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The gamma-radiation induced reactions occuring in th three 

vapour phase systems; CH4-TiC14, c~4-T1Cl4 and c
2
H4-HC1, have been 

tudied. A solid product was obtained in the first system, which 

has been identified as a mixture of TiC1
3 

and chlorinated organic 

polymer. Low molecular weight chlorinated hydrocarbons were 

observed to form in the other two systems. The reaction taking place 

in the CZH4- HC1 system has been shown to be a chain reaction, the 

chain propagator being a chlorine atom. A reaction mechanism has 

been devised, which gives kinetic expressions governing the rates of 

formation of the chlorinated products, which is in agreement with the 

experimental data. 
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GE ~.c;ruu. I NTROU 

The industrial use of ionizi radiation as a means of 

i nitiating chemical reactions has been limited by the cos t involved 

in producing irradi ation facilities . he only reactions which have 

pr oven to be of commerci al value are those which are dif ficult to 

initi te by more conventional means and which yield a lar e amount 

of product per unit of radiation . In actual f ct , only one process , 

that of the production of ethyl bromi de, from ethylen6 and hydrogen 

br omide , is currently being carried out on an indus trial scale . 

ower reactors , however, should be able to provide low cos t radiation. 

The r·eactor could be initially des ned so t hat the gamma radiation 

would e absorbed by reactant s contained in a vessel surrounding t he 

core . It was with a view to finding a reaction \'lhich could conceivably 

be used in this type of application tha t t his study was undertaken. 

he pres ce of free radicals , as well as other h hly 

reactive species , in hydrocarbons which are exposed to a radiation 

field has long been known (1) . It was postulated that the re-

duction of a su stance like titanium tetraohloride , when in the presence 

of a hydrocarbon , might be possible \lith the aid of the react i ve 

species produced by the radiation. 

Titanium metal has qualiti es whi ch make i t an excellent 

s tructural material. Its use has been limited to special applications 

due to its high cos t of production . The oxide i s fairly eas i l y 

converted to the tetrachloride d it was thought that if radiolysia 



ot TiCl4 - hydrocarbon mixtures led to reduction of the titanium, 

this could prove important. 

2. 

When mixtures of TiC14 and CH4 were irradiated in the reacto~1 (la), 

a brown soltd product of considerable bulk was formed. It was shown 

that this s<>lid was a mixture of TiC1
3 

and chlorinated organic 

polymer~ The gaseous products of the reaction revealed no detectable 

chlorinated hydrocarbons. The notable feature of these studies was 

the fact that the formation of the regular radiolysis products of 

methane was largely inhibited by the pres.ence of the TiCl4 vapour. 

A further reaction between TiCl4 and c2u4 was studied in 

three different ways. Samples, sealed in quartz tv.bes, were irrad­

iated in the core of the reactor, in the same way as was done i n the 

case of the TiCl4 .. CH4 system. Secondly, a continuous flow system 

was constructed whereby a mixture of known concentration could be 

passed through copper tubing to a quartz reaction vessel located 

close to the reactor core. Separation of the products from the 

reactants was carried out at the exit end of the flow system. This 

system proved to be particularly useful in the identification of the 

chlorinated hydrocarbons prOduced in the reaction, since milligram 

quantities of the products could be collected using this de·vice. 

The chlorinated hydrocarbon products were ethyl chloride, 1.-.chlorobutane, 

2-chlorobutane and 1,2-dichloroethane! 

Kinetic studies on the rate of disappearance of TiCl4 were 

carried out using this apparatus. This was done by measuring the amount 

of Ticl4 remaining in the gas phase after radiolysis. The results 



indicated that the reaction rate was less than linearly dependent 

on the TiC14 concentration. 

The third way in which this reaction was studied was by means 

of static irradiations using a 5 kilocurie cobalt-60 source. This 

setup proved useful i n the observation of t he rates of formation of 

the chlorinated hydrocarbons. The irradiation of relatively large 

samples was possible i n this case and as a result, sufficient quantities 

of products could be obtained for quantitative analysis for a small 

percentage consumption of TiC14• 

Variation of the surface to volume ratio of the irradiation 

vessels was accomplished by the addition of carefully cleaned glass 

wool. These experiments showed that the rate of production of 

l 92·dichloroethane was markedly enhanced by t he increased surface 

area. 

Lack of reproducibility of the results obtained in the TiCl4 -

c2H4 experiments, part icularly when dealing with large surface areas, 

was traced to the presence of small quantities of adsorbed water in 

the system. This water , on reaction with TiCl4, yielded HCl which 

underwent a radiation induced reaction with the ethylene, This 

discovery led to the study which is the main contribution of the 

thesis , namely the study of the radiolysis of the HCl - c2H4 system. 

The CH4 - TiCl4 and c2H4 - TiCl4 systems have by no means been 

exhaustively investigated nor have the results obtained led to a 

complete unders tanding of the reactions taking place. These sections 

have been included in the thesis, to give a complete picture of the work 
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which was carried out . 

The reaction which was observed to occur between HCl and 

c2H4, was a chain reaction, initiated by the addition of a chlorine 

atom to an ethylene molecule. Studies were made on systems wherein 

the parameters such as HCl pressure, ethylene pressure , surface to 

volume ratio and radiation intensity were varied. The rates of 

formation of the chlorinated hydrocarbons were observed in each case . 

A reaction mechanism has been postulated which ives kinetic expressions 

for the rates of formation of thes e products in agreement with the 

experimental data. 

Since many of the fun ental processes occuring in radiation 

chemistry are far from being fulJ,y understood,. it was considered 

worthwhile to do some experiments which might conceivably establish 

the mode of formation of the chlorine atom. A comparison of the 

yields of products formed during irradiation with ~1d without an 

applied electric field has shown that excited molecules play some part 

in the formation of the chlorine atoms . 

Experiments using nitri c oxide to scavenge t he chlorine 

atoms produced in irradiated HCl , have given a measure of t he rate of 

formation of chlorine atoms , and ion chamber s t u 'es have given the 

rate of production of ions in the system. These measurements indicate 

that about half of the gamma ray energy a sorbed by t he HCl in the 

s,ystem leads to the formation of chlorine atoms , which in turn lead t o 

the observed products . The energy absorbed by t he ethylene has been 

shown t o be unimportant in this system. 



The information obtained concerning t he reactions between 

HCl and c2H4 has led to an understanding which has seldom been 

realized in other radiation induced reactions of comparable complexity. 



The discovery of x-rays y oentgen in 1895 (2) along with 

that of radioactivity by Becquerel in the following year (3) , opened 

up the new field of radiation chemistry , For the most part , the 

papers deali ng with this subject which appeared in the literature 

at the turn of the century , were notes by workers who were studying 

radioactivity . These papers des cribed, without explanation , various 

phenomena they had observe<i. For example , in 1899 arie and 1-ierre 

Curie (4) reported finding ozone when a sample of air was exposed 

to t he radiations from radium . They also described how the glass 

vessels containing radium salts became coloured. Becquerel (5) 

in 1901 substantiated t he claims of t he Curies and noted that white 

phosphorous was t ransformed to red under the influence of the rays 

from radi He also noted that t he reduction of HgCl2 by oxalic 

acid was enhanced by radiation and prolonged irradi ation prevented the 

germination of grain . 

be systematic s tuay of the radiolysis of gaseous hydro­

carbons was started almos t simultaneously by two groups in the middle 

1920's. In 1924, Lind and ardwell (6 ) published a paper describing 

experiments wherein c
2
H4 was mixed with radon . D;roplets of liquid 

were observed on the inside of t he vessel a f ter several days , 

indicating the formation of higher hydrocarbons . The following year 

the same workers (7) reported experiments carried out on other 



hydrocarbons,. namely c:a4, c
3

H8, c
2

H4 and c
2
H

2
• In the same 

year Mund and Koch (8) published results showing pressure changes 

which occured during the r-c1diolysis of CH4 • c2H6, c2:a4 and c2H2 • 

1'he mechanisms leading to the formation of the products found 

when substances are irradiated has been the subject of much 

investigation. 

1ne first theory to explain the phenomena observed in the 

radiolysis of gaseous hydrocarbons was put forward by Lind (6), in 

connection w:i th his work on the radiolysis of ethane. 'l'his theory • 

known as the ion cluster theory, proposed that neutral molecules 

clustered around the ion formed by the radiation. '.l.'he products 

were formed when this cluster was neutralized by an electron or an 

ion cluster of opposite charge. ~·or example, the formation of c2n6 

from cn
4 

could be ex} lained by the reaction: 

0ne point in favour of this theory was its ability to explain the 

fact that quite often the number of pr•oduct molecules exceeded. the 

number of ion pairs formed. A serious short-coming of the mechanism 

lay in its inability to adequately explain the formation of polymer • 

. for example, to fo:rm polymer from acetylene necessitated the 

postulation of a great many acetylene molecules clustered around a 

single ion. 

In 1936, a free radical mechanism was postulated by 

Eyring, Hirschfelder and 'l'aylor ( 9) to explain the radiation induced 

conversion of para tc) ortho hydrogen. A similar type of mechanism 
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had been proposed much earlier by Debierne (10) i n connection with 

t he radiolysis of water~ Rbwever , it had been largely ignored. 

~ring et al. proposed that this type of mechanism could be applied 

to many radiation systems , the high yields of some reactions being 

explained by the ecomposition of excited mol ecules. 

The results of mass spectrometric studies by chiseler and 

Stev~1son , published in 1956 (11) , gave evidence for the occurrence 

of reactions between positive ions and neutral molecules . This has 

given rise to a number of mechanisms , based on ion- molecule reactions , 

which explain t he formation of radiolysis products . 

~· ~diation Chemistry of Methane 

Tr acing the advances made in the unders tanding of t he processes 

occuring in the radiolysis of methane, will illustrate the general 

progress made by researchers in radiation chemistry . 

The radiolysis of CH4, along with low concentrations of the 

free radical scavenger 1
2

, by Gevantman and Williams in 1952 (12 ), 

indicated tha t rea ct ions other t han free radical were occuring in 

the system. The formation of c2a5
I as ll as the expected CH3I 

an H2I 2 suggested that ethyl radicals were being formed from non-

free radical species. 

Three reactions had been previously postulated to account for 

the formation of ethyl radicals. 

(l) CH • 
3 

+·en · ~ 
2 c2n5• 

( 2) CH • + CH4 ~ C2H5 + H2 3 
(3) CH + + CH

4 
... 

3 
~ C2H5 + H2 

e-\ 
or C

2
H

4 
+ H ~ 

c2n5· 



'l'he first reaction could not take place in the pr$sence of a free 

radical scavenger and the second reaction has a high energy of 

activation and can be ruled out. The thir d r eaction is a likely one 

since CH
3
+ has been shown to be present in t he mass sp ctrum ot 

methane {13}. Later mass spect romet ric work by Wegler and Jesse (14) 

has • so shown the existence of c
2

R
5 

+ ® d CH
5 
+ in the mass spectrum 

of methane., 

Experiment s by Ausloos et al. (l51 16) have indicat ed tha t 

both c2n
5 
+ and CH

5 
+ react with higher hydrocarbons. The former 

extracts a hydide ion fr om the hydroc:arbon while the latter tr.ansfers 

a proton. This means that earlier workers., investigating the 

radllolysis of methane , did not observe the true reactions of cu
5

+ 

and c2u5
+ since, fo:r the major portion of the radiolysis, t hese ions 

were being scavenged by the higher hJdrocarbon r eac tion products. 

It is now !ene~ally accepted that both ion • molecule and 

r.-ee radical reactions contribute to the formation of the observed 

radiolyaia products of methane. A method whereby these two t ypes of 

mechanisms can be distinguished was devel oped by Aualooa et al • . (1?) , 

This consisted of t he application of a potential aeross the irradiation 

chamber. As the potential is varied between the current saturation 

voltage and that required t o cause secondary ionization• the yields 

of products arising from ion • molecule reactions will not be affected 

while those of products coming from t he decomposition of excited 

molecules should be increased~ The results they obtained by irradiating 



means of an excited molecule mechanism was increased fifty-fold 

while that of c2H5D, produced by the reaction of c2H
5

+ with c3D8 
was unchanged. 

~. d±ation Chemistty of Ethylene 

10. 

Only three papers dealing with the radiolysis of ethylene, 

appeared in the literature before the middle 1950's. In 1925 Mund 

and Koch (8) reported observing . a drop in pressure and the formation 

of a condensed phase when ethylene was irradiated.. The following 

year, Lind, Bardwell and Perry {18) noted that CH4 and c2H6 were also 

products of the reaction, McLennen and atrick {19) in 1931 were 

the first to find acetylene among t he reaction products . 

Accounts of investigations into the feasibility of using 

radiation to initiat t he polymerization of ethylene, appeared in the 

literature in 1954. Lewis, et ~ (20) irradiated ethylene at fairly 

high pressures {17-109 atm. ) and observ d the formation of white solid 

polyethylene with a G (-c~4 ) as high as 2000. Haywi".rd and Bretton (21) 

studied the reaction at lower pressures , limiting their observations 

to pressure changes taking place during the reaction. They found the · 

polymerization to be strongly ibited by oxygen. 

With the advent of vapoR~ p~se chromatography, more complete 

i dentification of reac.tion products ecame possible. In 58, 

ikhailov et al. (22) reported fincii..~ nydrogen , methane, ethane, 

acetylene, butane and butene in the gas phase ae well as C~6 and 

C-8 aliphatic , aromatic and olefinic hydrocarbons in the liquid phase. 

The following year, work by Lampe (23 ) confirmed the presence of the 

gas phase products found by ikhailov et al while adding propene , 
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propane • and n~pentane. G values for the 12 products identified 

were determined at 75 mm. and 150 mm. initial ethylene pressure. 

It was also noted that only about one-third of the ethylene which 

had reacted could be accounted for by the gaseous products. 

The ode of formation of hydrogen in the radiolysis of 

ethylene has received some attention. Studies by Ausloos and 

Gordon (24) using CD2CD2, CHDCHD, and c2u4 - c2D4 mixtures, indicate 

that the hydrogen is formed by two different molecular elimination 

processes. One mechanis requires that a hydrogen comes from each 

carbon while the other rettuires that both hydrogen come from the same 

car on, The 9 CH2 species resulting from the latter echanism is 

thought to rearrange to CH CH. The work done by these authors was in 

close agreement with earlier work done by Sauer and Dorfman (25). 

~· Addition of HBr to Ethylene 

Studies of the photo-induced addition of HBr to olefins 

were reported in 1942 by Vaughan , Rust and ans (26)! This work was 

primarily undertaken to give proof to the free radical theory of 

abnormal addition of hydrogen bromide to the ethylenic double bond. 

They found that the reaction between HBr and propylene was extremely 

rapid, even at -78°C, providing the wavelength of light used was 

short enough to cause the dissociation or the hydrogen bromide. 

Later work by Armstrong and Spinks (27) using a 90 curie 

co60 source to initiate the chain reaction between hydrogen bromide 

and ethylene, showed the only detectable product to be ethyl bromide. 

The observation or pressure changes occuring during the radiolysis 
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was used te find the rate dep ndence. on ethyl ne concentr tion, HBr ' 

concent tion and radi tion int nsity. It was concluded that hen HBr 

w a in gre t excess, termination by the r action Br + wall ---+ t Br2 

predo inated. For other concentration ranges no conclusions regarding 

the ode of t rmination could be m de. It was postul ted that the 

prop tion s by m s of the •ar and •c2H4 Br radicals. 

§. Radioly;sis of HC1 

In 1963 Lee d Arm h"'ng (28) reported ~r dialysis studie 

carried out on pure HCl in the gas phase. The pri e objective of 

this rk was to determine the mod of formation of H2• By using Br 2 

and Cl2 to c venge hydrogen atoms, they concluded that the hydrogen 

was formed by two different types of precesses. One of these involved 

th r ction of "hot" hydrogen atom with an HCl olecule, the other 

involved therm~l hydrcgen ato s. The "hot" hydrogen atoms were thought 

to arise from the dissociation of electronically excited HCl molecule • 

The them hydrogen ato a were considered to originate from an ion-

molecule reaction followed by an ion recombination; 

HCl + + HCl ----+ H
2
Cl + + Cl 

e vapour phase photo-induced addition of BCl to ethylene and 

other ol fins was reported in 1948 by Raley, Rllst and Vaughan (29). 

They found th reaction could be induced by means of di-t- butyl peroxide 

a well as photoch cally. The only product detected when equimol 

amounts of ethylene and HCl were irradiated with a hydrog n lamp, w s 



ethyl , chlorid • The following meehani wa proposed · t hout kinetic 

v,ar;i.fiq t • n: 

HCl h-> n· + cr (1) 

I n/it i at i on a• + 02H4 · c2a5 
HCl 

)' c!-6 + cr (2) 

H• + HCl H + c1· 
2 

(3) 

c1• + c
2
H4 ~ • c

2
H4Cl (4) 

PropaR~tion 

_ec
2
H4Cl + UCl c 2H

5
Cl + 01' (5) 

m th ' yields of c
2
H6 and H

2 
for ed in re ctions (2) and (3), and 

t he Y)i.eld of C;!I
5
Cl formed in reaction (5), chain length of about 

3 estimated. The r 1 tive yields of H
2 

and c
2
s6 were not given. 

No stud! a have ppeared in the literatur d ling with the 

~ ... ray initiated r ction between HCl nd c
2
H4• 

13. 



PART I 

1'ICL4 ... CH4 .SYSTn-t 

CHAPTER 1 

A· Pre;paratic>n of Samnlea for Irradiation 

(a) Irr diation vestlels 

Irradiations were carried out, first in 11 quartz c psules• 

4 • i.n diameter and 3 • lo 1 and later in qu rtz tubes 20 

in di eter and 25 c • long, having a volume of about 50 c. c . In 

order to ake th irr di tion of the larger capsul s ssible, an 

aluminum irni ation can was constructed as well as lead castle 

fo r its transportation. 

(b) Introduction of TiC14 

• 

Th introduction of a known ount of 'l'iC14 was aoco pliahed 

by vacuum distilling a few milligrams of '1.'1014 into glass ampoules 

(Fig.1). These ampoules could be broken open under vacuu • s shown 

in g. 2, and their contents distilled into the tr diation vessel. 

This operation was acco plished by placing the bent tip of th TiC14 
container through the hole in the glass rod A. The other end of the 

glas rod w s sealed to the inside of th manifold. The flattened 

end of the container fitted snugly into the "pinched" tip of the outside 

standard joint B. A twist of the standard joint caused the container 

14• 



~'igure l . 'l'iCl. Co. tuiner Used to Ir:troduce a hnovm .;!.mount of 
Lj. 

~iCl4 i~to the lrradiution Vessel 
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F'igur e 2 . ;\.p_t.Jarutu.s f'or tr :c ~uancitative Introot.:.ct.ion of 

Ti Cl
4 

and Ci\ into t he lrraaiat i on Vessel 
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0 
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to be broken open and the 'I'iCl4 \'las distilled into the irradiation 

vessel by cooling it l'sith liquid air. It was found to b dviaabl 

17. 

to freeze the T1Cl4 before breaking the container open. This eliminated 

the possibility of glass fragments being swept out of the standard 

j oint by the surge of TiC14 vapour. The amount of 'I'iOl4 added to the 

irradiation vessel was determined from the weight of the capsul before 

opening and the weight of the capsule and fragments after opening. 

The purified grade TiCl4 us d in this stuey was obtained from 

the Fisher Scientific Company. It was subjected to several trap-to-tr p 

vacuum distillations before use . Reagent quality methan was obtained 

from the 1atheson Company and was used without further purification. 

( c) Introduction of methane 

Methane was introduced quantitatively into the liquid air 

cooled irradiation vessel from tbe calibrated volume D {Fig. 2). 

This bulb had been fill d, prior t o the opening of the 'I'iCl4 container, 

to pressure au that the final pressure in the irradiation vessel , 

aft r it had been drawn off and come to room temperature , would be 

about 76 em. Hg . 

! • An,al:ytical. Px-oeedures 

(a) Separation and ~sis of gaseous Rroducts 

Th opening of the reaction vessel was accomplished by making 

a short connection \"lit tygon tubing from the tip of the quartz 

reaction tube to the vacuum line as sho m in Fig. 3. After evacuating 



:5'igur e 3. :lpparatus fo:- the.: :.:ieparatiou of '-'asE:ous 

Reac~ion rroducts 

A 

~ 
I 
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1.'iCl1 t 
l () 
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the line, th tip of the quartz vessel was broken with pliers. The 

gases were toeplered f ro the reaction vessel t hrough th . liquid air 

t rap A. By this procedure it was ssible to separate CH
4 

and H
2 

from the rest of the gases. The mixture of H
2 

and ca4 w s then forced 

i nto a known velum . and th pressure, as shown by manometer B, recorded• 

Samples were removed by dra ing off two previously prepar ed glass 

ampoules C. The thin-walled constrictions connecting these ampoules 

to the vacuum line enabled the d.r wing off to be accomplished without 

appreciable h t decomposition of the contents, Th poules were 

designed to fit into a 1 h of rubber tubing situated in the gas 

inlet line of the gas chrom tGgraph and were suff iciently thin-walled 

to facilitate their fracture, by means of pliers, at t he appropriate 

t im • 

The anal yst of th s.e plea was carried out using a 

1- eter charcoa l column t 25 c., 002 carrier gas, 

The next tep in the separation of the gas eous products 

to r eplace the liquid air round trap A by a co
2 

.. acetone bath. This 

all owed t he next fraction of hydrocarbons to be toeplered into another 

known volume, the pressur recorded and the samples drawn off as 

before. This fraction was analysed using a 2- meter silica gel column 

at 25 c., helium c rrier gas. 

The final step 1n the separation procedure eons.isted of th 

applic tion of liquid air to the glass ampoule at the bas e of trap A. 

This c u ed any unreacted 'l'iCl4 along with reaction product with 

ncgl!.gible v pour pressure a t - 78 c. to distill into _ poul D which 

subsequently drawn off. The analysis of this sampl was carr! d 
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out on a 2 et r silicone oil (DC ZOO) column at 40 °C. , helium carrier. 

(b) 

Polyethylene capsules containing ixtures of 'l'i0
2 

and KCl 

in various pro rtions were prepared as standards for use in the neutron 

ctiv. tion analysis of the solid irradiation product. The Ti0
2 

and KCl 

were weighed to the nearest microgram on a Cahn electrobalance. Samples 

of the brown solid were obtained in a container suit bl for irradiation 

by tranete~ring the solid from re ction vessel to polyethylene 

tubes which w re then heat sealed. This oper tion had to be carried 

out 1n a dry nitrogen tmoaphere as the aolid was reactive toward 

oxygen and water vapour. 

'!'he samples of the solid reaction prodUct along with the standards 

were irradi ted in the rabbit facility of the nuclear reactor~ One 

minute irradiation times were used for the ajority of the experiments. 

Th l-r y spectra of the irradiated sa.ruples wer observed by mean 

of an RCL 256- channel analy er, the detector of which consisted of a 

3" x 3" Mai ('l'l) cintillation crystal. 'l'h analysis was carried out 

in two part • Firs t, the titani 5l peak was observed at o. 323 eV. 

To enable thi peak to be clearly observed, the gain of the amplifier 

h d to be adjusted to ue such that the chlorine peak 1n question 

could not be simultaneously observed. fter reasonable number of 

counts had been obtai.nEtd, ( U v time count of 1 min. proved 

sufficient), the clock time and the count were recorded, The gain was 

then adjusted to bring the 2.15 MeV gamm r y of Cl38 in r e. Thi 

isotope h a half life of 37.5 in. as co r ed with a.s min. for 
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Ti51. A second count was taken to get the chlorine activity at a 

d finite time aft r the irradiat ion. The results were then plott d and 

tb reas under the peaks obtained. 

Sine t he pro rtions of tit and chlorine in the standards 

were known and the ratios of the counts in their photopeaks easureclt 

th ratio of the count in the photop s of the unknown could b 

u ed to obtain their proportions of titaniUill and chlorine. 

(c) Carbon-hydrogen combustion analyses 

Carbon- hydrogen · cro analyses were carried out using a 

n rgeant micro combustion unit . A similar app· tus i described in 

ref renee 30. weighed ple of the brown powder w s introduced 

into the combustion tube, care being taken to prevent the powder hom 

co · ng into contact with water v.t.pour and oxygen. ter the combust i on. 

th abSGrption tubes w r r .oved and weighed on a cro b lance. The 

weights of water and carbon dioxide ab orbed by the respective tub s 

gav value for the hydrogen-carbon ratio~ 



QHAPTER 2 

EXPERIMUlTAL RESQL'l'S 

A· Gaseous Product! 

( ) Comparison of gaseous radiolysis products of CH4, with and 

withou.t added TiC14 

Twenty-five hour ir~ diations of capsules containing about 

o. 2 c. c. methane at atmospheric pre•sure, s well as capsules cont ining 

the same amount of ethane in the presence of about 1 m~. of TiC14 
yielded the peaks given in Table I , upon gas chromatographic analysis. 

The tentative ssignaaent of the major peaks has been effected by 

comparing ·the retention times with the v pour pressures ot the 

radiolysia products of ethane. (cf .31) Those with ao assignment re 

prob bl.y' un turatea. 

It can be een fro Table I that the regular irr diation 

products of methane are markedly inhibited by the presence of TiCl4• 

The retention time of the ost volatile chlorinated hydrocarbon 

cu
3
c1, C;}I5Cl and ca2c12 showed that the peak t 2. 9 min. was not 

one of thea and hence it is probably not chlorinated species. 

22 . 



TABLE 1 

Comparison of chromatograms of irradi ated CH4 and CH4 • '1'iC1.4 

mi~u.Fes for total dose ofl •. 4 x 109 ds 

Retention 
Time (m:in.) 

1. 

2.3 

2~9 

3.1 
:3,8 
4.1 
6.5 
8.1 

10.9 
12.4 

14.5 
16.2 
20,.9 

32!0 

Assignment 

.!so-hexane• 

n-hexane• 

• Tent tive Assignment 

Peak Height 

--915 
26 -

4.1 
5,4 
2.0 

1.8 
0.3 
1,3 
o,3 
0.3 
0.2 

1,9 
3,6 

(b) Quantit tive .Qaltsi ·. gt saseous .products 

CH4 - 'I'iC14 

915 .... 
0.5 

------..., __ 

0.2 

-
...,_ 

0.7 
1.2 

The rates of formation of h7drogen and produeta DOn-condensable 
0 

at •78 C. for three separate irradiations are given in fable II. 
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TABLE II 
0 

Rates of formation of H2 and products non•condena ble at -78 a· , 

ple Irradiation Initial Initial 
Number Time (hr.) srP vol . T1Cl4 ca4 (c.c.) weiglit (mg. ) 

l 21.7 43. 0 33.9 
2 ;!1. 2 43.8 3 .8 

' 28.2 39.9 30.0 

pl srP Vol. 1: Vol. G (product 
Number R2 (o~c. ) G (B

2
) non0cond. non-cond. 

.. za c.(c.e.) -78 o c.) 

1 4.6 0.04 1. 3 o.o1 
2 6. 4 0,05 1. 6 o.o1 
3 ?,2 0 . 05 1. 7 o,o1 

! • Solid Rea.ction Produete 

The TiC14 - CR4 syat was found to produce a considerable 

q tity of brown solid terial of rather lo density. The irradi tion 

ot a ample of TiCl4 alon , produced liO observed effect. 

( ) G er - reactiv!tz of eolid product 

A reaction vessel containing s~eral illigrams of the solid 

p1"0duct was connected to the vacuum line and the gaseous products 

pumped or-f. Helium a then expanded into the reaction fiask from a 

SD&ll bulb attached to the v cuum line. the pressure being recorded 

before and after the expansion. Helium was used to calibrate th 



system since it was assumed t hat it would not react with the solid. 

Ni trogen and oxygen were similarly expanded into the vessel. Ni t rogen 

showed no signs of reaction , while o1cygen was observed to react very 

slowl y. The reaction could not be detected by means of the pressure 

measurements but rather was discernable through a colour change to 

a lighter brown which occured in the solid. The reaction with water 

vapour was very rapid , being easily observed by a reduction i n pressure 

and a colour change from br own to viol et . 

(ii) Solubility in various media 

The brown . wder was found to dissolve readily in acetone , 

provided prior contact with water vapour or oxygen had not been made. 

It did not dissolve to any appreciable extent in hydrochloric , 

nitric or sulfuric acids but was partially soluble in benzene. 

hen placed in water, the separation into two components could 

be observed. 1-art of the solid could be seen to dissolve while the rest 

remained suspended in the water as a flaky precipitate. When this 

precipitate was filtered off, it was found to be soluble in acetone , 

chloroform and benzene but insoluble in aqueous HCl. The aqueous 

solution was violet in colour and upon evapouration yielded dark 

violet crystals . Tests for i and Cl on the aqueous solution were 

positive. 

( b) Melting Point Determination 

A melting point determination carried out on a few milligrams 
0 

of the solid gave a melting range of 189 - 193 c. 



(c) Neutron activation analyses 

( i) Standard samples 

The composition of five s tandards is given in Table III. 

Samp;J.e o . 

l 

2 

3 
4 

5 

TABLE III 

t;omposi tion of .. )t andard Samples 

ei ght Weight 
Ti 02 (mg . ) KCl (mg.) 

0 . 844 3 . 107 

0 . 782 2.335 

0. 859 2. 301 

0 . 842 1 . 503 

0 .883 1. 522 

Cl atoms 
to Ti atoms 

3. 96 

3 . 20 

2. 86 

1. 92 

1. 85 

The chlorine to t i tanium rati os found y a ctivation analysis 

for the standara.s are shown in able IV. The values given are t he 

averages of six separate determinations. 

'.fArlL IV 

Average experimental Cl/Ti ratios for standards 

~ample 'o . 

l 

2 

3 
4 

Average 
Cl/Ti 
found 

+ 
3 . 97 - 0. 19 

+ 3 .19 - 0.17 
+ 

2. 94 • O. ll 
+ 1.91 - 0. 03 

Known 
C1/ i 

3 . 96 

3 . 20 

2 .86 

1.92 

per cent 
deviation 

0. 25 

0 . 31 

2 .6 

0.52 

26. 
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e exp rim tall1 observed hydrog n•e n ratio are ven 

in Table VI. 

TABLE VI 

Carbon~hydrogen r tioa 

Run ple Number H/C Ratio -
(a) l 1. 35 
(b) l 1. 36 
(e) 1 1. 44 
(d) 1 1. 46 

(a) 2 1.39 
(b) 2 1. 46 

(a) ' 1. 53 
(b) 3 1. 61 

( ) 4 1.32 
(b) 4 1. 37 



DISCUSSION ~· AND CONCLUSIONS 

! • Gas Phas Products 

Since th regular radio~si products of ethane are stroDg~ 

inhibited by the presence of TiC14 while t the time, Do detect-

abl ounts of gaseous chlorinat d hydrocarbo are form ct. it follows 

that the reactive ecies are 1 ding to the to ation of the rown 

solid. This mu t b occuri by means of eo e pol rization r ction 

which ha not be lucidat d by this work. Since th product has 

b en shown to be highly unsaturated, the I at of to . t1on f hydrogen 

bould be sur of the rate of to ation of lid. The low G 

value for hydl'og indicates tb t the reaction 1 ding to solid 

product i t a chain r action. 

Jl. Sol;d Pha Products 

( ) dence for TiC1
3 

11 II l t i ge of four centigrade d gre s 

of the solid reaction product would se to indicate a cotDpound of 

de te purity. Ther w r , however, t::rong indic tiona that the 

lid product coa.tain TiCl
3 

and since it s a1 ahom to cont n 

organic t rial, it w s probably a mixture. Anh7drous TiCl~ i 

k:no ( ) to deco pose lowly at :roo temperature to gi v TiC12 

and TiCl4• It was obs rv d that when 

29. 

ple of th brown lid 
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were thor oughly evacuated , to remove any unreacted TiC14, and then 

stored for several days , fumes were formed when t hey were reopened. 

This indicated the presence of iCl4 produced by the disproportionation 

of TiC1
3

• 

fhe formation of violet coloured solution when water was 

added to t he brown solid, which yielded dark violet crystals when 

evapourated to dryness , gave further evidence to the initial presence 

of anhydrous TiC1
3

, since ' iC13-6H2o is known (32) to be dark 

violet and to dissolve to give a violet coloured aqueous sol ution . 

Although a quali tative analysis for titanium and chlorine 

wao carried out , a quantitative analysis was not undertaken because 

of the very small amounts of pro uct being dealt with. 

Nuclear magnetic resonance measurements made on an acetone 

solution of the brown solid yielded one broad peak which could be 

explai ned as being due to paramagnetic 'i ( III) . 

'l'he colour change observed t o take place in the product upon 

the introduction of wa ~er vapour into the reaction tube indicated the 

presence of Ti C13• Anhydrous TiCl3 is known to exist in two mono­

tropic crystalline modificati ons , one brown , the other violet (32) . 

The brown form is evidently produced during the irradiation and the 

introduction of water vapour leads to violet hydrated iC13• 

(b) Neutron activation analyses . 

'he data obtained from the neutron irradiation of standard 

mixtures of KCl and Ti 02 were reproducible to within five per cent . 

The chlorine to titanium ratios for samples of solid product obtained 



from two different irradiations were found to b 3. 8 and 4.2. This 

is far from the value of 3 which would be ected if T1Cl
3 

were the 

oDly chlorinated sp ciee present. In f ct, if all the c14 r acts 

to fo TiC1
3 

and chlorinat d polymeric hydrocarbon, the chlorine to 

titanium ratio of th lid product would b 4. Since the observed 

ratio is close to 4, this is further confi tion of th fact that 

no gaseous chlorinat d hydrocarbons are pl'Oduced. 

(e) Carbon-hydrogen analy ee 

Th h.Jdrogen t carbon ratios, obt in d by combustiol'l analye S t 

show a trend to higher valu s with each att pt to duplicat given 

analy 1 • . Since th product is known to be highly reacti 'Ve toward 

water vapour, it is s ible that betw n analyses unt of 

water c e into contact with the lid, despite the effort made to 

prevent this. On this basis, the hydrogen to carbon ratio would be 

Xpected to increase toward th value obt ined for le 3 which w 

pu o ely llowed to react with wat r v pour. This suggest that the 

true value is about 1. 35 or 4 hydrogens to 3 carbona. This is very 

s ilar to the value obtained for the material fro which the water 

oluble portion had been r oved and giv a turther confirmation to th 

auggestion that the solid product is a ixture of TiC1
3 

and chlorinated 

unsaturated polymeric organic at rial. 

Th info tion obtained cone rning the CH4 - '1'iC14 syst 

is far from bein suf ficient to devise mechani which can xpl.ain 

the processes occurrin Th s proce~ses wer obviously complicated 

that it se ed advisable to turn to another system in the hopes that th 
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reactions occurring could be understood. An understandirlg of the simpler 

system would possibly enable the more difficult one to be elucidated. 

A s t udy of the c2H4 • TiC14 system was thus undertak n. 



PAM' II 

A.. Static Irradiations in the R aetor - " - . 

A few l"Ul1S were earri d out with C-}14 - ftCl4 mixtur using 

irradiation vessels sicilar to those described for the 4 • iC14 

xperiments. The filling procedure was so cat simplified due to 

the fact that the vapour pressure of thylene at liquid air tem 

er tur s is very low in contrast to that of thane which is about 

10 • n d d to 

giv a quantitative 

J.. Cont
1
i!ffiOU · Flow Agea£atus 

A continuous flow appa~ tua w s d sign d and construct d. 

The a1n compOAent.e of thi apparatu consisted of the inlet gas 

tra.tn. r ction ssel and exit gas train. 

(a) Inlet sae train 

The g e inlet side o the continuous now appar tus is own 

in Fig. 4. f.!ath son CP grade ethylene was p seed from the cylinder 

to th flow rcgul tor A~ The now t hrough the syst was varied by 

33. 
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raising or lowering t he tube containing liquid paraffin at A. During 

operati on , the ethylene was allO\'w'ed to bubble out through the liquid 

paraffin at a slow rate . From A, the ethylene passed through the 

flowmeter B and then through a damping volume to a purification train 

consi sting of c, D and .r.. . 'l'he damping volume was needed to smooth out 

the pressure fluctuations caused by the bubbler C, facilitating flowmeter 

readings. C was fill ed with Fieser ' s solution, prepared by dissolving 

20 g . of KOH, 15 g . of sodium hydrosulfite and 2 g . of sodium anthra-

quinone-~-sulfonate in 100 ml . of water . This solution reacted with any 

oxygen in the ethylene to &ive a non-volatil e product. ~he s topcock at 

the base of C was included to enable changes of the solution to be 

carried out without dismantling the line. After the old solution had 

been forced out of G, ne\.,. solution was admitted by connecting F to 

C and ap~lying a pressure to the bent tube of F. ~is operation had to 

be carried out fairly often as t he oxidation product, being a solid, 

tended to block the flow of ethylene t hrough the glass frit of the 

bubbl er. 

The next part of the purifi cation train consisted of a two 

unit drying section D. The firs t t ube was filled with anhydrous 

easo4 and t he second with a 50- 50 mixture of ~2o5 and glass micro­

spheres. '.Lne l atter component of the mixture was added t o prevent t he 

hydrolysis products of P2o
5 

from blocking the tube. Follo~'ling t he 

drying unit was a U-tube , E, filled \'lith degas ;ed activated charcoal. 

'.rhis unit, the contents of which were r eplenished periodically was 

used to remove any organic impurities having molecular weights higher 
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than eteyl n • During operation, this t p was aintained at -?SO o. 

(b) iC14 bubbler 

Th purified ethylen w: sed to tb T1Cl4 bubbl r s up 

ill trated in g. 5. riDS ope · tion, stopcock 

thu th thyl n pass d through bubbl r whi h t roo t 

A, th gases pas ed through bu.bbler B ~d glaas wool- till trap C. 

Th s l tter two were n10undcd by a constant t perature ter b th 

which was aintained belbw room t erature. Sino the thyl n 

t rated with '1'1014 below ro tmnera 

d tion in th lin w rul d out. 

the po ibility of co 

e v el D s a d d to ~ te 

th nee ssity of 1 . by refilling operations and al to prov'id a 

e ns ot keepiDg th level of '1'1014 in A pproximat ly const t . 'l'1Cl4 

was dde<i to fro the :r noir D by closing top ck a and op ins 

stopcock c d d. The thyl e pr ssure in the line 

to force T1Cl4 fro D to A. The topcocks own in th 

th incr ed 

wer 

all 2 • bor t tlon pl11g, pyrex sh 11 · topcock • Ordinar"1 top ck 

could not b used to the high r act vity f 'l'iClz.. towards topcock 

gr • 

(c) Filling ot TiC14 bu bler 
. · -

The filli of t TiCl4 bu bl r etup was carried out · t 

parts. The res rvoir D as separated from the rest ot the B7St 

t x and y, (Fig. 5) and ttach d to the vacuum line s own in Fig. 6. 

ith stopeo c and d c osed, the T:l.Cl4 in E d gassed by the 

conventional tr eze-thaw teehniqu • aft r which stopcock was clo 
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Filli£J.g of 'l'iC14 Hescrvoir for Continuous Flo\·J 

.System 
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d opened and the vess el to be filled evacuated. A 002-acetone bath 

was then placed around D, the surface of the liquid in the bath being 

adjusted to the level of the lowest bulb of the vessel . With stopcock 

d left open, stopcock o was opened and the 'l'iC14 vapour was condensed 

as a solid on the walls of the lowest enlargement , leaving a passage 

open to the high vacuum. When the amount of condensed TiC14 had 

increas ed to the point \<rhere this passat,e was in danger of ueing closed 

off, the cold bath was raised to cause condensation to take place in t he 

upper bulb. the distilla tion was continued as long as the passage 

to the high vacuum remained open. 1he reasons f or this passage were 

two•fold. 1ne teflon stopcocks, while giving a moderately goo d vacuum 

could not produce a high vacuum, t hus t he small amount of air leaking 

into the system t·ras continually being pumped out . ~econdly, it was 

necessarJ to puml on the system during distillation to remove any traces 

of HCl \'Jh.ich might be present . ·'he possibility of t he presence of 

Cl also excluded the use of l i quid air as a cooling medium as it \·rould 

have condensed the HCl along with the TiC14, After the distillation was 

complete, the reservoir was filled with ethylene, removed from the 

vacuum line and gl ass blown back onto the Ti 14 bubbler system. 'rile 

whole operation was t hen repeated in order to fill bubbler A (.Fig . 5) 

l . 1 x being attached to t he TiC14 reservoir ~ and y to the high vacuum. 

( tt ) Calibration of flowmeter 

The apparatus used to calibrate the flowmeter is shown in 

Fig. 7. Ethylene was passed through the flov~eter , through the 

vari able res istance A and into t he 2000 c. c. Mariette bottle ~ . The 
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time taken for 100 ml. of water to be collected was noted for various 

f ow rates. The absolute flow rat w calculat d from th dat 

allowance being made tor the vapour pressure of wat r in the ethyl ne 

above th water in the bottl as well as for the variations 1n the 

volume of ter displaced at different Mariott bottle h de. The 

water used in th Marlotte bottle was turated with ethylen before 

a:rq readings wer taken. The size of the O}ening in C was djusted to 

obtain a suitable r d1ng on th fiowmet r for the particular range 

f flow rate to b used. A typical c&U.brat:l.on curve 1 shown in 

g. 8. 

(e) 'l'ub'=¥ of eontilll.\ous Go• &PJ!!!!:tus 
. . 

Variou types of terial were tried for th tubing which 

carri d the gases to and fro the reaction vessel. Polyethylene, being 

quite resistant to radiation as well as sily obtai bl s th 

first choic • After n ber of exp riment , the polyethyl . tubing 

b gan to show som evidence of reaction with the TiC14 v pour and as 

a r sult r"plaeed b7 teflon tubing. The continued persist e of 

HCl in th exit gas s , even in th ab ence of a radiation field, led 

to th conclusion that water was finding its way through the teflOn. 

either at the connections or by diffusion through the walls f · e 

tubing, The tetlon tubing w s bus replaced by 1/8" OD copper 

tubing. Connections, both to the r otion ve sel itself and to the 

entrance an xit gas trains w r de by meane of kovar, gl s to 

etal s s . This arrang t eliminated the hydrolysis probl • 
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(f) Reaction vess 1 and holder 

The cadmium- wr pped quartz reaction vessel along with th al inurn 

hold r which was constructed to position it near the core, is shown in 

g. 9. The ain chamber of the irradiation vessel A was constructed 

fro 20 mm. quartz tubing while the inl t and outlet q~artz tubes 

wer 10 mm. in diameter. The vee el was clamped in po ition by tightening 

the aluminum bolts B. The major force of the clamp was taken by four 

aluminum bl ock , the only one visible designat d C in the diagram. 

These blocks had to be of a siz such that when the cl was tight n d. 

th quartz ould be held fi ly but not cru ed. To nabl this 

condition to b more il.y met, 1 yer of poly thylce film, 2 l y r 

per aid , wer placed betw en the quartz and the clamp. '1'h alumi 

shi ld n, construct d fro l/4" aluminum plate, wa necessary to prot ct 

the v ssel during handlins. Further structural strength was dd d to 

th apparatus by cl ping the inlet and outlet tubing inside th al 1D: 

tub s E. Inside these tub • near the reaction vessel d. the quartz 

tubes were joined to glass tubing by means of quartz to pyr x grad 

seals. The two gl s tubes were in turn joined to kovar pyrex to metal 

se ls. Each kovar seal w a silver ldered to one end ot a brass 

connector, th other end b 1ng silver solder d to the copper tubing. 

In order to keep th copper tubing fro cident lly being b t t a 

sharp angle, it as run thro~ l/4n polyethyl n tubing, thi tubing 

being connected to the braes dapter and coupled to th a1 i tube 

by m s f awagel.ock connector • The polyeth;rl ne tubing which 

curely clamp d a t F, also eliminated the danger of copper dis l"fing 

in the pool wat r . Th r ct1on vessel wa wrapped with a section of 
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1/16" c ium sheet. Thi absorbed the thermal neutrons and kept the 

activity of th Chlorinated products to a minumum. 

To irradiate• the appar tus was placed on trolley G (3la) associated 

with the instrument bridge of the reactor pool. 'l'he trolley w s lowered 

to reproducibl level and the instl'\lment bridge was moved to poeition 

the irradi tion vessel about 2 inches from the face of the core. A 

m asu.r ent of the distance between the instrument bridge and the rea~tor 

bridge made it possible to place the vessel in the same position fro 

run to run. 

(g) Exit saa train 

The x:tt train of the continuous now sy"stem was initial.l1 set 

up to collect milligram quantities of the chlorinated hydrocarbons 

pro oed by the :radiation,. &.teh relatively large ounts of these 

products would f oilitate their identification. This train consisted 

ot a trap containing hydrated copper sulfate to pick up the unreacte 

TiCl4, followed by a trap filled with easo4 to collect any water 

exp lled from the first trap. Next was trap maintained at dry ice 

t perature containing detergent as an ~aorbent for chlorinated hydro• 

carbons. Th adsorbent wa prepar d by heatixag "Tide" brand household 

deterg nt for several hours at approximately 150° c. Thi was neceesary 

to drive off any volatile substance sch as p r:tumes. This trap was followed 

by a liquid air trap to prevent any active compounds tro escaping 

into th air. 

c. - Coll9etion, Separation and Identification ot 
Chlori nat'd Hydrocarbons 
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(a) Colle&jion 

Products were collec$ed in the detergent trap for several 

hours after which the trap was remove4 from the train and attached to 

a vacuum line equipped with a further trap eillilar tQ A in Fig. 3. 

:Cne majority of the ethfleD.e was pumped out of the detergent trap 1 

which was maintained at -78° c. Liquid air was then placed around 

the trap with the sample bulb attached, the dry ice-acetone bath 

removed from the detergent trap and replaced. b7 one of water at about 

90° c. After the chlorinated bJdrocarbons had been desorbed from the 

detergent trap and collected in the liquid air trap, the latter was 

isolated from the high vaouwa pwap as well as from the detel'ient trap. 

~iDee a fraction of the ehlo:rinated hJdrocarbon.s contaiaed radioactive 

ohlorine38 1 their pro&ress froa trap to trap could be easily followed 

w"ith the aid of a Geiger counter. ib.e dewar oonta1ning the liquid air 

was then lowered until just the tip of the saaple bulb was under the 

surface of the liquid air. After essentially all the activity waa 

found to be located in the sample bulb • it was drawn off w1 tb the a14 

of a flame. 

(b) Seerat!21 

The separation of the various chloriDated ~drocarbons was 

aooompl1ahed b7 introducing the sample, collected as described above. 

into the vapour phase fractometer in the usual manner. The chromotographic 

column used in this operation was a 3-meter detergent oolliiiD.. :Co prepare 

this column • 40-60 mesh detergent • heated as described above • was 

funnelled into a three-meter le~h of 1/lf." OD copper tubing. The 



exit gases from the chro atograpb wer pass d through a liquid air 

trap. which was r plac d with a new t rap after ch successive compound 

p s ed th ugh th detector s,yst • Each liquid air trap wa 

then placed on th vacu line and the collect d product transferred 

to a glass ampoul • A this procedure failed to give compl t eparation 

in one st , it was found n ees ry to carry out th op ration twice 

for th first fraction and thre times tor the other t • 

(c) Identification 

The purified compounds were in by eans of Perkin- Elm r 

d l 21 infrared spectrophotometer. The poule containing th pl 

to be analysed w s plac d in a short s ction of tygon tubing which w s 

connect d to an infrared gas cell equipp d with NaCl windows. After 

the open end of the tygon tubing had b en securely clamped shut, the 

gl s poule was broken. th stopcock to th gas e ll opened and the 

vapour of the unknown co pound allowed to enter th cell. '1'h spectrum 

of the compound was recorded b tw n 8oo and 4oOO em. · l . This ope tion 

was repeated tor ch of the unknowns, and th ir spectra compared with 

known chlori ted hydrocarbons. 

(it) Vapour preseur 

Vapour pr sure easur ts were de on pl ot the 

nknowns, which had been purified as d scrib d bove. A vapour pre sur 

e;uring ap ratus was designed and construct d as shown in Fig. 10. 

The ppa.ratus was rround d b1 ter bath to nable m 
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The purified ple was admitted to the previously evacuat 

system throu stopcock A and eondens d in tube B. Th mercury wa 

then allowed to rise above the level C by letting air in through 

stopcock D9 E 'being eloeed. The pl was th n allowed to vapouriz 

in tube B, thus depr sing the mercury in the tube. en some visible 

liquid ae present, th cliff renee between the height of th two columna 

of mercury in B and F gave a asure of the vapo r pres ure of th 

liquid. 

(iii) Activation !ffi8lYsis 

The isolated products were identified as chlorinated species 

by m of activation analyai • S plea of purifi d products wer 

sealed in glass poules in the usuSJ. way and these were then pl ced in 

polyethylene contain rs suitable for rabbit irradiations. After the 

irr. diation, each sample was introduced into the gas chromatograph an 

th · ffluent gases w re dir cted through a length of teflon tubing 

which was coiled around the prob of a G ig r counter. The signal 

from the counter w sent to an Esterlin . Angus recorder. By com rin 

the trace made by th gas chromatograph with that of' the Eeterlin 

Angus recorder it was possible to determine which of the eubstanc s 

were radioactive. The time lag between the gas ch:.ro atographic 

detector and the Geiger counter detector was calculat d to be of th 

order of 3 or 4 seconds •. 

(1v) Ident;i,f1 d ;e:roduct 

By thee techniques, the products were identified s l • ehlorobutane, 
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2.-chlorobutane and 1, 2- diohloroethane. 'l'be ore Yolatil ethJl chloride 

could not be efficiently collected using the continuous tlow appar tus. 

It was identified on the basis of its gas chro atographic retention 

time. 

D. Measur ... 
antitative m r ents using the continuous no• apparatus 

described earlier, ware limited to the observatio of th rate of 

(a) Quantitative analysis of TiC14 

It was found that T1Cl4 could be quant1tat1v ly removed fro 

the thylene stream by ans of hydrat d copper sulfate, all other 

gases present passing through. Absorption tubes similar to those used 

in the micro- combustion work described arlier were fill d as shown in 

Fig. 11. '!'his di gram illu trates an absorption tube d signed to b 

us d on a vacuum line. The filling is the same as for thos used on 

the eontinuous now apparatu • The layer of P 2o5 
mixed with glass 

lliCl'Ospheres was necessary to prevent the loss of water vapour. Th 

carox1te layer was added to react with any HCl formed by the hydrolysis 

of '1'1014, which was twt bsorbed by the copper sulfate. Caroxite is 

an alkali hydroxid suspend d on an inert medium with an dded dy to 

indicate percent eo sumption, It was found that the euso4 • 5H
2
0 not 

only re cted with the 'liC14 but also retain the bulk of the HCl 

produc din this r ction. Analar grade ~60 esh cuso4, .5H
2
0 



Figure ll. TiCl1 Absorotion Tube 
'+ -

s 
0 
a:: 
u 

o ­
z2m 
<r w 

(J)OC 
~"')(!) w 

O<[::C 
N_l 0.. 

0..<..:)(/) 

-

51. 



was used. The P 2o
5 

layer at the entrance end of the tube was found 

to be necessary to keep the water vapour from diffusing out to the cap• 

illiary entrance where a reaction with the incoming TiCl 4 would cause 

the entrance to become blocked. Glass wool was 'Q.Sed to separate the 

various layers, as well as to prevent any solid material from escaping 

through the entrance or exit holes. 

(b ) ~t sas train 

'l'he exit gas train was designed and constructed as shown 1n 

Fig . 12. The gases from the irradiation cell arrived at the three 

way teflon stopcock A. rom this point the gases could be directed 

thr-ough e1 ther absorption tube B or to three way stopcock C. From C 

the gases could be sent through absorption tube D or through the equilibration 

trap E. After the TiCl4 had been removed from the gas stream, ither 

by the absorption tubes or by trap E• which was maintained at -78° c. 

during operation, the gases were passed thro h flowmeter F and then through 

a coil of tygon tubing approximately l/32" in diameter G. The coil was 

wrapped around a short length of aluminwn rod which was clamped, by 

means of a boes ... head at either end, to a length of 111 angle iron. 

'!'his arrangement gave. a very sensitive control of the :f'low rate. 

Since very low flow rates were employed in the majority of the 

experimentst (of the order of 5 to ~ cc. /min.), and since the 

resistances of the two absorption tubes were not the same, this 

flow control was necessary. From G, the gases were p ssed through 

a trap at •78° c. to remove the chlorinated hy<irocarbons. 
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(c) Absorption procedure for TiC14 

In making a quantitative s tudy o.f the amount of TiCl4 used 

in the reaction, the gain in weight of the absorpti on tubes was 

determined in the absence of a radiation field for various temper-

atures of the constant temperature water bath , ie., at various 

concentrations of TiC14 in the ethylene . 'l'he procedure was then 

repeated with t he reac t ion chamber near the core. The system was 

allowed to come to equilibr ium by maintaini ng a constant flow rate 

for several hours . During the equilibration time, t he exit gases were 

passed through the cold trap E (Fig. l2) . When equi librium was 

reached , the gases were directed through one of the absorption tubes, 

these having been previously f lushed with pure ethylene and weighed to 

t he near es t 0 . 01 mg . The absorption tubes were connected to t he gas 

exi t appar atus by means of a short section of teflon tubing. 

~fter t he gases had passed through the absorption tube for a 

certain period of time , (20 to 30 minutes was usual) , the f low was 

diverted to pass through the other absorption tube, adjustment being 

made i f necessary on G to keep the f low rate constant . The first 

absorption tube was then flushed with pure ethylene from an ethylene 

cylinder separate f r om the main ethylene supply. This ethylene was 
'· 

passed through a P2o
5 

and glass beads trap , H, hil'e the second 

absor ption tube was collecting TiC14 , the f irs t absorption tube was 

weighed and returned to its position in the line ready for its neJtt 

absorption. In this way continuous operation could be maintained. 



!• Static Coba!t-60 Irradiations 
; . ' . - ~ ' . 

(a ) The SO\lroe 

The irradiation facility \lsed in these experim nts was a 5 

ld.locu:rie coba.lt- 60 source housed in a hot cell equipped with manipulator.s , 

and leaded glass viewing window. This source consisted of l2 cobalt- 60 

rods positioned to form a cage with a central cylindrical cavity.(3lb). This 

cage could be lowered, by means of a crome , into a water- filled hole 

in th floor ot tb .. e hot cell. 

( b) Irradiation. vessels and holder 

Irradiation vessels hav a volume of about 600 c. c. were 

constructed from 50 mm. ,Pyrex glass tubing. These vessels wel'e 

indiv4.duall.y ~alibrated to the nearest cc.,. their relatively large si~e 

providing ample quantit~es of prod\lcts for quantit at ive analysis when 

about l~ of the 'l'iCl4 was consumed. 

~e irradiation vessel was held in poai t~on by an aluminum 

stand which consisted of a length ot 6.5 Clllt~ inside diameter aluminum 

pipe , slightly longer than t he main body of the irradiation vessel. 

This pipe was bolted in an upright positi on to a square piece of l/2n 

aluminum plate.. ~e filling t ube and break seal at the top of the 

irradiation vessel were protected by a strip o£ l/4" aluminum p1ate , 

bent in the shape of a l1r1 the rounded part of which protruded above 

the level of the glass tubes. 

( c) Filtk!s, of the 4eaotion .vessels 

The vessels were attached to the vacuum line for filling as 
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shown in Fig. 13. Teflon stopcocks were used because of the high 

reactivity of TiC14 towards various available types of stopcock grease . 

ith the break seal F intaet. t he vessels were pumped out 

through B to a pressure of approximately 10-5 mm. Hg. and thoroughly 

flamed. B was then collapsed by means of a flame , as were the larg 

dl eter vessel pump-out tubes at the places denoted by arrows in the 

diagram. During the foregoing operation , the TiCl4 -c
2
H4 mixture had been 

brought to equilibrium by passing purified ethylene through the TiC14 

bubbler and equili ration vol um C and from t here to t he manostat which 

kept the pressure at the desired level. 

The manostat i s shown i n Fig. 14. This regulated the pressure 

in the following manner; en the pressure in the system rose above a 

preset value . electri cal cont act at A was broke~, This ctivated 

electromagnet B which opened the ring loaded clamp C, allowing gas to 

flow through rubber tube D. The resulting pressure drop. caused contact 

at A followed by closure of c. he system could be adjusted to give an 

insignificantly small pressure fluctuation. The large bulb E was period­

ically evacuated as shown to be necessary by manometer F. A bypass G and 

a damping volume H were found to be necessary. 1'he former was used 

during the equilibration operation along with the manostatic tube B as 

it was not practical. to have the full flow go through B. The p:ressur · 

at which the manostat operated could be varied by changing the amount 

of mercury in I . extra mercURY being stored in J . 

Atter the irr~diation vessels had been evacuat ed and sealed off 

from the high vacuum system. the section of the fi l ling line . between 
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stopcock D (Fig . 13) and the break seal F, was evacuated, Following this 

s t ep , atopoock E was closed and D opened slowly. To fill the vessels , A 

was closed, the u ·~ak s F br oken and A adjusted so that th rate of 

f l ow into the vessels was slow enough not to upset the equilibrium. 

When the flow t hrough the manostat indicated t hat the vessels were 

filled, A was closed and each vessel isolated by heating the thin wall d 

constri·ot i ons wit h a small hot name. The amount of decomposi tion brought 

about by this step was considered to be neijligible as the volume of gas 

affected was a very small fraction of the tot al. The final pressure 

was slightly below atmospheric to make the collapsing of the thin- walled 

const ctions possible• 

(d) Variation of surface to volume ratio 

The variation of the surface to volume ratio of th irradiation 

vessels was effectQd by the addition of weighed amounts of pyrex glass 

wool, the fibres of wr ich had an approximate diameter of 6 x 10•4 em. 

rom a knowledge of t he density of the glass , it was possible to calculate 

the approximate surface area per gram of t he glass wool. Before insertion 

into the irradiation vessels , t he g~sa ool was thoroughly washed with 

carbon tetrachloride. his was carried out in a soxhl t extractor , 

extract i on being continued for several hours. 'l'he washing of the 1 sa 

wool was found to be necessary to remove t he layer of oil applied 

during the manufacturing process . The reactants were introduced into 

the l ass wool filled vessels as previously described except that the 

heating of the vessels during evacuation was more intensive. Instead 

of applying a flame to the vessels , electri cal heaters were constructed 
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to fit snugly around them. The vessels were p ped on overnight while 

. 0 
being heated to a temperature of about 120 C, 

The analytical apparatus for the static irradiations is shown in 

Fig. l.5. After the system had been evacuated, stopcock A was closed, 

and the break seal broken. topcocks A and B were solid plug 2 mm. bore 

high vacuum stopcocks greased at the ends only. The gases were pumped 

out of the irradiation vessel , the rate being regu~ted by stopcock A. 

After two or three minutes of restricted flow .. A was opened full~ It 

was found that if A was opened full from the start , there was danger of 

the more volatile products being swept through the oold trap. The 

gases passed from the irradiation veseel through the absorption tube c. 

This tube, illustrated in Fig. U , removed the TiCl 4 from the gases whilE! 

allowing the rad1olysis products to proceed to trap D which was a 

detergent filled trap kept at dry ice temperature, The ethylene along with 

low molecular weight radiolysis products such as ethane , acetylene, 

hydrogen etc. passed through D and were pumped off. Pumping was 

continued for five minutes whereupon stopcocks E and B were closed, and 

liquid air was applied to tube F so that the major fraction of the gases 

remaining in the irtadiation vessel would be condensed in this tube. With 

A closed and B open , F was allowed to come to room temperature after which 

E was opened for one minute. This operation was repeated until nothing 

could be observed to condense in F which was usually found to be the case 

after three such oper tiona. The use of tube F was necessary since it 
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shortened the time needed to remove the gases from the irradiation vessel. 

Prolonged pumping resulted in losses of ethyl chloride , the most volatile 

of the chlorinated hydrocarbons . With E open and B closed , liquid air 

was applied to G and the dry i ce bath removed from D. Water at roughly 

90° c. was placed around trap D to speed up the desorption of the chlorinated 

i'cy'drocarbont;J. During this desorption, li was closed and 1 opened, allowing 

dry air to ent er the absorption tube through the P 2o5 
filled tube J . The 

absorption tube was then removed, roughly wiped to remove the stopcock 

gr ease and weighed on a semi-micro balance . The difference between this 

weight and that of the tube before the aruU.ysis gave a measuru of the 

unreacted TtC14• _ 

With stopcock E closed , the chlorinated hydrocarbons , now in 

trap G, were transferred to bulb K by lowering the liquid air. K was 

subsequently drawn off. T.he products were then analysed gas ohromato• 

graphically , using a 3- meter detergent col umn at 25° c., helium carrier. 

The relation b tween chromatographic peak area and number of 

moles of material was established by introducing measured quantit~es ot 

the substances .of interest . This was done by means of a Hamilt on 

No. 701- N microliter syringe. 



CHA.}I_i'ER 2 

f!. Continuous Flow .System 

(a) apaur pressure measurements 

he results obtained from t he vapour pressure studies are 

summarized in Table VII. 

Vapour pressure measurements on chlorinated hydrocarbons 

Compound .. emgerature Experimental dentified Known 
( . c.) vapour pressure as Vapour ressure 

(em. Hg . ) (em. Hg .) 

1 22. 7 14.6 2-. 4H
9

Cl 15.0 
l 0.4 5.1 4.8 

2 19.2 7.4 l-C4H9Cl 7.8 
2 o.6 2. 7 J.2 

3 22 .8 6.8 1,2-c2H4c12 7.1 
3 o_6 2. 2 2.2 

(b) InfrEl.red data 

The peaks appearing in the infrared analyses of samples ot 

unknowns l , 2 and 3 , along wi. th those of the corresponding standards 

are shown :i.n Tabl es VIII, IX and X respectively. 
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TA LE VIII 

Compound l 2.-c4u
2
c1 

requ!icy Strength requeicy Strength 
, {em.- ) (em . .. ) _ 

2914 s 2918 s 
2825 2830 M 

1450 M 

1440 M 1430 s 
1375 M 1362 s 
1283 M 1278 M 

1230 M 1228 M 

1155 w 1148 w 

1145 w 1140 w 
1110 1108 w 
1060 w 1060 w 

990 w 988 w 

950 w 9.50 w 
845 840 w 

835 w 830 w 

787 w 780 w 

?38 w ?30 w 



TABLE lX 

Infrared data for l-C4H
9 

l and. compound 2 

Frequency 

(em .. -1) 

2920 
2840 

1450 

1280 

1232 
870 

74o 

Frequency 
(em. -1) 

2915 
2830 

14.50 

1440 
1280 

1228 

1218 

?2.2 

712 

Compound 2 

Strength 

M 

M 

M 

w 
w 

Compound 3 

Strength 

M 

w 
w 
w 
M 

M 

Frequency 

(em. -l) 

2912 
28}0 

1445 
1390 
1280 
1228 

860 
810 

74o 

l ,2 .... c2H4c12 
Frequency 

( cm .... l) 

2920 

2825 
1450 
1440 
1285 
1228 
1218 

960 

719 

712 

Strength 

s 
M 

w 
M 

w 
w 
w 
w 

Strength 

M 

w 
w 

1 

M 

M 

'vi 

M 

M 
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In the above three tables , S, M and W stand for strong t medium 

and weak. The three extra weak peaks appearing in the standard spectra 

in ables IX and were probably not observed for the unknowns because 

the amount of unknown was lower tha,n that of standard. The 1440 .. 14.50 

cm.·l doublet in the spectrum of compound l appeared as a singlet in 

the standard spectrum. ~his has not been explained. 

(c) Determination of iCl4 reacted in continuous flow system 

The amount of TiCl4 collected at various flow rates and for 

various bubbler temperatur s in the absence of an irradiation field 

is given in Table XI . 

TABLE XI 

Weight TiC14 collected at various flow rates and saturation temperatures 

:F·low rate Bath Temperature Weight 'I'iCl4 
( cc. /min. ) <o c. ) collected/min. ( mg. ) 

3.6 18 •. 0 0. 27 

4.? 18. 0 0. 35 

8.2 18. 0 o.62 

8.5 10. 0 0.35 
8.6 0. 1 0 . 20 

A s'\mlmary of the reeults obtained when the vessel was in the 

irradiation position is given in able XU . _ 



TABLE Xll 

Rate of reaction of l!'iCl4 with c2H4 at various TiC14 concentrations (}rP c. ) 

Run Bath TiCl4 cone. TiC14 cone:. Ave. TiC1l.t Log. TiC14 Log. ave. 
Temp . ( 0 c.) before irr. after irr .• cone. reacted TiC14 cone. 

2 2 2 (mg/cc x 10 ) (mg/cc x 10 ) (mg/cc x 10 ) -
( i ) 20.1 8 . 5 6.4 7.5 -1.692 -1.128 
(ii) l.B.o 7 .. 5 5.9 6.? -1!714 -1.173 
(iii) 15 .. 0 6.2 4.5 5.4 -1.782 -1.2?2 
(iv) 10.0 4.4 3.2 3.8 -1.921 -1.416 
(v) O.l 2.1 1.5 1.8 -2.214 -1.735 

~ .• 
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A plot of log TiCl4 reacted vs. log average TiCl4 concentration 

is given in Fig. 16. The slope of this curve gives the reaction 

order of 0.85 for the disappearance of TiCl4• 

{d) Adsorbed TiC14 in continuous flow system 

The volume of the continuous flow system was estimated t o 

be 350 cc. hen the partial pressure of TiCl4 in the system was 

6 . 7 mm. it should have contained 26 mg. of TiCl 4. 1he actual weight 

of TiC14 collected when the system was flushed with several thousand 

cubic centimeters of pure ethylene was 61 mg . It was therefore 

concluded that 35 mg . of TiC14 were adsorbed on the walls of the 

system for the reactor pool temperature of 30° c. 

(e) Purit~ of ethylene 

The chromatogram obtained when a sample of purified 

ethylene was run on the gas chromatograph showed seven peaks in 

all . The ethylene peak represented 99 .91~ of the total peak area , 

the other six components combining to make up the other 0.03P. 

Impurities in this concentration range were considered relatively 

unimportant and no positive identification was attempted. 

B. 'tatic Irradiations -
{a) Variation of dose 

The rate of disappearance of TiC14 and the rates of formati on 

of the chlorinated hydrocarbons at various tot al doses is given in 

Table III. 
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TABLE XIII 

Rates of disappearance of TiC14 and rates of formation of chlorinated hydrocarbons at various 

0 doses and 30 c. 

Run TiC14 cone. Dose Rate of disappearance Rate of formati on molesL1Lrad x 1012 

(mg./cc.) (rads x 10-5 ) of TiC14 c2H
5
Cl 2-c4a9

c1 1-C4H
9
Cl 1 ,2-c2H4c12 8 (mg/cc/rad x 10 ) -

(i) 0. 08 4. 3 - 3.2 0. 09 1. 0 1.7 

(ii) 0. 08 4.3 2.8 2.3 0. 31 3.9 5. 7 
(iii) o. 08 8.7 2 . 9 9 . ~ 0 .11 3. 6 4. 7 

(iv) o. o8 8 . 7 2. 0 1.3 0. 12 2.6 3.0 

(v) 0. 08 17 1.5 10.4 0. 04 1. 1 1.2 

(vi) 0. 08 17 1. 1 7.4 0.09 3.3 3. 2 

(vii) 0. 08 26 0. 95 5. 9 0. 07 2.0 2. 2 

(viii) 0. 08 26 1.1 9.6 0 . 07 1.8 2. 4 

(ix) 0.08 35 0.85 10. 0 0.10 5.1 5.5 
(x) 0. 08 35 0.85 7. 9 0.04 3.0 2.8 

~ • 
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These results illustrate the lack of reproducibility which 

was obtained. No trends can be seen to take place as the dose is 

increased except for the rate of disappearance of TiC14• 

( b) Surface to volume variation 

The rate of disappearance of TiC14 and the rates of 

formation of t he chlorinated hydrocarbons for two different surface 

areas are given in Tabl e XIV. All runs were made at an initial 

TiCl 4 concentration of 0 . 08 mg. /cc. 



TABLE XIV 

.Rate of disappearance of TiC14 and rates of formation of chl orinated hydrocarbons at t wo different 
0 surface areas and 30 c. 

Run Surface 
2 Area (m ) 

(i) o.4 
(ii) o.4 
(iii) 3.0 
(iv) 3.0 

Dose 

(rads x 10-6) 

10.4 
10.4 
2.6 

2.6 

Rat e of Disappearance Rate of formation moles/1/rad x 1012 

of TiC14 c
2

H
5

Cl 2-C4H
9
Cl l-C4H

9
C1 1,2-C

2
H4c1

2 8 (mg/cc/rad x 10 ) 

0 .2:J 1. 7 0.3.5 1. 7 0.07 
0. 24 1.7 0.35 1.7 0.09 

0.95 5.9 0.072 2.0 2.2 

1.1 9.6 0.073 1.8 2.4 

~ 
• 



(c) Non-irradiated TiCl 4 detenni.nation 

The weights of TiCl4 recovered from irradiation vessels 

filled with various EUDOunts of glass wool are listed in Table XV. 

Tf:PL! XV 

W ight of TiCl4 recovered, with no irradiation, from vessels 

contflining various amounts of glass wool 

Weight glass wool (g) 

0 

.5 

~5 

25 

Weight TiC14 Recovered (mg) 

3?,0 



DISCUS I ON AND CONCLUSI S 

A• Continuous low Apparatus 

The presence of adsorbed Ti.CJ.4 in the continuous flow 

apparatus led to a lack of reproducibility in the results obtained 

when the amount of TiCl 4 in the exit gases was quantitatively 

d.etermined. A slight change in pool temperatt::-e could cause a 

large change in the amount of adsorbed TiCl4 and therefore a 

large error in the weight of TiCl4 collected. This experimental 

uncenainty, along with the fact that the soUd reaction products 

were diffic.ult to remove from the reaction vessel. largely limited 

t he us fulnesa of the continuous flow system to its ability to produce 

mill ram quanti ties of gaseous products. 

The length of time required to bring the system to 

equilibrium a~ter the reaction vessel was moved into the ir•adiation 

position was found to be of the order of six holU"s. This long 

equilibration time waG disadvantageous since it meant the buildup 

of considerable quantit ies of solid irradiation products , as weU 

as causing the aluminum holder and cadmium shield to become highl,y 

radioactive, mald.ng it hazardous to dismantle for olean1ng. 

The results obtained for the rate of disappearance of 

fl.Clq. at various TiCl 4 concentrations shown graphically in Fig. 16 
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are fairly reliable since several determinations were made to 

obtain the average values plotted. The slope of the line in 

Fig. 16 is 0.85 , although values of 0. 7.5 and 1.0 are probably 

within the limits of error. Without further studies giVing the 

order with respect to ethylene concentration and radiation intensity 

it is not possible to e tablish the mechanism for the r action. 

~· Static ~rra§iation§ 

he first objective of the static irradiations , using the 

cobalt-60 gamma sourc:e . was to determine the effect of variations 

1n the surface to volume ratio of the reaction vessels on the 

rates of formation of the gaseous chlorinated eydrecarbons. When. 

the amount of surface was increased by t he additi oJl of glass wool, 

the results became quite irreproducible. 'l'his was at first thought 

to be due to inefficient removal of the reaction products from th 

vessels . To check this theory , t wo vessels , one of which contained 

glass wool, were filled with equal quaatities of 1,2-d.ichloroetbane. 

Xhe amount ot 1, 2• d1chl oroethane added was roughly what would be 

produced in a typical experiment . 1 , 2- dichloroethane was chosen 

since it is the least volatile of the products and hence would 

probably be most strongly adsorbed on the glass wool . The a.nalys s , 

carried out in the usual we:y , showed that the lack of reproducibility 

was not due to this cause . 

The amount of TiCl 4, re~overable from unirradiated sampl es 

was foun<i to be proportional t o t he amolUlt of gl ass wool in the 

vessel. Wat er is known to be adsorbed on glass surfaces up to 
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temperatures as high aa ;r;;;lJ centigrade (33) . The reacti.Qn vessels; 

as well as the glass wool; would be expected to have a monolayer 

of adeorbed water even though pumped on tor sev~ral hours and 

heated to over l OfP c. Upon intvoduction of the reactants 60me of 

the TiCl 4 would be hydrolysed to give HCl and ~t'iC~OH . If this 

were indeed oceurtng , vessel$ contaiaing glass wool should yiel q. 

less recover able 1'iC14 than those with no gl ass wool, when fill.ed 

with equal amounts of 'l.';i.Cl 4 and analysed without irradi.ation.. The 

experimental results shown 1n Tabl e XV bear t his out. 

The formati on of HCl in the reaction bet\teen T:i.Cl 4 and the 

adsorbed water 1n the syst em is postulated as being the major 

cause of tbe lack of reproducibility. The reaction between Cz.R4 
and HCl in. the presence of ionizing radiation, Elf? i .s shown later in 

t;his work , p~ceeds by a chain mecb.ani$'11. The gaseous chlorinated 

r act:i,Qn produQts are the same as t hose obser ved to be formed in 

the rad.iolysis of the TiCl 4 · CaH4 system. The observed products 

cannot aU arise from the reaction bet"Jeen the HCl. and CaF£4• If this 

were the case • the rates of formation of the chlerinat ed hydrocarbons 

would be expected to drop off rapi dly wit h total dose since the HCl 

would be largel.y consumed at relativel y smaU doses. This i s not 

observed:. 

'Lite variati on of surr-aQe to volume rati o has a arked 

effeQt on the rate of formation of 1.,2-dichloroethane. Its rat e 

i s increased by tbirty• fo l d. when the surface is ino~eased by 

eight-fol d. ·.me r ates of formatt on of the ot her t hree chlorinat ed 



products are also increased, th :i.ncl'~~e being much less than 

that observed for 1 •2-dichloroethan • The incr se for these 

three products can be considered to re~ult from h presence of 

a higher concentration of HCl in the gas phase. The much l.arger 

increase in the rate of formation of l t2• dichloroethane is probablf 

due to the adsorption of some of the HCl on the surface of the 

glass. As will be 'Shown later, when l!Cl and c2H4 undergo a 

radiation ind.uced r action , l 12· clichloroethane is formed by means 

of a hetero QD.eoua reaction between HCl adsorbed on surface and 

th chl.Oroetbyl radicals produced when chlorine toms add to 

ethylene; If the a11,10unt of adsorbed HCl was greater than the 

amount of HCl ill the gas phase , the increase in the rate of form• 

ation of l , 2•dichloroethane due to an increase in surface would 

be expected to be greater than that for the other products which 

are produced homogeneously in the gas phase. 

The realization that a significant portion of the reaction 

b ing observed in this system was due to traces of HCl present • 

prompted the study of th . HC1- C2H4 syi'\tam which is the main 

contributi on of the thesis. 



PARI' III 

CHAPrER l 

.l:lXPEIUl4E~"TAL ' ~C.HNIQUES 

~· Filling of Irradiation Vessels 

The filling apparatus for this system is shown in Fig . 17. 

Anhydrous HCl , supplied by the Dow Chemical Company having a stated 

minimum purity of 99,., , was puri fied by trap to trap vacuum distillation 

and stored in bulb A. '£he addition of small amounts of HCl to the 

irr .... diation vessels was accomplished by first establishing the 

volume relationships between bulb B and the various vessels to be 

filled . When this had been done , B was filled with HCl to a 

measured pressure, after \"hich an expansion into the vessel to be filled 

yielded the appropriate HCl pressure . For very low HCl concentrations , 

two expansions were UGed. After the vessels were filled with HCl , 

ethylene was added to make the total pressure slightly above atmospheric. 

Liquid air was then applied to t he vessels and they were dravm off 

with the aid of a flame . 

'.i'he Matheson CP grade ethylene used in these experiments 

was purified, first by passing it t hrough a charcoal trap and then by 
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i:~'igure 17 . Apparatus fo:::- .l:illi!1G lrradiat:ion Vessels '.rJith 

riCl- C2H4 ~ixtures (~tatic lrraciations) 
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trap to trap vacuum distillation. I t l'Ta s stored in a 5 liter storage 

bulb at a pressure of about 50 em. Hg . above atmospheric. 

~· Analytical ~rocedures 

The analytical procedures used were i dentical to those us ed 

for the TiC14-c
2

H4 except t hat the gain i n weight of the absorption 

t ube gave a measure of the unreacted HCl i nstead of t he unreacted 

£• Dosimetry 

The dose absorbed by the system in question was calculated 

from the values obtained when Fricke dosimetry solutions were 

irradiated in identical vessels and under i dentical conditions . The 

water used to prepare t he dosimet sol utions was distilled from 

alkaline ~ermanganate to remove any organic i mpurities. Reagent grade 

ferrous ammonium sulfate and reagent gr ade sulfuric acid were used 

to prepare t he solutions which \"Vere 10- 3 M ferrous ammonium sulfate 

in O. lN sulfuric acid. Solutions containing 10•3 molar sodium chloride 

aloi.lg with t he other constituents were also prepared. The results 

obtained with t his latter solutiCln , wh~n compared with those obtained 

from t he regular solutions served as a check on the purity of the 

reatents. I f the two solutions yielded similar results , t he abs ence 

of impurities could be assumed. (1) 

'he irradiat i on t i mes for t he dosimetry experiments were of 

t he order of two minutes. or a short irradiation time such as this, 

the way in which the source i s brought up to and removed from the sample 



is important . Since the HCl-ethylene irradiation times were also 

short, being four minutes i n most cases, a standardized procedure was 

used. Dosimetry irradiation times were varied so that the measurement 

of the dose received by the sample during the advance and withdrawal 

of the source could e made. 

Spectrophotometric measurements ere carried out on the 

irradiated solutions using a Perkin Elmer-Hitaschi UV-visible 

spectrophotometer. Absorption was measured at 604 m~ using l 
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cuvettes . In each case the instrument was set at 100 transmission 

with a sample of unirradiated sol ution in the light beam . The measured 

optical density was related to a sorbed dose by the expression given 

in reference 1. 

D. Measurement of the Rate of Production of Ion airs 

in Irradiated HCl r 

measurement of the rat e of production of ion pairs in 

irr diated H 1 was obtained by determining the saturation ionization 

current produced by the radiation field . ~be r ate of deposition of 

energy in the system was determined by meas uring t he saturation 

current in air under identical conditions. his was accom lished 

by applying a potential across an i rradiation cell which ha been 

silvered as shown in i • 18(a) , the resulting current being measured 

by means of a vibra t i ng reed electrometer. 

'he preparation of the ion chamber was as foll ows: latinum 

electrodes were sealed through the glass at the base of the t wo tubes 

of the vessel, each electrode making contact with the two silver 



Figure l8(a). 
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surfaces which had been depoGitcd on opposite inner faces of the 

vessel. The silvering operation was carried out using Brashear ' s 

process (34) . 'l'hc contact between the two silver coatings and their 

respective platinum electrodes was checked as was the resistance between 

the two plates. If these tests proved satis~4, ~ ry , the vessel was 

attached to the vacuum line and evacuated, J~ latinum doesn't make 

a reliable vacuum tight seal with glass, the areas around the electrodes 

were iven a coating of black wax. After evacuation, the vessel was 

filled with a known amount of HCl and removed from the vacuum line. 

Shielded cabl s were connected to the electrodes and the syRtem placed 

in the i rr diation s tand in the hot cell. The cables were rought out 

under th door of th hot cell , one being connected to a high voltage 

supply, the other to t he signal input of the vibrating reed electrometer. 

The shields of the t o cables were connected at the irradi tion cell 

and grounded. The volta e was increased in 80 volt increments between 

0 and 1500 volts, the current flodng across the cell being measured 

at e ch voltage . A plot of current vs . volts gave a value for the 

saturation current in HCl produced by th radiation . similar 

measurement was carried out with air in the cell . ince the energy 

required to ~roduce an ion pair in air i s known with a reasonable 

amount of accur cy, t s allows a calculation of th rate of 

depo~ition of energy in the HCl t o be ma e . 

~· dsorption of HCl on Gl asa 

An experiment was performed to check the extent of adsorption 

of HCl on glass . a ·oactive HC138 was repared by irradiating, in the 
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reactor ra bit irradiation facility t a f e11J tenths of a gram of 

polyvinylidene chloride (trade name Saran) . 'I' he radioactive film 

was placed in a tube on t he vacuum line and after evacuation the tube 

was heated • thus decomposing the polyvinylidene chloride to HCl and 

carbon. The radioactive H ·1 , which had been collected in a liquid 

air trap , was allowed to enter a 500 c . c. glass bulb filled with glass 

wool. The stopc.ook leading to the glass bulb was shut and the excess 

HCl was pumped out of the manifold to a trap some distance from the 

bulb . A Geiger-Mueller probe, connected to a scaler unit, \-las 

clamped a few inches away from t he HCl filled vessel . The count 

rate was recorded for various HCl pressures . 

plot of count rate vs . HCl pressure was made after t he 

observed count rate had been corrected for dead- time losses and for 

radioactive decay of 0138 • 

F. HCl - NO Irradiations -
n order to obtain a measure of the rate of init iation 

of the HCl - c2H4 chain reaction, HCl was irradiated in the presence 

of a small percent e of nitric oxide. The nitric oxide ser ved as 

scavenger for the chlorine atoms produced by the action of the 

radiation on the HCl molecules. 

I r radiation vessels were fi~led t o a pr essure of 3 em. Hg . 

of NO and 74 em . Hg . of HCl . These sampl es were i r r adiated for 5, 

10 and 15 hour periods, using the Co 60 source . After irradiation , the 

vessels were attached to the vacuum line and the NOCl which was formed 



during the irradiation was separated from the unreacted HCl and NO. 

1his separation was carried out ~ 3lowly pumpi ng the gases thr-ough 

a -tube filled with glass beads which was immersed in a bat h of 

methyl cyclohexane . maintained at its freezing point of -126° c • 

.Pumping was continued for about an hour after which the stopcock to 

the high vacuum was closed and liquid air placed around a trap 

a jacent to the glass beads tra , t he l atter being equipped with a 

sample bulb at its base. The methyl cyclohexane was re oved from the 

glass be de trap, the nitrosyl chloride was allowed to distill into 

the liquid air trap and subsequently isolated in the sample bulb. 

Small amounts of HCl could be det ected by the bright r ed colour it 

exhibited at liquid air temperatures when in the presence of traces 

of NO~ A pumping time of an hour was found to be suffi cient to give 

no evidence of t hi s red colour. 

The glass ampoule containing the NOCl was broken at the 

bottom of a 20 em. tube filled rith water , brought to a pH of about 

10 by the a ddition of dilute NaOH solution. 'l'he amount of chloride 

ion produced by hydrolysis of t he NOCl was established by precipitation 

as AgCl . 

-· Ion C4amber Irra iations 

lrradiations of HCl - 2H4 mixtures were carried out in an 

ionization cham r as shown in ~'ig . 18 (b). ' he central anode of the 

chamber was about one centimeter from the cathode. he leads through 

the gl ss were n de of tungsten and \·Jere recessed to prevent high 

local field gr adients, ontact between t he tungsten leads and the 
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silver coating was roa e with t he aid of ilver contact paint . he 

purpose of these ex,t-eriments was to irradiate samples in which the 

numb r of excited HCl molecules was increased by the presence of t he 

electric field , while the number of HCl+ ions was not . 

In an effort to establish the appropriate volt age which should 

be applied across the cell , t he vessel was filled to a particular 

pressure and connected to the high voltage power supply and vibrating 

reed electrometer , ith a small eo60 source near the vessel , current 

vs . vol tage measurements were made to find the proportional region. 

Irradiations wer carried out \'lith the applied voltage slightly below 

the proportional region. 



CHAPTER 2 

~ · ercent Consumption of Reactants for ~tandard 

Conditions 

Preliminary experiments showed that an irradiation time of 

4 minutes at an intensity of 8 . 3 x 105 r ads/hr . and 30°C. resulted 

in about a 10 percent consumption of HCl , the minor const ituent . 

'J.bese conditions of time , intensity and temperature were used for 

all of the experiments unless otherwi:;;e stated. 

~ · Variation of HCl Concentration 

'.l.'he rates of formation of the chlorinated hydrocarbons at 

various HCl concentrations are tabulated in Tabl e XVI . 

~thylene was added to each of the mixtures to make the total 

pressure 760 mm. In determinutg reaction orders, it has been assumed 

t hat the ethylene concentration remained constant . 

A log-log plot of the rate of formation of ethyl chloride vs . 

average HCl pressure is given in Fi g. 19. '£he l ine in the graph has 

a slope of 1. 01 , determined by a least squares fit of the data . l~e 

mecnanism discussed in Chapter 3 indicat es that the rate of formation 

should fall off more rapidly than linearly at lower HCl concentrations. 

~oosible explanations as to why this is not being observed will be 

dealt with in Chapter 3 when the experimental results for c2H
5

Cl and 

1-C4H
9

Cl arc compared with the theoretical curve. 

87. 
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Rates of formation of ohlQrinated hydrocarbons at various HCl 

concentrations 

Ave. HCl te of formation 12 (mol esLl Lr ad x 10 ~ 
pressure (mm. ) c2H

5
Cl l-C4H

9
Cl 2• 4H

9
Cl l 12- C2H4 Cl2 

0. 2 11. 4 10.1 
0.5 24.2 

0. 5 23. 6 25 .0 0.5 0 . 2) 

1. 0 62 .7 34.6 1.2 0.34 
1. 9 U8 31 .~ 1.2 0.63 
3.8 216 1.2 0.63 

5.0 319 48 .0 0.42 
6. 0 321 41.3 1. 8 o.6o 

9. 5 625 48 . 8 3.6 0.70 

11.5 50.0 2.5 0.59 
14.5 786 l•7 • .5 3. 7 0.59 
18.3 1120 ~.9 

30.7 1720 40. 9 

A plot of the rates of formation of the other three products 

at various HCl concentrations is given in ig . 20. The curve for 

l-C4H
9

Cl was drawn by inspection, the other two were drawn to have a 

functional form similar to that for the l-C4H
9

Cl as required by the 

mechanism outlined in Chapter 3. 
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c. Variation of c2H4 Concentration 

Irradiations were carried out at four different c
2

H4 
concentrations, the rates of formation of c2H

5
Cl and l-C4H

9
Cl 

being observed in each case . '£he results are shown in Table XVII . 

C2H4 pressure 

( atm. ) 

• 

1.00 
0. 75 
0.50 
0. 25 

HCl pressure 1. 0 em • 

Rate of formation 

62 

54 
53 
33 

ll (mol esJb/rag x 10 ) 

4.? 
2.8 
1.4 
0.53 

A plot of log c2H4 pressure vs . log rate of formation for the 

two products is given in Fig. 21. 

The slopes of the lines for ethyl chloride and 1-chlorobutane 

are l/2 and }/2 respectively. ~ ese are not necessarily the best 

fitting lines but are l ines having slopes predicted by the mechanism 

to be discussed in chapter 3. The amounts of 2-c4H
9
Cl and 1 ,2-c2H4c12 

formed at the lower c2H4 pressures were too small to permit quantitative 

determination. 

£. Variati on of Surface Area 
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determined for various surface areas. Table XVIII summarizes the 

data obtained. 

TABLE XVIII 

Rates of formation of c2H
5
c1 , 1- c4H

9
c1 and 1 , 2- c2H4c12 for various 

surf ace areas 

Surface Area Rate of formation 12 (molesLlLr ad ~ 10 ) 
2 (m ) c2H

5
Cl l - C4H9Cl 1 , 2- c2H4Cl 2 

o.a 310 27 2.6 

l -5 220 19 4. 0 

2. 3 180 13 3.8 

3.0 1lj{) 9. 1 5 . 2 

In t he above exper i ments, the HC1 pressure was l em. and the 

c2H4 pressure 75 em. Plots of l og rates of formation vs . log surface 

area are given in Fig. 22 . 

The s lopes of the lines in the diagram are •l/ 2 , - l/2 and 

+ l/2 for ethyl chloride 1 1 .. ch1orobutane and 1 , 2-dichloroethane 

respectively. Again the choice of slopes for the l ines was governed by 

the val ue predicted by the reaction mechanism to be discussed later . 

The decrease in the r a tes of formation of the f i rst t wo has been 

considered to be as a result of an increase in the efficiency of 

t he termination reacti ons . The increase in the rate of formation of 

t he t hird product indicat es that i t is being formed by a heterogeneous 

reaction taki ng place at the surface . The major portion of the 

1,2-dichloroethane observed cannot be coming from a termination r eaction 
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aa its rate of formation would not level off at higher HCl concentrations. 

E. Variation of - diation Intensity 

'!he results found for experiments carried out at two different 

dose r a tes are given in Table I • 

'l'ABLE XIX 

Relative 
Intensity 

~te of formation (mol es/1/sec x 109l 

* 

1.00 

0. 31 

C2H4 760 mm . pressure 

HCl 10 mm . pressure 

Intensities of radiation 8. 3 x 1c? rads/hr and 2. 6 x 1c? rads/hr. 

Log•log plots of this data are shown in Fig. 23 . The two 

l.ines have been drawn with slopes .of 1/2 as predicted by the mechanism 

discussed in Chapter 3. he data t hus indicate a root intensity 

dependence for the rates of fonnation of the two products. 

alance of H 1 

The amount of H l consumed in a given irradiation was deter-

mined by subtracting th~ weight of HCl recovered after the irradiation 

from that knownt from pressure measurements, to be present before the 

irradiation. This value was compared with the amount of HCl used , 
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calculated from the peak ar as of the observed products. ~e results 

are given in Table XX. The initial HCl and c2H4 pressures were 2 mm. 

and 760 mm. respectively. 

HCl consum d (weight 

difference ) (mg . ) 

0.31 ± o.o3 
0.55 .:t 0.03 
o.85 :1: o.o3 

alance of HCl 

H 1 consumed 
(peak areas) (mg . ) 

0 . 25 

o.6o 
0. 79 

The experimental error for t he weight difference measurements 

is based on the precision of t he balance. 10 appropriate errors can 

be assigned to the chromatographic peak are.f.is but in the judgement of 

the experimenter , the data indicat that the HCl consumed is 

accounted for by the four products, ethyl chloride , l , .. chlorobutane , 

2-chlorobutane and 1 ,2~dichloroethane . 

~· HCl - NO Irra ·ations 

o determine whether t he NOCl , formed by the reaction of NO 

with chlorine atoms , as itself undergoing a radiation induced reaction , 

irradi a t i ons were carried out at three total doses. ~he results are 

shown in able 1 . 
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~ABLE XXI 

te of formation of NOCl for various total doses 

Irradiation eight A Cl eigh·~ OCl Rate of formation 
NOCl (moles/1/sec x 109) time (hr.) found (mg . ) (from AgCl) (mg . ) 

,5 . 0 6. 1 2.4 4.0 
10. 0 12.9 ,5 . 0 4.2 
1.5. 0 17. 8 6 . 9 3.8 

It may be seen that the average rate of formation of NOCl 

is 4. 0 x 10•9 moles/1/sec at 30° C. The concentration of reactants 

was 4. 1 x 10-2 moles/1 HCl and 1. 6 x 10•3 mole$/1 NO. The rate of 

formation of chlorine atoms can thus be taken to be 4. 0 x 10-9 

gram- atoms/1/sec. The ~ate of decompOsition of HCl molecules will be 

2.0 x 10•9 moles/1/sec if the mode of formation of chlorine atoms is 

as discussed in v1 r 3. 
I 

he rate constant for this decomposition 

will have a value of 4.9 x 10-8 sec.-1• 

!!. • Chain Length of Reaction 

rhe sum of the rates of formation of the chlorinated products 

(Table XVI) \'Jas divided by the rate of production of chlorine atoms 

(section ~· ) to give t he chain length. The chain length was found 

to be a function of flCl concentration, decreasing from 5. 3 x lo3 

at 0. 2 mm. HCl to 3. 2 x 103 at 30 mm. H 1. This calculation assumes 

that only the energy de sited in the HCl leads to reacti on products. 

This assumption "'ill e justified in Chapter 3. 



!• Effect of Addition of Excess c2H5Cl on 

production of 2- c4n9c1 
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I t was postulated that t he formation of 2- 4n9
c1 might be 

due to a secondary reaction of the c2n5
c1. An irradiation was 

carried out in which about lO times the amount of c2n5
c1 formed in 

an average irradiation was added initially. ~'he initial pressures 

of HCl and c2n4 were 2 mm . at 760 mm. respectively . The rate of 

formation of 2-c4n
9

c1 was observed. Table XII gives the results . 

I 

Rate of formation of 2-c4n
9
c1 in the preeence of a rtlatively high 

concentration of c
2
n
5

c1. 

Initial 
c

2
n

5
c1 (moles) 

Final 
c2n5

c1 (moles) 

3.6 X 10•6 

4. 0 X 10• 5 

te of formation of l2 
2-c4n9

c1 ( olea/1/rad x 10 ) 

1.2 

1.4 

lt may be seen that the rate of formation of 2-c4n
9

c1 has 

not been significantly altered by the presence of excess c2n5
c1. 

i • Adsorption_ of HCl on lass 

he results of the experiment de ·gned to check the extent 

of a sorption of Cl on 25 g. of glass wool are summarized in 

able XXIII . 



TABLE III 

Count rate observed for various HCl pressures at 25°C, 

ime of HCl pressur e Counts/sec. Counts per 
observation (em. ) (less back ... secon 
{min. ) ground) (corrected) * 

• 

2 4.85 523 600 

5 2 • .58 295 338 

10 0. 83 113 138 

13 o.44 69 89 

16 0. 23 52 70 

19 0•12 38 54 
23 0. 06 34 52 

Corrections were made assuming a 38 minute half-life for Cl38. 

Corrections were also made for the dead- time losses of the Geiger 

tube. 

A plot of the resuJ.ts appears in :E'ig . 24. Since the line does 

not go through the origin when extrapol ated to zero pressure , this 

indicates that HCl i s adsor ed on the surface of the glass. 

' he measured activity represents the sum of the activities 

of the HCl in the gas phase and that adsorbed on the glass . If no 

adsorption had occurred, t he plot in Fig. 2~ would have been a 

straight line with a slope of 100 counts/sec/em. passing through 

the origin, thich is r epresented by the function y=100x. The 

experimental data may be representad by t l1e ~~tion y-42 + 115x. 

A s ubtraction of the former funct:i.on from the latter gives the 

adso~ption isotherm of HCl on pyrex glass at 25°C w 'chis represented 

by y=42 + 15x. The broken line in Fig. 24 represents this isothenn. 
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idently a monolayer of HCl becomes adsorbed on the surface at very 

low HCl concentrations. As the pressure is increased, the amount of 

adsorbed HCl also increases as e~idenced by the positive slope of the 

isotherm. Since no pressure readings could be obtained below l mm. , 

t he actual shape of the i~otherm in this region was not established, 

however , the sharp rise is completed at pressures below 1 rnm. 

! · Dosimetry 

Fricke dosimetry gave a value of 8 . 1 x 105 rads/hr . for the 

rate of deposition of energy in water 1 when irradiations were carried 

out in the regular irradiation position. The additional dose received 

during the advance and ldthdra\1al of the source was found to be 

2.1 x 10} rads. The rate of deposition of energy in the c2H4 - HCl 

mixtures was calculated assuming that only c2H4 was present. This 

was done by multiplying the Fricke dosimetry results by the stopping 

powe~ ratio ~ C2H4 • The values for the two stopping powers were 
H

2
0 

assumed to be proportional to the number of electrons per gram of 

material . This assumption is valid for low atomic weight substances 

if the major mode of interaction of the radiation is by means of 

Compton scattering. This is the case for the radiation from eo60
• 

A value for the stopping power ratio of 1 . 03 was calculated in this 

manne:r. Strictly spe~ne; , this method of ca lculating the energy 

absorption i n a gas from Fricke dosimetry is only valid if the stopping 

power of the wall material is the same as that of the gas . 1he error 

introduced is not large in this case. 
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1· Experiment Designed to Detect 1-Chlorohexane. 

A mixture of 0 . 5 mm. HCl in 760 mm. c2H4 was irradiated for 

8 minutes, the total dose being 1.2 x 105 rads. The relative amounts 

of ethyl chloride and 1-ohlorobutane formed were 41 and 59 units 

respectively. No 1-chlorohexane was detected. An upper limit of 

1 unit can be placed on the amount of 1-chlorohexane • 

.,t! . Measurement of Ion Currents in Irradiated HCl 
and Air. 

'£he ion currents obtained when various voltages were applied 

across the HCl - filled silvered i r radiation vessel are listed in 

Table XXIV. 

TABLE XXIV 

Ion currents in irradiated HCl at 4.0 x lo3 rads/hr. 

Volts 

410 

500 

580 
690 

750 

830 

910 

Current 

(amps X l.fl) 

0 ., 70 

0.82 

0.97 

1.09 
1.18 

1.22 

1.34 

Volts 

1000 

1090 

ll70 

1250 
1340 

1420 

1.40 
1.42 

1.50 

1.52 
1.53 
1 • .54 

A plot of these results, given in Fig. 25, yields a value of 

1.55 x 10-7 amps for the saturation current in HCl. The t perature and 

pressure of the HCl in the ceU was 22°c. and 49 em . Hg . respectively. 
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Similar measurements made \dth air in the ionization 

Chamber yi elded the results given in IJ.'able XXV. 

v 

lon currents in irradiated air at 4.0 x 1o' rads/hr. 

Volts 

90 
170 
250 
330 
410 

500 

580 
690 

750 

Current 

(amps x 107) 

0_. 41 

0. 68 

0. 92 
1.10 

1.24 
1. 34 
1. 40 

1. 45 
1. 48 

Volts Cun-ent 

tamps x 107) .............. 
830 1.51 

910 1. 53 
1000 1.54 
1040 1.56 
1170 1. 57 
1250 1.58 
1340 1. 59 
1420 1. 59 

The saturation current, determined from the plot of the data 

in Fig . 26, is 1. 60 x 10•7 amps at 75 em. and 25° c. 

!• Contribution of Excited olecule Decomposition 

t o the Initiation eaction. Determined b~ 

Ionization Chamber Experiments 

A plot of current vs. volts for an HCl - c2H4 mixtU+e in the 

presence of a me. source o. Co is given in Fig. 27. From this graph 

i t can be seen that the proportional region for this particular 

mix~~re commences at about 4000 volts . The irradiation with th 

high intensity SOUl'Ce was carried out with t he applied voltage slightly 
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figure 27 . Deter~ina-cion of Proportional i'<egion for a 
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below this value . The mixture was 6. 4 mole percent HCl in c2H4 , 

having a total pressure of 19. 5 em. Hg. at 0°C. ~~e chromatographic 

peak areas of ethyl chloride were determined for irradiations with 

and without the high voltage , the results being: 

C2H
5

Cl peak area (no voltage) 

C H Cl peak area (3800 v. ) 
2 5 

5250 units 

6680 units 

The enhanced yield with the applied electric field has been 

considered to be due to an increase in the number of excited molecules 

in the system, since at 3800 volts there is no increase in the number 

of ions over those present without an applied potential . 



CHAPTER} 

DISCUSSIO D CONCLUSIONS 

!!· Swrunary of £ixperimental. Kinetic Data 

The var iation of the four parameters , HCl concentration, 

· ethylene concentration , surface to volwne ratio and r diation 

intensity has yielded results fhi.ch have led to a reaction mechanism 

which gives kinetic expressions in agreement with the experimental 

data. 'l'he rates of formation of ethyl chloride and 1-chlorobutane 

have been shown in Chapter 2 to be consistent with the following 

xpressions: 

d{l•C4H
2

Cl) 

dt 

• K
1 

(HCl) (C
2
H4)1/2 Il/2 

si/2 

where K1 and K2 are constants. These relations hold in the HCl 

concentration r e studied xcept below about 1 mole percent HCl in 

C2H4. The fact that the rate of formation of ethyl chloride dth 

respect to HCl concentrati on appears to be linear at concentrations 

below 1 mole percent will be disc sed when the complete rate expr ession 

is compared with the data. 

The dependence of the other two products , 2-chlorobutane and 

1 12-dichloroethane, on the four parameters is not known as completely. 
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The rates of formation of both were ·observed to beco e independent of 

1 concentration above about 1 ole percent . The rate of formation 

of 1,.2-dic oroethane was found to be dependent on the square root of 

t he surf a ce area. 

~· echanism 

The reaction mechanism which gives kinetic expressions in 

agreement with t he observed experimental data is given in the e·leven 

reactions below: 

Initiati on 

HCl 

u• + HCl 

u• + CzH4 •c2H5 

•c
2
H

5 
+ HCl c

2
H6 + c1• 

>ropagation 

c1• + c
2

H4 
k2 

•c
2
H4Cl 

•c2u4c1 + HCl 
k3 

~ C;ii
5

Cl + Cl • 

k4 
• c

2
H

4 
Cl + c

2
H

4 
•c

4
u
8

c1 

•c
4
u
8

c1 + IICl 
k5 

) c4H
9

Cl + 01• 

•c2u4c1 + HClads 
Sk6 ;. Cl c2u4c1 + • 

'i'ermination 

01• + •c
2
u4c1 

s~ 
ClC2H4Cl 

(l) 

(2) 

(3) 

(4) 

(5) 

(6) 

(?) 

(8) 

(9) 

(10) 



ll • 

c1• + •c H Cl 
48 (ll) 

In reactions ( 9) , ( 10) and { ll) , is related to the surface area. 

The c4n9
c1 fo ed in reaction (8) r epresents bot h l-chlorobutane and 

2-chlorobutane. 

£. inetic Expressions 

The kinetic expressions derived fro the reaction mechanism, 

(see Appendix I ) using the steady s tate a pproxi tion , are as follo.ws: 

d (c2n
5

Cl) • 

dt 

d {C4H
2
Cl) 

dt 
= 

d (C2H4C12) = 
dt 

The deno inators in all three expressions are identical. 'l'he A in the 

third expression is a s urface constant , and I refers t ·o radiation 

intensity. eparate expressions were not required for 1-chlorobutane 

and 2-ehlorobutane as will become apparent in the discussion below. 

1he second expression above actually represents the sum of t he rates 

of format i on of the two chl .l'Obut es. Since 1-chlorobuta.ne predominates 

this expression is a cl ose app::roXlJllation to the correct one f or 

1-clllorobutane. t sufficientl.y high HC1 concentrations , the bove 

three expressions can be sirnpli'fied to: 
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d (c2H
2
Cl) ~k1Iki<i {C2H4~ l/2 (HCl) 

dt = Sk
7 

d ( C4H
2

Cl) r lk k j 1/
2 (C H ) 3/2 

l 2 4 • 2 4 
dt = Skf3 

d ( C2H
4

c12) t lk k 
2 

{C H ) A
2 j 1/

2 
1 2 6 2 4 

dt = 
k.f3 

These expressions show that the mechanism is consistent with the 

experimental data for HCl concentrations above 1 mole percent . The 

complete expressions will be compared with the experimental data in 

the next section • 

.Q. Comparison of the l~ates of Formation of Et hyl 

Chloride and 1-Chlorobutane , at Various HCl 

Concentrations, wit the Theoretical Rates Uerived 

from the Complete ate Expressions 

'.L'he complete rate expressions for ethyl chloride and 1-chloro-

butane were compared \r.ith the experimental data shown in Tabl e XVI . 

The relative values of the constants which were used to calculate the 

theoretical rates are given in able XAVI . The value of k1I was 

taken from section g. Chapter 2 and that of k2 was the value required 

by the experimental data . he other cons tants are relative to k4 
which was taken as unity . 



112. 

ABLE XXVI 

Values of rate constants used to calculate the i;heor.etical rates 

of formation of ethyl chloride and 1-chlorobutane 

kll (literLmoleLsec -.) 

(sec. -1) 
k2 ~ k4 sk

1 Ske 

-
-8 4. 9 X 10 l~lxlcY 1.1xlo4 1. 0 l . OxlcY l .OxlcY 

As explail'led in Appendix IV t he value of ~I, determined by the 

HCl - 0 experiments is probably the same for t he Cl - c2H4 syst • 

'lhe theoretical eurves, shown by solid lines , al.ong with the 

experimental points ~ are illustrated in Fig. ~ • It will be noted 

. that since all. t he constants appear in both express ions , the 

normalization of the theoretical curves to the experimental data was 

a natural consequence rather than forced. The agr ement can be seen 

to be good for 1-chlorobutane a t all HCl concentrat ions and for ethyl 

chloride at high HCl concentrations. 'l'h.e two ~te expressions p diet 

t hat the HCl concentration at which the rate of formation of 

1-chlorobutane becomes independent of HCl ncentrati n should be 

the same at which the r ate of formation of ethyl chloride becomes 

linearly dependent on HCl concentration . '.this is not experimentally 

observed and therefore the mechanism , as given above~ ·can not be 

entirely correct . A possibl e e .. lanati on is t hat a minor mode of 

formation of ethyl chloride, \·lhich is relativel y more important a t 

low HCl concentrations , has been overlooked. 'l~e for tion of ethyl 

chloride by the reaction of a chloroethyl radical with adsorbed HC1 
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would be such a reaction: 

.Sk 6 
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t 

l.'his reaction is similar to that which has been su gested for the 

formation of 1 ,~-dichloroethane, the rate expression for the two 

reactions being identical in fo The addition of such a function 

to the ethyl chlori ~e curve yields the dotted line in Fig . 28, 

' assuming a value for Sk6 about 70 times that of Sk6 • The corrected 

curve agrees \dth the data quite closely. 

f this reaction is in eed occuring to an extent which would 

correct the curve in Fig . 28 , this means t a the extraction of a 

hydrogen atom from an HCl molecul e adsorbed on the surface is favoured 

over the extraction of a chl orine atom to give 1 ,2- dichloroethane by 

about 70 to 1 . 'l'his does not necessarily mean , however, that the 

probability of a chloroethyl radical extracting a hydrogen atom is 

only 70 times greater than that of extracting a chlorine atom from 

HCl since the adsorbed .1: Cl is probably highly oriented as a result of 

hydrogen bonding to the glass. This vTould mean that extraction of 

the chlorine would be sterically favoured over that of the hydrogen 

atom , making the above probability, perhaps , orders of magnitude 

larger than 70 to 1. 

1he hypothesis that ethyl chloride is forming by a reaction 

with adsorbed Cl , suggests that its rate of formation should fal l off 

less rapidly with increased surface than predicted by the mechanism 

which does not include this mode of formation . The data in Fig . 22 



does not appear to substantiate t · s argument , however, it is noted 

that the decrease in the rate of formation of l-chlorobutane with 

increasing surface area is greater than that for ethyl chloride. It 

.is suggested that a possible explanation for this lies in the fact 

that the reaction , being a chain process, is exceedingly sensitive 

to chain breaking impurities. If the act of adding glass wool to 

increase t he surface area , were accompanied by the addition of small 

amounts of such impurities, this would lead to a fall-off of the 

rate of formation of 1-chlorobutane greater than that predicted by 

the mechanis m, while that of ethyl chloride could fall-off in th 

expected manner. 

This hypothesis could be checked by carrying out surface 

variation experiments at very low HCl concentrations. The effect of 

increased surface would be more marked under these experimental 

conditions. 

-· 'ihe Formation of 2-chlorobutane 

The formation of 2-chlorobutane is not as easily e.xpl.ained 

as that of ethyl chloride and 1-chl.orobutane . Since the rate of 

formation of 2-chlorobutane was found to parallel that of 1-chloro-­

butane in all experiments in which it as observed, it has been 

concluded that the mode of formation of t h e two compounds is 

kinetically similar. To account for this , it is postulated that the 

• CH2CI1
2

Cl radical is in chemical equilibrium with the C~<}IiCl radical. 

'l'hese two radicals lead to 1-chlorobutane and 2-chlorobutane 

respectively through reaction sequence 7 and 8 (page 109) . It has 
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been experimentally shown (Chapter 2 • Section ! . ) that the 

~~Cl radical does not arise from .c2H
5

Cl by mean . of a radiation 

induced secondary reaction and it is unlikely that the rearrange ent: 

" CH2CH2fHCI~ , 
Cl. 

could take place to any great extent since the rearrangement si.t.e is 

remote from the f ree radical. centr e . 

A complete mechanism wich includes the formation of' 

CH:;:~HCl. is given belo\-1: 

Initiation 

HCl~ 
H + liCl 

Prop ation 

"CR CH Cl 
2 2 

CH3~HCl + Cl 

H" + Cl• 

CH
3 

:ICl 

(1) 

(2) 

(3) 

(4) 

(5a) 

(6) 

:6a) 

(?) 

(?a) 



•CH2ca2f CH} + HCl 

Cl 

Sk6 
•CH2CH2Cl + HClads 

CH-.CHCl + HCl d -_, a _s 

Termination 

c1• + • c 
2

CR
2

CH
2

CH
2

Cl 

c1• + • GH2.CH2 \ CH3 
Cl 

CH
3

CHC12 

sk8 > l ,.4-c
4

H
8

Cl
2 

(8) 

·(8a) 

(9) 

(9a) 

(10) 

(lOa) 

(ll) 

(lla) 

Since· the amount of 1- chlorobutane formed is much greater 
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t an that of 2-chloro-butane • . being about 20 to l. , the expression derived 

ro1• l-c.hlorobutane in part .£. is a good approximation to the correet 

one. The .rato expressio.n for the production of 2-chlorobutane would 

have an identical form to that of l·chlorobutane only if the equilibrium 

expressed in reaction 5a is very rapid in relation to the rates of 

consumption of the CH3 HCl radical . o experimental difference in the 

kinetics of the l-ch2orobutane and 2-chlorobutane has been found and 

thus it is assumed t hat the equilibrium is indeed rapid. Since the 

proportions of 1-chlorobutane and 2-chlorobutane have been found to be 

about 20 to l at room te perature , a difference in the stability o£ the 



llB. 

two r adicals of about 2 Kcal per mole would be expected if their 

reactivities were similar . The estimated difference (Appendix II) 

is about 4 Kcal/mo.le. This value , which was obtained from the ff.erence 

of two larger numbers , is reasonably close to that required to account 

for the observed proportions. 

Th.e hypothesis that these two species are in equilibrium 

could be checked by carr.yipg out ra~ol.ysi.s of HCl - c
2

H
4 

mix ures 

at various temperatures. The relative proportions of the two 

chlorobutanes would be expected to be temperature dependent. 

! · The Formation of 1., 2-Dichloroet.hane 

l:t as at first suspected that the obse.rved 1,2-dichloroethane 

was formed by the termination reaction 10: 

Sk 
Cl ' + 'C;}i

4
Cl ? ) C1C

2
H4<a. 

This mo e of formation would have required the rate t o be linearly 

dependent on HCl concentration which it as not . Experimentally, 

its rate of formation becomes independent of .H ·1 coneent.ration and 

its rate of formation is greater than the rate of initiation. i'his 

implies that it a further mode of production, i nvolving a chain 

proc Its production was a lso found to depend on the s q re root 

of the vailable surface aTea. Thi.s is consistent with reaction 9: 

(9) t 

providing it is assumed that the concentrati.on ot adsorbed HCl is 

independent of HCl pressure . :'he results of the experiment with 

racnoaoti ve HCl descr:i.bed in C..'hapter 2., Section !!.· , show that HCl 

is adsorbed on glass surfaces even at very low HCl pressures. It may 
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be seen from the i soth e represented by t he broken line in . ig. 2 't 

that the amount of adsorbed H l is virtually co tant in the r ange 

of pressures (up to~ c . ) in which t he reaction kinetics were s tudied. 

he required HCl and surfac.e dependences are given by 

reaction 9 which is t hus considered to be the main mode a.f fo rmation 

of 1 12- diehloroethane . arying small proportions , de pen ing on the 

particular reaction conditions ~ are also fo d by terminat i on 

reaction 10. 

G. Further Ad-di t ion , :eaction.s Leading to Higher -
Malec~ .eight Clllorinated Hydroca rbons. 

Sin·ce it has been shown t ~at the addition of a ehloroethyl 

radical to ethylene to give a chlorobutyl radical i s a fairl y comnon 

rea ction , it rlli.ght be expec.t e<i t nat the addition of a chlorobutyl 

r adical to ethylene to . ive a chlorohexyl radical w- ul.d occur to very 

nearly the sa e extent . The end product of this re ction would be 

1- chlorohe.xane as sh<»m in the f~llowing .s equence : 
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This reaction sequence reveals that the proportion of 1-chlorohexane 

will be greatest in reactions where the concentration of HCl is low. 

An attempt to find 1- chlorohexane in the reaction products was 

unsuccessful , as shown by the results given in Chapter 2 , ~ection ~. 

Here the molar proportion of c2H4 to HCl was 1540 to l . For these 

conditions it was found that the amount of ethyl chloride , 1- chloro­

butane and 1- chlorohexane were in the proportions of 41:59: < 1. 

hus , the selected conditions have yielded no measureable 1-chloro­

hexane , even though the 1- chlorobutane was favoured over the ethyl 

chloride . This implies that the rate constant ratio k~9 is more 

than 100 times greater than k3/k4, and suggest s that the proximity 

of a chlorine atom to the free radical centre enhances the rate of 

addition as opposed to extraction. 

~· Examination of Other ~ossible Mechanisms 

ln an effort to determine whether other mechanisms would give 

r ate expressions in agreement with the observed results , the various 

possible initiation and termination sequences were individually 

investigated. ( ~ee Appendix III) The determination of the rate 

expressions for the formation of ethyl chloride and 1-chlorobutane 

showed t h· t only the mechanism given in section~., with possible 

modifications of Sections Q. and~. , gave expressions in agreement 

with the experimental data. 

The important observation arising from the above investigation 

i s the f act t hat the ethylene i s apparently not taking part in the 

initiation. In other words , energy deposited in the ethylene does 
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not lead to any of the observed reaction products. Although 

unquestionably the ethylene is undergoing a series of complex 

reactions under the influence of the radiati on, these not being 

chain reactions \-till have relativel y small G values . 'I'he yields of the 

resulting productE ill thus be insignificant compared to the yields 

of those being for ed by m ans of the chain process. 

I . The Initi ation Process -
Since it has been ki netically shown that the et hylene does not 

contribute significantly to the formation of chlorine atoms . it is 

assumed t hat all the iuitiation comes abou" by the direct interaction 

of the gamma rays and fast electrons with the HCl. '!'here are two 

main weys in which this int eraction takes place; ionizati on and 

excitation. 

When interaction of the radiation takes place to give ions• 

by far the most common event 1ill be that in which an HCl+ ion is 

formed , along t+Jith a secondary electron. Several reactions involving 

HCl+ have been proposed (35) to account for the production of chlorine 

atoms in irradiated HCl . These reactions can all be ex~luded in the 

case of t he HCl - c
2
H4 experiment · described in the present work as 

the HCl+ ion is probably neutralized by a charge trans f er reaction 

with ethylene. 'Ih e i onization potenti of ethylene is 2 eV below 

that of HCl , favouring this charge ~ransfer process . 

he reaction: HCl + e __ .,.,. H + Cl' .. , has been giv~n (35) 

as a possible reaction occuring in irr adiated liquid HCl . This 

r eaction has been shown to be an insignificant contributor to the 
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initiation process i n the gaseous HCl - c2H4 system. The application 

of a high voltage across the irradiation vessel did not result in a 

measureable decrease in product yield. h magnitude of the field 

\'Ia high enough to cause the major fraction of the electrons and 

positive ions to be collected while not high enough to cause 

secondary dissociative excitation. 

From these observations it has been concluded that i n t he 

presence of ethylene , the decomposition of HCl occurs mainly through 

the dissociation of electronically excited HCl molecules. When 

ionizing radiation and fast charged particles dissipate nergy by 

excitation, it i s mainly by causing excit tion to the lo~est electronicalLy 

excited state (cf 1 ) . pectroscopic data ( 36) shows that the lowest. 

excited state of Cl dissociates, the maximum intensity of t he 

continuUJll oceurjng at 8.1 eV above the ground state. It has been 

shown , (Appendix V) , that it i s energetically possible to e lain the 

obser ved rate of initiation as arising sol ely from the decomposition 

of excit ed molecules .• 

erimental evidence has been given in Chapter 2 , Section 

! • to support the view that excited molecules are contributors to the 

initiation process. se re lts , however , do not prove that excited 

mol ecules are ·he sol e contributors although the discussion above would 

indicat e that t Lis is indeed the case . 

he initiation react:ons thought to occur in the system are: 

HCl ~ HCl• ~ H• + c1• 

o )o H + cr 
2 

(1) 

(2) 



W + C H 
2 4 

·c + Cl 
2 5 

actions (2) and (3) both have activation energies of about 

(3) 

(4) 

4 Kcal/mole (37,38) and sine ~ the ethylene concentration w sin 
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excess in all the experiments. reaction (3) probably predominates. The 

important thing to note is that r gar ess of the reaction tv ch the 

hydrogen at m un oes , t he end result of the dissociation in (l) 

is the production of two chlorine atoms. Since neither H2 nor 

c
2
H6 are pro due d by a cha:in mechrulism, the quant.iti s formed would 

be too small to be quantitatively determined by the techniques used 

in this ork. In any case , the prod ction of hydro en fron1 ethyl · ~. 

by th hydrogen s l:it-out mechanism would make interpret ati o of such 

data difficult. 

i • The e;mination I'rocess 

The termipation reactions which give kinetic expressions in 

agreement with the experimental data, predict the formation of 

o 1 ,4-dichlorobutane was 

chromatographically detected d it appears that the 1 ,2-dichloroethan 

which was observed came almost entirely by the chain reaction 

involving the adsorbed HCl. 

'l'he termination reaction: 

c1· + c1· + s C12 + S t 

might have been expected to occur but no trace of chlorine could be 

found in the reaction products . lso, it has been sho\m in Appendix III 

that the kinetics do not agree with the experimental data when the 



mechanism having this reaction as the major termination process is 

considered. It must therefore be concluded tha t this mode of 

tenr.i nation is not important . 
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~he reaction mechani sm discussed in the preceding sections 

has satisfactorily explained the formation of the four pr oducts 

observed for the reaction conditions employed. Cert ain aspects of 

the mechanism , ho\-tever , have bee.,p presented as postulates , which lead 

to predictions ~hich can be subjected to further experimentation. 

(1) Concentration stu ies 

TlJ.e mechanism predicts that at sufficiently high H 1 

concentrations, only ethyl chl oride will be observed as a ~reduct . 

•urther work i s necessary to check the hypothesis that ethyl chloride 

is partly being formed by means of a surface reaction. 

(2) 'l'emperature .ytudies 

~eaction rates at various temperatures should give t he 

ac tivation energy of th ini t i ation reaction as ~ell as tha t of 

the addition of a chlorine atom to e hylene . Differences in the 

a c ivation energies for the other reactions could also be obtained. 

In particulart how~ver, ten, erature variation could e used to check 

the echanism fOS~ulated to explain the formation of 2-chlor obutane. 

If t he prop sed mechanism is .... Drrect , the r elative proportions of 

1- chlorobutanc and 2-chlorobutane should becom mur e nearly equal at 

high t emperatures. 



(3) Apelied voltage s tudies 

'Ihe measurement of product yields at various voltages could 

shed more light on the actual mode of interaction of the gamma 

rays and fast electrons \'lith the reactants. 



APP DIX I 

D · VATION OF ATE l!.X.FRESSl O S 

Using the steady state approximation, the following expressions 

can be written down from the mechanism outlined in Part III, Chapter 3 , 

Section ! •: 

d(~! · ) = 0 = 2k1I(HCl)-Sk
7
(cl• )( •c2H4Cl)•Sks(Cl " )( •c4H8Cl) (l) 

d( •cZH4Cl) = 0 = k
2
(cl• )(C

2
H
4

)-k
3

( •c
2
R
4
Cl)(HCl) 

dt 
-k4 ( · c2H4 Cl)(C

2
H4}-Sk

7
(cl• }( •c2H4Cl) 

-Sk6( •C2H4Cl)(HCl ads) (2) 

(3} 

I = radiation intensity 

S = surface area 

The above equations, when solved, lead to complicated rate 

expressions which would be very difficult to deal. with . In order to make 

the expressions more manageable , some simplifications can be made . 

~quation (l) cannot be simplified. However , it will be observed in 

expression (2) that the terms k7 (Cl• )( •c2n4cl) and k6 HClads ( •c2n4cl) 

will be small in comparis n to the terms k
3 

{HCl) (•c2H4Cl) and 

k4 (C2H4 ) (• c2H4Cl) if Sk
7
(cl• ) and Sk6 HCl ads are a great deal smaller 
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than k
3

(HC1) and k4Cc2H4). This should be the case for Sk
7
(cl• ) 

since the chlorine atom concentration is undoubtedly a great deal 
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lower than that of HCl or c2n4 and the rate cons tant would not be 

expected to outweigh this concentration difference. Since the amount 

of 1 ,2~C2H4c12 formed was much less than c2n5
c1 and c4H

9
Cl in all 

the experiments, Sk6 HClads ( •c2H4Cl) can also be neglected. By 

an argument similar to t hat used above, the Sk8(cl• )( •c4n8cl) term 

can be neglected in the third expression. Using these simplified 

equations the following expressions are obtained for the steady 

state concentrations of t he three free radicals: 

he rates of formation of the various products are given by: 

d{C4H
9

Cl) = k
5 

(HCl) ( •c4n8
Cl) 

dt 

d(Clc2u4Cl) = Sk6 (•c2H4Cl) HClads 

dt 



Since H 1 d has been found to be essentially independent as 

of H 1 pressure in the range of pressures used, HCl d ~ ~ where as 

A is an adsorption constant. 
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1'he rate -xpression given in art I I, hapter 3, Section 

! · follow from t hese relations . 



APPENDIX II 

CALCULATION 

To enable this calculation to be carried out, it has been 

assumed that the heats of formation of t he two radicals can be 

obtained from the h~ats of formation of 1,2-dichloroethane and 

1 ,1-diohloroethane by subtr cting the energy required to break a 

carbon-chlorine bond. This value is probably not too different for 

the two compounds as evidenced by the fact that the carbon-chlorine 

bond lengths in CH3Cl and CH2c12 differ by less than one percent . 

The heats of formation of 1.2-dichloroethane and 1,1-

dichloroethane, i n the liquid phase , were calculated from their 

heats of combustion and found to be - 62. 1 and -58.4 Kc~mole 

respectively. The value for the carbon-chlorine bond energy given 

by Pauling (39) is 78.5 Kcal/mole . The heats of formation of 

•CH2CH2Cl and CH39HC1 are +16.4 Kcal/mole and +20. 1 Kc 1/mole 

respectively. 1he •c.a2CH2Cl is therefore the more sta le by about 

4 Kcal/mole. 



The reaction mechanism leading to the formation of ethyl 

chloride. which includes the initiation ana termiaation reactions 

which have been de•ed possible• is as foUowa: 

Initiation by interaction of radiatioa with HCl 

HCl 
kli 

....... & 

F4Vi ~ a• + c1• (l) 

a• + HCl 
k2 

H
2 

+ Cl .. (2) 

k' 
a• + 0tfl4 •ctf!, (3) 

•c H + ac1 
k3a CtJ6 + Cl• z 5 

(4) 

Initiation by interaction of radiation with etbJlene 

kl 
c
2
a

4 
.}t. • • c

2
H
3 

+ H • (,5) 

k 
a• + HCl 2 :. H + c1• (6) 

2 

k 
H• c a 3 ,. ·c~_a5 + z 4 z--

k 

Cl" + C;}i4 

k 
3a~ CB + Cl• z 6 

5 ~ CtJ4 + 01• 

(?) 

(8) 

(9) 

(10) 
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k7 
· c2H4 l + HCl 2a

5 
l + 01• {ll) 

'!ermination 

cr + c1· 
SkB 

Cl2 
(12) 

· c1 + · ctti4c1 
Sk9 lC2H4Cl (13) 

·c1 + H. 
Skl O 

HCl {14) 

·c1 + wall 
Skll 

l/2 Cl2 (15) 

•c2H4Cl + •c2H4Cl 
Skl2 

)o Cl c4H8Cl (16) 

or the purpose of examining the v rious possible combinations 

of reactions, the reaction in which the addition of a chloroethyl 

r die 1 to ethylene takes place has been excluded to simplify the 

derivations. e rate expression for etllyl chloride which is obtained 

will thus be the rate of formation at HCl cone ntrations where th 

ddition reaction is a neg_ , ible contributor. ollowing the method 

used by Trotman-Dickenson 38) in his examination of the echanisms 

of th photo-chlorination of unsaturated molecules, two general cases 

will be considered. ase I: only Cl decomposition leads to initiation. 

Five subcases have been <iealt with , each of the termination reactions 

in turn eing considered to be the main mode of termination. 

The second general case is that in which the thylene is 

considered to be the main contributor to the initiation. The same 

termination reaction as in Cas I have been considered in the five 

subcases. 
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n the erivations , the fol l owing symbolism has been used: 

A c ( Cl ) 

y = B = ( C
2
H4) 

z = (a • > 

Case I 

(a) Terminat ion reacti on (12) main contri butor t o t he termination pr ocess 

(l ) + (2) 

• • • y = k6B [ 2k1.IA] l/
2 

k-/ .Sk8 

d (C2H2Cl) = k6B [ 2kl ! A] l/
2 

dt SkB 

• • • 

(l) 

(2) 

(b) Ter mi nati on r eact ion (13) main contr i butor t o t he termination process 

(1) 

(2) 

The t hird term may be neglected as i t wi l l be small compared 

t o t he s econd. 

(l) + (2 ) 2kl!A - 2Sk8~j = 0 .· . X= ~IA 
SkBy 



subst. in (2) klik6AB w,k~y = 0 

Sk8y 

• • • 

• • • 

• • • 

2 
k1Ik6AB " Skak?Ay = 0 

y = ~kl Ik6BJ l/2 

LSk8k7 

d(C2H5Cl) = 
dt 

(c) eaction (14) main contributor to the termination process 

(l) - (3) + (2) 

from (3): z = 
k2A + k

3
B 

.·. X= 2(k2A + k3B} 

s~o 

subs. (5) in (2 ) 

• • • d(C2H
5
Cl ) 

-dt = 

y = 2k6B {k2A + kdB) 

k?A SklO 

2k6B (k2A + k3B) 

~klO 

(l) 

(2) 

(3) 

(4) 

{d) Reaction (15) main contributor to the termination process 

(1) 

(2) 
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y = k6.il 2kli 

k.fSkll 

d( 2H5Cl) = 2k1tk6A 

dt Sk11 

{e) action (16) main contributor to the termination process 

(1) + (2) 

• • • 

C 9e :u 

(1) 

(2) 

(a) Reaction (12) main contributor to t he termination process 

(1) + (2) 

• 
• • X c 

~2k4IB l l/2 

L" Sk8 j 

(l) 

(2) 



• • • 

( o) Reaction (13) main contributor to the t ermination process 

(l) 

(2) 

'lhe third term may be neglected as it will be small compared 

to the second. 

(l) + (2) 

X = 2k4IB 

Sko/ 

Substitute in (2) , disregarding the third term 

• • 

• • . • y = 

••• d( C2H
5
Cl) 

dt = 

(c) Reaction (14) main contributor to the termination process 

~ = 0 = k4IB - k2Az - k3Bz - Sk10xy 
dt 

(l) + (2) ~ (3) k4IB + k2Az + k3Bz = 0 

••• z = k4IB 
- .,.(k.;..2-A-+k-3'""'B~) 

(1) 

(2) 

(3) 



• 
4

• X= 2(k2A + k3B) 

s~o 

and y = 2k6B (k
2
A + k

3
B) 

k~ S k10 

••• d(C2U5C1) 
dt = 

2k6B (k
2

A + k3B) 

Sk10 

{d) Reaction (15) main contributor to the termination process 

(1) + (2) 

d(C2H
5
Cl) 

dt = 

• . ~ 

(e) Reaction (16) main termination• 

S = 0 = 2k4IB - k 6Bx + k{Y 
dt 

2 
,& = 0 = k6Bx - k~y - Sk1~ dt 

(1) + (2) 

d(C2H
5
Cl) 

dt = 

(1) 

(1) 

(2) 
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1'his is the onq aHhalliam, other than the one which baa been 

accepted aa the meehani• of the reaction (l(h)) which gives a rate 

expresaion for etb7l ohloride in agreement with the experimental 

results, When the tu1l aeOh&nie wu vo:rked out, inolu41Dg the 

for.ation ot l•ohlorobutane• the rate expression tor this product 

did not agrn with the experimental :results aa it predicted that 

it depended oa the square of the HCl concentration at high HCl 

concentratiou while it was exper.lllentally obsened to become 

independent ot HCl concentration. 



reaction HCl 

APPENDIX IV 

absolu e value for the rate constant of the initiation 
k I l . • • 
"''' ,._ R + Cl has been obtained. his was done 

by observing the rate of production of NOCl in irradiated NO-HCl 

mixtures , the value obtained being 4.9 x 10-8 sec-1 • he validity 

of ·transferring the value of k1I found in the absence of ethylene , 

to systems containing ethylene , requires some discussion. Xhe 

question as to whether or not the presence of the ethylene is leading 

to additional initiation must be answered. Since the kinetic 

expressions derived from mechanisms which assume that the ethylene 

leads to initiation do not agree with the experimental results , 

t his sugges ts that initiation resulting from ethylene decomposition 

is unimportant . 

Irradiation studies on mixtures of ethylene and deuterated 

ethylene (24) , has shown that essentially all the molecular hydrogen 

produced in the radiolysis results from molecular hydrogen split-out . 

'l'his observation in itself does not rule out the possibility t hat 

hydrogen atoms are being produced , us any that were produced would 

undoubtedly be scavenged by the ethylene to produce ethyl radicals. 

he independence of t he rate of initiation on ethylene concentration , 

however , does give evidence to the fact that the removal of a hydrogen 

138. 
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atom from an ethylene molecule is a relatively rare event . 

If the ethylene is not contributing to t he rate of initiation, 

the question remains as to whether or not it is preventing some 

reaction from taking place which is a significant contributor to the 

rate of fo rmation of chlorine atoms in the HCl - NO system. The 

ionization potential of NO is about 4 eV below that of HCl . lt is 

t hus quite possible that t he presence of t he I 0 in the HCl - NO 

irradiations leads to the elimination of the ion-molecule reactions 

u1volving HCl+ . If t his is indeed the case , this would indicate 

that ion-molecule reactions are not contributing t o the rate of 

production of chlorine atoms, even in pure HCl , since Lee et al 

(40) have found t hat t he G value for hydrogen formation in i r radiated 

HCl is 8.0. This would predict a G value of 16 for the rate of 

production of chlorine atoms which is the value obtained from t he 

HCl-NO experiments described in this work . 

From t hese considerations , it would aypear that all the 

chlorine atoms arise by the dissociation of molecules which have been 

excited from the ground state to the lowest excited state by the 

direct interaction of t he r adiat i on . 



APP~NDI V 

CALCULATI ON TO SHO\-J THA'l' ON EN£RGB"ri C GROUNDS, THl!: OBSERVED RATE 

OF FOHMAT l ON OF CHLORlNE ATOMS CAN BE EXPLAINED AS ARISING SOLELY 

l''ROM THE .Oi tiSOCIA'1'10N u EXCITED OLECULES 

The calculation requires t he knowledge of t he rate of 

formation of chlorine atoms, the rate of formation of ions and the 

rate of deposition of energy in HCl. The rate of formation of 

chlorine atoms at the distant i r radiation position used for the ion 

current measurements was found to be 6.7 x 1012 atoms/g/see. Since 

it has been postulated t hat one dissociation of an HCl molecule leads 

to t he production of t\10 chlorine at oms, this gives a value of 

3.4 x 1012 dissociations/g/sec. for the r ate of dissociation of liCl . 

'.l'he rate of dissipation of energy by t hi s process is t hus 2. 7 x 1013 

eV/g/sec., assuming the average value of 8.1 eV for the excitation 

energy of HCl. 

I on current measurement s gave a value of 1.98 x 1012 ion 

pairs/g/sec. for the rate of pr oduction of ion pairs. Assuming t hat 

the majority of t he positive ions formed are HCl+ ions , this leads to 

a value of 2. 5 x 1013 eV/g/sec. for the rate of dissipation of energy 

by ionization .• r ecent value of 12. 6 (4i ) fo~ the first ionization 

potential of HCl has been ·Used. 

Ion current measurements with air gave a value of 1. 7 x 1012 

ion pairs/g .jsec. for t he rate of production of ion pairs in air. aJ. 

140. 



' aking a value of 32 . 5 eV for . , this means that the rute of 
a~ 

deposition of energy in the air was 5 . 5 x 1013 eV/gairlsec, 

Multiplying this value by the stopping power ratio for HCl and air , 

obtained from reference 40, oH~l = 1.16), gives the rate of 
,~r 

13 deposition of energy in the HCl as 6. 4 x 10 eV/gHC~sec. Since 

141. 

the sum of the rates of dissipation of energy by ionization and 

13 excitation to the lowest excited state is only 5 . 2 x 10 eV/gHCl/sec,, 

this indicates that it is energetically possible for all the chlorine 

atoms to be originating from excited molecule decomposition. 
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