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In the electrophotographic copying process, a 

more sharply defined image is obtained if the paper support 

for the photoconductor is an electrical conductor. 	This 

may be achieved by coating the paper base with a sufficiently 

conducting organic polymer. 	The possibility of synthesising 

such a polymer from carotene or vitamin A acetate has been 

investigated. 

It has been found that the ion-pairs which were 

known to be formed in aprotic solvents such as benzene, 

ciichloromethane and nitromethane, between carotene and molar 

solutions of trichioroacetic acid, dichioroacetic acid, 

monochioroacetic acid, trifluoroacetic acid and hydrogen 

chloride, and between vitamin A acetate and molar trichioroacetic 

acid, undergo irreversible changes to yield polymers containing 

up to five monomer residues and one acid residue. 	When these 

materials were resubjected to treatment with acid, polymers of 

higher molecular weight were obtained. 

The products were coloured, amorphous powders which 

were soluble in organic solvents. 	Their absorption of 

hydrogen and bromine indicated that they were highly 

unsaturated, but loss of unsaturation occurred in polymers 

exposed to air and also in those stored in evacuated ampoules, 

when insoluble, pale yellow residues were produced. 	A 

comparison of the electronic spectra of the polymers with those 

of known polyenes verified that many of the double bonds were 

present in conjugated chains. 	This conjugation accounted for 

the formation of ion-pairs between the polymers andaproton donor 

an (7 hecc for the iri.ense absorption jseaks in the vie iee spectra 
Use other side if necessary. 



of the polymers in molar trichioroacetic acid - benzene solution 

which are due to a proton transfer reaction. 	A free radical 

treatment of the mesomeric ions enabled the length of the 

protonated double bond chain to be calculated from the wave-

lengths of these peaks, thus allowing deductions to be mad-

about 

ade

about the structure of the polymers. 	The free radical treat- 

ment also indicated that the polymeric cation of the ion-pair 

was a resonance hybrid between several structures and this 

was confirmed by the values of the dissociation constants of 

the ion-pairs. 	The poor conductivity of benzene solutions 

of the polymers was greatly enhanced by the addition of 

trichioroacetic acid, due to the formation of ion-pairs, but 

there was no obvious correlation between the conductivity, 

which varied little with the polymer used, and the length 

of the conjugated double bond chain, the degree of unsaturation, 

or the molecular weight of the polymeric molecules. 	The 

addition of electron donors to polymer solutions in benzene in 

an attempt to form a polymer anion with a small counterion which 

would lead to increased conductivity did not reduce the solution 

resistance by as large a factor as the addition of molar 

trichioroacetic acid. 	Sheets of paper impregnated with 

polymer were sufficiently conducting for use in electrophotography 

only if acid was also present on the sheet, a condition which is 

impracticable. 
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1. 	 INTRODUCTION 

The electrophotographic copying process was discovered 

by Chester Carlson, an American patent attorney and engineer 

who conceived the idea of a copying process based on the use 

of electric charge and photoconductivity. From 1937 onwards, 

he took out a series of patents1  covering the basic principles 

of the process. Over the past ten years, electrophotography 

has developed rapidly, since it does not require the reversal 

or wet development stages as in conventional photographic 

reproduction and recommends itself by being fast, clean and 

amenable, to mechanisation. 

In the electrophotographic process, a base sheet coated 

with a photoconducting material, usually zinc oxide, is exposed 

in the dark to a corona discharge of 6,000 volts such that the 

coated surface acquires a negative charge. When the charged 

surface is illuminated with light of a suitable wavelength 

through an image such as a document ,to be copied, the illuminated 

areas become photoconducting and lose their charge. An 

electrostatic latent image of the light pattern is formed and is 

made visible by dusting the surface with a positively charged 

powder which is both thermoplastic and coloured. The powder 

adheres to the areas of high electrostatic charge and only 

slightly or not at all to the discharged areas which have been 

highly exposed to light. The image is made permanent by fusing 



2. 

the powder onto the surface. To ensure smooth and effective 

discharge of the illuminated areas and therefore good contrast 

on development, the paper base must be made electrically 

conducting having a lateral resistance below 1 9  ohms per 

square centimetre2. Untreated paper normally has a resistivity 

of between 1 x 1011  and 1 x 1013  ohm, cm., the figure varying 

considerably with relative humidity conditions. 

One method of achieving the required conductivity is to 

have the base sufficiently moist but this requires either an 

environment of high relative humidity which is undesirable in 

practice, or the presence in the paper of hygroscoic salts such 

as calcium chloride or zinc nitrate-3  or hygroscopic alcohols 

which act as humectants. In the first of a series of papers on 

the conduction of electricity through cellulose, O'Sullivan5  

described the preparation ant electrical properties of sheets 

impregnated with sodium, calcium, magnesium or zinc halides or 

calcium sulphate together with lactic acid and glycerol. Sheets 

of paper have been treated similarly with potassium chloride, 

glycols and sodium formate6. The conductivity of such sheets is 

stable over a wider relative humidity range than those impregnated 

with hygroscoplo salts alone. All the treated sheets had a 

satisfactory electrical conductance at a sufficiently high 

relative humidity but had a moist feel. 

A second approach to the problem of reducing the resistance 

of the paper base is to coat it with an electrically conducting 
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layer. Sheets with a resistivity of between 5 x 102  and 

2 x 103  ohm. cmo have been prepared by coating with a layer 

of carbon black In resin7. Many. patents include the use of 

this material as a conducting coating; the main disadvantages 

of the resulting sheet are its colour and the degrading of Its 

mechanical properties. The use of a thin metallic deposit on 

the paper base has been investigated8' but it has been difficult 

to produce a continuous and uniformly thin layer; vacuum 

deposition of the metal, an expensive process has proved to be 

the most satisfactory. Metal powders have been used to prepare 

electrically conducting resins10811. The powder, of a very fine 

particle size, was ball milled with a plastic such as polystyrene. 

Addition of solvent produced a coating mix, whose conductivity was 

largely dependent on the particle size, concentration and degree 

of dispersion of the metal 0. Kimberley Clark13  and Nippon 

14 Telegraph and Telephone Corporation have patented a different 

method of incorporating a metal in a paper sheet. Silver was 

precipitated by dextrose from an ammoniacal solution onto glass 

fibres. When 2 to lO of the coated fibres were included in a 

pulp mix, a sheet of maximum conductivity for minimum use of 

silver was produced. 

Apart from metals, organic materials have been used in 

coatings in order to confer conducting properties on electrophoto-

graphic base sheets. High molecular weight imidazoline1516 

reduces the resistivity of a paper sheet from about 2 x 1011 



ohm, cm. for the untreated material to 2.6 x 1010  ohm* cm, 

after impregnation. Dow17  have produced a conducting sheet 

by coating it with quaternary ammonium salts of polyvinyl 

benzene. They alaim such a sheet has a surface resistance of 

1 x 106  ohm* cm* but it shows a considerable variation of 

conductivity with humidity. 

A soluble organic polymer having intrinsic conducting 

properties could provide a satisfactory electrically conductive 

coating beneath the photoconductor layer of an electrophotographic 

sheet. Such a coating would be easily applied as a continuous 

layer from a suitable solvent and would be flexible, eliminating loss 

of conductivity due to cracking of the conducting layer during 

the passage of the sheet through the electrophotographic copier. 

The concept of an organic polymer as a conductor of 

electricity is of recent origin. The great usefulness of polymers 

as insulators has stimulated intensive investigation of their 

properties and structure in order that materials with specified 

properties might be synthesised. Coupled with the fact that the 

understanding of the nature of electrical conduction has become 

considerably clearer in recent years, it is not surprising that 

the development of polymers having conducting properties has 

taken place. Furthermore, interest in mechanisms of energy 

transfer in biological processes stimulated the study of the 

molecules involved and especially of their electronic propertiesl8. 

Dyed proteins were shown to be photoconducting19 and Eley20  and 



vartanyan21  independently published work on the semiconducting 

properties of phthal.ocyanine, while work on isodibenzanthrone, 

dibenzanthrone and pyranthrone by Inokuchi22   established these 

molecules as semiconductors. The publications of Eley and 

Vaz'tanyan since these early papers reveal an intensive study 

of the seimIoonduotivity of many organic compounds23. 

A strict definition of a semiconductor requires that the 

material fulfils the following conditions:- 

The specific conductivity should be in the range 

101 to 10 2  ohm7l  cm. 

The conductivity should increase approximately 

exponentially with the temperature. 

3, The conductivity should be sensitive to the presence 

of foreign atoms dissolved in the structure or to a 

departure from the ideal stoichiometric composition. 

Many of the organic polymers so far prepared have been shown 

to have conducting properties intermediate between those of metals 

and insulators and it has become accepted to call such materials 

semiconductors although it may not be known whether they fulfil 

conditions 2 and 3. 
Since the exact mechanism of conduction in organic polymers 

is not yet understood, it is not possible to predict with 

certainty whether a particular polymer structure will show 

enhanced conductivity. However, study of the several theories 

which have been advanced to account for the conduction points to 



principles which when applied to the synthesis of polymers 

seem most likely to yield conducting products. 

The examination of polymers to estimate their usefulness 

as conducting coatings for electrophotographic base paper involves 

measurement of the conductivity of sheets impregnated with the 

polymers rather than measurement of the true conductivity of these 

materials. However, the greater the conductivity of the 

impregnant, the more likely is the coated sheet to be adequately 

conducting. Consequently, although the work to be reported cannot 

validate or expand theories of conduction in organic solids, a 

survey of these theories provided guidance in the search for 

suitable polymers. 

Conduction in inorganic semiconductors is presumed to be due 

to the thermal excitation of an electron from the valence to the 

conduction band with the production of two charge carriers, i.e. 

the positive hole formed in the valence band and the electron 

excited to the conduction band. 

These carriers can migrate through the solid. The 

conductivity is sensitive to the presence of impurities which 

introduce new energy levels from which electrons can migrate to 

the conduction band or to which they can migrate from the valence 

band with a lower energy requirement than that for the excitation 

of an electron from the valence to the conduction band. Organic 

semiconductors seem to be much less sensitive to the presence of 

impurities than their inorganic counterparts. 
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Difficulties arise when this picture is transferred to 

organic molecules. Eley20  proposed some time ago, that the 

conductivity of such molecules was due to the motion or 7r 

electrons in the conduction band which in organic molecules 

may be very narrow, of the order of 0.1 eV. Both Eley2°  and 

itartanyan21  showed that the replacement of the two central 

hydrogen atoms in phthalocyanine by copper, magnesium or zinc 

had very little effect on the conductivity which therefore 

appeared to be a property of the ring system and was probably due 

to the rr electrons therein. Also, Inokuohi22  found that In 

polynuclear hydrocarbons, the conductivity increased and the 

thermal energy gap decreased with increasing concentrations of 

ii-  electrons, and that the same result held for polyazoaromatic 

systems. In molecular crystals, including organic polymers, the 

overlap of the atomic orbitals extends over only a few atoms, and 

is in any case interfered with by the large intermolecular gaps, 

so that the broadening of the energy levels caused by such overlap 

does not take place. As a result, the energy zones consist of 

several very narrow bands having a Large energy separation rather 

than a few broad ones, and transitions between the energy bands 

will be restricted. Thus in most organic solids, the bands will be 

filled, whether the compounds are saturated or have aromatic 

character. Conducting properties would only be expected in those 

systems having appreciable densities of excited states or having 

unpaired electrons existing as free radicals. 
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The production of charge carriers in organic materials 

implies electron transfer followed by ionisation. The energy 

required for this process can be computed from the difference 

between the ionisation energy and the electron affinity of the 

molecule and Is estimated not less than 3.5 eV2. The traction 
of states having an energy greater than 3.5 eV at room temperature 
Is about 10 .30  and this is not sufficient to account for the 

observed conductivity. 

The conductivity cr of many of the organic molecules has 

been shown to very with temperature according to 

where Cr. Is the conductivity at zero temperature, 

E3  is the activation energy. 

fi Is the Boltzmann constant, 

and t is the absolute temperature. 

The factor one half is included in the exponent since the 

excitation of an electron produces two charge carriers; the 

excited electron and the positive hoTh left in the valence band. 

For anthracene, the activation energy E for conduction In the 

dark is 1 eV while the energy required to produce separated ions 

is 6 eV. 

The simple electrical basis for conduction in an applied field 

can be oonidered as 

o_- 	•...s............ 1.2 
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where Cris the electronic conductivity in ohm,  

n, is the number of carrier electrons, 

is the electron charge of 1.60 x 1019  coulombs, 

p.. is the mobility or drift velocity of the carriers 

in cm./sec. in a field of 1 volt/sec. 

Since the electron charge, 	, is a constant, it follows 

from equation 1.2 that at constant temperature, the conductivity 

and hence the activation energy in equation 1.1 are dependent 

on two variables:- 1) the population of charge carriers, and 2) 

the mobility of the charge carriers in the material. In most 

organic substances, the mobility of the carriers is less than lO 

cm,/sec. and it is probable that only in the cases of charge 

transfer coiplexes where the resonant energy between molecules is 

around 1 eV or more, is there a departure from low charge 

mobility25. For molecules other than the charge transfer 

complexes, the conductivity is dependent on the mobility, the 

population of charge carriers being large enough to remain 

virtually constant. The principal effect of temperature is to 

increase the population of charge carriers and in some cases it 

has been shown that the thermoelectric coefficient varies little 

with the temperature suggesting that the conductivity is mainly 

dependent on the mobility. In condensed ring systems however, 

the thermoelectric coefficient does vary with temperature; hence 

in this case, the equilibrium population of charge carriers is 

dependent upon the temperature. In the molecules having low 
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mobility, an explanation of the low activation energy is required. 

Several theories have been published to account for this. 

Eley and Part itt26  identified the activation energy with the 

optical excitation energy to the lowest excited state of the 

molecule from the ground state and calculated that when the 

electron path is not closed, 

€ 

	

	 ............... 1.3 
8rCt  

and when the electron path forms a closed ring, 

1 .••••.•..•.... . 
4-wnt 

where € is the energy gap between the highest filled and 

lowest unfilled levels for the iT electrons, 

IK is Plancks constant, 

VL is the number of ir electrons in the path considered, 

nt is the mass of the electron, 

and is the total path length = nd 

where d.: i.39A0  is the C..0 distance in aromatic compounds. 

They then suggested that the excited electron may tunnel 

at the lowest excited energy level to the next molecule, with a 

negligible energy requirement and added that it might be possible 

for an electron from another neighbouring molecule to tunnel at 

the ground state level to till the space left by the electron 

which was excited to the upper level. The mobility of the charge 

carrier would be determined mainly by the probability of tunnelling 

through the intermolecular barrier. The activation energy is 
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therefore only the energy required to activate an electron to 

the lowest excited energy level, instead of that required to form 

a tree ion. The theory has been shown to account broadly for 

the observed facts but there is still a contradiction between 

thermal and optical excitation energies. 

Iiehl27  and Northrup and Simpson 28 suggested that ionisation 

takes place by stages. The electron passes to a neighbouring 

molecule then by a series of hops becomes distantly removed and 

forms mobile ion-pairs which can act as carriers. The latter 

workers also suggested that electrical field energy may aid the 

production of ions, They showed that for a large number of 

aromatic hydrocarbons, the observed activation energy for conduction 

is rather less than that required for the first optically excited 

state and concluded that while the observed activation energy may 

be associable with the energy of excitation to the triplet state, 

it is not directly associable with the energy required for carrier 

formation. 

Pohl24 postulates the existence of excitons, associations 

between excited electrons and the holes they have left behind, 

to account for the formation of charge carriers and their mobility 

in semiconducting and conducting polymers. Multipole 

interactions can split the molecular energy levels into exciton 

bands. The existence of ion-exoiton pairing offers low energy 

paths to free ion formation and may be of importance therefore 

in accounting for the otherwise high population of carriers. 
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Furthermore, such ion-exciton complexes may be considered to 

form a mechanism whereby the hopping processes of Riehi, and 

Northrup and Simpson, are aided. The hopping of carriers can 

be assumed to take place via two mechanisms : 1) by the 

emission of a quantum of radiation due to a coupled Ion movement 

and i;s reabsorption elsewhere and 2) by the runnelling of the 

ionic charge. 

The first mechanism probably applies to excitons while the 

second applies to "free" ions. These processes would lead to 

continual creation and annihilation of excitons In the polymer 

systems and although an equilibrium concentration of excitons 

would always be present, each annihilation might be accompanied 

by a rupture of the polymer chain allowing the formation of 

mobile ion-pairs which could act either as dielectric loss 

absorption sites or if separated further, as free carriers. 

Thus it would be expected that the dielectric loss would be many 

times larger than the direct current conductivity and this is 

found experimentally. Pictorially the process of forming 

mobile ions is represented by Pohl as follows:- 

1. Formation of exciton polymer chain: - 

x (MM) - 	 (Mr) __(r4r) 
11. Exchange of ex(Atons between the chains : 

(M'rr) + (Mir) - (Mrr)_1 + (MIr) 1  
111. Rupture of chain producing either 

as symmetrical exciton loss z 

MMMM- 4 14+M'?4M 
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or 	b, unsymmetrical exciton loss giving rise to 

mobile Ions : 

3 

The presence of ions stabilises exciton formation and vice-

versa. Reaction of the ions with excitons will aid in the 

tornwtion of carriers by reducing the energy required to form 

tree ions. 

M+144M+ MW'M 

The total energy requirement for this reaction is of the 

order of - O.i to - 1.5 eV. 

Thus the suggestion is that ion exciton interactions can so 

reduce the free carrier formation energy that it can coincide 

closely with the observed activation energies for the conduction 

process. 

From a survey of existing polymers which had been shown to 

possess conducting or semi-conducting properties, the line of 

investigation which seemed most promising from an electrophotographic 

point or view was chosen. 

It would appear that the conductivity of organic polymers 

depends on the sizes and structural details of the conjugated 

molecular chains, sheets or networks, on the presence or absence 

of occasional direct bonding between them, and on the presence 

of foreign atoms or Ions, especially if these foreign atoms 

produce an excess or deficiency of electrons in the conjugated 

systems. The syntheses of the polymers from monomers have been 
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divided into groups according as ion pairs, conjugated double 

bonds in acyclic chains, rnetallocyclics or heteroatoms are 

introduced into the polymer chain, the groups indicating the 

principles, now being modified on which expectation of 

conductance was based. However, one of the most straight-

forward methods of preparing conducting polymers has been the 

alteration of the chains of already existing structures. 

It has been found that on heating in vacuum or under an 

inert atmosphere, most organic polymers  lose gaseous products 

and darken to a black carbonaceous and insoluble mass. At a 

sufficiently high temperature the product is very similar to 

graphite. The organic polymeric materials obtained as pyi'olysis 

residues and containing more than one atom per cent of hydrogen 

and oxygen are referred to as pyropolymers and those containing 

less as polymer carbons. Many such reactions and their products 

have been investigated and the conductivity of the product has 

been shown to be dependent upon the temperature of pyrolysis as 

illustrated in figure 1 (page 15). Winslow and his collaborators29  

have made a study of the products of the heat treatment of 

polyvinylidene chloride and preoxidised polydivinyl benzene as 

a function of the temperature of pyrolysis. Thqrfound that the 

conductivity increased markedly when the temperature was raised 

above 6000, and when pyrolysed to 7000,  a semiconductor of 

resistivity less than 10 ohm, cm, was produced. A mechanism 

for the pyrolysis of divinyl benzene-ethyl vinyl benzene 
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FIG. 1 	Conductivity of products of pyrolysis at 

indicated temperature (after Poh124). 
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copolymer has been proposed by Baker 29 and is indicated 

schematically below. 

U 

Electron spin resonance studies on pyropolymers show that 

tree radicals are formed when the pyrolysis has been carried out 

at temperatures below 6500 while above this temperature bound 

negative ions and conductive valency holes in the condensed 

ring system are probably formed 24. Carpenter30 found that by 

heating polyacetylene above 320° under an inert gas a 

degradation product was formed whose semiconductivity could be 

varied by varying the temperature of pyrolysis from 320 to 9000. 
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Grassié31  investigated the structural properties of the thermal 

conversion products of polyacrylonitrile and the conducting 

properties of these materials have been thoroughly studied by 

Topchiev32. He pyrolysed the polymer under various conditions: 

1* in a vacuum with evacuation of escaping gases, 

in a previously evacuated autoclave, 

in air, 

1. • under ammonia pressure. 

Thermal treatment of polyacrylonitrile under ammonia pressure led 

to a considerable increase in electrical conductivity. The most 

conducting product had a conductivity of 10  ohm.' cm. at 200. 

Pohl33  has obtained samples by an analogous method having an 

electrical conductivity of the same order of magnitude. 

The elimination of small molecules such as water and hydrogen 

chloride from existing polymers has produced semi'conducting materials. 

Bohrer34  eliminated hydrogen chloride from polyvinylidene chloride 

by refluxing it in morpholine or alcoholic alkali. Insoluble 

dark coloured polymers were obtained with an interrupted conjugated 

system. The electrical resistance decreased rapidly with increasing 

temperature of dehydrochlorination and the products, which had a 

conductivity of 10 	ohms 	cm.'1  could be considered as weak 

semiconductors with a high activation energy for conduction. 

Similar treatment or polyvinyl bromide35 brings about the removal 

of hydrogen bromide and yields a dark brown soluble polyvinylene 

characterised by a negative temperature coefficient of resistance. 
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Irradiation by 1.2meV X-rays initially increased the 

conductivity of such plastics as polyethylene, polytetra-

fluoroethylene and polystyrene 6 but only by a factor of 10. 

The maximum conductivity attained was less than 106 ohm. 

for polyethylene and after about three hours irradiation, 

the conductivity decreased again. Irradiation of polystyrene37 

by X-rays at temperatures between 200 and 1100 raised the 

conductivity to between 10" ohm.cm. and 10~15  ohm.
-1 
 cm.' 

depending on the temperature. A review on the electrical 

conductivity of irradiated polymers has been published38. 

Complexes formed between polyoyclic aromatic hydrocarbons 

and halogens have resistivities as low as 100 to 10 ohm. cm.39. 

The addition of bromine to a benzene solution of perylene (T) 

or violanthrene (II) as well as other hydrocarbons yields a 

black precipitate; direct absorption of bromine vapour also 

produces a black substance from perylene. 	In either case 

there is a substitution reaction of bromine in the aromatic 

rings with simultaneous liberation of hydrogen bromide. 



Free radical salts based on tetracyanoquinodimethane (III) 

CN CN 

0 
crq C\cN 

III 

have been shown40   to have unusually high conductivities and 

recently suitable polymers have been equipped with negatively 

charged tetracyanoquinodimethane ion$. The modified polymers 

conduct electricity, retain the mechanical properties of polymers 

but remain stable only to about 1000. 

The syntheses of conducting and semiconducting polymers 

from monomers will be divided into the four groups previously 

mentioned, according as the preparation leads to 

11 polymers with ion pairs, 

2, polymers with acyclic conjugated chains, 

3* polymers including chelated metals, 

. polymers with heteroatoms in the chain. 

In many cases, the inclusion of a polymer in a particular 

group is arbitrary, several of the listed properties being 

present. 

1. Preparation of polymers with ion pairs. 

These preparations include the modification of some existing 

polymers. The resistance of polymers having polar groups, such 

as polyvinyl chloride can be reduced 2  by the incorporation  of 
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polar plasticizers. The plasticizers become attached to the 

polar groups of the, polymer thus reducing the attraction of 

polymer groups for one another. There is always an equilibrium 

between plasticiser aggregates and polymer aggregates on the 

one hand and plasticiser-polymer solvates on the other. The 

free plasticizer molecules are those which migrate and carry 

the electric current. 

In polyethylene polymers containing carboxyl groups the 

hydrogens of these groups can be substituted by sodium ions4. 

Sulphoxyl or any kind of dissociable groups which form acids 

and bases can also be used. Although the ions are "free", they 

are localized and cannot readily diffuse away. Their mobility 

can be altered by a change in temperature or by the introduction 

of plasticizers and swelling agents. Thus, some control can be 

exercised over the conductivity, and polymers which can be used 

as semiconductors and even conductors for low frequency operation 

have been prepared. Their usefulness is limited by their 

deterioration at temperatures above 2500.  Neutralisation of 

polymethacrylic acid with aqueous potassium hydroxide produced 

a swollen-resin 44 .with,..a conductivity which ranged from 1 x 10' 

to 5 x 10 ohm-&-I  cm.' depending on the degree of swelling and 

the potassium ion concentration, 

the degree of swelling 450 

the conductivity increasing with 

Polyelectrolytes were synthesized and intensively studied 

by Fuoss and his co.workers46  in the 1930's  and  190's. 
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In a paper in a series on the electrical properties of solids, 

Maclay and Fuoss''T reported that poly.-4'.vinylpyridine quaternised 

with methyl bromide was a good electrolytic conductor, especially 

when plasticised. 

The synthesis of polymers from cyclopentadiene and its 

derivatives using acid catalysts 48 has yilded deeply coloured 

materials which are soluble in non polar solvents forming 

conducting solutions. Conduction is enhanced by the presence 

of acid when ion-pairs are formed by proton transfer from the 

acid to the conjugated bond system in the polymers. A benzene 

- solution 0.05 molar in cyclopentadiene polymer and 1.00 molar in 

trichioroacetic acid had a conductivity of 2.4 x 10 ohm. 

cm.. In addition the polymers have been shown to conduct in 

the solid state. The white polymer produced by the action of 

stannic chloride on cyclopentadiene49   spontaneously undergoes 

dihydrobromination to yield a black insoluble product & resistivity 
10  oIun. cnl.50. 

2. 	Preparat ion of polymers having acyclic conjugated chains. 

These polymers can be prepared by a) polycondensation 

reactions or b) polymerisation of acetylenes, frequently using 

organometallic catalysts. 

a) Polymers having 12 or 15 conjugated double bonds have 

been prepared51  by the condensation of crotonaldehyde with aldols. 

They have found applications as dyes and photosensitisers, but 

are fairly easily oxidised by air and oxidising agents, are 
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capable of combining with nucleophilic reagents and readily 

undergo the Diels-Alder reaction. With antimony trichioride 

in chloroform they give colours which are characteristic of 

conjugated systems. Their practical use is limited by their 

chemical reactivity and by the low stability of even the 

highest molecular weight linear polyenes yet prepared. 

According to Berlin52  substances in the excited state 

with sufficiently long conjugated chains should be capable of 

undergoing processes of polymerisation and copolymerisation to 

produce polymers with much longer conjugated chains, but no 

literature has so far been published on this method of synthesis. 

b) Hatano and Kaxnbara53  have obtained high molecular weight 

crystalline and amorphous polyacetylenes by the use of various 

catalysts of the Zeigler-Natta type. The resulting polymers had 

a stereoregular structure of chains of conjugated double bonds-

and-exhibited 

onds.

andexhibited enhanced conductivity in the range 7 x lo'  ohm. 

to 3 x lO °  ohm. cm.. The polyacetylenes were 

gradually oxidised by air, when the electrical conductance and 

the concentration of unpaired electrons, computed from electron 

spin resonance data, decreased abruptly, and the colour changed 

from greenish black to pale orange. Electron spin resonance and 

infra.-red data on polyphenylacetylene are completely consistent 

with the formation of an uninterruptedconjugated chain 4. 

Phenylacetylene, hexyne and ethynyl benzene have been 

catalytically polymerised55  at temperatures between 1000  and 4000 
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forming polymers which are fractionally soluble in 

pyridine-and benZene, the fractions having conductivities of 

up to lO ohm. -1  cm.'1. The polymers showed a negative 

temperature coefficient of resistance, the relationship between 

conductivity and temperature being governed by a Boltzmann 

factor. 

These polyvinylenes are characterised by the limited 

freedom of rotation about the C = C bonds which stabilise 

the planar configuration of the entire chain so that only two 

forms of geometrical isomers, cis and trans, are possible. The 

longer the chain, the larger the number of possible isomers. 

The conjugation leads to an increase in the strength of the intra-

and inter-molecular bonds and together with the symmetry of the 

structures, this accounts for the increase in the densities, 

boiling points and melting points of these polyenes compared with 

the corresponding polymers having isolated double bonds. 

3. Polym-er-o. with metalloc Ucin the chain of coniuszation. 

Many interesting results on polymeric compounds containing 

chelate groups have been obtained in the laboratories of the 

Institute for Chemical Physics in Moscow by Berlin and his 

co-workers 6. Polyphthalocyanines, like the monomer2Oi21  show 

great thermal stability. They have been prepared by condensing 

301 ,4,4' - tetracyanodiphenyl with metallic salts57, by melting 

together at 2750 3,3',4,4' - tetracyanodiphenyloxide, phthalonitrile 

and copper chloride 8  and by the action of pyromellitic acid, 



phthalic anhydride and urea on copper salts at 200054 • 

Epstein and Wildi59  have prepared samples of ooppe 

polphthalocyanine with a conductivity of 2.5 x lO ohm. 

cm. at 250,  while a sample 'epaz'edby Felmayer and Wolf5° 

had a conductivity of 10_8  ohm.' 	-'1. cm. • The polyphthalo.- 

cyanines are partly soluble in dimethylformmi-de, are stable 

to 350  and are typical semiconductors. Their structure has 

been elucidated by infra-red spectroscopy and appears to be 

,N E3 
X, 

I Cyy 

N -- 	Me---  N 
- 

SN — 

VP'  

Jwe----rJJ' 

'IL 

The reaction of tetracyanoethylene with metals or their 

salts 61  at 100_3000  gives rise to substances which have the 
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probable structure 	/ 
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These materials are black Insoluble and in-fusible.--polymers 

with conductivities which range from 10 to 10 ohm. cm., 

and are temperature dependent 62.  Metal surfaces can be resin 

coated by the use of vapours of tetracyanoethylene, insoluble 

and infusible films being produoed6 , The polymers, which are 

crystalline when polyco..ordination is accomplished on the 

metal reagent interface are chemically stable, do not burn and 

resist heating at 500°. 

Berlin 64 
 has produced chelated polymeric compounds by 

treating ferrocene in acid with diazonium salts of p—aminosalicylic 

acid or paminosalicyla1dehyde. Tetrasalicyl salts of 

ferrocene were recovered and were treated with metal salts. 

Ferromagnetic properties were induced by heating the salts at 

1200 
 to 1500. Similar compounds are described by Pohl 24; 

Polyvinyl ferrocene (Iv) is an insulator while polymers formed 

by interlinking the ferrocene molecules with carbonyl groups have 

conductivities ranging from 10 to 10 	ohm. om.. 

Copolymerisation of ferrocene with benzal results in a polymer (v) 
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Q-Cw- 
Fe 

Y 

10 ohrn. 1  cm.-1 and being some- exiibiting a conductivity of 

what thermoplastic. 

&. Polymers with heteroatonis in the chain. 

The condensation of phthalic anhydride with hydroquinone 

and n-phenylene-diamine yields poiyrners6  which have the 

hypothetical structures 

U 

o-c—oo1  

0 	0 
II 	 II 

- - 0-c c- 	and -HN NH-C ,e 

in 

The presence of unpaired valency electrons of oxygen and nitrogen 

which can take part in the conjugation might be expected to 

confer semiconductor properties on these molecules and this was 

confirmed when their conductivity was found to be about 10 

ohm. 	-1 cm. , in addition to being temperature dependent. 

Pohl24  reported in 1962 that nearly one hundred polyacene 

quinone polymers had been prepared at the Princeton Plastics 
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Laboratory by condensing various reactive aromatiô 

hydrocarbons with aromatic acid anhydrides in the presence 

of zinc chloride 66. The room temperature resistivities of 

the products ranged from 10 to 1011 ohm. cm. • A range of 

polyacenequinones has also been prepared by Berlin and his 
407 

co-workers6 . 

Polyxanthenes result from the reaction of hydroquinone 

with pyromellitic and phthalic anhydrides52. • Thrae 

reported 69 to have a conductivity of 10" ohm.' cm. at 250 

and it has been suggested68 that this is due to the ease of 

their transformation into the ionic form according to the 

scheme 

HO r~'

,

?

ow 

 

; NO)O:-ZO HO

Te~ 

0 

NN 

A different approach to the preparation of the 

polyxanthenes has been the dehydrogenation of poly -1, 

cyclohexene by the action of chloranil in xylene. 

Chloranil has also been used in the synthesis of polymers 

containing quinone and amino groups. Polyphenyleneaminoquinones 

have resulted when chloranil was reacted with benzidine or its 

derivatives, with benzoquinone aromatic imines or with diazo'.. 

benzidine71. 
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The magnetic and electrical properties of A are apparently due 

to the ease of formation of semiquinone radicals, the 

participation of the unshared electrons of the nitrogen in the 

total conjugated chain and the formation of intermolecular 

structures by means of hydrogen and chelate bonds. 

The presence of active halogen atoms and other functional 

groups in the polyphenylaininoquinones and polyphenylenequinones 

opens many possibilities for modification of the properties 

of the polymer and synthesis of various analogues. 

Dichromate oxidation of aniline72  in the presence of acid 

results in the long known macromolecule, aniline-black, * 

which has an electric conductivity of between lO 	olin.-1  cm. 

and lO" ohm."'  cm. depending upon the conditions of preparation. 

Parini has suggested that the conductivity is due to the 

accumulation of quinodiimino groupings. 

Polymers which would be suitable for use as coatings for 

electrophotographic base paper should be 1) adequately conducting, 

ii) soluble in commercially available solvents, 111) stable at 

room temperature for a reasonably long period, lv) fairly readily 
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synthesised. Many of the described polymers show the 

required conductivity but are insoluble and infusible. 

One of the most promising groups of polymers from the 

electrophotographio point of view appeared to be that 

synthesised from cyclopentadiene by Wassermann and his 

co-workers 8. Consequently, their preparation and 

properties are further described. 

The cyclopentadiene is first of all converted into 

a bicyclopentyl ester, 

3 - (cyclopenta 2,4 - dienyl) cyclopentyl trichioro-

acetate (vl), in a reaction with trichloroacetic acid similar 

CCi3Coq• 	
- 	cu= C4 

I I / 	'CI1=CM 
cwz_ Cu2 

to a Diels Alder dirnerlsation. The ester was shown to 

polymerise by trichloroacetic acid catalysis according to 

the scheme 73  

C 

(RrB) 

-, RB .. B- 

* 4D .. B + C10H13B ._, + HB 

(1) 

(11) 

B + C10111313 - 	(R 1B) + 2HB 	(111) 

where C10H1B represents the biyclopentyl ester, 

HB 	represents the trichloroacetic acid, 
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and 	R represents the C10  residues incorporated into the 

growing carbonium ions (R1,B) and into the dead 

polymers R!,B  of degree of polymerization r. 

(1) is the initiation reaction, (11) the propagation and 

(111) the termination. Cyclopentenyl chloride, cyolopentadieny-

lidenecyclopentane, cyclopentarnethylene tulvene and a colourless 

cyolopentadiene polymer prepar'ed4  by the action of stannic 

chloride on cyolopentadiene, undergo a reaction with trichloro-

acetic acid similar to that of the ester to form deeply 

coloured compounds k89'.  These polymers are easily soluble 

in aromatic solvents and chlorinated hydrocarbons; their 

molecular weights are in the range 1,000 to 50,000; their 

melting points are in all cases above 2000  and the electronic 

spectra show that at least one sequence of conjugated double 

bonds is present. If a proton donor is added to a solution of 

the polymers, ion-pairs are formed, the cation being the. 

protonated polymer. The proton acceptor properties are due to 

the presence of the conjugated double bonds. It appears that 

the positive charge of the proton is distributed over the whole 

sequence of the conjugated double bonds and is not located at a 

particular carbon atom, as indicated by the large degree of 

dissociation of the ion-pairs to produce the carriers of the 

electric current. 

Cyclopentadiene has been replaced by furan, thiophen and 

pyrrole75  when both trifluoroacetic acid and trichloroacetic 
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acid were studied as catalysts. 	The product of the reaction 

with thiophen was a finely divided yellow solid but furan and 

pyrrole yielded blue to black polymers which showed proton 

acceptor properties but whose molecular weights were Low. 

The electronic and infra-red spectra were similar to those of 

the polycyclopentadienes. In all eases, the predominant 

repeat units C1H4X, (X.= cr12, 0, NH or s) are cyclic, and ring 

opening as in the polymerisation of tetrahydra-furan76  plays 

no significant role. The furan and pyrrole polymers contain 

a sequence of conjugated double bonds, (3-12) which are formed 

by a shift of hydrogens and are responsible for the formation 

of oxalic acid on oxidative degradation, colour, proton acceptor 

properties and the formation of bluish black trichloroaoetic acid 

adducts in solvents benzene and dichioromethane, These acid 

adducts are electrically conducting in mn-polar solvents. 

In an attempt to polymerise an open chain monomer 

similarly, butadiene was bubbled into pure trifluoroacetic acid75. 

After the removal of the free acid, a viscous oil of molecular 

weight 488 was obtained which was probably a polymer having a 

degree of polymerisation of 6. There were not more than three 

conjugated double bonds per molecule. 

The search for monomers which, under similar conditions 

to those in the preparations of the cyolopentadiene, furan, 

pyrrole, thiophen and butadiene polymers, might yield a polymer 

suitable for coating an electrophotographic base paper, was 
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guided by the polymer requirements of a high molecular weight 

to confer good coating properties and a high degree of conjugation 

which, on the proposed ion-pair machanism would be expected 

to enhance the conductivity. Since it had already been shown 

that the addition of acids to carotene (vii) in 

(c H3) 
C143 	CU3 	 CU3 	C13 

dC~e,-C.H= 	CI4_CHCU_CI4=e- cH=cN-cue-NcN 	C142 

CH C 	 CU2 

'' CIII 	 c14 c. 
Vii 

aprotic solvents gave rise to a deeply coloured solution77 due 

to the formation of _a protonated species of the same type as the 

ion pair (RB) .. B of equation (1), page 29, which was 

postulated as an intermediate in the polymerisation of the 

bicylopentyl ester, the potential of this molecule as a monomer 

was investigated. 

Carotene78 is a long chain hydrocarbon with a cyclohexene 

ring at both ends of the chain which exists in three stable 

isomeric forms. Commercial carotene is substantially the 

- isomer having eleven conjugated double bonds which account 

for its deep red colour and the blue coloration which is produced 

on its addition to sulphuric acid or antimony trichloride, On 

exposure to air, p carotene is gradually oxidised with loss 

of colour, gain in weight and increased solubility. The presence 
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of the conjugated double bond chain in the molecule accounts 

for the characteristic spectrum in chloroform which shows 
7() 

absorption maxima at wavelengths of 297 fll)1 and 66 nip . 

A preliminary investigation of the trich.loroacetic acid 

catalysed polymerisation or vitamin A acetate (VIII) has also 

(c H3)2  

CU3  
CH2  C-cH=CU-c=CH-CN=CH_c = eN-CU -C.Oca.I 
I 	II 	 2 

H2  

& 3 

VIII 

been made. As will be seen this haplocarotenoid or 

approximately half the molecular weight of carotene has one 

cyclohexene ring and a system of five conjugated double bonds 

which give rise to its orange yellow colour and the blue 

colour of its adduct with concentrated sulphuric acid or 

antimony trichioride in chloroform, As with carotene which 

is Itself provitaxnin A active and is capable of being converted 

into vitamin A in the animal body, it has been shown previously 

that vitamin A acetate is a proton acceptor 80 . 
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2. 

2.1 Purification of reagents 

Benzene (pure, crystallisable), was shaken with 

concentrated sulphuric acid followed by sodium carbonate 

and water. It was dried over anhydrous sodium sulphate 

and sodium before being distilled. At four-weekly 

intervals, the benzene was redried over sodium and 

redistilled. 

Carotene (B.D.H.) was stored under high vacuum in 

the dark. In one experiment to be described, it was 

purified by recrystallisation from a carbon disulphide.-

ethanol mixture'  to give shining deep red crystals of 

melting point 1730. 

Vitamin A acetate (Koch-Light) was used without 

Purification, 

Analar dichioromethane, nitromethane and methylated 

spirit (95% ethanol, 5% methanol), were used without 

further purification. 

Anhydrous calcium chloride and anhydrous sodium 

sulphate were further dried at 2000  for eight hours. 

Potassium bicarbonate (Anai.ar), was dried in a drying 

pistol at 550  over anhydrous calcium chloride for several 

days and finely powdered. 

Glass apparatus was dried at 1500  for 24 hours before use. 
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The purification and drying of the catalysts are 

described with the polymerisation reactions in the 

following section (2.2). 
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22 Preparation of Polymers from Carotene 

In the initial polymerisation of carotene, 

trichloroacetic acid, (2.2-a) was used as catalyst 

and the reaction conditions were very similar to those 

of Wassermann and his co-workers in the polymerisation 

of cyclopentadiene 8, The maximum degree of polymerisation 

of the products was five. With the object of increasing the 

degree of polymerisation while keeping intact the conjugated 

double bond chain, the reaction conditions were altered in 

several ways. The dielectric constant of the medium was 

raised from 3 to 19 by changing the solvent from benzene to 

dichioromethane, thus facilitating the dissociation of the acid. 

The time of reaction was increased from 18 hours to a maximum 

of 11.14 days but due to the volatility of trichloroacetic acid, 

no attempt was made to raise the temperature of the reaction 

mixture. 

The effect of different catalysts was investigated. 

Trifluoroacetic acid (2.2-d), a more highly dissociated 

acid than trichloroacetic acid could be used without solvent 

since at normal temperatures it is a liquid. Following on 

from the results of Wassermann on the proton acceptor 

properties of carotene77, hydrogen chloride, (2.2-c) 

dichioroacetic acid, (2.2-b) picric acid (2.2-e) and 

diphenyiphosphate (2.2-f) were tried as catalysts, in 
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benzene, at room temperature and with short reaction 

times, and then, with the exception of hydrochloric acid, 

at elevated temperatures and longer reaction times. The 

effect of dichioromethane and nitromethane as solvents 

was determined, the latter having a dielectric constant 

of 9. Reaction of carotene with monochloroacetic acid 

(2.2-g), the least dissociated acid of the chioroacetie 

series, was encouraged by using dichloromethane and 

nitromethane as solvents, by refluxing the reaction mixture, 

and by allowing the reaction to proceed for several weeks. 

Similar conditions obtained in the acetic acid (2.2-h) 

cabalysed series. 

Carotene polymers isolated from these reactions were 

resubjected to treatment with trifluoroacetic acid, 

trichioroacetic acid ormonochloroacetio acid in dichioro-

methane or benzene (2.2-1); the properties of the products 

of this two stage reaction were studied. 

Finally one of the two stage reaction products was 

retreated with trichloroacetic acid in benzene (2.2-i). 

Since carotene is sensitive to oxygen, its solutions 

were stabilised by the addition of cK. tocopherol. 

After isolation, all the polymers were dried in a 

vacuum desiccator over anhydrous calcium chloride. 
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2.2-a Catalyst : trichlor'oacetic acid 

The reaction conditions are summarised in Table 1, 

(page :59). 
Analar trichloroaoetic acid was dried over frequently 

renewed phosphorous pentaohloride in vacuo. A stoppered 

measuring cylinder containing benzene (lOOmi.) was weighed 

and trichioroacetic acid (about 110g.) was added quickly 

followed by benzene to give a solution volume of 200ml. 

Titration of aliquots (10.Oml.) of the solution with 

aqueous sodium hydroxide (1.0 normal) in the presence of 

phenolphthalein indicated that the normality of the acid 

solution was 3.89. It was stored over anhydrous calcium 

chloride in the dark. 

The trichloroacetic acid solution (643m1.) was diluted 

with benzene (18.3 ml.) and 0.01 molar cC. tocopherol in 

benzene (0.25m1.) added. The solution, now normal in 

triohloroacetic acid, was poured onto carotene (1.0g.). 

The colour changed rapidly from bright orange-red through 

greenish orange to blue-black. Nitrogen was bubbled 

gently through the solution for 1 hour, then the reaction 

vessel was sealed and allowed to stand at room temperature 

for the specified length of time (Table 1). After about 

two hours, the solid had dissolved completely. At the 

end of the reaction period, the free acid was neutralised 

by stirring for four hours with twice the theoretically 
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required quantity of potassium bicarbonate (59.,  0.05 mole). 

Moisture was excluded from the flask by a calcium chloride 

tube, After about 30 minutes, the colour changed from 

bluish-black to red-brown, effervescence ceased and the 

mixture became viscous. Benzene (iOml.) was added before 

the precipitate was filtered off and washed with solvent 

(3 x lOml.) until almost colourless, The filtrate and 

washings were poured into 10 times their volume of ethanol 

(600m1,) stirred for ten minutes and the flocculent 

precipitate separated by centrifugation (20 minutes, 150 

r.p.m.). The product was washed with a little ethanol, and 

recentrifuged (15 minutes, 1500 r.p.m.). 

An approximately 4N solution of acid in dichloromethane 

was prepared and was used in the polymerization of carotene 

with trichloroacetic acid in dichloromethane, the method 

being analogous with the polymerization in benzene, 

2.2-b Catalyst: dichioroaoetio acid 

The reaction conditions are suxiunarised in Table 2, 

(page k). 

Dichioroacetic acid (lOOmi.) in benzene (300inl.) was 

dried over anhydrous sodium sulphate (20g.) for two days8 . 

The supernatant liquid was decanted off and dried over a 

fresh portion of sulphate (lOg.). The dry liquid was 

distilled under reduced pressure, (20rmn,); the distillate 

was collected between 950  and 1020. The dry acid was stored 
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over anhydrous calcium chloride in a darkened desiccator. 

Dichloroacetic acid (2.lml.) and 0.01 molar 

d.. tocopherol in benzene (0.25m1,) were diluted with 

benzene or dichloromethane (22.7rnl.) and the solution added 

to carotene (1.0g.). Where the reaction took place at 

normal temperatures, nitrogen was bubbled through the 

solution for one hour before the flask was sealed and left 

at room temperature for the required time, (Table 2). A 

slow darkening of the colour from orange-red to red-brown 

was observed, but the carotene did not dissolve completely. 

For reaction at higher temperatures, the solution was 

refluxed under a slow stream of nitrogen. Solvent was 

added as necessary to maintain the volume. 	The colour 

change from orange-red to red-brown occurred more rapidly 

than at room temperature and eventually a greenish-brown 

solution was produced. In both benzene and dichloromethane, 

the solid had dissolved before the completion of the 24 

hour reflux period. The acid remaining at the end of the 

reaction time both at room temperature and at higher 

temperatures, was neutralised by stirring for four hours 

with potassium bicarbonate (5g.). The vigorous effervescence 

ceased after about 30 minutes; there was no colour change. 

The precipitate was filtered off and washed with solvent 

(3 x lOml.) until almost colourless. No precipitation 

occurred on the addition of a small quantity (5m1.) of the 
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combined filtrate and washings to ethanol (50ml. ). 

Three possible precipitants, methanol, petroleum ether 

and acetone were also tried unsuccessfully, A dark 

b±'own viscous oil formed when water was added to the 

ethanol solution, The filtrate and washings were 

reduced to ,a volume of about 5inlo  under a pressure of 

20imn., The solution was poured into vigorously stirred 

ethanol (50m1.) and the precipitate which formed was 

separated by centrifugation (20 minutes, 1500 r.p.m.) 

washed with ethanol (lOini.) and recentrifuged (15 

minutes, 2000 r.p.m.). 

The neutralised filtrate containing polymer D3b 

(Table 2) was concentrated to 8 ml, under reduced pressure 

(20mm,) and poured into stirred alcohol (80ini.). The small 

quantity of solid (D3b(i)) which precipitated was 

centrifuged off (15 minutes, 2000 r.p.m.) leaving a dark 

brown liquid. A few drops of water were slowly added to 

this solution when a yellow-brown precipitate formed, 

(D3b(ll)), which was recovered by centrifugation (15 minutes, 

2000 r.p.m.). 

2.2-c Catalyst : Iydogen chloride 

The reaction conditions are summarised in Table _1 
(page 44 ). 

Dry hydrogen chloride gas was prepared according to 

the method of Sweeney by slowly dropping concentrated 
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hydrochloric acid through a capillary into concentrated 

sulphuric acid, and passing the gas through two feet of 

tubing packed with anhydrous calcium chloride. Benzene 

as saturated with hydrogen chloride by bubbling the 

dried gas through the liquid for three days. The 

solution remained optically clear indicating an absence 

of moisture. 

The normality of the hydrogen chloride-saturated 

benzene solution was determined by titrating aliquots 

(590ml,) with standard aqueous sodium hydroxide (approx. 

0.1N) using phenolphthalein as indicator. Three samples 

of the gas saturated benzene were prepared; the normality 

ranged from 0.34 to 0.36. 

The hydrogen chloride solution (25.Oml.) and 0.01 

molar o4 tocopherol in benzene (0.25m1.) were slowly added 

to carotene (1.0g.). Dry hydrogen chloride was bubbled 

quite vigorously through the mixture for 30 minutes. The 

flask was sealed and left at room temperature for the 

specified length of time (Table 3). On adding the acid 

solution to carotene, the colour darkened rapidly from 

orange-red through red-brown to green-black, and a small 

quantity of black precipitate formed except in the preparation 

of polymer E3b where the green-black solution did not 

deposit a solid. The free acid was neutralized by stirring 

with an excess of potassium bicarbonate (59., 0.05 mole): 



after five minutes, the colour changed from green-black 

to brown. The precipitate was filtered off and washed 

with benzene (2 x 10 ml.). The black material did not 

dissolve. In the preparation of polymer Elb, the filtrate 

and washings (40ml.) were slowly added to stirred ethanol 

(1 00ml. ) • The stirring was continued for 10 minutes but 

very little precipitation occurred. The product was 

centrifuged off (20 minutes, 1500 r.p.m.). Portions 

(5m1.) of the filtrate and washings containing polymer 

E2b were added to acetone (50 ni.) or petroleum ether 

(50 ml) when a solution was produced. The remaining 

filtrate (30 ml,) was concentrated to a volume of 5m1, 

under reduced pressure (20mm,) before being added to 

ethanol (50inl.),  The precipitate which formed was isolated 

by centrifugation (20 minutes, 1500  r.p.m.). Filtrates 

from later preparations E3b,  Ekb and E5a  were treated 

similarly. 

2.2..d Catalyst : triflfloz'oacetic acid 

The reaction conditions are summarised in Table k, 

(page 1v7 ). 

Trifluoroacetic acid, (Eastman), was distilled 

immediately before it was required; the fraction boiling 

between 780  and 800  was collected. 

For polymerizations in solvent, a molar solution or 

trifluoroacetic acid in benzene, dichloroinethane or 
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nitromethane was prepared, (1.9 ml. acid in 23.1  ml* solvent) 

and made 1 x 10-4 molar in o( tocopherol by the addition 

of 0,01 molar 0<.  tocopherol in benzene, (0.25m.t. to 

25m1, solution). The acid solution (25.Oml) was added 

to carotene (1.0g.) and nitrogen bubbled slowly through 

the mixture for one hour. The colour changed rapidly 

from orange-red, through brown to blue-black. The flask 

was sealed and left at room temperature for the specified 

period (Table )i). Except where nitromethane was used 

as solvent, the carotene had dissolved completely after 

about two hours, In nitromethane, a pinkish-brown solid 

remained after 14 days at room temperature. Two hours 

after the addition of benzene (lOnil.) the solid had dissolved. 

At the end of the reaction time, the remaining free 

acid was removed by stirring with double the theoretically 

required quantity of potassium bicarbonate (59.)  for one 

hour while excluding moisture by a calcium chloride tube. 

The colour changed from blue-black to red-brown after five 

minutes and the mixture became viscous. The addition of 

solvent (10inl,) helped to reduce the viscosity and speeded 

the filtration of the mixture. The precipitate was washed 

with solvent (3 x lOinl) until almost colourless, and the 

filtrate and washings (60ml.) were added slowly to stirred 

ethanol (GOOn],). 	The red-brown flocculent precipitate 

which formed after stirring for 10 minutes and standing at 
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room temperature for 10 minutes was isolated by 

centrifugation (15 minutes, 2000 r.p.m.). It was washed 

with a little ethanol and recentrifuged (10 minutes, 2000 

r.p.m.). 

In addition, carotene was polymerised using trifluoro- 

acetic acid without solvent, The freshly redistilled acid 

(5,Om.t,) was added dropwise to a mixture of carotene (1.0g.) 

and 0.01 molar oC.. tocopherol in benzene (0.05m1.) with 

waterbath cooling when necessary to keep the temperature below 

250. The carotene dissolved to form a blue-black 

solution which was allowed to stand at room temperature 

under a slow stream of nitrogen. The volume was maintained 

by periodic additions of acid. After the specified length 

of time (Table k) the acid was diluted with benzene (15ml.) 

and neutralised by stirring with a small excess of potassium 

bicarbonate (159.) for three hours during which time a colour 

change from blue-black to dark brown occurred. The 

precipitate was filtered off, washed with benzene (ii x lOml.) 

until almost free of polymer and the filtrate and washings 

(55ml.) slowly added to stirred ethanol (550ml.).  The 

flocculent precipitate isolated by centrifugation (20 

minutes, 1500 r.p.m.) was washed with a little ethanol, and 

recentrituged (15 minutes, 2000 r.p.m.). 

In the preparation of polymer F9f carotene which had 

been recrystallised as described under section 2.1 (page 34 ) 
was used. 
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2e2 	Catalyst : Pieria acid 

The reaction conditions are summarised in Table 5, 

(page 50- 

Two methods of drying picric acid were adopted: 

Picric acid (log, of Analar, in 50% water by weight) 

was shaken with benzene (lOOm].,) and dried over anhydrous 

sodium sulphate (log.). The dry solution was filtered 

and concentrated under reduced pressure (20mm.) until a 

precipitate of picric acid just began to form. A known 

volume of the solution (5m1.) was carefully evaporated to 

dryness and the weight of the residue indicated that the 

solution was 0.57 molar. 

Pieria acid (Analar, in 50% water by weight) was 

dried over calcium chloride in an evacuat3d desiccator. 

Polymer Gib (Table 5) was prepared using the solution 

of picric acid in benzene which was the end product of 

drying method 1. This solution (35m1.)  and 0.01 molar 

c'(, tocopherol in benzene (0.35m1.) were added to 

carotene (0.859.). After passing nitrogen through the 

solution for one hour, the flask was sealed and left at 

room temperature for 48 hours. No colour change occurred 

and some carotene remained undissolved. The mixture was 

stirred with an excess of potassium bicarbonate (59.), 

moisture being excluded by a calcium chloride tube. After 

one hour, when effervescence had ceased, the precipitate 
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was removed by filtration and washed with benzene (5 x 

lOnil.) until it was pale yellow. The dark red-brown 

filtrate and washings were concentrated under reduced 

pressure (20mm.) to a volume (20m1.) such that a dark 

red precipitate just began to form and while shaking, the 

concentrate was slowly added to ethanol (200ml.). The 

finely divided shining crystals which formed were 

separated by centrifugation (20 minutes at 1500 r.p.m.). 

In the remaining experiments to polymerise carotene with 

picric acid, the acid used was dried by method 2. The 

dry acid (5.7g.)  was dissolved as far as possible in 

benzene (20m1.). 0.01 molar o, tocopherol in benzene 

(0.25rnl.) was added followed by carotene (1.0g.). Air 

was removed by bubbling nitrogen through the solution for 

one hour, the flask was sealed and the reaction allowed 

to proceed for the specified time (Table 5) at room 

temperature. Alternatively, the mixture of acid, 

tocopherol and carotene in benzene was refluxed under 

nitrogen, benzene being added when required to maintain the 

original volume. The colour of the solution darkened from 

deep red torcxl-brown but an orange-red precipitate remained 

after 30 days  at room temperature and appeared on cooling 

after refluxing for 24 hours. Potassium bicarbonate (59., 

double the theoretically required quantity) was stirred with 

the reaction mixture for 3 hours under anhydrous conditions. 
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The solid was filtered oft and washed with benzene (11  x 

LOmi,). The orange-red precipitate which remained in the 

reaction mixture, dissolved during the washing, leaving a 

yellow solid. The filtrate and washings were concentrated 

to 5m10  under reduced pressure and added to agitated 

ethanol (50m1.).  The copious precipitate was recovered by 

centrifuging (30  minutes,  1500  rp.m.). It was dark brown 

in colour and since upwards of 39. were produced it contained 

a large quantity of picric acid. When dry it was 

dissolved in benzene (20 ml.) and stirred for three hours 

with potassium bicarbonate (59.).  The yellow precipitate 

was filtered off, washed with benzene (3 x lOini.) and the 

orange-red filtrate and washings concentrated to 5m1, under 

reduced pressure (20nnu). 	The solution was added dropwise 

to stirred ethanol (50mL.). The deep red crystalline product 

was centrifuged off (15 minutes ; 2000 r.p.m.). 

2.2-f Catalyst- : diphenylphosDhat€ 

1. 	Preparation of dipheny1phosphate 83 . 

2(C6H50H) + Pod ) 	- 	(c6H50)2Poc1 + 2HC1 

(c6H50)2Pocl 	-, (c6H50)2P0H 

aqueous hydrolysis 

Phenol (Aiialar) was dried in vaouo over frequently 

renewed phosphorous pentachloride. Phosphorous 

oxychioride (B.D.H. 22.8m1., 0.25 mole) was slowly added to 
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the dry phenol (47g.,  0.5 mole) in a flask fitted with a 

condenser and a thermometer and protected against moisture 

by a calcium chloride tube. The temperature was raised 

gradually until the solution began to reflux at 1500. 

Two hours later, the temperature began to rise and 

heating was adjusted to maintain it at 2600. After 18 

hours the evolution of hydrogen chloride had ceased and 

the remaining dark brown viscous liquid was distilled under 

reduced pressure (20nmi.), and the distillate (20m1.) 

between 2080  and 215°  was collected. The very pale 

yellow liquid was shaken with water (lOOmi.) at 800  for 

five minutes. The separated organic layer was made 

alkaline with aqueous sodium hydroxide (5N.)  then acidified 

with hydrochloric acid (2L). A clear liquid separated 

out in place of the expected crystals. The alkalination and 

acidification were repeated with similar results, so the 

organic layer was shaken with water (500ml.)  and allowed to 

stand overnight when a colourless, crystalline precipitate 

formed. It was dried over phosphorous pentachioride in 

an evacuated desiccator. The dry product was recrystallised 

from a benzene-ligroin (volume/volume) mixture when colourless, 

needle-like crystals, melting at 150  (diphenyiphosphate m.p. 

62I..6), were recovered. The melting point remained constant 

after several recrystallisations. Further preparations in 

which the phosphorous oxyohioride-phenol mixture was heated 

9 
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in an oil-bath at 1100  for 10 hours84   instead of being 

refluxed produced a solid of similar melting point. 

The crystals were soluble in benzene and alcohol and 

insoluble in water. ?otentiometrio titration of the 

crystals (0.459.)  in ethanol (20in.L.) with alcoholic 

potassium hydroxide (O*  IN) indicated that the product had 

an equivalent weight of 2,140 instead of the theoretical 

234, and it appeared to be heavily contaminated with 

triphenyl-phosphate (mp 490). 

2. Polymerisation using diphenylphosphate. 

Reaction conditions are summarised in Table 6, 

(page 56). 

The crystalline product from the above preparations 

(6g.) was dissolved in benzene (23ml.) and 0.01 molar 

o(, t;ocopherol in benzene (0.25m1.) and carotene (1.0g.) 

added. The mixture was either refluxed under nitrogen 

or the flask containing it sealed and left at room 

temperature after nitrogen had been bubbled through for one 

hour. Benzene was added to the refluxing liquid when 

necessary to maintain the volume. The orange-red colour 

of the carotene darkened slightly, but at room temperature 

the solid did not dissolve completely. Potassium 

bicarbonate (59..  0.5 mole) was stirred with the reacted 

mixture for three hours; moisture was excluded by a 

calcium chloride tube. When the precipitate had been 
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filtered off and washed with benzene (3 x lOini.), aliquots 

of the filtrate (5inl.) containing polymer Jla were added 

to ethanol, methanol, acetone, petroleum ether, 

chloroform and carbon tetrachlorides  but no precipitation 

occurred. Further aliquots (lOml.) were concentrated 

under reduced pressure (15mm.)  and ever lessening volumes 

added to methanol, again without precipitation taking 

place. The remaining filtrate was evaporated to dryness 

under reduced pressure (15!nrn.), the residue dissolved in 

the minimum quantity of benzene (2ml.) and the solution added 

to ethanol (20m1,). The precipitate was separated by 

centrifugation (20 minutes, 2000 r.p.m.). 

The filtrates, after neutralisation, containing polymers 

J2c and J3b were evaporated to dryness under reduced 

pressure (15mm.),  the residue dissolved in the minimum 

quantity of benzene (5m1.), and the solution added to 

ethanol (30ml.). The copious precipitate was centrifuged 

off (20 minutes, 2000 r.p.m.). 

2.2-g Catalyst : rnonochloroacetip acid 

The reaction conditions are summarised in Table 7, 

(page 58). 

Finely powdered monothloroacetic acid (B.D.H., Analar) 

was dried over concentrated sulphuric acid. The dry 

acid was distilled and the fraction boiling between 1880  and 

1910 collected. It was stored in a darkened, evacuated 
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desiccator over anhydrous calcim chloride. 

Dry monochioroacetic acid (2.11g.) was dissolved in 

solvent (23m1.) containing 0.01 malar o(. tocopherol in 

benzene (0.25m1.). This solution was added to carotene 

(1.0g.) and the mixture either refluxed under nitrogen 

or the reaction vessel sealed and allowed to stand at room 

temperature after the air had been replaced by gently 

bubbling nitrogen through the solution for one hour. At 

room temperature, the carotene gradually dissolved and the 

colour darkened from orange-red to deep brown. The dissolution 

of the carotene and the colour change were similar, but 

took place more rapidly at higher temperatures. The 

volume of the refluxing solution was maintained by the 

addition of solvent when required. 	At the completion 

of the reaction time, potassium bicarbonate (59.,  0.5 mole) 

was stirred with the solution for two hours, moisture 

beLig excluded by a calcium chloride tube. The precipitate 

was filtered off, washed with solvent (k x lO,nl.) until 

almost colourless and since the addition of aliquots (5m1.) 

of the filtrate to ethanol, petroleum ether and acetone 

produced no precipitate, the polymer was obtained by 

concentrating the filtrate and washings to 5ml. under 

reduced pressure (20mm.) and pouring the liquid into 

stirred alcohol (50m1.).  The precipitateseparated by 

centrifugation (20 minutes, 1500 r.p.m.), was washed with 
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a little ethanol and recentrifuged (15 minutes, 

- 1500 r.p.m.). 

2.2-h Catalyst : acetic acid 

The reaction conditions are summarised in Table 8, 

(page 62). 

Glacial acetic acid (1.7m1.) was diluted with benzene 

(23rnl.) and 0.01 molar cC tocopherol in benzene (0.25m1.). 

This solution was added to carotene (1.0g.). In the 

preparation of polymers Lla and L3b  (Table 8) nitrogen 

was bubbled slowly through the carotene-acid mixture for 

one hour before the flask was sealed and left at room 

temperature for the specified time. A clear, wine-red 

solution formed as the carotene gradually dissolved. 

Polymers L2d and rAe were prepared by refluxing the 

carotene-acid mixture under a slow stream of nitrogen. The 

colour gradually darkened from deep red to red-brown. The 

deposit which formed on the walls of the flask was 

periodically rinsed back into the boiling liquid and 

benzene was added when required to maintain the volume 

at 25m1.  When the solution cooled, a deep red precipitate 

formed. The free acid remaining after the reaction,was 

neutralised by stirring with potassium bicarbonate (59.) 

for two hours under anhydrous conditions, after which time 

effervescence had ceased. The precipitate was filtered 

off and washed with benzene (3 x lOml.) until almost free 
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of polymer. To produce precipitation of the polymer in 

ethanol, the volume of the filtrate and washings required 

to be reduced, under a pressure of 15mm.  to  5 ml, and the 

concentrate slowly poured into stirred ethanol (50ml.). 

The shining wine red crystals which formed were isolated by 

centrifugation (1.5 minutes, 2000 rp.tn.) washed with 

- ethanol and recentrifuged (15 minutes, 2000 r.p.m.). 

2,2-1 Two Stage Reactions 

The polymers mentioned as one of the reactants in 

these experiments are the polymer's of carotene prepared 

as outlined in sections 2.2-a to 2.2-h. The particular 

polymers used as starting materials are noted in the tables 

of reaction conditions by their reference designations. 

The reaction conditions are described according as (1) 

trifluoroacetic acid, (11) trichloroacetic acid or (111) 

monochloroacetic acid were used as catalysts. 

(1) ¶Ihe reaction conditions are summarised in Table 9, 

(page 6k). 

The polym3r (0,59.) was dissolved in 0.001 molar 

cC. tocopherol in benzene (1.25m1.) and dichloromethane 

(11.5m.l,). The addition of distilled trifluoroacetic 

acid (1.Oml.) to the solution produced a deep blue-black 

colouration. The air in the flask was displaced by 

nitrogen; the flask was sealed and allowed to remain at 

room temperature for 18 hours. The free acid was removed 
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by stirring the solution, protected against moisture, 

with potassium bicarbonate (2.59.)  for three hours. 

The colour change to brown occurred after about 10 

minutes. The neutralised solution was filtered, the 

precipitate washed with solvent (3 x lOtni.) and the 

filtrate and washings concentrated to 3m1e under 

reduced pressure (20mm.). The polymer solution was 

poured into ethanol (30inl.) and the precipitated product 

centrifuged off (20 minutes, 2000 r.p.m.). 

(ii) The reaction conditions are stmmirised in Table 10, 

(page 66). 

The polymer (0.59.) was dissolved in benzene (9.3rnl.) 
and the solution stabilised with ØC  tocopherol (1.25rn1. 

of 0.001 molar in benzene). Trichioroacetic acid (3.2m1. 

of 4,0 molar in benzene) dried as under section 2.2-a 

(page 38) was added and nitrogen bubbled gently through 

the blue black solution for 30 minutes before the 

reaction vessel was sealed and left at room temperature 

for 18 hours. The neutralisation of the excess acid 

was effected by stirring with potassium bicarbonate (2.59., 

0.025 mole), for three hours, anhydrous conditions being 

maintained. The brown mixture was filtered, the precipitate 

washed with benzene (3 x lOrni.) and the polymer solution 

concentrated to 3 ml, under reduced pressure  (20mm.). 

The product was precipitated by the slow addition of the 
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solution to vigorously stirred ethanol (30nil.)  and 

was isolated by centrifugation (20 minutes, 2000 r.p.m.). 

It was washed with ethanol (15rnl.)  an recentrifuged 

(15 minutes, 2000 r.p.m.). 

(iii) The reaction conditions are summarised in Table 11, 

(page 68). 

Polymer (0.8g.) was dissolved in dichlorometthane 

(25m1.) containing o.t000pherol (0.25 ml. of 0.01 molar 

in benzene) and monochloroacetic acid (2.4g.) dried as 

under section 2.2€ (page 57). After displacing the 

air in and above the red.-brown solution with nitrogen, the 

reaction vessel was sealed and allowed to stand at; room 

temperature for 48 hours. The addition of potassium 

bicarbonate (59.)  produced a vigorous effervescence 

which had ceased after stirring for two hoursj there 

was no colour change, The filtered precipitate was 

washed with diohloromethane (2 x lOml.) until almost 

free from polymer. 	The combined filtrate and washings 

were concentrated slightly under reduced pressure (15uvn.) 

to a volume of 15 ml, A dark brown precipitate formed 

when the solution was poured into stirred ethanol, (150ntL.). 

It was centrifuged off (20 minutes, 2000 r.p.m.) washed 

with ethanol, (20 at.), and recentrifuged (15 minutes, 

2000 r.p.m.). 
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2.2-j Three stage reaction 

The reaction conditions are suniiiarised in Table 12, 

(page 70). 

The product of a two-stage reaction (Table 10) 

polymer K17A (0.3g.) was dissolved in benzene 

(6m1,) and the solution stabilized with oCtocopherol 

(0.25m1. of 0.01 molar in benzene). The addition of 

trichioroacetic acid (2m1. or 4.0 molar in benzene) 
produced a dark blue green solution through which 

nitrogen was bubbled for 30 minutes. The flask was 

then sealed and left at room temperature for 18 hours. 

The remaining acid was neutralized by stirring with 

potassium bicarbonate (2g.) for three hours at the end 

of which effervescence had ceased and the colour had 

changed to dark brown. The precipitate was filtered off, 

washed with benzene (2 x LOml.) until almost free from 

polymer and the filtrate and washings were concentrated 

to 2inl, under reduced pressure (15mm.).  The dark brown 

flocculent precipitate which formed was centrifuged oft 

(20 minutes, 2000 r.p.m.) washed with ethanol (lOmi.) and 

recentrifuged (15 minuted, 2000 r.p.m.). 
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2 • 3 'earat ion 2t EgLyMrg, trgM 	gggtatg  

Vitamin A acetate was shown to form yellow-brown 

polymers when treated with trichloroacetic acid (2.3-a) 

In benzene. Reaction conditions were similar to those 

used in the polymerisation of carotene with the same 

catalyst (2.2-a). The solutions of monomer were 

stabilised by the addition of cC. tocopherol. The 

isolated polymers were dried over anhydrous calcium 

chloride in an evacuated desiccator. 

2.3-a Catalyst : trichiorpapetic acid 

The reaction conditions are summarised in Table 13, 

(page 72). 

An approximately 1  normal solution of trichloroacetio 

acid in benzene was prepared using Analar acid which had 

been dried over !Ph0r0h1s  pentachloride in vacuo as 

described in 2.2-a (page 38). The exact normality was 

determined by titrating aliquots (lO.Oml.) with 

aqueous sodium hydroxide (l.ON) using phenolphthalein. 

The normality of the acid solution was 3.96. 

This solution (6.3m1.) was diluted with benzene 

(18.5m1.) and oL tocopherol (0.25aL. uf 0.01 molar in 

benzene). When vitamin A acetate (1.0g.) was added to 

the liquid a rapid colour change from yellow through blue 

to bright green followed by a gradual darkening to dark 

green-blue took place. Nitrogen was bubbled gently 
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through the solution for 30 minutes before the flask 

was sealed. After standing at room temperature for the 

specified time (Table 13),  potassium bicarbonate (3.59.) 

was added and the mixture allowed to neutralise for six hours 

under arihydrous conditions. The precipitate was filtered 

off, washed with benzene ox lOmi.) and the now red-brown 

polymer solution (70m1.)  added slowly to ethanol (700m1.). 

The mixture was stirred (10 minutes) and allowed to stand 

(10 minutes) before being centrifuged (30 minutes, 

1000 r.p.m.). The recovered yellow brown solid was 

washed with ethanol (50  ml.) and recentrifuged (20 minutes, 

1000 r.p.m.). 
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2.4 Pur=aatlon ot Polymers 

The dry polymers were dissolved in the minimum of 

benzene and reprecipitated by adding to ten times the 

volume of ethanol. The polymers were isolated by 

centrifugation (15 minutes, 2000 r.p.m.) and dried over 

anhydrous calcium chloride in vacuo. When dry the purified 

polymers were sealed in evacuated ampoules ufltl required. 

This method led to the recovery or about 90%  of the 

starting material except in the cascs of those polymers which 

had been prepared by catalysis with piano acid, (however, 

not including polymer G6c which precipitated on the 

addition of the benzene solution to ethanol in high yield), 

diphenylphosphate or acetic acid, when the benzene-

ethanol solution had to be evaporated to dryness under 

reduced pressure before a solid could be recovered. These 

materials were later shown to be mixtures of carotene and 

catalyst. The comparatively large volume of ethanol 

required for the precipitation would dissolve out any 

carotene, (which is slightly soluble in ethanol), or 

acid catalyst, (all of which are soluble in ethanol) 

present as impurities. The purification was completed as 

rapidly as possible to minimise oxidation of the polymers. 

To check the purity of the polymers, the optical 

densities in chloroform of Alb, Dlb, Fib and Me were 

measured at the wavelengths of maximum absorption after 
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the polymers had been purified once, twice or three 

times. A small decrease in the molar extinction 

coefficients of the thrice purified materials over 

the earlier results could be accounted for by slight 

oxidation of the polymers. 	The differences between 

the molar extinction coefficients of the once and 

twice purified materials were within the experimental 

error thus removal of contaminants, which would have 

increased the molar extinction coefficients, had ceased. 
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2.5 Methods of Investigation of Polymers 

As would be expected from the preparation technique, 

the polymers were sufficiently soluble (2.5-a) in benzene 

to allow the use of that solvent in determining their 

molecular weights (2.5-b). The infra-red absorption 

spectra (2.5-c)  were run to give information on the groups 

present in the polymers while the ultra-violet and visible 

spectra (2.5-sd)  were expected to give some indication of 

their degree of unsatur'ation and purity. The ultra- 

violet spectra in the presence of acid were measured to 

determine whether or not a proton transfer reaction occurred 

between acid and the polymer. Since the proton donor 

action by a strong acid to form a polymer cation is 

impracticable in the dry state, the use of electron donors to 

form the polymer anion was investigated (2.5-se).  The number 

of double bonds present in the polymers was determined 

using bromination (2.5-f) and hydrogenation (2.5'-g) teniques, 

and the number of acid groups per molecule by alkaline 

hydrolysis (2.5-sh). Finally measurements of the 

electrical conductivity (2.5-1) of the polymers in aprotic 

solvents and of polymer impregnated paper strips were 

required to assess the usefulness of the polymers as 

coatings for electrophotographic base paper. 
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2,5-a Solubi2.ities. 

The qualitative solubilities of the polymers in 

benzene, chloroform, carbon tetrachloride, ethanol, 

methanol, dioxan, water, acetone, pyridine, ether and 

petroleum ether were examined by shaking a small quantity 

- of the polymer (0.1g. ) with solvent, (2m1.). 

2,5-b Molecular weIght 

The molecular weights of the polymers, in benzene 

as solvent, were determined at a temperature of 370 

using a Meohrolab Model 301A Vapour Pressure Osmoineter. 

The molecular weight M, was calculated from 

C 
—x K LAR 

c,o 

where C is the polymer concentration in grams per litre, 

AR is the osmometer reading in millivolts, 

and K is a constant dependent on the solvent and 
instrument being used. 

AR is proportional to the temperature difference 

between a solvent drop and a solution drop when both are 

suspended in a chamber saturated with solvent; this 

temperature difference is directly proportional to the 

molecular weight of the solute. The AR values of the 

polymer solutions of four concentrations between about 
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0.02M and 0.002M were measured, four minutes after the 

solution drop had been introduced into the chamber, The 

last three AR values were corrected for any drift 

which had occurred during the measurement by replacing 

the final solution drop by a drop of solvent and reading 

the AR value. It this value was other than 0, it was 

either added to or subtracted from, as appropriate, the 

A R reading of the final solution. The third solution 

reading was adjusted using halt the correction, and the second 

solution reading using a quarter of the correction. A plot 

of C against C gave a straight line graph and a value or 
AR 
atO=0. 

AR 
The molecular weights of the polymers obtained by this 

method are number averages and association or dissociation 

of the solute particles may give apparent results which are 

seriously in error. Dissociation could be disregarded in 

the measurements reported here since it does not normally 

occur in organic solvents. To test whether association 

might be taking place, molecular weights of two of the 

polymers, Alb and Fib were measured using chloroform as 

solvent. 	This polar liquid would help to prevent 

association. Allowing for an experimental error of 1.5% 

the results were the same as those using benzene as solvent. 

Such an experimental error is accounted for by errors in 

the solution concentration, in the extrapolation of C to 
AR 
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zero concentration and the error in the value of 46R 

which, however, was found to be less than l of the 

reading. 

2.5.-0 Infra-red absorption spectra 

The infra-red spectrum of a solid solution of polymer 

in potassium bromide was measured using a Grubb.-Parsôns 

spectrophotometer over the wavelength range 2.51 to 20a. 

2.5-.d Ultra-violet and visible absorpectra 

A Unlearn SP500 spectrophotometer was used to determine 

the ultraviolet and visible spectra of the polymers in the 

presence and absence of acid. Benzene purified by shaking 

with sulphuric acid and drying over sodium, and spectroscopic 

chloroform dried over anhydrous calcium chloride were used 

as solvents. 

For spectra in the presence of acid, two solutions 

were prepared: 

1. polymer (approx. 0.06g.) was accurately weighed into 

a lOml* graduated flask and o(. tocopherol (1.0 ml. of 0.001 

molar in benzene) added, The solution was diluted to the 

mark with benzene. 

2, trichloroacetic acid (2.5mi.. of 4N in benzene) was 

mixed with benzene (5m1.)  in a lOal, graduated flask. 

Immediately before the spectrum was to be measured, 

solution 1 (l.Oml.) was added to solution 2 followed by 

benzene to the mark. Using an 0.1cm, cell, since the rate 



of change of the optical densities owing to a reaction 

with molecular oxygen increases with decreasing polymer 

concentration, measurements were started at 650 myi and 

made at 20 	Intervals to 500 n,z, then from 650 i to 

900 mp from 500 m1p.z to 320 T.  and finally from 900 m)i 

to 1,000 nyz, thus covering the wavelength ranges most 

likely to contain peaks as soon as possible after mixing 

the acid and polymer solutions. 	The comparison cell 

contained molar trichloroacetic acid. 

The spectra in the absence of acid were measured on 

chloroform solutions. The polymer (approx. 0.01g.) 

was dissolved in chloroform (to lO.Oml.) and this 

solution diluted 10 times with the same solvent. Cells 

of optical length 0.1cm. were used and readings were taken 

at 25 my intervals from 1000m)1 to 600 m,.i; at 20 m,p intervals 

from 600 mp to 500 m,i and at 10 91 Intervals from kOO my  to 

the lowest possible wavelength at which a reading could be 

obtained, usually about 230 my. The comparison cell 

contained chloroform. 

For the calculation of proton transfer equilibrium 

constants, the optical densities of solutions of polymer 

in benzene in the presence of varying concentrations of 

trichioroacetic acid, measured at the wavelength of 

maximum absorption, were extrapolated to the time of 

mixing the acid and polymer solutions, by plotting the value 
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of the optical density at time intervals of 15 to 

20 seconds against the time interval between mixing the 

solution and making the measurement. Either 0,1cm. 

or 1.0cmo cells were used with benzene In the comparison 

cell. 

2.5..e Electron transfer between nolvmers and 
electron donors. 

A solution of polymer in benzene (5.Oml,  of o.i%) 
was added to a solution of the electron donor in benzene 

(5.0m1. of 1%). The colour of the mixture was compared 

with the colour of the two constituents seen against a white 

background, Immediately after mixing, and after standing 

at room temperature for 18 hours and 96 hours. Where 

an obvious colour change had occurred, the conductances 

of the mixtures and their constituents were measured in 

a conductivity cell (cell constant 0.35) using a twenty-
million megohimneter of Electronic Instruments Limited. 

The electron donors studied were Iodine, tetracyano-

ethylene, benzoquinone, tetraohlorophthalic anhydride and 

chloranil. 

2.5-f Bromination 

Bromine in carbon tetrachloride (15.Oml.  of between 

0,1N and 0.5N) was added to polymer or carotene (0.01g.) 

dissolved in carbon tetrachloride (15.Oml.).  The flask 

was sealed and allowed to stand at room temperature for 
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0.5 hours or 1.0 hour.. 	Potassium iodide (log.) and 

water (30 nil.) were introduced carefully into the flask 

without allowing loss of bromine. The liberated iodine 

was titrated with standard aqueous sodium thiosuiphate 

(0.1W). Starch solution (2m1.) was added near the 

end point. There was a strong tendency for an emulsion 

to form, and the titration was completed slowly allowing 

time for the emulsion to break between additions of 

thiosulphate. The deep colour of the broniinated polymer 

solution made the endpoint somewhat difficult to detect 

and this may have accounted for the low reproducibility 

of the results. 

2.5-g Hydropenatio 

Adam's platinum oxide catalyst was prepared according 

to the method described by Voge186. 

The apparatus used in the hydrogenation of the polymers 

is shown diagrammatically in Fig. 2 (page 83).  Hydrogen 

was passed through the apparatus as far as outlet tap A for 

30 minutes before starting the experiment. The cylinder B. 

was filled with hydrogen and the remainder of the apparatus 

flushed out with gas from this cylinder. This operation 

was repeated twice. The polymer (0.5 - 0.7g.) was 

weighed into a flask having a side arm and dissolved in 

dioxan (25ml,)o  A small glass boat containing platinum 

oxide catalyst (0.1g. or 0.2g.), covered with a layer of 



iIG. 2 	Hydrogenation apparatus 



dioxan to prevent the catalyst being blown into the 

flask, was placed in the side arm. The reaction flask 

was evacuated from the water pump and hydrogen introduced 

from the graduated cylinder, three times in all. The 

cylinder was refilled with hydrogen, the reading noted, and 

the catalyst-containing boat tipped into the reaction flask. 

The latter was attached to a mechanical shaker and the 

cylinder reading, temperature and atmospheric pressure 

were noted at one hour intervals until the volume of unused 

hydrogen remained constant. The hydrogen uptake of the 

catalyst and solvent was determined by omitting the polymer. 

The water vapour pressure at the temperature of the 

experiment was deducted from the atmospheric pressure and 

this value used to calculate the hydrogen volume at standard 

temperature and pressure. The volume was corrected for the 

hydrogen absorbed by the catalyst and rolvent to give the 

volume of hydrogen absorbed by the polymer and hence the 

moles of hydrogen absorbed per mole of polymer. 

2.5-h Alkaline Hydrolysis 

The polymer (0.59.)  or carotene (0.1g.) was dissolved 

in benzene (lOOml.). Alcoholic potassium hydroxide 

(lOmi. of O.lN) was shaken with the polymer solution for 

five minutes then the reaction allowed to continue at room 

temperature for one hour. The excess alkali was backtitrated 

slowly with trichloroacetic acid in benzene (0.1N) the end-

point being determined potentiometrically. 
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2.5-1 Electrical Conductance 

The conductance of polymer solutions in benzene, 

with and without acid were measured in a conductivity cell 

(cell constant 0.35)  using a twenty million megohimneter 

(Electronic Instruments Limited). The polymer concentration 

was varied (5 to 0.0001%) while the concentration of 

trichioroacetic acid was kept constant (l.ON). 

Strips of Bakelite all lintel's paper (10 x 1cm.) 

were dipped in one range of polymer and polymer with acid 

solutions. Theywere hung to dry at room temperature for 

seven days before the resistance of a 4 x 1 cm, strip was 

measured using electrodes of the type shown diagrammatically 

in Fig. 3 (page 86) and a twenty million rnegohmmeter. 

The strips were washed under running water for one hour, 

redried in air at room temperature for six days and their 

resistances remeasured. 
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3. 
3.1 General Observations 

The majority of the dry polymers appeared very 

powdery, showing a tendency to stick to glass and 

ranging in colour from yellow-brown through red-brown to 

dark brown. However, the products or the reactions 

with acetic acid, (Lla, L3b, lAo and L2d, Table 8, page 62), 

and polymers K6a and K3c  (Table T. page 58), were red, 

crystalline solids while polymers Jla, J3b,  J2c and Ad 

(Table 6, page 56), where diphenyiphosphate had been 

employed as catalyst were either red, crystalline, or 

red-brown, wax-like materials. 

On heating, the polymers decomposed in two distinct 

stages : (1) the powder darkened at about 2000, and (2) 

the dark mass expanded to a plastic-like substance at 

about 2500.  The decomposition temperatures quoted in 

Tables 1 - 13 are those at which expansion commenced. 

Polymer D5d  as well as a number of the two-stage polymers 

(Tables 10 and ii) were stable to considerably higher 

temperatures, The J (catalyst-diphenyiphosphate) and 

L (catalyst-acetic acid) series of polymers melted to deep 

red liquids at or below the melting point of 
/IS 

- carotene 

(1790 - 1810) as did the picric acid polymers G2a and Gib*  

Mixing these polymers with carotene did not alter their melting 

points. 
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Exposure of the polymers to air at room. temperature for 

several weeks led to the formation of pale yellow 

coloured products, (of* the behaviour of,S - carotene 

which on standing in air absorbs oxygen at an increasing 

rate with the formation of colourless products8 ). 

The yields in Table 1 - 13 are based on the weight 

of monomer. They tended to be high when the polymers 

were readily formed by precipitation from solution. Low 

yi&lds as in the reaction of carotene with monochioroacetic 

acid in benzene at room temperature were probably due to 

Incomplete conversion of carotene to polymer because of 

the limited solubility of the acid 77. 
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3.2a Solubilities 

The results are summarised in Tablelk, (page9o), 

where a general picture emerges of insolubility of 

the polymers in ethanol, methanol and water, with 

considerable solubility in the other solvents listed. 

The limited solubility of polymers G3d  and We in 

ethanol, methanol and water was probably due to the 

continued presence of picric acid in these materials 

in spite of the attempt to remove this acid during the 

preparation, (page 53). Solutions of the polymers in 

benzene were used for the determination of the molecular 

weights and the spectra in the presence of acid, in 

chloroform for the spectra in the absence of acid, in 

carbon tetrachloride for the brominations, and in dioxan 

for the hydrogenations. 

3.2-b Molecular- weights 

The molecular weights of the carotene polymers are 

listed in Table 15,  jage  92).  They appeared to be 

affected by three factors which were varied during the 

preparation; (1) the catalyst, (11) to a lesser extent, 

the conditions of the reaction, and (iii) the number of 

stages. 

(1) and (ii) 

All but one of the polymers prepared by trichioroacetic 

acid catalysis had a molecular weight of about 2200, the 
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Table 15 

Analytical composition and molecular weight of polymers 

Design 
of Polymer 

Catalyst 
Analytical Composition Molecular 

- (1 

A5a CC13CO2H 80.19 8:91 (01) 11.24 

Alb CC13CO2H 2340 

Alb CC13  CO2  H 2520X- 

A 24c CCL7  CO2  H 1990 

A3d CC1CO2H 630 

Ble CC13CO2H 2340 

A6e CC13CO2H 2300 

D4a CHC12002H 1400 

Dlh CI-IC12CO2H 79.86 9.16 (Cl) 	4.82 

D3b CHC12CO2H 1 1420 

D5d CHC12002H 82.91 7.38 (Cl) 4.21 1760 

D6f CI-IC12CO2H - 1500 

E7b HC1 72.81 9.26 (01)14.54 1080 

Ekb HC1 - 1080 

Flb CFCO2H 83.09 9.45 (F) 	3.07 	f 2060 

1b CF3002H 2030* 

F8c CF3CO2R 62.85 6.59 (F) 7.56 2260 

F7d CF3CO2H 1830 

F5e CF3C02H 2430 

F9f CF3CO2I4 2690 

* Solvent 	chloroform 
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Table 15 (Contd.) 

Analytical composition and molecular weljht of polymers 

Ref. 
Design. 

of Polymer 
Catalyst 

Analytical Composition 
Molecular 
Weight 

F6g CL?3CO2F1 2500 

G6c picric acid 48.62 4.43 (N)li.46 1410 

G5e picric acid 490 

L3b CH3CO2H 480 

K9d CH2C1CO2H 1540 

K5f CH2C1CO2H 70.95 7.76 (Cl) 2.30 1570 

KiOf CH2C1CO2H 1400 

Kllh CH2C1CO2H 1610 

K14± C112C1002H 830 

K7j CH2C1CO2H 82.94 9.37 (ca) i.68 2510 

K12j CT-1, C1CO2H 2500 

K13m CH2C1002H 3000 

ABA CC13CO2H 3380 

A8K CH2C1CO2H 4500 

A6F CF3002H 67.9 6.93 ((Cl) 2.26 2450  
( 	(F) 	2.35 

D5F CF3CO2H 4022 

E6A CC13CO2H 1880 

K14A CC13CO2H 2960 

K7F CF3006H 4920 

K17A CC1-0O2}I - 3000 



94. 

Table 15 (Contd.) 

Analytical composition and molecular weight of polymers 

Ref. 
Design 

of Polymer
ClIc 

Catalyst 
Analytical Composition 

Molecular 
Weight 

)X 

K15A CCL7CO2H 4320 

K13F Cr. 3CO2H 59.42 5.71 ...ç(ci'i.8l 4500 - (P5 8.21 
K17AA CC13002H 4000 

VA1 CC13CO2H 1140 
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exception being polymer A3d where the reaction was 

allowed to proceed for considerably longer (44 days), than 

with any of the other polymers of the series. That 

there is an optimum reaction time is further indicated 

by the slight rail in the molecular weight (2000) when 

the reaction was allowed to continue for seven days, (Mo). 

The degree or polymerisation of this series, was unaffected 

by altering the dielectric constant of the solvent, 

polymers (Ble and A6e) prepared in dichioromethane having 

molecular weights which were very similar to those of the 

members of the series which were prepared in benzene under 

comparable conditions, (A7a and A8a). 

The degree of polymerisation of the materials prepared 

by dichloroacetic acid catalysis in benzene (D4a and D3b) 

was not altered significantly by a change of solvent or an 

increase in the temperature of the reaction. Refluxing the 

reactants in benzene during the preparation (D5d) raised 

the molecular weight slightly, while refluxing them in 

dichioromethane left it unchanged. 

The conditions of the hydrochloric acid catalysed 

polymerisation were varied only slightly and led to 

products having molecular weights of 1000. 

Dispensing with the solvent (F5e, F9f and F6g) had 

the most marked effect on the size of polymers of series F, 

(catalystu.'trifluoroacetic acid), these materials having 
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molecular weights which were 500 units higher than that 

of a polymer prepared in benzene (Fib). The replacement 

of this solvent by dichloromethane (F8c) or nitromethane 

(r7d) did not increase usefully the size of the polymers. 

It Is of interest to note that careful purification of 

the starting materials in the preparation of polymer F9f 

(page 49 ), did not raise the degree of polymerisation. 

Only one of the reactions employing picric acid as 

catalyst was successful in producing a polymer (G6c). 

Melting point determinations along with other data to be 

presented later suggested that the remaining members of 

the series were either carotene or its mixtures with picric 

acid. The molecular weight obtained for G5c (188) 

strengthens this view. 

On the basis of the melting points of mixtures of 

the products with carotene (page 87)  and on the molecular 

weight of one of the members of the seiIes (L3b) it 

appears that no polymerization took place on reaction of 

carotene with acetic acid. The products of this reaction 

were not investigated further. 

The degree of polymerisation of the monochioroacetic 

acid catalysed series of polymers was dependent on the reaction 

conditions to a greater extent than in any of the other 

series. A very small yield of polymer, (lub) or 

recovery of monomer (K6a, K30, resulted from treatment C5f 

carotene with monochloroacetic acid in benzene at room 
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temperature. Raising the temperature of reaction to 

the boiling point or benzene increased the molecular weight 

to 1500,  (K9d, K5f and Riot), and a polymer of similar 

molecular weight (Kim) was obtained by room temperature 

treatment in dichioromethane. Reflux In the latter solvent 

produced a longer polymer (K7j,  Kl2j) only if the reaction 

was continued for more than 12 hours. The highest 

molecular weight polymer O(3m) or any produced from one 

stage reactions was prepared by refluxing carotene with 

monochioroacetic acid in nitromethane, 

(iii) Effect of number of stases on ino.iecuLar weight 

The molecular weights or the polymers prepared by a 

one stage reaction ranged between 18000 and 2,500 ; 

those of the polymers prepared by a two stage reaction 

between 21000 and 5,000 while that of the polymer 

prepared by a three stage reaction was 4,000. In general, 

the higher the degree of polymerisation of the one stage 

polymer intermediates, the higher the degree of 

polymerisation of the final two stage product. A change of 

acid between first and second stages was advantageous; 

treatment of A8c (m.w.2300), a trichioroacetic acid 

catalysed polymer, with the same catalyst resulted in a 

polymer (A8A) having a molecular weight of 3380 while 

when monochloroaeetjc acid was used for the second treatment, 

the molecular weight of the product (A8K) rose to 1500. 
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That retreatment of the polymer A8c with trichloroacetic 

acid should increase the molecular weight was unexpected 

since long term reaction of carotene with that acid 

decreased rather than increased the size or the polymer. 

The degree of polymerisation was not affected by the 

order of the use of the acids; treatment by the weak: acid 

could either precede or follow treatment by the strong 

acid, thus the molecular weight of A8K (1500,  prepared by 

trichloroacetic acid treatment followed by monochloroacetic 

acid treatment) was very similar to that of K15A  (4320, 

prepared by monochioroacetic acid treatment followed by 

trichloroacetic acid treatment). The use of a strong 

acid in both stages of the reaction did not appear to be 

so successful; the molecular weight of A6e (2300), a 

polymer prepared from carotene by trichloroacetic acid 

catalysis, was increased only slightly on treatment with 

trifluoroacetic acid to produce polymer A6F (M.W.2450). 

Adding a third stage to the polymer synthesis (K17AA) 

was not an efficient way of increasing the size of the 

polymer; the molecular weight was lower than that of several 

of the two stage polymers and the final yield was low, 

(30w based on the starting weight of carotene). 

A molecular weight of approximately half of that of 

the corresponding carotene polymer (Alb) was obtained 

for the polymer of Vitamin A acetate (VA1), so that the 
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degree or polymerisation of the two polymers was similar. 

3.2-c Infra-red spectra 

Table 16, (page wc ) lists the frequencies or the 

absorption bands in the infra-red spectra together with 

the linkages within the molecule which most probably give 

rise to them. 

The spectra were compared with those or carotene9' 

and vitamin A acetate92  . They showed the characteristics 

of these molecules. Absorption peaks between 150 cm. 

and 1580 cm. 	were due to the conjugated system of double 

bonds. The band at 1650 cm."1, normally present in 

polyenes is shifted to lower frequencies the higher the 

number of double bonds and the intensity is enhanced by the 

conjugation. The presence of gem-dimethyl groups gives 

rise to absorption at 1380, 1215 and 1170  cm.'1, while the 

out of plane bending of the trisubstituted double bonds 

accounts for the peak at 885 cm. 1. The double bond 

absorption peak is usually a singlet in carotenoids but 

becomes a doublet when cis-double bonds are present. 88 

In polymers Alb and Ble, this band is a singlet suggesting that 

all the double bonds have--a trans-configuration. However, 

the absorption at 780 cm. 1, which is characteristic of a 

central cis-double bond could be masked by the absorption 

of the carbon-halogen linkages. 	The presence of the 

trichloroacetic acid residue is also shown by the 
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absorption peaks around 1750  cm., which can be attributed 

to the carbonyl group of the 06-halogen substituted acid. 

The spectrum of the vitamin A acetate polymer was 

similar to that of the carotene polymers but had additional 

absorption peaks at 1719  cm.
-1 

 and 1026 cm.-1  due to the 

carbonyl of the ester group, and showed much less intense 

absorption in the region 1650 	 -1 
1580 cm. , as would be 

expected from a polyene having a shorter chain of 

ôonjugated double bonds than the carotene poiymer8. 

3.2-d Ultra-violet and visible spectra 

The spectra of the polymers in the presence and 

absence of acid are illustrated in Figures 7 to 54 (pages 

168 to 215).  As a standard the spectrum of carotene In 

chloroform is Included (Figure 5, page 166 ). The spectrum 
of carotene In the presence of trichloroacetic acid is time 

dependent77   due to the formation of polymer, and the optical 

densities were measured at short time intervals and back 

extrapolated to the time of mixing the carotene with the 

acid, (Figure 6, page 167). 

The molar extinction coefficients (6) were calculated 

at the wavelength of maximum absorption from 

where 00. Is the optical density at the wavelength 
of maximum absorption, 

is the length of the light path through the 
solution, 



103. 

and 	c is thc concentration of the solution 
in moles/litre.- 

The units of 6 are litre, mole.-1  cm. . 

(1) 	Spectra= abcence of acid 

The wavelengths of maximum absorption and the. 

corresponding molar extinction coefficients are listed in 

Table 17,  (page 104). 

In the majority of the spectra, two absorption peaks 

were present, one at 340 - 360 mji and one at 280 360 mp. 

The presence of carotene, the A isomer of which shows a 
characteristic absorption band at 465 mu In chloroform, 

almost certainly accounted for the intense absorption 

present at about 460 mp in the spectra of polymers Glb, 

G5e, J2c and K6a and the less intense absorption at 460 mp 

in J3b, thus confirming the melting point and molecular 

weight evidence. 

The optical densities, at wavelengths above 650 mi, 

of these polymers in the presence of molar trichloroacetic 

acid increased markedly with time in a manner similar to 

the behaviour of /3 carotene, The absence of the band at 

460 mp in the remaining polymers indicated that they were 

free from carotene Impurity. 

(11) Spectra in the presence of molar trichloroacetjo 
acid. 

The wavelengths of maximum absorption and the 

corresponding molar extinction coefficients are listed in 
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Table 17 

Electronic spectra of polymers in 
absence of acid: Solvent : chloroform 

Ref. 

of Polymer 
Design.  

max. 
Exio 

(litre/mole cm.) 

I II iii IV V I II iii r1r V 

Alb 420 290 250 2.99 5.78 7.04 

A2b 420 290 3.28 5.67 
A4c 420sc 290 1.17 3.68 

131e 420 340si 2902 40 3.76 4.8)1- 6.30 6.55 

D3b(1) 340 1 	300 250s 1.62 1.58 1.49 

D3b(11) 340 300 250s? 1.62 1.62 1.51 

Dib 390 340 290 2.71 3.06 3.30 

D5d 320 270 5.44 5.58 

Elh 375 335 300 1 2.66 3.13 3.19 

Ekb 375s 340s  280 3.98 5.16 6.66 

Fib 390 350 270 2.99 3.11 3.60 
F3c 400s 360 310 4.70 5.02 4.94 

157  450 390si 360 280 5.24 4.53 .51 4.52 
1r5e 350 l 4.32 

79 430 kiOs 380 360 300s 4.86 4.64 4.25 4.16 3.43 
400s 340 290 6.815 8.19 8.55 

Gib 460 280 - 1.87 

G6c 340 2.18 

G5e 460 340 5.14 

J3b 460 340 280 

J2c 460 340 260 1 

6a 460 350si 265 
K9d 450 3$0s1 340 280 6.51 5.36 6.06 6.93 
Kite -z-40S i 280 I 2.93 3.79 
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Table 17 (Contci.) 

Electronic spectra of polymers in 
absence of acid: Solvent: chloroform 

Ref. 
Desin 

of Polymer 

)max. 	(rn,  .) 
x 

(litre/mole cm.) 

[ I 
I 	II III 	IV V I II III Iv V 

K5f 340s'i 290 4.46 5.88 

Kllh 330 	280 7.13 9.25 

A8A 350s1 	280s'i 3.65 6.31 

A8K 350 	300 

1 

7.82 11.9 

E6A 470s 350 	290s 049 1.77 3.17 

K14A 2804 5.32 

K17A 350s 	290 4.32 1 6.86 

K15A 290si i 	8.56 

VA1 290 3.24 

1. 

I . 



Table 18, (page 107 ). 

On adding acid to the polymers, blue-black solutions 

were formed whose spectra showed absorption peaks above 

500 To The maximum at about 380 in observed in the 

spectra without acid had completely disappeared while 

that at about 280 mp could not be detected because of 

interference by the acid. The wavelength at which 

maximum absorption occurred in the acid spectra usually 

lay between 750  mi and 850 n,i, the exact position of the 

peak being dependent upon the catalyst and the conditions 

used in the synthesis of the polymer. Polymers Dib, F7d, 

G6c and K7j were unusual in having absorption peaks at wave-

lengths greater than 900 flu. 

In the spectra of the F series of polymers, (catalyst 

trifluoroacetic acid), a peak of considerably lower 

intensity, which was probably due to the acid residues in 

the polymers, was present at 540 mp or in one case (Fib), 

at 560 m)i. 

The optical densities of a benzene solution containing 

Polymer Alb and 1.0 molar in trichloroacetic acid, were 

measured immediately after the preparation of the solution 

and then 20 and 60 minutes later. The wavelengths of 

maximum absorption remained unaltered but the molar 

extinction coefficients at these wavelengths were slightly 

reduced (1.62 x lO litre, mole. cm* for the fresh 
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Table IS 

E1ec1, -,ronc spectra of o1ymers in 
1.011 trichloroace'cic acid at; 20° 

benzene 

Ref. 
Design 

of Polymer 

).. max. 	(m?.) 
XlO 

(litre/mole cm.) 

[ 
I II III IV V I II III IV V 

Aib 800 620sh - 1.62 	1.34  
A2b floo 690 500 ?.25 1.88 	1.13 
A4c 	830 740i670 550sh 480 0.63 0.91 0.96 	0.82 0.74  
Ble 600 650sh 1.61 	1.20 
D3b(1) 800 GGOsh 0.21 0.16 
D7b(11) 790 0.12 

Bib 	920675 635 480 350 3.93 0.73 0.68 	1.12 3.54 

D5d 	8703h 770 1.13 1.6$. 
Bib 	820 720s 164o 580si 0.78 0.61 0.49 	0.41 
E4b 760 630sh I 0.40 0.33 

71b 	610 640 56oA, 480 2.75 2.10 	1.69 1.56 
F8c 800 540 490s 3.90 2.40 2.18 
17d 	920 640sh 540 500 6.35 1.75 	1.76 1.75 

760 710 540 F5e 
	

86Osh 2.6i129 2-71i 	1.98  

840 540 480s 4.86 2.17 1.75 
FSg 720 600sh 540 2.07 1.82 	1.90 
GEe 	940s1 920 0.29 0.29 
K7- d. 	820 620 5904 2.13 0.68 	0.73 
K4e 760s i670sh 0.30 0.33 
K5f 	I 890sbI  780  650 0.82 1.12 0.85 
Kiih 	

{ 
760 650sh 1 1.82  1.56 

K7J 	910 	f 850s i650 2.102.04 1.16 
VA1 690 580sh 0.51 	0.39 
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solution became 1.60 x 1O 1  litre, mole. 	cm.'1  after 
20 minutes and 1.56 x 10 litree mole.-1  cm. after 
60 minutes, measured at 800 

3.2-e Electron transfer between Polymers and eron donors. 

It has been shown previous1y9  that the addition of 

iodine to /3 carotene results in the formation of a benzene 
insoluble charge transfer complex with an electrical 
conductivity of 5 x 10-9  ohm. l  cm. at 250. On adding 

iodine to solutions of polymers A5a,  D4a, E5a, B2b, F8c, 

F7d and K2f, an immediate darkening of the colour of the 

mixture to dark green-brown was observed. 

A dark green or black precipitate separated out from 

the solutions after 18 to 24 hours at room temperature. 
Both before and after the removal of the precipitate the 
mixtures (conductivity about 1 x 10 	ohm.' cm."1), were 

more conducting than the polymer solutions alone (conductivity 

about I x 10`11  ohm.-1  cm*-')*  or the iodine solution (con- 
ductivity 1 x lO ll ohm, 	cm,-). 

The addition of benzoquinone, chloranll, 

tetrachlorophthaljc anhydride and tetracyano-ethylene to 

solutions of the same polymers as those to which iodine was 

added, caused a very slow and slight darkening of the colour 

of the mixture, which was detectable 96 hours after mixing, 

but the conductivity of the miture was not increased over the 

conductivities of its components, 



3.2-f Brominatlon. 

AND 

3.2-g Hydrogenation 

Zechmeister and Tuzson9' have shown that polyenes add 

bromine in chloroform solution, but that all the double 

bonds may not participate in the reaction. The present 

results of the brominatlon of carotene (Table 19,  page 110 ) 

suggest the presence of only 7 double bonds instead of 11. 

According to Zechmelster, carotene will absorb 8 molecules 

of bromine. Catalytic hydrogenation has been found to be 

the only completely reliable method of determining the 

number of double bonds in a carotenoid. Consequently, the 

brominat ion and hydrogenation figures were compared (Table 

20, page 114 and it was shown that the absorption of 

bromine by the polymers agreed with their absorption of 

hydrogen within the experimental error so long as the 

determinations were made on freshly prepared samples of 

polymer. Thus it would seem that the steno hindrance 

which may account for the incomplete bromination of carotene 

is removed on polymerisation. The polymers were broniinated 

as soon as they were dry, having been kept in a high vacuum 

since their preparation two or three days earlier. 

The absorption of hydrogen by the polymers (Table 21, 

page 115)  was reproducible only when freshly prepared samples 

ere used. Products stored in ampoules under high vacuum, 
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Table 20 

Comparison of the absorption of bromine and hydrogen 
by polymers and the effect of their age on these results. 

Ref. 
Design.

of  
Polymer 

Bromination Hydrogenation 
- 
Age of Polymer Moles Br2  per Age of Polymer Moles H2  per 

(days) mole polymer (days) mole polymer 

A5a 3 27.4 

A7a 2 26.8 

ABa 3 23.5 

A2b .50 8.9 

A14c 3 22.6 13 14.1 

D2c 2 (1)18.1 

(II) 	16.7 

D7e 3 22.5 

D6f . 18 15.4 

E5a 3 21.2 2 19.3 

FlOa 3 26.1 

Fib 2 (1)28.9 190 0 

(11) 26.8 0 

F2b k (1)20.6 

(11) 24.8 

KU 3 23.14. 60 0 

K16j 5 23.14. 
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(A2b, Fib, and K7j) absorbed less hydrogen than 

similarly prepared polymers (Alc, FlOa, and K16j) 

hydrogenateJ two days after their preparation (Table 20, 

page 1111.). since these results suggested that a change 

was occurring in the polymers during storage, even in 

high vacuum, all other Investigations or the polymers 

were made as soon as possible after their preparation. 

3.2-.h Alkaline H3rdrolYses 

The equivalent weights of the polymers (Table 22, 

page 117 ) were calculated from the volume of potassium 

hydroxide solution which they neutralised. The graphs 

of pH against volume of trichioroacetic acid added in the. 

back titration of the unused alkali had well defined 

Inflexion points, except for the titration cf carotene 

itself which had a gradual slope. This was not 

unexpected since an Interfering reaction would occur between 

the carotene and the trichioroacetic acid. The most 

likely end point of the titration indicated zero 

neutralisation of the potassium hydroxide by the carotene. 

3.2-I E1ectrcaj Conductances 

The conductivities in benzene solution of a 

representative group of the polymers are listed in tables 

230  21,  and 25 (pages 118 to 120 ). The polymer concentration 

was varied from 50 to 0.001 grams/litre and the conductivities 

were measured in the presence and absence of acid. The 
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Table 22 

Alkaline hydrolyses of polymers in 
benzene-ethanol solution at 20°. 

Reference 
Designation 
of polymer 

Initial 
Concentration 

of polymer 
(moles/litre) 

Initial 
Concentration 

oi 
(moles/litre) 

Equivalent 
weight 

of polymer 
halide 

A5a 1,35 x 10 It 9.06 x 1073  792 4048,(ci) 

D2c 7.28 x 10 3.o1 	x i0 71 1 4.79 	(Cl) 

E3h 1.60 x 107 8.04 x 10 1128 3.15 	(Cl) 

Flb -k 
4.71 x 10 

-7 
8.04 x 615 3.09 	(.u') 

F8c 5.46 x 10-4 9.12 x lO 709 2.68 	(F) 

K5f 5.66 x 10 9.06 x 1587 2.24 	(Cl) 

Carotene 1.92 x 10 8.04 x 10 0 0 
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Table 25 

Electrical conductances of benzene solutions 
fl.o 	of polymers, with and without 
l,OM t2ich1oroacetic acid. 

Ref. Design. 
of polymer 

Conductivities 	(ohms-  cm-) 

Polymer Polymer + acid 

A5a 1.8 x 10-11  4.4 x io 

8.8 x 10T11 3.5 x 10
-9  

57d 7.0 x 10-11 - 3.5 x 10-9  

1.4 x 10-11  1.8 x l0 

E6A 1.0 x 
-U

1-5 1.5 x 1079 

E7A 1.0 x10- 11 2.1 x 
-° 

10 

K7F 1.8 x 10 11  1.8 x 1079  

K17AA 9.3 x 10 11 7.0 x -o 10 
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conductivity, which Increased with increasing 

concentration was raised markedly by the addition of 1.0 

molar trichloroacetIc acid. Increase in molecular' weight 

did not produce an Increase in conductivity; polymer 

K7f (Mow*  5000) was not more conducting than polymer A5a, 

(Now. 2300. 	 -- 	- 

The conductivities (1.1 x 10 ohm"
-
') of the polymer. 

acid Impregnated paper strips (Table 26, page 122) were 

independent of the polymer concentration down to very dilute 

solutions (0.01g./i.) but were lowered considerably 

(to 2.5 x 10-10 ohm.) after the strips had been water 

washed. 
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Table 26 

Electrical conductances of paper strips imprermated 
with polymer Fib solutions, 1.OM in trichloroacetic acid 

Concn. of polymer 
solution (g./i.) 

Conductivities of strips 
(ohms 1

) 

(4xlcm) 

After 7 days dry After water wash 
and 6 days dry 

50.0 1.3 x 107 1.4 x 10T 0  

25.0 1.3 x 10 2.0x 10 -10 - 
-10 

10.0 1.3 x 1073 2.5  x 10 

7.5 1.1 x 10 2.5 x 10  

5.0 1.3 x o 8  2.5 x 10:10  

2.  103 x 5 
 

10 8 1.3 x 10-10  

1.0 1.1 x 0_8  2.5 x 10 

0.5 1.1 x 0_8  1.6 xl0 0  

0.1 1.1 x 10-8 . 2.5 x 
-10 

10 

0.05 1.1 x 10T8  .6 x 10-10  

0.01 1.1 x 10 8  1.6 x -10 1O 

000l 3.3 x !0-8 1.0 x 10 
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The addition of certain strong acids to a solution 

of carotene or vitamin A acetate in an aprotic solvent 

has been shown to result in the formation of a deep 

blue-black colouration which 18 similar to that occurring 

when acid is added to other polyenes, and which is due 77  

to the formation of a polyene - acid adduct in the form of 

an ion-pair, one acid molecule being bound to each 

polyene molecule. 

M + HA 	. . A 	,,....,,., 11.01 

where P1 represents carotene or vitamin A acetate, 

HA represents the acid, 

and Mff • • A represents the ion pair. 

This reaction Is similar to the initiation reaction in 

cationic polymerisation where a proton attacks an 

energised double bond forming a carbonlum ion: 

CH2  CHR + + 	H 	- 
+ 

CH3CHR 

and is typified by the polymerisation of isobutylene in 

the presence of boron trifluoride and traces of water. 

The active catalyst is BF- .30112 and the proposed 

mechanism is indicated on the following page. 

k. 



1221.. 

+ C42= c(c) 	- 
943  

CH3_ ç,' -I- BF, ON 
C14 3 

CH3 	 - 

CH3  —k + 	 - 
+ R%Of,omtr 

Cl43?_CHj_?' + 3  ON 

CH3 	 CH3 	CH3  

CH3 	c 3  1 	C 3 	 eH3 r 	- 
_CHjG.t8IOH —) CH3_&_fcu__4.cH?+ GE OH 

C14 	CI.43J 	
J Cu3 4"OflOWI 	Cu3 [ 
	

CH 	CU3  

0143 	 Cal2 
It 

	

wwCU -& + 6f30I4 	 .-AAWCu3-? + 15F3 014 z 
cI.13 	 Cu3 

The catalyst functions by co-ordination with the 

electrons of the oletin. The resulting carbonium ion- 
119 catalyst anion complex can have different structures ; 

it can be a covalent complex, or exist in a state where 

the ions are intimate with one another, are solvent separated 

or are completely separated, the complex then having an ionic 

structure, Since in solvents of low dissociating power, 

there is a large energy requirement for the separation of 

the Ions, ionisation in such solvents would be expected to 
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lead to intimate ion-pairs and the carotene-acid ion 

pair formed, for example, in benzene is included in this 

category. The limit of dissociation of such an ion-

pair will depend upon its constituents and the solvent. 

Evidence of a proton transfer reaction occurring 

between acid and carotene or vitamin A acetate in an aprotic 

solvent to form an ion pair, comes from the marked increase 

of the electrical conductance of the solution over that of 

either of the reactants alone and from the new absorption 

bands which appear in the visible spectra at wavelengths 

above 500 mz which are characteristic of the ion-pair and 

which are accompanied by the disappearance of the absorp-

tion peaks in the visible and near ultra violet regions of 

the spectra associated with carotene and vitamin A acetate. 

It has now been shown that these ion-pairs, which 

represent excited states of molecules having long series of 

conjugated double bonds and which should, according to 

Berlin52  be capable of aggregating, do undergo irreversible 

changes to yield molecules containing up to nine monomer 

residues. The multiplication of the conjugated olefinic 

bonds in a carbon chain as in the carotenoids and in the 

synthetic polyene hydrocarbons of the structure Me— 

= CH31-Me having 3, 1 or 6 double bonds, prepared by 

Kuhn and Clrundrnann95, leads to an increase in the ease of 

polymerisation. A stabilising effect is exerted by 



terminal aryl groups as in the series Ph(CH CH)Ph9'. 

Little is known of the structure of the higher polyenes 

although the formation of polymers by the simplest 

monomer of the series, 1,3,5-hexatriene, has been 

investigated97   and has been found to take place according 

to the scheme 

- c;-4= C141  
2CH2 CH_CHC.CJcu.  

The addition of a further monomer molecule leads to a 

trimer: 

fol CH  e" - CH x  CN2 	 t,_,Jc H - a 14 

2  Q1  + 	CHI= C14- CH= CH-CH =CJ42  

While the combination of two dimers yields a tetramer: 

O
CH= CH2  

CH  

+ 
C142= CU 

CH- CHZ 
) 	

OH 

2 =  

This aggregation proceeded in the presence of an 

alkaline catalyst unlike the carotene polymerisation. 
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Of the acids used as catalysts in the latter 

reaction, five were found to be successful in producing 

polymeric products, theie being trichloroacetio acid, 

dichioroacetic acid, monochioroacetic acid, trifluoro. 

acetic acid and hydrochloric acid. Unlike the results of 

the polymerisation of cyolopentadiene74   the molecular 

weights of the products were dependent upon the nature of 

the catalysts and the vigour of the reaction conditions. 

The dielectric constant of the reaction medium affected 

the degree of polymerisation only when acids of lower 

dissociation constant such as dichioroacetic acid or 

monochioroacetic acid were used as catalysts. The 

strong acids such as trichioroacetic and trifluoroacetic 

acids yielded polymers of similar molecular weight 

regardless of the solvent being used. 

Two of the remaining acids, acetic acid and 

diphenyiphosphate did not yield polymeric products, the 

former probably due to its low degree of dissociation 

especially in media of low dielectric constant such as 

were being used, while the latter appeared to be impure 

(page 	55) containing a considerable quantity of 

triphenylphosphate, a non-acidic material which would not 

initiate the reaction. 

All but one of the products of picric acid catalysis 

were recovered monomer. This was probably due to the 
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limited solubility of pici4o acid in benzene since this 

acid has the same dissociation constant as trichioroacetic 

acid. The exception (6o) which was a trimer, was 

possibly prepared under optimum reaction conditions, 

evidence of which were found in the polymerisation using 

trichioroacetlo acid. 

Protànation or carotene and the formation of 

protonated polymer considerably increased the solubility 

of the monomer in benzene and dichloroinethane so that 

gradual dissolution of the carotene occurred. However, 

in nitromethane, the solubilities of all the species were 

limited. In the polymerisation of vitamin A acetate of 

which only a preliminary investigation has been made, 

trichloroacetic acid has been shown to yield polymers. 

It was clear from the assignment of peaks in the 

infra-red spectra of the polymers that acid residues were 

present, at least in the trichloroacetio acid catalysed 

preparations. That this was true of all the polymers was 

indicated by showing that they were hydrolysable by alcoholic 

potassium hydroxide, and confirmed when the results of 

analysis showed the presence of halogen atoms. 

From the quantities of potassium hydroxide neutralised 

by the polymers were calculated the equivalent weights, 

which were estimated to have an error of about 5% by this 

method, and the number of halogen atoms per molecule of 
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polymer. In all cases the latter result indicated 

that within experimental error there was one acid 

residue present in each polymer molecule. The figures 

for the percentage of halogen present obtained from 

the analyses of the polymers were compared with those 

obtained from the results of the hydrolyses and with 

the theoretically calculated quantity, assuming that 

there was indeed one acid residue present per molecule. 

Except in two of the polymer series, all three results 

were in reasonable agreement. In series E (catalyst, 

hydrochloric acid) and F (catalyst, trifluoroacetic acid), 

the analysis figures revealed a considerably higher 

halogen content than would have been expected from the 

above postulate. However, the other two figures were in 

good agreement, so that the halogen in excess over that 

expected theoretically was non-hydrolysable at least in the 

mild conditions here employed. These facts suggest that 

the excess halogen was substituted in the carbon chain. 

The large number of double bonds inthe hydrochloric acid 

catalysed polymers rule out the possibility that the 

halogen had added to a double bond. The analysis figure 

for polymer E3b is compatible with the presence of four 

chlorine atoms per polymer molecule, thus there are three 

non-hydrolysable chlorines present. In polymer Flb, 

there are four fluorine atoms per polymer molecule and 

since the acid residue will account for three of these, only 



one is non-hydrolysable. However, polymer F8c has 

nine fluorines per polymer molecule according to the 

analyses figures with again only three accounted for 

by the hydrolyses figures and six present In the chain 

In a non-hydrolysable form. 

The quantity of nitrogen (11.46%) present in 

polymer G6o, as indicated by the analysis results, was 

considerably greater than the percentage which would be 

present if the material was assumed to be trimer of 

carotene (3.22). The evidence to date does not allow 

a satisfactory explanation of the excess nitrogen to be made 

since if it Is explained by the presence of contaminating 

free piano acid, the spectra in the absence of acid 

should show absorption peaks above 500T,1 due to the form-

ation of polymer-picnic acid ion pairs. No such peaks 

were observed. 

The deep colour of the polymers indicated that they 

were highly unsaturated materials, retaining many of the 

double bonds of the monomers. The addition of acids such 

as trlchloroacetic acid to the polymers in aprotic solvents 

produced a deep blue-black solution similar to that 

obtained on adding the same acid to carotene or vitamin A 

acetate and confirming the presence of conjugated double 

bonds. As has already been noted (page 6) the conductivity 

of molecules such as phthalocyanine has been attributed to 
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the motion of -Tr electrons 20  and it has been found that 

conductivity Increases with increasing -Tr electron 

concentration 22, hence it was desirable to increase the 

degree or polymerisation or the polymers thus increasing 

their degree of unsaturation and if possible their degree 

or conjugation. Since it appeared that ion-pairs were 

being formed between the polymers and acid, this observation 

led to the examination of the effect of using the polymers 

from a one-stage reaction as reactants in place of 

carotene in a second treatment with acid under conditions 

similar to those of the first stage. Since these two-

stage products continued to give a blue-black colouration 

with acid, a third stage was added by treating a two-stage 

product with acid. The molecular weights of the two-stage 

products were, in all cases, increased over those of the 

one stage polymers used as the reactants. It seemed 

probable that many of the products had been formed by the 

union of two of the reacting molecules, the molecular weights 

having been almost exactly doubled, with very little loss 

of unsaturation, The initial results of the investigation 

of the product which resulted from a three-stage preparation 

suggested that this was an inefficient way of increasing 

the molecular weight. 

The total number of double bonds in each polymer was 

deduced from their uptake of bromine and of hydrogen. 
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The results indicated that considerable saturation of 

the carotene molecule had taken place except in the 

diniers produced by hydrochloric acid catalysis. The 

vitamin A acetate polymer retained much or the 
unsaturation of the monomer. Most of the carotene 

polymers did not contain a sufficient number of double 

bonds to postulate a simple addition mechanism of the 

acid catalyst to one of the double bonds in the monomer 

with subsequent joining together of this adduct with 

another carotene molecule, The structure of the polymers 

is further discussed at a later stage. 

In the carotinoid field, ultra-violet spectra are 

especially important and can yield valuable information 

on the probable structure of the molecule by comparison 

with the spectra of well defined members of this group. 

The ultra-violet and visible spectra of the polymers 

in chloroform solution showed absorption peaks which could 

be attributed to the presence of conjugated double bonds. 

The relationship between the number of double bonds in a 

molecule and the position of its bands of maximum 

absorption has been fully investigated and knowledge of 

one enables predictions to be made about the other. The 

light absorption is determined chiefly by the number and 

type of double bonds present in the molecule but a number 

of other factors including the presence of carbonyl and 



133. 

hydroxy groups and the steno configuration may shift the 

wavelength at which maximum absorption occurs. The 

carboxyl group of the acid residue may affect the light 

absorption of the carotene polymers slightly but since 

only one acid residue is present for each polymer molecule, 

at least some of the conjugated chains of double bonds 

cannot be conjugated with the oxygen of the carboxyl and 

no displacement of the peak due to these bonds would take 

place. The higher the number of conjugated ethylenic 

linkages, the longer the wavelength at which the 

absorption bands appear. The addition of a double bond 

to the conjugated chain without other changes in the 

structure results in a displacement of the visible 

absorption bands towards longer wavelengths by 20-22inji. 

The removal of a conjugated double bond has the opposite 

effect. This result would be expected since the higher 

the degree of conjugation, the greater the freedom of 

the -Jr electrons and the lower the energy gap between 

the ground and the exttited states. This reduction in 

the excitation energy shifts the wavelength at which the 

maximum occurs towards the red end of the spectrum. 

In polyenes of the structure CH3(CH = CH)CH3, where n 

lies between one and fifteen, Kuh 8  has shown that a 

smooth curve results when the number of conjugated double 

bonds in the molecule is plotted against the frequency of 
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maximum absorption of the spectra, all measured in 

nitro-benzene. In accordance with the above argument, 

he has also shown that unless unusual chromophores are 

present in the molecule, substances containing the same 

number or conjugated double bonds have absorption maxima 
at similar wavelengths when their spectra are measured 

in the same solvent. SmaIcula has investigated the 

carotertoid series in particular and a comparison of the 

spectra of members of this series with the spectra of a 

series of diphenyl polyenes of the structure C6H5-

(-cH = CH.'.)'.C6H5 having from one to seven double 

bonds indicated that the length of the conjugated chain 

in the carotenoids could be deduced from that of the 

simpler polyenea. A list (table 27,  page 13, has 

been prepared from published data recording the 

absorption maxima of polyenes having from two to fourteen 

conjugated double bonds. Many of the polyenes are 

included because of their carotenoid structure so that 

they are most nearly comparable with the synthesised 

polymers. Most of the polyenes having more than five 

conjugated double bonds exhibited three absorption maxima. 

To a considerable degree the wavelength locations of the 

maxima are dependent on the solvent and as far as 

possible the absorption spectra cited are those which 

were measured in chloroform or ethanol. A graph of the 
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frequency of maximum absorption against the number of 

conjugated double bonds (Figure 11, page 165) was 

prepared from the data in Table 270  and from it, the 

approximate number of conjugated double bonds present 

in the carotene polymers was deduced, The results 

are collected in Table 28 (page 138). 

The ion-pairs formed in carotene-acid solution 

have been shown to give rise to intense absorption 

bands in the ultra-violet region of the spectrum. 

Since the polymers contained chains of conjugated double 

bonds and showed proton acceptor properties so that ion 

pairs were formed on the addition of acids to the polymer 

alution in an aprotic solvent, their ultra-violet and 

visible spectra in the presence of acid and in an 

aprotic solvent were measured dmd absorption maxima 

similar to those attributed to the carotene-acid ion 

pairs were found to be present. The positions of the absorption 

maxima in these spectra allowed deductions to be made 

about the kngth of the chain of double bonds which was 

protonated and enabled a decision to be made on whether 

the proton went to the middle part of the chain of conjug- 

ation or to its ends. The absorption maximum due to the 

ion-pair formed in the proton transfer reaction is shifted 

to higher wavelengths, the longer the conjugated chain 

which is protonated, in a manner similar to the shift of 
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Table 28 

of chromophores and JDrotonated chromo 
otal numbers of double bonds in ooivme 

Ref. design 
of 

polymer 
Mol. 
Wt. 

No. of 
conjugated 

double bonds 
in 

chromophore 

Maximum 
No. of 

conjugated 
double bonds 

in 
protonated 
chromophore 

Total No. 
of double 

bonds 

Alb 231 0 8 7 26 

A2b 2300 8 7 26 

Bic 2340 8 7 26 

Ac 1990 8 7 23 

Dlb 1500 8 8 17 

D3b(i) 1420 6 7 17 

D5d 1760 5 7 20 

Elb 1080 6.-7 7 19 
E3b 1080 6-7 7 	. 19 
Fib 2060 7 7 28 

F5e 2430 6 7 23 

F9f 2690 8 1-8 23 

F8c 2260 7-8 7 18 

F7d 1830 8-9 8 15 

4 
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Table 28 (Contd.) 

ore 
and total numbers of double bonds 

Ref, design 
of 

polymer 

• 

Mol, 
wt. 

• 

No. of 
conjugated 

double bonds 
in 

chromophore 

Maximum 
No. of 

conjugated 
double bonds 

in 
protonated 
chromophore 

Total No. 
of double 

bonds 

F6g 2500 7 6 23 

K9d 1540 8 7 14 

K4e 1500 6 7 15 

K5f 1570 6 6 15 

Kllh 1610 5 7 13 

K7j 2510 - 8 23 

G6c 1410 6 8 10 

ASA 3380 7 - 45 

A8K 4500 7 -. 44 
E6A 1880 10 - 18 

K14A 2960 4 31 

K17A 3000 6 -42 

K15A 4320 6 	• - - 
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the maximum in the spectra without acid and due to a 

comparable reduction in excitation energy between the 

ground and the excited states with an increasing degree 

of conjugation. 

KuIiri'10  has developed a free electron treatment 

of the mesomeric ions from which can be deduced the 

length of the conjugated system which is protonated. 

The wavelength of maximum absorption, >% , is expressed 

in terms of the number of -Tr electrons in the system 

And the length of the chromophore: 

L2  

x = 
N+ 1 

wherein is the mass of the electron = 9.11 x 10-28  9* 

c is the velocity of light 	= 2.998 x 1Q 10 cm.sec. -.1  

h is Planck's constant 	= 6.62 x l0 7erg. sec. 

N is the number of iT electrons in the conjugated system 

L is the chromophore length in centimetres calculated 
from 

L = (2n.-2)C1 + 2e2 

where n is the number of double bonds in the chromophore 
0 is the ., 	distance = 1.39 x 10.. cm* 

is the .0 - C distance 	1.50 x  l0'am- 

This equation yields an upper limiting value of the 

wavelength ill  since it does not take into account the 

limiting resonance structures in the molecule. 



Assuming the protonated chain contains 6,7 or 8 double 

bonds gives maximum values of the wavelength of 

727 mi, 851  mi and 979 my respectively. The results 

of the probable bumbers of double bonds in the 

protonated polymer chains are collected in table 28, 

(page 138). It can be seen from a comparison of the 

numbers of conjugated double bonds in the polymers and 

the length of the protonated chain that the proton 

attacks one or other end of the conjugated system. 

This is further evidence that the length assigned to 

the chromophores was correct, since proton attack at the 

end of the conjugated system would leave the maximum 

possible number of conjugated double bonds which would 

add to the stability of the molecule. 

The equation 4.02 can now be refined to 

1 	(V -hc)(lL) +  0 	 N 	8mc 	 '..'' 4* 03 

where the term 

(V0  - hc)(l L) 
N 

is a correction allowing for the relative importance of 

the limiting resonance structures in the molecule. V0  

is the amplitude of a one dimensional potential operating 

on the iT electrons and its value has been computed for 

protonated and unprotonated polyeneshi)1fl4. 

Substituting the experimental value of about 820 my for 
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the wavelength and assuming the number of double bonds 

in the protonated system to be seven, a value or 540 

calories per mole is obtained for V0  . This 

comparatively low value suggests that the positive 

charge is evenly distributed over the chromophore and 

that there Is a high degree of resonance and conjugation 

present. Where V0  is high, (In the region of 40k. cal, 

per mole), this Indicates that one structure 

predominates. 

The formation of Ion-pairs in a solution containing 

polymer and acid could be written as 

P + HA * 	PH'1  . . A 	....... 4.04 

where P represents the polymer, 

HA represents the acid, 

and PH4  . . A represents the ion-pair, 

in a manner analogous with the formation of ion-pairs 

between carotene and acid, (2L01 page 123 ). 	The 

equilibrium constant, K1, of this reaction, which Is 

characteristic of the basicity of the polymer in the 

solvent being used, can be calculated from the optical 

densities at the wavelength of maximum absorption, of 

solutions containing polymer and acid. The concentration 

of the polymer was kept constant, while that of the 

acid was varied between 0.01 molar and 2.05 molar. 

The optical density was corrected for time effects by back 
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extrapolating to the time of mixing the acid with 

the polymer. 

The equilibrium constant is defined by, 

K1  = (PH .. A) x t(PH • • A) ..... 1 •05 
(P)(HA) 	r(P) r(HA) 

where f represents the appropriate activity coefficient. 

A quantity p which Is defined as the ratio of the 

Ion-pair concentration to the polymer concentration, can 

be calculated from the optical density measurements 

since 
= dado  

dea  -. da 

where d   is the optical density of the polymer solution 

containing acid of concentration (HA); d0  Is the optical 

density of a polymer solution of the same concentration as 

In d   but without acid; d 	Is the optical density of the 

polymer solution where the acid concentration Is zufieIently 

high that almost complete protonation occurs. 

Then K1  = f18 

(HA) 

where f is the ratio of the activity coefficients, which 

to a first approximation, owing to the dilute nature of 

the polymer solution being considered, can be assumed to be 

Unity. 

Hence K1  =  

(HA) 



.. log K 	lor,,B - og (HA) 

anO 107; 
 

1o :  (HA) -O 

Two sets of/3 values were calculated:- -(1) 

&, for calculatin/31 was the limiting value of 

the optical density as the acid concentration increased, 

obtained by plotting the optical densities against the 

acid concentration. 

(ii) & ..•rcalculating 119 2  was the value of the optical 

density when the reciprocal of the acid concentration was 

zero, on the graph of the optical density against the 

reciprocal of the acid concentration. 

Log, 1  and 1O62  were plotted against the logarithm 

of the acid concentration and by extrapolating these 

graphs to zero, values for log K1  and log K were obtained. 

Log Ki was taken as the mean value of log K1  and log K2. 

The equilibrium constant of polymer Alb with 

trichloroacetic acid in benzene was 9.3 litres/mole while 
with the same acid in dlchloromethane It was 20.9 litres! 

mole. These figures can be compared with the equilibrium 

constants, determined using trichioroacetic acid, of 

carotene in benzerie77  (0.40 litres/mole), of the 

cyclopentadiene-.trichloroacetic acid polymer in benzene 
48 

(6.5 litres/mole), of a hydrolysed furan-triehloroacetic 
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acid polymer in dichloromethane115  (33.9 litres/mole), and 

of a hydrolysed cyclopentadiene trichloroacetic acid 

polymer in dich1ox'omethane115  (38.9 litres/mole). As would 

be expected from the higher dielectric constant of dichloro-

methane, the equilibrium constants determined in that 

solvent had considerably higher values than those measured in 

benzene. The equilibrium constants of polymer Alb indicate 

that there is a comparatively large concentration of ion-

pairs in the reaction mixture with trichloroaoetic acid 

when either benzene or diohloromethane are used as solvents. 

The slopes of the graphs of log/51  and log fl2 against  

the logarithm of the acid concentration were unity hence, 

as was assumed in the calculation of X the ratio of the 

activity coefficients must be Independent of the acid 

concentration. 

Since  
(ion-pair) 

it was confirmed that the total number of moles of acid 

bound by each mole of polymer in the formation of the Ion 

pair was not more than one, by showing that the graph of 

1 + /3 against the reciprocal of the acid concentration 
/31 

was linear and on extrapolation to 1 = 0 gave a value of 

1.0 for 1 + iS. 	Such graphs were obtained using the value 

01 e1nerp 1  
07 'A 
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The enhanced electrical conductivity of the polymers 

In acid solution in an aprotic solvent was attributed to the 

formation of the ion pairs which acted as the current 

carriers. It is probable that the proton which transfers 

from the acid to the conjugated double bond system in the 

polymers distributes itself over the whole conjugated 

system. Hence the charge density on the cation will be reduced 

and the anion will be less strongly held than it would be 

if the charge were more concentrated. A graph of the 

negative logarithm of the ion-pair concentration, which 

was calculated from the stoichiometric polymer concentration 

with the help of the equilibrium constants determined above, 

showed that a linear relationship existed in which the 

conductance decreased with increasing concentration below 

0.01 molar where a minimum occurred, (figures 55 to 61, 

pages 216 to 225). 	This minimum is similar to that observed 

by Fuoss and Kraus in substituted ammonium salts which they 

interpreted as being due to the formation of triple ions 

in the particular concentration range. Hughes, Ingold and 

their co-.workers1--17  made measurements on tetra-n-butylainmoniuni 

salts and found that graphs of the logarithm of the 

conductivity against the logarithm of the concentration showed 

minima in the concentration range 10" to lO" molar. They 

also attributed this to the formation of triple ions 

represented by M X M of X 14 X and suggested that quadrupole  

or higher charged complexes might be formed which would account 
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for for the irregularity of the curve. 

The dissociation constants of the ion pairs can be 

calculated from the relationship between their concentration 

and the conduotivity.118  129 The ion pairs dissociate 

in solution according to 

	

PH+ . . A - 	P94  + A 	.. . ... ..... • 08 

The proton donor HA also dissociates in solution : 

HA A- 

but it can be assumed that in aprotic solvents this degree 

of dissociation is small compared with that-of the ion-pair. 

This assumption is justifiable if KA 44 	-14 moles/litre 

where 	KA =  
(HA) 

It has been shown that-the constants K defined as 

(rXJ 

relating to the dissociation of substituted ammonium salts 

rx in aprotic solvents lie between 10 	and 10 -20 

moles/litre and it is probable that the dissociation 

constant of a salt is larger than that of a carborlic 

acid. It therefore follows that the significant species 

responsible for the conductance of the polymers are Pie 

and A formed by the dissociation of the ion-pairs. Thus, 

the dissociation constant, lcd  of the ion-pairs is defined 

by 	lcd =  
(PH 4. • A) •............ 
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Since it has been assumed that the degree of dissociation 

or the acid is small, 

(PH) 	(A) 

and K3 = (PH)2 	- 	= 	 .. ... 1L10 
(Pif' . . A') 
	

C 

where C is the concentration of ion pairs. 

The degree of dissociation of the ion pair, e. can be 

given as 	 (p4-) 	- 	(PH) ....4*11 
(P1'. .Ai 	C 

and since using the Arrhenius equation 

.1 

A0 
where -A. is the equivalent conductivity, 

and 	A0  Is the equivalent conductivity at infinite dilution, 
t:en - J\.. 	 (PH+) 	 11.12 

A0  

From equation 11.10 

(PiP) = Kd.0  

-A- 
AO  A0  

S. 	 = 

KdC 

0 

C
i 

... log -A. = - log 1d + iogA = 4 log C ... 11.13 

Hence, when log Ais plotted against - log C. a straight 
line should result with a slope of 	0.5 and intecept at 



- log C = 0 of Ylog lcd + 2 iogA0), (figures 55 to 59). 
Within experimental error, the slopes of these graphs 

were found to be - 0.5. The value of iog...A at - logC 

0 was determined by extrapolating the portion of the 

graph which was linear at dilute concentrations to zero 

and ignoring the conductance minimum which occurred at 

higher concentrations due to multipole ion formation. .J 

was estimated empirically by plotting - log 	o against c 

and extrapolating the resulting curves (figures 60 to 64) 

to C = 0 thus obtaining values of - log JL. 
lcd was calculated by substitution of these values of 

log J't.. , and or the values of Z obtained from the - iog.A-

against - log C graphs in(1og lcd + 2 iog.A.0) = Z. 

The values obtained for K,3 and J' 	by this method are 
collected in Table 29,  (page 150). LogJ\.0  was 3.0 

0.5 in all the experiments except that using polymer K9d 
where it was 4.3. These values are very similar to those 

found by Wassermann118 during his determination of the 

dissociation constants of ion pairs formed between carotene 

and proton donors. The values of the dissociation 

constants of the polymers with trichioroacetic acid are 

slightly lower than the corresponding results from the 

carotene investigations but are still considerably higher 

than those of the previously mentioned substituted ammonium 

salts in benzene, Wassermann 118  attributes the relatively 
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Table 29 

ulvalerit conductivities at infinite dilution (A0 ) 
and dissociation constants (K&  of ion-pairs formed 
between polymers and trichioroacetic acid, from 
conductyy measurements in benzene at 20°. 

Ref. 
Design, of 

Polymer 
Conen. of 
CC1CO2H 

- log 10J 
(J.o in 
1./mole. 
ohm. 	cm.) 

log Kd 
(Kd in 

D1 a 1.OM 3.0 7.0 
E3b 1.OM 3.5 6.4 
Fib 1.OM 2.7 5.7 
K9d l.OM 4.3 5.7 
A8K 1.OM 3,5 6.1 



high value of the dissociation constants to the fact 

that the cation C formed in the reaction, 

, • Li 	
.. 

.J 	T .Id •**•* 
ii 
T. 

where C • • D represents the ion pair formed between 

carotene and proton donors, is characterised by a 

relatively small charge density since the charge is 

probably spread over the conjugated double bonds. He 

supports his argument by showing that the dissociation 

constant of the p-methoxycinnamaldehyde adduct, the 

cation of which has been shown by spectroscopy to have a 

somewhat localised positive charge near the carbonyl 

oxygen, Is smaller than those of the other polyenes 

Investigated. 

Reaction 4.14 above is very similar to the dissociation 

of the polymer-acid ion pair represented by 

PH + D 

and from the results obtined for the dissociation 

constant or the reaction, it is confirmed that the positive 

charge on the polymer cation is distributed over the 

chromophore. 

It is now clear that the initiation reaction in the 

formation of the polymers was the interaction between 

carotene and acid to form an ion-pair. Similarly, when 

a polymer was substituted for carotene, the interaction 

between this molecule and the acid to form an ion-pair 
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was again the initiation reaction for further 
I 'i polymerisation. Weiss' ' was one of the first 

workers to attribute the stability of the complex 

between electron acceptors and donors to the formation 

of an ion-pair. Many theories have since been 

developed to account for their formation 121'122. From 

the theory of Mulllkenh23 12k9 125 can be predicted the 

existence of strong absorption bands in the electronic 

spectra of these complexes. He has presented a general 

quantum mechanical theory to account for the interaction 

between electron acceptors and donors. The forces leading 

to complex formation are called by Milliken, charge-

transfer forces, and he likens them to London's 

dispersion forces. Since they are due to resonance 

between two wave functions of the complex, an interaction 

which cannot take place unless the wave functions have 

group-theoretical symmetry, the charge transfer forces 

have strong orientational properties which may govern 

the geometrical arrangements of the constituents of the 

complex, and therefore their manner of packing in liquids 

and molecular crystals. 

According to Mulliken, the complex PH+. . A formed 

in the reaction 

P+HA 

where P is polymer or carotene, 
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HA is proton donor, 

is a resonance hybrid between a no-bond structure (P,HA) 

and a dative structure (PH+  A). The covalent bond in 

the latter structure is weak in loose complexes and 

strong In stable molecules, This suggestion that 

resonance may occur between structures differing In the 

occupation of molecular rather than atomic orbitals and 

even between non-bonded structures and those produced 

from them by charge transfer is the advance made by 

Mulliken over the theories of Briegleb126,  which 

assumed normal dipole-dipole and dipole-induced dipole 

forces to be involved, or Baker and Bennett127  which 

postulated the existence of covalent bonding between the 

atoms of the two components. The existence of the 

absorption bands could not be deduced from either theory. 

The spectra, which Mulliken terms inter-molecular charge 

transfer spectra, since the light absorption causes an 

electron to transfer from P to HA, are attributable to 

the electron transfer process. As was emphasised 

earlier by Brackmannl28,  they are characteristic of the 

complex formed and are non-existent for either of the 

eomponents alone. 

Mulliken's theory also accounts for the qualitative 

dependence or the energy required for the formation of the 

charge transfer complex on the electron accepting and 



electron donating characteristics of the reactants, by 

showing that this energy is dependent upon the difference 

between the ionisation potential of the donor (P) and 

the sum of the electron affinity of the acceptor (HA) 

and the stabilisation of the Ion pair. Thus the 

energy required is decreased by a reduction of the 

ionisation potential of the donor or by an increase of the 

electron affinity of the acceptor. However, in certain 

complexes changes in the stabilisation of the ion-pair 

may outweigh the effects of the other two factors. 

Some Indication of the structure of the polymers 

can be gained by considering the position of the proton 

attack on the carotene molecule to form the ion-pair. 

This can be deduced by calculating the length of the 

protonated chain in the carotene using the method 

already outlined In the calculation of the protonated 

chain In the polymers (page iko). The upper limit 

of the wavelength of maximum absorption is given by the 

equation, 

A= 8mc X 
T2  

h 	N+l 

the symbols having the same significance as before. 

Assuming the protonated chain consists of 8 double 

bonds a value of 979 nip is obtained for the wavelength 

while If a conjugated chain of 7 double bonds is 



155. 

protonated, the maximum possible value of X falls to 
854 nyu. Similarly, if the protonated chroniophore 

contained 6,5, or 1  double bonds, the maximum values of 

A would be 7270  602 and 478 nip respectively. 	The 

experimentally observed value of the wavelength at which 

maximum absorption occurred was 950 nip so that it is 

most probable that the protonated conjugated chain 

contained 8 double bonds. 	It is also probable that the 

proton will attack an unsaturated carbon carrying a 

methyl group since this is an electron rich position. 

Assuming that the proton transfer withdraws two 1T 

electrons from the conjugated double bonds and forms a 

new methylenic group as In the protonation of aromatic 

hydrocarbons, and that a hydrogen shift occurs as in the 

protonatlon of vitamin A acetate, the following structure 

can be postulated for the carotene-acid adduct, 

Me rjefle.1 - 
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A molecule having conjugated systems of 8 and 2 

double bonds would be formed. If the proton attacked 

any of the other methylated unsaturated carbons, the 

conjugated system would have fewer than 8 double bonds 

and the wavelength of maximum absorption would be 

considerably lower than the observed ralue. It has 

already been mentioned that the values of the 

dissociation constants of ion pairs from carotene and 

its polymers confirm that the positive charge of the 

proton is spread over the sequence of conjugated double 

bonds rather than being localised near a particular atom 

so that this species should be considerably stabilised 

by resonance between a number of possible strucurez. 

If the propagation reaction were similar to that 

encountered in normal cationic polymerisation, it would 

be represented by 

We • • A + M ._,M2 H+ . . A 	...,... 4.15 

where M represents carotene, 

and MH • • A represents the ion pair formed between 

carotene and a proton donor HA, 

and MXH • • A- * M -'.M +lie • • A ......... 4.16 

Such a mechanism would be expected to yield 

polymers retaining most of the unsaturation of the monomer M. 

It can be seen from table 28, (page 138 ) that the total 

numbers of double bonds in the carotene polymers except 
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those of series E (catalyst, hydrochloric acid), are 

considerably fewer than the product between the number 

of double bonds in ,.i3 carotene (eleven) and the degree 

of polymerization. If the structure of the dlineric 

ion-pair from reaction 4.15 is written as 

'it 

He 

A 

or allowing for resonance, as 

- 

It becomes clear that the acid, or the cation of a carotnne-

acid ion-pair may attack the carbon atom Q for the same 

reasons as those which favoured the initial ion-pair 

formation. It the attack were by the proton from the 

acid, It could be followed by cross linkage between the 

chains of the polymeric cation, thus saturating a double 



bond and reducing the length of the conjugated chains 

of the participating residues. 	Ionic polymerisation 

using acidswhlch are strongelectron acceptors usually 

leads to linear polymers130, but chain transfer to the 

polymer is known and gives rise to branched polymers131'132. 

Although the spectra of many of the polymers indicated that 

there was a conjugated system of S double bonds present, 

only one such system would be required to cause the 

absorption, and the absorption peaks occurring at shorter 

wavelengths may be due to the presence of chromophores 

having fewer double bonds. However, since the polymers 

were soluble in several organic solvents and since the 

Infra-red spectra indicated a retention of the carotenoid 

structure, the cross linkage cannot occur to any great 

extent. 	It is possible that the remainng loss of 

unsaturation occurred by air oxidation during the 

preparation, especially at the filtration and centrifugation 

stages. 

Since the polymers prepared by a one-stage reaction 

contained one hydrolysable acid residue, It seems 

unlikely that the termination reaction was simple 

deprotonation to form a double bond analogous with normal 

cationic polymerisation. Although it is possible that the 

acid residue is incorporated into the growing polymer 

this type of termination would be expected to lead to long 



chains of conjugated double bonds, the double bond 

formed In the termination acting as a link between 

two shorter chains. None of the polymers had 

chrotnophores which were as long as or longer than that 

round in the carotene molecule. Rather, the termination 

reaction may be a combination of the acid counterion 

with a carbon atom in the polymer cation, a reaction 

which has already been proposed by Plesch68  to account 

for the trichioroacetate residue found in polymers of 

isobutene prepared by treatment with titanium tetrachloride 

and trichloroacetic acid. 

The diners of series E, which retained between 9 

and 10 double bonds per carotene residue were more 

unsaturated than the other polymers. This was possibly 

due to the stabilising effect of the non-hydrolysable 

chlorine—containing residues which the analysis figures 

Indicated were present In these polymers. 

Several of the polymers prepared by two stage reactions 

appeared to be two molecules or the reagent polymer linked 

together with very little loss of unsaturation, while A6F. 

the only two stage polymer whose molecular weight was not 

significantly higher than that of the intermediate Me, 

differed from this intermediate only in the addition of 

one trifluoroacetic acid residue to each molecule of polymer. 

However, polymers D5F  and E6A and K13F showed large losses of 
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unsaturation over both carotene and the intermediate 

reactants D5d, E6e and TC13m. 

Saturation of the double bonds in the polymers 

occurred after their preparation even when they were 

stored under high vacuum, as indicated by the results 

of hydrogenation. Carotene itself shows a loss of 

unsaturatlon when it is subjected to the effects of 

light and air due to oxidation but is stable in the 

conditions under which the polymers were kept. Since 

the stored polymers gradually became benzene insoluble, 

cross linking between the chains may have been taking 

place. 

It has been noted, (page 2 ) that paper for use 

a base in electrophotographic copying should have a 

lateral resistance of less than 109  ohms, cm. • or a 

conductivity greater than 10 ohms. 	cm. 2. The 

conductivities of the synthesised polymers were 

initially tested in benzene solution and it can be 

seen from tables 23 to 25 (pages 118 to 120 ) that 

even at concentrations of 509./i., the maximum 

conductivity obtained was 	x 	ohm. 
	cm* 1. 

Neither increase in molecular weight, nor degree of 

unsaturatlon or of conjugation, significantly affected 

the conductivity. Thus a benzene solution of K7F 

(1.0g./i.), a two stage polymer with a molecular weight 
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of 119-20, was very slightly less conducting than a 

similar solution of Fth whose molecular weight was 

2060. That the conductivity was not increased with 

an increasing degree of unsaturatiori is illustrated 

by a comparison of the conductivites or solutions 

of L3b and C9d the former having between 9 and 10 

double bonds per carotene residue while the latter had 

not more than 6. 

The presenec if oiar trih1oraeLio acid in Lie 

polyrer solutions increased the conductivity by a fa(,-('-.or 

of between i02  and 103.The paper strips which had 

been coated with acid-polymer solutions were, as measur, 

less conducting than the solutions thernselve (Ta;1e 26, 

page 122)  so that reasurement of the solution condUct1v1tj 

provided a test of the usefulness of the polymers as 

irnpregnants for the elcctrophotographic base paper. 

Since Fib was the most conducting polymer tested, no 

further strips ere prepared • 	After drying In air the 

strips had a conductivity of about À  x 10 	
-1 

ohms, cm0 

which was to a large deree independent of the concentration 

of the polymer in the impregnating solution. 	However, 

water washing of the strips to remove the free acid., which 

would have been deleterious both to the paper and to 

machines using the paper, left strips with conductivities 

of about 8 x 10 	ohms. 1  cm. -2, 	Thus, sheets which 
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were sufficiently conducting for use as eiecrophoto—

graphic base poo.' could not be prepared by coating 

:Irectl ;ith te carotene polymers. 	The addition 

of electron donors to benzene so1uions of the 

po1mers, (pa;e 108) in an attempt to form a polymer 

anion with a small counterion which would lead to 

increased conductivity was not successful enough to 

reduce the solution resistance by the same factor as the 

additon of 1.0 molar trichioroacetic acid. 
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5. 	 CONCWSXON 

Carotene, on reaction with strong acids In 

aprotic solvents, yielded d liners, trirners, tetramers 

and penamers, Polymers of higher molecular weight 

were obtained when these materials were resubjected 

to reaction with acid. All the products, which were 

soluble in organic solvents, were deeply coloured, 

unsaturated powders, having chains of conjugated 

double bonds. They were less unsaturated than the 

monomer, possibly due to crosslinkage or to oxidation 

during preparation, and when kept under vacuum they 

gradually became saturated and insoluble. 

The addition of trichloroacetio acid to benzene 

solutions of the polymers resulted in the formation 

of ion-pairs which were responsible for the intense 

absorption peaks in the visible spectrum. The 

conductivities (1. x 10-10   ohm.'1  cm.') of benzene 

solutions QLt the polymers (1012  molar), were enhanced 

(to I x lO ohm.' cm.) by the addition of molar 

trichioroacetic acid, but there was no obvious 

correlation between the conductivity, which varied 

little with the polymer used, and the length of 

the conjugated double bond chain, the degree of 

unsaturation or the molecular weight of the polymer. 

Therefore the conductivity appeared to be due mainly 
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to the presence of the ion-pairs. None of the polymers 

was sufficiently conductinc.,  to be suitable for coating 

base paper for electrophotoraphy uhile the conductivity 

of paper. stripq coated with a polymer-acid adduct was 

reduced on water washing. 

Further Information about these polymers could be 

gained from the nuclear magnie resonance spectra, when 

the number of protons attached respectively to olefinic 

and non-olefinie carbon atoms could he deduced; 

viscosity measurement on the hIrher molecular weight 

samples would indicate their degree of linearity, while 

elucidation of the mechanism of formation would allow 

further Inferences to be drawn about the structure o 

the final products. Also or interest would be the 

conductivity of tie polymers in the solid, state when the 

appearance of correlation between the conductivity and 

any of the properties measured during the research reported 

would add to the experimental data available on the 

conduction of electricity in organic colido. 
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FIG. k 

Number of conjugated double bonds in various polyenes 
against the frequency of maximum absorption in the electronic 
spectra of the polyenes in chloroform, ethanol of hexane. 
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FIG. 5 

Electronic spectrum of 

carotene at 200;  optical 

path lenth 0.10 cm. 

Solvent : chloroform; 

molarity of carotene 1.05 x 
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FIG-.6 

/ - 	Electronic spectrum of 

carotene in l.011 tr 4 chloro- 
o1 

I acec acid at 20 0;  optical 

path lenfth 0. 10cm. 

Solvent : henzcne: 

molarity of carotcne 1.83 x 
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Electronic spectrum of 

0 carotene polymer Alb at 20 

optical path length O.lOcm. 

0•3 	 Solvent : chloroform; 

molarity of polymer 4.76  x 

Wavelength (mp) 
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FIG. 8 0.9 

Electronic 	ctru.m of 

carotene roTmcm l" .1"b in l.OM 

trichloroacetjc acid at 200;  

optical path length 0.10cm. 

0-7 - 	 Solvent 	benzene; 

molarity of Polymer 2,! x 
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- 	 FIG. 10 

Electronic spectrum of 
O9 

carotene polymer A2h in l.Ori 

trichioroacetic acid at 20°; 

O7 
	

optical path lenth 0.10cm. 

Solvent : benzene; 

0.6 	 molarity of o1vmr 2.1$ x 

0.3 

WA 

0•I 
3o 40c fc 600 700 Soo 9CO iccO 

T.Javelength (rji) 
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FIG. ii 

Electronic spectrum of 

carotene nolymer A-c in lOIi 

trichloroacetjc acid at 2O0 

optical path len,th 0. lOom. 

Solvent 	benzenc; 

molarity ofpolyr2er 2.56 : 

l0. 

:avelength (m?) 
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	 carotene o1y1er  e Mc and 

fl- i5e at 200, optical path 
oc. * 	--.— j------ 	--a----  lent 0.l0cn. 

Pomer Ac; tolvent: 
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FIG. 13 13 

Electronic spectrum of 

carotene polymer Ble at 200; 

optical path 1enth 0.10cm. 

Solvent : chloroform; 

molarity of polymer 24.96  x 

0• 

0 
2o 300 

Wavelength (m)') 



175. 

t•0 

O3 

O•7 

0.6  

O4 

/ 1 

/ 
o. I- 

I 

02 

0•1 
co 400 	'c600 	70 	o 	co 	cc 

- 

Eleclronic •cc;ru:-i of 

carotene polymer 7le in 1C 

CriChlOrOaCetjC aoi( at 200 ;  

optical path lenth 0l0c, 

solvent, : benzcne; 

r.oariy of polyr 2 	:: 

10 'T 



Electronic spectra of 

carotene polymer Dlb, Dib and 

Flb at 200,opccal path 

1th 0.10cm. 
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FIG. 16 

Electronic spectrum of 

carotene polymer Dlb in 1.0K 

trichloroacetjc acid at 20°; 

optical path length 0.10cm. 

Solvent : benzene; 

molarity of polymer 4.247  x 
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avc1enth (y) 

FIG. 17 

Electronic spectrum of 

carotene polymer D3h (1) at 

200; optical path length 

0. 10cm. 

Solvent :*chloroform; 

molarity of polyme' 2.65 x 

l0_2. 
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FIG. 18 

Electronic spectrum of 

carotene polymer D3b  (1) in 

l.OM trichloroacetic acid at 

200 	optical path length 

0. 10cm. 

Solvent : benzene; 

molarity of polymer 1.51  x 

IO3. 

Lave 7 ength (ny) 
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FIG. 19 

Electronic spectrum of 

carotene polymer Db (Ii) 

at 200; optical path length 

0.10cm. 

Solvent : chloroform; 

molarity of polymer 2.98 x 

l0. 

01 ---.- 	 . 
Zoo 	 00 	400 

are1enbh (ny) 
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FIG. 20 

Electronic spectrum of 

carotene polymer D3b (11) in 
iiIIIIi 

1.OM trichioroacetic acid at 

200, optical pa 	length 

0.lOcth. 

Solvent : benzene; 

molarity of polymer 1.75 c 
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FIG. 21 

Electronic spectrum of 

O•7 
	 carotene polymer D5d at 200;  

H 	 optical path length 0.10cm. 

Solvent : chloroform; 

moarity of polymer 6.12 x 

0 
2o 3c'o 	 £OO 	 500 	 600 	 700 	 900 	 900 	 )000 

;favelength 



18). 

FIG. 22 

Electronic spectrum of 

carotene polymer D5d in l.OM 

trichloroacetic acid at 200; 

optical path length 0.10cm. 

Solvent : bcnzcne; 

molar.ity of polymer 1.25 x 

10 

av1enth (np) 
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Electronic spectrum of 

carotene polymer Elb in 1.OM 

trichloroacetic acid at 200; 

optical path length 0.10cm. 

Solvent : benzene; 

molarity of polymer 5.66 x 

l0. _____- 

Wavelength (m?) 
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FIG. 25 

Electronic spectrum of 

carotene polymer E24b in l.OM 

trichloroacetic acid at 20°; 

optical path length 0.10cm. 

Solvent : benzene; 

molarity of polymer 5.8 x 

l0. 

Wavelength (91) 
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FIG. 26 

Electronic spectrum of 

carotene polymer Fib in l.OM 
0 

trichioroacetic acid at 20 ; 

optical path length 0.10cm. 

Solvent : benzene; 

I•J. moiar.ity of polymer 3.28 x 
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Electronic spectrum of 
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carotene polymer F8c at 200; 

H 	Optical path length 0.10cm. 

I14 	 Solvent : chloroform, 
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FIG. 28 

Electronic spectrum of 

carotene polymer F8c in l.OM 

trichioroacetic acid at 20 0; 

optical path length 0.10cm. 

Solvent : benzene; 

molarity of polymer 1.40 x 

lO. 
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FIG. 30 

Electronic spectrum of 

carotene polymer F7d  in l.OM 
0 

trichioroacetic acid at 20 ; 

optical path length 0.10cm. 

Solvent : benzene; 

molarity of polymer 1.89 x 

l0. 

Jave1ength (m?) 
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Electronic spectrum of 

carotene polymer F5e  in 1.OM 
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optical path length 0.10cm. 
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FIG. 32 

Electronic spectrum of 

carotene polymer F9f in 1.014 

trichioroacetic acid at 200;  

optical path length 0.10cm. 

Solvent : benzene ; 

molarity of polymer 1.98 x 
1o _L.  



FIG. 33 

Electronic spectra of 

carotene polymers F6g, J2c, 

and J3b at 200.  optical path 

length 0.10cm. 

X Polymer F6g; Solvent : 

chloroform; molarity of 

polymer 6.95 x 

Polymer J2c; Solvent : 

chloroform; concentration of 

polymer 0.218 g/i. 

® Polymer J3b;  Solvent : 

chloroform; concentration of 

polymer 0.112 g/1. 
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FIG. 3)4 

Electronic spectrum of 

carotene polymer F6g in 1.0171 

trichloroacetic acid at 200; 

optical path length 0.10cm. 

Solvent : benzene; 

molarity of polymer 3.58 x 

ioi4. 



FIG. 35 

Electronic spectrum of 

carotene polymer Gib at 200;  

optical path length 0.10cm. 

Solvent : chloroform; 

molaxity of polymer 2.44x 
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FIG. 36 

Electronic spectra of 

carotene polymer G6c, K1-e, 

and K5f at 200;  optical 

path length 0.10=110 

Polymer GGc; Solvent: 

197. 
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FIG. 37 
Electronic spectrum of 

HH carotene polymer G6o in 1.OM 

H-Th trichioroacetic acid at 200; 

optical path length 0.10cm. 

Solvent : benzene; 

H1 i molarity of polymer 2.5 x 

r;; io-. 

Soo 900 

Wavelength (mji) 
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- 	 FIG. 38 
- 	

I 	Electronic spectrum of 

	

- 	 carotene polymer G5e at 200, 

	

-- 	 - 	optical path length 0.10cm. 

Solvent chloroform, 

molarty of polymer 1.7 x 



200. 
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Electronic spectrum of 
I 	L 

r carotene polymer K6a at 200; 

-. ........ H .. 	 optical path length 0.10cm. 
17777 
I 	I 
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.OM 
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FIG. 43 

Electronic spectrum of 

carotene polymer K5f in l.OM 

trichioroacetic acid at 200; 

optical path length 0.10cm. 

Solvent :,benzene; 

molarity of polymer 3.88 x 

rA 
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FIG. 45 !l.5 

Electronic spectrum of 

carotene polymer Kllh in 

l.OM trichioroacetic acid at 

200  optical path length 

0.10cm. 

Solvent : benzene; 

molarity of polymer 1.98 x 
l0. 

Tave1ength 
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FIG. 46 

Electronic spectrum of 

carotene polymer K7j in l.OM 

trichloroacetic acid at 200;  

optical path length 0.10cm. 

Solvent : benzene; 

molarity of polymer 3.10 x 

10- . 

4- 

Wavelength(m,u) 
/ 
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4 . 	Electronic spectrum of 

08 
................ 
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optical path length 0.10cm. 
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FIG. 51 

Electronic spectrum of 

carotene polymer K17A  at 20
0
; 

optical path length 0.10cm. 

Solvent : chloroform; 

molarity of polymer 8.3 x 

10. 

wavelength (rn,) 



o.c 

4- 



r.J 

0-4- 

Electronic spectrum of 

FIG. 53 

2 21. 

vitamin A polymer VA1 at 

V 20 ; optical path length 

0.10cm. 

Solvent : chloroform; 

concentration of polymer 

O.13g./l. 

0.3 

Ew 
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215. 

1-H 	 FIG. 
I 	

Electronic spectrum of 05 	 ---- ----1 4- 

vitamin A polymer VA1 in 

I-OM trichloroacetic acid 

at 200, optical path 

length 0.10cm. 
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- log C 

FIG. 55 

Relation between logarithm of molar electrical 

conductance A (i. mole, 	ohm, - cm. 1) 

and logarithm of molar concentration, Polymer 

Dka with trichioroacetic acid at 250. 

Solvent : benzene. 
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- log C 

FIG. 56 

Relation between logarithm of molar electrical 

conductance A (ii mole, 	ohm, 	cm, 

and logarithm of molar concentration. 	Polymer 

E3b with trichloroacetic acid at 250. 

Solvent :. benzene. 

4- 
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FIG. 57 

Relation between logarithm of molar electrical 

conductance A (1. mole, 	ohm, 	cm, 

and logarithm of molar concentration. 

Polymer Fib with molar trichloroacetic acid at 250. 

Solvent : benzene. 



- log  

FIG. 58 

Relation between logarithm of molar electrical 

conductanceA(1. mole, 	ohm, -1 cm, 	) and 

logarithm of molar concentration. Polymer K9d 

with trichloroacetjc acid at 250 . 

Solvent : benzene. 
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- log C 

FIG. 59 

Relation between logarithm of molar electrical 

conductanceJ\. (1. mole, -1  ohm, 7 cm, 

and logarithm of molar concentration. 

Polymer A8K with molar trichloroacetic acid at 250. 

Solvent : benzene. 
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- iogk 

4- 

FIG. 60 

Relation between logarithm of molar e1etrical 

conductance IL (1. mole, 	ohm, -1  cm, 	and 

the fourth root of the molar concentration. 

Polymer D').a with molar trichloroacetic acid at 25 
0 

Solvent benzene. 



222. 

Relation between logarithm of molar electrical 
It 	 , 	 i _ 	 -•1 conductance ..iL (1. mole, -1  ohm, 	cm 	) and 

The fourth root of the molar concentration. 

Polymer E3h with molar trichloroacetic acid at 25°. 

Solvent : benzene 
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4j C 

FIG. 62 

Relation between logarithm of molar electrical 

Conductance A.. (i. mole, 	ohm, 	cm, 	and 

the fourth root of the molar concentration. 

Polymer Fib with molar trichloroacetic acid at 250 . 
Solvent : benzene. 
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a- 

Relation between logarithm of molar electrical 

conductance 	(i. mole, 	ohms - CM0 	and the 

fourth root of the molar concentration. Polymer 

K9d with molar trichloroacetjc acid at 250 . 
Solvent : benzene. 



225. 

FIG. 64 

Relation between logarithm of molar electrical 

concuctance .J (1. mole, 	ohm, 	cm. 	) and 

the fourth root of the molar concentration. 

Polymer A81K with molar trichioroacetic acid at 25 
0 

Solvent : benzene. 
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