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Previous ESR and UV spectroscopic studies of semi- 

quinone cations are reviewed, Cations of 4,4'-bipheno- 

semiquinones prepared by chemical oxidation of the 

   
corresponéing diols and reduction of the quinones in 

sulphuric acid, were studied using ESR and UV spectroscopy. 

Oxidation of biphenyl-4,4'-diol in sulphuric acid leads 

to either the 4,4'-biphenosemiquinone cation or it's 

3,3'-disulphonated derivative, whereas, oxidation in 

aluminium chloride-nitromethane yields only the parent 

cation, Reduction of 4,4'-biphenoquinone in dideutero- 

sulphuric acid initially gives the 4,4'-biphenos emiquinone 

cation which subsequently undergoes a stepwise exchange 

of the protons in the 3,3',5 and 5' positions for deuterons, 

A variable temperature study of this process is reported 

and discussed, Similar patterns of behaviour are observed 

in the 1,4-dihydroxybenzene-1,4-benzogquinone system, 

The 3,3',5,5'—te tra-t—bu ty 1-4, 4'-biphenosemiquinone 

cation under certain conditions undergoes dealkylation to 

give secondary radicals. 

Anions of some alkylated 4,4'-biphenosemiquinones 

were prepared by the air oxidation of the diols ina 

variety of solvent mixtures and studied by ESR. ‘The 
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solvent dependance of the hyperfine coupling constants 

for the 3,3',5,5'-tetramethyl- derivative are reported 

and discussed in terms of an equilibrium between semi- 

quinone anions and hydrogen-bonded complexes of such 

anions with the hydroxylic solvent. ‘the theory of 

Gendell, Freed and Fraenkel is shown to be quantitatively 

in agreement with the resulis. A correlation between 

the electron-donating power of the solvent and the 

equilibrium constant for the dissocation of the hydrogen- 

bonded complexes is also discussed, 

Molecular orbital calculations were performed for 

the 4,4'-biphenosemiquinone system and it's 3,3',5,5'- 

tetramethyl- derivative. Changes in the hyperfine 

coupling constants between the anion and the cation of 

4,4'-biphenosemiquinone are consistent with these 

qualitative predictions, 

Several electron donor compounds were treated with 

5,35',5,5'-tetrachloro- and 3,3',5,5'-—tetrabromo—4,4'— 

biphenoquinones, Paramagnetic products were only 

detected in the case of phenothiazine. 
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QUINONES 

The reduction of quinones to dihydroquinones 

(commonly referred to as hydroquinones) is a revers— 

ible process involving the addition of two electrons 

end two protons, It is possible to transfer these electrons 

one at a time thus producing intermediates representing 

the oxidation state lying half-way between these two 

compounds, ‘These paramagnetic intermediates are appro- 

priately called semiquinones, their exact nature and 

stability is largely dependant upon the pH of the solution, 

In an alkaline medium the semiquinone exists as an anion 

which gains added stability because of the greater delocal- 

isation of the unpaired electron, 

These anion radicals were first discovered by 

Michaelis (1) in 1931 and his subsequent classic studies 

(2 - 6) established their nature and also the factors 

determining the various equilibria. ‘hey were also 

amongst the first radicals examined using the Electron 

Spin Resonance technique (ESR)(7) and the para- or 

1,4-semiquinone enions have been the subject of much 

research in order to study the effect of structure on 

the T-electron distribution, ‘The 1,2-isomers (ortho- 

  Semiquinones) are much less stable and readily produce 
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secondary radicals (8 - 10). Although meta- or 1,3- 

quinones do not exist the ESR spectra of their semi- 

quinones produced by the oxidation of the substituted 

; 
1,3-dihydroxybenzenes in a fast flow system have been 

observed (9, 10). 

In neutral or weakly acidic media the semiguinone is 

d species which is 

  

present as the neutral monoproto 

much less stable, It tends either to disproportionate 

@irectly to mixtures of the quinone and the hydroquinone 

or produce a quinone-hydroquinone adduct known as a 

quinhydrone, This substance is apparently a charge— 

transfer complex with the hydroquinone acting as the 

electron donor and the quinone as the electron acceptor. 

aglvce Gace, although not very soluble tend to be 

considerably dissociated into their components in 

solution, Neutral semiquinones have been prepared 

photolytically (11) and have also been observed in 

dilute acid using an ESR fast flow technique (12). 

fhe doubly protonated species, tue semiguinone 

cation, was first detected by Land and Porter (13) 

using U.V. spectroscopy. Subsequently, Bolton and 

Carrington (14) investigated such species in concentra ted 

sulphuric acid using ESR srectroscopy. x PY 

The relationships between these various inter- 

ne@iates are shown schematically in figure 1.1 for the 

1,4-benzoquinone - hydroquinone system, 

ard
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Although the literature abounds with spectroscopic 

studies on benzo-, naphtho- and anthrasemiquinones very 

little had been reported up to 1969 concerning the 

bipheno— analogues (a note on the nomenclature used for 

the corresponding quinones and hydroquinones is given in 

appendix 1). 

Matsunaga and McDowell (15) reported the ESR spectra 

of the 3,3',5,5'-tetramethoxy— and 3,3',5,5'—te trauethyl- 

4,4'-biphenosemiquinone anions (I, II) prepared by the 

O o 
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(1) (II) 

air oxidation of the respective biphenyldiols in a 

mixture of aqueous potassium hydroxide and pyridine, 

However, a subsequent paper by lhatsunaga (16) offered an 

alternative mode of assigning the hyperfine coupling 

constants for the ring and 1iethyl protons of the 

tetranethyl derivative.



Ee Forbes and Sullivan (17) in reporting their ESR 

Studies on the cation of 1,4-dimethoxybenzene noted that 

the oxidation of bipheny1l-4,4'-diol with a mixture of 

aluminium chloride and nitromethane produced a blue 

paramagnetic solution, ‘They analysed the resulting ESR 

spectrum in terms of two groups of four equivalent 

protons and one group of two equivalent protons, 

In connection with these compounds it is interesting 

to note that Bourdon and Calvin (18) atiempted to prepare 

4,4'-biphenyldiols substituted in the 2,2',6 and 6! 

positions so that on oxidation a coplanar quinone is 

not procuced but rather a diradical (III) stabilized by 

resonance, 

6 

x x 

Xx X 

° 

(22D) 

Although the work was inconclusive, they showed that a 

hindered quinone, 2,2'-dime thy1-5,5'-di-t-butyl-4,4'- 

biphenoguinone could be prepared and was in equilibrium 

with a small amount of diradical. 
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1.3. SCOPE OF Tih 

  

The aims of the present work are threefold: 

Firstly, to prepare anc study using ESR and UV 

spectroscopy the biphenosemiquinone cation end 

its halogenated and alkylated derivatives both 

in concentrated sulphuric acid and in aluminium 

chloride - nitromethane mixtures witn a view to 

detecting evidence of restricted rotation either 

of the hydroxyl groups or the aromatic rings. 

Secondly, to extend the work of Matsunaga to 

othe alkyl derivatives of biphenosemiquinone 

_ anion and perhaps determine the role and effect, 

if any, of the pyridine on the stability and 

ESR spectra of the semiquinone enions, 

Thirdly, to investigate the electron acceptor 

properties of the halogenated 4,4'—biphenoquinones 

by ESR spectroscopy. The redox potential of the 

4; 4'—biphenoauinone-bipheny1-4,4! -diol system is 

quite high (0.954V) (19, 20) and halogenated 

derivatives should be expected to have even 

higher values and behave as extremely good 

electron acceptors, possibly even strong enough 

to completely remove an electron iron a suitable 

donor, 

These three topics are discussed in chapters 3, 4 and 6 

respectively.



2s EXPERIMENTAL 

Cele PREPARATION OF COMFOUNDS 

2.1.1.  Biphenyl-4,4'-diol 

A commercial sample (Schukardt) of this compound 

was recrystallised three times from 70° aqueous ethanol 

yielding white crystalline plates, m.p. 275-215°0, Vite 

value 274-275°C (21). 

Analysis: Found C 76.94%, H 5.22 

Calculated for C12H1009 C 77.50%, H 5.38* 

elses 3,3',5,5'-Tetrachlorobipheny1-4,4'-diol 

The method used by Magatti (22) was employed. 

Chlorine was passed into a stirred suspension of biphenyl- 

4,4'-diol in glacial ethanoic acid at room temperature, 

Gradually the suspension dissolved to give a yellow 

solution which after a few minutes became hot and a 

pale yellow crystalline precipitate of crude 3,3',5,5'- 

tetrachlorobiphenyl-4,4'-diol formed, The slurry was 

washed several tines with glacial ethanoic acid to remove 

the yellow colour and filtered to yield small white 

needles which were recrystallised twice from 50° aqueous 

ethanol, mp. 239-241°C, lit. value 239-241°C (23).



Analysis: Found ChA4540%, H 1.851, Cl 45.117, 

Calculated C 44.50%, H 1.85%, Cl 43.70% 

for C5H,C1,0, 

Delis De 3,3',5,5'—Tetrabromobiphenyl-4,4'-diol 

This compound was prepared by a modified version 

of the method employed by Moir (24). 2.5g of biphenyl- 

4,4'-diol were suspended in 30 em? glecial ethanoic 

acid at 60°C and bromine was added gradually until a 

red-brown solution was obtained, The temperature rose 

to 85°C and after ten minutes a white precipitate formed, 

The mixture was cooled, filtered and the solid was 

washed twice with glacial ethanoic acid, Recrystal-— 

Lisation from absolute ethanol produced 4.%g of white 

needlelike crystals, mp, 266-267°C, lit, value 266°C (24). 

Analysis: Found ; C 28.54%, H 1.24%, Br 63.28% 

Calculated © 28.71%, B 1.20%, Be 63. 70% 

for Cz 2H gBr 40, 

2.1.4. 4,4'-Biphenoquinone 

This compound was prepared using the method of 

Konig et al. (23). A solution of 2.0g biphenyl-4,4'- 

diol in 80 em? dry 1,4-dioxan was added with vigorous 

stirring over a period of five minutes to 7.14¢g of lead(IV) 

ethanoate in 140 ew? glacial ethanoic acid, The purple- 

brown mixture was then stirred for a further five minutes 

at 35°C before cooling in an ice-water bath, ‘The result— 

ing precipitate was filtered off and washed with glacial 

ethanoic acid and 60-80 light petroleum ether to yield 
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brown-violet crystals (1,52g), Recrystallisation from 

benzene produced gold coloured feathery needles whereas 

when acetone was used as the solvent larger dark red 

needles were obtained, m.p. ca. 165°C with decomposition, 

lit. value ca.160°C with decomposition (25). 

Analysis: Found C 77.82%, H 4.40% 

Calculated for CypHg02 C6 78.30%, H 4.35% 

2.225. 3,3',5,5'—Tetrachloro-4,4'-—biphenoquinone 

This compound was prepared by a similar method to 

that used for obtaining 4,4'-biphenoquinone, However, 

this time a hot solution of lead(IV) ethanoate in glacial 

ethanoic acid was added dropwise over a period of thirty 

minutes to a solution of 3,3',5,5'-tetrachlorobiphenyl- 

4,4'-diol in 1,4-dioxan, The resulting red-brown solution 

Was cooled and filtered to yield brown—-violet leaflets 

which were washed twice with 1,4-Gioxan, The crystalline 

solid did not melt. 

Analysis: Found C 44.40%, H 1.24%, Cl 43.11% 

Calculated C 44.75%, H 1.40%, Cl 44.00°% 

for 12H 40140, 

256, 3,3! ,5,5'—Netrabromo-4,4'-biphenoquinone 

Again the method of Konig et al. (23) was employed 

put this time the 3,3',5,5'-tetrabromobiphenyl—4,4'-diol 

solution was added dropwise to the lead (IV) ethanoate 

solution, The resulting small scarlet crystals were 

filtered off and washed with 40-60 petroleum ether 

followed by acetone.



Analysis: Found GC 28,46/, H-0.89%, Br 64512% 

Calculated © 28.62%, H 0.80%, Br 64.00% 

for Oyg8 Bees 

Cott. 3,3' ,5,5'—Tetrame thy1-—4, 4'—biphenog uinone 

Silver carbonate ~ Celite reagent (see footnote) was 

prepared as follows: 30g of Chromosorb ‘i AV-DCIS (60-85 

mesh) were added to a stirred solution of 34g of silver 

nitrate in 200 em? of distilled water. A solution of 

2lg potassium hydrogen carbonate in 300 em? distilled 

water was added slowly to the above suspension and the 

mixture stirred for a further ten minutes, ‘The yellow- 

green precipitate was then filtered off, washed with 

distillea water until neutral and finally dried in a 

rotary evaporator over 2 period of four hours, 55g of 

the Celite reagent (a yellow-green powder) were obtained, 

1.2g of 2,6-dimethylphenol were refluxed for thirty 

minutes in 150 em? benzene with 25.lg Celite reagent. 

After filtration to remove the spent reagent a red-brown 

solution was obtained which on evaporation produced 1.1g 

of small scarlet crystals u.p. 215-216°C with decomposition, 

lit. value 215°C with decomposition (26), Recrystallisation 

from benzene did not raise the melting point. 

Footnote: 

Silver carbonate supported on Celite was found by 

Balogh et alia (26) to be an excellent reagent for the 

oxidative coupling of phenols to produce alkyl. sub- 

stitvted biphenoquinones. 
PGis



Analysis: Found C 79.63%, H 6.664. 

Calculated for Cy¢Hy 605 © 79.95), H 6. 66% 

PelieSs 3,3',5,5'—Netraisopropyl-4,4'—biphenoguinone 

This compound was obtained as violet leaflets by 

the reaction of the Celite reagent with 2,6-diisojropyl- 

phenol in a similar manner to that outlined in section 

2.1.7. m.p. 195-198°C, lit, value 196-197°C (27). 

Analysis: Found © 61.65%, H 9.127. 

Calculated for Upglizn0. © 81.55%, H 9.09% 

Bele Os 3,3',5,5'—Retra-t—butyl-4,4'-biphenoguinone 

Again the method outlined in section Qele ler nas 

used to couple 2,6-di-t-butylphenol, The resulting 

violet crystals had a mp. of 246-247°C, lit, value 

246-247°C (28). 

Analysis: Found C 82.02%, H 9.78% 

Calculated for Coglyg05 © 82.30%, H 9.80% 

2.26205 3,3! ,5,5'-e tra-sec—butyl-4,4' -biphenoguinone 

2,6 di-sec-butylphenol was treated with Celite 

reagent in the manner outlined in section 2.1.7. to give 

a red crystalline solid, m.p. ca. 185°C with decomposition, 

Analysis: Found CTBL SOG 9. 65% 

Calculated for Coghaglo C 82.30%, H 9.80% 

- lo -



edo ti. 3.3',5,5'—He traalkylbiphenyl-4,4'~<iols 239 a 

The reduction of the four tetraalkyl quinones 

mentioned above was carried out in a similar way using 

zine and concentrated hydrochloric acid. The quinone was 

added to isopropanol ani the mixture heated to 60°C, The 

calculated amount of concentrated hydrochloric acid was 

then poured in followed by the necessary amount of zinc 

dust which was added gradually over a period of thirty 

minutes, The initial brightly coloured solution gradually 

became colourless as the reduction proceeded to completion, 

The solution was then cooled to 50°C, the insoluble 

inorganic material removed by filtration and the alkyl- 

ated bipheny1l-4,4'-diol recovered from the filtrate as a 

very pale crystalline solid by evaporation of the solvent, 

The solids were still slightly coloured after recrystal- 

lisation from aqueous ethanol. 

Analysis: Found CG 78.92%, 1 7.40% 

Calculated for 

Cy Gy gp (tetramethyl-) © 79.30%, H 7.44% 

Found € 81.7577 10.397, 

Calculated for C 81.95%, H 10.25% 

Cog yp0p (tetra-t-buty1-) 

2.1.12,  3,3!-Dinethylbipheny1-4,4'-diol 

This compound was prepared from 3,3'-dimethy1l— 

benzidine by a modified Sandneyer reaction (29). ll.lg 

of the benzidine were dissolved in 500 em? of water 

containing 29.2. em? of concentrated hydrochloric acid 

mee shee



and cooled to 5°C, A cold solution of 7.25¢ sodium 

3 of water was then added slowly, keeping nitrite in 40 cm 

the temperature below 5°C, until an excess of nitrous 

acid was present. The diazotised solution was then 

divided into five equal parts, Each part was then boiled 

with 1.8 dm? of water containing 20 cn? phosphoric(V) 

acid for ten minutes and the cooled solution was extracted 

with ether. Trituration of the combined extracts with 

benzene yielded a pale yellow crystalline solid, 

Recrystallisation from aqueous ethanol yielded very pale 

yellow crystals, m.p. 163-164°C, 

Analysis: Found C 78.23%, H 6.54% 

Calculated for Cy4H,4,05 C€ 78.50%, H 6.54% 

Zils Loe 3,3',5,5'—Tetrame thoxybipheny1-—4,4'-diol 

The 3,3',5,5'-tetramethoxy—4,4'-biphenoquinone was 

first prepared from 2,6-dimethoxyphenol by dissolving 

it in glacial ethanoic acid followed by treatment with 

sodium nitrite. The quinone separated as purple needle- 

like crystals (30). Reduction of the quinone in the 

usval way (see section 2.1.11) yielded the diol which 

upon recrystallisation from ethanol gave almost white 

crystals, mp. 192-193°C. 

Analysis: Found 6 G2N7T ia 5-83 

Calculated for Cy¢ljg02 C 62.72% 5.88% 

Beetles 4,4!—Dihydroxy biphenyl -3,3!-disulphonic Acid 

The method outlined by Moir (31) was used to 

prepare a sample of this compound, 1g of binhenyl- 

= 128—



4,4'-diol wes dissolved in 5 em? concentrated sulphuric 

acid at 60°C. After about ten minutes the white micro- 

erystalline solid was formed which was filtered off on 2 

sintered glass crucible, 

OES, 4,4'!—Dihydroxybipheny1-3,3',5,5'- 

tetrasulphonic Acid 

A solution of this compound in concentrated sulphuric 

acid was prepared in a similar way to that of the di- 

sulphonic acid (2,1.14,) but this time the reaction 

mixture was kept at 160°C for thirty minutes (31). 

All other solid organic compounds used were obtained 

commercially and were used either without further 

purification or if necessary recrystallised from a 

suitable solvent,



  

2.2.1. the Spectrometer 

All ESR spectra were recorded on a Hilger and Watts 

Microspin X-Band (9.4 GHz) ESR Spectrometer with the 

magnet and power supply from Newport Instruments Lid. 

The spectrometer provides two methods of viewing the 

electron spin resonance of unpaired electrons in an 

external magnetic field, The one, known as crystal 

video detection enables the absorption signal to be 

viewed on a cathode-ray tube as the external magnetic 

field is swept at 50 Hz. ‘The second method, giving a 

much better sensitivity, utilizes a small amplitude 

high frequency field modulation (100 kuz) and together 

with a phase sensitive detector enables the output to 

be monitored by a pen recorder (a Servoscribe RE 511.20). 

The spectrum obtained in this later case is the first 

derivative of the absorption curve. 

An automatic frequency control accessory, W.956 was 

also employed with the basic Microspin spectrometer, 

This enabled the klystron frequency to be locked to the 

sample cavity as reference instead of to the separate 

reference cavity. A detailed description of the spectro— 

meter is given elsewhere (32). 

A cylindrical reflection cavity (W.932), 4 cm in 

diameter, having a Hoi] mode and a selectivity factor 

(Q) of 8000 when operational was vsed throughout the 

work, 
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After setting up, the magnitude of the modulation 

current, and thus the amplitude of the modulating field, 

was made small enough (usually 0.005 A) to minimise lack 

of resolution by modulation current broadening and the 

Scan speed and amplitude set to display the signal, 

When recording a signal a time constant of 1.5 sec. was 

usually employed, 

The recorder chart was calibrated after each spectrum 

to be measured, which was scanned over a 2 mT range in 

twenty minutes using a recorder chart speed of 3 cm, 

min! 4 dilute solution of Fremy's salt, potassium 

peroxylamine disulphonate, in saturated potassium hydrogen 

carbonate solution which gives an ESR spectrum consisting 

of three equally intense hyperfine lines was used for the 

calibration, the separation of these lines was taken to 

be 1.3091 mf, This solution was contained in a sealed 

melting point capillary placed in the cavity alongside 

the solutions of the radicals under investigation. 

Chena. Variable Temperature Accessory 

We had received as a gift a part of a Microspin 

variable temperature gas flow system (W.910) comprising 

a control unit (FA.999), liquid nitrogen dewar (W.972) and 

an evacuated feed and heater assembly (.973). The basic 

system was designed to provide a stream of nitrogen gas 

at a pre-determined stabilized temperature in the range 

-180°C to *120°C, 

In order to use this equipment a quartz dewar 
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assembly for the cavity (1.932) was constructed as 

shown in figure 2.1. A Cryoproducts 25 am? capacity 

standard container was used to pressure feed the liquid 

nitrogen into W.972 (liquid nitrogen dewar) for use in 

obtaining the lower part of the temperature range. 

For temperatures greater than room temperature nitrogen 

gas from a cylinder was passed directly into the heater 

assembly, The nitrogen gas from the heater assembly was 

supplied to the quartz dewar by a dewar tube connected to 

it via the ball joint (figure 2.1.) and covered with 

ceramic insulating wool, The temperature inside the 

quartz dewar was monitored by the control unit using a 

thermistor inserted in the bottom of the dewar, ‘The 

temperature recorder on the control unit was calibrated 

using a copper-constantan thermocouple inserted in the 

top of the dewar. In the upper range (30°C to 120°C) 

the temperature stability was +0.5°C whereas in the 

lower range (-140°C to +30°C) it was only +2°C, 

When using the assembly in the lower range it was 

found necessary to surround it with a polythene sleeve 

so that the cavity could be flushed with a stream of 

ary nitrogen gas to prevent the accumulation of water 

and ice which would otherwise have led to a loss in 

sensitivity. 

A more detailed description of the gas flow system 

and its operating instructions is given elsewhere a). 
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2.2.5.  Sawple Preparation 

The ESR sample tubes vsed throughout this work were 

made from thin walled quartz tubing ("Spectrosil" grade) 

having a maximum ovitside diameter of 3mm, To facilitate 

their use on the vacuum line they were topped with B10 

ground glass cones thus enabling vacuum taps to be fitted 

to them, 

2.2.3.1. Semiquinone Cations 

The dihydroxy compounds were oxidised in 938% 

sulphuric acid or dideuterosulphuric acid (Koch-Light) 

by pipetting 2.0 cm? acid onto a known mass of the 

substrate so as to give a concentration in the range 

0.001 - 0.005M. A trace of hydrogen peroxide or potassium 

persulphate was then added with stirring. Oxygen was 

removed from the resulting highly coloured solution by 

pubbling dry nitrogen gas through it followed by degassing 

a sample of the solution in an ESR tube by a repetitive 

freeze-thaw technique on the vacuum line, The ESR 

sample was then kept under vacuum, 

Cation radicals were produced from the quinones by 

the addition of 2.0 om? acid, again a similar concentration 

of substrate was used. A trace of sodium dithionite was 

acded to the solution if the radical concentration was 

too low for adequate observation by ESR spectroscopy. 

Finally the acid solutions were degassed in the sane way 

as outlined above. 
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The reaction of 4,4'—biphenoguinone with dideutero- 

sulphuric acid at temperatures in the range 22 - 50°C 

was studied in the apparatus shown in figure 2.2. A 

known mass of the quinone was placed in bulb A and the 

reauired amount of acid, through which dry nitrogen gas 

had been bubbled, pipetted into side-arm B, ‘he acid 

was then degassed in the usval way and the apparatus 

evacuated before immersing it in a water bath at the 

reaction temperature for twenty minutes. ‘ihe reactants 

were then mixed together and a small amount of the 

mixture poured into the quartz side-arm of the apparatus 

which was then placed in the cavity of the spectrometer 

also at the reaction temperature, 

A similar apparatus (figure 2.2.) was also used for 

the oxidation of the dihydroxy compounds using aluminium 

chloride and nitromethane, However, in this case, no 

direct access to the side-arm B was necessary. About 

30 mg anhydrous aluminium chloride and 5 mg dihydroxy 

compound were placed in bulb A and the apparatus connected 

to the vacuum line where 2 cm? nitromethane were distilled 

into side-arm B, The reactants were mixed at room 

temperature under vacuum and some of the solution was 

subsequently transferred into the quartz capillary tube. 

The nitromethane was dried by distillation from phosphorus (V) 

oxide and deoxygenated by passing dry nitrogen gas through 

the liquid, followed by; degassing under vacuum, 

Cation radicals were also produced from biphenyl- 

4,4'-diol an. some of its alkylated derivatives by the 

addition of nitromethane to a mixture of 98% sulphuric 
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acid and the diol, ‘The reactants were mixed in an 

apparatus similar to that shown in figure 2.2. but without 

the side-arm B, Nitromethane was distilled on the vacuum 

line onto a frozen matrix of the diol and acid and the 

reaction then allowed to proceed at room temperature 

before transfer of the solution to the quartz capillary, 

2.2.3.2.  Semiquinone Anions 

A xnown mass of the alkylated biphenyl-4,4'-diol, 

sufficient to give an overall concentration of 0.01N 

was mixed with a known volume of solvent. The volume 

of the mixture was then made up to 2.00 em? with either 

aqueous: or ethanolic potassium hydroxide solution 

(concentration 0,5 - 2,0), ‘The resulting yellow 

coloured solution, containing the semiquinone enion, 

was then deoxygenated by passing a slow stream of ary 

nitrogen gas through it and a sample sealed in an ESR 

tube. The solvents used, acetonitrile, benezene, 

diethylamine, N,N ~dimethylformamide, 1,4-dioxan, 

@-picoline, pyridine and tetrachloromethane were purified 

by distillation before use, 

2.2.3.3. - Reactions of Quinones with Donor Molecules 

Solutions of the 3,3',5,5' tetrachloro- and tetra— 

bromo-4,4'—biphenoquinones (0,005M) in a variety of 

organic solvents were treated with solutions in the same 

solvent of suitable electron donor compounds in sn 

apparatus Similar to that in figure 2.2. ‘he two 

= 19 =



Solutions were degassed, mixed under vacuum and a small 

amount of the resulting mixture poured into the ESR quartz 

sice-arm, 

Becete Measurement of g-FPactors 

In order to determine the g-factors of the ESR 

spectra a solution containing the dianion, peroxylamine 

disulphonate (see section 2.2.1, for method of preparation) 

was inserted in the cavity simultaneously with the sample 

under investigation, The magnetic field (Hy) correspond- 

ing to the central peak of the resonance absorption of 

this reference standard was then determined using the 

proton ‘resonance method described elsewhere (34). Record- 

ing the combined spectra and taking the nitrogen hyperfine 

coupling constant in the peroxylamine disulphonate as 

1.3091 mf enabled the field separation (4H) of the two 

signals to be calculated (4H being taken as positive if 

the sample absorption signal occurred at the high field 

side of the reference), Using a value of 2,0055 for the 

g-factor of peroxylamine pantera te the g-factor of 

the sample (g;) is then given by equation (2.1.). 

&s = 2.0055 (H,/(Hy+4H)) (251.) 

Using this technique a value of 2.0036 was coxsis— 

tently obtained for the g-fector of diphenylpicrylhydrazyl 

(DPPH). 
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2.3.  OTNER SERCTROSCOLIC TEC! 

  

The ultra-violet and visible absorption spectra 

recorded at room temperature were determined in lem 

quartz cells on a Unicam SP700 and a Perkin Elmer model 

137UV spectrophotometer, Spectra at higher temperatures 

were determined on the 137UV incorporating a variable 

temperature attachment, 

The nuclear magnetic resonance spectrum of 4,4'- 

dihydroxybipheny1-3,3'-disulphonic acid was obtained on 

a Perkin Elmer R10 spectrometer operating at 60MHz using 

a saturated solution of the substrate in acetone. 

The compounds referred to in section 2.1. were also 

characterised by infra-red spectroscopy using ea Perkin 

Elmer model 237 spectrophotometer, 
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2.4,  CONPUZER PROGE 

Whe programs, written in Algol, were designed for 

use on an ICL 1905 computer and are consequently given in 

1900 series Algol. Program and data input was by cards 

unless otherwise stated, Graphical outputs were generated 

using a modified version of a set of procedures known as 

PAGE (35) and produced by means of a Calcomp Ltd. graph 

plotter associated with the 1905 computer, 

Cotas ESRSIM: A Computer Program for the Simulation 

of ESR Spectra 

A copy of the program is given in appendix 2, The 

program is designed to simulate the ESR spectra arising 

from one to four groups of equivalent atoms with a nuclear 

spin of a gor 1. Provision is made for a Gaussian or a 

Lorentzian line shape to be reproduced, The equations 

describing the overall spectrum were determined using the 

method outlined by Ayscough (36), The data for a single 

simulation is read into the computer in the following 

order: 

ay Q - The number of groups of 

equivalent atoms. 

Be oy Ep) - The number of atoms in each 

group commencing with the largest number, 

os sFin [Dp] - The nuclear spin of each group 

of equivalent atoms (either 0.5 or 1). 

4. K {vJ - fhe hyperfine coupling constant 

in m2 of each type of equivalent atom, 

keeping the same order as in 2 above. 
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9. 

10. 

XA, DX, XB - The parameters XA and ¥B 

determine the range over which the maximun 

and minimum values of the simulated ESR 

curve will be calculated. The magnetic 

field corresponding to the centre of the 

Spectrum is taken as zero and all lines 

on the left hand side as having negative 

values, X, again in mf units, determines 

how often the calculation is performed, 

Thus for a spectrum with its largest peak 

at the centre typical values of these 

parameters wight be - 0.03, 0.0001, 0,03. 

LW - The line width of the spectrum 

in mT, 

- An integer, 1 to 6, which 

determines the lineshape i.e. Gaussian or 

Lorentzian type and also depends on Q. 

For Gaussian curves with Q = 2, 3 and 4, 

C =1, 2 and 3 respectively, whereas for 

Lorentzian curves with Q = 2, 3 and 4, 

C = 4, 5 and 6 respectively. 

XMIN, XMAX - These two parameters expressed 

in mf? determine the spread of the simulated 

Spectrum e.g. for the simulation of an ESR 

spectrum with a total width of 2.6 mT? the 

values of *XMIN and XMAX would have to be 

at least - 1.3 and 1.3 respectively. 

NUMBER - A spectrum reference number, 

an integer in the range 1 to 999. 

CORTROL - 4n integer which controls the 

rest of the program after the first 
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simulation, 

  

IF CONTROL = 6 then the program is terminated 

for other integers (1 to 5) the subsequent 

program is modified as follows, 

CONTROL = 1, 

Alters the overall width of the 

spectrum new data required for XMIN, XMAX 

and NUMBER only. 

CONTROL = 2, 

Alters the line shape, i.e. 

either from Gaussian to Lorentzian or 

vice versa, new data required for C to 

NUMBER. 

CONTROL = 3, 

Alters the linewidth, new data 

required for XA to NUMBER, 

CONTROL = 4, 

Alters the hyperfine coupling 

constants, new data required for K [D] +o 

number, 

CONTROL = 5, 

Produces a completely new spectrun, 

new data required for Q to NUMBER, 

The following brief notes about the program organ— 

isavion refer to the simplified flow diagram for ESRSIM 

(Pigure 2.3.). 

START PLO@LING is a control procedure which initial- 

ises the values of certain global variables required in 

subsequent plotting and activates the necessary computer 
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operations required for the use of the graph plotter, 

the required nuclear multiplicities for atoms with 

spin 1/2 or 1 are then calculated using the procedures 

PMULTIPLICITIES and DNMULTIPLICITIES respectively, 

The procedures that define the equations for the 

Shape of the spectra are named GAUSS TWO, GAUSS THREE, 

GAUSSFOUR, LORENTZTO etc, the number part of the name 

refers to the number of groups of equivalent atoms 

involved, Although the program is only designed to 

deal with spectra involving up to four different types 

of nuclei it is an easy matter to insert extra procecures 

to cope with greater numbers, The one required is now 

called together with MINMAX in order to calculate 

maximum and minimum values of the spectrum Shape. 

The size of the graphical output is normally 7.5 

inches square. To alter this the procedure CHANGE PAGE 

SIZE T0 (XINCHES, YINCHES) can be called, XINCHES ana 

YINCHES being the required length and height of the page 

in inches, XINCHES can have any value up to a maxinum of 

100 whereas YINCHES cannot be greater than 25, 

The procedure CHANGE STEP (N) determines the distance 

between successive points joined up by the graph plotter 

and hence the smoothness of the curve, which increases 

with the value of K, 

@he simulated curve is scaled to fit the defined 
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Page Size by the procedure LINIS > SHIN, YHA), 

The spectrum is now plotted by calling CURVIUNC 

(@, NMIE, XMAX) where I is the procedure defining the 

Shape of the curve. 

The reference number of the spectrum is plotted 

at the top right-hand corner of the page by calling whe 

proceaures MOVE TYFE [0 (2 

  

(MAY, YMAX) and TYPE NUMBER 

(NUMBER, 3, 0). 

The procedure NEXT PAGE automatically produces a 

new page for the output of the next spectrum, 

When the program is completed the control procedure 

FINISH PLOTTING completes the graph plotter operations 

and prints out on the line printer a message giving the 

number of pages of graphical output produced. 

A spectrum arising from a single type of atom is 

produced in the normal manner except that a second value 

of N[D] = 0 and C = 1 or 4 depending on the line shape 

required, 

the Simulated spectra in this thesis were all calculated 

using a Lorentzian line shape function since this gave a 

better comparison with the experimentel results, ‘the 

Spectra referred to in section 4.2.1, were reproduced 

using a page size of 15.5 inches x 7.5 inches and XNIN 

and YLIN values of -1.4 and 1.4 mf respectively. ‘These 

values enabled the simulated spectra to be compared easily 

with the experimental ones.



Coa ol. MOLORB 2: A Computer Program for the Calculation 

of J(-Spin Densities of Conjugated Free Radicals 

by the HMO and Nehachlan Modified EMO Metnods 

Given the secular determinant of the molecule under 

investigation the program utilizes a proceuure developed 

by Rutishauser (37), which uses the Jacobi method (38) of 

matrix diagonalisation to calculate the eigenvalues and 

eigenvectors, The HMO -spin densities are then 

determined from these eigenvectors, A subsequent 

calculation of the atom-atom polarisabilities (39) and 

application of Mclachlan's approximation (40) enables 

these simple HMO spin densities to be corrected for 

w -W spin polarisation, 

The copy of the program given in appendix 3 is 

for a specific structure, the diphenoquinodime thane 

system, The numbering of the atoms in this system is 

shown in figure 2.4, The pertubation resulting from the 

replacement of the carbon atomic orbitals of atoms 13 

and 14 by those of oxygen is expressed in the usual 

Way by two parameters ho and Keo defining the Coulomb 

integral (Aq) and the Resonance integral (B go) as 

shown in equations (2.2), where & and P are the 

Ko = Xt ho and Boo = KeoB (2.2.) 

integrals for the carbon atomic orbitels. The non zero 

elements of the secular determinant are inserted in the 

program rather than as data, the parameters ho and kgo 
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Figure 2.4. 

being represented by the identifiers H and K, 

The following data is required by the program: 

1. N 

ORB 

- The number of 

atomic centres involved in the molecular 

orbitals, in this case N = 14, 

- The orbital contain-— 

ing the unpaired electron, again in this 

case ORB = 8, 

H1,DH,H2 - These parameters 

define the range of values of ho for which 

the calculations will be performed. H1 

represents the initial value, DH the interval 

added on after each calculation until the 

final value H2 is reached. 

K1,DK,K2 - these parameters 
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define kg as the parameters in 3 above 

define ho. 

5.  EIVEC, BIGENVEC, RHOVAL - These are Boolean 

identifiers, 

If EIVEC := FALSE, then the eigenvalues 

only are calculated and printed 

out, 

If EIGENVEC := TRUE, then the eigenvalues 

and eigenvectors are printed 

out, 

If RHOVAL := TRUE, then the RHO VALUES 

(the McLachlan modified spin 

densities) are calculated and 

printed out whereas 

If RHOVAL := FAISE (and provided EIVEC := 

TRUE) both the simple and 

modified HMO spin densities for 

atoms 1,2,3,4 and 13 are 

calculated and printed out, 

The program was slightly modified to give a tape 

output of the ratio of RHO VALUES for atoms 2 and 3 over 

a range of H and K values, ‘Thus the ratio of the 

modified spin densities of atoms 2 and 3 could be 

plotted against K for each value of H. However, this 

was done automatically and cubic equations for each of 

the curves determined by processing the data contained 

on the output tape using a curve-fit program. ‘This was 

done using a Digico Micro 16 computer and 2 further tape 

output suitable for use as a deta tape for the ICL 1905 
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computer obtained, ‘his tape was incorporated into a 

program with the PAGE procedures (35) which evabled the 

curves to be drawn by the graph plotter, 

In order to use the program for systems with a 

different number of atoms the procedures ATOM POLARISABILITY 

(M,N,S,R), and RHO VALUE (I,J) require a slight alteration 

where the integers 7 and 14 are used and obviously the 

output procedures would have to be modified.



z De 4,4'-BIPHEN( NE CARTONS 

  

Sel. PREVIOUS WORK INVOLVING SEMIQUINONES CATIONS 

The classical method for the production of radical 

cations in solution is by the oxidation of the parent 

compound, often an aromatic hydrocarbon, in concentrated 

sulphuric acid (41-43). In 1961, Bolton and Carrington 

(44), investigating the reaction of 1,4-dimethylbenzene 

in concentrated sulphuric acid containing potassium 

persulphate obtained an ESR spectrum which they attributed 

to the 1,4-dimethylbenzene positive ion (IV). However the 

Me OH 

Me 

Me 

Me OH 

(IV) (Vv) 

measured value of the proton hyperfine coupling constant 

associated with the methyl group, 0.389 m? Was consicerably 

lower than the predicted value of 0.6 mf (45) and ina 
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subsequent paper (14) the spectrum was reassigned to the 

semiguinone cation (V), the hydroxyl-proton hyperfine 

coupling constant being virtually identical to that of 

the ring protons, 

Evidence in support of this conclusion was obtained 

by producing solutions exhibiting the same ESR spectrum 

from the oxidation of methoxybenzene, phenol and 1,4—- 

cihydroxybenzene with potassium persulphate in concentrated 

sulphuric acid and from the reduction of 1,4—benzoquinone 

with sodium dithionite also in concentrated sulphuric 

acid, This spectrum, consisting of five lines arising 

from four ring protons each of which is further split 

into a triplet, was attributed to the 1, 4-benzosemiquinone 

cation (VI). Further, spectra identical to that obtained 

OH 

(VI) 

from the dissolution of 1,4-dimethylbenzene in sulphuric 

acid containing potassium persulphate were obtained by 

the reduction of 2,5-dimethy1-1,4-benzoquinone with 

  

sodium cithionite and by the potassium persulphate 

    

Gation of the corresponcing quinol, both in concentrated



Sulphuric acid, 

Subsequently Bolton, Carrington and Santos-Veiga (46) 

reported txeir ESR studies on the cations of 2,5-cihydroxy- 

1,4-benzosemiquinone, 1,4—-naphthosemiquinone and 9,10- 

anthrasemiquinone, The first two were produced by the 

sodium dithionite reduction of the corresponding quinones 

in sulphuric acid whereas the 9,10-anthraquinone was 

only successfully reduced using sine dust and the result— 

ing spectrum consisted of twenty-one rather broad lines, 

On replacing the sulphuric acid by its dideuterated 

analogue these hyperfine lines became much sharper and 

careful analysis showed that only the hydroxyl protons 

are exchanged for deuterons, The lack of resolution of 

the spectrum in sulphuric acid was attributed to a more 

rapid exchange of the hydroxyl protons, 

An interesting feature of the spectra of semiguinone 

cations is that in all the cases so far studied hyperfine 

splitting was observed for the protons attached to the 

oxygen atoms, Furthermore the spectra all exhibited a 

linewidth broadening effect, there being a gradual 

increase in the linewidth towards high field and is a 

consequence of the rather high viscosity of the sulphuric 

acid (47). 

Later work involving the cations of tetramethyl- 

1,4-benzosemiquinone (48), 1,4,5,8-tetrahyéroxynaphthalene 

(49) and 1,4-dimethoxybenzene (50) provided evidence for 

the existence of cis- and trans- rotational isomers (e.g. 

VII, VIII) end enzbled the potential barrier to rotation 
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in the case of the cation of 1,4,5,6-teitr; 

  

thalene to be calculated, If the rate of isomerisation 

is slow compared with the hyperfine frequency separations 

74 ‘On 

Me yy Me Me Me 
® 

Me Cae Me Me 

NH HO? 

(VII) (VIII) 

the observed spectrum would be a superposition of the 

individual spectra of the cis- and trans—isomers,. 

Whereas, if the isomerisation is rapid the hyperfine 

couplings will be the average of the extreme values in 

the two isomers and a simple spectrum will result, 

However at intermediate rates of isomerisation a marked 

alternating linewidth effect is often observed. 

In their search for methods of preparing positive 

ions of aromatic molecules Buck and his co-workers (51) 

discovered that nitro compounds in combination with 

acids possessed extremely good electron attracting 

properties. Subsequently Forbes and Sullivan (17) 

found that the use of a mixture of aluminium chloride 

and nitrowethane had several advantages over sulphuric 

acid for the production of cation radicals by oxidation. 

For a number of radicals e.g. the cation of 1,4-dimethoxy— 
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benzene the radical concentration approxinated to 100% 

whereas with sulphuric acid it was considerably less 

than 1%. Since the viscosity of aluminium chloride in 

nitromethane is much less then for concentrated sulphuric 

acid there are no significant coniributions to the line- 

widths due to anisotropic dipolar interactions hence the 

phenomena of high field broadening observed in Sulphuric 

acid isebsent, Turthermore the lower melting point of 

the system permits the study of tempera ture effects over 

a Wider range. 

They also observed that the aluminium chloride- 

nitromethane system sometimes enabled the oxidation to 

go beyond the one-electron stage, Thus bipheny1-4,4'- 

ciol gave initially a blue paramagnetic solution, Using 

an excess of aluminium chloride the solution becane yellow 

in colour and diamagnetic, ‘The further oxidation was 

able to be reversed by either dilution with nitromethane 

or by the addition of moresubstrate. The ESR Spectrum 

of the blue solution was analysed in terms of three groups 

of four, four and two equivalent protons having hyperfine 

coupling constants of 0.195 mT, 0.073 mT and 0.164 mT? 

respectively. 

Further studies by Sullivan and his co-workers on 

the cations of 1,4-benzosemiquinone (52), tetramethy1- 

1,4-benzosemigquinone (53) and 4,4'-dimethoxybiphenyl 

(54) showed that these radicals exist as cis— and trans- 

isomers and that the ESR spectra at certain tenrera tures 

exhibit the linewidth alternation phenomena character— 

istic of the hindered rotation of the hyéroxyl groups



about the carbonoxygen bonds, On the other hand no such 

behaviour was observed for 1,4-dimethoxy—2,3,5, 6-tetra- 

methylbenzene (53) which was shown to exist as a single 

species in aluminium chloride-nitromethane solution, 

However, in concentrated sulphuric acid dime thoxydurene 

gives an ESR spectrum corresponding to the cation of 

te tra .ethyl-1,4—-benzosemiquinone, 

The ESR spectrum of the cation of 2, 6-dimethylbenzo- 

Semiquinone (55) also exhibits an alternating linewidth 

effect whereas neither the 2,3-nor the 2,5-dimethyl 

derivatives produce spectra showing this effect, This 

behaviour was interpreted by assuming that the 2,3- 

and 2,5-dime thy1-1, 4—benzosemiquinone cations are 

stabilised in the cis-— and trans— conformations respectively 

(ix, x). 

H No H Ss 

Me Me 

Me Me 

H Ze os H 

(1x) (x)



Dee 4,4'-BIPHENOSEMIGUINONE CATION, RESULTS AND 

SCUSS TON    

Dole lt. Oxidation of Biphenyl-4,4'-ciol in Concentrated 

Sulphuric Acid 

When biphenyl-4,4'-diol is oxidised b,; hydrogen 

peroxide or potassium persulphate in 98%/,sulphuric acid 

coloured solutions are obtained which exhibit para-— 

magnetism, The colour of the solution and its character-— 

istic ESR spectrum depends on the technique and conditions 

employed. If the biphenyl-4,4'-diol is added to the acid 

containing a trace of the oxidising agent at room temp— 

erature or below, a deep blue solution giving the ESR 

Spectrum shown in figure 3.1. is obtained. However if 

the substrate is first dissolved in the sulphuric acid 

either by being left to stand av room temperature or 

warming to about 35°C and then cooling prior to the 

addition of the oxidising agent then a sea-green coloured 

Solution having the ESR spectrum shown in figure 3.2a 

results, In both cases the concentration of the sub— 

strate is in the range 0.001N - 0.005K. 

She seventeen line ESR spectrum obtained from the 

blue soluvion can be analysed in terms of two groups of 

four equivalent protons having hyperfine coupling constants 

of 0.205 mf and 0,071 mf respectively. ‘the computed 

Spectrum is shown in figure 3.3. On repeating the 

experinent with cideutersulphuric acid in place of 

  

sulphuric acid the observed 2 Spectrum consists of a 

  

serfine coupling cons’ 

  

quintet of broad lines with a 

- 37 -



ne neers 

Binhenyl-4,4'-diol in 98% sulphuric acid containing a trace of hydrogen peroxide 
(blue solution) 

  

0.2 mT   
  

31 
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of 0.205 mf (figure 3.4). The ESR spectrum is thus 

attributed to the 4,4'-biphenosemiguinone cation (XI). 

  

OH 

(XT) 

Because of steric hindrance the protons in the 2 and 6 

positions in each ring do not exchnge with the protons 

(or deuterons) of the acid thus the hyperfine coupling 

constant for the quintet obteinei in dideuterosulphuric 

acid can be assigned to the protons in these positions, 

Purthermore the lack of any hydroxyl-proton hyperfine 

coupling can be accounted for by assuming that the 

lifetime of the cation with a particular proton on an 

oxygen must be short compared with the time for the ESR 

transition i.e. the rete of the hydroxyl proton exchange 

is fast compared with ithe hyperfine coupling. 

Atteupts to slow down sufficiently the rate of 

exchange by cooling the sample so as to try ané observe 

any hyperfine coupling by the hydroxyl protons only 

results in the spectra becoming extrenely a we tric 

   



Biphenyl-4,4'-diol in 98% dideuterosulvhuric ecid containing a trace 
of hydrogen peroxide 

  

  

  

  

  

  

  

  

  

  

  

    

  

  

  

  

    
  

  

    
  

  

  

  

  

    

  
  

  

      
  

  

    

  

  

  

  

  

  

  

             



  

due to the increased viscos the solution, Dilution 

of the sulphuric acid with trifluoroethsioic acid elso 

leads to a loss of resolution, 

A similar ESR spectrum to that of figure 3.1 is 

exhibited by the dark brown-green coloured solution 

obtained when 4,4'—biphenoquinone is reduced in concen- 

trated sulphuric acid containing e trace of sodium 

dithionite. Further, the same spectrum is initielly 

observed when the deuterated analogue of the acid is used, 

These results suggest that the exchange of the ring 

protons by deuterons in positions 3 and 5 of the diol 

takes place prior to the oxidation process, ‘Thus we 

can consider the following sequence to apply. 

OH OD C 

H H D D D D 
+ 

D a 
EEE =e \ 

tastes S 

H H D D D D 

° oD OD 

the ESR spectrum of the sea-green coloured solution 

being both asymmetric and only partislly resolved proved 

much more difficult to interpret. “The corresyoné 

  

Spectrum using dideuterosulphuric acid is shown in figure 

g- I



sor
 

5.2b, ‘hen e much higher concentration of biphenyl- 

ly 14) is used ea white precipitate 

  

4,4'-diol (approx 

@radu2lly forms in the solution, ‘his white solid on 

addition to cold concentrated sulphuric containing a 

trace of hydrogen peroxide produces a sea-green solution 

exhibiting the same ESR spectrum as that in figure 3,2a. 

The white solid appears to be identical to the 

4,4'-dihydroxybipheny1-4,3'-disulphonic acid prevared 

by Moir (31). Both of these white solids when dissolved 

in acetone give the sane NMR spectrum (the ring protons 

fine structure is shown in figure 3.5.). This spectrum 

is consistent with the structure (XII). Thus we consider 

OH 

SO3H 

SO,H 

OH 

(XII) 

the ESR spectrum of such solutions to be due to the 

cation of 4,4'-biphenosemiquinone-3,3'-—disulphonic acid, 

If it is true that all the diol is sulphonated 

prior to the oxidation reaction then it shoulc be 

=Aoi=



305 Figure 

Proton resonance (at 60 MHz) of 
4,41-aihydroxybiphenyl-3, -disulphonic acid in acetone 3! 

Spin-Spin Coupling Constants 

Bo 8.5 Hz 
A 

2e5 Hz 

 
 

 
 

 
 

 
 

 
 

 
 

 



possible to produce other sulphonated radical cations 

in concentrated sulphuric acid ;rovided the substrate 

is not oxidised in the presence of the acid alone. 

When 1,4-dihydroxybenzene is dissolved in concentrated 

sulphuric acid by heating and a trace of oxidising agent 

added a yellow solution is produced. Provided the ESR 

spectrum of this solution is recorded within ten minutes 

of mixing as the radical species decays rapidly, the 

spectrum shown in figure 3.6. can be recorded. ‘The 

ESR spectrum of 1,4—benzoseniquinone cation produced by 

the normal mode of oxidation of 1,4-dihydroxybenzene in 

concentrated sulphuric acid is shown for comparison in 

figure 3.7. 

The spectrum illustrated in figure 3.6 can be 

approximately analysed in terms of one group of two 

equivalent protons having a hyperfine coupling constant 

of 0.205 mf and a further group of three equivalent 

protons having a value of 0.3534 m2. A computed spectrum 

using these values is shown in figure 3.8. This analysis 

is thus in accordance with a monosulphoneted 1,4-benzo- 

quinone cation (XIII), the three ring protons having 

SO3H 

OH 

(XIII) 

Sune.



  

   

0.5 mT 

sen peroxide 

  
    

Figure 3.6 

olved in 98% sulvhuric acid and 
added 
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1,4-Dihydroxybenzene (quinol) in 98% sulphuric acid 
containing a trace of hydrogen peroxide 

*OH 

  

pit 

0.5 mT 

Figure 

al (hydroxyl H) 

  

ao (ring H) = 0.234 mf 

0.344 mT 

ce 
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Computer Simulated Spectrum 

3 equivalent protons ats 0-334 mT 

2 equivalent protons ne 0.205 mT 
Linewidth = 0.05 mT 

      
Figure 3.8 
 



Similar hyperfine coupling constants (ca. 0.334 mT), 

The fact that 2,5-dihydroxybenzene sulphonic acid (56) 

when added to concentrated sulphuric acid containing a 

trace of hydrogen peroxide produces a similar ESR spectrum 

provides further evidence in support of this interpretation, 

The conditions necessary for the sulphonation of 

bipheny1-—4,4'-diol to occur were further inves tigated 

and there appears to be a clear demarcation between the 

formation of two types of radical, The biphenyl-4,4'- 

diol was allowed to stand in contact for differing 

periods of time with sulphuric acid prior to oxidation 

at a variety of temperatures, Thus the time required to 

change -the ESR spectrum of the oxidised acid solution 

from that due to the 4,4'~biphenosemiquinone cation to 

that due to it's disulphonated derivative was determined, 

The results for a 0,005M substrate concentration in a 

range of sulphuric acid concentrations are shown in 

graphical form in figure 3.9. 

No radical species coulc be detected when 4,4— 

Gihydroxybipheny1-3,3',5,5'-tetrasulphonic acid was 

added to concentrated sulphuric acid containing a trace 

of oxidising agent. 

Peeece Reduction of 4,4'-Biphenoguinone in Concentrated 

Sulphuric Acid 

As mentioned in the previous section e solution of 

4,4'-biphenoqguinone in concentrated sulphuric acid 

Se =



containing a trace of sodium .ithionite exhibits the 

ESR spectrum shown in figure 3,1 which is attributed to 

  

the 4,4'-biphenosemiquinone cation. However, the use of 

Sodium dithionite often leads to the occurrence of ESR 

Signals from sulphur species at low fields and although 

usually of a weak intensity they tend to obscure the wing 

of the spectrum uncer consideration, Fortunately, in 

this case the addition of sodium dithionite is found to 

be unnecessary, ‘he substrate in concentrated sulphuric 

acid results in a brown solution which when degassed 

produces an adequately resolved ESR spectrun, 

On changing the reagent to dideuterosulphuric acid 

the initial ESR spectrum is the same. However, over a 

period of time it gradually changes both in intensity 

and in the number of hyperfine components. Figures 

3.10 to 3.14 show this change for a 0.005M solution at 

30°C. 

The change in the number of hyperfine lines can be 

interpreted in terms of a slow, stepwise replacement of 

the ring protons in positions %3,3'5 and 5' by deuterium 

nuclei. The proposed reaction sequence is outlined in 

figure 3.15. ‘The 4,4'-biphenoquinone (XIV) undergoes 

fast deuteration of the oxygen atoms followed by 

reduction to produce the cation (XV). The ESR spectrum 

of this cation will be similar to thet obtained from the 

eation (XI) produced by reduction of the quinone (XIV) 

in sulphuric acid,
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Figure 3.9 

Plot of reaction temperature against the reaction time 
for the sulphonation of biphenyl-4,4'-diol in sulphuric acid 

3. 98% H5S0, 
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  4,4'-Biphenocuinone in dideuterosulohuric acid , F : 
at 30°C after 11 minutes 

    

  

  

                                
Higure 3.10



4,4'-Biphenoquinone in dideuterosulphuric acid 
at 30°C after 33 minutes 

                    
Pigure: 3.11



4 1}"~Biphenoquinone in dideuterosulphuric acid 4.,41-Biphenoguinone in dideuterosulphuric acid ’ at 30°C after 43 minutes at 30°C after 60.5 minutes 
  

  

      Figure 3.12 Figure 3.13 
 



in dideuterosulohuric acid 
after 83.5 minutes     

4,41! -Biphenoguinon 
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Figure 3.14



(X!tV) 

OD 

Figure 3-15   

(XV) 

  

(XVII)



Replacement of the proton in the 3 position in the 

cation (XV) by a deuteron produces the cation (XVI). 

However since the nuclear moments of hydrogen and 

deuterium differ by a factor of 6.5 this ring deuterium 

nuclei will only be expected to have a hyperfine coupling 

constant of about 0,01 m2, This is much less than the 

linewidth (ca. 0,02 mf) and hence no line splitting due 

to the deuterium atoms will be observed. ‘The three 

remaining ortho hydrogen atoms will thus give rise to 

a quartet splitting of the main quintet (assuming that 

al! = ee = Seis fhe appearance of these new lines can 

be observed in figure 3,11. Subsequent replacement of 

the remaining protons will eventually lead to the broad 

quintet of figure 3.14 due to the cation (XVII). ‘the 

time taken from when the reactants were mixed until this 

replacement is complete decreases with an increase in 

temperature. ‘The results for e quinone concentration of 

0.005Ki are summarised in table 3.1. Furthermore when 

the concentration of the quinone is doubled there is 

  

  

  

TABLE 3.1 

Temperature Time for completion 
9G) of deutera tion, 

(minutes ) 

22 180 

30 33.5 

40 

50 13       
 



very little change in this time. An arrhenius plot of 

nis data (figure 3.16) yields an activation energy for 

the reaction of 73.3 kd wol + 

At all temperatures at which the system was studied 

the intensity of the ESR signal behaves in the same way. 

After an initiel decrease the intensity remains reason—- 

ably constant until the broad quintet stage is approached 

when it increases and reacies a maximum at the appearance 

of this quintet after which it decays rather rapidly. 

As no integrator was available and so that this phenomena 

could be studied quantitatively a double integrator was 

puilt based on the circuit described by Randolph (57) 

but using orerational amplifiers, However the stability 

obteined was rather poor and such a study was abandoned, 

When the experiment is repeated with 1,4—-benzo— 

quinone as the substrate the reaction is much faster, 

all the ring protons are replaced by deuterons witnin 

ten minutes of mixing, The ESR spectrum, as one would 

expect is an unresolved broad band. However, by cooling 

the reactants slightly to about 10°C before mixing it is 

possible to record the initial ESR signal in which the 

fine structure is partially resolved although extreuely 

asymmetric (figure 3.17). This spectrum can be partly 

explained by the fo.r ring protons producing the main 

quintet which is further split into smaller quintets 

with an intensity ratio of 1:2:3:2:1 by the two deuterons 

on the oxygenatoms. However, the splitting of the five 

    lines of ain quintet (label as 1,4,6,-4,-1) appear 

to be unequal, the splitting between lines 4 and 6 is 

sae =
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Figure 3.16 

: Plot of log(1/reaction time) against 1/absolute temperature 
for the deuteration of the 4,41- biphenosemiquinone cation 
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Figure 3.17 
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greater than between 1 and 4 although the total splitting 

between 1 and 6 is what one would expect, 0.468 m?, The 

hyperfine coupling constant of the deuterium nuclei 

(aun) is 0.53 mf? which gives a value of &.50 for the 

atly/ aby ratio, Subsequent deuteration of the eromatic 

rings leads to a loss in resolution, 

On the addition of a siiall amount of water the brown 

solution of 4,4'-biphenoquinone in 98%sulphuric acid 

develops a deep blue colour, the ESR signal remeining 

unchanged, ‘The addition of further amounts of water 

cause the precipitation of a pele blue solid leaving a 

colourless solution, ‘The blue solid is paramagnetic 

whereas. the solution is not and produces en ESR spectrum 

consisting of a single narrow line having a g-velue of 

2.0030 (figure 3.18). Furthermore, the filtered solid 

gradually becomes white on standing and no longer para- 

magnetic, However, on dissolution in 98% sulphuric acid 

it reforms the blue paramagnetic solution once more, 

Tue white solid after recrystallisation has the same 

helting point as biphenyl-4,4'-diol. The blue solid is 

also formed by heating a solution of the quinone in 

sulphuric acid of concentration not greater than 90%. 

Possibly the pale blue solid is a mixture of biphenol 

end the 4,4'-biphenosemiquinone cation salt of the acid, 

the Salt decomposing to give the biphenol on Standing. 

fhe blue solid is somewhat more stable in acid solution 

(longer than seven days). 

ae



The ESR spectrum of the paramagnetic blue solid obtained by diluting 

a solution of 4,4'-biphenoquinone in 98% sulphuric acid with water 
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Figure 3.18



Dee. De Oxidation of Biphenyl-4,4'-diol by an Aluminium 

Chloride -— Nitromethane liix ture 

  

A paramagnetic pale blue-purple solution is obtained 

when nitromethane is distilled onto a mixture of biphenyl- 

4,4'-Giol and aluminium chloride in vacuo. ‘The observed 

ESR spectrum (figure 3.19) is attributed to the 4,4'- 

biphenosemiquinone cation having the following hyperfine 

coupling constants, ab = 0.197 mT, a = 0.073 mf and 

ab, = 0.166 mT, ‘these values are very similar to those 

reported by Barabas, Torbes and Sullivan (52), but by 

comparison with the sulphuric acid results we are now 

able to assign the ring proton hyperfine coupling constants 

to the specific protons, Attempts to detect anomalous 

linewidths due to any cis—-trans isomerism of the hydroxyl 

groups or restricted rotation of the phenyl rings, by 

cooling the sample only led to a loss of resolution, 

mee ys
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23',5,5'—Tetrachloro-4,4'-biphenoquinone produces 

a red coloured paratiagnetic solution when adéed to 98% 

  

Sulphuric acid, The resuliing ESR spectrum consists 

of seven equally spaced lines in the intensity ratio 

1:6:15:20:15:6:1 with a hyperfine coupling constant of 

0.177 m? (figure 3.20(a)). The 3,3',5,5'-tetrabromo-— 

derivative yields a purple solution from which e similar 

spectrum is obtained, although the individual lines are 

much broader and the hyperfine coupling constant is 

0.182 m@? (figure 3.21). 

These Spectra are attributed to the respective 

semiguinone cations (XVIII) and (XIX), the seven lines 

OH OH 
Cl Cl Br Br 

Cl Cl Br Br 

OH OH 

(XVIII) (XIX) 

arising from six equivalent protons, “his means that the 

= AB
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Figure 3.21 

  

    

    

3,3',5,5'-Tetrabromo—4,4'-biphenoquinone 

in 98% sulphuric acid 

  

 



protons of the hydroxyl groups, unlike those in the 

parent cation (section 3.2.1), give rise to hyperfine 

coupling and furthermore the coupling constants are 

identical to those of the ring protons. 

This interpretation is confirmed by using concen-— 

trated dideuterosulphuric acid as the reaction medium, 

The resulting spectrum of the tetrachloro-derivative 

consists of a quintet of lines (intensity ratio 1:4:6:4:1) 

with the same coupling constant as before (figure 3.20(b)). 

However, it is possible to observe fine structure due to 

the replacement of the hydroxyl protons by deuterons, 

the value of the deuterium hyperfine coupling constant 

being 0.027 mT {eines 3.20(c)). In the case of the 

te trabromo-compound the spectrum consists of five poorly 

resolved lines, having a hyperfine coupling constant of 

0.182 mf, 

Addition of sodium dithionite to the radical solutions 

produces white solid precipitate and colourless diamagnetic 

solutions, The white materials have the same melting 

points as the corresponding diols and are oxidised to the 

coloured paramagnetic cation solutions again by sulphuric 

acid containing hydrogen peroxide. The halogenated diols 

are much more resistant to oxidation than the parent 

compound, heat being required in the case of the tetra- 

chloro-analogue to produce even a weak Signal, When the 

coloured acid solutions of the quinones are poured onto 

ice the quinones are recovered wichanged, 

from the foregoing it is concluded that sulphuric 

= 49) —



acid alone leads to a one-electron reduction of the 

quinones whereas when sodium dithionite is present as 

well a two-electron reduction takes place. 

Oxidation of 3,3',5,5'-tetrachlorobipheny1-4,4'-diol 

by an aluminium chloride-nitromethane mixture produces 

a pale orange-brown solution exhibiting a weak poorly 

resolved ESR signal. No reaction was detected when the 

te trabromo—compound was used, 

- 50 -



3.4. ALKYL SUBSTITUTED 4,4'-BT NOSE IQUINONE 

  

CATIONS, RESULTS AND DISCUSSION 

Deteks Reduction of Alkylated 4,4'-—Biphenoguinones in 

Concentrated Sulphuric Acid 

3,5',5,5'-Tetra—t-butyl-4,4'-biphenoguinone produces 

a red-brown coloured paramagnetic solution with 98% 

sulphuric acid, The ESR spectrum, pci aee in figure 

3.22(a) can be analysed as five lines arising from four 

equivalent protons having a hyperfine coupling constant 

of 0,188 mf which are further split into triplets by a 

group of two equivalent protons with a coupling constant 

of 0,149 mt. If dideuterosulphuric acid is used instead 

of sulphuric acid then the ESR spectrum consists of five 

broad lines, hyperfine coupling constant 0.189 mT (figure 

3.22(b)). Thus the ESR spectrum in concentrated sulphuric 

acid is considered to arise from the radical cation (XX). 

o-
 

ale
 

But ‘Bu eS 0.188 mt 

But Bu 

OH 

ali, = 0,149 m2



    

3,3',5,5'-Tetra-t-butyl-4,4'-biphenoquinone 
in (a) 98% sulphuric acid 

and (b) dideuterosulphuric acid 
  

  
(a) | i | Figure 3.22 

THEE |  



Other alkyl substituted 4,4'-biphenoquinones give 

coloured parauagnetic solutions in sulphuric acid, the 

3,3',5,5'-tetraisopropyl and tetra sec-butyl solutions 

are red-brown, However their ESR signals consist of a 

Single unresolved broad line. The solution of the 

tetrauethyl derivative is not paramagnetic unless sodium 

dithionite is present. 

eh 2. Oxidation of Alkylated Biphenyl-4,4'-diols in 

Concentrated Sulphuric Acid 

Provided a trace of the oxidising agent is added 

to a cold mixture of the 3,3',5,5'-tetre—t—butylbiphenyl- 

4,4'-diol in 98% sulphuric acid the same results are 

obtained as outlined in the previous section for the 

reduction of the quinone, However, if the mixture is 

Warm, a Sea-green coloured solution is produced which 

exhibits the same spectrum as that shown in figure 3.2a 

which was attributed to the semiquinone cation of the 

disulphonic acid (XII), ‘hus a complete dealkylation 

and a partial sulphonation of the substrate occurs in 

the second case, Nishinaga and his co-workers (58) in 

studying the electron transfer of 1,4-dimethoxybenzene 

and its alkyl substituted derivataves in concentrated 

Sulphuric acid showed that the dealkylation of 2,5-di- 

t—-butyl-1,4-dime thoxybenzene takes place only in the 

neutral molecule whilst the radical cation is stable 

against dealkylation. 

‘Tae semiquinone cation ( XX ) is also produced 

when 2,6-di-t—butylphenol is dissolved in 9esulphuric 

= 52 =



acid at room temperature. At first the solution is green 

in colour but after about thirty seconcs it darkens to a 

red-brown colour exhibiting the ESR signal of the cation 

(XX). Presumably a cation radical formed by a one-electon 

oxidation of the phenol is initially produced and sub- 

sequently reacts with another molecule of the phenol to 

produce the cation (XX). 

Oxidation of the 3,3',5,5'-tetramethyl, tetraisopropyl 

and tetra-sec-butylbiphenyl-4,4'-diols gives the same 

resulis as for the reduction of the corresponding 

quinones, %3,3'-Dimethylbiphenyl-4,4'-diol produces a 

paramagnetic blue coloured solution, the ESR signal 

of which is a single broad line, 

Die ton Oxidation of Alkylated Biphenyl-4,4'-diols by 

an Aluminium Chloride-Nitrome thane Mixture 

3,3',5,5'-Tetramethylbiphenyldiol gives a blue-green 

paramagnetic solution when oxidised with aluminium 

chloride in nitromethane. ‘he resulting ESR spectrum 

(figure 3.23) is attributed to the semiquinone cation (XXI), 

the hyperfine coupling constant of the hydroxyl <nd ring 

protons being the same yet larger than the methyl proton 

hyperfine coupling constant. 

The 3,3'-dimethyl compound produces a blue para— 

magnetic solution when oxidised. ‘The observed ESR 

spectrum (figure 3.24) consists of at least twenty— 

three equally spaced (0.073 mt) broad lines, Sucha 

spectrum could arise if the methyl proions and ring 

 



3,3',5,5'-Tetramethyl biphenyl-4,4'-diol 

in aluminium chloride-nitromethane 

0-5 mT | 

  

                    
Figure 3.23



3,3'-Dimethylbiphenyl-4,4'-diol 

in aluminium chloride-nitromethane 

  

  
  

  

  
      
  

  
  

  

  
  

  
  
  

  

  

  

  
  

  
  

  

        
  
          

  
  

          
  

  

  
  

        
    

  

  
  

  
            
  

  

  

                
    

                    
      

  

  

  

    
  

Figure 3.24



Me Me ag(ring H) = 0,194 nf 

a! (methyl H) = 0.054 mt 

Me e aby = 0,194 mt? 

OH 

(XXI) 

protons in position 3 have coupling constants of shout 

0.073 mf and the hydroxyl and remaining ring protons 

have a value of about 0.146 m?, which from a comparison 

With the other semiquinone cations are quite reasonable 

assignments, 

The corresponding ESR spectrum obtained using the 

3,3',5,5'-tetraisopropyl compound cannot be resolved at 

all, However, although the ESR signal obtained from the 

red solution produced by oxidation of the 3,3',5,5'- 

tetra-sec-butyl derivative is extremely weak, this could 

be partially resolved. Assuming that the radical species 

present is the semiquinone cation of the substrate, then 

analysis of the spectrum (figure 3.25) gives the follow- 

  

ing hyperfine coupling constants, ag(ring H) = 0.180 mf, 

Baa = 0.145 mf and ane = 0.033 m2, The latter value is 

the hyperfine coupling constant for the methin proton 

SiS



3,3',5,5'-Tetra-sec-butylbiphenyl-4,4'-diol 

in aluminium chloride-nitromethane 

 
 

  
0-SmT 

3e25 Figure



of the sec-butyl group. 

553!,5,5'—Te tra—t-buty lbiphenyl-4,41-diol is 

anomalous in its behaviour on oxidation, On mixing the 

reactants at room temperature, a dark red-brown coloured 

paratiagne tic solution is formed, which after about thirty 

seconds becomes pale green darkening gredually until after 

  

a few hours it is deep blue. At the sane time the ESR 

spectrum of the solution changes, figures 3.26 to 3.28 

illustrate this transition. By mixing’ the reactants at 

~20°C and recording the ESR spectrum of the solution at 

the same temterature, the production of the secondary 

  radicals is halted and the spectrum of the rec—brown 

coloured solution is obtained (figure 3.29). This much 

simpler spectrum is due to the semiquinome cation (XX), 

Unfortunately the resolution at this temperature is not 

sufficient to distinguish the separate hydroxyl and ring 

proton hyperfine coupling constants and the spectrum 

approximates to one due to six equivalent protons, 

Although the intermediate spectra (figures 3.26 and 

as 
3.27) obtained at room temperature are difficult to 

analyse, the final spectrum (figure 3.26) is that of the 

4,4'-biphenosemiauinone cation (section 3.2.3) indicating 

that dealkylations are taking place. 

Recently, Sulliven (59) has also show that a cation 

  

radical containing a hydroxyl group flanked by two ortho 

t-butyl substituents, the 2,6-di-t-buiy1-1,4—-benzosemi- 

quinone cation is only stable at reduced temperatures. 

  The cation, produced by oxidation of the hyéGroquinone vith 

- 55-



3,3',5,5'-Tetra-t-butylbiphenyl-4,4'-diol 

in aluminium chloride-nitromethane 

at 25°C after 10 minutes 

neato M\ 

      
0.2 mT       

Figure 3.26 

 



3,3',5,5'-Vetra-t-butylbiphenyl-4,4'-diol 

in aluminium chloride-nitromethane 

at 25°C after 2.25 hours 

Figure 5.27 

 



5,3',5,5'-Tetra-t-butylbiphenyl-4,4!-diol 

itromethane 

at 25°C after 8 hours 

in aluminium chloride-n 

 
 0-2 mT 

Figure 3.28



3,3',5,5'-Tetra-t-butylbiphenyl-4,4'-diol 

in aluminium chloride-nitromethane 

at -20°C 
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aluminiuu culoride-nitromethane undergoes an alkyl-group 

migration to form the 2,5-di-t—butyl-1,4-benzosemiquinone 

cation, Sullivan also analysed the ESR spectra of 2- 

alkyl substituted 4,4'-biphenosemiquinone cations also 

obtained using aluminium chloride-nitromethane. ‘the 

3,3',5,5'-tetra-t-butyl derivative yielded a spectrum 

composed of broad lines consistent with interaction of 

only the hydroxyl and ring protons ee = 0.183 mn, 

aby = 0.146 mT). However, in the case of the 3,3'- 

dime thyl-5,5'-di-t—buityl substituted cation even the 

t-butyl splittings were easily resolved (af = 0,178 nt, 

ally, = 0.059 mz, alt on = 04004 mT, aly = 0.1465 mt), 

3.4.4. Oxidation of 3,3',5,5'-Tetra-t—butylbiphenyl— 

4,4'-diol by a Concentrated Sulphuric Acid- 

Nitromethane Mixture 

The t-butyl compound is the only alkylated diol 

studied that behaves differently when a mixture of 

concentrated sulphuric acid and nitromethane (20% - 80% 

by volume) is nee to perform the oxidation rather than 

aluminium chloride and nitromethane. On mixing the 

reactants at room temperature an initiel pale green 

colouration of the solution rapidly gives way to a red—- 

brown solution which gradually changes to orange and 

finally becomes dark green, Again seconcary radicals 

are produced tut at a slower rate than with aluminium 

chloride. The red-brown solution initially yields the 

ESR spectrum of the semiquinone cation (XX) (a (ring) 

= 0.185 mi, aby = 0.146 mf) but it is gradually replaced 

by more complex spectra -(figure 3.30) and after standing 

SG.



3,3',5,5'-Tetra-t-butylbiphenyl-4,4'-diol 

in 98% sulphuric acid-nitromethane 

at 25°C after 10 minutes 

  

    
Figure 3.30(a) 

 



3,3',5,5'-Tetra-t-butylbiphenyl-4,4'-diol 

in 98% sulphuric acid-nitromethane 

at 25°C after 18 minutes 

  
    

O.5mT : |         
Figure 3.30(») 

 



3,3',5,5'-Tetra-t-butylbiphenyl-4,4'-diol 

in 98% sulphuric acid-nitromethane 

at 25°C after 40 minutes 

0.5 mT   
Figure 3.30(c) 

 



overnight yields a spectrum having a greater width and 

also a much better resolution (figure 3.31).. This last 

Spectrum can be analysed in terms of four equivalent 

protons with all = 0.288 mT, two equivalent protons with 

all = 0,182 m? and a further two equivalent protons with 

al = 0,145 mt. 

= 57 =



3,3',5,5'-Tetra-t~butylbiphenyl~4,4'-diol 

in 98% sulphuric acid-nitromethane 

at 25°C after 16 hours 

  
  

  

  

  

  
  
  

  
  

  
  

  
  
  
  

  

  

  

  
  

  
  
  
  
  
  
  
  
  
  
  

    
  
              
  

  
  

    
          

  

                
  

      
              
  

  
  

  
  

  
          
    
  

  
  
        
      

        
  
  

  

  

         



3.5. g-FACTORS 

Table 3,2 summarises tne g-factors of the 4,4'- 

biphenosemiquinone cations produced by dissolution of 

the quinone in sulphuric acid. 

  

  

TABIE 3.2 

4,4'-Biphenosemiquinone Cations g-Factor 

Unsubs titted 2.0030 

Alkyl derivatives 2.0030 

3,3',5,5'—Te trame thoxy— 2.0032 

3,3',5,5'—Tetrachloro— 2.0036 

3,3',5,5'—Te trabromo- 2.0061       
  

The variation in the g-factors of the methoxy-, 

chloro— and bromo- substituted radicals is in accordance 

with the increased spin-orbit coupling of the unpaired 

electron caused by such substituents (60).



3.6,  ELECRONIC ABSORE    

    

4,4' BI HENOS 

Bo Ge le Previous Studies on Semiquinone Cstions 

Only a few studies have been reporied on electronic 

absorption spectra for the cations of 1,4 -benzoseni- 

quinones and the related 1,4 -dialkoxybenzenes, land 

and Porter (13) showed that the absorption band in the 

region of 410-445 mp in the electronic absorption spectra 

of flash photolysed mixtures of sulphuric acid-alcohol- 

water containing duroquinone could be attributed to the 

durosemiquinone cation (2,3,5,6-tetramethyl-1,4 -benzo- 

semiquinone cation), The spectrum of a solution of 

1,4 —Gimethoxybenzene in concentrated sulphuric acid 

Shows intense bands at 280 mp which were ascribed by 

Forbes and Sullivan (50) to 1,4-dine thoxybenzene and its 

three-sulphonic acid derivative. Less intense bands at 

434 and 4€3 mi were ascribed to free radical and (or) 

protonated species, 

lore recently Yamada et al. (61,62) have shown that 

the solutions produced by dissolving 1,4-dihydroxybenzene, 

4-me thoxyphenol, 4~-ethoxyphenol, 1,4-dime thoxybenzene, 

1,4-diethoxybenzene and 2,3,5-trine thyl-1,4-dihycroxy- 

benzene in concentrated sulphuric acid ell exhibit 

electronic absorption bands in the region of 400-470 mp. 

They ascribed these bands to the cations of the 1,4- 

dialkoxybenzenes. Turtheruore, when the sulphuric acid 

solutions were frozen at 77 K, new absorption bands 

appeared in the region of 500-€10 mp. “he; found that 

=) 59 =



this phenomenon was reversible, the bands disap; earing 

on Warming the solutions, ad explained the new bands 

  

as cue to dimer formation by the cation radicals. 

3.6.2. Present Studies 

The UV absorption spectra of both biphenyl-4,4'- 

diol and its 3,3'-disulphonic acid in 98% sulphuric 

acid (1079M) show intense bands at 210 and 263 mp and a 

Weak band at around 430 mp (figure 3.32), If the diol 

is dissolved in acid containing a trace of hydrogen 

peroxide the intensity of the weak band is greatly 

enhanced having absorption ‘maxima at 414 and 435 mp. A 

new band in the region of 630 mp also appears if a higher 

concentration of the diol is used, However, if hydrogen 

peroxide is added to a solution of the diol, or its 

disulphonic acid, in the acid then the intensity of the 

weak band is again enhanced but has a different shape 

(absorption maximum at 426 mp) and a new band appears 

at around 670 mp (figure 3.33). 

The paramagnetic solution of 4,4'-biphenoquinone in 

984, sulphuric acid (107M) exhibits a similar UV absorption 

spectrum (figure 3.34). On standing the weak bands in the 

region of 200-280 mp are intensified, absorption maxima 

appearing at 210 and 263 mp, at the same tine the stronger 

bands at 414 and 435 mp decrease in intensity. “hen a 

stall amount of water is added to the solution it changes 

colour from yellow to blue (section 3.2.2) and a new 

absorption peak occurs in the visible region around 600 mp. 

eons



UV Spectra 

1. Biphenyl-4,4'-diol or 4,4'-dihydroxybiphenyl-3,3'- 

disulphonic acid in 98% sulphuric acid (1077) 

2. Biphenyl-4,4'-diol in 98% sulphuric acid (1077) 

containing a trace of hydrogen peroxide 

3. As 2 but using a higher concentration of the diol 

    
  

2 | 
| 3 hc] 

ee te 

L 1 a8 | 630 
20 263 A 435 \ | on 

Figure 3.32



UV Spectra 

4. Biphenyl-4,4'-diol dissolved in 98% sulphuric acid 

2. Biphenyl-4,4'-diol dissolved in 98% sulphuric acid 

followed by the addition of hydrogen peroxide 

ee ee ee 

210 263 mp 

  426 670 mp 

oie   
Figure 3.33 

 



UV spectra of 4,4'-biphenoquinone in sulphuric acid 

1. Initial spectrum (yellow solution) 

2. After 30 minutes (yellow solution) 

3.e After the addition of water (blue 

solution) 

  

210 263 435 
my   

Figure 3.34 

 



The intense bands at 210 and 263 mp are ascribed to 

biphenyl-4,4'-diol and its disulphonic acid derivative. 

By comparison with the ESR studies outiined in sections 

3.2.1 and 3.2.2 and the UV data presented in section 

3.6.1 it seems reasonable to ascribe the bands at 414 

and 435 mp to the cation (XI) and the band at 426 mp 

to its disulphonic acid derivative (XXII). 

OH 6H ou 

SO3H 

HO,s 

OH OH OH = : 

(XI) (XXII) (QxrTT) 

However, the intensity ratio of the absorption band 

at 435 mp to the one at 414 mp is much greater (about 3) 

when 4,4'-biphenoquinone is freshly dissolved in the 

acid, the 435 mp band decaying rajidly to give the more 

usual ratio of about 1.7. Further, a study of the 

absorption spectrum of the quinone in dideuterosulphuric 

acid at temperatures of 30°, 40° and 50°C indicate thet 

tue intensity changes of this band do not coincide with 

the ESR results (section 3.2.2). The position of the 

absorption maxima are somewhat altered by using dideutero- 

Pg! Ss



Sulphuric acid as shown in figure 3.3 5. Buck and his 

co-workers (51) appear to assign the absorption in the 

region 414-435 ue to the dication (XXIII). ‘thus we are 

led to the conclusion that this complex band should be 

assigned to the radical cation (XI) and (or) the 

dication (XXIII). 

Tue bands which appear in the region of 600-700 mp 

are possibly due to charge-transfer transitions, 

co Ey eee



UV spectrum of 4,4'-biphenoquinone 

in dideuterosulphuric acid at 40°C 

  

  198 298 Sys 

my 

  

  
Figure 3.35



4 

  

- 4,4'-BIPHENOS EMIQUIN NE ANIONS 

4.1, PREVIOUS STUDIES 

In his ESR studies on alkoxy derivatives of semi- 

quinone anions, Matsunaga (15) prepared the 3,3',5,5'- 

te tranethoxy- and 3,3',5,5'-te trane thyl—4,4'-bipheno- 

Semiquinone anions (I, II) by the air oxidation of the 

respective biphenyldiols in a mixture of 2M potassium 

6 é 
MeO oMe Me Me 

Meo oMe Me Me 

oO oO 

(I) (II) 

hydroxide and pyridine (1:1 by volume). ‘he observed 

thirteen-line spectrum of the methoxy derivative was 

explained by assigning a hyperfine coupling constant 

of 0.049 mf to both the ring and the methoxy protons, 

the two lines at each end of the s;ectrum were expected 

PGS



to be too low in intensity to be detectable. 

The spectrum from the tetramethyl derivative 

consisted of twenty-one lines with equidistant spacings. 

This was explained by assigning values of 0.234 mi and 

0,078 mf to the hyperfine coupling constants for the ring 

end methyl protons respectively with the two lines at 

ain too weak to be detected, 

  

each end of the spectrum a; 

However, later work (16) indicated that in 4,4'- 

biphenosemiquinone salts the unpaired electron density 

given by the simple LCAO-MO method for carbon atom 3 is 

at least 1.5 times larger than that on carbon atom 2, 

Taus an alternative assignment was suggested of 0.078 mT 

for the ring protons and 0,156 mf for the methyl protons, 

More recently, Petranek, Pilar and Ryba (63) in 

their studies on the oxidation-reduction properties of 

alxyl substituted polynuclear phenols used ESR spectro- 

scopy to identify the radical anions produced by the 

electrochemical reduction of 4,4'-biphenoquinone and 

several of its alkyl derivatives. Acetonitrile was 

used as the solvent and it was found necessary to use 

flow techniques to detect the semiquinone anions from 

the parent quinone and its disubstituted dezivatives. 

rised in Table 4.1. 

  

Their results are summa’
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4,2, SULTS OF ERESEI 

  

The large differences in the hyperfine coupling 

constants obtained for the 3,3',5,5'-tetramethyl—-4,4'- 

biphenosemiquinone anion (hereafter referred to as the 

QMB=SQ anion) by the chemical oxidation of 3,3',5,5'- 

te trame thy1-4,4'-biphenyldiol (TMBFD) anc the electro- 

chemical reduction of the corresponding quinone (‘.BPQ) 

led us to re-investigate the work done by Matsunaga 

(15, 16) with a view to extending it to other alkyl 

derivatives. The results obtained are given under the 

name of the semiquinone anion, 

The experimental details for the preparation of the 

anion radicals and the subsequent recording of their 

ESR spectra are outlined in sections 2.2.3.2. and 2.2.1. 

respectively. 

Awceke 3,3' ,5,5'—Ve trame thyl-4,4'—biphenosemigquinone 

Anion (TMBESQ Anion 

When TMBPD is oxidised by air in a solvent mixture 

of pyridine and 2M aqueous potassium hydroxide solution 

a yellow paramagnetic solution is obtained, ‘The ESR 

spectrum of this solution Gepended upon the ratio of the 

pyridine to potassium hy¢roxide solution used. ‘The spectra 

recorced using 57% and 90% of pyridine are shown in figures 

4,1 and 4.2 respectively. 

‘he spectra can be explained on the basis that the 

T.BzSQ anion is formed and its hyperfine coupling 

= 66 =



3,3',5,5'-Tetramethylbiphenyl-4,4'-diol in pyridine-aqueous 

potassium hydroxide (57%-43% by volume) 

  

  

  

                    

  
Figure 4.1



3,3',5,5'-Tetramethylbiphenyl-4,4'-diol in pyridine-aqueous 

potassium hydroxide (90%-10% by volume) 

  

  

                                    
eae 

Figure 4.2



constants are sensitive to the solvent mixture. In 57% 

pyridine as (ring H) = 0.074 m@ and aj (Ne thyl H) = 0.166 m?, 

whereas in 90% pyridine the corresponding values are 

0.062 mf and 0.178 mI, Spectra simulated using these 

values and a linewidth of 0.0175 mf are shown in figures 

4.35 and 4.4. 

In an attempt to rationalise these results a more 

detailed investigation was undertaken varying the solvent 

mixture. AS the concentration of the potassium hydroxide 

did not affect the ESR results, a more dilute solution, 

Q.5li was used throughout the experiments, ‘The results 

are summarised below in tabular form, 

ae



Computer Simulated Snectrum 

12 Equivalent protons aM.0.166mr 

4 Equivalent vrotons al-o.074mr 

Linewidth 0.0175m? 

    
                          

Figure 4.3



ay 

Comouter Simulated Snectrum 

12 Equivalent protons at0.178 mT 

4 Equivalent protons atzo.062 mt 

Linewidth 0.0175 mT 

                                
  

Figure 4,4



HYFERPINE COUFLING CONSTANTS FOR 3,3',5,5'-TETRAME THYL— 

   

  

  

  

  

4,4'-BIPHENOSEMIQUINOME ANION IN VARIOUS PYRIDINE-AQUEOUS 

POPASS IU HYDROXIDE MIXTURES 

Mole Fraction oe al 

ai 

Vater | Pyridine an (ring H) ay (methyl) 2 
mt nT? 

0.95 0.07(a) 0.078 0.162 2.08 

0.87 OF 15 0.076 0.164 2516 

0,82 0,138 0.075 0.165 2.20 

0.77 0.23 0.074 0,166 2025 

0.75 0525 0.0735 0.1665 2.27 

0.725 | 0.275 0.0725 0.1675 cok 

0. 68 0.32 0.0715 0.1685 2550 

0, 64 0.36 0.070 0.170 2.43 

0, 61 0.39 0.0695 0.1705 2.45 

0. 60 0.40 0.069 Osa7a 2.48 

0.58 0.42 0.0685 O27 LS Pook 

0.545 | 0.455 0.0675 0.1725 2.56 

0.50 0,50 0.0665 0.1735 2.61 

0.44 0.56 0,065 OSL75' 2.69 

0.55 | 0. 67(b) 0.062 0.178 2.87             
  

(a) Wo radicals are detected with a lower pyridine 

concentration, 

(bo) ieak ESR signal when the pyridine concentration 

is increased, 

Lop —



HYPERFINE COUPLING CONSTANTS FOR 3,3',5,5 

EGHANOLIC POTASSIUM HYDROXIDE MIX. 

    

4,4'-BSIPHENOSEMIQUINONE ANION IN VARIOUS 

  

FYRIDINE-— 

' TE TRAME THYL— 

  

Mole Fraction Hyperfine Coupling 

  

  

  

Cons tants E 
a5 

y ; all 
Ethanol | Pyridine | a} (ring H) aS (methyl H) 2 

nt mn? 

0.805 0,195 0.075 0,165 2520 

0. 65 0.35 0.074. 0.169 2.38 

0.58 0.42 0,069 Ores 2.46 

0.47 O55 0.066 0.174 2, 64 

0.52 0, 68 0,062 O16 2.87 

0.24 0276 0,060 0.180 3.00 

0.14 0.356 0,058 0,182 3.14 

0,065 0.2955 0.056 0,184 G28. 

0.03 0.97 0055 0,185 2.96         
  

 



TABLE 4.4. 

  

3 5 : Srey 2 3,31, 5,5'-0 THYD— 

KICN.IF VARIOUS SOLVE]!2-AQUEOUS 

  

  

  

  

  

  

  

  

Mole Fraction Hyperfine Coupling 
Cons tants ss 

Solvent = 

vater| Solvent a (ring H) ag (methyl H) re 
mt mT 

Ace toni- 0.92 | 0.08 0,080 0,160 2,00 
trile 

Os SLs 205169 0.76 0.164 2.16 

0.225) 10.775 0.074 0.166 2625 

Die thyl- 0.855) 0,145 0.074 0.166 2eed 
amine 

0,805) 0.195 0.072 0.168 2.53 

On 765/90. 295 0,070 0.170 2.42 

0.74 | 0.26 0,069 O.L7L 2.48 

00715) (0.285 0.068 Os 172 2.53 

0.645) 0.355 0.0665 0.1735 2, Gls 

0.59 | 0.41 0.065 OUTS 2,69 

0.39 0.61 0,060 0.180 3.00 

L,u- 0.975) “0.025 0,080 0,160 2.00 
Dime thyl- 
formamide 0.86 0.12 0.075 0,162 2,08 

On (0g OS 50 G07 0.165 2.20 

0,62 0.38 0.073 0.167 2.29 

0.53 | 0.47 0.071 0,169 2.39 

0.50 | 0.50 0.070 0.170 2.42 

0.40 0,60 0.0675 2.60 

O,27 | 0.73. 0.064 0.176 2.12               
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oe 
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me thane hydroxide           
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Some of the spectra were impossible to analyse 

accurately, however, those in which the ratio of the 

hyperfine coupling constants ay : al was in the region 

2.25 to 2.75 could be analysed without too much difficulty. 

A selection of these spectra are shown in figures 4.5 to 

4.9. 

If a plot of the hyperfine coupling constants for 

the methyl protons is made against the corresponding 

values of the ring protons, as in figure 4.10, then qa 

straight line relationship is obtained, ‘this fact was 

made use of in facilitating the analysis of subsequent 

Spectra. ‘The graph was replotted as as (methyl H) 

agains t all (methyl H) : ab (ring H) (see figure 4,11). 

A series of simulated spectra was. prepared for 

various retios of the hyperfine coupling constants which 

could then be compared with the experimental spectra and 

reasonably accurate assignments made assuming that the 

relationship still holds in the region where accurate 

measurements were difficult. 

4 Selection of the computerized spectra are shown 

in figures 4,12 to 4.17. Figures 4,16 to 4.20 show some 

of the spectra having their ratios of hyperfine coupling 

constants ouiside the range 2.25 to 2.75. 

Practical details have been discussed previously 

in section 2.4.1.



3,5,'5,5'-Tetramethyl 

formamide-aoveous potassium hydroxide (75%-25% 
  

H 
a, (ringH)=0.073 mT 

a (methy1H)=0.167 m? 

H H 
Rati 2a ie ie Ratio ae 2 25 2.29 

wiaflnaterarldne” | rr 2 

      
0.5 mT         

45 

  

~4,4'-biphenosemicuinone anion in N,N-dimethyl- ’ ¥ ’ y 
by volume) 

 



3,3',5,5'-Tetramethyl-4,4'-biphenosemiquinone anion in pyridine- 

_aqueous potassium hydroxide (78%-22% by volume) 
  

a | eee 

0.069 mT 

  
  H * 

a5 (ring H)   as (methyl H) = 0.171 mT       
mi “Ratio af : af = 2.48 

  

 



3,3',5,5'=Tetramethyl-4,4'-biphenosemiquinone anion in diethylamine- 
aqueous potassium hydroxide (70%-30% by volume) 
  

Natl lag! 

O.5imT 4 | 

    
          2 S

a
 

  

ab (ring H) = 0.068 mT 

a (methyl H) = 0.172 oT 

Ratio a, : = 2.55 

 



3,3',5,5'-Tetramethyl-4,4'-binhenosemicuinone anion in vyridine- 
ethanolic potassium hydroxide (60%-40% by volume) 

all (ring H) = 0.066 mT 

a5 (methyl H) = 1.74 mT? 

Ratio all ;: al = 2.64 
2 

  

  

                        OS mT             
Ficure 4.8



3,3',5,5'-Tetramethyl-4,4'-biphenosemiquinone anion in 2=picoline- 
aqueous potassium hydroxide (55%-15% by volume) 

a5 (ring H) 

ag (methyl H) 

Hoy ae Rati atio 3 

0.065 mT 

0.175 mT 

= 2.69 
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against a 2 for the spectra 
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shown in figures 4.5 to 4.9 
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Figure 4.10
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Figure 4.11 

Graph for the determination of a5 (methyl H) in 

conjunction with the computer simulated spectra



Computer Simulated Spectrum 

" 12 equivalent protons a 0.160 mT 

4 equivalent protons aj = 0.080 mT 

M
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Linewidth = 0.0175 mT 

Ratio ae 3 al = 2.00 
Do 

Tem emer 

Figure 4.12 
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Figure 

Computer Simulated Spectrum 

m 

12 equivalent protons a. u 0.175 mt 

m
W
 

4 equivalent protons a. 0.065 mT 

N 

Linewidth = 0.0175 mT 

Ratio Be : ay 3 = 2-69 
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Computer Simulated Spectrum   12 equivalent protons a, = 0.180 mT 

4 equivalent protons a, = 0.060 mT 

NM 
E
E
O
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Linewidth = 0.0175 mT 

Ee H H 
Ratio a_; = 33 a, = 3.00 

Figure 4.16



                          
Computer Simulated Spectrum 

12 equivalent protons al = 0.185 mT 

4 equivalent protons as = 0.055 mT 

N
W
A
 

a
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Linewidth = 0.0175 nT 

Ratio ay : al a5 26 

Figure 4.17



3,5',5,5'-Tetramethyl-4,4'-benzosemiquinone anion in acetonitrile- 
aqueous potassium hydroxide (946% by volume) 

al (ring H) = 0.080 mT 

all 
3 

u (methyl H) = 0.160 mT 

Vanna’ | rence 

O0-5mT     
Figure 4.18 

3,3'5,5'-Tetramethyl—4,4'-benzosemiquinone anion in carbon tetra= 
chloride saturated with aqueous potassium hydroxide 

0.5mT | 

ale 
Figure 4049



3,3' 15, 5'-Tetramethy1-4,4!-benzosemi quinone anion in pyridine- 
ethanolic potassium hydroxide (80%-20% by volume) 

| 2 

| | | | Haus cola 
| i | | | a5 (ring H) = 0.060 m' 

| as (methyl H) = 0.180 nt 

won | onlay? 

  
0.5 mT |                 ne i | } t + Figure 4.20 

  

           



AS .e 3,3',5,5'—Te trame thoxy—4,4'—biphenoseniouinone 

Anion 

No solvent effect is exhibited by this radical. 

The thirteen-line spectrum obtained by hetsunaga (15) 

is observed when a variety of solvent-potessium hydroxide 

mixtures are used. However, using a high initial con- 

centration of the diol (greater than 0.05M compared 

with the more usual 0.002 to 0.004li) a simpler spectrun, 

as shown in figure 4.21 is observed. The five equally 

spaced lines have an intensity ratio of 1:4:6:4:1 and a 

hyperfine coupling constant of 0.049 mi, 

4.2.3. 3,3',5,5'-e traisopropyl—4,4'-biphenos emiquinone 

Anion (TPBFSQ Anion) 

When @PBPD is oxidised in pyridine-alcoholic 

potassium hydroxide mixtures a yellow-orange paramagnetic 

solution is obtained, AS in the case of the tetrauethyl 

derivative the resultant spectrum depends on the com- 

position of the solvent mixture. ‘fypical spectra are 

shown in figure 4,22, they can be analysed in terms of 

‘wo groups of four equivalent protons, the ring protons 

and the methin protons of the isopropyl group. 

Unlike the tetramethyl derivative radicals are 

observed in the absence of any pyridine. ‘he results 

are summarised in table 4.5.
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              0.25 mT | |   
  

—— OS 

The ESR spectrum when a high concentration 
' pe -4 b'-pipheno= of 3,3',5,5'-tetramethoxybiphenyl-4,4'-diol 

CER eee eg ae ce is dissolved in pyridine-ethanolic potassium 
a hydroxide (50-50% by volume) 

an (ring H) = a5 (methyl H) = 0.049 mT # 
a = 0.049 mT 

 



3,3',5,5'-Tetraisopropyl-4,4'-biphenosemiquinone anion 

O.2mT    
  

(a) in ethanolic potassium hydroxide 
solution 

al (ring H) = 0.070 mT 

a5 (methin H) 0.097 mT 

  

0-2 mT       
  

(>) in pyridine-ethanolic potassium 
hydroxide solvent mixture 
(0.98-0.02 mole fractions) 

an (ring H) = 0.055 mt? 

ay (methin H) = 0.110 mT 

 



3,3',5,5'-Tetraisopropyl-4,4'-biphenosemiquinone anion 

  

  

(c) in pyridine ethanolic potassium 
hydroxide solvent mixture 

(0,20-0.80 mole fractions) 

as (ring H) = 0.065 mf 

as (methin H) = 0.101 mT? 

Figure 4.22



  HYPERPINE COUPLING CONSTANTS FOR 3,3',5,5'—T2TRAISOPROP 

  

  

4,4'—-BIFHENOSEMIQUIRONE ANION IN PYRIDINE-ALCOHOLIC 

POTASSIUM HYDROXIDE MIXTURTS, 

  

  

  

MOLE FRACTION HYPERFINE COUPLING CONS TANTS 

Ethanol Pyridine | ab (ring EH) ay (methin H) 
nf mT 

1.0 0.0 0.070 0.097 

0.60 0.20 0.065 0.101 

0.58 0.42 0.059 0.105 

0.02 0.98 0.055 0.110           
 



4.2.4, 3,3',5,5'—Te tra-t—butyl-4,4'-biphenosemiquinone 

Anion 

A yellow-orange paramagnetic solution is obtained 

by oxidation of the diol with alcoholic potassium 

hydroxide solution, ‘The ESR spectrum consists of a 

quintet of lines, intensity ratio 1:4:6:4:1 with an 

hyperfine coupling constant of 0.05 mf. ‘here is no 

evidence of any solvent effect when pyridine cr diethyl- 

amine is added to the solution, 

A Similar spectrum is obtained when the te tra-sec- 

butyl derivative is oxidised, the hyperfine coupling 

constant is 0.048 mf. Again there is no evidence for a 

solvent effect. 

No radicals are detected when the 3,3'-di-sec-butyl 

derivative is used.



   

A Dede Solvent Effects in Semiguinone /nions 

Stone and Maki (65) were the first to report a 

Solvent effect on the proton hyperfine coupling cons tants 

in the anions of 2-methyl-1,4 -venzosemiquinone, 1,4- 

nhaphthosemiquinone and 9,10-anthrasemiquinone when the 

solvent is changed from a protic type (ethanol-water) +o 

an aprotic (dimethylsulphoxide, DISO). However, the 

protons in the parent ion, 1,4-benzosemiquinone anion, 

were remarkebly insensitive tc the nature of the solvent, 

They also obtained a value for the 13¢ hyperfine coupling 

constant for the C atom in the carbonyl position with 

DMSO as solvent, which was widely different from that 

Obtained by Das and Ventkataraman (66) using alkeline 

ethanol, 

These results prompted Gendell, Freed and Fraenkel 

(67) to develop a general theory of solvent-ion interaction, 

They assumed that the changes in hyperfine coupling 

constants arise entirely from a redistribution of the 

T(-electron spin density and that this is effected only 

by localised complexes produced between the solvent and 

any polar substituents in the radical. In the case of 

tue Semiquinones, the solvent, by complexing with the 

carbonyl group, alters the effective electronegativity 

of the oxygen atom, Thus, in changing the solvent from 

an aprotic to a hydroxylic one there will te an increase 

in the total charge on the oxygen atom (shared by solvent), 

B76



Subsequent calculations by Das and Fraenkel (68) 

indicated that the J[ -electron spin density on tnis atom 

decreases whilst there is a Siiall increase in the spin 

density on the carbonyl carbon atom. ‘these changes 

result in a decreased spin polarisation at the oxygen 

nucleus (69). ‘This weans that the magnitude of an 179   

hyperfine coupling constant will be reduced whereas a 

13¢ hyperfine coupling constant would become more positive. 

Both these conclusions have been confirmed by experi- 

nental results (70 - 72). 

Broze et al. (72) observed only small variations in 

the 170 nyperfine coupling constant (2°) of the 1,4- 

benzosemiquinone anion between different aprotic solvents, 

However, on changing to water there was a relatively 

large drop (about 10%) in the magnitude of a°, These 

results together with the 15g hyperfine coupling cons tants 

were correlated by Oakes and Symons (73, 74) with the 

Z-value of the solvent, ‘This empirical parameter is 

based on shifts in the ultraviolet spectra of the charge- 

transfer band of l-alkyl-pyridinium iodide complexes in 

various solvents and so provides a measure of the ion- 

solvating power of thet solvent (75). 

Later, Ackermann, Germain and Robert (76) measured 

the hyperfine coupling constants due to 15¢ dn natural 

abundance in the 1,4—benzosemiquinone anion, ‘heir 

results indicated a large variation in the magnitude of 

the al for the carbon atom of the carbonyl group between 

protic and aprotic solvenis., However the al? values for 

the carbon atom in site 2 (carbon to hydrogen) were 

-~ TT -



practically cons tant, 

E neasurements to Symons et al, also extended the a 

the 2,3-, 2,5- and 2,6-dimethyl derivatives of 1,4- 

benzosemiquinone anion together with the durosemiquinone 

anion, ‘The low sensitivity for al in both the anions of 

1,4-benzosemiquinone and its tetrauethyl derivative wes 

explained in terms of a compensation, the effect of a 

change in spin density within one carbonyl group being 

exactly balancedby the change in the other group. ‘he 

all values for the 2,3- and 2,5-Gimethyl anions were found 

to be slighly more solvent sensitive. However, the all 

(ving H) and a! (methyl H) values for the 2,5-dime thyl 

anion varied markedly with the solvent, although the 

correlation with the Z-values was poor, which suggested 

that other factors such as ion-pair formation may play 

some part. 

In order to explain these observations Symons et 

al. (74) postulated an asymmetric solvation in waich the 

unhindered end of the ion is preferred. ‘This idea was 

Supported by the al values of the 2,6-di-t-butyl anion 

being even more highly sensitive to solvent changes, than 

the corresponding dimethyl analogue. Subsequently a 

theoretical study by Claxton and McWillians (77) sup- 

ported this postulate and attributed the effect of solvent 

on al values +o a combination of molecular asymmetry and 

asymmetric solvation, 

Gendell et al. (67) aware of ithe observations of 

a 7 = a 5 . ys i ae si Sie os 
AcGams regarding the variation in oll when Water is added 

a7.



    

to an acetonitrile solution of the r obenzene anion 

showed tuet a simple model for a radical ion with only 

  

+ with the solvent 

  

one functional group Which can intera 

  

could account for the observed variations in hyperfine 

solvent 

  

coupling constants es a function of a bina 

mixture, ‘They assumed that the radical ion (A) forms 

relatively stable 1:1 complexes with each of the pure 

solvents (S, and Sp) so that the ;redominant species 

present in the mixed solvent are AS, and ASp. These 

localised complexes were further assumed to exchange 

solvent molecules according to equation (4.1.). Generally 

ka 
Dees” 

SS, f 8 

kp 
FES ae O83 (4.1) 

the hyperfine coupling constant arising from nucleus i 

in complex AS. say ab will be different from ab in 

complex AS). ‘Thus the spectrum obtained will depend 

on the rate of the exchange reaction, 

Assuming that the reaction is fast, i.e., that the 

lifetimes of the radical species are short compared to 

the difference in hyperfine coupling constants, Gendell 

     et al. showed that the average observed coupling constant 

(advs) is given by equation (4.2.), where x, and x, are 

aoe ae ot x, Lat (4.2.) 

    

forms AS, and ! 

Xp Were then replaced in equation (4.2.) by expressions 

where K = kp/Kp 

Si? resyectively. The fractions x, and 

  
involving the equilibrium constant 

  

= 0 =



and the solvent concentrations [5,] and ([S,]. the 

resulting equation related a function of the change in 

hyperfine coupling constant to the ratio of the solvent 

concentration and is thus open to confirmation by com- 

parison with the experimental results, 

For the cese where there are several complexes , 

Say j, present in solution equation (4.2.) can be gen- 

eralised to equation (4.3.), which applies only for the 

(4.3. ) 

limit of fast exchange, Thus a careful analysis of the 

results should be able to provide information regarding 

the various equilibrium constants, 

Such an analysis was attempted by Stone and Maki (70) 

for the variation in 13¢ hyperfine coupling constants 

of the carbonyl carbon atom (a°) in 1,4-benzos emiquinone 

anion in various water - DMSO and water-acetonitrile 

mixtures, In the former solvent mixture a good agreement 

between the experimental and theoretical results was 

obtained assuming that the only relevant equilibria are 

the ones represented by equations (4.4.) to (4.6.). In 

these equations D represents a molecule of the aprotic 

solvent whilst a water molecule is represented by ii and 

the equilibrium constants are written as K, etc, 

ky 
DAT D een ie eee DA Wen Be Pg) (4.4) 

Se VAT (4.5.)
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This scheme ignored mono— and non-solvated species 

and is surprising in that Gendell et al. (67) had 

previously suggested that the anion radical did not 

complex with the aprotic solvent since they had observed 

similar values for a© in both acetonitrile and DSO. 

When applied to the water-acetonitrile results no 

agreement was obtained. SBurgess and Symons (73) sugges ted 

that the shifts in the values of a° are due to a complex 

mixture of solvation and ion-pairing effects, Since the 

radical ions were prepared electrolytically bulky alkyl 

ammonium ions are present and these are known to form 

ion-pairs even in protic solvents. Oakes and Symons 

(74) also put this argument forward to explain the poor 

correlation obtained between the Z-value of the solvent 

and the 170 ana 13¢ hyperfine coupling constants of 2,6- 

dime thyl-1,4-benzosemiquinone anions, 

hele 3,3! ,5,5'—Te trame thy1—4, 4'—biphenosemiouinone 

Anion (TMBFSQ Anion) 

Since no radicals can be detected in the absence of 

an organic solvent the TMBESQ anion must be stabilised by 

the solvent in some way, Michaelis and Granick (6) have 

shown that when phenanthraquinone or its 3-sulphonated 

derivative is partially reduced in alkaline solution 

the resulting paramagnetic semiquinone anion is in 

equilibrium with its diamagnetic dimer. Yurther they 

et



founé that this dimerisation is suppressed by the 

addition of an organic solvent such as pyridine. ‘Thus 

it would seem reasonable to suppose that the organic 

solvent is providing a solvent cage for the semiquinone 

anions, 

The variation of the hyperfine coupling cons tants 

of the @TMBESQ anion with solvent compositions are expres— 

sed in figure 4.23 as a plot of (ae (methyl H) - a (ring H)) 

against mole fraction of the aprotic solvent (x,). In 

order to explain these results we shall further assume 

that any redistribution of the J{ -electron spin density 

due to interactions between the TMBISQ anion and the 

solvent cage is small and may be neglected, Support 

for this assumption is provided by the tendency of the 

hyperfine coupling constants in certain solvent - water 

mixtures (see tables 4.2 to 4.4) at high solvent con- 

centrations to approach the values obtained by Petranek 

etal. (63) of 0.188 m@? for al (methyl H) and 0,054 mt? 

for all (ring H) using acetonitrile as a single solvent. 

Furthermore, on application of the solvent effect theory 

of Gendell et al. (67) no quantitative agreement could be 

obtained if complexing between the semiquinone anion and 

the aprotic solvent was postulated. 

Qualitatively, the results may be explained as follows, 

Toe solvent surrounded TVBFSQ anions, which will be 

  

referred to aS solvated and represented as {BES Q7) 

are able to form hydrogen bonded complexes via the oxygen 

atoms with protic solvents, ‘thus the electronegativity 

of the oxygen atoms are altered and a recistribution of 

oe



the JU -electron spin density within the solvated TMBPS¢ 

anions occurs, 

According to lcConnell's (78) relationship (equation 

(4.6,)), the hyperfine coupling constant all of a ring 

ai (ring HW) = 1h Cy (4.6.) 

proton attached to a carbon atom Cy is proportional to 

the J[ -electron spin density, Ce at this carbon, ae 

is a parameter, sometimes referred to as the O - J{ 

interaction parameter, its absolute value lies between 

2.0 and 3.0 m2, Wolecular orbital theory has indicated 

that it has a negative sign (79) which has been confirmed 

by experiment (80), ‘hus any effect which alters the 

value of ey will alter are Equation (4.7) can also be 

all (methyl H) = °6_cig . Ge (AlTe) 

applied to the methyl protons, 

The various hydrogen bonded complexes together with 

the solvated "NBFSQ anions are in equilibrium witha each 

other, and assuming that the rate of exchange between 

these species is rapid a single spectrum is obtained. 

She appearance of this spectrum will depend upon the 

relative concentrations of the various paramagnetic 

Species present and therefore upon the concentration of 

the protic solvent and the equilibrium constants for 

the exchange reactions, we should expect the equilibrium 

constants to vary with the ability of the aprotic solveat



  
to uncergo hydrogen bonding with the protic solvent, 

ured 

  

Recently Kagiya, Sumida and Inoue (80) have me 

  

the frequency of the 0 - D vibrational bands of mono- 

deuteromethanol in a variety of solvents using infra red 

Spectroscopy. ‘Taking benzene as a standard » they have 

   
used the frequency shift observed in chan, sng to another 

Solvent as a measure of the electron-donating power 

( AY,) or proton attracting force for that solvent. 

The AY p-values for the solvenis used in the present 

Work are given in table (4.6.). 

A comparison of figure 4.23 with the AY p-values 

of table 4.6. shows that as the elec:ron-donating power 

of the solvent increases so does the difference between 

the uethyl and ring proton hyperfine coupling constants 

for the same mole fraction of Solvent, Assuming that 

when xg = 0 only hydrogen bonded species are present, 

whereas when X_ = 1,0 no hydrogen bonded complexes are 

  

present only solvated Ti anions, then the above 

comparison can be interpreted in terms of a decrease in 

the concentration of hydrogen bonded complexes as the 

electron-donating pover of the solvent is increased 

keeping the solvent concentration cons tent. 

the solvent effect theory (67) was then applied 

quantitatively to these results. hen both doubly and 

Singly hydrogen bonded complexes as in equations (4,3, ) 

   
to (4.10.) were con: tive agreement could cay 

  

idered no quanti 

T)==Sp ——— S5 + 

  

Sp--- (BE 
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Pigure 4.23 

Plot of the difference in the methyl and ring 

-43 

+12 

Vl 

-10 

-09 

proton hyperfine coupling constants against 
the solvent-water composition 

(fhe values for the pyridine-ethanol 

mixture are indicated with a x ) 

Key 

ie Diethylamine 
2- 2-Picoline : | 

3. Pyridine | 
| 
| 

  

    

3 

[ 4, N,N-Dimethylformamide x 
5. 1,4-Dioxan Xx 
6. Acetonitrile 

x 
1 

2 

4. 

L 9, 

‘Oo 

5 

-2 74 -6 8 1-0 

mole fraction of solvent (aprotic)- x,



TABLE 4.6. 

THE ELCTRON-DONATING POWERS OF SOME LIQUID ORGANIC 

COMPOUNDS 

  

  

Electron- 
donating 

Compound power 
AVp 

(em) 

Te trachlorome thane -21 

Benzene 0 

Acetonitrile 49 

1,4-Dioxan nae 

N,N —Dime thylformamide 107 

Pyridine 168 

2-Picoline 183 

Die thylamine 238 (a)         
(a) The value for diethylamine was not measured by 

Kagiya et al. (81), however, they give the values 

for ethylamine and triethylamine as 233 and 258 

respectively.



  

(TiBESQT)——-S, = Sp---(@ (4.9.) 

Sp---(4NBESQ7) === (TMBPSQ™) + Sp (4.10. ) 

be obtained, Sp represents a molecule of a protic 

Solvent, However a reasonable fit is obtained if a simpler 

model involving only single hydrogen bonded complexes as 

in equation (4,10.) is used, 

The application of the theory of Gendell et al. 

yields equation (4.11.). 

  

: H pea H yg He + Dp | CFTC, - eb) 
sce 2 ora) 

[Sp] 
(4.11. ) 

(a: 

where Gee = the observed proton hyperfine coupling 

constant in the mixed solvent, 

(22) 5 = the proton hyperfine couzling constant 

in pure aprotic solvent, 

(ah) = the proton hyperfine coupling cons tant 

in pure protic solvent, 

K = the equilibrium constant for equation 

(4.10.). 

[Sp] = the concentration of protic solvent, 

It should be noted that although the hydrogen bonded 

complex, (THBESQ™)——-s,.. is asymmetric there are an equal 

number of the oppositely solvated Species Sp--- (TBE Q7) 

and Since the rate of exchange is fast the inequivalence 

is averaged out. 

= 100 =



Equation (4,11,) may be rewritten as equation (4,12). 

  

: : i 

2a ons —% (al, + (l),) 2 (S77 
cS 

(ay, - (app Gy 
(4.12. ) 

. H H H 4 
The quantity (Cag) ops - Yo ( (ab) a + (24)p) is the 

difference of the average observed hyperfine coupling 

constant from the arithmetic mean and will be re-written 

as O&. 

ic 
Dabher sel ae (4.43,) 

B= (a), (55) el 
  

In order to test the validity of equation (4.13.) 

we requized values for the hyperfine coupling cons tants 

(all)a and (all)p neither of which were we able to measure 

directly. However, the values of the methyl and ring 

proton hyperfine ccupling constants in a pyridine - 

ethanol mixture in which the mole fraction of pyridine 

is 0.97 are 0.185 and 0.055 mf? respectively, whereas 

Petranek et al, (63) obtained values of 0.188 and 0.054 

mf using acetonitrile. Therefore, we consider 0.186 m? 

to be a reasonable value for as (methyl H) in the absence 

of a protic solvent. In the absence of any data for 

(af), these values were taken aS 0.160 and 0.30 mf? for 

the methyl and ring protons respectively. ‘These are the 

lowes% values which are observed et low aprotic solvent 

concentrations, particularly where the solvent also has 

a low AY p-value. 
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these extreme values for the wethyl hyperfine 

coupling constants were then inserted in equation (4,12). 

  

(ak (methyl H)) 5p, - 0.173 fs es : 
3 “17008 : _ PR 

4 k 0.01: a ti 14. 5 [ all (4.14. ) 

Thus the observed values for the left hana side of 

equation (4,14.) can be plotted against WUSy] and if 

the relationship is valid for the equilibriun, constant 

K can be determined from the experimental results taus 

allowing a theoretical curve to be calculated and com-— 

pared with the experimental one. 

Figure 4.24 shows the results of such a procedure 

applied to the observed methyl hyperfine coupling con- 

stants in pyridine-ethanol mixtures, The concentration 

of protic solvent is expressed in terms of molality. 

These resulis are then compared in figure 4.25 with those 

obtained from the pyridine-water mixtures, It can be 

seen that water and ethanol behave similarly indicating 

that they both, when complexing with the semiquinone 

anion, bring about a similar redistribution in the JT - 

electron spin censity. 

The results for tue other solvent-water mixtures 

are shown in figure 4,26, the dotted lines represent 

theoretical results calculated using ihe values for K 

given in table 4.7. 

These equilibrium constanis can be correlatec as 

ane =
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(a) 

  

   

L RESUL SS 

SRIUM CONSTANT, K OLTAINED 

  

  

    

Solvent K(a) 

Acetonitrile 2.08 

1,4-Dioxan 4.17 

N,N’ —Dime thylformamice 8.3 

Pyridine 56 

2-Picoline 16.7 

Die thylamine 26.7 

  

K will have the same units as [sy] i.e. in this 

case it will be expressed in terms of the molality. 

 



one would expect with the electron-donating powers of 

  

Kagiya et al. (see figure 4.27), thus when the Ay po 

value of the solvent is low the value of K will also be 

low indicating the presence in solution of a preponder-— 

ance of the hydrogen bonded complexes. 

The solvent dependance of the proton hyperfine 

coupling constants exhibited by the tetraisopropyl-— 

derivative can also be explained qualitatively ina 

similar way. Whilst the absence of any measurable 

solvent effect with the tetra-t—butyl- derivative is 

presumably due to the large steric factors involved 

preventing the formation of strongly hydrogen bonded 

complexes,



Figure 

Plot of K against electron-donating power (AY p) 

4.29 
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De MOLECULAR ORBITAL CAL te
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LEAT hi     LE MOLECULAR 
  

The hyperfine coupling observed due to ring protons 

in e JC system has beer attributed to a polarisation of 

the sigma electrons in the C-H bonds by the unpaired 

electrons in the delocalised JU -orbital (78, 81 -— 84). 

Thus there should be a close connection between the 

distribution of the unpaired J{-electron over the 

individual carbon atoms (Cy) and the magnitude of the 

polarised spin density on the adjacent ring protons (Hj). 

According to McConnell's relationship, |(77) 

(equation (5.1)), the hyperfine coupling constant al of 

a ring proton attached to a carbon atom Ci is proportional 

to the JU-spin density (4 at this carbon: 

at = Gon tg (5.1.) 

where Qoy is a parameter whose absolute value lies between 

2 and 3 mf, Molecular orbital theory indicates that this 

parameter has a negative sign, which agrees with the 

idea that the polarised spin density in the O -orbital 

at the ring proton H; has an opposite sign to that in the 

Jl -orbital of the adjacent carbon atom Cx (see figure 

5.1.). ‘This negative sign hes subsequentl; been confirmed 

SPO



C-H section of an aromatic radical-ion 

  

Figure 5.1



experimentally (79, 55). Thus icConnell's relationship 

ay * ‘ H 1 . enables the experimental results (aj) to be compared with 

theoretical values (CD. 

‘the simplest method of computing spin densities 

involves the Huckel Molecular Orbital (HMO) treatiuent 

(86). The HMO model describes the eigenvalues of the 

molecular orbitals in terms of 2 paraneters, the Coulomb 

integral KX of a 2p atomic orbitel and the C-C bond or 

Resonance integral B » both of which have a negative 

Sign. Since there is no interaction between Jt -electrons 

in the Huckel model the spin density on the ith carbon 

atom is determined solely by the contribution of the 

singly occupied HMO and is equal to the square of the 

eigenvector for that atom, 

The simple HMO model has been refined by licLachlan 

(40) to take into account J[-J( spin polarisation, 

This treatment allows for the interaction between the 

unpaired electron spin and the paired spins of the other 

JV-electrons. In some cases it leads to negative spin 

densities which have been confirmed experimentally. 

According to McLachlan, the J{-spin density C4 of the 

ith carbon atom can be calculated as in equation (5.2.). 

ae 2 
Pie en Ay J i geese 

i 

Where Coy and Coy are the HLO eigenvectors of the ith 

atom and the other atoms j in the system, respectively, 

for the singly occunied- Jl -orbital O. Furthermore, the 
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Nj terus represent the HMO atom-atom polarisabilities 

of the neutral diamagnetic system (39). ‘he value of the 

parane ter XA has been estimated at eee (Give 

Both models outlined above can be used to calculate 

the spin densities in semiquinone ions, ‘the pertubation 

resulting from the replacement of a carbon atomic orbital 

by that of an oxygen is expressed by 2 parameters ho 

and Keq defining the Coulomb integral X , and the 

Resonance integral Bco (equation (5.3.)). 

higes= UK St bo and Bco = co B (G25). 

The values of these parameters used by the various 

workers studying semiquinone ions are summarised in table 

5.1 for the HMO model and in table 5.2 for the McLachlan 

modified HMO treatment. 

In the semiquinone anion the unpaired electron 

occupies the lowest vacant antibonding HMO of the quinone, 

The semiquinone cations can be considered as diprotonated 

semiguinone anions from the viewpoint of their -electron 

Structure. This protonation leads to an increase in the 

electronegativity of the oxygen atoms and a decrease in 

tae double bond character of the carbon-oxygen linkage. 

This effect can be taken into account in the spin 

density calculation by using a higher value for ho and a 

lower value for kog with the unpaired electron again 

occupying the lowest available orvitel of tie cuinone. 

oa



TABLE 5,1. 

h AND k PARAMETERS USED IN HMO CALCULATIONS 

OF SEMIQUINONE IOKS 

  

  

  

    

Semiquinone Ion No Keo Ref, 

The anions of 

1,4-benzosemiquinone, 

1,4-naphthos emiquinone, diggs 56 88 

9,10-anthras emiquinone 

and their derivatives, 

The anions of 

1,4-benzosemiquinone, 

1,4-naph thosemiquinone 

and 9,10-anthrasemiquinone 

in (a) ethanol-water 0.90 1.40 66 

mixtures 0.80 1.38 tL 

and (b) D'NSO 0.40 1.40 66 

0.40 1.38 7 

The cations of 

1,4-benzosemiquinone, 

1,4-naph thosemiquinone 260 ae 46 

and 9,10-an thrasemiguinone       
  

 



TABIE 5,2. 

h AND k PARAMETERS USED IN McLACHLAN MODIFIED 

HMO CALCULATIONS OF SEMIQUINONE IONS 

  

Semigquinone Ion ho Keo Ret. 

  

fhe anions of 

1,4-benzosemiquinone, 

1,4-naph thos emiquinone 

and 9,10-anthrasemi- 

quinone in 

(a) " ethanol-water 1.60 O55 66 

mixtures and 1.42 1.46 71 

(b) DMSO 1.26 1.55 66 

eed 1.46 71 

  

The anions of 2,3-, 

2,5- and 2,6—dime thyl— 0.80 teed 55 

1,4-benzosemiquinone 

    The cations of 2,3-, 

2,5- and 2,6-dime thyl-— 1.65 1.20 55   

1,4-benzosemiguinone         

E 95 - 

 



Dees SPIN DENSITY CALCUL: TIONS FOR 4,4'- 

BIFHENOSEMIQUINONE IONS 

Tae MeLachlan method was employed in the spin 

density calculations. The values of the parameters h) 

and keo were both varied in the range 0.8 to 1.9. 

Acceptable values of these parameters must yield spin 

densities consistent with the experimental hyperfine 

coupling constents, <A further requirement is that the 

value of the parameter Qqy should lie in the range -2 

to -3 mf, Using McConnell's relationship (equation (5.1.)) 

the ratio of the hyperfine coupling constants of the 

ring protons in position 2 and 3 (see figure 5.2.) can 

be equated with the ratio of the spin densities on these 

carbon atoms, 

The variation of the ratio of the calculated spin 

densities P>/ P, with the parameter Kgq for various 

values of the parameter ho is shown in figure 5.3. 

Values of these parameters which satisfy the two criteria 

outlined above are indicated in figure 5.3. for both the 

anion and the cation of 4,4'-biphenosemiquinone by broken 

horizontal lines. The range of the parameters inves tigated 

4, 
was not sufficiently wide enough to determine the upper 

limits, however, the minimum velues are summarised in 

table 5.3. 

Although it is not possible to select specific 

pairs of the parameters ho and kgg on the basis of the 

    resulis to date, the ciunnges in the paral ters necessary 

to represent the change in coupling cons tenis in going 

Beg



The numbering of the atoms in the 

diphenoquinodimethane system 

  
Figure 5.2
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Plot of the calculated spin 

density ratio (P/@3) against 

the parameter k for various 
co 

values of the parameter ho 

    

Figure 5.3



from the anion to the cation are quite reasonable and 

in the right directions, 

  

    hy
 

  

MININUM VALUES OF THE ho and Keo S WHICH 

WILL SATISFY THE EXPERIMENTAL DATA FOR 4,41-BIPHENO- 

SEIQUINONE TONS AND YIELD Qoy VALUES IN 

  

  

  

  

  

  

2-3 mi, 

Ton Experimental ratio 
of spin densities Lo Keo 
on atoms 2 and 3 

Anion in 

Acetonitrile 0.238 (a) oe. 55 

Cation in aluminium 

chloride-ni trome thane 2510 TIS 450.9 

Cation in 

concentra ted 2.89 TST | Ter le} 

sulphuric acid         

(a) reference (63). 

A hyperconjugative model (39) was used to describe 

the effect of the methyl group on the spin density 

distribution of the 3,3',5,5'-tetramethyl derivative of 

4,4'-biphenosemiquinone anion, The methyl group is 

essumed to be rotating freely and treated as a two-cenire 

grouping (Xa), Mae values suggested by Coulson and 

E97 = 

 



AS 4 
Cx, 

(XXITIa) 

Crawford (90) were used for the methyl group parameters, 

ho (3) = -0.1 

Hing) = eae 
fae) ee 20N5 
eee Me EnEOS'TO 

ices ea 25 

Huckel calculations gave a better fit with the 

experimental data than the Mclachlan treatment. ‘The 

HMO spin densities calculated using the parameters 

Suggested by Gendell et alia are given in table 5.4. 

The effect on the spin density distribution of 

changing the solvent from a protic type to one which is 

largely aprotic (pyridine) can be accounted for by 

decreasing the value of the parameter ho. This decrease 

in the effective electronegativity of the oxygen atom 

is in agreement with the wodel outlined in section 4.3. 

9S) —



  

  

Calculated HINO 
spin densities 

  

Hyperfine 
coupling 
cons tents 

  

  

  

hh = 0.40 Atom 2 : 0.0169 ao = 0,055 mT 

Keo= 1.40 Atom 3 : 0.0854 aChg = 0.185 mt 

(a) 

ho = 0.90 Atom 2 : 0,0251 ao = 0,080 mf? 

Keo= 1.40 Atom 3 : 0.0773 ACH = 0.160 ni? 

(b)       

(a) determined in pyridine-ethanol (mole fraction 

of ethanol = 0.03). 

(b) determined in acetonitrile-water (mole fraction 

of water = 0.92). 

 



6 REACTIONS OF © 

  

DONOR ki 

6.1. PREVIOUS STUDIES USING ESR SPUCPROS COPY 

The formation of free radical ions by the dissociation 

of the charge-transfer complex of te trachloro-1,4—-benzo-— 

quinone and N,N,N',N',-tetrame thylbenzene-1,4-diamine 

(hereafter referred to as TBD) has been demonstrated by 

two groups of workers (92, 93). ‘Whilst no ESR signal 

was observed for solutions of the complex in solvents of 

low ionizing power such as benzene, a strong signal was 

obtained in acetonitrile. Immediately after mixing the 

substrates in acetonitrile the ESR absorption wes consistent 

with the presence of the anion of te trachloro-1,4-benzo-— 

semiquinone and the positive ion of TBD in the solution. 

However the intensity of the absorption due to the semi- 

quinone anion rapidly decreased. 

Kore recently Kolodny and Bowers (94) have studied 

the dissociation of c.arge-transfer complexes of 2,3- 

dichloro-5, 6-dicyano-1,4—-benzoquinone (DDQ) with benzene- 

1,4-diamine (BD) and ThBD using BE spectroscopy in 

conjunction with a fast flow system, Again both radical 

cations aud enions were observed in solution, However, 

in the system BU-DDQ in acetonitrile 2 third paramagnetic 

  

os either 

  ey oo



(ED-DLQ)*~ or (BD-(DbQ)o)+~. 

Further, Maruyama et alia (95) have shown that 

Spontaneous electron transfer from simple amines such 

as diethylamine to quinones such as phenanthraquinone, 

potassium phenanthraquinone-2-sulphonate and acenaphthene- 

quinone can occur in a deaerated aqueous tedium, The 

radical anions derived from these quinones were detected 

using ESR spectroscopy. 

= eile



Gee PRESEN’ WORK 

  

Tida (96) in his studies of the paramagnetic anion 

radical salts of 3,3',5,5'—tetrachloro- and 3,3',5,5'- 

tetrabromo-—4,4'-biphenoquinone (hereafter referred to as 

TCBQ and TBBQ) has estimated that their electron affinities 

are 1.64 and 1.71 eV respectively. Thus TCBQ and TBBQ are 

good electron-acceptor molecules and should be capable of 

reacting with suitable donor molecules to produce radical 

ions, In order to test this possibility we investigated, 

using the ESR technique, mixtures of TCBQ or TBBQ (0.005M) 

with the following donor molecules (0,005M), benzene- 

1,4-diamine, benzidine, N,N,l',N',-tetramethylbenzidine 

and phenothiazine, 1,4-dioxan, dimethoxyethane, ace to-— 

nitrile and ethanol were used as solvenis, 

Except in the case of phenothiazine the solutions 

did not exhibit ae ESR spectra. However, benzene-1,4- 

diamine with both quinones gave a brown coloured solution 

containing a black solid, which has recently been identified 

by Matsunaga and Narita (97) as a 1:2 complex between the 

Giamine and quinone, ‘They formulated the complex as an 

anion-radical salt, 

However, when phenothiazine and CQ or TBBQ are 

mixed in acetonitrile, dioxane or ethanol the ESR spectrum 

showm in figure 6,1 is obtained, ‘his spectrum is 

identical to that obtained by Jackson and Patel (98) 

from the oxidation of phenothiazine in benzene which they 

attributed to the phenothiazinyl radical XXIV. ‘They 

further reported that the oxidation of phenothiazine in 

- 102 -



The ESR spectrum of an acetonitrile solution of phenothiazine 
and 3,3',5,5'-tetrachloro-4,4'-biphenoquinone 

       

    

  
+ t 

ee eel 
— Centre —— 

—— 
  

Figure 6.1



aX = (0.705 ut 

H ‘ = 
a5 7 = 0.566 mf 

9 1 
N 2 

8 aig = 0.265 nt 
S 3 

6 Shas 

H ee . a5 4g = 0,095 mf? 

H eS a, 65 0.095 mf 

(XXIV) 

ethanol yields the same radical (XXIV) but the ESR 

spectrum is somewhat different which they attribute to 

solvent effects. 

Vihen the reaction between phenothiozine and TCBQ 

or TBBQ is carried out in 50%ethanoic acid the ESR 

Spectrum is rather different from that described above 

is shown in figure 6.2. A similar spectrum was obtained 

by Gilbert et alia (99) from the oxidation of phenothiazine 

in acid solution, ‘This spectrum was attributed to the 

phenothiazine radical-cation (X*V). 

From the foregoing it would appear that the quinone 

is acting as an hydrogen abstration reagent rather than 

an electron acceptor, However, immediately after mixing 

the two reactants in acetonitrile a narrow singlet can 

also be detected visually on the display osciiloscope 
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The ESR spectrum of a solution of phenothiazine 
and 3,3',5,5'-tetrachloro-4,4'!—biphenoquinone 

in 50% ethanoic acid 

| 
| 
|    

  

   

    

  

erate 
Centre © 

| | eee ed   
Figure 6.2 
 



S = 0.736 mf 

Bu at 
| a = 0.258 mt 

8 N 2 ; 
@ 

x rsh 3 H 
a = 0,123 mt 

a a a2 

Ha a5,g = 0-046 mt 

Hee alg = 0-046 uf 

(xxv) 

Superimposed on the more usual spectrum, It was found 

impossible to record this signal as within minutes of 

mixing the reactants it had disappeared. It would, 

therefore, seem that electron transfer might be taking 

place prior to a proton transfer, Jackson and Fatel (98) 

have reported that phenothiazine reacts with strong 

electron acceptors in ethanol producing phenothiazinyl 

radicals together with radicals from the electron acceptor 

molecules, However, using ESR spectroscopy we were unable 

to detect any anion radicals from TCBQ, TSbQ or tetra- 

chloro-1,4-benzoquinone,



  

Te COR 

Oxidation of bipheny1-4,4'-diol by 98% sulphuric 

acid containing a trace amount of hydrogen peroxide or 

potassium persulphate results in the production of a 

blue paramagnetic solution, The ESR signal from this 

Solution is attributed to the 4,4'-biphenosemiquinone 

cation, The lack of any hyperfine coupling from the 

hydroxyl protons of this radical is interpreted in terms 

of a fast exchange of these protons with the acid. All 

other semiquinone cations, previously reported in the 

literature, exhibit an hyperfine coupling of the hydroxyl 

protons, hen a mixture of aluminium chloride and nitro- 

me thane is used as the oxidising medium a blue para-— 

magnetic solution is again obtained which is also 

attributed to the 4,4'-biyhenosemiquinone cation but this 

time hyperfine coupling of the hydroxyl protons is 

observed, 

When biphenyl-4,4'-diol is dissolved in the sulphuric 

acid prior to oxidation, sulphonation occurs, Addition 

of the oxidising agent produces a green paramagnetic 

solution containing the recical cation of 4,4'-bipheno- 

Semiquinone-3,5'-disulphonic acid. ‘he monosulphonated 

cation of 1,4-benzosemiquinone can also be cetected by 

ESR spectroscopy if 1,4-dihydroxybenzene is dissolved in 

sulphuric acid before the addition of the oxidising 

= 105 —



agent, Both sulphonated and non-sulphonated radicals 

can also be detected using UV spectroscopy. 

Reduction of 4,4'-biphenoquinone by dissolution in 

concentrated sulphuric acid yields a brown solution 

which contains the 4,4'-biphenosemiquinone cation, 

When dideuterosulphuric acid is used as the reaction 

medium there is a gradual change in the ESR spectrum 

from that attributed to the 4,4'-biphenosemiquinone 

cation to one consisting of five broad lines. ‘his 

behaviour is interpreted as a stepwise exchange of the 

ring protons in positions 3,3',5 and 5' by deuterons, 

A variable temperature study of this phenomenon gives 

an activation energy for the overall process of 73.3 

kd mo17t 1,4-Benzoquinone behaves in a Similar fashion 

but the process is much faster, the complete exchange is 

over Within ten minutes of mixing a room temperature 

compared to three hours for 4,4'-biphenoquinone, 

The 3,3',5,5'—tetrachloro- and 3,3',5,5'—tetra— 

bromo-4,4'-biphenosemiquinone cations are easily obtained 

by dissolution of the corresponding quinone in sulphuric 

acid, the one-electron reduction being reversed by the 

addition of water, ‘the ESR spectra of these cation 

radicals unlike the parent cation do show hyperfine 

coupling of the hydroxyl protons, 

the cation of 3,3'-dimethyl-, 3,3',5,5'-tetramethyl 

and 3,3',5,5'-sec-butyl-4,4'-biphenosemiquinone produced by 

oxidation of the corresponding diols in aluminium chloride— 

nitromethane are stable at room temperature whereas the 
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3,5',5,5'-tetra-t—butyl analogue undergoes dealkylation 

to produce secondary radicals eventually culminating in 

the 4,4'-biphenosemiquinone cation. Secondary radicals 

are also produced in mixtures of sulphuric acid and 

nitrouethane, however the final species is not the 

4,4'-biphenosemiguinone cation but rather a species having 

three groups of four equivalent, two equivalent and two 

equivalent protons respectively, possibly the 3,3'-di-t- 

butyl—-4,4'-biphenosemiquinone cation, In concentrated 

sulphuric acid alone the 3,3',5,5'-tetra—t—butyl-—4,4'- 

biphenosemiquinone cation is stable, it's ESR spectrum 

showing hyperfine coupling due to both the ring and the 

hydroxyl protons, 

The variation of the hyperfine coupling cons tants 

of 3,3',5,5'—tetrame thyl-4,4'-biphenosemiquinone anion 

with the composition of the solvent mixture is interpreted 

in terms of an equilibrium between the semiquinone anions 

and hydrogen-bonded complexes of these anions with the 

hydroxylic solvent. Application of the solvent effect 

theory of Gendell, Freed and Fraentel to the equilibrium 

assuming that only monosolvated complexes exist and that 

the lifetimes of the radical species are short compared 

to the difference in hyperfine splittings gives a satis— 

factory agreement with the experimental results. further, 

the equilibrium constant for the process calculated from 

the experimental results varies with the aprotic solvent 

used. ‘This variation is correlated with the electron— 

donating power of the solvent, AY, as measured by 

Kagiya et alia. An inerease in the AY y-value of the 

  

solvent leads to a decrease in the concentration of the 

alee



hydrogen-bonded complexes. ‘the anion of 3,3',5,5!— 

tetraisopropyl-4,4'-biphenoseniquinone behaves in a 

Similar way whereas the insensitivity of the hyperfine 

coupling constants of the 3,3',5,5'-tetra—t-butyl-— 

derivative to the solvent composition is attributed to 

the greater steric hindrance shown by the bulky t-butyl 

groups around the carbonyl oxygen atoms, 

Changes in the hyperfine coupling constants between 

the anion and cation of 4,4'-biphenosemiquinone and 

between unsolvated and solvated anions of 3,3',5,5'- 

tetra..ethyl-4,4'-biphenosemiquinone are consistent with 

qualitative molecular orbital predictions, 

Both 3,3',5,5'—tetrachloro- and 3,3',5,5'-tetrabromo— 

4,4'-biphenoquinone react with phenothiazine producing 

phenothiazinyl radicals in acetonitrile, 1,4-dioxan, 

dime thoxye thane or ethanol, When ethanoic acid is the 

solvent phenothiazine cation radicals are produced, It 

is not clear whether the process is one of electron 

transfer or hydrogen abstraction, 
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NOMENCLATURE 

The chemical literature abounds with a variety of 

names for compound (XXVI) which can and indeed often 

does lead to some confusion when substituted derivatives 

are considered, ‘Thus one may find (XXVI) called 4,4'- 

OH OH 
4 1 

cl Cl 3 5 2 

2 6 Ss 3 
: 14 

1 4 

2) 6 54 3 

cl cl = 5 6 eu 

OH an + 1 

(XXVI) (XXVIT ) (XXVIII) (XXIX) 

dihydroxybiphenyl, 4,4'—biphenol, p,p'-bighenol (used by 

Chemical Abstracts prior to 1966) or biphenyldiol (if 

numbers are present they may appear before or after the 

stem) also the prefix bi- may be replaced by Gi-. A 

result of this is that a substituted compound such as 

=e LOO 1



(XXVII) can have two seis of numbers for the substituents 

depending on whether it is named as a derivative of 

biphenyl (XXVIII) or biphenol (¥XIx). 

the system adopted in tuis thesis is based on the 

IUPAC rules (100) and allowing for the American convention 

for the positioning of numbers, it is the one now used 

by Chemical Abstracts. ‘thus compounds (XXVI) and (XYVIT) 

are named as biphenyl-4,4'-diol and 3,3',5,5'-tetra- 

ehlorobipheny1-4,4'-diol respectively. However, it shoulda 

be noted that compound (XII) is written es 4,4'~dihydroxy- 

biphenyl-3,3'-disulphonic acid since S03H ranks before 

OH in the list of principal groups (101). 

OH O° Oo 

SO3H cl cl 

| | 

SO3H cl cl 
OH oO oO 

(31) (XEX) (XXXI) 

Compound (XXX) is nearly always referred to in the 

literature as diphenoquinone and the substituents are 

numbered according to (XXIX) which makes compound (¥XXI) 

2,2',6,6'-tetrachlorodiphenoquinone, Since we are 

- 110 -



concerned with semiquinone radicals which may be derived 

from either the diol or the corresponding quinone it would 

seem logical to keep the same numbering system for the 

quinone as the one used for the diol, The IUPAC report 

(102) suggests that a quinone should be named according 

to the aromatic hydrocarbon from which it is derived, 

Therefore, we refer to (XXX) as 4,4'-biphenoquinone and 

thus (X°XI) becomes 3,3',5,5'-tetrachloro—4,4'—bipheno- 

quinone. 
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A Computer Program for the Simulation of ESR Spectra



"BEGIN" 
“CUMMEN) 

  

   

  

? THE SIMULATION OF 
OM 1 TO 4 GROUPS OF 

a { NUCLEAR SPIN OF 172 

PAGE PACKAGE OF ALGOL GRAPHIC 

    

EQUIVAL 

  

   

    

OR 1 USING 

PRICEDURES 

eG eWHEVAY 
JAN 1972 

COMMENCEMENT OF PAGES 

  

iXs CURRY» STXs 

    

  

   

  

   

  

   

NEGY»s POSXs POSYs 
"PROCEDURE" 
*PROCEDU! 
"PR 

  

AL "3 t 
"ARRAY'A3 "INTEGER'NS "STRING" S3 

HGPDASHLNCXOsY0»XIsYI,DI)3 "VALUE'XOsY0sX1.¥Io 
L'X02YOsXIsY1sDI3 "EXTE 

BLOX» YsHTs BCD; T 
"INTEGER'Ns *ARRAY' BCD: 

     5 *VALUE' Xs YsHTs 
YoHTs THETAS 

  

    

   
    

   
   

   
   

  

" PRICEDU 
YsHTs FL» THE 
Fle T 

*"PROCEDU 

  

BERCXs YoHTs FL 
els TPslQ3 "INTE 

AL 3 
" HGPLOTCXs YsAsB)$ "'REAL'XsY3 ‘INTEGER'A, Bs 
Ls 
AXESCX0s YO» DX» DY» XLABs YLABs NX 

YoNY)$ 

X0s YOs Dxs DYs i 

  

   
bTAsIslPstQ)s * VALUE? 
Is 1Ps1Q3 "REAL'Xs Ys 

    

zt      

Sa N)    

RS» MXsNXoMYs NY$ 
MY» NYS 

    

L* xDe YOs DX» Dys 
RAY 'XLABs YLABS 

  

ML" AX» AYs PXs PYs Xs Yo RS 
IF"Y0>CFINY-STY)#0.6" 

Upr® O'THEN' (CMX4+297 
HGT3 
VECTORCX0s "LF" NEGY' Tt 
FINY' ELSE’ Y0)3 
VECTORC' IF" NEGX" THEN'STX* 
FI c 

   

    

iEN'Q#HGT' ELSE" 
E'CMX4+NX+3)/2)*06 

  

       

  

N'STY'ELSE'Y0. X02 "IF" POs tik 

LSE'X0sY0s "IF "POSX' THEN® 

  

     

  

tL SE'X0) 
‘STE 

  

"UNTIL C1 IF *POSX" THEN FINK" ELSE 
'Do 

"BEGIN® 
HGPLOTCX 

x0) 

  

FXFACTORs YOY 

  

    
   

      

CTOR+HGT/4> 33023 

GT 74s 23093 
ACTOR+AYs HGTs Xs 0505 

}* 2kHGTVELSE® GTs 
€MY#NY+3)72)*0083 

  

"FOR" Y2=C' IF" NEGY' THEN' STY'ELSE'YO) 
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"STEP" DY : 
"UNTIL! C'IF*PUSY' THEN FINY'ELSE"Y0O) 
my" 

  

   

      

     

  

2503 

HGTsYs90505 

  

C* TP AX<0' THEN TCR INX+X0)/2°E CX0+STX)/2)* 
POR NACHARS/2)*0¢83"4GTS 

AY< 0" t ACTOR-3e5HGT*ELS#* 

  

325 
GT'ELSE'X0*#XFACTOR 

+3-5HGTs 
CIF *AyY<0" THEN ' CF 

  

YEYOI 72 

oe 
E*CYO+STY)/2)% 

    

    
"PROCEDURE' BORDERS 

* BEGIN’ 

  

TO POINTC 
TO POINTCSTXs STY)3 

‘END’ OF BORDERS 

*PROCEDL       
"1<1°THEN* 06.0" ELSE’ 0653 

"PROCEDURE" CHANGE PAGE SIZE TOCKINCE 
"VALUE" XINCHESs»YINCHES$’ "REAL'XI) 
*BEGIN® 

» YINCHES)$ 
Ss YINCHES3 

   

    

    

  

  

TF" XING i i XINCHES$ 
IPT YIN YINCHES$ 

*END' OF CHANGE    PAG 

  

   

     

  

UNCCEs XA» X3)3 "PROCEDURE" CURUF 
3 "REAL* *PROCEDi id ALUE? As Xi 

  

XAs Kis5 

  

BREAK? =03 
TX)/(STP#XIND$    

"END" OF CURVFUNCS 
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"PRICEDURE' ELLIPS 
"VALUF Y As 3s Xa Ys 
vy INt 

3 
32 Xs Yo DEGs PHI? 

    

   

   

  

   

      

res 

TH)$ * REAL’ THs 
CPHID3 

4O THIS 2 

USCPHI Ds 

EAL" SHS 

  

5HC0)sXDASHCO+1L)»YDASHC061))3 
2"Nel*UNTIL’6+38' DO" 

Ti) POINTCXDASHCTH)» YDASHC TH) )3 
D* OF ELLIPSE    
DURE* FINISH PLOTTINGS 
GIN* 

PAPERTHROWS PRINTCPAGS, 3503 

RITETEXTC' (*PAGESZ0F 2G; Loe S0UTPUTZ 
RATED' >')3 
PLOTS 

"END' OF FINISH PLOTTING; 

      

"PROCEDURE* LIMITSCXMINs YMINs XMA) 
"VALUB' XMINs YMINs XMAXs YMAX$ 
"REAL XMINs YMINs KMAXs YMAXS 
*BEGIN' 

"PROCEDURE' PAGE NUMBER; 
"BEGIN' 

  

      

   

  

AY* PAGEC 12213 
STRARRCPAGEs 4s "C"PAGE') "23 
E MBL CSTX&XFACTOR+ 0655 FINY*YFACTOR+ 10050025 

Us 45 
(BER CSTX#XFACTOR+ 1635 FINY*YFACTOR+E 1605 

     
    

   
   ACTURs FINY*YFACTOR+2 

ND* PAGING’ THEN' PAGE 
*END® OF LIMITS; 

HGPLOTCS      
    

"PROCEDUR' 
"VALI 
'SEGIN? 

HGPLOTCK*XFACTORs Y*YFACTO Rs 3s 093 
cuR $ CURRY?= 

‘END' OF MOVE TYPE TOs 

  

" MOVE TYPE TOCXsY)3 
¥3 "REAL Xs» ¥3 

      

NEXT PAGES 

    

PF 20CEDU: te’ PAGE NUMBER: 
*BEGIN® 

"ARRAY PAGEL 12273 
5 CPAGEs 4,.°¢ 

    

   

  

AGED" )3 
CTOR+0e 5s FINY*YFACTOR+1 6050025 

PACTIR+1+35FINY*YFACTOR+ 1.05 
030325023 
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STI2942605 33093 
200s 1s 45 

PLUTO Xs Yo N05 
"REAL * Xs ¥3 

  

"INTEG 

      

   

      

S32 S43S5% S65 S73 
INDCAs Ys D)3 

"REAL 'Xs Ys Ds 

  

PsoY*Y¥Fs 33095 
*POat TS =1,2"po? 
'BEGIN' 

  

GPLOTCX&XFs CY+D)*YFs 2203 
HGPLOTC (X-D)*XFs Y#YF 22.03 
HGPLOTC? Fs CY-D)*YFs 25095 
HGPLOT( (X+D)*XFs Y*YFs 25003 
D's 

*END' OF DIAMOND; 
"PROCEDURE' CROSSCX2YsD)3 

LUE"Xs¥sD3 "REAL" Xs Ys D3 
GIN" 

"INTEGER" 13 
PLOTCCX+D) 4XF s CY+D) YF > 35 03 

"FOR'T2=152"Da" 
"BEGIN" 

HGPLOTC (X-D) «xP. 
HGPLOTCCxX-D)* 
HGPLOTC(X+D)#XFs CY-DI#YFs 23003 
HGPLOTC(X+D)*XFs CY+D) *YFs 3.0)3 

"END "3 
"END" OF CROSS; 

*PROCEDURE' PLUSCX» Ys D)3 
"VALUE'Xs Ys D3 *REAL'Xs Ys D3 
"BEGIN® 

HGPLOTC 
HGPLOT¢ 

      

   

        

   

   

  

Ps CY-DI*YFs 25093 

*YFs 33003 

    

     

  

X#XFs Y¥YFs 35093 

          

Fs 25:03 
230)3 

“222005 
~DI*YFs 2.093 

2Y*RYF 225073 
    

  

HGPLOTC 
HGPLOTO 

OF 

   'IF'XSFINX'OR 
"GOTO' FINS 
"GOTO" SENT 
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PLUSOXs Ys HGT/2)3 
"GOPG'FINS 

     

  

   

  

    

    
    

S2¢ 

CROISSCXs Ys HGT/2.828)3 

*GOTO' FINS 

S33 

PLUS (Ms ¥sHGT/2)3 CROSSCXsYsHGT/2.828)3 
"GOTO*FINS 

S43 

PLUSCXsYsHGT/2)3 DI IND( Xs YsHGT/2)3 
"GOTO"FING 

SS: 

CROSSCXs YsHGT/2,823)3 DI INDO X» ¥2 HGT/2)3 
S63 

PLUSCXs Yo 1/293 DIAMOND(XsYsHGT/2) 3 
CE SOXs YsHGT/2.898)3 

"GOTO'FINS 
ST: 

DIAMOND(Xs YsHGT/2)3 DIAMONDCXs Y.HGT/20)3 
FIN: 

"END" OF PLOT: 

“OVE AXISCN)3 

    
   

SY2="TRUE'$ 

   

      

     

203 
IPLOTS 

"END' OF START PLOTTINGS 

  

TQ PHINTCX1sY1)3 
REAL" X1s ¥13 

  

AL'P3 "INTEGER'MsN3 

Y#YF ACTORS HGT. Ps 02 05MsN)3



*PROCEDUR 
"YALL 
"BEGIN" 

        

   

  

       

  

   

        

FACTORS HGTs As De 02 Nd 5 

©) /SLOPeDs 
="TRUE'S 

  

COX1<STX* AND" CK2<STX) 
H' CCY1<STY" AND' CY2<STY) 

22 CXis CY ls FINK)$ 
DJUSTCEXL G1 0x14 C¥1, STX)5 

K1sCY1lsCxX2QsCY2 NX) 3 
CY 2s CX2s CY Qs STADS 

"ADJUSTCCY2s CX2> »CX1lsFINY)S 
ySADIUSTCCY 1s CX 1 CY14C JXLs STY)$ 

"ADJUST CCY 1s CX15 C3 (2s FINY)3 
I ADJUST CCY 2s 

<1=CXQ"AND*CY1l=Cy2"AND* 

  

         

      

"CY2>FINY? 

“Dr CY Lor yt 
eee CYT>FINY* 

    

     

    

   

    

ts CYQRYFACTOR» 350) 

HGPLOTCCX2#XF ACTOR» CY2*YFACTOR» 22093 

    

V2 XMAX> DX» YMIN»s YMAXs LY 3 
TROL» NUMBERS 
IGMACZs Ts P)s 
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    TEP* DX*UNTIL' XB" DOT 

  

LaBEIAt 

Ys=FXCX)5 

CLR Y: . 
"IF *Y<YMIN* 

ND*3 
"END" OF MINM 

  

    

    

ILTIPLICITIE. 
AY'As Bs TID 

    

CAB gNs he DIS 
TEGER'N» Rs Ds 

     

   

  

5 Th UNTIL No 

(N+1)"STEP*L"UNTIL'N+1'DO* 

3 

1EN"* GOTO" TRIVIALS 

BLOONTIL'N* DO" 
I'st eP'2*UNTIL' I" DO" 

ACLs JISALI-1sJ-1I4ACI-tod+l]3 

  

TRIVIAL? 

* STEP VELYUNTIL  NODO" 
C CNs Q*R-NI5 

"END' OF PMULTIPLICITIES: 

*PROCEDURE” DNMULTIPLICITIESC Ns Rs D3 
     TIN: R''ARRAY'ASB3 "INT No Rs DS 

"BEGIN' 

"INTEG To Js 
"FORT: STEP"T*UNTIL*N* DO 

  

   
"FOR" Jt 
ALIsJ]: 

N¥1)*STEP'L UNTIL? N+" DO"     
Cl,1]:=13 

F TRIVIAL 
2*STEP 1 "UNTIL" N' bo" 
=P SURES UNT ist DO ® 

ACTsJIssACI~1l,J-1]+AC 1-1, ]24ACT <1, 04133 

  

TRIVIAL: 

are 
BEDst 

"END? OF ULTIPLICITIES; 

   

    

=O0'STEP'1"UNTIL" @*N'DO! 
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"BEGIN® 

   

  

   

  

RRAY* ALONE LJ s—CNC1I+192CNE19419)5 

T VALUE FAR Ts 
» CORRECTS    

   

     

  

      

  

OCEDURE' LORENTZ TYOCX)s 

2s RL 2) 1/104 
NC2I-AC BI)" 

NCLI-CNC2I4SPI 
2212)sRC1)sNC17*2*SPINEC 1195 

  

"REAL Bg CEDURE GAUSSTHRE 

  

<< (NE LI*SPINC1I-RO1I)#KL19-Cyr2 
XC 2I~-CNC 3] *SPINC 31-RE 37s 33045 

CR“ CNC LI#SPINE1I-RC LI eKOLI-CNCRE 

  

   
2HELIsNC1]*2*SPINC1I)sRC2IsNC 214% 
NE 31*2*SPINE 313 

  

PINC2I)sRO315 

"REAL* "PROCEDURE* LORENTZ THREECX)         

     
RELII*KC 1 

VE27=RC2 21) #K 2I-C(NE SIRS PINE 39-RE31 +x 
1]*SPINC1)-RC132*KC1I3-¢NEOI :         

    K2*SPINE1))sRC2I,N021*2*SPINESI)sR0315NC 
31*2%*SPINC 373 

"REAL*'PROCEDURE' GAUSSFOURCKX)$ 

  

4C2I-CNE 33 
NEa3kSPINE A}=HC AN #0 978 

i meNE1Ie5 PINC1I-KC1))*xC LI-CNC2)% 
~RC27)*KC2I-(NC3) INC 33-RC3I)#KESI-CNC AT 
AJ~RCADI#KC 49)12),R01]9NC 19% SPINE 192s RE 27,NE2) 
*2*SPINC21)9 RE 37s N037*2*SPINE 31). R04I5NC04)*2*SPI 
NE 473 

    

   

  

      

“REAL * § Ps TOC EDURE! LORENTZFOURCK)S    

  

   MACSIGM, 
W/L 

1-013) KKE EVA NCBI *SPINC 21-20 z 

  

CBC 1lsROLII* 
CX=ONC1I* IE 

J*KO2I-CNC3I*SPIN 
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Glia 

=ONE 1 

a pakN 

EAI La 8% 21 e 

     
    SPINE AI= i043 9% 

REL 33 NC 1 VE1ID>R W2IsNC2I*2 

  

*SPINE2])2R03]sNC31*2*SPINC3])sH£4)sNC4I*2*SPINC 
AD)S 

  

   STEP" 1° UNTIL" @ par 
SPINE DI= 1" THEN DNMULTIPSLICITIESCAs Bs NCDIs S0D1.D) 

  

GTO? 

SINMAXCGAUSSTHO) 
"GOTO" CARRYONS 

GTHREE?: 

MINMAX(GAUSSTHREE) 3 
"GOTO" CARRYONS 

GFOUR: 

  

MINMAX CGAUSSFOUR)$ 
*GOTao"C.     

LTWOs 

LTHREE?: 

  

160 5* CARRYONS 
LFOUR: 

MINMAXCLORENTZFOURD $ 
CARRYUN 

GCTYO: 

GCTARER? 

GCFOUR: 

  

LeOTvO: 

CURVFUNCCLO 
"GOTO "NEXT: 
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Ler: 

  

INGCLORENT? TH 
ts    

      

LCFOUR: 

  

NEXT: 

   
"IF* CONT 
2 TE Cit 

  

   

    

ROL=5* THEN’ "GOTO" 

  

<TC'C* CC!) "PROGRAMZCOMPLETED® )")3 
FINI PLOTTINGs 

"END! OF PROG 
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APPENDIX 3 

HOLORB 2: 

A computer Program for the Calculation of HMO and 

MeLachlan liodified HMO Spin Densities for Conjugated 

Free Radicals



  

      
CALCULATION OF 

0 SPIN DENSITIES 
  

  

t AND MCi 

UF CUNJJGA 
     

£ RADICALS 

Ae Ge bhHEWAY 
MARCH 19723 

"REAL* HsHlsH2sDHsXsiK1s 425DK3 

"INTEGER" Ns xUTsIsJss550 

“BOOLEAN' EIVE! 

"ARKAY' TITLEC 122035 DAT 

"PRUCEDUKES IN RAC S 

*STRING'STRS ‘AKHAY 
"PROCEDURES ARRTEXT CA) 3 

"ARSAY'AS *EXTERNAL'S 

"PROCEDURE" JACUBI (Ns ELVECs As Ds Vs HUT) 5 

"VALUE'NsEIVECS "INTEG NsnOTs "BOOLEAN'ELUECS 

"ARRAY "As Ds V5 

"BEGIN' 

SAL* SMsCs Ss TsHs Gs TAUs THETAs THESHS 

TEGER" PsQs1sJ3 

"ARKAY' Bs ZC1INI3 

   
   

            

     

PROGRAM: 
EN 
PL UNTIL'N'DOS 
P'L*UNTIL'N*DO* 

"THEN'1.0°ELSE'0+03 

  

"if *ETVEC* 
“FOR "Ps =1°S 
*FoR* 

    

   
*BEGIN® 

BCOPIJ:=DIP]:=ACPsPI3 

  

SWP: 

   RSEEP TON TILIN= 1 DU? 
PHISSTEP* 1] *ONTILSN*DO* 

SM+ABS CAC Ps UI)3 

M=O*THEN' "GOTU'OUTS 
THESH2="IF'1<4"THEN'0-2*5M/NtQ* ELSE'0 +05 

    

“FORE SStEP* LUNTIL*N-1*D0" 
*FoR'O 1° STEP’ 1° UNTIL*N* DO" 
"BEGIN" 

Gs=100*A8SCACP2Q])5 
"TF'I>4*AND'ABS CDC ?I)4+G=ABS(DCPI])"AND' 
ABSCDCG))+G=ABSCDCUI)" THEN'ACPs O32= 
"ELSE 

  

"TF 'ABS (CH) +G=ABS CH) "THEN" 
"BES y 

"BEGIN' 
THETAS= 0+ S¥H/ ALP +033 

ACPsQ)/H 
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T2=1/ CABSC THETA) + 

OS 

"END' OF CUMPUTING 

7SQRTCI+TI2)3 

S #CS 

TAUS=5/(01+0)5 

t ACP, us 
GEPI-H3 

Z2CQJ:=2CUI+Hs 

DCPJ:=vVCPI-Hs 

DCujy:=DC0Q3+H5 

ACPsu] 

*"FoR' 

"BEGIN" 

S?=ACdsP)3 Hr=ACJs0I3 

ACJs PI2=G-5*CH+G*TAUDS 

Alds G1t=H+5* (G-H* TAU) Ss 
‘END* OF CASE 1 LES 

"FOR* Js=P+1*STEP* 1" UNTIL" G=1'DO" 

"BEGIN" 

Gi:sACPsJ]3 H:=ACJsUI3 
3* CH+G* TAU) 5 

AC Js Q)25H+S* (G-H*TAU) § 
"END* UF CASE P<J<U35 

*FOR'J2=G+1'STEP'1"UNTIL'N'DO' 

"BEGIN' 

3=ACPsJI]3 H3=ACQsJI3 

ACPs J]2=G-5*(CH+G*TAUDS 

ACQs J)3 =H+5*(G-H*TAUDS 

"END' UF CA 

"DTR*ELVE 

"FU Js 

*BEGIN*® 

Gr=VCdeP)3 Hs=VCJ2UI3 

VOde P32 =G-S* CH+G#TAUDS 

Vidsul: 5S*(G-H*TAU)S 

"END® OF CASE V3 

HUT PSK T+ls 

"END" UF nUTATES 

  

   

  

"STEP® L° UNTIL P='1 *DO” 

        

*STEP* 1°UNTIL'N'DO® 

  

  

      

PSH P Steer tL UNTIL YN’ DO 

"BEGIN' 

DCPI:=BCPI:=BlCPI+Z0PI5 
2CPJ 

"END* OF Ps 

"END" UF SUPS 

    

  

  

OUT: 
"END' OF JACUBIS 

"PRUCEDUXE' SwAPCAs13)3 
"+EAL' As BS 
"BEGIN" 

   ot Bs Br=S3s 

UF SwAr3 
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THAN UR EQUAL TU JU<P 

Q<J LESS THAN OX EQUAL TO N53 
ye



HTUrCDsvaN)3 
Ar"Usv3 

No    
‘BEGIN 

"COMMENI® sUsT IN ASCENDING OxnDE BY 
"INTEGES* AsKsHsLsoHlsLlsPs 

=13 
REPEAT = 

=2AS 

    

  

N**GOTO" EXITS 
(+135 

CONTINUE: 
“TF *H>N*THEN® *GUTU" REPEAT 3 

=L3 dl 5 

  

CUMPAKE: 
"IF "DCLI>DCHI"THEN* 

"BEGIN' 

swAPCDCLIsDCHI)$ 

*FUR' PS=1"STEP* 1"ONTIL*N'DU* 

Bue VES sb aaVir se HJ)3 

  

"IF" L'GE*4*¢HEN* 
"BEGIN' 

Ht=H-K3 
"GOTO" COMPARE 

"END'S 
"END" 

    

NEXT: 
L:=L1+135 

H1+13 
"GUTU'CUNTINUES 

    

"END OF SUHTUPS 

"REAL" *PaUCEDUNE' SIGMACKXs 12% aN)D3 
"VALUE'MONS SINTEGEX'LsMsN3 ‘HEALS XS 
"BEGIN' 

"REAL" SUM3 

  

=M°STEP*1*UNTIL'N' DU" 
SUM UMFAS 
SIGMA: =SUMs 

"END® UF SIGMA; 

  

NrSxEAD3 Unb      

  

   
READBUULEANS EIGENVEC? 
KEADBUULE. 

INSTHAKAC' Ch xx! "TITLED S 
INSTHARRC' C'*#") "Ss DATED 3 

tH ADBUOLEANS      

  

SHELL METHUD3 

WAIT TETERT OTC" C820 S55) RRR EK RE RARK KK EK RK EKER KEKE ERAAREK 

"CC 205°) "MULECULAKA 
coo bk kok RR KA RAT) DG 

> 
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NEWLINEC2)3 SPACEC20)5 
EXICLI TLE) 

NEWLINE(2)3 SPACEC20)3 
ARRTEXT CDATE) 5 
PAPERTH 
*BEGIN' 

*CUOMMENT' START OF INNEX BLOCKS; 
"ARMAL" Ds SPINDENs KHUCISNIs As Vs PIC Lins 12N]5 
"REALS *PRUCEDUSES ATUM PULAXISABILITY (MsNsS92)3 

"VALUE'MsNsSoH85 
"INTEGES' Ms Ns So t3 
ArUM PULARISABILI(TY2=445TGMACSIGMACVCMs KI *VINs KI * 
ViMs SIFVONs SIS CDESI-DEIRI) os 59s 14)9 915775 

   

  

ws 

    

"REAL" *PRUCEDUSE* HO VALUECIsJ)3 
"VALUE'Is Js 
"INTEGER" 1s J3 
aHO VALUES =SPINDENCIIJ+1-2*s1GMACPICIsJ]*SPINDENCJI> 
Jos 143 

*PROCEDURE* PHXINT EIGENVALUES AND VECTUMS3 
"BEGIN' 
WHITELERT @* G'°1G8C* )*H=*)* ds 
PHINT CH» 152)5 
WRITETERT OSC! *C°S*)*K=' 2? 93 
PHINT (4s 15203 
WHITETEATOC'C''C°C 405°) 'EIGENVECTO 
WRITETEATC'C''C'C 35°) "EIGENVALUES 
SMS CLISS) Se CLES ith’ ¢ EES eee 
WES) Gi) Se 
'F YSTEP* 1*UNTILYN® DO" 

      

  

      

  

PRINECDCII3,134)3 
"POR I2=1°Srkpti*UNTIL'7"DO" 
PRINTOVCUs13,454)5 

"END'S 
wHITETEXTC'C''C'C 35°) EIGENVALUE. ZLES*C*VIS 
HOMO SLO LOSS" 11 CeLOSt emia oSt 1s 
CCUNOSS OIA) s 
"Fox 1STEP* 1 ‘UNTIL*N'DO" 
"BE 

     

  

NEWLINEC1)3 SsPACE(5)3 
PHINICDC1I5134)3 
"FOn'J:=8'STEP'1"UNTIL'14"DU" 
PRINT CVC J2115494)35 

"END'S 
"END' UF PHIND EIGENVALUES AND VECTOMS$ 

  

*PHUCEDURE' PHINT nHU VALUESS 
*BEGIN' 

PCMET* CC BS*)* RHOZVALUES® "95 
1)5 
"STEP" 1L'UNTIL' 7" DU" 

PRINT CRHUCTIJs554)35 

NEWLINEC1)5 

    

  



1:=8'STEP*1"UNTIL' 14"bo' 
NYP CnndCTI,554)3 

"END' OF PRINT «HU VALUESs 

  

*PROICEDUHE* SUMMARI SEs 
"BEGIN' 

WREITETEXTC*C*’SC"C 175°) *HHO"C'7S") "SPINZDENSITY") * 3 
oe T2=15253354513'DbDJ' 
"BEGIN' 

RHIC] :=nHU0 VALJECIsJ)3 
NEwLINEC1)3 
SPACEC4)3 
PHINIC1Is230)95 
SPACE(C5)3 
PRINT CAHUCI 51,493 
SPACE(5)3 
PHINTCSPINDENCI Is 1543 

"END'$ 
"END' OF SUMMAXISES 

  

   

      

    

"FOR HA 1*STEP*DH'UNTIL"*H2"bDU* 
"FOR K2=K1"STEP"DA"UNTIL' K2"DI' 
"BEGIN' 

*FOK* I s=1"STEP* L"UNTIL*N'DD* 
*FORY “STEP "4° UNTIL ® t *Dy* 
"COMMENT THE NEXT 4 STATEMENTS ABUJUT THE AnRAY 

ACIsJ] AXE CORRECT UNLY F THE 
DI PHENUUJINUDIMETHANE SYSTEMS 

0-05 
ACIs712=AC2s1]:=Al2,312=AC3s2eI)2= 

AL4s5]2=AC5s412=A05,6I)2=Al6s 1): =AL 6s 
ACTs 12)3=AC6s712=Al559) AL9 98 
ACLOs112:5AC11510]2=AC115,12): 

    

   

        

         

       

  

   

  

ACI3s,133:5A0 14514) 35x35 

AC4s131)2=A013,4)2=A010,14)25A014,10)02=43 
JACUBICNs EI VEC s As Ds Vs tdT)5 

  

   

        

"FU L'STEP* 1 “UNTIL'N* Dd" 
DCLI DCIIs 
"ITF ELVECT THEN *SURTUPCDs V5N) 
"ELSE 
"BEGIN" 

WRITETEXTC'C**C*C*)*EIGENVALUES*) "23 
SPORT IP SteP iL UNTIL SN DU" 
*BEGIN' 

NEW LINEC1)3 
PAINICODCII+534)935 

"END'S 
"GOTO" EIGENVALUES UNLY3$ 

VALUES AND VECTUXS;          
PICIs,J]t=rI Cds] ALSABILITY (Ls Js 59403 

"RO! *STEes UNTIL IN po® 
SPINDENCIJs=VClsuubdt1as 

> 

    

eee =



"TF *xHOVAL' TH 

  

    
"BEGIN' 

SEU! Step! A ONT IGS 
#HUCI HU VALUECIs J)5 
PINT xHU0 VALUES3 

END" 
"ELSE" SUMMARISES 

EIGENVALUES UNLY: 

"END" UF 3 

"END' OF INNEx BLUCK$ 

"END' OF PxOGaaAMs
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