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I. OBJECT OF THE INVESTIGATICOHNS

The express purpose of the work to be
presented was to determine, in so far as possible,
the products formed, the intermediates formed, the
factors controlling the rate, and the mechanlism involve
ed in the addition reaction of oxygen, on the one hand,
and the addition of chlorine, on the other, at the
double bond between the two carbon atems of tetra-
chloroethylene, C,Cly. Interest was centered, perhaps,
on the intricacies of the oxidation, and still is.

In attempting to study the bromine addition
at the double bond of tetrachloroethylene, experimental
facllities accentuated the study of the eliminatlon of
two bromine atoms from dibromotetrachloroethane, CsCl,.Brs,
and the accompanylng double bond formation between two
carbon atoms rather than the addition reaction study.

It was highly probable that a study of the ¢limination of
two halogen atoms from two adjacent carbon atoms would
elucldate the processes involved in the addition of the
two halogen atoms to the adjacent carbon atoms.

To be more explicit concerning the intermediate
conpounds involved, it was desglrable to establish evidence
for or against the existence of a Cls or a Bry molecule
postulated as a transient intermediate by certain lnveste

igators.



If. LITERATURE SURVEY OF SCME PHOTOCHEICAL REACTIONS

CONCERNING THESE INVESTIGATIONS

The role of oxygen in photochemical processes is
a variable and non-predictable one. Concerning the
preasent investigations, the inhibltory action of oxygen
is involved. #ildermann® and Dyson and Harden®, in-
dependently, found that the photochemical formation of
rhosgene, COClg, from chlorine and carbon monoxlde was
retarded by the presence of oxygen. schultze® observed
that a chlorine-sensitized oxidation of the carbon monoxide
to carbon dloxide was occurring and that small amounts of
oxygen had relatively greater effects than larger amounts.

Bauer and Daniels?® have found that the thermal
bromination of cinnamic acid in carbon tetrachloride
gsolution 1is critically inhibited by free oxygen and they
have nnknowingly atudied the photobromination of an
oxygen-inhibited reaction.

Dickinson and Leermakers® found that traces of
oxygen almost completely inhibited the photochlorination
of tetrachlorocthylene in carbon tetrachloride solution
and 2 chlorine-sensitized photo-oxidation occurred.

Chapman® found that free oxygen inhibited the
photochlorination of chloroform in carbon tetrachloride
sorution and a chlorine-sensitized photo-oxidation
occurred.

In contradistinetion to these inhibitions by

oxygen, however, Kharasch and Mayo? found that in the



abgence of oxygen or peroxides, hydrogen bromide adds
slowly to allyl bromide, CHp, = CH - CHpBr, forming
1-2 dibromopropane; but in the presence of oxygen or
peroxide, the addition 1s very rapid and 1-3 dibromo-
propane 1s the product. Though this is not a rhoto-
chemical rezetion, it has a place here since it shows
that oxygen 1s capable of increasing the velocity of
addition reactions at the double bonds between two
carbon atoms.

The nature of the products of photo-oxidation
reactions involving the double bonds between two carbon
atoms is a point for investigation. Besson® found that
tetrachloroethylene and oxygen on intensive 1lluminatlon
Qy sunlizht produced trichloroacetyl chloride and phosgene.
fhese asne products were férmed in chlorine-sensitized
photo~oxidation of tetrachloroethylene in carbon tetra-
chloride solution.®

Horio and Yamashita® have investigated the
oxidation of linseed 01l and linoleic acld under the
full radiation of a quartz Hg-arc. TFeroxides were
found to be present. The presence of a peroxide,
phosgene, and hydrogen chloride in the products of

he chlorine-sensitized photo~oxidation of chloroform
in carbon tetrachloride ~.lutlon was proven by Chapman®.
Bowen and Steadmant® found a peroxide, colorlesgss and
gtable in sclution, formed by illuminating a benzene
solution of red rubrene, ChugoHsg, and dissolved oxygen

with visible radlation.



The dependence of oxldation rates on concen-
trations of reactants is manifold. The rate of photo-
oxidation of linoleic acid, olive oil, and linsced oil
ig inderendent of the oxygen concentration and of the
tenmperature but is provortional to the concentration of
the acid (of oil) and to the square root of the light
intensity? Dickinson and Leermakers® found that the
rate of oxidation of tetrachloroethylene is proportional
to the first power of the light intensity and of the
chlorine concentration, independent of oxygen concentra-
tion, and also independeng of the tetrachloroethylene
concentration except when very high.

The rate of the chlorine-gensitlzed photo-
oxidation of chloroform has pnractically these same re-
spective dependenciest

The quantunm yields of these photo-oxidation
reactions may vary from values less than unity as 1is
found in the case of rubrene oxidation at low rubrene
concentrationst® to the enormous yields of some 50,000
for oxidation >f sulfite solutions as shown in work of
Alyea and Backstromi?®,

The literature is pregnant with photochemical
measurements involving various types of changes at the
double bond between two carbon atoms. Three of these
have a very direct bearing on the investigations at hand.

Leermakers and Diekinson*® have investigated the photo-
chlorination of tetrachloroethylene in earbon tetra-



chloride solution. The essentials of this paper that con-
cern the photochlorination of gaseous tetrachloroethylene
are given in Chapter II1I.

The iodine-gengitized photodecomposition of
ethylene iodlde, CpHals, in carbon tetrachloride sclution
has been studied by Schumacher and uiig*®. The rate ex-
pression, d(CaHals)/dt = k(Iy, )" (CallsIz) has been
found, and a mechanism for the chain reaction has been
given as

I, + ho = 2T (1)

H

CaHeIa + I = CgHeI + Ip (2}
CoHeI &CgHy + I (3) and (3 )
BT = I, (%)

The chain-breaking step (4) is second order with respect
to the chain-carrier, I, and glves rise to the rate de-
pendence on 15;5;_ The ilodine atoms combine in ternary
collision with the carbon tetrachloride molecules in
solution.

Bodenstein, Jost, and Jung*¢?2% have studied
the photochemical hydrogen bromide formation with respect
to its rate dependence on light intensity. At low in-
tensities the rate is proporticnal to the first power of
the light intensity, but at higher 1light intensities the
rate is proportional to some rower less than the first.
This is attributed to two chain-breaking steps, (1),

Br = 1/2Br, (wall), and (2), 2Br + ¥ = Br, + ¥ in the



gas phase. The occurrence of step (2) becomes greater

as the light intensity and total pressure ‘nercase and

the devendence of rate on intensity beecomes smaller since
square root dependence on light intensity would result

were step (2) the sole chain-breaking step.

An intermediate molecule, Xg, in photoreactions
1nvol?ing the halogens has been a source of much dis-
cussion. Gohring®® postuiated the exlistence of Cls in
discussing the reaction between Hz; and Cl;. Rollefson
and Lehner®? utilized Clg in discussing the rhotochemical
formation of vhosgene. Rollefson and Eyring*8 used
guantum mechaniczl methods to establish the statement
that Cla was stable with respect to decomposition into
Cl; and Cl at room temperature. Leermakers and
Dickinsor®*?® [ound that a suitable mechanism could be
developed for the photochlorination of tetrachloro-
ethylence in ecarbon tetrachloride solution if Cly were
employed; a second mechanism involving CpClg was satis-
factory. Berthoud and Beraneck?® postulated a mechanism
for the bromination of cinnamic aeid which lnvolved
bromine atom chalns and a CgHgCHBErCHCOOH lntermediate.
Furakayastha and Ghosh®° postulated a Brg molecule for
the cinnamic acid bromination mechanism. Bauer and
Daniels®* discarded the Berthoud and Berancck mechanilsm
after o consideration of activation energies and tcmpera-
ture eoefficients. Sherman and Sun®® stated from quantum

mechanical considerations that a diatomle bromine mole-



cule, Brg, will add to an ethylenc double bond more
rapidly than would a triatomic bromine molecule, Brg.
Rellefsonz22 then produced the statement that the heat
of dissociatior ef {lg into'clg and €1 at room tempera-
ture 1s 5000 ezlories. The existence of Clz and Brg

mol ecules is at opresent contreversial.
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III. THE PHOTOCHLORINATICON and THF CHLORINE=SENSITIZED

PHOTC-0XIDATICH OF GASEOUS TETRACHLORORT!IYIL NE

The combination of oxygen with gaseous tetra-
chloroethylene occurred as a chain reaction with prac-
tically complete inhibiltion of the additlon of chlorine
at the double bond between the two carbon atoms when
gaseous mixtures of oxygen, chlorine, and tetrachloro-
ethylene at temperatures of 25° to 40°3. were illuminat-
ed either with sunlight or with the three lines 43584,
43478, and 43398 of the Hg-arc. The products of this
chlorine-gsensitized photo-oxidation of the tetrachloro-
ethylcne were phosgene, and trichloroacetyl chloride,
the same products that were formed in the chlorine-
gensitlized photo-~oxidation of tetrachloroethylene in
carbon tetrachloride solutiont Illunination of gaseous
mixtures contalning no oxygen produced vhotochlorina-
ticn of the tetrachloroethhylene, hexachloroethane
being the colorless ecrystalline product of the chain
reaction., This reaction was the same as the one occur-
ring in the photochlorination of tetrachloroethylene in

carbon tetrachloride solution$
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Materials

The oxygzen used was drawn from a commercial
tank {(liguid air source), dried over phosphorus pentoxide
and stored in a liter bulb.

The chlorine supply was likewlse drawn from
a cylinder, dried over calcium chloride, and secaled off,
after liquefylng welghed amounts in small glass tubes
with easily breakable tips.

The tetrachloroethylene was c.p. Eastman

Kodak Company product, illuminated after having been
saturated with chlorine, washed with sodium hydroxide
solution, washed free of hydroxlde with water; dried

with calelum chloride, and distilled? The large fraction
of the distillate coming over within a 0.2°C. temperature
interval was utilized. The tetrachlorcethylene wasg

gstored in an atmospherc of nitrogen in brown glasse
stoppered bottles until transferred in weighed quantities

to glass bulbs with easily breakable tips.

Apparatus and Procedure

The equation for the reactlon of oxygen and
gaseous tetrachloroethylene to form vhosgene,
Cgcl,&(g) + ug(g) = 2C0613(8>
shows no change in total pressure as a result of reaction
gince the total number of molecules present remain con-

stant. On the other hand, the equation for the formation
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of trichloroacectyl chleride by these two reactants,

Cgﬁlé(g) + 1/2.303(‘?) = CClsCC’Cl(g>

&

does show a pressurc decrease as the result of reaction.
Furthermore, the equation of the photochlorina-

tion reanction, |

Cacl.&(g) + Clg(g) = CQC}.G(g)

or

chlé(g) + 01g(g) = 0g0l, (s)
shows a pressure decrease as result of reaction.
Therefore, 1t was possible to fellow the progress of
the two simultaneously occurring oxidatlon reacticns
or of the photochlorination reaction by decrease in
total pressure. This was accomplished in the apparatus
dlagrammed in Figure 1, the gaseous mixture being in

contact with glass only.

}

TO
MANOMETER

|
|
|
|
|
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The reaction vessel V was a l-liter spherical
ryrex Tflask; it was evacuated through P with a mercury
vapor pump, liguid air being kept on the trap L. After
evacuation the cock 3 was ¢losed, lliquid alr applied at
A, and weighed samples of chlorine and tetrachlorcethylene
released into A by magnetically breaking small bulbs, D
and E, with glass-enclosed hammerg., After the admission
of oxygen to o mecasured pressure, the reaction vessel
was sealed off at F and the liquid alr removed from A.
The reactants were evaporated and carried out from A by
surges of gas ereated by the operation of a close~-Titting
plunger B which was given a reclprocating motion by the
two solenolds G and H. The plunger was also frequently
operated during the run In order to ensurec uniformlity of
composition of the gas. Its use also permlitted the
measurenent of residual oxygen pressure by again applying
liquid air to A at the close of a run; condensation would
have required a very long time had diffusion of the cone-
densables into A been relied on in those cases where the
residual oxygen pressure was several millimeters or more.
The pressure measurements were made with the aid of a
clicker type of glass diaphragm gage® used in conjuction
with & mercury mancmeter which was read to .05 mm. That
part of the apparatus shown within the dotted line of
Figure 1 was contained within a light-tight alr thermostat
which was maintained constant to 0.2°C. with the aid of a

heater and fan.
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The thermostat wall was fitted with a window
at the reactlon vessel; illumination of the reactling gas
occurred through this window. The light source was an
upright quartz mercury arc. Radiation from 1t passed
through a hole 1 en. in diameter and then through filters
to isolate the line 43588. The filters used were a l-cm.

layer of 6% eopper sulfate, and Corning glasses "Noviol

=

A" and "blune-purple ultra®; because of their proximity

to the lamnp, vhese were water-cooled. The radiation
was collimated by a lens of 6.3 em. foeal length with
the lecm. hole at its focus. Before entering the reaction
veasel, the beam pacsed through a diaphragm 3.0 ¢m. in
diameter.

The lamp system could be moved on tracks to a
position which allowed the light beam to fall upon a
oll smnll surface thermopile connected to a2 high sensi-
tivity galvanometer. This arrangement made possible the
eomparison of relative illumination intensities of
different exveriments, and afforded means of evaluating
with reasonable accuracy the absolute anmourntt of radlation
entering the reaction mixture. This evaluation in-
volved three considerations, namely, reflectlon losses
at thermostat window, ealibration of the thermopile-~
galvanometcy system agnainst a carbon fllament lamp
calibrated by the Burecau of Jtandards, and %he ratlo of
galvaﬁometer deflections for the same 11ght4vﬁam for the

thermopile located in its normal position, vand
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located in the plane of the 3.0 cm. beam-defining
dlaphragm. A galvanometer deflection of 1 em. correspond-
ed to an intensity of 1 x 108 ergs cm. ® sec. 2 at the
surface of the reacting gas mixture or to a flux of

7.06 x 10® ergs sec. * The fraction of light absorbed

was calculated from the relation I/I, = 10~2°% where

a, 1.64, is the molal extinctlon coefficient of chlorine,s’6
d =12 en., and ¢ the concentration of chlorine in moles
per liter obtalned from pressure measurements and the known
welght of the chlorine sample charged into the reaction
vesael., This fraction of Incident radiation absorbed was
kept small, the maximum in any photochlorination exper-

iment béing 0.123.
Sample Runs

The nature of total pressure changes during
11lumination are best deseribed by plotting total
pressure in mm. against the time of illumination in
minutes. Figure 2 dlscloses the vhotochlorination
resulting from illuminating an initial gasecous mixe-
ture of echlorine, 49.2 mm., and tetrachloroethylene,
8.33% mn. at 40°C. The increase in slope at 56.6 mm.
was caused by the beginning of the preclpltation of
colorleés crystals of hexachloroethane, the product of
photochlorinat ion very easily identifiable by char-

acteristic odor, whose vapor vressure at 40°C. was
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1.0 mm. The change in slope at 50.8 mm. was due to a de-
crease in incident light intensity by interposing a
neutral wire screen of 3'% transmission in the incildent
light beam. The rate of chlorination at small tetra-
ocethylene sressures is independent of tetrachloro-
ethylene pressure as shown by unchanging slore from

50.8 mm. to 41.9 mm. at which pressure photochlorination

was complete.

Figure 2
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Flgure 3 shows a characteristic experiment at
40° C. in which the initial gas mixture contained chlorine,
65.5 mm., tetrachloroecthylene, 14.8 mn., and oxygen, 13.8 mm.,
an amount in excess of that requlred for oxidation of all
the tetrachloroethylene present. The change of slone at
90.6 mm., wos due to the decrecase of intensity of incident

radiation by interrosition of the neutral wire screen

of 35% transmlssion in the light beam. The change of



16

slove with change of intensity is more marked in Figure 3
than was the case in Flgurc 2, showling that the oxidation
ate had a greater derendence on light intensity than
chlorination rate. The lack of derendence of the oxida-
tion rate on the pressure of the tetrachloroethylene 1is
an essentlal »nointed out by the constancy of slope ag

oxidation neared comnlietion.

Pigure 3
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Flgure 4 shows at 26° the course of an ex-
periment having present, initially, chlorine, 53.75 mm.,
tetrachloroethylene, 8.12 mm., and oxygen, 2.45 mm., an
amount insufficient to oxidize the total tetrachloro-
ethylene present. The portion of the curve from G4.3 mm.
to 62.6 mm. is interpretable as an oxidation proceeding
at comstant rate until the oxygen 1s practically used

up, the oxidation rate being inderendent of oxygen
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pressure until only minute traces of oxygon remaln.
The region of very 1ittle change in total pressure found
in the time interval between 30 and 50 ninutes most

3

likely involved the removal of the last traces of oxygen
by slow oxlidatlion of tetrachlorocethylene, photochlorina-
tlon belng very critically if not entirely inhiblted by
traces of oxygen. Then in the pressure interval from

61.8 mm. to 55.6 mm. photochlorination proceeded until

all the tetrachloroethylene had reacted.

Figure 4

63
N\K%
N

<
. N
N

0 40 80 120
Time, minutes.

Total pressure, mm.
o
©
/)

rroducts of (Oxidation Reaetion

Practically total inhibition of chlorination
by oxygen was shown by experiments in which gaseous
mixtures containing a weighed quantity of chlorine and
of tetrachloroethylene and excegss oxygen were glven

i1lluminations known to be adequate for comnlcte
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reactlion of tetrachlorcethylene, and the free chlorine
determined by thilcsulfate titration of the iodline liber-
ated from potassium iodide solution by the free chlorine.
Table 1 shows the results of these experiments.

Table 1

Free Chlorine Present Before and After Oxidatlon

Tnitial Initial Initial final

CeCly, Og, - Cla, Clga, EXpOsUre

mole mole mnole mole time,

x 108 x 108 x 108 x 10® nminutes

0.475 5.74 2.42 2.40 180 43588
402 5.74 0.99 0.99 200 !
.399 0.394 2.55 2.53 60 sunlisht
Jhsh Jag 2.15 2.14 120 "

The agreement between initial and final amounts of
free chlorine present in the gaseous mixtures in-
dicates that 1little if any chlorination could have oc-
curred during the oxidation.

The odor of phosggene was unmistakable evidence
of its presence among the products of oxidation. The
isolation of trichloroacetyl chloride from the reaction
products was not deemed necessary in ligﬁt of its isol-
ation by Dickinson and Leermakers?* from the oxildation
products of tetrachloroethylene in carbon tetrachloride
solution. The dlstribution of the tetrachloroethylene
between the two oxidation products was determined, An

analytical method of determination involved the titration
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of acilds produced by the hydrolygis of the reaction
producis upon opening the reaction flasks under a po-
tassiun i06dide solution. The iodine liberated from
the rotassium lodlide by free chlorine was titrated with
thiosulfate solution. The equation for the hydrolysis
of trichloroacetyl chloride is
CClaC0CYL + Hz0 = CClgCo0id % HC1,

and for the hydrolysis of phosgene 1s

 QOCl, + 2Ha0 = 2HCL + HuCOs.
The solution was bolilled to remove the carbon dioxide
produced by the phosgene hydrolysis, cooled and potas-
siﬁm lodate was added, llberating free iodine by the

reaction - - 5
51 + I0, + GH = 3T, + 3,0

The free iodine was titrated by thiosulfate solution.
Letting X be the fraction of tetrachlorocthylene oxide-
ized to trichloroacetyl chloride, the oxidation of one
mole of tetrachloroethylene produces x moles of tri-
chloroacetyl chloride and 2(1 - x) moles of phosgene.
Since X moles of trichloroacetyl chloride produce 2x
equivalents of acid, and 2 - 2x moles of shosgene produce
4 o 45 equivalents of acid (the carbon dioxide was
removed) by hydrolysis, each mole of tetrachloroethylene
oxidized produced 4 -~ 2x equivalents of acld by hydro-

lyais of the oxidation products. Table II presents the
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Table 7T

Fractlon of Oxlidized Tetrachloroethylenc Yielding
Trichloroacetyl Chloride (4Analytical

Yeasurements)

Initial Initial Initial Acid Fraction
C;gCl&, 03, Clg, QQUiVS' of 0;3614 to
mole x 102 mole x 102 mole x 10® x 10° CCLaC0C1, x
0.475 5.7T4 2.42 0.990 0.96
402 5.74 0.99 272 .92
LA54 4,17 2.15 960 .94

The value of x was determined from the decrease
in total vressure accompanylng the oxidatlon of a known
quantity of tetrachloroethylene. The oxidation of tetra-
chloroethylcne to phosgene involved no change in total
pressure but oxidation to trichloroacetyl chloride produce
ed a pressure reduction equal to one-half the pressure
of the tetrachlorocethylene so oxidized, IT 968014 is

pressure of the tetrachloroethylene oxidized, XPCLCl,

/ \

is the pressure of the tetrachlorcethylene oxidized to
trichloroacetyl chloride, and the accomnanylng reduc-

tion in total pressure,-ap,, equals Xxp /2. The

results of a series of such experiments are shown in

Table TII, given on the followlng page.
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Fraction of Oxidized Tetrachloroethylene Yielding

Trichloroacetyl Chloride (Pressure

Measurements)

T, pCpCly, ©pCla, PO, DY,
°C. iritisil initial initial 1n*tiwl finadl
ol 7.95  60.7 18.75  87.4  84.15
o T.3 60.05%  T.T4 75.1 71.8
ol 7.2 53,2 6,20 71.5 68 25
26 7.3 32,2 6.95 45.83 a.uB
40 14.8 65.5 13.8 oL, 0 8?.55
It ie seen that the values of x obtained by

measurcnents

ed analytically.

4

.82
9L

.90
90
091
.87

the

=ADo, =ADPQ.
obs. caled.
4 3 4.4
475 4.0
4 o5 4.0
2,0 4.0
4,15 4,0
pressure

agree substantially with the values cbtain-

The value of x, 874, obtained by Dick-

inson and Leermakers®* for the oxidation of tetrachloro-

ethylene in earbon tetrachloride

agreement with the value of x shown above.

solution is in good

Now the oxidation of one mole of tetrachloro-

ethylene to trichloroacetyl chilor

ide requires one-half

mole of oxygen and the oxidation of one mole of tetra-

chloroethylene to

so knowing that 90% of the

rhosgene requlres one nole of oxygen;

tetrachloroethylene 1s oxidiz-

ed to trichloroactyl chloride, the oxidatlon of P Cl4mm‘

of tetrachloroethylene produces a deecrease

f oxygen par-

tial prossure, -ADn_ s Which 1s the sum of Xpe «q /2
Qs £Pc,Cl,

(for trichlorocacetyl chloride formation) and {1 - x)pcqcl4
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(for phoszene formation); i.e., -apy = (1 - x + x/E)pcaclé
= *SBPGoClﬁ' Iiysted in Table IIT ars the calculated and

obgerved decrecages 1n oxygen partial pressures.
The Chlorination Product

The fact that the oolorlcs,, cerystalline
product of chlorination had the odor of hexachloroethane
has been mentlioned. Further evidence that hexachloro-
ethane was the chlorination product is the amrecment
obtained between the calculated and obsgserved decrease

in total nressure upon chlorinating a known guantity

of tetrachlorocthylene in an excess of chlorinc,

[

assuming that the only product of chlorina was
hexachloroethane, the partial n»ressure of which at

40° ¢. is 1.0 mm. and at 50° €. 1s 2.12 mm? A cal-
culated total rressurc decrense of 15.7 mm. for the
chlorination of 4,74 x 1074 moles of tetrachloroecthylene
in a 1110 cc. reaetion vessel at 40° ¢. agrecd ex-

ceed ngly well with a measured deerease of 15.65 mm.

In an experiment in a 1040 cec. reaction vessel at 50° C.,
the calculated pressure decreasc for the formation of
hexschloroethane from 1.038 x 107° moles of tetrachloro-

-

ethylene was 38.1 mm. and the obscrved decrcase in total

= {3

pregsure vas 3¢.35 mn,
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=

Mixtures containing oxygen, chlorine, and
tetrachloroethylene had no changes in total pressurc
after rcmalning for several hours in the dark at

25° ¢, as was the case at_4ﬁ“ C. Zixtures of chlorine
and tetrachloroethylene showed no pressure chianges on
long standing in the dark at 25° C., but at 40° C. in
some cases there was evidence of a thermal rate which
amounted to arch a small percent of the photochemical
rate that there was no necessity for attempting a

correction.

Kinetiecg of Oxidation

The sample runs discussced slowed that the
rate of oxidation of tetrachlorocthylenc induced by
radiation of a wave length absorbed only by the dalorine
present was very little dependent on the oxygen pressure,

2
. total pressure, or tetrachloroethylene pressurc within

the narrow range of pressures employed in thiose runs.
Tablc IV showe that the same 1s truc of oxlidation rates
measurcd under widely varying condlitions.

The pressures listed are the initlal »ressures
existing at the beglnning of intervals of illumination

having substontially constant intensity of incldent



Teble IV

weantum Yields and Rates of Oxidation with A 43588

I - Isns -dp/at =dNg, o1 dt‘ Q Y,
Pressure, mn erge om, einstainsw mn, see! moles :-%ﬁ..c." moles CzCl,
Bxpt.,  Pgl, Po, = Pcoo1, Total see,” x 108  seec,”'x 10% x 10% x 10% einsteins™'
2 85,0 §2,6 6,6 148,2 3,92 1,36 5,3 7,10 622
3 ©0, 7 18,8 769 87,4 12,60 4450 17,2 22,96 510
4 60,9 = 7,8 7.8 75,1 11,8 4,15 15,0 20,00 482
ba 58.1 6,2 7.2 71,5 12,28 4,18 11,7 15,60 373
b 58,1 K 4 3o T 69,5 11,67 5498 9,6 12,90 324
6a 32,2 6,9 7e? 45,8 14,20 2,75 5.3 7,05 256
b 32,2 4,7 3.2 44,0 15,08 2492 5,6 Te4B 256
7 130, 8 Te? 7ol 148,¢ 13,00 9420 23,2 30,80 335
8 50, 3 0,8 Ted 58,3 4, 50 1,34 4,1 Be4a 405
9 53,7 2,5 8,1 64,3 13,95 4,48 Qe 12,30 274
10 48,6 ¢ & Te2 58,3 10, 33 2,99 569 Te 77 260
11 50,1 2,4 Te4 59,8 2, 8% 0,85 1.7 2,48 292
13 56,0 2.3 7.5 66,0 9,23 2,94 5.3 6,70 228
14 60,0 2,0 22,8 84,7 8,66 2,91 4,7 5,986 204
15a 61,5 4o 2 2249 88,5 17,356 5,95 10,8 13,40 230
b 61,5 1,6 18.4 86,5 4,12 1.42 2,6 5630 232
16 25,5 4,4 21,6 5l,4 15,40 2427 4,0 5,06 2238
17a 65,0 12,8 14,8 94,0 22,40 8,08 24,9 31,50 390
b 65,5 8,8 5,9 90,0 6.74 8o 44 6,0 7,60 311

Experiments 2«6 were et 24°; expts, 6-13 at 26°; and expts, 13-17 inclusive at 40°,

72
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radiation. The assumpblon that 907 of the tetrachloro-
ethylene oxidized to trichloroacetyl chloride and the
remaining 10% to phosgene was used in célculating the
initial partial pressures for experiments designated b.
hls same assunmption was utilized in calculating quantum
yields, l.e., mocles of tetrachloroethylene oxidized per
einstein a@sorbvd, from the measured rate of decrecase of
total piriosure and rate of radiation absorption. The
veritable constancy of guantum yleld shown in experiment
15a, b, in whiech there was substantially a four-ifold

decrease 1in intensity of incldent radiation accompanied

£

by four-fold deereasc in oxidation rate, is indication
of the proportionality of the rate of oxidation and the
first power of the lneident light intensity. Further
evidence for this statement is given by a ecomparison of
experiment 10 with 11 and alco by 17a, b.

The quantum ylelds undergo an uncorrelated
two={0ld change in a serics of experiments involving
a three-l0ld variation in initial total pressurc, a five-
fold varliatlion in chlorine pressure, a hundred-fold change
in oxygen pressure, and at least a hundrcd-fold change
in tetrachlorocthylene pressure (its partial pressure
dropped neazrly to zero before any measurablc change in
oxidation rate ocecurred). The high quantum yields lead

definitely to the exlistence of a chain mechaniasm for the

oxidation in gas phase. The gquantum yields are much larger
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than those found in tetrachloroethylene oxidation in carbon
tetrachloride solution?
satlsfactory mechanism nust lead to an oxida-

tion rate expresslon having no depcndence on total pressure,

oxygen ovregsure (when oxygen concentration is greater than

a mere trace;, or tetrachlorocthylene pressurce, having

a first power derendence on light intengity and no de~
pendence on the chlorine nressure execept in so far as it
determines the fraction of incident radlatlion that ig
absorbed. Furthermore the mechanism must provide for the
convergion of 905 of the tetrachloroethylene to tri-
chloroacetyl chloride and the other 10% to phosgene, lead
to hish guantum ylelds, provide for inhibition of chlorina-
tion by traces of oxygen and for the rearrangemncnt of
chlorine atoms with respect to the carbon atoms in

the oxidation of tetrachloroethylene to trichlorcacetyl
chloride. At present, no such mechanism has been written.
The most rertinent statement that secms worthy ef credence
is that the chainfbfeaking step for the oxidation is not
the same as the chain~br@akfng ster in chlorination; for
it has been pointed out that the oxidation had grecater

dependence on light intensity than did cehlorination.
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The Einetles of Chlorinastion

Tt was pointed out in sample runs that, within
the range of pressures used in those runs, the photo-

2 13

chlorination rote was independent of the tetrachioroethyl-

ene "rossure and was less derendent on light intensity

than the oxidatlion rate whileh has been achowm to have a
first rower devendence on intensity. The collected results
of the rhotochlorination experiments are shown in Table V.
The light intensities show a flve~fold variation, the
monentary partié nressures of chlorine a four-fold varia-
tion, and the momeontary oairtlal pressures of tetrachloro-
ethylene a varliaticn greater than fifteen-fold. Oxygen

was present in the initial gas mixtures execert in experi-

The momentary partial pressures 2t any time

during chlorination were calculated with the use of the
initial composition of the gas, the measurced monentary
total pressurc, pg, and the two assumptlons that 90% of
the oxidized tetrachloroethylene was converted to trichloro-
acetyl chloride and the other 107 to rhosgene and that
no oxygen was present during chlorination. The eqguations
used 1in calculating these nomentary partial pressures were:

(1) Pe1, = Per, - l/z(pt( - pt - 0.82p03W + pCBClG)’

%

and (43) an(:l = T:){J (17 - 1;02{)(‘\

"l/aipt - bt‘ - U.O.:...pU + pcscl&\ v



Table V

Rete and Quantum Yields of Chlorination with A 43588,

I . Tapg,  =dp/db
Initial pressure, mm, ergs A om, einsteing 1m, «dlp, /at

lomentary pressure X see, ' sec.;f sec:; mole”%ig." L quantum

kxpt, pClﬁo Pogo p(;-‘;c:;_%d Pc1, Pchl* Total y 39 -* X 10 X 10 X 10 4107 yield

8 50,3 0,8 703 47,3 2.9 52,0 3,28 0,96 1,45 4,36 1,75 453

9 53,7 2,5 8,1 51,9 1.8 59,0 13,68 4,81 2,33 6,83 319 162

10 48,6 2,4 7.2 = 47,0 1,3 5345 9,39 2,85 1,61 4,84 1,17 188

11 50,1 2,4 7o 48,5 1.5 55,0 4,85 0,82 1.00 2,99 1,27 366

Mean 1,35

13 56,1 2,4 7.6 54,0 1,3 61,0 9,30 2,87 2,62 7o 44 1,58 259
l4a 60,0 2,0 22,8 56,3 15,2 7665 8,20 2,61 2,98 8,45 1,81 325
b 52,5 11,4 69,0 7. 73 2,30 2,62 Te4d 1,82 323

e 44,0 2,9 52,0 8,60 2,18 1,90 5440 1,62 247
15a 61,5 4,2 22,9 58,4 11,3 79+ 5 20,65 6,85 5. 04 14,25 1.82 209
b 53,7 6,5 70,0 6,38 1,97 2,45 6,96 1,80 354

e 51,2 4,0 65,0 19,80 5¢ T4 3,62 10,25 1,63 179
l16a 25,5 4,4 21,6 22,4 11,2 43,0 22,40 2,96 1,23 3¢ 51 1,77 118
b 18.2 6,9 34,5 21, 70 2,36 0,83 2,37 1.66 100

c 15,2 3,9 28,5 22,70 2,05 0,63 1,80 1,62 . 88

d 13,2 1.9 24,5 22,30 1,73 0. 50 1,42 1,59 82
182 48,2 O 8,3 46,7 5,8 5345 21,10 5,66 3640 9,67 1,69 171
b 43,2 Ze3 46,5 5,97 1,47 1,48 4,22 1,57 287

lean 1,69

Experiments 8, 9, 10, end 11 were at 26°; the rest were at 40°,

82
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v

The subscript g designates initial v:lues of nartlal

B

&

rressures and the total rressure. The tot:l nregsure is

designated by py. The derivation of equations (1) and (2)

followg. From the oxlidation eguations,
Cgclé(g) + 03( y & 200CL,

g

Calla(yy + 1/203{8) = $01,000)
1t is evident that the total vrkessure decrease, -4Dp,
occurring during oxidation 1s equal to the pressure of
the oxy=en used in trichloroacetyl chloride formation
which 1s 82% of 21l the oxygen used in the oxidation
process, i.e., 827 of the inltial oxygen prosent.

~-apg (for oxidatlion) = .82p¢
From the equation of chlorination,

CgCl‘}(G; + Clg(g‘ w CdClG(g) or

/ (s}

it 13 seen that the deercase in total pressure, - Dt,
equals tulee the deerease in chlorine partial pressure,
-28001 ,» leas the partial pressure of the h@xachld;c-
ethane, pg, c1,e. (If solid hexachloroethanc were present
at 26° ¢., its partial pressure was .35 mn®)
«apg (for chlorination) = “EApCIQ - Po,ol,
Let -gapy = -apg(for chlorination) -Apg(for oxidatlon)
= -24Pg1, = PC,Cle * -32P@30
Also, -85y = Py, = Pt

Substltuting and pearrancing,
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How, -Ap31e = pClau - P,
Therefore, Py = Poy, - 1/2(pt0 - py - -82py
L d + c

2
(4

* Pg,o1, )
which is equation (1).

For the derivation of equation (2), let

‘5‘F63614:="A3C301¢(for oxidation)

-ADPc,cl, (}for chlorination).

Also, - SBPC,Cl, = PCaCly, = PCaClg:

It has been shown previously that in the oxidation process
the decrecase in the oxygen pressure equals 55% of the
tetrachloroethylene pressure decrease. Therefore,

- apg,c1, (for oxidation) = - 1.824pg, = 1.82p®80.

Algo, from the equatlion for chlorinat on, 1t is seen that

-Apg o1, (for chlorination) = -4 Pe1,

= l/a(pt0 - Dy - .82p020 + pCaClg)'
Thus, -LAPG,Cl, = 1.82p020 - 1/2(pto- oy - .82p020 + pQuCla)'
50, Ppaal, = Pouol, = 7 52Wp,,
- 1/2(pto - Dy - -82?020 + pCaCIe)’
which is equation (2).

A plot of totalvpressure against time of 1llumi-
nation for an interval of constant incident radiation was
made for each experiment. A momentary total pressure whose
value approximated the average of the total pressures pre-
vailing at the beginning and end of the lnterval was select-

ed and the value of -dp/dt at the chosen momentary total

pressure was read from the plot. This -dp/dt was converted
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into -dlg oy /At by the relation

aCls = L "2
at 2RT dat

in whiech N~ 1 is the number oi @moles of tetrachloro-
(,,QC a

ethylene present, and ¥ 1s the volume of the reaction

vegsel. Thils evcuation wvas developed from the perfect

{

758 ecuatlion,
~ 1 Rr
ngCl.&v = I»xcaclénf.
At constant temverarure, T, and constant volume

at dt

In the chlorination of telrachloroethiylene when sollid
hexachloroethane was being formed,

-dp/dt = Edpcacl4/dt,
since me-half of the total molecules dlsappearing were

tetracliloroethylene molecules. Then by substitution,

dat 2RT 4t

The quantum ylelds given are moles of tetra-
chloroethylene chlérinated per einsteln absorbed and were
obtained by dividing the rate of tetrachloroethylene dis-
appearance by the rate of absorption of radiation. The
variation of these quantum yields with changing light
intengity as shown in 15a, b, ¢, and 18a, b of Table V
is definite proof .hat the chlorination rate does not
ﬁave a first vower dependence on light intensity. A

very satisfactory expresslon for the rate of chlorina-
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tion is glven by
-dﬁcgcl%/dt = aViTape. (Cly)

where I is the einstelns absorbed per seceond, and

abs.
(C1lp) is the concentratlon of chlorine in moles per cc.
The mean value of g is 1.69 x 102 cc. moles "® sec.” ' at
40° and lesz reliably, 1.35 x 102 cc. mole "% sec, °°
at 26°. The values obtained for g were very erratic
when rate expressions involving dlfferent derendencies
on Inpg., and (Clg) were applied to the data of Table V.

Since the fractlon of absorbed radiation was
always small, it is possible to éonvert the rate ex-
pression

"dNCeClec/dt' = a.ff;;;, (C1lg)

to an expression for local rate

-d(CaCly)/at = k (Igpg,N® (Clg)
in which the concentrations are expressed as moles per cc.
and (Ippg.) 18 the local rate of absorption of radiation
expressed as einsteins per ce¢. per second. It 1ls necesgary
to assume that no reaction occurred outside the region
illuminated by the light beam; The 1lluminated reglon
was & cyllinder of 3 cm. diameter and 12 cm. length glv-
ing a volume of reaction region, V, equal to 85 cc. To
find k in terms of a, divide

-dNg_c1,/at = a¥Taps. (Cla)

by V, and the expression

—
— o s -

vat \' at

-dNg,c1, aVIabs,(clg;' -3 (0Cly) :gz%bs,)'s(nlg)
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results. From this exnresslion comes

2 Iabs./v = k(I 4,7 "C.

A Tabs, = (Taps.)Vs
aV(Iape, ) V/V = k(Igps,) s
and a=kv'®,

Now g at 26° has a value of 1.35 x 108, so k has a value
of 1.35 x 103/85°8 = 148,

The same derendence of chlorination rate on in-
tensity and chlorine c necentration was found by Leermakers
and Dickinson? for the chlorination of tetrachloroethylene
in earbon tetrachloride solutlion at sufficlently high
tetrachloroethylene concentrations. The expression

given for the rate of local rcaction at 22° was

—a(Clp)  5.1(Igpg) 8(ciy) (1 o .4(c1g) Ye
It = CsCie

which at sufficlently high tetrachloroethylecne concen-
trations becomes

-a(cly)/at = 5.1(T 4. ) "8 (CLly).
In this equation the eoncentrations are expressed as

moles per liter and (I ) is the local ratc of ab-

abs.
gorption of radiation expressed.as eingteins 7ner liter
ner second. To convert the volum. units from liters
to cc., the right hand side of the above equatlion 1s
multiplied by 1000°%, the value of the constant, 5.1,
becoming 161. The agreement of this value with the

=4

value of %k, 148, obtalned for the local reaction rate
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expresgsion for the gasecus photochlorination is sure
prisingly good, and indlcates that the dependence on
concentrations and intensity at sufficiently high

tetrachloroethylene concentrations has the same absolute

value in each case.
Mechanism of Fhotochlorination

A satisfactory mechanism, A, developed for photo-

chlorination follows:

Clg + kY = 201 (1)
égclé # C1 = G0, (2)
Gefls + Clg = Culle + G2 (3)
20,01y = 200l + Oly (4)

(or Calls + Cp0ly)
The primary absorption process leads to dissociation of
the chlorine molecules inﬁo chlorine atoms. There is no
difficulty arising from ecnergetics on this scorc, since
an einstein of 43588 radiation has an energy of 65,250
calorics while the heat of dlssociatlon of chlorine into
chlorine atoms is gome 57,000 calories:* Step (2) in-
volves a postulated intermedlate molecule, Cp0lg. Step
(2) and (3) are the chain-ecarrying steps. Chaln-breaking
step (4) is second order with respeet to the chain carrier;
and, since the chains are long as shown by the large
quantum yields, the nature of the products of step (4)

is immaterial (except that the products must contain no



chain-carrying component).
This mechanism lends to a local reactlon rate
expression
- = *5 .
a(clp)/at = k(1 ) ®(cl;)
in which k = ka/k,"%; thus sters (3) and (4) of the

mechanisn are the rate determining steps. The deriva-

tion of the local reaction rate expression follows.

At the steady‘stato, - .
-a(clg)/at = a(c,0le)/dat,
since the equation for the overall reaction is
CaCla(yy *+ 013(85 = C201q ()
before the preeipitaticn of solid hexnchloroethane beglins.
Now, -A(Clg)/dt = (I pg. ) + ka(CpCleXlyhis (CCLs)3
At 01, )/ /88 = ke {0a01,)(03,).
Equating,
(Topg,) + 13(CaClg) (Cly) -~ kg (C
and rearranging, .
(C2Clg) = (Iabs.).s/kés-
Substituting for (C.Clg),
a(c,Clgl)/at = ka(Iabs.)'s(Clg)/ké5 = -d(cl,)/at,
which is the expression desired.
some information_'s forthconing from a congsider-
ation of the ccllision frequencles involved in the mechan-

igm.
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This is the expression for calculating the speclfic rate,
k°, at which bimolecular collisions between unlike mole-
cules of diameters d; and d; cm. and of molcecular weights
Iiy and My occur in gas phase at the temperature T, when

the conecentration of each of the gases is one mole per
cc. TFor like molecules,

%o = 1028.292(32(,1,/}3).5.cc/mole/sec
The molecular diametersi® involved in the following con-
siderations have been taken as: Clg, 4.8 x 10 8; C€.Cl,,
6.2 x 1078; (C,Clgz, 6.3 x 1078, C1, 3.8 x 10" 8cm.

The value of k§, the specific binary collision
#ate between Cl; and CoClg molecules at 26°, 18 2.0 x 1l0ae,
Now kg = k3fs, where £ 1s the fraction of the binary col-
ﬁisions leading to reaction. The value of k§, the specl-
fic binary collision rate of (,Clg moleculcs at 26°, is
9.5 x 1013; and kg = k@f,, f. being the fraction of colli-
sions leading to reactlon.

ke/Ha® = 148 = k8f,/(kSf,)"®
substituting values of kg and kg,

£f3 =7 x 10 °(f,) "5,
Since T4 can not be greater than unity, {3 has a maximunm
value of 7 x 107¢, the fraction of binary eollisions of
Cl, and CzCly leading to reaction thus being small as ex-
pected since step (3) is rate determlning. Now, as stated

(CaClg) = ((Iapg,)/k8)"8 = ((Toy4 )/78T,) 8.
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It is possible to calculate (CyClg) in terms
of f,. The maximum value of (I, ) was some 107 %2
einsteins per cec. per seccnd. Then the maxinun value
of (CaClg) was (10 **/9.5 x 10%%£,)°% = 3 x 10 *3/1.°
moles per cc., which corresponds to a ovressure (at 26°)
of some 7 x 1076/£;® mm. This value of Pe,cl, 18 in
agreecment with the postulated exlistence of CgClg as a
transient intermedlate, unless the value of f, was
exceedingly low.

It is also possible to show that (Cl) is
small in comparison with (Clp) and (C,Cle). At tﬁe

gteady gstate,

~d(CgCly)/at = ka(C1l) (CaCly) - 2ke(CoCly)®

i1

= k,(C1)(CgCl,) nearly,

since kp(C1l) (CpCle) »> 2k, (CeCly) ®,

~a(Ca0T4)/at = a(C2016)/at = k5 (CaCls) (Clp)
= kga(C1) (CaCl,).

(kg {C1y) )/ (k. (CoClg))

i

Rearranging, (C1)/(C,C1g)
= k3F3(C1le))/ (k8P (CaCL,)).

Now k$ equals 2.2 x 1034 at 26°, and the ratlo k$/k3

= 0.9. The maximum ratio of (Cl,;)/(C,Cl,) found in

Table V does not exceed 10°. mmploying these numerical

values for k3/kxg and (C1l,)/(C,C1l,), 2nd substituting

7 x 1076£;5 for fg, ’

(C12)/(CeCls) = .9Pa/fa x 10° = 6 x 10 *£.%/f,.

as the chalns were long;
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Now (CaClde) << (Clz), hence (C1) <L (C1l.).
A second mechanism, B, involving the Clz molecule as
an intermedlate leads to the local reaction rate
expression »
-a(Clg)/at = k(Igpg, ) 8(Cls).
The mechanism B follows
| Cl, + hv = 201 (1)
Cl, + C1 = Cl, (2)
CeCly 4 Cly = CxClg + C1 (3)
2C1l = Cl, (&)
The primary abrorption process 1s the same as for the
mechanism A. The chain-carrying steps are (2) and (3).
The chain-breaking step (4) is second order with re-
spect to the chlorine atom. The value of k for this
mechaniom is kg/kgé, derived from the steady state
relatlions;
i, (C1)? = 2(Igpg,)
for a chaln must be broken as frequently as one ini-
tiated. Then,
(Cl)!= (Iabs.)'B/k;5
Now, -A(C1a)/ab = (Ipg.) + ka(Cly) (C1) - I (C1)®
Substituting, -d(Cley)/dt = ka(T, ) °(CLe)/ k%5

that is, k = ke/k.°.

The rate determining steps are (2) and (4), each of which
is a bimolecular association and in gas phase requires a
stabilizing third molecule in ternary collision. This

would lead to some denendence of the rate on the total
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concentration of all molecules. The rate determining
steps, (2) and (4), of the mechanism A (in which C,Clg
was postulated) were not bimclecular associatlons and
should have no expected dependence on total pressure.
In view of this fact, there 1s no difficulty arlising
from the equality of rates of chlorination at suffi-
clently high tetrachloroethylene concentrations in carbon
tetrachloride solution and in the gas phase when
mechanism 4 1s employed. This equality of rates 1is
contrary to cxpectation on the basls of mechanlism B, and
mechanism 4 18 to be favored.

S50 Tar as thls investigation 1s concerned, this
1s the only evidence for a cholce of mechanism A; for
In another respect, namely the smallness of concentratlion
of its postulated intermediates in comparison with pre-
vailing chlorine and tetrachloroethylene eoncentrations,
mechanism B is quite conslctent. Without giving the
detalls of calculation, which are gqulite similar to those
previously given, the results are stated. The fraction,
fa, of collisions between Cl and Cl, leadlng to reaction,
is related to f,, the fraetion of collisions of chlorine
atoms leading to regctlon, by the equation

£a = 7T x 107585,
This fraction, f£,, has a maxinmum value, 7 x 1076(if £,

equals unity) which is conslstent with the fact that

6]

step (2) is a rate determining step of mechanism B.
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The maximum value of (Cl), moles per cc., is 3.5
x 10722/73% which i1s small in comparison with the (Cl,)
and (C,Cl,) prevalling, and the maxinmum value of (Cly)/(cCl1)

is 7.5 % 107e£y8/r,. Since (C1)<< (cl,), (C15)<<(cl,).

&
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Summary

The photochlorination of gaseous tetra-
chlor_.thylene illuminated by radlatlon 43588 is
practically entirely inhibited by free oxygen. A
chlorine-sensitized photo~oxidation occurs instead.

The tetrachloroethylene is 90% converted to trichloro-
acetyl chloride and 10% to rhosgene. The quantum
yields are about 300 molecules of tetrachloroethylene
oxidized per quantum abscrbed. The oxidation rate is
independent of oxysen concentration and tetrachloro-
ethylene concentration and is proportional to the
first power of the intensity of absorbed radiation.

The photochlorination ylelds hexachloroethane
and the local reaction rate expresgsion found is

-d(Clg)/at = k(Iay, ) %(C1lp).

The quantum ylelds indlcate a chaln reaction for which
two pogsible mechanisms, each involving chlorine atoms,

have been develoned.
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HMINE-SENSITIZED PHOTODECOMPOSITION OF

GASECUS DIBROMOTETRACHLOIOETHANE

In pursuing further study of the photohalo-
genation of the double bond existing between two carbon
atoms, the investigation of the bromine addition to
tetrachloroethylene was attempted. Since the bromination
would produce solid dibromotetrachloroethane, CyCl,.Brg,
a pregsure deerease would‘result from the reactlon as
shovm by the equation

CaCly(g) + Bra(g) = ColleBra(g):
the reaction could be followed by pressure change. A
gas mixture of bromine, 85 mm., and tetrachloroethylene
26 mm., was charged into a liter Pyrex bulb by use of
an apparatus quite like the one shown in Fig. 1 of the
preceding chapter! Illumination of the mixture at 60°C.
with 43588 from the Hg-arc produeced a2 very slow presgsure
decrecage with the formation of colorless erystals; white
light from two 60-watt incandescent lamps was then used
and a pressure decrease of some 3 mm. per hour resulted.
Anticipating an increased rate at higher temperatures,

a mixture of 26.2 mm. of bromine and 15.2 mm. of tetra-
chloroethylene was illuminated strongly with the un-
filtered radiation of a 50C-watt projection lamp at
100°, The pressure deereased from 41.4 aom. to 40.4 nm.

after several hours irradiation. The temperature of the

43
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mixture was lowered to 30° C. and illumination produced
a slow, steady decrease in total pressure with the
formatlion of colorless crystals.

These results indlecated thnt a bromine-sen-
sltized photodecompositlicon of dibromotetrachlorocethane
might occur at 100° and higher temperatures. A reaction

of this noture materialized.
Materials

Bromine was preparcd from potassium bromate
and potassium bromide reactlon in concentrated sulfuric
aclid. So0lid potassium bromate was added Lo a saturated
golution of potascsium bromide and then concentrated
sulfuric acld was added. The brominc was dlstilled
off, allowed to stand over anhydrous calcium bromide,
distilled off, dried with anhydrous calcium bromide a
second time, and redistilled. The potassium bromate,
potasscium bromide, and caleiur bronlde were twice re-
crystallized salts; the calcium bromide was rendered
anhydrous by prolonged heating at 145° C.

The tetraehlorcethyleﬁe wag trcated as des-

2
*

Chapter III

,'..i .
8

cribed
Dibrecnotetrachloroethane waa prepared by the
1ilumination of a liquid brouine-tetrachloroethylene
nixture with white light. The slight exccss of bromine
remaining after prolonged 1llumination wag pumpned off

and the solid, white, crystalline, lachrymatory dibromo-
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tetrachloroethane purified by sublimation in vacuo. From
the mode of preparation symmetrical 1,1,2,2-tetrachloro-

1,2-dibromo-cthane 1s assumed to have been produced.
Apparatus

The equations for the decomrosition of Adibromo-

tetrachloroethsane

i
£

G;g{‘}.é“,ra(s\ = CQC].Q_(,.) + EI“Q {g)

and
. ﬁdﬁléﬁ’l"a(g) orsd 034:14_ (g) s 2 }31’3 (g)

disclosec an increase in total pressure as the result of
reaction., The apparatus was designed to fellow the reaction
by means of this pressure increase. The reactlon vessel
was a ryrex cylindrical cell with flat ends; internally,

the dlameter was 6.2 em., the lenglh, 4.0 cu. 7The vessel
had a small side arm to be used for freeging out conden-
sible gases by applylng liquid alr or carbon diovide-
acetone nush, A celicker uvype glass diaphragm gage& to
be used 1n conjunction with a mercury manoameter in
pressure measurements was also attached to the .z2aehbion
cell. The cell was attached to a mercury diffusion

runyp for evacuation. Hurthermore, there were side arms
which held small glass bulbs containing weighed quantities
of bromine, tetrachloroetlhiylene, and dibrouotctrachloro-
ethane. These bulbs could be broken by glass-enclosed

hammers operaied magnetically, and the contents of the



bulbs moved into the reactlon cell by aprlying liquid
air to the freezing-out side arm. (Dibromotctrachloro-
ethane was sublimed Iinto the reactlon cell). Then the
side arms which contained the broken sample bulbsg were
removed by sealing off. The gsolid dibromotetrachloro-
ethane was sublimed onto the resction vessel side walls
and the flat end faces kent free of solid. The attach-
went to the pumps was sealed off prior to illumination.
The reactlon volume remalning was consistently 132 cc.
A gas furnace was emnloyed for baking out thr evacuated
reactiion cell before admitting the reacuants.

Aiter baving been filled with rectants, the
reaction c¢cell, freczing-out side arm, and clicker were
surrounded by a metallic chimney and covered by a light-
tight alr thermostat. The chimney facilitated the cir-
culation of alr maintained by a fan and the heating coils,
The front wall of the thermostat box had a window through
éhich illunmination of the reactants occurred. The back
thermostat wall had a window which was used only when
actual nmeasurcment was made of the fractlion of the ine-
cident 43588 radiation absorbed by the bromine present.

The incident radiation beam was well collinat-
ed an? its defining dlaphragm was 4.0 cm. in diameter.
Guantum ylelds were made with 43588 radiation from an
uprizht quartz mercury arc. The color filters used for
monochromatization were those described in Chapter 111,

with the exccption that 107 cupric chloride solution
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was used instead of 6% copper sulfate solution. ‘hen
higher 1lizht intensities were desired, a 500-watt pro-
jeetion lamp, orerated at constant voltage, was used 1in-
stead of the mercury arc.

A Moll small surface thermonile in conjuction
with a hirh sensitivity galvanometer was callbrated bare

-
T

against a carbon-filament Bureau of Standards standard
lamp. This thernmopile could be placed in the center of
the 4.0 cm. beam~-defining diaphragm for frequent measure-
ment of intensity of ineident radiation. In evaluating
the absolute amount of radiation entering the gaseous
reactants, three points of consideration arose; (a) ap-
provnriate corrcetion for reflection losses, (b) slight

i
lack of uniformity of the light beam over the area of

the defining diaphrasm, and (e) non-lincarity of the
malvanometer. It was found that 1 e, cf corrected
galvanometer deflection corrosvonded to a -flux of 623
ergs per second or 2,28 x 10 *% eingteins per second of
4338% radlation entering the gaseous reactants.

The fraction of incildent radiation absorbed,
ordinarily, was calculated from known bromine partial
pressures ant the relation, T= I/I, = lO’acd, where 4
= 4.0 em., ¢ 18 the concentration of bromine in moles
ver liter, and a, the molal extinction coefiicient of
bromine, taken as 154, This value was determined by
Dr. P. . Murdoch at this laboratory. Its agreecnent

with the value of Gray and Style® 160, and the value
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of Ribaud® 149.5 is substantial. The temperature
coefi'icient of g has been considered negligible. In
making actual measurements of fractional absorptlion, the
hernoplile was placed in the light beam emergzing from
the back window of the thermostat after passage through
the reaction cell. Alternate galvanometer deflection
readings with and without liquid air aprlied to the
freezing-out side arm of the reaction vessel were made.
The ratio oi corrected galvanometer deflectlons with

the contents of reaction cell gaseous to corrected
galvanometcer deflections with the contents of the reaction
cell frozer down was taken as I/I, =T , the fraction of
incident padintion transmitted.

In guantum yield evaluation, it was necessary
to make a corrveetion for the radiation refleécted into the
gas by the back wall of the reaction vessel and back wine-
dow of the:thermostat. The derivation of the correction
factor follows.

Invoke Fresnel®s Law for finding the reflected
fraction of prarallel, monochrcmatic radiation incident

normally at the plane interface of two media.

R= ((nd)/(n + 2))%
in which R is the fraction of incident radiation re-
flected, n 18 the rcfractive index of the interface.

Ietting n = 1.65 for a Pyrex glassg-alr interface,
R = .035

T 1is the transmission of the gas mixture and (1 -T)
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is the fraetion of incident radlation absorbed in a single
rassage through the gas nixture. The total Interfaces
involving the back wall of the reaction cell and the back
window of the thermostat are four in number; namely, a,

b, &, and 4, progressively taken from Ifr nt to back
through reaction vessel and thermostat window. As a close

approximation, it can be stated that if I, be the radia-

tion inecident at the front layer of the gas nixture, the

C'§

fraetion of Iy incident at each interface 1s, roespectively
2,75 8, T - R); ¢, (1 - R)Z; 4, 7(1 - )3
Since eazeh interface refleets the fractiocon, R, of the
radiation incident on 1it, the fraction of I, rceflected
rom cach interface is, respeetively,
2, B3 b, R 7(1 - B); g, R 701 - R)% &, & 701 - R)?
The total fraction of Iy reflected inte the gas is
)+ (1= )% . (1 - R)O).
The fraction of this reflected radiation abgsorbed by
the gas is (1 -T). Thus the fraction of I, absorbed
by the gas due to reflections by interfaces of the
baek wall of the reaction cell and back window of the
thermocstat 1is
(L -7T)RT(L + (1 -R) + (1L -~ R)® + (1 -R)8),

The total absorption fractlion, A, of I, absorbed by the

gas as a result of dircet illumination and reflection 1is
then

A= 1 )+ (1-NRIQ + (2 -R) + (3 -R)® + (1 -R)®)
= (1 - +RML + (1 -R)+ (1 -7)% (1 -r)?).
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A= (1 -7T)(1 + C.137)
The Vepor Fressure of 3Solid Dibromotetrachloroethane

The vapor nressure of solid dibronotcectrachloro-
ethane was determined by subliming the s50l1id into the
evacuated reaction vessel, pumping down, and scaling off,
thermostating the reaction vessel at various temperatures.

%,

The pressurcs wore measured with the elicker znd manometer.
Measuremcnts made in a series of ascending temperatures

un to 135° agreed wilth those made by progrecscively lower-
ing the temperature, excest in one case that save evidence
of a very slow-thernal decompositicn at 135°. The measure=
ments were made on dlbromotetrachlorcethane from two dif-

ferent sammles. The thermal decompnosition at 150° was

slow enough that the value at thils temserature 1s nearly

)

s reliable ns the others. Table T presents the best
values obtained for the vapor piessure of dibromotetra-
chloroethane,

Table I

-

Japor Pressure of Solid DI romotetrachlorcethane

Temperature VYapor Frossure

¥ mu. Hg

50 0.4
75 1.3
90 3
100
110
125
135
150

*

B8E
\C WA OV
W ERCOU
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The Nature of the Reaction

A comparison was made of the observed Tinal
rressures produced by 1lluminating mixtures containing
rnown quantities of dibromotetrachloroethane , bromine,
and tetrachlorocthylene at 135° until no further pressure

inerease occurred and the final pressures calculated

ocn the assumwpbtlcon that dibromotetrachlorocthane would

deeoupuse into bromine and tetrachloroethylene until the

dibromotetrachlorocthane was almost complctely gone 1if

the bromine and tetrachloroethylene pressures were not
too high., The agreement of the observed and calculated
values shown in Table II indicate that the assumpntion
was valid.

Table II

Extent of Thotodecomnosition at 135°

Initial Composition Final Total Fressure
CzCl,.Br, CaCly Brg Observed Calculated
. ng. ne. fin . M.
431.2 - 21.2 75.7 T4 4
89.¢C 22.2 - 130.9 131.2

In agreement with the preliminary expceriments,
it wag found that a mixture which hzd shown & pressure
increase with disappearance of solid 4lbromotetrachloro-
ethane on illumination at temperatures greater than 100°
would give steady pressure decrcases with cclorless crystal
formation when illuminated strongly at room teuperature.

Thus a secrles of deconposition measurements coulid be
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made with a mixture at elevated teuperatures, recoubinaw

=5
3

tion be produced by illuminatlion at room tenperature, and
then a segond set of deconresition measurements over the
same pressure range as the first be made.

n
4

As a cheek on the indicatvion that thaose pressure
increases and decreases were really the decomposition and

forma on of dibromotetrachloroethane, respectively, a

son was made of partlal bromlne pressures calcul-
ated in two different ways. One method of calculation

was basgs:sd oo hnown initial composition of the rcaction
mixture and the final total pressure of thghnlxture after
illumination. The other method luvelved the direct measure-
ment of transmlssion of the nmixturce for 4358% radiation.

A sauple ecalculation illustrates the metho

and agreeuent. Ab 50° an initial gas .~ lxturc contained

bronine, 3.0 man., dibrosotetrachlorvoetiiane, .4 mm. After
1llumination at various tenperatures, the resuliing mix-

.

ture wags found to have a total pregsurce of 21L.7 mm. at
50° The measured transmission of the alxturc for 43588
was 0.427. 5Solid dibromotetrachloroethane was present
at all times.

ta). Since, CQCl%Brg(S) = Oq w“,k ‘) "Tra(g)
on illumination at temperalures above 170° and the re-

versc occurred on illuminatlon at room vonverature,
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Protnl ~

Then,

5 = 12.5 ma.
pB-Q L. O
(b). TIn the caleculation of from trans-

- S Tat ofa)=
log 0.427 = 1.6305 = 1.3095

o
il
h
o
>
ek
O

H
h
b,
frond
]
3
~
x-.J
{-.h
t—&
[0}

conccntrations of tetrachleroethylene and broxinre, but

no metetracrlorocthane were illuminated at 135°, a
slow urosoure decrease occurred vhich ceascd in 2

rhotostaticnary state., Thus a »nixture of 124.5 nm. of
bronire and 155.1 mm. of tetrachloroethylone showed a
total »nreossure deercasc of 13.4 mm. altcr 55 hours ile-
lumination. Agssuming that this pressure decrease re-

sulted solely from the formation of dibrorotctrachloro-



54

cthane and uslng the perfect gas laws and the vapor

of snlid dAilbromoteitrachloroothanc, the predicted

To elininate the possiblity that thls diccrenancy was

freczing mix-

~
GOL,-2CceTD

>

:zing-out side arm and left

evaporation of the condensed gases

#3 . ! e U & . vy ok 4.2 e - Y et ] ¥
243.4 mm, was agaln me2surcd at 100°. The
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In order to make the rateof formatlon of di-
bromotetrachloroethane negligible in the study of the
rate of decomrosition, the partid pressures of bromine
and tetrachloroethylene employed were much smaller than
those in the above experiments.

The alteration of temperatures on mixtures
in which decomposition had occurred gave pressurc changes
in good agreement with those expected from the gas laws
and the varor pregsure of solid dibromotetrachloroethanc.
Table III shows some examples of such cases.

Table IIX

Effect of Tenrerature Alteration on Total FPressure

Initial Conditions Final Conditions

Temp. Fressure Temp. Pressure,mn,
°C mm. Hg °C Obs. Calc.
100 69.2 50 55.3 55.1
300 38.1 125 53.2  53.8
100 61.2 1354 87.5 89.8
100 25.7 135 49.9 51.0
26 19.6 135 56.6 56.2

90 216.4 100 225.1  225.0



llean pressure
No. of bromine;
mn, g

L

3
7.
2.
Le

CH

O Gl G O b
CA DY b
B0 ~3 €0 O O ~3

=

APgotal
mi, Hg

Gl -3 > ~3 DO R
e o ® © © ®
DO

Corrected
galvanometer
deflections;

25,4
22,4
21,9
22,5
19,9
21,0

Table IV

Absorptions
fraction

0,274
» 579
» 693
2 776
. 869
+ 946

Time of
illuninetions
seconds

12020
24600
10920
7500
14760
9000

» Q p— + = o
NOS. 1 tO s T.: 100 H PCEC]-&I'Z -~ 6.0 min, p02014 pBra 3.9 i,

7 18,7
8 a4, &
9 29,0
10 3863
11 37,3
1z 42,8

Nos, 7 to 1l2:

13 18,1
14 236
15 29,6
16 35,7
17 40.5
18 45,3

Nos, 13 to 18:

10,0
11,7
12,2
12,1

6,1
14,0

- o
T =135"3 Po_c1,Brs

0,685
o« 775
832
« 8656
»885
« 945

2160
5400
1410
1200
1200
2400

19.6 m.; pCr;Cl4 = pBr'l‘ - 4.0 xmn.

20,5

20, 5
20,8
20,8
5,3
20,8

= 29,4 mm, § p02014 =

19 7.9 . 11,7 24, 4

20 18,2 9,5 6.1

21 17,0 - 5.8 Be 2

Nos, 19 to Zl: ! 5 PCyCl,Bry

22 6.3 7.6 19.1
23 10,35 8,6 19,1
24 14,9 9,6 19,1
25 21,1 15,2 19,1
26 27,0 8.4 19,0
27 32,55 13,8 18,9

Nos, 22 to 27:

28 6,8
29 10,086
30 14,2
31 18,3

Nos, 28 to 3l:

32 33,4
33 41,1
84 46,7

14,9
14,8
14,4
14,6

22,3

5,64

2%e3

0,665
e 756
« 827
877
«905

0,323
« 470
. 594
#7190
» 800
+ 856

= 29,4 mm, ; PCQC14 = PBZ';;:,

0,328
0 461
« 560
+ 670

0,857
902
0932

1140
1255
1260
1260
2400
1500

9e0

300
240
240
330
180
300

600
540
480
420

= 29,4 mm, } p0201& = pBrg 4+ 25,8 mm,

600
1200
600

Nos, 32 to 34s T = 150°; pg_ 0y, Brp = 50.9 mays Po gy, = Ppr, = 48 mn

(Quentum yield at 150° correeted for
inerease per second)

e thermal decomposition rate of 13,8 x 10" %,

Quentum Yield of Decomposition of Dibromotetrachloroethane 4358 &

Cuantum yield;
noles of CuzCl Bre
deconmposed per
einstein

C, 490
» 487
0 087
« 438
0302
A

3,83
3,68
3, 50
3,29
3, 26
2,84

7,30
6,84
6,39

6,04
5,49

46. v
45,4
40,2°
38,2
84,9
32,3

26,4
26,9
28,85
22,2

17.2
14.4
15,2

totael pressure
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Quantum Yields of Dibromotetrachloroethane Decomposition

In Table IV some of the quantum yleld measure-
ments of dibromotetrachlorocthane decomposition are
shown. The me~n partial pregsures shown in each ex-
periment are the averages of the values prevalling
at the beginning and end of sultably short illumination
intervals. The total pressure increaso,aptot&l, and
duration of illumination in seconds,s8t, are shown. The
fractlon of absorption of incident radlation, A, are
the values of (1 -T)(1 + .13T), the derivation of which
has been previously given. The bromine pressures uscd
in the calculations of T are tiose listed. From the
rate of total pressure change and the rate of absorption
of radiation, the quantum ylelds expressed as molcs of
dibromotctrachloroethane decomposcd per elnstein absorbed
have been calculated. The quantum yields are high enough
to show definitely that the decomposltion is a chain reac-
tion.

501id dibromotetrachlorocthane was present in
the reaction cell in all these experiments. In Nos. 1
to 27 and 32 to 61 a larse excess (about 2g.) of the
solid was rregsent; in Now. 28 to 31 a smaller amount
wags pregent. TIlluminated gas mixtures were saturated
with the vapor of dibromotetrachloroethane; for when
1llumination was stonped, the pressure of the mixture

was immediately measured and found to be constant
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throughout long subsequent intervals in the dark at
temperatures up Lo 135°.

Therﬁai reaction rate was negligible at
135°. At 150°, the dark rate wags appreclable. The
quantum yields at this temperature are corrected for
thermal rate. Thils was done by publracting the dark
rate from the total rate measured duvring illumination.
The validity of such a correction depends on the in-
dependence of actual photochemlical and thermal rates.
It is not krnown 1f the two rates are independent, hence
the validity is doubtful; the correction ié of little
gonsequence,

Anlinspectlon of the quantum ylelds shows,
in somg cases, a five-fold variaticn in the resultis
obtalned in the same range of pariial pressures from
measurenents made on different {illings of the reaction
cell. To avold the uncertainties arising from the
comparison of runs made on @1ffereﬁt fillings, several
decomposition runs ﬁere'made in tne same pressure range
on one fllling by the expedient photochemical recombina-
tion of the decomposition nroducts at room temperature.

In Table IV Nos. 1 to 18 and 32 to 34 were
made on the same filling and the quantum ylelds of
these experiments show a consistent increase with ine

creasing tenperature.
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Effect of Eromine and Tetrachloroethylene

The e¢ffects of the decomrosition products on
the rate were not extensive. However, within a serlies
of consecutive measurements on single f1illings, as los.
7 to 12 at 125°, and 28 to 31, 13 to 18, 22 to 27 at
135°, the quantum yields show a decrense with
iner—-asing concentrations of the deéompositimn nroducts.
The magnitude of this effect in Nos. 22 to 27 17 2
concurrence of 305 decfease in guantum yleld and five-fold
increcase in partial pressures of;thc products. In view
of the gmall cuantum yields of dibromotetrachloroethane
formation at higgef concentrations of bromine and tetra-
chloroethylene tha% were employed 1In these runs, it is
herdly rrobable that this falling off in value of the
quantum ylelds is due to a combination of bromine and
tetrachloroethylene.

. The deercase ﬁight be attributed to an in-

hibition of deccomposition by one or both of the products.
Effects of Dibromotetrachloroethane

In order to determine the effect of dibromo-
tetrachloroethanc pressure on the decomposition rate,
runs were made at 135° without the prescnee of solid
dibromotetrachloroethane. The gquantumn ylelds decreased
as the dibromotetrachioroethane rressurc became less;

the quantum yields were approximately linear with the
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pregsure of the dibromotetrachloroethane. This linear

dependence of rate of decomposition on dibromotetra-

chloroethane pressure i1s shown in Figure I by plotting

the logyo(res =~ py) agalnst E,p4 ; Pogo 18 the constant

final total pressure and py 1s the momentary value of

the total pressure. Eagpg, 18 the total 43588 radiation

absorbed expressed\in einsteins and equals Iébs.t’

einsteins absorbed per second x seconds of illumination.

i

Figure 1 :

||

4 8 12 16 20
Einsteins absorbed x 10°

Mins . i : 7
Final ppy (o) Final pg gy, (om)
50.7 25.0

51.1 75.8
5244 78.1



61

The concentrat . ons ¢f bromine and tetrachloro-
ethylene in these runs were low cnough that practically
all the dibromotetrachloroethane decomposgsed and its
pressure at P, 18 assumed to be zero. Let the partial

pregsure of dibromotetrachloroethane be p it

when the total pressure is Dy Let the final constant

total pressure be v after the p mn. have been

C3014EI’3
decomposed., Since 1 mm. of dibromotetrachloroethane

decomposing in the absence of the solid produces an in-

grease of 1 mm. in total pressure,

Po = Py * Pg,c1,Br,
Then,Po,c1.Br,™ Po = Pt.
In essence, lo%lOPCgCl%Brg was plotted against Eabs.
in Mlg. 1 and the linear relation between the two in-
dicates a linear dependence of the rate of decommogition
on dibromotetrachloroethane as shown by the following
congideration. Assume thé linesr relation,

in po c1,.pr, = Kighg. b + C,
k being negative. Assume that

Taps., # £{pg,c1,Br,)s
this is not too gerious since the lamp intensity was
constant, and the initial bromine concentration was
high enough that the fraction of Iincident radiation
absorbed was not changed critically as dibromotetra-

chloroethane decomnposition progressed. Differentiating,

dpg,0l,Bry/ b = Klgng Pr,cl,Br,
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Effect of Incident Light Intensities

quantum yields obtained at relatively low
incident 1lizht intensities of 43588 radiation were substan-
tially constant when the incildent light intensity was varled
four-fold by use of neutral wire screcns. This is shown
in Table IV; Yos. 7, 8, 9, and 16, 17, 18 are consecutive
measurcments in which a quantum yield determination at
low incident intensity 1s braclketed by determinations
at an incident internsity four-fold higher. This
constancy indicates that the decompositlon rate is pro-
rortional to the first power of theo inclient light

intenslity at thesc relatively low intengitics.

The dependence of rate on intens?ty was examined
at somewhat higher light intensities by substituting the
5C0-watt projection lamp for the mercury arc. The same
filters were used and the spectral reglon isoclated was
about 41CC-48008. results of such experiments are Nos.

42 to 47 of Table V. The relative intensitles of the
incident radiation were controlled by Interzosing in
the incident beon neutral wire screens of known transmis-

fal
w

o

on. Since the lamp intensity was kept constant, the
fradtional transmission of the screen is a measure of
the relative incident intensity. Measurecments at lower
and higher intensities were alternated on the same
reaction mixture. The resgsulis are expressed as ratios
of rates to incident relative intensitles; valucs of

these ratios Ap/TAt arc seen to be larger at the lower
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intensities than in the adjacent higher intcnsity runs.

The cffect was examined at much higher Intenslities
by using the projection lamp with no filters except the
cupric chloride solution. ©Slnce the rates becanme very
large, it was necessary to use speclal precautions to
ensure that a decrease in Ap/(At dld not result slmply
from depletion of dibromotetrachloroethane ln the reaction
zone. <+or this nurpose a magnetically operated shutter
timed by a pendulum was used. The reaction was carried
on in one-csecond periods and after each second of 1l
luanination the reaction nmixture was left in the dark
for two minutes. Nos. 48 to 52 give results of such
measurenents; and 1ll-fold decrease in the light intensity
produced a 1.66-cld increase 1n‘4p/f£t. Nos. 53 to 55
were made with the Same radiation with screens of much
lover tronsmission; in these experiments the rates are
not far from croport’onal to the intensities.

In order to determine whether depletion of
dibromotetrachloroethane in the reaction zcone at high
intensitles had been sufficlently avoelded, .ea.arements
(Nos. 56 to 61) were made 1n which a sinsle 4-sccond
11lumination at the highest intensity was followed by
four one~second 1lluminations geparated by two-minute
dariz intervaig. The two modes of 1llumination gave
indlstinzuishable values of Ap/rAt.

The experiments then show that at the lower

intensitles of Table I¥ the rates are essentially
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3.

proporticonal to the first power of the intensity; but
that at sufficlently high intensitlies, the rates lncrease

less rapidly than with the first rower.

TABLE V-

Effect of Light Intensity on Rate of Decompositicn.

No. Hean ana Time Tressure Ig= screen Agv/rat
mm. Hg At Inerecase q’
sees Aap mm.lg

42 27.2 12C0 10.3 0.090 C.096
43 31.7 90 8.0 1.0C0 . 089
4y 35.2 600 548 0.090 . 107
45 38.5 90 77 1.C00 .086
6 41.9 600 6.0 0.09% L111
47 47.1 90 8.0 1.000 , 039
5 25.7 10 7.6 1.000 0.76
50 35,8 17 1407 1.000 0.386
51 42.3 50 6.7 0.090 1.49
e 45,3 7 6.5 1.000 .93
53 32.9 255 6.8 0.0132 2.0
54 36.9 1005 8.2 .0038 2.15
25 40.6 265 T ol L0132 2.11
56 43.7 4 a 3.3 1.000 0.83
57 50.4 4 b 3.5 1.00 .88
58 52.2 4oa B 1.000 .55
59 53.8 4 b 5.3 1.000 .83
60 555 4 og 3.4 1.000 .85
6l 5% 2 4 b 3.4 1.000 © .85

Py, = 484 mm,

Nos. 42 to 48: Frojection lamp light filtered to gilve
4100-4800 1.

Mos. 48 to 62: Projection lamp light filtered to give
4100-6400 A.

(a) Tllumination in consecutive seconds.

(b) Illumination in single seconds sevarated by 2-minute
dark intervals.
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Hechonisn of the Reaction

The mechanism must provide for both decomposi-
tion and formation of dibromotetrachloroethanc. Vhen
the rate of formation is negligible, the rate of

decompogition must depend on the first power of the

dibromotetrachlorocthane pressure and must depend on the
first pbwer of the intensity of absorbed radiation at
exbreuncly low ineident light intensitics but on a lesser
power as the lncident intenslities become higher. The
mechanlism muot provide for a decrcase in rate of decomposi-
tion as the partial pressures of the products increase,

the decreasc hardly being attributable to reversal of de-

connoaition. Such a mechanism follows.

Br, + h¥— 2Bp (1) ,
Br + C,Cl,Frg =— C2Cl.Br + Bry (2) anda(2))
CoCl Br =2 (.Cl, + Br {3) and(3")
Br — Br(wall) 1/28r, (4)
2Fr + 11 — Bry, + I (5)

Here the primary absorptlon process ig the

e

dissociatlion of the bromine molecule into atoms. The

[AY)

roctulated intermediate molecule ls C,Cl,.Fr. Two chalne-
breaking stens are provided. Step (4) provides for the
disanrearance oF promino atoms at the wall by a process
which is first power with respect to bromine atoms, while
step (5) provides for the recombination of_bromine atoms
in the gas phase by ternary collision with a required

stabilizing third nmolecule, .
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the rate cxpression, 1,

The derivation follows. To simplify, let (A)
repregsent (C,ClgaBrs), (B) represent (C,Cl.Br), snd (C)
represent (CClg).
~d(A)/at = ky(Br)(A) - kg (B)(Bra) = d(Brg)/at
At theksteady state

2(Ipg.) = ka(Br) + 2ikg (1) (Br)®,
since a chain mucst be terminated as freguently as iniltiated;
(Br) = Lm=+Oﬁ-rumdeLm&)Y§VM%ﬁn.
set, d(B)/dt = ko (Br)(A) - kg (B)(Bry) - kg(®) + kg (C)(Bp)

() =
Vo) =

substituting these valuecs of (B) and (Br) in expression

for -d(s)/dt, rate expression 1l results.

-

At relatively low lincident intenslities, the

bromnine atom concentrations might be so low that re-

combinatlion in the gas phase would be neglibible in
comparison with rccombination at the wall. Sten (4)
would then be the chain-breaking step and the rate ex-

presgion would become, 2,

A(Bro) - 2(Tapg ) kaks(CoCluPr,) - ki ks (CoC1l.) (Bre
dt ke ka + ki (Bry)

hen kg ki (CoCly) (Bry) 4% kpks(Co0laBre),this being the

case when the reverse roactlon was neglislible,
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This exvregsion, 3, s-ows the expected depenlence of
rate on dibromotetrachloroetane concentration and on
the first power of the light intens'ty.

The mechanism has attributed the observed
inhibition by the products of decounosition to Lhe
brosine. An ingpeetion of exwvreasion 3 shows that should
ke be 2 constant, the gquantum yields,g{, should be ine
verscly proporcional to (1 + kg {Erq}/ks) at conatant
(CaCl.BEr for,

&

d(sr.) _ K
¢ (Iqbs ) dt‘ - 1 + i{;;(Erzjfks

Then, (1 + bpp, ) =K

The validity of this last equation has becn cximined.
Assur - that k., 18 a constant for a single {illing of
the reaction cell, various values of b have been used
in exanining consecutive measurements on singlce fillings
shown in Table IV. The best values of b found were .016

o "3‘ ’vr*o ¥ fﬁ" ; -2 m. c + ey Kl
ma~* at 135° and .020 mm™*. The conatancy of (1 + brpp, )

is shovm in Table VI.

X

Thus the constancy of ¢(1 + bp, Or consece-
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the value of g_in moles ee. is 4 x 107 which 1s the

valuc of kd/zg.
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Table VI
Inverse Provortionality of Quantum Yield and

The rixvression (1 + bpn Bry )

(3) | (1) (c) (D)

No. io. K fo. K No. i
7 5.2 13 9.40 a2z 51.5 26 29.1
8 5.47 14 9.41 23 52.7 29 30.1
9 5.53 15 9.42 2& 49.6 30 29.4

10 5.43 16 9.44 25 5l.5 31 28.4

11 .69 1 9.46 26 5G.0

12 5«2 27 49 S)

Lhie nuitber of measurement in Table IV,

() at 125°, b = .020; (B), (c), (U) at 135°, b = .016

For a pizxture of given compogitlion, expression

1 roduces to  A(Brg)/at = x(1 + W1 + gi,),
in which X = R, Kqke(CaCleBrg)
k'%gt“:aﬁgﬁzéﬁT(m)

1,.:3

4&&

This equation may be used to study the varlation of
rate with intensity for aixtures of the given com-
position. Fraom MNos. 43 te 55 of Tadle V, rates for

F=]

each four intensitiecs covering a 250-f01d ranse have
been interpolated to the same composition; nanmely, that
of the mixturc having Ppp, = 36.7 mn. In Table VII
are shown the Internolated rates 2and those calculated

by setting K = 0.135 mm./sce. and 4 = 16, values ob-

tained from the first two rows of the table.
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Table VI

Bffect of Light Intensity at Constant Concentration

Appp / at CPpp at
Ty o, Fsee. win. Fsee.
=f(screcn obsgserved * calculated
0.0038 0.0041 L0041
0.0132 014 014
0.0900 .065 075
1 . - 43 . 42

It is possible to estimate the value of (Br).
In these conslderations it is necessary to ignore the

variation of (I ) over the reaction gone and like-

abs.
wise the variation of reaction rate over the reaction
zone. It has been shown
I, = 16kg (M) (Igpg, ) /K2

g@nsider an experiment at low incident intensity where
5 linear relation exlists between rate and the first power
of the light intensity; i.e., k% (Br)>> 2i4 (1) (Br)=.
since 2(I,,. ) = ke(Br) + 2kg(Br)® (1) at steady state,

2(Iabs.)
Mso  d(Bry)/(Ig,y, )dt = @ the quantum yield.

~

ks (Br)

Therefore, k,(Br) = 2(d(Br3)/dt){95,
and substituting in the expression for dI, above,
aTo = 4l (1) (Br) %@/ (a(Brg)/at).

The value? of kg used 1s 2.9 x 10*®ce.? mole™® secec.™*.

In Table V , No. 54, the value of 4 I, = 0.061, (1) = 587mn.,
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d(Bry)dt = .0041 mm./sec., taking ;ﬁ:: 10, the value of
(Br) is calculated as 2 x 10™*® mole/cec.

This value of (Br) is much larger than the value
of (Br) at thermal equilibrium at 135°. From the data of
Bodenstein and Cramer®, log Ky = -10100/T + 1.75logT + .548

~ .0409T + 4.726 x 10”°p°

for the‘reaction B:(g)22323r(g). In this expression Kp is
the equilibrium constant, égr/pBra* for the reac ion in gues-
tion and T 1s the absolute temperature. At 135°

Kp = 1.6 x 10772
For Ppr, = 36.7 mm. = 4.83 x lO'gatm.,

ppp = (1.6 x 107 x 4.83 x 107°)"°= 2.8 x 10™ atn.

(Br) = 8.4 x 10°*° mole/ce.

Thus the mechanism employed leads to no fallible results
concerning ﬂhe comparative equilibrium and photochemical
concentrations of bromine atom. |

In No. 54 of Table V, it becomeé possible to

compare the rate of bromine atom disappearance at the wall

with the rate of bromine atom collision with the wall., It
has been stated that
ko (Br) = 2(I,p5.)5
i.e. the rate of bromine atom disapnearance equals rate
of formation. Also (Igpg ) = (d(Bra)/dpboﬁ.
Phas been token as 10; derg/dt = ,0041mm./sec.corresponds

to d(Bry)/dt = 1.6 x 10" moles/cc./scc.
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2(Igpg.) = 3.2 x 10" **einsteins/ce./sec;

-d(Br)/dt = 3.2 x 10" *moles/cc./scc.

L

va(sr)/dt = 3.2 x 10" "*x 132 = 4.2 x 10°°

moles of bromine aton gzigg on the wall per second,'z,
the volume of the reaction cell being 132 cc.

To calculate the number of moles of bromine
atom striking the wall of the reactlon vessel per second
employ the expression

2 = ¢VRT/V2 1 = 8.21 x 10 g, where Z is the
number of molesg striking 1 sq. cm. of the wall per second
when ¢ 1s the concentration of bromine atoms in mole per
cc., R the gas constant in ergs/mole/°C. and M the atomic
welght of bromine. Then, 235 = total number of moles striking
wall-surface 5 per scc. = 138 en® for the reaction
vea~el, ¢ has been gilven above as 2 x Z!.(?J-.":e mole/ce.
75 = 8.21 x 10° x 138 x 2 x 1077 = 2.3 x 10°° moles
& bromine atom gtriking the walls of the reaction vessel
ger sgecond. Thls value 1z much larger than the numberof moles
of bremine atoms dying on the walls per second; hence, there
is - qufflelent number of collisions at the wall to account

for tHe chaln-brealkine rate.

It may be shgun that the number of moles of
bromine atom colliding:with dibromotetrachloroethane 1is
sufficient to account'for the rate of decomposition.
et k° be the speclific rate at which bimolecglar col-

lisions between unllike molecules of dla.meterédl and
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dp em. and of molecular welghts M, and !z occur in the
gas phase at the temperature T, when the concentration
of each ig one mole per cc. Then,
®° = 103843 3 25(4, + dg)®(T(M. + Ma)/(MyMa)-®)
T cc./mole/aee;
The molecular diameters® have been taken as: Br, 3.9 x 10‘§
and CaCl,Frs, 6.6 x 10 Cem.

ke = 1.9 x 10*%* cc/mole/sce.

In Mo. 54, wable V, (Fr) = 2 x 107** molc/cc.‘and
(CgC14Bry) = 1.16 x 10 % mole/cc.

k% (Br) (C2C01laBrg) = 6.4 x 1074moles C3ClyBry and Br
colliding per ce. per sec. This value is much larger
than the 1.6 x 1071° moles/cc./sec. of dibrouotetra-
chloroethane decomposing and the postulated mechanism
gilves risge to no diserevancy from this stand point.

The mechanism chosen for this decompositlon
1s similar to that for the ilodine-sensitized decomposi-
tion of cthylene iodide in carbon tetrachloride solutiont?
which was discussed in Chapter I!I. Furthermore, the
decreace of the derendence of rate on light intensity
as the liczht Intensities are madce higher 1s not unique,v
as the 8 me fcature was observed in the photocheﬁical

formation of hydrogen bromidel? also mentioned in

Chapter I1I.
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Sunmary

Guantum yields of the bromine~gsensitized
vhoto~decomposition of debromotetrachloroethane have
been measured with 43588 radiation between 100-150° C.
and establish the chaln nature of the reaction. Con-
ditions have been chosen to render the reverse reaction
more or less negligible. The rate of decomnosition has
been found provortional to the dibromotetrachloroethane
pregssure and provortional to the first power of the
light intensity at relatively low intensities but to
a power less than the flrst when the light intensities
become higher. A satisfactory mechanism involving
bromine atoms and a CoClglr intermediate has been
develored. This mechanlsm attributes an inhibitlon to

the bromine.,
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