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S T E L L I N G E N

1. De conclusie van Baxendale en Sharpe dat electronvangst door benzyl-

chloride, opgelost in een lagere alcohol, bij 77 K niet altijd leidt

tot het benzylradicaal is aanvechtbaar.

J.H. Baxendale en P.H.G. Sharpe, Chem. Phys.
Letters 39 (1976) 401.

2. Bij hun bepaling van de reactieconstante als functie van de ionsterkte

maakten Seki et al. en Ilan et al. een onjuist gebruik van natrium-

sulfaat als intert electrolyt.

H. Seki, Y.A. Ilan, Y. Ilan en G. Stein, Biochim.
Biophys. Acta 440 (1976) 573.
Y. lian, A. Shafferman en G. Stein, J. Biol. Chem.
251 (1976) 4336.

3. De bewering van Tute, dat de logaritme van de verdelingscoëfficiënt

voor een opgeloste stof in een systeem van twee ontmengde vloeistoffen

gelijk is aan de som van de Hansch ir-constanten voor de delen, waaruit

de moleculen van deze stof zijn opgebouwd, is onjuist.

M.S. Tute, in: Advances in Drug Research, N.J.
Harper and A.B. Simmonds (eds.), Vol. 6, Academic
Press, London and New York (1971) pp. 1-79.

4. De verklaring van Joshi en Johnson voor het radicaalverval in kristal-

lijne aminozuren is onwaarschijnlijk.

A. Joshi en R.H. Johnson, J. Phys. Chem. 80 (1976)
46.

5. De bewering, dat zwavelbruggen een rol spelen bij de quarternaire

structuur van het hemoglobine molecuul, is onjuist.

H.G. van Eijk, Natuur en Techniek 44 (1976) 250.
H.G. van Eijk en N.J. Verhoef, Natuur en Techniek
43 (1975) 660.



6.,Het uitsluitend adopteren door sommige pulsradiolisten van de verkla-

ringswij ze van Davidson en Cole voor de — bij de hogere normale alco-

holen voorkomende — drie-diëlectrische-relaxatietijden, is ongegrond.

W.J. Chase en J.W. Hunt, J. Phys. Chem. 79 (1975)
2835.
D.W. Davidson en R.H. Cole, J. Chem. Phys. 19
(1951) 1484.
M.J.C, van Gemert, G.P. de Loor, P. Bordewijk,
P.A. Quickenden en A, Suggett, Advan. Molec.
Relax. Proc, 5 (1973) 301.

7. Bij zijn kwantitatieve vergelijking van de vermogensdichtheden van ver-

schillende energietransportsystemen veronderstelt Schaafstna ten on-

rechte dat de electrische energie van een electrische centrale door de

hoogspanningskabels naar de verbruikers stroomt.

T.J. Schaafsma, Ned. T. v. Natuurk. 40 (1974) 230.

8. In de hoogste klassen van het v.w.o. dient meer aanciacht te worden be-

steed aan een quantummechanisch atoommodel en minder aan het atoom-

model van Bohr.

9. Het is wenselijk snelheidsmeters van auto's te voorzien van een verde-

ling, waarop bij elke snelheid de bijbehorende aanbevolen minimumaf-

stand tot de vóórrijdende auto aangegeven staat.

10. Bevordering van inzicht in de samenhang der wetenschappen en van maat-

schappelijk verantwoordelijkheidsbesef, doelstellingen van het weten-

schappelijk onderwijs, dienen in nog sterkere mate tot de uitgangs-

punten van lerarenopleidingen te behoren.

Wet Wetenschappelijk Onderwijs (1960) art. 1 en 2.

11. Het culturele aspect van de natuurwetenschappen verdient meer aandacht

op scholen en opleidingsinstituten.

12. Het groeiend aantal stellingen over "stellingen" is een stelling waard.

C. van Huis 26 januari 1977.
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C H A P T E R I

INTRODUCTION

I . ¡ . GENERAL

This thesis is concerned with the interaction of ionizing radiation

and matter. A study of this kind can provide a basis for investigations

of radiation effects in biological systems, which in turn can be of import-

ance for research in areas such as radiation protection, radiation therapy

and the conservation of food by exposure to high energy radiation.

Radiation processes in water, which are so important for biological

systems, have been intensively studied in many countries. However, some

radiation reactions are so complicated that a simplification of the proc-

esses can be expected in liquids other than water. In aprotic solvents the

effects of hydrogen bonding can be discounted whereas in a solvent that

remains liquid at a very low temperature such as propanol-1 the dipolar

relaxation phenomena will be slower and therefore easier to measure.

In most radiation reactions the characteristic properties of the sol-

vents involved will influence the rate of reaction and the final state of

the system. The present investigation of radiation processes in liquids

may therefore also contribute to our knowledge of the molecular structure

of liquids.

1.2. THE SOLVATED ELECTRON

1.2.1. Nomenclature

The radiation induced species that is the subject of this thesis is

known as the solvated, trapped, or stabilized electron, or as a polaron.

The term solvated electron (or hydrated electron in the case of water)

that is most often used in the literature generally applies to an electron

with a fully relaxed solvation shell. The solvation shell is formed as the

result of the charge-dipole and charge-induced dipole interactions between

the electron and the matrix. The term solvated electron is more pertinent

to the liquid state, where the orientation of the molecules in the electric

field of the electron is not hindered. The term trapped electron is used

1



when the electron is bound by preexisting traps in the matrix caused by

spontaneous polarization fluctuations. This trapping happeny in times

shorter than the time of molecular relaxation in crystalline, amorphous

and liquid systems.

In Russian literature the term polaron is often encountered. It was

first used by Landau , when he tried to explain the appearance of colour

centres in irradiated alkali-halogenide crystals. In more recent times

Landau's ideas have been applied in theories concerning a surplus electron
(2)

in the liquid state

The fourth term, stabilised electron , is a general one and indicates

chat an electron is in some way stabilized in a matrix.

1.2.2. Oaourrenae

In a liquid system stabilized electrons produced by ionizing radiation

have a short lifetime at room temperature (1 ns to M ms). To detect them

either high intensity continuous production sources or pulse radiolysis

with fast techniques should be used.

In some systems stabilized electrons have a very long lifetime. Alkali

metals dissolved in ammonia, for instance, give rise to the positive alkali-

ion and the ammoniated electron. It was in this system that the solvated
(4 5)

electron was first discovered ' . In glassy low temperature matrices

trapped electrons can have half-lives of weeks to months and can thus be

denoted as stable.

In water the existence of a hydrated electron was predicted by

Platzman in 1953 on theoretical grounds. After the development of pulse

radiolysis techniques the hydrated electron was discovered in 1963 inde-

pendently by Hart and Boag ' and by Keene . The lifetime of this

hydrated electron was found to be rather short and in the us range.

Stabilized electrons have been observed under different experimental

conditions, vis.

1) After the interaction of ionizing radiation with liquids or glasses;

2) In solutions of ammonia in which alkali metals had been dissolved;

3) After flash photolysis with U.V. light of certain molecules ' dis-

solved in a suitable matrix;

4) In electrical insulators and special amorphous semi-conducting elec-
• J • (12)tronie devices ;

5) In a thin layer near the cathode during electrolysis of water



1.2.3. Detention

Solvated electrons can be detected by virtue of their physical prop-

erties: they are in a bound electronic state and have a charge and a mag-

netic moment. The detection methods are:

a. Optical absorption measurements.

- Solvated electrons, whether transient or stable, are characterized

by a broad spectral absorption band.

b. Electron paramagnetic resonance

- Solvated electrons are characterized by a singlet electron paramag-

netic resonance spectrum. Conclusions concerning the nearest neigh-

bours of the electron can be drawn from the line shape and hyperfine

structure, particularly when electron nuclear double resonance is

applied. Interaction with four protons has been observed for the

trapped electron in alkaline glassy ice at 77 K

c. Electrical conductivity.

- The mobility of solvated electrons can be measured. Since protic com-

pounds like water and alcohols exhibit a considerable conductivity of

their own the conductivity measurements of radiation-produced solvated

electrons are mainly restricted to hydrocarbons.
(19)

d. Microwave absorption techniques

- The absorption of the microwave power by a system with solvated e lec-

trons. This method is very suitable for aprotic compounds — like con-

ductivity measurements — and i s useful also on a nanosecond time scale .

1.2.4. The optical absorption spectrum-

(20)

In the experiments described in this thesis the temporal changes of

the optical absorption spectra of solvated electrons were studied. One of

the most remarkable optical features of the solvated electron is its broad

asymmetric absorption spectrum which has roughly the same shape in many

different media. Its asymmetric shape was approximated by Dorfman et ál.

by a Gaussian profile at the higher wavelength and a Lorentz profile at

tne side of low wavelength. It is not yet clear whether this broad absorp-

tion spectrum reflects a transition from one ground state to a few excited

states or to a collective band of excited states, or whether the medium in

which the electrons are trapped provides a distribution of different trap

depths in which the electrons are trapped. Such a range of trap depths can

4Í
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arise from variations in cavity size and solvent polarization energy caused

by different dipole orientations as a result of hindered motion.

For liquids where this reorientation is not hindered, we are. ln_favour

of the first possibility,„namely, one trap depth with a level structure.

The reason is that in amorphous semi-conductors a diffuse conduction band
(12)

seems to exist and the molecular disorders in the amorphous state and

liquid state are commensurable. A slight correspondence between the wave-

length of maximum absorption and the dielectric constant of the medium has
(21 22)

been found * , in that a high dielectric constant tends to correspond

to a low wavelength of maximum absorption. Remarkable exceptions are ammonia,

water, and in particular the aprotic compound HMPA (hexamethylphosphor-

triamide) (see Chapter III).

It is an experimental fact that the binding energy of solvated elec-

trons is larger for protic compounds than for aprotic compounds.

The temperature dependence of the absorption spectrum of the solvated

electron is such that the whole spectrum shifts to lower wavelength on

temperature decrease. This can be explained by a decrease in the size of

the cavity, and a consequent decrease of the (negative) enargy of the elec-

tron.

1.3. IONIZING RADIATION

1.3.1. General

Stabilized electrons and radicals are formed as a result of the inter-

action of ionizing radiation and matter and play an important role in the

subsequent chemical reactions. Ionizing radiation is the general term for

radiation that is able to ionize matter and it comprises energetic photons,

like X-rays and y quanta, as well as accelerated particles as electrons,

protons, heavy ions, a-particles and fission products. The spatial distri-

bution of energy loss depends on the kind of radiation. X-, y- and ß-radi-

ation deposit their energy mainly in isolated areas, called spurs, whereas

a-radiation, protons, eta. deposit their energy in tracks consisting of
(23 24)

overlapping spurs ' . The energy loss pro unit of distance, the so-

called LET (Linear Energy Transfer), depends not only on the kind of radi-

ation but also in general on the radiation energy. In particular electrons

show a strong energy-dependence of their LET. The energy losses give rise

to excitations and ionizations, leading to excited molecules, ions and

'f



secondary electrons. It may happen that some of these secondary electrons

are so energetic that they in turn produce excitation and ionization.

1.3.2. Time sequence

The processes involving the interactions of ionizing radiation and

matter have different characteristic times, the sequence of which is tabu-
( 25}

lated in table I . This table includes a classification of these proc-

esses in a physical, physico-chemical or chemical stage.

Table I.

Approximate time scale of events in Radiation Chemistry at room temperature
(cf. the paper by Mozumder, ref. 25).

-log | Events Stage

18

17

16

14

12

11

10

9

8

Fast electron traverses molecule.

Time for energy loss to fast secondary elec-
trons .

Time for energy loss to electronic states.
(Vertical excitations)

Fast ion molecule reactions involving H-atom
transfer. Molecular vibration.
Fast dissociation.

Electron thermalizes.

Dielectric relaxation in water. Basic neutral-
ization time for polar media.

Spur formed

Spur reactions

Intra track reactions completed

Neutralization times in media of low viscosity
and dielectric constant.

Escape time for electrons in media of low vis-
cosity and dielectric constant.

Radiative lifetime of triplets.

COu
• l - l

CO

CD
U

•H

I
U

O
U

•H
on

ü

•A

43



The primary events that take place in times which can be estimated

with the aid of Heisenberg1s uncertainty principle are too fast for measure-

ment. Events that take place in the picosecond range can be detected by some

sophisticated detection techniques . Most processes of the physico-

chemical stage can be brought within reach of normal equipment by lowering

the temperature.

1.3.
(?.5t 27-29)Degradation spectrum

The experiments described in this thesis have been carried out with

2 MeV electrons produced by a Van de Graaff generator. Therefore, the dis-

cussion of energy degradation will be focussed on electrons. An energetic

electron may lose its energy through several mechanisms. From 100 MeV-10 MeV

the energy degradation is mainly due to the interaction of the electron and

the electric field of the atomic nucleus resulting in the production of

electromagnetic radiation called "BremsStrahlung". From 10 MeV-10 eV most

electrons lose their energy principally in the interaction of the primary

electron and the atomic electrons, resulting in electronic excitations and

ionizations.

Bethe used a "stopping power formula" to describe the energy loss of

an electron traversing unit path length ' .He distinguished between

glancing and knock-on collisions. Glancing collisions have interaction at

rather long range; there is a small energy exchange (<100 eV), so the Born

approximation is valid. Knock-on collisions occur at short range with a

high exchange (>100 eV). Classical cross sections of a free electron are

used. The contributions to stopping power of both types of collisions are

commensurable. At low primary electron-energies corrections should be made

for the relatively energetic K-shell electrons. The Born approximation is

only/ valid if the primary electron energy is much higher than that of the

atomic electron.

From 10 eV-0.5 eV the energy of the primary electron is lower than the

difference between the first electronic: excited state of about 10 eV and

the ground state. In the latter case the excitation of molecular vibrations

with a lower limit of 0.5 eV is the main degradation mechanism for media

with low atomic numbers. Below 0.5 eV only some rather ineffective degra-

dation mechanisms are operative: the excitation of intermolecular vi-
(25 32}

brations, the interaction of the electron and the permanent dipoles



8 9 10

Fig. I.I. Stopping power of water for electrons. LET is expressed in eV/A
and E is in eV. NE, E and V are the domains of nuclear encounters,
electronic excitations and vibrational excitations respectively
(ef. the paper by Mozumder'25)).

and excitation of stretching and bending modes of hydrogen bonds. When

even these mechanisms are no longer operative, as in non-polar gases, then

elastic scattering of electrons with atoms is the only degradation mechanism

left.

1.3.4. Spurs, blobs and short tracks'

From cloud chamber pictures it was obvious that the energy of ionizing

radiation is not deposited homogeneously over the volume of the sample"" '*•
(33)

Mozumder and Magee carried out calculations on the deposition of energy

and made the following classification.

When 6-100 eV is deposited in the case of a glancing collision, a spur

is defined as a (spherical) region in which a single energy loss of the

prinary electron has resulted in a few excitations and ionizations. If

100-500 eV is deposited (knock-on collision), secondary electrons are formed

with high LET (see fig. 1.1) and low range. This gives excitation, and

ionization of high density in a smaLl region. This entity is called a blob.

7
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If 500-5000 eV is deposited, the secondary electrons produce a track of

overlapping spurs called T. short track. If more than 5000 eV is deposited

in a single event, the LET of the secondary electron becomes so low that

the mean free path of the secondary electron is one order of magnitude

higher than the spur diameter. The spurs do not overlap and a branch

track is formed. The energetic secondary electron is called a 5-electron.

The energy criteria for these different entities are of course not sharp,

but they merge gradually into each other.

Mozumder and Magee also calculated the distribution of energy

losses as a function of the primary electron energy and from this they

derived the energy partition between spurs, blobs and short tracks as a

function of the primary electron energy (see fig. 1.2).
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Fig. ].?.. Energy partition between spurs, blobs and short tracks as a
function of the primary electron energy in water {of. the paper
by Mozumder'25)) .

For primary electrons with an energy of 2 MeV, figure 1.2 shows that 71%

of the energy is deposited in spurs. We shall now briefly discuss other

spur properties.

a) The exact distribution of the number of ionizations among the spurs is

still unknown in liquids and solids. In the gas phase experimental data

derived from Wilson's ' ' ' cloud chamber pictures are available.



(33B)
Mozumder and Magee. , using Monte Carlo calculations, derived a

distribution function, which, from a theoretical point of view, was
(34)

commensurable with that of Samuel and Magee

b) The spur size that may be defined as the half-width of the density

distribution of primary fragments is also an unknown quantity. It de-

pends on characteristic, mediuiu properties and increases in time. By

extrapolating data from cloud chamber experiments a spur diameter of

20 R in water was estimated. Some authors distinguish between spur
(35)

sizes of positive anJ negative ions. Kuppermann for instance calcu-

lated for water 10 and 20 X respectively. In some theoretical descrip-
("ïfi^

tions the spur size is treated as an adjustable parameter
c) The excess spur temperature has a spatial dependence according to a

(25 27)
Gauss function ' , which broadens and lowers as time goes on. In

water Mozumder calculated for an energy disposal of 30 eV in a spur

with diameter of 20 X an initial temperature rise in the centre of the

spur of 30 C, which drops to half its value in 6'I0~*2 s. So in a time

span of one nanosecond spur temperature effects seem to be levelled out.

1.3.5. Thevmalization distance

The track traversed by an energetic electron is not straight because

of electron straggling. At the end of the track, where the electron is

slowed down to almost thermal energies, its motion is diffusive. Therefore,

the range, i.e. the distance the electron traverses along its own track

has to be distinguished from the penetration, i.e. the distance the primary

electron traverses in its initial direction. Foil penetration experiments

by an electron beam exhibited a difference of about 40% between range and
(28)

penetration of electrons

We now focus our attention mainly on the secondary electrons, although

the thermalization of primary electrons can be calculated in the same way.

The thermalization distance of a secondary electron is the distance between

its positive counter ion and the place where it has reached thermal energy.

This distance is also called separation distance, since the positive ion is

much less mobile than the electron. Various attempts have been made to

calculate the thermalization distance down to 10 eV by extrapolating Bethe's

equation or by constructing energy-range relations . However, the

values calculated turned out to be much smaller than the values found exper-



imentally. This has led to the conclusion that a high contribution to the

thermalization distance stems from the so-called thermalization tail, i.e.

the distance traversed when the electron loses energy from about 10 eV

down to thermal energy.
(42)

Mozumder and Magee calculated thermalization distances in hydro-

carbons by taking into account that the interaction with intermolecular

vibrations is the major stopping power mechanism for subvibrational elec-

trons. They found at room temperature a median thermalization distance of

80 8 with a standard deviation of 20 X. They described the thermalization

distance distribution as Gaussian, considering the last phase of the

thermalization process as almost diffusive.
(43)Abell and Funabashi used for their calculations in hydrocarbons

a simple exponential thermalization distance distribution F(r , ):

F(rth> = 7
th

exp(- — - )
th

r , = thermalization distance,

b = parameter,

which exhibited remarkably good agreement with experimental results. As the

distances between scattering loci are not more than the Broglie-wavelength

of the electron (for an electron at 300 K about 50 A ) , the wave character

of the electron was stressed rather than the corpuscular character.

1.3.6.
(44 45)

Onsager's escape probability '

In the following treatment ion pairs (a positive and its counter

negative ion produced by ionizing radiation) are assumed to occur in iso-

lation. This can be justified because ion pairs in a spur will react with

each other in times shorter than can be detected experimentally until one

or none is left.

Onsager calculated the probability that the ions of an ion pair with

a certain separation distance will escape from each other's attraction in

the limit for infinite time. This escape probability as a function of the

separation-distance r, is:

»esc ~ r c / r ) in which rc = i e

e = elementary charge,

k = Boltzmann's constant,

10



T = absolute temperature,

e = dielectric constant,

r = the critical distance, defined as the distance, where the Coulorabic
c

attraction energy of the ion pair equals kT.

j-t F(r) is the separation distance distribution (or thermalization distance

distribution), the probability of finding a thermal electron at a distance

from its positive counter ion between r and r + dr is given by 4irr2F(r)dr.

The total electron escape probability w is then expressed by

w = 4TT ƒ r2F(r)<j> (r)dr
esc Q

J v Tesc

From the escape probabilities yields of free ions can be calculated and

compared with the values obtained experimentally.

1.3.7. Ion pair recombination

The ionization process produces a positive ion and an electron, briefly

denoted as an ion-pair. The electron may be more or less free; it can be

solvated or captured by a neutral molecule (scavenger). The positive ions

and the electrons or negative ions eventually recombine. Different types of

recombination processes may be distinguished:

a. Initial recombination: recombination that takes place in the spur of the

track prior to the diffusion of the species in the bulk medium.

b. Preferential recombination: the recombination of two geminate ions (also

called geminate recombination).

c. Volume recombination: the recombination of ions from different spurs or

tracks after diffusion of the ions from their original position in the

spurs into the bulk medium has taken place.

N o n - p o l a r m e d i a

Several attempts have been made to calculate the recombination time

distribution for ion-pairs in non-polar media. In these calculations each

ion pair is assumed to occur in isolation. In can be argued that the

high local density of ion-pairs in a spur will be reduced in a very short

time by recombination until one or no ion pair is left.

At first the attempt was made to derive the recombination time distri-

bution from the separation distance distribution for ion pairs and from

their relative velocity^ . However, little was known about either.

11



Later Hummel showed that the recombination time distribution of elec-

trons could be derived directly from a function describing the dependence

of the yield of negative ions on the scavenger concentration. The function

could be determined experimentally and turned out to correspond, over

a wide range of scavenger concentrations, with the following analytical

expression:

G(P) = G f i + G
 l (0tc)2

G(P): yield of negative ions, produced by reac' n between one of the

geminate ions and a scavenger,

Gf. : free ion yield,

G . : initial geminate ion yield,

c : scavenger concentration,

a : constant.

Starting with this formula Rzad et al. derived an expression t«jr the

time-dependent geminate ion yield:

G(t) = G i exp(At)erfc(At)* + Gf.

For long times (At >> 1) this can be approximated by:

G(t) % G . (irAt) 2 + Gr. for At » 1
gi fi

A : the tecombination rate constant,

erfc: the complementary error function.

Recombination of a detached electron with i ts parent ion is too fast

to be measured. However i t is possible to retard the recombination by

adding suitable scavengers and thus to study the much slower recombination

of the newly formed negative scavenger ion with the positive counter-ion

which might be a positive scavenger ion . This recombination can be

described by:

G(t) £ G .(irA*t)~i + Gc. for A*t >> 1
gi fi

. *A = A/r is the recombination rate constant of the newly formed

D + D scavenger ions,

r = g ^ - g — is a retarding factor depending on D and D
sc+ sc_

12



the diffusion constants of the geminate ions in the absence of scavengers,

and depending on D and D (the diffusion constants of the scavenger
* sc+ sc_

ions•>. Because D << D , the recombination rate constant for the scav-
sc_

enger ions will be much less than for e and its counter-ion. D and D +

will in general- be of equal magnitude.

Our pulse radiolysis experiments in 3-methylpentane at -170 C show

that detached electrons recombine partly as solvated electrons. In this

case e , being susceptible to retardation as described by the factor r_,

plays the role of the negative scavenger ion.

P o l a r m e d i a

The recombination and escape probabilities are much more difficult to

calculate in polar media than in non-polar media because of the complex

processes involved in the former. The orientation of the polar molecules

in the field of the radiation-produced ions takes time; therefore both

dielectric constant and diffusion constant show time dependence. The
(37)

approach of Freeman and Fayadh who used the static dielectric constant

and one single diffusion constant can only by regarded as very rough.
(52)

When Mozuuider used a time-dependent dielectric constant in what

he called the prescribed diffusion method, he found that the Onsager

escaping probability formula remains valid, provided the dielectric con-

stant is expressed by an effective value E ff given by the formula:
er £

eff s op st th

z and e are the static and optical dielectric constants respectively,
s p
r , is the thermalization distance or separation distance, x is the medium

(53)
relaxation time, which, according to Debye , is linked to the molecular

relaxation time x , by
mol J

T =ÍJL£ Te Tmol
op

D is the diffusion coefficient of the quasifree electron, (Dx)2 is the so-

called diffusion relaxation length (MO 8 in water at room temperature).

Subsequently Mozumder introduced the time dependence of the diffusion

constant in a very simple way, using only two diffusion constants, one

pertinent to times less than the medium relaxation time x and the other to

13



i.imes larger than T. The escape probability turned out to be dependent on

e , T and r in a rather complex way. The relaxation time was linked to

the thermalization distance in such a way that small relaxation times were

connected to small thermalization distances.

The thermalization distance at room temperature was calculated to be

27 8 in water and 110 A in propanol-1. The thermalization distance data
(54)

of the alcohols are rather doubtful, because dielectric measurements

showed that alcohols have three relaxation times which are related to

different molecular processes.

It is not clear which particular process dominates, so Mozumder's

choice is doubtful. The recombination time distribution, as calculated by

Mozumder , is complex and depends in a complicated way on temperature.

On the other hand geminate recombination in polar media is more difficult

to observe than in non-polar media, because in polar media only a small

fraction of the electrons undergoes geminate recombination due to the small

Onsager critical distance. Moreover, the background conduction of polar

media is relatively high.

(45)

1.3.8. The solvation process

The physical details of the solvation of electrons that have reached

thermal energy are still a matter of speculation. Even the question whether

the electron should necessarily be completely thermalized prior to sol-

vation is still under discussion.

It is generally believed that an 'almost thermal' electron is cap-

tured by a preexisting electron trap, which subsequently deepens as the

electron polarizes the medium around the trap, or it is thought that

polarization of the medium and trapping occur simultaneously. Schiller*

who was thinking along those lines, calculated that the electron through

this 'self trapping' procedure should be solvated within 10~13 s. This is

compatible with results from picosecond pulse radiolysis measurements which

have shown that the hydrated electron is formed within 10 picoseconds after

the energy deposit . However, low temperature work on alcohols

suggests the existence of many trapping centres caused by polarization

fluctuations. This raises the question of the distribution of trap depths,

which, at the moment, cannot be answered.

In the last chapter of this thesis we shall analyze these problems in

more detail.

14



1.4. MODELS OF VíiE SOLVATED ELECTRON

Calculations have been carried out by theoreticians in an attempt to

fit their theories to the experimental observables of the solvated electron.

The main aim of these computations was to determine the position and width

of the absorption band including their temperature dependence, the oscil-

lator strength and the solvation energy. The different models can be

classified as :

1. Dielectric continuum models.

These models treat the excess electron independently of the rest of the

electrons in the medium. The electron is bound mainly by long range

interaction to the dielectric continuum, and the binding energy is

characterized by the macroscopic parameters, E and E , which are the

static and optical dielectric constant respectively.

2. Molecular models.

The motions of the excess electron and the molecular electrons are con-

sidered to be subject to the potential of fixed nuclear configurations.

The interaction of the electron with its surroundings is described by

the molecular parameters, a the molecular polarizability, and u the

permanent molecular dipole moment. In some models the contribution to

the binding energy of the electron by only the first solvation shell is

considered to be of major importance.

3. Semi-continuum models.

These models are composed of the previous ones and include both the short

range interaction with the first solvation shell, described by molecular

parameters, and the long range interaction with the rest of the medium,

which is considered to be a dielectric continuum, described by macro-

scopic parameters. The energy levels of the excess electron are calcu-

lated as a function of the cavity radius. The advantage of this model is

that configurational stability can be established for solvated electrons

in a variety of matrices.

C o n t i n u u m m o d e l s

The dielectric continuum models originating from the polaren theory of

Landau were developed in order to explain the F-centres in alkali-

halides crystals. This explanation proved not to be valid, but the polaron
(2)

theory was used successfully by Pekar in describing the binding of an

extra electron in a dielectric liquid. In all models one has to find some
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average potential generated by the medium in which the excess electron

moves. This potential depends on the charge distribution and consequently

on the wave function of the excess electron itself. The wave function of

the excess electron is found by minimizing the total energy, using the

Schrödinger equation with one parameter hydrogen-like wave functions.

Because the potential energy in the Schrödinger equation depends on the

wave function a self-consistent field procedure has to be applied. Ogg

was the first to recognize that the solvated electron is confined to a

cavity and therefore he added a cavity surface tension energy term to the

total energy.

Jortner refined the dielectric continuum theories by applying

elements of Ogg's cavity theory to the polaron cheory. The function he

used to describe the potential for the electron is constant inside the

cavity and Coulombic outside the cavity.

Hydrogen-like wave functions for a ls-ground state and a 2p-first

excited state of the solvated electron were used. The energy levels of

the Is and 2p states were calculated by minimizing the total energy (in

both Is and 2p state separately) with respect to the variational parameter in

the wave function and by applying the self-consistent field method. Although

Jortner's elaborate studies gave reasonable understanding of the energy

stability of trapped electrons in both liquid and glassy systems, they did

not l.-ad to configurational stability. The reason is that the binding

energy of the electron increases with decreasing cavity radius and no

maximum in the binding energy was found. The cavity radius 'served as a

parameter to fit the optical transition energy without guaranteeing the

quantitative validity of the model.

M o l e c u l a r m o d e l s

The continuum model describes the potential field in which the excess

electron moves exclusively in terms of the optical and static dielectric

constants. However, experiments of a different nature {e.g. E.S.R. measure-

ments) have demonstrated that strong interactions exist between electrons

and the atoms in the first solvation shell. Iguchi has allowed for these

short-range interactions by applying molecular quantities like the molecular

polarizability and permanent dipole moments. He used smooth spheric sym-

metric polarization functions and did not take any molecular structure into

account.
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The molecular model of Natori and Watanabe describes (by using

Molecular Orbital calculations) the contribution of four orientated water-

molecví'Xesí Tocäted~at-the corners of a tetrahedron, to .the.-energyhstates

of the^electron. Unfortunately, molecular models suffer from an uncertainty

in coordination number and molecular distances. In this connect ion the so-

called dimer models ' describing the electron attachment to the

hydrogen bond of a dimer, should be mentioned. Molecular Orbital calcu-

lations indicated that, in the case of water, the electron density of the

electron is distributed over both molecules of the dimer whereas in the

case of ammonia the electron density is restricted to the central region

between the molecules. This theory is in accordance with experiments by

Brown et al. or pulse radiolysis of mixtures of alcohols and hydrocar-

bons. They demoi*»: • .cd that the yield of the solvated electron in alcohols

is proportional to the alcohol dimer concentration.

S e m i - c o n t i n u u m m o d e l s

Semi-continuum treatments have been developed for solvated electrons

in polar media in which short range interactions turned out to be of major

importance while long range interaction appeared' to be not negligible. In

these theories a short range interaction restricted to one solvation

shell is included, while outside this shell — as in the continuum model —

the medium is assumed to be a continuous dielectric medium maintaining long

range interactions with the excess electron. A short range charge-dipole

interaction between the solvated electron and the first solvation-shell

matrix dipol.rs is added to the potential inside the cavity. By adding a

short range repulsive potential to the attractive polarization potential,

configurational stability of the system was obtained. This short range

potential was of the Wigner-Seitz type. The cavity size was found unambigu-

ously by minimizing the total energy with respect to the 'configurational

coordinate'.

The semi-continuum theories are characterized by many parameters, such

as the radius of demarcation between short and long range interaction, the

number of molecules in the first solvation shell, the depth of the potential

well, and the fraction of the electron charge distribution inside the cavity.

Although much of the criticism of the other models was obviated by the semi-

continuum model, the agreement between predictions of the latter model with

experimental data is only qualitative.
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A p p l i c a t i o n t o n o n - p o l a r l i q u i d s

In the models discussed in the previous section the orientational

polarization provides the major contribution to the electron's binding

energy. In hydrocarbons and other non-polar media the molecules possess no

permanent dipole moment, and the solvation mechanism is not well understood.

However, electronic polarization or partial dipole moments of molecular

groups may contribute to the electron's binding energy. Apparently solvated

electrons in non-polar media are weakly bound; this is demonstrated by the

long wavelength of the absorption maximum. The binding energy is so low that

an equilibrium between bound and semi-free electrons seems reasonable. Very

high reaction rate constants of solvated electrons in hydrocarbons and
(19)

the direct demonstration of semi-free electrons by microwave techniques

are indicative factors in this connection (see section 5.1).

1.5. THE MOBILITY OF THE SOLVATED ELECTRON

1.5.1. Diffusion

The solvated electron is very reactive. Its reactions with a large

number of compounds are diffusion controlled, so the reaction rate constants

can be represented by Smoluchowski's equation :

k = 4irDrf ,

k is the reaction rate constant,

D is the sum of the diffusion constants of both reacting fragments,

r is the encounter distance or mutual reaction radius of both reacting

fragments,

f is the Coulomb factor correcting for electrostatic interaction between

the solvated electron and ionic reactants.

Although the solvated electron can be described as a normal diffusing

negative ion, it has some peculiar properties:

a. The diffusion constant of the hydrated electron is more than the self-
(21)

diffusion constant of the water molecules .

b. In hydrocarbons the diffusion constant of the solvated electrons is so

high that an equilibrium is assumed between solvated electrons and semi-

free electrons09'76).

c. Some scavengers with high electron affinity show remarkably high reaction
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rate constants, so that very high encounter distances have to be assumed.

This probably is indicative of a tunnelling mechanism

1.5.2. Tunnelling

Tunnelling has been assumed to be the operative mechanism of electron

transport in a number of experiments, in particular in the glassy state at

low temperature . The rate constant kfc for tunnelling through a rec-

tangular barrier is given by the expression

kt = -i- = \>T = va exp {- b(V - E)
2r}

T is the characteristic time for tunnelling,

v is the frequency of the electron, depending on the kinetic energy of

the electron in its potential well,

T is the transmission coefficient or the probability of penetrating the

potential barrier per encounter,

a and b are constants,

V - E is the potential height of the barrier,

r is the width of the rectangular barrier.

01

distance

Fig. 1.3. Electron tunnelling from one potential well to another through
a rectangular one dimensional potential barrier.

The characteristic time for tunnelling increases as the distance
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between the two electron traps increases, so tunnelling phenomena can occur
f 79—81")

within a large range of times and distances. Some authors have in-

voked electron tunnelling to explain the decay of solvated electrons in

glassy media.

1.6. DEFINITION OF THE PROBLEM

The experiments described in this thesis can be subdivided into:

1) Solvation of electrons in HMPA (hexamethylphosphortriamide) at room

temperature

- these experiments concern the static properties of solvated electrons;

2) Solvation of electrons at -160° and -17Q°C in

a. a polar solvent, vis. propanol-1,

b. a non-polar solvent, vis. 3-MP (3-methylpentane),

c. mixtures of propanol-1 and 3-MP.

ad 1) In general an inverse relation seems to exist between the wavelength

of maximum absorption \]iax of the solvated electron and the static

dielectric constant e
st

(21). However, a remarkable exception is the

aprotic HMPA, which has tïtó relatively high e value of 30 and never-
(82)

theless a very high value of X : 2200 ran. We suggested that this
TTL3X.

is partly due to the aprotic character of HMPA which means that hydrogen

bonds, which play a major part in electron binding in protic solvent,

are absent. The solvated electron spectrum was measured by Brooks and
f 83}

Dewald , by dissolving alkali metals in HMPA. These authors found
an absorption maximum at remarkably high wavelength (X = 2200 nm) .

max

It was the aim of our work on HMPA to compare the absorption spectrum

of the electrons produced by pulse radiolysis with that obtained bydissolving alkali metals
(82)

and to explain the high value of X
max

ad 2) Several processes — which can be observed only at room temperature by

the application of extremely fast detection techniques — can be re-

tarded by lowering the temperature; then they can be investigated with

our equipment in the time range from 1 ps-1 s. Processes which may

play a role at these low temperatures are:

- dipole reorientation associated with the solvation process;

- 'trap hopping' of electrons. Electrons gain sufficient energy to

leave their traps through interaction with neighbouring molecules.
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- long range tunnelling;

- recombination of electrons and their positive counter-ions in the

spur.

• We used propanol-1 as a polar compound and 3-methylpentane (3-MP) as

a non-polar compound. Both liquids and mixtures of the two can be cooled

down to low temperatures without losing optical transparency.

In propanol-1 dipole reorientation will be of major importance, where-

as in 3-MP spur recombination will be predominant. In mixtures of propanol-1

and 3-MP electron migration from the 3-MP environment to the propanol-1

region may be expected. This migration has been assumed by some authors

to occur in mixtures of alcohols and hydrocarbons in the glassy state at

77 K.

(84,85)
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C H A P T E R I I

EXPERIMENTAL SECTION

II.1. INTRODUCTION

The experimental method we applied in investigating transient radi-

ation phenomena involved both pulse irradiation and kinetic absorption

spectroscopy, enabling us to study both spectral and temporal properties

of transient radiation fragments.

The fragments produced by radiation could be detected by measuring

the absorption of the light that passes through a quartz cell containing

the sample. The detection light beam was guided by a system of lenses and

mirrors from the irradiation room through the basement to the d ection

room, where appropriate wavelengths could be selected with a monochromator

and subsequently detected by photoelectric devices. Absorption changes

were displayed on an oscilloscope screen and photographed. The pictures

were first projected and magnified by an episcope, and subsequently ana-

lyzed.

II.2. THE ACCELERATOR

The irradiation source was a 2 MV Van de Graaff electron accelerator,

type AS 2000, High Voltage Engineering Amersfoort, equipped with a nano-

second pulser. The pulser can deliver pulses (both single and repetitive)

with three pre-set durations viz. 10, 25 and 550 nanosecond, externally

switchable. The electrons are emitted by a 50 fi coaxial gun i.e. a Machlet

cathode and grid assembly. The grid is grounded and a 150 V cut-off bias is

applied to the cathode. With a cathode pulse of -300 V, the effective grid-

to-cathode voltage is about +150 V. This cathode pulse is generated by a

line discharge pulser that consists of a series of lines derived from 50 Ü

coaxial cable tailored to produce 10, 25 and 550 ns voltage pulses. Coaxial

relays are used to connect these lines. The resultant line is discharged

into the 50 Í2 gun by the use of a mercury-wetted contact switch. A drive

coil is wound round the switch. A one shot multivibrator, triggered by a

thyratron gives to the coil a pulse of 250 V and 2 ms duration. Pulses from
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IRRADIATION ROOM

1 accelerator

2 focussing coil

3 deflection magnet 1

4 secondary emission monitor

5 irradiation cell with housing

6 shutter

7 optical filter

8 light source

en 20

CONTROL ROGM

9 pulse generator and
10 controlpanel for the

accelerator
11 monochromator
12 photodetector
13 current-voltage converter
14 photo-voltage meter

15 oscilloscope
16 polaroid camera
17 pulse charge monitor
18 secondary emission monitor
19 temperature meter
20 temperature control

Fig. 2 .1 . Schematic diagram of the experimental setup.
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an external trigger generator fire a neon light source and the light sig-

nals are transmitted through a lucite rod to a photomultiplier at the high

voltage terminal of the accelerator. The output of the photomultiplier is

used to fire the thyratron. The electron beam current during the pulse is

controlled by the pre-set voltage of the discharge line which determines

the cathode pulse. The anode and focus electrodes are operated at poten-

tials of 30 and 15 kV respectively; these are nominal values that will

vary in day-to-day operation. The steering and focussing of the beam by

the deflection magnet and the focussing coils also had to be adjusted

every day.

The start of the electron pulse was triggered as follows:

A trigger generator started either externally or internally in the control

room can deliver single or repetitive voltage pulses. The only mechanically

operating part of this circuit, namely the mercury relays, introduces into

this circuit a delay time of 1.6 ms with an uncertainty of 40 ys. The un-

certainty in closing this relay, called jitter, is a limiting factor in the

pulse radiolysis experiment as far as synchronization is concerned.

II.3. THE OPTICAL SYSTEM

II.3.1. Light source

The light source was an Osram XBO 450 Watt Xenon lamp, which emits

light from a small bright spot with a high luminance over a large spectral

range. The luminous size (as determined by the half-brightness contour) of

this spot of light measured in a horizontal and vertical direction was found

to be 0.9 mm and 1.8 mm. This luminous size appeared to be practically in-

dependent of wavelength between 350 nm and 1100 nm. Beyond 1300 nm the

luminance decreases at increasing wavelength. Originally a Siemens VX 501

r-2b supply with specially adjusted smoothing filters and an appropriate

ignition device: Siemens ZX 501, was used. More recently a Heinzinger supply,

which has a superior power stabilization, was employed. The operating

Voltage of the lamp was about 19 Volts, with a maximum current of 25 A

(when in continuous use). Luminance fluctuations of the lamp were due

partly to a low frequency movement of the arc over the cathode area and

partly to gas whirl convections mainly inside the lamp . These fluctu-

ations could be reduced from 2% to 0.3% by applying an optical feedback

system designed by the electronics department of our laboratory.
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II.3.2. Optical path

Because the irradiation cell was situated in the irradiation room and

the monochromator-detector system in the control room, the light beam had

to be guided through the basement around the protective wall by a system

of mirrors and lenses with minimum loss of light flux. The five mirrors

were plane aluminized glass plates which show a high reflectivity in the

whole spectral range. The condensor lens, composed of three lenses, and six

other lenses, were made of high purity Infrasil glass in order to keep to

a minimum the production of colour centres by ionizing radiation and in

order to obtain a broad spectrum ranging from the ultraviolet to the near

infra-red region. The positioning of the lenses was such that the light

emitting spot of the lamp was imaged first in an intermediate focus, then

in the centre of the irradiation cell, and then over a rather long distance

in a second intermediate focus half-way through the basement. Finally it

was imaged on the entrance slit of the monochromator. Lenses, placed in the

intermediate focusses, image the previous lens on the next one in order to

collect the maximum amount of light (light collecting optics, see fig. 2.2).

Fig. 2.2. Light collecting optics: Lense L 2 images lense L| on lense L3;
the image A' of A is in the plane of lense L^.

II.3.3. Monoahromator

The lens system described in the previous section matched the light

beam to a f/3.5 Bausch and Lomb High Intensity monochromator. This mono-

chromator was used with suitable grating mirrors and optical filters to

cover the spectral range from 180 nm-3200 nm. From 180 nm to 320 nm it was

necessary to use two monochromators in series because in this way it is
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possible to eliminate scattered light of unwanted wavelength passed by one

monochromator. The reciprocal linear dispersion is determined by the lateral

separation of different wavelengths at the exit slit of the monochromator

and amounts to 6.4 ran/mm for the grating in the visible range.

II.3.4. Photodeteators

Two types of photomultipliers, the RCA IP 28 and the Philips 150 GVP,

were used for measurements in a spectral range from 350 to 1100 nm. An InSb

infra-red photoconductor covered the region from 1000-2500 ran. The RCA IP

28 showed an S-5 response, which corresponds to a spectral sensitivity ex-

tending from 240 nm to 650 nm. In combination with the spectral distribution

of the Xenon lamp, the IP 28 was sensitive from 240 to 650 nm. The Philips

150 CVP, which shows an S-l response, is sensitive from 350 to 1100 nm. The

photomultipliers were subjected to high light fluxes in order to detect

small absorption signals with a reasonable signal-to-noise ratio. In order

to prevent the anode current from exceeding the maximum admissible value

the gain of the photomultipliers could be reduced by a dynode switch, which

connected directly to the anode an adjustable number of dynodes up to a

maximum of six.

The linearity of the photomultipliers was tested by measuring the

photovoltage as a function of the light flux at different cathode-anode

voltages. The light flux was varied by using a film with step-wise in-

creasing transmission coefficient. Alinearities occurred at low cathode-

anode voltages, depending on the light intensity. Higher light intensities

yielded alinearities at lower cathode-anode voltages. We chose to apply a

lower limit of 500 Volts as this was suitable for all light fluxes. An

upper limit for the linearity region is reached at high cathode-anode

voltages, yielding anode photo-currents high enough to influence the voltage

between the last dynode and the anode. Nominal values of the maximum ad-

missible anode current, namely 0.5 mA for the IP 28 and 30 uA for the

150 CVP, were applied.

In order to make the RC time of the electronic detecting system in-

dependent of the photoresistance a current-voltage converter was con-

structed by the electronics department (see fig. 2.3). The RC time in this

system equals R. * C , whereas the photovoltage equals I , x R
1 var c & i photo var

However, this independence is lost when short RC times are needed and R.

= 2-10"8is short-circuited, the RC time becoming R
photo s
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•operational amplifier

current-voltage converter

Fig. 2.3. The current-voltage converter: R = 27 kfi, Rj = 1 kfi,
500 kfi, C = 0.1 viF, C v a r = 33 pF-3.3 nF.

500 Ü-

The upper limit of the photovoltage in this system was found to be 1.5 Volts.

The InSb photoconductor had been assembled in our laboratory. A strip

of InSb, supplied by the 'Billiton Mij', was attached to a copper block in

a Dewar vessel with suitable noise-free contacts and was operated at 77 K

(liquid nitrogen temperature). The region of spectral response of the InSb

detector extends essentially from the visible to about 6 y. However, the

luminance of the Xenon lamp beyond 2.5 \i was very small and therefore our

measurements ranged only from the visible to this wavelength. By flashing

the lamp it was possible to obtain a gain of a factor 10 in light intensity

in the wavelength region of 1.5 to 2.5 u» An increase in temperature would

increase the electron concentration in the conduction band and this de-

creases the electron-hole recombination time. Attempts to decrease the

response-time of the InSb detector by raising its temperature were un-

successful because of the strong increase in the noise level. Essentially

the flux of light falling upon the photodetector has a linear relationship

with the conductivity of the InSb detector rather than with the photo-

voltage which was measured in our circuit.

The current i is kept constant by a high series resistance (fig. 2.4).

We now calculate the relative error by assuming that the photovoltage is

linear with the light flux. If oR represents the conductivity of the photo-

conductor in the dark, and a the extra conductivity due to the light,
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senes
resistance

t/.InSb detector

Fig. 2.4. Electric circuiL of InSb detector.

o is defined by the equation
tot

tot 0 p

For the corresponding voltages we can write:

V = V_ + V
tot 0 p

ao(ao

If a << a_ the following approximation can be made:

P aQ2 p

with a relative error of a /a . A small variation Aa is accompanied by a

small variation AV according to

A V
P = - (an + a

Aa

If again a « o_ the latter equation can be approximated by

AV = V Ao
P öQ2 p

with a relative error of 2o /o^, in our case about 2%.
P 0

II.3.5. Oscilloscope

The oscilloscope we employed was a Tektronix type 545A, equipped with

two time bases, one normal, and the other for adjusting a convenient delay
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time after which the first could be started. For rather slow measurements

(times longer than 50 us/division), we used a type D plug-in unit (maximum

sensitivity of 1 mV/division with a bandwidth of 1 Me) and for fast measure-

ments (times shorter than 50 us/division) a type G plug-in unit (maximum

sensitivity of 50 mV/division and bandwidth of 20 MHz). Absorption signals

on the oscilloscope screen could be photographed with an appropriate Polaroid

camera loaded with 3000 ASA film for the time bases of 10 ys and higher, and

with 10 000 ASA film for faster time bases.

II.4. IRRADIATION CELLS

The irradiation cells were made of quartz with Infrasil windows to

permit measurements in the near infra-red region and to reduce the number

of colour centres produced by ionizing radiation. In the long run the ir-

radiation cells turned purple on irradiation, but one single electron pulse

gave no measurable absorption of the window. Only a weak fluorescence signal

from the irradiation cell was observed. This was reduced by a diaphragm in

the light beam. Two types of irradiation cells were used (see fig. 2.5).-

Fig. 2.5. Irradiation cells.
1. Capillary tube for thermocouples;
2. Constriction for sealing;
3. Joint.

One type could be sealed. The detection light beam and the beam of ener-

getic electrons passed through the cell in perpendicular directions (see
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fig. 2.6). The temperature in the liquid under investigation was measured

Fig. 2.6. Orientation of irradiation cell with reference to the electron
beam and the light beam.

by thermocouples put in the capillaries. At first, we used suprasil quartz

windows fused to the cell, which gave undesirable distortion of the flatness

of the windows. Later the manufacturing procedure was changed and the

windows were sealed to the cell. Organic films with very fine borosilicate

glass grains (Vitta Glass Transfer Tape G—1015) were placed between two

quartz areas. Heat burned the organic film and melted the pyrex grains to

an extremely thin layer, thus creating a hermetic seal between the quartz

parts. This cell was resistant to temperature changes ranging from +20 to

-200°C.

II.5. THE TRIGGER SYSTEM

The electron pulses were not of uniform intensity because the electro-

magnetic fields from the drive motor of the accelerator modulated the pulse

height. The irreproducibility of the pulse height could be reduced to 1%

by starting the pulse each time at the same phase of the electric mains by

using a 'mains phase trigger'. Its output pulse can trigger two adjustable

delay units, each of which triggered in its turn one of the following units

(see fig. 2.7):

1) the pulse generator of the accelerator,

2) the oscilloscope,
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è

ti

Irradiation room

Control room

Fig. 2.7. Schematic diagram of the trigger system. 1. Pinch balloon; 2.
photographic shutter; 3. ignition button; 4. mains phase trigger;
5. mains; 6. delay unit; 7 trigger generator for the accelerator;
8. accelerator; 9. delay line pulser for flashing the light source;
10. light source; 11. irradiation cell; 12. monochromator and
photodetector; 13. oscilloscope.
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3) the delay line pulser for flashing the light source.

The irradiation pulse could be synchronized with the flash of de-

tection light and the sweep of the oscilloscope by adjusting the delay

unit. The 'mains phase trigger' was started either by a simple switch or

by the flash contact of a photographic shutter placed in the detection

light beam. The shutter was operated by a pinch balloon from a distance

of about 10 meters. In order to show the beginning of the 100% light level

line on the oscilloscope screen, the sweep was started just before the

arrival of the light absorption signal (see fig. 2.8).

time

• - I00°/o light level

absorption

Fig. 2.8. Oscilloscope trace of a typical absorption signal.

For time bases from 10 to 500 ys/div this could be done by allowing for

the fixed internal delay of 1.7 ms of the accelerator by means of the

oscilloscope's variable internal delay. From time bases of more than 5 ms/

div the start of the irradiation pulse was delayed further by an adjustable

delay unit. For time bases of less than 10 ys/div these methods were not

applicable because of a jitter of about 40 ys in the moment of arrival of

the irradiation pulse. In such cases the sweep was triggered by the ab-

sorption pulse itself, so no 100% light level was visible on the oscil-

loscope screen.

II.6. CRYOSTATE

A cold system was developed which could stabilize temperature at any

desired value between +20° and -196°C (fig. 2.9). This was achieved by

blowing warm or cold nitrogen gas around the irradiation cell, mounted in

a housing with double copper walls, which was usually filled with liquid

nitrogen when low temperatures were needed (about < -100°C) (fig. 2.10).
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rvgas

E Z liquid nitrogen
rcÑi styro foam

Fig. 2.9. Schematic diagram of the cryostate system. I. Cryostate; 2. alu-
minum window in the extension tube of the accelerator; 3. irradi-
ation cell; 4. thermocouples for temperature reading; 5. thermo-
resistance for temperature control; 6. Dewar vessel with liquid
nitrogen; 7. magnetically controlled tap; 8. temperature control
system.

Fig. 2.10. Cryostate.
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The nitrogen gas was cooled by passing it through a copper coil dipped in

liquid nitrogen.

The temperature control system we used (W.T.W. Co. type TM2> compared

the signal from a thermo-resistance, placed in the stream of nitrogen gas,

with an adjusted signal. A tap operated magnetically was controlled by the

differential signal and gave cold nitrogen gas when the temperature was too

high and warm gas when it was too low. In this way the temperature in the

irradiation cell, as measured with an alumel-chromel thermocouple, was

stabilized within 1°C, even at the lowest temperatures (fig. 2.11). The

rr\

to electrometer

Fig. 2.11. Pulse charge monitor.

nitrogen gas was passed through a grid in order to prevent liquefied nitro-

gen from spouting into the detection light beam. This liquefaction of nitro-

gen was observed by us at 3 atm and can be explained by a rise of the nitro-

gen boiling point in the cooling coil, as a result of the relatively high

nitrogen gas pressure.

The cryostate was mounted on the extension of the accelerator in order

to obtain a fixed position with reference to the electron beam. In order to

prevent the rubber rings around the exit window of the extension from

hardening at these low temperatures, which could be very hazardous for the

vacuum system of the accelerator, warm air was blown round the pipe. The

temperature was adjusted by the temperature control system and was usually

in agreement with the value measured with the chromel-alumel thermocouple

placed in the liquid sample by means of a glass capillary. The detection
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light beam in the cryostate was kept free from snow and condensed water by

using evacuated quartz chambers with two windows, the outside of which was

kept dry by a stream of air. The height of the liquid nitrogen in the Dewar

vessel with the cooling coil was kept constant automatically.

II. 7. DOSIMETERS

Two types of dosimeters were used to measure the amount of radiation

energy absorbed by the sample. The first type recorded a collected charge

or the charge of the electron beam pulse electronically and gave an instan-

taneous reading at each irradiation pulse, whereas the second type — usually

denoted as chemical dosimeter — gave the absolute dose by measuring the con-

centration of radiation products in appropriate liquids spectroscopically.

Usually both methods were applied, the first to give only a relative indi-

cation and the second type to give absolute calibration before or after a

series of measurements.

I I . 7 . 1 . Chemical dosimeters

Three kinds of chemical dosimeters were used for calibration of both

the electronic dosimeters. The alkaline water dosimeter was used for c a l i -

bration of the pulse charge monitor; both the methanol-alkaline water dosi-

meter and the rhodanide dosimeter were used for absolute calibrat ion of the

secondary electron monitor. All three chemical dosimeters are dependent

basically on the primary radiation fragments produced in water, which are

H30 OH and H (2)

H20

H20

H„0

H O

H + OH

+ e

+ nH2O

+ nH2O

H-O* + OH3 aq

aq

T h e w a t e r d o s i m e t e r

The i n i t i a l optical density of the e
aq

absorption spectrum in the ab-

sorption maximum (X = 720 run) is measured. Then, the absorbed dose can be

calculated from the known molar extinction coefficient: e.,nn = 1.58 x 101*
720 nm

M ^cnT1 and from the known yield of e in the ys range: G(e~ ) = 2.6.
e )
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OD

c

- log

=;G •

1 -

D
100

A

1
N

E cd

• D (in eV/1) =
100N
eGd OD (2.1)

*aq'

in which

OD = optical density,

A = absorption,

c = concentration of ea

d = optical path in the irradiation cell, in our case: 2 cm,

G = yield i.e. number of radiation fragments per 100 eV radiation energy

absorbed,

N = Avogadro's number 6.0 * 10 2 3

D (in eV/1) = the dose i.e. the radiation energy in eV absorbed per liter

of the sample.

In radiation chemistry and physics it is customary to use the rad as

the unit of absorbed dose, defined as: 1 rad = 100 erg radiation energy ab-

sorbed per gram matter, which yields:

D (in rad) =
i PON
eGd

^ OD
P

(2.2)

in which e = elementary charge = 1.6 x 10~19 C and p = mass density (in

gram/cm3).

In water e has only a short half-life,, so initial yields cannot beaq

determined very accurately. Therefore, the main reactions causing this short

life should be suppressed. These are:

e + 0_aq 2

eaq + H3° —y H2° + H

eaq + 0 H OH

(1)

(2)

(3)

We suppressed the first reaction by bubbling argon through the sample and

we suppressed the second one, which is partly in the spur, by adding 10~2 M

NaOH__. By doing this we obtained the so-called alkaline waterdosimeter

. To suppress reaction(3), which also occurs

*" CH„OH +

followed by 2CH2OH —»• glycol. This is the so-called methanol-alkaline

with a G(e )-value of S.P2'*
aq

mainly in the spur, 1 M methanol was added, giving OH + CH..OH
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waterdosimeter with a G(e )-value of 3.4
(2,3)

R h o d a n i d e d o s i m e t e r

The rhodanide dosimeter which is a 0.01 M aqueous KCNS solution, is
(4 5)

based on the following reactions ' :

CNS~ + OH • CNS + 0H~

CNS + CNS~ »• (CNS)~

The (CNS)2 shows a light absorption maximum at 475 nm with a molar ex-

tinction coefficient of 7600 M~1»cm~1; this result was reported by Baxendale

et al. , whereas Adams et al. reported a value of 7100 M"1*cm~1. The

reported G-values were:

G{(CNS)~} = G(OH) = 2.65 ± 0.3

interfering absorption of the e

bling air through the rhodinide dosimeter.

The interfering absorption of the e spectrum could be suppressed by bub-

aq

II.7.2. Electronic dosimeters

The advantage of the electronic dosimeters is that they can monitor

instantaneously the delivered dose. However, these readings are only rela-

tive and should be calibrated against chemical dosimeters. Two kinds of

electronic dosimeters were used:

1) The pulse charge monitor. It records a definite part of the charge of

the electron beam after it has delivered a certain part of its energy

to the sample. For that reason the irradiation cell was surrounded by

an aluminum housing with a square hole of 2 x 2 cm2 in front to allow the

electron beam to enter and holes at both sides to allow the detection

light beam to pass through (see fig. 2.12).

Fig. 2.12. Secondary Emission
Monitor.

• 240V

39



In order to catch only electrons which deliver radiation energy to the

sample, an aluminum disc (of 5 mm thickness) with a square hole of

1.9 x 1.9 1cm2 served as a diaphragm, so that none of the energetic elec-

trons was caught directly by the cell-housing (see fig. 2.13). The alu-

minum disc was insulated from the housing and connected to the grounded

extension of the accelerator.

Fig. 2.13. Saturation curve for the S.E.M. signal.

The charge collected by the aluminum housing was recorded by a Keithley

electrometer, model 601. The measured charge of the pulse was trans-

lated into dose by the alkaline waterdosimeter and turned out to be

proportional to dose for charges more than 15 nC. Actually we measured

the initial optical density at the wavelength of maximum e absorption,
aq

which is proportional to dose. Below this value the charge-dose relation

was non linear. We attributed this behaviour to electron trapping in the

glass of the irradiation cell, resulting in too low an indication of

the measured charge. From the high dose proportionality between the 0D

and the charge we obtained OD/charge = (5.0 ± 0.5) x 10~3 nC"1.

From formula (2.2) we calculated: dose/OD = \0h rad by inserting
G(e~ ) = 3.1; e7ori = 1.6 x 104 r'-cin-1 and d = 2 cm, leading

äcj / zu mu

ultimately to the conversion factor of dose/charge = (50 ± 5) rad/nC.

This value is in agreement with the results of the following rough

calculation. The number of electrons entering the irradiation cell

per cm2 equals { q/e where q is the total charge of the
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electrons entering the cell and e is the elementary charge; the entrance

area = 4 cm2. The penetration depth of 2 MeV electrons in water is about

1 cm. If we assume that the electrons deposit their energy homogeneously,

which is a rather rough approximation, then the dose in the penetrated

volume, equivalent to the radiation energy deposited per unit of volume,

equals { — ' 2 MeV/cm3 = jq'1011 rad; q in Coulomb. So dose/charge =

I-1011 rad/Coul = 50 rad/nC, which equals the value found experimentally.

2) The other electronic dosimeter we used was the secondary emission monitor
(7 ft}

(S.E.M.) ' . It was mounted in the extension pipe of the accelerator

and consists of three thin aluminum foils, placed parallel to each other

(see fig. 2.12). Both the outer foils are grounded, whereas the insulated

inner foil can be brought to a positive potential with a maximum of 240

Volts. From each of the six sides of the three foils secondary electrons

are emitted by the energetic primary electrons. The secondary electrons

from the inner sides of the outer foils and from the inner foil itself

are attracted to the inner foil by its positive potential, giving a

transient charge collection i.e. current on the inner foil. This current,

which is proportional to the number of primary electrons in the pulse is

recorded electronically with equipment constructed in the electronics

department.

50 100
S.E.M.-signal

Fig. 2.14. Calibration of the S.E.M. signal on the optical densities
of I the methanol alkaline waterdosimeter and II the
rhodanide dosimeter.
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Each foil is perforated with 10 holes of about 1 mm2 in order to guar-

antee good vacuum in the whole of the S.E.M.-system. As can be seen from

the curve in figure 2.13, increase in potential of the central foil

eventually leads to saturation of the electron current. It is clear that

the relation between the dose delivered in the irradiation cell and the

S.E.M. signal will depend strongly on beam geometry, so a precise ad-

justment of the beam is necessary. The S.E.M. signal was calibrated on

both the raethanol-alkaline-waterdosimeter and on the rhodanide dosimeter

before each series of measurements in the propanol-1 and the 3-methyl-

pentane programme. Figure 2.14 shows the results. The calibration on the

methanol-alkaline waterdosimeter yielded an OD-S.E.M. signal conversion

value: OD/S.E.M. = 4.7 x 10~3 (S.E.M. unit)"1; (OD of e absorption at
_ °*1

712 run) together with G(e~ ) = 3.4 and £-,„. = 1.6 x 104 M^-crtf1.
aq 720 nm

This resulted in a dose-S.E.M. signal conversion factor: dose/S.E.M. =

43 rad/S.E.M. unit. The calibration of the dose on the rhodanide dosi-

meter yielded an OD-S.E.M. conversion factor: OD/S.E.M. = 1.85 x 10~3

(S.E.M. unit)"1; OD of (CNS)~ absorption at 475 nm with G{(CNS)~} =
2.65 and z,nc = 7600 M^-cm"1. This resulted in a dose-S.E.M. signal

475 run

conversion value: dose/S.E.M. = 46 rad/S.E.M. unit, which is in rather

good agreement with the value of 43 rad/S.E.M. unit, mentioned above.

The dispersion of the S.E.M.-dose data over different days is rather

high, namely about 20%, whereas during one series of measurements the

dispersion is not more than 5%. This meant that we had to calibrate the

S.E.M. signal before each series of measurements.

II.8. BEAM DOSIMETRY

Beam intensity distributions were examined in planes perpendicular to

che initial beam direction by measuring the bleaching of irradiated blue

cellophane sheets at different distances behind the aluminum exit window.

The scattering angle characterized by the half-intensity-beam value turned

out to be 25°.

The irradiation cell had to be placed at a distance of 5-10 cm behind

the exit window. In that case the beam intensity over the entrance plane

of the cell was sufficiently homogeneous and still high enough for our

irradiation experiments.

In order to find the dose distribution in the irradiation cell parallel
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and perpendicular to the initial beam direction, the arrangement of the

cell was simulated by a sandwich system consisting of a thin glass plate

(thickness = 1 mm; area = 2 x 2 cm2) followed by seven thin perspex plates

(thickness of each 1 mm; area = 2 x 2 cm2) separated by sheets of blue

cellophane. The bleaching of the cellophane was a measure of the dose de-

livered and could be calibrated with the aid of a Cobalt y~source with

known dose rate. The dose distribution along the cellophane sheets was

determined by scanning the bleached sheets with a light emitting diode-

phototransistor arrangement. The distribution shown in figure 2.15 has

cylindrical symmetry around the centre line of the electron beam. The depth

3
TO

I

f \

2 3
distance

cm

Fig. 2.15. Dose distribution perpendicular to the electron beam in the
irradiation cell.

distribution, drawn in figure 2.16, is far from homogeneous. This lack of

homogeneity necessitates the use of a rather narrow detection light beam;

mm

Fig. 2.16. Depth dose distribution in the irradiation cell.
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the latter could be achieved by making the beam pass through slits at the

entrance and exit windows of the cell.

II.9. EXPERIMENTAL LIMITATIONS

It should be borne in mind that during the experiments the following

factors affected the accuracy of the apparatus.

a) Noise, mainly shot noise from the photomultiplier and to a lesser extent

amplifier noise. The signal to noise ratio could be improved by:

1) Using high detection light fluxes, shot noise being proportional to

the square root of the light flux, whereas the absorption signal is

proportional to the light flux itself. In order to allow such high

light fluxes to the photomultipliers, the number of operating dynodes

had to be restricted (see section 3.4).

2) Decreasing the bandwidth of the electronic equipment by high frequency

filters, which can be applied when high bandwidths are not necessary.

b) Light intensity fluctuations of low frequency, only troublesome at 'slow'

measurements. These fluctuations were caused by:

1) The light source itself (see section 3.1).

2) Microphony. In spite of the firm positioning of all necessary compo-

nents a small contribution still remained.

3) The spouting of liquid nitrogen against the optical window. This could

be diminished drastically by using a special grid (see section 6) .

Only when trying to reach very low temperatures at the inside of the

cryostate (-185 to -195 C), were we forced to measure during short

intervals between two spoutings.

c) Interfering signals. The following types of signal can interfere with

the transient light absorption measurements:

1) High frequency electromagnetic oscillations induced by the electron

pulse. This radiation is picked up by the detection equipment located

about 4 m from this cell and separated from it by a 1.4 m thick

concrete wall. Although we avoided double grounding and although we

led the stopped charge pulse immediately back to the accelerator

via the extension pipes, the interference did not vanish entirely.

The effect can be remedied when the absorption signals exceed the

electromagnetic disturbance signals to a larger extent; in those

cases when the absorption measurements can be carried out at low
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bandwidth, appropriate filtering is possible.

2) The Cerenkov light pulse, which is very intense at the lower wave-

lengths (in our case 300-500 nra). It occurs only during the irradi-

ation pulse (in our case mostly 0.5 us), as the electron velocity

exceeds the velocity of light in the sample.

3) Phosphorescence of the quartz of the cell after irradiation. This

was only a weak interference lasting from 1-100 us and was only

troublesome when the flux of the analyzing light that reached the

detector was too small. This was mainly the case when we worked with

samples in the glassy state which were cracked, so that reflection

of lif.ht against fractures reduced the light flux considerably.

d) Bleaching. Under special conditions solvated electrons can be photo-

bleached by the detection light beam. This process can interfere with

the increase of the absorption caused by reorientating dipoles.

e) Reproducibility of the pulse. A modulation in the electron beam of 50

cycles/s was corrected by a mains phase trigger (see section 5). The

remaining scattering of the pulse height could be reduced to 1% by

directing the pulse accurately through the pipes. However, sometimes

the pulse intensity changed very slowly during a series of measurements.

When this happened the absorbances were corrected with the aid of the

signal of the dosimeter.
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C H A P T E R I I I

PULSE RADIOLYSIS OF HEXAMETHYLPHOSPHORTRIAMIDE

III.I. INTRODUCTION AND SUMMARY

The stabilization of excess electrons has been demonstrated in a great
(1-4)

variety of media in the solid and the liquid phase . The similarity

between the absorption spectra of the stabilized electrons in all these

media is remarkable and suggests a common binding mechanism. Although the

exact nature of this mechanism has not yet been determined, it has been

proved that in polar media short range interactions contribute mainly to

this binding energy . The binding energy is to a certain extent related

to the wavelength of maximum absorption X . For different polar compounds
max

the general trend is a blue shift of A at increasing static dielectric
constant e . (see table I). For water X ~1 has been found to be linear

st max
with thé dielectric constant, which can be varied by changing the temper-

(3)ature . A similar relationship has been found for a number of alcohols.

Table

water
ethylene glycol
N,N dimethylacetamide
methanol
HMPA
ethanol
ammonia
ethylenediamine
dioxane
squalane

I.

E
S

78
38
38
33
30
25
17
3.6
2.2
2.0

X /ran
max

720
580
625
630
2250
700
1700
1280
1100

1600-1700

HMPA is an obvious exception to the above-mentioned trend. Its X
max

value is at least a factor 3 greater than one would expect from e . This
s

high value of 2250 nm taken from Brooks and Dewald, who measured the ab-

sorption spectrum of an alkali metal solution in HMPA, corresponds to the

very low binding energy of 0.5 eV . By using fast infrared absorption

measurements following pulse radiolysis of HMPA we measured a transient
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absorption wlüch we attributed to solvated electrons. Addition of biphenyl

(4>2) and anthracene (A) provided evidence of scavengeable electrons, the

yield corresponding to a G-value of 2.4 ± 0.3. This relatively high yield

and the very low binding energy of solvated electrons in HMPA are ascribed

to the nature of this solvent. In HMPA-water mixtures the characteristic

absorption maximum of the solvated electron spectrum in water shows a

gradual shift on increasing the fraction of HMPA. This red shift is dis-

cussed in relation to the dielectric properties of both solvents.

III.2. EXPERIMENTAL

Distilled HMPA was stored above molecular sieves under a nitrogen

atmosphere. All solutions were thoroughly deoxygenated by purging with

pure argon and all experiments were carried out at room temperature. The

static dielectric constant of the HMPA-water mixtures was determined by

measuring with a wheatstone bridge the capacity of a cylindrical variable

condenser (see fig. 3.1) filled with the sample.

Fig. 3.1. Cylindrical condenser, used
for measurements of the di-
electric constants of liquids.

The static dielectric constant of the sample was derived from the slope

of the straight line which relates the capacity of the condenser to the

amount of overlap of the cylindrical plates;

III.3. RESULTS

III.3.1. Speetvwm of the solvated electron

The transient absorption spectrum from 350 nm-1500 nm of pulse ir-

radiated HMPA is shown in figure 3.2. The wavelength range beyond 1500 nm

was inaccessible for measurements due to the intense absorption bands of

HMPA itself. Two different transient absorptions, one in the infra-red and

one in the ultraviolet region were found showing different kinetic behaviour.

I-:-;
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0.20

300 500 1ÖÖ0
wavelength, \/nm

1500

Fig. 3.2. Transient absorption immediately following a 0.5 vis electron
pulse in pure HMPA. Dose: 8 krad.

The first one increases to beyond 1500 nm and, when approximated by first

order kinetics, shows a half-life of about 3 us. The ultraviolet absorption

decays more slowly and follows second order kinetics (k/e = 3 x 105 cm«s 1 ) .

The infra-red absorption was assigned to the solvated electron, in view

of the following considerations:

1) The transient i-r absorption coincides with the steady absorption of

alkali metal solutions of HMPA as measured by Brooks and Dewald, who,

by using very thin absorption cells, were able to measure the complete

absorption spectrum of e ranging from 600-3200 nm
s

2) There is no significant radiation produced i-r absorption when the HMPA

is not carefully deaerated.

3) The transient i-r absorption is completely replaced by the transient

characteristic absorption of the anion of biphenyl (4O or anthracene

(A ) when one of these solutes is present to capture the electrons (see

figs. 3.3 and 3.4).

III.3.2. Held

The yield of the biphenyl and anthracene anions is independent of the

biphenyl- or anthracene concentrations between 4 and 40 mM. This proves

that at these concentrations the solutes do not interfere with the geminate

recombination. Therefore the yield of the anions equals the free ion yield
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300 500 700 900
wavelenght, X /nrn

1100

Fig. 3.3. Transient absorption after a 0.5 ys electron pulse in 4 x 10 2

M biphenyl in HMPA. Dose: 1.5 krad.

300 500 700
wavelength, \ir\m

900

Fig. 3.4. Transient absorption after a 0.5 us electron pulse in 5 x 10~2

M anthracene in HMPA. Dose: 3 krad.

and also the yield (G(e )) of solvated electrons. The transient absorption
s

curves of pulse irradiated <)>„- and A-solutions of HMPA are shown in figures

3.3 and 3.4. From the knovm molar extinction coefficients z C«í>o a t ^10 ran)

= 3.5 * \0h r 1 - ™ " 1 and e (A~ at 720 nm) = 0.99 x 101* M^-cnf 1 (as meas-

ured in tetrahydrofuran ) , a yield G(e ) = 2 . 4 ± 0 . 3 was calculated.
s

This value is in good agreement with G(e ) = 2.3 ± 0.4 as reported byShaede et at.
(9)

Mal'tsev et al.

, but in disagreement with G(e ) = 1.2 as reported by
(10) S
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III.3.3. GE value

By fitting our i-r absorption curve with the one of Brooks and

Dewald we were able to make a rough estimate of the product G(e )-e
s

for the absorption maximum (X = 2250 ran). The G(e )•£ value equals

3.8 x io4. This is about half the value reported Vy Shaede et al. and

more than 5 times the value reported by Mal'tsev et al. . The low values

reported by the latter authors may be explained by the fact that they used

rather long irradiation pulses, during which a considerable fraction of

solvated electrons decayed.

III.3.4. Kinetics of scavenger-anion decay

The decay of the $„ anion in HMPA follows second order kinetics,

possibly indicating a charge neutralization reaction with the positive

counter ion. From the linear relation between the reciprocal optical

density of the biphenyl anion and the decay time a value for k/e was

derived. With the known value of the molar extinction coefficient e a

value of k = 1011 M^-s" 1 was found for the second order rate constant.

By estimating the ionic radii and the diffusion coefficients the ionic

encounter frequency (including the Debye charge factor) could be calcu-

lated. A comparison between the calculated and the experimental value of

the rate constant indicated that the neutralization reaction is diffusion

controlled.

III.3.5. HMPA-water mixtures

The absorption spectra of the transient species produced by radiation

in HMPA-water mixtures were recorded from 350 nm to about 1100 nm. Again

the wavelength region beyond 1100 nm was inaccessible due to intense ab-

sorption bands of water and HMPA (see section 3.1, p. 47). Because the

wavelength of maximum absorption of solvated electrons in water is 720 nm

and in pure HMPA 2200 nm, we could only observe the influence of the

addition of HMPA to water on the absorption spectrum of the hydrated elec-

tron. Only one absorption maximum is found in mixtures with 100 to 45

weight % water. This maximum shifts to longer wavelengths and decreases

in height at increasing HMPA concentration. The change in the position of

the absorption maximum with mixture composition is shown in figures 3.5

and 3.6 both for weight and molar composition. The change cannot be
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50 100
weight percentage H2O in HMPA

Fig. 3.5. Dependence of the optical transition energy in the absorption
maximum of the solvated electron in H20-HMPA mixtures on the
weight composition and the dielectric constant of the mixture.

20 40 60 80
Molar percentage H2O in HMPA

Fig. 3.6. Dependence of the optical transition energy in the absorption
maximum of the sólvated electron in H2O-HMPA mixtures on the
molar composition.
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explained by a simple superposition of solvated electron absorption spectra

of the pure components, each one contributing according to its weight o.q.

molar fraction. Dielectric measurements showed that the static dielectric

constant z of the water-HMPA mixtures is a linear function of the compo-
s

sition. Figure 3.5 demonstrates that a decrease of e from 80 (the pure

water value) to about 60 is of only minor influence on the position of the

absorption maximum.

III.4. DISCUSSION

The most striking features of the radiation-produced solvated elec-

tron in HMPA is a relatively high yield (G(e ) = 2) and a very low binding

energy (A = 2250 nm corresponding to E = 0.55 eV). As far as the high
max

yield is concerned, HMPA is comparable to the strongly polar amides and

water ' , whereas the electron binding energy in HMPA is even lower than

in the completely apolar solidified hydrocarbons which show a A value
(12 131

of e at 1700 n m U ' '.
s

These striking features can be explained in terms of the structure

and properties of HMPA. This compound has. a large molecular dipole moment

(y = 4.3 D) and consequently a rather large static dielectric constant

(e = 30 at 2Q°C) in the liquid state. The negative part of the HMPA

dipole is concentrated on the oxygen atom on the outside of the molecule,

whereas the counter positive charge is strongly delocalized as can be seen

from the resonance structures:

VH3
" N -

briefly
formulated

This structure gives the basic properties of HMPA. In ionic solutions the

anions are only weakly bound by the diffuse positive charge of the HMPA

dipoles, whereas cations are bound much more strongly by the localized

charge on the oxygen atom.

The relatively high yield of e in HMPA can be explained by the

rather high probability that electrons will escape geminate recombination,

because of the high dielectric constant, the consequent small Onsager
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radius and ¿Aso the effective solvation of the positive counter ion. We

ascribed the high value of the wavelength of maximum absorption of 2250 nm

and the corresponding low binding energy of 0.55 eV to the relatively large

cavity size in HMPA due to che bulky HMPA molecules. According to all

theories of electron solvation increase of cavity size results in a dimin-

ishing energy level separation. Moreover, the delocalized positive charge

weakens the electrostatic interaction between the electron and the sur-

rounding molecules. The absence of H-bridges due to the aprotic character

of HMPA is obviously a very important factor in this respect. It is well-

known from E.S.R. measurements that hydroxylic hydrogen contributes largely

to electron binding
(15)

in water and alcohols. This is consistent with

pulse radiolysis experiments on dimethylsulphoxide (DMSO), also a strongly

polar aprotic solvent, as reported by Bensasson and Land . They found

that the maximum of the e absorption spectrum is beyond 1600 nm, which
s

again indicates a low binding energy for a liquid of high dielectric

constant. The electron affinity of the solvent, the presence and nature

of positive ions, radicals and electrophilic impurities are all controlling

factors of the lifetime of the solvated electron.

In nearly all liquids except water the lifetime of the electron

produced by pulse radiolysis is shorter than 10 us. In HMPA we found a

lifetime of 3 us but this value might be somewhat higher if the liquid

were purer. The second order decay shown by <f>o in HMPA in not too low a

concentration of 4>2 is in contrast with the first order decay of $„ dis-

solved in ethanol, the latter being apparently a result of a proton transfer

reaction from ethanol to <j>? • This proton transfer does not occur in

the solution of <j>„ in the aprotic HMPA. In addition to the absorptions at

410 and 650 nm of <j>„ we observed an unidentified species which develops

slowly and decays subsequently with first order kinetics and a half-life

of the order of 300 us. It has absorption maxima at 475 and 900 nm as shown

in figure 3.2. The transient u-v absorption of irradiated pure HMPA is

probably attributable to a radical species by analogy with radicals pro-

duced by radiation in N-methylamides ' . The infra-red shift of the
e absorption maximum in HMPA-water mixtures at low HMPA molar fractions

which occurs on increasing this fraction depends more strongly on the molar,

than on the volume or weight fraction (see figs. 3.5 and 3.6). We ascribe

this dependence to a change in the long range interactions of the solvated

electron with the medium, for even a low molar fraction of HMPA — with its
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large-sized molecules — changes the properties of the medium considerably.

At this low molar HMPA fraction the short range interaction between the

electron and the neighbouring water molecules will not be affected by HMPA

molecules.

To summcfize:

The binding energy of the electron is caused mainly by short range

interaction but long range interaction can certainly not be neglected.
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C H A P T E R I V

PULSE RADIOLYSIS OF PROPANOL-1

AT LOW TEMPERATURES (-80°C TO -180°C)

IV.1. INTRODUCTION

The details of the solvation mechanism of electrons by polar matrices

are still a subject of speculation. The commonly held view is that elec-

trons can be trapped in pre-existing traps consisting of whole clusters of

molecules; the sizes of these traps are comparable with the molecular di-

mension. The electron localization changes the local molecular configura-

tion, which relaxes in the electric field of the electron. This dipole re-

orientation and the consequent deepening of the electron trap will corre-

spond to an increase in separation of the energy levels in the trap which

will be observable as a transitory blue shift of the solvated electron's

absorption spectrum

Sincii the reorientation time for relatively small dipoles in liquids

is very short (̂  10~12 s) at room temperature the relaxation process can
(2)

be studied either by very fast absorption measurements at room temper-

ature or by retarding the dipole reorientation by lowering the temperature.

This brings the relaxation within reach of the time resolution of the de-

tection equipment. Spectral shifts have been observed both at room temper-

ature snd at low temperature . In the latter experiments propanol-1

in the glassy state at 77 K subjected to y-radiolysis showed a blue shift

of the e -absorption spectrum when the temperature rose, apparently due

to a softening of the glass. This blue shift associated with an increase
(5-9)

of temperature has also been reported by a Japanese group with regard

to a variety of glassy systems irradiated at 4 K. Since no blue shift was

observed after release of the electrons from small traps by photolysis,

these authors assumed that there had been a reorientation of the dipoles

rather than a redistribution of electrons over deeper traps.

The first evidence of transient blue shifts was reported by Richards

and Thomas , who studied ethanol at 77 K, and some time later by Kevan ,

who investigated a number of alcohols at 77 K, and by Baxendale and co-

workers
(12)

who worked with alcoholic systems at about 150 K and recently
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at 77 K . Kevan ruled out the electron redistribution mechanism,

since the transient blue shifts in the e_ absorption spectra were not as-

sociated with a simultaneous growth of characteristic scavenger anion ab-

sorption.

Our pulse radiolysis experiments with propanol-1 in the temperature

range from -140 to -180°C also showed transient blue shifts of the e ab-

sorption spectrum. Addition of electron scavengers provided evidence of

dipole reorientation and led us to conclude that effective capture by

electron scavengers of a precursor of the solvated electron seems to be

more likely than migration of initially trapped electrons.

Propanol-1 is an appropriate compound for these experiments since it

has a low melting point (-127 C) and because it can be brought down to the

supercooled liquid phase as low as -170 C without crystallization. The

characteristic dipole reorientation times, as derived from the transient

spectral shifts, can be compared with dielectric relaxation times de-

termined by dielectric measurements ' . Three relaxation times re-

ported for normal alcohols have been ascribed to the following proc-

(18-20)
esses :

T.: cleavage of the H-bond,

T„: rotation of the monomer,

T.: reorientation of the OH-group,

T. > T~ > T.,. For propanol-1 T. and T_ as well as T_ and T^ differ roughly

by a factor of 10. Recently the interpretation of x., T,. and T , has been
. ,(21,22) ' ¿ ó

reappraised

IV. 2. EXPERIMENTAL

The experimental set-up described in Chapter II was used. Firstly

propanol-1 was distilled over calciumhydride and then it was distilled in

a vacuum into the irradiation cell, which was then sealed off. CHC1_ was

added without further purification. The residual water content of propanol-1

as measured by Karl Fischer's method proved to be 0.11%.

IV.3. RESULTS OF THE EXPERIMENTS WITH e~

IV.3.1. Transient absorption spectra

We investigated transient absorption spectra of solvated electrons
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Fig. 4.1.
Spectra of solvated electrons
in propanol-1 at -140 C. o,
immediately after the pulse;
x, 10 ps after the pulse. All
optical densities are normal-
ized on the monitored charge
Q of the electron pulse.

Fig. 4.2.
Spectra of solvated electrons in
propanol-1 at -160°C. o, immediately
after the pulse; *, 50 ys after the
pulse; 0, 3 ms after the pulse.

1.O

Fig. 4.3.
Spectra of solvated electrons
in propanol-1 at -180°C. o,
immediately after the pulse;
x, 25 ms after the pulse.
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in propanol-1 in the temperature range from -140 C to -180 C (figs. 4.1

to 4.3). These snectra were attributed to solvated electrons, the rea-

sons being:

a) Their similarity with other solvated electron spectra (broad absorption

band in the visible or the near infra-red region);

b) The sensitivity of these spectra to typical electron scavengers;

c) The simultaneous occurrence of an EPR signal (measured in the glassy
(22)

phase) as reported by Higashimura

The transient spectral snifts, shown in the figures 4.1 to 4.3, slow down

when the temperature is lowered. A build-up at the blue side of the ab-

sorption spectrum as well as a decay at the red side were observed. The

final spectrum decays uniformly, i.e. without spectral change, according

to first order kinetics This overall decay is so much slower (at — 160 C,

t| = 0.25 s) than the transient shift that both processes scarcely inter-

fere with each other. Henceforth we shall denote the decay at the red side

of the spectrum which is so much faster than the overall decay of the

spectrum as 'initial decay'.

IV.3.2. Kinetics

Both build-up at 500 ran and initial decay at 900 ran at -160 and

-170 C can be approximated by a superposition of three first order proc-

esses characterized by the half-lives t , t and tTTT- I
n each case

t > t > t -. (see figs. 4.4 and 4.5). The values of t for build-up

and initial decay are about the same. This suggests that a part of the

build-up'at 500 nm and a part of the initial decay at 900 run are governed

by the same process, either electron migration or matrix relaxation or

both. From the Arrhenius plots derived from the t_T values measured at

different temperatures an activation energy of (0.24 ± 0.03) eV is ob-

tained (see fig. 4.6). t is higher for the initial decay at 900 nm than

the build-up at 500 nm, so the slowest component of the initial decay

(see fig. 4.1) apparently has no counterpart in the build-up in the blue

region. We believe that at this time-scale neither electron redistrib-

ution nor matrix relaxation deserve consideration. Still the activation

energy associated with t for the build-up is found to be about the same

as for the processes characterized for t . t_TT is difficult to measure

especially for the initial decay at not too low tempsratures so we cannot
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time (ms)

0.5 1.0

0.1 0.2
time (ms)

Fig. 4.4. Composite first order kinetics of the build-up of the e~-ab-
sorption spectrum in propanol-1 at X = 500 ran and T = -160°C.
x, with a narrow band interference filter before the irradiation
cell (as a check on bleaching effects) o, without such a filter.
The build-up is decomposed in three first order components I,
II and III.
Inset: CRO-trace with vert.: 5% absorption/division; hor.:

1 ms/division. Dose: 4.8 krad.

0.5 1.0
time (ms)

1.5

!

Fig. 4.5. Composite first order kinetics of the decay of the eg-ab-
sorption spectrum in propanol-1 at A = 900 nm and T = -I60°C.
For upper curve, medium curve and lower curve time scale: x 1,
x 0.5 and x o.l respectively.
Inset: CRO-trace with vert.: 3.7% absorption/division; hor.:

1 ms/division. Dose: 5.0 krad.
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temperature (°C)
-140 -150 -160 -170

Fig. 4.6. Arrhenius plots are drawn for tj and t-Q 'for build-up' and
tjj 'for decay'. E, o, A, for the decay at 900 nm for tj, r.j

respectively; •, •, i, for the build-up at 500 ran for

Hi and

correlate build-up and initial decay in this time domain. On the other

hand, from our scavenger experiments we conclude that the slowest part of

the initial decay might be attributed to recombination of e with its
s

counter ion.

IV.3.3. The absorption maximum

Figure 4.7 shows the temperature dependence of the transition energy

at maximum absorption of the e final absorption spectrum E (A ).
s t r max

-200 -150 -100
temperature C°C)

Fig. 4.7. Transition energy of the absorption maximum after transient
shift versus temperature, o, pulse radiolysis; • , continuous
y-irradiation.
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This is the residual absorption spectrum after all initial processes have

been accomplished; so this spectrum decays uniformly over the whole spectral

range. For this optical transition energy, which increases on lowering the

temperature (with a lower limit of -170°C), a temperature coefficient is

found of

dE_ (A )
t r

d T
m a X = - 6.8 x eV/degree

in the temperature range -80°C to -170°C. Sauer et al. found about half

this value, namely 3,5 * 10~3 eV/degree for propanol-1 in the temperature

range 25° to -78°G. The difference might be due to a higher degree of as-

sociation of the liquid at lower temperature.

The blue shift of the absorption maximum on lowering the temperature

is a generally observed phenomenon for solvated electrons in the liquid

state and can be explained by a contraction of the cavity to which the elec-

tron is confined. This leads to a narrowing of the potential well with a

consequent increase in level distance. The deviation from the general trend

of the point at -196 C in figure 4.7 is remarkable. A red shift instead of

a blue shift below -170 C was observed.

The point at -196 C is exceptional insofar as it is obtained by

•y-irradiation of the stable species and is in agreement
(25)

with the value reported in the literature . This behaviour could be ex-

plained by a hindrance to the dipole reorientation in the glassy state

(the glass transition point in propanol-1 is -170 C). The solvation shell

is incompletely relaxed which results in a potential well of lower depth.

These results are also in agreement with those of Dainton et ál. , who

subjected glassy propanol-1 to y-irradiation and observed a blue shift of
the e absorption maximum when the temperature rose.

s

IV.3.4. The overall decay

The overall decay of the final absorption spectrum is much slower

than the transient spectral shifts and obeys first order kinetics. An

Arrhenius plot (log rate constant versus 1/T) yields a straight line over

the whole temperature range from -80°C to -170°C (fig. 8). There was no
f 1 9 1 7 e}£\\

discontinuity at the melting point. Some authors ' ' plotted log k

against 1/(T - T~) in order to obtain a straight line. T has been inter-

preted as a reference temperature for molecular transport and relaxation
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phenomena. None of its various values, i.e. 73.5 K, 72 K and 44 K,reported

in the literature fitted in our case. We found the best fit for T„ tobe 0 K.

The solvatèd electron possibly reacts with propanol-1 instead of entering

into diffusion.

temperature (,°C)
-80-100-120 -140 -160 -180

5 6 7 8 9 10 11

10 3K

Fig. 4.8. Arrhenius plot of the first-order overall decay at 550 run of
the solvated electrons in propanol-1.

From the Arrhenius plot an activation energy of 0.26 ± 0.03 eV was

obtained with a pre-exponential factor of 10 1 5. The point at -180°C

deviates from the Arrhenius plot since the reaction rate in this case

is so low that bleaching effects of the detection light beam could have

interfered.

IV.3.5. Bleaahing effects

Bleaching effects on the initial transient shifts have been investi-

gated by varying the flux of the detection light, and no influence could

be found on either the build-up, as measured at 500 nm, or on the initial

decay, measured at 900 nm. Bleaching effects have been observed only on

the much slower overall decay at the lower temperatures (-170°C and -180°C),
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Dainton et al.' and Teply et al. ' attributed these bleaching ef-

fects to a unimolecular decomposition of the trapped electron rather than

to a release of the electron from its trap:

h\>
C H CHO +

h\>

IV. 3.6. Effects of scavenger's

We investigated the influence of several electron scavengers on tran-

sient spectral shifts in order to find out whether the underlying mechanism

is dipolar reorientation or electron redistribution. Only in the case of

electron redistribution might scavengers have some influence. Two types of

electron scavengers were used, one that gives no spectroscopie evidence of

electron capture and another that exhibits characteristic absorption after

capture of an electron. Scavengers of the fir^t type are CC1, and CHC1-

(used in the concentration range 0.01 M to 0.1 M) and oxygen. Biphenyl (in

0.02 M and 0.06 M concentration) is a typical example of the second type.

All these experiments were carried out at -160 C.

The experiments with scavengers of the first type gave the following

results when the scavenger concentration was increased (see figs. 4.9 and

4.10):

1) The strength of the whole initial absorption band diminished especially

in the near infra-red.

2) The build-up at the blue side of the e absorption band was also reduced.
s

3) The decay rate of the slowest part of the initial decay at the red side

of the spectrum was hardly influenced.

Experiments with biphenyl revealed an instantaneous formation of <j>„

anions without build-up of the characteristic absorption bands of <j>„ in

later stages. The latter observations are in agreement with Kevan's exper-

iments with propanol-2 at -196 C. However, in contrast to our findings,

Kevan found no reduction in the build-up at lower wavelengths in the

solvated electron spectrum. This gave him an argument in favour of molecular

relaxation and let him rule out the electron redistribution mechanism.

From our measurements it is impossible to draw an unequivocal con-

clusion in favour of one of the mechanisms mentioned above. The next
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Fig. 4.9.
Spectral changes of solvated elec-
trons in 0.04 M CHClo in propanol-1
at -160°C.
o, immediately after the pulse;
*, 100 us after the pulse;
a, 5 ms after the pulse.

Fig. 4.10.
Spectral changes of solvated elec-
trons in 0.10 M CHClo in propanol-1
at -160°C.

immediately after the pulse;
x.
a.

100 us after the pulse;
5 ms after the pulse.

section will contain a discussion of alternative processes such as scav-

anging of the precursor of the solvated electron, early stage electron

migration, and spur reactions.

IV.4. DISCUSSION

A number of processes may be considered as relevant for the behaviour

of solvated electrons.

1. Dipolar reorientation in the field of the trapped electron.

2. Electron migration:

a. Thermal migration.

Electrons can be released thermally from their trap by interaction

with vibrations of neighbouring molecules (phonons). The mobile

electrons can either be scavenged by positive ions or scavenger

molecules or they can be redistributed over traps present in the
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matrix. Some calculations relating to this matter will be presented

in Chapter VII.

b. Tunnelling.

At low temperatures many processes are so slow that the probability

of electron tunnelling over longer distances (for instance 5 to 50

8) becomes significant. This involves both tunnelling from one trap

to an adjacent trap of at least the same depth and tunnelling from

a trap to an electron scavenger.

3. Diffusion.

At the low temperatures o£ our experiments molecular diffusion processes

are so slow that they can be neglected.

4. Spur processes — geminate recombination.

The contribution of spur processes in polar liquids is generally much less

than in nonpolar liquids because of the small Onsager radius in polar

media (see section 1.3.6). However, in polar media in times shorter than

or equal to the dipolar reorientation tim¿, the Onsager radius will be con-

siderably enhanced. Nevertheless, an electron trapped inside the Onsager

sphere immediately after the pulse does not necessarily recombine with

its positive counter ion, because it can escape from this sphere a little

later, provided it does not leave the trap before this time either by

thermal migration or by tunnelling.

5. Bleaching effects.

The contribution of bleaching effects turned out to be significant only

after the transient shifts had finished.

6. Reaction of the electron with a scavenger.

We shall now discuss the experimental evidence for some of these processes.

If we attribute the high initial $„ yield and the corresponding low initial

yield of trapped electrons to a simple competition between biphenyl and

electron traps with regard to thermal electron capture, then the yield of

electrons trapped initially depends on scavenger concentration. This is

expressed by:

TT + 1 , (4.1)
"s LiJ T

GQ is the yield of initially trapped electrons in the absence of a scavenger

and G is the yield of initially trapped electrons in the presence of a
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scavenger with concentration [S]. [T] it. the electron trap concentration,

a and o_ are the cross sections foi
S J-

and the electron trap respectively.

a and 0 are the cross sections for electron capture by the scavenger
S J-

Our data did not fit in very well with formula (4.1). At 10~2 and 1CT1

M (K the values for [T] (oT/a ) of 2.5 * 10"
z M and 1.7 x 10~2 M were

found. Our e saturation experiments in thin cells with propanol-1 at

77 K. yielded a lower limit for the unknown [T]-value of about 10~2 M, which

is in agreement with the value reported for alkaline glassy ice at 77 K

by Ershov and Pikaev . This implies that the unknown quantity o_/o is

of the order of unity, which seems reasonable. Obviously the mechanism

cannot simply be described by formula (4.1), so we suggest that in addi-

tion to a competition between traps and scavengers relating to electron

capture an electron redistribution mechanism is operative at an early

stage. This means that electron initially captured in shallow traps are

able to leave these traps (by thermal migration or tunnelling) and are

subsequently redistributed over all traps that exist in the matrix. This

makes a /a dependent on the scavenger concentration in such a way that
S J.

it increases at increasing scavenger concentration in agreement with our

experiments.

The absence of build-up of the cj>„ absorption spectrum in the time

range 5 us-500 ys, even at high fy- concentration, suggests that the tran-

sient shifts of the e absorption spectrum observed in this time range are

not due to an electron redistribution over deeper traps. The decrease of

the initial infra-red absorption of the e spectrum when scavenger con-
s

centration is increased indicates particularly a scavenging of electrons

from shallow traps at an early stage. It might also be an indication for

early stage migration processes, vis. thermal migration or tunnelling,

which favour migration from shallow traps. Also the reduced build-up at

the blue side of the e absorption spectrum at higher scavenger concen-

tration indicates the scavenging of a precursor of the solvated electron.

This precursor is likely to be an electron in a shallow trap. The build-up

at the blue side of the e absorption spectra can be attributed to a
s

dipolar reorientation mechanism for the following reasons:

1) There is no build-up in the $„ absorption bands observed after the

end of the pulse.
2) The glass transition point has the previously discussed effect on the66



position of the e final (stationary) absorption maximum (see section

3.3).

The slowest part of the initial decay at the red side of the ab-

sorption spectrum (beycnd about 650 nm) in propanol-1 has no counterpart

in a simultaneous build-up at the blue side of the absorption spectrum

(this build-up is nearly complete when the slow infra-red decay has just

begun). This implies a disappearance of excess-electrons, which can be

caused by reaction with impurities or positive counter ions. Because of the

low sensitivity of the decay rate on scavenger concentration and on radi-

ation dose, we ascribed this decay to geminate recombination in the spur.

To summarize:

1. At an early stage electrons in shallow traps can leave their traps

and be redistributed.

2. After completion of this process the dipolar reorientation process will

take place.

3. In the mean time some of the electrons will recombine with positive

counter ions in the spur.

In Chapter VII we present two models describing

1) electron redistribution, and

2) the molecular relaxation process.

The agreement between the theoretical and the experimental results is only

qualitative.

IV.5. COMPARISON WITH LITERATURE

Several authors have measured the transient spectral shifts observed

after pulse radiolysis of alcohols at temperatures different from those
(12)

in our experiments. B?.:^ndale and Wardman who took measurements in the

liquid phase near the melting point of propanol-1 (-127°C) reported a

single first order build-up at the blue side of the e absorption spectrum

in propanol-1 as well as a first order initial decay at the red side,

whereas we found both a complex build-up and a complex decay. The acti-

vation energy and pre-exponential factor they reported for both build-up

and initial decay agreed well with our values. Dixon , who also meas-

ured at higher temperatures, found first order build-up. On the other hand,

Kevan , who measured in propanol-1 in the glassy state at -196°C re-
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ported a complex build-up and initial decay, in agreement with our ex-

perimental results.

Recently Baxendale and Sharpe ' measv d in propanol-1 at 77 K

and also found a rather complex decay and buil \p. Apparently at very

low temperatures the build-up and initial decaj proceed in a complex way.

Dannhauser et al. reported a temperature dependent activation energy

for dielectric relaxation in propanol-1 at a low temperature, namely 5.5

kcal/mole at -80°C and 6.3 kcal/mole at -150°C and attributed this temper-

ature dependence to an association of propanol-l molecules. Our measure-

ments of the transient spectral shifts in propanol-1 from -140 to -170 C

yielded an activation energy for reorientational relaxation of about

5.9 kcal/mole. This temperature range was not wide enough to observe a

temperature dependence of the activation energy.

REFERENCES

1. J.W. Boag, in: Radiation Research, G. Silini (ed.), North-Holland Publ.
Company, Amsterdam (1967) p. 43.

2. P.K. Ludwig, in: Advances in Radiation Chemistry, Vol. Ill, M. Burton
and J.L. Magee (eds.), Wiley-Interscience, New York (1972) p. 1.

3. R.K. Wolff, M.J. Bronskill and J.W. Hunt, J. Chem. Phys. 53 (1970) 4211.
4. F.S. Dainton, G.A. Salmon and U.F. Zucker, Chem. Comm. (1968) 1172.
5. T. Higashimura, M. Noda, T. Warashina and H. Joshida, J. Chem. Phys. 53

(1970) 1)5.
6. H. Hase, M. Noda and T. Higashimura, J. Chem. Phys. 54 (1971) 2975.
7. H. Hase, T. Warashina, M. Noda, A. Namiki and T. Higashimura, J. Chem.

Phys. 57 (1972) 1039.
8. T. Ito, K. Fueki, A. Namiki and H. Hase, J. Phys. Chem. 77 (1973) 1803.
9. H. Hase and T. Warashina, J. Chem. Phys. 59 (1973) 2152.
10. J.T. Richards and J.K. Thomas, J. Chem. Phys. 53 (1970) 218.
11. L. Kevan, J. Chem. Phys. 56 (1972) 838.
12. J.H. Baxendale and P. Wardman, J.C.S. Faraday I 69 (1973) 584.
13. J.H. Baxendale and P.H.G. Sharpe, Chem. Phys. Letters 39 (1976) 401.
14. J.H. Baxendale and P.H.G. Sharpe, Int. J. Radiat. Phys. Chem. 8 (1976)

621.
15. J.G. Powles, in: Molecular Relaxation Processes, Chemical Society

Special Publication No. 20, Academic. Press, London (1966) p. 127.
16. W. Dannhauser and R.H. Cole, J. Chem. Phys. 23 (1955) 1762.
17. M. Davies, in: Dielectric Properties and Molecular Behaviour, N.E. Hill,

W.E. Vaughan, A.H. Price and M. Davies (eds.), Van Nostrand and
Reinhold Company, London (1969) p. 330.

18. W. Dannhauser and R.H. Cole, J. Chem. Phys. 23 (1955) 1762.
19. R.H. Cole and D.W. Davidson, J. Chem. Phys. 20 (1952) 1389.
20. S.K. Garg and C.P. Smyth, J. Phys. Chem. 69 (1965) 1294.
21. J. Crossley, Advances Molec. Relax. Processes 2 (1970) 69.
22. M.J.C. van Gemert, G.P. de Loor, P. Bordewijk, P.A. Quiekenden and

A. Sugget, Advances Molec. Relax. Processes 5(1973) 301.

68

i -
B4.. ••.



H. Hase, T. Warashina, M. Noda, A. Namiki and T. Higashimura, J. Chem.
Phys. 57 (1972) 1039.
M.C. Sauer, S. Arai and L.M. Dorfme , J. Chem. Phys. 42 (1965) 708.
A. Ekstrom and J.E. Willard, J. Ph. -.. Chem. 72 (1968) 4599.
F.S. Dainton, G.A. Salmon and U.F. ¿.ucker, Proc. Roy. Soc. London
A325 (1971) 23.
J . Teply, I . Janovsky, A. Habersbergerova and L. Karasová, Int . J.
Radiat. Phys. Chem. 2 (1970) 21.
A. Habersbergerova, Lj. Josimovic and J. Teply, Trans. Far. Soc. 66
(1970) 656.
B.G. Ershov and A.K. Pikaev, Radiat. Res. Rev. 2 (1969) 28.

69





C H A P T E R V

GEMINATE RECOMBINATION IN PURE

3-METHYLPENTANE AT -160°C AND -170°C

V.l. INTRODUCTION

In the last ten years or so excess electrons in hydrocarbons have

attracted the attention of experimentalists and theoreticians. Hydro-

carbons are particularly suitable for conduction experiments because of

their non-polar character and for optical measurements owing to their

broad spectral transparency. In addition, their non-polar character makes

them easier to deal with than polar compounds as far as thermalization

distance '*" of electrons, geminate recombination and e mobility '
s

are concerned.
The high values of reaction rate constants and mobilities of e in

s

hydrocarbons cannot be explained on the basis of diffusion of the e

entity as a whole, so the electron is supposed not to be confined to one

single electron trap but it is able to move more or less quasi-freely from

trap to trap. Even in the glassy state at 77 K the reaction rate and the

mobility of the e are not reduced to zero, and there remains a so-called

'dark decay' with a half-life of roughly 10 minutes for 3-methylpentane

(3 MP) and about an hour for other hydrocarbons ' . This slow electron

decay has been interpreted in terms of tunnelling . The generated ion-

pairs in hydrocarbons feel mutual electrostatic attraction even at con-

siderable distances due to the low dielectric constant (about 2) of hydro-

carbons. The escape distance or Onsager radius in hydrocarbons is about

280 X at room temperature and 1100 8 at 77 K.

The initial separation distances in glassy hydrocarbons are unknown

at about 77 K. On the one hand great separation distances of about 1000 &

have been suggested since addition of only 0.02 mole % of cj>„ gives a

quantum yield for photo-annihilation of 100% ' . On the other hand the

fact that light-induced decay curves, when normalized on dose,are identical

suggests much smaller separation distances ' . This is true even for

doses as high as 160 krad. This dose corresponds to the average distance

between the positive counter ions of 200 A assuming a G-value for ion-pair

71



formation of 1.

The large Onsager radii in hydrocarbons lead to small free ion yields

— a Gf.-value of about 0.1 at room temperature and almost zero at 77 K —

and consequently to high geminate ion yields. At room temperature a G .-

value of about 3-8 has been reported, which approaches the maximum value

of about 4. At 77 K, y-irradiation of 3-methylpentane gave a G(e )-value of
(8) S

about 0.7 . At room temperature geminate recombination is too fast to be

measured whereas at 77 K its rate is practically reduced to zero. Therefore

we carried out pulse radiolysis experiments at -160 C and -170 C in order

to study the geminate recombination of e with its counter ion.
s

V.2. EXPERIMENTAL

For the measurements at low temperatures the pulse radiolysis equip-

ment and cryostate described in Chapter II were used. The dose of each

individual pulse was recorded with the secondary emission monitor (S.E.M.),

which was calibrated on the methanol-alkaline water dosimeter and on the

rhodanide dosimeter (see Chapter II) before each series of measurements.

The 3-methylpentane was thoroughly purged with argon to remove 0_. Each

electron pulse was delivered to the sample only after the latter had been

bleached with light in order to remove residual absorption caused by

previous irradiation.

V.3. RESULTS

Pulse radiolysis at -160 C yielded the transient spectrum shown in

figure 5.1. Two components can be distinguished in this spectrum, one with

complicated decay kinetics and another with much slower first order decay

(tx = 1.4 s). By extrapolation to zero time it was found that the slowly

decaying species was formed with an eG-value of 3.4 * 103 at 400 nm. This

absorption is probably due to the same fragment as the one that gives an

absorption in y-irradiated 3 MP at -196 C, which according to Ekstrom et

al. has to be ascribed to the alkyl radical anion of 3 MP

The component with complicated decay was attributed to the trapped

electron because of its characteristic broad spectral absorption and its

sensitivity to the addition of known electron scavengers as CHC1~ and 0„.

In the first 50 us this entity decayed according to third order kinetics
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4OO 600 800 1000

nm

Fig. 5.1. Transient spectra of pulse-irradiated 3-methylpentane at -160°C.
•, c = 0 ys; *, t = 80 ys; a, t = 1 is; o = 100 ms; A, t = 100 ms
measured with plotter. Dose: 5.0 krad.

(see fig. 5.2), which is typical for the long time approximation of

geminate recombination (see section 3.7). Third order kinetics mean that

the optical density and also the e concentration c are inversely pro-

portional to the square root of time, c ^ t~ä is a solution of the differ-

ential equation:

dc
dt

= kc3

the equation for third order decay.

The recombination rate constant turned out to be independent of wavelength.

Afcer this initial decay the same entity showed a slow first order

decay with tt = 40 ms, which we attributed to a reaction of trapped elec-

trons with impurities.
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0.04-

•q

d

0.02-

Fig. 5.2. Check on third order decay of e" in 3-methylpentane at X = 800
nm and T = -160°C.

Inset: CRO-trace, hor.: 3.3% absorption/division; vert.: 50 us/
division. Dose: 4.8 krad.

Pulse radiolysis of 3 MP at -170°C yielded a transient absorption

spectrum as shown by figure 5.3. The high uncertainty in the O.D. values

at 1500 and 1600 nm is on account of the low luminance of the Xenon-lamp

in this region. Concerning half-width, wavelength of maximum absorption

and eG-value, the estimated values from figure 5.3 are commensurate with

those found by several authors using yradiolysis of 3 MP at -196°C^10^"

At -170 C the solvated electron decay is so much slower than at -160°C

that the time resolution (about 3 us) of the infra-red detector hardly

restricted the measurement of the absorption height. This explains why the

eG-value measured at -170°C is higher than the value at -160°C.

The solvated electron decay at -170°C still obeys third order kinet-

ics (see fig. 5.4), whereas the dose-normalized decay curves can be super-

imposed (see fig. 5.5). Both are characteristic for geminate recombination.

The electron yield G(t) as a function of time is given approximately by
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O.O5

Fig. 5.3,
Transient spectra of
pulse irradiated 3-
methylpentane at -170°C.
o, t % 7 ps; x, t = 400 ys.
Dose: 2.0 krad.

0.10

Fig. 5.4.
Check on third order
decay of e~ in 3-methyl-
pentane at X = 1100 inn
and T = -170°C.
Inset:
CRO-trace, vert.: 5%
absorption/division;
hor.: 50 us/division.
Dose: 3.8 krai.

ó
0.05-

0.01
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Fig. 5.5.
Decay traces at 1000 nm and
-170°C for doses of 2, 3, 5
and 7 krad respectively.

G(t) = G . (TiA*t)'
_i

'fi
(see section 3.7) (5.1)

This approximation is valid for longer times. Since the G-value is pro-

portional to the 0D (OD = ecd and c = GR-10"6 when R is the dose expressed

in krad), formula (5.1) can be written as

OD(t) = 0Doi. (TrA'"t)
 :

By plotting OD(t) vs t 2,

OD(t = °°) = OD,

. + °Dfi •

we obtain:

(5.2)

and the slope a is

OD .(TTA*)"? (5.3)

Because of the limited time resolution of our apparatus the initial OD .-
gi

value, necessary to calculate A*, is unknown. If we insert in formula (5.3)

the dose normalized OD . value 7 ys after the pulse from figure 5.4 we

obtain a A*-value of 3.0 x 104 s"1 at a G-value of 1.5. This G-value is

obtained by comparing the eG-value of our e~-absorption spectrum with the
s

E-values taken from the absorption spectrum at -196°C of 'stable' e~ as
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measured by Gallivan and Hamill . It can be seen in figure 5.4 that

there are deviations from linearity for times shorter than 40 ys. These

times correspond to X*t values smaller than 1.2 and the X t >> 1 condi-

tion is not fulfilled. However, if we take a G-value of 3.8 which was

found from scavenger anion absorptions in pulse irradiated hydrocarbons

at room temperature, X* calculated from the data of figures 5.2 and 5.4 with
,(10) has theformula (5.1) and the e-values published by Gallivan and Hamill

values:

X*(-160°C) = & x 106 s"1

A*(-I70°C) = 2 x 106 s~l

The value at -170°C yields a X t value of 8 at the point of deviation from

linearity (fig. 5.4), whereas at -160 C in figure 5.2 this point is not

yet observable. As an example, X t > 10 corresponds to t > 1.6 ys. This

value is too short to be measured with sufficient accuracy. A G-value of

3.8 is almost the value for the total ionization yield of about 4. This

means that nearly all electrons will be solvated before recombination takes

place.

Figure 5.6 shows an Arrhenius plot for electron decay: the logarithm
_ i

of the slope a of the 0D vs t 2 graph is plotted vs T . The activation

-2.0

-3.0

o

-4.0

11

Fig. 5.6.
Arrhenius plot of the
slope a, as obtained
from third order kinet-
ics plots for the decay
of eg in 3-methylpentane.
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energy derived from this plot is about 0.2 eV i.e. 5 kcal/mole. Since the

slope a is proportional to X *, the activation energy for recombination

is twice the activation energy just mentioned, namely 0.4 eV or 10 kcal/

mole. This is compatible with the estimated activation energies in

squalane and 2-methyloctane as re¡ rted by Taub and Gillis

V.4. DISCUSSION

In 3-MP electrons will always be trapped within the attraction sphere

of positive counter ions vvhenever the dose exceeds 3.6 krad at -170 C. The

average distance between positive ions at this dose is 800 A whereas the

Onsager distance is about 1000 A. Under this condition the free ion yield

is almost zero. Both the observed third order decay of the e which is

characteristic for geminate recombination and the dose independence of rate

constant of recombination suggest that electrons are trapped very quickly

in the matrix.

The strong dependence of the e absorption spectrum in hydrocarbons

on scavengers might indicate long thermalization distances but could

otherwise be explained by initial migration processes. The underlying idea

was put forward by Miller , who assumed that each scavenger molecule is

surrounded by relatively large spherical regions; an electron trapped in

this region will tunnel quickly to the scavenger molecule.

The high viscosity of 3 MP at about 170 C makes diffusion of the

solvated electron through the matrix negligible. Therefore only those

processes where the electron migrates as a single quantummechanical particle

without its solvation shell have to be considered, namely:

1) the electron tunnels from its trap to its positive counter ion;

2) the electron leaves its trap after thermal excitation by the neighbouring

molecules. It then reacts with its positive counter ion as a quasi-free

electron.

From photo-bleaching experiments on the relatively stable e absorp-
(13)tion spectrum Miller and Willard derived a wavelength limit for

bleaching of 2200 nm, which corresponds to an optical transition energy of

0.5 eV. This energy, which is about the same as the activation energy

0.4 eV we found, is apparently needed to excite the electron from its

ground state to the bottom of the 'conduction band'; its energy might

be supplied by photons or phonons.
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C H A P T E R V I

PULSE RADIOLYSIS OF MIXTURES OF

PROPANOL-1 AND 3-METHYLPENTANE AT -17G°C

VI.1. INTRODUCTION

(1)Gamma-radiolysis experiments at 77 K by Ekstrom et at. in mixtures

of propanol-1 and 3 MP demonstrated an e absorption spectrum with two

maxima, one being typical for e in pure propanol and the other typical
(1-5)

for e in pure 3 MP. In many binary systems , however, only one maxi-

mum is found intermediate between the maxima of the pure compounds. This

maximum varies continuously between the two limits of the pure compounds

as the composition of the mixture varies. The separation of two e ab-

sorption maxima observed in two-component systems of a polar and non-polar

compound has been attributed to a non-homogeneous distribution of the

compounds, in other words to the existence of domains of both pure com-

pounds.

For relatively low alcohol concentrations in alcohol-hydrocarbon

mixtures at room temperature Brown et at. ' reported a correlation

between the G(e )-value for the alcohol region and the alcohol dimer con-

centration and suggested that dimers might possibly act as electron traps.

In all these experiments ' the yield of e in the alcohol region is
s

higher than one would expect from the weight or molar fraction of the

alcohol component. Apparently the electrons trapped initially in a 3-KP

environment can migrate into the deeper traps in the alcohol environment.

The aim of our experiments was to study this migration and in addition

other processes such as dipolar reorientation and spur recombination.
VI.2. EXPERIMENTAL

For measurements at low temperatures the pulse radio lysis equipment

and cryostate described in Chapter II were used. The dose of each indi-

vidual pulse was recorded with the secondary emission monitor, which was

calibrated on the methanol-alkaline water-dosimeter and the rhodanide-

dosimeter (see Chapter II) before each series of measurements.
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Both propanol-1 and 3 MP were thoroughly purged with argon to remove

the oxygen and then transferred by means of syringes into the irradiation

cell in a certain volume ratio.

Each electron pulse was delivered after the sample had been bleached

with visible light in order to remove absorption caused by previous ir-

radiation.

VI.3. RESULTS

VI.3.1. Transient absorption spectra

Transient e absorption spectra at -170 C are shown in figures 6.1

to 6.4 for 5%, 10%, 30% and 75% V/V propanol-1 in 3-methylpentane re-

spectively. The similarity in shape of all initial spectra in the visible

regions is striking. Apart from perhaps a relatively higher red absorption

at higher 3 MP concentrations there is apparently little distinction

between a typical propanol-1 and a typical 3 MP contributeon.

Figures 6.5 and 6.6 demonstrate that the initial e -absorption at

500 ran is stronger at higher propanol-1 concentrations. This leads one !"o

the conclusion that propanol-1 has a higher trapping capability than 3 MP.

This preferential trapping in propanol-1 domains must occur at an early

stage (faster than 1 ys) possibly even after intermediate trapping in the

3 MP regions. After some time an absorption band, characteristic for-e

in propanol-1, appears at the blue side of the initial absorption spectrum.

Two kinds of build-up in these absorption spectra can be observed: for

high propanol-1 fractions there is a shift from the initial absorption

spectrum to shorter wavelengths without a significant change in shape,

and for low propanol-1 fractions there is a rise of a maximum at 500 nm

with a corresponding decay at higher wavelengths. In the latter case no

shift of the absorption maximum is observed. Later on we shall discuss

this difference in behaviour in relation to various relaxation processes.

At very low propanol-1 concentrations (see fig. 6.1) a second ab-

sorption band can be noticed in addition to the absorption band typical

for e in propanol-1. It decays according to rather complicated kineticss

in almost the same time as the band of e in propanol-1 builds up. The

dependence on volume composition of both the initial OD-value at 500 nm

and the maximum OD of the final absorption spectrum is shown in figure

6.6, Tt should he mentioned that the OD-values of the final spectra at
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Spectral changes of ei in 5% V/V propanol-I in 3-
methylpentane at -170°C. •, t = 0 ys; x, t = 5 ys;
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Fig. 6.2.
Spectral changes of e^ in 10% V/V propanol-1 in 3-
methylpentane at -170°C. •, t = 0 us; x, t = 6 ys;
o, t = 10 ys; V, t = 26 ys; A, t = 50 ys; +, t =
110 ys and •, t = 350 ys. Dose: 2 krad.
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Fig. 6.3.
Spectral changes of eg in 30% V/V propanpl-1 in 3-
methylpentane at -170°C. •, t = 0 us; *, t = 20 us;
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Spectral changes of e¡ in 75% V/V propanol-I in 3-
methylpentane at -170°C. •, t = 0 us; x, t = 4 us;
o, t = 28 us; V, t = 100 us; A, t = 300 us and •,
-t = 35 ms. Dose: 2 krad.
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Fig. 6.6.
•, Optical density values at 500 nm
of the e~-absorption spectrum im-
mediately after the pulse as a
function of the volume composition
of propanol-l-3-methylpentane
mixtures at -170°C.
o, Optical density values of the
maxima of the final eg-absorption
spectra in these mixtures. The
optical densities are normalized
on a dose of 2 krad.
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For all mixture compositions the kinetic behaviour of the build-up at 500

ran is similar to that in a wavelength range from 350 to about 550 ran. At

higher propanol-1 fractions the build-up can be considered ás a super- -

position of three exponential functions (see also Chapter IV). The charac-

teristic times of these functions differ roughly by one order of magnitude

(see table I and fig. 6.8). This suggests a relation with the three single

Table I.

Half-value times of the build-up in the e^ in propanol-1 absorption spectra
at 500 nm and -170°C as a function of the propanol-1-3-methylpentane com-
position.

% propanol-1
half-value times

(us) t9 (ys) . t, (us)

5
10
20
30
50
75
100

20
20
25
30
*
M 6
20

—
-
-
200
*

130+15
180

—
-
-
-
1.5

1.9+0.2
1.5

TSL

2.0 4.0
time(ms)

8.0

First order kinetic
plot of component I.
Inset 1:
First order kinetic
plot of component
II after subtrac-
tion of component I.
Inset 2:
CRO-trace with 3.3%
absorption/division
vertically and 1 ms/
division horizontal-
ly. Dose: 2 krad.

Fig. 6.8. First order kinetic plots of the components of the build-up at
500 nm in the e^-absorption spectrum in 75% V/V propanol-1 in
3-methylpentane at -170°C.
a. First order kinetic plot of component I.
b. First order kinetic plot of component II.
•c. First order kinetic plot of component IIJ.
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b. First order kinetic plot of component II.
Inset 1: First order kinetic plot of component III after subtraction of

component II.
Inset 2: CRQ-trace with 5% absorption/division vertically and 100 |is/

division horizontally. Dose: 2 krad.

20 40
time (us)
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c. First order kinetic plot of component III .
Inset: CRO-trace with 4% absorption/division vertically and 10 us/

division horizontally. Dose: 2 krad.
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relaxation times derived from dielectric dispersion measurements which were

reported ~ for a number of normal alcohols including propanol-1.

For the lower propanol fractions t„ and t. could nbt-be measured owing

to the relatively fast decay.of the whole e absorption band. The calcu-

lated values of t, have been corrected for this overall decay. These re-

laxation times and especially t. are hardly dependent on the composition

of the mixture or on its viscosity . The viscosity of pure propanol-1

at -170°C amounts to 1010 poise, and that of 3-methylpentane is 3-102

- (15,16)
poise

I
'•'M'1'it

T h e o v e r a l l d e c a y

At 5% and 10% V/V propanol-1 the overall decay of the e absorption

band is relatively fast. The obvious reason is that the reaction of n ^s

diffusion controlled. Therefore it is fast at low medium viscos:' ..o»

kinetics of this decay have not been analyzed, but assuming that the decay

is of the first order we found a half-value time of about 12 ms. From 30%

to 100% propanol-1 the overall decay is highly influenced by bleaching

processes. Reduction of the light that passes the irradiation cell by

placing interference filters of 20 nm bandwidth in the analyzing light

beam in front of the cell leads to a half-life of more than 3 s. The build-

up kinetics on the other hand are not influenced by bleaching processes.

'¡¡5
'4

, • : •

I n i t i a l d e c a y

The kinetics of the initial decay at 800 nm to 1000 nm are rather

complex and depend on mixture composition. For high propanol-1 concen-

trations the kinetics tend to be of the second order as in pure propanol-1

At low propanol-1 concentrations (< 20% V/V propanoi-1) the kinetics ap-

pear to be of the third order which might be indicative of geminate re-

combination (figs. 6.9 and 6.10). The initial decay did not depend on

bleaching processes but turned out to be strongly temperature dependent.

A d d i t i o n o f b i p h e n y l

In order to check whether electron migration may contribute to the

observed transient spectral shifts 5 mM biphenyl ($„) was added to a

mixture of 20% V/V propanol-1 in 3 MP. Electrons that migrate through the

matrix will be scavenged by $„, a process which can be followed spectro-

scopically since $„ has strong absorption bands at 410 nm and 625 nm.
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Fig. 6.9. Second order kinetic plot of the decay of e~ at 900 nm in 75%
V/V propanol-1 in 3-methylpentane at -170°G.
Inset: CRO-trace with 3.4% absorption/division vert ical ly and

100 us/division horizontally. Dose: 1.8 krad.
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•p
d O.O4

2 0 0 400

Fig. 6.10. Third order kinetic plot, of the decay of eg at 900 nm in 5%
V/V propanol-1 in 3-methylpentane at -170°C.
Inset: CRO-trace with 3.7% absorption/division vertically

and 50 ys/division horizontally. Dose: 4.5 krad.

89



Measurements at 450 nm with and without $„ show no difference. However,

at 410 nm the strong absorption due to if»« exhibits no significant increase

after the-electron pulse (0.5-1.0 ys). This means that electron migration

— if it actually takes place at all — is completed in a time shorter than

1 ys.

VI.4. DISCUSSION

In the experiments with mixtures of propanol-1 and 3 MP described

above we are dealing with the processes of spur recombination, electron

migration and medium rearrangement. The preferential solvation of elec-

trons in an alcohol environment as reported by others ' and also ob-

served by us could be due to the migration of electrons from shallow traps

in a 3 MP environment to deeper traps in propanol-1 environment.

Our experiments indicate that even at temperatures as low as -170 C

this electron migration takes place chiefly in times shorter than 1 ys.

Our conclusion is based on the following arguments:

a) There is relatively high initial absorption (within 1 ys after the

pulse) in the visible region when propanol-1 is added (see fig. 6.5).

b) There is immediate (within 1 ys after the pulse) appearance of the 4>„

anión absorption band and the absence of build-up in this band, de-

monstrating that migrating electrons are scavenged by <j)„ at an early

stage (in times shorter than 1 ys). Calculations based on some rough

and simple assumptions concerning 'thermal' migration yield the same

result (see Chapter VII).

I

i

The complex kinetics of the build-up of the absorption band, charac-

teristic for e in propanol-1 can be described with three characteristic

times of first order kinetics. We expect these characteristic times to be

related to the three relaxation times reported by several investigators

concerned with dielectric dispersion measurements in alcohols

However, in order to compare our data with these 'dielectric' data

we have to adjust ours to the 'constant' charge effect. As Mozumder

pointed out it is still a matter of controversy if the simple Debye ex-

pression

(18)
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is valid, e and e are the high frequency and the static dielectric con-
oo s

stants in the dispersion region of t.

No consensus has yet been reached regarding the interpretation

of the three relaxation times. Originally T., T„ and T., were ascribed

to molecular rotation following hydrogen bond breaking, rotation of the

monomeric molecule and rotation of the OH group . Later these

relaxation times were associated with different kinds of hydrogen-bonded
(19)

multimers , namely

1
with large multimers with a high dipole moment dominating in the

pure alcohol;

Tr> with smaller multimers of low dipole moment and probably a cyclic

structure;

t 3 with linear dimers with a relatively high dipole moment, being

dominant at low alcohol concentrations in a non-polar solvent.

The occurrence of three distinct relaxation times instead of a continuous

distribution of relaxation times, each of which was associated with a

certain grade of multimerization, is remarkable. The problem whether or
(20 ' 1)

not hydrogen bond cleavage is rate-determining is still unsolved *' .

In our view the rate determining step in the relaxation process is not

molecular reorientation but hydrogen-bond cleavage. This conclusion is

based on two facts:

1. At low propanol-1 concentrations only a rise of the e -absorption-band

is observed and not a blue shift. The blue shift of the absorption

band observed at higher propanol-1 concentra' .ons reflects the progress

of reorientation of individual 'groups' of molecules, whereas a rise of

this band corresponds to the hydrogen bond cleavage prior to reorien-

tation.

2. The three observed relaxation times, especially T,, are almost in-

dependent of mixture composition. From dielectric dispersion measure-

ments of dilute solutions of polar compounds in non-polar solvents

it is known that the reorientation time decreases on lowering the con-

centration of the polar compounds.

Because of the relatively fast overall decay of the absorption band

of e at low propanol-1 concentrations we could not find the low frequency

relaxation time x reported by Van Gemert et al. at low propanol-1

concentrations.
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If we compare our results with those of other investigators in the

field of pulse radiolysis, we see that one single relaxation time is re-
(22)

ported . for experiments at temperatures around the freezing point of

propanol-1 (-127°C). On the other hand at liquid nitrogen temperature

(-196°C) complex kinetics were found. At higher temperatures the relax-

ation processes are so fast that they cannot be observed with our equip-

ment. We assume that the single relaxation time of 60 ns at -121 C re-

ported by Baxendale and Wardman should be ascribed to x. — the main re-

laxation time in the pure liquid — and that T~ and x, might exceed the

time resolution of the apparatus they used. The complex kinetics of the

build-up at -I96°C reported by Kevan^ ' and Baxendale and Sharpe^ '
(23)

might be described with three relaxation tines. The reported estimate

of the relaxation time is relatively high and may perhaps be ascribed to

T-. Kevan also reported a very slow component which exceeded the low

frequency limit of his apparatus.

We aid not analyze the initial decay at the red side of the spectrum

in greater detail because the interference of several processes such as

spur recombination and medium relaxation give rise to very complicated

kinetics.
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C H A P T E R V I I

MODEL CALCULATIONS;

THE ELECTRON-REDISTRIBUTION MODEL

AND THE MATRIX-RELAXATION MODEL

'4
'••.i

VII.1. INTRODUCTION

Matter in the condensed phase is generally considered to contain many

electron traps of various depths which can be characterized by a distri-

bution function f(V), V being the ground state energy of an electron in

the well and representing the depth of the electron trap. When matter in

the condensed phase is irradiated, the excess electrons are distributed

over these traps according to an electron distribution function g(V,t).

This function g, which represents the distribution of traps that are oc-

cupied by an electron, is essentially time dependent and allows for the

transient spectral shifts of solvated electron spectra observed in a vari-

ety of matrices . In order to describe these spectral shifts two models

were devised, the electron redistribution model and the matrix relaxation

model.

In the electron redistribution model the basic mechanism through

which an electron gains sufficient energy to leave its trap is by inter-

action with the thermal motions of the molecules round the trap. In this

case g(V,t) is time dependent because electrons which are captured in-

itially in shallow traps migrate to deeper traps.

In the matrix-relrxation model, g(V,t) is time-dependent owing to

deepening of the traps as a result of matrix polarization in the field of

an excess electron.

VII.2. THE ELECTRON-REDISTRIBUTION MODEL

We considered a matrix with a trap depth distribution function f(V);

f(V)dV is the fraction of traps with depths between V and V + dV. At time

t = 0 a number of excess-electrons are created in the matrix and we suggest

that during a negligibly short time they are distributed over the traps

according to the distribution function f(V). This implies that the proba-

bility that a quasi-free electron will be captured is equal for all traps
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and does not depend on trap depth. The captured electrons can leave their

traps by acquiring sufficient energy from thermal interaction with the

'wall' of the trap. If p(V) is the probability per encounter that an elec-

tron will leave a trap with depth V by interaction with the 'wall' of the

trap and v is the encounter frequency of the electron and the wall, then

the probability P(V)dt that an electron will leave its trap in a short

time interval dt can. be written as:

P(V)dt = 1 - {1 - p(V)}vdt . (1)

This expression can be expanded in a power series and provided P(V)dt << 1

it can be approximated by:

P(V)dt = - vdt lníl - p(V)} . (2)

Then the fraction of the excess-electrons in traps with depths between V

and V + dV that leave their traps in a time interval dt is:

g(V,t)P(V)dVdt = - - p(V)}dVdt (3)

The fraction of the excess-electrons that leave their traps in the time

interval dt is:

00

dt /g(V,t)P(V)dV .
0

The free electrons are supposed to be re-trapped according to the distri-

bution function f(V), which means that the fraction of electrons which

occupy traps with depths between V and V + dV in a time interval dt is

f(V)dVdt ƒ g(V\t)P(V')dV'
0

Combination of (3) and (4) gives equation (5):

= - g(V,t)P(V) + f(V) ƒ g(V,t)P(V')dV'

(4)

(5)

In order to solve this differential equation, we have to find expressions

for f(V) and P(V). f(V) is determined by the polarization fluctuations in

the matrix and is assumed to be Gaussian.

f(V) = N exp -yV2

N is a normalization factor.

with V > 0 (6)
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The Gaussian shape is made plausible in Appendix I. P(V) is given by

formula (2):

P(V) = - v ln{l - p(V)}

We can make a rough semi-classical estimate of v:

v P2 , Ek

v is the electron's velocity,

X is the Broglie wavelength,

p the momentum of the electron,

m its mass and

E, is its kinetic energy.

For 1/r-potential fields the absolute value of the averaged potential

energy equals twice the average kinetic energy (virial theorem), so

V

(7)

(8)

The factor 2 is neglected. -V represents the total energy of the elec-

tron in the ground state, and p(V) is the probability that an electron in

the ground stat*» will leave its trap after one interaction with the 'wall'

of the trap and is determined by the distribution of thermal energies of

the molecules round the trap. The latter is tentatively expressed by a

Boltzmann distribution, so the fraction of thermal modes with energies

between E and E + dE is:

1 kT „
kT e d E •

An electron with energy E will leave its trap when E > V. p(V) can be

written as:

oo

P ( V ) = / ïiï e xP (~ PF ) d E = exP - E TkT kT' (9)

Substitution of (8) and (9) into formula (2) gives

P(V) = - ̂  ln{l - exp(- |j)} . (10)

If V/kT » 1 (in our case kT % 0.01 eV, which is valid for nearly all traps
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except the very shallow ones), formula (10) can be approximated by

P(v) = { «p(- JL) (ii)

By substituting (6) and (11) into (5) we obtain the following equation:

t) i~ e K i dV' . (12)

VII.2.1. oalaulations

The differential equation (12) could not be solved analytically, but

a computer simulation of the electron-redistribution process was made.

Instead of a continuous distribution of the depth of the electron traps

discrete values were taken. In order to keep computer time within reasona-

ble limits, we chose relatively large trap depth intervals, namely 0.1 eV

ranging from 0.1 to 2.5 eV, Also a discreta electron distribution g.(t)

and discrete trap depth distribution f. had to be introduced instead of.the

continuous functions g(V,t) and f(V). The index i refers to a trap depth

of i x 0.1 eV. In this case the fraction of electrons leaving traps with

'depth number' i in a time interval At is given by:

it . (13)

P. is the probability that an electron will le ve trap i in unit time. The

fraction of electrons in the whole system that leave their trap in a time

interval At is then ¿ g. . Then the fraction of electrons re-trapped
i '

in traps with depth number i in the time interval At is

Ag. .Bi,
. = f.
m i

Ag.Bii,out
(14)

We can calculate g.(t + At) from g,. (t) by the following procedure

g.(t + At) = g . O - Ag (15)

By repeating this procedure for consecutive steps At, g.(t) can be derived

from g.(0). At must be large enough to keep computer time within reasonable

limits and small enough so that the condition Ag. << g. is fulfilled.

This latter condition, necessary to keep Ag proportional to g. is equiva-

lent to
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P.At « 1
i

(16)

At this stage expressions for g.(0) and P. are required for further calcu-

lations. We used the following expressions;

g¿(0)
V.

Í1 dV (17)

%

and V.
V --i
i kT

P. = r— e
i h

(18)

The following numerical values were used in our calculations:

kT = 0.01 eV, y ranges from 0 to 10 eV~2 in steps of 0.5 and ?^_^At =

1.0 x \0~l*. The latter value is much smaller than one, so that condition

(16) is fulfilled.

It can be seen from expression (18) that condition (16) holds for all

i-numbers, provided this condition is true for the lowest i-number. With

the numerical values just mentioned we repeated procedure (15) a hundred

times, starting with t = 0. The only result was that the number of elec-

trons in traps with i = 1 decreased exponentially, whereas the increase in

occupation of the other traps was proportional to the corresponding f.-

value. After a hundred steps the traps with i = 1 were empty. In the next

series we considered that they remained empty and excluded them from

further calculations. Now we had the possibility of increasing the time

step At by a factor of a thousand without violating condition (16). After

the next hundred steps with the new value of At the traps with i = 2 turned

out to be empty. Thus, in the subsequent series, traps with i = 2 were ex-

cluded and the time steps could be increased again by a factor of a thousand.

This procedure was and could be repeated until the time steps were com-

mensurate with the time region of the spectral shift in our experiments.

The results of these calculations are shown in figures 7.1 and 7.2 for

different values of ^.

It can be seen in the figures that the high energy part of the

Gaussian distribution increases but does not change its Gaussian shape in

the time span used, whereas the low energy cut-off limit gradually shifts

to higher values. The decay of electrons in shallow traps obeys first order

kinetics and is the ultimate result of a repeated ejection and capture of

electrons. Since the characteristic time for electron release depends
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strongly on trap depth, the overall detachment process, described as a

superposition of first order decays, will be manifest in a wide range of

time. Because the released electrons are then distributed over all 'trap

depths the corresponding growth will be composed of exponential growth

with different time constants, and the result <3rj.11 be complex.

VII.2.2. Discussion

The results shown in figures 7.1 and 7.2 depend strongly on the ex-

pressions for the trap depth distribution and the probability that the

electron will be released from its trap. Arguments for the Gaussian shape

of the trap depth distribution are given in Appendix I. The probability

that the electron will be released from its trap by thermal interaction

with neighbouring molecules is strongly related to the distribution of

thermal modes of these molecules. A combination of a Debye distribution

of phonon states (**» to2) and a Planck distribution for the occupation of

the phonon states [°* {exp(hu/kT) - I}"1] is more realistic than the simple

Boltzmann distribution. The phonon states are labelled with their angular

frequency a< Thus the distribución of phonon energies will be proportional

to (h2ui2)/{exp(n<i)/kT) - 1}. This distribution was also used by Kerssen

in his study of irradiated PbCl^-crystals. The bandwidth of the Debye-

Planck distribution was about two or three times the bandwidth of the

Boltzmann distribution. However, it is questionable whether the Debye-

Planck distribution is pertinent to the liquid and amorphous states.

This electron-redistribution model with the proposed functions sug-

gests that electron redistribution plays a role in a wide range of time.

In the early stages electron redistribution will dominate over matrix

relaxation.

VII.3. THE MATRIX-RELAXATION MODEL

A simple relaxation model is now presented. It enables us to describe

quantitatively the transient spectral shifts caused by molecular relaxa-

tion processes and it thus reveals the relevant parameters.

Just as in the case of the electron redistribution model we define

a trap depth distribution function f(V) and an electron distribution

function g(V,t). In the relaxation model g(V,t) is time dependent because

the electrons will deepen their traps by polarization of the matrix.
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We restrict ourselves to one single relaxation process. This implies that

each electron once trapped remains in its trap (no electron reactions

whatsoever are considered), so that the number of traps occupied by elec-

trons is constant during the relaxation process. For each individual

electron confined to a trap of a certain potential depth V there is a

corresponding absorption spectrum e (\>,V), which is characteristic for
s

that potential depth V. In fact e (v,V) is the molar extinction coefficient
s

at light frequency v and trap depth V; nevertheless we shall refer to this

function simply as the absorption spectrum.

The total absorption spectrum e t(\>>t) can now be described as a

superposition of single electron spectra:

. h(v,t) = ƒ e(v,V)g(V,t)dV
tot 0 s

(19)

This formula relates the observed transient spectral shift, e t(v»t), of

the e absorption band to the change óf g(V,t), caused by the deepening
s

of electron traps as a result of electron-matrix interaction. Because little

is known about g(V,t) and e (v,V), we have to make good estimates of these
s

functions. All the traps occupied by electrons are considered to relax to

the same potential depth V , which corresponds to the potential depth of

a fully relaxed electron trap. The molecular reorientation process which

causes the deepening of the trap is assumed to be governed by a differ-

ential equation with one single relaxation time T.

dV
dt

V - V
e

(20)

1

1

When VQ is the depth of a trap with an electron at t = 0, the solu-

tion of differential equation (20) is

exp - 1 (21)

which can be written as an explicit expression for V_:

Vo = Ve - (Ve - V) exp i . (22)

Equations (21) and (22) describe the deepening of an occupied trap as a

function of time. Now we are able to derive g(V,O from g(V,t.), if we

bear in mind that all electrons trapped in a trap depth range AV. at
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time t will be trapped in a definite trap depth range AV2 at time t2;

therefore

= g(V2>t2)AV2 (23)

(see fig. 7.3).

O

/ V
11 r i

/

- '

\ 3\
ia

Fig. 7.3.
Occupied traps with a depth range
of AVj at time tj relaxing to the
range AV¿ at t^.

¿V,

From equations (22) and (23) we obtain:

g(V2,t2) = exp (24)

This formula relates the distribution g(V,t) at any time to the distri-

bution g(V,0) at the beginning. So our next step is to find an expression

for g(V,O), i.e. the trap depth distribution function for occupied traps

at t = 0 when the electrons have just been captured by the traps. Therefore-

we have to relate g(V,0) to f(V). f(V), the trap depth distribution prior

to the arrival of electrons, is determined by fortuitous polarization of

the matrix molecules. g(V,0) differs from f(V) for the following reasons:

a) The cross section for electron capture by a trap is probably dependent

on trap depth. Shallow traps are likely to capture electrons less ef-

fectively than deep traps.

b) Very fast changes (< 10~15 s) in the energy associated with electron-

matrix interactions will occur at a transition from the quasi-free

state to the bound state of the electron. These energy changes are

so rapid that the trap depth will change immediately after an electron

is captured. When this has occurred the subsequent change is much slower

because of molecular reorientation.
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The details of processes a) and b) are unknown and we shall therefore

deal with them in a very rough way. We introduce a lower limit V, for the

potential depth of occupied traps. Then

g(V,0) = f(V)H(V - Vx) (25)

in which R(V - V..) is the Heaviside function, a step function which equals

1 for V > V. and 0 for V < V... f(V) is assumed to be Gaussian:

f(V) = Ne" Y V (26)

N is a normalization factor, y a parameter (see Appendix I),

From formulas (24), (25) and (26) we derive an expression for g(V,t)

g(V,t) = N exp[-

HÍV - V + (V -

- V) exp ^ } 2 • exp ~

exp - |} (27)

Having developed an expression for g(V,t) we shall now try to find an ex-
pression for E (v,V). We have assumed that all occupied electron traps

s

relax to a uniform final depth. This implies that the ultimate absorption

spectrum of the solvated electron can be written as

'tot'
(28)

N . is total number of electrons,
tot

The spectral band of the solvated electron can be approximated

reasonably by a Gauss-Lorentz profi '.e, as demonstrated for various com-

pounds by Dorfman et al. . It has been shown by several authors that ab-

sorption spectra of solvated electrons in media of various polarity tend

to differ appreciably in the wavelength of maximum absorption and only to
(7 8)

a minor extent in the half-width of the absorption bandv ' . Therefore

as a first approximation we describe the transient shift of a single elec-

tron absorption band merely as a shift of the position of its absorption

maximum. The Gauss-Lorentz profile and its half-width are kept constant.

In figure 7.4 the optical transitions for a trapped electron are pictured.

Figure 7.4 shows that:

hv = V + V + ha
m g (29)

It is still not known whethor a band gap V exists or not. Therefore V is

a new parameter in the theory and can be either negative, positive or zero.
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hOg
hv,m

Fig. 7.4.
Optical transition from the ground state
in the electron trap to the level densi-
ty maximum of a band.

Energy corresponding to the transi-
tion from the ground state to this
maximum;
Absoluts value of the ground state
energy;
Band gap energy;
and ha« are half widths at the high
energy side (Lorentzian shape) and
at the low energy side (Gaussian
shape) of the band.

V:

We have defined an expression for the single electron absorption band:

e exp[ - {-
max r i

v - v (V) 2
m } In 2] 2 for v < v

m

and

G s ( V ï V ) Emax a 2 + {v - v (V)}2
L m

for v > v
m

(30)

(31)

v (V) can be taken from formula (29). e is the molar extinction coeffi-
m max
v
m max
cient at the absorption maximum.

We are now able to calculate the transient spectral shift of the

absorption band of the trapped electron from formula (19) with the aid of

the expressions (27), (28), (29), (30) and (31). Although we have to deal

with many variables hv (t = »), ha and ha. can be obtained from our ex-
m g L

perimental data. Then the following parameters are left: V , V , T, y and
e . For convenience we have put E = 1, because we are not interested
max r max '

in the absolute strength of the absorption band.

As a first approximation we put V = 0 and V. = 0 and afterwards the

influence of these values on the transient spectral shifts is demonstrated.

So we can start with the two parameters y and x.

VII.3.1. Comparison with experiments

We compared our relaxation model with the observed transient spectral

shift of the solvated electron absorption band in propanol-1 at -170 C.

This band was considered to be completely relaxed after 1.9 ms, because

no further wavelength shift of the absorption maximum was observed.
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For each of the experimental points at 1.9 ras after the electron pulse a

correction factor for each wavelength was used in order to adjust the ab-

sorption band to a Gauss-Lorentz profile (see fig. 7.5). These correction

1.20

0.80-

TJ
d

0.40-

0.0
0.80 1.60 2.40 3.20

hv
eV

Fig. 7.5. Absorption spectrum of e^ in propanol-1 at -170°C after 1.9 ms.
..., experimental points; , curve with Gauss-Lorentz profile.

factors are valid for all points of the same photograph. From figure 7.5

we calculated the following data which we used in the numerical calcu-

lations:

ha
g

haT

0.8 eV

1.1 eV

hv
max

2.25 eV and Í

In figure 7.6a the corrected e absorption bands at different times
s

are shown, and can be compared with figure 7.6b which shows the theoretical

curves for y = 0 and t = 1.6 * \0~h s. The most striking differences are:

a. The experimental curves tend to have one point in common, whereas the

theoretical curves have none.

b. Compared to experimental curves the theoretical curves show too slow a

build-up in the 'blue region', and too fast a decay in the 'red region'.
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Fig. 7.6. Transient spectral shift of e^ in propanol-1 at -170°C derived
from the experiments (a) and derived from the model calculation
(b).

In figure 7.7 we show the influence of y on build-up in the blue and

decay in the red for two Y~values y = Q and Y = °°. The former represents

a square block and the latter is a ¿-function for the electron distri-

bution, y = 0 yields the best agreement with experiments (see fig. 7.8).

The influence of the band gap V on the build-up in the blue and

the decay in the red is shown in figure 7.9 for a 6-function trap depth

distribution (y = «). This demonstrates that a better description is given

by relatively high V -values. However, if we combine a high V -value with

a 6-function for g(V,t) we cannot explain the increase in the band in-

tensity as the relaxation process continues. And when we combine a high

V -value with a square-block-shaped function g(V,t) the band gap is not

necessarily involved.
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Fig. 7.7. Model calculations: Optical density as a function of time for
eg in propanol-1 at various wavelengths for y = 0 (drawn line)
and y = <x> (dotted line) .
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Fig. 7.8. Comparison of model calculations with experiments: Model calcu-
lations with Y = °° (drawn line), experimental points (a a a) .

107



6.0

Fig. 7.9. Model calculations: Optical density for various band gap energies:
, 0 eV; , 0.5 eV and ..., 1.0 eV.

The influence of V ^ the lower limit of the potential well (that is

just able to capture an electron), can be simulated by starting the re-

laxation process at time t , when a trap with zero depth has relaxed to a

depth V1> The consequence of a much higher value of V- will be a relatively

high initial absorption even at the blue side of the spectrum. All ex-

periments so far reported in the literature as well as our own show a re-

latively strong initial absorption even at shorter wavelengths.

VII.3.2. Discussion

The model proposed in this chapter exhibits only poor quantitative

agreement with the experimental results. This could be expected from such

a simple model. The description of the transient spectral shift as a

simple relaxation mechanism, neglecting other possible processes taking

place at the same time {e.g. electron recombination (capture) — electron

migration), will certainly be too simple. The relaxation process itself

was treated in a very simplified way. Actually dielectric relaxation is
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an extremely complicated phenomenon that has to be interpreted in terms

of molecular- and fluid structure. (The occupied and unoccupied traps

depth distribution; the one-electron-absorption-spectrum at different

potential wells; a relaxed potential well of one depth, etc) The advan-

tage of the model is that in a simple way it permits us to relate these

hidden parameters to observable quantities. Qualitatively our results give

some indications for a rather broad initial electron distribution of oc-

cupied traps, which can hardly be expected from the trap depth distri-

bution originating from polarization fluctuations. Therefore we suggest

that processes prior to matrix relaxation are already levelling off an

initial electron distribution that is concentrated in the infra-red.

These processes might be: electron redistribution either by thermal ex-

citation or by tunnelling, a second, faster matrix relaxation, or changes

in the fast electron-matrix interactions.
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APPENDIX I. PLAUSIBILITY OF A GAUSSIAN TRAP DEPTH DISTRIBUTION

The depth distribution of electron traps can be considered to be

caused by polarization fluctuations in the polar matrix. Therefore the

potential depth V of each trap can be linked to the traps' total radial

polarization (P ) , i.e. the sum of the radial components of the molec-

ular permanent dipoles round the trap. The probability density function

of these P -values can be written as:

exp(- W/kT)p(Pr) (32)

where

W is the configurational energy i.e. the energy needed to assemble the

charge configuration for the trap and

p(P ) is the phase volume factor in P -space.

In order to transform (32) to V-space, we consider that the polari-

zation takes place in a spherical shell round the trap with an inner diam-

eter of R. and an outer diameter R_. By treating this system as a spherical

condenser we obtain for the configurational energy:

W = |CV2

in which C " 1 ^ 1 " 1

So the first factor of (32) can be written as

i CV2

exp(- ̂  .

By substituting reasonable values for (R,"1 - R , " 1 ) " and T (2 ± 1 A* and

100 K), we obtain for C/2kT the value 7 + 3 eV~2. The phase value factor

in P -space p(P ) was estimated by considering a trap with only one shell

of molecular dipoles placed at equal distances from the trap centre. The

probability density for P and V, menticaed in the following treatment,

will indicate only the number of ways in which P and V can be realized.

Energy considerations have to be excluded because of the geometric nature

of the phase volume factor.

Therefore, all orientations of each dipole are equally probable and

are assumed to be independent of the orientations of the other dipoles.

The probability distribution for P , when one dipole is considered, will

be denoted by Wj(P ) (the index of W standing for the number of dipoles
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involved). Then

_ area of strip of sphere
1 sphere area

(see fig. 7.10),

Fig. 7.10. P-orientations pointing to the strip have equal P values.

It can be shown that:

W = *po if -pc
and

WjCP^) = 0 outside this range, if P

= Pr

or -p0"

The probability distribution for P when two dipoles are involved can be

obtained by convolution of two single dipole probability distributions

w2(Pr) = ƒ w1(Pr')-w1(Pr' - pr)dPr' ,

yielding

if -2p0 á Pr á + 2p o,

if or -2p0.

In the same way the probability distributions for higher dipole

numbers can be obtained. For instance W,(P ) is already almost Gaussian

with a half-width A of 1.2p , whereas W,(P ) has a A of 1.5p-. Now weP u o r p o
can write
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W(P ) = N*exp[ - 41n 2] (33)

N* is a normalization constant.

The phase volume factor in V-space p(V) can be derived from W(P ) , when we

substitute in (33) P = kV and np^ = kV , k being a proportionality con-

stant and n the number of dipoles (at equal distances) involved. By stating

np„ = kV , we assume that the completely relaxated trap is surrounded by

n completely oriented dipoles. The half-width of V is denoted by

A,. = kA
V p

V A
e P •-•!

if

and

p(V) - N exp[ 41n 2]

= N exp -ßV2

In our experiments with propanol at -170 C: V = 2.5 ± 1.0 Volt. (The

exact V value depends on the band gap.) Combining this range of V values

with A -values at different dipole numbers: (n = 4; A = l«2p0) and (n = 6;

A = 1.6pQ), we obtain ß = 4 ± 2 eV~
2. The result is that the trap depth

distribution f(V) can be written as:

f(V) = Ne~W/kT(V)
-aV2 -ßV2

Ne -e

= Ne
-yV2

for V > 0.

= a+ = l l ± 4 e V 'r-2

The value of y is rather uncertain. Therefore we carried out our calcu-

lations with different values of y-
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S U M M A R Y

'i

The work described in this thesis forms part of the research activ-

ities of the department of Molecular Biophysics and was carried out with

^he help of a 2 MV Van de Graaff electron accelerator.' Solvated electrons

in aqueous systems, produced with the aid of this accelerator, are used

by some members of this department in their study of fast reactions of

biomolecules. The investigations described in this thesis focus on the

nature and properties of the solvated electron in different matrices.

Although the solvated electron has been the subject of many studies since

it was produced in aqueous systems in 1962, our knowledge about its

structural and dynamical properties is far from complete.

— The shape and the position of the maximum of the absorption band has

not yet been satisfactorily explained.

— The occurrence of trap hopping i.e. the transition of electrons from

one trap to another, either by tunnelling or after thermal interaction

with neighbouring molecules, is still a matter of controversy.

— The mechanism of the solvation process has not yet been completely re-

vealed»

In this thesis we study these various aspects and try to widen our knowl-

edge about the processes involved.

In Chapter II a description of the equipment used in the pulse radi-

olysis experiments is given.

In Chapter III, which deals with the pulse radiolysis of hexamethyl-

phosphortriamide (HMPA), the solvation of electrons produced by pulse

radiolysis of HMPA is discussed. The high yield of e (G = 2) and the
s

very high wavelength of maximum absorption (X = 2200 nm) in the e
msx s

absorption spectrum are explained by considering the aprotic nature and

the molecular structure of this compound.

In Chapter IV the pulse radiolysis experiments with propanol-1 at

low temperatures are described. The most striking feature is the temporal

shift to lower wavelengths of the e -absorption spectrum in the time range
5

of 10 us-10 ms. Kinetic analysis of the change of the absorption spectrum

showed that both the decay at longer wavelengths and the build-up at

shorter wavelengths can be described by a superposition of three first

order components. The medium fast component of the decay and the build-up

appeared to have the same half-life and activation energy. In order to
114
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decide to what extent electron redistribution and reorientation of matrix

molecules are responsible for the spectral shift, we added electron scav-

engers to propanol-1. Because no increase of bipheriyl anion absorbarice

was found after the pulse, we assume that the electron redistribution

process probably does not play a significant role in the time range of

our measurements. However, there is some evidence for scavenging of a pre-

cursor of the solvated electron. Presumably this precursor is an electron

in a shallow trap. From our experiments we concluded that after the elec-

tron pulse the following sequence of events takes place:

1) electron redistribution in times shorter than 1 us;

2) dipole reorientation during 10 yis-10 ms;

3) recombination of a part of the solvated electrons with their positive

counter ions;

4) a reaction of the solvated electrons with neighbouring propanol-1 mol-

ecules.

In Chapter V pulse radiolysis experiments of 3-methylpentane at -160 C

and -170 C are discussed. An e -absorption band with third order decay ki-
s

netics was observed. Since dose-normalized decay curves proved to be iden-

tical, we attributed this decay to geminate recombination. The activation

energy of the recombination process (E = 0 . 4 e V % 1 0 kcal/Mol) can be
act

related to the wavelength threshold for photobleaching: X = 2200 nm;
tnsx

hv . =0.5 eV. It is also shown that almost all electrons recombine aftermm

being solvated.

Chapter VI deals with pulse radiolysis of mixtures of propanol-1 and

3-methylpentane at -170 C. Temporal spectral shifts of the e -absorption
s

band were measured for different mixture compositions. At low propanol-1
concentrations the build-up at 500 nm of the e -absorption spectrum obeys

s

first order kinetics, whereas at high propanol-1 concentrations this build-

up can be split up into three first order components, as was measured in

100% propanol-1 (Chapter IV). The half-lives of the three components were

in ratios of 1 : 10 : 100.

When biphenyl was added as an electron scavenger to the mixtures no

build-up of the absorption band of the biphenyl anion was observed. We

related the three first order components derived from our experiments to

the same process as the three relaxation times associated with dielectric

phenomena. At present there is no consensus in the literature about the

nature of these relaxation processes. At low propanol-1 concentrations
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the absorption maximum showed no spectral shift. We interpreted this as

evidence that hydrogen bond cleavage is the rate-determining step for this

process.

In Chapter VII theoretical models for the electron redistribution and

the matrix relaxation are discussed and compared with the experiments.

Both models are based on an initial depth distribution of traps occupied

by an electron. As this distribution changes in time the number of deeper

traps increases. In the electron redistribution model deepening of the

traps arises from redistribution of electrons that are released from rela-

tively shallow traps by thermal interaction with the adjacent molecules

around the trap. In the matrix reorientation model the electrons deepen

their trap by reorientating the neighbouring dipoles in the electric

field of the electron. The electron-redistribution model predicts a

build-up of the absorption spectrum which consists of a continuous dis-

tribution of components with different characteristic times. The agreement

of the matrix relaxation model with the experiments is no more than qual-

itative. This could be expected from a model that is based on one single

first order process with one relaxation time. The model is of value in so

far as it gives us an insight into the role played by measurable quantities.

•i
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S A M E N V A T T I N G

Het in dit proefschrift beschreven onderzoek maakt deel uit van de

werkzaamheden, die in de vakgroep "Moleculaire Biofysica" met de 2 MV

Van de Graaff electronenpulsversneller verricht worden. De met behulp

van de pulsversneller verkregen "gesolvateerde electronen" dienen voor

sommige leden van de vakgroep als middel om snelle reacties wet biomole-

culen te bestuderen. De onderzoekingen die in dit proefschrift zijn be-

schreven zijn gericht op de eigenschappen van het gesolvateerde electron

zelf.

Alhoewel de vorming van gesolvateerde electronen door ioniserende

straling al sinds 1962 bekend is, vertoont onze kennis over de structu-

rele en dynamische eigenschappen van gesolvateerde electronen nog vele

leemten. In dit verband kunnen de volgende aspecten worden genoemd:

— de verklaring van de ligging van het absorptie maximum alsmede de

breedte van het absorptiespectrum;

— het wel of niet voorkomen van "trap-hopping", dat wil zeggen de over-

gang van het electron van de ene put naar de andere, hetzij door tunne-

ling hetzij na thermische interactie met de moleculen in de eerste sol-

vatatieschil;

— het mechanisme van het solvatatieproces.

In hoofdstuk II is de gevolgde experimentele methode, namelijk puls-

radiolyse gekoppeld aan kinetische spectroscopie en de hierbij gebruikte

apparatuur, beschreven. Hoofdstuk III handelt over pulsradiolyse van hexa-

methylphosphortriamide (HMPA). De experimenten met deze aprotische polaire

verbinding hadden ten doel om na te gaan of door ioniserende straling vrij

gemaakte electronen in deze vloeistof gesolvateerd worden. Voor het hoge

rendement (G = 2) waarmee dit inderdaad gebeurt en voor de uitzonderlijk

lange golflengte van het absorptie maximum (X = 2200 nm) is een verklaring

gegeven op basis van de moleculaire structuur van deze verbinding. Uit de

experimenten met mengsels van HMPA en water, waarin een roodverschuiving

van het karakteristieke spectrum van het gehydrateerde electron bij toe-

name van de HMPA concentratie werd gevonden, leidden we af dat naast de

korte afstandswisselwerking ook de lange afstandswisselwerking een niet te

verwaarlozen bijdrage tot de bindingsenergie van het gesolvateerde electron

geeft.
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Hoofdstuk IV heeft de pulsradiolyse van propanol-1 bij -160 C en

-170°C als onderwerp. Het meest opvallende hierbij is de verschuiving naar

kortere golflengten van het e -absorptiespectrum over een tijdsgebied van

10 us-10 ms.

De opbouw van de absorptie aan de "blauwe" kant van het absorptie

maximum werd ontleed in drie componenten die voldoen aan Ie orde kinetiek.

Ook het initiële verval aan de rode kant van het absorptiespectrum bleek

uit drie componenten te zijn samengesteld, waarvan de middelsnelle compo-

nent, die ook aan Ie orde kinetiek voldoet, waarden voor zowel de halve-

ringstijd als de activeringsenergie bleek te hebben, die gelijk zijn aan

die van de middelsnelle component voor de opbouw.

Teneinde uit te maken in v.elke mate electron redistributie en dipool

oriëntatie aan de verschuiving van het e -absorptiespectrum ten grondslag
s

liggen, werden "electron scavengers" aan het propanol-1 toegevoegd. Daarbij

bleek dat er geen merkbare toename van de absorptie in de biphenyl-anion

band optreedt na de electron-puls. Dit wijst erop dat na de puls geen noe-

menswaardige redistributie van electronen optreedt. Wel is er aanwijzing

voor de "scavenging" van een voorloper van het gesolvateerde electron, ver-

moedelijk een electron in een ondiepe put.

Uit onze experimenten kon worden geconcludeerd, dat zich achtereen-

volgens de volgende processen afspelen:

1. electron redistributie in tijden kleiner dan 1 jas;

2. dipool reöriëntatie gedurende 10 us-10 ms;

3. recombinatie van een gedeelte der gesolvateerde electronen met hun po-

sitieve tegenionen;

4. een reactie van de gesolvateerde electronen met de propanol-1 molecu-

len uit hun directe omgeving.

In hoofdstuk V worden de bij -160 C en -170 C verrichte pulsradiolyse

experimenten in 3-methylpentaan (3-MP) besproken. We vonden dat het verval
van het e -absorptiespectrum voldoet aan 3e orde kintiek, terwijl verval-

s

curves die op dosis genormeerd zijn, congruent bleken te zijn. Op grond

hiervan werd dit verval aan geminaat recombinatie toegeschreven. De geme-

ten activeringsenergie voor het recombinatieproces (E = 0,4 eV %, 10 kcal/

Mol) kan in verband gebracht worden met de golflengtedrempel voor bleken:

kav
 = 2200 tun; hv . = 0,5 eV. Tevens bleek dat vrijwel alle electronen

die recombineren eerst gesolvateerd worden.

Hoofdstuk VI handelt over pulsradiolyse van mengsels van propanol-1

en 3-methylpentaan. Hierbij werd onderzocht hoe de temporele spectrale
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verschuiving van het e -absorptiespectrura afhangt van de mengverhouding.
s

Bij lage propanol-1 concentraties voldoet de opbouw bij 500 nm van het
karakteristieke e in propanol-1 absorptiespectrum aan Ie orde kinetiek.

s

Bij hoge propanol-1 concentraties bleek deze opbouw,te zijn samengesteld

uit drie Ie orde processen, waarvan de halveringstijden zich ruwweg verhou-

den als I : 10 : 100. Deze relaxatietijden hangen, voorzover ze meetbaar

zijn, niet van de mengverhouding en dus niet van de viscositcit van het

mengsel af.

Met biphenyl als scavenger aan propanol-1, 3-methylpentaan mengsels

toegevoegd' is geen ingroei in de absorptieband van het biphenyl anion waar-

genomen, evenmin als dat bij 100% propanol-1 het geval was (hoofdstuk IV),

Uit de experimenten leidden we af, dat de drie relaxatietijden t., t„ en t,

met dezelfde processen in verband gebracht kunnen worden, als de drie re-

laxatietijden die uij diëlectrische metingen zijn gevonden. Over de aard

van deze drie verschillende relaxatieprocessen best'tat op het ogenblik nog

geen overeenstemming in de literatuur.

Uit onze experimenten bleek tevens, dat in het geval van lage propa-

nol-1 concentratie bij toenemende absorptie het absorptie maximum niet ver-

schuift. Dit doet vermoeden, dat waterstof-brug verbreking hier de snelheids-

bepalende stap is.

In hoofdstuk VII worden modellen voor electron redistributie etv mair.rix

relaxatie besproken ea aan de experimenten getoetst. In beide modellen wordt

uitgegaan van een verdeling van putten die met een electron bezet zijn. In

het electron redistributiemodel verschuift deze verdeling naar de diepere

putten, doordat de "getrapte" electronen die door thermische interactie met

hun buurmoleculen uit de put komen, zich over de beschikbare putten kunnen

herverdelen.

In het matrix relaxatiemodel vindt een verschuiving naar diepere putten

plaats doordat de electronen de put waarin ze zitten met hun electrisch veld

uitdiepen door reöriëntatie van de dipolen. We nemen aan dat dit reöriënta-

tieproces geschiedt volgens een eenvoudig relaxatieproces. Het electron

redistributiemodel voorspelt een opbouw van het absorptiespectrum die samen-

gesteld is uit een continue verdeling van componenten met verschillende ka-

rakteristieke tijden. De overeenkomst van het matrix relaxatiemodel met de

experimenteel gevonden spectrale verschuivingen is slechts globaal. Dit is

echter niet verwonderlijk, daar het model gebaseerd is op één Ie orde proces

met slechts ëën relaxatietijd. Wel laat het model zien welke grootheden bij

het proces een rol spelen en hoe deze met meetbare grootheden samenhangen.
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