ml, 10.6 mmol, 1.2 eq.) in dry THF

(20 ml) at 0 °C was added slowly 1.6 M n-BuLi in n-hexane (6.64 ml, 10.6 mmol,

1.2 eq.). After 30 min, a solution of 2 (1.50 g, 8.81 mmol, 1.0 eq.) in THF (10 ml,

containing molecular sieves 4 A) was added within 1 h via syringe pump and stirred for

an additional 2 h. Saturated aq. NH4C1 solution (100 ml) was added, the reaction

mixture extracted with CH2CI2 (200 ml), and the organic phase dried over MgSC>4.
Removal of the solvent in vacuo and purification by FC (SiC>2-60, eluent:

n-hexane/ethyl acetate 3:1) gave 3 in 64% yield (1.99 g).

Orange solid. M.p.: 71-72 °C. UV/Vis (EtOH): 239

QH
(2300). FT-IR (CHCI3): 3590w, 3400w, 2994m,

,0.N' y—==—Si(/.Pr)3 2944s, 2894m, 2862s, 2359w, 2164m>, 14625, 1463m,

1382w, 1364w, 1344w, 1267s, 1242w, 1174m>, 1137w,

3 1067w, 1015w, 995m, 922h>, 882s. EI-MS: 352.3 (32,

[Af]+; calc. for 12C20H38NO228Si+: 352.3), 338.3 (17,

[AfH2 - 0]+), 322.3 (16, [At - NO]+), 266.2 (16, [M - 2 CH(CH3)2]+), 223.1 (56, [M -

3 CH(CH3)2]+), 75.0 (100). Anal. calc. for C2oH3gN02Si (352.62): C 68.13, H 10.86,

N 3.97; found C 68.03, H 11.04, N 4.20.

4-Ethynyl-4-hydroxy-l>i-oxo-2,2,6l6-tetramethylpiperidine (4). To a solution of 3

(0.10 g, 0.28 mmol, 1.0 eq.) in wet THF (2 ml) was added dropwise 1 M n-Bu4NF

solution (1.40 ml, 1.40 mmol, 5.0 eq.). After stirring for 2 h at r.t., the reaction mixture

was diluted with saturated aq. NaCl solution (50 ml), extracted with CH2C12 (100 ml),

and the organic phase dried over MgS04. Removal of the solvent under reduced

pressure and purification through a plug (SiO2-60, eluent: n-hexane/ethyl acetate 1:1)

provided 4 in 96% yield (0.053 g).

Orange solid. M.p.: 113-114 °C. UV/Vis (EtOH): 240

(2000). FT-IR (CHC13): 3590m, 3400w, 3303s, 2995s,

,0_N' y —

|| 2983s, 2933s, 2451w, 1467m, 1425w, 1382w, 1364w,

1344w, 1241s, 1177m>, 1137w, 1033m, 1023m, 998m, 938w,

913m. EI-MS: 196.1 (25, [M]+; calc. for 12CuH18N02+:
196.1), 181.1 (6, [MH - 0]+), 95.0 (100). Anal. calc. for

CnH18 N02 (196.27): C 67.32, H 9.24, N 7.14; found C 67.40, H 9.06, N 6.88.
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4-Benzyloxy-N-oxo-2,2,6,6-tetramethyl-4-(triisopropylsilylethynyl)piperidine (9). To a

solution of 3 (0.50 g, 1.42 mmol, 1.0 eq.), NaH (0.10 g, 4.25 mmol, 3.0 eq.) and a few

crystals of n-Bu^NI in dry THF (10 ml) was added slowly benzyl bromide (0.73 g,

0.50 ml, 4.25 mmol, 3.0 eq.). After stirring the solution for 18 h at r.t, saturated aq.

NH4CI solution (100 ml) was added and the reaction mixture extracted with CH2CI2

(200 ml). The collected organic phases were dried over MgS04 and the solvent

removed in vacuo. Purification by FC (SiC>2-60, eluent: n-hexane/ethyl acetate 10:1)

provided 9 in 72% yield (0.45 g).

Orange solid. M.p.: 45-46 °C. FT-IR (CHCI3): 3089w,

\/
„„

3067w, 30005, 2944s, 2889*, 2867s, 2456w, 2367w,
y—, OBn

,0_N' V
——Si(APl)3 2167m, 1950w, 1872w, 181 lw, 1606w, 1494m, 1470s,

\—' 1383m, 1367m, 1350m, 1328m, 1306w, 1267m, 1239m,

g
1194m, 1178m, 1067m, 1027m, 996m, 876w, 835w,

919m, 883s, 851w, 815m. EI-MS: 442.3 (3, [M]+; calc.

for I2C27H44N0228Si+: 442.3), 412.3 (2, [M - NO]+), 335.3 (1, [M - OCHjQHs]*),
157.1 (3, [Si(C3H7)3]+), 91.1 (100, [CH2C6H5]+). HR-EI-MS: 442.3147 ([Afl+; calc.

for l2C27H44N0228Si+: 442.3141).

4-Benzyloxy-4-ethynyl-N-oxo-2,2,6,6-tetramethylpiperidine (10). To a solution of 9

(0.42 g, 0.95 mmol, 1.0 eq.) in wet THF (5 ml) was added dropwise 1 M n-Bi^NF

solution (4.74 ml, 4.74 mmol, 5.0 eq.). After stirring for 18 h at r.t., the reaction

mixture was diluted with saturated aq. NaCl (50 ml) solution, extracted with CH2Cl2

(200 ml), and the organic phase dried over MgSC>4. Removal of the solvent at reduced

pressure and purification through a plug (SiO2-60, eluent: n-hexane/ethyl acetate 3:1)

provided 10 in 99% yield (0.27 g).

Orange solid. M.p.: 57-58 °C. FT-IR (CHCI3): 3300s,

3089w, 3033 w, 3000s, 2977s, 2944s, 2867s, 2456w, 2367w,
n

.== H 2167m, 1950w, 1872w, 1811w, 1606w, 1494m, 1467s,

1455s, 1422w, 1378m, 1361m, 1344m, 1328w, 1306w,

1267s, 1239s, 1194s, 1178s, 1067s, 1028m, 996w, 979m>,

942w, 921w, 903w, 882w, 808w. EI-MS: 286.1 (44, [M]+;

calc. for 12Ci8H24N02+: 286.2), 272.1 (6, [M - N]+), 256.1 (5, [M - NO]+), 179.1 (5,

[M - OCH2C6H5]+), 91.0 (100, [CH2C6H5]+). HR-EI-MS: 286.1796 {[M\+\ calc. for

12C18H24N02+: 286.1807). Anal. calc. for C18H24N02 (286.40): C 75.49, H 8.45,

N 4.89; found C 75.46, H 8.40, N 4.70.
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2,6-Di(tert-butyl)-4-bromophenol (12). To a solution of 2,6-di(terr-butyl)phenol

(10.00 g, 48.47 mmol, 1.0 eq.) in CC14 (100 ml) was added over 15 min at 0 °C Br2

(7.75 g, 2.49 ml, 48.47 mmol, 1.0 eq.). After stirring for 2 h, saturated aq. NaHS03

solution (100 ml) was added to remove remaining bromine and the reaction mixture

extracted with CH2CI2 (200 ml). The collected organic phases were washed with

saturated aq. NaCl solution (100 ml) and dried (MgS04). Evaporation of the solvent

under reduced pressure and purification by crystallization from EtOH/H20 (4:1)

afforded 12 in 83% yield (11.48 g). Compound 12 has already been described in the

literature [43,49]. Mp.: 81-82 °C (lit.: 83-83.5 °C [49]).

H0\J-Br

Synthesis of phenylacetylene 13 from bromophenol 12. To a carefully degassed

solution of 12 (1.50 g, 5.26 mmol, 1.0 eq.), [PdCl2(PPh3)2] (0.18 g, 0.26 mmol,

0.05 eq.), and Cul (0.060 g, 0.32 mmol, 0.06 eq.) in NEt3 (20 ml) was added

trimethylsilylacetylene (0.77 g, 1.13 ml, 7.89 mmol, 1.5 eq.). After stirring for 48 h at

r.t., the solvent was removed in vacuo, the crude reaction mixture diluted with saturated

aq. NH4CI solution (100 ml), and extracted with CH2C12 (200 ml). The collected

organic phases were washed with saturated aq. NaCl solution (100 ml) and dried

(MgS04). Evaporation of the solvent under reduced pressure and purification by FC

(SiO2-60, eluent: n-hexane —> n-hexane/ethyl acetate 20:1; gradient) afforded 13 in 6%

yield (0.10 g).

Synthesis ofphenylacetylene 13from iodophenol 14. To a carefully degassed solution

of 14 (1.60 g, 4.82 mmol, 1.0 eq.), [PdCl2(PPh3)2] (0.34 g, 0.48 mmol, 0.1 eq.), and

Cul (0.11 g, 0.58 mmol, 0.12 eq.) in NEt3 (20 ml) and PhMe (10 ml) was added

trimethylsilylacetylene (0.71 g, 1.04 ml, 7.22 mmol, 1.5 eq.). After stirring for 18 h at

r.t., the solvents were removed in vacuo, the crude reaction mixture diluted with

saturated aq. NH4C1 solution (100 ml), and extracted with CH2C12 (200 ml). The

collected organic phases were washed with saturated aq. NaCl solution (100 ml) and

dried (MgS04). Evaporation of the solvent at reduced pressure and purification by FC

(SiO2-60, eluent: n-hexane —> n-hexane/ethyl acetate 20:1; gradient) yielded 13 in 72%

yield (0.90 g).
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2,6-Di(istt-butyl)-4-(trimethylsilylethynyl)phenol (13).

White solid. M.p.: 179-180 °C. FT-IR (CHC13): 3631s,

-V 3006m, 2964*, 2913m, 2872m, 2144s, 1600w, 1580w,

u„

)=\
„...

1482m, 1431s, 1405m, 1395m, 1364m, 1318m, 1251s,
HO—u A ^—S1M63

J-f 1154m, 1123m, 1026w, 964m, 892m, 856s. JH-NMR

~7\ 13
(300 MHz, CDCI3): 0.23 (s, 9 H); 1.41 (s, 18 H); 5.34 (s,

1 H); 7.29 (s, 2 H). 13C-NMR (75.5 MHz, CDC13): 0.03;

30.05; 34.18; 91.11; 106.62; 113.97; 129.14; 136.02; 154.69. EI-MS: 302.2(61, [M]+;

calc. for 12C19H30OSi+: 302.2), 287.1 (100, [M - CH3]+), 73.0 (21, [Si(CH3)3]+). Anal.

calc. for C19H30OSi (302.54): C 75.43, H 9.99; found: C 75.47, H 10.09.

Synthesis of 2,6-di(tert-butyl)-4-iodophenol (14). (i) With ICl. To a solution of

2,6-di(fert-butyl)phenol (5.00 g, 24.23 mmol, 1.0 eq.) in dry THF (30 ml) under N2 was

added dropwise ICl (4.33 g, 26.66 mmol, 1.1 eq.) at r.t. After stirring for 18 h,

saturated aq. NaHS03 solution (100 ml) was added to remove remaining iodine and the

reaction mixture extracted with CH2Cl2 (200 ml). The collected organic phases were

washed with saturated aq. NaCl solution (100 ml) and dried (MgS04). Evaporation of

the solvent at reduced pressure and purification by crystallization from EtOH gave 14 in

24% yield (1.97 g) and = 60% (= 3 g) of biphenylquinone 15. Compound 14 has

already been described in the literature [40]. Mp.: 77-78 °C (lit.: 76.5-78.5 °C [40]).

Compound 15 has already been described in the literature [42]. Mp.: 245-246 °C (lit.:

246 °C [42]). (ii) With I2, H202. To a solution of 2,6-di(tert-butyl)phenol (5.00 g,

24.23 mmol, 1.0 eq.) in EtOH (100 ml) was added I2 (6.76 g, 26.66 mmol, 1.1 eq.) and

30% H202 solution (2.47 ml, 24.23 mmol, 1.0 eq.). After heating at reflux for 1 h, a

deep red precipitate formed, which was identified as biphenylquinone 15 by TLC.

HOAJ-'

Reduction of biphenylquinone IS to biphenylhydroquinone 16. 4,4'-Dihydroxy-

3,5,3',5'-tetra(tett-butyl)diphenyl (16). To a solution of 15 (0.40 g, 0.98 mmol, 1.0 eq.)

in EtOH/THF (32 ml, 15:1) was added Na2S204 (1.30 g, 7.35 mmol, 7.5 eq.), dissolved

in H20 (2 ml), and the mixture heated to reflux until decoloration indicated complete

conversion (30 min). The precipitate which separated was filtered and crystallized from
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ethanol to afford 16 as pale yellow needles in 90% yield (0.36 g). Mp.: 140-141 °C (lit.:

142 °C [42]).

4-Bromo-2,6-di(text-butyl)phenyl benzoate (17). To a solution of 12 (5.00 g,

17.53 mmol, 1.0 eq.), DMAP (0.13 g, 1.05 mmol, 0.06 eq.), and NEt3 (3.55 g, 4.94 ml,

35.06 mmol, 2.0 eq.) in dry THF (40 ml) was added slowly benzoyl chloride (2.96 g,

2.44 ml, 21.04 mmol, 1.2 eq.). After stirring the solution for 18 h at r.t., saturated aq.

NaHC03 solution (100 ml) was added and the mixture extracted with CH2C12 (200 ml).

The collected organic phases were dried over MgSC>4 and the solvent removed in

vacuo. Crystallization from MeOH afforded 17 in 66% yield (4.53 g).

White solid. M.p.: 115-116 °C. FT-IR (CHC13): 3015w, 2967m,

_\/ 2911vf, 2874w, 1733s, 1600w, 1588w, 1564m, 1482w, 1451w,

)= 1410m, 1400w, 1364h>, 1314w, 1267.$, 1190m, 1180m, 1108m,

BzO-/ V-Br 1082m, 1062m, 1026m, 1004w, 933w, 888w, 908w, 890w, 872w,

) 860s. !H-NMR (500 MHz, CDC13): 1.29 (s, 18 H); 7.45 (s, 2 H);

A 17 7.53 (br. t, 3J = 8.0 Hz, 2 H); 7.65 (br. t, 3J - 7.5 Hz, 1 H); 8.20

(br. d, 37 = 8.4 Hz, 2 H). "C-NMR (125.8 MHz, CDC13): 31.38;

35.70; 119.54; 128.90; 129.47; 130.25; 130.42; 133.64; 145.12; 147.49; 166.50.

EI-MS: 388.2 (0.2, [A*]+; calc. for 12C2lH25°279Br+: 388-!). !06.0 (8, [C6H5COH]+),
105.0 (100, [C6H5CO]+). Anal. calc. for C2iH2502Br (389.34): C 64.79, H 6.47,

Br 20.52; found: C 64.87, H 6.32, Br 20.51.

2,6-Di(ten-butyl)-4-iodophenyl benzoate (18). To a solution of 17 (1.00 g, 2.57 mmol,

1.0 eq.) in dry THF (20 ml) at -78 °C was added slowly over a period of 10 min 1.7 M

fert-BuLi in n-pentane (3.33 ml, 5.66 mmol, 2.2 eq.). After stirring for 20 min, a

solution of I2 (1.69 g, 6.68 mmol, 2.6 eq.) in THF (20 ml) was added dropwise until the

yellow color disappeared. The cooling bath was then removed and the solution stirred

for an additional period of 2 h. Saturated aq. NaCl solution (100 ml) was added and the

remaining iodine removed by repeated washings with saturated aq. Na2S203 solution
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(200 ml). Extraction with CH2C12 (200 ml), drying of the collected organic phases

(MgSC>4), and purification by crystallization from EtOH gave 18 in 86% yield (0.97 g).

White solid. M.p.: 182-184 °C. FT-IR (CHC13): 3011 w, 2967m,

_W 2878(v, 17395, 1600w, 1586w, 1556w, 1483w, 1450*, 141 lw,

~~V^ 1367w, 1325w, 1267s, 11895, 1180m, 1147w, IIO65, 1082m, IO6I5,

BZ0_\_/_' 1022m' 890vv' 872vv' 850w- 'H'NMR (50° MHz> CDCI3): 1.30 (s,

_7~^ 18 H); 7.54 (br. t, 3J = 7.2 Hz, 2 H); 7.64 (overlap, 3 H); 8.24 (br. d,
A

18 3J = 7.2 Hz, 2 H). !3C-NMR (125.8 MHz, CDC13): 31.25; 35.39;

91.69; 128.98; 130.18; 130.48; 133.77; 135.65; 145.42; 148.54;

166.63. EI-MS: 436.1 (9, [M]+; calc. for 12C21H2502I+: 436.1), 106.0

(7, [C<;H5COH]+), 105.0 (100, [C6H5CO]+). Anal. calc. for C21H2502I (436.34):

C 57.81, H 5.77,129.08; found: C 57.93, H 5.78,128.86.

Synthesis of phenylacetylene 19 from bromophenol 17. To a carefully degassed

solution of 17 (0.50 g, 1.3 mmol, 1.0 eq.), [Pd(PPh3)4] (0.30 g, 0.26 mmol, 0.2 eq.), and

a few crystals of 2,6-di(ferf-butyl)-p-cresol in PhMe (20 ml) was added

Me3SiC=CSnMe3 (0.50 g, 0.42 ml, 1.9 mmol, 1.5 eq.). After stirring for 48 h at

100 °C, the solvent was removed in vacuo, the crude reaction mixture diluted with

saturated aq. NH4C1 solution (100 ml), and extracted with CH2C12 (200 ml). The

collected organic phases were washed with saturated aq. NaCl solution (100 ml) and

dried (MgSC>4). Evaporation of the solvent at reduced pressure and purification by FC

(SiO2-60, eluent: n-hexane/ethyl acetate 20:1) yielded 19 in 48% (0.25 g).

Synthesis ofphenylacetylene 19from iodophenol 18. To a carefully degassed solution

of 18 (0.60 g, 1.38 mmol, 1.0 eq.), [PdCtyPPh^] (0.048 g, 0.069 mmol, 0.05 eq.), and

Cul (0.016 g, 0.080 mmol, 0.06 eq.) in NEt3 (25 ml) was added trimethylsilylacetylene

(0.20 g, 0.29 ml, 2.06 mmol, 1.5 eq.). After stirring for 18 h at r.t., the solvent was

removed in vacuo, the crude reaction mixture diluted with saturated aq. NH4CI solution

(100 ml), and extracted with CH2C12 (200 ml). The collected organic phases were

washed with saturated aq. NaCl solution (100 ml) and dried (MgSC<4). Evaporation of

the solvent at reduced pressure and FC (SiO2-60, eluent: n-hexane/ethyl acetate 20:1)

furnished 19 in 97% yield (0.54 g).
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2,6-Di(teit-butyl)-4-(trimethylsilylethynyl)phenylbenzoate (19).

White solid. M.p.: 128-129 °C. FT-IR (CHC13): 3038w,

-Y^ 30l5w, 2967m, 2911*, 2875h>, 2144^, 1733s, 1600h-,

DzO 4^ = CiMe3 1588vv> 1483w' 1450,v' 1422m> 1400vv> 1367vv> 1317w'

_/—' 126b, 1201m, 1189m, 1177m, 1111m, 1082w, 1061m,

~A 1022w, 961w, 911m, 893w, 856s, 844s. !H-NMR

(300 MHz, CDCI3): 0.27 (s, 9 H); 1.32 (s, 18 H); 7.48 (s,

2 H); 7.53 (br. t, 3J = 7.8 Hz, 2 H); 7.64 (br. t, 3J = 7.5 Hz, 1 H); 8.23 (br. d, 3J =

7.2 Hz, 2 H). !3C-NMR (75.5 MHz, CDCI3): -0.10; 31.31; 35.36; 93.03; 105.70;

120.41; 128.95; 130.21; 130.40; 130.47; 133.66; 143.18; 148.94; 166.56. EI-MS:

406.2 (19, [M]+; calc. for 12C26H3402Si+: 406.2), 91.2 (9, [M - CH3]+), 106.0 (8,

[C6H5COH]+), 105.0 (100, [C6H5CO]+). Anal. calc. for C26H3402Si (406.65):

C 76.80, H 8.43; found: C 76.82, H 8.37.

2,6-Di(ten-butyl)-4-(ethynyl)phenyl benzoate (20). To a solution of 19 (0.10 g,

0.25 mmol, 1.0 eq.) in THF/MeOH (15 ml, 1:2) was added K2C03 (0.10 g, 0.74 mmol,

3.0 eq.). The solution was stirred for 10 h at r.t., extracted with CH2C12 (200 ml), the

organic phase washed with saturated aq. NaCl solution (100 ml), and dried over

MgS04. Removal of the solvent under reduced pressure afforded 20 in 97% yield

(0.081 g).

White foam. FT-IR (CHC13): 3300m, 3014w, 3011m, 2967m,

2908m, 2878m, 2097w, 1733s, 1600m, 1483m, 1450m, 1400w,

1367m, 1312w, 1267s, 1190s, 1180m, 1111s, 1081m, 1061m,

1025m, 889m. iH-NMR (200 MHz, CDC13): 1.32 (s, 18 H);

3.04 (s, 1 H); 7.51 (s, 2 H); 7.54 (br. t, 3J = 7.9 Hz, 2 H); 7.66

(br. /, 3J = 7.1 Hz, 1 H); 8.23 (br. d, 3J = 7.1 Hz, 2 H).

13C-NMR (50 MHz, CDC13): 31.35; 35.44; 76.24; 84.11; 119.32; 128.87; 130.17;

130.30; 130.40; 133.63; 143.19; 149.00; 166.46. EI-MS: 334.2 (15, [M]+; calc. for

12C23H2602+: 334.2), 106.1 (7, [C6H5COH]+), 105.1 (100, [C6H5CO]+). HR-EI-MS:

334.1938 ([M]+; calc. for 12C23H2602+: 334.1933).

Synthesis of oligomers 21a-f via end-capping polymerization of5 with 20 as the end-

cap. To a solution of 5 (0.10 g, 0.29 mmol, 1.0 eq.) and 20 (0.19 g, 0.57 mmol, 2.0 eq.)

in dry CH2C12 (15 ml, containing molecular sieves 4 A) was added TMEDA (0.047 g,

0.060 ml, 0.40 mmol, 1.4 eq.) and CuCl (0.011 g, 0.12 mmol, 0.4 eq.) at r.t. After

stirring under an atmosphere of air for 2 h, an EDTA solution (pH 8, 100 ml) was

added, and the mixture extracted with CH2C12 until the washings were colorless. The

BzO
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organic phase was washed with saturated aq. NaCl solution (100 ml) and dried

(MgSC>4). Concentration at water aspirator pressure, followed by purification using

size-exclusion chromatography, and precipitation from MeOH yielded the pure

oligomers 21a-f as solids.

l,4-Bis[4-benzoyloxy-3,5-di(\e,ti-butyl)phenyl]butadiyne (21a).

White solid. Yield: 23% (0.043 g).

M.p.: > 250 °C. UV/Vis (CHC13): 263 (sh,

28400), 277 (sh, 22800), 297 (27600), 316

BzO-(\ />—=—=—(\ >-OBz (383oo), 337 (32300). FT-IR (CHC13):

3013w, 2956s, 2922*, 2875m, 2856m,

21a 2400w, 1733m, 1600m, 1467m, 1422w,

1378w, 1366w, 1319w, 1261m, 1190m,

1178m, 1117m, 1079w, 1061w, 1025w, 930w, 888w. !H-NMR (200 MHz, CDC13):

1.31 {s, 36 H); 7.49-7.57 {overlap, 8 H); 7.65 (br. t, 37 = 7.1 Hz, 2 H); 8.21 (br. d,

3/ = 7.5 Hz, 4 H). 13C-NMR (50 MHz, CDC13): 31.38; 35.57; 73.22; 81.89; 119.13;

128.94; 130.14; 130.46; 130.75; 133.70; 143.48; 149.44; 166.49. EI-MS: 667.4 (0.2,

[MH]+), 666.4 (0.3, [M]+; calc. for ^gH^C^: 666.4), 561.3 (0.1, [M - C6H5CO]+),
106.1 (8, [C6H5COH]+), 105.1 (100, [C^CO]-1-). HR-EI-MS: 666.3723 ([M]+; calc.

for 12C46H50O4+: 666.3709). Anal. calc. for C46H50O4 • 1/3 H20 (672.91): C 82.11,

H 7.59; found: C 81.92, H 7.67.

(E)-l,6-Bis[4-benzoyloxy-3,5-di(lert-butyl)phenyIethynyl]-3,4-bis{[(teft-butyl)-

dimethylsilyloxy]methyl}hex-3-ene-l,5-diyne (21b).

OSifert-BuMe2

BzO

Me2fert-BuSiO

21b

Slightly yellow solid. Yield: 4% (0.012 g). M.p.: 196-197 °C. UV/Vis (CHCI3): 263

(33800), 295 (sh, 17700), 365 (39300), 389 (sh, 30700). FT-IR (CHC13): 301 Is,

2956m, 2932m, 2856m, 2400w, 2356w, 2332w, 221 lw, 1733m, 1600m, 1558w, 1541h>,

1519w, 1505w, 1472m, 1451w, 1428m, 1398w, 1367m, 1343tv, 1316w, 1261j, 1207*,

1189m, 1177m, 1111s, 1082m, 1061m, 1026m, 1017m, 935w, 911m, 890w, 839m.
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1H-NMR (200 MHz, CDC13): 0.15 (s, 12 H); 0.95 (s, 18 H); 1.31 {s, 36 H); 4.52 (s,

4 H); 7.52 (s, 4 H); 7.56 (br. t, 3J = 7.9 Hz, 4 H); 7.66 (br. t, 37 = 7.1 Hz, 2 H); 8.22

(br. d, 3J= 7.5 Hz, 4 H). ^C-NMR (50 MHz, CDC13): -5.09; 18.40; 25.92; 31.35;

35.57; 64.08; 73.16; 78.37; 86.81; 87.57; 118.97; 128.94; 130.11; 130.46; 130.71;

132.11; 133.73; 143.57; 149.70; 166.46. FAB-MS: 1029.5 (25, [MH]+), 1028.4 (21,

[Af]+; calc. for ^(a^O^Si/: 1028.6), 1014.4 (8, [AfH - CH3]+), 1013.4 (11, [Af -

CH3]+), 972.4 (39, [AfH - C(CH3)3]+), 971.4 (49, [Af - C(CH3)3]+), 898.4 (12, [AfH -

OSi(CH3)2C(CH3)3]+), 897.4 (18, [Af - OSi(CH3)2C(CH3)3]+), 106.0 (15,

[C6H5COH]+), 105.0 (100, [C6H5CO]+). Anal. calc. for CggHg^Siz (1029.57):

C 77.00, H 8.22; found: C 77.21, H 7.96.

(E , E)-l,16-Bis[4-benzoyloxy-3,5-di(ten-butyl)phenylethynyl]-3,4,9,10-tetrakis([(tert-

butyl)dimethylsilyloxy]methyl}dodeca-3,9-diene-l,5,7,11-tetrayne (21c).

OBz

pSitert-BuMe2\

BzO-

^Me2fert-BuSib

21c

Yellow solid. Yield: 6% (0.023 g). M.p.: 169-170 °C. UV/Vis (CHCI3): 266 (33300),

295 (sh, 20600), 365 (sh, 36200), 390 (48300), 417 (sh, 38400). FT-IR (CHC13):

301 Is, 2956m, 2932m, 2856m, 2400w, 2356^, 2332h>, 2200w, 1739m, 1600m, 1587m,

1472m, 1463w, 1450w, 1428w, 1367w, 1351h>, 1319w, 1261s, 1190m, 1178m, 1111s,

1088m, 1070m, 1052m, 1028m, 1007w, 933m, 886w, 839m. !H-NMR (300 MHz,

CDCI3): 0.121 (5, 12 H); 0.124 (s, 12 H); 0.92 (s, 18 H); 0.93 (s, 18 H); 1.30 (s, 36 H);

4.47 (s, 4 H); 4.50 (s, 4 H); 7.51 (j, 4 H); 7.55 (br. t, 3J = 7.8 Hz, 4 H), 7.66 (br. t,

3J = 7.5 Hz, 2 H), 8.21 (br. d, 3J = 7.2 Hz, 4 H). 13C-NMR (75.5 MHz, CDC13): -5.28;

18.26; 25.80; 31.25; 35.50; 63.90; 63.98; 73.09; 78.25; 83.05; 87.02; 87.08; 88.00;

118.97; 129.01; 130.18; 130.53; 130.79; 131.89; 132.73; 133.82; 143.69; 149.83;

166.59. FAB-MS: 1392.1 (86, [MH]+), 1391.0 (58, [M]+; calc. for 12C86H1180828Si4+:

1390.8), 1377.1 (18, [AfH - CH3]+), 1376.1 (17, [M - CH3]+), 1335.0 (75, [AfH -

C(CH3)3]+), 1334.0 (66, [Af - C(CH3)3]+), 1261.0 (45, [AfH - OSi(CH3)2C(CH3)3]+),

1260.0 (53, [Af - OSi(CH3)2C(CH3)3]+), 106.0 (15, [C6H5COH]+), 105.0 (100,
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[C6H5CO]+). Anal. calc. for Cg6H118OgSi4 (1392.24): C 74.19, H 8.54; found:

C 73.95, H 8.69.

(E ,
E

, E)-l,18-Bis[4-benzoyloxy-3,5-di(ten-butyl)phenylethynyl]-3,4,9,10,15,16-

hexakis{[(tett-butyl)dimethylsilyloxy]methyl}octadeca-3,9,15-triene-l,5,7,l 1,13,17-

hexayne (21d).

OSiferf-BuMe2\

-OBz

U/legfert-BuSiO

21 d

Deep yellow solid. Yield: 4% (0.021 g). M.p.: 201-202 °C. UV/Vis (CHC13): 265

(37000), 279 (sh, 33300), 295 (sh, 25500), 413 (57800), 435 (sh, 46700). FT-IR

(CHC13): 3015m, 2956m, 2929m, 2856m, 2203ve, 1738m, 1602w, 1576w, 1471m,

1462w, 1454w, 1429w, 1402h>, 1366w, 1314w, 1260s, 1188m, 1178m, 1112s, 1085m,

1061m, 1023m, 1006m, 940tv, 909m, 888m, 837s. !H-NMR (200 MHz, CDC13): 0.10

(s, 12 H); 0.12 (s, 24 H); 0.91 (s, 18 H); 0.92 (s, 18 H); 0.93 (s, 18 H); 1.30 (s, 36 H);

4.45 (j, 4 H); 4.47 (s, 4 H); 4.49 (s, 4 H); 7.51 (s, 4 H); 7.56 (br. t, 3J = 7.9 Hz, 4 H),

7.66 (br. /, 3J = 7.1 Hz, 2 H); 8.22 (br. d, 3J = 7.1 Hz, 4 H). "C-NMR (50 MHz,

CDCI3): -5.24; 18.28; 25.80; 31.29; 35.51; 63.89; 63.83; 63.99; 73.06; 78.24; 82.94;

83.32; 86.94; 87.16; 87.42; 88.08; 118.93; 128.99; 130.17; 130.52; 130.77; 131.85;

132.42; 132.80; 133.79; 143.69; 149.82; 166.54. FAB-MS: 1755.3 (49, [Affl]+), 1754.8

(100, [Af]+; calc. for 12c10513CHi52O1028Si6+: 1754.0), 1739.9 (5, [MH - CH3]+),

1738.5 (9, [M - CH3]+), 1697.5 (33, [MH - C(CH3)3]+), 1696.5 (14, [Af - C(CH3)3]+),

1624.4 (13, [MH - OSi(CH3)2C(CH3)3]+), 1623.2 (21, [M - OSi(CH3)2C(CH3)3]+),

106.0 (10, [C6H5COH]+), 105.0 (33, [C6H5CO]+). Anal. calc. for C106H152Oi0Si6

(1754.90): C 72.55, H 8.73; found: C 72.36, H 8.62.
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(E, E, E, E )-l,24-Bis[4-benzoyloxy-3,5-di(teit-butyl)phenylethynyl]-3,4,9,10,15,16,

21,22-octakis{[(te.rt-butyl)dimethylsityloxy]methyl}tetracosa-3,9,15,21-tetraene-l,5,7,

11,13,17,19,23-octayne (21e).

OSitert-BuMe2\

-OBz

BzO

U/le2ferf-BuSiO

21e

Deep yellow solid. Yield: 3% (0.016 g). M.p.: 209-210 °C. UV/Vis (CHC13): 267

(40500), 298 (28700), 343 (sh, 31600), 390 (sh, 56700), 421 (70300), 444 (sh, 55900).

FT-IR (CHCI3): 3022w, 2956m, 2930m, 2856m, 2300w, 2200w, 1739m, 1600w, 1583w,

1472m, 1460m, 1454w, 1428m, 1402w, 1367m, 1314h>, 1267s, 1189m, 1177m, 1111m,

1085m, 1061m, 1022m, 1010m, 939m, 909w, 889m, 844s. iH-NMR (500 MHz,

CDCI3): 0.10 (s, 24 H); 0.116 (s, 12 H); 0.120 (s, 12 H); 0.906 (s, 18 H); 0.907 (s,

18 H); 0.92 (s, 18 H); 0.93 (s, 18 H); 1.30 (s, 36 H); 4.45 (s, 8 H); 4.46 (s, 4 H); 4.49 (s,

4 H); 7.51 (s, 4 H); 7.54 (br. t, 3J = 7.9 Hz, 4 H); 7.65 (br. t, 37 = 7.1 Hz, 2 H); 8.21

(br. d, 3J = 7.1 Hz, 4 H). 13C-NMR (125.8 MHz, CDCI3): -5.16; -5.13; 18.35; 18.37;

18.39; 25.77; 25.87; 25.89; 31.36; 35.59; 63.85; 63.88; 63.92; 64.02; 73.09; 78.26;

82.92; 83.21; 83.41; 86.90; 87.16; 87.30; 87.46; 88.09; 118.89; 128.91; 130.13; 130.43;

130.70; 131.77; 132.31; 132.42; 132.75; 133.69; 143.60; 149.72; 166.41. MALDI-

TOF-MS (THA, AHC): 2139.4 (100, [M]+; calc. for 12C12513CHi8601228Si729SiNa+:

2140.2), 1984.6 (32, [M - OSi(CH3)2C(CH3)3]+). Anal. calc. for C126H186012Si8

(2117.56): C 71.47, H 8.85; found: C 71.31, H 8.86.
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(E, E, E, E, E)-l,30-Bis[4-benzoyloxy-3,5-di(tett-butyl)phenylethynyl]-3,4,9,10,15,16,

21,22,27,28-decakis{[(teft-butyl)dimethylsilyloxy]methyl}triaconta-3,9,15,21,27-penta-

ene-l,5,7,U,13,17,19,23,25,29-decayne (21f).

OSiterf-BuMe2\

-OBz

BzO

\Me2tert-BuSiO

21 f

Deep yellow solid. Yield: 1% (0.004 g). M.p.: 215-217 °C. UV/Vis (CHC13): 267

(45300), 299 (sh, 33100), 355 (sh, 41100), 426 (85400), 444 (sh, 74500). FT-IR

(CHCI3): 3022s, 2956m, 2929m, 2856m, 2356m, 2332m, 1733m, 1600m, 1561w,

1508H-, 1472m, 1463m, 1429w, 1362h>, 1261s, 1189m, 1177m, 1111s, 1066w, 1027w,

1006w, 893w, 839s. 'H-NMR (500 MHz, CDCI3): 0.089 (s, 12 H); 0.092 (s, 24 H);

0.11 (s, 12 H); 0.12 (s, 12 H); 0.901 (s, 18 H); 0.903 (s, 18 H); 0.904 (s, 18 H); 0.92 (s,

18 H); 0.93 (s, 18 H); 1.30 (s, 36 H); 4.44 (s, 4 H); 4.46 (s, 4 H); 4.49 (s, 12 H); 7.51 (s,

4 H); 7.54 (br. t, 3J = 8.0 Hz, 4 H); 7.65 (br. t, 37 = 7.4 Hz, 2 H); 8.20 (br. d, 3J =

7.1 Hz, 4 H). !3C-NMR (125.8 MHz, CDCI3): -5.15; -5.12; 18.35; 18.37; 18.40; 25.88;

25.90; 31.37; 35.60; 63.89; 63.83; 63.99; 64.04; 73.11; 78.28; 82.93; 83.20; 83.30;

83.45; 86.90; 87.18; 87.28; 87.39; 87.48; 88.10; 118.91; 128.92; 130.17; 130.44;

130.70; 131.79; 132.32; 132.41; 132.46; 132.78; 133.69; 143.62; 149.74; 166.42.

MALDI-TOF-MS (THA, AHC): 2502.3 (100, [Af]+; calc. for 12Ci4513CH22oOi4

28Si929SiNa+: 2502.4), 2371.8 (14, [M - OSi(CH3)2C(CH3)3]+). Anal. calc. for

C146H22oOi4Si10 (2480.23): C 70.70, H 8.94; found: C 70.88, H 9.01.

4,4'-(Butadiyne-l,4-diyl)bis[3,5-di(tert-butyl)phenol] (22a). To a solution of 21a

(0.080 g, 0.12 mmol, 1.0 eq.) in dry CH2CI2 (20 ml) was added slowly over a period of

10 min 1 M DIBALH in n-hexane (0.36 ml, 0.36 mmol, 3.0 eq.) at r.t. After stirring for

20 h, the reaction was carefully (!) quenched with MeOH (50 ml) and thickened by

adding a few drops of 1 M potassium sodium tartrate. Saturated aq. NaCl solution

(100 ml) was then added, the solution thoroughly extracted with CH2CI2 (200 ml), and

the collected organic phases dried (MgS04). Purification by FC (SiC>2-60, eluent:

n-hexane/ethyl acetate 5:1) furnished 22a in 80% yield (0.044 g).

-363-



5. Diradicalsfor Determination ofEnd-to-End Distances

White solid. M.p.: 197-198 °C (dec). UV/Vis

V_ (CHCI3): 271 (10600), 285 (11400), 303

/=C~ (13900), 323 (18900), 346 (16400). FT-IR
: s

\_/~
° H

(CHCI3): 3634s, 3005w, 2958* 2903m, 2873m,

V- 2140*. 1600w, 1591w, 1484w, 1471w, 1453w,

22a 143b, 1405h>, 1395h>, 1365w, 1318m, 1238m,

1153m, 1121m, 1026V, 937*, 921w, 886m.

!H-NMR (200 MHz, CDC13): 1.40 (s, 36 H); 5.43 (s, 2 H); 7.34 (s, 4 H). 13C-NMR

(50 MHz, CDCI3): 30.00; 34.24; 72.07; 82.31; 112.85; 129.71; 136.29; 155.19. EI-MS:

458.3 (100, [Af]+; calc. for 12C32H4202+: 458.3), 443.3 (9, [M - CH3]+), 57.1 (25,

[C(CH3)3]+). HR-EI-MS: 458.3193 ([M]+; calc. for 12C32H4202+: 458.3185). Anal,

calc. for C32H42O2 1/3 H20 (464.70): C 82.71, H 9.25; found: C 82.82, H 9.11.
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Appendix I

Detailsfor X-ray Crystallography

Tables ofX-ray datafor 9afrom Chapter 2

Crystal data and details of the structure determination of trimethyl-

silyl-protected (E)-hex-3-ene-l,5-diyne 5a.

Crystal Data

Empirical Formula

Formula Weight

Color, Habit

Crystal size

-369-
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509.04

colorless prism

0.7 x 0.4 x 0.2 mm
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Table continued.

Crystal System

Space Group

Unit cell dimensions

Volume

Z

Density (calculated)

F(000) [Electrons]

Absorption coefficient

Monoclinic

P2(l)/n

a = 6.278(8) A alpha = 90 deg.

b = 11.867(14) A beta = 91.40(12) deg.
c = 23.58(4) A gamma = 90 deg.

1756(4) A"3

2

0.962 Mg/m~3

560

0.186 mm^-1

Data Collection

Diffractometer

Wavelength

Temperature

Monochromator

Theta range for data collection

Index ranges

Reflections collected

Independent reflections

Absorption correction

Syntex P21

MoKCX (A, = 0.71073 A)

293(2) K

Highly oriented graphite crystal

1.73 to 20.03 deg.

0<=h<=6, 0<=k<=ll, -22<=1<=22

1839

1639 [Rdntl = 0.0308]

None

Refinement

Refinement method

Data / restraints / parameters

Goodness-of-fit on FA2

Final R indices [I>2sigma(I)]

R indices (all data)

Largest diff. peak and hole

Full-matrix least-squares on FA2

1639 / 0 / 169

0.866

Rl = 0.0553, wR2 = 0.1347

Rl = 0.0927, wR2 = 0.1461

0.227 and -0.158 e.A"-3
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Atomic coordinates ( x 10*4) and equivalent isotropic displacement

parameters (A*2 x 10*3). Ufeg) is defined as one third of the trace

of the orthogonalized Uij tensor.

X y 2 U(eq)

Sill) 6658(2) 3256(1) 4106(1) 77(1)

Si(2) 5889(3) 1494(2) 6302(1) 88(1)

0 7973(5) 999(3) 5979(2) 81(1)

C(l) 7657(9) 2030(6) 4491(2) 77(2)

C(2) 8398(9) 1246(6) 4751(3) 71(2)

C(3) 9194(7) 300(5) 5086(2) 64(2)

C(4) 7970(8) 56(5) 5619(2) 82(2)

C(5) 7776(11) 3271(7) 3379(3) 126(3)

C(6) 7593(10) 4517(6) 4501(3) 115(2)

C(7) 3696(8) 3165(6) 4059(3) 125(3)

C(8) 4659(13) 384(6) 6727(4) 155(3)

C(9) 3935(10) 1997(7) 5753(3) 126(3)

C(10) 6916(9) 2694(6) 6722(3) 89(2)

C(ll) 8421(16) 2262(9) 7192(3) 179(4)

C(12) 5066(11) 3347(7) 7003(3) 131(3)

C(13) 8051(13) 3529(6) 6350(4) 143(3)

Bond lengths [A].

Si(l)-C(l)

Si(l)-C(6)
Si(l)-C(7)

Si(l)-C(5)

Si(2)-0

Si(2)-C(8)

Si(2)-C(10)

Si(2)-C(9)

0-C(4)

C(l)-C(2)

C(2)-C(3)

C(3)-C(3)#l

C(3)-C(4)

C(10)-C(13)

C(10)-C(ll)

C(10)-C(12)

1.818(7)

1.850(6)

1.864(6)

1.868(7)

1.639(4)

1.837(7)

1.841(7)

1.860(6)

1.405(6)

1.202(7)

1.454(8)

1.310(9)

1.517(7)

1.513(8)

1.528(8)

1.558(7)

Bond angles [deg].

C(l)-Si(l)-C(6)

C(l)-Si(l)-C(7)

C(6)-Si(l)-C(7)

C(l)-Sz(l)-C(5)

C(6)-Si(l)-C(5)

C(7)-Si(l)-C(5)

107.2(3)

108.3(3)

112.4(3)

109.4(3)

109.4(4)

110.0(4)
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Table continued.

0-Si(2)-C(8) 110.3(3)

O-Si(2)-C(10) 104.7(3)

C(8)-Si(2)-C(10) 114.0(4)

0-Si(2)-C(9) 108.2(3)

C(8)-Sx(2)-C(9) 109.3(4)

C(10)-Si(2)-C(9) 110.0(3)

C(4)-0-Si(2) 125.3(3)

C(2)-C(l)-Si(l) 177.1(5)

C(l)-C(2)-C(3) 176.8(6)

C(3)#l-C(3)-C(2) 120.6(7)

C(3)#l-C(3)-C(4) 124.3(7)

C(2)-C(3)-C(4) 115.1(4)

0-C(4)-C(3) 110.8(4)

C(13)-C(10)-C(ll) 110.4(7)

C(13)-C(10)-C(12) 106.7(6)

C(ll)-C(10)-C(12) 108.1(6)

C(13)-C(10)-Si(2) 111.0(5)

C(ll)-C(10)-Si(2) 109.5(6)

C(12)-C(10)-Si(2) 111.0(5)

Symmetry transformations used to generate

equivalent atoms: #1 -x+2,-y,-z+l

Anisotropic displacement: parameters (A~2 x 10*3) .
The anisotropic

displacement factor exponent takes the form: -2 pi"2 { h"2 a**2 Ull

... + 2 h k a* b* U12 ]

Ull U22 U33 U23 U13 U12

Si(l) 62(1) 81(1) 88(1) 9(1) 0(1) 13(1)

Sl(2) 79(1) 92(1) 95(1) -9(1) 31(1) 5(1)
0 70(2) 93(3) 81(3) -17(2) 18(2) 12(2)

C(l) 58(4) 91(5) 80(4) -3(4) 4(3) 15(4)

C(2) 55(4) 76(5) 81(4) -8(4) 1(3) 9(3)

C(3) 46(4) 65(5) 80(4) -7(3) 6(4) 4(3)

C(4) 79(4) 71(4) 97(4) 8(4) 25(4) 18(4)

C(5) 123(6) 178(8) 77(5) 9(5) 13(4) 4(6)

C(6) 106(5) 100(5) 137(6) -8(5) -5(5) 3(5)

C(7) 62(4) 126(6) 186(7) 47(6) -5(5) 26(4)

C(8) 169(7) 112(6) 189(8) -7(6) 104(6) -28(6)

C(9) 75(5) 180(8) 122(6) -27(5) -18(4) 31(5)

C(10) 74(4) 108(5) 85(5) -13(4) 5(4) 9(4)

C(ll) 176(9) 231(11) 127(8) -33(7) -61(7) 42(8)

C(12) 127(6) 131(7) 138(6) -24(5) 58(5) 19(5)

C(13) 141(7) 102(6) 190(8) -18(6) 66(6) -26(5)
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Hydrogen coordinates ( x 10*4) and isotropic displacement parameters

(A"2 x 10-3) .

x y z U(eq)

H(4A) 6525(8) -127(5) 5512(2) 117

H(4B) 8593(8) -581(5) 5811(2) 66

H(5A) 9227(38) 3514(54) 3429(33) 207

H(5B) 7745(102) 2532(28) 3215(34) 205

H(5C) 7024(123) 3787(50) 3133(35) 484

H(6A) 9117(11) 4570(45) 4489(17) 125

H(6B) 6964(71) 5146(36) 4303(20) 231

H(6C) 7158(62) 4523(49) 4888(7) 143

H(7A) 3182(92) 3124(39) 4439(9) 170

H(7B) 3175(78) 3840(21) 3880(16) 112

H(7C) 3201(105) 2521(23) 3848(18) 241

H(8A) 5877(66) 300(62) 6977(24) 304

H(8B) 3427(55) 555(54) 6944(24) 195

H(8C) 4422(88) -304(33) 6521(24) 178

H(9A) 4348(110) 2675(26) 5562(24) 252

H(9B) 3606(93) 1423(38) 5478(20) 184

H(9C) 2702(60) 2145(47) 5974(22) 178

H(11A) 9002(100) 2892(39) 7400(27) 236

H(11B) 7634(93) 1791(40) 7443(24) 189

H(11C) 9559(74) 1836(43) 7032(28) 205

H(12A) 5526(114) 3973(34) 7233(17) 319

H(12B) 4126(67) 3610(49) 6704(19) 186

H(12C) 4328(62) 2815(29) 7234(15) 81

H(13A) 8625(74) 4164(33) 6554(23) 192

H(13B) 9161(55) 3172(43) 6142(19) 155

H(13C) 6946(66) 3779(48) 6091(18) 190
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Tables ofX-ray datafor 10from Chapter 2

Crystal data and details of the structure determination of (E)-hex-3-

ene-l,5-diyne 10.

Crystal Data

Empirical Formula

Formula Weight

Color, Habit

Crystal size

Crystal System

Space Group

Unit cell dimensions

Volume

Z

Density (calculated)

F(000) [Electrons]

Absorption coefficient

-374-

C20 H3 6 02 Si2

364.67

yellowish platelet

0.8 x 0.7 x 0.2 mm

Monoclinic

C2/c

a = 26.81(2) A alpha = 90 deg.

b = 6.292(5) A beta = 100.97(7) deg.

c = 14.576(13) A gamma = 90 deg.

2414(4) AA3

4

1.004 Mg/m^3

800

0.155 mm'-l
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Data Collection

Dif fTactometer

Wavelength

Temperature

Monochromator

Theta range for data collection

Index ranges

Reflections collected

Independent reflections

Absorption correction

Syntex P21

MoKa (A. = 0.71073 A)

293(2) K

Highly oriented graphite crystal

1.55 to 20.03 deg.

-25<=h<=25, 0<=k<=6, 0<=1<=14

1179

1118 [R(int) = 0.0171]

None

Refinement

Refinement method

Data / restraints / parameters

Goodness-of-fit on F~2

Final R indices [I>2sigma(I)]

R indices (all data)

Extinction coefficient

Largest diff. peak and hole

Full-matrix least-squares on F"2

1118 / 0 / 124

1.018

Rl = 0.0384, wR2 = 0.1020

Rl = 0 0496, wR2 = 0.1068

0.003(2)

0.141 and -0.128 e.A^-3

Atomic coordinates ( x 10*4) and equivalent isotropic displacement

parameters (A*2 x 10*3) . U(eq) is defined as one third of the trace

of the orthogonalized Uij tensor.

X y z U(eq)

Si 3803(1) 2585(2) -598(1) 53(1)

C(l) 2172(1) 4089(7) -1969(3) 88(1)

C(2) 2336(1) 3285(6) -1257(2) 60(1)

C(3) 2558(1) 2228(5) -414(2) 47(1)

C(4) 2923(1) 453(5) -519(2) 56(1)

0(5) 3303(1) 1111(3) -1020(1) 48(1)

C(6) 3610(2) 5319(7) -343(4) 105(2)

C(7) 4146(2) 1413(9) 508(3) 106(2)

C(8) 4186(1) 2588(6) -1540(2) 67(1)

C(9) 3893(2) 3610(11) -2429(3) 120(2)
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112(2)

114(2)

Bond lengths [A].

Si-0(5) 1.650(2

Si-C(7) 1.850(4

Si-C(6) 1.854(4

Si-C(8) 1.865(4

C(l)-C(2) 1.163(5

C(2)-C(3) 1.426(5

C(3)-C(3)#l 1.346(6

C(3)-C(4) 1.511(4

C(4)-0(5) 1.422(3

C(8)-C(9) 1.524(5

C(8)-C(10) 1.536(6

C(8)-C(ll) 1.546(5

Bond angles [deg].

0(5)-Sl-C(7) 109.5(2

0(5)-Sl-C(6) 111.1(2

C(7)-Sl-C(6) 107.8(3

0(5)-Si-C(8) 104.40(13

C(7)-Si-C(8) 112.9(2

C(6)-Si-C(8) 111.1(2

C(l)-C(2)-C(3) 176.4(3

C(3)#l-C(3)-C(2) 121.6(3

C(3)#l-C(3)-C(4) 123.0(3

C(2)-C(3)-C(4) 115.4(3

0(5)-C(4)-C(3) 112.1(3

C(4)-0(5)-Sl 125.6(2

C(9)-C(8)-C(10) 109.5(4

C(9)-C(8)-C(ll) 109.2(4

C(10)-C(8)-C(ll) 107.8(3

C(9)-C(8)-Si 111.1(3

C(10)-C(8)-Si 109 7(3

C(ll)-C(8)-Si 109.5(2

Symmetry transformations used to generate

equivalent atoms: #1 -x+1/2,-y+1/2,-z

-376-
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C(10) 4328(2) 298(8) -1749(4)

C(ll) 4685(1) 3832(7) -1205(3)
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Anisotropic displacement parameters (A*2 x 10*3). The anisotropic

displacement factor exponent takes the form: -2 pi*2 [ h*2 a**2 ull +

... + 2 h k a* b* U12 ]

Ull U22 U33 U23 U13 U12

Si 55(1) 59(1) 45(1) -7(1) 10(1) 1(1)

C(l) 85(3) 132(4) 50(2) 22(3) 21(2) 38(3)

C(2) 55(2) 91(3) 35(2) 11(2) 13(2) 20(2)

C(3) 42(2) 64(2) 37(2) 9(2) 11(2) 5(2)

C(4) 54(2) 64(2) 51(2) 3(2) 16(2) 11(2)

0(5) 42(1) 66(2) 39(1) -6(1) 16(1) -KD

C(6) 108(3) 71(3) 148(4) -34(3) 51(4) -4(3)

C(7) 105(3) 135(4) 65(3) 17(3) -19(3) -24(4)

C(8) 57(2) 85(3) 63(2) -18(2) 21(2) -16(2)

C(9) 119(4) 171(6) 71(3) 23(3) 21(3) -48(4)

C(10) 85(3) 130(4) 135(4) -62(3) 58(3) -16(3)

C(ll) 87(3) 142(4) 125(4) -50(3) 52(3) -49(3)

Hydrogen coordinates ( x 10*4) and isotropic displacement parameters

(A*2 x 10*3) .

x y z U(eq)

H(l) 2028(1) 4888(7) -2488(3) 122(15)

H(4A) 3083(1) -49(5) 88(2) 72(10)
H(4B) 2734(1) -701(5) -848(2) 69(10)

H(6A) 3399(2) 6015(7) -862(4) 193(30)

H(6B) 3431(2) 5216(7) 166(4) 147(19)

H(6C) 3916(2) 6126(7) -150(4) 140(19)

H(12A) 4306(2) 247(9) 253(3) 153(24)

H(12B) 4400(2) 2408(9) 793(3) 175(23)

H(12C) 3964(2) 891(9) 969(3) 207(28)

H(9A) 4086(2) 3697(11) -2919(3) 164(20)

H(9B) 3590(2) 2798(11) -2641(3) 116(16)

H(9C) 3803(2) 5014(11) -2262(3) 163(27)

H(10A) 4532(2) 346(8) -2225(4) 118

H(10B) 4526(2) -278(8) -1185(4) 295(43)

H(10C) 4037(2) -586(8) -1954(4) 107(14)

H(11A) 4872(1) 3853(7) -1705(3) 123

H(11B) 4590(1) 5256(7) -1076(3) 89

H(11C) 4893(1) 3238(7) -656(3) 236
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Tables ofX-ray datafor 49afrom Chapter 2

Crystal data and details of the structure determination of acceptor

acceptor substituted DEE 49a.

Crystal Data

Empirical Formula

Formula Weight

Color, Habit

Crystal size

Crystal System

Space Group

Unit cell dimensions

Volume

Z

Density (calculated)

F(000) [Electrons]

Absorption coefficient

-378-

C32 H42 N2 06 Sl2

606.86

yellow prism

0.5 x 0.2 x 0.2 mm

Monoclmic

P2(l)/n

a = 14.90(2) A

b = 6.985(5) A

c = 16.602(13) A

1717(3) A^3

2

1.174 Mg/m~3

648

0.145 mm~-l

alpha =90 deg.

beta = 96.36(8) deg.

gamma = 90 deg.
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Data Collection

Di f frac tomet er

Wavelength

Temperature

Monochromator

Theta range for data collection

Index ranges

Reflections collected

Independent reflections

Absorption correction

Picker-Stoe

MoKct (\ = 0.71073 A)

293(2) K

Highly oriented graphite crystal

1.74 to 20.00 deg.

-14<=h<=14, 0<=k<=6, 0<=1<=15

1606

1606 [R(int) = 0.0000]

None

Refinement

Refinement method

Data / restraints / parameters

Goodness-of-fit on F~2

Final R indices [I>2sigma(I)]

R indices (all data)

Largest diff. peak and hole

Full-matrix least-squares on FA2

1606 / 1 / 190

1.122

Rl = 0.1389, wR2 = 0.3573

Rl = 0.1789, wR2 = 0.4008

0.767 and -0.598 e A"-3

Atomic coordinates ( x 10*4) and equivalent isotropic displacement

parameters (A*2 x 10*3} . U(eq) is defined as one third of the trace

of the orthogonalized Uij tensor.

X y z U(eq)

Si 2916(3) 9084(12) 4712(4) 227(4)

0(11) 1857(5) 9705(13) 4580(5) 113(3)

0(1) -174(8) -1541(14) 2161(6) 137(4)

N -773(9) -554(14) 2339(6) 103(3)

C(4) -153(9) 4645(15) 3558(6) 85(3)

0(2) -1571(8) -975(14) 2234(7) 159(4)

C(7) -565(9) 1348(15) 2741(6) 84(3)

C(l) 333(8) 9479(14) 4902(7) 88(3)

C(3) 42(8) 6388(18) 4022(7) 95(3)

C(6) 302(8) 1621(16) 3076(7) 92(3)

C(10) 1309(9) 9905(18) 5178(8) 110(4)

C(5) 507(8) 3298(16) 3490(7) 91(3)
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Table continued.

C(9)-C(4)-C(3) 120.1(12)

C(8)-C(7)-C(6) 123.7(10)

C(8)-C(7)-N 119.9(12)

C(6)-C(7)-N 116.4(12)

C(l)#l-C(l)-C(2) 120.3(14)

C(l)#l-C(l)-C(10) 123.5(13)

C(2)-C(l)-C(10) 116.2(9)

C(2)-C(3)-C(4) 176.0(13)

C(7)-C(6)-C(5) 118.2(10)

O(ll)-C(10)-C(l) 113.2(10)

C(4)-C(5)-C(6) 120.2(10)

C(3)-C(2)-C(l) 177.7(13)

C(7)-C(8)-C(9) 117.7(11)

C(8)-C(9)-C(4) 121.4(11)

C(17)-C(14)-C(15) 102.0(13)

C(17)-C(14)-Si 110(2)

C(15)-C(14)-Si 107.9(13)

C(17)-C(14)-C(16) 122(2)

C(15)-C(14)-C(16) 118(2)

Si-C(14)-C(16) 95.7(11)

Symmetry transformations used to generate

equivalent atoms: #1 -x,-y+2,-z+l

Anisotropic displacement parameters (A*2 x 10*3). The anisotropic

displacement factor exponent takes the form: -2 pi"2 [ h*2 a*"2 Ull

... + 2 h k a* b* U12 ]

Ull U22 U33 U23 U13 U12

Si 130(4) 323(9) 212(6) -160(6) -48(4) 79(5)

0(11) 100(6) 123(7) 116(6) -14(5) 15(5) 19(5)

0(1) 177(10) 74(6) 167(9) -36(6) 46(7) -3(6)

N 122(9) 65(8) 121(8) -13(6) 2(7) -14(7)

C(4) 111(9) 58(7) 88(7) 0(6) 16(7) -19(7)

0(2) 146(9) 114(8) 212(11) -50(7) -7(8) -32(7)

C(7) 118(10) 48(7) 87(7) -7(6) 9(7 -14(7)

C(l) 112(11) 60(8) 98(8) -5(7) 41(7) -14(6)

C(3) 128(10) 60(8) 98(8) -11(7) 21(7) 1(7)

C(6) 94(9) 64(8) 118(9) -12(7) 15(7) -5(6)

C(10) 116(10) 90(8) 127(10) -17(8) 30(9) 6(8)

C(5) 87(8) 65(7) 123(9) -23(7) 16(6) -7(7)

C(2) 135(10) 63(8) 99(8) -14(7) 31(7) -6(7)

C(8) 100(9) 73(8) 126(10) 2(8) -12(7) -10(8)

C(9) 110(10) 69(9) 150(11) -12(8) 4(8) 7(7)

C(12) 160(12) 105(10) 146(12) -19(10) -38(9) 13(9)

C(13) 167(14) 208(19) 138(12) 60(12) 41(11) -51(13)

C(17) 137(12) 249(22) 161(14) -107(15) 32(11) -14(13)

C(16) 281(24) 78(10) 189(17) 48(11) 34(17) 11(12)

C(15) 110(12) 241(23) 307(25) -119(20) -13(13) 68(13)

C(14) 208(23) 500(56) 261(27) -288(36) -101(21) 133(29)
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Appendix I

Tabks ofX-ray datafor 3from Chapter 5

C07I CI18I

Crystal data and details of the structure determination of TEMPO

radical 3.

Crystal Data

Empirical Formula

Formula Weight

Color, Habit

Crystal size

Crystal System

Space Group

Unit cell dimensions

Volume

Z

Density (calculated)

F(000) [Electrons)

Absorption coefficient

-383-

C20 H38 N 02 Si

352.60

colorless prism

0.5 x 0.4 x 0.3 mm

Triclinic

pi

a = 7.741(9) A alpha = 91.84(8) deg.
b = 8.516(10) A beta = 92.46(8) deg.

c = 33.80(3) A gamma = 94.41(9) deg.

2218(4) A"3

4

1.056 Mg/m~3

780

0.117 mmA-l



Appendix I

Data Collection

Diffractometer

Wavelength

Temperature

Monochromator

Theta range for data collection

Index ranges

Reflections collected

Independent reflections

Absorption correction

Syntex P21

MoK(X (X = 0.71073 A)

293(2) K

Highly oriented graphite crystal

2.40 to 20.00 deg.

-7<=h<=7, -8<=k<=8, 0<=1<=32

4142

4142 [R(int) = 0.0000]

None

Refinement

Refinement method

Data / restraints / parameters

Goodness-of-fit on F~2

Final R indices [I>2sigma(I)]

R indices (all data)

Extinction coefficient

Largest diff. peak and hole

Full-matrix least-squares on F~2

4139 / 0 / 570

1.142

Rl = 0.0663, wR2 = 0.1711

Rl = 0.0795, wR2 = 0.1897

0.0000(11)

0.388 and -0.306 e.AA-3

Atomic coordinates ( x 10*4) and equivalent isotropic displacement

parameters (A*2 x 10*3). U(eq) is defined as one third of the trace

of the orthogonalized Uij tensor.

x y z U(eq)

Si -3491(2) -8024(1) 836(1) 53(1)

0 -2610(4) -3606(4) 1880(1) 64(1)

0(1) -9456(4) -4999(4) 2125(1) 71(1)

N(l) -7846(4) -4740(4) 2054(1) 47(1)

C(2) -6669(5) -5877(5) 2226(1) 45(1)

C(3) -4793(5) -5233(5) 2199(1) 49(1)

C(4) -4268(5) -4480(5) 1817(1) 44(1)

C(5) -5503(5) -3230(5) 1726(1) 47(1)
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Appendix I

Table continued.

C(6) -7431(5) -3710(5) 1718(1) 45(1)
C(7) -4132(5) -5612(5) 1487(1) 49(1)

C(8) -3923(5) -6531(6) 1216(2) 53(1)
C(9) -8377(6) -2213(5) 1776(2) 65(1)

C(10) -8108(7) -4567(7) 1333(2) 69(1)
C(ll) -7063(8) -6028(6) 2659(1) 67(1)

C(12) -7071(6) -7493(5) 2010(2) 59(1)

C(13) -1683(7) -7207(6) 538(2) 73(2)

C(14) -1608(10) -8099(10) 135(2) 100(2)
C(15) -1612(11) -5432(7) 484(2) 100(2)
C(16) -2821(8) -9738(6) 1133(2) 81(2)

C(17) -2476(16) -11186(9) 877(3) 128(3)
C(18) -1348(11) -9276(9) 1430(2) 110(2)
C(19) -5555(6) -8599(6) 544(2) 72(2)

C(20) -6242(12) -7197(11) 329(3) 121(3)

C(21) -6945(9) -9370(11) 786(2) 112(3)
Si' 2799(2) 1865(1) 4190(1) 52(1)
0' 2765(4) -691(4) 2819(1) 63(1)
0(1') -4090(4) -2172(4) 3064(1) 69(1)
N(l') -2471(4) -1810(4) 3022(1) 46(1)
C(2') -1244(5) -2770(5) 3240(1) 47(1)
C(3') 581(5) -2464(5) 3094(1) 50(1)
C(4') 1224(5) -753(5) 3036(1) 44(1)
C(5') -115(5) -63(5) 2765(1) 46(1)
C(6') -2000(5) -200(4) 2876(1) 42(1)
C(7') 1614(5) 148(5) 3411(1) 48(1)
C(8') 2026(6) 864(5) 3718(2) 58(1)

CO') -3117(6) 14(6) 2502(1) 61(1)

C(IO') -2401(7) 1018(6) 3198(2) 62(1)

C(ll') -1843(8) -4513(5) 3145(2) 72(2)

C(12') -1359(7) -2441(6) 3683(1) 60(1)
C(13') 4280(6) 3612(6) 4069(1) 63(1)

C(14') 5070(8) 4557(7) 4430(2) 82(2)
C(15') 3484(10) 4719(8) 3777(2) 100(2)

C(16') 3985(7) 392(6) 4469(2) 68(1)

C(17') 2804(11) -1046(7) 4564(3) 110(2)
C(18') 5565(11) -113(11) 4258(2) 114(2)
C(19') 842(7) 2381(6) 4466(2) 76(2)
C(20') -283(11) 3482(10) 4251(3) 122(3)

C(21') 1260(10) 2860(11) 4901(2) 110(2)

Bond lengths [A].

Sx-C(8) 1.837(6)

Si-C(13) 1.865(6)

Si-C(19) 1.867(5)

Si-C(16) 1.890(6)

0-C(4) 1.437(5)

0(1)-N(1) 1.283(4)

N(l)-C(6) 1.488(6)

N(l)-C(2) 1.494(5)

C(2)-C(ll) 1.518(6)

C(2)-C(3) 1.520(6)

C(2)-C(12) 1.540(6)
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Table continued.

C(3)-C{4) 1.516(6)

C(4)-C(7) 1.465(7)

C(4)-C(5) 1.515(6)

C(5)-C(6) 1.516(6)

C(6)-C(10) 1.523(6)

C(6)-C(9) 1.529(6)

C(7)-C<8) 1.208(6)

C(13)-C(15) 1.526(8)

C(13)-C(14) 1.543(7)

C(16)-C(18) 1.506(9)

C(16)-C(17) 1.531(8)

C(19)-C(21) 1.504(8)

C(19)-C(20) 1.535(9)

Si'-C(8') 1.840(6)

Si'-C(16') 1.865(5)

Si'-C(13') 1.874(5)

Si'-C(19') 1.886(6)

0'-C(4') 1.425(5)

O(l')-Nd') 1.283(4)

N(l')-C(2') 1.487(5)

N(l')-C(6') 1.496(5)

C(2')-C(3') 1.522(6)

C(2')-C(12') 1.523(6)

C(2')-C(ll') 1.540(6)

C(3')-C(4') 1.525(6)

C(4')-C(7') 1.469(7)

C(4')-C(5") 1.518(6)

C(5')-C(6') 1.520(6)

C(6')-C(9") 1.525(6)

C(6')-C(10') 1.537(6)

C(7')-C(8') 1.204(6)

C(13')-C(14') 1.520(7)

C(13')-C(15') 1.529(7)

C(16')-C(17') 1.523(8)

C(16')-C(18') 1.524(8)

C(19')-C(20') 1.511(9)

C(19')-C(21') 1.528(8)

Bond angles [deg].

C(8)-Si-C(13)

C(8)-Si-C(19)

C(13)-Si-C(19)

C(8)-Si-C(16)

C(13)-Si-C(16)

C(19)-Si-C(16)

0(1)-N(1)-C(6)

0(1)-N(1)-C(2)

C(6)-N(l)-C(2)

N(l)-C(2)-C(ll)

N(l)-C(2)-C(3)

C(ll)-C(2)-C(3)

N(l)-C(2)-C(12)

C(ll)-C(2)-C(12)

-386-

108.3(2)

108.4(2)

114.5(3)

103.8(2)

111.3(3)

110.0(3)

116.7(3)

115.5(3)

124.9(3)

107.5(4)

109.6(3)

108.7(4)

108.7(3)

109.0(4)
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Table continued.

C(3)-C(2)-C(12) 113.2(4)

C(4)-C(3)-C(2) 117.9(3)

0-C(4)-C(7) 107.5(3)

0-C(4)-C(5) 104.0(3)

C(7)-C(4)-C(5) 113.4(4)

0-C(4)-C(3) 109.7(3)

C(7)-C(4)-C(3) 113.9(3)

C(5)-C(4)-C(3) 108.0(3)

C(4)-C(5)-C(6) 117.8(3)

N(l)-C(6)-C(5) 110.2(3)

N(l)-C(6)-C(10) 108.6(4)

C(5)-C(6)-C(10) 113.4(4)

N(l)-C(6)-C(9) 107.4(4)

C(5)-C(6)-C(9) 107.7(4)

C(10)-C(6)-C(9) 109.3(4)

C(8)-C(7)-C(4) 176.5(4)

C(7)-C(8)-Si 174.9(4)

C(15)-C(13)-C(14) 110.7(5)

C(15)-C(13)-Si 115.3(4)

C(14)-C(13)-Si 112.4(4)

C(18)-C(16)-C(17) 112.1(6)

C(18)-C(16)-Si 112.7(4)

C(17)-C(16)-Si 113.5(5)

C(21)-C(19)-C(20) 110.1(6)

C(21)-C(19)-Si 113.3(4)

C(20)-C(19)-Si 111.8(5)

C(8')-Si'-C(16") 105.8(2)

C{8')-Si'-C(13') 107.3(2)

C(16')-Si'-C(13') 111.6(2)

cts'i-si'-ctig') 107.9(2)

C(16')-Si'-C(19') 109.8(3)

C(13')-Si'-C(19') 114.1(3)

0(1')-N(1')-C(2') 116.3(3)

0(1')-N(1')-C(6') 116.3(3)

C(2')-N(l')-C(6') 124.2(3)

N(l')-C(2')-C(3') 110.5(3)

N(l')-C(2')-C(12') 108.9(4)

C(3')-C(2')-C(12M 113.4(4)

N(l,)-C(2')-C(ll') 107.0(4)

C(3')-C(2')-C(ll') 108.0(4)

C(12')-C(2,)-C(ll') 108.7(4)

C(2')-C(3')-C(4') 117.2(3)

0'-C(4')-C(7') 107.8(3)

0'-C(4')-C(5') 104.8(3)

C(7')-C(4')-C(5') 114.0(4)

0'-C(4')-C(3') 109.9(3)

C(7')-C(4')-C(3') 113.0(4)

C(5')-C(4')-C(3') 106.9(3)

C(4')-C(5')-C(6') 118.6(4)

N(l')-C(6')-C(5') 110.0(3)

N(l')-C(6')-C(9') 108.0(3)

C(5')-C(6')-C(9') 107.7(4)

N(l')-C(6')-C(10') 108.3(3)

C(5')-C(6')-C(10') 113.2(4)

C(9')-C(6')-C(10') 109.6(4)

C(8')-C(7')-C(4') 176.4(4)

C(7')-C(8')-Si' 175.6(4)

C(14')-C(13')-C(15') 109.7(5)
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Table continued.

C(14' )-C(13' )-Si' 114.0(4)

C{15' )-C(13' )-Si' 114.4(4)

C(17' l-C(16' )-C(18') 110.2(6)

C(17' i-C(16' )-Si' 112.2(4)

C(18' )-C(16' )-Si' 112.8(4)

C(20' |-C{19' )-C(21') 113.9(6)

C(20' 1-C(19' )-Si' 114.0(5)

C(21' )-C(19' )-Si' 113.5(4)

The anisotropic displacement factor exponent takes the form:

-2 pi"2 [ h"2 a*"2 Ull + ... + 2 h k a* b* U12 ]

Ull U22 U33 U23 U13 U12

Si 54(1) 49(1) 57(1) -7(1) 10(1) 8(1)

0 38(2) 53(2) 99(3) -10(2) 0(2) 3(2)

0(1) 38(2) 77(2) 100(3) 24(2) 11(2) 6(2)

N(l) 33(2) 47(2) 60(2) 5(2) 3(2) 4(2)

C(2) 43(3) 42(3) 52(3) 4(2) 0(2) 7(2)

C(3) 49(3) 43(3) 54(3) -7(2) -9(2) 15(2)

C(4) 34(3) 40(2) 57(3) -6(2) 1(2) 4(2)

C(5) 40(3) 38(2) 62(3) -1(2) 7(2) 4(2)

C(6) 40(3) 44(3) 53(3) 5(2) 2(2) 9(2)

C(7) 45(3) 47(3) 56(3) 1(3) 6(2) 9(2)

C(8) 43(3) 55(3) 62(3) 6(3) 8(2) 10(2)

C(9) 45(3) 59(3) 95(4) 17(3) 10(3) 18(2)

C(10) 65(4) 79(4) 63(4) -1(3) -6(3) 9(3)

C(ll) 82(4) 59(3) 62(4) 10(3) 9(3) 14(3)

C(12) 59(3) 43(3) 72(4) -2(2) 0(3) -1(2)

C(13) 78(4) 69(4) 73(4) -7(3) 17(3) 0(3)

C(14) 93(5) 117(6) 88(5) -30(4) 41(4) -21(4)

C(15) 140(7) 70(4) 89(5) 5(4) 36(5) -16(4)

C(16) 95(4) 62(4) 88(4) 3(3) 18(4) 22(3)

C(17) 176(9) 66(5) 149(7) -5(5) 27(8) 46(5)

C(18) 137(7) 105(6) 95(5) 26(5) -3(5) 58(5)

C(19) 61(3) 87(4) 67(3) -24(3) 11(3) 2(3)

C(20) 109(6) 154(7) 100(6) -7(6) -35(5) 44(5)

C(21) 66(4) 145(8) 118(6) -36(6) 22(4) -28(5)

Si' 53(1) 50(1) 51(1) -7(1) -2(1) -1(1)

0' 39(2) 91(2) 61(2) 4(2) 4(2) 9(2)

O(l') 37(2) 57(2) 113(3) 16(2) 1(2) -3(2)

N(l') 36(2) 36(2) 65(2) 2(2) -1(2) 0(2)

C(2') 47(3) 34(2) 61(3) 2(2) -6(2) 3(2)

C(3') 48(3) 45(3) 56(3) -8(2) -6(2) 10(2)

C(4') 32(2) 48(3) 52(3) -4(2) 3(2) 1(2)

C(5') 42(3) 47(3) 48(3) -2(2) -2(2) -3(2)

C(6') 39(3) 35(2) 51(3) 1(2) 1(2) 2(2)

C(7') 41(3) 46(3) 56(3) -2(3) 0(2) -3(2)

C(8') 52(3) 51(3) 70(4) 2(3) -3(3) -2(2)

C(9') 54(3) 54(3) 74(4) 12(3) -4(3) 5(2)

C(IO') 62(4) 49(3) 75(4) -8(3) 11(3) 7(2)

C(ll') 76(4) 38(3) 99(5) 4(3) -11(3) 1(3)

C(12') 62(3) 53(3) 66(3) 10(3) 5(3) -4(3)
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Table continued.

C(13') 60(3) 66(3) 60(3) -12(3) 2(3) -4(3)

C(14') 82(4) 73(4) 85(4) -10(4) -7(3) -17(4)

C(15') 126(6) 90(5) 77(4) 25(4) -12(5) -28(5)

C(16') 79(4) 64(3) 60(3) -9(3) -8(3) 8(3)

C(17') 135(6) 70(4) 121(6) 25(4) -27(6) 0(4)

C(18') 112(6) 124(6) 113(7) 11(5) 2(5) 59(6)

C(19') 68(4) 68(4) 92(4) -4(3) 10(3) 0(3)

C(20') 88(5) 122(7) 161(8) -1(6) 10(5) 36(5)

C(21') 109(5) 136(7) 84(5) -22(5) 34(4) 3(6)

Hydrogen coordinates ( x 10*4) and isotropic displacement parameters

(A*2 x 10*3) .

x y z U(eq)

H(0A) -1866(4) -4237(4) 1951(1) 82(19

H(3A) -4057(5) -6071(5) 2246(1) 41(11

H(3B) -4551(5) -4460(5) 2411(1) 59(13

H(5A) -5235(5) -2850(5) 1470(1) 66(14

H(5B) -5271(5) -2363(5) 1914(1) 49(12

H(9A) -8012(41) -1722(41) 2029(5) 93(20

H(9B) -8040(39) -1523(36) 1569(7) 81(16

H(9C) -9615(9) -2421(41) 1763(9) 68(14

H(10A) -7506(39) -5486(23) 1275(11) 74(15,

H(10B) -9320(13) -4868(38) 1356(13) 102(20

H(10C) -7963(46) -3841(35) 1124(9) 104(20
H(11A) -6811(37) -5034(19) 2800(9) 62(14

H(11B) -8278(11) -6342(32) 2668(11) 86(18

H(11C) -6404(34) -6809(25) 2780(10) 72(15

H(12A) -6336(6) -8246(5) 2117(2) 90(17

H(12B) -8263(6) -7851(5) 2040(2) 56(13
H(12C) -6867(6) -7381(5) 1733(2) 73(16

H(13A) -622(7) -7389(6) 681(2) 165(34

H(14A) -606(30) -7699(46) 1(12) 91(17

H(14B) -1612(52) -9223(14) 148(17) 149(32

H(14C) -2639(29) -7834(53) -8(13) 115(26

H(15A) -668(41) -4983(51) 338(11) 116(22

H(15B) -2663(29) -5480(63) 321(10) 158(37

H(15C) -1738(49) -4789(42) 718(7) 84(17

H(16A) -3788(8) -10053(6) 1289(2) 143(28

H(17A) -2182(62) -12037(48) 1040(15) 170(34

H(17B) -3454(40) -11529(62) 703(12) 113(28

H(17C) -1506(38) -10863(65) 723(12) 128(30

H(18A) -1224(71) -10170(36) 1592(12) 116(21

H(18B) -301(51) -9051(63) 1293(18) 221(51

H(18C) -1566(84) -8379(36) 1594(12) 147(30

H(19A) -5292(6) -9353(6) 342(2) 69(14

H(20A) -7324(33) -7641(60) 209(15) 133(26

H(20B) -6443(63) -6291(44) 492(14) 142(30
H(20C) -5468(60) -6888(66) 126(12) 178(42

H(21A) -7967(44) -9627(51) 618(14) 152(29
H(21B) -6510(58) -10322 (30) 880(12) 90(23

H(21C) -7229(68) -8719(49) 1008(9) 150(30
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Table continued.

H'A 3518(4) -1189(4) 2942(1) 74(17)

H(3'A) 637(5) -3031(5) 2846(1) 51(12)

H(3'B) 1374(5) -2898(5) 3279(1) 57(13)

H(5'A) -47(5) -537(5) 2505(1) 41(11)
H(5'B) 226(5) 1040(5) 2747(1) 55(12)

H(9'A) -2919(42) -815(25) 2314(8) 81(17)

H(9'B) -4335(13) 4(34) 2546(11) 79(16)

H(9'C) -2719(38) 1011(17) 2401(9) 64(14)

H(10D) -1712(36) 944(47) 3439(6) 81(17)

H(10E) -2171(45) 2042(25) 3093(12) 131(25)

H(10F) -3608(12) 860(46) 3253(10) 83(17)

H(11D) -3003(16) -4737(44) 3228(9) 88(18)
H(11E) -1811(41) -4725(45) 2865(2) 82(18)

H(11F) -1075(32) -5165(36) 3283(8) 66(14)

H(12D) -1015(33) -1358(11) 3753(10) 56(13)

H(12E) -2533(14) -2686(30) 3755(10) 63(14)

H{12F) -607(29) -3106(27) 3821(9) 79(16)

H(13B) 5238(6) 3204(6) 3939(1) 66(14)
H(14D) 6029(29) 5292(34) 4377(12) 99(19)

H(14E) 4167(38) 5114(38) 4543(11) 107(22)

H(14F) 5450(41) 3802(34) 4613(9) 78(17)

H(15D) 4377(54) 5498(52) 3710(14) 147(28)

H(15E) 2934(59) 4237(57) 3538(8) 125(24)

H(15F) 2639(49) 5211(64) 3928(15) 185(44)
H(16B) 4417(7) 897(6) 4715(2) 59(13)

H(17D) 3509(55) -1759(46) 4698(12) 113(21)
H(17E) 1860(47) -809(71) 4725(11) 175(43)

H(17F) 2353(63) -1526(54) 4316(8) 130(27)

H(18D) 6032(58) -921(35) 4413(12) 117(22)

H(18E) 5196(65) -542(46) 3999(6) 129(27)

H(18F) 6439(48) 736(39) 4234(13) 117(28)

H(19B) 136(7) 1405(6) 4472(2) 63(14)

H(20D) -1242(91) 3337(96) 4420(24) 280(65)

H(20E) 296(85) 4511(41) 4302(22) 158(36)

H(20F) -701(131) 3384(100) 3979(9) 364(84)

H(21D) 215(37) 3021(53) 5035(14) 133(25)

H(21E) 1929(48) 2152(46) 5047(14) 136(32)

H(21F) 1926(48) 3851(27) 4882(16) 127(27)
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Appendix II

Deconvolution of UV/Vis Absorption Spectra

The UV/Vis absorption spectra were deconvoluted using the software program proFit®,
Ver 5 0.0 for Power Macintosh, Quantum Soft, Zurich, 1990-96, with a self-written

plug-in module named Gauss-Spec-nm This program allows the simultaneous fitting

of six Gaussian line shapes to the experimental data. Deconvolution of the UV/Vis

spectra requires the following steps using TMS-end-capped turner 27b as an example.

1.) Start the program proFit® and open separately the plug-m module Gauss-Spec-nm

by clicking directly on the file name. The source code of the program appears
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Picture continued

2) Add on the module by clicking on the button Load XL Choose proper starting

values right from the beginning' By giving either 1 for yes or 0 for no the number

of Gaussian curves to be fitted can be selected fiom the on/offparameters Wave is

the position, FWHM the full width at half maximum, and int the intensity of the

Gaussian curve Values aie only used for fitting if highlighted If the absorption

bands are too close together fit only two to three Gaussian line shapes at once and

successively increase the number by running through several fitting cycles

3 ) Open the raw data file, mark the data points to be fitted directly in the Preview

window, and press the button Show function to display the initial six Gaussian line

shapes Make sure, the Gaussian line shapes are roughly fitting by visual

examination to accelerate the fitting process
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4.) Open the Fitting Setup by pressing 3SF, choose the Levenberg-Marquardt algorithm

and mark Selected rows only. The fitting processes is then started by pressing the

OK button.

5.) After convergence is attained, the program automatically displays the fitted

Gaussian line shapes.
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6) The fitted values, position of the Gaussian curve (wave), full-width at half

maximum (FWHM), and the intensity of the curve (int), as well as the standard

deviations of all fitted values are listed in the Results window
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Appendix III

Photochemical trans-cis Isomenzation Data

Structure Dependence Studies

The following tables list the experimental conditions used in the trans-cis isomerization

studies of compounds 3-8 in n-hexane from Chapter 4.

Datafor the isomerization of(E)-3.

Cf/M 2.44 • 10"5

A^aj/nm 380 sh

A.obs / nm 290, 360, 380

isosbestic points / nm 316,405

^•exc 1nm 360

/q / E sec-1 cm-2 5.97 • 1010

HPLC datafor the isomerization ofof(E)-3.

measurement no. 1 measurement no. 2

Cf/M 1.11 • 105 1.11- 10"5

Cf/M 1.33 • 10"5 1.33 10"5

% trans 45.49 45.49

%cis 54.51 54.51

Et/M^cm-UtA^c 45082 45082
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Table continued.

ec / M"1 cm"1 at Xe,

A^
^exc

20044

0.767

19969

0.766

Kinetic data and quantum yieldsfor the isomerization of(U)-3.

measurement no. 1

Aobs / nm

290

360

380

k/sA fct-tt/s-1 GWc

7.80 10-3 4.25 10-3 015

7.41 10-3 4.04-10-3 0.14

7.32 10-3 339 . 10-3 0_14

^C-H I S *C-*t

3.55 10-3 0 27

3.37 • 10-3 0 26

3.33 • lO-3 0.26

measurement no. 2

Aobs / nm k/s-1 ^t->c's <Pt->c *c-»t 1 s <Pc->t

290 7.88 • lO"3 4.29 • lO"3 0.15 3.58 • lO"3 0.28

360 7.40 • lO3 4.04 • lO"3 0.14 3.37 lO"3 0.26

380 7.41 • lO"3 4.04 • lO"3 0.14 3.37 lO"3 0.26

mean" 7.54 • lO3 4.11 • lO"3 0.14 3.43 lO"3 0.27

stdv" 0.24 • lO3 0.13 • lO"3 0.01 0.11 -lO3 0.01

"Calculated from both measurements.

Datafor the isomerization ofof(E)-4.

Cf/M 1.92 • 10"5

^max/nm 405

Aobs / nm 273, 338, 373, 405

isosbestic points / nm 290,311,351,458

Aexc / nm 405

/q / E sec"1 cm"2 1.49 • 10"9
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HPLC datafor the isomerization of(E)-4.

measurement no. 1 measurement no. 2

Cf/M 5.74 • 10"7 5.47- 10"7

C*/M 1.86 10"5 1.86-10"5

% trans 3.0 2.9

% cis 97.0 97.1

et/M-'cm^at *KXC 26823 26667

ec / M'1 cm"1 a'^exc 8205 7818

A^ 0.168 0.160

Kinetic data and quantum yieldsfor the isomerization of(E)-4.

measurement no. 1

Aobs / nm

273

338

373

405

fc/s"1 ^c/s_1 tfWc be-*'*'1

5.74 • 10-3 5 57 . 10-3 0 073 il2 . 10-4

5.83 lO3 5.66 • lO-3 0.074 1.75 • 10"4

6.21 • lO"3 6 02 . 10-3 0.079 1.86 • 10"4

6.11 lO3 5.93.10-3 o.078 1.83 • 10"4

0.0073

0.0075

0.0079

0.0078

measurement no. 2

Aobs / nm Jfc/s"1 *t->c 1s <Pt->c *C-H / S"1 <Pc->t

273 6.70 • lO"3 6.51 • lO"3 0.085 1.92 • 10"4 0.0085

338 6.68 • lO"3 6.49 • lO"3 0.085 1.91 lfr4 0.0085

373 6.54 • lO'3 6.36 • lO"3 0.083 1.87 10"4 0.0083

405 6.57 lO"3 6.39 • lO"3 0.083 1.88 • 10"4 0.0083

mean" 6.30 • lO"3 6.12 • lO"3 0.080 1.84 10"4 0.0080

stdv" 0.38 • lO3 0.37 • lO"3 0.005 0.07 • 10"4 0.0005

"Calculated from both measurements.
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Datafor the isomerization of(E)-S.

Cf/M 3.55 • 10"5

•*max/nm 450

Aobs / nm 288, 367, 441, 450

isosbestic points / nm 266, 298, 399

^•exc ' nm 450

/Q /Esec"1 cm"2 2.23 10"9

HPLC datafor the isomerization of(E, -5.

C/M 2.12 10"5

Cf/M 1.43 10"5

% trans 59.7

% cis 40.3

et /M"1 cm"1 at A.exc 31566

ec /M"1 cm"1 atXexc 18643

A6"
Aexc

1.343

Kinetic data and quantum yieldsfor the isomerization of(E)-5.

Kbs 1nm Jfc/S"1 *t-»c/s <Dt->c *C-H / s" <Pc->t

288 9.12 • lO3 3.67 • lO3 0.073 5.44 lO"3 0.18

367 9.20 • lO"3 3.70 • lO"3 0.074 5.49 • lO3 0.19

441 8.94 • lO"3 3.60 • lO"3 0.072 5.34 • lO"3 0.18

450 8.82 lO"3 3.55 • lO"3 0.071 5.27 • lO"3 0.18

mean 9.02 • lO3 3.63 • lO"3 0.072 5.39 • lO"3 0.18

stdv 0.17 • lO"3 0.07 • lO"3 0.001 0.10 lO"3 0.01
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Datafor the isomerization of(B)-6.

Cf/M

^max/nra

*obs/nm

isosbestic points / nra

Aexc / nm

/g /Esec"1 cm"2

3.48 10"5

416

320, 325, 330, 396

266, 305, 350

416

4.02 • 10"10

HPLCdatafor the isomerization of(E)-6.

measurement no. 1 measurement no. 2

Cf/M 2.00 • 105 2.00-10"5

Cf/M 1.48 • 10"5 1.48 • 105

% trans 57.5 57.5

%cis 42.5 42.5

et /M1 cm1 at "•exc 29741 29741

ec /M^cnr'at^exc 26971 26971

A6"
Aexc

0.994 0.994
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Kinetic data and quantum yieldsfor the isomerization of(E)-6.

measurement no. 1

Aobs / nm

320

325

330

396

fc/s"1 fct_,/s-1
1-»c' a G\-*c

7.09 10-3 3.01 10-3 0.28

7.08 10-3 3.01 • 10-3 0 28

7.08 • 10-3 3.01 • 10-3 0.28

7.34 10"3 3.12 • 10"3 0.29

4.07 • 10-3

4.07 • to3

4.07 • to3

4.22 • 10"3

0.42

0.42

0.42

0.43

measurement no. 2

Aobs/nm fc/s-1 K-^c's'1 <Pk-»c

320 7.33-10"3 3.12 10-3 02o

325 7.32-10-3 3.11 10-3 0.29

330 7.30-10-3 3.11 10-3 0.29

396 7.84 lO"3 3.33 10"3 0.31

*c->t I s

4.21

4.21

4.20

4.50

10"4

10"4

lO"4

10"4

<Pc->t

0.43

0.43

0.43

0.46

mean" 7.30 • 10"3 3.10 • 10"3 0.29 4.19

stdv0 0.25-10-3 0.11-10-3 0.01 0.14

10"4

lO"4

0.43

0.01

"Calculated from both measurements.

Datafor the isomerization of(E)-7.

C°/M 2.81 • 10"5

Amax/nm 476 sh

Aobs / nm 288,358,375,451

isosbestic points / nm 301,391,494

\xcl nm 451

/q / E sec'l cm"2 1.61 • 10"9
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HPLC datafor the isomerization of(E)-7.

measurement no.1 measurement nc .2

Cf/M 2.98 • 10"6 3.10- 106

Cf/M 2.51 • 10"5 2.50 • 10"5

% trans 10.6 11.0

% cis 89.4 89.0

Et/M-lcm-lat^,. 31566 31530

ec /M-icm-i &hxc 18643 18650

4-exc

0.562 0.564

Kinetic data and quantum yieldsfor the isomerization of(E) •7.

measurement no. 1

Aobs/nm fc/s'l W""1 dWc fec_H/s 0b-H

288 1.85 • 10-3 1.66 lO"3 0.025 1.97 • 10"" 0.0051

358 1.89 10-3 1.69- 10 3 0.026 2.01 • 10-" 0.0052

375 1.88 10-3 1.68 • lO"3 0.026 2.00 • 10" 0.0051

451 1.86 10-3 1.66 lO"3 0.025 1.97 • 10"" 0.0051

measurement no. 2

^obs 1nm it/s-l *t-*c/s-l <Pt->c kc_H/ s <Pc->t

288 1.88 • 10-3 1.67 • lO"3 0.026 2.07 • 10" 0.0053

358 1.87 • 10-3 1.66 • lO"3 0.025 2.06 • 10" 0.0053

375 1.86 10-3 1.66 • lO"3 0.025 2.05 • 10"" 0.0053

451 1.85 10-3 1.65 • lO"3 0.025 2.05 10"" 0.0053

mean" 1.87 • 10-3 1.67 • lO"3 0.025 2.02 10"" 0.0052

stdv" 0.01 • lO3 0.01 • lO"3 0.001 0.04 10" 0.0001

"Calculated from both measurements.
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Datafor the isomerization of(E)-8.

Cf/M

Amax/nm

Aobs / nm

isosbestic points / nm

Aexc / nm

/q /Esec-1 cm-2

2.24 • 10"5

528

380, 390, 434,445

413, 544

390

1.14- 10"8

HPLC datafor the isomerization of(E)-8.

measurement no. 1 measurement no. 2

Cf/M 1.54 10"5 1.52- 10"5

Cf/M 7.00 • 106 7.20 10"6

% trans 68.75 67.86

% cis 31.25 32.14

Et/M^cm^atXexc 59241 59241

ec / M"1 cm"1 at Xexc 28362 26741

A* 1.099 1.093
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Kinetic data and quantum yieldsfor the isomerization of(E)-8

measurement no. 1

^obs 1nm k/s'1 K*'*'1 <^->c ^C-H 1 s" <&b-H

380 4.70 10-3 1.47 10-3 0.0026 3.23 • lO"3 0.012

390 4.76 10-3 1.49 • 10-3 0.0026 3.27 • lO"3 0.012

434 4.83 • 10-3 1.51 • lO3 0.0027 3.32 • lO"3 0.012

445 4.84 • 10-3 1.51 • lO"3 0.0027 3.33 lO"3 0.012

measurement no. 2

Aobs / nm k/sA fct-V"1 <Pt->c &C-H / S" <Pc->t

380 4.71 • 10-3 1.51 lO"3 0.0027 3.20 • lO"3 0.012

390 4.72 • 10-3 1.52-10-3 0.0027 3.20 • lO"3 0.013

434 4.85 10-3 1.56 lO"3 0.0027 3.29 • lO3 0.013

445 4.85 • 10-3 1.56 lO'3 0.0027 3.29 • lO"3 0.013

mean" 4.78 10-3 1.52 lO"3 0.0027 3.27 • lO"3 0.012

stdva 0.07 • 10-3 0.03 • lO3 0.0001 0.05 lO"3 0.001

"Calculated from both measurements.
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Solvent Dependence Studies

The following tables list the experimental conditions used for the solvent dependence

studies of the trans-cis isomerization for D-A TEE 7 from Chapter 4.

Datafor the isomerization of(E)-7 in CCI4.

Cf/M 2.84 10"5

^nax/mn 461

A^bs / nm 365,381,451,461

isosbestic points / nm 307,401,512

Aexc / nm 451

/0 / E sec"1 cm"2 1.15 • 10"8

HPLC datafor the isomerization of(E)-7 in CCI4.

C/M 4.58 • 10"6

Cf/M 2.38 • 10"5

% trans 16.1

% cis 83.9

^t/M"1 cm"1 atA^c 25352

£c / M"1 cm"1 at Xexc 15331

A6"
Aexc

0.481
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Kinetic data and quantum yieldsfor the isomerization of(E)-7 in CCI4.

Aobs / nm k I s'1 k^c I s"1

365 2.64 IO-3 2.21 10"3

381 2.61 10-3 2.19 10-3

451 2.58 10-3 2.16 IO-3

461 2.58 • 10-3 2.17 • 10"3

<Pt->c

•100
Vk's'1

<&c->t

•100

0.55 4.25 • 10"4 0.17

0.54 4.22 10"4 0.17

0.53 4.16 • 10"4 0.17

0.53 4.17 • 10"4 0.17

mean 2.60 10-3 2.18 10-3 a54 4.20 10"4 0.17

stdv 0.03 • 10-3 0 02 . io-3 0.01 0.04 • 10"4 0.00

Dataforfor the isomerization of(E)-7 in THF.

Cf/M 2.84 10"5

Am^/nm 470

Aobs/nm 375,451,470

isosbestic points / nm 304,407,537

Aexc/nm 451

/o/Esec-'cm-2 8.21 • 10"9

HPLC datafor the isomerization of(E)-7 in THF.

Cf/M 8.34 10"6

C^/M 2.01 10"5

% trans 29.3

% cis 70.7

VM"1 cm"1 at *,,,«. 23134

ec /M^cm-'atA^c 14978

A^ 0.494
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Kinetic data and quantum yields for the isomerization of(E)-7 in THF.

Aobs / nm k I s"1 kx^)C I s"1

375 4.84 • 10"4 3.42 10"4

451 5.52 10"4 3.91 • 10"4

470 5.56 • lO4 3.93 • 10"4

•100
fcc^t/s"1

•100

0.13 1.42 • lO"4 0.084

0.15 1.62 • 10"4 0.096

0.15 1.63 • 10-* 0.096

mean 5.31 10"4 3.75 lO"4 0.14 1.56- 10"4 0.092

stdv 0.40 -lO"4 0.29 • 104 0.01 0.12-10"4 0.007

Datafor the isomerization of{E)-7 in ethanol.

Cf/M 2.84 10"5

^max/nm 461

Aobs/nm 358,375,451,461

isosbestic points / nm 272, 304, 404, 533

Aexc/nm 451

IQ/Esec-lcm2 8.21 10"9

HPLC datafor the isomerisation of(E)-7 in ethanol.

Cf/M 7.79-10"6

C^/M 2.06 10"5

% trans 27.4

% cis 72.6

Et/M-'cm^at^ 21690

£c / M"1 cm"1 at X,exc 13254

A^ 0.442
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Kinetic data and quantum yieldsfor the isomerization of(E)-7 in ethanol.

Aobs/nm k/s- £,_>,./s-1
•100

f/s-l
<&c->t

•100

358 1.92 10-4 1.39 lO"4 0.054 5.26 lO"5 0.033

375 1.91 10-4 1.39 lO"4 0.054 5.25 lO"5 0.033

451 1.89 10-4 1.37 lO"4 0.053 5.20 lO5 0.033

461 1.90 10-4 1.38 lO"4 0.054 5.20 lO"5 0.033

mean 1.91 10-4 1.38 lO"4 0.054 5.23 lO"5 0.033

stdv 0.01 lO-4 0.01 lO"4 0.001 0.03 lO"5 0.000

Datafor the isomerisation of(E)-7 in CHCls.

Cf/M 2.89 • lO"5

^max/nm 468

A,obs / nra 363,375,451,468

isosbestic points / nm 413

Aexc / nm 451

/0 /Esec1 cm"2 3.93 • 10"9

HPLC datafor the isomerization of(E)-7 in CHCI3.

Cf/M

Cf/M

% trans

%cis

et/M^cnWatX^,.

ec IM"1 cm-1 at A^

A6"
Aexc

8.73 • 10"6

2.02 • lO"5

30.2

69.8

17889

12417

0.407
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Kinetic data and quantum yields for the isomerization of(E)-7 in CHCI3.

Aobs/nm k/s' it^c/s-1
•100

^'s'1
<pc-K

•100

363 4.79 10-5 3.34 10-5 0.032 1.45 lO"5 0.020

375 4.94 10-5 3.45 lO"5 0.033 1.49 lO"5 0.020

451 6.57 10-5 4.58 10"5 0.044 1.98 lO"5 0.027

468 6.30 10-5 4.40 10-5 0.042 1.90 lO5 0.026

mean 5.65 10-5 3.94 lO"5 0.038 1.71 lO"5 0.023

stdv 0.92 10-5 0.64 lO5 0.006 0.27 lO"5 0.004

Datafor the isomerization of(E)-7 in MeCN.

Cf/M

Amax/nm

Aobs / nra

isosbestic points / nm

^exc Inm

Iq IE sec"1 cm"2

2.89 • lO"5

469

291, 349, 375, 469

307, 405, 539

291

3.34 10"9

HPLC datafor the isomerization of(E)-7 in MeCN.

Cf/M

% trans

%cis

Et/M^cm^atkexc

£c / M1 cm"1 at X.exc

A^

1.18 • lO"5

1.71 • lO"5

40.8

59.2

31972

26235

0.826
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Kinetic data and quantum yieldsfor the isomerization of(E)-7 in MeCN.

A^bs/nm fc/s"1 *t->c/s" <Pt->c *c-K 1s $b-H

291 3.70 10-3 2.19 10-3 0.020 1.51 • 10-3 0.017

349 4.61 10-3 2.73 to3 0.025 1.88 10"3 0.021

375 4.57 10-3 2.70 • 10-3 0.025 1.87 lO-3 0.021

469 3.43 10-3 2.03 • to3 0.019 1.40 • lO"3 0.016

mean 4.08 • 10-3 2.41 • 10-3 0.022 1.67 • lO"3 0.019

stdv 0.60 • 10-3 0.36 • 10-3 0.003 0.25 lO"3 0.003
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Temperature Dependence Studies

The following tables list the experimental conditions used for the temperature

dependence studies of the trans-cis isomerization for A-A DEE 3 from Chapter 4. All

studies were conducted in 1,4-dichlorobutane.

Datafor the isomerization of(E)-3.

Cf/M 2.47 10"5

Amax/nm 372

*obs 1 n 316, 372

isosbestic points / nm 326, 426

Aexc / nm 372

HPLC datafor the isomerization of(E)-3.

T/°C C^/M Cf/M % trans % cis

6.5 1.36 10"5 1.11- 10"5 55.1 44.9

14.0 1.35 • 10"5 1.12 10"5 54.7 45.3

21.0 1.33 • 105 1.14- 10"5 53.9 46.1

32.5 1.28 • 10"5 1.19 10"5 51.8 48.2

47.5 1.20 • 10'5 1.27 • 10"5 48.6 51.4

65.0 1.21 • 10"5 1.26 10"5 49.0 51.0
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Table continued.

T/°C Ej/M-icm-1 £c/M-^m-i ^eq

at ^xc at ^exc
rac

6.5 50931 21562 0.932

14.0 49068 20140 0.888

21.0 48259 19049 0.859

32.5 47733 19917 0.848

47.5 46720 20894 0.826

65.0 45587 20190 0.859

ic data and quantum yields for the isomerization of(E)-3.

T / °C 70 ' E

sec-1 cm-2

6.5 5.45 • 10"10

II it

14.0 5.48 1010

21.0 5.43 • 1010

II II

32.5 5.48 • 10"10

l» II

47.5 5.45 • 10"10

65.0 5.45 • 1010

Aobs / nm k/s'1 kt-^c/s'

10-3 2.95 10-3

10-3 2.60 10-3

10-3 3.50 10-3

10-3 2.73 10-3

10-3 2.99 10-3

10-3 2.86 10-3

10-3 3.54 10-3

10-3 3.13 10-3

10-3 3.81 10"3

10-3 3.28 10-3

10-3 3.78 10"3

10-3 3.28 10-3

316

372

316

372

316

372

316

372

316

372

316

372

6.57

5.78

7.71

6.02

6.48

6.19

7.35

6.50

7.41

6.38

7.40

6.43
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Appendix III

Table continued.

T/°C «k- l/B-1 <Pc

6.5

14.0

21.0

32.5

47.5

65.0

0.11 3.62 10-3 0.32

0.10 3.18 10-3 0.29

0.13 4.22 10-3 0.39

0.10 3.29 10-3 0.30

0.11 3.49 10-3 0.34

0.11 3.33 10-3 0.32

0.13 3.81 10-3 0.35

0.12 3.37 10-3 0.31

0.15 3.60 10"3 0.31

0.13 3.10 10-3 0.26

0.15 3.63 10-3 0.33

0.13 3.15 10-3 0.29
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