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higher yield ofbfree’i}$ctrqns in the fbrmer compdund which -
Eésu]ted from d highér total ionization yie1d.--
‘The addition Qf-hethéno]:or 2-pr6piho]"to‘équeous

‘ nitFous o&idé sb]u;i@nsrresu]ted in a radiation induced

chain réaction ébove 200°cC. ;The‘yie]dg of nitrogen anﬁ
forﬁa]dehydg, from fhé metﬁahél-sfstem, and hitrogﬁn and
hcepone;,frOm the 2-propén6] system,‘were defe}mfned gs a
functtdn of nitrous okide'COncentratiqﬁ, alcohol éoncentraF
tion, dose rate and temperature. . A chain méchanism was
:proposed‘wh{ch iﬁyg]ved'the;reactﬁon of nitrous oxide with

a -CR2

state treatment of the reaction mechanism yielded a'sét'of

OH radica],hfoduchg a ZOCRZOH radical, ‘Alstéady:

w

equétions which agreed with the experimental reSulfs. 



PART - I.I
\J/,

A pulse radiolysis conductance technique has been
used to measure freelion yields and é]ectron mqbilities
in five paraffins. The five compounds studied,'2,3¥di-
methy]bqtane, 3-methylpentane, 3,3-dimethylpentane, 2,54
4-trimethylpentane and 2,2,4,4-tetraﬁethylpentane were
examjned over almost their entire liquid range. The

free ion yields were determined as a function of electric .

field strength and the Onsager theory was used to obtain

therma11zat1on ranges. The mean va]ue of the therma11za-
tion ranges was found to beg]arger in the more branched

compounds and to increase with temperature. Electron

mobi]ities were determined as a function of electric

field strength and for nearly all condit{onﬁ were found

~to be field independent. The'Arrhenius.pTots of electron

mobility had a complex shape, showing that not only

therma1 activation'effects were operafive A Para]]eT.

Bphav1or between therma]1zat1on ranges and mob111t1es

'1nd1cates that thermal and ep1therma] e]ectrons are

affected in a s1m11ar way by changes in 11qu1d density.

R
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PART I

- RADIATION INDUCED CHAIN REACTIONS IN WATER AT

HIGH TEMPERATURES

,Ey .



I INTRODUCTTION

A General
| Radiation‘chemistry is the study of the chemical
effects resu1t1ng from the absorption of h1gh energy
1on121ng radiation by material (1).7 The absorption of
such radiation by a liquid-produces ionic and free radi- -
cal species which then react further to produce stable
iproducts
Absorption processes for y-rays of about 1 MeV
energy‘areiot two types. The photoe]ectrie'effect fs
o

Athe process where a y ray transfers all of its energy (’

~to an orb1ta1 electron, caus1ng the e]ectron to he eJected

‘

Jnto the medium. This process is 1mportant “for Y-ray
absorption by materiaTs of high atomic number
The second process 1s cal]ed Compton scatter1ng,

'where only part of the energy of the y-ray is absorbed
resu]tlng in an ejected high energy electron and a de-
graded Y photon Compton scatter1ng is the predom1nant
"“mode of 1nteract1on between 1. 17 MeV Y- rays and mater1als'
~of low, atomic, number

‘ High energy e]ectrons producedjby.either'of the
.above processes cause further ionization until their
'k1net1c enengy is lower than the ion1zat1on potential of

»

the molecules in the medium.

D

@ v



S

B. Spatial Distributibp of Ion Pairs Produced by y-

°

Radio]ysis-

When a h1gh energy e]ectron ‘passes through a 11qu1d
ion pairs are‘produced along the track of the e]ectron SO

>that an nonhomogeneous distribution of jons is created.

If the incident e]ectron kinetic energy is of the order
of 1 MeV about two th1rds of the ion pa1rs will-be at a
]arge enough distance from other ion pairs that there is
ﬁo,couhmmic interacéibn between‘them. Forvelectrons with
kinetic ene:gy 5 KeV fhe‘ion pairs,created_along the ;rack--'k
are bunched together so;tﬁaifouhmmic interaction between |

them is important (2). /

C. . Irradiation of Liquid Water by y-Rays

The radiolysis of Tiquid'water by y-rays.involves

a seqqencé_of events. The first stage, enefgy transfer

15 of.less.v The pro-

to the liquid, is complete in 10
cess occurring in this time period can be represenfed by
reaction (1). |
Ho"—'wvf—>'+no+ (1)
2 . € T HE .
The above ionization is followed by the thermaliza-
-tion and hydratioﬁ»Of.the‘electrom, feactioh (2) (3), :
e ’ e therm — > ¢ Eq ’ (2)

pe N . ,A o
and a proton transfer to HZO accompanied by hydration, -



reaction (3)

+ + ’ + '
Ho0' + HZQ T OH + Hj0 — H30 aq * OH: (3)

‘These processes are over in 10_]] s or less. The

ngxt»step lnvo]vgs diffusion and reaction of e aq’ H30 aq

»'and‘OH..Reactions (4) and (5) Hescribe the fate of H30+aq and

e aq,ionsu(4). | : :
;[H30 aqg t € an —» [H;0] — [H + H,0] (4)
/ » , . ‘ ‘
. diffusion + -
-d/ > H30 g * e g (5)

‘The square~brackets 1nd1cate that the ent1t1es are
)

1ﬁ sburs which means that they are c]ose enough to each

other that they might react togeﬂmr?before they can dif-

fuse apart. For 1rrad1at1on by ] ‘MeV y- rays about 30% of

'the ions w111 recombine (reaction 4) and the rema nder

will .diffuse 1nto the bulk of the liquid and becom: free.
1ons (react1on 5). |

| .

.The H and OH radicals in the spur can comb1ne,

reactlon (6),
[H + OH] — [Hzoj _ ' (6)
or diffuse out of the spur, reactdon (7).

[H + 0H] gﬂ_sﬂ"_» H + OH - (7)

The spurs are destroyed by diffusion in a time period of

\



about 1079 5. . ) : o e

]

D. Effect of N20 on y-Radiolysis of Water

Nitrous oxide reacts very rapidly with solvated
e]ectrbns and relatively slowly with free radicals. If
nitrous oxide is added to water the effect_proéuéed upon
radio1jsis dgpends on the N20‘concentratﬁon. At Tow N,0
concehtrations (about 1 mM) essentially all the hydrated
e]ecfrons tﬁat'have escaped into'the bulk. of the'medidm\
(free electrons) wil]lbé scavenged by NZO‘. The process

is déscribed-by,';éactions (8),_(9)_and_(10)w

M0 eTgq T M0 (8)
N, 0T —— N, + 0 (9)
0" + H,0 —3 OH™ + OH (10)
If the N20 concénfratibn is greater than. 0.17 M, not

only electron freé ions will be scavenged but also most’

of the hydrated electrons in spurs;

[ev‘aq + NZO'] ———-» [Nzo—] 3 | '(il)

The N20f ion gives N, and 0" as indicated in
- equation 9, so the Scavehgind'of'spur electrons produces
an incfgase in the N, yield. The number of N, molecules pro-

duced by the absorption of 100 eV of energy is called G(szt

E. ° Radiation-Induced Chain Reactions

Radiation induced chain reactians are 1n5tiqte&rby



the absorption of energy from radiation (5). A typical
seéquence of initiation, Propagation and termination re-
actions for a radiation induced chain process is repre-

sented by reactions 12-19,

Mo —"MWM—m [R + R}

[R + M] ~—> [RH + R’

iation (12)

(13)
(14)

-

propagation
[R'] — [P, +R]

[R + R] ->[P ] ' termination  (15)
_ [R + R] d1ffus1on‘> 2R 2 (16)
R +M—~—>.RH+ R (17)
T . pPropagation
Ctwe RY P+ R A - - (18)

(

R + R ;;;g§”§2 : ermination (19)

where R and R' -are free radiEaT§; P]‘Ls a produc “he
yield of which is propOrt1ona1 to the chain length P2_~
is a term1nat1on product, and M is a 11qu1d which Ab-
sorbs energy from the radiation. The square brackets
in reactions 12-16'indicate that the reacfants are in
spurs. | . '

Some aspects of the Y rad1o]ys1s of 11qu1ds at the
dose rates normally used ( 10]7 eV/mi s, make it pOSSIb]e
Afo eva]uate the 1mportance of the 1ntraspur chain
(reactions 12- 16) as compared to the cha1n process in

the bulk medium (react1ons 16- 19) The cha1n length is _



o

proportional to the reciprocal of the radical concentra- .
tjon and tpg Tocal concentration of radicals }n the §purs
is severa orders of magnitude larger than the homogeneous
concentration 7; radicals in the bulk 11qu1d This means
that the yreld'of P from the bulk medium chain is sev-
eral orders of magn1tude'1argér than the yield of P] from
the intraspur process. ' One is therefore justified in
'neg]ecting the contribution,frow_reactions 13-15 and in

tfeating the radiation induced chain process using con-

ventional homogeneous kinetics.

F. Previous Studies in the y-Radiolysis of N,0-H,0

Mixtures

Nitrous OXL?G has been used as.anladditivé to water
for*a number of Y-radio]ysi§ studies (4,6-16).‘Dainton
and Peterson (8)~determineq yields of “oxygen, hydrogen,
and nitrogen for a ra~je of N20 concentrations from 2 mM
to 23 mM. Yiést'were also studied as a function of pH-
using su]furic»ﬁéf&tand sodium‘hydrgxide to make acidic
and basic so]ut1ons containing 0.014 M N20 The value
| of G(Ny)~c hanged from 0.75 at pH <1 to 3.1 at 4% pH <11,
At pH greater than 12 the G(NZ)-value was 4.1ﬂ
| Allan and Beck (10) examined the y-radiolysis of
aqueous §olution of,2-pfopandl a 20. A value of G(Nz)'
of 2.80 + 0.1 was obtained from ::;5ifradiation of

samples containing 10 mM 2-propanol and 3-9 mM N20

at pH 7. The’Nz-yield,Was insensitive to'2-propan61



.containing 10% ethanol. Between 10°
! AN

-

concentration which is consistent with the fact that'51to-

hols are poor electron scavengers. o

liead and Walker (16) measured the yields of nitro-

gen at N,0 concentrations between 107> M and 3 x 1072 M

for various pH values. The results were interpreied in
terms of a competition between N20 and H30+ ;or‘electrons.
Plots of ]/G(NZ) versus l/[NZO] were ]iﬁear for a given

pH in agreement with the assumption of a competition!

At pH 7 and N_O concentration ~15 mM, G(Nz) was 3.1 the

2

same as the value obtained by Dainton and Peterson (8).
Russel and-*Freeman (4) measured the yield of sol-

vated electrons from the y-radigotysis of aqueous solution

1]
4 and 10'2

M N20
\pdncentratioq the value of G(Nz) was 2.5 for neutral
o :

[
§0\ution. At a N20 concentration of 0.25 M the value

//bffG(Nz) was 4.0.

i

>
\

The above results lead to the conc]usiﬁn that the
yield of free solvated electrons in witer is between 2.5
and 3.0. At low pH the yield of Né is dete;;ined by a
competition betweenlNZO and H3O+ for elecfrons.\‘A N20
concentration of 10 m» a~ pH 12 or 0.25 M at pH 7 can lead

to scavenging of virtually all electrons”in spurs and

give a G(Nz) of 4.0. : -



Mixtu;es
Dainton and Peterson (8) have measﬁred yﬁe]jS/ﬂf
2O

N The

2 from the y-radiolysis of solutions of N20 in D
value of G(NZ) obtained for an N20 concentration of
0.016 M and pH 6. 3 was 3.54, about 12% higher than‘the

corresponding value for NéO\Jn water.

H. Radiation Induced Chain React%ons in N20-Water

Systems

A radiation induced chain reéction has been observed‘
in aqueous solutions of N20 and hydrogen (17-19). At
ﬁH ~12, 10 mM N,0 concentration and 0.6 mM hydrogen,
the value of G(N,) was about 20. Above pH 13 the yield
of nitrbgen was,G(Nz) ~80. | | |

High yields of products have beén'observed from the
y-irradiation of alkaline so]ut1ons ‘of N20 and 2- propano]
(20-22). With 2-propanol and N20 concentratxons at
100 mM and ~7 mM respective]y, and pH <11, the value of
G(acetone) was between-5 and 15 (22) Changing the pH
to greater than 12, and keep1ng other conditions the
same, 1ncreased'the_valqé of G(acetone) to ~70! The

results were interpreted in terms of reactions 20-29.

e

| - + ' :
P‘fzo —W——»g aq’ H, OH, H2, HZOZ’.H 0 aqg (20).

i "5—:”

H + OH™ —“»e‘a;], . - (21)

-



10.

OH + on‘——_-» H)0 + 07 n (22)

€Taq ¥ N0 — =N, + 07 C (23)

07 + (CHy) ,CHOH ——m OH™ + (CH),COH . (2a)
0" + (CH.),,CHOH —.—>OH— + CHZ(CH3)CHOH (25)'
(CH,) ,COH + OH” = H,0 + (CH3)2co' , (26)
(CH3)2C0' N0 — (CH3)2C0 +N, + 0~ (27)

CH2(CH3)CHOH + (CH3)2CHOH ———)»(CH3)2CHOH + (CH3)2C0H (28)

U's

2CH2(CH3)CHOH ————)»non radical products (29)

Most of the experiments were done at pH 13.5 and for

the kinetic analysis it was assumed that ..e OH  concentra-

tion was high enough fo convert all H, OH and (CH ) COH
radicals to ions (reéctions 21, 22, and 26). The concent-
ration of NZO was about 100 mM and it was considered that
under these cond1t1ons reaction 27 would ‘Fot be rate de-
tefminingf’ if one considers reaction 29 to be the only'
s1gn1f1cant termination step then a steady state treatment
1eads to equat1on (30) .
N

. Y S A ~
G(acetone) = 24 Gp + {1+ 24 kog R} [2-propanol] (30)
' k25 ks )

‘here Gp = Ge aq + GH’+ GOH and D is the G 2 rate. A
lot oer(acetone) versus 2-propanol concentratlon (0-0.2
) was linear in agrgement with equation (30).  The inter-
ept had a value of 32 + 1. G(acetone) plotted against

/D%, at a 2-propanol concentration of 52 mM, gave a
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straight line with an intercept gf 34 + 1.2. Setting
k24/k256R = 34 and GR = 5.9’gives k24/k25 = 5.8.
Additiona]‘experimenta] information about the above

system could be obtained by meaéuring the nitrogen yield,

~as the mechanism predicts that it will be about equal to

the acetone yield.

I. Object of the Present Work

A good deal of work has Been done on the Y-radjoly-

sis of N20—water mixtures at room temperature but no

’information‘is available about the behavior of this system

at higher temperatures. In the present study nltrogen
y1e1ds are® obta1ned for the Y- radiolysis of solution of

N,O in water and D,0 at 23° C, 81 + 1°C, and 142 + 2°C.

2 v 2

" The chain-prbcesses for the N204water-91cohol'q<d
N20jwater4hydrogen systems described above were studied
earlier at roomQtempereture-only. vIn the present std@y
twovsystems, NZO-methanol-water; and N20—2~proggnol-water,
are examined at radiolysis temperatures between 200 and
310°C at-neturalka. Both nitrogen and forma]dehyde‘
yie]ds are measured in the‘sz methan01 water system and
in the N20 2- propano] water system y1e]ds of n1trogen and

acetone are determ1ned The results are interpreted in

terms of a freevrad1ca1 chain mechanism.

o



IT EXPERIMENTAL

A. MATERTALS
(a) ’Hater

Trfp]y distilled water was used for the final.rinsing
of the sample cells and for the samples. The first distil-
tation was from a so]ution of sulfuric acid and potassium
dichromate (6:1 mo] ratio). The second was from alka]ine‘
permanganate and the third from a f]ask with no additive.
The three disti]]ations were done in a self comtained pnit

that was protected from the 1lab atmosphere by U tubes con-

'ta1n1ng d1st1]]ed water

;(b) Deuterium Oxide-

The deuterium oXide was obtained trom Columbia Organﬁc
TChemica]s Co. and had a pprity of 99.77%. It was further |
| pur1f1ed by d1st11]1ng from alkaline permanganate and
d1st11]ed once more w1thout additive. ,The alkali used in.
the permanganate distillation was KOH and~thejamount of H
added to'the D was Tess tnan 0.01 atom %. Prior to dis-
tillation the glassware was rinsed with DZO' Apout the 4
first-3%.of product from the distillation was discarded
and about 10% of the D20 remained in the dtsti]]jhg flask
after the distil]ation was comp]eted.' An analysis by

N.M.R. showed that the product was .5 atom % H or 1.0

atom % HDO

12



13.

(c) Nitrous Oxide .
< 41

o~

Nitrous oxide supplied by Matheson Company was 98.5%

pure as received. It was bubbled through the concentrated

potassium hydroxide solutions to remove nitrogen dioxide.

(d) Liquid Additives

Methanol (Spectro Grade), n-hexane (Certified), and

2-propanol (Spectro Grade), were obtained from Fisher

o

Scientific Co. They were used as supplied.

(e)  Compounds Used for Analysis’

Compound L | Supplier |
Acetone (Analytical Gréde) Mallinckrodt Canada Ltd.
Chromotropic Acid'(Practich Grade) Eastman Organic Chemi-

_ . ' cals
(4,5-dihydrox -2,7-naphthalenedi-
sulfonic acid
Forrzldehyde (40% solution) | Fisher Scieﬁtific Co.
Sa]icy]aTdehyde (Reagent Grade)i ~ Fisher Scientific Co.

The above reagents were used as supplied.

(f) ' Materials Used in Gas ChromatographyA

~ Compound : _Supplier.
Molecular Sieves 5A ' Union Carbide Corp.

(1/16" pellets)

Helium (99.995%) ~ Union Carbide Carp.

ar



(g) . Miscellaneous

Compound - | . Supplier
Calcium Chloride "B.D.H. (Canada) Ltd.
Drierite \\/“ o Hammond Drierite Co.
Ethanol (95%, used for slush. Standard Chemical Co.
baths) '
Potassium Hydroxide Baker Chemical Co.
B.  APPARATUS

(a) The_Vacuum»System

The main manifold is shown schematically in Figure-

3

II-1. A vacuum'of <10 Pa (<10“5 tdrr) was ach1eved

using a Welch duo-seal vacuum pump in series with a mer-

14.

cury diffusion pump»and traps at liquid nitrogen tempera-

. ture (traps T] and'Tz) in Figure II-1. The pressure was -

measured with.a Philips Gauge (ConsoTjdated Vacuum Corp-
oration, Model 010A)." Theagauge-head was connected to
thé.uacuum_mahjfo]d by a Kovar seal. | »

| The Pyrex glassware useg to construct the vacuum,
sy;tem was c]eanedzby wetting uith ethanol and adding
concentrated nitric acid The heat, produced from the
reaction of the ac1d w1th the sma]] amount of alcohol,
heated the acid and 1mproved 1ts c]ean1ng power. After
the treatment the glassware was r1nsed thorough]y with
tap water and then with - ‘triply distilled water During
construction of the apparatus the glass b]ow1ng was done

through a breath filter of Dr1er1te.



15.

PIojluDW WNNJDA uidYy | -] enBiy

abnoo

sdijiyd oy
\ .

aE:m uolsnyjiq Aindiay ‘dwng wansop

,m wﬂf

Z1 dou]

}

# $3503d0}g WNNODA :o:._ eioq ww(|

_ . /

TN

nﬂ_OtCOE . . #un 27190l

Aloipxny o)

)

&




' K 16

(i) The'SampTe'Preparation Manifold

The system shown in Figure 11-2 was used for the
preparation of Water samples containing additiwes. The
sample cells (Figure I11-3 were constructed from 1.5 mm
'diameter erex glass tubing. ,The‘preparation of eamples
inwolved the foTTowing procedure The 10/30 inner ground
,go1nt was attached to the cell by glass blowing and the
cell was then cleaned by the ethanol nitric ac1d method.

°

The ceTTs were then r1nsed with tap water five times,

once w1th0.25 M NaHCOg, and twenty times with triply dis-

tilled uater,‘fOTTowed by drying in an oven. (130°C) for
alm.st four hours. They were-then aTToued'to cool to
room temperature and a smaTT amount of s111cone grease'
was appT1ed to the 10/30 1nner joint. ] The next step was
to test for Teaks by attach1ng the ceTTs to the prepara-
tion man1fo]d Figure II 2, by means of a 10/30 outer o
-ground g]ass Jo1nt The ceTT was removed from the man1-'
fold and 5- 6 ml of water, or DZO’ was added At this
'po1nt any add1t1ona] T1qu1d additives were introduced
into the cells and the sample cells were: aga1n attached
to the‘man1fold, The_samp]es were degassed by freeze-
'pump—thaw'cycTes—untiT a pressure of about 5 x 19;6 torr
showed on the vacuum gauge; _ |
Nitrous oxide was the onTyegaseous additive and it

was purified by using the system shown in Figure I1-2.

First the,NZO was - bubbled through sintered glass‘discsfin -
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gas scrubber bottles containing concentrated potassium
hydroxide solution. The gas'was then passed through a

30 cm x 0.75 cm co]uanof Drierite and was7intr6duced into
the sample preparatjon manifold through a mercury trap
and sintered glass disc. ?he Nzo,qu condensed and de-
ga;sed uéin; traps 13 an9'T4 and stored in stbrage bulb
SB1. whenmﬁ/quantity‘of NéO was required for.a sample it
was measured_using ca]ibratéd;bulbs;‘CB]-CB4, to measure
the volume ahd‘the.manometer to measure the pressure.

The N20 was then added to’ the samp]e cell, contafning a
degassed sample as descr1bed above, by condensing it at

77K.  While -still at 77K the samples were sealed off:

with a flame.

(i) The Sample ‘Analysis Manifold

Thelsample analysis manifold is shown'in ngUfe I;_
4. .Bulbs SB2 and SB3 were used to store ca]1brat1on |
gases The Dewéi vessel in the d1agram wag used to maké
a s]ow-diStitTation of NZO dgfing ana]ySis: The Dewar was
evacuated by g.giass tube connected fo the main Tine.
.The Toepler pump was used to transfer product gases intg

'the Macleod gauge for measurement and then 1nto the

chromatograph1c un1t

(b)  The Gas Chromatographic Unit
" The gas chromatographic unit tdnsisted of a Molecu-

lar Sievés’column, a'tﬁermal'éonductivity detector, a
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recorder, and a power supply. The power stpIy (Model
405CT5 and the detector (Mode] TR2B) were suppiied by Gow-
Mac Instrumenti\ff. The recorder (Model SR) was supplied
by E. H. Sargent and Co. The column had a length of‘ 2 m
.and was filled with 5A Molece]ar Sieves. The column was

- S
. operated at room~temperat6}e and the detector 43°C

with a current of 250 mA. The helium carrier gas fJow
rate through the system was measured with a b ow-

meter. ¢

C. _ IRRADIATION ”.

(a) The’Y—Ray Source
60

A Co Gammacell 220 (Atomic Eeergy of Canada) was
used for most of the irradiations. When it was necessary
to vary the dose ratea second 50co source in éﬁ-irnadia-
tion cave4was used. The room temperature 1rrad1at1ons
were done by p]ac1ng the sample tubes in a metal sample
ho]der. For temperatures between room temperaturevand
150°C the~samb1e holder was-immer;ed in a Dewar vessel
filled with glycerol. For-temperatures ebove 150°C the
apparatus shown in ?igure 11-5 was used. The distilled:
weter in the pressure cé]].exefts iys'vapor pressure on

the ‘sample cell, equalizing the internal and external

pressures.



~ Copper gasket

W distilled water

Fngre -5 St‘ee.l.'Press‘(}Jre\_tCell
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M NaCl was used to determine all

0.4 M H250 and 10~

4
dose rates. ‘A Beckmann DU Spectrophotometer set at a
wavelenjt» of 304 nm was uséd to measure the ferric ion
concentration. The molar extinction coefficient used
(2201, 25°C) was an average of values obtained in
several laboratories. It had a standard déviafion of
0.4% and a temperature coefficient of 16/°C. 4These

+++) = 15.6 (23) were used to calculate

values and G(Fe
the dose rate. The dose rates were determined at 23°C
for samples placed inside of all éampTe holding devices

60

used in the experiments and were corrected for the “-Co

radioactive decay. S

'D. SAMPLE ANALYSIS

(a) Gas Analysis

The system shown schématicd]1y in'Figure.II-4 was
used to ana]jie fhe product gases. After irradiation
the sample tube was. attached to the analysiﬁ-system by .
a 14/20 ground g]aéé joiﬁt. After;pumping down to a

6 torr the iron breaker was used to

pressure of 107
fupture the break:seal. The products condensable at

77K.§ﬁere éo]]ected in the glass tube on the inside of
'the Dewar vessel Whj;h confained 1iquid'hitr09en. The

- cork was then removed from the drain hole so that N20
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'slowly distilled into trap T5 which was at 77°K. During

this distillation the Toepler pump was put through twenty
cycles. or until no more gas coqu be co]lected In a
similar manner a distillation from trap T5 to T6 was
cart.cd out but the additional gas collected from this

second distillation was never more than 5% of the total.

Traps T5”and T6 were removed and c]eaned after every two

samples. The gases non- conden&ab]e ‘at 77°K were collected
and measured in the MacTeod gauge They were then passed
through the TefTon vaTve, at the top of the gauge, and

f]naTTy injected into the carrier gas stream. The heT1um

- flow rate was ma1nta1ned at 60 mT/m1n by us1ng a flow-

meter -The gaseous products were separated by the column °
and their amounts d1sp1ayed on the recorder chart. The tri-
angulat1on method was used to measure. the peak areas.

CaT1brat1ons were done for n1trogen, oxygen, and ,

© carbon monoxide. Dry air was used to calibrate for

ﬁn1trogen and. oxygen The vo]ume, pressure, and tempera—

ture of an air samp]e were determ1ned us1ng the MacTeod

gauge The sampTe was then 1n3ected 1nto the chromato-

‘graph and the peak areas were measured. By doing many

"samples in th7s way a ca11brat1on curve - reTat1ng moTes

of n1trogen and oxygen to peak area was obta1ned . The

'same procedure was used to- ca]1brate for COo us1ng 99.99%.

pure C0 .
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- {(b)  Spectrophotometric Analysis

Formagdehyde was,determined uSing chromotropic acid
(24). One ml of the 1rrad1ated samp]e was pipetted 1nto
a test tube containing 0.5 m] of chromotropic acid reagent
(2.5 g in 25 m1 triply distilled water). Five m] of con-
centrated sulfuric¢ acid was carefu]Jy added with st{rring.
. The test tube was then stoppered énd placéd in a boi]ing-‘
water bqth for 0.50 hr. The soldtion was cooled, poured
into a 50 ml vo]uaqﬁric flésk, and 40 m] of trip]y dis-
tilled wéter was added. After cooling to room temperature
the solution was diluted to 50.0 m7. A]iquots were pipet-
ted into 15 ml optical cells, and the forma]dehyde com-
plex concentrafion ~. - measured spectrophotometr1ca1]y
at 570 nm with a Beckmann DU spectrophotometer Non-
1rrad1ated sample. ~#ere carried through the above stages
aﬁd used as blanks. It was fou;a adv1sab1e to use
fresh chromotropic ac1d so]utlons for each batch of
samples ana]yzed The exact concentrat1on of the form-
a]dehyde solution used for ca11brat1on was determlned
‘through its methone derivative (25). 7

"AcetOne was determined using sa]iéy]a]aehyde.(ZG)
One ml1 of the 1rrad1ated sample was pipetted into a 50 ml
volumetr1c flask and 2 ml of 10.6 M sod1um hydrox1de Was
~,added Tr1p1y d1st1]led water was 1ntroduced ‘to a vo]ume
of{about 25 ml and 0.6 ml of neat,sagicy]alqehyde was

then added using a 1 ml syringe. .The flask was shaken
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~and 20 ml of 10.6 M sodium hydréxide was introduced and
the volume was made up to 50.0 ml with distilled water.
The flask was’al]owed to stand for 2.0 hours and the
absorbance was read againsf a reagent b]ank at 474 nm.

Calibration was done using standard acetone soluwtions.



ITr RESULTS

A. "Definition of, Terms

G. Value

The G value of a product is defined as the number of
mo]ecu]es of product formed per 100 eV of energy absorbed
by the system A G value for ionic y1e]d is the number of

he 7
ion pairs per 100 eV of energy absorbed.

Ostwald Solubility Coefficient

The Ostwald sb]ubi]ity coefficient is the number of
ml of a’ gas dissolved in 1 ml of a 1iqudd when liquid and

; gas are at the same temperature and pressure.

. —

Blank Sample

In_this work a blank sample is a sample that is
carried through all the preparat1on and ana]ys1s procedure

but.is not 1rrad1ated

. | g
B. Product Yields from the Radiolysis of Water-N,0
| Mixtures o Y

Water samples conta1n1ng N20 were irradiated at a
dose rate of 3 x 10]7 eV/g min at 23°C, 81 + 1°C, and |
142 + 2°C.

In the‘fol10wing Tables the molar N20 concentration,
the yie]d of N2/1n umoles/ml, and the dose of radiation
absorbed per ml of water solution: ;are g1ven Each Table

is accompanied by a FJgure where the yield of Nz‘in

21



28.

umoles/ml is plotted against the dose in eV/ml. A best

fit Tine is drawn through the data for each experimental

condition and the values Q% G(NZ) %§ calcolated from the
slope. Thelinterceptlfor each curve corresponds to'the
nitrogen yie]d from a blank sample. Wherever a blank
sample was not done for a given set of. cond1t1ons, the
plot was made using a blank samp]e yield from the closest
possible exper1menta] cond1t1ons The NZO concentrat1on
shown at the bottom of each F1gure conta1ns approprmate
var1at1on 11m1ts These var1at1ons arise because it was
not possible to make several'samples of exactly the same
concentration of NZO with ‘the technique used.

Figure III 1 shows a plot of the 05twa1d solub111ty

coefficients for 02, N2’ and N20 as a function of tem-

~Pefature (27,28). For the 23°C, 81 + 1°C and 142 + 2°C

2

‘samples the- N20 concentrat1on was, ca]cu1ated by tak1ng
the Ostwald coeff1c1ent from the curve in Figure III-18.
The extrapolated curves from 180°C to 300°C for NZO in
Rfoure ITI-1B were drawn by comparing with'the‘N2 and 02

curves in Figure III-1A. An estimated upper Timit for

~ the Ostwald coefficient for N,0 at 300°C is 1.4 and a

lowerclimit is 0.3. A change’%n the Ostwald coefficient
from 0.3 to 1. 4 would produce a 2-fold change 1n the N 0
concentratxon and a change from 0.3 to » would produce a
2.6-fold change'1n theJNZO concentration. A value of the

Ostwald coefficient of 0.7.was used to calculate the N,0
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concentration at 300°C

| Tables III-] to III-3 and Figures I11- 2 to III 4
show the resu]ts from the 1rrad1at1on of water- N20 mixtures
at 23°C. Over the dose range studied the yield of N2 is
11near with dose and the va]ue of G(N ) is obtained from
the slope. The N20 concentrat1on was changed from 0. 23 mM

to 133 mM and G(Nzl/values obtained are between 2.7 and

' 4.3.
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TABLE ITI-1

Yields of N, from Water Samples Containing N,0 at 23°C

'[NZOJ | |  Yield N, : - Dose
mM . ' | umoles/ml ; o 10]8 eV/m]
.25 0,022 - . 0.0
.24 0.044 R 0.575
.23 o.062 0.862
.87 -0.019 . | : 0.0
.97 0.017 0.0
.92 b 0.055 '  0.592
.87 b 0.063° 0.888
.87 0.093 - 1.78
.87 0.110 . = 1.98
0.124 - = T 2.37

1.0
=

r



Yield of N,» pmoles/ml x 10°

a—d a— .

O N, DO

o v & o o™

32.

1.0

Dose, 14'8 ev/mi

o

2.0

FIGURE III-2 Nitrogen yields as a function of dose af 23°C (H20)
A O, 0.24 +0.1 m N,0, G(Nz)ﬁ 2.7 + 0.1
B 3, 0.90 + 0.1 mM N,0, 6(N,) = 2.8 + 0.05
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e TABLE III-2

Yields of N, from Water éamples Containing N,0 at 23°C

<::ii}j§92”‘ o Yield N, ° a . Dose
| | | _10'® ev/mi

mM umeles/ml
207 '  0.012 0.0
3.2 o 0.058 | 0.917
PR . 0.099 - : . 1.835(i:ij
6.2 | '0.059 | 0.862
6.2 0.076 - 1.150
- 15.4 0.013 0.0
15.9 1 0.071 0.87
15.4 0.170 C 1.74
33.3 Q.012 0.0
- 34.9 0.060 0.87
34.4 0.10 1.6
32.8 - 0.12 _' : - 1.74
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- FIGURE III-3 Nitrogen yields as a function of dose at 23°C.

A0, 20103 N0, G(Ny) = 2.9+ 0.1

B O, 6.2%0.2mM N0, G(Ny) =3.3¢+0.1
j 0,15.4 + 1 mM N0, G(N,) = 4.0 + 0.05
1 Co, 3r2 mMND, G(N,) = 3.8 + 0.3

34.
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TABLE III-3

Yields of N2 from Water Samples Containing N20'at 23°C

[N,0] | Yield N, Dose

_mM v umoles/ml | 10'8 ev/m
77.0 0.22 2.90
133.3 | 0.012 0.0
128.2 0.071 0.870
128.2 0.13 .74
3 0.22 2,90

133.
133.3 : 0.29 4.35




Yield of W,, umoles/ml x 102

36.

\ T
24 .
20 'fig
16 j:‘@
12 5
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0 10 20 ,, 30 40 5C

Dose, 10~ eV/ml
FIGURE I11-4 Nitrogen yields as a function of dose at 23°C (H,0).

}

A o,T77+3mMN0, G(N)) =4.3+0.2
B 0, 130 + 5 mM N0,  G(Ny) = 4.1 + 0.1
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Tables I11-4 and TI1-5 and Figures I11-5 and I11.g

show the resblts from irradiation of water samples at

el +V°C. The NoO concentration was varied from 0.25 mM

to 73 mM and the values of G

A (NZ) obtained are bet%een_3.3-
\\\w/;EEEJSLG. As indicated in Table I1II-5, 0.1 m1 of methanol
7
‘ was added to one 40 mM (NZO) sample and 10'3 ml of n-

hexane to another. No perceptible éffect'of these addi-

tives was observed.,



TABLE I11-4

¥ie1d$ of ‘N, from Water Samples Containing N,0 at 81 + 1°C

: tNéOJ - O Yield N, o Dose
“f‘ M . ~ _umoles/ml | Ml ©10'8 ay/m
S 0.25  o.046 -  0.560
“o0.93 | 0.016 - 0.0
0.93 . - £0.039 o 0.378
0.93 0.051 0.560
e 0.030 1 0.373
20 - 0.045 0.560
R N T 0.0
- " o.038 ¢ E 0.373

® o .o®
~
o
o

7 S 0086 5746



\\.\

“Yield 0f<N2, hmo{eS/m1'x-]OZ (

o~

O N DO ®O ND O o C 4N wa

O
el
&)

Dose, ]0 eV/ml

"FIGURE III-5 N1trogen yields as a function of dose
81 + 1°C (H 0)

Ao, 025+001mMNO G(N)
Bo,093+004mMNO G(N)

0.2.0 +0.1 miNyp, G(N,)
C 0, 83% 0.5 m K0, G(N,)

at -

3.3+ 0.1

3.8 + 0.1

3.3 + 0.2
3.8 + 0.1

39.

Age
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TABLE III-5

Yields of N, from Water Samples Containing NéO at 81 + 1°C

[N,0]

mM

19.

.18.7
18.7

40
39.3

40.0*%

40.0
v50.7
73.3

* This

vol.

+ This

vol.

sample

of 4.3

sample

of 4.1

Yield N, 'm?e
pmoles/ml P 10]8 eV/ml
A .

1 0.012 | | 0.0,
0.057 . ' 0.560
0.088 1.2
0.061 | | 0.560
ooy,
0.10 | 1.05
6.096 - 1.02
0.015 | 0.0

0

.099 : ) 0.912

contained 0.1 ml of methanol in a sample’

ml,

LS

contained 0.001 =1 ri-hexane in a sample

ml.

el



Yield of N,, umoles/ml x 10°

C
o 05 10
' Dose, 10°" eV/mi
FIGURE I1I-6 Nitrogen yields ag a function of dose at 81 +1°C
A0, 19+TmMND, m%y=msim2 7
B O, 40 j_ 2 mM N0, G(N,) = 4.9 + 0,05
= 5.6 + 0.2

C O, 73 +£3m N0, G(N,)

41.

(H20).
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Tables I11-6 and III-7 and FigdresyIII-? and 111-8

show results from irradiation of water samples at 142 +

2°C. The NZO concentration range studied was from 0.2]1

mM_to 33 mM and G(N,) varied from 4.6 to 6. As shown in

Table III-7, the addition of 10'3 ml of meth{nol to a

33.3 mM (N20) sample produced a three-fold increase in

3

the yield of N2."Adding 107° m df'n-hexane to another

sample had no effect on‘the N2 yield. ‘\\\



TABLE III-6

43.

Yield of N, from Water Samples Containing N,0 at 142-+ 2°C

o

mM

0.21
0.21
0.22
0.21
ore
0.78
0.78
.78
.78
.78

o o o,

1.56

Yield N

vumoles/m]" 10

0.

0
0
0
0
0
0
0

0.
0
0
0
0
0
0

016
.045
.042
.051
011
.019 -
.047
.042
063
.059
.016
.055
.044
.059
.058

2
18

Dose

©O © © © © © © o o o o o . o o o

eV/ml

o

. 344
.340
.511

.344
.340
511
517

340
.344
517
511
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Yield of Ny, ymoles/ml x 10
O N O ®ONMSH»ON®O VM B O o

‘ o)

95

Dose, 10° eV/mI

’ FIGURE III 7 N1trogen y1e1ds as a funct1on of dose at 142-+2°C (HZO)

A O, 0.22 + 0.0I‘mM 'NZO’ : G(NZ) =4.5+0.3
B o> 0..78 1+ 0.03 mM NZO’ ' G(Nz) =5.2+0.3
C O, 1.61 + 0.1 HM,NZO. G(N ) =5.8+0.2

D.&I10J mN£. Gwy 58+02
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TABLE III-7

Yields of N, from Water Samples Containing N,0 at 142 + 2°C

[N,0] - Yield N, | Dose
mM ' S pmoles/ml : 10]8 eV/ml
6.7 0.0095 0.0
7.2 0.037 0.344
6.7 .- 0.081 0.689

16.1 0.0083 0.0

15.6 0.012 0.0

15.6 0.048 | 0.344

16.1 0.063 : © 0.344

15.6 | ~0.061 0.689

322  0.083 - . 0.344
©33.3* - ¢ 0.2 | 0.479

33.3+ 0.064 0.638 .

ﬁo.sag

32,2 - . 0.080

3 m1 of methanol in a samb]e

R4

* This sample contained 10°
vol. of 4.3 ml.

-3

+ This sample contained 10 ml of n-hexane in a sample

vol. of 5.5 ml. o A R §
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of dose at 142 +2°C (H,0)

T Y T T T T f v v .
- 8 -
6 _
4 —
2 n
NO “
- 0
T 8 .
3 P i -
T 6 o O ~
g. - - -
. 4 - -
O,
S . -
Y Q — —
Q
o B -7
2 0
; g
16 ]
12 n
8 g
-k'\ ’v f
’ 4 p C ——
.() . | |
0 0.5 - 10
Dose, 10'8 eV/mil
"FIGURE II11-8 Nitrogen yields as a function
 AQ, 6.7 .5 mM N0, 6(N,) = 5.6+ 0.3
B'O, 15.6 + 1 mMN,D, . G(N,) = 6+ 0.5
Co, 33 + 2 mM'NZO, _ G(NZ) =5.9+0.4
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C.  Product Yields from the Radiolysis of D,0-N,0 Mixtures

Deuterium oxide samples contaiping N20 were irradi-

17

ated at a dose rate of 3 x 101/ eV/g min at 23°C, 81 + 1°C,

' e
and 142 + 2°C.

,j%lof water-N 0 mixtures. The Ostwa]d solu-

2
th1s study are assumed to be the same as those for NZO in’
water. |
Tables I11-8 and '1-9 and Figures I1I-9 and III-10

show the results frdm the irrédiatisn of DZO;NZO mixtures

at 23°C; Over the, dose range studied the yield of N2 is
| Tinear with dose and—the value G(N ) is obtaihed from
the slope. The N 0 concentrat1oﬁ was changed from 0.23
mM to 133 mM and the G(Nz) values obtained are between

2.8 and 4.7.
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TABLE I11-8

Yields of N2 from 020 SampJes Containing N204at 23°C

[N,0] Yield N, Dose
%M ' pmoles/ml . | 101q eV/ml
0.25 0.018 0.0
0.28 0.043 0.5741
0.27 0.065 0.860
1.08 0.020 0.0
0.82 0.048 0.574
0.97 0.064 - 0.860
1.03 0.078 ©1.150
4.10 0.061 B 10.860
&.36 0.112 ' 1.720
14.9 0.013 0.0
16. 4 0.126 1.718
3.8 0.112 1.150
28.7 0.049 0.573
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Yield of N,, umoles/ml x 10

’ 1 1 4 'nAlr
0 Ex)

1 Il L ]

20

Dose, 10]8 eV/ml

FIGURE I11-9 Nitrogen yields as a function of dose at 23°C (D,0)

A O, 0.27 +0.02 WM N,O,  G(N,) = 2.8 + 0.1
| ‘0, 16+1. mMNO, G(Ny) = 4.0+0.2
2 A, 3042 mMND,  G(N,) = 4.4 + 02
B o, 0.97 + 0.15.mM N0, . G(N,) = 3.7 +0.05 )
C o 4.2 +0.2 mnp,vemﬂ=34100§

e



T TABLE I11-9

Yields of N, from D,0 Samples Containing N,0 at 23°C

i

[N20] Yield N Dose

50.

2

_mM umoles/ml ‘ ]0]8 eQ/ml
61.5 0.012 0.0

61.5 0.061 » 0.580

61.5 0.079 ' Yo

" 61.5 0.149 ' 1.760

61.5 0.231 | 2.900
133.3 0.011 0.0

117.9 0.082 0.870

112.8 0.157 : " 1740

107.7 0

.224 . 2.900
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28 -_’ | | T __4
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. FIGURE ITI-10 Nitrogen yields as a-function of dose at 23°C (D,0)"

. .A O, 62%2mM N,O,  .G(N,) = 4.5+ 0.05

2

f,so;nsi5MNog°kmﬁ=4J1nJ'_
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Tables II1- IO and III 11 a]ong with Figures II1I1-1]
and I11- 12 show the resnIts from irradiated 020 samples
~at 81 + 1°C. The N20 concentrat1on was var1ed from 0. 25
mM to 73 mM- and the values of G(N ) are between 3.4 and
6. 8



23,

TABLE I11I-10

Yields of N, from D,0 Samples Containing N,0 at 81 + 1°C

[N,0]  Yield N, - | Dose
mM umoles/ml _JLDTB.eV/m1'
‘“ _ SRR L ,
0.25 v 0.015 ' i 0.0
| ‘ . : h 5N
0.29 £0.033 T 0,369
0.33 ” 0.054  0.608 -
. " . : . ’: ;b R
1.00 : 0.018 0.0 gy
- | | . LR N
0.93 ©0.040 : 0.369 o
0.93 | 0.062 . 0.553
2.00 0.021 . 0.203
2.13 0.038 T 0.369
i )
2747 0.052 0.553
) . |
8.67 0.006 © 0.0
8.67 0.048 | 1 0.369
8.67 0.051 0.553
s o . .
8.00 ~0.083 | - 0.737
Lo "
3
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Fan

Yield of N, umoles/ml x 102

ONBDBOO®ONDO®G®BONNO &

. c 1 L1 L l 1 ) L1 ¢
- &
0 05 V, 10

| Dose x 10'8 ev/m- &%

FIGURE I11-11 Nitrogen yields as a function of dose at 81+ 1°C (0,0)
AO 0.29 + 0.03 mM N,0,  G(N,) = 3.4 + 0.3
[ 0.93 + 0,05 mM:N,0, G(N,) = 4.1 + 0.4

BO2.2 +0.2 mMNO, G(N) =3.5+0.1

CO8.4 + 0~ mMNO,” G(N,) =5.8+0.2

Y



Yield of N, from DZO,Samp]es Containing NéO'at 81 + 1°C

TABLE III-1

[N,0]

mM
18.0

18.7

38.7
38.7
38.7

73.
73.
73.
73.
73.

W W W W, w

Yield N

2

umoles/ml

0.
0.

o

© O o o o

010
043

.015

.062

.088
.095

.049 -
.088

.042

.070

Dose

18.

0.
0.

0.
0.

i o -

o ©o o o o

e

10 " "eV/ml

0
369

0

369
.737

.255
369
.492
.565
.730

55.
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~Yield of'N,, ymoles/ml x 102
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1»_[ 1‘“1‘1‘
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| ) o -log
_ Dose 10'8 ev/m / ST
FIGURE II1~12 NItrogen yields as a function of dose at 81+1°C (D,0)

Bo, 39+2mMN
C.O, 73+3mMN

0, G(N,) =5.4+0.3
0,  G(N,) = 5.8+0.2
0, G(N,) =6.8+0.2

2
2
2

2N



Tables II1-12 -and IT1-13 and Figure% I11-13 and
II1-14 show the results of irradiations at 142 + 2°C.
. The N20 concentration range studied was from 0.21 mM

to 32 mM and 6(N,) varied from 5 to 6.9.

57.



TABLE III-12

58.

G(N,) from'D,0 Samples Containing Nzo at 142 + 2°C

[N,

0]

Yields N

2.

umoles/m]

* .

© 'O © o o o o o

.012
.043

.049
.007

.038
.059

018 -+ -

062

10

Dose

18

eV/ml

o o © o o-

o o o

T

.9
. 344

. 344
.517

.344
.517
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Yield N2 umoles/ml x 102

© v & o~ ® O N 2 0 ® 0 = v W N

05 | 1.0
- Dose, 10 eV/mi
~ FIGURE III 13 Nitrogen yields as a funct10n of dose at 142 +2°C (D 0)

- O

2

AQ; 0.22 + 0.02.mM N20 G(N,) = 5.4 + 0.5
BO. 0.78 + 0.03 M N0, m%)=‘51m5
CO, 1.84 + 0.06 mM N0, G(N,Y = 5.1 +0.3

PO



_J 60.
\

g

‘ TABLE I1I1-13

Yield of N, from 0,0 Samples Containing N,0 at 142 + 2°C

[N20] Yield N2 - ‘ Dose
mM | pmoles/ml 1018 eV/mi
3.6 | . 0.079 0. 689
7.2 ' 0.048 0.344
15.6 0.009 0.0
15.6 0.042 . 0.344
15.6 0.088 0.689
27.2 0.015 0.0
29.4 0.050 0.344
31.7 0,096 0.689
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8
6
4
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C
0
No ‘
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g
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=
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’ 0 q L.
Dose, 10'8 ev/ml T
FIGURE I11- 14 N1trogen yields as a function of dose at 142 + 2°C (DZO)
AO, 3.6+0.2mMND, 6(N,) =6.1+0.3
Q. 7.2+ 0.3mM N0, 6(N,) = 6.9+ 0.3
BO, 15.6 + 0.6 mM N0, G(N,) = 6.4 + 0.4
Co. 304 3-mND, G(N,) =6.6 + 0.2
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Table III-14 1s‘a summary of the G(N ) values for
the H20 and 020 squt1ons at various temperatures. Esti-
mates of the random error in the G(N ) values ‘and n1trous
oxide concentrations are included in the table |

F1gure III 15 contains a plot of G(N ) versus the

Iog of the n1trous ox1de concentrat1ons for the three
temperatures studied. The error bars on the G(N ) values
are determined from the pIotc ot nit.ogen yield versus
- dose, F1gures ITI-2 to I11-
- The Tines through the data in Figure III; . are

drawn in such a way tha, tney are anélogpﬁg/:iSZhapé
to curves obta]ned in other stud1es (4, 16) Below
107 M nitrous oxide the.curves are more or less flat
bgcau;e a wide range of N,0 concertrations can efficiently
scavenge the free ions.r The increase in N2 yield aLove
10°2 M nitrous oxide is;due\to'the scavenging of ions

in spurs.



TABLE TII-14

" 63.

G(NZ) Values for Various Concentrations o? N20 in Water and 020

tNZO] G(Nz) Temp.
wm‘f ’)20 020 020,°C \
0.</ + 0.02 2.8 + 0.1 23
0.97+0.15 3.1 +0.05 23
4.21 + 0.2 3.4 +°0.05 23
16+ 1 3.0 +0.2 23
30 + 2 4.4 402 2
62+2 4.5 +0.05 23
118 + 5 T +0.1 23
0.29%0.03 34403 g4
0.93 + 0.05 14+ 0.4 814
2.2 $0.2 35401 g :]
8.4 + 0.5 5.8 +0.2 g :]
18 +1 5.4 1;d.3 81 ;:1
39 + 2 5.8 +0.2 8] + -
73 + 3 6.8+ 0.2 81+
0.22+0.02 5.4+ 05742 + 2
0.78 +0.03 5 +0.5142 42
1.83 +0.05 5.1 +0.3142+2
3.6 +0.2  6.1+0.3142+2
7.2 +0.3 6.9 +0.3142 % 2
15.67+ 0.6 6440414242
30 +3 6.6+ 02742+ 2

[N,0] G(N,) Temp.
M, H,0 H,0 H,0, °C
0.24 + 0.01 .2.7 +0.1 23
0.92+0.1 2.8 +0.05 23
3.0 +0.3. 2.9+0.1 23
6.2 +0.2  33+0.1 23
15.4 + 1 4.0 £ 0.05 - 23
333 +1.5 3.8+0.3 23
77 43 4.3+0.2 3 .
130 +5 4.1 0.1 23
0.25 + 0.01  3.3+0.1 8147
0.93+0.04 3.8%0.1 g1 41
2.0 +0.0 3.3%0.2 8] 47
8.3 +0.5 C382010 g +1
19 +1 . .461202 81+
40 +2 4.9 #0.05 g1+
73 +3 5.6+ 0.2 81 +1
0.22 +0.01 45+0.3 142+2
1 0.78 +0.03 5.2%0.3 182+ 2
1.61 £0.1 5.0+0.5 142+2
210 +0.1 58402 15242
6.7 +0.5 56%03 15,
156 +1 _ 6 +0.5 10,5
33 +p 50404 W2+2
. _ .
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" 0-G(N,), H,0,142+ 2°C

T TTTTIT T T

. Figure M- 15 o
0-G(N,), H,0, 23°C B-G(N,),D,0,142%2°C |
- 9-G(N,), D,0, 23°C |

a-G(N,), H,0,8111°C.
A-G(N,), D,0, 812 1°C

T"T""T TTTTT]

-
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I11-15% G(Nz) versus the log of the nitrous ox
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34
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.In a f1nal series the on]y e " 1tal condition c¢hang

was the dose rate. . ) R ' .

a. Product Y1e1ds from theﬁ MethanQSystem .

65

D. Radlatwon Sensitized Chain Reaction

Methanol and 2- propano] were used. as add1t1ves to
water solutions containing NZO' When theseusolut1ons

were irradiated at 573K, high yields of products were

N

obtained, indicating the presence of a chain reaction.
» - ) . ST
In each system a series of experinments was canrded<0ut s

~ 23
where the N20 concentration was changed and the gempera-

ture, alcoho] concentrat1on, and dose rate were kept

constant. 1In both systems a]so a SEPIES of exper1ments

)

was dpne where the alcohol concentratlon Was _changed and

the N20-concentraticn,-temperature, and dose rate were

:kept constant. Another series invo]ved'changing the

temperature while keebing the -ther conditions constant.

"

-

The products obta1ned from the 1rrad1at1on qf NZO"

1

:methano], water so]ut1ons were n1tragen and forma]dehyde

- ~.~;o

The fo]lownng E@b]es and Flgures show the results from

the var10u§9exper1ments mentwoned above

-
v
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Table III-15 contains yle]gg of N2 and forma]dehyde
for - b]ank samp]es and G(N ), G(CH. 0) and G(CO) for some
1rrad1ated samp]es The G values in the Table for un-
Trradiated samples are calculated assuming a one minute ™
irradié%?on so that they-cen be compared with the G values

,Jré% onefhinute irradiated samples. The yields of N2 from
. «15§é§l samp1es*were 1ess'thah 5% of ‘those from irradiated
sadples ard have.beeh subtracted for all data g1ven for
vu, the methanol system The va]ue of G(CH 0) from blank
I ézzésamp]es was effect1ve1y .Z€ro. |

The G(CH 0) va]ues in the methano] system were
loweh than the G(N ). va]ueygand carbon monoxide was con-‘ &
s1dered as.a poss1b1e thfrd‘%}oduct that cou]d account

for the, d1fference Hywever, the G(CO) va]ues are

‘neg]1g1b1e as shown in Tab]e fII 15



TABLE II11-15

- Blapk Sample Yields and G(CO) Values for the Methanol Systi

[CHOH]  [N,0] Temp Dose G(N,) G(HCHO) . G(cD)
M- m K 10" ev/q |
0.6 40 573 + 2 0.00 7 x ‘ -
0.7 240 v B2 000 s 0 -
0-03 38 573.% 2 "0.00 7. - -
0. 38 C573m2 0.0 2 0. o
0.5 3 NS 0 g
1x 103 38 57342 186 ¢ 7 53 i 2
. R i ) . ) - .:.‘ . )
L3 x 1077 38 873 +2 156 0 5 0 1
L L 6x107° 38, 573%+2 ‘1.d . 35 4 0
. . . ’ o’ - N -
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Table III-16 shows the yields of-;’N2 ané«formaldehyde

from irradiations-.at 573Kk in the presence and absence of
methano] and at N20 concentraiﬂon between 4.3 and 149.3

mM. - G(N ) values are between 7 and 238 and G(HCHO) values

}”n\-"’
between 13 and ],1,‘“

: »“M.r : \':\t

Figure II1I- 6.( ows a plot of G(N ) and G(HCHO)
versus the square root of the N 0 concentration.. The
Y’EIQS of formaldehyde are lower than those ofsz except
for tge\lowest N20 concentration studied. The line
drawn through the points is ca]cu]ated and w11] “be dis-~

cussed in Chapter IV

» .‘;, ) . W’B&&L

<y
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TABLE I111-16
Proeduct Yields as a Function of [NZO] at 573 + 2K+
[CH,0H] SN0l IO | 6 (HCHO)
M ) mM
0.0: 8.9 9 -
. 0.0 . 13.2 ' 7 -
0.0 17.5 9 -
0.0 % 7 -
0.53 4.3 T A
0.56 . 8.9 25 L
0.50 21.1 | 39 BT
0.53 f$35 0o % 86 f 69
q.squ_f'? ﬂéﬁ.éifs | s | ”
©0.53 CoT0s L s
;0.51 960 188
0.56 . 122.9 . 215
053 149.3 - 238
‘ o

. - Ay o
- Dose rate = 25 x 10"/ ev/g min

. t

.. 4
( .

AN
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Table IT1I-17 gives the results for the irradiation .

of samples ntaxn1ng 96 mM (N O) and concentrat1ons of
methanol _ccwee (. 06 and 510 mM. The 1rrad1at1on tem-

.ﬁe%ature was 5/3 K and the G(N ) and G(HCHO) values are

s ‘from 35 to 188 and 0 to 149 respect1ve]y F1gﬂre ITI-17

is a p]ot of G(N ) and’ G(HCHO) versus methanol concent-

ration. ; i ' g Ty

-

B S
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-+ TABLE III-17 S
® | , 4
Preqduct Yields as a Function of [CH;0H] at 573 + 2k"
[N,0] - [CHZ0H]  g(N.) ‘ G(HCHO)
2 3 s 2 o
mM mM" o B '
. 96« . 510 . 188 149
96, 260 oan R PV
96 {100 169 145
96 70 | 160 106
96 32 133 RiN
9% 26 b 1217 53
9% . s 17 o8 Y
96 91" v . 48
, : w -
96 | ] 83 49
% 13 79 I A
96 . | 0354 | 74 D 30
- 96 . 0.30 . .81 e 0
.96 . 0.06 . 35 4
“ e
R ,

.z T
- .

ﬁ%g}These two values of G(HCHO) not p]otted in F1gure III-

.17 because there is no space on the graph for them

il

Dose rate = ] 5 x ]0]7 eV/ g.mln
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" Table III-18 congﬁgﬁs the yields of N2 and formalde-
hyde as a function of dose rate at 573K The dose rate
was changed from 0.6 x 1016 to 15 x 10 eV/gnﬁn and G(N )
values Qere between 158 and 567. The G(CH O) values are
s]1ght]y loweP than the G(N ) values and are in the range
]39 to 464.

Figure I11-18 shows a plot of G(N,) and G(CH, s
versus (dose rate) % “A 11ne is drawn through the points
for mechanistic reasons which w111 be given in Chapter .

Iv.

A& ) & | i
U-!’ ‘ ) '
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N TABLE 111-18

N I B . B

Product Yields as a Function of Dose Rate at 573:t2K*

Dose (Dose rate)-;5 G(Nz) G(H;HO)
10" ev/g min 1077 ev%/q %nin~%
15.0 2.58 158 139
16.1 C2.49 188 149
5.50 4,@5; 232078
1.40 8.5k 426 326
o0 ;13;%,%; & 567 464
NP - S Cednd e -
y N ]

[N20] = 96 mM, [CH OH] =0.53 + 0. 3

" .
.‘r:) , . . ‘
D
- )‘,‘ + )
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(}.' ; 1 [ —1 r €L  l, _il [A ‘l ] ! [

62 4 6 8 0. 12
B DR-] 1O]8e\//g min)"@ ’

FIGURE III 18 Product y1e1ds p]otted aga1nst (dose rate) %

<4  [N,01'= 96 + 5 nM, [CHOH]=053+003M T

o, G(N )5 A, G(CH9). .

573K



Table III-19 contains data obtained from changing
the irradiation temperature for samples contining 96 mM

N,0 and 0.53 + 0.03 M methanol. The temperature was

2 .
changed from 498K to 573K and nitrogen yields were in

3

‘the range 58 to 180 Formaldehyde yle]ds were slightly

lower varxh.g from 53 to 149
FigurE III 19 contains an Arrhenius p]ot of the

G(CHZO) versus 1000/T(K) ‘yields a reasonably Jtraight
. - E . "

line the slope of which will beydiscussed in- Chapter IV.

&
Ly

77.



TABLE III-19

Effect of Témperature on_the Product Yields

[N,0] [CH;0H] T K . 6(N,) - G(HCHO)
. . N M . . ’

mM

, o " 0.53 ¢9E<$/;// 58 53

7 96 0% 52342 gg. 81
96 0.53 548+ 2 15y 124
%, 0.51 "% 57342 188 149,

,
?
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9{ Product Yields from the 2-Propanol System

The ‘products obtained from the irradiation of N,O,
~»2-propanol, water mixtures were nitrogen and écetone.
The following .Tables and Figures show the results from

the various experiments performed.

Table I11-20 contains blank .ampl- . elds of N,
and acetone for 0.3 M [2-propano . mM to 91.2
mM [NZO].' The yields were talcula .uming a one

minute irradiation time and appropriate values have been
subtracted for all G values shown in the following

Tables for the 2-propanol system.

80.

L
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TABLE 111-20
Blank Sample Yields for the 2—Pfopano] System .
F(CH3)2CHOH] [N20] (Eémp. Dose G(Né) G((CH3)2CO)
o 'K 1017 eV/g
0.3, 91 583 + 1 0.00 - 84
0.3 91 573 + 1 0.00 1 -
0.3 77 573 +1  0.00 47 40
0.3 77 573 + 1 0.00 47 0
0.3 77 573 + 1 0.00 46 0
0.3 48 573 +1 ~ o0.00 - 37
0.3  0.3 573 + 1 0.00 20 -
0.3 0.3 573 + . ©0.00 S o
* 17

Dose rate = 1.4 x 10 eV/g min.
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82.
Table 17.-21 gives the yields of N2 and acetone
from irradiatiors at 573K and 0.3 M 2-propanol concentra-
tion. The,NZO corcentration was varied from 0.24 mM to
12.7 mM and G(NZ) vailues were in the range 83 to 1367.

The G((CH3)2CO) value. - re equal to/the G(NZ) values

- Within experimental error arc varied from 138 to 1145,

Figure III-20 contains a p' t of G(NZ) and

G((CH3)2CO) versus the square root of the NZO concentra-

‘tion. The calculated line through the points will be

dealt with further in Chapter IV.



TABLE III-21

o

\ . *
Product Yields as a Function of [NZO] at 573 + 1 K

*

(CHy) ,CHOH [N,0] G(N,)
M mM
0.3 12.7 1367
0.3 ' 9.1 | 1146
0.3 9.1 1078
. 0.3 5.0 828
0.3 2.2 422
0.3 1.0 231
0.3 0.24 - 83
0.3 9.1 -
0.3 9.1 -
0.3 9.1 -
0.3 5.0 -
0.3 2.2 -
0.3 1.0 -
0.3 0.24 . -

Dose ra*s = 1.4 x

10]7 eV/ g min.

6((cH3),

Co)

83.

1013

1083
1145
961
586
328
138

i’



84.

1500 T I-» T T 1T T T T T 1
1000 —
G
500 —
0 B B B L1 11
0] | 2 4 ) 8 - ]O 12

v [N,0] x 107

FIGURE III-20 Product yields plotted against the Square4r0Q£

of the nitrous oxide molarity at 573K. [(CH3)2CHOH] = 0.30 +

0.03 M. O, G(NZ); A, G(acetone). The full curve was

~calculated from equatﬁon vi using the rate constant values

givén in the text.
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Table I11-22 contajins the results for the irradig-
tion of samples containing 8.7 + 0.4 mM [NZOJ and con-
centrations of 2-propanol between 0.18 and 300 mM. The
irﬁadiation temperatdre was 573K and the G(NZ) values:
~are bétween 39 a ' 146, - The G((CH3)2CO) values are
the‘saQe as the G(NZ) values within experimental error
and -range from 69 to 1145, A

Figure III 21 is a plot of G(N ) and G((CH )2C0)
and the square root of the 2- propano] concentratlon
The calculated line through the pq1nts is drawn for

mechanistic reasons given in Chapter IV.
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TABLE 111-22

o
:ProdUCt Yields as a Function of 2-Propanol Cohcentﬁation;‘

i . *
at 573 + 1K

[0 [(eHg) RHCal 7 e(Ny)  B((cHy),00)
mM mM . '
9.1 | 300 ' 1078 -
9.1 | 300 E 1146 o
9.1 90 | 539 I -
9.1 18 | 194 -
9.1 B | 169 - v -
9.1 1.8 86 -
9.1 0.96 v 67 -
9.1 0.18 39 -
9.1 309 - 013 .
9.1 ,303‘ - - Uyos3
9, 300 .- 1145
5. 40 - | 358
8. 20 - 134
8. 4 - 69
.

Dose rate = 1.4 x 1017 eV/g min.
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FIGURE III-21 Product yields p]otted aga1nst the square

root of the 2-propanol molarity at 573K. [N O] = 8.7 + 0. 4
mM. O, G(N )y A, G(acetone) The full curve was calcu-,
1ated from equations «x and xi us1ng the rate constant

values g1ven.1n Text, with k8 =] x 10 2/mol s. The dashed
vcurves show‘fhe effect of assumfng kg = 1 x 107 br 1 x .10°

£/mol s.
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Table IT1-23 shows yief&s of N, and ac.-tone as a
function of dose rate at 573K The dose?rate was varied
in the limits (0.518 - 13.6) x 10‘5‘evkg§m1n and G(N,)
values were between 1078~and 2823¢ The G((CH3)2C0)
values are slightly 1owef -than the~ﬁ( 2) values nd are
llln the range 1013 to 2387. ' o

Figure JI1-22 shows a plot of G(N,) and'G((CHB)ZCO)
/ersus (dose rate)f%. .The data indicate thét the rela- .
tionship between the quantities is not linear and the

initial slope is therefore used in the calculations in

Chapter IV.



TABLE I11-23

: , .
Froduct Yields as a Function of Dose Rate at S73+1 K

Dose Rate (Dose Rate)—% '
N L o n u B(N,)  6l(cHy),c0)
10" " eV/g min 107 g~*min~/eV : .

136 2.71 1146 -
13.6 | 2.71 1078 -
13.6 + - 2.7 o - . 1013
13.6 | 2.71 - 1145
4.77 - 4.59 S 1445
1.19 =« 9.17 2638 -
1.19 : 9.17 - 2386
0.518 13.9 , 2823 -
0.518 13.9 T 2387

A

3

* _
[N20] = 8.7 + 0.4 mM, [2-propanol] = 0.3 M.
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DV2(10" ev/g mirx‘)“v2 R

L
FIGURE I1I1-22 Product yields plotted against (dose rate)'g.

[,0] = 8.7 + 0.4 mM, [(CH;),CHOH] = 0.30 + 0.03 M
T = 573K. O, G(N,); &, G((CH33,C0).



Table II11-24 contains da.a f Hm changing<the-irrdqj—
ation temperature for sampfes containing 8.7 + 0.4 mM
nitrou;~oxide and 0.3 M 2-propanol. The teﬁper&ture Wit
changéd from 513K to 585K and nitrogen yield: were in
the range 234 to 1336. Acetone yigids wecé'the‘sahe as
nitrogen yields with}n expérimenta],error’ﬁavipg values
from 1§4 to 1419. A good Arrheniﬁs plqt is ébtained_ﬁ h

from the data as shown in Figure I11-23.
- LI W

R



TABLE II1-24

Effect of Temperature on the Product Yields

[N,0] [(CHj),CHOH] T K G(N,) 6((CHy),C0)
mM
9.1 0.3 513 234 -
9.1 0.3 513 - 194
9.1 0.3 523 284 -
9.1 0.3 523 - 327

9.1 0.3 533 © 308 a

R 0.3 543 388 -
9.1 0.3 © . 543 - 423
9.1 0.3 553 - - 712
9.1 0.3 563 634 | -
o 0.3 563 - 817
9.1 0.3 573 1146 -
9.1 0.3 573 1078 o
9.1 0.3 573 - 1013
9.1 0.3 573 . - 1083
9.1 0.3 573 - ' 1145
9.1 0.3 583 1336 -
9.1 0.3 583 - 1419
8.4 0.3 583 - 1355
8.4 0.3 583 - © 1243
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Table III-25 contains nitrogen yie]ds at 573K, from
‘samp]es containing 2-propanol, acetone, and NZO‘ The
addition of 0.02 M cetone tofa sample contaihing 0.02 M
2-propanol and 9.1 mM;(NZO) seems to have little effect |
on the nitrogen yield. Also, the addition of 0.01 M
acetone to a sample containing 0.3 M 2—propanol'and 9.1
mM (NZO) produces no measurable qhangé in the nitrogen
yield. The yield of N2 is reduced to less than half- its
origfna] value when 0.3‘M_acetone»is added to a 0.3 M
((CH3) CHOH), 91 mM (N20) sample. .A sample containing
91.2 mM‘NZO and 0.02 M acetone gives a yield of N, which

is equal to the blank sample yield within experimenfa]

error,



TABLE III-25

Effect of Adding Acetone to the 2-Propanol S&stem

[(CHy),CHOH]  [(CH,) 00 [N,0] Dose 6(N,)
M M M 107 ev/q
0.07 0.00 3.8 137 1o
0.02 0.02 3.8 1.337 277
~0.30 0.00 3.8 1.337 1049
- 0.30 0.01 3.8 1.337 1019
0.30 0.30 3.8 1.337 428
0.30 0.00 13.8 1.337. 1050
0.00 0.02 3.8 1.337 o
0.30 10.30 3.8 0.00 a5
0.02 0.02 3.8 0..00 8.4
0.00 0.02 3.8 0.00 6

* The blank sample yie]d is not subtracted from this sqmpfe

becausé it is larger than the irradiated sample yield.



TV DISCUSSTION

A. Nitrous Oxide as an Electron Scavenger

Nitrous oxide has been used as an electron scavenger
in a number .of ﬁfudies (4,6-50)‘ The capture of an e]ect5
ron by N20 produces NZO_ which decomposes to produce N2
and 0. Therefore, one e]ectron capture leads to the
production of one N2 molecule so that the N2 yield can be

equated w1th the .electron y1e1d

B.  Total Ionization Yields in Water and D,0

The radfo]ysis‘of.aqueous solutions of nitrous
oxide at room temperat@re and natural pH produces y1e1ds
of n1trogen which are dependent on the nitrous oxide con-
“centration. With ~1 mM concentration the value of‘G(Nz)
is between 2.5 and 3.0 and increases to 4.0 at 100 mM.
The 1 mM, values are identified'with.the'capture by
nitrous oxide of all eiectron free ions (electrons which
have diffused out‘of the spurs) so that the free jon |
yie]d from the y-radio]ysis of uater is in the range
2.5 - 3.0. The value of G(N,} = 4.0 at 100 mM nitrous
oxide 1; taken to represent the capture of near]y all
e]ectrons produced by the 1rrad1at1on Electrons and-
positive ions are the pr1mary species generéted by the -

y-rays and the yield of nitrogen obtained when all

e]ectrons are captured by n1trous oxide s a measure of

96

1
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the total number of ion pairs produced. The number of
ion bairs produced by the absorption of 100 eV of energy
from the radiation is ca]led>é(total ionization).

The value of Gftota] ionization) in liquids cannot
be determined directly as no method exists for the col-
o 1ectipn at electrodes of all ions produced during irradia-

“tion. The use of electron scavengers such»as nitrous
oxide provide én indirect method for determining fhis
quantity. By such means the value of G(tdta1 ion{zation)
in water and alcohols has been estimated to be between 4
and 5 (51-53). No estimate ex}sts for the value of |
G(tbta] ionization) inVDZO but the present work indicates

Cthat it is 1arger than G(total ionization) in yater.

Il

C. - Radiolysis of NZO—HZO and N20-020 Mixtures at 23°C

Figures III-lltq III-3 show the nitrogen yie}ds
b‘obtained from water-N,0 mixtures and III-8 and III-9
show the yfe]ds from theﬁNZO-DZO system. The yields are
presented as umoles/ml plotted agéinst dose in eV/ml~

for three reasons.

(1) The G values calculated from the's]ppés of,the_lines
are more accurate than 6 values calculated onm

single points.

)

(2) A straight line shows that the G value is independ-

ent of'dose.,-
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' N
(3) . The plot indicates»whqther_or not the best straight
-y /' "
line through the points has an intercept equal tj/»

the measured blank sample yield.

-

Figures III-2A and IiI—ZB satisfy these requiréments
quite we]i. Figures III-3A,‘III-3B, and III-3C iﬁdicate
dose independent G values and intercepts fhatwagree with
experimental blanks. Figure III-4B tgntains a number of
points and gives.a'good'straight-line and intercept.

The N2 yields from the Dzossy;tem at 23°C in Figure
ITI-9A show considerable scatter; however, the points in
'ngure IT1I-38B, IiI-QC, ITI-10A and IIf—1OB'satis%y the
above criteriavvéry well. | | :‘, C I~

The G(RZ) value for H,0 and D,0 as a function of
log (nitrousvoxide conéentratioh)‘at 23°C are shown in
Figure III-15. At a cqﬁceﬁtration of ~1 mM in water the
G(NZ)'value is 2.8 indicating a freerion yield of 258
n neutraf‘waiervaﬁ’;oom tempefature; Previous values
o ained are: 2.45 (6), 2.65 (54), 2.65 (55), 2.7.(4)
end 2.80 (10). S |

"10 mM nitrous oxide the yield increases to

abo_ ‘47cating that G(total ionization) is >4.2
in GL ‘er. Previously a value of G(Nz) of 4.0 was
obt2ir_- -2>r conta® ng 10% ethanol and 100 mM

[N,01 (4.
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~ The G(N,) vé]ués 1ﬁ D,0 are about 10% higher than
the H,0 values ét all nitrous oxide concentrations studied.
ADaintpn and Peterson (8) found that the yield of nitroqeﬁ
from D,0 was 12-15% higher than from H20vat 16 mM nitrous
oxide. Results obtained using SF6 és an electron scaven-
ger.agree with those obtained with nitrous oxide in Bothg
"water and DZOIfof scévenger concentration up to ~2 mM
(56). This was the'highest SF6 concentration studied be-
cauée its sglubi]ity is - not high-enough, in water and
DZO‘ to‘maké more cohéentrated so]utioné by the technique
used. . - .

The higher free ion yield in deuterio compounds as

_ comp;réd‘to the yield in protio compounds seems to be a
general effect (57-59). The value of (6. - &"_.) for
water and dimethylsulfoxide is 0.3 - 0.5, 'and for ammonia
at -15°C it is 0.3 (58,59). Previously it was thought
'that this isbfope effect was Jhe to a wider jnitial dis-
tribuf}on of elec;rbns in the spurs (58).~fThe present study
“implies that the'diffe;ence is due to an isotope effect |
i fhe'tota] ionization yield, as the 100 mM nitrous oxide

'G(Nz)_value.is 10% larger in 020 than in H,0 at 23°C

(Figure II1I-15). X
. | . \ ‘ ! - - ) | .
D. Radiolys1s.of}N20 - Hy,0 and N,0 - D,0 Mixtures at
81 + 1°¢ | L .

The nitrogen yields obtained from the radiolysis of \\
= ' . | .
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> . ) :
N,0 - H,0 and N,0 - D,0 mixtures at 81 + 1°C are shown in

"Figures I1I-5, III-6, III-]T,.and ITI-12. Figures III-5B,

J

ITI-5C, III-6A and III-6B contain a sufficient number of
points to show that the }ie]ds ofSpitrogen in water are
independent 6f dose over the range Wsed. ‘The G(NZ) values
from both H,0 énd‘nzo at 81 1A1°c (Rigure I11-15) show

- much more experimental scatter than the 23°C yields. The
systém fs reproducible enoqgh;nhowever; to draw two con-
clusions. First the xié]ds at 8? 1.1°C are higher than
the 23°C yields at a]i‘nitrous oxide concentrations

| studied. Secbndly, the G(Nz) va1ue€/;€om DZO are higher
than those obt§ined from HZO' The same trends were
“observed using SF. as ascavammf at;J06°C (56).

It is difficult to understand the absolute values
of G(NZ) obtained from H,0 - N,0.and 020'- N,0 solutions’
irradiated at 81 1'T°C. The value found at a nitrous
_ oxide concentratioh‘of -75 mM is 5.6 in H,0- and 6.8 in
D,0 (Figure I11-14). These yitlds are difficult to
interpret as the G(total ionization) is iike]y to be in
the rangé 4-5. The most brobab]e‘explsnation is that
chain reactions caused by sma]]'émounts of'impurities
~in fhe watér and'DZO are responsible for the‘usually’
high yields. This explanation requi;es that the impuri-.
ties be h&?e reactfve\Yhan methanol and n-hexane, as
- adding 0.1 ml 6fvmethanol or‘_]O-3 ml of n-heﬁane pro-

duced no measurable effect on the nitrogen yields from
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samples containing 40 mM nitrous oxide, Table III-5 and

Figure II1-68B.

2 .
E. Radiolysis of N,0 - H,0 and N,O0 - D,0 Mixtures at

142 + 2°C
rigures III1-7 and III-8 show that at 142 + 2°C the

yleld of Nz'from the rad101ys1s of HZO = NZO so]ut1ons

are dose independent for the range studled The same

14

N
conclusion can be drawn about the DZO - NZO resu]ts

shown in Figure III-13 and ITI-14. When the yie]ds are
p]otted against log (nitron?oxide concentfafion) as
shown in F1gure TII-15 it is clear that the G(N ) values
are h1gner in both Tiquids at 142 + 2°C than at 81 + 1°C.
A]sp the nitrogen yields at 142 * 2°C are higher in DZ'
‘solution than in water. It was found using SF as an
electron scavenber'(SG)'that the F~ ion yields from DZO
were 1arger;by ebout.loz than those'from H20 at radioly-
sis temperatures from 20°C to 300°C. Yields of nitrogen
‘from a sample containing 1073 m1 of methanol (Table III-
7) increased the yields at 142 + 2°C by a factor of

about 3 as compared to a sample conta1n1ng no methanol.
Add1t10n of 0“3 ml of n-hexane had no measurable effect
but this is not surpfisihg as methanol is hore easily
oxidized than n-hexane. There is a strong possibility

that the h!gh yields of nitrogen from both H20 and 020 1

at 142 + 2°C are due to a. chain process resulting from —
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<
'

the presence of small amounts of impurity.

]

F. - Chain Reaction Mechanism

' The following set of reactions is consistent with
the results from the N20 - water - methanol and N20 -

water -2-propanol systems.

HZO —JM—» H,OH : (30)

H,OH + HCR,OH —  H,, Hy0+ "CR,0H  (31)

v

N,0 + “CR,OH B Ny + (OCR.OH  (32)

"0CR,0H + Hy0  ———>=  HOCR,0H + OH (33)

4 -0‘C1R20H + HCR,0H~  —— .HOCRZOH + “CR,0H (34)
~ HOCR,OH > CR0 + H,0 (35)

2:CROH  — Py (36)

"OCR,0H + -CR,OH . - P, (37)
2.0CR,00 —» P, (38)

where HCR,0H is either‘ﬁethanol in which case R = H or
2-propanoi where R is CH3. ‘Solvated electrons are also
produced in'réactidn (30), but tﬁey‘initiate chains by

reacting with nitrou; oxide, which fprm§ign 0 fon that
reacts with alcohol to fdrm -CRZOHi The net resu]t‘for

chain initiation is the same whether the initiators are

(e;so]v’ H30+: OH)} or (H,0H). For simplicity only the
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latter are presented in the chain mechansim. Reaction
(31) is well estéb]ished for both methanol and'2—prd-
panol (60) but reactions 32 to 34 are prqposed for the
-first time. Processes similar to reaction (32) have *
been offered before. Thé;reaction of nitrous oxide with
a hydrogen'radical (H.) has beip used to explain radia-

. tion induced chain reactions in H20 - NZO mixtures

containing hydrogen (17-19).

N20 + H- ——> N2 + OH (39)
The gas phase rate constant.fbr reaction 39 (k39) has

6

been found to have a value of 7.06 x 10" 1/mol s.4t 540°C

_with an activation energy of 16 kcal/mol (61)4 This
5

‘ indicates that at 300°C the value of_k39 is 1 & lQ
1/mol s. | ) e | | Ky
Reaction 33 is proposed to explain the fachghat
’thg&product yié]ds‘in the methanol Eysteﬁ are iﬁdependent
of methanol éoncentration_for (0.05 - 0.5)'M‘methaﬁol
(Figure III-17).':This would not be true if reaction 34
were the rate detefmin:ng-process in/}his system. The

kinetic analysis of the methanol system is not altered

if reaction 33 is replaced by a decompositio-
OCR,0H —— CR,0 + OH " (40)

but reaction (40) is not consistent with the results

from the Z-prdpéndl system where the jOC(CH3)20H radical
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v

would ne expected to undergo reaction (40) as well. Tne
2-propanol results show a dependence of the yields on the
2-propanol concentfation that is consistent with reaction
(34) being important in the propagatibn and not reaction
(40) (Figure ITI-_.). ‘Reaction 33 is probably endother-
mic in the‘gas phase by at least 18 kcal/mol. The reason
for this® conclusion is that the bond d1ssoc1at1on energy
for the HO-H bond is 119 kcal/mol and the CH30 H and iso-
C3 70 -H bonds have values of 100 and 102,k¢a1/mo? respect-
ively (62). The H-OCHZOH bond dissociation energy is
not lTikely to be greater than 100 kca]?mo] as the elect-
ron withdrawing OH Qroup will tend to reduce the bond
strengtL | | |

In water solution the HOC(CH3)20H d1ssoc1ates

[

read11y (reaction 35) but HOCH OH does not. The value of

) (Hocnzun) )
= — 2 i
€q (R,C0)

the constant is 2 x 103 for formaldehyde and 2 x 10° -3

for acetone at room temperature (63) Reaction (23) may
be much more energet1ca1]y favored in the aqueous methano]
- system at 1300°C than in the gas phase, as the HOCHZOH
species is 11ke1y to be a stable product. '~Reaction
energetics can be greatly affected by so1vat10n, a]though

no direct information is ava11able about (33)
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G. Analysis of the NZO—Methanol—Hater.System

A steady state treatment of the above set of re-
actions, assuming'that reactions (32) and (33) are import-
ant propagation processes, that reacéion (34) is unim- |
portant, and that termination is by (36) and (37) leads to

a third order equation (see appendix A for derivation).

3 ] 2
k37k36[-CH20H]- + (kgpk37[N,0] + kysko)[-CH,OH]C - kg7 I[-CH,0H]

-£§?31 =0 (111)
wﬁere I = 10'2 D G(int) is the rate of initiation of the
’qhain process, G(int) is the G Qa]ue for initiation, .
‘assumed equal to 5 for this work, and D is the dése rate.
Equation (iii) can be solved for the.[-CHZOHl\by an
fterative methéd u§ing a computer if values czn be
assigned to the rate constants. The va]ue of k36..the

rate constant for the recombination of two 'CHZOHU

9 =

radicals is 1.2 x '10° 1/m1 s in water at room temperature

(64). The rate constant for a diffusion controlled re-

9

action in water has a va]ue\of ~0° 1/mol s at room tem-

(pﬁzanre’(GS)-so one can coanude that reaction 36 is

diffusion cotrolled at 25°C. ~The coefficient of vis-
‘&osity of water changes by a~factor of 10 betwegn 25°C
and\300°C so it follows that 1 x 10'% 1/mol s is a good

P
me b dmadra Lo L —a Amanfa - -
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radicals is assumed to have a value k37 =1 x 10]0 T/mo] s.
| The magnitudes of k32 and k33 are determined from

the experimental data. The line drawn through the data

"in Figure ITI-16 is calculated using k32 =2.48 x 104

1/mol s and kys = 1.51 x 103 s']. First the [‘CHZOH] is
determined using equation (iii) and then the G(Nz) value
is obtained from equation (iv).

k3 [N,0I[ " CH,OH]

10‘?

(iv)

G(CHZO) = G(Nz) .
where D is the dose rate ~1.6 x 1017 eV/g min. The
calculated curve,and the data -in Figure III-16 have a
\M
complex shape but can be understood by examining the
sequence of reactions 32-37. If one considers reaction
(37) to be the on]y mode of term1nation at higher nitrous

oxide concentration ~O 17 M,one may derive the foIIowing

expression (see Appendix A for derivatian).

3
_ G(int ]
6(CH,0) = G(nzy'= (int) 32 33\ [N,0] (v)
- k37/

(10-2p)

Equation (v) predicts‘that G(Né) plotted against the
scuare root of the nitrous oxide concentration should-
give a straight line through the origln From Figure
III 16 is appears that one would have to study higher
Nzo concentrat1ons to see such an effect. It was found_

that the curve calculated with equations (iii) andv(iy) K
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agreed with equation (v) for hitrous'oxide concentrations
> 1 M (Figure IV-1).

‘At Tow nifrous oxide concéﬁtrations, ~0.01 M, there
1s a curvature of the data back towards tﬁe origin. For
small cthentration§ of N,0, rea;tion (32) will occur at
a 1od;r rate.so that the concentration of "CH,0H is in-
creased and terminationvby reaction (36) is more probable.
A steady state treatment considering reaction (35) as
thé only mode of termipation leads to equation (vi) (see
Appendix A for-derivation).

' k

[N,OJ(G(int))™
G(CH,0) = G(N,) = 201(6(int))

32 X (vi)

Vige (107%n)

The bending of the experimental data for (NZO);'E < 0.1 M2

in Figure III-16 indicafes a first order dependence on
N20 concentfatioﬁ in this regioﬁ in agreement with
equation (vi). The change from square root-dependence
“to first order dependence_shoﬁs also in the theorética]
curve obtained by using eqhations (1i1) Snd (iv) (Figure
III'JG) | This means that the more general formu]ation,
equation (iii), describes the system reasona ' well | |
over the entire range of N20 concentrations. 4

Figure III-17 shows A'plot of G(N,) and G(CH,0)
against the methanollcoﬁcentration. The plot demonstrates
that the system is not sensitive to the methanol con-

céqtration over a concentration range (0.5 + 0.005) M
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end this result is the reason why reaction 34 was cohsider—A
ed to be unimportant in the methano] system. The study
‘of the variation of the nitrous oxide concentrations
(Figure I11- 16) was carried out using 0.53 + 0.03 M meth-
anol, the region where the yields are 1ndependent of the
methanol concentration. 4 |

Figure III-18 contains a plot of G(N ) and G(CH 0)
agalnst D % .for a methanol concentratIOn of 0.05 M and
96 mM nitrous oxide. As_mentioned above these,are the
conditions where equation (v) applies. The Tinear de-
pen&ence of G(Nz)-and G(CHZO) on'D.';5 predieted by equation
(v) is born out by experiment (Figure ITI-18). However,
an intercept Qf 50 G units is'obtained from the experi-
mental data and equatioh (V) predicts an intercept of
zero. This ﬂiscrepagcy is not understood.

Arrhen1us plots for nitrogen and forma]dehyde are
given in Figure I1II-19. The. cond1tions for the tempera-
ture study were 96 mM nitrous ox1de and 0.53 + 0. 03 M
”methanol, SO0 equat1on (v) is applicable. Therefore the
slope of the llne, which is the same for N2 as for CHZO
gives 1/2E + 1/2E - I/ZE = 8 kcal/mol. " React1on
(37) is assumed to be d1ffus1on contro]led so that 1ts‘
activat1on energy is about 3 kcal/mol. Setting E37 to 3
| kcal/mol g1ves E32 + E33 = 19 kcal/mol. It is not
possible from the present work to determine 1ndiv1dua]

va]ues for E32 and E33
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The yield of N2 under a]l cond1tions studied was
,higher than the yield of formaldehyde (Figure II1-16, III.-
17, ITI-18 and IT1-19), wh11e‘the-mechanism predicts that
the N2 and CHZO yields shou]d be the sawme. Radiolysis of
water conta1n1ng n1trous oxide in the absence of methanol
at 300°C yielded a G(N ) of ~9, Table III-16 and F1gure
CTIT-16. This cou]d account for some of the difference
between the N2 and CHZO yields- from samp]e54conta1n1ng
methanol. The rema1n1ng d1fference is most likely due

to the consumption of CH20 by reaction. A sample con-
~taining 9 x 10° =5 M CHZQ and 97 mM NZO-was irradiated at
'}00°C7 A1l the fdrme]dehyde was con§umed and 87 G units
of N, and 7 G units of CO were produced. The consumption
of CH,0 repfesents G(—CHZO) = 35, so about 2 mo]ecu}e§ of
N2 result from the consumption of one CHZO holecu]e. No
_'further study was done oh the system but this was con- |

sidered sufficient.evidence that'forma]dehyde:can be con-
.’sumed by a ;h;in reaction in this system. To eXp]ain

the difference between the N2 and formaldehyde yields
requires that 8% of the inifiai CH,0 formed reacts further
to produce'nitregeh. If formaldehyde is‘in fact reacting

to produce nitfbgen, the real values of k32 and k33

would be less than those reportedfhere.
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H. Analysis of the N20-2-Pfopahol-water System

If it ds assuméd that’reactions (32) and (34) are
important propagat1on\huocesses, that reaction (33) i
unimportant. and that termination is by (36) and (37),"
_then a steady state treatment leads to a th1rd order

equation (see Appendix B for derivation).

kygkgy [-C(CH3),0HT® + (k32k37[N 0] + kqkgq[HC(CHy) 0HI)[-C(CH) ,0H]2

i

- 37I[ C(;H3)20H] - k34I[HC(CH3)20H] = Q ' (vit)

The value of k36’ the rate constant for the recombination
ana\disproportionation of two 'C(CH3)20H radicals, is
0.7 x 109 1/mol s in water at room temperature (64). A

good estimate for ko at 300°C is 1 x 10'0 1/mol s as
dfﬁcussed in the previous section. A value of 1 «x 1010
1/mol s is assumed for k,, at 300°C. |

The line drawn through the data in Figure III-20

6

is calculated using k32 = 2.9 x 10° 1/mol s and

34‘= 8.7 «x 103'1/mo1 s. There is considerable scatter
in the'experimenta] data in Figure&III-ZO'but the points

k

indicate that G(Né) and G((CH3)2C0) vary linearly with
the squafe root of the N20-concentrétibn‘for [N 0]3 >
0.06. This can be understood by realizing: that for h1gh i
Y

concentrat1ons of N,0 the [-C(CH )ZOH] will be sma]l so

it is reasonable to neglect the contribution of reaction

~—
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(36) to termination under these conditions. A steady

state treatment assuming that reaction 37 is the only

mode of termination leads to equation (viii) (Appendix B)

]

(viit)

%(k32k34j)& [nzo_]”(HC(CH3)ZOH];i
Koo' '

G(N,) = G((CH,),C0) = (G )
() = 6L(Ch5)500) = (Byn) (57 T

For a constant 2-propanol concentration equation (viii)

predicts a linear dependence of G(NZ) and G((CH3)2C0)

on the square'root of the N20 concentration.
At low N20 concentration the ;C(CH3)20H concentra-
tion will be increased.and termination by reaction (36)'

will be more important. Considering the extreme case

where reaction(36)i$_the only mode of termination leads

~

to the expression

6(N,) = G((CH;),C0) = (G, ) _ (ix)‘

The data in'Figure.III-ZO appear to éhow a first'qrder_,‘
dependence on the-NZO concentfafionvfor‘[NZO]B < ~0.02
Hk, in agreement with equation (ix).‘ The calculated
cque obtained using the generaf eqdatioﬁ (vii) fits the'
data'reasonabiy'well at all nitrods oxide cohcentrqtions
studied (Figure III-20). | |

If one considers reactions ’(37) and (-38) to be the
important_tgrmin;tioncreactions‘and”propagﬁtion by 32

and 34, then'equation (x) can be derived (Appendix c).
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k7k3g[*0C(CH;) ,0H]® + (k32k38[N 0T + kygkay [HC(Cry),0H) [-0C(CH, ) ,0H]

+‘k37l[-0C(CH3)2

OH] - k321[N20] =0 | (x)
The line through the. data in F1gure ITr-21 was obtained by
so]v1ng equat1on_(x) for the [- OC(CH3)20H] and using equa-
tion (xi) to calculate G(NZ) and G((CH3)2C0).

k3ql -0C(CH4 ), 0HI[HC(CH,) ,0H]

)CO)— . = (xi
3/2 102 D f xi)

G(N ) = G((CH,

"To fit the data at low 2—propanol concentrations it was
:ecessary to assume that kyg = 1 x 10% 1/mo1 s. At higher
2-pr0panol‘concgntrations reaction 34 will proceed at a
higher rate so that the'concentration of the '0§(CH3)20H
radical concentrat1on will be reduced and terminatioh by
reaction (37) becomes more probable. As mentioned above,
assum1ng that react1on (37) is the only term1nation re-
action ‘leads to equation (1x) so that a. square root ‘de-
pendnece of G(N ) ‘and G((CH3)2CC) on the 2-propanol cou-
‘<centratlon is pred1cted " The G(N ) and G((CH3)2CO) values
in Figure III-21 show such a square root dependence foh
‘[2 propanol]!E > 0.1.

At lower 2-propanol tohcentratidn the ['OC(CH3)20H]
will be 1neTeased and term1nat1on by react1on (38) becomes
more probable If one assumes that reaction 38 is the-

only mode of term1nat10n then reaction (38) can be de-

rived.
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),0H]
3)2 |

O (xid
(107¢ p)* i)

k., 6(int)®[HC(CH
6(N,) = G((CHy),C0) = '
| (k)

The bending of the experimental data at [2-propan01];i <
0.1'M;5 (Figure III-21) is mos.t likely due to a change

to first order dependence on 2-propanol éoncentration as
prenicted by equation (xii). The calculated curve
obtained from equations (x) and (xi) fits ti tn rensbn_
ably well for all 2-pnopanoT concentrations ¢ ’
(Figure III-21). :

It should be pointed out that the 2Apnopnno. o
céntratfon;study involved a high enough‘NZO concentraic
that equation (viii)Aisaapp]icable at higher 2-propano]
concentrations (Figures IfI-ZO andlIII-Zl). The N,0 -
concentration was varied while keeping the Zepropanol
concentration large enough that equation (viii) app]1es
at higher N20 concentrations (F1gures I1I-20 and 1II-21).
The plot of G(NZ) and,G((CH3)2C0)'against the square
roOt of the N20 cnncentratﬁon'(Figure III-20) is curved
at the bottom ,because of a change from termination ma1n1y
by reaction (37) at hwgh NZO concentration to termina-
tion mainly by 36'at 1ow NZO concentration. The p]ot
,°f G(N') and G((CH ) CO) versus the $quare‘rnot of the
2- propano] concentration (Figure III- 21) is curved at
the bottom because of a change from termination main]y '
by reaction 37 at high 2-propanol concentration to

termination by reaction (37) at lower 2-propanol con-
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Figure III-22 shows.the depenaence of G(NZ) and
G((CH3)2C0) on the dose rate. The study was carried.out
using 8?7 + 0.4 mM nitrous oxide and 0.3 M 2-propanol.
These are conditions where equation (viii)“is applicable,
a§ discussed above, so that a linear dependence‘bf both

G(NZ) and G((CH Q) on the reciprocal of the square

3)2C
‘root of the dose rate is predicted. The data in Figure
‘I11-22 indicate a curvature fer lower dose eates bﬁt.a;
reasohable linear dependence for higher dose rates.

| The temperqture.stud} was performed using con-
ditions where equation (viii) is abpli;ab]ef 8.7 + 0.4 mM_
nitrous oxide and 0.3‘M 2—propenol.x The mechanism
ﬂeredict; that G(NZ) and G((CH3)2C0)'shoG1d show the same
temperature behavior.. The data in'FigurewIII-ZB jndicate
’that this is the case, as G(Nz) and G((Cﬁ3)2C0) yield
-the same Arrhenius plot. The slobe'of the Iihelin
Figure I11-23 yields 1/2E,, f’1/2534 - 1/2E4, = 15 kcal/
mdj. Assigning E37 a value of '3 kcal/mo} gives Eqp +

E., = 33 kcal/mol. As in the methanol system it is not

- 34
‘possible to determine indjvidual values for the activa-

tion energies.

I. Effect of Add1ng,Acetone to the 2- Propanol System
In Tab]e III 25 the results obtained by adding |

acetone to'the 2-propanol system are presented. Acetone
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is a good electron scavenger with a rate constant forvrej
action with hydtated electrons -of ~6 x 10° 1/mo1 s at
room temperature (66). The reaction of N 0 with hydrated
~electrons at room temperature has a rate constant of
10]0 1/mol s (16)! If the mechanism were ionic one would
expect that 0.92 M acetone wou]d'be sufficient to reduce
the chain length su}stantially in a sample containing 3.8
-mn'uzq, and the fifst two samples listed tn Table III-25
indicate that this fs not'the case. Even'the addition
of'0;3 M acetone only reduced the yield of N, from about
1000 to 428 (Table I11-25). These‘results support the.
hypothesis that the chain process responsib]e for the high

yields of N2 and acetone in this system is a free~rad1ca}

chain.

" d. Conc]uding Remarks Concerning the Chain Mechanism

The high yields of products from both aqueous alco-
hol: systems conta1ning N20 are explained by a radiation
: 1nduced chain process. : The proposed mechan1sm 1nvolves-
the transfer of an oxygen atom from NZO to a -CRZOH o

radical, producing an -OCRZOH rad1ca1 The system con-

. ta1n1ng methano] shows different kinetic behav1or than

" the 2-propanol system because in the methanol system
the ?OCRZOH,neacts with water while in the 2-propanol
solution the_feactjon is with tne alcohol. The mechan1sm

. proposed for the meth o} system is supported by a
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dependence of the G values on t?e square root of the N20
concentration, G values that are independent of the meth-
ano] concentrat1on, linear dependence of the G values on
D %, and an Arrhen1us p]ot whi¢h gives the same s]ope for
both G(N ) and G(CH 0). The support for the mechanlsm
used to explain results from the 2-propanol system can
be described roughly as: aulinear dependehce of G(Nz)

and G((CH 0) on the square root of both the NZO and’

372¢ |
- the 2-propanol concentrations, a linear dependence of
fhe Grvalues on D';5 for large dose fates? and the same

"Arrhen1us parameters for both G(N ) and G((CH3)2CO)
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"PART 11

ELECTRON RANGES AND MOBILITIES

IN HYDROCARBONS




v I NTRODUCTTION

A General

-7 Measurement of.radiation induéed electrical con-
ductance in hydrocarbons makes possible the estimation
of penetratioh ranges of -low energy electrons and the
measurement of the'mobilities of thermal e]éétrqns in
1iquids.v The mgggurement of penetrqtion ranges and
the associated energy'loss processes of 1ow energy;/‘
electrons (<10 eV) has not brevious]y been possible in
liquids. Ranges and mobilities give new information
abéqt the behavior of,e]ectfons~in matter.

 The first X ray induced conducfance gxperimenis

on dielectric 1iqdids were cafried out: by Pierre Curieﬁ
in 1902 (]).W'Ih the 1940's X ray‘inguced conductance
was observed in 1iquid nitrogen and liquid helium by
Gerritsen (2). With field strengths up to 20 kV/cm
1on1zat10n currents up. to 40 p1coamps were obta1ned
The current was d1rect]y proportional to the voltage ‘s
in liquid n1trogen at 77K but in 11qu1d helium between
1 and 4K tHe curves‘shBWEd a tendéncy towards satura-
tion.

Gamma radiation induced conductance in liquid

hydrocarbons was studied by Freeman (3- 5) - Field

15" 3

eV/cm
9

strengths up to 70 kV/cm and dose rates of 10

vere used. Conductances measured were between 10~

s

and
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lo’lz,nho and showed a aharp sensitivdty to fﬁpurities
in the liquids. Two liquids, nahexane and cyclohexane
were studied,and tne effect of a number of additives was
examined. The influence of dose. rate, temperature, and
liquid v1scos1ty was determined and the results were‘

interpreted by means of the Onsager theory (6).

~Ionization currents produced by soft X rays were
deiernined fer a wide range of liquids by Ullmaier (7).
Field sfrengths up to 50 kV/cm were used and ionization
currents versus %ield strength were plotted for each
11quid. The more -branched hydrocarbons tended to give
larger ionization currents than the straight ciain hydro-
carbons. ‘For example, n—pentane gave 1.82 x 1079 A at 2
dose rate of 2.14 x 10]2 eV/s while 2,2,4-erimethylpentan
yielded a current of 3.21 x 1079 A for a dose rate of

12 eV/s, -both mea§ured at'SO kV/cm.

2.35 x 10
A]]en and Hummel (8,9) studied X ray induced con--

ductance in n- hexane and extended ‘the method to the deter

mination of positive and negative ion mob1lities They

obtained a free ion yield in n-hexane of 0.09 mo]ecules/]

e¥ indicating that pract1ca11y all electrons produced in

sp:rs react with the_positfve jons before they ean escape.
The influence of die1ecfric"constant on the free

lbn.yield‘produceq from the;rradielysis in liquids was

axamined u;ing a conductance method (10). It was found
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that the free»ion yield increased with 1ncreasing dielect-
1r1c constant. Normal hexane with a die]ectric(constant
jof 1.9 gave a free .ion yie]d of 0.10. | The dlelectric P
constant of n-butyl ch]or1de is 7.2 and the free ion

yield was found to be 0. 39

The effect of temperature .on positive and negative

ion mobilities‘in iiquid n;hexane was;examined‘by Hummel;
“A11en and Watson (11) using irradiation by 1.5 MeV X rays.
They found tnat the activation energy for positivevand
negatiVe ion mobi]ities were'0.09_ev andVO.iés eV resoect4

ively. The results agreed reasonably well with-those

obtained earlier by photoinjection,tecnnique (12-14).

B. MobilitIes of E]ectrons in Liquig_

| | The mobilities of e]ectrons in 11qu1d rare gases
'were measured extensive]y between 1950 and 1970 (15-19)
but until 1964 no estimates of electron mobi]ities in
11qu1d hydrocarbons existed. The first evidence that
these measurements could be made was obtained by Samue]
and co- workers (20) ’rThey used pu]ses about 30 Hs 1n
]ength from a Coso source and irradiated two pure
liquids;,n-hexane and n-octacosane; They carried'out
‘extens1ve purification on the liquids and obtained signa?s
that were . 105 t1mes larger than had'previous]y been obser-
ved. The results were exp]ained by postulating that |

electrons in the liquid were the fast charge carriers and'
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had mobilities of >10 cmZ/V s at room temperatu)e. They

assumed that previous workers had failed to purify the
1iquid hydrocarbon suff1c1ently so that electrons were
scavenged by 1mpur1ty and became negative jons with

mobilities of -10°3

cm /V S.

_ The first solid evidence that electron mobilities
1n liquid hydrocarbons could be quantitatively determined
was obtained by fhwafi and Freeman (Zl) ~ When measuring
" ion mobilities in neopentane and neohexane they observed
a sharp spike on the osc1lloscope trace indicating the
presence of fast charge carriers ~ The fast signal was
not removed by adding olefin but when electron scavengers
o;ygen or sulfur hexafluoride %gre added to a sample the
spike disappeared and the ‘slow 1on signal remained. The
mobility of the species responsible for the fast decay
could not be determined as the time constant of the
measuring circuit was much too. large. A further study
was carried out where the speed of the circuit was increased
‘by a factor of 1000 (22), and the signal in argon and
neopentane was examined. The circuit was still too slow.

to measure the mobilities but the fact that argon and

neopentane gave about the same signal shape‘showed that

the signal from neopentane was due to electrons A number
“of laboratories began measuring electrOn mobilities #ﬁ’

1iquid hydrocarbons and other liquids (23-25). Minday,
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Schmidt\and Davis (23) estimated that the mobility of
electron 'iq 11qu1d-norma1 hexane was arédnd 1 cmz/v s

at room /temperature. Schmidt and Allen (24)'obtaihed a
mobility of 93‘cm2/V for electrons in liquid tet}amethylf
silane at room temperaturé. Conrad and Silverman (25)
determiﬁed the e{ectron mobility fn liquid n-ﬁexané~to

be 0.21 - 0.23 cmz/v s at 23°C. A great deal of work has
now been done'on the détermination'of free ion yields and

measurement of electron mobility in liquids (26-60).

C. - Theor! %b,
When yv-radiation is incident on a diquid -’ vents

occurring can roughly be described with the foll.

equations.

M —M—»tn* +e ] ()

[H+ +e’] ——» [M] (neutralization
; - v , in the spur) (2)

—» N+ (free ions) (3)
S+ e — 5 . (4)
M* + e ——» M | [neutralization
+ - ({in the bulk - (5)

M + S, ——f—ih- M+S ‘medium

o]

there S is an electron scavenger Hhen the irradiated
iquid 1is contalned between para]lel plates of a conduct-
ince cell, then applying a voltage adds an additional
rocess to the above description

+ -

M, e,S —— collection at the , ‘ (6)

olartrandac



~

of measurement. .
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»

When the electric field is weak the collection
(reqction 6) cannot compete with spur neutralization |
(feaction 2) and is in competition with bulk medium
néutra]ization'(reactiod 5). The collection of all free
ions by this technique provides a meaﬁs of measuring the
free ion yield, the number of free ion pairs/produced per
100 eV of energy absorbed. The'yiéid is symboli;ed\by

: ,

fi®

fhe(e are several problems associated with this typc
.\.

The rate at whichmgree fons are collected must be
 fast enduéh that ‘the number of free ions lost by
‘bulk medium neutra]izag?on (reaction 5) is nggligib1

This problem is solved by puttiﬁg.large Qolfages on
‘the electrodes and placing them close together.

The electric fie]dfstrength is in units of volfs/cm

s0_both these ‘conditions favor an increase in the

field strength.

"The dose must be large enouéh;fo givé a'measurabié
signa],'but not so large assyto give a high rate
to reaction (5). The dose is aSout 1 mrad, which,
is on}y'10'5 as large as those used in opticalv
heagureménts. In practice short pulseé ;re uséd,»il
us; so that thé ehergy is v*tbodyced into the sample

in a short time.



130.

¢

3. The yield of reaction (3) can‘be increasedrﬁy tne
electric field. A way must.be found to subtract
from the total ions collected, the number of ions
which have been drawn out of the spur by'the elect-
ric field and colleeted. ~In order to solve this
problem a plot of free ion yield versus field
strength.js extrapolated to zendvfie1d and the

intercept is taken as the unperturbed free ion yiel

4. One must eliminate from the measurement ions which
have - been produced in liquid which is ‘'not between
the e]ectrodes. This problem is solved by, shieldin

cali surf;ces of the collecting electrode, except
the front surface, with ;eta] shield (a guakd

electrode);

D. . Calculation of Free Ion Yield

The free ion yield is calcu]ated from the number of
,conlombs collected, éfter the radiation pulse, and the
number of eV of energy ab§orb0d from the pulse by the

samp]e. 'The equation used is the fo]]oning

E_ Qx 2.64 x 1020 . .
Gy = ' ‘ (1)
ALD

where GflE is the free {on yield in ion pairs/]OO ev at
- field strength E, Q is the charge co]]ected in cou]ombs,

A 1s the area of the co]lection electrode in cmz, .and L
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fs the distance between the electrodes in cm, D is the

3

dose in eV/cm” absorbed from the radiatibn by the sampie

between the electrodes.

Y

E. Measurement of Electron Mobility / .

The electron mobllity is determined by . measuring

the rate at which electrons are collected. In the case

where all e]ectrons i;e’f;??ecteg before they can be

scavenged and converted to negative ions, the ca]cu]ation

is simple. Electrons whith are close to the collecting

electrode i?f??‘thejﬁﬂqse afe ch]ected first, and those

which are close to the other electrode Sre collected last.
The time between the collection of the‘figét'and last
electrons is the time required for electrons to drfft the

iistance L between the electrodes. Therefore .

v. =L/t ' : (11)
e , . _
vhere Ve is the‘electrqn drift velocity fn]cm/s and 1 is
:he time in seconds between the end of the pulse and the
)oint where the conductanﬁe signal’reaches zero. 7The .
rlectron mob1lity He» which is the drift velocity per unit
'Tectric field strength, is given by;
g , 2 '

’ = ._l:... = = L :

He T IE v/t TV (111)
'here E {5 twe electric field strength in volts/cn and V

s the voltage applied to the electrodes.
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When only a fraction of the electrons are collecte
before scavenging by 1mpurit%es it is necessaby to use
another method that 1nc1udes in the calculation the total
dose absorbed from the pulse If there is no loss of
electrons due to scavenging duringthe pulse, tbe current

at. the end of the pulse is given by:

10 = veACo (iv)

where 10 is the current in amps and C‘ is the concentra-
. - "4\ e}

tion of electrons in cou]ombs/cm3 The e]ectron ~concentra

tion at the end of the pulse can be re]ated to the dose

from the pulse and Gﬁ.E by the equation

10 2DG E - ,
° 6.24 x 10 :

where 6.24 x 10'8 is the number of electrons/coulomb. By
substitutihg (v) into (iv) we get

E -
0 6.24 x 10°Y o -

To convert ﬁe to Hg we must divide equatiby (vi) by E.

‘ E "
- = ” 70 vii)
E 6.24 x 10 v
or - i, x 6.24 x 1020 o .
' TR . _ (viii) ,

e c - .
X E
) DE . " AE
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F. Previous Work on the 3-Methylpentane-2,2,4,4-tetra-

methylpentane: Series

A conductance techniqué has been used to determine
* the free ion yields from the Y irradiation of 3-methyl-
| pentane, 2,3-dimethylbutane, 3,3-dimethylpentane, 2,2,4-
trimethylpentane and 2,2,4,4—tetramethy1pentane. The
measufements on_2,3-dimethy1butane (28), 3-methylpentane
(58) and 2,2,4-trimethylpentane (33) were at room tempera-
ture only. The yields in 3,3-d1methyfpentané were for
tﬁe témperature range 197 - 357K (58). Free ion yields
‘have been obtained forl2,2,4,4-tetramethy1pentané for the
-temperature range 212-385K (37). ‘ |
" The -obifities of electrons in all these liquids
have a]so‘been determined by a conduCFance.technique. The
mbbilities of electrons in 3-methy1pentane<have been
determined for the temperatufe range 258 - 371K (58,60),
thle only room temperature has been studied for 2,3-di-
methyTbutane (28,58), 2,2,‘4~t“r1meth3‘(1pentane (59) and 3,3-
dimethylpentane (58). Electron mobilities in 2,2,4,4-
tetramethylpentane have been determined for the tempera-

tures 295 - 385K (37).

6. .The Present Work
~ The present work involyes the mea;u(emeht of free
ton yields and mobilities for the aboVe mehtionéd compoun&s

over practically their éntire liquid range, from near their
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.

melting points to above their critical temperatures. For

2,3—dimeth§\butane the range of temperatures was from
- 518K.

The temperature ranges for the other compounds

3,methylpentane (142 - 525K),'3.3—dimethy1pentane

" (18 J» 2,2,4-trimethylpentane (240 - 552K) and

2,2,4,4- tetramethylpentane (240 - 556K) The purpose of

‘the study was to compare the temperature effects on e]ect-_

ron mobilities in hydrocarbons with very different struc-

tures.
k .



VI EXPERIMENTAL

A. Materials
(a) The'following chemicals were Supp]ied by Chemical

Samples Co.: 2,3-dimethy1bdtane (99.92), 3,3-dimethylpen-
tans (99%), 2,2,4-trimethylpentane (99.9%) aﬁd 2,2,4,4-
tetramethylipentane (99%). The 3-methylpentane was supplied
by Aldrich Chemical Co. Inc. and was 99% pure. All of the
above chemicals weré further purified by ‘the lithium
a]uminum hydride, sodium potassium alloy technique des-

cribed below.
(b) Potassium metal was obtained from BDH Chemicals.

(¢c) Sodium metal (Certified) was obtained from Fisher

Scientific Co.

Va

(d) vLithiym aluminum hydride was supplied by'Venfkon
Corp.

B. °  Apparatus and Procedures -

(a) The Vacuum System : _ ,

The m;in-maﬁifojd of the vacuum system is virtually
the same as shown in Figure II-1 6f pdrt 1. fhe only
*hange made was to remove all stopcocks/;equ1r1 rease

] the upstream side of the mercury diffus1on pump

b) . e Sample Preparatioﬁ Hahifo]d

he _ample preparation manifold was divided into

135
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two pafts.' One hart was used for treatment with lithium
| aluminum hydride and the other part for‘the sodium potassium
alloy process and fil1ling of the sample cel]S (Figures VI-1
and VI-2). | |

The‘f%;;t stép in the sample preparation was to |
place aboht\;%]ml of hydrocarbon and about 50 ml of su]furic
acid in a 250 ml volumetric flask containing a two inch
Teflon stirfing bar. The mixture was étirred for abouf

24 hours and the layers were then separated using a 500 ml

separatory funnel and the hydro A bon layer was placed in

ain

ai250 ml'volumetric flask»co g two pe]]ets of potassium

_ hydroxide. The flask wasﬂshake for about five minutes
and then the contents were | owed to settle for about one
hour. Thé hydrocarbon ' was thén decanted into the 250 m1l
round boftom flask shown in Figure VI-1, 10 g of lithium
aluminum .ydride was added, anthherTeflon“stopcock was
~screwed on. The contents of thé flask were degassed by
fréeze—pumthhaw c}cleé and the mixture was stirred for
-about 24 hours, 40 MI of the'1iquid ﬁas then transfeﬁrdl
to T1,-cooléd by liquid nitrogen, with’constant pumpingf
Another disti]lation from T, to Tz'was carried out for
further degéssing and the liquid was then distilled to
(Figure VI-2) while pumping to remove gas. The ]iquid;<
was then distilled on to the sodium pota551um a]]oy (Fig-
ure VI-2), about 2 ml being left behind in T3.' The con-

tents of the alloy trap were stirred for about 48 hours
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and'degassed about every 12 hours. _

v While the hydrocarbon wos being pumped -on the alloy
the high pressure cell was attached to the rack by glass
b]ow1ng /{t was wrapped in heating tape and g]ass wool
and heated to the highest temperqgure/that would be used
in the experiment. Hnile hbt it was degassed by pumping
for about 20 hours and then allowed to cool to room tem-
perature. ” |

| When the time came to do the experiment the sample
cell was filled by the fo]]owing procedure. About 15 ml
of sample was transferred from the sodium potassium alloy
~to T4 with continuous pumping A Dewar containing ]iquid
~nitrogen was ‘then placed around the 10 ml measuring pipet:

- and about 9 ml of sample were distilled into it The re-
maining liquid in T4 was pumped off and the liquid in the -
measuring tube was degassed by thawing and pumping. The
] required amount of liquid was then distil]ed into the cell
by putting a Dewar fil]ed with 1{quid nitrogen around the
| body of the cell. The high pressure cell was then're-

moved with a torch under continuous pumping.

(c)  The- High Pressure Cell

The high pressure cell used for the experiments is
shown in Figure VI-3. The cell waS-constructed with
) Corning 7052 glass with a uranium glass grided‘sealvused

: to connect the cell to the Pyrex vacuum rack. The body
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of the cell was coated on the.outside with Aque Dag (G.
Electronics T.V. tube coat), with a window left in the.
frontland back so that the liquid inside could be observed '
during the course of the experiment. nThis was important
for determining at what temperature.one observed the dis- -
appearance of the meniscus and fhg-appearance and disappéar-
ance of critical opalescence. The‘Aqua Daz coating was
grounded to the copper braijd that sh1e1ded the lead to

the collector electrode. Th1s was to prevent 1nterference
from cdnductance-iﬁ the glass. Th lass side arm over the
high voltage lead was not cove;ed with Aqua Daz as ft was
found that the éoafing caused the g]aSs to break more
easi]y._ “

The distance between the e]ectréde was measured by
determining %hg cell constant conductionmetrically, using
standard potassiuh ch1§r1de solutions. The con?uct&nce
-bridge uséd for this purpose is shown in FigureVI-4. The
circuit was designed to mafntain~the guar&'and collector

electrodes at the same A.C. potential. Over the range

1-3 kHz the cell codStani was independent of f}equency{

- -

(d) Temperature Control.

. A box constructed of polystyrene foam was uséd to -
'achieve low temperatures. A stream of cold nitrégen from
a 50 1 Dewar of liquid n1trogen was 1ntroduced through a

"'port at the bottom of the bax. The rate of flow of cold

N\
N
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nitrogen'gas from the Dewar was governed by controlling
the current passing through a 1 kW résistance immersed
in the liquid nitrogen. The temperature around the cell
was determined by two thermocoup]es which gave readings
within 1°C of each other when the'tempersture_was stabil-
ized. | | |
' The apparatus used for the high‘tempgrature work
is shown in Figure VI-Sf The high pressure cell Qas
pos1tionéd on asbestos supp&g%s which were glued to the
wall of the cléar walled Dewar. . A heat gun (Master
.vgkvaicanceQCorp. model AHO751) was fitted to a 6 cm dia-
meter glass tube (Figure VI-5). The heating coil in the
gun was connected to a LFE Corp. model 226-A21 temperature
'-controller and the heat gun fan was powered from.a normal
60 cycle outlet. Two thermocouples were placed as close
as possible to the bod) of the cell and horjzontal to the
electrodes. One tﬁérmocouple was used to record the |
te-pératurg\énd the‘other was connected to the’temperature
Eontroller. The Faraday cage wés éonstructed,of aluminum,
with copper screen in hoies in the front and back walls
so that one could observe the critical point. The thermo-
couples were calibrated by observing at what temperature
the hydrocarbon wént éritical and’correcting the experi-
mental temperatures by compa}ing with the litefaturé values
for the ériticAI temperature of that hydrocarbon. In

Figure VI-5 the Dewar is represented as single walled for
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convenience in drawing and the metal base of the Dewar is

LY
not shown.

(e) The Van.de Graaff Accelerator
\

A 2.0 MeV van de Graaff Accelerator manufactured by

‘High Voltage Engineering Corp. was used as the source of

high energy electrons. The accelerator was operated at

1.70 MeV for this work and pulse lengths of 100 nanoseconds

“‘and 1.0 microseconds were USed The vacuum inside the

accelerator beam p1pe was of the order of 10~ -7 torr. The

~ beam was focussed by fixing a piece of phusphorescent

paper to the end of the acce]eratoritube. Each pulse of
electrons produced a visible glow which could be viéwed'on'

closed circuit television. AStepring and focussing of the

beam was achiéved by cdntrq]]ﬁng current to electromagnets.

(F) The Gold Target

The gold target was used to indicate relative dose

and to produce X rays tq irradiate the sample. The target

was placed at the end of the beam‘pipe and was insulated
from ground‘so th$t~the beam of 1.7 ﬁel electrons could.
cause the build up 6f a charge. The charge created was
measured by an Ortec model 439 current digitizer and a

TSI model 1535 counter was used to diSpIay the signal as

picocou]ombs of charge.
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(9) Mobility Measurement

The circuit used to measure drift times of electrons
is shown in. Figure VI-6. The apparatus shown in Figure
VI-4 was positioned carefu]ly in front of the beam pipe
"and the Signa] produced from a pulse of radiation was
transmitted through a low. noise cable from the target room
to the control room. Two amplifiers were used for making
the measurements. OQne had a gain of 100 K and A response
.Atime of about 150 ns. The other had a gain of 5 K and a
'response time of about 100 ns. The exact gain of the
anplifier was determined after each experiment. . Hhen the
signa] was ]arge enough the fastest amplifier was always

used. \

(h) 'Charge Clearing Experiment

The method used for the charge clearing experiment
was originally deve]oped by Schmidt (27, 28) The circuit:
- used for this purpose is shown in Figure VI-7, The
transient current'produced by the oo];:;tion,of tons at
' thexelectrodes was integrated and the co]lected charge
'measured The P. A R. amplifier had an adJustab]e gain
which was set to an appropriate value depending on the
size ofnthe¢51gnai The signa] was observed on the scope
at the same time it was being fed into the Fabritek. When
a noisy signalnwas obtained-a,large number of signa]s was

averaged.
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VII RESULTS

~

A. Free 11: Yields

Figurks\!}l-]vto VII-5 contain plots of free ion

yield Ve sus field strength. The solid lines through
the points were obtained by methods tz will be des-
cribed. inChapter VIII.

Fﬁgure VII -1 shows the Fisu]ts for 2 3-dimethyl-
butane *Free ion yle]ds a;e plotted for temperatures
| bctween 26 9°C and 227°C and field strengths ip the
 range 3 to 62 kV/cm. The yields are increased by -
--‘_Either an - -increase 1;/the field strength or an increase

-1n the temperature

Figure VII-2 contains data for 3-methprentane.
Yields are.given’for temperatures between 26°C and
231.2°C and field strengths trom 3 to 45 kV/cm. As
with 2,3- 'wethylbutane the free’ioo yield is seen to

increase with both temperature and field strength.

R

49 e
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o E(kV/cm) - | L
Ge; versus field strength 2,3-dimethylbutane’

FIGURE VII-1

01 26.9°C; A, 102°C, O, 156°C; O , 184°C; @ , 206°C;
B C» 227.0°C (critical temp.)
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Gy

0

E(kV/em) . -
FIGURE VII-2 Gfi‘vefsus field strength 3-methylpentiwé,'

O, 26°C; 4, 109°C; O, 171°C; O, 215°C;

| Q , 231.2°C (critical temp.)

‘s
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ﬁesults are shown in Figure VII-3 for 3,3-dimethyl-
pentane. Data is given for field strengths between 3

and 57 kV/cm and temperatures from -40°C to 263°C.

Free ion yields from 2,2,4-tr1methy1pentane are
- shown in Figure VII-4. The field strengths are between

3 and 50 kV/cm and the temperature range is from -33°C

/\1'3 Wi,

to 271°C. | R v

’

Yie]ds from 2, 2,4,4- tetramethy]pentane are given'
in Figure VII-5 for temperatures between -1°C and 227°C
and field.strengths up to 45 kV/cm. Some yields for
negative voltages are also ;ﬂown and appear to‘be within

' -experimental error of the yields for positive vdltages.

sk

TabTe VII-1 contains data on the five compoynds
used in this study. Room temperature ahd’criticil

- densities are shown for each of the paraffins. -
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E(kV/cm)

FIGURE VII-4 Gfi versus field stréngth, 2,2,4-_tr'hhethy1’pentane
.0, -33°C; O, 26°C; 4, 135°C; O, 225°C;
| " @, 271°C (critical temp.)
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32} | | -
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24 _
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0 100 "20 30 40

~ E(kV/cm) .
FIGURE VII-5 Gﬁ versus field strength, 2,2,4,4-tetramethylpentane

O, -1.0°C + V; @, -1.0°C-V; [, 27°C + V;
M, 27°C - V; A, 115°C + V; 4, 115C - V;
O, 198°C + V; &, 198°C - V; O, 227°C + V.

i
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TABLE VII-]

Physical Properties of Hydrocarbons

Compound Temperature ' Densit,
- K g/ml
2,3-dimethylbutane . ' , 293 . 0.662
' 298 0.657
’ . . 303 o 0.652
| ~ s00.2+ 0.241
3-methylpentane 293 ' 0.664
| 298 - 0.660
303 0.655
504.3* 0.235
3,3-dimethylpentane - : 293 0.693
| 298 0.6.9
'\\énsg\\/J/”f\\_,o,sgs
536.1% ° EL
2,2,4-trimethy1§entane - 293 . 0.692
- 298 ' 0.688
) 303 0.684
544.3% B 0,237
2,2,4,4—tetramethy]pentané | 293 ' . 0.719
B | a 298 0.716
303 . 0.712
556.1% - o.237t

~*'critical temperature
+ assumed value
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B. Electron Mobilities

Electron mobtlities as a function of field strength
at various temperatures are shown in Figures VII-6 to
'VII~I3. Results for 2,3-dimethy1butane are given in .

Figures VII-6 and VII-7. The mobilities are independent

of field strength for temperatures from -46°C to 173°C.

Figures VII- 8 and VII-9 show electron mobilities
for 3- methylpentane The curves demonstrate that the
mobilities are field independent for temperatures from

-20°C to 227° C

Flgures VII 10 and VII- 11 ¢onhtain electron mobili-
ties 1n 3,3-dimethylpentane for temperatures between |
-120°C and 251° C. The mobi]ities are field independent

for'a11’tenperatures studied.

Figure VII-12 shows electron mobilities in 2, 2,4-
:rimethy]pentane. sults are given for temperatures
‘rom 26°C to 263 C and the mobilities exhibit field

ndependence at all temperatures studied.
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FIGURE VII-6. Electron mobility versus field strength 2,3-dimethyl
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| © E(kV/em)
FIGURE ‘VI'I-T];' ETectron mobﬂ'i‘ty versus field strength' 3,3-dimethyl-
pentane. O, 95°C; D ‘150°C; A, 177°C; 0. o4°c o, 229°c

o, 241°C; @, 251°c; g, 263 0°C (cmtica] temp )

e



"al
P -
<
1 L L 1
T ! LI
g o BJ
e .
. .»‘ ‘:Ak ‘.':“ . g
L1 )iA l *
0 ~ 20 - .. 30
- E(kV/Cm) - N

FIGURE VII-12. Electron mobility versus field strength, 2-,5,4-tri-

»
"

meth'ylp‘entane.' A ,e,' 263°C. _
B O, 26°C; 4, 115°C; O, 160°C:. O, 193°C.

Y

w



S - . ass.

E]ectron mob1li¢1es in 2,2,4, 4 tetramethylpentane‘
are shown in F1gure VII-13 for temperatures from -33°C

t 235°C. Some negatiy _ages were’ examhned*and the

ults obtained-appear;T e wrth1n experimental error

f those for p051t1ve voltages.” For temperatures greater
than 160° C the “mobilities exhlbit a field dependence

For these cifes an average value of the mobility was
obtained by drawing a horizontal line through the data

for. each temperature.
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FIGURE VII-13. E]ectron mobﬂlty versus field strength 2 2 4,4-

tetramethylpentane ‘q, -33°C , <1°C; 0, 163 C+V;
‘cu, 163°C - v; 0, zo7°c +v; 9, 207°C - V; @, 235°C + v;
a 235°c - -< 233% (crmcal temp )
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C. Arrhenius Plots of Electron Mobilities

ﬂ Data used to make Arrhenius plots of electron mob-
i]ities, Figures VII-14 to VII;18 is given in Tables -
VII-2 to.VII- 6‘§ Table VII-2 shows the results for 2 3-
dimethylbutane and Figure VII- 14 is a plot of the data
for this compound. A similar treatment is given in
Table VII-3 and F1gure VII- 15 for 3- methy]}entane ‘

Table VII-4 and Figure VII 16 are for 3,3- dimethyl-.
pentane The Arrheniusfslot for. this compound has some :
ecu]iaﬁ*tharacter1stits 1n that there is a maX1mum in

the electron mob1]ity Just below ‘the critical po1nt and

a sharp lncrease in mob11ity just above S1m11ar‘

effects are)s‘ 1n 2, 2 4- trimethylpentane, Table VII- 5

and F1gure VII- 17, and thé§ at@ for 2,2,4,4- tetramethyl-

pentane, Tab]e VII-6 and F1gure VII-18, a]so show a
maximum in the liquid phase mobility The unique feature’
in the Arrhen1us plot for 2,2.4.4~tetramethy]pentane is ,.

a minimum in the mobility around 300K. .
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"TABLE VII-2

Electron Mot "ty ~s a Function of Temperature,

2, -dimethylbutane

Eiectroh Mpbility o Témperature 1000/T(K)

Vs K
: . .40
.02
15

0.062 : L "*ﬂ3277ﬂ‘;
0.085 e 249
Co.29 T 281 oy

w w

0.50, .. . 28 .56 -

0.76 v 287 .48

13

.35
.38

¥

.33

| 1.4 S 300
el ;‘/A. "
SR S LU R X}

s

K

w W W W

.13

3.8 . - _ 365 ﬁﬁ \,,,' 274
: . : CAa
5.6 38 2.53

9.7 Y 7 S 2.36
1 433 2.314

14 ‘ 446 - 2.24

16 . 455 2.20
TR . I |
16 : | . 463 2.6

S
- 4 -

20 473 S
25_ | o . 487_ ‘ - 2.05
26 . a98  2.02
26 . . . s 200
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TABLE VII-3

170.

‘Electron MoRility as a Function of Temperature,

3-methy1pgntane

Electrom mobility lgzmﬁerature
cmz/v S ) K
0.0074 215

0.24 299
"0.44 ' 320.
0.64 347
1.2 . 381
2,2 411

4.6 426

5.3 . 438
© 7.0 448

12 L . 467

17= 480

18 500

19 - | 04

21 T\

24 ’ ;' o817,
26 ¢ 525

1000/T(K)

4.
3.
3.
2.
2.
2.
Z.
2.
2.
2.
2.
2.

1.
N
.91

i

38,
13
88

63

43

35
28
23

14

08

00

99

97

93
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, ’ TABLE VII-4
Electron Mobility as afFunctioh of Temperathre,
3,3-dimethylpentane
Electron Mobility - Temperature 1000/T(K)
cm/V s K ;;_____,___
0.12 | 182 5.49
2.3 | | . .299 3.34
3.2 | 325 3.08 .
5.0 | 368" 2.72
‘ , R :
8.8 423 . 2.36 .
v G j .
U w0 w gt ?
. _ S e
21 R 477 . AEILT ey g0
J i ) '
30 | - 502 | 1.99
36 . 514 Cl.9s
39 o s . 4% g7
: _ : o , o '
26 | 536 1.87,
28 o 540 A .gs

32 . | + B4Epme T 1.83

4 36 ’ 555 .

v
N\
N
N




173.
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FIGURE VII-16. Electron mobility versus 1000/T, 3,3-dimethyl-

pentane.
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TABLE VII-5

Electron Mobility as a Function of Temperature,

242,4-tr1methylgentane

EJectrqg'Mbbiiity Temperatufe 1000/7(K)
cm™/V s : & | K - |
Eé;d.s | - 299 SR B-71
5.7 : 346 T 2.89
728 L 88 . g5
13 | 433w ;)
23 | 466 2w
2r o a99 ~2.00
34 R 518 1.93
;%%:“ ‘;{'*‘.} ;%"  6 : j.sf
24 S 544 j.g4
29 o 547- - 1.g3
34 f o 555 ~1.80
38 o _ 560 L 1.78
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-Electron Mobility

Electron Hobi]ity as a Function df Temperature,

2,2,4,4-tetramethylpentane

Ny

cmZ/V S K
38 240
“32 272

28 298
31 335
39 7 395
49, 436
61 460
67 480
88 508
88 * 527
7 535
58 546
42

31

553

-t 556

Temperature

1000/T(K)

4.
3.
3.
2.
2.
2.
2.
2.
.97

1
1
1
1
1

\

17
68
36
99
53
29
17
08

.90
.87
.83
.81

1.80.
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178.
Figures VII-19 and VII-20 are plots of electron

mobility and b.,d versus temperature. Figure VII-19

GP
contains plots for 2,3-dimethylbutane and 2,2,4-tri-
methylpentane. In Figure VII-20, results are »resented
for. 3-methylpentane wnd 3,3-dimethylpen*tane. The

reasons for drawing the solid and dashéd.curves through

the data will be given .in Chapter VIII.

FiguFe VII-21 shows a plot of electron mobility

and b..d versus temperature for 2,2,4,4-tetramethylpent-

GP
ane.
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VIII ' DI SCUSSION

A. 'Theori

The free ion yle]d from the 1rrad1at1on of a liquid
can be measured by putting the liquid between the p]:tes of
a conductance . 1 and collecting the 1ons. The yield of
*ons.per unit dose increases as the strength of the applied
electric'fiéfg is‘increased. The followinglset of equations
qua]itative]yvdescribe the system. »

M A\ (M 4 7] (7)

+ -7 .columbic f°"°e>[n], spur neutralization

(8)

“Int v e diffusion g u* 4 o free ions (9)

Mtoe e ———  ® M, bulk medium"

g o < . « neutralization (10)

ut 'e1ECt"‘iC‘fie]d»collection at
- electrode (11)

e~ &lectric fleldg y7ection at . .
Co electrode , (12)

/

At }ou applied e]ectrtc fie]d strengths 11 and 12
are in competTtion with 10 and the y1e1d of ions collected
at the electrodes 1ncreases as the field strength is in-

creased. At higher field strengths the yield of react1on 9

- 1s 1ncreased as a fraction of the ions are pulled out of

the spur by the field. In this region process 10 becpmes

182
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*negligible so that the free ion yield is identified as the
zero field yield of reaction 9 plus the field induced in-
crease in the yield of 9. To separate out the added yield

due to field effects a plot of free ion yiéld versus field

o

strength is made. An extrapolation to the vertical axis
give§ an intercept- which is the zero field free ion yield.
A quantitative deséription of the system was devel-
oped by Onsager (6). He tobk into account %he'columbic
force between'aépqsitive and negative species, thg_force
created by the aip1igd electric field, thevorienfation of
the ion pair with re;pect to the direction of the applied

field and the effect of diffusion. The expression derived

,is the following

B cos6) /7 - X ,
o(y,E,0) = e 2 L ./f Jo 32[—%%(1 + cosf)s] e-2q§ (ix)
’ L"‘\ r S =1 - \;,4 .
,S=y .

v’

-~

where ¢(y,E,0) is the probability that an ion pair, with
initial syparatiop distance y and at an angle 6 with respect:
to the applied field E, will escape from the spur. The
distance y isdthe separation distance between the two ions
when both have reached therha] energy. after being generated.
The anntity r is the distan;e‘betWeen the positive';nd
negative .species when the coulombic and thermal energy

are equal, r = 5E , where & is the ‘charge on an electron, €

ekT ‘ , : _
is the dielectric constant of the 1iquid, k is the Boltzmann
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constant and T is the absolute temperature. “he function

JO is the zero order BeSsel function and 8 is defined by

«

B = (EE/300-kT).
In order to apply equation (ix) to calculate free
ion yields, it is necessary to average ¢(y,F,8) over all o.

This has been done by Terlecki and Fiutak (61), who obt.ined:

' ' n-1
*(y,E) = r/y(] + e-By _"Xl_ J 1) > (x)
) (3+

(n+1)1! J=O

Vi
n=1

'
{

»
The fraction of electrons that escape from their parent “ions
‘and - get co]]ected depends on. ¢(y E) and on the distribution
of therma117at1on ranges. To obtain the theoret1ca1 values

of; G : one must find a suitable distribution function.

fi
For alil the calculations in this work F(y) is defined as fol-

lows (49)
Fly) = 0.96(4y°/n% bgp®) exp (-y%/bgp2)
R L y<2ang (xia)
_ % 3 2 | .
F(y) = 0.96[(4y%/7%5,>) exp(-y /bgp?) +0.5 bep /y°]  (xib)

Expression (xia) is a three dimensional Gaussian distribu-
tion and (x1b) is a Gauss1an modified by the addition of
a sma]] power funct1on tail at large y values. The constant

0.96 is a nomalization factortand bGP is the.adjustab]e

dispersiqn parameter which is also .the most probable value
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of y; The distribution function F(y) is used to,cq]cu]ate

ol

G with the following e uat1on e
fi g eq RN
.o \ \..\’,"
E _ ST PR '
0 IR %
where G s G(total ionization) which was assumed equal

tot
to 4.4 for al calculations presented here.

~ The curves drawn through the data in Figures VIf-]
to VII-5 were calculated by equatfon (xii). The procedure
followed involved taking a preliminary va]ue of bGP and
calculat1ng GHE for each experimental value of E. Calcuy-

LS

lated and experimental yields were then compared using the

E _ E
100 E Gfica]c = Gfiexp

Average % error = . (xiii)
z : E
Gfiexp

The_bGp value was determined by repeating the calculation

formula fxiii),

several times and taking the bGP which gave the minimum
avergge y4 efror. '

To make the calculations to determine bGP it is
necessary to assign values to the dielectric constant For
this work e room temperature d1e1ectr1c constants were
obtained from the literature (62) and values for all other
temperatures studijed were calculated using the Lorenz
Lorentz equation (63).

Liquid densities were also required and experimenta]



4lues have not been determined for the éniire']iquid range
of these hydrqparbong. Those \Eﬁﬁ\ﬁjve been measured are
listed in Table VII-{ (64) while all other‘requfred values
were determined by analogy. The procedur 01lowed was to
first obtain the density temﬁerature curves for n-hexane,
n-heptane, and n-octane, for their entir I}qa?d range, from
the ]jterature.(GS). Density temperature curves were then
drawn, for\tﬁe five liquids, in such a way that their shapes
were ana]oé us to the experimental curve ﬁhapes for }hé
straight‘chain hydrocarbons.

{

B. . Density Normalized Ranges

A useful quantity is obtained by multiplying the
bGP value by the absolute density of the Tluid. Because

pr represents the most prpbable value of y it is reagsonable

to assume that it will be’ proportional to the mean f
‘path fo' th+ electron in the 1iquid. Haking this assump

we write
bGP = Cmfp o (xiv)
where C is a constant and mfp is the mean freé,path for the

3
electron. The mean free path can be related to the ngﬁﬁbr

density n by:
. mfp = 1/ o (xv)

where o is the collision cross section per molecule. Relafing
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n to the absolute density, d, by the equation:
. dN
| n N (xiv)
gives
. CM .
bep = Tho- (xvii)
and bepd = 1.8 (xviii)
No

where M and N are the molecular weight of the suQ:tance

and Avogadro's number, respectfveiy.‘ If o is considered

to be a microscopic property and tgnperature independent
then it follows that bGPd should be temperature independent:
Table VIII-1 contains bGPd values for all five compounds

at various temperatures. The values are more or less tem-
perature independent below 400°K. The increa;g in bGPd
above 400°§ can .be related to the electron mobility and

wi]]vbe di§qussed later. o

c., Electron Mobility

Plots of electron mobility’ versus field strength for
the five hydrocarbons studbed are shown in Figures VII-6
to VII-13_. Althdugh there is considerable scatter in some

‘of the plots, it appears that most oﬂ”the electron mobilities
[ o
determined are field independent. Exceptions are the re-

s

sults for 2, 2 4 4- tetramethy]pentane at 235°C shown in

kFigure YII-13. this case there is;a trend towards lower

mobilities at highjer field strengths. Because of the dif-
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TABLE VIT' | | S
bGPd* ¢ a Function o lemperature_
2,3—dimethy]hutann 3—mothylpov%4nv v_ f3,5—djmethy]pontane
prd (Temp. K prd (Temp. K) . qu;fjgﬁp. Sz."#»g
42.6 (300) | 36.0 (184) 66.2 (183)
43.5 (325) 35,7 (217) 62.0 (233) ‘\\\
45.2 (375) | 35.6 (252) 64.0 (299) |
47.2 (407) 401 (299) 66.7 (359)
49.2 (429) 40.3 (326) 76.7 (412)
51.3 (443) 41.6 (382) 78.1  (442)
54.4 (467) ) 43.4 (416) 87.6 " (450)
55.6 (479) 47.3 (844) 106.0 (480)
56.6 (491) 51.9 (470) 113.¢ " (520)
50.2 (500) 53.1 (488).  94.8 (5363
48.9 (510) 53.9 (504)" 94,5 (544)
2,2,4-trimethylpentane 2.2,4,4-tetramethylpentane
bGPD (Temp.. K) ‘ bGPd (Temp. )
61.1 (240) 0t (240)"
58.2 (299) ‘ 93.9 (272)
57.2 (356) 88.2 (297)
59.5 (408) 100.0 (300)
63.3 (446) T (346)
66.0 (481) 97.3 (388)
69.3 (498) 102.3 (427)
70.8 (519) 112.6 (471)
- 67.5 (535) 128.0 (500)
55.7. . (544)" 1380 (523)
- 55.8 (552) "

t+ Critical temperature * prd is in units of 10-8 g/cmz

’
L
AN
~

\



. 189.
fi?ulty in draQing a slbped line through the points the
235°C results have been treated in the same way as all
other results by drawing the best horizontal line.

A comparison of e]eétron mobilities, obtained in
the present work, with the Titerature values is shown in
Table VIII-2. In some cases, 3-methylpentane and 2,2,4-
trimethylpentane, the discrepancy is as large as 25%. The
fact that the room temperature mobilities range over a
factor of .00 in the five compounds indic:tes thaf the
discrepancy places no severe limitation on interpretation.

Table VIIIQZ’illustrates that mbore branched paraf-
fins shows. higher room temperature electron mobilities. '
This tendencycis obsérved for a wjde range of compounds
(58) and is associated with the degree of sphericity ofv’
the mo]ecﬁ]e. | f'

The Arrhenius plot$ in Figures VII-14 to VII-18
show.that electron mobilities at the critical temperatures
are between 19 and 31 cmz/v s for all five paraffins.
Mobilities which range over a factor of 100 at room tem-
peratur .o. ‘erge to a 1.6 fold range at the critical
tempéra ure This béhavior parallels -ha’ observed in the
series o' -or-ounds: 2,2-dimethylbutane, 2,2,-dimethylpro-
pane, n-pentane and cyclopentane (66). 1In that stud&
electron mobilities showing a 500-fold variation at 295K
converged to be within a factor of 2 of each othef at

the critical temperature (66).
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TABLE VIII-2

Electron Mobility

Compound

2,3-dimethylbutane

3-methylpentane

3,3-dimethylpentane

‘ 2,2,4—tr1methy1pentane

2,2,4,4-tetramethy1pehtane

Temperature
°K

299
293

298
293

299
293

299
296

298
295
335
324

395

385

190.

He Reference
cm2/V S
1.2 this work
1.1 (58)
0.24 this work
0.18 (58)
2.3 this work
2.3 (58)
5+2 this work
1 +2 (59)
28 this work
24 (37)
31 this work
32 (37)
39 this work
44 (37)
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The Arrhenius plots for electron mobilities have a
rather complex shape}\Figures VII-14'to VII-18. For all
compounds, except 2,2,4,4-betramethy1pentane, there is
a,portion of the curvee where a gradual curvature is obser-
ved. At low temperatures 2,2,4,4-tetramethy1pentane shows
a negative temperature coefficient,~a phenomenon that has
been observed before in 2,2-dimethylbutane (66), methane
(67), and neopentane (49) Activation enepgies ca]culated
vfrom the most gentle s]opes in Figures Y\é 14 to III-17
are between 0.4 and 3 kca]/mo] It is not meaningful to
make the ca]cu]at1on for 2,2,4,4- tetramethylpentane because
- of the negative temperature coeff1c1ent at low temperature ”
A rough trend is observed in the size of the activation
energies for these compounds, with the least branched 3-_
methy]pentane, y1eld1ng 3 kcal/mol and the most branched
2,2,4- trlmethylpentane, giving 0,4 kca]/mo] Values
calculated from the Steepest portion of the curve also show
the trend 10 kca]/mo] for 3-methy1pentane and 4 kcal/mol
for 2,2,4,4-tetramethy1pentane. The other three compdunds
" are characterized hy intermediate values of 6 or 7 kca]/mul.
The temperature coeff1c1ents from the steepest portion of
-the curves are determ1ned by a combination of thermal acti-
vation effectf andlcq1]1s1ona1 crossvsection changes. A
qua]itative understanding of the cross Section changes can
be chieyed by considering the effect of dencity changes.

"then an efectron passes through a high density liquid it
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is forced_t palss so near to the molecules thatvit experi-
ences mainly“repulsion from the hard core\(ﬁartree field)
of the mo]ecu]es (68). For lower density liquids the
mo]ecu]es/are furfher apart and the e]ectron is subJected
to more of the attractive polarization 1nteract1ons which
tend to counterbalance the hard core repu]s]ons Thus a
decicase in denSIty (1ncrease in temperature) 1eads to a
smaller interaction cross sectlon and ircrease in electron
mobility.

In Fiéures VII-16, VII-17 and VII-18 these are
maxima in the electron mobilities below ‘the critical tem-
Perature. These maxima cah be explained hy eensiqering
that as the density is decreased. there will be a point where
a balance exists between the hard core repu]s1ons and .
attract1ve polarization interactions, At th1s po1nt the

scatter1ng cross section reaches a minimum Bnd the electron

mobility .is a maximum. The above argument has been used

to explain the electron mobility fum in liquid argon
(69). |
The curves in VII-] .and VfL—]S show a downward

curvature at lower temperatures As shown 1n the Figures
the act1vat1on energies calculated from these plots are 7
kcal/mol and 5 kcal/mol for 2,3- d1methy1butane and 3- -methyl-
pentane,.respect1ve1y‘ .Electron mobilities in cis- butene-
2 and isobutene (70) have been observed to behave in a _.

similar way. For these two o]ef1ns the middle portion of
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-the Arrhenius plot had a gentle slope (~3 kcal/mol) while
at lower temperatures a va]ue 0f 5 kcal/mol was obtained.
It therefore appears possible that the larger actjvation
energies at lower temperatures 1n.3—methy1pentane and 2,3-
dimethylbutane are caused by the presence of small amounts
of olefinic impuritie;. )

Plots of elecoron mobility and QGPd as a tunctioo
of temperature are shown in Figures VII- 19~to VII-21. For
the four compounds in F1gures VII-19 and VII-20 there appears
to be ‘a distinct change in: the behavior of both bGPd and
He at about 400°K. As mentroned above, bGPd represents the
most probable value of a Gaussian distribution of thermal-
ization ranges mu]tiplied.by the liquid‘density._ In other
‘words ft ig determined'by the oeharior of epitherma]
-electrons (electrons that have not yet been therma]ized)
Since He is a property of thermalized electrons, the paral-
el behavior between bcpd and is’ in_Flgures ITI-19 to
III-21, indicates that epithermal and thermalized electrons
show parallel behavior. |

To make a comparisoh between the behavior of “thermal
and ep1therma] electrons it is necessary to realize that
the former are sens1tive to’ thermal act1vation effects and
the latter are not. ‘This explains why the bGPd values are
more or ]ess temperature 1ndependent be]ow 400°K whlle the

electron mob11it1es are quite sensitive to temperature in

“this region. Figures VII- 19 and VII 20. The gradual changes
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that do occur in the bGPd vaIues below 400°K are due to
changes in the epithermal electron cross sectipns, equa- -
tion (xviii). The changes in the electron mobilities in
this region are due to thermal activation effects with
’probably some"contributien from changes in the thermal
electron cross sections~ The dashed curves in Figure

.VII 19 and VII 20 are an attempt to extrapoIate the be-

havior of bGPd and Has below 400°C, to higher temperatures.

The e]ectron mobilities from theee dashed curves can be
thought of as the values that would be obtained if only
therma] activatlon effects and small therma] electron
cross sect1onaI changes had remained operat1ve up to a
temperature of 500°K. The bGPd values from the dashed
curves are the predicted values for the s1tuat1on where
the ep1therma] electron cross sect10ns cont1nue to
change gradually up to a temperature of 500°K. If one
assumef—-NB% the changes in the epithermal and thermal

electron cross sections are proportional to each -other

above 400 C,
Ao Ao ’
} O'T = O"ELL (xix)
T E.T. ~

ﬁhere,cT and Oc.7. are the thermal and epithermal Cross

sections respectively; then equation (xx) cad‘be written

B



195.
2

( - up)d
‘ (He)T UT) - C . | (xﬁ

!

Here (“eiT is the experimental mobility and Hy is the
mebility from the dashed curvefﬁ\The quantity C is a con-
stant, ((bGPd) ) ~is the experimental density.nqrmalized
" range and (bGPd) is the Qa]ue from the dashed curve.
"Figure‘VIIIel contains a plthof the left Side of equation
(xx) against temperature fbr'fpur of the compounds. As
predicted by (xx) the temperature independence is observed
‘and each compound has a d1fferent C va]ue

' The plot for 2,2,4,4- tetramethylpentane in ﬁ;gure
VII- 21 shows that this compound can not be treated in
the sam ‘Wayfas the other four. There is no part of the
curve /where bGPd is more or less temperature 1ndependent

indi ati g that the cross section for ep1therma] electrons

“s qu1te sens1t1ve~fo small. density changes. e same is

the e]ectron mobilities. ParaWHel behavi&r bet-

He indicates that th

' hermal and epithermal

elec o~ :rgss sections behave ip/a/similar way in this

liguid | e
o usion several points should be emphasized.
1.  Ele 5117 les 1 liquid paraffins can vary
bvn“ S i jers of wagnitude, for a series of

compour’c  agw .. a 1. e structure effect. At the



196.

. "3dnjedadwsl SNSAaA

~

}U%é - H(a(p%))) L-TITA 330914
Pid - 13y -

(X) *dwa o , . .
0SS 006 oSy - oov
T T T T T T | L L B | 0 .

- dWa-g'c = (1l D O——270 S1%

I . v v 1 2K
- F dW-¢ ~ ‘ —v0 <€

) TWa- €72 - e = 1., "

- et 490 w\,mv_

- “ , \ — m

- . . . 180 v

dWL-17'2 —s—0—0 0 =
by R T N R m o—



197.

k4

critical temberiture the structure effect is much

reduced and mobilities tend to be within a factor

of two from one pqraffin‘to another.

" The liquid phase temperature'coefficients of electron
“mobility tend to be ]arger in straight paraffins

than in more branched ones.

-The‘changes'in liquid phase mobilities with tempera-
'ture are due to a combination of thermal activation
effects and therma] e]ectron collisional cross

sectional changes.

For the five paraffins in this study it appears -
that the thermal and épitherma] electron cross sec-

 tions vary\witﬁ density in a similar way.
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APPENDTIX

A. Derivation of Equation (ii{)

H20 —MWM— . H,0H (30)

H,OH +'HCH20H —3=H,,H,0 + -CH,0H ' (31)
"OCH,0H + H,0 ——m HOCH,OH + OH | (33)
"OCH0H + HCH,0H  —— HOCH,OH + *CH,,0H (34)
. HOCH,0H > CH0 + H,0 | : (35)
2~CH20H ————»P] (36)

"OCH,0H + CH,0H —— P, \ (37)
2-0CH,0H — P , (38)

If one considers reactions (31), 32), and (33) as the
important propagation reactions then the steady state

analysis is as follows:

/

d[0H]

- ,k33['"0CH20H] - k3][QH][HCH20ﬂ] =0 (1)
k33[.ocuzonl = k3][OH,][HCH20H] ' - (2)

Here'the rate of production of OH in reaction (30) is
neglected because the chain length is greater than 10 for

most of the conditions studied and this means that reaction

203
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(33) is at least 10 times faster than reaction (30).

d['CHZOH]

21 + kqq [OH][HCH,OH]

_ 2
kyp[N 010" CHOH] ~ 2Ky [ CH,OH] |
ky7[-OCH,OH]L-CH,OH] = 0 C@3)

a7

3

Equation (3) involves the assumption that reaction (36) and
(37) are the only important termination reactions. Sub-~
stitutfng the equality 13 equation (2) into equation (3)
gives '

d[ - CH,0H]

————;?———-= 21 + k33['0CH20H] - k32[N20]['CH20H]

' . 2 . . =
-2k36[ CHZOH] - k37[ OCHZOH][’CHZOH] = 0 (4)

0Since«the-rate of initiation is equal to rate of termina?

iion we have
. 2 - . o .
L= kgl CHyOH]" + kg [-OCHOHIL-CHOH] . (5)

where I is the rate of initiation. By rearranging equa-

tion (5) we obtain

o . 2

[-0CH,0H] = , ,
| kg [+ CH,OH]

1 kg - :

- ' - 28 [-cn,0n1. (6)

kg [-CHOH] K37 o

. Substituting equation (6) into equation (4) g1vés
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: k
21 + kyg[ ———— = 350.cH0H] ) -~ k., [N,0][-CH,OH]
33 K. [*CH.,0H] K 2 32072 2
37 2 37
A kL
- kg [-CH,0HT% - ke L-cyon] [ —L . 136 oy o)
36 2 37 2 Ko [-CH,OH] k 2
37 2 37 7)
)
Mu]tipiying and removing brackets gives
5 k,.,I . k,ak . .
21 + 33 - 3338 [on,aup A, [N,0][ - CH,OH]
Kq [ -CH,OH] k 2% 32772 2
- 37 2 37
5 e .
- 2k36[-CH20H] -1+ k36[-CH20H] 0 (8)
If we mu]tiply equation (8) by k 7[ CH OH] the result
is equation (9) -
Q(J,I[-CH'OH] * kg3l = kyskaglOHy oH]2 ;
2
k3z 37["203[ cu?_ou] kagksyL- CHy0H]° = - (9)
Hultiplying through by -1 and rearranging gives the
desired result |
3 .
k36k37[ -CH OH] + (k32 37[N 0] + k33 36)[ CHZOH]
371[-CH20H] - kgl =0 o - (10)

Derivation of Equation (v)

If we assume that termination fis by equation (37) onlv

o

then
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d[-OCHZOH]

- = kgp[N,0][-CH,0H] - kg0 0CH,0H]
- k37[-0Cﬂ20H][-CH20H] = 0 (11)

b

rate of initiation equals rate of termination so that

[-0CH,0H] = —L - - (12
kg7 L+ CH,O0H] |

Substitutfng equation (12) into equation (11) leads to
(13)

I

| , k
koo [NOI[-CHoH] - —33°  _ . (13)
32t 2 Ko [ CH.OM] |
Kgpleth,
Multiplying through by kg7 [*CH,OHT yields
. N 2 - N N .
k3gky7[NR0IL"CHYOH]® - Ky I[-CH,OH] - kg3l = 0 (1)
solving the quadratic equation for [-CHZOH] gives.-v
: kgl B ‘/"37212 * 4k$2k37k3ﬁr[”2°]
['CHZOH] = ————[—] +
2k, k- [N..0 - ' |
325377 N 2 (
| 4‘/4k32 k3 [N,01°
2kl |
I ‘J I 33
= 1, + 33 (15)
? 2 .
2k, [N,0] 4k32 [N01°  kypkqs [N,0]
d(NZ) i o o
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2
kg 32I["2°]
4 k

= 31
2 37 1 .

The I /4 term and 3I/2 term can be considered negligible

,for'chain Iengths greater than 10 so that

ANaY - [ kszks,
a7 - k3q

¥ % 3
(1) "[N,0] (17)

d(N,)

I =107%D G(int) and 6(N,) = ——HT—/IO D

therefore

Lk k. \B (Gint)% .

33°32
0]
k (10'2 )8 [ (]8)_

§(Ny) = G(CH,0) =
37

- which is the desired result.

Equation (vi) can eas1l{ b? derived by setting I =
N
kygl-C 10412 g(N;) = ——37—110 -2

d(N )
that ——a—- 32[ CH OH][N 0] gives the desired resu]t

D. Using the relation

eQuat1on (vi).

B. Derivation of Equafion (vii)

The reaction mechanism for the 2- propano] system

" can be written as follows:
H 0 -w~—> H,O0H - (30)
H OH + HC(CH )20H —n HZ'H 0+ C(CH3)ZOH ‘ _ (3])

20 * C(CH3) ,0H —mN, + -0C(CH )Zon ()
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-

10C(CH3) 00 + M0~ HOC(CH;),0H + OH (33)
wmbm*MMgm-w>mwmwm+umhm (34)
Hoc(cu3)\o« > C(CH3),0 + H, 0, (35)

2.C(CHy) 00 ~—2P, (36)

*0C(CH,),,0H + ;c(CHB)EOH P, ‘ ‘ : (37)
2~OC(CH3)20H ~»P, v'  (38)

Considefing reaction (31), (32) and (34) as theiimportant

propagation r€actions leads to the following équatién§.
d[OH] . ,[-OC(CH, ) OHITHC(CH, ), 0H] ~ Ko\ [-OHICHC(CHL) O] = 0
T S Ut e 1l 7 3’2 31 ‘ 3’2
| (19)
Here the rate of Droductidn of OH in reaction (30) is

neglékted for the same reéason as given in Appendix A.

d[ -C(cH3),0] | E
N ) = 2+ kZ][OH][HC(.cHE’) OH]
N \usz[nzoj[-.c(cng_)zonj - zk36[.c(c,,3)2°"]2

kg [-0C(CH) OHIL-C(CH),0M = 0 (20)

- Here it is éssumed that termination is by reaction (36)
and (37). Substituting equation(]g)lnto equation (20)
leads to (21)
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d[-C(CHy ) ,0H]
dT

=21 + k34['0C(CH3)20H][HC(CH OH]

32
2
k3alN010-C(CH),0H] - 2kyc[-C(CH,),0H]

- k37[-0C(CH3)ZOH]['C(9H3)20ﬁ] =0 (21)

The stéps followed from this point are the samé as
equations (5), (6), (7), (8) and (9)‘shoﬁh in the deriva-

tion in Appendix A ]eddihg to the‘désired result

kygksz [*C(CHy), oH]3+ (k32k37[N 0] + k34k36[HC(CH3)20H])[ C(CH3)20H]2

- k3ZI[;C(CH3)20H] - kg T[HC(CH;),0H] = 0 | (22)

Derivation of Equation (viii) v | B

Assuming that termination 1s by reaction (37)

on]y. leads to the expression

d[ OC(CH ) OH]
f k32[N20][ C(CH )ZOH]

dT v‘.

= kyg[HC(CH;),OHI[OC(CH,).,0H]

3)2
-vk37[-OC(CH3)20H][-C(CH3)20H] =0 ' ‘(23)

-The der1vatun1 from this point fo]lows the same steps as

shown in equations (12 17) in Appendix A giving the

'desired result. =
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b
k34 32

k37 ) | (10”

\ [N,0] [HC(CH3)20H]*
(28

G((CHg),C0) = G(N,) = G(int) )g
A , D

!

\
<

C. Derivation of Equation (x)

“Assuming termination 1s by react1ons (37) and (38)

and propa3ation by (32) and (34) gives

‘d[-OC(CH3)20H]

- dT v
f | o k34[-OC(CH3)2QH][HC(CH3)20H] : | ’fzs)

k32[N20][°C(CH3)20H]

- k3;L-0C(CHy) OHI-C(cH ﬁ)zouj

' 2
’ 2k38[f0C(CH3)20H]
From rate of initiation equals rate of termination we get

T = kyy[-0C(CHy) OHTT-C(CHy) 0]

: 7
'so that
e 1 kag . (o
[-C(CH3)20H] = - x [-OC(CH3)20H] (27) -
k,5[-0C(CH,),0H] 7 - .
37 3’2 ,
/—" - . ’ " : .
Substitution of equation (27) into equation (25) fie]ds
S I Kag. o o
kg, (1,07 - - - == [-0C(CH,) OH]

-~

%
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= k34[-0C(CH; ) ,0HI[HC(CH, )., 0]

' I k38
- kgyL-0C(CH,),0n] [ - - 38 [.oc(cH
kyz[-0C(CHy) 0H] Ky,

3),0H]

- 2k38[-oc(cn3)zon]2 =0 - © (28)

and multiplying and removing brackets givac

Ky [N,OTT Ko,k N
Z2z- . 3238 v, 01 -0c(CH, ) ,0H]
k37[-0C(CH,).,0H] K3z , '

. k34[-0C€CH )Zou][HC(CH3)ZOﬂ]

S+ k38[ 0C(CH, ), 0H]2

3)2
-v2k38[r0c(CH3)zQH] (29)

_mu]tiplying equation (29) by k37[ OC(CH ) OH followed by :
multip]icatlon by -1 gives the de51red result

k37538['0C(CH3)20H]

oH12

4+ (kggkgglN,0] + k34k37[HC(§H3)20H])[-OC(cn3)2

* kg LL-00(CH3),0H] - k3 IINy0] - 0 @)



