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ABSTRACT 

Poly(ferrocenylsi1me)s are polymers which feature alternating ferrocene and 

organosilane units. The synthesis of polyrners that may have interesting electrical 

properties and which feature the ferrocenylsilane unit is herein outiined. 

Polysilane-poly(fenocenylsi1ane) copolymers are synthesized by the thermal ring- 

opening co-polymerization of a [! ] silaferrocenophane and a cyclotetrasilane. These 

polymers were found to be random in nature. containing short silane and ferrocenylsilane 

segments. 

Osidized poly(ferrocenylsi1ane)s are synthesized by the reaction of 

poly( ferroceny lsilane)~ with a number of one-electron oxidants. Molecular weight decline 

occurred throughout the course of the oxidation (and, in the case of one countenon. in the 

solid state aftenvard). but this decline could be minirnized by the addition of methyl groups 

to the cyclopentadienyl rings of the ferrocenyf units. and the use of a mild one-elecuon 

oxidant ( [ ( p - B ~ - c ~ h ) ~ N ] [ p F ~ ] ) .  Also. the crystal structure of an oxidized oligomer was 

determined. 
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CHAPTER ONE 

POLYMERS AND CONDUCTIVITY 

Throughout most of this cenniry, applications of polymers have taken advantage of 

their Iight weight, their processability, and their inertness. Dunng this time, the idea that 

polymers codd conduct elecuicity was never considered. The first report of a conducting 

polymer. an oxidized polyacetylene. appeared in 1977; in the two decades since that report, 

conducting polymers have progressed from novel cunosities to materiais with applications. 

Aiso, polymers exhibiting semiconductivity and photoconductivity have been studied. 

(For the sake of this discussion, what will be discussed under the heading of "Conductin,o 

Polymers" will be those polymers featunng conjugated K-bonds: other types of polymers. 

such as polysilanes and polymers containing transition metais will be discussed as 

"Semiconducting Polymers".) The literature dealing with conducting polymers is quite 

extensive, and cannot be adequately surnrnarized in such a limited space. The following 

chapter provides a broad overview of polymer systems that feature interesting conductive 

properties. 



1.1 Conducting Polymers 

1.1.1 Historical Background 

in 1964, ~ittIel published a paper which specuiated about the possible synthesis of 

an organic superconductor. His model compound was a substituted polyacetylene (shown 

in Figure l), and he reasoned that, like the ring currents in benzene, the equivalence 

between the double and single bonds (i. e., resonance) would Iead to superconductivity 

dong the polymer backbone, by means of a polarizability wave. It was proposed that as 

the electrons move dong the polymer backbone, the side group (a diethylcyanine iodide 

dye), with its low-lying excited States. would become polarized and, by analogy to Cooper 

pairs of electrons. this polarization allows for a second electron to move along the polymer 

backbone. (This c m  be thought of as two 'motions': the electrons along the backbone. and 

the polarization wave along the side groups. That the polarization of the side groups is not 

immediately lost allows for superconductivity.) üsing this model. Little speculated that 

superconducting polymers with very high superconducting transition temperatures 

(approx. 2200 K) could be expected for polyacetylene systems with a fully delocalized 

backbone. However, in pol y acetylene, there are distinct double and single bonds: the 

lengths are different, the bonds are inequivalent. (Even so. in a polyacetylene with 

considerable localization, Little predicted a superconducting transition temperature of 

several hundred Kelvin.) Although his model could not be achieved in a real systern, 

Little's theoretical superconductor did inspire rnany chemists and physicists to search for 

conducting polymers. 

Another important system for the development of conducting polyrners was 

poly(thiazyI), or (SN),, which remains the only known polymer that. under the nght 

conditions, exhibits superconducti~ity.~ Synthesized from the cleavage of S4N4 when 

pâssed through siiver gauze, (SN), has been known since early in this century3 Pristine 



Figure 1 Little's mode1 polyacetylene compound. 



poly(thiazy1) has a conductivity of 1000 S cm*' at roorn temperature (and, at very low 

temperatures, T < 0.26 K, it superconducts4); upon oxidation with bromine, the 

conductivity incceases to 20,000 S cm-'? This increase in conductivity after oxidation 

would be an important factor in the development of other conducting polymers. However, 

(SN), is not a true one-dimensional polymer. There are interactions between the unpaired 

electrons on the sulfur (m) atoms of adjacent chains that may be considered to be weak 

bonds; (SN), is really bener descnbed as a 3-dimensional soiid state material. And it is 

this multi-dimensionality that gives rise to its most interesting properties. 

1 J.2 Pol yacety lene 

Polyacetylene. which possesses the backbone structure in Little's mode1 

superconductor. is easily synthesized by Ziegler-Natta cataiysis or a modification thereof, 

in which a mixture of a trialkylaiurninum compound and a tetra-alkoxytitanium species 

polymerize acetylene. Polyacetylene exists in two forms. the trans- and cis- foms, shown 

below as la and lb,  respectively. In the pnstine state, the trans- form has a conductivity 

of 1 0-5 S cm-'. four orderç of magnitude higher than that for the cis- fom. 

In 1977, MacDiarmid, Heeger, and their coworkers published that when tram- 

polyacetylene is oxidized, a substantial increase in elecuical conductivity is ~bse rved ;~  

when oxidized with iodine vapour, a conductivity of 38 S cm-' was reported. Interestingly, 



about ten years prior io this.' a report had appeared which discussed the effects of oxidation 

on the electrical properties of polyacetylene, using a number of oxidants, such as Lewis 

acids @Cl3 and BF3) or other electron accepton (O2, Cl2); the authors stated that 

conductivity increased, but they did not f U y  investigate the conductivity of the polyrner. 

Following the initial discovery of the conductivity of polyacetylene, the mechanism 

of the conductivity was studied in detail. If it was to follow Little's mode1 of an organic 

superconductor, the conductivity would be metallic in nature. with a backbone of carbon 

atoms and a Stream of electrons free to flow along it. Little's incorrect assumption that 

resonance along the polyacetylene backbone would make al1 the bonds equal in length and 

lead to superconductivity does not take into account the Peierls distortion: 'metallic' 

polyacetylene c m  be viewed as a chah of CH radicais. which is inherently unstable, and 

will undergo. at low temperatures. a metal-to-insulator transition. which results in the 

distinct double and single bonds observed in polyacetylene, as in Figure 1. The metallic 

state of poly(thiazyl), on the other hand, is stabilized by inter-chain interactions of the sulfur 

(III) atoms; it does not, therefore, undergo the Peierls distortion, and at low enough 

temperatures will superconduct. 

Figure 1: The Peierls distortion in polyacetylene. 

Peierls 
distortion 



There appear to be two separate mechanisms for conductivity in polyacetylene 

samples. In highly ordered polyacetylene, for which conductivities of 10' S cm-' have 

been reported, conduction is likely to be metallic in nature. However, these results have 

been irreproducible. In reproducible cases, for which conductivities of 1-3 x lo3 S cm-' 

have been reported, the conductivity is consistent with a hopping mechanism. Charges are 

isolated in positions dong the backbone (no complete delocalization); an applied potential 

allows hopping to occur dong chains, between chains, and between fibres. 

Reports on polymers related to polyacetylene soon followed: the backbones of 

these systems al1 were conjugated rr-systems. 

1.1.3 Other Conjugated Polymers 

A number of other conjugated polymers have been studird. including many 

featunng elements in the backbone other than carbon. The more important of these are 

shown below: polypyrrole (2). pol y thiophene (3), poly(pheny1ene vinylene) (4). and 

polyaniline (Sa). 



The major drawbacks concerning polyacetylene are its instabiiity and insolubility; for 

commercial applications, the air-stable conducting polymers polypyrrole, polythiophene, 

and polyaniline are bener suited, and have k e n  studied. A pnmary problem in their 

processability has been their insolubility in the oxidized form. This has been an active area 

of research for polythiophene, and the solubility problem was overcome by the attachment 

of flexible akyl groups (e-g., n-butyl) to the thiophene ring8 

Polyaniline has some properties whch make it unique arnong the conjugated 

polymers. Firstly, it is not synthesized like the others; polyaniline is prepared via the 



oxidative polymerization reaction of aniline with m l t [ S 2 O s ]  under aciciic  condition^;^ 

the resulting polymer salt is shown below: 

Deprotonation of this salt leaves the emeraldine form of polyaniline, Sb, shown below: 

The emeraldine form is an insulator, and it becomes conductive when protonated, at lower 

pH. This high environmental stability (to air and water) allows polyaniline to be used in 

many applications for which other conducùng polymers (such as polyacetylene) would be 

inappropriate. Poiyaniline is soluble in N-methylpyrrolidone, which allows for the 

formation of films; manipulation of these films by stretch orientation results in anisotropic 

materials with conductivities of up to 10,000 S crn".'O 

1.1.4 Uses of Conducting Polymers 

Given the ease of synthesis of conducting polymers. and their processability, it has 

been speculated that a conducring polymer revolution - in which conducting polymers 



would. for the most part. replace metals - might occur. Such a revolution. however, is 

unlikely. As Miller pointed out in a recent review, * l a number of factors upon which 

commercial success depends have k e n  ignored: cost competitiveness, environmental 

compatibility, manufacturability, market acceptance, product longevity and reliability, 

retum on investment, and safety. Conducting polymers wiU play an important role in the 

development of new materials, but it will most likely be due to the unique properties that 

they possess. Two areas which are receiving considerable attention are the development of 

conducting polymer-based sensors and conducting polymer-based light ernitting diodes. 

There are a number of characteristics unique to conducting polymers that make 

their potential use as sensors an attractive one." A broad range of monomer types Ieads to 

a rich diversity of materials. each with their own unique properties; their electrochernical 

preparation cm lead to easy mass production and miniaturization: the sensing 

charactenstics of the polymer can be tailored after the film is prepared. by changing the 

oxidation state of the polymer; reversible responses are easily obtained at ambient 

temperatures. These properties can be applied to a number of types of sensors. such as 

biological, chernical, electrochernical, irradiation dosage. mechanical shock. and 

temperature sensors. l 

Conjugated polyrners have also had success as materials for light emitting diodes. 

or LEDs. This use arises from the fact that many of the conjugated polymers (mainly 

those with aromatic systems) are fluorescent. In a polyrner LED, a Iayer of conjugated 

polymer is sandwiched between a pair of e~ectrodes.'~ Upon application of a high electric 

field between the electrodes. holes and electrons are injected into the polymer layer from 

the anode and cathode respectively: these holes and electrons recombine radiatively if the 

polymer is fluorescent, and result in electroluminescence. Among those polymers that 

have been studied and used as materials in LEDs are such typical conjugated polymers as 

poly@-phenylene). l"oly@-phenylene vinylene). l 5  and poly(thiophene). l6  Recently, a 

repon appeared in the lirerature detailing the use of electron-accepting conjugated 



polyquinoxalines in LEDs. l7 These polymers, 7, are synthesized via the dehalogenative 

polycondensation reaction of 6 using a nickel(0) complex, as shown below. 

When aromatic groups are întroduced into the side chah, strongly fluorescent polymers 

result. which are useful in the development of LEDs. 

As of 1993. ' there were approximately 20 cornmerciaily available products based 

on conducting polymers (mainly polypyrrole and polyaniline); it is an impressive 

beginning for materials that had been, not two decades earlier, unknown. There will, no 

doubt. continue to be more advancement in the application of conducting poiymers as the 

propenies become more fine-tuned. 
p p p p p p p p p p p p p p - - - - - - - - - - - - - - - -  
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1.2 Photoconducting Polymers 

1.2.1 Photoconductivity 

Photoconductivity is defined as the enhancement of conductivity upon illumination. 

A photoconducUve polymer, therefore. is a polymer that is a poor conductor or insulator in 

the dark. yet a good conductor in the light. lg There are three main processes to be 

considered in photoconductivity: carrier generation. transport, and elunination of 

Carriers are generated by the interaction of the system with light, and generally result in the 

excitation of an electron. Carriers are uansported. in photoconducting polymers. by an 

electron hopping process, and are eliminated in an electron-hole recombination process. 

While a number of poiymen exhibit some degree of photoconductivity, poly(N-vinyl 

carbazole) has achieved the rnost success, and it wil1 be discussed in more detail. 

1.2.2 Poly(N-vinyl carbazole) 

Of dl the photoconducting polymers. poly(N-vinyl carbazole) (PVK) is the most 

studied.?O The precursor monomer. N-vinyl carbazole, (below), has been synthesized by 

various methods, the most straightfonvard of which involves the reacîion of acetylene with 

the alkali rnetal salt of carbazole in polar solvents: 

- ROK 



Various polymerization routes have been explored; the most commonly used is the free 

radical polymerization with various initiators, usually azobisisobutyroniuiie (AIBN). 

The photoconductivity process in PVK has been studied in detai~.~O Three types of 

carrier generation have been observed: intrinsic, generation by charge transfer complexes. 

and extrinsic. Inuinsic generation occurs when, simply. a photon excites an electron from 

a ground to an excited state. and instead of losing its energy by non-radiative dissipation. 

the electron enters a continuum state. While in this "thermal state", the coulombic 

interaction between the electron and the hole remains; the addition of an electric field will 

generate free cmiers. In intrinsic carrier generation, only holes are generated for transport, 

and for PVK it requires uv light. 

The photoconductivity of PVK h a  been drarnatically enhanced by the addition of 

various dopants which form charge transfer complexes. The best example is 2,4,7- 

trinitrofluorenone, T M .  Its complex with PVK exhibits a photoresponse throughout the 

visible range, and has gained use as a photoreceptor in xerographic copiers. It is a unique 

system in that it transports both holes and electrons. 

Exuinsic photogeneration is obsemed for a number of systems in which dyes form 

molecular dispersions in PVK. In this case, photoconductivity results from the electronic 

transitions in the dye molecules. There are many PVWdye photoconductors in the patent 



literature, and they exhibit photoresponse over the entire visible range and even the near IR 

region. Most systems, however, have a low photogeneration eficiency. 

The carrier transport in PVK occurs by a therrndy activated hopping process; in 

the direction of the electric field, positive holes hop between localized sites, which are 

viewed as carbazole cation radicais. (Electrons hop from neutral carbazole species to 

radicals, effectively moving the holes.) Transport is both field-dependent and thermally 

activated. In P V W T M ,  in which both holes and electrons are transported, the holes are 

transponed via PVK while the electrons are uansponed via TNF (in both its free and its 

complexed forms). With increasing TNF content. hole transport decreases and electron 

transport increases. 

The elimination of carriers occurs by the recombination of a hole and an electron, 

resulting in an electrically neutral species. 

1.2.3 Other Photoconducting Polymers 

Photoconductivity has been reponed for a variety of polymers:19 in most cases, 

however. the reports only state that the materiai is photoconductive. Among these 

polymers are those with conjugated double bonds. those with large polynuclear aromatic 

groups. and those with arornatic amine groups. The carbazole group is a cornrnon feature 

of a number of photoconductive polymers. Also, a number of polymers doped with TM 

(including polysilanes and polyphosphazenes) have k e n  found to be photoconductive. 

When injected with holes from photoelectrodes, poly(methylpheny1silane) 

conducts. An interesting property of this system is that its hole rnobility is approximately 

four orders of magnitude higher than that of PVK." This large difference in mobility is 

attributable to the fact that conduction in polysilanes occurs due to a-electron delocalzation 

dong the silicon backbone." Similady, poly(methylphenylsi1ane) when doped with 

fullerenes photoconducts,L3 and has a higher charge-generation eficiency than fullerene- 



doped PVK? This is consistent with the different mechanisms of conductivity in the two 

systems. As weil, fullerene-doped polysilane is a hole photoconductor, whereas pure solid 

fuiierene films are electronic photoconductors." Interestingly. polysilanes with aikyi 

substituents on silicon were not photoconductive, a result which suggests a specific 

interaction between the hillerene and the phenyl g r o ~ p . ~  

1.2.4 Uses of Photoconducting Polymers 

Of al1 polymers which possess interesting conduction properties. photoconductors 

(and specifically PVK) have had the greatest success as materials. Photoconductive 

polymers such as P V M N F  have been used in xerographic ~ o ~ i e r s . ~ ~  The basis of the 

xerographic process is the ability of a material to distinguish between dark area on a piece 

of paper (e-g.. the text) and the light areas (e.g.. the paper itself). Light is reflected from the 

paper, it is transponed through a polymer transport layer, and it generates charge in the 

photoconductor. The charges migrate through the transpon layer, and neutrdize the 

previously charged surface. ieaving the dark areas on the paper charged. From this. it is 

transferred to another sheet of paper, and then the system is cleaned and neutralized. 

Efficient polymenc photoconductors will improve the speed and quality of copies made. 



1.3 Semiconducting Polymers 

There have been many reports of polymers that exhibit serniconductivity, far too 

many to be summarized in a few pages. The discussion of semiconducting polymers that 

foilows will be lirnited to some novel inorganic systems, the polysilanes and ferrocene- 

containing polymers. 

1.3.1 Polysilanes 

Poiysilanes are polymers with backbones composed of silicon a t o r n ~ . ~ + ~ ~  in 

addition to responding to lisht, the conductivity of polysilanes increases upon oxidation. 

There is not. however, a backbone of rr-conjugated bonds to account for this, as in 

polyacetylene; the increase in conductivity is due to delocalization of the a-electrons dong 

the silicon backbone. The conductivity occurs by a hole transporting mechanism. and 

polysilanes have developed uses as hole transporting layers in LEDS.?' Their use in LEDs 

is attributable to their high hole mobilities (which is due to strong interchain coupling of the 

o-bonds). and to the ease of purifying sarnpies with conventional techniques. 

This phenornenon of O-delocaiization dong  the backbone is observed in polymers 

of the heavier group 14 elements as well. Tilley's pioneering work3* on polystannanes has 

shown that the band gap decreases with a heavier element in the polymer backbone. 

1.3.2 Ferrocene-Containing Polymers 

Polymers containing ferrocene in the side group structure and in the backbone have 

been studied in detail. These polymers are easily oxidized, due to the reversibly oxidizable 

ferrocene unit. A variety of one-electron oxidants have been used with a variety of 

polymers: in al1 cases, conductivity has been a result of a hopping mechanism. Pittman 



and his coworkers observed that, for a senes of polymers with ferrocene in the backbone. 

conductivity was maxirnized between 35 and 65 %, and that it was independent (to a first 

approximation) of the counterion present. Yamamoto and his coworkers have reported a 

conductivity of 4.1 x S cm-' for a sample of crystalline 1.I'-polyferrocenylene, a 

substantially higher (approximately six orders of magnitude) conductivity than Pittrnan and 

his coworkers had reponed on their amorphous sample. (The oxidation and conductivities 

of various ferroceneîontaining polymers is covered in more detail in the Introduction to 

Chapter Three. ) 

1.4 Research Objectives 

The goal of this project is the successful synthesis and study of polymers that may 

possess interesting electrical properties. These polymers contain a reversibly oxidizable 

iron (II) centre. as part of a ferrocene moiety. The polymers under investigation are the 

poly (ferrocenylsilane), 10. and the poly silane-poly( ferrocenylsilane) random copol yrner. 

11, shown below. 

Me, Me 

?'si'-+ Si l \  
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2.1 Introduction 

The development of new polymer systems featuring transition rnetals in the 

polymer backbone is of interest, as these polymen may possess novel electrical, optical, or 

magnetic propert.es.l*' Some important exarnples feature ferrocene units in the backbone, 

which have interesting properties due to the reversible oxidation of the iron centre. 

PoIy(ferrocenylsi1ane)s possess aitemating ferrocene and organosilane units in the 

backbone. and were first prepared by the condensation reaction of 

dilithioferrocene.T-viEDA and dichlorosilanes: this reaction yields polymers of low 

molecular weight.' In 1992, the synthesis of high molecular weight 

poly(ferrocenylsilanes). for example 2. by the themal ring-opening polymerization 

(TROP) of strained, silicon-bridged [l]femocenophanes, such as 1. was reported.' 

Subsequently. reports on the polymexization at room temperature by anionic methods5 and 

transition metal catalysis6 have appeared. 

Polysilanes. with backbones composed of silicon atoms, have received 

considerable attention, for both their synthesis and their properties.' A feanire unique to 



these systems, which leads to many of their interesting properties, is the delocalization of 

the ~electrons dong the silicon backbone. This is responsible for their electrical 

conductivity when doped. The primary method of producing polysiianes is Wurtz-type 

coupling of dichlorosilanes with sodium metal, the initial successful method for polysilane 

synthesis.' Other methods have been used, such as dehydrogenative coupling of 

hydro~ilanes.~ or anionic polymerization of masked disilenes? but the primary method still 

remains Wurtz coupling, or a modification thereof. In 199 1, the anionic ring opening 

polymerization (ROP) of 1.2,3,4-tetramethyl- 1,2,3,4tetraphenyl- 1,2,3,4-cyclotetrasilane, 

3, was reported. which yielded the polysilane, 4." 

ROP Si 
t 

M: 'ph ~ e '  %h 

In 1995. it was reported in a communication that 3, after melting, undergoes 
- p p p - - - - - - - - - - - -  

- - - - - - - - - -  

thermal ROP to yield high molecular weight polymer 4, and that it thermally 

copolymerizes with the [ 1 ]silaferrocenophane 1 to yield the random copolymer 5.' ' In this 

chapter, full details of the studies of both the synthesis and the characterization of the 

resulting copolymers are presented. 



2.2 Experimental 

2.2* 1 Equipment and Chernicals 

Equiprnent. Molecular weights (relative to linear polystyrene standards) were 

measured in THF using a Waters GPC equipped with Iinear, 102, and lo3 A Phenogel 

columns, a Waters 410 refractive index detector and a Waters 99 1 photodiode array. 

Specw were analyzed at 338 and 450 nm. wavelengths specific for poly(methy1- 

phenylsilane) and poly(ferrocenylsi1ane) respectively. 

Proton NMR spectra were recorded with a Varian Gemini 200 spectrometer. The 

79.5-MHz 2 9 ~ i - ~ ~ ~  spectra were recorded on a Varian XL 400 spectrorneter utilizing a 

DEPT pulse sequence (proton decuupiçd) with a coupling of 6.7 Hz and were 

referenced extemdly to SiMe4. The solvent was CsDs. 

Mass spectra were obtained with a VG 70-250s mass spectrometer operating in 

electron impact mode. Pyrolysis mass spectrometry expenments were canied out by 

heating the sample probe up to 600 "C. 

Thermogravimetric analyses were perfomed ar a heating rate of 10 OC-min-' under 

prepurified N2 using a Perkin Elmer TGA 7 Thermogravimetric Analyzer. 

Cyclic voltammo~rams were recorded with a PAR mode1 273 potentiostat. A Pt 

working electrode and a Ag wire reference electrode in a Luggin capillary. Al1 potentiais are 

relative to the feerrocene/ferrocenium ion couple at 0.00 V, which was used as an internai 

reference. CH2C12 and MeCN solvents were fresNy distilled frorn P205, anhydrous grade 

[Bu4N ] (Aldrich) was used as supponing electrolyte (0.100 M), and the analyses 

were carried out under prepurified k. 

Hole mobility was determined by conventional tirne-of-flight techniques.12 In this 

technique. the drift of a sheet of holes injected from the charge generating layer (CGL) is 

time-resolved and the transit time was determined in order to calculate the hole mobility at 



an applied electric field. An electric field was appiied across the device (featuring the 

copolymer as a charge transport layer) with a negative bias voltage (DC power supply) at 

the top electrode and an incident light (about 5 p e c  pulse) from a strobe was used to 

generate a sheet of charge carriers in the CGL. The duration of the iight pulse was chosen 

to be much smaiier than the typicai transit tirne (about 1 msec in many organic and 

polyrneric marerials) so that the transport process does not interfere with the generation 

process. 

Chemicals. Solvents were dried using standard methods. and were distilled under 

dinitrogen before use. Al1 chernicals were purchased from Aldrich. 

The ferrocenophane 1 was synthesized according to the Literature reaction of 

dilithioferrocene-TMEDA with dichlorodimethylsilane t l 3  the tetrasilane 3 was synthesized 

via the iiterature reaction of octaphenylcyclotetrasilane with tnflic acid, foliowed by 

methylarion with methylmagnesium br~rn ide . '~  

2.2.2 Synthesis of Materials 

Svnthesis of oolvmers Sa-c bv thermal ROP. The sarne procedure was used for 

the synthesis of the three copolymer sarnples: what follows is the procedure for the 

synthesis of polymer 5a. The ferrocenophane 1 (86 mg, 0.36 m o l )  and the 

cyclotetrasilane 3 (75 mg, 0.18 rnrnol) were dissolved in hexanes, and the two solutions 

were rnixed. and transfemd to a Pyrex tube. The hexanes was pumped off slowly, ieaving 

the mixture of the two compounds. The tube was evacuated, sealed, and heated at 150°C 

for two hours. The polymer was isolated by precipitation from THF into hexanes. Yield: 

1 18 mg (74%). 

Attempted transition metal-catalvzed ROP. These experirnents were monitored by 

'H NMR. The two monorners (40 mg or 1.66 x 10' mol 1, 20 mg or 4.16 x 10.' mol 3) 

were rnixed with PtC12 (6 mg, 2.0 x  IO-^ mol) in a NMR tube, with deuterated benzene as 



solvent, and sealed. For the experiment at roorn temperature. the reaction was monitored 

by NMR daily; for the experiment at 60°C, the tube was heated in an oil bath for two 

hours, precipitated into rnethanol, and the 'H NMR spectrurn (in CaDa) was obtained; the 

specmm showed large peaks conesponding to the ferrocenylsilane segments, and small 

peaks due to the silane units. (From integration, the polymer was 96% ferrocenylsilane.) 

Anionic ROP attempts. As a general procedure for the atternpted anionic ring- 

opening copolymerizations, 200 mg (0.415 m o l )  3 and 50 mg (0.20 mrnol) 1 were 

dissolved in 1 rnL THF, and initiator (10 p L  of a 1.6 M solution of n-butyUithim) was 

added via synnge. This was left stining for 30 minutes. was quenched with water, and the 

polymer that formed was precipitated in hexanes. GPC analysis (with the simultaneous 

collection of uvhis spectra at 338 and 450 nm) showed that two homopolymers formed 

with Mn values of 13.300 for 2 and 17.700 for 4 (PDIs were approximately 1.8 in both 

cases). 

Attempted svnthesis of block copolvmers. Two attempts to prepare block 

copolymers were made using anionic initiators. To a solution of 65 mg (0.135 m o l )  3 in 

2 rnL THF was added 5 pL of a 1.6 M solution of ti-butyllithiurn. This solution rapidly 

(20 sec) polyrnerized, and to it was added a solution of 65 mg (0.27 mmol) 1 in 1 mL 

THF. No further reaction occurred; GPC showed just homopolymer 4 (Mn = 10,000). 

Similarly. to a solution of 130 mg (0.537 mrnol) 1 in 2 rnL THF was added 0.0 13 rnrnol 

ferrocenyilithium (produced in sim by the reaction of 5.5 mg FcHgCl and 16.25 mL of the 

ri-butyllithium solution), and this was left stimng (and polymerizing) for 30 minutes. To 

this solution was added 130 mg (0.27 rnrnol) 3. No funher reaction occuned; GPC 

analysis (while simultaneously monitoring the uv/vis spectra at 338 and 450 nm) of the 

reaction mixture showed that only homopolymer 2 had formed (Mn = 10,000). 



2.3 Results and Discussion 

2.3.1 Copolyrner Synthesis 

Attern~ted anionic and transition metal-catalvzed ROP. That both monomers 1 and 

3 polymerize by anionic initiation suggested that the synthesis of copolymers 5 might be 

achieved by anionic rnethods. The tetrasilane 3 undergoes ROP in the presence of n- 

butyllithium and 1,4-dipotassiooctaphenyltetrasi1ane:~~ the ferrocenophane 1 undergoes 

ROP in the presence of a variety of anionic initiators, such as ferrocenyllithium, 

butyllithium, and phenyllithium.5 Copolymerization reactions were attempted with 

ferrocenyllithium, for which there was no observable reaction, and with butyllithium, in 

which the two homopolymers 2 and 4 fonned (with incomplete conversion of 1 to 2). 

Also. the synthesis of block copolyrners (by the addition of the second monomer to a 

solution of the first monorner that had been anionically polymerized using n-butyllithium) 

was attempted: in each case. the only polymer observed was the homopolymer 

corresponding to the monomer that was initially ring opened. 

Also, polyrnerization by transition metal catalysis was atternpted. Various 

transition metai complexes. such as PtClr or PdC12. polymerize the ferrocenophane 1.6 

Transition metal-catalyzed ring-opening of 3 has also been studied;l4 the main product of 

this reaction is the cyclic dimer. the cyclooctasilane, which was generaliy formed in greater 

than 50% yield. Some higher molecular weight material was observed with l e s  sterically 

hindering cataiysts, but just as a tail on the GPC traces; number average molecular weights, 

M,s, were al1 under 1000 (or, just slightly greater than two repeat units of 3). 

Bearing this in mind, copolymenzation was attempted, using P U 2  as a cataiyst. 

Experiments were attempted at both room temperature and 60°C. With a 4: 1 ratio of 1 : 3, 

polymerization occurred at room temperature over a four day penod, with incomplete 

conversion of 3; the resulting copolyrner was compnsed 96% of 1 (by 'H NMR). As 



expected. the polymerization occurred more easily for the ferrocenophane 1; as well, the 

presence of 3 inhibited the polymerization, since homopolymerization of 1 occurs within a 

few hours. At 60°C, the reaction of a sirnilar mixture of 1 and 3 was complete in two 

hours, and the polymer had the same composition as the product of the room temperature 

copolymenzation, with incomplete conversion of 3. Therefore, although 1 and 3 can 

copolymerize in the presence of a transition metal catalyst, the homopolymerization of 1 is 

much faster. 

Synthesis of copolvmers bv thermal ROP. Upon discovery that 3 undergoes 

thermal ROP. thermal copolymenzation was attempted by heating mixtures of 1 and 3. 

This resulted in the formation of random copolymers 5. By varying the ratio of 1 and 3, a 
1 senes of copolymers with varying composition was obtained. Analysis by H-NMR 

confimed that no unreacted monorner remained. The polymenc products were isolated as 

pale, amber powders by precipitation from THF into hexanes, and possessed number- 

average molecular weights (Mn) of 67 000-89 0 0  versus polystyrene standards. with 

polydispersities ranging from 2.4 to 3.5. 

2.3.2 Characterization of Copolymers 

The copolymers were charactenzed by a number of techniques. Polymer molecular 

weights were determineci by gel permeation chromatography (GPC), with an online 

photodiode array detector. for the simultaneous monitoring of multiple wavelengths. The 

GPC results are summarized in Table 1; these results conclusively show that the 

copolymers are random in nature. Molecular weights are given for the polymers before 

and after exposure to UV light. It is well known that polysilanes undergo 

photodegradation upon exposure to UV light to give smdl cyclic species, while 

expenments with 2 show that poly(ferrocenylsilanes) do not degrade; in a copolymer 

system, the polysilane segments should degrade. while the ferrocenylsilane segments 



should remain intact. Photodegradation experiments of 5 in THF were carried out using 

340 nm UV light for 18h; the GPC trace of the product showed no absorption at 330 nm, 

indicating the absence of polysilane segments (Figure 1). For the three copolyrcers, this is 

observed; the molecular weights observed after photolysis (indicated by * in Table 1 )  

correspond to oligomeric ferrocenylsilane segments (n = 4 - 6) ,  and are proportional to the 

initial relative stoichiometries of the copolyrners. This implies that, in the copolymers 5a- 

c. the ferrocenylsilane segments are short chains. . 



Figure 1 Three dimensional GPC (wüvelength x retention time x absorption) of polymer 

Sc before (top) and after (bottom) photolysis by 340 nrn UV light. 

retention time (min) 



As well, it is easily show that the silane segments are srnail, oligosilane units. The 

delocalization of the o-electrons within the polysilane backbone causes a shift to higher 

wavelength of ha with increasing chah length; this reaches a maximum of 338 nm at a 

chah length of approximately 30 silicon atorns (or, 7 or 8 UN& of The & values 

show that the silane segments are very short oligomeric units: as the quantity of the silane 

increases, &,, increases as well, but does not reach its maximum value, even in 

copolymer studied with the highest silane content. The data of Table 1 indicate bat the 

copolymers 5a-c contain shon segments of silane and ferrocenylsilane repeat units. 

Table 1 GPC data for polymers 5a-c. 

3:L Mn (PDI) LUX (nm) Mn PDD* 
mol : mol (~olvsilane l 

2 O: 1 250.000 ( 1.6) 230,000 ( 1 -9) 

5a 1 : 2.3 89,000 (3.5) 335 1,730 ( 1.4) 

Sb 1 : 1  75,000 (3.1 ) 330 1,410 (1.2) 

Sc 2 :  1 67,000 (2.4) 333  1,050 ( 1.4) 

4 1 : O  9 1,000 (3 .O) 338 - 

*: Mn of the remaining oligo(ferrocenylsi1ane) segments afier irradiation with uv light (340 

nm) in THF for 18 h. 



Further structurai characterization of the copolymen was provided by 'H and "si 
NMR specuoscopy. The 'H NMR spectra of the copolymers (in C6D6) showed sharp 

signals for the ferrocenyldimethysiiane segments at 0.5 1 pprn (SiMe2) and at 4.08 and 4.48 

ppm (q-C5H4) and two broad signals for rnethylphenylsilane segments at -0.5 to 4.5 pprn 

(Me) and 6.5 to 7.5 pprn (Ph). The integration ratio of the phenyl and cyclopentadienyl 

regions of the lH NMR spectra of the copolymers confumed that the relative amounts of 2 

and 4 in the copolymers 5 were equal to the relative arnounts of the two monomers 1 and 3 

in the initial mixture prior to polymerization. Smaller, unresolved cyclopentadienyl 

resonances between 3.5 and 4.4 pprn were assigned to the ferrocenylsilane units near a 

juncture to a rnethylphenylsilane segment. Analysis of sa-c by 29 s i  NMR (in Ca&) 

showed resonances for ferrocenyidimethylsilane units at -6.4 pprn and a broad resonance 

for atactic methylphenylsilane segments from -37 to -40 pprn and also revealed small 

peaks for SiMel crossover groups between the ferrocenylsilane and methylphenylsilane 

segments at - 17.3 and -6.6 pprn. The peaks are particularly apparent in the 29 si NMR 

spectmm of polymer Sc which possessed relatively short ferrocenylsilane blocks: in 

contrast. the resonances in the corresponding spectmm of 5a are less intense as the 

ferrocenyl blocks are longer. 

2.3.3 Thermal Stability 

When poly(ferrocenylsilanes) are heated to high temperatures under vacuum, cyclic 

oligornenc depolyrnerization products c m  be detected by pyrolysis m a s  spec t ro~neay .~~ 

In the case of a copolyrner, depolymerization fragments would represent parts of the initial 

copolymer chain; having established that the copolymer chah is random in nature, one 

would expect to observe cyclic depolyrnerization fragments containing both repeat units, as 

shown below. (Whereas in a block copolymer, depolymerization products would consist 

mainly of one of the repeat units.) Pyrolysis mass spectrometry was performed on the 



polyrners in Table 1, and gives an indication of the effects of varying ratios of the 

monomers in the polymer. 

Pyrolysis mass spectrometry was also performed on the homopolymers 2 and 4. 

The mass specmm of 2 shows oligomeric ferrocenylsilane units of up to x = 7. while the 

mass spectnim of 1 showed no oli_gomenc silane units larger than y = 2. a result indicative 

of the lower thermal srability of the Si-Si bond. In sample Sa. the copolymer rich in 

ferrocenylsilane repeat unit, the main depolymerization products are the cyclic 

ferrocenylsilane oligomers (x = 2-7, y = O),  with the dimer (x = 2, y = O) being the major 

product. This corresponds well with the results obtained in the GPC experiments: 

following photolysis. the rernainin; segments (corresponding to ferrocenylsilane units) had 

M, = 1730. which corresponds to approxirnately seven repeat units. There is essentially no 

evidence in the m a s  spectmm for the existence of oligosilane units after pyrolysis. 

However, there is evidence for some mixed oligomers: there are small peaks at d e  = 722 

( x =  1 , y =  1) ,m/e=602(x= 1. y=3/4),m/e=482(x= I .y=2 /4 ) .andm/e=363(x=  

1, y = 114). Fractional values for y are a result of Si-Si cleavage not occumng 

preferentially at every fourth silicon, and are as expected. As the silane content is increased 

in polymers 5b and 5c, cyclic ferrocenylsilanes (x = 2-7, y = 0) are again observed, but in 

smaller proportions. As well, more rnixed oligomers are observed, up to mie = 1202 (x = 

1, y = 2). These mixed oligomers provided additionai evidence regarding the random 



nature of the copolymers. 

Thermogravimetric anaiysis (TGA) was also performed to obtained information 

regarding the thermal stability of the copolymers. The polyrner snidied. Sd, contained 

approxirnately 60% ferrocenylsilane. The TGA scan (obtained under an atmosphere of Nz 

at a scan rate of 10°C/min) is shown in Figure 2. The polymer is stable to weight loss to 

approximately 300°C. and 40% of the polymer remained following weight l o s  Most of 

the weight loss occurs between 400 and 600°C7 and possibly by two difTerent mechanisms 

(indicated by the change in dope). The thermal degradation behaviour was quite similar to 

that observed in ferrocenylsilane homopolymer 2.16 The copolymer 5d had a slightly 

lower temperature at which 10% weight loss occurred (approximately 4ûû°C, compared to 

approximately 430°C for the homopolymer 2). This is consistent with the lower thermal 

stability of the polysilane segments. 

2.3.4 Elec trical Properties 

Cyclic voltarnrneuic studies of 5a-c in CH2C12 showed the presence of two 

reversible oxidations at EiIz = 0.00 and 0.23 V (relative to ferrocenelferrocenium couple at 

El,- = 0.00 V) arising from the oligoferrocenylsilane segments. which was found 

previously for poly(ferrocenylsi1ane) homopolymers. 1 7 * 1 8  An irreversible oxidation with 

Ep(ox) = 0.39 V was also detected, and corresponds to oxidative cleavage of the polysilane 

segments.'g The cyclic voltamrnograrn of Sa is shown in Figure 3. 

The hole transporting capability of the copolymer 5d was also investigated. The 

mobility of a charge carrier is the velocity per unit electric field; copolymer 5d had a 

mobility of 4.0 x 1 0 - ~  crn '~-s ,  at an electric field of 50,000 Vlcrn. There was, 

unfortunately. significant trapping of positive charge. 



Figure 2 TGA scan of polymer Sd. 



Figure 3 CycIic voitamrnogram of polymer 5a. 



Attempts to synthesize polysilane-poly(ferroceny1silane) copolymers, via the nng- 

opening copolymerization of the ferrocenylsilane 1 and the cyclotetrasilane 3, have been 

described; thermal ring-opening polymerization provided copolymers that have been 

shown, through various characterization techniques (gel permeation chromatography, 

NMR spectroscopy, mass spectrometry), to be random in nature, feahiring altemating 

short chahs of each monomer. Thermal stability of these polymers (by thermogravimetnc 

andysis and pyrolysis mass spectrometry) was studied, and showed that the 

ferrocenylsilane segments are thermally more stable that the silane segments. As well. the 

hole transporting capability of the copolymer was measured. 
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3.1 Introduction 

Poly(ferrocenylsilane)s are polyrners which possess alternating ferrocene and 

organosilane units. The synthesis of low molecular weight oligomers was reported in the 

late 1960s via the reaction of dichlorodiakylsilanes widi dilithiofenocene-TMEDA.' High 

molecular weight poly(ferrocenylsilane)s were first reported in 1992, and were prepared by 

the themal ring-opening polymerization of silicon-bridged [l]ferro~enophanes.~ These 

ferrocenophanes. 1, are synthesized by reacting the appropriate dichlorosilane with 

dilithioferrocene-TMEDA at temperatures around -30°C: 

The ring strain introduced by having the cyclopentadienyl rings bent from the ideal parallel 

structure of ferrocene, and by the deviation from planarity of the sp2-hybridized ipso- 

carbon, provides the driving force for thermal ring-opening polyrnerization (TROP), at 

temperatures of about 1 5OCC: 



heat 

1 2 

Since the initial report in 1992. much work has been done to advance the science of 

these novel polymers: the introduction of new bridging elements, metals. and groups 

attached to bridging elements in the metallo~eno~hanes:~ new routes to their ring-opening 

polymerization, such as anionic and catalysis by transition metal  complexe^,^ 

and copolymerization with other  stems:^ the potential use of the polymen as ceramic 

precursors.8 

The goals of the project described in this chapter are the investigation of the 

oxidation behavior of selected poly(ferrocenylsilane)s using a number of oxidants. the 

isolation of a stable oxidized poly(ferrocenylsilane), and the investigation of the properties 

of this system. 

3.1.2 Previous Work on the Oxidation of Poly   ferro ce ne)^ 

In 1970, Pittman and his coworkers reponed the synthesis , characterization. and 

oxidation of polymers containing ferrocene in the side group structure? The monomers 

vinylferrocene, ferrocenylmethyl acrylare, and ferrocenylmethyl methacrylate were 

polymerized by free radical initiation using azobisisobutyronitrile (AIBN). The resulting 

polymers (shown below respectively as 3, 4a, and 4b) were treated with the one-electron 

oxidants 2,3-dichloro-5,6-dicyano- 1 +quinone (DDQ) and O-chioranil (O-CA), and the 

properties of the oxidized polymers were investigated. 



Infrared spectroscopy showed that both DDQ and O-CA acted as one-electron acceptors; 

one electron was transferred from a ferrocene for each acceptor molecule present. The 

researchers attempted to record the UV specua of these polysalts, but found only insolubility 

in most solvents, and only partial solubility in N,N-dimethylfonnamide. Mossbauer 

spectroscopy proved to be a valuable characterization technique: iron (II) (Le., ferrocene 

iron) has a much larger quadrupolar splitting than iron (III) (i.e.. ferrocenium iron). 

(Generally. iron (II) has a splitting of about 2.4 mmk, and iron (III) a splitting of about 0.4 

rnmls. in a ferrocene environment.) This clear distinction ailows Mossbauer spectroscopy 

to provide an indication of the psrcentage of iron sites that have been oxidized in a given 

sarnple. The Mossbauer spectrum of poly(ferrocenylmethy1 acrylate), oxidized with O-CA 

showed. from integration of the peaks, that approximately 60% of the iron sites are 

oxidized. 

In 1975, Pittman et al. extended their study of the oxidation properties of mixed 

valence ferrocene-containing polymers by reporting the conductivities of a variety of 

salts. Io  Various polymers (polyvinylferrocene, 3, polyethynylferrocene, 5, and poly( 1 , 1'- 

ferrocenylene). 6) were oxidized with different one-electron oxidants (DDQ, iodine). 



Of particular note is the conductivity of poly(l. 1'-polyferrocenylene) oxidized with iodine. 

which was observed to be approxirnately IO-' S cm-', or approximately eight orders of 

mae@tude greater than the unoxidized polymers. The researchers aiso observed that the 

conductivity was rnaximized between 35 and 65% oxidation; that (to a first approximation) 

the conductivity was independent of anion present: and that increased conjugation of the 

polymer backbone (Le., from 3 to 5 )  did not affect the conductivity. They conclude that the 

conductivity occurs electron-hopping (effectively, hole transport), in which each ferrocene 

centre is surrounded by a maximum number of ferrocenium centres. 

In 1983, Yamamoto and his coworkers reported the synthesis of crystalline 

poIy( 1.1 '-ferrocenylene), 6.  via the dehaiogenative polycondensation reaction of 1.1'- 

dihaloferrocenes. and magnesium. shown below: I 1  

These polymers form adducts with a variety of electron acceptors, including iodine and 

TCNQ. The authors report that the oxidized crystalline polymers have substantially higher 



electricai conductivities (by a factor of 10' - 105 than the oxidized, amorphous poly (1,11- 

ferrocenylene) salts reported by Pittman et Yamamoto et al. reported a conductivity 

of 4 . 1 ~  1 0 - ~  S cm-' for 6 oxidized with 0.64 equivalents of TCNQ. As weU, the Miissbauer 

spectrum of the TCNQ adduct at room temperature showed delocalization of the electrons 

on the Mossbauer timescale ( s), indicating rapid electron exchange between the 

ferrocene and ferrocenium sites. 

Although this is the first in-depth look at the synthesis and properties of oxidized 

poly(ferrocenylsilane)s, previous studies of these polymer systems have indicated that such 

a study would be interesting. Cyclic voltammetnc studies of poly(ferro~enylsilane)s~~ 

show two reversible oxidations: the first is attributed to random oxidation of Fe(I1) sites 

dong the polymer backbone, while the second oxidation is due to the oxidation of those 

Fe(II) sites adjacent to previously oxidized Fe(Q sites. The second oxidation occurs at a 

potential between 0.2 and 0.3 V higher than the first potentiai, depending on the 

substituents on silicon. That two different oxidation potentials are observed indicates that 

there is a substantial interaction between adjacent iron sites in the polymers, and that 

alternating Fe(II) sites may be oxidized. 

A series of mode1 ferrocenylsilane olipomers, 7,, has been synthesized, and 

electrochernical srudies on these systems have confirmed the dtemating oxidation concept 

proposed for the high p ~ l ~ r n e r s . ~ ~  

etc. 



3.1.3 Research Objectives 

Polymen studied. The focus of this project is the study of the oxidation behavior of 

poIy(ferrocenylsilane)s. The two polymers chosen in this project were the 

poly(ferrocenylsilane)s, 2a and Zb, respectively. Polymer 2a is the prototypical 

poly(ferrocenylsi1ane). The analogous dirnethyl polyrner with rnethyl groups on the 

cyclopentadienyl ring, 2b, was studied; this polymer has a lower oxidation potential than 

the unmethylated system.'' and the methyl groups may stabilize the oxidized polymers. 

I"y+=i:+ 
heat 

Oxidants used. There are a variety of one-electron oxidants available:I5 for this study. the 

ideal oxidant should have a number of characteristics. It should, of course, have an 

oxidation potential greater than that of the Fe(KI) site in the polymer; the first oxidation 

occurs at -0.04 V (relative to the ferrocene-ferrocenium couple at 0.00 v:" ail further 

potentiais are relative to this). It should. in the ideal case, be an 'innocent' oxidant, and jus< 

function as a one-electron oxidant, not as a reactive electrophile or potential ligand. It 

would also be useful if the reduction product c m  be easily separated fiom the oxidized 

pol y mer. 

The oxidants chosen for this project cover a range of strengths and reactivities. and 

will give a broad picture of the oxidation and reactivity of the poly(ferroceny1silane)s. 

Nitrosonium hexafluorophosphate. [NO][PF6], has a redox potential of 1 .ûû V. and is a 

clean oxidant; as it oxidizes the ferrocenylsilane, nitnc oxide gas, NO&), is evolved.15 



Iodine, 12, in its reduced form is usudy triiodide, i3'; it also has the advantage of leaving no 

undesirable products in the reaction flask (the counterion is the sole product). Some radical 

cation salts are aiso available, and a typicd one-electron oxidant will be used in this study. 

The reaction of tris-@-bromopheny1)amine with nitrosonium hexafluorophosphate results 

in the radical cation salt, trk-@-bromophenyl)aminium hexafluorophosphate. It is a 

reasonably strong one-electron o ~ i d a n t ' ~  (E = 0.70 V), and the neutrd species (i.e., ais-@- 

bromophenyl)amine, which forms when the radical cation is reduced) is soluble in non- 

polar solvents such as hexanes; the oxidized polymer is insoluble in non-polar solvents, 

and can therefore be easily separated from the other products of the oxidation reaction. 

General methods. The general method of preparation of the oxidized polymers is the 

reaction of the polymer with the oxidant in a suitable organic solvent (dichloromethane). 

and the isolation of the solid oxidized polymer that precipitates. 

Due to the nature of the oxidized species. basic characterization methods are lirnited. As a 

means of quantiwing the degree of oxidation of the iron sites, " ~ e  Mossbauer and uv/vis 

spectroscopies were used. In order to detemine the integrity of the backbones of the 

oxidized polymers, sarnples were reduced using sodium naphthalide and moIecuIar 

weights of the re-reduced polymers were determined by GPC. 



Mode1 Oligomers. Electrochemical studies of a series of oligomenc ferrocenylsilanes 

have shown these compounds to be usehl models in describing the electrochemical 

behaviour of the poly(ferrocenylsilane)s.13 One of these oligomers, the trimer 73, was 

used to obtain structurai information on an oxidized system by single crystai X-ray 

diffraction. [As weli, these oligomen were used to mode1 decomposition of the 

poly(ferroceny1silane)s upon oxidation.] 



3.2 Experimental 

3.2.1 Equipment and Chernicals 

Al1 reactions and manipulations were performed, except where indicated, under an 

inert atmosphere of prepurified dinitrogen (Canox) using standard Schienk and vacuum 

line techniques. Solvents were distilled under dinitrogen using standard purification 

techniques. 

Polymer molecular weights were estimated by gel permeation chromatography 

(GPC) using a Waters Associates liquid chromatograph equipped with a 5 10 HPLC pump, 

U6K injecter, ultrastyragel colurnns with a pore size between 103-105 A, and a Waters 410 

differentiai refractometer; the eluent used was a solution of O. 1% tetra-n-butylammonium 

brornide in THF. and the flow rate of was 1.0 W s .  
57 Mossbauer spectra were obtained using a 6mCi Co y-ray source in a Rh matrix 

on a Ranger Scientific Inc. VT- 1200 instrument equipped with a MS- 1200 digital channel 

analyzer. Data were collected for a penod of time sufficient to provide an adequate signal 

(geenerally 23 h to 1 week). were in the range of -15.8 to +15.8 mm/s, and were refermced 

to Fe powder. 

For the uv/vis spectra, a Perkin-Elmer Lambda 12 UVNIS Specuometer was 

used. 

3.2.2 Synthesis of Precursor Materials 

The silicon-bridged [ 1 ]ferrocenophanes were synthesized by the literature reactionl 

of the appropriate dialkyldichlorosilane with the dilithioferrocene-TMEDA (or, in the case 

of lb ,  dilithiated dimethylferrocene-TMEDA) I 7  complex in cold (approx. -30'C) ether, and 

were isolaied by sublimation andor recrystallization (or, for Ib. vacuum distillation). 



Poly(fenoceny1silane)s were synthesized by the ring-opening polymerization of the 

silicon-bridged [l]ferrocenophanes;' polymenzations occurred either thermdy by heating 

in an evacuated Pyrex tube or refluxing in xylenes, or at room temperature in toluene by 

using PtC12 as a ~ a t a l ~ s t . ~  Poiymers were isolated in air by dissolution in THF foliowed by 

precipitation into either hexanes or methanol. 

Oligomeric ferrocenylsilanes were synthesized via the reaction of the 

ferrocenophane la with dilithioferrocene-TMEDA in THF at O°C (quenched with water), 

and were separated by column chrornatography." 

In a separate reaction, the trimer 73 was synthesized as follows: to a solution of 

0.869 g (3.59 rnmol) of the [Ilferrocenophane la  in approximately 30 mL dried and 

freshly distilled hexanes was added 5.0 mL of a 1M solution of HCl (5.0 rnrnol) in diethyl 

ether; irnmediate formation of ~Noroferrocenyldirnethylsilane indicated by a color change 

of the solution (red to orange), and verified as quantitative by GC-MS. Excess HCI was 

quenched with triethylamine, and the resultant white solid (triethylammonium chlonde) 

was removed by filtration. The orange solution was added to a slurry of 0.535 g ( 1.7 1 

mmol) dilithioferrocene-TMEDA in 50 rnL hexanes. This was left stimng overnight. and 

the solution was filtered in air to rernove LiCI. Thin-layer chrornatography (eluent: 15% 

CH2C12 in cyclohexane) showed that the product was mainly a mixture of ferrocene, the 

dimer 72, and the trimer 7,. The products were separated via column chrornatography, 

using pretreated alurnina. 0.15 g ( 148)  of the trimer 73 was isolated. 

Tris-@-bromopheny1)aminium hexafluorophosphate was synthesized by the 

literature reaction of rris-@-bromopheny1)arnine with nitrosonium hexafluorophosphate in 

dichloromethane; the minium salt was isolated by precipitation into h e x a n e ~ . ' ~ - ' ~  

Al1 other chernicals were purchased from Aldrich or S trem ( 1.1'- 

dirnethylferrocene. nitrosonium hexafluorophosphate) and used without further 

pwification. 



3.2.3 S ynt heses of Oxidized Polymers 

S ynthesis of 8a (X- = Io): Reaction with Iodine. Iodine ( 160 mg, 0.63 mrnol) and the 

polymer 2a (200 mg, 0.83 mm01 repeat unit) were dissolved with stimng in approx. 20 

mL and 30 m .  freshly distilled dichloromethane, respectively. The iodine solution was 

added to the polymer solution via cannula, and left to stir for 2 hours. The reaction was 

immediate, with the formation of a green solution, and a green-black precipitate. The solid 

product was isolated by filtration. washed with dichloromethane. pumped dry, and 

collected. Yield: 283 mg (79 t/c based upon 50% oxidation). 

S ynthesis of Sa (X' = PF6-): Reaction with [@-Br-CsH&N] [PFs]. Tris-@- 

bromopheny1)aminium hexafluorophosphate (27 1 mg, 0.48 mmol) was dissolved, with 

stimng, in approximately 15 rnL freshly distilled dichloromethane. This was added, witb 

stimng, to a solution of 230 mg (0.95 mrnol) polymer t a  in 40 rnL dichloromethane and 

left to stir for 2 hours. The light-green solution (containing tris-@-brornopheny1)amine) 

was removed. the solid product was washed with dichloromethane, pumped dry, and 

isolated. Yield: 91 mg (34 % based upon 509 oxidation). 

Synthesis of 8a (X- = PF6*): Reaction with Iodine, Precipitation with [(n- 

BU)~XJ[PF~]. Iodine (235 mg. 0.92 mrnol) was dissolved in approximately 25 mL 

dichlorornethane. This solution was added. with stirring, to a solution of polymer 2a (300 

mg, 1.24 mrnol repeat unit) and tetrabutylammonium hexafluorophosphate (3.6 g, 9.3 

rrmol) in 100 mL dichloromethane, and left to stir for 2 hours. A reaction occurred, which 

yielded a black precipitate. This solid product was isolated by filtration with a filter frit, 

washed with dichloromethane, pumped dry, and isolated. Yield: 322 mg (83% based upon 

50% oxidation, and full precipitation wi th [PFs-1). 



Synthesis of 8a ( X  = PFi):  Reaction with [NO]pF6]. Polyrner 2a (200 mg, 0.83 

mm01 repeat unit) was dissolved in approximately 40 mL dichloromethane, with stining. 

This solution was added, with stirring, to a suspension of mO]pF6] (73 mg, 0.42 mmol) 

in 10 rnL dichioromethane. Reaction was irnmediate, and observed by the evolution of 

NO Sas and the formation of a greedblack precipitate. This was left stirring for two hours, 

filtered, washed with dichloromethane, pumped dry, and isolated. Yield: 85 mg (33% 

based upon 50% oxidation). 

Synthesis of 8b (X = PF;): Reaction with [NO][PF6]. Polymer 2b (200 mg, 0.74 

mmol) was dissolved in approximately 10 mL dichloromethane, with stirring. This 

solution was added, with stimng. to a suspension of [NO][PF6] (65 mg, 0.37 mmol) in 10 

mL dichioromethane. Reaction was imnediate, and observed by the evolution of NO gas 

and the formation of a green/black precipitate. This was left stirring for two hours, filtered. 

washed with dichloromethane. pumped dry. and isolated. Yield: 92 mg (366 based upon 

50% oxidation). 

Synthesis of 8b (X- = 43: Reaction with Iodine. Iodine ( 141 mg. 0.56 rnrnol) and the 

polymer 2b (200 mg, 0.74 mm01 repeat unit) were dissolved with stirring in approx. ?O 

mL and 30 mL freshly distilled dichloromethane. respectively. The iodine solution was 

added to the polymer solution via cannula, and ieft to stir for 2 hours. (The reaction was 

irnrnediate, with the formation of a green solution. and a green-black precipitate.) 

Approximately 200 mL freshly distilled hexanes was added, to fùlly precipitate the 

product. which was isolated by filtration. washed with hexanes, pumped dry, and collected. 

Yield: 85 mg (25 % based upon 50% oxidation). 

Synthesis of Sb (X' = PFa0): Reaction with [@-Br-C6&)3N][PF6]. Tris-@- 

bromophenyl)aminium hexafluorophosphate (232 mg. 0.37 mmol) was dissolved, with 



stirring, in approximately 15 rnL freshly distilled dichloromethane. This was added, with 

stimng, to a solution of 200 mg (0.74 m o l )  polymer 2b in 40 mL dichloromethane and 

left to stir for 2 hours. The light-green solution (containing the 

bromopheny1)amine) was removed by fdtration, the solid product was washed with 

dichloromethane, pumped dry, and isolated. Yield: 100 mg (39 % based upon 50% 

oxidation). 

Time-dependence of Oxidation. To determine whether there was an effect on the 

oxidation process due to the Iength of time in the reaction flask, oxidation reactions of 

polyrner t a  (23 mg, 0.095 mmol) with [@-Br-C6&)3N][PF6] (27 mg. 0.048 rnmol) in 

CHîC12 were left stimng for periods of 1.2, and 24 hours. At the given time, the solution 

was decanted, leaving the oxidized polymer: to this solid was added a solution of sodium 

naphthalide in THF to re-reduce the polymer. which was isolated by precipitation into 

hexanes, and the molecuiar weight was determined by GPC. 

3.2.4 S-ray Structural Characterization of [73]'+~3]-2 -2 CHLCll 

Crystds of [73]"h]-2 - 2 CH2C12 were grown from CHzClz/cyclohexane by a 

diffusion controlled reaction of a solution of 73 with a solution of I2 in a U-shaped tube. A 

suitable single crystal was mounted in epoxy under a flow of cold nitrogen. Sumrnary of 

selected crystallographic data are given in Table 1 and selected bond length and angles are 

given in Table 3. Figure la  shows the molecule and its labeling scheme. Data for the 

structure was collected on a Siemens P4 diffractometer using graphite monochromated 

MoKa radiation (h = 0.7 1 073A). The intensities of three standard reflections measured 

every 97 reflections, for each crystal. showed Iess than 4% variation. The data were 

corrected for Lorentz and polarkarion effects and for absorption (empirical corrections 

using SHELXA-90"). The structure was solved and refined using the SHELXTL\PC~~ 



package. Refinement was by full-matrix least-squares. The weighting schemes was w = 

i l [~ (~ , ' )+ (0 .0903~)~]  w here P = ( ~ , * + 2 ~ ~ ~ ) / 3 .  Hydrogen atoms were included in 

calculated positions and treated as nding atoms. The central 1 atoms of the 13- anions lie on 

crystailographic inversion centers and there are two CHZCIZ solvent molecules of 

crystallization for each cation molecule. 



3.3 Results 

3.3.1 Crystal Structure of an Oxidized Oügorner 

In an attempt to mode1 the oxidation behavior of poly(ferroceny1silane)s. we 

attempted to obtain single crystds of a partially oxidized oligo(ferrocenylsilane). The 

diffusion-controlled reaction of 73 with three equivdents of iodine in CH2C12/cyclohexane 

( 15 )  resulted in the direct formation of X-ray quality single crystals of rnixed-valence 

uifenocenylsilane p312+ [13]-,. A surnmary of seiected crystallographic data is given in 

Table 1 and selected bond length and angles are given in Table 3. The molecular structure 

of [7$+ [13]-? (Figure la) differs significantly from that of the neutral analog 73 in which 

the terminal ferrocene moieties are onented in opposite directions and perpendicular to the 

central ferrocene unit.13 Thuç the terminal ferrocenium grooups of [7$' are positioned at a 

maximum separation, which is the lowest energy conformation due to the coulombic 

repulsion of the two positively charged centers. The molecular structure of [7312' confirms 

that the temiinal ferrocene units are oxidized in the first oxidation process of i3. This is 

shown by the average iron-cyclopentadienyl Ring Centroid distance, d(Fe-RC) which is an 

average of 1.692( 10) A for the terminal iron atoms. typical for that of ferrocenium species 

and larger then the average Fe-RC distance of the central iron atom of [73]2+ which is 

1.630 (10) A, typical for a pnstine ferrocene center. (For cornparison, d(Fe-RC) is 

1.705(6) A?' for [ F ~ ( ~ - C ~ H ~ S M ~ ~ ) ~ ] +  [NC14]' and 1.638(4) A for the central fc unit of 

7 3 3  The shortest iron-iodine distance. d(Fe-I). in [Y3l2+ II3]' was found for the terminal 

iron atoms (d(Fe-1) = 4.634(2) and 4.5 13(2)A for Fe( 1 ) and Fe(3) versus 5.530(2) A for 

d(Fe-1) of Fe(2)) showing a closer interaction of the terminal ferrocenium groups with the 

triiodide counter-ions. Figure Ib shows the interesthg layered structure of [73]2+~3]-2 . 2 

CH2C12 in which layers of the linear triiodide counter ions are in between layers of the 

mixed-valence dicationic ui(ferrocenylsi1ane). 



A summary of selected crystallographic data is given in Table 1, atornic coordinates 

are given in Table 2 and selected bond angles and Iength are given in Table 3. Figure la 

shows the molecule and labeling scheme, and Figure Ib shows the packing. 

Figure 1. a) Molecular structure of dicationic aimer, [73]2+. 



Table 1. Crystal Data and Structure Refinement for [73]2+p3]-2 - 2 CH2CIî. 

empirical formula C36 H42 CkFe3kSi2 

formula weight 160 1.63 

temperature 173(2) K 

wavelength 0.7 1073 A 
crystal system 1 space group triclhic / P 
unit ceU dimensions 

volume, Z 

densi ty (calculated) 

absorption coefficient 

F(000) 

crystal size 

range 0 collected 

lirniting indices 

reflections measured 

independent reflections 
- - 

refinëment metTiod 

restraints / parameters 

goodness-of-fit on F' 

final R indices [I>Zo(I)] 

extinction coefficient 

largest diff. peak and hole 

Absorption Correction 

a = 1 1.578(3) A 
b = 13.381(2) A 
c = l6.245(3) A 
a = 87.612(12)" 

8 = 75.798(14)' 

y = 80.222(12)' 

24w.3(8) A3, 2 

2.2 12 kg/dm 3 

5.043 mm-' 

1500 

0.32 x 0.43 x 0.5 mrn 

2.6 to 27.0" 

-12 511 5 14. -16 IkI 17,-205 1 520 

11040 

105 11 (Rint = 9.06%) 
- - - - T - - - 

FuÏÏ-matrix ieast-squares on F- 

O / 470 

0.932 

RI = 0.0726, wR2 = 0.20 14 

0.0002 (2) 
2.1 O6 and - 1.650 e Z 3  

min. max. 0.876, 0.797 



tic, 
C 

W 
4 n 

a 
V 



Table 3. Selected bond lengths (A) and angles (') for [ 7 3 ] 2 + ~ 3 f r  2 CH2Clr. 



3.3.2 Degree of Oxidation of Polymers 

Characterization techniques for the oxidized polymen are Limited. As a means of 

quantiQing the degree of oxidation of the polymers, uvlvis specvoscopy was used. 

Polymers 8a and 8b (X = PFi) are soluble in acetonitrile, and degree of oxidation can be 

obtained directly. (When X = 13-. the polymers were insoluble in acetonitrile and soluble in 

dimethyl sulfoxide; however, in both cases, an orange precipitate. unoxidized polymer, 

formed within 30 minutes.) The orange colour of the ferrocenyl group is due to an 
1 absorption at approximately 440 nrn, which has been assigned to the l ~ i n  + a El, 

t ran~i t ion ;~~ the green colour of the fenocenium unit is due to an absorption at 

2 approximately 650 nm, corresponding to the EZg + 2~ transition. 'O 

Since the oxidized polymers contained both Fe(Q and Fe(III) sites, both peaks (at 

approximately 440 nm and 650 nm) will appear in the uvlvis spectra. and it is possible to 

obtain the ratio of sites (and thus the percent oxidation) from the Beer-Lambert absorption 

law : 

in which A is the absorbance and E the molar absorptivity at a given wavelength. b is the 

path length and c the concentration. This. of course. applies to both Fe(m and Fe(m) sites. 

And since the path length b will be the sarne in both cases, the concentration ratio, 

CF~=.~I~)/C~~(~I). c m  be written as: 

The absorbances are measured directly in the expenment; values for the molar absorptivity 

are available for ferrocene and some of its derivatives. For the purpose of this project, 



bis(trimethylsi1yl)ferrocene and its ferrocenium sait formed from oxidation with [@- 

BrC6%)3N]@3F4] were used as standards. This system was chosen due to its similarity to 

the repeat unir of the polymer. The uv/vis spectnim of a mixture of equa! concentrations of 

these compounds was obtained. and the ratio of the molar absorptivities. E F ~ ~ I I ) ~ ~ ~ ~ ~ ~ ~ ) .  was 

determined to be 0.79. Equation 2 c m  then be modified to give: 

Measurement of the uvfvis spectra of the oxidized polymer will immediately give the 

absorbance ratio, from which the concentration ratio and the degree of oxidation cm be 

easily determined. in al1 cases exarnined (polymers Za and 2b oxidized with the 

nitrosonium and aminium salis), the degree of oxidation was approximately 308. (It was 

closer to 40% for polymer 2a oxidized with iodine and precipitated with PF6-.) Al1 

reactions had been done with the stoichiometry of 50% oxidation: perhaps once the 

oxidized polymer precipitates, no further oxidation takes place. It is important to note that 

the degree of oxidation was the same for oxidations with both polymers: the methyl groups 

on the cyclopentadienyl rings in polymer 2b do not inhibit the oxidation. (This degree of 

oxidation based on the stoichiornetry is consistent with what was previously reported for 

the oxidation of poly(ferrocenyldibuty1silane) with ~ e ~ l ? . ~ )  

As well, there was no significant dependence on either degree of oxidation or 

molecular weight decline when the reaction time is varied. Samples of polymer 2b 

oxidized with the aminium salt and left reacting for 1.2, and 24 hours showed no 

significant changes in the result. This suggests that, once the reaction occurs and the 

polymer precipitates. no further molecular weight decline will occur. As a standard. 

however, reaction times for oxidation were universally two hours. 



3.3.3 Oxidation of poly(ferrocenyldimethylsilane), 2a 

Of the systems being studied. polymer 2a is the prototypicd ferrocenylsilane. Due 

to the relative ease of its synthesis, it was the main polymer studied, and provided an 

overview of the oxidation behavior of poly(fe~weny1silane)s. 

Oxidation with Iodine. As an oxidant, iodine has the advantage of leaving no reduction 

products which need to be removed; iodine in the reduced form will exist as the triiodide 

counterion, 13-. Ln this reaction, substantial molecular weight decline occurred during 

oxidation, and afterward in the solid state as well (Figure 2). This suggests that neither 

iodine nor the counterion 13- is an innocent species. Throughout the oxidation. and in the 

solid state afterward, this species may be cleaving a C(ary1)-Si bond. As an attempt to 

prove this hypothesis, iodine was reacted with the ferrocenylsilane dirner 7?, left in the 

oxidized state for a penod of time. re-reduced with sodium naphthalide, and studied by 

GC-MS. Unfonunately. there appeved to be no fragmentation occurring. 

If the oxidation with iodine is done in the presence of an excess of the 

molecular weight decline is much less, and there is no further decline in the solid state, 

fûrther supporting the notion that the oxidized polymer is reacting with the triiodide 

counterion. (See Figure 3.) The degradation that is observed (in the case where PF6* is the 

countenon) is likely a result of the presence of triiodide in both the solution and the solid 

sample. However, this shows quite clearly that (at least over the span of two weeks) the 

oxidized polymer, when precipitated with PF6' as a counterion, is stable in the solid state. 

A 5 7 ~ e  Mossbauer çpectnim of polymer 2a oxidized with iodine, precipitated with 

PF6- is shown in Figure 4. The doublets for Fe(I1) and Fe(m) are clearly separated, 

indicating electron Iocalization on the Mossbauer iimescale. 



Figure 2. Molecular weight of Za, oxidized with iodine. a) GPC traces of the unoxidized 

polymer (solid line, M, = 500,000, PDI = 2.0) and the re-reduced sample (dashed line, M. 

= 50,000 (PDI = 2.0); 6000). b) Molecular weight of re-reduced samples (higher 

molecular weight fractions) as a function of time. 
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Figure 3. Molecular weight of 2a. oxidized with iodine. precipitated with PF6-. a) GPC 

traces of the unoxidized polymer (solid line, Mn = 130,000. PD1 = 2.0) and the re-reduced 

sample (dashed line, Mn = 40.000 (PD1 = 2.3); 3000). b) Moiecular weight of re-reduced 

samples (higher rnolecular weight fractions) as a function of time. 

1 o6 i o5 1 o4 
molecular weight 

time / d 



Figure 4. 5 7 ~ e  Mossbauer spectrurn of polyrner 2a oxidized with iodine, precipitated with 

PFa-. Doublets for both Fe(I1) and Fe(III) sites are distinguishable. The isomer shifts are 

0.492 and 0.397 mm/s and the quadrupolar splittings are 2.36 and 0.3 13 mmls, for Fe(m 

and Fe@), respectively. (Referenced to iron powder.) 



Oxidation with a Nitrosonium Salt, [NO][PF6]. Nitrosonium salts are desirable 

oxidants in this study because upon oxidation, nitric oxide gas, NO@), is given off, giving 

cleanly the oxidized polymer and counterion. However, as Comelly and Geiger point out 

in a recent review.15 these salts are non-innocent; a number of aitemate reactions can occur. 

Re-reduction of the polymer sarnples after a few hours in the oxidized form yielded a 

polymer with a number average molecular weight, Mn, substantialiy lower than that of the 

pristine polymer (degradation from Mn = 500,000 to Mn = 6,000: see figure 5a). Clearly, 

either the nitrosonium salts are not innocent one-electron oxidants in this reaction or the 

oxidized polymer is not stable. Re-reduction of samples at later times showed no further 

rnolecular weight reduction (Figure Sb): this indicates that the rnolecular weight decline 

occurred dunng the initial oxidation process. A milder and more innocent oxidant should 

provide better results. 



Figure 5. Molecular weight of 2a. oxidized with mO][PF6]. a) GPC traces of the 

unoxidized polymer (solid line, Mn = 500,000, PD1 = 1.6) and the re-reduced sarnple 

(dashed Iine, Mn = 6000, PD1 = 1.3). b) Molecular weight of re-reduced samples as a 

function of tirne in the solid state. 
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Oxidation with tris-@-bromophenyl)aminium cation. This cation, due to its intense 

blue color, is colloquially known as "Magic B i ~ e " . ~ ~  It functions almost exclusively as a 

one-electron oxidant (i.e., it is much less "non-innocent" than either nitrosonium sdts or 

iodine) . 

As with both iodine and mO][PF6], there is substantial molecular weight decline 

throughout the oxidation: but there is no fiuther decline in the solid state afterward (as in 

the mO][PF6] case). (See Figure 6.) This evidence suggests a number of conclusioi?ç. 

Firstly, that tbere is no molecular weight decline in the sdid state in the cases with a PFi  

counterion suggests that the oxidized polymer. once formed, is stable. Aiso, that 

degradation is seen in the solid state for the polymer with the triiodide counterion suggests 

that the oxidized polymer reacts with the triiodide. That the initial molecular weight decline 

is less in the reaction with iodine than in the other cases suggests that there is a dependence 

on the oxidation strength of the oxidant: that substantial molecular weight decline is 

observed in both the nitrosonium (in which a number of aitemate reactions can occur) and 

the aminium (in which. usually, only one-electron oxidation can occur) cases suggests that 

the stability of the polymer backbone to oxidation is. at least in the case of polymer 2a. not 

directly reIated to the reactivity of the oxidant (i-e.. reactivity other than one-electron 

oxidation). Polymer 2a may be prone to backbone cleavage through oxidation. In an 

anempt to determice this. and in an attempt to synthesize oxidized polymers in which 

molecular weight decline is minimized. the oxidation behavior of polymer 2b (in which 

methyl groups are randornly substituted on the cyclopentadienyl rings) was studied. 



Figure 6. Molecular weight of 2a. oxidized with [@-B~C~&)~N+][PF~]. a) GPC traces 

of the unoxidized polymer (solid line, M, = 500,000, PD1 = 1.6) and the re-reduced 

sarnple (dashed h e ,  Mn = 38,000 (PD1 = 1.8); 3000). b) Molecular weight of re-reduced 

sarnples (higher molecular weight fractions) as a function of time. 
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3.3.1 Oxidation of rnethylated polymer, 2b 

Studies on the poly(femocenylsi1ane) 2a show that oxidation results in molecular 

weight decline, either due to the inherent instability of the oxidized polyrners, or due to 

some reaction with the oxidant (or, in the case of triiodide, countenon). As a M e r  

investigation of the stability of the oxidized polymers, the behavior of polyrner Zb, in 

which the cyclopentadienyl rings each contained one methyl group (at random positions). 

That the methyl groups can serve as electron donors may serve to stabilize the oxidized 

polymers. 8b. For cornparison with the oxidarion of polymer 2a, polymer 2b was 

oxidized with iodine, [NO] [PF6]. and [@-BrC6H&N] [PF6]. 

Oxidation with Iodine. When polymer 2b was oxidized with iodine, there was. as in the 

other cases, substantial molecular weight decline and the appearance of a Iower molecular 

weight peak. However, there was no further observed molecular weight decline in the 

solid state. unlike that for polymer 2a. (See Figure 7.) This suggests that, as expected, the 

methyl groups on the cyclopentadienyl nngs are contributing to the stabiLity of the oxidized 

polymer: in rhis case. they may inhibit Si-C(aryl) cleavage that is most likely occurring in 

polymer 2a. 



Figure 7. Molecular weight of 2b. oxidized with iodine. a) GPC traces of the unoxidized 

polymer (solid line, M, = 100,000. PD1 = 1.8) and the re-reduced sample (dashed line. Mn 

= 40,000, PD1 = 2.0). b) Molecular weight of re-reduced samples (higher molecular 

weight fractions) as a fùnction of time. (In b, die pristine polymer had a molecular weight 

of 220.000.) 
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Oxidation with a Nitrosoniurn Salt, [NO][PFa]. As observed for the oxidation of 

polymer Za, there is substantial molecular weight decline throughout the course of the 

oxidation, and then none further in the solid state. (See Figure 8.) The molecular weight of 

the polyrner 2b declined from 100,000 to 10,000; the decline is substantialiy less than what 

was observed for polymer 2a (in which the molecular weight decreased from 500,000 to 

6,000). This suggests, as above, that the methyl groups are contributing to the stability of 

the oxidized polymer, especially since the observed degree of oxidation was the same in 

both cases. 

Oxidation with tN-@-bromophenyl)aminium cation. Studies with the other oxidants 

have shown that the polymer 2b shows less molecular weight decline dunng oxidation 

than polymer 2a. Oxidation with the "Magic Blue" cation shows the least molecular 

weight decline: the molecular weight of polymer 2b decreases from 100,000 to 70,000 

diroughout oxidation, and there is no further decline in the solid state aftenvard. (See 

Figure 9.) 



Figure 8. Molecular weight of 2b. oxidized with wO]pF6]. a) GPC traces of the 

unoxidized polymer (solid line, Mn = 100.000, PD1 = 1.8) and the re-reduced sample 

(dashed line, Mn = 10,000, PD1 = 1 S). b) Molecular weight of re-reduced samples (higher 

molecular weight fractions) as a function of time. 
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Figure 9. Molecular weight of Zb, oxidized with [@-Brc6~4)3N+][PF6]- a) GPC traces 

of the unoxidized polymer (solid Iine, Mn = 100,000, PD1 = 1.8) and the re-reduced 

sample (dashed line, Mn = 70,000 (PD1 = 1.5); 3,000). b) Molecular weight of re-reduced 

samples (higher molecular weight fractions) as a function of tirne. 

molecular weight 

time 1 d 



When these results are considered together, there are a nurnber of conclusions that can be 

drawn about the oxidation behavior of these polymea: 

1. The degree of oxidation is (for the nitrosonium and aminium salts, at les t )  

independent of the oxidant used. 

2. There is a molecular weight decline inherent to the oxidation process. While it is 

observed for al1 oxidants investigated, it is rninirnized for oxidants which are essentially 

ody oxidants (Le., the anriniurn salt). 

3. In the presence of an inert counterion (e.g., PF6-), there is no m e r  molecular 

weight decline in the solid state. With triiodide as counterion, there is further molecular 

weight decline following the reaction. 

4. The presence of methyl groups on the cyclopentadienyl rings (polyrner 2b) does 

not hinder the oxidation process; it does. however, reduce the molecular weight decline 

through oxidation. Also, the methyl groups appear to stabilize the oxidized polymer to 

reaction with triiodide. 



3.4 Surnmary 

The oxidation behavior of two ferrocenylsilane polymers has been examined with a 

variety of oxidizing agents. A general characteristic of all oxidation reactions has been 

molecular weight decline of the polymer. This has ken related to the strength and 

reactivity of the oxidant, the inertness of the counterion, and stability of the fermceniurn 

units within the polymer backbone. Molecular weight decline was minimized by using a 

miId oxidant (tris-p-bromophenylarninium hexafluorophosphate) and a polymer with 

methyl groups randody substituted on the cyclopentadienyl ring. 

Also, the crystal structure of an oxidized oligomer (the dicationic trimer) was 

obtained, and the information provided by it - that the terminal ferrocene uni& were 

oxidized while the central one was not - was consistent with the electrochemical mode1 

previously determined. 
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