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1. INTRODUCTION

This report describes the results of a pulse radiolytic study of
formation and reactions of radical cations of substituted bengzenes in
agzuecus media.

Orn. radical hydroxylation of aromatic compounds, the hydroxyl radical

9 lo

adds very rapidly to the aromstic ring with a rate constant lo” - le

Mlsec™d 1| forming the corresponding hydroxyeyclohexadienyl relical
(O adduct) as an intermediate species. This redical will under further
oxidation give a hydroxylated derivative.

For the OH adducts of phenols, anilines and sethylated bensenes
intramolecular water elimination, wkich can be scid and base catalyzed,
is described in the litentuna'r"’). These reactions decrease consider-
atly the yield of hydroxylated products,

An investigation of the water elimination reaction from OH adducts
of methylated benzenes undertaken oy Sehested et al. at Rise's Accelerator
Department has shown that this reaction is a two step process with the red-
ical cation as an intermediate species.

The aim of the reported work is:

a) to study the water elimination reaction for several substituted
benzenes in order to explain the role of the radical cation and
the influence of different substituents on the mechaniss of this

reaction;

b) to study formation and reactions of the radical cations of sub-
stituted benzenes, their optical spectra and acid-base properties
in aqueous media.

The results reported were obtained by pulse radiolytic technique mainly
by using the optical detection system (kinetic spectrophctosetry) at Rise's
Accelerator Department.

Thic report is submitted to the Danish Technical University (Dansmrks
tekniske Hejskole) in partisl fulfilment of the requirements for the degree
of lic.tech, (Ph.D.).

With some gminor changes parts of this report have alrsady been pub-
lished or submitted for publication. The work was performed during the
period lst March 1975 - lst September 1977,
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2. PRADIATION CHEMISTRY OF WATER AND AQUEOUS SOLUTIONS
2.1. General

Rndiition chemistry is usually defined as a study of chemical effects
caused by the absorption of ionizing radiation in a system.

The sources of radiation can be generally divided into two groups,
isotope sources - those ewploying natural or artificial radiocactive iso--
topes- and machine sources those employing some form of particle accelerator.
From all possible sources of ionizing radiation cobalt-6o gamma sources and
electron accelerators are by far the most common and almost exclusively used
in radiation research as well as in industrial applications.

Until recently radiation chemistry according to its definition has been
meinly concerned with investigating the chemical reactions taking place in
irradiated solutions in order toc understand the primary processes. However,
many of the irradiated systems are now reasonably well understood, and recent
applications of radiation techniques to biochemistry, biology, inorganic
chemistry, polymer and physical organic chemistry have shown that these tech-
nigques can be considered as important advanced tools for research in other
fields than radiation chemistry.

Among other systems water and aqueous solutions occupy a very special
position in radiation chemistry. Due to its relative simplicity and relevance
to radiation biology, the aqueous system has been the most intensively studied
solvent system in radiation chesmistry in qualitative and quantitative as well
as in theoretical aspects. As a result of thorough study, main features of
the water radiolysis are now firmly established, and the aqueous system is
considered the best understood solvent system from a radistion chemical point

of view,

2.2. Radiolysis of Water. Qualitative Aspects

After about 10-9 sec after the passage of high energy radiation the
rediation induced decomposition of water can be gualitatively radionalized
according to eg. (2.1).

- + - .
HO  —ee_ ., OH, H, H,, H;0,, H;,0", OH (2.1)

2 3

These products are often refered to as the "primary products” or "primary
species” and are found homogeneously distributed in irradiated water irrespec-
tively of the type and energy of radiation.

The primary products are not necessarily the very first ertities formed
but rather the earliest which are readily accessible chemically,
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In absorptior of high energy radiation, energy packets of amillion elec-
tron volts are broken in packets of several orders of magritude lowar energy.
This energy is deposited in form of ionized and excited molecules and atoms.
These are grouped in zones of differen! size, energy content, nuaber arnd
identity of species in a non uniform distribution along the track of the ion-
izing particle. These zones although classified and more specificaliy charac-
terized can for simplicity be refered to as the "spurs™. An essential festure
of spurs is a relatively high concentration of free radicals (of the order of
0.1 M), which results in an enhancement of radical-radical reactions before
the radicals have diffused into the bulk of the solution. Their concentration
is lower by many orders of magritude in the bulk and & reaction with a solute
is therefore greatly erhanced.

The Hydrated Electron, e:q

The hydrated electron can be considered as an electron trapped by orien-
tated water-molecule dipoles ir its vicinity. It has a broad optical absorp-
tion with a maximum at 720 nm, € = 1.58 x lok M Cl.l, and the mean radius of
charge distribution is about 0.25 - 0.3 na. The hydrated electron is a vary
powerful reducing agent; its standard redox potential is about 2.7 V.

In pure water hydrated electrons react with each other yielding hydrogen

H.0
- - 2 - _ 9 -1 -1
e.q + e.q ——eH, + 204 k=5x1lo N sec (2.2)
They react very slowly with water
- . - S
e +HO—=H" + OH k = 16 M “sec (2.3)
ag 2

On the other hand the hydrated electrons react often very rapidly with solutes

or impurities present in the water

& 4+ S ——a5” k=106—10n 1

aq sec”} (2.4)

Thus the lifetime of the hydrated electron in water can be used as a water

purity criterion.

The Hydrogen Atom, H

Hydrated electrons react readily with hydrogen ions present in the sol-
ution yielding H atoms

lo -1 1

H}o’ + e;q — k=2.3%x100 M sec”™ (2.5)

Reaction (2.5) shows that the hydrogen atom can be considered as an acid and
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the hydrsted electror as its conjugated base. Their intercoaversion is
possitle ty reactions (2.5) and (2.6).

§ - O e kw2 x o Nlgec? (2.6)

The p is 9.7,

The ¥ atca although weaker than o;‘ is still a potent reducing ageat with
redox potential of 2.31 V. Both c;' and H are impertant iz the pii reage 4-11.
In most radiolytic studies c;q is the only reduciag redical shove pi 13 and
% atoms telow pH 2.

The Hydroxyl Radicsl, OH

Thke hydroxyl radical is a powerful oxidiziag agent; its redsx petemtial
is - 2.8 V in acid solution. It behaves like & weak acid wndergeing iemic
dissociation in strongly basic solution

O + OH == 0 + .0 (2.7)

The pK for this equilibrium is 11.9 2 0.2.
In absence of solutes the OH radical reacts vith the reduciag redical
reforming water or with another OH radical yielding hydrogen peroxide.

O + O —= “z°2 k=9%x 1o9 n‘lac'l (2.8)

2.3. Radiolysis of Water. titative

The radiation chesical yield is almost universally expressed as the
"G-value”.

The G-value is defined as the number of melecules, atoms, radicals or ions
formed or destroyed by loo eV (1€ aJ) of energy absorbed in the systes. Thus
a material balance of the water radiolysis can be writtea as

S-n,00 = %, * GH‘G' X0, * (2.9)

Having in mind tha* the "primery” products are not the very first species formed
and that the chemical yields of the short-lived and very reactive species like
H, e;q or OH carnot be determined directly, it is obvious that the G-wvalues of
the primery products sust be understood as a working definition and can de
measured or used in a restricted range of solute concentrations. This range

is restricted by three factors:

a) Direct Effect. The concentration of the solute must be so low that



the effect of s direct energy absorpiion by the selute can be
reglected.

v; Spur Weections. The effect of the solute on spur reactions must
te negligible.

c. Concurrent heactions. The conceatration of the solute mast be

higk enough to prohitit coacurreat resctions of the primary species.

A cumbtersame mmalysis of the yield of rediolytic products in a nusber of
studied systems has led to generally accepted G-values of the primmry products
of the water rsdiolysis.

At low solute concentrations the generally accepted G-values are 2.7 for
OH, o.¢ for ¥, 2.7 for c;q. c.7 for H,0, and o.b for B, in neutral water. As
an effect of acid-base equilibria the primmry yields from watzr are plil depen-
dent, The nature and yields of the primary species, that would be expected

to react with ~v13-3 M solute at various pH's are shown in Fig. 2.1.

LY ey e e g———— g o — - - v

Fig. 2.1. The nature and yields of prisary species of
wvater radiolysis at different pi's,

General References to Chapter 2.

JoW.T. Spinks and R.J. Woods, "An Introduction to Rediation Chemistry”.
Wiley, New York and London 1976.

I.G. Draganic¢ and Z.D. Draganié, "The Radiation Chemistry of Water”.
Academic Press, New York and London 1971.
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3. PULSE RADIOLYSIS

The pulse radiolytic technique is based on a pulsed source of ionizing
radiation usually an electron accelerator which is able to irradiate a sample
with an "instantaneous" pulse. The radiation intensity should be high enough
to produce .asily detectable concentrations of transient species., A schematic

diagram of a typical pulse radiolysis set-up is shown in Fig, 3.1.

electron
beam

[ —

A e SERREVAN
wradiovion "N phowsdetecter

5 s 5

<

T

Fig. 3.1. A schematic diagram of a typical pulse radiolysis

set-up.

A short pulse of electrons is delivered to the irradiation cell which serves
simultaneously as a spectrophotometric cell. The light from a continuous or
pulsed light source passes thryough the solution being irradiated and then
through a monochromator to sele-t the chosen wavelerngth. The monochromated
light is collected in a photodetector us.ally a photomultiplier tube, The
photomultiplier tube converts the light intensity into an electric signal which
after amplification is finally displayed on an oscilloscope with a fast time
sweep. The trace is eithe photographed or stored. An idealized oscilloscopic
trace is shown in Fig, 3.2. In the region AB the intensity level of light
passing through unirradiated solution is recorded. In BC the electron pulse

is being delivered. Pulse parameters like pulse energy, duration and electron
energy can usually be adjusted to meet optimal conditions for the experiment.
High energy electrons travelling through matter cause light emission named
Cerenkov emission. Cerenkov light especially in the ultraviolet region may
cause temporary overload of the photodetector., At longer wavelength Serenkov
light is not observed.
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Light intensity

100% — ————_l_._____,_____

jy amee CTT e cEEE I CE—— CE——) T CE— - T CERD N S G a—

A B C0D E F
Time

Fig. 3.2. An idealized oscilloscopic trace obtained by pulse

radiolysis for a given wavelength.

--- area usually displayed on the oscilloscope

- - tase line (loo¥ intensity)

AB - light intensity before the electron pulse (loo¥)

BC - Cerenkov radiation overloading the photodetector

caused by the electron pulse
CD - recovery of the photodetector

DE - formation of a transient species by radical

solute reaction

EF -~ decay of the transient species

After the recovery of the photodetector, CD, a formation of a transient
species, DE, or a decay of the primary radicals may be observed. Llater on the
decay of the transient, EF, or permanent absorption due to stable products is
detected. By choice of conditions, it is possible to enhance or eliminate
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various sections of the idealized trace, and obtain optimum conditions for
a measurement of a particular effect.

From Fig. 3.2 transient optical density, Dt' can be calculated at any
given time after the pulse as

D, = log,, (1/1,) (3.1)

I - the light intensity measured before the pulse (AB) (usually
measured in mV)

I, - the light intensity at time t, obtained by subtracting of X

(irn mV) from Io

D, = log, [1/0 - V] (3.2)

An absorption sepctrum is obtained by measurements at discreet wavelengths.

From the shape of the optical trace an absolute rate constant can be
calculated. For pure first order reactions and for radical-solute reactions
where pseudo first-order conditions can be met by adjusting the solute con-
centration, no further information is required. In case of a radical-radical
reaction, however, the molar extinction coefficient of the transient species
is required., The extinction coefficients can be calculated ‘rom primary
radical yields and dose absorbed in the sample,

In radiation dosimetry primary standards are set up by calorimetric
measurements, In practice, however, chemical dosimeter, namely the Fricke
dosimeter based on the oxidation of ferrous to ferric in agqueous solution,
has become a standard secondary dosimeter. The formation of ferric ions can
te measured spectrophotometrically., The disadvantage of the Fricke dosimeter
for pulse radiolysis lies in the need for the source of analyzing light stable
for a period of many seconds - the period for completion of reactions in the
dosimeter. Thus other secondary dosimetars are used where completion of re-
actions is obtained immediately or at very short time after the pulse such
as the N_O saturated 10> M [re(cu)e]"'.

The optical detection system is not the only system which can be used in
pulse radiolysis. Detection techniques like conductometry, polarography,
electron spin resonance, light emission, etc. are used. Optical absorption
spectroscopy, however, has proved to he the most versatile method and the
"pulse radiolysis" refers usually to pulse radiolysis with this particular
detection system.



General HRefererces to Chapter 3.

M . Z. Matheson and L.M. Dorfman, "Pulse Radiolysis".
The M.I.T. Press, Cambridge Mass,, 190k,

L.M, Dorfman in "Investigation of Rates and Mechanisas of Reactions”.
Fart II 3rd. Edition, G.G. Hammes Ed., Wiley, New York 1974.

4. RADICAL CATIONS OF AROMATIC COMPOUNDS IN SOLUTIONS

Radical cations are usually generated by reactions resulting in the over
all removal of an electron from a neutral, electron paired molecule. Thus they
have both a positive charge and an unpaired electron. Cation radicals of mole-
cules and molecular iragments are easily formed and studied in the mass spec-
trometer. In the solution, however, their occurence is usually due to the
electron transfer reactions or acid-base properties of uncharged free radicals.

The ability of a neutral molecule to give up an electron is governed by
the energy of the highest occupied molecular orbital (HOWO) which can be esti-
mated experimentally by measuring the gas phase ionization potential.

In solution the energetic effect of a solvation has to be taken into
account.

Molecules containing N electrons and/or "lone pair” hetercatoms as O, N,
and S are particularly prone to give up an electron.

Radical cations are usually very reactive species. Their stability in
solution is rather complicated and difficult to study due to a variety of re-
action pathways in which they disappear also irnfluenced by the complexity of
sclvent effects. A pure solution of radical cations cannot be obtained, not
even of those isolated in form of radical-cation salts. Generally, however,
steric and conformational factors play an important role, Cospounds of rela-
tively low ionization potentials containing X systeas able to delocalize the
charge and unpaired electron are expected to give stable radical cations. The
best known radical cations are those of aromatic and hetercaromatic compounds.

The stability of radical catioas in solutions various from perfectly
stable radical cations like for example thoce from thiantrene [1] and Wirster
cations [2] which can be kept in solution for weeks,
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(2]

to short-lived cations which cannot be detected directly even employing the
fastest detection technigues known.

Radical cations have been exhaustively studied by electron spin resonance
spectroscopy. However, chemical reactions of cation radicals have not until
recently received much attention. Due to growing interest in organic oxidation
processes and a vigorous development of organic electrochemistry the interest
in the chemistry of radical cations drastically expanded.

Radical cations in solution are formed by chemical oxidation with agents
like Brdnsted acids, Lewis acids, halogens or metal salts, via a dissociation
of the charge-transfer complexes, by anodic oxidation or by physical means
like photoionization and radiolysis.

From a kinetical point of view the stability of radical catiomns in solution
is governed by reactions like fragmentation, disproportionation, radical-radical
and radical-parent molecule dimerizations, and radical cation-solvent reactions.
Thus kinetical parameters of these reactions are often crucial for the study

of radical cation chemistry,

General References to Chapter &,

E.T. Kaiser, L. Kevan Eds, "Radical Ions",

Wiley Intersciences, New York 1968.

A.J. Bard, A, Ledwith, and H.J. Shine, "Formation, Properties and Reactions
of Cation Radicals in Solution'. In"Advances in Physical Chemistry", Vol, 13.
V. Gold and D. Bethell Eds. p. 155 ff.

S. RESULTS AND DISCUSS TON
5.1. G Introduction

Pulse radiolysis of aqueous solutions has been successfully used in the
study of radical anions of aromatic conpoundas).
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Radical anions are readily formed by addition of the hydrated electror,
wvhich is an exclusive way of reaction of this species with a solute7). In
contrast to radical anions it is usually much more difficult to generate
radical cations, and until recently no information of their role in pulse
radiolysis of aqueous solutions was available in the literatur.

The oxidizing counterpart of e;q, the hydroxyl radical, OH, is krown to
react with aromatic compounds forming the "OH adduct", e.g. the corresponding
hydroxycyclohexadienyl radical whereas reactions with substituents have been

generally considered negligiblel).

Reactions of aromatic compounds with CH radicals were studied by radiolytic
methods as well as with Fenton reagent (Fe2+/H202) and with related systems

where the OH radical is the main oxidizing spcciee7). Besides a certain pre-

parative interest of the metal-ion catalyzed reactions of hydrogen peroxidea),
the reaction of OH radicals with organic compounds recently received much
attention due to the widely suggested role of the OH radicals in biologizal
systems,

The aromatic OH adduct formed in a pulse radiolytic experiment decays
usually in a bimolecular radical-radical reaction or is oxidized to a phenol
by oxidants present in the solution, The OH adduct may also eliminate a water

molecule, which was known for phenolic compounds for a long tineg’lo).

Of— ©
S + Hzo (5.2)
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This reaction was found to be acid and bese catalysed and yields the phenoxy
radical which is also a product cof ancdic oxidation of phenols. Its formation

via a radical cation is sumstedu)

S5-&-& -

More recently an acid catalyzed water elimination from the O adducts of ami-
linelz), toluene”), and methylated benzcmslb) has been demsonstrated. These
findings are in excellent agreement with studies of aromatic compounds in

metal-ion-hydrogen peroxide systems, whe ¢ water elimination and other hetero-
&)

lytic fragmentation processes were inferred from the product composition .

More recently direct electron transfer fros phenyl-substituted alcohols and

ethers to the OH radi-al was suggested or the basis of a comparison of peroxy-

disulphate-metal-ion and Fenton reagent o:idnti-mls). This hypothesis, how-

ever, is in contradiction with results obtained hitherto by pulse radiolysis.
In the study of O adducts of methylated benzenes, Sehested et 11.3 )

have shown that acid catalyzed water elisination is a two-step process. The

intermediate between the hydroxycyclohexadienyl radical and the benzyl radical
3

was tentatively assigned to the coresponding redical cation, eq. 5.’03 .

cH, »
H.
" - ——— 4 ". (s.4)

The last step in eq. 5.4 is known froas studies of metal-ion oxidations, e.g.

ecbalt (III) acetate in acetic acidm).

CH,
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An electron transfer mechanism has been suggested for the reaction of

aromatic compounds with the sulphate radical anion 50; 17,18) and later on
supported by pulse radiolytic investigationslg'zo’ZI' 2).
M 2
Ar + sol.' —e Ar°® + so,“ (5.5)

The sulphate radical anion is easily obtained in pulse radiolysis in a re-

action of solvated electrons with persulphatezB'zh).
2- - s 2- 9,1 -1
5,05 + ®a 50,% + SO, (k ~7 x 1o” M "sec ) (5.6)

Another procedure which leads to an electron transfer from aromatic compounds
in water solutions is their reaction with radiolytically generated ions like

11%* and Ag®* 25)

+

2 e T1* 4 AP° (5.7)

Ar + Tl

Reactions S.4, 5.5, and S.7 offer a possibility of generating and studying
aromatic radical cations in aqueous media in the wide pH range.

5.2. Experimental

Materials., The organic compounds were obtained from Merck, BDH, Fluka,
Koch Light, K & K, and Fisher and were of purest available quality and used
without further purification. Very sparingly soluble compounds were washed
several times with tripple distilled water in order to remove soluble im-
purities. The perchloric acid was reagent grade from G.F. Smith, and sodium
hydroxide, sulphuric acid, potassium peroxide, potassium ferrocyanide and
ferrous sulphate were analytical grades from Merck and sodium perchlorate
Analar R from BDH, Argon and oxygen were obtained from Dansk Ilt & Brintfabrik
A/S, and nitrous oxide from AGA A/S and were used as received,

Ion-exchanged water was purified by tripple distillation in an oxygen
stream; first from alkaline permanganate, then from acid dichromate, and fi-
nally without any additives., Each distillation being done through a columm
packed with glass rings.

Preparation of Solutions, Aqueous solutjons were deaerated and saturated
with the appropriate gas by bubbling the gas through the solution in a loo cc
glass syringe, Volatile organic compounds are added in surplus in order to
obtain saturated solutions, Since the syringes are calibrated, solutions may
be added or removed in precise amounts in order to obtain appropriate dilutions
(Fig. S.1)
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Fig. 5.1. Syringes for sample preparation and dilution.

The pH of the solutions was adjusted with perchloric acid or sodium
hydroxide and was measured on a Radiometer digital pH-meter, PHM 52. The
organic soclute concentration was measursd on the Cary 16 absorption spectro-

photometer.

Pulse Radiolytic Cell. The irradiation cell constitues a 2.5 cm long

cylinder 2 cm in diameter with two quartz windows and two capillaries for
refilling, The cell is irradiated through the window provided with a mirror.
The analytical light enters the cell through the other windcw, is reflected
in the mirror and exits through the same window. Thus the light path is 5 cm.
The cell and refilling system is shown schematically in Fig. 5.2. The re-
filling system is automatical and remote controlled. It is based on the syr-
inge driving mechanism and two one-way magnetic valves.

To empty the cell, valve 1 and 2 are opened. Under pressure of helium
entering through valve 1, the solution in the system (with exception of branch
A) is exhausted. After a preset time interval valve 2 is closed and the syr-
inge driving mechanism delivers a certain amount of the solution to the ir-
radiation cell, Valve 1 is then closed and the solution in the cell can be
irradiated. When exchanging syringes a microswitch in the syringe driving

mechanism closes valve 1 as well,

Irradiation. Pulse radiolysis was carried out on the Rise Linac set-up.
The essential features are the Linac (linear accelerator) delivering o.1 - &
usec single pulses of lo MeV electrons with maximum peak current of 1.1 A,
the source of analytical light an Osram XBO 450 W xenon lamp, which can be
used in pulsed operation, a Zeiss MM 12 double quartz prism msonochromator,
an EMI 9558 Q ptotomultiplier, and a Tektronix 555 double beam oscilloscope.
The traces on the oscilluscope screen corresponding to the transient absorp-
tion changes were photographed with a Polaroid camera. The time resolution



Fig. 5.2. Schematic diagram of the pulse radiclysis
set-up at Rise linear accelerator.

Syringe driving
mechanisem

lrrodiation
coll.



of the Linac set-up is about 1 usec. In some experiments the set-up on the

2.3 MeV electron accelerator (Febetron) was used. The Febetron delivers single
pulses of 2.3 MeV electrons of 20 nsec duration, and the detection system is

5 - lo times faster than that of the Linac. The transient absorption signal

is sampled and stored as a digital information by the transient recorder Bio-

mation Model 8loc and processed further by the PDP-8/1 computer.

Dosimetri. The absolute dose was measured with the hexacyanoferrate (II)

dosimeter2 by measuring optical density after pulse radiolysis of lo-} M

hexacyanoferrate, N_O saturated neutral aqueous solution using G(e:q + OH) = 5.25

and ¢ = loo2 M len?
(420 nm) ~ ° :
The current induced in a coil surrounding the electron beam was used as

relative dosimetry27).

5.2.1. Manipulation of Primary Radicals, Radical Scnvegsers.

As it was pointed out in section 2.2, radiolysis of water leads to the
formation of three primary radicals: e;q, H, and OH., Thus, the manipulation
of primary radicals is crucial for resolving the system from the quantitative
as well as the qualitative point of view, This is achieved by the use of "rad-
ical scavengers" by which conversion of one primary radical into another or
separation of one reaction from others can be accomplished.

A radical scavenger can be defined as a solute which added deliberately
will react preferentially with radicals at the expense of the normal radical
reactions,

A good radical scavenger is expected to be:

- selective - reactive towards a particular radical or radicals while

non-reactive towards the others,

-~ effective - high rate constant of the reaction between the scavenger
and the scavenged radical will allow total scavenging using moderate
concentrations of the former., This will leave spur processes un-

disturbed,

- neutral in relation to the studied subject - neither ‘the presence of
the scavenger nor the products of its reaction may interfere with the

subject under study.

There is a number of scavengers used in radiation chemistry of aqueous

systeme; only those, however, used in the work reported will be described below.
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Interconversion of Primary Redicals due to their Acid-base Properties.

In section 2.2. interconversion of primary radicals due to their acid-base
properties was mentioned., This can be interpreted as a scavenging of corre-

sponding primary radicals by OH™ and H,0'.

3
H}O+ + e;q —_—H k=2.3x lolo M-lsec—:1 (2.5)
K= 9.7
H + OH™ —c-e;q K v2.0 X 107 H'lsec°1 (2.6)
OH + O —==0" +H,0 k=12x 10° M lsec™! (5.8)
pK = 11.9
H,0 + 0" ~—e=O0H + OHF k = 9.2 x 1o/ M lsec™? {5.9)

Of special importance to this work is the conversion of OH radicals into O
since the oxide radical reacts in a different way with aromatic compounds than
the OH radical.

The Hydroxyl Radical, OH. Conversion of OH into H (or e;q in alkaline
solution, e3. 2.6) can be accomplished out by the reaction with hydrogen, eq.
S.10.

O + Hy —=H+HO k=5x 10/ M tgec™t

5 (5.10)

However, due to a low rate constant and low solubility of HE (4\110-3 M) the
utility of this reaction is limitad, A more common way of eliminating OH rad-
icals in order to study reactions of H and e;q is to scavenge the OH radicals
with t-butyl alcohol.

1 1

(CH,)C-0H + OH —.6H2(0H3)2C0H + HO k=5x 108 M “sec” (5.11)

3 2

The radical formed is relatively inert and has a weak absorption in the UV part
of the spectrum. H and e; are much less reactive with t-butanol, kH =

8 x loh ¥ 1lsec™d and k- < 101’ M lgec?
aq
other solutes even at fairly high t-butanol concentrations.

. Thus H and e;q are left to react with

Oxygen Saturation, Saturation of the solution with oxygen converts H and
e;q into HO, and 05 radicals respectively, while the OH radical does not react

With 020
H+ 0, —e=Ho, k=2 x 10° Mlgec™t (5.12)
- - 1 -1 -1
€aq * 0 —=0; k = 1.9 x 10°° M " sec (5.13)
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The hydroperoxyl radical, HC,, and its base fors (pKk = &.5) the superoxide
ion, 05. are known to be quite unreactive touards -rganic compounds.

A sericus disadvantage in using oxygen as a radical scavenger is a high
reactivit— towards secondary radicais. It appears, however, that aromatic

radical cationc are less reactive towards oxygen.

Nitrous Oxide, N_O, Nitrous oxide is a key scavenger for radiolytic

studies of OH radical reactions. It scavenges efficiently hydrated electrons

9 1

e‘»uo-—onzoo k=87x1lo

ag 2 (5.16)

" lsec™

0 + H,0 —==0OH + OH™ (5.9)
which converts the system almost completely into a one radical system. The
only remaining primary radical besides OH is the H atom, G = 0.6 thus

[oH]/[H] ¥ 1o since G = 5.6 in N_O saturated water.

OH 2
Nitrous oxide is fairly soluble in water (2 x 1072 M) and is practically
inrert towards OH and H (kH + N0 < lob Wlsecd). The l20 saturated system

kas been widely used in pulse radiolysis for messurement of rste constants of

OH radicals with variety of compounds.

5.2.2. Transient Conductivity Measurements

Irradiation of water introduces a change in electrical conductivity of
the solution due to the formation of the primary products c;q A =1% 0°1clchuiv°

HBO’ Ag = 31k Q-lcmchuiv'l and OH A = 172 Q-lclzequiv-l. The pulse conduc-

tivity technique in connection with pulse irradiation was developed about a
decade ago and has been applied to the study of primary processes in water
radiolysis. Until recently this technique has not received much attention.
Due to the recent interest in chemistry of radical ions, the transiert conduc-
tivity detection became widely used as a supplementary technique in pulse
radiolysis and several technical refinesents have been introduced.

Radiolysis of NZO saturated water after the acid-base equilibrium has
been attained can be rationalized according to eq. (5.15) (H formation being
neglected)

HEO, Nzo —_— 2 OH + N, (5.15)

As it appears no essential change in electrical conductivity can be expected
in such a system, However, formation of the radical cation in the reaction

1
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of OR redicals with an aromatic soiute either dissociative (.16 or acid
catalyzed {5.17)

*

Ar + Of — == [ArOH]" ——= Ar" + OH (5.1€)

*

Ar o O —== [ArOH]" + F' —eir” + H,0 (5.17)
will result in a net change of conductiv ty of the solution. In the first
case (5.16) the change .3 due to the formmtion of & pair eof ions snd in the
second (5.17) due to the substitutic1 of extremely mobile ISO' by less motile
radical cations. The mobility ol radical cations can ¢ measured in case of
known stoi-hiometry or assumed to be identical to the mobility of cations of
simils~ radius. This is such lower than the mobility of a,o’ or OH thus the
observed change ir comductivity is substantially due to introduction of OH
or removal of 530'. The uncertainty in equivalent conductance for the radical
cation has a minor influence on the uncertainty of the overall seasuremsent,

In the course of the reported work it appeared necessa.y to supply the optical
seasuresents with transient conductivity seasuresents. Generally tw> methods
of transient conductivity seasurement are used in connection with pulsed
sources of ionizing radiation; the DC method where the DC pulse is used to
polarize electrodes in the conductivity cell and the AC ssthod where the elec-
trodes are polarized by high frequency (usually of the arder of lo MHz) alter-
nated voltage.

An interimistic set-up for sessuring transient conductivity by the IC
sethod in connection with the existing transient signal detection system at
Rise's Linac was built. Desides some nois=» protlems whichk prohidbited measure-
ments of conductivity signals up to 12 psec after the radiation pulse the
equipsent proved to give reliable rerults. Those were in good agreement with
the results obtained with the set-up at the Department of Nuclear Chemistry
of the Royal Institute of Technology, Steckhollza). vhere part of the conduc-
tivity results were obtained.

A permanent set-up for transient conductivity seasurements which allows
simultaneous optical detection is now under construction.

General References to Chapter 5.

K.-D. Asmus, "Application of conductivity techniques in pulse radiolysis”,
in "Fast Procesres in Radiation Chemistry and Biology", G.E. Adams, E.M.
Fielden and B.D. Michael, Bds., Viley 1975, pp. 40-59 and refererces cited
therein.
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5.3. Anisole Radical Cation Reactions in Aqueoss Solution0

When Sehested et 31.3) identified an intermedist species in the water
rolecule elimination from the OH adducts of methyla ¢d benzenes as the cor-
responding radical cation, little was known about the properties of aromatic
radical cations in aqueous medium, and their formation from the corresponding
OH adducts was hardly established.

As a pulse radiolytic study of radical cations of methylated benzenes is
somewhat difficult due to the complexity of reactions, relatively short life
time of radical cations, the presence of species with overlapping spectra, and
the need for higher acid concentrations it turned out to be advantagenous to
study a related, but more stable radical cation first. Since methoxy substi-
tuted aromatic compounds are known to give relatively stable radical cationszg)
»ider anodic oxidation, anisole was chosen as a model compound.

The absorption band of the OH adduct was found at lmax = 320 nm (Fig. 5.3.)

with the extinction coefficient 5320 = 3hoo M-]‘cm—1 and the decay rate constant
for the bimolecular reaction 2k = 1.h x lo) M tsec™l.
The H adduct absorbs at the same wavelength with ¢ = booo H-lcm-l and

320
the decay rate constant 2k = 3.8 x 107 M lsec™l. When going from neutral or

slightly alkaline to acidic solution (pH O - 3), new absorption bands appear at
Amax = 280 and 4% nm, while the 320 nm band can be totally removed by oxygen
saturation (Fig. 5.3.). On the assumption that the OH radical is a precursor
for the 280 and 430 nm absorption, the extinction coefficients are €580 =

1ol The same two bands although absent in

7400 M-lcm-1 and 5430 = 3200 M~
neutral solution were observed at pH 6 - lo, Ar saturated, when (2 - lo) x lo-3 M
K25208 were added. These bands are formed in the reaction of anisole with SOZ
formed in the reaction of solvated electron: with persulphate. Extinction
coefficients for the 280 arnd 430 nm bands based on the yield of solvated elec-
trons are identical with those obtained from acid experiments, These data are

in good agreement with results of O'Neill et al.zl) which were published during
the course of this work.

These authors assign the absorption at 280 and 480 nm to the anisole rad-
ical cation. This assignment is in agreement with our results and is ad-
ditionally confirmed by the unreactivity of the species with oxygen and its
reactions with Fe' and OH™,

Oxygen saturation of acid solution of anisole removes the H adduct absorp-
tion band by scavenging the H atoms forming HOE’ but has no influence on the
decay kin;ﬁi;i)of the 280 and 43» nm bands, which is characteristic for cationic

1 4

behaviour

®oublished in J. Phys. Chem. 80, 163 (1976).
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Wavelength (nm)

Fig. 5.3. Spectra obtained 1 usec after the electron pulse.

® 3x 1o'k M anisole, pHi 8.7, NEO saturated, dose 1,5 krad

o 3x lo'k M anisole, pH O (HCIOQ), O2 saturated, dose 1.3 krad

The radical cation reacts with ferrous ion (eq. 5.18) with a rate con-

stant kg = 6 x lo8 M lsec™! at pH 1.0,

‘c»‘; 3

+ Ft —e + R
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Formation of ferric ions in reaction (5.18) was confirmed by the build-up
32)

of its absorption at 320 nm in the presence of sulphuric acid.

33)

In the Fenton reagent system Jefcoate and Norman found a drastic decrease
in the yield of hydroxylated anisoles (the yield decreases from 14.6 to 0.018)
when going from pH 3.€ to 0.8. This is to be expected as the OH adduct in strong
acid solution is converted into the radical cation and the reaction of the rad-
ical cation with ferrous regenerates the parent molecule, =+ that the net re-
action in the system is the oxidation of the ferrous ions. In alkaline solution
(pH 8 - 11) containing 5 x lo-} M K25208 the anisole radical cation reacts with

OH™ (eq. 5.19)

D |‘3 DC

9 1

forming the OH adduct with a rate constant k19 = (1.0 2 0.2) x 1o M—lsec' .

The 50; radicals reacts with anisole forming the radical cation (eq. 5.20)

[{3 DC!

+ . ——— + SO, (5.20)

with a rate constant k ¢l 21)

2 ° 4,9 x 109 nlse . Even at pH 11 with lo'u M
anisole about 90% of the 80; radicals will react with the substrate and not
with OH™ to form OH radicals (kgy- , o= = 6.5 X 1o’ N lgec 12V

constant for reaction (5.19) was determined by the decay rate of the radical

+» The rate

cation at 430 nm as a function of the OH  concentration, The product of re-
action (5,19), the OH adduct, was identified by the build up of a spectrum
similar to and with the same extinction coefficient as that measured in N20
saturated solution for the OH adduct,
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The kinetics of reactions (5.18) and (5.19) are ionic strength dependent
and the plot log k/k, vs 1/2(\1 vz, 1) (Fig. 5.4.)

‘Vl /' ."l

Fig. S.4. The effect of ionic strength, p, on the
rate of anisole radical reactions:
0, reaction with Fe2*, eq 5.18
@, reaction with OH , eq 5.19

is consistent with the species having a unit positive charge. In a saturated

anisole solution (1.4 x lo-2 M) the anisole radical cation reacts with the

solute, (eq. 5.21) (eq. 1 in ref. 21).

-

(5.21)
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The rate constant for this reaction measured in acid solution (pH O - 2) is
%, = 1x lo’ M lsec™. The product of this reaction has absorption bands at

380 - 420 nm (Fig. 5.5.) Amax = 4o%5 nm and €405 = 2500 wlcal, The product

decays 1n a second order reaction with a rate constant 2k = 2 x lo9 H-lsec-l.
The absorption at 380 - 420 nm can be ascribed to the species II on the

tasis of its second order decay and the similarity to the absorption spectrum

of the biphenyl H adduct3°).

oo -

§

Q
004,

g

%0 0 @0
Wovelength(nm)

Fig. 5.5. Transient absorption spectra of the product
from the reaction of the anisole radical cation
with the solute molecule, eq. 5.20

An indication of the formation of such dimeric products is found in the nitro-
34) concluded that the

dimeric radical cation is derived from a reaction of the monomeric radical

methane~borontrifluoride system, where Allara et al.

cation and the substrate, They observed the same E.S.R, spectrum for the
radical cation for anisole and 4,4'-dimethoxybiphenyl and found that the
latter compound was a product of the reaction of the anisole,

An electrophilic attack by the radical cation on the electronerich parent
compound molecule seems to be an important ability of radical cations of aro-
matic compoundsBS). It was observed in anodic oxidation of mesitylene36) and
suggested as an important process in oxidative substitution of arenes by co-
balt (III)37). However, it was not observed for radical cations of methylated
benzenesjl), but conditions with low solubility of the substrates and low sta-
bility of the corresponding radical cations are unfavorable in the water system.
A fast reaction with the solute confirms the assignment of the radical cation
to a monomer species. As pointed out by O'Neill et 31.21) the anisole radical

cation in dilute anisole solution (lo'h M) decays in a second order reaction
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¥ lsecl. The kinetic

9

with a rate constant in neutral solution 2k = 1 x lo
of this reaction was found strongly dependent on pH, which qualitatively may
be explained essentially as an ionic strength effect. The rate constant

10 4nd & x 107 M lsec™! respectively.

measured at pH O and 1 is 2k = 1.2 x 1o
The determination was made with and without oxygen which had only a minor in-
fluence on the rate, but from the higher yield of the product in oxygen sat-
urated solutions it can be estimated that the H adduct reacts with the radical
cation at the rate corresponding to the rate given for the OH adduthI)} The
product of the bimolesular reaction has a broad, weak absorption in the region
of 660 - 8% nm with Amax = 8lo nm and 58101! o0 H'lcm_l taking the yield of
the product equal to half of the anisole radical cation yield. The absorption
at lmax = 8lo nm decays by first order with a half life 90 psec. This first-
order decay may correspond to the depro.onation reaction that is considered to
be a step leading to a biphenylic product, It was found that 2,2', 5,5' tetra-
methoxydiphenyl was a product of 1,4 dimethoxybenzene radical cntion’e). In
the ~ase of methylated benzenes the main decay path for radical cations is the
proton split off from the methyl group leading to the benzyl rndiclljl). As
0'Neill et 31.21) we find no indication of a proton loss from the methyl group
in the anisole and higher methoxylated benzenes, A pH independent first-order
decay of the radical cation was not observed. This is in good agreement with

39

the molecular orbital calculations y which show the increase of a negative
charge on the methyl group under ionization of anisocle, whereas the methyl
group of toluene becomes more positive.,

Concerning the formation of radical cations from hydroxycyclohexadienyl
radicals, 0'Neill et 51.21) assume that the rate of H atom abstraction from
substituents by the OH radical is two order of magnitude lower than the rate
of addition. This assumption does not apply in the case of methylated benzencsj),
where for toluene the rate for the direct H abstraction is only about one order
of magnitude lower than the rate of addition., Furthermore, this rate is pro-
portional to the number of methyl substituents which yields an appreciable
amount of directly formed methylbenzyl radicals from the higher methylated ben-
zenes.,

With 0.6 M NaOH, Nao saturated solution of anisole a transient with a peak
at 280 nm has been observed. This absorption can be ascribed to the phenoxy-
methyl radical, as 0" is known to sbstract an H atom from the methyl group
rather than add to the ring“'AO).
solution has a shoulder in thie region (Fig, 5.3), which could be characteristic

of the Of adduct spectrum, but may as well be explained by an absorption due to

The spectrum of the OH adduct in neutral
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a second radical, the phenoxymethyl radical. Furtkher support for a direct
H-abstraction reaction by OH radicals is the slightly lower yield of the rad-
ical catior in acid solution (S5 - lof lower) as compared to the yield in neutral
solution. The yields of the primary radicals, OH in acid and e;q (50;) ir neu-
tral solutior, are about equal, which indicates that a small fraction of OH rad-
icals reacts in ancther reaction. This conclusion is made on the assumption of
a complete conversion of the OH adduct into the radical cation, which is the
case for the methylated benzcnes’l). The transient spectrum obtained with
1,3,5-trimethoxybenzere both in neutral N20 saturated and at pi 1 in argen-
saturated solution shows a peak at 260 nm that can be ascribed to the product

of direct H atom abstraction from the methyl group. Additionally, phenol is
recognized as a product of f-ndiolysisu) and in Fenton reagent hydroxylation
of nnisol¢35). In the latter case, the phenol yield is independent of pH in
contrast to the yield of methoxyphenols and constitues about 7% of the yield of
methoxyphenols at pH 3.6. Thus, the H atom abstraction from the methyl group
can be considered to be a possible source of phenol. This point can be import-
ant to the explanation of the lower yields of radical cations obtained in acid
solution in relation to the OH radical yield. However, it does not seem to
explain some very low yields 45 - 6o% obtained by O'Neill et 11.21) for compounds
substituted with several methoxy groups.

5.4, Conversion of hydroxycyclohexadienyl radicals of methylated

benzenes to cation radicals in acid ltdil.

K. Sehested et al.B)

reported results from a pulse radiolytic study of the
methylated benzenes in agueous solution and tentatively assigned a transient

species, appearing as an intermediate in the water elimination reaction in acid
solution, in which the OH adduct is transformed into the corresponding methyl-
benzyl radical via the radical cation. This chapter describes further experi-

ments, which confirm the previous assignment.

Spectrum in mcid solution. Aqueous solutions saturated with various methyl-
ated benzenes in the pH range 0-7 were pulse radiolysed. Solutions at pH's > 3
were NZO-saturated and at pH's ¢ 3 Ar- or Oz-saturated. At high pH, the tran-
gient species are the hydroxycyclohexadienyl radical with the characteristic
broad absorption band at 320 - 330 nm and a small yield of the methylbenzyl rad-
ic-11'3). As the pH is lowered, two new bands form, one below 300 nm, the other
in the visible region at 430 - 470 nm. These bands decay simultaneously yielding
a product, which is identified as the corresponding methylbenzyl rndicllj).

These three spectra from p-xylene are shown in Fig. 5.6.

®bublished in J. Phys. Chem., 81, 1363 (1977).
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Spectra of transient species in the acid catalyzed water
elimination reaction of p-xylene:

OH adduct

radical cation

p-methylbenzyl radical,

Previously, the new spectrum was tentatively assigned to the radical cationB)
The intermediate species from isodurene existing between the hydroxycyclo-

hexadienyl radical and the methylbenzyl radical spectrum is illustrated in
Fig. 5.7,

At 331 nm the OH adduct absorption decays into the radical cation
species absorbing at 465 nm, which successively decays into the methylbenzyl
radical absorbing at 331 nm,
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TIME 10p sec.

Fig. 5.7. Oscilloscopic traces of the transients in

isodurene solution, pH 3.45.

a) 331 nm (absorption of the OH adduct
and the trimethylbenzyl radical)

b) 455 nm (absorption of the radical cation)

Time scale in both pictures,'lo psec per div-

ision.

The decay of the OH adducts at 320 - 330 nm changes from a se. :nd order
reaction ir neutral to a pseudo-first-order in acid solution, The rate of
this pseudo-first-order decay is found to be linearly dependent on the hydrogen
ion concentration and corresponds exactly to the build up of the absorption at
Lso nm. This behavior has also been found for the formation of radical cations

21,#5)’ and methoxylated benzoic ucids“Z).

of bipheny13°), methoxylated benzenes
where the OH adduct proves to be the precursor for the radical cation., A
"clean" spectrum of the radical cations, without interference from the H adduct
absorption, can be obtained in oxygen-saturated acid solution, since neither
the absorption bands nor the kinetics of the radical cations are affected by

oxygen, This spectrum can also be ottained at pH above 3 in Nzo-saturutcd sol-



utions for the higher nethylated compounds. In these cases the increase of
the tard height at 4S50 nm by a factor of two is demonstrated in N O-utmtod
solution compared ty Argon-saturated solutions. Moreover it was shoul, ) that
the O adduct is guantitatively converted into the methylbenzyl radical in aciad
soluytion. This justifies the use of the corrected yield of OH redicals in the
cal-ulation of the extinction coefficient of the nevw species. The correction
applied to the OH radical yield is due to the saall fraction entering the re-
action of the direct ¥ atom abstnction” . The extinction coefficients were
ther calculated from the absorptions in strong acid solution, pif O - 2, both

ir Ar- and Oz-satunted, ard the results are given in Table S5.1.

Tatle 5.1. Absorption Bands and Extinction Coefficients of the Rudical
Cations of Methylated Benzenes in Aqueous Solution.

l-! [ 4
nm wlcg!
toluene 285 -
430 -
o-xylene 2% 6000
&30 2000
s-xylene 28s €300
bS50 2300
p-xylene 2% 7000
b3s 2050
mesitylene 292 6600
475 2250
hemiztillitene 2% 6700
bSo 195
pseudocumene 285 7000
bl 2300
isodurene 290 €500
559 2200
prehritene b 7000
455 2000
durene 295 5000
bés -vLﬂoo
perntamethylbenzene 305 3750

478 ~1500
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The high acid concentration was used in order to obtain instantaneous
conversion of the OH adduct, which is necessary to get a full developed spec-
trum of the radical cation of the low methylated compounds because of the
fast first-order decay of their radical cations. Even though the extinction
coefficient for o- and m-xylene may be too low. For the same reason it is
not possible to offer an extinction coefficient for the toluene radical cation,
because the formation and decay rate in 1 M acid is of the same order of magni-
tude. However, the spectrum of the toluene radical cation can be observed in
even stronger acid (2-5 M), but at these acid concentrations the primary
yields are not well known. The ability to observe the spectrum in very strong
acid i$ due to a general increase of the lifetime of the radical cations of
the methylated benzenes at .cid concentrations above 0.5 M, This effect of
acid concentration is not fully understood at the moment. For the high meth-
ylated benzenes the solubility is so low that the formation of the radical
cation becomes controlled by the rate of reaction of the OH radicals with the
substrate. This together with a fairly fast decay may result in a low value

for the extinction coefficient for these compounds.

Formation of the new transient spectrum in neutral solution. Except for

toluene, o- and m-xylene the radical cation can be observed in neutral solution

by reacting SOL radicals with the methylated benzenes. Persulphate is known
lo -1 1
M

sec
producing 50; radicals “°, while the OH radical rescts much slower with the

persulphate, k S.lo6 H'lsec°1 1). The sulphate radical reacts with aromatic

15,17'19,21 ,lfl’)

to scavenge hydrated electrons with a rate constant of 1.1 x lo

43)

substrates yielding the radical cation in several cases., No

addition products were detectedZO).

In an Ar-saturated neutral solution of methylated benzenes containing
5 x lo-} M 52 g-, the transient spectrum consists of absorption bands at
k20 - 470 nm, 320 - 330 nm and at 280 - 300 nm. The OH radicals produce the
adduct with a band at 32 - 330 nm, and the SO, radical is believed to produce
the radical cation, When the OH adduct absorption is subtracted from th.e spec-
trum, the remaining absorption is identical with the spectrum found iu oxygen-
saturated acid solution. Moreover the extinction coefficient based on

GSO' = Ge- = 2.7 is identical to that obtained in acid solution, based on the
b a
corrected SH yield, A '"clean" spectrum of the radical cation formed in the re-

action with 50;, free of the OH adduct absorption, may be obtained by scav-

enging the OH radicals by tert-butyl alcohol, since the so; radical reacts with

the alcohol with a rate constant of k = (9 11 «x lo5 M-lsec-l 2l’), while the

8 1__..-11)

OH radical reaction has a rate constant of k = 5.2 x lo° M "sgec . Using
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a concentration of tert-btutyl alcohol two hundred times greater than the con-
centration of the methylated benzenes, more than 9o% of the OH radicals are
scavenged, while more than half of the 50; radicals react with the methylated
benzenes. The resulting spectrum at pH 8.2 is again identical to that obtained
in acid solution. In Fig, 5.8 the normalized spectrum of the p-xylene radical
cation obtained in neutral solution containing tert-butyl alcohol and 8202‘ is

compared with the spectrum observed in acid oxygen saturated solution.

e€x107?

L £
300 350 400 450

Wavelength (nm)

Fig. 5.8. Spectrum of the p-xylene radical cation in aqueous

solution:
X = 0,~saturated with 1 M KC10,;

0 — Ar-saturated at pH 8.2, containing 5 x lo™> M 5,05”
and o.4 M tert-butyl alcohol; normalized at 435 nm,

The rate constants for the reaction of the SO,'+ radical with the various
methylated benzenes were measured from the formation of the absorption band

at 430 nm, These rate constants are generally three to five times lower than
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the rate constants for the OH radical reaction. The rate constants are all
of the order of 1 to 2 x 109 H'lsoc°1. Some of the rates are rather 4ifficult
to determine accurately, however, because of the overlapping spectrum of the

so; radical.

Assignment of the transient species. The assignment of the intermediate

transient species to the radical catior is based on its identity with the
species formed by the 80; reaction and on the ionic strength dependency of the
reaction of the species with ferrous and hydroxide ions. The reaction with
Fe°' was studied in N_O-saturated sulphuric acid solution at pif 2.5 - 3.5.
The ratio of the concentrations of the methylated benzenes and the ferrous ions
was adjusted so that most of the CH radicals react with the benzene. The pH
was chosen as a compromise to avoid the H adduct formation and to obtain a fast
transformation of the OH adduct into the radical cation. For this reason only
tri- and tetramethylbenzenes were used. The reaction is a reduction of the
radical cation to the parent compound and an oxydation of ferrous to ferric
ions.

(CHy) CoH" + Fe®* —e (CH) CoH,  + Fe* (5.22)

The rate constant was determined at different ferrous ion concentrations
by following the decay of the radical cation at 46o nm and the formation of

ferric ions at 302 nm32). The rate of this reaction for pseudocumene and iso-

7 W lsec™l. For the ionic strength measurements

durene was (6.0 = 1.0) x lo
the sulphuric acid was substituted by perchloric acid and the ionic strength
of the sclution was adjusted with NnClO“. The rate was measured from the
decay of the radical cation and the rate constant was calculated from the

equation

ky = Koy k25 (»)
where km is the measured first order decay, k25 the rate for the formation of
the methylbenzyl radicals in acid solutioh. and k22 the rate constant for re-
action (5.22). As was found for the anisole radical cationks) the rate of
reaction (5.,22) is ionic strength dependent., Fig. 5.9 shows the result for

isodurene where the initial slope of the curve equals +2.
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Fig. 5.9. The effect of ionic strengtk, p, on the rete of the
isodurens radical cati-n reactions. k, msasured rate
constant, k° rate constan! extrapolated to ztco ionic
strength:

X — reaction with Fe2', pif 3.1;
O — formation of the trimethylbenzyl radical, pH 3.1;

A — resction with O , pH lo.5.

This supports the conclusion, thet our species has a unit positive charge.
k?5 proved to be independent of the salt concentration.
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A second reaction supporting our assignment is the reaction with hydroxide

ions yielding the OH adduct
L ’ - -
(CHy) CgHg_, + OH ——=(CH,) C/H, OH (5.23)

This reaction was studied in argon-saturated solutions at pH 8 - 11 containing
5205-. The radical cation was formed from SOK radicals and the OH radicals
formed the OH adduct. At pH 7 the radical cation decays faster than in acid
solutions, and it is concluded from the additional formation of OH adduct that
a reaction with water (reverse of reaction (5.24)) compete with the formation
of methylbenzyl radicals (reaction (5.25)). This reaction will be described
in the successive chapterk6). At higher pH the rate of the radical cation de-
cay is proportional to the hydroxide ion concentration, and additional OH
adduct is formed according to reaction (5.23) on the expense of methylbenzyl
radicals, At pH's approaching 11 some minor part of the 50; radicals contri-
butes to the OH adduct formation directly through the reaction with hydroxige

ions yielding OH radicals. The rate constant for this reaction is 7.3 x lo
M-]‘sec“1 19) and will be significant only with compcunds o' low solubility,
However, this reaction has no influence on the determination of the rate con-
stant of reaction (5.23), as this is measured from the decay of the radical
cation. The rate constant for reaction (5.23) was calculated from an equation
analogous to (A), but instead of using k25, which is considered to be pH in-
dependent, a rate constant as measured at pH 7 taking into account the reverse
reaction of (5.24) is used, the reason being that reaction (5.23) is competing
with reaction (5.25) as well as with the reverse reaction to (5.24). The rate

9

constant for isodurene radical cation with OH  (reaction (5.23)) is 1.2 x lo
M'lsec-1 and, as shown in Fig, 5.9, the curve for the rate constant as function
of ionic strength has a slope of -1 again suggesting a unit positive charge

for the transient species,

The cationic behavior of the species is additionally demonstrated by its
unreactivity with oxygen. The spectra obtained for the negative ions of ben-
zene, toluene, and p-xylene by dissolution of alkali metals in organic systems
show essentially the same absorption maxima as the corresponding radical cat-
ions which should be expected for a one electron deficient original compound“7)
Furthermore the absorption energies of the toluene radical cation from the

L48)

photodissociation spectra are 3,0 and 4,7 eV compared to our values 2.9 and
L.35 eV in the aqueous phase, Thus the assignment of the species to the rad-

ical cation seems justified,
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The reaction mechanism in acid solution. The formation and decay of the

radical cation in acid solution can be rationalized by the reactions:

. " -,
(CHy) CeHy OH + i —e= (CHy) CHe™ 4 H0 (5.24)

. + . +
(CH,) CcH, | —e= (CHy) ,CeHe CH, + H (5.25)

The dependency of the formation of the radical cation on the hydrogen ion con-
centration suggests a protonation of the OH adduct as the first step, followed
by a rapid elimination of a water molecule. Since an absorption, which could
be attributed to the protonated form of the OH adduct, was not observed, the

elimination reaction must then be very fast. An alternative mechanism could

be an OH abstraction from the OH adduct caused by the high hydrogen ion con-
centration, In this case the adduct probably has to be in equilibrium with a
charge-transfer complex. The OH elimination from OH adducts is suggested by

L9)

Bansal and Henglein in the cathodic process.

In the oxydation of benzene and its derivatives by the Fenton reagent and

33,50)

in related systems , a reaction like {5.24) involving the radical cation

was suggested to explain the low yields of hydroxylated products in acid sol-

ution. Furthermore this reaction was postulated for the formation of radical

cations from biphenleO) and methoxylated benzeneszl)

zwitterions from methoxylated benzoic acidshz).

and for the formation of

Because of the complexity of the overall mechanism in the system, the for-
mation of the radical cation from the OH adduct in acid solution is a combined
effect of several reactions. The rate constant for reaction (5.24) can not be
accurately determined for the lower methylated compounds (one and two methyl
groups) because of a fast decay of the radical cation and a back reaction with
Hzohé). A lower limit of 5 x 108 M secd for these compounds is estimated.
For the slower decaying cation (three, four and five methyl groups), the rate
constant k(OH adduct + H*), reaction (5.24), can be measured directly by the
build-up of the positive ion transient as a function of the hydrogen ion con-
? M lsec™! for all

the compounds, and we assume that this velue also is valid for the lower methyl-

centration. The rate was found to be kzh = (1.5 : 0.5) x lo

ated benzenes (Table 5.2)., This rate constant agrees with values reported for

methoxylated benzenesZI).
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Table 5.2. Rate Constants for Reaction of OH Adducts of Methylated
Benzenes with Hydrogen Ions.

KoH adduct + H' (5.24)

x 10”2 M 1sec™?
toluerie -
o-xylene 0.5
m-xylene -
p-xylene >0.5
mesitylerne >0.5
hemimillitene 1.4 2 0.3
pseudocumene 1.5 1.2
isodurene l.0 0.3
prehnitene 1.5 2o.2
durene 1.1 25,2
pentamethylbenzene 1.5 2 0.3

Reaction (5.25), a proton splitting reaction, is the main path of the
decay of the radical cations of the methylated benzenes in acid solution. It
was found that the conversion of OH adducts to methylbenzyl radicals was quan-
titative}). This reaction was not observed in the study of anisole21’b5),
probably because its methyl group becomes more negative on ionization33) con-
trary to the methylated benzene derivatives where the methyl group increases
its positive charge, The fractional charge on the methyl group in toluene
radical cation is calculated to be about lo¥ increasing to 20%¥ for durene and
pentamethylbenzene radical cationssl).

Neither a dimerization of the radical cations nor a reaction with the
solute, as were found in the anisole systembﬁ), was observed for the methylated
benzenes. This may be due to the short lifetime of the radical cations and the

low solubility of the methylated benzenes.

5.5. Reactions of the Radical Cations of Methylated Benzene

Derivatives in Aqueous Solution0

In the previous chapter the OH radical induced formation of radical cations
of methylated benzenes in aqueous acidic media and neutral solution is described.
The precursor of the radical cation in acid media is the OH adduct, whereas the

cation is formed directly in a reaction with SOZ radical anions in neutral sol-

®submitted for publication in J. Phys. Chem,
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ution. The dependency of ionic strength cf some reactions of radical cations
demonstrated the unit positive charge of the species.

This chapter describes the proton splitting reaction and the reactions
with water and hydroxide ions. Some considerations c¢f the reverse reactions

are also included.

Acid solution. The radical cations decay in acid solution by first-order
kinetics independent of solute and acid¢ concentration up to 0.5 M acid. The
product of the decay is exclusively the corresponding methylbenzyl radical.

+ . +

(CHy) CeHe " ——==(CHy) CeHe CH, + H (5.25)
In acid solution all the OH radicals yield the methylbenzyl radicals, mainly
through the conversion of the OH adduct via the radical cation, but with a
small contribution from the direct attack on a methyl groupB).

The rate constent for this conversion was previously determined by measuring

the rate of the formation of the methylbenzyl rndicala))

as the existence of
the radical cation as an intermediate species was not established yet, The for-
mation of the radical cation from the OH adduct was demonstratedsz) to be a re-

sult of the reaction of the hydroxycyclohexadienyl radicals with hydrogen ions.

~ + +
(CH,) CeHe OH + H' —am (CH,) Cele™  + H0 (5.24)

The rate constant for this reaction is (1.5 : 0.5) x lo9 H-lsec-l irrespective
of the compound, The appearance of the radical cation in acid medie, however,
is governed by the rate of a reaction, in which the radical cation reacts with
water yielding the OH adduct (reverse of reaction (5.24)).

The rate constants for the decay of the radical cations in reaction (5.25)

3

were determined in 1o 7 to 1 M HCth. Ar or 02 saturated soluticn.



Table S.3. Rate Constant for the Methylated Benzene Radical Cation Reactions in Aqueous Solution
Proton splitting Methylbenzyl Reaction with HZO' Reaction with OH™,
reaction, radical k M lgec™? k,, Mlgec™?
-1 ~2h 26
k25 sec %
(see text)

toluene loo 2 0.5 x 107 <5 > 2 107 -
o-xylene 2.0 =~ 0.5 x 1o ~lo 814 x10° -
m-Xylene 2.0 : 0.5 x lo6 <5 1.5 0.5 x 106 -
p-xylene 1.4 2 0.2 x 106 al0 5.0 = 2.0 X 10° -

'
mesitylene 1.5 % 0.2 x 10° <s 1.0 * 0,5 x 1o - £
hemimillitene 1.5 : 0.3 X lo6 Lo 5.0 = 2,0 x 1o ~l x lolo '
pseudocumene 2.0 2 0.2 x 107 6o 3.0 - 1l.0 x lo° 3,52 0.5 x 109
isodurene l.o 2602 x 1<:~5 65 1.0 -~ 0.3 x 1o 1.2 2 0.2 x 109
prehnitene 2.5 Y 0.2 x lo5 ~ 90 b -2 x1lo 6.0 2 1.0 x lo
durene 2.7 2 0.5 x lob 2 95 6 -2 1.5 2 0.3 x lo
pentamethylbenzene 1.6 = 0.3 x lou > 95 < 4 l.0 = 0.2 x lo8
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These rate constants (Table 5.3) agree with those measured for the build-up
of the methylbenzyl radicals (k2 in ref. 3) for compounds substituted with
three or less methyl groups. For the higher methylated be-zenes (four or five
methyl groups) the rate of the decay of the cation is slower than the pre-
viously measured rate of build-up of the methylbenzyl radicals. This overes-
timation of the build-up rate may be due to the low rate of the reaction of
the solute with the primary radicals because of the low solubility of the
compounds together with a fairly high direct formation, up to 3o%, of the
corresponding methylbenzyl radicals. The rate constants for the proton split-
ting reaction (5.25) varies three orders of magnitude from one to five methyl-
substituents.

As the Hammett substituent constants for most of these compounds are not
available, the rate constants, k25, are correlated with the adiabatic ionization
potential of the parent compounds (Fig. S.lo). The ionization potential is
primarily determined by the energy of the highest occupied molecular orbital and
Raosj) has shown a linear relationship between the IP and the Hammett substituent
constants for disubstituted benzenes, where orly little or no steric effects due
to substituents are operative, No appreciable steric effect is expected from
the methyl groups in the studied compounds thus the substituent effect is pri-
marily of electronic nature.

At evern higher acid concentrations, 1 to 8 M HClOu. the k25'§ become suc-
cessively lower, e,g. the rate for p-xylene radical cation is lowered by an
order of magnitude in going from 1 to 5 M acid, Accordingly an attempt was made
to detect the reverse reaction (-5.25), i.e. a protonation of the methylbenzyl
radical. It was not possible to observe this reaction up to 5 M acid neither
with methylbenzyl radicals produced by an H atom reaction with some methylben-
zylchloride compounds nor in the case where the direct formation of methylbenzyl
radicals exceed 29 (high methylated compounds).
52)

Neutral solution. As mentioned earlier the radical cations decay faster

in neutral than in acid solution. Contrary to acid media, where the cations
decay exclusively into the methylbenzyl radicals, the decay in neutral solution
yields the OH adduct and the methylbenzyl radical. The rates of decay are in-
dependent of solute concentrations, which excludes a reaction with the parent
hydrocarbon as is the case with anisolehs). There is no indications of a
radical-radical dimerization since the decay is strictly first-order, indepen-

dent of dose rate.
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Fig. 5.1c. Rate constants of the reactions (5.25) -x- and
(5.26) -o- as function of the ionization poten-
tial of the parent compounds.

These results are ascribed to a reaction of radical cations with water
in competition with the proton splitting reaction, reaction (5.25)

(CHB)nCGHG’:n + Hy0 —== (CHy) CcHo OH + H' (=5.24)
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Sh)

This reaction is analogous to that proposed for other aromatic radical cations” °.
Reaction (-5.,24) is the reverse of reaction (5.24). It was studied in electron
irradiated Ar-saturated neutral solution containing persulfate by producing the
radical cations in a reaction of 50; radicals with the substrate. From the
radical cation decay data k-2h can be derived under the assumption that k25 is
the same in neutral as in moderate acid solution. Only the k-ZQ'S for the
higher methylated compounds (n > 3) can be determined in this way, as the decay
of the lower methylated compounds (n = 1 or 2) is either too fast to be measured
{toluene and m-xylene) or the cation radical spectrum overlaps the original
spectrum of the 50; anion radical (kmax = 450 nm), which prohibits a meaningful
determination of the radical cation decay (o-xylene and mesitylene).

An independent way of determining the rate of reaction (-5.24) is to measure
the distribution of the OH adduct and the methylbenzyl radical formed from the
radical cation. This was done by analyzing the spectrum from 2bo nm to 340 mm
in an Ar-saturated solutior. containing 5 x oo M szog' and comparing this with
the spectrum in Neo-saturatnd. Using the extinction coefficients for the OH
adduct (at 320 - 330 nm) and the methylbenzyl radical (at 250 - 270 nm and 320 ~
3% nm; and taking into account the amount of directly formed methylbenzyl rad-

3

icals”’, the yields of the methylbenzyl radical produced from the decay of the
radical cations were calculated. These yields are given as percentage of the
total radical cation yields in Table 5,3, From the distribution of the OH ad-
duct and the methylbenzyl radical and from the observed decay rate of the rad-
ical cation, k25 and k-zk can be calculated., The results confirm the assump-
tion that the rate constants of reaction (5.25) are uncharged in acid and neu-
tral solutions., Furthermore k_2k from the two sets of experiments agree. The
mean values are shown in Table 5.3. These rate constants decrease by seven
order of magnitude as the number of methyl groups increases from one to five.
This trend is consistent with the high rate of the hydrolysis reaction reported

22)

for the benzene radical cation™ ", k-zk shows a good correlation with the ion-

ization potential of the parent compound (Fig. 5.11).
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Fig. 5.11, Rate constants of the reaction (-5.24) as function
of the ionization potential of the parent compounds.

Alkaline solution. In alkaline solution the radical cation reacts with
hydroxide ions forming the OH adduct:

(CHy) CeHe' 4 OH ——em (CHy) CcHe_ OH (5.26)

As a consequence of fast reaction (-5.24) with water only the methylated ben-

zenes with n 2> 3 can be studied with respect to reaction (5.26), With compounds
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of n ¢ 3, K_> is 107 or higher {Table 5.3) and we are unable to establish a
competition between reaction (-5.24) end (5.26), because the decay of the rad-
jcal catior is either too fast or miwed with the SO; decay (see neutral solution),
snd the product in both cases is the O adduct. Axother limitation is that pro-
duction of the redical cation from 50; is not feasible abcve pH ,wl2, as the
rate constant for the reaction 50; + OH —e 50; + OH is 7.3 = 107 W lgec?) 19).
On the other hand, if reaction (5.25) and (-5.2F) are competing, which means
that an sppreciable amount of methylbenzyl radicals are formed (n > 3), a com-
petition with reaction (5.26) in the pH region 8 - 12 can be established.

The radical cation was produced in an electroa irradiated Ar-saturated al-
kaline folution containing szog‘ and K, wes cal-ulated from the decresse in
balf-life of the radical cation over the pii range 8 - 12. As an example the
half-life versus pi for isodureme redical catiom is shown in Pig. 5.12.

Ty, poec

Fig. 5.12. The half-life of the first order decay of the radical

cation of isodurene (1,2,3,5) as function of pH. The

solid line is calculated as 1.2 x 1o° W lsec™? for re-

action (5.26).
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The rate constarts in Table 5.3 are determired by this method but checked by
the method of determining the yield of methylberzyl radicals formed. This
is dore by recording the resulting spectra as previously in neutral solution

ard froz this yield, k,. and k_,,, the rate of reaction (5.26) is derived.

Trese rates agree uiththose measurea from the kinetics. Also in case of
reaction (5.72) the rate constants can be correlated with the ionization
potential of the parent compound (Fig. 5.lo).

The reverse reaction of (5.26), a dissociation of the OH adduct, was not
observed directly, but its existence for several of the compounds {n> 3) is
strongly suggested from a previous study on the formation of the methylated
bernzyl radicals in acid solutionj). The flat portion of the growth curve at
pH's 3 - 5 indicates the formation of the methylbenzyl radicals from an unca-
talyzed reaction like (-5.26) followed by reaction (5.25). This type of re-
action, (-5.26), proceeds with DHA55) and is discussed in more detail in a
later chapter concerning the uncatalyzed water elimination reaction356).
k_,¢ for methylated benzenes are generally small « lob) and can be measured
in only a few cases (n = 4 or 5), but some upper limit estimates were made
before (k1 in Table IV ref, 3). Reaction (-5.,24) must be slow compared to

reaction (5.25) in order to obtain reliable values.

5.6. Radical Cations of tert-Butylbenzene, Isopropylbenzene and
®
Ethyltenzene

The lack of a proton splitting reaction from the anisrle radical cation

may lead to the supposition that only protons from the a-position can be lost.
It is therefore of interest to investigate the radical cations of compounds
with g-positioned H atoms, such as the homologs tert-butyl-, isopropyl- and
ethylbenzene. It turned out that this study requires very high acid concen-
trations (2-8 M acid), thus a quantitative interpretation of the results is
difficuit since the G-values of the primary radicals are not well known at

these acid concentrations,

Tert-Butylbenzene. The absorption spectrum obtained in neutral N20

saturated solution of tert-butyltenzene is shown in Fig, 5.13.

*This subject is under current investigation at Rise's Accelerator Department,
Some of the results and conclusions may therefore be considered as preliminary
only.,
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Fig. 5.13. Absorption spectra obtained in saturated
tert-butylbenzene solution saturated with
N20 after the 1 psec, 1.6 krad electron pulse,
o pH 7, o pH 13.8

The absorption maximum at 320 nm is assigned to the OH adduct in agreement
with the absorption of OH adducts cbserved for methylated benzenesj). The
extinction coefficient calculated for the total yield of OH radicals, G =

5.4, is € = 3200 M-lcm-l, which is somewhat lower than that for methyl-

320
ated benzenes, This value may be too low due to a partial direct abstrac-
tion of methylic hydrogen. A meaningful correction, however, like the one
3), is in this case prohibited by the weak

absorption of the methylic radical,

applied for methylated benzenes

The spectrum obtained in o,6 N NaOH, N20 saturated solution has an ex-
lomt (Fig. 5.13). 0 reacts with tert-
-butylbenzene by abstracting an H atom from one of the methyl groups form-

tinction coefficient ¢ = 1600 M~
260
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ing a substituted methyl radical. The results are in contrast to the high
extinction coefficients obtained for the methyl substituted benzyl radicals
(me > lol')}) , but agree with the results obtained under the same conditions
with anisolehs). The conclusion is that the abstraction of x-hydrogen results
in a radical of much stronger absorption than in the case of p-hydrogen abstrac-
tion, where the radical site is separated from the sromatic ring.

Going from N_O saturated neutral to acid solution the spectrua does not

2
change except for a gradual lowering of the extinction at 320 nm. This can be
interpreted as a formation of the methylic radical on the expense of the OH

adduct as a result of an acid catalyzed water elimination from the OH adduct.

m T LI ¥ BLE T 4 ¥ 4 T

014 4

Q10} J
006} 4
o .
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I3 i i | i i L i L
*0 20 400 480 560
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Fig. 5.14. Absorption spectra obtained in saturated tert-butyl-
benzene solution, Ar saturated, after the 1 usec,
1.6 krad electron pulse,
e 1M HClOu, e 2M HClOk.



Since this redical has a lower extinction coefficient than the OH adduct in
the recorded spectral rarge, azd since the H adduct has the same absorption
and approximately the same extinction as the OH adduct, no other changes are
to be expected.

In 1 M HC10, sclutior a weak absorption maximuz in the rarge 420-520 nm
can be observed and in 2 R acid rew atsorption bands at 28% and 455 nme appear
Fig. 5.14). The absorption at 320 nz is now slightly higher, whizh can be
attributed to additional absorptio= from the tail of the 285 nz peak. The
absorptions at 285 ard 455 nm are assigned to the tert-butylbenzene radical
cation. A first order decay with k = 1.0 x 105 set:.i was observed both at
285 and 455 nm. This decay is ascribed to the loss of a methylic proton.

The possibility of radical cation-solute dimerization snalogous to that ob-

served for anisole is excluded on the vasis of the lack of a transient corres-
pornding to the product of this reaction. This dimerization has been observed
in oxidation of tert-butylbenzene with Co( III) trifluorcacetate in trifluoro-

b22)

acetic acid giving a trazsient blue solution”’’. The jroduct of the dissriza-
tior was also observed for lnisoleks). If the decay of the radical catior. was
ascribed to a dimerization this would result in a second order rate constant

of 5x 108 W lsec] which is much higher than that of anisole (1 x 10/ M}
sec-l)‘.s). Further experiments are going on in order to confirm this conclu-

sion.

Isopropylbenzene (Cumene) and Ethylbenzene. Transient absorption spectra

obtained after pulse radiolysis of isopropylbenzene and ethylbenzene in 0.6 N
NaOH , N20 saturated solution, are shown in Fig. S5.15. The spectra are similar
to those obtained for methylated benzyl radicals, and the extinction coeffi-
cients 268 = 16.000 for isoprcpﬁ;num and t258 = 17.000 for ethylbenzene
are of the same order of magnitude” . This indicates a formation of an a-hy-
drogen deficient radical. In neutral HZO saturated solution absorptions at
265 nm for isnpropylbenzene and 258 nm for ethylbenzene were observed together
with the absorptions of the OH adduct at 320 and 318 nxm respectively. Using
the extinctior coefficients from alkaline solution result in a direct H abstrac-
tion of 15-29% for the two compourds. These figures are substsntially higher
than that of direct H abstraction obtained from methylated benzenes (6% per
sethyl group)”
tovards OH radicals.

In acid solutions (pH 3-0) the ultraviolet bands are growing in on the

. This may well indicate a higher reactivity of the a-h;drogen

expense of the OH adducts. As for methylated benzenes this is interpreted

as an ycid catalyzed water elimination reaction. The bands, however, have a
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Fig. 5.15. Transient absorption spectra obtained
after pulse radiolysis of o.6 N NaOH,
N20 saturated solution, pulse 1 usec,
dosis 1.6 krad.

e ethylbenzene, o cumene,

20% higher extinction coefficient in 1 M acid than that found in alkaline
solution, This may be explained either by partial formation of p-hydrogen
deficient radicals in alkaline solution, which if formed in acid solution
undergo rearrangement, or by exclusive formation of a-hydrogen deficient
radicals from the water elimination reaction.

In acid concentrations up tc 5 M, only the bands attributable to the
product of H abstraction and the H adduct are observed, At higher acid con-
centrations (8 M) a broad band at 450 nm and a second one at about 280 nm
appears for both compounds. These bands are similar to those obtained for

the radical cations of methylated benzenessZ)

and tert-butylbenzene, and are
consequently assigned to the radical cations of isopropyl- and ethylbenzene.
The two bands decay with first-order kinetics. The rate constants of the

decay together with that of the toluene radical cation in 8 M HCth measured

at the visible band are given in Table 5.4,
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Table 5.4, Rate Constants for Decay of Radical Cations in 2 and 8 M HC10,

Compound IP [eV] k [sec‘l] [Hel0, ]
3.5 x 10° 2 M
toluene 8.82 5
1 x lo &M
ethylbenzene 8.75 3.5 x lo5 8 M
isopropylbenzene 8.69 6 x 10° 8 M
tert-butylbenzene 8.68 1x 1o’ 2M

The decay of the radical cations does not follow the pattern of the ionization
potential dependence as was found for the methylated benzeneskG). On the con-
trary the rate constant increases with decreasing ionization potential. The
rate constant for the proton attack on the OH adducts of aromatic compounds

was found to be of the order of 100 M lsec™! 21,42,46)

and the appearance rate
of the UV band of the hydrogen deficient radicals of isopropyl- and ethyl ben-
zene at pH 3 - O agree with these findings, indicating that the lifetime of the
corresponding radical cations are very short. The observations of the radical

52)

cations of toluene” ", ethyl-, isopropyl- and tert-butyl benzenes are possible
only because of the previously mentioned decrease in the rate constant of the
proton splitting reactionb6) caused by very high acid concentrations. As the
nature of this acid effect is not yet known, it is unclear whether it is of
linear nature. Experiments with persulphate in neutral solution show formation
of the H deficient radical with a yield 4o-60% of the radical cation yield for
both compounds. Using a rate constant of reaction (-5.24) for isopropyl- and
ethyl benzene talen from the correlation in Fig. 5.11, the rate constant for

a proton loss from their radical cations would be one or two orders of magnitude
higher than that of toluene. Thus, the results in Table 5.4 do not necessarily
represent the ratio between the decay rate of the radical cations in dilute
acidic media. The individual relation between the rate constants in Table 5.4,
however, is probably qualitative correct, Thus the conclusion is made that the
rate of the proton splitting reaction is governed by the reactivity of H atoms

of the substituents,

5.7. Dissociation of the OH Adduct of N,N-Dimethylaniline in

Aqueous Solution°

Acid catalyzed removal of OH™ from the aromatic OH adduct has been reported

oAccepted for publication in J, Phys. Chem. (December 1977 issue)



- 56 -

21,30,42,45,52)

recently for several compounds and is described in previous chapters
Reo and Hayon57 reported the formation of radical cations of several aromatic
diamines and diphenylamine as a product of a one electron oxidation by OH rad-

icals.

The authors suggest a two step mechanism

A + OH —e= AOH (5.27)

AOH —e=A" & OH™ (5.28)

where the second step is an uncatalyzed dissociation of the OH adduct to hydrox-
ide and the radical cation.

The present chapter describes the results from a pulse radiolytic study
of the reaction of OH radicals with N,N-dimethylaniline (DMA) in aqueous sol-

57)

ution and gives evidence for the mechanism suggested by Rac and Hayon”' ~.
Transient spectra obtained immediately after pulse radiolysis of 2.4 x 10-# M

DMA in N20 saturated water solution at pH 9 with a 1 usec pulse of 1.2 krad

(Fig. 5.16) show absorption bands at 33c and 465 nm in agreement with Christen-

12)
sen .

The spectra are identical within experimental error in the pH range 6 to

2 M to 2.b x 1o™! M. The band below
300 nm was obtained in 5 x lo-5 M DMA solution at pH 9.2, normalized by the

11 and for DMA concentrations from 2.4 x 1o~

ratio of the 465 nm absorption and corrected for DMA depletion. The rate con-
stant of the OH reaction with DMA was measured to (1.4 2 0.2) x 1o%® M 1sec™!

in good agreement with reported value12).

se

The maximum at 330 nm is assigned to the product of methylic hydrogen
abstraction, i.e, the N-methylanilinomethyl radical, on the basis of the tran-
sient spectrum obtained in 5 x 10-4 M solution of DMA in N20 saturated 0.6 N
NaCH (Fig, 5.17). The only primary radical reaction with DMA in this solution
is the O, which is known to abstract H from the methyl groups rather than add
to the ringB'MO). An alternative reaction of O with DMA would be an electron
transfer reaction as reported for the phenoxide ion and suggested for aniline
by Neta and Schuler58). In this case a radical cation would be produced,
probably followed by a reaction reverse to (5,28) yielding the OH adduct., As
the observed spectrum is quite different from the well established radical
cation spectrumlz'lh) and from the spectrum, which is assigned to the OH adduct
{see later), thus this kind of reaction can be excluded in the case of DMA.

The ratio of the 3% and the 465 nm absorptions, which is constant for pH's
between 6 and 11, starts to increase at pH above 11.5. The extinction coef-

ficient for the N-methylanilinomethyl radical based on its absorption in N20
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Fig. 5.17. The transient absorption spectrum obtained after 1 usec

in 0.6 N NaOH, NZO saturated 5 x lo-“ M DMA solution:

dose 1.22 krad.

saturated 0.6 N NaOH and S5p- = 6.5 is €53, = lo Soo = Soo Mlen! and €hso =

1boo > loo M~
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The 465 nm peak is assigned to the radical cation of N,N-dimethylaniline.

The 465 nm band was previously assigned to the DMA radical cation 12-14) in

organic solvent, and in water applying flash photolysis or electrochemical
methods.

The assignment is experimentally supported by conductometric pulse radio-

lysis, where a conductivity signal is observed which decays at the same rate
as the optical absorpticn at #65 nm, Furthermore, a comparison of the tran-

sient spectrum obtained in N20 saturated solution with that obtained in argon

saturated with KZSEOB added (rapid mixing technique) as an electron scavenger
supports this conelusion (Fig. 5.18).
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Fig. 5.18, The transient spectrum obtained after 1 usec in Ar
saturated 2.4 x lo-h M solution with 2 x lc>.3 M
5208-2 after 1 usec pulse: dose 1.22 krad.

The hydrated electron reacts readily with persulphate (k = 1,1 x 101°
23’2”. The S0, radical

anion is known to react with aromatic solutes by a direct oxidative electron
18,20,21,31,45,62)

M lsec™d) to produce sulphate radical anion, SO

transfer forming corresponding radical cations or other
oxidation products.
On the basis of the extinction coefficients obtained in alkaline solution
-1 -
=10 S00 M “cm
_ 33 = 10
)y the fraction of OH radicals entering this reaction

for the product of direct abstraction of methylic hydrogen (e 1

1 -1
cm

and Eh65 = lboo M~
in neutral solution can be calculated. In terms of G-values this fraction is
1,9 and 0.9 in N20 saturated and Ar saturated solution containing 52052 re-

spectively, Assuming that SOZ (Gso; = Ge- = 2.7) reacts gquantatively with
aq
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DMA to form the radical catior and that the remairing fraction of OH radicals
also yields the radical cation with absorption at 46T n=, the extinction ccef-
ficient for the radical catior at 4¢S nm irn the two solutions can be calculated
to LéSo H-lcm-l and b4boo H'lcm’l respectively. The extinction coefficients are
corrected for the small absorption at “€5 nm due to t}c N-methylaniliromethyl
radical. The excellent agreement between the absorptions in the two experi-
ments justifies our assumptions and shows a 1:2 ratio between the direct H ab-
straction from the two methyl groups and the radical cation formation. This is
additionally confirmed by the transient conductivity measurement which for

2x ILo.3 M DMA at pR = 9.0, N20 saturated solution gives G = 3.k 2 ch (b
of G(OH)) for the radical cation. The conductivity detection system was cali-
63). The

result is comparable with the 1:1 ratio between formation of the anilino and

brated with CClh in neutral aqueous deaerated sclution taking G = 3¥.1

the cyclohexadienyl radical in the reaction of OH radicals with aniline suggested
by Christensenlz) on the basis of the final product composition., The absorption
below 300 nm consistas of a second absorption band of the DMA radical cation

12)

corresponding to the 270 nm band obtained by Christensen in NZO saturated
acidic DMA solution and a third band of the N-methylanilinomethyl radical.
The H adduct of DMA in neutral solution formed by the H atoms (GH = 0.6)

was observed at 380 nm in N_O saturated solution with t-butyl alcohol to scav-

enge the OH radicals in agrzement with Zador et 31.61), who assign the 370 nm
absorption observed in pulse radiolysis of cyclohexane solutions of DMA to the
corresponding cyclohexadienyl radical. The apparent lack of the OH adduct of
DMA, which according to the correlation given by Chutny6h) should be expected

to have an absorption about 380 nm, led to experiments with a shorted time scale.
In & solution saturated with N0 (2 x 1072 M) and DMA (~v2.% x 10™2 M) at pH 9,
all the hydrated electrons are scavenged by the Nzo, as an upper limit for the
rate constant of the reaction of e;q with DMA was found to be lo7 H'lsec°1.
The absorption spectrum in this solution irradiated with a 20 nsec electron
pulse undergoes a drastic change during the first Soo nsec. In the region

35 - boo nm an intermediate species decays fast in a first order process with
a rate constant k = (7 > 2) x 106 sec™l, A corresponding build up at 465 nm

is observed (Fig. 5.19 inset).
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Fig. 5.19. The absorption spectrum of the DMA OH adduct.
Insets show changes in optical absorption sig-
nals at 380 and 465 nm in the first microsecond

after a 20 nsec pulse.

The difference between the spectra obtained loo nsec and 800 nsec after
the pulse yields a spectrum with a maximum about 380 nm (Fig. 5,19). This spec-
trum is assigned to the genuine OH adduct of DMA. The rate of the first order
decay at 380 nm is not affected by a five fold decrease in solute concentration
in the pH region 6-11. We postulate that the OH radical reacts with DMA to
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form the OH adduct which subsequently dissociates according to eq. (5.28 a)

H3C\/CH3 HC /CH,

_—— + ON (5.28 a)

A reaction analogical to (5.28 a) has been reported recently for methoxy-
substituted benzoic acids“z).

The extinction coefficient of the OH addu-t is estimated to be c}80 =
6500 I looo M-lcm-l, although the available time resolution is not good enough
to trace the species from the beginning.

The spectral characteristics of radicals formed in reaction of OH radicals

with DMA are given in Table 5.5,

Table 5.5. Spectral Characteristic of the Radicals formed in the
Reaction of the OH Radicals with DMA.

Radical A ey L07] e Wical
[C6H5N(CH3)2]H 380 -
[c H_N(CH,)_]oH 380 6.500 2 looo
675 032
}H < 27 -
CgH > 330 10.500 > 500
CH, bso 1.h00 2 100
+
[C H.N(CH,), ] 270 N
6757372 465 h.500 2 boo

Since no influence of pH on the formation and decay of the radical cation
of DMA up to pH = 11.5 was observed, the rate of the reverse reaction (5.28),
k283' will be low.



The first _rder rate constast for tne dissociation of the OH adduct of
DML, kg = 7 MES T sec’l. is about two orders of magnitude higher than

fifer-
ttorce giver for aromatic diamines Lty Rao and Hnyon57). This difference can

-

hardly te expected as the formatiorn of radical cations of tetramethylphenyl-
erediazire {TMFD. and phenylerediamine {PD) should be energetically more
favouratle because of a lower ionizatior potential than DMA and formation of
highly symmetrical radical cations.

The atsorgptior spectra assigned to the OH adducts by these authors possess
erzentially the saze maxima as the spectra of the corresponding redical cations
with extirction coefficients of the same order of magnitude (Table II in ref.
7). This similarity is rather urusual for TMPD and N, N-dimethylphenylenedia-
mine as the spectra of the radical cations of other substituted benzenes usually
are well separated from those of the corresponding OH adducts and shifted sub-
startially to the redlz'zl'k°'52). Rao and Hayon assign the spectrum obtained
irmediately after the pulse in K_O saturated solution to the OH adduct. This
is obviously an insufficient bas;s for the assignment in cases where reaction
{5.28) is to bte erxpected. In addition our conductivity measuresents at pH = 8-lo
in KPO saturated solutions of TMPD and PD shcw a conductivity signal within
1 usec (time resolution of the equiprent) witn Geav 4.2 for fhe radical cations.
For these reasons the initial absorption spectrum is assigned to the radical
cation rather than to the genuine OH adduct. Thus the first order changes in

% sec”! observed by Rac and dayon could not be ascribed

the absorbance kaws lo
to the dissociation reactior of the OH adduct (eq. 28). At the moment, however,
a conclusive explanation for these changes cannot be offered. A tentative ex-

planation is a reaction due to the product of the direct H abstraction from the

methyl group. In o.6 N NaOE, N
)

20 saturated TMPD solution, a first order change

with the rate constant k = lo sct:'1 from a spectrum similer to that obtained
with DMA under the same conditions, into a spectruam similar to that of the rad-
ical cation of TMPD was observed. Another explanation could be a reaction with
the tuffer used by Rao and Hayon in neutral solution, as we are not able tc re-
produce the first order reaction in unbuffered neutral PD solutions. An ad-
ditional complication which may be expacted for para-phenylenediamines is the
possibility of an ipso substitution in analogy with methoxylated benzsnes and

benzoic acids as reported by P. O'Neill et .1.65)

y because amino and dimethyl-
amino groups are even stronger ortho-gara-directing substituents than the

methoxy group.

57) 40 not take into

account the possibility of a direct formation of radical cations via an elec-

Cr. assigning the OH adduct spect~a, Rac and Hayon
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tron transfer from the amines to the OH radicals; nevertheless they point out
that this possibility carnot be excluded on basis of their results.

It seems likely, however, that this possibility can be excluded as it re-
quires the electron transfer step prior to hydration of the ions formed, which

with the OH radical gas phase electron affinity of about 2 eVl) and the lowest

66)

known jionization potential of organic compound S.4 eV would be energetically

unfavorable.

S.8. The Relation Between the Ionization Potential of Substituted

Benzenes and the Acid-base Behaviour of their OH Adducts

OH adducts of aromatic compounds of relatively high ionization potentials
{1P) like benzene, nitrobenzene and benzonitrile decay even in highly acidic
media in a bimolecular radical-radical reaction forming corresponding hydroxy-

derivatives,
For several compounds of lower ionization potentials like phenol, hydro-

quinone and aniline, acid catalyzed intramolecular water elimination has been

deuonstratedZ).

Recently acid catalyzed elimination of OH from the OH adducts leading to

the formation of the corresponding radical cation {eq. 5.29) was demonstrated

for biphenylEO), naphtalene67). methoxylated benzenes and methoxybenzoic

21,42)

acids and proved to be the first step in the acid catalyzed water elimi-

nation from the OH adduct of methylated benzenesSZ).
For compounds of even lower ionization potential e.g. N-substituted phenyl-
57)

enediamines and N,N-dimethylaniline55) the uncatalyzed dissociation of the
OH adduct (eq. 5.28) was reported.

Or. the other hand formation of the OH adduct from the radical cation in
45,46,52) (eq. 5.30 and 5.31).

neutral and alkaline solution has been demonstrated

+

AOH® —e= A" + OH~ (5.28)
AOH® + H'—e= At + H,0 (5.29)
A H,0 —a AOH" + o (5.30)
At + OH  —e= AOH® . (5.31)

The acid-base behaviour described by equations (5.28 - 5,31) is formally ana-
logous to that observed for carbonium ion - carbinol equilibria or the cova-
lent hydroxide adducts of quarternary nitrogen heterocaromatic cations which
are usually described as "pseudobmses'. In analogy the OH adduct can be con-

sidered as a pseudobase of the corresponding radical cation.
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Fig, 5.20 Dependence of log k for reaction 5.28 - A and 5.31 - B

on the ionization potential of the parent compounds,

Thiz chapter gives a correlation between the rate constant for reaction
(5.28) and (5.31) and the ionization potentials of several substituted ben-
zenes, The correlation is shown in Fig. (5.20). The data used for the corre-
lation are given in Table 5.6, The rate constants for reaction (5,28) were
measured from the first order decay of the corresponding OH adducts for anis-
idine, p~N,N-dimethylaminobenzonitrile, 1,3,5-trimethoxybenzene and o-tolui-
dine. For aniline, phenol, hydrnquinone and p-cresol the rate constant for

12)

the uncatalyzed water elimination, e.q. formation of anilino and phenoxyl

9,10)

radicals » was taken as rate constant for reaction (5.28), This is based

on the assumption that reaction (5.28) is the first and rate controlling step



Tavle 5.6. Rate Constants for Reactions (5.28) and (5.21)
=1 -1 -1
k.8 sef A a) b) +k31 M sec a) b) lonization
No. Compound AOH" — A + OH” nm ref A® + OH™ — AOH® nm ref Potential eV
1. | N,N-dimethylaniline 6 x lo6 280 I’ - - - 7.1
2. | p-anisidine 5 x lo” 365 | o - - - 7,44
3. ] p-N,N-dimethylamino- 5 -
benzonitrile 1 x lo Lbs . Z x lo 550 * 7.99
4., 11.3,5 ~trimethoxy- y 8
benzene 2 x lo o ° 3.5 x lo 585 ° -
S. | aniline 1.5 x 1o5 - 12 - - - 7.70
6. | anisole - - - 1x 10° - chap. 5.4 8.2
7- phenol 1l x 103 - 9 - - - 8.:’1
8. | p-cresol 2.4 x 10> - 9 - - - B.34
9. ]| hydroquinone 4.6 x lo” - lo - - - 7.95
lo. | o-toluidine 2.0 x l0” % | e - - - 7,45
11. §1.2,3,5-tetramethyl- 4 9
benzere 1.3 x lo - 3 1.2 x lo - chap. 5.5 8.15
12. |1,2,3,4-tetramethyl- 3 8
benzene 5 x lo - 3 6.0 x lo - 8.18
13. |1,2,4,5-tetramethyl~ 4
benzene 1 x 1o - 3 1.5 x lo - 8,03
14, | pentamethylbenzene b x lo“ - 3 l.o x lo! - 7.92
15, [1,2,4%-trimethyloenzene - - - 3,5 x lo5 - 8.24
e this work a) wavelength at which rate constants were measured, b) references,
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in the uncataiyzed <ater eliminatior from the OF adducts of hydroxyaromstic
compounds, which i35 strongly indicated bty the fcllowing:

al the SO; ra?istl§‘frou radi-al cations of several aromatic com-
pcu:ds‘l'S"’:'°"67). which can be observed 'n the time scale

availatle in the pulse radiolysis. The phenoxy radical, however,
war fourd to be the product of the reaction of SO; radicals with
pherolic compounds, but a very rapid proton loss from the radical

cation {eg. S.3Z2) was suggested as a step in this r'nction2°).

ArOE* —e= Ar0" + H' (5.32)

o
N

Preroxyl radical is formed urnder the photolytic electron ejection
68)

from phenolic compounds in flash photolysis of aqueous solution .

¢} The formation of radical catiors via protonation of several phenoxyl
radicals was demonstrated in highly acidic solutions with pKa varying
from -2.0 for phenol to -0.8 for hydroquinoneég). As proton reac-
tions are usually diffusion controlled, high acidic values of pKa
irdicate that the reaction (5.32) must be very rapid which in turn
means that reaction {5.28) can be extremely difficult to demonstrate
experimentally with phenolic compounds.

For the methylated benzeres the rate constant for uncatalyzed forwation

of the corresponding benzyl radical from the CH adductB)

was taken as the
rate constant for reaction (5.28) on the assumption thka® this reaction is the

rate controiling step since th: proton loss from the corresponding radical
cation (egq. 5.2%5)

(Chiy) Cog  —e= (CHB)n_ICt;HG_n(-:HZ + B (5.25)
is at least one order of magnitude higher“6). The rate constant of the OH
adduct decay for methylatecd benzenes can only be estimated from the formation
of the corresponding benzyl radicals because of the overlap of the secord ab-
sorption maximum of the benzyl radical ané the absorption maximum of the OH
adducta). Pentamethylbenzene, durene, isodurene and prehnitene for which *he
rate constants of reaction (5.29) are most reliable, are included.

The correlation of the rate constants of reaction (5.31) (Table 5.6, Fig.
5.21) contains data obtai:ed for methylated benzcneske) in addition tn data
for p-% ,N-dimethylaminobenzonitrile, anisole and 1,3,5-trimethoxybenzene. In

the case of sym-trimethoxybenzene the ionization potential is not awvailable.



- 68 -

However, when a straight line is drawn through the points in Fig. 5.20A and
5.20B, the ionization potential of 1,3,5-trimethoxybenzene can be estimated
from the intercept of the rate constants for reactions (5.28) and (5.31), to
be 8.03 eV and 8.00 eV respectively. The kinetic data for 1,3,5-trimethoxy-
benzene are therefore plotted at IP 8.0f in the figures (open circles). The
rate constants for reaction {5.31) were measured in argon saturated alkaline

3

solution with 2-5 x 1o ~ M persulphate added.
The rate constants of reaction (5.31) can be obtained for only a few com-

pounds due to the following limitations:

a) The solute must compete for SO, radicals with OH (k

7.3 x 1o/ M lsec™H)19),

OH™ + so;
M “sec

b) The radical cation formed must be fairly stable in respect to other

reactions, if reaction (5.31) should be detectable,
c) The condition k,g < kg (0H™] must be fulfilled.

d) The solute must be relatively stable in the presence of szog’ which

itself is a strong oxidizing agent.

The presented correlations are considered as a working hypothesis which allows
for a prediction of the rate constauts of the reactions (5.28) and (5.31).
For example in the case of N,N-dimethylaniline, the radical cation is formed

55)
2 v

where the OH radicals start to convert into O  radicals by the equilibrium

according to eq. (5.28) in N_O saturated alkaline solution up to pH 11.5
reaction (2,7), This behaviour is in agreement with a very low rate constant
of reaction (5,31) for N,N-dimethylaniline which may be obtained from an extra-
polation of the straight line in Fig. 5.2oB. The rate constant is estimated
to 1 x lo° M lsec™! at an IP of 7.12 eV.

The correlations also support the conclusions made in chapter 5.7, that
Rao and Hayon57) by assigning the first order changes in extinction for
p-phenylenediamines to reaction (5.28) are in error as the ionization poten-
tials for these compounds are between 6,18 and 6.8 eV.

For the analogical reactions ol quinolinium and isoquinolinium cations
a correlation with the Hammett substituent function was obtained7°). Since
a radical cation of approximately the same radius and OH are formed from the
OH adducts, a linear relationship between the free energy of activation and
the ionization potential can presumably be expected. These correlations are

therefore considered as a special case of a free energy relationship,
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CONCLUSION

The formation of radical cations of substituted venzenes from the corres-
ponding OH adducts has been demonstrated. This reaction is important in free
radical hydroxylation reactions especially in acid solutions.

Or. the basis of the results obtained, a two step mechanism of the water
elimination reaction from aromatic OH adducts is demonstrated. The first step
is a formation of a radical cation and the second a loss of a proton,

The stability of the radical cations of substituted benzenes was found to
increase with decreasing ionization potential of the parent compound; however,
it also depends on the ability of the substituents to give up a proton.

The acid-base properties of the radical cations have been demonctrated.

A correlation between the rate constants determining the acid-base behaviour
of the radical cations and the ionization potential of the parent compound is
shown.

The formation of OH adducts in the reaction of the radical cations with
OH™ has been proved. This result, however, is quite astonishing in the case
of methylated benzenes, becaure these radical cations are very prone to give
up a proton.

The activation energy of this reaction as well as of other reactions of
radical cations is now being studied at Rise Accelerator Department, and will

presumably provide more information about the nature of this reaction.
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