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Abstract

This paper summarizes results obtained earlier from

ESR studies of y-irradiated n-alkane single crystals. It also

contains some new experimental results that serve to give a

more complete picture of the deposition of radiation energy ','

in solid alkanes. The experiments performed with solid n-al-

kanes have thus far provided structural data that permit the

nature and even the conformation of alkyl radicals to be clearly

understood. Two types of radical exist namely, one where the

unpaired electron is located next to the end methyl group and one

with the unpaired electron in the interior of the chain. The

first type has a conformation which differs from that of the v

undamaged molecule. Microwave saturation data show that there

is a difference in relaxation properties of these radicals which

can be understood in terms of a difference in mobility. Relative

yield measurements give the distribution of isomeric alkyl,the

result differing from that obtained using product analysis in |

liquids. For protiated n-alkanes n-alkyl is lacking and the 2-alkyl |

concentration is higher than expected. For deuterated n-alkanes j

the ESR spectrum is mainly that of radicals with the unpaired |

electron located in the interior of the carbon chain. This iso- I

tope effect is again contrary to observations in liquid n-alkanes.

L
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The broad lines observed in protiated alkanes irradiated !

at 77 K and deuterated alkanes irradiated at 4.2 K are not

believed to arise from strong spin-spin interactions. They are

thought instead to arise from distorted crystal and radical

structures relating to the damaged regions of the crystals.

Radical pairs exist with different stability! yield and

structure . Our estimate, in deuterated alkanes that as much as

40 % of the radicals are formed in pairs or clusters at 4.2 K

shows that radical pair formation is an important radiolytic

process in solid n-alkanes. Energy transfer from deuterated

to protiated molecules has also been experimentally verified.

This energy transfer is temperature dependent and occurs

efficiently at 77 K. but less efficiently at 4.2 and 273 K.

A relationship also exists for deuterated alkanes between

the amount of radical pairs formed at 4 K and the long range

energy transfer at 77 K. This can be readily accounted for by

an exciton transfer mechanism analogous to that in aromatic

crystals. It might also be qualitatively described by a

hydrogen abstraction process. In this case» however* the pro-

perties of the deuterium atoms are not understood.
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INTRODUCTION

Studies of radiation damage in crystalline n-alkanes

have been performed at this laboratory from several starting
1—8points using electron spin resonance (ESR) spectroscopy.

The work was initiated to clarify the structure of the radicals

formed by y-irradiation of n-alkanes. The structure of free

radicals present in liquid hydrocarbons during electron irra-

diation has previously been investigated by Fessenden and
o

Schuler . Due. however, to difficulties presented by the
spectral resolution afforded by polycrystalline samples the

structure of radicals in the solid state had not previously

been determined. To overcome this problem, a method was de-

vised for growing single crystals from organic substances

which are liquid at room temperature . Structural information

concerning alkyl radicals was then gathered using single crystals

of a number of n-hydrocarbons with 4 - 2 0 carbon atoms. The

yield of the various alkyl radicals could be correctly deter-

mined knowing their saturation properties in some detail .

The fact that the yields do not agree with these obtained from

analyses of the products formed in liquid n-alkanes suggests

that the mechanism of solid state radiolysis is different

from the mechanism accepted for the liquid state. A study of

perdeuterated n-alkanes has further shown that the alkyl ra-

dicals that are formed in this system differ from the radicals

formed in the protiated system. This observation appears pe-

culiar to solid n-alkanes but not to liquids. Another

characteristic feature in solid state radiolysis is the appea-

rance of radical pairs. At 77 K radical pairs are found to be

trapped at a range of distances . After irradiation at 4.2 X

radical pairs or clusters are formed in a considerably higher

yield then previously observed . A final example of the ab-

normal behaviour of solid as opposed to liquid systems is the

observed effect of energy transfer to protiated hydrocarbons in a

dejterated matrix • Two mechanisms have been considered»namely
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hydrogen atom abstraction by deuterium atoms» and transfer

of excitation energy. The latter receives support from the

experimental data.

This paper summarizes previous results and presents

new experimental evidence aimed at obtaining a consistent ex-

planation of the mechanisms of free radical formation and

energy transfer.

The subject matter has been divided into the following

categories:

1) Experimental aspects

2) Crystallography of n-a'.kanes

3) Structural aspects

4) Relaxation properties

5) Radical yields

6) Radical pairs and the spatial distribution of radicals

7) Isotope effects

8) Energy transfer in mixed crystals

9) Discussion of the mechanisms of energy transfer and

radical formation

a) Energy transfer by excitons

b) Hole migration

c) Abstraction of hydrogen by hot" or thermal deuterium atoms

1. EXPERIMENTAL ASPECTS

Substances which are liquid at room temperature can be

crystallized by slow cooling in a cryostat. For this purpose

a cryostat cooled by a pulsed stream of liquid nitrogen has been

developed to afford temperatures that can be maintained constant

to within ± 1°C in the ranae between 0 snri -150°C (Fin 1).

Crystal growth is achieved by slowly lowering an ampoule containing

the liquid into the cooling bath of the cryostat vessel. Growth

is initiated by forming a seed crystal at the lower end of the

ampoulef which has the form of a thin capillary and proceeds at a

rate of 0.5 - 3mm/h. The crystal growth takes place along the
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crystallographic a-axis in n-hexane. Our ESR experiments show

that the crystal growth of n-octane» n-decane and n-hexadecane

is very reproducible and occurs along the sane axis as in n-

hexane. i.e. the a-axis. This also means that the n-alkane

chain will be in a plane almost perpendicular (a*0 85°)

to the tube axis. This experimental finding greatly sampIy-

fies the analysis of the ESR spectra as shown below in Section 3.

The crystals grown for ESR studies were prepared in Suprasil

tubes with a diameter of 4 mm. ESR spectra obtained after

irradiation of the degassed sample were obtained either with

the crystal contained in the sealed Suprasil tube or after

cutting off a piece of the tube. The angular variation of the

spectra in three different orthogonal planes was measured at

77 K. A cylindrical cavity with a 2.5 cm diameter hole acco-

modates the dewar containing the crystal.

Crystals containing small additions in an n-alkane matrix

were prepared simply by mixing the appropriate liquids before \

crystallizotion. Studies in some detail have been performed

on systems containing a protiated n-alkane in the corresponding

deuterated matrix. In this case solubility is complete even

in the solid. The results of this study are reported in a se-

parate paragraph. Mixed crystals, containing n-alkyl chloride •

distributed in a matrix of the appropriate deuterated n-alkane»

have been used to study the n-alkyl radical.

It is possible to form mixed crystals of deuterated n-octane

containing 2.5 moI % heptylsulfide. The radical selectively pro-

duced in this system has not yet been identified» but the un-

paired electron is believed to be localized to the sulfur atom. :
•j

Irradiation was performed at 4.2 K> 77 K and higher tempera- I

tures with a Gammacell 220 irradiation unit (AEC Ltd) containing f

Co. This unit has a cylindrical sample chamber with the following \

dimension".: height = 20 ctn» diameter = 15 cm. For irradiations J

at 4.2 K a helium dewar Pyrex glass was used. The outer dewar» f
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filled with liquid nitrogen, fits snugly into the sample

chamber while the inner dewar can be filled with about 250 cm

of liquid helium. This amount is sufficient for an 8 h irra-

diation. In most of the experiments reported here the dose-

rate was 0.3 - 0.4 Mrad/h for a total dose of 0.7 -1.0 Mrad.

2. CRYSTALLOGRAPHY OF n-ALKANES

Hexane and octane form triclinic crystals, space group

P1. with one molecule in the unit cell . The intermolecular

carbon-carbon distance between adjacent methyl groups is short

i.e. 3.51 8.The carbon chain is planar and the molecules contain

a center of symmetry. The molecules accordingly have a common

orientation. This implies that chemically equivalent radicals

also have a common orientation and thus yield the same ESR

spectrum which is of considerable advantage in spectral analysis.

In the hexane crystal for instance a radical centered on atom

C. is magnetically equivalent to that centered on atom C, ..

since they are symmetry related by the centre of inversion and

the ESR spectrum does not depend on the polarity of the magnetic

field. Ignoring the radicals formed by carbon chain cleavage»

there are consequently three types of alkyl radicals namely

•CH2(CH2>4CH3 <n-alkyl), CHjCH(CH2>7 (2-alkyl) and CHjCHgCH

(CH?)CH? (3-alkyl). which can be distinguished by their different
*)ESR spectra . In alkanes with more than six carbon atoms there

are several -CH^CHCHp- radicals located on carbon atoms sited

*) In previous publications the present writers have employed

the symbols R(I) for the 2-alkyl radical and RCII) for the j

3-alkyl radical. It is, however, believed that the notations •*

used in this paper are more easily understood.
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along the length of the chain. These chemically different ra-

dicals cannot be distinguished by ESR from the 3-alkyl radical.

Decane and probably also hexadecane form triclinic crystals .

Eicosane (C^g) has one molecule ir, the triclinic unit cell t

space group P1. Of the odd numbered alkanes heptane and nonane

form triclinic crystals with two molecules in the unit eel If

while undecane crystallizes with orthorhombic symmetry, the unit

cell containing four molecules '. The carbon chains extend

along a common axis. Pentane »ilso crystallizes in the ortho-

rhombic system, with four molecules in

bon chains do not share a common axis
rhombic system, with four molecules in the unit cell. The car-

11

3. STRUCTURAL ASPECTS

Radicals of the type CH,CHCH-,R could be readily identi-
1fied after the y-irradiation at 77 K of single crystal hexane.

nonane. decane and undecane.(Fig. 2). The structure of this

type of radical has been investigated in decane . eicosane and

recently in an n-hexane-d-, doped with n-hexane following a •

complete single crystal analysis. The coupling tensors are given

in Table 1. The similarity of the anisotropic couplings in the

three cases suggests that the structure is similar in the three

matrices. The anisotropic a-proton couplings are similar tOi •

or slightly larger than» the values reported for a typical TT-

electron radical. The magnitudes and the anisotropy of the methyl i

proton couplings A M = 27.6 G and Ai = 24.0 G are also in fair >
II J j.

agreement with those of other ir-electron radicals such as the j
13 '••

ethyl radical . The coupling with the 8-protons is nearly

isotropic with a = 34 G. These data support the hypothesis that ,

the radical has a planar structure centred on the a-carbon with

the two 6-protons symmetrically disposed with respect to this plane.

By virtue of the small line width in the n-hexane-d... crystal

it was possible to resolve the couplings from protons in the

y-position . It was concluded that the experimentally estimated

angle between the maximum y- and i-couplings is not in agreement

with the geometry of the parent molecule. It is in better agree-

ment with a 2-hexyl radical which is twisted 180° about the C2 -

Cj bond. The angle between the maximum y- and a-proton couplings
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is then expected to be 75 which is in close agreement with the

experimental value of 70°.

Radicals of the type F^CHpCHCH^R, (R, and R-, stands for

n-alkyl groups) is primarily formed from long-chain protiated n-

alkanes (Fig. 2) but is also formed to some extent in crystals of

n-hexane-d.., doped with n-hexane-d.,. It was observed that for a

common crystal orientation the a-proton coupling for this radical

differed significantly from the a-proton coupling in 2-hexyl»

which indicates that the radicals are differently oriented. The

estimated angle of 119° between the C-Ha bonds in CHjCfUCH^CHj

and CH3CH2CH(CH2)2CH3 is close to the expected value of 120°

that would result if a 180° rotation were performed about the

Cp - C, bond in the CHjCHCCH^CH, radical. Apparently the

CH3CH2CH(CHp)2CH3 radical retains the geometry of the juvenile

molecule. This is only to be expected since the bulky ethyl

group is locked in the crystal lattice.

The question of whether or not n-alkyl is present in irra-

diated crystalline n-alkanes was investigated by using crystals

of n-octane-d..Q doped with 1 - 5 % n-heptyl chloride.

Certain problems with anomalous line intensities» in the

form of deviations from first order analysis by stick diagrams»

have prevented quantitative analysis but it appears that n-alkyl

is formed selectively from the alkyl chloride (Fig. 3). A si-

milar reaction takes place in the system CA H<|2 C^2~ C8 D18" *ccor~

ding to Fig. 3 the spectrum from CtUCfUR* overlaps the spectrum

of CH~CHCH2R as indicated by the corresponding stick diagrams.

Thus» a contribution from an end type radical would be seen as

a change from the intensities expected for the CHjCHCH^R radical.

In the case of hexane the deviation is rmall which indicates that

little (<5 %) if any of the ESR signal originates from n-hexyl

radicals.

Binomial line intensities of the C^Ct^R radical spectrum

should arise as a result either of rapid rotation about the H.C -

CH2 axis which renders the x-protons equivalent» or of a rigid
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positioning of the CH~ group. These conditions could not be satis-

fied by changing the temperature from 77 K in either direction. It thus

appears that the anomalous line intensities at 77 K are attributable

to hindered motion of the -CH2 group. A similar temperature study

of the radical C H J C H C C H ^ J C H J in a (^D^ matrix demonstrated that

the quartet of lines, produced by the three methyl protons and ob-

served at 77 K was altered by the appearence of extra lines as the

temperature was lowered. It thus appears/ that at 77 K the CH-j

group in the 2-alkyl radical experiences rapid rotation. At lower

temperatures the rotation slows down.

4. RELAXATION PROPERTIES

Studies of the relaxation properties of alkyl radicals were

performed by the continuous microwave power saturation method at
•

77 K. Radicals of the type R..CH2CHCH2R2 were found to saturate at

a lower microwave power than radicals of the type CH,CHCH2R. In

hexadecane the signals from R.CH-CHCH^R? and CH-CHCHpR reached maxima

at 25 uW and 1 mU and then started to decrease with increasing micro-

wave power. Thus, in order to observe the unsaturated spectrum from

R^CH^CHCHpRp it was necessary to perform measurements at a microwave

power of <, 10 pW; this is considerably lower than that commonly used

in ESR studies of free radicals.

Power saturation data are analyzed to give the spin-lattice

relaxation time T. and the spin-spin relaxation time T2- The actual

values derived are dependent upon whether homogeneous or inhomo-

geneous broadening is assumed and also upon the strength of the

oscillating magnetic field used to induce the transitions in the

samples. These factors are difficult to control experimentally.

Thus.only relative magnitudes of T, and T- can safely be compared

for similar samples. The most remarkable result of this comparison

as seen in Table 2 is the large difference of T1 for the radicals

CH3CHCH2R and R ^ C H C H ^ with T1 = 3 - 10~
4 s and 80 • 10~4 s,

respectively» obtained for an annealed hexadecane crystal. The

values measured for the CH-CHCHpR radical in hexane. decane and

decane-d22 exhibit no systematic variation for the values of T.

and Tj. Other relevant observations are that the spectrum of the

radical has a Gaussian line shape and features spin-flip
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lines at high microwave power. These observations support the

hypothesis that inhomogeneous broadening is attributable to un-

resolved dipolar hyperfine couplings. (In a protiated matrix

the hyperfine couplings froii y~protons is one source of inhomo-

geneous broadening» another source is matrix protons). The sa-

turation curve of the R.CH^CHCH-R radical is consistent with

homogeneous broadening in a limited microwave power range.

It is assumed that in the solid, spin-lattice relaxation

occurs by a modulation of the spin-orbit interaction . The

spin-orbit interaction is probably very similar for isomeric al-

kyl radicals. A difference in the modulation can occur if the

carbon chain near the position of the unpaired electron has a

different degree of mobility in the two radicals. The end methyl

group appears to be quite mobile in the crystal. Thusi in the

radical it reorients to a new equilibrium position and

also rotates about the C-CH, axis. Temperatures below 77 K are

required to stop this rotation. The R2CH2CHCH2R2 radical retains

its position in the crystal lattice and the part of the radical

located close to the unpaired electron is probably quite rigid.

It would appear that the observed difference in T. depends on the

mobility and not on the distribution of radicals in contrast to

other observations in radiation chemistry applications .

5. RADICAL YIELDS

This section is concerned with measurements of the relative

yields of isomeric alkyl radicals as obtained by ESR. Attempts

to measure absolute radical yields using this method are also

considered.

Relative yields of isomeric alkyl contained in the same

sample were estimated by two methods. In the first method the

spectrum to be analyzed was fitted to an equation of the type

F(x.) - ^ c j V x . >
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Each component f. is either an experimental spectrum or it is

a spectrum simulated by using appropriate values for the coupling

constants, line widths and g-factors. The fraction of each com-

ponent c that is present is then determined by a least squares

procedure which employs a number of equidistant field points» x..

An advantage of this method is that it can be applied even when

spectral overlap prevents observation of lines that originate

from one particular radical type. At the time when these experi-

ments were performed» however, the saturation properties of the

radical R.-CH-.CHCH-.R-, were not known. Revised values of the re la-

tive yields were obtained by the straight forward method of mea-
L

suring peak heights . These measurements were performed on

the samples which had been thermally annealed where spectral over-

lap is not serious.

The results of the measurements (Table 3 ) . reproduced from

the work in ref. 4» disagree in two respects with data derived from

an analysis of final products. Thus. 1) the n-alkyl is not ob-

served, and 2) the 2-alkyl content is higher. After irradiation

of hexane at -78°C the ratio 1-hexyl:2-hexyl:3-hexyl was 26:39:35.

whereas our data indicate a ratio & 5 ) : 66: 34. This shows that

the distribution of isomeric radicals depends on the phase under

consideration in the solid state.It was noted that almost exactly tha

yields of 1-hexyl • 2-hexyl corresponded to the yield of 2-hexyl

in the liquid. Thus, a simple model that involves rupture of

each C-H bond* followed by the isomerization reaction

1-alkyl - 2-alkyl

can account reasonably for the relative yields obtained by ex-

periment. An objection to this model is the experimental ob-

servation that n-alkyl radicals produced in matrices of the above

type can be observed by ESR following irradiation using doped

crystals. The isomerization proceeds slowly at 77 K and is

completed only several months after irradiation. Accordingly,

if the model is to retain its applicability it is necessary to

assume that the 1-alkyl radicals are Initially more reactive»

as a consequence, perhaps of vibrational excitation» thus per-

mitting 1somer1zat1on during irradiation.
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Absolute yields were determined on samples which had been irra-

diated at 77 K or 4 K with a dose rate of 0.34 Mrad/h and a dose

of 0.68 Mrad. The results for the total radical yield are shown

in Table 4. These figures were evaluated from the integrated

intensities by comparison with a frozen water solution of an EDTA

complex containing 1 mM Cu ions. The measurements were made

using a dual cavity technique and were corrected for the diffe-
18rence in transition probability due to g-factor anisotropy .

Absolute yields of alkyl radicals in y"irradiated n-alkanesi as

measured with the ESR technique» were first obtained by Russian
19aworkers 7 Their valut of 6 = 4.7 for hexane agrees with that

obtained in the present work. The value of 6 = 3.6 for hexa-

decane is lower than our value. This may be accounted for in

terms of microwave power saturation of the R^HpCHCHpR, radicals.

In the case of hexane this problem does not occur to the same

extent since the radicals are mainly of the CH,CHCH-,R type which

saturates less easily. The radical yields determined by the

ESR method are about 4 times higher than those obtained by a
19b

dissolution method for free radical scavenging in solid undecane .

The ESR measurements give the total radical content» however»

while in the chemical method the dimer yield is determined.

The doses were different» being 5 Mrad in the chemical method»

and 0.7 Mrad in the ESR measurements. The yield measurement at

77 K» performed after irradiation at 4.2 K» was made under the

assumption that the integrated intensity is entirely attributable

to radicals (S = 1/2). This is probably not true. Thus» for
C10D22' ̂ ° % of the radical-s *orm Pairs <S = 1) and these pairs

give a higher signal strength than isolated radicals. In fact»

the intensities of the signals from the Cj.H,, and Ci.D-, samples

decreased by about 20 % after thermal annealing at -20°C. If this

decrease is assumed to be caused entirely by the disappearance of

radical pairs the number of paired radicals is estimated to be

about 20 %.



6. RADICAL PAIRS AND SPATIAL DISTRIBUTION

OF RADICALS

The spatial distribution of radicals has been investigated

by analyzing line broadening effects in free radical spectra at 77 K

and by studying radical pair formation at 77 K and A K. It was

recognized at an early date that crystals, subjected to y-irradiation

at 77 K. gave spectra with quite b-oad line widths. The lines be-

came narrower after thermal annealing at temperatures close to the

melting point of the crystals. In one experiment the peak heights

increased six fold by comparison with the heights prior to annealing.

The integrated intensity, however, remained constant (Fig. 4).

Narrow line widths were also observed in instances where irradiation

was performed at a higher temperature, namely 195 K.

These observations can be explained by postulating an in-

homogeneous distribution of the radicals after irradiation. Broadening

then occurs by dipolar interaction between radicals in close proximity.

Such radicals are thought to disappear more easily by recombination

or diffusion away from each other than do radicals which are homo-

geneously distributed within the crystal.We found.however.that thermal

annealing of deuterated crystals irradiated at 77 K does not cause the

remarkable line-sharpening observed in the spectra of protiated samples.

If. however, broadening takes place due to an inhomogeneous distri-

bution of radicals, broad lines are also to be expected in the deu-

terated compound. The apparent absence of this broadening can be

understood in terms of the difference in line broadening produced by

hyperfine interactions between protons on the one hand and deuterons

on the other. Radicals which differ slightly in their conformation

will have slightly different coupling constants. This difference

contributes to the line width» the contribution is made in the

ratio of the nuclear magnetic moments present in the deuterated and

protiated radicals, namely vn/vu = 0.306. It is concluded that
u n

the broad lines observed at 77 K originate in the formation of

radicals differ somewhat in their configuration and which accor-

dingly exhibit slightly different coupling tensors. Reorientation

to the equilibrium configuration occurs on thermal annealing. This
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interpretation differs from that adopted by Kimura et al to

abbount for Large linewidth observed in eicosane after irradiation

with he I i unit carbon and nitrogen ions. The linewidth was found to

be LET-dependent. This agrees with a dipolar broadening mechanism

and alsOf in all probabilityt with a mechanism in which high LET

irradiation gives rise to more extensive destruction of the crystal
*)

structure in the spur i-egions than is the case with low LET radiation.

Radical pairs in irradiated polycrystalline samples of n-alkanes
21were first studied by Iwasake et al» »but analysis of the data was made

difficult by the anisotropy of the JM = 1 transitions. Silverman
22et al investigated the LET effect on radical pair formation using

single crystal eicosane. Even here» however, detailed study was

prevented by overlap with the spectrum of the separated radicals .

In this connection a deuterated substance is better suited for study

because the free radical spectrum becomes narrower by a factor of 3

due to the lower magnetic moment of the deuteron as compared to that

of the proton.

At 77 K the spectrum from irradiated C-IQ0?? crystals con-

tained lines from radical pairs which featured different fine

structure constants . The radical pair lines are characterized by

the value of the dipolar splitting and a limiting temperature above

which the lines disappear. The separation between the radicals r

can be estimated from the fine structure constant using the ex-

pression

D<6) = <3g3/2r3) (3 cos26 - 1) (1)

where 6 is the angle between the applied magnetic field and the

vector joining the two radicals. For g = 2

r = 38.2 • D(0)" 1 / 3 (r in 8, D in G).

A short distance corresponds to a low degree of thermal stability.

Altogether at least six radical pairs are observed that differ as

regards their fine structure splitting (Table 5). Four of them

which are thermally unstable» comprise radicals that are located

on neighbouring molecules of the crystal and separated by distances

comparable to the repeat lengths along the crystallographic axes.

Two radical pairs persist when the melting point of the crystal is

reached, these are regarded as being two radicals separated by one

*) An alternative explanation of the narrower lines in deuterated
as compared to protiated crystaU has to do with the energy trans-
fer in duuterated crystals at 77 K and Is discusser* in section 9.
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*)
molecule. The concentration of paired radicals is approximately

2 % of the total radical concent rat i on, after correction for the

factor S(S+1) in the expression for the magnetic susceptibility.

This factor was not taken into account in the earlier studies of

radical pairs ' . The stability of radical pairs depends on the

chain length of the n-alkane. The radical pair spectrum is

weaker in octane-d1g and it is almost absent in hexane-d,,. This

suggests that the stability is related to the rigidity of the matrix.

Irradiation at 4 K appears therefore to be an essential step if the

initial concentration of radical pairs is to be determined.

The experiments were performed by y-irradiating n-alkane

single crystals at 4.2 K and recording the ESR spectra at 77 K

or higher temperature . The decane-dp2 crystal contained a broad

underlying spectrum in addition to the radical pair spectrum ob-

served previously. After warming the decane-d22 crystal the broad

spectrum vanishes and is replaced by the spectrum characteristic of

f^CDpCDCDpRp radicals.Also in hexadecane-d,^ the spectrum is entirely

different from that obtained after irradiation at 77 K.At 4 K a triplet

component appeared (Fig <8) which was not observed in crystals that

had been irradiated at 77 K.

These results were explained by assuming that radical pairs

become stabilized at a high yield after y-irradiation at 4.2 K.

The yield of radicals present as pairs was estimated both by nume-

rical integration and by thermal annealing experiments. In the

first method the integrated intensity of the central region of the

spectrum was approximated by that of a Gaussian line as shown in

Fig. 8. The intensity of the radical pair spectrum was obtained by

subtraction of the intensity of the central part from the total

integrated intensity. The concentration ratio is obtained by the

formula

c
P
/ci = (3/8) • W

c and c. are the concentrations of radical pairs and isolated

radicals respectively* I and I. the corresponding integrated

intensities. The factor (3/8) occurs because of the difference

in the spin quantum number Si S = 1/2 for free radicalSf

S = 1 for radical pairs.

*) In several of the radical pair spectra the h/perfine structure
could be resolved and it was found to be half of that pf
-CDpCDCC^- radicals (see Fig. 7). This means that the radical pairs
consist of two -CO^CDCD-, - radicals.
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In the second method the radical pair concentration was

estimated from the decrease in integrated intensity after warming

the crystals. It was assumed that radical pairs recombined and

that the isolated radicals did not react. In Table 6 the results

of these measurements are given as the percentage of paired radicals

of the total radical concentrationi i.e. 100 x 2c /(2c + c ) . It
- - p p i

is clear that a large fraction of radicals are paired after irra-

diation at 4.2 K. Exact numbers cannot be obtained partly because

the two methods give different results» and partly for the reasons

outlined below.

There are several plausible explanations for occurrence of

the broad spectrum. One possibility is that the radicals that form

the pairs are trapped at 4.2 K with a distribution of conformations

which yields a corresponding distribution of hyperfine coupling con-

stants. This explanation is similar to that for the broad spectrum

of protiated alkyl radicals after irradiation at 77 K. Another

possibility is that radical pair formation is not a highly selective

process» leading to only one kind of radical-radical separation» but

can result in a number of different distances. This assumption is

supported by the observation of several radical pairs after irra-

diation at 77 K. In fact» the broad spectrum obtained after irra-

diation at 4.2 K might be explained by assuming clusters of radicals

rather than pairs with a fixed separation between the radicals. In

this instance use cannot be made of the relationship (1)

to obtain radical-radical distances. Evidence for

the formation of a species with three interacting electrons in

UV-irradiated KCl was reported by Seidel et al. . Their method

of analysis has not been follwed. howevert preference being given to

the method of moments to obtain a measure of the distance between

the radicals. The second moment (M.) contribution due to magnetic

dipolar interaction between similar radicals with g = 2 is

Md = 9/4 B
2 >: rjk~

6 (3 cos2 6jk - 1 ) 2 (2)

where r•. is the distance between a radical j and the neighbouring

radicals k. The second moment can be rigorously calculated in

crystals that have lattice points populated at random by identical

paramagnetic species. A method for calculating the radical concentra-
26 27tion in irradiated solids based on this model has been proposed .
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It appears» however» that the assumption of random population

is not consistent with the view that radicals formed by radiation

are located in clusters. Moreover» the original calculation of
28Kittel and Abrahams was carried out for a simple cubic lattice

whereas a triclinic lattice would be appropriate for the n-alkane

crystals.

The model proposed here is that within a spherical

volume V. of radius R« there are N radicals uniformly distributed.

Inside the volume v (radius r) there is one radical. The sum in

the expression (2) is approximated by the integral

R TT 2 IT

I =\ (N/V> • r~Adr (3 cos26-1)sin 6 d8

r o o

This gives

M. = 32/5 TT 2P 2P 2 (1-1/N)d

where p = N/V. The second moment can also be obtained experimen-

tally using the expressions

M =

A = -

A dB

<B-B0) Y1(B) dB

where Y (B) is the first derivative spectrum. The spectrum

is symmetrical about B . A is the integrated intensity.

The central line of Fig. 4 is attributed to separated radicals.

Its contribution to the integrated intensity and the second moment

was therefore subtracted using the equation

M "

Here, AH is the peak-peak linewidth» a Gaussian distribution being

assumed. Three different samples namely C.D-i,» CinD22 anc' C16D34
were analyzed. A radius of r = 9.5*1.0 8 was obtained when the

(Table 6) o
term 1/N was neglected. An estimation of R requires a knowledge

of N. Outside this radius» which may represent the radius of a

"spur" or a "blob", the radical concentration is much lower» the

average concentration being of the order 2

(G = 5.0 radicals/100 eV).

18 3
10 radicals/cm



- 18 -

It is noteworthy that a temperature as low as 4.2 K is

required lor the formation» but not for the continued stability

of a high concentration of radical pairs. This observation can

be related to pecularities of the primary reactions :n the da-

maged regions. At 4.2 K excess excitation energy is trapped

more efficiently at the original site of deposition. This hy-

pothesis was tested by studying the temperature dependence of

energy transfer in mixed crystals as described below (section 8 and 9)

7. ISOTOPE EFFECTS

The ESR spectra of deuterated crystals with different

chain length between C^C-ji' have been examined. In all of these

crystals it has proved possible to assign the spectra to radicals

of the type R^D-CDCDpRp (Fig 5). Although it might be expected

that radicals of the type CD-CDCD-jR would be more clearly ob-

served under saturation conditions for R^DpCDCD-R» search at

high microwave power gave negative result. Line shape simula-

tions fit the observed spectra assuming a R.CDpCDCD^Rp radical »

but not a CD,CDCDpR radical. Thus» the last mentioned type of

radical appears to be present in a significantly lower concentration

than in the protiated hydrocarbon. Such extreme effects do not
29occur in the liquid. In fact» Ga'umann and Reipso estimate that

cleavage of C-H and C-D bonds occurs with the same probability in
C6H14 anc' C6D14' Our reSu'-ts obtained from the solid suggest that
the radicals are of different kinds in the two systems» pre-
dominantly CH,CH(CH-,),CH, in C,H*. and CH,CDOCD(CDO)-,CDT in C,D...

5 c 5 5 6 14 id c i. $ o 14

The absolute yields are approximately the same (Table 4 ) . If our

results are correct the dimers» formed by recombination» would

have different compositions. We are not aware of any experimental

investigation of the composition of these dimers formed in the solid

state.

8. ENERGY TRANSFER IN MIXED CRYSTALS

The present authors recently reported a study of the for-

mation of alkyl radicals following y-irradiation at 77 K of decane-

d.,2 doped with 0.1 - 25 mo I Z decane . In addition to radicals

of the type R,CD2CDCD2R2» formed from the deuterated matrix» ra-

dicals of the type CHjCHCH^R are present to an extent which at



- 19 -

low decane concentrations is > 100 times greater than the

amount formed by the direct action of radiation. This implies

that energy transfer takes place in the crystal. These results

have now been confirmed by similar results for the systems

C.H,. in C-D.,, and C,,,H,, in C 1 AD T. .6 1 4 6 1 4 16 34 16 34

The influence of irradiation temperature on the energy

transfer in aeuterated n-alkanes was also investigated. For this

purpose Ci/D-^ was choseni since it has a relatively high

melting point (+16°C). The results for Cj-D,, crystals annealed

at rJ 0°C containing 1 % C,6H,, are shown in Fig. 6.As can be clearly

seen the amount of CH3CH(CH2)13CH3(-C16H33(I)) radicals is very large

in the crystal irradiated at 7? K by comparison with the crystals

irradiated at 4.2 K and 273 K. In these crystals the ratio •C<]6H33(I>:

•C16H,,(II) is also the same as in the pure C16H3, crystal (see

Table 3) while the relative amount of •C,.,H,,(II) is very small
16 55

if the crystal is irradiated at 77 K (compare fig 1 in ref 5).

It is thus clear that the long range energy transfer is quenched

at 4.2 K and 273 K.

We have also compared the long range energy transfer which

occurs at 77 K in C16D3, and C/D-, containing 1 % protiated mole-

cules with that in the corresponding C^JDy? system. It was then

found that the ratio C H, .-(I)/ (C H-, X<(I) + C D, .-(ID)
n tn+1 n tn+. n dn+i(see fig 2 in ref 5) was 0.24 in C^ D ^ and 0.23 in C 1 6D 3, as

compared to 0.31 in C I Q D ^ - If the concentration dependance

(see fig 9) is the same in all systems a rough value can be cal-

culated for the long rang energy transfer in C6D1, and C1fiD,,.

This is about 17 and 16 % respectively and is lower than the

value of 24 1 obtained for C1QD2_ (see the following paragraph).

In ref 5 a diagram was presented of the percentage of
C10H21 lI* (2-decyl) radicals as a function of C^H^p concentra-

tion in C 1 Q D 2 2 crystals. In this paper we have revised this plot

into two functions (Fig 7). One curve is the percentage of C-IQH^

(II) (3,4,5-decyl) radicals plus the percentage of C^ H - . d )

radicals» obtained by multiplying the C . Q H 2 1 ( I I ) percentage by

42.5/57.5, i.e. the ratio of C 1 QH 2 1(I):
 C I Q H 2 1 C I I ) in the pure

C10H22 cr%ystal *see Table 3)- The other curve was obtained by

subtracting this calculated C 1 O
H 2 1 ( I ) irom the measured C10H21(I)
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concentration. In this way we can divide the energy transfer

into two processes. The first of them is nonselectivef i.e.

both C i nH ? 1 (I) and C 1 0H ? 1 (II) radicals are formed in a ratio

which is the same as that in the pure C-IQH??
 c rV s t a^' The second

process is selective yielding on^C10H21 (I) radicals. The second

process is very efficient at low C i nH ? ? concent rat\ons» but

reaches a maximum of ̂  24 X at ~ 1 mol I C1QH-,?. The first

process is not as efficient as the second but increases as the
C10H22 c o n c e n t r a t i ° n increases.

9. DISCUSSION C7- THE MECHANISM OF ENERGY TRANSFER AND RADICAL

FORMATION

In this section primary consideration is given to the

mechanism responsible for the formation of protiated alky I ra-

dicals in deuterated matrices. It is then necessary to consider

mechanisms in which energy initially released in the deuterated

solvent causes radiation damage in the protiated solute. In these

processes reaction may take place by transferring either reactive

species* such as mobile hydrogen atomsi mobile positive charge»

or excitation energy» to the site of the protiated molecule.

§2 Energy_transfer_by_exc!tons

In this part of the discussion an attempt will be made

to interpret the results obtained for the mixed crystals at 11

and A K in terms of an exciton transfer mechanism. Comparison

will be made with recent experimental findings in aromatic

crystals35-

It is first necessary to consider the primary deposition

of energy in the condensed hydrocarbon system. It is known that

both excited and ionic states are formed initially}

RH - RH**. RH+ + e~

The geminate recombination process will also give rise to ex-

cited states»

RH+ + e~ > RH*



It is therefore of great importance to consider the distribution

and decay mechanism of primary excited states in order to under-

stand the phenomenon of radiation damage in solids.

Several recent studies of energy deposition in con-

densed matter have revealed that a maximum occurs in the energy

loss function ' . E ? / ( E +E )» where f^and e-, are the real

and imaginary part of the dielectric function! at

around 20 eV. In polystyrene the corresponding value is 21 eV

according to Skanson and Powell . (There is also a peak in the

energy less function at ~ 7 eV. which is attributed to collective

IT electron oscillation with an oscillator strength of only 0.2

This peak will not be considered in the alkanes.) The maximum

at around 20 eV is attributed to the collective plasmon oscilla-

tion of the valence electrons » that are moving co-operatively due

to their mutual Coulomb interaction. The oscillator strength

(f ) is 33» which is fairly close to the total oscillator strength

of the 40 valence electrons in this expound. The radiolytical

yield (G ) of plasmons can be calculated from the relationship

G = (100/E ) (f /Z)
P P P

If E =21 eV and f /Z = 33/40. then G = 4.
P P P

To account for the G-value of about 5 for radical yield in

n-alkanes (see Table 4) it is necessary to assume that each plas-

mon will generate at least one radical. The life-time of a

plasmon state is expected to be in the order of 10 - 10 s.

During the prompt decay» excited molecular states are formed in

the same way as those produced by light that has a spectral distri-

bution function given by the energy loss function.

The energy loss maximum in the region 20 eV might also

be attributed to the excitation of single electrons with a rather

lowlying MO, having essentially 2s + 2p character .

After'ViO s» however» this excited state will decay to lower

excited states in the same way as do plasmon states. No signific?int

difference is then to be expected in the subsequent steps of the

relaxation paths of the two models.
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According to some investigations one significant step

in the decay of higher excited singlets might be an exciton fission

process . It has been observed that singlet excitons can

decay into two triplets ' Alternatively as in anthracene, one

highly excited singlet exciton can decay into two singlets of

lower energy . The mean fission efficiency for the singlet-

triplet fission is estimated to be 13 percent in an anthracene

crystal and the singlet-singlet fission efficiency might exceed

10 percent for higher excitation energies . If all the excited

molecules decay into free radicals the total yield of excitad

molecules should then be ( 4 + ̂  4(0.1i T ~ 0.1) = ^ 5 .

Since this is close to the total yield of free radicals in n-alkanesi

it would seem to provide good support for the proposal that most

alkyl radicals are formed from excited molecules.

It is well-known that excited states can migrate in a

crystalline matrix. If these excited states are located at a

given instant to one molecule the description Frenkel excitons

is employed. These excitons migrate in the crystal with a velo-

city that is proportional to the interaction energy (u-.) between

the excited (i) and the unexcited molecule (j). This can be

written i

u..= -165.0 • f • Si../(AE-r3) (eV) (3)

where f is the oscillator strength.AE the excitation energy in

eV. U-- is a geometrical factor and r.. is the distance in 8

between i and j. Using an oscillator strength of 0.1. which
39seems to be a typical value for transitions of n-alkanes . r.. =

= 4.75 3(the distance between two decane molecules along the

crystallografic b-axis), AE = 6.0 eV (the fluorescence maximum

of alkanes at 207 nm) and n.. = 2 (the maximum value)> then
38

u.. = 0.052 eV. The time, t» spent by the exciton on a molecule
-14is then t = h/8u.. = 1 . 0 - 1 0 s. The range (n molecules) of

exciton migration is of course dependent of the lifetime» T .

of the excited state in question, i.e. t-n = x

Returning now to the energy transfer observed in doped

perdeuterated n-decane crystals at 77 K. it was found that n ~

500 for the long range energy transfer. This gives T = 5-10 s,



which is briefer than expected for a lower excited singlet

state or a triplet state. A higher excited singlet state might

give the short life-time required.

Some difficulty has been encountered in explaining the high

rate of C-H bond ruoture as compared with that of C-D bond rupture in

the mixed crystals. The most significant factor differentiating C-H

bond from a C-D bond seems to be a difference in the vibrational

frequencies produced by the difference in the masses of the proton

and the deuteron. The time required for one stretching vibration

in C-H is 1.15 • 10~ 1 4 s compared with 0.82 • 1(f Us in C-D^1.

This time is almost the same as that spent by the exciton on a

hydrocarbon molecule as calculated above. The breaking of the

C-H bond as opposed to the C-D bond might thus be explained by

the time spent by the exciton on a molecule being too short for a

C-D bond stretching vibration to take place.

Alternatively, a quantum tunneling mechanism can be imagined

whereby the hydrogen or deuterium atom must tunnel through a po-

tential barrier before alkyl radicals can be formed. Ordinarily

this process is not strongly temperature dependent at low tempera-
42tures when most vibrations are at the zero-point energy. The

degree of quantum tunneling in an excited CD/CH bond is of course

hard to calculate at present since no data for the potential barriers

arc known.

The fact that energy transfer is more efficient in a deu-

terated than in a protiated crystal can be understood if one con-

siders for instance the results from excited benzene» where the

lifetime of the lower triplet state is 26.0 s in the perdeuterated
43moleculei while it is only 7.0 s in the protiated molecule .

This difference is due to the dominating radiationless decay

process in the protiated molecule . The same is also true

probably for n-alkanes# but unfortunately there are very few

experimental observations to support this view. To our knowledge
40there is only one study by Lipsky et al. where it is reported

that the quantum yield of the 207 nm fluorescence is four times

greater in CQD,O than in COH,O. This indicates that there are
o lo o It!

radiationless transitions in C gH 1 8 that compete with the fluo-

rescence, i.e. just as in benzene.



Finally# the results from irradiation at 4 K can be

discussed in terms of an exciton migration mechanism. It was ob-

served that part of the energy transfer in C-.D-z, is quenched

at 4 K. This would be expected if the exciton is trapped more

efficiently at the original site of formation at 4 K than at

77 K. By comparison» Powell and Soos*° found that tne eneroy

transfer rate in naphtalene attains a maximum at about 125 K

and decreases on passing to lower temperatures due to the trapping

of excitons by defects in the crystals.

If the excitons do not migrate at 4 K a high concentration

of radicals might be expected in the "spurs" of the high energy

radiation. As a matter of fact we found a very high number

(^40%) of paired radicals in deuterated decane crystals irradiated

at 4 K .

As mentioned in the explanation of Fig 7 about 24 % o* the

energy adsorbed from the radiation seems to be available for long

range energy transfer at 77 K. If each of the corresponding exci-

tons give rise to a radical pair at 4 K» the number of pairs would

then be 24 % of the total, number of triplets plus singlets or

(2x24)/(2x24+76) = 39 % paired radicals. (One radical pair is

equivalent to two paired radicals). In deuterated hexadecane

the extent of long range energy transfer was ~ 16 % . This would

of course lead to a smaller number or 28 % of paired radicals at

4.2 K. The corresponding number from annealing experiments amounted

to ~ 20 Z. (see Table 5). This is clearly in good agreement with

the experimental value for paired radicals if one trapped exciton

is assumed to produce one radical pair. This becomes valid if

the exciton undergoes a f

plets as discussed above.

38
the exciton undergoes a fission into two singlets or two tri-

Since it is generally believed that alkyl radicals are for-

med from triplet states in the gas phase the last mentioned fission

process seems therefore to be most likely in the solid.

To summarize this section; several experimental findings

support the view that in the deuterated n-alkane single crystals

energy is transferred by an exciton mechanism.
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b) Migration of positive holes

Fundamentally it is difficult to distinguish between

txciton and hole migration. Thus in some instances the exciton

can be considered to consist of a positive hole coupled with an

electron and moving with it through the crystal lattice. When

the positive hole and the electron is located to the same molecule

the term Frenkel exciton is employed. In the Mott-Wannier exciton

the hole-electron distance is large by comparison with dimensions

of the molecule.

When the molecule is ionized the interaction between the

electron and the positive hole is weak and they might move in-

dependently of each other in the crystal. If the hole is then

trapped by an impurity or defect in the crystal» owing to the

operation of a lower ionization potential at this site» and later

recombines with the electron» an excited neutral molecule is

formed capable of giving rise to free radicals. The experiment

with a doped C1f)D?? crystal containing C1f.H?f. seems» however»

to refuse the existence of such a mechanism» since C I Q H 2 0

has an ionization potential which is 0.7 eV lower than that of

C10H22" ThuS should be trapped on the olefin molecule

no reduction in the yield on the CH-,CHCH

radicals» which suggests that this mechanism is inoperative.

There was» however» no reduction in the yield on the CH-,CHCH?R

c) Abstract i onof hydrogen by "hot" or thermal deuterium atoms

This mechanism» which involves abstraction by deuterium

atoms» was originally rejected because of the high activation

energy(AH = 6 Kcal/mol)of the reaction (abstraction of a se-

condary H atom). .

D + C H-, on 2n+2 HD

It thus appeared unlikely that this reaction could occur

at 77 K. Recent studies have shown, however» that abstraction

reactions involving photolytically produced methyl radicals ' '

and hydrogen atoms ' can in fact occur in organic solids even

at 77 K. This mechanism is therefore worthy of reconsideration.
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The fact that essentially one type of radical* namely

CH-CHCHpR., i is formed in mixed crystals can be understood in

principle by assuming that a different activation energy is required

for abstraction at different carbon atoms. The abstraction must

also be assumed to occur preferentially from protonated mole-

cules in spite of the large excess of deuterated solvent mole-

rules. There are in fact measurements of the yields of iso-

topic methane produced by the y-irradiation of organic glasses

whi.h show that thermal -CH, radicals can abstract hydrogen from
51C-H bonds but not from C-D bonds . Then again experiments in

which an olefin» C1f.H_0» was added to the system C10H?p/C1f.D?2

gave no reduction in the yield of CH^CHC^R. une would, however

expect a reduction in consequence of the competing reaction.

K2
D- + CH2 = CH-R -<- CH2D-CH-R

since k̂ /k.. » 100 in the gas phase. Such a negative result is

evidence against the theory of abstraction by D atoms unless the

rate constants are different in the solid state.

Since the abstracting species is the same» j_.e. deuterium

atoms» the isotope effect must lie in the properties of the

C-H/C-D bonds. The difference in the frequencies (vu, vn) in
n U

particular may play a significant role in the reaction of
C-H/C-D bonds. The ratio vu/vn is genorally close to Jl, which

n U

is the theoretical value. At the low temperatures involved

(4-77 K) almost all of the molecular vibrations are of zero-

point energy (h v /2) with vu = 8.7 • 10 1 3 s~1. (The fraction
17 -24

of excited vibrations is 1.5-10"1' and 2.9 • 10 » respectively»

for C-D and C-H stretch vibrations at 77 K). This leads to an

energy in the C-H stretching vibration of 0.18 eV and 0.13 eV

in the C-D stretching vibration. If this small energy difference

is adequate for the high isotope effect» by permitting quantum

tunneling of the H atom through a potential barrier at 77 K for

instance this would clearly apply also at 4 K. No selective for-

mation of radicals has» however» been observed at this temperature.
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It can be argued that a hot D atom is capable of exciting the

C-H bond to a higher vibrational energy» thus facilitating

penetration of the potential barrier. In C I Q 0 ? ? crystals with

a low concentration of C J Q H ? ? ' however, about 500 times as many
C10H21 ^ rac'icals are formed at 77 K as can be expected from

statistical considerations. It is therefore evident that the

D atoms are required to collide with at least 500 C 1 0D 2 2

molecules before reaching a C10H-,? molecule. Furthermore»

it would be unrealistic to assume that on colliding with a
C10H22 mo'-ecu'-e' the point of impact is always close to the C2

atom. This means that in reality several thousands of collisions

are needed before a C-IQHTI d > radical can be formed. From this

it follows that the D atoms are thermalized at the instant of j

reaction. It is improbable that a thermal D atom with an energy

ofr^ 0.01 eV will excite the C-H bond to a higher vibrational •

quantum level. Moreover» no long range energy transfer was ob-

served even in a mixed Ci,D,, crystal irradiated at 273 K» when

the thermal energy of the D atoms i s M 4 times greater than at

77 K and tunneling is facilitated by more vibrational excited ;

molecules. [

It is difficult to account for the high yield of radical

pairs in C-gD22 at 4 K if thermal D atom abstraction is responsible

for the formation of a large part of the radicals. It might be

argued that hot" D atom could give rise to the radical pairs

by abstraction in the first collision. The D atoms, however,

would then be expected to abstract at the first collision at

77 K also. But at 77 K the amount of radical pairs is observed

to be low (<°2 1). The lack of change in selective C 1 0H 2 1(I)

radical formation» observed when C , Q H 2 Q was added to a mixed
C10D22 crvsta'-' a'-so seems to rule out the presence of thermally

reactive D atoms in this system. The D atoms will probably re-

combine to form D2 molecules. The high yield of -C7H,r radicals J

in mixed C-,H15Cl-Cg018 crystals (see fig 4) also seems to be |

contrary to expectation if D atoms are the reactive species. I

The reaction -D + C7H15CL * DCl + -^H-ic is not known to us

from the litterature. The excited C-,H15Cl molecule might of
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course give "C-pH-c and Cl atoms, since the C-Cl bond has

a lower bonding energy (81 kcal/mol) than the C^-H bond (95

kcal/mol). The more conventional reaction e + C7H^cCl

C 7H 1 S
 + Cl is of course possible! but in this case a high amount

of e~ has to be produced initially. It has also been observed
52 that in CH^CU crystals the reaction e +CH2Cl2 + -CHjCl+Cl

is not the most important, since -CHCU radicals are mainly formed.

If. in mixed crystals at 4 K "hot" D atoms abstract at

the first collision to form radical pairs and abstract very se-

lectively at 77 K (after being thermalized) to form 2-alkyl ra-

dicals the relationship between radical pair and 2-alkyl radical

formation is clearly expected to be the same as that postulated

for the energy transfer by excitons discussed above, namely that

24 % energy transfer corresponds to 39 % paired radical.
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FI6URE CAPTIONS

Figure 1. Apparatus for growing single crystals

A. Motor with gearbox

B. Stand

C. Screw axis

D. Clamps

E. Movable carriage

F. Cryostat vessel

G. Resistance thermometer

Figure 2. Left, the ESR sample tube containing the crystal.

Right, the holder for the broken crystal

Figure 3. ESR spectrum of an n-decane single crystal irradiated

and recorded at 77 K for an orientation which permits

observation of the radicals CH,CHCH?R (R(I) and

R1CH2CHCH2R2 (R(II)). The crystal was annealed at

-40°C prior to recording the spectrum. A nicrowave

power of 4 pW was used. Stick plots for R(I> and R(II)

are shown with coupling constants a r u =25.1 G and
H H CH,

aCH " aCH., = 33.5 G.

1 % n-C-,H15Cl irradiated and recorded at 77 K.

for CH3CHCH2R (R(I)> and CH2CH2R are shown.

Figure 4. ESR spectrum of an n-octane-d<D single crystal containing
10

Stick plots

The coupling

constants of R(I) are similar to those given ir. Fig. 3.

The coupling constants for CH2CH2R were assumed to be

a1 = 32 G (2H> a2 = 24 G (1H> a3 = 35.5 G(1H). The

central part of the spectrum originate from radicals in

the n-octane-d,g matrix.

Figure 5. ESR spectra of a hexadecane crystal irradiated and

recorded at 77 K showing the influence of microwave

power P a) P=4yW b) P=10nW c)=a)-b). The crystal was

thermally annealed and oriented for optimum resolution.



Figure 6. ESR spectra of a hexadecane crystal irradiated and

recorded at 77 K showing the influence of thermal

annealing a) prior to annealing} b) after annealing.

The crystal orientation is the same in a) and bi.

Figure 7. ESR spectrum of a decane-d-^ crystal irradiated and

recorded at 77 K showing the AM =1 spectra from

several radical pairs at an increased gain. The crystal

orientation corresponds to optimum resolution of the

central part of the spectrum originating from

p radicals.

Figure 8. ESR spectrum of a hexadecane-d,, crystal irradiated

at 4.2 K and recorded at 77 K. The crystal orientation

corresponds to optimum resolution of the features A

and Bf attributed to radical pairs. The central portion

of the spectrum originating from isolated radicals is

approximated by a Gaussian line (dashed spectrum).

Figure 9. The relative amount of different radicals as a function

of the C..QH22 concentration in doped c 1 0
D22 cr"ysta^s-

For detailed explanation see texti section 8.

Figure 10. ESR spectrum of a C^/D,, crystal containing 1 %

C.-H.,, showing the effect of irradiation temperature.

The samples were annealed at 273 K.
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Table 1 Principal values of the hyperfine coupling tensors for some

2-alkyl radicals

Radical H HQ Hu

a 0 Me

CH3CH(CH2>3CH3 36.1,20.5,12.1 35.9,34.4.31.6 27.6.24.1.23.8

CH3CH(CH2)7CH3 35.2,19.6,11.7

CH3CH(CH2)1?CH3 36.5,20.0,10.5 36.7.34.0,31.6 27.4,23.8,(21.7)

Table 2 Microwave saturation properties of alkyl radicals. T, and T-, are

the spin lattice and spin-spin relaxation times calculated by

assuming a) homogeneous saturation and b) inhomogeneous saturation

Matrix

C16H34
(annealed)

C10H22
(annealed)

C6H14

C10D22

Radical

CK3CH(CK2)13Cii3

-CH2ÖHCH2-

CH3CH(CH2)7CH3

CH3CH(CH2)3CH3

-CD2CDCD2-

(x 10 s)

3.2

77.9

2.4

2.1

17.4

(x 108 s)

1.7

1.7

1.6

1.3

2.4

' ^

(x 10A s)

2.9

80.0

2.8

1.1

10.8

' 2
b

(x 108

4.3

2.8

2.4

7.5

11.6



Table 3 Relative yields of radicals (I). CH^CHCHpR. and radicals (II).

R^H^CHCH^R-, from n-alkanes with different chain length.

Theoretical values are calculated on the assumptions of equal

probability of chain scission at all C-H bonds and isomeriza-

tion reaction n-alkyl >• radical (I) prior to measurement

Matr ix

C6H14

C10H22

C16H34

C20H42

C I (%

65.6

42.5

33.1

29.3

Experiment

) cn «>

34.4

57.5

66.9

70.7

Theory
Cj (%)

71.4

45.5

29.4

23.8

28.6

54.5

70.6

76.2

Table 4 Radical yields in n-alkanes

Matrix» Irradiation G-value (number of radicals formed per 100 eV)
temperature

C 6H 1 4, 77 K

C10H22' 7 7 K

C10D22' 7 7 K

C16H34' 7 7 K

C16H34' 4 K

C16D34' 4 K

4.6

5.4

4.1

5.4

7.3

5.7



Table 5 Decay of radical pairs in a single crystal of

after y-irradiation at 77 K

Radical
psir

I

II

III

IV

V

VI

Decay
temperature
T(°C)

-145

-130

-90

-30(m.p)

-30

Maximum
coupling
D(G)

532

462

348

243

155

98

Maximum
distance
P.(S)

4.7

4.9

5.4

6.1

7.1

3.3

Concentration

~0.1

~0.1

~0.2

"0.4

^0.4

^0.3

JabJ.e 6 Percentage of paired radicals in some deuterated n-alkanes after

Y-irradiation at 4.2 K compared with the extent of long range

energy transfer in crystals containing 1% protiated alkanes

after y-irradiation at 77 K. The dose was 0.7 Mrad

Matr ix

C 6 D 1 4

C10D22

C16D34

Percentage of
paired radicals
A+B by numerical
integrations

57

71

Percentage of
paired radicals
A+3 by annealing

-

40

Long range
energy trans-
fer^) in
crystal con-
taining 1%pro-
tiated n-al-
kane

-17

24

The mean se-
paration
distance(B)
between
pa i red rad i-
cals from
second mo-
ment analysis

9.6

10.2

57 20 16 8.5


