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Á.hstract

A series of cyclopentadienyliroî azo dye complexes have been prepared via

metal-mediated nucieophilic aromatic substitution reactions. The complexed dyes

displayed shifts in their absorption bands in the ultraviolet-visible region that resulted

frorn changes occurring to the codugated system of the azo dyes. Dyes that contained a

substiiuted aminoazobenzene pendant to an organometallic backbone displayed

hypsochromic shifts, while those that contained a complexed arene within a dye

backbone displayed bathochromic shifts. The versatility of the metal-mediated

nucleophilic aromatic substitution reactions allowed dye monomers, which contained an

azo chromophore as a pendant side chain to an organometallic backbone, to be

polymerized yielding coloured polymers.

Photolytic decomplexatioq a technique shown to allow for the successful

demetallation of a number of complexes urder varying conditions, was used to

demetallate the complexed dyes. Absorption profiles of the decomplexed dyes

resembled those of the starting uncomplexed dyes. Photolysis in the presence of

hydrogen peroxide was shown to degrade the dyes rapidly, through cleavage of the azo

bond. Increased rates of reaction were observed for the organometallic dyes compared to

the orgaruc dyes. Theanolytic techniques were shown to produce products that are

indicative of cleavage of the azo bond.
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1.0 Introd¡rction

l.L Cyclopentadienyliron Cornplexes

tr.1,.1 Synthesis of CpFe* complexes

With regards to conventional organic synthesis techniques involving aromatic

units, electrophilic aromatic substitution is one of the most encountered. However,

should one desire to substitute a nucleophile onto an aromatic system (S¡Ar), the

presence of strong electron-withdrawlng groups are required. The synthetic

methodology is typically time consuming and requires harsh reaction conditions. An

alternative to the attachment of 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. These units are strong electron-withdrawing

groups (the CpFe* moiety is comparable to the presence of a o- and p- nitro group

combined), and are easily removed following SNAI reactionsl.

There are a variety of metallic moieties employed to increase the reactivity of

arenes toward nucleophilic aromatic substitution. The degree of ring activation varies

from one moiety to another, with ring activation increasing in the following order:

Cr(CO)¡ << CpRu* = CpFe'< Mn'(CO)3. While Cr(CO)¡ complexes have been one of

the most stuciieci, especiaüy the [(ry-areneXCO)¡Cr] compiexes, the staning materiai

needed to produce this complex (Cr(CO)6) is expensive and reaction times are typically

long2. Cyclopentadienyliron complexes, however, do not suffer from these drawbacks,

and can be readily made via a ligand exchange reaction involving low cost and low

toxicity starting materials, thus producing highly soluble products with easily removable

organoiron moieties2a.



Nesmeyanov was the first to use the ligand exchange reaction to produce a l(q6-

arene)(Cp)Fe*]X- complex5. The ligand exchange reaction (Scheme 1.1.1) has since

been used extensively in the preparation of various organoiron arene complexes6. The

reaction utilizss ferrocene, an arene, AlCl3 and Ai powder. The A-lCl3 coordinates to a

Cp ring of 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 ions-6. Typically, due to the Lewis acid nature of the AlCl3,

the presence of electron-withdrawing groups on the arene ring tend to lower the reaction

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

groups increase the yields and allow the reaction to occur under milder conditionsT.

Following reaction, the cationic complexes are isolated as their salts.

(^
\J/
Få

rt¡l\r'

Scheme 1.1.1.: A ligand exchange reaction yielding complexed arene-Fe*Cp complexes

once isolated, the arene unit of the arene-Fe*cp complex may undergo

nucleophilic aromatic substitution with various nucleophiles, thus creating C-C, C-N, C-

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

*-(õ*'
,F\l r¡o-roooc Y. o-(2 -tri^- :Tj

(D)
R = H R' : alkyt or aromatic group \/'

Cl halogen atom
CH¡ X: PF6, BF4, SBF6



subsequentiy proven quite useful in the synthesis of a variety of organoiron complexes

that incorporate various nucleophilesT-l'. Scheme 1.1.2 presents a generic example of

some of the reactions corrìmon to this systemT.

cpl; x- cp$".x-
Nuc = PhoH',ilïitfiiéåîf:""'

S clr erne 1.L.2 z SNAI reactions invo lv ng a l(176 - arene) ( Cp) Fe*] X- co mplex

L.1.1 Folymerization of CpFe* cornplexes

One of the more interesting applications of organoiron complexes lies in their

use in polymer synthesis. Methods for preparing polymers incorporating repeating aryl-

ether or thioether units are typically hindered by harsh reaction conditions and low

yieldsl2-l3. The Ullmann sgrthesis and non-metal mediated nucleophilic aromatic

substitution reactions are two of the conventional polymerization techniques affected by

these drawbacks. However, using organoiron chemistry allows for a rather facile

synthesis to be conducted producing organometallic poll'rners. These metallated

polyrners 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 difficuit to synthesize otherwisel'ra. Scheme 1.1.3 presents an

example of the use of organoiron complexes in the synthesis of polyarylethersls. The

complex and nucleophile are commonly reacted in high concentration to obtain the



polyrneric material'. Additionally, the technique readily incorporates C-S and C-N

bonds into the polymer by simply changing the choice of nucleophile. Thus a tailor-

made poll'rner may be synthesized. This is especially important given that these types of

aromatic polyrners are typically used as thermoplastics, thus the thermal stability of the

polyrners can be tailored depending on the choice of nucleophile. Organoiron arene

complexes have been used in the synthesis of a variety of polgners ranging from the

above-mentioned polyarylethers to polynorbornenes and polyrnethacrylatesl5-le.

R: direct bond ; C(Cll3)2 ; C(CH3)2C6HaC(CH3)2;
C(CH3)C6H4 ; C(CH3)(CH2CH2COOFÐ

Scheme 1.L.3: Polyarylethers synthesized via metal mediated SNAI

1.1.3 Ðecomplexation techniques

As aforementioned, the organometallic moiety may be removed easily, thus

allowing the organic analogue to be isolated. There exist three primary techniques

available for the decomplexation of the arene, namely, pyrolytic sublimation,

electro chemical liberation, and photo lytic liberat io n2.

Pyrolytic techniques have commonly been used, but typically require special

equipment (pyrolytic subümator) and are only applicable when the product is thermally

stable. The process utilizes high temperatures (200-250'C) to cleave the arene-iron

T

^, ^- ^cFl( , l/-ct + Ho{ Þn{ )Fos +\U V V
l

CpFëPF6-



bond. The demetallated product then condenses on a 'cold-finger' in the sublimator

apparatus2'7'20'21. With regards to thermally unstable compounds, electrochemical

techniques have also been examined, as they require milder reaction conditions.

However, they require specialized equipment and since the process requires lower

concentrations of complex, there is a need to combine samples in order to isolate the

desired product. This is a definite drawback given that each sample may take 2-3 hours

for complete decomplexatio{'22'23. Furthermore, the process is not applicable to

compounds that are easily reduced.

Photolytic techniques were fust investigated by Nesmeyanov, who reported the

release of ferrocene and benzene upon irradiating THF solutions of LQlu-

C6H6)(Cp)Fe*lX-. Photolytic techniques have since become a very widely used method

for liberation of arenes from organoiron complexes. The process is amenable to

thermally unstable compounds, is applicable for functional groups susceptible to

reduction, and allows facile product isolationT'24'2s. The common products of photolytic

demetallation are the free arene, ferrocene, and Fe(II) ions, although in certain cases

oxidation of ferrocene itself was observed in hydrocarbon solvents26-28.

Mann has performed extensive work on the photolysis of organoiron-arene

complexes, and has reported that the photolysis process is governed by two factors: the

solvent used, and the anion present (X-). It was found that, in solution, the complex

exists either as an ion pair or freely solvated ions. Polar solvents facilitate the freely

solvated forms, while non-polar solvents favour the formation of ion pairs2e-3I. The

solvent is ultimately responsible for liberating the arene, however, should the complex

exist as an ion pair, then the anion will take part in the transition step. The degree of



association depends on the nucleophilicity of the anion, or solvent. The nucleophilicity

of the anion increases in the order: SbFo- < PFo- << ClO4- < BF+- < CF:SO¡-, while

solvent nucleophilicity increases in the order: CHzClz < CH3CN < CH¡OH . Hro30.

The mechanism of decomplexation is primarily either a solvent assisted reaction (for

polar, nucleophilic solvents) or an anion assisted reaction (for non-polar, weakly

nucleophilic solvents). It should be noted that while acetonitrile is lower on the list of

solvents, it is an adequate choice for a solvent, and has been used extensively in

liberation reactionsT'24-3 
o.

A generic photoþic induced demetallation reaction is shown in Scheme 1J.428.

This reaction proceeds though an intermediate that incorporates the solvent, commonly

CHsCN, as a temporary ligand. The intermediate has been identified by Mann as LQI-

c5H5)Fe(cH3CN)3]* (where csHs : Cp) by low temperature NMR and uv studies2s.

This intermediate then undergoes reaction with free cyclopentadienyl anion to yield

ferrocene, as shown in Scheme 11.528.

2[(r¡-C5ht5)Fe(arene)]+ +=* (4-C5[I5)2Fe + FeGÐ + 2(arene)
CTI3CN

scheme 1.1.4: Net reaction for photolytic decomplexation in acetonitrile

[(z¡-C5H5)Fe(arene)]+ ;ft¡- [(ry-C5HjFe(CH3CN)3]* + (arene)

[(rl-CstIs)Fe(ClI3CN)3]**-ÇHtçI----* Fe(CH3CN) 6*2 + CsItrs-

[(7-C5Ë{5)Fe(C}I3CN)3]+ + CsHs 
--* 

(4-C5H5)2Fe + 3CH3CÌ{

Scheme 1.1,.5: Intermediate steps in a decomplexation reaction in acetonitrile

(1)

(2)

(3)



There have been questions raised regarding whether step 2 in Scheme 1.1.5

actually occurs. However studies examining irradiated solutions of (rl'

C5H5)Fe(CD¡CÌÐ¡* with HBF¿ were observed to yield Fe(II) and free cyclopentadiene

(CsHs). Additionally, photolysis of [(r7-C5H5)Fe(r'¡-C6Ho)]BF+- in protic solvents

(methanol, ethanol and water) showed the only products as Fe(II) and the free arene .

This indirectly substantiates the existence of free CsHs-, as this ion would rapidly

protonate in such solvents thereby removing it from the reaction sequence before

reaction 3 could occur28.

The mechanism for the photolytic demetallation of an organoiron arene is

illustrated in Scheme 1.I.64'24 . The two processes differ in that there exist either the ion

pair, or the freely solvated ions. Regardless, upon irradiation, the complex is excited

into a singlet state, and undergoes intersystem crossing to the lower energy triplet state

(See sectionI.2.1 for a explanation of these states). The triplet state is regarded as the

reacting species since the process occurs even in the presence of singlet quenchers2a.

Once excited, the organoiron complex alters its structure from a q6 complex to a r1a

complex through 'ring-slippag"tT'24'27'2e'32. This opens coordination sites on the iron

atom allowing either solvent or the anion to temporarily coordinate to the iron. Further

reaction with the solvent rapidly forms the products shown in Scheme 1.I.624.
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tr.2 Ttrre Chemistrv of Azo Ðyes

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 colour33. Usually the substrate is a textile fiber, but other applications

such as paper, leather, hair, plastics, or foodstuffs are cofirmon. The production of

commercial dye compounds is one of the largest industrially driven organic synthesis

trades, and as a result there is little information preceding i980 in the literature due to

the flurry of patent activity that dominated this field3a. The commercial dye trade is

dominated by azo type dyes, first discovered by Peter Griess in 1858, which incorporate

the N:N group as a chromophore, which commonly bridge two or more aromatic

units3s. Atthough most of the original data are subject to patent protection, there has

been substantial subsequent (post 1975) research investigating various types of azo dyes,

alt exhibiting their own colour and characteristics3a'3641. The coloured dyes can be

classified as n---+n* chromogens or donor-acceptor chromogens. Azo dyes fall into the

latter category, that are characterued by 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 r-electron system. Figure 1.2.1

provides the generic representations of two of the more common forms; an

aminoazobeÍ)zene (1) and a thiophene lthtazole derived azo dye (z|taJø+r . Recently these

dyes have attracted considerable attention in poly.rner systems due to their potential uses

in optical appiications (Section 1.23)42.
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Figure 1.2.1: Generic representations
based dye (B)
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of an aminoazobenzene (A) and a thiophene

1.2.1 Synthesis and characterization of azobenzene dyes

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

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

pyrazolones, or other suitable components, to yield hydro4y-azo or amino-azo

compounds36a2. The resulting dyes contain a chromophore (the azo group) and an

auxochrome (the hydroxyl or amino group)36a1.

Azo dyes are commonly synthesized via a coupling reaction of a diazo, or azo

component (the terms are interchangeable), and a coupling component. For

azobenzenes, the diazo component is quite often a functionalized aniline, while the

coupling component may be an aniline or phenol36-s7,42. In particular, N-p-

hydroxyalkylanilines are commonly employed as coupling components, due to the

electron donating ability of the aniline functional groupa3. Scheme 1.2.1 illustrates the

formation of an azobenzene3t'oo. The reaction is termed a diazotization reaction, which

can be categorized into two steps, namely a diazotization step and a coupling step. In the

first, the diazo component undergoes diazotization as a result of reaction with

nitrosylsulphuric acid (HSO4NO, arising from the reaction of sodium nitrite with

suþhuric acid). Other nitrosating agents may be used, such as nitrosyl bromide or

chloride $lOBriCl), dinitrogen trioxide (nitrous anhydride, NONO2), or the nitrous

acidium ion (lttrOOH2), however, nitrosylsulphuric acid is by far the most common35,o5.
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Sclreme 1.2.1: Synthesis of an azobenzene dye

The formation of the azo functional group requires low pH and low temperature

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

is not compromised3s. Diazotizatton proceeds upon stirring for a couple of hours, at

which time the solution is combined slowly with a solution of coupling component (by

either adding the azo solution dropwise to coupler or vice versa). The azo component,

being strongly electrophilic, reacts with the coupling component, which tlpically has a

carbon with higher electron density (such as the carbon occupying the para position in

an anüine). The overali reaction is one in which a diazonium ion reacts with a free

amine via electrophilic aromatic substitution3 s'aa.

The thiophene analogues are typically slmthesized with the same overall method,

but via a Gewald-type reaction which yields the 2-aminothiophene derivatives3s-3e'4648.

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, therefore must be neutralized by

alkaline solutions, whereas phenols are typically coupled in slightly alkaline conditions,

thereby necessitating the addition of an acid for neutralization. As would be expected,

exact reaction conditions depend on the reagents 
"6or"n37-38'ae-s0.
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Structural confirmation of azo dyes can quickly be performed through nuclear

magnetic resonance (NMR) spectroscopy34'4}'sr, which is of definite advantage given the

difficulty associated with locating and differentiating the azo and hydrazo bands in the

inûared spectra of azo compoundsaa. The IR spectra of azo dyes are typified by

numerous bands in the i615-1000 crrrl region, making structure elucidation troublesome

at best' Due to the myriad variety of substituted azo dyes synthesized, no comprehensive

NMR study has been performed, however there do exist a few comparisons within

subclasses of azo dye structures themselves34'51-s3. One of the more important factors to

note is that although the azo linkage is not linear (predominately trans, see Section

1.2.2)' the rapid rotation around the C-N bond causes the aromatic rings to become

equivalent, as shown in Figure 1.2.2s1.

Figure 1.2.2: Nuclei equivalency caused by rotation around c-N bond.
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1.2"2 Characteristics and Visual Properties of Azobenzene derived dyes

i) Excitation resultingfrom absorption of visible light irradíation

Prior to any in depth discussion regarding the nature of the azo dyes themselves,

it is beneficial to overview the reasons compounds may be coloured. Colour arises from

electronic transitions resulting from the absorption of electromagnetic radiation in the

visible region of the spectrum, typically between 400-800 run35'53. The actual colour

observed for a substance arises from the conjugate colour of the absorption. Thus, for

example, a red coloration results from the absorption of blue-green light at

approximately 500 nm5a.

Upon absorption of light an electron will be promoted into an excited state. In

the case of absorption of visible light the promotion occurs between the highest occupied

molecular orbital (HOMO, typically nonbonding, n or pi-bonded, zr) to the lowest

unoccupied (LUMO) or anti-bonding orbital (æ*). Figure 1.2.3 compares the electron

configuration of the ground (a) and excited (b) states of a molecule5s.
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The energy of the absorbed radiation must obey the Einstein-Bohr law [Equation

I.2.ll, in order for any transition to occur.

Equaúion 1"2.1: AE = hv: hc/À

AE represents the difference in energy between the two levels, while h is Planck's

constant (J's), v is the frequency of the radiation (r-t), 
" 

is the speed of light (m's-]), and

L is the wavelength of light (m;rs'ss-so. On excitation, the electron is promoted into an

excited singlet state (in which the electron spin, or multiplicity, remains unchanged

relative to its original value). Thereafter, the electron will not remain in the excited state,

as the excited state is deactivated by collisions, emission of radiation, or photochemical

reactions. Transitions that involve emission of radiation may result in a reversal of

electron spin (change in multiplicity) which results in the formation of a triplet state (in

which the two lone electrons have the same spin). Thereafter the excited trþlet state may

undergo photochemical reaction or radiative or non-radiative relaxation to the ground

state. Figure 1.2.4 illustrates a Jablonski diagram, which demonstrates the various

pathways availabless. In Figure 1.2.4, absrepresents absorption of a photon; S1, 52 and

T7, T2 are excited singlet and triplet states, respectively; v,. is vibrational relaxation; ic

denotes internal conversion, while isc is intersystem crossing; fluorescence and

phosphorescence are abbreviated fl and phos, respectivelyss.
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Figure L.2.4: Jablonski Diagram

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 larse number of different vibrational and

rotational transitions available for a molecule, in addition to intermolecular effects

arising from solvation35's5. Hence a wide single band, and not a number of individual

bands are observed. The position, or wavelength, of this band is dependant on the

energy of the light, as shown in Equation i.2.1. The intensity of the band, however, is a

measure of the probability of the particular excitation occurring. The higher the

probability, the greater the intensity, and thus the larger will be the molar absorptivity

(or extinction coefficient)3s. Furthermore, the narrower the band, the brighter the

colour, thus a narrow band will result in a more vibrant colour, while broad bands

produce dull colourssT.

50
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With regards to azo compounds, the transitions of importance are the n-n*

transition, in which a æ electron is excited into an antibonding zu* orbital, and/or n-æ*

transitions, where a non-bonding electron is exciteda5 . TE-78* bands are typically more

intense than the n-z¡* transitions. The low intensity of the n-æ* transition, coupled with

the often close proximity to the n-æ* transition renders the former rather insignificant in

regards to the observed colour of a compound55's7. Given that overlap of the two bands

is often comrnon tn azo dyes. the maiority of attention has focused on the æ-zc*

transition3s'55-57.

The position of an absorption band can be largely affected by the structure of the

compound. For example, if one examines an aromatic system versus a non-aromatic

systern, the aromatic system would, as a rule, absorb at higher wavelengths (lower

energy). This occurs due to the degree of conjugation. As the conjugated system

increases, the energy difference between the highest occupied and lowest unoccupied

molecular orbitals decrease. Thus, the excited state will be stabilized to a greater extent,

relative to the ground state, than in a non-conjugated system. This in turn means that less

energy is needed to excite the molecule and the absorption band will be shifted to higher

wavelength (red shifted)35. It is for these reasons that higl,ly delocalised n electron

systems typically exhibit vibrant colours3a.

ii) Azo dyes

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

the most important property is that the compounds absorb in the visible region of the

electromagnetic spectrum. Furthermore, a wide range of absorption characteristics,
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providing an equally wide range of colour choices, would be preferred. Due to the high

degree of conjugation associated with these types of molecules, absorption throughout

the visible region is common. There have been many studies examining the wavelength

maxima of azo dyes and the factors that may influence or change these values36-37,58-62.

Azo dyes of the type shown in Figure 1.2.5 are termed donor-acceptor

chromogens, due to the migration of electron density through the molecul.s3'63. In

Figure 7.2.5, the diazo component, substituted with X, Y, and Z substituents (usually

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

component, substituted with A and B (usually electron-donating) is classified as the

donor chromogen63. The absorption band in the visible region is related to the migration

of electron density over the molecule, from the terminal amino goup to the azo

bridges3'63. The largest band is characterued as the n-n* band,,usually occurring around

380-475nm (depending on the actual structure of the azo dye, see below) which may

overlap with the weaker n-æt band, typically occurring around 440 nri6,4s'64. In

addition, there are low wavelength absorptions present in the UV region, which are a

result of electronic transitions involving the aromatic ringsas. The n-æ* 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 thus is relatively free from

changes to the aromatic system. However, the highest occupied zr orbital arises from the

aromatic rings, thus any change in the electron distribution of the benzene system will

result in a change of position of the ø-zr* bands6.
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F igure L.2.5; Substituted azobenzene

iii) Canonical representations and isomerization of the azo group

Owing to the high degree of delocaluation tn azo molecules, the dye can be

thought to exist in two canonical forms. Figure i.2.6 illustrates these two forms63. It

has been found that in the ground state resonance structures do not exhibit a large

influence, and that form (I) can approximately represent the ground state. However, due

to the imparted energy associated with the excited state, the resonance forms do become

significant, and thus may influence the visible absorption band. It is for this reason that

the dipolar form (II) is typicaþ used to represent the excited state63'6s. Which one

dominates, and to what degree, is dependant on the nature of any substituents present,

and the steric factors that mav arise from them36-37.

¡ô\

"{ry*.Ðs., R, # ?eÞ*-*{)-R*, *,
:(r)::(Ir)

Figure 1.2.62 Canonical forms of a substituted aminoazobetuene

One of the more interesting characteristics of azo compounds is the trans/cis

isomerization that 
"un 

occ.rr'6's6'64'66. Figure 1.2.7 shows the two forms present with

respect to azoberuene6t. Studies have shown the trans form to be the predominant

18



form, which may change to the czs form upon irradiation, with a photostationary state

between the two isomers achieved very quickly3s'42's6'64'66. Cattaneo and colleagues have

examined the mechanisms of the isomerization and discovered that there are two

probable mechanisms of isomerization: Torsion around the N:N bond, or inversion of

one nitrogen atom6a. Through a series of intense computational models, they found that

torsion is preferred for ground state or thermal isomerization, while inversion is

favoured uoon æ-n* excitation.

qp
N:N

N:N
\--
/-\,/\\\ //
\___/

Trans-Azobenzene Cis-Azobenzene

Figure 1.2.7: Isomers of azobenzene

Due to the large difference in spatial arrangement between the two forms, the

isomerization process may influence the absorption band. The isomerization of trans-

azobenzene (TAB) illustrates this point. In TAB, the a- æ* excitation produces a visible

maxima at 316 nnu while the n- æ* excitation produces a much weaker band at 447nn.

The trans form may undergo photoisomerism to the corresponding crs form, which has

the corresponding bands at 260 and 440 nrr¡ for the n-n* and n-n* transitions,

respectively63. However, given that the predominant form is the trans, and that

substitution of the azo chromophore typically pushes the n-n* band to longer

wavelengths (overlapping the n-æt transition), the change in the observed absorption
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band tends to be limited. This however does not apply with regards to polarization,

configuration, or electro-optical properties, and the photoisomertzation of azobenzene

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

molecular switches and photoresponsive matetialsaa'64'67 .

iv) Substituent effects

As aforementioned, the resonance hybrids can affect the position of the visible

absorption band. Because the wavelength of the visible absorption band is directly

related to the energy difference between the ground and excited states (Equation 1.2.1),

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 hence the colour or the dy.t''u'. For example, if substituent 6X" in Figure

1.2.5 exhibits electron-withdrawing capabilities, the migration of electron density will be

enhanced, thus lowering the energy of the excited state (Form II), thereby shifting the

absorption band to higher wavelength (lower energy). This type of shift of the

absorption band to longer wavelengths is termed bathochromism36'37'63'65. This effect

will also occur should "R1" and "R2", on the amino group, be 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 the shift either will be small, or the excited

state will be destabiltzed 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 shift63.
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A large degree of the colour variation noted in azoberuene derived dyes is a

direct result of substitution of the diazo or coupling component36'43's8-5e'63'66'68. As

already mentioned, the change in the visible absorption band arises from the degree of

stabilization imparted by a substituent, and any substituent that stabilizes the excited

state (Figure 1.2.5, form II) will reduce the energy difference between the states and

result in a bathochromic shift. Thus, the substituent X on the diazo component can have

a large influence on the position of the absorption peak depending on whether it

withdraws or donates electrons (although no formal removal or donation of electrons

actually occursae¡. Bathochromism is typically caused by the presence of electron

withdrawing groups, which allow greater stabilization of (II), thus bringing it closer in

energy to (I). Electron-withdrawing groups in the para position typically produce the

greatest shift tsr'ss'66.

Substitution in the coupling residue will also affect the absorption maxima,

although not necessarily in the same nnnner. Given that the degree of charge migration

determines the position of the absorption band, the presence of electron donating groups

on the coupler residue, or on the amino nitrogen, will bathochromically shift the band.

A common example of this can be seen when the "R" groups on the amino nitrogen are

alkyl. The 'donating power' of the donor component is increased, hence the

bathochromic shift. However, should the aþ chain itself be substituted with an

electron-withdrawing group, such as a cyano, a hypsochromic shift can result. The

cyano group effectively hinders donation though the conjugated system, thereby raising

the energy of the excited state. The wavelengths of some substituted azo dyes of type

(I), are given in Tabte 7.2.163.
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Table l.2.lz l",nu* values of substituted azobenzene

The effect of electron-donating groups on the diazo component is not as

straightforward as with electron-withdrawing effects. For example, while the addition of

a methyl or a methoxy functional group to the diazo ring will not cause a significant

change in the absorption band, the addition of a dimethylamino CN(Me)z) group will

result in a noted bathochromic shift63. This led Peters to postulate that the introduction

of a dimethylamino group introduces an extra p-orbital with two electrons, which

effectively raises the energy of the highest occupied orbital relative to the unoccupied

orbital. Since this will lessen the energy difference between the two srares. a

hefhn¡hrnmin ch'iÊ ic cw-..fo.{3ó ,t¡IJi+i^--1-1=, 4L^ ^¡J:+:^- ^c -- ^t^-t----^ r-,--tr.--v4Luvwruvuuw òruL ¡') w^pçurúu . ¡1uutù¡u¡iaiiJ, tiìe acciilion oI an eiecüoil-doilatll]g

group to the diazo rng that already contains an electron-withdrawing substituent can

result in a bathochromic shift, depending on the positions of the substituents53,58,63. A

final example, of the somewhat non-intuitive effects that electron donating substituents

may impart on the diazo ring system, can be seen in a comparison of julolidine and

R.l R, X i,r"* (nm)
H H H 38s
H Et H 400
Et Et H 415

czH+oH c2FI4OH H 407
czH¿cl c2H4cl H 397

c2H4cN CZFI¿CN H 382
H H NOz 444
H Et NOz 468
Et Et NOz 490

czFI¿OH czH¿oH NOz 475
c2H4cl c2H4c1 NOz 446

CzH¿CN c2H4cN NOz 432
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lilolidine (Figure 1.2.8)o'. When compared to the unsubstituted forms (X:H), if X:OMe

julolidine displays a 10 nm bathochromic shift. However, the liloüdine structure

displays a 8 nm hypsochromic shift. This is due to the limited ability of the terminal

nitrogen of the lilolidine structure to conjugate with the aromatic system, when

compared to julolidine63. The lack of conjugation results in a hypsochromic shift, which

wilÌ increase as the electron donating power of the substituents on the diazo components

increases. Table 1.2.2 provides l" data for the functionalized forms63.

"1-V^.:^.*o_\Q\:/ Kl
B: lilolidine

Figure 1.2.82 Julolidine and Lilolidine dyes

Table 1.2.22l.-u* values for substituted Julolidine and Lilolidine dyes

X Julolidine ]".r* (nm) Lilolidine ]"'n^* (nrn) Àl*u* (nm)
OMe 452 4t7 35
Me 446 /14"l

-/.¿. 24
H /l /1'la1L 425 t7
Br 464 448 16

CFa 471 461 10

CN 496 487 9

NOz 521 515 6

The general conclusion that electron-withdrawing groups may cause a

bathochromic shift allows a correlation between À,nu* and the Hammett constant of the

substituent to be made. Previous reports have examined this phenomenon and attempted

to draw relationships between the Hammett constant, o, and the Çu* value, with

A: julolidine
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increasing l".u* values coinciding with increases in the value of o36,53. The correlations

strongly depend on the substituent pattern, and fail for ortho substituents. However, the

general relationship is good for qualitative determination of the position of an absorption

band. Hammett constants are the sum of the total electrical effects of a functional group

attached to a benzene ring, and combine the inductive, field and resonance (or

mesomeric) effectsae.

The inductive effect relates the degree of polarization of a bond, which is the

direct result of polarizafion of an adjacent bond. For example, in chloroethane the

carbon-carbon bond is polarized (towards the alpha-carbon) as a result of the electron

withdrawing power of the chlorine substituentae. Field effects are similar to, bur greater

in importance than, inductive effects, and are transmitted through space (solvent) and

not through bonds' Lastly, the resonance effect dictates the degree of charge density in

an aromatic ring, as shown in Figure 1.2.9. InFigure 1.2.9, NH2 is an example of a +M

group, which donates electrons by resonanceae.

Figure 1.2.9: Resonance effect in aniline
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v) Steric Effects

While the presence of electron-donating groups or electron-withdrawing goups

aids in predicting the position of the absorption peak of a given dye, the position of the

substituents may result in large deviations from the expected valus4s's8-se'63- The steric

effects imparted by the substituents may alter the nature of the visible band, and it is for

this reason that, for most substituents, one is not able to simply sum the Hammett

constants to obtain a relative idea regarding the position of the absorption peak63. In

particular, the steric effects associated with ortho substituents are tlpically greatest,

hence the lack of any concrete Hammett constants for this position.

Steric hindrance of an azo dye is typically overcome by a rotation around a

single bond. This rotation, as a rule, results in less p-orbital overlap for the system, and

thus raises the energy of the excited state (relative to ground), causing a hypsochromic

shift in the visible band63. Figure 1.2.10 portrays the relative energy levels of the ground

and excited state when the system is sterically hindered63.

Excited State

Eb

Energy

Ground State

Figure 1.2.10: Change in energy between aplanar (a) and a sterically hindered (b) dye

Ea

25



Y

Figune |.Z.LL: A sterically hindered aminoazobenzene

A generic sterically hindered azo dye is displayed in Figure I.2.11. Should

X:Y:Z:H the visible absorption band would be found in the longer wavelength region.

However, should even one of X or Y be a substituent of reasonable size (such as X:Me,

Y:Z:H) a hypsoclromic shift of 33 nm is observed relative to the unsubstituted dye63.

In this particular instance, the electronic effects imparted by the methyl groups on the

terminal nitrogen are overcome by the steric effects imparted by the methyl substituent

on the coupler ring, thus a hypsochromic shift is observed. Interestingly enough, an

even greater hypsochromic shift is observed when Z:NOz. A non-sterically hindered

system would benefit from a bathochromic shift from the presence of a 4'-nitro

substituent. However, the greater electron-withdrawing effect of the nitro substituent

enhances the electron donating power of the terminal amino, thus making the amino C-N

bond of a higher n-character. Rotation around this bond is therefore more strained than

compared to a conventional sigma bond, thus raising the energy of the excited state

further, which results in a greater hypsochromic shift (the opposite of what

conventionally would be expected for a 4'-nitro substituted azoberuene)63.

Additionally, the nature of the substituents on the terminal amino nitrogen may

also affect the absorption band. In the case where both substituents are B-cyanoethyl

Me

26



(-CH2CH2CN), the partial negative charges that reside on the cyano functional group

cause repulsion between these two groups, resulting in a loss of planarity of the system.

This may result in a smaller hypsochromic shift than would be expected normally. This

effect also applies to the OH groups of p-hydroxyethylanilinesas.

Steric effects encountered as a result of the position of substituents on the diazo

component are also noteworthy. The presence of bulky substituents on the 2'- and 6'-

positions (ortho to the azo bond) on the diazo rng can reduce the effectiveness of the

coupler residue to incur a bathochromic shiftse. Commonly, the larger the substituent,

the greater the effect, with certain cases resulting in the substituted dye having a lower

wavelength of absorption than the unsubstituted dy"tt. The one exception to this is the

cyano group, due to its rod-like structure63. Otherwise, the presence of any other

substituent ortho to the azo bond will result in a sterically hindered molecule. Figure

I.2.I2 presents an example of an azo dye sterically hindered by diazo substituents63.

,X
l,cÉrzcw3Z-r,t /l-N:N1t J/-N.V -CH,CH,CN

-n
Figure 1.2.12: A 2'- 6'-substituted aminoazobenzene (Eg. X:NO2, Y:COC2H5)

Hallas and colleagues have examined the effects of ortho substituents and have

explained that the presence of a methyl substituent causes an overlap of the orbitals with

the lone electron pair of the B-nitrogen of the azo group, Figure 1.2.I3s8'63 . This results

in a rotation around the C-N bond to alleviate the strain. However, should X:Y:Me, the

steric effects cannot be overcome by the simple rotation shown in Figure 1.2.13, thus a
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large hypsochromic shift is observed (383 nm, Z:No2) when compared to the parent

dye (453 nm, X:Y:H, Z:NO2)63. Thus, with regards to conventional textile production

of azobenzene derived dyes, it is sterically disadvantageous to incorporate large

substituents in the 2'- or 6'- positions due to the loss of colour which would be observed.

Figure 1.2.13:. Rotation around C-N bond to alleviate steric strain

vi) Hydrogen bonding

An interesting property of azo dyes is their ability to exist in the azo form, or the

hydrazone form (Figure l.ZJ4|ra;s'as. Equilibrium between the two forms is typically

achieved very quickly, and is solvent affected. This phenomenon has been well studied

since the early 1900s when it was discovered that formation of a hydrogen bond between

aî azo nitrogen and a nearby hydroxyl (Figure 1.2.15), may favour the azo form, since

there would not be a removal ofthe hydrogen from the oxygen35.

Ro
\/ä.

Ctr./.
OH

Azo tautomer

Figure 1.2.1,4: Azo -Hydrazone tautomers

Hydrazone tautomer
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Figune 1.2.15: Intramo lecular Hydrogen bonding

Typically, the formation of an intramolecular hydrogen bond results in a

bathochromic shift, which is evident when comparing the spectra of those dyes

illustrated in Figure 1.2.16s3 . The parent dye (R:H) absorbs at 486 nrn while the

substituted dye (R:COOH) absorbs at 493 nm due to the hydrogen bond that forms

between the carboxylic hydrogen and the o-nitrogen of the azo group53. The

phenomenon of hydrogen bonding or protonation of the azo nitrogens is closelv related

to the acidic tautomeric equilibrium discussed below.

Figure 1.2.16: H-bonding (R:cooH, oH, NH2) in ortho-substituted azoberuenes

vii) Thíophene derived azo dyes

Generally, the nature of bathochromic or hypsochromic shifts resulting

from substituent effects, which apply to azobenzene dyes, also apply to the thiophene

derived azo dyes, and there have been a number of papers exploring the properties of

thiophene related azo dyes50'60-62'68'70-74. The presence of the sulphur atom within the

29
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ring structure of the diazo component acts as an additional electron-withdrawing group,

due to the available 3d orbitals. In addition, substituent effects tend to be more

effectively transmitted than when compared to azoberuenes, due to the diene-like

character of the thiophene ring. Thus the presence of a nitro substituent on the

thiophene ring will cause a larger bathochromic shift than observed for the analosous

azobetueneís. Furthermore, the fact that the thiophene ring system has less resonance

stabilization than benzene typically results in a bathochomic shift for the dyes due to the

difference in energy between the ground and excited states being 1essened60,68. This is

illustrated by comparing the two examples given in Figure 1.2.n68. The azoberuene dye

absorbs at 463 nm in ethanol, while the nitrothienyl derived dye absorbs at 573 nm.

Figure 1.2.1-7: comparison of an benzene and a thiophene derive d azo dye

viíi) Solvent effects

Absorption bands arising from n-æ* transitions typically exhibit a hypsochromic

shift on increasing solvent polarity. Conversely, n-fr* transitions display bathochromic

shifts55. Since, with respe ct to azobenzene dyes, the zr-zr* transition is of greater

significance, bathochromic shifts are expected. Upon changing polarity from a less

polar to a more polar solvent, if a bathochromic shift is observed, the dye is said to

exhibit positive solvatochromism. Conversely, should a hypsochromic shift be

observed, it would be termed negative solvatochromism. With resard to 4-
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aminoazobenzene dyes, the ground state is less polar than the excited state (Figure 7.2.5

(I) and (II), respectiveþ). Thus, a polar solvent will typically have little effect on rhe

ground state (I), but will greatþ stabilize the dipolar excited state (II)63. The

stabilization of the excited state will cause a bathochromic shift, analogous to how

electron-withdrawing groups in the diazo component stabilize the excited state. The

presence of water in the solvent may also create a bathochromic shift, through

intermolecular hydrogen bonding. However, this effect may be counteracted by

intramolecular hydrogen bonding which prevents water molecules from encroaching on

the azo bridge6l. The nature of water effects is readily explained by examining the effect

of acidic media on the visible absorption profile of a dye.

Acidic conditions remove the n-æ* band and shift the absorption band by

creating a tautomeric equilibrium between the azo dye and its protonated form35,53,s6,60,63.

The change in the absorption peak of the protonated analogue, when compared to the

neutral for1ll, is termed halochromism. Positive halochromism represents a

bathochromic shift, while negative halochromism a hypsochromic shift. Figure l.2.lg

shows the protonation sites of an aminoazob enzene derived .dy.u'. Increasing the

acidity of the solution will, typically, create two distinct absorption bands, one in the 320

nm region, the other fulli.tg in the range of 500-550nm. The former band is attributed to

protonation of the amino nitrogen, form (II) in Figure l.2.lg, while the longer

wavelength band is attributed to form (III). The reason that the ammonium cation falls

at a lower wavelength arises from the fact that the effective electron-donating power of

the terminal amino substituent is reduced upon protonation, thus resulting in a

hypsochromic shift.
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Figure 1.2.18: Tautomeric Equilibria existing in acidic solution

Forms (III) and (IV) in Figure I.2.I8 represent the charge-resonance system of

the azonium cation63. It is interesting to note that (IV) best represents the ground state,

thus the visible absorption band is attributed to a migration in electron density away

from the B-nitrogen atom (the opposite of neutral dyes). Thus, the presence of electron-

withdrawing groups in the azo component (X:EWG), results in a lessening of the

expected bathochromic shifts3'0:'0s. Conversely, the presence of electron donating

groups in the ¿Lzo component will result in an increased bathochromic shift, or greater

positive halochromism. Figure 1.2.L9 presents the relative energy levels of the azonium

cations when the substituents display electron-donating (a) and electron-withdrawing (b)

properties63'65. Ea (the energy gap for an azonium cation containing electron-donating

groups) is smaller than in the neutral from due to an electron-donating group increasing

the energy of the ground state but stabilizing the energy of the excited state, while an

electron-withdrawing group will stabilize the ground state in addition to increasing the

excited state, thus increasing the energy gap (Eb).

(r)

\
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Excited State

Energy

Ground State

(a) (b)

Fígure 1.2.19: Comparison of energy levels between electron-donating substituents (a)
and electron-withdrawing substitutents (b) on an azonium cation

The presence of electron donators in the coupler residue will have a large effect

on the basicity of the B-nitrogen atom, since the electron density on the B-N will be

greater with increasing electron-donating ability of the substituents. The increased

basicity will result in a higher degree of protonation at this site35'63. Alternatively,

should there exist a substituent in the 2' or 6' position of the diazo component, then

overlap of the substituent with the lone pair (Figure 1.2.13) will occur and result in

decreased protonation due to steric hindranc"6'.
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1.2.3 Novel Frontiers for Azobenzene compounds

Traditionally, the role of azoberuene related dyes have focused on the colouring

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

discoloration of early plastics6T. The inclusion of azo compounds into polymeric

materials was largely limited to dyeing of natural and synthetic fabrics such as polyester,

cellulose acetate, and nylon, and numerous reports are given detailing the so termed

'fastness properties' of these dyes on the respective fibers36-37'43,s8-se. However, with the

explosion of macromolecular science, azo compounds began to be used more and more

to simply increase the attractiveness of polymeric materials6T.

One of the main drawbacks to early colouring of fibers was the inability of the

colour to persist over time. Every class of dye behaved in a slightly different manner,

and fading, as a result of wash out, or chemical change, was a genuine concern. It was

for this reason that researchers began to examine the possibility of covalently bonding

the dye chromophore to the polymeric material in the attempt to synthesize a

'permanently' coloured plastic. Millikan was one of the first to succeed, by producing a

coloured poþrethane as shown in Scheme 7.2.2, where R is the azo chromophore6T.

The benefit of these polymeric dyes lies in the combination of their macromolecular

properties with the colour characteristics of the dy"".

scherne 1.2.22 Ho-[R]-oH + ocN-[R]-NCo --- -Co-[R]-ocoNH-[R']-NHCo-)-"

In addition to the dyeing of fabrics and conventional plastic materials, a newer

branch of polymer chemistry has emerged in the past decade. This being the switch
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from the design of structural linkages to functional linkages. Conventionally, polymer

chemists were more interested in the bulk properties of the polymer, and less so on the

actual functionalization of the polymer. Thus, a polyester, for example, was

character'ued by its molecular weight and not by any specific reactivity or property of

the ester functional groupoo. 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 synthesisaa'7s. A distinction needs to

be made from methods utilizing pol¡.rners as supports for specific functional groups, and

functional polymers. The latter may have the functional group placed in the backbone,

side chain, crosslink, etc, while a supported functional group is almost always positioned

as a side chain (since the polyrner serves as a 'carrier' only). Moreover, a functional

poll,rner will undergo a transformation if the functional group changes, whereas a

support pol¡nner will typically not exhibit any changes when the functional group is

altered' '.

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

they may undergo photo-induced isomerization (which alters the polarity of the

molecule), and that the chromophore units are characterized by efficient electron

mobility44. Interestingly, with regards to textile applications, the isomerization of azo

compounds was conventionally looked upon as a detriment, since the colour could alter

slightly and become duller with formation of the c¿s form63. However, with the advent

of functional poll'rners, the previous isomerization 'problem' has created a whole new
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area of polyrner research. The numerous applications for functional polymers

incorporatingthe azo functionality are summarized in Figure L2.2043.
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Figune L.2.20: Functional Approach to Polymer applications

i) Nonlinear Optical Propertíes

It is necessary to explain, albeit briefly, the basis of nonlinear optical GIILO)

properties and why tLzo compounds are of interest as second order non-linear optical

molecules. The examination of non-linear optical properties touches many disciplines of

science from chemistry and physics to material science. Non-linear optical properties

arise from the interaction of an electric freld (i.e. a light source) with a molecule, thus
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polarizing it. These interactions vary depending on the molecules, and range from a

change in refractive index to emission of light. In the case of a molecule that displays

linear optical properties, the refractive index is independent of electric field, and any

emitted light is of the same frequency of the parent. This is not true for non-linear

behaviour. It is this non-linear response to the electric field that provides the useful

properties now being exploitedT6-78.

The field of non-linear optics can be referred to as photonics, in analogy to

electronics (with photons taking the place of electrons)76. The drive towards optical

devices has progressed considerably in the past decade, and is spurred by their improved

speed (optical switches can be orders of magnitude faster than their electronic

counterparts), and their ability to be relatively free of electronic and magnetic

interferences and' cross-talk'76.

Two of the larger applications with regard to non-linear optical properties reside

in the use of electro-optic devices and second harmonic generators (SHG). Electro-optic

devices are those which exhibit a change in refractive index, while SHG are immanently

useful for optical storage devices. The benefit of SHG (also termed frequency doubling)

arises from the fact that the storage capacity of a focused beam of light is proportional to

the frequency of the light. Thus SHG (which produces light of double the original

frequency, and thus lower wavelength) can alter infrared light into blue light, thus

increasing optical data sto rage capabilitiess 
5'57.

The types of compounds exhibiting NLO properties are diverse. However, in

general, a mobile set of æ electrons is needed. Thus polymers (including conjugated and

those with side chain chromophores), azo compounds, heterocycles, and transition metal
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complexes (such as ferrocene derivatives) have been examined76-84. In general,

polymers are the most familiar type of non-linear media employed, and commonly have

their chromophores aligned in such a way (termed 'poling') as to maximize their non-

linear optical properties. Poling requires the application of an electric field at

temperatures near the glass transition temperature of the polymer. Polymers

incorporating dyes potentially allow for the poling process to be followed visually.

Polymers incorporating the dye Disperse Red 1 (Shown in Figure 1.2.21) displayed a

colour change from red/orange to purple during the poling process, thus the degree of

poling could be followed based on the change in the absorption band78. Azo dyes

themselves are classified as second order non-linear optical materials, which accounts

for their ability to be used as SHG and electro-optical devicesT6. Incorporation of these

dyes into polymer systems may result in interesting properties ranging from

photoviscosity and photomechanical properties to alteration of solubility with

irradiationaa.

Figure 1.2.21: Disperse red 1

ii) Polymers containing the azo functionality

As outlined above, azo compounds display second order non-linear optical

properties, and the isomerization associated with these compounds is of interest with

respect to functional polymers. The benefits of incorporating the azo functional group
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into a polymeric material are manifold. In addition to the fact that the chromophore

allows one to study the orientation and structure of the polymer, the morphology, glass

transition temperature, solubility, and thermoproperties of the polymer may change with

isomerization of the chromophoress-87. Thus, functional polymers utilizing azo groups

may be used in liquid crystal display devices, thin film sensors, and as optical

connectors and data storage devicesss-e0.

Poll.rners may incorporate azo chromophores as side chains or as part of the

pol5nner backbone. Moreover, it is possible to diazotise the polymer post

polyrnerization. For example, Scheme 1.2.3 illustrates the coupling reaction used to

prepare a functionalised poly(acrylic acid) polymer8s. The resulting multi-layer polymer

films displayed a SHG effect without poling, which was attributed to a well-ordered

chromophore fi.lm resulting from layer by layer post azo functionalizationss.

4.""-.rVcH,-cH+
\ | /\ | /

COOH COOR

diazo counline / t""-a"ìÉc',-cH

-T'-t/\-lR=-cHz-.rr-TC
czHs -

COOH COOR'

S ch enr e 1.2.3 z P o st p o lyme r :r;atio n diazotuatio n

-Wang anci coüeagues utiiizeci a simiiar post poiymer'ration coupüng to prociuce

poþlectrolytes (PEL). The UV properties of these azo compounds did not change upon

inclusion into the polymer, and the polyelectroþ{es displayed isomerization rates that

were dependant on the structure of the azo chromophore. Moreover, as a result of the

azo chromophore, the PEL displayed optical dichromism that could be erased and

rewritten. These types of polymers show promise as unique ultrathin multilayers, and
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stimuli responsive materials8T. A recent report by Natansohn and colleagues outlined the

preparation of azo-tetraphenyldiaminobiphenyl polymers that exhibited photoconduction

and electro-optic properties (Figure 1.2.22). They found that increasing the

concentration of the azobenzene group in the polyrner caused a bathochromic shift. This

is in contrast to the normal hypsochromic shift associated with increasing the

concentration of azobenene groups present as side chains, which is explained in steric

terms as an anti-parallel arrangement of the side chains. With regards to the azo-

tetraphenyldiaminobiphenyl polymers, the authors surmised that the polymer was not

flexible enough for a significant anti-parallel arrangement to occureO.

Figure 1.2.222 Azo -tetraphenyldiaminobiphenyl polymer

Inclusion of the azo chromophore into the backbone of the polymer has also been

examinedse'el. McGrath and colleagues examined the isomerization of an azo

dendrimer, which displayed a large change in conformation with the corresponding

isomerization. The formation of the cis isomer altered the absorption profile of the

dendrimer, but was reversible upon relaxation in the dark or irradiation with sunlightse.

Figure 1.2.23 illustrates the changes induced by isomerizationse.
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Figure 1.2.23 z Photoresponsive dendrimer

Another recent report has communicated the preparation of polymeric catalysts

containing azo dyes (Figure 1.2.24)e2. The polymers are soluble and allow facile

monitoring of catalyst concentration, and separation and recovery from the reaction
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mixturee2. The organic catalyst was reusable for up to four cycles with no significant

loss of activity. The catalyst incorporating palladium was less robust, as some

decomposition was observed upon usee2.
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F igure 1.2.24: Azo-catalysts

iii) Azo dyes tncorporating transitíon metals

The inclusion of transition metals into pollnners or compounds containing azo

functionalities allows one to harness the benefits associated with the transition metal

(redox properties, magnetic characteristics, reactivity) in addition to those of the

polymer (mechanical properties, processability) and the azo dye (colour,

photochromisrr¡ solventochromism)e3. These compounds can exhibit unique electronic

properties, anci can be useci as iiquici crystai cievices, fluorescence quenchers or iúgiriy

coloured polarizable po lymerse3 
-e6.

Two recent papers have examined rhenium and rhodium complexes

incorporating azo chromophoreset-nt. The complexes, illustrated in Figure I.Z.Z5,

displayed intense bands in the UV and visible region of the spectrumeT-e8. The Re

complex displayed an absorption band arising from charge transfer between the metal
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and the düminee7, while the Rh complex displayed distinct bands in the UV region from

transitions within the ligand orbitals and a band in the visible region attributed to an

intra-ligand charge transferes. In addition, the cyclic voltammegram of the Rh complex

displayed an oxidation potential that was dependant on the nature of the substituent R.

The potential increased linearly with increasing electron-withdrawing power of the

substituent, for example,Ey2: OMe, H, NO2: 0.65V, 0.81V, f .i0V, respectivelyes.

R = OMe, Me, H, Cl, NOz

-O*:*Oocr8H3z

Figure L.2.252 Re, Rh complexes incorporating azo chnomophores

Other research has focused on ferrocene and its effect on dye properties. Tian

and colleagues have examined the presence of ferrocene in small dye structures (Figure

I.2.26 A, B)to'". The presence of the ferrocene unit reduced the excited state of the

naphtalimide dye through intramolecular electron transfer, and the quenching was

observed to decrease upon oxidation of the ferrocene unit. Nishihara and coworkers also

examined ferrocene in oligomers and polyrners bridged with azo units (Figure 1.2.27)e6.

The organometallic compounds displayed longer wavelength bands than azobenzenes,

and displayed altered absorption peaks with oxidation of the ferrocene units. A band at

672 wn was observed upon oxidation that was attributed to a ligand to metal charge

transfer band from the æ orbital of the azo group to a Fe(III) d orbitale'.
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Figure 1.2.262 Ferrocene based dyes
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Figure 1.2.27: Azo bridged ferrocene oligomer (A) and polymer (B)

Continuing the work on ferrocene polymers, Marmers et. al, have examined the

poty-(fenocenylsilanes) illustrated in Figure 1.2.28e3. The polymers are potentially
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useful as non-linear optical materials, and displayed interesting thermal properties, as the

melting and thermal decomposition of the polymers occurred at a lower temperature

(150-180"C) than the uncoupled azo compound and parent polymer (approximately

300"c)e3.
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1.2.4 Photochernical and Thermal Stability of Azobenzene derived dyes

i) Introduction

The earlier studies pertaining to degradation of azobenzene related dyes focused

on the colour of dyed fabrics, and thus much of the work was concerned principally with

the fading of coiour from the fabrics over time or with irradiationa2's7'6e'ee. A minor

amount of work was done in organic solvent systems, however development of light-

fastness properties proceeded with respect to the fibers themselves, and not

photochemical theoryrO0-r02. A large majority of the early research studied effects that

were observed for aminoazoberzenes substituted in the diazo component ortho to the

azo bridge (positions 2', and 6').

Investigations into these types of substituted azo compounds found that the

presence of an ortho substituent may adversely affect the stability of a dye. In particular,

the presence of an ortho nitro group (structure shown in Figure I.2.29) prevents electron

delocalþation along the azo bond, due to the proximity of the oxygenot. This

localization of electron density on the azo group causes the C-N bond near the coupling

component to become amenable to scissiona2'6e.
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Figure 1.2.29: A 2'-nitro substituted aminoazoberueîe

With respect to azo dyes, degradation processes typically occur via a reductive or

oxidative mechanism. Studies involving the photoreduction of an azo dye have shown
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the presence of a substituted hydrazoberuene, as shown in Figure 1.230s7 . However,

reduction processes tlpically will not occur in the presence of oxygen, and indeed for

certain instances, the photoreduced product was observed to reform the parent azo dye

when oxygen was brought back into the systemlOl. Oxidation processes are thus more

conìmon, and typically result in the formation of aromatic amines, however product

identification is difficult at best57. Oxidative degradation causes a hypsochromic shift in

the absorption band and, with respect to dyed fibers, usually results from excessive

humidity. With regards to solution chemistry, oxidation processes are quite common,

and may be initiated via a number of different compounds.

Figure 1.2.30: Hydrazobenzene structure

ii) Remediation of azo dye contaminants

As mentioned above, the initial interest in dye stability was focused on industrial

and consumer concerns. However, with the increased awareness, beginning around the

1970s, of water quality and textile waste, there has been a large shift to the examination

of remedial techniques with regards to azo dyes. Of particular concern is that, being

highly coloured, an azo dye present in solution at a concentration of 1 mg/L is still

visiblel03. Azo dyes are the largest class of dye compounds used, and while their

environmental input (low toruragelday) is lower than other contaminants of interest (for

example, pesticides and detergents which have emissions on average of 1000s

tons/day)105, the aforementioned colour problem combined with their tendency to resist
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degradation processes pose considerable environmental concernsl04-106. Of particular

note is that many dyes are not biodegraded in aerobic conditions found in conventional

sewage treatment plants, and are not readily degraded via the direct absorption of visible

or ultraviolet lighti0s. In addition, while the acute toxicities of azo dyes are generally

low (1000-2000 mg/kg), the cluonic toxicities are somewhat of an unexplored field,

aithough there have been a number of dyes that have exhibited carcinogenicity in ratslOs.

It is for the above reasons that new rigorous water quality guidelines have been imposed,

especially in Europe, on wastewater effluentlo7. Although dyes enter the environment

via manufacturing, industrial colouration plants and even household use, by far the

greatest contributor is the textile colouration industryl05. Thus there has been a push to

generate new, cost effective, remediation techniques with respect to this problem. These

newer techniques tend away from flocculation and coagulation processes that simply

transfer the pollutant from one phase to anotherl0s-I10.

Oxidation techniques have become one of the methods of choice for the removal

of dye contaminants in aqueous systems. The primary benefit is the potential for these

processes to be implemented within the textile plant itself as a pre-treatment for efluent.

This pre-treatment would either completely oxidize the dye, or oxidize it to a lower

molecular weight product that can be efficiently removed by conventional municipal

water treatment facilitiesllt. The most common form of oxidation technique involves

the use of hydrogen peroxide, which upon formation of hydroxyl radicals, tends to

liberate the azo bond as molecularnitrogen quite quicklyl0T-ttt. A hrge majority of the

research performed in this field has focused on the degradation of anionic azo dyes as

shown in Figure L2.3Il1o'lll.

48



*Na n-*O 
$-,.",,,o- $- 

o-*".

-Na S-(CH")"O-S-O-Na*il tl

Figure 1.2.31,: Examples of azo dyes studied in aqueous oxidation studies

The presence of hydrogen peroxide in irradiated solutions creates the reactive

hydroxyl radical which is responsible for the destruction of the organic compound. The

generic reaction sequence is provided in Scheme I.2.4, where RH is a dye moleculell0.

The lifetime of a hydroxyl radical is very short (approximately 70 ns) and the diffi¡sion

of the radical in aqueous systems is approximately 2 x10-5 cm2ls, therefore, any

oxidation reaction that may destroy an organic compound must occur where the radical

is formed, in the aqueous solution. Thus, hydrogen peroxide is not amenable to the

destruction of heterogeneous contaminants that are not dissolved in the aqueous

phaser07. Results have indicated that regardless of the dye chosen, that a large majority

of the destruction of the dye and colour loss occurs rapidly in the first several minutes of

photolysis, with subsequent removal of total organic carbon (TOC) with further

irradiationi 10.

H2O2 
g* n9¡¡

RH + e$H + H2O + oR 

---> 

Products

Scher¡re 1.2.42 Oxidation of an organic molecule initiated by UV-hydrogen peroxide
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There are varying techniques of oxidative removal available for organic dyes.

One such technique utilizes ferrous ions in conjunction with hydrogen peroxide (Fenton

reagent). The Fenton reaction (and photo-Fenton reaction, which incorporates UV light)

has been used largely in the destruction of Orange II (structure B in Figure 7.231)112-113.

The reaction scheme for the photo-Fenton process is given in Scheme I.2.5112. One of

the possible drawbacks to this process is the release of Fe ions in higher concentrations

than allowed by EEB (European Environmental Bureau) regulations (2 ppm). However,

Kiwi et. al. have used ferrous ions sorbed to a Nafion fiber to limit the movement of the

ions, and have found that although attached to the fiber, the ferrous ions do successfully

aid in the degradation of Orange IIr13.

Fe*2 +ÍIzaz+ Fe+3 +oH- +qlÏ{
Fe*3 + x{zo hu - Fe*2 + "0H + H*

Scherne 1.2.52 The photo-Fenton process

A recent report by Hoffinann outlined the use of ultrasound combined with

aqueous ferrous ionslla. Sonochemical methods utilize the cavitation bubbles that form

in a solvent exposed to ultrasonic radiation. A sonochemical reactor ¡lilizes

compression cycles that lower the magnitude of the bubble size (by increasing the

pressure), thus causing very high temperatures and pressures to exist inside the bubble

cavity- It has been estimated that temperatures between 4000-5000 K, with pressures on

the order of hundreds of bars, can exist inside the compressed bubble cavity. These

conditions cause water molecules within the cavitation bubble to form both'OH radicals

and 'H radicals that may spontaneously initiate degradation of an organic compound..
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Volatile compounds may be degraded by diffusing into the cavitation bubble, while non-

volatile contaminants may undergo degradation via the radicals that diffi¡se out of the

bubble and into the bulk media. Hoftnarur examined the degradation of azoberuene and

a selected number of related dyes and found that the ortho substituted dyes degrade

faster than the analogous para-compounds, and that bleaching of the solution occurred

within 40 minutes with a three-fold increase in rate when Fe(II) was added to the

solution. Figure 1.2.32 provides a comparison of degradation products for the

compounds studiedl15. The R group representsp-so¡-, o-coo-, andp-coo-.
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Figure 1.2.322 Sonochemical degradation pathways for the azobenzene dyes studied.
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Another process employed is wet oxidation (WO), or promoted wet oxidation

(PV/O), in which high temperatures and pressures are used to initiate oxidative

degradation. The oxidation process utilizes a titanium vessel with a flow of oxygen gas,

and a temperature between 160-200'C, with pressures of 20-200 bart06,r08. These

conditions create reactive oxygen species, such as hydroxyl radicals, which can, in a

similar manner to HzOz, degrade a dye. Figure L2.33 provides an illustration of a wet

oxidation apparatus I 06.

Cas&g wdor

8emÉ!g

Codr€wþr

Figure 1.2.33: Wet oxidation apparatus

Lastly, but of no minor note, is the use of metal oxide catalysts for heterogeneous

photocatalytic degradationll5-117. Commonly, Tioz has been used to destroy aqueous

dye compounds, although FeOOH, Fe2O3, ZnO and, CuO have also been examined. The

process commonly involves sensitization through charge injection into the TiO2

particlerrs. The dye will become excited (dye*), and inject an electron into the oxide

catalyst. This process forms a dye radical species which may degrade, or react with

Cæ&gwøÞr

Coolkg w@r
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active olygen species (hydroxyl radical, superoxide anion radical) generated at the TiOz

particle surface. The general reaction sequence is shown in Scheme 1.2.6, where CB

denotes the conduction band of the metal oxidells.

dye + hv ----------+ dye*

dYe* + MO + dy"*t + MO(e-çs)

MO(e-çs) + Oz .-------------> Oz-t+MO
dy"*" ------------+ products

dyu** * Oz ------> Froducts

Scherne 1.2.62 Photosensituation with irradiated TiOr

ív) Thermolysis

Azo compounds are typically not thermally stability. In fact the facile bond

breakage that occurs with respect to aliphatic azo compounds is the reason they have

found use as radical initiators in polyrner synthesis (i.e. AIBN, azobis-isobutyronitrile)ae.

Aromatic iLZo compounds, however, exhibit greater thermal stability owing to the

delocalization of electron density. The aromatic system aids in increasing the strength

of the C-N bond, thus raising the stability of the molecule. While the literature

regarding the thermal degradation of aromatic azo systems is not extensive, there have

been repons invoiving systems other than AÌBN, inciuciing a iimiteci overview oi azo

polyrnersaa'Il8. Polymers containing the azo group in the main chain, such as the

polyamides illustrated in Figure 1.2.34, display thermogravimetric analysis curves

(TGA) which indicate the onset of decomposition at 300"C44. Another study examined a

different series of azo main chain polymers (Figure 1.235)44 and noted that the

decomposition temperatures (approximately 360"C) did not change significantly with
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alteration of the structure of the

was due to the cleavase of the azo

backbone, thus it was concluded that the weight-loss

bond to form molecular nitrogsnaa.

R=

Figure L.2.35: Azo functio nalized polymers

Figune L.2 "3 4 : Azo-polyamide
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tr.3 {nstrumental AnalysÍs Techniques

1.3.L Molecular Spectroscopy

i) Ultr av io I et-Vi s ib I e A b s orpti o n and Infr ar e d Sp e c tr o s c opy

Charccterutng a substance via absorption of ultraviolet and visible

electromagnetic radiation (ernr) is one of the most time-tested analysis methods

available. UV/Vis spectrophotometry operates under a simple concept; the sample

absorbs light, thus altering the intensity of the beam. The difference in intensity is

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

signal registered by the detector. The absorbance, A, and transmittance, T, of a

substance in solution is directly related to its concentration, c (mol'L-l), as given in

Equation 1.3.1rle. In Equation 1.3.1, P6 and P represent the intensity of the radiation

prior to and after passing through the tube, e represents the molar absorptivity

(extinction coefficient, L'mo1-1'crn-t¡ of the analyte, and b the pathlength of the sample

vessel (cm).

Equation 1.3.1: A: -logT = log(F¿/F) = ebc

UV-Vis spectrophotometers incorporate a light source, commonly a deuterium

arc lamp or tungsten filament, a splitter mechanism to pass light through both sample

and reference (resulti.tg in the terminology of a double beam instrument), and a

photodetector such as a photomultiplier or diode arraytle. Figure 1.3.1 illustrates a

coñrmon design for a double beam spectrophotometerlle-120. The need for the reference

cell arises from the scattering and reflection losses that occur when the light impinges on

the sample cell (Figure l.3.21rts'tzo. Thus a reference sample, made of the same solvent
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composition as the analyte sample, accounts for the majority of solvent and sample cell

related losses.

Figure 1.3.1: Schematic of a double beam UV/Vis spectrophotometer

Sratleri¡rS l(rssLrs.
/ in sólrìtioJ)

Enrcr¡tcnt
brlnr. I

[ì¿l'leclion It¡ssc:s

ai inlerfrccs

Figure 1.3.2: Reflective and

spectrophoiometry
scatterins losses associated with uv/vis

In principle, in-frared spectrophotometry operates very similarly to ultraviolet

spectrometry, with the notable difference of the wavelength of absorbed radiation. The

infrared region falls between the visible and microwave regions and can be split into

Pbote-
detêctsf

Rcfc¡ercc 1

,1'
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three sections: Near (14,300 cm-r- 4000 
"rnt), 

Mid (4000 crnr- 600cm-r) and Far (600

cmr- 2oo crn I; IRlie'121-122.

When irradiated with IR light, a sample will absorb energy resulting in change to

its molecular vibrations. In turn, these vibrational excitations are closely tied to various

rotational changes. Similar to the situation of absorption of visible light (where each

electronic state has many vibrational states associated with it), the association of the

rotational states cause the absorbance bands in the IR region to be relatively broadr2r.

There are two types of vibrations important in IR spectrometry, 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. Oniy

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

registered through IR spectrometry. 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 radiationLlzl'l23- Figure 1.3.3 illustrates the coÍrmon vibrations associated with IR

spectrophotometryl2l.
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(b) Bcnding vibrations

Figure 1.3.3: Molecular vibrations common to IR spectrophotometry (+ indicates
movement toward reader, - denotes movement away from reader)

iii) Nuclear Magnetìc Resonance Spectrometry

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

analysis techniques in chemistry. The technique makes use of the fact that under an

applied magnetic field, nuclear energy states are split into discrete energy levelslle'r2l.

The number of levels created depends on the spin quantum number, I and is given by

znl+L Common nuclei of interest in NMR studies include tH, t'C, leF, aod 3tP. These

nuclei all have a spin quantum number, I, of t/2. Thus, upon application of an extemal

magnetic field, they wili be split into two levels, a*Yz sfate and a -Yz state. Figure 1.3.4

illustrates this phenomenon, where N represents the populations of the two states, s and

Pttt. The lower level has a slightly higher population than the p level, with the energy

difference between the two levels, AE (Ð, dependant on the magnetogyric ratio (y, a
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constant for a given nucleus, radians'T-i's-l), Planck's constant (h, J's), and the magnetic

field strength (Bo, T), as shown in Equation 13.211e .

Figure 'J,.3.42 Splitting of levels under a magnetic field (magnetic field direction parallel

to the ordinate)

EquatÍon 1.3.22 ÂE = (hy/2æ)86

Once the degeneracy is removed, application of a radiofrequency pulse will

cause a net absorption of energy causing the population of the higher state to increase.

The frequency of radiation (v, Hz) required is related to AE, and thus directly related to

the magnetic field strength, 86, through Equation 1.3.3. If one envisions the nuclei as

precessing around the z-axis (the dfuection of the applied magnetic field), then the

application of a 90o radiofrequency (rf) pulse will direct the magnetic moments (¡r) of

the nuclei to lie within the xy plane. A receiver coil placed in this plane will detect the

magnetizafion of the nuclei as it relaxes back to the z-axisl'e'121. Figure 1.3.5 illustrates

the precession of the nuclei in an appüed magnetic field along the z-axislle.

Equation 1.3.3: v = (yl2n)Eo
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Figune 1.3.5: Precession of a nucleus under the influence of an external magnetic field

NMR spectra display peaks on a frequency ordinate. 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, will appear at

different ûequencies depending on the chemical environment they reside in. The

chemical shift of a peak (õ), which is defined as the resonance position of the peak of

interest relative to a reference compound (ð (ppm) : frequency of absorption in

Hzlspectrometer frequency in MHz), 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 in cH+, thus they are observed 'downfield' (3-4ppm), compared to cH+ (= 0.g

ppm), since they are effectively deshielded by the chlorinerre. The simple concept of

electron density is useful in a cursory explanation of chemical shift, however, in truth

the situation is rarely that simple. One must examine effects of magnetic anisotropy to

better understand and predict chemical shifts.
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Electrons under the influence of a magnetic field will circulate, thus creating an

induced magnetic field. For example, in aromatic systems the application of B0 creates a

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

induced magnetic field in the same direction as the applied field at the aromatic protons.

This lowers the external rf field necessary to bring the protons into resonance, thus they

absorb (resonate) doumfield at higher ppm values (= Tppm)11e't21. Figure 1.3.6

illustrates this Phenomenont 
t n.

¡¡^
ll*l

Figure 1.3.6: Deshielding of aromatic protons

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

appearance of the peak itself can change depending on the nearby nuclei in a process

termed spin-spin splitting. With regards to tH NMR spectra, a proton signal will be split

for each non-equivalent neighbouring proton in close proximity (typically 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 thus would show as a single peak. However, in chloroethane
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(CICH2CH3) the methylene group is not equivalent to the methyl group> and will be split

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

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

quantum number of the neighbour. The value in Hz for the distance between the peaks

is termed the coupling constant, Jlte'121.

1.3.2 Thermal and Chromatographic Techniques

í) Thermo gravimetric Analys is (fGA)

Thermogravimetric techniques monitor the mass of a substance as a function of

applied temperaturelle't22'rz{. The instrument is illustrated in Figure 13.7122. A balance,

holding the sample pan, is enclosed in a furnace that is heated during the course of the

analysis. Changes in the mass of the anaþe are recorded with temperature. The

balance beam is commonly made of quartz or ceramic, as temperatures up to l000oC are

coÍlmon. A flow of inert gas is typically introduced into the sample area to prevent

oxidation of the sample during analysis. TGA techniques are commonly employed in

polymer chemistry to determine the temperature resistance of a material, which is of

paramount importance with regards to its appücation purposes.

Figure 1.3.7: TGA apparatus

l
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ii) Gel Permeation Chromatography (GpC)

AIso known as size exclusion chromatography, GpC determines the average

molecular weight of large molecules. Commoniy used for polymer analysis, GpC works

similarly to conventional chromatography techniques, however, there is one important

difference' In GPC, no interaction of the anaþe with the column,s stationary phase

occurs' Separation of species is accomplished via the ability, or lack thereof, of a

sample to enter into the pores of the stationary phase (Figure r.3.g)t22. The smaller the

analyte (i'e' the lower the molecular weight) the greater is its abüity to enter the pores,

thus requiring a longer time to pass through the column. conversely, high molecular

weight samples have less 'freedom of movement' and tend to elute first.

statiofiary phasa particfe

@e @.
pore size

Figure 1.3.8: Relation between analyte particle size and erution order in Gpc

Molecular weights are determined via a calibration graph commonly constructed

from polystyrene standards. GPC provides two important molecular weight values: Mw
and Mn' It is important to note that for a given pol¡nner peak eluted, there may be

polymeric chains of differing length within that peak. If N* is the number of different

chain lengths present, then the weight fraction of each chain is N,M*. Mw represents the

volume
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weight average molecular weight, and relates the mass of the chains (N*M,.2) to the

weight fraction. Mn, however, relates the weight fraction to the total number of

polymeric chains in the sample (Equation 1.3.4 A and B)125. The two values can be used

together to determine the polydispersity index (PDI), which relates the range of

molecular weights present in a given sample. The higher the PDI, the greater the range

of molecular weights in the eiuted peak.

Equation 1.3.4:
Mw = xN'Mt2

tNxMx

A

Mn = x\M*
xN*

B

iii) Gas Chr omat o graphy- Mas s Spe ctrometry (GC- MS)

Coupling mass spectrometry with a gas chromatograph allows simultaneous

separation and mass spectral analysis of complex mixtures. The sample is effectively

separated using a capillary column in conjunction with a suitable GC temperature

program. Upon leaving the column the eluate is passed through an interface en route to

the mass spectrometer. The analyte is then ionized, conventionally by an EI source, and

passed through a Inass analyzer (i.e. quadrapole, magnetic sector, time of flight) en route

to the detector (commonly a channel electron multiplier)Ile'122.
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1,.4 Chemical dctinonnetry

Determining the intensity of a light source is a key step in photochemistry

experiments. It is required in order for the quantum yield (@, the amount of chemical

conversion / amount of photons absorbed) of a photochemical reaction to be calculated,

and is needed ìf an interlaboratory comparison is to be made. The most cornmon means

of calculating the intensity of a light source is via a chemical actinometer. An

actinometer is a substance that has a known quantum yield, which is preferably near

unity. Moreover, the compound should be versatile enough to accommodafe a variety of

photolytic conditions and wavelengths. Upon irradiation, the compound must cleave to

yield readily detected products that do not absorb at wavelengths near those of the

actinometerl26-128. The actinometry experiments must be performed under low light

conditions, and should necessarily use the same apparatus and glassware employed in

the photolysis experiments for which the intensity of light is required.

Historically, a number of compounds have been examined as potential

actinometers. Mn(C2Oo)r-3, Co(CzO+)¡-t, CrçCrO¡¡-3, Ur(CzO+)¡-3, and Fe(CzO¿)¡-' haue

all been examined, with different degrees of successr26'128-12e. Of the chemical

actinometers available, by far the most conìmon choice is the ferrioxalate actinometer,

Fe(CzO¿)g-3. The remaining compounds all suffer from low (Þs that decrease with

increasing wavelength, and typically require long reaction times. The uranyl oxalate

actinometer commonly requires six hours for reaction, while the chromium salt displays

even less photoactivityrzt'tzs. The cobalt analogue fairs little better as it displays low

quantum yields and thermal instabilityr30. Conversely, ferrioxalate has a @ near unity,

requires seconds to minutes for reaction, is relatively stable to heat, produces products
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which do not absorb radiation yet are easily detected, and exhibits only slight variations

in Õ between254-500 nm, a range in which most conventional light sources fall127. It

should be noted that if a quantum yield is to be determined for an analyte which

photolyzes slowly, then an actinometer which reacts with an equal rate may be desired.

However, in determining the intensity of a light source no direct comparison is being

made to the quantum yield of the analyte and actinometer, thus a faster photolysis rate is

typically desired.

Ferrioxalate undergoes photolytic cleavage according to the reactions given in

Scheme 1.4.1r30. The production of Fe(II) is spectrometrically followed at 510 nm via

complexation with 1,10-phenanthrolinel26-131. The increase in Fe(II) mirrors the loss of

ferrioxalate, and a first-order plot for appearance of Fe(II) provides a rate constant, ko,

which is used in conjunction with Equation 1.4.1 to calculate the intensity of light, 17.6

(Ein'L-l'min-t). (Þo represents the quantum yield of the ferrioxalate (Table 1.4.1)128, epr

is the molar absorptivity of the phenanthroline complex, 1.11 x 104 L'moll'crrri, and /

is the path length of the photolysis tube (cm)r3r.

Schenne l.4.lz
[Fe(C2oa)3]-3

rn-z¡ n ttl
l.F Ë\\-2\r4.rl

(CzO¿)- +

H.O*

nu=

[Fe(C2Oa)]-

[Fe(C2oa)]+ + z(C2où-2

Fe*2 + (CzO¿)-

-È- 

zcoz * Fe*2 + (CzO¿)-2

Equaúion 1.4.1: Ixo : -kp/ Q.303X@ pxeptXÐ
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Table l.A.Lz Quantum Yields of fenioxalate at different wavelengths of lightl2s

Wavelengúh (nm) Quantum Yield
254 r.25
302 r.24
405 r.l4
436 1.11

The ferrioxalate process must be conducted in acidified solutions to prevent the

precipitation of ferrous oxalate. However, despite this one criterion, the process shows

remarkable versatility when compared to the other aforementioned actinometers. The

reaction is relatively independent of temperature, with onty slight changes observed per

i0oC change. Furthermote, unJike with the other actinometers, there is no need to purge

the system of oxygen, and any back reaction of ferrous ions with ûee oxalate (which

would decrease the Õ) is negligiblet2s.
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2.0 Experirnemtal

2.1 Che¡nicals

Anhydrous aluminium chloride, aluminium powder, chlorobenzene, ferrocene,4-

chlorotoluene, 1,4-dichlorobenzene, 4-chloroxylene, ammonium hexafluorophosphate,

sodium tetrafluoroborate, bisphenol-4, bisphenol-P, 4,4'-bis(4-hydroxyphenyl)valeric

acid, 4 - 4' -bipheno l, 4-4'-thio bisbenzenethio 1,, pip erizine, l, I - o ctanedithio l,

dimethylaminopyridine (DMAP), dicyclo hexylcarbo diimide (D CC), re sorcino l, I - (4-

aminophenyl)-ethanone, 4-aminobenzoic acíd,4-aminophenol, 2-(methyl-phenyl-

amino)-ethanol,2-(ethyl-phenyl-amino)-ethanol (all supplied by Aldrich), 4-nitroaniline

(British Drug House), aniline (Fisher), 4-hydroxysulphone (Fluka), sodium acetate,

sodium nitrite, 1,1O-phenanthroline (all supplied by BDH), potassium carbonate,

potassium ferrioxalate, anhydrous magnesium sulphate, sodium hydroxide (all supplied

by Mallinckrodt), were used without purification. All solvents were reagent grade and

used without purification.

2.2 Instrurnentation

rH and t3C NMR spectra were recorded at 200 MEzand 50 Mtlz,respectively,

on a Varian Gemini 200 NMR spectrometer. Chemical shifts were referenced to solvent

residues and ccupling ccnstants .¡¡ere calculated in hertz. i3C spectra r.,,,ere proton

decoupled and recorded as an attached proton test (APT) with a delay time (t) of 7 ms,

which resulted in inverted CH and CH3 carbon resonances (C and CH2 resonances

appeared as conventional peaks above the noise). Infrared spectra were recorded on a

Bomem, Hartmann and Braun FT-IR spectrophotometer as KBr pellets. uv-vis
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spectra were obtained with quartz cuvettes of 10mm pathlength on a Shimadzu UV-

250IPC recording spectrophotometer. Thermogravimetric analyses were obtained on a

Mettler Toledo TGA/SDTA851" under a steady stream ofN2 (50 mymin) with a heating

rate of 1s'lmin. GPC analyses were performed on a'Waters 1525 GPC system equipped

with Waters Styragel HR3 and HR4 7.8 x 300 mm columns at 40oC, a Waters 2410

refractive index detector and a200¡tl sample loop. Molecular weights were calculated

relative to polystyrene standards. Flow rates were 1.0 mymin THF. Photolyses were

performed in a Rayonette photochemical reactor equipped with sixteen 300 nm lamps or

eight 254 nm lamps. Xe irradiations were performed in a photolysis vessel equipped

with a PE 150 Xe power supply, reflective surfaces and a Xe arc 3718 lamp. Pyrol¡ic

sublimation was performed in a Buchi GKR-51 pyrolytic sublimator connected to a

vacuum pump. GC-MS analyses used a HP5890 GC coupled to a HP5970 MSD. The

column was a 30 meter SPB-5 with a 0.25 mm inner diameter and a0.25 pm filrn

thickness. Temperature program was as follows: 100'C (3 min), 1O"C/min to 285"C (40

min). Injection volume was i pl.

2.3 Actinornetry

(i) Calibration graph_for Fe(II)

A 5 mM solution of FeSO¿'7þO was prepared in 0.05 M H2SO4. An aliquot of

the solution was removed and combined with 1 ml of 0.l%o 1,I0-phenantroline, followed

by 2 nt of 0.6 M sodium acetate buffer (pH:4.4, adjusted with i.0 M NaOH) and

water to produce the desired concentration of Fe(II). Samples were mixed after each

addition. Total volumes were20 ml. Concentrations of Fe(II) were as follows: 2 ¡t}r/r,5
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trM, 10 p'M,25 pM, 50 pM, and 100 pM. The resulting solutions sat for at least 30

minutes, after which time their absorbencies at 510 nm were recorded. A calibration

plot was constructed using ferrous ammonium sulphate as the source of Fe(iI) ions at

different concentrations.

(iÌ) Intensities of light

Photolyses were performed with 254 rmt,300 nm, and a Xe lamp in 50 ml pyrex

centrifuge tubes. The th¡ee types of light sources, 254 nm,300 nrn" and the Xe lamp,

were specifically chosen to represent a range of spectral wavelengths, namely low

wavelength (high energy) UV, near visible UV and simulated sunlight (representing all

wavelengths), respectively. All solutions were prepared in the dark. An aliquot of a 60

mM stock solution of ferrioxalate in 0.05 M HzSO+ was taken and diluted to yield a 6

mM solution in 0-05 M H2SO4. 35 rnl samples were removed from this solution and

irradiated with a given wavelength of light for a set time. Following inadiation, the

samples were immediately worked up.

Work up consisted of combining a 4 rt aliquot of the irradiated solution with I

rnl of the 1,iO-phenanthroline solution, 2 ml of buffer and l3 ml of water. Solutions

were stirred after each addition. Total volume was 20 ml, and the solutions were

allowed to sit for at least 30 min prior to analysis. Thereafter, their absorbance at 510

nm was recorded.

In addition to the irradiated samples, a blank sample consisting of H2SOa, 1,10-

phenanthroline, and buffer, in the same concentrations as the actual samples, was made.

This sample was used as the blank for the spectrophotometer. A background sample

used to correct for the presence of ambient light during the experiments was also made.
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This consisted of a solution that was worked up in the same manner as the irradiated

samples, with the exception that the solution was not irradiated.

2.4 Synthesis Procedures

(i) Synthe sis of cyclop entadienyliron c omplexe s

q6-chlorobeozen"-t1'-cyclopentadienyliron hexafluoropho sphate, n6 -7,4-

dichlorobenzene- qs-cyclopentadienyliron hexafluorophosphate, and Tf -I,4-

dichlorobenzene- qs-cyclopentadienyliron tetrafluoroborate complexes (La-c) were

prepared as previously describedl3z't33 .

Synthesis of compounds 3a-h. 4a-b: The ,¡6-arene- rys-cyclopentadienyliron salt

complexes (2 mmol) were combined with a dinucleophile (1 mmol), and KzCOI (2.5

mmol), in a 50 ml round bottom flask. The starting materials were dissolved in i0 ml of

DMF and stirred under N2 overnight. The solution was then poured into a 10% (vlv)

HCI solution to which 4 mmol of ammonium hexafluorophosphate or sodium

tetrafluoroborate was added. The precipitated product was collected via suction

filtration and rinsed with copious amounts of water. Upon drying, the yellow granular

solid was rinsed with diethyl ether.

Complex 4a-b was prepared in a similar manner, by mixing 1 mmol of

compound 3b or 3c with 0.5 mmol of 2b in a 50 ml round bottom flask. Thereafter the

procedure mirrored that outlined above.
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(ii) Synthesis of azo dye starting materials

Si.nthesis of dves 9a-f: The aniline or aniline derivatives (0.02 mol) were

dissolved in a mirture of 50 ml of concentrated HCl:water (1:1 v/v) and heated if

necessary to dissolve the aniline. The solution was stirred and cooled to 0-5oC and

maintained at this temperature while a sodium nitrite solution (0.022 mol in 40 mt water)

was added dropwise. The presence of excess nitrous acid in the amine solution was

tested using a starch-iodide paper. The diazonium solution was further stirred for 30

min at which time the excess nitrous acid destroyed by addition of 0.5-1.0 g of urea to

the solution. To this, a solution of the appropriate coupling component was added (0.02

mol dissolved in 20 ml of acetic acid and cooled to 0-5'C by the addition of crushed ice).

The reaction was stirred for 2 hours at which point the pH of the solution is adjusted to

pH 4-5 by adding 10% sodium acetate, causing precipitation of the crude dye. The dye

was collected, washed with water and recrystalljzed from ethanol.

Synthesis of dye 99 required a slight alteration to the aforementioned procedure.

Resorcinol (coupling component) was dissolved in sodium hydroxide and cooled to 0-

5"C with ice. To this, the diazonium solution was added slowly within 30 minutes. The

reaction was stirred for two hours. Neutralization of the reaction mixture at the end of

the synthesis requires acetic acid to bring the pH to 6.

iii) Reaction of azo dyes u,i.th cyclopentadÌenylíron complexes

starting complexes la, trz,14,l6a-d, were prepared as previously reportedl8,132,l33.

Synthesis of complexed dyes 11a-b. 15. 17a-d: An appropriate mmol ratio of

complex to dye (1: l, 1 :2, and 2:1, for ltr a-b, 15, and r7a-d,, respectively) was mixed in a
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50 rnl round bottom flask with an excess of ÇCO3, and stirred in DMF under N2

overnight. The coloured solution was then precþitated into 1 0%o HCl, to which a molar

excess of ammonium hexafluorophosphate was added. The solid product was collected

Via suction filtration, washed with water, ether and dried.

synthesis of complexed dyes l3a-c: complex 12 (1 mmol), azo dyes 9a-c (1.2

mmol) and DMAP (1.2 mmol) were combined in 3 ml of DMSO and 10 mt of CHzClz.

The solution was stirred under Nz for five minutes and then DCC (1.2 mmol) was added,

and the reaction proceeded at room temperature for 16 h. The complex was added to a

l0% HCI solution containing NH+PF6 (2 mmol), extracted with CHzCl2, washed with

water and dried over MgSOa. The solution was dried, dissolved in acetone and filtered

into ether resulting in an orange or red precipitate, which was collected in a crucible and

dried.

UV-Vis Spectroscopy: UV spectra of the dyes were recorded in DMF, ethanol

and a 10%HCl (5 M) solution in ethanol. The complexed dye compounds typically

displayed poor solubility in ethanol, thus it was necess ary to solubilize the dye with pt

amounts of acetonitrile prior to addition of ethanol. Test spectra acquired using dyes

soluble in ethanol illustrated that the use of a 0.1% solution of acetonitrile in ethanol did

not change the observed wavelength maxima of the dyes. All samples were run against

blank solutions of appropriate compositions.

iv) PolymerÌzatÌon of complexed dyes

Preparation ofpol).nners 19a-i: The complex 13a-c (0.25 mmol), dinucleophile

18a-c (0.25 mmol) and IÇCO: (1 mmol) were dissolved in 2 rnt of DMF and stirred
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under Nz at 60"C overnight. The solution was poured into 10% HCI to which NH+PF6

(0.5 mmol) was added. The coloured poll'rner was collected in a crucible, washed with

water and ether and then dried.

2.5 Photolytic demetallation

y' Decomplexation of 3a-h. 4a-b: The complex (0.1 mmol) was dissolved in a 4:1

mixture of CHzCIz:CH3CN (total volume 35 rrìt) in a 50 ml Pyrex centrifuge tube. The

tube was capped with a septum, purged with N2 for 10 minutes, and photolyzed.

Samples were photoþed with 300 nm light for various times, ranging from 15 minutes

to 8 hours, to determine the time required for successful demetallation. For complex 4a

the procedure was repeated with the other light sources (254 nn, Xe lamp). Regardless

of the light source employed, once irradiated, the solution was then rotoevaporated to

dryness, and the residue redissolved in chloroform. Samples were washed with water (3

x 20 ml), dried with magnesium sulphate, fi.ltered and concentrated to approximately 1-2

ml. Samples were precipitated in cold hexane and stored at 0'C ovemight. Thereafter,

the product was collected via suction filtration and dried prior to analysis.

Due to the higher solubility of compounds 6a-c,f-g in hexane, the dried

chloroform solution was concentrated to dryness and placed under vacuum overnight.

The oil residue was rinsed with hexane and further dried under vacuum.

Solvent related trials were photolyzed as described above with the following

exception. For the CHzCl2 trial, distilled dichloromethane was used, and samples were

weighed out in a glove box under a N2 atmosphere. The sealed tubes were removed

from the glove box and immediateiyphotoþed with 300 nm light.
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lzl Photolytic decomplexation of complexed dyes 1la-b. 13a-c. 15. l7a-d:

The complexed dyes (0.1 mmol) were dissolved in a 4:1 (compounds 1la-b, 15,

17a-d) or 1:1 (13a-c, due to limited solubility in CH2CI2) ratio of CHzCIz:CH:CN. Total

volumes were 35 ml. Photolysis was carried out for 3.5 hours with 300 nm lamps.

Following photolysis, sample solutions were concentrated to dryness, and dissolved in

ether. The starting complexes were not readily soluble in ether, thus any remaining

complexed sample was selectively removed. The ether was washed repeatedly with

water, and thereafter dried with anhydrous magnesium sulphate, filtered, and

concentrated to dryness. If starting material remained, the residue was dissolved in ether

and eluted through a silica gel column. The coloured elute was rotary-evaporated to

dryness and the residue stored under vacuum for several hours prior to analvsis.

Decomplexation of pol)¡mers 19a-i: The complexed azo dyes were

photolytically demetallated to yield compounds 24a-i. The complexed polymers (0.01

mmol) were dissolved in a 1:1 ratio of CHzCLz:CH3CN. Polymers l9crf,h,i required the

addition of 5 ml of DMSO and a 10 minute sonication period to aid solubility. Total

volumes were 40 ml. Photolysis was carried out at 300 nm for 4 hours in Pyrex

centrifuge tubes. The inadiated solutions were rotoevaporated to dryness (the solutions

containing DMSO were washeci with water prior to evaporation to remove the DMSO)

and chloroform was added to solubilize the polymer. The chloroform solution was then

washed with water, dried with anhydrous magnesium sulphate, filtered, concentrated

using a rotary evaporator, and added to cold ether. The residue was stored under vacuum

for several hours prior to analysis.
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2.6 Photocatalytic/Thernnal degradation

(Ð HzOz catalyzed oxídation

HzOr catalyzed degradation of 9d. 11b. 24d: The dye (1 mg) was dissolved in

5mL of CH3CN to which 30 ml of doubly distilled water was added. Absorbance

readings were recorded at the time of preparation (t:0) and at specific timed intervals

during their photolysis with 300nm light. Aliquots were transferred to a clean and dry

cuvette, and returned to the parent solution after recording the visible absorbance.

Comparison samples were prepared by irradiating dye and solvent without H2O2 present.

þQ2 catalvzed degradation of 99. 17d: The initial study involving 99 illustrated

a slow rate of degradation using the procedure outlined above. Thus a slightly modified

procedure was followed which incorporated the addition of 2 drops of concentrated

ammonia solution. The solution, without HzOz, was made and allowed to sit for 30

minutes to allow for the appearance of the 323 nrn Àr,u* pe*. After 30 minutes, I rnl of

HzOz was added and an aliquot immediately transferred to a i0 mm pathlengthquartz

cuvette. OnIy the absorbance at Ln.* (323 rrn) was measured over time by ufrl.zng a

continued exposure time course experiment. This experiment monitored the absorbance

atthe set wavelength over time, and did not scan through the UV-Vis spectrum. A

solution without HzOz, and completely sealed to light, was prepared for comparison. At

specific time intervals an aliquot of solution was removed and used to record a UV-Vis

spectrum. Compound 17d utilized the same procedure as for 99, however,250 ¡rL of

H2O2 was added and the absorbance at 445 nm was followed via a time course

exoeriment.
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(ii) Thermal degradation

The dye (20 mg) was sealed n a20 rnl glass vial equipped with a septa lined cap.

Samples were purged under a steady flow ofN2 gas throughout the experiment.

Samples were heated in a sand bath at approximately 300"C for 15 minutes. Upon

cooling, the samples were rinsed with acetone and chloroform in an attempt to isolate

products.
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3.0 R.esults and Ðiscussioul

3.tr ,Actinornetrv

Ferrioxalate actinometry was used to calculate the intensity of the three light

sources (300 nrn, 254 nrn, and simulated sunlight (Xe lamp). Photolyses were carried

out for varying amounts of time, depending on the wavelength of light used. The

experiments utilizing 300 nm light required 20-30 seconds for the determination of the

rate of formation of Fe(II). Alternatively, irradiation with 254 rvn and simulated

sunlight required up to 3-5 minutes of exposure. The absorbance values of the solutions

were compared to a calibration graph, which was prepared from the absorbencies of

known concentrations of Fe(II), to determine Fe(II) concentration. This allowed a first-

order rate graph to be constructed for the appearance of the Fe(II) species. As an

example, the rate of appearance of Fe(II) for the Xe experiment is iliustrated in Figure

3.1.1.

The linear regression of the data provided a slope (kp) that was used in

conjunction with Equation 1.4.1 to calculate the intensity of light. The slope from the

formation of the Fe(II) species is opposite that of the decomposition of ferrioxalate, thus

the value of -kp is used in Equation 1.4.1. The inner diameter of the photolysis tube (/

in Equation i.4.1) was cietermine<i to be 2.476 cm with vernier caiüpers. Ta'oie 3.i.i

provides the rate of formation of the Fe(II) species, the correlation coefficient (R), and

the intensity of light for the three light sources. It is interesting to note that while the

254 nn light is more energetic than the other wavelengths, it displayed the lowest

intensity. This can be partly attributed to the lower number of lamps (8) used when
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compared to the 300 nm photoreactor (16), and the increased absorbance of wavelengths

below 280 nm by the photolysis tube itseF27.

Equation l.4.lz Ip : -kp./(2.303xÕ pxeprXÐ

3.5

3.0

2.5

2.O

1.5

1_0

o2040601
Time (seconds)

Figure 3.1,.1.: Rate of formation ofFe(II) with simulated sunüght

fJc
oo
c

able 3 .1: Intensities of'the sources
T lç (s-') R value Intensify (Ein L-'min-')

300 0.00791 0.9824 6.0 x l0-'
254 0.00691 0.9788 5.2 x 10-o

Xe 0.03504 0.9831 3.0 x 10-'
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3.2 Ðecomplexation Study

3.2.1 Synthesis of organoiron complexes

Utilizing the excellent electron withdrawing power of the CpFe* moiety, a series

of bimetalüc complexes were synthesized as shown in Scheme 3.2.1. These compounds

were isolated in good yield and characterued, by NMR, IR, and TGA techniques.

Reaction of 3b-c with dinucleophile 2b n a2:1 molar ratio allowed for the isolation of a

tetrametallic compound , 4a-b (Scheme 3.2.2).

n@cr +

nþx-

Ír-7-Ít #ffin
2a-f

.G,0"
"i* uþ'
_t_leo

1a-c

RX-
la: H PFe

Ib: Cl PFo

lc: Cl BF¿

RX-
3a: Cl PFe

3b: Cl PFe

3c: Cl BF¿

3d: H PFe

3a-h

Z R X-z
2a 3e: Cl PFo 2c

2b 3f: Cl PFe Zd

2b 39: H PF6 2e

2b 3h: Cl PFe 2f

Sche¡me 3.2.L

,"oçlgo,bo-ç>|CrlO" *oç>Fçro

^/^ ^,z¿ o-(. )X( Þo 2e s{ )Fs{ }sszsz- --'V".\r'.
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| *,.o.
| 
*" o*t

Y

CI

J

- 
fH,- ÇH,

"{CÞI-CXCÞ"
CH¡ CHS

4a-b

4a: X- = PFe

4b: X- = BF¿

Scheme 3.2.2

The 'H and "C NMR spectra of the complexes displayed the characteristic

resonances associated with cyclopentadienyliron complexes (Table 3.2.1, 3.2.2).

Figures 3.2.1 and 3.2.2 present the 'H NMR spectra of complexes 3b and 3f for

comparison. The intense singlet located at 5.31 ppm (3h) and 5.42 ppm (3Ð represents

the equivalent protons on the Cp ring. The eight complexed aromatic protons appear as

two doublets resonating between 6.5 and 7.0 ppm. The complexed aromatic protons

aþha to the ether bond appear at 6.48 ppm and 6.61 ppm for compounds 3b and 3f,

respectively. The remaining aromatic protons resonate at values customary for aromatic

protons. Complex 3b displays an intense singlet in this region that is attributed to the

aromatic protons isolated on either side by the isopropylidene groups. The remaining

singlet at l.7l ppm in the spectrum of 3b represents the equivaient methyl protons of the

isopropylidene groups. The multiplet at 2.04 ppm is the protons of the referenced

acetone solvent.
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-L 
-j-

CpFePF6 CPFePF6

Figure 3.2.1:'H NMR spectrum of bimetallic complex 3b

pp¡

Figure 3.2.2: 'H NMR spectrum of bimetallic complex 3f

Formation of complex 4a-b altered the NMR spectra when compared to the

bimetallic starting material. Figure 3.2.3 and 3.2.4 illustrate the tH and t3C NMR

spectra for compound 4a. The most striking difference in the rH spectrum is the

appearance of a second Cp resonance (at 5.28 ppm), which is attributed to the Cp ring

pendant to an arene containing two etheric bonds. Additionally, a new singlet at 6.31

ppm appears, which represents the complexed aromatic protons of this same arene ring.

The uncomplexed aromatic protons continue to resonate at relatively the same
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frequency, however the region is necessarily more complicated due to the larger number

of protons associated with the structure. Lastly, the methyl protons still appear as a

singlet, albeit a slightly broader one, at 1.65 ppm.

The t'C NMR spectra illustrate similar characteristics with two resonances

appearing for the carbons of the Cp ring (78.99 ppm and 80.44 ppm). The peaks at

104.18 ppm and I31.59 ppm are attributed to the quaternary carbons on the complexed

aromatic rings. The 104.18 ppm resonance results from the quaternary carbon attached

to the chlorine substituent, while the other represents those with an ether bond. The three

non-equivalent CH carbons of the complexed rings (75.95,77.77,87.87 ppm) appear

near the Cp peaks, and represent the arene rings bordered by two ether linkages (75.97

ppm) and the complexed arenes at the ends of the molecule (77.17, 87.87 ppm). The

peaks at 3I.14 ppm and 42.93 ppm represent the methyl carbons and the quaternary

carbon of the isopropylidene group, respectively. The multiplet at29 ppm is the methyl

carbons ofthe referenced acetone solvent.

_t | _
^. 

1 
^\ 

l,z\. | ,^\CI1(rlo1(r¡K(rlKU¡o
rLl-l-

CpFePF5

ppE

Figure 3.2.3: 'H NMR spectrum of tetrametallic complex 4a
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Figure 3.2.4: t'C NÀ¡IR spectrum of tetrametallic compl ex 4a

IR spectra of the complexes displayed absorbances attributed to the CpFePF6 or

CpFeBFa moiety. While no noticeable change is associated with the NMR spectra of the

analogues, the IR spectra do show a significant difference (Table 3.2.3). The PFo

analogue causes a large peak in the 840-845 cmr region (arising from P-F bond

vibrational changes), whle the BFa complexes produce a broad band centred in the

1080-1085 crnl region (arising ûom B-F bond vibrational changes). Figure 3.2.5 and.

3.2.6 provide the IR spectra of compounds 4a and 4b for comparison.
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1500

Figure 3.2.5: IR spectrum of 4a

Figure 3.2.62IR spectrum of 4b

Thermogravimetric analysis of complexes 3a-h and 4a-b illustrated two distinct

weight losses. The first loss, occurring between220-250oC represented the liberation of

the CpFe* moiety. The remaining weight loss is attributable to the destruction of the

organic backbone. The confümation of these weight losses is evident when the TGA
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cuÍve is compared to those of other molecules, such as the starting complexes (la-c),

their organic analogues, and macromolecular samples containing similar aryl-ether

linkages. These compounds display weight losses at similar temperatures, with the

temperature of the second weight loss typicaþ increasing as the molecular weight of the

aryl ether molecule increaseslo-I7. Figure 3.2.7 provides the TGA curve for compound

4b, which illustrates the two weight losses. Table 3.2.3 provides the numerical data for

complexes 3a-h, and 4a-b.

1

_t-t--l

"{Þl-cÞl-cÞ"-Q}.'-l- J¡
CpFeBFa

500

Figune 3.2.7: TGA curve for complex 4b
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Table 3"2.L:tH NMR data for complexes 3a-g, 4a-b

õ (ppm) in acetone-de
Aromatic H Comnlexed ArH Cn CHz, CHs

3a
7.29 (d,4H, J:8.9)
7.49 (d,4H, J:6.6)

6.48 (d,4H, J:7.0)
6.81 (d, 4H,J:7.0)

5.37 (s, 10H)
1.77 (s,6H)

CHa

Jb
7.23-7.28 (m, 8H)
7.45 6" 4H. J:8.6)

6.48 (d, 4H,I:7.0)
6.81 (d,4H, J:6.6)

5.37 (s, 10H)
1.71 (s, 12FI)

CH¡

3c
7.22-7.28 (m, 8H)
7.45 (d,4H, J:8.5)

6.48 (d, 4H, J:6.9)
6.79 (d,4H, J:6.8)

5.35 (s, 10H)
1.72 (s,I2H)

CHs

3d
7.Il-7.28 (m, 8H)
7.45 (d,4H, J:8.6)

6.27-6.37 (nr 6H)
6.44-6.50 (m. 4H)

5.25 (s, 10H)
1.71 (s, l2H)

CHr

3e
7.52 (d,4H, J:8.9)
8.14 (d,4H, J:8.8)

6.62 (d,4H,I:6.9)
6.86 (d, 4H,I:6.9) 5.29 (s, 10H)

3f
7.51 (d,4H, J:8.5)
7.9r (d,4H, J:8.2)

6.61 (d, 4H, I:6.6)
6.87 (d,4H, J:6.3)

5.42 (s, 10H)

1o 7.59 (d,4H, J:8.9)
7.76 (d,4H, J:9.0)

6.39-6.58 (m, 10H) 5.23 (s, 10H)

3h
6.20 (d, 4H, I:7.0)
6.62 (d,4}J, J:7.4)

5.20 (s, 10H)
3.83 (s, 8H)

CHz

4a
7.79-7.27 (m,24H)
7.4r (d,12H, J:7.0)

6.31 (s,8H)
6.48 (d,4H, J:7.0)
6.81 (d,4H,I:7.0)

5.28 (s, 10H)
5.36 (s, 10H)

1.69 (s, 36H)
CHs

4b
7.17-7.26 (n,2aH)
7.40 (d,12H, J:7.1)

6.29 (s, 8H)
6.46 (d,4H, J:7.0)
6.80 ld. 4H. J:7.2\

5.28 (s, 10H)
5.39 (s, i0H)

1.65 (s, 36H)
CH¡

Coupling constants calculated nHz
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Table 3.2.22 t'C NMR data for complexes 3a-g,4a-b

ô (ppm) in acetone-de

quat
ArC ATCFI

Comp.
quat

Comp.
ArCH Cp CHzlCIIs Other

3a
149.64
r51.74

t21.r0
130.01

r04.72
I JJ.04

76.94
87.74

80.36
31.11
CHr

42.10*

3b
148.r4
r49.96
1s1.60

120.81
t27.12
r29.84

104.68
133.81

76.91
87.97

80.32
31.06
CH¡

42.92*

3c
T48.24
r49.99
151.53

r20.79
127.06
r29.89

r04.44
t33.78

76.97
87.96

80.30
31.10
CH¡

42.90*

3d
t48.37
149.90
r5r.93

12t.07
r27.28
129.9r

134.58

77.74
85.74
87.84

78.06
31.13
CH¡

43.03*

3e
r29.60
r57.6r

1.20.24
t20.55

104.04
r37.s9

78.07
86.68

79.43

3f 138.85
753.75

t22.07
130.1 1

104.97
133.58

77.45
87.88

80.52

3g
128.46
r38.20

t33.61
t37.17

109.59
87.69
87.85
89.58

79.45

3h
102.76
r25.86

68.44
86.91

78.42
46.2r
CHz

4a
148.r6
149.31
r52.27

120.6s
127.12
t29.69

104.18

13 1.59

75.95
77.14
87.87

78.99
80.44

3r.14
CH¡

42.93*

4b
148.1 0

t49.3s
r52.23

T20.63
127.09
129.89

I 04.1 5

131 .68

75.90
77.09
87.93

78.97
80.40

3 i.19
CH:

42.96*

*denotes quaternary carbon
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Table 3.2.3: Yield, IR, and TGA data for complexes 3a-h. 4a-b

%Yield IR (cm-l) TGA'nr"l TGA.na..t TGAr¡¿po¡o1
"/o

Weight
Ioss

3a 88 841 (PF6)
1/11

312
271
349

2s9
325

36
26

3b 95 842 (PF6) 25r
340

278
399

265
367

29
39

3c 90 1084 (BF4) 245
338

274
392

260
365

30
35

3d 85 841 (PF6) 220
37r

253
4t5

237
393

28

30

3e 85 841 (PF6) 229
325

242
388

236
359

26
^a¿J

3f 90 822 (PF6) 238
315

263
365

252
1a-
JJ¿

J+

28

3g 80 842 (PF6-) 226
)Ll

250
374

239
345

25
31

3h 80 842 (PF6) 245
430

253
483

250
453

26
A1T1

4a 95 842 (PF6) 241
524

282
s91

262
548

20
55

4b 90 1084 (BF4) 222
496

239
549

231
520

39
68
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3.2.2 Selection of wavelength of light

Complex 4a was chosen as a test compound to determine which light source was

best suited to photoþically decomplexing the samples. The reason 4a was chosen was

that the demetallated product (5) displayed low solubility in hydrocarbon solvents such

as hexane, which aided in precipitation and isolation of the product (5), but was soluble

in halogenated solvents so as to permit facile workup. The demetallation sequence is

displayed in Scheme 3.2.3.

Photolysis with any of the light sources liberated the pure organic analogue.

Regardless of wavelength, once successfully demetallated, the NMR, IR and TGA

spectra were the same. Tables 3.2.4 and 3.2.5 provide the spectroscopic and thermal

data. Samples were irradiated at various times (15, 30, 45, 60, lz0, 180, 300, 480

minutes) to determine the time required to decomplex the sample. It was observed that

once decomplexed, irradiation for further time produced no noticeable affect on the

product. The tH and 13C spectra of compound 5 are provided in Figure 3.2.8 and,3.2.g.

These spectra were obtained after t hour of 300 nm light irradiation. As is evident,

successful decomplexation can be established by the loss of the Cp resonance and

downfield shift of the complexed aromatic protons. The aromatic protons ale

thoroughly overlapped, however one can distinguish the large singlet at 7.12 ppm

denoting the equivalent protons on the aromatic rings with terminal isopropylidene

änkages. The methyl peaks appear at 1.65 ppm as a broad singlet. The r3C spectrum

displayed a similar loss of the Cp resonance. Four aromatic CH peaks were observed for

the aromatic CH carbons alpha to the ether groups due to the slight differences existing

between those near the terminus of the molecule and those located in the middle.
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Figrlre 3.2.8: lH NMR spectrum for compound 5

Figure 3.2.92 ''C NMR spectrum for compound 5
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The difference between the three wavelengths of light used lies in the time

required for the photolytic decomplexation to be complete. The 300 nm irradiations

were complete in t hour, while those using a Xe lamp required 5 hours and those with

254 nn light required 8 hours. The differences can partly be explained by intensity

differences, with the 300 nm > Xe > 254 nm as discussed in Section 3.1. Another

plausible reason is that the absorbance of the iron moiety falls in the range of 300-450

trrl!6-28'134. The uV spectrum of 4a displayed a small band in the 350-400 nm region,

which is consistent with a ligand field transition of an organoiron complex26-28'134 . Thus,

irradiation with wavelengths near this absorbance would facilitate decomplexation. This

could also explain why the Xe lamp (which produces all wavelengths of the solar

spectrum) showed a faster rate than 254 r:rrr. The lower intensity of the Xe lamp, when

compared to the 300 nm photoreactor, would explain why the 300 nm rate was higher

than that observed with the Xe lamp.

Samples that were inadiated for less than the required time displayed peaks in

the NMR and IR that corresponded to complexed material. rH NMR spectra displayed

Cp resonances, while IR spectra and TGA curves exhibited the presence of the iron

moiety with an absorbance at 840 cml 1P-F bond vibration), and a weight loss near

230oC, respectively. Upon successful decomplexation, the IR absorbance between 840-

845 crnl disappeared and revealed an absorbance around 830 crrri that was hidden

previously. TGA curves of compound 5 displayed only one weight loss corresponding

to destruction of the organic molecule.

Figures 3.2.10 and3.2.11 display the IR spectra of a 300 nm photolysis of 4a

after 15 minutes and t hour, respectiveiy. As is evident, the 15 min photolysis is not
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complete, while at t hour, the absorbance due to the CpFePF6 group is no longer

present. As a comparison, Figure 3.2.12 and 3.2.13 present the IR spectra of 4a after a

5 hour photolysis with 254 nm light, and simulated sunlight. Similarly, Figure 3.2.14

presents a TGA curve comparing a t hour 300 nm photolysis with a 5 hour 254 nnt

photolysis. As is evident, the 254 nm sample displays the presence of starting complex

4a.

Figure 3.2.10: 15 min photolysis of 4a with 300nm light

Figure 3.2.11,: t hour photolysis of 4a with 300nm light
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Figure 3.2.122 5 hour photolysis of 4a with 254 nm light

Figure 3.2.132 5 hour photolysis of 4a with a Xe lamp

I hour 300m

5 hours 254m

300 3so 400 {50 500 550 600 650 700 750 r

Figure 3.2.14: TGA curves of a I hour 300 nm and a 5 hour 254 rm irradiation of 4a
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Table 3.2.42'H and t3C data for decomplexed compound 5

ô (PPry) in chloroform-d
rH Aromatic H 'H cH,

,,C AT
quat

IJ C
ArCH

,,C

CI{r

IJ C
0thers

5

6.87 (d,12H, J:8.9)
6.96 (d,12H, J:6.0)

7.12 (s,12H)
7.15-7.29 (br m, 16H)

1.65 (s, 36FI)

145.32
147.61
152.64
1s5.48

117.53
rr8.22
r19.9r
r20.32
126.26
128.01
r29.60

30.87 42.04*

Coupling constants calculated in Hz *quaternary carbon

Table 3.2.5: Yield, IR and TGA data for comoound 5

%"Yield IR (cm-' TG4"."". TGA"n¿."t TGA-i¿n.int Toloss
5 75 832 521 552 537 54
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3.2.3 Choice of solvent and anion

Given that the fastest successful decomplexation was observed with 300 nm

light, all subsequent experiments utilized this wavelength. A study of the effects of the

choice of solvent and the nature of the anion were investigated following the wavelength

study.

il Solvent

As outlined in Section 1.1.i, the use of any slightly nucleophilic solvent will

allow photolytic decomplexation to occur. However, there remained the question of

whether the times for the decomplexation would change depending on the nature of the

solvent. Using complex 4a, and 300 nm light, a series of solvent experiments were

conducted. Four new solvent compositions were prepared and compared to the previous

results with 300 nm light (which used a 4:I CHzCb:CH¡CN mixture). Solutions of pure

CH3CN, 1:1 CHzCIz:CH3CN, pure CH2CL2, and a 3.5:1:0.5 CHzCIz:CH¡CN:CH3OH

mixture were used. CH3CN was present in all but one of the solvent choices due to the

established success with this solvent2a-30.

The results showed that using any solvent composition which incorporated

acetonitrile allowed successful decomplexation of 4a to occur in t hour with 300 nm

light. The only noticeable change for CH¡CN containing solvents was observed with the

sample containing methanol. For these photolyses, there was no observation of a blue

colour in the water washings during subsequent workup that was typicaily observed with

the other samples. The colour may be attributed to a type of ferrous cyano hydrate,

FerIra[FeII(CN)6]15H2O, or ferricenium tetrachloroferrate, [Fe(C5H)z]FeCl¿26. The lack

of this colouration indirectly supports the role of the more nucleophilic methanol in the
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liberation of the organic backbone. Lastly, the trial employing only distilled CH2C12 was

observed to take longer than those with CH3CN present. Successful decomplexation

was observed to require 3 hours when no CH3CN was included in the solvent mixture.

Ìi) AnÌon

A comparison of compounds 4a and 4b subjected to 300 nm light photolysis

utilizing a 4:l CHzC1z:CH¡CN ratio was performed. It was found that inclusion of BFa-,

which is known to be more nucleophilic than PFo-, caused no change in the

decomplexation time. Although, as outlined in Section 1.1.1, the mechanism of

decomplexation may vary, no change in the end product, or time required to produce it,

was observed. Samples of 4b irradiated for 15, 30, 60, 120, and 180 minutes displayed

the same trend as 4a; successful decomplexation in I hour, with no change observed

with further irradiation.

3.2.4 Comparison with pyrolytic sublimation

Since it has been established that successful decomplexation of 4a can be

performed in about an hour in numerous solvent ratios incorporating CH¡CN, a

comparison to another conventional technique was examined. Pyrolytic sublimation was

used for compound 4a. The sample was heated under vacuum to 250"C for 1-3 hours,

after which time the apparatus was cooled and the 'cold-finger' rinsed with chloroform.

A t hour pyrolysis of 4a did not form compound 5. Thus, a2 and 3 hour pyrolysis was

performed that did form the product, 5, but the yield of the reaction was only 20Yo.

Given that the t hour photolysis produced 5 in approximately 75Yo yield, the pyroly'tic
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demetallation technique offered no advantages for complex 4a when compared to

photolysis with 300 nm light.

3.2.5 Ðecomplexation of, organoiron cormptrexes

Photolysis of compounds 3a-h with 300 nm light tn a 4:1 cH2cl2:cH3cN

solvent mixture allowed for the isolation of the organic analogues 6a-g (Scheme 3.2.4).

The times required were on the order of 45 minutes to t hour for 6a-c, and 6e, with

compounds 6d, 6f and 69 requiring only 30 minutes for successful decomplexation.

Tables 3.2.6 and3.2.7 provide the spectroscopic and thermaldatafor compounds 6a-g.

^^\R< t )Yz4 ' )Fn 3oonm o
\¿/ \!/

ICprè*x- CpFe+x-

3a-h

R X- z R {Z
3a: Cl PFo 2a 3c: Cl PF5 2c

3b: Cl PFe 2b 3f: Cl PFe 2d

3c: Cl BF¿ 2b 39: H PF6 2e

3d: H PFø 2b 3h: Cl PFe 2f

ar-

--G,O-
6a-g

RZRZ
6a: Cl 2a 6e: Cl 2d

6b: Cl 2b 6f: H 2e

6c: H 2b 69: Cl 2f
6d: Cl 2c

,, o@f@o ,b o-O>l€Þ-l-O" 2.oO
oll n
ç1L/¡o
ö-

zao@@o ,.r@r€)t 2f N N

Scherne 3.2.4
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The lH and r3C NMR spectra of compounds 3d and 6c are provided for

comparison in Figures 3.2.15 and 3.2.16. The spectra display the characteristic loss of

the Cp resonance, and the downfield shift of the formerly complexed aromatic protons.

The aromatic region of the l3C spectrum of 6c displays six aromatic CH carbon peaks in

accordance with the decomplexed structure. This compares well with the metallated

form in which three aromatic CH carbon peaks resonate between 80-95 ppm due to

complexation of the terminal arenes, while the other three aromatic carbon CH oeaks

appear in the aromatic region.

õ54

Figure 3.2.l5ztH Nh¡R spectra of3d (top) and 6c (bottom)
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Figure 3.2.16: "C NMR spectra of 3d (top) and 6c (bottom)

Analysis of the IR spectra of compounds 6a-g illustrated the appearance of a

similar peak near 830 crrrr, as observed with compound 5. Table 3.2.7 lists the

wavenumber of this peak for compounds 6a-g. Figure 3.2.17 displays the change in the

IR spectrum upon decomplexation of 3e to form 6d. The TGA curve of the

decomplexed samples showed only one weight loss, corresponding to destruction of the

organic compound, for compounds 6a-c,e-f, while compounds 6d and 69 displayed two
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weight losses. These weight losses did not match those of the complexed analogues, thus

may be attributed to the formation of intermediate thermolysis products which

themselves underwent degradation with increased temperature. Figure 3.2.18 provides

the TGA curves for complex 3h and its organic analogue 69 for comparison.

Figure 3.2.172IR spectrum of 3e (top) and 6d (bottom)
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Figure 3.2.18: TGA curves for complex 3h and its decomplexed analogue 69
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Table 3.2.6 rH and t3c NMR data fo unds 6

Coupling constants calculated in Hz *quaternary carbon

a ã

õ (ppm) in chloroform-d
rH Aromatic II ITI CHz,CH¡

,,C

quats

IJ C
ArCH

,,C

CIL.CI{¡

,,C

Others

6a
7.15-7.24 (rru 8H)
7.47 (d,4H, J:8.6)
7.55 (d,4H,I-8.2)

1.95 (s,6H)
CHs

127.4
t45.8
r54.6r
155.98

118.29
i 19.90
r28.09
r29.6r

30.97
CH¡

42.10+

6b

6.86-6.96 (m, 8H)
7.13 (s,4H)

7.20 (d,4H, J:8.9)
7.27 (d,4H, J-8.9)

1.67 (s,l2H)
CHs

145.94
t47.52
r54.40
rs5.92

i 1 8.15
rt9.84
126.20
T28.90
r29.51

30.85
CH:

42.06*

6c

6.92 (d,4H, J:8.6)
7.01-7.05 (m, aH)
7.09-7.23 (m,l2H)
7.30-7.38 (m, 4H)

1.69 (s, 12H)
CH¡

145.57
147,51
t54.59
157.23

1 18.10
118.72
r22.96
126.20
t27.98
r29.s7

30.89
CH:

42.05+

6d
6.95-7.07 (m, 8H)
7.36 (d,4H, J:9.0)
7.82-7.90 (m, 4H)

135.6r
151..64

i53.40
16r.49

tt7.75
121.54
t29.76
1 30.1 6

6e

6.99 (d,4H, J:8.5)
7.05 (d,4H, J:8.5)
7.31 (d,4H, J:8.9)
7.53 6.4H. J:8.6)

r28.32
135.85
t55.77
rs6.26

ttg.r2
r20.10
128.26
129.73

6f 7.22 (s,8H)
7.29-7.36 (m, 10H)

133.57
T34.29
r35.21

127.20
128.99
130.56
131.78
137.32

6g
6.9i (d, 4H, J:8.2)
7.24 (d, 4H, I:8.2)

3.31 (s, 8FI)
CHz

131.03
149.57

rt7.6r
r29.03

49.38

CH,
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Table 3able3.2.7z Yie R and TGA ata for compounds 6a

%Yield IR (cm-l) TGA.nr.l
cc)

TGA"'¿r.1
("c)

TGA.¡¿po¡n¡
('c)

"/t
Weight

Ioss
6a 81 828 351 405 376 53
6b 80 829 3s6 426 390 63
6c 90 835 37s Áa^+J¿ 397 6T

6d 84 834
34s
480

/1 1',

s39
385
s10

29
1,6

6e 85 822 347 385 362 81
6f o/ 833 )¿/ 388 358 45

6g 93 817
278
430

JZJ

649
298
596

-aIJ

13

t04



3.3 Azo dyes containÍng cationic cyclopentadienylinon rnoieties

3.3.1 Synthesis of azo dye stanting materials

A series of 'parent' azo dye compounds were synthesized via conventional

techniques as illustrated in Scheme 3.3.1. The dyes were specifically chosen due to their

abiJity to undergo a subsequent reaction with a cyclopentadienyliron complex, and were

characterized using NMR, iR, TGA and uv-vis techniques (Tables 3.3.2-3.3.4).

The rH and 13C NMR spectra of 9d are provided in Figure 3.3.1 and 3.3.2,

respectively. The IH spectrum displays doublets in the aromatic region, which is

consistent with the structure. The doublet at 6.81 ppm is characteristic of

amtnoazobenzene dyes and belongs to the aromatic protons aþha to the amino nitrogen.

The doublet resonating furthest dorvnfield, at 8.04 ppnr, results from the protons alpha to

the carboxylic acid group. The multiplets between 3.5-3.9 ppm are attributed to the

methylene protons of the ethyl groups, while the methyl proton resonates as a triplet at

i.17 ppm. Lastly, the small peak around 4.7 ppm and 13 ppm are due to the hydrogens

located on the alcohol and carbo4ylic acid, respectively.

o@*, +

7a-e

R
7z: II
7b: NOz
7c: COCII3
7d: COOH
7e: OH

Y\

^,\r¡"
8a-c

1) diazotiz¿tion.-
2) coupling

9a-g
X YR

9a:
9b:
9c:
9d:
9c:
9f:
9g:

XY
8a: I II
8b:2H
8c: OII OII

HH
H NOz
H COCä3
H COOH
HOH

2HOH
OH OTI OH

CE,CH"OfI
1= N'

tcHrcR,
,cE2cH2oH

2= N

cIr3

Scheme 3.3.1
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CZTIS

t3L21110S87

Figune 3.3.L: 'H NMR spectrum for 9d

Figure 3.3.22r3C NMR spectrum for 9d

The "C NMR spectrum displays five quaternary carbons, which is consistent

with the structure (four aromatic quaternary carbons and one carbonyl carbon). The

quaternary carbon fuithest downfield denotes the carbonyl, while the quaternary carbons

aþha to the azo bond resonate at 155.18 pprn, and 142.37 ppm for the azo component

and coupling component, respectively. Of the remaining quaternary carbons, the 151.23

ppm resonance belongs to the quaternary carbon alpha to the amino group, while the

130.7I ppm peak results from the carbon aþha to the carboxylic acid group.
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The visible abso¡ption of the dyes were recorded in dimethylformamide, ethanol

and a solution of l0%o HCI in ethanol. Table 3 .3. 1 provides the values of the wavelength

maxima. As was expected, the dyes displayed bathochromic shifts in DMF when

compared to ethanol, and exhibited characteristic ammonium and azonium bands upon

acidification (Section 1.2.2, viii). The azonium peak commonly displayed a high

wavelength shoulder or was slightly split into two peaks. This is due to the strong acid

used, which may protonate both nitrogens of the azo group. Dyes containing stronger

electron-withdrawing groups showed longer wavelength absorption bands. Figure 3.3.3

illustrates the difference between the presence of a 4'-COCH¡ group (9c) and a 4'-NO2

(9b) group on the {JV-Visible spectrum of an aminoazobenzene.

Table 3.3.tr: Wavelength maxima (nm) for azo dyes 9a-g

Compound DMF' Ethanol EthanollHCl
ea | 416 | 4ß | ¡rs :52r:54r
9b 501 487 326 ;515 :534
9c 463 453 330 ;522;540
9d 452 442 321:.518:539
9e 418 409 357;564
9f 414 407 358 ;567
9g 388 385 385 ;498
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Figure 3.3.3: LIV-Vis absorbance of 9b and 9c in ethanol
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Table 3.3.2ttH NMR data for dyes 9a-g

õ (ppm) in acetone-do
Aromatic fI CHz CTI¡ 0thers

9a

6.85-6.99 (m,2H)
7.38-7.48 (nu2H)
7.49-7.53 (rru2H)
7.75-7.86 (rn 3H)

3.48-3.69 (rru aH)
3.78 (q, 2H,I:6.1) 1.21 (t,3H, J:7.0)

3.90 (s, iH)
OH

9b

6.91 (d, 2H, J:9.3)
7.87 (d,2H, J:9.3)
7.96 (d,ZH, J:9.0)
8.36 (d.2H. J:9.0)

3.52-3.67 (rn, aH)
3.81 (q, 2H, J:6.0) 1.23 (t,3H,I:7.7) 3.95 (s, 1FI)

OH

9c
6.72-6.93 (m,2H)
7.72-7.8I (m, 4Ð
8.00-8.15 (m,2H)

3.26-3.70 (m,8H) f .i3 (m,3FI)
2.60 (s,3H)

4.85 (s, lH)
OH

9d

6.81 (d, 2H, J:8.9)
7.78 (d,2H, J:8.9)
7.81 (d, 2H, J:8.6)
8.04 (d, 2H, J:8.6)

3.54-3.67 (m,4H)
3.74-3.83 (m, 2H)

l.I7 (t,3H, J:6.6)

4.73 (s, lH)
OH

13.04 (s, 1H)
COOH

9e

6.83 (d, 2H, J:9.2)
6.94 (d,2H, J:8.9)
7.72 (d,2H, J:8.9)
7.75 (d,2H, J:9.2)

3.48-3.61 (rru aH)
3.77 (q,2H,I:6.9) 1.19 (t, 3H, J:7.1)

3.86 (s, lH)
OH aliphatic
8.79 (s, lH)
OH aromatic

9f

6.84 (d, 2H, J:9.4)
6.95 (d,2H, J:8.6)
7.73 (d,2H, J:8.6)
7.76 (d.2H.I:9.4\

3.55-3.62 (rn,2H)
3.72-3.82 (rn,2H) 3.11(s,3H)

3.89 (s, lH)
OH aliphatic
8.82 (s, 1H)
OH aromatic

9g

6.39 (d,IH,I:2.7)
6.58 (dd, lH, J:8.8,2.5)

7.04 (d,2H, J:9.0)
7.68 (d,lH, J:8.6)
7.76 (d,2H, J:9.0)

10.14 (s,1H)
10.36 (s, 1H)
12.47 (s, 1Ð
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Table 3.3.3: 13C NMR data for compounds 9a-g

õ (ppm) in acetone-dr
quat ATCTI CtIz CHs

9a
142.t5
1s0.58
152.48

1 i 1.08

r2t.72
t24.98
r29.16
t29.38

45.05
52.tr
58.32

11.98

9b

142.52
t46.6s
151.84
156.26

t tl.42
r22.35
t24.89
t26.t4

45.27
52.r7
58.37

1r.99

9c

136.s3
142.45
151.28
t55.r7

197.18 (C:O)

tr1,.26
t21.76
125.65
129.45

45.t9
52.t5
58.38

t2.01
26.79

9d

r30.7r
t42.37
1,5t.23
I 55.1 8

166.951C:O)

rtt.26
12t.67
125.58
r30.51

45.1 8
52.r6
58.38

12.01

9e

143.88
t47.54
151 .01

1s9.88

IT2.OI
rr6.39
t24.59
125.24

46.19
53.31
60.03

t2.35

9f
t44.09
r47.51
152.95

t12.20
116.41
r24.63
t2s.06

55.31
59.94

39.42

9g

t32.98
144.79
1s6.29
152.43
160.67

103.93
109.27
116.85
124.23
134.62
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Table 3.3.4: Yield, IR and TGA data for dyes 9a-g

Yield IR (cm-t) TGAonr.l TGA.n¿."t TGA'¡¿po¡o1

t/"

Weight
Loss

9a 90 3412 /oH\ 221 2s6 239 84
9b 93 3281 (OH) 262 JL] 291 75

9c 92
342e (oH)
i663 (C:O) 252 292 271 3+

9d 93
2ee8 (oH)
1682 (C:O) 2t1 254 236 44

9e 95 3246 (OH) 215 253 235 46
9f 90 3194 (OH) 2t0 257 231 40

9g 92 3199 (OH) 236
541

241
672

239
612

1/1IT

49

r11



3.3.2 Reaction with cyclopentadienyliron cornplexes

A variety of cyclopentadienyliron complexed azo dyes were prepared as shown

in Schemes 3.3.2-3.3.5. The versatility of the metal-mediated nucleophilic aromatic

substitution methodology allowed for the isolation of complexed dyes that varied

significantly in structure. Dyes lla'b are examples of monometallic cornplexes that

incorporate the aminoazobenzene functionality. Alternatively, dyes l3a-c have the dye

chromophore positioned in a pendant manner to the complexed chain, while dyes ¡7a-d

are bimetallic complexes which enclose the azo dye between two complexed arenes.

Lastly, complexed dye 15 is classified as a disazo dye due to the presence of two azo

groups6e. All dyes were structurally characteraed by NMR, and IR spectrometry and

TGA (Tables 3.3.7-3.3. 1 1).

^noV*\ 
^_ 

/c+zc+zoH-\J¡\ +

9e-f

9e: R: CH2CH3
9f : R: CH¡

^,ct\r[cHr
t-

CpFe

10

K2CO3

N2,DMF

-_ 
^_^

u,c\LÆoV*\ 
^, 

F*zc*zorr| , N<( )FNCpFe- V 'R

tr la-b

11a: R:CH2CH3
l1b: R : CHs

r12

Scherme 3"3.2



^.R-( )-N..\z \ //-\'N< 
)>\z

9a-c
9a: R: H
9b: R : NOz
9c: R: COCHI

FHzCHzOH
N
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i) Complexed dyes synthesizedfrom 9ø-f

Figure 3.3.4 presents therHNMR spectrumof complexed dye 13a. The Cp and

complexed aromatic proton resonances can be clearly distinguished, in addition to the

doublet at 6.99 pprr¡ which denotes the aromatic protons alpha to the amino bond. The

series of peaks between 2-4.5 ppm represent the various methylene protons, while the

methyl protons appear upfield at 1.22 ppm and 1.68 ppm.

The r3C NMR of 13a is provided in Figure 3.3.5. As can be seen, there are a

series of quaternary carbons, with the furthest downfield representing the carbonyl

carbon of the new ester link. The other noteworthy peak is that of the quaternary

aliphatic carbon resonating at 45.42 ppr4 which fatls along side the peaks for the

methylene carbons of the molecule.

lð76

Figure 3.3.4: rH NIlnß- spectrum of 13a
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o'c*ot,
C*-=*@''-
Figure 3.3.5: t3C NMR spectrum of 13a

The visible absorbance of the dyes was altered to varying degrees upon inclusion

of complexed arenes. Given that the wavelength maxima of azo compounds are greatly

influenced by the structure of the dye, it is understandable that the various types of

complexed dyes would exhibit varying degrees of change when compared to their parent

starting material. Table 3.3.5 provides the wavelength maxima of dyes 1la-b, 13a-c and

15 in DMF, ethanol and acidified ethanol. Also included in Table 3.3.5 are the

wavelength maxima of the corresponding parent dye, and the shift in wavelength

observed on formation of the complexed dye. For the HCVethanol trials, the difference

between peaks is taken from the azonium bands marked with an asterisk.
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Table 3.3.5: Wavelensth maxrma o 11a-b. 13a-c and 15

Parent
Dve

]".r,
Complexed

Dve
?u,n.,. ÂI,nr*

DMF
9e 418 11a 436 +19

9f 474 11b 434 +20
9a 4l t) 13a 42r +5
9b 501 13b 491 -10
9c 463 l3c 452 -11

9e 4r8 15 441 ' ôa-1-¿)

Ethanol
9e 409 lla 423 +14
9f 407 ilb 420 +17

9a 4r3 13a 414 t1-rl

9b 487 13b 483 -+
9c 453 13c 452 1

9e 409 l5 423 +14
ETOTVHCI

9e 357 ;564* 11a 328.540* 1/1-La

9f 358 ;567* 11b 324 :539+ -28
9a 318:521* :541 13a +1

9b 326:515+ :534 13b 515* ;538 0

9c 330:522t :540 13c 0
9e 357 :564* 15 340 ;545* -r9

Compound 13a in DMF did not display the same degree of shift in Lnu* when

compared to 13b-c. This can be attributed to the lack of an electron-withdrawing group

on the azo component. The coupling reaction of 9a with 12, which forms the complex,

removes the hydro>cyl group on the amino functionality, and creates an ester group.

Thus the electron donating capability of the coupling component is reduced. This results

in less electron migration and a corresponding hypsochromic shift of the absorption

band, r,vhich is clearly observed for 13b and l.3c in DMF (-10 nm, and -11 nm,

respectively). The phenomenon is not as noticeable in ethanol due to the natural

hypsochromic shift associated with less polar solvents, which results from a reduced

stabilization of the excited state. The reason that 13a does not show a hypsochromic
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shift (indeed, a small bathochromic shift is observed) may be due to the lower degree of
electron migration associated with 13a when compared to l3b-c. The lowered electron-

donating abitity of the coupling component has less of an effect in tr3a since it lacks an

electron-withdrawing group in the azo component. This would necessarily result in less

of a change, and the bathochromic shift itself may result from a steric interaction that is

not observed in the other analogues.

Another interesting property of x3a is the noticeable n-zc* band around 3g0 nm in

DMF (Figure 3'3'6). Interestingþ since 9a also displays the two peaks in DMF, the

inclusion of the bimetallic complex did not inhibit this trait. The two peaks result from

the lack of electron-withdrawing groups on tr3a which, should they be present, would

cause a shift of the n-n* band and thus overpower the n-zr* band. In fact, this is exactly

what is observed for 13b-c, with no n-n* band being observed. The n-æ* band is only

observed in DMF due to the greater ability of this solvent to stabilize the excited state.

thus enhancing the separation of the two bands.
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Ethanol

DMF

400-0 soo.o
9Javel-ebg E}. (tm- )

Figure 3.3.6: Lnu* of L3a in DMF and ethanol

As was evident with tr3a-c, the position of Àrnu*may change upon inclusion of a

complexed arene. This effect greatly depends on the location of the complexed arene

relative to the azo group. Altering the coupling component has shown to cause

hypsochromic shifts, however, bathochromic shifts are observed when the complexed

arene is near the azo component. Dyes lla-b and 15 display very interesting changes in

their absorption bands when bonded to a complexed arene. The absorption maxima are

observed to shift bathochromically, when the complexed dyes are compared to the

starting dyes. Figure 3.3.7 iliustrates this shift by comparing lla to the parent 9e in

ethanol. This effect can be attributed to the addition of the complexed arene to the dye

structure. The inclusion of the complexed arene effectively removes an electron-

donating OH group from the azo component and replaces it with an electron-

withdrawing arene. While no direct conjugation occurs between the two aromatic rings

320 - O
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due to the ether linkage, the presence of the complexed arene is sufficient to enhance the

electron migration from the coupling component to the azo bridge, thus resulting in a

bathochromic shift.

9e --->

325-0 400_0 500-0 600.0
Wave]-eng'Eh (nm. )

Figure 3.3.72 À,n*of lla and 9e in ethanol

Overall, the dyes lla-b and 15 display the common characteristics of azo dyes.

They exhibit solvent dependant absorption bands (Figure 3.3.8) and show significant

changes with acidification. Indeed, the 1,,n* in acid aids in substantiating the influence

of the complexed arene.

b
g

o - 50

o. 01
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Jetoryncr

400.0 s00.0 600.0 650.0
.¡{avelengEh (nE. )

Figure 3.3.8: Solvent dependence of Àoou* for 11a

In acidified ethanol, complexed dyes lla-b, and 15 are observed to display

hypsochromic shifts. This is to be expected, since under acidified conditions, the

migration of electron density flows away from the azo bond and towards the amino

nitrogen (Section I.2-2, solvent effects). The presence of electron-withdrawing groups

near, or attached to, the azo component (such as the complexed arene) will lessen this

migration and thus increase the energy difference between the ground and excited states.

Moreover, the lower degree of migration causes the p-nitrogen of the azo bond to have a

greater basicity, thus it is preferentially protonated in acidic solution. This can be

illustrated by examining the spectra of lla and 9e in ethanoVHCl (Figure 3.3.9). The

295. 0
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parent dye, without a strong electron-withdrawing group in the azo component, displays

two peaks, one attributed to the ammonium cation (357 nm) and one for the azonium

cation (56a nm). The heights of these peaks are nearly identical. However, upon

complexation, the spectrum changes to that of 11a. This spectrum shows a distinct

difference between the two bands, as the ammonium band is significantly smaller and

less intense than the azonium band, as a result of the increased electron density on the

azo bridge. Dyes llb and 15 display similar characteristics, with a nearly

indistinguishable ammonium band observed for 1lb.

1- f-o

1- OO

.A
lc

:
o-50

o - o:L9tL
29S-O 400-o 500-0 600-0

[{avel-engrÈ.}¡ (m - )

Figure 3.3.9: Absorption bands of lla and 9e in ethanoVHCl
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ii) Reaction of 99 with cyclopentadienyliron complexes

The complexed dyes l7a-d differed from previous dyes in that they were not

aminoazobenzenes. Reaction of 99 with complexed arenes in a 1:2 mmol ratio resulted

in bimetallic structures that were 'capped' on either end. The dyes displayed interesting

properties arising from the possible hydrazone tautomer present. Dyes containing an

ortho hydroxy group have the ability to exist in the hydrazone 1ot-13s-r37. These dyes

typicaþ display an extremely low field (12-15 ppm) resonance in their rH spectra,

arising from the N-H bond formed, and a carbonyl carbon resonance in the l3C NMRI35.

Furthermore, due to the rapid exchange between the tautomers on the ð time scale, the

NMR spectrum of the tautomers may display only one set of peaks, instead of the

expected two sets of peaks that would arise from the azo and hydrazone forms135.

Figure 3.3.10 shows the possible tautomeric pair that could exist for compound 99.

The uncertainty regarding which form is predominant, and whether equilibrium

exists, for dye 99 (and the complexed dyes synthezised from it, l7a-d), originates from

the presence of both a low field resonance (which would denote a N-H bond) and a

slightly higher field resonance (which would denote a O-H bond), in addition to the lack

of a carbonyl carbon in the l3C NMR spectra. For example, dye 99 displayed a srong

resonance at 12.47 pprn, which implied a N-H bond135. However, no low field l3C

resonance was observed which would have implied the existence of a carbonyl

carbonr3s. The spectra of the complexes (17a-d) displayed similar characteristics. The

notable differences for dyes L7a-d are noted in that there were two peaks downfield,

which implied the presence of an N-H and a O-H bond. For example, dye 17c displayed

a peak at 9.65 ppm and at 13.05 ppm. The former peak may be attributed to the OH

122



group, however, the latter peak would imply the formation of a N-H bond. Figure 3.3.1 1

compares the IH NMR spectra of 99 and 17c. Interestingly, upon addition of DzO, both

low field resonances were observed to disappear, which implied that those resonances

were indeed resulting from exchangeable hydrogens. Figure 3.3.I2 and 3.3.13 presents

the 1H NMR spectra of 99 and L7c with the addition of DzO. Despite the uncertainty

regarding the azo-hydrazone tautomers, the dyes displayed the correct number of

aromatic resonances in both lH and l3C spectra and exhibited lH coupling constants and

integrations which fell into expected values, thus leading to the conclusion that the dyes

were successfully synthesized, regardless of which tautomer predominated.

"'O\*"'Cr., ,HHo{rþN( 
}-^N-1:JLOH

Figure 3.3.10: Tautomers of 99
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^\Ho<( ))-x:lt'{ ,)¡oH\\--,7

13 12 ¡l 10 9 a , 6 5 4

Figure 3.3.11: 'H NMR spectra for 99 (top) and 17c (bottom)

13tZ11 r098tË5¡t

Figure 3.3.L2:tH NMR spectra of 99 with addition of DzO
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13L2lrt09A7És

Figune 3.3.tr3: 'H NMR of 17c with addition of DzO

The UV-Vis properties of dyes 17a-d showed a slight bathochromic shift in

DMF, corresponding to the presence of the complexed arene. Very little changes are

observed otherwise. Table 3.3.6 lists the wavelength data in the solvents used. For the

ethanoVHCl trials, the difference is taken between the bands marked with an asterisk.

Upon acidification no ammonium band is observed, due to the lack of an amino group,

and only a small azonium band around 490 nm arises. This is largely due to the

hydrazone form that would inhibit protonation of the azo gtovp. Figure 3.3.14 provides

the spectrum of 1.7a in acidified ethanol.
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able 3.3.6: }'-u* o L7a-d

Parent Dve l,n"*
Complexed

Dve
)u.r* ÁIrnu*

DMF
9o 388 17a 39r ta-rJ

9e 388 l tD 397 +9
9s. 388 17c 398 +10
9s 388 17d 397 +9

Ethanol
9o 385 17a 385 0
9e 385 17b 387 rô-TZ

9o 385 17c 387 -f¿

9e 385 t7d 387 '^-TL

EIOHÆICI
9e 385 :498* 17a 383 :495* -J
9ø 385 ;498+ r7b 385 ;496* 1-L

9g 385 ;498* 17c 385 :500* -TZ

9s 385 ;498* t7d 385 ;496+ -2

3-50

b
g

295-O {oo.o 50()-o 6()0_o650-O
Wave]_eDg'È¡a (m. )
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Figure 3.3.142 UV-Vis spectrum of l7a in ethanol/HCl



iÌi) Thermo grav imetric analysis

The TGA curves of the complexed dyes displayed characteristic losses of the

metal moiety from the molecule between 200-230"C. The compounds then displayed a

second, and typically, final weight loss between 440-500"C. Complexes L1a and 13a

displayed final weight losses at higher temperatures. Due to the lower degree of

substitution in these two complexes, the higher temperature associated with final

decomposition may be attributed to the formation of lower molecular weight aromatic

compounds that have higher thermal stabilities than their substituted analogues. Figure

3.3.15 provides the TGA curve of 13b as an example.

.,Ær'reLJo-"q.,
cpl"- 

¿' 
cp*"*

l'-
2{ ,^rlro'"-Vr5*.lVl

Figure 3.3.15: TGA curve of 13b

t27



aaco
õ (ppm) in acetone-d6

Aromatic I{ Complexed ArH Cn c[Iz, cH¡

11a

6.89 (d, 2H, J:9.0)
7.44 (d,2H, J:8.6)
7.83 (d,2H,.J:9.0)
7.95 (d,2H,J:9.0)

6.39 (s, 4H)
5.24

(s,5H)

L22 (t,3H, J:7.0) CH3
2.50 (s,3H) CH3

3.60 (t, 2H, J:4.0) CH2
3.79 (q,ZH, J:5.4) CH2
3.93 (t,2H, J:5.4\ CH?

1lb

7.4s-7.48 (wzH)
7 .51-7.s3 (ru 2H)
8.07 (d, 2H, J:9.0)
8.15 (d, 2H, J:9.0)

6.41 (s,4H) 5.24
(s,5H)

2.52 (s,3H) CH3
3.50 (s,3H) CH3

3.90-3.97 (m, 4H) CH2

13a

6.94 (d,2H, J-9.0)
7.26 (d,4H, J:9.0)
1.40-7.47 (rq 7H)
7.76 (d,ZIJ, J:7.0)
7.82 (d,2H, J:9.4)

6.44 (d,4H, J:6.6)
6.76 (d,4H,I:6.7)

5.32
(s, l0FI)

1.22 (t,3H, J:7.0) CH3
1.68 (s,3H) CH3

2.12-2.20 (m,2H) CH2
2.41-2.50 (m" 2H) CHz
3.58 (q, 2H, J:7.4) CH2
3.77 (t,2H, J:5.5) CH2
4.32 (t,2H, J:5.5) CHz

13b

6.99 (d,2H,I:9.4)
7.27 (d,4H, J:9.0)
7.39 (d,4H, J:9.0)
7.89 (d,2H, J:9.4)
8.34 (d, 2H, J:9.0)

6.46 (d,4H,I:6.25)
6.78 (d,4H, J:7.0)

5.3s
(s, 10H)

L24 (t,3H, J:7.0) CH3
1.68 (s,3H) CH3

2.10-2.19 (n, 2H) CHz
2.37-2.49 (m,2H) CH2
3.58-3.69 (¡t¡2H) CH2
3.78-3.86 (m,2H) CH2
4.30-4.39 (n! 2H) CHz

13c

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 (nu aH)
8.09 (d, 2H, J:8.6)

6.47 (d,4H, J:6.3)
6.74 (d,4H, J:6.6)

5.32
(s, 10H)

1.67 (s,3H) CH3
1.23 (t,3H, J:7.1) CH3
2.09-2.21(m, 2FI) CH2
2.39-2.51 (m,2H) CH2

2.61 (s,3Ð CH3
3.48-3.62 (ry2H) CHz
3.79 (t,2H,I:5.6) CH2
4.33 (t,2H, J:5.6) CHz

15

6.96 (d,4H, J:8.6)
7.46 (d,4H, J:8.6)
7.86 (d,4H, J:9.0)
7.96 (d,4H, J:9.6)

6.39 (s, 4H)
5.4r

(s,5H)

I.I5-L27 (rn,6H) CH¡
3.s8-3.65 @¡ aH) CH2
3.68-3.82 (rn, aÐ CH2
3.92-4.A9 (rn, 4H) CHz

Table 3.3.7: tH NMR data for complexed dyes ll,a-b : 13a-c and 15

Coupüng constants calculated in Hz
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l3Table 3.3.8: "C NMR data for 1la-b; 13a-c

õ (ppm) in acetone-d6
quat
ArC .4.rCH

Comp.
quat

Comp.
ArCH Cp CHz CItr¡ Others

1la
132.49
154.87

1,22.T0

t23.95
r27.89

101.61
77.44
87.69

18.45
5s.60
59.53
65.89

T2.TT

19.73

1lb t32.s2
r54.77

1 18.70
122.39
r22.94

10t.79
77.68
87.83

78.58
58.40
s9.03

19.83
42.50

13a

143.98
t47.83
15r.73
152.00

r12.30
r21.22
i25.88
r29.9r
130.39
130.s7

r04.82
133.80

77.04
87.79

80.40

30.73
37.09
46.22
48.99
62.42

12.3r
27.76

45.42*
r73.53*

13b

r44.r7
r47.82
t48.17
15r.94
152.9s
ts7.4r

712.55
12r.22
t23.30
r25.54
r27.04
130.56

t04.78
133.80

76.99
87.75

80.39

30.69
37.06
46.r9
49.08
62.28

t2.34
27.75

45.70*
173.53*

13c

t37.97
r44.08
1,47.78

1s 1.85
1,52.3r

156.30

r12.36
12r.17
122.69
\26.47
130.12
130.s0

r04.70
t33.87

76.85
87.66

80.31

30.67
37.02
46.16
48.96
62.29

t2.31.
26.83
27.72

45.50"
173.50*
197.34*

15

t42.52
rs}.49
151.06
rs4.44

1 11.80
rzt.44
r24.21
L25.58

130.20 75.90 78.45
45.64
52.64
58.70

t2.39

*quatemary carbon

3a-c and L5
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Table 3.3.9: 'H NMR data fo

Coupling constants calculated in Hz

a rco a-d
ô (ppm) in aqetone-d6

Aromatic H
Comp. ArH &
Aromatic trf
(overlapped)

Cp cr{3 ûthers

17a

6.58 (dd, r}l, J:9.5 ,2.4)
7.51 (d,2H, J:8.7)
7.76 (d,1H, J:9.0)
8.02 (d, 2H, J:9.0)

6.38-6.44 (m,9H)
6.49-6.54 (m,2H)

5.29
(s, 10H) 13.18 (s, lH)

17b

6.65 (dd, 1H, J:8.8, 2.6)
7.5t (d,2H, J:8.6)
7.78 (d,1H, J:9.0)
8.04 (d, 2H, J:8.6)

6.40-6.49 (s, 9H)
5.28

(s, 10H)
2.53

(s, 6H)
9.56 (s, 1H)
12.99 (s, 1H)

L7c

6.65 (dd, 7H, J:8.7,2.6)
7.51 (d,2H, J:8.6)
7.78 (d, 1H, J:8.5)
8.03 (d, 2H,I:9.2)

6.23-6.31 (m,2H)
6.39-6.49 (nl sH)
6.50-6.58 (s, 2H)

5.24
(s, 10H)

2.s9
(s,6H)

9.65 (s, lH)
13.05 (s, 1H)

L7d

6.65 (d,1H, J:8.9)
7.48 (d,2H, J:8.3)
7.76 (d, iH, J:8.3)
8.01 (d,2H, J:8.3)

6.30-6.50 (m,7H) 5.18
(s, 10H)

2.51
(s, 6H)
2.59

(s,6H)

9.53 (s, 1H)
13.0i (s, lFI)

130



Table 3.3.tr0: t3C NMR data for complexed dyes 17a-cl

ô (ppm) in acetone-de

quat ArC ATCTI
Comp.
quat

Comp.
ATCII Cp CtrI¡

17a

135.4s
144.78
ts6.29
160.73
r62.s3

r03.94
i09.3 i
tr6.87
114 .t1
LLA.LL

134.60

r32.96
79.t0
86.03
87.84

78.r9

L7b

133.46
T49.45
155.81
156.90
163.88

104.01
110.09
t22.31
124.67
r35.42

101.93
t32.72

77.82
87.97

78.69 19.90

L7c

135.44
r49.49
t55.72
rs6.87
163.87

104.01
1I0.07
r22.42
124.66
t33.45

103.72
133.50

76.78
79.54
86.s2
87.04

78.69 20.44

17d

133.43
r49.43
155.88
156.92
164.09

104.00
ITO.T7
122.24
r24.63
13s.42

100.60
r02.25
132.35

76.44
79.66
88.06

78.89
t8.29
18.95
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Table 3.3.11: Yield, IR and rGA data for compounds lra-b ; 13a-c ; 15 ; L7 a-d

'/"Yield IR (cm-l) TG.door.t
('c)

TGA.n¿r.1
("c)

TGA,'¡¡po¡n1
("c)

t/"

Weight
loss

lla 87
3469 (OH)
841 (PF6-)

2t6
568

264
629

249
581

25
anJI

11b 90
3407 (oH)
841 (PF6)

231
446

286
462

259
459

a1JI

-
13a 92

1729 (C:O)
843 (PF6)

220
410
545

237
456
s92

244
432
568

22
22
10

13b 90
1731(C:O)
843 (PF6)

223
468

238
539

231
497

T9

58

13c 87
1736 (C:O)
1677 (C:O)
843 (PF6-)

^1aL¿J

363
246
390

236
381

t9
t4

15 85
3427 (OH)
844 (PF6)

220
404

ô1î¿J3
A'7aatL

230
435

II
25

17a 89
3428 (OH)
843 (PF6J

203
/l AaaaL

11A

467
219
468

10

8

t7b 92
343s (OH)
843 (PF6)

217
470

¿+v
48r

236
464
244
515

16

ß
t+

17c 90
348e (OH)
843 (PF6)

218
485

262
563

t7d 91
3510 (OrÐ
843 (PF6)

203
AA1aaL

224
467

219
468

l0
8
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3.3.3 Polymerization of complexed dyes 13a-c

The structures of 13a-c, containing terminal complexed arenes, allowed a metal-

mediated nucleophilic aromatic substitution polymerization to occur. Reaction with one

of three dinucleophiles (18a-c) produced a series of highly coloured polymers that

contained the azo chromophore as a side chain pendant to the backbone (19a-i). Scheme

3.3. 6 illustrates the polymerization reaction.

.,.q"q9"9.,
CpFe- 

a 
CpFe*

ú'

/
N.-.-

19a-i

K2CO3
DMF

l9a: R:H, X-R'-X: 18a

19b: R: H, X-R'-X : l8b
l9c: R: H, X-R'-X : 18c
19d: R: NOz, X-R'-X: l8a
l9e: R: NOr, X-R'-X = 18b
19f: R=NOz,X-R'-X =l8c
l9g: R: COCH3, X-R'-X = 18a
i9h: R: COCä¡. X-R.'-X : i8b
lei: R :CocH;; X-R'-X : t8c

HX-R'-XH

18a-c

.zC"o
)
I

N--/.@\.-@-
13a-c

13a: R: H
l3b: R: NOz
13c: R = COCH¡

J@-"@-.o-"@- I
L.r$¡ /- cpl"* x-R=*-f

Iq-o

.O\--@

no@f@oH Hs@s@r" HS-,,-.--..-..--.-,.^s¡1

r8bl8a 18c

Scheme 3.3.6
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Polymerization was confümed via rH and I3C NMR spectrometry. Polymers

l9c,f,h,i were highly insoluble in organic solvents, thus it was not possible to record

theirr3C NMR spectra. The rH spectra of tr3a and,lgaare compared in Figure 3.3.16.

Isolation of the polymeric material can be confirmed by observing the presence of a

broad singlet around 6.2 ppm in the polymer spectrum (representing the complexed

aromatic protons), instead of the two doublets between 6.0-6.8 ppm (in 13a). The Cp

peak is also shifted upfield, from 5.32 ppm (13a) to 5.18 ppm (19a), which is indicative

of polymerzationtí. Additionally, all the peaks were observed to broaden, due to the

increase in molecular weight. Further analyses were performed using UV, IR and TGA

techniques (Table 3.3.12 - 3.3.16). The thermal properties of the polymers mirrored

those of the starting monomers.

r^loì^r r^-oìôl.,/\#] \l\1v ,VL.,
cpFe- 

/ 
cpFe*

@=.-@'/-

oì^t r^roì^'ww'Y\.
/ 

cPF"'

-c--õ-O

-*l "t"

t34

Figune 3.3.L6: tH NMR specrra of 13a (top) and l9a (bottom)



The UV-Vis properties of the complexed polymers were not observed to change

to any significant extent when compared to the complexed monomers. In DMF,

bathochromic or hypsochromic shifts were smallest between the complexed polymers

and monomers, while larger changes were observed when the Çu* values were

compared to the original parent dyes (9a-c). For example, the nitro-substituted

polyrners (19d-Ð displayed similar hypsochromic shifts (-llnm, -i0nm and -10nm,

respectiveþ) from the parent dye as the monomer itself (13b, -10nm). This indicates

that initial complexation of the azo dye, and not polymer formation, was largely

responsible for the observed hypsochromic shift. This is further substantiated by the fact

that polymers 19a-c displayed the n-æ* transition, in addition to the n-ru* transition,

whereas the NOz and COCH3 analogues did not. Table 3.3.12 provides the Çu* and

ar'u* shifts between complexed polymer, monomer and parent dyes.
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able 3.3.12: 
.W

NÌ¿IX1InA IOT mers 19a-i

Parent
Dye (9x) i"."* (nm) 13x ?'*"* (nm)

CpFe*
Polymer I.u, (nm)

A?"r",
from
9x

^À,na,.from
13x

DMF
9a 416 13a Aa1+z- | 19a 420 ¡a -1

9a 4t6 13a Aa1aLl 19b 418 r /'ìTL -J
9a 416 I3a 421 19c 4r9 +3 -2
9b 501 13b 491 19d 490 -i 1 -i
9b 501 13b 491 l9e 491 -10 0

9b 501 13b 491 t9f 491 -10 0

9c 463 13c 452 19s. 453 -10 +1

9c 463 13c 452 t9h 454 -9 -1-¿

9c 463 l3c 452 19i 4s2 -11 0

Ethanol
9a +15 13a 414 19a 414 +1 0

9a 4t3 l3a 414 19b 418 +5 -LA¡T

9a 4t3 73a 474 79c 4t5 t4-TZ +1

9b 487 13b 483 19d 479 -8 -4
9b 487 13b 483 19e 482 -5 -1

9b 487 13b 483 r9f 482 -5 -l
9c 453 13c 452 19e 452 -1 0

9c 453 13c 452 r9h 449 A
-I -3

9c 453 i3c 4s2 19i 451 1-L i
Ethanol

ÆICI
9a 521 ;541 13a 5))+ . 544 19a 520*;545 0 -2
9a 521 ;541 13a 19b 5?7*.550 +6 +5
9a 521 ;541 13a 522*;544 19c \)1*.\4',7r2L ) ¿ . t 0 I
9b sr5 :534 13b 515* :538 i9d 5i5*:540 0 0

9b 51s 534 13b 515* 538 19e 517* 540 +2 -TL

9b 5r5 :534 13b 515*:538 19f 515* :540 0 0

9c 522:540 i3c 522*:545 19s. 52!t 549 -l _1

9c 522;540 13c 5228 :545 19h 518*;549 A-+ -+
9c 522;5a0 7'3c \'))4 .<4< r9í 522*;5a9 0 0

The molecular weights of the polymers were determined by gel permeation

chromatography (GPC). Due to the interactions of the cationic organoiron moiety with

the stationary phase of GPC columns, the polymers were decomplexed prior to analysis

(Section 3.3.4). The corresponding molecular weights of the complexed polymers were
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calculated based on the number of repeating units in the decomplexed sarnples. Table

3.3.13 provides the data.

Tabtre 3.3.13: Molecular Weights and Polydispersity indices of pollrners l9a-i and their
decomplexed analo gues.änal0gui ls.

Folymer Complexed Mw Decomplexed Mw PDI
l9a l8 200 li 500 1.43
19b ls 100 9 800 1.41
19c i4 100 8 800 r.22
19d 17 400 rr 200 2.04
l9e 17 400 11 300 2.64
r9f 13 400 8 400 r.29
19e 13 400 8 600 r.t6
r9h 31 600 20 500 1.18
19i 15 300 9 600 1.20

L3 |



Table 3.3.14:'H NMR data for nolvmers 19a-iAa rs rya-l
õ (ppm) in dimethylsulphoxide-de

Aromatic H Comp.
ArH Cp CÍIZ Others

19a

6.80-6.89 (rru aH)
6.97-7.09 (s, 5H)
7.14-7.25 (rn, 8H)
7.36-7.48 (rn, aH)
7.58-7.75 (rn, aH)

o.¿r
(s,8H)

5.18
(s, 10H)

1.95-2.07 (s, 2H)
2.25-2.40 (m,2H)
3.39-3.48 (s,2H)
3.65-3.82 (m,2H)

4.21 (s,2H)

1.12 (s,3H) CH3
1.64-1.78 (m,12H)

CH¡

19b

6.88 (d, 2H, J:9.0)
7 .21-7 .32 (rru 8H)
7.40-7.52 (m, 8H)
7.58-7.68 (m, 7H)

6.26
(s,8H)

5.14
(s, 10FI1

2.07 (s,2H)
2.29-2.43 (m, 2H)
3.54-3.55 (m, 2H)

3.66 (br s, 2H)
4.22 hr s. 2H)

0.97-1.21 (m,3H)
CH¡

1.59 (s,3H) CH3

l9c

6.80-6.92 (m,4H)
7.75-7.2s (rtl' aH)
7.38-7.48 (m, 4Ð
7.61-7.75 (m, 4H)

6.23
(s,4H)

6.35
(s,4H)

5.08
(s, 10H)

L98-2.13 (m, 2H)
2.38-2.53 (rn, 2H)
3.08-3.23 (m,2H)
3.58-3.69 (m, 2H)
4.05-4.19 (rn,2}J)

0.99-1.15 (m,3H)
CHs

1.25-1.38 (rn,8H)
CH: and CHz

1.50-1.65 (rn, 11H)
CH¡ and CHr

19d

6.97 (d,2H, J:9.6)
7.T8-7.30 (rq aH)

7.37-7.45 (m, 12H)
7.83-7.93 (nt, 4H)
8.32 (d,2H,l:9.4)

6.2r
(s,8H)

s.18
(s, 10H)

1.97-2.15 (m,2H)
2.22-2.36 (rru2H)
3.48-3.57 GruzH)
3.55-3.70 (m,2H)
4.18-4.29 (m, 2Ff)

1.01-1.18 (m,3H)
CH¡

i.50 (s,6H) CH3
1.65 (s,3H) CH3

19e

6.90 (d, 2H, J:9.4)
7.13-7.2s (nr 4H)
7.45 (d, 4H J:7.4)
7.53-7.68 (m, 4H)
7.71,-7.85 (rn, aFÐ
8.30 (d, 2H, J:9.0)

6.28
(s,8H)

5.15
(s, 10H)

1.97-2.15 (m, 2H)
2.27-2.39 (m, 2H)
3.37-3.53 (m, 2H)
4.13-4.26 (rn,2H)

0.96-1.12 (m,3H)
CH¡

1.60 (s,3H) CH3

19f

6.84-6.97 (m,2H)
7.25-7.39 (rru aH)
7.79-7.86 (rru aH)
7 01 a 

^1 
l^ /lrJ\| .t L-v.v L \¡r! Trrrl

8.12-8.30 (rru2H)

6.r4-6.26
(m, 4H)

6.26-6.38
(rn, aH)

5.09
(s,10H)

1.27-1.39 (m, 8H)
2.00-2.15 (m,2H)
2.30-2.45 (m, 2Ð
3.45-3.49 (rn, 2H)
3.62-3.78 (rn,2IJ)
4.19-4.27 (m,2FÐ

0.96-1.20 (m,3H)
CH¡

1.45-1.63 (m, 1lH)
CH3 and CH2

19e
6.81-7.28 (rn, 19H)
7.63-7.69 (m, 4H)
7.90-7.99 (m, 2H)

6.r1
(s,8H)

s.08
(s, 10H)

1.95-2.03 (rn, 2H)
2.30 (br s, 2H)

3.28-3.45 (m,2H)
3.51-3.60 (m,2H)
4.10-4.19 (m,2H)

0.98-1.1 1 (n1 3H)
CH¡

1.41-1.82 (m,9H)
CH¡

2.40 (s,3H) CH3
Coupling constants calculated nHz
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able 3.3.14: 'H NMR data for 19a-i continued

19h
6.80-6.90 (rn,zIJ)

7.13-7 .80 (m, 18H)
7.95-8.05 (m,4H)

6.26
(s,8H)

5.15
(s, 10H)

1.51-1.68 (n',2H)
2.01-2.17 (m,2fI)
3.28-3.36 (m,2H)
3.69-3.75 (m, 2Ð
4.15-4.21(m. 2H)

1.08-1.12 (nl,3H)
CH¡

1.65 (s,3H) CH3
2.72 (s,3H) CH3

19i

6.73-6.85 (n,2H)
7.04-7.22 (rn, 8H)
7.60-7.68 (nl aH)
7.90-7.99 (rn, 2H)

6.09-6.37
(m 8H)

4.97
(s, 10H)

i.18-1.35 (m,8H)
1.40-1.53 (m,8H)
1.94-2.09 (rru 8H)
3.31-3.45 (rru2H)
4.03-4.21 (m,2H)

0.97-1.15 (ûì,3H)
CH¡

2.19-3.10 (br rr1 8H)
CH¡ and CHz

Coupling constants calculated in Hz
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Table 3.3.15: t'C NMR data for solublea or 9a
õ (ppm) in dirnethylsulphoxide-d6

quat
ArC ArCH Comp.

quat
Comp.
ArCH Cp CHz CH¡ 0thers

19a

142.54
r46.04
147.94
15r.47
tst.67
rs2.48
i55.36

1 1 1.61

114.98
rr7.73
r20.13
r2r.90
t2s.t8
r27.s8
128.94
r29.40

130.12
t30.34

77.27
75.09

78.05

30.1 1

44.85
48.13
6r.74

T2.17
27.t9
30.78

42.39*
45.12*

172.gg*

19b

136.70
t42.69
146.42
1s0.91
1s 1.30
152.59

111.79
r20.51
r22.51
125.39
r29.54
r29.89
132.39
r3s.16

103.59
132.t0

76.s2
78.1,5

85.42
79.00

30.22
44.81

48.28

6r.9s

12.32
27.29

45.33*
t73.06*

19d

143.05
146.20
r47.t5
148.09
tsr.63
151.83
152.t6
156.41

L L¿.VJ

115.13
120.29
t22.3r
125.31
126.45
r27.72
129.s0

r30.49
t30.27

77.4r
75.34

78.22

30.1 5

44.96
48.36
61.90

t2.342
27.20
30.94

42.56*
45.29*
t73.05*

19e

136.66
143.08
146.36
r47.r0
Isr.29
t52.t3
156.34

Itr.99
120.s4
122.72
125.23
t26.49
129.s2
r3s.r7

103.61
r32.03

76.50
78.r2
85.37

79.00

30.23
44.94
48.35

61.89

12.32
27.2

45.29+
173.01*

19e

136.40
t42.37
r4s.67
147.55
1s i .05

157.26
154.72

rII.32
117.32
r79.73
12r.54
125.40
r28.55
r28.96
129.26

129.74

129.95
74.63
76.84

77.62

29.s9
44.38
47.38
61.28

Lt.73
26.62
30.35

41.92+
44.67*
172.5r*
t96.92*

I quaternary carbon
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Table 3.3.16: Yield, IR and TGA data for compounds l9a-ico t

Yield IR (cm-r) TGA.nr.l
("c)

TGA.n¿,.1
('c)

TGA.¡¿po¡n1

fc)

,/.
Weight

loss

19a 9s
1727 (C:O)
842 (PF6-)

225
5i0

248
s26

1/la
LAL

st6
9

28

19b 93
1729 (C:O)
843 GFr-)

2t2
398

111¿JJ

470
225
428

8
aa
JJ

19c 92
1731 (C:O)
842 (PF6l

208
402

229
/1 /11
-aL

¿23
Á^a+¿3

1J
1/1

19d 97
t730 (c:o)
844 (PF6)

227
397
572

a Àa

454
6i3

^a-¿Jt
421
590

7

29
27

19e 97
1729 (C:O)
843 (PF6)

225
469

245
s00

236
485

IJ
13

19f 94
1733 (C:O)
844 (PF6)

211
40s
489

237
435
s02

225
494
469

13

t4
IJ

19g 89
1736 (C=O)
1677 (C=O)
843 (PF6-)

223
501

244
555

241

530

/1T

26

19h 90
i731 (C:O)
t674 (C:O)
844 (PF6-)

22r
425

253
472

238
466

16

16

19i 95

1736 (C:O)
1676 (C:O)
842 (PF6)

209
413

248
491

232
452

T6

29
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3.3.4 Ðeconnplexation of azo dyes

i) Decomplexation of dyes lla-b, l3a-c, 15, I7a-d

Photolytic demetallation of the complexed azo dyes in a mixture of

acetonitrile/dichloromethane liberated the orsanic analosues. The demetallation

reactions are presented in Schemes 3.3.7-3.3.10. The pure organic dyes were

charactertzed in the same manner as the complexed versions. The lH and l3C NMR data

for compounds 20a-b, Zla-c,22, and23a-d are presented in Tables3.3.I9-3.3.22.

/cHzcH2otl
\

R

1La-b

lla: R=CHzCH¡
llb: R=CH¡

20a-b

20a: R=CHzCH¡
20b: R : CH¡

*-õ,r- fô'E-/ \N.^\7'
13a-c

13a: R: H
l3b: R:NOz
13c: R: COCH¡

^. 
A

",{(rÌ{Ul*xT'i
CpFd

',*Or-Or\

Scheure 3.3.7

ht - lt"tto
a

o{o!*..- ñ'Ñ--/'\=, :*: 
,r"_.

21a: R=H
2lb: R:NOz
2lc: R:COCH¡

Scherne 3.3.8
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HOCH2H2C\

N/
H3CH2C

HOCHzHzC\

N/
H3CH2C

\ nÕ o-Õ 
" 
{Õ}n rnO(.:,.: :' 

"
V \I/ V-

CPFe-

15

I

lnu
{ : .cH"cH,oH

\,. n ^ ^ -,-1ôr*z*Oi-'',,*n'.,',,'"'nÇo\,})-o 
V 'cu,cH,

22

Scheme 3.3.9

"P"O*,ib"_g: "Ð*O\*ï\"G:,
l7a-d CpËe*

l7a: R: R.'= [I
tt6' P=p-CH3, R'= H
l7c: R=rn-CH3, R'=H
,7¿. ¡¡ =p-CH, trìr= rn-CH3

23a-d
23a: R: R'= II
,36' P =p-CH3, R' = [l
23c: R: m-CH3, R': H
,3¿r P:p-CHr R'= rn-CH¡

Scheme 3.3.10

Upon decomplexation, the dyes were observed to lose the Cp resonance from the

NMR spectra, with a concomitant downfield shift of the complexed aromatic protons.

Figure 3.3.17 and 3.3.18 presents the rH and r3C NMR spectra of 23d. Similar to its

complexed analogue, there exist two peaks due to the possible tautomers. The peak at

13. 10 ppm implied a H bonded to nitrogen, while the 9.37 ppm peak implied a H bonded

to oxygen. The aromatic region shows a series of doublets indicative of the structure,

and the aromatic protons on the coupling component are clearly visible with the removal

of the complexed aromatic protons. The r3C NMR spectrum displays eight quaternary
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aromatic carbons, with the L62.91

bonded to the ether oxygens

respectively.

ppm and 160.81 ppm signals representing the carbons

on the coupling component and azo component,

Figure 3.3.17: 'H NMR spectrum of 23d

Figure 3.3.18: t'C NMR spectrum of 23d
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Decomplexation of the dyes reduced the degree of shift of Lnu* frorn the parent

dye. Table 3.3.17 provides the Ç.* values for the dyes and the degree of shift from the

complexed analogue and parent. On examination of the shifts in wavelength, it is

evident that a general shift towards the parent occurs. This can be attributed to the

removal of the electron-withdrawing cyclopentadienyliron moiety. One of the greatest

effects of removal of the iron moiety is observed with compound22, which displays a

13 nm shift away from the complexed form. Being a disazo compound, this result is not

surprising, as the electron-withdrawing power of the CpFe* moiety was affecting two

azo groups.

In addition, the removal of the iron centers returned the absorption profile in

acidified ethanol of 20a-b and22 closer to the original dye. Examination of the spectra

of Zta in acidified ethanol reveals the presence of a significant ammonium band (Figure

3.3.19). As previously explained, the presence of the CpFe* complexed arene increased

the basicity of the azo group. Removing the iron moiety lowered the electron density on

Íhe azo group and therefore increased the degree of protonation at the amino group.

Figure 3.3.20 provides the UV-Vis spectra of 9[ llb and 20b (parent, complexed and

decomplexed, respectiveþ). As can be seen, the complexed form displays the lowest

ammonium band, while the decomplexed form returns the band closer to the original

value.

t45



Table 3.3.17: V/avelensth maxima of decomplexed dves 20a-b. Zla-c. 22. 23a-d,. and
of shift from the parent and complexed analo ues.

Parent
Dye

Comp.
Dye:

Ðecomplexed
Dye

1"r"* (nm)
AIru*
from

comnlexed
A?'."* from 9x

DMF
9e lIa 20a 425 -11 +7

9f 1lb 20b 421 -i3 +7

9a 13a 2la 419 -r¿ ta-rJ

9b i3b 27b 490 I 11

9c 13c 2lc 454 .T¿ -9
9e 15 22 428 -13 +10
9s 17a 23a 387 -+ I
9s. I7b 23b 393 -4 +5

9u 17c 23c 388 -10 0

9s. t7d 23d 392 -5 +4
Ethanol

9e ITa 20a 415 -8 +6
9f 11b 20b 4t2 -8 +9
9a i3a 21a 410 -+ -3

9b 13b 2Ib 479 À-.t -8
9c 13c 2lc 441 -5 -6
9e 15 22 415 -8 +6
9e 17a 23a 385 0 0

9e r7b 23b 387 0 -rz

9e 17c 23c 387 0 +2
9e 17d 23d 387 0 +2

EtOH
/HCI

9e Ila 20a 351 ;551* +11 -i3
9f tlb 20b 351:.547* +8 -20
9a 13a 2la 524*:544 +2 +3
9b 13b 2rb 5158 :537 0 0

9c 13c 2lc 521+:545 -1 -1

9e 15 22 348 ;548* +3 -r6
9e 17a 23a 385 ;498* +3 0
9e r7b 23b 387;498+ -rz 0

9s. 17c 23c 387;498* 0

9s. t7d 23d 387:498* rô-TL 0
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Figure 3.3.19: Absorption spectrum of Z}a,in ethanoVHCl
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Figure 3.3.20: Absorption spectrum of compounds 9d llb,20b in ethanovHCl
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Thermogravimetric analysis of the dyes displayed a two step degradation

process. The fust step, occurring between 200-280"C, may be attributed to the release of

the azo bond as molecular nitrogen (Section I.2.4), since it occurs regardless of the

structure of the azo dye. This correlates with previous reports that indicate cleavage of

the azo bond is a coÍrmon first weight loss stepas. The remaining weight loss is

therefore attributed to the destruction of the aromatic units remaining after removal of

the nitrogen double bond. Figure 3.3.21provides the TGA curve for 20b as an example.

Table 3.3.23 presents the TGA data.

"o'"'"t)oo@n:ooOo@.',

D9

ó oo 500 f00 000

Figure 3.3.21: TGA curve for 20b

ií) Decomplexatíon of polymers I9ø-i

The organic polymers 24a-i were isolated when 19a-i were photolyzed using 300

nm light in an acetonitrile/dichloromethane mixture, as shown in Scheme 3.3.11. The

organic polymers were fairly insoluble, and while 'H NMR spectra were recorded for
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all, only polymers Z4a,brdrergwere soluble enough to record t'C NMR spectra. The lH

NMR spectrum of 24d is provided in Figure 3.3.22. As is expected, no Cp or complexed

aromatic resonances ate observed, while the remaining peaks still display the

characteristic broad peak shape associated with macromolecular samples.

l"'-o
¿

/,-{. ,Âv N/
*-\!/Ns*,IV

!.9a-i l-

l''"
*_@*s*@.*-

oof@o t@t-@S S-.,,-.--.,-,r-.^---,^g

l8a l8b l8c

o-rzl'r Iv\lI - X-R'-X-ICpFe l"

Jo'"@.-.,o-'@- II l\ x-R'-xTLa
24a:k: H, X-R'-X:18a
24b: R: If, X-R'-X = 18b
24c:R = H, X-R'-X : l8c
24d: R: NO2, X-R'-X = 18a
24e: R = NOr, X-R'-X: 18b
24f: R: NO2, X-R'-X :18c
24g: R.: COCII3, X-R'-X:18a
24h: R= COCH3, X-R'-X : l8b
24i: R: COC[I3, X-R'-X = 18c

Scheme 3.3.X1
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9A16

Figure 3.3.222rH NMR spectrum of 24d

The molecular weights of the polymers were determined as previously discussed

and presented in Section 3.3.3. The TGA curves of the decomplexed polymeric

materials displayed similar weight losses as the other decomplexed dyes.

The visible absorption of the organic polymers were almost identical to those of

the complexed polymers, further substantiating that original complexation, which

formed the organometallic monomers (Section 3.3.2), caused the changes in Ln.*. Table

3.3.18 provides the absorption maxima for the decomplexed polymers and the degree of

shift from the complexed polymers. Figure 3.3.23 illustrates the absorption profiles for

the polymers incorporating bisphenol-A (18a). As can be seen, the presence of the

electron-withdrawing NO2 (24d) and COCHT Q4g) groups shift the maxima to higher

wavelengths when compared to the unsubstituted analogue (24a).
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Table 3.3.18 waDte 5.J.1õ: wave h maxima for 24a-i

Polymer l.r* (nm)

Ä?u*^t
from

CpFe*
Polvmer

l,n"* (nm)

A?u,n.'

from
CpFe*

Polvmer

l-.* (nm)

ÂI,n"*
from

CpFe*
Folymer

DMF' Ethanol Ethanol
ÆICI

24a 4t7 -3 4r9 +5 4)7.5)4 ta-r-J

24b 419 +i 415 -3 420:523 -4
24c 419 0 414 -l 427;521 0
24d 489 -1 478 1-t 507:540 -8
24e 490 -i 484 +2 513:540 -4
¿+T 489 a 482 0 5t2 540 -3
24e 452 I 448 -4 5t7 , 549 A-T
24h 454 0 453 +4 500 : 549 -18
¿+l 452 0 462 +11 514 :549 -8

lc
g

o-40

o-30

o-20

o-ao

o-o2
335. O 4OO-O 5OO-O

wavel_engr.È¡ (m- ¡
600-o

Figure 3.3.23: V/avelength maxima of 2{ad,gin ethanol
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a f ?lJa-b :2la-c z 22
q(pplr) in chloroform-d

Aromatic fI CHz CII3 Other

20a

6.86 (d, 2H,I:9.4)
7.00 (d, 2H, J:8.4)
7.05 (d,2H, J:9.0)
7.24 (d,2H,I:8.7)
7.78 (d,2H,J:9.4)
7.82 (d,2H,I:9.2)

3.52-3.64 (rru aH)
L2I (t,3H, J:7.0)
3.77 (t,2H, J:6.1)

2.33 (s,3H)

4.15 (s, lH)
OH

20b

6.85 (d, 2H, J:9.0)
6.99 (d,2H, J:8.6)
7.05 (d, 2H, J:9.0)
7.24 (d,2H, J:8.2)
7.79 (d,2H, J:9.4)
7.82 (d,2H, J:9.0)

3.61 (t,2H, J:5.7)
3.78 (t,2H, J:5-7)

2.33 (s,3H)
3.12 (s,3H)

10.81 (s, 1H)
OH

21,a

6.91-7.01 (rn, 9H)
7.20 (d,4H, J:8.6)
7.36 (d,2H, J:9.0)
7 .42-7.52 (m, 6H)
7.78 (d,2H, J:8.4)
7.89 (d,2H, J:9.0\

2.10-2.15 (rru2H)
2.35-2.45 (m, 2H)
3.58 (q,2H,J:7.0)
3.76 (t,2H, J:5.9)
4.29 (\ZH, J:5.9)

1.21 (t,3H, J:6.6)
1.60 (s, 3FI)

zlb

6.90-7.10 (rra 10H)
7.19 (d, 4H, I:9.0)
7.36 (d,4H, J:9.0)
7.89 (d,2H, J:9.4)
7.92 (d,2H, J:9.4)
8.33 (d, 2H, J:9.0)

2.09-2.14 (m,2H)
2.33-2.45 (m,2IrJ)
3.61 (q, 2H, J:7.0)
3.79 (t,2H, J:5.9)
4.31 (t,2H, J:5.9)

1.23 (t,3H, J:7.0)
1.59 (s,3H)

21c

6.79 (d,2H, J:8.9)
6.85-6.97 (rn" 8H)
7.11 (d,4H, J:8.9)
7.18-7.29 (nu aH)
7.81-7.88 (rrì, aÐ
8.04 (d, 2H, J:8.2)

2.01-2.15 (m,2H)
2.30-2.49 (m,2H)
3.49 (q,2H,J:7.0)
3.65 (t,2H, J:6.3)
4.26 (t,2H, J:6.6)

1.23 (t,3H, J:7.4)
1.58 (s,3H)
2.64 (s,3H)

7)

6.86 (d, 4H,I:9.4)
7.14 (d,4H, J:9.0)

7.19 (s, 4H)
7.79 (d,4H,I:9.4)
7.85 (d,4H, J:9.0)

3.52-3.54 (m,4H)
3.74-3.83 (m, 4H)
3.87-3.95 (m, 4H)

1.18-1 .29 (ng 6H)

Table 3.3.19: 'H NMR data fo

Coupling constants calculated nHz
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Table 3.3.20: 13C NMR data for unds 20a-b :2la-c:22
in chloroforun-d

134.32
143.88
149.46
151.41
15s.08
1s9.90

r12.17
118.87
120.30
t24.43
12s.67
r31.29

46.31
53.38
s9.99

t2.32
20.67

134.4r
r44.06
r49.s6
152.74
i 55.1 5

160.03

t12.26
1 18.90
120.36
124.49
125.46
131.32

55.29
s9.96

20.66
39.45

128.53
r43.93
745.03
151.81
153.44
r55.62
157.17

112.59
t19.29
120.88
r22.67
126.r9
129.57
129.86
i 30.1 9

130.56

30.80
37.r8
45.79
49.25
62.24

45.64*
173.63*

128.43
r44.33
145.08
r48.34
r52.96
155.62
1s7.13
1s7.68

112.53

119.36
120.82
123.33
125.49
t26.98
r29.61
130.s9

30.83
37.18
45.67
49.13
62.24

45.59'+

t73.65*

t42.46
148.61
1s0.69
r52.36
158.58

ltI.46
118.s9
12t.48
r23.9s
125.15

45.44
52.51
58.72

r28.r2
136.91
1 47. <^

143.76
150.69
r54.83
155.74

1 11.33

ii8.31
rtg.96
122.13
125.71

i28.50
t29.26
r29.60

30.21
)Á /1 1J\J.-fr

44.87
48.55
61.38

12.22
26.74
27.62

+ quaternary carbon
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Table 3.3.2L2'H NMR data for compounds 23a-dà
^

õ (ppm) in acetone-d6
Aromatic EI CIIs 0ther

23a

6.38 (d, IH, J:2.3)
6.58 (dd, 1H, J:8.6, 2.3)

6.99 (d,4H, J:9.0)
7.12 (d,4H, J:7.8)
7.23 (d,2H,I:7.6)
7.44 (t,1H, J:7.8)
7.69 (d, iH, J:8.6)
7.76 (d,2H,J:9.0)

23b

6.40 (d,lH, J:2.7)
6.60 (dd, IH, J:8.9,2.5)

7.00 (d,4H, J:8.6)
7.08 (d,4H, J:9.0)
7.25 (d,2H, J:8.2)
7.72 (d, iH, J:8.6)
7.87 (d,2H, J:9.0)

2.34 (s,6H) 9.39 (s, 1H)
13.09 (s, lH)

23c

6.40 (d,lH, J:2.3H2)
6.61 (dd, 1H, J:8.8, 2.3)

6.86-6.96 (m, aÐ
7.02-7 .06 (m,2H)
7.II (d,2H, J:8.6)
7.31 (d,2H, J:8.6)
7.73 (d,1H, J:9.0)
7.88 (d, 2H, J:8.6)

2.34 (s,6H) 9.3 (s, lH)
13.10 (s, lH)

23d

6.82 (dd, 2H, J:8.2,2.3)
6.91 (d,IH, J:2.3)
7.07 (d,2H, J:9.0)
7.18 (d,2H, J:8.2)
7.72 (d,2H, J:8.2)
7.85 (d.2H. J:9.0)

2.24 (s,12H) 9.37 (s, 1H)
13.i0 (s, lH)

Coupling constants calculated nHz

r54



Table 3.3.22: "C NMR data for compounds 23a-da

ô (ppm) in chloroform-d
quat ArCII ArCH CH¡

23a

T33.02
r44.82
1s6.32
1s6.60
r60.72
t62.45
163.1 8

r03.94
109.28
r16.87
1t9.48
r24.2s
130.92
r34.62
135.05

23b

r33.29
t34.75
146.98
r54.75
156.60
160.85
163.09

104.00
t09.65
119.03
120.60
124.18
131.41

i35.05

20.70

23c

133.05
140.92
146.92
1s6.42
1s6.93
160.22
r62.92

t03.75
t09.43
117.22
t19.25
120.81

123.99
12s.61
T30.46
134.88

21.r0

23d

133.13
r 3 3.ZZ

r39.23
146.70
154.71
156.44
160.81
162.91

103.8s
r09.46
117.78
i 18.81
121.66
t24.00
13I.s6
t34.92

18.93
t9.72

* quaternary carbon
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Table3.3.23z .eld,IR and TGA lata for unds 20a-b :2la-c :22 t 23a-d

%Yield [R (cm-l) TGAsnr.¡
l"c)

TGA"o¿,.1
('c)

TGA,.¡¿po¡n¡
("c)

o/oloss

20a 75 3472 (OH) 249
672

299
/oJ

27r
696

47
20

20b 73 3427 (OH) 2s8
s79

325
69r

290
624

57
13

21.a 90 1732 (C:O) 387 467 413 52

21b 88 1735 (C:O) 322
604

362
690

aa-)Jt
650

)(l
11

2lc 86
t736 (C:O)
1679 (C:O\

243
4t5

283
485

254
44r

I
30

22 85 3382 (OH) 287
669

5+r
719

319
696

aÅ)+
19

23a 90 3ie0 (oH) 210
657

224
141TAL

217
699

1AIT

t7

23b 70 3407 (OH) 203
542

245
644

228
s75

25
T4

23c 9s 3448 (OH) 20s
580

245
648

229
583

30
i5

23d 87 3427 (OH) 211
469

266
485

242
479

35

i0

156



ab1e3.3.24: 'H NMR data fbr nolvrners24a-i Coupline constants calculated nHz
õ (ppm) in chloroform-d

Aromatic II CII2 Others

24a

6.87-6.98 (m, 20H)
7.03-7.25 (rn, 7Ð
7.32-7.45 (m, 4Ð
7.80-7.89 (rn,2}J)

2.01-2.23 (m, 2H)
2.35-2.51(m, 2H)
3.35-3.42 (m,2Ð
3.63-3.71(nr 2H)
4.15-4.31 (m,2H)

i.15-1.30 (m,3H) CH3
1.45-1.78 (m,9H) CH3

24b

6.83-6.99 (rru 20Ð
7.01-l .25 (m, 7H)
7.25-7.42 (rru aÐ
7.72-7.89 (m, 2H)

2.01-2.23 (rruZH)
2.36-2.51(m,2H)
3.43-3.59 (m,2}J)
3.65-3.73 (m, 2H)
4.16-4.34 (rn, 2H)

1.15-1.30 (nI 3H) CH¡
I.45-1.78 (s, 3H) CH3

24c

6.70-6.81(m, 8H)
6.84-6.99 (nL 8H)
7.05-7.20 (Ír, aH)
7.68-7.75 (m, 4H)

2.02-2.24 (m, 2H)
2.21-2.45 (rru 2H)
3.40-3.51 (rn, 2H)
3.61-3.78 (m,2H)
4.01-4.24 (m,2H)

1.01-1 .25 (m,16H) CH3 and CHz
1.43-1.65 (nt, 6H) CH3 and CHz

24d

6.81-6.99 (m, 16FI)

7.05-7.23 (rn" 10H)
7.25-7.42 (m,4H)
8.10-8.37 (m, 2H)

2.05-2.30 (m, 2H)
2.31-2.46 (nu 2H)
3.41-3.51(m, 2H)
3.55-3.69 (nt, 2H)
4.T5-4.35 (rn, 2H)

1.05-1.29 (m, 3lI) CH3
1.45-7.65 (m, 9H) CH3

24e

6.76-6.89 (m,I2H)
7.01-7.18 (rr¡ iOH)
7.25-7.37 (rn, aH)
7.85-7.94 (m, 4H)
8.15-8.36 (rn,2H)

2.09-2.25 (m,2H)
2.25-2.45 (m, 2H)
3.42-3.58 (rruZ}J)
3.55-3.76 (rn, 2H)
4.18-4.31 (rn,2H)

1.05-1.30 (rn,3H) CH3
1.61 (s,3H) CH3

24f

6.85-7.01 (rruzIH)
7.08-7.19 (m, 2H)
7.15-7.35 (m, 2Ð
7.85-8.05 (m,2H)
8.21-8.39 (m,2H)

2.05-2.20 (rn" 2H)
2.20-2.35 (rru 2H)
3.41-3.52 (rru2}J)
3.59-3.69 (nt, 2H)
4.20-4.35 (m" 2H)

0.97-1.19 (o,,3H) CH3
1.20-I.39 (m, 19H) CHg and CHz

24g

6.80-6.92 (m, 14H)
6.95-7.24 (m, i2H)
7.77-7.89 (m,4H)
7.95-8.09 (rn, 2H)

2.01-2.26 (m,2H)
2.29-2.45 (m, 2H)
3.39-3.50 (rru2H)
3.55-3.69 (m, 2H)
4.18-4.32 (m,2I-I)

0.99-1.29 (m, 3I{) CH3
1.65 (br s, 9H) CH3
2.63 (s,3H) CH3

24h

6.85-6.97 (m, 12H)
7.01-7 .19 (m, 10H)
7.25-7.45 (m, 4H)
7.78-7.89 (m, 4H)
7.95-8.07 (m,2H)

2.06-2.19 (rn" 2H)
2.22-2.4I (m, 2H)
3.40-3.50 (m,2H)
3.50-3.65 (rn, 2H)
4.18-4.32 (rt"2H)

0.97-1.29 (m, 3H) CH3
1.56 (s,3H) CH3
2.61 (s,3H) CH3

24i
6.78-6.92 (m, 12H)

7.00-7.65 (br m, 8H)
7.80-7.92 (rn 4H)

2.08-2.25 (rn, 8H)
3.32-3.52 (rru aH)
4.16-4.31 (m,2H)

0.96-1.31 (m, 3Ð CH3
1.39-1.56 (m,5H) CH3 and CH2

2.45-2.71(m, 13H) CHg and CHz

T57



,3Cable 3.3.25: NMR data for soluble polymers Z4a,bd,e
õ (ppm) in chkrroform-d

quat
ArC ,ArCH CHz CH¡ Others

24a

142.91

143.58
r45.2r
r50.02
r52.34
152.70
r55.43
155.76

1 11.33

177.58
t20.29
r20.4r
t22.r2
r25.t9
r27.93
t28.39
128.86
r29.40

30.23
36.49
44.77
48.58
61.45

12.25

27.69
31.00

42.01*
45.33*
173.69+

1,ttL+U

t27.tl
I JJ.J I

136.81

143.79
150.05
rs2.6s
154.33
157.44

1tr.37
1t8.79
119.24
122.08
12s.26
r28.52
t28.83
129.47
r3t.42
134.58

28.77
36.42
44.94
48.35
6r.4s

t2.32
27.64
29.35

45.24*
173.45*

24d

142.86
r43.69
145.22
147.27
r5r.22
t52.72
rs5.39
155.75
1,56.57

111.39
t17.s9
r20.26
r20.3s
122.55
124.56
126.r8
r27.92
r28.36

30.23
36.44
44.75
48.57
61.29

12.22
27.64
30.98

42.00*
45.40*

173.598

24e

r27.28
!33.39
136.82
143.78
t47.32
151.27
154.40
156.s5
157.47

r7t.43
1 18.83

rr9.28
122.s6
r24.59
126.21
r28.s6
t29.57
131.48
134.s6

30.21
36.43
44.94
48.62
6t.34

12.24
27.66

45.42*
n3.47*

* quaternary carbon
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Table 3.3.25: continued

24g

136.91
r42.86
r43.7r
145.22
146.10
150.69
r52.70
155.42
r55.7 r

1 11.35
t17.s9
1 19.18
r20.37
t22.12
r25.77
t27.92
128.38
r29.28

30.1 8

JO.+J

44.80
48.s9
6r.34

12.23

26.13
30.99

42.00*
45.37*
173.564
197.49*

Table 3.3.26: Yield. iR and TGA data for 24a-i

T.YieId trR (crn-l)
TGAonr.l

("c)
TGA.oo..t

("c)
TGA-¡¿po¡n1

l"c) Toloss

24a 58 1734 (C:O)
246
404
s07

308
456
548

263
432
525

I4
2T

19

24b 40 1733 (C:O) 260
475

291
496

277
486

i0
10

24c 50 1734 (C:O)
267
517

620

289
s60
669

269
531

643

9

r6
22

24d 70 1734 (C:O) 269
s02

3r6
539

297
522 24

24e 35 1731(C:O)

1A)

440
605

274
456
680

275
450
640

22
53

24f 40 1734 (C:O) 206
s85

303
686

255
647

70
9

24e 70
t734 (C:O)
1679 (C:O\

269
s19

307
615

285
s52

8

72

24h 30
1-11.'7 /î:(\\ttJ, \v v)

1686 (C:O)
279
481

347
512

295
493

I

l4

24i 45
1735 (C:O)
1679 (C:O)

217
416

245
446

231
432

6

28

rs9



3.3.5 FhotochemicaLffherrnal stability of azo dyes

3.3.5.a) Photooxidation of azo dyes

As outlined in Section 1.2.4, oxidative techniques have proven successful in

bleaching azo compounds. A preliminary study was therefore performed to determine

whether the azo dyes synthesized could be efficiently degraded using hydrogen peroxide

and 300 nm light. Five dyes (9d, 99, 11b, 17d, 24d) were chosen as representative

examples for hydrogen peroxide trials. An excess of hydrogen peroxide (mol dye:mol

H2O2 approximately 0.02x10-3:1) was utilized in the trials to ensure that the amount of

H2O2 present could be taken as constant throughout the photolysis (with the assumption

that the photolysis period was not sufficiently long enough to remove the excess

peroxide). Irradiated trials without HzOz were performed for comparison.

3.3.5.a.1) Compound 9d was exposed to 300 nm iradiation in the presence of

HzOz, and was observed to bleach rapidly within 20-30 minutes, whereas the trial

without HzOz showed negligible change over the same time period. After 30 minutes

the absorbance of the dye in the oxidative medium was not observed to change

significantly, and thus the degradation was essentially complete within 30 minutes. This

correlates well to other reports that indicate rapid colour loss within the first 10-30

minutes of photolysisrlo. Figure 3.3.24 presents the absorbance changes over time for

9d, while Figure 3.3.25 compares the trial with and without peroxide.
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Figure 3.3.242 Absorption spectra at time: 0, 5, 15,25 and 90 minutes for photolysis of
9d with HzOz

2.O

1.5

1.O
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Figure 3.3.252 Comparison of 300 nm irradiation of 9d with and without HzOz Present
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In addition to examining the wavelength changes, an attempt was made to isolate

the products of the photocatalytic oxidation. Previous reports have illustrated the

presence of low molecular weight polar compoundslt0-1i4, thus CHCI3 was used as an

extraction solvent in an attempt to recover any of these products. Due to the low

concentration of the original starting dye, isolation of any products was met with limited

success. However, the GC-MS of the extracted residue remaining from the HzOz trial

did show a small amount of benzoic acid present. This is not unexpected, as the

formation of low molecular weight acids has previously been reported in the aqueous

oxidation of azo compoundslOs'rr7. The identity of the peak in the GC-MS

chromatogram was determined by comparison of EI spectra of standard compounds

available from the National Institute of Standards and Technology CNIIST). Figure

3.3.26 provides the experimental mass spectrum from 9d and of benzoic acid (available

from NIST). Table 3.3.27 presents the nlz values and the relative abundances for the

experimental GC-MS peak.
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Figure 3.3.26: Mass spectrum of extracted 9d product (top) and benzoic acid (bottom)

Table 3.3.272 Relative abund tooxidation þroductaDundances o m/z peaks from 9d
mlz Rel. abundance

50.30 24
5t.25 a^JL

52.20 5

74.Is
77.05 79
78.t5
10s.05 100
105.95 9
121.95 87
122.95 6
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3-3-5.ø.ii) The decomplexed polymer 24d was examined to see whether any

change would be observed on moving from a low molecular weight dye to a

macromolecular dye. As is evident in Figure3.3.27 and3.3.28, the compound required

a slightly longer period to degrade, which may be attributed to either the greater number

of chromophore units per molecule, or the conformation of the polymer that may inhibit

the ability of HzOz to actively interact withthe azo chromophore. Regardless, within 90

minutes of photolysis the solution became clear, with absorbance values approaching

zero' Attempts to isolate products of the degradation through extraction of the aqueous

sample with chloroforrq and concentration of the solvent followed by injection into a

GC-MS, \¡/ere unsuccessful.

soo_owãvèAc€Èb

Figure 3.3.272 Absorption spectra at time: 0, 5,
24d with HzOz with 300 nm irradiation

éoo_o 6so_o

I0, 75,35,90 minutes for photolysis of
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Figure 3.3.28: Comparison of 300 nm irradiation of 24d with and without HzOz

3.3.5.a.iii) The complexed compound llb posed an interesting problen¡ in that

the photolysis without HzOz would be expected to change with irradiation, given that the

complex would undergo photolytic decomplexation. However, the successful isolation

of the decomplexed dyes proved that photolysis in hydrocarbon solvents does not

adversely affect the dye structure, thus a comparison of the effect of HzOz could be

made if one examined the time required to cause absorbance changes in the trial with

and without HzOz. Understandably, one would expect the trial with HzOz to undergo a

faster change than the trial without. As can be observed in Table 3.3.28, the sample

photolyzed with HzOz displayed a faster rate of change. The absorbance of the trial

without HzOz was seen to change (Figure 3.3.29), as the solution became slightly opaque

but remained coloured (resulting from the decomplexation reaction), while the trial

containing HzOz was observed to become clear (resulting from the degradation of the

dye molecule). In fact, the rate of colour removal was more rapid than with 9d or 24d,

as the absorbance became insignificant in approximately 10 minutes. The exact reason
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Ë o.io(!
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o
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.cl
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for this is unclear, however it is plausible that the liberated iron from llb may initiate a

type of photo-Fenton reaction that may increase the rate of oxidation.

Figure 3.3.29: Change in absorbance of llb with 300 nm irradiation without HzOz

Table 3.3.28: Absorbance of l1b with increasins irradiation time with and without
HzOz

Time (rnin) Absorbance
with [IzOz

Absorbance
without f{¡O¡

0 0.3880 0.4300
2 0.0914 0.3506

0.0297 0.3355

T7 0.0332 0.3t75
45 0.2494
90 0.1 635
150 0.t777
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3.3.5.a.1v) The azo dye (9g) showed a relatively slow degradation with H2O2

when irradiated with 300 nm light. Table 3.3.29 provides the ì.n * values with time for

the trials with and without HzOz. It was surmised that given the possibility that this

compound may exist as the hydrazone tautomer, the presence of a N-H bond could be

impeding the hydroxyl radicals from approaching the azo bond. Thus the time required

for destruction of the dye would be longer when compared to the previous examples.

Table 3.3.29: Absorbance of 300 nm irradiated samples of 99 with and without
HzOz

Time (min) Absorbance with H¿Oz Absorbance w/o IIz0z
0 0.s959 0.7311
15 0.5072 0.6043
20 0.4284 0.6937
25 0.3794 0.6603
30 0.3621 0.6325
45 0.3042 0.6476
90 0.1345 0.7307
150 0.0705 0.7283

In order to test the hypothesis regarding whether the tautomers could be affecting

the rate, a trial was attempted at pH 10 by adding a couple of drops of concentrated

ammonia solution. In the presence of base, the absorbance band of the dye was

observed to change from 381 nmto 470 rwq due to the creation of phenoxide groups.

The appearance of the phenoxide functionality causes two strong electron-donating (oo:

-0.8i, om : -0.47) groups to be present on the coupling component, whereas the

protonated form exhibits much less electron-donating ability (OH: oo : -0.38, on, :

+0.13). However, upon sitting in the dark, the absorbance band is observed to shift

hypsochromicaþ to approximately 320 nm. This effect has not been readily explained
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in the literature, but is most likely attributed to an equilibrium established between the n-

æ* and the æ-æ* states. Figure 3.3.30 illustrates the absorbance of 9g at pH 10 at time 0,

30,60 andI20 minutes.

300.0 400.0 500. 0 600. 0
flavele¡gth (¡¡0.)

Figure 3.3.30: Change in wavelength maxima of 99 upon sitting in the dark at pH 10

It was discovered that at pH i0 the degradation occurred extremely rapidly in the

presence of hydrogen peroxide and UV light. Indeed, the first attempt to monitor the

reaction met with failure due to the solution turning clear in mere seconds. Thus another

attempt was made, one in which the solution was not irradiated with 300 nm light, but

was placed in a spectrophotometer to monitor the 320 nm absorbance band over time.

The hydrogen peroxide was not added until the 320 nn band was observed to dominate

the absorption spectrum. Upon placing the hydrogen peroxide in the solution, an

immediate release of gas was observed, and the solution became essentially clear within

20 minutes. Figure 3.3.31 compares the trial with HzOz and 300 nm irradiation (at

lower pH) to that of the HzOz degradation without 300 nm inadiation at pH 10. The data

À
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is presented as percent absorbance remaining, which sets the absorbance at time 0 to

l00o/o, with all subsequent readings relative to this initial value. It should be noted that

while the spectrometer itself may be considered a source of irradiation, the relative

intensity is much smaller than the photoreactor (which is equipped with sixteen 300 nm

lamps). The pH of the solution without addition of ammonia was found to be 5.5. The

increase in rate suggests that the tautomers may have been hindering the degradation,

however, this would not explain why irradiation with 300 nm light is no longer required.

o .20 40 6{1 80 too 12f) 1Æ 160

Ti¡ne (min)

Figure 3.3.31: Comparison of degradation of 99 at pH 5 5 with 300 nm irradiation, and

pH 10 without 300 nm irradiation

3.3.5.a.v) Given the success observed with 99 in the presence of hydrogen

peroxide at high pH, complexed dye L7d was placed in the spectrophotometer to

measure its absorbance without any exposure to 300 nm light. 17d displayed the same

change in absorbance upon addition of ammonia, however was not observed to form a

320 nrn band. Thus, the trial was performed on the 445 nm band of tr7d. Figure 3.3.32

presents the change in absorbance of the 445 nm band over time, with HzOz present.
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The solution was observed to become clear rapidly, even with a reduced amount of

hydrogen peroxide. Again, this may be due to the presence of the ferrous ion that, once

released via photoll.tic decomplexation, may catalyze the reaction. The control again

displayed a change in absorbance similar to Ltrb.

r.23

t

h

0.
0.0 500.0 1000.0 1500.0

Tine (sec)

Figure 3.3.32: Absorbance of the 445 nm band of 17d with HzOz at pH 10 without 300

nm irradiation

3.3.5.b) Thermolytic degradation of azo dyes

Given that the thermogravimetric analysis curves displayed two weight losses for

most of the dyes created, and thus indicated the formation of stable thermolysis

products, an attempt was made to isolate the products of thermolysis. Three compounds

were examined, 99, llb and 24d. Heating of llb and24d to temperatures that indicated

a weight loss on the TGA curve resulted in the formation of a black char from which no

products could be identified. However, compound 99 did produce detectable products.

Two sets of broad peaks were observed in the GC-MS chromatogram (Figure 3.3.33).

The first set of co-eluting peaks are attributed to low molecular weight products, two of

which were identified as 4-aminophenol (8.57 min) and resorcinol (8.99 min). Identities

1,70



were established by comparison to spectra provided by NIST. The mass spectra of these

two identified peaks and the corresponding NIST spectra are provided in Figure 3.3.34

and 3.3.35. Tables 3.3.30 and 3.3.31 provide the mlz values and the relative abundances

ofthe two peaks.
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Figure 3.3.33: GC/MS Chromatogram of 99 thermolysis product
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Figure 3.3.342 Mass spectrum of 8.57 minute thermolysis product of 99 (top) and the

corresponding NIST spectrum (bottom)
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Figure 3.3.35: Mass spectrum
coffesponding NIST spectrum

Table 3.3.30: m/z values and
chromatogtam

mlz

of 8.99 minute thermolysis product of 99 and the

relative abundances of 8.57 minute peak in GC-MS

(l)()
(ú
E

.c¡

c)É

mlz Rel. Abundance
5r.25 5

52.15 t2
53.1 5 17

54.25 10

80.15 61

8 i.05 t7
82.05 5

109.05 100

110.00 8
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Table 3.3.31: m/z values and relative abundances of 8.99 minute oeak in GC-MS
hrocffoma

mlz Rel. Abundance mlz Rel. Abundance
50.20 5 69.1 5 13

51.15 n
80.1 5 20

52.r5 7 81.15 28
53.15 aa

LJ 82.05 31

54.2s L2 r09.05 36
55.1 5 12 i i 0.00 100
63.20 9 i 11.00

The second set of peaks in the GC-MS chromatogram belong to the undegraded

dye 99, and a set of unidentified higher molecular weight products, which may result

from a high temperature reaction or polymeruation. The mass spectrum of the first peak

in the chromatograrn (23.28 min) is presented in Figure 3-3.36. The base peak in the

mass spectrum is 230 amu, which coincides with the molecular weight of dye 99. The

fragment ions correspond to logical losses as shown in Figure 3.3.37. Table 3.3.32

presents the mlz values and relative abundances of the 23.28 minute peak.
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Figure 3.3.36: Mass spectnxn of 23.28 minute chromatogram peak of 99 thermolysis
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Figure 3.3.37: Fragmentation of dye 99

Table 3.3.322 m/z values and relative abundances of the 23.2 frlrnute o

mlz Rel. Abundance mlz Rel. Abundance
51.15 8 93.05 67

52.t5 15 95.05 6

s3.15 22 108.15 I+
55.1 5 6 109.05 63

63.20 - 1i0.00 7

65.1 5 27 t21.05 ¿J

69.15 I7 137.00 52

80.05 T2 230.00 100

81.05 ++ 231.00 l4

The two peaks following the undegraded 99 have similar mass spectra, but differ

markedly in the peak of highest mass. The middle chromatogram peak (23.47 ll;rtn)

shows a 302 amu peak, while the third peak in the chromatogram (23.67 min) displays a

374 amu peak. Assuming that the peak of highest mass is the molecular ion, and given

that fragments of 99 occur in both of these mass spectr4 it is conceivable that a high

temperature reaction occurred which produced a higher molecular weight compound

similar in structure to 99. However, srnce both spectra do not sho'w a peak of

approximately 460 amu (which would conespond to two 99 molecules linked together),

or multiples thereof the identity of the higher molecular weight compounds are unclear,

although it is possible that they may be derivatized phenolic compounds. The one

similarity between the spectra is that the base peaks in both mass spectra (displayed in

17s



Figure 3.3.38 and 3.3.39) occur at73 amu. The difference between the mass of 99 (230

amu) and rhe 302 amu peak is 72 amu. Coincidentally, the difference between 230 amu

and 374 amu is 144 (which can result from two 72 uruts put together). Therefore, given

that there are peaks attributable to 99, and peaks of multiples of 72 in both spectra, it is

plausible that approximately 72 mass units have been added to 99. Unfortunately, the

isotopic abundances did not shed any light on the identity of the compounds, as the

percentages of the isotope peaks did not correlate to any logical molecular formula.

Tables 3.3.33 and3.3.34 present the data for the two mass spectra.

Figune 3.3.38: Mass spectra of the 23.47 minute chromatogram peak of 99 thermolysis
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Figure 3.3.39: Mass spectra of the 23.67 minute chromatogram peak of 99 thermolysis

Table 3.3.33: mlzvalues and relative abundances for 23.47 minute peak of 99
thermolvsi

mlz Rel. Abundance mlz Rel. Abundance
43.25 5 95.05 5

45.20 13 t07.95 t/lIT

52.25 8 i09.05 /laAL

53.15 7a
IJ 1i0.00 5

55.15 5 r20.95 15

63.20 134.95 6

65.1 5 18 137.00 35

69.rs 10 15 1.00 6

73.70 100 165.00 35

74.r0 9 166.00 10

75.10 15 180.9s t9
80.05 9 208.9s 15

81.05 26 230.00 38

91.05 11 23t.00 5

93.05 /1') 302.05 1.7

94.05 6 303.05 18
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Table 3.3.34: mlzvalues and relative abundances for 23.67 minute peak of 99
thermolvsi

mlz Rel. Abundance mlz Rel. Abundance
45.20 10 150.90 5

53. 15 5 165.00 JI

73.10 i00 166.00 8

75.10 l4 180.95 26
81.15 8 181.85 5

91.05 10 208.95 l5
93.05 t2 230.05 t4
109.05 13 302.05 10

r20.9s 5 374.20 57
T34.95 5 375.20 18

136.90 11 376.20 8
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4"8 Future goals of tlne project

The future research regarding organoiron complexed azo dyes encompasses

many areas. Of particular note is the potential to synthezise tailor made coloured

thermoplastic materials. The organoiron methodology, employed in the synthesis of the

complexed dyes, has already proven to be successful in the synthesis of many different

types of engineering thermoplastics. With the ability to bond azo chromophores as

pendant side chains, or even in an organometallic backbone, there exists the possibility

of creating highly coloured engineering thermoplastics, a goal which was not readily

achievable before. This work is in addition to the vast area of non-linear optical

applications that would also make use of organometallic azo polymers. Both

applications benefit greatly from the versatility of the metal-mediated nucleophilic

aromatic substitution methodology, which allows compounds to be tailored for a specific

application.

With regards to the oxidative remediation of contaminants, the potential of

organoiron complexes to catalyze oxidation techniques utilizing hydrogen peroxide (via

a photo-Fenton reaction), creates the possibility of producing polymers that could

enhance degradation processes. An organometallic thermoplastic polymer (for example,

o ^^-^lo-orl nnlt¡afLa-\ nlonorl in on inorTiqfcrl qnttønr¡q cr¡qfam ¡nnfqinina ¡nnfeminqnf4 vvrrrlJ¡v^vu l,vryvu¡vL), ytqvvv ur eu u^esrsrvs eYqvv

and hydrogen peroxide, would photolytically decomplex releasing ferrous ions into

solution which would potentially catalyze the oxidative removal of the contaminant.

The polymer itself would show little to no change due to the stability of the polymer

backbone.
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5.0 Conclusloxe

A series of azo dyes containing cyclopentadienyüron moieties have been

synthesized and characterued. The inclusion of complexed arenes into an azo dye

structure altered the visible absorption properties of the dyes. If the complexed arene

was associated with the coupling component of the azo dye, a hypsochromic shift was

observed, conversely, association with the azo component resulted in a bathochromic

shift. A number of complexed dyes were polymeúzed via reaction with dinucleophiles,

thus producing coloured polymers that incorporated cyclopentadienyliron moieties. The

IfV-Vis properties of the polymers were not observed to change significantly when

compared to the monomers.

Photolytic decomplexation using 300 nm light, which has been shown as a

versatile technique for demetallation, liberated the organic azo dyes and polymers. The

decomplexed coloured polymers showed little change in their absorption bands when

compared with the complexed polymers, however, the lower molecular weight

decomplexed dyes dispþed shifts in their absorption bands which brought their l''nu*

values closer to that of their original parent dyes. This was attributed to the loss of the

electron-withdrawing CpFe* moiety.

The azo dyes ha.,'e been sho',',,11 r,c dograCe in iradiateC sclutions af H'zOz anð,

with the addition of heat. Solutions irradiated with 300 nm light in the presence of HzOz

rapidly bleached the azo dyes studied. The rate of degradation has been shown to be pH

dependent for certain dyes, with increases in rate observed in basic solution.

Thermolysis trials have shown products that indicate breakage of the azo bond.
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