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SOMMAIRE 

Au cours des dernieres decennies, la recherche dans le domaine des polymeres 

organometalliques a subi une expansion rapide. Les applications les plus notables sont 

certainement dans le domaine des dispositifs photoniques comme les cellules 

photovoltai'ques et les diodes electroluminescentes. 

Ce memoire comprend quatre sections de recherche. La premiere section annonce la 

synthese et la caracterisation de polymeres organometalliques contenant des composantes 

de platine(II) trans-di-yne bisphosphine et les derives substitues de quinone diimine et 

benzenediamine avec les composes modeles correspondants. 

En effet, les nouvelles composantes d'assemblage (Chapitre 2) ont les structures 

suivantes : H-C=C-C6H4-N=C6X4=N-C6H4-C=C-H et H-C=C-C6H4-NH-C6X4-NH-C6H4-

C=C-H (X = H, F, CI). Ces dernieres ont servi de ligands. Ces nouveaux ligands etaient 

complexes avec le /rara-PtChl^ (L=PBu3) pour former les polymeres cibles. La 

spectroscopic UV-vis a fourni l'evidence de la conjugaison. Cette derniere a aussi ete 

corroboree par des calculs DFT. Les ligands, les composes modeles et les polymeres 

demontrent des comportements electrochimiques varies, des vagues de reductions 

irreversibles (pour le compose quinone diimines) et des vagues d'oxydations reversibles 

(pour le benzene diamine). Celles-ci pouvant se caracteriser par deux vagues d'un 

electron chacun, ou par une seule vague impliquant un processus de transfert a deux 

electrons. 

Les polymeres nouvellement synthetises ont des grandeurs variant de 10 a 30 unites 

determinees par la chromatographic de permeation de gel (GPC). De plus, ces polymeres 

demontrent des proprietes de luminescence. Les produits ont ete caracterises par RMN 'H 

et 3IP, IR, UV-vis, analyse elementaire, cristallographie a rayons-X (lorsque possible), 

analyse termogravimetrique (ATG), des etudes electrochimiques, spectroscopic de 

luminescence, la photophysique et la spectrometrie de masse. L'absence de conductivity 

electrique dans les materiaux obtenus nous a mene vers le developpement de cellules 

solaires a pigment photosensible (DSSC) du type Gratzel. Ce type de cellules n'exige pas 
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que le polymere ou le materiel photoactif soit conducteur etant donnee que le processus 

de regeneration du recepteur photoactif est accompli via l'iode/iodure dans une solution 

aqueuse a l'interieure meme de la cellule. Ces DSSC sont des cellules solaires de type 

liquides par opposition aux cellules solides a base de plastique. Neanmoins, de nouvelles 

analyses seront necessaires afin d'ameliorer et d'optimiser les proprietes photoniques des 

materiaux nouvellement developpes. 

La deuxieme section (Chapitre 3) de ce projet traite des derives de l'anthraquinone 

diimine et l'anthracene diamine. Le but de cette modification de structure etait 

d'augmenter la rigidite et la stabilite du ligand (Chapitre 2) le long de l'extension de la 

conjugaison, permettant ainsi d'ouvrir la porte a une nouvelle classe de polymeres. Le 

residu anthracenyl permet aussi la possibility de brancher des groupes pendants 

electrochimiquement actifs. En effet, l'anthraquinone diimine a ete etudiee avec different 

type de substituants. Le brome et des groupes amino ont ete utilises afin de changer la 

densite electronique dans l'unite anthraquinone afin d'incite une perturbation des 

proprietes photophysiques. Ces groupements ont aussi apporte certaine modification des 

proprietes electrochimiques. 

Les polymeres nouvellement synthetises sont de grandeurs variant de 5 a 17 unites 

determinees par la chromatographic de permeation de gel (GPC). Ces polymeres 

demontrent aussi des proprietes de luminescence. La caracterisation des nouveaux 

composees s'est effectuee en utilisant le RMN 'H et 31P, l'IR, l'UV-vis, la spectrometrie 

de masse, les analyses elementaire, la cristallographie a rayons-X (lorsque possible) ainsi 

que des etudes electrochimiques, spectroscopiques et photophysiques. 

Les deux dernieres sections (Chapter 4 et 5) traitent de synthese et caracterisation (RMN 

'H, l'IR, l'UV-vis et la spectrometrie de masse) de plusieurs quinones diamine decoulant 

de projets secondaires et inacheves. II est aussi question dans cette partie de quinone 

diimine ayant une structure dendrimerique. Etant donnee le niveau embryonnaire de ces 

projets, il est uniquement question d'analyses structured des produits obtenus. Ces 

materiaux pourront, entre autres, servir de point de depart de projets futurs ou meme etre 

utilise en tant que precurseurs pour de futurs materiaux photoniques. 
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SUMMARY 

In the last few decades, research in the field of organometallic polymers has been in rapid 

expansion. The most notable applications are certainly photonic devices such as solar cell 

and light emitting diode. 

This master's thesis comprises four experimental sections. The first section reports the 

synthesis and characterization of organometallic polymers containing the trans-

platinum(II) di-yne bisphosphine building blocks and substituted derivatives of quinone 

diimine and benzenediamine along with the corresponding model compounds. This work 

will be submitted to Inorganic Chemistry for publication. 

Indeed, these new assembling building blocks (Chapter 2) will served as ligands and 

exhibit the following structures: H-C=C-C6H4-N=C6X4=N-C6H4-C=C-H and H-C=C-

C6H4-NH-C6X4-NH-C6H4-C=C-H (X=H, F, CI). These new ligands were reacted with the 

trans-PtC^I^ (L=PBu3) complex to form the target polymers. Evidence for conjugation 

was provided by UV-vis spectroscopy and was corroborated by DFT computations. The 

ligands, model compounds and polymers sometimes exhibit electrochemically reversible 

and sometimes irreversible reduction waves (for the quinone diimines) and reversible 

oxidation waves (for the benzene diamines). These can be either two waves of one 

electron each, or a single wave involving a two electron transfer process. The new 

polymers exhibit 10 to 30 units in solution as determined by gel permeation 

chromatography (GPC). Moreover, these polymers exhibit luminescence properties. The 

products were characterized by *H and 31P NMR, IR, UV-vis, elemental analysis, X-ray 

crystallography (when possible), TGA (thermogravimetric analysis), electrochemical 

studies, luminescence spectroscopy, photophysics, and mass spectrometry. 

The absence of electrical conductivity in the solid state prompted us to investigate the 

development of dye sensitized solar cells (DSSC) of the Gratzel cell type, since this type 

does not require the polymer or dye material to be conductive as the regeneration process 

is accomplished via iodine/iodide in aqueous solution. These DSSC are liquid solar cell 

as opposed to the solid state plastic cells. The polymers were found to have potential 
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applications in such devices but further analysis is needed for fine tuning and 

optimisation. 

The second section of this project (Chapter 3) deals with the anthraquinone diimine and 

anthracene diamine derivatives. The aim of this structure modification was to increase the 

rigidity and the stability of the ligand (with respect to those described in Chapter 2) 

along extending the conjugation and in order to explore a new class of polymers. The 

anthracenyl residue also includes the possibility of branching redox active pendant 

groups. Indeed, the antraquinone diimine was studied with different substituents. 

Bromide and amino groups were used in order to change the electron density in the 

anthraquinone unit which induce a perturbation on the photophysical properties. These 

substituents also have an effect on the electrochemical properties. 

The newly synthesized polymers varied from 5 to 17 units in length, measured using 

GPC. Moreover, these polymers exhibit luminescence properties. The products were 

characterized by 'H and 31P NMR, IR, UV-vis, elemental analysis, X-ray crystallography 

(when possible), TGA (thermogravimetric analysis), electrochemical studies, 

luminescence spectroscopy, photophysics, and mass spectrometry. 

The last sections (Chapter 4 and 5) report the synthesis and characterization (*H and 31P 

NMR, IR, UV-vis and mass spectrometry) of several quinone and anthraquinone 

dendrimeric ligands and quinone-containing spacers as precursors for future 

investigations. Due to the embryonic stages of these projects, only structural analysis of 

the product will be discussed. 
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INTRODUCTION 

Over the past two decades, the development of new materials has been the main objective 

of organometallic chemistry (1). Materials science is in constant and flourishing progress 

as evidenced by the growth of scientific journals such as Advanced Materials, Chemistry 

of Materials, and Applied Materials and Interfaces. From this progress, numerous novel 

applications are frequently reported. The applications detailed herein are examples of the 

great importance of this area in chemistry. The applications include LED (2), 

photovoltaics (3) and liquid crystals for digital imaging (4). Even though this field of 

science is in constant evolution, there is still a large amount of subjects left to be 

investigated in order to fully understand and optimise photonic devices. 

The origin of organometallic polymers stems from the possibility of modifying the 

properties of known conjugated organic polymers. Indeed, organic polymers exhibit 

many interesting properties but also present many limitations. For example, except for the 

fluorocarbons and a limited number of aromatic containing polymers, only a few 

polymers have the ability to withstand high temperatures for a prolonged period of time. 

Typically, holding the temperature above 15CC will result in either melting or 

decomposition of the polymeric organic material. In addition, many organic polymers 

have the tendency to dissolve or swell in hot organic liquids. 

Moreover, to our knowledge, no organic polymers have been produced that are able to 

withstand prolonged exposure to UV radiation. This behaviour has a consequence on the 

use of organic-based photocells in outer space, and so there is a need for the development 

of cheap, but UV-photostable, photocells. Also, medicine needs biologically stable 

polymers for internal artificial organs. All of the stated limitations of organic polymers 

are reasons for polymer chemists to attempt to replace some carbon atoms in polymers by 

metallic elements in order to expand the range of attainable properties and overcome 

some disadvantages such as temperature and light sensitivity. Metals and their alloys 

possess many important properties that are absent in organic matter. They are tough, 

ductile, and generally possess satisfactory high temperature behaviour. Metals are 
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conductors, but also heavy and prone to corrosion. They also require high energy input in 

order to obtain them in their elemental state. Their combination with organic materials, 

especially in polymers, often produces the best assets of both components, but at a higher 

cost. Nonetheless, if inconveniences such as aging are overcome, then the higher price for 

the device maybe acceptable from a commercial point of view. 

The integration of metals into polymeric chains has made possible the emergence of 

properties atypical to conventional organic polymers. Properties vary widely. 

Homogeneous and heterogeneous catalysis (5), luminescence (and electroluminescence 

for LED) (5), and electrical conductivity (6) are only a few. These polymers are mainly 

used in the making of photonic devices. 

There are numerous examples of platinum(II) diethynyl-containing polymers in the 

literature. For example, K.A. Bunten and A.K. Kakkar (7) have reported two very similar 

polymers with different properties. Polymer A (Figure 1) is a semi-conductor (2.5 x 10"3 

S/cm) which is fluorescent at 400 nm at 298 K. It is possible to obtain polymer B (Figure 

1) by treating compound A with methyl iodide. Polymer B is an insulator but when in 

contact with an iodine vapour, it becomes a semi-conductor (3.4 x 10"3 S/cm). W.-Y. 

Wong et al. (8) synthesized polymer C (Figure 1) which contains a fluorene and is 

thermally stable up to 350°C. This polymer contains 116 monomer units according to gel 

permeation chromatography (GPC), which is very high for a platinum containing 

polymer. This polymer also has a very low HOMO-LUMO band gap of 1.58 eV (600 

nm). Polymer D (Figure 1) was reported by Irvin et al. (9) and contain a Pt(I)-Pt(I) bond 

in the polymer backbone. Unfortunately, this polymer is only very weakly soluble in 

common solvents and has been characterized using only a few techniques (IR, FAB-MS, 

elemental analysis). 
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Figure 1 : Literature examples of organometallic polymers (6,8,9) 

These few examples illustrate the wide diversity of ligands in organometallic polymers. 

Moreover, these polymers exhibit optical (luminescence and electroluminescence) and 

conductive properties and their potential applications explain why numerous research 

groups are presently investigating these types of materials. 

These conjugated organometallic polymeric materials contain the well known and fully 

characterized building block bis(ethynylaryl)bis(phosphine)platinum(II), Ar-C=C-PtL2-

C=C-Ar (Ar = aromatic group). These fragments are used in the synthesis of new cyclic 

or acyclic organometallic oligomeric and polymeric materials. They can also be used in 

the synthesis of dendrimers and star-shaped molecules. The cis- and trans-Ar-C=C-PtL2-

C=C-Ar are photoluminescent (10), but only the trans was used in the following studies. 

o—P-o a/fo 
PR3 

frans-bis(ethynylbenzane)bis(phosphine)platinum(ll) frans-quinone diphenyldiimine 

Figure 2 : Building blocks used for the synthesis of the polymers. 
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The quinone diimine fragment is non-luminescent but exhibits redox properties in 0.1 M 

trifluoroacetic (TFA) acid solutions. The N,N'-diphenyl-l,4-phenylenediamine is its 

corresponding reduced form. The quinone diimine is often studied in comparison with the 

protonated emeraldine conducting polyaniline polymer (11). Quinone diimine bearing 

different groups on the quinone have been reported by our lababoratory (tetramethoxy, 

tetraethoxy and tetramethyl see Figure 3). 

Figure 3 : Previously reported quinone diimines in the platinum(II)-containing 

polymers ( C=C-PtL2-C=C-spacer-) (12,13,14) 

This thesis reports new conjugated organometallic polymers exhibiting the structure 

([ethynyl-metal-ethynyl]-[quinone diimine or benzene diamine]),, where ([ethynyl-metal-

ethynyl] is the /rara-PtL^C^C-^ and the [quinone diimine or benzene diamine] is -C=C-

C6H4-N=C6H4=N-C6H4-C=C- and -C=C-C6H4-NH-C6X4-NH-C6H4-CC- (X = H, F, CI). 

The absorption and electrochemical properties and Gratzel cell are also. 

The aim of the project is to synthesize new conjugated polymers built upon substituted 

quinones and para-phenylene diamine of the type -N=C6X4=N- and -NH-C6X4-NH-, (X 

= H, F, CI), respectively, and /raws-bis(phenylacetylene)bis(tributylphosphine), -C=C-

Pt(PBu3)-C=C-, along with their model compounds, as well as innovative functionalized 

anthraquinone diimine and 9,9'-anthracene diamine analogues. The sought for properties 

would be photoactivity, conductivity and electrochemicaly active. Some related multi-

branched quinone and anthraquinone diimine derivatives are also prepared. The new 

spacer 

spacer = 
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materials were tested in different dye-sensitized solar cell (DSSC) but without 

meaningful results, more analysis is required in order to assess the full potential of the 

prepared material in such devices. The redox and absorption properties of these polymers 

were also studied. 
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CHAPTER 1 

Theory 

1.1 Polymers (15) 

In order to understand polymers (Figure 4), we first need to take a look at the word 

"polymer" which is derived from the Greek words noh) (poly), meaning "many"; and 

ji6poq (meros), meaning "part" (16). The term was coined in 1833 by Jons Jakob 

Berzelius, although his definition of a polymer was quite different from the modern 

definition. He used this term in order to describe organic compounds which shared 

identical empirical formulas but differed in overall molecular weight, the larger of the 

compounds being described as "polymers" of the smallest. According to this (now 

obsolete) definition, glucose (C6H12O6) would be a polymer of formaldehyde (CH2O). A 

polymer is now described as being a large molecule composed of repeating structural 

units typically connected by covalent chemical bonds. These units are monomers which 

represent the smallest identifiable repetitive unit. While polymer in popular usage 

suggests plastic, the term actually refers to a large class of natural and synthetic materials 

with a variety of properties and purposes. 

Figure 4 : Schematic representation of a polymer 

The conformation of polymers can be stretched, static or folded. Single bonds can freely 

rotate leading to folded conformations. Factors such as steric hindrance, bridging ligands, 

and multiple bonds prevent free rotations and force the polymer to exhibit a stretched 

character (15). 

The polymeric chain growth is a random process. For this reason, bulk polymers consist 

of polymeric chains that differ in length. In order to express this property, we need to 

n 
= monomer unit 
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refer to a molecular mass distribution. The number of monomeric units in the polymer is 

termed the degree of polymerization (DP). As such, we refer to the term oligomer when 

the DP has a value varying between two and a few tens of units (17). Because polymers 

consist of distributions of molecular masses, it is necessary to speak in terms of averages 

of molecular masses. Two of them are important: the number average molecular mass 

(Mn) and the weight average molecular mass (Mw). 

An example of the distribution of polymer chain molecular masses in a specific polymer 

is illustrated in Figure 5. The number average molecular mass is equal to the sum of all 

masses present, each one pondered by its fraction in number as can be seen in equation 

1.1 where N, is the number of molecules in moles that has a molecular mass of M, in 

g/mol. 

M-=J% [1.1] 
I*, 1=1 

The weight average molecular mass is the sum of all masses present, each pondered by its 

fraction in weight as shown in equation 1.2. 

M = — 
A [1-2] 

1=1 

In addition to these two main number average molecular mass, two other measures can 

sometimes be used, the maximum weight (Mp) and the average molecular weight (Mz). 

The first one being only the maximum given by the measurement method and the latter 

being calculates using equation 1.3 where where N, is the number of molecules in moles 

that has a molecular mass of M, in g/mol. 

il £i NtMf Mz = Z 1 \ [1.3] 
2 Zi NiMf 
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polymer f^\ 

Mass of chains 

Figure 5 : Example of a distribution of polymer chain molecular masses (18) 

Both values are similar when the distribution is very sharp and vary inversely as the 

distribution broadens. The ratio of averages of molecular masses is equivalent to the 

distribution coefficient of molecular masses. This index is called the polydispersity index 

(PD) and is defined PD < 1.2 (equation 1.4) (18). 

There exist three types of architecture of polymers: linear (polyethylene), branched 

(dendrimer), and network (rubber). In linear polymer architecture, the chains contain a 

backbone, lateral groups, and terminal groups. The chains are intertwined in order to 

form a statistical domain (Figure 6). 

[1.4] 
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Linear polymer: Statistical domain: 

—  [ j ) n M  

•H = terminal group 

^ = lateral group 

Figure 6: Schematic representation of a linear polymer and zooming of a 

statistical domain 

The two other forms of architecture are obtained when the monomeric units making the 

polymer possess functionality (number of links going toward chains) greater than two. 

The structures consist of multiple linear chains attached together. Branched polymers, 

star polymers and dendrimers (Figure 7) are part of the branched category. The points of 

origin of the branches are typically distributed in an irregular fashion. Network polymers 

are linked together by bridges or by polymerising monomer units with an average 

functionality greater than two (Figure 8). These polymers are extremely robust because 

they have a large number of attachments between their chains. This can be seen in the 

rubber polymer after the vulcanisation process, which inserts disulfide bridges between 

the chains (19). 

branched star dendrimer 

Figure 7 : Schematic representation of different types of branched polymers 
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Figure 8 : Scheme representing a network polymer architecture 

A polymer composed of only one type of monomer is called a homopolymer. For 

example, the polymer {[Pd2(dppe)2(dmb)]2(BF4)}„ (dppe: bis(diphenylphosphino)ethane, 

dmb: 1,8-diisocyano-p-menthane) (20) is a homopolymer because it is made of a single 

repeating unit. It is also possible to build polymers using different monomeric units. 

These are called copolymers and are built by the linkage of two or more chains of 

different monomers. Figure 9 shows the different types of copolymers: alternating, 

statistic, block, and graft. 

Polymer architecture is one way of classifying polymers but they may also be classified 

according to their mechanical response at elevated temperatures. They are separated into 

three distinct categories: thermoplasts, thermosets, and elastomers. Thermoplast polymers 

soften when heated and harden when cooled. Simultaneous application of heat and 

pressure is required to fabricate these materials. On the molecular level, when the 

temperature is raised, secondary bonding forces are diminished so that the relative 

movement of adjacent chains is facilitated when a stress is applied. Thermoplastics are 

very soft and ductile (21). 
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Figure 9 : Scheme of homopolymers and of different types of copolymers 

Thermosetting polymers become soft during their first heating and become permanently 

hard when cooled. They do not soften during subsequent heating. Hence, they cannot be 

remoulded/reshaped by subsequent heating. In thermosets, during the initial heating, 

covalent cross-links are formed between adjacent molecular chains. These bonds anchor 

the chains together to resist the vibration and rotational chain motions at high 

temperatures. Cross linking is usually extensive in that 10 to 15% of units in a chain are 

cross linked. Only heating to excessive temperatures will cause breaking of these 

crosslink bonds and lead to polymer degradation. Thermoset polymers are harder, 

stronger, and more brittle than thermoplastics and have better dimensional stability. 

Thermosets cannot be recycled as they do not melt, but are usable at higher temperatures 

than thermoplastics, and are more chemically inert (22). 

Elastomers are rubbery polymers that can be easily stretched to several times their 

unstretched length and which rapidly return to their original dimensions when the applied 

stress is released. Elastomers are cross-linked, but have a low cross-link density. The 

polymer chains still have some freedom to move, but are prevented from permanently 

moving relative to each other by the cross-links. To stretch, the polymer chains must not 

be part of a rigid solid, either a glass or a crystal. An elastomer must be above its glass 
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transition temperature (Tg) and have a low degree of crystallinity. Rubber bands and other 

elastics are made of elastomers. 

Most small molecule behaviour can be understood in terms of three states: gas, liquid, 

and solid. Polymers are large molecules with strong intermolecular forces and tangled 

chains, and do not have a vapour phase because they decompose before the temperature 

gets high enough to form a vapour. In addition, the length of polymer molecules also 

makes it difficult for the large crystals found in the solid phases of most small molecules 

to form. Instead, solid polymers can be modeled in terms of two phases: crystalline and 

amorphous. Thus the behaviour of polymers can be better understood in terms of three 

phases: melt, crystalline, and amorphous (22). The crystallinity (capacity of the chains to 

become organised in a symmetric fashion in space) of a polymer can also be used as a 

basis for its classification. It can be amorphous, crystalline or semi-crystalline. An 

amorphous polymer lacks the ability to organise its chains in a regular fashion. When a 

polymer has the ability to get its chains aligned parallel to one another, the polymer is of 

crystalline character. Semi-crystalline polymers have both crystalline and amorphous 

regions (Figure 10). 

Crystalline polymer 

Semi-crystalline polymer 

Amorphous Crystalline part 
part 

Amorphous 
part 

Figure 10 : Scheme representing a crystalline and a semi-crystalline polymer 

The percentage of the crystalline regions is called the degree of crystallinity. Polymers 

that are comprised of non-branched chains with little or no bulky lateral groups tend to be 
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more crystalline. Thermoplastics tend not to crystallise due to their bulky or irregularly 

dispersed groups. Thermoset polymers are generally amorphous and elastomers are 

amorphous polymers above their glass transition temperature. 

There are several ways so synthesize polymers, but there are three main processes: 

polycondensation or step-growth polymerization, chain growth polymerization or 

addition polymerization, and coordination polymerization. Polycondensation refers to a 

polymerization in which the growth of the polymer chains proceeds by condensation 

reactions between molecules of all degrees of polymerization (23). The growth steps are 

expressed by: 

where Px and Py denote a chain of any degree of polymerization x and y, and L is a low-

molar-mass by-product. The step-reaction polymerization process involves addition and 

condensation of monomer in either a stepwise kinetics or step growth kinetics; referring 

to the polymerization in which the molecular weight will increase in a slow stepwise 

manner as the reaction time increases. At the beginning of the reaction only R and R1 

monomers are present. After some time, all the monomers have reacted but no chain is 

greater than n. As polymerization continues, longer chain will grow from n and 

eventually all the chains will connect and ultimately produce the polymer (Figure 11). 

Step growth polymerization is often used for the incorporation of a metal into the 

polymeric chain (Scheme 1) (24). 

PX + PY -* PX+Y + L [1.5] 

{x} G {1,2,... oo}; {y} G {1,2,... oo} 

Figure 11: Step-growth polymerization reactions 
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vggSr-CH2CH2OH O O 
FE C1C-R-CCI 

^CH 2CH2OH OH2CH2C 

o o 
^^ch2CH2OC-R-C-O 

Fe 

Scheme 1 : Example of a step growth polymerization reaction. 

The reactants are initially consumed with few long chains formed. Only when most of the 

monomer is consumed will the resulting chains grow further by inter-chain linkage. 

In contrast, chain-growth reactions require initiation of the chain and as the reaction 

proceeds the chain grows by addition of monomer to the end of the chain. Formation of 

polystyrene is a good example of the chain-growth mechanism. The initiator reacts with 

the styrene monomer creating a free radical active site which reacts with another styrene 

molecule producing another active site which in turn, reacts with another styrene 

molecule and so on, until a termination step. 

Figure 12 : Chain growth polymerization reactions. 

X* 

L.M44' + 

R' \ 

X* 

R' R 

Xs* 

R1—i 
R 

X* 

Ljfc-
-R 

R' 

Scheme 2 : Chain growth mechanism of olefin polymerization (25). 

The two polymerization processes can be explained in a kinetic manner by plotting the 

molecular weight versus the time. In the stepwise polymerization, the molecular weight 
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growth takes more time in order for it to reach a high molecular weight. The equilibrium 

will favour the polymerization of most single unit before reaching a certain molecular 

weight as explained above. In contrast, the mechanism of chain-growth polymerization 

will allow the polymer chain to reach a large molecular weight in a short period of time 

and will then further react with monomers left in solution. 

Figure 13: Representation of the a) step growth polymerization, and b) chain 

growth polymerization molecular weights versus time. 

The polymerization of vinyl monomer (Scheme 3) is very easy to execute because it 

contains an unsaturated unit and is an electron rich species (or nucleophile). Many of 

these compounds polymerize spontaneously unless polymerization is actively inhibited. 

The simplest way to catalyze the polymerization reaction that leads to an addition 

polymer is to add a source of a free radical to the monomer. The very reactive free radical 

will remove an electron from other species in order to create the lowest possible energy 

state. The longer molecule will often be stabilised by hyperconjugation, resonance, or 

induction, all of which will create a more stable free radical. In the presence of a free 

radical, addition polymers will get synthesized via a chain-reaction mechanism that 

contains chain-initiation, chain-propagation, and chain- termination steps (Scheme 3). 

A source of free radicals is needed to initiate the chain reaction (Scheme 3 a). These free 

radicals are usually produced by decomposing peroxide such as di-tert-butyl peroxide or 

benzoyl peroxide. In the presence of either heat or light, these peroxides decompose to 

form a pair of free radicals. 

The free radical produced in the chain-initiation step adds to an alkene to form a new free 

radical (Scheme 3 b, c). The product of this reaction can then add additional monomers 

MW 

a) time b) time 
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in a chain reaction and whenever pairs of radicals combine to form a covalent bond, the 

chain reactions carried by these radicals are terminated (Scheme 3 d). 

a) RO-OR 2 OR Initiation 

b) f OR 

R 

c) 
-OR 

f 
R 

R 

d>. v 
OR 

"OR 

R R 

R 

RON 

-OR 

R R 

Propagation 

OR Propagation 

"OR Termination 

R R 

Scheme 3 : Representation of free radical polymerization (26). 

At first glance we might expect the product of the free-radical polymerization of ethylene 

to be a straight-chain polymer. As the chain grows, however, it begins to fold back on 

itself. This change in conformation will allow an intramolecular reaction to occur and 

will transfer the reaction site from one end of the polymer to a carbon along the backbone 

(27) (Scheme 4). 

H R H R H R 
Polymer Chain—|—|—|—|—J—<•" 

H H H H H H 
H R i H R Hydrogen transfer 

Polymer Chain—|—|—p~j—Polymer Chain 

H H H H 

H R H R H R 
Polymer Chain—I—I—I—I—|—(—H 

Intermolecular H H H H H H 

H R R 
Polymer Chain———i——Polymer Chain 

H H H H 

H H ' I ' R  

Polymer Chain 
Intramolecular 

H Hydrogen transfer 
Polymer Chain-

H R H R H R 

H ' H H H H 
-H 

Scheme 4: Representation of intramolecular hydrogen transfer leading to a 

transfer of the reaction site. 
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Addition polymers can also be made by chain reactions that proceed through 

intermediates carrying either a negative or positive charge. When the chain reaction is 

initiated and carried by negatively charged intermediates, the reaction is known as 

anionic polymerization. Like free-radical polymerizations, these chain reactions take 

place via chain-initiation, chain-propagation, and chain-termination steps. The reaction is 

initiated by a Grignard reagent or alkyllithium reagent, which can be thought of as a 

source of a negatively charged CH3- or CH3CH2- ion (28). The CH3- or CH3CH2- ion 

from one of these metal alkyls can attack an alkene to form a carbon-carbon bond. The 

product of this chain-initiation reaction is a new carbanion that can attack another alkene 

in a chain-propagation step. The chain reaction is terminated when the carbanion reacts 

with water or any electrophilic neutralizing species added to the solvent in which the 

reaction is run (Scheme 5). 

Scheme 5 : Reactions involved in alkyl lithium initiated anionic polymerization. 

Initiation 

Propagation 

Termination with methanol 

LiOH 

Termination with water 
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Ionic chain growth polymerisation can also occur via a cationic site whereby the 

intermediate that carries the chain reaction during polymerization is a cation. For 

example, the cationic polymerization reaction can be initiated by adding a strong acid to 

an alkene to form a carbocation. The ion produced in this reaction adds monomers to 

produce a growing polymer chain. The chain reaction is terminated when the carbonium 

ion reacts with water or another nucleophile is added to the reaction (Scheme 6). 

Scheme 6 : Schematic representation of acid promoted cationic polymerization. 

In 1963 Karl Ziegler and Giulio Natta received the Nobel Prize in chemistry for their 

discovery of coordination compound catalysts for addition polymerization reactions (29). 

These Ziegler-Natta catalysts provide the opportunity to control both the linearity and 

tacticity of the polymer. Ziegler-Natta catalysts produce linear, rigid polymers with a 

high density and a high tensile strength. Ziegler-Natta catalysts provide, for example, an 

isotactic polypropylene, which is hard, tough, and crystalline. 

A typical Ziegler-Natta catalyst can be produced by mixing solutions of titanium (IV) 

chloride (TiCLt) and triethylaluminum [A1(CH2CH3)3] dissolved in a hydrocarbon 

anhydrous solvent from which oxygen has been rigorously excluded. The product of this 

reaction is an insoluble olive-coloured complex in which the titanium has been reduced to 

the Ti (III) oxidation state (Scheme 7). 

The catalyst formed in this reaction can be described as coordinately unsaturated because 

there is an open coordination site on the titanium atom. This allows an alkene to act as a 

Lewis base toward the titanium atom, donating a pair of electrons to form a transition 

metal complex. 

n 
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The activated alkene is then attacked by the neighboring alkylide chain to form a growing 

polymer chain and vacate a site at which another alkene can bond allowing the process to 

continue. Thus, the titanium atom provides a template on which a linear polymer with 

carefully controlled stereochemistry can grow (30). 

Scheme 7 : Ziegler-Natta polymerization. 

Coordination polymerization is a type of polymerization in which metal cation centers are 

linked by ligands in an extending array. One could describe this kind of polymer as made 

up of coordination complex monomer units. These polymers can also form network-like 

structures. They are classified using their dimensionality (i.e. 1, 2, or 3 dimensional 

structures as shown in Figure 14) (31). 

Insoluble 
complex 

Termination by 
chain transfer 
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One Dimension 

Two Dimensions 

Three Dimensions 

Figure 14: Representation of the dimensionality of coordination polymers, one 

dimension (top), two dimensions (middle) and three dimensions (bottom) where M 

represents the metal and L, the ligand. 

The metal centers (usually low valency "soft" metal ions), also called nodes, are bonded 

to a specific number of spacers at well defined angles. The number of spacers or ligands 

bound to a node is the coordination number. The coordination number, as well as the 

angles at which the ligands are bound, determines the dimensionality of the structure. The 

coordination number and coordination geometry of a metal center is determined by the 

distribution of electron density around the metal center. In addition to the coordination 

properties of the metal, the ability of the ligand to exhibit multiple ways by which it binds 
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to the metal will also play an important role in dictating the overall structure. For 

instance, isocyanide ligands have been found to exhibit four different bonding modes 

(Figure 15) (32). 

Bentm2 Linear m2 Semi-bridging Terminal 

Figure 15 : Different bonding modes of isocyanide ligands. 

Moreover, some coordination polymers have been found to exhibit some interesting 

photophysical properties (equation 1.6, where dmb represents 1,8-diisocyano-p-

menthane) (3350). 

nAg+ + 2n dmb -» (Ag(dmb)2+)2n [1.6] 

1.1.1 Polyanilines (PANI) 

The polyanilines are a very important class of polymers because their salts were found to 

exhibit metallic properties. They were first discovered as long ago as 1910 by Green and 

Woodhead but it was only later following the studies of Epstein and MacDiarmid that 

their conductivity was reported (11, 34, 35). The focus of their research was the study of 

triarylamine oligomers, 'shorter' analogs of polyanilines, for use in 'small-molecule' 

electronics. 100 years after they were initially reported, they remain the focus of intense 

research in developing photonic and electronic materials. In 2000 the Nobel prize in 

Chemistry was awarded to Alan J. Heeger, Alan MacDiarmid and Hideki Shirakawa "for 

their discovery and development of conducting polymers" (36). 

Polyanilines are synthesized by chemical or electrochemical polymerization of aniline. 

The structure of the synthesized material is dependent on the method and conditions of 

synthesis. They exist in three distinct forms of polyaniline bases: their fully reduced 

form, leucoemeraldine (Figure 16 a), partially reduced form, emeraldine (Figure 16 b), 

and fully oxidized form, pernigraniline (Figure 16 c). 
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a) _ 

b) _s 

c) -N 

Figure 16: Scheme illustrating the three possible forms of poly aniline, a) 

leucoemeraldine b) emeraldine c) pernigraniline. 

The polyaniline bases may also form polyaniline salts when treated with strong acids. 

The salts of hydrochloric and various organic sulfonic acids, such as camphorsulfonic 

acid (CSA), are most commonly used. The simple salt units - bications (bipolarons) may 

exist in both a quinoidal (Figure 17 a) and a singlet biradical form (Figure 17 b) (37). 

Figure 17 : Scheme representing the forms of polyaniline salts, a) quinoidal form 

and b) biradical form. 

1.1.2 Rigid rod polymer synthesis 

The most closely related process to this master's thesis is the synthesis of rigid rod 

transition metal acetylide polymers. Numerous synthesis methods have been developed 

for metal acetylide polymers (Figure 18). Polymeric Cu- and Hg-acetylides were 

produced by oxidative coupling of the diyne precursor. The first soluble polymetallaynes 

containing a metal atom in the main chain were the (M=Pt) and (M=Pd) equivalents. 

Since then a variety of new routes have been developed in order to incorporate metals of 

group 8, 9, and 10 into a polymer's main chain (38, 39,40). 
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•fj"-csc-0~CSC4n -(-^c=c-c=c)x|-n 

Figure 18 : Schematic representation of 2D polyynes (M=Pd, Pt) a) with a phenyl as 

spacer and b) without any spacer. 

The first method for the synthesis of metal-acetylide polymer involves the oxidative 

homo-coupling of bis-(terminal alkynyl) complexes in the presence of a catalytic amount 

of copper (I) halide and O2 as the oxidizing agent (Scheme 8, equation 1.7, M = trans-

Pt(PR3)2, ^ra«5-Pd(PR3)2 and Y = benzene, dimethyl benzene or biphenyl). 

R C^=C<D + BH 

Scheme 8 : Mechanism for the conventional synthesis of transition metal o-alkynyl 

complexes using copper iodide. 

CuCl/02 
•M—==—Y —== »» 

TMEDA 
-M = Y-= = Y-

[1.7] 

The second method involves the polycondensation reaction between metal halide and di-

terminal alkynes by a copper (I) halide-catalyzed dehalogenation process as illustrated in 

equation 1.8 and 1.9, where M = fr*a«s-Pt(PR.3)2, /ra«s-Pd(PR.3)2 and Y = benzene, 

dimethyl benzene or biphenyl. This polymerization reaction is typically performed in an 

amine solvent such as diethylamine or pyridine under reflux conditions. In the use of this 

polymerization method, the degree of polymerization will depend upon the exact ratio of 

the difunctional monomer pairs. 
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MC12 + Cat CuX > 4M—-5=—Y—= 
R3N [1.8] 

cat. CuX MC12 + =—=-M = = • -4m = = In 
R3N 11 [1.9] 

The two aforementioned methods achieve high molecular weight (Mw= 60,000-122,000) 

using platinum(II) as the metal, but lower Mw are observed in the case of palladium (Mw 

up to 23 000) (41). These two methods are not compatible with nickel as the metal due to 

the instability of the dihalonickel complexes in amine solvents and in oxidative mediums. 

The method used to synthesize the corresponding nickel(II)-containing acetylide polymer 

is an alkynyl ligand exchange process. This process is catalyzed by Cul in amine solvent 

as shown in equation 1.10 with Ni = fr7ms-Ni(PR.3)2 and Y = benzene, dimethyl benzene 

or biphenyl (42, 43). 

cat. CuX f . i 
Ni(0=CH)2 + • -fNi^^Y = [n + H = H 

R3N [1.10] 

Intermolecular forces and chemical bonding play a very important role in organometallic 

polymers as they influence the properties of the material. Like all other chemical species, 

the chemistry of polymer molecules is governed by their primary and secondary forces. 

Primary forces include ionic, metallic, and covalent bonding. Ionic interactions are 

characterized by the lack of directional bonding and are typical of bonding between 

atoms having large electronegativity differences. Such bonding is not found in a polymer 

backbone. Metallic bonding also lacks a sense of directional bonding due to the fact that 

the number of valence electrons is too small to provide a complete outer shell. This 

results in metals behaving as charged atoms surrounded by a "sea" of electrons. Covalent 

bonding, including dative and coordination, is directional. In coordination bonding, the 

electron pair given by the ligand forms the coordination bond with the metal providing an 

empty orbital. Indeed one can consider the metal as a Lewis acid (electron pair acceptor) 

and the ligand a Lewis base (electron pair donor). The more positively charged the metal 

is the better Lewis acid it is. The ligand can either be charged or neutral, and the charge 
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of the coordination complex is going to be determined by the sum of the charge of the 

metal and its ligands. Coordination bonds are more labile than molecular covalent bonds. 

The parameters affecting the lability of the metal are: the nature, the force and the charge 

of the ligands but also the retrodonation. All of the primary forces are greater than 200 

kJ/mol (44). 

Secondary forces are weaker, in the order of 40 kJ/mol and lower. These are H-bonds, 

van der Waals and n-it stacking interactions, and weak coordination bonds. They may 

play an important role in polymer chemistry in the solid state. The polymer 

supramolecular structure will be governed by these secondary forces. For example, van 

der Waals forces are longer in interaction distance in comparison to primary forces. The 

force of the weaker interactions is inversely proportional to some power of distance, 

generally two or greater (equation 1.11). 

force oc 1—— r = radius [1.111 
(distance)r L J 

1.2 Photophysical Properties 

Photophysical processes include both radiative and non-radiative phenomena. Radiative 

processes are further divided into absorptions and emissions. The absorption process 

leads to excited state species following absorption of a photon of energy whereas 

emission is relaxation from the excited state back to the ground state. 

A molecule in an excited state has numerous possible ways in which it can relax. Figure 

19 shows the different possible relaxation processes: molecular dissociation, direct 

reaction, isomerisation, intermolecular energy transfer, intramolecular radiationless 

transition, luminescence, intermolecular quenching by electron transfer, or gas phase 

ionization. 
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Intermolecular 
quenching of AB by 

electron transfer 
AB+ + R" or AB" + R+ 

AB+ + e" 
Ionization 

(gas phase) 

+R (vii) 
(vi) 

(viii) 

A + B 
Dissociation 
(i.e. reaction) 

AB + A 
Intramolecular 
radiationless 

transition 

AB* 
(i) 

(iv) +R 

+CD„ (iii) 

AR + B or ABR 
Direct reaction AB + CD* 

Intermolecular 
energy transfer 

Isomerization 

Figure 19: Schematic representations of the different pathways by which an 

excited molecule AB* can relax to the ground state or undergo chemical change (45). 

The chemical pathways are (i), (ii), and (iii). 

i. Dissociation 

One possible excited state process for AB* is decomposition of the molecular 

species; meaning that the photon absorbed had sufficient energy to break one or 

more bonds leading to fragmentation. The decomposition process is shown in 

equations 1.12 and 1.13 where M represents the metal and L the ligand. 
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N02* -» NO + O [1.12] 

ML6*-»ML5 + L [1.13] 

Direct reaction 

In this pathway the excitation is used to promote a reaction that is not possible in 

the ground state, either by overcoming the energy barrier or promoted by the new 

electronic arrangement. The reaction can occur in an intermolecular (equation 

1.14 where POP represents HO2POPO2H2") (46) or intramolecular (equation 1.15) 

fashion. 

[Pt2(P0P)4~4]* + CH3CH2OH -» [Pt2(P0P)4H"4] + CH3CHOH [1.14] 

C3H7COCH3* -> C3H6C(OH)CH3 -> C2H4 + CH3COCH3 [1.15] 

Isomerization 

Isomerization or rearrangement is a process similar to a direct reaction except that 

the direct reaction is intermolecular where the isomerization is an intramolecular 

one. Such process is possible when one function of the excited molecule attack 

another one on the same molecule. This reaction pathway can also lead to the E-Z 

(cis-trans) isomerization in which a double bond in the ground state becomes 

essentially a single bond around which rotation can occur in the excited electronic 

state (equation 1.16). Isomerization is also possible via an intermolecular reaction. 

cis-C6H5CH=CHC6H5*^trans-C6H5CH=CHC6H5 [1.16] 

Intermolecular energy transfer 

This intermolecular pathway, collisional or not, will result in a different molecule 

becoming excited by exchanging the excitation energy between a donor (higher 

energy excited state) and an acceptor (lower energy excited state). Following this 

energy transfer step, the new excited species can lose its excitation energy by any 
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of the processes illustrated in the diagram (Figure 19) in which it is able to 

participate (equation 1.17 where By refers to biacetyl). 

CgHgCSJ + By(S0) - C6H6(S0) + By(S1) [1.17] 

v. Intramolecular radiationless processes 

This pathway will also result in the generation of a new excited state but in the 

same molecule with some energy loss in the form of heat. This occurs when a new 

electronic state of the same molecule is populated. These intramolecular processes 

are further divided between internal conversion (IC), equation 1.18, and 

intersystem crossing (ISC), equation 1.19 (46). 

vi. Luminescence 

This pathway is the emission of radiation, by to radiative loss of excitation 

energy. The luminescence phenomenon can be described as either fluorescence or 

phosphorescence for diamagnetic molecules (equation 1.20 and 1.21 where L = 

PBU3) (47, 48). Otherwise it is generally called luminescence. In the case where a 

given molecule AB* has become excited by a chemical reaction, rather than by 

the absorption of radiation, the subsequent emission process is called 

chemiluminescence (Scheme 9) (49). The luminescence can also be generated by 

electricity in which case we refer to it as electrochemiluminescence. An example 

of such a phenomenon is illustrated in equation 1.22 where "bpy" refers to 

bipyridine (50). 

C6H6(S1)^AAr-c6H6(S0)+A [1.18] 

CioHsCS^^AAAr-c^'y + A [1.19] 
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Scheme 9 : Representation of luminol and its chemiluminescence process 

9,10 - Diphenylanthracene* -» 9,10 - Diphenylanthracene + hVf|uor [1.20] 

[Ru(bpy)3]2+(PF6 )2 + e -> [Ru(bpy)3]2+(PF6 )2 + hv + e [1.22] 

vii. Intermolecular collisional quenching 

This collisional process requires the electronic energy to be taken up by a 

molecule (R) in which the excess energy will converted to some translational or 

vibrational excitation of R. This radiationless process is, to some extent, almost 

always encountered in addition to the occurrence of other pathways (as shown in 

equation 1.23) (33) 

viii. Gas phase ionization 

When the excitation energy is large enough, small molecules in the gas phase may 

get ionized (equation 1.24) (51). 

PtL2Cl2* -> PtL2Cl2 + hvphos [1.21] 

C10H8*.... Solvent -» C10H8 + Solvent + A [1.23] 

F(HOCH3) + hv ->F + CH3OH + e [1-24] 
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In diamagnetic molecules whether they contain metals or not, luminescence refers to 

fluorescence and phosphorescence phenomena. Both are going to be thoroughly 

explained in this section. For a more detail explanation of these phenomena, please refer 

to the book by Turro (52). 

Figure 20 represents the absorption, the fluorescence and the phosphorescence 

phenomenon that are going to be covered in this section. 

V= 

S2 Vibrational levels 

v= 

Intersystem crossing S -*• T (ISC) 

Internal 
Conversion (IC) 

Internal 
Conversion (IC) 

So 

Non-radiative Relaxation Phosphorescence Absorption Fluorescence Non-radiative Relaxation 

Figure 20 : Energy level diagram illustrating the radiative processes: absorption, 

fluorescence and phosphorescene (straight lines), and non-radiative processes: 

internal conversion, intersystem crossing and internal conversion from the triplet 

state (wavy lines). 

1.2.1 Absorption 

From a spectroscopic perspective, the absorption can be defined as a molecule's action to 

attenuate the incident electromagnetic radiation. If we refer to quantum theory, every 

atom, ion or molecule has a group of electronic states available. The lower energy state is 

referred to as the ground state (So on Figure 20). In order for the absorption process to 

occur, the energy of the incident photon must be at least be equal to the energy difference 
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between this excited state (Si or S2 in Figure 20) and the ground state (So). Figure 21 

shows the most probable vibrational level in the excited state where absorption occurs the 

most. This vibronic level is the one that exhibit the best overlap with the wavefunction of 

the ground state. In other words, the most probable occurs between the two 

wavefunctions with the best integral overlap (Figure 21). This is the Frank-Condon 

Principle, described below. When the photon is absorbed, the molecular species acquires 

the photon energy resulting in its promotion to a state of higher energy, i.e. a molecular 

excited state R* (equation 1.25). 

R + hv -* R* [1.25] 

After a very short time (10"6 to 10"9s), the excited state species will relax using different 

processes as previously mentioned. The absorption spectrum can generally be measured 

using a UV-visible spectrometer. It is possible to determine at which frequency (cm'1) or 

wavelength (nm) the photon was absorbed by the species. The spectrum is obtained by 

measuring the attenuation of the beam either in absorbance (A) or in transmittance (T or 

T%) mode. Figure 21 is an illustration representing the absorption process and its 

relationship with equations 1.26 and 1.27 permitting the calculation of the absorbance 

and the transmittance. In Figure 21, Po represents the incident beam and P represents the 

transmitted beam. 

T = — ou T% = — x 100% 
P p r° r° [1.26] 

A = log — 

[1.27] 
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Figure 21 : Representation of an absorption electronic transition stressing the 

vibrational overlap of the vibrational function from the starting level (v=0) to those 

in the excited state (right). On the left: representation of the incident light Po passing 

through a sample transmitting some residual light P (53,54). 

1.2.2 Excited State Relaxation Processes 

1.2.2.1 Intra- and intermodular collisional deactivation (55) 

As shown on the state diagram (Figure 20), the wavy lines represent radiationless energy 

conversion, and the vertical wavy lines within a particular electronic state indicate 

molecular relaxation of the vibrational excitation. This important molecular relaxation is 

most often associated with intermolecular collisions. The horizontal wavy lines indicate 

intramolecular energy exchange. 

Electronic energy exchange permitted by the spin selection rule (AS=0) is internal 

conversion (IC), whereas that forbidden by the rule is intersystem crossing (ISC). This 

spin selection rule says that allowed transitions must involve the promotion of electrons 

without a change in their spin which is why the ISCs are forbidden due to the singlet to 

triplet spin conversion. 

In addition to the loss of energy by emission and intramolecular deactivation processes, 

(IC and ISC) energy can also be lost by quenching processes. Quenching processes can 

occur by two processes, electron transfer or energy transfer. In both cases, the excited 

state energy of the luminescent species is deactivated due to the collisional interactions of 
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the quencher. This deactivation process is especially important in the liquid phase where 

collisions are very frequent. In the case of gases at low pressure, collisional processes 

may not be competitive with emission or intra molecular non-radiative processes such as 

IC and ISC. When considering a solid phase species, collision is largely inhibited by the 

rigidity of the structure. The quenching process by intermolecular collision is a particular 

case where the energy transfer happens between an excited molecule, R*, and a 

quenching species, Q such as the solvent (equation 1.28). 

R *  +  Q - * R  +  Q  [ 1 . 2 8 ]  

It is also important to note is that the excited state in the acceptor molecule (Q) is not 

relevant. As for the excited state of the R* species, the electronic excitation usually 

becomes 'degraded' to vibrational, translational, or sometimes rotational, energy in Q. 

The most important point to consider in this process is that the excited species R* has lost 

its excitation and became deactivated. 

1.2.2.2 Intersystem crossing 

El-Sayed has suggested the following rules for spin forbidden intramolecular non-

radiative relaxation between two states of different multiplicity; notably the singlet and 

triplet states (equation 1.29) (56) 

1 or3(n, 7T*) fast3or '(7T, 7I*); 3(n, 71*) slow '(n, 7T*); 3(TI, 7T*) slow ] (n ,  71*) [1.29] 

It is important to consider that the rate of these non-radiative relaxations may be affected 

by the external environment. For Example, the presence of paramagnetic molecules will 

impact the rate of the transitions. The presence of heavy atoms also increases the 

probability of singlet triplet radiative and radiationless transitions by inducing 

appreciable spin-orbit coupling in the chromophore. For example, the substitution of one 

iodine to naphthalene increases the optical emission probability by a factor of nearly 104 

and the rate of T] JWV/—So ISC is nearly 1000 units. 

1.2.2.3 Vibronic coupling 

The vibrational factor associated with the non-radiative relaxations refers to the 

internuclear distance. This process is best described using the Frank-Condon principle 
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(57) of the radiationless transitions. In order for the transition to be radiationless, the 

principle demands that the process be in a way that it is confined to a very small region of 

the potential energy curve or surface. This relation is between the different vibrational 

probability functions, where the overlap between the starting and finishing state 

vibrational probability function will determine the relaxation efficiency. As shown in 

Figure 22, the more overlap there is between the probability functions of the two states 

(ground state and excited state), the more efficient the relaxation (passage from one state 

to the other) will be. The non-radiative internal conversion also uses the overlap between 

the excited and ground state vibrational wavefunction probability. When the overlap is 

large, the internal conversion is efficient. 

.S UJ 

Intemuclear distance Intemuclear distance Intemuclear distance 
(a) Similar geometry, with large (b) Similar geometry, with small (c) Different geometry, with 
energy separation. energy separation. ,ar9® energy separation. 

Figure 22 : Energy diagram for the probability function relative to the intemuclear 

distance and geometrical consideration (58). 

1.2.2.4 Hot bands 

At room temperature, the ground state population is distributed within the first higher 

vibrational levels including v = 0 (smaller number in Figure 20) as depicted in Figure 

23. The molecule sitting on these upper vibronic levels may be excited upon irradiation 

giving rise to lower energy transitions referred to as hot bands (Figure 23). The presence 

of metal-metal bonds in the chromophore, for instance, can allow this phenomenon to be 

observed since the vibrational spacings are small (v(M-M)~100 cm'1) and can be easily 

thermally populated. In fact, the presence of these hot bands will depend on active mode 

vibrational frequency in the electronic transitions. For instance the da—>da* transition is 
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often coupled with the v(M2) mode. This low frequency vibrational mode will lead to a 

significant contribution of the hot bands in the spectral representation of the do—»do* 

transition (both absorption and emission). In the metal-to-ligand-charge-transfer (MLCT) 

transitions, higher frequency active modes are also generally active such as v(ML) (-300 

cm"1) or intraligand stretching (>400 cm"1). Due to the large vibrational spacing, it is 

possible that these levels are not thermally accessible. No hot bands are observed at room 

temperature. When low-frequency modes are Frank-Condon active, the hot bands are 

removed by cooling the sample (i.e. to 77 K). At lower temperatures, the molecule does 

not have enough thermal energy to populate the upper vibrationnal levels (Figure 23). 

The consequence upon cooling is the removal of the hot bands in the absorption spectra. 

Such a property can be useful in confirming the presence of a metal-metal bond in the 

chromophore, or other fragment exhibiting low-frequency Frank-Condon active 

vibrational modes (59, 60). 

Figure 23 : 77 K and 298 K absorption spectrum showing the removal of the hot 

bands upon cooling 

1.2.3 Intra- and Intermolecular Energy Transfer 

Short range energy transfers refer to exchange interaction occurring over intermolecular 

or interatomic distances (r). They occur within the collision diameter resulting in 

decreased interaction as r increases to higher power. The process refers to the energy of a 

donor being transferred to an adjacent acceptor species (equation 1.30). 

A)298K 8111 X 

1.2.3.1 Short-range, collisional, energy transfer 
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D*(TI) + A(S0) —*• D(S0) + A*(TI) [1.30] 

The above example, where D represents the donor and A the acceptor, is for a triplet-

triplet exchange (such as triplet state quenching by dioxygen) but analogous processes 

can also occur in the case of a singlet-singlet energy transfer. 

1.2.3.2 Long range, coulombic (Fdrster), interactions 

Long range interactions refer to the phenomenon of energy being transferred over a larger 

distance than the sum of the gas-kinetic collision radii. This energy transfer process will 

occur through a direct mechanism involving electrical or coulombic interactions between 

transition dipoles (Forster mechanism) (61). The dipoles in question are the ones 

involved in the optical interaction with the electric vector of radiation. This principle is 

governed by the optical selection rule. 

1.2.4 Luminescence 

Once the absorption process has taken place, the excited species must relax back the 

ground state. Several pathways are available (Figure 19, section 1.2). Fluorescence and 

phosphorescence (typical for diamagnetic molecules) are two of the available options and 

they both release a photon during the relaxation. 

Fluorescence can be defined as a radiative process occurring without any changes in spin 

multiplicity. In order for fluorescence to happen, there must first be absorption (section 

1.2.1). That leads to a metastable state where the molecule is subject to collisions and 

interactions with surrounding molecules. These collisions will induce faster non-radiative 

relaxation to lower energy vibrational levels (Figure 23). From v = 0, the molecule can 

emit a photon (fluorescence for emission arising between two states of the same 

multiplicity) via a radiative relaxation to the ground state. 

Both absorption and emission of energy are unique characteristics of a particular 

molecular structure. If a material has a direct band gap in the range of visible light, the 

light shining on it is absorbed, causing molecules to become excited to a higher energy 

excited state. The molecules remain in the excited state for about 10"8 seconds. This value 

may vary over several orders of magnitude depending on the sample and is known as the 
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fluorescence lifetime of the sample. The molecules return to the ground state and energy 

is emitted under the form of light (45). 

The first principle suggests that a polyatomic molecule is likely to be strongly fluorescent 

if the absorption occurs at a wavelength long enough to ensure that chemical dissociation 

does not take place. No fluorescence can be observed in molecules where the absorption 

corresponds to energy greater than the bond energy of the least stable bond. 

The second principle dictates that intramolecular non-radiative relaxation must be 

relatively slow compared to the rate of radiation; meaning that the internal conversion, IC 

(Si to So) and the intersystem crossing (ISC) from Si to Ti must be slow. It is also 

important to note that geometrical factors such as molecular rigidity and planarity can 

also affect the efficiency of fluorescence 

There are different types of fluorescence. Resonance fluorescence is fluorescence from an 

atom or molecule in which the light emitted is at the same frequency as the light absorbed 

(62). In resonance fluorescence, a photon is absorbed, causing an electron to jump to a 

higher level from which, after a delay, it falls back to its original level, emitting a photon 

having the same energy as the one absorbed. The emission direction is random. Stokes 

fluorescence is the re-emission of shorter frequency photons by a molecule that has 

absorbed photons of higher frequency. 

After a species has been stimulated and is in the excited state, one way it can relax back 

to the lowest energy state (ground state), is by the emission of a photon. In the case where 

the emitted photon would have less energy than the absorbed photon, this energy 

difference is the Stokes shift (Figure 24). If the emitted photon has more energy, the 

energy difference is called an anti-Stokes shift. The extra energy leading to the emission 

of a shorter wavelength photon comes from the dissipation of thermal phonons in a 

crystal lattice, cooling the crystal in the process. Yttrium oxysulfide doped with 

gadolinium oxysulfide is a common industrial anti-Stokes pigment, absorbing in the near-

infrared and emitting in the visible portion of the spectrum (63). The Stokes shift is 

normally calculated by measuring the difference in the maximum of the emission and 

absorption spectrum. 
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Stokes shift 

absorption 

wavelength 

Figure 24: Drawing showing the spectral shift between absorption and emission 

called Stokes shift where the absorption is of higher energy (shorter wavelength) 

than the emission which is of lower energy (longer wavelength) 

The absorption spectrum is characteristic of the excited state vibrational structure as 

opposed to the fluorescence spectrum which represents the molecule vibronic spacings in 

the ground state (Figure 25). 

Figure 25: Drawing showing the photoprocess pathways (left) and the 

corresponding (right) absorption (a) and fluorescence (b) spectra showing the 

vibrational structure of the identical 0-0 transition. (64) 
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Phosphorescence is a radiative process that requires a change in multiplicity. The first 

steps are identical to fluorescence, but instead we obtain a triplet excited state via an 

intersystem crossing (ISC). When there is overlap between the potential energy curves 

(Figure 26), the singlet and triplet excited states exhibit a similar geometry. In this case 

there is the possibility of changing the spin multiplicity of the state (conversion of the 

electron spin state from (singlet) to ft (triplet)). The molecule is being subjected to 

intersystem crossing resulting in population of the triplet excited state. Such a conversion 

is also very significant with the presence of heavy elements such as transition metals (65) 

due to the larger spin-orbit coupling properties of the heavier nucleus. The energy 

liberated when a molecule passes from the singlet to the triplet state is in the form of heat. 

When the molecule relaxes to the lower energy triplet excited state, the excited molecule 

is placed on a long-lived state because no lower energy singlet state is available and any 

other transition involving a spin change is slow. 

Figure 26: Drawing showing the various photophysical processes leading to 

phosphorescence (64). 

The pathway to the ground state is not completely prohibited. The spin-orbit coupling 

responsible for the intersystem crossing can allow the multiplicity selection rule to be 

relaxed so that the molecule will slowly relax to the ground state by emitting radiation 

(i.e. phosphorescence). The fact that the transition is, again, spin-forbidden makes the 

excited state deactivation slow following excitation. The triplet state can be said to act 
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Intersysi 
Crossing 

- Singlet 

Triplet 

Singlet 

Phosphorescence 

Singlet-Triplet overlap 
(intersystem crossing) 
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like a "slowly leaking energy container". The non-radiative relaxation processes are less 

efficient in the solid state (i.e. less intermolecular collision with solvent molecules) 

allowing "more time" for the intermolecular intersystem crossing to occur and resulting 

in an increased concentration of molecules in the triplet state and thus a more intense 

phosphorescence. When studying the luminescence phenomenon, two types of spectra are 

analyzed: the excitation and the emission spectra. The excitation spectrum is obtained by 

measuring the intensity of the emission as the excitation wavelength is scanned (i.e. as a 

function of the excitation wavelength). The emission spectrum is obtained by measuring 

the emission intensity as a function of wavelength for excitation at a fixed wavelength. 

1.2.5 Emission lifetimes and quantum yields 

The rate constants of the radiative processes are quantifiable via the measurements of the 

quantum yield (O, relaxation efficiency) and the lifetime of the singlet state (t, the time 

of residence in the excited state). It is possible to measure these parameters for both the 

fluorescence (Of, tf) and the phosphorescence (Op, Tp). The quantum yield relates the 

number of photons absorbed versus the number of photons emitted. When calculating the 

sum of all quantum yields (radiative and non-radiative) of the singlet and of the triplet, 

we should obtain 1. This is illustrated in equation 1.31 where ZOnr represents the sum of 

all quantum yields for all non-radiative transitions of S] and Tj. Figure 27 illustrates all 

the constants used in the calculation. 

Figure 27: Schematic representation of the various radiative and non-radiative 

rate constants transitions involved in the quantum yield and emission lifetime 

calculations. 
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^>F + 4>P + H^>NR - 1 [1.31] 

The fluorescence quantum yield is defined as the ratio of the number of photons emitted 

to the number of photons absorbed. It is possible to calculate the quantum yield using the 

ratio of fluorescence rate constant over the sum of the rate constants for deactivation of 

the Sj state (equation 1.32). Equation 1.32 allows for the calculation of the fluorescence 

quantum yield. This equation can be further simplified by multiplying the radiative 

fluorescence constant kf by the fluorescence lifetime TF. 

<t> = kF = kFTp [1.32] 
kp+kic+kisc 

It is possible using equation 1.33 to calculate the fluorescence lifetime of the singlet 

which is equal to the reciprocal of all singlet deactivation rate constants. 

Tp = -—— [1.33] 
kp+kic+kjsc 

For the phosphorescence quantum yield (equation 1.34), it is important to consider the 

ratio of the phosphorescence over the sum of all the T\ state deactivation rate constants. 

As opposed to the fluorescence, in the phosphorescence calculations, we need to include 

the quantum yield of the singlet to triplet intersystem crossing Oisc- This quantum yield 

represents the probability of the T i formation. 

®p= ®isc x k p +  ̂ S C ( T S )  = ®isc(ST)kp*p [1-34] 

Oisc is defined by equation 1.35. 

<IW = ^ISC{ST) = /c T [1.35] 
ISC kF+kIC+kISC(TS) ISC(ST) F 1 J 

Equation 1.36 shows the relation between the triplet state lifetime and the radiative and 

non radiative constants kp and kisccrs), respectively: 

Td = [1.36] 
kp+ k /sc(TS) 
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Experimentally, using a nanosecond nitrogen laser system, it is possible to directly 

determine the emission lifetime by measuring the decrease of the Si and Ti state 

concentrations (i.e. intensity of fluorescence and phosphorescence, respectively) as a 

function of time after an excitation pulse. In the case of the triplet state, it is also possible 

to measure the Ti lifetime with a flash photolysis apparatus by monitoring the Ti—>Tn 

absorption intensity as a function of the delay time between the pump and probe pulses. 

The emission quantum yields can be calculated using an UV-visible spectrometer and an 

emission spectrophotometer. We first use the UV-visible spectrometer to measure the 

absorbance (< 0.1) at a selected wavelength. Then with the help of the emission 

spectrophotometer, the "corrected" emission spectrum is acquired in a linear energy scale 

(i.e. in cm"1) and the area under the curve is calculated. Using these experimental values, 

it is possible to calculate the quantum yield by referring to a standard of known quantum 

yield. 

1.3 Electric conductivity (64,66). 

Electrical conductivity is a property which results from the circulation of free electron in 

a material. Conducting materials can be further classified into three broad classes: 

metallic conductor, semi-conductor and insulator. Metallic conductors have an electric 

conductivity (a) greater than 10"1 S/cm. The conductivity decreases proportionally with 

the increase in temperature; as a result of the increase in vibrational energy of the atoms 

in the solid. This results in a greater number of collisions between electrons and atoms, 

leading to increased resistence (Figure 28 a)) (64). Semi-conductors are defined in terms 

of their behaviour in function of temperature. In a plot of the natural logarithm of the 

conductivity as a function of the reciprocal of the temperature, the conductivity increases 

exponentially as a function of the temperature (64) (Figure 28 b)). Insolators, for their 

part, do not or only weakly allow for the passage of electrons and their conductivity is 

lower than 10"6 S/cm. The conductivity value of semi-conductors is generally between 

those for conductors and insulators (10'1 S/cm > o > 10"6 S/cm). 

The conduction band is the range of electron energies, higher than that of the valence 

band, sufficient to free an electron from binding with its individual atom and allow it to 
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move freely within the atomic lattice of the material. Electrons within the conduction 

band are mobile charge carriers in solids, responsible for conduction of electric currents 

in metals and other good electrical conductors. This conduction band is formed from the 

unoccupied orbitals and the valance band is formed from occupied orbitals. The energy 

gap between the HOMO (valance band) and the LUMO (conducting band) orbitals in a 

material determines the conductivity of a semi-conductor. This is one reason why the 

conducting properties of materials are very structure sensitive. The empty metal d and/or 

f (LUMO) orbital allow for some overlap between the valence and the conducing band 

because their geometry puts them directly in contact with the fully occupied (HOMO 

valence band) orbitals. 

Any solid has a large number of bands. In theory, a solid can have infinitely many bands. 

However, all but a few of these bands lie at energies so high that any electron that attains 

those energies will escape from the solid. These bands are usually disregarded. Bands 

have different widths, based upon the properties of the atomic orbitals from which they 

arise. Also, allowed bands may overlap, producing a single large band. Metals contain a 

band that is partly empty and partly filled regardless of temperature. Therefore they have 

very high conductivity. 

Semi-conducting organometallic complexes are obtained when molecular stacking occurs 

via weak intermetallic contacts overcoming an energetic gap and allowing for an electron 

to move to the neighbouring molecule. This kind of stacking is mostly observed upon 

interaction of full and empty orbitals (HOMO and LUMO respectively). For example, 

this phenomenon is observed in the (Pt(CN)4m')n platinum complex (Figure 29). 
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Figure 28 : (a) Scheme showing the conductivity as a function of the temperature 

for a metallic conductor, (b) scheme showing the natural logarithm of the 

conductivity as a function of the reciprocal of the temperature for a semi-conductor. 
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Figure 29 : Schematic representation of the 1-D structure of [Pt(CN)4m"]n stressing 

the dz2-dz2 orbital overlap where the valence and conduction bands are created. 

In semi-conducting materials, the energetic gap between the valance band and the 

conduction band is called the semi-conductor activation energy. When the energy gap is 

too big, the material becomes an isolator. As the orbital level density increases, often the 

band gap decreases leading to an increase in conductivity. 
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Figure 30 : Scheme representation of the valence band and of the conduction band 

in a semi-conducting material. 

A discontinuity between the valance and the conduction bands is what differentiate both 

semi-conductor and insulator material from metallic conductors. The energy gap between 

the two bands will determine whether the material is a semi-conductor or an insulator. In 

the case of a semi-conductor, when the temperature reaches 0 K, we are in presence of an 

insulator because the valance band is full. When the temperature ramps up over 0 K, the 

electrons from the conduction band are displaced to higher level conduction band and 

allow the solid to become a semi-conductor (Figure 31). 

Another method to increase the conductivity in semi-conductor material is to incorporate 

impurities in a pure material. This procedure is called doping. There are two types of 

doping materials: p type doping (Figure 31 c) and n type doping (Figure 31 d). When the 

doping material is an electron acceptor, it removes electrons from the valance layer 

whereby creating holes which allow for the electron movement. This doping gives a p 

type semi-conductivity where "p" refers to the holes which are positive in comparison to 

the electrons in the band. Concurrently, other materials give electrons which are located 

in the empty or unoccupied bands and allow for the movement of electrons in the 

conduction band. This second type of doping is found to allow for n type semi-

conductivity where "n" represents the negative charge of the electron. 
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(a) T =£ 0 IMT>0 

Figure 31 : Semi-conductor band gap at T = 0 (a) and at T > 0 (b). P-type doping 

(c) N-type doping (d) (64). 

Some material can have become conducting only under certain conditions such as the 

absorption of light. When light is absorbed by a material such as a semiconductor, the 

number of free electrons and electron holes changes and raises its electrical conductivity. 

To cause excitation, the light that strikes the semiconductor must have enough energy to 

raise electrons across the band gap (Figure 31), or to excite the impurities within the 

band gap. These semi- and photoconductor are well suited for the development of light-

emitting diodes (LED) and photovoltaic cells (PV). These photonic devices are going to 

be the focus of the next section. 

1.4 Light-emitting diode (LED) and photovoltaic cells (PV) (3,67,68,69) 

An important objective in the conception of luminescent and conductor polymers is to be 

able to use them in light-emitting diodes (LED) or photovoltaic cells (PV). LED devices 

convert the electrical current going through them in light of different colors. The upside 

of this technology is the low level of current required for the emission of the same light 
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intensity than a conventional light bulb and at low cost (70). As opposed to light-emitting 

diodes, PV converts the light absorbed into an electrical current. 

In order to explain both devices (LED and PV), it is important to understand the concept 

of an exciton. This exciton refers to the transport of electronic hole (positive site) and 

electrons. Figure 32 exhibits an illustration of an exciton. First, the electron is excited by 

a photon and exciton is formed by the electron and its hole (Figure 32-1). After that first 

step, another electron is filling the hole and this is what is creating the exciton movement 

(Figure 32-2 and -3). The electron will ultimately come back to its original state and free 

its excess energy by emitting a photon of different energy (Figure 32-4). This is the 

underlying principle of the movement of electrons and holes in LED and PV devices. 

Exciton 

Efectron (-) 

Photon 

Figure 32 : Scheme of the transport process of electrons and holes (exciton) 

illustrated on a model of semi-conductor materials (71). 

Figure 33 shows a model of light-emitting diodes. The construction of the LED starts 

with a glass substrate on which is deposited a thin indium tin oxide (ITO) semi-conductor 

film that as a semi-transparent anode. After that first step, a layer of hole injections is 

deposited followed by an organic material layer which will be responsible of photon 

emission. In addition, an electron transport layer is added on top and finally a metal 

(aluminum, magnesium or silver) layer is placed on top of the LED. This last layer acts as 
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the cathode. Upon the application of a potential between both electrodes (anode and 

cathode), the organic layer will emit light corresponding to their fluorescence or 

phosphorescence emission band. The PVs have a similar structure to the LED (Figure 

34). 

reflective cathode 

transparent support (glass) 

charge transport 

conducting material 

hole transport 
transparent anode:fro 

(tin oxide + indium oxide) 

Figure 33 : Diagram of an organic light-emitting diode (72). 

Figure 34 : Representation of a photovoltaic cell (PV) where the donor is a 

substituted derivative of polyphenylvinylene and the acceptor is a fullerene. 

Figure 35 compares the principal reactions that occur in LED and in PV devices. First, 

both contain a donor and an acceptor of electron in the emitting layer. These two species 

are either two different molecules or only one molecule that has both a donor and an 

acceptor end (Figure 36 and Figure 37). In LED, when the current is applied, there is a 

reduction of the acceptor at the cathode which becomes the anion A'. The oxidation of the 
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donor becoming the cation D+ occurs at the anode. Both ions migrate toward the other 

electrode in function of the principle of the exciton. The interaction of the two ions will 

lead to the excitation of the acceptor A* and will allow the donor to regain its neutral state 

while emitting a photon (hv). In certain specific cases, the donor can become excited but 

it is possible that the acceptor that plays this role. The last reaction in this process is the 

relaxation of the acceptor to its ground state which will produce the emission of a photon. 

These are the cycles that allow for the LED devices to emit light. 

Light Emitting Diodes Photovoltaic Cells 

1) Reduction at the cathode 1) Absorbtion of a photon 

A + e" A D + hv • D* 

Oxydation at the anode 2) Relaxation and migration of the holes 

° ** D +e D* • D+ + e" 

2) Migration and interaction between ions 3) Reduction and electron transport 

A" + D+ • A* + D A + e" ** A" 

3) Relaxation and emission 4) Oxydation at the anode 

A* • A + hv A" ^ A + e-

A = acceptor 
D = donor 

Figure 35 : Comparison of the main reactions occurring in a LED and in a PV 

where A represents the acceptor and D the donor. 

Solar cells are devices in which the sunlight is used to generate power. The photovoltaic 

cell is containing a p-n junction like explained in the LED part; this junction is connected 

to an external load thereby creating the circuit of the solar cell (73). 
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Figure 36 : Scheme of a LED device using only one product (BNPB = bimesityl B(p-

4,4'-biphenyl-Nphenyi(l-naphtyl))) that performs both the oxidation and the 

reduction with the emission of the photon (74). 

The energy harvesting process happens when the sunlight with appropriate energy hits 

the n-type layer, the top one, triggering excitation of some of the free electron of this 

layer. The free electron will then move toward the p-type layer thereby generating an 

electric current. The current is then flowing through the load where energy is stored and 

continuously going back to the n-type layer in order to regenerate the electrons missing in 

some area due to the current. 

The PV principle can be said to be the opposite of LED device (Figure 35 and Figure 

36). The electron donor D get excited (D*) by the absorption of a photon. During the 

relaxation process, the donor gives an electron to the acceptor A which get reduced into 

an anion A'. In an exciton fashion, the electrons are displaced up to the anode where the 

anion A' gets oxidized into an acceptor A. At the point where the donor is deactivated, 

there is an electron hole that gets created. This hole will move in the opposite direction 

toward the cathode in order for the donor to get reduced to become neutral. The 

displacement of the holes and of the electrons is creating an electrical current between 

both electrodes. 
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1.4.1 The principle behind this apparently simple process: 

1. Photons in sunlight hit the solar panel and are absorbed by semiconducting 

materials, such as silicon for example in the solid state (inorganic PV). 

2. Electrons are displaced from the interaction with the photon, allowing them to 

flow through the material to produce electricity. Due to the specific layered 

composition of solar cells, the electrons are only allowed to move in a single 

direction (diode process). The complementary positive charges created, holes, 

flow in the direction opposite of the electrons in a silicon solar panel. 

3. An array of solar cells converts solar energy into a usable amount of direct current 

electricity. 

1.4.1.1 Photogeneration of charge carriers 

When a photon hitting a silicon surface, three possible events may occur: 

1. The photon can pass straight through the silicon layer for lower energy photons 

2. The photon can reflect off the surface 

3. The photon can be absorbed by the silicon waifer, for example in solid state 

inorganic PV if the photon energy is higher than the silicon band gap value. This 

generates an electron-hole pair and sometimes heat, depending on the band 

structure. 

For a photon to be able to excite an electron from the valence band into the conduction 

band, it only needs to have greater energy than that of the band gap. The solar frequency 

spectrum approximating to a black body spectrum at ~6000 K, in consequence, much of 

the solar radiation is composed of photons with energies greater than the band gap of 

silicon. These higher energy photons will also be absorbed by the solar cell, but the 

difference in energy between these photons and the silicon band gap will be converted 

into heat via lattice vibrations, called phonons, rather than into usable electrical energy. 

1.4.1.2 Charge carrier separation 

There are two main modes for charge carrier separation in solar cells: 
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1. Drift of carriers, driven by an electrostatic field established across the device. 

The term dift refers to charged particle motion in response to an applied electric field. 

When such an electric field is applied across a semiconductor, the carriers start moving, 

producing a current. The positively charged holes (lack of electron) move with the 

electric field, whereas the negatively charged electrons move against the electric field. 

Drift current in a semiconductor is the resultant of carrier drift. When looking as a 

semiconductor, or more precisely a specific area in a semiconductor, we are interested in 

the current density. When dealing with drift current, we are interested in the current 

density due to drift, and drift arises in response to an electric field. Drift current also 

depends on the ability of the carriers to move around in the semiconductor, or the 

electron and hole mobility. Another parameter drift current depends on is the carrier 

concentration. Each one of these carriers has a charge, but in this case we will only take q 

as a magnitude. 

Finally, we have that the current density due to drift depends on four parameters: the 

electric field, the electron or hole concentration, the mobility constant, and the charge. 

The reason we use q for both electrons and holes when it's +q for holes and -q for 

electrons, is that the electric field takes care of the sign, or direction of the current. When 

a negative electric field is applied, the electrons will go opposite the electric field. The 

electron charge is -q, so the resulting electron drift current will be positive. On the other 

hand, when the electric field is negative, the holes will go the direction of the electric 

field. Their charge is +q, so the resulting hole drift current will be negative. Vice versa 

when the electric field is positive. 

2. Diffusion of carriers from zones of high carrier concentration to zones of low 

carrier concentration. 

In the diffusion mode, the particles move using only thermal motion. If we let the 

particles be carriers, so as they move around they take charge with them. The moving of 

charge will result in a current, the diffusion current. The difference between drift current 

and diffusion current is that drift current depends on the electric field applied. Diffusion 

current occurs even though there isn't an electric field applied to the semiconductor. It 
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does not have E as one of its parameters. The constants it does depend on are Dp and Dn, 

and +q and -q, for holes and electrons respectively. The first constants are called the 

diffusion coefficients, a proportionality factor. The important part is the gradient of the 

concentration of p and/or n. Since we are talking about a one dimensional situation when 

we are solving for current densities, we only take into account the gradient (or derivative) 

with respect to the x-plane. 

In the widely used p-n junction solar cells, the dominant mode of charge carrier 

separation is by drift. However, in non-p-n-junction solar cells (typical of the third 

generation solar cell research such as dye and polymer solar cells), a general electrostatic 

field has been confirmed to be absent, and the dominant mode of separation is via charge 

carrier diffusion (75). 

An important characteristic of the material in order to be suitable for LED or PV is firstly 

redox reversibility or in accordance with its function as described previously. This 

reversibility can be assessed by cyclic voltammetry. 

HOMO 

-4,8 eV 

LUMO 
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-2,4 eV 
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Bh PB Bh A 13 

-5,0 eV f 
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-5,3 eV 
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-5,3 eV 

•3,7 eV 

Al 

Figure 37 : Diagram of the energetic levels of a LED device with 3 different 

products (NPB = N,N'-di-l-naphthyl-N,N'-diphenylbenzidine, Akfc = tris(8-hydroxy 

quinolato) aluminium) which allow for a better efficiency of the excitons transport 

(74). 

1.4.2 Dye-sensitized solar cell 

A dye-sensitized solar cell (DSSC) is a class of low-cost solar cell belonging to the group 

of thin film solar cells. It is based on a semiconductor formed between a photo-sensitized 
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anode and an electrolyte; a photoelectrochemical system. This cell was invented by 

Michael Gratzel and Brian O'Regan at the Ecole Polytechnique Federate de Lausanne in 

1991 (76) and are also known as Gratzel cells. Michael Gratzel won the 2010 Millennium 

Technology Prize for the invention of the Gratzel cell. (77) Dye sensitized solar cells 

have attracted considerable attention in the last few years as they are a potential cost-

effective alternative to conventional solar cells. DSSC operate in a biomimicking fashion, 

they use a process similar in many respect to photosynthesis. 

They are composed of a porous layer of titanium dioxide nanoparticle covered with a 

molecular dye that has the ability to absorb light, as the chlorophyll in green leaves. The 

dye covered titanium dioxide is immersed under an electrolyte solution (typically iodine-

iodide aqueous solution), above which is an indium tin oxide (ITO) coated glass acting as 

the cathode. As in a conventional alkaline battery, the anode (Ti02) and the cathode 

(ITO) are placed on either side of a liquid conductor (the electrolyte). 

The photons from the sunlight first enter the cell through the indium tin oxide (ITO) 

semi-transparent layer in order to reach the dye located on the surface of the titanium 

dioxide (Ti02). Photons striking the dye with enough energy to be absorbed create an 

excited state of the dye thereby directly injecting an electron into the conduction band of 

the nanostructured semiconductor electrode (Ti02). From this step, the negative charge 

moves toward the anode via charge carrier diffusion (as a result of an electron 

concentration gradient). In contrast to solid state solar cells, the dye material is not 

required to exhibit conduction and as a result it will decompose if the electron removed 

from is not provided for. This is where the electrolyte (typically an iodide-iodine 

solution) comes into play. Via a charge transfer process, the electron donor (iodide) will 

give an electron to acceptor (electron deficient dye material). The iodide will get oxidize 

into triiodide. This reaction occurs quite quickly compared to the time that it takes for the 

injected electron to recombine with the oxidized dye molecule, preventing this 

recombination reaction that would effectively short-circuit the solar cell. The triiodide 

will ultimately recover its missing electron by diffusing to the bottom of the cell, where 

the counter electrode (cathode) reintroduces the electron flowing from the external 

circuit. 
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1.5 Molecular mass determination 

There are several methods that allow for the determination of molecular masses of a 

polymer. For example, there is gel permeation chromatography (GPC), the measure of 

the osmotic pressure, viscosity and the mass determination by light diffusion. The GPC 

technique is going to be further explained below. 

I.S.J Gel permeation chromatography (GPC) (78) 

GPC is a chromatographic technique involving the transport of a liquid mobile phase 

through a column containing the separation medium (Figure 38). GPC, also called size 

exclusion chromatography and gel filtration, affords a rapid method for the separation of 

oligomeric and polymeric species. The separation is based on differences in molecular 

size in solution. This separation technique is the method of choice for determining 

molecular weight distribution of synthetic polymers. The liquid mobile phase is usually 

organic solvent that is appropriate for the sample and is compatible with the column 

packing of the synthetic polymer characterization. Different processes can affect the 

solvent flow, gravity, or a high-pressure pump can be used in order to tune the solvent 

speed. The larger the molecule, the smaller is the amount of pore volume available into 

which it can enter. The sample emerges from the column in the inverse order of 

molecular size. In order to determine the amount of sample emerging, a concentration 

detector is located at the end of the column. The volume of solvent flow is also monitored 

to provide a means of characterizing the molecular size of the eluting species. The 

molecular weight is determined by comparison with a standard of known molecular 

weight. After all retention times have been gathered, a plot of the different molecular 

weight versus the concentration is plotted, the result is then compared with the standard 

used and molecular weight is calculated. This technique is widely used due to its 

simplicity of use and to the reliability of its results. The only specific requirement of this 

method is using neutral polymeric species. This restriction is because charged polymers 

tend to get stuck in the column. This technique was the one used in the determination of 

the molecular mass of the diethynyl polymers. 
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Figure 38: Cross sectional view of porous gel particle in the gel permeation 

chromatography column illustrating the separation process. 

Although several other methods have been use in the characterization process, only GPC 

was treated here as the other methods commonly used and more widely known. The GPC 

method was described here as a mean of helping the future student whom may not be 

familiar with such method. After a survey of the relevant theory, the next chapter will 

describe the experimentation related to the quinone diimine project. 
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CHAPTER 2 

The Reduced and Oxidized Forms of the 

Pt-Organometallic Version of Polyaniline 

This chapter focuses on the synthesis all four forms of polyaniline (PANI) in its 

organometallic version. This work was completed in collaboration with Simon Lamare 

who synthesized all the derivatives bearing fluorine substituents. In addition, he also 

measured the electrochemical properties of all quinone-containing products. The analysis 

also incorporates data of the X=F compounds of the studied series of tetra substituted 

quinone derivatives. Although the fluoride substituted compounds will be referred to in 

the analysis, the experimental protocols for the synthesis of these compounds will be 

omitted from this thesis as they are part of Simon's thesis. 

The polymer structures described in this chapter include substituted a 1,4-benzoquinone 

diimine or 1,4-diaminobenzene unit in their backbone along with a photo active trans-

platinum chromophore. The combination of which resulted in the following general 

structure: (C=CC6H4-N=C6X4=N-C6H4C=C-PtL2)n and (OCC6H4NH-C6X4-

NHC6H4C=C-PtL2)n (L = PBU3; X = H, F, CI). In order to fully investigate the behavior 

of these novel polymers, the corresponding model compounds (C=CC6H4-N=C6X4=N-

C6H4C=C)(PtL2Cl)2 and (OCC6H4NH-C6X4-NHC6H4OC) (PtL2Cl)2 (L = PBU3; X = H, 

F, CI) were synthesized. 

The investigation of these organometallic targets was accompanied with various 

characterizations such as *H and 3IP NMR, IR, mass spectroscopy, chemical analysis, and 

X-ray structure determinations when possible. In addition, the prepared materials were 

investigated for their redox properties with and without the presence of acid by means of 

cyclic voltammetry. 
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2.1 Previously works 

Polyaniline (PANI) has been known for at least 150 years (79). PANI has generated a 

great interest from researchers all over the world because of its important conducting and 

semi-conducting properties. Polyaniline has been known for its numerous interesting 

properties and applications such as magnetism, biosensors and electronic noses, 

electrorheology, corrosion inhibitors, biocompatibility, organic coating, electrostatic 

dissipation or shielding, light emitting polymer devices, rechargeable batteries, fuel cells 

and photocells (80). 

The various forms of PANI include the pemigraniline (oxidized form, insulator), 

leucoemaraldine (reduced form, insulator), emaraldine (mixed-valence form, insulator) 

and protonated emaraldine form (conductor) as summarized in Scheme 10. Both the 

para-quinone diimiine (Scheme 11) and para-aminobenzene sub-motifs are the main 

building blocks of the polymers and models described in this chapter. 

Scheme 10: Different forms of PANI, a) pemigraniline, b) emaraldine, c) 

leucoemarladine, d) protonated emaraldine. 

Molecules and polymers containing such quinone diimine residue are known for their 

ability to yield materials related to applications being as wide as corrosion prevention 

(81) and light emitting diodes (LED) (82) (previously explained in part 1.3). PANI 

materials are known for their spectral signature in the UV-vis spectra which is 

characterized by a low energy charge transfer (CT) band, also consistent with strong 

charge transfer complexes between donor and acceptor (83). 
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o-P-o o^o 
PR3 

frans-bis(ethynylbenzene)bis(phosphine)platinum(ll) frans-quinone diphenyldiimine 

Scheme 11: Structures of the two sub-units incorporated in the polymers and 

related model compounds 

Several different related forms of these polymers have been previously reported by our 

research group. The focus of one previously conducted research was to establish which 

isomeric combination was yielding the optimal physical properties related to photonic 

application. Theses conjugated (A-B)n-type polymers built upon quinone diimine units, 

and /ram,-bis(ethynyl)bis(phosphine)platinum(II) conjugated fragment (Scheme 11) 

represented an attempt to engineer an organometallic version of PANI (Scheme 12) (84). 

The main conclusion related to the physical properties, mainly the chain length and the 

respective thermal stability, was that the trans-para would be the best target polymer 

conformation as shown by the data in (Table 1 and Figure 39). The conjugation was also 

found to be optimized for the trans-para isomeric form. 

These alternated polymers were found to be electroactive in solution, and luminescent in 

both frozen solution and in the solid state at 77K. Their physical properties were also 

found to be highly dependent on the dihedral angle between the average planes of the 

quinone diimine residue and the benzene rings often induced by steric interactions. 
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Scheme 12 : Previously reported polymers, trans-para (24), cis-para (25), trans-

ortho (26) and cis-ortho (27) (84). 

Table 1: GPC data of previously reported polymer conformations (84) 

Polymere M„ (units) Mw PD 

para-trans 32400 (38) 68400 2.1 

para-cis 16800 (20) 17300 1.0 

ortho-trans 6600 (8) 10000 1.5 

ortho-cis 3600 (4) 4400 1.2 
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Figure 39: DSC trace (differential scanning calorimetry) of the tetramethoxy-

substituted polymer (84) 

To date, investigation of the quinone diimine series of polymetalloyne has been limited to 

methoxy- and methyl-substituted 6-membered benzoquinone ring. However, based on the 

observation of a low-lying charge transfer excited state in the polymers in addition to the 

strong oxidizing ability of dichlorodicyanobenzoquinone (DDQ), a related compound, it 

became clear that further investigations were required. For instance, what would be 

observed in cases where, instead of using methyl groups, we were able to successfully 

attach an electron withdrawing substituents such as fluoride or chloride? How different 

would their redox and charge transfer properties be? Would the removal of all substituent 

result in an increase of the polymer's rigidity thereby promoting luminescent properties? 

It was initially believed that, based on previous findings the charge-transfer (CT) process 

from the Pt-containing unit to the quinone diimine should be favored. The CT low-energy 

band should be red-shifted as the attached substituents become more electron 

withdrawing. 

2.2 Synthesis of two series of conjugated organometallic polymers 

These conjugated organometallic polymers are containing the substituted 1,4-quinone 

diimines or para-diaminobenzenes in the backbone of the polymer chain exhibiting the 

general structure (-C6H4-N=C6X4=N-C6H4-C=C-PtL2-C=C-)n and (-C6H4-NH-C6X4-NH-

C6H4-C=C-PtL2-C=C-)n along with the corresponding model compounds (C6H4-
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N=C6X4=N-C6H4)(<>C-PtL2Cl)2 and (CeH^NH-CeX^NH-Cs^XC^C-PtLzClk where L 

= PBm and X = H, F and CI (Scheme 13). 

Polymers Model compounds 

H 

=-Pt-Cl 
PBU3 

PBU3 

R-CI 
PBU3 

PBU3 
I 

(X = H, F, CI) (X = H, F, CI) 

Scheme 13 : Structures of the target products 

2.2.1 Synthesis of tetra-substituted quinone spacers 

The synthesis of the spacers was achieved using the commercially available tetra-

substituted benzoquinones and using established synthetic methods (Scheme 14). Section 

2.2.3 provides more information on alternate pathway and section 2.2.4 explores 

unexpected products. 

The compounds where X = F were prepared by Simon Lamare and the detailed 

experimental protocols of these synthesized products are in his Master's thesis. 

Initially, the quinone diimine bearing hydrogens (5a) was obtained through a simple 

condensation reaction between benzoquinone (X = H) and two equivalents of substituted 

p-aniline (Y = C=C-TMS) in the presence of fresh TiCU. The purification step was 

achieved through column chromatography, but also revealed the presence of several by-

products. With limited knowledge of the behavior of these quinone diimine derivatives, 

several unsuccessful attempts were made to prepare the analogous reduced form (4a). It 

was believed that the reduction of the oxidized form failed due to the presence of both the 
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silyl and the ethynyl groups, which may have combined with the already strained quinone 

diimine, resulting in decomposition. 

o 

Y. 

Y = I; 2a, 2b, 2c 
Y • Br; 2'a, 2'c 

I A Mxx 
4a, 4b, 4c 5a, 5b, 5c 

X-H,1a, F,1b,CI,1C N 1 V I X » H, CI 

H. H, 
Y. 

Y • I; 3a, 3c 
Y » Br; 3*a, 3'c 

H H 
6a, 6b, 6c 7a, 7b, 7c 

i) TiCU, Et3N, PhCI, 60°C, 4hrs; ii) Me3Si-CHCH, PdCl2(PPh3)2, PPh3, Cul, 'Pr2NH, PhMe, 60°C; Hi) NaBH4 

EtOH(abs), CH2CI2; iv) 3 eqs. 2,3-dichloro-5,6-dicyano-1,4-benzoquinone, CHCI3, THF; v) a and c) 3 eq 
tBAPFe CH2CI2 v) b) 10 eqs. 0.1 M NaOH, THF. 

Scheme 14: Optimized synthesis pathway for the synthesis of the tetrahydro-, 

tetrafluoro- and tetrachloro-benzoquinone spacers 

This ongoing process directed us toward previous synthons where reduction of the ligand 

could be attempted. With this synthetic part in mind, a simpler and more stable precursor 

2a was prepared through a similar reaction via a condensation of benzoquinones (X = H, 

F and CI) with two equivalents of substituted p-aniline (Y = Br, I) in the presence of fresh 

TiCU to produce the corresponding quinone diimines (i). 

It was then possible to obtain the reduced form 3a by a simple standard sodium 

borohydride reduction in a mixture of anhydrous ethanol and dichloromethane (iii). 

Having the 3a compound, we then anchored the ethynyltrimethylsilane residue through 
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standard Sonogashira conditions with (PdCl2(PPh3)2, Cul and diisopropylamine(DIPA)) 

in order to obtain a disylated spacer (85). 

Unexpectedly, the anchoring resulted in the formation of the corresponding reduced 

diaminobenzene analogue 4a (ii). As result of porphyrin synthesis brainstorming, 

unrelated to this subject but the focus of concurrent research in our lab, we came with the 

idea of transposing the use of the oxidizing properties of dichlorodicyanoquinone (DDQ) 

to this project. In doing so, we oxidized the reduced compound 4a in order to obtain the 

fully oxidized analogue 5a (iv). Such easy oxidation resulted in a simple purification step 

(column chromatography) and a better yield than the initial alternate condensation with 

the use of the p-ethynyltrimethylsilylaniline. 

The synthesis of the tetrachloro substituted spacer 2c - 5c (Scheme 14) was achieved 

through the optimized steps i, ii, and iv but the product resulting from step three iii, 

mainly for obtaining 3c and 3'c, was studied in order to better understand the physical 

properties of the electron-withdrawing chloride group. 

The synthesis of compound 5b (X = F) was not attempted because an earlier study (84) 

indicated that the subsequent deprotection (i.e. removal of SiMe3 by KOH) also induced 

the substitution of the fluorides by methoxy or ethoxy group (coming from the solvent). 

Neither can the 5b be deprotected using standard TBAPF6. It simply decomposes in such 

conditions. Instead, an alternative route was used by inversing the step order. Indeed, the 

deprotection of compounds 4a, 4b, 4c leads to the reduced spacers 6a, 6b, 6c. The latter 

compound 6b can then be oxidized by DDQ to afford the desired oxidized spacer 7b, 

without substitution of the fluorides. 

Finally, 5a and 5c can be deprotected using the usual reactant TBAPF6 in 

dichloromethane to form 7a and 7c. The key characterization features confirmed the 

presence or absence of v(ON), v(C=C), and v(N-H) in the IR spectra (1620 < v(C=N) < 

1635; 2139 < v (CCSiMe3) < 2157 and 2093 < v (OCH) < 2104; 3400 <v (N-H) < 

3420 cm'1. The *H NMR spectra then confirmed the presence of the 8(NH) (5.40 < 8(NH) 

< 5.60 ppm). X-ray structure determinations (Figure 40) also confirmed the synthesized 

compounds. 
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2.2.2 Synthesis of the polymers and model compounds 

The reduced and oxidized forms polymers, 8b, 8c, 10a, 10b and 10c, were synthesized by 

reacting the deprotected spacers 6b, 6c, 7a, 7b and 7c with /ram-PtCl2(PBu3)2 in the 

presence of a copper catalyst. Similarly, the synthesis of the model compounds 9b, 9c, 

11a, lib, and 11c proceeded by the reaction of the corresponding spacers with trans -

PtCl2(PBu3)2 but using a 10 fold excess (Scheme 15). The unreacted Pt-starting materials 

was recovered during purification of the model compound, however the recovery was not 

quantitative due to side reactions. 

pfluj 

b J ^"2 si ** 
X - P ( 9 b),X = CI(»e) 

BujP BujP 

J / X * H X«F (11b). X - a {11c) 

X * P {10b) 

/) 1 eq. /ra«5-PtCl2(PBu3)2, Cul, 'P^NH, CH2CI2; i f )  idem except of 10 eqs. trans-

PtCl2(PBu3)2. 

Scheme 15: Synthesis routes for the preparation of the polymers and model 

compounds. 

2.2.3 Alternate synthesis pathway 

As previously described, the quinone diimine bearing hydroxyl substituents 5a was 

obtained through the condensation of benzoquinone (X = H) with two equivalents of 

substituted p-aniline (Y = CSC-TMS) and diazabicyclooctane (DABCO) in the presence 

of fresh TiCLj (Scheme 16). The purification was performed through silica gel column 

chromatography, but resulted in the presence of several by-products. 

PBu» 
6b, 6c 

X * F (8b). X * Ct (8c) 

X*H ,  1f ta  X  =  O  (10c)  
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z-TiCU, DABCO, chlorobenzene, 60°C 

Scheme 16 : Synthesis scheme of 5a. 

2.2.4 Unexpected products 

In an attempt to obtain product 6a, 4a was placed in a large excess of anhydrous 

potassium carbonate in a mixture of methanol and THF which resulted in the unexpected 

formation of 2,5-di-para-ethynylanilyl-l,6-dimethoxybenzene. The product was only 

characterized by X-ray crystallography and was not investigated further. 

/=25 eq K2CO3,1:1 THF/methanol. 

Scheme 17 : Deprotection of 4a with a 25 fold excess K2CO3 in a mixture of THF 

and methanol. 

2.3 Characterization 

Characterization of the model compounds was performed using mass spectrometry, and 
31P NMR. The 3,P-195Pt coupling constant (Hz) attests the trans-geometry about the Pt 

atom (2361 < 'j(31P-195Pt) < 2379 Hz), and again the presence or absence of v(C=N) and 

v(N-H) and 8(NH) in the IR and 'H NMR spectra, respectively (1620<v(C=N) < 1635; 

3400 <v(N-H) < 3420 cm'1; 5.40 < 5(NH) < 5.60 ppm) and the change in v(C=C) upon 

coordination of the Pt atom (2111 < v(C=C) < 2120 cm"1) (Table 2 and Table 3). In two 

cases (9b and 9c), X-ray structures were determined (Figure 42). 
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Table 2 : Ethynyl IR vibrational values. 

molecule v(OC-TMS) 

(cm"1) 

molecule v(C=C-H) 

(cm"1) 

molecule v(C=C-Pt) 

(cm'1) 

Amine 

4a 2139 6a 2093 8b 2101 

4b 2151 6b 2099 8c 2102 

4c 2153 6c 2104 9b 2120 

9c 2119 

Imine 

5a 2155 7a 2100 10a 2114 

5b 2156 7b No signal 10b 2095 

5c 2157 7c 2104 10c 2099 

11a 2113 

l ib  2111 

11c 2112 

Table 3: !/(31P-l95Pt) (Hz) for polymers, model compounds and dichloro 

bis(tributyl-phosphine)platinum(II). 

Molecule 'J(31 P-iy5Pt) (Hz) 

CW-PtCl2(PBU3)2 3520 

ftww-PtCl2(PBu3)2 2380 

8b 2365 

8c 2262, 2309 

9c 2378 

10a 2360,2514 

10b 2360 

10c 2215, 2313 

11a 2367 

l ib  2361 

11c 2379 
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Similar analysis were used to identify each polymer. Their molecular mass was measured 

by gel permeation chromatography (GPC). The 'j(31P-l95Pt) coupling constants (31P 

NMR) attests the fr-ara-geometry of the Pt atom (2215 < 'j(31P-195Pt) < 2365 Hz). The 

details are in Table 3. Again the presence or absence of v(C=N) and v(N-H) and 8(NH) 

in the IR and "H NMR spectra, respectively (1620 < v(C=N) < 1635; 3400 < v(N-H) < 

3420 cm"1; 5.40 < 5(NH) < 5.60 ppm) and the change in v(C=C) upon coordination of the 

Pt atom (2095 < v(C=C) < 2114 cm"1) (Table 2 and Table 3) confirmed the identity of 

the products. In addition, the oligomeric character of some polymers was highlighted due 
•J I 

to the presence of two P NMR peaks and their respective satellites. Both of which were 

found to be trans about the Pt-atom, mainly one in which two ethynyl would be linked to 

the platinum (middle chain Pt) and another where one ethynyl and a chloride would be 

linked to the platinum (end chains Pt). 

2.3.1 X-Ray Crystallography 

Crystallization of spacers in chlorinated solvent often provided crystals suitable for X-ray 

analysis. Indeed, X-ray data were obtained for eighteen crystals which proved to be 

critical in our understanding of the chemical and photophysical behaviour of the final 

polymeric products. In dividing the quinone diimine and the diamino benzene into two 

series for comparison, we were able to determine how average CN bond lengths of the 

1,6-quinone/benzene unit varies with the nature of the para-phenyl substituent. The less 

electron withdrawing iodo substituent led to a quinone structure with a much longer C=N 

bond but had no effect on the dihedral angle. 

During the course of this study, four dihalogenated bis(para-benzene)-l,4-

diaminobenzene building blocks were prepared (3a, 3c, 3'a, 3'b). The advantage of the 

synthesis optimization and investigation of many derivatives is the preparation of a large 

data bank of X-ray structures. The X-ray structures are shown in Figure 40 and the key 

data are summarized in Table 4 and Table 5. These data were complemented with two 

cases where X = Me (3d (unpublished) and 5d Gagnon et al (84); Scheme 12). 
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Figure 40: ORTEP representations of the investigated spacers. The thermal 

ellipsoids are represented at 30% probability. 
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Table 4: Average C=N bond lengths and dihedral angles between planes of 

quinone and phenyl centers. 

Molecule X Y d(C=N) (A) Dihedral angle a (°) Average a (°) 

2'a H Br 1.275 60.97 

2a H I 1.404 50.81 56.2 (X=H) 

5a H C=C-SiMe3 1.309 56.86 

2b F I 1.339 49.70 52.2 (X=F) 

5b F C^C-SiMe, 1.296 54.79 

2c CI I 1.296 62.44 75.2 (X=C1) 

5c CI C=C-SiMe3 1.261 88.05 

5d Me C=C-SiMe, 1.289 49.25 49.3 (X=Me) 

Table 5: Average para-C-N bond lengths and dihedral angles between planes of 

quinone and phenyl centers. 

Molecule X Y d(C-N) (A) Dihedral angle a (°) Average a (°) 

3b F I 1.386 57.50 

3b F I 1.404 55.74 

6b F C=C-H 1.440 56.49 

4b F C=C-SiMe3 1.389 55.74 56.9 (X=F) 

9b F C=C-PtL2Cl 1.380 58.97 

3'c CI Br 1.396 66.58 

6c CI C=C-H 1.405 69.06 73.5 (X=C1) 

4c CI C=C-SiMe, 1.397 77.76 

9c CI C=C-PtL2Cl 1.337 80.71 

3d Me I 1.416 72.30 72.3 (X=Me) 
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Scheme 18 : Additional structures obtained in relation to the currently studied 

spacers. 

A clear correlation between the average dihedral angle between the average 

benzoquinone plane and the phenyl groups and the nature of the substituent, X, is 

observed (Figure 41). The van der Waal radii for H, F and CI are 1.30, 1.35 and 1.80 A, 

which is consistant with the average dihedral angles corresponding at 56.2, 52.2 and 

75.2°, respectively. 

Similarly, the p-diamino-benzene analogues, the same average dihedral angles (angle 

between the average plane of the central ring versus the plane of the phenyl) were found 

to be 59.7° (X = H), 56.9° (X = F) and 73.5° (X = CI). This comparison was also 

extended to X = Me assuming that its steric hindrance resembles that of X = CI (Table 4 

and Table 5). Indeed, the data on tetramethyl derivatives compare more favourably to 

that of Br. This trend and the similarity in dihedral angles for same X-substituent strongly 

suggest that the degree of conjugation should be driven by steric effect in the 

quinonediimine spacers. Figure 41 exhibited this trend (broken grey line with • data 

points) where short C=N bond (weakly conjugated) are associated with large dihedral 

angles, and vice versa. A systematic decrease (X = H, F, CI) of the C=N bond length 

upon the replacement of the iodide-substituent at the para-positions of the phenyl groups 

by the conjugated group C=C-SiMe3 is observed. The fluctuation about this grey trend is 

likely to be associated with crystal packing effect. 
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Figure 41 : Comparison of the C=N distances in benzoquinone diimine spacers as a 

function of the average dihedral angles between the average quinone and phenyl 

planes with the analogues (C-N) of the reduced /^-diamino-benzene spacers. 

In comparing the C-N distances in the corresponding reduced and unconjugated p-

diamino-benzene spacers as a function of the average dihedral angles between the 

average central benzene and phenyl planes we observed a different trend. The C-N bond 

length of the reduced form spacers are found to be fluctuating between 1.39 and 1.44 A. 

This observed bond lengths fluctuation illustrated by the grey dotted line in Figure 41 is 

also likely to be the result of crystal packing effect. In addition, the dihedral angle for all 

reduced spacers containing X = F are found in a very narrow window (57 ± 2°) and 

compare to their X = CI analogues which can be found in a longer (and larger) window 

(67-81°). The crystal structures obtained for 9b and 9c were found to exhibit the expected 

dinuclear complexes. In these larger structures it was possible to observe the trans-

geometry (Figure 42) of the square planar Pt atoms consistent with the characterization 

data. 

The bond distances and angles were normal (see selected data in the caption) for such Pt-

complex and geometry. Interestingly, compounds 9b and 9c exhibited the shortest C-N 

bond lengths and the largest dihedral angles of their respective series (X = F and X = CI, 

Me). These species set somewhat apart from the uncoordinated spacers (Figure 41). 
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9b 

NH 

NH 

9c 
Figure 42 : ORTEP representations of the model compounds 9b and 9c. The 

ellipsoids are shown at 30% thermal probability and the H-atoms are not shown for 

clarity. Selected distances (A) and angles (°): 9b; Pt-Cl: 2.339(4), Pt-P: 2.293(4), 

2.297(4), Pt-C: 1.89(1), C=C: 1.22(2), CPtCl: 179.3(5), PPtP: 171.8(2), CIPtP: 

93.8(2), 94.0(2), CPtP: 86.7(5), 85.4(5).9c; Pt-Cl: 2.357(4), Pt-P: 2.292(4), 2.303(4), 

Pt-C: 2.035(8), C=C: 1.143(9), CIPtC: 179.7(3), PPtP: 170.5(1), CIPtP: 95.2(2), 

94.3(2), CPtP: 85.2(5), 85.5(5). 

The C-N bond lengths vary between 1.39 and 1.44 A for the diaminobenzene spacers. 

This bond length is typical for single bond evidences the absence of any strong n bonding 

between the benzyl carbon and the amino nitrogen. The shorter 1.38 and 1.34 A distances 

for the halide-substituents, X = F and CI, respectively, suggest enhanced interactions 

from between the central tetra-substituted benzene carbon and the nitrogen of the amino 

group. This enhanced bonding character can be explained by the higher electron density 

surrounding the benzene ring due to the addition of the halides. In addition to the C-N 

bond lengths, another key structural feature was obtained from crystallographic data, 

mainly the dihedral angle measured between the average benzene ring plane and the 

plane resulting from the phenyl groups that places the dinuclear complexes at the larger 
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end of Figure 42 in their respective series (X = F or CI). Weak intramolecular steric 

hindrance could presumably be invoked to explain this trend (especially when this angle 

is smaller for X = F), but the presence of two single bonds (C-NH-C) makes this angle 

difficult to interpret as the crystal packing may easily influence this angle. 

In addition, the polymers were also characterized by GPC (Table 6). Despite our hope 

and efforts to prepare polymeric materials, these compounds were essentially found to be 

oligomers. This proved to be consistent for this family of oligomers (7). Similarly, the 

polydispersity PD values are high as compared to organic polymers which can reach 

several hundred units in length but are not unusual for the type of reaction used in the 

preparation of these polymers (7). The polydispersity can be reduced by consecutive 

Hexanes polymer precipitation from a dichloromethane solution. Both M„ and the 

average number of units were found to be decreasing going from H, to F, to CI. 

In our previous report (7c), illustrated in Scheme 12 and Table 1, a relationship between 

the relative steric hindrance and the chain length using all 4 possible combinations of cis-

trans and para-cis isomers was observed. In this study, steric hindrance was also found to 

be involved, but in addition to the steric hindrance, the nature of the halide may also play 

a role in the relative chain length. 

Table 6: GPC data". 

GPC Mn (units) My/ PD 

10a 24 700 (26.3) 44 800 1.81 

8ab - — 

10b 14 600 (14.4) 38 000 2.61 

8b 14 300(14.2) 23 400 1.63 

10c 11 700(10.9) 22 300 1.97 

8c 11 800(10.9) 30 400 2.57 

a) The values in brackets are the average number of units. 

b) Polymer not available. 

The thermogravimetric analysis (TGA) is shown in Figure 43 and traces measured for 

two polymers reveal stability analogous to the previously reported values. They were 
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stable up to 300°C. The comparison between 10a and 8b indicates an increase of thermal 

stability for the F-containing materials. 
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Figure 43 : TGA traces of 10a, X = H (grey) and 8b, X = F (black). 

2.4 Chemical properties 

2.4.1 Electrochemistry 

The new materials were examined by cyclic voltammetry (CV) in the presence and 

absence of acid (trifluoroacetic acid; TFA) in order to address the redox behaviour of the 

spacers, model compounds and polymers. Figure 44 (diamine) and Figure 46 (diimine 

species) present the CV of the investigated molecules. Peak positions are listed in Table 

7. It was known from previously reported research that iV,7V'-diphenylquinonediimine, a 

fragment of PANI, is electrochemically inactive in nonaqueous electrolytes (83), and 

exhibits oxidation processes in its protonated form only (83, 86, 87). Bearing in mind 

such material (quinone diimine/diamine) in the presence of a proton source should 

become electroactive due to the protonation of the nitrogen. The desired property was the 

ability for the materials to reversibly oxidize and reduce in solution. Such electroactive 

properties are critical in order to obtain photovoltaic suitable materials. 
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The CVs of the phenyl acetylene residue exhibit an irreversible oxidation wave in the 

1.5-2.0 V vs Ag/AgCl (88). The literature previously identified this wave to be associated 

with a radical-type polymerization process resulting in the formation of 

polyphenylacetylene (88). 

The other important electroactive component, mainly the /ra«s-PhC=CPt(PBu3)2C=CPh, 

was also studied. The results were compared to the previously reported analysis in the 

literature (89, 90). The platinum chromophore exhibits an irreversible oxidation wave at 

~1.2 V (weak) and 1.43 vs Ag/AgCl (90). Before comparing further, it is important to 

notice the difference in standard used, the referenced work (90) uses Ag/AgCl and we 

used the SCE. Although the standards are not the same, a comparison is possible due to 

the small difference in potential between each of them (-24 mv). This characteristic peak 

was detected for every platinum-containing material. This exemplifies the stability of the 

irreversible redox character of this residue. Varying the quinone substituent did not alter 

the platinum redox peak in the model analysis but the polymer chain length seems to 

yield a wider peak around the 1.2 V initially associated with the platinum irreversible 

redox character (90). 

Unfortunately, due to their instability in acidic media, some of the prepared compounds 

were not investigated. The reaction in the presence of acid is presumably due to 

decomposition. Similar processes were previously reported on other related species (91). 

Noteworthy, an earlier work reported that the reduction wave of a related dimine 

compound is irreversible, but becomes reversible by coordinating to a transition metal 

(hence forming a complex) (92). 

The CV shown (Figure 45) were generally electrochemically quasi-reversible and the 

peak positions were bound to be scan rate dependent. This was indeed verified for all 

cases. For comparison purposes the scan rate was set at 100 mV/s in the figures. 

The first difference in the ligands is the different CV's exhibited by the two series (the 

substituted and the unsubstituted quinones). The unsubstituted 4a exhibits an almost 

reversible wave as opposed to the chloride and fluoride which are quasi-reversible. 

Moreover, the addition of acid (TFA) enhanced the reversibility of the unsubstituted 
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quinone ligand making it electrochemically reversible. The same enhancement was not 

observed in the halide-substituted quinones related compounds. Our inability to prepare 

the unsubstituted model and polymer in their completely reduced form prevented us from 

extending the analysis. It was impossible to assess if the same trend was transposed in the 

model and polymer. 
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Figure 44 : CVs of the spacers 4a, 4b and 4c in the absence (left) and presence 

(right) of 0.7M of TFA. Conditions: 4mM in DMF containing 0.1M of TBAPF6 at 

lOOmV/s. 
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Figure 45 : Top: CVs of the model complexes 9b and 9c in the absence (left) and 

presence (right) of 0.7M of TFA. Bottom: CVs of the polymers 8b and 8c in the 

absence (left) and presence (right) of 0.7M of TFA. Conditions: 4mM in DMF 

containing 0.1M of TBAPFg at lOOmV/s. 
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Figure 46 

(right) of 

lOOmV/s. 

(X = H(5a), F(5b), Cl(5c)) 

: CVs of the spacers 5a, 5b and 5c in the absence (left) and presence 

0.7M of TFA. Conditions: 4mM in DMF containing 0.1M of TBAPF6 at 

The electrochemical analysis of the chloride and fluoride-containing polymers and model 

compounds revealed only irreversible processes both in the presence of the absence of 

acid. 

In general, the CVs for the diamine species (Figure 44) are simpler than those for the 

corresponding diimines (Figure 46). This is due to the reduction processes of the diimine 

materials in the absence of H+ ions that lead systematically to unstable species as 

witnessed by the (chemically) irreversible waves noted in the CVs. The addition of H+ 

ions does not influence much the shape of the CVs of the diamine species (Figure 44) but 

also leads to decomposition of some diimine species (such as 5b and 10b), again deduced 

from their electrochemical responses (no CV was obtain from them, the molecule was 

decomposing upon the addition of H+). 
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Figure 47: Top: CV of the model complex 11a in the absence (left) and presence 

(right) of 0.7M of TFA. Bottom: CVs of the polymers 10a, 10b and 10c in the 

absence (left) and presence (right) of 0.7M of TFA. Conditions: 4 mM in DMF 

containing 0.1 M of TBAPF6 at lOOmV/s. 
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Table 7 : Peak positions of the anodic and cathodic sweeps". 

NoTFA NoTFA +0.7M of TFA +0.7M of TFA 

Anodic sweep Cathodic sweep Anodic sweep Cathodic sweep 

5a -0.93c, -0.65, 0.22, -0.75,-1.08 0.63 0.51 

0.60,1.20 

5b -0.22, 0.23w -0.34, 0.78 dec. dec. 

5c -1.06, -0.48, 0.01, 1.00, -0.1, 1.22 -0.10 

0.53,0.69,1.21 -0.71,-1.25 

4a 0.40, 0.64 0.51,0.24, -0.45 0.64 0.54 

4b 1.09 -0.28 1.08 <-0.2 

4c -0.65 w, 1.21 0.24, -0.21 1.22 0.34 

11a -1.17w, 0.78, 0.28, -0.57b'c, 0.50,0.65, 0.55, 0.40 

0.59,1.23c, 1.33 -0.92.-l.42w 1.25, 1.32 

l ib  _d _d _d _d 

11c _d _d _d _d 

9a _e _e _e __e 

9b 0.86,1.32,1.48b -0.34, -1.27 0.90,1.32,1.43 <-0.2 

9c -0.16w, 0.91, -0.31,-1.27b 0.93,1.21,1.41 <-0.2 

1.22,1.39 

10a 0.51,1.22 0.26, -0.71 0.46, 0.66,1.27 0.46, 0.22 

10b 0.61,1.07 0.31,-0.95 dec. dec. 

10c -0.13w, 0.44, 0.52, 0.15,-1.52 0.41,0.70 0.52, 0.15 

0.70,1.23 

8a _e __e 
—e 

8b 0.50,0.80, 0.25, -0.36, -0.86 0.44, 0.80, 0.34, < -0.2 

1.16,1.31 1.17,1.33 

0.21,0.46, 0.52,0.15,-1.52 0.50, 0.72,1.18 0.57,0.21 
8c 

0.21,0.46, 0.52,0.15,-1.52 0.50, 0.72,1.18 0.57,0.21 

0.69, 1.24 

[Pt] 1.38 -0.32, -0.8lw 1.38 -0.32, -0.8lw 

a) Potentials reported as ±0.02 V vs SCE; in DMF; 0.1 M TBAPF6; w = weak; dec = 

decomposition with acid. [PtJ = /ra«5-C6H5C^C-PtL2-C=CC6H5 (L = PB113). 
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b) Observed only during the first sweep, but not during the subsequent ones. 

c) Weak and not well defined beside a more intense signal. 

d) Not measured. 

e) Polymer not available, or decomposed in solution with acid. 

The CVs show the chemically reversible or quasi-reversible (not electrochemically 

reversible) behavior 4a upon addition of H+ ions. The diamine compound 4a upon an 

anodic sweep was found to get oxidized and releases H+ ions at a given potential. (Figure 

48, top) was an example. Upon the return sweep (i.e. cathodic sweep), these ions are 

diffused away from the anode and the return wave was noted at a more cathodic potential. 

However upon addition of H+ ions, the availability of these ions was greater and 

consequently this return wave was recorded at a lesser cathodic potential. In the case of 

the corresponding diimine 5a, the reduction predictably leads to unstable species but 

these evolved during the scan. These newly generated reduced species predictably 

exhibited their own electrochemical responses perceptible as weak irreversible waves in 

the oxidation region. 

Upon addition of H+ ions, the CV changes drastically and a new chemically reversible 

wave appeared in the oxidation region of the CV. Importantly, this new wave was 

identical to that obtained in the case of 4a meaning that the diamine and the diimine were 

clearly each other's products upon both oxidation and reduction, respectively, in the 

presence of H+ ions. Under these conditions, these waves are considered quasi-reversible. 

The above redox behaviour is believed to be the result of a two electrons reversible 

electrochemical process in competition with several one electron redox processes. All of 

the plausible redox reactions explaining the results are illustrated in Scheme 19. The 

main process is the reversible two electron process going from 5a to 4a (Scheme 19 top). 
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Figure 48 : CV of the unsubstituted quinone spacers 4a top and 5a bottom with 

(dotted line) and without (full line) the presence of TFA (0.7M). All as 4mM in 

DMF containing 0.1M of TBAPF6 at 100mV/s. 

This main reaction would be the unique one in ideal conditions with an excess of proton. 

This can also be based on the width at half height of the differential pulse for this 

electrochemical process (Figure 49), which differential pulse traces exhibits a more 

symmetric shape in the presence of the proton promoted electrochemical process. In 

addition to this main two electron process several one electron processes were observed. 

Moreover, the result of all the plausible one electron processes will result in either the 

presence of a charged species or in the formation of a radical product. Both the radical 

and the charged species are prone to be less stable than the corresponding neutral one. 

The reduction peaks located at about 0.24 and -0.45 V vs SCE (Figure 48, top, full line) 

are believed to be associated with the [Red]j and [Red]u (Scheme 19). The 0.51 V vs SCE 

reduction peak (Figure 48, top, dotted line) represented the electrochemical reduction via 

a two electron process in the presence of TFA. This peak is the result of a chemically 

reversible process and is observed for both the reduced (Figure 48, 4a, top) and the 

oxidized (Figure 48, 5a, bottom) spacers CVs. The two protons required for this 

chemically reversible process would come from the removal of the amino hydrogens 

found on the reduced form prior to its oxidation. 
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Figure 49: CV (top) and differential pulse (bottom) of 4a with (dotted line) and 

without (full line) the presence of TFA (0.7M). Conditions: 4mM in DMF containing 

0.1M of TBAPFfi at 100m V/s. 

Similarly, it would be possible to attribute the -0.75 and -1.08 V vs SCE reduction peak 

from the imine CV (Figure 48, 5a, bottom) to their analog processes [Redjjjj and [Red]jV 

(Scheme 19). For the oxidation peak found at a 0.65 V vs SCE potential it can be 

attributed the process [Ox]iu. The redox couple [Red/Ox]iii is the chemically reversible. 

The process [Red]jV was not observed as a chemically reversible process due to the 

inherent diionic character of 5aVi which was observed to readily decompose. This process 

[Ox]iv was minimally observed as a shoulder around a potential of -0.93 V vs SCE and 

witnesses the weak amount of 5aVi present in solution. In summary, in absence of a 

constant source of proton, the electrochemical reactions were mainly observed to occur 
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through one electron processes. The opposite observation was made in the presence of a 

0.7M TFA concentration where the two electron process significantly showed on the CV. 
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Scheme 19 : Proposed mechanism for all of the electrochemical processes explaining 

the CVs. 

The unsubstituted quinone diimines presented interesting results. However, the good 

correspondences between the diamine's and diimine's CV in the presence H+ ions are not 

general. For some cases (see X = CI; 5c and 4c, and 10c and 8c), the potential peaks were 

not rigorously identical. This may be related to a kinetic effect associated with the 

structural reorganisation upon diamine-diimine conversion during the return sweep. 
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Interestingly, the chemically reversible or quasi-reversible waves were observed for 8b in 

acid solution (see Figure 45, bottom red curve), 10a and 10c (see Figure 47, bottom 

black and blue traces, respectively). The center of gravity of the cathodic and anodic 

waves are ~ +0.40 and +0.60 for 10a, +0.45 and 0.65 V vs SCE for 8b and 10c. These 

differences reflect the inductive effect of the halide. These polymers in acidic media 

represent the organometallic polymer version in their protonated emaraldine forms. 

Furthermore, the oxidation peak positions for the diamine spacers 4a, 4b and 4c (0.64, 

1.08, 1.22 V vs SCE for X = H, F, CI, respectively) are again consistent with both the 

inductive effect (HvsF; similar dihedral angle; see discussion on the X-ray structures 

above), and the stabilization of the charge by conjugation (F is more stabilized because of 

the smaller dihedral angle in the diimine compounds vs CI). This effect was also noted in 

the absence of H* ions (Figure 50). 
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Figure 50 : CV of 4a (X = H), 4b (X = F) and 4c (X = CI), 4 mM in DMF (0.1M of 

TBAPF6) at 100 mV/s. 

One possible option for the interpretation of the redox behaviour of the polymers can be 

through the comparison of the various fragments composing the final material. For 

examples, polymer 8b (blue trace in Figure 51) can be analyzed using the spacer 4b (red 

trace), the £rans-C6HjC=C-Pt(PBu3)2-C^C6H5 ([PtJ; green trace), and the model 

compound 9b. The model compound exhibits two oxidation waves at 0.86 and 1.31 V vs 
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SCE, which corresponds to the oxidation of the diamine residue and the platinum(II) 

center, respectively, based on the comparison with the traces of 4b (1.09 V vs SCE) and 

[Pt] (1.38 V vs SCE). In the polymers, many waves were observed. The peak at 1.30 V 

vs SCE was most likely associated with the platinum(II) center. 

Figure 51: CV of 4b (spacer), 8b (model), 9b (polymer) and [Pt]: 4 mM in DMF 

(+0.1M of TBAPF6) at 100 mV/s. 

2.3.2 Molecular orbital analysis for the electrochemical behaviour of the polymers. 

The optimized geometry for all the spacers (4a, 4b, 4c, 5a, 5b, and 5c) and of six model 

compounds composed of a central treats-Pt unit and two diimine or diamine spacers 

where X = H, F, CI, were computed for analysis purposes of the electrochemical findings 

as well as the absorption properties below. 

The analysis of the CV traces showed that both species (5a and 4a) are electrochemically 

active. The diamine was prone to oxidation and the diimine readily reducible. In order to 

interpret these behaviours, the HOMO and LUMO density map have been computed and 

illustrated in Figure 52. In this representation the oxidized 5a and reduced 4a spacers 

exhibit the presence of k and it* systems. The spacer in its oxidized form exhibited a n 
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system almost evenly distributed on the C- and N- atoms, consistent with the HOMO of a 

fully conjugated unit. In contrast, the LUMO is more densely populated onto the quinone 

diimine center. 

In light of this representation it was possible to conclude that any substituent attached to 

the quinone center will affect the distribution of the ic system thereby affecting the 

potential at which the molecule get oxidized or reduced. In essence this process was 

experimentally observed to be substituent dependent. The electron density surrounding 

the quinone center will clearly affect the ease with which it will further or lose an 

electron. 

In the case of the diamine spacer the computed contour map of both HOMO and LUMO 

exhibit an evenly distributed atomic contribution, except that some C-atoms which 

showed no density at all and were being located on a node. This is consistent with a non-

conjugated unit. Nonetheless, the central benzene ring contributes to the HOMO and 

therefore, the oxidation potential should also be substituent dependent. The LUMO level 

is placed at a rather high energy, and consequently the reduction potential of the spacers 

must be placed at high potentials as well. Indeed, the CVs predictably show no wave up 

to -2.0 V vs SCE. 

LUMO: -0.1102 LUMO: -0.0335 

HOMO: -0.2043 HOMO: -0.1778 

Figure 52 : HOMO and LUMO representations for 5a (left) and 4a (right). 

The complete analysis of the calculated HOMO and LUMO energy levels for the series 

of spacers is shown in Figure 53. This computation indicates that the reduction of 5b (X 
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= CI) was predicted to be slightly easier to reduce than 5c (X = F), which are both easier 

than for 5a (X = H) (Figure 54). This trend was precisely experimentally reproduced (see 

the return anodic sweeps in Figure 46). Similarly, the oxidation of the diamine spacers 

was predicted to vary as 4c (X = CI) > 4b (X = F) > 4a (X = H). This was also 

experimentally observed in the CVs (Figure 44). 

0.00 + 

-0 .05-

-0.10 •• 

5a 5b 5c 

BuJ> 
[Ptl_2] 

b 

pa* 

4a 4b 4c 
[PtL2] 

a' b' 

CT3 
LLJ 

-0 .15  

-0.20 + + f + + + H + + + + 
Figure 53 : Energy levels for the spacers 4a, 4b, 4c, 5a, 5b, and 5c and of the 

corresponding PtL2 model compounds [PtL2]a, a'; (X = H), [PtL2]b, b'; (X = F) and 

[PtL2]c, c'; (X = CI). 

Using model compounds composed of a central trans-Pt unit and two diimine or diamine 

spacers denoted as PtL2 with X = H ((PtL2]a), F ([PtL2]b), CI ([PtL2]c) for the 

corresponding polymers, DFT computations generally place both the HOMO and LUMO 

in a decreasing order going from H to F to CI, meaning that the reduction potentials, 

E(red), for the diimine species should vary as E(red) H > F > CI (higher negative 

potential for E(ox) X=H), and the oxidation potentials, E(ox), for the diamine species 

should vary as E(ox) H < F < CI (higher negative potential for E(ox) X=Cl). 
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PBU3 

LUMO+1: -0.0180 LUMO+1: -0.1013 

LUMO: -0.0230 
LUMO: -0.1048 

HOMO:-0.1638 HOMO: -0.1850 

HOMO-1: -0.1671 HOMO+1: -0.1908 

Figure 54 : MO representations of the HOMO-1, HOMO, LUMO and LUMO+1 of 

optimized geometry of model compounds composed of a PtLa (i.e. a Pt unit and two 

diimine (right) or diamine (left) spacers). The units were in a.u. 

For the diamine-containing species, the description provided above remains applicable 

except that some atomic contribution of the Pt atom was also computed for the HOMO 

and HOMO-1. Consequently, the oxidation potentials were bound to be affected by the 

presence of this atom, as clearly observed in Figure 51. The high energy LUMO and 

LUMO+1 were reminiscent to that of the spacer where practically no Pt-contribution was 
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computed. No reduction wave had been detected up to -2.0 V vs SCE as well for their 

corresponding polymers and model compounds. 

2.5 Photophysical properties 

2.5.1 Uv-vis spectroscopy 

Typical spectra for the quinone material are presented in Figure 55 and Figure 56. 

Figure 57 demonstrate the difference in the spectral finger prints between the diimine 

and diamine species. The bulk of the data is in Table 8. 

The diimine-containing materials were coloured whereas the diamine analogues were not. 

These red-shifted bands were due to a charge transfer process from the -C6H4C=C- unit to 

the central quinone diimine residue in the spacers and from Pt(C6H4C=C)2- to the same 

central component in the model compounds and polymers (7). This is supported by 

TDDFT, and representative examples are presented for spacers 4b and 5b in Table 9. By 

assigning a thickness to these transitions (in a linear scale of energy), a spectrum is 

computed (Figure 58). The correspondence between experimental and calculated spectra 

confirmed the charge transfer character of the lowest energy band in the diimine-

containing polymers. 

0.7 

0.6 

0.5 
II 
| 0.4 
5 
I 0.3 

Y-SiM»3 , 
Y»Pt(PBu3)2CI 
Y»Pt(PBu3)2 (polymar)— 

0.2 

0.1 

250 350 450 550 650 750 

Figure 55 : Comparison of 5b, 10b and lib in CH2CI2 at 298 K, the absorbance was 

normalized on the 300-350 nm peak. 
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Figure 56 : Comparison of 5a, 5b and 5c (top), and of 10a, 10b and 10c in CH2CI2 at 

298 K. The absorbance was normalized on the 300-350 nm peak. 

A clear evidence for a red-shifted absorption being sensitively substituent dependent was 

noted for both the diimines and diamine species in the experimental spectra (Table 8). 

This same behaviour was also noted in the calculations (Table 10). The comparison 

between the calculated and experimental data was reasonable for the diamine species for 

the purpose of this work. 

For the diimine-containing materials the comparison between the calculated and 

experimental was not as good at first glance. This was because the experimental value 

was taken at the maximum of the low energy band since the position of the pure 

electronic transition was not perceptible at this temperature. Upon cooling, some of the 

materials exhibited some vibronic structures denoted as broad components. 
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Table 8 : UV-vis data in 2MeTHF at 298K. 

Material X(nm) (E(M"'cm"1)) 

4a 300 (34600), 340 (60300) 

4b 323(61900) 

4c 275 (38900), 325 (29600) 

5a 274 (26100), 305 (31900), 470 (10700) 

5b 260 (28000), 295 (48900), 515 (13700) 

5c 261 (67900), 300 (90900), 520 (18600) 

9a _a 

9b 244 (53000), 340(101400) 

9c 242 (42500), 270 (35350), 336 (47800) 

11a 241 (31700), 324 (48800), 533 (22100) 

l ib  _b 

11c 243 (25500), 330 (25500), 605 (9950) 

8a _a 

8b 260 (49000), 290 (28000), 350 (70200) 

8c 274 (37500), 360 (37500) 

10a 290 (45800), 335 (46900), 545 (20100) 

10b 247 (22200), 265 (22200), 350 (22200), 630 (5640)c 

10c 268 (42550), 350 (58800), 610 (7570)c 

a) Polymer not available, b) Not measured, c) Mixed-valence. 

For example, polymer 10b at 77 K (Figure 57) exhibited a first feature at ~ 700 nm. This 

value compares more favourably to that of 630 nm to the computed value at 673 nm. In 
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overall, the TDDFT calculations corroborated the charge transfer nature of the lowest 

excited state and the substituent dependence on the electronic spectra. 

1.0 
PBu, 

-ft.—O- —Abs at 77K 
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8 0.8 
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0.2 
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8 | 06 
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£  0 4  
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Figure 57: Comparison of the absorption spectra for polymers 8b and 10b in 

2MeTHF at 298 and 77 K. 

Table 9: Computed band positions, oscillator strength (f), and major 

contributions for the first five electronic transitions for spacers 5b (top) and 4b 

(bottom). 

No. vfcm1) X(nm) f Major contributions (%) 

1 16365 611 1.125 HOMO—»LUMO (74) 

2 18341 545 0.008 H-l—>LUMO (81) 

3 24792 403 0.000 H-6—»LUMO (48), H-4—LUMO (29), H-3->LUMO (15) 

4 25974 384 0.003 H-5—LUMO (75), H-2-*LUMO (16) 

5 26063 383 0.004 H-6—»LUMO (43), H-4--+LUMO (22), H-3—»LUMO (29) 
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No. v (cm"1) X (nm) f Major contributions (%) 

1 29833 335 1.534 HOMO—»LUMO (98) 

2 34139 292 0.006 HOMO—»L+2 (90) 

3 34348 291 0.008 H-l—•LUMO (70), HOMO—>L+1 (29) 

4 35849 278 0.309 H-1-+LUMO (27), HOMO—>L+1 (69) 

5 36720 272 0.018 HOMO—>L+3 (63), HOMO->L+5 (19) 

SiMa; 

K 

§ 
k 
I 
•s 

550 600 650 700 750 300 350 400 450 500 250 
W«vetanqth (nm) 

Figure 58: Comparison of the computed UV-vis spectra (excluding vibronic 

contributions by TDDFT for spacers 5b (up) and 4b (bottom).) 
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Table 10: Comparison of the computed 0-0 peaks of the spacers and model 

compounds composed of PtL2 (i.e. a Pt unit and two diimine or diamine spacers) in 

their optimized geometry vide infra with the experimental values at 298 K. 

compounds 

diimines 

v (cm"1) X (nm) (exp.)a compounds 

diamines 

v (cm'1) X (nm) (exp.)a 

5a 17818 561(470) 4a 28631 349 (340) 

5b 16365 611(515) 4b 29833 335 (323) 

5c 16277 614 (520) 4c 25647 389 (365) 

[PtL2]a 15588 641 (545) [PtL2]a' 27261 366 (-)b 

[PtL2]b 14842 673 (630) [PtL2]b' 27477 364 (323) 

[PtL2]c 13535 739(610) [PtL2]c' 25647 390(610) 

a) The experimental values are those for the spacers and polymers, b) Polymer not 

available. 

2.6 Final Remarks 

In summary this chapter aimed at defining the electronic properties of the tetra-

substituted quinone diimine polymers and their reduced analogues by comparison with 

the previous work (Table 11). Despite the several attempts, not all forms of PANI were 

obtained. The unsuccessful attempts were thought to result from the ease of oxidation of 

the unsubstituted diethynyl diamine spacers. It was found that electron withdrawing 

substituent tend to increase the stability of the reduced form by making them less easily 

oxidizable by polymerization by-products. In analyzing all the related works on quinone 

diimine, we found that the electron donating groups seem to favour the oxidized form 

only. An explanation for the stabilization effects of the substituent group can be found in 

their ability to act as moderators ensuring that the benzoquinone was not too electron 

poor and the 1,4-diaminobenzene too electron rich. The mixed-valence form was 

successfully prepared for X = OMe and F, where the method to obtain them differed for 

OMe (from a mixture of benzoquinone and 1,4-diaminobenzene precursors) from F (from 

the benzoquinone precursor). It was first believed that the presence of the platinum 

residue altered the reactivity of the benzoquinone and 1,4-diaminobenzene in the chain as 
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all different reduced and oxidized precursors were isolated and characterized in details 

but without further investigation, this hypothesis was rejected by some observations. In 

all cases, the polymers have been prepared as oligomers where the longest one was for X 

= OMe (Table 11). 

Despite the large number of investigated oligomers, it was not yet clear whether the 

solubility plays a role on the length of the polymeric material obtained. It appears 

possible to vary the chain length on the benzoquinone using OEt for example (7). 

Moreover it would be possible to increase the solubility by increasing the length of the 

phosphine bound alkyl chains. In comparing the thermal stability, it was possible to see a 

developing trend; the thermal stability was lower in the electron donating and higher in 

the electron withdrawing substituent. 

Table 11 : Comparison of the polymer properties for various substituents. 

x = CH3 H OMe F CI 
nature of the polymer oxidized oxidized oxidized mixed & oxidized 

& mixed reduced & 
reduced 

length of the polymer 19 units 26 units 38 units 14 units 10 units 
(GPC) 

thermal stability (TGA; °C) >280 >250 >300 >350 -

electrochemical response in 1 quasi-rev. 2 quasi- - 2 quasi- 2 quasi-
DMF + 0.7 M TFA (all wav. rev. rev. rev. wav. 
chemically rev.) wav. wav. 
potential of the center of the ~ +0.46 ~ +0.40 - ~ +0.45 ~ +0.45 
wave (in DMF + 0.7 M 

~ +0.46 
~ +0.60 ~ +0.65 ~ +0.65 

TFA V vs SCE) 

position of the CT band 502 545 560 630 610 
(nm) 

absorptivity (CT band in M" 23400 20100 13700 5640a 7570 
'cm'1) 

average dihedral angle 49.3 56.2 69.4 52.2 75.2 
benzoquinone-phenyl (°) 
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Four of these systems were investigated in acid solutions. All of which exhibited one or 

two chemically or quasi-chemically reversible waves in DMF. In other words, under 

these conditions the polymers exist as the organometallic version of PANI in its 

protonated emaraldine forms. The electrochemical signals are large and all appear in the 

same potential window (~+0.40 to +0.45 and -+0.60 to 0.65 V vs SCE). It was with the 

aid of the UV-vis spectroscopy that we were able to monitor the position of the charge 

transfer (CT) band in the oxidized material thereby demonstrating the electron donating 

and withdrawing inherent properties of the substituent on the quinone diimine center. 

This absorption band induces the bright color of the studied materials. As the electron 

withdrawing behaviour of the substituent increases the charge transfer band was more red 

shifted. This red shift also represents a reduction of the HOMO-LUMO gap therefore 

favouring the charge transfer. The absorptivity properties were approximately the same 

for X= CH3 and H, but were found to decrease going to F and CI. A possible explanation 

for this inverted trend could be the presence of some reduced units in the oxidized 

version of the polymers. This would also yield to lower than expected epsilon values. 

Further work might attempt to report quinone diimine polymers where the electron donor 

and acceptor moieties in the backbone of the polymer can be changed to form highly 

absorbing materials exhibiting highly red-shifted CT bands (reaching 900 nm). 
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CHAPTER 3 

Conjugated Organometallic Polymers Based Upon Anthraquinone Diimines; 

Property Tuning with Substituent Effect 

This chapter is a logical sequel of the previous one. Indeed, synthesized molecules are 

similar, they all share an anthraquinone diimine structure, but differ in purpose. Platinum 

metallopolyyne polymers of the form /rans-[-Pt(L)2C=CRC=C-]n (L is an auxiliary 

phosphine ligand, and R is an aromatic spacer unit) have attracted a great deal of research 

interest (93). This interest mainly stems from the fact that incorporation of platinum into 

the conjugated polymers can result in good overlap between the Pt d-orbital and the n-

orbital of the alkyne unit, and so the two alkyne units can mutually interact through the Pt 

dxy and dyz orbitals, which led to efficient electron ^-conjugation and derealization along 

the polymer chain (94, 95). Moreover, due to strong spin-orbit coupling resulting from 

the presence of platinum, intersystem crossing is enhanced which enables the spin-

forbidden triplet emission to become partially allowed (96, 97, 98, 99, 100), and can 

extend the exciton diffusion length. These features enable platinum metallopolyyne 

polymers to be used as the electron donor in photovoltaic cells, and encouraging progress 

has been made in recent years (101, 102, 103, 104). What is really distinctive from the 

previous chapter, is the incorporation of anthraquinone chromophores instead of 

benzoquinone, which is known to exhibit very different properties from the quinone 

diimine analogues. In addition to the rich photophysical properties, anthraquinone was a 

suitable choice due to its versatile synthesis. As opposed to quinone, the anthraquinone 

diimine mono substituted derivatives were readily accessible. This study will present the 

facile synthesis of these polyvalent spacers. These compounds and polymers could 

benchmark material for future work in the area. 
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This chapter focuses on the understanding of the wide variety of properties exhibited by 

the anthraquinone chromophore (Figure 59) and the multiple possibilities of tuning such 

properties by the appropriate incorporation of different substituents at the 2- and 2,6-

positions of the anthraquinone. The target substituents are H, NH2, and Br. The resulting 

combination of group as 2,6-HAQ (Figure 59), 2-NH2AQ, 2,6-diNH2AQ, 2-Br AQ and 

2,6-diBr AQ (Figure 60). Although the spacers themselves exhibit interesting properties, 

they were also incorporated in platinum metallopolyynes. Their chemical, 

electrochemical and photophysical properties were analysed. 

Figure 59 : Anthraquinone chromophore (in compounds a) 

Figure 60 : Substituted anthraquinone 2-NH2AQ (in compounds b), 2,6-diNHaAQ 

(in compounds c), 2-Br AQ (in compounds d) and 2,6-diBr AQ (in compounds e) 

(From left to right) 

3.1 Previous work 

We recently investigated a series of new polymers containing an electron acceptor in the 

backbone, notably the quinone diimine (Chapter 2). These polymers exhibit the general 

structure [-C6H4-C=CPt(L)2C=C-C6H4-Q-]n with Q = substituted quinone diimine (-

N=C6X4=N-; X = OMe, OEt, Me), and may be viewed as organometallic versions of 

polyaniline (PANI) in its fully oxidized form (12). The mixed valence form of the 

organometallic PANI, emaraldine, was also prepared (12). These polymers were, as 

predicted, found to be electroactive in the presence (14) of an acid (105). Moreover, the 
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conjugated materials were found to exhibit low-lying charge transfer excited state (C6H4-

OCPt(L)2C=C-C6H4—>Q) in the 500-600 nm region, which surprisingly exhibit a higher 

energy 7t 7t*-type phosphorescence at 77K arising strictly from the triplet n 7t* state of the 

C6H4-C=CPt(L)2C=C-C6H4 unit. Two of the key issues are that no emission was observed 

form these materials at 298K making these inappropriate for light emitting diode devices, 

and require acids to have reduction processes at relatively low potentials (i.e. 

consequently electric conductivity). The remaining question is that what can be done to 

tune redox and optical properties of these polymers? This is the main focus of the 

research retailed in this chapter. 

3.2 Synthesis and characterization of anthraquinone-containing polymers and 

model compounds 

Based on the previous studies of quinone-derived polymetalloyenes, it was determined 

that both the optical and electrochemical properties are dependent on the group attached 

to the electron acceptor (i.e. benzoquinone). With that in mind, we decided to expand the 

chemistry of those polymers by preparing the anthraquinone analogues. The initial step 

was the preparation of the unsubstituted anthraquinone diimine. Then the study would be 

directed toward other derivatives, notably the amino and bromo substituted 

anthraquinone diimines. The targeted series was having the [-C6H4-C=CPt(L)2C=C-C6H4-

An-]„ (L = PBU3; An = AnH2, AnBr2, An(NH2)2)). Further attempts would be made to 

obtain the corresponding reduced form [-C6H4-C=CPt(L)2C=C-C6H4-G-]n (G = 9,9'-

diaminoanthracenyl; (Figure 61). The objective was to compare the properties of the 

reduced 9,9'-diamino anthracene platinum polyyne (Figure 61 b) to the various 

substituted forms of the diimine anthraquinone analoges (Figure 61 a). The ease of 

oxidation of the 9,9'-diamino anthracene made the reduced form impossible to obtain via 

the target pathway. Despite the indesirable outcome, we were almost able to mimic its 

theoretical properties (HOMO-LUMO energy gap, dihedral angles and anthraquinone 

ring planarity). 
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pt-= NH 

Ri = R2 = H, Br, NH2 

poly(frans-bis(para-ethynylbenzene)-
platinum(ll)-anthraquinone diimine) 

8a-e 

Figure 61 : Target polymers 

poly(frans-dichlorobis(para-ethynyl-
benzene)platinum(ll)-9,9'-diaminoanthracene) 

10a 

3.2.1 Anthraquinone spacer synthesis 

As a starting point, we attempted to use the same quinone synthetic pathway presented in 

chapter 2. As opposed to the quinone derivatives, some anthraquinones diimine 

precursors were unavailable commercially. The precursor the bromo-substituted 

anthraquinones were then prepared. The 2-bromoanthraquinone (Id) and 2,6-dibromo 

anthraquinone (le) were prepared using the previously reported experimental protocols 

(106) as shown in Figure 62. 

tBuN02l ACN 
>-

CuBr2, 80°C 

lb Id 

CuBr2, 80°C 

H2N Br' 

lc le 

Figure 62 : Reactions for the preparation of 2-bromoanthraquinone (Id) and 2,6-

dibromoanthraquinone (le) 
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These precursors were then used to prepare the conjugated anthraquinone diimine spacers 

3a-e (Figure 63). The preparation of these building blocks was achieved in two 

subsequent steps. The first one was a condensation reaction between the prepared or 

corresponding anthraquinones la-e and 2 equivalents the jpara-(trimethylsilane) 

ethynylaniline compound If in the presence TiCU and DABCO (/'). These reactions 

provided the intermediate series 2a-e. The second step was a deprotection of the ethynyl 

function useing an excess of a weak base (K2CO3) in a protic solvent (Figure 63). 

SiMe-i 

Me3Si 

If 2a: R = R2 = H 3a: R1 = R2 = H 
2b: R = H, R2 = NH2 3b: R, = H, R2 = NH2 

2c: R = NH2, R2 = NH2 3c: RI = NH2, R2 = NH2 

2d: R = H, R2 = Br 3d: RI = H, R2 = Br 
2e: R = Br, R2 = Br 3e: R1 = Br, R2 = Br 

1a: R, = R2 = H 
1b: R^H, R2 = NH2 

1c: R, = NH2, R2 = NH2 

1d: R^H, R2 = Br 
1e: R-| = Br, R2 = Br 

i) TiCU, Et3N, PhCI, 60°C, 4hrs; ii) K2C03, MeOH/THF 

Figure 63 : Synthetic route for the preparation of anthraquinone derived spacers 

The characterization of the spacers 3a-e and their respective protected forms 2a-e was 

performed by 'H NMR, IR (V(C=C); V(NH)), chemical analysis and mass spectrometry 

(EI). In one case (2a), the structure was also determined by X-ray diffraction methods 

(Figure 64). 
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Figure 64 : ORTEP representation of 2a. The ellipsoids are represented with 30% 

probability. 

The corresponding 9,9'-diaminoanthracene-bis-N-/?ara-ethynylbenzene spacer 7, was 

prepared via a different route (Figure 65) since the reduction of the oxidized 

intermediates 2a-e and 3a-e was not successful as previously reported in Chapter 2. The 

diimine molecules previously obtained were not readily reducible because of the 

formation of numerous by-products in the presence of a reductive agent such as sodium 

borohydride and hydroiodic acid. This maybe caused by the presence of either the silyl 

protective group or of the ethynyl. In order to prevent this undesired byproduct 

formation, the bis(/?tfra-bromobenzene)anthraquinone diimine 4 intermediate was 

synthesized from the same condensation reaction illustrated in Figure 63. The 

anthraquinone la-e was reacted with two equivalents of p-bromoaniline in the presence 

TiCU and DABCO (Figure 65 (/)). Then the reduction of 4 proceeds with HI as reducing 

agent to provide the corresponding 9,9'-diaminoanthracene intermediate 5. Despite the 

fact that the focus of the study for the reduced form was the anthraquinone bearing no 

substituant, 4b-e were also prepared to study the crystallographic properties of the spacer. 

Subsequently the anchoring of the (trimethylsilane)ethynyl residue onto 5 proceeded via 

a Sonogoshira coupling to form precursor 6. The deprotection of the ethynyl unit was 

also conducted with the use of a weak base (K2CO3) to generate spacer 7. The 

characterization was performed in the same way listed above and X-ray structures were 

obtained for 5 and 6. 
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NH 

HN NH N 

5a* ft) = R2 = H 
5d: R1 = H, R2 = Br 

4a: Ri = R2 = H 
4b: R1 = H, R2 = NH2 

1x = 1a, 1b, 1c, 1d, 1e 

4c: Ri = NH2, R2 = NH2 

4d: Ri = H, R2 = Br 
4e: Ri = Br, R2 = Br 

SiMe-

HN HN NH NH 

i) TiCI4, Et3N, PhCI, 60°C, 4hrs; ii) HI, CH2CI2; iii) Me3Si-CCH, PdCI2(PPh3)2, PPh3, Cul, 
iPr2NH, PhMe, 6O0C; iv) K2C03, MeOH/THF 

Figure 65 : Synthetic route for the preparation of the anthracene diamine spacers. 

3.2.2 Synthesis of the polymers and model compounds 

After having prepared all the targeted spacers, the next objective was to obtain the 

anthraquinone diimine-containing polymers 8a-e and the corresponding model 

compounds 9a-e. The polymers were synthesized by reacting the spacer with an 

equivalent of /ra«5-PtCl2(PBu3)2 in the presence of a copper catalyst. The polymers were 

subsequently precipated with Hexanes from a dichloromethane solution in order to 

decrease the polydispersity initially obtained PD ~ 3.5 to 1.5 (see Table 17 for final 

results). After the preparation of the polymers, the model compounds were necessary in 

for characterization and analysis of the polymeric materials. These models were prepared 

using the same synthetic route as the polymer, except that an excess of ten equivalents of 
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fr-£ws-PtCl2(PBu3)2 was necessary. The excess was used to secure the formation of the 

desired products minimizing the presence of oligomers. Nevertheless it remains that 

under these conditions, some oligomers were observed. The remainder amount of Pt-

starting material was recuperated for further use. An attempt was also made to obtain 

polymer 10 and corresponding model 11, but similar chemical route using respectively 

one (polymers) and an excess equivalents (models) of frans-PtC^PBus^ failed. This 

failure resulted from the spontaneous oxidation of the reduced spacer. Despite rigorous 

anhydrous conditions, 10 and 11 were not obtained. 

, PBU3 ?BU* 
-Z. pt_=-_^r~y.N| 

I R2 

PBU-I 3a-e 

CI-Pt-S-^-N /=/ 1 

PBU3 / V J 
PBu3 

CI 
PBu3 

8a: R1 = ~ H 
8b: R, = H, R2 = NH2 

8c: R, = NH2, R2 = NH2 

8d: R, = H, R2 = Br 
8e: R-, = Br, R2 = Br 

9a: R, = R2 = H 

9b: R-, = H, R2 = NH2 

9c: R, = NH2, R2 = NH9 

9d: R1 = H, R2 = Br 

9e: Ri = Br, R2 = Br 

PBU' 
CI—R 

PBu, 

=-Pt—CI 

PBu, 

10 11 

i) 10 eq. frans-PtCI2(PBu3)2, Cul, /PrNH, CH2CI2; i i) 1 eq. frans-PtCI2(PBu3)2, Cul, /PrNH, CH2CI2 

Figure 66 : Synthetic routes for the preparation of the polymers and model 

compounds 

3.3 Characterization 

The characterization of the final products proceeded as previously stated but with the 

addition of 31P NMR spectroscopic analysis which proved to be essential in order to 

confirm the /ram-geometry of the Pt(II) atom. This /ram-isomeric form was confirmed 

using the 1 J(3,P-195Pt) coupling constants extracted from the Pt-satellites (2304 < 'j(31P-
195Pt) < 2379 Hz) (Table 14). The Infrared spectrum confirm the presence of the ethynyl 
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groups (2100 < v(OC) < 2107 cm"1) on the platinum-containing chromophore (Table 

15). The presence of C=N bond, the imine, is confirmed the same way (1619 < v(C=N) < 

1624 cm"1) in the polymers (Table 16). GPC was used to determine the polymer 

dimensions and polydispersity (Table 17) and indicates the lengh of the oligomeric final 

products is very short (from 5 to 17 units). 

The new materials were found, upon analysis, to be luminescent at room temperature. 

The low-lying charge transfer state was non emissive but was shifted to the blue with 

respect to that found in the polymer [-C6H4-C=CPt(L)2C=C-C6H4-Q-]n (where Q = 

Quinone) (Table 12 and Table 13) (105). This blue shift can be explained by the 

distortion (Figure 67) encountered in the anthraquinone (AQ) unit making the polymer 

chain less conjugated (X-ray data are presented below in support of this claim). 

Moreover, all molecules exhibited electrochemically active properties in DMF in the 

absence of acid. Both photophysical and electrochemical properties were found to be 

very sensitive to substitution (H, Br, NH2). 

Table 12 : Position of the CT band in anthraquinone polymers 8a-e demonstrating 

the substituent effect. 

Molecule Wavelength (nm) 
8a 449 
8b 428 
8c 445 
8d 480 
8e 503 

Table 13 : Position of the CT band in quinone polymers lOa-c and 11a, b (Chapter 

2). 

Molecule Wavelength (nm) 
10a 545 
10b 630 
10c 610 
11a 533 
l ib 605 
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During the course of this study it became obvious that the structural characteristics of the 

substituted derivatives were usefiii in the interpretation of the physical and spectroscopic 

properties. The crystallographically measured bond lengths give insight regarding the 

possible conjugation of the anthraquinone and how it is affected by the various 

substituents. 

Figure 67 : Illustration of the ring distortion in the anthraquinone diimine material 

4a. 

Table 14: 31P NMR values with coupling constants. 

Molecule 631P (ppm) (!J(3IP-195Pt) Hz) 

cw-PtCl2(P(w-Bu)3>2 

/rans-PtCl2(P(»-Bu)3)2 

J=3519 

J=2379 

3.83 (J=2352) 

0.47 (J=2304) 5.53 (J=2379) 

1.28 (J=2310) 4.20 (J=2357) 

3.97 (J=2343) 

8a 

8b 

8c 

8d 

8e 

9a 

9b 

9c 

9d 

9e 

7.85 (J=2371) 

8.04 (J=2383) 

7.82 (J=2379) 

7.89 (J=2368) 

7.80 (J=2354) 

a 

a) Not measured 
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Table 15 : IR data of the ethynyl groups. 

# v(C=C-TMS) # v(C=C-H) # v(OC-Pt) # v(C=C-Pt) 

(cm"1) (cm"1) (cm"1) (cm"1) 

Imine 

2a 2154 3a 2104 8a 2100 9a 2115 

2b 2152 3b 2103 8b 2100 9b 2104 

2c 2152 3c 2104 8c 2107 9c 2115 

2d 2154 3d 2105 8d 2100 9d 2119 

2e 2154 3e 2102 8e 2102 9e 2115 

Amine 

6a 2152 

Table 16 : IR data for the imine (N=C) group. 

# v(C=N) # v(C=N) # v(C=N) # v(C=N) # v(C=N) 

(cm"1) (cm'1) (cm4) (cm"1) (cm"1) 

2a 1626 3a 1628 4a 1624 8a 1624 9a 1624 

2b 1622 3b 1623 4b 1623 8b 1624 9b 1624 

2c 1620 3c 1620 4c 1623 8c 1624 9c 1620 

2d 1627 3d 1625 4d 1624 8d 1619 9d 1628 

2e 1622 3e 1629 4e 1621 8e 1621 9e 1617 

Table 17 : Polymer molecular weights characteristics (Mn, My,, PD) for 8a-e 

Molecule # Mn (units) Mw Mp Mz PD 

8a 15 200(14.6) 25 800 25 900 54 300 1.70 

8b 18 100(17.2) 53 000 51 400 114 400 2.93 

8c 6 000 (5.6) 9 400 7 300 14 000 1.56 

8d 5 800 (5.2) 9 600 5 300 14 700 1.64 

8e 5 900 (5.0) 7218 5 457 8 785 1.21 

c) The values in brackets are the average number of units. 

The model compounds were characterized. This /ra/w-isomeric form was also confirmed 

using the 'j(3IP-195Pt) coupling constants extracted from the Pt-satellites (2353 < 1 J(31P-
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195Pt) < 2383 Hz) (Table 14). Again, the presence of the v(C=N) peaks (1617 < v(C=N) 

< 1624) and v(CsQ signals (2104 < v(C=C) < 2119 cm"1) in the IR confirmed the 

structure of model compounds (Table 15 Table 16). None of the Pt-containing model 
1 "51 compounds provided crystals suitable for X-ray crystallography, but the IR and H, P 

NMR data unambiguously proved these structures 

3.3.1 X-Ray crystallography of the spacers 

During the course of the preparation of the spacers, several crystal structures were 

obtained. As much as eight crystal structures were acquired in this work (Figure 70). The 

data obtained from these structures played an important role in our understanding of the 

behavior of the prepared material. It also allowed us to understand the way substitution 

on the anthraquinone ring impacted the overall conformation of the spacer. In the imine 

molecule (4a), we observed a strained anthraquinone ring. The opposite was observed, 

the ring was completely planar in the case of the anthracene diamine (5a and 6), it 

exhibited perfect planarity. An equally important observation we made from the crystal 

data was the planarity of the 2,6-diamino spacer (4c), such a planarity was not expected 

from an imine molecule. 

NH 
NH 

SiMe. 
NH 

5a 6 
Figure 68 : ORTEP representation of 5a-e and 6. The ellipsoids are represented 

with 30% probability. 
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Br 

5e 4d 
Figure 69: ORTEP representation of 4d, and 5e. The ellipsoids are represented 

with 30% probability. 

Figure 70: ORTEP representation of 4c and 4e. The ellipsoids are represented 

with 30% probability. 

After the analysis of the non-substituted spacers (oxidized and reduced), the effect of 

substitution was analyzed. The first crystal obtained from a spacer bearing a substituent 

group was the 2-bromo (4d). This molecule was found to be very similar to the non-

substituted analog (4a). It had a very strained anthraquinone backbone and lacked 

symmetry as observed for the corresponding diamine 5a. On the other hand, there was 

some variations. For instance, one of the dihedral angles (Figure 71 & Figure 72) was 

much more open 38.29° versus 53.61° (Table 18). Similarly, the structure of the diamine 

5d bearing a bromide substituent at the 2-position was found to be very similar to the 

corresponding non-substituted spacer (5a Figure 73). It had a symmetric skeleton with 

B 

4e 4c 
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similar dihedral angles 81.05° (5a) vs 77.40° (5d) and very similar C-N bond lengths 

1.417 A (5a) vs 1.427 A (5d). The symmetry of the 4d spacer was transposed in the 

crystal structure thereby affecting the packing which had a bromide atom alternating from 

the 2- to the 6- position depending on the layer (Figure 74 & Figure 75). The crystal 

structure showed disorder in the 4e molecule where a probability of 50% on each of the 

two bromo groups was noted. Except for the transposed symmetry of the 5d, adding a 

bromide atom did not provide a full understanding about the behavior of the 

anthraquinone-containing spacer. 

Figure 71: Representation of 4a emphasizing on the dihedral angle (a). 

Figure 72 : Representation of 4a emphasizing on the dihedral angle (0). 
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Figure 73 : Representation of Sa emphasizing on the dihedral angle (a). 

Figure 74: Representation of 5d packing showing the bromide atom situated in 

alternate position (from the 2-position to the 6-position) depending on the layer. 
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Figure 75: Representation of 5d packing from a different angle showing the 

bromide atom situated in alternate positions (from the 2-position to the 6-position) 

depending on the layer. 

The dibromide (4e) and the diamine (4c) derivatives gave crystals suitable suitable for X-

ray crystallography. The results were more insightful. The two diimine molecules, 

expected to be of similar structure, were different. The diamine 4c was symmetric while 

the dibromide 4e was not. The C=N bond lengths were slightly longer for the diamino 

derivative 4c (1.304 A) as compared to the dibromide 4e (1.252, 1.272 A). The most 

striking difference was that 4c was not strained, similar to the reduced diamine spacers 

(5a and 5d), as opposed to 4e which, expectedly exhibited a strained anthraquinone ring 

structure. At first glance, it would appear that this compound is a diamine species, which 

would be easier to explain, the shortening of the C=N bond and the NMR data support 

the presence of a diimine form in molecule 4c (Figure 79 and Table 20). This 

unpredicted ring flattening (Figure 76) can be explained from the ability of the molecule 

to make tautomers. The incorporation of amino groups at the 2 and 2,6- positions allows 

the anthraquinone diimine to convert to different contributing forms via resonance 

(Figure 77). This behavior could have been confirmed by comparing structural data with 

the mono amino analogue (4b) but no crystal structure of this spacer was obtained. 

Therefore, we conclude that adding an amino substituent relieved the central ring strain 

but keeps the conjugation in the spacer skeleton as seen in the C=N bond length 

shortening. In addition as previously stated, the incorporation of two amino groups allows 

the structure to be symmetric, a symmetry only encountered in the diamine compounds. 

All of the other crystal structures for the diimine compounds revealed asymmetric crystal 

geometries. 
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Table 18: Dihedral angles between the average phenyl planes and the average 

center ring plane (see Figure 71 & Figure 72). 

Molecule # Angle a (°) Angle 0 (°) 

Imine 

2a 47.11 

4a 38.29 46.26 

4c 67.90 

4d 46.28 53.61 

4e 57.68 68.27 

Amine 

5a 81.05 

5d 77.40 

6a 71.78 

Table 19 : C=N and C-N bond lengths. 

Molecule # C=N/C-N length (A) 

Imine 

2a 1.266 

4a 1.274,1.306 

4c 1.304 

4d 1.285, 1.237 

4e 1.272,1.252 

Amine 

5a 1.417 

5d 1.427 

6a 1.404 
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Br 

Figure 76: The crystal structure of the anthraquinone spacer 4a (top) and 4c 

(bottom) stressing on the anthraquinone ring conformation. 

A plot of the angle versus the angle was analyzed to see whether a trend exists based on 

the nature of the substituent (Figure 78). No distinctive trend based on the nature of the 

substituent was observed. Nonetheless, the addition of a second substituent group 

increases the dihedral angle towards the values observed for the diamine spacers. On the 

other hand, the C=N bond lengths of all imines regardless of the substituent remain 

within the same range without any distinction of the substituent. Although the diamine 

species seem to be in the same ranges for both the angles and the bonds length, the data 

was not extensive enough to conclude on the trend (only 3 data points). 

Figure 77: Possible tautomeric forms and conversion for the 2-amino and 2,6-

diamino anthraquinone diimine derivatives emphasizing the free rotation around 

the single bond tautomer. 
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Figure 78 : Comparison of the C=N distances in anthraquinone diimine spacers as 

a function of the average dihedral angles between the average anthraquinone and 

phenyl planes with the analogues (C-N) of the corresponding reduced p-diamino-

anthracene spacers. 

N2C26 

Figure 79: The crystal structure of the anthraquinone spacer 4a (top) and 4c 

(bottom) illustrating the atom numbering. 
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Table 20 : Bond lengths data for anthraquinone molecules 4a and 4c. 

Molecule 4a Molecule 4c 

Bond (A) Bond (A) 

N1-C8 1.303 N1-C7 1.304 

N2-C1 1.275 N1-C4 1.393 

N1-C15 1.425 C7-C8 1.483 

N2-C21 1.425 C8-C12 1.388 

C1-C2 1.498 C12-C7 1.513 

C2-C7 1.352 

C7-C8 1.476 

C3-C9 1.497 

C9-C14 1.372 

C14-C1 1.520 

3.4 Physical properties 

3.4.1 Electrochemistry 

The new materials were studied using cyclic voltammetry (CV) in the presence and 

absence of trifluoroacetic acid (TFA) in order to assess the redox behaviour of the 

spacers, model compounds and polymers. The peak positions of the oxidation and 

reduction waves are listed in Table 7. Previous research showed N,N'-

diphenylquinonediimine, a part of PANI, is electrochemically inactive in nonaqueous 

electrolyte solutions (83), and exhibits oxidation processes in its protonated form only 

(87, 88). The electrochemical analyses were therefore performed aiming at the redox 

behaviour of the quinone based molecules, and allowing comparison to the series of 

molecules built upon the anthraquinone residue. Among the investigated properties, we 

were interested to see whether the redox process were either chemically or 

electrochemically reversible hence addressing their stability in the oxidized and reduced 

forms. Moreover, we wanted to assess whether substitution would alter this reversibility 

knowing that a material exhibiting reversibility is more suitable for photovoltaic 

applications. 
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The CVs of the phenyl acetylene residue exhibit an irreversible oxidation wave in the 

1.5-2.0 V range vs Ag/AgCl (107). Literature search showed that this behaviour is linked 

to a radical-type polymerization process resulting in the formation of 

polyphenylacetylene (88) The frans-PhC=CPt(PBu3)2C=CPh was also studied for 

comparison purposes. The results have been compared to the previously reported analysis 

in the literature and were the same (89, 90). The platinum complex was found to exhibit 

an irreversible oxidation wave at ~ 1.2 V (weak) and 1.43 vs Ag/AgCl (90). 

Unfortunately, due to their instability toward acidic media, some of the compounds could 

not be investigated. It is believed that the observed reaction in the presence of acid is a 

decomposition process. Different pathways for such decomposition are possible. The 

amino substituted molecules in an acidic media should result in highly positively charged 

amine. Such groups would then have the ability to either react with the neighbouring 

molecule or to destabilise the polymer or model molecule in such a way preventing 

reversible redox reactions. Similar processes were previously reported before on other 

related species. (108). It is also interesting to note that an earlier work reported that the 

reduction wave of a related dimine compound is irreversible but becomes reversible by 

using coordination with a transition metal complex (92). Such behaviour may also be 

occurring for the investigated materials, but the CV traces were generally 

electrochemically irreversible and the peak positions were scan rate dependent, as 

verified in all cases. For comparison purposes the scan rate was set at 100 mV/s in the 

presented CV traces and Table 21. 

The N,N'-bis(phenyl)anthraquinone diimine molecules was previously studied in its 

protonated form (diiminium), in acetonitrile solution (1.0 M TFA) (109). However, is 

diimine compound was never characterized by CV. In DMF containing 0.1 M of 

TBAPF6, the substituted N,N'-bis(phenyl)anthraquinone diimine by ethynyltrimethylsilyl 

acetylene groups in the para positions 2a exhibit two irreversible oxidation waves at Epa 

= -0.57 and 0.23 V vs SCE associated with a return peak (i.e. cathodic sweep) at -1.18 V 

vs SCE (Figure 80). The 2-bromo anthraquinone 2d also exhibits irreversible oxidations 

at Epa = -1.36, -0.58 and -0.13 V vs SCE associated with a return peak (i.e. cathodic 

sweep) at -1.0 V vs SCE (Figure 80). The 2,6-dibromo anthraquinone 2e exhibits a 
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similar pattern with irreversible oxidations at Epa = -0.86, -0.60, -0.31 V vs SCE 

associated with one peak on the return sweep at -1.18 V vs SCE (Figure 80). 

Addition of trifluoroacetic acid (TFA) (Figure 81) leads to the protonation of both imine 

functions, and the initial reduction wave disappeared. This could be attributed to the 

reduced width electrochemical window allowed by DMF under such conditions or maybe 

to the evolution of hydrogen on the platinum electrode. The reduction waves could be 

hidden in the negative potential region but unseen in our experiment due to the strong 

reduction process of H+ into Vi H2. 
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Figure 80 : CVs of the spacers 2a, 2d and 2e in the absence of TFA. All as 4mM in 

DMF containing 0.1M of TBAPF6 at 100mV/s. 
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Figure 81: CVs of the spacers 2a, 2d and 2e in the presence of 0.7M of TFA. All as 

4mM in DMF containing 0.1M of TBAPF6 at lOOmV/s. 

The platinum insertion on the ethynyl fragments causes the apparition of oxidation waves 

on the CVs of 9a, 9d and 9e (Figure 82), but reduction waves on some others. According 

to literature (110) and previous studies (111), the model compound /r<ms-Pt(PBu3)2(C=C-

Ph)2 exhibits one oxidation wave at Epa = 1.17 V (vs SCE, in CH3CN 0.1M TBAPF6) and 

no reduction signal. Although it is difficult to assign each wave, the potential range 

between 0.84 and 1.30 V may correspond to a combination of oxidation processes 

I 
I 
I 
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occurring on the platinum and the anthraquinone diimine moities. Interestingly, the 

irreversible reduction wave for 9a (£pc = -1.32 V), is placed at a lower potential than that 

for 2a (£pC = -1.18 V), in agreement with the electron-donor properties of the 

ClPt(PBu3)2- fragment and an noticeable electronic communication between the 

anthraquinone diimine and the ClPt(PBu3)2(C=C-Ph) units (i.e. resonance). 
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Figure 82 : CVs of the model compounds 9a, 9d and 9e in the absence of 0.7M of 

TFA. All as 4mM in DMF containing 0.1M of TBAPF6 at 100mV/s. 
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Upon the addition of acid to the polymer solution (Figure 83), the initial reduction waves 

for 9a and 9d shifts towards much higher positive potentials (Epc = -0.89, -1.03, -1.32 vs 

0.37, 0.14,-0.95 (9a) and -0.72, -1.13 vs -0.10 (9d)) and remain irreversible. In the case 

of 9e, the initial reduction wave is lost and only the platinum wave at 1.2 V vs SCE is 

observed. 
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Figure 83 : CVs of the model compounds 9a, 9d and 9e in the presence of 0.7M of 

TFA. AH as 4mM in DMF containing 0.1M of TBAPF6 at 100mV/s. 
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The first oxidation wave of 8a is quasi reversible (Figure 84). However, in the case of 8d 

and 8e, many irreversible reduction waves are observed at —0.70 and -1.43 V. This 

wave splitting could be due to the superposition of the reduction waves of these 

anthraquinone diimine units which are slightly communicating between themselves 

through the polymer (i.e. they are coupled) The anodic waves for the polymers were 

located in the same potential range than that for the model compounds which means that 

the redox properties of the platinum and anthraquinone diimine units were retained in the 

polymer. 

The polymer length (polymer vs model complexes) seems to add stability in terms of 

electrochemical properties. The model compounds do not exhibit reversibility as the 

polymers did. The two polymers (8a and 8d) exhibit quasi reversible waves whereas 8e, 

although showing a well defined and stable CV, does not exhibit quasi-reversible waves. 

The addition of the second bromide substituent on the anthraquinone changes the 

electrochemical response leading to a series of four oxidation waves with the 

corresponding four return waves. 

Upon the addition of acid to the polymer solution (Figure 85), the initial reduction waves 

for 8a and 8d shift towards much higher positive potentials (Epc = 0.35 vs -0.63 (8a) and 

0.50 vs -0.91(8d)) and remain quasi-reversible. In the case of 8e, the initial reduction 

wave shifts towards much higher negative potential (Epc = 0.08 vs -0.70 to -1.43) but also 

transform the wave into a more quasi-reversible behavior. 
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Figure 84 : CVs of the polymers 8a, 8d and 8e in the absence of TFA. All as 4mM in 

DMF containing 0.1M of TBAPF6 at lOOmV/s. 
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Figure 85 : CVs of the polymers 8a, 8d and 8e in the presence of 0.7M of TFA. All 

as 4mM in DMF containing 0.1M of TBAPFg at 100mV/s. 

In DMF containing 0.1 M of TBAPF6, the substituted N,N'-bis(phenyl)anthraquinone 

diimine by ethynyltrimethylsilyl acetylene groups in the para positions 2 a exhibited two 

irreversible oxidation waves at £pa = -0.57 and 0.23 V vs SCE associated with a return 

peak (i.e. cathodic sweep) at -1.18 V vs SCE (Figure 86). The 2-aminoanthraquinone 2b 

also exhibits two irreversible oxidations at Epa = -0.41 and 0.49 V vs SCE associated with 

a return peak (i.e. cathodic sweep) at -1.35 V (Figure 86). The 2,6-

126 



dibromoanthraquinone 2e exhibits a similar pattern but with only one irreversible 

oxidation at Epa = -0.83 V vs SCE associated with one peak on the return sweep at -0.93 

V (Figure 86). 
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Figure 86 : CVs of the spacers 2a, 2b and 2c in DMF without the presence of acid. 

All as 4mM in DMF containing 0.1M of TBAPF,, at lOOmV/s. 
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Figure 87 : CVs of the polymers 8a, 8b and 8c in DMF without the presence of acid. 

All as 4mM in DMF containing 0.1M of TBAPFg at 100mV/s. 
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Table 21 : Peak positions of the anodic and cathodic sweeps." 

NoTFA NoTFA +0.7M ofTFA +0.7M ofTFA 

Anodic sweep Cathodic sweep Anodic sweep Cathodic sweep 

2a -0.56, -0.23 -1.18 e e 

2b -0.41,0.49 -1.35 dec. dec. 

2c -0.83 -0.93 dec. dec. 

2d -1.36, -0.58, -0.13 -1.00 _d _d 

2e -0.86, -0.60, -0.31 -1.18 _d _d 

8a -0.63 -0.97 0.35,1.13 0.25 

8b 0.44w, 0.91 0.19, -0.35,-1.02 _d _d 

8c 0.44, 1.38,-0.96b _d _d 

8d -0.68 -0.84, -0.95 0.50, 0.92 0.29 

8e -1.29, -0.99, -0.70, -0.89, 0.24, 0.34,0.80, 0.08 

-0.62, -0.20 -1.14,-1.43 1.19 

9a 0.33 -0.89,-1.03,-1.32 0.41,0.84, 1.19, 0.3 7w, 0.14w, 

1.30 -0.95 

9b e e _d _d 

9c e e _d _d 

9d -0.61, -0.36w, -0.72,-1.13 0.50,1.26 -0.10 

-0.16 

9e -1.31,-0.98, -0.69,-1.06,- 1.20 -

-0.87w, -0..64 1.19,-1.47 

[Pt] 1.38 -0.32, -0.8 lw 1.38 -0.32, -0.81w 

a) Potentials reported as ±0.02 V vs SCE; in DMF; 0.1 M TBAPF6; w = weak; dec = 

decomposition with acid. [Pt] = /ra«s-C6H5C=C-PtL2-C=CC6H5 (L = PB113). 

b) Observed only during the first sweep, but not during the subsequent ones. 

c) Weak and not well defined and placed beside a stronger signal. 

d) Material not available, or decomposed in solution with acid. 

e) No distinctive signal. 
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Figure 88 : Proposed mechanism underlying the electrochemical processes. 

3.4.2 Molecular orbital analysis for the electrochemical behaviour of the polymers. 

The optimized geometry for all the model compounds (9a, 9b, 9c, 9d, 9e) composed of a 

central trans-Pt unit and two diimine spacers (2a-e) were computed for analysis purposes 

of the electrochemical findings as well as the absorption properties below. 

The CY traces indicate that both species are electrochemically active. In order to interpret 

these behaviours, frontier MO computations have been performed (Figure 89-Figure 

91). In these representations, the model compound exhibits the presence of 7t and 7t* 

systems. The model in the oxidized form exhibits a it system almost evenly distributed on 

the C- and N- atoms, consistent with the HOMO of a fully conjugated unit. In contrast, 

the LUMO was more densely populated onto the anthraquinone diimine center. 

In light of these representations, it was possible to conclude that any substituent attached 

to the anthraquinone center will affect the redox potentials. In essence, this process was 

experimentally observed to be substitution R-dependent. 
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LUMO+1:-0.08758 a.u. » LUMO+1; -0.09254 a.u. 

V> LUMO: -0.08798 a.u. T LUMO; -0.09306 a.U. 

HOMO: -0.18289 a.u. Y HOMO; -0.18583 a.U. 

HOMO-1:-0.19004 a.u. HOMO-1;-0.19316 a.u. 

HOMO-2: -0.20564 a.u. T HOMO-2; -0.20847 a.U. 

^ HOMO-3: -0.20577 a.u. w ( HOMO-3; -0.20987 a.u. 

Figure 89: MO representations of the HOMO-3, HOMO-2, HOMO-1, HOMO, 

LUMO and LUMO+1 of the optimized geometry of a model compound composed of 

a PtL? (i.e. a Pt unit and two diimine residues bearing no substituent on the 

anthraquinone (9a, left) or bearing an amino group (9b, right). 
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LUMO; -0.09713 a.u. 
LUMO+1;-0.07794 a.u. 

LUMO; -0.09760 a.u 
LUMO; -0.07980 a.u. 

HOMO; -0.18854a.u. 
HOMO;-0.17633 a.u. 

HOMO+1;-0.19467 a.u. HOMO-1;-0.18222 a.u. 

HOMO+2; -0.21094 a.u. 

HOMO+3; -0.21173 a.u. 

HOMO-2: -0.19431 a.u. 

HOMO-3;-0.20172 a.u. 

Figure 90: MO representations of the HOMO-3, HOMO-2, HOMO-1, HOMO, 

LUMO and LUMO+1 of the optimized geometry of a model compound composed of 

a PtL2 (i.e. a Pt unit and two diimine residues bearing two amino groups at the 2,6-

position (9c, left) or bearing a bromo at the 2- position (9d right). 
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LUMO+1; -0.06952 a.u. 

' LUMO; -0.06998 a.iir* 

• UAIJIA. A 4 70AC A .S^ HOMO; -0.17205 a.u. 

HOMO-1; -0.17849 a.uT 

HOMO-2; -0.19058 CuT 

ur\n;ir\ o- A i onon HOMO-3; -0.19080 a.u* 

Figure 91: MO representations of the HOMO-3, HOMO-2, HOMO-1, HOMO, 

LUMO and LUMO+1 of an optimized geometry of a model compound composed of 

a PtLot (i.e. a Pt unit and two diimine bearing two bromo substituent groups (9e). 

The key feature of these calculations is that when plotting the energy levels of the spacers 

HOMO-1, HOMO, LUMO and LUMO+1 MO representation was observed a clear trend 

with the substitution Figure 92. The energy level was increasing depending on the 

substituent attached at the 2- and 2,6- positions of the anthraquinone (going from 

dibromo- 2e, to bromo- 2d, to unstustituted 2a, to monoamino- 2b, to diamino 2c and to 

the diamine 5a). Interestingly spacer 2c exhibits LUMO and LUMO+1 levels with almost 
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identical energies as that of the reduced spacer 9,10-anthracene diamine. Such properties 

could again arise from the ability of the diamine to inter convert in different contributing 

tautomeric forms. 
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Figure 92 : Energy levels for the spacers 4a, 4b, 4c, 4d, 4e, and 5a. 

3.5 Photophysical properties 

3.5.1 UV-vis spectroscopy 

According to the UV-vis spectroscopic analysis, the spacers 2a-e (Table 22), polymers 

8a-e (Table 26) and model compounds 9a-e (Table 24) exhibit a characteristic charge 

transfer band in the 400-550 nm range. Such behaviour was expected from this family of 

compounds as previously shown in Chapter 2. In addition it is observed that this band 

shifts with the substitution. Moreover, this band also red shifts upon polymerization of 

the conjugated complexes (Table 26). Such red-shift in the charge transfer band is 

confirming the conjugation effect. Electron withdrawing and donating respectively 

shifted the band to red and blue section of the spectra. Upon the addition of amino 
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substituents the molar absorptivity (E) was found to significantly increase 11000 (2a) 

20000 (2b) and 38000 M^cm'1 (2c). Another significant change in the UV-vis spectrum 

was observed when adding bromide substituents. An exemple of this kind of red-shift in 

polymers is shown in Figure 94. 

-0.05 200 

UV-Vis spectrum anthraquinone spacer 

S 0.35 

20.25 

250 300 350 400 450 500 550 600 
Wavelength (nm) 

Figure 93: UV-vis spectrum of the spacers (2a-c) in 2-MeTHF at 298K 

demonstrating the increase of intensity of the CT band upon the addition of amino 

substitutent 
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Figure 94: UV-vis spectrum of polymers 8a and 8d in 2-MeTHF at 77K 

demonstrating the red shift upon the addition of the bromide substitutent. 
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Table 22 : UV-vis data for the spacers in 2-MeTHF. 

Molecule 298 K 77 K 

A,(nm) e (M"'cm'') X(nm) 

2a 250 49600 254 

292 61100 272 

417 11000 298 

426 

2b 250 78800 275sh 

290 92800 298 

420 20100 432 

2c 290 154000 260 

330sh 58200 296 

375sh 54300 350 

430sh 38100 398 

2d 258 139000 a 

292 122000 a 

425 23300 a 

2e 264 102000 270 

292 63700 296 

450 7940 450 

6a 252 117000 254 

291 83400 308 

427 13500 452 

a not measured 
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Table 23 : UV-vis data for the polymers. 

Molecule 298K 77K 

X (ran) e(M"1cm'1) X (nm) 

8a 247 16000 300 

295 15700 322sh 

449 4230 348sh 

455 

8b 330 14400 260 

428 6600 300 

344 

460 

8c 290 12800 260 

335 9000 300 

445 2300 340 

474 

8d 255 81300 

290 65600 

333 63700 

480 23100 

8e 260 26400 

290 19000 

332 16700 

503 5400 
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Table 24 : UV-vis data for the model compounds. 

Molecule 298 K 77 K 

X (nm) e (M^cm1) X(nm) 

9a 248 67200 284sh 

293 50600 310sh 

320 44700 326 

467 14300 474 

9b 243 85000 

295 81700 304 

326sh 50900 326 

440 20300 455 

9c 242 39100 285sh 

290 40700 308 

455 12700 326 

472 

9d 250 79200 260 

290sh 55300 294 

424 10600 326 

430 

9e 262 561000 266 

290 363000 300 

322 241000 328 

513 60000 515 

3.6 Final remarks 

The research described in this chapter aimed at defining the electronic properties of the 

mono- and di-substituted anthraquinone diimine polymers and establish the ground work 

for this topic (Table 11). All polymers presented in this chapter were in their oxidized 

form. They were all oligomeric varying from 5 to 17 units. Despite our frustrating 
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inability to prepare the polymer in its reduced form (the anthracene diamine) due to its 

facile oxidation, we were able to mimic its properties by using the 2,6-diamino 

anthraquinone diimine form. We only focused our effort to prepare the polymer in its 

reduced form in the case of 5a. Additional works need to be conducted in order to verify 

if the corresponding forms (5b, 5c, 5d and 5e) allow for their incorporation into a 

polymeric material. It is believed that a similar synthetic route (Figure 65 ii-iv) could be 

used to obtain the reduced form as starting material (7b, 7c, 7d and 7e) for the subsequent 

polymerisation reaction. 

Electrochemical analysis of the newly obtained materials illustrated a wide range of 

behaviour. The simple addition of a substituent group on the anthraquinone greatly 

affects the redox properties of the whole polymer. We also observed this wide variability 

in behaviour upon the addition of acid (TFA). Some polymers exhibit quasi-reversible 

redox waves, while others were not stable in acidic media. 

Depending on the nature of the substituent added (Br or NH2) and its position on the 

anthraquinone ring structure, we were able to alter the position of the charge transfer 

band in the materials. Indeed, the intensity of such band was modulated by the number of 

substituents added (1 or 2) onto the anthraquinone ring. Not surprisingly, the molar 

absorptivity (e) of the CT band was also affected by pendant groups and varied from 

2000 to 7000 M-'cm'1. 

While it is true that the main objective of this work was to study polymeric materials, it 

was also important to increase our understanding of this series of anthraquinone 

chromophores. This understanding was greatly increased by the analysis of 

crystallographic data, which illustrated the extent to which the simple addition of a 

substituent altered the whole electron density on the anthraquinone and thereby changing 

the conformation of the spacer and varying to some degree the dihedral angle but also 

changing the bond lengths. Such structure disruption undoubtedly affects the overall 

properties of the polymers such as the redox and optical properties. 
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Table 25 : Comparison of the polymer properties for various substituents. 

R = H 2-NH2 2,6-diNHz 2-Br 2,6-diBr 

nature of the polymer oxidized oxidized oxidized oxidized oxidized 

length of the polymer 
(GPC) 

15 units 17 units 6 units 5 units 5 units 

electrochemical response in 
DMF + 2.7 M TFA 

1 quasi-
rev. wav. 

dec. dec. 1 quasi-
rev. wav. 

1 quasi-
rev. 
wav. 

position of the CT band 
(nm) 

449 428 445 480 503 

absorptivity (CT band in M' 
W1) 

4000 7000 2000 6000 5000 

average dihedral angle 
anthraquinone-phenyl (°) 

43.9 - 67.9 50.0 63.0 

Additional experimentation will be required in order to assess the performance of the 

anthraquinone materials in photocells. Additional work could also be conducted in order 

to enhance the physical properties of the studied materials. Such work could include the 

addition of more electro- or photo-active substituent groups such as ferrocene and 

Ru(bpy)32+ (bpy = bipyridine), respectively. Assesment of the effect of altering the 

position of the active groups could also prove useful as a tuning method. Solubility could 

be optimized by the addition of alkyl groups onto the anthraquinone or by using longer 

chains on the platinum chromophore. One could analyse whether the length is indeed 

improving the solubility of the polymers. 
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CHAPTER 4 

Synthesis and characterization of dendrimeric molecules used as 

building blocks for light harvesting porphyrin complexes. 

In chapter 2 and 3 several quinone and anthraquinone electroactive spacers were 

investigated, but none of these spacers, used with a polymer, were analysed for behaviour 

within a dendrimeric assembly. A synthetic route to a dendrimeric analogue of both the 

quinone and anthraquinone units was designed. These dendrimers were prepared in such 

a way to allow the electroactive quinone to be the centerpiece of the higher assembly. 

Despite encouraging results, only part of this project was completed. However it serves 

as a useful starting point for any future student motivated in undertaking the challenging 

task of synthesizing quinone-based dendrimers. 

The objective of this project was to achieve the synthesis of the dendrimer and to analyse 

the photophysical properties of the dendrimer in order to understand the photonic 

communication mechanism used by different photoactive pendant groups attached to it. 

Such potential analyses would encompass several methods such as UV-Vis spectroscopy, 

fluorescence and phosphorescence lifetime and quantum yield measurements. 

The aim of this project was to design a synthetic pathway for the inclusion of photoactive 

pendant groups onto the quinone center. This was first envisioned by combining spacers 

prepared in the two previous chapters (Figure 95 and Figure 96) with different known 

photoactive chromophores. In order to achieve this kind of molecule (Figure 97 and 

Figure 98), we needed to have chromophore such as alpha halide porphyrin. 

Figure 95 : Structure of the spacer used from Chapter 2 which we could be used 

with two pendent porphyrin chromophores (see Figure 97). 
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Figure 96 : Structure of the spacer used from Chapter 3 which we could be used 

with two pendant porphyrin chromophores (see Figure 98). 

The ultimate target assembly would be bearing porphyrin derived chromophore as shown 

in Figure 99. One important feature of the dendrimeric material was the overlapping of n 

orbitals throughout the molecule. By keeping a fully conjugated assembly, one would 

enhance the potential for faster through bond electronic transfers. In addition, for the 

conjugation to be optimal we had to keep in mind the different bonds angles. 

Figure 97: Structure of the quinone spacer with two pendant porphyrin 

chromophores. 
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Figure 98: Structure of the anthraquinone spacer with two pendant porphyrin 

chromophores. 

Zn 

NH 

HN 

Figure 99: Structure of the quinone dendrimer target with four pendant 

porphyrin chromophores. 
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In this chapter we report a new series of tetra-substituted quinone diimine with ethynyl 

ligands (Scheme 20). As described in Chapter 2, numerous literature papers (112, 113, 

92) have reported that material containing 1,4-diiminequinones or 1,4-phenylenediamines 

exhibit interesting conducting and electrochemical properties. Based on these reported 

molecules, we designed analogous easily modulable structures incorporating a 1,4-

benzoquinone core in the backbone. The target molecule, are somewhat bioinspired, by 

incorporating light harvesting porphyrins and quinone derivatives as electron acceptor. 

We hope that the ultimate assembly would have the ability to store the excitation energy 

harvested by the porphyrin chromophores in the quinone-based backbone (Figure 99). 

TMS 

Scheme 20 : Molecules prepared for the dendrimer project. 

The synthetic route for the target molecules with the four pendant porphyrin 

chromophores is shown in Scheme 21 and is based on the previous research on quinone 

materials (Chapter 2 and 3) and from known reactions for the attachment of porphyrin via 

Sonogoshira reactions (114). 
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(z'=Et3N, TiCl4, chlorobenzene, 90-120°C, h=K2C03, MeOH, THF, m=CuI, Pd(PPh3)2, 

diisopropylamine, toluene, 110°C). 

Scheme 21: Proposed synthetic route for the quinone-porphyrin dendrimer target. 

4.1 Synthesis of new polyethynyl building block ligands 

First, prior to synthesize the diamine ligands, we need to synthesize the starting substrate, 

la, the/7-trimethylsi 1 y 1 ethynylani 1 ine (115). This starting material has been obtained from 

a derivative of the Sonogoshira reaction (116) as shown on Scheme 22. The reaction is a 

coupling between a terminal acethylene with a para-bromoaniline in dioxane in the 

presence of a palladium complex (3%), copper iodide (2%), diiopropylamine (1.2 eq) and 

tri(/er/-butyl)phosphine (6%). In this case the last compound was replaced by a more 
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soluble phosphine salt (HP(t-Bu)3+BF4) (117). The 81% isolated yield obtained is typical 

for this kind of reaction. 

Pd(PhCN)2CI2 

HP(t-Bu)3BF4 

Cul 
Br + H—==—siMe3 ; H2N SiMe3 

HN(i-Pr)2 

dioxane RT 81 % 
la 

Scheme 22 : Illustration of the synthesis of p-trimethylsilylethynylaniline by a 

Sonogashira reaction. 

This addition of p-trimethylsilylethynylaniline (la) to the quinone (lb) was tested in a 

1:1 stochiometry during initial attempts to obtain a mono p-trimethylsilylethynylaniline 

on the quinone with the work of laid out in Chapter 2. The target product was the N-

phenyl-N'-(para-trimethylsilylethynylphenyl)benzoquinone diimine (Figure 100). A 

/>ara-trimethylsylylethynylaniline quinone diimine derivative had its crystal structure 

previously reported in Jean-Francois Berube's thesis (118) (Figure 101) but without any 

precise experimental protocol. The reaction turned out to yield to lots of variations of the 

possible combinations of the three initial products. All of which were purified and 

analyzed, some giving rise to some determinable products, others not. The two main 

product recovered are highlighted in Scheme 23. 

Figure 101 : Previously reported mono /wra-trimethylsylylethynylaniline quinone 

diimine (119). 

Figure 100 : Mono para-trimethylsylylethynylaniline quinone diimine. 
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^ms -TMS 
NH2 O 
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(i =TiCl4, Et3N, chlorobenzene, 60°C) 

Scheme 23 : Scheme illustrating the reaction synthesis of the diethynyl ligands 2a, b. 

This result may be due to other reactions occurring with aniline at room temperature as 

opposed to the p-trimethylsilylethynylaniline substrate. At this point it is important to 

point out the results from Chapter 2 showing that in the same conditions, the two 

equivalents of the p-trimethylsilylethynylaniline did not attach to the 2,5-positions of the 

quinone diimine. Moreover despite the detection of the double bond on a quinone 

diimine, it is believed that these molecules are in constant tautomeric interconversion in 

solution (Scheme 24) and probably a mixture of the different possible forms in solid 

state. The two recovered products were analysed with 'H NMR, UV-vis and infrared 

spectroscopy in addition to mass spectroscopy to determine their structure. 

Scheme 24: Illustration of the possible tautomeric mechanism for the 

interconversion of the different contributing forms. 

In addition to these two products, mass spectroscopy of a minor fraction revealed traces 

amount of the tetra substituted quinone bearing four trimethylsilylacethylene (TMSA) 
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groups. This encouraging result led us to design a subsequent synthetic pathway for the 

preparation of this tetra substituted molecule (Scheme 25). 

TMS 

Scheme 25 : Reaction for the preparation of 2c. 

Using the starting the p-trimethylsilylethynylaniline substrate, it was possible to couple 

an unsubstituted quinone. This coupling is now achieved by reacting an excess amount of 

p-trimethylsilylethynylaniline in chlorobenzene with the quinone in the presence of 

titanium tetrachloride and triethylamine for a 4 h period. This reaction allows the 

dehydration step (analogue to the reactions for the preparation of the spacers outlined in 

Chapter 2). In the second heating period the molecule is believed to get the two 

subsequent substitution reactions for the addition of the two extra p-

trimethylsilylethynylaniline groups. Product lc was further analysed by 'H NMR, 

infrared spectroscopy (Table 26) and mass spectrometry. The photophysical properties 

are still to be determined. Unfortunately, no crystal suitable for X-ray analysis was 

obtained from this analysis. However, one crystal structure was obtained by Karl Gagnon 

in a previous work related to this project. The structure was the ortho aniline 

ethynyltrimethylsilyl analogue of 2c (Figure 102). 

TMS 

TMS 

(/=Et3N, TiCU, chlorobenzene, 90-120°C). 
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Figure 102 : ORTEP representation of the crystal structure of the ortho-aniline 

ethynyltrimethylsilyl analogue of 2c. The ellipsoids are represented with 50% 

probability. 

Table 26 : Characteristic infrared vibration bands for molecules 2a, 2b and 2c. 

Bond 2a 2c 2d 

v(C=C) 2155 2155 2155 

v(C=N) 1593 1593 1593 

v(N-H) 3297 3303 3294 

4.2 Final remarks 

This chapter reports three quinone precursors for dendrimers formation along with their 

basic characterization ('H NMR, Mass and IR spectroscopy). Although anthraquinone 

dendrimers are also the focus of this project, the only dendrimer suitable molecules 

worked on were reported in Chapter 3, namely 4d and 4e (see structures in Chapter 5). 

Despite the fact that the synthesis of these molecules was achieved without any problems, 

one must keep in mind the difficult task ahead, especially when dealing with attaching 

porphyrin chromophores. In the near future before going further with the addition of 

porphyrin, these molecules should be studied to know their electrochemical and 

phothophysical properties. 
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CHAPTER 5 

Synthesis and characterization of new assembling diethynyl ligand 

5.1 Previous works 

The luminescent organometallic polymers and conductor precursors must have ligands 

exibiting specific characteristics. Diethynyl ligands have the ability to strongly bind with 

transition metals while maintaining the conjugation with the backbone (120). These 

ligands may themselves be luminescent and bear charged functional groups altering their 

physical and chemical properties and intrinsically altering the overall polymeric 

behaviour. One of the most important characteristics in the conception of 

electroluminescent and photovoltaic devices is the presence of reversible cyclic 

voltamogram waves which is a sign of stability upon redox processes. This specific 

electrochemical signature illustrates the ability of the molecule to become oxydized or 

reduced depending on the conditions, without the presence of any decomposition or 

formation of by-products and so without affecting the functioning of the devices. 

Epstein et al (113) demonstrated what the effects of both the oxidized and the reduced 

groups have on the conductivity of the polyanilines (Scheme 10). As previously 

mentioned in the Introduction, polyanilines are a mixture of the different 

leucoemeraldines (reduced) and perigranilines (oxydized) forms all of which normally 

exhibit electrical insulating properties. Although these compounds are insulator, the 

protonation of the diimine form result in a conducting polymer having tuneable 

conductivity. The electrical conductivity was found to be related to the number of 

protonated diimines (114). 
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c d 

Scheme 26: Different forms of PANI, a) pernigraniline, b) emaraldine, c) 

leucoemarladine, d) protonated emaraldine. 

With the properties of polyaniline (PANI) in mind and previous knowledge of quinone 

diimine analogous products recently studied, the design of new quinones with the ability 

to exhibit both a reduced and an oxidized was undertaken. K. Yamamoto et al. (121) have 

synthesized compounds having the 1,4-phenylenediamine with two phenyl groups in each 

extremity (figure 103). The N,N'-diphenyl-l,4-phenylenediamine (PDA) exhibits two 

reversible oxidation waves in the CV. In addition, the computation and the X-ray 

structures led to the conclusion that the electronic density of the HOMO is located in the 

center phenyl group (i.e. para-diaminobenzene). Moreover, it was established from the 

work conducted in Chapter 2, that there was an orbital overlap between the central 

phenyl rc electrons and the nitrogen doublet. 

The addition of non conjugated groups on the central phenyl were found to increase the 

dihedral angle between the phenyls and the center N,N'-diaminobenzene (due to steric 

hinderance) resulting in a decrease in the electronic interaction between (i.e. conjugation) 

the nitrogen and the central phenyl n electrons. The same effect was observed when 

adding conjugated group, the dihedral angle was also increased (for the same steric 

reasons). During this study Yamamoto et al. also added functional groups in the ortho 

position of the phenyl also resulting in the increase of the dihedral angle. The increase in 

dihedral angle was so important that it annihilated the conjugation between the exterior 

phenyls and the nitrogen and central phenyl. However, this substitution increased the 

conjugasion between the nitrogen and the central phenyl. Finally it was found that the 

intensity of the electronic conjugation between both amine was controlled by the dihedral 
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angle of the Ph-N-C-C portion of the molecule which is itself modified by the 

substituent's effects. The smaller the angle, the more the n nitrogen electron are 

conjugated with the central ring. 

PDA-R 
Me H 

2,6-DMPDA 

R = H, Me, Ph, Br, (C4H3S), t-Bu 

Figure 103: Molecules having the 1,4-phenylenediamine (frame) fragment 

synthesized by K. Yamamoto etal.( 121) 

In this thesis, a new series of conjugated diethynyl ligand has been synthesized (Figure 

104). As described above, numerous literature papers (112, 122) have reported that 

material containing 1,4-diiminequinones or 1,4-phenylenediamines exhibited interesting 

conducting and electrochemical properties. Based on these reported molecules we 

designed analogue tuneable structures incorporating a 1,4-benzoquinone core in the 

backbone. The target molecule was partially based on biological processes due to its 

incorporation of a substituted functionalized quinone. The ligand can be compared to a 

peptide; the peptidic amine plane is reproduced in the ligand in an objective to have 

similar behaviour. In line with previous studies, the aim of this project was to attain better 

conjugation along the spacer backbone, between the phenyl group and the quinone 

diamine center. In order to increase conjugation and reduce bond length, we incorporated 

the amine functionality on the core of the molecule. Moreover, these compounds were 

hoped to have the ability to be partially protonated in a similar manner as the polyaniline. 

In addition to preparing the dihydro-substituted ligand, other ligands made from a 

quinone diimine or in this case a quinone diamine has the ability to bear different 

functionalized groups (i.e. halogens F, CI, Br or OMe) which will alter the 
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electrochemical properties and potentially vary their luminescence and their conductivity. 

The synthesized ligands also have the ability to be protonated in the presence of acid in 

order to form quinolic analogues. The target quinone-quinol ligands add some potential 

to the synthesis pathways and will open many other avenues to the student who will 

pursue this project. Different target organometallic polymers could arise from these 

ligands. For example, oxidized and reduced target polymer could give a general 

understanding of the material behaviour but as conducting properties are concerned; the 

objective would probably be better served by mixed oxidized-reduced forms. 

TMS TMS TMS TMS 

HN HN HN HN 

NH NH NH NH 

TMS TMS TMS 

Figure 104: Structures of the newly synthesized diethynyl ligands. 

5.2 Synthesis of new diamine diethynyl building block ligands 

The synthesis route (Scheme 28) of this ligand was designed based on a reaction 

previously reported by Han et al. (123) which combined both amines and the quinone for 

the preparation of amine-quinone polyimides. The same reaction shown in (Scheme 27) 

was used to prepare the spacers, but with a slight variation in the amine ligand. Instead of 

using a bis(para-aniline), which has the ability to react twice inducing polymerization 

153 



reaction, we used an aniline with a /?ara-halide substituent, namely />ara-bromoaniline 

(2a). 

02/Ethanol 

X = CH2, O. 
Scheme 27 : Reaction for the preparation of a quinone amine spacer (123). 

This variation in starting materials is allowing to obtain the intermediate spacer bearing 

two bromo groups. The reaction between the quinone and an excess of para-

bromoaniline (2a) in ethanol was straight forward; the product was insoluble in ethanol 

(Scheme 28 i). A simple filtration was enough to recover the desired product thereby 

leaving any by-products soluble in ethanol in the filtrate. In addition to this filtration step, 

the grey product was washed several times with deionised water and dried under vacuum. 

Despite several attempts at purifying the 2,5-bis-para-bromoaniline quinone, its weak 

solubility did not allow purification by column chromatography. The characterisation of 

this intermediate was only partial, mass spectrometry confirmed we had the correct 

product. Nonetheless, a *H NMR spectrum was acquired using deuterated DMF, one of 

the only solvent in which this intermediate product was soluble at room temperature. 

Numerous variations in the stochiometric combination was tested to optimized the yield 

but with limited result. The best yield achieved was 33%. It is believed that this reaction 

yield the diamine product due to the instability of the monoamine intermediate which 

probably involve some kind of free radical species. 

From there, the grey powdered product was reacted with trimethylsilylacetylene in 

standard Sonogoshira reactions using copper iodide and a palladium catalyst in a mixture 

of diisopropylamine and toluene and heated for a 12 h period. This resulted in a red 

solution from which the red 4a molecule was obtained. This spacer was characterized 

using IR spectroscopy, mass spectrometry (EI) and H NMR. The UV visible properties of 

the ligand were also subject of a brief analysis. The solid end product (la) was found to 
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form thin green metallic sheets. However, this green color was not seen under the 

microscope and the x-ray crystal structure (Figure 106) was obtained from a red crystal. 

/=EtOH (Abs), 02. 

z7=Trimethylsylacetylene, PPh3, PdCl2(PPh3)2, diisopropylamine, toluene, 90°C, 12 hrs. 

Scheme 28 : Synthetic route for the preparation of 4a. 

This first molecule 4a exhibits no withdrawing groups on the quinone. An alternate 

synthetic route for the preparation the halogen bearing quinone diamine analogue 4b, 4c 

and 4d was needed. The reason 4b is not described here due to the fact Simon Lamare 

was in charge of synthesizing the corresponding fluoro compound and had more 

experience in handling these specific products. A new synthetic route was required due to 

the presence of four halogene substituents on the quinone. These halides (X= F, CI and 

Br) especially the bromide derivatives were prone to react during the Sonogoshira 

coupling of the trimethylsilylacetylene. Due to this specific reactivity the reaction path 

described in Scheme 28 was undertaken. 

First, prior to synthesize the diamine ligands 4b-d, the starting material, the p-

trimethylsilylethynyl-aniline 2c (115) had to be prepared. 2c was obtained from a 

derivative of the Sonogoshira reaction (116) as shown on Scheme 22. The reaction is a 

coupling between a terminal acethylene with a para-bromoam 1 ine 2a in dioxane in the 

TMS 

2 

TMS 
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presence of a PdChCNCCeHs^ (3%), copper iodide (2%), diiopropylamine (1.2 eq) and 

tri(/er/-butyl)phosphine (6%). Where in this case the last compound was replaced by a 

more soluble phosphine salt (HP(t-Bu)3+BF4 ). 

Pd(PhCN)2Cl2 

HP(I-Bu)3BF4 

H2n—^ ^—Br + H =—SiMe3 ^ ̂ ^ H2N ^ ^ == SiMej 

dioxane RT 81 % 
2a 2b 2c 

Figure 105: Synthesis of p-trimethylsilylethynyl-aniline 2c via a Sonogashira 

reaction. 

Using the 2c, it is possible to couple a tetra halogened quinone. This coupling is achieved 

through the combination of two p-trimethylsilylethynylaniline by two substitution 

reactions (Scheme 29). This coupling allows for the synthesis of a halide substituted 

quinone diamine. The double substitution reaction will give a diamine compound as 4b, 

4c and 4d. It is important to point out that similar reaction was attempted for 4a but with 

limited success. The final reaction mixture was very hard to separate by column 

chromatography and resulted in a very poor yield (31%) and not so pure product. This 

reaction was not used anymore when preparing 4a. 

NH, 

+ 

MS 
2c 

1bX=F 
1c X=CI 
1d X=Br 

TMS—^ 
x""K * _ // t ..r-V 

°. HN /r 

NH 

4b X=F 
4c X=CI 
4d X=Br 

TMS 

(/ = ethanol) 

Scheme 29 : Scheme illustrating the synthesis of the diethynyl ligands (4b, 4c and 

4d). 
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5.3 Characterization 

The fluoro substituted quinone diamine 4b has been prepared by Simon Lamare whom 

contributed to this project. The crystal structure of the fluoro (Figure 107) compound 

was also obtained and can be found in Simon's thesis (p. 176). 

The crystallographic structure of the bromo-substituted diamine 4d has been obtained and 

is shown in Figure 108. In this structure, it is possible to observe the short distance 

between two adjacent molecules giving this golden coloured appearance of the material. 

A crystal structure was obtained for another ligands 4a (Figure 106). The structure was 

corresponding to the dihydro- compound which also brought us with some interesting 

information regarding its stacking properties. Such behavior, namely the close stacking of 

each quinone amine on top of one another could explain the quasi-metallic appearance of 

the solid material. 

Figure 106 : ORTEP representation of the crystal structure of 4a. The ellipsoids are 

represented with 50% probability. 
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Figure 107 : ORTEP representation of the crystal structure of 4b. The ellipsoids are 

represented with 50% probability. (More information can be found in Simon 

Lamare Master's thesis p. 176) 

Figure 108 : ORTEP representation of the crystal structure of 4d. The ellipsoids are 

represented with 50% probability. 

One important feature of the crystal structure of molecule 4a was the symmetry between 

the planes of the phenyls. They are completely parallel to one another. Both were 34.75° 

from the average plane of the quinine center. The same observation was made in the case 

of 4c, both of the phenyl planes were parallel to one another, but this time the angle is 

61.75° from the phenyl plane to the average plane of the quinone. This difference in 

angle can importantly alter the conjugation of the spacer with the N lone pair. The 

unsubstituted derivative 4a would probably exhibit a better overlap of the rc-orbital as 
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compared with the dibromo analogue, the shorter the angle, the more 7c-orbital overlap. 

Another distinctive feature lies in the shorter bond length of double bond of the quinone 

(see Table 27). The overall configuration of the bond length can be understood in terms 

of contribution from the different resonance structures (see Figure 115). 

Si01 

FC10 fC7 

C4 
C5 

C131 rC11 C6 iC12 
IC13 

C5 C11 
C14 C4 'CIO 

C2 |Si01 

|C3 

Figure 109 : Structure of 4a (X = H) used as reference for atom numbering in cases 

of symmetric spacers (4a and 4d) 

Table 27 : Bond lengths determined by X-ray crystallography for 4a and 4d. 

Bond length 4a (A) 4d (A) 
N1-C12 1.370 1.343 

C12-C13 1.389 1.359 

C13-C14 1.443 1.479 

C14-01 1.262 1.213 

C12-C14 1.460 1.515 

C13-X 0.930 1.872 
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Figure 110 : Structure of 4b (X = F) used as reference for atom numbering in 

asymmetric spacer (4b). 

Table 28 : Bond lengths determined by X-ray crystallography for 4b. 

Bond length 4d (A) 
N1-C16 1.350 

C16-C15 1.390 

C15-F2 1.379 

C15-C14 1.390 

C14-01 1.243 

C14-C13 1.390 

C13-N2 1.433 

C13-C18 1.390 

C18-F1 1.398 

C18-C17 1.390 

CI 7-02 1.226 

C17-C16 1.390 

The crystallographic data also allow us to understand how the ligands are packing in the 

solid state. We were able to determine the effect of the substituents on the packing in the 

crystal matrix. Interestingly, we observe some some hydrohen-bonding in 4a. This 

hydrogen-bonding (O-H and N-H) (Figure 111) occurs especially due to the absence of 

any substituent on the quinone. The small size of the hydrogen even allows the oxygen 

and nitrogen to be in short contact (Figure 112). The difference between the unsubstitued 

4a and the halide-substituted 4b-d compound is very important (from metallic green to 

gold). This important difference arises from the stearic hindrance of the halide. We can 
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Figure 113 : Packing structure of 4d with the short contact illustrated in red and 
blue. 

Figure 114 : Olustration of the stacking of 4d. 
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Table 29 : Dihedral angles and C-N bond lengths for 4a, 4b and 4d. 

Molecule Angle a (°) C-N length a (A) Symmetric 

4a (X=H) 34.71 1.369 Y 

4b (X=F) 49.00 1.349 N 

48.77 1.433 N 

4d (X=Br) 61.96 1.343 Y 

Figure 115 : Contributing resonance forms. 

Table 30 : Characteristic IR vibration bands for molecules la, lc and Id. 

Bond 4a 4c 4d 

v(OC) 2158 2154 2155 

v(N-H) 3270 3293 3290 

5.4 Final remarks 

A lot of work is left to be done if someone attempts to obtain organometallic polymeric 

diamine-containing materials. The deprotection of the ethynyl groups, should be straight 

forward but the coupling of the ethynyl could be difficult depending on the oxidative 

behaviour of the spacer. Some initial attempts were made to obtain a polymer but without 

success. This failure is believed to be due to the oxidation of the platinum material (from 

platinum II to platinum IV chromophore). Unfortunately time limited the depth of this 

analysis. 
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This project was very different from all previous quinone related work in the sense that it 

aimed at keeping the oxygen on the quinone to allow for a whole new sets of behaviour 

electrochemically and optically. The final result was only the reporting of three 2,5-

diethynylphenyldiamine spacers but opens the door to potentially interesting research 

topics for the future in the area of solar cell. 
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conclusion 

We have now succeeded in preparing or generating all four forms of PANI in its 

organometallic version (with trans-C^CPtL2C=C; L = monophosphine). The diimine 

form of PANI was also obtained from the anthraquinone derivatives. We especially 

consider this thesis a useful data bank for the design of benzoquinone, anthraquinone 

diimine-based materials, which also are relevant in the design of very low band gap 

polymers. 

One important aspect of Chapter 2 stands from the large number of X-ray structures 

studied, both from the spacers and from the models. We were able to show that the 

dihedral angle between the average benzoquinone plane and that of the flanking phenyls 

vary a lot thereby affecting the conjugation of the spacers. An increasing angle will 

inevitably alter the n orbital overlap. Some correlation between the size of the substituent 

and the C=N bond length has been noted, but the same exercise on the corresponding 1,4-

diaminobenzene, a non-conjugated system, showed that there was still a large variation of 

C-N bond length and the dihedral angle for same substituent meaning that crystal packing 

must most certainly play a role in the reported structural parameters. 

Through Chapter 3 we were able develop a straight forward synthetic route for the 

preparation of anthraquinone diimine-containing polymeric materials but also to 

demonstrate the tunability of the anthraquinone diimine chromophore. We showed that it 

was possible to go from a highly strained ring structure to a completely planar and 

symmetric one by introducing tautomeric enableing substituent groups. We especially 

consider this work a useful data bank for the design of anthraquinone diimine-based 

materials, which are also relevant in the design of very low band gap polymers. 

In Chapter 4 a preliminary exploration for the construction of future quinone based 

dendrimers was reported. We though useful to incorporate these partial results in this 

thesis in order to motivate future students in undertaking such endeavour. 

The work of Chapter 5 aimed at exploring another aspect of quinine-containing 

organometallic polymers. We were able to establish reliable straight forward syntheses 
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for the preparation of diamine spacers and reported several interesting synthetic 

behaviours ofor these compounds. In addition the crystal structures for some diamine 

compounds were obtained. With this crystallographic data, it is now easier to understand 

their UV-visible properties. The data analysis gave us insight about the structural change 

encountered when substituting the two quinone hydrogens by stronger electron 

withdrawing substituents. Moreover, the crystal packing also show unexpectedly close 

intermolecular distances in the solid state. 

Important achievements have been made through this thesis in the understanding of the 

chemical behaviour of both quinone and anthraquinone derivatives. In addition, Chapter 

4 and 5, explored potential areas of research for quinone based dendrimer species. The 

exploratory results are encouraging and will drive further research in this direction. 
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CHAPTER 6 

Experimental section 

6.1 Instruments 

The *H NMR and 13C NMR spectra were collected on a Bruker DRX 300 and 400 

spectrometer in deuterated chloroform solution, with tetramethylsilane (TMS) as internal 

standard. As for the 31P NMR analysis, the chemical shifts were relative to D3PO4 85% in 

D2O. All chemical shifts (8) and coupling constants (J) are given in ppm and Hertz, 

respectively. The spectra were measured from freshly prepared samples. The IR spectra 

were acquired on a Bomem FT-IR MB series spectrometer equipped with a baseline-

diffused reflectance. Elemental analyses were carried out on an Elementar Vario EL 

(Germany). EI-MS were recorded on a LCQ DECA XP Liquid Chromatograph-Mass 

Spectrometer (Thremo Group). Molecular weights and molecular weight distributions of 

all polymers were determined by using gel permeation chromatography (GPC). The GPC 

set-up consisted of a Waters 515 HPLC pump, a Waters 996 Photodiode Array Detector 

and a Waters 410 Differential Refractometer, with a Styragel HR4E column (7.8*300 

mm). The GPC eluent was HPLC grade THF, at a flow rate of 0.5 mL min"1. Calibration 

curve was obtained using seven PS standards (Aldrich), with Mn ranging from 3400 to 

382 000 gmol"1. The UV/vis spectra were recorded on a Hewlett-Packard diode array 

model 8452A at Sherbrooke. The emission and excitation spectra were obtained by using 

a double monochromator Fluorolog 2 instrument from Spex. Fluorescence and 

phosphorescence lifetimes were measured on a Timemaster Model TM-3/2003 apparatus 

from PTI. The source was a nitrogen laser with a high-resolution dye laser (fwhm ~ 1.5 

ns), and the fluorescence lifetimes were obtained from high-quality decays and 

deconvolution or distribution lifetime analysis. The uncertainties were about 40 ps based 

on multiple measurements. The phosphorescence lifetimes were performed on a PTI LS-

100 using a 1 jis tungsten flash lamp (fwhm ~1 jis). The flash photolysis spectra and the 

transient lifetimes were measured with a Luzchem spectrometer using the 355 nm line of 
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a YAG laser from Continuum (Serulite) and the 530 nm line from a OPO module pump 

by the same laser (fwhm =3 ns). 

6.2 Quantum yield measurements 

For room-temperature measurements, all samples were prepared under an inert 

atmosphere (in a glove box, O2 < 12 ppm) by dissolution of the different compounds in 

2MeTHF using 1 cm3 quartz cells with septum (298 K) measurements. Three different 

measurements (i.e. different solutions) were performed for each set of photophysical data 

(quantum yield). The sample concentrations were chosen to correspond to an absorbance 

of 0.05 at the excitation wavelength. Each absorbance value was measured five times for 

better accuracy in the measurements of emission quantum yield. The reference was 

tetraphenylporphyrin (0.1 in THF) and zinc tetraphenylporphyrin (0.033 in THF). 

6.3 Theoretical calculations 

Calculations were performed with Gaussian 09 (124)at the Universite de Sherbrooke with 

Mammouth super computer supported by le Reseau Quebecois de Calculs de Haute 

Performances. The DFT (125) and TD-DFT (126) were calculated with the B3LYP (127) 

method. 3-21G*(128) basis sets were used for C, H, N, F and CI, polarized basis sets for 

P (129), and VDZ (valence double Q with SBKJC effective core potentials (130) for 

Platinum. The predicted phosphorescence wavelengths were obtained by energy 

differences between the Triplet and Singlet optimized states (131). The calculated 

absorption spectra and related MO contributions were obtained from the TD-

DFT/Singlets output file and gausssum 2.1 (132). The predicted electrode potentials and 

orbital energies were obtained from the DFT calculations with a method like Namazian et 

al. (133) 

6.4 Electrochemistry 

6.4.1 Materials for electrochemistry 

Electrochemical measurements were carried out at room temperature under a flow of Ar 

gas. DMF (Fischer) was distilled under vacuum but otherwise used as received. 

Trifluoroacetic acid (Aldrich, 99%), TFA, was used as received. Solutions were made 0.1 
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M in [NBU4][PF6], which had been purchased from Aldrich, recrystallized from ethanol, 

and dried under vaccum. 

6.4.2 Instruments 

Electrochemical experiments were carried out using a standard three-electrode 

configuration and a PARC 273A potentiostat interfaced to a personal computer. Cyclic 

voltammetry (CV) and differential pulse voltammetry (DPV) scans were carried out at Pt 

disks of 5 mm diameter (Pine Chem) which had been polished with Buehler diamond 

paste. The potentials are reported versus the saturated calomel electrode (SCE). 

6.5 X-Ray Structures 

6.5.1 N,N'-Bis(para-iodophenyl)benzoquinone diimine (Chapter 2-2a) 

The crystals were grown in by slow vapor diffusion of EtOH on a CHCI3 solution at room 

temperature. One single crystal of 0.10 X 0.30 X 0.30 mm3 was mounted using a glass 

fiber at 293 (134) K on the goniometer. Data were collected on an Enraf-Nonius CAD-4 

automatic diffractometer at the Universite de Sherbrooke using co scans. The DIFRAC 

(135) program was used for centering, indexing, and data collection. One standard 

reflection was measured every 100 reflections, 12% intensity decay was observed during 

data collection. The data were corrected for absorption by empirical methods based on 

psi scans and reduced with the NRCVAX (134) programs. They were solved using 

SHELXS-97 (136) and refined by full-matrix least squares on F2 with SHELXL-97 

(136). The non-hydrogen atoms were refined anisotropically. The hydrogen atoms were 

placed at idealized calculated geometric position and refined isotropically using a riding 

model. The measured fraction theta full is slightly low (90%) because some bad 

reflections were rejected due to the poor crystal quality. However the goodness of fit is 

still very good at 0.979. 

6.5.2 N,N'-Bis(para-iodophenyl)tetrachlorobenzoquinone diimine (Chapter 2-2c) 

The crystals were grown in by slow vapor diffusion of EtOH on a CHCI3 solution at room 

temperature. One single crystal of 0.025 X 0.20 X 0.20 mm3 was mounted using a glass 

fiber at 293 (134) K on the goniometer. Data were collected on an Enraf-Nonius CAD-4 

automatic diffractometer at the Universite de Sherbrooke using co scans. The 
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DIFRAC(126) program was used for centering, indexing, and data collection. One 

standard reflection was measured every 100 reflections, no intensity decay was observed 

during data collection. The data were corrected for absorption by empirical methods 

based on psi scans and reduced with the NRCVAX (134) programs. They were solved 

using SHELXS-97 (136) and refined by full-matrix least squares on F2 with SHELXL-97 

(4). The non-hydrogen atoms were refined anisotropically. The hydrogen atoms were 

placed at idealized calculated geometric position and refined isotropically using a riding 

model. The observed data are low because the crystal was very thin (0.025 mm on one 

face). 

6.5.3 N,N'-Bis(para-bromophenyl)benzoquinone diimine (Chapter 2-2 'a) 

The crystals were grown by slow evaporation of a CH2CI2 solution. One single crystal of 

0.25 X 0.30 X 0.30 mm3 was mounted using a glass fiber on the goniometer. Data were 

collected on an Enraf-Nonius CAD-4 automatic diffractometer at the Universite de 

Sherbrooke using omega scans at 293(2) K. The DIFRAC (135) program was used for 

centering, indexing, and data collection. One standard reflection was measured every 100 

reflections, no intensity decay was observed during data collection. The data were 

corrected for absorption by empirical methods based on psi scans and reduced with the 

NRCVAX (135) programs. They were solved using SHELXS-97 (136) and refined by 

full-matrix least squares on F2 with SHELXL-97 (136). The non-hydrogen atoms were 

refined anisotropically. The hydrogen atoms were placed at idealized calculated 

geometric position using a riding model, except for HI a and Hlb that were found by 

Fourier differences. They were all refined isotropically. The low diffracting crystal 

property is responsible for the low observed data ratio. 

6.5.4 N,N'-Bis(para-bromophenyl)tetrachlorobenzoquinone diamine (Chapter 2-3 'c) 

The crystals were grown by slow evaporation of a CH2CI2 solution at room temperature. 

One single crystal of 0.20 X 0.30 X 0.60 mm3 was mounted using a glass fiber at 293 

(134) K on the goniometer. Data were collected on an Enraf-Nonius CAD-4 automatic 

diffractometer at the Universite de Sherbrooke using <» scans. The DIFRAC (135) 

program was used for centering, indexing, and data collection. One standard reflection 

was measured every 100 reflections, no intensity decay was observed during data 
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collection. The data were corrected for absorption by empirical methods based on psi 

scans and reduced with the NRCVAX (134) programs. They were solved using 

SHELXS-97(136) and refined by full-matrix least squares on F2 with SHELXL-97 (136). 

The non-hydrogen atoms were refined anisotropically. The hydrogen atoms were placed 

at idealized calculated geometric position and refined isotropically using a riding model. 

6.5.5 N,N'-Bis(para-trimethylsilylethynylphenyl)tetrachlorobenzoquinone diamine 

(Chapter 2-4c) 

The crystals were grown by slow evaporation of CHCI3 at room temperature. One single 

crystal of 0.05 X 0.40 X 0.50 mm3 was mounted using a glass fiber at 298 (134) K on the 

goniometer. Data were collected on an Enraf-Nonius CAD-4 automatic diffractometer at 

the Universite de Sherbrooke using co scans. The DIFRAC (135) program was used for 

centering, indexing, and data collection. One standard reflection was measured every 100 

reflections, no intensity decay was observed during data collection. The data were 

corrected for absorption by empirical methods based on psi scans and reduced with the 

NRCVAX (134) programs. They were solved using SHELXS-97 (136) and refined by 

full-matrix least squares on F2 with SHELXL-97 (136). The non-hydrogen atoms were 

refined anisotropically. The hydrogen atoms were placed at idealized calculated 

geometric position and refined isotropically using a riding model. The silyl's carbons 

were disordered, especially C26 to C28. The partial occupation refined to 49.6% one (b) 

geometric sites and 51.4% on (a) sites. Only the major sites are retained on the figures for 

clarity. The crystal plates were very thin with a face of only 0.05 mm making the 

diffraction % observed low. 

6.5.6 NyN'-Bisfpara-trimethylsilylethynylphenyljbenzoquinone diimine (Chapter 2-

5a) 

The crystals were grown by slow vapor evaporation of a mixture 70:30 DMF:MeOH 

solution. One single crystal of 0.10 X 0.10 X 0.30 mm3 was mounted using a glass fiber 

on the goniometer. Data were collected on an Enraf-Nonius CAD-4 automatic 

diffractometer at the Universite de Sherbrooke using omega scans at 293 (134) K. The 

DIFRAC (135) program was used for centering, indexing, and data collection. One 

standard reflection was measured every 100 reflections, no intensity decay was observed 
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during data collection. The data were corrected for absorption by empirical methods 

based on psi scans and reduced with the NRCVAX (134) programs. They were solved 

using SHELXS-97 (136) and refined by full-matrix least squares on F2 with SHELXL-97 

(136). The non-hydrogen atoms were refined anisotropically. The hydrogen atoms were 

placed at idealized calculated geometric position and refined isotropically using a riding 

model. 

6.5.7 N,N'-Bis(para-trimethylsilylethynylphenyl)tetrachloro-l,4-benzoquinone 

diimine (Chapter 2-5c) 

The crystals were grown by method on solvents solution at room temperature. One single 

crystal of 0.05 X 0.70 X 0.80 mm3 was mounted on a glass fiber and mounted on the 

goniometer at 298 (134) K. Data were collected on an Enraf-Nonius CAD-4 automatic 

diffractometer at the Universite de Sherbrooke using co scans. The DIFRAC (135) 

program was used for centering, indexing, and data collection. One standard reflection 

was measured every 100 reflections, no intensity decay was observed during data 

collection. The data were corrected for absorption by numerical methods and reduced 

with the NRCVAX (134) programs. They were solved using SHELXS-97 (136) and 

refined by full-matrix least squares on F2 with SHELXL-97 (136). The non-hydrogen 

atoms were refined anisotropically. The hydrogen atoms were placed at idealized 

calculated geometric position and refined isotropically using a riding model. 

6.5.8 N,N'-Bis(para-ethynylphenyl)tetrachlorophenylene diamine (Chapter 2-6c) 

The crystals were grown by slow evaporation of CH2CI2 at room temperature. One single 

crystal of 0.11 X 0.40 X 0.40 mm3 was mounted using a glass fiber at 293 (134) K on the 

goniometer. Data were collected on an Enraf-Nonius CAD-4 automatic diffractometer at 

the Universite de Sherbrooke using to scans. The DIFRAC (135) program was used for 

centering, indexing, and data collection. One standard reflection was measured every 100 

reflections, no intensity decay was observed during data collection. The data were 

corrected for absorption by empirical methods based on psi scans and reduced with the 

NRCVAX (134) programs. They were solved using SHELXS-97 (136) and refined by 

full-matrix least squares on F2 with SHELXL-97 (136). The non-hydrogen atoms were 

refined anisotropically. The hydrogen atoms were placed at idealized calculated 
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geometric position and refined isotropically using a riding model. 

6.5.9 N,N'-Bis(para-ethynylphenyl)benzoquinone diimine (Chapter 2- 7a) 

The crystals were grown by slow evaporation of a CHCI3 solution at room temperature. 

One single crystal of 0.10 X 0.40 X 0.50 mm3 was mounted using a glass fiber on the 

goniometer at 293 (134) K. Data were collected on an Enraf-Nonius CAD-4 automatic 

diffractometer at the Universite de Sherbrooke using co scans. The DIFRAC (135) 

program was used for centering, indexing, and data collection. One standard reflection 

was measured every 100 reflections, no intensity decay was observed during data 

collection. Data were reduced with the NRCVAX (134) programs, solved using 

SHELXS-97 (136) and refined by full-matrix least squares on F2 with SHELXL-97 (136). 

The non-hydrogen atoms were refined anisotropically. The hydrogen atoms were placed 

at idealized calculated geometric position and refined isotropically using a riding model. 

6.5.10 Dichloro-bis(para-ethynylphenyl)tetrachlorobenzoquinonediamine)-di-trans-

bis(tributylphosphine)platinum(II) (Chapter 2-9c) 

The crystals were grown by slow evaporation of a CHaC^Hexanes solvent mixture at 

room temperature. One single crystal of 0.10 X 0.15 X 0.60 mm3 was mounted using a 

glass fiber at 193 (134) K on the goniometer. Data were collected on an Enraf-Nonius 

CAD-4 automatic diffractometer at the Universite de Sherbrooke using © scans. The 

DIFRAC (135) program was used for centering, indexing, and data collection. One 

standard reflection was measured every 100 reflections, no intensity decay was observed 

during data collection. The data were corrected for absorption by empirical methods 

based on psi scans and reduced with the NRCVAX (134) programs. They were solved 

using SHELXS-97 (136) and refined by full-matrix least squares on F2 with SHELXL-97 

(136). The non-hydrogen atoms were refined anisotropically. The hydrogen atoms were 

placed at idealized calculated geometric position and refined isotropically using a riding 

model. 
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6.5.11 N,N'-Bis(para-trimethylsilylethynylphenyl)anthraquinone diimine (Chapter 3-

2a) 

The crystals were grown by slow evaporation of CH2CI2 at room temperature. One single 

crystal of 0.10 X 0.60 X 0.60 mm3 was mounted using a glass fiber on the goniometer at 

294(2) K. Data were collected on an Enraf-Nonius CAD-4 automatic diffractometer at 

the Universite de Sherbrooke using © scans. The DIFRAC (135) program was used for 

centering, indexing, and data collection. One standard reflection was measured every 100 

reflections, no intensity decay was observed during data collection. The data were 

reduced with the NRCVAX (134) solved using SHELXS-97 (136) and refined by full-

matrix least squares on F2 with SHELXL-97 (136). The non-hydrogen atoms were 

refined anisotropically. The hydrogen atoms were placed at idealized calculated 

geometric position and refined isotropically using a riding model. 

6.5.12 N,N'-Bis(para-bromophenyl)anthraquinone diimine (Chapter 3-4a). 

The crystals were grown by slow evaporation of a CthChiMeOH 50:50 solution. One 

single crystal of 0.4 X 0.10 X 0.10 mm3 was mounted using a glass fiber on the 

goniometer. Data were collected on an Enraf-Nonius CAD-4 automatic diffractometer at 

the Universite de Sherbrooke using omega scans at 293 (134) K. The DIFRAC (135) 

program was used for centering, indexing, and data collection. One standard reflection 

was measured every 100 reflections, no intensity decay was observed during data 

collection. The data were corrected for absorption by empirical methods based on psi 

scans and reduced with the NRCVAX (134) programs. They were solved using 

SHELXS-97 (136) and refined by full-matrix least squares on F2 with SHELXL-97 (136). 

The non-hydrogen atoms were refined anisotropically. The hydrogen atoms were placed 

at idealized calculated geometric position using a riding model. The CH2CI2 solvent was 

disordered and partially evaporated, so it was kept isotropic and refined with partial 

occupation. The final value is 7% occupation. 
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6.5.13 2,6-Diamino-N,N'-bis(para-bromophenyl)anthraquinone diimine (Chapter 3-

4c). 

The crystals were grown by slow evaporation of a CHCI3 solution at room temperature. 

One single crystal of 0.20 X 0.20 X 0.40 mm3 was mounted using a glass fiber at 293 

(134) K on the goniometer. Data were collected on an Enraf-Nonius CAD-4 automatic 

diffractometer at the Universite de Sherbrooke using co scans. The DIFRAC (135) 

program was used for centering, indexing, and data collection. One standard reflection 

was measured every 100 reflections, no intensity decay was observed during data 

collection. The data were corrected for absorption by empirical methods based on psi 

scans and reduced with the NRCVAX (134) programs. They were solved using 

SHELXS-97 (136) and refined by full-matrix least squares on F2 with SHELXL-97 (136). 

The non-hydrogen atoms were refined anisotropically. The hydrogen atoms were placed 

at idealized calculated geometric position and refined isotropically using a riding model. 

The low observed data ratio is due to the crystal properties. 

6.5.14 2-Bromo-N,N'-bis(para-bromophenyl)anthraquinone diimine (Chapter 3-4d). 

The crystals were grown by slow vapor diffusion of methanol on a CH2CI2 solution at 

room temperature. One single crystal of 0.10 X 0.20 X 0.30 mm3 was mounted using a 

glass fiber at 293 (134) K on the goniometer. Data were collected on an Enraf-Nonius 

CAD-4 automatic diffractometer at the Universite de Sherbrooke using co scans. The 

DIFRAC (135) program was used for centering, indexing, and data collection. One 

standard reflection was measured every 100 reflections, no intensity decay was observed 

during data collection. The data were corrected for absorption by empirical methods 

based on psi scans and reduced with the NRCVAX (134) programs. They were solved 

using SHELXS-97 (136) and refined by full-matrix least squares on F2 with SHELXL-97 

(136). The non-hydrogen atoms were refined anisotropically. The hydrogen atoms were 

placed at idealized calculated geometric position and refined isotropically using a riding 

model. The low observed data ratio is due to the crystal small size and poor diffraction 

properties. No larger crystal could be obtained. 
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6.5.15 2,6-Dibromo-N,N'-bis(para-bromophenyl)anthraquinone diimine (Chapter 3-

4e). 

The crystals were grown by slow vapor diffusion of ethanol on a CHCI3 solution at room 

temperature. One single crystal of 0.10 X 0.20 X 0.2 mm3 was mounted using a glass 

fiber at 293 (134) K on the goniometer. Data were collected on an Enraf-Nonius CAD-4 

automatic diffractometer at the Universite de Sherbrooke using 00 scans. The DIFRAC 

(135) program was used for centering, indexing, and data collection. One standard 

reflection was measured every 100 reflections, no intensity decay was observed during 

data collection. The data were corrected for absorption by empirical methods based on 

psi scans and reduced with the NRCVAX (134) programs. They were solved using 

SHELXS-97 (136) and refined by full-matrix least squares on F2 with SHELXL-97 (136). 

The non-hydrogen atoms were refined anisotropically. The hydrogen atoms were placed 

at idealized calculated geometric position and refined isotropically using a riding model. 

6.5.16 N,N'-Bis(para-bromophenyl)-9,9'-diamInoanthracene (Chapter 3-5a) 

The crystals were grown by slow evaporation of a CH2CI2 solution. One single crystal of 

0.05 X 0.20 X 0.60 mm3 was mounted using a glass fiber on the goniometer. Data were 

collected on an Enraf-Nonius CAD-4 automatic diffractometer at the Universite de 

Sherbrooke using omega scans at 293 (134) K. The DIFRAC (135) program was used for 

centering, indexing, and data collection. One standard reflection was measured every 100 

reflections, no intensity decay was observed during data collection. The data were 

corrected for absorption by empirical methods based on psi scans and reduced with the 

NRCVAX (134) programs. They were solved using SHELXS-97 (136) and refined by 

full-matrix least squares on F2 with SHELXL-97 (136). The non-hydrogen atoms were 

refined anisotropically. The hydrogen atoms were placed at idealized calculated 

geometric position using a riding model, except for H10 and H13 that were found by 

Fourier differences. They were all refined isotropically. 

6.5.17 2-Bromo-N,N'-bis(para-bromophenyl)-9,9'-diamInoanthracene (Chapter 3-5d) 

The crystals were grown by slow vapor diffusion of methanol on a CH2CI2 solution at 

room temperature. One single crystal of 0.10 X 0.20 X 0.30 mm3 was mounted using a 

glass fiber at 293 (134) K on the goniometer. Data were collected on an Enraf-Nonius 
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CAD-4 automatic diffractometer at the Universite de Sherbrooke using co scans. The 

DIFRAC (135) program was used for centering, indexing, and data collection. One 

standard reflection was measured every 100 reflections, no intensity decay was observed 

during data collection. The data were corrected for absorption by empirical methods 

based on psi scans and reduced with the NRCVAX (134) programs. They were solved 

using SHELXS-97 (136) and refined by full-matrix least squares on F2 with SHELXL-97 

(136). The non-hydrogen atoms were refined anisotropically. The hydrogen atoms were 

placed at idealized calculated geometric position and refined isotropically using a riding 

model. The low observed data ratio is due to the crystal small size and poor diffraction 

properties. No larger crystal could be obtained. 

6.5.18 N,N'-Bis(para-trimethylsilylethynylphenyl)-9,9'-anthracene (Chapter 3-6a). 

The crystals were grown by slow vapor diffusion of MeOH on a CHCI3 solution at room 

temperature. One single crystal of 0.05 X 0.50 X 0.50 mm3 was mounted using a glass 

fiber on the goniometer at 293 (134) K. Data were collected on an Enraf-Nonius CAD-4 

automatic diffractometer at the Universite de Sherbrooke using © scans. The DIFRAC 

(135) program was used for centering, indexing, and data collection. One standard 

reflection was measured every 100 reflections, 10% intensity decay was observed during 

data collection. The data were reduced with the NRCVAX (134), solved using SHELXS-

97 (136) and refined by full-matrix least squares on F2 with SHELXL-97 (Error! 

Bookmark not defined.). The non-hydrogen atoms were refined anisotropically. The 

hydrogen atoms were placed at idealized calculated geometric position and refined 

isotropically using a riding model. 

6.5.19 2,5-Bis(4-((trimethylsilyl)ethynylaniUne))quinone diamine (Chapter 5-2a). 

The crystals were grown by slow evaporation of CH2CI2 at room temperature. One single 

crystal of 0.02 X 0.25 X 0.40 mm3 was mounted using a glass fiber at 298 (134) K on the 

goniometer. Data were collected on an Enraf-Nonius CAD-4 automatic diffractometer at 

the Universite de Sherbrooke using © scans. The DIFRAC (135) program was used for 

centering, indexing, and data collection. One standard reflection was measured every 100 

reflections, no intensity decay was observed during data collection. The data were 

corrected for absorption by empirical methods based on psi scans and reduced with the 
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NRCVAX (134) programs. They were solved using SHELXS-97 (136) and refined by 

full-matrix least squares on F2 with SHELXL-97 (136). The non-hydrogen atoms were 

refined anisotropically. The hydrogen atoms were placed at idealized calculated 

geometric position and refined isotropically using a riding model. The crystal plates were 

very thin with a face of only 0.02 mm making the diffraction % observed low. 

6.5.20 2,5-Dibromo-l,4-bis(4-((trimethylsilyl)ethynyl)aniline)quinone (Chapter 5-2d) 

The crystals were grown by slow evaporation of a CH2CI2 solution at room temperature. 

One single crystal of 0.05 X 0.30 X 0.40 mm3 was mounted using a glass fiber at 293 

(134) K on the goniometer. Data were collected on an Enraf-Nonius CAD-4 automatic 

diffractometer at the Universite de Sherbrooke using © scans. The DIFRAC (135) 

program was used for centering, indexing, and data collection. One standard reflection 

was measured every 100 reflections, no intensity decay was observed during data 

collection. The data were corrected for absorption by empirical methods based on psi 

scans and reduced with the NRCVAX (134) programs. They were solved using 

SHELXS-97 (136) and refined by full-matrix least squares on F2 with SHELXL-97 (136). 

The non-hydrogen atoms were refined anisotropically. The hydrogen atoms were placed 

at idealized calculated geometric position and refined isotropically using a riding model. 

The silyl's carbons were disordered on two geometric sites and refine with partial 

occupations. Only the major site (71%) is shown for clarity. 

6.5.21 2,5-Dimethoxy-3,6-bis(4-ethynylphenyl)benzene diamine (Chapter 2 unexpected 

product) 

The crystals were grown by slow evaporation of a CH2CI2 solution at room temperature. 

One single crystal of 0.20 X 0.20 X 0.80 mm3 was mounted using a glass fiber at 

293(134) K on the goniometer. Data were collected on an Enraf-Nonius CAD-4 

automatic diffractometer at the Universite de Sherbrooke using <o scans. The DIFRAC 

(135) program was used for centering, indexing, and data collection. One standard 

reflection was measured every 100 reflections, no intensity decay was observed during 

data collection. The data were corrected for absorption by empirical methods based on 

psi scans and reduced with the NRCVAX (134) programs. They were solved using 

SHELXS-97 (136) and refined by full-matrix least squares on F2 with SHELXL-97 (136). 
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The non-hydrogen atoms were refined anisotropically. The hydrogen atoms were placed 

at idealized calculated geometric position and refined isotropically using a riding model. 

The absolute structure was not assigned since there is no heavier atom than phosphorus in 

the molecule. The absolute structure parameter is therefore meaningless even though the 

space group is chiral. 

6.6 Materials 

Compound rra«.v-Pt(PBu3)2Cl2, 2-bromoanthraquinone, 2,6-dibromoanthraquinone and 4-

[(trimethylsilyl)ethynylaniline] were prepared according to literature procedures. (137, 

138, 139, 115) TiCLt, ethynyltrimethylsilane, triphenyl phosphine, copper(I) iodide, 

benzoquinone, tetrachlorobenzoquinone, 2,3-dichloro-5,6-dicyanobenzoquinone (DDQ) 

anthraquinone, 2-aminoanthraquinone, 2,6-diaminoanthraquinone, diisopropylamine, 

copper(II) bromide, PdCl2(PPh3)2, l,4-diazabicyclo[2.2.2]octane, tetrabutylammonium 

hexafluorophosphate, bromoaniline, TBAPF6, hydroiodic acid, hydrochloric acid, 

trifluoroacetic acid were purchased from Aldrich and were used as received. Platinum(II) 

chloride was purchased from Alfa Aesar and used as received. All reactions were 

performed in Schlenk-tube flasks under purified Ar. All flasks were dried under a flame 

to eliminate moisture. All solvents were distilled from appropriate drying agents. 

6.7 Synthesis of the benzoquinones derivatives 

N,N'-Bis(/?ara-iodophenyl)benzoquinone diimine (2a) 

4-Iodoaniline (1.8 g, 8.0 mmol) and 2.7 g (24 mmol) of l,4-diazabicyclo[2.2.2]octane 

(DABCO) were dissolved in 25 mL of chlorobenzene while heating to 90 °C. TiCLt (0.88 

mL, 8.0 mmol) was then added dropwise, followed by the addition of benzoquinone (0.43 

g, 4.0 mmol) and rinsing the powder addition funnel with 20 mL of chlorobenzene. The 

solution was stirred at 120 °C for a 12 h period. The precipitate was isolated by filtering 
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off the precipitate, washed with hot chlorobenzene (2 x 20 mL). The solution was 

evaporated. The solid was dissolved in CH2CI2, washed three times with water, dried with 

MgSC>4, and filtered. The CH2CI2 was completely evaporated leaving only the product. 

The product was purified on a silica column with CH2CI2 as the solvent to give diiodide 

compound 2a. Yield: 0.71 (35 %); 'H NMR 6 (300 MHz, CDC13): 7.70 (4 H, t, J= 8.5 Hz, 

C-H aro), 7.19-6.43 (6 H, m, C-H aro + C6H4); m/z (EI): 510 (M+). 

N,N'-Bis(/?ara-iodophenyl)tetrachlorobenzoquinone diimine (2c) 

4-Iodoaniline (1.8 g, 8.0 mmol) and 2.7 g (24 mmol) of DABCO were dissolved in 50 

mL of chlorobenzene while heating to 90 °C. TiCLj (0.88 mL, 8.0 mmol) was then added 

dropwise, followed by the addition of tetrachlorobenzoquinone (0.98 g, 4.0 mmol) and 

rinsing the powder addition funnel with 20 mL of chlorobenzene. The solution was 

stirred at 60 °C for a 10 h period. The precipitate was isolated by filtering off the 

precipitate, washed with hot chlorobenzene (2 x 20 mL). The solution was evaporated. 

The solid was dissolved in CH2CI2, 2.0 g (8.0 mmol) of 2,3-dichloro-5,6-dicyano-l,4-

benzoquinone was added with stirring for a 30 min period. The solution was washed 

three times with water, dried with MgSC>4, and filtered. The CH2CI2 was completely 

evaporated leaving only a solid. The product was purified on a silica column with 7:3 

Hexanes/CHCh in a as the solvent to give diiodide compound 2c. Yield: 1.4 (55 %) 'H 

NMR 6 (400 MHz CDC13): 7.72-7.63 (4H, m, C-H aro), 6.67-6.57 (4H, m, C-H aro); m/z 

(EI): 648 (M+). 

N,N'-Bis(para-bromophenyl)benzoquinone diimine (2'a) 
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4-Bromoaniline (1.4 g, 8.0 mmol) and 2.7 g (24 mmol) of DABCO were dissolved in 25 

mL of chlorobenzene while heating to 90 °C. TiCU (0.88 mL, 8.0 mmol) was then added 

dropwise, followed by the addition of benzoquinone (0.43 g, 4.0 mmol) and rinsing the 

powder addition funnel with 20 mL of chlorobenzene. The solution was stirred at 120 °C 

for a 12 h period. The precipitate was isolated by filtering off the precipitate, washed with 

hot chlorobenzene (2 x 20 mL). The solution was evaporated. The solid was dissolved in 

CH2CI2, washed three times with water, dried with MgSC>4, and filtered. The CH2CI2 was 

completely evaporated leaving only the product. The product was purified on a silica 

column with CH2CI2 as the solvent to give dibromide compound 2'a. Yield: 1.3 g (40 %) 

IR (KBr)/cm"' v : 1583 (C=N); *H NMR 8 (400 MHz CDC13): 7.63-7.32 (4 H, m, C-H 

aro), 7.13-6.64 (4 H, m, C6H4), 6.76 (4 H, m, C-H aro); m/z (EI): 416 (M+). 

N,N'-Bis(para-bromophenyl)tetrachlorobenzoquinone diimine (2'c) 

4-Bromoaniline (1.4 g, 8.0 mmol) and 2.7 g (24 mmol) of DABCO were dissolved in 25 

mL of chlorobenzene while heating to 90 °C. TiCL} (0.88 mL, 8.0 mmol) was then added 

dropwise, followed by the addition of tetrachlorobenzoquinone (0.98 g, 4.0 mmol) and 

rinsing the powder addition funnel with 20 mL of chlorobenzene. The solution was 

stirred at 60 °C for a 10 h period. The precipitate was isolated by filtering off the 

precipitate, washed with hot chlorobenzene (2 x 20 mL). The solution was evaporated. 

The solid was dissolved in CH2CI2, 2.0 g (8.0 mmol) of 2,3-dichloro-5,6-dicyano-l,4-

benzoquinone was added with stirring for 10 min. The solution was washed three times 

with water, dried with MgSC>4, and filtered. The CH2CI2 was completely evaporated 

leaving only a solid. The product was purified on a silica column with CHCI3 as the 

solvent to give dibromide compound 2'c. Yield: 1.1 (50 %) !H NMR 8 (400MHz CDCI3): 

7.55-7.47 (4H, m, C-H aro), 6.73-6.63 (4 H, m, C-H aro); m/z (EI): 554 (M+). 
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N,N'-Bis{para-iodophenyl)benzoqiiinone diamine (3a) 

Compound 2a (0.38 g; 0.75 mmol) was dissolved in 20 mL CH2CI2. 0.14 g (3.8 mmol) of 

sodium borohydride was dissolved in 20 mL anhydrous ethanol and added to the CH2CI2 

solution. The solution was stirred for a 60 min period, the solvent was evaporated, the 

product dissolved in CHCI3 and washed with water (3 x 30 mL) and dried over anhydrous 

MgSC>4. The solution was evaporated and the solid was purified using silica 

chromatography with C^Cb/Hexanes (30:70) as the solvent. Product 3a was recovered 

as a light orange powder. Yield: 0.36 g (95 %) IR (KBr)/cm"' v : 3402 (H-N); 'H NMR 8 

(400 MHz CD2CI2): 7.53-7.42 (4 H, m C-H aro), 7.03 (4 H, s, C-H aro), 6.74 (4 H, m C-

H aro), 5.58 (2 H, s, N-H). 

N,N'-Bis(para-iodophenyl)tetrachIorobenzoquinone diamine (3c) 

Compound 2c (0.39 g; 0.60 mmol) was dissolved in 20 mL CH2CI2. 0.10 g (2.6 mmol) 

sodium borohydride was dissolved in 20 mL anhydrous ethanol and added to the CH2C12 

solution. The solution was stirred for a 60 min period, the solvent was evaporated, the 

product dissolved in CHCI3 and washed with water (3 x 30 mL) and dried over anhydrous 

MgS04. The solution was evaporated and the solid was purified using silica 

chromatography with CH2C12/Hexanes (50:50) as the solvent. Product 3c was recovered 

as a light grey powder. Yield: 0.36 g (94 %). IR (KBr)/cm"' v : 3383 (H-N). ]H NMR 

6(400 MHz CDCI3): 7.62-7.44 (4 H, m, C-H aro), 6.53-6.42 (4 H, m, C-H aro.), 5.85 (2 

H, s, N-H); m/z (EI): 650 (M+). 

182 



N,N'-BisQ?ara-bromophenyl)benzoquinone diamine (3'a) 

Br 

Br 

Two methods were used, a) Compound 2'a (1.0 g, 2.4 mmol) was dissolved in 100 mL 

CH2CI2. 10 mL of water was added to the solution. 1.5 mL of aqueous solution 

containing 30% of NH3 was added dropwise and the solution was allowed to stir for a 30 

min period. The product was extracted with CH2CI2 and washed with water (3 x 75 mL) 

and dried over anhydrous MgSC>4. The solution was evaporated and the solid was purified 

using silica chromatography with CLhCh/Hexanes (30:70) as the solvent. Product 3'a 

was recovered as a light orange powder. Yield: 0.82 g (82 %). b) Compound 2'a (0.24 g, 

0.57 mmol) was dissolved in 20 mL CH2CI2. Sodium borohydride (0.10 g, 2.6 mmol) was 

dissolved in 20 mL anhydrous ethanol and added to the CH2CI2 solution. The solution 

was stirred for a 60 min period, the solvent was evaporated, the product dissolved in 

CHCI3 and washed with water (3 x 30 mL) and dried over anhydrous MgSC>4. The 

solution was evaporated and the solid was purified using silica chromatography with 

CKhCh/Hexanes (30:70) as the solvent. Product 3'a was recovered as a light orange 

powder. Yield: 0.22 g (94 %) IR (KB^/cm"1 v : 3402 (H-N), 1587 (C=N); 'H NMR 8(400 

MHz CD2CI2): 7.38-7.25 (4 H, m, C-H aro), 7.10-7.03 (4 H, m C6H4), 6.89-6.84 (4 H, m, 

C-H aro), 5.71 (2 H, s, N-H); UV-vis: Amax(2-MeTHF)/nm 243 (e/dmlmor'.cm-1 13000), 

313 (27000); m/z (EI): 418 (M+). 

N,N'-Bis(para-bromophenyl)tetrachlorobenzoquinone diamine (3'c) 

Compound 2'c (0.33 g, 0.60 mmol) was dissolved in 20 mL CH2CI2. 0.10 g (2.6 mmol) 

sodium borohydride was dissolved in 20 mL anhydrous ethanol and added to the CH2CI2 

solution. The solution was stirred for a 60 min period, the solvent was evaporated, the 
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product dissolved in CHCI3 and washed with water (3 x 30 mL) and dried over anhydrous 

MgSC>4. The solution was evaporated and the solid was purified using silica 

chromatography with CHiCb/Hexanes (50:50) as the solvent. Product 3'c was recovered 

as a light grey powder. Yield: 0.32 g (96 %).,H NMR 6(400 MHz CDC13): 7.43-7.31 (4 

H, m, CH aro), 6.70-6.45 (4 H, m, CH aro.), 5.85 (2 H, s, N-H); m/z (EI): 556 (M+). 

N,N'-Bis(para-trimethylsilylethynylphenyl)benzoquinone diamine (4a) 

N,N'-bis(para-bromophenyl)benzoquinone diimine 2'a (0.42 g, 1.0 mmol) was dissolved 

in 40 mL toluene. 0.052 g (0.20 mmol) of PPh3, 0.070 g (0.10 mmol) of PdCl2(PPh3)2 and 

0.19 g (0.10 mmol) of Cul was added and stirred under Ar for 30 min. 15 mL of 

diisopropylamine was added. Using a seringe, ethynyltrimethylsilane (0.55 mL, 4.0 

mmol) was added dropwise. The solution was then heated at 60 °C for 12 h. The solvent 

was evaporated and the product was dissolved in CH2CI2, washed with water (3 x 30 mL) 

and dried over anhydrous MgS04. The solid obtained was purified using silica 

chromatography with CFkCb/Hexanes (30:70) as the solvent. The product was isolated 

as a light orange powder. Yield: 0.37 g (82 %). IR (KBr)/cm"' v: 3410 (H-N), 2139 

(C=C); 'H NMR 8(300 MHz CDC13): 7.37-7.24 (4 H, d, J= 8.6 Hz C-H aro), 7.10 (4 H, s, 

C-H aro), 6.93-6.79 (4 H, d, J= 8.6 Hz C-H aro), 5.70 (2 H, s, N-H), 0.24 (18 H, s, TMS); 

m/z (EI): 452 (M+). 

N,N'-Bis(para-trimethylsilyIethynyIphenyl)tetrachlorobenzoquinone diamine (4c) 

N,N'-bis(para-bromophenyl)tetrachlorobenzoquinone diamine 2'c (0.56 g, 1.0 mmol) 

was dissolved in 40 mL toluene. 0.052 g (0.20 mmol) of PPI13, 0.070 g (0.10 mmol) of 
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PdCl2(PPh3)2 and 0.19 g (0.10 mmol) of Cul was added and stirred under Ar for 30 min. 

15 mL of diisopropylamine was added. Using a seringe, ethynyltrimethylsilane (0.55 mL, 

4.0 mmol) was added dropwise. The solution was heated at 60 °C for 12 h. The solvent 

was evaporated and the product was dissolved in CH2CI2, washed with water (3 x 30 mL) 

and dried over anhydrous MgSC>4. The solid obtained was purified using silica 

chromatography with CH2C12/Hexanes (30:70) as the solvent. The product was isolated 

as a white powder. Yield: 0.42 g (72 %). IR (KBr)/cm"' v : 2153 (C=C), 3390 (H-N); 'H 

NMR (300 MHz CDCI3): 7.37 (4 H, d, J= 8.7 C-H aro.); 6.61 (4 H, d, J= 8.7 Hz, C-H 

aro.); 5.93 (2 H, s, N-H), 0.23 (18H, s, TMS); m/z (EI): 590 (M+). 

N,N'-Bis(para-trimethylsilylethynyIphenyl)benzoquinone diimine (5a). 

Two methods were used, a) Thirty milliliters of chlorobenzene was placed in a three-

necked round bottomed flask. A 0.76 g quantity (4.0 mmol) of 4-

[(trimethylsilyl)ethynyl]aniline, 1.4 g (12 mmol) of DABCO, and 0.44 mL (4.0 mmol) of 

TiCU were added to the flask using a syringe. A 0.22 g quantity (2.0 mmol) of 1,4-

benzoquinone was dissolved in a minimum amount of chlorobenzene and added dropwise 

to the solution. The solution was stirred at 60 °C for 4 h. The mixture was filtered while 

hot, and washed with hot chlorobenzene (2 x 20 mL). The solution was evaporated. The 

solid was dissolved in CH2CI2, 0.90 g (4.0 mmol) of 2,3-dichloro-5,6-dicyano-

benzoquinone was added and stirred for 10 min. The resulting solution was washed three 

times with water, dried with MgSC>4, and filtered. The CH2CI2 was completely 

evaporated. The product was purified on a silica column with CH2C12/Hexanes (70:30) as 

the solvent to give the disilylated compound 5a. Yield: 0.26 g (29 %). b) Compound 4a 

(0.20 g, 0.40 mmol) was dissolved in 30 mL CH2CI2. 0.90 g (4.0 mmol) of 2,3-dichloro-

5,6-dicyanobenzoquinone was added and stirred for 10 min. The resulting solution was 

then washed three times with water, dried with MgSC>4, and filtered. The CH2CI2 was 

completely evaporated. The product was purified on a silica column with 

TMS 

TMS 
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C^C^/Hexanes (70:30) as the solvent to give the disilylated compound 5a. Yield: 0.19 

g (96 %). IR (KBr)/cm_1 v : 2155 (C=C), 1581 (N=C); 'H NMR 5(400 MHz CDC13): 7.49 

(4 H, m, C-H aro), 7.10 (1 H, m, C6H4), 6.97 (1 H, m, C-H aro), 6.84 (5 H, m), 6.70 (1 H, 

m), 0.28 (18 H, m); m/z (EI): 450 (M+). 

NJV'-Bis^ara-trimethylsilylethynylphenyOtetrachloro-M-benzoquinonediimine 

(5c). 

Two methods were used, a) Thirty milliliters of chlorobenzene was placed in a three-

necked round bottomed flask. A 0.76 g quantity (4.0 mmol) of 4-

[(trimethylsilyl)ethynyl]aniline, 1.4 g (12 mmol) of DABCO, and 0.44 mL (4.0 mmol) of 

TiCLj were added to the flask using a syringe. A 0.49 g quantity (2.0 mmol) of 

tetrachloro-l,4-benzoquinone was dissolved in a minimum amount of chlorobenzene and 

added dropwise to the solution. The solution was stirred at 60 °C for 4 h. The mixture 

was filtered while hot, and washed with hot chlorobenzene (2 x 20 mL). The solution was 

evaporated. The solid was dissolved in CH2CI2, 0.90 g (4.0 mmol) of 2,3-dichloro-5,6-

dicyano-benzoquinone was added and stirred for 10 min. The resulting solution was then 

washed three times with water, dried with MgSC>4, and filtered. The CH2CI2 was 

completely evaporated. The product was purified on a silica column with 

CH2Cl2/Hexanes (50:50) as the solvent to give the disilylated compound 5c. Yield: 0.80g 

(68%). b) Compound 4c (0.20 g, 0.34 mmol) was dissolved in 30 mL CH2CI2. 0.90 g (4.0 

mmol) of 2,3-dichloro-5,6-dicyano-benzoquinone was added and stirred for 10 min. The 

resulting solution was then washed three times with water, dried with MgSC>4, and 

filtered. The CH2CI2 was completely evaporated. The product was purified on a silica 

column with C^Ch/Hexanes (50:50) as the solvent to give the disilylated 5c compound. 

Yield: 0.19 g (94 %). IR (KBr)/cm'' v : 2157(C=C); 'H NMR 5 (400 MHz CDC13): 7.49 

(4 H, d, /= 8.5 Hz, C-H aro), 6.74 (4 H, d, 8.5 Hz, C-H aro), 0.26 (18 H, s, N-H); m/z 

(EI): 588 (M+). 
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N,N'-Bis(para-ethynylphenyI)phenylene diamine (6a). 

MAp-bis(para-(trimethylsilyl)ethynylbenzene)phenylene diamine 4a (0.22 g; 0.50 mmol) 

was placed in a 250 mL round-bottomed flask, and 1.4 g (10 mmol) of K2CO3 was added 

to the flask, as well as 100 mL of CH3OH. The reaction was stirred under Ar for a 6 h 

period. The excess K2CO3 was filtered, and the remaining solvent was evaporated. The 

residue was dissolved in CH2CI2 and washed three times with water. The CH2CI2 solution 

was dried with K2CO3 and filtered through a sintered glass funnel. The product was 

purified on a silica column with C^Ch/Hexanes (50:50) as eluant to give 6a recovered 

as a white powder. Yield: 0.14 g (90 %) IR (KB^/cm'1 v : 3390 (H-N), 3280 (CC-H); 

2093 (OC); *H NMR 8(400 MHz CDCI3): 7.34 (4 H, d, J= 8.7 Hz, C-H aro), 7.11 (4 H, 

s, C-H aro), 6.90 (4 H, d, J=8.6 Hz, C-H aro), 5.89 (2H, s, N-H) 3.04 (2 H, s, CC-H); m/z 

(EI): 308 (M+). 

N,N'-Bis(para-ethynylphenyl)tetrachlorophenylene diamine (6c). 

yV,/V-bis(para-(trimethylsilyl)ethynylbenzene)tetrachlorophenylene diamine 4c (0.30 g, 

0.50 mmol) was placed in a 250 mL round-bottomed flask, and 1.4 g (10 mmol) of 

K2CO3 was added to the flask, as well as 100 mL of CH3OH. The reaction was stirred 

under Ar for 6 h. The excess K2CO3 was filtered, and the remaining solvent was 

evaporated. The residue was dissolved in CH2CI2 and washed three times with water. The 

CH2CI2 solution was dried with K2CO3 and filtered through a GC funnel. The product 

was purified on a silica column with C^Ch/Hexanes (50:50) as eluant to give 6c 

recovered as a white powder. Yield: 0.20 g (88 %) IR (KBr)/cm_1 v : 3371 (H-N), 3286 
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(H-CC), 2104 (C=C); *H NMR 8 (400 MHz CDC13): 7.48-7.29 (4 H, m, C-H aro), 6.71-

6.52 (4 H, m, C-H aro), 6.03-5.82 (2H, m, N-H) 3.02 (2 H, s); m/z (EI): 446 (M+). 

N,N'-Bis(pa/*a-ethynylphenyl)benzoquinone diimine (7a). 

Ar,jV,-bis(para-(trimethylsilyl)ethynylbenzene)-l,4-benzoquinone diimine 5a (0.22 g, 

0.50 mmol) was placed in a 50 mL CH2CI2 in a 100 mL round-bottomed flask. 0.40 g 

(1.5 mmol) of tetrabutylammonium fluoride was added to the flask and the reaction was 

stirred under Ar for 4 h. The solution was evaporated. The residue was dissolved in 

CH2CI2 and washed three times with water. The CH2CI2 solution was dried with MgSC>4 

and filtered through a GC funnel. The product was purified on a silica column with 

CHCI3 as eluant to give 7a recovered as an orange powder. Yield: 0.14 g (92 %); IR 

(KBr)/cm"' v : 3290 (CC-H), 2100 (C^C); 'H NMR 8 (400 MHz CDC13): 7.65-7.42 (4 H, 

m, C-H aro), 7.13-6.67 (8 H, m, C6H4+C-H aro), 3.10 (2 H, s, N-H); m/z (EI): 306 (M+). 

N,N'-Bis(para-ethynylphenyl)tetrachloroquinone diimine (7c). 

N,hP-bis(para-(trimethylsilyl)ethynylbenzene)tetrachloro-1,4-benzoquinone diimine 5c 

(0.30 g, 0.50 mmol) was placed in a 50 mL CH2CI2 in a 100 mL round-bottomed flask. 

0.40 g (1.5 mmol) of TBAF was added to the flask and the reaction was stirred under Ar 

for a 4 h period. The solution was evaporated. The residue was dissolved in CH2CI2 and 

washed three times with water. The CH2CI2 solution was dried with MgSC>4 and filtered 

through a sintered glass funnel. The product was purified on a silica column with CHCI3 

as eluant to give 7c recovered as a dark purple blue powder. Yield: 0.19 g (85 %); IR 
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(KBr)/cm'' v : 3290 (CC-H), 2104 (OC); 'H NMR 5 (400 MHz CDC13): 7.61-7.40 (4 H, 

m, C-H aro), 6.90-6.69 (4 H, m, C-H aro), 3.23-2.87 (2 H, m, N-H); m/z (EI): 444 (M+). 

Poly(bis(para-ethynylphenyl)tetrachIorobenzoquinonediamine)-/ra/i.s-bis(tributyl-

phosphine)platinum(II) (8c) 

N,W-Bis(j%rra-ethyny lpheny l)tetrachloro-1,4-benzoquinone diamine 6c (0.12 g, 0.26 

mmol) and 0.015 g of Cul were dissolved in 10 mL of CH2CI2 in a 25 mL round 

bottomed flask. 10 mL of iP^NH were added. 0.17 g (0.26 mmol) of /ra«5-Pt(PBu3)2Cl2 

was dissolved in a minimum amount of CH2CI2 in 10 mL round bottomed flask. The 

complex containing solution was added dropwise by mean of a syringe to the 25 mL 

round-bottomed flask containing the reacting mixture and the reaction was stirred under 

Ar overnight. The solvent was evaporated. The residue was dissolved in CH2CI2 and 

washed three times with water. The solution of CH2CI2 was dried with K2CO3 and 

filtered. The solvent was then evaporated. The polymer compound was isolated as a blue 

film material. The polymer was precipitated in CH2CI2 and Hexanes. Yield: 0.25 g (92 

%); IR (KBrycm"1 v : 3390 (N-H), 2102 (OC). Chem. Anal. Found: C, 50.31; H, 6.59; 

N, 2.85. C46H64Cl4N2P2Pt: requires C, 51.05; H, 6.33, N, 2.35. ^Pl'H} NMR (162 MHz 

CDCI3): 4.51 (s,1 Jpt.p = 2260 Hz), 1.19 (s, ,JP,-P= 2310 Hz). 'H NMR (400 MHz CDC13): 

7.17 (4H, s, br, CH aro), 6.59 (4H, d, J=1.7 Hz, CH aro); 5.84 (2H, s, N-H), 2.12 (12 H, t, 

nBu), 1.44 (24H, m, nBu), 0.92 (18 H, t, J=1.2 Hz, nBu). GPC Mn (11 675) A/w 22 980) 

PD 1.97. 
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Dichloro-bis(para-ethynylphenyl)tetrachIorobenzoquinonediamine)-di-fran.s-

bis(tributylphosphine)platinum(II) (9c). 

^«5-Pt(PBu3)2Cl2 (1.4 g, 2.0 mmol) and 0.015 g of Cul were dissolved in 20 mL of 

CH2CI2 in a 250 mL round bottomed flask. 20 mL of iPr2NH were added. 0.089 g 

quantity (0.20 mmol) of A^iV-bisQ^ara-ethynylphenyOtetrachloro-M-benzoquinone 

diamine, was dissolved in a 100 mL amount of 1:1 solution of C^Ch/iP^NH in an 

addition funnel. The JV,.AP-bis(/?ara-ethynylplienyl)-tetrachloro-l,4-benzoquinone 

diamine solution was added dropwise over a 12 h period by mean of an addition funnel to 

the 250 mL round-bottomed flask containing the reacting mixture and the reaction was 

stirred under Ar overnight. The solvent was evaporated. The residue was dissolved in 

CH2CI2 and washed three times with water. The solution of CH2CI2 was dried with 

K2CO3 and filtered. The solvent was then evaporated. The model compound was purified 

on a silica gel column using (50/50) CtkCh/Hexanes. The compound 9c was isolated as 

a blue material. Yield: 0.18 g (53 %); Chem. Anal. Found: C, 48.49; H, 6.65; N, 1.81. 

C7oHii8N2P4Pt2 requires C, 49.04; H, 6.94; N, 1.63, IR (KBr)/cm"' v : 1603 (C=N), 2119 

(C=C). 3,P{'H} NMR (162 MHz, CDC13): 7.8 (s, VP,.p= 2380 Hz). 'H NMR (400 MHz 

CDCI3): 7.18-7.08 (m, 4H, Ph), 6.63-6.50 (m, 4H, Ph), 5.58-5.80 (m, 2H, NH), 2.00 (td, 

J= 7.8, 3.7 Hz, 24H, nBu), 1.60-1.39 (m, 48H, nBu), 0.98-0.86 (m, 36H, nBu). 
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Poly(bis(/jara-ethynylphenyl)benzoquinonediimine)-/raws-bis(tributylphosphine) 

platinum(II) (10a) 

A^-Bis^ara-ethynylphenyl)-1,4-benzoquinone diimine 7a (0.077 g, 0.30 mmol) and 

0.017 g (0.089 mmol) of Cul were dissolved in 10 mL of CH2CI2 in a 25 mL round 

bottomed flask. 10 mL of iP^NH were added. 0.17 g (0.30 mmol) of /ran.s-Pt(PBu3)2Cl2 

was dissolved in a minimum amount of CH2CI2 in 10 mL round bottomed flask. The 

complex-containing solution was added dropwise by mean of a syringe to the 25 mL 

round-bottomed flask containing the reacting mixture and the reaction was stirred under 

Ar overnight. The solvent was evaporated. The residue was dissolved in CH2CI2 and 

washed three times with water. The solution of CH2CI2 was dried with K2CO3 and 

filtered. The solvent was evaporated. The polymer compound was isolated as a purple 

bright film material. The polymer was reprecipitated in CH2CI2 and Hexanes. Yield: 0.22 

g (81 %); Chem. Anal. Found: C, 60.95; H, 7.48; N, 3.19. C46H66N2P2Pt requires C, 

61.11; H, 7.36; N, 3.10. IR (KBrVcm"1 v : 1591 (C=N), 2114 (C=C). ^Pi'H} NMR (162 

MHz CDCI3): 4.15 (s, 'Jpt-p = 2360 Hz), 0.65 (2 P, s, =2513 Hz). 'H NMR (400 

MHz CDCI3): 7.40-7.20 (m, 2H, Ph), 7.16-6.69 (m, 8H, Ph + C6H4), 2.17 (m, 12H, CH2), 

1.63-1.42 (m, 24 H, CH2), 0.93 (m, 18 H, P(CH2)3C/7j,). GPC M„ (24 739) A/w (44 801) 

PD 1.81. 
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Poly(bis(para-ethynylphenyl)tetrachlorobenzoquinonediimine)-/ra/is-bis(tributyl-

phosphine)platinum(II) (10c) 

AyV-Bis(/?cira-ethynylphenyl)tetrachloro-1,4-benzoquinone diimine 7c (0.13 g, 0.30 

mmol) and 0.017 g (0.089 mmol) of Cul were dissolved in 10 mL of CH2CI2 in a 25 mL 

round bottomed flask. 10 mL of iP^NH were added. 0.17 g (0.30 mmol) of trans-

Pt(PBu3)2Cl2 was dissolved in a minimum amount of CH2CI2 in 10 mL round bottomed 

flask. The complex-containing solution was added dropwise by mean of a syringe to the 

25 mL round-bottomed flask containing the reacting mixture and the reaction was stirred 

under Ar overnight. The solvent was evaporated. The residue was dissolved in CH2CI2 

and washed three times with water. The solution of CH2CI2 was dried with K2CO3 and 

filtered. The solvent was then evaporated. The polymer compound was isolated as a 

bright blue film material. The polymer was reprecipitated in CH2CI2 and Hexanes. Yield: 

0.29 g (92 %); IR (KBr)/cm"' v : 1604 (C=N), 2099 (C=C). Chem. Anal. Found: C, 

52.55; H, 6.10; N, 2.46. C46H62Cl4N2P2Pt: requires C, 53.03; H, 6.00, N, 2.69. ^Pl'H} 

NMR (162 MHz CDC13): 5.32 (s, lJPt.P= 2220 Hz) 1.91 (s, 2310 Hz). 'H NMR 

(400 MHz CDCI3) 6 7.25 (s, br., 4H Ph), 6.7 (m, 4H Ph), 2.12 (s, 12H, CH2); 1.52 (m, 

24H CH2), 0.91 (s, 18 H, P(CH2)3C//5). GPC Mn( 11 843) A/w(30 421) PD 2.57. 
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Dichloro-bis(/7ara-ethynylphenyl)benzoquinonediimine)-di-/raf!$-bis(tributyl-

phosphine)platinum (II) (11a) 

/ra«5-Pt(PBu3)2Cl2 (1.3 g, 2.0 mmol) and 0.013 g (6.8 x 10"2 mmol) of Cul were 

dissolved in 10 mL of CH2CI2 in a 25 mL round bottomed flask. 10 mL of iP^NH were 

added. 0.057 g (0.20 mmol) of N,W-bis(/?ara-ethynylphenyl)-1,4-benzoquinone diimine, 

was dissolved in a 100 mL amount of 1:1 solution of CJ^Ch/iP^NH in an addition 

funnel. The AA,iV,-bis(para-ethynylphenyl)-l,4-benzoquinone diimine solution was added 

dropwise over a 12 h period by mean of an addition funnel to the 250 mL round-

bottomed flask containing the reacting mixture and the reaction was stirred under Ar 

overnight. The solvent was evaporated. The residue was dissolved in CH2CI2 and washed 

three times with water. The solution of CH2CI2 was dried with K2CO3 and filtered. The 

solvent was then evaporated. The model compound obtained was purified on a silica gel 

column using CHCI3. Compound 11a was isolated as a purple bright glassy material. 

Yield: 0.15 g (47 %); Chem. Anal. Found: C, 52.96; H, 7.73; N, 1.86. C7oHi2oCl2N2P4Pt2: 

requires C, 53.39; H, 7.68, N, 1.78. IR (KBrVcm'1 v : 2113 (OC), 1590 (C=N); ^Pi'H} 

NMR (162 MHz CDC13): 8.0 (s, = 2370 Hz).'H NMR (400 MHz CDC13) 6 7.35-

7.12 (m, 4 H, Ph), 7.11-6.70 (m, 8H, Ph + C6H4), 2.38-1.71 (m, 24H, CH2), 1.66-1.34 (m, 

48H, CH2), 1.34-0.54 (m. 36H, P(CH2)3C//J); m/z (Maldi): 1574.8 requires 1574.7. 
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DichIoro-bis(parfl-ethynylphenyl)tetrachlorobenzoquinonediimine)-di-/ra«s-

bis(tributyl phosphine)platinum(II) (11c) 

/ra«5-Pt(PBu3)2Cl2 (1.3 g, 2.0 mmol) and 0.013 g (0.068 mmol) of Cul were dissolved in 

10 mL of CH2CI2 in a 25 mL round bottomed flask. 10 mL of iP^NH were added. 0.088 

g quantity (0.20 mmol) of AVV-bis(/?ara-ethynylphenyl)tetrachloro-l,4-benzoquinone 

diimine, was dissolved in a 100 mL amount of 1:1 solution of C^Ch/iP^NH in an 

addition funnel. The AyV-bis(para-ethynylphenyl)tetrachloro-1,4-benzoquinone diimine 

solution was added dropwise over a 12 h period by mean of an addition funnel to the 250 

mL round-bottomed flask containing the reacting mixture and the reaction was stirred 

under Ar overnight. The solvent was evaporated. The residue was dissolved in CH2CI2 

and washed three times with water. The solution of CH2CI2 was dried with K2CO3 and 

filtered. The solvent was evaporated. The model compound obtained was purified on a 

silica gel column using (50/50) C^Ch/Hexanes. Compound 11c was isolated as a blue 

bright glassy material. Yield: 0.19 g (55 %); IR (KBr)/cm"' v : 1597 (C=N), 2112 (C=C). 

31P{'H} NMR (162 MHz CDCI3): 7.84 (s, %.?= 2380 Hz). !H NMR (300 MHz CDC13) 

6 7.32 (d, J=8.3Hz, 4H, Ph), 6.79 (d, J=8.4Hz, 4H, Ph), 2,12-1.90 (m, 24H, CH2), 1.55 

(m, 24H, CH2), 1.44 (m, 24H, CH2), 0.93 (t, 36 H, P(CH2)3C//J, 3JH-H= 7.2 Hz). 
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6.8 Synthesis procedure for the anthraquinones derivatives 

N,N'-Bis(para-trimethylsiIyIethynyIphenyl)anthraquinone diimine (2 a). 

TMS 

•^=—TMS 

4-((Trimethylsilyl)ethynyl)aniline (0.76 g, 4.0 mmol) and 1.4 g (12 mmol) of DABCO 

were dissolved in 25 mL of chlorobenzene while heating to 90 °C. TiCU (0.44 mL, 4.0 

mmol) was added dropwise, followed by the addition of anthraquinone (0.42 g, 2.0 

mmol) and rinsing the powder addition funnel with 20 mL of chlorobenzene. The 

solution was stirred at 115 C for a 12 h period. The product was isolated by filtering off 

the precipitate, washed with hot chlorobenzene (2 x 20 mL). The solution was 

evaporated. The solid was dissolved in CHCI3, washed three times with water, dried with 

MgSC>4, and filtered. The CHCI3 was completely evaporated leaving only the product. 

The product was purified on a silica column with CHCI3 as the solvent to give disilylated 

compound 2a as an orange powder. 0.99 g (90 %). IR (KBr)/cm"' v: 2154 (CsC); 'H 

NMR (400 MHz CDC13): 8.31 (2 H, t, CH aro. J= 7.8 Hz, 7.60 (2H, m, br.), 7.47 (5 H, d, 

CH aro., J= 8.4 Hz), 7.08 (4 H, m, br, CH aro.), 6.86 (4 H, d, CH aro., J= 7.5 Hz), 8 0.25 

(18 H, s, Si(CH3)3); m/z (EI) 550 (M+). 

2-Amino-N,N'-bis(/)ara-trimethylsilyIethynylphenyl)anthraquinone diimine (2b). 

4-((Trimethylsilyl)ethynyl)aniline (0.76 g, 4.0 mmol) and 1.4 g (12 mmol) of DABCO 

were dissolved in 25 mL of chlorobenzene while heating to 90 °C. TiCU (0.44 mL, 4.0 

mmol) was added dropwise, followed by the addition of 2-aminoanthraquinone (0.45 g, 

2.0 mmol) and rinsing the powder addition funnel with 20 mL of chlorobenzene. The 

solution was stirred at 115°C for a 12 h period. The product was isolated by filtering off 
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the precipitate, washed with hot chlorobenzene (2 x 20 mL). The solution was 

evaporated. The solid was dissolved in CHCI3, washed three times with water, dried with 

MgS04, and filtered. The CHCI3 was completely evaporated leaving only the product. 

The product was purified on a silica column with CHCI3 as the solvent to give disilylated 

compound 2b as an orange powder. Yield: 0.76 g (67 %). IR (KBr)/cm"' v: 2155 (C=C), 

3218, 3384, 3472 ^2);^ NMR (300 MHz CDCI3): 5 8.22 (2H, m), 7.47 (6 H, d, 3JH.H 

= 8.0 Hz); 7.09 (2H, m, br.), 6.86 (5H, t, Vh-h^ 6.5 Hz), 3.88 (2H, m, br.), 0.26 (18H, s); 

m/z (EI) 565 (M+). 

2,6-Diamino-N,N'-bis(para-trimethylsilylethynylphenyl)anthraquinone diimine (2c). 

4-((Trimethylsilyl)ethynyl)aniline (0.76 g, 4.0 mmol) and 1.4 g (12 mmol) of DABCO 

were dissolved in 25 mL of chlorobenzene while heating to 90 °C. TiCLt (0.44 mL, 4.0 

mmol) was added dropwise, followed by the addition of 2,6-diaminoanthraquinone (0.48 

g, 2.0 mmol) and rinsing the powder addition funnel with 20 mL of chlorobenzene. The 

solution was stirred at 115°C for a 12 h period. The product was isolated by filtering off 

the precipitate, washed with hot chlorobenzene (2 x 20 mL). The solution was 

evaporated. The solid was dissolved in CHCI3, washed three times with water, dried with 

MgSO,*, and filtered. The CHCI3 was completely evaporated leaving only the product. 

The product was purified on a silica column with CHCI3 as the solvent to give disilylated 

compound 2c as an orange powder. Yield: 0.17 g (15 %). IR (KBr)/cm"' v: 2155 (G=C), 

3217, 3380, 3475 (NH2); 'H NMR (400 MHz CDC13): 5 7.45 (6 H, d, CH aroJ = 8.6 

Hz), 6.85 (8H, d, CH aro., J = 8.3 Hz); 6.36 (2 H, m, br, N-H), 4.03 (4 H, m, CH aro.), 

0.26 (18 H, s, Si(CH3)3); m/z (EI) 580 (M+). 
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2-Bromo-N,N '-bis(para-trimethy lsily lethy ny lpheny l)anthraquinone diimine (2d). 

4-((Trimethylsilyl)ethynyl)aniline (0.76 g, 4.0 mmol) and 1.4 g (12 mmol) of DABCO 

were dissolved in 25 mL of chlorobenzene while heating to 90 °C. TiCU (0.44 mL, 4.0 

mmol) was added dropwise, followed by the addition of 2-bromoanthraquinone (0.57 g, 

2.0 mmol) and rinsing the powder addition funnel with 20 mL of chlorobenzene. The 

solution was stirred at 115°C for a 12 h period. The product was isolated by filtering off 

the precipitate, washed with hot chlorobenzene (2 x 20 mL). The solution was 

evaporated. The solid was dissolved in CHCI3, washed three times with water, dried with 

MgSC>4, and filtered. The CHCI3 was completely evaporated leaving only the product. 

The product was purified on a silica column with CHCI3 as the solvent to give disilylated 

compound 2d as an orange powder. Yield: 0.74 g (59 %). IR (KBrycm'1 v: 2154 (C=C); 

'H NMR (400 MHz CDCI3): 8 8.57 - 7.33 (8 H, m, CH aro.); 7.09 (3 H, m, br., CH aro.), 

6.89 - 6.82 (4 H, m, CH aro.), 0.27 (18 H, s, Si(CH3)3); m/z (EI) 630 (M+). 

2,6-Dibromo-N,N'-bis(para-trimethylsiIylethynylphenyl)anthraquinone diimine (2e). 

4-((TrimethylsilyI)ethynyl)aniline (0.76 g, 4.0 mmol) and 1.4 g (12 mmol) of DABCO 

were dissolved in 25 mL of chlorobenzene while heating to 90 °C. TiCU (0.44 mL, 4.0 

mmol) were added dropwise, followed by the addition of 2,6-dibromoanthraquinone 

(0.73 g, 2.0 mmol) and rinsing the powder addition funnel with 20 mL of chlorobenzene. 

The solution was stirred at 115 C for a 12 h period. The product was isolated by filtering 

off the precipitate, washed with hot chlorobenzene (2 x 20 mL). The solution was 

evaporated. The solid was dissolved in CHCI3, washed three times with water, dried with 

MgSCU, and filtered. The CHCI3 was completely evaporated leaving only the product. 

Br 
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The product was purified on a silica column with CHCb as the solvent to give disilylated 

compound 2e as a red powder. Yield: 0.52 g (37 %). IR (KBr)/cm"' v: 2154 (C=C); 'H 

NMR (400 MHz CDC13): 8 8.62 - 8.38 (2H, m, CH aro.), 8.19 - 7.88 (2 H, m, CH aro.), 

7.50 (4H, dd, CH aro., VH.H= 12.3, 5.6), 7.21 - 6.89 (2H, m, CH aro.), 6.88 - 6.72 (4H, 

m, CH aro.), 0.27 (18 H, s, Si(CH3)3); m/z (EI) 708 (M+). 

N,N'-Bis(/wra-ethynylphenyl)anthraquinone diimine (3a). 

N,N'-Bis(para-trimethylsilylethynylphenyl)anthraquinone diimine 2a (0.55 g, 1.0 mmol) 

was placed in a 250 mL round-bottomed flask and 7.0 g (0.051 mol) of K2CO3 was added 

to the flask as well as 200 mL of a CH3OH/THF (1:1) mixture. The reaction was stirred 

under Ar overnight until the solution turned orange. The excess K2CO3 was filtered and 

the remaining solvent was evaporated. The residue was dissolved in CHCI3 and washed 3 

times with water. The CHCI3 solution was dried with K2CO3 and filtered. The product 

was purified on a silica column with CHCI3 as eluant to give 3a as a red powder. Yield: 

0.33 g (82 %). IR (KBr)/cm_1 v : 2104 (C=C), 3290 (=CH); 'H NMR (400 MHz CD2C12): 

8 8.62 - 8.38 (2H, m, CH aro.), 8.31(1 H, s, CH aro.), 7.63 (1H, s, CH aro.), 7.49 (5H, d, 

CH aro., J = 8.3 Hz), 7.14 (4H, s, CH aro.), 6.90 (4H, d, CH aro., J= 8.3Hz), 3.14 (2H, s, 

CH); m/z (EI): 406 (M+). 

2-Amino-N,N'-bis(pa/'fl-ethynylphenyl)anthraquinone diimine (3b). 

2-Amino-N,N'-bis(/?ara-trimethylsilylethynylphenyl)anthraquinone diimine 2b (0.57 g, 

1.0 mmol) was placed in a 250 mL round-bottomed flask and 7.0 g (0.051 mol) of K2CO3 
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was added to the flask as well as 100 mL of a CH3OH/THF (1:1) mixture. The reaction 

was stirred under Ar overnight until the solution turned orange. The excess K2CO3 was 

filtered and the remaining solvent was evaporated. The residue was dissolved in CHCI3 

and washed 3 times with water. The CHCI3 solution was dried with Mg2S04 and filtered. 

The product was purified on a silica column with CHCI3 as eluant to give 3b as a red 

powder. Yield: 0.33 g (78 %). IR (KBrycrn1 v : 2105 (C=C), 3288 (=CH), 3222, 3385, 

3474(NH); 'H NMR (300 MHz CDC13): 8 8.18 (2H, m, br), 7.48 (6 H, d, 3JH.H = 8.3 Hz); 

7.12 (2H, m, br.), 6.97-6.73 (5H, m), 4.08 (2H, m, br.), 3.08 (2H, s); m/z (EI): 423 (M+). 

2,6-Diamino-N,N'-bis(para-ethynylphenyl)anthraquinone diimine (3c). 

2,6-Diamino-N,N'-bis(para-trimethylsilylethynylphenyl)anthraquinone diimine 2c (0.58 

g, 1.0 mmol) was placed in a 250 mL round-bottomed flask and 7.0 g (0.051 mol) of 

K2CO3 was added to the flask as well as 200 mL of a CH3OH/THF (1:1) mixture. The 

reaction was stirred under Ar overnight until the solution turned orange. The excess 

K2CO3 was filtered and the remaining solvent was evaporated. The residue was dissolved 

in CHCI3 and washed 3 times with water. The CHCI3 solution was dried with Mg2S(>4 

and filtered. The product was purified on a silica column with CHCI3 as eluant to give 3c 

as a red powder. Yield: 0.34 g (78 %). IR (KB^/cm'1 v : 2104 (C=C), 3290 (CH), 3219, 

3386, 3476 (NH2); 'H NMR (400 MHz CDC13): 8 7.66-7.33 (6H, m), 7.04-6.66 (6 H, m); 

6.38 (2H, s, br.), 3.93 (4H, s, br.), 3.07 (2H, s); m/z (EI): 436 (M+). 
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2-Bromo-N,N'-bis(pa/-a-ethynylphenyl)anthraquinone diimine (3d). 

2-Bromo-N,N'-bis(para-trimethylsilylethynyIphenyl)anthraquinone diimine 2d (0.63 g, 

1.0 mmol) was placed in a 250 mL round-bottomed flask and 7.0 g (0.051 mol) of K2CO3 

was added to the flask as well as 200 mL of a CH3OH/THF (1:1) mixture. The reaction 

was stirred under Ar overnight until the solution turned orange. The excess K2CO3 was 

filtered and the remaining solvent was evaporated. The residue was dissolved in CHCI3 

and washed 3 times with water. The CHCI3 solution was dried with Mg2SC>4 and filtered. 

The product was purified on a silica column with CHCI3 as eluant to give 3d as an orange 

powder. Yield: 0.41 g (84 %). IR (KB^/cm"1 v : 2104 (OC), 3290 (CH), 3219, 3386, 

3476 (NH2); 'H NMR (400 MHz CDCI3): 8 8.46 - 7.39 (9 H, m, CH aro.); 7.07 (2 H, m, 

br„ CH aro.), 6.86 - 6.68 (4 H, m, CH aro.), 3.03 (2 H, s, CCH); m/z (EI): 486 (M+). 

2,6-Dibromo-N,N'-bis(pa/-a-ethynylphenyl)anthraquinone diimine (3e). 

2,6-Dibromo-N,N'-bis(para-trimethylsilylethynylphenyl)anthraquinone diimine 2e (0.71 

g, 1.0 mmol) was placed in a 250 mL round-bottomed flask and 7.0 g (0.051 mol) of 

K2CO3 was added to the flask as well as 200 mL of a CH3OH/THF (1:1) mixture. The 

reaction was stirred under Ar overnight until the solution turned orange. The excess 

K2CO3 was filtered and the remaining solvent was evaporated. The residue was dissolved 

in CHCI3 and washed 3 times with water. The CHCI3 solution was dried with Mg2SC>4 

and filtered. The product was purified on a silica column with CHCI3 as eluant to give 3e 

as a red powder. Yield: 0.46 g (81 %). IR (KBrycm"1 v : 2102 (C=C), 3286 (=CH); 'H 

NMR (400 MHz CDC13): 8.58 - 7.65 (3 H, m, CH aro.), 7.50 (4 H, d, CH aro., J= 
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7.7Hz), 7.32 (1 H, s, CH are.), 6.98 (2 H, s, CH aro.), 6.86 - 6.74 (4 H, m, br., CH aro.,), 

3.10(2H, s, =CH)- m/z (EI): 564 (M+). 

N,N'-Bis(para-bromophenyl)anthraquinone diimine (4a). 

4-Bromoaniline (1.4 g, 8.0 mmol) and 2.7 g (24 mmol) of DABCO were dissolved in 25 

mL of chlorobenzene while heating to 90 °C. TiCU (0.88 mL, 8.0 mmol) was added 

dropwise, followed by the addition of anthraquinone (0.83 g, 4.0 mmol) and rinsing the 

powder addition funnel with 20 mL of chlorobenzene. The solution was stirred at 120 °C 

for a 12 h period. The precipitate was isolated by filtering off the precipitate, washed with 

hot chlorobenzene (2 x 20 mL). The solution was evaporated. The solid was dissolved in 

CHCI3, washed three times with water, dried with MgSC>4 and filtered. The CHCI3 was 

completely evaporated leaving only the product. The product was purified on a silica 

column with CHCI3 as the solvent to give dibromide compound 4a. Yield: 1.9 g (94 %). 

IR (KBrVcm1 v : 1624 (C=N). 'H NMR (400 MHz CD2C12): 8.31 (2 H, d, J = 1A Hz, 

CH aro.), 7.51 (6 H, m, CH aro.); 7.14 (4 H, m, br., CH aro.), 7.61 (4H, d, J~ 8.4 Hz, CH 

aro); m/z (EI): 516 (M+). 

2-Amino-N,N'-bis(/Mra-bromophenyl)anthraquinone diimine (4b). 

4-Bromoaniline 1.4 g (8.0 mmol) and 2.7 g (24 mmol) of DABCO were dissolved in 25 

mL of chlorobenzene while heating to 90 °C. TiCU (0.88 mL, 8.0 mmol) was added 

dropwise, followed by the addition of 2-aminoanthraquinone (0.89 g, 4.0 mmol) and 

rinsing the powder addition funnel with 20 mL of chlorobenzene. The solution was 

stirred at 120 °C for a 12 h period. The precipitate was isolated by filtering off the 
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precipitate, washed with hot chlorobenzene (2 x 20 mL). The solution was evaporated. 

The solid was dissolved in CHCI3, washed three times with water, dried with MgS04, and 

filtered. The CHCI3 was completely evaporated leaving only the product. The product 

was purified on a silica column with CHCI3 as the solvent to give dibromide compound 

4b. Yield: 1.9 g (87 %). IR (KBr)/cm"' v : 1623 (C=N) 3216, 3388, 3472 (NH2); 'H NMR 

(400 MHz CDCI3): 8 8.18 (dd, J= 109.2, 40.2 Hz, 2H), 7.46 (t, J= 13.3 Hz, 5H), 7.03 

(dd, J= 78.6, 19.0 Hz, 3H), 6.82 (dd, J- 12.3, 8.5 Hz, 4H), 6.60 - 6.21 (m, 1H), 3.90 (d, 

J= 145.4 Hz, 2H).; m/z (EI): 531 (M+). 

2,6-Diamino-N,N'-bis(para-bromophenyl)anthraquinone diimine (4c). 

4-Bromoaniline (1.4 g, 8.0 mmol) and 2.7 g (24 mmol) of DABCO were dissolved in 25 

mL of chlorobenzene while heating to 90 °C. TiCLj (0.88 mL, 8.0 mmol) was added 

dropwise, followed by the addition of 2,6-diaminoanthraquinone (0.95 g, 4.0 mmol) and 

rinsing the powder addition funnel with 20 mL of chlorobenzene. The solution was 

stirred at 120 °C for a 12 h period. The precipitate was isolated by filtering off the 

precipitate, washed with hot chlorobenzene (2 x 20 mL). The solution was evaporated. 

The solid was dissolved in CHCI3, washed three times with water, dried with MgSC>4, and 

filtered. The CHCI3 was completely evaporated leaving only the product. The product 

was purified on a silica column with CHCI3 as the solvent to give dibromide compound 

4c. Yield: 0.44 g (20 %). IR (KB^/cm"1 v : 1623 (C=N) 3214, 3387, 3473 (NH2);'H 

NMR (400 MHz CDC13): 7.52 (s, 2H), 7.43 (d, J = 8.5 Hz, 4H), 6.90 (d, J = 8.3 Hz, 2H), 

6.81 (d, J= 8.3 Hz, 4H), 6.42 (s, 2H), 3.86 (d, J= 146.3 Hz, 4H).; m/z (EI): 546 (M+). 
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2-Bromo-N,N'-bis(para-bromophenyl)anthraquinone diimine (4d). 

Br 

4-Bromoaniline (1.4 g, 8.0 mmol) and 2.7 g (24 mmol) of DABCO were dissolved in 25 

mL of chlorobenzene while heating to 90 °C. TiCU (0.88 mL, 8.0 mmol) was added 

dropwise, followed by the addition of 2-bromoanthraquinone (1.2 g, 4.0 mmol) and 

rinsing the powder addition funnel with 20 mL of chlorobenzene. The solution was 

stirred at 120 °C for a 12 h period. The precipitate was isolated by filtering off the 

precipitate, washed with hot chlorobenzene (2 x 20 mL). The solution was evaporated. 

The solid was dissolved in CHCI3, washed three times with water, dried with MgSC>4, and 

filtered. The CHCI3 was completely evaporated leaving only the product. The product 

was purified on a silica column with CHCI3 as the solvent to give dibromide compound 

4d. Yield: 1.6 g (67 %). IR (KBrycm1 v : 1624 (C=N). !H NMR (400 MHz CD2C12): 

8.53 - 7.58 (3 H, M, CH aro.), 7.48 (4H, d, J= 8.5 Hz, CH aro) 7.37 - 6.93 (4 H, m, CH 

aro.); 6.88 - 6.53 (4 H, m, CH aro.); m/z (EI): 595 (M+). 

2,6-Dibromo-N,N'-bis(para-bromophenyl)anthraquinone diimine (4e). 

4-Bromoaniline (1.4 g, 8.0 mmol) and 2.7 g (24 mmol) of DABCO were dissolved in 25 

mL of chlorobenzene while heating to 90 °C. TiCLt (0.88 mL, 8.0 mmol) were added 

dropwise, followed by the addition of 2,6-dibromoanthraquinone (1.5 g, 4.0 mmol) and 

rinsing the powder addition funnel with 20 mL of chlorobenzene. The solution was 

stirred at 120 °C for a 12 h period. The precipitate was isolated by filtering off the 

precipitate, washed with hot chlorobenzene (2 x 20 mL). The solution was evaporated. 

The solid was dissolved in CHCI3, washed three times with water, dried with MgSO.*, and 

filtered. The CHCI3 was completely evaporated leaving only the product. The product 
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was purified on a silica column with CHCI3 as the solvent to give dibromide compound 

4e. Yield: 2.1 g (77 %). IR (KBr)/cm"' v: 1621 (ON). 'H NMR (400 MHz CD2C12): 

8.31 (2 H, m, CH aro.), 7.48 (4 H, d, J= 8.2 Hz, CH aro.), 7.34 (1 H, d, J = 8.8 Hz, CH 

aro.), 6.96 (3 H, d, J= 8.6 Hz, CH aro), 6.80 (4 H, d, J= 8.6 Hz, CH aro); m/z (EI): 674 

(M+). 

N,N'-Bis(para-bromophenyl)-9,9'-diaminoanthracene (5a) 

Compound 4a (0.90 g, 1.7 mmol) was dissolved in 50 mL of CH2CI2. 0.78 mL (4.3 

mmol) of an aqueous solution containing HI (40%) was added dropwise into a stirred 

solution of 4 in CH2CI2. At room temperature the solution was allowed to stir for 30 

ethynyltrimethylsilane. The reaction mixture was filtered through a fine glass sintered 

funnel. The solution was evaporated. The solid was dissolved in CH2C12 washed 3 times 

with water and dried with MgSO,*. The product was purified on a silica column with 

diethylether as the solvent to give diamine compound 5.Yield: 0.55 g (61 %). IR 

(KBr)/cm"' v : 3386 (-NH); 'H NMR (400 MHz CDC13): 8.19 (4 H, m, CH aro.), 7.46 (4 

H, m, CH aro), 7.24 (4 H, d, CH aro., J= 8.7 Hz) 6.48 (4 H, d, CH aro., J= 8.7 Hz), 6.05 

(2H, s, -NH); m/z (EI): 518 (M+). 

N,N'-Bis(pflrfl-trimethylsilylethynylphenyl)-9,9'-anthracene (6a). 

Compound 5a (0.52 g, 1.0 mmol) was dissolved in 40 mL of toluene. 0.052 g (0.20 

mmol) PPh3, 0.070 g (0.10 mmol) of PdCl2(PPh3)2 and 0.19 g (0.10 mmol) of Cul were 

added and stirred under Ar for 30 ethynyltrimethylsilane. 15 mL of diisopropylamine was 

added. Using a seringe, ethynyltrimethylsilane (0.55 mL, 4.0 mmol) was added dropwise. 

The solution was heated at 90 °C for 12 h. The solvent was evaporated and the product 
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was dissolved in CH2CI2, washed with water (3 x 30 mL) and dried over anhydrous 

MgSC>4. The solid obtained was purified using silica chromatography with 

CH2Cl2/Hexanes (30:70) as the solvent. Product 6a was isolated as a yellow powder. 

Yield: 0.40 g (73 %). IR (KB^/cm-1 v: 2152 (OC), 3401 (N-H); *H NMR (400 MHz 

CDCI3): 8 8.18 (4H, dd, J= 6.7, 3.3 Hz, CH aro), 7.46 (4H, dd, J= 6.8, 3.2 Hz, CH aro), 

7.27 (4H, d, J = 8.4 Hz, CH aro), 6.51 (4H, d, J = 8.7 Hz, CH aro), 6.13 (2 H, s, NH), 

0.22 (18 H, s, Si(CH3)3); m/z (EI): 552 (M+). 

N,N'-Bis(para-ethynylphenyl)-9,9'-diaminoanthracene (7a) 

Compound 7a was synthesized in a similar manner as 3a. The product was purified on a 

silica column with CHCb/Hexanes (60:40) as the solvent to give diamine compound 7a 

as an orange powder. Yield: 0.34 g (84 %). 'H NMR (400 MHz CDCI3): 8 8.20 (2H, m, 

CH aro.), 7.47 (2 H, m, CH aro.), 7.27 (4 H, m, br., 3JH-H= 8.1 Hz), 6.52 (4 H, d, CH aro., 

VH-H= 8.1 Hz), 6.15 (2 H, s, NH); (C=C); m/z (EI): 408 (M+). 

Poly(bis(para-ethynylphenyl)anthraquinonediimine)-frans-bis(tributyI-

phosphine)platinum(II) (8a) 

N,N'-Bis(para-ethynylphenyl)anthraquinone diimine 3a (0.10 g, 0.25 mmol), 0.17 g 

(0.25 mmol) of fr*a«.s-Pt(PBu3)2Cl2 and 0.010 g (0.052 mmol) of Cul were dissolved in 10 

mL of CH2CI2. 10 mL of 'P^NH were added and the reaction was stirred under Ar 

overnight. The solvent was evaporated. The residue was dissolved in CH2CI2 and washed 
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3 times with water. The solution of CH2CI2 was dried with K2CO3 and filtered. The 

solvent was evaporated and 8a was obtained as a red powder. The polymer was 

reprecipitated in CH2CI2 and Hexanes. Yield: 0.25 g, (96 %); Chem. Anal. Found: C, 

62.33; H, 6.88; N, 2.69. HCl(C54H7oN2P2Pt)n requires C, 64.79; H, 7.04; N, 2.79, IR 

(KBrVcm"1 v: 2100 (OC), 1624 (C=N); 31P{lH} NMR (162 MHz CDC13): 3.83 (s, %.P 

= 2352 Hz). 'H NMR (400 MHz CDC13) 8 8.30 (s, 2H), 7.50 (m, 3H), 7.25 (m, 5H), 7.20-

6.93 (m, 3H), 6.79 (s, 4H), 2.21-2.14 (m, 12H), 1.62 (s, 12H), 1.50-1.39 (m 12H), 0.93 (t, 

J = 12 Hz, 18H); GPC Mn (15 200) A/w(25 800) PD 1.70. 

Poly(2-amino-N,N,-bis(para-ethynylphenyl)anthraquinonediimine)-/ra/i$-

bis(tributyIphosphine)platinum(II) (8b) 

2-Amino-N,N'-bis(para-ethynylphenyl)anthraquinone diimine 3b (0.11 g, 0.25 mmol), 

0.17 g (0.25 mmol) of /rans-Pt(PBu3)2Cl2 and 0.010 g (0.052 mmol) of Cul were 

dissolved in 10 mL of CH2CI2,10 mL of 'P^NH were added and the reaction was stirred 

under Ar overnight. The solvent was evaporated. The residue was dissolved in CH2CI2 

and washed 3 times with water. The solution of CH2CI2 was dried with K2CO3 and 

filtered. The solvent was evaporated and 8a was obtained as a red powder. The polymer 

was reprecipitated in CH2CI2 and Hexanes. Yield: 0.24 g (92 %); Chem. Anal. Found: C, 

63.6; H, 7.14; N, 3.93. HCl(C54H7iN3P2Pt)„ requires C, 63.64; H, 7.02; N, 4.12. IR 

(KBr)/cm"' v: 3468, 3369,3230 (NH2), 2100 (C=C), 1624 (C=N); ^{'H} NMR (162 

MHz CDCI3): 5.53 (s, 1 Jpt.p = 2379 Hz), 0.47 (s, %-p = 2304 Hz). 'H NMR (400 MHz, 

CD2CI2) 8 8.32 (s, 2H), 7.68 - 7.42 (m, 4H), 7.24 (s, 5H), 6.84 (s, 4H), 4.20 (s, 2H), 2.10 

(d, J = 60.6 Hz, 12H), 1.56 (d, J= 66.0 Hz, 24H), 1.03 - 0.66 (m, 18H); GPC Mn (18 

100) Mw (53 000) PD 2.93. 
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Poly(2,6-diamino-N,N'-bis(/wira-ethynylphenyl)anthraquinonediimine)-/ra/j,s-

bis(tributylphosphine)platinum(II) (8c) 

2,6-Diamino-N,N,-bis(para-ethynylphenyl)anthraquinone diimine 3c (0.11 g, 0.25 

mmol) of 0.17 g (0.25 mmol) of /rarcs-Pt^PBua^C^ and 0.010 g (0.052 mmol) of Cul 

were dissolved in 10 mL of CH2CI2.10 mL of 'Pr2NH were added and the reaction was 

stirred under Ar overnight. The solvent was evaporated. The residue was dissolved in 

CH2CI2 and washed 3 times with water. The solution of CH2CI2 was dried with K2CO3 

and filtered. The solvent was evaporated and 8c was obtained as a red powder. The 

polymer was precipitated in CH2CI2 and Hexanes. Yield: 0.25 g (94 %); Chem. Anal. 

Found: C, 59.85; H, 6.94; N, 4.78. HCKCs^WPt),, requires C, 60.58; H, 6.87; N, 

5.23, IR (KBr)/cm"' v: 3464, 3352, 3215 (NH2), 2107 (C=C), 1624 (C=N); ^{'H} 

NMR (162 MHz CDC13): 4.20 (s, Vpt-p = 2357 Hz), 1.28 (s, %.P= 2310 Hz). *H NMR 

(400 MHz CDCI3) 8 8,19-6,30 (m, 14H) 3,94 (m, 4H) 2,19 (s, 12H) 1,47 (m, 24H), 1,16-

0,58 (m, 16H); GPC Mn (6 000) Mw(9 400) PD 1.56. 
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Poly(2-bromo-N,N'-bis(para-ethynyIphenyl)anthraquinonediimine)-^a/is-

bis(tributylphosphine)platinum(II) (8d) 

2-Bromo-N,N,-bis(Jpara-ethynylphenyl)anthraquinone diimine 3d (0.12 g, 0.25 mmol), 

0.17 g (0.25 mmol) of fra«s-Pt(PBu3)2Cl2 and 0.010 g (0.052 mmol) of Cul were 

dissolved in 10 mL of CH2CI2.10 mL of 'P^NH were added and the reaction was stirred 

under Ar overnight. The solvent was evaporated. The residue was dissolved in CH2CI2 

and washed 3 times with water. The solution of CH2CI2 was dried with K2CO3 and 

filtered. The solvent was evaporated and 8d was obtained as a red powder. The polymer 

was reprecipitated in CH2CI2 and Hexanes. Yield: 0.26 g (93 %); Chem. Anal. Found: C, 

59.43; H, 6.38; N, 2.49. HCKC^Br^Pt),, requires C, 59.88; H, 6.42; N, 2.59., IR 

(KBrVcm'1 v : 1619 (C=N), 2100 (C=C). 31P{1H} NMR (162 MHz CDC13): 3.97 (s, Vp 
= 2343 Hz). *H NMR (400 MHz, CDC13) 8 8.51 - 8.13 (m, 2H), 8.00 - 7.41 (m, 2H), 

7.26 (s, 6H), 7.02 (s, 1H), 6.79 (s, 4H), 2.17 (s, 12H), 1.59 (d,J= 32.8 Hz, 12H), 1.46 (d, 

J= 7.0 Hz, 12H), 0.93 (t, J= 6.8 Hz, 18H); GPC Mn (5 800) Mw(9 600) PD 1.64. 
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Poly(2,6-dibromo-N,N'-bis(para-ethynylphenyl)anthraquinonediimiiie)-/rafH-

bis(tributylphosphine)platinum(II) (8e) 

2,6-Dibromo-N,N<-bis(para-ethynylphenyl)anthraquinone diimine 3e (0.14 g, 0.25 

mmol), 0.17 g (0.25 mmol) of /ram-Pt(PBu3)2Cl2 and 0.01 g of Cul were dissolved in 10 

mL of CH2CI2. 10 mL of 'P^NH were added and the reaction was stirred under Ar 

overnight. The solvent was evaporated. The residue was dissolved in CH2CI2 and washed 

3 times with water. The solution of CH2CI2 was dried with K2CO3 and filtered. The 

solvent was evaporated and 8e was obtained as a red powder. The polymer was 

reprecipitated in CH2CI2 and Hexanes. Yield: 0.30 g, (96 %); IR (KBr)/cm_1 v: 1621 

(C=N), 2102 (OC). 'H NMR (400 MHz, CDC13) 8 8.75 - 8.10 (m, 4H), 7.92 - 7.36 (m, 

4H), 7.25 - 6.25 (m, 6H), 2.16 (s, 1H), 1.64 (d,J= 3.4 Hz, 12H), 1.47 (dd, J =14.3, 7.2 

Hz, 12H), 0.94 (t, J= 7.2 Hz, 18H); GPC Mn (5 900) Mw(7 200) PD 1.21. 

Dichloro-bis(para-ethynylphenyl)anthraquinonediimine)di-frart.s-bis(tributyl-

phosphine)platinum(II) (9a). 

/ra«5-Pt(PBu3)2Cl2 (0.74 g, 1.1 mmol) and 0.010 g (5.2 x 10"2 mmol) of Cul were 

dissolved in 10 mL of CH2CI2 and 10 mL of 'P^NH. 0.045 g (0.11 mmol) of N,N'-

bis(para-ethynylphenyl)anthraquinone diimine was dissolved in 10 mL CH2CI2 and 
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added dropwise over a 12 h period. The reaction was stirred under Ar overnight. The 

solvent was evaporated. The residue was dissolved in CH2CI2 and washed 3 times with 

water. The solution of CH2CI2 was dried with K2CO3 and filtered. The solvent was then 

evaporated and the product was purified on a silica column with CH2C12/Hexanes as the 

solvent to give 9a as a red oily product. Yield: 0.11 g (60 %); Chem. Anal. Found: C, 

54.92; H, 8.01; N, 2.08. C78H124Cl2N2P4Pt2 requires C, 55.94; H, 7.46; N, 1.67. IR 

(KBrycrn1 v : 1624 (C=N), 2115 (CsC). ^Pl'H} NMR (162 MHz CDCI3): 7.85 (s, 

= 2370 Hz). 'H NMR (400 MHz, CDC13) 8 8.32 (s, 3H), 7.48 (d, J - 31.8 Hz, 3H), 7.23 -

6.63 (m, 10H), 2.21 - 1.85 (m, 24H), 1.68 - 1.41 (m, 48H), 1.00 - 0.80 (m, 36H); Mass 

(Maldi): 1675.64 requires 1674.79. 

Dichloro-2-amino-N,N'-bis(pa/,a-ethynylphenyl)anthraquinonediiniine)di-/ra/j.s-

bis(tributylphosphine)platinum(II) (9b). 

f™ra-Pt(PBu3)2Cl2 (0.74 g, 1.1 mmol) and 0.010 g (0.052 mmol) of Cul were dissolved 

in 10 mL of CH2CI2 and 10 mL of 'Pr2NH. 0.045 g (0.11 mmol) of 2,6-diamino-N,N'-

bis(para-ethynylphenyl)anthraquinone diimine was dissolved in 10 mL CH2CI2 and 

added dropwise over a 12 h period. The reaction was stirred under Ar overnight. The 

solvent was evaporated. The residue was dissolved in CH2CI2 and washed 3 times with 

water. The solution of CH2CI2 was dried with K2CO3 and filtered. The solvent was 

evaporated and the product was purified on a silica column with C^Ch/Hexanes as the 

solvent to give 9b as a red oily product. Yield: 0.061 g, (33 %); Chem. Anal. Found: C, 

55.30; H, 7.10; N, 2.32. C78Hi25Cl2N3P4Pt2 requires C, 55.44; H, 7.46; N, 2.49. IR 

(KBr)/cm"' v: 3472, 3357, 3223 (NH2), 2104 (C=C), 1624 (C=N); ^Pf'H} NMR (162 

MHz CDCI3): 8.04 (s, = 2383 Hz). 'H NMR (400 MHz, CD2C12) 8 8.41 - 8.19 (m, 
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2H), 7.68 - 7.41 (m, 4H), 7.23 (s, 5H), 6.84 (s, 4H), 4.45 - 3.58 (m, 2H), 2.21 - 1.82 (m, 

24H), 1.65 - 1.43 (m, 48H), 1.06 - 0.73 (m, 36H); Mass (Maldi): 1688.38 requires 

1689.80. 

Dichloro-2,6-diamino-N,N'-bis(para-ethynylphenyl)anthraquinonediimine)-di-^rflns-

bis(tributylphosphine)platinum(II) (9c). 

/rans-Pt(PBu3)2Cl2 (0.74 g, 1.1 mmol) and 0.010 g (0.052 mmol) of Cul were dissolved 

in 10 mL of CH2CI2 and 10 mL of 'P^NH. 0.045 g (0.11 mmol) of 2,6-diamino-N,N'-

bis(para-ethynyIpheny 1 )anthraquinone diimine was dissolved in 10 mL CH2CI2 and 

added dropwise over a 12 h period. The reaction was stirred under Ar overnight. The 

solvent was evaporated. The residue was dissolved in CH2CI2 and washed 3 times with 

water. The solution of CH2CI2 was dried with K2CO3 and filtered. The solvent was 

evaporated and the product was purified on a silica column with C^Cb/Hexanes as the 

solvent to give 9c as a red oily product. Yield: 0.069 g, (37 %); Chem. Anal. Found: C, 

54.20; H, 6.92; N, 2.48. CvgHmCh^I^ requires C, 54.95; H, 7.45; N, 3.29. IR 

(KBr)/cm"' v : 3461, 3345, 3219 (NH2), 2115 (OC), 1620 (C=N); 31P{'H} NMR (162 

MHz, CDCI3): 7.82 (s, 'Jpt.p= 2378 Hz). 'H NMR (400 MHz, CDC13) 5 8.47 (s, 1H), 8.26 

(s, 2H), 7.59 - 7.45 (m, 2H), 7.25 - 7.13 (m, 4H), 6.76 (d, J= 31.3 Hz, 5H), 4.13 (s, 4H), 

2.26 - 1.83 (m, 24H), 1.49 (dt, J= 14.4, 7.5 Hz, 49H), 0.93 (t, J= 7.2 Hz, 36H). 
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Dichloro-2-bromo-N,N'-bis(para-ethynylphenyl)anthraquinonediimine)di-/rfl/is-

bis(tributylphosphine)platinum(II) (9c). 

Cl-R 

R-CI 

/ra«5-Pt(PBu3)2Cl2 (0.74 g, 1.1 mmol) and 0.010 g (0.052 mmol) of Cul were dissolved 

in 10 mL of CH2C12 and 10 mL of iPr2NH. 0.045 g (0.11 mmol) of 2,6-diamino-N,N'-

bis(para-ethynylphenyl)anthraquinone diimine was dissolved in 10 mL CH2CI2 and 

added dropwise over a 12 h period. The reaction was stirred under Ar overnight. The 

solvent was evaporated. The residue was dissolved in CH2CI2 and washed 3 times with 

water. The solution of CH2CI2 was dried with K2CO3 and filtered. The solvent was 

evaporated and the product was purified on a silica column with CFhCb/Hexanes as the 

solvent to give 9c as a red oily product. Yield: 0.081 g (42 %); Chem. Anal. Found: C, 

53.07; H, 7.29; N, 1.62. C78Hi23BrCl2N2P4Pt2 requires C, 53.07; H, 7.29; N, 1.62. IR 

(KBr)/cm"' v : 1628 (C=N), 2119 (OC). 3,P{'H} NMR (162 MHz, CDC13): 7,89 (s, xJn.? 

=2368 Hz). 'H NMR (400 MHz, CDCI3) 8 8.33 (ddd,J= 55.2, 30.0, 9.2 Hz, 2H), 7.97 -

7.29 (m, 2H), 7.19 (dd, J= 26.9, 9.2 Hz, 5H), 7.03 (dd, J= 16.4, 8.7 Hz, 2H), 6.67 (dd, J 

= 99.1, 8.4 Hz, 4H), 2.03 (d, J= 3.6 Hz, 25H), 1.58 (dd, J= 8.0, 4.3 Hz, 24H), 1.51 -

1.40 (m, 24H), 0.92 (dd, J= 9.5, 5.0 Hz, 36H); Mass (Maldi): 1754.38 requires 1753.69. 

212 



Dichloro-2,6-dibromo-N,N'-bis(/?ara-ethynylphenyl)anthraquinonediimine)di-fra/w 

bis(tributylphosphine)platinum(II) (9c). 

/ra«5-Pt(PBu3)2Cl2 (0.74 g, 1.1 mmol) and 0.010 g (0.052 mmol) of Cul were dissolved 

in 10 mL of CH2CI2 and 10 mL of 'P^NH. 0.045 g (0.11 mmol) of 2,6-dibromo-N,N'-

bis(para-ethynylphenyl)anthraquinone diimine was dissolved in 10 mL CH2CI2 and 

added dropwise over a 12 h period. The reaction was stirred under Ar overnight. The 

solvent was evaporated. The residue was dissolved in CH2CI2 and washed 3 times with 

water. The solution of CH2CI2 was dried with K2CO3 and filtered. The solvent was 

evaporated and the product was purified on a silica column with C^Ch/Hexanes as the 

solvent to give 9c as a red oily product. Yield: 0.11 g (54 %); Chem. Anal. Found: C, 

50.99; H, 6.16; N, 1.45. C78Hi22Br2Cl2N2P4Pt2 requires C, 51.12; H, 6.71; N, 1.53. IR 

(KBrycm'1 v : 2115 (OC),1617 (C=N). 31P{'H} NMR (162 MHz, CDC13): 7,80 (s, Ut-p 

= 2353 Hz). 'H NMR (400 MHz, CDC13) 8 8.47 (s, 1H), 7.26 (t, J= 0.9 Hz, 7H), 7.24 (s, 

4H), 7.02 (d, J = 8.6 Hz, 2H), 6.78 (d, J = 7.8 Hz, 3H), 2.03 (s, 24H), 1.62 - 1.55 (m, 

24H), 1.46 (dd, J= 14.5, 7.2 Hz, 24H), 0.93 (t,J= 12 Hz, 36H). Mass (Maldi): 1831.97 

requires 1832.58. 
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6.9 Synthesis procedurefor the dendrimeric quinone derivatives 

N,N',N",N"'-Tris(phenyI)(/jara-trimethyIsilylethynylphenyl)benzoquinone diimine 

(2a) and N,N',N",N"'-bis(phenyI)bisO>ara-

trimethylsilylethynylphenyl)benzoquinone diimine (2 b) 

Chlorobenzene (30 mL) was placed in a three-necked round bottomed flask. A 0.38 g 

quantity (2.0 mmol) of 4-((trimethylsilyl)ethynyl)aniline, 0.19 mL (2.0 mmol) of aniline, 

1.1 mL (8.0 mmol) of triethylamine, and 0.33 mL (3.0 mmol) of TiCU were added to the 

flask using a syringe. A 0.22 g quantity (2.0 mmol) of 1,4-benzoquinone was dissolved in 

a minimum amount of chlorobenzene and added dropwise to the solution. The solution 

was stirred at 60°C for 4 h. The mixture was left to cool to room temperature, filtered, 

and washed with hot chlorobenzene (2 x 20 mL). The solution was evaporated. The solid 

was dissolved in CH2CI2, washed three times with water, dried with MgSC>4, and filtered. 

The CH2CI2 was completely evaporated leaving only the products. The two products 

were separated using a silica column with CHhCh/Hexanes (3:7) as the solvent to give 

the monosylated and the disilylated compounds. 4a: Yield: 0.15 g (14 %); IR (KBr)/cm"' 

v: 3294 (N-H), 2155 (C=C), 1593 (C=N). 'H NMR (300 MHz CD2C12): 8.26 (s, 2H), 

7.93 (d, .7=9.8 Hz, 1H), 7.53 (d, J= 6.2 Hz 1H), 7.48 - 7.25 (m, 7H), 7.05(t, .7=16.6 Hz 

9H) 6.23 (s, 2H), 0.26 (m, 9H), m/z (EI): 536 (M+). 4b: Yield: 0.19 g (15 %); IR 

(KBr)/cm"1 v : 3303 (N-H), 2155 (C=C), 1593 (C=N). *H NMR (300 MHz CD2C12): 8.28 

(s, 2H), 7.37 (dt, .7=15.8, 8.1 Hz, 8H), 7.50-6.75 (m, 10H), 6.24 (s, 2H), 0.24 (dd, .7=4.2, 

1.5Hz, 18H), m/z (EI): 634 (M+). 

.TMS TMS 

2a ^ 2a TMS 
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2,5-Bis(para-trimethylsiIyIethynylphenyI)-N,N'-bis(para-trimethylsilyl-

ethynylphenyl)benzoquinonediimine (2c). 

Chlorobenzene (30 mL) was placed in a three-necked round bottomed flask. A 2.7 g 

quantity (14 mmol) of 4-((trimethylsilyl)ethynyl)aniline, 2.8 mL (20 mmol) of 

triethylamine, and 0.33 mL (3.0 mmol) of TiCL} were added to the flask using a syringe. 

A 0.22 g quantity (2.0 mmol) of 1,4-benzoquinone was dissolved in a minimum amount 

of chlorobenzene and added dropwise to the solution. The solution was stirred at 60 °C 

for 4 h. The mixture was left to cool to room temperature, filtered, and washed with hot 

chlorobenzene (2 x 20 mL). The solution was evaporated. The solid was dissolved in 

CH2CI2, washed three times with water, dried with MgS04, and filtered. The product was 

dissolved in chlorobenzene with 2.8 mL triethylamine added the solution was heated at 

130 °C for 48 h. The mixture was left to cool to room temperature, filtered, and washed 

with hot chlorobenzene (2 x 20 mL). The CH2CI2 was completely evaporated leaving 

only the crude product. The product was purified on a silica column with 

CKbCk/Hexanes (1:1) as the solvent to give the tetrasilylated compound. Yield: 1.26 g 

(76 %); IR (KBr)/cm"' v: 3297 (N-H), 2155 (C=C), 1593 (C=N). 'H NMR (300 MHz 

CD2C12): 8.33(2 H, s), 7.43 (8 H, d, J= 8.3 Hz), 6.99 (8 H, d, J = 7.7 Hz), 6.26 (2 H, s), 

0.26 - 0.02 (36 H, m), m/z (EI): 826 (M+). 
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6.10 Protocoles of quinone diamine derivatives 

2,5-Bis(4-bromoaniline)quinone diamine (3a). 

Br 

° h n - 0 ~ '  

—^ ^—NH O 

Br 

4-Bromoaniline 1.0 g (6.0 mmol) was dissolved in 100 mL of absolute ethanol. 0.22 g 

(2.0 mmol) was added while bubbling oxygen through for 12 h. The precipitate was 

filtrated through a Buchner funnel and washed with cold absolute ethanol. The brown 

product was placed in the oven at 100'C prior to be dried under vacuum. Yield: 0.27 g (30 

%); IR (KBr)/cm"' v: 3237 (N-H); 'H NMR 6 (400 MHz (CD3)2SO): 9.38 (s, 2H, N-H), 

7.60 (s, 4H, CH aro), 7.35 (s, 4H, CH aro); 5.82 (s, 2H, H-Quinone);. m/z (EI): 448 (M+). 

2,5-Bis(4-((trimethylsilyl)ethynylaniline))quinone diamine (4a). 

2,5-Bis(para-bromoaniline)quinone diamine 3a (0.90; g 2.0 mmol) was dissolved in 40 

mL toluene. 0.10 g (0.40 mmol) PPI13, 0.14 g (0.20 mmol) of PdCl2(PPh3)2 and 0.040 g 

(0.20 mmol) of Cul were added and stirred under Ar for 30 min. 15 mL of 

diisopropylamine was added. Using a seringe, ethynyltrimethylsilane (1.0 mL, 8.0 mmol) 

was added dropwise. The solution was then heated at 90 °C for 12 h. The solvent was 

evaporated and the product was dissolved in CHCI3, washed with water (3 x 30 mL) and 

dried over anhydrous MgSCV The solid obtained was purified using silica 

chromatography with CHCI3 as the solvent. Product 4a was isolated as a red powder. 

Yield: 0.35 g (36 %). IR (KBr)/cm"' v: 3270 (N-H), 2158 (C=C). 'H NMR 6 (400 MHz 

CDCI3): 8.11 (2 H, s, NH), 7.50 (4 H, m, CH aro), 7.20 (4 H, m, CH aro), 6.13 (2 H, s, H-

Quinone), 0.25 (18 H, s, Si(CH3)3); '^{'H} NMR (CDC13): 8 180.34, 145.47, 137.22, 

133.39, 121.81, 120.55, 104.15, 96.84, 95.42, 0.00.; m/z (EI): 482 (M+). 
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2,5-DichIoro-3,6-bis(4-((trimethylsilyl)ethynyl)aniline)quinone(4c) 

ci^Crci 
—NH 0  

kP TMS 

TMS 

4-((trimethylsilyl)ethynyl)aniline la (0.76 g, 4.0 mmol) was dissolved in 100 mL 

absolute ethanol. 0.49 g (2.0 mmol) of p-chloranil was added and stirred while bubbling 

oxygen through for 12 h. The solvent was evaporated and the product was dissolved in 

CH2CI2, washed with water (3 x 30 mL) and dried over anhydrous MgS04. The solid 

obtained was purified using silica chromatography with CHjCb/Hexanes (1:1) as the 

solvent. The product was dried under vacuum. Product 4c was isolated as a light gold 

powder. Yield: 0.75 g (68 %). IR (KBrycm'1 v: 3294 (N-H), 2155 (OC) 1654 (C=N).'H 

NMR 6 (400 MHz CDCI3): 8.23 (s, 2H, NH), 7.56 - 7.40 (m, 4H, CH aro), 7.08 - 6.98 

(m, 4H, CH aro), 0.53 - 0.00 (m, 18 H, Si(CH3)3); m/z (EI): 550 (M+). 

2,5-Dibromo-3,6-bis(4-((trimethylsilyl)ethynyl)aniline)quinone (4d) 

4-((trimethylsilyl)ethynyl)aniline la (0.76 g, 4.0 mmol) was dissolved in 100 mL 

absolute ethanol. 0.85 g (2.0 mmol) of p-bromanil was added and stirred while bubbling 

oxygen through for 12 h. The solvent was evaporated and the product was dissolved in 

dichloromethane, washed with water (3 x 30 mL) and dried over anhydrous MgS04. The 

solid obtained was purified using silica chromatography with dichloromethane/Hexanes 

(1:1) as the solvent. The product was dried under vacuum. Product 4d was isolated as a 

light gold powder. Yield: 0.92 g (72 %); IR (KBr)/cm"' v: 3290 (N-H), 2155 (C=C). 'H 

NMR 6 (400 MHz CDC13): 8.38 (s, 2H, NH), 7.53 - 7.43 (m, 4H, CH aro), 7.15 - 7.02 

(m, 4H, CH aro), 0.58 - 0.00 (m, 18 H, Si(CH3)3); m/z (EI): 640 (M+). 
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APPENDIX 1 

Figure 1: ]H NMR (CDCI3) spectrum of compound 2a from Chapter 2. 
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Figure 2 : Infrared spectrum of compound 2a from Chapter 2 
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Table 1: Crystal data and structure refinement for 2a from Chapter 2. 

Identification code 
Empirical formula 

Formula weight 
Temperature 
Wavelength 

Crystal system 
Space group 

a = 5.926(3) A 
b = 7.516(7) A 

c = 37.051(16) A 
Volume 

Z 
Density (calculated) 

Absorption coefficient 

F(000) 
Crystal size 

Theta range for data collection 
Index ranges 

Reflections collected 
Independent reflections 

Completeness to theta = 25.50° 
Absorption correction 

Max. and min. transmission 
Refinement method 

Data / restraints / parameters 

Goodness-of-fit on 
Final R indices [I>2sigma(I)] 

R indices (all data) 
Extinction coefficient 

Largest difF. peak and hole 

2a 
C,8H,I2N2 

510.10 
293(2)K 

0.71073 A 
Orthorhombic 

pnaa 
a = 90°. 
p = 90°. 
y = 90°. 

1650.3(19) A3 

4 

2.053 Mg/m3 

3.809 mm"l 
960 

0.30 x 0.30 x 0.10 mm3 

2.20 to 25.55°. 
0<=h<=7,0<=k<=9, 0<=1<=44 

1393 
1393 [R(int) = 0.0000] 

90.5 % 
Psi-scan 

0.7019 and 0.3945 

Full-matrix least-squares on F^ 
1393 /0 /59  

0.979 

R1 =0.0834, wR2 = 0.2195 
R1 = 0.1826, wR2 = 0.2660 

0.0026(9) 

1.467 and-2.787 e.A*3 
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Figure 3: 'H NMR (CDCI3) spectrum of compound 2c from Chapter 2. 
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Figure 4 : Infrared spectrum of compound 2c from Chapter 2 
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Table 2 : Crystal data and structure refinement for 2c from Chapter 2. 

Identification code 
Empirical formula 

Formula weight 
Temperature 
Wavelength 

Crystal system 
Space group 

a = 6.232(3) A 
b= 15.450(5) A 
c = 20.624(5) A 

Volume 

Z 
Density (calculated) 

Absorption coefficient 

F(000) 
Crystal size 

Theta range for data collection 
Index ranges 

Reflections collected 
Independent reflections 

Completeness to theta = 25.50° 
Absorption correction 

Max. and min. transmission 
Refinement method 

Data / restraints / parameters 

Goodness-of-fit on 
Final R indices [I>2sigma(I)] 

R indices (all data) 
Largest diff. peak and hole 

2c 
C18H8Cl4l2N2 

647.90 
293(2)K 

0.71073 A 
Orthorhombic 

Pcan 
a= 90°. 
P= 90°. 
Y = 90°. 

1985.9(12) A3 
4 

2.167 Mg/m3 

3.711 mm"1 

1216 

0.20 x 0.20 x 0.03 mm3 

2.37 to 25.59°. 
0<=h<=4, 0<=k<=18, 0<=1<=25 

1373 
1373 [R(int) - 0.0000] 

73.5 % 
Psi-Scan 

0.8968 and 0.5240 

Full-matrix least-squares on F^ 
1373 /0 /64  

0.768 

R1 =0.0821, wR2 = 0.1353 
R1 =0.3495, wR2 = 0.1862 

0.724 and -0.866 e.A"3 
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Figure 5: 'H NMR (CDCI3) spectrum of compound 2'a from Chapter 2. 
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Figure 6 : Infrared spectrum of compound 2'a from Chapter 2 
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Table 3 : Crystal data and structure refinement for 2'a from Chapter 2.. 

Identification code 
Empirical formula 

Formula weight 
Temperature 
Wavelength 

Crystal system 
Space group 

Unit cell dimensions 
a 
b 
c 

Volume 

Z 
Density (calculated) 

Absorption coefficient 

F(000) 
Crystal size 

Theta range for data collection 
Index ranges 

Reflections collected 
Independent reflections 

Completeness to theta = 25.50° 
Absorption correction 

Max. and min. transmission 
Refinement method 

Data / restraints / parameters 

Goodness-of-fit on 
Final R indices [I>2sigma(I)] 

R indices (all data) 
Extinction coefficient 

Largest diff. peak and hole 

2'a 
C9HgBr2N2 

226.07 
293(2)K 

1.54176 A 
Orthorhombic 

Pnab 

7.174(2)A 
10.884(7) A 
23.910(8)A 

1867.0(15) A3 
8 

1.609 Mg/m3 

5.609 mm"l 
896 

0.30 x 0.30 x 0.25 mm3 

7.62 to 69.82°. 
0<=h<=8, 0<=k<=13, 0<=1<=29 

1717  
1717 [R(int) = 0.0000] 

90.5 % 
Psi-scan 

0.3345 and 0.2839 

Full-matrix least-squares on F^ 
1717 /3 /106  

0.852 

R1 = 0.0894, wR2 = 0.2261 
R1 =0.2136, wR2 = 0.2792 

0.0008(4) 
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233 



Figure 7: 'H NMR (CDCI3) spectrum of compound 2'c from Chapter 2. 
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Figure 8 : Infrared spectrum of compound 2'c from Chapter 2 
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Figure 9: 'H NMR (CDCI3) spectrum of compound 3a from Chapter 2. 
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Figure 11 : Infrared spectrum of compound 3c from Chapter 2 

Figure 12: fH NMR (CDCb) spectrum of compound 3'a from Chapter 2. 
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Figure 13 : Infrared spectrum of compound 3'a from Chapter 2 

Figure 14: *H NMR (CDCI3) spectrum of compound 3'c from Chapter 2 
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Figure 15: Infrared spectrum of compound 3'c from Chapter 2 
: 
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Table 4 Crystal data and structure refinement for 3'c from Chapter 2. 

Identification code 

Empirical formula 
Formula weight 

Temperature 
Wavelength 

Crystal system 
Space group 

a = 4.5815(15) A 
b = 9.242(4) A 
c = 22.912(4) A 

Volume 
Z 

Density (calculated) 
Absorption coefficient 

F(000) 
Crystal size 

Theta range for data collection 
Index ranges 

Reflections collected 
Independent reflections 

Completeness to theta = 25.50° 
Absorption correction 

Max. and min. transmission 
Refinement method 

Data / restraints / parameters 
Goodness-of-fit on F2 

Final R indices [I>2sigma(I)] 
R indices (all data) 

Largest diff. peak and hole 

3'c 
CigHioBrjCLt^ 

555.90 
293(2) K 

0.71073 A 
Monoclinic 

P21/C 
a= 90°. 

P= 95.06(2)°. 
Y = 90°. 

966.3(5) A3 

2 
1.911 Mg/m3 

4.753 mm-1 

540 
0.60 x 0.30 x 0.20 mm3 

1.78 to 25.59°. 
-5<=h<=5, 0<=k<=ll, 0<=1<=27 

1805 
1805 [R(int) = 0.0000] 

99.8 % 
Psi-Scan 

0.4499 and 0.1627 
Full-matrix least-squares on F2 

1 8 0 5 / 0 / 7 6  
0.857 

R1 =0.0675, wR2 = 0.1444 
R1 =0.2129, wR2 = 0.1798 

0.535 and -0.793 e.A"3 
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Figure 16: NMR (CDCb) spectrum of compound 4a from Chapter 2 
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Figure 18: 'H NMR (CDCI3) spectrum of compound 4c from Chapter 2 
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Table 5 : Crystal data and structure refinement for 4c from Chapter 2. 

Identification code 4c 
Empirical formula C2gH2gCl4N2Si2 

Formula weight 590.50 
Temperature 293(2) K 
Wavelength 1.54176 A 

Crystal system Monoclinic 
Space group P21/n 

a = 5.9752(19) A <x= 90°. 
b = 50.52(3) A p= 93.96(3)°. 
c= 10.226(6) A y = 90°. 

Volume 3080(3) A3 

Z 4 
Density (calculated) 1.274 Mg/m3 

Absorption coefficient 4.388 mm*1 

F(000) 1224 
Crystal size 0.50 x 0.40 x 0.05 mm3 

Theta range for data collection 3.50 to 69.99°. 
Index ranges -7<=h<=7, 0<=k<=61, 0<=l<=12 

Reflections collected 5582 
Independent reflections 5582 [R(int) = 0.0000] 

Completeness to theta = 69.99° 95.5 % 
Absorption correction Psi-Scan 

Max. and min. transmission 0.8105 and 0.2177 
Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 5 5 8 2 / 3  / 3 2 9  
Goodness-of-fit on F2 0.850 

Final R indices [I>2sigma(I)] R1 =0.1046, wR2 = 0.2133 
R indices (all data) R1 = 0.3464, wR2 = 0.2865 

Largest diff. peak and hole 0.380 and -0.471 e.A"3 
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Figure 20: H NMR (CDCI3) spectrum of compound 5a from Chapter 2 
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Figure 21: Infrared spectrum of compound 5a from Chapter 2 
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Table 6 : Crystal data and structure refinement for 5a from Chapter 2. 

Identification code 5a 
Empirical formula C28H3oN2Si2 

Formula weight 450.72 
Temperature 293(2)K 
Wavelength 1.54176 A 

Crystal system Monoclinic 
Space group P21/C 

a (A) 6.091(5) 
b(A) 25.289(13) 
c (A) 8.863(7) 
a= 90° 
P= 102.69(7)°. 

Y = 90°. 
Volume 1332.0(16) A3 

Z 2 
Density (calculated) (Mg/m3) 1.124 
Absorption coefficient (mm"1) 1.325 

F(000) 480 
Crystal size (mm3) 0.30x0.10x0.10 

Theta range for data collection 3.50 to 69.94°. 
Index ranges -7<=h<=7, 0<=k<=30,0<=1<= 10 

Reflections collected 2427 
Independent reflections 2427 [R(int) = 0.0000] 

Completeness to theta = 69.94° 95.8 % 
Absorption correction Psi-Scan 

Max. and min. transmission 0.8789 and 0.6920 
Refinement method Full-matrix least-squares on F^ 

Data / restraints / parameters 2427 / 0/ 145 

Goodness-of-fit on 0.800 

Final R indices [I>2sigma(I)] R1 = 0.0783, wR2 = 0.1393 
R indices (all data) R1 =0.2912, wR2 = 0.1908 

Largest diff. peak and hole 0.189 and-0.260 e.A'3 
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Figure 22: 'H NMR (CDCb) spectrum of compound 5c from Chapter 2 
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Figure 23 : Infrared spectrum of compound 5c from Chapter 2 
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Figure 24: 'H NMR (CDCI3) spectrum of compound 6a from Chapter 2 
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Figure 25 : Infrared spectrum of compound 6a from Chapter 2 
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Figure 26: 'H NMR (CDCI3) spectrum of compound 6c from Chapter 2 
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Figure 27 : Infrared spectrum of compound 6c from Chapter 2 
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Table 7 : Crystal data and structure refinement for 6c from Chapter 2. 

Identification code 6c 
Empirical formula C22H12Q4N2 

Formula weight 446.14 
Temperature 293(2) K 
Wavelength 0.71073 A 

Crystal system Monoclinic 
Space group P21/n 

a = 5.576(3) A a= 90°. 
b= 10.283(7) A |}= 96.69(5)°. 
c = 17.257(11) A y = 90°. 

Volume 982.7(10) A3 

Z 2 
Density (calculated) 1.508 Mg/m3 

Absorption coefficient 0.613 mm"1 

F(000) 452 
Crystal size 0.40 x 0.40 x 0.11 mm3 

Theta range for data collection 2.31 to 25.54°. 
Index ranges -6<=h<=6, 0<=k<=12, 0<=1<=20 

Reflections collected 1825 
Independent reflections 1825 [R(int) = 0.0000] 

Completeness to theta = 25.50° 99.4 % 
Absorption correction Psi-Scan 

Max. and min. transmission 0.9356 and 0.7916 
Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 1825/0/  127 
Goodness-of-fit on F2 0.947 

Final R indices [I>2sigma(I)] R1 =0.0628, wR2 = 0.1169 
R indices (all data) R1 = 0.1602, wR2 = 0.1369 

Largest diff. peak and hole 0.227 and -0.285 e.A"3 
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Figure 28: *H NMR (CDCI3) spectrum of compound 7a from Chapter 2 
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Figure 29 : Infrared spectrum of compound 7a from Chapter 2 
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Table 8 : Crystal data and structure refinement for 7a from Chapter 2. 

Identification code 7a 
Empirical formula C22HI4N2 

Formula weight 306.35 
Temperature 293(2) K 
Wavelength 1.54176 A 

Crystal system Monoclinic 
Space group P21/n 

a = 5.6880(13) A ct= 90°. 
b = 37.790(16) A |3= 93.264(18)°. 
c = 7.7896(16) A y = 90°. 

Volume 1671.7(9) A3 

Z 4 
Density (calculated) 1.217 Mg/m3 

Absorption coefficient 0.558 mm"1 

F(000) 640 
Crystal size 0.50 x 0.40 x 0.10 mm3 

Theta range for data collection 2.34 to 70.06°. 
Index ranges -6<=h<=6, 0<=k<=46, 0<=1<=9 

Reflections collected 3168 
Independent reflections 3168 [R(int) = 0.0000] 

Completeness to theta = 70.00° 100.0% 
Absorption correction Psi-Scan 

Max. and min. transmission 0.9463 and 0.7677 
Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 3168/0/218 
Goodness-of-fit on F2 1.065 

Final R indices [I>2sigma(I)J R1 =0.0692, wR2 = 0.1878 
R indices (all data) R1 =0.1301,  wR2 = 0.2176 

Extinction coefficient 0.0073(10) 
Largest diff. peak and hole 0.198 and -0.203 e.A"3 
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Figure 30: lH NMR (CDCI3) spectrum of compound 7c from Chapter 2 
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Figure 31 : Infrared spectrum of compound 7c from Chapter 2 
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Figure 32: *H NMR (CDCb) spectrum of polymer 8c from Chapter 2 
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Figure 33: 3,P NMR (CDCI3) spectrum of polymer 8c from Chapter 2 
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Figure 34 : GPC trace of polymer 8c from Chapter 2 
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Figure 36 : Infrared spectrum of polymer 8c from Chapter 2 
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Figure 38: 31P NMR (CDCI3) spectrum of compound 9c from Chapter 2 
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Figure 39 : Infrared spectrum of compound 9c from Chapter 2 
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Table 9 : Crystal data and structure refinement for 9c from Chapter 2. 

Identification code 9c 
Empirical formula C70H, 18C16N2P 4Pt2 

Formula weight 1714.42 
Temperature 193(2)K 
Wavelength 0.70930 A 

Crystal system Monoclinic 
Space group P21/n 

a = 14.294(5) A a= 90°. 
b = 12.545(5) A p= 98.48(3)°. 
c = 23.197(9) A Y = 90°. 

Volume 4114(3) A3 
Z 2 

Density (calculated) 1.384 Mg/m3 

Absorption coefficient 3.706 mm"' 
F(000) 1740 

Crystal size 0.60 x 0.15 x 0.10 mm3 

Theta range for data collection 1.57 to 25.48°. 
Index ranges -17<=h<=17,0<=k<=15, 0<=1<=28 

Reflections collected 7306 
Independent reflections 7306 [R(int) = 0.0000] 

Completeness to theta = 25.48° 95.0 % 
Absorption correction Psi-Scan 

Max. and min. transmission 0.7082 and 0.2146 
Refinement method Full-matrix least-squares on F^ 

Data / restraints / parameters 7306/0 /  187 

Goodness-of-fit on 0.830 

Final R indices [I>2sigma(I)] R1 =0.0859, wR2 = 0.1211 
R indices (all data) R1 =0.2789, wR2 = 0.1551 

Largest diff. peak and hole 0.951 and-1.656 e.A"3 
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Figure 40 : Maldi-TOF spectrum of compound 9c from Chapter 2 
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Figure 41 Zoom of the Maldi-TOF spectrum of compound 9c from Chapter 2 
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Figure 42: *H NMR (CDCI3) spectrum of polymer 10a from Chapter 2 
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Figure 43: 31P NMR (CDCI3) spectrum of polymer 10a from Chapter 2 
P31-02 
tkpolytMh-qui 
STANDARD IH OBSERVE 

Cl-
PBu3 

-Pt I 
PBu-3 

0 
-H 

N 

1 1 1 

F(5) 
11.43 

B{s) 
-3.12 

A (S) 
-7.02 

4tJwiiU MM* 

00 95 90 75 70 65 60 55 50 45 40 35 30 25 20 15 10 5 0 -5 -10 -15 -20 
fl (ppm) 

258 



Figure 44 : Infrared spectrum of polymer 10a from Chapter 2 
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Figure 45 : GPC trace of polymer 10a from Chapter 2 
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Figure 46: GPC trace mass distribution of polymer 10a from Chapter 2 
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Figure 48: 'H NMR (CDCI3) spectrum of polymer 10c from Chapter 2 
HHHjq 
smtomnH 

8 ? 
m /ri I I -500 

'HNMRrtOOMHiofcWS fk«t2.Ufa. liHi, Hs. 

J 

-300 

7.2S 

Cl-

*(« 
6.70 

PBU3 
-Pt^= 
PBU3 

Cly_y^ '/ 
a-Q-c, 

-(yt a 

-H 
C(») E(<*> D<») 212 1.52 091 FR 

-150 

7.5 7.0 fc.5 6.0 5.5 5.0 «5 -4.0 3.5 3.0 !5 10 1.5 1.0 0.5 0.0 

260 



Figure 49: 3IP NMR (CDCI3) spectrum of polymer 10c from Chapter 2 
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Figure 50 : Infrared spectrum of polymer 10c from Chapter 2 
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Figure 51: GPC trace of polymer 10c from Chapter 2 
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Figure 52: GPC trace mass distribution of compound 10c from Chapter 2 
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Figure 53: *H NMR (CDCI3) spectrum of compound 11a from Chapter 2 
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Figure 54: 31P NMR (CDCI3) spectrum of polymer 11a from Chapter 2 
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Figure 55 : Infrared spectrum of compound 11a from Chapter 2 
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Figure 56 : Maldi-TOF spectrum of compound 11a from Chapter 2 
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Figure 57: Zoom of the Maldi-TOF spectrum of compound 11a from Chapter 2 
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Figure 58: 'H NMR (CDCI3) spectrum of compound 11c from Chapter 2 
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Figure 59: 31P NMR (CDCI3) spectrum of compound 11c from Chapter 2 
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Figure 60 : Infrared spectrum of compound 11c from Chapter 2 
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appendix 2 

Figure 1: 'H NMR (CDCI3) of compound 2a from Chapter 3. 
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Figure 2: Infrared spectrum of compound 2a from Chapter 3. 
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Table 1: Crystal data and structure refinement for 2a from Chapter 3. 

Identification code 2a 
Empirical formula C36H36N2Si2 
Formula weight 552.85 
Temperature 293(2)K 
Wavelength 0.71073 A 
Crystal system Triclinic 
Space group P-l 
Unit cell dimensions 
a =5.858(4) A a = 95.78(6)°. 
b = 7.673(6) A |3 = 96.48(5)°. 
c= 18.842(10) A y = 106.26(6)°. 
Volume 
7 

800.1(9) A3 

1 Lt 
Density (calculated) 

1 
1.147 Mg/m3 

Absorption coefficient 0.137 mm"1 

F(000) 294 
Crystal size 0.60 x 0.60 x 0.10 mm3 

Theta range for data collection 2.20 to 25.52°. 
Index ranges -7<=h<=6, 0<=k<=9, -22<=1<=22 

Reflections collected 2730 
Independent reflections 2730 [R(int) = 0.0000] 
Completeness to theta = 25.50° 92.0 % 
Absorption correction Psi-Scan 
Max. and min. transmission 0.9864 and 0.9223 
Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 2730/0 /  185 
Goodness-of-fit on F2 0.813 
Final R indices [I>2sigma(I)] R1 = 0.0936, wR2 = 0.2024 
R indices (all data) R1 = 0.3354, wR2 = 0.2820 
Extinction coefficient 0.045(11) 
Largest diff. peak and hole 0.304 and -0.206 e.A"3 
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Figure 3: H NMR (CDCI3) spectrum of compound 2b from Chapter 3. 
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Figure 4: 2D COSY *H NMR (CDCb) spectrum of compound 2b from Chapter 3. 
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Figure 5: Infrared spectrum of compound 2b from Chapter 3. 

Figure 6: *H NMR (CDCI3) spectrum of compound 2c from Chapter 3. 
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Figure 7: Infrared spectrum of compound 2c from Chapter 3. 

Figure 8: *H NMR (CDCI3) spectrum of compound 2d from Chapter 3. 
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Figure 9: Infrared spectrum of compound 2d from Chapter 3. 
zmm 

1000 

Figure 10: 'H NMR (CDCI3) spectrum of compound 2e from Chapter 3. 
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Figure 11: 2D COSY fH NMR (CDCI3) spectrum of compound 2e from Chapter 3. 
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Figure 12: Infrared spectrum of compound 2e from Chapter 3. 
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Figure 13: !H NMR (CDCI3) spectrum of compound 3a from Chapter 3. 
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Figure 14: Infrared spectrum of compound 3a from Chapter 3. 
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Figure 15: JH NMR (CDCI3) spectrum of compound 3b from Chapter 3. 
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Figure 16: Infrared spectrum of compound 3b from Chapter 3. 

275 



Figure 17: 'H NMR (CDCI3) spectrum of compound 3c from Chapter 3. 
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Figure 18: Infrared spectrum of compound 3c from Chapter 3. 
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Figure 19: 'H NMR (CDCb) spectrum of compound 3d from Chapter 3. 
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Figure 20: Infrared spectrum of compound 3d from Chapter 3. 
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Figure 21: 'H NMR (CDCI3) spectrum of compound 3e from Chapter 3. 
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Figure 22: 2D COSY H NMR (CDCI3) spectrum of compound 3e from Chapter 3. 
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Figure 23: Infrared spectrum of compound 3e from Chapter 3. 

Figure 24: *H NMR (CDCI3) spectrum of compound 4a from Chapter 3. 
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Figure 25: Infrared spectrum of compound 4a from Chapter 3. 

Figure 26: !H NMR (CDCI3) spectrum of compound 4b from Chapter 3. 

1300 
NH* 

I li 
1100 

1000 

"H NMR<400 i&b, c4cfc> h 111(66, J-1® 2.40JH2,3C, 7MH.J" 13 3 

\ a w \  

E(<fct) 
8.18 

—r~ 
7S 

~r~ 2Jt 05 3.S 2.5 1.S 

280 



Figure 27: Infrared spectrum of compound 4b from Chapter 3. 
: 
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Table 2 : Crystal data and structure refinement for 4b from Chapter 3. 

Identification code 4b 
Empirical formula C26Hi6Br2QoN2 
Formula weight 522.29 
Temperature 293(2)K 
Wavelength 1.54176 A 
Crystal system Orthorhombic 
Space group Pnab 
Unit cell dimensions: 
a = 8.528(5) A a= 90°. 
b= 15.0997(18) A 3= 90°. 
c = 36.231(7) A ii o

 o 

Volume 4665(3) A^ 
Z 8 
Density (calculated) 1.487 Mg/m3 

Absorption coefficient 4.645 mm"' 
F(000) 2072 
Crystal size 0.50 x 0.10 x 0.10 mm3 

Theta range for data collection 6.44 to 70.12°. 
Index ranges 0<=h<=10, 0<=k<=18, 0<=1<=44 

Reflections collected 4280 
Independent reflections 4280 [R(int) = 0.0000] 
Completeness to theta = 70.00° 96.4 % 
Absorption correction Psi-scan 
Max. and min. transmission 0.6538 and 0.2048 
Refinement method Full-matrix least-squares on F^ 
Data / restraints / parameters 4280/3/ 132 

Goodness-of-fit on 0.833 

Final R indices [I>2sigma(I)] R1 =0.1225, wR2 = 0.2493 
R indices (all data) R1 = 0.4083, wR2 = 0.3433 
Extinction coefficient 0.00000(8) 
Largest diff. peak and hole 0.517 and-0.487 e.A"3 
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Figure 28: *H NMR (CDCI3) spectrum of compound 4c from Chapter 3. 
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Figure 29: Infrared spectrum of compound 4c from Chapter 3. 
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Figure 30: 'H NMR (CDCI3) spectrum of compound 4d from Chapter 3. 
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Figure 31: 2D COSY 'H NMR (CDCI3) spectrum of compound 4d from Chapter 3. 
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Figure 32: Infrared spectrum of compound 4d from Chapter 3. 
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Table 3 : Crystal data and structure refinement for 4d from Chapter 3. 

Identification code 4d 
Empirical formula C26H,5Br3N2 

Formula weight 595.13 
Temperature 293(2)K 
Wavelength 0.71073 A 
Crystal system Monoclinic 
Space group P21/a 
Unit cell dimensions 
a = 8.7209(19) A a= 90°. 
b = 20.732(4) A |3= 105.50(2)°. 
c = 12.667(5) A y = 90°. 

Volume 2206.9(10) A3 

Z 4 
Density (calculated) 1.791 Mg/m3 

Absorption coefficient 5.500 mm"' 
F(000) 1160 
Crystal size 0.30x0.20x0.10 mm3  

Theta range for data collection 1.67 to 25.55°. 
Index ranges -10<=h<=10,0<=k<=25, 

0<=1<-15 
Reflections collected 3945 
Independent reflections 3945 [R(int) = 0.0000] 
Completeness to theta = 25.50° 95.3 % 
Absorption correction Psi-Scan 
Max. and min. transmission 0.6092 and 0.2892 
Refinement method Full-matrix least-squares on F^ 
Data / restraints / parameters 3945/0/ 130 

Goodness-of-fit on 0.685 

Final R indices [I>2sigma(I)] R1 = 0.0846, wR2 = 0.0650 
R indices (all data) R1 = 0.4946, wR2 = 0.1023 
Largest difF. peak and hole 0.697 and -0.650 e.A'3 
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Figure 33: XH NMR (CDCI3) spectrum of compound 4e from Chapter 3. 
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Figure 34: 2D COSY H NMR (CDCI3) spectrum of compound 4e from Chapter 3. 
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Figure 35: Infrared spectrum of compound 4e from Chapter 3. 
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Table 4 : Crystal data and structure refinement for 4e from Chapter 3. 

Identification code 4e 
Empirical formula C52H28Br8N4 
Formula weight 1348.06 
Temperature 293(2)K 
Wavelength 1.54176 A 
Crystal system Triclinic 
Space group P-l 
Unit cell dimensions 
a = 9.251(3) A •= 100.29(3)°. 
b= 15.820(6) A •= 98.74(2)°. 
c= 17.251(5) A • = 106.01(3)°. 
Volume 2333.2(13) A3 
Z 2 
Density (calculated) 1.919 Mg/m3 

Absorption coefficient 8.554 mm"l 
F(000) 1296 
Crystal size 0.20 x 0.20 x 0.10 mm3 

Theta range for data collection 2.66 to 69.94°. 
Index ranges -11 <=h<= 10, 0<=k<=19, -

20<=1<=20 
Reflections collected 8450 
Independent reflections 8450 [R(int) = 0.0000] 
Completeness to theta = 69.94° 95.6 % 
Absorption correction Psi-Scan 
Max. and min. transmission 0.4817 and 0.2795 
Refinement method Full-matrix least-squares on F^ 
Data / restraints / parameters 8450 / 364 / 578 

Goodness-of-fit on 0.866 

Final R indices [I>2sigma(I)] R1 = 0.1035, wR2 = 0.1820 
R indices (all data) R1 = 0.3269, wR2 = 0.2390 
Extinction coefficient 0.00006(6) 
Largest diff. peak and hole 0.842 and-0.551 e.A"3 
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Figure 36: Infrared spectrum of compound 5a from Chapter 3. 
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Table 5 : Crystal data and structure refinement for 5a from Chapter 3. 

Identification code 5a 

Empirical formula C26H18Br2N2 

Formula weight 518.24 
Temperature 293(2)K 

Wavelength 1.54176 A 

Crystal system Monoclinic 

Space group P21/n 

Unit cell dimensions 
a = 12.3156(17) A a= 90°. 

b = 4.917(2) A P= 108.731(12)°. 

c= 18.676(3) A ii so
 

o
 

_ o
 

Volume 1071.0(6) A3 

Z 2 
Density (calculated) 1.607 Mg/m3 

Absorption coefficient 4.910 mm-1 

F(000) 516 

Crystal size 0.60 x 0.20 x 0.05 mm3 

Theta range for data collection 3.81 to 69.88°. 

Index ranges -15<=h<= 14,0<=k<=5, 

0<=1<=22 

Reflections collected 1999 

Independent reflections 1999 [R(int) = 0.0000] 

Completeness to theta = 69.88° 99.1 % 

Absorption correction Psi-Scan 

Max. and min. transmission 0.7913 and 0.1566 

Refinement method Full-matrix least-squares on F^ 

Data / restraints / parameters 1999/0/145 

Goodness-of-fit on 1.038 

Final R indices [I>2sigma(I)] R1 =0.0674, wR2 = 0.1969 

R indices (all data) R1 =0.1059, wR2 = 0.2236 

Extinction coefficient 0.018(2) 

Largest diff. peak and hole 0.447 and -0.382 e.A"3 

291 



Table 6 : Crystal data and structure refinement for 5d from Chapter 3. 

Identification code 5d 
Empirical formula C26H15Br3N2 
Formula weight 595.13 

Temperature 293(2)K 

Wavelength 0.71073 A 
Crystal system Monoclinic 

Space group P21/a 
Unit cell dimensions 
a = 8.7209(19) A a= 90°. 

b = 20.732(4) A P= 105.50(2)°. 

c= 12.667(5) A y = 90°. 

Volume 2206.9(10) A3 

Z 4 

Density (calculated) 1.791 Mg/m3 

Absorption coefficient 5.500 mm"' 
F(000) 1160 
Crystal size 0.30x0.20x0.10 mm3  

Theta range for data collection 1.67 to 25.55°. 

Index ranges -10<=h<=10, 0<=k<=25, 

0<=1<=15 

Reflections collected 3945 

Independent reflections 3945 [R(int) = 0.0000] 

Completeness to theta = 25.50° 95.3 % 

Absorption correction Psi-Scan 

Max. and min. transmission 0.6092 and 0.2892 

Refinement method Full-matrix least-squares on 

F2 

Data / restraints / parameters 3945 /0/ 130 
Goodness-of-fit on F2 0.685 

Final R indices [I>2sigma(I)] R1 = 0.0846, wR2 = 0.0650 

R indices (all data) R1 =0.4946, wR2 = 0.1023 

Largest diff. peak and hole 0.697 and -0.650 e.A"3 
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Figure 37: H NMR (CDCI3) spectrum of compound 6a from Chapter 3. 
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Figure 38: 2D COSY H NMR (CDCI3) spectrum of compound 6a from Chapter 3. 
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Figure 39: Infrared spectrum of compound 6a from Chapter 3. 
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Table 7 : Crystal data and structure refinement for 6a from Chapter 3. 

Identification code 6a 
Empirical formula C18H18NSi 
Formula weight 276.42 
Temperature 293(2)K 
Wavelength 1.54176 A 
Crystal system Triclinic 
Space group P-l 
Unit cell dimensions 
a = 5.869(2) A a= 95.74(5)°. 
b = 7.691(3) A |3= 96.48(5)°. 
c= 18.82(2) A y = 106.40(3)°. 
Volume 802.0(9) A3 
Z 2 
Density (calculated) 1.145 Mg/m^ 
Absorption coefficient 1.190 mm-1 

F(000) 294 
Crystal size 0.50 x 0.50 x 0.05 mm3 

Theta range for data collection 2.39 to 70.11°. 
Index ranges -7<=h<=6,0<=k<=9, -

22<=1<=22 

Reflections collected 2949 
Independent reflections 2949 [R(int) = 0.0000] 
Completeness to theta = 70.00° 96.9 % 
Absorption correction Psi-scan 
Max. and min. transmission 0.9429 and 0.5875 
Refinement method Full-matrix least-squares on F^ 
Data / restraints / parameters 2949/0/189 

Goodness-of-fit on 0.913 

Final R indices [I>2sigma(I)] R1 =0.0845, wR2 = 0.1968 
R indices (all data) R1 =0.1946, wR2 = 0.2447 
Largest diff. peak and hole 0.202 and -0.270 e.A"3 
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Figure 40: !H NMR (CDCI3) spectrum of polymer 8a from Chapter 3. 
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Figure 41: 31P NMR (CDCI3) spectrum of polymer 8a from Chapter 3. 
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Figure 42: GPC trace of polymer 8a from Chapter 3. 
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Figure 44: 'H NMR (CDCI3) spectrum of polymer 8b from Chapter 3. 
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Figure 45: P NMR (CDCI3) spectrum of polymer 8b from Chapter 3. 
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Figure 46: GPC trace of polymer 8b from Chapter 3. 
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Figure 47: Infrared spectrum of polymer 8b from Chapter 3. 
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Figure 48: !H NMR (CDCb) spectrum of polymer 8c from Chapter 3. 
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Figure 49: P NMR (CDCI3) spectrum of polymer 8c from Chapter 3. 
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Figure 50: GPC trace of polymer 8c from Chapter 3. 
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Figure 51: Infrared spectrum of polymer 8c from Chapter 3. 
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Figure 52: 'H NMR (CDCI3) spectrum of polymer 8d from Chapter 3. 
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Figure 53: P NMR (CDCI3) spectrum of polymer 8d from Chapter 3. 
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Figure 54: GPC trace of polymer 8d from Chapter 3. 
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Figure 55: Infrared spectrum of polymer 8d from Chapter 3. 
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Figure 56: *H NMR (CDCI3) spectrum of polymer 8e from Chapter 3. 

Ht-02 a*s X eg 
S I  /  P t  ss hwb t <? je *«» 5iwohr0 

wnmr<40ftj^cfett*m2{4dlj*hk7,mihft4kutt-?j£(tmkk6jkd,/"ft$h?, «HX 116(1. im Utft../*M7«kU* (44 12 ffe, I2H^ «.* M * 7.2 Kz> i$H>. 

6<«t) 8.42 7.64 f(t> 

!___, 1 r—| r—-1 j— 
8.5 8.0 75 7.0 6.5 11 (ptsm) 

•450 
•400 
350 

-300 
-250 

-200 

-150 
-too 

•50 

« $«?«?* s*» 
•f ti.tii? 

( I I 

I) 

e(dd) 
1.47 

jljj l u_j~ 

* « 

*0 8,5 810 73 70 63 6.0 5.5 54 43 44 $3 3.0 23 24 13 1-0 03 f3 (Pf**i 

Figure 57: 31P NMR (CDCI3) spectrum of polymer 8e from Chapter 3. 
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Figure 58: GPC trace of polymer 8e from Chapter 3. 
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Figure 59: Infrared spectrum of polymer 8e from Chapter 3. 
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Figure 60: 'H NMR (CDCI3) spectrum of compound 9a from Chapter 3. 
Hl-04 S 

STANDARD 1H OBSER^ ^ ' \ ^4 ^ 

rtt?83!883kpjr 
^ id <(i uS So SK 

IN r4 riMHr<MH5dCiCldd 
V 

H NMR (400 MHz, cdd| 8 8.32 (», 3H), 7.48 (df = 31.8 Hz, 3H), 7.23 - 6 63 (m, 10H), 2 21 - 1 85 
(m,24H), 1.68- 141 (m, 48H), 1.00-0.80 (m, 36H). ^1^4 KG** 8 

fcihobse^  ̂

F(S) 
8.32 

E(d) D(m) 
7.48 6.91 

JL 

\ I s^s/ 

— -ajlwi_ 

•150 

•100 

-50 

-0 

C(m) B{m) A(m) 
2.02 1.50 0.90 

—, 1 r —• 1— 
a.o 7.5 7.0 6.5 

U-L-Xl.....! XL 
fl(ppm) A i 

TT T 
1 

-4200 

-4000 

-3800 

-3600 

-3400 

-3200 

-3000 

-2800 

-2600 

-2400 

-2200 

-2000 

-1800 

-1600 

-1400 

-1200 

-1000 

-800 

-600 

moo 
-200 

- -0 
-200 

>-400 

8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 
fl fppm) 

Figure 61: P NMR (CDCI3) spectrum of compound 9a from Chapter 3. 
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Figure 62: Infrared spectrum of compound 9a from Chapter 3. 

Figure 63: Maldi-TOF spectrum of compound 9a from Chapter 3. 
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Figure 64: Zoom of Maldi-TOF spectrum of compound 9a from Chapter 3. 
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Figure 65: 'H NMR (CDCI3) spectrum of compound 9b from Chapter 3. 
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Figure 66: 31P NMR (CDCI3) spectrum of compound 9b from Chapter 3. 

p3x-02 
phosphorus okbne standard pnwctbts 
PMQSPHWf RB30N 

*VNM* <1« MlfcCDjOi)* 8jMtd.J*23&J Hf) 

-7000 
PBu 

Cl-Pt 
NH. 

-5000 

•1000 

-1000 

\ ' i ' 1 • i • i • i 1 < ' i ' i 
4 3 2 i Q «1 ~2 4 <4 -3 •* »7 

T 

9 
1 • 1 ' i > 1 • 

15 13 
fl (ppm) 

1 < 1 • 1 ' 1 
8 7 6 5 

-T-
27 

T T -T-

17 T 

21 it 

Figure 67: Infrared spectrum of compound 9b from Chapter 3. 
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Figure 68: Maldi-TOF spectrum of compound 9b from Chapter 3. 
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Figure 69: 'H NMR (CDCI3) spectrum of compound 9c from Chapter 3. 
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Figure 70: 31P NMR (CDCI3) spectrum of compound 9c from Chapter 3. 
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Figure 71: Infrared spectrum of compound 9c from Chapter 3. 
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Figure 72: 'H NMR (CDCI3) spectrum of compound 9d from Chapter 3. 
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Figure 73: 3IP NMR (CDCI3) spectrum of compound 9d from Chapter 3. 
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Figure 74: Infrared spectrum of compound 9d from Chapter 3. 

Figure 75: Maldi-TOF spectrum of compound 9d from Chapter 3. 
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Figure 76: Zoom of the Maldi-TOF spectrum of compound 9d from Chapter 3. 
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Figure 77: 'H NMR (CDCIj) spectrum of compound 9e from Chapter 3. 
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Figure 78: 31P NMR (CDCI3) spectrum of compound 9e from Chapter 3. 
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Figure 79: Infrared spectrum of compound 9e from Chapter 3. 



Figure 80: Maldi-TOF spectrum of compound 9e from Chapter 3. 
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Figure 81: Zoom of the Maldi-TOF spectrum of compound 9e from Chapter 3. 
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APPENDIX 3 

Figure 1: *H NMR (CDCI3) spectrum of compound 2a from Chapter 4. 
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Figure 3 : Mass spectrum of compound 2a from Chapter 4 
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Figure 5 : Infrared spectrum of compound 2b from Chapter 4 

Figure 6 : Mass spectrum of compound 2b from Chapter 4 
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Figure 7: \H NMR (CDC13) spectrum of compound 2c from Chapter 4. 
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Figure 9 : Mass spectrum of compound 2c from Chapter 4 
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APPENDIX 4 

Figure 1: 'H NMR (CDCI3) spectrum of compound 3a from Chapter 5. 
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Figure 2 : Infrared spectrum of compound 3a from Chapter 5 
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Figure 3 : Mass spectrum of compound 3a from Chapter 5 
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Figure 5 : Infrared spectrum of compound 4a from Chapter 5 

Figure 6 : Mass spectrum of compound 4a from Chapter 5 
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Table 1: Crystal data and structure refinement for 4a from Chapter 5. 

Identification code 5-4a 
Empirical formula C28H3oN202Si2 
Formula weight 482.72 
Temperature 293(2)K 
Wavelength 1.54176 A 
Crystal system Monoclinic 
Space group P21/a 
Unit cell dimensions 
a = 10.236(7) A a= 90°. 
b = 7.223(3) A P= 100.23(5)°. 
c= 19.921(11) A 

o " 
O

 
a\ II 

Volume 1449.5(14) A3 

Density (calculated) 1.106 Mg/m3 

Absorption coefficient 1.301 mm-1 
F(000) 512 
Crystal size 0.40 x 0.25 x 0.02 mm3 

Theta range for data collection 4.51 to 69.99°. 
Index ranges -12<=h<=12, 0<=k<=8, 0<=1<=24 
Reflections collected 2617 
Independent reflections 2617 [R(int) = 0.0000] 
Completeness to theta = 69.99° 95.0 % 
Absorption correction Psi-Scan 
Max. and min. transmission 0.9744 and 0.6241 
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 2 6 1 7 / 0 / 1 5 4  
Goodness-of-fit on F2 0.742 
Final R indices [I>2sigma(I)] R1 = 0.0854, wR2 = 0.0938 
R indices (all data) R1 = 0.4260, wR2 = 0.1447 
Largest diff. peak and hole 0.141 and-0.155 e.A"3 
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Table 2: Crystal data and structure refinement for 4b from Chapter 5 

Identification code 5-4b 
Empirical formula C28H28F2 N202Si2 

Formula weight 518.71 
Temperature 293(2) K 
Wavelength 1.54176 A 
Crystal system Orthorhombic 
Space group Pbn21 
Unit cell dimensions 
a = 6.194(3) A a= 90°. 
b= 12.187(5) A P= 90°. 
c = 36.715(12) A y = 90°. 

Volume 2771(2) A3 
Z 4 
Density (calculated) 1.243 Mg/m^ 
Absorption coefficient 1.505 mm~l 
F(000) 1088 
Crystal size 0.50 x 0.20 x 0.05 mm3 

Theta range for data collection 2.41 to 69.93°. 
Index ranges 0<=h<=7, 0<=k<=14, 0<=1<=44 

Reflections collected 2480 
Independent reflections 2480 [R(int) = 0.0000] 
Completeness to theta = 69.93° 92.6 % 
Absorption correction Psi-Scan 
Max. and min. transmission 0.9286 and 0.5200 
Refinement method Full-matrix least-squares on F^ 
Data / restraints / parameters 2480/ 1 / 122 

Goodness-of-fit on 0.858 

Final R indices [I>2sigma(I)] R1 = 0.0847, wR2 = 0.1777 
R indices (all data) R1 = 0.2620, wR2 = 0.2355 
Absolute structure parameter -0.02(19) 
Extinction coefficient 0.0012(2) 
Largest difF. peak and hole 0.281 and-0.222 e.A"3 
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Figure 7: 'H NMR (CDCI3) spectrum of compound 4c from Chapter 5. 
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Figure 8 : Infrared spectrum of compound 4c from Chapter 5 
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Figure 9 : Mass spectrum of compound 4c from Chapter 5 
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Figure 10: !H NMR (CDCI3) spectrum of compound 4d from Chapter 5. 
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Figure 11: Infrared spectrum of compound 4d from Chapter 5 
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Table 3: Crystal data and structure refinement for 4d from Chapter 5 

Identification code 
Empirical formula 
Formula weight 
Temperature 
Wavelength 
Crystal system 
Space group 
Unit cell dimensions 
a = 38.082(18) A 
b = 6.002(4) A 
c= 13.094(5) A 
Volume 

Z 
Density (calculated) 

Absorption coefficient 

F(000) 
Crystal size 

Theta range for data collection 
Index ranges 
Reflections collected 
Independent reflections 
Completeness to theta = 70.00° 
Absorption correction 
Max. and min. transmission 
Refinement method 

Data / restraints / parameters 

Goodness-of-fit on 
Final R indices [I>2sigma(I)] 
R indices (all data) 
Extinction coefficient 
Largest diff. peak and hole 

5-4d 
c28h28br2n202si2 
640.52 
293(2)K 
1.54176 A 
Monoclinic 
C2/c 

<x= 90°. 
P= 95.60(4)°. 
y = 90°. 

2978(2) A3 
4 

1.429 Mg/m^ 

4.436 mm"' 
1296 

0.40 x 0.30 x 0.05 mm3 

2.33 to 70.02°. 
-46<=h<=0, -7<=k<=0, -15<=1<=15 

2695 
2695 [R(int) = 0.0000] 
95.1 % 
Psi-Scan 
0.8087 and 0.2699 

Full-matrix least-squares on 
2695/3 / 162 
0.966 

R1 =0.0849, wR2 = 0.1963 
R1 =0.1593, wR2 = 0.2334 
0.00052(11) 

0.765 and -0.903 e.A"3 
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