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Abstract 

Cyclohexane and n-hexane have been irradiated with x-rays from a 

47 Mev electron synchrotron to produce the reaction c 1 2 ~ ,  n)C1 l. The 

distribution of the recoil cll in hydrocarbons of low molecular weight hes 
5'. 
.* . 

been studied using gas chromatographic separdfion with a scintillation 

counter monitoring the exit gas stream, Cyclohexane was irradiated at 

30, 0 and - 78. C and n-hexane at 30.. The total C" produced was 

determined by irradiating carbon under comparable conditions, burning it 

to CO2, and measuring its activity in the same manner. Under most con- 

ditions acetylene- C1 ? was the most abundant radioactive product with up to 

15% of the total C' appearing in this form. Methane- c1 and ethylene- C 11 

were produced in 2 to 770 yield depending on conditions. Radioactive ethane, 

propane and propylene were separated; 4- carbon compounds were observed 
, . - .  . 

as a group, Since the yield of cll was small, no attempts were made to d 
analyze $or it in the parent compound or others of similar size. The results 

a re  discussed in terms of various mechanisms for recoil reactions. It 

appears that they can be explained on the basis of random fragmentation of 

the irradiated material by the very energetic atoms and subsequent 

11 reactions of C H, radicals with these fragments, 
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Introduction 

To zi large extent investigations of the Szilard-Chalmers . . effect 

in organic systems have been concerned with the recoil effects of ,, 

halogens in organic halides. Although these studies have elucidated 

seGera1 iinpo.rtknt doncepts including phase, scavenger, and isotope 
. . 

&ff&tts, '  and have led to the formulation of various models2! the 
, . . . .  

natur.e of the Szilard-Chalmers effects in organic systems i s  a s  yet . . . . . , . .  , .  ' . . . . : ' i m p e ~ f e c t l y ~ i i n d ~ r ~ t o o d . ~  
. . . .  . 

. , : . ,  . . . . . . . . . , . 

. ' . '  . ~ e c a u i e  . .qf . ,  ,the difficulties in working with the carbon isotopes, 
. . .  . . .. . . . . .. . . 

;. the ' i t ad i% of carbon.  recoils,  which would be of particular relevance, 
. . .  . . . . . . . '. 

has ,r&c'<ived much' l:es,s attention. However, within the l a s t  several  . . . . .  . . 
. . .  . . . . . . . . . 

. . . . . C  . '  . . . . . ,. . , . .. . 
: . .  

years~&'gro&i~g,inteiest . .  . in the use of carbon-14 recoils for synthesis 
. . 

. , . .  . .. . . .  . . .  . . . 

of labeled c ~ ~ p o i . & d s  h a s  been evident. Wolf and  co-.workers have 
. . . , . 

. .  . 
studied =,&coil reactions of carbon- 14. produced by the ~ l ~ ( n ,  p)c14 

. , . .  ' ' .  . 
. . . . 

. '  reaction 'id.& ~ a r i e t y  . . of .organic  substrate.^. F o r  example, af ter  the 
. . 

. . .  . , .". ... . . . 14 
ir(adiat.ibnof . . .. a . mixture of benzene and 2- rnethylpyrazine C was 

. . . . .  , . 
. . . .  . 

found in.b,&zene . and . . .  toluene to the extent of 1. 9 and I. 0% of the total 
. . .  , 

produc&d.. ~ o l l o & - i g  . hydrolysis . of irradiated acetamide '. C14- labeled 

.. . , 

a'cetiC and 'prbpibnid acids were  isolated; their combined activity 

represented about 1 3% of the total. A study by ~ a c k a y  and ~ i b b y ' l  of 
. . 

the effects of c14  recoils iri n- pentane and isopentane, using aniline 



or  aliphatic arnines as  the nitrogen source of the c14,  revealed the 

production of a variety of labeled 5-membered and larger  hydrocarbons. 

Hydrocarbons of less  than 5-members were not resolved but a s  a group 

repre,sented 7% of the activity in n-pentane and about 57'0 in. isopentane. 

Only a few inirestigations have been made involving carbon- 1 1 recoils 

and' these have mainly been in inorganic systems. The short half- life , '  

. .  . . 
bf carbon-'ll,~~2,0~rninutes, . .  . was a considerable deterent to i t s  use until 

.: . . . .  . . . . . . .  ' . . , .  . . 

the de~e l&pAent .  of gas chromatography made possible the rapid . . . . . , 
, .  . 

, separation. of t racer  amounts of volatile compounds. Recently 
. . . . . .  . 3 .  ... . . . 

~ & ~ a n , a r a ~ & n a  aid;. in a study of the chemical effects of 
. . . . 

, . ' ,  
, . . . .  . . .  

carbon-11 ptodi~c,&d by t h e  2(n, 2n)c1 reaction in benzene found that . . . .. . . 
. . .  . . . . . .  ' . . 

about'.4, 57'0 of.the total activity produced was accounted for in benzene 
. . . . . . . . . . 

and 2. :20Jo,:iri . . . . . t@lue,ne. . 
. . . 

. I . ,  . 

. , . .  . . . . . 

IA the prekknt. . % study: . .  the recoil products examined a r e  the low 
. .. . . . . 

rtiolecular . . .  . weight .. . c&ipoinds containing c1 produced by the irradiatibn 
. , . .  . .  . . . . . . .  . . . , 

' of 'h- hexa& and cyclohe~ane. ,  The reaction c12()', n) c1 was induced 
. . .  

, , 

with x- rays  from . the . 1oQa State uni;ersity synchrotron. The cross  

s,&ction .for. the photonuclear process is not large and the beam intensity 

'was only 'mode'rate. Hence, the activity produced was not sufficient for 

a'determinatiori . of . all of the products and the more  volatile, low 

. . 'r/. 

molecular weight products were the only ones studied. It was considered 
. . 

that the comparis.on of a straight chain and a cyclic hydrocarbon would 
. , .  

. . I 



give a better insight into the mechanism of the recoil chemical reaction. 

Experiment a1 

Materials. - Eastman Kodak Company Spectro Grade cyclohexane, 

and Phillips petroleum Co. Research Grade n-hexane (99. 96 mole % 

purity). were used after drying over sodium wire. The various gases 

used to establish..elution sequences and positions were CP Grade from 
. . \ 

.the ~ ' a t h e s o n : ~ ~ .  '' Helium used a s  a carrier.  gas was obtained from the 
. . 

U. S:,Bure.&u of' ~ i ~ e s  with a purity in ,excess of 99. 99'7'0. Carbon Pear l s  . . :  

. . 

obtained f ibm ' c a b o t ~ o .  were freed of absorbed oxygen, nitrogen and . . 

. . .  

water by flushing with helium at  800' fo i  12 hours. The carbon was , 

. , .  . .  . . . 
. . 

stored 'under:, ?.helium atmosphere. 
.. ' 

. . .  . . . . . . 

Chromatographic Columns. -It  was necessary to employ a variety 

. .  . ,. . 
of c&lu&& ':becaus e..n< single column could effectively resolve all  of 

. . 
. . .  . . 

the pibdufts;  te ten foot silica gel (14-20 mesh) column was used to 
, , . .  . s  

, . .  . .  
separatk . . . . methane, ethane,  and ethylene. After i ts  preparation, the 

. . 
' :.. . . . 
. . .  . . 

=bib& was heated to about 150"C and flushed for aoveral 
. . :.. . . . . .  

,. . . . , , 

hours ?ith heli&n/g8.s in order to remove any adsorbed material. . I t  
. . . . . . 

' ' was .always fluslied for at leas t  two hour,s before use in a particular 
. . 

. . 
analysis. . gome of the early runs B 12 fobt ethylacetoacetate column 

w a s  used '(67 ofLethylacetoacetate to 100 grams CJI calite). This 

colum'ri. sepayated. methane, ethane- ethylene, propane, propylene- 

propyne, and acetylene- isobutane, but was df limited ukefulnes s due to 

I 



i t s  failure to separate propylene from propyne and acetylene from 

isobutane. A more  useful separation was provided by a mixed column with 

a s ix  foot length of diisodecylphthalate and 16 foot length of dimethylsulfolane. 
I 

This l l ~ ~ ~ - ~ I D ~ ' l l ~ c o l u m n ,  . . prepared with 40 grams of organic liquid to 

.. . 
100'. grams of 28- 35 mesh celite, separated methane, ethane- ethylene, 

. I  ,propylkrie,. propane, isdbutane, and n-butane. Propyne and the other four 

carbin.rnaterial& 'had .retention t imes greater  than that of n-butane. . I t  

; was observed for the DMS- DIDP column that the isobutane peak preceded 

the acetylene peak which i s  contrary to  the elution sequence reported by 

: ~ r e d e r i t k s  and' ~rooks" .  A 12 foot didctylphthalate column (43 grams 
, ' . . , . . . 

, . 

. of ,diortylphthalati to 100 grams of 48-65 mesh celite) provided a good 
. . 
' . . '  . . . 

separatiqn of compounds . . of intermediate molecular weight such a s  : 
, : 

ri-hexane :and.cyclohexane. . . All columns with the exception of the silica 
. . 

. .  . . . .  

gelco1.&nk.er'k . . .  . pfepared by addition of the'organic liquids in suitable 

. . 
.' i o l ~ e n t s ' . t & .  ~ o h d s -  Maisville Celite- 22 firebrick which had been previously 

. . 

cleaned,., fired a i d  sieved. 

, .. . ' , ~ o r n b ~ r d k , 6 n t s . ' - ' ~ ~ ~ r  oximately 1 g ram air- f ree  samples contained in 
" . 

' .  : , :  . . .  '. 7 

' sealedPyrex ampoules were irradiated in the -x- ray  beam of the Iowa 
, . 

. . .  ' - . . . . 

:state University electron synchrotkon operated 'at 47 Mev for a constant 

. .  . 

t ime of hour. The c ross  section of the c1 '( h: n ) c l  i~ legrated  
. . . . . . 

. f rom threshold to 47 Mev reaction i s  - 60 Me~-rnb'" and in an average 



run a total activity of the order of 0. 3 mc/ml  was produced. The only 

emitter observed in these experiments was carbon- 11. 

'LOW temperature bombardments at 0 and -78-C were made in a .  

tube . . .  designed so  that the appropriate coolant surrounded the ampoule 

duting the' irracliatidn. .. . 

. . ', . .A 5 :mm thick Synthane plug positioned in front of the ampoule was 
! .  . . . . . . 

. i " .  
irradiated in every run and the c1 activity produced in the plug served L, 

. . . ,  .. 
. . ' . . .  

. , . .  . . .  . 
3s . .  :A . mdnit'or' fdr .the beam. The activity of the Synthane monitor was 
. . . . .  . .  . 

. ( , .  . . . ,  ' . . .  ' . . 

. . . .  defkrmiiied . . b y  coudting the. C" annihilation photo peak with a NaI(T1) 
, , . .  . ,  . , . '. : . . .  . . . . . . . I .  . . 

. . 

. ~ f i j d u k t  ~ n a l y s i s .  - The Szilard- Chalmers products were analyzed 
. . , . 

,. . . . . . .  . . 
12 

: . &id'coubt&d . , . . .  &==ording to a procedure suggested by Evans and Williard . 
. . .. .. . j ' .  .. , , , , . . . .  , . . .  

: 1n: thG'.pre&&it .invgst'ikation the products of the interest were the gaseous . , 
3 ,  

. , . .  . . 
. ' .  ., . 

. . . . . . . . .  

hydrqc&b&s . .  . from methane through the butanes. As 'produced by the 
. . .  

.. . .  . 
. . . ,  

irr'a.diation; .these materials were dissolved in the irradiated liquido. 

~ o l i d ' s i q i ~ l & * w & r e  . . be l ted  before analysis. The products were removed 
. . 

from. s6 lu t i 0n .b~  .i',flushing" the liquid with helium which carr ied  the product 

.... .. 
onto t h e  coltimn of a Consolidated ~ lec t rodynamic  Corporation gas phase 

chromatograph, . . Model X 26-201. The small amount of less  volsiile 

material picked up by, the helium ca r r i e r  was removed from the gas 

I 
s t ream by a.dsorption on the chromatographic column and did not interfere 

I . .  



with the subsequent analysis of the radioactivity. 

After separation, the counting ra tes  of the products a s  flowing gases 

were determined by passing the gas s t ream through a vial which was 

placed in the' well of a NaI(T1) well- type scintillation crystal. The crystal ,  

1. 5 inches in diameter by 1 inch thick with a 0. 75 inch hole, had reasonably 
/- 

d 

good efficiency for the detected radiation which was the 0. 51 Mev 

. .  . 
annihilation gamma- ray  f r o m  the positron emitted by C' I. The crystal  

. . 

. 'was mounted on an RCA 5819 photomultiplier tube, and the pulses were 
. . '. , 

sent.  through a'cathode .. . follower to a Nuclear- Chicago, Model 162 scaling 

unit whiih pi.b~ided a Combination l inear  amplifier and discrimiriator and 

reduced the 'background to permit the detection of low counting levels. 
. . . . 

.. , 

, ':The output f rom aNuclea r  Chicago Model 1620 Ratemeter and from the 
. . , . . .  . 

' .  . . . 

iherrniil .dbbductiirity. cell w i r e  displayed 0n.a  dual pen Brown recording 
. : .  . . 

. . . , 

Flow- rates  were determined using a ~ o a p -  film flow 

. . . .  
, . me'ter suggebied by JS&ulemansl 3. T h e  ~ z i l a r d -  ~ h a l m e r s  products were  

identifi.ed by comparing their elution t imes to those of known samples. 
. . I '  . 

Liquid 'pibducfb were analyzed by the same procedure except that a 0.1 rnl 

liquid sample &as, intr0duce.d directly onto the column by injection with a 

hypodermic, syri'ngk. 
. . 

Total Activity. -J3ight sarn'ples of a i r - f ree  Carbon Pear l s  were 

bombarded under a helium atmosphere in the same geometry a s  the 

hydrocarbon samples. F rom these runs, 25 approximately 50 mg portions 



'of.carbon were  ignited in a s t ream of oxygen and the volatile oxides were  

counted a s  flowing gases according to the procedure previously described. 

All t ransfers  of the carbon samples before ignition were made in a drybox.  

The .standard deviation of the 25 activity determinations was about 1070. 
. . 

r I' 
I , ~ c t i v i t ~  .Caldulations. -Fo r  each component, the a r ea  under the curve 

. ' of .=.ou*t .rate vs time was measured with a planimeter and corrected to 
. . .  7 

, , 

the3ime a t  which the synchrotron beam was shut off, using a value of 20.4 
. . .  

. . 11 
m.i.iutes for:th&.h&lf-life . . , .  . of C . The result ,  the counts recorded, was also 

. . .: ,. ' . , . .. . . . 
: ' .-sti~hd$'r'diz~d to  a constant synchrotron flux and 1 g ram sample. No 

. . 
, . . . . ., , .  . . .  

' ko'r'r'ecti6n &as..n'e'cessary for decay during the interval between the 
, . , . . . 

. . 
. . 
+. . . .  

I 
,.I 

, beginning and, end, of an'activity peak since this t ime period was small  
. . . . .  .. . . 

. . .  

. c&i&r&,d tq'fhe .cl h8lf- life. The corrected a r ea  was multiplied by the 
. ' ,  . . -- 

.;;, .( ... . 1 . .  . . 
f lowrat<.  at which the par t icular  component was eluted to  obtain a value for  

. . , . 
. . . . . . 

the ,activityof . .. the 'c0mponent14. The rat io of this value on a molar  basis  
. . . . 

- t o  thk.&aiog6ub value obtained from the carbon bombardments yielded 
. . .. . . . . .  , 

. . the. pe'rked . . ,b'f .tqt&l attivity associated with the particular component. 
. . . . . . .  . ' . . 

.. . . . 
'. . . . 

Results 

IA , ~ . , i b l ?  'I, resul ts  a r e  summarized for the irradiation of liquid n- hexane 

and cyclqhexane a t  30" C and of solid cyc lohexa~e  a t  0 and - 78' C. The values 
. . 

. . listed + r e  averages of the Aumber of determinations which i s  given in 
. . 

. . . . 
' 

parentheses before the  value.? The standard deviations in  the relative yields 

range from'  10 to 2070 with an average of about 1470. Since the standard 



Table I" 
. - . . .  

Organic Yields o f  the Lpw ~ o l e c u l a ?  Weight ~ ~ d i & a r b o & f r o m  the c ? ~ (  g, .n)C1' Process in 
. Cycllohe$ane;and ri-.~exane - . . - 

Yields from Cyclohexane, OJo Yields from n- Hexane, % 

Product . . 

. . 

(1 0.)' ' 6 . 7 b  Methane 
. . . . 

Ethane . (4) 0. 64 (1 0.28 - (4) 1. 0 

(4) 4 . 2 ~  (6) 7.4' 

Ethylene . . (6) 2 .7  (5) 2. 1 (3) 1.7 (4) 6.3 

Acetylene (6) 14 (6) 11 (4) 4.2 (8) 15 

Propane - - - (2) ,O. 52 

Pr opylene (6) 0. 89 (6) 0. 99 (4) 0. 85 (8) 3. 1 

4- Carbon (4) 1.8 i 6) 2.3 . . ' (1) 1.3 (7) 3. 2 

a Number of determinations 
b Average value of yield 
c Ethane and ethylene were not resolved in these runs and 

the values represent the sum of the two products 



10 

deviation in the determination of the total yield was about 10% the over- 
1 

1) 
all e r ro r  in the yields was estimated as  approximately 17%. 

Cyclohexane. -The irradiation of liquid cyclohexane yielded a number 
e 

%. I 

of carbon- 1.1 labeled hydrocarbons. Acetylene was the major product, 
. . .. . . . . . .  

followed by . . methane, ethylene and 4- carbon compounds. Ethane and 

propylene, the 'products' of lowest yield among those detected, were 
. . .. . . . .. 

produc:ed; in about . .  . 'equal amounts. No attempt was made to resolve the 
. .. : . .  . .  

. . . .  , . . . 

4- c'arbok. m i t e r  i& which may be iny combination of 4- carbon hydrocarbons .: % ' . . . 
. . : : .  . . 

<. . .  . . . . i . . , .  * .  . . . .  , . '  
. . 

. '  &he= th&isbbuta,&: . . : The production of carbon- 1 1 labeled propane or  ' 
. 

. . . . . . .  . . . . . .  . . . " .  . . 
' .  . . . . . .  . . . . . 

. . . .  . . . . 

; ikobutane'was .. , . .  not 6b.erved and n o  attempt wa's made to analyze for propyne. 
/ . , ;  . '. ' . . , ,  . . ; ,  . . ;  , .  . . . .  , , 

. . . .  % .  . . . . . . . ,  . <- 
. . . . . . , The ph&$='itudks khowed that methane, acetylene, ethane &nd ethylen& 
. . .  . . . % .  . ,.: ... . :  ., . ,. ., . , . . . . . .. . .. , . , . . ,  . .  . .  . . . . . . .  . 

. I  , . , .. . 

all d.@&&s:&d . .  . . .  . , Sn:ah,ouht . .  with a change from the liquid to solid phase. In 
. , 9 .  .. ', . . . .  . . . .. . . . .  . . 

' . , . ;. . . ; ' , . . . . 
' . the . . . c a ~ e : ~ ~ f  etha&, 'fib activity was observed in the runs at - 78' C and its 

. . . . . .  . , . .  . .  . . .  . . . 
, . ... . . 

identification . . at ze~o '~ .degrees  i s  doubtful since it was observed in only one . 
. 

. .  . . . ' . . .  ' .  . . .  . '  . . .  . . 
' , . .  , ; . , > .  '.,f ..., ' . %  

. . ' run,':: ~ t h ~ l e n k .  . ,  and . ' ~ ~ e t ~ l e n e  also decr&ased with a decrease in temperature 
. ,!-. : .  ' ,: . " 

. .  i . . .  ' . , . . .  . . . .  . 
, . in the Belid . . state.whilk'the . . .  met,hane yield remained essentially constant. The 

. . .  . , . .  
: . . .  . .  . . . . . . . .  , . . ; .  . ., . . 

' am6iiit o f  p~r'6pylenk: . .  . . . pr.odu=ed was apparently J- constant with respect to  both 
. .  . . . . .  . , . . 

phase and t&knp&,=atur&. The change i n  the amount of 4- carbon &ompounds 
. .  . . . ,  . . 

with temperature and phase i s  probably not much outside the experimental 

e r ro r ,  so  that the apparent high value at zero  degrees cannot be conaidered 
-, 

to be real. 
t 



A few qualitative experiments were run on the nature of the liquid 

~ r o d u c t s  in irradiations at.30' C. Labeled cyclohexane and at least  three 

other compounds of slightly lower molecular weight were observed. 

n- ~ e x a i e .  - The nature and amounts of products produced in 
. . .  . . .  

. . 
hexane.' at.30' 'show strong similarities to those in liquid cyclohexane. 

. ,  . . . .  
.However., ,prbpane was Also observed and for almost eve=y compound.. 

. . . .  
. .  , . . : 

. .  8 ?- 
. '  the: rel+tive',am,o*t . . .  produced i s  greater for n- hexane. O d y  in the case 

. . 
. . .  

' 

bf meth&,Iie-*as less  produced in n-hexane than in cyclohexane.. The 
. .' . . . . .  . . . . . " .: ( . 

' . . . .  :.' . . . . .  . , . .  . 

:' . ;.:&ajo=. . ,p&odb;dt . , .  . .  . &as .acetylene which was followed by ethylene, methane, 
. . . . . . .  . . . . . . .  

. . 
. . .  

. . 4- . . . .  car.bon . . .  compounds,, propylene, ethane .and propane. The 4- carbon and 
. ,  , , . . 

. . . . .  . . . . ... _ ..:, . ?  . 
~' . . . . .  . . . :  . . . . . .  . . .  . . 

propylene . . .  amounts were about the same. The experiments to determine 
_ .  . : . . . .  

liquid .p$.oducts. at' 3'0"showed the. formation of labeled hexane together 
. . . . .  . . . .  . . . . . . . . . . . . .  . . ...: . .  . . . . . .  . . : . . .  

.?i'th 'at . . :l.&as.t.l tw.q other nkn- vdlatile compounds. 
. . ( . , .  . : "  . . 

. . 
. . .  . . .  . . 

. . . , 

. . . .  . . .  ; .. 
. . 
. . ! ~ . b ; : ~ h ~ e ; b r  .tkmpetature studies cduld be made on n- hexane because . . ,  . . . .  . . . . . . . .  . . . . . . .  . . . . . .  . . 

. . .  . . . . .  . . .  

.. th&':lcw . . . .  . t ' 4 inp~~&tu&k . . . .  a t  vyhi'ch it freezes, - 94' C, c.ould not be maintaintid 
. . 

. . 
. . .  . . . . . , . . ,  . 

. . 
a 

f 6 i  the . period . of  the  irradiation u~ldar the condition; ueed in these 
, . 

. . . .: ' , '. , . . . . . . . .  
. :  . . Discussion 

/,, . . 
. . 

. . 
. . .  . . . . . . . .  

1.1 
: 

~ i ~ u i d  n-Hexane and ~ ~ c l b h e x a n e .  -The energy of recoil for an 
. . . . 
. . .  

: =to& &sulting.from. a En reaction can be calculated from the following , 

. . 

equationin which the momentum imparted to the atom by the impinging 
. . . . .. .'\... 

' i  gamma-ray i s  neglected, 



In this equation, - E is  the gamma-ray energy and - Q the energy released 

. in thc nuclear r c a  c k n ;  - M and - m are  the masses of the recoiling atom 
. . . ,. . . .  

. , .  . 
and the neulrva r . . .  espcctively. The yield of as  a function of the 

. . 
. . L . " 

. energy of the. bremsstiahlung depends bdth on the croa 8 section - vs 
. . .  , . .  J .  . . .  

. . . . 11 
'. . . . &.&be . .  fo r  . . theP;eaction GI2 (r.  n)C and the'energy spectrum of 

. . . . .  
, . '  . . . .  . . . .  

. . . . .  the'b,e'ad.".-::,~ubiii,h{d , . yield curves1' indicate that the highest yield occurs 
. . . . .  . . . . : . . .  .I.. , .  . , . .  . . . ,  . , 

!I .. . . .  . . 

:with . . .  bbr i&sitrihlung, . . .  between 20 and 30 Mev with the peak in the 
. . .  . . . . . . . . . . .  . . . . 

. . . .  . . 
, . . . .  

, . $r&d&ti& E&Fve,, , a t23  Mev. Since Q for the reaction is  - 18. 7 Mev. 
. , . , 7 ., . . , . . ' . . . .  . . . .  . . . . . . .  . . . .  . :  . . . .  

. m,&s.t'bf'fh&'valu,es:,ofEr will lie between 0. 1 and 1 Mev with an average 
. . . . . .  . . . . .  . . . . ;  . . . .  . . - . . .. . . . . ' . . , , , ,  . . . , 

. . . . . : . , ., 
' 

. . . .  . valuG, bf, &$$&f .O.'~"M&V. . . . . . . .  . . .  . . . . . . . . .  . . .  . . .  . . .  . . . . . .  . . I  '< . 

. . . . . . . .  , ;  . .  .if &e're=oiling at&& does not sever all of its bond* in the recoil 
. . . . . . . .  . . . . . . . . . .  .) ; . , , . ' . . .  . _ . . . . . : . .  . . . . . . . . .  . . . . > . . : , . . . . .  

. , pr~ce i s , a - . po r t i o f io f .  the energy appears, as  internal energy of the , . . . . . . . . . .  . . .  . . . . .  I f  . 
.. , . . -  , . 

. . . . .  
,, . '  , . . . . . . 

:complex: The,  internal energy i s  given by 15 
.<..' . . . .  . . .  . . .  . . .  . , , . 

. . 

in  which^.: - i s t h e  . .  mass of the recoiling atom and - MI i s  the mass  of the 
. . (... 

sub'stitiient's.. attached -to it. Even in the most extreme case in which - M' 
. . .  . . .  . . 

is one, the in te rna l  energy of the carbon- 1 1 recoil complex would be about 
. . .  

. . . , 

30.000 ci; i s  greatly. in excess of the 4 ev carbon-hydrogen bond 
. . 

energy. Gonsequently rupture of all bonds to the carbon- 11 i s  assured. 

. . 



The unbonded carbon- 11 recoil atom i s  undoubtedly ionized as  a 

reulst of its high kinetic energy. The energy of an electron having 

the same velocity as  the recoiling atom i s  given by 

in which Me is  the mass  of the electron. If Ee  i s  above the:binding - - 
. . . .  

, 
energy .of , . mi electron EB, there will be a finite probability that the , . . .  . . .. ' - . . .  . . . . 

m o v i ~ p " ~ t p ~ ~ i l l ~ l q ~ e t h e ,  . .  . . . . . . electron. This probability falls off for - Ee 
. . 

. . . . 
, . . .  < EB . I b ;  : . ~ .&i&~: th ;  . . .  f irst ,  second and third ionization potentials o f  

. . . . . . .  - .  . . . . . . .  . . . . ' , '  

,,c~~-~& & J '  . '24.4, and 47. 9 evl 7, the minimum values of the recoil 
' 

. . , . . . .  . . . . .  . . :  . . . .  . . . .  
' . ,  ,.;, . .  ' . .  '. . . . .  

ene,=gy net'cseary to;c+use log-* of 1, 2 and 3 electrons a r e  0.23, 0.49 
. . . . . . . .  . . .  . . . . . . . .  . . . . . . .  . . '. ' .  . . .  . . 

and "0. $8 ~ ~ v . , ' ~ ' 0 n  . . . .  . t h i s  basis of charge of t 1  i s  quite likely, a charge of 1 
. . 

. . 

. . . . 
. . . .  . . .'I . , . , ' , . 

+2,will b ~ c u ~ f r k q u ~ n t l y ,  . . .  and charges of greater than t 2  a r e  l ess  likely. 
. . . . .  ., . ' . . .  . , . . . .  . . , .  . . . . , . 

. . 
~ o n s e q & f i t l ~  . . it would . . .  be expected ... , t ha t  carbon- 11 recoil atoms 

\ 

would be produced with initial energies of about 0.1 to 1 Mev and charges 
. , . . ; 

of  + 1 o r  t2;: These recoil atoms slow down, dissipating their energy by +..3J 

. . . . . . . . . .  

.: s'combinitibn 'b f  ionization and excitation processes and collisions in 

. . 
which bonds'are . . broken and radicals produced. When the energy of the 

. . . . 

recoiling atom 'drops  below 'about 48 ev, carbon- hydrogen radicals such . . . . . . . .  . . .  
. ,  . . . 

11 ' ,  as .  C1 'H, C HZ and C' 1 H 3  k i l l  form. The corresponding singly charged 
. 1: - 

speci&s a re  also 'possible. However, . only . for c1 ' ~ 3  in cydohexane and 



n-hexane and possibly for C"H in cyclohexane a re  the ionization 

potentials for the formation of singly charged ions less  than those 'for 

18 the brganic . solvents. . . . . . .  
, . 

. . . . . . 
; If it  i,s gsskked that the carbon- 11 recoil atoms a r e  incorporated 

, . 
. . .  

into ira+iouti'hydrogen complexes when they reach the end of their 
' 

I 
. '  . . . .  . . 

, '. : , 
. .  ' . . 

, path,, a mechanism can be constructed by which t h e  observed Szilard- 
. . .  . . ,  . . 

. . 
~ h d m e r s  chemistry of liquid n-hexane and liquid cyclohexane i s  . ' 

. . .  . . . . . . . . . . .  
. . . . .  . (  ' . . . . .  

2 
ekpl,ained . . .  uiihg."thk Willard I1random fragmentation" model . That is.  

. . .  . . . . . . . . . .  . . . . . .  . . . . . . * .  > .  ... 
' .  , . . . . <  

, . . p&d&ts a i e  . . . . . . .  .formed, either in hot or  thermal regions, as  a result of . . %  . . . . .  . . . . . . .  . . . .  1 .  .,: . . '  . . 
.% ' l..l , .;, , 1 1 ' r ~ a c t i c & i  . . . . . . . . .  of C ,  . . H ,  C . , HZ . and ~ l ' ~ . ~ . w i t h  free radicals which the 

. . .  ,.. . . .  . . . . . . . . . . . .  . . . . . .  , ' > , ," .' . . . . . . . .  . , . . . . . . .  
' . , c ~ r b , o n - ~ , l , , p ~ ~ & F e ~  ;in slowing down. In the absence of scavenger . . . ,  . . ,  , . ..... . . . .  . . . .  . . . . . . . . . . .  < . . . . . . : . . .  . . . . . . . . . . .  . . . . . . .  . . . .  .. : .. .,' . . . . '.. . . . . : . .  . . . , . : I :  . ; 

. expkiim'entg::the, . . .  . . . .  . . . .  i&lat . ive contributions of hot and thermal reactions . . .  can ! . . . .  . . .  . ' .. ' , . . ..:'..' : . . . . . . . . . . . .  , .  , 
, . . . .  . . . .  . . . . . . . . . . . . .  . . . .  

n o t ;  b&as s '&~'ked; i t .  is assumed that both occur: 
. . . . .  . . . . . .  . . . . .  . . . . .  . . . . . .  

, . .  . . , . .  . .  , , , . '  : ,  

. :It is..difficult . . . , ,  to  . explain , the formation of acetylene in terms of any 
, . . . .  . . . . . . .  . . . . . . . . . . . . . . .  . . . . . . . .  

radical . . i-riti~hi+~ik k&kpt one which involves c1 'H radicals. Since 
. . . . . .  . . .  . . ' .  . 

. . .  . . .  . ! ,  . . 

' , . pr&d&&cjs ':of . . .  CH radicals i s  likely in both irradiated compounds aa , 

2. . . . . . .  . . . . . . . .  . . . . .  ' .  . . . . , , . ,  , 

' . '=kcoil a t q m ~ , a r e  . . .  slowkd . . . . down, ;interaction of C"H with CHZ by means of 
. . . . 



15 

-. . 

is suggested a s  a synthesis path for acetylene. The CH2 radical could 
. . 

also reac t  with 1 ~ 2  and C' ' ~ 3  by means of the reactions 
1 

. . .  . . . . . . . . . . .  - 'On the'basis.of ' . tha . . .  ,smaller yields of ethane and ethylene compared t o  that of 
, . . . 

11 acetylene it seems  likely that both and C H3 a r e  present in much 

. . . .  . . ,  . . - . , , :  ,. . ' I . , ' .  . , ,:,:: .:.., . . . ' , , .  
: . .  . . . .  11 11 

, ' ~ : ' n & & b e i  b f  reactions'  a r e  possible between the c1 IH, C HZ and C H3 
. . . . .  . .  , . . ,. . . . . . .  . . . . .  4. . . . . : . .  . . 

I .  
. . .  . . . . 

a n d  the &ethyl, . ., >kt'hyl and , .  propyl radicals. These a r e  present in the . n- . hexane 
. . . .  : . . . . 

A j. :.. ;. . , . . .  ' ,  
. . 

... . .  .: ... . .  , 

, s y s t k k , a & - t h e y  i n  ?l'ectron radiblysis of hexane1 9, and can be  produced 
. . . . . . . . . . . . . .  

. . .  . . . .  , . 
fib& ~ s c l & h ~ x a ~ e 6 y . ' ~ , u l t i p l e  bond rupture together with subsequent hydrogen 

, . . . .  . . . . .  . . . .  . . .  . . . . . .  . . . . . . .  . 

,abs'tyictjhn'. :' R eictiokai of .  the type 

. . . .  . . ,  

. . 
' . R.CH;='+ . : l i ,  , j  RCH2 - . C"H . ---+ RCH = C " H ~  ' , ' 

. . .  
( 9 )  

. . . . 

arc ccrtginly possible'with hot C ~ ~ H  radicals and likely with cold radicals a s  
, . 

well. ' .Of the. foliowing reactions, 
I 



. . , .  . I .  , 

. . .  . . 

those whichlead $0: thesa tura ted  materials  can proceed in the thermal region 
. . ,  ' .  . . .. . . .  , 

. . . . . . 20 
while t h6s  e: which'lead to ethylene a r e  known to occur i n  hot processes . 

. '. ; : . .  ' . 
:, 

, ,,,. iy.:. ,' . , ;, . . .  . . 

 since^!,. . H i s t a k e n  . . . . Bb be the most abundant carbon-'1 1 hydrogen complkx, 
. . .  , . . ' 

' S  . .  , ,  ... 
, .. . . . . . . ,  . ,. . 

:. the u&a+atedc6rnp6&ds . . with three o r  more  carbons, reaction 9, a r e  
. , . ., . ':. . . . . .  . . 

\ .. 'fa+or'ed over t h e '  corresponding saturated materials ,  reactidns 12 and 15. 
. ,  ... , . 

. . :,. . . . , . .  ' 

. .  . .  .. . . . . .  , , 

This  . i a  . .in, dgre . . kment with the relative yields of propane and pr opylene in both 
.:_ . .  . . . 

. . .  . 
. . .  . 

n-rexarie and ,cycloh6xane. Ethylene i s  favored by a number of reaction 
. . . . .  . . . . . 

, . .  , . I 
. . ,. . . . 

paths, r e ~ c t i o G 8  5,; 7, 8,' 11 and 1 3; consequently, the ra ther  la rge  yields of 
. . . . . ., . . . . . , .  , 

, . ,  . . 

ethylene . . f rom-both  compounds i s  expected. Presumably methane i s  produced 
. . .  . .  , 

. , .  

b y  means of hydr,pgkn abstraction in  either thermal o r  hot processes. 
. * ' . '  . 

~ o m ~ 6 ~ f i d i  ofhigher  mdecu l a r  weight a r e  also produced. Some of these 
. . . . . , 

were  dete+ted,  e. g.  cll labeled hexanek from i- hexane and compounds with 
. . 

4 to . .  6 carbons , from both n-hexane and cyclohexane. Since the activity 
. , . . 



produced was insufficient for ,specific identification, little can be said other 
,.. 

than conjecture. Products of reactions of various radicals,  such a s  butyl, 

pe'ntyl, and hexyl k i th  the C1 l- bearing complex would be expected and 

11 'the 'C  H radical would react with the original substrate to form labeled 
./ 2 . . :  

. , .  

heptanes. ,The fact that mos t  of the gaseous products a r e  fdund in lower 

yields from cyclohexane than from n-hexane i s  probably due to  the production 

of relatively fewer methyl, ethyl and propyl radicals in the former. 

.phase  &d Temperature Effects. -The study of the effect of. temperature . 
. . : . :. . 

. . .  . . . . . .  . 

: . .&ri,t,hi.)iields frorri cyclohexane indicates that for the volatile compounds 

.detected therci- i,? a definite :reduction in yield with reduction in ,temperature. 
, . , . . . '  . . , , . . .  . . . .  . , 

,This is.,particularl 'y t rue  for acetylene'but to a l e s s e r  extent for the 
. . . . 

. . .  
other : ~ o & ~ o u ~ d i .  T h e  effect may be due in part  to change in phase but 

. . . a "  . .  . . , 

, . '.I : 

:the ,diffe&hc&&..in thk,.);ields 'of acetylene in the solid state irradiations a t  
. . ... . . . . .  . . 

. . .  . .. .. ./ . . , . . . . * . . .  

0 .and"-780:. , . . , .  ai-4 . very  There i s  much l e s s  effect for methane and 
, . . . . . . . . 

. . . . 
. .. . . .  

the .of pr6pylene' a r e  largely insensitive to  temperature o r  phase 
. . . . 

. . . .  ' 
. . 

. .  .. . . .. ' 

changes..'., ~ h e s e  iesul tk a r e  ingufficierll aa yet to  aervc ao s basis  for 

. . 

discussing' the but it seems likely that thermal reactions play a 

. . < '.. . ,  

. fair ly important ro le  in the observed processes. Scavenger experiments will 
. . 

. . . . 
, . . . 

enable relative assessment of the Ll~eiliiial and hot rcactiops. . . 
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