
THE POLYMERIZATION OF ETHYLENE SENSITIZED 
BY ETHYL IODIDE1 

ABSTRACT 
The polymerization of ethylene sensitized by the thermal decomposition of 

ethyl iodide in the presence of mercury vapor has been studied a t  250°, 275", and 
300°C. C14-labelled ethyl iodide was used in a number of experiments. The in- 
crease in the rate of decomposition of ethyl iodide in the presence of ethylene 
and the formation of butyl iodide are accounted for by equilibrium processes of 
the type R I f H g  = R f H g I .  'The important features of the reaction were 
established from the identity, quantity, and activity of the various products. 
The predominant formation of olefins is attributed to  the isomerization and 
decomposition of large radicals. Very little of the butane is formed by the com- 
bination of ethyl radicals. Radical disproportionation is the most important 
chain termination step. 

The decompositioil of the lower allcyl iodides has been studied exteilsively 
(10) and it is generally agreed that  in both the thermal reaction and in the 
photolysis in the region of the contiiluum (ca. 2600 A) the primary process 
consists in the formation of alkyl radicals and iodine atoms. The quantum 
yields of the photochemical process are low because of the baclc reaction but 
can be greatly increased by trapping the iodine atoms with mercury or silver. 
The thermal or photochemical decompositioil of alkyl iodides in the presence 
of ethylene and either mercury or silver should therefore afford a conveilieilt 
method for studying the free radical sensitized polymerizatioil of ethylene. 

Juilgers and Yeddailapalli (5) have studied the polymerizatioil of ethylene 
sensitized by the photolysis of methyl, ethyl, ?z-propyl, and isopropyl iodides 
in the presence of mercury a t  temperatures in the range 130' to 275OC. Under 
conditions lilcely to yield low radical concentrations, viz. low iodide concen- 
trations, high ethylene concentrations, and low light intensities, they found 
that  the "yield", defined as the ultimate pressure decrease on prolonged 
irradiation divided by the initial pressure of iodide, reached maximum values 
which were in the approximate ratio 3.5 : 3.0 : 2.5 for methyl, ethyl, and the 
propyl iodides, respectively. They concluded from this that the final polymer 
had approximately the same molecular weight in each case and that for steric 
reasons the growing radicals formed by the successive addition of ethylene 
molecules uilderwerlt chain termination when they reached a more or less 
common critical size. According to their mechanism all the products should be 
saturated, for a t  low radical concentrations they assumed that  chain termina- 
tion would take place by the reactions 

while a t  high radical concentrations they assumed tha t  it would occur by 

'~Manuscripl  received September 82, 1955. 
Contribulion from the Department of Clzenlistry, University of Toronto, Toronto, Olztario. 

2Present address: Canadian Industries (1954) Limited,  Mci\casterville, Quebec. 
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radical combination. Radical disproportionation would also be expected to 
occur, in the light of more recent work (9). 

Although Jungers and Yeddanapalli did not analyze their products their 
coi~clusions appeared to be well founded. However, because of the fundamental 
importance of polymerization reactions it seemed desirable to make a further 
study of the problem taliing advantage of fractionation methods and infrared 
spectra as analytical tools. In  the present work the polymerization of ethylene 
was initiated by the thermal decompositioil of ethyl iodide in the presence of 
mercury. In  order to obtain as much information as possible about the reactions 
of the ethyl radicals a number of experiments were performed using ethyl 
iodide labelled in the methylene group with C14. 

EXPERIMENTAL 
The Rcaction System 

The reaction vessel used in most of the experiments consisted of a Pyrex 
cylinder having a volume of approximately two liters. The  cylinder was 
mounted vertically and a cooling thimble was placed in the connecting tubing 
a t  the point where it  emerged from the furnace. By passing compressed air 
through the thimble the mercury which distilled from the pool a t  the bottom 
of the cell was condensed and allowed to drop back into the cell. A mercury 
cutoff served to isolate the cell during an experilllent and this was used as a 
manometer to give a rough measure of the amount of reaction taliing place. 

The initial ethyl iodide was measured accurately as a gas, using a separate 
calibrated volume and a modified Pearson gauge. I t  was then frozen into the 
cell by placing liquid air in the thimble. Ethylene was measured and admitted 
in the same way. The cell was filled a t  room temperature, and since the re- 
action was allowed to proceed from 43 to 38 hr. rapid heating was not con- 
sidered essential. At the end of an experiment the temperature was lowered 
by cutting ofi the current and blowing air through the furnace. When the cell 
had cooled to approximately room temperature the final pressure was measured 
and corrected to 25OC. 

For the experiments with ethylene and ethyl iodide in the absence of mercury 
and those with ethyl iodide and mercury in the absence of ethylene a special cell 
having a voluille of 720 ~ m . ~  was used.The reagents were measured as described 
above and condensed into the cell by immersing it in liquid air. I t  was then 
sealed ofi and placed in the furnace. At the end of an experiment it was sealed 
to the apparatus a t  a breakoff valve. 

Reagents 
The ethylene used had a rated purity of 99.5%. I t  was treated with 2 N 

ammoniacal silver nitrate to remove traces of acetylene, dried over Drierite 
and phosphorus pentoxide, and subjected to a number of trap-to-trap dis- 
tillations. 

The  inert ethyl iodide was distilled in an 18 plate column and thoroughly 
degassed before being placed in a storage vessel isolated with a mercury 
cutoff. The active ethyl iodide, labelled with C" in the methylene group, was 
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SI3FTON X S D  LE ROY: POLYMERIZXTIOi\; 017 ETHYLENE 13 

obtained from Tracerlab. The original 0.3 gm. sample had an activity of one 
millicurie. I t  was immediately diluted to 2 gm. with inert ethyl iodide and the 
portion of this used in tlie experiments was condelised into a storage bulb and 
isolated with a mercury cutoff. Both the active and inactive iodides were kept 
frozen with dry ice to  avoid decomposition. 

In  preparing a sample of active ethyl iodide for an experiment suitable 
amouilts of the active and inactive materials were removed from the storage 
bulbs, measured in the gas burette, and mixed. An aliquot of this material 
was then used to obtain the activity of the material to be used i r i  the experi- 
ment. In a nulnber of cases aliquots were distilled to  remove ally active 
material other than ethyl iodide which might have beell present in the original 
sample. Since no such products could be founcl the distillation was subsequeritly 
eliminated. 

Distillation of the Products 

Ethylene and etliane were removed by distillatioil a t  - 168" to - 170°C. (7). 
Since no acetyleiie could be found the secoiid fraction was talteil off a t  an 
initial pressure of 1.0 mm. (ca. - 100°C.), the cut being made a t  0.2 mm. (ca. 
-50°C.). The secoiicl fraction and the residue remailling ill the still were 
separately treated to  remove iodides as described below and then redistilled 
into a number of fractions using iriitial and final takeoff pressures of the order 
of 0.2 and 0.05 min., respectively. Only for the smaller fractions did tlie filial 
takeoff temperature exceed the initial by as much as four or five degrees. 

Separatio?~ and Analysis of the Iodides 
A study of the infrared spectrum of the products showed that  both ethyl 

and n-butyl iodide were present, although the initial material was free from tlie 
latter. Because of their different vapor pressures a fairly complete separation 
of the two was achieved in the fractioilatioil referred to above. The iodides 
were removed from the fractioiis containing them in two ways. In  the first 
method the fractioils were froze11 oiito an aqueous paste of silver metaiiitro- 
benzoate which was then allowed to warm to room temperature aiid stand 
overnight, resulting in the forillation of the ethyl or butyl ester and silver 
iodide. The  residual wet gas was frozen oilto solid potassiuin hydroxide and 
finally dried for 12 hr. in colitact with phosphorus pentoxide. The  infrared 
spectrum of the dried gas showed that  the iodides were completely removed 
by this method. 

T o  determine the amount of ethyl or butyl iodide the mixture of the ester 
and silver iodide was treated with warm concelltrated nitric acid and then 
diluted with water and centrifuged. The supernatant liquid was then removed. 
The  residual silver iodide was further extracted with 50% aqueous ethanol, 
filtered, dried, and weighed. Tests on kiiown mixtures of hexalie and ethyl 
iodide showed the method to  be accurate to  about 2%. 

In some of the experiments with active ethyl iodide the silver metanitro- 
benzoate method was used in an attempt to obtain the activities of the two 
iodides. In  this case the esters were extracted from the silver iodide with 
petroleum ether. After evaporating the solvent tlie esters were hydrolyzed 
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with 2 N sodium hydroxide; the resulting alcohols were then converted to 
barium carbonate as described below. However, it was fouild that the silver 
metanitrobenzoate reagent also removes quantitatively compounds with ter- 
minal unsaturation, although it does not remove other olefins to any degree. 
Although it was apparent that the method could not be used for the determina- 
tion of the activities of the iodides it was used to remove terminally unsatur- 
ated olefins, and this made it possible to determine the activities of the remain- 
ing 2-alkenes. 

The method ultimately used to determine the activities of the iodides in- 
volved their reaction with hexamethylenetetramine in chloroform solution. 
The resulting quaternary salt is insoluble in chloroform and was filtered off 
and burned for the activity determinations. 

Infrared Gas Analys i s  

A Perkin-Elmer model 12-C instrument was used, but because of the small 
samples obtainable the optical arrangement was modified. The glow bar was 
removed from its normal position to a point on the same optical axis but about 
80 cm. from the light chopper. Between the two was placed the cell, coilsisting 
of a Pyrex tube 70 cm. long and 15 mm. in diameter. The  end near the glow 
bar was flanged out to about 40 mm. Sodium chloride wiildows were sealed t o  
each end of the cell and a stopcock and cold finger were sealed to the flanged 
end for freezing the gas into the cell and for obtaining the blank trace. Despite 
the very poor optical properties of this arrangement there was an appreciable 
net improvemeilt in the accuracy with which small samples of gas could be 
analyzed. 

In setting up the quantitative analysis scheme for the hydrocarbons the 
spectra of a nuinber of standard samples obtained from the United States 
Bureau of Standards were taken a t  various pressures. Because of their small 
extinction coefficients a t  usable analytical wave lengths the amount of paraffin 
in a sample was usually determined by subtracting the amount of olefill from 
the total pressure. These results were checked by taking the spectrum of the 
residue from the treatment of the olefi11-paraffin mixture with mercuric 
acetate, described below. 

A c t b i t y  Determinations 
Samples for combustion were condensed into a gas burette consisting of a 

number of co~lnected bulbs, one of which contained a cold finger which could 
be filled with liquid air. After measuring the volunle of the gas oxygen was 
allowed to mix with it by opening a stopcock a t  the top of the burette. By 
slowly raising the mercury in the burette the mixture was fed into a con- 
tiiluous stream of pure oxygen which flowed through a conventional micro- 
combustion tube. The  carboil dioxide formed was bubbled through saturated 
barium hydroxide solution. The barium carbonate was collected and washed 
on a filter paper held in a Tracerlab E-8A precipitation apparatus. Carbon 
numbers calculated from the weights of dried barium carbonate were usually 
a few per cent low, presumably because of incomplete trapping of the carbon 
dioxide in the barium hydroxide solution. 
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SEFTON A N D  LE ROY: POLYMERIZATION OF ETHYLENE 45 

The Cl4 activity of the ethyl iodide used in any particular experiment was 
arbitrarily given a value A = 1 ,  and the activities of the various products 
were measured relative to this on a molar basis. To  obtain A the measured 
number of counts per minute, Cobg, was first corrected for the background 
count Cb. A correction for self-absorption was then made using the data of 
Yallkwick et al. (12). For a constailt area of barium carbonate precipitate 
(2.83 cm." compared to our value of 2.82 cm." having various weights per 
unit area X, they obtained a function J ( X )  such that (Cobs-Cb)/J(X) is 
equal to the number of counts per minute corrected for background and self- 
absorption. T o  allow for any variatioil in the sensitivity of the geiger tube 
the count on the sample was always followed by one, C*, taken on a standard 
reference sample of barium carboilate using the same geometry. A quantity 
S ,  proportioilal to the specific activity of the sample, was then obtained, 

in which W is the weight of barium carbonate in the sample. The  molar activity 
of the sample relative to  that of the ethyl iodide used, referred to  in the text 
simply as molar activity, is then given by 

in which the subscripts s and i refer to the sample and to  the iodide, respec- 
tively, and N is the number of carbon atoms in a molecule of product. A typical 
result, found for the hexaile obtained in one of the experiments, is illustrated 
in Table I. The value of the molar activity of the hexane indicates that  i t  
contains, on the average, one ethyl radical derived from ethyl iodide. 

TABLE I 

DETERMINATION O F  TAE MOLAR ACTIVITY OF H E S A N E  
- 

W ,  X~ Cabs - Cb, C* - Cbr 
Material Ingm. 111~m./crn.? J(A') c.p.m. c.p.m. S A 

Initial ethyl iodide 20.6  7 32 0.421 12570 4370 0 331 1 .OO 
Hexane 31 48 11.18 0 300 4350 4410 0.1045 0.95 

Separation of Olefins from Parafins 
T o  determine the molar activity of a paraffin it was necessary to  separate it  

from the uilsaturated compouilds present in the same fraction. This was 
accomplishecl by an adaptation of the hydroxy-mercurial method (8). The gas 
was frozen into a 100 ml. flask coiltairling 20 ml. of saturated aqueous mercuric 
acetate and 10 ml. of 3% hydrogen peroxicle which had previously been 
degassecl. The flask was then warmed to room temperature and shaken, inter- 
mittently, over a period of 12 hr. The residual gas and 1 or 2 ml. of the liquid 
were then distilled onto solid potassium hydroxide. After several hours the 
contents were cooled with dry ice and the hydrocarboils distilled back into 
the system and measured. For compounds of higher molecular weight than bu- 
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tane the final drying was made witli phosphorus pentoxide rather than dry 
ice. The infrared spectra showed complete reliioval of olefins by this method. 
Analysis of synthetic mix t~~res  slio\ved the method to be quantitative for 
mixtures of ethane and ethylene. For other olefin-paraffin mixtures there was 
a slight loss of paraffin; in these cases the quantity of paraffin was estimated by 
the infrared method. 

Nonvolatile Products 
After a series of experiments in which ethylene, ethyl iodide, and mercury 

had been used the nollvolatile material i11 tlie reaction vessel was estractecl 
with carbon tetrachloride. The absence of an appreciable residue on evaporat- 
ing tlie solvent indicated that no diiodoetha~le was present. Except for the 
mercury, the nonvolatile material was completely soluble in aqueous potassiun~ 
iodide. Chemical tests showed the presence of mercurous iodide. The absence 
of diiodoethane was also confirmed in the experiments witli ethyl iodide ancl 
mercury alone. 

RESULTS 
Products 

In Table I1 are shown the results of pairs of experiments done a t  250°, 
275", and 300°C. The amounts of the proclucts are given in mm. pressure in 
the reaction vessel a t  25OC. The values of - 4P/- 4C,H,I, analogous to the 

TABLE I1 

PRODUCTS OF THE REACTION 

250°C. 27j°C. 300°C. - 
Experiment No. 23 27 2 1 22 28 25 
Initial CzHaI 10.4 33.2 11.2 34.9 11.3 32.0 
Initial C3H.f 139.6 154.3 143.5 143.6 146.2 152.5 
Time, hr. 25 24 19 li..!~ 7 S 
-AC?HsI 8 . 8  29.3 10.6 34.1 10 .8  :30.8 
-AC,H, 30.9 61.4 41.3 76.0 46.4 78.0 

Ethane 0.64 2.04 
Propane - 0 . 2  
n-Butane 0.89 2 . 9  
H e x a ~ ~ e  1 . 5  :', . 7 
Total ~araffin obs. :3 . 0 8 . 8  
Total paraffin calc. 3 .6  12.2 

Propylene 0.54 0.67 
Butene-1 1.87 2 . 1  
Lmns-Butene-2 0.48 0.35 
2-Methvl butene-l 1.22 0.67 

~ ~ ~~ - - -  - - 

C7 and higher 5 . 5  11.5 
Total oletin obs. 10.5 18.9 
Total olefin calc. 0 .9 15.5 

Butyl iodide 1 . 7  5 . 0  
-AP 25.5 59.5 
--AP/-AC3HjI 2 . 0  2 .4  
Olefin/paraffi~l obs. 3 . 5  2 . 1  
OIefin/paraffin calc. 2 .7  1 .3  
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"yield" of Jungers and Yeddanapalli ( 5 ) ,  are seen to be sensitive to  the initial 
iodide pressure but relatively insensitive to temperature, in agreement with 
their observations. The value of approximately three for low iodide pressures 
is idelltical with their value for low ethyl radical concentrations. Holvever, 
instead of the pi-oducts being all saturated, as they predicted, it is seen that  
there is considerably more olefin than paraffin. The proportion of olefin is 
greater for low than for high ethyl iodide concentrations, and even in the 
latter case the amount is greater than could be accounted for by dispropor- 
tionation. 

Qualitative infrared analysis of the fraction listed in Table I1 as  l1C7 and 
higher" sllo\i~ed it to  be composed of hydrocarbons containing the groups 
CH2=C-R and CH2=CHR, in which R and R' are saturated radicals. The  

amount of this fraction was determined as the difference between the total 
final pressure and the sum of remaining individual product pressures. From 
the carbon balance of the reagents and products the average carbon number of 
this fraction was found to be approximately nine. 

After treating the C6 fraction with mercuric acetate it mas possible to identify 
a hydrocarbon having an important band a t  10.10 microns. Because oi the 
small amount present it could not be positively identified, although the 
spectrum strongly resembled that  of methyl cyclopentane. I t  was estimated 
that it could have amounted to 10 to  20% of the C G  "paraffiil". 

Since the only products formed were alkanes, mono-olefins, cycloparaffins, 
and butyl iodide, it follolvs that the anlount of paraffin produced must be 
equal to one half of the difierence between the amouilt of ethyl iodide consun~ed 
and the amount of butyl iodide formed. The values of "Total paraffin calc." 
listed in Table I1 were obtained in this way; "Total olefin calc." was obtained 
by difference. 

No evidence could be fou~ld for either methane or hydrogen. Pentane, if 
formed, did not exceed 5y0 of the sum of butane and hexane. The maximum 
amounts of pentene-1, cyclopentane, or cyclohexane that  could be present 
were estimated to be less than 0.1 inm. The amount of cis-butene-2 could not ex- 
ceed 20y0 of the trans isomer. The maximum amount of hydrogen iodide 
was estimated to be less than 0.01 mm. 

Isotope Effect in the Decomposition of Ethyl Iodide 

An appreciable carbon isotope effect has beell observed in the thermal decom- 
positioil of a number of organic compounds (4) in which the decomposition 
has involved the rupture of C-C bonds. In the present instance a rupture of 
a C-I bond is involved. In most of the experiments a large part of the ethyl 
iodide was decomposed and hence, even if  there were an isotope effect, the 
proportion of C14 iin the ethyl radicals formed would be approximately the 
same as in the original ethyl iodide. However, the proportion of inactive 
ethyl radicals might be greater a t  the beginning of an experiment when the 
ethyl radical concentration is higher and the instantaneous value of the 
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"yield" is lower. Erroneous co~~clusions might therefore be drawn from the 
final measured activities of the products. T o  ascertain if the isotope effect 
were significant experimeilts were performed in which coilsiderably different 
amounts of active ethyl iodide were decomposed in the presence of mercury 
but in the absence of ethylene. The  results are show11 in Table 111. The  acti- 

TABLE I11 

DECOMPOSITION OF C1.'-LABELLED ETHYL IODIDE 
1N THE PRESENCE OF MERCURY 

Experiment No. 3 1 32 
Temperature, 'C. 250 300 
Initial ethyl iodide, mm. 38.6 39 .2  
Final ethyl iodide, mm. 36 .2  24.0  
Time, hr. 11 4 . 5  
Ethylene formed, mm. 0 . 8  1 . 8  
Ethane formed, mm. 1 . 2  7 . 1  
Butene formed, mm. - 0 . 4  
Butane formed, mm. - 1 . 6  
S for initial iodide: 

1st sample 0.398 0.418 
2nd sa~uple  0.385 0.389 

S for final iodide 0.384 0.404 
S for C2 fraction 0.378 0.410 
S for C., fraction - 0.395 

vities are given in terms of the quantity S,  defined previously. I t  is clear from 
the table that the variatioils in S are within the probable error of its deter- 
mination and that the decomposition of ethyl iodide does not involve an 
appreciable isotope effect. 

TABLE IV 

Ex~er i lnent  No. 11 13 14 12 17 27 15 21 29 .~ - ~~~ - - - ~  - 

Elitial ethyl iodide, mln. 30 .4  77 .9  4 . 0  10.7  24.5  33.2  34.0 l i . 2  31.2 
Initial ethylene, mm. 69.4  69.5 141.2 137.8 136.8 154.3 134.5 143.5 151.3 
Time, hr. 15 16 16.5  16 38 29 17 19 6 . 8  
Ethane formed, mm. 1 . 2  4 .7  - 0 . 4  1 . 9  2 . 0  1 . 8  0 . 5  2 .5  
Ethvlene formed. mm." 0 . 4  1 . 0  - 1 . 1  0 . 8  0 . 5  0 . 4  0 . 9  - 
~ 0 t h  alkanes f o h c d ,  mm. 5 8 - 
B~ltyI iodide formed, mm. 21.4 61.5 2 . 3  

Ethane 
Propylene 
B~l tane 
Butene-1 It 
tratzs Butene-21 0 . 4  - - 
2-ivlethyl butene-1 - - - 
Hexane 0 .99 0 .94 0 .72  
Hesene-1 } - - - 
trans Hexene-2 
C7 and higher$' 1 . 7  1 . 7  - 
Butyl iodide - - -  

- 

"Aniozltzt present with m d a r  activity of uni ty .  
tCalculated from compositiot~ of fraction a l ~ d  activities before a ? ~ d  after renroving olefin. 
$Based on a n  average carbo?~ nzln~ber of nine. 
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Activity of the Products 

The results of a series of experiments using active ethyl iodide are shown in 
Table 1V. 

The use of a tracer does not make it possible to determine the amount of 
ethylene formed in the reaction since it might not have originated from ethyl 
iodide. However, the minimum amount formed can be estimated on the 
assumptioil that i t  would have a molar activity of unity. The values given in 
Table IV for ethylene formed were obtained in this way. About all that can be 
said with certainty is that  some ethylene is formed and that  its amouilt is 
probably of the same order as that  of the ethane. 

Experiments 11 and 13 are of particular interest because of the very large 
amouilts of n-butyl iodide formed when the concentration of ethyl iodide 
approaches that  of the ethylene. 

DISCUSSION 

One would infer from previous work that the initial process involves the 
decomposition of ethyl iodide into an ethyl radical and an iodine atom. 
However, a comparison of the results of experiment 31 (Table 111) and 
experiment 27 (Table 11) shows that the presence of ethylene greatly acceler- 
ates the rate of decomposition of ethyl iodide, which suggests that equilibria 
of the following type may be involved. 

The addition of ethylene would lower the ethyl radical concentration and 
accelerate the decomposition of ethyl iodide. 

Although the initial stages of the polymerizatioil of ethylene undoiibtedly 
consist in the successive addition of ethylene to ethyl radicals, a number of 
possible steps can be suggested for the formatioil of the ultimate products from 
the linear 1-allcyl radicals produced in this way. 

(i) react to?^ with Ethyl Iodide to Form a Linear Alkane (Reaction [I]) 

I t  has been suggested by a number of workers that reactions of this type 
play an important role in the photolysis of ethyl iodide (5, 11). However, their 
evidence is by no means co~lvincing. West and Schlessiilger (11) found that  
methylene iodide was formed in the photolysis of methyl iodide provided no 
"getter" was used to trap the iodine; in the presence of silver none was formed. 
In the case of ethyl iodide they found no ethylene iodide under either circum- 
stance. Jungers and Yeddenapalli ( 5 )  did not subject their products to  chemical 
analysis, but simply quoted the results of West et al. as showing that  [ I]  would 
occur a t  high concei~trations of ethyl iodide. We were unable to find ethylene 
iodide under any conditions. 

If i t  were formed, the radical CZHJ could coilceivably disappear in a number 
of ways. If it decomposed to  form ethylene and an iodine atom, or if it reacted 
with mercury to form ethylene and mercurous iodide, then 1 mole of active 
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ethylene would have to be formed for every mole of alkane formed by [I] or 
every mole of ethyl iodide decomposed by [I] .  However, it is evident from 
Table IV that the amount of ethylene formed with a molar activity of unity 
did not exceed one-eighth of the total alkanes even a t  high concentrations of 
ethyl iodide. The possibility that the C2H41 radical could react with ethyl 
iodide to form ethylene iodide can be eliminated since the latter was not formed. 
If it reacted with alkyl radicals to forin higher alkyl iodides, then these, in 
particular butyl iodide, woulcl be expected to have a molar activity of two, 
\vhic11 was not the case. Furthermore, in experiments 11 and 13 (Table IV) 
tlle amount of butyl iodide formed far esceeded the amount of all<anes pro- 
cl~~cecl, which could not be the case if reaction [ I ]  had occurred. A suggested 
mechanism for the formation of butyl iodide will be given later. 

( i i )  Combination of Radicals to Form Linear Alkanes 
I t  is evident from the olefin/paraffin ratios given in Table I1 that  this 

process does not play a leading role. I t  call also be shown that only a sinall 
proportion of the paraffin could be formed in this way. The molar activity of 
the butane is much less than two. If it were formed by the combination of 
ethyl radicals a considerable proportion of the latter would have to be inert, 
i.e. arise from processes other than the decomposition of ethyl iodide. Since it 
is reasonable to assume that ethane is formed from ethyl radicals, it would 
follow that the molar activity of the ethane ~vould have to be of the order of 
0.5 or less, in disagreement with the data of Table IV. The same nrguineilt 
applies to the formatioil of hesane and higher paraffins. 

(iii) Disproportionation of Radicals to Form Alkanes and Ei t l~er  Cycloparafins 
or Olefins 

This process \vould lead to olefin/paraffin ratios of unity or, if any combiila- 
tion took place as well, less than unity. LVhile disproportionation cannot account 
for the major part of the olefin (and cycloparaffin) it can account for the 
alkanes and the correspoildillg amount of olefin. 

(iv) Hydrogen Abstraction from Olefins 
Reactions of this type can be discounted since the radicals of the vinyl type 

formed in this way would be certain to yield, ultimately, some diolefin, and no 
evidence for this co~~lcl be obtained. 

(v) Decomposition of Radicals to Y*ield Olefins or Cycloparafi?ls, and an  Alky l  
Radical 

Reactions of this type must account not only for the compoullds having an 
odd number of carboil atoins but also for the major portion of the olefin 
produced. I t  is readily seen, however, that a simple C-C boild rupture 
follo~ved by the isomel-ization of the biraclicnl is not the most probable process, 
as only inert olefins would be formed in this way. 

If the observed olefin activities were due to disproportionation reactions, 
which iilvolve two radicals, then the ratio of active to inactive butene ~ v o ~ ~ l d  be 
expected to increase inarkedly with the radical, i.e. the ethyl iodide, concen- 
tration. Evidence for this is not conclusive. The results of experiments 17, 27, 
and 15 given in Table IV indicate an increase in the activity of the butene when 
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the ethyl iodide pressure is increased, but similar experiments a t  275OC. 
show a decrease in the molar activity of the butene from 0.5 to 0.4 when 
the ethyl iodide pressure is increased from 11.2 to 34.2 mm. 

In their experiments on tetramethylene biradicals Bawn and iailsted 
reported "butylene" as one of their products but did not identify the particular 
isomer (2). Bellsoil and I<istialrowslry (3), on the other hand, found cyclo- 
butane to be the only C4 product from the photolysis of cyclopeiltanone and 
questioned the previous coilclusions of Norrish et al. (I).  I t  seems likely, 
therefore, that if tetramethyleile biradicals were formed by the decomposition 
of a linear alliyl radical some evidence of cyclobutane would be found. This 
was not the case. 

Kossialtoff and Rice (6) have pointed out that in many cases the activation 
energy for the isomerization of a long-chain free radical is much less than the 
activation energy for its decompositio~l and that as a result there should be an  
equilibrium process involving isomeric forms of the free radical. In particular, 
they suggest that 1-hexyl radicals should isonlerize readily by a 1-5 shift of 
the free valence to form 2-hexyl radicals. Furthermore, the latter should 
decompose more readily than the 1-hexyl isomer since propylene and a propyl 
radical would be formed in a single step. The propylene formed in this way 
would be active. 

I t  is evident that 1-hexyl-5-CI4 radicals call give rise to 2-hexyl-2-CI1 
radicals by a 1-5 shift of the free valence, or to 1-hexyl-2-CI1 radicals by a 1-6 
shift. The latter could isomerize to 2-hexyl-5-C14 by a 1-5 shift. Similar con- 
siderations may be applied to other large radicals. Their disproportionation 
will yield paraffins and olefins with inolar activities of unity; their decomposi- 
tion mill yield olefills with molar activities less than unity. 

Isomerizatio~l of 1-alltyl radicals is undoubtedly involved in the formation of 
olefins containing the group CH2-C-R. If the %methyl butene-1 were pro- 

I 
R' 

duced by the addition of (active) ethyl radicals to propylene, follo~ved by the 
disproportionation of the resulting %methyl butyl-1 radical with another 
radical, then its molar activity ~vould be a t  least as great as unity. The observed 
activity of less than 0.5 suggests that  it arises through the addition of ethylene 
to 2-hesyl-2-C1" or 2-hexyl-5-C1-' radicals, followed by a 1-7 and then a 1-5 
shift of the free valence. Subsequent decomposition of the radical could yield 
either 2-methyl butene-1 and a propyl radical, or 2-methyl hexene-1 and a 
methyl radical. The molar activity of the pentene would be less than that of 
the heptene. As meiltioned previously, evidence for compounds of the latter 
type was found in the 11C7 and higher" fraction. 

The postulate that radical decomposition is usually preceded by isomeriza- 
tion of the original 1-alkyl radicals also affords an explanation for the fact that 
the activities of the ethane and butane are slightly less than unity. The 
decomposition of large radicals into olefills will give rise to some radicals having 
molar activities less than unity. The ethane and butane formed by the dis- 
proportionation of ethyl or butyl radicals with larger radicals will then have 
activities somewhat less than unity. This is supported by the fact that in any 
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particular experiment the molar activities of the ethane and butane were 
closely related, as shown in Table V. I t  is also seen that the activities of these 

TABLE V 

COMPARISON OF MOLAR ACTIVITIES OF ETHANE AND BUTANE 

Expt. Temp., Molar activity Molar activity Olefin/paraffin 
No. "C.  of ethane of butane calc. 

products are lower in the experiments in which the olefin/paraffin ratio was 
high, i.e. in the experiments in which radical decomposition was more impor- 
tant. 

( v i )  Formation of Butyl Iodide 
I t  is significant that no butyl iodide was formed in the absence of ethylene. 

Also, its molar activity is less than unity, whereas it would be greater than unity 
if it were formed by the reaction 

C2H,+CzH41 = C4HgI. [51 

In experiments performed a t  250°, 275", and 300°C. with ethyl iodide and 
ethylene but in the absence of mercury there was no butyl iodide formed, 
which shows that  its method of production is not through the reaction 

C2H61+C2H4 = C4HgI. [GI  

Evidence has already been given to show that the decompositioil of ethyl 
iodide in the presence of mercury and the mercury iodides iilvolves equili- 
brium processes. If so, butyl radicals could take part in similar equilibria, viz., 

C4Hg+HgI = C4HSI+Hg [7 I 
C4Hg+HgIz = C4HgI +HgI. PI 

Reactioils of this type appear to afford the most satisfactory explailatio~z for 
the formation of butyl iodide. The fact that its molar activity is somewhat less 
than that of the butane suggests that a small amount of the latter is probably 
formed by the combination of ethyl radicals. 

SUMMARY 

The  use of C14-labelled ethyl iodide together with extensive chemical analy- 
sis of the products has revealed a number of features of the ethyl iodide 
sensitized polymerization of ethylene not previously established. Some of these 
features apply specifically to the use of alkyl iodides as sources of free radicals 
while others would be expected to apply quite generally to the free radical 
sensitized polymerization of olefins. 

The  primary process in the presence of mercury has long been considered 
to be a C-I bond rupture, followed by the reactioil of the iodine atom with 
mercury, 

RI  = R + I  [91 

I + H g  = HgI. [lo1 
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However, the fact that  butyl iodide was only formed in the presence of mercury 
(and ethylene), and the fact that ethylene accelerates the rate of decomposition 
of ethyl iodide suggest that [ l l ]  is the primary process in the decomposition 
of alkyl iodides. 

R I+Hg  e R+HgI [ I l l  

I t  is evident that if [ lo],  as well as [9], is considered to be a reversible process 
then in the absence of reactions other than those indicated it is immaterial 
whether [9] or [ l l ]  is considered to  be the primary process, since K11 = K9.IClo. 

The present experimellts confirm previous evidence that larger 1-alkyl 
radicals are built up by the successive addition of ethylene to ethyl radicals, 

etc. 

The concelltratiolls of the radicals would be expected to decrease in the order 
ethyl, butyl, hexyl, etc., since radical growth can be terminated a t  any stage. 
This is in keeping with the fact tha t  butyl iodide was formed (by the reverse 
of [ l l ] ) ,  but not hexyl or higher iodides. 

The large olefin/paraffin ratios and the formation of products containing an 
odd number of carbon atoms show that the decomposition of large radicals into 
olefins and smaller alkyl radicals plays a major role under the experimental 
conditions used. Furthermore, the structures and molar activities of these 
olefins indicate that in many cases the large 1-alkyl radicals isomerize by 1-5 
and 1-6 (and presumably other) shifts of the free valence before they decom- 
pose. As would be expected, the radical decompositioll reactions are more 
important a t  low than a t  high radical concentrations. 

Chain termination occurs by both combination and disproportionation of 
radicals, but the latter appeared to be the more important. 
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