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Previous ESR and UV speciroscopic studies of semi-
quinone cations are reviewed, Cations of 4,4'-bipheno-
semiquinones prepared by chemical oxidation of the
corresponcing 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'-biphenosemiguinone cgtion or it's
%,%'~-disulphongted 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'-biphenosemiguinone
cation which subsequently undergoes a stepwise exchange
of the protons in the %,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-l,4-benzoguinone systen,

The %,3',5,5'-te tra-t-butyl-4,4'-biphenosemiguinone
cation under certain conditions undergoes dealkylation to

give secondary radicals,
inions of some alkylated 4,4'-biphenosemiguinones

were prepared by the ailr oxidation of the diols in a

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, I'reed and Fraenkel is shown 1o 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 glso discussed,

Molecular orbital calculations were performed for
the 4,4'-biphenosemiquinore system 2nd it's 3%,%',5,5'-
te trame thyl- 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 vwere treated with
5453',5,5'-tetrachloro- and %,3%',5,5"'-te trabromo-4,4"'-~
biphenoquinones, Paramagnetic products were only

detected in the case of phenothiazine,
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1. I T"RODUCTION

5 ¢ EMIQUIEONES

The reduction of guinones to dihydroguinones
(commonly referred to as hydroguinones) is a revers-
ible process involving the addition of two electrons
and two protons, It is possible to transfer these electrous
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 glkaline medium the semiquinone exiéts as an anion
which gzins added stability because of the greater delocal-

isgtion of the unpaired electron.

These anion radicals were first discovered by
Michgelis (1) in 19%1 and his subsequent classic studies
(2 - €6) established their nagiure and also the factors
determining the various equilibriaz. They were also
amongst the first radicals examined using the Electron
Spin Resongnce technique (ESR)(7) ané the para- or
1,4-semiguinone gnions have been the subject of much
researca in order to study the effect of structure on
the T —electron distribution. Tae 1,2-isomers (ortho-

semiquinones ) are much less stable and readily produce

Bryed



secondary radicals (8 - 10). Although meta- or 1,%-
quinones do not exist the ESR spectra of their semi-
guinones produced by the oxidation of the substituted
1,%-dihydroxybenzenes in a fast flow system have been

observed (9, 10).

In neutral or weakly acidic mediz the semiguinone is
present as the neuiral monoprotonsied species which is
much less stable. It tends either to disproportionate
directly to mixtures of the quinone =nd the hydroguinone
or produce a guinone-hydroquinone adduct known as a
quinhydrone, This subs tance is apparently a charge-
transfer complex with the hydroquinone acting as the
electron donor and the guinone as the electron accepior,
Quinydrones, 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 scid using an BESR fast flow technigue (12).

The doubly protonated species, the semiguinone
cation, was first detected by Lznd and Porter (13)
using U,V. spectroscopy. Subsequently, Bolton and
Carrington (14) investigated such species in coucentirated

sulphuric acid using ESR syectroscopy.

The relationships between these various inter-
nedintes are shown schematically in figure 1,1 for the

1,4-benzoquinone - hydroguinone system,
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Al though the literature abounds with spectroscopic
studies on benzo-, naphtho- and arthrasemiquinones very
little had been reported up to 1969 concerning the
bipheno- analogues (a2 note on the nomenclature used for
the corresponding gquinones and hydroguinones is given in

appendix 1),

Matsunaga and lcDowell (15) reported the ESR spectra
of the %,3',5,5'-1etramethoxy- and %,3%',5,5'~tetranethyl-

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

O o)
MeO ~ OMe Me Me
e |
ot
MeO OMe Me Me
O
(1) (I1)

gir oxidgtion of tne respective biphenyldiols in g
mixture of aqueous potassium hydroxide anc pyridine,
However, a subsequent paper by latsunaga (16) offered azn
alternative mode of assigning the hyperfine coupling
cons tants for the ring andé nethyl proions of the

tetranethyl derivotive,



Forbes and Sullivan (17) in reporting their
studies on the cation of 1,4-dimethoxybenzene noted that
the oxidation of biphenyl-4,4'-diol with a mixture of
aluminiuvm chloride and nitromethane produced a blue
paramagnetic solution, They analysed the resulting ESR
spectrum in terms of two groups of four eguivalent

protons and one group of iwo equivalent protons,

In connection with these compounds it is interes ting
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 g coplanar quinone is
not procuced but rather a diradical (III) stabilized by

resongrnce,

o
X X
X X
9
(311)

Al though the work wgs inconclusive, they showed that a
hindered guinone, 2,2'-~dimethyl-5,5"'-di-t-butyl-4,4"'-
biphenoguinone could be prepared and was in equilibrium

with a small amount of diradicsl,

SR



O 18 SCOPE OF THE :RESEET WORK

The aims of the present work are threefold:
Firstly, to prepare anc study using ESR and UV
spectroscopy the biphenosemiquinone cation end
its halogerated and alkylated derivatives both
in concentrated sulphuric acid and in aluminium
chloride - nitromethane mixtures wito a view 1o

detecting evidence of restricted rotation either

of the hydroxyl groups or the aromatic rings.

Secondly, to extend the work of llaisunaga to
other 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 gniouns,

Thirdly, to investigate the electron acceptor
properties of the halogenated 4,4'-biphenoguinones
by ESR spectroscopy. The redox potential of the
4, 4" ~biphenoguinone-biphenyl—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 stirong enough

to completely remove an electron irom a sultzable

donor,

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

respectively.



2 EXFERIMENTAL

2 PREPARATION OF COMEQUNDS

2. 1.1, Biphenyl-4,4'-diol

A commercigl sample (Schukardt) of this compound
was recrystallised three times from 70" agueous ethanol
yielding white crystalline plates, m.p. 273-275°C, 1lit,
value 274-275°C (21).

Analysis: Found C 76¢.94°%, B 5.22°
Calculated for C3i2H3100o C 77.50°, H 5.3%8"

L %,%',5,5"'-Tetrachlorobiphenyl-4,4"'-diol

The method used by Hagatti (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 timwes with glacial ethanoic scid to remove
the yellow colour and filtered to yield small wihite
rneedles which were recrystallised twice from 50° aqueous

ethanol, m.p. 239-241°C, 1it, value 239-241°C (23).



Analysis: Found C 44,40%, H 1,85%, C1 43,11%
Calculated G 44,50%, H 1.85%y €1 43.70%

for 012H501402

< o %,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 cm? glacial ethanoic
acid at 60°C and bromine was added gradually until a
red-brown solution was obtained, The tempera{ure rose
to 85°C and after ten minutes a white rrecipitate formed,
The mixture was cooled, filtered and the solid was
washed twice with glacial ethanoic acid, Recrystal-
lisatién from absolute ethanol produced 4,%g of wiite
needlelike crystals, m.p. 266-267°C, 1lit, value 266°C (24).
Analysis: Found A C 28.54%, H 1.24%, Br 63.28%

Calculated ¢ ag. 7%, B 1,20%, Be 63,707

214, 4,4A'-Biphenoguinone

This compound was prepared using the method of
Xonig et al., (2%). A solution of 2,0g biphenyl-4,4'-
diol in 80 cm? dry 1l,4-dioxan was added with vigorous
stirring over a period of five minutes to T.l4g of lead(IV)
ethanogte in 140 cm? 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 €0-80 light petroleum ether to yield

B T



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,

1it., value ¢a2.160°C with decomposition (25).

Analysis: Tound C 77.82%, H 4.40%
Calculated for CioHgOp C 78,%0%, H 4.35%

LedaDa 3,3',5,5'=-Tetrachloro-4,4'-biphenoquinone

This compound was prepared by a similar method to
that used for obtaining 4,4'-biphenoguinone, However,
this time a hot solution of lead(IV) ethanoate in glacial
ethanoic acid was added dropwise over a period of thirty
ninutes 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 witi 1,4-0iloxan, The crystalline
solid did not melt.

Analysis: Found G 44.40%, H 1.24%, C1 43,11%
Calculated G 44.75%, H 1.40%, C1 44,00%

2k, 6, %,3',5,5'-Tetrabromo-4,4'-biphenoguinone

Again the method of Konig et al. (2%) was employed
but 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 ¢ 25,46%, H 0,89%, Br 64.11%
Calculated G 28.82%, H 0.80%, Br €4.00%
for Clzh4gr402

0 1T 2,%',5,5'-Tetranethyl-4,4"'-biphenoguinone

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
nitrete in 200 cm? of distilled water. A solution of
2lg potassium hydrogen carbonste in 300 cm? 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
distilled water until neutral and finally dried in a
rotary evaporator over z period of four hours. 55g of

the Celite reagent (a2 yellow-green powder) were obtained.

1.2g of 2,6-dimethylphenol were refluxed for thirty
minutes in 150 cn? benzene with 25.1lg Celite reagent.
After filtration to remove tihe spent reagent a red-brown
solution was obtained which on evaporation produced 1l,lg
of small scarlet crystals nm.p. 215-216°C with decomposition,
1lit, value 215°C with decomposition (26). Recrystallisation

from benzene did not ragise the melting point,

Footnote:

Silver carbonate supported on Celite was found by
Balogh et alia (26) to be an excelleni reagent for the
oxidative coupling of phenols to produce alkyl sub-

stitvted birhenoquinones,

= G



Analysis: Found C 75.6%%, H 6,667
Calculated for CygHy 0, C 79.95%,, H 6.66%

23185 %,%',5,5'=letraisopropyl-4,4'-biphenoguinone

This compound wazs 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, 1it. value 196-197°C (27).
Analysis: Found G Bl.65%; H 9127

Caleulated for Cpglizp0p C 81.03%, H 9.09%

Ceds g 5,3',5,5'—Tetra-t-butyl—4,4'—biphenoouinone

Again the method outlined in seciion 2.1.T Was
used to couple 2,6-di-t-butylphenol, The resulting
violet crystals had a m.p. of 246-247°C, 1it. value
246-247°C (28).

Analysis: Found ¢ 82.02%; B 9,78%
Calculated for Cpglyn0, C 82.%0%, H 9.80%

e ka0, 3,3‘,5,5'—Tetra—secnbutyl—4,4'~biphenoquinone

2,6 di-sec-butylphenol was treated with Celite
resgent in the manner outlined in section 2.1.7. to give

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

Anglysis: Found C 81.9¢%, H 9.63%

Calculated for 028H4002 ¢ 82.%0%, H 9.80%
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2,1.11. 3,3',5,5'=Tetraalkylbiphenyl—4,4'-diols

The reduction of the four tetraalkyl quinones
mentioned above was carried out in a similar wzy using
zinc and concentrated hydrochloric acid, The quinone was
added to isopropanol anu the mixture heated to 60°C, The
calculated amount of concentrated hydrochloric acid was
then poured in followed by the necessary amount of zinec
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 biphenyl-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,

Anglysis: Found C 78.92%, H 7.40%,
Calculated for

C1 6H4 50 (tetramethyl-) C 79.%0%, H 7.44%
Found ¢ 81.73%, H 10.39%
Calculated for G 81:95%:" H 10,25%

CogHyp0p (tetra-t-butyl-)

Codall e 3,3'=Dimethylbipheny1-4,4'-diol

This compound was prepared from 3%,3'-dimethyl-
benzidine by a modified Sandmeyer reaction (29). 1l.1g

of the benzidine were dissolved in 500 cm” of water

containing 29.2,. cn’ of concentrated hydrochloric acid
).V N



and cooled to 5°C, A cold solution of 7.25g sodium
nitrite in 40 em? of water was then added slowly, keeping
the temperature below 5°C, until an excess of nitrous

acid was present. The diazotised solution was then
divided into five equal parts, FEach part was then boiled
with 1.8 dm> of water containing 20 cu? phosphoric(V)

acid for ten minutes and the cooled solution was exiracted
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 78.95%%s H 6.547,

Calculated for CjzH,,0, C 78.50%, H 6.54%

2 B 1 3.%',5,5'-Tetramethoxybiphenyl-4,4'-diol

The %,3%',5,5'-tetramethoxy-4,4"'-biphenoquinone was
firs+t 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 Giol which
upon recrystallisation from ethanol gave almost white
crystals, m,p. 192-19%°C,
Analysis: Found C 62 07T% ' 5.85%

Calculated for Cpghyq0p C 62.72%  5.88%

21k 4,4'-Dihydroxybiphenyl-3,3%'—disulphonic Acid

The method outlined by Moir (31) was used to

prepare a sample of this compound. 1g of vinhenyl-
L Jo8



2
4,4'-diol wes dissolved in 5 cm” concentrated sulphuric
acid at 60°C, After sbout ten minutes the white micro-
crystalline solid was formed which was filtered off on 2

sintered glass crucible,

e 50 e 18 4,4'=-Dihydroxybiphenyl-3,%',5,5"'-

te trasulpnonic Lcid

L 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).

A1l other solid organic compounds used were obtained
commercially and were used either without further
purification or if necessary recrystallised from a

suitable solvent.



el The Spectrometer

All ESR spectra were recorded on g Hilger gnd Watts
liicrospin 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
vieved 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 th) and together
with o 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 gbsorption curve.

An automatic frequency control accessory, W.956 was
2lso employed with the basic Microspin spectrometer,
This enabled the klystron frequency to be locked 1o the
sample cavity as reference instead of to the separate
reference cavity. A detailed description of the spectro-

meter is given elsevhere (3%2).

A cylindrical reflection cavity (W,9%2), 4 cm in
diameter, having a Hgjj mode and a selectivity factor
(Q) of 80CO0 when operational was vsed throughout the

vork,
_.1[!..—



After setting up, the mnagnitude 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,

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

usually employed,

The recorder charf Was calibrated after each spectrum
to be measured, which was scamned over a 2 uT range in
twenty minutes using a recorder chart speed of 3 cm,
min™l A dilute solution of Fremy's salt, potassium
peroxylamine disulphongte, in sgturated 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 mT, This solution was contained in g sealed
melting point capillary placed in the cavity alongside

the solutions of the radicals under investigation,

i Variasble Temperature Accessory

We had received as a gift a part of a licrospin
variable temperature gas flow system (¥.910) comprising
a control unit (FA,999), liquid nitrogen dewar (%.972) and
an evacuzted feed and heater assembly (V.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°cC,

In order to use tiis eguipment a quartz devar
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assenbly for the cavity (%W.53%2) was counsiructed us
shown in figure 2,1, A Cryoproducts 25 dm? 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 temrerature range.

FYor temperatures greater than room temperature nitrogen
gas from a cylinder was passed directly into the heater
assemnbly, 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 insuvlating wool, The tempersture 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 1t was
found necessary ito surround it with a polythene sleeve
so that the cavity could be flushed with a stream of
dry 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 systenm

and its operating instructions is given elsewvhere (33).

L
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252,73, Sauple Freparation

The ISR sample tubes used throughout this work were
made from thin welled quartz tubing ("Spectrosil" grade)
having a maximum outside diameter of %mm, To facilitate
tiieir use on the vacuum line they were topped with B1O
ground glass cones thus enabling vacuum taps to be fitted

to themn,

e S W I Semiouinone Cations

The dihydroxy compounds were oxidised in 98%
sulphuric acid or dideuterosulphuric acid (Koch-ILight)
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
persulthate was then added with stirring. 0Oxygen was
removed from the resulting highly coloured solution by
bubbling 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 kXept under vacuunm,
D

Cation radicals were produced from the quinones by
the addition of 2.0 cm? zcid, again a similar concentration
of substrate was used., A trace of sodium c¢ithionite 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 outitlined above.

0



The reaction of 4,4'-biphenoquinone with dideutero-
sulphuric acid at temperatures in the range 22 - 50°C
was studied in the apparatus shown in figure 2.2, 4
known mass of the quinone was placed in bulb A and the
reguired amount of acid, through which dry nitrogen gas
had been bubbled, pipetted into side-arm B, “he gcid
was then degassed in the usugl way and the apparatus
evacuated before immersing it in a wagter bath at the
reaction temperature for twenty minutes, The reactants
were then mixed together and a small zmount éf 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 (fipure 2.,2.) was glso used for
the oxidation of the dihydroxy compounds using a2luminium
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
coupound 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
tenperature under vacuum and some of the solution was
subsequently transferred into the guartz capillary tube,
The nitromethane was dried by distillation from phosphorus (V)
oxide and deoxygenated by passing dry nitrogen gas through

the liquid, followed b degassing under vacuumn,

Cation radicals were also produced from biphenyl-
4,4'-Ciol an. some of its alkylated derivatives by the
addition of nitromethane to a mixture of 9879 sulphuric

s L
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acid and the diol, The reactants were mi.ed 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 tempersture

before transfer of the solution to the quartsz capillary,

s 5.2 Semiguinone Anions

A xmown mass of the alkylated biphenyl-4,4'-diol,
sufficient to give an overall concenlration of 0,01l
was mixed with a known volume of solvent., The volume
of the mixture was then made up to 2,00 cn? with either
agueous- or ethanolic potassium hydroxide solution
(concentration 0,5 - 2,0l), The resulting yellow
coloured solution, containing the semiguinone aunion,
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,
2-picoline, pyridine and tetrachloromethane were purified

by distillation before use,

2.2.%.%. - Reactions of Quinones with Donor lolecules

Solutions of the 3%,3',5,5' tetrachloro- and tetra-—
bromo-4,4'-biphenoguinones (0,005M) in a variety of
organic solvents were treated with sclutions in the saue
Solvent of suitable electron donor compounds in sn

apparatus similar to that in figure 2.2. “he two

T



solutions were degassed, mixed under vacuum and a small
amount of the resulting mixture poured into the TSR quartz

side-arm,

2.2. 4, leasurement of g-Factors

In order to determine the g-factors of the ESR
spectra a solution containing the disnion, peroxylamine
disulphonate (see section 2.2,1, for method of preparation)
was inserted in the cavity simulteneously with the sample
under investigation, The magnetic field (HH) correspond-
ing to the central peak of the resonance gbsorption of
this referernce 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
1.3%091 nT enabled the field separation (8 H) of the two
signals to be calculated ( 8H 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 disulﬁhonate the g-factor of

the sample (g3) is then given by equation (2.1.).
Using this technique a value of 2,00%6 was couvsis-

tently obtained for the g-factor of diphenylpicrylhydrazyl

(DEPH).



2o De OTHER SPECTROSCOFIC TECHIIQUES

The ultra-violet and visible absorption specira
recorded at room temperature were determined in lecm
quartz cells on a Unicam SP700 and a Perkin Elmer model
1370V spectrophotometer., Spectra at higher temperstures
were determined on the 137UV incorporating a variable

temperature atiachment,

The nuclear magnetic resonance spectrum of 4,4'-
dihydroxybiphenyl-3,%"'-disulphonic acid was obtained on
a Ferkin Elmer R10 spectrometer operating at 60MNHz using

a saturated solution of the substrzte in acetone.
The compounds referred to in section 2.1, were also

characterised by infra-red spectroscopy using a Perkin

Elmer model 237 spectrophotoneter,

- 21 —



2,4, COLPUTER TROGRALS

The programs, written in Algol, were designed for
use on an ICL 1905 computer and are consequently given in
1900 series Algol, Program znd data input was by cards
unless otherwise stated. Craphical outputs were generated
using o modified version of a set of procedures xnown as
PAGE (35) and produced by means of a Calcomp Ltd, graph

plotter associated with the 1905 computer,

k3

2.4.1.

SRSTM: A Computer Frogrem for the Simulation
B

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 ;roups of equivalent atoms with a nuclear
spin of a % or 1, Provision is made for a Gaussian or =
Torentzian line shape to be reproduced., The equations
describing the overall spectrum were determined using the
method outlined by Ayscough (%6)., The data for a single

simulation is reazd into the computer in the following

order:

L Q - The number of groups of
equivalent atoms,

g oy bl - The number of atoms in each
group commencing with the larges<t number,

3, SFIN [D] - The nuclear spin of each group
of equivalent atoms (either 0.5 or 1).

4, K ﬁ@ — The hyperfine coupling constant

in m? of ezch type of equivalent atom,
keeping the same order as in 2 above.

20
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Te

9.

10,

XA, DX, ¥B ~ The parasneters XA and 7B

W

determine the range over which the maximum
and minimum values of the simulated ESR
curve will be calculated, The magunetic
field corresponding to the centre of the
spectrum is taken as zero and all lines
on the ieft hend side as having negative
values, X, again in mT units, determines
how often the calculation is performed,
Thus for a spectrum with its largest peak
at the centre typical values of these
parameters night be - 0,0%, 0,0001, 0,03,
— The line width of the spectrum
i mi,
- An integer, 1 to 6, which
de termines the lireshape i.,e, Gaussian or
Lorentzian type and also depends on (.,
For Gaussian curves with Q = 2, % and 4,
C =1, 2 and 3 respectively, whereass for
Lorentzian curves with Q@ = 2, % and 4,

C =4, 5 and 6 respectively.

XMIN, XHAX —~ These two parameters expressed
.

in mT 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 :iMNIN and XKHAX would have to be

at least - 1.% and 1.% respectively.

NULBER - A spectrum reference number,

an integer in the range 1 to 999.

COLITROTL —~ An integer which controls the

rest of tne program after the first

- 23 —



simulation,

IF COX"ROL = 6 then the program is terminated
for other integers (1 to 5) the subsequent
program is modified as follows,

COIITROL = 1,
| Alters the overall width of the
spectrum new data required for XMIN, XMAX
and FUVBER only,

CONTROL = 2,

Alters the line shape, i.e.
either from Gaussian to Lorentzian or
vice versa, new data required for C to
NUKBER,

COKRTROL = 3,

Alters the linewidth, new data
required for ¥A to NUMBER,

CORTROL = 4,

Alters the hyperfine coupling
constants, new data required for K [D]to
number,

CONTROL = 5,

Produces a ccmpletely new spectirun,

nev data required for Q to NUMBER,

The following brief notes about the program organ-
isation refer to the simplified flow dizgram for ESRSIMN

(Figure 2.3. ).

START PLOTTILG is a control procedure which initial-
ises the values of certein global variables reguired in

subsequent plotting and activates ihe necessary computer

o
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operations required for the use of ithe graph plotter.

The required nuclear multiplicities for atoms with
spin 1/2 or 1 are then calculated using th: procecures

PHULTIPLICITIES and DRNULTIPLICITIES respeciively,

The procedures that define the equetions for the
shape of the spectra are named GAUSSTWO, GAUSSTIHEEE,
GAUSSFOUR, LORENTZTWO 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 witih 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 TO (XINCHES, YINCEES) can be called, XINCHES and
YINCHES being the required length and height of the page
in inches, XIFCHES can have any value up to a maximum of

10C whereas YINCIES cannot be gregter than 25,

The procedure CHANGE STEP (l) determines the distance
between successive points joined up by the graph plotter
and herce the smoothness of the curve, which increases

with the value of N,

The simulated curve is scaled to fit ihe defined

Lot



page Size by the procedure LINIM (XRIN, XEAXY, YHIN, YLAX).

The specitrum is now plotted by calliung CURVIUNC
(¥, MMIE, XMAX) where F is the procedure defining the

shape of the curve,

The referernice number of the spectrum is plotted
at the top right-hand corner of the page by calling <he
procecures MOVE TYPE TO (ZMAY, YNAX) and TYFE KUKBER

(NUMBER, 3, 0).

The procedure KEXT PAGE automatically produces a

new page for the output of the next spectrunm,

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 g single type of atom is
produced in the normal mgnner except that a second vglue
of N[D] = 0 and C = 1 or 4 depending on the line shape

required,

Tane simulgted spectira in this thesis were all calculated
using a Lorentzian line shape function since this gave gz
be tter comparison with the experimentzl results, The
specira referred 1o in section 4,2.1, were reproduced
using a page size of 15.5 inches x 7.5 inches and XHIK
ard YLIL values of -1.4 and 1.4 mT respectively. These
values enabled the simulated spectra to be compared easily

vith: the experimental ones,



2alk. 24 MOIORB 2: A Computer Progrem for the Czlculation

of JT Spin Densities of Conjugated Free Radicals

by the HNO and licliachlan Modified ENO letnods

Given the secular determinant of the molecule under
investigation the program utilizes a proceuure developed
by Rutishauser (37), which uses the Jacobi method (%8) of
matrix diggonalisation to calculate the eigenvalues and
eigenvectors, The HNMO U -spin densities are then
determined from these eigenvectors, A subsequent
calculation of the atom-atom polarisabilities (%9) and
application of MclLachlan's approximation (40) enables
these simple HMO spin densities to be corrected for

JC =7C spin polarisation,

The copy of the program given in appendix 3 is
for a specific structure, the diphenoquinodimethane
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 gtoms 13
and 14 by those of oxygen is expressed in the usual
Way by two parameiers hp and k., defining the Coulomb
integral (A o,) and the Resonance integral (B o) as

shown in equations (2,2), where & and /3 are the
do = X+ hoﬂ’ and ﬁco = kCOﬁ (2.2.)

integrals for the carbon atomic orbitzls. The non zero
elements of the secular determinant are inserted in the

program raiher than as data, the parameters hg and Xgq

e
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being represented by the identifiers H and K,

The following data is required by the program:

1.

N — The number of
atomic cenires involved in the molecular
orbitals, in this case N = 14,

ORB — The orbital contzin-
ing the unpaired electron, again in this
case ORB = 8,

H1l,Dd,H2 — These parameters
define the range of values of hy for which
the calculations will be performed, HL
represents the initial value, DH the interval
added on after each calculation until the
final value H2 is reached.

Kl , DK (K2 - These parameters



define ko as the paresneters in % above

define hg,

5. EIVEC, EIGENVEC, RECVAL ~ These are Boolean
identifiers,

If BEIVEC := FAISE, then the eigenvalues
orly are cslculated and printed
out,

If EIGENVEC := TRUE, then the eigenvalues
and eigenvectors are printed
out,

If RHOVAL := TRUE, then the RHO VALUES
(the lcLachlan modified spin
dénsities) are cslculated and
printed out whereas

If RHOVAL := FAISE (and provided EIVEC :=
TRUE) both the simple and
modified HNO 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 couputer and a further tape

output suitable for use as a data tape for the ICL 1905

G T



computer obtained, This tape was incorporzted into a
program with the PAGE procedures (35) which euabled the

curves to be drawn by the graph plotter,

In order to use the program for systems with a
different number of stoms the procedures ATONM POLARISABILITY
(#,7,5,R), and RHO VALUE (I,J) require a slight alteration
where the integers 7 and 14 are uset and obviously the

output procedures would have to be modified.
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Je 4,4'-BIPHENOSEMIQUINOKE CATIONS

PREVIOUS WORXK INVOLVING SENIQUINONE CATIONS

3. 1‘

The classical method for the production of radical
cations in solution is by the oxidzation of the parent

compound, often an aromatic hydrocarbon, in concentrated

sulphuric acid (41-4%). 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 atiributed

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

Me OH
Me
Me
- Me OH
(IV) (V)

measured value of the proton hyperfine coupling coustant

associated with the methyl group, 0.,%8S% mT was consicerably

~

e

lower +than the predicted value of 0.€ mT (45) and in
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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 protouns,

Evidence in support of this conclusion was obtzined
by producing solutions exhibiting the same ESR specirum
from the oxidation of methoxybenzene, phenol and 1,4-
dihydroxybenzene with potassium persulphate in concentrated
sulphuric acid and from the reduction of 1,4-benzoquinone
with sodium dithionite also in concentrsted sulphuric
acid, This spectrum, consisting of five lines arising
from four ring protons each of which is further split
into g triplet, was attributed to thé-l,4—benzosemiquinone

cation (VI), Furiher, spectra identical to that obtained

OH

(VI)

from the dissolution of 1,4-dimethylbenzene in sulphuric
scid containing potassium persulphate were obtained by
the reduction of 2,5-dimethyl-l,4-benzoquinone with
sodium cithionite zoud by the poiassium persulphate

oxidation of the corresponcing cuinol, both in concentrated

—
P
P =



Sulphuric gcid,

Subsequently Bolton, Carrington and Santos-Veiga (46)
reported thneir ESR studies on the cations of 2,5-cihydroxy-
1,4-benzosemiquinone, 1,4-naphthosemiquinone znd 9,10-
anthrasemiquinone, The firs+t 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 zinc dus+t and the result-
ing spectrum consisted of twenty-one rather broad lines,
On replacing the sulphuric acid by its dideuterated
anglogue 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 gcid was attributed to = more

rapid exchange of the hydroxyl protons,

An interesting feature of the spectra of semiguinone
cations is that in 21l the cases so far studied hyperfine
splitting was observed for the protons aftached to the
oxygen atoms, Furthermore the spectra all exhibited a
linewidth brdadening effect, there being a gradual
increase in the linewidth towsrds high field 2nd is a
consequence of the rather high viscosity of the sulphuric

acid (47).

Later work involving the cations of tetraumethyl-
1,4-benzosemiquinone (48), 1,4,5,8-tetrahvéroxynaphthzlene
(49) and 1,4-dimethoxybenzene (50) provided evidence for
the existence of cis- and trans— rotationzl isomers (e.g.

VII, VIII) 2nd enzbled the potlential barrier to rotation

S
e
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in the case of the cation of 1,4,5,8-tetrahydroxynaph-
thalene to be calculated., If the rate of isomerisation

is slow compared with the hyperfine frequency separations

b/H b/H
Me ~ Me Me Me
@
Me Z Me Me Me
@)
(VII) (VIII)

the observed spectrum would be a superposition.of the
individual spectra of the cis- and trans-isomers.
Whereas, if the isonmerisation is rafid the hyperfine
couplings will be the average of the extreme values in
the two isomers and a simple spectrum will result,

Hoviever 2t intermedigte rates of isomerisation a marked

alterngting linewidth effect is often observed,

In their segrch 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 nitrouethane had several advantzges over sulphuric
zcid for the production of cation radicals by oxidation.

For =z pmumber of radicals e.g. the cation of 1l,4-dimethoxy-—
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berzene the radical concentration approxiuasted to 100%
whereas with sulphuric acid it was considerably less

than 1%, Since the viscosity of sluminium chloride in
nitromnethane is much less than for concentrated sulphuric
acid there are no significant contributions to the line-
widths due Yo anisotropic dipolar interactions hence the
phenoumena of high field brosdening observed in sulphuric
acid isabsent, TFurthermore the lower melting point of
the system permits the study of temperature effects over

a wider range,

They also observed that the sluminium chloride-
nitroumethane system sometimes enabled the oxidation to
80 beyond the one-electron stage., Thus biphenyl-4,4"'-
diol gave initially a blue paramagnetic solution, Using
an excess of gluminium chloride the solution becerie 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 Spectrunm
of the blue solution was anslysed in terms of three groups
of four, four and two equivalent protons having hyperfine
coupling constants of 0,195 mT, 0,073 nT and 0,164 nT

respectively,

FPurther studies by Sullivan and hLis co-workers on
the cations of 1,4-benzosemiquinone (52), tetramethyl-
1,4-benzosemiguinone (53) and 4,4'-dimethoxybipheryl
(54) showed that these radicals exist as cis— ard trans—
isouers and that the ESR spectra at certain temreratures
exhibit the linewidth alternation phenomena character—

istic of the hindered roiation of <tlhe hydroxyl groups



about the carbonoxygen bonds,

On the other hand no such

behaviour was observed for 1,4-cimethoxy-2,%,5,6-tetra-

methylbenzene (5%) which was shown to exist as a single

species in aluminium chloride-nitromethane solution,

However, in concentrated sulphuric acid dimethoxydureue

gives an ESR spectrum corresponding to the cation of

tetra ethyl-l,4-benzosemiquinone,

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

semiquinone (55) also exhibits an alternating linewidth

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

derivatives produce spectra showing this effect. This

behgviour was interpreted by assuming that the 2,35-

and 2,5-dimethyl-l,4-benzosemiquinone cations are

stabilised in the cis- and trans- conformations respectively

(22, %)

H\Y)
Me
Me
}4,13
(IX)

Me

(%)



Dele 4,4'-BITHENOSELICUINONE CATION, RISULYS AND.

LDISCUSS ION

2.1, Oxidation of Biphenyl-4,4'-.iol in Concentrated

Sulphuric ‘cid

When biphenyl-4,4'-diol is oxidised b, hydrogen
peroxide or potassium persulphate in 98% sulphuric scid
coloured solutions are obtained which exhibit para-
magne tism, The colour of the solution and its character—
istic ESR spectrum depends on the technique and conditions
employed. If the biphenyl-4,4'-diocl is added to the acid
containing a trace of the oxidising agent at roon Temp-
erature or below, a deep blue solution giving the ESR
spectrum shown in figure 3.1l. is obtained, However if
the substrate is first dissolved in the sulphuric acid
elitner by being left to stand at room temierature 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 ihe concentration of the sub-

strate is in the range 0,001l - 0,005,

The seventeen line ESR specirum obtained from the
blue solution can be analysed in terms of two groups of
four equivalent protons having hyperfine coupling constants
of 0,205 mT and 0,071 mT respectively. The computed
specirum is shown in figure %.3. On repeating the
experiuent with cideutersulphuric acid in jylace of

sulphuric acid the observed ESR spectrun cousists of a

1.

guintet of broad lines with o hyperfine coupling constant

=2



Binhenyl-l 4'=diol in 98% sulphuric acid containing s
(blue solution)

0.2mT

trace of hydrogen peroxide

Pl P

Figure

%1




_ §E m_ (e)2°< oxnltg

m. .@:“u@. L m. ‘

fanaatnmaNaansany

(a)2*¢ eanatg

Eh e SelaN /
(uotjntos u20ad) sprxoaad usaloapfy Jo aovxy © JoO GOﬁ«wwwm 9u3 £q pemoTTor ‘prowm

oﬁhﬁnmaﬁmoaopnmﬁﬂ@nﬂv pue pToE oTINYAINg %g6(B) UT POATOSSTD TOTP=, 4 4=-TLuoydtg



¢

oaIn

‘_H

Iy

IW 9L0°0 = Y3PTHOUT]

i

e suojoxd jusTeAIndo f

E -
L% LL0*0 q

I

IW €o2°0 e gsuojoxd juaTeaTnbo 4

H
WNI}O09U; POJRTNUTS J93NAW0Y




of 0.205 mT (figure %.4). The ESR spectrum is tlhus

attributed to the 4,4'-biphenosemiquinone cation (¥XI),

OH

(XI)

Because of steric hindrance the protons in the 2 and 6
positions in each ring do not exchage with the protons
(or deuterons) of the acid thus the hyperfine coupling
cons tant for the quintet obtained in dideuterosulphuric
acid can be assignedé to the protons in these positions,
Furthermore the lack of any hydroxyl-proton hyperfine
coupling can be accountec for by sssuming thst the
lifetime of the cation with 2 perticular proton on an
oxygen must be short compared with the time for the ESR
tragnsition i.e. the rzte of the hydroxyl proton exchange

is fast compared with ihe hyperfine coupling.

Attenpts to slow down sufficiently the ratie of
exchange by cooling the sample so as to try anc observe
any hyperfine coupgling Ly the hydroxyl protons only
results in the specira beconing extreiely as muetric

— -

1o —-



Binhenyl-4,4'~diol in 98% dideuterosulvhuric azcid containing a trace
of hydrogen peroxide
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due to the increasec¢ viscosity of the solution, Dilution
of the sulphuric azcid with trifluoroethsonioic acid zlso

leads to a loss of resolution

A similar TSR spectrun to that of figure 3.1 is
exhibited by the dark brown-green coloured solution
obtained when 4,4'-biphenoguinone is reduced in concen-
trated sulphuric acid contzining s trace of sodium
dithionite, Further, the same spectrum is initially

observed when the deuterated analogue of the zcid is used.
These results suggest that the exchange of the ring
protons by deuterons in positions % and 5 of the diol
takXes place prior to the oxidation process, Thus we

can cousider the following sequence to apply.

OH oD oD
|
H H D D D D
+
D )}
R Tt
fast \

H H D D D D

O oD oD

ne ESR spectrum of the sea-green coloured solution
being both asymmetric and only partizlly resolved proved
much more difficult to interpret. The corresponding

spectruir using dideuterosulphuric acid is shown in figure

g -

A



sl

). 2b, llien g much higher concentration of biphenyl-
4,4'-diol (approximately 1i.) is usec z white precipitate
graduglly forms in the solution., This while solid on
addition 1o cold concentrated sulphuric containing a
trace of hydrogen peroxide produces g sea-green solution

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

The white solid gppears to be identical to the
4,4'-dihydroxybiphenyl-%,%'-disulphonic acid prevared
by Moir (31). Both of these white solids when dissolved
in agcetone give the same NNR spectrum (the ring protons
fine structure is shown in figure %.5.,)., This spectrum

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

OH
503H
5(%;%
OH
(X11)

the ESR spectrum of such solutions to be due to the

cation of 4,4'-biphenosemiquinone-%,%'-disulphonic acid,

If it is true that all the diol is sulphonatled
prior to ihe ouldation reaction then it shoulc be

Ry,



3¢5

Figure

-disulphonic acid in acetone

Proton resonance (at 60 MHz) of
3'

b, b'-dihydroxybiphenyl-3,

AB = 8.5 HZ
JBC = 245 Hz

Spin-Spin Coupling Constants
J




possible 1o produce otuer sulphonszted radical cations

in concentrated sulphuric acid jrovided 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 g 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 %.6. can be recorded. The

ESR spectrum of 1,4-benzoseniquinone cation produced by
the normal mode of oxidation of 1l,4-dihydroxybenzene in
concentrated sulphuric acid is shown for comparison in

figure 3.7.

The spectrum illustrated in figure 3.6 can be
approximately anslysed in terms of one group of two
equivalent protons naving a hyperfine coupling constant
of 0,205 mT and a further group cf three equivalent
protons having a value of 0.%%4 mT, A computed spectrum
using these values is sunown in figure 3,8, This analysis
is thus in accordance with a monosulphongted 1,4-benzo-

quinone cation (XIII), the three ring protons having

SO5H

OH



1,4=dihydroxybenzenes (quinol) dissolved in 98% sulphuric acid and
trace of hydrogen peroxide added

0.5mT

Figure 3.6
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1,4-Dihydroxybenzene (quinol) in 987
containing a trace of hydrogen

*OH

2 (ring H)

ar (hydroxyl H)

——
——.

et Y |

Sl |

Figure 3.7

sulphuric acid
peroxide

0.234 mT

0344 mT
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Computer Simulated Spectrum

3 equivalent protons o 0.334 mT
2 equivalent protons aH= 0.205 mT
Linewidth = 0.05 mT

Figure 3.8




similar hyperfine coupling constants (ca. 0.%%4 mT).

The fact that 2,5-é¢ihydroxybenzene sulphonic acid (5€)

when added to concentrated sulphuric acid containing a
™

trace of hydrogen peroxide produces a similor ESR spectrum

provides further evidence in suppert of this interpretation,

The conditions necessary for the sulphonation of
biphenyl-4,4'-diol 1o occur were further inves tigated
and there agppears 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 0,005l substrate concentrgtion in a

range of sulphuric acid concentrations are shown in

graphiczl form in figure 3%.9.

o radical species coulc be detected whnen 4,4-
Gdihydroxybiphenyl-3,%"',5,5"'-tetrasulphonic acid was
added to concentrated sulphuric acid containing a trace

of oxidising agent.,

el Reduction of 4,4'-Siphenoguinone in Concentirated

Sulphuric Acid

is mentioned in the previous secticn s solution of

4,4'-biphenoguinone in concentrated sulphuric acid

=D =



conteining a trace of sodium tithionite exhibits +the

ESR spectrum shown in figure 3,1 which is attributed to
the 4,4'-biphenosemiquinone cation. However, the use of
sodium cithioniie often leads to the occurrence of ESR
8ignals from sulphur species at low fields and although
usually of a weak intensity they tend to obscure the wing
of the spectrum uncer consideration, TForiunstely, in
this case the addition of sodium dithionite is found to
be unnecessary, The substrate in concentrated sulphuric
acld results in a brown solution which when degsssed

produces an adequately resolved ESR spectrum,

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
%10 to 3,14 show this chiange for a 0,005M solution gt
50°¢C.

The change in the number of hyperfine lines can be
interpreted in terms of a slow, stepwise replacenent of
the ring protons in positions 3%,3'5 and 5' by deuterium
nuclei, The proposed resction sequence is outlined in
figure 3%.,15. The 4,4'-biphenoguinone (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 that obtained from the
cation (XI) produced by reduction of the quinone (XIV)

in sulphuric acid,
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Temperature

Fipure 3.9

Plot of reaction temperature against the reaction tinme
for the sulphonation of biphenyl-4,4'-diol in sulphuric acid
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4,4'-Biphenocuinene in dideuterosulvhuric acid
at 30°C after 11 minutes
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4 4'-Biphenoguinone in dideutercsulphuric acid
at 30°C after 3% minutes
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b 4'—B1phenoqu1none in dideuterosulphuric acid

4,4'-Biphenoguinone in dideuterosulphuric acid
’ at 30°C after 473 minutes

at 30°C after 60.5 minutes

Fipure 3.12




4 hk'-Biphenoguinone in dideuterosulahuric acid
- 0. . * = i
at 30°C after 83.5 minutes
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Replacement of the proton in the % 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 s hyperfine coupling
constant of about 0,01 mT, This is much less than the
linewidth (ca. 0,02 mT) and hence no line splitting due
to the deuterium atoms will be observed. The three
remaining ortho hydrogen gtoms will thus give rise to
a quartet splitting of the main quintet (assuming that
a% = ag, = a%,). The appearance of these new lines can
be observed in figure %.11. Subsequent replacement of
the remaining protons will eventually lead to the broad
quintet of figure 3,14 due to the cation (¥VII)., The
time taken from when the reactants were nmixed until this
replacement is complete decreases with an increase in
temperature, The results for = gquinone concentrztion of
0,005K are summarised in table 3,1, Furthermore when

the concentration of the quinone is doubled there is

TABLE 3,1

Tem%erature Time for completion
96 of deuteration.
(minutes )

22 130
30 8%.5
40 3%
50 15




very little change in tihis time, An arrhenius plot of
this data (figure 3.1€) yields an activation energy for

the reaction of 73.5 kJ mol ™+

At all temperatures at which the system was studied
the intensity of the ESR signal behaves in the same way.
After an initisl decrease the intensity remains reason-
ably constent until the broad quintet stage is approached
when it increases and reacihes a maximum gt the appearance
of this quintet after which it decsys rather rapidly.

As no integrator was available and so that this phenomena
could be studied quantitatively a double integrator was
built bssed on the circuit described by Randolph (57)

but using orersztional amplifiers., However the stability

obtsined was rather poor ané such a study was abandoned,

Vhen 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 Wwitanin
ten minutes of mixing, The ESR spectrum, as one would
expect is an unresolved brosd band, However, by cooling
the reactants slightly to about 10°C before mixing it is
possible to record the initial ESR signal in wiich the
fine structure is partially resolved although extremely
asymmetric (figure 3.17). This spectrum can be partly
explained by the fo.r ring protons producing the main
guintet which is further split into smeller guintets
with an intensity ratio of 1:2:%:2:1 by the two deuterons
on the oxygenatoms, However, the sprlitting of the five
lines of tne m=zin guintet (label as 1,4,6,-4,-1) appear

ting between lines 4 and 6 is

of

to be unequal, the spli



log (1/ reaction time)

Figure 3.16

- N Plot of log(1/reaction time) against 1/absolute temperature
for the deuteration of the 4,4'- biphenosemiquinone cation

-1.50

-2.0Fk

34 32 a3 3.4
1/ temperature (K )



1,4=Benzoquinone in cold dideuterosulphuric acid

immediately after mixing

-5 m7-

v
I

—-—

Figure 3,17




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

(adp) is 0.53 mT which gives a value of (.50 for the
agﬂ/agﬁ ratio, Subsequent deuteration of the zromatic

rings leads 1o a loss in resolution,

On the addition of a siuall amount of water the brown
solution of 4,4'-biphenoquinone in 98% sulphuric acid
develops z deep blue colour, the ESR sigunal remsining
unchanged, The addition of further amounts of water
cause the precipitation of a pale blue solid leaving a
colourless solution, The blue solid is pearamsgnetic
Wwnereas the solution is not and produces 2n ESR spectrunm
consisting of a single narrow line having a g-value of
2,0030 (figure 3,18). Furthermore, the filtered solid
gradually becomes white on standing and no longer pars-—
mggnetic, However, on dissolution in 98% sulphuric scid
it reforms the blue paramsgnetic solution once more.

Tue white solid after recrystollisstion has the same
relting 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
and the 4,4'-biphenosemiquinone cation salt of the acid,
the salt decomposing to give the biphenol on sianding,

Tiie blue solid is somewhat more sitable in zcid solution

(longer than seven days).

A



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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B2 s Oxidation of Biphenyl-4,4'-diol by an jfluminium

Chloride = Uitromethane liixture

A paresmagnetic pale blue-purple solution is obtained
vhen nitromethane is distilled onto a mixture of birhenyl-
4,4'-Giol and aluminium chloride in vacuo. The observed
ESR spectrum (figure 3.,19) is attributed to the 4,4'-
biphenosemiquinone cstion having the following hyperfine
coupling cons tants, ag = 0,197 nT, a% = 0,073 uT and
agﬁ = 0,166 mT, These values are very similar to those
reported by Barabas, Torbes and Sullivan (52), but by
comparison with the sulphuric azcid results we are now
able to sssign the ring proton hyperfine coupling constants
to the specific protons., ALttempts 1o detect anomalous
linewidths due to sny 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,

LB by



Biphenyl-4,4'-diol in

sy /

Figure

aluminium

0.2mT |

3.19

chloride-ni

-f—_'_-_:::

romethane




D D DATOGENALED 4,4'-BITHENOSEL IQUINOKE CATICNS,

EESULTS AND DISCUSSIOK

595 40,5"'=-Tetrachloro-4,4"'-biphenoquinone produces
a red coloured paramzgnetic solution when =adced to 98%
sulphuric acid, The resulting ESR spectrum consists
of seven equelly spaced lines in the intensity ratio
1:6:15:20:15:6:1 with a hyperfine coupling constant of
0,177 mT (figure 3%.20(a)). The %,3%',5,5'-tetrabromo-
derivative yields a purple solution from which z similar
spectrum is obtained, although the individual lines are
much broader and the hyperfine coupling constant is

0,182 mT (figure 3.21).

These spectra are attributed to the respective

semigquinone cations (XVIII) and (¥IX), the seven lines

e .
OH OH
Cl Cl Br Br
Cl Cl Br Br
OH OH
(XVIII) (XIX)
arising from six eguivalent protons., "his means that the

- 48 -
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Figure 3.21

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

in 98% sulphuric acid
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protons of the hydroxyl groups, unlike those in the
parent cation (section %,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 tne reaciion medium,
The resulting specirum of the tetracnloro-derivative
consists of a quintet of lines (intensity ratio 1l: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 hyperfihe coupling constant
being 0,027 nT ?figure 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 mT,

Addition of sodium dithionite to the radical solutions
produces white solid precipitate and colourless diaumagnetic
solutions, The white materials have the same melting
points as the corresponding diols and are oxidised to the
coloured paramagnetic cation solutions agsin 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, VWhen the
coloured acid solutions of the quinones are poured onto

ice the quinones are recovered unchanged,

*roin the foregoing -it is concluded that sulrhuric

= 49 -



acid zlone 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'-tetrachlorobiphenyl-4,4'-diol
by an aluminium chloride-nitromethane mixture produces
a pale orange-brown solution exhibiting a weak poorly
resolved ESR signal, DNo reaction was detected when the

te trabromo-compound was used,

- 50 -



Seb ALKYL SUBSTITUTED 4,4'-BITHENOSENIQUINONE

CATIONS, RESULTS AND DISCUSSION

Dubeds Reduction of Alkylated 4,4'-Biphenoguinones in

Concentrated Sulphuric Acid

553" 35,5 =Tetra-t-butyl-4,4'-biphenoquinone produces
a red-brown coloured paramagnetic solution with 989,
sulphuric acid, The ESR spectrum, illustrated in figure
3.22(a) can be analysed as five lines arising from four
equivalent protons having o hyperfine coupling constant
of 0,188 mT which gre further split{ into triplets by a
group of 1wo equivglent protons with a coupling constant
of 0,149.-1%, If diﬁeuterosulphuric 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).

OH
t 3 o
Bu B4 a% = 0.188 mT
t t
BU Bu agﬂ = 0% 149 mT
OH



r | |

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

8 2h e daeagandnash B2 by
:(a ) l H ' Filgure 3.2IZ '




Other alkyl substituted 4,4'-biphenoquinones give
coloured paramagnetic solutions in sulphuric aecid, the
3,3',5,5"'-tetraisopropyl and tetra-sec-butyl solutions
are red-brown, However their ESR signzls consist of 2
single unresolved broad line. The solution of +the

te trauethyl derivative is not paramsgnetic unless sodium

dithionite is present.

o B Oxidation of Alkylated Biphenvl-4,4'-diols in

Concentrgted Sulphuric Acid

Provided a trace of the oxidising agent is added
to a cold mixture of the 3,3',5,5'-tetra-t-butylbiphenyl-
4,4'-diol in 98/ sulphuric acid the same results are
obtaineﬁ 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 whnich
exhibits the same spectrum as that shown in figure 3.2a
which was attributed to the semiquinone cation of the
disulphonic acid (XII), Thus a complete dezlkylation
and a partial sulphonation of the subsirate occurs in
the second case. Nishinagas and his co-workers (58) in
studying ihe 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 tskes place only in the
neutral molecule whils+t the radical cation is stable

against dealkylation,

e semiquinone cation ( XX ) is also produced
when 2,6-di-i-butylphenol is dissolved in 98%sulphuric

-5



acid at room temperature, At first the solution is green
in colour but after about thirty seconds it darkens to a
red-brown colour exhibiting the BESR 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 asnother molecule of the rhenol to
produce the cation (XX).

Oxidztion of the 3%,3',5,5'-tetramethyl, tetralsopropyl
and tetra-sec-butylbiphenyl-4,4'-diols gives the szne
results as for the reduction of the corresponding
guinones, 3%,3'-Dimethylbiphenyl-4,4'-diol produces a
paramagnetic blue coloured solution, +the ESR signal

of which is a single broad line,

P R Oxidation of Alkylsted Biphenyl-4,4'-diols by

an Aluminium Chloride-Nitromethane Mixture

3,%',5,5'-Tetramethylbiphenyldiol gives a blue-green
paramagnetic solution when oxidised with aluminium
chloride in nitromethane. The resuliing ESR spectrum
(figure 3.23) is attributed to the semiguinone cation (XXI),
the hyperfine coupling constant of the hydroxyl cnd ring
protons being the same yet larger than the methyl proion

hyperfine coupling constant.

The 3,3'-dimethyl compound produces a blue para-
magne tic solution vhen oxidised. The observed ES
spectrun (figure %.24) consists of at least twenty-
turee equzlly spaced (0.073 mT) broad lines, Such a

spectrum could arise if  the methyl proions and ring

- 55 —-



343',5,5'-Tetramethylbiphenyl-4 b'~diol

in aluminium chloride-nitromethane

0.5 mT F

A

"”r..w\[\/\w Mq . ’ | N\J\«w

Figure 3.23%




3,3'=Dimethylbiphenyl-l bt -diol

in aluminium chloride-nitromethane
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Me Me a5(ring H) = 0.194 uf
al(nmethyl H) = 0.054 mT
Me - agn = 0,194 mT
OH
(ZX1)

protoné in position 3 have coupling constants of aﬁout
0,073 mT and the hydroxyl and remaining ring protons

have a value of about 0,146 mT, which from 2 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
2ll, However, although the ESR signal obtsined 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 1s the semiquinone cation of the substrate, then
anglysis of the spectrum (figure 3.25) gives the follow-
ing hyperfine coupling constants, ag(ring H) = 0,180 mT,
agﬁ = 0,145 mT and agﬂ = 0,053 mT, The latter value is

the hyperfine coupling cons tant for the methin proton
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3,3',5,5'=Tetra-sec~butylbiphenyl-k,4'~diol

in aluminium chloride-nitromethane
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of the sec-butlyl group.

“i93',5,5"'-Tetra~t-butylbiphenyl-4,4'-diol is
anomglous in its behaviour on oxidation. On mixing the
reactants at room temperature, a dark red-brown coloured
parauggne tic solution is formed, which gfter about thirdy
seconds becomes pale green darkening gradually until after

S

a few hours it is deep blue, At the saue time the ESR

L5

spectrum of the solution changes, figures %.26 to 3.28
illus trate this transition., By mixing the reactants at
-20°C and recording the ESR spectrum of the solution at
the same temrerature, the production of the secondary
radicals is halted and the spectrum of the red-brown
coloured solution is obtained (figure 3.29). This much
simpler spectrum is due 1o the semiquinone cation (XX).
Unfortunately the resolution at this tempersture is not
sufficient to distinguish the separate hydroxyl and ring
proton hyperfine coupling constants znd the spectrum

approxinstes to one due to six equivglent protons,

£lthough the intermediate spectra (figures 3,26 and
3,27) obtained at room temperature are difficult to
analyse, the finsl spectrum (figure 3%.28) is that of the
4,4'-birhenosemiguinone cation (section %,2.3) indicating

thaet dezlkylations are taking place,

Recently, Sulliven (59) hes also showu that a cation
raGical containing a hydroxyl group flanked by two ortlo
t-butyl substituents, the 2,€6-ci-t-butyl-1l,4-benzosemi-
cuinone cztion is only stcble at recuced temperaiures,

The catiion, producec by oxidation of the hycroguinone vith
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3,3',5,5'-Tetra-t=butylbiphenyl-l, b'=diol
in aluminium chloride-nitromethane

at 25°C after 10 minutes
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Figure 3.26




3,3',5,5'=l'etra~-t-butylbiphenyl-4,4'-diol
in aluminium chloride~nitromethane

at 25°C after 2.25 hours

—
u%_
%
L

Figure 3.27




553',5,5'=-Tetra-t~butylbiphenyl=k 4t-diol
in aluminium chloride-nitromethane

at 25°C after 8 hours
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Figure 3.28




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

in aluminium chloride-nitromethane

at -20°C

Figure 3.29



aluniniuu culoride-nitromethsne undergoes an alkyl-group
migration to form the 2,5-di-t-butyl-l,4-benzosemiquinone
cation, Sullivan also analysed the ESR spectra of 2-
alkyl substituted 4,4'-biphenosemiquinone cstions also
obtained using aluminium chloride-nitromethsne, “The
543" ,5,5"'=tetra~-t-butyl derivative yielded a spectrum
conposed of broad lines consistent with interaction of
only the hydroxyl and ring protons (ag = 0,18% mT,

aEH = 0,146 mT), However, in the case of the 3,3'-

dime thyl-5,5'-di-t-butyl substituted.Cation even the
t-butyl splittings were essily resolved (ai = 0,178 mT,

a%H3 = 0,059 wT, all_ = 0,004 uT, afy = 0.1465 mT),

Pedede Oxidation of 3,3%!',5,5'-Tetra-*t-butylbiphenyl-—

4,4'-3diol by a Concentrated Sulphuric Acid-

Nitrome thane lixture

The t-butyl compound is the only azlkylated diol
studied that behaves differently when o mixture of
concentrated sulphuric acid and nitroumethane (20% - 80%
by volume) is uéed to perform the oxidation rather than
aluminium chloride and nitronethane, On mixing the
reactants at room temperature an initial pale green
colouration of the solution rapidly gives Way to a red-
brown solution which gradually changes to orange and
finally becomes dark green, Agsin seconcary radicals
are produced tut at a slower rate than with aluminium
chloride, The red-brown solution initially yields <he
ESR spectrum of the semiquinone cation (¥X) (ag(ringH)
= 0,185 nT, agH = 0,146 mT) but it is gredually replzced

by more complex spectra -(figure 3.3%0) and after standing

L he



3,%',5,5'=Tetra~t-butylbiphenyl-4,4'=diol
in 98% sulphuric acid-nitromethane
at 25°C after 10 minutes

0-5 mT

1 it M
= -

Figure 3.30(a)




3,3'45,5'=-Tetra-t-butylbiphenyl-4,4'-diol
in 98% sulphuric acid-nitromethane

at 25°C after 18 minutes

O.5mT

Figure 3.30(b)




3,3',5,5'-Tetra-t-butylbiphenyl-4 4'=diol
in 98% sulphuric acid-nitromethane

at 25°% after 40 minutes

0.9 mT H

\

Figure 3.30(c)




overnight yields a spectrum having a greater width and
also a much better resolution (figure %.3%1), This last

spectrum can be analysed in terms of four equivalent

H

protons with a* = 0,288 mT, two equivalent protons with

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

aH = 0,143 T,

=57 <



333" 35,5 "'=Tetra~t~butylbiphenyl-4, 4r-diol

in 98% sulphuric acid-nitromethane

at 25°C after 16 hours
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Table 3,2 summarises tue g-factors of the 4,4'-

biphenosemiquinone cations produced by dissclution of

the guinone in sulphuric acid.

TABIE 3,2

4,4'-Biphenosemiguinone Cations g-Factor
Unsubs tituted 2.00%0
Alkyl derivatives - 2,0030
3,3"' 45,5"' =Te trame thoxy- 2.0032
343',5,5'-Tetrachloro- 2.00%6
5,3',5,5'-Tetrabromo- 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 subs tituents (60).



G Pl 0% ELECTRONIC ABSORETICE SIRCTEA OF

4,4'-BITHEROS L. TQUINONE CATIONS

e Frevious S+tudies on Semiquinone G- tions

Only a few studies have been reporied on electronic
absorption spectra for the cagiions of 1,4 -benzosemi-
quinones and the related 1,4 -dialkoxybenzenes, Tand
and Porter (1%) showed that the absorption basnd in the
region of 410-445 mp in the electronic absorption Specira
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 -dimethoxybenzene in concentrated sulphuric acid
shows intense bands at 280 mp which were ascribed by
Forbes and Sullivan (50) to 1,4-dimethoxybenzene and its
three-sulphonic gcid derivative, Iess intense bands =t
434 and 4¢3 mi were ascribed to free radical and (or)

protonated species,

liore recently Yamada et al., (61,€2) have shown thst
the solutions produced by dissolving 1,4-dihydroxybenzene,
4-me thoxyphenol, 4-ethoxyphenol, 1,4-dine thoxybenzene,
1,4-dietioxybenzene and 2,3%,5-trimethyl-1l,4-dihycroxy—
benzene in concentrated sulprhuric acid =211 exhibit
electronic absorption bands in the region of 400-470 oy,
They ascribed these bznds 1o the cations of the 1,4~
dizlkoxybenzenes, Iurthermore, when the sulphuric acid
solutions were frozen at 77 K, new absorption bands
apreared in the regioun of 500-C.0 mp. "he, found that

- 59 -



this phenomenon was reversible, the bands cdisap;esring
on wWarming the solutions, and explained the new bands

gS (ue to dimer formation by the cation radicals.,

5.6.2, Tresent Studies

The UV absorption spectra of both biphenyl-4,4'-
diol zand its 3%,3%'-disulphonic acid in 98% sulphuric
acid (1072M) show intense bands at 210 and 263 mp and a
veak band at around 4%0 mp (figure 220 If the diol
is dissolved in acid contailning 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 €30 mp also appears 1if 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 agaein 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'-biphenoguinone in
98%, sulphuric acid (1072M) exhibits a similar UV absorption
spectrun (figure 3.3%4). 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 time the stronger
bands at 414 and 435 mp decrease in intensity. %hen a
small amount of water is adcded to the solution it changes
colour from yellow to blue (section 3.,2.2) and a new

absorption peask occurs in the visible region around 600 mp.

- 6D -



UV Spectra

1. Biphenyl-4,4'-diol or 4,4'-dihydroxybiphenyl-3,3"'-
disulphonic acid in 98% sulphuric acid (10_5H)
2. Biphenyl-4,4'~diol in 938% sulphuric acid (10_5M)
containing a trace of hydrogen peroxide
3. As 2 but using a higher concentration of the diol
f
2
2 | :
| 3 |
i /\:
X 2% | : |
l 1 11 | |
|
210 263 235\ €0 e

e | my

. Figure 3. 32



UV Spectra

1. Biphenyl-4,4'-diol dissolved in 28% sulphuric acid

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

followed by the addition of hydrogen peroxide

T T
210 263 mpy

1 I
426 670 m )i

Figure 3.33




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

1. Initial spectrum (yellow solution)
2. After 30 minutes (yellow solution)
3« After the addition of water (blue

solution)
2
1 |
1 EESDS
2
210 263 435 600 my
my

Figure 3.34




The intense bands ot 210 and 263 mp are sscribved to
biphenyl-4,4'-diol and its disulphonic acid derivative,
By comparison with the ESK studies outiined in sections
%.2.1 and 3,2,2 and the UV data presented in section
%.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 (¥XII).

OH oy fol¥
SC%BH
HC%§
OH OH OH
..+ 1
{X1) (XEET) (XXITIT)

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 43%5 mp band decaying ra;idly vo 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
ti.e Intensity changes of this band do not coincide with
the ESR results (section 3%.,2,2), The position of the

absorpgtion maxima are somewhat altered by using dideutero-

s L e



sulphuric acid as shown in figure 3.% 5. Buck and his

co-vworkers (51) appear to sssign the absorption in the

region 414-43%5 @p 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).

Tiue bands which appear in the region of 600-700 mpu

are possibly due to charge-transfer transitions,

A e



UV spectrum of 4,4'-biphenoquinone

in dideuterosulphuric acid at 40°C

| |
198 298 375 375 430

mp my

Figure 3%.35




4.  4,4'-BIPHENOSEMIQUINOKE ANIONS

W PREVIOUS S TUDIES

In his ESR studies on alkoxy derivatives of semi-
guinone anions, Matsunaga (15) prepsred the %,%',5,5'-
e traue thoxy- and %,%',5,5'-tetraunetnyl~4,4'~bipheno-
semiguinone anions (I, II) by the air oxidation of the

respective biphenyldiols in g mixture of 2i potassium

o)
MeO OMe Me Me
MeO OMe Me Me
O O
(I) (I3)

hydroxide and pyridine (l:1 by volume). “he observed
thirteen-line spectrum of the methoxy derivative was
explained by assigning s hyperfine coupling constant
of 0,049 mT to both the ring and the methoxy protons,

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

- 63 -



to be too low in inteusity to be detlecinble.

The spectrum from the tetramethyl derivative
consis ted of twenty-one lines with equidistent spacings.
This was explained by assigning values of 0.23%34 mT znd
0.078 mT to the nyperfine courling cons tants for the ring
and methyl protons respectively with the itwo lines at

each end of the spectrum agsin too weask 1o be detected.

However, later work (16) indicated that in 4,4'-
biphenosemiguinone salts the unpaired electron density
given by the simple LCAO-IO method for carbon atom 3 is
at least 1,5 times larger than that on cazrbon atou 2,
Taus an alternative assignment was sugges ted of 0,078 nT

for the ring protons and 0,156 mT for the methyl protous,

More recently, Petranek, Pilar and Ryba (63) in
their studies on the oxidation-reduction properties of
alkyl subs tituted polynucleaxr phenols used ESR spectiro-
scopy to identify the radical anions produced by the
electrochemical reduction of 4,4'-biphenoquinone and
severzal of its alkyl derivetives., Acetonitrile was
used as the solvent and it was found necessary to use
flow techniques to detect the semiguinone snions from
the parent guinore and its disubstituted derivatives,

Their results are summarised in T=ble 4.1,

-
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4,2, RESULTS OF FRESERT VWOEK

The large differences in the hyperfine coupling
constants obtained for the 3,3',5,5'-tetranethyl-4,4"'-
biphenosemiquinone anion (hereafter referred to as the
TBZSQ anion) by the chemical oxidation of 3,3',5,5'-
‘te trame thyl-4,4'-biphenyldiol (THBEXD) anc the electro-
chemical reduction of the corresponding quinone (TBEQ)
led us to re-investigate the work done by latsunaga
(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.

! B O %,3',5,5'=Te tranethyl-4,4'-biphenosemiguinone

Anion (THBESQ 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 cepended upon fhe ratio of the
pyridine to potassium hycroxide solution used. The spectra
recorced using 57%and 90% of pyridine are shown in figures

4,1 and 4.2 respectively.

“he spectr:s can be explained on the basis that the
T:B:8( anion is formed and its hyperfine coupling

2 B



313'45,5"'-Tetramethylbiphenyl-4,4'-diol in pyridine-aqueous
potassium hydroxide (57%-43% by volume)

Figure 4.1



343"'45,5"'=-Tetramethylbiphenyl-4,b'-diol in pyridine-aqueous
potassium hydroxide (90%-10% by volume)
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constants are sensitive to the solvent mixture. In 57%
pyridine ag(ring H) = 0,074 mT znd a%(iethyl H) = 0,166 m7,
Whereas in 90% pyridine the corresponding values are

0,062 mT and 0,178 mT, Spectra simulsted using these
values and g linewidth of 0,0175 mT are shown in figures

4‘-3 &Il(i- 4.4‘0

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,
0.5 was used throughout the experiments, The results

are summarised below in tabular form,

Sl



Computer Simulated Snectrum

12 Bguivalent nrotons aH=0.166mT

4 ¥quivalent nrotons aH=O.0?MmT
Linewidth 0.0175m7T

Figure 4.3




ol

Commuter Simulated Snectrum

12 Equivalent protons aH=O.178 mT
L Equivalent protons al=0.062 mT
Linewidth 0.0175 mT

Figure

b




BYPERYINE COUFLIEG COXS

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

meom=
L ALY O

POTASSIUL. HYDROXIDE HIXTURES

FOR %,%!',5,5"'-TETRANME THY -

Nole ¥Frgction Hyperfine Coupling
Cons tants aI%

| 3

tater | Pyridine ag (ring H) a% (methyl) 2
nT mT
0,95 0.07(a) 0,078 0.,1¢€2 2.08
0,87 0. 1% 0.076 0,164 2.16
0,82 0,18 0,075 0.165 2.20
0. 77 0.2% 0.074 0,166 202D
Qe 75 0:25 0.073%5 0,16€5 el
0.725 | 0.275 0.0725 0.1675 2,51
0, 68 0. 52 0.0715 0,1685 2.%6
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 0.47% 2,48
0,58 0.42 0.06385 0.1715 2451
0.545 | 0.455 0.0675 0.1725 2,56
0,50 0,50 0,0665 0.17%5 2,61
0.44 | 0.56 0.065 0.175 2. 69
0.35 0,67(b) 0,062 0.178 2,87
(a) To radicals are detected with a lower pyridine

(b)

is increassed,

concentrstion,

weak ISR signsl when the

oy,

pyridine concentration




HYPERFIKE COUPLING

4,4'-BIFPHENOSENIQUINONE ANIOKR IN VARIOUS FPYRIDITE-

TABLE 4.3

LA

COIS TAKTS TOR 3,3',5,5'-TETRAME THYL-

ETHANOLIC FOTASSIUNM HYIROXIDE MIXTURES,

llole Fraction Hyperfine Coupling
Cons tants
8.['1
o2
ly \ all
Ethanol | Pyridine | a; (ring H) okl (methyl H)
2 = %
mT mT
0.805 0.195 0.075 0.165 2.20
0. 65 0.35 0,071 0.169 2+ 58
0.47 0,55 0.0¢6 0.174 2,64
OB 0, 68 0,062 G {e 2.8
024 0,76 0,060 0.180 %.00
0. 14 0, 66 0,058 6,162 s g U
0.065 0.93%5 0.056 0,184 A28
.03 0.97 0.055 0.185 H.56
J

- -




HYFSEFITE COQUELILG COSS DAL TS

TLBLE

4o 4.

TN L d =
__‘Dl.f 11,3' 30y

AT D A MLy
5 L 21 Wt e P .!.J.LA.L'—

4,4'-BIPHEROSE! IGUINCIE AKICH.IF VARIOUS SOLVEIT-AQUEOUS

POTASS TUN HY

DROXIDE LIXTC:

e
el g

llole Fraction Eyperfine Coupling
Cons tants i
Solvent E
Later|Solvent ag (ring H) a% (methyl H) e
nT nt
Acetoni- 0.92 0,08 0,080 0,160 2.00
trile
0. 9L 0, €9 0.76 0,164 2.16
0,225 0,715 0.074 0.166 2e2D
Diethyl- 0.855| 0,145 0,074 0.166 2:25
amine
0,805 0,195 0.072 0,168 Z2.53
0.765| 0,235 0,070 0,170 2.42
0.74 0.26 0,069 Qe 2.48
Q:715] ‘0.235 0,068 0,172 oot
0.645| 0,%55 00,0665 O {35 2,61
00 59 0041 00065 O. 175 2. 69
0.%9 0,61 0.060 0,130 5. 00
Loyll= 0,975 0,025 0,080 0,160 2.00
Dime thyl-
formamide 0,86 0.12 0,076 0,162 2.08
0.70 0, %0 0,075 0,165 2420
0, 62 0,38 0,073 0.167 229
0.5% O 47 0,071 0,169 2e39
0,50 0,50 0,070 0,170 2.42
G. 40 0, €0 0.06,5 0. 1725 2.60
6,27 0,75 0,064 076 il D
- T0 —




T S B e
PABLE 4.4 COETINUED

liole Yrzection| Hyperfine Coupling
Constants ,
Solvent Jg
. s as
iater|Solvent|as; (ring H)|a:z (methyl H) =
mT < T
1,4 0.96 | 0.04 0.080 '~ 0.160 2,00
Dioxan
0.75 | 0.25 0,077 0,165 2,12
0,60 | 0.40 0.075 0.165 2,20
0,545 0,455 0,074 0.166 2e25
as
Picoline 0:65 | 0,35 0,068 0,172 2.5
Ds el |- 058 0,067 0.17% 2459
0.545| 0.455 0,066 0.27T4 2.64
0,49 | 0,51 0.064 0.176 2¢f5
0.375] 0,625 0,061 0,179 2.94
Benzene Satursted 0,080 0,160 2.0
or Tetra-— |with aqueous
chloro- potassium
me thane hydroxide

=T =



s R The inglysis of the ISR Specitra

Some of the spectra were impossible 10 anglyse
accurately, hovever, those in which the ratio of the
hyperfine coupling constants a% : ag was in the region
2.25 to 2,75 could be analysed without too much éifficulty,

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 a
straight line relagtionship is obtained, This fact was
mgde use of in facilitating the analysis of subseguent
spectra. The graph was replotted as a% (methyl H)
against a% (methyl H) : ag (ring H) (see figure 4.11).

A series of simulated spectra was prepared for
verious ratios of the hyperfine coupling constants which
could then be compared with the experimental spectra and
reasongbly asccurate assignments made assuming that the
relationship still holds in the region where accurate

measurenents were difficult.

A selection of the computerized spectra are shown
in figures 4,12 to 4.17. Tigures 4,18 to 4,20 show sone
of the spectra having their ratios of hyperfine coupling

constants outside the range 2.25 to 2,75.

Practical details have beenu discussed previously

in secition 2,4, 1;



3534'5,5"'=-Tetramethyl-4 4'~biphenosenicuinone anion in N,l-dimethyl-

formamide-acveous potassium hydroxide (75%-25%

MWMMWJ

0.5 mT

Ratio

a

!

by volume)
H
> (ringH)=0.073 mT

>

a

ethylH)=0.167 m?T

H

Hm
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aH'q_
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229
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3,3',5,5"'=Tetramethyl=-4,4'-biphenosemiquinone anion in pyridine=-
_aqueous potassium hydroxide (78%-22% by volune)

M..Mwﬂ/\f/\/ . I oAbk

0.5mT | | : | | ag (ring H) = 0.069 mT
- | > | al ARd e 2
| i | ! | | az (methyl H) = 0.171 m?T
Picihe sk e | | | | | J Ratio az ¢ ay = 2.48




3,y3',5,5'="etramethyl-4,4"'=biphenosemiquinone anion in diethylamine=-
aqueous potassium hydroxide (70%-30% by volume)

A r ﬁ,
|
BB
ESHERENED 4 L
Egae | i: ‘ ¥ | l a, Frlng H) = 0.068 mT
e . | _'T A ! f BaEN i a§ (methyl H) = 0.172 mT
4 | r i
| ' ' i 3 ' I Ratio aI.;,I : ag = 2.53
Figure 4.7 } ' . . i




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

ag (ring H) = 0,066 mT

174 m?

I

ag (methyl H)

el
Ratio ag i ay = 2.64

Al

0.5mT

Vv

Firure 4.8



343'"45,5'-Tetramethyl-4,4"'-biphenosemiquinone anion in 2-picoline-
aqueous potassium hydroxide (865%-15% by volume)

0.065 mT ? ' g

ag (ring H)

ay (methyl H) = 0.175 nT RN RERRRRRRY A ECRRRRRERER)

gL Suudl MRS ARE tuutend kekund
i 1 = 2-6 | ! 1 |
Ratio ay t &, 9 | | r i
| ! " I-i-'
: i

FERRERERRERL SER, 1 10 RN
FREASEE SO IRER R SERRR)
O.5mT 1 HIEHHH CHEHT .!i ! | Pigure 1.9
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against a,

2
shown in figures 4.5 to 4.9
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Figure 4.10
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Graph for the determination of ag (methyl H) in

conjunction with the computer simulated spectra



Computer Simulated Spectrum

12 eouivalent protons a 0.160 mT

1l

L4 equivalent protons a. = 0.080 mT
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Linewidth = 0.0175 mT
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Figure 4.12




Computer Simulated Snmectrum

12 couivalent protons a 0.167 mT
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4 equivalent protons a, = 0,073 nT
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Computer Simulated Spectrum

fao!

]

12 equivalent protons a 0.175 mT

0.065 mT

4 eguivalent protons a

n o\

Linewidth = 0.0175 mT

: H H
Ratio ag & a = 2.69

Figure 4.15
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Computer Simulated Spectrum
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Figure 4.16
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U Computer Simulated Spectrum
12 equivalent protons a? = 0.185 mT
4 equivalent protons ag = 0,055 mT

Linewidth = 0.0175 nT

Ratio ag : ag = 3.36

Figure 4.17




343'45,5"'=Tetramethyl-4,4'-benzosemiquinone anion in acetonitrile-
agueous potassium hydroxide (94%-6% by volume)

ag (ring H) = 0.080 nT

A
>

Warapns

0.5mT

-

\

(methyl H) = 0.160 mT

e

Figure 4.18

343'5,5"'=Tetramethyl-k 4'-benzosemiquinone anion in carbon tetra-
chloride saturated with aqueous potassium hydroxide

0.5mT

e

¥

|

e
ﬂ |

Y Mwm

Figure 4.19



313'45,5"'-Tetramethyl-k 4'-benzosemiquinone anion in pyridine-

ethanolic potassium hydroxide (80%-20% by volume)

0.5 mT

_—

- ‘, -

ag (ring H) = 0,060 mT
ag (methyl H) = 0.180 mT
e e

Figure 4,20




AeCs e %3,%',5,5'=Tetrame thoxy—4,4"'-bipheroseniouinone

-

fnion

No solvent effect is exhibited by this radical.
The thirteen-line spectrum obtained by katsunzga (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 0,051 compared
with the more usual 0,002 to 0.004l) a simplef spectrunm,
2s 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 mT,

$.2.9, 3,%!,5,5'-Tetraisopropyl—-4,4'-biphenosemiguinone

Anion (TPBPSQ Anion)

Yhen TPBPD is oxidised in pyridine-alcoholic
potassium hydroxide mixtures a yellow-orange paramagnetic
solution is obtained, As in the case of the tetraumethyl
derivative the resultsunt spectrum depends on the com-
position of the solvent mixture. Typical spectra are
shown in figure 4.22, they can be analysed in terms of
wo groups of four equivalent protons, the ring proions

and the methin protons of the isopropyl group.

Unlike the tetrametiyl derivative radicals are
observed in the absence of any pyridine, The results

are sunnarised in table 4.5.
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3,3',5,5'=Tetraisopropyl-4,4'-biphenosemiquinone anion

0.2mT

0.2mT J

Vv

(b) in pyridine-ethanolic potassium

’ . : d ide
(a) in ethanolic potassium hydroxid hydroxide solvent mixture

solution (0.98-0.02 mole fractions)
H .
= 0. iy ¢
a; (ring H) = 0,070 m Figure 4.22 a) (ring H) = 0.055 mT
. ; v SRl Re
az (methin H) = 0,097 mT aé{ (methin H) = 0,110 mT




343"'4545"=Tetraisopropyl-4,4' ~biphenosemiquinone anion
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HYFERFINE COUPLIEG CONSTANTS FOR 3,3',5,5'-TETRAISOPROPYL-
4 ,4' ~BITHENOSEMIQUINONE ANION IN PYRIDINE-ALCOHOLIC
POTASSIUN HYDROXIDE MIXTUR™S

IOLE FRACTION HYPERFINE COUFLIKG COIS TANTS
Ethanol Pyridine ag (ring H) 3 ! (methin H)
mT nT
1.0 0,0 0.070 0.097
0.80 0.20 0,065 0,101
0,538 0.42 0,059 0,105
0,02 0.98 0,055 0.110
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Anion

A yellow-orange paramagnetic solution is obtained
by oxidation of the diol with alcoholic potassium
hydroxide solution, The ESR spectrum consisis of a
quintet of lines, intensity ratio 1:4:6:4:1 with an
hyperfine coupling comstant of 0,05 mT. There is no
evidence of any solventi effect when pyridine cr diethyl-

amine is gadded +to the solution,

A similar spectrum is obtained when the tetra-sec-
butyl derivative is oxidised, the hyperfine coupling
constant is 0,048 mT, Lgain there is no evidence for 2

solvent effect.

Vo radicals are detected when the 3%,3'-di-sec-butyl

derivative is used.



DIS CUSS 10K

T

L e Solvent Effects in Semicuinone “nions

T

Stone and laki (65) were the Iirst to report a
solvent effect on the proton hyperfine coupling constants
in the anions of 2-methyl-d,4 -benzosemiguinone, 1,4-
ngphthosemiquinone and 9,l0-anthrasemiquinone when the
solvent is changed from a protic type (ethanol-water) to
an aprotic (dimethylsulphoxide, DIS0), However, the
protons in the parent ion, 1l,4-benzosemiguinone snion,
vere remarkably insensitive tc the nature of the solvent,
They also obtained a value for the 13C hyperfine coupling
constant for the C gtom in the carbonyl position with
DIS0 as solvent, which was widely different from that
obtained by Das and Ventkatarzman (66) using alksline

e thanol,

These results prompted Gendell, Freed and Freenkel
(67) to develop a general theory of solvent-ion interaction.
They assumed that the changes in hyperfine coupling
cons tants arise entirely from a redistribution of the
J{-electron spin density and that this is effected only
by localised complexes produced between the solvent and
any polar substituents in the radical. 1In the case of
tue semiguinones, the solvent, by complexing with the
carbonyl group, alters the effective electronegativity
of the oxygen atom, Thus, in changing the solvent from
an gprotic to a hydroxylic one there will e anh increase

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

6



Subsequent calculations by Das and Fraenkel (63)
indicated that the JU -electron spin density on this atom
decreases wWuilst there is a small 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 170
hyperfine coupling constant will be reduced whereas a
13¢ hyrerfine coupling constant would become more positive,

Both these conclusions have been confirmed by experi-

mental results (70 - 72).

Broze et al. (72) observed only smzll variations in
the 170 hyperfine coupling constant (a®) of the 1,4-
benzosemiquinone anion between different gproiic solvents,
However, on changing to water there was a relatively
large drop (about 10%) in the magnitude of a®, These
results together with the 13¢ hyperfine coupling cons tants
were correlated by Oskes and Symons (7%, 74) with the
Z-value of the solvent, This empirical paraméter 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 g measure of the ion-

solvating power of thet solvent (75).

Later, Ackermann, Germein and Robert (76) measured
the hyperfine coupling constants due o 13¢ in naztural
abundance in the 1l,4-benzosemiguinone anion. Thelr
results indicated a large variation in the magnitude of
the ac for the carbon atom of the carbonyl group between
protic ané aprotic solvenis. However the a” values for

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

- TT =



practically cons tant.

H lessurements +o

Symons et al, also extended the a
the 2,%-, 2,5~ and 2,6-dimethyl derivatives of 1,4-
benzosemigquinone anion together with the durosemiquinone
anion, The low sensitivity for af in both +the anions of
1,4-benzosemiquinone and its tetrauwethyl derivative was
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., The
aH values for the 2,%- and 2,5-cimethyl anions were found
to be slighly more solvent sensitive. IHowever, the all
(ring H) and a (methyl H) values for the 2,5-dimethyl
anion varied markedly with the solvent, although the
correlation with the Z-values was poor, which sugges ted

that other factors such as ion-pair foruation may play

some part.

In order to explain these observations Symons et
al., (74) postulated an asymmetric solvation in wiaich the
unhindered end of the ion is preferred. This idea was
supported by the al values of the 2,6-di-t-butyl snion
being even more highly sensitive to solvent changes, than
the corresponding diuetayl cnalogue. Subsequently a
theoretical study by Claxton and McWilliams (77) sup-
ported this postulate and gttributed the effect of solvent
on af! values to a combination of molecular asymmetry and

asynmetric solvation,

Gendell et al. (€7) aware of the observations of

- . ; S . > WL . s a3
AGams regarCing the variation in oY when water is addec

.



to an acetoniirile solution of the nitrobenzene anion
shovied tlat a simple model for a radical ion with only
one functional group which can interact with the solvent
could account for the observed variations in hyperfine
coupling counstants as a funciion of z binary solvent
mixture, They assumed that the radical ion (A7) forms
relatively stable 1l:1 complexes with each of the pure
solvents (S, and Sy) so that the jredominent species
present in the mixed solvent are A™S, and A Sp. These
localised complexes were further assumed to exchange

solvent molecules according to equation (4.1.,). Generally
b8, Bl === LB+ 3 (4.1.)

the hyperfine coupling constant arising from nucleus 1

in complex A S,, say ay will be different from a% in

complex ASy. 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, shoved that the average observed coupling counstent

! e b e i .

(2gps) is given by equation (4.2.), where X5 and X, are
i = . al 4+ .

asy = X5 ag Xy, ay, (4.2.)

the fractions of the total smount of radical ion in the
forms A5, and A"S._, respectively. The fractions x, and
Xp were then replaced in equation (4.2.) by expressions
involving the equilibrium comstant X, where X = kg/ky

=70



and the solvent concentrations [S.] ond (8,1 The
resulting equation related o 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 Jj, present in solution equation (4.2,) can be gen-
eralised to equation (4.3%.), which applies only for the

at = ZE: X: * @
d

obs (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 liaki (70)
for the variation in 17¢ hyperfine coupling constants
of the carbonyl csrbon atonm (aC) in 1,4~benzosemiquinone
anion in vagrious water - DMSO gnd water-scetonitrile
mixtures., In the former solvent mixture a good agreement
betwWeen the experimental and theoretical results was
obtained assuming that the only relevant equilibria are
the ones represented by equations (4.4.,) to (4.6.)., 1In
these equations D represents a molecule of the aprotic
solvent whilst a water molecule is represented by V and

the equilibrium constants sre written as Ky ete.

k

BA™D b Ra = DA™ 4D (4.4.)
€2

l:‘.;i _:'r.l -\\—-—-—— S _L ( 4 . 5-)



St Wasae— AT R D (4.6.)

This scheme ignored mono- gnd non-solvated species
and is surprising in that Cendell et al. (67) had
previously suggested that the anion radical did not
complex with the aprotic solvent since they had observed

similgr values for ac in voth acetonitrile and DISO,

Yhen applied to the water-acetonitrile results no
ggreement was obtained., Burgess znd Symons (73) sugges ted
that the shifts in the values of aC are due to = complex
mixture of solvation and ion-pairing effects. Since the
radical ions were prepared elec rolytically 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 zna 13¢ hyperfine coupling constants of 2,6-

dime thyl-l,4-benzosemiquinone anions,

4.%.2¢ %,%' ,5,5"'=Tetrame thyl-4,4'-bighenosemiguinone

Anion (TMBESQ Anion)

Since no radicals can be detected in the absence of
an organic solvent the TEBIS(Q znion must be stabilised by
the solvent in some way. MNichaelis and Granick (6) have
shown that when phenanthraguinone or its 3-sulphonated
derivative is partially reduced in alkaline solution
the resuliing paramagnetic semiguirone anion is in
equilibriuvnm with its dismagnetic dimer, TFurther they

WL N



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 TMBISQ znion with solvent compositions are expres-—
sed in figure 4.23 as a plot of (a% (methyl H) - ag (ring H))
against mole fraction of the aprotic solvent (x5). In
order 1o explain these results we shall furtner assume
that any redistribution of the J{ —electron spin density
due to interactions between the THBFSQ agnion 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 vaglues obtained by Petranek
et al. (63) of 0,188 mT for a% (methyl H) and 0,054 mT
for ag (ring H) using acetonitrile as a single solvent,
Pur thermore, on application of the solvent effect theory
of Gendell et al, (67) no quantitative agreement could be
obtained if complexing between the semiguinone anion and

the aprotic solvent was pos tulated.

Qualitatively, the results may be explained as follows,
The solvent surrounced THBFSQ snions, which will be
referred 1o as solvated and represented as (TBISQ™)
are able to form hydrogen bonded complexes via the oxygen
atoms with protic solvenits, Thus the elecironegativity

of the oxygen gtoms are altered zud a redistribution of

B



the JU —electron spin density within the solvated TUBIS(

1
L

anions occurs,

According to lcConnell's (78) relationship (equation

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

aii (ring 1) = QICI_H ¢ f’g (4.6.)

proton attached o a carbon atom C4 is proportional to
the J[O —electron spin density, f’g at this carbon, Q%_H
is a parameter, sometimes referred to as the o - JT
interagction parameter, its absolute value lies between
2.0 and %,0 mT, HNolecular orbital theory has indicgted
that it has a negative sign (79) which has been confirmed
by experiment (80), Thus any effect which alters the

value of f’g will alter a?. Equation (4.7) can also be

ag (methyl H) = QE—CHg . (’g (4. 7>

applied to the methyl protons,

The various hydrogen bonded complexes together with
the solvated TIBFSQ anions zare in equilibrium with each
other, and sssuming that the rate of exchange between
these species is rgpid a single spectrum is obtained.

The 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 tue equilibrium constants for

the exchonge reactions, We siould expecti the eguilibrium

cons tants to vary with the ability of the aprotic solveat



to uncdergo hydrogen boncing with the protic solvent,

Recently Kagiya, Sumida and Inoue (80) have nessured
the frequency of the 0 - D vibrational bands of mono-
deuteromethanol in o variety of solveunts using infra red
Spectroscopy. Taking benzerne as g S tandard, they have
used the frequency shift observed in chan 1z to another
solvent as a measure of ihe electron-donatin. pover
( A'VD) or proton attracting force for that solvent,

The AYp-values for the solvenis used in the present

work are given in table (4.6.).

A comparison of figure 4.23% with the AY -values
of table 4.6, shows that as the elec ron-donagting power
of the solvent increases so does the differerice between
the umethyl and ring proton hyzerfine coupling constants
for the same mole fraction of Solvent, Assuming thet
When x; = O only hydrogen bonded Species are present,
vwhereas when X5 = 1,0 no hydrogen bonded complexes gre
Present only solvated TLBISQ anions, then the above
comparison can be interpreted in terms of g decrease in
the concentrgtion of hydrogen bonded conplexes zs the
electron-donating power of +the solvent is increased

keeping the solvent concentrs+tion cons tant,

he solvent effect theor:r (67) was then applied
quantitatively to these results. ‘Vher both doubly znd
singly hydrogen bonded complexes as in equations (4.8,)

to (4.10,) were considered no cuantitative cgreement could

Sp=——(BEGT) Sp == ap + (T“LLSQ")~——SP



Figure 4,23

Plot of the difference in the methyl and ring
proton hyperfine coupling constants against
the solvent-water composition

(The values for the pyridine-ethanol
mixture are indicated with a X )
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THE ELCTRON-DONATIKG FOWERS OF SOME LIQUID ORGAKIC

COMFOUNDS

Electron-
dongting
Compound power
AV p
(cm™)
Te trachlorome thane -21
Benzene 0
Acetonitrile 49
1,4-Dioxan 17
N, =Dimethylformamide 107
Pyridine 168
2-Picoline 18%
Diethylamine 238 (a)

(a) The value for diethylamine was not measured by
Kagiya et al. (8l1), however, they give the values
for ethylamine andéd triethylamine as 233 and 238

respectively.



(TLﬁISu‘)—--Sp _ sp___(w_ygsu—) (4.9,)

Sp---(1HBESQ™) =— (TEBEQ~) + Sp (4.10.)
be obtained, Sp represents a molecule of a protic
Solvent., However a reasonable fit is obtsined if a simpler
model involving only single hydrogen bonded complexes a8

in equation (4,10,) is used,

The application of the theory of Gendell et Aal,

yields equation (4,11,).

e + @y fyhieEh, - @)

(81) 1 =
i/00bs 30
2 2 6 SIS
[5p]
(4.11,)
where (a%)obs = the observed proton hyperfine coupling

constant in the mixed solvent,
(a?)a = the proton hyperfine couiling constant

in pure aprotic solvent,

(alj'_I)P = the proton hyperfire coupling cons tant
in pure protic solvent,
K = the equilibrium constent for equation
(4.10.).
[Sp] = the concentration of protic solvent.

It should be noted that although the hydrogen bonded
complex, (TEBPSQ-)--—SP. is asymmetric there are an egual
number of the oppositely solvated species Sp——~(TK5ISQ")
and since the rate of exchange is fast the inequivalerce

is averaged out,
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Equation (4.11,) may be revwiritten as equation (4.12).

: ! k L5
E - e, ety 5 D
.
(a? ar - (ai)p [5p] g
(4.12,)

The quantity ((agf)obs —S ((al), + (af{)p) is the

difference of the average observed hyperfine coupling

constant from the arithmetic mean and will be re-written

as 6m.

k
5.6 g R (4.13.)

7

(a? . (aﬁ)p fSp]+ 1

In order to test the validity of equation (4.13.)
we required values for the hyperfine coupling constaents
(ag)a and (a?)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 mT respectively, vhereas
Petranek et al, (63) obtained values of 0,188 and 0.054
nT using acetonitrile. Therefore, we consider 0,186 mT
to be a reasonable value for a% (methyl H) in the absence
of a protic solvent, In the szbsence of any data for
(a?)p these values were taken as 0,160 and 0,380 mT for
the methyl ané ring protions respectively., Tuese are the
lowest values which are observed =t low aprotic solvent
concentrations, particularly vhere the solvent also has

a low BIJD-Value.

- -



These extreme values for the methyl hyrerfine

couprling constants were then inserted in equation (4.12),

(25 (methyl E))g s - 0.173 [;?_] Ty
> “edohs $ D
_ k
Xk, 4. <14,
3 [gzﬂ (4.14.)

Thus the observed values for the left hanc side of
equation (4,14.) can be plotied against 1/[8p] and if
the relationship is valid for the equilibrium, constant
K can be cetermined from the experimentzl results thus
allowing a theoretical curve to be calculated and com-

pared witih the experimental one,

Figure 4.24 shows the results of such a procecdure
applied to the observed methyl hyperfine coupling con-
stants in pyridine-ethanol mixtures, The concentration
of protic solvent is expressed in terms of molali iy,
These results 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, vhen complexing with the semiguinone.
anion, bring about a similar redistribution in the JT -

electron spin cdensity,

The results for iue ¢ ther solveni-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 equilibriuvu comns tants can bLe correlatlec as

=iBE =
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TABLE 4.7.

merD -

THE VAIUES OF THE EQUILIBRIUK CORSTANT, X OBTAINED

ey

FRO} THF EXPERINENTAL RESULTS

Solvent K(a)
Acetonitrile 2,08
1,4-Dioxan 4.17
N, -Dime thylformamice 83
Pyridine 1%.3%
2-Picoline 1€, T
Die thylamine 26,7

(2) K will have the same units as [Sé] i.,e. in this

case it will be expressed in terms of the molality.



one would expect with the electron-donatin. powers of
Kegiya et al, (see figure 4.27), thus when the AY y-
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 in a
similar way. Whilst the absence of any umeasurable
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,
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s NOLECULAZR ORBITAL CALCULATIONS

Diadia SIKPLE MOLECULAR ORBITAL LODELS

The hyperfine coupling observed cdue to ring protons
in g JU system has beer atiributed to a polarisation of
the sigma electrons in the C-H bonds by the unpaired
electrons in the delocalised U —orbital (78, 81 - 84).
Thus there should be a close connection between the
distribution of the unpaired J{ -electron over the
individual carbon atoms (C;) and the magnitude of the
polarised spin density on the adjacent ring protons (Hs).

g

According to lcConnell's relationship, |(77)

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

a ring proton attached to a carbon atom Ci is proportional

to the JU -spin density (°5 at this carbon:

af = qoz * U (5.1.)

Where (gpg is a parameter whose absolute value lies between
2 and 3 mT, DMolecular orbital theory indicates +that this
parameter hias 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
JU—-orbital of the adjacent carbon atom Cy (see figure

B iy This negative sign hss subsequentl; been confirmed

S



C-H section of an aromatic radical-ion

Figure 5.1



experiment=lly (79, 65)., fThus IcConnell's relztionship
! . p Ay . 31 3 :
engbles the experimeniial results (ai) to be compared with

theoretical values ((Di).

The simplest method of computing spin densities
involves the Huckel lMolecular Orbital (HiQ) ireatuent
(86). The HIO model describes the eigenvalues of the
molecular orbitals in terms of 2 paramneters, the Coulomb
integral &K of a 2p atomic orbital and the C-C bond or
Resonance integralfe , both of which have a negative
sign, Since there is no interaction between J{ —electirons
in the Huckel model the spin density on the ith carbon
atom is determined solely by the contribution of the
singly occupied HMNO and is equal to the square of the

eigenvector for that atom,

The simple HMO model has been refined by licLachlan
(40) to tske into account JT -J{ spin polarisation,
This treatment 2llows for the interaction between the
unpaired electron spin and the paired spins of tiae other
Jl—clectrons, In some cases it leads to negative spin
densities which have been confirmed experimentally.
iccording to lcLachlan, the J{-spin density @4 of the

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

o e 2
foi iy Gv:):i. " AZ J—( ij Coj (5.2.)
J

where C,; and are the HLO eigenvectors of the ith

=
L‘OJ
atom and the other atoms J in the system, resyvectively,

for the singly occugied-f[—orbital 0. Turithermore, the

e S



T(ij terus represent the IMO atom-ztom polarisabilities
of the neutral diamsgnetic system (39). The value of <the

parame ter A has been estimated at 1.2 (87).

Both models outlined above can be used 1o calculate
the spin densities in semiguinone ions, The perfubation
resulting from the replacement of a carbon atomic orbital
by that of an oxygen is expressed by 2 parameters hg
and koo defining the Coulomb integral & , and the

Resongnce integral ﬁ;co (equation (5.3%.)).

Ko = X + Dhof and ﬂco = ke (5.3.)

The values of these parameters used by the various
workers studying semiquinone ions are sumnmarised in table
5.1 for the HMO model and in table 5.2 for the licLachlan

modified HNO treatment,

In the semiquinone anion the unpaired electron
occupies the lowest vacant antibonding HIO of the quinone,
The semiquinone cations can be considered as diprotonated
semiquinone anions from the viewpoint of their —electron
s tructure, This protonation leads 1o an increszse in the
electronegativity of the oxygen atoms znd a decrease in
the double bond character of the carbon-oxygen linkage.
Tuls effect can be token into account in the spin
density calculation by using a higher value for hg znd a
lover value for k., with the unpaired electron agsin

occupying tihe lowest gvailable orvitsl of tiie cuinone,

=gz



TABIE 5.1.

h AND k PARAMETERS USED IN HMO CALCULATIONS

OF SELIQUINONE IOKS

Semiguinone Ion hg Keo Ref,

The gnions of

1,4-benzosemiquinone,
1,4-naphthosemiquinone, > 1.56 88
9,10-anthraseniquinone

and their derivatives,

The anions of
1,4-benzosemiquinone,
1,4-naphthosemiquinone

and 9,l10-anthrasemiquinone

in (a) ethanol-water 0.90 1.40 66
mixtures 0.80 1.38 71

and (b) DISO 0,40 1.40 66
0,40 1,58 71

The cations of
1,4-benzoseuniquinone,
1,4-nzphthosemiquinone 2.0 ® 4 46

and 9,10-anthrzsemiguinone




h AND k PARANETERS USED IN MNcLACHLAN KODIFIED

HIO CALCULATIONS OF SEMIQUINONE IONS

Semiguinone Ion h, Xco Ref,

The gnions of

1,4-benzosemiguinone,

1,4-naphthosemiquinone

and 9,10-gnthrasemi-

guinone in

(a) ethanol-water 1. 60 1,55 66
mixtures and 1.42 1.46 71

(b) DISO 1.26 1.55 66

1,17 1.46 71

The anions of 2,3%-,

2,5- and 2,6-dinmethyl- 0.80 i P 55

1,4-benzosemiquinone

The cations of 2,3%-,

2,5- and 2,6-dine thyl- 1,65 1.20 55

1,4-benzosemiguinone

% 95 -




Dsitoa SPIN DERSITY CALCUL.TIONS TOR 4,4'-

BIFHENOSEMIQUINOKE IONS

The licLachlan method was employed in the spin
density calculations. The values of the paraueters hy
and koo 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 constants, A further requirement is taat the
value of the parameter Qg should lie in the range -2
to =3 nT, Using lcConnell'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 ztoms,

The variation of the ratio of the calculated spin
dersities o/ 103 vith the parameter koo for various
values of the parameter hg is shown in figure 5.5.
Vzlues of these parameters which satisfy the two criteria
outlined asbove are indicated in figure 5.%. for both the
anion and the cation of 4,4'-biphenosemiquinone by broken
horizontal lines. The range of the parameters investigated
vwas not sufficiently wide enough to determine the upper
limits, however, the minimum vslues are suumarised in

table 5, 3.

/1though it is not possible to select specific
pairs of the parsmeters hy ond koo on the basis of the
results to date, the cinrges in lhe parnmeters necessary

to represent <the change.in coupling constents in going

206 .-



The numbering of the atoms in the

diphenoquinodimethane system

Figure 5.2
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from ihe znion to the cation are cuite ressonable znd

in the right directions,

EITINUL VALUES OF TIE hy and koo FARAIETERS VHICH
WILL SATISFY THE EXPERIIENTAL DATA FOR 4441 -BTITHENO-

SELIQUINONE IONS AND YIEID Quy VALUES IN THUE RANGE

2 =5 mp,

Ton Experimentzl ratio

of spin densities hig Kap

on atoms 2 znd 3
Anion in
Acetonitrile 0.238 (a) Eeanl 1, %5
Cation in aluminium
chloride-nitromethane 2:70 1.8 1 0,9
Gation in
concentra ted 2.39 1.9 0,95
sulphuric zcid

(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'-tetranethyl derivaiive of
4,4'-bizhenoseniquinone anion, The methyl group is
essumed to be rotating freely and treated os a two-cenire

grouping (X¥iila), Thae values suggested by Coulson znd

97




(XXIIIa)

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

Hela)ioe. 0.l
Aoty Bl e
B W e W05
ool = 0,76
o ey o245,

Huckel calculations gave g better fit with +the
experimental data than the lcLachlan treatment, The
HIIO 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 h,, This decresse
in the effective electronegativity of the oxygen atom

is in agreement with the wodel outlined in section 4,3,

Sl



TABIE 5.4.

Calculated HEO
spin densities

Hyperfire
coupling
cons tanis

hy, = 0.40 Atom 2 s 00,0169 ap = 0,055 mT

ko= 1.40 Atom 3 : 0,0854 aCH5 = 0,185 mT
(a)

hy = 0.90 Atom 2 : 0,0251 ao = 0,080 mT

keo= 1.40 Atom 3 : 0,0773 aCH3 = 0,160 mT
(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 0OUIKONS VWITH

DOXOR ICLECULES

6s1s PREVIOUS S TUDIFS USING ESR STECTROSCOTY

The formation of free radical ions by the dissociation
of the charge-transfer complex of tetrachloro-1l,4-benzo-
quinone and N,N,N',li',~tetrane thylbenzene-1,4-diamine
(hereafter referred to as T:BD) has been demonstrated by
two groups of workers (92, 93). ihilst no ESR signal
was observed for solutions of the complex in solvents of
low ionizing power such as benzene, a Sirong signal wves
obtained in scetonitrile, Immediately after mixing the
substrotes in scetonitrile the ESR absorption wes consistent
with the presence of the anion of te trachloro-l,4-benzo-
semiquinone and the positive ion of TiBD in the solution.
However the intensity of +the absorption due to the semi-

quinone anion rapidly decreased.

lore recently Kolodny wnd Dowers (94) have studied
the dissociation of c.orge-transfer complexes of 2,%~
dichloro-5,6-dicyano-1,4-benzoguinone (DDQ) with benzene-
1,4-diomine (BD) and TLBD using EOL SpeciroScory in
conjunction with a fast flow s;STem, igain both radical
cations ~nG enions vere observed in seclution, However,
in the oystem BL-D in scetonitrile = third parsmagnetic

species Was observed vhich was ider.tified as either

g S



(BD-DLQ)* " or (BD-(DLGQ)5)* .

Further, laruyama et alia (95) have shown that
spontaneous electron transfer from simple amines such
as diethylamine to quinones such gs phenanthraguinone,
potassium phenanthraguinone-2-sulphonste and acenaphthene-—
quinone can occur in a deaerated aqueous uedium, The
radical anions derived from these guinones were detected

using ESR spectroscopy.
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62 FREGERT WORK

Iida (96) in his studies of the paramagnetic anion
radical salis of 3,3%',5,5'-tetrachloro- and 3,3',5,5'-
tetrabromo—-4,4'-biphenoguinone (hereafter referred to as
TCBQ and TBBQ) has estimated tuat 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
reagcting with suitable donor molecules to produce radical
ions, 1In order to test this possibility we investigated,
using the ESR technique, mixtures of TCBQ or TBBQ (0,005)
vith the following donor molecules (0,005!), benzene-
l,4-digmine, benzidine, N,N,N',N',-tetramethylbenzidine
and rhenothiazine, 1l,4-dioxan, dimethoxyethane, aceto-

nitrile and ethanol were used &s solvernis.

Except in the case of phenothiazine the solutions
did not exhibit a;y ESR spectra., Lowever, benzene-l,4-
diamine with both quinones gave a brown coloured solution
containing a black solid, which has recently been identified
by liatsunaga and FNarita (97) as a 1:2 complex between the

diamine and quinone, They formulated the complex as an

anion-radical salt,

However, when phenothiazine and TCHZQ or TBBL are
mixed in gcetonitrile, dioxane or ethznol the TSK spectrum
shovn in figure 6,1 is obtained, This spectrum is
identical to that obtained by Jackson and Patel (93)
from the oxidation of phenothiazine in benzene which they
attributed to the phenothiazinyl radical ¥XIV, They
further reported that the cidddation of phenotiiiazine in

- 102 -



The ESR spectrum of an acetonitrile solution of phenothiazine
and 3,3',5,5'-tetrachloro-4,4'-biphenoquinone
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al = 0,705 mT

- SRR L.
a3,7 = 0,%566'm7
9 1
N p)
6 al g = 0.285 ue
= 3
6 D
e i
aj g = 0.095 me
B A
(XXIV)

ethanol yields the same radical (XXIV) but the ESR
spectrum is somewhat different which they atiribute to

solvent effects.

Wwhen the reaction between phenothiozine and TCBQ
or TBBQ is carried out in 50% ethanoic acid the ESR
spectrum is rather different from tha+t described gbove
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 eleciron acceptor, However, immediately aftler mixing
tue 1two reactants in acetonitrile a narrow singlet can

also be detected visually on the display oscilloscope
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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
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ally = 0,736 n?
9 A
I a%i,? = 0,258 m?T
8 N 2 :
®
a = 0,123 mT
6 WS 8 1,9
H J
a2’8 = 0,046 nT
R
(X%V)

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 Patel (98)
have reported that phenothiazine reacts with strong
electron acceptors in ethanol producing phenothiazinyl
radicals together with radicals from the eleciron acceptor
molecules, However, using ESR spectroscopy we Were unable
to detect any anion radicals from TCBQ, T8BQ or tetra-

chloro-1,4-bengoquinone,



7.  COECLUSIOES

Oxidation of biphenyl-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 lacx of any hyperfine coupling from the
hydroxyl protons of this radical is interpreted in terums
of a fast exchange of these protons with the scid., A1l
other semiquinone cations, previously reported in the
literature, exhibit an hyperfine coupling of the hydroxyl
protons., Vthen a mixture of aluminium chloride and nitro-
me thene is used as the oxidising mecdium a2 blue para-
magnetic solution is again obtained which is galso
attributed to the 4,4'-biphenosemiquinone cation but this
time hyperfine coupling of the hydroxyl protouns is

observed,

when biphenyl-4,4'-diol is dissolved in the sulphuric
acid prior to oxidation, sulphonation occurs, Addition
of the oxidising sgent produces a green paramagnetic
solution containing the racical cation of 4,4'-bipheno-
semiquinone-3,%'~disulphonic acid, “he monosulphonated
cation of 1l,4-benzosemiquirione can zlso be cetected by
ESR spectroscopy if 1,4-dihydroxybenzene is dissolved in

sulphuric acid before the addition of the oxidising

SRS -



agent, Both sulphonated and non-sulphonsted radicals

can zlso be detected using UV spectroscopy.

Reduction of 4,4'-biphenoguinone 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., fhis
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 T73.3

xJ mol™%+ 1,4-Benzoquinone behaves in a similar fashion
but the process is much faster, the complete exchange is
over within ten minutes of mixing é room tempergture

compared to taree hours for 4,4'-biphenoguinone,

The 3,3',5,5'-tetrachloro- and 3,3',5,5"'-tetra-
bromo-4,4'~biphenosemiguinone 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 pro tons,

The cation of 3%,%'-dimethyl-, 3,3%',5,5'-te tramethyl
and %,3',5,5'-sec-butyl-4,4"'-biphenosemiquinone produced by
oxidation of the corresponding diols in aluminium chloride-

nitrome thane are stable at room temperature whereas the
- o
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D59 35,5 =tetra-t-butyl analogue undergoes dealkylation
to produce secondary radicals eventually culminating in
the 4,4'-biphenosemiquinone cation, Secondary radicals
are glso produced in mixtures of sulphuric acid ard
nitromethane, however the final species is not the
4,4'-biphenosenmiguinone cation but rather a species hgving
three groups of four equivalent, two equivalent and two
equivalent protons respectively, possibly the 3,3'-di-t-
butyl-4,4'-viphenosemiquinone cgtion, In concentrated
sulphuric acid alone the %,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 varigtion of the nyperfine coupling cons tants
of 3,3',5,5'~tetrame thyl-4,4'-biphenosemiguinone 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 differences in hyperfine splitiings gives g satis-
factory agreement with the experimentsl resulis, Iurther,
the equilibrium cons tant for the process calculated from
the experimental results varies with tlie sprotic solvent
used, This variation is correlated witi: the electron-
douating power of the solvent, 4V, as measured by

Kagiya et alia. An increase in the A4V ;-value of the

=i~



hydrogen-bonded complexes, ‘he anion of 3,3',5,5'-
tetraisopropyl-4,4'-biphenoseniguinone behaves in g
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%',5,5'=tetrabromo-
4,4'-biphenoquinone react with phenothiazine producing
phenothiazinyl radicals in acetonitrile, 1,4-dioxan,
dime thoxye thane or ethanol, VWhen ethanoic acid is the
solvent phenothiazine cation radicals are produced, It
is not clear whether the process is cne of electron

transfer or hydrogen abstraction,
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APFELDIZ 1

HOVENCLATURE

The chemical literature abounds with g variety of
nanes 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
! R % 5 T8 2
2 6 5 3
> Y4
T 4
2 6 5" 3
cl Cl 3 5' 6 2!
4' 4
OH O 1
(X3VI) (XXVIT) (VIII) (XXIX)

dihydroxybiphenyl, 4,4'-biphenol, p,p'-birhenol (used by
Chemical Abstracts prior to 1966) or biphenyldiol (if
numbers are present they may appear before or after the

sten) also the prefix bi- may be replaced by di-, A

result of this is that a substituted compound such as

i 3G s



(XXVII) can have two seis of numbers for the subs+tituents
depending on whether it is naned as a derivative of

biphenyl (XXVIII) or biphenol (XiIX).,

The system adopted in tids thesis is based on the
TUPAC rules (100) and allowing for the American convention
for the positioning of numbers, it is the one now used
by Chemical Abs+tracts. 'Thus compounds (XXVI) and (XYVII)
are named as biphenyl-4,4'-diol and 3%,3',5,5'-tetra~
chloroviphenyl-4,4'-diol respectively. However, it should
be noted that compound (XII) is written es 4,4'-dihydroxy-
biihenyl-3,3'~disulphonic acid since SOzH ranks before

OH in the list of principal groups (101).

OH O O

SO3H Cl Cl
| |
SO5H Cl Cl
OH O @)
(X1I1) (XIX) (XXXI)

Compound (XX¥) 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
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concerned with semiquinone radicals vhich may be derived
from either the diol or the corresponding guinone it would
seem logical to keep the same numberiung system for -the
guinone 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 (X¥X) as 4,4'-biphenoquinone gnd
thus (X7XI) becomes 3%,3',5,5'-tetrachloro-4,4'-bipheno-

quinone,
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APFERDIX 2
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4 Computer Program for the Simulation of ISR Spectra




YBEGIN'
*CUMMENT? ESHSIM 15 A PRUGRANM FOR THE SIMULATION OF
ESR SPECTRA ARISING: FROM 1 TO 4 GROUPS OF
EQUIVALENT ATOMS WITH A NUCLEAR SPIN OF 1/2
Or 1 USING THE PAGE PACKAGE OF ALGOL GRAPHIC
PRUOCEDURES

SeGeWHEWAY
JAaN 1972

COMMENCEMENT 0F PAGES

'REAL' BREAK, XIN, YIN, XFACT df;VF“Llﬂ?:CU 3Xs CURRY» STX>»

STYsFINXs FINYsHGT» STP» SLOP;

*INTEGRR' PAGS;

'BOOLEAN' PAGING, DFFPAGE, TOPT, NEGXs YEGYs POSX, POSY

*PROCEDURE' CLOSEPLOTS 'EXTERNAL':

*PROCEDURE® NR2ENPLOT: 'EXTERNAL .

PROCEDURE® STRARRCA»N»>S)3 'ARRAY'A3 *INTEGER'N: 'STRING' S
'EXTERNAL® ;

"PROCEDURE® HGPDASHLN(X0,Y0,XI»YIsDI); *VALUE"X05Y0sX1»YIs
DI "REAL"X0,Y0sXIsY1,DI3 'EXTERNAL®;

*PROCEDURE® HGPSYMBL(X»> Y, HTsBCDs THETAsN) 3 *VALUE' X5 Y HTs
THETA, N3 'INTEGER'N; ‘ARRAY'BCD: "REAL'X,Y,HT» THETA:
'EXTERNAL"Y S

'PRIOCEDURE" Hh“\Uw%LH((:V:“I:rL:JJ“I s 15 IP>1Q)8 'UVALUE'X»
Y»>HT»FL> THETA> 15 IP>1Q3 'INTEGER'I, IPs1Q3 '"REAL'X»Y»HT»
FLs THETAS “KTF&VﬁL"

'P?GCFJJ;“ HGPLOTCX> Y>N»B)3 '"REAL'XsY: 'INTEGER'A, R

'EXTERNAL" 3

'PROCEDURE' AXES(X0, Y0, DXs DY s XLAB, YLAB, NXCHARSs NYCHARS s MK s
NXs MYs NYD 3
"VALUE" X0, Y0s DXs DY s NXCHARS> NYCHARS > MXs NX» MY s NY3
'INTEGER'NXCHARSSNYCHARS s MX .\.."u MY NYS
' REAL ' X0, Y0, DX» DY3
*ARRAY'XLAB, YLABS
"BEGIN'

" 'REAL' AXsAYsDPXsPYs X VsR3

AY:="IF'YO>(FINY=STY) %0+ 6" THEN ' 2%xHGT' ELSE® = 2%HG T3

2=C'IF"NX=0"THEN" (MX+2) /2 ELSE" (MX+NK+3) /2) %0+ 23

*HG T3

ULPFG?(\D,'IF'MFGY'F{"V STY'ELSE'Y0s X0, " IF'POSY " [1IEN"

FINY'ELSE'Y0)s

UICFDh('Ib'qpﬁ*'[iPV'bf{'LLHI"D:YD:'Ir’DGJY'Id'J'

FINK'"ELSE'X0,Y0)3

"FOR'S:=(" IR NEGX' THEN' STX'ELSE*X0)

' STEP' DX

"UNTIL'C'"IF'POSK’ THEN"FINK'ELSE' X0)

* e

'BEGIN®
AGPLOTCX *XFACTOR, Y0XYFACTOR+HGT /45 35003
HGPLIOTCX*XFACTOR, YO*YFACTOR-HGT /4525 0) 3
HGPNUMBERCX* XFACTOR=R, Y05 YFACTOR+AY > HGT» Xs 05 05
ME2NX)3

"END' 3

A =" IFPKO>CFINX=STX) %060 " THEN® 2%HGT' ELSE® = 04HG T s

Re=(*IF"NY= n'zﬂ.x'c,y+9)/2';1sr'cwv+uv+?>/2>¢a.gs

®G T3

FOR'Y:=('IF'NEGY' THEN"STY'ELSE'Y0)
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“STEPY DY :

YIRTIL (Y IFYRISY S THEN* PINY  EL SEYNY0 )

UL

TBEGIN?
AGPLAT(X 0 XFACTIR+HGT /4, Y YFACTUR» 32 0) 3
HOPLOTCX 0 XFACTUR=HG T /4, Y¥YFACTUR2 25003
HEPNUMBERC( X XFAC TUA+AX» YRYFACTUR=R» HET> Y2905 05
MY>NY)3

*ENDY:

Pr=('IF'AX<D ' THENYC(F INX+X0)/2'ELSEY"(X0+STX) /28X %

XFACTUR=-(NXCHARS/2)* 0« 83%«3G TS

PY:="IF'AY< (' THEN"Y0xYFrACTOR~3«5HGT " ELS K"

Y0 f' ACTOR+ 3« 5%HGTS

HEPSYNMBL(PX, PY»HE T2 XLLAB, 0 NXKCHARS) 3

PE:='IF'QK<U'THHM'KD*XFACFUR-3-5ﬂGF'ELSE'KU*XFACTUH

+3«5HGT:

PY:=('"IF"AY<)'THEN"(FINY+Y0 ) /2 ELSEY(YO0+STY ) /2)%

YFACTUR- (NYCHARS/Z2) %) « 33%xHG TS

HGPSrMBL(PXs PY»HGTs YEAB, 90, NYCHARS) 3

'END' [OF AXES;

'PROCEDURE"' BIRDER;
*BEGIN®
VECTOR(STXs STY» FINX, STY)
g POINTCHFINXSFINY)S
I'd POINTCSTX>FINY);
T POINTC(STXs STY)S
'END' (OF BORDER:

'PROCEDUXE' BROKENCI) S
'YINTEGER"I13
BREAKy="IF"I<1"THEN" D+ 0'ELSE"0+5;

' PROCFDURE' CHANGE STEPCN)3
'UALUE'N3 *REAL'N3
STP2=N;3

'PRUCEDURE" CHARACTER HEIGHTCHT):
'VALUE'HTS ‘'REAL'HT;
HGTs=HT*YFACTUR:

'PROCEDURE' CHANGE PAGE SIZE TO(XINCHES,YINCHES):
'VALUE'XINCHES, YINCHES; 'REAL'XINCHES, YINCHES:
'BEGIN'

XIN:="IF'XINCHES>100"'THEN"100"'ELSE*XINCHES;
YIN:="1p"YINCHES> 25°'THEN® 25'ELSEYYINCHES:
*END' OF CHANGE PAGE SIZE T3

' PROCEDURE' CURVFUNCCFs XAsX13) 3
'VALUE’ XA, XB; *REAL®*PROCEDURE'F; '"REAL'XA» X33
"BEGIN'
'REAL® X, DX3
'REAL® B3
—aaVQK; BREAK =03

F'{].l L= Q+°*D\ bI'L.P' D.i' UT\TI'IL 'X3'"DO'TO POINT(X»F(X))3
BREAK :=Rj
TEND' OF CURVFUNC:
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'PRICEDURE" T[LTP“(x:Y:ﬁ;5:DLu:JiI),
TUALURY A5, X5 Y, DEG, PHIS ' REAL" A, By X, Yo DEG, PHI 3
*REGIN
YREALY T3
*REAL' 'PRACEDURE® XDASHC(TH)3 *iEAL® TH;
ﬂDiai.z(ﬁvbﬂa(r%)+x)*Cd5(PHI):
'REAL' ' PRUCEDURE® YDASHCTH)S 'REAL® [H3
YDASH = (B SINCTHI+Y I ¥ COSCPHI ) 3
PHT ¢ =DFG*3. 14159715803
VECTIRCXDASHC 05 YDASHC0 ) » XDASHC 0o 1), YDASHC 00 1) 3
"FOR*TH:=0e1"STER " 01 " UNTIL 6433 DO’
Tl POINTCXDASHC TH) s YDASHCTHY ) 3

'END' OF ELLIPSE;

"PROCEDURE® FINISH PLOTTINGS
"BEGIN?
PAPERTHRIOWS PRINT(PAGS»350)3
WRITETEXTC ' ¢ "PAGESZOF Z2G} HP**IICL\' Z00TPUT?
GENERATED®)');
CLOSEPLITS
YEND' 0OF FINISH PLOTTINGS

"PROCEDURE" LIMITSC(XMIN, YMIN, XMAX, YMAX) S
'"WALUE"XMI N, YMINs XMAX, YMAX S
"REAL ' XMINS YMINS XMAXS YMAXS
'BEGIN®
'PROCEDURE" PAGE NUMBER;
"BEGIN!
'YARRAYY PAGEC1:213
STRARRCPAGEs 4, "("PAGE"' )" )3
HGPSYMBLCSTX*®XFACTOR* 0«5, FINY*YFACTOR+ e ls 0425
PAGEs 02433
HGPNUMBERCSTX#XFACTOR+ 1« 32 FINY*YFACTOR* 105
012,P0555,0205250)3
YEND' UF PAGE NUMBERS
STX:=XKMIN3 STY:=YMIN; FINK:=XMAX; FINY:=YMAX:
XFPACTORs=XIN/C(FINX=-STX)3
YFACTOR*=YINZC(FINY=-STY) 3
HGRLAOTCSTH*AFACTURs FINYSYFACTOR+2+ 0502 4)3
'IF'PAGS=1"AND' PAGING' THEN'"PAGE NUMBER:
'ENDY OF LIMITS:

'PROCEDURE" MIOVE TYPE TO(X»Y):
'VALUE'XsY3 "REAL"X»Y3:
EBRGIN?
HGPLOTCX#XFACTORs YXYFACTDHs 35 0) 3
CURRX:1=X: CURRY:=Y3
YENLT OF MOVE TYPE T0;

*PRAICEDUIE' NEXT PAGE
'"BEGIN®
'PRIOCEDURE' PAGE NUMBER:
'BEGIN'

YARRAY' PAGE(1:21:
'51"”\ RRCPAGE, 45 "("PAGE" )" )3
AEPSYMBLCSTX*XFACTOR+ 0 5o FINYAYFACTOR+ 1605 02>
."-\,I.1~: (43
HEPNUMBERTCSTA*XFACTIIR+* 1 « 3o FINCEYFACTOR+ 1 <0

e B PAGSS Bs 0522003
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YEND' OF PAGE NUMEERS
HGPLOTCCFINXSXFACTORIF 2 00 (FINYRYFACTI 0420232 033
HAGPLOTCS TR NFACTO R FINY*YFAC T+ 2 05 05 4) 3
PALSE=PAIISH] S
YIF'R2AGINGY THEN"PAGK NUMBRERS
HOPLOT(STX*XFACTU R FINY*YFACTUR+ 20535003
'ENDY OF NEXT PAGE:

'"PROCEDURE' NUMBER PAGE(B);
'BO0LEAN'BS
PAGING: =133

VOROCEDUSEY PLOTCX,Ys N3
'UALUR'XsY3 '"REAL'X»Y: '"INTEGER'N:
"REGIN'
"REAL' XF,YF3
'SWITCH" 5:2515582553s542552565573
'PRIOCEDURE' DIAMONDC(X,> YD) 3
YUALUR XsYaD: 'REALYSs¥s D3
'"BEGIN
"INTEGER' 1I;
HEPLOTCCX+ D)= XFsYxYF»350)3
'FOR'Is:=1,2"'D0?*
"REGIN?
HGPLOT( Y& XF (Y+D)EYF225,0)32
HGPLOTC(X=D)*XF> YkYF»>250)3
HEPLOTC X #XF» CY=D)%YF»250)3
HGPLUTCC X+ DI*XFs Y%YFs250)3
"END'3
"YEND' OF DIAMOND:
"PROCEDURE® CROSSCX>YsD)3
'"WALUE'XsYs D3 "REAL'X»Ys»D3
'BEGINY
"INTEGER' I3
HEPLOTCC X+ D)4 XFa CY+DIXYF»350)3
'FOR'"Ie=1,2"D3"
'"BEGIN'
HEPLOTC(X=D)RXF> (Y=D)XYF»250)3
HEPLOTCCX=D)%XF> CY+D)%YF, 3, 0)3
HEPLOTC(X+ D)k XF, (Y=D)%YF,250)3
HGPLOTCC(X+DI%XF> CY+DI*YF»3,0)3
"END?
'END' OF CROSS3
'"PROCEDURE' PLUSCXsYsD)3
'"VALUE'XsYs D3 *"REAL'X»>Y,D;3
"BEGIN®
HBPLOTCX*XFs Y*YF»35003
HEPLOTCCX+D)*XFs Y4 YF2250)3
HEPLOTCCX=D)%XF, Y%YFs25,0)3
HGPLOTCX*XF> Y%YFs250)3
HGPLOTCX%XFs CY+D)%YF»250) 3
HGPLOTCX%XFs (Y=D)kYE»2,0)3
HEPLOTCX®XFs Y% YF»2,0)3
'END' OF PLUSS
XF:=XFACTOR; YF:=YFACTOR:
"IF'XSFINK'OR"X<STX"UR'Y>FINY' IR Y<STY " THEN®
'"GOTO'FINS
"GOTO"SCND S
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PLUSCX>YsHGT/2)3
"GO TOTFING

CROSSCXsY>HGT/2.828) 3
'GOTO'FINS

PLUSCX» Y, HGT/R)3 CROSSCXsY2HGT/2.828);
'GOTOYFIN; '

PLUSCXsY,HGT/2)3 DIAMINDCXsYsHGT/2)3
'GOTO'FINS

CRISS(X,>Y>,HGT/2.828)5 DIAMONDCX»> Y>HGT/2)3

PLUSCX>Y,HGT/2)3 DIAMONDC(XsYsHGT/2)3
CROSS(XsYsHGT/2.828) 3
*GATA'FIN;

DIAMONDCXs Y>HGT/2)3 DIAMONDCX> Y»HGTZ20)3
FINs
YENDY OF PLOT:

"PROCENURE' REMOVE AXIS(N)3
'I\FW‘T{\

'REGINY
"IF'N==-2"'THEN'NEGX:="FAL3E"
'IF'"N=~1"THEN' VEGY$="FAL SE"
'IF'N= 2'THEN'ROSK:s='FALSK?
'IF'N= I'THEN'PUISY:="FALSK?
"IF'N= N'THEN'NEGX:=POSX:=N!

'END' OF REMOVE AXIS:

k‘j e ws we \u

<2

CGY $=POSY 2= TRUE"Y 3

*PROCEDURE' START PLOTTING:

'JE&IN'
GINGs="TRUE";
JHFP\bR:=FﬂDF:= FALSE';
PAGS:=13 BREAX:=03 XIN:=755 YIN:=753 HGT:=0.1;

Sles=203
OPENPLOT;
'END' OF START PLOTTINGS

'PRICEDURE!' Ti) POINTCX15¥1):

'UALUE'X15Y13 'REAL'X15Y13

'BEGINT
YREALY AXl»AX2s AY1s08Y23
TOPT:="'TRUE" 3
AX1:=CUNRX; AY1:s=CURRY: AfQ:=X15; AYR:=Y1;
VECTORCAX15AY1,0%2, aY2) 3

*END* OF T0O POINT:

*PRUCEDURE®' TYPE NUMBER(P>M>N) 3
*UAL 'J"' P2MaN; "REAL'P3 'INTEGER'M, N3

Rl

"BEGIN

HGPNUMBERCCIUURR XEXFACTOR, CUR ’VYY‘:ACF’}H:“IGFJP:QJ0:\:\]):
'END' OF TYPE NUMBEZ;

'PROCEDUARY TYPER TEXT (AN S
*ARRAYYA; ¢ HE":FLE:"\J;

~ 2 L R e



"REGIN®
HEPSYMBLC CUREXEXFAC TR, CURRY#YFACTO, HG 15 0)
'ENDY OF TYPE TEXTS

'PROCEDURE" UECTUJCfl:Tl::}JY’)F
FUALUE*S 1Y aXPaY2s REALYX s Y1 sX8s7Y23
*BEGIN?
PiEalLd Dl CX1ls EN2s0Y 1 Y23
YPROCEDUREY ADJUSTCA» B> CxDsrFS5)3
PWALURYCa D FSS "REALYAIBCsDaTSs
YBEGIN®

Q"—l"‘ ;

Be=CF5=C)/SLUP+D;
grFPaGE: =" TRUE" 5
YENDY OF ADJUSTS:
Dls="IF*"BREAK=0"THEN"T» 0"ELSE"' 0+ 53
SLap:=" IF' ABS((X2=-X]1 )'i' (HACTORI<12-5" THEN!
CY2=X1 )ACXPRACTHIR 1 &=5) Y ELSENCY 2-Y1 2 7¢ \)""‘.I),
CXl:=X15 CX2:=X2; CYl:=¥1; Ll’”"‘"’"

el

\l ) H

YIF'(CX1I>FINX'AND! (,‘(-3>‘-T\]\)'L} CX1<STX'ANDYCKX2<5TX)
YORYCCY1I>FINY ' ANDYCY2=F INY )Y 0xR '(C’l<bf‘f AND'CY2<5TY)

YIHEN® "GOTO'"FINS
YIF'OA2SFINA' THENYADJUSTCCXELY 2, CXEsCY 1 FINKD S
VIF'OCX1<STX'THEN"ADJUST(CX15C flyu\I:Cfl; 5TX) s
VIF'CXI>FINK! THEN*ADJUST(CX12CY 15 CHR2,CYRFINXY S
VIFVOXS<STXY THENYADJUSTCOX24CY 25 X :L.H:SIJ):
YIF'CY2>FPINY ' THEN"ADJUSTUCY 25 CX2>CY1CX 1 FINY )
IR CYl<STY ' THEN"ADJUST(CY 1>, CX1>CY 1, CX15 STY )
YIF'CYI>FINY' THEN"ADJUSTC(CY15CX12CY25CX2:s FINY )
YIF'CYR<STY! THEN'ADJUST(CY 2, CX2s C725CX25 STY Y3
PIFTCKI=CX2'AND'CY 1=CY2 AND" *NOT* TORPT THEN "
CX1:=CX1=-0.001/XFACTOR:
CERYINATYTORT Y THEN"
ﬁFNU\‘-LV(inff~ﬂCFH?:PVI'YFXL£JJ,P 2% XFACTDR,
CY2+%YFACTOR, PT)
'ELSE!
YBEGIN'

'IFYOFFRPAGEY THEN'

HOGPLUOTC(CX2%XFACTORs CYRXYFACT s 350)

YELSE

AGPLOTCCX2%xXFACTOR, CY2%YFACTOR, 2,003
YENDYS

CURRX:=X23 CURRY:=Y2;
OQFFPAGE:=TOPT:="FALSE" 3
*END' OF VECTUR AND PAGE;

VREAL" X>XA,XBa¥MINs XMAX, DX YMINs YMAK>LY S
YINTEGERY C»s Dy Qs CONTHOL> NUMBERS
'REAL'*PRICEDURE® SIGMACZ515P2);3
'REALYZ: 'INTEGER'I.P;
"BEGINT
YREAL® Suvis
SUMe=03
'EORY I e=0"STEP* { "UNTIL P DO
SUnie=5UM+7 3
STGMAT=Sijvs

‘END' JF SIGMAj
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'REAL Y'PROCEDURE" MINMAXCFX):
PUHEALY 'PREOCEDURE'EXS
PRGN
e Tors Y e IS
YMIN:=YMAX:=03
"POR'X=XA'STER"DXYUNTIL'XB"DO?
"TREGIN®
Ys=FX{(X);
YIF'Y>YMAX ' THEN' YA =Y ' ELSE"
‘IFYY<YMIN*THEN*'YMIN:=Y3
TEND'3
YENDY OF MINMAXS

'PROCEDURE' PMULTIPLICIETIESCA»BaN»RsD)3
'INTEGER' VARRAY A5 B3 VINTEGER'N»RsDs
"BEGIN®

YINTEGERY I3

'‘FOR*I:=0"STEPYLYUNTIL'N"DO*®

"FOR'Je==(N+1)"STEP" 1 "UNTIL"N+1'DO*

"\..EIJ'J}==”;

AC0»0]2=15

'IF'N=0'THEN'"GOTO’ TRIVIAL:

'FOR"I:=1"STEP"1"UNTIL"N"DD?

'FDL{'J:‘;"I'SYEF"?.”J_NTIL'I'T)U'

ALTsJ]t=ALl=15,J=10+ALI=15.0%+173

TREVIAL:S ; 3

'FOR"Re=0"'STEPT1"UNTIL"N'DO"
BLD>RY¥:=ALN»2%R~-N1;
'END®Y OF PMULTIPLICITIES:

'PROCEDURE" DNMULTIPLICITIESCA»BsNs»35D);
'INTEGER' "ARRAY'A> B3 "INTEGER'NsR» D3
*BEGINT

VINTEGER® TsJs
'FQ.".'I==I'5TE?'1'13:\."1'“..15‘1'1)0'
'Ff]l'i'd!z‘(r\]"'].)'STE}."J.'U:\TTIL'\}'*'].'DD'
ALI»J]2:=103
ACls=13:=A01,032=A015132:=13
YIF'N=1*THEN' '"GOTI " TRIVIAL3
'FOR'"1:=2"STEP*1'UNTIL"N®' D]"
'FOR'"Je==1"STERP"1"UNTIL'I"DO"
.-QI:I:d]%=:’l[I“'l:d‘l3"":’-\‘:I'l:Li]+;TLEI‘1:J‘|“135
TRIVIAL @
"FOR"Re=0"'STEP"1 "UNTIL'2%N"'Di]?
BLD,RI:=A[N»~N]3
YEND* AOF ONMULTIPLICITIESS

START PLOTTINGS
NEWSPEC:
Q:=READ;
'"BEGIN®
'INTEGER® *ARRAY" N,RL1:033
'REAL"T"ARRAY? SPINKL 12033
*FDR*D:=1"'STERP' ] "UNTIL*Q" DQ"
NLCDIs=READ:
'*FOR'De=1"STER* | "UNTIL Q" DI}*
SPINCDI t=READ;S
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"BEGINT

"INTEGER'"ARRAY* ACO:NC13s=CNC1)+1)2CNC13+1)],

BLYeds022%NE 13735

'CAOMMENT® NC11 MUST HAVE THE LARGEST VALUE FOR oim

ABOVE DECEARIATIONS TO BE CORRECT:

"REAL "' PROCEDURE® GAUSSTWACK):
TREAL S ’
GAUSSTUOt==SIGMACSIGMACEL 1o AC111#BL 2 RE2I I /LT CX
=CNLLI*SPINCLII-BL11)4XEVI~CNLRTI452INL2TI=KE2) ) £KE
21)RELP(=LNCRY /LWt 2% (X=CNE 1 I*SPINC L I=BE L I)#KTL 1 =
(NERISSPINLC2]I-RL2IIKKL21)t2) 5 HL 1 IoNE 1 I%2%SPINC L]
JoRL2IHNLRIR2xSPINLIR]Y);:

'REAL ' " 2ROCEDURE? LORENTZTWICX):
YREAL® X3
LORENTZTWOt=-SIGMACSIGMACBL 1> 8L 11 1%8L2s RE2] J /L%
(X=CNE1I*SPINCII=RL10)%X010=-CNL21#SPINC2I-202] )%
HE2II/CCL+CCX-C(NLLI*SPINLLI=-RELIIHHLLI=CNERI%SPI
NE21-RE21I%KL2T)/LUIT2)12)5RE1TI-NL EI*2%SPINC11)»
RE21sN[21%2%SPINL2])3

'REAL" 'PROCEDURE"' GAUSSTHAEE(X):

YREALYX:
GQUSSTHHRE:=—SIGMA(SIGﬁﬁ(SIGMACBE1:HEIJJ*BE9:QTB
]]*B[3:HE3]}/LU*({-(MEIJ%SPEN[1]~HE1])*KEIJ*(Tfﬂ
]*SPINCQ]-HEQ])*KEB]-(H[S]*SPIVESJ“RE3])$@ESJ)%S
XP(-LN(B)/LMrQ*(ﬂ-(NE13$SHIQE13-x[1])*ﬁ[l]—(ﬁtﬂf
*SPINEE]-HEQJ)#KC?]-(ME3]*5?1%53]—&[33)*df3])'2)
2 HL13oNT13%24SPINLLI)s RE2ISNL2I%2%SPINC23) > RC3T,
NL31%2%SPINL31)s

'"REAL" "PRIOCEDURE® LORBENTZ THREER(X);

'*REAL" X5

LORENTZTHREE 2=~SIGMACSIBMACSIGNACBL 1 s RELII%80 2,1
(277483, RE3II/ZLUHCK-CNCL1I%SPINCLII-REL1IDRKL 1 J=CN
[2)%5PINCRI-RE2II*KLL2I=C(NL3]1%SPINL 3I-RL31)%K[ 31D
ZCC1+CCX=C(NL1I%SPINCLII~RCIIISKL1I=-CNLRI*SPINL2]~
RL2II%A02]1-C(NL3]J*SPINL31-RE3II*KL32I/LWIT2)12),R
C11aNC13%2%SPINC 1Y RE2IHNL2I%2%SPINE2]) > RE 335 NC
31*2%5PINL3]) 3

'REAL® 'PROCEDURE®' GAUSSFOURC(X)S

'REALNXS
GAUSSFOURS==-5IGMACSIGMACSIGMACSIGMACRL 1, RE 1T #0130
2oRE21I%BL3» KT3I 1*BL 4 REAII /LUK CX=CNL L I%SPINC L=
RE11)*kKC1I=CNERI*SPINL 21 ~RL2))%X[21-CNL3TI*SPINC3
I=RE3II#AC3I=ANTAIsSPINL 4T =L ATI* KL ATIREXDC-LNC2
/LTI2%(X=CNLL)%SPINCII=5E0 1)KL LI=CNE 2)%SPINC 2]
—R021)#K[21=ANL3I*SPINL3I-HL3II*KE3I-CNCAI*SPINT
AJ-RC4AII.KL 43D 12), RO L I5NE 1 I%2%SPINC1I)s R021NE 22
*2%5PINC21)s REBINE3I%2%SPINE 31 ) RLATSNL 4T %24 SP1
NL43)3

'REAL ' ' PROCEDURE' LORENTZFOURCX):
YREAL®X;
LORENTZFOUR:==8SIGMACSIGMACSTGMAC SIGMACBL 1oRC 1] 3%
BL25RL21I%BL 32 REIII.BL A, 4TI /LT CX=C NL11*SPINL1
I=BC1124KE L) =CNL BI%SPINL21-202] JERL2I-CNLEBI#SPIN
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ALTERHFSS

ADJUSTL I N

E3V=RE3I VLKL FU=CNCATRSPINC A4T=uT4] LA 7CCL+CCX
=(CNELIHSPINL L I=R0 13040 ) 1=CNE D) S5PINERI=RE2F)esT
21=(NL3)*S2INL BT =2L 3T CCI=CNL A ESDINE A= 47 )%
LAY/ )82 12 ML 135 NC LD #253PINECL YY) RE2T,NE 2T %2
*SPINL21)sRL315NLE3I%24SPINC 3L 415 NL 4 *2%SPINC

413

'SUITCH' S:=CGTW0,GTHREE, GFOUR,LTWO, L THREE, LFOURS

'SUITCH' $S:=GCTHD,GCTAREE, GCFOU LCTHOsLETHRER 1, CROUR,

'FOR'De=1"STERP'"1'UNTIL'Q*D])"

"IF'SPINCDI=1"THEN' DNMULTIPLICITIESCA> BoNCDIs LD »D)

YELSE?
PHMULTIPLICITIESCA, By NCD1» REDIL D)3

*FOR'Dr=1"STER" 1" UNTIL QDO
KEDI a=READ;

XNe=READ; DX:=HEAD: XB:=READ:
s

We=READ;

CHANGESHAPE:

GTWs

GTHREE:

GFOUR:

LTWO?

LTHREE:

LFEOUR:

CARRYON ¢

GCTWD:

GOTHRRER:

GCFAUR:

LETWO:

C:=READ;

'GATA'SLCs

IINMAKCGAUSSTRA) 3
'GOTU " CARRYONS

MINMAXC(GAUSSTHREE) :
*GOTO'CARRYON:

MINMAXC(GAUSSFOUR) 3
'GOTI'CARRYONS

MINMAXCLORENTZ TYO) 3
YEOTN " CARRYON S

MINMAXCLUORENTZTHREE) 3
‘GUTO"CARRYIINS

MINMAXCLORENTZFOUR) 3

CHANGE PAGE SIZE TO0(956)3

CHANGE S5TEP(5D0)3;

LMINt=READ; XMAX:$=3EAD; NUMBER: =AEAD:
LIMITSCXMING YMIN, XMAX, YMAY) S

*GOTO" SSEED;

CURVFUNCCBAUSSTH s X% IN> LMAX) 3
PR T RKEXTS

CURVFUNCCGAUSSTHRER, XMI N, XM Axd3
"GOTOD*NEXT3

CURVFUINCCGAUSSFUU ts 24T N> AENX) 3

*"GOTO'NEXTS

CURVFUNCCLORENTZ W 20T ¥ X1 298 &
*GOTO ' NEXT:
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LG NED
CURVFUNCCOLIRENTZ THREE s XMIN, XMAX) S
VGO T NEX TS
LCFOUR?
CURVFUNCCLORENTZFOURs NV INy XMAN) 3
NEXT:
MOVE TYPE TOCXMAXs YMAX) S
TYPE NUMBER(NUMBER> 35 0) 3
NEXT R2AGES
CONTRILt=RTAD;
PIFYCANTROL=1"THEN' "GOTO"CARRYON
YIFPCIONTROL=2" THEN" *GOT)" CHANGESHAPES
YIFYCONTRDL=3" THEN""GOTA*ADJUSTL INEW 3
YIF'CONTROL=4" THEN "CiTO AL TERSF S
TENDY3
YN
'IF'CONTRDL=5" THEN' *GOTO ' NEVSPEC
'ELSE?
WRITETEXTC ' ¢V "G ) "PROGRAMZCOMPLETEDY )V ) 2
FINISH PLOTTING:
YEND! OF PROG=HAM:
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AFFEIDIX 3

IOLORB 2:

A computer Frogram for the Calculstion of HMO and

NMeLachlan lodified HKO Spin Densities for Conjugeted

Free Radicals




*BEGIN®

*COMMENT® MOLORB 2 IS A PRrROGRAM FOi THE CALCULATION OF
H¥d AND MCLACHLAN MADIFIED HMI SPIN DENSITIES

UF CUNJUGATED FHREE gRADICALS

'REAL' HsH1:H2sDHsXsi{1,4£8,DiK;
'INTEGER' Ns1uUTs1,J52s550:4B3
'BOOLEAN' EIVECLEIGENVEC, AHUVAL:
*ARRAY' TITLEC1:203,DATEC1:103)3
'PRUOCEDURE' INSTRAR(STi{sAdS
'STRING'"STii3 'ARRAY'AS; 'EXTEINAL'3
'PHOCEDURE" ARUTEXTCA)YS
YARKAY'A3 "EATERNAL'S
'PRUCEDURE' JACUBI(NSEIVEC»A»D»V5U0T) ;3

Ae Ge WHEWAY
MARCH 19725

'VALUE'NLEIVECS 'INTECGER'N,2T; 'BUOULEAN'EIVEC:

"AHAAY'ALDL V)

'BEGIN'
'REAL" SMsCrSsTsHsGsTAU»THETASTRESHS
VINTEGER' PsUalsds
'ARKAY' BsZL1:NJ1;s

PROG:iAM:

“IF'EIVEC" THEN"
CFOR'Pe=1'STEP*1"UNTLIL*N"DO "
YROR G =i TS TEPT LT UNTIL "NY D"
VEP»Q)e="IF'"P=Q"THEN"1«0'ELSE"'00;
YEORYEL=1 ' STERPYL Y ONTIL "N DO
*BEGIN'
BLP1:=DIPI:=ALP,PI;}
ZCP1:=03
'END';
®ROT:=0;
SRR =1 ' STEPYINUNTIL 50D

SWP:

'BEGIN'
SMi=03
'FORPe=1"5TEP" 1 "ONTIL'N-1"D0 "
*FUR*Qi=P+1*STEP'1"UNTIL*N"DO"
SM=5M+ABS(ALP, U1 S
YIF'SM=0"THEN"'"GATU"QUT3

TRESHe="IF'I1<4'THEN"0+2%3M/NT2'ELSE" 0403

‘Fig ' Pr=1'STEP" L YUNTIL"N=-1"D0"
‘FOR' Q:=P+1*STEP' 1 "UNTIL*N"DO"
*BEGIN®

is=100*%ABSCALP>UL])S

YIF'I>4AND'ABS(DL21)+G=ABS(DLLI) "AND'
ABS(DLUII+G=ABS(DLU))*THEN"ALPsTt=

YELSE?
'IF'ABSCALP»Q))>THESH THEN'
‘BEGIN®

H:=DLUI-DLPI;

'IF'ABS(H)+G=ABS () "THEN"Te=ALP>Uul/H

"ELSE’
"BEGIN®
THETAT=00 5¥H/ALP> Q5
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Te=1/(ABS(THETAY+5UnTC1+THETA12));
*IF*THETA<O ' THEN"Ts==-T3
'END' OF CUMPUTING TaN JF gOTATION ANGLE:
23=1/0URATCL+TI2) 5
St=T#C3
TAU:=5/C1+C);
Hi=T*A(r~>Ul3
ZLPls=ZLP)=-H;
ZLQ):=ZLEJ+H:
DLPI:=DLPI=-H;s
DLUl:=DLAY+H;5
AlPsuli=0;
'FOR"Je=1*STEP* 1'UNTIL'P-1'Da"
*BEGIN'
t=AldrFl; Hi=ALJsUD;
ALJs P le=0G-5%x(d+G*TAU);
AlJdsUle=H+5*%(G=-H%TAJ);
YEND' OF CASE 1 LESS THAN U8 EQUAL TO J<iP;
"FUr*Jde=pP+ 1 '"STEP" 1 "UNTIL "U=1'D0"
*BEGIN®
G:=AlPsJ]; H:=ALJ»0Q1;
AlP,»J)1=G=-5%x(d+G*TAU);
AlJsr Q) e=H+ 5% (G=-H%TAU) ;
'END' UF CASE P<Jd<s
'FOR'J:=U+1*'STEP' 1"UNTIL'N'DO"
*'BEGIN"'
1:=ALP,J]1; H:=AC[U»JI}
ALP»J1:=0G-5%(H+G*TAU) 3
AlUsJ)s=H+5%(G~-H*TAU);
'END' UF CASE U<dJd LEss THAN UK EQUAL TO N3
'IF'EIVEC*THEN"
YPORY 3= "STEPRP* § "UNTEL'NYDO*
BEGIN'
G:=VLJdsPl; H:=VUCJdrUl?
VLJs2?le=G-5%(A+GkTAU) 5
VEJdsQle=r+o5%x(G-H*TAU)
‘END* UF CASE Vi
RdTe=0T+13
‘END' UF nUTATES
‘END';
YFORYPe=1YSTEEPYI Y UNTIL"NYDA"
*BEGIN®
DLP):=BLPl:=BLPI+ZLPI;
ZLP):=0;
"END' JF Ps
YEND' UF S5uP3
OuUT:
YEND' OF JACUEIS

'PAROCEDUAR" SwAr(A»3);
' (EAL'ALBS
*BEGIN'

FREALY 53
S1=A; A=

B
'END' UF SuAP

-
3
-
2
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'PAUCEDUSEY SURTUP(D,va2N) 3
' AEAL" 'ARaAY "L, (Vi
"INTEGER'NS3
"BEGIN®

'COMMENT' 5UsT IN ASCENDING UuaDEs

YINTEGERY BsHoHaLoHInL 123
At=sl;
KREPEAT 3
$=2%A;
K1=N'/"'4;
CIF'"U=0"THEN! *GOTOYEXIT:3
L:=13 Hi=A£+13
CONTINJUE:
'IF'H>N"THEN" 'GUTU " ZAEPEATS
Ll:=L; Hls=Hs:
CL.L‘G:-‘A:;‘!:.:
'IF'DLLI>DLH]"THEN"
'BEGIN'
SwAP(DLLI>DLH])D S

‘FORPe=1"5TEP 1"UNTIL*N'DU®

SWwAP(VLPsLIWVLPsH)) S
t=L-4;
VIFE LY GENE AR HEN
'BEGIN'
Hi=H=-X3
'GOTA ' CAMPAKES
YEND';
*END';

NEXT:
Li=L1+13
Hi=H1l+1;
'GUTU'CUNTINUES
EXIT:

'END' UF 50:Ar0drs

'QREAL" " Pa0CEDURE" SIGMACX,I.MaN)S

'VALJE'MsN3 'INTEGER'IstsN; "akEAL'XS

'BEGIN'
'REAL" 5UM3
SUM=03;
‘FOR'I:=M"STEP*1"UNTIL*N'DO"
SUMs=oUM+ s
SIGMAI=5UMS

*END® UF 51GMAS

Ne=xREAD; JuB:=:{EAD;
Hl:=xiKAD3} DH:=nEAD; HE:i=AEAD;
Al:=nkEAbs DKi=uEAD; A2:=xEAD;

BY SHELL

EIVEC:=nEADBUJLEAN; LEIGENvEC:=ikADBJULEANS

AHUVAL: =nbkEADBUULLAN S
INSTAARAC ' ("%x* )", TITLE)S
INSTHARBC' (" %%" )", DATE) S

METHUDS

WAI TETEZTC Y (" Y P 205" ) ook foko ok ook e ok & o ke e ook ook ook e o ok Kk ok
'('C 205") ' MULERCULARZUABI TALACALCULATIUNS'C'C 205"

dkokkkokokkkRkkkkkhrkkkpkbhbhkbirrek?));
3
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NEWLINECZ); SPACKC20);
ARRTEXTCITITLEY
NEWwLINEC(2); SPACEC20);
ARATEAT(DATE) S
PAPERTHRUW
'‘BEGIN'
*COMMENT " START UF INNE«&« BLOCKS:
YARKAY' Do SPINDEN»xHOL1:N1, AsVoPIC1:Ns1:NDS
'REAL' ' PalCEDJUGE' ATUM PULAXISABILITY(MsN»S»2) 3
'VALUE"MsN»S5s1is
'INTEGEN"MaN»Ss:l3
AlUM PULARISABILI I :=42#510GMACSIGHMACVLIM 4] *xVENs %k
VEM»SI*VINSSI/(DLSI=DLi1)s a8 14)s52151)5

'REAL' " PRUCEDUSE"' #HUO VALUECLI»J)3
YWALUE" L5403
'INTEGER"I» Jds
nHU VALUE:=L0PINDENLI I+ 12%5IGMACPILL»J) x5 INDENLJ ]S
Jals14);

'PROCEDURE' PaRINT EIGENVALUES AND VECTUISS
'BEGIN®
WRI RETEXTEYC Y e C ") H=")")3
PrHINTC(Hs 15205
WtITELTERTE8CY" (28 )Y =" 22 )3
PuINIT(£5152)5
WRITETEXTESCE*C'E 405 )Y *EIGENUEB LRSS 2™ )5
VRITETEXTC'CY' ' (' 35Y)'EIGENVALUESKAZEZEERL "¢ " 115
EXVOL OV TISE YRS Y T RS AT ¢ YELSY) PGl i ) 680
L1ST 3 NT0) B
'FOR*I:=1"STEP® 1 *UNTIL"N D"
*BEGIN'
NEWLINEC1)5 SPACE(S):
PRINICDCL)»154)5
PRy =1 STEPY T UNTTIL "7 DO
PRINT(VLJsT11s454)5
‘END'
WAl TETEXTC C''C'C 35")'EIGENVALUESZZZZZZB8 (" "115
Hytorcrppsty ] g t305Yy 0 11 vetlgstadizEct 105" )13
W B BB L 1 T T
YFAR Is=1"STER 1 "UNTIL*N"DO"
'BEGIN'
NEWLINEC1); S5PACK(S);
PHINT(DLI 1o 154)5
Fln'J:=8"'STEP" 1"UNTIL" 14"DO"
PRINTCUL sl lads4)5
"END':
'END® UF PiIN{ EIGENVALUES AND VECTJOGSS

'PROCEDURE" PAINT ndd VvALJESS
'BEGIN'
WRITETEXTC'C**C'C 35') "aHUZVALUES®) " )3
NEwLINEC1);
PO I s=1"STEP 1 "UNTIL" 7' DA*
PRINTICAHUCL I, 5045
NEWLINECL)S



FORYI V=g TRPY1"UNTIL 14°DO"
PrINTC(ddLI1.554) ;5

'END' OF PRINT oHO) VALUESS

'PRICEDURE" SUMMARRISES
"BEGIN'
WAl TETEXTC'C''C'C 175")"wHO " C 75 ) "SPINZDENSITY ) );
'"FUR'1:=1525354513'D]"
'"BECIN'
fHUCI)es=rHd VALJUECI,J);
NEWLINECL);
5PACEC4) 3
PRINICIS250)3
SPACE(S5);
PRINTCAAULTI 15 154) 5
SPACE(S)
PRINTCSPINDENCI s 1543
*END';
'END' OF SUMMARISES

"FUn'He=HI1"STEP"DH"UNTIL'H2'"bu"

'FUR'"Ke=K1'"STEP'DX'UNTIL"K2'Dd"

'BEGIN®

YFPORt L s=1'S51F2" INUNT L. N DD "
'*FORYG I =1"STEP 1" UNTIL I “In)?

"COMMENT " THE NEXT 4 STATEMENTS ABUUT THE A#RRAY
All,Jd]) AAE CUxaECT ONLY FO:x THE
DIPHENJUJINODIMETHANE SYslEMs

ALl sJl:=A0ds1]s=0+05

AL1,21:=A01561:=AL1,71:=A02,173=A[2531:=A03,2]1:=A(

354):=AL4,3]:=A04,5]1:=A[54):=A[5:,6]1:=A[6,11:=A[6>

51:=A0T7T»11:=A0T>81:=80LT7212):=0L82T3I:=80[8,93:=A1(9:58
1:=A09,101:=AL10,23:=ACL10»111:=A011,10]:=AC11»121]:
=A012,7]:=A01251102:=1.0;

Al13,13):=all14514):1=H;

AC4,131:=AC13,431:=AC10,141:=AC14,103:=4;

JACUBI (N EIvEC»AsDs Vo tdT)

YRORYI s SEERY Y UNT T BN DY

DLIJe=-DCII;

"IFTEIVREC' [HEN"SURTUP(Ds VN

YELSE'

*BEGIN'

WRITETEXT( ¢ G ) *ETGENVALUES Y)Y )3
YEORYL ¢=1"STEPY 1T INTIL'NYDO "
*BEGIN
NELLINEC1);
PHAINICCDLI)-554)5
'*END'S
'GATJ"EIGENVALUES JNLYS

*ENDY;

YIF'EIGENVEC ' THEN"PHINT EIGENVALUES AND VECTUOHXS;

"FOnr'l:=1"aTEP " 1"UNTIL"N DY

YPURY =T VS PERRE N UN T LN Y DO”

PILI,dJdli=plldslit=aluy PILARISABILITY(LI»Jdsbs40) 5

EOR P STESN T SUNT RESNY0*

SPINDENECILJs=VLlI»Ui3l125

3

-
-
-
.
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'IF*HOVAL THEN®
*BEGIN®
'FOR'I:=1"STEP' 1 UNTIL"N'DU
AHOLI J¢=xHY VALUECLsJ)3
PrINT HHJ vALUES:
'END!
'ELSE' SUMMARISES
EIGENVALUES UNLT:
DENDY. ks
'END' JF INNLk:x BLUCK:
'END' Ur PualdGnAaMs
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