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THE RADIATION CHEMISTRY OF THE SYMMETRICAL DICHLORCETHYLENES

Jean H. Futrell

Radiation Laboratory and Department of Chemistry
University of California, Berkeley, Callfornia

July, 1958

ABSTRACT

Purified, degassed samples of cis- and traﬁs—l,Z-dichloroethylene
were irradiated in glass cells with 48-Mev helium ions at energy inputs

up to:lOZl ev/CC. The principal volatile radiolysis products are acety-

' lene, hydrogen chloride, chloroacetylene, vinyl_chloride, hydrogeh, and

dichloroacetylene, in order of decreasing yield. The use of a mass
spectrometer in conjunction with gas chromatography made possible the
identification of several highér-boiling, or "polymer"; products as
tetrachloroethane, tetrachlorobutene, and pentachlorobutene isomers.
However,.aboutshalf of the higher-boiling material proved to have too

low a vapor pressure (b.p. > 300°) at the highest practicable column

-temperature for these techniques to yield,any‘ciués to its nature, Hence

these products were characterized only by yileld, éverage molecular weight,

-~ and average composition,

The effect on product yields of the variation of certain kinetiéhl.
parameters -- total dose, density of initial excitation,‘and_temperatufeﬁ--
was determined in survey éxpériﬁents. These included irradiation with
helium ions at 80° and at room temperature,.irradiation with electrons of

differing energy distributions provided by a microwave linear accelerator

“and by a Van de Grasaf machine, and irradiation with Co60 gamma, rays.

There are no significant differences in the radiolytic behavior cof
the cis~ and trans- isomers of 1,2-dichloroethylene, and the nature and
yields of radiolysis products are eXplicablé on the basis of a series of
free-fadical reactions. Primary processes of scission of carbon-chlorihe
bonds and molecular elimination of hydrogen:chloride, followed by reacticns

deduced from the nature of the reactive fragments, presents a self—consistent



e

'corréléfibh'éf:the expéfiﬁentai’data, Tﬁév&iéi& 8f'diéa§péanance_of_
monomer is of the order of 15 to ZQ molecuies per hundred electron vglts
for both isomers, indicating that chain reactions occur. The relatiﬁely
short chain length and the structursl identification of the polymer
products that were isolated are in sgreement with the postulate that
rather unreactive, lbng-lived'polychlbro free radicals are formed in

these systems.
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'THE RADTATION CHEMISTRY OF THE SYMMETRICAL DICHLOROETHYLENES
INTRODUCTIGN
Radiation chemistry, the study of the chemical effects of ionizing

radiation, is at present in a state of rapid development. It is a field

rather closely related to photochemistry' although the energies involved

are initially larger by several orders of magnitude Furthermore photo-

-chemistry as it is customarily studied is a somewhat simpler discipline.

The use of monochromatic illumination makes it possible to excite a known

pecies to a single level, and the relatively low concentration of species
in the gas phase insures that one studies only the reaction of the excited
entities with "normal" molecules.‘ -

In liguid phase radiation chemistry,howe?er, the number, nature,
and spatial distribution of the excited species are not known with any
certainty for systems of interest, nor have tlhe kinetics appropriate to
snch systems been'developed Ideally, one might hope to know the detailed
description of the primary process and to trace the reactions of the ions

and excited spec1es through the intermedlate free radicals and unstable

reactants to the final reaction products for each type of radiation employ-

ed., However, such a description must await the‘development of new experi-
mental techniques and of suitable theoretical concepts. '

The present lack of knowledge makes it imperative that.much_more
extensive and reliable information be obtained before one can expect to

formulate the general principles of radiation chemistry and to make reason-

able predictions. A somewhat pragmatic approach, particularly in the study

of the great variety of organic compounds, may be .especially useful. The
observations and correlations from careful and detailed work may be expect-

ed to establish the criteria,for a clearer understanding of the physical

~ processes precedent to the chemical reactions.

Only a few systems have been irradiated in the'pure state, with
the atypical system water receiving the most attention._'Among organic
substances, hydrocarbons and polymerizable monomers have been investigated

to a large extent, Some halides, notably chloroforml c_arbon’.tetrachloridé,2
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and alkyl bromides and iodldes3 b
5

have been investigated. Several
alcohols” and ethers6 have been studied extensively, and certain
carboxylic acids were investigated in connection with API Project 43C

7-10 - . A

on the origin of petroleum. For other classes of compounds, only
sporadic investigations of a few products from miscellaneous eompounds
have been pursued. ‘ :
In this work the radiation chemlstry of the cis- and trans-

“isomers of 1,2-dichloroethylene was investigated. These compounds are
of paf%icular interest in two respects. They are perhaps the simplest
cempouhds conveniently available for study containing the functional
grouping RCH==CHR in which‘the phenomenon of long-chain polymerization
does not dominate and obscure the oﬁher reactions taking place. Second-
ly they are chlorldes, and the chronicling of their behavior under ir-
radiation will contribute to the meager 1nformat10n avallable on
chlorine-containing systems. _

‘ There are two general approaches to the experimental study of
radiation chemistry. The first is the addition of scavengers such as
1od1ne and diphenylpierylhydrazyl to a system in order-to study the

11-13 From the primary effects

primary processes of the irradiation.
the‘ultimate products are deduced ffom'known or postulated reactions of
the intermediate excited speeies and free radi‘eals. Another approach,
the approach used in this research, is to measure the.ultimate products
~and infer from them the nature of the'primary interactions. )
Purified, degassed samples.of'the dichloroethylene isoﬁers were
irradiated in élass.cells with 48-Mev helium ions; with 2- to 6-Mev
electrons, and with Co60 gamma rays., The products were separated by
the use of high-vacuum techniques, and were determined quantitatively
by means of mass spectrometry and gas chromatography Certain kinetic
parameters -- total dose, denisty of initial ionization and excitation,
and temperature -- were varied in an’attempt to gain an insight into
the nature of the primary events, The data are presented as G values,

or "quantum ylelds", and a mechanism consistent with the data is derived.



Method A,

MEthod C.

' EXPERIMENTAL PROCEDURES-

Purification of Starting Materials

The initial method used for purification was simply the distil-

" lation of Eastman White Label chemicals at a reasonably high reflux

ratio, typically lO/l,'through an adiabatic column packed with glass
helices After equilibrium had been established, the product was dis-
tilled. Samples taken periodically were used to monitor the distil-
lation, by use of refractive index measurements and mass spectrometer
analyses. The middle third was accepted as a "pure" sample, provided
the samples of that fraction exhibited a constant refractive index, and

provided the mass spectra showed no peaks attributable to impurities.

Method B. _ ‘
-Because of complicating fegtures of working w1th the trans-

isome% -- the apparent formation of a peroxide and a perox1de polymer
in some samples-u— a slightly more elaborate procedure was,lntroduced

for the purification of trans l,Z—diChloroethylene in subsequent samples.

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

fractional crystallization procedure. ,Essentially it was equivalent to
four stages of fractional crystallization to the half—frozen point, with
a final yield of approximately 65% of the initial input of material from
the distillation.

With the introduction.cf gas chromatography as a supplemental
analytical tool, it became evident that neither of the previously de-

scribed purification methods was adequate; In particular the degree of

. cross=-contamination of'the cis- and'trans~ isomers-remained of the order

*
The term “gas chromatography” used in this report refers to the
process of gas-liquid'partition chromatography described by Keulemans.
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of a few percent despite careful distillation and fractional crystalliza-
tion. Such techniques as selective adsorption, elution chromatography,
and azeotropic and steam distillation were tried without effecting signi-
flcant improvement 1n separation. '

The best approach seemed to be the construction of a fractionating
column with plate eff1c1ency equivalent to the best analytical columns,
but with high throughput capacity. The column was a vacuum-jacketed tube,
22 mm in inside diemeter and 6 feet in length, packed with Podbielniak
Helipak No. 3013 stainless steel helices. The efficiency of one model of
the column when operated at total reflux was 84 theoretical plates, deter-
mined with a n-heptane-methane cyclohexane mixture.15

The concurrent acquisition of a Leeds and Northrup recording resis-
tance thermometer made it possible to develop a novel and effective tech-
nique for such compounds. The crude materials for distillation (Eastman
White Label chemicals, 90 to 98% purity) were chromatogrammed to estimate
the initiai impurities for material-balance calculations. The column was
then operated at total reflux for several minutes to hours until the over-
head vapor temperature had reached an equilibrium value. Then a few milli-
liters of the low-boiling components were removed at total take-off as
part of a slop cut, causing the vapor temperature to riée*sharpl&. This
process was'repeated until the operation no longer produCed a significant
change in the overhead vapor temperature. |

From this point gas chromatography was used to monitor the distil-
~lation. The equilibrium product contained,'typically, a few tenths of a
percent of a lower boiling contaminant — such as the trans- isomer in the
distillation of cis-1,2-dichloroethylene — which was easily detectable.
These last traces of impurity were then removed by distilling at a very
high reflux ratio (about lOOO/l). Samples were examined periodically to
.ascertain when the product was acceptable.

When no contaminant was detectable in the overhead product, the

dichlordethylene isomer was distilled rather rapidly.  Reflux ratios as

low as 5/1 fo 6/1 were quite acceptable for this phase, and only occasional -

gas chromatography purity checks were necessary until the distillation had

reached the point at which dnly 10% or so of the charge liquid remained in

&
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the still pot. Then the reflux ratio was increased to 10/1 to 15/1 for

" the remainder of the purification, and each 25- to 50~ milliliter portion

of pfoduct was analyzed before being added to the purified sample. . Distil-

"lation was stopped when any higher boiling contaminant appeared, or when

the pot approached dryness.:
© With this procedure good material balances for the distillation

were calculable, and the recoveryuasvﬁure product was of the order of 90%.

The overall boiling range, as indicated by the platinum resistance thermo-
meter, was less than o.019, and cryoscopic purity was 99.98 + 0.02%.

Properties of the purified compounds are given in Table I,

Preparation of Targets

The purified liquids were dried by shaking with anhydrous calcium

sulfate or with calcium chloride for about an hour. They were degassed

by refluxing under vacuum in the manner described by New_to_n,l . and were
dlstilled into the desired target for bombardment.

The method of degassing was essentially the same as that for
separating volatile radiolysis products, and may be illustrated briefly
by reference to-Figure l. The'dichloroethylené sample was introducéd into

the flask, F,_which contained a Teflon-enclosed magnetic bar fqr‘stirring.

A straight manifold, to which the targets could be attached for filling,

replaced the illustratéd traps A and B..The Dewar flask of the reflux con-
denseriwas_filled with a trichloroethyléné-dry ice slush fbr:degassing '
cis-1,2~-dichloroethylene, or with some.suitgble ~50° mixture for the
trans- isomer, ‘ |

With a liquid nitrogen trap at C and the system connected to vacu-
um, the stopcock at D was opeﬁed'slightly to pump off noncondénsableé in
the degaséing flask  Once the liquid in the flask had begun boiling
vigorously, Syobcock‘D was éloéed,‘and”the liquid'was(allbwed ﬁQ feflux

for several mihutes Intermittent refluxing and puﬁping were. continued

until no pressure rise was noted in. the vacuum system after refluxing the .

llquld for at least 30 minutes.
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. The reflux condenser Was¢phen emptied of refrigerant, and the
degassed sample was distilled from the pot to the appropriate targets by -
means of a slush bath slightly above the freezing point of the liquid.
When the target had been filled above the level-of the beam window, it
was sealed under vacuum with pumping at'C'and-was:pﬁlled_off the manifold.

The basic design of  the targst vessel used was essentially that
‘described by Garrison, Haymond, and Weeks,l7 and is shown schematically
in Figure 2-A. For helium ion irradiations such a flask was mounted in
the shaker assémbly shown in Figure 3 with a flask attached, and was
agitated vigorously during bombardment. The. 48.5 Mev lon beam was held
at an operating level below 0.3 microampere at all times for an average
beam current of O.lhmicroampere-ofL}ess. An air blasﬁ was used on the
target during irradiation for cooling purposes,‘and.no increase above
room temperature was nioted for any of the irradiations.

For some of the electron irradiations the same type of target

" flask was used. No shaker was available for this accelerator, and the

energy measurement problem was not resolved satisfactorily. For inte-
gration of the current ihput, the flask was silvered on the outside to
give'a conducting layer and was grounded to the beam snout, which was
.electrically isolated from the collimating slits and the microwave cavity.
An electrometer lead attached to the target-snout system indicated the

- integrated beam current during irradiations. Such complications were

necessary because the ion density formed in air by electrons was not suf-

ficient to produce a cqhducting éoupiing; this problem didvnot'arise with
helium ions from the Crocker Laboratory cyclotron.

This type of target was unsatisfactory forlseveral reasons, how-
ever, and the slightly-different typé shown in Figure72-B was designed for
subsequent electron bombardments. The irregular shapé of the helium ion
targets, coupled with the greéter rénge'of the electrons,'resulted in the
: dissipation'of an unknown amount of the electron beam energy external to
the system, Hence the electron targets were spherical in shape, with suf-
ficient radius to insure that the total impingent electron beam dissipated

its energy within the target vessel. To measure the beam more accurately,

[
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a platinum lead was incorporated into.the vessel wall for connecting an

electrometer lead directly to the irradiation sample. The sidearm was

'prov1ded simply as a gas space for volatile radioly31s products.

The gemma. irradiation cells were cylindrical Pyrex ampoules 1 inch.
in diameter and 3 inches tall, fitted with break-tip and seal-off tubes.
Their size was chosen for convenience in handling, and their capacity

3

was approximately 15 cc of liquid, plus a vapor space.

Irradiation Sources

Helium Ions, , v
In the helium ion irradiations’.the external beam of the 60-inch

cyclotron of the Crocker Laboratory was used. The range of the beam was

233 mg/cm of aluminum, equivalent to 48 5 Mev. The beam was degraded -

by passage through the_f01l in theé shaker target, thﬁough the air space
between the flask and the cyclotfon Vacuﬁm, and through:thévglaés window
of the target itself._ The calculated energy of the impingent beam was
of the order of 40 to 43 Mev for all helium ion bombardments.

Electrons.
The microwave linear electron accelerator and associated equipment

deseribed by Lemmon and Mosier18 was used for the several survey experi-

| ments. In early work the total beam, of 3.5 Mev mean energy, was used

directly. A low rate of energy input, in the neighborhood of 30 micro-
coulombs per minute, was used td minimize thermal effécts, as there was
no method of either coolingor-agitating the sémple during irradiation.
In later ekperiments the beam was passed ﬁhrough a magnetic field and
collimated to select the peak energy component at 4.6 * 0.1 Mev.

In two expérimenfs the 2-Mev Van de Graaf acCelerator at the
California Research Corporation was used. No precise beam monltorlng

equipment waSmaVailablg ‘but: the lowest stable ‘operating current of 2 to’

;3!microamperesu(indicated)vwas utilized w1th-a1r-blast‘coollng of the

target.



Gamma Source,

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

19

Whittemore, and Garden ~ was used for the gamma irradiations. The hydro-
gen yield from a concurrently irrad ated sample of cyclohexane was used

as a dosimeter, ‘assuming G(H ) 5. 6.2

Measurement of Volatile Products

‘The apparatus for determining the volatile radiolysis products is
shown schematically in Figure 1. With the system evacuated and with the

reflux Dewar filled with a suitable slush bath at or near the freezing

"point of the irradiated compound, stopcock D was closed. The ‘iron hammer

indicated was then used to open the break seal, permitting the contents
of the target to drain into the Flask F. ‘

With liquid nitrogen traps at A and B a procedure analogous to
that described for degassing the liquids prlor_to irradiation was fol-
lewed, the semi-automatic Toepier pump replacing the vacuum pump for this

operation. When no more gas could be pumped through the traps, the pres-

sure and volume at 250_were measured‘in the gas burette, and this fraction

was pushed into the detachable bulb indicated for subsequent analysis. A
Consolidated Engineering Cerporation model 21-103A mass spectrometer was
usedrfo analyze all the fractions collected.* )

Because HCl was a major radiolysis product, and because adsorp-
tion problems with hydrogen halides preclude accursdte massbspectrometer
analyses of such samples, the separatlon procedure for subsequent gas
fractions changed somewhat in the course of experimentation. The various
schemes devised are quite similar in pr1n01ple, 80 only the most recent
method is described here. '

The condensable gasées in Tfap A vere further fractionated by

pumping them through an ethyl bromide slush (;1250) at Trap B by means

*. o : o : : ,
- This is a standard analytical instrument of the 180° Dempster type, with
a fodm-temperature expansion volume. vThe usual procedures were followed

" in the analyses.

@
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-of a liquid nitrogen trap at C. 2" Stopcock E was then closed the Dewar

on C was removed, and the contents of Trap C were pumped into the gas
burette.’ Meanwhile the condensed-gas in Trap B could be transferred
back to A, so that the separation»cycle,mightlbe~repeated a sufficient
number of times to insure the removal of all gases volatile at -125o

Occasionally during the operation of transferring distilled gases back

. into Trap A, Stopcock D would be opened briefly — thus pumping over any
. products that had refluxed out of the residual liquid in F.

The sample bulb for the ethyl bromide fraction was a spec1al

: des1gn, with a detachable sidearm containing some 10 grams of pelleted
‘potassium hydroxide. Once all the gases that could be pumped through

the ethyl bromide trap had been pushed into the sample bulb,'it was re-
moved and placed in a hood. The KOH pellets were shaken from the side-
arm into the bulb, and the bulb was shaken vigorously to insure that all

.the gas came in contact with the pellets. It was then set aside until

- the remaining'separation procedures had ‘been completed

A third gas fraction was separated in the same manner as the
ethyl bromide fractlon usually wzth a 4ary ice-trlchloroethylene slurry
(-80°) as a refrigerant. 22 Becauseuthe‘d;chloroethylenes had a measur-
able vapor pressure at thlS temperéture,uthe;muitiple-pass fractionation

technique was continued only until a constant amount of gas was collected

' in the gas burette. with each transfer operation.

The liquid distilled into Trap A during the separation procedure

“was transferred to a graduated receiver and analyzed as an additional

fraction with the mass spectrometer. In later experiments gas chromato-
graphy»was used to guarantee that separatiion of the volatile products was
complete. After removal of the distilledliiquid, a small amount of the

~vapor at. the top of the reflux condenser was distilled into a special

+ receiver for chromatographic examination. -Only if both this.sample and

the distilled liquid sample showed less than 0;5% of low boiling con-
stituents would the separation be considered satisfactory;=otherwise the
separation cycle was repeated‘until-thisacriterion‘was satisfied.

For the  third gas fraetion,-refrigerants'other than carbon dioxide

were sametimes desirable., The appreciable vapor pressures of the dichloro-
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ethylenes at this ﬁemperatuie éndvthe_long,pumping times: necessary to

recover certain volatile products caused this fraction to'contain a high

" concentration of dichloroethylene for the.longer irradiations. Since a -
high concentration of dichloroethylene interferes with mass spectrometer

analyses, a trichloroethylene slush (-900) or isopropyl benzene slush

L}

(-100°) was more practicable in such experiments. Furthermore, the _
purpose of taking an ethyl bromide fraction was to remove chiefly acety-
lene and HCl, so that the additional difficulty of this operation seemed
. unjustified'for_SOme of these experiments. Conséquently only two gas
samples, a liquid nitrogen fraction and a trichloroethylene fraction, were
separated from these targets.

The ethyl bromide transfer bulb in the general procedure was then
reattached to the vacuum manifold; and its contents, less the HCl, were
removed for analysis. They were pumped through a dry ice trap to prevent
the transfer from the bulb into the gas burette of water formed in the
reaction. It was shbwn by use of carbon tetraflubride as an internal
standard that only the HCl'in the mixture would normally zreact over a
pefiod of .2 or 3 hours, so that the change in the amount of gas in this
.fgaction wés a measure of the yield 6f HC1l. Gravimetric analysis for
chloride confirmed that the method detérmined HCl quantitatively. Al-
though these relationships held for each case tested, blackening of KOH
pellets in some experiments indicated that other consitiuents had re-
acted. ' When the extent of thils reaction seemed appreciable, or when the
pressure decrease acéompanying this carbon deposition was excessive, the -
results were not reported. - S - '

Also reported in Tables II and III as a volatile product are the
apparent yields of CO for each experiment. This value. is a measure of
the amount of oxygen incorporated'in the target during irradiation, and

could arise from thé:presence'of air, water, or a volatile peroxide. In

<

general there was insufficient nitrogen to account for the CO as air
contamination, so that adsorbed and. dissolved water. appears -a"likely ex-
planation. 1In cases of large CO yields, the possibility that a small

amount of a peroxide was lrradiated with the dichloroethylenes must be
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.considered. In any event, the measured yields of €O are quite-emall,
indicating that the extent of contamination by an oxygenated compound
was negligible -

In. two experiments the helium ion cells were modified by instal-
ling a bubble_tube through which helium could be swept and an outlet
tube which could be sealed to a potassium lodide solution absorption
train. After irradiation, the cis-1,2-dichloroethylene target was at-
tached to the system, and the break-tip seals were opened,‘ailowing the
" helium stream to sweep out the volatile products. The addition of
st&rch to the KI flask caused no coloration after thirty minutes‘ sweep-
ing, implying a yleld of chlorine corresponding to no more than O 0005
molecules per 100 ev, Repetition of the experiment with the trans-
isomer yielded an identical result

The most consistently reproducible results in these experiments
were the Yield data for hydrogen and acetylene. Because of combined
effecte_of high reactivity and high solubility, the chloroacetylene and
vinyl ohloride yields were erratically low .in some experiments. When-
ever there was evidence of decamposition or of incomplete separation of
. these products from the-residﬁal liquids, the measured values were not
reported with the other-yield'data.

v The reactivity and'solﬁbility arguments, coupled with a low yield,
are even more severely applicable to dichloroacetylene Hence the experi-
mental results scatter widely, and the mean yield is probably reliable
to no better tha.n 50%.

Considerable difficulty was encountered in measuring yilelds of
HCl. Passing the appropriate gas fraction repeatedly through a KOH
ahsorption tube gave erratic resultsg,in some experiments two passes
sufficed -~ in others, ten paSSes wouid not remove all the HCl. Even
in the technique using a sidearm transfer bulb; usually gquite reliable,
traces -of HC1 occasionally remained. 1In certainrexperiments’blackening'
of some of the KOH pellets indicated that gas fraction constituents other
‘than HC1 had reacted. Hence yields clearly 1ncompatible with the majority

of the data were not reported
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With the exception of‘diehloroacetylene;-there ére>reproducible
data for the volatile products over the range of doSagesTstddied. The
measurement of the amounts of volatile products with i@ gas burettel; the
refluxing under vacuum as a separation method, énd the use of a mass
spectrometer as an analytical tool combined tb~make the determination
of the yields of these products rather precise. The determination of
higher boiling or "polymer" products'was much less satisfactory, and

these results are discusséd separately.

Measurement of Polymer Products

o The solution of the purity problem iﬁ the case ef thedtrans-
isomer introduced a complicating factor of COnsiderably greater magni—
tude in the study of polymer products., The purified %rans«l,z-dichloro—
ethylene was observed to undergo a'polymerization reaeﬁiOnﬂin the pres-
ence of air and the fluorescent lighting of the laboratory to form a
- flocculent white precipitate. This phenomenon wés‘interpreﬁed as the
light-catalyzed formation of a peroxide which induced polyﬁerization to
a relatively high molecular weight substance. A sample of freshly dis-
tilled trans- iscmer placed in a desk drawer for three months showed no
evidence of polymer formation; neither did a sample which was degassed ;
and sealed 1n an ampoule and left in the laboratory under bright 11lumi-
natlon Samples stored in glass-stoppered bottles in the laboratory
formed a white pre01p1tate within a week after distillation.

Mlcroanaly51s of the white residue obtained upon evaporation of

_the dichloroethylene_correspondeddto the comp051t1Qn (CHCl)x, The fact

that the amount of oxygenvincorporated into the'polymer was undetectable

suggested a high molecular weight, as did the low solubility in monomer
or in other solvents tried. It seems likely that.theitfans—l,z—dichloro-
~ethylene, when obtained, originally contained some inhibitor with ap-
proximately the same volatility characteristics. Hence it ﬁas not re-
moved completely by the original purificatidn techniques employed, and
the problem became apparent only with the development ef_the high~effi-

ciency distillation technique.

"
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Thus the measured polymer yield from the trans- isomer probably

.1ncludes an unknown amount of "background" polymerization. Consequently

it is certain that the characterization of a "high polymer _product from
the trans- isomer is weighted by the presence of the perox1de polymer,
and possibly there is a contribution to the yield of lower b01llng
polymers. v | - |

Most investigations of the radiation chemlstry of organic sub-
stances to date have included reporting the formation of "polymer", which
may include a number of products for which analyses could not be made,
quite analogous to the "tar" formed in many organic synthesis; its com-
position, if reported at all; is usually derived from material balance
considerations.

The techniques of gas chromatography offered hope of accomplish-

ing a more satisfactory determination of polymer products, and consider-

able effort was devoted to developing‘a suitable method. The complicat-
ing factor that the chlorinated polymers reacted with copper and brass

at high temperatures made the use of a conventional metal system im-
practical. However, an all glass system containing'a‘column constructed
from 5-mm Pyrex tubing 2 meters in length afforded,considerably more
success. Several column packings, such as General Electric silicone
fluid 9640, dinonyl phthalate, Fluorolube HG 1200, and squalane, adsorbed
on 40-60-mesh Sil-0-Cel firebrick, were tried as stationary'phases In

~each case maximum operating temperatures somewhat lower than those re-

ported for these packlngs were imposed by the Operatlnb criteria, For
the silicone column, 153 proved to be the maximum temperature, as at
higher temperatures mass spectravof the column effluent exhibited a
background of peaks attributable to the column packing. Since it was
planned that the mass spectrometer be used to identify polymer constitu-
ents, this established the upper temperature limit for thisICOlumn. The

other packings investigated in this regard exhibited even lower maxima;

‘consequently the silicone column was adopted for the 1dentification of

high boiling products

Since the residual liquid from an irradiatlon was a fairly dilute

_solution of polymer products in dichloroethylene. 1t was necessary to
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reduce the'volume:of solvent considerably before any high boiling product
could be observed. The ideal solution to this problem would be a high- '
- efficiency analytical distillation apparatus with no liquid holdup, and

" thé best operating compromise available was a Vigreaux column with an

- estimated separation efficiency of two to four theoretical plates. With
-1t the wolume of residual liquid_could be reduced to the order of 2 to 3
ce witnout distilling a significant amount of fhe higher boilers. This
pot liquid was then further subdivided by means of a molecular distil-
lation, from which three fractions were obtained: (1) a vacuum-distilled
fraction, (2) a molecularly distilled fraction, and (3) residuum,

Samples of these fractions were injected into the silicone column
-operated at different temperatures and helium flow rates up to the maximum
of 76 cc/min of helium at 1530. Composite chromatograms of polymers from
cis-1,2-dichloroethylene are shown in Figure 6 and frmntfam%l,z—dichloro-.'

- ethylene in Figure 7. These chart facsimiles represent ﬁhe'situation if
polymer analyses are conducted immediately after separation of the vola-
tile products When the trans- isomer res1dual liquid is exposed to ,
oxygen prior to the investigation for polymers, two additional chromato-
gram peaks appear, These are the cis- and trans-1 Z-dichloroethylene
ox1des, whose discovery and characterizatlon are reported in the Appendix,.
Although “their identification’resulted . from- the: approach.idescribed,

~in this section, they are in a sense secondary products and are therefore
not considered explicitly as polymer products,

After the emergence times for the several components had been de-
termined, samples of the individual components were collected for mass
Vspectrometer analysis by attaching a.removable trap-to the effluent line
- of the thermal conductivity cell while each respective peak was emerging.
With the sample frozen in the trap, the helium &and noncondensables were
pumped out by means of the_mass spectrometer inlet vacuum system, After
warming, the remaining contents of the trap were flashed into the analyzer
section of the mass spectrometer.

Since very little information is available on the mass spectral
fragmentation patterns of chlorinated hydrocarbons, it was necessary to

obtain basic correlatims between structure and pattern for several types
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of compounds. Samples of COmmeridally'available-pdlychlorinated hydro-~
cafbons, both saturated and unsaturatéd, and containing chlorines dis-
tributed in various ways along the carbon"ékeleton, were obtained for
study. 1In addition to Serving as sources of information for the mass’
spectral étudy, severél of these were injected into the chromatography
column to éstéblish the sensitivity paresmeters given in Table VII..

- With these data it was possible to méke tentative structural
assignments to several 6f.the products,' Knowledge of the isctopic
abundances of chlorine made it'possible by simple statistics to estab-
lish the emplrical formula in almost'every case for thé positive ions
contributing to each m/q in the mass spectra.' With the basic assumptions,
Supported by the correlations, that peaks representing chlorine atom mi-
‘gration are small and that successive hydrogen atom migration is unlikely,
one can construct the‘probablé structure of the specles from its fragmen-
tation pattern. For several chromatogram constituents the identification
~.In this manner was reasonably'Certaiﬁ; for others ‘it was less so; and for
some it was ‘impossible becéuse of the small amount formed, because of
probable cross-contamination of components, or because of peculisrities
in the spéctra} These are all indicated in Tables VIII and IX.

The correlation of column emergence times versus boiling points
of the chlorinated compounds investigated, given in Figure 8, was used
to estimate the boiling points of polymer constituents. These estimatedv
boiling points are reported for possible'later.use in establishing the
ﬁostulated.structﬁres if authentic samples of the indicated compounds
should become available.

Roughly half of the composite polymer proved to have too low a
vapor pressure at 153O to be eluted from the column as a discrete compo-
‘nent. "Moreover, the second pentachlorobutené isomer observed had so low
" a'vapor pressure (of the order of a micron) at room temperature that a
mass spectral pattern could be obtained only with considerably difficulty;'
An -attempt was made to obtaiﬁta:SPectrum-using the heated~-inlet=-system
mass. spectrometer at California Research Corporation, but, unfortunately,.
the_chlorinéted polymers reacted with the gallium metal in the introduc-

tion systém. It would therefore be impossible; with the presently
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available equipment and techniques, -to identify any higher boiling com-
. ponents if they could be isolated.

The possibility of cyclization of the. polymer at the trimer
stage was_investigated,by comparing the infrared spectra of the residuum
fractions with the.épectra of the a, B, v, 5, and ¢ isomers of 1, 2, 3,
h, 5, 6-hexachlorocyclohexane as reported by Daasch.zsﬁ The -complexity
of the polymer spectra‘made is impossible to.rule out the‘presence of
trace quantities of the a, B, and y isomers, but there was no évidence
for the presence of even minute quantities of the ® and ¢ isomers. There-
fore.fhe possibility of termination of a large reasction of the polymer
chains by cyclization may be eliminated.

These higher boiling constituents were characterized then only
by their average -molecular weight and composition. The molecular weight
was determined by measurement of the freezing point depression of a
benzene solution of the molecular distillation residuum. This measured
average molecular weight wasvcorrectéd for the molecular weight contri-
bution of the identified polymers present in this fraction, and the re-
sulting values are reported .in Tables VIII and IX. Similar corrections -
were applied to the results from microanalyses for carbon, hydrogen,
chlorine, and oxygén. It has already been suggested that some unknown
contribution to the polymer from the trans- isomer is from a background
degradation, and that the derived G values for. polymerization mustfféb—'
resent an upper limit. Probably the true values are of the same ordéf
as those for the cis- isdmer. : : v , .

'Thé ylelds reported for the polymer constituents were calculated
on the basis of several assumptions. For each compound the specific
response .of the gas chromatography detector may be expressed as a sen51-
tivity, measured in this case as the displayed pesk area per mlcro&iter
injected [peak height in chart deviations times half-w1dth (in minutes)
per microliter]. An average of 14.3 taken frdm Table VII was used to
calculate the volume present in the composite liquid. Or the assumption
of an average density of 1.5 and by use of the appropriate molecular
-weight, the number of millimoles formed was calculated.
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The residual iiquid fromuan.irradiation of 1,2-dichloroethane was
analyzed in the same manner. Since this was a Saturated compound no
chain reactidh"was observed. No high polymers were formed, and all the
ma jor polymer constltuents were identified

Residual liquids from gamma bombardments of the dichloroethylenes

‘'were analyzed in like fashion. ‘Because of the rather small dosages that

could be-given in a short time, only & few of the major components could
be observed., These fragmentary data are reported in Table VI.
Only two samples of residual liquid from trans-1,2-dichloroethy-

lene and one from the ¢is-- isomer were examined ir- the detail indicated in

. this discussion. The several assumptions required in deriving yield data

and the lack of precision indicated that a more thorough investigation,

such as that pursued for the volatile products, would not be profitable

at this time. Probably the reported results are reliable to + 50%,
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* DISCUSSION: OF RESULTS .

'Treatment of Experimental Data

The yields of ‘the various'products -are reborted as G values, the
number of molecules of the product per hundred electron volts energy im-~
parted to the system. The particle energy, corrected for energy degraded
in target foils, in the air path, and in the glass wlndow,?& when multi-
plied by the measured microampere hours pr;micrccoulombs and by the proper

25

- conversion factors, gives the energy input directly. This is used to
calculate a factor 8o which, when multiplied by the yield in mllllmoles,
gives the G of the product Thus we have

6.02 x 10%° x 100

Einput, ev

g =
The yields in millimoles of volatile products were calculated from the
measured PV product, assuming additivity of partial pressures and the
applicability of the perfect gas law for the low pressures attained; the
yields in millimoles of polymer products were derived from estimated gas
chromatography sensitivities. Both gf and G values are reported in the
tables.

} The radiolysis yields of volatile products from the c¢is=- and
trans- isomers were so similar that the cross-contamination present in _
early irradiations were undetectable in the yield data. Thus Tables II '
and ITIT contain the results from irradiatlon of compounds purifled by
all three of the procedures descrlbed ‘

For the cyclotron irradiations the error in the determination of
the integrated dosage, -representing both the error in circuitry and the
uncertainty in beam energy,.is estimated as approximately 5%. The hydrogen
yield is subject to the least experimental error in the separation and anal-

ysis procedures, and the scatter in G(H,) is in part a measure of this un-

5)
certainty in the energy input measurement. Hence an attempt to normalize
‘out this effect was made in the presentation of the-dats. The yield of

each radiolysis product in a given experiment was multiplied by the ratio

of the measured hydrogen yield to the mean hydrogen yield for all radiolyses
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of that isomer. Thus the values presented in Tables II and III are
the experimentally measured yields of hydrogen and the corrected yields
of the other products. The mean hydrogen yields taken as the . "best"
values, were G(H ) = 0.028 and G(Hz)t = 0.040,

Problems in monltoring electron irradiations made the apparent
G values rather erratic, yielding values both somewhat hlgher and some-
what lower than the helium ilon results. Hence the electron yields were
normalized to the same hydrogen yields as the cyclotron irradlatlons,
and are presented in this form in Tables IV and V. The similarity of

the hydrogen results (in fact, of all the volatile products) from the

: hellum ion and gamma radiolyses corroborate the assumptlon that this

yield is independent of irradiation intensity.

Effect of Experimental Parameters

-The.directlydmeasurable guantities to be determined from a.study
of the rediation-chemistry of a system such as. dichloroethylene are the
G values for all-primary products. The very large effeets‘of the presbgiu
ence of small amounts of products on the radiolysis of‘several systemsg6
require that the initial rates of formation of the radiolysis products
be determined. In an experimental sense this involves a study of the

radiolytic yields as & function of energy input in order to make the ex-

trapolation to zero dose. Sueh an extrapolatien is given.for cis-l,2-

dichloroethylene. in Figure 4 and for trans-1,2-dichloroethylene in

Figure 5; Over the range of measurement the data are fitted best by a
straight line of zero slope shcwing that'the,yield-of voletile products
is directly preportional to the energy input and that secondary processes
are not important in the range of dosagesistudied- The G values for each
product differ sllghtly for the two isomers, but their radiolytic behav- .
ior is quite similar. )

The response of the dichloroethylenes under conditions of dif-
ferent Initial distributiens of excited species was determined by varying
the irradiation sources.  The electron experiments, whose.resuits are re-
ported in Tables IV and V, represent in themselves three different dis-
tributions of energy deposition. The irradiations utilizing the total
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beam from the microwave electron accelerator represent electrons with

' energies from thermal to about 6 Mev, with a skewed maximum near the
mean energy of 3.5 Mev, while in experiments with the magnet spectrom-
eter electrons of 4.6 + 0.1 Mev were selected, The electrons delivered
by this accelerator were‘pulses_of 2 microseconds duration, occurring
15 times per second, of very high current density (up to=lOO milli-
émperes) The Van de Graaff howpver; deliveré a .continuous beam of
monoenergetic 2 Mev electrons during 1rradiat10n

Comparison of the yields of volatile products for the helium
ion, electron, and gamma radiolyses in Tables IV, V, and VI shows no
significant change 1n the G values, implying the absence of track ef-
fects in events leading to the formation of these prOduéts.b However,

- there is a striking difference in the ratios of polymer products; the

| yield of dimer is somewhat higher for the gamma radiolyses. The poly-
mer G values are doubtless incorrect in magnitude because of the in-
accuracies of measuring the small yields produced with the gamma. source
available. Nevertheless, the ratio of dimer to s-tetrachlorcethane is
significantly higher, consistent with the mechanism suggested for their
production, o ' .

A third experimental pafameter, temperature, was varied in the
survey experlment reported in Table XIV. The sample of cié~l 2-dichlo~
roethylene was irradiated at approx1mately 80° as described by Newton.22
The yields of all products increased generally as. a result of the in-
crease 1n temperature, probably becéause of the decreased v1scos1ty of
the medium. Thus diffusion of radical fragments out of the cage of
solvent molecules was facilitated, reducing the extent of primary re-
combination. However, no readily interpretable kinetic information

was obtalned, and this line of investigation was not pursued further.

Stoichiometrz'

Samples of 1,2-dichloroethane were irradiated in order to es-
tablish the radiqusis behavior of the saturated analog of the sym-~
metrical dichloroethylenes, giving the results shown in Table X. The
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established by Mahncke and Noyes as the breaking of a C—1 bond.
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stoichiometry of the radiolysis reactions were analyzed to ascertain

-whether any products had been overlooked. The results of this study

are reported in Table XI.

With this information available it became more meaningful to ex-
amine the stoichiometry_of the radroly31s of the dlchloroethylenes.
The results are shown in Tables ¥ITI and XIIT, again omitting the di-

_chloroethylene oxides. The agreement of the summations of .carbon,

hydrogen, and chlorine is deemed adequate to establish the G(- -C,H Clz)

values quoted. Concurrently, the summation presents'a measure of the

,completeness of the analytical detection and measurement of all the

products formed.
vSincevthe hundred electron volt yield for disappearance of
monomer for the dichloroethylenes is 2 to k4 times as large as that of

the saturated analog, it is apparent that chain'reactions'occurﬂ " Both

_this fact and the fact that the chains are relatively short are/con-

sistent with the supp051t10n that relatively unreactive polychloro

free radicals are formed in these systems,

Reaction Mechanisms‘

The measurement of the ultimate products in experiments such
as these does not permit the determination of a unique reaction mech-

anism."Hdwever, the simplest mechanism adequate to explain the data

1s a free radical reaction sequence similar to that proposed by Willard

and Hanrshan for alkyl 1odides 27

The principal primary act in the radiolysis system is postu-
lated as the scission of the C—CI bond,

.
CZHZClZ ———vva/VVVL——€> CHCl==CH + Cl (1)

This 1is consistent w1th the mass spectral fragmentatlon patterns of

the dlchloroethylenes 28 in which the base peak of the spectra rep-

resents a scission of the molecule ion. Furthermore, the primary act

on photolys1s of the two isomers with 1980 to 1860 % radistion was
29
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- A large share of the CZHZCl-'fragments_formed must have sufficient
ernergy to split off another atom offchlorine in order to-explain the high

- yield of acetylene:
CHCl=CH. ———> HC=SCH +Cl- (2)
© The alternative.deeomposition sequence’

CLCl, AWV Homom+cl, | (2a)

may be postulated but no Cl .was detected as a product and steps to re-
move the Cl by reactlons such as R+ + Cl ————> RCl + Cl- would be re-
quired. An actlvation energy of the order of 3 kcal for such a react10n3o
is probably adequate to prevent total consumptlon of Clz, hence the simpler
mechanlsm is preferable ' - ‘

. The production of v1nyl chlorlde may not be presented as a hydrogen
abstractlon reaction: B - ‘

CHC1=CH: + C,H,CL, ——> CH,=CHCL + CHCl=CCl.  (3)

The resulting radical would be -expected to decompose,
© CHCl==CCl-. ——> HC&=CCl + Cl-.. - (1)

‘analogous to the production of vinyl chloride from CHéCl CHC1l- radicals
postulated by Barton. 3L - B ' ‘
The remaining chloroacetylene produced in the radloly51s can best

be explalned by .the unimolecular prlmary ellmlnatlon of HCL:

CaHaCly “"VVV\NﬁfﬁA—"‘f>'HCEECCl + HCL . (5)

The alternativevprOCess involving splitting off H and Cl atoms would be
‘acceptable except for the fact Jhat insuff1c1ent hydrogen-excess products
iwere observed. The only hydrogen "sink" avallable is the "high" polymer,
‘and 1t seems unlikely that hydrogen additlon to radlcals would produce no
compounds b0111ng under 300 '

By analogy to Reactlon (5) the productlon of dichloroethylene may

' be written

5
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WV C10=CCL + H, or 2 H 6)
C H,CL, ——AWVVW-—> Clo=C 2 OT 2 H- (6)

and the productidn’of hydrogen by the subsequent reaction
H- f CZHZClz —> H, + CHCl=CCl" ‘, (7)

Because of the relative ease with which a'hydrogen atom éaﬁvescape the

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

be essentially independent of density of excitation. The nonequlvalence
of the dlchloroacetylene and hydrogen yields suggests that the atomic
process contrlbutes to the hydrogen producqion. - Theéere must be an addié
tional source for hydrogen atoms, such as Réactidn (5) going by the
alternative radical process to a very slight extent, to account for

this difference, Because of the small relativé'maghitude of the hydro-
gen yield, this additional source cannot be specified explicitly.

The higher hydrogen yield from the trans- isomer and the mech-
anism for hydrogen production are partially substantlated by the mass
spectral fragmentation patterns.27 The m/q,95 and 94 pesks in the
trans- fragmentation pattern, representing loss of'one and. two hydrogens,
respectively, are higher by a factor of 1.6 than the corresponding peaks
in the cis- isomer pattern. ' 4

The primary processes postulated and their subsequent rearrange-
ments result in the productlon of a large number of chlorine atoms in

the system. In a succession of steps they are responsible for the :‘~

- formation of polymer products:

Cl* + C,H,Cl, —> CHC1, CHC1- | - (8) .
CHC1, CHCl. + Cl- ——> CHCL, CHCL, : (9)

CHCL, CHC1: + C,H,Cl, —> CHCl, CHCL CHCL CHCl-  (10)
(CHCL, CHCL CHCL CHCLl: ——> CHCL, CHCL CH=CHC1 + C1-(11)

Reactions (8), (%O),,and (11) are those considered responsible
for the free-radical-induced dimerization of dichloroethydene reported
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by Bauer.32 A number of such reaction sequences involving intermediate

polyhalo radicais:bf'reletively'low reactivity have been‘characterized.33
The structure of the major dimer product, and hence the mechanism for its -
production, were substantiated by comparison with an authentic sample pre-
pared by Dr. Amos S. Newton by means of the benzoyl peroxide-induced
dlmerization of dichloroethylene.

Several reaction sequences could be written for the productlon of

'pentachlorobutenes, the simplest being
CHCl2 CHC1 CHC CHCl- + Cl: —> CH012 CHC1 € Cl==CHC1l + HCl (12)

However,~the production of a specific structure is diffieult to reconcile
with this hypothesis One could explain the dlfficulty by the assumption
that other pentachlorobutenes are produced but were undetectable because

of lower vapor pressures, or one might argue that the structural assignment
derived for these products is meaningless. Perhaps's better‘explanation is

the production of a‘heXachlorobutane by the react;on
2 CHCL, CHCl- —> CHCL, CHC1 CHC1 CHCL, ; (13)
followed by aehydrohalogenation.
CHCL, CHC1 CHCL CHCL, —_— CHCL, CHC1 cclg—.=§H01 + HC; (iu)

The dehydrohalogehatibn could, of course, occur byshydrogen-abstraction
by chlorine atoms, followed by splitting off a Cl atom freﬁ the polychloro
free radical. The structural specificity of the.direct dehydrohalogenation
stems from the reasonable presumption that HC1l elimination removes Cl from
a.earbon containing two haleogens; in the radical formulation the specificity
1s maintained by the greatly lowered reactivity of alpha hydrogens in chlo-
rine substituted systems 3k
It should be noted that the reaction sequence outlined leads to a
calculated yield of HCl in excess of the measured G value., It can only be
argued that this result is an ertifact fesﬁlting from the‘inaccuracy in
determining the pentachlorobutene yields. ILowering the G of pentachloro-

butene by anvappropriate,amount worsens the chlorine balance of the
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stoichiometry results; however, the probable error of the chlorine micro-
analyses of the polymer fractionsmekes it impossible to judge whether this
is a significant objection to the mechanism.

The "high" polymer probably results from the addition of successilve

monomer units to the dimer radical:

—> high polymer (15)

22

CHCl2 CHC1 CHCl CHCl- + C_H Cl2

The.chaiﬁs presumably tenminaﬁe by radical-radical reaétions or by split-
ting off Cl atoms, as is the case for the lower molecular weight condensa-
tion products. | D |
The initiastor radical postulated in Reaction (1) of the Appendix
as responsible for the synthesis of the'dichloroethylene oxldes may be
accounted for by (a) the persistence of a longulived free radical until
ﬁhe system is opened to air, or (b) the formation of an unstable peroxide
by some of the;polyhaiogehated products, The latter appeérs more. attract-
ive in terms Qf.present,concepts botﬁ of radical.lifetimes and of the
properties of polychloro systems. The fact that the trans=‘isomer forms
a peroxide polymer on standing has been discussed, and some recent experi-
ments indicate that the_pure monomer also forms the dichloroethylene- oxi-
des under suitable .conditions. Thus it seems quite plausiblé that certain
polymer'products would'be less stable than the monomer itself and would
undergo the reaction more readily., Peak E in the chromatograms of the
trans-1,2~dichloroethylene residual liquid appears to be such a peroxide
product. | |
In summary, the radiolysis products from the symmetrical dichloro-
ethylenes arecdmpétible”with a series of free radical réactions. Primary
interaction resulting partly in C~Cl bond clevage and partly in eiimination
of HCl, followed by a.serieé of steps deduced from the nature of the re-
active fragments, presents a self-consistent explanation of the experi-
mental data. No products were observed which required the postulation of .
radiation specific reacpibns, and the radiolytic behavior is somewhat

simpler than might have been expécted for such compounds.
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APPENDIX

The Radiolytic Synthesis of the

Cis- and Trans- Isomers of 1,2-Dichloroethylene Oxide

Among the suggested means of utilization of radioactive wastes from

‘atomic energy plants is the synthesis of new compounds which cannot be made

efflciently by ordinary chemical methods.  An example of such a synthesis is
the radiolytic preparation of heptadecene-8 described by Burton and Breger.l

In the course of some -investigations of the radiation chemistry of the sym-

metrical dichloroethylenes, the éis= and trans- forms of 1,2-dichloroethylene
oxide have been produced. These compounds have not been previously reported,
and in view of the current interest in radiation utilization, we are present-
ing preliminary data on the radiolytic synthesis and physical properties of
these compounds. |

The cis- and trans- forms of 1,2-dichloroethylene were irradiated in

glass cells2 in vacuo with 40 Mev helium ions inpingent on the liquid. After

irradiation, the low-boiling and gaseous products were separated by vacuum
techniques.3 The residual\high—boiling products plus the bulk of the 1,2~
dichldroethylene were stored in glass~-stoppered bottles in the presence of

air after preliminary analysis for high-boiling products. In éamples that

had stood several months, two peaks weré found in GLP chromatograms (nonyi
phthalate column) that were not present in samples chromatogrammed immediately
after irradiation. These peaks were concentrated in the pot liquid by distil-
lation through a small Vigreaux column and were further concentrated and puri-
fied by running repeated GLP.chromatograms of the pot liquid, collecting the
respective peaks each time., By this means samples of 1 gm and 0,2 gm of the
two réspective peak materials were isolated in relaﬁively pure form, These
were further purified by use of a Silicome oil (G.E. 96-4%0) column with col-

lection of the respective components., These are referred to as dichloro-

ethylene oxide I and dichloroethylene oxide II according to their reépective

GLP chromatographic emergence times,
The relative yields of oxide I to oxide II from trans- 1,2-dichloro-

‘ethylene was about 4.6 : 1, The ratio from irradiated cis- 1,2-dichloroethy- '

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

- yleld from this isomer.
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. The‘compounds isolated have been characterized as the cis=- and
,trans-.isomers of 1,2-dichloroethylene oxide by mass-spectrometer spectral
patterns and by cémparison of the infrared spectra with the spectra of the
cis- and trans- forms of 2,3~e§oxybutane. All the compounds have the CH
‘band in the .region 2950 to 3050 wave numbers which Henbest, Meakins, |
-Nicholls, and Taylor have suggested as being cheracteristic of the sub-
stituted oxirane ring,h and all exhibit bands in the three.regions where
Patterson5 and others have aésigned the C:::g::lc skeletal motions.5

‘The mass spectra, with parent masses at 112 to 117 mass units, give the
empirical formula CZHZClZO from isotope ratio arguments. Chemipal an-
alysis for C, H, and Cl yielded 21.2%, 1,97%, and 63.5% for oxide I; and
21.2%, 1.92%, end 63.6% for oxide II. The calculated values for C,H,C1,0
are 21.27%, 1.78%, and 62.78%. _

- Known compounds of this compesition, dichloroacetaldehyde and
chloroacetylchloride, were shown to differ from oxide I and oxide II in
both mass spectrometer ionization patterns and GLP chromatographic re-
tention times.

Some physical properties of these two compounds are listed in
Table I. It~has not been possible to decide unequivocally which'compound
is the cis- form and which is the trans- form. -An argument can be made
from the comparison of the infrared spectra of oxides I and -II with the
spectra of the 2,3—époxybutanes that oxide I is the cis- form and oxide
IT the trans- form.
Tﬂﬂei

Physical Properties of 1,2-dichlcroethylene -oxides

Compound I ‘ 'Cdmgdund IT
boiling point 80-81° ' 111-112°
melting point -43° - -63°
p25/% o 1.405 1.470

25 :
n, 1,438 o 1.452
M.W. (eryoscopic) 115.6°

M.W.. (M.S. inlet pressure) 113.2 L 115.2.
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At present,onevqan_énly éﬁecu;aﬁe as to the origin of these com-
pounds. Yields of oxide*Iiéé“hiéhféé”Gi=A9 were found in old samples of
irradiated trans- 1,2~-dichloroethylene. As fhis is as large as the total
yield of "polymer" determined immediately after irradiation, a chain re-
action for the formation of the oxides isAindicated. An attractive pos-
sibility is an auto-oxidation reaction6 using a long-lived free radical

present. in very low concentration as . the intermediate.

R+ +0, —> ROO " ' | (1)
ROO * + C,H,Cl, ——> ROOC,H.CL, - | (2)
ROOC,H,Cl, - ——> RO - + re1c —— 0 cHC1 o (3)
RO « + C,H,CL, ——> ROC,HCL, | )
ROC,H,CL, * —> R - + He1c=— °~cnc1 | (5)

Preliminary tests with other sources of radicals (benzoyl peroxide) . - -
in the presénCe of oxygen showed that small yields of both the dichloro-

ethylene oxides are formed from both cis- and trans- 1,2-dichlorcethylenes,

REFERENCES
1. V. L. Burton and I. A. Breger, Science, 116, 477 (1952).

2. W. M. Garrison, H. R. Haymond, and B. M. Weeks, Radiation Research,
1, 97 (1954).
3. A. S. Newton, Anal. Chem., 28, 121k (1956).

4, H. B. Henbest, G. D. Meakiné, B. Nicholls, and K. J. Taylbr, J.'Chem.
‘Soc., 1h59 (1957).

W. A. Patterson, Anal. Chem;, 26, 828 (1954).

6. Cheves Walling, "Free Radicals in Solution," John Wiley and Sons, Inc.,

New York, 1957, p. 436.
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Table I

"Physical Prépeftiés:of the Dichioroéfhyléneé

Cis- isomer

© . Trans- isomer

- (a)

Property Measured  Literature Measured  Literature ®)
na’ 1.1026 1.4428 CUL395 L.M397
diS ‘1.2698 | 1.2736 1.2420 ’:. 1.2&89“
B.P. (760 mm) 1'}60.360 _60;360 47.66° '4u7.67d'g
CRP. -81.52° -80.0° 49.36°  -u9.8°

(a) A. Weissberger, Editor,

1

"Pechnique of Organic Chemistfy,'_lnter—

science Publishers, Inc., New York, N. Y. Vol. VII; J. A. Reddick
_and -E. E.,Toops,_"Orgénic Solvents," an_Ed., 1955, pp. 204-205.




Hundred Electron Volt Yields of Volatile Products from Helium ion_Irradiation

-«

Table II

of Cis-l,Z-Dichloroethylene

Microampere-hours of

(b) Residual liquid from this experiment used in polymer study.

Product 0.03 0.10 0.05 0.07 o.g$mbarg?f?t o.zo(b) 0.03 0.12 0.30
Hz(a) 0.026  0.025 0.023  0.029  0.030 0.032 0.030  0.027  0.025 .b.bz9
CO 0.0014 0,000k 0.0007  0.0006 Q.oo? 0.008  0.0007 0.0011  0.0005  0.0008
CH2=CHClH  0.3%4 0.32 0.33 0.26 . 0.31 0.19 0.26 0.40 ‘.o.u6
C1C=CH | 1.18 1.00 1.1h 0.90 0.8k 0.81 1.0k 1.03 1.02
C1C=CClL 0.003  0.006  0.015 0.005  0.006 0.001 . 0.002 0.0l 0.003
HC=CH- 1.99° 1.92 2.06 .l.7n 1.96 1.66  1.63 17T 1.8k 1.75
HC1 1.23 1.34 1.40 1.25- 1;3h' 1.37 1.55
ev?k'lo_zz 1.45 4.80 2.40 2.91 2.91  6;zu:i 9.0k 1.45 5.76  13.57
Vol. in cc. 146.9 1284 138;7  '135.h 132.8 131.1  1k2.8 127.2 132.1 ;zu;8'
'vev/cc.uxle—go 0.99 3.73 1.73 2.15 2.19 L.76 ©  6.33 | 1.14 "A.36 10.86
8s | .28 1.26 2.51  2.07 2;07 0.96 0.67 L.k 1.05 0.4k
"(a) Measured value, all others multiplied by ratio'(G(Hz)avg'/G(HZ)meas_




, ": Table 111 5
Hundred Electron Volt Ylelds of Volatile Products from Helium Ion Irradlatlon of Trans 1,2- chhloroethylene

Microampere-hours of Bombardment

(b)'Residual lTiquid from this experiment used in polymer stqdy.

‘Product 0.03 0.8 0.07 0.2 0®) o, 15(b) 0.05  0.13  0.10 o.oj 0.30 Q.lb
Hz(a) 0.638 | 0.036 0.0L6 0.0%0 0.040 0.038 0.039 : 0.042  "0.043 0.043 0.038
o 0.003 0.002 0.001 10.0007 0.004  ©0.0005 0}0007 0.0007 0.0003  0.0002
CH,/=CHC1 0.22  0.25  0.22 | | 0.29 0.27  0.28 ‘_bﬂéz '
C1C=CH 0.86 ~ 0.88 0.80 0.85 " 0.85 0.79 0.78
clc=ccl 0.001 0.006  0.003 . 0.003 ‘0.0Ql 0.004 0.001 o.olo: 0.007 * . 0.005 ~ 0.001
HC=CH ‘,1}71 1.52 1,59" 1.61 1.61 1.65 1.65 1.52 1.46 1.5k 1.64
HC1 - 123 1.2l 128 1.16 1.05 1.22 1.32
ev x 10722 1.4 - 3.8h':_ 3.16 9.69 7;20, 2:51  6.03 4.80 - 1.36° 12.48  h.6u_
Vol. in ce. 142.0 128.% 150.h 1h2.5  133.1 132.1 119.6 110.1 1466  120.k ll6-6ﬁ.
ev/cc. x 107 “71.01 2.99  é.1o : -6,8q- _.5,ui_ 1.90 5.0k n;3§3 0.93 - 10;36’ | 3.98
Ee 430 1.55  1.90. 0.6z - 0.84 z.51 - 1.00 o L.25 kA3 0.48 ",;}?301,
(a) Mgasﬁred.vélﬁe,-all othe;s.multiplied.by ratio q(Hz) / G(E,) ens.

i
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, Table v .
Relative Ylelds of Volatlle Products from ‘Electron

Irradiation of Cis-1,2- D:Lchloroeth;ylene(a

G, Molecules/100 ev

broawes  me™0) ) @ @) (e
B, 0.028 0.028 0.028 0.028  0.028
CH,=CHCL 0.3k 0.0 0.28 . 0.30 0.2k
C1C=CH' 1.02 . 0.93 1.09  0.87 0.70
clescct 0.006  0.007 0.002 ©  0.001 0.002
Ho=CH o t 1.83 2.06 2.2 2.2 1.60
HC1 | | 1.36 . 1.09 1.92 1.£o' 1.56
ev x'lo_'22 : - 1h.0k 2.23 5.1h 5.66
. Vol. in cec. ' 145.0#' 127.9 118. % - 164.8
ev/cc; (10020 9.68 L7 .3k 3.143

(a) Electron yields are normallzed to same hydrogen yield as He++
irradiations. '

,(b) Averages of 10 experiments.

(c) Total beam from microwawve linear electron accelerator Wlth mean
energy-of 3.5 Mev.

(d).Monoenergetlc h.6 Mev. electrons from,mlcrowave llnear electron
accelerator.

(e) Monoenergetic 2 Mev electrons from Van de Graaff.
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_ Table V
Relative Yields of Volatile Products from Electron

Irradiation of Trans-1,2-Dichlioroethylene(2

o G; Mdleéuies/IdO év:‘:fri

product  mert(®) - o(e) ~()
H,  o.ok0 0.080°  0.0k0
CH2=CHCi  os 0.33 0.26
C1C=CH | 0.82 0.50 0.82
clc=cc1 | 0.00k - 0.003 0.002
Ho=CH . ., 1.50 0.90 1.50
HCL | | 121 - " ?_ R 1.86
evx107F5 . 13.52 - 5.66
Vol. in cc. o '. 127.0 ' 159.3
ev/cc. leO_ZO 10.64 3155

(a) Electron yields are normalized to same hydrogen yield as -
Hett irradiations. . :

(b) Averages of 11 experiments.

(c) Total beam from microwave linear electronvéccelerétof with
mean energy of 3.5 Mev,

'v(d) Monoenergetic 2 Mev electrons. from Van de Graaff; '




=39-

‘Table VI

Comparison of Hundréed Electron Volt Yields .
from Helium Ion and Gamma Radiolyses

Cis-CZHZCl2 - Trans-CZEZCl2
Produét- o i 'Hé++(a) 5 Y(b) Heff(c) ' y(b)
:Hz S 0.028 0.018 0.040 ' 0.033 
,CH2=CHC1" 0.3k : 0.32  0.25 . 0.45
C1C=CH 102 0.98 0.82 | ' 0.90
’,0105¢01 ~ 0.006 0.009 0.00k ) 0.003
HC=CH 1.83 1.85 1.59 1.85
HC1 131 . 1.21 ¢ 0.9
'.CH0120HC1:2 oo 0.6 S oz
C\,H,C1, , 1.0 | 13.6 1.0 - 3.8
C\H,CLs 1k 0.5 © 1.1 0.k
ev x 10722 0.014 | . 0.014
Vol. in ce. 1500 15.0
ev/cc.'x 10-20 0.009 DT . 0.009
&e | - u3.6 - 136,

(a) Averages of 10 experiments.
(b) Cobalt sixty gamma ‘sowrce.

(c¢) Averages of 11 experiments.
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‘Table VII

Boiling Point-Emergence Time Correlation .for. Chlorinated Hydrocarbons

No?mgl*’f”‘:h!;;;f'.“ SRS
: bO}ll?g) E@ergen?e SenS}t1v1ty .
S , pointh time, min. ~arbitrary
.".'ComPOW_d R - , | ?C‘ S _(aft?,l“ ?ir) ____.units
Tetrachloroethylene . am 465 . 15.3
:uns-tetréchloroethane _ ] ; '130 S 5.35 ... .. 13.9
- sym-tetrachloroethane _ 45 - 0 7.05 :gn;-~lh.5
:vPentachloroethane - ) » 162 AlO.98 e 1h2
Hexachloroethane , 185 - 18.47 o -
Hexachlorobutadiene-1,3 | . 215 . .30.6 _ - 13k
a2,3—Dichloropropene¥l e 9h ; | 2.33 - - 1k.8
l,Z—Dichloropfopaﬁe ' _ 97 " 2.30‘ . 5.114.2
l,l,2,3,3—Pentéchloropropane ZCO - 20.95 - 1_'13.ﬁ
'l,i,Z—Trichloroethane S 11y R 2.86 1h.7
1-Chloroheptane - _ | 160 9.k ' -
‘l-éhlorooctane V 183 15.9 S
1,2,3-Trichloropropane 156 - 7.5 R '15.8
12-Dichioropropse 155 7.0 32T
Average sensitivity SRR o L 1hk.3

(2) E. H. Huntress, "Organic Chlorine Compbﬁnds,” John Wiley and Sons,
Inc.,.New York, N. Y., 1948.

" (b) Defined on p. 20,
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~ Table VIIT _
"Polymer Products from Helium.Ion'Irradiation.of?Cié-l,2—Dichloroethyiene

Esﬁ. Yormal - Approximate
o A : - : boiling point G value -
Product ' N oC : ~0.20 pah
bTetréchlorbbutene(c) ' S ooo13h _ 0.02
isomer : o . '
'1,1,2,2-tetrach1_oroethane(a) | 146 o 0.43
Tetrachlorobutene-l(a)' ' ‘195 0.77
1,3,4, k-isomer o o
-Tetrachlorobutene-l(b) 223 - o 0.17
1,3,k4,k-isomer ' '
Pentachlorobutene-l(b)- Coo2h1 | R 0.73
1,2,3,4,k-isomer
Pen_téchlorobutene-l(b) 256 ' 0.73
1,2,3,4,4-isomer .
"High" Polymer = - : >300 . . v _
G value , : ‘2.21
Mol. Wt. : 303
. Composition ‘ . R (CHCl)6 )
ev/cc. x 1070 o o ' 10.86

- (a). Structure well established.
~¢b) Probable structure. -

(c¢) Structure uncertain.
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Table IX

" Polymer Products from Helium Ion Irradlatlon of
: -Trans-1 2-D1chloroethylene o

'Est. Normal - v
s o L boiling point ‘Approg?mate G values
‘Product 2 - i _0.20 pah 0.15 pah
Tetrachlorobutene(c). 13k 0.07 -
isomer
'“1 1,2,2- tetrachloroethane(®) 146 0.5 0.3
Peak E, perox1de( ) :
1,2,3,k4- tetrachlorobutene . 159 . 0.3 0.5
perox1de . ‘ L g A
»Tetrachlorobutene-l(a) 195 : 0.9 0.85
- 1,3,4,4-isomer ' : . S
Pehtachlorobutene-l(b) : 241 0.5 ' 0.56
- 1,2,3,4,4-isomer " - R S
Pentachlorobutene-l(b) ’ 256 - 0.45 _ 0.56
1,2,3,4,h-isomer ; e
"High" Bolymer | >300 N
G wvalue : : R R % TR 6.7
. Mol. Wt. . _ . N . o 353 . 399
Composition - (CHClO.12)7. (CHClO.O6)8
ev/ce. x 10720 o 6.80 .. 5.4
&p o 0.6? » _O.8h

(a) Structure well established.
(b) Probable structure.

 (§)-Sffﬁctﬁfe'uncertain.
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Table X

Hundred Electron Volt Yields from Helium Ton. Irradlatlon

- of 1,2 chhloroethane

Product’

»0.0j_uah - 0.07 pah
kaydrogen 0.27 6.273
bMeﬁhané 10.0015 | Q.Qolﬁ
Methyl chloride 0.013 0.013
Acetylene 0.137 0.137
Ethylene 0.78 0.76
Chloroacetylene ‘0.018 0.018
Dichloroacetylene 00011 0.0006
Vinyl chloride 1.18 0.96
Ethyi chloride 0.70 v.O.Sl
Methylene chloride 0.013 10.005
-1,1-Dichloroethane 0.040 0.010
l,2-Dichloroethyiene' O.QZI 0.007
Hci | L.62 L.38
l,l,Z-Trichlorbéthane . 0.7
1,4-Dichlorcbutane 0.3
l,Z,M-Trichlorobutane .‘ 0.48
l,2;3,A—Tetrachl§robutane;(I) 0.26
1,2,3,4-Tetrachlorobutane (II) 0.23 .
"High" Polymer | | 0
ev x 10722 _ 2.42 3.38
Vol. in cc. . 145,k 125.5
ev/cé. X lO_zo 1.67 2.69
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Table XTI

Stoichiométry,bf'Helium'Ion Radiolysis of 1,2-Dichloroethane

- .Atom Balance

G_(-CZH2012)

Product .Best;G value c H Cl
Hydrogen 0.27 'o4§un
Methane 0.0015 - 0.0015 0.006
Methyl chloride . - 0.013 0.013 0.039 0.013
Methylene chloride - 0.009 0.009 0.018 0.018
Acetylene 0137 0.27h 0. 274 |
thylene . 0.77 1.5k - 3.08
" Vinyl chloride 1.07 2,14 3.21 1.07
Ethyl chloride 0.60 120 3.0 0.6
1,1-Dichloroethane 0.02 0.0k 0.08 0.0k
‘Diéhlorqethylene 0.01 - 0.02 0.0z o0z
Hydrbgén.chloride 4.5 S b5 L.5
1,1,2-Trichloroethane 0.7 1.k a1 2.1
1, 4-Dichlorobutane .0;3 1.2_‘ 2.4 0.6
1,2,A+Triéhlorqbutaﬁe 0.5 2.0 _3.5 1.5
1,2,3,u;Tetrachlqrobutané§ o5 2.0 3.0 2.0
5 11.8 25.8 124
6.2
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S U mable XTI

v VStoiéhidmétryiOféHelium"ibhiRadiolyéiéfbffCis—ljé:Diéhloroeihy%ene

. I “.’_ : ' L Atom Balance

S Product - ‘Best GValue .. C .. . . H c1

- | Hydrogen - 0028w 0.056""

o

Vinyl chloride = 0.3k 0.68 7 ‘1.0% .3k
Chloroacetylene 1.0z 2.04° ' - 1.02°  1.02
Dichlproacetylene._ 0,006 Q.Olé L . 0.012
Acetylehe _>.'. E : 1.83 3.66 ' 1 3.66 -

Hydrogen chloride - i.36> EEE 1.36 1;36
1,1,2,z-Tetrachlbrdethané o 0.8 0.8 1.6
Tetrachlofbbuteneé o 1 | - | L L
'PéntaChloroButeneé " : 1,& o 5.6 ﬁgz -7

"High" Polymer - I3 14,1 141 . 1k

s 30,9 - 30.2  29.4

G (-C HLCL,)- " = 15.1
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. .Table XIII

1Stoichiometry<of Helium Ion Radiolysis of Trans- liz-Dichloroethylene

R B;s% G  .. Atom Balance ' )
Product e ' value C . H _ Cl
Hydrbgen T ,r O.duo.vv.._ l41 i“mM‘jQ7Q8 » M
Vinyl chloride - oz 0.50 0.75 . 0.25
Chloroécetylene . ‘ .:.AO;83 _ | 1.66 ; 0.83 0.83
Dichloroacetylene ' : .AO.OOh‘ o 0;008 ' ' } 0.008
Acetylene | - : 1.59 3.18 | .v3.18
Hydrogen chloride -‘ 1.2 S 1a La
l;l,Z,Z—Tetraghloroethane’ S0k 0.8 | 0.8 | 1.6
E, peroxide . S 0.h 1.6 1.6 : 1.6
vTetrachlbrobﬁtenes 09 | 3.6 " f3'6 ’ 3.6
PqntaChlorobutenesl ‘ T Lo _ 3. 5
'f"High" Pdlymer"”'. ' 3 ”7 50 "'37}5 ‘ 37.5 . 37.5
| s 52.8 526 516
.G‘;,(-CZ'HZ..ClKZ). B
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Table XIV

Effect ‘of Temperature on Hellum Ion Ylelds

of Volatlle Products

G Values from Trans- C H Cl

ev/ce. x 10

o o(a) z'2; e
Product 25 -80
H, ~ 0.040 o.ou9:
'CH2_=.CH01 0.25 0.2k
C1C = CH 0.82 1.0
C1C = CC1 " 0.00k4 --
HC = CH 1.59. 2.0
HCL 1.21 1.h
ev x JLo"22 4.16
Vol. in ce. 127.0
-20 © 3,28

(a) Averages for 11 experiments.
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