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The isotope effect in the production of hydrogen gas has been 
studied with Mass Spectrometry in the Ci0H22/C10D22 system. 
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using an olefin, C10H20, as a scavanger. 

The effect of an electron scavenger, C H CI , in C H has 
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a. transfer of excitation energy 
b. selective abstraction. 
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1. LIST OF PAPERS 

This thesis is comprised of the following papers. 

They are divided into two groups which reflect 

their general contents. Roman numerals will be 

used when referring to these papers. 

LOW TEMPERATURE RADIOLYSIS OF SIMPLE HYDROCARBON 

MIXTURES 

I. H/D Isotope Effect in y-irradiated 
ciod22-cioh22 Mixtures Studied by Mass 
Spectrometry. 
O Claesson and A Lund. 
Chem Phys Lett 47 (1977) 155. 

II. H/D Isotope Effect in y-irradiated 
cioh22/ciod22 Mixtures at 77 K Deduced 
by Studying Dimeric Products with Gas 
Chromatography. 
B Tilquin, Th Baudson, P Claes, 
0 Claesson and A Lund. 
Research Report NFL-17 (1980). 
Submitted to Radiat Phys Chem. 

III. On the Presence of Scavengable Deuterium 
Atoms in y-irradiated Olefin/Perdeuterated 
n-alkane Mixtures at 77 K and 195 K. 
O Claesson and A Lund. 
Research Report NFL-18 (1980). 
Submitted to Radiat Phys Chem. 

IV. Energy Transfer as an Explanation of 
the Radiolysis Products in 1,8-dichloro-
octane/n-decane-h22 Mixtures. • 
O Claesson and A Lund. 
Chem Phys 35 (1978) 63. 

CALCULATION OF ESR SPECTRA 

V. Calculation of EPR Spectra of Triplet 
State Molecules with Hyperfine and 
Nuclear Quadrupole Interactions. 
O Claesson and A Lund 
Research Report NFL-19 (1980). 
Accepted for publication in J Magn 
Reson. 

VI. The Calculation of EPR Spectra of 
Triplet State Molecules. A Manual of a 
Computer Program. 
O Claesson and A Lund 
Research Report NFL-14 (1979). 
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VII. A Single Crystal EPR Study of Ground 
State Triplet Trimethylenemethane 
0 Claesson, A Lund, T Gillbro, T Ichikawa, 
O Edlund and H Yoshida. 
J Chem Phys 72 (1980) 1463. 
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2. INTRODUCTION 

The work reported in this thesis is centered 

around two issues having one thing in common; 

Electron Spin Resonance, abbreviated ESR. One 

issue is concerned with radiation chemistry; the 

structure, properties and mode of formation of 

products produced by irradiation. To this aim 

ESR is utilized as a detection method. The other 

issue is concerned with a more theoretical 

aspect of ESR, namely the calculation of spectra 

as an aid in their interpretation. These issues 

will be dealt with each in a chapter of its 

own. But first, short descriptions of radiation 

chemistry and ESR will be given. 

2.1 Radiation Chemistry, a Short Description 

The absorption of ionizing radiation in a chemical 

system produces chemical changes. The study of 

these effects constitutes what is known as 

radiation chemistry [1, 2]. 

From radiation physics it is known that x- and 

Y-rays can give energy to matter by three pro

cesses: photoelectric absorption, Compton 

scattering and pair production. One result of 

these processes is the production of fast elec

trons in the irradiated matter and it is these 

electrons which, on being absorbed in the sample, 

give rise to nearly all chemical changes sub

sequently observed. Fast electrons can also be 

introduced directly into a sample by using, for 

example, an electron accelerator. 

Fast electrons distribute most of their energy 

in matter primarily by causing excitation and 

ionization, occurring within 10~15 s or less. 
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In the condensed phase, these ionized or excited 

molecules are produced in high local concentra

tions (spurs, blobs and short tracks, depending 

on their energy) [3] . The primary processes are 

followed by a rapid train of processes which 

involve definable intermediates. Such secondary 

chemical events are often dependent of the 

phase. The density of the medium determines the 

molar concentrations and spatial distributions 

of the reaction intermediates and thus controls 

the relative probabilities of the ensuing events. 

Moreover, solid substances may have the ability 

to transfer charge or energy over many molecular 

diameters, and they may also influence reactions 

by trapping reaction intermediates. 

The fate of an excited species can be of two 

kinds. One is unimolecular processes like dis

sociation giving "hot" energetic atoms or radicals, 

the other is bimolecular processes like transfer 

of excitation energy or chemical reactions with 

other molecules occurring in the dense regions 

of the particle tracks. Positive ions may fragment, 

undergo ion-molecule reactions or partake in 

charge transfer. Electrons having sufficient 

kinetic energy may cause secondary excitations 

and ionizations or they may be captured by other 

molecules yielding reduction products. 

The secondary reactions of the products (radicals, 

ions, electrons) formed in the radiolysis of 

liquids have a timescale of microseconds or less, 

which means that fast detection methods are 

necessary. One such method is pulse radiolysis. 

In the solid state at low temperatures, the rate 

of the reactions of the intermediates can be 

slowed down so that high concentrations of the 
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intermediates can be maintained for a considerable 

period of time. They and their reactions can 

then be studied by ESR, electrical conductivity, 

optical absorption and light emission measure

ments . 

2.2 Electron Spin Resonance as a Detective  

Tool  

To be detectable by ESR [4-6] a molecule has 

to be paramagnetic. The characteristic feature 

of such a molecule is that it has one or more 

unpaired electrons, a condition which is ful

filled by free radicals. The intrinsic spin of 

an unpaired electron has two allowed directions 

of the spin in an applied magnetic field, parallel 

and antiparallel to this field. These directions 

have different energies, and the energy difference 

can be expressed as gßB, where g is the so 

called g-factor, ß the Bohr magneton and B the 

magnitude of the static magnetic field. When 

this energy difference is equal to the energy of 

an applied microwave field hv, where h is Plancks 

constant and v the frequency of the microwave 

field, resonance occurs. 

An electron acquires magnetic properties not 

only from its intrinsic spin but also from its 

orbital motion. Taken together these give rise 

to the electron Zeeman interaction. The influence 

of the orbital motion shows itself in a deviation 

of the g-factor from its free spin value 2.0023. 

The unpaired electron can interact with other 

unpaired electrons giving the electron dipole-

dipole interaction. Another type of magnetic 

effect, called the hyperfine interaction, arises 

from a coupling that can occur between the spin 
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of an unpaired electron and those of magnetic 

nuclei nearby. In addition to an isotropic part 

which is proportional to the electron spin 

density on the nuclei, it also has an anisotropic 

part, which depends on the direction of the 

applied magnetic field in relation to some 

molecular frame of reference. 

ESR used on polycrystalline samples present 

experimental difficulties in the form of low 

spectral resolution. Moreover, the paramagnetic 

molecules formed by radiation in single crystals 

retain the orientation of the undamaged molecules, 

or if their orientation changes, it changes in a 

regular way. Accordingly, the best matrix in 

which to study free radicals is a single crystal. 

Lund et al therefore laid down the fundamentals 

of, and constructed the necessary apparatus for 

growing single crystals of substances which 

under ambient temperature conditions are either 

gaseous or liquid. As this technique has been 

thoroughly described [7, 8] no space will here 

be devoted to it. 
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3. LOW TEMPERATURE RADIOLYSIS OF SIMPLE 

HYDROCARBON MIXTURES 

3.1 Introduction, the Radiation Chemistry  

of Pure Substances  

Radicals formed by the action of ionizing radi

ation on various hydrocarbons in the liquid 

state were first studied from the point of view 

of their paramagnetic behaviour [9] and with 

respect to their rôle in forming final radio-

lysis products [10]. Determinations of radical 

structure and yields following irradiation at 

77 K were, however, few [11, 12]. The method of 

analysis in these cases was gas chromatography. 

Polycrystalline samples of irradiated n-alkanes 

had been investigated with ESR by Smaller and 

Matheson [13], and by Topchiev [14], but the 

detailed radical structure could not be deduced. 

Using single crystals of several n-alkanes 

y-irradiated at 77 K, Lund et al were able to 

make assignments of the types of radicals formed 

[15], and to study the relative importance of 

these radicals [16]. Two types of radicals were 

found in protiated n-alkanes, (I) CHgCHCI^-R and 

(II) R1-CH2CHCH2-R2, with type (I) having a 

larger relative yield. In deuterated n-alkanes, 

however, the only radical that could be identified 

was of the type (II) [8]. 

One of the puzzling things in the radiolysis of 

solid compounds at low temperature has been the 

absence of any signs of hydrogen atoms. Timm and 

Willard conducted one of the key investigations 

on the low temperature radiolysis of solid 

hydrocarbons [17]. They found that radiolysis of 

a variety of hydrocarbons at 4 K produced the 
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ESR spectra of trapped free radicals, but there 

was no signals from trapped hydrogen atoms. The 

only exception was methane. Their observations 

led them to the conclusion that elimination of 

hydrogen atoms plays no part in the formation of 

free radicals in solid hydrocarbons. Instead, it 

was proposed that ion-molecule reactions were 

responsible for the production of these radicals. 

This proposition was not definitely contradicted 

until recently, when Iwasaki et al deviced and 

carried out a beautiful experiment which gives 

evidence for the ability of hydrogen atoms to 

abstract another hydrogen atom from a C-H bond 

at cryogenic temperatures [18]. Thermal hydrogen 

atoms were formed and trapped in methane con

taining 0.5 mole % ethane by x-irradiation at 

4.2 K. Warming to 10 - 20 K frees the hydrogen 

atoms which react to form ethyl radicals. The 

decay of trapped hydrogen atoms and the con

comitant growth of ethyl radicals was followed 

by studying their ESR signals. 

3.2 Radiation Chemistry of Mixtures 

The radiation chemistry of mixtures is an effec

tive method of exploring the mechanisms of 

radiolysis [19 - 21]. Here effects and inter

actions unsuspected from the radiolysis of a 

pure compound may be clearly revealed. It is 

expected that if conversion of the ions and 

excited states of a component in a mixture takes 

place in a manner analogous to the pure substance, 

the yield of the radiolysis product should be 

proportional to the electron fraction of the 

original compound in the mixture. This is the so 

called additivity or mixture law. A deviation 

from radiation chemical additivity might be 

caused by [22] 
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a. transfer of excitation energy 

b. abstraction reactions by atoms and 
radicals 

c. reactions of slow electrons 

d. transfer of a positive charge 

e. properties of intermolecular inter' 
action in the mixture 

These types of reactions have been studied by a 

number of research groups from a number of lines 

of approach. 

Gilibro and Lund used ESR to measure the amount 

of protiated alkyl radical to the total amount 

of radicals in crystals of C1QD22 containing 

small amounts of C1QH22 y-irradiated at 77 K 

[23]. This was found to show deviation from the 

additivity law, an isotope effect efficient at 

77 K but less efficient at 4.2 K and 273 K [24]. 

Another line of approach was followed by Fueki, 

and continued by Miyazaki. They studied the 

yields of radicals and hydrogen gas in alkane 

mixtures after y-irradiation at 77 K [25] . Here, 

they found deviations from the additivity law 

and formation mainly of solute radicals. Initially, 

excitation energy transfer was concluded to be 

the most probable explanation. 

In parallel with this work, the group used a 

photolytic technique to generate hydrogen atoms 

of different initial kinetic energies by dis

sociative electron attachment for the study of 

hot hydrogen atom abstraction reactions [26]. 
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Finally, the two lines of work were combined and 

it was reported that hydrogen atoms produced by 

the photolysis of hydrogen iodide in neopentane 

containing a small amount of alkane react selec

tively with the solute at 77 K [27]. Further, 

product analysis of the gas formed in systems 

where the solute had been deuterated revealed a 

remarkable isotope effect which was explained by 

a selective hydrogen atom abstraction reaction. 

This abstraction was found to occur efficiently 

at 77 K, but not in the solid at 198 K or liquid 

at 262 K [28]. The same type of mechanism was 

found to be applicable to the selective forma

tion of solute alkyl radical upon radiolysis and 

photolysis of other alkane mixtures as well 

[29]. 

In essence, it can be said, that the discussion 

centered around two mechanisms: 

a. Transfer of excitation energy. 

b. Hydrogen abstraction by hydrogen atoms. 

Gilibro and Lund favoured excitation transfer on 

the grounds that no trapped hydrogen atoms were 

found by Timm and Willard in the radiolysis of 

hydrocarbons at 4 K except for methane [17], and 

that from considerations from the liquid phase 

thermal hydrogen atoms at 77 K would not be able 

to abstract on account of too high an activation 

energy [2]. Moreover, "hot" hydrogen atoms would 

have the energy but should abstract during the 

first collisions and so not show selectivity. 

Miyazaki objected [30] that the first excited 

singlet states and ionization potentials are 

higher for the solute alkanes than for the 

solvent, that addition of an olefin promoted the 
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formation of a hydrogen addition radical, that 

addition of toluene (an efficient energy acceptor) 

does not affect the formation of solute radical 

and that photolytically produced hydrogen atoms 

were found to react selectively with the solute. 

3.3 The Cn qD;>;> Mixture 

The mechanism of alkyl radical formation could 

not be determined by ESR measurements so another 

type of measurement had to be applied. The 

evolution of hydrogen gas is one of the main 

reactions in the radiolysis of paraffinic hydro

carbons, which suggests analysis of the isotopie 

composition of the hydrogen gas as a help in 

distinguishing between the types of reaction 

mechanisms. 

Mass spectrometry on gas evolved from irradiated 

mixtures of protiated and deuterated compounds 

has been used by Dyne and co-workers as a sensi

tive method of detecting the reactions of one 

component in a mixture [19, 20]. Gäumann and Ruf 

used the method on mixtures of protiated and 

deuterated n-heptane and mixtures of protiated 

and deuterated methylcyclohexane irradiated at 

temperatures between 195 K and 363 K [31]. 

Gäumann has also used this technique to study 

the H/D isotope effect in the radiolysis of 

hexane at 203 K and 323 K [32]. 

In paper I measurements along these lines are 

reported for mixtures of different mole frac

tions of n-decane-h22 in n-decane-d22. Only a 

few compositions were measured, but at four 

temperatures, 4 K, 77 K, 195 K and 273 K. The 

measurements at 77 K have later been extended to 

more compositions, in addition to which the 

total yield of hydrogen gas has been measured. 
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Figure 1 

The yields of D2(+), HD (©) and H2 (*) for some 
mole fractions of C10H22 in C10D22 Y~irradiated 
at 77 K. 

The data has been compiled in Figure 1. It is 

seen that the yields of D2 and HD deviate from 

the additivity law. The total hydrogen yield was 

found to be 1.8±0.2 and independent of composi

tion. 

In the original energy transfer mechanism as 

described in paper I, the isotopes of hydrogen 

gas were given by recombination of the hydrogen 

and deuterium atoms produced by dissociation of 

the isotopes of excited decane molecules. The 

ratio of the production rates for these excited 

molecules, with the energy transfer reaction 
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taken into consideration, is denoted with f in 

paper I. It can be calculated from both the 

experimental (H2)/(D2) and (HD)/(D2) values. 

When this is done it is found that the values of 

f are different, indicating that the model is 

inconsistent- This is probably due to the neglect 

of abstraction reactions as producers of hydrogen 

gas, a neglect arising from the fact that Iwasaki's 

findings [18] that hydrogen atoms are able to 

abstract at low temperatures had not been published 

at that time. 

A general reaction scheme can be put up to 

explain the formation of alkyl radicals and 

hydrogen gas in this system. 

C -, .Da« 'w'w -> Q D * ( 1 ) 
10 22 10 22 1 ' 

C10H22 C10H22* 

This depicts the formation of excited states by 

the action of radiation 

C10D22*+C10H22 " C10D22+C10H22* (3) 

This is the energy transfer reaction. The excited 

decane molecules can produce hydrogen gas by a 

unimolecular process, or give rise to an alkyl 

radical and a hydrogen or deuterium atom: 

C-, • C-, „D«, +D 10 22 10 21 

C10H22* * C10H21+H 

C10D22* "*• C10D20+D2 

C10H22* * C10H20+H2 

(4) 

(5) 

(6) 

(7) 
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The hydrogen and deuterium atoms so created may 

react in turn: 

D+C„ -> •C-,~D~,+D~ 10 22 10 21 2 (8) 

D+C10H22 " *C10H21+HD (9) 

H + C , - »  * C , r t D « , + H D  10 22 10 21 (10) 

H+C10H22 " * C10H21+H2 (11) 

From this reaction scheme the two models can be 

derived by including/excluding the various 

reactions by varying their rate constants or 

putting these equal to zero. 

o°° 
ö o o® 

A A 

0.1 

o 

A 

~02 

X(C10H22) 

Figure 2 

The yield of H2 (A), HD (©), and *CioH2i (+) 
from irradiation of C10H22/ciod2 2 mixtures at 
77 K. (•) denotes 2G(H2)+G(HD), and (X) is the 
measurement of the yield of •C10H2i from paper 
II. 
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We can compare the results from the gas measure

ments with the alkyl radical measurements made 

by Gillbro and Lund [23] by a simple reasoning. 

Disregarding the unimolecular formation of gases 

(6) and (7) it can be shown by a kinetic treatment 

that the yield of *cioH21 radical equals the sum 

of the yield of HD and two times the yield of 

H2. This equality holds for a model that includes 

energy transfer, reaction (3). No assumptions 

about the relative formation rate of c^qH22* anc* 
C10D22* kas to be ma<*e, nor any assumptions of 
the rate constants for reactions (8) - (11). 

Experimental yields and the *cioH21 yield calcu

lated as described above are shown in Figure 2. 

The calculated line lies definitely below the 

experimental line. It can be noted that the 

experimental and calculated curves have the same 

"shape". Bearing in mind the not too good accuracy 

in concentration measurements from ESR, another 

method was sought whereby the concentration of 

the radicals could be measured. 

Analyzing for dimer products with gas chromato

graphy was found to be a suitable method. Such a 

measurement on a mixture of 7 % C10H22 C10D22 
y-irradiated at 77 K is described in paper II. 

The ESR measurements and spectrum simulation of 

[23] was repeated on this sample and it was 

found that the line width of the *c^oD21 sPectrum 

has a large influence on the concentration 

measurements. A separate method of deriving the 

relative yields of radicals by integration of 

the ESR signals was also used. The three methods 

gave the same percentage of *cioH21 ra<*icals, 

30 %. This new data has been included in Figure 2 

and is seen to fall quite close to the *cioH21 
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yield calculated from the and HD yields. This 

is a check that the reaction scheme of reactions 

(1) - (11) gives a true description of the 

experimental results. 

From studies in the liquid state [10] it was 

concluded that the unimolecular yield of is 

high in protiated compounds but low in deu-

terated compounds. We have found that the yield 

of hydrogen gas in pure compounds (protiated as 

well as deuterated) is twice the amount of 

radical at 77 K indicating that the unimolecular 

yield is low. It should be remembered, however, 

that measurements of absolute yields of radicals 

by ESR have large experimental uncertainties 

which makes a comparison with other absolute 

yields hazardous. 

It should be mentioned that a few months after 

the publication of I, Miyazaki published the 

result of a similar experiment [33, 34]. The 

experimental results of the two groups were in 

good agreement, but Miyazaki interpreted the 

data in terms of an abstraction model. 

A similar study has also been performed by 

Willard et al who confirm that thermal methyl 

radicals can abstract hydrogen from C-H bonds in 

hydrocarbon glasses at 77 K, probably by tunneling, 

but that a similar abstraction does not occur 

from C-D bonds [35]. They conclude that there is 

a low activation energy mechanism allowing 

hydrogen abstraction at these temperatures and 

find it comparable to the reactions of methyl 

radicals with glassy CH^OH and polycrystalline 

CH3CN and CH3NC [36, 37]. Wilkey and Willard 
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also find a low activation energy abstraction of 

hydrogen from C-H bonds by deuterium atoms 

comparable to the abstraction by methyl radicals 

[38] . 

In light of these experiments, it should be 

interesting to find out if deuterium atoms being 

able to react are present in a deuterated hydro

carbon system. With this aim we undertook the 

study described in III. Here a deuterated n-alkane 

matrix is doped with a hydrogen atom scavenger, 

an olefin. Use is made of ESR to study the 

radicals formed, and gas measurements to study 

the formation of hydrogen gas. In an octadiene-h14/ 

n-octane-d^g sample, radicals formed by addition 

of a hydrogen or a deuterium atom are found. A 

temperature effect for the deuterium addition 

reaction is noted. In a decene-h2Q/decane-d22 

mixture two types of radicals originating from 
C10H20 can ke identified, one addition type 

radical CH2DCH(CH2)7CH3 and one abstraction type 

radical CH2 = CH(CH2)6CHCH3. The abstraction 

radical is found in a yield relative to the 

total radical yield which equals the molar ratio 

of C1QH20 in c10D22* The reacti°n giving the 

addition radical is found to be temperature 

dependent while that giving the abstraction 

radical is not. 

It seems as if deuterium and hydrogen atoms are 

present in these systems at low temperatures, 

and that they are able to react. The yield of 

the primary deuterium atoms which are able to 

add or abstract in the cioH20^C10D22 sYstem is 

estimated to 1.3±0.5. The hydrogen gas yield 

decreases upon addition of c^oH20 **° C10H22 as 

addition of hydrogen atoms to c^qH20 decreases 

the amount of free hydrogen atoms able to abstract 

to form H2. 
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3.4 Electron Scavenger Effects in n-decane  

Systems  

Manuscript IV is the result of an investigation 

of the radiation chemistry of the 1,8-dichloro-

octane/n-decane-h22 system. It was undertaken as 

a study into the effects of an additive known as 

an electron scavenger in a hydrocarbon system 

Y-irradiated at 77 K and 195 K. 1,8-dichlorooctane 

was chosen as additive as it is soluble in the 

solid hydrocarbon, and as the products formed by 

the irradiation are traceable back to their 

original molecules. The investigation consisted 

of measurements of the yields of hydrogen gas, 

chloride ion, the •CgH16Cl radical and the total 

radical yield. Included were also structural 

studies of single crystals of pure 1,8-dichloro

octane and of single crystals of 1 mole % 1,8-

dichlorooctane in n-decane-d22. 

If the different product yields are plotted 

against the volume fraction of 1,8-dichlorooctane 

in n-decane-h22, the yield of chloride ion is 

the only one showing a straight line. All other 

yields show deviation from additivity. In search 

for an explanation of this behaviour, we first 

set up as simple a reaction scheme as possible 

including only reactions that give the observed 

end products. To this we add a reaction depicting 

an interaction between solvent and additive. 

This gives two models. Steady state kinetic 

analysis of these models are attempted and the 

result is pictured in Figure 4 in IV. 

In IV, the result of the kinetic analysis was 

simplified by subtracting the expression for the 

yield of Cl~ from that of •CgH16Cl as this gave 
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a good picture of the difference between the 

models. Using a computer program that calculates 

the various product yields for volume fractions 

of 1,8-dichlorooctane in n-decane-h22 between 

0.0 and 1.0, the rate constants in the yield 

equations can be varied and the result of these 

variations studied. 

The yield equations for both models can be 

fitted to the experimental data with about the 

same accuracy, Figure 3. The values of the rate 

é i 

1.0 0.5 1.0 0.5 

Figure 3 

The various product yields from irradiated 
C8H16C12/CioH22 mixtures at 77 K. (A) is the 
•C10H2i, (Ò) the H gas, ( + ) the «CgHxeCl and 
(•) the CI yields, respectively. The full 
lines are computer fitted curves according to 
the different product yield equations. 
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constants that give the best fit to one product 

yield are, however, not equal to the values that 

give the best fit to another product yield. For 

the simpler model the values of the rate constants 

from fitting different products yields differ by 

several orders of magnitude, but for the model 

which includes an interaction reaction the 

different values are within the experimental 

errors. 

It seems as if the simple model is unable to 

explain all experimental yields in this system, 

and that a reaction describing an interaction 

between the additive and solvent has to be 

introduced. Miyazaki et al have studied the 

effect of electron scavengers in hydrocarbons 

[39 - 41]. It was found that the presence of 

conventional electron scavengers did not change 

the yield of solvent radical but that the presence 

of CC14 lowered both the yield of solvent radical 

and hydrogen gas. This is explained by excitation 

transfer from an excited solvent molecule to 

CCI4 and a kinetic treatment is told to suggest 

exciton transfer. 

3.5 Remarks, final or not? 

In the limit of the temperature approaching the 

absolute zero, the Arrhenius law, k = A exp (-E/kT), 

predicts a vanishing of the rate of a chemical 

reaction. It is observed, however, that most low 

temperature reactions proceed faster than is 

predicted from an Arrhenius type extrapolation. 

There are two main reasons for such deviations 

from the Arrhenius law [42]. First, if the 

conversion of a species A can proceed via several 
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parallel processes A * B, A -»• C, A -» D, etc each 

with its own activation energy, the processes 

with higher activation energies are suppressed 

till only one single process, that of the least 

activation energy, remains. 

Second, even for systems with only a single 

process, quantum-mechanical tunneling may result 

in very large deviations from the Arrhenius law 

and an apparent decrease of activation energy 

with decreasing temperature, and in high observable 

reaction rates at very low temperatures. 

The aim of the studies described in this part of 

the thesis is to make clear the dominating 

processes in the selective decompostion of 

certain solutes that follow low-temperature 

radiolysis of crystalline hydrocarbons. 

1. The isotope effect in the production of 
radicals has been studied by ESR and 
GCMS in the C10H22/C10D22 system, paper 
II. Two independent methods have never 
been used on the same system in this 
context before. The methods gave the 
same ratio of protiated to deuterated 
radicals. 

2 .  The isotope effect in the production of 
hydrogen gas has been studied with MS 
in the C10H22/ciod2 2 system, paper I. 

3. The amount of reactive D-atoms has been 
measured in C10D22 by using an olefin, 
Ci o H2 o » as a scavenger, paper III. 

4. The effect of an electron scavenger, 
C8H16C12, in C10H22 is described in 
paper IV. 

Two processes for the explanation of the isotope 

effects are discussed: 
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a. transfer of excitation energy 

b. selective abstraction 

The results of paper III show that reactive 

D-atoms are present in the C1QD22 system. This 

finding, together with the results of papers I 

and II, suggest that the isotope effects can be 

explained by selective abstraction. 

The most notable result in the investigation of 

paper IV is that the yield of the «CgH^gCl. 

radical is much greater than the yield of chloride 

ion. This phenomenon can be explained by energy 

transfer but not entirely by selective abstrac

tion. 

Quantum mechanical tunneling has been offered as 

an explanation for the ability of hydrogen atoms 

to abstract from a solvent molecule [43, 44]. It 

would be interesting to study tunneling effects 

in n-hydrocarbon systems like the ones used in 

this thesis. In such a study the temperature 

dependence of the abstraction reaction has to be 

monitored, in order to spot deviations from the 

Arrhenius law. We have been considering the 

abstraction of hydrogen by deuterium atoms in 

mixtures of protiated and deuterated hexadecane 

as this substance can be handled over a wider 

temperature range than decane. Another interesting 

system under consideration is CH^I/CD^I, where a 

different species, a methyl radical, is thought 

to undergo tunneling. 
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4. CALCULATION OF ESR SPECTRA 

4.1 Preceding Remarks 

It is usually found that an ESR spectrum can be 

described relatively simply in terms of transi

tions between energy levels which correspond to 

certain eigenstates of a Hamiltonian operator 

containing only spin operators: 

Here fi is the Hamilton operator and E^ the 

energy eigenvalue of a certain egeinstate <|>^. 

Since only a few computations in quantum mecha

nics [45 - 47] can be done exactly in finite 

form, the most important part of the theory, for 

practical purposes, deals with techniques of 

calculating approximately. The general scheme of 

almost all approximate methods is this: first 

find a problem that as closely as possible 

resembles the one to study, and that has an 

exact solution. Then, find a way of modifying 

and correcting this trial solution in the 

desired direction. Methods to achieve these 

modifications have been developed. One is the 

variational theory in which one constructs the 

best possible approximation under specific 

limitations of form. Another is the perturbation 

theory, a method of systematically constructing 

closer and closer approximations to both stationary 

and timedependent states. 

During the single crystal ESR study on trimethyl-

enemethane (TMM,C()g) described in paper VII, 

a need for help in analysing spectra with a 

complicated hyperfine structure arose. As TMM is 

a ground state triplet, a spectrum simulation 

fi^i = e^± (12) 
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program for S = 1 molecules would have to be 

used. A program in workable condition was not to 

be found in the literature. Moreover, the 

theory developed by van der Waals and de Groot 

[48] and extended by Kottis and Lefebvre [49] 

excludes hyperfine and nuclear interactions. One 

analysis of these effects has been presented by 

Bir [50], another by Iwasaki [51]. In the treat

ment by Bir, it is assumed that the nuclear 

interaction is small compared with the hyperfine 

term. This assumption cannot be made in the TMM 

case. Although the treatment by Iwasaki is 

applicable to the TMM case, it cannot be extended 

to cases with a large zero-field splitting. The 

literature also showed a need for analysis of 

triplet state spectra featuring nuclear quadrupole 

effects [52 - 55]. We therefore set out on our 

own, influenced by the work of Thuomas and Lund 

on the analysis of S = 1/2 ESR spectra with 

large quadrupolar interactions [56 - 58]. 

The spin Hamiltonian describing our system is of 

the following form, 

o n 
Ô = Ä (S)+I fi.-(SfI.) (13) 

i=l 1 1 

fi°(S) is the electronic part. It is dependent 

upon terms which contain the electron spin 

operators § , S and ê . a Par"t x y z x j. 
which depends upon the electron and nuclear spin 

operators. The summation extends over all nuclei. 

The most general method to calculate an ESR 

spectrum is to diagonalize the complete Hamil

tonian [59, 60]. This procedure has been applied 
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in at least two general programs. The method is 

time-consuming and can only be applied to systems 

without, or with only a few interacting nuclei. 

For the case considered in this thesis (analysis 

of spectra with several interacting nuclei), the 

terms are small compared with the â° term, so 

that a perturbation treatment is possible. The 

general procedure of such a calculation is as 

follows. 

In a first step the eigenvalue problem of the 

unperturbed Hamiltonian is solved 

H°i|> = E°»Jj (14) 
a ora 

In general this solution has to be found numeri

cally by diagonalization of the corresponding 

Hamiltonian matrix expressed in a basis of 

electron spin functions. 

In a second step, the eigenvalue problem of the 

n 
perturbation operator, H1 = I Ö., is solved. 

i=l 

In practice, the solution is found by diagonalizing 

the Hamiltonian, of each nucleus individually 

in a basis of nuclear spin functions |m^>. This 

is a first order degenerate perturbation treatment 

and it gives the energy levels and the correct 

zero-order wave functions directly. The wave 

function is of the form 

n 
< b = d > n | p . >  ( 1 5  yap ! 

The |p^> are linear combinations of nuclear spin 

functions. 
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In a third step the transition energies and 

intensities are calculated. 

This method of calculation has four advantages: 

1. The electronic part is treated exactly, 
which makes the relative magnitude of 
the different terms (Zeeman, zero-field 
etc) unimportant. 

2. The perturbation matrix is diagonalized, 
so the relative magnitude of the different 
"perturbation" terms (hyperfine, nuclear 
Zeeman, nuclear quadrupole) does not 
matter. 

3. The matrices to be diagonalized have 
small dimensions which makes compli
cated systems treatable. 

4. The correct zero-order wave functions 
are obtained so that second order 
perturbation treatment becomes possible. 

There is also a disadvantage with this approximate 

method, in that the perturbation cannot be of a 

comparable magnitude to the unperturbed part. In 

such cases, the more general method [59, 60] of 

diagonalizing the complete Hamiltonian has to be 

used. Applied to the TMM case, such a general 

method would require the diagonalization of a 

complex matrix with a dimension of 192x192. The 

approximate method used in this thesis reduces 

the problem to diagonalization of matrices with 

dimensions 3x3 and 2x2. As the computer time for 

the diagonalization of a matrix is proportional 

to the square of the order of the matrix it can 

be estimated that the approximate method leads 

to a reduction of computer time with a factor 

1000. 
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4.2 The S=1 case 

The effective spin Hamiltonian describing our 

system is well known [5, 6] 

H = ßB-g-S + S-D-S + I {S-A.-I. + I.-g -I - (16) 
i=l 

Here, the terms describe the electronic Zeeman 

term, the zero-field splitting, the hyperfine 

and guadrupole couplings and the nuclear Zeeman 

term, ß is the Bohr magneton, ßN the nuclear 

magneton, gN^ the g-value of nucleus i, B is a 

vector representing the static magnetic field 

and S and 1^ are the electronic and nuclear spin 

operators. <j, A, g, and D are tensors describing 

the anisotropic splitting factor in the 

electronic Zeeman effect, the magnetic hyperfine 

coupling, the coupling of the electric quadrupole 

moment of the nucleus to the field of the sur

rounding electrons, and the zero-field splitting. 

A Hamiltonian consisting of the first two terms 

of (16) can, and has been [49] treated exactly. 

Using a basis of T-functions [61] it is diago-

nalized to give the energies and associated wave 

functions of the electronic state. The eigenstate 

3 
(14) becomes |a> = 1 C .|T.>. As the nuclear 

i=lax 1 

part of the Hamiltonian (16) is much less in 

magnitude than the electronic part, it will be 

treated as the perturbation, S 1. 

The first order correction to the energy is 

calculated. This is achieved by numerically 

diagonalizing fi' in an |m> basis. The non-zero 

elements of <m|fil|m> become: 
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1. for the hyperfine term 

«x,m|H |a,m> = <a,m|S*A*I|a,m> = Va0( »m (17) 
3 ^ Z 

<a,m|S*A*I|a,m±l> = [l(I+l)-ra(m±l)]!s 0.5(V^a liv"" ) (18) 

where 
3 

V^= -il A. .(C* X CQ).. 
3 i=1 iD -a "P i 

C is a complex vector and * denotes complex 

conjugation. 

for the nuclear Zeeman term 

<m I Hj^ I m> = "bz*m (19) 

<m|H. |m±l> = -[1(1+1)-m(m±l)0.5(b ±ib ) (20) d xv 

where b = g ß B 
- n-

3. for the quadrupole term 

<m|H |m> = (3m2-I(l+l))0.5 0 (21) 
4 zz 

<m|H |m±l> = (2m±l) [ (I±m+1) (1+m) ]"* 0.5(Q +iQ„ ) 
2iz yz 

(22) 

<m|Hq|m±2> = [ (I±m+1) (I+m) (I+m-1) (I±m+2) ]** 

0.5[0.5(Q -Q )±Q ] (23) 1 xx xyy' *xyJ v ' 

Then the transition probabilities and field 

strengths are calculated. Papers V and VI describe 

the method and the computer program developed. 

The program has been used in the analysis of the 

hyperfine pattern of protons in the spectra of 

TMM, which is described in paper VII. 
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4.3 Second Order Corrections 

It is interesting to note that the correct 

zero-order eigenfunctions are known at this 

point. This means that the second order correc

tion to the energy can be derived 

E2(a'pl'p2 pn} = 

21+1,...21 +1 n 
1 (E -Eß) 2 P n I {<p. Iq.Xq. |p.>} 

Of ß pa . . i i i i 
a#ß p q1,...qnpq i,j=l 

3 
1 <T Vvi (<«PU„I ßq>)i<<ßql lv|0fp>) (24) 
u,v=l J 

a and ß are indices for electronic states, i and 

j indices for the different nuclei, p and q 

indices for nuclear states, u and v indices for 

the x,y,z coordinates and 

n 

PP« =i"1t<pi,<3i>l 

The correct zero-order eigenfunctions are calcu

lated, but unfortunately not stored in the 

computer program for the S=1 case so it would be 

difficult to change this program to include the 

second order energy correction. 

In the program developed by Thuomas and Lund 

[58] the necessary changes would be far less 

difficult to carry out. This program was con

structed for the calculation of powder ESR 

spectra of radicals with hyperfine and quadru-

polar interactions. 

The equation for the second order correction to 

the energy for the S = h case takes the form: 
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E2(1/2, prp2 pn) = 

(4gßB)_1 IP i. I T1^ (<p|l Iq>). 
q pq i] uv uv u'^ i 

(<q|ivlp>)j (<plq>i <qlp>j) 
-i 

(25) 

where 

T1"' = (A^«A^) - (A^*w) (A^*w) +iD^ 
1 l*f /V /V IITf x 11 * tf 1 ITf UV UV — u -v UV 

w = (l/g)g-Å and £ = B/B 

The summation over q , q , q is indicated by the single 
index q in (25) 

d13 = 
uv 

W1 W2 W3 

A«1» A<4> A<1> 
lu 2u 3u 

Ä(j> a(j) A)) 
lv 2v 3v 

<p11j I q> 
+1 

= I a b . <m|l.|m'> 
mp m ' q j 

<m|I |m'> = m'ô . 
' z1 mm' 

<m±l11 |m> = 0.5 [l(I+l)-m(m±l)] x 

<m±l|Iy|m> = ±0.5 i[l(I+l)-m(m±l)] 

and 

<p q>. = (1 a b ). 
i v T mp mq i m=-I 

11/2 p> = i a |m> 
_ mp m=-I 

-1/2 q> = 1 b . m'> , - m q m'=-i 

for each nucleus, i. 
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It is noted that the second order contributions 

(24) and (25) contain cross terms between the 

different nuclei. In other words, the nuclei 

cannot be treated independently as has been 

assumed [51]. The cross terms have been obtained 

previously in a second order treatment by Weil 

[62]. Our treatment, however, is more general in 

the following respects: 

a. the quadrupole term need not be small 
compared with the hyperfine term 

b. the nuclear Zeeman term need not be 
small compared with the hyperfine term 

c. the zero field splitting need not be 
small compared with the Zeeman term 
(S = 1). 

The expressions (24) and (25) are different from 

those previously derived in that the wave func

tions occur explicitly. For the purpose of 

simulation of spectra this fact is insignificant. 

When simplified to the case of one nucleus and 

neglecting the quadrupole term, (25) is found to 

give second order contributions that are in 

numerical agreement with those calculated from 

Iwasaki's expressions [51]. 

The second order correction (25) simplified to 

the case of one nucleus, has been inserted into 

the program designed by Thuomas and Lund, but it 

has not been applied to any experimental data. 

Such data could come from a case where the 

hyperfine and quadrupolar interactions of a 

particular nucleus are of similar magnitudes and 

quite large. Examples of such cases are bromine 

and iodine interactions in halogenated radicals 

which are typically in the order of 100 G. 
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4.4 Conclusions 

In this second part of the thesis a method to 

simulate ESR spectra for the case of a Hamil-

tonian containing nulcear interactions is 

described. The method has been applied to the 

S = 1 case. It is suggested that the method can 

be generalized to an arbitrary electronic spin 

state, and to include second order nuclear 

corrections. 
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