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Abstract

THE PHOTOLYSIS OP THE DICHLOROETHYLENES
by

ROBERT AUSUBEL 

Advisor: Professor M. H. J. Wijnen

The three Isomers of dlchloroethylene were photo- 
lyzed In the presence of a free radical scavenger with 
near ultraviolet light. In all three cases, two excited 
states were hypothesized to explain the data. Where pos­
sible, the lifetimes of the six excited species were de­
termined.

For the 1,2-dlchloroethylenes, the lower excited 
state produced acetylene and chloroacetylene by molecular 
elimination and the chlorovlnyl radical. From cls-dl- 
chloroethylene, the ratio of the rates of production of 
acetylene : chloroacetylene : chlorovlnyl radical was 
3 .1 : 1 .0 : 0.28; from trans-dichloroethylene, this ratio 
was 2.1 : 1.0 : 0.27. The higher excited Btate of c1b- 
dlchloroethylene produced acetylene by atomic elimination 
of two chlorine atoms and excited chlorovlnyl radicals, 
in a ratio of 5 : 1. The higher excited state of trans-
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dichloroethylene produced only chlorovlnyl radicals. The 
lower excited state of 1,1-dichloroethylene produced acet­
ylene and chloroacetylene by molecular elimination In a 
ratio of 1.0 : 3<5» The higher excited state produced 
only chlorovlnyl radicals.

In the photolysis of the 1,2-dlchloroethylenes, 
isomerization also occurred. This was found to be cata­
lyzed by chlorine atoms which reverslbly added onto the 
double bond of the starting material. In the adduct, 
there was free rotation about the resulting carbon - 
carbon single bond. When the addition was reversed, 
either Isomer could be formed. The data support a value 
of 1 .6 for the branching ratio, 62# cIs-dlchloroethylene 
and 38# trans-dichloroethylene.

The data are discussed, where applicable, with 
regard to previously available results.
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FOREWORD

Near ultraviolet photolysis Is an excellent method 
of Investigating the reactions of excited molecules. For 
most molecules, the energy supplied (up to 143 kcal./mole) 
Is sufficient to cause excitations which lead to decompo­
sition reactions. But, In general, there Is not enough 
energy to cause total fragmentation of the molecule. The 
reactions observed can be more varied than those observed 
In pyrolyses. Because they can be performed at room tem­
perature, photolyses generally give fewer secondary reac­
tions. Moreover, by manipulating the spectrum of Irradi­
ating light, one compound In a mixture can be selectively 
excited.

Unlike mercury photosensitization and chemical ac­
tivation, scavengers can be used In conjunction with 
photolyses. This reduces the occurrence of secondary 
reactions, which, In turn, simplifies the determination 
of the mechanism. Also, much higher pressures can be 
used than in chemical activation studies.

Of course, a compound cannot be subject to photol­
ysis unless It absorbs the Irradiating light. For near 
ultraviolet light, this requires some degree of unsatu­
ration and/or bathochromlc substituents. Sometimes, it
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la difficult to restrict the Initiating light so that only 
one excitation is observed. The simultaneous occurrence 
of reactlons.of more than one excited state can complicate 
the interpretation of the reactions. But, the benefits of 
the method far outweigh these drawbacks.

Of the haloethylenes, the only compound whose reac­
tions under the Influence of near ultraviolet light have 
been studied exhaustively is vinyl chloride.3^*91 ^ cur­
sory investigation of cis-dichloroethylene1^0 has been 
performed. This dissertation is a continuation of that 
investigation. Its Intent is to elucidate the mechanism 
of the reactions of the dichloroethylenes Induced by near 
ultraviolet light. It has been expanded to enable the 
comparison of the reactions of the three Isomers of di­
chloroethylene. There has been no work previously re­
ported on the photolysis of either trans-dichloroethylene 
or 1,1-dichloroethylene.
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Materials

cls-1,2-Dlchloroethylene,— was obtained from the Eastman 
Chemical Company. It was purified by successive distilla­
tions, using a column packed with glass helices. The only 
impurity in the sample used was trans-l,2-dichloroethylene, 
which comprised less than 0.1$ of the sample.
1.1-Dlchloroethylene.— also was obtained from Eastman Chem­
ical Company. It, too, was purified by distillation to 
better than 99.9$ purity, the impurity being trans-l,2-
d ichloroethylene.
trans-l,2-Dlchloroethylene.— was obtained from the Aldrich 
Chemical Company. It was purified by gas chromatography 
to better than 99.98$ purity. The impurities were cis-
1.2-dichloroethylene and 1,1-dichloroethylene. The cis-
1.2-dichloroethylene was more than ten times more preva­
lent than the 1,1-dichloroethylene.
Iodine.— was a "Baker Analyzed Reagent" of about 99*99$ 
purity.
Hydrogen chloride.— gas was prepared by dehydration of a 
solution of hydrochloric acid. B & A hydrochloric acid 
from Allied Chemical's Industrial Chemicals Division was 
used. Its assay lists it as better than 99-9$ hydrogen 
chloride solution. The acid solution was added, a drop at 
a time, to anhydrous phosphorous pentoxide. The gas re­
leased passed through a trap cooled by a dry ice-acetone 
mixture and then was collected In an auxilliary reservoir
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of the high vacuum system.
Tetrafluoromethane.— was supplied by the Matheson Company. 
With the exception of up to 10  air, the tetrafluorometh­
ane was 99*7# pure.
Sulfur Hexafluorlde.— also was supplied by the Matheson 
Company. It was better than 98$ pure. The major impurity 
was air. Tetrafluoromethane was a minor impurity.

Light Source

The ultraviolet source employed in all experiments 
was a Hanovia Model 16A13 medium pressure mercury arc col­
limated by an aluminum shade and reflector. The spectrum

oof the source ranged from about 2000 A. through the vis­
ible region. The 2537 £. resonance line of the arc was 
reversed. Mercury photosensitization could not occur in 
the reaction cell.

In some experiments a filter was used to remove high 
frequency light. The transmittance spectra of these fil­
ters are shown in Figure 1, page 4.

Technique

The photolysis of the dichloroethylenes was studied 
under varied conditions. To keep the reactions as simple 
as possible, oxygen, a free radical scavenger, was ex­
cluded from the reaction cell. This was accomplished by 
using a high vacuum system, a simplified version of which 
is shown in Figure 2, page 5. The iodine and sample
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Figure 2. The High Vacuum System
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reservoirs could be filled directly. Auxilliary reser­
voirs had to be filled by admitting the compound through 
one of the ball joint outlets and condensing it into the 
auxilliary reservoir by cooling the reservoir with liquid 
nitrogen.

After being introduced into the high vacuum system, 
the various compounds were degassed thoroughly. This con­
sisted of freezing the compound with liquid nitrogen and 
pumping on the reservoir with a high vacuum. The process 
was repeated at least three times. The dichloroethylenes 
were stored at -78° C.

In a typical experiment, when the vacuum as measured 
on the McLeod gauge was deemed adequate, the reaction cell 
was isolated by closing stopcock 11. The cold finger was 
immersed in liquid nitrogen and iodine condensed into it. 
After a minute, the iodine stopcock, 12, was closed and the 
liquid nitrogen removed from the cold finger.

When the cold finger reached room temperature, the 
dichloroethylene in the sample reservoir was allowed to 
warm up. The mercury in the manometer was raised and the 
right side of the high vacuum system was isolated from the 
high vacuum manifold by closing stopcock 7* The dichloro­
ethylene was allowed to expand into the tubing extending 
from the manometer to stopcocks 10 and 11. Stopcock 11 
then was opened, the dichloroethylene expanding into the 
cell. When the desired pressure was reached, the sample 
reservoir stopcock, 8, was closed. The pressure was read
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on the manometer. Then the reaction cell stopcock, 11, 
was closed.

If hydrogen chloride was used as the scavenger in­
stead of iodine, the dichloroethylene was put into the cell 
first. After the cell stopcock had been closed, the high 
vacuum manifold stopcock, 7, was opened, pumping away the 
dichloroethylene remaining in the tubing. After a few min­
utes, the manifold stopcock was closed again. The hydrogen 
chloride in its auxilliary reservoir was frozen with liquid 
nitrogen. The auxilliary reservoir stopcock, 10, was 
opened and the liquid nitrogen removed. As the hydrogen 
chloride vaporized, it entered the tubing leading to the 
reaction cell. The ratio of the tubing volume to the cell 
volume was known. The pressure of gas in the tubing equiv­
alent to the desired cell pressure had been calculated.
When this pressure was reached, stopcock 10 was closed.
This procedure insured the exclusion from the reaction cell 
of any trace of water which may have been in the auxilliary 
reservoir along with the hydrogen chloride.

With the hydrogen chloride in the tubing and the di­
chloroethylene in the cell, the cold finger was cooled with 
liquid nitrogen, condensing the dichloroethylene. Stopcock 
11 then was opened, condensing all the hydrogen chloride 
into the cell. Stopcock 11 was closed again and the cell's 
contents allowed to reach room temperature.

If another component, a deactivator, was to be added 
to the cell, the tubing was pumped on, evacuating it. The
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deactivator in its auxilliary reservoir was condensed with 
liquid nitrogen. Then the auxilliary reservoir stopcock 
was opened. The coolant was removed, allowing the deac­
tivator to expand into the tubing.

When the pressure in the tubing exceeded the pressure 
in the cell, stopcock 11 could be opened to equalize the 
pressures. Then it was shut and the pressure in the tubing 
increased again. Stopcock 11 was used in this manner to 
admit successive small amounts of the deactivator into the 
cell. When the total pressure wanted in the cell was 
reached, the auxilliary stopcock was closed and the cell 
stopcock left open until the pressure was read. Then stop­
cock 11 was closed. During the experiment, stopcock 7 was 
opened evacuating the tubing. Then stopcock 7 was closed.

The Hanovia lamp was allowed to warm up for at least 
fifteen minutes before the start of the photolysis. While 
the sample was being prepared and the lamp was warming up, 
a blackened asbestos board prevented the ultraviolet light 
from entering the cell. As the board was removed and the 
ultraviolet light entered the cell, a stopwatch was acti­
vated manually. To halt the photolysis, either the light 
was shut off or the blackened board was replaced.

To collect the sample, a sample trap, also shown in 
Figure 2, page 5, was connected to the ball joint outlets 
below stopcocks 3 and 4. The ball joints were greased with 
each use and attached with the aid of clamps.

While the experiment was in progress, but after the
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tubing had been evacuated, the sample trap was attached to 
the outlets. The sample trap stopcock, 13, was open. With 
both high vacuum manifold stopcocks, 5 and 7, closed, stop­
cock 3 was opened. This evacuated the sample trap without 
letting any of its air into the high vacuum system. It ' 
then was cooled with liquid nitrogen. The sample trap was 
left in this position until the reaction time had elapsed.

After the light had been shut off, the manometer mer­
cury was lowered to a level just below the bottom of the 
U-tube. This allowed about ten centimeter of pressure to 
be placed on the mercury without loss of the sample through 
the mercury and the low vacuum system. The sample was re­
leased from the cell by opening stopcock 11. The lowering 
of the manometer mercury was noted. Stopcock 3 was closed 
and stopcock 4 was opened.

This exposed the sample to a temperature of -190° C. 
in the sample trap. The sample condensed, accompanied by a 
return of the manometer mercury to its previous level. The 
sample was collected for three minutes. Then stopcock 3 
was opened. The sample was frozen into the sample trap.
If any air had leaked in through the ball joints, it would 
be pumped away. After a minute, stopcock 13 was closed, 
followed by stopcocks 4 and 3.

The sample trap then was taken to a gas chromatograph 
which had been adapted to allow the insertion of the sample 
trap into the flow line of the carrier gas. The experi­
ments with cis-l,2-dichloroethylene and 1,1-dichloroethyl-
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ene were analyzed on a Burrell Kromo-Tog using a silicon 
grease on celite column; those with trans-1,2-dichloro- 
ethylene were analyzed on a Burrell Kromo-Tog, Model KD 
using a silicon grease on firebrick column.

When tetrafluoromethane was used as a deactivator, 
the procedure for collection of the sample had to modified. 
Because a high cell pressure of tetrafluoromethane could 
not be contained in the sample trap, the deactivator had 
to be pumped off before the sample could be collected.

The sample to be analyzed first was condensed into 
the Ward still. By applying about five volts to the heat­
ing wires of the still, the temperature was elevated to a 
point where the vapor pressure of tetrafluoromethane was 
sufficiently high for it to be pumped away. To ascertain 
whether all the tetrafluoromethane had been removed, the 
manometer mercury was raised and stopcock 4 closed. The 
observation of a pressure on the manometer would indicate 
that not all the deactivator had been pumped off.

When all the tetrafluoromethane finally had evapo­
rated, the liquid nitrogen was removed from the Ward still. 
Stopcocks 13 and 4 were closed and the variac raised to 25 
volts. Any change in pressure was indicated by the mano­
meter. When, over a considerable period of time, the pres­
sure no longer changed, it reasonably was assumed that all 
the sample had evaporated. (After a few experiments, the 
approximate final pressure reading on the manometer could 
be predicted.)
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The sample trap was Immersed In liquid nitrogen. 
Stopcocks 12 and 4 were opened. The varlac was shut off. 
Then, normal sample collection procedures were followed.

In experiments with cis- and trans-dlchloroethylene, 
the cell was surrounded by air. For 1,1-dlchloroethylene 
experiments, the cell was immersed in a constant tempera­
ture bath. The transmitted light first passed through a 
layer of water about five millimeters thick before entering 
the cell. The use of a constant temperature bath enabled 
some experiments to be performed at temperatures other than 
room temperature.

Identification and Analysis of Products

All samples were analyzed by gas chromatography. The 
retention time of those products which are readily avail­
able were confirmed by individually chromatographing each 
compound and by doping experimental samples with known com­
pounds. These compounds are: acetylene, chloroethene (vi­
nyl chloride), trans-1,2-dichloroethylene, cie-1,2-dichlo­
roethylene, 1,1,2-trichloroethylene, chloroethane, 1,2-di- 
chloroethane, 1,1,2-trichloroethane and 1,1,2,2-tetrachlo- 
roethane.

To confirm the peaks attributed to trans- and cis- 
l-chloro-2-iodoethylene, acetylene was allowed to react 
with iodine monochloride. Two products of this addition 
reaction had the same retention times as the products which 
were thought to be trans- and cis-l-chloro-2-lodoethylene.
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In a similar experiment, l,l,2-trichloro-2-iodoethane was 
confirmed by reacting iodine monochloride with cis-l,2-dl- 
chloroethylene. In experiments where hydrogen chloride was 
used as a scavenger instead of iodine, the peaks attributed 
to these three iodides disappeared. In their place were 
peaks easily identified as vinyl chloride and 1,1,2-tri- 
chloroethane.

In the photolysis of 1,1-dichloroethylene in the pre­
sence of iodine, a peak appeared which was attributed to 
1-chloro-l-iodoethylene. In an experiment in which hydro­
gen bromide was used as a scavenger in place of iodine, a 
vinyl chloride peak appeared, but not the one attributed to 
1-chloro-l-iodoethylene. In fact, this peak was not ob­
served in the absence of iodine. The compound’s retention 
time was slightly less than that of trans-l-chloro-2-iodo- 
ethylene (as 1,1-dichloroethylene's retention time is 
slightly less than that of _trans-1,2-dichloroethylene).

The peak which appears between acetylene and chloro- 
ethene is attributed to monochloroacetylene. It appears in 
the photolysis of the three dichloroethylenes and that of
1,1,2-trichloroethylene, but not in the photolysis of vinyl 
chloride.

Both gas chromatographs used have thermal conducti­
vity detector cells. For similar compounds, this type of 
detector is more sensitive to more complex, and therefore 
higher boiling, compounds. Thus, as the retention time in 
the column increases, so does the sensitivity. The first
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peaks observed on a chromatogram correspond to low boiling 
compounds to which the chromatograph Is least sensitive.
A plot of sensitivity versus retention time would show an 
ascending curve with a continuously decreasing slope.

To find the sensitivity of the chromatograph under 
any set of analysis conditions, a known amount of product 
was analyzed. This was done at least three times with each 
compound. The area under the peak was determined by Inte­
gration with an Ott planlmeter. The actual area was not 
determined, although It Is possible to correlate the pla­
nlmeter units to metric units. The sensitivities of the 
chromatograph to the various compounds were reported In 
molecules per planlmeter unit.

For an experimental chromatogram, the peak was Inte­
grated In the same manner, using the same Ott planlmeter. 
The rate of production of the compound then was determined 
by multiplying the area of the compound In planlmeter units 
by the sensitivity of the chromatograph to that compound, 
and dividing the product by the Illuminated volume of the 
reaction cell and by the exposure time. The rate Is re­
ported In molecules per milliliter per second.

This determination of sensitivities was performed for 
acetylene, chloroethene, 1,1-dichloroethylene, trans-1,2- 
dlchloroethylene, cls-l,2-dichloroethylene, 1,2-dlchloro- 
ethane, 1,1,2-trichloroethylene, 1,1,2-trlchloroethane and 
1,1,2,2-tetrachloroethane, all of which were available for 
quantitative analysis. With monochloroacetylene and the
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iodides, the chemicals were not available. In these cases, 
an estimate had to be made by interpolating from the sensi­
tivities of compounds with similar retention times. Such 
estimates are not liable to be wrong by more than 10$.



PRIMARY PROCESSES
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INTRODUCTION

In order to get any but the most unstable compounds 
to react, energy must be supplied to the reaction system. 
The energy may come In many forms: chemical, electrical,
photogenic, physical, radiative, thermal. In this work, 
the source of energy is photogenic —  light.

The compounds investigated are the three isomsrs of 
dichloroethylene. Visible light does not cause these com­
pounds to react. More energetic light is needed. Thus, 
ultraviolet light is used to irradiate these compounds.

Photolytic Reactions of Ethylene
The parent olefin, ethylene, is the olefin which has 

been studied most thoroughly, much more so than any of its 
halogen substituted derivatives. Ethylene does not absorb 
in the near ultraviolet region, 4000 - 2000 To ex­
cite ethylene with energy in this wavelength range, an in­
direct method of supply must be used. Another species is 
put into the reaction cell, one which will absorb the light 
in question. This excited species, then, will transfer its 
energy on collision with an ethylene molecule. Such a pro­
cess is known as sensitization. The most commonly used 
sensitizer is mercury vapor. Cadmium vapor and some aro­
matic compounds also are used.
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KQ finLeroy and Steacie^* investigated the mercury pho­

tosensitized decomposition of ethylene. Using light of 
o2537 A. to excite mercury to its lowest lying triplet, the 

decomposition product observed was acetylene. They pro­
posed the following mechanism to account for its production:

C2H4 +  Hg (3P1)  > C2H4* -1- Hg (\)

c2V  ---- > c2h2 +  h2

C2H4 +  C2H4*  > 2 C2H4

They later reported^® that with increasing temperature, go­
ing as high as 350° C., the production of vinyl radicals 
becomes an important step.

C2H4*  > C2H3 +  H

Callear and Cvetanovic30 investigated the mercury 
photosensitized decomposition of ethylene and deuterated 
ethylenes. Under the conditions of their experimentation, 
virtually all the hydrogen formed was produced via molecu­
lar elimination. This was evidenced by the inconsequential 
amounts of HD observed in the decomposition of ethylene - 
ethylene-d^ mixtures.

20Photosensitization of cis-dideuterioethylene pro­
duced Dg, HD and Hg in a ratio of 1 : 6 : 2. Taking the 
isotopic effect into account, this suggests that for the 
formation of molecular hydrogen, all atoms in the ethylene 
molecule are equally accessible to each other. Prom the
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kinetics of decomposition, the mechanism which best suited 
their data assumes two excited states of approximately 
equal lifetimes, both susceptible to collisional deactiva­
tion, but only one capable of undergoing decomposition.

V * + Hg -— > C2H4* +

W
— > *#

°2H4
c2H4 + ca V — > 2 0sH4

-
— > °2H2 +

+ v r  -
— > 2 C2H4

Ausloos and Qorden^ found that in mercury photosensi­
tization studies on 1,1-dideuterioethylene the isotopic 
distribution of hydrogen is "similar, but not exactly the 
same," as that from 1,2-dldeuterioethylene. They suggested 
that other modes of decomposition may have to be considered.

Rabinovitch, et. al.,1,0® studied the kinetics of de­
composition and isomerization of trans-dideuterioethylene. 
They obtained fairly good results using the mechanism pro-

,OQposed by Callear and Cvetanovic with only slight modifi­
cations. They proposed that the deactivation of the higher 
excited state of ethylene leads to equal amounts of cls- 
and trans-dideuterioethylene, while deactivation of the 
lower excited state (the one which decomposes to give all 
three isotoplc acetylenes and hydrogens) gives the three 
dideuterioethylenes, each with equal probability.
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CHD-CHD +  C2H2D2*---- > * cls-C2H2D2 + | tr-CgHgDg

-I- CHD-CHD
##CHD-CHD +  C2HgD2 -- > 1/3 cia-CgHgDg +  1/3 tr-CgHgDg

+  i/3 aajrra-CgHgDg + CHD-CHD

The higher excited state was assigned to the lowest lying 
triplet of ethylene; the lower excited state, the one which 
decomposes, was thought most probably to be ethylldlne, 
CH^CH: .

q2iRuland and Pertel^ used a different mercury line, 
the one at 1849 X., to obtain the more energetic state 
of mercury. Again, a mixture of ethylene and ethylene-d^ 
was photosensitized. They found that nearly all the hydro­
gen formed was Hg or Dg. Here too, the chosen route to 
acetylene formation Is molecular elimination.

A number of organic photosensitizers have been used
46 11 oto excite the dideuterioethylenes. * * No decomposition

was observed. However, Isomerization, including hydrogen 
scrambling, occurred. The rates of production of the three 
dideuterioethylenes were identical. The results were sat­
isfactorily explained by the mechanism modified by Rabino- 
vitch, et al.,100 where the rate constant for decomposition 
is zero. There was no decomposition observed because the 
aromatic compounds used transfer less energy than mercury. 
Thus, insufficient energy is available for decomposition to 
occur.
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47 121Hunzlker and Sato, et al., have studied the cad-
omium photosensitized Isomerization of the dideuterio- 

ethylenes. Their results were similar to those for the 
aromatic sensitizers —  no decomposition but interconver­
sion. However, in both studies it was necessary to modify 
Rablnovltch's mechanism. Both added another excited state 
of ethylene which decomposes. But, they chose different 
ways in which to insert the new excited state into the 
mechanism. Thus, the definitive mechanism for the photo­
sensitization of ethylene remains uncertain.

oIn the direct photolysis of ethylene at 1470 A.,
OKSauer and Dorfman found that there were two primary pro­

cesses producing acetylene. They are of about equal prob­
ability.

C2H4*  > C2H2 H2

C2H4**  > C2H2 ■*" 2 H

Failure to find butadiene or isotopically mixed ethylene 
from an ethylene - ethylene-d^ mixture led to the conclu­
sion that the formation of vinyl radicals is not a signifi­
cant reaction. Hydrogen atoms produced in the second decom­
position add onto the starting material and were observed 
as ethane and butane.

Okabe and McNesby^ photolyzed ethylene at 1236, 1470 
and 1849 X. No vinyl radicals were observed at 1236 X.
Both molecular and atomic elimination of hydrogen were ob-
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served in the production of acetylene. Atomic elimination 
was more prevalent at lower wavelengths. Working with 1,1- 
and trans-dldeuterloethylene, they found that the distribu­
tion of isotopic hydrogen molecules was significantly dif­
ferent in the two isomers. This indicates that the scram­
bling which occurs in the mercury photosensitized decompo­
sition does not occur in the direct photolysis of ethylene. 
Por both isomers, the isotopic distribution of molecular 
hydrogen was found to be wavelength Independent.

Obi, Ogata and Tanaka^ compared the relative yields 
of molecular elimination and atomic elimination of hydrogen 
from ethylene at various wavelengths. They reported the 
following results:

H(eV) 1236 1470 1634 1849

C2H4*--- > C2H2 + H2 1.8 30 46 54 60

C2H4**--> CgHg +  2 H 6.3 70 54 46 40

This shows that atomic elimination, the process requiring 
more energy, becomes predominant with increasing energy of 
light.

7QPotzinger, Glascow and von Bunaui;7 photolyzed ethyl­
ene at 147, 163, 185 and 193 nm. They found vinyl radicals 
at 185 nm. This was deduced by the appearance of 1-butene, 
formed by the recombination of vinyl and ethyl radicals.
The production of vinyl radicals decreases in importance 
as the energy of light is increased. They found that the
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quantum yield of acetylene formed by molecular elimination 
is independent of the wavelength of light used. The quan­
tum yield of acetylene formed by atomic elimination in­
creases with decreasing wavelength. At least three excited 
states were needed to explain the results.

Ausloos and Gorden^ also studied the radiolysis of 
of deuterated ethylenes. In the gas phase, virtually all 
hydrogen formed was by molecular elimination. The ratio of 
isotopic hydrogens was different for 1,1- and 1,2-dideuteri- 
oethylene. Therefore, decomposition does not occur from a 
scrambled excited state. Both 1,1- and 1,2-elimination of 
hydrogen molecules occurs.

Photolytic Reactions of 
Halogenated Ethylenes

Some work has been performed on some of the haloeth- 
ylenes. Of these substituted ethylenes, the fluoro deriva­
tives are the ones which have received the most attention. 
Each fluoroethylene has been the subject of at least one 
study.

In a sense, fluorine is the atypical halogen. It 
forms the strongest carbon - halogen bond. So strong Is 
this bond that it is not cleaved by near ultraviolet light, 
neither in photolysis nor in photosensitization experiments. 
Some of the reactions observed In the fluoroethylenes are 
observed in no other haloethylenes. The fluorine atom does 
not quench excited mercury atoms. This makes the fluoro­
ethylenes good compounds In which to study photosensitiza-
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tlon reactions at double bonds.

Trobridge and Jennings investigated the mercury 
photosensitized decomposition of vinyl fluoride. The only 
reaction observed was the molecular elimination of hydrogen 
fluoride, forming acetylene. They found that their data 
was best suited by predicting two excited states, both sus­
ceptible to deactivation, but only the lower one decompos­
ing. This is very similar to the mechanism proposed by

/20Callear and Cvetanovic for the photosensitization of 
ethylene.

Strausz, et al.,110 reinvestigated this reaction.
They considered their data, as well as that of Trobridge 
and Jennings, to be "too scattered for precise mechanistic 
conclusions.11

Strausz and coworkersthen went on to investigate 
the mercury photosensitized decomposition of the three iso­
mers of difluoroethylene. All three produced monofluoro- 
ethylene, and the 1,2-difluoroethylenes, their geometric 
isomer. The quantum yield of fluoroacetylene at a given 
pressure was identical for all three isomers of difluoro­
ethylene. For the els- and trans- isomer3, the quantum 
yield of isomerization was identical.

Their kinetic data was applied to a one excited state 
mechanism (similar to Leroy and Steacie's^ for ethylene)
and a two excited states mechanism (similar to Callear and

/ po IlkCvetanovic's for ethylene and Trobridge and Jennings's
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for vinyl fluoride). They found that both mechanisms obey 
linear relations and therefore were unable to determine 
which one is correct.

In the photosensitized decomposition of trifluoro- 
ethylene, Strausz, Norstrom and Gunning10^ found that di- 
fluoroacetylene is produced by the 1,1-elimination of hy­
drogen fluoride, followed by the relatively slow rearrange­
ment of the resulting difluorovinylidene.

CF2*CHF -> CFg= C: +  HF

CFg=C:  > CF=CF

The mercury photosensitized decomposition of tetra-
4fluoroethylene was studied by Atkinson. The only product 

observed other than polymer was. hexafluorocyclopropane. He 
concluded that this was formed via a difluorocarbene inter­
mediate. This results was confirmed by Heicklen, Knight 

44and Greene.

102In the photolysis of vinyl iodide, Sherwood found 
That both molecular detachment of hydrogen iodide and io­
dine cleavage occurred.

C2H3I +  h V ---- > C2H3I*

c2H3I*  > C2H2 +  HI

W *   > C2H3 + 1
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The molecular detachment reaction was Included because 
nitric oxide, a free radical scavenger, completely sup­
pressed the production of ethylene and butadiene, while

ionly reducing production of acetylene.
These findings were reinforced by those of Yamashlta, 

Noguchi and Hayakawa,1^1 who used a high Intensity light 
source to Increase radical - radical reactions. Again, 
nitric oxide suppressed free radical products but not 
acetylene.

12Bellas, et al., studied the mercury photosensitized 
reactions of vinyl chloride. They found two sites for the 
transfer of energy to vinyl chloride: the double bond and
the chlorine atom. In the mechanism proposed,

Hg TPi) -t- C2H3C1 -— > C2H3 +  Cl -t- Hg (0.49)

— > C2H3 +  HgCl (0.06)

— > C2H3C1* +  Hg (0.45)

C2H3C1* — — > C2H2 -f HC1 (0.17)

— > C2H3C1 + h !/ (0.28)
*

C2H3C1 +  M — — > C2H3C1 -+ M

where the numbers in parentheses give quantum yields at 
zero pressure, the first two reactions are attributed to 
quenching at the chlorine atom, while the third reaction 
is attributed to quenching at the double bond. Good agree
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ment was found between this attribution and the relative

ocollisional cross-sections, o' • Because acetylene forma­
tion was unaffected by nitric oxide, its production was 
assigned entirely to the decomposition of excited vinyl 
chloride molecules.

In a study of the direct photolysis of vinyl chlo-
•34ride, Fujimoto, Rennert and WijnenJ found that the excited 

vinyl chloride molecules had two means of decomposition.

C2H3C1*  > C2H2 + HC1

 > c2h 3 +  Cl

C2H3C1* +  M ---- > C2H3C1 + M

When vinyl radicals were prevented from reacting further, 
by the presence of scavengers, the ratio of acetylene to 
vinyl product was found to be 1 : 1.4. This value was 
found to be independent of temperature and pressure. Thus, 
both reaction products come from the same excited state.

The appearance of acetylene accompanied by atomic 
elimination has been observed in the far ultraviolet photo­
lysis of vinyl chloride.^

c2h3ci*  > c2h2 + H +  Cl

The quantum yield of vinyl radicals was found to decrease 
with decreasing wavelength.

Reactions of the Dichloroethylenes
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For 1,2-dichloroethylene, the thermal decomposition

•ag figof either the cis or the trans isomer-^' ^ produces hydro­
gen chloride and acetylene. Chlorine atoms also are pro­
duced which, unless inhibited, will lead to a chain reac­
tion dehydrochlorination.

Futrell and Newton-3 irradiated liquid samples of 
both cis- and trans-dichloroethylene with oC , /S and Y 
rays. The major products were acetylene, chloroacetylene 
and dichloroacetylene. The following mechanism was pro­
posed:

CHC1=CHC1 + radiation ------ > CHC1=CH* +  Cl

 > CCIhCH +  HC1

 > CC1=CC1 + h2

 > CHC1=CC1 +  H

CHC1=CH#  > CH=CH + Cl

130Wljnen found that the major products in the near 
ultraviolet photolysis of cis-dichloroethylene were acety­
lene, chloroacetylene and trans-dichloroethylene. The fol­
lowing mechanism was proposed:

cls-O^Clr, -f hi> ---- > C ^  + 2 Cl

 > CgHCl +  HC1

Cl +  cls-C^Cl^ ---- > C2H2C13*
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c2h2ci3* ---- > ci3-c2n2ci2 +  Cl

 > trans-C2H2Cl2 4- Cl

The ratio of acetylene to chloroacetylene was found to be 
wavelength dependent.

14Berry and Pimentel investigated the HC1 laser emis
sion caused by the photolysis of the three isomers of di-

ochloroethylene with light in the 2100 - 1700 A. region. 
-They found that the hydrogen chloride vibrational spectra 
differed significantly among the three isomers. From 1,1- 
dichloroethylene, only , ft elimination is possible. For 
the 1,2-dichloroethylenes, the authors found that it is 
probable that both cL, cc and , /3 eliminations occur.

From this short review, it is clear that the photo­
lysis of the dichloroethylenes has not received much atten 
tion. For this reason, the present study was undertaken.
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RESULTS AND INTERPRETATION

The reaction products observed in the photolysis of 
symmetric dichloroethylenes, either the cis or the trans 
isomer, are acetylene, chloroacetylene and the chlorovinyl 
radical. This radical was observed, where iodine was used 
as a scavenger, as cis- and trans-l-chloro-2-iodoethylene 
or, where hydrogen chloride was the scavenger, as vinyl 
chloride. Also observed was the geometric isomer of the 
starting material, viz. trans-dichloroethylene from cls- 
dichloroethylene, and vice versa. In some instances, the 
formation of the 1,1,2-trichloroethyl radical was apparent, 
a3 inferred by the isolation of l,l,2-trichloro-2-iodo- 
ethane or 1,1,2-trlchloroethane.

Many experiments were carried out to obtain infor­
mation regarding the mode of formation of these products. 
All experimental results are tabulated in Appendix I,
Tables XIV - XXIII. A systematic study was attempted which 
tried to minimize the number of varying factors which could 
influence the formation of products.

For example, Table XIV gives the results of a series 
of experiments in which information was obtained regarding 
the effect of various initial pressures of £iis-dichloro­
ethylene upon the product formation. The data in Table XIV
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were obtained using the full arc of the light source. The 
light transmitted by this arc starts at about 2000 X. and
is continuous into the visible range. Because dichloroeth-

_ oylene does not absorb above 3850 A., the effective light
used in these experiments listed in Table XIV cover the 

_ orange 2000 - 3850 A. In Table XV are experiments in which
part of the high energy light was eliminated by insertion
of filter 9-54 between the cell and the light source, thus

onarrowing the effective light to the range 2200 - 3850 A. 
Table XVI gives the results obtained at various starting 
pressures of cis-dichloroethylene using filters 9-53, 0-54 
and 0-52 with effective ranges of 2600 - 3850 A., 3000 - 
3850 A. and 3400 - 3850 X., respectively.

In almost all the experiments a free radical scaven­
ger was used. Its purpose was to reduce the number of sec­
ondary and higher order products. As was mentioned previ­
ously, the chlorovinyl radical is a major product of the 
photolysis. In the absence of a scavenger, the free radi­
cal, being unstable, would have to react further. There 
are a number of reaction paths open to it: abstraction,
decomposition, disproportionation, recombination and addi­
tion to a multiple bond. The multiplicity of these reac­
tions and their products would make it difficult to trace 
the production of the radicals. Even worse, some of the 
products of these radical reactions would be the same as 
those produced by the initial decomposition of the excited 
dichloroethylene, e.g. chloroacetylene. In analysis of the
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products, it would be impossible to determine what propor­
tion of the product came via which pathway.

However, a free radical preferentially will react 
with a scavenger. The scavenger is chosen to ensure that 
the product of this reaction will be unique to the reaction 
system. Thus, the free radical easily can be observed and 
its concentration measured.

Time Studies

Before trying to explain the data, one first must 
ascertain that, in the time spans involved, the rates of 
production are linear. Beyond the region of linearity with 
time, complications may interfere with the proper interpre­
tation of the results. Secondary reactions may occur which 
will reduce the concentrations of some of the products and 
may increase the concentration of others.

The time study for cis-l,2-dichloroethylene was con­
ducted using an initial pressure of 30 torr of dichloroeth- 
ylene which had been saturated with iodine. Experiments 
were performed for 5* 10 and 15 minutes. As is seen in 
Figure 3s the results were linear throughout the range 
tested; the rates of production were constant.

A time of five minutes was chosen as the exposure 
time for further experimentation. This time lies well 
within the region of linearity. Also, the amounts of pro­
ducts formed during this time could be analyzed without 
much difficulty. For experiments performed using filters,
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Figure 3. Time Study for the Photolysis of cis-C^H^Cl^ 
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an exposure time was chosen which gave a decomposition com­
parable to a five minute exposure of unfiltered light.

The time study for trans-1,2-dlchloroethylene was 
also conducted at a pressure of 30 torr. In this study, 
too, iodine was used as a scavenger. The results are shown 
in Figure 4. There is considerable scattering for the iso­
merization reaction. But, it can be seen that for all the 
products the rates of production are constant throughout 
the range investigated, up to 17 minutes. The exposure 
time chosen for further experimentation was ten minutes.

Of particular interest is the fact that the ratio of 
trans-l-chloro-2-iodoethylene to cis-l-chloro-2-lodoethyl- 
ene is about 4 : 1, regardless of which isomer of dichloro- 
ethylene is photolyzed. This means that the chlorovinyl 
radicals produced from cls-dlchloroethylene are indistin­
guishable from the chlorovinyl radicals produced from 
trans-dlchloroethylene.

Energetic Considerations Regarding the 
Decomposition of 1,2-Dichloroethylene

As was mentioned previously, the photolysis of di- 
chloroethylene in the presence of iodine yields acetylene, 
chloroacetylene and the chlorovinyl radical, which is scav­
enged by iodine to give els- and trans-l-chloro-2-lodo- 
ethylene.

In the production of acetylene, two chlorine atoms 
are lost by the dichloroethylene molecule. Either they de-



*)

Amount of Product (planimeter units)

CR
d
3CD

■(=■O 00O ro
o

□
il
o

roKro

o
o

roKo

i-3H*
3CD

3
dCt(D03

MO

roO

>o
cd
ct

MCD3CD
03
3Qj
O3"M
O
3
O
03OCD
ct
<<
MCD
3CD

1-3
H*
3CD
W
ct
d
a.

*—1> 
o
3
ct
3*CD
3)
3"O
ct
O
M
03
H*CO
0 
3)
ct
3
03
3
031
o

ro
aro
o

u>o\

ro



Amount of Product

ro
oo

n
Ct
303
303Io

roKtoot—1 H

IO H-
03IO

rowroo

3CD

33
ctCD
03

VJ1

t—1
o

ro
o

(planimeter units)

-CrO
o

Ch
o
o

tx»

ct
3033
03I
03
3Qj

|CflI3>IO 
3" t—1 
O 
301
ro
i

3-OQ
C
3CD

•-3
H*
3CD
C/3ct
3Qi
<C
33O
3
ct
3*CD
3)
3*O
c t
Ol->
«<!ca

LO
-3

oQj
OCD
ct
3"
MCD
3CD

03

0 
3)
ct
3
03
3
03
1o

ro
Kroo31

ro



Amount of Product (planimeter units) o

erac
3
CD

I-1
o
o
o

ro
o
o
o

uo
o
o
o

4=-
o
o
o

VJI
o
o
o

o i-3H*II 3
CDIo|h-|co ,— ,

i 3o H*
ro 3K d
ro cto CDc-> CO
ro --

o

M

ro
o

H
COO3
CD
3H-tS)
CD
ctH-O
3

T)
3OQj3O
ctH*O3
0 
3 >

I
o  
H *

CO
1
o

ro
W

ro
o

ro

3
CD

C/3ctdQj
►-b
O
3

ct
3"
CD

T )  
3* 
O  ct 
O  t—J
COH*CO
0  
3 )

ct
3
CD
3co
1
o

ro
K

ro
oM

ro

u>00



- 39 -
part in unison or individually. If the chlorines are lost 
in unison, they can leave either as a chlorine molecule or 
as two chlorine atoms.

The possible reactions which may produce acetylene
are:

cis-CgHgClg + h v  > C2H2C12* (1)

C2H2C12*  > C2H2 + Cl2 (2)

C2H2C12*  > C2H2 + 2 Cl (3)

C2H2C12*  > C2H2C1° +  Cl (4a)

C2H2C1°  > C2H2 + Cl (4b)

Analysis of the energetic requirements for the indi­
vidual reactions from bond energies will give information 
regarding the possibility of a reaction's occurring. In 
Table I, bond energies in kilocalories per mole are given 
which are of interest to this discussion.

TABLE I
Some Relevant Bond E n e r g i e s ^  (in kcal./mole)

Cl-Cl 58.0 H-I 71.4 C-C 82.6
I-I 36.1 C-H 98.7 C=C 145.8
H-H 104.2 C-Cl 81. c=c 199.6
H-Cl 103.2 C-I 51.

Prom the data in Table I, it is possible to calculate 
the minimum energy required for the reactions given above.
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The changes in bonds between the reactant and the products 
are:
Energy Loss Energy Gain Energy Gain

(Reaction 2) (Reactions 3 & 4)
c-c 145.8 CSC 199.6 CSC 199.6

C-Cl 81. Cl-Cl 58 .0

C-Cl 81.
307.8 257.6 199.6

Thus, Reaction 2 requires a minimum input of 50 kcal./mole, 
while Reactions 3 and 4 need a minimum of 108 kcal./mole.

To translate these energy values into wavelengths of
light, one uses the equation of quantum chemistry: E » hy.
This can be rearranged into the form:

E A  » 2.86 x 105
where the energy isT'in kilocalories per mole and the wave- 

olength is in Angstroms. Applying this equation gives the 
wavelength of light with the minimum energy which possibly 
could cause the reaction to occur. It does not mean that 
that particular wavelength light will cause the reaction 
to occur; Just that it may.

oThe wavelength calculated for Reaction 2 is 5720 A.; 
that for Reactions 3 and 4 is 2650 X. The experimental 
data from photolyses with filters 0-54 and 0-52 (see Table 
XVI) clearly indicate that acetylene is produced at wave­
lengths longer than 2650 A. Thus, the first important con­
clusion is that under these conditions acetylene is pro-



I
- 4 1 -

duced exclusively by Reaction 2. At shorter wavelengths, 
acetylene may be produced by Reactions 2 and/or Reactions 
3 and 4.

The production of chlorovinyl radicals, as indicated 
by Reaction 4a, requires a minimum of 81 kcal./mole, the 
energy necessary to break the carbon - chlorine bond. This 
energy corresponds to 3530 A. Thus, Reaction 4a is a pro­
cess which could be observed under all conditions of these 
experiments. It is not surprising that this is the case.

Chloroacetylene can be produced in a similar manner. 
At this point, no consideration shall be made as to whether 
the excited state of dichloroethylene from which chloro­
acetylene comes is the same as that producing acetylene, or 
even whether the various processes, if they do occur, come 
from the same excite state. The asterisk is used merely to 
denote a state with sufficient excess energy to cause a 
reaction. The possible mechanisms are:

C2H2C12*  > CgHCl 4  HC1 (5)

CgHgClg*  > CgHCl 4 H 4 Cl (6)

C2H2C12*  > C2H2C1° 4  Cl (7a)

CgHgCl0  > CgHCl 4 H (7b)

The following reaction has been omitted as a possibility

C2H2C12*  >  C2HC12° 4 H
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because in direct photolysis experiments, the rupture of a 
carbon - hydrogen bond has never been reported in the wave­
length region of this investigation.

Energy calculations yield the following information: 
Energy Loss Energy Gain Energy Gain

(Reaction 5) (Reactions 6 & 7)
c=c 145.8 CsC 199.6 CHC 199.6

C-H 98.7 H-Cl 103.2
C-Cl 81.

325.5 302.8 199.6
Reaction 5 requires 23 kcal./mole, a wavelength of 12,400 $.,
well into the infrared region. Reactions 6 and 7 require 
126 kcal./mole, or a wavelength cutoff of 2270 Thus, 
the second conclusion is that chloroacetylene produced at 
wavelengths greater than 2270 $. is formed exclusively by 
HC1 elimination, as indicated by Reaction 5.

The chlorovinyl radical is produced by the cleavage 
of a carbon - chlorine bond:

C2H2C12* ------ C2H2C1 4 Cl (8a)

The chlorovinyl radical produced may be either a thermal 
radical or an excited radical, the energy exciting the radi 
cal being a carry-over of the excess energy from the pri­
mary process. As has been mentioned previously, this reac-

_ . otion, requiring 81 kcal./mole or 3530 A., has been observed
at all wavelengths of this investigation.

Iodine was the most frequently used scavenger. Its
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TABLE II

Possible Reactions and their Wavelength Thresholds

(2) C2H2C12* -— > C2»2 + C12 5720 %.

(3) C2H2C12 — > CgHg + 2 Cl 2650 A.

(4) C2H2C12 — > Cg^Cl ^  CgHg 4- 2 ci 2650 £.

CgHCl

(5) C2H2C12* -— > CgHCl 4- HC1 12400 £.

(6) °2H2C12* "— > C2HC1 4- H +  Cl 2270 A.

(7) C2H2C12* -— > CgHgCl0 4- Cl -- >  CgHCl 4- H +  Cl

2270 £.

CgHgCl

(8) *CgHgClg — > CgHgCl -t- Cl 3530 I.

reaction with the chlorovinyl radical

CgHgCl -+-I2— > V 5  tr-CgHgCH +1/5 cls-CgHgCH 4. I (8b)

is exothermic by 15 kcal./mole and requires no carry-over 
of energy from the initial excitation.

Table II gives a summary of all possible reactions
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and the minimum amount of energy (expressed in Angstroms) 
required for each reaction. All the processes listed in 
Table II are possible when the reaction cell is exposed to 
the full spectrum of the medium pressure mercury lamp. 
However, if the spectrum is restricted by use of filters, 
some of these reactions become energetically impossible. 
Thus, with filter 0-54, which passes light less energetic 
than 3000 £., the production of acetylene and chloroacety- 
lene is restricted to one mechanism each. Filter 9-53 
still restricts the production of chloroacetylene to one 
mechanism, although it is just possible that Reactions 3 
and 4 may produce acetylene.

The number of reaction products and possible reac­
tions clearly indicates that the reaction mechanism is by 
no means simple. In order to facilitate its presentation, 
the primary processes of each dichloroethylene will be ana 
lyzed in individual sections. This will be followed by a 
separate chapter on the els - trans isomerization of the 
1,2-dichloroethylenes.

Primary Processes in the Decomposition 
of cis-l,2-Dlchloroethylene

Comparison of Product Rates as 
a Function of Pressure

Having discussed the various modes by which acety­
lene, chloroacetylene and cis- and trans-l-chloro-2-lodo- 
ethylene may be produced, it is revealing to compare the
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product yields against each other as a function of pressure 
and of excitation energy. Prom the data in Tables XIV - 
XVI, graphs were drawn of the change in rates of production 
with pressure, Figures 5 - 7 .  The data from experiments 
with filters 0-54, 9-53 and 0-52 all fell on the same 
lines. They therefore were plotted together. Prom points 
on these graphs the ratios Rc H /fcc HC1, Rc R /Rc H C1I

and Rc H qjj were calculated, where Rc H C1I is the
2 2 2 2 2

3um of Rols-OgHgClI and Rtrans-C2H2C1I' At Pressures of 
less than 10 torr, the ratios were taken directly from ex­
perimental results because in this region the graphs have 
the greatest uncertainty. Because relatively small yields 
of chloroiodoethylene were produced with the more restric­
tive filters, it was not possible to obtain accurate data 
for the rates of production of els- and trans-chloroiodo- 
ethylene. Therefore, the only ratio calculated for these 
filters is Rq h /Rc HC1. These ratios are given in Table

III, page 49.
If two products arise directly and solely from the 

same excited state, the ratio of their rates of production 
is constant. If the excited state is deactivated, then 
both rates of production should be reduced to the same ex­
tent, leaving the ratio of their rates of production un­
changed. If the ratio is not constant, then more than one 
excited state is involved in the production of the two 
compounds.
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Figure 7. Change in Rates of Primary Production with 
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TABLE III

Comparison of Rates of Primary Production in the 
Photolysis of cl3-l,2-Dlchloroethylene

Filter Wavelength Exposure Pressures in Torrs
Used Range (£.) Time 3.7 6.7 10* *20 40*

A) ^gHgAlgJHCl

none 2000-3850 5 min. 8.2 ^ ** _6.8 6.1 5.7 5.6
9-54 2200-3850 1 hr. - - 3-3 3.0 3.0
9-53
0-54
0-52

2600-3850
3000-3850
3400-3850

3 hr.' 
10 hr. 
10 hr.,

- - 5.7 5.0 5.3

B)
V a ^ g H g C H

none 2000-3850 5 min. - 21.3 14.1 11.4 9-9
9-54 2200-3850 1 hr. - - 11.7 10.9 10.5

c) rc2hci ^CgHgClI

none 2000-3850 5 min. - 3.1 2.3 2.0 1.8
9-54 2200-3850 1 hr. - - 3.5 3.7 3.6

*These values are taken from graphs, 
raw data.

##Average value from two experiments

rather than

That the data from experiments with filters 9-53,
0-54 and 0-52 all fall on the same lines indicates that 
the reaction mechanism is the same under these conditions. 
Thus, varying the wavelength of light between 2600 X. and 
3400 A. does not change the mechanism. Previously, it was
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demonstrated that Reactions 3 and 4 cannot occur above 
2650 8. Here, it is shown that neither of these reactions 
does occur to any appreciable extent at 2600 8.

The product ratios given in Table III, obtained from 
experiments with filter 9-5^ appear constant within experi­
mental error. This suggests that the three primary pro­
ducts all come from the same excited state. Either that, 
or there is more than one excited state, but the excited 
states all have approximately equal lifetimes.

The simpler assumption, that with filter 9-5^ all
three products come from the same excited state, is the
better starting point. Thus, in this wavelength region
acetylene and chloroacetylene, as well as the chlorovinyl
radical, are produced from the same excited state. When
the wavelength range of light is increased by removal of

othe filter and light with energies as high as 2000 A. en­
ters .the cell, the ratio of acetylene to chloroacetylene 
production increases. And, in experiments with unfiltered 
light this ratio becomes pressure dependent, decreasing 
with increasing pressure.

These changes can be explained by the formation of 
another excited state, one which produces acetylene but 
not chloroacetylene. This excited state makes no appre­
ciable contribution to acetylene production at wavelengths 
greater than 2200 8. It becomes important only in the 
2000 - 2200 8 . range. Obviously, it requires more energy 
to be formed than the excited state which produces all
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three primary products. It seems reasonable to associate 
this new excited state with a method of production of acet­
ylene which also requires more energy, Reactions 3 and/or 4.

C2H2C12 -----> C2H2 + 2 Cl (3)

C2H2C12**------ -----* C2H2C1° +• Cl (4a)

C2H2C1° -----> C2H2 + Cl (4b)

The acetylene formed by the less energetic excited state 
would be formed by molecular elimination, Reaction 2.

C2H2C12* ---- > C2H2 +  Cl2 (2)

In the absence of filters, Rq h /Rc decreases

with increasing pressure. Acetylene production is being 
reduced relative to chloroacetylene production. A change 
in this ratio must be due to the acetylene production of 
the more energetic "two star" excited state. This excited 
state, therefore, is more readily deactivated than the 
excited state which produces both acetylene and chloroacet­
ylene, the "one star" excited state. This means that the 
two star excited state has a longer lifetime. It is more 
susceptible to collisional deactivation because it takes 
longer to decompose.

The question remains whether this new excited state 
decomposes via Reaction 3 or Reaction 4. Were it to decom­
pose via Reaction 4, it might be expected that some of the
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excited chlorovinyl radicals would be collisionally deac­
tivated.

c2h2c i° -t c2h2ci2 > c2h2ci + c2h2ci2 (9)

The thermal chlorovinyl radicals thus formed would be scav­
enged, forming more chloroiodoethylene. Of course, if 
Reaction 4b occurs so rapidly that no deactivation is pos­
sible, then Reaction 3 and Reaction 4 will be indistin­
guishable.

The data in Table III indeed show an increase in the 
amount of chloroiodoethylene found relative to chloroacety­
lene in the absence of filters. This is a strong indica­
tion that Reactions 4 and 9 do occur. However, it does not 
exclude the possibility of Reaction 3's also occurring. 
Reactions 4b and 9 predict that Rc H /Rc H C1I will de­

crease with increasing pressure. This also is observed.
Having found a satisfactory mechanism for the reac­

tions occurring with filter 9-54 and in the absence of fil­
ters, the experiments performed at long wavelengths, with 
filters 9-53> 0-54 and 0-52, can be considered. All three 
primary products were observed in these experiments. In­
consistencies in the measurements of R^ jj oil* though, made

it difficult to obtain accurate data.
However, it does seem that the ratio of acetylene to 

chloroiodoethylene production is the same as that observed 
with filter 9-5^• This suggests that the elimination of
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light of 2600 - 2200 A. had no effect on the mechanism of 
production of these two compounds. Yet, in the mechanism 
hypothesized for filter 9-5^ experiments, chloroacetylene 
is produced by the same excited state; why has its rate of 
production decreased relative to that of acetylene?

Chloroacetylene is known to be unstable. These 
long wavelength experiments were also, perforce, low inten­
sity experiments. Long exposure times of up to ten hours 
were needed to produce samples large enough to analyze. 
During this time, some of the chloroacetylene could have 
reacted, leaving the resulting product mixture chloroacet­
ylene deficient. Thus, secondary reactions could account 
for the change observed in R^ ^ /R̂

Summary
One excited state of cis-dlchloroethylene produces 

all three primary products:

C2H2C12*  > C2H2 + C12

CgHgClg*  > CgHCl + HC1 (5)

C2H2C12*  >  C2H2C1 + Cl (8a)

The chlorovinyl radical produced in Reaction 8a is scav­
enged to form chloroiodoethylene.

C2H2C1 + I2  > C2H2C1I +  I (8b)

This excited state is formed at wavelengths as long as
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. o3400 A. But it has its absorption maximum at less than

2600 t.
A second excited state decomposes to form chlorovinyl 

radicals which still possess excess energy.

C2H2C12**  > C2H2C1° + 01 (4a)

The excited chlorovinyl radical can decompose forming acet­
ylene or be deactivated.

C2H2C1°  >  C2H2 + Cl (4b)

c2h2ci° + c2h2ci2----- > c2h2ci -+ c2h2ci2 (9)

The thermal chlorovinyl radical will be scavenged, as in
Reaction 8b. This excited state becomes increasingly im-

oportant at wavelengths shorter than 2200 A.

Quantitative Interpretation of Data

The foregoing discussion has shown that the primary 
processes in the photolysis of cis-dichloroethylene are by 
no means simple. Nevertheless, it would be extremely in­
teresting if the data and conclusions could be confirmed by 
somewhat more quantitative considerations than those car­
ried out heretofore. In order to facilitate this quantita­
tive treatment of the data, they will be subdivided into 
two parts: data obtained in the presence of filters, and
data obtained in the absence of a filter.

Results from Experiments with Filters
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It seems reasonable to discuss first the data ob-

otained with light of wavelengths greater than 2200 A. Pre­
vious considerations indicated that in this wavelength re­
gion all products originate from the same excited state. 
Thus, the following, relatively simple mechanism is pro­
posed:

c is —CgHgC lo +  h V  ^  CgHgClg (lb)

CgHgClg*  > C2H2 +  Cl2 (2)
*C2H2C12  > C2HC1 +  HC1 (5)

CgHgClg*  > C2H2C1 +  Cl (8a)
*

C2H2C12 +  M  > C2H2C12 + m (10)

C2H2C1 +  I2 -> C2H2C1I -1- I (8b)

where M is a deactivating species.
According to this mechanism, the rate of production 

of chloroacetylene is given by

RC HC1 53 k5 [C2H2C12 ]2
To obtain the concentration of these excited molecules, 
use is made of the steady state approximation. This states 
that "the very active intermediates . . . build up in con­
centration quickly to some constant, relatively low val­
ue."^1 For any specific set of conditions, once the ex­
cited state reaches its steady state concentration, the
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rate of production of the excited species is equal to its
rate of disappearance, keeping constant the concentration

*of the excited molecule. Thus,

d [o2h2ci2*] - - d [c2h2ci2*] II

The rate of formation of excited one star dichloro- 
ethylene molecules is directly proportional to the amount 
of light absorbed per unit time.

d [ c2h2ci2* ] = cC Iab3

where cC is the proportion of light absorbed which leads 
to the one star excited state, and Xabs is the intensity 
of light absorbed.

The disappearance of the excited species is accounted 
for in Reactions 2, 5 and 8a, decompositions, and Reaction 
10, deactivation.

- d [ c2H2ci2*] = k2 [c2H2ci2*] 4- k5 [ 02H2C12*] +

kBa [C2H2012*] +  k!0 [ < W < ]  0 ]
Substitution of these equations for the rate of appearance 
and of disappearance of the excited molecule in Equation II

*An example of the acceptability of this approxima­
tion is seen in the time studies. The production of chloro- 
acetylene, as well as that of the other products, was lin­
ear with time, i.e. the rates of production were approxi­
mately constant. Equation I indicates that the rate of pro­
duction is solely dependent upon the concentration of the 
excited dichloroethylene molecule. For the rate of produc­
tion to remain approximately constant, the concentration of 
the excited species must be approximately constant.



gives the following:

*  ̂ bs - <k2 + V  k8a> [ °2H2C12* ] + k10 [ °2H2C12* ] [ M ]
The concentration of the excited species is:

Thus, R

Intensity of light is related to the concentration of 
absorbing species by Beer's Law:

where IQ is the incident intensity of light, I is the in­
tensity of light transmitted, c is the concentration of the 
absorbing species, b is the path length of light through 
the absorbing species, and a is a constant dependent upon 
the absorbing species.

Changing Equation IV so that it may be expressed in 
terms of light absorbed, Iabs* rather than light trans­
mitted, and rearranging, yields

However, for a variable exponent of e, there is a Taylor 
expansion series,

I abc IVe
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ex = E F a i t x ^ r + r  +  * "k=0 K* 2 0

For small values of x, in this case a low absorbance of 
light, ex may be approximated by (l + x). So that

where $  is the absorption coefficient, a b. Equation V 
is identical to that obtained by the law of mass action.

As long as the incident light is kept constant and 
the limitations of the approximations not exceeded, Equa­
tion V may be applied to this work. In the extreme, it is 
obvious that an increase in dichloroethylene pressure (con­
centration) will not cause Iabs to change if all available 
light already is absorbed at the lower pressure.

By substitution of Equation V in Equation III, the 
expression for the rate of chloroacetylene production 
becomes

Iabs

or

This may be written as

Iabs V

In the experiments reported thus far, the only molecule
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available for deactivation is the starting material itself; 
hence, M = cls-C^H^Cl^. Under these conditions

R Y K  f cis-C2H2Cl2 1
°2HC1 ■ T^-;-C5V  feaj) [■clalfl2H2fil2]

where Y * cC/S 1Q, IQ being kept constant. Inverting gives

1 __ (k2 + k5 + ^sa) +  k10 cis-C2H2Cl2
C2HC1 y"kz [ cls-CcHcClcj

Separating the right side of the equation into two terms 
gives the following equations:

« -■■■■ _ k10 , k2 + k5 + k8a 1
CgHCl T T ^  H---------- ["cIs-C2H2Cirj"

f~ £jg.-CgHgClg ] _ k2 + k5 + k8a , kl° r ciq C u C1 ](. _  cis-C2H2Cl2 J
C2HC1 0 *5

Using the data in Table XV, the graphs of these equations, 
shown in Figure 8, were obtained. From the slopes and in­
tercepts of these graphs the following values were obtained:

Y kc _v-2 = 9.1 x 10 '
*10

^  12 x 10-Wk2 + k5 + k8a

By similar mathematical processes, expressions can
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Figure 8A. Application of Rate Equations

for Rq HC1: Filter 9-5^
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Figure 8B. Application of Rate Equations

for Rc HC :̂ Filter 9-54
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be derived for the rate of acetylene production. These 
are exactly analagous to the equations derived for the 
rate of chloroacetylene production.

c2h2(*) Y k
k10 k2 ■4“ K8a

YK [oia-dgitgeig]

cls-CgHgClj
C2H2(*)

k2 + k5 + k8a k10 r
~ T I E  [ 2H2C12 ]

The asterisk in ^ ^  emphasizes that the acetylene in

question comes from the one star excited state. The graphs 
of these equations appear in Figure 9. The values obtained 
from them are:

Tfk2
k10 « 29 x 10-7

10
c2 + k5 + k8a

= 9.1 x 10-19

Again with chloroiodoethylene, the derivation of rate 
equations is similar to that shown for chloroacetylene.
The only additional step is the application of the steady 
state approximation to the ground state chlorovinyl radical. 
The equations derived are:

c2h2c i i(*)
10

+■
k2 + k5 + k8a

Tic8a [ cls-CoHACIj-y
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Figure 9A. Application of Rate Equations

for RP „ : Filter 9-54
2 2

1.6“

0.8-rH

i—I
OJ
OJ

0.080.04

[ cis-C2H2Cl2 1 -1 (torr"1)



- 64 -

Figure 9B. Application of Rate Equations 

for u : Filter 9-5^
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’'lO_ g -.g _ _ g  J g  , .-5  | „ 0 a  "IQ r a p tj pi I
rtCgHgCll(*) yk8a * k8a t 2 2 2 ]

where Rq h cil(*) rePresents sum the rates of cls-

and trans-l-chloro-2-lodoethylene produced by the decompo­
sition of the one star excited state. These graphs are 
shown In Figure 10. The average values obtained from the 
slopes and intercepts are:

-g-—  = 2.0 x 10"7
*10

, 10  = 5.4 x 10”^
k2 + 5 + k8a

From the graphs of the rate equations for each of the 
primary products the ratio k^Q/(kg -+ k^ + kga) was obtained. 
These values are:

from R„ „ 9.1 x 10“‘L̂
2 2

from Rq 12 x 10-1^

from Rc E Ĉ1I 5-4 x 10-1^

There is excellent agreement between data obtained from
acetylene and chloroacetylene, confirming the statement 
that both products arise from the same excited state. The 
data obtained from chloroiodoethylene are less accurate. 
This, however, was expected because the amount of chloro-
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Figure 10A. Application of Rate Equations

for Rc H C1I: Filter 9-54
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for Rp H cil: Filler 9-54
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iodoethylene produced was only about 7# of the total pri­
mary production and thus was subject to greater experi­
mental error.

Because all three primary products arise directly 
from the same excited state, the 's used in the above 
equations are identical. Thus, the ratio of the rate 
constants of production of acetylene : chloroacetylene : 
chloroiodoethylene, k2 : : kga = 3*2 : 1.0 : 0.22.
These values are in excellent agreement with observations 
made earlier. In Table III, page 49, the ratio of the 
rates of production of acetylene : chloroacetylene : 
chloroiodoethylene was shown to be 3«1 • 1-0 : 0.28.

This same mechanism also should be applicable to the 
data from experiments using filters 9-53* 0-54 and 0-52. 
However, as was mentioned earlier (see page 53), due to 
the products1 long residence time in the reaction cell, 
there is a distinct possibility that some secondary reac­
tions may have occurred. This casts doubt on the accuracy 
of these data. Consequently, these results cannot be con­
sidered suitable for thesting the mechanism.

Results from Experiments without Filters

It is now possible to look at the data obtained in
the absence of a filter. Under the full exposure of the
mercury arc, another excited state, CgH^Clg , makes its
appearance. The data in Table III, page 49, clearly show
that in the absence of a filter the ratio Rq h /Rq in-
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creased and the ratio Rc hc1/Rq h decreased relative

to their values in the presence of filter 9-5^. It there­
fore was suggested that this new excited state will produce 
additional acetylene and chloroiodoethylene, but not addi­
tional chloroacetylene.

The production of an excited state yielding both 
additional acetylene and chloroiodoethylene is extremely 
likely if both these products originate via an excited 
chlorovinyl radical intermediate.

C2H2C12 -+ hy'  >  Cgl^Clg (la)

** oC2H2C12  > C2H2C1 + Cl (4a)
**C2H2C12 +  M ------ > C2H2C12 +  H (11)

C2H2C1°  > C2H2 +  Cl (4b)

C2H2C1° +  M  > C2H2C1 + M (9)

C2H2C1 +  I2  > C2H2C1I +  I (8b)

Finally, there is the possibility that the additional acet­
ylene produced in the absence of filters may be formed ex­
clusively, or in part, by the simultaneous elimination of 
two chlorine atoms, thus without an Intermediate.

C2H2C12  >  C2H2 +  2 Cl (3)

As was mentioned, additional chloroacetylene is not 
produced by this two star excited state. The graph in



- 70 -
Figure 7, page 48, shows the change in the rate of chloro­
acetylene production with pressure. It appears that there 
is total absorption of light at a relatively low pressure, 
somewhere around 20 torr. This early absorption maximum 
is, no doubt, caused by the fact that the light intensity 
in the absence of a filter is much larger than the inten­
sity in the presence of filter 9-54. One assumption which 
was made in deriving the rate equations is that there must 
be a low absorbance of light (see page 58). The equations 
derived, therefore, cannot be applied to the rates of chlo­
roacetylene production in the absence of a filter.

Determination of Rate Equations
The total mechanism for primary product formation in 

the absence of a filter is complex. Both acetylene and 
chloroiodoethylene are each produced from two different 
excited states. To facilitate further discussion, it seems 
appropriate now to give a summary of all reactions, in­
cluding deactivations, which lead to the primary products.

c2h2ci2 +  h

C2H2C12 + h»

**C2H2C12

C2H2C12**

C2H2C12** +  M

**
l2H2C12 (la)

!2H2C12* (lb)

2H2 + 2 Cl (3)

2H2C1° 4 Cl (4a)

!2h2ci2 4 M (11)



- 71 -
C H Cl° 2 2 ---- > C2H2 + Cl (4b)

C2H2C1° +  H ---- > C2H2C1 +  N (9)
*c2h2ci2 ---- > c2h2 +  ci2 (2)
*CgHgClg ---- > C2HC1 + HC1 (5)

c2h2ci2* ---- > c2h2ci -1- Cl (8a)

C2H2C12* +  M ---- > C2H2C12 +  H (10)

c2h2ci +  i2 ----> c2h2cii +  I (8b)

Thus, acetylene is produced by Reaction 2 and by Reactions 
3 or 4b, possibly all three. Chloroiodoethylene is pro­
duced via Reactions 8a and 9.

Fortunately, because chloroacetylene is produced 
exclusively from the one star excited state by Reaction 
5, simplifications can be made. The data obtained in 
the presence of filter 9-54 give values for the ratios

^ 2R2(*)^CgHCl(*) and ^gHClOOAjgHgCllC*)5 where' 
again, Rpro(3UCt(*) refers to the amount of that product 
formed exclusively from the one star excited state. The 
rate of acetylene production from the one star excited 
state can be calculated by multiplying the known ratio

by RC2HC1‘ RC2H2C1I(*) can be calcu" 
in a similar manner.

By subtracting from the total amount of acetylene 
produced the amount of acetylene originating from Reaction
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2, it is possible to calculate the rate of acetylene pro­
duction from Reactions 4b and/or 3. Similarly, it is pos­
sible to calculate the rate of chloroiodoethylene produced 
via Reaction 9. Thus, it becomes feasible to compare the 
rate of acetylene production originating from the two star 
excited state to the rate of chloroiodoethylene production 
originating from that same excited state.

The simplest equation which can be derived in this 
manner is based upon the assumption that the additional 
acetylene produced in the absence of a filter is produced 
exclusively by Reaction 4b. This assumption leads to the 
following equation:

RCgHg(«>) . k4b 1
RC2H2C1I(**) k9 [ clS.-C2H2Cl2 j

This rate equation predicts a straight line with a positive 
slope passing thorugh the origin. The graph in Figure 11
shows a straight line with a positive slope equal to

l84.7 x 10 , but also with a positive intercept equal to
5.0.

The appearance of a positive intercept suggests that 
the mechanism proposed isn’t accounting for all the acety­
lene produced by the two star excited state. As the mech­
anism already accounts for the acetylene produced via an 
excited chlorovinyl radical intermediate, the additional 
acetylene must be produced in a one step reaction, Reaction



Figure 11. Application of the Simple Rate Equation for C^E^Cl^ : No Filter
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3. Thus, the rate of acetylene production originating 
from the two star excited state is given by

RC2H2(**) = k3 [C2H2C12 ] + k4b[C2H2C1°]

Steady state approximations lead to the following expres­
sion:

V g C * )  _  i
SC2H201X(*») *9 k4a [ ]

This equation predicts a positive intercept which, indeed, 
is observed in Figure 11. Therefore,

k3
E T  = 5*° 4a

£s> a  1-Sl.) - 4.7 x i o 18
k9 4a

But, is now known to be 5.0, hence

= 1.3 x 10"18
4b

The results are thus completely in agreement with the 
mechanism given and indicate that at zero pressure about 
17# of the acetylene produced by the two star excited state 
originates from excited chlorovinyl radicals, while about 
83# of these excited molecules directly produce acetylene 
by the elimination of two chlorine atoms. The ratio
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gives information regarding the lifetime of the excited 
chlorovinyl radical. This will be discussed later (see 
page 79).

More Complex Rate Equations
Rate equations also can be derived for R^ ^ and

RC H C1I (**) ’ ln<3ividually. However, they are more complex

than any equation derived heretofore. In fact, were the 
values just obtained for k ^ A ^  and n°t known, these
equations could not be written in graphable form. The 
equations are shown on page j6. Equations VI and VII are 
for Rq E9uatIons VIII and IX, for Rc H

Equations VI and VIII, and similarly, VII and IX, 
even though their left sides are very different, have iden­
tical terms on the right side of the equations. Despite 
the fact that one equation refers to Rc H and the

other to R^ H cilf**)' equations describe the same

line.
Points for Equations VI and VIII were plotted on the 

same graph; the same was done for Equations VII and IX. 
These graphs are shown in Figures 12A and 12B, respec­
tively, pages 77 and 78. As can be seen, the acetylene 
and chloroacetylene points do describe the same lines.
From these graphs, the following values were derived:

Y = 1.1 x 10"4
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Figure 12A. Application of the Complex Equations

^CgHgC**) an(̂  ^C^H^CII(**) :

1.1-

1.0 “

0.8-

0.30.1 0.2

[ cis-C2H2Cl2 ] _1 (torr-1)

□  = C2H2 A  = C2H2C1I(total)
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Figure 12B. Application of the Complex Equations

for rC2h2(**) and rc2h2C1I(**): No Filter

**
<d+3co

CM
rHO

OJOIra•HIU

«HO
co•H
•POc3

30 -

20 -

10 -

4020

[ £i^"C2H2C12 ] (torr)

□  = C2H2 &  = C2H2C1I (total)



Table IV summarizes the data obtained from the 
graphs. For the one star excited state, the table con-

tains values for !flcdecomp'/'kaecomp(total)' where kde00mp 
Is the rate constant of decomposition into the product

named and kdecomp(to ta l )  is  the sum o f the ra te  constants 

o f decomposition, kg + k^ + kga . The sum o f the values o f 

th is  r a t io  fo r  the th ree  prim ary products gives the value  

o f Y. Also l is te d  fo r  the one s ta r  excited  s ta te  are the  

values obtained fo r  >cdeao1;A deo0mp ( t0t a l )  •

Table IV also contains values for WdeactA decomp(total) 
for the other excited species. For the excited chlorovinyl 
radical, there is only one mode of decomposition. In this

case' kdecon.p(total) ls only k4b' The kdecocp(total) of 
the two star excited state is k^ + k^a< The value of
for the two star excited state also is given.

Lifetimes of the Excited Species

For any excited species, from the value of kdeact/ 
kdecomp' the Pres3ure which the rates of deactivation 
and decomposition are equal can be calculated. This value, 
in turn, is used to calculate the average lifetime of the 
excited species involved.

The calculations involve the assumption that each 
collision between an excited species and a ground state



TABLE IV

Relative Rate Constants Derived from the Photolysis of cls-1,2-Dichloroethylene

Filter

9-54

9-54

9-54

Product

c2h2

C2HC1

c2h2cii

Graphs 
on Pages

63-64

60-61

66-67

Excited

C2H2C12

C2H2C12
c2h2ci2

^^decomp deact
State decomp(total) decomp(total)

-729. x 10 

9.1 x 10"7 

2.0 x IQ'7 

40. x 10-7

9.1 x 10-19

12. x 10-19

5.4 x 10“19

none
c2h2

c2h2cii 77-78 C2H2C12
**

Y = 1.1 x 10-4
82. x 10-18

none C2H2
C2H2C1I 73 c2H2cr 1.3 X  10-18
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molecule leads to deactivation. Then, if the colllsional 
cross-section is known, from the formula for colllsional 
frequency, the number of collisions per second per excited 
species can be calculated. This is equal to the number of 
decompositions per second per excited species, the inverse 
of which is the average lifetime.

12By the metod of Bellas, et al., the colllsional
cross-section of cls-dlchloroethylene was found to be,
o-'̂ = 36.5 A.^. Bellas's^ experimental value of o*'̂  = 

o o29-3 A. for the cross-section of vinyl chloride was used 
as an approximation of the colllsional cross-section of 
the chlorovinyl radical. These calculations and their 
results for the three excited species referred to in this 
work are summarized in Table V.

Primary Processes in the Decomposition 
of trans-1,2-Dlchloroethylene

Comparison of Product Rates as 
a Function of Pressure

Trans-dichloroethylene, being a geometric isomer of 
cis-dichloroethylene, has the same number and types of 
bonds. Because of the difference in geometry, however, 
there will be slight difference in the bond energies for 
the two isomers. Yet, the bond energies used to calculate 
the energy needed for the various possible reactions are 
only average values. They apply equally well to either 
isomer. Therefore, possible reactions for formation of



Excited
State

TABLE V

Lifetimes of the Excited States

Data from 
Filter 
Series

kdeact Pressure (torr)

“decomp(total) Rdeact ” Rdecomp

Average 
Lifetime 
(sec.)

ooro

C2H2C12 9_54 1.0 x 10-18 31. 2.4 x 10"9

C H Cl 2 2 2
** none 82. x 10-18 0.37 2.0 x 10-7

c2h2ci° none 1.3 x 10-18 24. 3.1 x 10-9
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primary products, which are listed on pages 39-42, are 
equally probable for trans-dichloroethylene. The corres­
ponding wavelength thresholds for the individual reactions 
are listed in Table II, page 43.

The work done with trans-dichloroethylene differs 
from that done with the els isomer in that no pressure 
studies were performed using filters. The only pressure 
studies performed were done under full exposure of the 
mercury arc. One series used iodine as a scavenger; two 
other series used hydrogen chloride for that purpose.

Graphs of the rates of formation of the primary pro­
ducts are shown in Figures 13 - 15 for the three pressure 
studies. The x-axis gives the initial pressure of trans- 
dichloroethylene. But, there are differences in the con­
centration of scavenger used.

When hydrogen chloride was used as a scavenger, it 
was introduced into the cell as a gas. The pressure used 
was one twentieth of the pressure of trans-dichloroethylene. 
The ratio of the two was constant.

Iodine vapor was frozen into the cell for a fixed 
period of time. It then was allowed to warm up to room 
temperature. The temperature of the room was constant 
throughout a series of experiments, not varying by more 
than three centigrade degrees over this time span. Thus, 
the pressure of iodine, effectively, was kept constant.
The greater the pressure of trans-dichloroethylene, the 
smaller the iodine to dichloroethylene ratio in the cell.
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Figure 13. Change in Rates of Primary Production with Pressure

of trans-CgHgClg. Scavenger: I2
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Figure 14. Change in Rates of Primary Production with Pressure 

of trans-C^H^Cl^. Scavenger: HC1 (l)
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The ratios of the rates of production at various 

pressures are listed in Table VI. Values at pressures of 
10 torr or greater were taken from the graphs of the rates 
of production, Figures 13 - 15* Those of less than 10 
torr were taken from Individual experiments.

It has been shown previously that the formation of 
acetylene and chloroacetylene do not occur through ground 
state free radical intermediates. Thus, free radical 
scavengers should not influence the ratio of their rates 
of production. It is a confirmation of this statement to 
observe that the acetylene to chloroacetylene ratios are 
identical, regardless of the scavenger used.

At any particular pressure, it also would be expected 
that the ratios under the headings Rc H /Rq jj ^  136 iden­

tical, as well as those under the heading Rq jj

Of course, it is clear that in the presence of iodine, 
the chlorovinyl radical will be converted to els- and 
trans-l-chloro-2-iodoethylene, whereas, in the presence 
of hydrogen chloride, the product is vinyl chloride. The 
data in Table VI show that these ratios are not identical, 
not even for the two hydrogen chloride series.

In the course of a series of experiments, a small, 
but noticeable, build up of deposit on the cell windows 
was observed. This deposit may have consisted of mercury 
iodides or chlorides, mercury, and possibly some polymer.
It was necessary, therefore, after the termination of a
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TABLE VI

Comparison of Rates of Primary Production 

in the Photolysis of trans-1,2-dlchloroethylene

Scavenger
Used 2.1

Pressures in 
4.2 5.2 6.4 10* 15*

Torrs
30* 50*

*2 1.9

rc2h2^ c 2hci 

2.1 2.0 2.0 2.0 2.0

HC1 (l) - 1.9 2.2 2.0 2.0 2.2

HC1 (2) - - 2.0 - 2.1 2.2 2.3 2.3

X2 2.0

^gHCl^CgHgCl*

1.0 0.94 0.82 0.65 0.6l

HC1 (l) - 0.74 0.53 0.56 0.55 0.51

HC1 (2) - - 0.49 - 0.21 0.20 0.16 0.16

*2 3.9

Rc2H2/Rc2H2C1‘

2.2 1.9 1.7 1.3 1.2

HC1 (l) - 1.4 1.2 1.1 1.1 1.1

HC1 (2) 1.0 - 0.45 0.43 0.38 0.37

These values are taken from graphs, pages 84-86.
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series of experiments to remove the cell from the high 
vacuum system for cleaning. To facilitate the removal of 
the cell, the light source was taken down. The cell then 
was filled with aqua regia and left overnight, or until 
the cell windows again were clean. When the cell and lamp 
were replaced, their original orientation could not be 
reproduced.

The greater the distance between the lamp and the 
cell, the less the amount of illuminating light. This 
would account for a change in all the rates of primary 
production, but not for a change in the relative rates,

^jHsAgHgCl and RC2HC1^CsH2C1- However, In changing 

the distance between the light source and the cell, the 
pathlength of light through air is changed. Oxygen ab­
sorbs some of the ultraviolet light; this is evidenced by 
the odor of ozone detected whenever the mercury arc is on. 
Because of the absorption of light by oxygen, when the 
distance between the lamp and the cell is varied, there 
is a change in the energy distribution of the light trans­
mitted to the cell.

The difficulty in reproducing the conditions of 
illumination led to a different distribution of excited 
trans-dichloroethylene states. This, in turn , caused the 
difference in the relative rates of product formation.
But, in all three cases, the ratios follow the same pat­
tern: initially a sharp decrease, followed by a level­
ling off at higher pressures.
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It Is notable that with these changes in intensity

and energy distribution of light, the ratio R„ „ /Kn
2 2 2

remains constant. Moreover, this ratio is invariant 
throughout the pressure range investigated, having a 
value of 2.1 ± 10#. With such diverse changes in condi­
tions, the constancy of this ratio can only be ascribed 
to the fact that both acetylene and chloroacetylene come 
directly and exclusively from the same excited state of 
trans-dichloroethylene. At least some significant portion 
of the chlorovinyl radicals must come from a different 
excited state.

It should be made clear that the trans-dichloro­
ethylene data are being considered on their own merits.
A reaction mechanism is being derived exclusively from 
these data alone —  not on the basis of opinions formed 
by the study of cis-dichloroethylene. The similarities 
and/or differences between the two mechanisms will be con­
sidered in detail in the Discussion, to be presented later.

It will be demonstrated later that in the photolyses 
where iodine Is the scavenger, the only source of chlorine 
atom production is the decomposition of excited trans- 
dichloroethylene molecules into chlorovinyl radicals (see 
page 153). The production of chlorine atoms as a coprod­
uct of acetylene (similar to Reactions 3 and 4b), if it 
occurs at all, is negligible. Therefore, the following 
mechanism can adequately describe the observed reactions 
of trans-dichloroethylene:
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tr-C2H2Cl2 + hy  > C2H2C12* (12a)

c2h2ci2*  > c2h2 -f ci2 (13)

C2H2C12* ---- C2HC1 -f HC1 (l4)

c2h2ci2* +  c2h2ci2 ------ > 2 c2h2ci2 (16)

tr-C2H2Cl2 +  hV'  > C2H2C12 1̂2b)

C2H2C12  > C2H2C1 +  01 ^

c2h2ci2 +  c2h2ci2----- > 2 c2h2ci2 (18)

C2H2C1 + I2  > C2H2C1I +  I (19a)

C2H2C1 +  HC1  > C2H3C1 Cl (19b)

with the possible addition of

C2H2C12*  >  C2H2C1 + Cl (15)

it being understood that these one and two star excited 
states are not necessarily the same as the species referred 
to in the reactions of cls-dichloroethylene.

Application of Rate Equations

Rate equations can be derived by methods similar to 
those shown for cls-dichloroethylene. However, as was 
stated previously, these expressions are valid only at low 
absorbances of light, where the absorbance is proportional 
to the pressure of dichloroethylene. The graphs of the
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rates of production (Figures 13 - 15# pages 84-86) clearly 
indicate that at relatively low pressures there is no in­
crease in the rate of production of acetylene and chloro­
acetylene. There is total absorption of light leading to 
the excited state which produces these compounds. The 
equations which would be derived are not applicable to the 
acetylene and chloroacetylene data.

This leaves the chlorovinyl radical product as the 
only compounds on which quantitative work may be performed. 
The question remains whether Reaction 15 plays a signifi­
cant role in the production of chlorovinyl radicals.

It already has been concluded that because there 
was no noticeable variation in the ratio Rc H /R̂, with

varying experimental conditions, acetylene and chloro­
acetylene originate from the same excited state. On the 
other hand, the ratios R ^ / R ^ ^  and R c ^ C l ^ C ^ C l

(where the rate of chlorovinyl radical formation is mea­
sured by the appearance of cis- and trans-chloroiodoeth- 
ylene in the presence of iodine as scavenger and by the 
appearance of vinyl chloride, with hydrogen chloride as 
scavenger) vary considerably with initial pressure of 
trans-dichloroethylene (see Table VI, page 88). These 
ratios also vary with the energy of incident light. This 
is seen from the data In Table VII which summarizes the 
pertinent results of two filter studies which were per­
formed at different pressures and light intensities.
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TABLE VII

Variation in Relative Rates of Production 
with Light Energy in the Photolysis of trans-CgHgClg

Filter 
Used

none
9-54
9-53
0-54
0-54

none 
9-54 
0-54 
0-52

Omitting one experiment carried out with filter 0-54, it 
is clear that there is a decrease in the rate of produc­
tion of chlorovinyl radicals relative to the rate of chlo­
roacetylene production as the more energetic light is re­
moved. There are two possible explanations for this 
change in the relative rates of production:
1. Chloroacetylene and the chlorovinyl radical are pro­

duced exclusively from different excited states.

Wavelength
oRange (A.)

Rcis_- & tr-CgH^CH
— b-----------------------CgHCl

A) Pressure = 15 torr

2000-4000
2200-4000
2600-4000
3000-4000
3000-4000

4.7
4.4
2.4 
•2.3 
7.2

Number of 
Experiments

1
2
1
1
1

B) Pressure = 30 torr

2000-4000
2200-4000
3000-4000
3400-4000

12.1
11.0
10.3
8.8

4
2
1
2
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2. At least one of the products is produced by more

than one excited state. The change In the relative 
rates of production Is caused by a decrease in con­
centration of one of the excited states as the energy 
of light is reduced.

Since the ratio Rq h /Rc HC1 is constant, it is the chloro­

vinyl radical which must, at least in part, be produced 
from an excited state different from the one producing 
acetylene and chloroacetylene. This is indicated in the 
reaction mechanism on page 91 by having acetylene and 
chloroacetylene produced from the same one star excited 
molecule, while the chlorovinyl radical is produced by 
the two star excited molecule. However, the possibility 
exists that some, but not all, of the chlorovinyl radicals 
come from the one star excited state.

If some of the chlorovinyl radicals are produced 
from the excited state which also produces acetylene and 
chloroacetylene, the ratio of the rate of chlorovinyl 
radical production from this one star excited state to 
the rate of acetylene production, R^ H ci(*)/̂ C H * must

be constant and equal to k^/lc-^' The total chlorovinyl 
radical production may then be expressed by

RC2H2C1(total) = RC2H2C1(*) +  RC2H2C1(**)

°r RC2H2C1 (total) " ^ 15^ 13^ 0^2 = RC2H2Cl(**) X

Were k ^ / k ^  known, rate equations could be derived and



- 95 -
applied fairly easily. In a similar situation with cis- 
dichloroethylene (see page 71)> the amount of acetylene 
formed from its two star excited state was determined by 
subtracting from the total acetylene production the amount 
which was produced by the one star excited state.

While the value of k-^A]^ is n°t known, its outer 
limits can be found. This will allow the determination of

^deact^decomp for the two star excited state. A priori, 
there are two extreme values for k ^ A ^ *  One extreme is 
the value of zero for k-^A^, i.e., no chlorovinyl radi­
cals are produced by the one star excited state. The 
other extreme value would correspond to a mechanism in 
which all chlorovinyl radicals are produced from the one 
star excited state. For the experiments carried out in 
the presence of iodine, this would lead to

RC2H2C1I 1C ■
— f!  ■= = 0.25

kC2H2 13

where 0.25 is the value obtained at the lowest substrate 
pressure. Since the ratio Rq ^ ciI^C h * however, is not

constant with pressure, it is clear that at least some, if 
not all, of the chloroiodoethylene is produced from the 
two star excited state. Thus, the conclusion is reached 
that the rate of chlorovinyl radical production from the 
two star excited state, indeed, is given by Equation X,
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RC2H2C1(**) " RC2H2C1 (total) “ (kl5A 13)R,15' 13' CgHg

and that k ^ A ] ^  must have as its extreme limits values 
of zero and 0.25.

The following equations can be derived regarding the 
rate of chlorovinyl radical production from the two star 
excited state:

In Figures 16 - 21, Equation XI is plotted for the iodine 
series using different values for k ^ A ^ y  The iodine 
series is the most sensitive to changes in this ratio.
It produced the smallest amounts of chloroiodoethylene 
relative to acetylene production. Thus, it will have 
the largest percentage changes in Rc H ci(**) as ^15^13
is varied.

The graph of Equation XI with k ^ A ^  = 0.25, Figure 
16, page 97> shows a gently convex curve, rather than a 
straight line. The shape of the curve suggests that the 
values of the ordinates (y-axis) are too large. This means 

that the values for R^ H ci(**) are t0° this is

caused by the overlarge value of k ^ A ^ y  !*** on the 
other hand, the same treatment is given to the data with

lC2H2Cl(**) = TEJ7 + Y  ‘[1z:C2H2CI2 ]
kl8 , 1 1

XII



Figure 16. Equation XI. A-L5 A 1 3 ) = 0.25
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Figure 17. Equation XI. (lo^/k^) = 0
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Figure 19. Equation XI. (k^/k^) = 0.15
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Figure 20. Equation XI. ( 1̂ 5 / ^ 3 ) = 0.10
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Figure 21. Equation XI. (k^/k^) = 0.13
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^15^13 equa‘1’ zero> a concave curve Is obtained (see 
Figure 17, page 98), Indicating that this value of k ^ A ] ^  
is too small.

Repeating these graphs with various allowable values 
of k ^ A ^  shows that the proper value for this ratio lies 
between 0.10 and 0.15, with 0.13 a suitable result (Figure 
21, page 102).

Having obtained a value for k^A-^* Equations XI 
and XII can be applied to all the data. In Figures 22 and . 
23, the plots are given for the data with iodine and the 
data from the first hydrogen chloride series, respectively. 
These graphs show excellent agreement with Equations XI 
and XII. The graphs for the data from the second hydrogen 
chloride series are given in Figure 24, pages 108-109.
While the plots for this series deviate from linearity 
with increasing pressure, this is not due to the value 
selected for k-^A^* The large amounts of chlorovinyl 
radicals produced relative to acetylene make these data so 
insensitive to the correction for the one star excited 
state production, that there is virtually no change in the 
value of kdeactA decomp (kl8A 17) as k15A 13 is varied from 
zero to 0.20.

The values obtained from these graphs are given in 
Table VIII, page 110. Despite the fact that light inten­
sities and distributions were far from similar, the values 
obtained for kdeacj.Adecomp from the iodine and hydrogen 
chloride series are in excellent agreement. These values
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Figure 22A. Application of Rate Equations

for Rq h C1. (ic^/k^) = 0.13. Scavenger: Ig

**

oOJw
OJo

1.0 -

0.6 “

0.2 “
0.200.10

[ trans-CgH^Clg J “ (t- 1 ^orr"1)



- 105 -

Figure 2 2 B. Application of Rate Equations

for Rc h C1#. = 0.13. Scavenger: I2
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Figure 23A. Application of Rate Equations for Rq h

(k^^/k^^) = 0.13. Scavenger: HC1 (l)
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Figure 23B. Application of Rate Equations for Rq H

(k-^/k^) = 0.13. Scavenger: HC1 (l)
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Figure 24A. Application of Rate Equations for Rq h

(k^/k^) = 0.13* Scavenger: HC1 (2)
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Figure 24B. Application of Rate Equations for Rq h

= 0.13. Scavenger: HC1 (2)
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TABLE VIII

Rate Constants for the Production of Chlorovlnyl Radicals 
in the Photolysis of trans-1,2-Dichloroethylene

Scavenger
Graphs kdeact(CgHgClg)

n  Eon Pages decomp

(klsAiy)

I2 104-105 0.93 x 10"5 2.3 x 10"18
HC1 (l) 106-107 1.9 X  10"5 2.5 X  10“18
HC1 (2) 108-109 1.3 x 10"5 2.0 x 10_l8

Tetrafluoromethane Deactivation Study

Graphs kdeact(CFj,)
Scavenger ft-------------— ------- ~

on Pages decomp

(kgoAiy)

I2 113-114 3.3 x 10”6 4.0 x 10"19

should be the same, as they refer to reactions of the two 
star excited state.

o oA value of 38.8 A. was calculated by the method of 
12Bellas, et al. for the collisional cross-sectional area 

of trans-dlchloroethylene. Using the average value of
_l82.3 x 10~ for the ratio of rate constants of deactiva­

tion to decomposition, and assuming that each collision 
with a ground state molecule leads to deactivation of the 
two star excited state, the average lifetime of that ex-
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_ Qcited state is calculated to be 5.2 x 10 7 seconds.

Study with an Inert Deactivator

Tetrafluoromethane was added to the reaction system 
in a series of experiments designed to determine the ef­
fects of an inert deactivator on the rates of production. 
To facilitate the handling of the sample, the tetrafluoro­
methane was removed before analysis. In pumping off the 
deactivator, a sizable and indeterminate portion of the 
acetylene and chloroacetylene was lost. Thus, of the pri­
mary products, only chloroiodoethylene presented reliable 
data (see Table XX in Appendix A).

With this paucity of data on the other primary prod­
ucts and because chlorovinyl radicals are produced by two 
different excited states, it is impossible to give a full 
mathematical treatment to this data. The mechanism must 
be simplified in order to derive an equation which can be 
graphed. The simplification is the assumption that all 
chlorovinyl radicals come from the two star excited state. 
This is not that bad an assumption, for judging by what 
chloroacetylene data there is, the production of chloro­
vinyl radicals from the one star excited state accounts 
for less than 10# of the total production of chlorovinyl 
radicals.

This simplified mechanism for the production of 
chlorovinyl radicals, and thus of the chloroiodoethylenes, 
is:
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tr-C2H2Cl2 +

C2H2C12**

C2H2C12** +
**c2h2ci2 -t-

C2H2C1 +

» C2H2C12** (12b)

> c2h2ci + Cl (17)

> 2 C2H2C12 (18)

> C2H2C12 + cf4 (20)

> c2h2cii -+ I (19a)

By mathematical processes similar to those shown before, 
the following equations can be derived:

tr-C2H2Cl2
"CP,: TE4 ] RC2H2C1I

r — -cgHgc l 2

Ll7 Y 

k.

~ r  tr-C2H2Cl2 | J -pcrp̂  -J
17

'c2h2cii ■C2H2C12] +
/

The graphs of these equations appear in Figure 25.
Were the value of n°t known, nothing further

could be extracted from these data. However, k^gfayj was 
determined in the pressure studies. Therefore, the value 

of Y and, consequently, of k20//̂c17 can be calcula^e *̂
They are:

.-6

k20
^ 7

3 .3 X  1 0  

4.0 x 10"19

These values also are included in Table VTII, page 110.
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Figure 2 5 A. Tetrafluoromethane Deactivation Study:

Application of Rate Equations for Rq ^
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Figure 25B. Tetrafluoromethane Deactivation Study:

Application of Rate Equations for Rq ^
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The value obtained for ^ O ^ l ?  can be usec* to com“ 
pare tetrafluoromethane's efficiency relative to trans- 
dlchloroethylene's in the deactivation of the two star ex­
cited state. By dividing ^20^17 ln^° a value is
obtained for ra^io ^etrafluomethane1 s to
trans-dlchloroethylene1s rate constants, and consequently, 
rates of deactivation of the two star excited molecule.
As can be seen from the values in Table VIII, page 110, 
trans-dichloroethylene is almost six times as efficient a 
deactivator as tetrafluoromethane. An error of less than 
10# was introduced by neglecting the contribution of the 
one star excited state to the production of chlorovinyl 
radicals.

Primary Processes in the Decomposition 
of 1,1-Dlchloroethylene

In conjunction with the investigation of the photo­
decompositions of the 1,2-dichloroethylenes, a study of 
how the other isomer, 1,1-dichloroethylene, reacts under 
similar conditions should be of interest. While this com­
ound was not studied as extensively as the 1,2-dichloro­
ethylenes, the results are of interest.

As can be seen from the data in Tables XXI - XXIII 
in Appendix A, pressure studies were performed at 28° C., 
18° C. and 45° C. In addition, there were short filter 
and deactivation studies. During the course of these ex­
periments, the relative position of the light source and
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the cell was not changed. All photolyses were performed 
in the presence of the scavenger, iodine. The products 
observed were acetylene, chloroacetylene, 1-chloro-l-lodo- 
ethylene (form the scavenging of the 1-chlorovinyl radical) 
and 1,1,2-trichloro-l-iodoethane. l,l,l-Trichloro-2-iodo- 
ethane was observed occasionally.

Proposal of a Mechanism

There is considerable scattering in the data. Be­
cause of this, in a number of cases it was not possible 
to draw accurate graphs of the rates of production as ini­
tial pressure is increased. Particularly difficult was 
acetylene, where the possibility exists of the interfer­
ence of small amounts of air which may have leaked into 
some samples between their collection and their analysis. 
This would cause overlarge values for the rates of pro­
duction. Therefore, the data which will be presented, is 
that from which conclusions may be drawn.

Of the products, perhaps the least expected is acet­
ylene. For, in the presence of a scavenger, it must be 
formed by a unimolecular process. This requires the for­
mation of a carbene intermediate and a hydrogen shifting 
from one carbon to the other.

Table IX gives the values of Rq HCl^C H ^rom ^he

pressure study performed at 18° C. It shows a remarkable 
consistency. The average value of the ratio is 3-5* with 
a mean deviation of 0.5. This is not apparent in other
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TABLE IX

The Relationship between Acetylene 
and Chloroacetylene Production

Pressure
(torr) ^gHCl^CgHg Pressure

(torr) RC gHC 1 gHg

0.36
0.48 2.25

3-55 4.05 
4.23 
4.89
6.05

3.03 
4.98
3.04

3.74

0.49
1.17

3.55
3.95

data. But, it must be recalled that the interference of 
air will cause a diminution in the value of Rc ^

Yet, even in other series, there are a number of experi­
ments in which the ratio has values of about 3. None is

that both acetylene and chloroacetylene arise directly and 
solely from the same excited state.

This is not the case for the relationship between 
the chlorovinyl radical and chloroacetylene. The graphs

pressure of 1,1-dichloroethylene. The inconstancy of this 
relationship is clearly demonstrated in experiments in 
which sulfur hexafluoride was used as a deactivator. These 
photolyses were performed at 28° C., with sulfur hexa­
fluoride pressures as high as 73 torr. While there was

larger than 3.5* That R, is constant indicates

in Figure 26 show that R,'CgHgClI^CgHCl increases with the



Figure 26A. Change in RCH qcij^C HC1 with Pressure 

of CHgCClg. Temperature = 28° C.
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Figure 2 6 B. Change in RqH cciI^C HC1 wlth Pressure

of CH^CCl^. Temperature = 45° C.
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a marked decrease In the production of chloroacetylene, 
there was no apparent reduction on the rate of chloro- 
iodoethylene production.

Further Information comes from the filter study. At 
high pressures, in the absence of filters, H ciI^C HC1

is about 5 (see Figure 26). With filter 9-5^ (2200 A. cut­
off), this ratio is reduced to 3.5. Filter 0-53 (2600 A. 
cutoff) further reduced this ratio to 0.6.

All this demonstrates that more than one excited 
state leads to the decomposition products. The higher 
excited state is associated primarily with chloroiodo- 
ethylene production. Removal of the higher energy light 
by filters drastically reduces the production of this com­
pound. It is this excited state which is not deactivated 
by sulfur hexafluoride. Chloroacetylene production, then, 
is associated primarily with the lower excited state.

The question remains as to whether any of the prod­
ucts Is produced by both excited states. The deactivation 
study shows no decrease in chloroiodoethylene production. 
Were there any appreciable chlorovinyl radical production 
from the lower excited state (which showed deactivation), 
a reduction in the rate of chloroiodoethylene production 
would have been observed.

Most of the chloroacetylene must be produced by the 
lower excited state. This can be seen from the filter 
study. It cannot, however, be established whether all the 
chloroacetylene comes from that excited state. Neverthe-
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less, Table IX shows that R.‘CgHCl^CgHg Is constant. Were

both excited states to produce chloroacetylene, they both 
would have to produce acetylene as well —  and in the same 
ratio. This seems unlikely. It is probable that the 
acetylenes are produced only by the lower excited state.

Before proposing a mechanism, some complications 
which arose with the 1,2-dichloroethylenes must be consid­
ered. With cls-dlchloroethylene, the higher excited state 
produced an excited chlorovinyl radical which could decom­
pose into acetylene. This cannot be the case with 1,1- 
dichloroethylene in the wavelength region investigated. 
Were it true, the ratio of acetylene to chloroacetylene 
would not be constant.

Another question which arose previously is whether 
the two chlorines which are lost by dichloroethylene are 
lost as a molecule or as individual atoms. With cls-di- 
chloroethylene both occurred; with trans-dichloroethylene, 
only molecular elimination was observed. As with trans- 
dichloroethylene, the solution to this is found in the 
addition of a chlorine atom to the double bond of the 
starting material. This was done in trans-dichloroethyl­
ene by comparison of the rate of chlorovinyl radical pro­
duction with the rate of isomerization (see page 153)* 
Here, no isomerization is possible. However, the addition 
products were observed.

The data at 28° C. show that R,CgHgClI^CHgClCClgl
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Figure 27. Relationship Between RCH q ĉCI I and RCH CC1I
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is constant, having a value of 10. This is shown in Fig­
ure 27- Thus, there is a relationship between the rate of 
production of chlorine atoms as the coproduct of the chlo­
rovinyl radical and the rate of addition of chlorine atoms 
to the starting material. A constant value for this rela­
tionship might be expected if the production of chloro­
vinyl radicals is the only source of all chlorine atoms. 
Thus, acetylene production must be accompanied by the pro­
duction of chlorine molecules. It also should be noted 
that acetylene is observed in the filter study under con­
ditions in which molecular elimination is the only process 
possible (see page 40).

In the absence of filters, chloroacetylene also may 
be formed by atomic elimination of a hydrogen and a chlo­
rine atom. Again, the production of chlorine atoms is 
barred. Moreover, there are no products observed which 
would suggest that hydrogen atoms are produced in this 
system.

With these questions answered, a mechanism now can 
be written which will account for the formation of the 
primary products.

CHgCClg + hV >  CHgCClg (21)

CH2CC12 +  h y >  ch2cci2* (22)

>  CHgCCl + Cl (23)

CHgCClg** +  CHgCClg >  2 CH2CC12 (24)
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CH2CC12* — > C2HC1 +  HC1 (25)

ch2cci2* — > c2H2 +. Cl2 (26)

ch2cci2* +  CH2CC12 -----> 2 CH2CC12 (27)

CHgCCl -1- I2 ---- > CH2CC1I + I (28)

Application of Rate Equations

From this mechanism, rate equations now may be de­
rived. The methods involved are the same as those shown 
for the 1,2-dichloroethylenes. In the following equations,
T* and y** are the absorption coefficients of the ex-

* **cited states CHgCCl^ and CH^CClg , respectively.
For the production of 1-chloro-l-iodoethylene, the 

following equations can be derived:

T5  --- - , 1 1CHgCClI - x**k23 + [Crt25ci2 ]

'ch cci2 1 x k 4
\ ■ ■ ■ " ■ J- = 4 -  +  r CH CC1 1CHgCClI o ** 0**k23 l J

In general, the data from the series at 18° C. are too
scattered to be suitable for graphing. However, the data 
from 28° C. and 45° C. were used. The graphs are shown 
in Figures 28 and 29, respectively. The values obtained 
from the experiments at 28° C. are:

= 4.7 x 1CT5



Figure 2 8 A. Application of Rate Equations

for rqh2 CC1 I at 2®° C*
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Figure 2 8 B. Application of Rate Equations

for rCH2CC1i at 28° C.
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Figure 29A. Application of Rate Equations

for RCH2cC1I at 45 C.
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Figure 29B. Application of Rate Equations
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and from the experiments at 45° C.:

*# = 4.5 x 10”5

k24 -i8= 3.2 x 10 ±0
*23

For chloroacetylene, the equations derived are:

Ts— -—  _ k27 k25 + k26 1
CgHCl = + 'y^25" J ™ 2 ^ 2  ]’

\ ̂ H2CC12 1 = k25 + k26 k27 r CH CC1 n
C _HC1 y *k2R Y*koc I 2 2 JCgHCl a **25 * * 25

Figures 30 and 31 3how these graphs for the data from 
28° C. and 45° C., respectively. From the graphs for 
experiments at 28° C., the following values were obtained

g - -f V g ■ 9-5 x 10'18*25 + 26

^ 4 ^  - 4.6 x 104r  *“25

But, as was mentioned earlier, the ratio



Figure 30A. Application of Rate Equations

for Rc HC1 at 28° C.
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Figure 30B. Application of Rate Equations

for Rq at 28° C.
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Figure 31A. Application of Rate Equations

for Rc H C 1  at 45° C.
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Figure 31B. Application of Rate Equations

for Rq H C 1  at 45° C.
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Y* = 2.8 x lCT5

For the data from experiments performed at 45° C.,

k25 * k26 
y *k25

7.1 x 10

and thus, = 1.8 x 10-5

These values are listed in Table X.
From the values of the ratios of rate constants of 

deactivation to decomposition, k2^/(kg^ 4- kgg) for chloro-

times of the excited states were calculated. This involved 
the standard assumption that each collision between an ex­
cited molecule and a ground state molecule resulted in the 
deactivation of the excited molecule. The collisional 
cross-sectional area of 1,1-dichloroethylene was calculated 
by the method of Bellas, et al.12: 0~’2 = 33.5 A.2. The 
lifetimes also are listed in Table X. These data are in 
agreement with the earlier observation, gained from the 
sulfur hexafluoride deactivation study, that the two star 
excited state is shorter lived than the one star excited 
state.

The one star excited state has a shorter lifetime 
at 45° C. than at 28° C. It decomposes more readily at

chloroiodoethylene, the life
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TABLE X

Values from the Photolysis of 1,1-Dlchloroethylene

A)

Temperature 

28° C. 

45° C.

B)

Temperature

28° C. 

45° C.

C)

Temperature 

28° C. 

45° C.

Y

CgHCl

2.8 x 10"5

1.8 x 10"5

^deact^decomp (total)
CgHCl

kg^/(kg^ + kgg)

9.5 x 10"18 

4.3 x 10“l8

Lifetime (sec.)

CgHCl

2.5 x 10-8

1.1 x 10-8

CHgCClI

4.7 x 10"5

4.5 x 10-5

CHgCClI

^24^23

3.2 x 10-18

3.2 x 10-18

CHgCClI

0.84 x 10-8

0.82 x 10-8

higher temperatures. The decomposition of this excited 
molecule, thus, has an energy of activation. Application 
of the Arrhenius equation to these data gives a value of
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1.7 kcal./mole as the energy of activation. There is no 
change in the lifetime of the two star excited state with 
the small change in temperature involved. Thus, the de­
composition of the more energetic excited molecule seems 
unaffected by changes in temperature.

RCH CClI^C HC1 was ot>served to increase with pres­

sure (see Figure 26, pages 118-119)- From the mechanism 
above, the equation derived for this ratio is:

It is obvious that this equation is quite complex and does 
not allow a simple plot. Nevertheless, two extreme cases 
can be considered. At zero pressure, the equation sim­
plifies to

At high pressures, as k25 + k26 becomes negligible compared

equation predicts that an asymptote should be approached. 
At the asymptote,

R,‘CHgCClI ^»»k23 (^25 k26  ̂ k'27 I. CH2CC12
^ * k25 ^23 ^  £ CllgCcJig ]

R.CHgCClI '̂ *#(̂ 25 k26  ̂
V *^25

and kg^ compared

RCH2CC1I y»»kg3kg?
ftCgHCl ^*k24k25
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Figure 26, pages 118-119, shows the graphs of the change 
ln RCH CClI^C HC1 pressure of dichloroethylene at

28° C. and 45° C. For both temperatures, at zero pressure 
the ratio is 3*2. The plots also Indicate that the ratio 
approaches a maximum with increasing dichloroethylene 
pressure, as predicted in the equation above.

For the data at 28° C., this maximum seem3 to be 
reached at a value for RCH HC1 of about 5.7* Thus,

the data yield:

^**(k25 ■*" k26^
25

= 3.2

^**k23k27 = 5>7
/*k24k25

From this, it can be calculated that

* W k25 + k26  ̂ = q>56 
k23k27

a value which is in reasonable agreement with the figure 
of 0.34 obtained from the data in Table X, page 136.

From Figure 26, at 45° C. the asymptote seems to be 
at about 4.5. Consequently, the data yield:

^**(k25 +  k26^
^*k25 "
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*»»kg3kg7 . ii 5
Tf*k2i*k25

from which is calcultated

k24^k25 +  k26  ̂ _ n 71
I f  I f  —  ( X
23 27

This is in excellent agreement with the value of 0.75 
obtained from the data in Table X.

Thus, two completely independent approaches have 
yielded, within experimental, identical values for this 
ratio of rate constants. That such good agreement was 
reached may be considered a further indication of the 
correctness of the proposed mechanism.



THE CIS - TRANS ISOMERIZATION
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INTRODUCTION

1,2-Dichloroethylene is one of the simplest compounds 
to exhibit els - trans isomerism. For this reason, it was 
one of the first pairs of compounds in which the isomeri­
zation reaction was studied. It still is being studied 
now, more than four decades later.

Thermal Isomerizations

Ebert and BUll^2 were the first to investigate the 
thermal, gas phase isomerization. In a 1931 preliminary 
note (which was never followed by a full article), they 
reported that the equilibrium mixture, starting from 
either pure isomer, contained 63# cis-dichloroethylene.

Olson and Maroney^ investigated the isomerization 
simultaneously induced by heat and light from a quartz 
mercury arc. They determined the composition of equilib­
rium mixtures at various temperatures. The results of the 
isomerization induced by heat alone were virtually the 
same as those performed under the influence of both light 
and heat. From their data, it can be calculated that the 
energy of activation of the isomerization reaction is 
44 kcal./mole.

In 1936, Mahncke and Noyes^^ investigated the effect
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of ultraviolet light from an aluminum spark on cis- and 
_trans-dichloroethylene. They found evidence that chlorine 
atoms were being produced during the photoisomerization 
reaction. It was proposed that rather than proceeding via 
a freely rotating dichloroethylene excited state, the isom­
erization reaction was caused by the addition of a free 
chlorine atom to the starting material, accompanied by a 
simultaneous ejection of a chlorine atom from the molecule
in an SM -type reaction. 

w2
Jones and Taylor^ studied the thermal isomerization 

of trans-dichloroethylene. In order to obtain reproducible 
results, they found it necessary to season the reaction 
cell. This reduced the rates of reaction observed. The 
seasoning would be destroyed by exposure to air. They 
reported that the unimolecular energy of activation was 
41.9 ±4.5 kcal./mole. The value given for the pre-expo­
nential factor was 4.9 x 10”^.

Jones previously, in otherwise unpublished work, had 
attempted to determine the Arrhenius constants for the 
isomerization of £is-dichloroethylene. But, he was unable 
to obtain consistent results, attributing this failure to 
the fact that cls-dlchloroethylene would not deposit a 
carbonaceous layer of seasoning on the cell walls. Jones 
estimated that the energy of activation for the cis isomer 
was 27 - 37 kcal./mole.

In 1941, Tamamushi, et al.,111 reported their inves-
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tigation of the thermal Isomerization. Apparently, they 
did not season the reaction cell. They found that the 
rate of isomerization was augmented by the addition of 
ethane or carbon dioxide to the reaction cell. But these 
gases had nowhere near the effect that the addition of 
oxygen or nitric oxide had. They reported a value of 16 
kcal./mole for the energy of activation, and stated that 
the pre-exponential factor was very small.

This article complete the first decade of investi­
gation into the isomerization of 1,2-dichloroethylene. 
World War II did not allow for such luxuries. It would 
be over fifteen years before another paper on the topic 
appeared. In that first decade, It was determined that, 
unlike the alkenes reported by Kistiakowski, the more 
stable isomer of 1,2-dichloroethylene is the cis isomer, 
comprising 60 - 65# of the equilibrium mixture in the 
gas phase. The value of the energy of activation was 
still open to question.

8QIn 1957* Rabinovitch and Hulatt 7 published a note 
on the thermal isomerization of trans-dichloroethylene. 
They found that the results of numerous experiments had 
errors of up to 50$. They stated that the scattering in 
their data made it impossible to support any particular 
mechanism.

go
Molera and Ariza again studied the thermal isomer­

ization of trans-dichloroethylene, using a seasoned cell. 
For the energy of activation they found a value of 51.6
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kcal./mole. The frequency factor was about lO1  ̂sec."1.

Chlorine Atom Catalyzed Isomerizations

The turn of the decade saw the Investigation of the 
Isomerization turn more towards the idea proposed by
Mahncke and Noyes^ a quarter of a century earlier. In

]_OQ1961, Wijnen J published a note on the photolysis of cis- 
dichloroethylene. He observed the formation of trans-dl- 
chloroethylene as a major reaction product. The following 
mechanism was proposed to account for the isomerization:

cis-C2H2Cl2 + Cl  > C2H2C13*

C2H2C13*  > cis-C2H2Cl2 +  Cl

C2H2C12*  >  trans-C2H2Cl2 + Cl

Further information on the chlorine atom catalyzed 
isomerization reaction comes from photochlorination studies. 
Dainton, et al.^ proposed the following mechanism to ex­
plain their data on the photochlorination of both cis- and 
trans-dichloroethylene:

Cl2 + h^ ---- > 2 Cl

ci + c2h2ci2 ----> c2h2ci3*

C2H2C13* ---- > x tr-C^Clg + (1-x) cis-C2H2Cl2 + Cl

C2H2C13*+ Cl2---> y tr-C2H2Cl2 + (l-y) cis-CgHgClg +  Cl3
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C2H2C13*-|- Cl2  >  C2H2C13 + Cl2*

The value calculated for x was 25# and that for y was 43#. 
Both Isomerization reactions were found to be independent 
of temperature.

Prom the photochlorination of cis-dichloroethylene,
Q

Dainton, et al., determined that for the addition of a 
chlorine atom to cis-dichloroethylene the energy of acti­
vation is 1.2 ± 0.7 kcal./mole and the pre-exponential 
factor is 2 ± 3 x 101(̂ liters/mole sec.

In a later paper on the same subject, Dainton^ added 
another possible deactivation reaction for the excited 
trichloroethyl radical.

c2h2ci3* +  c2h2ci2 ---->  c2h2ci3 + c2h2ci2

The inclusion of this reaction in the mechanism changes 
the values for x and y to 34# and 38#, respectively. The 
lifetime of the excited trichloroethyl radical was esti-

_7mated to be 3 x 10 1 sec.
Knox and Riddick^ also investigated the photochlo­

rination of the 1,2-dichloroethylenes, but included propane 
in their reaction system. The abstraction of a primary 
hydrogen from propane, and the subsequent formation of 
1-chloropropane, was used as a standard for rates of reac­
tion. The following reaction scheme was found adequate 
to fit their data:

C1+ C2H2C12 ---- > C2H2C13*
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C2H2C13*  ^ X c1s-CcH2C12 + (1_x  ̂JL£"C2H2C12 C1

C2H2C13* + M± ---->  C2H2C13 + M1

c2h2oi3* ---- > c2h2ci3

where represents any of the various molecular species 
present in the reaction system. Knox found that irrespec­
tive of which isomer of 1,2-dichloroethylene the starting 
material was, the decomposition of the excited trichloro­
ethyl radical produced 78$ cis- and 22$ trans-dichloro- 
ethylene. These values are in agreement with Dainton's 
original work,^ but not with the revised values^ which 
were published the following year.

For the rate constant of decomposition, Knox gave 
a value of,

kdecomp “ 1'8 x 10l° e~1'33 kCal-/RT

Different rate constants were reported for the addition 
reactions of chlorine atoms to cis- and trans-dichloro­
ethylene molecules:

k . = 8 x 1010 e_19° cal-/RTcis

- W a  - 3 x 1010 .«70 .•!./»»

No explanation could be given for the negative energy of 
activation for the addition to trans-dichloroethylene.
The size of the energies of activation for the addition, 
about 0.2 kcal./mole, are a factor of ten smaller than
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those reported by Dainton.

The last reaction in Knox's mechanism, the "unimole- 
cular deactivation" of the excited trichloroethyl radical, 
was included to account for the observation that of the 
excited trichloroethyl radicals formed, 20# from cls-di- 
chloroethylene and 10# from trans-dichloroethylene cannot 
decompose. But, Knox added, this reaction probably is an 
artifice which results from the pressure dependence of the 
decomposition reaction.

Later, Knox and Waugh^ performed photochlorinations 
of the 1,2-dichloroethylenes, some in the presence of pro­
pane and inert deactivators, others in the absence of pro­
pane. They concluded that the mechanism previously given 
by Knox and Riddickr explains the observations. However, 
they revised downward by 30# the percentages given for 
excited trichloroethyl radicals which are subject to
"unimolecular deactivation."

194Wai and Rowland studied the isomerization caused 
by the reaction of thermalized ^®C1 atoms, formed by the 
nuclear reaction ^^Cl(n,^ )^®C1, with cis- and trans-dl- 
chloroethylene. The analysis was done by radio gas chro-

og
matography, detecting only compounds containing D Cl atoms. 
As the radioactive isomers are formed only in the isomeri­
zation, the ratio of cl3 to trans ^®C1 isomers could be 
measured directly for either starting material.

They found that the ratio in which trans-CHC1=CH^®C1 
and cis-CHCl=CH^®Cl are formed is constant at all pres-
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sures (up to 600 torr), and from either Isomer as the ini­
tial reactant. The observed value for the ratio of trans 
to cis isomers was 0.50± 0.05, or 67 ± 2# cis-CHC 1=CH^C 1. 
The lifetime of the excited 1,2-dichloro-l-^®chloroethyl 
radical was estimated to be 5 - 7 x 10”1® sec.

A different method of obtaining trichloroethyl radi-
cpcals was used by Rajbenbach, et al. They produced cyclo- 

hexyl radicals by ^-irradiation of cyclohexane. The cy- 
clohexyl radicals then reacted with 1,1,2,2-tetrachloro- 
ethane. Abstraction of a chlorine atom produced the 1,1,2- 
trichloroethyl radical, which then decomposed into cis- or 
trans-dichloroethylene.

Their data show that the cis isomer composed 77 - 83$ 
of the dichloroethylene produced, the appearance of the 
trans isomer increasing with increasing temperature. This 
data, which seems to contradict both Dainton and Knox, 
however, is questionable because of the occurrence of 
secondary reactions. The cyclohexyl radical, as evidenced 
by the appearance of both isomers of l-chloro-2-cyclohexyl- 
ethylene, adds onto the double bond of dichloroethylene.
It may preferentially add onto one isomer more than the 
other, thus changing the ratio of cis- to trans-dichloro- 
ethylene. Also, the addition of cyclohexyl radicals may 
be reversible. The ratio of cis- to trans-dichloroethylene 
produced by the decomposition of the l,2-dlchloro-2-cyclo- 
hexylethyl radical may not be the same as that produced by 
the decomposition of the 1,1,2-trichloroethyl radical.
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It Is known that chlorine atoms are not the only 
radicals which catalyze the cis - trans isomerization of 
dichloroethylene. Tritium a t o m s , -^2 bromine atoms**® and 
chlorodifluoromethyl radicals, among others, have been 
shown to cause the isomerization. It does not seem im­
probable that the addition of cyclohexyl radicals to
1,2-dichloroethylene would be reversible, and therefore, 
catalyze the isomerization.

K 7But, as Knox and Waugh-'1 say at the conclusion of 
their paper, "the problem £ of deciphering the isomeri­
zation ] will be cleared up only when data of some ten­
fold higher precision becomes available."
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RESULTS AND INTERPRETATION

In the photolysis of either Isomer of 1,2-dichloro­
ethylene, the other Isomer always is observed as a product. 
As was mentioned earlier, chlorine atoms al3o are produced 
In these photolyses. But, chlorine atom reactions have 
been shown to be the cause of the isomerizations reported 
in the photochlorination of symmetric dichloroethylenes.^ 
It is reasonable, therefore, to investigate whether the 
isomerizations observed here are of the same type.

trans-1,2-Dlchloroethylene

Filter Studies

The data in Table XI show the results of two filter 
studies performed on trans-dichloroethylene. One series 
was performed at an initial pressure of trans-dlchloro- 
ethylene of 15 torr; the other, at 30 torr. Rates are 
given relative to the base of 1.00 for chloroacetylene. 
Values for acetylene are not given because those data were 
not very accurate. It must be admitted, however, that the 
ratio of acetylene to chloroacetylene seemed somewhat 
larger than the value reported earlier. This ratio does 
not appear to be wavelength dependent.

In the last column of Table XI are given values for



TABLE XI

Rates of Production (Relative to Chloroacetylene = 1.00) from Filter Studies 
on trans-1,2-Dichloroethylene in the Presence of Iodine 

A) Pressure of trans-Dichloroethylene = 15 torr

filter Wavelength
cis-C2H2Cl2 tr-C2H2C H cis-C2H2C H

tr-C2H2C H cis-CgHgClg
Used 0

Range (A.) cis-C2H26lI cis- & tr-C2H2C H

none 2000-4000 42.7 4.05 0.657 6.2 9.1

9 .5 4

9.54
2200-4000
2200-4000

40.9
43.4

3.12
3.66

O.858
1.07

3.6
3.4

10.3
9.2

9-53 2600-4000 26.5 1.94 0.477 4.1 11.0

0-54
0-5^

3000-4000
3000-4000

24.0
64.1

1.67
5.56

O.631
1.66

2.6
3.3

10.4

8.9
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TABLE XI —  CONTINUED

B) Pressure of trans-Dichloroethylene = 30 torr

filter Wavelength
cls-C^H^Cl^ t r - C 2H2'

tr-
p i T  P  U  P I T

c2h2cii cis-C2H2Cl2
Used Range ($.) 1/j.x £XS C is_-c2h2cii cis- & tr-C2H2C H

none 2000-4000 85.8 10.5 2.25 4.6 6.7
none 2000-4000 85.8 11.5 3.10 3-7 5-9
none 2000-4000 59-6 8.45 1.82 4.6 5-8
none 2000-4000 79.7 8.67 2.26 3.8 7.3

9-54 2200-4000 98.4 6.10 1.25 4.9 13.4
9_5 4 2200-4000 VO0  1 —

1 12.2 2.27 5.4 7.3

0-54 3000-4000 70.5 8.38 1.96 4.3 6.8

0-52 3400-4000 59.1 7.69 1.62 4.8 6.3
0-52 3400-4000 37.7 6.17 1.98 3.1 4.6

152
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the ratio R ^ _ c 2h2C12^ C 2H2C1I (total) ’ DesP“ e the 

iations in the ratio RCiS_c ^ d  HC1 an(̂ regardless 

of the presence or absence of a filter, the value of 

Rcis-C2H2Cl2'/iRC2H2ClI (total) is aroazingiy constant at 

either pressure, having a value of about 10 ± 1 at 15 
torr and, omitting the results from one experiment, about 
6.0 ± 1.4 at 30 torr. Thus, there seems to be a connec­
tion between the production of chloroiodoethylene and 
the production of cis-dichloroethylene, the isomerization 
process.

However, the production of chloroiodoethylene is 
also a measure of the amount of chlorine atoms produced 
via the primary processes

C2H2C12*  > C2H2C1 + 01 (15)

C2H2C12  > C2H2C1 + 01 (17)

Because chlorine atoms previously have been shown to be
a chain carrier in the isomerization process, it seems 
reasonable that the same type of isomerization process is 
occurring here. Giving support to this idea of a chain 
process is the fact that the amount of isomer produced far 
exceeds the sum of all other products (see Table XI).

In the case of trans-dichloroethylene, there are no 
indications that the following primary step occurs:

C2H2C12  > C2H2 + 2 Cl (29)
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Were this reaction to occur, one would expect to see 

changes in the ratio RciB-CgHgClg^CgHgClI(total) as the 

ratio Rc H c i l ( t o t a l ) H  chanses, for changes in the

chlorine atom production accompanying this acetylene pro­
duction would affect the production of the Isomer, but 
not the production of chloroiodoethylene. Recalling that 
Rc jj /kc is constant (see Table VI, page 88), Part A of 
Table XI shows a 300* change in Kc^ClIft o t a D ^ H C l '

and thus a 300* change In Rc^ciIftotal^Cglt,- Yet-

no change in the ratio R^c^ci^CgiyjlIttotal) 13 
observed.

Moreover, the wavelength threshold for Reaction 29 
is 2650 A. It cannot occur at wavelenths longer than that.

Yet’ Rcis-C2H2Clg^iC2H2Cll(total) 13 the same in regions 
where Reaction 29 is not possible as where it could occur. 
Thus, it may be concluded that throughout the wavelength 
range of this investigation, Reaction 29 does not occur. 
Acetylene production from trans-dichloroethylene is not 
accompanied by chlorine atom production.

Table XI also contains the ratio of trans- to cis- 
l-chloro-2-iodoethylene. This ratio has a value of 4, 
identical to the value observed when cis-dichloroethylene 
is photolyzed in the presence of iodine. It is a confir­
mation of the statement made previously that this ratio is 
invariant and is a justification for calculating the total
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chloroiodoethylene rate by multiplying by five fourths 
the rate of production of trans-chloroiodoethylene.

Proposal of a Mechanism
The simplest mechanism explaining the chlorine atom 

induced, chain propagated isomerization is:

trans-C2H2C12* ---- > C2H2C1 + 01 (l5)

trans-C2H2Cl2------- ---- > C2H2C1 + 01

Cl +  trans-C2H2Cl2 --- > C2H2C13* (30)

C2H2C13*------------ ---- >  cis-C2H2Cl2 + Cl (31)

C2H2C13* ---- > tr-C2H2Cl2 + Cl (32)

C2H2C13* +  C2H2C12 ---- > C2H2C13 + C2H2C12 (33)

This mechanism contains all the elements of a chain reac­
tion:
a) initiation —  Reactions 15 and 17
b) propagation (the actual chain reaction) —  Reactions 

30 through 32
c) termination (breaking the chain) —  Reaction 33

The ratio of £ls-dichloroethylene to chloroiodo­
ethylene represents the average number of isomerizations 
per chlorine atom produced. This is a reflection of the 
chain length, but is not, in itself, the actual value of 
the chain length. Both Reactions 31 and 32 are propaga­
tion steps. The ratio accounts only for Reaction 31- The
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chain length could be obtained by multiplying the ratio 
by (k31 + k32)/k31.

The values observed for the ratio of cls-dichloro- 
ethylene to chloroiodoethylene are about 10 at 15 torr 
and 6 at 30 torr. These results are consistent with the 
mechanism shown above. Initially, increasing the pressure 
of the starting material favors:
a) the initiation reaction, producing more chlorine atoms.
b) the addition of chlorine atoms to trans-dichloroeth- 

ylene, forming excited trichloroethyl radicals, Reac­
tion 30.

Consequently, the graphs of the rate of isomerization, 
Figures 32 - 3̂ , initially show increases. At high enough 
pressures, however, these advantages are offset by the 
increased deactivation of the excited trichloroethyl radi­
cal, Reaction 33* This increase in the deactivation reac­
tion breaks the chains of the isomerization sooner, short­
ening the chain length. Thus, in the filter studies,

Rcls-C2H2C12^ C 2H2C1I(total) 13 waller at the higher 

pressure. As a result of these opposing effects, more 
but shorter chains, there is a maximum rate of isomeri­
zation at about 17 torr. This is observed in both cis- 
and trans-dichloroethylene, as is seen in Figures 31 - 33.

Application of a Rate Equation
From the mechanism on page 155* the rate of isomeri­

zation can be described as



Figure 32. Rate of Isomerization in the Photolysis
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Figure 33. Rate of Isomerization in the Photolysis
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Figure 34. Rate of Isomerization in the Photolysis of cis-CgHgCl^. Scavenger: I,
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Rcis-c2h2ci2 k31 [ °2H2C13* ]

For a chain reaction, the steady state approximation is 
applied to the entire chain process, not to the individual 
evanescent species. Thus,

Substitution of this relationship in the original equation 
for the rate of isomerization, and rearranging, gives

The data from the one pressure study using iodine as 
a scavenger and from the two using hydrogen chloride as a 
scavenger were applied to this equation. Graphic repre­
sentation of the data are given in Figures 35 - 37. While 
the data for the second hydrogen chloride series are too 
scattered to allow the drawing of a line with a reasonable 
degree of certainty, the other two series do give straight 
lines. The slopes of these lines gives as values for

R * Rinitiation termination

so that

XIII
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Figure 35• Application of the Rate Equation for

the Isomerization of trans-C^H^Cl^. Scavenger: 1^
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Figure 3 6 . Application of the Rate Equation

the Isomerization of trans-CgHpClo. Scavenger:

OJ
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Figure 37* Application of the Rate Equation for

the Isomerization of trans-C^H^Cl^. Scavenger: HC1 (2)
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k33//̂ 31: 5-1 x 10-^0 £or the series and 5.2 x 10"2®
for the first hydrogen chloride series. A linear least
squares analysis of the data from the second hydrogen
chloride series gave an almost identical value for the

-20slope of the line: 5-5 x 10 and, as in the other two
series, a small intercept.

According to Equation XIII, there should be no inter­
cept, i.e., the intercept should be zero. In actuality, 
values of 0.66 for the iodine series and 0.032 ± 0.007 for 
the hydrogen chloride series were observed. Although the 
mechanism must be somewhat more complicated than the one 
from which Equation XIII was derived, the fact that the 
intercepts are very small and that there is a linear in­
crease in the ratio R^ jj Cll^cis-C H Cl trans-dl-

chloroethylene pressure clearly indicate that Reactions 
31 and 33 play the major role in the isomerization process. 
This statement is reinforced by the fact that the iodine 
scavenged series gave the same value for k ^ A ^  as the 
hydrogen chloride scavenged series did.

The oversimplification in the mechanism which most 
likely led to the appearance of intercepts in the graphs 
of Equation XIII was allowing for only one method of ter­
minating the chain, namely, Reaction 33. There are other 
ways possible for breaking the chain. The chlorine atom, 
as well as the excited trichloroethyl radical, is a chain 
carrier. The mechanism has limited the chlorine atom to 
addition to the double bond. But various recombination
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and abstraction reactions also are possible. Other reac­
tions for the excited trichloroethyl radical also can be 
envisioned. These additional reactions, if they are 
relatively pressure independent, could account for the 
intercepts observed.

In addition, it is not unlikely that the deactiva­
tion reactions also lead to isomerization. Grabowski and

4lBylina have shown that this occurs in the deactivation 
of the lowest lying triplet of both 1,2-dichloroethylenes. 
Though production of the isomer by deactivation would be 
minor compared to the chain process, it could be a factor 
in the intercept.

Were a complete derivation of a rate equation cal­
culated, one which would include all of these possible 
termination reactions, the equation obtained would be 
extremely complex, having many terms. Graphing would not 
be a suitable means of analysis. A purely mathematical 
treatment would have to be used, viz., a least squares 
solution.

In order to solve the simultaneous equations which 
the least squares solution generates, a computer must be 
used. An example of the complexity of such rate equations 
in which more than one termination step is included in the 
mechanism is shown in Appendix B. In the same appendix is 
listed the program used to perform these calculations and 
a brief explanation of what the program is having the 
computer do.
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The results of these purely mathematical considera­

tions of the data were not good. Many of the coefficients 
calculated by the computer were negative. The computer, 
lacking rationality and a discerning eye, was not able to 
give less credence to points which appear far from the 
line being computed, as a person can do with a linear 
graph. Perhaps, this is why negative values were obtained. 
Perhaps, it is only that the data are not good enough for 
such a rigorous treatment. It is a well known fact that 
data from chain processes are difficult to reproduce. Or, 
perhaps, the wrong termination steps were chosen. Whatever 
the reason, the results are clear —  the mathematically 
obtained relative rate constants are unacceptable.

In any case, although the graphs, by having positive 
intercepts, indicate that the mechanism proposed is too 
simple, it should be realized that the intercepts are very 
small. Thus, whatever reactions have been omitted are not 
too important.

In Table XII are listed the values for the relative

rate constants, *aeactlvationA isoraerization (k33A 31 for 
trans-dichloroethylene) and the intercepts obtained from
the graphs. The value of the intercept seems to be de­
pendent to some extent upon the scavenger used. The re­
sults from the slopes of the three pressure studies are 
in excellent agreement. The average value for k ^ A ^ i  ls
5.3 x 10~20 ml./molecule.



TABLE XII

Rate Constants for the Excited Trichloroethyl Radical

Isomer
Photolyzed

Deactivator Scavenger
Graph 
on Page

Intercept
kdeactivation
kisomerization

trans

trans

trans

trans

trans

trans

2
HC1 (1) 

HC1 (2)

161

162 

163

6.6 x 10"2 

3.8 x 10“2 

2.5 x 10-2

k33/k31

5.1 x 10-20

5.2 x 10-20

5.5 x 10-20

cis cis

k33^32
169 2.2 x 1Q“2 3.3 x 10"20

cis (filters) cis 171 0.21 x 10-2 3.1 x 10-20

k3 ^ 3 1

trans CP. 175 12.3 x 10-2 1.1 x 10-20
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cls-1,2-Dichloroethylene

For cla-dlchloroethylene, the only scavenger used 
was iodine. An equation similar to Equation XIII and 
having the same faults as that equation can be derived.

" W 11 *deact r „ p, !E------------  k  cis-C2H2Cl2
trans-CgHgClg isom L -1

The graph of the data from experiments without filter is 
shown in Figure 38. Again, there is an intercept. The 
value obtained for kdeac-fcAlsom is 3.3 x 10“20. The in­
tercept has a value of 0.022. These values are included 
in Table XII, page 167.

Pressure studies also were performed on cis-dlchlo- 
roethylene using filtered light. Unlike trans-dlchloro- 
ethylene, cis-dlchloroethylene does produce chlorine atoms 
as coproducts of acetylene.

cis-C2H2Cl2------ -----> C2H2 + 2 Cl (3)

cis-C2H2Cl2** ---- > C2H2C1° -+• Cl (4a)

C2H2C1° ---- > C2H2 + Cl (4b)

For these reactions to occur, a minimum energy equivalent
- oto light of 2650 A. is required. They cannot occur when 

filter 9-53> 0-54 or 0-52 is used.
For experiments performed using these filters, the



Figure 3 8 . Application of the Rate Equation for

the Isomerization of cis-C^H^Cl^: No Filter
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values of Bc.H^ClI^ r ans-C.H-Cl. wil1 be »»>*edly dlf-
ferent from those observed previously. This difference 
Is due to the additional chains initiated by Reactions 
3 and 4 in experiments using unfiltered light. Although 
Reactions 3 and 4 can occur when filter 9-54 (wavelength 
cutoff: 2200 %.) is used, it was found that they do not
occur (see page 50). This is confirmed by the fact that 

the values of Rq H-ClI^trans- C ^ C U  are slmilar fchose 

of the other filter experiments but not those of the un­
filtered experiments. With filter 9-54, the production of 
chlorovinyl radicals is responsible for all the chains. 
Hence, the data from filter 9-54 experiments were plotted 
on the same graph as the data from the other filter ex­
periments. This graph is shown in Figure 39.

The relative rate constants and the intercept from 
the filter data also are in Table XII, page 167. The 
value obtained for k(jeac .̂/kisom, 3.1 x 10 , is in ex­
cellent agreement with that obtained from experiments per­
formed without filters. This is to be expected because 
both are constants for reactions of the excited trichloro­
ethyl radical. However much the change in light frequency 
may influence the formation of excited states leading to 
primary decomposition, all that matters here is that a 
chlorine atom adds onto a cis-dichloroethylene molecule, 
forming an excited trichloroethyl radical. Once the ex­
cited radical is formed, it reacts as is its nature to
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Figure 39. Application of the Rate Equation for

the Isomerization of cis-C^H^Cl^: With Filters

OJ 
r—I O 

OJw
OJoimCcou

-p

H
rHO

OJw
OJo

0.06 ~

0.04-

604020

[ cls-CgHgClgJ (torr)

O = 9-54 
A  = 0-54

S7 = 9-53 
□  = 0-52



- 172 -
react.

However, there is a great difference in the values 
of the Intercepts, 0.002 in the presence of filters, com­
pared to 0.022 in the absence of a filter. As was said 
previously, the intercept, at least in part, is a measure 
of termination reactions other than the deactivation of 
the excited trichloroethyl radical. These termination 
steps are dependent upon the concentration of the chain 
carriers. In the unfiltered experiments, Reactions 3 and 
4 occur, producing acetylene and two chlorine atoms. More­
over, the higher intensity of the light produces more ex­
cited dichloroethylene molecules. The concentration of 
chain carriers, therefore, is greater in these experiments 
than in experiments using unfiltered light. Thus, a higher 
intercept is expected.

Assuming that cis- and trans-dichloroethylene are 
equally efficient deactivators of the excited trichloro­

ethyl radical, ^1^32 can be calculated* This is done by 
dividing the ^eact^isom obtained Tor trans-dlchloroeth- 
ylene by that obtained for £is-dichloroethylene. The re­
sulting value is: ^31/^32 *“

Study with an Inert Deactivator

In the tetrafluoromethane deactivation series, the 
initial pressure of trans-dichloroethylene was kept con­
stant at 20 torr. The change in the rate of isomerization 
should reflect the increasing deactivation caused by the
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tetrafluoromethane.

c2h2ci3* + cp4 >  c2h2013 +  cf4 (34)

The tetrafluoromethane also will deactivate the excited 
states of trans-dlchloroethylene which produce chlorine 
atoms. Thus, the graph In Figure 40 shows that In the 
first 75 torr the decrease In Isomer production Is akin 
to the square of the concentration of tetrafluoromethane, 
as would be expected for the double deactivation. After 
100 torr, the rate of Isomerization seems to approach some 
asymptotic limit.

The addition of Reaction 34 to the mechanism gives 
a rate equation with a y-intercept, the concentration of 
trans-dlchloroethylene being kept constant.

This is plotted in Figure 4l, page 175. The value for

These also are listed in Table XII, page 167. By dividing 
the value for k ^ / k ^  into that obtained for k ^ / k ^  in the 
trans-dichloroethylene pressures studies, a comparison can 
be made of the relative efficiencies of the two compounds 
in deactivating the excited trichloroethyl radical. Trans- 
dichloroethylene is about five times as efficient in this 
deactivation.

trans-C0H0C1 XIV

— PO4A 31 13 x 10 ; the intercept has a value of 0.12



Figure 40. CF^ Deactivation Study. Rate of Isomerization
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Figure 41. CF^ Deactivation Study. Application of the

Rate Equation for Isomerization. Scavenger: Ig
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According to Equation XIV, the intercept should 

again give a value for k^A^i* That value, 1,9 x lO”1^ 
m l . / m o l e c u l e ,  is more than three times the value obtained 
from the pressure studies. But, as in the pressure stud­
ies, there are other termination steps for which no ac­
count has been taken. These will contribute to the inter 
cept. If the value which was established in the pressure 
studies for £ trans-C^H^Cl^ J is subtracted from
from the intercept, the remainder is 8.7 x 10 . This is
similar to the value obtained for the pressure study of 
trans-dlchloroethylene in which iodine was used as the 
scavenger. Again, the scavenger seems to play a role in 
setting the value of the intercept.



DISCUSSION
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EXCITED STATES

This study was undertaken to Increase the knowledge 
about the photolysis of substituted ethylenes. Other than 
considerable work on ethylene Itself, there has not been 
much research on these unsaturated compounds. The results 
of this Inquiry will be discussed In relation to each 
other and to the literature available on related compounds.

The photolysis of the three Isomers of dichloroeth­
ylene has been studied. To account for the kinetics of 
the reactions, In each case two excited states had to be 
proposed. The lifetimes of most of these excited mole­
cules were determined. They are listed In Table XIII.

TABLE XIII

Lifetimes of the Excited Species

Isomer CgHgClg* CgHgClg** CgHgCl®

cls-CgHgdg 2.4 x 10"9 2 .0 x 10”7 3-8 x 10“9

trans-CgHgClg n.m. 5 .1 x 10"9 n.o.

1,1-CgHgClg 2.5 x 10"8 8.4 x 10-9 n.o.

n.m. - not measured; n.o. - not observed
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The compound whose reactions were studied most ex­

tensively Is cis-dlchloroethylene. This Is the reason Its 
data are given first In Appendix A and why It was the com­
pound whose results were reported first. Cls-dlchloro- 
ethylene also Is the first compound listed In Table XIII 
and It will be the first compound to be discussed.

cls-1,2-Dlchloroethylene

As was mentioned earlier, the lower excited state 
is responsible for the following processes:

cls-C2H2Cl2*  > C2Hg +  Cl2 (2)

cls-C2H2Cl2*  > CgHCl +  HC1 (5)

cis-CgHgClg*  > CgHgCl + Cl (8a)

The higher excited state decomposes in the following manner:

cis-C2H2C12**  > c2H2 + 2 01
cls-CgHgClg**  > C2H2C1° +  01 (4a)

The excited chlorovinyl radical then may decompose further: 

CgHgCl0  >  CgHg 4- Cl (4b)

In this respect, £ls-dichloroethylene Is like vinyl 
chloride and vinyl iodide. Fujimoto, Rennert and Wljnen3^ 
have shown that in the Irradiation of vinyl chloride with 
light of 1900 - 2200 all product formation can be ac-
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counted for by the decomposition of one excited state Into 
acetylene and vinyl radicals:

C2H3C1*  > C2H3 + Cl (35)

C2H3C1*  > C2H2 + HC1 (36)

These are akin to Reactions 8a and 5 , respectively, of the 
lower excited state of cls-dlchloroethylene.

gAusloos, Rebbert and Wljnen found that at shorter 
wavelengths another process was Involved In the decompo­
sition of vinyl chloride. The overall process was repre­
sented as:

C2H3C1 + hy --- >  C2H2 + H + Cl (37)

where Reaction 37 may proceed via an excited vinyl or 
chlorovinyl radical. This Is analagous to the decomposi­
tion of the higher excited state of cls-dlchloroethylene 
given by Reaction 3> 4a and 4b. Thus, there Is excellent 
agreement between vinyl chloride and cls-dlchloroethylene 
regarding the role which the excited stateB play In the 
formation of their respective products.

Cls-dlchloroethylene has one more chlorine than 
vinyl chloride. Chlorine Is known to be an auxochrome.
Its non-bonding electrons Interact with the double bond of 
these compounds extending the 7r-bond system. It Is to be 
expected, therefore, that the absorption of light by cls- 
dlchloroethylene will be shifted to higher wavelengths
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than vinyl chloride's absorption. Vinyl chloride's ab­
sorption begins In a strong, wide band at 2200 £. which 
extends Into the far ultraviolet.91>125 In spectroscopic 
studies, cls-dlchloroethylene has been observed to absorb 
light of wavelengths as long as 2700 The spectrum
of a liquid sample taken here showed the absorption of 
light as long as 3850 &.

Because of this shift In absorption to longer wave­
lengths, two excited states are observed when cls-dlchloro- 
ethylene Is Irradiated with near ultraviolet light, while 
only one is seen with vinyl chloride. The second excited 
state of vinyl chloride absorbs In the far ultraviolet 
region. Ethylene, without any chlorines, has no absorp­
tion In the near ultraviolet.^

In the photolysis of vinyl Iodide, Roberge and Her-
qoman also observed acetylene and vinyl radicals as pro­

ducts. They found that both molecular and radical forma­
tion occur from the same excited state:

C2H3I*  > C2H3 + I (38)

C2H3I*  >  CgHg +  HI (39)
1^1This was confirmed by Yamashlta, Noguchi and Hayakawa. J 

Again, this Is similar to the reactions of cls-dlchloro- 
ethylene. There has been no report, however, on the far 
ultraviolet photolysis of vinyl iodide to confirm a pro­
cess similar to Reaction 37 of vinyl chloride.
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Ethyl Iodide Is another compound which reacts In a

manner similar to cIs-dlchloroethylene. Schindler and 
96Wijnen^ have shown that the excited state formed by near 

ultraviolet irradiation decomposes primarily by cleavage 
of the carbon - iodine bond. But, about 5# of the decom­
position is molecular elimination:

c2h5i*  > c2h5 + I (40)

C2H5I*  >  C2H4 + HI (41)

Rebbert, Lias and Ausloos^® investigated the photol­
ysis of ethyl iodide at 1470 X. They found that the main
reaction was exactly analogous to Reaction 37:

C2H5I +  hv ----- >  C2H4 -+ H + I (42)

Reaction 42 may proceed via an excited ethyl radical.
Thus, the literature data on the photolysis of halo-

genated ethylenes and even ethyl iodide show excellent
agreement with the observations made regarding the primary
processes of cls-dlchloroethylene.

The absorption spectra of the 1,2-dichloroethylenes
62 12^have been studied by Mahncke and Noyes, Walsh J and 

Walsh and Warsop.12^*12^ These spectroscopic works focused 
on the absorptions below 2100 X. Broad contlua were found 
between 1800 and 2100 %. These continua have absorption

I

maxima at about 1900 % for els- and 1950 X. fojr trans-di- 
chloroethylene. This is in general agreement with observa-
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tions made In this work. The filter studies on trans- 
dlchloroethylene required much shorter exposure times 
than corresponding experiments with c la -dlchloroethylene. 
This shows that trans-dlchloroethylene has a greater ab­
sorption at higher wavelengths, which Is suggested by the 
relative positions of the maxima.

In chlorinated ethylenes, the contlnua at about
o1900 A. have been associated with an excitation of the

double bond. The absorption at shorter wavelengths has
been ascribed to an excitation of chlorine atom elec- 

125trons.
In general, spectroscop1sts observe narrower ab­

sorption ranges than photochemists. This Is due, primar­
ily to the length of Irradiation time. While spectros- 
coplsts have reported absorptions by the dichloroethylenes 
as high as 2700 this Investigation has shown that 
photodecomposition of the 1,2-dlchloroethylenes occurs 
at 3*100 £. This being so, It seems reasonable to extend 
to longer wavelengths the observations made by spectros- 
coplsts.

If this be done, the lower excited state observed
In cls-dlchloroethylene would be attributed to the con-

otinuum In the 1800 - 2100 A. region which has been asso­
ciated with the excitation of the double bond. This Is 
the logical excitation for the molecular elimination 
across the double bond which is observed from the lower 
excited state.



- 184 -
The absorption which spectroscoplsts observed at 

shorter wavelengths would lead to the higher excited state 
observed In this Investigation. This excited state led 
exclusively to cleavage of carbon - chlorine bonds. Again, 
this Is a logical consequence of an excitation affecting 
only chlorine atoms.

trans-1,2-Dlchloroethylene

The above observations apply equally to trans-dichlo- 
roethylene. It is clear that these are two very similar, 
but not quite identical, molecules. Therefore, it would 
be expected that similar excited states yielding similar 
produots would occur In both compounds. Indeed, this is 
observed. The lower excited state of trans-dlchloroeth- 
ylene produces the same products (although distributed 
differently) as the corresponding state of cls-dichloro- 
ethylene.

The only difference observed in their reactions is 
that the two star excited state of trans-dlchloroethylene 
only shows one mode of decomposition:

trans-CgHgC lg ----> CgHgCl + Cl (17)

The production of two chlorine atoms with acetylene,

trans-CgHgClg  > CgHg + 2 Cl (29)

either directly or via an excited chlorovlnyl radical was 
not observed. This apparent contradiction, however, may
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be only a question of semantics and could be explained 
by either of the following statements:
1. Reaction 29 does occur, but only to such a minor extent 

that It was not observed. This would be a further 
demonstration of the statement made previously that 
the product distribution from the excited states of 
the 1,2-dlchloroethylenes are not Identical.

2. Due to a wavelength shift in the absorptions of the 
compounds, the two star excited state of trans-dichlo- 
roethylene actually carries less energy than the corres­
ponding state of cis-dlchloroethylene. This makes it 
less likely that the chlorovinyl radical produced from 
the two star excited state has sufficient energy to 
decompose via a reaction similar to Reaction 4b.

Nature of the Excited States

A discussion of the excited states of els- and trans- 
dichloroethylene would not be complete without an attempt 
to characterize the nature of the excited states Involved. 
It seems likely that the lower excited state Is a vlbra- 
tionally excited ground state molecule. In recent years, 
there has been an outpouring of papers by, among others, 
groups headed by Pritchard15,16,80”85 and Setser22,23,S5, 
26,42,49,53,54,98,99 on decomposition of chemically

activated alkyl halides. These are vibrationally excited 
ground state molecules, usually formed by the combination 
of substituted methyl radicals. Unless deactivated, these
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excited molecules decompose by hydrogen halide elimination,
similar to Reactions 5 and 14. The observed lifetime of 

-92.4 x 10 sec. for the lower excited state of cls-dlchlo- 
roethylene Is of the general order of magnitude expected 
for vibrationally excited molecules.^

In the case of cls-dlchloroethylene, the lifetimes 
of both excited states were determined. The results are 
different enough (lifetimes differ by a factor of about 
100) to establish clearly that these are two different 
entitles. Moreover, the lifetime of the higher excited 
state Is longer than that of the lower excited state. As 
the lower excited state has been designated as a vibra­
tionally excited singlet, thlB seems to indicate that the 
two star state Is a triplet molecule. Triplet states are 
known for their longevity. Thus phosphorescence, a trip­
let process, Is much slower than fluorescence, a singlet 
process.

It would be Interesting to compare the lifetimes 
of the corresponding excited states of els- and trans- 
dlchloroethylene. Unfortunately, only values for the 
higher excited states are available for comparison. A 
priori, It might be expected that because of the similar­
ity between the two molecules these lifetimes would be 
close. This definitely is not the case for the higher 
excited states.

The fact that the product distributions observed 
are not Identical for els- and trans-dlchloroethylene
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clearly Indicates that the products do not originate from 
the same excited state. This means that the els and trans 
molecules must have maintained, at least In part, their 
original configuration. If this be so, then obviously, It 
would be purely accidental If the lifetimes were Identical.
Furthermore, It should be mentioned that even In the low-

28est vibrational state, trans-dlchloroethylene has a
lifetime shorter by a factor of 4 than that of the lowest 
vibrational state of cls-dlchloroethylene.

1,1-Dlchloroethylene

1,1-Dichloroethylene also was found to decompose 
via two excited states. As In the 1,2-dichloroethylenes, 
the lower excited state decomposed by molecular elimination:

ch2cci2* ---- > c2hci +  HC1 (25)

CHgCClg*  > CgHg + Clg (26)

The higher excited state probably is the only source of 
chlorovinyl radicals, formed by the cleavage of a carbon - 
chlorine bond:

CHgCClg** ---- > CHgCCl + Cl (23)

These reactions are similar to those reported for 1,1- 
dlchloroethane.

Fujimoto and Wijnen^ found that the photolysis of
l,l-dlchloro-2,2,2-trideuterioethane produces cleavage of
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a carbon - chlorine bone, xL elimination of hydrogen 
chloride and aL,oC elimination of molecular chlorine.

CD3CHClg*  > CD3CHC1 +  Cl (43)

CD3CHC12* ---- > CDgCHCl -f- DC1 (44)

cd3chci2*  > cd3ch + ci2 (45)

These are analogous to Reactions 23> 25 and 26, respective­
ly. In addition, also observed in the photodecomposition 
of l,l-dichloro-2,2,2-triceuterioethane was the 
elimination of hydrogen.

CDgCHClg*  > CD2CC12 + HD (46)

This process, obviously, is not possible in 1,1-dichloro- 
ethylene. While the nature of the excited states observed 
in 1,1-dichloroethane were not characterized, nor their 
reactions assigned, the data reported required the use of 
more than one excited state.

Finally, in Table XIII are given for general refer­
ence the lifetimes of the excited states observed in 1,1- 
dichloroethylene. A comparison with those obtained for 
els- and trans-dlchloroethylene does not seem warranted,
based upon the large differences in structure between the 
molecules.
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PRODUCTS

Molecular Elimination Processes

It was shown above that molecular elimination Is
the exclusive function of the lower excited state. This
species has been described as a vibrationally excited 
ground state molecule. For each of the three Isomers of 
dlchloroethylene, two different eliminations occur:

C2H2C12* -----> CgHCl +  HC1

C2H2C12*  > C2H2 + C12
DehydrohalogenatIon

Examples of the dehydrohalogenatIon reaction abound. 
Aside from the decomposition of chemically and light acti­
vated molecules cited previously, dehydrohalogenatIon has

10 11 IQbeen observed by Barton and Howlett et al. in
studies of the thermal decomposition of alkyl chlorides. 
Using shock tube pyrolysis, groups headed by Trotman- 
Dickenson1̂ ' a n d  T s c h u l k o w - R o u x ^ >  66,117-119 have lnves-

n gtlgated most of the fluoroethanes as well as CHgClCHgF, 
CHgCFg,105 C2H3C119 and C2H3Br.19 In all cases, HX elimi­
nation was observed. HC1 elimination predominated in the

iqdecomposition of CHgClCHgF. Similar results were ob-
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ghtalned in the thermal decomposition of CH^CHPCl and 

CH^CFgCl;^^ HF detachment accounted for less than 5# 
of the products.

Sensitization also led to dehydrohalogenation in a 
number of compounds. It was observed in the mercury pho­
tosensitization of CgH^Cl,12 C2H3F110'114 and the three

llUisomers of CgHgFg. Quick and Whittle, while investiga­
ting the reactions of the trifluoromethyl radical, found 
that the excited hexafluoroacetone molecule could sensi­
tize the alkyl halides with which they were working. Thus, 
they observed hydrogen halide elimination from CgH^Br,8^ 
CHgBrCHgBr,86 CgH^l,88 Cf^CHClg,88 CH3CC13,88 CH^FgCl,88 
CHClgCHClg88 and CH3CFgBr.8^ However, no dehydrofluori- 
nation was observed in the latter two fluorine compounds. 

Molecular detachment of hydrogen chloride already
has been reported in all three dichloroethylenes. Goodall 

■aqand Howlett reported it in the pyrolysis of els- and 
trans-dlchloroethylene in the presence of free radical 
inhibitors. Molera and Ariza,8^ working with a seasoned 
cell, also observed the dehydrochlorination reaction in 
the pyrolysis of els- and trans-dichloroethylene. This 
same reaction was observed by Futrell and Newton^8 in the
oL, /S and Y radiolysis of the 1,2-dichloroethylenes.

1^0Wijnen J observed this molecular detachment in the pho­
tolysis of cis-dichloroethylene. Pimentel and coworkers1^  
7 01 observed the vibration - rotation spectra of the HC1 
emitted in the laser photolysis of the three Isomers of
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Dehalogenatlon
References to the elimination of halogen molecules 

are much scarcer. In 1933, Arnold and Kistiakowsky® ob­
served the unlmolecular decomposition of 1,2-diiodoethane 
by pyrolysis. This reaction produced ethylene. But, 
there was no comment whatsoever on whether the reaction 
proceeded via molecular detachment or atomic detachment.

In 1959, Shilov and Saibrova^®® observed tetrachlo- 
roethylene as a product of the pyrolysis of carbon tetra­
chloride. They proposed the following mechanism:

cci4  >  cci3 + Cl (47)

Cl 4- CC14 ----> Cl2 + CC13 (48)

2 CC13  > C2C16 (49)

C2C16  >  C2C14 + C12 (50)

Today, it might be suggested that chemical activation, as 
well as thermal energy, was responsible for the decomposi­
tion of the hexachloroethane.

Recently, White and Kuntz12® investigated the pyrol­
ysis of hexachloroethane. They proposed a chain reaction 
initiated by the homolysis of the starting material into 
two trlchloromethyl radicals, followed by abstraction of a 
chlorine atom from the parent compound. The chain propa­
gation steps, then, are:
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C2C15 ------* C2C14 + C1 (51)

Cl + CgClg ---- > Clg + C2C15 (52)

They found that the addition of chlorine to the reaction 
decreased, but did not completely suppress, the formation 
of CgCljj, presumedly by reversing Reaction 52. Tomklnson, 
Galvin and Pritchard*1  ̂found CgCl^ to be a product of the 
photolysis of hexachloroethane In the presence of propane. 
The propane served as an Inhibitor of free radical reac­
tions. This suggests that molecular detachment of chlorine 
does occur to some extent In the photolysis of hexachloro­
ethane.

ir-aSimilarly, Hautecloque and Nguyen J have Investigated 
the photolysis of carbon tetrabromide at elevated tempera­
tures. The products observed were CgBrg, Brg and CgBr^, 
the latter two appearing only above 250° C. The following 
mechanism was porposed:

CBr^ •+- hy ------>  CBr^ + Br (53)

Br -t- CBr^ ---- > Brg + CBr3 (5*0

2 CBr3 ---- > CgBr6 (55)

2 CBr3------------ > CgBr^ ■+ Br2 (56)

Results from the thermal decomposition of C2Br6 a,lowe<* 
that this reaction could account only In part for the 
formation of CgBr^. Thus, the formation of tetrabromo-
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ethylene by Reaction 56 was Included. This same form of 
equation was used to explain the early results In chemical

oactivation studies. It seems reasonable to explain these 
results In a manner similar to chemical activation.

Molecular halogen elimination has been reported In 
the decomposition of certain halomethanes. Simons and 
Yarwood'*'^ found that the decomposition of difluorodl- 
brcmomethane produces molecular bromine.

CF2Br2 + hy> ----> :CFg +  Br2 (57)

Blomstrom, Herbig and Simmons1^ found a similar reaction 
In the photolysis of dliodomethane.

CH2I2 + hv ---- > :CH2 + I2 (58)

Fujimoto and Wijnen^ have reported the elimination
of a chlorine molecule in the photolysis of 1,1-dlchloro-
2,2 , 2-trldeuterloethane.

CD3CHC12 + h V  > CDgCHD -+ Clg (59)

Sekhar, Mlllward and Tschuikow-Roux^? have reported trl- 
fluoroethylene as a product of the shock wave pyrolysis of 
CF^CHClg at temperatures of less than 1260° K. Although
analogous to Reaction 59 of Fujlmoto and Wljnen, the 
authors refused to commit themselves to a molecular elimi­
nation. Instead, a free radical process was proposed to 
account for this product.

This brief survey shows that there is ample evidence
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In the literature for the elimination of hydrogen halides 
and some evidence, although to a minor extent, for the 
elimination of halogen molecules. The suggestion of 
hydrogen chloride and chlorine molecule elimination from 
the dlchloroethylene isomers therefore is not unique, even 
though Clg elimination had not been reported previously.
It should, however, be noted that this is the first rather 
detailed study of the photolysis of these compounds.

Stereochemistry of Molecular Eliminations
Before discussing these steps in detail, it is im­

portant to report on the literature data regarding the 
nature of these elimination reactions, i.e., regarding 
the evidence for ô ,c£. and/or oC,̂ <? eliminations. Origi­
nally, molecular eliminations were thought to occur in a 
four-centered reaction, with one atom coming off either 
carbon. However, work on the decomposition of the dideu-
terioethylenes by mercury photosensitization*20,100 far

74 Rultraviolet photolysis' and radiolysis-' suggested that
both c*,oc (three-centered) and (four-centered)
reactions were occurring.

Because the literature data are extremely voluminous, 
no pretense is made of being complete. Only some of the 
most relevant references are given here. It is clear that 
the elimination of a hydrogen halide from substituted meth­
anes must be an oC-,c£ process. Such a process has been 
observed in CH3I,24,115 CHFg,116 CHFgCl,33,40 CHPClg106
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and CHF^r . 29

Hydrogen halide elimination observed In the follow­
ing compounds must, of necessity, be an process:

CP3,2,22,38 CD_CP3,71,88 CH3CC13,11,88 C^CPg105,110ch3W*-3, V1,3W '3» W13^ x3
6U 77  88and CH^PgCl. In the following compounds, among

others, oC,oc eliminations have been observed, accompanied 
In some by eliminations: CHgCDCl, 8 CF^HgCl, 87

CD3CHP2 , 54 CH3CDP2, 120 CHgClCDClg, 53 CP3CHC1297 and
cd3chci2 . 35

Although both and oC,^ hydrogen halide elimi­
nations have been observed, the situation is still rather 
confused. At the present time, when more than one elimi­
nation Is possible, it is impossible to predict with any 
degree of certainty which processes occur and to what 
extent such processes would occur. To some extent, it 
seems that the type of reaction which occurs may depend 
upon the amount of energy put into the system. Thus, in
general, both o c,<£, and oc,^ processes are observed in

67  Q7 120shock tube pyrolysis experiments, while energeti­
cally more moderate systems produce mainly, if not exclu­
sively, eliminations. 2 ^,3 ^>78 ,87 ,88 This, of course,
would indicate that c£ eliminations are energetically 
favored over oc,cG eliminations.

Perhaps, the molecular elimination of hydrogen chlo­
ride from the dichloroethylenes reported here should be 
compared to those observed in CHg-CDCl, a compound which 
is reasonably closely related to the dichloroethylenes.
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The direct photolysis of 1-chloro-l-deuterioethylene In 
the presence of scavengers^ produced CgHg and CgHD In ap­
proximately equal amounts, proving that both oC, oG and 
oCeliminations occurred. Thus, oC,oC and <£,(? eli­
minations of hydrogen chloride may be expected from cls- 
and trans-dlchloroethylene.

This Is supported by Berry and Pimentel.^ They 
studied the vibration - rotation spectra of the hydrogen 
chloride produced In the three dlchloroethylene photo- 
elimlnation chemical lasers. By observing the HC1 emission 
from CHg^Clg and from CfCH^g-CHCl, they showed that both 
oC,dC and eliminations can occur from chloroethylenes.
The observation of both HC1 and HP laser emissions from 
CHP«CClg shows that both oC,oC and oC,^ 7 eliminations can 
be occurring from the same compound. Because both types 
of elimination do occur In other compounds, and because 
they can occur in these, they concluded that oC,<30 and 
oC,^ eliminations of hydrogen chloride probably occur 
in both 1,2-dlchloroethylenes.

The final determination of this problem will not 
be solved, however, until a dichloroethylene is synthe­
sized with a composition in which each hydrogen and each 
chlorine can be identified. CH^Cl-CD^Cl i8 one possi­
bility. With a compound like this, one can determine 
exactly which hydrogen and which chlorine were lost.

Thus, the literature data indicate that hydrogen 
chloride eliminations are observed quite frequently and



- 197 -
have been suggested previously In the case of all three 
dichloroethylenes. Molecular chlorine elimination has 
not been reported previously. It should be emphasized, 
however, that from energetic considerations, under cer­
tain conditions, no other reaction Is possible which can 
explain the formation of acetylene (see page 40).

The Stereochemistry of the Elimination 
Reactions of the Dichloroethylenes

Now, It should be Interesting to take a closer look
at the values observed In this Investigation for the ratio
of acetylene to chloroacetylene formation from the one
star excited states. This Is the ratio of Clg to HC1
elimination. The following data we^e obtained:

l,l-CgHgClg 0.29

trans-CgHgClg 2 .1

cls-CgHgClg 3.1

It is clear that the Clg elimination must be o£,c£ from
1.1-dlchloroethylene and oC%jS from els- and trans-d1- 
chloroethylene. Elimination of HC1 must be o C for 1,1- 
dlchloroethylene and may be either oC,<£, and/or oC,̂ <f for 
els- and trans-dlchloroethylene.

The fact that the ratio of Clg to HC1 elimination 
Is much smaller for 1,1-dichloroethylene than for either
1.2-dlchloroethylene seems to Indicate that the photoeli-
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mination of molecular chlorine In the dichloroethylenes 
occurs more readily by an oC , jg  process.

The data clearly Indicate that the ratio of Clg to 
HC1 elimination from els- and from trans-dlchloroethylene 
are not the same. Thus, the respective excited states of 
the two compounds are not the same. Earlier, this had 
been concluded from other considerations.

The fact that this ratio Is larger for cls-dlchloro- 
ethylene than for trans-dlchloroethylene Is not surprising. 
The geometry of the trans molecule definitely favors HC1 
elimination, both andoC,^ . The elimination of Clg
Is less favored becasue these atoms are trans to each 
other. In cis-dlchloroethylene, the Clg elimination is 
favored (the chlorine atoms are adjacent to each other), 
but HC1 elimination should be reduced somewhat because the 
oC,,̂  eliminations Involve H and Cl atoms which are trans 
to each other.

For both els- and trans-dlchloroethylene, the Clg 
elimination is larger than the HC1 elimination. This Is 
so despite the fact that there are four possibilities for 
HC1 elimination and only one for Clg elimination in either 
molecule. This merely may reflect the bulklness of the 
chlorine atoms which would bring them closer together, 
thus favoring this elimination over the elimination of 
hydrogen chloride.

Free Radical Processes
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The scission of carbon - halogen bonds, except in 

the case of fluorine, Is well known. The literature on 
It Is vast. In the early studies on activation energies 
of dehydrohalogenatIon or of Isomerization of halogen con­
taining compounds, free radical reactions Initiated by the 
cleavage of a carbon - halogen bond had to be suppressed 
In order to get reproducible data. This usually Involved 
seasoning the cell or adding a free radical trap, such as 
propene. As a matter of fact, practically all chlorine 
containing compounds, on being photolyzed, produce chlo­
rine atoms as one of the primary steps. Hence, for this 
process, literature references seem superfluous.

Excited Radical Formation
Thus, there is nothing surprising In observing the 

cleavage of a carbon - chlorine bond In the photolysis of 
the dichloroethylenes. As was demonstrated in the discus­
sion of the excited states (pages 178-188), even the occur­
rence of carbon - halogen bond scission from the same ex­
cited state as molecular detachment is not unusual. What 
Is of Interest, though, is the manner In which the two 
star excited state of cls-dlchloroethylene decomposes.

The mechanism for the decomposition of this excited 
state is:

cls-C2H2Cl2** -=> CgHg + 2 Cl (3)

ClS-CgHgClg**  > + 01
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CgHgClg** + CgHgClg---> 2 CgHgClg (ll)

CgHgCl0 ------ > CgHg + Cl (4b)

CgHgCl0 -f CgHgClg----- > CgHgCl + CgHgClg (9)

c2h2ci -t i2  > C ^ C I I  + I (8b)

In order to explain the observed results, it was necessary 
to postulate that the vinyl radical produced at shorter 
wavelengths contained excess energy which caused It to de­
compose according th Reaction 4b. Such an hypothesis Is 
quite reasonable If It Is realized that the rupture of a 
carbon - chlorine bond requires only 8l kcal./mole. Thus, 
in the 2000 X. wavelength region (143 lea./mole), the mole­
cule has about 60 kcal./mole excess energy to distribute 
over the chlorine atom and the chlorovlnyl radical.

Also, it should be mentioned that this suggestion 
is completely analogous to observations made In the photol­
ysis of acetone,^5*61,72 biacetyil01 an(j CH^COOCD^.12^
In these cases, It was reported that some of the acetyl 
radicals carried excess energy which forced the radical 
to decompose,

ch3co* ------ > ch3 + CO (60)

before it was able to react with other radicals to yield 
recombination and/or disproportlonatlon products of the 
type,
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ch3co + r ---- > ch3cor (6l)

CH3C0 + R ---- > CH3CH0 + Olefin (62)

Finally, Reaction 3 may be omitted, provided It Is
accepted that some of the excited chlorovlnyl radicals 
cannot be deactivated; they must decompose via Reaction 4b. 
This parallels the results of Ausloos, Rebbert and Wljnen,^ 
who observed the following primary step In the photolysis 
of vinyl chloride at low wavelengths:

C2H3C1 + hv ----- > CgHg +  H + Cl (37)

The authors stated that this reaction may, but does not 
necessarily, occur via an excited vinyl radical.

Chlorine Atom Addition to the 
Double Bond

As was mentioned, chlorine atoms are produced In the 
primary processes. These chlorine atoms may add onto the 
double bond of the starting material. However, the 1,2- 
dlchloroethylenes have reflection planes perpendicular to 
and bisecting their double bonds; both sides are equivalent.
1.1-Dichloroethylene has two very different sides.

In the presence of Iodine, some of these thlchloro- 
ethyl radicals will be scavenged. In experiments with
1.1-dlchloroethylene, both l,l,l-trlehloro-2-lodoethane 
and 1,1,2-trlehloro-l-lodoethane were observed. The 
CHgClCClgl was found In all the experiments. CCl^Hgl
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was observed only occasionally. The CHgClCClgl almost 
invariably was the more abundant adduct product.

These data suggest that the addition occurs mainly 
on the methylene side of CHg-CClg. However, It has been 
reported that in a CClgCHR radical, a rearrangement may oc- 
cur In which a chlorine atom shifts, yielding a CClgCHClR 
radical.37,75,123 Thus, it may be concluded only that 
these data support the finding that the CHgClCClg radical 
is the more stable of the two.

Geometry of the 2-Chlorovlnyl Radical
In the photolysis of either Isomer of 1,2-dichloro- 

ethylene, a 2-chlorovinyl radical Is produced by cleavage 
of a carbon - chlorine bond. The scavenging of these radi­
cals by Iodine led to both els- and trans-l-chloro-2-lodo- 
ethylene. Moreover, the ratio of els to trans isomers 
produced was the same, 1 : 4, regardless of which 1,2-di- 
chloroethylene was decomposed. The radicals produced from 
els- and trans-dlchloroethylene are Indistinguishable. No 
previous data are available regarding these reactions.

This raises the question of the gebmetry of the 2-
1 07chlorovlnyl radical. Singer, ' in a review on the stereo­

chemistry of vinylic radicals gave two basic configurations:
I) linear —  the radical carbon Is sp-hybrldized. The

1-substituent lies along the axis of the double bond.
II) bent —  the radical carbon Is sp2-hybrldized. The 

configuration is basically unchanged by the loss of
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the chlorine atom. If this be the configuration, 
there can be
a) rapid inversion —  the rate of inversion is much 

faster than the rate of scavenging.
b) slow inversion —  the rate of inversion is compa­

rable to or smaller than the rate of scavenging.
To these, a third possibility must be added: 
iii) bridged —  the remaining chlorine atom bridges the 

double bond forming a three membered ring with the 
unpaired electron delocalized.

Bridged bromine systems have been demonstrated in the bro-
108mination of 2-bromobutane, a bridging of a single bond, 

as well as in the bromovinyl radical formed In the hydro- 
bromination of 2-butyne.^ While the chlorine atom may be 
too small to bridge a single bond, it might be able to 
bridge the double bond here.

These different structures 3hould lead to differences 
in product distribution. These would be expected:
i) linear configuration —  both els and trans Isomers

should be formed, their relative concentrations being
determined by the stereoselectivity features of the 
scavenging, i.e. the Interaction between the scaven­
ger and the radical,

iia) bent configuration, fast inversion —  the product 
ratio should be determined by the relative popula­
tions of the two bent forms and the stereoselectivity 
features in the scavenging.
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iib) bent configuration, slow inversion —  the product

ratio should be stereospeciflcally determined; there 
will be some degree of retention of configuration, 

iii) bridged configuration —  there should be only one 
product, the trans olefin.
In the case reported here, the same product ratio 

was reported form els- and trans-dlchloroethylene. Both 
isomers of the chloroiodoethylene were formed. These 
results are lncompatable with cases lib and ill. This 
leaves cases 1 and iia. There is little that one can do 
to decide between them on the basis of the evidence. Both 
produce ratios which are stereoselectively determined, 
though case iia also is dependent upon the relative popu­
lations of the two bent forms.

Singer's review of the data available on other 
vinylic systems suggests that conjugated unsaturation, 
such as that produced by a phenyl or a nitrile group, is 
needed for a linear radical configuration. Thus, the
2-chlorovinyl radical seems to fit case iia, a bent con­
figuration with rapid inversion.
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ISOMERIZATION REACTIONS

Mechanism

The Isomerization of both Isomers of 1,2-dichloro- 
ethylene was shown to proceed predominately by a chlorine 
atom catalyzed chain reaction. Chlorine atoms are pro­
duced In the photodecomposition of the starting material. 
The addition of a chlorine atom to the double bond of the 
starting material produces an excited 1,1,2-trlchloroethyl 
radical. There is free rotation about the carbon - carbon 
bond in the hot radical. This activated radical either is 
deactivated to a ground state radical or it decomposes.
The decomposition is the reverse reaction of the formation 
of the hot radical. But, there having been free rotation 
in the Intermediate hot radical, the product formed can be 
either isomer of 1,2-dlchloroethylene.

This work on the isomerization reactions demonstrates 
that the mechanism first proposed by Wijnen1^0 and Dainton^ 
is valid. The cis - trans isomerization mainly proceeds 
via the reactions,

# (30)Cl «+ 1,2-CgHgClg ---- > C2H2C13

>  els-CgHgClg + Cl (31)>  cis-1
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C ^ C l ^   > tr-C2H2Cl2 ■+■ Cl (32)

c2h2ci3* + c2h2ci2 > c2h2ci3 + (33)

The fact that the ratio (total) ln

the trans-dIchloroethylene filter studies was constant 
connects the production of the els Isomer to the rate of 
chlorolodoethylene production, and thus, to the rate of 
chlorine atom production. For every chlorovlnyl radical, 
one chlorine atom is produced.

It must be admitted that ln plotting the data accord­
ing to the reaction sequence given above (see Figures 35 - 
37, pages 161-163), small intercepts were observed where 
none should have been. Because these Intercepts decreased 
ln magnitude with decreasing light intensity, It seems 
reasonable to assume that some minor reactions (in an al­
ready complicated mechanism) were not accounted for. These 
"minor reactions," being intensity dependent, most likely 
are radical - radical reactions. To suggest a particular 
reaction to account for this minor discrepency is almost 
pure speculation. Suffice it to say that any reaction of 
the type

C2H2C13 +  I ---- > ci£-C2H2Cl2 +  IC1

 >  trans-C2H2cl2 -+ IC1

might account for the observed intercepts. It is a radi­
cal - radical reaction and it is not a chain reaction pro-
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cess. It, thus, is of minor importance in relation to a 
product which is formed by a chain process.

Branching Ratio
The data indicate that the excited trichloroethyl 

radical decomposes yielding 62# els- and 38# trans-dichlo- 
roethylene. This is in fair agreement with Dainton's^ 
results of 66# and 3^#> and Rowland's^* results of 67# 
and 33#» respectively. It is in excellent agreement with 
the equilibrium values of 63# and 37# reported by Ebert 
and B u l l . K n o x ' s  value of 78# and 22# are in poor agree­
ment with all of the above data.

Recently, in a study of the decomposition of chemi­
cally activated CHgClCDClg, Kim and Setser^ found that of 
the CHC1-CDC1 produced by HC1 elimination 60# was cis-di- 
chloroethylene. The elimination product distribution does 
not necessarily have to be the same as that found in the 
decomposition of the hot trichloroethyl radical, but, ap­
parently both processes produce the same results.

Lifetime of the Excited 
Trichloroethyl Radical

Prom the ratios of the rate constants of deactivation 
to isomerization for els- and trans-dichloroethylene, an 
estimate can be made of the lifetime of the excited tri­
chloroethyl radical. Combining the two ratios gives a

value of 2.0 x 10'20 for KdeactAjeco,np<total) of the hot 
radical. Using an estimate of cr2 ■ 38.7 X.2 as the col-
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lisional cross-sectional area, a value of 4.9 x 10’11 sec. 
was obtained for the lifetime. This Is far from Dalnton's^

_7value of 3 x 10 1 sec. But, It Is relatively close to 
Knox's^ results of 4 x 10“*® sec. and Rowland's"^ value 
of 6 x 10"^° sec.

In all these calculations which compare the rates of 
Isomerization of cls-dlchloroethylene to trans-dlchloro- 
ethylene, It has been assumed that the two Isomers are 
equally effective as deactivators. However, ln the calcu­
lation of the cross-sectional areas of the two compounds, 
there was a difference of about 6£. If the two isomers 
have different collisional cross-sections, they cannot 
have the same effectiveness as deactivators. While this 
cannot account for the difference ln the lifetime reported 
here and those of Knox and Rowland, It certainly is a 
source of error.

Deactivation Efficiency of CF^
The relative efficiencies of tetrafluororaethane and 

trans-dlchloroethylene as deactivators was shown on two 
occasions. Here, in the deactivation of the excited tri­
chloroethyl radical, trans-dIchloroethylene was found to 
be 4.8 times as efficient as CF^. This ratio was 5.8 for 
the deactivation of the excited states of trans-dlchloro- 
ethylene (primarily the two star excited state) which pro­
duce chlorovinyl radicals.

These results are not surprising. Tetrafluororaethane
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Is a highly symmetric molecule with only one type of bond. 
The transfer of energy to It Is severely limited because 
of the paucity of vibrational and rotational modes avail­
able to It. Trans-dlchloroethylene is a relatively better

** *
deactivator of CgHgClg than of C2H2C13 * This> too> is
reasonable; there Is a greater similarity and therefore 
more efficient deactivation between trans-dlchloroethylene 
and its own excited state than the excited trichloroethyl 
radical.

Because this Investigation was the first detailed 
study of the primary processes occurring in the photolysis 
of the dichloroethylenes, It is clear that many of the 
conclusions drawn from it could not be compared directly 
to other available results. It, therefore, is extremely 
gratifying to see that the els - trans isomerization data 
obtained in this study are in excellent accord with previ­
ous observations made in completely different reaction 
systems. As an example, scavengers were not used in pre­
vious els - trans isomerization studies. Such good agree­
ment hardly would be expected if the conclusions regarding 
the primary processes which led to the els - trans isomer­
ization data would have been wrong. Indirectly, the agree­
ment regarding the isomerization data is thus supportive 
of other conclusions made in this paper.
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In the photolysis of the three Isomers of dichloro- 
ethylene with near ultraviolet light (2000 - 4000 %.), ln 
each case two excited states were found. No two excited 
species are the same; there are six different molecular 
entitles.

For the 1,2-dichloroethylenes, the lower excited 
state was found to decompose in the following manner:

c2h2ci2* ---- > c2h2 + Clg

C2H2C12*  > C2HC1 + HC1

C2H2C12*  > C2H2C1 ^ 01

For cls-dichloroethylene, the ratio of these processes Is
3.1 : 1.0 : 0.28, respectively. For trans-dlchloroethylene, 
It is 2*1 : 1.0 : 0.27. These excited states are thought 
to be vibrationally excited, ground state molecules. The 
lifetime of this excited state of cIs-dIchloroethylene was 
found to be 2.4 x 10"^ seconds.

The higher excited state of trans-dlchloroethylene 
decomposes only by cleavage of a carbon - chlorine bond.

trans-C2H2Cl2** > CgHgCl +  Cl

The formation of this excited molecule becomes more impor­
tant at shorter wavelengths. Its lifetime Is 5.1 x 10“^ 
seconds.

The higher excited state of cls-dichloroethylene



- 212 -
also decomposes by bond cleavage. But, Its reactions are 
more complex.

cis-CgHgClg** ---- > t  2C1

cls-C2H2Cl2** ---- > c2H2C1° + 01

The ratio of acetylene to excited chlorovlnyl radical pro­
duction Is 5*0. The excited chlorovlnyl radical thus 
formed can either decompose or be deactivated.

c2h2ci° ---- > c2h2 + Cl

C2H2C1° +  M ---- > C2H2C1 + M

This excited dlchloroethylene molecule becomes apparent
oonly at wavelengths shorter than 2200 A. Therefore, while 

the higher excited state of trans-dlchloroethylene leads 
only to chloroiodoethylene production, the higher excited 
state of cls-dichloroethylene produces acetylene as well.

These higher excited states are thought to be the 
lowest lying triplet of each isomer. The lifetime of the 
excited cls-dichloroethylene molecule is 2.0 x 10“^ seconds;

—Qthat for trans-dlchloroethylene, 5.1 x 10 7 seconds. The 
lifetime of the excited chlorovlnyl radical produced by 
the higher excited state of cl3-dlchloroethylene was found 
to be 3.8 x 10"9 seconds.

The chlorovlnyl radicals produced from either Isomer 
of 1,2-dichlorpethylene were indistinguishable. Regardless 
of the method of production of these radicals, the ratio
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of els- to trans-chlorolodoethylene was 1 : 4 .  It Is 
believed that the radicals formed maintain sp^-hybrid- 
ization, but Invert rapidly.

The els - trans Isomerization of the 1,2-dlchloroeth- 
ylenes was found to proceed via a free radical chain pro­
cess. Chlorine atoms produced ln the primary decomposi­
tions would add onto the double bond of the starting mater­
ial, forming an excited trichloroethyl radical. Free rota­
tion about the carbon - carbon bond led to isomerization 
when the hot radical decomposed by ejecting a chlorine atom. 
Of the dlchloroethylene formed by this Isomerization, 62# 
was found to be cls-dichloroethylene. The lifetime of the 
excited trichloroethyl radical is 5 x 10"11 seconds.

The lower excited state of 1,1-dlchloroethylene also 
produces acetylene and chloroacetylene,

CHgCClg*  > C2H2 +  Clg

CHgCClg*  ^ CgHCl -|- HC1

but ln a ratio of 0.29 • 1*0. This excited state has a 
lifetime of 2.4 x 10“^ seconds. It requires an activation 
energy of about 2 kcal./mole to decompose.

It is believed that the 1-chlorovlnyl radical is 
produced only by the higher excited state of 1,1-dlchloro- 
ethylene.

CHgCClg  ^ CgHgCl + Cl
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This is the only manner in which the higher excited state 
decomposes. The formation of this excited state becomes 
more Important at shorter wavelengths. It has a lifetime 
of 8.4 x 10’9 seconds.



APPENDIX A

Data

All Pressures are ln Torr 

All Rates are x lO”1^ molecules/ml. sec.



TABLE XIV

Pressure Study on cls-1»2-Dlchloroethylene. No Filter

►
total V 2 RC2HC1 ^-CgHgClg Rtr-CgH2ClI Rcls-C2H2C1I

3.7 8.98 1.09 14.4 - -

6.5 7.56 1.09 19.8 - -

6.7 10.4 1.55 12.6 0.390 -
9.3 11.3 1.86 34.6 - -

9.6 10.4 1.78 15.7 0.627 -

16.1 14.2 2.33 24.7 0.627 0.250
16.4 10.4 1.64 21.3 0.441 0.183
30.0 14.2 2.48 18.4 1.27 0.267
30.2 - 2.48 16.2 1.19 0.333
41.7 13.2 2.33 19.1 0.933 -

44.0 15.1 2.48 20.0 1.27 0.350

^HgCljI

O.966
1.07

1.13

1.03

(continued)



TABLE XIV —  CONTINUED

Ptotal R°2H2 r c2hci ^-CgHgClg Ri£-C2H2C11 Rcls-CgHgClI R°2H2C13I

59.8 13.2 2.17 14.2 0.933 - -
61.4 18.2 3.50 21.6 1.48 0.383 0.733
80.0 13-0 2.48 16.9 0.983 0.217 -

84.1 - 2.79 - 0.933 0.200 -

102.9 14.2 1.55 11.2 — _ _ 217



TABLE XV

Pressure Study on els-1,2-Dlchloroethylene, Filter 9-54

total V 2 rc2hci ^tr-CgHgClg Rtr-C2H2C13C Rcls-CgHgC1I RCgHgCl3I

9.2 0.669 0.207 2.34 no Iodine added
9.8 0.748 0.211 2.34 0.0438 0.0181 0.0222
13.5 0.945 0.207 2.92 0.0325 0.0097 0.0222
17.2 1.02 0.258 3.97 0.0706 0.0306 0.0200
29.5 1.34 0.414 3.59 0.0989 0.0278 -
29.9* 1.58 0.414 5.20 0.103 0.0417 -
50.2 1.97 0.672 4.87 0.141 0.0625 0.0194

* This experiment was performed ln four segments of 15 minutes each, more Iodine 
being added to the cell before commencing each segment.
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TABLE XVI

Pressure Study on cls-1,2-Dlchloroethylene, Filters 9-53, 0-54 and 0-52

>
total Filter

R°2H2 ^gHCl ^tr-CgHgClg ^tr-CgHgClI Rcis-CgHgClI RCgHgCl3I

5.4 0-52 0.173 0.0199 0.262 0.00664 - 0.00778
5.5 0-54 0.154 0.0233 0.327 0.00254 - 0.00311
9.7 9-53 0.223 0.0345 0.612 0.00612 - 0.00593
10.8 0-54 0.165 0.0258 0.402 - - -
18.7 9-53 0.210 0.0370 0.424 0.00542 - -
30.9 9-53 0.249 0.0534 0.899 0.0108 0.00509 0.00741
31.8 0-54 - 0.0517 - - - -
47.3 9-53 0.315 0.0517 0.593 - - -
48.5 0-54 0.276 0.0517 0.562 0.0258 0.0115 0.00972
50.2 9-53 0.302 0.0689 0.786 0.0236 0.00648 0.00444
56.8 0-54 0.295 0.0543 0.431 0.0212 0.00347 0.00889
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Ptotal

2.1
4.4
6.4
8.9
11.6 
15.6
19.3
20.7
24.3
29.7
49.8
54.1

TABLE XVII

Pressure Study on trans-l,2-Dlchloroethylene 
Filter Scavenger: Ig

V a
3.41
3.70
4.00

4.69
4.55

5.28
4.40
4.11

4.55

^CgHCl

1.76
1.66 
1.88
2.07
2.02

2.17
2.10 
2.22 
2.12
2.31
2.41

Rcls-CgHgClg

5.07
14.9
22.3
24.8
32.7
31.2 
31.5
32.1
29.3
26.7

26.4

Rtr-C2H2C11

0.692

1.47
1.62
1.91
2.06
2.43

3.06
2.50

3.24
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TABLE XVIII

Pressure Study on trans-l,2-Dlchloroethylene
No Filter Scavenger: HC1 (1)

Ptotal V 2 RC2HC1 rc2h3ci Rcls-CCH,

4.2 3.95 2.13 2.90 -
10.4 4.89 2.23 3.88 73.2
11.1 - 2.18 4.04 «•

16.5 5.44 3.38 4.29 61.7
19.3 - 2 .47 5.41 84.0
21.6 4.84 2.50 5.71 82.6
31.8 6.33 2.99 6.74 67.5
45.0 7.90 3.95 6.20 53.7
63-3 - 5.72 9.18 63 .2

85.8 7.45 2.81 6.49 50.0
156.3 - - - 43.8
167.1 - 3.90 6.94 40.2
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TABLE XIX

Pressure Study on trans-l,2-Dichloroethylene
No Filter Scavenger: HC1 (2)

►total V 2 rc2hci \ H 3C1 Rcis-C2H,

5.2 0.903 0.446 0.907 64.2
9.5 2 .0 8 0.773 2 .67 106.
13.9 1.50 0.744 3.84 56.8
21.6 I.65 0.773 4.28 45.9
21.8 2.35 0.684 4.09 45.9
31.5 1.44 0.607 4.28 52.4
45.3 1.35 0.654 5.12 29.3
61 .0 1.63 0.773 4.70 38.0
83.6 1.99 0.714 4.56 49.8



TABLE XX

Tetrafluoromethane Deactivation Study on trans-1,2-Dlchloroethylene Scavenger: Ig

r-C2H2C12
pCP4 Vs rc2hci R£is-°2H2C12 ^tr-CgHgCH Rcls-C2H2C1I "CgHj.CljI

20 .1 - 0.741 0.365 6.72 0.827 0.144 0.502

20 .1 - 0.556 0.341 8.33 0.853 0.0941 0.852

20 .0 11.5 0.750 0.070 10.83 - - 0.743
20 .0 24.7 0.241 0.122 10.21 0.293 - -

20 .0 41.1 - 0.224 8.33 0.720 0.058 0.858

20 .1 55.5 - - 4.43 0.587 - 1.55
19.9 93.1 0.333 - 2.42 0.427 - 1.17
20 .2 202.3 0.185 0.034 3.22 0.453 0.052 1.31
19.9 229.4 - 0.127 2.69 0.373 - 1.97
20 .1 298.6 - 0.244 2 .6 9 - - -

20 .0 398.1 0 .278 0.158 2.96 0.192 - 0.670

20 .1 577.5 0.222 0.073 1.61 0.427 0.144 0 .816
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TABLE XXI

Pressure Study on 1,1-Dlchloroethylene at 18° C.

total V * RC2HC1 RCHgCClI RCH2ICC13 RCH2C1CC12I

3.6 0.229 0.812 5.79 - 0.196

4.8 0.426 0.957 6.52 0 .268 2 .6 1

4.9 0.572 2.03 6.52 - 1 .4 5

11.7 0.549 2.17 8.15 - 0 .725

21.8 - 3.19 12.7 - -

40.5 O .678 2.32 5.07 1.27 0.489
42.3 1.06 3.20 13.4 0.437 0.779
48.9 0.641 3.19 12.0 0.795 2.03
60.9 0.572 1.74 12.7 1.03 -
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TABLE XXII

Pressure Study on 1,1-Dichloroethylene at 28° C.

rch2cicci2i

0.590
0.652

1.56
0.536
0.870
1.01
1.16

0.304
O.667

TABLE XXIII 

Pressure Study on 1,1-Dichloroethylene at 45° C.

Ptotal RCgH2 RC2HC1 RCH2CC1I ^HglCClj RCH2C1CC12I

3.6 - 1.07 3.62
5 .6 - 1.59 6 .8 8 - 0.580

13 .3 - 1 .8 8 6 .8 8 - 0.337

39.8 0.795 2.46 10.5 0.477 1.31
61 .0 1.51 3.19 14.3 1.27 0.435

Ptotal V a RC2HC1 rch2ccii rch2icci3

3.7 0.481 1 .4 5 5.43 -
7.4 1.46 1 .72 6.34 -

9.7 1.83 1 .95 7 .06 0.509
10.8 1.51 - 7.15 0.361
12.1 - 2 .1 7 9.77 -
21.9 1.18 2 .0 3 9.05 0.175
37.9 1.30 2 .1 7 10.9 1.76
41.1 1.38 2 .3 2 11.6 -
51.8 0.961 2.46 12.9 O .665

60 .0 0.985 2.90 13.1 0.596
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A more Complex Isomerization Mechanism
It was found that the mechanism for the Isomeriza­

tion did not fully represent all the reactions occurring 
(see page 164). Other free radical terminations were 
thought to he needed. The following, more complete, mech­
anism was proposed:

C^Cl + Cl (1)

CgHgClI +  I (2)

C2H2C13* (3)

Isomer-CgHgClg + C1 (̂ ®)

Same-CgHgClg “h Cl (̂ b)

C ^ C l j  4- CgHgOlg (5)

disproportionation and/

or recombination (7)

disproportionation and/

or recombination (8)

Cl2 + C2H2C12 (9)

In the presence of an inert deactivator, tetrafluoromethane, 
the following reactions also may occur:

C2H2C13* + CF4 ---- > C2H2C13 + CP4 (6)

C2»2C12*  *
CgHgCl 4- I2  >

Cl +  CgHgClg  >

CgHgC^*  >

C2H2C13*  >

C2H2C13* + C2H2C12 ---- >
2 C2HgCl3*  >

Cl + C2H2C13*  >

2 Cl -|- C2H2C12  >
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2 Cl + CF4 ---- > Clg + CF4 (10)

In this mechanism, Reactions 7 - 1 0  represent new termina­
tion steps.

Making use of the steady state approximation, and 
after considerable algebraic manipulation, the equation 
given on page 229 can be derived. In the equation, the 
following are used as simplifications In writing:

D = the concentration of the starting Isomer of 
1,2-dlchloroethylene

Z » the rate of Isomerization

M ■ the concentration of inert deactivator

R - the rate of formation of the chlorovlnyl 
radical product

The rate constants also may be made to look more tractable.
Actually, there are only seven sets of ratios of rate con­
stants ln the entire equation.

*

*5

%

% - k £A3tya
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Kg ■

K10 “ kio/lc32 

The equation is:

D2R/Z - K4(2Kq i- K4Kg)DZ - 2K4Kq2Z2 - Kq2RZ -f-

2KgDR - KyK82Z3 + (2K^KyKg - K5Kg2)DZ2 + 

(Ky + 2K4K5Kg)D2Z + K5D3 + K ^ K ^ Z  + 

?K5K7KgD2Z2 + K72KgDZ3 +

K42K1qMZ + KgD2M +  2K4(K6Kg + K5K10)DMZ -f 

2K4K6K1qM2Z + (2K4K?K10 - KgK82)MZ2 +

^ K jqMz3 + 2K6k?k10m2z2 +  k62k10m 3z +

K5(2K6Kg + K5K1q )D2MZ + 2K?(K6Kg + K5K1Q)DMZ2

+ K6(K6Kg + 2K5K10)DM2Z

Of the 22 terms on the right side of the equation, the lat 
ter 11 drop out if no deactivator has been added (M ■ 0).

The Computation
Obviously, this equation is not suitable for graph­

ing. To determine rate constants from an equation such 
as this, a least squares calculation must be done. If 
this is to be done within a reasonable time span, a com­
puter has to be used.
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The language which the author was taught for this 

purpose Is "Basic.” It Is a highly verbal computer lan­
guage. Therefore, It Is easy to learn. However, It has 
the drawback of being very slow -- for a computer —  and 
being restrictive In the operations which can be done 
using It. There Is no general method for solution of a 
determinant by Basic. If one has to be solved, a program 
must be written detailing every step to be done. In some 
other computer languages, for an iterltive process such 
as determinant solving, this is unnecessary. A simple, 
general program can be written. Instead of using deter­
minants, the simultaneous equations generated by the least 
squares solution was solved by the method of elimination, 
using the largest pivotal divisor. The program Is listed 
in Table XXIV. The computer used was a Data General Nova, 
Single Use Basic (12K).

The Program
The N first mentioned In lines 2 and 3 is the number 

of terms ln the equation being solved. Consequently, It 
Is the size of the square matrix to be solved ln the least 
squares analysis. Lines 20 - 65 generate a set of N simul­
taneous equations, with all solutions having values of 1. 
This Is used to test the least squares program. Line 10 
circumvents these test equations.

Line 1030 sends the program to 2000. M7 (lines 
2010 and 2020) Is the number of results being analyzed,



2
3
5
10
20
25
27
30
35
40

45
50
52
55
60
65
80

1030
1070
1130
1140
1150
1170

TABLE XXIV

The Computer Program

PRINT "N « ",
INPUT N
DIM A(N,N),B(N)
GOTO 1030 
LET Z5 - 0 
FOR Z1 = 1 TO N 
LET Z6 - 0 
FOR Z2 - 1 TO N
LET Z5 - Z1 + Z2 - 1 
IF Z5< (N + 1) GOTO 50 
LET Z5 - Z5 - N 
LET A(Z1,Z2) - Z5 
LET Z6 - Z6 + Z2 

NEXT Z2 
LET B(Z1) - Z6 

NEXT Z1 
GOTO 1070 
GOSUB 2000
PRINT "SOLUTION OF SIMULTANEOUS EQUATIONS" 
GOSUB 6000
IF (K1 - 1) < >  0 GOTO ll80 
PRINT "MATRIX IS SINGULAR"
STOP
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1180 PRINT "SOLUTION VALUES"
1190 FOR HI - 1 TO N
1200 PRINT H1,B(H1)
1210 NEXT HI
1220 GOSUB 7000
1230 PRINT "END OP CASE"
1240 END
2000 REM LSTSQ
2010 PRINT "M7 - ",
2020 INPUT M7
2025 DIM G(M7,N),H(M7),P(M7)
2026 DIM Z(M7),D(M7),R(M7),M(M7)
2040 FOR J ■ 1 TO M7
2050 INPUT Z(J),D(J),R(J),M(J)
2060 PRINT
2070 NEXT J
2090 PRINT ,,"DATA"
2100 PRINT " J"," Z(J)", " D(J)","
2110 FOR J - 1 TO M7
2120 PRINT J,Z(J),D(J),R(J),M(J)
2130 LET H(J) - 0
2140 FOR K - 1 TO N
2150 LET G(J,K) - 0
2160 NEXT K
2170 LET G(J,l) - D(J)*3.24*Z(J)
2180 LET G(J,2) - -2*(Z(J)^2)
2190 LET 0(J,3) - -Z(J)*R(J)

" M(J) "



2200
2210
2220
2230
2240
2250
2260
2270
2320
2325
2330
2335
2340
2345
2350
2355
2360
2365
2370
2380
2390
2620
2630
2640
2650
2660
2670
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LET G(J,4) - 2*D(J)*3.24*R(J)
LET G(J, 5) - -(Z(JM3)
LET G(j,6) - D(J)*3.24*(Z(J)^2)
LET G(J,7) « ((D(J)*3.24)/(\2)*Z(J)
LET G(J,8) » (D(J)*3.24)^3 
LET G(J,9) - ((DU)*3.24)f3)*Z(j)
LET G(j, 10) - 2*((D(J)*3.24H2)*(Z(JM2)
LET G(J,11) - D(j)*3.24*(z(j)/|'3)
LET G(J,12) - Z(J)*M(J)*3.24 
LET G(J,13) - ((D(J)*3.24)^2)*M(J)*3.24 
LET G(J,14) - 2*D(J)*3.24*Z(J)*M(J)*3.24 
LET G(J,15) - 2*Z(J)*((M(J)*3.24)^2)
LET G(J,16) - (Z(JH2)*M(J)*3.24 
LET G(J,17) * (Z(J)^3)*M(J)*3.24 
LET G(J,18) - 2*(Z(J)/)\2)*((M(J)*3.24)^2)
LET G(J,19) - Z(J)*((M(J)*3.24)^3)
LET G(J,20) - ((D(j)*3.24)f2)*Z(j)*M(j)*3.24 
LET G(J,21) » 2*D(J)*3.24*(Z(JH2)*M(J)*3.24 
LET G(J,22) - D(J)*3.24*Z(J)*((M(J)*3.24)/I\2) 
LET H(J) - ((D(j)*3.24)f2)*R(j)/fe(J)

NEXT J
FOR K - 1 TO N

LET B(K) - 0 
FOR L - 1 TO N 
LET A(K,L) - 0 
FOR J « 1 TO M7

LET A(K,L) - (G(J,K)*G(J,L)) + A(K,L)



2680
2690
2700
2710
2720
6000

6010

6020

6030
6040
6050
6060

6070
6080
6090

6100

6110

6115
6120

6130
6140
6150
6160

6170

6180
6190
6200
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IF (L - l) > 0  GOTO 2700 
LET B(K) - (G(J,K)*H(J)) + B(K)

NEXT J 
NEXT L 

NEXT K 
LET T1 « 0 
LET K9 - 0 
FOR G1 - 1 TO N 
LET JO - G1 + 1 
LET B1 - 0 
FOR HI - G1 TO N

IF ( ABS (Bl) - ABS (A(Hl,Gl))) > - 0 GOTO 6090 
LET Bl - A(HI,01)
LET M2 - HI 

NEXT HI
IF ( ABS (Bl - Tl)) >  0 GOTO 6130 
LET K9 - 1 
LET K1 - K9 
RETURN
FOR K1 - 01 TO N 
LET S4 - A(G1,K1)
LET A(G1,K1) - A(M2,K1)
LET A(M2,K1) - S4 
LET A(G1,K1) - A(G1,K1)/B1 

NEXT K1 
LET S4 « B(M2)
LET B(M2) - B(G1)



6210 LET B(G1) - S4/5B1 
6220 IP (G1 - N) - 0 GOTO 6300
6230 FOR 19 - JO TO N
6240 FOR J9 - JO TO N
6259 LET A(I9,J9) - A(I9,J9) - (A(I9,G1)*A(G1,J9))
6260 NEXT J9
6270 LET B(I9) - B(I9) - (B(G1)*A(I9,G1))
6280 NEXT 19
6290 NEXT G1
6300 LET N2 “ N - 1
6320 FOR G2 - 1 TO N2
6330 LET B2 » N - G2
6340 LET C6 - N
6350 FOR K2 - 1 TO G2
6360 LET B(B2) - B(B2) - (A(B2,C6)*B(C6))
6370 LET C6 « C6 - 1
638O NEXT K2
6390 NEXT G2
6400 RETURN
7000 FOR J - 1 TO M7
7010 FOR K - 1 TO N
7020 LET P(J) - P(J) + G(J,K)*B(K)
7030 NEXT K
7040 LET Y6 - (P(J) - H(J)*(P(J) - H(J)) + T6 
7050 NEXT J
7060 LET U - SQR (T6/H7)
7070 PRINT "THE ROOT MEAN SQUARE ERROR IS " U



7080 RETURN
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the number o f experiments performed in  the s e rie s . In  

l in e s  2040 - 2070, the data is  fed in to  the computer. The 

data is  fed back to  the operator a t l in e  2120, g iv in g  the  

operator the opportunity  to  check them fo r  accuracy. In  

l in e s  2170 -2380 , the computer caculates the v a ria b le s  

fo r  each term o f the ra te  equation, fo r  each set o f data. 

The ac tu a l a p p lic a tio n  o f the le a s t squares method is  ac­

complished in  lin e s  2620 - 2720. This produces the square 

m atrix  which cannot be solved d ir e c t ly .

The so lu tio n  is  found in  lin e s  6000 - 6400 by the  

method o f e lim in a tio n , U3ing the la rg e s t p iv o ta l d iv is o r  

(found in  lin e s  6040 - 6090). Each stage o f e lim in a tio n  

consists o f interchanging rows when necessary ( lin e s  

6130 - 6210) to  avoid d iv is io n  by zero. At 6100 is  a 

te s t  fo r  a s in g u la r m atrix . I f  th is  is  passed, the r e ­

s u lts  are ca lcu la ted  and the program retu rns to  lin e s  

ll80 - 1210 to  p r in t  the s o lu tio n  values. I t  then Is 
sent to  7000 - 7080 to  c a lc u la te  and p r in t  the root mean 

square e r ro r , before ending.

A Sample Solution
A not un typ ica l re s u lt  is  shown below. I t  comes 

from the data o f the tetrafluorom ethane d e a c tiva tio n  

series  (Table XX, page 223)• I t  took between 15 and 30 
minutes to  be computed.
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J Z(J)
DATA
D(J) R(J) M(J)

1 6 .7 3 20 1.03 0
2 8.33 20 1.07 0
3 10.2 20 0 .3 6 6 22.7
4 8.33 20 0.9 41.1
5 4.43 20 0.734 55.6
6 2.42 20 0.534 93.
7 3.22 20 0 .5 6 6 202.5
8 2.69 20 0.466 229.3
9 2.96 20 0.24 398.1
10 1 .6 1 20 0.534 577.6
SOLUTION OP SIMULTANEOUS EQUATIONS 
SOLUTION VALUES
1 -4.5627E5
2 1.95792E10
3 6.87503E10
4 I.60608E5

5 2.34954E-4
6 8.30276E-8
7 -5.74219E-13
8 2.10601E-18

9 5.47055E-31
10 8.25128E-26
11 -6.90918E-21
12 -1.6286E4
13 -1.6902E-20
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21
22

20

15
16
17
18
19

14 1.94435E-14
4.41707E-16
3.29151E-9
-8.21507E-22
-1.08995E-28
1.67778E-35
-3.81499E-32
3.12006E-27
-1.31683E-33

THE ROOT MEAN SQUARE ERROR IS 0.382518 
END OF CASE

Rate constants cannot be negative, nor can a ratio 
of rate constants. All the negative values for ratios of 
rate constants make these results of no use whatever. 
However, the program remains for the solution of diffi­
cult equations.
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