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Abstract

Bimetallic valeric acid-derivatized monomers, both functionalized and non-

functionalized with azobenzene dyes, were successfully synthesized via nucleophilic

aromatic substitution reactions mediated by a cyclopentadienyliron moiety. The

subsequent step-growth polymeri zation of these monomers with a variety of nucleophiles

was also accomplished. Due to the presence of iron moieties, both the monomer and

polymer syntheses were performed under mild conditions. The iron moieties of the

polymers were then cleaved off via photolysis, giving rise to the organic analogues of

these polymers' lH and t3c NMR spectroscopic analyses showed that the organometallic

compounds were indeed synthesized and that the iron moieties were successfully

removed' The weight-average molecular weight for these organometallic polymers

ranged from 1l 800 - 31 600, while the molecular weights for the organic analogues

ranged from 7 600 - 20 500. Thermal properties for both the organometallic and organic

polymers were also investigated; the polymers showed good thermal stability and

possessed a moderate-to-large range in glass transition temperatures. uv-vis studies

were also conducted on the azo dye-functionalized organometallic polymers.

substituents on the azo dyes of the polymers affected the wavelength of maximum

absorption (i'e', I..*); also, when the polymers were introduced into acidic solutions, a

bathochromic shift was observed.

Cross-linked polymers were also successfully synthesized via step-growth

polymerization with a variety of nucleophiles. The monomeric unit was prepared by

reacting an organic compound with a dichlorobenzenecomplex, giving rise to a four-arm,

four-iron core monomer. Solid-state NMR spectroscopic analysis showed the successful



polymerization of this core; the disappearance of the cl-c peak was observed. The glass

transition temperatures of these polymers ranged from 104 to 146"C. The thermal

stability of these polymers was also studied; the results showed that degradation occurred

at multiple (i'e',three) steps. Molecular weight determination of these polymers was not

possible due to their insolubility, which is characteristic of crossJinked polymers.
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L.0 Introduction

1.1 Macromolecures and polymerization: A History

In 1953, H' Staudinger won the Nobel Prize in Chemistry for his macromolecular

hypothesis, initiating the field of polymer science.l His first hypothesis of

macromolecules appeared in a talk he gave to the Swiss Chemical Society in 1917. It

was in 1920 that he decided to study what were termed "high molecular compounds,,.I-3

It was this unique and fundamental idea that would take us into the age of plastics.

Since our beginning, humans have been able to utilize the materials that are

present on Earth and manipulate them in a number of ways, such as in the stone, copper,

bronze, and iron ages.t-o Before any methodical synthesis could take place, there was a

need to try and understand the chemistry of polymeric materials forming our biotic

surroundings; such polymers include cellulose, starch, rubber, and various proteins. For

centuries, all life on Earth has been using cellulose and starch as structural building

blocks and as energy to power their bodies, doing so without fully understanding these

materials that are so vital to survival, taking them for granted.r-6

As previously alluded to, Staudinger is considered as one of the forefathers of

polymer science. Another such individual is Leo Baekeland who, in 1905, prepared the

first completely synthetic polymer. This polymer was commercialized under the

tradename Bakeliterv, which can be seen in Figure 1.1.5-10 Formed by the reaction of

phenol and formaldehyde under heat and pressure, generally with wood flour filler, it was

the first completely synthetic plastic. Its nonconductive and heat-resistant properties

made it ideal for use in radio and telephone casings and electrical insulators. It was also



used in some early solid body electric guitars, most notably the first versions of the

Fender Telecaster and Stratocaster.s- I 0

't
--1\\- >---

cH.

/ ".ot
), ./(il

A./ -cHe

cHz

cHz

Hac

Figure 1.1: Structure of BakeliterM.

However the science behind this miracle product was inadequate. An

unambiguous conception of the structure of these materials was unavailable and, as such,

many scientists held these so-called "grease chemists" in contempt.7,e,l0 Due to the lack

of suitable experimental techniques at the time, proper study of these materials was not

possible. Thus, these scientists believed that these materials were colloidal in nature (i.e.,

that they were aggregates of the familiar small molecular species held together by

"secondary valence forces"). It wasn't until the 1930's that Wallace Hume Carothers

discredited this colloidal theory by establishing experimental verification of Staudinger,s



macromolecular theory. This work eventually led to the commercial development of

neoprene rubber and polyamide fibers such as nylon.5,rO

With polymer science finally moving forward, it was time for a classification

scheme' Carothers was the first to propose such a scheme. In general, one of two things

happens to monomers during polymer synthesis; the monomer either retains all or looses

some of its atoms during polymerization.s Carothers' classification scheme is based on

whether or not the repeating unit of the polymer contains the same atoms as the

monomer' If the repeating unit of the polymer contains the exactly same atoms as the

monomer' it is termed an "addition polymer"; this is seen in Figure 1.2. However, if the

repeating unit of the polymer does not contain the exact same atoms as the monomer, it is

called a condensation polymer, as iilustrated in Figure 1.3.s

initiator

Monomer Polymer

Figure 1.2: Addition polymer.
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Figure 1.3: Condensation polymer.

Unfortunately, there is some vagueness in Carothers' classification scheme. If the

structure of a polymer is given, then determining how it was formed would lead to some

uncertainty; since a given polymer structure may be arrived at by either an addition or a

condensation p.ocess.s

The modern polymer classification scheme utilizes the specific polymeri zation

mechanism as a suitable alternative to that of Carothers'. Two mechanistic categories

exist in this modern scheme.s If the mechanism involves the successive joining of

monomer molecules to the end of a growing chain, the process is termed chain-reaction

or chain-growth polymerization. As this mechanism will not be essential for our

purposes' it will not be discussed any further. The second type of mechanism involves a

stepwise build-up of monomers and is thus called step-reaction or step-growth

polymerization. This type of reaction occurs in the entire volume of a solution, building

J*'"

,i
\r*"-*'ll iì

o

4



up dimers, trimers, tetramers, etc, until oligomers and finally polymers are formed.

Equation 1-1 demonstrates the relationship between the degree of polymerization (Dp)

of a polymer, the polymer chain molecular weight, and the repeat unit molecular weight.

This equation shows that the number of repeat units in a polymer chain can be calculated

by taking the ratio of polymer molecular weight to repeat unit molecular weight.s,t0

DP = M*lpolymer¡/IvIplrrpeat unit) Equation 1-L

In step-growth polymerization monomers are consumed rapidly while the

molecular weights increase slowly. The end groups of the polymer chains remain

reactive, but the polymerization rate decreases steadily during the course of the

polymerization as the end groups are consumed. The polymerization slows down as a

result of an increase in the viscosity of the reaction medium, which slows the movement

of reactive chain ends and/or the removal of byproducts.6-8

There are a number of inherent limitations to the step-growth polymeri zation

mechanism' These include, but are not limited to, the need for highly purified monomers

and lengthy reaction times. Equations l-2(a) and (b) shows the relationship between the

DP and monomer conversion, p.t-,o

Equation l-2(a)

Equation l-z(b\

From the above equations, one can see that the length of a polymer chain has a strong

dependence on monomer conversion. N6 is the number of monomers at the start of the

reaction, whereas N is the number of monomers after a given reaction period. As an

example, let us start with 100 monomers (N6) and let only one monomer (N) remain at

the end of the reaction. Inserting these values into Equation l-2(b) gives a value of 0.99.

DP = 1/1-p

P = No-NÆ'[o



Substituting this value into Equation 2-l(a), we ger a Dp value of 100. If the same

calculation was performed once again, but with a monomer conversion value of 0.9g, the

DP would be halved to 50.7-10 This calculation therefore demonstrates the importance of

minimizing the amount of unreacted monomer in solution. A very small amount of

unreacted monomer (and thus high monomer conversion) results in high molecular

weight polymers via step-growth polym enzation.

As stated above, the other major limitation of step-growth polymenzation is the

fussy nature of monomer stoichiometric balance (i.e., the need for highly purified

monomers). In step-growth polymerizations, it is essential to maintain an exact

stoichiometric balance since only very pure monomers will allow for the production of

high molecular weight polymers. This is depicted in the following figure.e
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Factors that contribute to stoichiometric imbalance include mono-functional

impurities and side reactions. Mono-functional impurities will neutralize chain ends and,

as such, upset the balance of reactive sites. Side reactions (i.e., those other than the

polymer-forming reaction) on the other hand, upset the stoichiometry, which necessitates

the exploitation of high-yielding polymer-forming reactions. However, it may be
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desirable to limit polymer molecular weights for optimal property characteristics or

industrial processing needs. From the above discussions, there are three ways of

achieving this: the chemist may rapidly cool the solution, add an excess of one monomer,

or add an end-capping monofunctional impurity.4'6'e

Step-growth polymerizations are usually implemented in one of two ways;

electrophilic or nucleophilic substitution. Aromatic substitution was the focus of this

research, so that will be the focus here. With regards to conventional organic synthesis

techniques involving aromatic compounds, electrophilic aromatic substitution is the one

most encountered. However, if one desires to substitute a nucleophile onto an aromatic

system (S¡Ar), the presence of strong electron-withdrawing groups is required. The

synthetic methodology is usually time consuming and requires harsh reaction conditions.

An alternative to the attachment of single (sigma)-bonded electron-withdrawing groups to

the aromatic system is the use of organometallic reagents that are coordinated to the

entire electronic system of the aromatic ring.6-8'to

1.2 Ferroceneand Cyclopentadienyliron Complexes

Over the years, there has been quite an interest in the use of transition metals,

mainly from groups VI, VII, and VIII, in forming arene complexes for monomer and

polymer synthesis. Some of the more common metal complexes are Cr(CO)3, Mn*(CO)3,

CpFe*, and CpRu+.11'12 The interest in these specific moieties stems from their

availability to undergo nucleophilic aromatic substitution as well as addition reactions.

The strength of the electron-withdrawing capability of each of these metals has been

studied and it has been found that their relative strengths decrease in the following order:



Mn*(CO)3 > CpFe+= CpRu*>> Cr(co)3.lr

CpFe* has many advantages over the other complexes. The overall electron-withdrawing

strength of the moiety, its availability, and its relatively low cost make using CpFe+ very

appealing.

Before 1951, research involving complexes containing transition metal-carbon

bonds was quite rare due to the misled belief, by many, that these bonds were unstable.

The discovery of ferrocene by Kealy and Pauson in 1951 changed this belief and caused

an increased interest in organometallic chemistry.l2 It was not the intention of Kealy and

Pauson to make ferrocene; they were attempting to synthesis fulvalene from the Grignard

reagent of cyclopentadienylbromide using ferric chloride, but ended up producing the

orange bis(cyclopentadienyl)iron complex instead. Miller also reported the successful

synthesis of Fe(CsHs)2 by reacting C5H6 with reduced iron at 300oC at approximately the

same time as Kealy and Pauson. Chemists did not initially name this complex ferrocene;

it was later given that name because the cyclopentadienyl rings had aromatic character

similar to benzene.ll It was also determined, through X-ray diffraction, that the

ferrocene compound had a sandwich-type structure. This can be seen in Figure 1.5

below.

@
I
Fe

ö

Figure 1.5: Structure of ferrocene.



Ferrocene is a very stable complex and its initial synthesis created a huge interest

in the development of other organometallic sandwich-shaped complexes.ll-13 In 1955,

Arimoto and Haven synthesized polyvinylferrocene, the first ferrocene-containing

polymer. Their successful synthesis initiated a chain reaction of developments in the

synthesis of organoiron polymers. The following figure is the structure of

polyvinylferrocene. t t

Figure 1.6: Polyvinylferrocene.

The possibility of forming polymers with liquid crystalline characteristics, having

ferrocene incorporated into either the backbone or sidechains, has piqued the interest of

many people. Senthil and Kannantt have reported ferrocene-based liquid crystalline

polyesters, which also contain phosphate groups dispersed within the backbone. The

following figure is an example of one such polymer.ll'12

10



Figure 1.7: Ferrocene-based riquid crystalline polyester.

Even though ferrocene was the primary focus, other research was performed on

various iron-containing polymers, such as those containing iron carbonyl, arene

cyclopentadienyliron, and iron-acetylide groups. In general, iron-containing polymers

are prepared via common organic polymeization methods and possess a wide range of

intriguing properties. Specifically, whether the ferrocene is present in the side or main

chain, ferrocene-based polymers demonstrate interesting electrochemical, optical,

thermal, morphological, ph armacol ogic al, and magnetic properties. I I

Some of the early work involving iron tricarbonyl-coordinated polymers was

performed by Pittman in 1913 when he reported the AIBN- catalyzed, homo- and co-

polymerizations of n-(2,4-hexadien-1-yl acrylate)tricarbonyliron. This is shown in the

following figure. I l'1 2

o
Figure 1.8: Potymenzation of n-(2,4-hexadien-1-yl acrylate)tricarbonyliron.

l1



Pittman reported that the qo-diene goups in these polymers could be protonated to yield

the n-allyliron tricarbonyl and tetracarbonyl derivatives. Nakamura and coworkers also

reported similar polymers with iron tricarbonyl moieties in the side chains, including

their conductive properties. For example, the polymer shown in Figure 1.9 had a

conductivity of less than 1x10-10 S cm-l. However, when doped with iodine, its

conductivity increased to 3.2x10-3 S cm-l.ll

1ô
("

,ffi
Figure 1.9: Polymer synthesizedby Nakamura and coworkers.

Previous work has been focused mainly on the inclusion of ferrocenyl moieties

pendent to the backbone of a polymer. However, some more recent research has been

done with these moieties incorporated into the polymer backbone itself, whose synthesis

has been primarily centered around poly(ferrocenylenes). Korshak and Nesmeyanov

contributed a great deal of these types of polymers, performing much of the preliminary

research. One of the reactions successfully attempted by Korshak and Nesmeyanov was

that between ferrocene and tert-butyl hydroperoxide, which resulted in polymers with

ferrocene in the backbone as well as other polymers consisting of ether-substituted
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cyclopentadienyl rings. The ferrocene rings in these polymers were 1,1'- and 1,3-

substituted.ll

The synthesis of low molecular weight poly(ferrocenylenes) has been

accomplished through a variety of methods including, but not limited to, the following

reactions: (1) ferrocenyllithium with cobaltous chloride, (2) haloferrocenes with copper

salts, and (3) 1,1'-dilithio- and l,l'-diiodoferrocene with a catalytic amount of either

Cu(II) or Pd(II) salts.rr Reaction (3) resulted in polymers with molecular weights of up

to 10,000. Recent research involving the reaction of dihaloferrocene with elemental

copper or magnesium resulted in dehalogenation polymenzation. This is seen in the

following figure.rr

Cu powder

lsotgo oc

Figure 1.10: synthesis of low molecular weight poly(fenocenylene).

Polyferrocenes containing silicon have also been synthesized. One such example

is the reaction of the dilithium salt of dicyclopentadienyl dimethylsilane with ferrous

chloride, resulting in the following polyferrocenylsilane.l l-13

'--'o,-
I
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R = H, Me, SiMe¡

Mg
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Figure 1.11: Poly

The synthesis of polymers via ring-opening polymerization, or ROp, has been a

topic of research for many years. In 1995, Manners and associates reported the ROp of a

variety of phosphorous-bridged ferrocenophanes, yielding polymers with

phosphorous(Ill) and phosphorous(V) centers. These reactions were conducted at

temperatures between I20 and 250'C in order to open the rings and form the polymers.

The following figure illustrates this synthesis.rr

120-2500c

Figure 1.12: Ring-opening polymerization.

A very important breakthrough in organometallic polymer chemistry was the

replacement of one of the cyclopentadienyl rings of ferrocene by an arene, producing the

o
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cationic q6-arene-r¡s-cyclopentadienyliron complex.la-l? In 1957, Coffield synthesized

the first cyclopentadienyliron-coordinated arene by refluxing mesitylene with

cyclopentadienyliron dicarbonyl chloride. However, it was not until 1963 that

Nesmeyanov synthesized these complexes using ferrocene as a starting material.ls'le Not

surprisingly, these organoiron complexes possess some very different properties when

compared to neutral ferrocene. For example, the complexed benzenes of these

organoiron complexes exhibit an increased susceptibility to nucleophilic attack relative to

the uncomplexed benzenes. Secondly, the complexes are electrochemically reduced,

whereas ferrocene undergoes stable electrochemical oxidation. These complexes also

possess reduced thermal stability due to the arene iron bond, which is easily cleaved by

photolysis, pyrolysis, and electrolysis.20-2a

As previously mentioned, a variety of metallic moieties are employed to increase

the reactivity of arenes toward nucleophilic aromatic substitution. Cr(CO)¡ complexes

have been one of the most thoroughly studied, especially the [(q-arene)(CO)gCr]

complexes, even though the starting material needed to produce this complex [Cr(CO)6]

is expensive and reaction times are usually long. Cyclopentadienyliron complexes,

however, do not suffer from these drawbacks; they can readily be made via a ligand

exchange reaction involving low cost and low toxicity starting materials, resulting in

highly soluble products with easily removable organoiron moieties.25-32

Nesmeyanov was the first to use the ligand exchange reaction to produce a [(n6-

arene)(Cp)Fe*lX-complex. The ligand exchange reaction (Figure 1.13) has since been

used extensively in the preparation of various organoiron arene complexes. The reaction

utilizes ferrocene, an arene, AICI3 and Al powder. The AlCl3 coordinates to a Cp ring of
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ferrocene, which undergoes nucleophilic attack by the arene to form the ligand exchange

product. The presence of the Al powder prevents the oxidation of the ferrocene to the

ferricinium ion. Typically, due to the Lewis acid nature of AlCl3, the presence of

electron-withdrawing groups on the arene ring tends to lower the reaction rate by

coordinating to the Lewis acid. Conversely, the presence of electron-donating groups

increases the yields and allows the reaction to occur under milder conditions. Following

reaction, the cationic complexes are isolated as their salts.30-34

Fe

ö

130-1600C

Atcl3, Al

R = H, Cl, CH3

R'= alkyl, aromatic, or halogen group

X = PFo, BF4, SBFó

Figure 1.13: A ligand exchange reaction.

Once isolated, the arene unit of the arene-Fe*Cp complex may undergo

nucleophilic aromatic substitution wiïh various nucleophilies, thus creating C-C, C-N, C-

S, and C-O bonds. Once again, Nesmeyanov pioneered this reaction, and it has

subsequently proven useful in the synthesis of a variety of organoiron complexes that

incorporate various nucleophiles. Figure 1.14 represents a general example of some of

the reactions common to this system.2o-2a

T6



Nuc-

Nuc- = PhOH, PhSH, CH(CN)COOET

Figure 1.14: SrvAr reactions invorving a [(q6-arene)(cp)Fe*]X- complex.

As it directly relates to the formation of aryl ether groups, this work focuses on

oxygen- and sulfur-containing nucleophiles. These nucleophiles allow for the generation

of the important aryl ether bond in thermoplastics.33'3a The cyclopentadienyliron-

mediated nucleophilic aromatic substitution represents an improved methodology in the

formation of aryl ether bonds over traditional methods such as the Ullman ether

synthesis. These metallated polymers may be interesting in themselves due to the

electrical, mechanical, and optical properties imparted by the metal, or may be

decomplexed to yield the organic analogue, which would have been difficult to

synthesize otherwise. I 8'22'33

The decomplexation of the metal is just as simple as its previous introduction.

The arene should be liberated from the metallic moiety easily and in high yield.l5'20

Additionally, the arene should be robust enough to be isolated in its own right. Methods

have been developed to carry out this straightforward, high-yielding decomplexation.

Three such methods include pyrolysis, photolysis, and electrolysis.3s-a7 In pyrolysis, the

arene must be thermally robust in order to survive the high temperatures utilized

(-200"C). Pyrolyses are often conducted in a high-boiling solvent, like DMSO, or under
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vacuum in a pyrolytic sublimator.ls'2o In photolytic methods, the arene is not required to

be heat-stable, and may contain functional groups sensitive to reduction. photolytic

demetallation often gives superior yields, and the liberated arene can easily be purified

through extraction or column chromatogruphy.at-M Due to solubility and isolation

requirements, acetonitrile is commonly used as the solvent. Figure 1.L5 illustrates a ring

slippage mechanism proposed by Schuster. The complex is first excited to a triplet state,

which opens up a coordination site as the ring slips from î16 to 14. Subsequent

coordination by acetonitrile leads to an acetonitrile adduct, which decomposes to form

ferrocene and various iron salts.15'20'40-47
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Figure L.15: Mechanism of arene liberation from the cyclopentadienyliron moiety.
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The cyclopentadienyliron-mediated synthesis of the aryl ether bond has been

extended to the synthesis of bi- and polymetallic species.2O Through the application of a

stepwise approach to the synthesis, polymetallic aryl ether species can be achieved.

Figure 1.16 shows the synthesis of bimetallic species. By reacting variously substituted

chloroarenes and bisphenols in the presence of a weak base (ie. K2CO3), bimetallic

species with ether or thioethers bridges may be obtained in high yields. a8-5a

I

[e+ero

@
R=H, CH¡, Cl

I

ö'

I

d
base

f,=

o(cH2)no

s(cH2)ns

Figure L.16: Preparation of bimetallic complexes via S¡Ar reactions.

Depending on the ratio of chloroarene to nucleophile, both the mono- and bimetallic

species can be prepared from the ri6-dichlorobenzene-qs-cyclopentadienyliron.

The synthesis of polymetallic species such as poly(phenylene sulfide) and

poly(phenylene oxide) was reported by Dembek and coworkers, who utilized the
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pentamethylcyclopentadienylruthenium moiety. They were able to prepare these

organometallic polymeric derivatives under extremely mild conditions (i.e., 60.C for 1-2

hours), avoiding traditional methods that require extremely high temperatures and

pressures.5s's6 This work has been extended by Abd-81- Aziz et al., who have been able

to prepare macromolecular species utilizing both step-wise and traditional batch

approaches. Utilizing the step-wise approach, Abd-El-A ziz et al. have been successful in

preparing materials with as many as 35 pendent metals. This approach is important

because it allows for a controlled synthesis of monodisperse oligomeric aromatic ethers.

The cyclopentadienyliron moiety may be cleaved through photolytic demetallation (as

mentioned earlier), allowing for the isolation of polyarylethers. Abd-El-Aziz et aI. have

also shown the possibility of synthesizing these materials in one step by utilizing a srep-

growth polymerization method. This method, as shown in Figure L.17, produces

polydisperse polyarylethers.sT-68
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X-

S(CH2)nS n=2,4,6,8

Figure 1.17: Preparation of organometallic polymers.

1..3 Azo Dyes

L.3.1 History and Synthesis

Much attention has been given to the physical basis of colour. A dye is a

coloured substance, usually organic in nature, which can be applied to a substrate in order

to impart colour.6e The substrate is usually a textile fiber, but other applications such as

paper, leather, hair, plastics, or foodstuffs are common. The production of commercial
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dye compounds is one of the largest industrially driven organic synthesis trades and, as a

result, there is little informâtion preceding 1980 in the literature due to the flurry of patent

activity that dominated this field.7O The commercial dye trade is dominated by àzo type

dyes, first discovered by Peter Griess in 1858; these dyes incorporate the N=N group as a

chromophore, which commonly bridge two or more aromatic units.Tl Although most of

the original data are subject to patent protection, there has been substantial subsequent

(post 1975) research investigating various types of azo dyes, all exhibiting their own

colour and characteristics.To'7z11 The coloured dyes can be classified as either n)æ* or

donor-acceptor chromogens. Azo dyes fall into the latter category, which aÍe

charactenzed as possessing one or more substituents with lone pair electrons (donor

groups) and one or more electron-withdrawing substituents (acceptor groups) attached to

the same conjugated æ-electron system. Figure 1.18 provides the generic representations

of two of the more common forms: an aminobenzene (left) and a thiophene/thiazole-

derived (right) azo dye.70'72-7t Recently, these dyes have attracted considerable attention

in polymer systems due to their potential uses in opticar apprications.Ts'7e

R''

Figure 1.18: Aminobenzene (left) and thiophene-based (right) azo dyes.

The manufacture of azo dyes is always based on the reaction of diazonium

compounds of benzene (or heterocyclic moieties) with phenols, napthols, arylamines,

pyrazolones, or other suitable components, yielding hydroxy-azo or amino-azo

\ o
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compounds.T2-78 These resulting dyes contain a chromophore (the azo group) and an

auxochrome (the hydroxyl or amino group).12-77'7e

Azo dyes are commonly synthesized via a coupling reaction between diazo (or

azo) and coupling components. For azobenzenes, the diazo component is quite often a

functionalized aniline, while the coupling component may be an aniline or a phenol.72'73,78

In particular, N-B-hydroxyalkylanilines are commonly employed as coupling components

due to the electron donating ability of the aniline functional g.oup.80 Figure 1.19 shows

the formation of an azobenzene.tt'8l This reaction is termed a diazotization reaction,

which can be categoized into two steps, namely a diazotization step and a coupling step.

In the first step, the diazo component undergoes diazotization as a result of its reaction

with nitrosylsulphuric acid (HSOaNO, arising from the reaction of sodium nitrite with

sulphuric acid). Other nitrosating agents may be used, some of which include nitrosyl

bromide or chloride (NOBr/Cl), dinitrogen trioxide (nitrous anhydride, NONO2), or the

nitrous acidium ion (NOOHz); however, nitrosylsulphuric acid is by far the most

common.Tl'82

Figure 1.19: Synthesis of an azobenzene dye.
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Formation of the azo functional group requires low pH and low temperature so as

to allow for the formation of the acid and to ensure that the stability of the intermediate is

not compromised.Tl Diazotization proceeds upon stirring for a couple of hours, at which

time the solution is combined slowly with a solution of coupling component. The azo

component, being strongly electrophilic, reacts with the coupling component, which

typically has a carbon with higher electron density (such as the carbon occupying the para

position in aniline). The overall reaction is one in which a diazonium ion reacts with a

free amine via electrophi lic aromatic substitution. 7 1'8 I

The methodology used to synthesize thiophene-based azo dyes is very similar to

that just discussed for azobenzene dyes. The difference occurs in the type of reaction

utilized. The thiophene analogues are typically synthesized via a Gerwald-type reaction,

which yields 2-aminothiophene derivatives.T4'7s'83-8s Regardless of the specific dye, the

final step in the reaction process is neutralization of the medium. The actual method by

which this occurs depends strongly on the nature of the reactants. Amines typically

require acidic solvents, and therefore must be neutrali zed, by alkaline solutions, whereas

phenols are typically coupled in slightly alkaline conditions, thereby necessitating the

addition of an acid for neutrali zàtion.73'74'86'87

1,.3.2 Characteristics and Colour of Azobenzene Dyes

Iæt us begin with an overview of the reasons why compounds are coloured before

specifically discussing the nature of azo dyes. Colour arises from electronic transitions

resulting from the absorption of electromagnetic radiation in the visible region of the

spectrum (i.e., between 400-800 nm).tt'88 The actual colour observed for a substance
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arises from the absorption of the conjugate colour. For example, a red colouration results

from the absorption of blue-green light at approximately 500 nm.8e

Upon absorption of light, an electron is promoted into an excited state. In the

specific case of absorption of visible light, the electron is promoted from the highest

occupied molecular orbital (HOMO, typically non-bonding, n, or æ-bonded orbitals) to

the lowest unoccupied molecular orbital (LUMO or anti-bonding orbital, ru*). The

following figure compares the electron configuration of the ground (a) and excited (b)

states of a molecule.eo

6tF 6t*

r*

Enerpy

+" j-*"+' -J+"
{ol {b}

Figure 1.20: Ground (a) and excited (b) stares of a molecule.e0
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Upon excitation, the electron is promoted into an excited singlet state (in which

the electron spin remains unchanged relative to its original value). The electron does not

remain in the excited state indefinitely, as the excited state is deactivated by collisions,

emission of radiation, or photochemical reactions.Tl'e0'el Absorption of light that

promotes electrons into two closely spaced vibrational bands (within a given energy

state) usually creates one broad band rather than two individually resolved bands. The

broad bands result from the loss, or collapse, of the fine structure. These losses are due to

the large number of different vibrational and rotational transitions available for a

molecule, as well as intermolecular effects. The intensity of the band is a measure of the

probability of the particular excitation occurring. The higher this probability, the greater

the intensity, and thus the larger the molar absorptivity (i.e., e in Beer's Law, A = ebc for

that molecule).e0-e2 AIso, the namower the band, the brighter the colour; therefore, a

naffow band will result in a more vibrant colour, while broad bands produce dull

colours.71 '90-92

In terms of azo compounds, the transition of importance is the æ)æ* transition.

The reason for this is that n)n* transitions are usually more intense than n)n*

transitions. The zr)æx transition tends to overlap with the n)n* transition, thus

rendering the latter rather insignificant in terms of observed .o1out.7l'82'e0-e2

The structure of a compound can largely affect the position of an absorption band.

For example, an aromatic system, when compared to a non-conjugated system, would, as

a rule, absorb at higher wavelengths (or lower energy). This is due to conjugation. As

the amount of conjugation increases, the energy difference between the highest occupied

and lowest unoccupied molecular orbitals decreases.Tl In other words, conjugation
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stabilizes the excited state, bringing it closer in energy to that of the ground state,

meaning that less energy is needed to excite the molecule. It is for this reason that highly

delocalized ¡u electron systems (i.e., highly conjugated systems) usually exhibit vibrant

colours.To'93

Given the wide commercial application of azo compounds as dyes and pigments,

their most useful property is their ability to absorb in the desired portion of the visible

region of the electromagnetic spectrum. Furthermore, a wide range of absorption

characteristics providing an equally wide range of colour choices would be favored. Due

to the high degree of conjugation associated with these types of molecules, absorption

throughout the visible region is common .'72'73,e4'eg

NR1R2

Figure 1.21: Substituted azobenzene.

Azo dyes of the type shown in the above figure are termed donor-acceptor

chromogens due to the migration of electron density through the molecule.ss'ee In Figure

1.21, the diazo component, substituted with X, Y, and Z substituents (typically electron-

withdrawing), is the acceptor (or azo) chromogen, while the coupling component,

substituted with A and B (typically electron-donating), is classified as the donor

chromogen.ee The UV-Vis spectra for these types of molecules possess absorption bands

in the visible region, which are related to the migration of electron density over the

o
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molecule, from the terminal amino group to the azo bridge.tt'ne Th" broadest and most

intense band is charactefized as the n)n* band, usually occurring somewhere between

380-475 nm. This may overlap with the weaker n)rc* band, which usually occurs around

440 nm.72'82'100 In addition, there are low wavelength absorptions present in the UV

region, which are a result of electronic transitions involving the aromatic rings.82 The

n)n* band is relatively unchanged as the substitution pattern of the benzene rings is

altered, owing to the fact that the n)æ* band is localized on the azo group, and is thus

relatively free from changes to the aromatic system. However, the highest occupied æ

orbital arises from the aromatic rings, therefore any change in the electron distribution of

the benzene system will result in a change of position of the n)n* band.el

Due to the high degree of delocalization in azo molecules, azo dyes are thought to

exist in two canonical forms (see Figure 1.22).ee It has been found that in the ground

state, resonance structures do not exhibit alarge influence on the visible absorption band;

form (I) in Figure 1.22 below is an approximate representation of the ground state.

However, due to the imparted energy associated with the excited state, the resonance

forms do become significant, and therefore may influence the visible absorption band. It

is for this reason that the dipolar form (II) is usually used to represent the excited

state.ee'lol The domination of one form over the other, and the degree to which it occurs,

is dependent on the nature of any substitutents present, as well as the steric factors that

may arise from those substituents.T2'73
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Figure 1.22: canonical forms of a substituted aminobenzene.

One of the more interesting characteristics of azo compounds is their potential to

undergo trans/cis isomerizati on.72'et'100'102 Figure 1.23 shows the two possible forms

with respect to azobenzene.lol Studies have shown the trans form to be predominant. It

has also been demonstrated that the trans form may change to the cis form upon

inadiation.Tl'78'el'100'102't0a There exist two mechanisms of trans/cis isomerization of azo

compounds: (1) torsion around the N=N bond, and (2) inversion of one nitrogen atom.

Through computational models, it was determined that torsion is preferred for ground

state or thermal isomerization, while inversion is favoured upon n)n*

excitation.7l,78,9 I, I 00, I 02-104

Trans-azobenzene Cis-azobenzene

Figure 1.23: Isomers of azobenzene.
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Due to the large difference in spatial affangement between the trans/cis forms, the

isomerization process may influence the visible absorption band. The isomerization of

trans-azobenzene illustrates this point. In trans-azobenzene, the n)n* excitation

produces a visible maxima at 316 nm, while the n)æ* excitation produces a much

weaker band at 447 nm. If the azobenzene were to change into its cis form, then the

corresponding bands appear at 260 and. 440 nm, respectively.ee Given that the

predominant form is trans and that substitution of the azo molecule typically pushes the

n)n* band to longer wavelengths (overlapping the n)rc* transition), the change in the

observed absorption band tends to be limited. This does not apply to polarization,

configuration, or electro-optical properties. The photoisomerization of azobenzene dyes

is the main reason why these compounds have been examined as potential molecular

switches and photoresponsive materials.sl'100'l0s-107

L.3.3 Substituent Effects and Acidic Conditions

As previously mentioned, resonance hybrids can affect the position of visible

absorption bands. Since the wavelength of a visible absorption band is directly related to

the energy differences between the ground and excited states, resonance theory concludes

that any alteration to this energy difference, resulting from changes in electron migration

between the two forms, will alter the visible absorption band, and therefore the colour of

the dye.88'ee For example, if substituent X in Figure 1.22 has electron-withdrawing

capabilities, the migration of electron density will be enhanced, thus lowering the energy

of the excited state [form (II)] and shifting the absorption band to a higher wavelengrh.

This type of shift to longer wavelengths is termed bathochrom jsm.72,73,ee'101 This effect
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also occurs when Rl and R2 on the amino group are electron donating (thereby increasing

the donating power of the donor component and stabilizing the excited state). If electron

donating groups are present on the azo component, and electron-withdrawing groups on

the donor group, then either the shift will be small, or the excited state will be

destabilized to such an extent that the energy difference between levels increases,

resulting in a shift to shorter wavelengths. This type of shift is termed a hypsochromic

shift.ee'l 08

Another interesting characteristic of azo dyes is the change in their absorption

wavelength when exposed to acidic conditions. By creating a tautomer between the azo

dye and its protonated form, acidic conditions remove the n)r¿* band, causing a

bathochromic shift.Tl'88'el'e6'ee The change in the absorption peak of the protonated

analogue relative to the neutral form is termed halochromism. Positive halochromism

represents a bathochromic shift, while negative halochomism a hypsochromic shift.

Figure 1.24 shows the protonation sites of an aminobenzene-derived dy".nn An increase

in acidity typically creates two distinct absorption bands. As one increases the acidity, a

decrease in intensity of the band due to the neutral form of the azo dye is observed.loe'll0

This can be attributed to the conversion of the neutral form of the azo dye into its

protonated form.
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Figure 1.242 Tautomeric equilibria existing in acidic solution.

1.3.4 Applications of Azo Dyes

Traditionally, the role of azobenzene related dyes has focused on the colouring of

textile products, with the original application being to cover up the natural discolouration

of early plastics.r0s The inclusion of azo compounds into polymeric materials was Iargely

limited to dyeing of natural and synthetic fabrics such as polyester and nylon.'12,73,80,s4,ss

However, with the increase in polymer science research, azo compounds began to be

used more and more to simply increase the attractiveness of polymers.l0s One of the

main drawbacks to early colouring of fibers was the inability of the colour to persist over

time. Fading, as a result of wash out or chemical change, was a great concern.6e It is

because of this that researchers began to study the possibility of covalently bonding the

dye chromophore to the polymeric material in the attempt to synthesi ze a "peÍmanently"

coloured plastic. Millikan was one of the first to synthesize a coloured polymer through a

condensation reaction, utilizing a polyurethane.t05

In the past decade, there has been a switch from the design of structural linkages

to that of functional linkages in the field of polymer chemistry. Historically, polymer

chemists were more interested in the bulk properties of the polymer and less so on the
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actual functionalization of the polymer.sl However, with recent developments in

photoresponsive materials, electro-optical properties, and electronic storage devices,

there has been a movement towards functional polymers that are tailor-made for a

specific function as a result of the specific functional group used in the synthesis.8l,lrl

Azo compounds are uniquely suited for use in functional polymers given that they

may undergo photo-induced isomerization, and that the chromophore units ate

characteized by efficient electron mobility. Functional polymers that incorp oïate azo

dyes possess many useful properties. These types of polymer can be photochromic,

photoresponsive, biodegradable, heat resistant, and liquid crystalline in structure. As a

result of these numerous properties, these types of polymers have applications in liquid

crystal display devices, thin film sensors, optical connectors, and data storage devices. It

is also worth noting that the chromophore units allow the study of orientation and

structure of the polymer.T2'73'81'es'ee'l0s'l I l-120

Many research groups focus on the study of azo compounds incorporated into a

variety of polymers. Abd-EI-Aziz et al. have reported polymers possessing azo

chromophores both pendent to and incorporated into the backbone. They have also

incorporated azo compounds into norbornene, which subsequently undergoes ring

opening metathesis polymerization.l2l-136 Wang and colleagues successfully incorporated

the chromophore post polymenzation to produce polyelectrolytes, which show promise

as unique ultrathin multilayers and stimuli responsive materials .t14,137 Nishihara and

coworkers have examined ferrocene in oligomers and polymers bridged with azo units.

These compounds display both longer wavelength bands than azobenzenes and as well as

altered absorption peaks with oxidation of the ferrocene units.138 Manners et. aI. have

34



1,.4

also worked on ferrocene polymers, specifically poly-(ferrocenylsilanes). These

polymers show potential as non-linear optical materials and display interesting thermal

properties.l3e

Cross-Linked Polymers

Cross-linked (or network) polymers have both benefits and drawbacks, much like

many other types of polymers. Cross-linked polymers may be visualized as having a

continuous ladder-type structure (this can be seen in Figure 1.25¡.t+o-tu Cross-linking

between chains prevents free-chain movement, which maintains the structure of and often

strengthens the polymer. At the same time, however, the polymer experiences decreased

flexibility and increased brittleness. Another major drawback is the characteristic poor

solubility of cross-linked polymers, which can cause difficulties in processing and

analysis. Other benefits include reduced crystallinity and increased absorbency .142't4s-t4'1

In general, two types of cross-linking exist, mainly physical and chemical. In

physical cross-linking, long chains entangle, effectively forming chemical "knots"

between the various chains. Chemical cross-linking, on the other hand, is when actual

chemical bonds (usually covalent) are made between the chains.la6-la7

Crosslinking can occur either with or without the addition of an external agent

(i.e., a cross-linking agent). When a cross-linking agent is introduced, the process is

termed curing. Crosslinking can be effected through a variety of means, including

application of heat, mechanical procedures, exposure to ionizing and nonionizing (such

as microwave) radiation, exposure to active chemical agents, or any combination of

these. 
1 40,148,1 4e
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The synthesis of a network polymer has been accomplished utilizing a variety of

approaches, including those listed above. During the initial stages of cross-linking, there

is a rapid increase in the viscosity of the mixture, which becomes elastic and begins to

feel like rubber. At this point, the mixture is said to be "gelled". Beyond this point, the

polymer is insoluble. cross-linking will continue beyond this gel poi¡¡.ra0'rso-ts2

Epoxy resins are very well-known of chemical cross-linking.t40-142't4e'ts2 They

begin as linear polymers with epoxy functional groups. A crosslinking agent (usually a

diamine) is then introduced, which reacts with the epoxy group via condensation reaction.

The result is a formation of a network polymer, commonly known as epoxy resins (or

glue). Another well-known cross-linked polymer is vulcanized rubber, which was first

synthesized by Charles Goodyear around 1840. He reacted polyisoprene with sulfur

under heat (hence the name vulcanized), which produced sulfide bridges between the

polyisoprene chains.la0-142't4e-tsz This can be seen in the following figure.
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Figure 1.25: Vulcanization of polyisoprene.

Some other industrially important crosslinked polymers include phenol and amino resins,

unsaturated pol yesters, concrete, carbon, si loxanes, and i soc yanates. I 4 I

1.5 Instrumentation

L.5.L Nuclear Magnetic Resonance Spectrometry

Nuclear magnetic resonance (NMR) spectrometry is one of the most widely used

analysis techniques in chemistry today. This technique exploits the fact that nuclear

energy states are split into discrete energy levels when under an applied magnetic

field.l53-ls5 The number of levels created by this field depends on the spin quantum
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number, I, and is given by (2I + l). The two most commonly used nuclei for NMR

studies are tH and l3C. Less commonly utilized are the 'nF, "p, and 15N nuclei. Since all

five of these nuclei have a spin quantum number of Vz, application of an external

magnetic field causes these nuclei to split into two levels, a +I/2 state (o) and a -L/Z state

(B). Figure 1.26 shows this phenomenon, where No and Np represent the populations of

the two states.ls3

't

SPin = +

.to

-¡à>

i, s,

rlt

Figure 1.26: Splitting of nuclei under a magnetic field (magnetic field direction is

parallel to the ordinate).1s3 From Principles of Instrumental Analysis 5th edition by

SKOOG. 1998. Reprinted with permission of Brooks/Cole, a division of Thomson

Learning: www.thomsonrights.com. Fax: 900 730_ZZl5.

The lower (o) level has a slightly higher population than the B level. The energy

difference between the two levels, AE (J), is dependent on the magnetogyric ratio (y, a

constant for a given nucleus, radians.T-l.s-1¡, plank's constant (h, J.s), and the magnetic

field strength (Bs, T). This can be seen in Equation L-3.rs3

Equation 1-3

ftr

Spin = - L,l

AE = (h yl2n)Bs
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Once the degeneracy is removed, a radiofrequency (rf) pulse is applied, which

causes a net absorption of energy. This results in an increase in the population of the

higher (p) state. The frequency of radiation (u, IIz) required is related to AE, and is

therefore directly related to the magnetic field strength. Equation 1-4 demonstrates this

relation.ls3

11= (yl2n)Bs Equation 1-4

If one imagines the nuclei as precessing around the ¿-axis (the direction of the applied

magnetic field), then the application of a 90o radiofrequency pulse directs the magnetic

moments (tt) of the nuclei to lie within the ry plane. A receiver coil placed in this plane

detects the induced voltage by the precessing spins.ts3'lsa Figure 1.27 shows this

precession of the nuclei in an applied magnetic field along the e-axis.ls:
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Figure l.2TzPrecession of nuclei under the influence of an external magnetic field.ls3

From Principles of Instrumental Analysis 5th edition by SKOOG. 1998. Reprinted with

permission of Brooks/Cole, a division of Thomson Læarning: www.thomsonrights.com.

Fax: 800 130-2215.

NMR spectra display peaks on a frequency abscissa. The frequency domain is

produced via Fourier transformation of a signal acquired in the time domain. The

individual peaks (corresponding to individual nuclei on the molecule) appear at various

frequencies, those of which depend on the chemical environment in which the nuclei

reside. The chemical shift of a peak (ô), which is defined as the resonance position of the

peak of interest relative to a reference compound [ô (ppm) = frequency of absorption in
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Hzlspectrometer frequency in MHzl, is related to the effective field experienced by the

nuclei. The effective field arises from the electron density present near the nuclei of

interest. For example, the protons of CH¡CI have less electron density associated with

them than do those of CFI+. Since they are effectively deshielded by the chlorine, the

protons of CH¡CI are observed "downfield" (3-4 ppm) relative to those of CFI+ (=0.q

ppm).1s3

A magnetic field causes electrons under its influence to circulate, which creates

an induced magnetic field. For example, in aromatic systems, the application of B6

creates a ring current of electrons perpendicular to the applied field. This, in turn, creates

an induced magnetic field at the aromatic protons, which is in the same direction as the

applied field. This lowers the external rf field necessary to bring the protons into

resonance. Thus, the protons absorb (resonate) at higher ppm values (=7 ppm).153'ls4

This is shown in Figure 1.28.
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Figure 1.28: Deshielding of aromatic protons.ls3 From Principles of Instrumental

Analysis 5th edition by SKOOG. 1998. Reprinted with permission of Brooks/Cole, a

division of Thomson læarning: www.thomsonrights.com. Fax: 800 730-2215.

In addition to the chemical shift being affected by neighbouring atoms, the

appearance of the peak itself can change. This depends on the nearby nuclei via a

process called spin-spin coupling. With regards to rH NMR spectra, a proton signal will

be split for each non-equivalent neighouring proton in close proximity (usually 3-4 bonds

removed). Coupling arises from the tendency for neighbouring spins to pair themselves

with the spin of the nuclei of interest. As an example, the protons of ethane are all

equivalent and therefore would show as a single peak. However, in chloroethane

l[",1r
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(CICH2CH3) the methylene group is not equivalent to the methyl group, and would thus

be split into a quartet, while the methyl would appear as a triplet. The peak multiplicity

is governed by (2nI + 1), where n is the number of neighbouring protons and I is the spin

quantum number of the neighbour. The value inHz for the distance between the peaks is

called the coupling constant, J.153-1s5

In solution NMR, spectra consist of a series of very sharp transitions, which are

due to the averaging of anisotropic NMR interactions caused by rapid random tumbling.

Alternatively, solid-state NMR spectra are very broad, as the full effects of anisotropic or

orientation-dependent interactions are observed in the spectrum.ls6-ls8 High-resolution

techniques/equipment applied to solid-state NMR analyses can provide the same type of

information that is available from corresponding solution NMR analyses. Some of these

techniques include magic-angle spinning, cross polarization, special 2D experiments, and

enhanced probe electronics.tt6 The presence of broad NMR lineshapes, once thought to

be a hindrance, actually provides much information on chemistry, structure, and

dynamics in the solid state.ls6'1s7
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Solution 13C NMR

Solid State 13C NMR

150 100 50 0 ppm

Figure 1.29: Comparison of solution and solid state r3C NMR. Figure 6.7,Magic-angle

side band patterns arising from chemical shift anisotropy, from "fntroduction to Solid-

State Spectroscopy" by M.J. Duer (2004) by permission of Blackwell Publishing Ltd.

Historically, NMR experiments focused on tH and leF NMR due to their high

sensitivities. However, anisotropies in the local fields of the protons broadened the lH

NMR spectra such that no spectral lines could be resolved. The only cases in which

useful spectra could be obtained were for isolated homonuclear spin pairs (e.g., in HzO)

or for fast moving methyl groups. Much of the original solid-state NMR in the literature

focused only upon the measurement of lH spin-lattice relaxation times as a function of

temperature in order to investigate methyl group rotations or motion in solid polymer

chains.l5T'I58 This changed when it was shown by E. R. Andrew and I. J. Lowe that

anisotropic dipolar interactions could be suppressed by introducing motions on the solid.
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This novel technique involved rotating the sample about an axis oriented at 54;4o with

respect to the external magnetic field, which became known as magic-angle spinning

(MAS).156 In order for the MAS method to be successful, spinning must occur at a rate

equal to or greater than the dipolar linewidth (which can be many kHz wide). On older

NMR probe designs, it was not possible to spin with any stability over 1 kHz.1s6

A number of methods have been developed in order to minimize large anisotropic

NMR interactions between nuclei and to increase the S/1.{ ratio in rare spin 1e.g., 
13C, lsN;

NMR spectra. Some of these methods include MAS, dilution, multiple-pulse sequences,

and cross polarization.ls6'ls7 MAS, as mentioned above, rapidly spins the sample at the

magic angle with respect to Bs. Dilution occurs naturally for many nuclei in the periodic

table, as the NMR active isotope may have a low natural abundance (".g., t,c, r.r1gvo

n.a.). However, this leads to "high-resolution" spectra only if there are no heteronuclear

dipolar interactions (e.g., with proton or fluorine NMR). Also, large anisotropic chemical

shielding effects can also severely broaden the spectra.ttu Multiple-pulse sequences can

impose artificial motion on the spin operators, leaving the spatial operators intact.

Multiple-pulse sequences are used for both heteronuclear (very common) and

homonuclear (less common) decoupling. tH NMR spectra are still difficult to acquire,

and use very complex, electronically demanding pulse sequences such as CRAMPS

(combined rotation and multiple pulse spectroscopy). Cross polarization (which is often

combined with MAS) is when polarization from abundant nuclei (i.e., lH, 1eF, and 3tp¡ is

transferred to dilute or rare nuclei 1i.e., 
13C, lsN, and tnsi¡ in order to enhance signal to

noise and reduce waiting time between successive experiments. MAS and cross
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polarization are the two most commonly used methods and will thus be discussed

further.l56'ls7

The mathematical expressions describing dipolar and chemical shielding

interactions include a 3cos20-1 term. In solution, rapid isotropic tumbling averages this

spatial component to zero (i.e., integration over sin 0d0). Solid-state NMR samples are

finely powdered and packed tightly into rotors, which are then spun at rates from I to 35

kHz, depending on the rotor size and type of experiment being conducted. MAS

introduces motion by placing the axis of the sample rotor at the magic angle (54.74.)

with respect to B6; the term 3cos2e-1 = 0 when 0 = 54.74". The rate of MAS must be

greater than or equal to the magnitude of the anisotropic interaction in order to average

the above term to zero. If the sample is spun at a îate less than the magnitude of the

anisotropic interaction, an assortment of spinning sidebands becomes visible, which are

separated by the rate of spinning (in Hz).rs6
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Þr = U-74"

Figure 1.30: Magic angle used in NMR. Figure z.l,The magic-angle spinning

experiment, from "Introduction to Solid-State Spectroscopy" by M.J. Duer (200eby

permission of Blackwell Publishing Ltd.

Cross polarization, as described above, is one of the most important techniques in

solid-state NMR. This method increases the SA{ ratio by: (1) enhancing the signal

observed from the dilute isotopes and (2) reducing relaxation times through the induction

of rapid spin-lattice relaxation at the abundant nuclei. Abundant spins are strongly

dipolar coupled and are therefore subject to large fluctuating magnetic fields resulting

from motion, which causes this rapid spin-lattice relaxation. The recycle delay is

therefore dependent upon the T¡ of the nuclei of interest.ls6

Solid-state NMR is clearly a very powerful technique capable of analyzing a

variety of materials. It does not require crystalline materials like those required for

diffraction techniques, but can still determine local molecular environments. A huge

variety of solid-state NMR experiments are available for measurement of internuclear

distances (dipolar recoupling), deconvolution of quadrupolar/dipolar influenced spectra,
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probing site symmetry and chemistry, and observing solid state dynamics, amongst

others.ls6-Is8

1.5.2 Ultraviolet-Visibte Spectrophotometry

Using absorption of ultraviolet (UV) and visible (vis) electromagnetic radiation

(emr) as a characterizing tool is one of the most widely used and common methods

available. tIV-Vis spectrophotometry operates under the concept that a sample absorbs

light, thereby altering the intensity of the light beam. This intensity change is monitored

relative to a reference beam and is assigned an absorbance value based on the signal

detected by the detector. The absorbance, A (which is inversely related to the

transmittance, T), of a substance in solution is directly related to its concentration, c

(mol'L-t). This can be seen in the following equation.r53

A = -logT = log(Po/P) = ebc Equation 1-5

In Equation L-5, P6 and P represent the intensity of the radiation prior to and after

passing through the sample, respectively, e represents the molar absorptivity (or

extinction coefficient, L'mol-l'cm-') of th" analyte, and b is the pathlength of the sample

vessel (crn).tt3

Most absorption spectroscopy is based on transitions of n or æ electrons to the rc*

excited state. This is due to the fact that the absorption peaks for these transitions fall in

an experimentally convenient region of the spectrum (i.e., 200 - 700 nm). Other

transitions such as o)ox and n)ox are very rare. The o)ox transition is not usually

observed in typical UV-Vis spectra, while the number of compounds exhibiting the
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n)o* transition is very small in the UV region.r53'l5e Figure 1.31 shows the possible

electronic transitions of fi, o, and n electrons.

(f)
L
0)c
Lrl

n--+o. O+

k1 t
e)

]T+ ]T

I
e)

e

Antibonding d
Antibonding n*

Non-bonding n

Bonding n

Bonding o

Figure 1.3L: Possible electronic transitions of er, o, and n electrons. From Principles of

Instrumental Analysis 5th edition by SKOOG. 1998. Reprinted with permission of

Brooks/Cole, a division of Thomson Learning: www.thomsonrights.com. Fax: 800 730-

2215.

[IV-Vis spectrophotometers are relatively straightforward in terms of their

construction. In general, they incorporate a light source, which is usually a deuterium arc

lamp or a tungsten filament, a monochromatic, a sample/reference compartment, and a

photodetector (commonly a photomultiplier or diode anay). Figure 1.32 shows the

common design for a double beam spectrophotometer, which possesses a splitter

mechanism to pass light through both sample and reference cells, since it has the ability

to analyze both cells simultaneously.l53'l5e
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Figure 1.32: Schematic of a double beam IfV-Vis spectrophotometer.ls3

The necessity of a reference cell comes from the scattering and reflection losses

that occur when the light impinges on the sample cell. Therefore, a reference sample (or

blank), made of the same solvent composition as the analyte sample, accounts for the

majority of solvent and sample cell related losses.ls3'lse S"" Figure 1.33 for a

visualization of these various types of losses.

50



Itefi*cricrrr l**ses
at int*rfac*s ,.\

\.
\

Sc*rmring lnrxc*
in sr¡lutiorl

I.nriel*rrt

beaxr, P,,

fimergent
ä*urn, F

\
ft.cfl*ct{t:n Tc*srs

st interfri¿çs

Figure 1.33: Reflective and scattering losses associated with UV-Vis

spectrophotometry.ls3 From Principles of Instrumental Analysis 5th edition by SKOOG.

1998. Reprinted with permission of Brooks/Cole, a division of Thomson Learning:

www.thomsonrights.com. Fax: 800 130-2215.

L.5.3 Fourier-Transform Infrared Spectrophotometry

Fourier-Transform Infrared (FT-IR.) and UV-Vis spectrophotometry are

technically very similar. The major difference between the two is the wavelength of

absorbed radiation. The infrared region falls between the visible and microwave regions

and can be split into three sections: near (14 300 cm-r- 4000 cm-r), mid (4000 cm-t- 600

cm-l) and far (600 cm-l -200 cm-r).1s3'ls4'160
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Absorption of IR light by a molecule causes changes in its molecular vibrations.

These vibrational excitations are closely tied to various rotational changes. The

association between vibrational and rotational states causes the absorbance bands in the

IR region to be relatively broad.lsa

There are two types of vibrations important in IR spectrophotometry: stretching

and bending. A stretching vibration occurs along a bond axis, while a bending vibration

alters bond angles (or the relative placement of a group of atoms in a molecule). Only

vibrations that cause an overall change in charge distribution of a molecule will be

registered through IR spectrophotometry. This results from the fact that the detector

responds to changes in the electric field of the IR irradiation, which arises from the

coupling of the induced electric field (from the molecule's changing dipole) with that of

the incident IR radiation.ls4'l6l Figure 1.34 illustrates the common vibrations associated

with IR spectrophotometry.l5a
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Figure 1.34: Molecular vibrations common to IR spectrophotometry (+ indicates

movement toward reader, - denotes movement away from reader). From Principles of

Instrumental Analysis 5th edition by SKOOG. 1998. Reprinted with permission of

Brooks/Cole, a division of Thomson Learning: www.thomsonrights.com. Fax: 800 730-

2215.

1,5.4 Molecular Weight and Gel Permeation Chromatography

The determination of molecular weight is important as a result of its direct

relationship to a polymer's physical properties. Generally, substances are classified as

polymeric if they have molecular weights ranging from the low thousands up to the

Indancrockiug
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millions.l60'162-r6s Since optimum molecular weight depends on chemical structure and

application, classifying a substance as polymeric is somewhat arbitrary. It is more

complex to determine the molecular weight of polymeric materials for two reasons: (1)

the mechanism of polymerization is such that it is virtually impossible for all chains to

stop at the same size, which necessitates the use of some sort of average value, and (2)

the techniques for determining molecular weights of polymeric materials are much more

sophisticated than the techniques utilized for low molecular weight compounds.l63-16s

There are two groups of methods used to determine the molecular weights of

polymer samples; that is, absolute and secondary methods.163-165 Absolute methods

include osmometry, light scattering, and ultracentrifugation. Secondary methods include

viscometry and gel permeation chromatography. The secondary methods give relative

measurements by comparison of the molecular weights of different polymers, requiring

the use of some sort of calibration using standards that have been studied by an absolute

method.

There are a number of different values that can be extracted from molecular size

data and, as a result, the molecular weight that one obtains for a polymer sample wholly

depends on the method of measurement. Methods that measure the number of end

groups or colligative properties, like freezing-point depression, boiling-point elevation,

and osmotic pressure, give rise to what is called the numbeï-average molecular weight,

Mn, u, shown in the following equation.l6a

üo = XNiMiÆNi Equation 1-6

In Equation 1'6, N¡ and M¡ are the number and molecular weight of the ith species,

respectively. The number-average molecular weight is so named because, by these
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methods, the number of molecules of each weight in the sample is counted.l6a Methods

such as light scattering and ultracentrifugation determine the molecular weight based on

mass or polarizability of the species. Instead of summing the mole fraction of each

species and multiplying it by its molecular weight, these methods sum the weight fraction

of each species and multiply it by its molecular weight. The value obtained is called the

weight-average molecular weight, M*, as shown in the following equation, where W¡ is

the weight of species i.163-165

M* = EWiMiÆWi= ENiMi2ÆNiMi Equation 1-7

In a molecular weight determination, M* is always found to be greater than or equal to

Mn since, in the measurement of colligative properties, each molecule contributes equally

regardless of weight, while other methods such as light scattering result in larger

molecules scattering light more effectively.l6s-167 When all the molecules are of the same

weight, it can be seen that M* - Mn. The ratio of M*/lvln gives an indication of the span

of molecular weights in a polymer sample. This ratio is called the polydispersity index

and is a number greater than or equal to unity. If all polymer molecules have the same

molecular weight, then the system is said to be monodisperse.l63

Gel permeation chromatography (GPC) is a convenient secondary method for

determining the molecular weights of polymer samples.l62'163't6s Gpc, also known as

size exclusion chromatography, is a process that separates macromolecules according to

their size. A dilute solution containing many polymers of varying size is allowed to pass

through a column containing a porous stationary phase. The stationary phase in GPC is

often made up of cross-linked divinylbenzene particles. The particles may contain pores

of varying or constant size. As the dissolved polymers approach these porous stationary

55



phase particles, one of two things can happen: the polymer may either enter or be

excluded from the pore. Molecules with dimensions smaller than those of the pore are

inhibited through the column since they are able to penetrate the entire pore space. This

can be seen in Figure 1.35.164
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Figure 1.35: Inclusion and exclusion of polymers moving through the column.r6a

It is vital to the size-exclusion method that there are no stationary phase and polymer

interactions as these interactions inhibit the passage of the polymers through the column.

Polymers that are larger than the pore dimensions will be excluded from entering the

pores and thus will be able to move through the column quickly, brushed along by the

solvent front, while the smaller molecules will be delayed (as stated above). The

particles making up the stationary phase thus fractionate the polymers according to

size.t63-t67 A single pore-size column will separate the polymers with dimensions greater

than the pore size of the column from the rest, and will fractionate the smaller polymers

according to their penetrating ability. The fractionation process can be improved by
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utilizing several different columns with different average pore sizes connected in series.

Thus, gel permeation chromatography gives polymer chemists a method for generating a

molecular weight profile for their polymer samples by fractioning them according to their

size .162,16s,166

The calibration system and equipment used limit the reliability of the acquired

molecular weight. Utilizing GPC depends on ones ability to ensure that the elution time

along the column is reproducible for two different specimens of the same polymer. It is

very important that the solvent flow rate remains constant all the way through the column

and that the size of the tunnels within the stationary particles do not change between

experiments.l64' I67

Figure 1-36 depicts a typical GPC setup. A pump is used to force the sample and

the elution solvent through stainless steel columns filled with cross-linked polystyrene at

pressures of 1000 to 4000 psi. The polymers enter the detector as they exit the column,

which may be a differential refractive index- or ultraviolet-detector, resulting in a

signal.l6a
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Figure 1.36: Schematic illusrraring typical GPC equipmenr.

L.5.5 Glass Transition Temperature and Differential scanning

Calorimetry

The most commonly studied thermal properties of polymers include crystalline

melting point (T.), glass transition temperature (Tg), and thermal stability.l63'164 The

crystalline melting point and glass transition temperature are concerned with

morphological changes taking place in a polymer sample. Figure 1.37 illustrates the

amorphous and crystalline domains that may exist in a polymer.l63'16a The glass

transition temperature is the temperature range over which a polymer changes from a

glassy to a rubbery state. The glassy state is charactenzed by the "immobility" of the

polymer during the lifetime of the experimental determination of the glass transition

temperature.l63-16s In other words, when you apply a force to a piece of plastic (over a

period of seconds) the material feels hard because the time domain of your force
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application did not allow enough time for conformational adjustments to take place in the

polymer chains. If you were to apply the force to the plastic exceedingly slowly or were

to raise the temperature of the polymer, then there may be an adequate amount of time for

the conformational adjustments to take place and for the plastic to flow.l6a When the

temperature of the polymer exceeds its Tg, the polymer is in a rubber state. In this state,

the polymer is able to assume all the available conformations, which it is unable to do in

the glassy state. Therefore, in the glassy state, the material is rigid and brittle, rather than

flexible and tough as it is in the rubbery state. The brittleness exists because the energy

imparted by the external force cannot be dissipated through conformational chang"r.tu'-

l6s Several other properties of the polymer may also change, some of which include the

thermal expansion coefficient, compressibility, and specific heat. Monitoring the change

in any one of these properties as a function of temperature allows for an estimation of the

glass transition temperature.165 Note the transition from a glass to a rubber is completely

reversible.l6a'l6s
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Figure 1.37: Illustrative representation of polymer chains.

Utilizing differential scanning calorimetry (DSC), one can detect glass transition

temperatures by observing changes in the heat capacity of the polymer sample as a

function of temperature.l63'168 A generalized schematic of a DSC instrument is shown in

Figure 1.38.
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Figure 1.38: Representation of a DSC sample chamber. Fig.5.2, Differential scanning

calorimetry (DSC) cell, from "Microscale Inorganic Chemistry" by Z. Szafran (1991)

reprinted with permission of John Wiley & Sons, Inc.

In a DSC experiment, the sample and a reference are usually heated under an inert

atmosphere such as nitrogen or argon. However, depending on the desired outcome, one

may choose to utilize a more reactive atmosphere such as oxygen, which may form

oxides. The reference is a very small aluminum pan that is empty, while the sample pan

contains anywhere from 1 to 10 mg of sample. In the DSC chamber, the sample

compartment and reference compartment are provided with individual heaters and are

constantly supplied with the necessary energy to keep the sample and reference

temperatures constant. The electrical power difference between the sample and the
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reference (dAQ/dÐ is plotted as a function of temperature and this value is related to heat

capacity.t63

1.5.6 Thermogravimetric Analysis

Thermogravimetric analysis (TGA) is utilized for the study of the thermal

stability of polymeric materials.l53'160'163'168 In a TGA experiment, a sample is gradually

heated under an inert atmosphere (to prevent oxidation of the sample during analysis) and

a continuous measurement of the weight is recorded. As in DSC, one may utilize â more

reactive atmosphere. Figure 1.39 illustrates the decomposition of a sample

polymer.160'168 The ordinate and abscissa display the weight (mg) and temperature (.C)

data, respectively. Initial weight losses may arise from the evaporation of residual

moisture or solvent, wheteas at higher temperatures, losses result from polymer

decomposition.
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Figure 1.39: TGA thermogram of a polymer. Figure a-10 (p.87) from "polymer

Chemistry: An Introduction3/e" by stevens, M.P. (1998) by permission of oxford

University Press, Inc.

The instrument upon which TGA is performed, as illustrated in the following

figure, contains a balance that holds the sample pan. This whole set-up is enclosed in a

furnace that is heated during the course of the analysis. The balance beam is commonly

made of qûartz or ceramic, as temperatures up to 1000oC are common. TGA techniques

are commonly used in polymer chemistry in order to determine the temperature resistance

of a material, which is of great importance with regards to its application purposes.t60't63-

168
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Figure 1.40: Representation of a TGA apparatus. Fig.5.3, Thermogravimetric Analysis

(TGA) apparatus, from "Microscale Inorganic Chemistry" by Z. Szafran (1991) reprinted

with permission of John Wiley & Sons, Inc.

L.6 Objectives

The purpose of this research is to synthesis novel organometallic polymeric

materials via nucleophilic aromatic substitution, with the main focus being on both the

synthetic methodology as well as the obtainment of preliminary thermal properties and

molecular weights of the polymers. Traditionally, polymers are synthesized through

traditional organic techniques. Even though these methods work, they do have their

disadvantages, including harsh conditions (i.e., high temperatures and pressures) and long

reaction times. Activating (i.e. nitro) groups usually have to be added in order to make

the reactions even possible. Multiple reaction steps are subsequently required to remove

the activating groups if so desired. Finally, one has to ensure that the reactants and the

product are stable under the reaction conditions as well as to ensure that no degradation
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or side reactions take place. These disadvantages are all avoided if one was to utilize the

organometallic synthetic method instead, which possesses shorter reaction times and

milder reaction conditions. To demonstrate, integrating an iron moiety into a compound

activates that compound's reaction sites, making subsequent reactions easier and thus

more commercially practical. If the iron moieties are not desired in the final product,

they can be subsequently removed via a one step reaction, which results in high yields.

Nothing in life is perfect, and this method is no exception; reaction temperatures must not

exceed a certain point and the reaction must be protected from light to prevent any partial

demetallation. This research aims to synthesize a vaiety of linear and cross-linked

polymers in order to demonstrate that this organometallic method is a viable alternative

to the traditional organic methods being used today.
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2.0

2.1

Experimental

Chemicals

Anhydrous aluminum chloride, aluminum powder, ferrocene, r,4-

dichlorobenzene, ammonium hexafluorophosphate (NlI4pF6), bisphenol-A, 4,4,-bis(4-

hydroxyphenyl)valeric acid, 4-4'-biphenol, 4-4'-thiobisbenzenethiol, 4,4, -(r-

phenylethylidene)bisphenol, 4,4'-biphenol, 4,4'-methylenediphenol, 1,g-octanedithiol,

dimethylaminopyridine (DMAP), dicyclohexylcarbodiimide (DCC), potassium

bicarbonate, anhydrous magnesium sulphate, terephthalaldehyde, phenol, glacial acetic

acid, and concentrated hydrochloric acid. All chemicals are commercially available. All

solvents were reagent grade and used without purification.

,) Instrumentation

rH and t3C NMR were recorded at 200 lvftIz and 50 MHz, respectively, on a

Varian Gemini 200 NMR spectrometer. Chemical shifts were referenced to solvent

residues and coupling constants were calculated in Hertz. '3C spectra were proton

decoupled and recorded as an attached proton test (APT). t3C and rH solid-state NMR

were recorded at 150.795 MHz and 599.678\vftI2, respectively, on a Varian Inova 600

MHz spectrometer equipped with a 3.2 mm double-resonance Varian-Chemagnetics

MAS probe. The polycrystalline powder samples were packedin3.2 mm rotors and spun

at a rotation frequency of 16.0 kHz. The l3C NMR spectra were obtained via a ramped

cross polari zation (from rH) pulse sequence. All solid-state NMR and subsequent

analysis of the NMR spectra were performed by Dr. Scott Kroeker and Paul Sidhu of the

University of Manitoba. The lH Nlrß. spectra were measured using a one-pulse-acquire
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pulse sequence. Infrared spectra were recorded on a Bomem Hartmann and Braun FT-IR

spectrophotometer as KBr pellets. UV-Vis spectra were obtained with qvarlz cuvettes of

10 mm pathlength on a Shimadzu UV-2501PC recording spectrophorometer.

Thermogravimetric analyses were obtained on a Mettler Toledo TGA/SDTA85l' under a

steady stream of N2 (50 mlJmin) with a heating rate of Z}oC/min. Differential scanning

calorimetry was performed on a Mettler DSC821' at heating rates of Z}"C/min under

nitrogen (50 ml/min); the glass transition temperatures (Tg's) were reported at the

midpoint. Gel Permeation Chromatographic analyses were performed on a Waters 1525

GPC system equipped with Waters Styragel HR3 and HR4 7.8 x 300 mm columns ar

40"C, a Waters 2410 refractive index detector, and a 200 ¡tL sample loop. Molecular

weights were calculated relative to polystyrene standards. Flow rates were 1.0 ml-/min

tetrahydrofuran (TFIF). Photolyses were performed in a Rayonette photochemical reactor

equipped with sixteen 300 nm lamps or eight 354 nm lamps.

2.3 Procedures

2.3(a) Synthesis of Cyclopentadienyliron Complex 3.1

p-Dichlorobenzene (280 mmol) was melted in a 3-neck 500 mL round bottom

flask. The remaining reagents, i.e., ferrocene (150 mmol), aluminum powder (150

mmol), and aluminum chloride (300 mmol), were then added. This mixture was stirred

under nitrogen at approximately 135'C for 5 hours, protected from light at all times. The

reaction was then cooled to approximately 85oC, poured slowly into crushed ice, and

filtered through sand. In a separatory funnel, the filtrate was washed with diethyl ether;

10 g of ammonium hexafluorophosphate was subsequently added. The precipitate was
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then extracted with dichloromethane @CM), washed with water, dried over magnesium

sulfate, and filtered. The solvent was then evaporated using a rotary evaporator. The

solid was dissolved in a minimal amount of acetone and precipitated into diethyl ether,

filtered, washed with ether, and protected from light and allowed to dry under reduced

pressure.

2.3(b) Synthesis of Compound 3.3

In a 50 mL round bottom flask, p-dichlorobenzene complex (3.1, 2.0 mmol),

valeric acid (3.2,0.6 mmol), and potassium carbonate (K2CO3, 8.0 mmol) were dissolved

in 10-15 mL of dimethylformamide (DI/F). The reaction was allowed to stir under

nitrogen for 24 hr at room temperature, protected from light at all times. The reaction

was precipitated into a mixture of 10 7o }J;CI and ammonium hexafluorophosphate (4.0

mmol). After filtering, the product was purified by dissolving it in acetone and filtering

out the insolubles. The filtrate was concentrated on a rotary evaporator, precipitated into

I0 ToHCl and ammonium hexafluorophosphate (4.0 mmol), and protected from light.

2.3(c) Synthesis of Polymers 3.7-3.9

A 1:1 ratio of monomer (3.3) to nucleophile (3.4-3.6), along with 5 rimes the

molar equivalent of K2CO3, were dissolved in 1 mL of dimethylsulfoxide (DMSO) in a

10 mL round bottom flask. The reaction was allowed to stir under nitrogen at

approximately 55oC until the reaction became viscous. The reaction was then

precipitated into a mixture of 10 Vo HCI and 2 times the molar equivalent of NlIaPF6,

filtered, and covered.
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2.3(d) Synthesis of Monomers 3.11a-h

In a 50 mL round bottom flask azo dye (3.10a-h, 0.6 mmol), valeric acid

bimetallic complex (3.3, 0.48 mmol), and DMAP (0.75 mmol) were dissolved in 10-15

mL of DMSO. DCC (0.75 mmol) was then dissolved in 2-3 mL of DCM and added to

the round bottom flask, which had been cooled to OoC in an ice bath. After the addition

of the DCC, the reaction was purged under nitrogen and left covered for approximately

16 hrs. at room temperature. The reaction was then poured into a mixture of l0 Vo HCI

and NþPF6 (0.96 mmol). It was then extracted with DCM, washed with water, and

dried over magnesium sulfate (MgSOa). The solution was filtered and evaporated using a

rotary evaporator. It was then dissolved in a minimal amount of acetone, filtered,

precipitated into diethyl ether, filtered, washed with diethyl ether, and covered. Further

purification was accomplished via a neutral alumina column.

2.3(e) Synthesis of Azo Dye-Functionalized Polymers 3.15a-g, 3.16a-c, and 3.17a-c

In a 10 mLround bottom flask a l:1 ratio of monomer (3.11a-h) to nucleophile

(3,12'3.14), along with 5 times the molar equivalent of KzCO¡, were dissolved in I mL of

DMSO. This reaction was allowed to stir under nitrogen at approximately 55"C until the

reaction became viscous. The reaction was then precipitated into a mixture of l0 7o HCI

and2 times the molar equivalent of NFI+PF6, filtered, and covered.

2.3(Ð Synthesis of Demetallated Polymers 3.18a-g, 3.19a-c, and 3.20a-c

The azo dye-functionahzed polymer (3.15a-g, 3.16a-c, and 3.r7a-c) was

dissolved in a mixture consisting of 10 mL of DMSO and 20 mL of acetonitrile

(CH3CN), stirred under nitrogen for -15 min, and placed in a photoreactor for 4 hours.
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The mixture was then concentrated on a rotary evaporator, extracted with chloroform

(CHCI3), washed with water, dried over MgSO4, âfld filtered. The filtrate was evaporated

on a rotary evaporator, while the solid was dissolved in a minimal amount of chloroform

and precipitated into diethyl ether.

2.3(g) Synthesis of Organic H-shaped Compound 4516e

Phenol (4.1, 14.9 mmol), terephthalaldehyde (4.2, 3.7 mmol), and 10 mL of

glacial acetic acid were mixed in a 50 mL Erlenmeyer flask. This mixture was then

treated, dropwise, with 10 mL of concentrated hydrochloric acid. The reaction was

allowed to stir for 24 hours at room temperature. It was then poured into ice, filtered, and

washed with cold water.

2.3(h) Synthesis of Four-Iron H-Shaped Compound 4.4

A l:5 molar ratio of compound 4,3 to complex 3.1, and 20 times the molar

equivalent of K2CO3, and 10 mL of DMF were mixed in a 50 mL round bottom flask.

The mixture was purged under N2, covered from light, and allowed to stir for five days at

room temperature. The reaction was then precipitated into a mixture of 10 Vo IFrCI Q50

mL) and 4 times the molar equivalent of ammonium hexafluorophosphate. The solid was

then collected and dried under vacuum and covered from light.

2.3(i) Synthesis of Cross-Linked Polymers 4.8-4.12

A 1:1 molar ratio of compound 4.4 to nucleophile (3.13, 3.14, 4.s-4.7), and 5

times the molar equivalent of K2CO3, were dissolved in 1 mL of DMF in a 10 mL round

bottom flask. The reaction was stirred under nitrogen at 55'C until the solution became

viscous. The solution was then precipitatedinto amixture of 10 VoHCland4 times the

70



molar equivalent of ammonium hexafluorophosphate. The precipitate was filtered,

washed with water, and covered.

2.3tÐ Synthesis of Cross-Linked Polymer 4.13

A 1:1 molar ratio of compound 4.3 to nucleophile 3.1, and 5 times the molar

equivalent of K2CO3, were dissolved in 1 mL of DMF in a 10 mL round bottom flask.

The reaction was stirred under nitrogen at 55oC until the solution became viscous. The

solution was then precipitated into a mixture of 10 Vo HCI and ammonium

hexafluorophosphate. The precipitate was filtered, washed with water, and covered with

foil.
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Results and Discussion

3.0 Synthesis of Linear Polymers With and without AzoDye

Pendent Groups

3.1 synthesis of Di-Iron complexes of cyclopentad ienyliron

Containing Pendent Carboxytic Acid Groups

The goal of this research was to prepare organoiron complexes and polymers that

could be functionalized with azobenzene chromophores. The preparation of model

polymers that could be compared to the azobenzene-functionalized polymers was a

crucial step in this study. A di-iron complex (3.3 in Scheme 3.1 below), prepared by

reaction of a dichloroarene complex with a dinucleophile (3.1 and 3.2, respectively),

proved to be suitable for this purpose. As one can see, this di-iron complex contains a

pendent carboxylic acid group.

3.3

Scheme 3.1

-@
I

Fe*

ó
3.1

cl CI

K2CO3
DMF

HCrcl

HCrcl
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The isolation of complex 3.3 was important because this molecule has the

potential to be polymenzed via nucleophilic aromatic substitution reactions through the

chloroarene complexes. Furthermore, various substituents may be functionalized to this

di-iron complex through the carboxylic acid groups, either prior to or following

polymerization. Charactenzation of this complex was accomplished through chemical

and spectroscopic methods; the results of these studies can be found in Tables 3.1-3.3.

Table 3.1: Percent yield, IR and methylyne analysis of complex 3.3.

Table 3.22 THNMR analysis of complex 3.3 in acetone-d6.

Tabte 3.3: r3C NMR analysis of complex 3.3 in acetone-d6.

Complex Vo Yield IR
(cm-t) CH Analysis

3.3 92
r72s (co),
3428 (OH)

(C3eH34Cl2F2Fe2OaP2)

(t03e.2r):
Calcd.: C,45.07, H, 3.30;

Found: C,45.29,3.26

Complex Other Cp
Complexed
Aromatic Aromatic

3.3
1.75 (s,3H, CH3),

2.17 (br.t,ZH,CHz)
2.52 (br.t,2;H,CH2;

5.36 (s, 10H)

6.49(d,J=6.3
Hz,4H),

6.79(d,J=6.3
Hz,4}l)

1.32(d,J=8.2
Hz,4H),

7.48(d,J=8.2
Hz,4H)

Complex Other Cp
Complexed
Aromatic Aromatic

3.3

27.84 (CH¡),
28.86 (CHz),
37.26 (CHz),

46.2e (c),
174.72 (CO)

80.53

7t.26,
87.94,

104.91*,
133.93*

r27.3r,
130.65,

148.04+,
152.14*

*Represents quaternary carbons.
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Figure 3.1, shows the lH NMR spectrum of complex 3.3. This spectrum shows

the methyl protons as a singlet at 1.75 ppm and the methylene protons as two broad

triplets at 2.I7 and 2.52 ppm. The cyclopentadienyl protons appear as a singlet at 5.36

ppm and the complexed aromatic protons are seen as two doublets at 6.49 and 6.79 ppm.

The uncomplexed aromatic protons are found as two doublets at7.32 and 7.48 ppm.

The r3C NMR spectrum of complex 3.3 is shown in Figure 3.2. The methylene

carbon resonances are observed at 28.86 and37.26 ppm, while that for the methyl carbon

appears at 27.84 ppm. The quaternary aliphatic carbon resonance is present at 46.39

ppm. The cyclopentadienyl carbons resonate at 80.53 ppm, while the complexed

aromatic CH carbons do so àt 77 .26 and 87 .94 ppm. The quaternary complexed aromatic

carbons resonate at I04.9I and 133.93 ppm. The aromatic carbons are observed at

I2I.3l and 130.65 ppm for the CH carbons and at 148.04 and 152.14 ppm for the

quaternary carbons. Finally, the carbonyl carbon of the carboxylic acid group appears at

17432 ppm.
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3.2 Organoiron Polymers Functionalized with Carboxylic Acid

Groups

Polymers containing pendent carboxylic acid groups (3.7-3.9) were prepared by

polymerizing monomer complex 3.3 with dinucleophiles 3.4, 3.5, and 3.6 as shown in

Scheme 3.2. The resulting polymers exhibited good solubility in polar aprotic solvents

such as DMF and DMSO.

.,q@=9o9",
fe- / Fe*

ö ucrå-o ô

+ HX_R-XH

3.4,3.5, 3.6

3.3

K2CO3, DMF

,@'@, 5:,,'\Ã,nâS

3.63.5

3.7-3.9

Scheme 3.2
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Polymers 3.7-3.9 were isolated as solids, beige to yellow in colour, in 96,94, and

88% yields, respectively. These polymers became very viscous during polymerization,

which proceeded quite rapidly in all cases. The carboxylic acid functionalized polymers

were analyzed using lH NN{R, l3C NMR, and IR spectroscopic methods; these data are

presented in Tables 3.4-3.6.

Table 3.4: Percent yield and IR analysis of polymers 3.7-3.9.

Polymer Vo Yield IR
("ttt't)

3.7 96
1718 (CO),
3442 (OH)

3.8 94 t7r7 (co),
3443 (OH)

3.9 88
1717 (CO),
3442 (OH)

Table 3.5: rH NMR analysis of polymers 3.7-3.9 in DMSO-d6.

Polymer CH¡ CHz Cp
Complexed
Aromatic Aromatic

3.7

1.62 (s,

3H),
1.71 (s,

6H)

2.06 (br.s,2H),
239 (br.s,2H)

5.21 (s,

10H)
6.26 (s,8H)

7.23(d,J=8.6
Hz,l6H),

7.36(d,J=8.6
Hz,l6H)

3.8
1.65 (s,

3H)
2.06 (br.s,2H),
2.40 (br.s,2}l)

5.18 (s,

r0H) 6.32(s,8H)

7 .27 (br.s,8H),
7.34 (br.s, 8H),
7.50 (br.s, 8H),
7.61 (br.s,8H)

3.9
1.66 (br.s,

3H)

1.34 (br.s, 8H),
1.56 (br.s,4H),
2.06 (br.s,2H),
2.40 (br.s,2H)
3.34 (br.s,4H)

5.12 (s,

10H)

6.31 (d, J =
6.3 Hz,8H),
6.41 (d, J =
6.3 Hz, 8H)

7.25(d,J=8.6
Hz,8H),

7.37 (d,J=7.8
Hz,8H)
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Polymer Other CH¡ CHz Cp
Complexed
Aromatic Aromatic

3.7

42.13 (C),
44.e6 (C),

174.37
(co)

26.98,
30.57

29.80,
36.2r

77.78
74.96,

130.03*,
r30.I7*

119.90,
128.72,
r29.20,
146.10*
I47.74*
151.31*
151.48*

3.8
44.73 (C),

I74.tt
(co)

26.73
29.55,
35.88 78.39

75.98,
84.97,

102.838
131.56*

119.92,
128.99,
r31.76,
134.43,

135.97|"
146.04*
t50.73*

,

3.9
44.e0 (c),

174.81
(co)

26.88

27.95,
28.27,
29.82,
3L57,
36.32

78.37

75.67,
82.63,

105.65*
131.04*

120.07,
129.16,
146.t7*,
151.05*

* Denotes quaternary carbon.

Table 3.6: 13C NMR analysis of polymers 3.7-3.9 in DMSO-do.

Figure 3.3 shows the rH NMR spectrum of polymer 3.9. The methyl protons

appear at 1.66 ppm, while the methylene protons in the polymer backbone resonate at

1.34, 1.56, and 334 ppm as broad singlets. The methylene protons in the polymer side

chain appear as broad singlets at 2.06 and 2.40 ppm. The cyclopentadienyl protons are

observed as a singlet at 5.I2 ppm, indicating that the polymerization reaction was

successful. The complexed aromatic protons of this polymer appear as two doublets at

6.31 and 6.41 ppm, whereas the complexed aromatic protons of polymers 3.7 and 3.8

appear as singlets. Finally, the uncomplexed aromatic protons appear as two doublets at

7.25 and7.37 ppm.

79



The r3C NMR spectrum of polymer 3.9 is shown in Figure 3.4. The methyl

carbon appears at 26.88 ppm, while the methylene carbons resonate at 27.95,28.27,

29'82,31.57, and36.32 ppm. The quaternary aliphatic carbon is present at 44.90 ppm,

with the cyclopentadienyl carbons appearing as an intense peak at 78.37 ppm. The

complexed aromatic carbons alpha to the ether and thioether spacers appear at75.67 and,

82.63 ppm, while the carbons ipso to these spacers appear àt 131.04 and 105.65 ppm,

respectively. The aromatic CH carbon peaks appear at 120.07 and 129.16 ppm, while the

quaternary aromatic carbons appear at 146.11 and 151.05 ppm. The carbonyl carbon in

the polymer side chain appears furthest downfield at 174.81 ppm.
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3.3 Synthesis of Azo Dye Functionalized Monomers

Azo dye-containing organoiron monomers were synthesized via functionalization

of the bis(cyclopentadienyliron) complex (3.3) with a variety of alcohol containing azo

dyes (3.10a-h) through an esterfication reaction (Scheme 3.3). The resulting monomers

were obtained in 87-927o yields and exhibited vibrant colours ranging from orange to

purple. These monomers were protected from light during and after successful synthesis

in order to prevent cleavage of the cyclopentadienyliron moieties through photolysis.

Infrared analysis showed a carbonyl stretch ranging from 1728 to 1735 cm-l in complexes

3.11a'h, which was assigned to the ester group. The absence of a hydroxyl stretch at

approximately 3400 cm-l shows that the esterfication reaction between complex 3.3 and

the various azobenzene chromophores was successful. Additional carbonyl stretches

were observed at 167l and 1680 cm-l, corresponding to the acetyl group of the azo

chromophore in monomers 3.1l,b and 3.1le, respectively.
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The IR and elemental analyses, and spectroscopic characteization of complexes

3.11a-h are provided in Tables 3.7-3.9. Figure 3.5 shows the rH NMR spectrum of

complex 3.11b. The methyl protons of the N-ethyl chain appear as a triplet at 1.23 ppm,

while the adjacent methylene protons are seen as a quartet at 3.59 ppm. The protons of

the two other methyl groups in this complex, that of the acetyl group and the one directly

pendent to the backbone, appear as singlets at2.6I and 1.67 ppm, respectively. The other

methylene resonances in this complex resonate at 2.14,2.46,3.79, and 4.33 ppm, which

is consistent with the resonances observed in the spectra of complexes 3.Ll"a and 3.1lc.

The cyclopentadienyl protons resonate as a singlet at 5.32 ppm, while the complexed

aromatic protons appear as two doublets at 6.42 and 6.74 ppm. The uncomplexed

aromatic protons appear as six doublets between 6.96 and 8.09 ppm. The doublet furthest

upfield corresponds to the aromatic protons alpha to the MN-dialkyl group, while the

doublet resonating furthest downfield are assigned to the protons alpha to the acetyl

gfoup.

The 13C NMR spectrum of complex 3.11b is shown in Figure 3.6. Three methyl

resonances are present at 12.31,26.83, and 27.72 ppm, five methylene resonances at

30.67,37.02,46.16, 48.96, and 62.29 ppm, and a quaternary aliphatic carbon àt 45.50

ppm. The cyclopentadienyl carbons appear at 80.31 ppm, while the complexed aromatic

carbons resonate at 76.86, 81.66, 104.70, and 133.73 ppm. Six aromatic CH carbons

resonate between 112.36 and 130.50 ppm. One can also observe six quaternary aromatic

carbons between 137.9I and 156.30 ppm. Finally, the carbonyl resonances can be seen at

173.50 and 197.34 ppm.
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Table 3.7: Percent yield, IR analysis, and cHN analysis of complexes 3.1la-h.

Complex Vo Yield IR (cm'') CHN Analysis

3.lla 92 1729 (CO)

CssHs r O¿ClzN¡FezPzFl z
(1,290.58): C,51.19;

H, 3.98;N, 3.26.
Found: C, 51.38;H,

4.02; N, 3.35

3.11b 90
1677 (CO), 1737

(co)

C57H5305ClzN¡FezPzFr z

(1,332.61): C,51.37;
H,4.01;N, 3.15.

Found: C, 51.16;H,
4.Ir,N,3.24

3.11c 87 1729 (CO)

C55H56O6CI2NaFe2P2F¡ 2

(1,335.58): C,49.46;
H,3.77; N,4.20.

Found: C,49.63;H,
3.86;N,4.27

3.1ld 9t 1733 (CO)

CssHs¿O¿Cl2NaFe2P2F1 2

(1,343.64): C,51.85;
H,4.05;N,4.17.

Found: C,51.38;H,
4.02;N,4.27

3.11e 90
1680 (CO), 1730

(co)

CsqHs¿OsCl2NaFe2P2F1 2

(1,37L65): C,51.66;
H,3.97; N,4.09.

Found: C,51.77;H,
3.91; N,4.04

3.11f 9t 1728 (CO)

C57H51O6CI2\Fe2P2F12
(1,374.62): C,49.80;

H,3.74: N,5.10.
Found: C,49.89;H,

3.82; N, 5.23

3.11g 92 r72e (co)

CseFI¿qO¿Cl3NaFe2P2F¡ 2

(1,350.02): C,49.82:
H,3.66: N,4.15.

Found: C, 50.02;H,
3.75;N,4.23

3.11h 90 173s (CO)

CszHs r O¿Cl3NaFe2P2F¡ 2

(1,364.06): C,50.19;
H,3.77; N,4.11.

Found: C,50.32;H,
3.75; N,4.16
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Table 3.8: rH NMR analysis of complexes 3.11a-h in acetone-d6.

Complex CH¡ CHz Cp
Complexed
Aromatic Aromatic

3.11a 1.22 (t,3H, J

= 7.0), 1.68
(s,3H)

2.t2-2.20
(m,2H),
2.4r-2.50
(m,2H),

3.58 (q,2H,
I=7.4),

3.77 (t,2H,J
= 5.5),4.32
(t,2H, J.=

s.s)

5.32 (s,

l0H)
6.44 (d,4}J,J =

6.6),6.76 (d, 4H,
J = 6.7)

6.94 (d,2H,
J = 9.0),

7.26 (d,4H,
J = 9.0),

7.40-7.47
(m,7H),

7.76 (d,2H,
J = 7.0),

7.82 (d,2H,
J = 9.4\

3.1lb 1.23 (t,3H, J

=7.1),I.6'7
(s,3H),2.61

(s,3H)

2.09-2.21
(m,2H),
2.39-2.51
(m, 2H),
3.48-3.62
(m,2H),

3.79 (t,2H,J
= 5.6),4.33
(t,2H, J =

s.6)

5.32 (s,

10H)
6.47 (d,4H, J =

6.3),6.74 (d,4H,
J = 6.6)

6.96 (d,2H,
J = 9.0),

7.26 (d,4H,
J = 8.6),

7.39 (d,4H,
J = 9.0),

7.78-7.89
(m,4H),

8.09 (d,2H,
J = 8.6)

3.11c 1.24 (t,3}l, J

= 7.0),1.68
(s,3H)

2.10-2.19
(m,2H),
2.37-2.49
(m,2H),
3.58-3.69
(m,2H),
3.78-3.86
(m, 2H),

4.30-4.39
(m,2H)

5.35 (s,

10H)
6.46 (d,4H,I =

6.3),6.78 (d, 4H,
J = 7.0)

6.99 (d,zH,
J = 9.4),

7.27 (d,4}l,
J = 9.0),

7.39 (d,4H,
J = 9.0),

7.89 (d,2H,
J =9.4),
8.23-8.34
fm.4H)

3.1l.d 1.67 (s, 3H),
2.38 (s, 3H),
2.65 (s,3H)

2.t2-2.19
(m,4H),

2.43 (bm,
2H),2.15
(bm,2H),
3.88-3.94
(m, 2H),
4.33 (bs,

2H)

5.30 (s,

10H)
6.42 (d, J=6.81,

4H),6.71 (d,
J=6.7,4}l)

6.87 (m,
2H),7.23-
7.4r (m,
2H),7.69
(m,3H)

3.11e 1.67 (s,3H),
2.62 (s,3H),
2.74 (s,3H)

2.r0-2.r5
(m,4H),
2.46 (m,

5.32 (s,

10H)
6.44 (d, J=6.45,
4H),6.83 (d,

J=6.6,4H)

6.91 (m,
2H),7.31
(m,4H),
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zF,I),2.97
(m,2H),
3.84-3.98
(m,2H),
4.35 (t,

J=5.3,2}I)

7.43 (m,
4H),7.76 (d,
J=8.4, lH),

7.85 (d,
J=9.0,2H),

8.10 (d,
J=8.1,2H)

3.1lf 1.67 (s,3H),
2.78 (s,3Il)

2.47 (m,
4H),2.89 (t,
J=5.3,2H),
3.91-3.97
(m,4H),
4.35 (t,

J=4.8,2}l)

5.32 (s,

10H)
6.42 (d,I=6.3,
4H),6.75 (d,
J=7.I,4}l)

6.93 (m,
2H),7.27 (d,
J=8.4,4H),

7.37 (d,
J=7.7,4H),

7.78 (d,
J=8.6, 1H),

7.96 (m,
2H),8.34
(m,2H)

3.11g 1.68 (s,3H) 2.07-2.T6
(m,4H),
2.43 (t,

J=5.2,2H),
2.88 (m,

2H),3.90-
3.98 (m,

2H),4.36 (t,
J=4.8,2H)

5.35 (s,

10H)
6.46 (d, J=6.5,

4H),6.74 (d,4H,
J=6.9)

7.05 (d,
J=8.8,2H),

7.26 (d,
J=9.0,4H),

7.47 (m,
4H),7.52
(m,2H),
7.78 (d,

J=8.7,2H),
7.85 (d,

J=9.1.2H\
3.11h 1.71 (s,3H),

2.66 (s, 3H)
2.15-2.20
(m,2H),
2.44 (m,
2H),2.95
(m,2H),
3.81-3.93
(m,4H),
4.31(t,

J=5.5,2H)

5.31 (s,

10H)
6.45 (d,I=6.6,
4H),6.72 (d,
J=6.6,4}l)

6.88 (m,
2H),7.25 (d,
J=9.2,4H),

7.43 (d,

J=8.8,4H),
7.52 (m,
2H),7.72
(m, 1H),

7 .79 (m.2H\
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Table 3.9: l3C NMR analysis of complexes 3.11a-h in acetone-d6.

Complex Other CH¡ CH.z Cp Complexed
Aromatic Aromatic

3.11a 4s.42 (C),
t73.53
(c=o)

12.31,
27.76

30.73,
37.09,
46.22,
48.99,
62.42

80.40 7',7 .04,87 .79,
104.82*,
133.80*

1t2.30,
r21.22,
t25.88,
r29.91,
130.39,
130.57,

143.98*,
I47 .83*,
t5t.73*,
152.00x

3.1lb 45.50 (C),
173.53,
t97.34
(C=O)

t2.3t,
26.83,
27.72

30.67,
37.02,
46.16,
48.96,
62.29

80.31 76.85,81.66,
104.70*,
133.87*

t12.36,
t2r.I7,
122.69,
126.47,
t30.12,
130.50,

r37.91*,
144.08*,
147 .78*,
151.85*,
t52.31*,
156.30*

3.11c 4s.70 (c),
n3.53
(c=o)

12.34,
27.75

30.69,
37.06,
46.19,
49.08,
62.28

80.39 16.99,87 .75,
104.78*,
133.80*

112.55,
t21.22,
123.30,
r25.54,
127.04,
130.56,
t44.17*
r47.82*
148.t7*
151.94*
t52.95*
151.41*

3.11d 46.06 (C),
1t9.34
(CN),
r73.41
(C=O)

18.r2,
21.25,
27.72

16.r4,
36.90,
47.14,
49.56,
62.r8,
6s.88

80.17 76.65,87.49,
104.55*,
133.63*

111.15,
113.89,
t17.55,
I2T.TT,
122.87,
130.41,
140.52*,
141.50x,
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t42.71*,
147 .7t*,
t50.29*,
151.66x,
r52.03*

3.1le 45.98 (C),
118.27
(CN),

173.40,
197.50
(C=O)

18.09,
26.76,
27.63

16.17,
27.00,
36.83,
47.tt,
49.54,
62.08

80.14 76.65,97.47,
104.51*,
133.55*

lII.32,
tt3.84,
117.89,
121.03,
122.73,
130.04,
130.35,

137.80*,
142.83*,
142.99*,
147.62t,
151.36*,
151.63*,
156.25*

3.1lf 46.10 (C),
119.24
(CN),
r73.49
(C=O)

t8.r1,
27.71

16.21,
27.75,
36.96,
47.28,
49.64,
62.13

80.26 76.81,87.60,
104.65*,
r33.69*

rrt.4'7,
113.47,
118.18,
I2T,L3,
r23.44,
125.45,
130.45,

143.07x,
t43.84*,
t47 .73*,
148.07*,
tst.77*,
151.99*,
t57.48*

3.11g 46.13 (C),
r19.28
(CN),
t73.51
(C=O)

27.74 16.12,
30.95,
36.96,
47.32,
49.72,
62.14

80.29 76.84,87 .64,
104.68*,
t33.72*

rr2.97,
t2T.t5,
124.33,
r25.96,
130.02,
130.48,

135.48*,
144.52*,
r47.75*,
l50.gg*,
r51.82*,
152.18*

3.11h 46.03 (C), 18.10, [6.15, 80.17 76.64,87.49, tlr.26,
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r19.29
(CN),
173.46
(C=O)

27.67 36.84,
47.16,
49.57,
62.10,
65.84

I04.54*
r33.61*

113.85,
tt7.82,
121.09,
124.27,
129.90,
r30.04,

135.09x,
14234*,
142.53*,
147 .69*,
150.91x,
151.63*,
152.37*

*Denotes quaternary carbons.
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Figure 3.5: lH NMR spectrum of complex 3.11b in acetone-d6.
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u) Figure 3.6: r3C NMR specrrum of complex 3.11b in acetone-d6.



3.4 Organoiron Polymers Functionalized with Ãzobenzene Dyes in

Their Side Chains

Polymerization of the azo dye-containing organoiron monomers was

accomplished via nucleophilic aromatic substitution under mild reaction conditions.

These substitution reactions occurred between the monomers 3.11a-g and several

different S- and O-containing dinucleophiles (3.12-3.14 in Scheme 3.4). The various

polymerizations led to the isolation of brightly coloured cationic organoiron polyaromatic

ethers and thioethers containing azo dyes in their side chains (3.15a-g, 3.16a-c, and

3.17a'c). These resulting organoiron polymers were isolated in yields of 84-97Vo,

displayed fair to excellent solubility in polar organic solvents such as DMF, DMSO, and

acetonitrile, and displayed vibrant colours ranging from orange to red. Solubility of the

polymers varied with the type of spacer used. Polymers prepared with bisphenol A (3.12)

displayed the highest solubility, whereas the polymers prepared from 4,4'-

thiobisbenzenethiol (3.13) and 1,8-octanedithiol (3.14) ofren formed gels.
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rH and 13C l.iltß. analyses of the organoiron polymers (3.15a-g, 3.16a-c, and

3.17a-c) indicated that the polymerization reactions were successful; these data are

presented in Tables 3.10-3.12. However, t3C NN,ß. analyses of some of the polymers

were unable to be obtained due to their low solubilities. As previously stated, some of

the polymers prepared with the dithiols displayed very poor solubility or formed gels

upon addition of polar organic solvents. This may be attributed to the higher

nucleophilicity of thiols as compared to phenols, which may have resulted in the

formation of higher molecular weight polymers. The 1H NMR spectrum of polymer

3.16a is shown in Figure 3.7. The methyl protons of the ethylene group appear at Ll2

ppm as a triplet, while the rest of the methyl and methylene protons in this polymer are

observed as broad peaks. The other methyl protons appear at 1.60 ppm and the

methylene protons appear at 2.07,2.38,3.5I,3.66, and 4.22 ppm. The cyclopentadienyl

protons resonate as a singletat5.l4 ppm, while the complexed aromatic protons appear

as a singlet at 6.26 ppm. There are also four doublets and two sets of multiplets

resonating between 6.85 and 7.73 ppm, which correspond to the uncomplexed aromatic

protons.

The r3C NMR spectrum of polymer 3.l6ais shown in Figure 3.8. Observed are

two methyl carbons at 12.32 and27.30 ppm, five methylene carbons at 30.22,39.48,

44.8I, 48.28, and 61.95 ppm, and one quaternary aliphatic carbon peak at 45.33 ppm.

The large peak at 79.00 ppm corresponds to the cyclopentadienyl carbons, while the

peaks at76.52 and 85.43 ppm can be attributed to the complexed aromatic carbons alpha

to the oxygen and sulfur atoms. The carbons ipso to these bridges appear at 132.10 and

103.60 ppm, respectively. Observed are seven aromatic CH carbon resonances between
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lll.79 and 135.16 ppm and seven quaternary aromatic carbon resonances between

129.37 and 152.59 ppm. The peak at 113.06 ppm is assigned to the carbonyl carbon.

Table 3.10: Percent yield and IR analysis of polymers 3.15a-g, 3.16a-c, and 3.17a-c.

Polymer Vo Yield IR (cm-')

3.15a 92 1732 (CO)

3.15b 94 1680 (CO), 1729 (CO)

3.15c 95 1726 (CO)

3.15d 84 1727 (CO)

3.15e 88 1730 (CO)

3.15f 94 1728 (CO)

3.15g 92 1728 (CO)

3.16a 93 r72s (co)

3.16b 97 t677 (CO),1731 (CO)

3.16c 90 1728 (CO)

3.17a 95 1733 (CO)

3.17b 97 1678 (CO), 1729 (CO)

3.17c 89 1724 (CO)
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Table 3.11: IH NMR analysis of polymers 3.15a-g, 3.16a-c, and 3.17a-c in DMSo-dr,.

Aromatic Comp.
Aromatic Cp CHz Other

3.15a

6.80-6.92 (m,
4H),7.15-7.25
(m,4H),7.38-
7.48 (m,5H),
7.61-7.75 (m,

4H)

6.23 (s,

4H),6.35
(s,4H)

5.08 (s,

10H)

1.25-1.38 (m,
8H), 1.98-2.13
(m,2H),2.38-
2.53 (m,2H),
3.08-3.23 (m,
2H),3.58-3.69
(m,2H),4.05-
4.19 (m,2H)

0.99-1.15 (m,3H,
cH¡),.50-1.65
(m, 1lH, CH3,

CHz)

3.15b

6.73-6.85 (m,
2H),7.04-7.22
(m,8H),7.60-
7.68 (m,4H),
7.90-7.99 (m,

2}j)

6.09-6.37
(m,8H)

4.97 (s,

10H)

1.18-1.35 (m,
8H), 1.40-1.53
(m,4H), 1.94-
2.09 (m,8H),
3.31-3.45 (m,
2H),4.03-4.21

(m,2H)

0.97-1.15 (m, 3H,
cHs),2.19-3.10
(bm, 8H, CH2,

CH¡)

3.15c

6.84-6.97 (m,
2H),1.25-7.39
(m,4H),7.79-
7.86 (m,4H),
7.91-8.01 (m,
4H),8.12-8.30

(m,2H)

6.14-6.26
(m,4H),
6.26-6.38
(m,4H)

5.09 (s,

10H)

1.27-1.39 (m,
8H),2.00-2.15
(m,2H),2.30-
2.45 (m,2H),
3.45-3.49 (m,
2H),3.62-3.78
(m,2H) 4.19-
4.27 (m,2}l\

0.96-1.20 (m,3H,
cH¡), 1.45-1.63
(m, 1lH, CH2,

CH¡)

3.15d
7.26 (m, 8H),
7.57 (m,3H),
7.6I (m,4H)

6.29-6.39
(m,4H),
6.78 (m,

4H)

5.10 (s,

10H)

1.27 (bs, 8H),
2.67 (bs,4H),
3.31 (bs,4H),
3.78 (bs,2H),
4.19 (bs,2H)

1.60 (bs,7H,
CHz, CH¡),2.35
(bs, lOH, CH2,

CH¡),2.57 (s,3H,
CHr)

3.15e

6.41-6.69 (m,
2H),7.02-7.24
(m, 8H),7.89-
7.97 (m,5}J)

6.19-6.30
(m,8H)

5.10 (s,

l0H)

1.29 (b.s.,8H),
3.13 (bs, 2H),
3.34 (bs,2H),
3.68-3.73 (m,
4H),4.16-4.20

(bs,4H)

L62 (bs,7}J,
CH2, CH3) ,2.20
(s, H, CH),2.63

(m,7H, CH2,
CH¡)

3.15f

7.00 (bm,2H),
7.25 (bm,
IOH),1.72

(bm,2H),7.92
(bm, 2H)

6.40 (bm,
4H),6.6r
(bm,4H)

5.10 (s,

10H)

1.30 (b.s., 8H),
2.06 (bs,4H),
2.87 (bm,4H),
3.13 (bs,4H),
3.48 (bs,4H)

1.60 (bs,7H,
CHz, CHg)

3.15g
7.03-7.1 (bm,
8H),7.31-7.42
(bm,3H),7.71

6.09-6.t7
(bm,4H),
6.5t-6.57

4.88 (s,

10H)

1.05 (bs,8H),
2.42 (bm,4H),
2.63 (bm,2H),

1.36 (bs,7H,
CH2, CH3) ,2.27

(s,3H, CHr)
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(bm,4H) (bm,4H) 2.90 (bs,4H),
3.87 (bs,4H),
4.23 (bs,2H\

3.16a

6.88 (d, 2H, J =
9.0),7.2r-7.32
(m,8H),7.40-
7.52 (m,8H),
7.58-7.68 (m,

7H)

6.26 (bs,
8H)

5.14 (s,

10H)

2.07 (s,2H),
2.29-2.43 (m,
2H),3.54-3.55
(m,2H),3.66
(bs,2H),4.22

(bs,2H)

.91-1.21(m, 3H,
CH:), 1.59 (s,3H,

CH:)

3.16b

6.80-6.90 (m,
2}l),7.t3-7.80
(m, 18H),7.95-

8.05 (m,4H)

6.26 (bs,
8H)

5.15 (s,

l0H)

1.57-1.68 (m,
2H),2.0t-2.17
(m,2H),3.28-
3.36 (m,2H),
3.69-3.75 (m,
2H),4.t5-4.2r

(m,2H)

1.08-1.12 (m,3}{,
CH¡), 1.65 (s,3H,
CH¡), 2.72 (s,3}J.,

CH:)

3.16c

6.90 (d, 2H, J =
9.4),7.13-7.25
(m,4H),7.45

(d,4H, J =
7.4),7.53-7.68
(m,6H),7.71-
7.85 (m,6H),

8.30 (d, 2}J, J =
e.0)

6.28 (s,8H) 5.15 (s,

l0H)

1.97-2.t5 (m,
2H),2.27-2.39
(m,4H),3.37-
3.53 (m,2H),
4.L3-4.26 (m,

2}l)

0.96-I.12 (m,3H,
CH¡), 1.60 (s,3H,

CH¡)

3.17a

6.80-6.89 (m,
4H),6.97-7.09
(bs, 5H),7.14-
7.25 (m,8H),
7.36-7.48 (m,
4H),7.58-7.75

lm.4H)

6.21 (s,8H) 5.18 (s,

l0H)

1.95-2.07 (s,

2Id),2.25-2.40
(m, 2H),3.39-
3.48 (bs,2H),
3.65-3.82 (m,
2H),4.21 (s,

2H)

1.12 (s, 3H, CH3),
I.64-I.78 (m,9H,

CH¡)

3.17b

.81-7.28 (m,
18H),7.63-

7.69 (m,4H),
7.90-7.99 (m,

2H)

6.11 (s,8H) 5.08 (s,

10H)

T.95-2.03 (m,
2H), 2.30 (bs,
2H),3.28-3.45
(m,2H),3.51-
3.60 (m,2H),
4.10-4.19 (m,

2H)

0.98-1.11 (m,3H,
CH¡), 1.41-1.82
(m,9H, CH¡),

2.40 (s,3H, CH¡)

3.17c

6.91 (d, 2H,J =
9.6),7.t8-7.30
(m,4H),7.37-
7.45 (m,12H),
7.83-7.93 (m,
4H),8.32 (d,

2H,J =9.0)

6.21 (s,8H) 5.18 (s,

10H)

1.97-2.15 (m,
2H),2.22-2.36
(m,2H),3.48-
3.57 (m,ZH),
3.55-3.70 (m,
2H),4.18-4.29
(m,ZH, CHz)

1.01-1.18 (m,3H,
CH¡), 1.50 (s,6H,
CH¡), 1.65 (s,3H,

CH:)
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Table 3.12: t3c NMR analysis of polymers 3.15a-g, 3.16a-c, and 3.17a-c in DMSo-d¡.

Other CHs CHz Cp
Comp.

Aromatic Aromatic

3.15a 44.r2
17r.35

(c),
(co)

12.52,
26.19

27.47,
28.66,
29.28
30.59,
37.42,
47.93,
62.80

79.17 75.67,
81.55,

106.43*,
130.1 8*

113.34, tr7.55,
t22.70,123.62,
128.60,130.76,

136.18*, 142.00*,
L47 .13*, 152.75*,

r53.gg*

3.15b 44.92 (C),
172.7r (CO),
te7.16 (co)

11.91,
26.82

28.Lt,
28.44,
29.92
3t.35,
37.44,
47.88,
6r.52

78.46 75.79,
82.63,

105.82*,
130.91*

Ltt.82,
120.05,
121.71,
t25.56,
129.18,
129.44,

136.64*
142.6I*
r45.91*
t5I.25*
r54.95*

3.15c
3.1sd 43.60 (C),

Ir7.73 (CN),
172.00 (co)

1 1.81,
20.93,
27.45

19.13,
28.23,
29.51,
31.67,
35.20,
40.22,
51.47,
55.19,
66.00

78.32 76.44,
84.03,

105.61x,
131.30*

110.45, 11,4.67,

T17.82, L22.62,
123.55,128.10,
I29.50,I32.8I*,
136.48*, t39.gt*,
142.79*, t46.63*,
149.74*,153.60*

3.15e
3.15f 41.43 (C),

118.05 (CN),
173.66 (CO)

28.9t 18.80,
27.32,
29.23,
30.54,
35.99,
40.t3,
50.72,
54.87,
67.47

77.89 76.6t,
83.09,

t04.28*,
132.64¡"

t13..43, rr7.65,
L23.60, t24.13,
128.55, 129.27,

L36.21*, 142.46*
146.28*,150.72*

153.81*

3.15s
3.16a 45.33

173.06

(c),
tco)

12.32,
27.30

30.22,
39.48,

79.00 76.52,
85.43,

ttt.79,
t20.51,122.06,
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44.87,
48.28,
6r.95

103.60*,
r32.r0¡"

t25.39,I29.37*,
r29.54,

132.39,135.t6,
136.70*, L42.69*,
146.42*,150.91*,
151.30*, 152.59*

3.16b
3.16c 4s.2e (c),

173.01 (CO)
12.32,
27.56

30.23.
44.94.
48.35.
61.89

19.00 76.50,
85.37,

103.61*,
132.03*

111.99,120.49,
t22.72,125.25,

126.43,
t29.3r*, I29.53,
132.36, r35.17,

136.66*, 143.01*,
146.36*, t47.10*,

t5t.2g*,
t52.I3*,
t56.34*

3.17a 44.68
44.85

172.89

(c),
(c),
(co)

12.17,
30.78

30.11,
42.39,
45.r2,
48.13,
6r.74

78.05 75.10,
130.12*,
t30.34'+

1 1 1.61, r20.t3,
12t.90,125.19,
127.56,129.94,
t29.40,142.54*,

146.04*, T47.94*,
150.70*, 15T.47*,
152.48*.155.36*

3.17b 41.e2 (C),
44.67 (C),

t72.st (co),
1e6.92 (CO)

Lt.73,
26.62,
30.35

29.59,
44.38,
47.73,
6r.28

77.62 74.63,
129.74*,
t29.95*

III.32, tI7.32,
trg.73, t21.54,
t25.40,128.55,

728.96,
I29.26,136.40*,

142.37*, 145.66*
r47 .55* , 15 I .05*
151.26*,154.72*

3.17c 42.56 (C),
4s.2e (c),

173.0s (CO)

12.34,
30.94

41.91,

44.96,

48.36,
61.90

78.22 75.34,
130.27*,
130.49*

112.03,120.29,
122.71,125.31,
126.45,127.72,

129.10,
129.50,143.05*,

146.20*, 147 .15*
148.09*, 151.63*
151.83*, 152.16*

156.4t*
* Denotes quaternary carbons.
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tH NNß. spectroscopy was used to confirm the success of the polymerization

reactions. Figure 3.9 shows a comparison between the lH NMR spectra of the monomer,

3.11a, and its corresponding polymer, 3.16a. In the monomer (3.11a) lH NMR specrrum,

the Cp peak appears at 5.32 ppm; two doublets are also observed at 6.44 and 6.76 ppm,

which represent the complexed aromatic protons. However, in the lH NIrß. spectrum of

the corresponding polymer (3.16a), the cp peak shifted slightly upfield ro 5.18 ppm,

while the complexed aromatic protons resonated as a broad singlet at 6.2I ppm. A

significant difference was observed in the aromatic region. For the monomer, 3.11a, the

integration of the aromatic protons was 17, while that for the polymer was 25. This is

expected due to the substitution of the chloro groups by the bisphenol A spacer.

Additionally, all the peaks were observed to broaden due to the increase in molecular

weight.

Figure 3.9: rH NMR spectra of 3.11a (top) and 3.16a (bottom).
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3.5 Organic Polymers Functionalized with Ãzobenzene Dyes in Their

Side Chains

3.18a-g, 3,19a-c, 3.20a-c

Scheme 3.5

As shown in Scheme 3.5 above, photolysis of the organoiron polymers, 3.15a-g,

3.16a-c, and 3.17a-c, by 300 nm light facilitated the removal of the cyclopentadienyliron
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moieties. Polymers 3.1,8a-g, 3.1,9a-c, and 3.20a-c displayed moderate to poor solubility

in polar organic solvents such as chloroform, tetrahydrofuran, and dichloromethane.

The percent yields and IR data for the demetallated polymers (3.18a-g, 3.1,9a-c,

and 3.20a-c) are provided in Table 3.L3. One can see that the polymers prepared with

bisphenol A were isolated with greatest success, which is due to their higher solubility.

Some of the organic polymers containing thioether spacers possessed very poor

solubility. IR spectroscopic analysis of the organic polymers was consistent with the

values obtained for their organometallic analogues. All of the demetallated polymers had

a carbonyl stretch between l73I and l74I cffi-I, corresponding to their ester

functionalities, while only polymers 3.18b and e, 3.19b, and 3.20b possessed an

additional carbonyl stretch between 1679 and 1686 cm-l due to the presence of their

acetyl functionalities.

106



Table 3.L3: Percent yield and IR analysis of polymers 3.18a-g, 3.19a-c, and 3.20a-c.

It is clear from the NMR data of polymers 3.18a-g, 3.19a-c, and 3.20a-c (as seen

in Tables 3.14 and 3.15) that the demetallation reactions were successful for two reasons:

(1) the absence of cyclopentadienyl resonance, and (2) the downfield shift of the aromatic

protons that had previously been coordinates to the cyclopentadienyliron cations. The lH

NMR spectrum of polymer 3.19a is shown in Figure 3.10. The methyl resonances

appear at 1.21, 1.56, and 1.65 ppm, while the methylene proton resonances appear at

Polymer 7o Yield IR
(cm-l)

3.18a 50
1734 (CO)

3.18b 70
r67e (co),
1735 tCO)

3.18c 40
t734 (CO)

3.18d 42
t74t (co)

3.18e 6I 1682 (CO),
1739 (CO)

3.18f 55
1732 (CO)

3.18g 68
1733 (CO)

3.19a 40
t733 (CO)

3.19b 30
1686 (CO),
1731 (CO)

3.19c 35
1731 (CO)

3.20a 58
1734 (CO)

3.20b 70
r67e (co),
1735 (CO)

3.20c 10
t734 (CO)
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2.09,2'34,3.45, 3.63, and 4.24 ppm. The aromatic protons overlap and appear between

6.81 and 7.85 ppm.

The 13C NMR spectrum of polymer 3.19a is shown in Figure 3.11. The methyl

carbons can be seen at 12.25,27.69, and 31.00 ppm, while the quaternary aliphatic

carbons resonate at 42.01 and 45.33 ppm. The methylene carbon peaks appear at 30.23,

36.49,44'77,48.58, and 61.45 ppm. The aromatic resonances appear between III.33

and 129.40 ppm, while the quaternary aromatic carbon peaks do so between 142.91 and

r55.76 ppm. The carbonyl carbon of the ester group appears at r73.69 ppm.

Table 3.14: tH NMR analysis of polymers 3.18a-g, 3.19a-c, and 3.20a-c in cDCl3.

Polvmer CHs CHz Aromatic

3.18a
1.12 (m, 3H),
1.43 (m,3H)

1.12 (m, 8H)
1.43 (m,4H),
1.96 (m,2H),
252 (m,2H),
332 (m,6H),
3.49 (m,2H),
4.I1 (m,2}l)

6.76 (m,8H),
6.99 (m,7H),
7.18 (m,4H),
7.26 (m,4H),
7.72 (m,2H)

3.18b
1.23 (m,3H),
1.52 (m,3H),
2.64 (m,3H)

1.23 (m,8H),
1.52 (m,4H),
2.14 (m,2H),
2.33 (m,2H),

2.64-2.98 (m,4H),
3.48-3.65 (m, 4H),

4.24 (m,2H)

6.88 (br.m, 10H),
7.09 (br.m,8H),

7.84-8.12 (m,6H)

3.18c
1.16 (m, 3H),
1.26 (m,l9H)

2.18 (m,2H),
2.29 (m,2H),
3.50 (m,2H),
3.67 (m,ZH),
4.28 (m,2}l)

6.82-7.03 (m, 8H),
7.08-7.16 (m, 8H),
7.29-7.36 (m, 2H),

7.98 (m,4H),
8.30 (br.d, 2H)

3.18d
1.68 (m,3H),2.41

(m,6H)

1.20 (m,8H),
1.57 (m,4H),
2.20 (m,4H),

2.68-2.73 (m, 6H),
3.60-3.71(m, 4H),

434 (s,2H)

6.60-6.83 (m,6H),
7.13 (m,4H),

7.25-7 .40 (m, 10H),
7.65-7.19 (m, 3H)

3.18e 1.52 (m,3H), 1.31 (m, 8H), 6.76 (br.m,10H),
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2.28 (m,3H),
2.64 (m,3}l)

1.58 (m,4H),
2.19 (m,2H),
2.28 (m,2H),

2.59-2.86 (m,6H),
3.45-3.66 (m,4H),

4.31(m,2H)

7.25 (br.m,8H),
7.74-8.04 (m,5H)

3.1.8f 1.67 (br.s, 3H)

1.29 (m,8H),
1.60 (m,4H),
2.22 (m,4H),

2.66-2.79 (m, 6H),
3.69-3.77 (m,4H),

4.34 (m,2Il)

6.76-6.84 (m,6H),
7.15 (b.d,4H),

7.25-7.43 (m, 10H),
7.73-7.89 (m, 4H)

3.18g
1.70 (br.s, 3H),
2.33 (br.s,3H)

1.33 (m,8H),
L67 (m,4H),
2.15 (m,4H),

2.58-2.8I (m,6H),
3.66-3.72 (m,4H),

4.3I (m,2Il\

6.74-6.81(m, 6H),
7.07 (b.d,4H),

7.29-7.45 (m, 10H),
7.77-7.92 (m, 3H)

3.19a
1.21 (br.t,3H),
1.61 (br.s, 3H)

2.08 (m,2H),
2.36 (m,2H),
3.49 (m,2H),
3.67 (m,2H),
4.2T (m,2H)

6.94 (m,10H),
7.19 (m,15H),
7.38 (m,6H),
7.83 (m,2H)

3.19b

1.21(m,3H),
1.58 (s,3H),
2.62 (s,3H)

2.18 (m,2H),
2.35 (m,2H),
3.43 (m,2H),
3.64 (m,2H),
4.25 (m,2H)

6.9I (m,2H),
6.93 (m,8H),

7.14 (m,lzH),
7.37 (m,4H),
7.87 (m,4H),
8.01 (m,2H)

3.19c
1.27 (m,3H),
1.61 (m, 3H)

2.19 (m,2H),
2.38 (m,2H),
3.5I (m,2H),
3.66 (m,2H),
4.26 (br.t,2H)

6.82 (br.d,2}J)
6.92 (br.d, 8H),

7.10-7.16 (m, 12H),
7.36 (br.d,4H),
7.92 (m,4H),
8.26 (br.d, 2H)

3.20a

l.2l (t, J =7.0H2,
3H),

1.56 (s,3H),
1.65 (s,6H)

2.09 (m,2H),
2.34 (m,2H),

3.45 (br.q,2H),
3.63 (br.s, 2H),
4.24 (br.s,2H)

6.8L-6.93 (m, 12H),
6.97 (s, 8H)

7.03-1.25 (m, 7H),
7.40 (m,4H),
7.85 (m,2H)

3.20b

1.24 (br.s, 3H),

1.57 (s, 3H),

1.66 (s,6H),
2.63 (s,3H)

2.12 (m,2H),
2.39 (m,2H),
3.50 (m,2H),
3.63 (m,2H),
4.38 (m,2H)

6.87 (m,10H),
6.96 (s,8H),
7.10 (m,8H),

7.87 (br.s,4H),
8.02 (br.s, 2H)

3.20c 1.25 (m,3H), 2.10 (m,2H), 6.83-6.89 (m, 10H)
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1.56 (br.s, 3H),
1.65 (br.s,6H)

236 (m,2H),
3.50 (m,2H),
3.66 (m,2H),
4.26 (br.t,2}J)

6.96 (s, 8H),
7.02-7.19 (m, 8H),
1.92-7.95 (m, 4H),
8.29-8.32 (m.2H)

Table 3.L5: r3c NMR analysis of polymers 3.18a-g, 3.19a-c, and 3.20a-c in cDClg.

Polvmer Other CH" CHz Aromatic
3.18a 41.63 (C),

t72.2r (CO)
13.39,
28.98

28.65,
34.27,
42.03,
48.82,
55.64,
66.08

113
122
126

128

.47,117.54

.70,123.68

.35,I28.r4
t28.78x,
.89, 130.72
136.tt*,
142.00*,
146.77*,
152.54*,
153.68x

3.18b 4t.62 (C),
r72.Os (CO),
1e6.s4 (CO)

12.98,
22.88,
28.76

26.65,
33.54,
42.90,
49.02,
54.89,
66.43

It3.26,116.32,
122.55,I23.99,
125.33,128.12,

128.65*,
128.97,

136.1 1 
*,

r39.6r*,
142.06*,
t46.77*,
152.59*,
153.60*,
156.95*

3.18c 4r.78 (c),
173.01 (CO)

13.60,
28.93

26.72,
34.34,
42.68,
41.99,
53.85,
66.03

rr3.54,116.89,
122.99, 123.67,
126.25, r28.t7,

128.81*,
t36.29*,
I42.rt*,
146.70*,
150.60*,
152.53*,
153.58*,
158.66*

3.18d 41.58 (C),
rr7.73 (CN),
17r.64 (CO)

1r.88,
20.81,
27.66

17.68,
26.62,
35.04,
42.54,

tt0.43,ll4.tL,
It7.57,122.68,
123.5t, t26.33,

t28.12,
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41.85,
54.1T,
65.90

128.79*,
129.58,

132.82*,
136.10*,
139.94*,
142.70*,
146.65*,
t49.59*,
152.55*,
153.64*

3.18e 40.16 (C),
trg.2r (cN),
r7t.55 (CO),
1e5.80 (CO)

TI.9T,
23.04,
27.99

17.62,
26.82,
34.5r,
42.11,
42.79,
55.01,
64.16

ITI.I2, LI5.O7,
r17.68,12r.93,
t23.57, 126.45,

128.13,
128.89*,
129.18,
132.69*,
136.23*,
139.60*,
142.94'+,

146.60*,
152.32*,
153.27*,
156.95x

3.18f 42.0e (c),
118.43 (CN),
174.28 (CO)

28.67 L8.70,
27.13,
33.59,
42.81,
43.49,
55.31,
64.55

II3.54,118.19
t23.66,124.1r
126.38, 128.03

128.98x,
129.37,
t36.r2*,
142.00*,
L46.79*,
150.60*,
t52.71*,
153.52*

3.18g 41.6t (c),
tt6.2I (CN),
172.78 (CO)

11.89,
28.90

t7.33,
27.66,
32.98,
41.7t,
43.55,
56.28,
63.18

110.51, 114.22,
117.58, r23.87,
124.35, t26.34,

r28.14,
128.88*,
t29.24,

132.85*,
136.01x,
t37 .41*,
143.70*
t47.29*
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150.65*
152.59*
153.90*

,

3.19a 44.e4 (C),
r13.4s (CO)

12.32,
29.35

28.77,
36.43,
44.94,
48.35,
6t.45

ttt.37, Ltg.7g,
119.25,122.09,

125.26,
127 .lL*,

128.52, 128.83,
r29.47,131.42,

133.31*,
134.58,

136.82*,
r43.79*,
150.05*,
154.33*,
t57.44*

3.19b 43.32 (C),
172.08 (CO),
1e6.s7 (CO)

13.12,
22.80,
28.55

29.37,
35.34,
45.19,
49.80,
60.72

112.19,117.34,
t19.46, t22.90,
124.88,125.31,

T27.62*,
r28.94,129.51,

132.r0,
133.77*,
134.91,

t37.02*,
144.12*,
146.29*,
150.47*,
153.09*,
156.84x,
157.99*

3.19c 4s.42 (c),
173.48 (CO)

t2.24,
27.67

30.22,
36.43,
44.94,
48.63,
6t.34

I1I.43,119.93,
t19.28,122.56,
124.59,126.21,

121.28*,
128.56, t29.59,

r31.48,
133.39*,
r34.56,
136.82*,
t43.79*,
t47.32*,
151.27*,
t54.40*,
156.55*,
157.47*
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3.20a 42.0t (c),
4s.33 (C),
t73.69 (CO)

12.25,
27.69,
31.00,

30.23,
36.49,
44.77,
48.58,
61.45

111.33,7t7.60,
120.29,120.47,
t22.r2, t25.19,
t27.93, L2g.3g,
128.86, t29.40,

r42.9t*,
143.59*,
L45.22*,
150.02*,
152.34*,
152.70*,
t55.43*,
t55.76*

3.20b 42.00 (c),
4s.37 (c),

173.56 (CO),
197.4e (CO)

t2.23,
26.73,
30.99

30.18
36.43
44.80
48.59
61.34

111.35, 117.59,
119.18, r20.37,
122.t2, t25.77,
I27.92,128.38,

129.28,
136.9t*,
L42.86*,
r43.71*,
145.22*,
146.10*,
150.69*,
152.7T*,
155.42*,
155.71*

3.20c 42.00 (c),
4s.4r (c),

r73.60 (CO)

t2.22,
27.64,
30.98

30.23
36.44,
44.76,
49.57,

61.29

111.39, rt7 .59
120.26, t2036
t22.55,124.56
126.18,127.71

r28.36,
142.96*,
143.69*,
t45.22*,
t47 .21'+,

151.22*,
L52.72*,
155.39r,
155.75*,
156.58*

x Denotes quaternary carbons.
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Figure 3.10: rH NMR specrrum of polymer 3.19a in CDCI¡.
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Figure 3.11: r3C NMR spectrum of polymer 3.19a in CDCI¡.



3.6 Molecular Weights of

Organometallic Analogues

Organic Polymers and Their

The molecular weights of the organic polymers were determined using gel

permeation chromatography (GPC). The weight average molecular weights of these

polymers (3.18a-g, 3.19a-c, and 3.20a-c) were estimated to range from 8 400 to 20 500,

with polydispersities ranging from 1.16 to 2.24. It is important to note that, in many

cases, the molecular weights of these polymers were limited by their poor solubilities.

Had the polymers been entirely soluble (in the cases where poor solubility was the

limiting factor), the molecular weights would have been higher since only the soluble

portions were analyzed. From these molecular weights, the molecular weights of the

corresponding organoiron polymers were estimated to range from 11 800 to 31 600. The

molecular weights of the organic polymers (3.18a-g, 3.19a-c, and 3.20a-c) are provided

in Table 3.16, while those of their metallated analogues (3.1,6a-g,3.17a-c, and 3.18a-c)

are provided in Table 3.17.
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Polymer Mw PDI

3.18a 8 700 r.22

3.1"8b 8 400 1.29

3.18c 9 100 1.20

3.18d 16 000 1.52

3.18e 7 600 1.20

3.18f 9 200 1.16

3.1.8g 7 600 r.2t

3.19a 9 600 r.4t

3.19b 1l 300 2.24

3.19c 20 500 1.18

3.20a 11 500 r.43

3.20b tt 200 2.04

3.20c 8 600 1.26

Table 3.16: Molecular weights of organic polymers 3.18a-g, 3.19a-c, and 3.20a-c, as

determined by GPC.
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Table 3.17: calculated molecular weights of polymers 3.15a-g, 3.16a-c, and 3.17a-c

Polymer Mw PDI

3.15a 14 100 t.22

3.15b 13 400 1.29

3.15c 15 300 r.20

3.1sd 25 200 r.52

3.15e 11 800 t.20

3.15f 14 500 1.16

3.15g 11 900 T.2t

3.16a 15 100 L.4t

3.16b 17 400 2.24

3.16c 31 600 1.18

3.17a 18 200 1.43

3.17b r7 400 2.04

3.17c 13 400 r.26
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3.7 Thermal Properties of Polymers containing Azobenzene and

Carboxylic Acid Functionalities in Their Side Chains

It was of great interest to compare the thermal properties of the carboxylic acid-

functionalized polymers (3.7-3.9) with the azo-functionalized polymers (3.15a-g, 3.16a-

c, and 3.17a-c) in order to examine the various effects of the azobenzene side chains. In

addition, a comparison of the thermal properties of the metallated (3.15a-g, 3.16a-c, and

3.17a-c) and demetallated (3.18a-g, 3.19a-c, and 3.20a-c) azo-functionalized polymers

provided information on the influence of the cyclopentadienyliron moieties on these

materials. Thermal analysis of these polymers was accomplished through the utilization

of thermogravimetry and differential scanning calorimetry.

Thermogravimetric analysis (TGA) of all the metallated polymers indicated

weight losses within the range of 200-250'C, which are indicative of cleavage of the

CpFe* moieties pendent to their backbones. The azo dye-functionalized. polymers

underwent a second weight loss between250-290'C, which is attributed to decomposition

of the azo gtoups. However, these second weight losses by these azo dye-functionalized

polymers were not always distinct; they were often overlapped with other weight losses

or were gradual, rather than sharp. Further weight losses by polymers 3.15a-g, 3.16a-c,

and3.l7a-c were also observed to start around 380-600'C. In general, the thermograms

of the metallated (3.15a-g, 3.16a-c, and 3.17a-c) and demerallared (3.18a-g, 3.19a-c, and

3.20a-c) polymers containing azobenzene groups in their side chains showed multiple

weight losses and were unclear. The carboxylic acid functionalized polymers (3.7-3.9)

exhibited only two weight losses; the first is attributed to decomposition of the

organoiron groups, while the second to polymer decomposition.
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Figure 3.12 shows the TGA thermogram of polymer 3.9. This polymer

experienced a 167o weight loss over the range of 216 to 250"C due to decoordination of

the cyclopentadienyliron moieties, and a 40Vo weight loss between 412 and.475"C due to

degradation of the organic backbone of this polyether/thioether. Table 3.18 provides the

TGA data for polymers 3.7-3.9.

Figure 3.13 shows the thermogram of polymer 3.15a, which contains the same

organic backbone as polymer 3.9, differing only in the side chain. This polymer shows

an \Vo weight loss between 208 and229"C due to loss of the organometallic moieties. A

second major weight loss (24Vo) occurs over the range of 402 to 442"C. One can also see

a third weight loss between about 230 and 320"C, which is relatively indistinct. The

TGA data for polymers 3.15a-g, 3.16a-c, and 3.17a-c is provided in Table 3.19.

Figure 3.L4 shows the TGA thermogram of polymer 3.18a, which is the organic

analogue of polymer 3.15a. NMR analysis confirmed the loss of the

cyclopentadienyliron cations pendent to the polymer backbone (which can be seen in

Tabte 3.14, the tH NMR analysis of the organic polymers). There aÍe at least four

weight losses observed in the thermogram of polymer 3.18a. The first weight loss

accounts for 9Vo of the polymer weight and occurs between 267 and 289"C. Another

small, indistinct weight loss falling within the range of about 380 to 420"C is also

observed. There are also 16 and 22Vo weight losses seen within the ranges of 517 to

560'C and 620 to 669oC, respectively. These losses may be attributed to decomposition

of either the pendent group or the backbone. The TGA analyses for all of the other

azobenzene-functionalized polymers resulted in thermograms similar to that just
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discussed. The thermogravimetric data for polymers 3.15a-g, 3.16a-c, and 3.17a-c is

provided in Table 3.20.
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Table 3.18: TGA analysis of carboxylic acid-functionalized polymers 3.7-3.9.

Table 3.19: TGA analysis of organoiron polymers 3.15a-g, 3.16a-c, and 3.17a-c.

Polymer
VoWeight

Loss

Tooset

(oc)
Tmidpoint

('c)
Toendset

loc)

3.7
L4

34

228

447

243

519

255

551

3.8
I6
24

239

424

250

466

26t
500

3.9
T6

40

216

4t2
235

446

250

475

Polymer To*"t fC) Tendset

loc)
Weight
loss (%) To*", (oC) Tendset

(oc)
Weight
loss (7o)

3.15a 208 229 13 402 442 28

3.15b 209 248 T6 413 491 29

3.15c 211 237 15 489 502 23

3.15d 207 236 l4 387 452 44

3.15e 205 23r 13 380 462 52

3.15f 198 211 T7 395 444 36

3.159 206 230 12 387 443 23

3.16a 212 233 r8 398 470 õ^JJ

3.16b 221 253 I6 425 472 26

3.16c 225 245 13 469 500 23

3.17a 225 248 T9 510 526 28

3.17b 222 244 L9 501 555 26

3.17c 227 243 T7 572 613 27
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Table 3.20: TGA analysis of organic polymers 3.18a-g, 3.19a-c, and 3.20a-c.

Differential scanning calorimetry (DSC) was utilized to determine the glass

transition temperatures (Tg) of the organometallic and organic polymers. The results

obtained from DSC were significantly easier to analyze than the results obtained from the

TGA of these polymers. In general, the metallated polymers exhibited much higher glass

transition temperatures than the organic polymers. The polymers with aromatic spacers in

their backbones possessed higher T*'s than polymers incorporating aliphatic spacers in

t26

Polymer Torrset

ec)
Tendset

("c)

Weight
loss
(Vo')

To.rset

fc)
Tendset

("c)

Weight
loss
(vo')

Tonset

cc)
Tendset

("c)

Weight
loss
(7o\

3.18a 267 289 9 5t7 560 t6 620 669 22

3.18b 2t8 245 6 4r6 446 28 508 532 L]

3.18c 206 303 10 410 476 38 585 686 9

3.18d 403 463 35

3.18e 424 515 t1

3.18f 402 461 39

3.18g 404 462 37

3.19a 260 297 t0 475 496 30

3.19b 279 301 4 481 512 I4 723 183 24

3.19c 242 274 7 440 456 22 605 680 53

3.20a 246 308 L4 404 456 2T 501 548 T9

3.20b 269 301 8 519 615 72

3.20c 269 3t6 7 502 539 24



their backbones, both in their metallated and demetallated states. For the polymer with

aromatic backbones, the glass transition temperatures of those substituted with carboxylic

acid were higher than those of their azo-substituted analogues. However, an exception

does arise. Polymer 3.9 had a lower T" than two azo-substituted polymers having its

same backbone (3.15b and c); all of the other azo-substituted polymer in this category

(3.15a, d-g) had lower Tr's than polymer 3.9. Figure 3.15 shows the DSC thermogram

of polymer 3.9. The T, of this polymer occurred at 123"C compared to 203 and 195"C

for polymers 3.7 and 3.8, respectively. The DSC data for the carboxylic acid-

functionalized polymers (3.7-3.9) are presented in Table 3.2L.

Figure 3.L6 shows the DSC thermogram of organoiron polymer 3.15a, which has

the same organic backbone as 3.9, but incorporates azobenzene units in its side chains.

The T, of 3.15a occurs at II4'C. The glass transition temperatures of polymers 3.15a-g,

3.16a-c, and 3.17a-c are provided in Table 3.22. Upon demetallation, the Tr's of the

organic polymers (3.18a-g, 3.19a-c, and 3.20a-c) were much lower than their organoiron

countefparts. For example, the organic analogue of polymer 3.15a had a T, of 59oC.

The DSC thermogram of this polymer (3.18a) is shown in Figure 3.17. The glass

transition temperatures of the organic polymers with aryl ether spacers occurred between

111 and l23oc, while the polymers with alternating aryl ether and thioether spacers

occurred between 101 and 115"C. DSC data for the organic polymers with azobenzene-

substituted side chains are provided in Table 3.23.
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Table 3.2lzTrValues for Polymers 3.7-3.9.

Table 3.222 Tg values for metallated polymers 3.15a-g, 3.16a-c, and 3.17a-c.

Polymer Tg ('c)

3.7 203

3.8 195

3.9 123

Polymer Tg ('c)

3.15a rr4

3.15b t32

3.15c t40

3.15d 106

3.15e r12

3.15f tt2

3.15g 118

3.16a 175

3.16b 180

3.16c 184

3.17a r67

3.17b 168

3.17c 173
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Table 3.23zTtvalues for demetallated polymers 3.18a-g, 3.19a-c, and 3.20a-c.

Polymer Tg ("c)

3.18a 59

3.18b 64

3.18c 35

3.18d 106

3.18e L12

3.18f 112

3.18g 118

3.19a 101

3.19b 115

3.19c lt3

3.20a llt

3.20b lt2

3.20c r23
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3.8 Ultraviolet-Visible Studies of organometallic Polymers with Azo

Dye Pendent Groups

Ultraviolet-visible (IJV-Vis) spectroscopy studies were performed on the

organometallic polymers (3.15a-g, 3.16a-c, and 3.17a-c) to determine the effect of the

azo dye pendent groups. The polymers were determined to exhibit â À** similar to the

free azo dye. Spectra for the polymers showed peaks characteristic of the n)æ* and the

n)nx transitions of the azo dye. Figure 3.18 shows the UV-Vis spectrum of polymer

3.15d in a variety of solutions. In a pure DMF solution (curve a) the À,nu* occurred, at 412

nm. Addition of l07o HCI (2:8 v/v) (curve b) resulted in a substantial decrease in the

absorbance of the azo group as well as the appearance of a protonated form of the azo

group; the À*u* for this protonated form occurred at 538 nm. It was also found that both

the azo and azonium species were present together in solution until a concentration of

acid that converted all of the azo species to azonium species was reached (curve Ð. The

[IV-Vis data for polymers 3.1,5a-g, 3.16a-c, and 3.17a-c are displayed in Table 3.24.

When an electron-withdrawing group was attached to the azo dye, the Àru* of those

polymers appeared at higher wavelengths than those either with or without less electron-

withdrawing groups. This behaviour allows for the potential applications of these

polymers as pH indicators. Figure 3.19 shows the UV-Vis spectrum of polymers 3.1,5a,

3.15b, and 3.15c in DMF. It is important to note that polymer 3.15c possesses the

greatest À'u*, which is due to the presence of the nitro group. The presence of the acetyl

group in polymer 3.15b resulted in a higher À,nu* relative to the unsubstituted polymer,
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3.15a; however, it was lower than that of polymer 3.15c, which, as stated above, contains

the nitro group.

500.0

Wavelerrgfh (ruu.)

Figure 3.18: UV-Vis spectrum of polymer 3.15d. a) DMF, b) B:2vlv Dlvßll}Vo HCl, c)
8:2vlvDIvß1207o HCl, d) 8:2vlvDlvßl4}vo HCl, e) 8:2vlvDlvß/60vo HCl, and ÐB:2
v/v DMF/I007o }lCl.
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Figure 3.19: UV-Vis spectrum of polymers 3.1.5a, 3.15b, and 3.15c in DMF.
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Table 3.24: UV-Vis studies of polymers 3.15a-g, 3.16a-c, and 3.17a-c.

The NMR of these polymers shows that the polymerization was successful (again,

the disappearance of the terminal chloro groups, the increased number of protons per

dinucleophile used, the broadening of the peaks, as well as the slight upfield shift

experienced by all the peaks) and that the methodology of using organoiron moieties to

activate the reaction sites is a good alternative to the traditional organic methods. The

loss of the peaks (resulting from the chloro group on the complexed aromatic groups)

from the monomer upon polymeization show that the reaction occurred. Further proof

Polymer Lnr*in DMF L.u* in DMF/IHCI] Bathochromic
Shift (nm)

3.15a 4t7 515 98

3.15b 45t 522 71

3.15c 49t 530 39

3.15d 412 528 tr6

3.15e 437 526 89

3.15f 424 525 101

3.159 428 530 102

3.16a 419 528 109

3.16b 45r 524 73

3.16c 489 52r 32

3.17a 418 524 106

3.17b 451 524 73

3.17c 49r 520 29
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of polymerization includes the addition of more protons/carbons, depending on which

dinucleophile was used, to the polymer. Also, subtle changes, such as the slight shift of

all the peaks upfield and the broadening of those same peaks from the monomer to the

polymer, suggest that polymerization did occur. The molecular weights of the polymers

have no true pattern in terms of both the types of azo dyes and dinucleophiles used.

Quite often in polymer chemistry, the molecular weights directly affect the properties of

the polymers, such as their thermal stability. When comparing the glass transition

temperatures of the above polymers, a pattern begins to emerge. For example, of

polymers 3.15a, 3.16a, and3.l7a, polymer 3.16a possesses the highest T, (i.e., 175'C).

This result is expected since polymer 3.16a contains sulfide links and is highly aromatic.

Due to its sulfide links (which are more stable than ether links, such as those present in

polymer 3.17a), one would expect polymer 3.15a to have the next highest T". This is not

the case, however. Bisphenol A, the spacer for polymer 3.I7a, has a higher level of

aromaticity and degree of polymerization than the spacer for polymer 3.15a (which is

aliphatic in nature), thus increasing its Tr. This comparison shows that the type of bonds

within the polymer (sulfide versus ether linkages, with sulfide bonds possessing a higher

thermal stability), as well as the structure of the polymer itself (aromatic, which is more

rigid and therefore more thermally stable, versus aliphatic chains, which are more flexible

and thus not as thermally stable), affect the different properties of the polymer (i.e.,

thermal stability).

As mentioned above, the carboxylic acid-functionalized polymers only

experienced two degradations in their TGA thermogram. The first degradation occurred

as a result of the cleavage of the iron moieties, while the second was due to the
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degradation of the polymer backbone itself. This pattern of degradation is also observed

for the coloured polymers. The second degradation, with respect to the coloured

polymers, is probably not due to the azo dye pendent group, since, if it were, there would

have been more than two degradation steps. One difference between these two sets of

polymers is the temperatures at which the degradations occur. The coloured polymers

degrade at lower temperatures than do the carboxylic acid-functionalized polymers, due

to the presence of the azo dye pendent groups (which affect polymer thermal stability and

degree of polymerization) within the coloured polymers. The backbones of these two

sets of polymers are identical, so one would expect very similar reactions to take place.

However, the coloured polymers have bulky pendent groups (i.e., the azo dyes), so steric

hindrance is a factor during polymerization and thus leads to very different reactions.

The azo dyes also tend to lower/decrease the thermal stability of the polymers (i.e., lower

To's are generally observed for the coloured versus the carboxylic acid-functionalized

polymers). The (coloured) organic polymers had varying patterns of degradation; some

had only one degradation step, while others experienced up to three. This is a clear

indication that the iron moieties not only affect the reaction sites of the compound, but

also affect the properties of the polymer itself. Some of the degradations occurred in the

200 to 300'C range, which would have overlapped the cleavage of the iron moieties. The

degradations occurring at 600'C and beyond may have been further breakdown of the

backbone as well as the degradation ofthe azo dye pendent group.

The LIV-Vis studies indicated that the properties of the azo dyes were indeed

incorporated into the polymer itself. When an acidic medium was introduced to solutions

containing the various organometallic coloured polymers, the neutral azo dye pendent
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groups were converted into the azonium ion (see Figure 3.18 above). Azo dyes

themselves possess this same property when an acidic medium is introduced. These

polymers thus have applications in new colouring techniques for textiles, where the

colour does not fade as easily as the traditional methods of colouring used today. Also,

these polymers could potentially be used as a new type of storage device due to the

optical properties that the azo dyes may attribute to the polymers; further optical tests

would be required to determine the exact type and variety of optical properties imposed

on these polymers. Thus, these polymers are very versatile and may have many uses in a

variety of industries.
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4.0 Design of Novel Cross-Linked Polymers

4.L Synthesis of Four-Iron, Four-Arm Star Core

The goal of this research was to synthesize a four-arm star containing iron

complexes. This would give rise to a star core containing four irons. This tetra-iron star

was further reacted with a variety of aromatic dinucleophiles, which resulted in cross-

linked, complexed polymers. The first step was the synthesis of the organic starting

material (which was used for the formation of the tetra-iron star). The following scheme

is the synthesis of the aforementioned organic star.

glacial acetic acid

tHcu

Scheme 4.L

During the course of the reaction, the solution changed from an off-white to a

dark red colour. The precipitate was isolated as a bright orange solid. The final product

had four aromatic hydroxyl groups, which could be further reacted with a variety of

compounds. The isolation of compound 4.3 was very important since it was the first step

in synthesizing the four-iron star.

cHoIo
Y

cHo

4.2

OH

ö

4.1

OH

4.3

o
o

o

o o
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The next step in the synthesis of the four-iron star was the nucleophilic aromatic

substitution of p-dichlorobenzene complex with the organic four-arm star; this gave rise

to the four-arm, four-iron star. This reaction is illustrated in Scheme 4.2.

M = CpFe+

4.4

Scheme 4.2

3.1

o
o

o

o o
4.3

o
o

o
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After the reaction was complete, the pale orange precipitate was filtered and

allowed to dry under vacuum. This novel compound (4.4) has terminal chloro groups

that can be utilized for further reactions such as polymerization or step-wise growth of

the star arms.

Figure 4.1 is the rH NMR spectrum of complex 4.4. Due to the high level of

aromaticity, the analysis of this NMR was quite straightforward. Other than the solvent

peak at 2.04 ppm and the water peak at 2.85 ppm, all of the peaks appear at

approximately 5.3 ppm and higher. The large singlet at 5.37 ppm is attributed to the Cp's

of the complex and the two CH's in the core. The peak at 6.51 ppm is due to the

complexed aromatic protons nearest the ether link, while the peak appearing at 6.81 ppm

is attributed to the complexed aromatic protons nearest the chloro terminal group. All of

the uncomplexed aromatic protons appear as a broad singlet at7 .4I ppm. The absence of

a hydroxyl peak also indicates that the reaction was successful. tH Nlt{R analysis of

complex 4.4 is presented in Table 4.1.

Tabte 4.1: rH-NNm. analysis of complex 4.4 in acetone-d6.

The r3C NMR spectrum of complex 4.4 is shown in Figure 4.2. The two CH

carbons are observed at 55.13 ppm. The complexed aromatic CH's appear at76.19 and

87.46 ppm, while the peak for the Cp carbons is observed at 80.06 ppm. The complexed

quaternary carbons appear at I04.I9 and 142.51 ppm. The uncomplexed aromatic CH's

have peaks resonating at I2l.l8, 129.96, and 132.09 ppm. The quaternary aromatic

Complex Other Cp
Complexed
Aromatic Aromatic

4.4
5.37 (br.s.,2H,

CH)
5.37 (br.s.,

20H)
6.51 (br.s.,8H),
6.81 (br.s.,8H)

7.41 (br.s.,

20H)

t4t



carbons are observed at 133.24, r42.5J , and 151.73 ppm. Table 4.2 shows the 13C NMR

analysis of complex 4.4.

Table 4.2: 13C-NNß. analysis of complex 4.4 in acetone-d6.

Complex Other Cp
Complexed
Aromatic Aromatic

4.4 s5.13 (CH) 80.055

76.79,
87.46,

104.r9'+,
142.57*

tzt.L8,
129.96,
T32.09,
r41.95/"
t33.24*
151.73*

*Represents quaternary carbons.
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M = CpFe+

À
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Figure 4.1: lH NMR spectrum of complex 4.4.



,a@

ÀÀ

Figure 4.2: r3C NMR spectrum of complex 4.4.



l3C solid-state NMR was also performed on the monomer, since the cross-linked

polymers are insoluble. All solid-state NMR and analysis of the NMR spectra were

performed by Dr. Scott Kroeker and Paul Sidhu of the University of Manitoba. By

having the solid-state NMR done on the monomer it can be compared to the cross-linked

polymers to confirm successful polymerization. The assignments of the peaks are very

similar to the solution 13C NN,ß. peaks. The spectra of the monomer can be seen in the

following figure and the complete spectral data can be seen in Table 4.3.

350 3t0 2S0 200 iEO 100 Sû 0 ppm

Figure 4,3213C CP/I4AS spectra of monomer 4.4.

Table 4.3: r3C solid-state NMR analysis of complex 4.4.

Complex Other Cp
Complexed
Aromatic Aromatic

4.4 s494 (CH) 79.71

79.7t,
85.92,

104.09*
141.44*

122.04,
t29.96,
T32.24,
14t.95'*,
132.24'4,
150.53x

*Represents quaternary carbons.

145



4.2 Cross-Linking of Four-Iron, Four-Arm Star Core

Once the four-arm, four-iron core was synthesized, polymerization with a variety

of dinucleophiles then followed. The reaction conditions were similar to those of the azo

dye polymers in Section 3.4. When terminated, some of the reactions formed a gel-like

substance. Since a characteristic of cross-linked polymers is that they tend to absorb

solvent rather than dissolve in the solventla2'la5-1a7, this observation was a good indication

that the reactions were successful and that cross-linking occurred. Precipitation occurred

in LÙVo HCI and ammonium hexafluorophosphate; those precipitates collected were

beige-coloured solids. The percent yields ranged from 34 toTBVo.

Another polymerization that was attempted was the reaction between p-

dichlorobenzene complex and compound 4.3 (organic core). These reactions can be seen

in Schemes 4.3 and 4.4.
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4.11 4.6
4.72 4,7

Scheme 4.3

x
s
o
o
o
o

147



o
o

o

o o
4.3

@ o o
o

o o
M = CpFe+
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Infrared analysis was performed in order to confirm the successful polymerization

of the four-iron, four-arm star. Due to their highly aromatic nature, the resulting

polymers yielded IR spectra that were all very similar. The aromatic region of the

various IR spectra is highly populated, which is once again due to the high level of

aromaticity of the polymers. The IR spectrum of polymer 4.10 is shown in Figure 4.4.

This spectrum shows slight differences relative to the generalized observations made

above. The intensities of the aromatic stretches are stronger than those observed for the

other polymers. This is due to the phenyl pendent group in the spacer of the polymer.

Also, the lack of any hydroxyl stretch and the rather strong stretch at 1094.27 cm-I, which

is most likely due to a C-Cl bond, indicate that the polymer is chloro-terminated. For

polymers 4.8 (Figure 4.5) and 4.10, there are large amounts of aromatic stretches, which

is expected in both cases; however, this expectation is greater for polymer 4.10 due to the

greater amount of aromatic groups. In addition, both of these polymers have stretches

appearing at approximately 3000 cm-l, which may be attributed to their aromatic protons.

For polymer 4.9, a stretch appears at 3648 cm-I, which is often due to non-H-bonding

hydroxyl groups; this is a good indication that this polymer may have hydroxyl-

terminated chains (see Figure 4.6 below). Percent yields and IR values for polymers 4.8-

4.13 are presented in Table 4.4.

149



U¡

Figure 4.4: IR spectrum of polymer 4.10.
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Figure 4.5: IR spectrum of polymer 4.8.
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Figure 4.6: IR spectrum of polymer 4.9.



Table 4.4:Percent yields and IR values for polymers 4.8-4.13.

l3C solid-state NMR was performed on the cross-linked polymers (see Figures

4.7 and 4.8 below). Note that not all of the carbon atoms could be identified due to the

broadness of the peaks in the spectra. This was not a concern, however, since the

majority of the monomeric unit does not change upon polymenzation; thus, only a few

characteristic peaks were needed to confirm a successful polymerization. Again, all

solid-state NMR was performed and analyzed by Dr. Scott Kroeker and Paul Sidhu of the

University of Manitoba.

Upon polymerization, the peak at 104.09 ppm, assigned to the para-chlorophenol

moiety, completely disappears for all six polymers. This is to be expected if the chlorine

atom of the para-chlorophenol moiety (in the monomer) is replaced by an SPh- (4.8) or

an OPh- (4.9-4.13) substituent. Thus, we may assign the peak at 104.09 ppm (MAS) ro

the carbon that is directly bonded to the chlorine atom, which, by default, assigns the

peak at 141.44 ppm (MAS) to the carbon of the para-chlorophenyl moiety that is directly

bonded to the oxygen atom, whose signal survives (in all six cases) upon polymenzation.

r53

Polvmer Vo Yield IR (cm'')

4.8 46.82
1090. 16 (C-S), 1200-1550

(aromatic)

4.9 66.76
398.23 (CH¡), 1200-1550

(aromatic), 3648.48
(terminal OH)

4.10 50.10
1094.27 (terminal C-Cl),

1200-1550 (aromatic)

4.1,1 77.49 1200-1550 (aromatic),
3592.28 (terminal OH)

4.12 58.39
504.90 (-CHz-), 1084.87

(terminal C-Cl), 1200-1550
(aromatic),

4.13 34.35
1200-1550 (aromatic),
3627 .63 lterminal OH)



The peak expected at 76.71 ppm (MAS) in the monomer spectrum appears as a low

frequency shoulder on the Cp peak; thus, its evolution on polymenzation is difficult to

quantify. The other peak at 85.92 ppm is a high frequency shoulder on the same Cp peak,

and thus its evolution on polymerization is also difficult to interpret. However, both

signals may survive upon polymerization, as the Cp polymer peaks have both subtle low-

and high-frequency shoulders on the main peak, which makes itself evident as a broad

signal base, even for polymers 4.10 and4.l2, where the cp peaks are quite weak.

The peaks at 54.94 ppm (the central methine [aliphatic] carbon), 132.24 ppm (the

four CH carbons of the central phenyl ring), and 141 .44 ppm (the two quaternary carbons

of the central phenyl ring) all survive upon polymerization; this is expected since the

polymerization process does not affect this portion of the monomer. As far as the

triphenyl methane aromatic rings are concerned, the signals at 122.04 ppm (ortho to

OPh), 132.24 ppm (meta and para to OPh), and 150.53 ppm (ipso to OPh) all retain at

least some of their intensity upon polymeization; this is once again expected since the

polymerization process does not significantly alter these carbon environments. The peaks

at 122.04 ppm and 132.24 ppm gain considerable intensity upon polymerization, which is

expected if these signals come from the extra phenyl moieties that are incorporated upon

polymerization (e.g., -s-Ph-s-Ph-S- for polymer 4.8 or -o-Ph-cH2-Ph-o- for polymer

4.12).

Polymer 4.8 is unique in that it is the only one that contains thiophenylether

moieties in the polymer chain. The signals in the phenyl region for this polymer are

intermediate in intensity; those for polymers 4.9 and 4.11 are weaker, while those for

polymers 4.10, 4,12, and 4.13 are considerably stronger. The last noticeable difference
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relates to the presence of the sulfur atom in polymer 4.8. The sulfur atom creates a

chemical environment that is slightly different from that created by an oxygen atom.

However, due to the broadness of the peaks in the NMR spectra, it is difficult to

distinguish this difference.

Polymer 4.13 is the only one that does not contain a phenyl ring in the polymer

chain. The peaks in its NMR spectrum seem slightly sharper than those of the other five

cross-linked polymers, suggesting a smaller distribution of environments. This is perhaps

as expected, since the chain of polymer 4.13 is so much smaller that those of the other

polymers.

In summary, the general appearance of the monomer spectrum (sharper signals)

and the polymer spectra (broader signals), as well as the modest changes in chemical shift

ofthe peaks and appearance/disappearance of signals, are all indicative of successful

polymerization. A comparison of the solid-state spectra of the monomer with its

respective polymers can be seen in Figures 4.7 and 4.8.
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Figure 4.7:13C solid-state NMR spectra of (A) the monomer and the polymers:

(B) 4.13, (C) 4.8, and (D) 4.9. Spinning sidebands are indicated with asterisks.
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Figure 4.8: l3C solid-state NMR spectra of (A) the monomer and the polymers:

(B) 4.10, (C) 4.11, and (D) 4.12. Spinning sidebands are indicated with asterisks.
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4,3 Thermal Properties of Metallated Cross-Linked Polymers

The study of the thermal properties of the metallated cross-linked polymers was

of great interest. While the starting material was the same as in the two previous sections

(i.e., the four-iron, four-arm star), the spacers used were different. Therefore, the

comparison relates to the types of effects the spacers have on the thermal properties of

the polymers.

Thermogravimetric analysis data for polymers 4.8-4.13 is presented in Table 4.5.

TGA analysis showed the polymers to be relatively thermally stable. Many of the

decompositions were not distinct steps, but rather of a more gradual slope. Thus, the

ranges of some of these losses were quite broad. All of the polymers experienced a loss

that started in the 200"C range; these initial losses started anywhere from 200.1 to

238.5"C and ended between 205.2 and 276.2"C. This initial loss was attributed to the

cleavage of the iron moieties. Subsequent degradation occurred between 360 and 882.8'C

based on the nature of the spacers. Overall the TGA thermograms showed that following

the decoordination of the iron moieties, the polymers were thermally stable.

158



Polymer
Onset

('c)
Enset

('c)

wt.
Loss

(vo)

Onset

('c)
Enset

('c)

\ryr.

Loss

(vo)

Onset

('c)
Enset

('c)

wt.

Loss

(vo)

4.8 208.7 238.3 12.0 360.5 640.4 70.3

4.9 224.8 267.7 13.6 498.5 553.9 t2.6 835.6 882.8 14.t

4.10 200.1 205.2 15.3 539.r 560.5 16.9 743.4 830.6 t7.5

4.11 238.5 276.2 12.5 474.7 529.3 20.6 743.9 754.6 8.6

4.12 224.9 272.2 t4.l 492.2 548.9 16.1 778.2 832.0 19.8

4.13 218.5 246.7 13.5 4r0.7 521.1 26.r 578.4 607.4 15.4

Table 4.5: TGA analysis for polymers 4.8-4.13.

Figure 4.9 is the TGA thermogram for polymer 4.9. Three decomposition steps

can be seen in the thermogram. The first, which is quite distinct, begins at224.82"C and

ends at 267.67"C. The second decomposition step is much more gradual than the first

and has a broader range as well. This second decomposition starts at 498.53"C and ends

at 553.86"C. The third and final decomposition step is not as gradual as the second step,

but still not as distinct as the first. This decomposition begins at 835.57'C and ends at

882.83"C.
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Figure 4.9: TGA thermogram of polymer 4.9.
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DSC was used to determine the glass transition temperature of polymers 4.8-4.13.

The Tr ranged from 103.83"C to I45.54"C. These differences are due to the degree of

polymerization of the different polymers and the different spacers used for the

polymerization. For example, polymer 4.8, which has a thiol as its spacer, has the highest

Tr. This is expected since sulfide links are more thermally stable than ether links.

Figure 4.L0 is a thermogram of polymer 4.9. The analysis of the glass transition

temperatures was much more straightforward than the TGA analysis of these polymers.

The Tr occurs where the trace slopes down. For polymer 4.9, the T, was 126.63"C; this

may be due to the degree of polymenzation or the type of spacer used, as mentioned

above. The spacer for polymer 4.9 possessed a high level of aromaticity, thus, the

polymer was more rigid relative to some of the other polymers. Table 4.6 provides the

Tr's for polymers 4.8-4.13.
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Figure 4.10: DSC thermogram of polymer 4.9.

I



Table 4.6: Glass transition temperatures for polymers 4.8-4.13.

These cross-linked polymers were successfully synthesized utilizing the activating

capabilities of the iron moieties. As mentioned in the linear polymers section, this

method of using organometallics over traditional organic methods is extremely

beneficial. The reduced reaction conditions and the ease at which the iron can be

subsequently removed, if so desired, makes this technique an appealing alternative. Due

to the poor solubility of these polymers, solution NMR was not possible. Fortunately, Dr.

Scott Kroeker and Paul Sidhu of the University of Manitoba were able to perform and

analyze solid-state NMR for these cross-linked polymers. Due to the broadening of the

peaks, assigning peaks to each carbon was extremely difficult, even impossible, for most.

However, the disappearance of the peak (resulting from the chloro group on the

complexed aromatic) from the monomeric unit spectra to the polymer spectra proved that

polymerization was successful.

The TGA thermograms indicated that all of the polymers, except for polymer 4.8

experienced three degradations. This was expected since polymer 4.8 is the only polymer

Polymer Tg ('c)

4.8 r45.54

4.9 108.31

4.10 126.63

4.11 133.20

4.12 103.83

4.r3 128.35
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to have any sulfide bonds, which as stated above, are more thermally stable than ether

bonds. Polymers 4.9, 4.10, and 4.12 all have degradations occurring in the 800'C region,

which is due to the type of dinucleophiles used. These dinucleophiles possess both the

ability to form ether bonds and improved flexibility (due to their minor aliphatic

character). They also possess a vanety of pendent groups, which may also contribute to

degradation. Polymer 4.11 finishes degrading at approximately 750oC, which is a result

of the absence of any pendent groups in the dinucleophile used. The third degradation

step of polymer 4.L3, which was the result of the polymerization of the organic core with

the dichlorobenzene complex, ends before the third degradation steps of the other

polymers. This is because the overall monomeric unit is smaller, which means that the

level of cross-linking is higher than the other polymers, which, in turn, increases the

thermal stability. This increased level of cross-linking makes it even slightly more stable

than polymer 4.8, which has sulfide bonds. These patterns again demonstrate that the

type of nucleophile and the degree of polymerization affect the overall properties of the

polymer itself. The glass transition temperatures also show a pattern. Polymer 4.8,

which has the sulfide bonds, has the highest Tg; this was to be expected. Polymers 4.9

and 4,12 have the two lowest Tr's; this can be attributed to the increased flexibility from

the dinucleophile. Polymer 4.10 also exhibits improved flexibility; however, it also has a

bulky pendent group. Therefore, the rigidity of the polymer is increased and thus so is

the Tr. The remaining polymers have intermediate T, values because they are more rigid

but do not have any sulfide bonds; these characteristics balance each other out, thus

resulting in intermediate T, values.
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A couple of the possible applications for these crosslinked polymers include their

use as coatings, as well as in filtration, either in research or in industrial settings.

Another application utilizes the poor solubility of these polymers. Cross-linked

polymers, as mentioned previously, have poor solubilities and tend to absorb the solvent,

causing swelling. This property, which is usually a hindrance in analysis, can be utilized

in highly absorbent materials (i.e., infant products). The organic analogues of these

cross-linked polymers, which were not synthesized, could possibly be utilized for such

applications, since it is yet unknown what effects the iron would have in the long run.

The good thermal stability of these polymers makes these applications possible.
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5.0 Conclusion

The goal of this research was to show that novel polymers could be

synthesized using an organometallic method rather than the traditional organic

methodology used today. Even though the traditional organic techniques work, they do

have several inherent drawbacks, such as the need for activating groups and long reaction

times. The organometallic method avoids these very drawbacks by having mild reaction

conditions in the synthesis of both the monomeric unit and the polymer. Also, the

removal of the iron moieties requires only one step, resulting in high yields, while with

organic synthesis, multiple steps are required to remove the activating groups, resulting in

much lower yields. The research presented here demonstrates that the organometallic

methodology is a viable alternative to the purely organic methods. This was shown with

the variety of linear and cross-linked polymers synthesized here. Polymerization was

shown to be successful through NMR for structural analysis as well as thermogravimetric

analysis, differential scanning calorimetry, and gel permeation chromatography.

The linear polymers were functionalized with a variety of azo dyes, resulting in

polymers with a wide range of colour. The thermal stabilities of the organometallic

polymers were fair, while those of the organic coloured polymers were lower. This again

is apparent in the DSC analysis. This shows that the iron moieties not only activate the

reaction sites of the compound but also improve the thermal stability of the polymers. It

was also determined through GPC analysis that both the organometallic and the purely

organic polymers possessed a wide distribution in average molecular weights. Finally,

UV-Vis analysis showed that the properties of the azo dyes were incorporated into the
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bulk of the polymer, which makes these polymeric materials good candidates as pH

indicators.

Structural analysis of the cross-linked polymers was performed via FT-IR

spectroscopy and solid-state NMR. These organometallic cross-linked polymers

demonstrated very good thermal stability and high glass transition temperatures; this was

attributed to the high level of aromaticity and the presence of cross-linking. These cross-

linked polymers are good candidates for highly absorbent materials (i.e., infant products)

due to their high absorption properties.

Once again, the variety of polymers and the ease at which these polymers were

made demonstrates that the organometallic method is not only a viable alternative but

also superior to the traditional organic methods.

This research has enriched polymer chemistry by providing a viable alternative to

the synthesis of novel and existing polymers over traditional methods. This methodology

demonstrates the ease of tuning various properties of the polymers using pendent groups,

as well as polymenzing with different dinucleophiles. The next step (if no further

analysis was required) would be the up-scaling of the reactions to increase the amount of

product so that it can be utilized in industry.
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6.0 Future Work

Future work with respect to the linear polymers (those both with and without the

azo dye pendent groups) includes the use of different dinucleophiles, both aliphatic and

aromatic. The reason for this is to see the effect of other linkages such as esters, amines,

and sulfones. Other work that may be performed involves functionalizing of the linear

polymers with azo dyes other than azobenzenes, to produce a larger range of coloured

polymers. Backbones other than a valeric acid derivative may also be used to

functionalize with azo dyes, resulting in polymers with very different characteristics,

which can be tuned to the desired application.

Regarding the cross-linked polymers, future work would include, once again, the

use of assorted dinucleophiles, both aliphatic and aromatic, as well as other types of

linkages (as mentioned above). The starting four-iron, four-arm core could be extended

to include eight, twelve, etc., iron moieties to see the effect of the increased iron content

on the polymer itself. This star core also possesses the potential of branching into star-

shaped macromolecular and dendrimer research. Also, the increase in iron moieties may

help improve solubility of the polymers. Finally, the use of a different core, one with

more aliphatic character, which could increase the flexibility of the polymers, could also

be utilized.
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