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Jean H-. F u t r e l l  
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University of. ~ a l i f o r n i ~ t ,  Berkeley, Ca l i fo rn ia  

July, ' 1958 

Purif  fed,  degassed samples of c i s  - and t r a n s  -1,2 -dichloroethylene 

were i r r ad i a t ed  i n  g lass  c e l l s  with 4 8 - ~ e v  helium ions at  energy inputs 

u p t o  ev / cc .  The pr inc ipa l  v o l a t i l e  rad io lys i s  products  a re  acety- 

lene , hydrogen chlor ide , ,  chloroacetylene , v3nyl chloride,  hyeogen,  and 

dichloroacetylene, i n  order of decreasing yie ld .  The.use of a mass 

spectrometer i n  conjunction with gas chromatography made possible the  

i den t i f i c a t i on  of several  higher-boil ing,  o r  "polymer", products as 

tetrachloroethane,  tetrachlorobutene,  and pentachlorobutene isomers. 
\ 

However, about ha l f  of t he  higher-boil ing mate r ia l  proved t o  have too 

low a vapor presrure (b  . p .  > 300') a t  the  highest  pract icable  column 

-temperature f o r  these  techniques t o  y ie ld  any -clu&s t o  i t s  nature.  Henee 
. , 

these products were characterized only by y ie ld ,  average moleculi3r weight, 

and average composition. 

The e f f e c t  on product y ie lds  of the  va r i a t i on  of c e r t a in  k ine t i c  

parameters -- t o t a l  dose, densi ty  of  i n i t i a l  exc i ta t ion ,  and temperature, -- 
was dete.mined i n  survey experiments. These included i r r a d i a t i o n  with 

.helium ions a t  80' and a t  room temperature, i r r a d i a t i o n  with e lect rons  o f .  

d i f f e r i ng  energy d i s t r i bu t i ons  provided by a microwave l i n e a r  accelera tor  
60 

and by a Van de Graaf machine, and i r r a d i a t i o n  with Co gamma rays.  

There a re  no . s ign i f ican t  d i f ferences  i n  the  r ad io ly t i c  behavior of 

the  C i s -  and t r ans  - 'isomers of .I, 2-dichloroethylene , and the  nature and 

yie lds  of rad io lys i s  products a re  explicable on the  ba s i s  of a s e r i e s  ,of  

f r e e  - rad ica l  react ions .  Primary processes of sc i s s ion  of carbon-chlorihe 

bonds and molecular eliminakion of h y d r ~ g e n ~ c h l o r i d e ,  followed by react ions  

deduced from the  nature .of the  reac t ive  fragments, ' presents a .self  -consistent  



cbr re la t ion  o f '  the  eipkrimentkl data.    he' yie'ld' bf disaipearance of 

monomer i s  of the  order of 15 t o  20 molecules per hundred e lec t ron  vo l t s  

f o r  both isomers, indicat ing t h a t  chain react ions  occur. The r e l a t i v e l y  
C 

sho r t  chain length  and the  s t ructurr .1  i den t i f i c a t i on  of the  polymer 
L 

products t h a t  were i so l a t ed  are  i n  P-greement with the  postula te  tnat *' 

r a the r  unreact  ive , long-lived polychj.oro f r ee  rad ica l s  a re  formed i n  

these systems. 



INTRODUCTION 

3 Radiation chemistry, the  study of the  chemical e f f e c t s  of ioniz ing 

r ad i a t i on ,  i s  at  present i n  a s t a t e  of rap id  development. It i s  a f i e l d  

I r a t he r  c lose ly  r e l a t ed  t o  photochemistry although the energies involved 

a re  i n i t i a l l y  l a rge r  by several  orders of magnitude. Furthermore, photo- 

chemistry as it i s  customarily s tudied i s  a somewhat simpler d i s c ip l i ne .  

The use of monochromatic i l luminatfon makes it possible t o  exc i te  a known 

species t o  a s ing le  l e v e l ,  and the r e l a t i v e l y  low concentration of species 

i n  the  gas phase insures t h a t  one s tud ies  only the  react ion of the  exci ted 

e n t i t i e s  with "normal" molecules. 

I n  l i qu id  phase rad ia t ion  chemistry,however, the  number, nature,  

and s p a t i a l  d i s t r i bu t i on  of the  exci ted species a re  not  known with any 

ce r t a in ty  f o r  systems of i n t e r e s t ,  nor have the  k ine t i c s  appropriate t o  

such systems been developed. Idea l ly ,  one might hope t o  know the  de ta i l e6  

descr ipt ion of the primary process and t o  t race  the  react ions  of the  ions 

and exci ted species through the  intermediate f r ee  rad ica l s  and unstable 

reac tan t s  t o  the  f i n a l  react ion products f o r  each type of rad ia t ion  employ- 

ed.  However, such a descr ipt ion must await the  development of new experi-  

mental techniques and of su i tab le  t heo re t i c a l  concepts. 

The present  lack of knowledge makes it imperative t h a t  much more 

extensive and r e l i a b l e  information be obtained before one can expect t o  

formulate the  general  p r inc ip les  of rad ia t ion  chemistry and to'make reason- 

able  predic t ions .  A somewhat pragmatic approach, pa r t i cu l a r l y  i n  the  study 

of the  g rea t  va r i e ty  of organic compounds, may be espec ia l ly  useful .  The 

observations and cor re la t ions  from ca re fu l  and de t a i l ed  work may be expect- 

ed t o  e s t ab l i sh  the  c r i t e r i a  f o r  a c l e d e r  understanding of the  physical  

processes p r e ~ e d e n t ~ t o  the chemical react ions .  

Only a few systems have been i r r ad i a t ed  i n  the  pure s t a t e ,  with 

the  a typ i ca l  system water receiving the  most a t t en t i on .  Among organic 

substances, hydrocarbons and polymerizable monomers have been invest igated . 
1 .Y 

L 
t o  a l a rge  extent.  Some ha l ides ,  notably chloroformL carbon. tetrachlori 'de,  



and a lky l  bromides and iodides3'4 have been invest igated.  Several  
6 . . 

alcohols5 and e the r s  have been studied extensively,  &d ce r t a in  

carboxylic acids were invest igated i n  connection with API Project  4 3 ~  
7 -10 .i 

on the  o r ig in  of petroleum. For other  c lasses  of compounds, only 

sporadic invest igat ions  of a few products from miscellaneous compounds 
w 

have been pursued 

I n  t h i s  work t he  rad ia t ion  chemistry of the  c i s -  and t r ans -  

isomers of 1,2-dichloroethylene was invest igated.  These compounds are  

of ~ i ~ ' ~ ~ c u & u  i u t t ~ c ~ t  111 8 W d  rcopecte.  Thy aa.u ~ r . l r n y s  t . 2 ' 1 ~  a?n iy lc3h  

compounds conveniently avai lable  f o r  study containing the  funct ional  

grouping RCH=CHR i n  which the  phenomenon of long-chain polymerization 

does nnt dnminate and obscure the  other  react ions  taking place.  Second- 

l y  they are chlur ldes ,  and the  chronicling of t h e i r  behavior under ir- 

rad ia t ion  w i l l  contr ibute  t o  the  meager information avai lable  on 

chlorine-containing systems. 

There a re  two general  approaches t o  the  experimental study of 

rad ia t ion  chemistry. The f i r s t  i s  the  addi t ion of scavengers such as  

iodine and diphenylpicrylhydrazyl t o  a system i n  order t o  study the  

primary processes of the  krradia t ion.  
11-13 

From the  primary e f f e c t s  

the  ult imate products a re  deduced from know11 o r  postulated react ions  of 

. t h e  intermediate exc i ted  species and f ree  r ad i ca l s .  Another approach, 

the  approach u s . ~ d  i n  t.hi s res.earch, f s t o  measure the  ult imate products 

and i n f e r  from them the  nature of the  primary i n t e r ac t i ons . '  
/' 

Puri f ied,  degassed samples of the  dichloroethylene. isomers were 

i r r ad i a t ed  i n  b lass  c e l l s  with 48-Mev helium ions., with 2- t o  6 - ~ e v  
60 e lec t rons ,  and with Co gamma rays'. The products were separated by 

t h e  use of high-vacuum techniques, and were determined quan t i t a t ive ly  

by means of mass spectrometry and gas chromatography. Certain k ine t i c  

parameters -- t o t a l  dose, denis ty  of i n i t i a l  Ionizat ion and exc i ta t ion ,  

and temperature -- were var ied i n  an attempt t o  gain nn ins igh t  i n t o  

t he  nature of the  primary events.  The da ta  a re  presented as  G values,  
1 

o r  "quantum yie lds" ,  and a mechanism consis tent  with the  da ta  i s  derived. 



EXPERLrnNTAL PROCFBURES 

Purification of S tmt ing  Materials 

Method A. 

The i n i t i a l  method used fo r  purif icat ion was 'simply the d i s t i l -  

l a t i o n  of Eastman White Label chemicals a t  a reasonably high ref lux 

r a t i o ,  typical ly  1011, through an adiabatic column with glass  

hel ices .  After egufBfbrium had been establfshed, the product was dis-  

. t i l l e d . .  Samples .taken perfod.ically were used t o  monitor the d i s t i l -  / 

l a t ion ,  by use of refract ive index.measu~ements and mass spectrqmeter 

ana1ys.e~. The middle t h i r d  was acceptea as a "pures' sample, provided 

the samples of tha t  f ract ion exhibited a constant refract ive index, and 

provided the mass spect;a showed no peaks .a t t r ibutable  t o  impurities. 

Method B . 
Because of complicating features of workzng with the t rans-  

' 

'isomer, -- the apparent formation of a peroxide, and a peroxide polymer 

i n  same samples -- a s l igh t ly  more elaborate procedure was introduced 

f o r  the purif icat ion of t rans 1,2-dich.loroethylene in subsequent samples 

It consisted of the same treatment as Method A ,  followed by a multiple 

f rac t ional  c rys ta l l iza t ion  procedure. Essent ial ly  it was equivalent t o  

four stages of fra.ctional c rys ta l l iza t ion  t o  the half-frozen point, with 

a f i n a l  yield of approximately 65% of the i n i t i a l  input of mater ial  from 

the d i s t i l l a t i o n .  

Method C.  * 
With the introduction of gas chromatography as a supplemental 

ana ly t ica l  too l , .  it became evident tha t ' ne i the r  of the previously de- 

scribed purif icat ion methods was .adequate. I n  p m t f  cu la r  the degree of 

cross-contamfnatfon,of the c i s -  and t rans-  isomers remained of the order 

-- 

-E 
The term "gas elupsmatographyf' used i n  t h i s  report  referc  t o  the 

process of gas-liquid pa r t i t i on  chromatography described by Keulemans. 1 4  



of a few percent despi te  c a r e fu l  d i s t i l l a t i o n  and f r ac t i ona l  c r y s t a l l i z a -  

t i o n .  Such techniques a s  se lec t ive  adsorption, e lu t i on  chromatography, 

and azeotropic and steam d i s t i l l a t i o n  were t r i e d  without e f fec t ing  s i gn i -  , 
f i c a n t  improvement i n  separation.  

The bes t  approach seemed t o  be the  construction of a f rac t iona t ing  
b' 

column with p l a t e  e f f i c iency  equivalent t o  the  be s t  ana ly t i c a l  columns, 

bu t  with high throughput capacity.  The column was a vacuum- jacketed tube,  

22 mm i n  ins ide  diameter and 6 f e e t  i n  length,  packed with Podbielniak 

IIclipult No. 30i3 ota i l~fouo o toe l  h e l i o e c ,  The efffafaney sf one model of 

t he  column when operated at t o t a l  re f lux  was 84 theo re t i c a l  p l a t e s ,  de te r -  

mined with a n-heptane -methane cyclohexane mixture. 15 

The concurrent acquis i t ion of a G e d s  arid Nortllrup recording r e s i s -  

tance thermometer made it possible t o  develop a novel and e f f ec t i ve  tech- 

nique f o r  such compounds. The crude mater ia ls  f o r  d i s t i l l a t i o n  ( ~ a s t m a n  

White Label chemicals, 90 t o  9% pur i ty )  were chromatogrammed t o  est imate 

the  i n i t i a l  impurit ies f o r  material-balance calcula t ions .  The column was 

then operated a t  t o t a l  re f lux  f o r  severa l  minutes t o  hours u n t i l  the over- 

head vapor temperature had reached an equilibrium value. Then a few m i l l i -  

l i t e r s  of the  low-boiling components were removed at t o t a l  take-off a s  

p a r t  of a s lop  cu t ,  causing the  vapor temperature t o  r i s e  sharply.  This 

process was repeated u n t i l  the  operation no longer produced a s ign i f i c an t  

change i n  the  overhead vapor temperature. 

From t h i s  point  gas chromatography was used t o  monitor t he  d i s t i l -  

1 n.+i hn . Thc cqi l i  li.hs°%~m f r r a d ~ ~ c t  r.nnto,incd, tg .~r ical ly ,  a fcw tcnthr, of ai 

percent of a lower bo i l i ng  contaminant - such a s  the  t r ans -  isomer i n  the  

d i s t i l l a t i o n  of cis-1,2-dichloroethylene - which was e a s i l y  detectable .  

These l a s t  t r a ce s  of impurity were then removed by d i s t i l l i n g  a t  a very 

h igh  r e f l ux  r a t i o  (about 1000/1). Samples .were examined per iod ica l ly  t o  

ascer ta in  when the  product w a s  acceptable. . 
When no contaminant was detectable  i n  the  overhead product, the  

dichloroethylene isomer was d i s t i l l e d  r a the r  rap id ly .  Reflux r a t i o s  as .  .' 
low -as 511 t o  611 were qu i te  acceptable f o r  t h i s  phase, and only occasional 

gas chromatography pu r i t y  checks were necessary u n t i l  the  d i s t i l l a t i o n  had 

reached i h e  point '  a.L which orily 10% or  so of the  ,charge l i q u i d  remained i n  



the st111 pot. Then the reflux sat50 was increased to  1011 t o  1511 fo r  

the remainder of the purification, and each 25- t o  50- m t l l i l i t e r  portion 
. .  of product was analyzed before being added t o  the purified sample. D i s t i l -  

l a t ion  was s,topped when any higher bdJling contaminant appeared, or when 

' the pot approached dryness. 

With t h i s  procedure goid material  balances for the d i s t i l l a t i o n  

were calculable, and the recovery:-as .pure product was of the order of 90%. 

The overal l  boi l ing range, as indfca2Led by the platinum resistance thepmo- 

meter, was l e s s  than 0 . O i O , .  and cryoscopic puri ty  was 99 -98 * 0.024.. 

~ o p c r t i e s  .of the purl  fled COmpourids are given i n  Table I. 

Preparation of Tapgets 

'The purif ied l iquids were dried by shaking with anhydrous calcium 

sul fa te  or  with calcium chloride for  about an how. They were degassed 

by refluxing under vacuum i n  the manner described by New%on,16 and were 

d i s t i l l e d  in to  the desired ta rge t  fo r  bombardment. 

The method of d e g a ~ ~ i n g  w a s  essent ia l ly  the same as tha t  fo r  

separating vola t i le  radiolysis  products, and may be i l l u s t r a t e d  b r i e f ly  

by reference t o  Figure 1. The dfchlosoethylene sample was introduced in to  

the f lask ,  F, which contained a Teflon-enclosed magnetic bar f o r  s t i r r i n g .  

A s t ra ight  manifold, t o  which the ta rge ts  coufd be attached fo r  f i l l i n g ,  

replaced the i l l u s t r a t e d  t raps A and B. The Bewar f l a sk  of the ref lux con- 

denser was f i l l e d  with a trichloroethylene-dry ice  slush fo r  degassing 
0 

c i s  -l,2-dichloroethylene , or  with some sui table  -50 mfxture f o r  the 

t rans-  isomer. 

With a l iqu id  nltrogen t r ap  a t  C and the system connected t o  vacu- 

um, the stopcock a t  D was opened s l igh t ly  t o  pump off noncondensables i n  

the degassing f lask  Once the l iquid  i n  the f lask  had begun 'bo5ling . . 

vigorously, ~t,bpcock D was closed, and the l iquid  was allowed t o  reflux 
I .  

' for several minutes .. Intermittent refluxing and pumping were continued 

u n t i l  no pressure r i s e  was noted i n  the vacuum system a f t e r  refluxing the 

l iquid  for  a t  l e a s t  30 minutes. 



The.reflux condenser was then emptied of refr igerant ,  and the 

degassed sample was d i s t i l l e d  from t ~ e  pot t o  the appropriate t w g e t s  b y  

means of a slush bath s l igh t ly  above the freezing point of the liquid: -. 
When the ta rge t  had been f i l l e d  above the l eve l  of the beam window, it 

< 1 

was tiedcd mdcr vaouum with gi.i.mp-lng a.t C and was pulled off the manifold. ;., 

The basic design of the ta rge t  vessel used was essent ia l ly  tha t  

described by Darrison, Haymond, and Ileeks ,I7 and i s  shown schematically 

i n  Figwe 2-A, For helium ion Irradiat ions such a f lask  was mounted i n  

Llle sllalrcsp aooombly shotm i n  .h'l gllre 3 w i  LEl a ylask &b%schcd, @ld was 

agi tated vigorously during bombardment. The 48.5 Mev ion beam was held 

a t  an operatirig l e v e l  below 0.3 microomgere at a l l  t.l;mos for  ara average 

beam CLCL'I '~IIL of 0 . 1  microampere o r  less. An a i r  b laa t  w a s  used on the 
3 

t a rge t  during irradia.t ion f o r  cooling p w p s ~ e s ,  tulil iio i11~spcaoc above 

room temperature was noted for  any of the i r radiat ions.  

For some of the electron irradfations the same type of ta rge t  

f l a sk  was used. No shaker was available fo r  t h i s  accelerator, and the 

energy ,measurement problem was not resolved sa t i s f ac to r i ly .  For in te -  

gration of the current input, the f l a sk  was s i lvered on the outside t o  

give a conducting layer and w a s  grounded t o  the beam snout, which was 

e l e c t r i c a l l y  isolated from the collimating s l i ts  and the microwave cavity: 

A n  electrometer lead attached t o  the ta rge t  -snout system indicated the 

integraLed bealu current during irsadiat.ions. Such colgglications were 

necessary because the ion density formed i n  a i r  by electrons was not suf- . 

f i c i e n t  t o  produce a conducting coupling; t h i s  problem did not a r i se  with 

helium ions from the Crocker Laboratory cyclotron. 

This type of ta rge t  w a s  unsatisfactory fo r  .several reasons, how- 

ever ,  and the s l igh t ly  different  ty-pe shown i n  Figure 2-B was designed for  

subsequent electron bombardments. The irreguPas shape of the helium ion 

ta rge ts ,  coupled with the greater range of the electrons,  resul ted i n  the . 
dissipat ion of an unknown amount of the electron beam energy external  t o  

the system. Hence the electron ta rge ts  were spherical 9n shape, with suf- 
F 

f i c i e n t  radius t o  insure tha t  the t o t a l  impingent electron beam dissipated 

i t s  energy within the target  vessel.  To measure the be= more accurately, 



-11- 

a platinum lead was incorporated i n to  the  vesse l  wal l .  f o r  &Anecting an 

'electrometer lead d i r e c t l y  t o  the  i r r ad i a t i on  sample. The s ideam was 

- provided simply as  a gas space f o r  v ,a la t i l e  r a d i o l y s i s  products. 

The g&a i r r ad i a t i on  c e l l s  were cy l i nd r i ca l  Pyrex ampoules. 1 inch 

i n  diameter and 3 i rches  t a l l ,  f i t t e d  wfth break-t ip and seal -off  tubes.  

Their s i z e  w a s  chasen f o r  convenience i n  handling, and t h e i r  capacity 

was approximatelyi:15 cc of l i qu id ,  p lus  a vapor space. 

Xrradlation Sources - 
Helium Ions. 

. . 
I n  the  h e l i i  ion i r r ad i a t i ons  the ex te rna l  beam of the  60-inch- 

cyclotron of the  Crocker Laboratory was ysed. ,The range of the  beam w a s  
.-I 

233 mg/cmL of aluminum, equivalent t o  48.5 Mev. The beam was  degraded 

by passage through the  f o i l  I n  the  shaker t a r g e t ,  through the  a f r  space 

between the  f l a s k  and the  cyclotron vacuum, and through the  g lass  window 

of the  t a r g e t  i t s e l f .  The calcula.ted energy of the  impingent beam was 

of the  order of 40 t o  43 Mev f o r  .a.P7. helium ion bombbrdments. 

Electrons . 
The microwave l i nea s  e lec t ron  accelera tor  and associated equipment 

18 
desc r ibedby  Lernmon andMosier was used f o r  the  severa l  survey exper i -  

ments. I n  e a r l y  work the  t o t a l  beam, of 3.5 Mev mean energy, was used 

' d i r ec t l y .  A low r a t e  of energy input ,  i n  the  ne~ghborhood of 30 micro- 

coulombs per minute, was used t o  minimize thermal e f f e c t s ,  as there  was 

no method of e i t h e r  cooling or -ag i ta t ing  the  sample duping i r r a d i a t i o n  .. 

I n  l a t e r  experiments the  beam was passed through a magnetic f i e l d  and 

coll imated t o  s e l e c t  the  peak energy component a t  4.6 + 0 .1  Mev. 

I n  two experiments the  2-Mev Van de Graaf accelera tor  a t  t he  

Cal i fornia  Research Corporation was used. No precise  beam monitoring 

e ,qufpen t  was. :avaPlabTe ,' 'but '..the lowg'st s tabl@.'operating current  of  2 t o "  
. . ._ :  . 

ex microamperes ( ind ica ted) .  was u t r l i z e d  with a i r -b&st  cooling of the  

t a r g e t  . 
.:,* , : . . .  



Gamma Source. 

The 2000-curie Co60 source described by Tolbert, Nielson, Edwards, 

Whitternore, and Garden1' was used fo r  the gamma irradiat ions.  The hydro- 

gen yield from a concurrently irradsated sample of cyclohexane was used 

as a dosimeter, assuming G ( H ~ )  = 5.6. 20 

C 

Measurement of Volatile Products 

The apparatus - - for  determining the vola t i le  radiolysis  products i s  

shown schematically in Figure 1. Wirn th.e system evacualell tuld w i b h  the 

ref lux Dewar f i l l e d  with a sui table  slush bath a t  or  near the freezing 

point of the i r rad ia ted  compound, stopcock D was closed. The i ron hammer 

iiidicelttd WELJ $hcn uocd t o  open the broalc sea l ,  p ~ r m S t . t , S n g  t h e  contents '  

of the ta rge t  t o  drain in to  the 'Flask F. 

With l iquid  nitrogen t raps at A and B, a'procedure analogous t o  

' that '  described fo r  degassing the l iquids pr ior  t o  i r rad ia t ion  was f o l -  

lowed, the semi-automatic Toepler pump replacing the vacuum pump fo r  t h i s  

operation. When no more gas could 'be pumped thro.ugh the traps,  the pres- 
0 sure and volume a t  25 were measured i n  tlie gas burette,  and thiO fract ion 

w a s  pushed in to  the detachable bulb indicated for  subsequent analysis. A 

Consolidated Engineering Corporation model 21-i0,gU mass spectrame.l;er was 
3C 

used to  analyze a l l  the fract ions collected. . . 

Dceauac I101 Faao a major radiolysis  product., and ~ ~ C R I I S F !  ~.d.sorp- 

t i on  problems with hydrogen halides preclude accurate mass spectrometer 

analyses of such samples, the separation procedure for  subsequent gas 

fract ions changed somewhat i n  the course of experimentation. The various 

schemes devised are quite similar i n  principle,  so only the most recent 

method is described here. 

The condensable gases i n  Trap A were fur ther  fractionated by 
0 pumping them through an e thy l  bromide slush (-125 ) at Trap B by means '. 

-E 
This i s  a standard analyt ical  instrument of the 180' Dempster type, with ., 

a soom-temperature expansion volume. The usual procedures were followed 

i n  the analyses. 
2 1 



of a l i q u i d  ni t fogen t r a p  a t  C .  22 Stopcock E iias then closed, the  Dewar 

on C w a s  removed, and the  contenks of Trap C were pumped i n t o  the  gas, 

bu re t t e .  Meanwhile the  condensed gas i n  Trap B could be t rans fe r red  

back t o  A,  so  t h a t  the  separation cycle might be repeated a su f f i c i en t  

number of times t o  insure the  removal of a l l  gases v o l a t i l e  at  -125'. 

Occasionally during the  operation of t rans fe r r ing  d i s t i l l e d  gases back 

i n t o  Trap A, Stopcock D wouldbe.opened~brief ly- thus  pumping over any 

products t h a t  had refluxed out of t he  res idua l  l i q u i d  i n  F. 

The sample bulb f o r  the  e t h y l  bromide f r ac t i on  was a spec ia l  

'design, wi th  a de-Lachable sidearm containfng some 10 grams of pe l l e t ed  

potassium hydroxide. Once a l l  the  'gases tha t '  could be pumped through 

the  e t h y l  bromide t r a p  had been pushed i n to  the  sample bulb,  it w a s  r e -  

moved and placed i n  a hood. The KOH p e l l e t s  were shaken from the  s ide-  

arm i n to  the  bulb,. aid  the  bulb w a s  shaken vigorously t o  insure t h a t  a l l  

the  gas came i n  contact  with the  p e l l e t s .  1 t .was ' t hen  s e t  as ide  u n t i l  

the  remaining separation proce.dures had been completed. 

A t h i r d  gas f r ac t i on  was ,-separated i n  t he  same .manner as  the  

e thy1 bromide f r ac t i on ,  usual ly  ' d t h  a dl;y- ic&.trichloroethylene. . . s l u r r y  

(-80') a s  a re f r igeran t .22  ~&Ca&,e the  d@hl&oethyleQ& had a'measur- 

able  vapor pressure a t  this. temperature, the .mul t ip le-pass  f rac t iona t ion  

technique was continued only u n t i l  a constant amount of gas w a s  col lected 

i n  the  'gas burelib;:  with each t r ans f e r  operation.  

The l i q u i d  d i s t i l l e d  i n t o  Trap A during the  separation procedure 

was t rans fe r red  t o  a graduated receiver  and analyzed as  an add i t iona l  

f r ac t i on  with the  mass spectrometer. I n  l a t e r  experiments gas chromato- 

graphy w a s  used t o  guarantee t h a t  sepa;pat.$on of the  v o l a t i l e  products was 

complete'. After  removal of the  d i s t f l l ed" l iqu id ,  a s m a l l  amount of the  

vapor a t . t h e  top of the  re f lux  condenser w a s  d i s t i l l e d  i n t o  a spec ia l  

receiver  f o r  chromatographic examination. Only i f  both t h i s  saniple and 

the  d i s t i l l e d  l i q u i d  sample showed l e s s  t k ~ a n  0 :5$ of low bo i l i ng  con- 

s t i t u e n t s  would the  separation be considered sa t is factory; .  otherwise t he  

separation cycle was repeated u n t i l  t h i s ,  . c r i t e r i o n ,  was s a t i s f i e d .  
. . 

For the  t h i r d  gas f rac t ion ,  r e f r i ge r an t s  o ther  than carbon dioxide 

were sometimes desi rable .  The appreciable vapor pressures of the  dichloro- 



ethylenes at  t h i s  temperature and t he  long pumping times necessary t o  

recover ce r t a in  v o l a t i l e  products caused t h i s  f r ac t i on  t o  contain a high 

concentration of dichloroethylene f o r  the  longer i r r ad i a t i ons .  Since a t 

high concentration of dichloroethylene i n t e r f e r e s  with mass spectrometer 

analyses, a trichloroethylerle s lush ( -90') o r  isopropyl benzene slush t 

( -100') was more pract icable  i n  such experiments. Furthermore, the  

purpose of taking an e thy l  bromide f r ac t i on  was t o  remove ch i e f l y  aceby- 

lene and HC1,  so that the  add i t iona l  d i f f i c u l t y  of t h i s  operation seemed 

un jus t i f i ed  fo r  some of these experiments. Consequently only two gas 

samples, a l i q u i d  nitrogen f r ac t i on  and a t r ichloroethylene f rac t ion ,  were 

. separated rrom thest! tar'gets. 

The e thy1 brwui.de trmsfei- bulb i n  thc gcncral  procedure was then 

reat tached t o  the  vacuum manifold; and it .s contents, l e s s  the  HCl, were 

removed f o r  analysis .  They were pumped through a dry i c e  t r a p  t o  prevent 

the  t r ans f e r  from the  bulb i n t o  the gas bure t te  of water formed i n  the  

reac t ion .  It w a s  shown by use of carbon t e t r a f l uo r ide  a s  an i n t e r n a l  

standard t h a t  only t he  H C 1  i n  the  mixture would normally r eac t  over a 

period of 2 o r  3 hours, so t h a t  the change i n  the  amount of gas i n  t h i s  

f ~ a c t i o n  was a measure of the  yjteld of HC1.  Gravimetric analysis  f o r  

chloride confirmed t h a t  the  method determined H C 1  quan t i t a t ive ly .  A l -  

though these  re la t ionsh ips  held  fo r  each case t e s t ed ,  blackening of KOH 

p e l l e t s  i n  some experfments indicated that other  consi t iuents  had r e -  

acted.  When the  extent  of this reac t ion  seemed appreciable, o r  when the  

pressure decrease accompanying t h i s  carbon deposit ion was excessive,  the  

r e s u l t s  were not reported.  

Also repor ted i n  Tables I1 and I11 as  a v o l a t i l e  product are  the  

apparent y ie lds  of CO f o r  each experiment. This value i s  a measure of 

the amount of oxygen incorporated i n  the  t a r g e t  during i r r ad i a t i on ,  and 

could a r i s e  from the  presence of air,  water, o r  a v o l a t i l e  peroxide. I n  

general there  was i n su f f i c i en t  ni trogen t o  accourlt f u r  the  CO as  air 

contamination, so t h a t  adsorbed and dissolved water appears a l i k e l y  ex- 

planation.  I n  cases of l a rge  CO y ie lds ,  the  p o s s i b i l i t y  t h a t  a small 

amount of a peroxide was i r r ad i a t ed  with the  dichloroethylenes must be 



,-considered. In  .any' event, the measured yields .of C0 are  quite small, 

indicat.ing tha t  the extent of contamination by an oxygenated,compound 

was negligible.  . . 

In  two experiments the helium ion ce&ls were mod-ified by i n s t a l -  

lPng a bubble tube through which helium could be swept. and an .out le t  

tube which could be sealed t o  a potassium iodide. solution absorption . 

t r a in .  After i r radiat ion,  the cis-l,2-dichloroethylene t a rge t  was a t -  

tached t o  the system, and the break-tip seals  were ,opened, allowing the 

helium stream t o  sweep out the vo la t i l e  products. The addition of 

s t k c h  t o  the K I  f lask  caused no coloration a f t e r  t h i i t y  minutesP sweep- 

ing, implying a yield of chlorine corresponding t o  no more than 0.0005. 

molecules per 100 ev. Repetition of the e x ~ e r b e n t  with the t rans-  

isomer yielded an identf cal ,  r e su l t .  

The most consistently reproducible r e su l t s  fn  these experiments 

were the i i e l d  data  f o r  hydrogen and ~tcetylene . Because of combined 
. . 

ef fec ts  of high r eac t iv i ty  and high so lubf l i t~y ,  ' t h e  chloroacetylene and 

vinyl chloride yields were e r r a t i c a l l y  low i n  some experiments. When- 

ever there wac evidcnce of deecauposiLiorl o r  of Incomplete separation of 

these products from the residual  l iquids,  the measured values were not 

reported.'with the other yield data. ' 

The rea@t iv i ty  and so lub i l i t y  arguments, coupled with a low yield,  

are  even more severely applicable t o  dichloroacetylene. . Hence the experi- 
. . 

mental r e su l t s  s ca t t e r  widely, and the mean yield f s probably re l iab le  

t o  'no be t t e r  than f 50%. 
. 

Considerable d i f f i cu l ty  was encountered in measuring yields of 

HC1. Passing the appropriate gas fract ion repeatedly through a KOH 

absorption tube gave e r r a t i c  resul ts& i n  some experiments two passes 

sufficed -- i n  others, ten passes would not remove a l l  the HC1: Even 

i n  the technique using a side- transfer. bulb, usually quite r e l i ab le ,  

t races  of H C 1  occasionally remained. In  cer ta in  experbents  blackening 

of some of the.KOH pe l l e t s  indicat.ed that gas fra.ctfon constituents other 

than' HC1  had reacted. Hence yields c lear ly  incompatible with the majority 

of the data were not reported. . . 



With the  exception of dichloroacetylene, the re  a re  reproducible 

d a t a  f o r  t he  v o l a t i l e  products over the  range of dosages studied.  The 

measurement of the  amounts of v o l a t i l e  products with a gas burette:(; the -. 
ref luxing under vacuum as  a separation method, and the  use of a mass 

opootrometer as en a .ndyt icaL t o o l  combined t o  make the  determination 

of the  y ie lds  of these  products r a t he r  p rec i se .  The determination of 
ly 

higher bo i l i ng  o r  "polymer" products w a s  much less  s a t i s f ac to ry ,  and 

these  r e s u l t s  a r e  discussed separate ly .  

Measurement of Po lmer  Products 

The so lu t ion  of .the pu r i t y  problem i n  the  case of the, t r an s -  

isslgcr in t . rnd i~ce i l ,  a complicating f a c t o r  of considetably g rea te r  magni- 

tude i n  the  study of polymer products. .-- m e  pur i f i ed  t r ~ s - 1 , Z - d l c h l u ~ ~ u ~  

ethylene w a s  observed to, undergo a, polymerization reac t ion  i n  the  pres-  

ence of air and the  f luorescent  l i g h t i n g  of the  laboratory  t o  form a 

f locculent  .white p r ec ip i t a t e .  This phenomenon was in te rpre ted  a s  the  

l ight-cata lyzed fornination' of a peroxide which induced po_l.ymerization t o  

a r e l a t i v e l y  high molecular weight substance. A sample of f r e sh ly  d i s -  

t i l l e d  t r a n s  - isomer pla.ced i n  a desk mawer fox: l l r e e  u ~ u ~ i ' b l ~ t i  s110wcd no 

evidence of polymer formation; ne i the r  d id  .a; sample which was degassed :-. 
and sealed i n  an ampoule and l e f t  i n  the  laboratory  under b r i gh t  i l l u m i -  

na t ion.  Samples s to red  i n  glass-stoppered b o t t l e s  i n  the  laboratory  

h-11-nr~d n, whitc pseo ip i t a tc  r&rit.hin a week a f t e r  d i s t i l l a t i o n .  

Microancllyci~ of the  whi t , ~  r ~ s i  d l i e  obtained upon euaporation of 

t he  dichloroethylene corresponded t o  the  composftion (CHCI) . The f a c t  
X 

t h a t  the  amount of oxygen incorporated i n t o  the  polymer w a s  undetectable 

suggested a high molecular weight, ac d id  the low s o l u b i l i t y  i n  monomer 

o r  i n  o ther  solvents  t r i e d .  It seems l i k e l y  t h a t  t he  trans-1,2-dichloro- 

e thylene,  when obtained, v r i g ina l l y  contained come inh ib i t o r  with ap- 

proximately t he  same v o l a t i l i t y  cha r ac t e r i s t i c s .  Hence it was not  r e -  

moved completely by the original.  pu r i f i c a t i on  techniques employed, and 

t he  problem became apparent only with the  development of the  high-eff i -  

ciency d i s t i l l a t i o n  technique. 



Thus the,.measured polymer y ie ld  from the  t r ans -  isomer probably, . . 

includes a.p unknown amount .of ,"backgroundtt polymeri z a t i  on.. Consequently 

it i s  c e r t a in  t h a t  the character izat ion of a "high polymer" product from 

the  t rans -  isomer i s  weighted by the presence of the  peroxide 

and possibly there  i s  a .contribution t o  the y ie ld  of lower bo i l ing  

polymers. . . 

Most invest igat ions  of the  rad ia t ion  chemistry of organic sub- 

stances t o .  date have included repor t ing the  formation of 9Pp61per", which 

may include a number of products f o r  wgich analyses could' not be made, 

qu i te  analogous t o  the "tar9' formed i n  many organic synthesis;  i t s  com- 

posi t ion,  i f  reported a t  a l l ,  i s  usual ly  derived from mate r ia l  balance 

considerations.  

The techniques of gas chromatography offered hope of. accompfish- 

ing a more s a t i s f ac to ry  determination of polymer products, and consider-  

able e f f o r t  was devoted t o  developing a su i t ab l e  method. The complicat- 

ing  f ac to r  t h a t  the  chlorinated polymers reacted with copper and brass  ' 

at high temperatures made t he  use of a conventional metal system im- 

p r ac t i c a l .  However, = . a l l  g lass  system containing a column constructed 

from' 5-mm Pyrex tubing 2 meters i n  length afforded considerably more 

success. Several  column packfngs, subla as General E l ec t f i c  s i l i cone  . 

f l u i d  9640, dinonyl phthalate , ~ l k o r o l u b e .  HG 1200, and squalme,  adsorbed 

on 40-60-mesh Si1-0-CeP f i r eb r i ck ,  were tS2ed as  s ta t ionary  phases. I n  

each case maximum operating temperatures somewhat lower than those r e -  

ported f o r  these p a c k i n g ~  were imposed by the operating c r i t e r i a .  For 
0 ' I 

the  . s i l i cone  column, 153 proved t o  be the  maximum temperature, as  a t  

higher temperatures mass spec t ra  of the  column e f f l uen t  exhibited a 

background of peaks a t t r i bu t ab l e  t o  the  column packing. Since it was 

planned t h a t  the  mass spectrometer be used t o  i den t i fy  polymer cons t i tu -  

e n t s ,  t h i s  es tabl ished the  upper temperature l i m i t  f o r  t h i s  column. The 

other  packings invest igated i n  t h i s  regard exhibi ted even lower maxfna; 

consequently the  s i l i cone  column ' w a s  adopted f o r  the '  i d e n t i f i  ca t ion of , 

high bo i l i ng  products. 

. . 
Since the  res idua l  l i q u i d  fkom i r r a d i a t i o n  was a f a i r l y  dilu1;e 

s'olution . . of polymer products in ,dichloroethylene,  . . .  it was necessary t o  



reduce the  xoliune. of solvent considerably before any high bo i l ing  product 

could 'be o'bserved. The i dea l  solut ion t o  t h i s  problem would be a high- . 

ef f ic iency  ana ly t i c a l  d i s t i l l a t i o n  .*paratus with no l i q u i d  holdup, and 

the  bes t  operating compromise avai lable  w a s  a V ig reau  column with an 

estimated separation e f f ic iency  of two t o  four t heo re t i c a l  p la tes .  With 
5 

it the  volume of r e s idua l  l i q u i d  could be reduced t o  the  order of 2 t o  3 

cc without d i s t i l l i n g  a s ign i f ican t  amount of the  higher bo i l e r s .  This 

pot  l i q u i d  was then fu r the r  subdivided by means of a molecular d i s t i l -  

l a t i o n ,  from which three. f rac t ions  were obtained: (1 )  a .vacuum-distilled 

f r ac t i on ,  (2)  a molecularly d i s t i l l e d  f rac t ion ,  and (3) residuum. 

S u ~ p l e s  of these  fractfoa$'were irlJected i n t o  the  s i l i cone  column 

operated a t  d i f f e r en t  temperatures and helium flow r a t e s  up t o  the  maximum 

of 76 cc/min of holium at 153'; Compooito chromatogromo of polymero from 

cis-l,2-dichloroethylene are  shown i n  Figure 6 and fromtmns-1,2-dichloro- 

ethylene i n  Figure 7. These char t  facsiimfles represent the  s i t ua t i on  i f  

polymer analyses a r e  conducted immediately a f t e r  separation of the  voaa- 

t i l e  producBs. When the  t rans -  isomer res idua l  l i q u i d  i s  exposed t o  

oxygen p r i o r  t o  the  invest igat ion f b r  polymers, two add i t iona l  chromato- 

gram peaks appear. These a re  the  c i s -  and trans-1,2-dichloroethylene 

oxides, whose discovery and character izat ion a re  reported i n  the  Appendix. 

Although thei 'r"identification' r e s u l t e d  from, tbe  approach described. .- 
i n  t h i s  sect ion,  they a r e  i n  a sense secondary products and a re  therefore  

not  considered e x p l i c i t l y  a s  polymer products. 

AFt,ei- t,l7r: enrpi-g~nl-.r t ,f~iies fl-11- t,l-l* ? r r v r l - ~ l  I-<I- I I \ I~I I: I I . I~~~,S 1 9 ~ 1 ' 1  1.1rri.1 1.1r- 

termined, samples of the  indiviilw.1 componen.l;s were collec.l;ed f u r  mass 

spectrometer analysis  by a t taching a removable t r a p  t o  the  e f f l uen t  l i n e  

of the  thermal conductivity c e l l  while each respect ive  peak was emerging. 

With the sample frozen i n  t he  t r ap ,  the  helium and noncondensables were 

pumped out by means .of the mass spectrometer i n l e t  vacuum system. After 

warming, the  remaining contents of the  t r a p  were f lashed i n to  the  analyzer 

sect ion of the  mass spectrometer. 
L' 

Since very l i t t l e  information i s  avai lable  on t he  mass spec t r a l  

f ragmentat ionpat terns  o f c h l o r i n a t e d h y d r o c a r b o n s , i t w a s n e c e s s a r y t o  .. 

obtain  basic  correlatia16 between s t ruc ture  and pa t te rn  f o r  sevepal  types 



of compounds. Samples of commerically avai lable  polychlorinated hydro- 

carbons, both s a tu r a t ed  and unsaturated; and. containing chldrines d i s -  

t r i bu t ed  i n  .various ways along the carbon s'keleton, were obtained f o r  

study. In -add i t ion  t o  serving a s  .sour@es of information f o r  the  mass 

spec t r a l  study, several  of these were . in jected i n t o  the  chromatography 

column t o  e s t ab l i sh  the  s e n s i t i v i t y  pa%geters given in .Table  VII. 

With these data  it was possible t o  make ten ta t ive  s t r u c t u r a l  

assignments t o  severa l  of the  products. Knowledge of the  i so top ic  . .  

abundances of chlorine made it .possible by simple ' stat i  s t i c s  t o  estab: 

l i s h  t h e  empirical  formula ~1 almost every .case f o r  the  pos i t ive  ions 

contr ibut ing t o  each m/q i n  the  mass spectra .  With. the bas ic  assumptions, , 

supported by the  corre la t ions ,  t h a t  peaks representing chlorine atom m i -  

gra t ion are  small and t h a t  s u c c e s ~ i v e  hydro&& atom migration i s  unl ikely ,  

one cah construct  the  probable, s t ruc ture  of the  species from i t s  fragmen- 

t a t i o n  pa t te rn .  For severa l  chromatogram const i tuents  the  i den t i f i c a t i on  

i n  t h i s  manner was reasonably ce r ta in ;  f o r  o thers  it was l e s s  so; and f o r  

some it was impossible because of the  s m a l l  amount formed, because of 

probable c1;oss-contqminatfon of components, or 'because of pecu l i a r i t i e s  

i n  the spectra .  These are  a l l  indicated i n  Tables VIII and- I X .  

The cor re la t ion  of column emergence times versus. bo i l i ng  points 

o f . t h e  chlorinated .campounds invest igated,  given i n  Figure 8,' was used 

t o  est imate the  bo i l ing  points of polymer const i tuents .  These estimated . .  

bo i l i ng  points a re  reported f o r  possible l a t e r  use i n  es tab l i sh ing  'the 

postulated s t ruc tures  i f  authentic samples of the  indicated compounds 
' 

should become avai lable .  

, Roughly ha l f  of t he  composite polymer proved t o  have too low a 
' 0 

vapor pressure a t  153 t o  be e lu ted  from the column a s  a dzscrete compo- 

nent.  Mureover, the ,  second pentachlorobutene i somer observed had so low. 

a .vapor pressure (of the  order of a micron) at  room, temperature t h a t  a 

mass spec t r a l  pa t te rn  could be ob t a i  ned only :with considerably d i f  f i c u l t y  . 
. An attempt was made t o  obtain a .spectrum using the  heated-inlet-system 

mass spectrometer a t  Californfa.Research Corporation, bu t ,  unfortunately,  

the  chlor inated polymers reacted with the gallium metal i n  the  introduc- 

t i o n  system. It would therefore  be Smpossible, with the present ly  



available equipment and techniques, t o  ident i fy any higher boiling com- 

ponents i f  they could be isolated.  . . .  

!The poss ib i l i ty ,  of s y c l i  zation of the polymer a t  - the trimer 

stage was investigated by comparing the i n f ~ a r e d  ,spectra of the residuum 

fract ions with the spectra of the a, p, y, 6, and-€ isomers of 1, 2 ,  3, 
LI 

4, 5 ,  6-hexachlorocyclohexane as reported by ~ a a s c h .  Z3 The complexity 

of the polymer spectra made i s  impossible t o  r u l e , o u t  the .presence of 

t,ra.ce q u m t i t i e s  of the a, p, and y isomers, but there-was no Cvfdence 

fo r  the presence of even minuze qu&111LLPes of' tdlc b .arlil.c . There- 

fore  the possfbi l i ty  of termination of a ,large reaction of the polymer 

. .chains by ~ycllea.Li011 may bc s lh ina&ed.  . . 

Thetie l l i g h c ~  boiling csnst. i t . i~~nt,s were characterized then only 

by the i r  average mofecular weigitt and cuyusLtian. Tho .mo.lecds\r weigh t ,  

was determined by measurement of the freezing p.oint depression of a 

benzene solution of the molecular d i s t i l l a t i o n  residuum. This measured 

average molecular weight was corrected f o r  the molecular weight contr i -  

bution of the ident i f ied  polymers present i n  t h i s  f ract ion,  and the r e -  

su l t ing  values are  reported i n  Tablcs VIII and IX. Sfmflap corrections 

were applied t o  the r e su l t s  from microanalyses fo r  carbon, .hydrogen, 

chlorine,  and oxygen. It has already been suggested tha t  some unknown 

contribution t o  the polymer from the t rans - i somer f s from a background 

degrailallull, and tha t  the .&rived. Q va.lues for polymerfzation must yep- 

resent an upper l imi t .  Probably the t rue values are  of the same order 

as those for  the c i s -  isomer. - ,  . . 

The yields reported f o r  the polymer Consti'1;uellLs were calculated 

on the basis  of several assumptions. FOP each compound the specif ic  

response of , the gszs chromatography detector ~8.y  be expressed as a sensi-  

t i v i t y ,  measured i n  t h i s  case the displayed peak area per microhter  

injected [peak height i n  chart  deviations times half  -width ( i n  minutes) 

per microl i ter] .  An average of 14.3 taken from Table V I I  was used t o  

calculate the volume present i n  the composite l iquid.  On the assumption 

of an average density of 1 . 5  and by use of the appropriate molecular 

eight,, the number of m i  llimoles formed was calculated. 



The r e s i d u a l ' l i q u i d  from ari i r r ad i a t i on  of 1,s-dichloroethane was 

analyzed i n  the  same.manner. Since th i s .was  a saturated compound, no 

chain react ion was observed. No high' polymers were formed, and a l l  the  

major polymer const i tuents  were iden t i f i ed .  

~ e s ' i d u a l  l iqu ids  from bomb&dments of .the 'd ich lor~e thy lenes  

were analyzed i n  l i k e  fashion.. Because of the  ra ther  small dosages . t ha t  

could be given i n  a .short  time, only .a"few of the  major camponents could 

' be observed. These fragmentary data are  reported i n  Table V I .  

Only two samples of res idua l  l i qu id  from trans-1,2-dichloroethy-. 

lene and one f!rm the .:Cis:-:..isomer..*.E examined i n  the. d e t a i l  indicated i n  

t h i s  discussion. The severa l  assumptions required i n  deriving y ie ld  da ta  

and the  lack of precis ion indicated t h a t  a.more thorough invest igat ion,  

such a s  t h a t  pursued f o r  the  v o l a t i l e  products, would not be p rof i t ab le .  

at t h i s  time.' Probably the  reported r e s u l t s  are  r e l i a b l e  t o  2 5%. 
. . 



DISCUSSION OF'.RESULTS 

Treatment of ' ~ x ~ e r i m e n t a l  ~ a t a  - 

The yie lds  of the  various products.are reported as G values, the 

number o f .  molecules of the  .product per. hundred e lec t ron  vo l t s  . . energy irn- 
- 

par ted  t o  the  system. The p a r t i c l e  energy, corrected f o r  energy degraded 

i n  t a r g e t  f o i l s ,  i n  t he  a i r  path,  and i n  the  g lass  when multi-  

p l i e d  by the  measured microampere hours. o r  m i c r o c o ~ m b s  and by the  proper 
I l l  

conversion f a c t ~ r s , ~ ' . g i v e s  the  energy input d i r ec t l y .  T h i s  i s  used t o  

ca lcu la te  a f ac to r  gf, which, when mul t ip l ied by the  y ie ld  i n  mill imoles,  

g ives  the G of the  product. Thus we have 

The yie lds  i n  millimoles of v o l a t i l e  products were calcula ted from the  

measured PV product, assuming a d d i t i v i t y  of p a r t i a l  pressures and the  

app l i cab i l i t y  of the  per fec t  gas law f o r  the low pressures a t ta ined;  the  

y ie lds  i n  millimoles of polymer products were derived from estimated gas 

chromatography s e n s i t i v i t i e s .  Both gf and G values a r e  repbrted i n  the  

t ab l e s .  

The rad io lys i s  y ie lds  of v o l a t i l e  products f r o m  the c i s -  and 

t Y h s -  1s6mers were so similar t h a t  t h e  @TOSS-@ontamfnwtfu~l presenl I11 

e a r l y  i r r ad i a t i ons  were undetectable i n  the  y ie ld  data.  Thus Tables I1 

and I11 contain the  r e s u l t s  from i r r a d i a t i o n  of compounds pur i f i ed  by 

a l l  three  of the  procedures described. 

FOP the  cyclotr.on i r r ad i a t i ons  the  e r r o r  i n  the  determination of 

t he  in tegrated dosage, representing both the  e r r o r  i n  c i r c u i t r y  and , the  

.,uncertainty i n  beam energy, i s  estimated as approximately 5%. The hydrogen 

y i e ld  i s  subject  t o  the  l e a s t  experimental e r r o r  i n  t he  separation and anal-  

y s i s  procedures, and the  s c a t t e r  i n  G ( H  ) i s  i n  p a r t  a measure of t h i s  un- 
2 

ce r t a in ty  i n  the  energy input measurement. Hence an at$empt t o  normalize 

out  t h i s  e f f e c t  was  made i n  the  presentation of the  data .  The y ie ld  of 

each rad io lys i s  product i n  a given experiment was mul t ip l ied by the  r a t i o  

of t h e  measured hydrogen y i e ld  t o  the  mean hydrogen y i e ld  fop dl radiolyses 



of tha t  isomer. ' Thus the values, presented i n  Tables I1 and I11 are. 

the. experimentally measured. yields of hydrogen and the corrected .. . yields 

of the other products. The mean llydrogen yields taken as the '''best" 

values, were G ( H ~ ) ~ ~ ~  '= 0.028 and G ( H ~ ) ~ ~ ~ ~  = 0.040. I 

. Problems i n  monitoring electron i r radiat ions made the apparent 

G values. ra ther  e r r a t i c ,  yielding values both somewhat higher and some - 
what .lower than the helium ion resu l t s .  Hence the electron yields were 

normalized t o  the same hydrogen yields as the cyclotrpn i r rad ia t ions ,  

and are. presented i n  t h i s  form i n '  Tables I V  and V. , The s imi lar i ty  of 

the hydrogen re su l t s  ( in  f a c t , . o f  a l l  the vo la t i l e  products,) from the 

heliumion and gamma radiolyses corroborate the assumption tha t  t h i s  

yield i s  independent of i r rad ia t ion  intensi ty .  

Effect of Experimental Parameters 

..The d i rec t ly  measurable quantfi;ies t o  be determined from a study 

of the radiation .chemistry of a system such as,  d i ~ h l o r o e t h ~ l e n e  are the 

G values fo r  dl primmy products. The very large ef fec ts  of the pres!-j.!.!.'~: 
.26 

ence of small amounts .of products on the radfolysis of several systems .. 

require tha t  the i n i t i a l  r a t e s  of formation of the radiolysis  products 

be determined. I n  an experfmental sense t h i s  involves a study of the 

radiolyt ic  yields as a function of eliergy input' i n  order t o  make the ex- 

trapolatfon t o  zero dose. Such an e i t ~ a ~ o l a t i o n  Is gfven f o r  c i  s-1,2- 

dichloroethylene in Figure 4 and f o r  t rans -1,2 -dich16roethylene i n  

Figure 5 .  Over the range of measurement the data are f i t t e d  best  by a 

s t r a igh t  l i n e  of zero slope showing tha t  the yield of vo la t i l e  products 

i s  d i rec t ly  proportional t o  the energy input and tha t  secondary processes 

are not impoptant i n  the range of dosages studied.. The G values for  each 

product d i f f e r  s l igh t ly  f o r  the two isomers, but t h e i r  radiolyt ic  behav- 

io r  i s  quite similar.  , 

The response of the d f c ~ o r o e t h ~ l e n e s  under conditions of dif  - 
f erent  i n i t i a l  d i s  t i ibu t ions  .of exc i te'd spe c%es was de te f i ined  by varying ' 

the i r r ad ia t f  on sources. The electron experiments, whose . resul ts  are r e  - 
ported i n  Tables I V  a$d V, represent In  themselves three d i f fe rent  d is -  

t r ibut ions of energy' deposPtion. The i r radf  a t f  ons u t i l i z fng  the t o t a l  



beam fram the microwave electron accelerator represent electrons with 

.energies from thermal t o  about 6 Mev, with a .skewed maximum nem the 

mean energy of 3.5 Mev, while i n  .experiments'with the magnet spectrom- 

e t e r  electrbns of 4..6 k 0.1 Mev wise selected. The electrons delivered 

by thio a e s e l e r ~ ~ n r  were p u s e s  of 2 microseconds duration, occurring - 
15 times per second, of very high current density (up t o  100 mf l l i -  

amperes) . The Van de Graaff, however, d.eliver,b a continuous beam of 

monoenergetic 2 Mev electrons during i r s a d i ~ t i o n .  

!!nfipR.rison ur ~ l l t  g i c l a ~  oi. v u ~ v l ~ l t  ~ > ~ ~ d l l f ! t , ~  ~ Q P  rne h r l  t ~ j r r l  

ion, e lectron,  and gamma radiolyses i n  Tables I V ,  V,  and V I  shows no 

s ignif icant  change Jn the G vaLues,. implying the absence of track e f -  

fccto i n  event.a ,le~.d.j.ng t o  the formation of these products. However, 

+here i.s a szrikfn~ dll'fcrtnce fn thc r a t io s  of polymer products; the 

yield of dimer i s  somewhat higher fo r  the gamma radiolyses. The poly- 

mer G values are  doubtless incorrect i n  magnitude because of the in-  

accuracies of measuring the small yields produced with the gamma source 

available.  Nevertheless, the r a t i o  of dimer t o  s-tetrachloroethane i s  

s igni f icant ly  higher., consistent with the mechanism suggested fo r  t h e i r  

production. 

A t h i r d  experimental parautter, tcmpcratwe, w a s  v ~ . ~ i e d  i n  the 

survey experbent  reported i n  Table XIV.  The sample of cis-1,2-dfchlo- 

1-0t thylcnc srac irsadrlatpii ~ t ,  agproximately 80' as described by ~ewton  . 22 

The yields of a l l  products increased generally as a r e su l t  of the fn- 

crease i n  temperature, probably because of the decreased viscosi ty  of 

the medium. Thus diffusion of rad ica l  f~agmen.1;~ out of the cage of 

solvent molecules was f ac i l i t a t ed ,  reducing the extent of primary re-  

combination. However, no 'readf l y  interpretable kinet ic  information 

was obtaine.d, and t h i s  l i ne  of investigation W&I: not pursued' ftlpthcp. 

Stoichiometry 

Samples of l,2-dichloroethane were i r rad ia ted  i n  order t o  es-  

tab l i sh  the radiolysis  behavior of the saturated L a l o g  of .  the sym- 

metrical dichloroethyPenee, giving the r e su l t s  shown i n  Table X. The 



' s toichiome try of the r a d i o l y s i ~ .  reactions were. malyzed t o  ascertain 

whether any products had been overlooked. Th; r e su l t s  of t h i s  study ' 

, . 

are reported i n  Table X I .  

With t h i s  information available it became more.:'me..&ing.ful. . to  ex- 

amine the stoichiome t r y  of the radiolysis  of the dichloroe thylene s . 
The re su l t s  are shown in .  Tables X I I .  and X I I I ,  again .omitting the d i -  

chloroethylene oxides. The agreement of the summations of carbon, 

hydrogen, and chlorine is  deemed adequate t o  es tab l i sh  the G ( - c ~ H ~ c ~ , )  c 

values quoted. Concurrently, the sunimation presents a measure of the 

completeness of the analyt ical  detection and measurement of a l l  the 

products formed. . . 

Since the hundred electron vo l t  yield fo r  .disappearance of 
. ,  . 

monomer for  the dichloroethylenes i s  2 t o  4 times as large as tha t  of 
. .. 

the saturated analog, it i s  apparent tha t  chain reactions occur. Both 
' ' 

/ t h i s  f ac t  and the fac't t ha t  the chains are  r e l a t ive ly  short  are con- 

s i s t en t  with the su'pposition tha t  r e l a t ive ly  unreactive polychloro 

f ree  radicals  are formed i n  these systems. 

.The measurement of the ultimate' products, i n  .experbents such 

as these does not p e p i t  the determination of a 'unique reaction mech- 

anism. However, the simplest mechanism adequate t o  explain the data 

i s  a f ree rad ica l  reaction sequence similar t o  t h a t  proposed by Willard 
27 

. . 

and Hanrahan for  a lkyl  fodides. 

The pr incipal  primary a c t  i n  the radiolysis  system is  postu- 

la ted  as  the  sciss ion of the C-Cl bond, 

Thf s i s  .consistent with the' mass spec t ra l  fragmentation patterns .of 

the dichloroetihylenes,28 i n  yhich the base peak of the spectra rep- 

resents a scission of the m01ec.de ion. Furthermo?e, the primary. ac t  

on photolysis of the two isomers with 1980 t o  1860 radiation w a s  
. . . . .  

established b y  Mahncke and Noyes as the breaking of a C-Cl bond. 29 
. , 



A l a rge  share of the C2H2C1- fragment$ formed must. .have su f f i c i en t  

energy t o ' s p l i t  o f f  another atom of chlorine, i n  order t o - exp l a in  the  high 

y i e ld  of acetylene: - .  . I 

. . . . 

C H C ~ - - ~ H  ' > ' H ~ ; & ~ :  + c i '  
- . >  . . 

( 2 )  

The ' a l t e rna t i ve  decomposition sequence . . 
. . .  . . .  

may be poatulated, but  no C 1  was detected a s  a p r o d u c t ,  a n d s t e p s  t o  r e -  
. . . 2 ' .  

move the C 1  by  reaction^ such a s  R -  + C 1 2  - 
3 

> R C I L +  . C 1 -  would be re- 

qufred. An ac.l;ivation energy of the order of 3 kca l  for' such a react ion 30 

.is probably R ~ P ~ I . I I I B ~ . P  t.n prevent, t,nt,a,l c o n s m ~ t l a n  p i  C I Z ;  hence the simpler 

mechanism i s  preferable .  

The production of v iny l  chlbride may i o t  be presknted a s  a hydrogen 

abs t rac t ion  reaction:  
. . 

. . 

m e  re su l t i ng  radfcal.would be expected t o  decompose, 
. . 

. . 
analogous t o  the  production of v iny l  chloride from. L'H ~1 ' C H C ~ .  radf c a l s  

. .  2 .  31 , .. 

postulated by Barton. 

The remaining chloroacetylene produced f n  the rad io lys i s  can be s t  

be explained by the  unimolecular pr.imary. el imination of HC1: 
. . . . 

The a l t e rna t i ve  process involving s p l i t t i n g  of f  I1 and C 1   atom^ would be 
I 

acceptable except f o r  the  f a c t  t h a t  i n su f f i c i en t  hydrogen-excess pYoducts 

were observed. The only hydrogen "sink" avai lable  i s  the  "high" polymer, 

and it seems unl ikely  t h a t  hydrogen addi t ion t o  r ad i ca l s  would produce no 
. . , . . . 

compounds bo i l ing  '.under 300'. 

' By analogy t o  Reaction (5)  the production of dichloroethylene may 

be wr i t t en  



and the production of hydrogen by the subsequent reaction 
' 

H . + C H C l  - 2 2 .  2 ) Hz. + C H C l d C l *  . . (7) 

Because of the re la t ive  ease with which a hydrogen atom can escape the 

Franck-Rabfnowitch cage, both the molecular and atomic mechanisms would 

be essenkially independent of density of exci ta t ion.  The nonequivalence 

of the dichloraacetylene and hydrogen yields suggests tha t  the atomic 

process contributes t o  the hydrogen product,don. There must be an addi- 

t i o n a l  source i o r  hydrogen atoms, such as Reaction ( 5 )  going by the 

al ternat ive rad ica l  process t o  a very s l igh t  extent ,  t o  account for  

t h i s  difference. Because of the s m a l l  r e la t ive  magnitude of the hydro- 

gen yield,  t h i s  additional source cannot be specified expl ic i t ly .  

The higher hydrogen yield from the t rans-  isomer and the mech- 

anism fo r  hydrogen production s;re p a r t i a l l y  substantiated by the mass 

spec t ra l  fragmentation patterns.27 The m/p 95' and 94 peaks i n  the 

t rans-  fragmentation pattern,  representing loss  of one and two hydrogens, 

. . 
respectively,  are  higher by a f a r t o r  of 1.6 'than the corresponding peaks ' 

i n  the c i s -  isomer pattern.  

The primary processes postulated and t h e i r  subsequent rearrange- 

ments r e s u l t  in the production of a . l a rge  number of chlorine atoms i n  ' , 

I 4 
t h e ,  system. I n  a succession of s teps they are responsible fo r  the .: . . :. .. f 

formation of polymer products: 

CHC12 CHC1. + CiH2C12 - > CHCIZ CHC1 CHC1 C H C 1  (10) 

CHC12 CHCl  CHCl  CHC1- ->'CHC12 CHCl  CH=O@!~ + C l *  (11) 

Reactions (8), , and (11) are those considered responsible 

f o r  the free-radical-induced dimerization of dichloroethyAene reported 



by ~ a u e r  . 32 A number of such reaction sequences involving intermediate 

polyhalo radicals  df r e l a t ive ly  low reactivitIy have been . . charac ter ized . 3 3 

The structure of the major dimer product, and. hence the mechanfii for i t s  . . 
production, were substantiated by comparison with an authentic sample pre- 

pared by D r .  Amos S. Newton by means. ot' the .ben'zoyl peroxide-induced 

dimerization of dichloroethylene. 
. . 

Several reactfon sequences could be wri t ten;for  the production of 

CHC12 C H C l  CHC CHCl*  + C 1 .  - > CHC12 CHCl  C C l d H C l  + HC1 (12) 

However, the production of a specif ic  structure i s  d i f f i c u l t  t o  reconcile 

vi t .h  t.h! s hg??nt .h~si  s . C l n ~  . r n i ~ l  rl expl a'in t,he ii'iff"~r.i~lt,y hy the assi~mpt,'i nn 

t ha t  other pentachlorobutenes a re  produced but were undetectable because 

of lower vapor pressures; or one might argue tha t  the s t ruc tu ra l  assignment 

derived f o r  these .products i s  meaningless. Perhaps. a be t t e r  explanation i s  

the production of a hexachlorobutane by the r e a c t i  on 
, 

2 CHC12 CHC10 - > CHC12 CHCL C H C l  CHC12 
, . (13) 

. . followed by dehydrohalogenation . 

The dehydrohalogenation could., of course, occur b$ hydi-ogen abstraction 

by chlorine atoms , followed by s p l i  t t i n g  'off a C 1  atom from the ' polychloro 

free radical .  The s t ruc tura l  spec i f ic i ty  of the d i r ec t  d&hydrohalogenation 

stems from the reasonable presumption tha t  HCP elimination removes C 1  from 

a carbon containing two halogens; i n  the rad ica l  formulation the spec i f ic i ty  

i s  maintained by the great ly  lowered reac t iv i ty  of alpha hydrogens i n  chlo- 

r ine  substi tdted systems. 3 4 
It should be noted tha t  the reactfon sequence outlined leads t o  a 

calculated yield of HC1  i n  excess of the measured G value. It can only be - 
argued tha t  t h i s  r e s u l t  i s  an m t i f a c t  resu l t ing  from the inaccuracy i n  

determining the pentachlorobutene yields.  Lowering the G of pentachloro- 

butene by an appropriate amount worsens the chlorine balance of the 



stoichiometry resu l t s ;  however, the probable e r ror  of the chlorine micro- 

analyses of the polymer- f ract ions &s it impossible t o  judge whether t h i s  

i s . a  .significant objection t o  the mechanism. 

The "high" polymer probably r e su l t s  fram the addition of successive 

monomer units t o  the dimer radical: 

CHC12 CHCl  CHCl  C H C 1  + C H C 1  - 2 2  2 .  
> high polymer 

The chains presumably terminate by radical-radical reactions o r  by s p l i t -  

t i n g  off C 1  atams, as i s  the case for  the lower molecular weight condensa- 

t i on  products. 

The inf tka tor  rad ica l  postulated i n  Reaction (1)  of the ~ ~ p e n d i x  

as responsible f o r  the synthesis of the dfchloroethylene oxidesmay be 

accounted f o r  by ( a )  the persistence of long-lived f r e e  rad ica l  u n t i l  . . 

the system i s  opened t o  air, or  (b) the formation of &-I unstable peroxide 

by some of the polyhalogenated products. The l a t t e r  appears more a t t r a c t -  

ive i n  terms .of present concepts both of rad ica l  l i fe t imes and of the 

properties of polychloro systems. !The f a c t  t ha t  the t rans-  isomer forms 

a peroxide polymer on standing has been discussed, and some recent experi- 

ments indicate thait the pure monomer a l so  forms the dichloroethylene oxi- 

des under sui table  :cond$tions. Thus it seems quite plausible tha t  cer ta in  

polymer products would be l e s s  s tab le  than the monomer i t s e l f  and would 

undergo the reaction more readi ly.  Peak E i n  the chromatogrqs of the 

trans-1,2-dichloroethylene residual  l iqu id  appe.ars t o  be such a perogfde 

product. 

In  summary, the r ,adiolysis products from the symmetrical dichloro- 

ethylenes a re  compatible 'with a se r i e s  of f r ee  r ad ica l  reactions.  Pr imary 

interact ion r e s u l t h g  pa r t ly  i n  C < 1  bond clevage and pa r t ly  i n  e l b i n a t i o n  

. of HC1, followed by a .ser ies  of steps deduced from the nature of the r e -  

act ive fragments, presents a self-consistent explanation of the experi- 

mental data. No products were observed which required the postulation of 

radiat ion specif ic  reactfons, and the rad io ly t ic  behavior i s  somewhat 

simpler than might have been expected f o r  such compounds. 
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The Radfolytic Synthesi s of the 

Cis - and Trans - Isomers .of 1;2-Di chloroethylene Oxi'de 

Among the suggested means of u t i l i z a t ~ o n  of radioactive waste's from 

atomic energy plants i s  the synthesis of ,new compounds which cannot be made 

e f f i c i en t ly  by ordinary chemical methods. An example of such a synthesis i s  

the rad io ly t ic  prepwation of heptadecene-8 described by Burton and Breger. 
1 

I n  the course of some investigations of the radiat ion cheniistry of the sym- 

metr ical  dichloroethylenes, the c i s -  and t rans-  forms of l,2-dichloroethylene 

oxide have been produced. These compounds have not been previously reported, 

and i n  view of the current in t e re s t  i n  radiat ion u t i l i za t ion ,  we are  preseat- 

ing preliminary data  on the radfolyt ic  synthesis and physical properties of 

these compounds. 

The c i s -  and trans,- forms of 1,2-dichloroethylene were i r rad ia ted  i n  

glass  ce l l s2  i n  vacuo with 4.0 Mev helium ions inpingent on the l i q u i d .  After 

i r rad ia t ion ,  the low-boiling and. gaseous products were separated by vacuum 

 technique^.^ The res idual  high-boiling products plus the b u i  of the 1,2- 

.dichloroethylene were stored .in glass-stoppered bo t t l e s  i n  the presence of 

air a f t e r  preliminary analysis f o r  hi@-boiling products. In  samples t h a t  

had stood several months, two peaks were found i n  GLP chromatograms ( n o n ~ f  

phthalate column) tha t  were not present i n  samples chromatogrammed immedfately 

a f t e r  i r rad ia t ion .  These peaks were concentrated i n  the pot l i qu id  by d i s t i l -  

l a t ion  through a s m a l i  Vigreaux column and were fur ther  concentrated and puri-  

f i e d  by running repeated GLP chpomatograms of the pot l iqu id ,  col lect ing the 

respective peaks each t b e .  By t h i s  means samples .of 1 gm and 0.2 gm of the 

two respective peak materials were i so la ted  i n  relatSvePy pure fom.  These 

were kuhher  purif ied by use of a S i l i cone  o i l  (G.E. 96-40) column with col- . 

l ec t ion  of the respective components. These are  referred t o  as dichloro- 

ethylene oxide I and dichloroethylene oxide I1 according t o  t h e i r  respective 

GLP chromatographic emergence times. 

The r e l a t ive  yields of oxide I t o  oxide I1 from trans-  1,2-dichloro- 

ethylene was about 4.6 : 1. The r a t i o  from i r rad ia ted  c i s -  1,2-dichloroethy- 

lene was smaller but has not been well  determined because of the much lower 

yield from t h i s  isomer. 



The compounds isolated have been characterized as the cis- and 

trans- isomers of 1,2-dichloroethylene oxlde by mass-spectrometer spectral 

patterns and by camparison of the infrared spectra with the spectra of the , 
cis- and trans- forms of 2,3-epoxybutane. All the compounds have the CH 

band in the region 2950 to 3050 wave nuubers which Henbest, Meakin~, 

Nicholls, and Taylor have suggested as being characteristic of the sub- 

stituted oxirane ring,4 and all exhibit bands in the three regions where 

~ a t t e r s n n ~  nnd others h.me a~signed the C /O'C skeletal motions. 5 
The mass spectra, wfth pmen.l; masses at 112 to 117 mass units, give the 
empirical formula C H C1 0 from isotope ratio arguments. Chemical an- 2 2  2 
alysis for C, H, and Cl yielded 21.2$, P.~T$, uld C13.5$ for oxidc Ig and 

21.2%, I.YZ%, and 63.6% for oxide. TI. Tllr calculated vrrluco for c ~ H ~ C ~ ~ O  

axe 21.27$, 1.78$, and 62.7@. 
Down compounds of this composition, dfehloroacetaldehyde and 

chloroacetylchloride, were shown to,differ from oxide I and oxide I1 in 

both mass spectrometer ionization patterns and GI2 chromatographfc re- 

tention times. 

Some physical properties of these two compounds a.re,listed 'fn 

Table I. It has not been'possible to decide unequivocaJly which compound 

is the cis- form and which is the trans- form. An argument can be made 

froni the comparison of the infrared spectra of oxides I m d  I1 with the 

spectra of the 2,3-epoxybutanes thae oxbae I is Llre cPs- forill and oxidc 

I1 the trans- form. 

Table I 

Physical Properties of 1,2-dichPosoethylene oxides 

Compound -- I 
boiling point 80 -81' 111-112° 

melting point -43O 
D25/4 , 1.405 

M.W. (csyoscopfc) 115.6 
M.W. (M.s. inlet pressure) 113.2 115.2 



A t  present one, can only speculate as t o  the or igin of these com- 
. '. , . . . , _ . .  . . . 

pounds. Yields of oxi'dk-I as high. as ' G  = 9 were 'found i n  old samples of 

i r radiated tr&s- 1,2-dichloroethylene. As, t h i s  i s  as ,large as the t o t a l  ' 

' yield ..of "polymer" determined immediately ' a f te r  i r radiat ion,  a chain r e -  

action f o r ' t h e  formation of the oxides i s  indicated. An atkractive pos- 
6 s i b i l i t y  i s  an auto-oxibation reaction using a long-lived f ree  rad ica l  

present i n  very low concentration as the intermediate. 

R . + 0 2  - > ROO ' 

ROO + C H . C 1  ' - 2 2  2 > ROOC2H2C12 (2)  

ROOC H C 1  - 2 2  2 > k o . .  + H C ~ C  'O'CHC~ (3)  

> R + HClC R O C , H ~ C ~ ~  - 'O'CHC~ 

Preliminary t e s t s  with other sources of radicals  (benzoyl peroxide) 

i n  the presence of oxygen showed tha t  s m a l l  yields of both the dichloro-. 

ethylene oxides are formed from both c i s -  and t rans-  1,2-dichloroethylenes. 
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Table I 
. .. . . .  . . . .  . . 

' ~ h ~ s i c a l ~ r o ~ e r t i k s  of t h e  ~ i c ~ o i o e t h ~ l b n r s  

Cis-  isomer. . . . . Trans r , isqmer . . , .  

Proper ty  . Measured . L i t e r a t u r e  ( a )  Measured L i t e r a t u r e  ( a  

F.P. 
-- - 

( a )  A. Weissberger, E d i t o r ,  "Technique of Organic Chemistry," I n t e r -  

scleuce Fublisl~ercl,  Inc . ,  Nc~r Yorlc, N. Y. VoJ . VTT; ,T. A.  Reddick 

and E. E. Toops, "Organic Solvents ,"  2nd Ed.,, lY55, pp. 204-205. 



Hundred Electron Volt Yields of ~ o l a t  i l e  Products from Helium Ion I r rad ia t ion  of Cis-l,2-Dichloroethylene 

Microampere-hours of Bombardment 
(b) 0.03 product 0.03 0.10 . 0.05 0.07 0.07 0.15 0.20 0.12 . 0.30 

c 0 0.0014 o.0004 0.0007 o.ooo6 0.007 0.008 .o .0007 0.0011 0.0005 0.0008 

CII = C H C ~  ' 0.3.k 0.32 0.33 a.26 0.31 .o . lg  0.26 0.40 0.46 
2 

-22 
ev: .x 10 1.45 .4.80 2.40 2.91 2;91 6..24 .' 9.04 1.45 5.76 13.57 I 

W 
. . . . ul 

Vol. i n  cc. 1lr6.9 128.4 ~ 3 8 ~ 7  135.4 132.8 131.1 142.8 127.2 132.1 124.8 I 
. . , . . .  . 

. .  . " 

p .. 4.28 1.26 2.51' 2-07 2.07 0.96 0.67 Cc. 14  1.05 ... 0.44 . 
"I" 

( a )  Measured value, a l l  o thers  m d t i p l i e d  by r a t i o  

I ( b )  Residual l i q u i d  from t h i s  e ee r imen t  used i n  . polymer . study. 



, ' Table I11 , 
. . 

Hundred Electron V c l t  Yields of Volat i le  products from Helium Ion I r radia t ion of 'Eans-L,2-Dichloroethylene 

Microampere-h3urs o,f Bombardnent 

Product 0.03 0.08 .o.o7 -0 .20 (b)  0.15(b) o . o j  . 0.13 0.10 3 ~ 0 3  0.30. . 0.10 

Vol. i n  cc. 142.0 128.4 156.4 ' 142.5 133.1 132.1 119.6 ~ 0 . 1  1k6.6. , 120.4 116;6 , ' 

I 

. . 

ev/cc .  x 10-~~1.01 2.99 ' 2.10 , 6.83 : 15.41 1.90 . . ' 5.04 4..36 ~0:.93 , . 1 0 . : 3 5  , 3 3 8  . . .  
. . . , . . 

4.30 1.55 ' l .w : 0.e2 0.84 2-51 . . .  1.00 1 .  k.43 ' 0.u. . .1.30. . . 
f 

( a )  Measured value, a l l  others ind t ip l i ed  by r a t i o  G(H 2 ) avg. /G(H 2 ) meas. 

( b )  ~ e s i d u a l  l i qu id  from t h i s  expe-ent used in  polymer study. 



Table N 

Relat ive  Yields of Vo la t i l e  Products from Electron 
I r r ad i a t i on  of Cis-l,2-~ichloroeth~lene(a) 

G, ~.olecules/100 ev 

Product He ++(b) e  -(.c 1 e  - (d)  e  - (d l  e  - ( e  1 

ev x 10  -22 

Vol. i n  .cc. 

ev/cc. x L O - ~ O  

++ 
( a )  Electron y ie lds  a r e  normalized.to same hydrogen y i e ld  a s  He 

. i r rad ia t ions .  

( b  ) Averages of 10  :experiments. 

( c )  .Total  beam from microwaive l i n e a r  e lec t ron  accelera tor  with mean 
.energy of 3.5 .Mev. 

( d )  Monoenergetic 4.6 Mev e lec t rons  from acrowave l i n e a r  ele,ctron 
accelera tor .  

( e )  Monoenergetic 2. Mev e lect rons  from .Van de Graaff ; 



Table V 

Re la t ive  Yie lds  of v o l a t i l e  Products from Elect ron 
I r r a d i a t i o n  of ~ r a n s  -1 , . 2 - ~ i c h l o ? o e t h ~ l e n e  ( a ) 

. . . . .  . , . .  . . .. . . .  . . . . .  G; ~ o l e c u l e s ~ l b d  ev . - . . - . 

Product He e  
++Ob') - ( c )  e  - ( d l  

V O ~ . .  'in cc.  127. 0 159'. 3 

~ - - p~ - 

.. . . 
' 

( a )  Elec t ron y i e l d s  a r e  normalized t o  same . hydrogen y i e l d  a s  . ... 

~ e + +  i r r a d i a t i o n s .  . . 

( b )  Averages of 11 experir~lents.  

( c )  To ta l  beam Prom nlicrowave l i n e a r  eleCtson a c c e l e r a t o r  with 
mean energy ,nf 3 - 5 Mev. . . 

( d )  Monoenergetic 2 Mev e lec t rons  from Van he Graaff. '  - . '  



: Table V I  
. . 

. . . . . . .Comparison .of Hundred Elec t roq Vol t  Yie lds  ,, 

from Helium .Ion and G a m  Radiolyses. 

C i s - C 2 H 2 C 1 2  Trans -C2H2C12 

Vol.. i n  c c .  

( a )  Averages of 10 experiments. 

(b)  . Coba l t , , s ix ty  g a m .  source. 

( c ) Averages of 11 experiments . 



Table V I I  

Bo i l ing  Point-Emergence Time Corre la t ion  f o r  Chlorinated Hydrocarbons 
. . . . . . .  . .  . . . . . . . . . . .  . . .  . . . . .  . > N.o,r*d . . . .  . . . . . . . . . . . . . .  . - 

: botl.ip,p, Emergence S e n s i t i v i t y  ( b  
p o l r ~ t  time, min. a r b i t r a r y  

Compound . . ' . . OC ' . - , ( a f t e r  a i r ) .  .. u n i t s  
. . . . . . . .  . . . . .  . . . . .  . . . .  . . 

Tetrachloroethylene 1 2 1 . . : :  4.65 15.3 

. . 
I., 2 3-Tr i  ch l  orogrogane 156 7 - 5  15.8 

. - . . . . .  Average s e n s i t i v i t y  : 14.3 

. . . . 

( a ) : . ! ~ .  H. Huntress, "Organic Chlorine comPoiuids ,"" - John .wiley and ..Sons, 
Inc . ,  New York, N. Y. ,  1948. . . .  . . . .  . . .  

. . .  . . . . . - . . . . . . .  . . 
'(.b) Defined 'oa p. 20'. . . . , 



Table V I I I  

'Polymer Produc t s  from Helium Ion... I r r a d i a t i o n  of G,is-1,2-Dichloroethylene 

. , .. . . .  . . . . . . . . . 
. . . . ' . . ' . Z i t .  :.'normal . . . .Approximate 

b o i l i n g  po in t  G value 
Product 'OC 0.20 pah 

~ e t r a c h l o r o b u t e n e  (4  
isomer 

Pentachlorobutene -1 ( b  
1,2,3,  ).I., 4:-isomer 

"High" Polymer ' . 
G vakue 
Mol . W t  . 
.Composition 

( a ) .  s t r u c t u r e  wel l  e s t ab l i shed .  
I 

4) Probable s t r u c t u r e  . 
( c )  S t ruc tu re  uncer ta in .  



. . . .  _ _ . .  . . , . .  . . .. . . . . . . Polymer . Products from .Helium Ion . I r r a d i a t i o n  . . . o f .  , .. . 
. .. . , . . .  .. , 

. . 
~ r a n s ' - l ' ,  2-DicKLdroethylene ' . . 

Est* Approxinpte G v a l u e s  
b o i l i n g  po in t  , . . , . . ., . . .. . .. . . . 

O c  
. .  . 

Product 0.20 pah 0 2 5  pah 

Tetrachlorobutene ( 4  

isomer 

(4 Peak ' E , pel-o~ide 
1,2,3,4-tetrachlorobutene 

. . 159 0.3 0.5 
peroxide : .  

Pentachlorobutene -1 (b) 256 0.45 0.56 
1,2,3,4,4-isomer ', 

. "IIigh" Bolymer >3 00 
"G' value . , 3 . 4 .  . 6.7 
Mol. W t  . ... . . . . 
.C'omposlt lumi 

( a )  s t r u c t u r e  w e l l  e s t ab l i shed .  

( b )  Probable s t r u c t u r e .  . 

. . . . . . . . . 
( c )  . s t r u c t u r e  uncer ta in .  



.: Table X . . . . .  

Hundred . . . . .  Elect ron , V o l t  . . Yields..,f.rom .Heli,ym: Ion; . . . . .  . J r r ad ia t ion  
.... . . . .  . . . . . . . . .  ..or 1. . 2-aibhldro&thgfie, . . .  

Product 0.05 pah 0.07 . .. . pah 
. . . . . .  

Hydrogen 

Methane 0 .,00l5 0.0014 . ,... 

.Methyl ch lo r ide  

. , 
Acetylene 

Ethylene 

Chloroacetylene 

.Dichloroacetylene 

Vinyl ch lo r ide  

Ethyl  ch lo r ide  

Methylene ch lo r ide  

1, l-Dichloroethanc 

1; 2-Dichloroethylene 

HC1 

. . . 
' 0  "High" Polymer 

Vol. i n  cc. 145 .. 4 125. 5 



Table XI 

Stoichiometrv of Helium Ion Radiolvsis of 1.2-Dichloroethane 
. . . . . .  . . . . . . . .  . . . .  . . . . . .  . . Atom .~alance 

Product . BeskcG velue . C , .  . .  “H:.. . C 1 

Methane 0.0015 0.0015 0 .'006 

Methyl chloride 

Me Lll.ylelle ~1iL0i '  idt 

Acetylene 0.137 . 0.274 0.274 

Vinyl c' l l lurlde 1.07 2,14' 3.2L 1.07 

Ethyl chloride 0.60 1.20 3.0' 0.6 . 

Dichloroethylene 
. . 

Hydrogen chloride 



: a  . 
, . . . . . . . . . . , .  . . .  Table . X I 1  

. . 
stoichiometry of. H e l . i h  '1.6; . : ~ ~ . d i ~ l . . : ~  s.is: of. r cis  -1; ,.2 l.Jjibmoro&thy3ene 

. . .  . .  

. . Atom Balance 
; 

Product . .... . . . , . B & ~ ~ : . ' G  Value . -. .. ...C ...-. . .. ....... . .H..: : '.:. :. C 1  

, . 
Hydrogen :. 0.028 . \_. .  0.056 . 

Vinyl ch lo r ide  ' 0.34 8 . 1 %  ' 1.d2. " 0.34 

Chloroacetylene .1.02 2.04 1 : O Z  ', .1.02 

Dichloroacetylene 

Acetylene 

'1.36 Hydrogen ch lo r ide  1 :3'6 1.36 

1,1,2,2-~etr3chloroe~h~.ne 

. . 
Tetrachlorobutenes 

Pentachlorobutenes 

"Hight' Polymer 2.21 14.1 14 .1  14 .1  

-C 30-9  30.2 29.4 



Stoichionietry of Helium I o n  Radioly s i s  of Trans- .1,2-Dichloroethylene .... . . . .  

. . 
Product value C H C 1  . 

. . . . . . .  . .  . . - .  . . . . . . . . . .  . . .  .- ... - . . . . . . . . . . .  

' 0. O'iO Hydrogen 0.08 

. Vinyl chlor ide  

Chloroacetylene 0.83 1.66 0.83 0.83 

bf c l I%~~ 'uace  L.yleue U.004 0.00O fi . m7H 

Acetylene 1.59 3.18 3.18 

Hydrogen chlor ide  1 . 2 1  

1,1,2,2 -Te Lracldul-oe Ll'lant 0.4 
. . .  

E, peroxide 0.4 1 . 6  1 .6  1 . 6  

Tetrachlorobutenes . .O. 9 3.6, , . .3.6 . ' .3.6 

Pentachlorobutenes . 1 4 3 5 
- . , ,  . . . . . . .  . . . . . . . . .  . . 

" ~ i ~ k i "  Polymer ' 5 3 7 3  37.5 37.5 
. . 



Table XIY 

Effec t  :of .~empera tu re  on Helium Ion Yields 
of Vo la t i l e  Roduc t s  

- -- - 

G Values from Trans-C2H2r2 

Product 2 5 ~ ( a )  80 

H2 
0.040 0.049 

. CHZ = CHCl  

C1C 2 CH 

C1C . C C 1  

HC .CH 

HC1 

~ o i .  i n  cc. . . . . 127. 0 

( a )  Averages f o r  11 . experiments. . 



TO VACUUM 

Fig. 1. Apparatus fo r  separating vola t i le  products. 



Fla. 2. (a) H e l i u p l  ion irr&atbn cell. 
(b) Zlectron i r r d a t i o n  ce l l .  



Fig. 3. Shaker target assembly for cyclotron irradiations. 



HCI x 10 
0 ------ G = 1.35 

10.0 

8 

Fig. 4. Yields of volatile products from helium ion irradiation of 
cis-1,2-dichloroethylene. 



Fig. 5 .  Yields of volatf1.e products from helium ion irradiation of 
trans-1,2-dichloroethylele. 
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EMERGENCE TIME IN MINUTES 
MU-I5509 

Fig. 6 .  Composite chromatogram of 6 0 ~  of polyme~ fraction from 
. cis-1,2-dichloroethylene. 



EMERGENCE TIME IN MINUTES 

Fig. 7. Composite chromatogram of 50h of polymer fraction from 
, trans-1,2-dichloroethylene. 



Fig. 8. Boi l ing  point  - emergence time c o r r e l a t i o n  f o r  ch lo r ina ted  
hydrocarbons. 
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