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Abstract

The radiolyeis in vacuum of pure, liquid n-hexane by
^°Co y-rays yields mainly the products Hg , QH^ , C^Hg
and an unsaturated liquid hydrocarbon# The yields, G , in
terms of molecules of products per 100 ev of y-ray energy
absorbed by the hexane, ares

Gh » 4.89 ±0.2 QQaQ « 4+2
G^p- 50 0.41 ± 0.1 G~ p ■* 0.69 ± 0.1

4 2 6

The radiolysis In vacuum of dilute solutions of anthra¬
cene in n-hexane shows that anthracene in concentrations up

to 10 Mpl has no effect upon C-g , G^ or H *
but causes a diminution of ^ ^

In these solutions the anthracene is transformed upon

radiolysis into compounds resembling dianthracene.
These and other effects are adequately explained by a

theory based on the central assumption that the primary
radiation chemical process in liquid hexane is

¥HU5_ * °6HX3" * 11" •
in which CgH^ * and H* are a hexyl free radical and a
hydrogen atom resulting from the rupture of a C-H bond
in the molecule. It is estimated that in some ruptures
the free radical may be formed with ca. 5 ev of excita¬
tion energy.

The fluorescence of anthracene in hexane solutions

absorbing V-rays is explained as the result of a trans¬
fer of excitation energy from the excited radicals to the
anthracene by a type of resonance interaction ( Forster
mechanism)•
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Introduction

1. Energy Transfer in Liquid Scintillators!

In a series of papers beginning in 1950, Kallmann and

Purst (58,59-61) have described the properties of a large

number of luminescent solutions which have since come to be

known as liquid scintillators, or solution scintillators.

These solutions usually consist of a fluorescent organic com¬

pound, most often a polycyclic aryl hydrocarbon, dissolved in

a liquid which is transparent to the fluorescence. The light

emitted by such solutions upon exposure to ionizing radiation

is the characteristic solute fluorescence (60,51). The inten¬

sity of the emission is, xn most cases, far too great to be

attributed to solute molecules directly excited by the radia¬

tion (59,56). This may be illustrated by an example taken

from the second paper of the series above (59).

Emission fr. 5.5 gm anth. crystal 83 1
Conc'n anth. in sol'n scintillator - 1 Gpl
Volume of solution compared 53 ~ 10 ml
Mass of anth. in 10 ml 53 0.01 gm

Intensity of directly excited fl.
rel. to 5.5 gm crystal 35 0.002

Intensity observed from 10 ml of
1 Gpl anthracene in hexane - 0.016
1 Gpl anthracene in benzene * 0.066

Kallmann and Purst concluded from evidence of this kind
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that the greater part of the emission must coiae from solute

molecules excited "by energy originally absorbed by the sol¬

vent, i.e. that energy transfer between solvent and solute

must occur (89,60).

2. Proposed Mechanisms of Energy Transfer:

The mechanism of energy transfer in liquid scintillators

has been a matter for much speculation. Birks (B2,12) has

suggested that since the relatively efficient scintillators

are those in which the solvent is itself capable of fluor¬

escence ( e.g. benaerie, toluene, xylene ) the mechanism of

energy transfer may involve solvent fluorescence followed by

solute absorption and secondary solute fluorescence. This

mechanism, which forms the basis of a general theory of fluor¬

escence in organic compounds due to Birks (12), will be re¬

ferred to as the Birks mechanism, or photon transfer.

A second theory has been attributed to P. N, Hayes (ill),
but has never been published in a completely stated form. The

theory proposes that the solute molecules are positively ion¬

ised by charge transfer with the primary solvent ions. The

solute ions then capture an electron and emit fluorescence in

returning to the neutral ground state.

Burst and Kallmann (44) consider a mechanism involving

charge transfer to be unlikely, chiefly because energy trans¬

fer may be observed in systems excited by non-ionizing radia¬

tion, i.e. U. V. light which is absorbed by the solvent but

not by the solute (32). They propose, on the basis of experi¬
ments
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with mixed solutes excited by light at 3130 A, that the me¬

chanism of energy transfer may be by collisions between exci¬

ted and unexcited molecules (44), Their experimental evidence

does not support this hypothesis unequivocally, however, and

the critical test of a eollisional mechanism - a determination

of the effect of temperature upon the transfer efficiency -

was not made,

A mechanism proposed by Forster (40„B6) on the basis of

theoretical considerations, and later demonstrated experimen¬

tally by Bowen and Livingston (19) may account for the results

both of U. V, excitation and of excitation by ionising radia¬

tion. This involves energy transfer between coupled electron¬

ic levels of excited and unexcited molecules. It will be re¬

ferred to as the ffgrater mechanism, or resonance transfer. It

implies an overlap between the electronic energy levels of the

molecules taking part in the transfer, a condition which is in

fact implicit in any exchange of electronic energy.

Moody and Reid (86,86) have recently studied energy trans¬

fer between fluorescent compounds in solid solutions at 90 °K,

and have concluded that efficient transfer takes place only

between compounds forming a type of coordination complex. No

evidence was found for transfer of the Forster type, either

in liquid or in solid solutions, between compounds for which

the possibility of complex formation could, be ruled out. The

transfer within such a complex may resemble intra-molecular* ** iiii.i'i.iiiwii.winMW,*.. mm

energy migration, many examples of which have been recently
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fairly well established ( 5,128)•

3# Radiolysis and Energy Transferi

The magnitude of the energy transfer effect has suggest¬

ed to Haddock ( 77 } that a measurable reduction in the radio-

lysis of a pure liquid, such as benzene, might be observed

upon addition of a solute capable of extracting excitation

energy from the liquid# The liquid might, in this sense, be
H protected H by the solute ( 47 )• This possibility has been

investigated by Burton and Patrick ( 23 5 who measured ** in

terms of hydrogen evolution - the fast electron radiolysis

of benzene with and without solutes such as anthracene, m-

or p-terphenyl• Of these only m-terphenyl reduced signifi¬

cantly the decomposition of the solvent, i.e# the evolution

of hydrogen, and only at concentrations high enough that an

appreciable fraction of the incident electrons was absorbed

by the solute# Reid (100) has offered an interpretation of

these results in the following terms! for a transfer of

the type
A* + B «*- B* + A (1)

to occur, the two states must be degenerate, i#e. the

available ( )emission from A must find an absorption process

in B requiring the same energy. When highly excited states

of benzene are involved, energy transfer may occur with e-

qual facility between benzene molecules and between benzene

and anthracene, for instance. The solute does not provide
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a particularly efficient trap, since the solute molecule

may pass on the energy of excitation to the benzene ( the

reverse of reaction (1) )* The situation is altered, how¬

ever, when we consider the lowest excited level of benzene,

The emission from this level is not appreciably absorbed

by benzene itself, and the solut® therefore becomes an ef¬

ficient trap for energy transferred by reaction (l), The

energy of this level is too low to effect chemical decom¬

position, and hence the solute has little effect upon the

course of the radiolysis,

4, Pulse Rise Times in Liquid Scintillators*

Any successful theory of energy transfer in liquid scin¬

tillators must take into consideration the extremely short

time required for transfer to be effected. This is shown

by measurements of the scintillation decay times in liquid

scintillators, Liebson ( 70 3 and Harrison ( 50 ) have found,

decay times for light pulses from solutions of terphenyl in
_Q

toluene excited by y-rays to be 2,2 - 2.6 I 10 seconds.

An even shorter time was found for the decay of the fluor¬

escence of anthracene in benzene ( 2,0 X 10"^ seconds ) when

the solution was excited hy u.v. light from a pulsed source.

These times are considerably shorter than the natural decay
—8

time of the fluorescence ( ca 10 seconds ) but as Bowen

has indicated (16), the measurements were made under conditions
in which a greater part of the fluorescence was quenched.

The natural decay time is obtained by dividing the observed
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decay time by the fluorescence efficiency# Bowen estimates

a value of 0,145 for the fluorescence efficiency of anthra¬

cene in benzene at the concentration used in the measure-

—R
ment above. The corrected decay time is then 1.4 X 10 sec,

in close agreement with the natural decay time determined by

an independent method (16),

The extremely short decay times above imply an even shor¬

ter time required for energy transfer from the solvent. Post

has attempted to measure the rise time of scintillation pul¬

ses in solutions of terphenyl in toluene (136), These were
—Q

found to be approximately 10 sec, but were undoubtedly

shorter than this, the observed times being fixed by the li¬

mitations of the apparatus (101), A statistical analysis by

Post and Schiff (136a) indicates that pulse rise times are

probably of the order of 10"""^ sec, Reynolds (101) considers

that the extremely short transfer times eliminate the possi¬

bility of energy transfer by collisions with excited solvent

molecules. This conclusion is by no means secure, as will be

demonstrated by a calculation in Chapter III of this Thesis,

and the possibility of energy transfer by collisions cannot

be excluded.

5, Relative Efficiencies of Different Scintillatorst

A distinction must be drawn between the practical ef¬

ficiency of a scintillator and the efficiency of energy trans¬

fer. The former quantity is measured in terms of the photo-

current or the mean pulse height at the output of a photo-
multiplier
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when the photocathode is exposed to the luminescence of the

scintillator under standard conditions of excitation. The

transfer efficiency refers to the proportion of solute mole¬

cules excited by energy transfer from the solvent under the

same conditions of excitation. The difference is illustrat¬

ed by a consideration of the numerical example already gi¬

ven on p. 1.

On the basis of the direct comparison made by Kallmann

and Purst ( 59 ) a solution of anthracene in benzene has

roughly four times the efficiency of a solution of anthra¬

cene in hexane. The measurements were made in solutions

saturated with atmospheric oxygen, and part of the fluor¬

escence was undoubtedly quenched by oxygen ( 21,31,98 ). To

compare the transfer efficiencies in the two solvents a

correction must be made for oxygen quenching* This can

be done using the quenching constants measured by Bowen

and Norton ( 21 ). The fluorescence efficiency, P , in the

presence of quenchers is given by

F « -—— F0 (2)
1 + k Q

where Pe is the fluorescence efficiency in the ab¬

sence of the quencher, £ the concentration of the quen¬

cher and k a constant. The correction is made below.
4MM

Solvent Benzene Hexane

Anth. Conc'n. 5.6 X 10""3 Mpl
Eel. Pract. Eff'cy. 0.066 0.016
kQ 113 Mpl""1 154 Mpl"*1

2
Q 7.2 X 1Q~3 Mpl 15.6 X 10""3 Mpl

Coeff# of Fo 0.55 0.29
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The relative efficiencies corrected for oxygen quen¬

ching are therefore:

Solvent Benzene Hexane

Corr. Rel• Eff'ey. 0.12 9.049

At concentrations of the magnitude found in liquid

scintillators a considerable fraction of the fluorescence

is self-quenched (16,17,21). The self-quenching constants

of anthracene in the two solvents above have also been

measured by Bowen and Morton ( 21 ) who found that the re¬

duction of the fluorescence efficiency, Fa , by self-quen¬

ching was also described by Expression (2) above. The

relative efficiencies, corrected for self-quenching, are

calculated as follows:

*Aath. 26 90
QAntht 5;6 X 10"° Mpl 5.6 X 10"° Mpl
Coeff. of Fa 0.87 0*67
Corr. Rel• Eff'oy 0.138 0.082

The corrected relative efficiencies are thus consi¬

derably different from the practical relative efficiencies

measured by Kallmann and Furst. When allowance is made for

oxygen quenching and self-quenching, the solution in hexane

has roughly two thirds the efficiency of the solution in ben¬

zene.

6. The Magnitude of Energy Transfer:

The efficiencies just considered were expressed in

terms of light emission relative to the emission of an ap¬

proximately
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equal mass of solid anthracene, To appreciate the magni¬

tude of energy transfer in the solutions, an account must

he taken of the difference between the absolute fluoresc¬

ence efficiency of anthracene in the solid state and in

solution. Bowen ( 21 ) estimates the absolute fluorescence

efficiency of solid anthracene to be 0.9 at room temper¬

ature, i.e. of 10 molecules excited, 9 fluoresce. The

limiting absolute fluorescence efficiency in solutions in

benzene and hexane ( i.e. the efficiency without quenching )
is only 0.23 at room temperature ( 21 ) owing, presumably,

to deactivating collisions with solvent molecules ( 18,104).
The efficiency in solution relative to that in the solid is

therefore 0.26 . The relative efficiencies considered a-

bove must be divided by this figure to appreciate the mag¬

nitude of the energy transfer. We obtain:

Solvent Benzene Hexane

Anthracene molecules
excited per molecule
excited in the pure
solid 0.53 0.32

Mass of anthracene
in solution relative
to mass in solid.... 0.002 0.002

7. Errors Caused by Self-absorption:

Ho account has been taken in the discussion above of

errors in the comparison of the relative efficiencies which

might be causedby self-absorption, an effect arising from
the proximity of the 0-0 fluorescence and absorption



Factors of Cu

Fig. 1. The intensity of fluorescence ( in arbitrary
units ) emitted by airfree solutions of anthracene

60
in hexane excited by Go y-rays plotted as a func¬
tion of the anthracene concentration for three dif¬

ferent depths of solution: 5 cm, 3 cm and 2 cm.

The curves are normalized at the maximum intensity.
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bands of anthracene in solution { See Boi^en ( 15 ) for a

discussion of this effect in relation to solution scin¬

tillators )* In anthracene vapour the two bands are almost

superimposed ( 65 ) and the 0-0 emission corresponds to

anthracene "resonance" radiation. In solutions the bands

are separated to a greater or lesser extent depending, pre¬

sumably, upon solvation effects (65,104). Some overlap re¬

mains, however, and the emission in this region of the spec¬

trum is usually strongly absorbed. The effect is greater

in hexane solutions than in benzene solutions (104), the

former being more "gas-like" in this respect.

The effect of self-absorption on measurements of the

fluorescence emitted by solutions of anthracene in hexane

is illustrated by the results shown in Big. 1. The fluor-

escence was excited by V-rays from a small Go source.

The curves of fluorescence intensity vs concentration are

normalized at the maximum intensity in each case. They

should be compared with similar curves obtained by Kall¬

mann and Burst (59,60). Details of the present measure¬

ments are discussed in Chapters 1 and II of this Thesis.

While the overlap between absorption and fluorescence

bands of solid anthracene is not extensive, self-absorp¬

tion is nevertheless important owing to the relatively

high concentration of anthracene molecules in the solid.

For this reason the comparative measurements discussed a-

bove must be considered only approximate. The discussion
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has served, however, to show that the magnitude of the en¬

ergy transfer effect is larger than is probably generally

appreciated, furthermore, the relative practical efficien¬

cies of the solution scintillators have been shown not to

be a reliable index of the efficiencies of energy transfer

in the different solvents. When errors due to overlap are

taken into account, energy transfer in hexane, for instance,

may be almost as efficient as energy transfer in benzene, if

not equally efficient? a conclusion which puts in a different

light some of the theories discussed in the paragraphs above.

8. Aims of the present works

This work was undertaken with a view to establishing,

if possible, the mechanism of energy transfer in solutions

of anthracene in hexane excited by V-rays. The phenomenon

of energy transfer has been studied together with the effects

of V-rays upon pure hexane and solutions of anthracene in

hexane to determine the relation of energy transfer to the

radiation chemical processes also occurring. In this con¬

nection, attention has been fixed upon the initial stages

of the radiolysis of pure hexane and of the solutions, since

it is only in the initial stages that energy transfer might

he expected to play an important part.
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Chapter Is Experimental Details

1. The ^°Co Sources:

Several small o0Qo sources, ranging in strength from

100 to 300 tie, were used in these experiments to excite

fluorescence; and two large sources, approximately 0.6

and 1.5 curies, were used for the chemical studies. ^°Co
decays with a half-life of 5.3 years, emitting in the pro¬

cess a 8-particle ( EWQ„ » *31 Mev ) followed "by two V-luctJC

rays ( 1.1, 1.3 Mev ) in cascade ( 133 }• The large sour¬

ces were sheathed in sufficient aluminium and brass that

the B-particles emitted by the cobalt were absorbed com¬

pletely. The small sources were simply short lengths of

Ni-Co wire, approximately 1 ma in diameter* The experi¬

mental arrangement in which they were used ( Pig. 7 ) in¬

terposed sufficient aluminium between the source and the

Irradiated solution to insure that all the 8-partlcles

were absorbed. It will be assumed that only the ^-rays
were effective in producing the experimental results to

be described, though it is possible ( Chapter III, Sec.2 )
that this consideration is of relatively minor importance.

The manner in which the large sources were used is

described as follows: each source in the irradiation po¬

sition rested in a hole drilled along the axis of a cylin¬

drical block of teak. Around this hole, and parallel to

it, a series of other holes were drilled to take the
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samples for irradiation, their oentres evenly spaced on a

circle concentric with the central hole. The block for

the 1.5 c source had two such rings of holes, that for the

0.6 c source, one. Three different intensities of V-ra¬
diation were thus available. The corresponding intensi¬

ties of energy absorption in the different sample posi¬

tions were determined with the ferrous sulfate actinoraeter

developed by Miller (36,83,84), Hochanadel (54,135 5 and

others ( See ref.36 for a bibliography ). The effect of

V-rays on dilute solutions of ferrous sulfate in 0.8 H

sulfuric acid saturated with atmospheric oxygen can be re¬

presented ( as far as the actinometric measurement is con¬

cerned ) by the reactiont

^ jL. ye3^" +*eaq,0.8N H *®aq,Q.8N H .

3+
The yield, G , in terms of fe ions formed per 100 ev

of V-ray energy absorbed by the solution, has been shown

by recent work to lie in the range between 15.2 and 16.0

Fe5+/10Q ev. The calculations below have been made assum¬

ing a value of Gpe3+ of 15.6 - .3 (36).
The ferrous sulfate oxidation rates were determined in

5 ml samples of the ferrous sulfate solution in Pyrex test-

tubes which fitted snugly into the holes in the irradiation

block. The hexane was subsequently irradiated in the same

holes in irradiation cells ( Pigs. 3 and 9 ) made from Py¬

rex tubing having the same diameter and wall thickness as

the test-tubes above. The 5 ml volume was rigidly adhered
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to in the subsequent irradiations, since the distributions

of V-2"ay intensity in the cell positions were highly asym¬

metric, and the measured oxidation rate was sensitive to

small changes in the volume of the ferrous sulfate#

The oxidation rates listed in Table I below were the

mean of several determinations at each intensity. In both

irradiation blocks oxidation rates were measured to - 3$.

The usual precautions were taken to reduce contamination

of the ferrous sulfate solutions by organic impurities

which might cause spuriously high oxidation rates (132a).
Mo change in the oxidation rate was observed when the so-

—2
lutions were made 10 molar in chloride ion, a test which

often reveals the presence of organic impurities (36 ),

Table 1.

Determinations of the Intensity, I ,

of Energy Absorption;

I, uM Fe^h/hr ev/5ml/hr * ev/5ml/hr ** Date
(0,8 I sulf) ( hexane )

1. 5,5 ± .2 1,07 ±.05 -1017 0.70 ±.04 •1017
2,

3#

10.8 i .3 2,10 ±.11 1.34 ±.07 April
24.5 ± ,7 4.75 ±.24 3.12 ±.16 15 ~ 18

1954

*i.e. 1 uM/L/hr - 1.94 X 1016 ev/5ml/hr .

based on the ratio of electron densities,
R - 0.658

ADDED NOTE t The experimental results of Chapter II have
been computed using a ratio of densities » 0.690 which,
though incorrect, has no effect except to-lower the ab¬
solute yields by ca 5fo. Corrected values of the yields
are summarized inThapter II , Sec. 7 ,j and are inserted

wherever the error is significant#
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2: Preparation of the Materials:

The preparation of samples of pure n-hexane and of

solutions of anthracene in hexane which were free from

dissolved air and hydrocarbon gases presented the most

formidable difficulty encountered in this work* In the

section which follows a description is given of the tech¬

niques which were developed for this purpose.

B.D.H. n-hexane ( special for spectroscopy ) was

used as a starting material. The U.V. transmission of

the pure hexane measured with respect to air in a 1 cm

spectrophotometer cell was 7-10 $ at 200 mp. and rose to

75 c/o at 225 mpu Batches of used hexane were reworked

using a method of purification devised by Pirlot (88).
The material to be purified was distilled through a

fractionating column filled with granules of silica gel.

The column thus combined fractionation with selective

adsorption of the polarisable impurities, the refluxing

hexane acting as an eluant which washed the adsorbed

impurities back into the distillation flask. The column

used was 1.5 cm i.d. by 50 cm long, and was lagged

to reduce the loss of heat by radiation and conduction*

A single distillation with this column yielded hexane

with transparency in the U.7. comparable to that of the

B.D.H. 'spectroscopic' material, even when the original
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Fig. 2. The Vacuum Still.
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hexane was opaque at ca 220 my,. All the hexane used was

completely transparent at wavelengths longer than 250 my.

n-Hexane ( m.p# -94.3°C ; b.p. 69*3°C ) is a liquid

at -80°C with a vapour pressure of 0.1 mm. It can there¬

fore "be refluxed under vacuum -with very little loss to the

pumps, using an efficient reflux condenser cooled with a

mixture of solid C02 and acetone. This technique was
used to prepare the first samples of hexane for irradia¬

tion. It was found that dissolved air was completely re¬

moved by this treatment ( traces of air had a pronounced

effect on the results of irradiation ) but that the hydro¬

carbon gases ( methane* ethane, acetylene, etc. ) were
3

left in amounts up to 5 mm per ml of hexane. Since

amounts of the hydrocarbon gases of this order were

formed in hexane under irradiation, it was necessary to

lower the residual hydrocarbon content still further.

To do this the apparatus shown in Fig. 2 was devised.

The sample of hexane to be deaerated and purified of

residual hydrocarbon gases was poured through a column

of activated silica gel into the reservoir A. The stop¬

per, very sparingly greased with Apiezon L vacuum grease,

was put in place. The hexane in A was then cooled with

liquid nitrogen and the tap, T , connecting the appara¬

tus to the pumping system was opened. A double trap
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immersed in liquid nitrogen connected 2 to the pumps,

and effectively prevented hexane vapour from diffusing

into the pumps# The trap also prevented the back-dif¬

fusion of mercury and oil vapours into the apparatus#

The partial pressure of vapours other than hexane was

between 10~° and 10*"^ mm of mercury#

If the hexane in A was partially frozen, the re¬

moval of most of the dissolved air proceeded very smooth¬

ly, the solid phase apparently acting as a centre for

the nucleation of air bubbles. When most of the air had

been removed, £ was closed, and the hexane in A was

allowed to distil slowly into £ , a low temperature
still of the type described by Lossing (75) and Leroy(68)#
The body of the still, a , was tightly wrapped with

several layers of aluminium foil, b ,over which was

wound a layer of asbestos paper supporting an electrical

heater, c, # The whole was mounted in an evacuated jack¬

et, d # Leads to the heater and to the copper-constan-

tan thermocouples ( t-^ tg ) imbedded in the aluminium
foil were brought out through a side-arm on the jacket.

The side-arm was also connected to the fore-pimp, so

that the jacket could be evacuated to a pressure of 0,1 -

1 mm of mercury when the still was operated. The outside

of the jacket was cooled with liquid nitrogen# With this

arrangement the temperature in the still could be varied

between -194 °c and -60 °C by varying the current in
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the heater. A temperature within this range could be

maintained within 1 - 2 ®C for several hours.

When the hexane in A had been transferred to £ ,

the temperature of the still was slowly raised to a value

just below the melting point of hexane, i.e., ca - 96° C,

and held at this value for 50 - 60 minutes with the pumps

full on. The tap, T , was then closed, and the hexane

was distilled back into the reservoir, A , which was

cooled with a mixture of solid 00^ and acetone, the
still being allowed to come gradually to room temperature

in the process. The hexane was then ready for distillation

into irradiation cells ( described below ) sealed to the

apparatus at X and X'. The irradiation cell receiving

the hexane was cooled with the CO,, - acetone mixture.

The reservoir, A , was allowed to come to a temperature

between - 20 ° and - 40 °0, fixed by the rate of heat

transfer through the walls of the reservoir from the sur¬

rounding atmosphere. When 5 ml of hexane had been col¬

lected in the irradiation cell, the distillation was

stopped by freezing the hexane in A with liquid nitro¬

gen. The hexane in the irradiation cell was similarly

frozen, and the tap, T,, was opened. The glass at the
constriction joining the irradiation cell to the still

was then gradually warmed with the hand-torch to the

softening point, and the cell finally sealed off under

vacuum.



Pig. 3» Three irradiation cells.
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The procedure just described was dictated by the

following consideration. It was found that quite appreci¬

able amounts of methane, ethane, ethylene, etc., were

formed by thermal "cracking" of hexane vapour on the

hot glass of the constriction in the process of sealing

off the irradiation cell. This necessitated freezing the

hexane in liquid nitrogen during the sealing-off process.

Furthermore, all the hexane in the apparatus had to be

either in A or in the irradiation cell, since hexane

in parts of the apparatus not cooled with liquid nitro¬

gen gave rise to a dynamic pressure of hexane sufficient

to cause appreciable thermal cracking at the seal. For

this reason the still, J3 , was kept at room temperature

during the distillation. It was not convenient to dis¬

til hexane directly from the still into the irradiation

cells because of the time-lag involved in changing the

temperature of the hexane in the still.

An analysis of the hexane prepared in this way is

given in the next section under Analytical Methods: •

The irradiation cells will be given a brief description

before proceding to the preparation of solutions of

anthracene in hexane.

Three of the four types of irradiation cells used

are illustrated in Fig. 3 . The fourth will be described

in a later section. In Fig. 3 cell A, was used for

4-r
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samples on which a single determination was to be made.

The body of the cell was made from selected Pyrex tubing,

1.40 cm 0.3)., which fitted snugly into the cell-holder
60

designed for irradiations with the Co source. Above

the inscribed 5 ml mark the cell was joined to a B-10

cone joint, which was joined in turn to a short length

of 4 mm capillary tubing., The cell was sealed to the

still at X * The walls of the capillary were sufficiently

thick that the cell could be sealed off at the capillary

without danger of " sucking through " the hot glass.

After an irradiation the cell was opened under vacuum for

gas analysis by snapping off the capillary with a device

made for this purpose ( see below ) when the cell was

attached to the gas analysis line by the B-10 cone.

Cell B, of Pig* 3 was used to follow changes in

the concentration of anthracene in solutions irradiated

in the dark. Above the side-am with the B-10 cone the

cell was flanged to match a standard spectrophotometer

cell ( 1 cm light path ) fitting the cell-holder of

the Uniearn spectrophotometer. The flange and open end

of the cell were ground flat with fine emery dust, finally

lapped together, carefully cleaned and sealed together with

silver chloride, It was found that a permanently vacuum-

tight seal could be made if, after the molten silver chlor¬

ide had cooled and set, the cell was put under vacuum and

the silver chloride again heated just to melting and at
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once allowed to cool. A vacuum-tight seal could also he

made by coating a defective silver chloride seal with

Picein^ or Araldite, but it was found that such seals
usually gave rise to spurious results probably owing to

contamination of the hexane with Picein or Araldite.

Later a cell was made in which the spectrophotometer cell

was attached through a quartz-to-Pyrex graded seal. The

results obtained with this cell were in complete agreement

with those obtained with cell B. of fig# 3 •

Cell C. of fig. 3 was designed so that a measure¬

ment of the hydrogen evolved from a sample of irradiated

hexane could be made without breaking open the cell. The

upper part of this cell is attached to a palladium thimble,

Pd . gold-soldered to a platinum tube sealed in lead glass

at the end of a graded lead-to-Pyrex glass seal. The Pyrex

envelope enclosing the thimble was attached through the

vacuum stopcock, I , to a second B-10 cone. To measure

the hydrogen evolved from the sample the cell was attached

by this cone to the gas analysis line and the envelope

near the tip of the thimble was heated with the hand-

torch until the temperature of the palladium was such

( 200 - 250 ®C ) that the metal became permeable to hydro¬

gen. Eeproducible results were obtained by adhering to

the procedure described below.

While the cell was attached at X to the still the

palladium thimble was outgassed ( still open to the pumps )
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by heating the envelope with the hand-torch. When the

cell was sealed off at X with the sample under vacuum,

it was attached to the gas analysis line by the B-10

cone on £ and the envelope then evacuated. The samp¬

le was frozen in liquid nitrogen throughout the remain¬

der of the operations* The envelope was heated to bring

the palladium to 200 - 250 °0, and pure hydrogen was

added from the gas analysis line until the surface of

the thimble was completely reduced ( surface goes from

blue to silver ) and it was ascertained that hydrogen

was actually passing through the thimble into the cell.

The thimble was then allowed to cool, and the excess

hydrogen on the line side of the thimble pumped off.

The hydrogen in the cell was then measured. This was

done by heating the thimble to the required temperature

and measuring the rise in pressure caused by the outflow

of hydrogen. If there was no hydrogen in the cell

( i.e., inner surface of palladium not reduced ) the

above procedure was repeated. When the palladium had

been completely reduced, the envelope was pumped down

hard with the thimble at the maximum safe temperature.

T was then closed and the cell removed from the gas

analysis line. After this treatment the thimble was

always kept under vacuum.

In measuring the hydrogen evolved under irradia¬

tion the liquid was equilibrated with the gas phase
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by shaking the cell for 1-2 minutes before immersing

it in liquid nitrogen. The measurement then proceeded

as above, except that the hydrogen passed by the thimble

was collected and analysed. Very little was retained by

the liquid phase. The method tended to compensate for

incomplete abstraction of hydrogen from the sample,

since if one measurement was low, the following one

was usually high*

The relatively large gas phase over the sample in

the Type G* cell did not introduce an ambiguity when

the- measurements were concerned only with the initial

stages of hexane decomposition. This was apparent from

the agreement between results obtained with Type A.

and Type C* cells.

The preparation of solutions of anthracene in hex¬

ane suitable for irradiation was also governed by the ne¬

cessity to keep the hexane pressure very low during the

sealing-off process. This was achieved by the procedure

described below.

Anthracene of very high purity was obtained from

Mssrs. Mash and Thompson, Ltd., and was used without fur¬

ther purification. A standard solution of anthracene in
-3

hexane was made up containing 10 M p L of anthracene.
—4

To prepare a 5 ml sample containing 10 M p L of

anthracene 0.5 ml of the above solution was pipetted
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through a capillary funnel into the irradiation cell.

The cell was then attached by the B-10 cone joint to

a trap, the other side of which was connected to the

pumping system. A rough vacuum was produced, and the

hexane in the cell was distilled into the trap. The

anthracene was deposited as a thin layer at the bot¬

tom of the cell, When the hexane was removed, the cell

was detached from the trap and sealed to the still at

X • This could not, of course, have been done with

hexane in the cell# The anthracene was sufficiently

non-volatile that the cell could be thoroughly evacu¬

ated for several hours without appreciable loss of an¬

thracene. When a good vacuum had been obtained, and

it had been ascertained that system was vacuum-tight,

hexane was added to the reservoir, A , and following

the procedure given above, the cell was filled to the

5 ml mark with hexane and sealed at the capillary.

Using Cell B. of Pig. 3 it was found that solutions

prepared in this way contained within 1 - 2 $ of the

calculated concentration of anthracene.

Each sample had to be prepared individually by the

above procedure, and since it was advisable to keep the

amount of hexane in the still to somewhat less than 25 ml

in each run ( to avoid plugging the still ) only four

samples were prepared in each run. However, no other

method of preparation was found to be satisfactory.



Pig. 4. The Gas Analysis
Apparatus
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3? Analytical Methods?

Fig. 4 illustrates schematically the apparatus used

to analyse the gases formed "by the decomposition of hexane

and solutions of anthracene in hexane under the action

of ^°Co y -rays.

The irradiated sample contained in one of the irrad¬

iation cells described in the last section ( Cell A. is

shown in Fig. 4 ) was attached by the B-10 cone to the

apparatus at A • The capillary tip then protruded into

the sample breaker, B , and passed through a hole in

the shaft of the breaker. The shaft was turned by a

handle outside the envelope of the breaker, and if a

file scratch was made on the capillary near the part

which passed through the shaft, the capillary was usually

broken off neatly at the scratch when the shaft was

turned.

The tap, , connected the apparatus to a pumping
—6

system which produced a vacuum of 10" mm of Hg. The

sample breaker was thoroughly evacuated before the sam¬

ple was opened, and the sample was cooled with a mixture

of solid COg and acetone to lower the vapour pressure
of the hexane to ca 0.1 mm.

The U-trap, £ , connected the sample breaker to S,
a low temperature still constructed on the pattern of

the still shown in Fig. 2 , but with a greater length
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and much extended region of fractionation. Both G and

S were cooled with liquid nitrogen at the start of an

analysis. The entire apparatus was, of course, very

thoroughly evacuated in preparation for an analysis.

When the irradiation cell had been successfully

opened, Tg , T^ and T4 were turned so as to con¬
nect the sample breaker with the Topler pump, P. The

first fraction, that volatile at -196 °C , was then

transferred into the calibrated volume defined by Ig ,

the ventil, , and the mercury level ( broken

line ) in the Mcleod gauge, G * The gauge was sup¬

plied with mercury from a steel cylinder and piston

rather than the conventional glass reservoir# The mer¬

cury level in the gauge was therefore raised and low¬

ered mechanically, by cranking the piston in and out,

rather than pneumatically, as in the conventional de¬

vice, and this feature greatly increased the speed with

which the gauge could be operated and the ease with

which the mercury level could be brought to a mark on

the gauge# The speed of operation was an important ad¬

vantage, particularly during the combustion analyses

( see below )• The design owes its origin to a mano-

metric gas analysis apparatus described by Pitts, de

Ford and Recktenwald (90 ).

When the first fraction had been transferred quan¬

titatively into the calibrated volume ( i.e., the
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pressure over the sample had been reducedto1 / 100 th of

the starting pressure ) T4 was closed, but T^ and
Tg left open, so that hexane continued to distil from
A into C and S, • The distillation was allowed to

proceed for 30 - 46 minutes, or at least until the an¬

alysis of the first fraction was complete, it being the

view that the steady diffusion of hexane vapour into £
would carry residual lighter gases into the trap and

still# At the same time vertical convection currents set

up in the liquid sample would continually bring fresh

hexane to the surface where evaporation was occuring*

The first fraction contained the gases from the de¬

composition of hexane which were volatile at -196 ®C,

namely, lg , CH4 , possibly CO and, if the sample
had been pumped down to ca 1 u pressure, possibly

some CgH4 from the second fraction# Traces of air
in the sample during irradiation appeared as H., in
the first fraction# Traces of air introduced in error

during the transfer of the first fraction gave rise to

both H2 and 02 in their proportion in air#
It was soon established that was the princi¬

pal gaseous decomposition product from the irradiation

of liquid hexane# The first fraction always contained

Hg in amounts ten fold greater than th© amounts of other
gases. The first step in the analysis was therefore to

combust any 0g introduced accidentally with the great
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excess of BL present in the first fraction. This was

done "by heating the small spiral of platinum foil, Pt ,

contained in a quartz tube connected to the apparatus

through a quartz-to-Pyrex graded seal. An electrical

heater,consisting of a few turns of nichrome wire wound

directly on the quartz tube,brought the platinum up to

combustion temperature in 20 - 30 seconds. The combust¬

ion of Og in an excess of was completed with this
apparatus in 30-40 seconds. Very few analyses

( less than 1 $ ) showed 02 first fraction.
When the step above had been completed, the H2 in

the first fraction was separated from the other compo¬

nents of the gas mixture by effusion through the heated

palladium thimble, Pd , attached to the apparatus by

the conventional lead-to-Pyrex graded glass seal, A

small furnace which fitted over the thimble was careful¬

ly adjusted to bring the tip of the thimble to a tem¬

perature ( ca 200 °C ) at which the palladium just

became permeable to H2 • The H2 diffusing through
the metal to the outer surface was immediately oxidised

catalytically by oxygen from the atmosphere. Thus a

pressure gradient of H2 was maintained which removed
H2 quantitatively from the apparatus even down to re¬
sidual pressures of 10~5 mm of Eg • The removal was

complete in 3-4 minutes.

A more rapid removal of H2 was achieved by raising
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the temperature of the thimble. At the higher temperatures

there was some danger that CH^ and CgH4 might be de¬
composed on the hot palladium to C and Hg . Flieger (39)
has cautioned against the use of a heated palladium mem¬

brane to separate Hg from hydrocarbon gases for this
reason. He was# however# analysing large quantities of

gas at atmospheric pressure. Marshal and Constabaris (80)

claim that at the low pressures used for micro-analysis

CH4 is not decomposed by hot palladium.
In the present system the total gas pressure during

an analysis was seldom greater than 200 u» and the par¬

tial pressure of hydrocarbon gases was at least an or¬

der of magnitude lower than this. Several of the larger

samples were divided, and duplicate analyses were made

on the first fraction# one in which the Hg was deter¬
mined by combustion in excess Og ( see below ) and one
in which the Hg was determined using the palladium
thimble at ca 200 °C # Good checks were obtained

when there was no ethylene present, but in the presence

of this gas there was evidence for the decomposition to

C and Hg on the hot palladium. This difficulty could
be avoided# however# by freezing the CgH^ in the cold
trap, D # with liquid nitrogen when the palladium was

heated.

After the Hg had been removed, a measured quan¬
tity of 0g was added to the remaining gases ( Pd cold I )



I : 3

and the quantities of CH^ and GgH4 were determined
by fractional combustion* Of the many techniques which

have been developed employing combustion over a catalyst

to determine small quantities of hydrocarbon gases ( see

Bayer, B l , for a review ) none have, to the writer's

knowledge, the simplicity and speed of the present me¬

thod, nor do they allow a determination of both the car¬

bon number and the hydrogen number from a single combus¬

tion* A brief description of the present method will

therefore be given, together with an illustration of its

potentialities#

Pure 02 » generated from KMn04 , was admitted
to the low pressure side of P through the metering

taps, Tg and T^ , and transferred by the pump into
the calibrated volume. The quantity of Qg added was
determined by measurements of the pressure before and

after the addition. B was cooled with a mixture of

solid C02 and acetone. The temperature of the plati¬
num spiral was then raised to ca 350 °C at which com¬

bustion of the hydrocarbon gases other than CH4 pro¬
ceeded rapidly and quantitatively. CH4 combustion
proceeded relatively slowly with the highest tempera¬

ture attainable, ca 450 °C. The combustion reaction

may be written in the general forms

CxHy + n 02 ^ x C02 + y/2 HgO
+
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It will be seen that the combustion was accompan-

ied by a fall in pressure as H^O was frozen in the
trap at - 80 °C ♦ Measurements of pressure as a

function of the time of combustion showed that the

pressure fell to a steady value in 2-3 minutes. The

general equation shows that the quantity of H in the

original hydrocarbon - measured in the same pressure

units- was four times the pressure drop.

The COg - acetone bath was then replaced by li¬
quid nitrogen# A second drop in pressure occurred as

the COg formed in the combustion was frozen in the
trap. The "pressure" of C was exactly equivalent

to the fall in pressure, if a correction was made for

a small change in pressure due to thermal transpiration

when the temperature of the trap was lowered from -80 °

to - 196° C. In practice all the relevant pressures

were corrected for thermal transpiration measured with

respect to the pressure with the trap* 33 , at room

temperature* This correction amounted to less than 1$
when the trap was at - 80 °G , but was 6,5 % when

the trap was at - 196 °C .

The carbon and hydrogen numbers, x and y, were

determined directly from the ratios of p C / p CXH^.
and p H / p C H • The accuracy and sensitivity ofx y

the method are illustrated by the results of the anal¬

ysis of standard samples of G2^4 in "tile helow.
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Table 2.

Analyses of standard samples of CpH *>y
the combustion method described.

Sample Volume at
S. T. P.

Carbon Mo. Hydrogen No•

1 0.68 mm^ 2.05 3.77

2 0.98 2.09 4.04

3 0.56 2.03 3.80

Table 2. shows that the method is applicable to ex¬

tremely small amounts of gas, and though the precision of

the determination of carbon and hydrogen numbers is not

great, it provides a reliable guide to the composition
£

of the gas.

It was found that the determination of the hydro¬

gen number was particularly sensitive to the condition

of the platinum foil. Analyses of the quality of those

in Table 2. were obtained only if the foil had been

•conditioned' by being heated in pure Op for several
minutes prior to the analysis. Once this had been done,

the foil gave good results for a large number of consec¬

utive analyses; but on standing in disuse for several

days, it again required to be 'conditioned'. Determin¬

ations of the carbon number were much less affected.

It is easy to show that a determination of the car¬

bon and hydrogen numbers of a mixture of two hydrocar¬

bons ( say, and CpHg- ) permits a calculation
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of the amount of each present in the mixture* The pre¬

cision is inherently low if one component is present in

great excess over the other, and is not great even when

the two gases are present in equal amounts* Fortunately,

this situation was not often encountered.

In the first fraction CO was oxidised with the CgH^.
The determination of the hydrogen number permitted these

two gases to be distinguished. CO was found in less than

1 fo of the samples irradiated. CH^ was barely oxidised
in the time required for the complete combustion of ^^H^*
GH^ was therefore determined after f and the temp¬
erature of the platinum was raised to ca 450 °C to has¬

ten the oxidation, Even at this temperature CH^ was
oxidised relatively slowly, 30-40 minutes being required

for the oxidation of a small sample ( 0.5 mm^ ). The

carbon and hydrogen numbers were determined as described

just above.

When the combustion analysis of the first fraction

had been completed, the trap, D , was at - 196 °C, this

being required for the last determination of the analysis.

Any gas then remaining was I2 and the 02 remaining from
the combustion. The was estimated by calculating

the amount of 02 which should be left from the combus¬
tion and subtracting this from the final pressure; or, if

there was some doubt, the 02 was removed by combustion
with excess H2 , and the remaining H2 removed by ef-
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fusion through Pd , leaving only the Ng • This could
he distinguished from CH^ hy the Tesla discharge in
the tip of the McLeod gauge, G . Kg gave the char¬
acteristic purple discharge with very little pressure

change, whereas CH4 gave a pink discharge character¬
istic of Hg ( due to the very rapid decomposition in¬
to Hg and hydrocarbons of higher molecular weight )
accompanied hy a rapid diminution in pressure. As the

work proceeded it was found that samples containing Ng
always contained either Qg or CO , and if neither of
these gases were found, it became customary to assume that

any gas remaining after the low temperature combustion

was CH4 , and the Tesla discharge test was made in pre¬
ference to the time-consuming combustion. Most of the

methane determinations reported under Results? were

made in this way. Those actually determined by combustion

are reported marked with an asterisk.

When the analysis of the first fraction was completed,

attention was turned to fractions trapped at - 196 °C

in the U-trap, £ • These contained all the lower boil¬

ing hydrocarbons together with part of the CgH4 » The
trap also contained about 1 ml of solid hexane. Tg
was closed, and the liquid Kg surrounding the trap was
lowered until the bottom of the trap was above the sur¬

face of the Kg » ^ut several inches of the trap were
surrounded by the cold walls of the dewar flask. The trap
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was thus warmed very gradually, and some fractionation

was effected as the hydrocarbons in £ distilled very

slowly into the still, £ * It was found that the U-trap
was absolutely essential to the successful separation

of the various fractions with the still. Without the

trap, the separation was poor, and all the fractions from

the still were heavily contaminated with hexane. With

the procedure just described, the various fractions were

laid down evenly in the different temperature zones of

the still, the fractions as far as C^^Qbeing complete¬

ly free from contamination with hexane.

During the above distillation, the temperature of

the still was adjusted so that the end of the central

outlet tube was in a zone at - 180 °C * @2^4 an<^ C2H6
are volatile at this temperature ( vap. press. 10 - 15 n

but CgHg and the 'G^ ' hydrocarbons are not* The first
two could then be separated from the lower boiling frac¬

tions, and this was done as the next step , while the

gradual distillation from £ to S was in progress, the

°2H4 + 0 fraction was transferred into the cali¬
brated volume with the Topler pump, P , and was the

second fraction of the volatile decomposition products to

be analysed*

The analysis was performed in the same way as the

first step, though omitting the Og determination and the
separation of Hg • It was found that CgHg constituted
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the major part of the 'Cg' fraction. In samples in
which there was evidence of thermal "cracking" of hex-

ane, much larger amounts of were found. The oth¬

er fractions were also relatively rich in unsaturated

compounds. It appeared that the small amounts of

found in the normal samples might he due to residual

impurity of the hexane.

The third fraction was transferred with the lowest

zone of the still at «• 155 °C« At this temperature

, C3iI6 * G3H8 C02 * "^is was Present,
were separated from the higher "boiling fractions. Cyclo¬

propane, which might have prevented the clean separation

of the from the 'C4' fractions, was never found#
COg was found in many of the earlier samples which con¬
tained abnormally high amounts of residual 02 * In
samples prepared by the technique described in the pre¬

ceding section and illustrated in Pig# 2 , there was

no C02 within the limits of detection. The principal
component of the *G^' fraction in a normal analysis
was ^saturated compounds being found in

abundance only when there was thermal "cracking" of hex¬

ane. The accuracy of the analysis was not great, how¬

ever, since the quantities of 'C^ involved in a nor¬
mal analysis were near the limit of detection.

The fourth, or ,C4t fraction was transferred math
the lowest zone of the still at - 135 °C . In a nor-
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mal analysis the amounts of *0^' were also near the
limit of detection.

The fifth, or 'Cg'# fraction was never obtained
free from contamination by hexane, and it was uncertain

whether the 'Cg* s were transferred quantitatively.
The results of the 'Cg* analyses were never reprodu¬
cible. They are reported under Results; in parenthe¬

ses, and probably indicate that the amounts of *C5'
hydrocarbons found were residual amounts left after the

purification.

With the analysis of the fifth fraction the gas

analysis was complete. The sample at A was replaced

with an empty tube, terminating in a B-10 cone joint,

and the hexane in £ and £ was distilled into the
tube. The tube was then removed, and its contents poured

into a bottle kept for hexane residues# It was impor¬

tant to ensure that no appreciable hexane was left in

the various traps when they came to room temperature,

since the hexane dissolved in the Apiezon L vacuum

grease with which the taps and cone joints were lubri¬

cated. If a small reservoir of liquid hexane was left

in the apparatus, this process continued until the

grease liquified and ran into various inaccessible parts

of the apparatus. When this happened the background

pressure of hexane vapour in the apparatus became so

high that the apparatus had to be taken down, cleaned
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and re-assembled before further analyses could be made.

The apparatus would have been decidedly improved if the

various taps had been replaced with mercury cut-offs or

mercury operated glass ventils* However# no difficulty

was experienced so long as precautions were taken to en¬

sure that the pressure of hexane in the apparatus never

rose above ca 0.1 mm •

Some relevant constants of the apparatus are listed

in the table below#

Table 2a,

Some constants of the gas analysis apparatus.

Volume bounded by Tg # V^ and Hg cut-off •••• 113.9 cc
Sensitivity of McLeod Gauge:

«*XG
1st Range: 1 scale mm ■ 8,76 X 10*"* mm or 5.86 X 10 M

2nd Range: - « 2.89 X 10~4min - 1.94 X 10~9 M

3rd Range: «• " 8.52 X 10"*4mm 5.71 X 1Q*""9 M

It follows from the above constants of the apparatus

that the useful limit of detection of a gas was in the
«.Q

region of 5 X 10 M. Greater sensitivity could have

been obtained with a larger and more sensitive gauge# but

at the cost of speed of operation. Greater sensitivity

did not seem worthwhile, since the background of light

hydrocarbons was not reduced below the limit of detection,



I : 3 39

Since refluxing under vacuum failed to remove the

last traces of the light hydrocarbons from hexane, some

doubt existed whether the technique of gas transfer just

described actually removed all the light hydrocarbons

from the irradiated sample. The samples were too large

to be transferred into the still in toto , but amounts

up to 2 ml could bej transferred without plugging the still.

It was found that the pressure of light hydrocarbons in

the still rose by about 15 fo during the distillation

of the first ml » but approached a steady value during

the distillation of the second* In actual practice be¬

tween 1 and 2 ml were distilled from the sample at A

into the U-trap, C , and this amount distilled very

gradually from 0 into the still. It seemed reasonable

to assume that all the light fractions had been trans¬

ferred* The quantity of liquid hexane involved was only

a tenth of that refluxed under vacuum, and whereas under

reflux an appreciable quantity of liquid hexane was flow¬

ing back into the reservoir, in the gas transfer experi¬

ment there was a steady diffusion of hexane vapour from

the sample into the U-trap, and no reflux of the liquid

occurred* The measurements also seemed to be very sensi¬

tive to small amounts of unsaturated light hydrocarbons

in the samples when these were formed by the accidental

thermal decomposition of hexane vapour in the process of

sealing off the irradiation cell.
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3as Analysis of the Starting Materials! Hexane:

The analysis of a typical sample of hexane by the method

just described is given below*

H2 IX 1Q-9 M in 5 ml,
,c1 • ( gh4, co ) ix 10~8
'c2* ( c2h2, c2h4, c2h6 ) ....... 1 x 10-8
'c3' ( c3h6, cylg ) ............. 2 x 1(t8
*c4* ( c4h8, etc. ) 1.6 X 1(T8
•c5' ( cgh10, c6h12? ) ( 1 x 1(t7 m )„

5 x 10""9 m ..

In the event of confusion between the meaning of the

term 'C^' as used above and as used in Sec, 3» where it re¬
ferred to the first fraction of the analysis, that containing

some ^2^4 as we-^ as ,ci' compounds, the meaning im¬
plied above will be adhered to henceforth. Similarly the

term *C2* will refer henceforth to compounds with two car¬
bon atoms, etc.

The results above show that the residual amounts of

light hydrocarbons in the hexane were well within the li¬

mits of detection. The fifth fraction was particularly large

compared to the others. A considerable error was introduced
by
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Pig. 5. A plot of pressure ( log scale ) against the reciprocal

absolute temperature with pure hexane in the still.
I. Direct from sample. II. Same material after pump¬

ing 10 minutes at - 110 °G.



I : 3a

contamination of this fraction with hexane,since the

separation was poor. This concentration of pentane,

etc., probably had no effect on the decomposition of

the hexane. It was obviously impossible, however,

to look for small amounts of the 'Cg* hydrocarbons
in irradiated hexane.

As a second test of the purity of the hexane, the

vapour pressure of a typical sample was measured as a

function of the temperature from - 116 °G to -80 °C

using the low-temperature still and the Mcleod gauge,

G , Fig. 4 . At very low pressures of hexane measured

over a relatively small range of temperature, the ex¬

pression
In p

holds to a close

approximation. Here p , T and R have their usual

significance and £ represents the heat absorbed in

producing 1 mole of hexane vapour. It is assumed in

deriving the expression above that £ is independent

of the temperature.

In Fig. 5 the pressure is plotted on a logarith¬

mic scale against the reciprocal absolute temperature

for I.) the hexane produced by the method described in

Section 2: and II.) the same material after ten minutes

pumping at - 110 °G while in the still.
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Both sets of data give a straight line above the

apparent melting point of hexane, «. 99 °C. The slope

of this line leads to a value of f the latent heat

of vapourisation of hexane, equal to 9#6 Kcal / mole,

which is in reasonable agreement with published values.

(<*10 Kc) Curve I. approaches a constant pressure at

the lower temperatures arising chiefly from the contam¬

ination by fCgf hydrocarbons. Curve II. shows that
in the absence of contaminants the pressure falls with

decreasing temperature to yield a plot which is an ap¬

proximately straight line down to pressures of 5 X 10""5mm
of Hg. The slope of this line leads to a value of Qe ,s

the latent heat of sublimation, equal to 26 Kcal / mole,

a value rather higher than the published values. ( 16 Kc )

It is possible that the pressures measured over solid

hexane were not true equilibrium pressures at the temp¬

eratures concerned. The apparent melting point, - 99 °C,

is about 5 0 lower than the published values (-94.3)
a fact which is understandable if the slope of the lower

curve was too great for the reason just given. The ther¬

mocouples attached to the still were not calibrated,

since the approximate temperature was sufficient for

the operation of the still.

Fig. 5 shows that the hexane did not contain lower-

or higher-boiling isomers in any appreciable amounts.



Fig. 6. The absorption and fluor¬
escence spectra of anthracene in

n-hexane•
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3bs Analysis of the Starting Materialst Anthracene.

The concentration of anthracene in hexane solutions

was measured spectrophotometrically using a quartz ab¬

sorption cell with a 1 cm light path. The measure¬

ments were made with a Unieam S3? 500 spectrophotometer.

The absorption spectrum of anthracene in pure, air-

free hexane is shown in Pig. 6. The spectrum was ob¬

tained with the solution sealed under vacuum in Cell B

of Pig. 3. In Table 3. below are listed the wavelengths,

wave numbers and decadic molar extinction coefficients,

^,0 , of the principal bands. The last quantities were

computed from the optical densities measured for six
—5 —4

concentrations of anthracene from 10 to 3 A 10 M.

Beer's Law was obeyed to ± 0.5 $ over this range.

Table 3•

The principal A-bands of anthracene in hexane*
X in aft oo in cm" ^ io

375.0 +0.5 26 670 11 600 + 0.5$
355.5 28 130 11 800
339.0 29 500 7 940

323.0 30 960 4 190

309.5 32 300 1 840

252.0 39 680 ^ 300 000
218.0 45 870

Hereafter abbreviated to A-spectrum.
Pluorescence spectrum will be P-spec-fc'rum. etc.



I : 3b

Fig. 6# shows the F-bands of anthracene in hexane

solution, also measured with the spectrophotometer. The

solution was placed so that the fluorescence emitted by

the anthracene fell on the entrance slit of the spectro¬

photometer# A photomultiplier was mounted at the exit

slit# The F-bands were excited by light mainly in the

region of 3650 1 which fell on the solution at an ang¬

le of 46 ° to the direction of observation* The in¬

tensities of the different bands { measured in arbitrary

units in Fig# 6# ) were measured in terms of the d.c.

current at the output of the photomultiplier# No cor¬

rection was made for the response of the photomulti¬

plier or for the dispersion of the monochromator at the

different wavelengths, since the measurements were made

merely to locate approximately the position of the F-

bands#

The bands were situated at 381, 398, 421 and 449 mu

approximately,

The spectrum shown in Fig, 6. was emitted by a solu-
—4

tion which was approximately 10 molar in anthracene.

The relative intensities of the 381 and 398 bands

were strongly dependent upon the concentration of anthra¬

cene, a variation of 15 - 20 fo in the relative intensi¬

ties of the two bands being found for concentrations vary¬

ing between 10"5 and 10""4 M p L of anthracene# This

effect is due to the overlap between the A- and F-bands.



Fig. 7. Two arrangements of sample,
source and photomultiplier used
for fluorescence measurements.
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4. Measurements with the Photomultiplier:

Pig. 7 shows two arrangements of sample, source and pho¬

tomultiplier used to measure the fluorescence excited by the

V-rays in solutions of anthracene.

She photomultiplier ( hereafter called the P M ) was

an 1. M. I. type 6260 instrument mounted vertically in a

cylindrical, light-tight housing, the top of which is shown

as W - W in Pig. 7. Cartridges of silica gel mounted in

the housing kept the atmosphere about the photomultiplier

dry. An aperture in W - W directly opposite the photo-

cathode opened on to the irradiation chamber, A shutter, $ ,

covered the aperture when measurements of the background

current were made.

High tension was supplied by an E. K. Cole type 1140 A

power supply. The output current from the photomultiplier

was fed through a Cambridge galvanometer to earth, the pho-

tocathode being connected to high tension negative with re¬

spect to earth, A set of gain curves for different inten¬

sities of photocathode illumination were measured, and it

was the practice to hold the sensitivity of the galvanometer

constant and to vary the gain when measuring experimental

intensities. This method has the drawback that the voltage

settings of the power supply are subject to errors caused

by contact resistance in the H. T. switch. The measurements

may be unreliable unless frequent test measurements are

made with a light source of standard intensity. This was
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done, using a standard sample of anthracene in hexane, but

the measurements would have been improved by fixing the H»

T, at a constant value ( for maximum gain ) and varying the

sensitivity of the galvonometer with an Ayrton shunt.

In Fig* 7 arrangement a. was used when it was desired

to measure the intensity of light emitted by different sam¬

ples for a fixed intensity of V-radiation, or to measure

the intensity as a function of the anthracene concentration
60

( See Fig# 8 and text below ). The Co source was disposed

in a ring about the aluminium tube forming the irradiation

chamber, and was surrounded by 1-| inches of lead. The end

of the aluminium tube fitted closely into the aperture in

the P.M housing, and a filter - or combination of filters -

could be attached to the end nearest the P M • The open

end of the tube could be closed with the cap shown in the

figure, or the upper part of the apparatus could be covered

with a dark cloth.

Arrangement jb. in Fig, 7 was used to measure the tem¬

perature coefficient of the fluorescence excited by the v-

rays. The sample was mounted in a brass tube within a cool¬

ing jacket filled with crushed ♦cardice* ( solid COg }, The
open end of the tube passed through a rubber ring, which in

turn fitted snugly into the aperture in the P M housing.

Surrounding the tube containing the sample was a close-fit-

ting sleeve made of several layers of aluminium foil. Upon

this, and insulated from it by a sheet of asbestos, was



Fig. 8. The Cof or var¬
iable concentration cell.
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wound a small electrical heater, h, hi A thermocouple, tc.

was embedded in the aluminium foil, its junction nearest

the end opposite the photocathode, In the apparatus shown,

the jacket holding the *cardice* was made from a piece of

Fyrex tubing. In a later modification this was exchanged

for a much larger jacket made of tin and wood. During a

run the 1cardice' was heaped over the upper end of the tube

containing the sample. The lowest temperature then at¬

tainable at the thermocouple was - 60 °C. The temperature

was varied between this value and 4 60 °C by varying the

current in the heater. In practice, only part of this range

was feasible, that between - 30 ® and + 60 °C, At tem¬

peratures below - 30 ° a lack of reproducibility was found

in the measurements of intensity, caused evidently by the

precipitation of anthracene out of the solutions.

It should be stated that the intensity of v'-rays used

to excite fluorescence was so low that the chemical effects

of the V-rays could be ignored, even during the longest ex¬

posures. The aggregate strength of the sources used could

not have been greater than 200 - 300 fic ( Comp. Tab, 1, p 14 ).

Fig. 8 shows a cell which was constructed so that the

could be varied continuously in a single sampleconcentration

sealed off under vacuum. An anthracene solution of concen¬

tration Go was made up in the reservoir, A , using the

techniques described in Sec. 2. The cell was then sealed

off under vacuum at X in Fig. 8. The required amount of
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solution was poured past the magnetically operated valve,

Vm. which was held open hy a small magnet outside the

cell, into the graduated irradiation tube, The solution

in the tuhe was then diluted with pure hexane hy dis¬

tilling hexane from the reservoir into the graduated

tuhe. This was hest accomplished hy holding the cell

so that the irradiation tuhe was at an angle of 45 °

from the vertical. The reservoir was then immersed in

a beaker of hot water while the irradiation tuhe was

cooled under the cold water tap. The final concentra¬

tion was calculated from the measured volumes before

and after dilution and the initial concentration, C0 •

Successive dilutions could he performed hy pouring

hack part of the solution in the irradiation tuhe into

the reservoir, and distilling more hexane into the ir¬

radiation tube.

The valve, Vn>» was built into the cell to prevent

further changes in the concentration once the solution

in the irradiation tuhe had been made up.

The collar, C , which was clamped to the irradiation

tuhe hy an O-ring gland, fitted snugly over the aluminium

tuhe in Fig. 7,a , and returned the irradiation tuhe
£50

each time to the same position with respect to the Co

source. This position could he varied hy loosening the

O-ring gland and moving the collar to a different place

on the irradiation tuhe.
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6. Type I) Irradiation Cells

fig, 9 shows the Type B irradiation cell, which was

designed so that the volatile part of the irradiated sam¬

ple could be distilled into the silica absorption cell, £,
attached to the apparatus by the silica-to-pyrex graded

seal, jS« The apparatus is shown in the position for ir¬

radiation. After an irradiation, the apparatus could be

inverted in such a way that the liquid collected in the

bulb terminating in the seal-off, I, without entering the

side-arm leading to the absorption cell, The volatile

components were then distilled into the.absorption cell,

this was accomplished by cooling the absorption cell in

a bath of ice and water and, if necessary, heating the

contents of the bulb in a bath of warm water.

A small, calibrated volume, ?, was also attached to

the arm carrying the absorption cell. This was for us©

in analyzing concentrated solutions of anthracene, which

had to b@ diluted to bring the optical densities within a

measurable rang®. The volume, ¥, was filled to the mark

with the concentrated solution, and the apparatus was then

inverted so that the measured quantity collected in the

absorption cell, while the rest collected in the bulb.

The solution in the absorption cell was then diluted with

hexane distilled from the solution in the bulb. A ten¬

fold dilution could be mad® in this way.
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1. Measurement of Anthracene Fluorescences

The measurement of the fluorescence emitted "by solutions

of anthracene in hexane under V-ray excitation poses several

interesting problems which arise principally because of:

1) quenching of the fluorescence by dissolved atmospheric

oxygen ( 16,21,31,37»77,98 ), 2) anthracene self-quenching

in solution ( 16,17,21 ) and 3) absorption of part of

the anthracene fluorescence by the anthracene in solution,

i.e. anthracene self-absorption ( 15,134 ).

Dissolved oxygen plays an important part in determin¬

ing the extent to which the fluorescence of anthracene is

quenched in most solvents. This effect was first reported

by Maddock ( 77 5 in relation to solution scintillators,

but has since been discovered independently by Pringle et

al ( 98 ). Bowen and Morton ( 21 ) have studied oxygen

quenching of the fluorescence of anthracene in several sol¬

vents, and find that in general the fluorescence efficiency

is accurately described in terms of the oxygen concentra¬

tion by the expressioni

F - kl •

1 + k2C

i.e., by the Stern - Volmer quenching law ( 137 )
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where F is the fluorescence efficiency of anthracene in

solution and Q is the concentration of oxygen. Bowen

and Norton list values of k^ and kg for several sol-
vents?including hexane. The normal procedure in measure¬

ments of the fluorescence efficiency of anthracene in air-

saturated solutions is to correct the measured fluorescence

intensity for oxygen quenching, using the above expression.

While this method is applicable to the fluorescence excited

by radiation absorbed only by the anthracene, it obviously

cannot be used for measurements in which V-rays are used

to excite the fluorescence since oxygen can enter into ra¬

diation chemical reactions with both anthracene and hexane.

It was therefore necessary to irradiate the anthracene so¬

lutions in the absence of air. The method used to de-aer¬

ate the solutions is described in Chapter I, Section 2.

The second effect enumerated on the preceding page,

that of anthracene self-quenching, has been the subject of

extensive study by Bowen and his school (17,21, B5) and by

several others (40,B4). Like oxygen quenching, anthracene

self-quenching is incompletely understood, although an em¬

pirical expression like that just given above, but relating

to the effect of the anthracene concentration on the effic¬

iency, has been applied successfully by Bowen and Norton (21).

In hexane the anthracene self-quenching constant, kg, is

Self-quenching therefore becomes a determining factor only

90 Mpl~"^-
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at concentrations greater than 10~4 Mpl.

The third effect enumerated above, that of anthracene

self-absorption, is caused by the overlap between the fluor¬

escence and absorption spectrum of anthracene in solution

{ see fig. 6, also pp. 10 and 44 ). The molar extinction
2

coefficient, & , is of the order of 10 in the spectral

region of the 0-0 fluorescence band at 381 my,# 6- can

be measured over the entire range of the anthracene fluor¬

escence spectrum, and it is possible - at least in principle -

to compute the relative intensities of the various fluor¬

escence bands emitted from the surface of solutions as

functions of the geometry of the solution and the distri¬

bution of excited anthracene molecules. Such a calcula¬

tion is obviously difficult, and in practice the measure¬

ments are usually xaade in such a way that the effects of

self-absorption are minimized# This is not easy to do when

V-rays are used to excite fluorescence, as will become ap¬

parent below.

It can be shown that self-absorption must be appreci¬

able with the experimental arrangement usually employed

for scintillation counting# The molar extinction coef¬

ficient of anthracene in the spectral region of the prin¬

cipal fluorescence bands may be taken as 10 - 15 Mpl^cm""^
The fluorescence intensity is therefore reduced by 15 - 20 fo

in passing through 4 - 8 cm of solution when the concentra¬

tion is of the order of 5 X 10*"*^ Mpl, i.e. 1 Gpl,
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Jhis effect appears to have been overlooked by Kallmann

and Furst (59,60) and by Reynolds (101) in their measure¬

ments of practical fluorescence output as a function of

fluorescor concentration, and probably accounts for discrep¬

ancies between the work of the two schools ( see Ref. 101 for

a discussion )• Valid comparisons between measurements at

a given concentration cannot be made unless the same geo¬

metry ( i.e., same thickness of solution ) was used. Shis

is particularly true for anthracene, which has a broad re¬

gion of overlap in most solvents, but appears to be true

as well for terphenyl, for which the region of overlap is

relatively slight ( ref, 101, Fig# 6 )#
Calculations by Kallmann and Furst (59), Reynolds (101)

and others (56) of kg, the self-quenching constant, from
scintillation data for anthracene in xylene (59) appear to

give a result which is several times too large when compared

with values of k2 found by Rowen and Norton (21) for an¬
thracene in benzene and toluene. This is to be expected

if no corrections were made to the data to account for self-

absorption,

She difference found by Kallmann and Furst (61) be¬

tween the 'transfer' and 'quenching' constants of scintil¬

lating solutions excited by V-rays and by a-particles can

undoubtedly be explained, at least in part, by the difference

in the geometry between the a-particle and V-ray measurements.

Fig. 1 ( opp. p# 10 ) should be compared with their results.
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The measurements reported below were made with the

apparatus illustrated in Figs. 7a and 8 of Chapter I.

^Co V-rays were used to excite fluorescence. Since V-

rays of this energy ( ca 1 Mev ) are but weakly absorbed

in hexane, a compromise had to be reached between a vol¬

ume of solution large enough to absorb sufficient V-ray

energy to excite an easily measurable intensity of fluor¬

escence and a volume small enough to introduce negligible

errors due to self-absorption. This problem must always

exist in measurements of the fluorescence excited by V-

rays, and no complete solution seems possible. Thin la¬

yers of solution might be studied if a strongly absorbed

radiation such as a-particle radiation were employed. A

new variable is then introduced by the extremely rapid

decomposition of the solvent, though this effect might be

minimised by making the necessary measurements in a suf¬

ficiently short time after the commencement of irradiation.

In the present case it seemed inadvisable to excite fluor-
60

escence with a radiation differing strongly from the Co

radiation used to study the radiation chemistry of the so¬

lutions.

Using the variable concentration cell of Fig. 8 both

the depth of solution and the position relative to the

source could be varied. It was found that the optimum re¬

sults were obtained with about 4 cm depth of solution when
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the source was about 1 om away from the end of the irradia-

tube nearest the P M ( Pig, 7a ). To minimize self-quenching

and self-absorption, the upper concentration limit was set
—4

at about 5 X 10 Mpl, It was found by making measure¬

ments with different filter combinations that, even at con¬

centrations of this order and lower, there was an apprecia¬

ble change in the F-speetrum with concentration owing to

self-absorption. The precise shape of the fluorescence vs

concentration curve depended upon the particular filter

combination used as well as upon the depth of the solution

( Pig. 1 }• This was due to the breadth of the spectral re¬

gion which could be isolated with the available filters.

This difficulty was overcome by using a combination which

gave the P M a peak response midway between the 0-0 and

0-1 P-bands, and about equal response to either band.

The measured intensity was then directly proportional to

the intensity of the fluorescence falling on the photoca-

thode, and independent of the spectral distribution of the

fluorescence.

It was necessary to restrict the response of the P M

to that region of the spectrum containing the principal F-

bands of anthracene because of the rather high background

of general luminescence excited by the V-rays. The precise

nature of this luminescence is not known, but part of it

was undoubtedly emitted by the pyrex tube. Before proceeding

to a description



II s la

scription of the results of the fluorescence measurements

an account will be given of some observations on the lum¬

inescence of pyrex under Y-ray bombardment.

la. Luminescence of Pyrexs

It is well known that both vitreous and crystalline

silica luminesce on exposure to ionising radiation (B8,1Q5)*

Fewer studies have been made with pyrex (109). The green

luminescence exhibited by pyrex vacuum vessels under the

Tesla discharge is familiar to most workers using vacuum

techniques. The pyrex envelope of E.M.I, photomultipliers

will scintillate when exposed directly to a-particles.

To determine the nature of the background luminescence

found in these experiments a brief study was made of the

luminescence excited in pyrex by V-radiation. Eight samples

were selected at random from the supply of pyrex tubing

used for constructing apparatus. They were cleaned with

chromic acid, rinsed several times with distilled water

and finally heated nearly to melting in a stream of fil¬

tered tank oxygen for several minutes. The luminescence

excited by V-rays was then measured with the experimental

arrangement shown in Fig.7a, Chapter I# The emission spec¬

trum was determined very approximately with a series of

Ilford spectrum filters, and it was found, rather unexpec¬

tedly, that the maximum intensity occured between 550 and

400 inn.

It was next found that the intensity of luminescence
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200 400

Irradiation time in hours.

60,Pig. 10 Effect of irradiation with the 1.5 curie ""Co
on the V-ray excited luminescence of pyrex. The charac¬
teristic red-brown tint became noticable after 200 hours.
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diminished with increasing exposure to y-rays. The 1.5
fio

curie Co source was used for the irradiations. The re¬

sults of luminescence measurements made after different

exposures to the source are shown in Fig. 10. Each point

is the mean of eight measurements, the spread of which

is indicated. At about 200 hours the samples began to

show the red-brown tint which is characteristic of irrad¬

iated pyrex.

Determinations of the absorption spectra of irradiat¬

ed and unirradiated samples showed that the colouration

was related to the development of a region of absorption

extending from 650 my. down to the transmission limit of

pyrex. A single broad maximum occurred at 310 - 320 mp.

A maximum at ca 500 mji which was shown by unirradiated

specimens appeared to be unaffected by the radiation.

It is thus possible that the diminution in the in¬

tensity of the V-ray excited luminescence of pyrex with

increasing time of exposure to V-rays was caused merely

by the increased absorption of the pyrex in the spectral

region of the luminescence. The diminution in the spread

of the measurements which is to be seen in Pig. 10 after

about 200 hours irradiation suggests that the preparatory

cleaning treatment did not leave all the samples in the

same condition, but that differences between samples be¬

came smaller as the irradiation proceeded. A possible ef¬

fect of this kind might have been the gradual oxidation
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under the influence of the V-rays of material left on the

surface of the glass by the cleaning process* A very small

amount of contamination would be required to cause a mea¬

surable change in the observed luminescence, which was of

very low intensity. The well known green luminescence un¬

der the Tesla discharge may also be an effect of surface

contamination, since the luminescence of the pyrex in bulk

( i.e. excited by Y-rays ) appears to be predominantly in

the violet and near U. Y. The wave lengths of luminescence

may, of course, be profoundly affected by traces of metallic

elements in the pyrex*

The brown tint exhibited by the irradiated pyrex can -

as is well known - be "annealed out" by holding the speci¬

men at 400 - 500 °0 for a few seconds. When this was

done with the present samples, the strong absorption band

disappeared, and the samples were found to luminesce with

approximately their original intensity.

To the writers knowledge no adequate theory of the ef¬

fects of ionizing radiation on glasses has been published,

probably because of the tentative state of present knowledge

regarding the structure of glasses. A theoretical descrip¬

tion of the above results will not be attempted, though it

seems probable that the effects relate to the formation of

colour-centres in the pyrex (109).
The results seemed to indicate the importance of using

a single, freshly annealed pyrex cell for comparative mea¬

surements, and led to the design of the cell in Fig. 8.
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Pig. 11. The fluorescence observed through a Chance 0V1
glass filter plotted as a function of the anthracene con¬
centration for five different depths of solution. The
P Iv. - filter combination had a maximum response at 380 mu

and 50;' of maximum response at 360 and 410 mu. The
6c

fluorescence was excited with a 200 uc source of JCo

V-rays.
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lb. Fluorescence of the Solutions:

Fig. 11 shows the results of fluorescence measurements

made with the experimental arrangement shown in Fig. 7a and

the variable concentration cell in Fig. 8. The fluorescence

emitted by de-aerated solutions of anthracene in hexane was

observed through a Chance 0V1 glass filter. The P M - fil¬

ter combination had a maximum response at 380 my, and 50 $

response at 360 and 410 my. The solution in the cell was

prepared by techniques described in Chapter I, 2.

The most important feature of these results is the pro¬

nounced minimum shown by all the curves of Iar^ vs xCc .
A second feature is the shift of the minimum to lower conc¬

entrations as the depth of the solution is increased.

These effects together indicate that light is emitted

by the system at very low concentrations of anthracene at

wave lengths which are absorbed by anthracene. It is im¬

possible to say whether the light seen by the photocathode

as xC0 0 was emitted by the pure hexane. The measured

emission may have been the luminescence of the glass exci¬

ted by primary hexane fluorescence. The primary emission

may have been merely that part of the Serenkov radiation

to which the hexane was transparent. This view is favoured

by later considerations. Whatever the source of the pri¬

mary emission, the results shown in Fig. 11 indicate that

the initial decrease in the light intensity with increasing

anthracene concentration is the result of an inner absorp-
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tion ( compare Krenz ( 134). The experimental curves are

therefore the resultant of a) the decrease in the intensity

of a primary component which is absorbed by anthracene and b)

the increase in intensity of a second component with in¬

creasing anthracene concentration. It has been demonstrat¬

ed spectrographically (51,S)) and with filters (L02 ) that

the second component is the characteristic anthracene flu¬

orescence.

Measurements similar to those above, but using the

Chance 0B10 filter which transmits only the anthracene com¬

ponent of the fluorescence, gave curves which when normalised

with those of Fig. 11 at CG coincided with them down to a

concentration of 0.2Co , thus showing that the u.v. compo¬

nent of the emission was completely absorbed at concentra¬

tions of the order of 10~4 M p 1. Reference to Fig. 1 in

the Introduction will show that the maximum fluorescence

intensity is reached at a concentration of ca 10 M p 1

of anthracene. The intensity is then roughly ten times the
—4

intensity at 10 M p 1. Thus while photon transfer does

play a part in producing indirectly excited anthracene ( B2 )
the proportion of excited molecules arising from photon

transfer is roughly a tenth of the total number at concen¬

trations of anthracene of the order used in solution scin¬

tillators. Later considerations will show the intensity of

the primary emission is of the correct magnitude for 5eren-
kov radiation. Hence in hexane even the proportion of in-
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Fig. 12. Fluorescence observed through Chance OVl-i-032 filters

plotted as a function of the anthracene concentration. The

curve through the points is given by the empirical express¬
ion for !_ above in which x is the coefficient of C0.
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direct excitation that does occur 'optically* probably

does not occur precisely in the way suggested by the pro¬

ponents of the photon transfer mechanism (B2,7).

Before proceeding further, it will again be empha¬

sised that the shape of curves such as those shown in

Fig. 11 is determined in general by rather complex rela¬

tionships between the volume ( depth ) of solution ob¬

served, the absorption and emission spectra of the solute

and the spectral response of the photomultiplier. When

changes in the emission spectrum occur - particularly if

they occur in a spectral region where the spectral re¬

sponse characteristic is changing rapidly - inflections

or even maxima and minima may appear in the plot of flu¬

orescence intensity vs solute concentration. These bear

very little relation to the fundamental processes of in¬

direct excitation and fluorescence quenching which occur

in solution.

Fig. 12 shows the results of measurements with 5 cm

depth of solution using a filter combination ( 0Y1 + GB2 )

chosen to give a maximum response at wave lengths about

midway between the 0-0 and 0-1 fluorescence bands of an¬

thracene in hexane ( See Fig. 6 ), The P M - filter

combination had approximately equal response to either

band, and was therefore insensitive to variations in the

relative intensities of the two bands. While this combin¬

ation greatly improved the ratio of anthracene emission
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to background emission, it did not cut out the latter en¬

tirely, and some light was transmitted by the filters even

when the anthracene concentration became vanishingly small.

The anthracene fluorescence was measured above this back¬

ground •

The experimental points in Fig. 12 show that with in¬

creasing anthracene concentration the intensity of the an¬

thracene fluorescence increases in a way which suggests

that two distinct modes of excitation were operative, one

causing a rapid rise of intensity with concentration in

the range between 0 and .20o , and a second causing a more

gradual rise of intensity with concentration over the entire

range studied. The first mode can almost certainly be iden¬

tified with optical excitation, which was discussed in re¬

lation to the results of Fig. 11. The second mode accounts

for the major part of the experimental curve, and is the

chief process of interest in this study.

The experimental points between .20o and 0o lie on a

curve which is accurately described by the empirical ex¬

pression

I - ^-2 + 22.0 ( I. )
1 + .40 x

in which x is the coefficient of Ca . Both the back¬

ground luminescence and the contribution of optical exci¬

tation to the anthracene fluorescence are included in the

second term on the right hand side of expression I. No
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attempt has been made to fit the empirical expression to

the relatively unimportant part of the experimental curve

below »2C0,

Expression 1. is similar to expressions derived by

Kallmann and Furst (59) Reynolds (im) and Buck and Swank

(122) and was, in fact, suggested by this earlier work.

The fit to the experimental points between ,2G0 and CQ

is sensitive to a 5$ variation in the coefficient of x

in the denominator, and somewhat less sensitive to the

coefficient in the numerator. In the next section the for¬

mer quantity will be related to k*, the coefficient of e-

nergy transfer in liquid hexane,

2, k'» the Coefficient of Energy Transfers

The considerations leading to the definition of k'

below are largely derived from the theoretical section

of a paper by Kallmann and Furst (59)* Eor the sake of

clarity the development is given in greater detail here.

If we consider a quantity of liquid hexane absorbing

energy from V-rays at an average rate of R ev/cc/sec,
then electronically excited molecules of hexane are formed

at a rate

Np - R / E molecules/ce/sec
where E is the average energy ( in ev ) expended for each

hexane molecule excited. The probable magnitude of E will

be considered later in this study. No distinction is made
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for the present between molecules which are ionised ( one

or more electrons removed to 00 ) and those which are e-

leetronically excited ( one or more electrons raised to

higher energy levels )* The ions are transformed into ex¬

cited molecules upon electron capture and charge neutral¬

isation, a process occurring within ca 10""^ sec (132a).
In solutions of anthracene some exoited hexane may

transfer energy to anthracene. The singlet excited anthra¬

cene molecules so produced emit, in returning to the sing¬

let ground state, the characteristic fluorescence which

is observed. Owing to the low concentration of anthracene

present even in a saturated solution ( ca 5 X 10~^ Mpl )
the proportion of the anthracene molecules directly ex¬

cited by the radiation is negligible. The probability

that an excited hexane molecule transfers energy to a

molecule of anthracene depends on the concentration of

anthracene in solution. As an approximation, we assume

that the dependence is first order, i.e, that the proba¬

bility of a transfer to anthracene, ^ , is given by

pt - k 0
where £ is the concentration of anthracene, and k is the

probability of transfer at unit concentration. The frac¬

tion, f , of excitation energy transferred to anthracene

is
Pt k C

2 P4 2E P4
3 3 3 3

where :£ p. is the sum of probabilities for each mode
3 d
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of energy dissipation by which the excited hexane mole¬

cule may lose energy, including that of transfer to an¬

thracene# f can also be written

f = k C « k'G

i
I p. + k C 1 + k»C

where k' is the ratio of k to | . The constant, k*,
thus defined is the coefficient of energy transfer# and

is the ratio of the probability of transfer at unit con¬

centration to the probability that the energy of the ex¬

cited hexane is dissipated in some other way# The actual

mechanism of transfer is, of course, not specified. The

mechanism will be considered later under Discussion.

To relate k* to the data of Pig. 12 in the preceding

section we must consider that the number, N, , of exci¬

ted anthracene molecules formed per cc per second is

H = N £12 = R/E —-^12
1 + k'C 1 + k*0

The number, 1-g, , actually fluorescent is determined
by the fluorescence efficiency of anthracene in hexane. In

oxygen-free solutions this is given by

F *
- Ref (21 ) .

1 + k2C
P is the fluorescence efficiency, k-^ and kg are constants.
In hexane ki " 0.23 5 kg =■ 90 Mpl"*1 •
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The number of anthracene molecules actually fluor¬

escing is thus

Nw » R/E — ifr.'P— molecules/cc/sec.* (l+k'C)(l+90C)

In a well designed experiment the measured intensity

of fluorescence is proportional to N-p over a range of C.
For the reasons discussed in section 1. this proportional¬

ity is usually only approximate. In the measurements in

Fig. 12 the proportionality probably holds to within ± 5/.

Although the filter combination used made the measurements

independent of the relative intensities of the 0-0 and

0-1 fluorescence bands, no account was taken of the inten¬

sity lost due to self-absorption ( pp 55 and 61 ). It was

estimated that the loss might amount to 5fo at the highest

concentration. Within ±5$ the measured intensity of fluor¬

escence, Iar^j > Eiay be equated to oNp , where a is a con¬
stant of proportionality determined by the experimental

arrangement•

I . » a K/E k'Carb (l+k»C)(l+90C)

a SL£ (R const.)
1 + (k'+90)C + 90k'C

p
Neglecting terms in C in comparison with terms in

C , and adding a constant, B , for background, etc.,
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A comparison between expression II. above and expres¬

sion I. in the preceding section shows that

(k*+90) C - 0.40 x j

or since 0 - x CQ , and CQ • 5.7 X 10"4 Mpl,

k1 - 610 ± 60 (Mpl)—1

The error of + 105® is the sum of the uncertainty in¬

volved in the fit of expression I. to the experimental

points ( ± &yo ) and the probable error in equating Iarl& to
oNjs. Since a small part of the curvature in Pig. 12 was
caused by loss of intensity through self-absorption, k»

is probably slightly too high rather than too low.

k* for a solution of anthracene in xylene can simi¬

larly be calculated from the published data of Kallmann

and Purst (59) • The calculation is very approximate, for

only the data at low concentrations can be used, and here

the determinations are neither numerous nor accurate, par¬

ticularly as no effort was made to separate the anthracene

fluorescence from the luminescence of the solvent. The

value of k' thus found for xylene is

k* ^ 700 (Mpl)"1
Using the same set of data Reynolds (101) has calculated

both k* and k^, the self-quenching constant, for anthracene
in xylene. He finds that

k* « kg " 0.77 (gpl)*"1 or 138 (Mpl)""1
The values of k* and k are interdependent in this calcu-
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lation, and it appears that in order to fit the experimen¬

tal data at the higher concentrations ( where the data

are undoubtedly invalidated by self-absorption ) a value

of kg was chosen which must be several times too large.
It is unlikely that kg in xylene is greatly different from
kg in benzene, which was found by Bowen and Norton (21)
to be 25 (Mpl):1 Thus k*should be roughly five times as

large as the quantity calculated by Reynolds, i.e. ca 700

(Mpl) , a value which is in agreement with those given

above.

The discrepancy between Jc' for anthracene in xylene

and k' for anthracene in hexane is hardly significant in

view of some of the very approximate calculations involved.

It is interesting, however, that similar calculations us¬

ing Kallmann and burst's data for terphenyl ( p-diphenyl-

bensene ) in xylene lead to a much larger value of k' for

this system, k' » 10 . Here the error due to self-

absorption cannot be very large, even at concentrations

in the neighborhood of 1 Gpl, since there is very little

overlap between the absorption and fluorescence spectra

of terphenyl (14 ). Hence the result is probably signifi¬

cant, and indicates that the solute rather than the sol¬

vent determines the magnitude of k*, i.e. the efficiency

with which energy is transferred in solution. This point

will be considered again in a later section.



II 69

3. the Absolute Efficiency of Energy Transfers

The estimate of G^ , the absolute transfer efficiency,
requires a knowledge of *p , the absolute scintillation ef¬

ficiency of the solution for V-rays, and of F , the abso¬

lute fluorescence efficiency of anthracene in hexane. F

has been calculated from the data of Bowen and Morton (21)

in an earlier section ( p. 7, et seq. ). In this section

we shall estimate the magnitude of G^ from published da¬
ta relating to scintillation efficiencies, While the pre¬

cision obtained will not be great ( i.e. ± 25$ 5, it will

suffice for the present purpose.

No measurement of the absolute scintillation efficiency

of a solution scintillator has been reported in the liter¬

ature, it has been the general practice to measure the lu¬

minescence of the solutions with reference to a standard,

usually a single crystal of anthracene, placed in the same

flux of ionising radiation. Thus Kallmann and Burst (59)

report that the luminescence of a solution containing 1 Gpl

of anthracene in hexane is 0.016 relative to that of an

anthracene crystal of equal mass, exposed to the same flux

of V-radiation ( Chap. I, Sec 1 ). The absolute scintil¬

lation efficiency of the solution can therefore be estimated

in relation to the absolute scintillation efficiency of

anthracene. Several estimates of this latter quantity are

to be found In the literature. Table 4, lists those for

which some of the details of the measurements are given.



II s 3 70

Table 4,

The absolute scintillation efficiency, <t>

of crystalline anthracene:

Radiation <fi t photons/lOOev Authors

V's 1.2 Mev (ave)

e' s 15-25 Kev

5.3 Mev

1.7

1.4

3

Ramler and Priedmann (99)
Birks and Szendrei (14)

Purst, Kallmann and
(45)Kramer

A brief consideration of the values compared above may il¬

lustrate the difficulties involved in the measurements of the

absolute scintillation efficiency. Ramler and Priedmann have

made an accurate measurement of the energy absorbed by a crys¬

tal of anthracene exposed to a known flux of monokinetic elec¬

trons, but their value of <p above relies upon an assumed va¬

lue of light collection and photocathode efficiency, Birks

and Szendrei have made an accurate measurement of the absolute

scintillation efficiency of anthracene for 5.3 Mev a-partides,

but the value for 6.3 Mev electrons depends upon a determina¬

tion by Hopkins (133a) of the relative efficiencies of 5,3

Mev electrons and oc-particles. This latter determination is

in some doubt because of the different distribution of light

emitting centres in the crystal for the different types of

excitation, Purst et al have used an ingenious method to de¬

termine the response of their photomultiplier to a light-

source of known intensity emitting in approximately the same



J

Mpl Anthracene

Pig. 13- A plot of (J. vs the anthracene concentration
in hexane solutions. k' = 610 for.this system.
Saturation with respect to dissolved anthracene oc-

curs at ca 6 X 10 Mpl.
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spectral region as the anthracene fluorescence, but consid¬

erable uncertainty must be attached to their estimate of

the y-ray energy absorbed by the anthracene crystal used for

the measurement of (p . In view of these uncertainties,
the values of compared above are probably in fairly good

agreement.

In this calculation we shall assume that

<p ~ 2 phot./lOOev •

This value is probably correct to ± .5 , i.e. ± 25$.

Recalling that the absolute fluorescence efficiency of crys¬

talline anthracene is 0.9 and that there are 0.32 an¬

thracene molecules excited in hexane for every anthracene

molecule excited in the crystal ( See p. 9 ) in the compar¬

ison made by Kallmann and Purst (59), then the number of

anthracene molecules excited per 100 ev of -Y-ray energy ab¬

sorbed in a solution of the above concentration isi

Gr+ - —-— 1 0.32 - 0.71z
0.9

G^ for any concentration of anthracene can be calcu¬
lated from the value just found for 1 Gpl ( 5.6 1 10Mpl )

and f , the fraction of the available energy transferred to

anthracene ( See p. 65 ). Pig. 13 shows G^ plotted as a
function of the anthracene concentration.

It is of considerable interest that G^ reaches a limit
of 0.92 at a concentration of ca 10""1 Mpl, This situation
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is purely hypothetical, since the solution becomes saturated
—3

with anthracene at a concentration of ca 6 X 10 Mpl, but

it is of interest because it represents the concentration

at which the energy transfer process would become "saturated",
At 10""1 Mpl the mean separation between anthracene mole¬

cules in solution is approximately 25 X, The energy trans¬
fer process therefore has a rang© of approximately 12 X, or

$
two molecular diameters.

3a. The Mature of the Background Luminescence;

With established absolutely, we may reconsider the

nature of the background luminescence which became evident

in very dilute solutions of anthracene in hexane. In what

follows we shall refer to the intensity of the anthracene

fluorescence which was * optically' excited by this background

radiation rather than intensity of background radiation mea¬

sured by the ? M, since the spectral distribution of the

background radiation - and hence the response of the P M -

was not known.

It has been noted above ( p. 60 ) that the contribution

of 'optically' excited molecules to the fluorescence at ca

10~3 Mpl was less than 10$. At this concentration is

0.35 and I is 0.153 ( p. 65 )« G for uhoton emission

is therefore

^emission " °-36 X °-155 " °-064 '

The mean energy of the fluorescence photons is about 3 @v.

¥ O
The molecular diameter of hexane is 6.7 A, calcu¬

lated for spherical close-packing of the liquid. That
of anthracene is 3.3 A (16).
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The energy emitted as fluorescence is therefore roughly

( , Q*05^— x 3 - 0.0016 or 0.16 56 )
100

0,16$ of the total energy absorbed by the solution. That

emitted by 'optically* excited anthracene is rather less

than a tenth of this, i.e. ^0,01$. At the concentration

of anthracene at which all the background radiation was ab¬

sorbed ( ca 1G~*4 Mpl, p. 61 ) the fluorescence efficiency

of anthracene is 0.23 (21); and hence the background

emission must have corresponded to roughly 0.06$ of the

energy absorbed by the hexane. This is of the correct or¬

der for derenkov emission. Belcher (7) has calculated that

in water approximately 0,02$ of the energy of a 1 Mev

electron totally absorbed is emitted as derenkov radiation
o

between 3000 and 7000 A. While this figure depends to some

extent upon the index of refraction of the absorbing medium,

it depends very markedly on the spectral limits defined,

since the intensity of the derenkov emission varies inverse¬

ly as the wavelength. It is estimated that in hexane

( n - 1,37 - 1.38 ) between the limits of 1700 and 4000 A

the efficiency of derenkov emission is 0.1$ of the energy

of the 1 Mev electron. Since the mean energy of the Comp-

ton electrons traversing the solutions under consideration

was less than 1 Mev, and since part of the background e-

mission undoubtedly came from the Pyrex walls, a closer es¬

timate and comparison cannot be made. It is concluded, how¬

ever, that derenkov emission would account for the background.
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-20 0 20 40

Temperature in °C

Pig. 14. Measurements of the intensity of V-ray excited
—4

fluorescence in a 5 X 10 Mpl solution of anthracene
in hexane as a function of the temperature. The straight
lines are given by the expression ( see opp. )

P = F0 - 10"4 at.
The data are normalized for F0 =0.26 at t = 0 °G.
Filled circles represent measurements with a 'brown' cell,
open circles measurements with a clear cell. See p.75.
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4. The Temperature Coefficient of the Fluorescence:

Bowen and Gook (18) have measured the temperature co¬

efficient of fluorescence of anthracene in several solvents#

and find that their results fit the general equation:

F F0 10"*4 at

in which F is the fluorescence efficiency at t °C, F0

the fluorescence efficiency at 0 #G, and a is a constant,

characteristic of the solvent. Several values of a are

listed in the table below*

Table 5*

Values of a found by Bowen and Cook (18) for

A: Anthracene; B: 9*10-dichloroanthracene in

kerosene CHCl^ CH^GOCH^
A: a® 6,9 -5*9 -3#1 2*45
B: a » 88 36 46 56

Some values of a for 9,10-dichloroanthracene are in-
*

eluded above for comparison, Metcalfe has shown that a
t

for anthracene in hexane is approximately equal to a for

anthracene in kerosene*

Fig, 14 shows some results of measurements of the V-ray

excited fluorescence of anthracene in hexarie between -30 °0

and +50 °C, The measurements were made on solutions con-

taining 5 - 6 X 10 Mpl anthracene, deaerated and sealed

under vacuum by the techniques described in Chap. I, Sec. 2.
¥

Dr, E, J. Bowen, private communication. An
error in the published form of the general equa¬
tion (18) was also communicated.
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The measurements were made with a modified version of the

apparatus shown in Fig# 7b, A greatly enlarged cooling ja¬

cket was used, consisting of a cylindrical tin 4" in diame¬

ter by S" high, mounted on a wooden base which fitted

snugly into the aperture in the P M housing ( W-W in Fig.7b )#
The measurements were made without a filter, since it was

important to know to what extent a temperature dependent

background luminescence ( e.g. from the Pyrex ) might af¬

fect the results. A slight negative temperature coefficient

of background luminescence was in fact found, and the uncer¬

tainty which this introduced lead to an experiment with an

irradiation cell which had been "browned" by a prolonged

exposure to an intense source of V-rays. This treatment

greatly reduced the luminescence of the glass ( Chap, II,

Sec. la ) and also rendered it completely opaque to the an¬

thracene fluorescence. A transparent window was therefore

made in the end of the cell nearest the P M by carefully

annealing the glass in a small flame confined to this end

of the cell, The solution was then made up in this cell

in the usual way, the only other part which was annealed

being a relatively small portion of glass at the end sealed-

off from the still.

The results obtained with a"browned" cell are compared

in Fig. 14 with results obtained with an annealed cell. The

background luminescence of the glass has been subtracted

from the latter measurements. Both sets of data can evident¬

ly be described by the general equation on p. 74, using
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a value of 21 for a. The scatter of experimental points

is considerably greater than in measurements at a single tem¬

perature. A possible explanation of this is that the temper¬

atures recorded by the thermocouple were not uniform through

the sample, and that a lack of reproducibility was caused by

this. A more uniform temperature could probably have been ob¬

tained in a smaller sample, but at the cost of fluorescence

intensity.

Mo correction has been applied to the results in Fig. 14

for the 3-4$ change in the density of the solution over the

temperature range studied. Likewise, no correction was made

for the small contribution (< 6$ ) made to the results by

self-quenching ( p. 65 }. The combined effect of these cor¬

rections would be to diminish a by 10-15$. The value a-

bove should probably be reduced to oa 19, but in view of the

rather large experimental errors the correction is of doubt¬

ful significance. A value of a two to three times as great

as that found by Metcalfe ( p. 74 ) for anthracene in hexane

appears to be definitely established, however, and this dif¬

ference in magnitude is possibly significant. In the measure¬

ments made by Metcalfe and by Bowen and Cook the anthracene

fluorescence was excited by light absorbed only by the an¬

thracene# The temperature coefficient therefore measures the

effect of temperature on processes subsequent to excitation.

In the present vfork both these processes and those occurring

prior to excitation may be affected by the temperature, i.e.

part of the temperature coefficient may relate to energy trans¬
fer.



ev / 5 ml

Pig. 15. A plot of the data for and in Table 6. opposite.
The amounts of and hydrocarbons are too small to be

plotted.
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fio
5. Radiolysis of n-hexane by Go V-rayss

5 ml samples of n-hexane prepared as described in Chap¬

ter I, section 2. were irradiated in Type A irradiation cells

( Fig. 3 ) with the 88Co sources described in section 1. of

Chapter I. The irradiated samples were analyzed using the ap¬

paratus and methods described in section 3», Chapter I. The

o/-ray energy absorbed by the 5 ml of liquid hexane in each

experiment was calculated from the actinometric data given
*

in Table I, Chapter I. The absorption in the vapour phase

was negligible compared with absorption in the liquid. The

analytical results are tabulated below, and are plotted in

Fig. 15 as a function of the absorbed energy, which has been

expressed as ev absorbed / 5 ml of hexane to simplify the

calculation of the radiation chemical yield, Q , i.e. the

number of molecules formed { or destroyed ) per 100 ev ab¬

sorbed by the hexane.

Table 6.

Analyses of irradiated samples of n-hexane:

Energy absorbed: Gaseous products formed / 5 ml:
ev / 5 ml j±MJI2 uM CH1 IiM-£2H6 & 0 4-

0.64 X 1018 0.05 0.005 0.002

4.9 0.38 0.027 0.012 0.01 0.002
8.5 0.66 0.060 0.057 0.002 0.002

11.6 0.90 0.078 0.104 0.002 0.002

14.1 1.10 0.10 0.142 - 0.005

16.9 1.32 0.10 0.185 - 0.005

Ng was less than 0.001 uM / 5 ml in all samples.

See, however, note at foot of Table I ( p. 14 ),
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Evidently is the chief gaseous decomposition pro¬

duct of the irradiation of liquid hexane. CH4 and C2H6 are
formed in relatively much smaller quantities, the latter

being the only 'Cg* product* As discussed in section 3.,
Chapter I, G2H2, C2H4 and unsaturated 'C^' and ,C4* hydro¬
carbons were sometimes found, but it was later established

that these were formed from hexane vapour thermally decom¬

posed on hot Pyrex when samples were sealed off without ade¬

quate precautions to cool the hexane to -196 ®C,

The results above lead to the following values of G

for the productsi

Gtj ® 4.86 Gnw 88 0.40 n 0 0.68
JJH2 " 4*86 GH4 " 0,40 G2H6

The yield of was calculated from the slope of the

curve for CgH6 in 16 after the induction period. The
yields of the higher hydrocarbons are negigibly small, at

least in the initial stages of the decomposition which are

considered here.

In Table 7 below the values of G just found are com¬

pared with values calculated from data in the literature.

The comparison is made with reservations, since the pub¬

lished data are meagre and much of the work is semi-quanti¬

tative. The results from early work with Rn a-particles

have the disadvantage that the primary decomposition was

allowed to proceed to such an extent that secondary reac¬

tions must have contributed appreciably to the results. In

this work and in the work with 170 KV electrons an un-
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satisfactory feature of the results lies in the uncertain¬

ty which must he attached to the estimation of the absorbed

energy (84). The value of Gg for 170 KV electrons in Table 7
is an assumed one, and the assumption implies that only 4$
of the electron energy was dissipated in the hydrocarbon.

Reference to Glockler and Lind (B 6, p.75) will show that

the fraction of the energy available may have been of this

order. Undoubtedly the most valid comparison is to be made

between the present work and that of Forsyth, Weber and Sehu-

ler. Unfortunately, they report only the evolved.

Table 7.

Values of G for hydrocarbon radiolysis:

Reference;

n-°4H10gaS En*'s 4"X °-75 °-77 "Sardwell (72).
Honig and

Sheppard (LIO).

Radiation;

Rn cc's
~H2
4.1

£CII4
0.73

-C2H
0.77

•• 4.3 0.54 1.0

8 Mev d's 5.5 0.32 1.6

170 0 e's (4.7) 0.47 ?

6oCo V's 5.4 ? ?

.3! X-rays

6oCo V's

4.3 ? ?

4.86 0.40 0.68

n_06H14 liq. 170 " e'S (4.7) 0.47 7 "ft6).
n-°7H16 11,. 60°° V'S 6"4 ? ? ^°Weber'and

Schuler (41) •

n"C6H14 liq. Co V's 4,86 0,40 This work.

The radiolysis of n-butane referred to in Table 7 yield

ed a relatively large amount of a liquid product of general

composition CnH2n( 110 ). A liquid of higher molecular
weight was also found as the main product of the vapour

phase radiolysis of n-hexane by Henri and coworkers (53 ).
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This confirms the qualitative result established by ear¬

lier workers ( B6,p.l49 ) that radiolysis of the paraf¬

fin hydrocarbons leads to the formation of and a sub¬

stance of higher molecular weight than the original hydro¬

carbon.

Lind and Bardwell found 'C4' and 'Cg1 hydrocar¬
bons as well as the products listed in Table 7 from the

radiolysis of and ^3H8 Rn a-particles in the
gas phase ( excluding, of course, the appropriate parent

hydrocarbon in each case ). They noted the absence of un-

saturation even among the gaseous products of higher mole¬

cular weight. Honig and Sheppard noted the same absence of

unsaturation in the *C^' fraction from the radiolysis of
n-C^I^Q, as did Schoepfle and Fellows for the gaseous pro¬
ducts of the radiolysis of liquid n-hexane which were non¬

volatile at -183 °G. It should be mentioned, however, that

Dr. R. A. Back, working in this laboratory with techniques

more sensitive and reliable than those of the above workers

has found unsaturated products from the vapour phase decom-
?10

position of n-CgH.^ ^ ^0 a~Par"t:icles*
The extent of the agreement among the values of G lis¬

ted in Table 7 is surprising considering the diversity of

the sources from which the data were collected. It is evi¬

dence for the fundamental simplicity of the reactions in¬

volved, and supports the hypothesis that the mechanism of

decomposition is independent of the state of aggregation
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of the hydrocarbon molecules, at least as regards the pro¬

ducts listed in Table 7.

An interesting parallel to the work just described is

found in the very extensive studies of the mercury photo¬

sensitized decomposition of paraffin hydrocarbons in the

gas phase ( Steacie, BIO ). For these reactions the primary

step has been established as one involving the rupture of

a C-H bond. The interaction between a hydrocarbon molecule,

RH, and a mercury atom excited to the 6(^P^) level ( 2537 1 )
may be represented as:

(i) RH + Hg 6(^5 + R* + H* + Hg bC3^)
R * and H* represent respectively the free radical and

the hydrogen atom resulting from the primary G-H rupture.

These entities are highly unstable, since each has an un¬

shared electron, and have a correspondingly short lifetime

in the reaction, (i) above is followed immediately by

(ii) H' + RH H2 + R*
since RH is always present in great excess. At room tem¬

perature the radicals disappear by reaction (iii).

(iii) R* + £* R2
These reactions account for the experimental fact that

the mercury photosensitized decomposition of the paraffin

hydrocarbons yields, at moderate temperatures, only Hg and
the appropriate dimer ( or polymer ). Thus Hay and Winkler

obtain from the mercury photosensitized decomposition of

n-C^H^Q at room temperature only Hg and compounds with
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carbon numbers 8 and 12 (62). The same result was found by

Bywater and Steacie for n- and iso~04H10 at temperatures up
to 260 °G (24), At still higher temperatures an<i

•0,' hydrocarbons were found in amounts which increased with
increasing temperature. This result corresponds to the ther¬

mal degradation of the radicals, R*, before they can react by

(iii) above, Bywater and Steacie have studied this phenome¬

non (24,25,26) and have assigned energies of activation to

several of the steps of the thermal degradation. Those pro¬

ceeding by C-C rupture require an energy of activation of

20 iCeal/mol ( roughly 1 ev ), while those involving a G-H

rupture require approximately twice this energy.

Grotto, and Sctoarfe (49) have recently studied the direct

photolysis of in the gas phase by the Xe lines at 1470

and 1295 A. They favour a primary step in the photolysis

similar to (i) above, namely,

(iv) C3H8 C3H' + H*
The propyl radical so formed may be in an electronically ex¬

cited state. Grotto and Scharf propose the following reaction

to account for the formation of propylene in their experiments:

(y) 0jH7t + CjH} OjUg + OjHg
It is uncertain whether the extra electronic energy is

required by (v) , since reactions of this type, i.e. 'dis-

proportionations*, are known to occur in the liquid phase

in the chain terminating steps of ordinary polymerizations (11),



Irradiation time in hours

Pig. 16. Measurements of the rate of evolution from irradiated
hexane at three different intensities of energy absorption.
Open circles are from Type G cell measurements; filled circles
from measurements with Type A cells ( see Pig. 3 )•
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5a. Radiolysis of n-hexane; Effect of V-ray Intensity:

The rate of H2 evolution was measured for three differ¬
ent intensities of energy absorption in samples of n-hexane

irradiated in Type C irradiation cells ( Fig. 3# Chapter I ).
The results are plotted in Fig. 16 opposite. Several single

determinations were made at the highest intensity, using

the Type A cells. These are also plotted in Fig. 16, and

show that there was satisfactory agreement between the two

types of measurements.

A plot of the rate of Hg evolution against the intensity
of energy absorption ( Fig. 16, Inset ) shows that the rate
is directly proportional to the intensity, at least within
the range of intensities shown in the figure. While this

range is not large, it is ample to show that the dependence

upon the intensity does not involve or This
direct relationship, together with the fact that Hg is the
principal gaseous decomposition product, provides very

strong support for the theory advanced in a later section,

that H2 is formed in the primary step of the decomposition
of hexane, and not as a product of secondary reactions re¬

sulting from the primary step.

The plot of nM Hg/bml/Hr against ev/5ml/Hr yields
as the mean value of Gu for the three kinetic runs:

_____ 2

% " 4.78 ± 0.26



rig. 17. The effect irradiation with ol)Co V-rays on the absorp¬
tion spectrum of n-hexane in the far U.V. The optical densi¬
ty ( O.D. ) is plotted against the wavelength. tQ...t4 re¬
fer to increasing total irradiation time. A plot is also
shown ( Inset ) of the change in O.D. at 200 ma as a function
of the energy absorbed in ev/5ml. The irradiation was performed
in vacuum using a Type B cell ( Pig. 3 ). aerated hexane.
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6b. Eadiolysls of n-hexane: Liquid Products:

It was expected, in view of the findings of earlier in¬

vestigations of the radiolysis of paraffin hydrocarbons in

the vapour phase (B7,72,73)» that in addition to the gas¬

eous decomposition products from irradiated hexane a poly¬

meric substance would be found, probably dissolved in the

liquid. Samples of Irradiated hexane did in fact show traces

of a material of higher molecular weight, which was depos¬

ited on the walls of the irradiation cell upon evaporation

of the hexane* The amounts of this material were extremely

small, even after prolonged irradiation at the highest in¬

tensities available, and an analysis did not seem possible.

Moreover, it was preferable to examine the initial stages

of the decomposition when the amounts of this product would

certainly be too small to be detected. It was found, how¬

ever, that the transmission of the hexan© in the far U.V.

was appreciably diminished by irradiation, even after re¬

latively moderate periods, arid a study was made of this

phenomenon.

Samples of n-hexane were sealed under vacuum in Type B

and Type I) irradiation cells ( Figs. 3 and 9, Chapter I )

using techniques described in Section 2 of Chapter I. The

absorption measurements were mad© with the Unicam SP500

spectrophotometer. The results of a typical run are shown

in Fig. 17 opposite. The transmission of the sample was
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measured relative to air, and was corrected for the reduc¬

tion in transmission caused by the cell alone. As a matter

of interest, it was found that aerated hexane had a much

lower transmission in the far 0.¥. than did hexane sealed

under vacuum. This fact undoubtedly accounts for the trans¬

mission limit found in the region of 210 mu by Pirlot (as)

for the purest hexane which he could prepare.

The absorption spectrum of the deaer&ted hexane at t&

in Fig. 17 is probably caused by an unsaturated impurity,

possibly hexadiene (91). The partially resolved peaks have

a separation of csa 1100 cm""1, which corresponds roughly to

a vibrational frequency of the conjugated double bond (94)*
It is estimated that the concentration of the impurity was

£?

roughly 5 X 10"* M ( compare p .40-41) •

The change in the absorption spectrum of hexane caused

by irradiation can be attributed to the development of an

absorption peak to the short wave side of 200 mu. There is

no change in the transmission limit which might correspond

to the formation of paraffin hydrocarbons of greater com¬

plexity than hexane, the so-called " red-shift " of Klevens

and Piatt (63). A strong band in the region of 190 mu is,

however, characteristic of a number of isomeric hexenes

( 27,63,113, ). The molar extinction coefficients of these
3 4

compounds at 200 mu vary between 10 and 3 X 10 on a

decadic scale ( 27,28,113 )• Of these, the extinction co¬

efficients of the n-hexenes and of cyclohexene range from
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1G3 to 4 X 1G3 at 200 hijul (27,113. These coefficients

were determined for solutions in n-heptane.

Tests made with the Type D irradiation cell in which

the products of the irradiation could be distilled into the

ana carrying the absorption cell as well as transferred di¬

rectly into it showed that the substance causing the absorp¬

tion at 200 ma could be separated into a large fraction pos¬

sessing the same volatility as n-hexane and a much smaller

fraction of somewhat lower volatility. If it is assumed

that the products were chiefly isomeric n-hexenes with an

effective extinction coefficient of 2 X 103, it is then

possible to calculate from the change in optical density

( Fig# 17, Inset ) the quantity of unsaturated compounds

formed, and from this in turn a value for the num-

ber of molecules of unsaturated compounds formed per 100 ev

absorbed in the hexane• This is»

SC«G 08 6
thus determined is in reasonable agreement with

the yields of the other products, particularly that of Hg.
Fig. 17, Inset also shows that the unsaturated compounds

were formed in amounts proportional to the absorbed energy,

at least in the initial stages of the decomposition.

An attempt was made to determine the concentration of
unsaturated compounds in irradiated hexane using as a rea¬

gent a 51 10"*3 M solution of iodine in n-hexane. This
has a broad absorption band whose maximum is at 524 my,.
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The molar extinction coefficient was found to be slightly
—4

dependent upon the concentration of Ig between 10 ~ Mpl
—3

and 10 ^ Mpl, The average value of the extinction coef¬

ficient at 524 mn was 760 Mpl^cm"1, The absorption was

therefore adequate for spectrophotometric analyses with a

precision of £2$ in the range of concentrations referred

to above.

It was estimated that the concentration of unsaturated

—4
compounds in Irradiated hexane would be ^5 X 10 Mpl when

the optical density was 1,0 at 200 ma. An addition of

1 part of iodine reagent to 6 parts the irradiated hexane

should yield a solution whose Ig concentration was "50^
lower than in a solution made in the same proportions with

unirradiated hexane, provided the lg reacted quantitative¬
ly with the unsaturated C°0 linkages# It was in fact found

that no difference could be detected between the dilution

with ordinary hexane and that with hexane in which the con¬

centration of unsaturated compounds was estimated to be a-

—4
bout 4 X 10 Mpl, and with a second sample in which the

•**4
concentration was estimated to be 6 X 10 Mpl#

These tests were supplemented by some tests with hexane

Irradiated with a 100 c ^°Go source which became available

toward the end of this research. Negative results were a-

gain found, though the energies absorbed were ten times grea¬

ter. A possible explanation for the3e results is considered

in the theoretical discussion in Chapter III,
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Pig. 18. H2 evolution from pure hexane and from solutions of an¬
thracene in hexane. Both Type A and Type G measurements are

—4
shown for hexane. Measurements for 10 M anthracene were

—"5
made with Type A cells; for 10 M with a Type G cell.
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6. Kadiolysis of Solutions of Anthracenes Gas Evolutions

Fig. 18 shows the results of measurements of E2 evo¬
lution from solutions of anthracene in n-hexane compared

with the results of similar measurements made on pure hex-

ane. Within the sensitivity of the measurements anthracene

has no effect upon H2 evolution. A real effect of 5 - 10#
( compare Gg and G^ at 1Q~*^ Mpl ) would have been detect¬
able between 0.6 and 0,3 itM , Gg (ave) • 4.84 £ 0*16
for the runs shown in Fig. 18.

This result lends support to the contention made by

Burton and Patrick (23) that dissolved anthracene and ter-

phenyl have no effect upon the evolution of H2 from ben¬
zene irradiated with 1.5 Mev electrons. Gw in pure ben-

zene is, however, only 0.036 (23) •

Some measurements of CH^ and CgH^ found in samples
of irradiated hexane and of hexane containing dissolved an¬

thracene are compared in Table 8., and show an absence of

effect similar to that discussed just above.

Table 8.

CH
^ and from hexane and from solutions of

anthracene in hexane:

—4
pure hexane 5 X 10 Mpl A

Gch ...... 0.41 £ 0.1 0.44 £ 0.1
4

GC2E6 ...... 0.69 ± 0.1 0.57 £ 0,1
G (solutions) average of three

measurements.



mp.

Fig. 19. The effect of -/-radiation on the A-spectrum of an¬

thracene in n-hexane. The optical density ( 0. D. ) mea¬

sured in a 1 cm cell ( Type B, Fig. 3 ) is plotted against
the wavelength in ma for different irradiation periods, _tj_.
The concentration is also plotted as a function of the tot-

• al absorbed energy ( Inset ) using ^355 ^ = 11,800.
d d is the A-spectrum of dianthracene ( Weiss ).
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6a. Radiolysis of Solutions of Anthracenes Effect on Solute:

The radiolysis of solutions of anthracene was also ef¬

fected in irradiation cells of Types B and D, and the A-

spectrum of the solution was measured at different times

during the irradiation. It was found that the characteris¬

tic spectrum of anthracene in hexane gradually diminished

in intensity during the irradiation. The results of a ser¬

ies of measurements are shown in Fig. 19.

Since the A-spectrum in the region between 300 and

400 mu is characteristic of the triple-ring system of an¬

thracene, its gradual disappearance must be the result of

the gradual destruction of the characteristic anthracene

conjugation. It is well known that carbon atoms 9 and 10

of anthracene are most susceptible to attack by chemical

reagents. The 9, 10 carbons play the part of a typical di-

ene in the JDiels and Alder reaction with

(36 ). Anthracene readily forms metallic aryls with sodium,

potassium, etc., in which these metals are bound to the 9

and 10 carbons of the molecule (76 ), The reactivity of

anthracene toward methyl free radicals ( 69 ) may be assumed

to be a property of the 9, 10 carbons. With the exception

of the formation of metallic aryls, the reactions above lead

to a destruction of the characteristic anthracene conjuga¬

tion. This effect is, in fact, limited to "addition" re¬

actions, as shown schematically belowj
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except, of course, when the attack upon the anthracene mole-

cule results in an actual destruction of the ring system and

rupture into fragments. 1o add to anthracene in the manner

shown above X must be able to supply an unpaired bonding

electron. The resulting compound is unstable, since an elec¬

tron remains unshared among the remaining carbon atoms. In

the scheme above it is shown as a dot at the 10 carbon atom,

but could equally be assigned to the 11 or 12 carbon atoms

on either side of 9* To achieve stability the compound may

a) react with another part of X , as in the diene reaction,

b) add a second X at the 10, 11 or 12 carbon atom, most

probably the 10, c) react with a second molecule of un¬

stable compound to form a stable dimer.

All of the processes considered above result in stable

products in which the altered configuration of the central

ring effectively isolates the two outer rings with respect

to participation in the electronic resonance characteristic

of anthracene, and the products therefore do not have the char¬

acteristic anthracene absorption spectrum. Thus 9,10-dihydro-

anthracene shows only the spectrum of the two isolated ben¬

zene rings (B6,p.ll4), Bianthracene is another such compound,

and would be formed by alternative a) above if X represents

a second anthracene molecule. The absorption spectrum of

dianthracene is also shown in Pig. 19. The spectrum was

measured by Weiss and coworkers, and was very kindly supplied

by Dr. Weiss.
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The decadio molar extinction coefficient of dianthracene

at 21? ma is 21,600 (Weiss). Assuming that the unknown

absorption peak is that of dianthracene, we calculate that

a diminution of 3.2 X 10"* Mpl of anthracene between t^ and
—6

t2 is accompanied by a rise of 1.3 X 10 Mpl of dianthra¬
cene. While this calculation involves some rather arbitrary

corrections for the very intense anthracene absorption at

262 my. and the background caused by this in the neighborhood

of 217 mu, it shows that the respective concentration changes

are of the correct magnitude to account for the disappearance

of anthracene by dimerization.

It is well known that the photolysis of anthracene in

inert solvents leads in the presence of dissolved oxygen to

the formation of photooxides (37), in the absence of oxygen,

to the formation of dianthracene (B3,67,121}« The reactions

occur with excitation in the region of 365 ma, corresponding

to the first singlet-singlet transition of anthracene. The

reactions probably involve the first triplet level of anthra¬

cene (96), i.e. that in which two of the fourteen it-electrons

are unpaired. Porter and Windsor (96) have found very strong

evidence for a rapid transition from the singlet to the trip¬

let state of anthracene in hexane • It has been demonstrated

in earlier sections of this chapter that singlet excited an¬

thracene is formed in solutions exposed to V-rays, W© next

examine whether this explains quantitatively the disappearance

of anthracene in such solutions by dimerization.
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Fig# 19 ( Inset ) shows the decline in the concentra¬

tion of anthracene with increasing energy absorbed by the

solutions, i.e. with increasing time® of irradiation# The

initial part of this curve permit® the calculation of the

initial yield, G_A, of anthracene molecules altered or de¬
stroyed per 100 ev of v-ray energy absorbed by the solution#

for the data in question this is 0.90. S_A was found to
vary with the starting concentration of anthracene, the va¬

lues over the concentration rang® studied being given fair¬

ly well by the expression*

- 3.6 3 1 10? °AIII.
1 + 3 x io3 oA

where 0A is the anthracene concentration in Mpi.
Expression III should be compared with expression II on

pages 66,6? • Values of 6_A calculated from 111 are compared
with tlx© experimental values in fable 9 below#

Table 9#

Theoretical and Experimental Value© of G_A

Mpl, G_a calc'd* <La exp'l Diff.

1,8 X 10-s 0.19 0.21 - 0.02

3.1 0.31 0.31 0.00

1#1 X xo~4 0.92 0,90 + 0.02

1.2 0.95 0.76 * 0.20

2.0 1.54 1.45 + 0.09

3.0 1.71 1.66 0.06

2.0 X 10-5 3.10 3.60 - 0.60

4.8 3.35 3.00 + 0.36
4

from Expression 1X1 above•
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The values of G . calculated from Expression III agree

with the experimental values - excepting that at 1.2X1G*"4 Mpl -

within the experimental error. This increased rapidly above

a starting concentration of 5 I 10 Mpl because the optical

density of the solution could not be measured directly, but

only after the solution had been diluted. The type D irradia¬

tion cell ( Fig. 9 ) could be used for this measurement, but

the dilution error was rather large, i.e. ± 10$. A second dif¬

ficulty at the high concentrations lay in the uncertainty as

to whether all the anthracene was in solution, the solutions

being nearly saturated at these concentrations. The results

just obtained are plotted in Fig. 21 in the next section.

The limiting value of G^ is 3.6 . Similarly the li¬
miting value of G^ is a/1. This is the maximum yield of
singlet excited anthracene resulting from energy transfer in

hexane solutions ( p. 71 ) and therefore the maximum yield of

anthracene 'destruction* by dimerization will be ^2* This

assumes that dimerization occurs by reaction of a triplet ex¬

cited molecule with a molecule in the ground state. This yield

must actually be less than <v2 , since some processes occur

( e.g. fluorescence ) which do not involve dianthracene for¬

mation. Thus while some dianthracene is undoubtedly formed

by a process resembling photo-dimerization, this cannot account

for more than ca 60$ of the reaction involving the disap¬

pearance of anthracene. Undue reliance is perhaps placed on

the absolute value of G^ in reaching this conclusion, but
it does not seem likely that is in error by more than £25$.



Fig. 20. The effect of anthracene on the formation of un¬
saturated compounds in the liquid phase. The measure¬

ments were made with a Type D irradiation cell in which
the unsaturated compounds could be separated from Anth.

O Hexane, products transferred directly.
® Hexane, products distilled in abs. cell.
C 5 X 10"5 M Anth., products distilled.
3 1.8 X 10~4 M

Q 8.2 X 10~4 M

© 3.5 X 10~3 M
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6b. Radiolysis of Anthracene Solutionss Liquid Products.

fhe unsaturated liquid products formed in irradiated n-

hexane were of approximately the same volatility as the hex-

ane ( Section 5b ) and this made it possible to study the

effect of anthracene on the formation of the unsaturated com¬

pounds, since anthracene and the compounds of anthracene
*

formed upon irradiation of the solutions were non-volatile.

A series of irradiations were made with solutions of

varying anthracene concentration in the Type D irradiation

cell ( Pig* 9 ). At different stages of the irradiation of

a given solution the cell was removed from the irradiation

block, and the volatile components were distilled into the

absorption cell, C, leaving the unchanged anthracene and

the irradiation compounds of anthracene in the bulb attached

to the irradiation cell. The optical density of the liquid

at 200 him. was then measured in the usual way.

Pig. 20 shows the effect of increasing anthracene con¬

centrations on the rate of formation of the unsaturated com¬

pounds absorbing at 200 mu. The change in optical density

is plotted as a function of the V-ray energy absorbed by the

solutions for four different concentrations of anthracene.

Evidently anthracene reduces the quantity of unsaturated com¬

pounds formed in a given interval of time or of absorbed en¬

ergy, but the magnitude of this effect approaches a limit

*
This fact eliminates a large number of 9,10-addltion

compounds as possible products, since the majority of
these are but slightly less volatile than n-hexane.



Pig. 21. The increase in optical density at 200 mu caused by
2 X 1019 ev/5ml ( Pig 20 ) plotted as a function of the
initial anthracene concentration ( open circles ). The
yield, G , is also plotted against the initial concen¬
tration. The curve is given by Expression III, Sec. 6a.
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at the higher concentrations of anthracene. The effect is

more easily seen in Pig, 21, in which aO.D, for 2 X lO^ev/Sml
( Pig, 20 ) is plotted against the anthracene concentration.

The results of Table 9 (p,92) are also shown,

G_a approaches a limit of 3*6 , It is of interest to
consider the possible equivalence

2 A - 1 C-C,

The limiting diminution in & Q.D, ( i.e, 0,48 ) is then equi¬

valent to A = 1.8 j so that A G«l)« in the absence of an¬

thracene corresponds to ~ 2.9 » A corollary to this is

that €. at 200 mu » 4 X 10^. Similarly, the result that

GOC * ^ and that € « 2 I 10 is obtained by assuming
that 1 A - 1 C-C.

Further, if a significant fraction of the anthracene dis¬

appears independently of C*C by a process analogous to photo-

dimerization (pp.91,93) then the argument above leads to the

unlikely conclusion that ^ O^C is the minimum at 4 X 10^,
and that values of the order of 10 may apply. It seems un¬

likely that *photodimerization' would affect significantly the

stoichiometry considered above.

The considerations suggest, however, that the value of

^OC Previously chosen (p,86) may require an upward revis¬
ion, This would result in a corresponding diminution of

Gq-. »e will assume for the purpose of theoretical consi¬
derations in the next chapter that
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7. Summary of Ixperimental Results:

Before proceeding to the theoretical considerations of

the next chapter, we will summarize the experimental results

described above. It should be noted that the corrected va¬

lues of the yields, G , of the different reactions are given

in this summary ( see lote at foot of page 14 ).

a, The irradiation of liquid n-hexane with ^°Go V-rays

causes its decomposition mainly into Hg , Cii4 ,

and an unsaturated compound ( or compounds ) with ap¬

proximately the same volatility as the hexane•

I'he yields of the principal products ares

b. When solutions of anthracene in hexane are irradiated

with V-rays, the absorption spectrum of anthracene in so¬

lution disappears, and is replaced by a spectrum resemb¬

ling that of dianthracene ( p. 89 )♦ !he yield of this

process, &_A , is given by

4,83 ± 0,2

0,41 ± 0,1

0.69 ± 0,1

4 ±2

G
-A ( p. 92 ).

c. The presence of anthracene in the hexane during the

radiolysis has no significant effect upon the yields

of H~2 , CH4 , OgHg , but causes a diminution in the
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yield of unsaturated products. ®QaQ decreases with
increasing anthracene concentration toward a minimum

value of <2.

d. Anthracene fluorescence is excited in solutions ex¬

posed to V-radiation by a process which undoubtedly in¬

volves energy transfer from solvent to anthracene ( see

p, 1, et seq. }. k'» the coefficient of energy trans¬

fer is

k* - 610 ± 60 Mpl"1,
She absolute efficiency of energy transfer, 0^ ,

in units of anthracene molecules excited per 100 ev of

y~ray energy absorbed by the solution, is

°* 0.92 '"A ( pp.65,71 }x 1 + 610 CA

where CA is the concentration of anthracene.

e. $he temperature coefficient of the y-ray excited

fluorescence of anthracene in hexane solutions is ap¬

proximately three times as great as the temperature
, o

coefficient of fluorescence excited by light at 3650 A
( P. 74 )*
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Chapter III s Theoretical Considerations

1. Primary Processes:

V-rays lose energy to the medium in which they are ab¬

sorbed by interaction with the electrons of the medium. The

mechanism of interaction depends both upon the energy of the
60

V-rays and upon the electron density of the absorber. Co

V-rays are absorbed in hexane , anthracene and in Pyrex chief¬

ly by the Compton process, in which the electrons of the ab¬

sorber are ejected from the path of the primary quantum with

a continuous distribution of energies ranging from 0 up to

the energy of the primary quantum* In contrast to the V-rays,

the ejected electrons have a limited range in the absorber,

and hence by far the greatest part of the absorbed energy is

dissipated by the electrons ( For review see 3 9, 33,83,114 ),
In this discussion we shall be concerned only with those

Compton electrons which lose appreciable energy in the hexane.

Those which are stopped in the walls probably have relatively

little effect upon the hexane, though they may cause the walls

to luminesce ( p. 56 ). In hexane the electrons lose energy

by Inelastic collisions with the electrons of hexane, either

with the ejection of an electron from the hexane molecule, i.e.

ionization, or with the transfer of a bound electron to an

orbital of higher energy, i.e. electronic, excitation. Both

processes may involve some transfer of kinetic energy to the

surrounding molecules, i.e. heat. The Compton electrons
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therefore lose energy to the hexane in relatively small,

discrete^ amounts, corresponding to the average energy re¬

quired to produce an ion or an excited molecule in hexane.

The quantity that is usually measured is W , the "energy

dissipated per ion pair formed in the medium" or simply

the "energy per ion pair". This quantity has never been

measured satisfactorily for a liquid, but has been deter¬

mined with reasonable accuracy for several gases.

The lowest ionization potential, V0 , of a molecule

is the energy required for the process

M -j- M+ + e

in which M and <s are both at rest. Accurate measure¬

ments of V.o bave been made for many substances in the gas

phase, both from spectroscopic data and from the appearance

potentials of the ions in a mass spectrometer. V.o and E

are compared in Table 10 for several substances in the gas¬

eous state.

Table 10,

Comparison of and W for gases :

Gas
milium.wiini»i lot ev Jfc, ev Diff., ev Aef

15.422 38.0 t 2 22.6 (B8a,p,469)

H 15,576 37.0 ± 1 21.4 #*

Cfl4 13.1 29.1 16.0 (112)

°2H6 11,6 27.0 15.3 (118)

n~%Hl4 10.1 - (15.0) ? (64)

The values of W are from a list com¬

piled by Dr. T# J .""Hardwick from measure¬
ments made at Chalk Hiver (priv.com.).
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Table 10 shows that more than bOfc of the energy expended

per ion pair is dissipated in processes other than ionization,

le shall assume that W for n-hexane is 25.0 ev, and that

this amount is expended per ion pair formed in the liquid as

well as in the gas. This last assumption, while difficult to

justify theoretically, is customarily made and is probably

not greatly in error (114). On this basis there are, on the

average, 4 ion pairs formed per 100 ev dissipated in the

hexane. .

Table 11 lists the more important ions formed in gaseous

hexane by electron impact.

Table 11,

Appearance potentials of various ion¬
ized fragments of n-hexane: (64)

Electron energy (ev): 10.1 10.9 11,0 11.4

Positive ion : °6h14 c6h13 c5h10,c4u8 °4h9
Elect, en.: 11.6 12.6 14.1 14.8 20.4

Pos. ion : c3h6 c3m? c_h
3 4 °2h5 c2H4

Many fragments of hexane can evidently be formed on impact

with electrons of energy only slightly greater than that of the

minimum ionization potential of hexane in the gaseous state.

This situation should be contrasted with the relative simplicity

of the products found in the radiolysis of liquid hexane ( Chap.

II, Sec. 7 }.
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The energy in excess of fa which is required to produce

an ion pair in hexane (p.99) may produce electronically excited

molecules or be dissipated as heat. Both ionization and exci¬

tation probably occur inefficiently, i,e. with some excess en¬

ergy, Table 11 shows that some of the excess energy may bring

about the dissociation of the primary ions.

Concerning the excited electronic levels of the paraffin

hydrocarbons very little is known. The A-spectra of these com¬

pounds are found in the vacuum U. V. between 1200 and 1600 A,

and probably correspond to the excitation of an outer electron

to levels lying below the photo-ionization limit (27,38,91,93,

115). The lowest ionization potentials of these compounds lie

between 10 ev and 13 ev, corresponding to photo-ionization

limits in the range from 1240 to 950 A. In the paraffin hy¬

drocarbons every outer electron is a bonding electron, and there

should exist a strong coupling between the electronic and vi¬

brational states. However, no vibrational structure has been

detected in the few bands which have been observed.

Duncan and Howe (38) have suggested all the levels to

which transitions can occur may be repulsive, and this has

much support from photochemical evidence. Broth (48) and

Groth and Scharfe (49) have photolyzed, respectively, methane
0

and propane with the 1470 and 1295 A' lines of the Xe dis¬

charge. The primary photochemical process in each case ap¬

peared to be
RH + hV ^ R* + H* .

This process might have been expected when RH - methane, but
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is surprising when EH m propane, since the primary absorption

undoubtedly occurs in one of the C-C bonds of the molecule*

The absorption is associated with the most weakly bound elec¬

trons in the molecule (91,92,93,94,96) and in propane these

are the electrons forming the C-C bonds. The strength of

these bonds is less than the C-H bond strength by about 1 ev

(118,138), There is also evidence from measurements of the

transmission limits of a series of paraffin hydrocarbons (63)

that the first absorption band shifts to longer wave lengths

with an increasing degree of substitution about a central

G-C bond. The band cannot, therefore, be associated with the

C-H bond, and it is a matter of fundamental interest that in

propane a C-H rupture should occur preferentially. The ef¬

fect might be explained if a transition to a repulsive C-H

configuration could be made from the excited level of the

C-C bond. Such a transition is purely speculative, but finds
p 7

a counterpart in the 'intersection1 of the 2g and 1fg

states of the hydrogen molecule described by Magee and Burton

(79) in a discussion of the processes subsequent to charge

neutralization of the H2 ion by electron capture.
The selection rules which determine the primary absorp¬

tion process in the photolysis of the paraffin hydrocarbons

probably do not apply to excitation by secondary electrons,

and in the latter instance repulsive levels of the C-H bond

to which transitions are normally forbidden may be directly

excited. That such repulsive levels exist not far above the
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ground state is demonstrated by the fact that a C-H split

can be induced in paraffin hydrocarbons by collisions with

mercury atoms ( 4,89 ev ), The results of mercury

photosensitized photolysis have been described in Chapter II,

Sec, 5 ( p. 81 et seq.)• The excitation of hexane by Comp-

ton electrons may therefore lead to dissociation into a

hexyl radical and a hydrogen atom ( compare reaction (i)

p. 81 } by a process requiring as little as 5 ev. Refer¬

ence to Table 11 ( p, 100 ) shows that dissociation into a

radical-ion and a hydrogen atom may occur upon impact with

electrons of 10,9 ev energy. If 5 ev is required for

the dissociation, Vc for the hexyl radical must be approx¬

imately 6 ev, or 4 ev less than for the hexane mole¬

cule, That the ionization potentials of free radicals are

considerably lower than the potentials of the parent mole¬

cules is well known (75),

Table 11 also shows that a C-C rupture in hexane can

be caused by impact with electrons of only slightly higher

energy than 10,9 ev. It is therefore to be expected that

some primary dissociations of this type will occur during

the radiolysis,

A somewhat different type of dissociation may be expected

as a result of charge neutralization of molecular ions by e-

lectron capture, a process which has been considered in some

detail for the hydrogen molecule (79). The neutral molecule

resulting from electron capture possesses energy of excitation
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equivalent to V„. For the molecule this is cua 15 ev,

i.e. an amount which is greatly in excess of the H-H bond

energy ( 4*70 ev )• The dissociation proceeds by

Hg + e •#"* H * + H>*
A transition occurs from the excited state resulting from

electron capture (22g) to a repulsive (^g) state yielding
upon dissociation a normal H atom and one possessing about

o

10 ev of excitation energy ( Lyman 1215A }* Both atoms have

at least 0.5 ev kinetic energy, aiagee and Burton (79) con¬

sider this to be the most important process subsequent to

charge neutralization. They state that similar processes

are probable for hydrocarbons (79,p.1971) without, however,

considering the possibility of interaction between C-C and

G-il excited levels#

Despite the evidence in Table 11 it seems possible to

explain the main results of the radiolysis of liquid hexane

on the assumption that the principal primary process is

1. CfiH, .f0,11 ' + B* ,6 14li<i. 6 soln. soln-
It will not be necessary to consider the role of the mole¬

cular ions in the discussion which follows because electron

capture occurs within a time ( ca 10 sec ) which is short

compared with the time required for the processes to be con¬

sidered (152a). Reaction 1. above represents the net effect

of the dissociative processes discussed just above, i.e.

dissociation corresponding to the normal process of photo-
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dissociation, dissociation resulting from excitation to re¬

pulsive ( normally forbidden ) levels, and dissociation re¬

sulting from charge neutralisation by electron capture.

Though 1, is considered to be the most important

primary process, the results suggest that the following

processes may occur to a lesser extents

la. C6H14 ^ C5H11* + 0M3*

lb. °6H14 ^ C4V + C2il6'

lc. G6H14 ^ G3H7* + C3H7#

2a. Subsequent Reactions: Hexane.

The reactiors subsequent to the primary dissociation pro¬

posed above are merely those characteristic of H atoms and

hydrocarbon free radicals# Though such reactions have been

studied in the liquid phase only to a limited extent, they

have been intensively studied in the gas phase (Bll)# The

results of gas phase studies form an adequate basis for the

discussion of reactions in the present system if it is assumed

that the solutions of the reactants are ideal (BIO,Chap.I)•

This assumption is not greatly in error for solutions in hex¬

ane near its boiling point ( i.e. at room temperature )# Hex¬

ane is a non—associated liquid which is inert to most reagents.
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As a solvent for most reactants it merely provides a medium

of relatively high viscosity compared to that of gases. This

has the effect of altering the distribution-in-time of collis¬

ions between reactants, but probably has little effect upon

energies of activation and sterio factors (310,B11). We shall

devote some consideration to the mechanism of a reaction in

hexane as a spherical close-packed liquid in a later section.

In the paragraphs immediately below we consider the probable

reactions of H atoms and hydrocarbon free radicals on the

basis of reactions which have been established in the gas

phase.

H atoms formed by reaction 1. probably react at once

with the surrounding hexane.

2. H' ♦ C6H14 h- H2 *

This reaction is considered to be the source of in

the radiolysis of hexane. It is exothermic by about 0.5 ev

(311,118,138), and in the ga® phase requires an activation

energy of *0.4 ev at room temperature (126). If dissocia¬

tion occurs via the process of charge neutralization (79)*
it seems likely that energies considerably in excess of 0.4

ev may be imparted to the H atom. The reaction is therefore

energetically feasible.

A reaction between the hexyl radical and hexane analo¬

gous to reaction 2., though not ruled out on energetic grounds,

would undoubtedly be very much slower because of steric re¬
strictions.
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The reaction would produce, in any event, no net change in

the system* Should the hexyl radical he formed in a highly

excited state - as would be likely in dissociations following

charge neutralization - the following process would involve

a net changej

3. c6H^3* + C6H14 - C6H14 + C6H13-
+ heat

It should be noted that though the excited levels of the he-

xane molecule may be repulsive, the hexyl radical possesses

an unshared electron whose electronic states resemble ( like

those of the H atom ) the electronic states of the rr-electrons

of mono-olefine (92,93,94). The excited states may therefore
f <m>Q mmfk

have a relatively long life ( 10 ^ - 10 sec ) provided re¬

action 3* is inefficient. The same steric restrictions apply

as above. Furthermore the excited level of the hexyl radical

has no counterpart in normal hexane, and hence an exchange

of electronic energy without reaction is impossible. There

is, however, the possibility of dissociation analogous to

that proposed by Groth and Scharfe above (pp.82,101) for the

excited propyl radicals formed by the direct photolysis of

propane (49).
* C.H19 + H*

(3a) CgH * . 6 12O XJ —n TT 4. nri *
N CgHio + CH3

C4H9* + C2H4 > eto»

The first of these alternatives might account for the
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fact that ilj, and C-C are main products in the radiolysis*
it is, however, difficult to reconcile a mechanism of this

kind with the effect of anthracene on C»C, to be considered

in a later section* The second alternative could account for

the methane formed, but the third is unlikely for the reason

that no ethylene was detected, though very sensitive analytic¬

al techniques were employed ( See fable 2, p.32 ). Similar

objections may be levelled against the other possible alter¬

natives, and it may be concluded that reaction (3a) is unim¬

portant to the present scheme, The reason for this may lie

in the comparative efficiency of reaction 3.

It will be of later importance to consider the energy of

the excited hexyl radical resulting from charge neutralisation

and dissociation. The energy of the neutral molecule will be

10.1 ev ( Table 10, p.99 )* The energy required for C-H rup¬

ture is between 4.1 and 4.3 ev (138). The resulting hexyl

radical may therefore have between 6.8 and 6.0 ev of excita¬

tion energy. If about 1 ev is imparted to the fragments as

kinetic energy, this figure must be diminished accordingly,

and it seems likely that excitation energy of the order of

6 ev may be retained by the radical. This would correspond
©

to emission at a wavelength of 2300 A,

The ultimate fate of the hexyl radicals - in the absence

of competing reactions - will be a) dimerization (11,24-26,52)

4a. °6H13 + C6H13 G12H26 *
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and b) disproportionation (11,24-26,133b),

4b. CgHjJ + C6Hx- ♦ 06H14 4 06H12 .

Compounds of higher molecular weight have always been

found, together with Hg, as the principal products of the ra-
diolysis of hydrocarbons (B?,p#149-,S3»72,110,etc.) The for¬

mation of unsaturated compounds of approximately the same vola¬

tility as hexane is evidenced in this work by the appearance
Q

of a strong absorption band at ca 1900 A in the irradiated he¬

xane ( Chap# II, Sec# 5b ). The failure to generate sufficient

quantities of the unsaturated compounds to be identified by the

Ig reagent by using the 100 c %o source may be attributed
to the following reaction, which undoubtedly becomes important

at high radiation intensities, or on long exposures;

R* + -6»C~ R-C-C* ,
#• ♦ ♦ ♦
f m # ♦ • »

R—C—0 * 4 -OC- fi—C—C—C—C * , etc#,
• #

leading eventually to the reduction of the concentration of C-C

to a low steady state value when the rate of destruction by the

reactions above was balanced by the primary formation of C^C#

Here R* may be the hexyl radical, or may be a smaller radical

generated by reactions la - lc«

Reactions analogous to reaction 2# may occur for the ra¬

dicals formed by reactions la - 1c# The reaction

5a# CH^ + C6H14 CH4 + CgHjJ
occurs in the gas phase with an activation energy of 8.1 Kcal

/mol
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and with a normal frequency factor (11?) of 2 X 10*"*" (126)*

Similarly, ethane may be formed by

6b. C„H * + G^-H, „ «*- C-H,- + CJ *25 6 14 26 6 13

with approximately the same activation energy, but at a slow¬

er rate owing to steric restrictions (24), The induction per¬

iod observed for the evolution of ethane ( Fig, 15, p« 77 )
I

might be explained as the result of a competitive reaction be¬

tween the ethyl free radicals and a residual impurity in the

hexane, e.g. that causing the residual absorption in the U.¥.

To account for the virtual absence of *0^* and •C^' hy¬
drocarbons among the products, it must be assumed that reac¬

tions such as 5a, and 5b, involving propyl and butyl radi¬

cals are very efficient owing, presumably, to steric restric¬

tions. It should be noted that there is no evidence for reac¬

tion lc«, aside from the traces of propane found, although

the reaction involves the. rupture of the weakest bond in the

molecule.

2b, Some Consequences of the Theoryi

Before proceeding farther, we shall consider briefly some

of the consequences of the theory just proposed.

a) It was assumed (p.100) that ^Xiq. " "vapour *
Is for the light paraffin hydrocarbons are not greatly differ¬

ent from W for hexane.- The same reactions are assumed
vapour

to occur in the liquid as in the gaseous phase. It therefore
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follows that the yields of the various products of the ra-

diolysis of the lighter hydrocarbons in the gas phase should

approximate to the yields of the same products in liquid he-

xane. That this is so is shown in Table 7 (p.79).

b) On the basis of reactions 1-5, the yield of free

hexyl radicals, GR , in liquid hexane is given by

°s - 2eH2 + gch4 + 8c2H6
» 10.3 radicals/100 ev.

On the same basis, the yield of radicals of all kinds must be

at least 12/100 ev.

Magat and co-workers (97) have measured GR by a method
sensitive to all the radicals for a number of organic liquids.

They list the following values for the paraffin hydrocarbons!

I4qul<* 0R
n-heptane 9.9
n-octane 11.4

cyclohexane 14.3

c) Since GR 12 and Gq.q 4, the yield of the
dimer, K0 , must be

G ? -

R2
The relative yields of dimerization and of disproportion-

ation are different from those determined by Ivin and Steacie

for ethyl radicals in the gas phase (2dim!ldis). Though part

of this difference may lie in the uncertainty attached to

a real difference may exist owing to difference in structure

(11). Diraerization should, however, be favoured in solution.
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2c. Subsequent Reactions: Solutions.

In solutions of anthracene in hexane absorbing V-radia-

tlon, a reaction between anthracene molecules, A , and the

radicals, R% can compete with reactions 4. and 5. (p,89).

6. R * + A - RA*

R* may be any reactive species ( e.g. an H atom ) but

in view of the unaltered yields of CH^ and in
solutions of anthracene (p.88) it seems probable that only

reactions with hexyl radicals are important. The reaction

is shown as a 9-addition (p.89} involving a transition from

the singlet ground state to the lowest triplet state of an¬

thracene. Sswarc (123) has recently demonstrated the feasi¬

bility of reactions of this type. In this instance the reac¬

tion requires not more than 0.6 ev activation energy, and

possibly less than 0,3 ev.

A reaction between R* and A in which R* abstracts

an H atom from A ( analogously to reactions 2,,3.,5a.,5b. )
while energetically feasible, does not appear to be important,

possibly because of a high activation energy.

Reaction 6, must compete with the radical recombination

reactions 4a. and 4b. which, though somewhat restricted by a

steric consideration, proceed with 0 activation energy. That

it does so at all effectively Is due to the relatively high

concentrations of anthracene present at all times. Even at
17

the highest intensities of Y-rays employed, 3 X 10 ev/5ml/hr,
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the rate of generation of hexyl radicals was ca 10~10Mpl/sec,
and the Instantaneous concentration of radicals was probably

**Q
not greater than ca 10 Mpl, both quantities being calculated

on the basis of uniform distribution of the radicals throughr-

out the solution# Such a calculation is, of course, a simpli¬

fication because the radicals are formed in the tracks of the

Compton electrons and secondaries and may initially be in local
—Q

concentrations much higher than 10 J Mpl# She problem in

non-homogeneous reaction kinetics which this situation raises

has been considered in detail by Dewhurst, Samuel and Magee

(132a) but is beyond the scope of the present work. If the a-

bove simplifying assumption is made, arid it is further assumed

that the energy of activation of reaction 6# is 0,4 ev and that

the steric factors for reactions 4a#, 4b* and 6, are identi¬

cal, then we find that these reactions should proceed at the
-4

same rate at anthracene concentrations of the order of 10 Mpl#

This agrees very well with the magnitude of the anthracene con¬

centrations for which an appreciable diminution in wag

found, as is to be seen in Fig 21, p#98.

The compound, RA*» is a new free radical, stabilised to

some extent by resonance, but requiring an additional electron

for chemical stability (p#90)• Neglecting the unlikely event

in which R is a diradieal, there are only two reactions by

which RA* may be stabilized?

6a, RA* + R* RAR * and

6b# RA* + RA* -v RAAR .
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EAR and EAAR are both compounds with A-spectra re¬

sembling that of dianthracene (pp.90,91)* Reactions 6a.

and 6b. both require little or no activation energy, and

are therefore relatively rapid, probably comparing in velo¬

city with reactions 4a* and 4b. Reaction 6* is the slow,

or rate-determining reaction of this group*

It will be noted that the formation of EAR corres-

ponds to the equivalence, 1 A » 1 0»C , considered on

p. 95 above# The formation of RAAR similarly corresponds

to the equivalence, 2 A =* 1 G«»C* Ho account has been

taken of the effect of anthracene on GD in this considera-
2

tion (p.Ill)# If GR » {Gc=c, as found above, and a re¬
duction in Gfi equal to the reduction in &QaQ is brought
about in the presence of anthracene, considerations like

those on p.95 lead to the conclusion that a reasonable value

for €c=!q is obtained only for the case that 1 A 88 1 OC ,

i.e. when reaction 6a. predominates. Such considerations

are somewhat speculative, since Gw has not been measured
k2

directly.
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3* A Mechanism of Energy fransfer#

A theory of energy transfer in solutions must meet the

following criteria*

1) Transfer must be complete in £a ID"*10 seconds* (p*5)
2) It occurs with the same efficiency in such diverse sol¬

vent© as hexane and xylene* (p*67) i.e. k^ • k.*.
3) It occurs in solution over distance© of 2 molecular

diameters* ( p.?2)

4) It probably has an appreciable negative temperature

coefficient* (p.74)

An ingenious mechanism of indirect excitation by ionising

radiation, due to Weiss (131)» was omitted from the discussion

in the Introduction* It is considered here* feiss points

out that there is a ©mall rang® of energies for the secondary

electrons - near the and of the electron track - in which the

electron has insufficient energy to excite the solvent, but

may still excite optical levels of the solute* This mechanism

meets 1} and 3) above , but fails to meet 2) and. 4). The

electronic spectra of hexan© and anthracene are widely sepa¬

rated, while those of xylene and anthracene strongly overlap*

On '.Teles *s theory the efficiency of excitation in hexane

should be greater because of the greater rang© of energy a-

vailable to the electron. The only significant effect of

temperature, a slight variation of the intensities of the

spectra (87), cannot account for the coefficient in 4) above*
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A second theory, that due to Reid (p.3,ref.85,86), re¬

gards energy transfer in solution as a process occurring with¬

in a complex between the solute and solvent molecules. The

properties of such a system would probably fulfill all four

requirements above, There is evidence, however, that the ben-

senoid solvents interact much more strongly with anthracene

than does hexane # The 0-0 separation of the A- and F-spec-

tra (pp.9,10) is almost twice as great in the former solvents

as in hexane (104). The greater electronic coupling should,

on this theory, result in more efficient transfer.

The Birks, or photon transfer mechanism (p,2,B2,12) does

not appear to be applicable to solutions of anthracene in hex¬

ane. The solvent is non-fluorescent, the excited electronic

levels being repulsive.

Two mechanisms to be considered require a collision be¬

tween an 'active1 solvent molecule and the solute molecule,

the charge transfer mechanism due to Haynes (p.2,Rl), and the

mechanism involving excited solvent molecules due to Furst

and Kallmann (pp.2,3,ref.44). W@ consider briefly below whe¬

ther a collisional mechanism can account for the velocity and

the range of energy transfer in solution,

A collision mechanism in solution differs from that in

gas by the fact that the collision partners are "hemmed in"

by molecules of the solvent (BIO,Chap*I,16,42)• The part¬

ners are contained in a cage of solvent molecules in which

several collisions may occur between the partners before one

of them escapes from the cage, i.e. diffuses away. Such
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groups of collisions have been termed encounters. A conse¬

quence of encounters in solution is that if the probability

of a reaction between two molecules is not negligibly small

per collision, each encounter may lead to reaction. The rate

of the reaction is then the rate at which the reactants dif¬

fuse together in solution, i.e. the rate is diffusion controlled

The quenching of fluorescence in solution is a type of diffu¬

sion controlled reaction (16,17,127). A mechanism of the same

kind might account for the reverse of quenching, i.e. excita¬

tion. The reverse process is in fact inherent, since the

quencher may be excited.

For the discussion which follows we will adopt as a mo¬

del of hexane a spherical - close-packed liquid similar to

that which has been considered in some detail by Fowler and

Slater (42). The effective diameter, d , of the hexane mole-

cules in such a liquid is 6.7 A. The model is not seriously

divergent from current theories of the structure of liquids (46)
In close packing, each molecule of hexane is contained

in a cage formed by twelve of its neighbors, the linear di¬

mensions of the cage being of the same order as d» At room

12
temperature each molecule makes 7 X 10 collisions per sec¬

ond with the walls of the cage (42). In a majority of these

the molecule is simply reflected back into the cage, but in

collisions in which the molecule has energy greater than a

critical amount, it will 'escape' from the cage by exchanging

positions with one of the molecules forming the wall. It thus
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it thus moves a distance d in diffusion. Shis process is

then repeated in a new cage, each successive displacement,

d , feeing in a direction independent of that of the proceed¬

ing displacement. The molecule therefore executes Brownian
——_ o

movement in which the mean displacement per diffusive

♦jump' is given fey Einstein's expression (B4)

II J IIIIIIWI O %
aX - dV 3

The critical energy for a diffusive collision in hexane is

'v2 Kcals/mol (BIO,p.12). Hence at room temperature the

fraction of the collisions , 0.03 , result in an escape from
* —10 ?

the cage. In an interval of 10 seconds 7 X 10 collis¬

ions are made, v2Q of which result in a random displacement,

d. Using Einstein's expression for the ggn displacement,
—10

we find that in 10 seconds the molecule under considera-
o

tion has suffered a mean displacement of 17.5 A. It thus

moves a distance of Between 2 and 3 molecular diameters.

Though the model afeove would have to be modified if, in¬

stead of the motion of a molecule, the motion of an ion or

excited molecule were to fee considered ( i.e. these are re¬

spectively smaller and larger than the normal hexane molecule ),
the model shows that energy transfer fey collisions is well

within the realm of possibility. Unfortunately, the mechan¬

isms under consideration fall down for other reasons.

*
It is assumed that the molecular energies have a

Boltzmann distribution (42).
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To be effective, the charge transfer mechanism requires
—10

that the solvent ions have a lifetime of at least 10 sec¬

onds, whereas they are neutralized by electron capture in

probably less than lO""1^ seconds (132 a ). The mechanism

due to Furst and Kallmann requires long-lived excited states

of the hexane molecule, and hence cannot be applied to the

present system.

These criticisms, which apply to ions and excited mole¬

cules, do not apply to the excited hexyl free radicals, G 6H13*
formed by dissociation after charge neutralization. These may

have a natural lifetime equal to those of most fluorescent

molecules, i.e. 10~"/- 1Q~ seconds (p.107). They are, how¬

ever, probably efficiently quenched by reaction 3» (p.107),
and it is doubtful whether they would survive for lO""10 sec¬

onds, as required by a collisional mechanism. Collisions are,

however, not required for energy transfer. It has been esti¬

mated that the excited radical may have an energy of excita¬

tion in the region of 5 ev ( i.e. somewhat below the ioniza¬

tion potential of the radical ). This may be emitted as fluor-
0

escence in the region of 2300 A within the natural lifetime.

Anthracene absorbs strongly in this region (Pig.6,p.43). A

strong coupling of the electronic states of anthracene with

those of the excited radical can therefore exist, and energy

transfer by resonance of the type described by Forster (B6,

40,alsol9,43) can occur, Forster has shown (40) that the

time required for energy transfer varies as the sixth power
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of the distance between the molecules engaged# The time for

transfer becomes equal to the natural fluorescence time at a

critical distance, d.0 , determined by the extent of over¬

lap between the electronic spectra of the molecules. For the
©

extent of overlap envisaged here d0 'vlGO - 150 A. The time

required for transfer over 2 to 3 molecular diameters is

therefore 1/10 times the natural decay time, or 10 to
1 fi

10"* seconds, i.e. a time which is short even compared with
~13

the time of molecular vibrations, 10 seconds# Transfer

could therefore occur before the excitation energy of the

free radical was quenched#

The calculations just made are perforce approximate,

and the balance between energy transfer and quenching may be

finer than the above results indicate. Thus the effect of

temperature could be determining by increasing the probab¬

ility of quenching and correspondingly reducing the pro¬

bability of transfer#

It may also be surmised that transfer would occur with

about the same efficiency in both hexane and xylene (p#67)
since it is not the electronic spectra of the solvents which

are involved, but the spectra of the free radicals, or more

accurately the spectrum of the unshared electron in the sol¬

vent radical# On this basis also the increased efficiency

observed with terphenyl may be associated with the greater

degree of overlap between the A—spectrum of this molecule
and the emission spectrum of the radicals* An increase in
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overlap is to be expected because the A-spectrum of terphen¬

yl is at shorter wave lengths than that of anthracene (135,

So.171).

Magat et al (97) have measured GR , the yield of free
radicals, in m-xylene and ethylbenzene and find values

of Gg, equal to 6,3 and 9*0 respectively. These values
are lower than GR • 10,9 estimated for hexane above (p.Ill),
but it is uncertain to what extent this comparison is signi¬

ficant, since the yields of excited radicals may not be in

proportion to GR. The transfer coefficient, k*, is in any
event determined, not by G^ , but by the velocity of reaction
3.

Much work has yet to be done before a firm conclusion

can be drawn as to the precise nature of energy transfer in

solvents other than hexane. In hexane it has been shown that

anthracene molecules may be excited by at least two types of

energy transfer! a) optical excitation by background radia¬

tion in the hexane ( in this instance probably fierenkov ra¬

diation ) and b) excitation by a radiationless process at¬

tributable to resonance of the FSrster type (40) between mole¬

cules of anthracene and electronically excited hexyl radi¬

cals, The latter are formed by the primary dissociation of

hexane molecules absorbing ionizing radiation. The mechan¬

ism of energy transfer to anthracene is but part of a gen¬

eral scheme of reactions proposed to explain the effects

of V-rays on dilute solutions of anthracene in hexane.
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4, Summary!

The experimental results summarised at the end of Chap¬

ter II (p.96) can be explained by a theory built upon the

assumption that the primary radiation chemical process in

liquid hexane is

°6H14m - C6H15' + H* •

The subsequent reactions are summarized below in a sim¬

plified scheme in which EH » hexane, R* ■» hexyl radical,

£ = hexene and E* • excited radical# Reactions yielding

CH4 and @2^6 omitted. A represents anthracene.
1) RH *¥ R* + H*

2) H* m f H2 + R*

5) R* + R* *p- B2
4) R* 4 R* Rx + RH

la) EH mjp R± 4* B*

s) R± + BH ** RH + R* + heat

6) B* + A ♦ A* 4 R* (FSrster)

7) A* undergoes the
have been established (16,17

reactions
,21,66,67,

which
121,etc.)

8) R# A «*> RA #

9) R* + RA* «*• BAR

10) HA'' + RA* RAAR
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The excitation of anthracene to fluorescence occurs by

reaction 6) above which is thought to involve resonance trans¬

fer of the Porster type (40,16)♦ G^ max for this process
is 0.9 whereas G for the primary rupture is 4,9 • Thus

the number of excited radicals formed is rather less than one

fifth of the total formed by the primary rupture# As there

are four ions formed per 100 ev dissipated in hexane (p,100)

this result suggests that there may be an excited radical

formed independently of the ions, i»e, by a process of direct

excitation, but this conclusion is highly speculative,

Reaction 6) is in competition with reaction 5), If it

is assumed that the reduction in the intensity of the fluor¬

escence caused by a rise in temperature is due to the in¬

creased velocity of 6), then using the temperature data we

may calculate an approximate value of the activation energy

for reaction 5)* Using the data in Pig# 14 (p,74) we find

an energy of activation for 5) of 3-4 Kcals/mol, a value

which would appear to be reasonable for this process#

Reactions 8-10) account for the transformation of an¬

thracene to compounds resembling dianthracene• They compete

with reactions 3) and 4)# The minimum value

probably not less than two, even when the reactions 8-10)
become saturated# Such a result can only be explained on

the basis of non-homogeneous kinetics (p,113)# It is hoped

this problem will receive serious attention in the future,

since it is fund omental to the kinetics of radiation chemistry.
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RADIOLYSIS OF LIQUID n-HEXANE
AND SOLUTIONS OF

ANTHRACENE IN n-HEXANE
By Dr. F.H. KRENZ

Department of Natural Philosophy, The University,
Edinburgh

A STUDY has been made in this laboratory ofthe radiolysis in vacuum of pure, liquid
n-hexane and of solutions of anthracene in hexane

by y-rays from a cobalt-60 source. The principal
products of the radiolysis of the hexane were hydro¬
gen, methane, ethane and an unsaturated hydro¬
carbon with approximately the same volatility as
w-hexane. C3- and C4-hydrocarbons were also detected,
but in amounts which were negligible compared with
those of the principal products. A C6 fraction was
never satisfactorily separated from hexane, but did
not appear to contain any important product.

Hydrogen, methane, ethane and the unsaturated
liquid hydrocarbon were formed in amounts which
were directly proportional to the energy absorbed
from the y-rays up to the highest concentrations of
products measured (c. 10-4 M). The yields, O, in
terms of the molecules of products per 100 eV. of
y-ray energy absorbed by the hexane (determined by
ferrous sulphate actinometry, using CrFe3+ = 15-5)
were :

CrH, = 4-89 ± 0-2 (?c = C = 4 ± 2
(?CH, = 0-41 ± 0-1 6'C.Hs = 0-69 ± 0-1

The radiolysis in vacuum of solutions of anthracene
in hexane showed that anthracene in concentrations
up to 10"3 M had no measurable effect upon the
yields of hydrogen, methane or ethane, but caused a
diminution in the yield of unsaturated products.
(?C = C decreased with increasing anthracene concen¬
tration toward a minimum value of approximately 2.
The radiolysis of the solutions was accompanied by
'fading' of the anthracene absorption spectrum. The
bands between 300 and 380 mjjt gradually disappeared,
and were replaced by a new spectrum between 200
and 280 mp, superimposed upon the very intense
anthracene band at 256 mji. The new spectrum
closely resembled that of dianthracene (Weiss, J.,
private communication ; I am indebted to Dr. Weiss
for the absorption spectrum of dianthracene in



ethanol). G-x, the number .of anthracene molecules
disappearing per 100 eV. of y-ray energy absorbed
by the hexane, was described within the experimental
error by the function:

G-a = 3-6 { —3 x 103 M )1 1 + 3 x 103 M J

where M is the concentration of anthracene in moles
per litre.

The results above are explained by a simple
mechanism resembling that which has been estab¬
lished for the mercury-photosensitized photolysis of
paraffin hydrocarbons in the gas phase1. The principal
primary step in the radiolysis of hexane is considered
to be

RH* -> R' + H" (1)

BH* represents an electronically excited molecule
of hexane resulting from primary absorption pro¬
cesses2, R' a hexyl radical and H' a hydrogen atom
formed by the rupture of a C—H bond in hexane.
The rupture may impart considerable kinetic energy
to the fragments, particularly to H", which probably
reacts immediately with the surrounding hexane :

H* + RH —> H2 + R• (2)

The hexyl radical must disappear, in the absence
of competing reactions, by

R' T R' ' r R2 (3u)
or

R- + R- RB. + Rx (36)

R2 is the dimer, dodecane, and Rx is an unsaturated
compound formed by the disproportionation of two
hexyl radicals, that is, it is one of several possible
isomeric hexenes.

The relatively small amounts of methane and
ethane found among the products may result from
(а) the primary rupture of a C—C bond in i?H,
(б) H' atom 'cracking' of hexane3 as an alternative
to reaction (2), or (c) dissociation of an excited
radical produced in the primary step (1). The methyl
or ethyl radicals so formed probably undergo reactions
analogous to (2), forming methane and ethane
respectively4. The reason for the relative unim¬
portance of processes of this type is not apparent.

In solutions of anthracene, reactions (3a) and (36)
must compete with the following reaction :

R- + A -s- RA' (4)

Here A represents a molecule of anthracene, and
RA' is a new free radical resulting from the addition
of R' to A, probably at the 9- or 10-position. RA'
may react with a second R' to form RAR, or may
form a dimer analogous to _R2, namely, RAAR. In
either case a stable product is formed having an
electronic structure similar to that of dianthracene.

The results summarized above are in substantial
agreement with the results of earlier studies of the
radiolysis of paraffin hydrocarbons5, and the theory
successfully describes the earlier results. The yield,
Or, of free hexyl radicals given by the theory is

Gr = 2 (?H„ + &*CH, + Go,H,
= 10-9

On the same basis, the yield of radicals of all kinds
(excluding H' atoms) is at least 12. These values
are in agreement with values of Gr ranging from 9-9
to 14-3 recently found by Magat and co-workers6 for
n-heptane, n-octane and cycZohexane, using an
independent method of measurement.

More recently, Schuler and Allen7 have noted that
the yield, <?h2» of hydrogen from liquid cycZohexane
decomposed by energetic radiation was independent
of the linear ion density of the radiation. Such an
effect is explained in terms of reactions (1) and (2)
above, since the separation between successive ion¬
izations (or excitations) would have to be of molecular
dimensions before recombination of atoms could
compete effectively with reaction (2).

A complete account of the present work has been
submitted for publication in the Canadian Journal of
Chemistry. I am grateful to Prof. N. Feather for
support and encouragement and to Drs. N. Miller
and R. A. Back for much help and advice in the
course of the work.
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