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I. OBJECT OF THE I VESTIGATI ONS 

The express purpose of the work to be 

presented was to determine. i.n so far as possible, 

the products formed~ the intermediates formed, the 

factors controlling the r at e ., and ·the eohan1sm involv

ed in t ,he addition reaction of oxyger:, :m the one ., "nd , 

and t he addition of chlorine , on the other,. at the 

double bond betueen t he t wo carbon atoms of t etra

chlor·oethylene , C2 C1 4 • Interest ~ centered, perhaps , 

on the intricacl€e of t he ox dation, and still is . 

In attempt i ng to study t he bromine addition 

at t he double bond of tetrachloroethylene, experimental 

f acilities accentut:ted the study of t he elimination of 

t wo bromine atoms from dibromot. etra chloroethane , C2 Cl4 Br 2 ,. 

and t he ac companying doubl e bond foroat i on be-tween t wo 

carbon at oms r at her t han t he addition react i on study. 

It wa,s h i ghly probable t hat a study of th , e liminDtion of 

two halogen at,oms from t wo adjacent carbon atoms would 

elucidate t he processes involved in t he addl tion of t he 

t ~:,o halogen atoms to t he ad j a cent car bon atoms . 

To be more explicit concerning the lntermediate 

compounds involved 1 it was desirable to establish evidence 

for or against t he existence of a Cl 3 or a Br 3 molecule 

postulated a s a transient intermediat.e by certa i n 1nvest

igators . 
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I I . LI TER./ TURE ,... URVEY OF fr~t!E PHOTOCI-IK "I C1 L RE/WirI ONS 

CONCERd L'JG THESE INV}.];STI GATIONS 

The r ol e of oxygen in phot ochemical proces s es i s 

a vari able and non- predictable one . Concer n ng the 

pr es ent i nvestigations , t he inhibitory ~ct ion of oxy en 

i s involved . Vlildermann1 and Dyson and ... a r den2 , in

dependently , f ound that t he photochemical f ormation of 

phos gene , COC12 , from chlorine and carbon monoxi de was 

r et arded by t he pr esenc e of oxygen . 3 Schultze observr~d 

t hat a chlori ne-sensitized oxidat ion of t he carbon monoxide 

to carbon di oxide was oc curring and t hat small amounts of 

oxygen ha r el atively gr ent er eff ects t han l arger amounts . 

Bauer and Dan:lels4 have found t hat t he t hermal 

brom .... nat i on o.f clnnamic acid i n carbon t etrachlor i de 

solution i s cri ti cally i nhibited by free oxygen and t hey 

hav e un1-mowingly s tudied t he photobro ination of an 

oxygen-inhi bited r eact i on. 

Dicki nson and Leer rnaker s 5 found t hat traces of 

o ygen almost compl etely i nhi bited t he photochl or ination 

of tetrachloroot hylene in c~rbon t etr chl oride sol ut i on 

and a chl or i ne-s ensitized photo-oxi da t i on occurr ed . 

Chapman6 f ound t hat f r ee oxygen inhibited t he 

photochlorinat i on of chlor of or m i n car bon t et rachloride 

;:;olut ion and a chl orine- s ens itized photo-oxi dation 

occurred . 

In contradi c•t inct i on t o t hese i nh i bitions by 

oxygen , hov,c ve r , Kha r asch and Ma yo7 f ound t ha t i n t he 
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absence of oxy ~en or pe roxide s , hydrogen bromi de adds 

slorly t o allyl bromide , CH2 = CH - CH2 Br~ forming 

1-2 dibromopropane ; but in the presence of oxygen or 

perox i d e ; t ·1e addit ion is v ery r a p id a nd 1-3 dlbromo

propane is t he product. Though t his i s not, a photo

chemical re ?t ction, it has a place here s:lnc e it shows 

t h a t oxy en is capabl e of inc r easi ng the velocity of 

addition r eactions a t t he double bond s between t wo 

carbon atoms . 
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The nat ure of t he produ ct s of photo-o.t"idat ion 

reactions involving t he doubl e bonds between t wo ca r bon 

atoms is a point for investigation. Besson8 fou..nd t hat 

t etr achloroet hylene and oxygen on i ntensive illumination 

by~ nli bh t produced t r i chlor oa cetyl ch l oride and phosgene . 
~ 

Th se ss,rae roducts were· formed in ch lor i ne-sensi tized 

photo~oxlda tion of t et.rach lor oethylene i n car bon t etra

chl oride solut ion. 5 

Horio a nd Yamashita 9 have inve s tiga t ed t he 

oxida t i on of linsee oil an~ 1 nol eic acid under t he 

full r adiation o:f a qu a r tz Hg- .arc. Peroxides were 

found to be pres ent . The pr es ence of a peroxide , 

phosgene , a nd hydro)en chloride in the products of 

t he chlorine-sens ~tized photo- oxida tion of chl oroform 

1n cs,rbon tetra chloride ': ...,lu'::l on was pr·oven by Chapman6 • 

Bowen and Steadman1° found a peroxide , color l e ss and 

s t ab l e in s olut i on , formed by illumi nat ing a b en zene 

solution of r ed rubr ene , C~ 2 H28 , and dissolved oxygen 

with visible r adi a t i on . 
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The depen dence of ox1dat,ion r ~.tes on concen

trations of rea ctant s i s manifold* The r a t e of p~oto~ 

ox1d2.tion of linoleic acid ,: olive oil • and linseed oil 

is independent of the oxygen concen~~ation and o~ t he 

t emperature but ls proport i o a l t o t h e concentration of 

t he acid (of oil) and to the square r oot of t h e light 

intensityt? Di ckinson and Leer makers6 found t ho..t t he 

r r te of oxidation of tetrachloroethylene is proportional 

to t h e first power of ·1e light intensity and of the 

chlorine concentration, independent of oxygen concentra

tio'n , and lso independent of t h e te-t r achloroethylene 

conc ent ration except when v ery high. 

The rate of the chlorine-sensitized photo

oxida t ion of chloroform has pr actl ·eally t,hese s ame re

s :pect i ve dependenc 1 e ~ 

The quantum yields of these photo-oxida tion 

reactions may vary from values less than unity as is 

~ound in the ca s e of rubrene oxidation at low r brene 

concentrationf'. 10 to t he enormous yiel s of some 50, 000 

for oxidatio Jf sulfite solutions as sho n in work of 

Alyea and BacKstrom1 1 • 

The literature is pregnant with photochemical 

me a.suremonts i nvolving various t ypes of chan es at the 

doub l e bond b E;tween two c arbon atoms . Three of t · ese 

have a v ery direct b ear ing on the investigations a t hand . 

Leer. akcrs and .i ckinson1 2 1 :J,vc investiga,ted t 1e photo

ch l orinat i on of t etra chloroethylene in c a rbon tetra-
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chloride solution. The essential s of this paper t hat con

cern the photoch1orinat1 on of gas.&ous tet1~achloroethylene 

are giv en in Chapt er III . 

The iodine-sensitized photodecomposition of 

ethylen~ iod ide , C2 14,I 2 , in ea rbon tetrachloride solution 

has been studied by Schumach er a nd Wii 0
1 3 • The r ate ex-

found , and a mecl·1anism f or t he chain reaction has been 

given as 

I 2 + h v = 2! (1) 

C2I4I2 + I = C2 H4 I + I2 (2} 

C2f4I ~ C 2 H 4 + I (3) and (3 ) 

2I = Ia (4) 

The chain- brea king step (4) i s second order with respect . 

to t he c hain-c~rrier11 r . and. g ives ri se to t he r a t e de

pendence on Yiabse T _e i odine a t oms c omb :lne in t ernary 

col lision with the ca rbon t e trachlorid e molecules in 

solut i on . 

Bodenstein , Jost , and Jun~1. 4 ,15 have studied 

t he photochemical hydroge n bromi de f ormation with respect 

to its r ate dependence on li t)h t intensity . At l ow in

tensit:les the 1-')a t e ls proportional to t he first power of 

the light intenni t y ~ but a t hl tyier light i ntensities t he 

r ~t e i s proport i onal to some ~ower less t han the first . 

1rh1s is attributed t .o t wo chain- breaking steps , (l), 

Br- = 1/2Br2 (wall) , and (2 ), 2Br + :.a = Br ,a + r.1 in t he 
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gas phase . The occu:rrence of step (2) become greater 

as the _1 ght intcns:1.ty and tot ~:11 pressure :_ nc case and 

t he de11endence of r ate on Intensity become.:) sn' t1ller since 

a squa e r oot dependence on l ight intens i.ty would result 

were step (2) ·vhe so e cha.1.n-breai.J:ting step. 

n intermediate mol e cule , Y-3 , 1n photor eactions 

involv:lng the halo· ·n~ h 0 s bee-n a sourc o muc dis

cus sion . Gohrin 6 postulate the exist ,nce of C13 in 

d.- ocus sin6 the reaction between H2 and Cl 2 • Rollefson 

a d Lehner~? tiL zed C13 in dis cussiLb the pl otochemi cal 

'"'orrnation of phosgene. Rolle son and Eyr . ng18 used 

quan um e c.Lanical ethods t o establish testate ent 

that Cl 3 "J::::,s . table wl t 1 res pect t o ?ecomposi tion into 

C1 8 and Cl at roo temperature . Leermakers and 

Dic!dnsm_J.JJ ~ound thnt a suitat l e 1. echanism could be 

develop d f or tl:e photochlorinat on of t c -trachloro

ethyl en,__, in ca bon t etra.chloride s ~) lution if Cl3 were 

etploye ; a second r. chani sm involv · ng C2 Cl 6 was s.atis,

facto: y. Be1>")thoud and Beranec ,1. postulated a mec.1.anism 

for the b~ ominat .on of cin..l'l ic r c:i.d whic_ involve 

bromine ato c..:1ai ns and a C6" 6CHBrC ... COOH inte. nedJ.ate . 

I 'Urak· yast ... :i.a and Ghosh20 post ul D.t ed. a Br 3 mol ecule for 

th.e cinnc·1r_.i c acid bromination mech9..nlsm .. Ba.,ue.r and 

Da..ni els 21 discarded th . r t rioud and Beranec_ meehani sm 

after a consideration of activation energies and t empera

tu e coef-:,icients. Cher~man · ,nd .._"'un2
'" stated _rorn quantu.m 

mechanic "=tl consider tions t hat a diatomic bromine ole-



cule , Br~ , will add. to an e t hyl ene double bond more 

r ar,i. d ly than v1ould a triatomi c )romine ·- o l e c ule , 

Rollefso ~~.., •1•h -n p ~educed t he s t a t ement t li_at the· heat 

7 

of c issocia t1or:. or C-1 3 into Cl~ a "1 Cl a t ... oom t mper -

t ur~e is 5000 <Edories .. The exist ence o"' Cl and Br 

molecul-:s :ls at ~9resent controversial. 
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III. THE J? H0 1rOC HLORII\1! 11 ION and THF' CHLORL . .:.-- ,·· r<d SITIZED 

PHOTO- OXIDA'l'IOIJ OF GAmrous TE'rRACHLOROE1r :1y v 'NE 

he combination of oxygen wi t h gaseous tetra

chloroet hylene occurred as a chain r eact ion ;11th prac

tically complete inhib:lt.ion of t he addition of chlorine 

at t he doubl e bond b-C\tween the t 'lO carbon a t oms when 

gaseous mixtures of oxygen,. chlor ine , nd tetrachloro

ethylene at t emperatures of 25° to 409 0 . iere illuminat

ed either with sunlight or with the three line s l 358Jt, 

lt347 ... 11 and 4-3391\ of t he Hg- arc . The products of t his 

chlorine- s ens i tized photo-oxidr.i t ion of t he t etrachl oro

et hylcne ere phosgcne , and trichloroacetyl chlorid , 

the same product s t hat were f or med in t he ci11orine-

se _sitlzed photo-oxidat i on of t etrachloroetl ylene i n 

ca · '.)On t et r achloride solution¼ Illumination of gaseous 

mixtures containing no oxygen produced photochlor_na

tion of the tetrachloroethylene , hex,· chloroet 1ane 

beln the colorless crystall ine product of t:he cha in 

r eaction. This rea ction was the sarne as the one occur-

1ing in the photochlorination of tetrachloroet hylene in 

carbon tetrachloride solution, 

9 
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Materials 

The OX~fs ,er,. used was drawn from a commercial 

t .anl-t (liquid air source ) , dried over phosphorus pentoxid.e 

and stored in a liter bulb. 

The chlortne supply w s likewise dr arm from 

a cylinder , dried over calcium chloride , and sealed off , 

a t er lique:fylng 'i eighed arrounts in small glc ss tubes 

with e,.,. sily breakabl e ·ips . 

The ~ s c" p . Eastman 

.. od k Com- any product , illuminated a ... t e~ hav ing ·-ee 

satura ted with chlorine ~ washed with sodi hydroxide 

solution ., washed free of hydrox de w:lth v1 ;>ter, dried 

wlth calcium chloride , and distill.,df 

of t he dist i . late coming over wit tLln a 0 . 2°c . t emperature 

interval was util i zed. 'I1he t etrachloroethylen-e wt s 

stored in an t mospherc of nitrogen 1 b:r·own glass

stoppered bottle s until transferred in weighed quantities 

t o glass bulbs Ylith easily b ->eakable tip s .. 

Appar at us and Procedure 

The equntion for t.e r eact i on of oxygen and 

gaseous tetracaloroethylene to form ph.osgene ,. 

C2 C14 {g) + 02 (g) = 2COC1~ {g) 

shows no change in total pres sure as a result of reaction 

since t he tot · l number of molecules pr esent remain c-on

stant.. On the other hand , the equat1011 for the forma~tion 



of tr · oh oro • eetyl. ci1.l r • de ~ • t 1e ·~ ·t ,o r•e.- •ate,.rt,a t; 

C8 C1 4 (g) + l/''02 (g) ::: CC1 3 COC1 (g) 

11 

doe s sho 1 a pr ess .r e deer en.St-: ~-s the esul t of l'. eact ion . 

Fu ·thor more_,, the equ t ion of t he photochlorina-

CaC16 (g) + Cl e(g) - C2 C16 (g) 

or 

C2 Cl (g) + C1 2 (g) = C Cle (s) 

shows a pressure decrease as r esult of r eaction ., 

The_efoze ~ it was po su ibl o to f ollow t he _rogr ss of 

t he t r10 si ultaneously occurring o . l dat ion react ens 

or of t h e photochlor:lnation r eaction by ecrea 0 -e i n 

t otal pr essure . This was accomplished in t he appa1: a'tus 

d i .si~1'a .rned i n Fi ure 1 , t he gaseous mixture being in 

cont a ct. w1 tr_ g l a,ss only. 

E 
L i OXYGEN 

----------- F __ D 
I 

l--
1
TO 

I MANOMETER 
I 

I 
I 

I 
G H 

I 

i IEillill Eillilll =------ A I 
i ____________ i 
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Tle r e~ction vessel V was a 1-liter pherical 

r y ... ex f lask; it was evacu .:.1.ted t hr ough P with 9. merm.u~y 

vapor p l np , liquid air 1,eing Icept on t he trap L. After 

evacuation 'the cock S was close, liquid air a pplied a t 

A, and w£,•i 0
1

. ed sa ples of chlorine and tetrachloroet hylene 

released i nto A by nagnetlcally breaki ng small bulbs , D 

and E, wl t h gl ass-- enclosed hammers. After t,he admission 

of oxygen to a _ measured pr es s ure ,. t he i"leact ion vessel 

wa s sealed off a t F and t he liquid air 1~emov0d from A. 

The rea ctants vrnre evaporated and carried out fro- A by 

surges of gas cre:~ated by the operation of e close- fi tting 

plunger B which vms g iven a r eciprocating '"Ot lon by the 

two sol enoids G and H. The plunger r1a s also f r·equently 

operated during t h e run ln order to ensur10 unil ormlty of' 

co :position of the gas . Its use also peI itted t he 

measurement of res l du.al oxyge n pressure by aga in applying 

liquid air to A a t the close of a run; condensat i on would 

have requi1~ed a vory long time had d i f f'us i on of t he con

densables i nto A been relied on i n t ho se cases where t he 

r esidual oxygen pr essure was several millimet ers or more . 

The pre ssure measurements 1ere made wi t h t he aid of' a 

clicker typo of glass diaphragm gage~ used :i.n conjuction 

with a mercury manometer whJ.ch ms read to 0 . 05 mm . That 

p-..:11~t of t h e apparatus shown 1vi'thin the dotted line of 

Figure 1 =r s conta lned wi.thin a llght-t ight air t her mostat 

wh i ch was rnaint a :L ed constant t o 0 . 2° c . wi t h t he aid of a 

heater and f an. 
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The thermosta t w .. 11 w· s fit t ed 1ith a window 

at the :react ion vessel ; illuminat:lon of t he r eactln gas 

occuPred through t his window .. The light source was an 

upright q artz mercury arc . Radla tion from it p.,.Jssed 

throur~ a hole l cm .. i n diameter and t hem through filters 

to isolate the line 4358· ... 1·he f i lte ·s uoe were a 1-em. 

layer of 6% copper sulfate, and Cor_ing ulasses nNoviol 

A'' and " blue- purple u1 tr" n; bee::1.use of their proximity 

to the lap,_ 0hese were water-cooled. The r adiation 

was collimated by a lens of 6 . 3 onL focal length wit h 

t he 1-cm. hol.e a -, lto focus. Before nterir..g the reaction 

v s sel., t,he beP:n pacs01. tl ~ ... ough a diapl"l..i~~e;m 3. 0 cm. in 

liamete r .. 

The lamp system could be moved on tracks to a 

position which allmved the li ::>-_t, b eam t,o fall upon a 

I'.!Ioll sm:1,ll surface thermopile conneot.ed t o ,2,, hig.h sensi

tivity galvanometer.. This arran6 ement m:ide possibl e t he 

comparison of r e l a tive illumination :...ntensities of 

• lffcrent experiments, and afforded means o "'• eva.lw t ing 

with :ea,onable a ecuracy t he absolute amoun~ of ra~iatlon 

entering the r eaction mixture . This evalu3tion in-

volved t h ~ ee conside r at l onr, , namely , r e 1 -· c:t..lon losses 

at thcrmost - t wjndow , ea librat lon of he t :1errn.oplle-

gal v anome-t <? ·') sy fYt.em agn.inst a carbon fllamsnt l arnp 

calibrat ed by t he Bureau of St andards ,t m d ·he r a t l o of 

ga l v'anomet er defl ections f or the same l igh v j -., P,,m for t he 

therL opile loco.too. \n 1 ts no fr' .t posit lony ~nd 
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located 1n the plane of the 3.0 cm .. beam- def j nin0 

d.1 phragm. A galv ';momet er deflect ion of l em. correspond

ed to an intensity of 1 x 102 erg a cm. - 2 sec.-~ at t he 

surfa ce of t h(:-- reacting gas mi.. ure or to a flux of 

1. 06 x 10 2 e r gs sec.-1 The fra ction of light ab orbed 

was calcula t ed from the rela tion I/Io = 10-·acd where 

~, 1.6.l}., is t he molal extinction coefficient of chlorine , 5 ' 6 

d = 12 crn . , and .,2 t he concentration of ch..lorlne in moles 

pe1"> liter obtained fro1 pressure measurements and t e ltno'tvn 

0~ght of t he chlorine sample charged i nto t he e ct lon 

vessel . 'rhi s fract i on of . ncident radiation absorbed was 

kept smal l , the maximum i n any photochlor1.nat lon exper 

iment being 0 .123 . 

Sample Ru a 

The n ~t ure of total pre sure ch nge o during 

illumination a re best a_eser i bed by plott ing total 

pressure in mm . against the time of illuminat ion in 

minutes . l?i .... ,ure 2 discloses the !,)hotocr1lorinat ion 

r esult ing from illtunlnat i ng an lniti•--1 gaseous nix-

t r f hlo • h9 . r u e o c . r inE. , r mm., and t etra cllloroet hylene , 

8 . 33 rm: . at 40°0 . ~rhe increase in slope at 56 . 6 mm . 

,as caused by t he beginning of t he pr e cipita t ion of 

colorless crysta ls of hexachloroethane , the product of 

p'1otochlorinat ion v ery e a nily i dentifiabl e by char

acter stic odor , whose v a por pressure a t 4O° C was 
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1 . C mrn .. The change Ln slope at 50. 8 mm . was due to a de

crea00, in incident light i nt.0ns ty by :..nterposing a 

neutral wire sc r en of 3~ ~ t r ahsmission i n the incident 

light bcru . ·The r a t e o~· chlorinat ion a t smal l t etra-

,...h., r eth, cne Dr e ssu.res is independent of t etrc chloro

et hylen ~ pr e s sure as shown Ly unchan ,.=> lng slo pe from 

50 . 8 mm . to 41 . 9 mm . at h:l ch pr csbure photoc·hlorination 

was compl et e . 

S 53 s 

41 

l'o 

0 

\ 
\ 
\ 
~ 

-· 

40 

Fi u.re 2 

~ 
~ 
~ 

"'° -
80 120 160 . 200 

Time, minutes. 

J/·· gure 3 shows a characteristi c experiment a t 

40 ° c. in wh: ch t he ini tial gas mixture c ontained chl orine , 

65 . 5 mm ., tetra chloroet !. ylene ; 14 . 8 mm. , and oxygen, 13 . 8 mm.~ 

an amount in excess of t hat requ i r ed for oxidation of D.11 

t h-? tetra chloroethyl en,, pr esent . The chang0 of s lope a t 

90 . 6 .m., VJ?.,s du e t o the decrease of intens i t y of incident 

r adiat on by inter nosition of t he neutra l nire scr een 

of 3 5){ transmi ssion in t he l l g:1t be :tm.. T e change of 
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slope wi th ch -nge of intensity is I on: .a .,k0d in Figure 3 

r a te had. a greater dependence on light intens ity th.an 

chlorinat:l.011 r a e . The lack of de;,endence of the ox1da-

t ion r a t e on the pressure of the t otrachloroethyl ene ls 

an essential po · nted out by the constancy o~ slopo as 

o~ idation neared com;Jletion. 

r 
I 

95 

S 93 
s 
Cl) 

~ 91 
VJ 
d) 
I-< 
0. 

'cd 89 
~ 

0 
b 

87 

~ 

0 

\ 
~ 

~-
---..,,____ 

~~ 

40 80 
Time, minutes 

-
120 

Figure J+ shows at 26° ·the c .)urse o an ex

periment having present , ~.nit1ally ., chlorine , :)3 . 75 mm. , 

t etrachloroe t hyl ne , 8 . 12 mm., a n oxygen , 2 .. l~5 mm ., an 

anount insufficient to oxidize the total t etrachloro

et hylene present. The portio _ of the cur·ve .. rom 6.l~ . 3 mm . 

to 62 . 6 mm . is intcrpret -ble as an O~'idat o pr1oceed ng 

at _::,,te until the oxy0 en ls prae tic3..11y used 

up , t he oxidation rate being i. nde~Jendent of o '"ygen 
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p essure until only min1te tra ce s of oxyg->'-:·n ~l")cr.1a'.l. n e 

The r egion of v c~ ry little ch _1ge i 1 tota l pr E:ssuro found 

in t he tl e int e rva.l b et -vc::-en 30 a 1d 50 nirutE:: S nos· 

likely involved t ... 10 r~e ov l of the l ast tra cGs o "' oxygen 

b y low oxidat i on of t etrachl oroethylene , photoc_11ox i -

tion b lnc ver y critical ly if not ent iI ely inldbi t cd by 

trr. cc s of oxy0 e . Then in the pr e s sure i nt erval from 

61 .8 mm . to 55 . 6 mm . photochlorination proceeded until 

all the t et :r- c_loroethylene had r eacted . 

F i ure 4 

65 

~ 63 

E 
~ 
~ 

E 61 
(1) 
1-.. 
::s en 

~ 59 
0. 

"@ 
-+-' 
0 

~ 57 

55 
0 

I\ .\ 
"\ 

I\ 
\ . 

40 80 120 
Time, minut es. 

Product s of Oxidat ion Reaction 

Pr a ctically tote.1 inhibit i. on of ch1orlnation 

by oxygen was sho m by expe riments in whi ch g seous 

mi ~t ures conta ining we i ghed qu nt. t y of chlorine and 

of t etrachloroet hylene and excess oxygen were given 

illuminat ons known to be adequ t e for complete 
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rea ct,ion of tetr~ chloroe t hylene , and the :free chlorine 

determined by thiosulfate titrat i on of the iodine liber

ted from potass ium iodide solut ion by t he free chlorine . 

Table 1 shows t he results of these experiments. 

Tabl e l 

Free Chlorine 1-1resent Bef ore nd .i f t er Oxidat ion 

Init.ial Initia l Ini t ial Fin 1 
C2 Cl 4 , 02 , C1 2 , Cl.2 , r~xposure 
mol e mole mole mol e time , 
X 10 8 X 103 X 10s X 10 3 minutes 

o.475 5.74 2 . 42 2 .40 180 4358ft 
.402 · 5.74 0 .. 99 0 .99 200 tt 

. 399 0. 394 2.55 2. 53 60 sunl · ht 

. 45.t~ -417 2 . 15 2 .14 120 ff 

The a ~reement be t een init i a l and fina l amount s of 

f ree cJ:-1lorine present in t he gaseous mixt ures i n

dica t e s tha t litt le if any chlorinat i on cou ld have oc

curred during t he oxidation. 

The odor of phos ene was unmist kable ev i dence 

of it s pr e sence among the product s of oxi dat i on . The 

i solation of trichloroac et yl chloride from the r eact ion 

products was n o t deemed necessary in l ight of i t s isol

ation by Dickinson and Leermakers1 from t he oxidat ion 

products of tetrachloroethylene in c·1r bon tetra chloride 

solution. The distribut ion of t he tetrachloroethylene 

b e t ween the t wo oxida t i on products was d et e r mined . An 

anal yt ica l met hod of det ermination involved t h e ti t ration 
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of acids produced by t 11e hydrolysis of the rea ction 

produc t s upon openin... the rea ction flasks under a po.

t fissiu • ;i.bo.lde solution. The iod l ne liberated from 

t he ?"'iOtasslum iod· de by free chlorine was titra ted. with 

t hiosulfa ·,e solution., The equa tion for the hydrolysis 

of trichloro cetyl chloride is 

CC13 C0Cl + H2 0 ::: CC1 3 COOH + HCl , 

and fo r the hydroly is of phosgene is 

COC1 8 + 2H2 0 = 2HC1 + H2C08 • 

The solution wa.s boiled to remove t l e carbon ioxide 

produced by the phosgene hydrolysis , cooled and potas

sium iodsrte was added, llberatlng f r ee iodine by the 

r eaction 

'rhe fre e iodine was titrated by t hlosulfate solution. 

Letting 1£ be the fracti on of t,etra chloroet hylc::ne oxid

ized to tr· chlo r o~wetyl c hloride , the oxidation of one 

mole of tetrachl or oet hylene produces x; moles of tr1 .... -
chlor oacetyl chloride and 2{1 - ~) moles of phosgene . 

~Jince ~ 1 oles o .~ trichlo.,_ oacetyl chloride produce 21£ 

equivci.lents of acid, and 2 - 2x mol es of Y)ho sgene produce 

l~ ... l~~ equivalents of ac id (the carbon dloxide WE1 s 

removed) by hydrolys:'..s , each ole of t etrachloroet hylene 

oxidl z.e d l)roduced l~ - 2x equival ents o-'' acid y hydro

lysi s of t : e oxid~t1on pr oduct s. T: bl r.: II presents the 

r esults .. 



Table II 

Fraction of Oxidized Tetr a chloroet hyl ene Yielding 

Tri chloroacetyl Chlori de (! nalyt ical 

Measurements ) 

Initia l I nitia l Initial Acid Fr act ion 
CaClA, 02 ,, Cl 2 ,, equivs . of C'ci.Cl 4 to 

20 

mole X 1 0 3 mol e X 10 3 mol e X 10.} X 10 3 CCls COCl , ~ -

o.475 5.74 2.42 0 . 990 0 .96 
.. 402 5.74 0 .99 . 87' . . 2 
. 454 4. 17 2 . 15 . 960 . 94 

The value of ~ nas deter mined .from t he decrease 

in t ot a l r;re ssure accompanying the ox:td.at ion of a known 

quant l t y of t e trachlor oet hylene . The oxidation of t etra

chloroet hylcne t o phosge ne involved no ch , .. n ..)e 1.n total 

pressure but oxidRt ion t o tricbloroacetyl chloride produc

ed a pr essure r eduction equal t o one- ha ... :f' t he pressure 

of the t etr ach101...,oet hyl ene so oxidized.. If p
0 

Cl is 
4 

pressure of the tetra chloroet hylene oxidized, x c Cl 
/ \ 2 4 

is the pressure of the t etrachloroethyl ene oxidized t o 

t r :tchloroacetyl chJ.or de , and t he a ccompanying reduc-

t on in total pre 0 sur0 ,-APt" equals .fil)C
2

C
14

/2 . The 

results of a series of su ch experiments re sho vn in 

Ta le III , iven on the following page . 
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To.ble III 

Fr L.ction of Oxi dized Tetrc. chloroethylene Yielding 

Trichloroac etyl Chloride (Pr essur e 

Mea.sur-ements) 

2lt '7.95 60 .1 18.75 87. l4.' 8Lt..15 .82 4 .3 
2l} 7. 3 60 . 05 7 a74 75.1 7L, 8 9 - J.i •. 75 . -
21+ 7. 2 58 . 2 6. 20 71.5 68 . 25 . 90 l~ .. 05 
26 7 . 3 3,. . 'J 6 . 95 45.83 l. 2 . 65 . 90 f .o 
26 7 .15 130 8 7. 65 145. 6 14,2 .. 35 .91 4 :1 5 
40 14 .. 8 65 .5 13 .8 94 .. o 87 .55 . 87 

4 .. 4 
4 . o 
4 .o 
4. o 
4 . 0 

It ~ t:l seen that the V e lues o· · _! obt ained b y t he p- essure 

m-e suremer ts agree substantia lly wlt'"' t_J: v alue~ obtr-iin

ed ann lytically . The value of ~ , 8T)b , obtained by Dick 

inson and Leer makers 1 for the oxi da:t_on of et r achloro

ethyl ene in car~ o. t ci trac -110- ide solut :on s in good 

a r eement wi t h t he v alue of~ shown bove o 

Now t he oxida tion of one mole of t ,etrachloro

e t h.ylene to tri chl o oacet yl c Llor•icle oqu .... r es one- ::tal f 

mole of oxygen and t he oxidat ion of one ·1ole of t e tr'"' 

ch loroethylGne t o r Losgene r equire.s one r.Jole of oxy0 en; 

so knowi.ng t l1at 90% of t he t etra ch.loroethyl cne is o .idiz

ed t o tr:... ch loroactyl chloride , the o:,.idat :1. o of Pc Cl mm . 
2 4 

of t etra ch1 oroet ylene produces a decrease of oxyg .,n par-

tia l pr e ssure , - APo
2

• whl ch is t he s of x c
2

ci,,/2 

(for trichloroacetyl chloride f or mation) and {l - x)Pc
2
c14 
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Listed in Ta ble I II t .~o t he c t1,lcul a ted and 

observed decreases in oxygen partial pres ' uresc 

Th Chlori na.t i on I->• oduct 

The fact t hat the colox~les s " erys t rilline 

product of chlorination had t he od-or of hexachlor·oe-t hane 

has b e en mrmt .ioned .. Further evidence t :1.a t he., .. ae hloro

etha.ne was the chlorina t ion product is t he -~eJ::e~ment 

obt ained b et Neen t .. .,,.e ca lcula t ed and obs e rved dr.:;crease 

i n t ot a l pr essure u pon chl o:r ina.t l ng a kr.,.ovm q1..2 t i ty 

of t etra ch lo:roethyl ene i n an excess of chlor L.1c , 

a_.s m,un:i_l')f, t hat t he only p1 O(~.uct of ch l or i nat io~ was 

hexachloroet 1.an c- , t h e partia l -:9r essu r e of rrh :l ch c. t 

8 40 ° c. is l. O mn .. and at 50° C~ is 2 .. 12 mu . A ca l -

culated tota.l r r>esnur 1.: decrE,-'J.s e of 15 . 7 mD •. for t h e 

chlor inatlon of l} .74 x 10- 4 mol es of tetrLchl oro-e thylene 

in a 1110 cc. r ea ction ve s se l a t lt0° c .. agr e ed ex-

ceed ~ n ..=:1Y well w. t h a measured decrease of 15 .. 65 mm . 

t h e ea.1cu1a.ted pr essurE1 ~ec · ea se f or t he f or mat i on of 

hexachl oroe t ha ·i.e from 1. 038 x 10- s moles of t etra chloro-

et hyl e.ae wa s 38 . 1 mm .. and t .he obs e rvef dc cro:.J.J·.)e in total 

pr e s sure• \?as 38 . 3 mm. 
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u,,ftGr ro.uiai YJ.ing f o ~ severa.J. hours i n t _1.c de r k at 

; .. '£i :>:tl:.i•os o.t> chlor na 

long sta.n..din in the dark at 25° C. i but a t 1:0° C. in 

some cases t li.ere w· s evidence a • he11mal r ate . which 

moun wed o ru ch a small perc e:::n t of the p 1otocl- e .. -'- cal 

rate t a t t her e was no nec·e ss i ty for attempting a 

eo ~ ection. 

Ki etics of Oxi~a ion 

The sample runs d 1scussed s Lowe i t hat t hG 

r -- t~ of 0"1{1 :it ·.on of tetrachloroe t hylene :lndt _ced by 

r adi ~:i.t ion of r:. \J • v-e lengt h absorbe only by the . ~ lorina 

pre .:.; ::nt <::! s v ery l:lttle dep endent on ·,41e 
~ 

p --es sure , 

t c narrov1 r3n gc o p ressures employed • n hose runs . 

1r ~bl o I'V """hot·:s t. 1at t h e SL.mo is t · .o o.f' oxid:..1.t on r ates 

rneasu od undo w ldely varying con __ it i ons . 

existing a t the beg..:..nning of • nt erva L J of i l lt~~! 1 at ion 

hav in6 subet~nt 1ally cons tant i ntensi t y of i ~cident 



Table, IV 

~a.ntum Yiel ds and Rates of Oxidation with A 4358K 

I Iabs •dp/dt 
-:a einste!ns Pres sure~ llIDle 

ergs cm. ram. see; ' 
Expt. PC12 PQ2 PC2 C14 

Total sec. - X lQ-ij sec . ... , x 10"" ' 0 
X 104 

2 b~ ; J bG, 6 .6.6 148. 2 3. 92 1, 36 t\ :5 
3 tiO.? 18. 8 7. 9 87.4 12. 60 4.i 50 17. 2 
4 60. () 7. 8 7.3 75. l 11. a 4. 15 15. 0 
5a 581"1 6.2 7.2 71.6 12. 28 4.jl8 11. 7 
b 58, l 3. 7 3. 7 69. 5 11 . 67 3. 98 9. 6 

6a. 32.2 6. 9 7. 3 45. 8 14. 20 2~75 5.,3 
b 32.2 4. '7 3. 2 44. 0 15 .• 08 2.i 92 5. 6 

7 130.8 7. ? 7. 1 146. 6 13. 00 9 •. 20 23. 2 
8 50. 3 o.a 7. 3 68. 3 4. 50 1~ 34 4.1 
9 53. 7 2. 5 8. 1 64. 3 13. 95 4~48 9. 4 

10 48.6 2. 4 7.2 58. 3 10. 33 2,r99 s.e 
11 50.l 2. 4 7. 4 59. 8 2.84 0~85 1.7 
13 56.0 2. 3 '7. 5 66. 0 9 . 23 2tl 94 5 .• 3 
14 60. 0 2. 0 22. 8 84. 7 8. 66 2. 91 4.7 
15a 61. 5 4. i 22. 9 88. 5 17. 35 5. 95 10. a 

b 61. 5 1. 6 18. 4 86. 5 4. 12 1~ 42 2. 6 
16 25. 5 4. 4 21. a 51, 4 ~. 5. 40 2. 27 4.0 
17a 65. 5 13. 8 14. 8 94. 0 22. 40 8~08 24 .. 9 

b 65.5 8,8 5.9 90. 0 6. 74 2. 44 6. 0 

Experiments 2•6 were at 24°J expts. 6•13 at 26°; and expts. 13-17 i nclusi7e at 40° . 

.. dNc,.- c~dt ...:: - I moles s ~~•- • 
X 10 -

1. 10 
22.,96 
20):>0 
15. 60 
12. 90 
1.os 
7. 46 

30. 80 
5. 42 

12. 30 
7. '17 
2. 48 
a. 10 
5, 95 

13. ·,o 
3. 30 
s.os 

31. 50 
7. 60 

Q. Y. 
moles C2 Cl 4 

ainste ins'!. 1 

522 
510 
482 
373 
324 
256-
256 
335 
405 
274 
260 
292 
228 
204 
230 
2.~2 
223 
390 
311 

I\) 
-I: 
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radi a t ion . The assumption that 901~ of t h e tetrachloro

ethyle .e oxidized to trichloroacetyl chloride and t he 

r E?mai.ning 10/:J to phosgz~ne wa.s used in calculating t he 

in'. t al partl a l pressures for experiment s des - cnated Jl. 

This same assumpt ion was ut il .. zed in c £:i.,l c 1lating quantum 

yi e l ds , i .. e. ~- rno l r;:~ 0 of t etrac .. 1loroethylene oxidized per 

• rom t.,he measured ra . e o ~ tecre se o'f 

t otal p:. -.:., .. n.:;u e and r l';..te of r adiation c..bsor p t ion. The 

ver:t t nbl e con st.,ancy of q ntu yie l d shown in experiment 

15 - , b , in vt1i h here w· s substantially a f'our-:fol d 

ecr ea'"'o in intensity o':' incident r a dLition ae.com.pani ed 

b.. a f ot~r .... :fold d.ecreanc in oxi dation ,. • c , is indication 

o t:·w proport ; o:nar ty of t he r ate of oxidati n a.1 .d the 

fi rst po~er of t he inciden l l ~ t int ensity . ;urther 

evidence f or t his s ·atemont ls given by a comparison of 

experlmezt 10 with 11 and a l s. b y 17a~ b . 

he y elds undergo an 1n correlated 

t wo- f oh_ ch3._ . ge in a se ic of experiments invol ring 

a t :-ix·eo- fo ld varlatlon in 1ni t ial total pr e s ... ur · , a i v e

folc v ar h-,/G .ion in ch.lori .. e p1 essure , a hundr ed - fold change 

in oxygen pressure , and a t leaot a hundred- fold clange 

in t e t •.!~tchlor o E. thyl2ne pr-e s sure (i t s pa.rti :.:11 pressure 

dropped r-sarly to zero befo e any me~1 s J.rable cha:n.ge in 

oxi dat ion r at e occurred) . The high quantum yie lds lead 

definl t ely t o t he existenc e of a chain mechanL~m for t h e 
~:, .. 

oxida ,ion in gas pnase .. The quantum y · e l --1 0 . re much l a rger 
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t han t hose found in tetrachloroethyl ene o :x · d ,~t ton ln ca r bon 

t e r achlor i de solution; 

A s a tisfactory mechanis:rn must le, d to an oxi da

t ion rate expr ession having !.1..2. depen~ on total Eres_!3ur e ,. 

9..xyge}J -o:r·essure (when oxyge concen'tra,t ion __ s -rea ter than 

a mere t1~ace) , or~ t e tra;p '11 roet hyl en~ prerH! ~ro, " aving 

a f i r;st power d.epenclence on llght :Lnter, ity and i .. o de

pendence on t he chlorine p:r-ossure except 1 so f ar as it 

determl ~er.--1 t he fraction of i ncident r ad:-at :.-on t,.:1e ... t is 

absorbed. l~urthe:rmore t he mecha11i sm must 1:)r ov ide for t he 

convc.rslon of 90>; of the tetrach.J.oroethylene to t1~1-

chlor oace±.yl chloride and ·the other 10% t o phosgene ,, l ead 

to high quantum yi elds,, provide for in i bition of chlor:lna

tion hy trae··>s of oxygen and f v r the rearran'"sen cmt of 

chlorine ,.:a.toms v:fit h r e spect t:, the C[L _on at onf1 i 

the oxidation of tetra chloro,-~t hylene to trichloro:i.cetyl 

c loride . At present, no such mechanism has been wri tten. 

The most pertinent statement tha t seems '.7crt hy ,sf cr edence 

is t_1::1,t t he chain "'.'break1 g step for t he oxldat _:: on :ls not 

the sa~ e -.s the c 1ain- b1 eaLl.ng ster) i n e.1lorlrs,t lon; for 

it h~s been potnted out t .1•-~t t :_e oxi dation 1acl g:r·0at er 

dependen ce on 1·· ght intens:!. ty than di,..1 c 1.lori ·J.ation . 
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11:he Kinet:1.cs of Chlorinaticm 

I t was n inted ou in sample r uns t r:HJ,t,. within 

th -, r:1r1ge of presm.lroe use ·~ in t hose runs , th e photo-

fir _ t --~ ow ~r d.e ~)endcnce on ~nt nsi t y .. T .. 1e coll0ctod results 

of th.e r,hotoc:1-lo:r-.... nat lon -e"'""per.:mont o.re nhorr,n in T ble V. 

1"1ho light inten _t:..es s ho a f ivc- f old "'a.rlatim.1 ,. the 

mornent.:~ry partia pre.::isure s of chlorine a .{' our- f old va:ri a -

ethylene a yar:lation [:,reatc.r t han fifteen- f ol d . Oxygen 

was p;.,.,escnt n t he i1 it 1.al gas mixt ures exef.:: '.ot i n experi

ment 18a .. 

Th e r!loment a ry partial pr essures ~t. any ime 

durine:> ch l or .... nal,:1 .. on were c ~:i l cu.1ated tith t he use of t he 

i n it,~ al c o1:12)osit :_ on of the gas ., the --i ecwurod P10:nent a ry 

to't r,l pr s:;su.rc ,, . ~ and t he t wo assumptions -A.hat 90% of 

t he OY.: i ii zed t etrachloroethy ene na s conve! .. t ud to trlchloro•

acet"'"l c·:.:.loride and the other 10% t o phosg, -· .-1c and t hn.t 

no oxy~;on wa.s present d.'vt:t:ing chlor ination. <_no equ· t1ons 

used in calcula ting t hese r:1 oment a:er p~.:;. ti2l pr3•sures -v.ere : 

nd 

(1) 

( 2 ) 

- Pt - 0 .. 82p0 ? 

-u 



Table V 

Rate and Quantum Yields of Chlorination with ~4358!. 

I a . -t 
I . -dp/dt ao s . 

Initial pre ssure $ mm. ergs X em. einsteins mm. -dNt;, / dt 
Momentary pressure X sec. -, sec ~,. seo.~' mol e .... iec.·• a '-iUE'..ll'tum • ;o 

X 103 
X 10 8 X 10-~ Expt . Pel .-- Po2 Pc2Cl 4 Pcl2 Pcr Cl4 Total X 10 .,.. t X 10 yield 

;,z;; D (> (I 

8 50. 3 o. s 7" 3 47. 3 2.9 52. 0 3.28 0.96 1. 45 4,. 36 l.'15 453 
9 53. 7 2. 5 8. 1 51. 9 1. 8 59. 0 13. 68 4. 21 2. 33 6. 83 1.,19 l6Z 

10 48. 6 2~4 7.2 47. 0 1. 3 53. 5 9.39 2. 65 l. 61 4.84 '1.17 183 
11 50.l 2.4 7. 4 48. 5 1.5 55. 0 2. 85 o. s2 1. 00 2. 99 1.27 366 

-
Mean lL.35 

13 56.l 2. 4 7. 6 54.0 1.3 61.0 9. 30 2. 87 2.62 7. 44 1.58 259 
14a 60. 0 2. 0 22.a 56 ,. 3 l.5.2 76. 5 a.20 2. 61 2. 9s 8. 45 l . 81 326 

b 52. 5 11. 4 69.o 7"73 2. 30 2,. 62 7. 44 1. 82 323 
C 44. 0 2. 9 s2.o s. eo 2. 18 1. 90 5. 40 10 62 247 

15a 61. 5 4.2 22. 9 58. 4 ll .• 3 79 . 6 20. 65 6. 85 5. 04 14. 25 l.82 209 
b 53. 7 a. s 10. 0 6. 38 1. 97 2. 45 6. 96 1. 80 354 
C 51. 2 4.0 65. 0 19. 80 5. 74 s. s2 10. 25 1. 63 179 

16a 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 o.as 2. 37 1. 66 100 
e 1 5. 2 3. 9 28. 5 22. 70 2. 05 o. s3 1. 80 1. 62 88 
d 13. 2 1.9 24. 5 22. 30 1. 73 0. 50 1. 42 1. 59 82 

18a 49.2 0 s. s 46. 7 s. s 53.5 21.10 5. 66 3, 40 9. 67 1.69 171 
b 43. 2 2. 3 46. 5 5. 97 1. 47 1. 48 4. 22 1. 57 287 

-
1. 69 

I\) 
.ean CD 

Experiments a. 9, lOa and 11 were at 26° ; the rest were at 40° . 
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The .su JBc:ri pt ..u. des4.gngt es . n i t ial r ~:.l u.es of par t i al 

pr ess r es n.nd t he t ot d.l pres sure . T. J& t ot ril y)r essure is 

de s:l. t3 na t ecl by Pt· The deriva t ion of equa t ions (1 ) and (2) 

f oll o i.HL Fr .m t he o i d.a t 1 on e q_u ,t :i ons ., 

1 t i ev:l den u t h · .. :t t he t ot al ~"' -. s_s ur-c . e c:rc e..se , - A. ~ . , 

t __ e Gxy •:-:~cn u s ed in trich.loro.acetyl c~u o· idc ·01 i2tion 

wh1. ch i s L2% of a ll t he oxygen s ed i n t he o x·· , .a on 

• 82%' f t ,. ... J" ..t.. 0 1 t process , 1.e.~ . o o . . le in.L t, l. c . ., oxygen pr r-sen . 

- APt (for o xi da t ion) -

Fr oo t he equation of c hlorinat · on. 

C2 Cl 4 ( , + Cl 2 ( 1 = C,;, Cl 6 { ) or( , ,, 
6) · g, .._. g D i 

1t i: s e en t hat t he decre~ se in tota l pr essure , - Pt , 

e qu a l s t ~·!lco the decrease in chlorine p o.,r i a l pr e s sure ., 

- 2APc l rl 1' lGBS t he pa1~t1a 1 p r esm1r-e o f . t h e hc xa~hl oro-

et • ane, Pc Cl • {I f solid hexa.ch.l0r oethane "-.'Jer e pr es ent 
:, I t') 

• APt{for c~l or ina t i on ) = -0 ~Pci .~ - p~ Cl 
r.:. va e 

Let~ - £Al)t - APt (for chlor~1n~ t lon ) i"' AP t (f o · oxi d ~~ .. i on) 



Now , - APCl = Pel - Pel • e 2 0 ... 

1'herefore., Pei<:) = p012 -~ 1/2 (Pt
0 

-
0 

which is equation (1). 

For t e deriva .1.on of equatj_on (2), let 

.... £APc
2

c1~ = - A _ c
2
c1~,: for oxi a tion} 

- .1 Pc
2

c1
4 

(for chlorination). 

Also , 

30 

+ Pc C'l ) ~ 2 ., e 

It has been shown previously that in . the oxidation proce e 

the dee ease 1n ~--h ,, oxygen pressure equals 55% of the 

tetrachlor oethylene pr essure dec:rease . Therefore ,. 

- t1 Pc,:.ClA (for oxidation) = - l.82L)pOQ - - l.82pOr, • 

... ";c - ..-.,0 

Also, from the equation for chlorinat __ on, lt is seen that 

- A Pc
2
c14 (for chlorination ) = - L> p 012 

= 1/2(pto - Pt - . 82po20 + PCaClo). 

Thus , - Et. Pcacl 4 = l.82po 2 - 1/2(pt - Pt - . 82p0 + Pc. i_>cl) 0 

o O 2, 0 

- ~ . 82pO 2o 

- l/2 {Pt 0 - Pt - •82Po
20 

+ PcaCle) , 

which is equation (2) . 

A plot of total pressure against time of illumi

nation for an interval of const ant inc : dent radiation was 

made for ea.ch experiment .. 1: momentary total nr essure whose 

value approximated the average of th0 total pressures pre

vailing at the beginning and end of the interval was select

ed and t he value of -dp/dt a t t he chosen momentary total 

preosure v1as re.2.d from the plot.. This - •dp/dt was converted 



l n to - drc.cl /dt by t .he r el ation 
2 4 

- d .. ,.C Cl v 
2 4 = 

d.t 2RT 

is t he number of 
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V -dp 
A - -

d t~ 

of t .?trachloro-

et 1yl ene 1Jr esent, and y_ :ls t he volume oi tho reaction 

vessel. This e quatio 1 uas developed from t he perfect 

Pc Cl V = Ne CJ RT . ..... 4 ' 2 ·4 

At const ant t cm:;:_)erarure, 1r, and constant volume 

- vdpc Cl - RTdNc Cl 
-2 4 2-' 4 -------· 

dt ·dt 

In t he chlorina tion of t -e rachloroet 1yl ene 'f'Jhen solid 

hexachloroethane wns being formed ~ 

- dp/:lt = 2dpc
2

c1
4

/ dt , 

s i nce me- half of t he total mo l e cules disappear ing vrere 

t etrach.lo r oet hylene nioleculea . Thon ~ y su·bsti tution, 

-v dp 
- · -x - . 

~~RT dt 

The quant um yields given are moles of t etra 

chloroethyl en chlorinated per einstein abnorbed and were 

obtai ned by dividing t he rat e .of t e trachloroet hylene dis

appearance b y t he :rate of absorption of radiation . The 

va ria t ion of these quantum yields wi t chari..g i ng li t 

intensity as shown in 15a , b ~ c ., and 18a. b of Table V 

is def1n1 t e proof ... hat t he c;1lorination rate does not 

have a first power dependence on l ight int .ensity~ 

very satisfactory expr ess ion for t he rate of chlorina-
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t .on is given by 

-dNc~Cl /dt = aV VIabs. (Cl 2 ) 

where Iabs . -s t he einsteins absorbed per second, and 

{Cl 2 ) ls t he concentra t ... on of chlorine in moles per cc. 

The mea.n va lue of 2:. is 1.69 ,, 10· c c . moles-•e sec .... ·-5 at 

40° and less r eliably, 1.35 x 103 cc . ole-· 5 s ec.-c 5 

at 26°. The values obtained for~ were very erratic 

when rate expr essions involvin0 different dependencies 

on Ia,bs. and (C1 2 ) were a pplied to t he <la ta of Tabl v. 
Since t h e fract -~ on of abao~ bed r adiation ,,as 

al ays small ,. it is possible to convert the r a te ex

pression 

to an express ion for local rate 

i n which t he conc0nt1,,ation are expressed as moles per cc. 

and (Iabs , ) i.s the local rate of absorption of r adi ation 

expressed as einsteins Ber.££:.· per s econd . It is n~cessary 

to assume that no r eact ion occurred outside t he region 

illuminated by the light beam. The illuminated ree,1on 

was a cylinder of 3 cm. diameter and 12 cm. length, giv-

ing a volume of r eaction r egion, V, equal to 85 cc . 'J:o 

find l in terms of~, divide 

-dNc r.1 /dt = §.VT. abm . (Cla) :av- 4 o 

by V, and t he expression 

-dNc Cl 4 ----= Vdt 
a~. (Cl 2 i 

V dt 
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result s . 1from t h is expr e ss ion comes 

1abs . = (Iabn . ) V, 

e}f ( Iabs. ) v/V = k (Iabs .)•s 

and . .§! = kV •· . 
Now ~ at 26 ° has a val u e of 1 .. 35 x 10· ·~ so !_ has a v alue 

Te same dependence of chl orinat i on r at r:; on i n

tensity and chlor ine c ·~,ncentra t ion w·a . f ound. b y Leermakers 

and Die11nson9 for t he chlor ination of tetra chloroet hylene 

in ca rbon t e tra chl or ide s ol utim at suff i ciently high 

t etr,'.1chloroe t hyl m1E~ concentra t ions. The e xpr e ss ion 

g1 ven f or t he rat e of local r -:- act l on a t 22° was 

-d (C1 2 ) 5 .l(Iabs) • 6 (Cl 2 ) 1 + .l~_(Cl. )J: 
1
• 5 

•d t = • C2 Cl~ 

which at suff l c lently h i gh t et rachlor oet hylc-ne concen-

In t hi s equat l on t he oo cent r " tions ar e expr essed as 

moles 1_:, o Cl 11 t Pr and (I abs .) !a the local r at e 0£ ab

so1~pt ion of r adiB,tlon e xpr essed as e inste l.ns pe r liter 

per se c ond. '110 convert t he volum,J un i t s from l iters 

t o cc. 1 the ri 2.:h t h -mi s i de of the above e qu 2.t lon i s 

multiplied b y 1000 · 6 , t:ie value of the c on sta.n-t , 5 .1, 

becoming 161.. The agr e ement of t L:ls value wi t h t 11e 

va l ue o Ji, 11 8 , obt aL1ed for t he l o e;a l r eaction • .. a te 
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expr e ssion for "the gaseous photoeh l or·inatto11 is sur

px,:1. s :lncly gooc!. i and _ind.ica.t08 t ri.at the dGpendence on 

concon rations an intensity a t sufficiently high 

tetracr.!.lorocthyl c 1e cone -.ntrat:...o n has t ... e s ame ci,bsolut e 

va l ue in eac1 caue . 

.l/,1eche.nism of Photochlorination 

A satisfactory mechanism , _a:, dev eloped for photo

chlorln'='t~on f ollows: 

C1 2 + h 1J - 0 c1 {l ) 

C2 Cl4= + Cl ::... G2 Cl 5 (2 ) 

C,Cl 6 + Cl C2 Cle + Cl {3) 

2C 2 Cl 5 = 2C 2 Cl4 + Cl 2 

(or C2 Cl 0 + C3 Cl 4 ) 

The prima ry aboorption process leads t,o tlissoci a tlon of 

the chlor ine mol<:? c 1les i nt o chlor ine a t oms. Th re is no 

d1ff icul y arising fron1 energet i cs on t his s core , since 

an einste n of 4;>581!t r adiat ion ae an enei·gy o.f 65~250 

calo~ los ·rl. ile t he heat of d i sociat ion of chlorine i nto 

chlor ine atoms is oome 57 ~000 calor1 e si1 St ep (2) in

volves a nostul ated inter mediate olecul e , CLC1 5 • Step 

(2) a nd. (3) are the chain-c~rry ing s t eps. Chal1 -breaking 

step (4) is seconct ord.e r ith r e s pect t o t he ch3,in carri er ; 

and. _. since t hG chai ns a r e long as shown by t he l ar e 

quantum y elds ~ t he n · t u r e of tne p_ oducts of step {4} 

i s immaterial {excent t ha t t he product s must cont a in no 
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cha in-carry ing component). 

'r_1is mech ~n cm leo,ds to a local r en,ct ion rat e 

exp es s ion 

- d {Cl ~ )/ dt = k(I bs . ) · 6 (Cl 3 ) 

i n ·vhich k = k s/k 4 • 5 ; t hu s stepH (3 ) and (4 ) of t he 

mechanism are t e r a t e deter min ng steps . T.1.e deriva

tion of t he l ocal re'tct ··.on r at e expres "1:ion f o llov1 s . 

At t ho t,ead;'i st~t c , 

- d(Cl 2 )/ dt = d(C ?Cle )/ dt, 

s_nce t he equat ion for tLe over ll r e ctlon s 

C2 Cl 4 { ~ ) + Cla( b) = C8 Cl e(g) 

before the pr e c i p1. t a t ion o:f solid liex~c .. _l oro e t ,. ane begin s . 

Now, - d(CL) / dt = (Iabs . ) + k 3 (C~3 C" }{CL~ -J4 ( c .~c1 0 .) " 

d ( C 2 Cl 6 ) / dt = 1..3 ( C 2 C l 5 ) (Cl ,2 ) ~ 

Equ atin "> $ 

(c--_r __ ~;\ B -- Ir (0 Cl )(Cl 1' ·-• V - v - '-3 v2 5 2 

whic:_ is t he expression desL. ed . 

Some :lnfo- ma: ion is f ortl com i nc from •· consider

ation of t t~9 ccl l isi.on frequenci e .:.- involved i t h e mechan -

1 ~1m . 

, ,.o - 2 

ec/mole/sec 
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This is the e xprc ss:i..on for calculat :i.ng t he s pecifie rate . 

cules of d iameters d and d ::3 cm. a~1.d of Lolc cula ~ rreight .. 

the co:rcentration of each of t he g, ... ses is one . ole per 

cc . For like ol ec les , 

kc,= 1028 .. 292d2{T/.}! ) • ·o. cc/mole/se c 

The mole cul n.r• di a.met ers10 ~ nvol v ed in t 1e f ollo 1ing con- . 

sider-at ions have been t l Len as. Cl:u 4 . 8 x 10 - s ; C2 Cl,u 

6 .. 2 x o- 8 ; C2Clr;,, 6 .. 3 x 1 0- e ,. Cl,. 3 .. 8 10- ~c . 

The v ·lue of k8 , the s pec fi e b i rary collision 

•t.·· 1te between Cl ~ and C2 C1 6 r 1 olecules a t 26° , ls 2 . 0 x 101.4 . 

Now k 8 = kt 2 ,, wh -- r ·e ! is the f racti on 0° tl-1e b in:1ry col

~isions leading t o reaction. • he valu~.of -14 the speci

f'.'.i c bin:1ry oll:1.sion r .J. t c of' C2Cl 5 molecul e s 2t 2r 0 , is 

sion~ leading to rea ct ion. 

Substituting value of kg and kt, 

f = 7 X 10- 6 (f 4 ) •
5

• 

Since f 4!i c an not be greater t h'.:iJ1 un1ty , f' 3 has a maximum 

va lue of 7 x 10 ... e , the frn.ct .. on of "b l _E.ry collisions of 

Cl .a and C2 Cl 5 l e ad } n 6 to r-eact -~ on t hus b e~ n g s 1 all as ex

pecte i sine J st1ep (3 ) .e r at, determi ni ng. Now ,. as s t a t ed 
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It is posslble to calculat e (C 2 Cl 5 ) in t erms 

of f 4 . • The aximum value of (Ia.be. ) was some 10- 11 

einst el.ns per cc. per s e cond . 'rhen t he maxi mtun value 

of (C2 Cl ~) was (10- ii/9.5 x 1013f 4 } . 5 = 3 x l 0~1 ' /f~6 

moles per cc. , whic1 corresponds to a pr e s bure (at 26 °) 

10- 6 / • 5 of some 7 x , . f 4 mm . 

agreement wi t h ~he po-stul a t ed existence of C
2

Cl
5 

as a 

transient intermed iat e , unless the v a lue of ~ . was 

exceedingly low . 

It is also possib l e to sho , t ha t (Cl) 1 

small in c ompar i son 11 t h (c1 2 ) and ( CaC1 4J . r- t t he 

steady state , 

= k4 Cl )(C 2 Cl 4 ) nearly, 

since k 2 (Cl ) (c2 c14 ) >> 2k4 (C 2 Cl 5 1
2

, as t he chains were long ; 

- d(C 8 Cr 4 )/ dt = d( C2 Cl 6 )/ dt = k3 (C2 Cl 5 ) (Cl~ ) 

= k 2 (Cl)(C2 Cl 4 ) . 

Rearra nging , (Cl ) / {C
2

C1
6

) = (k
8 

{C1
8

) ) /( k: 2 (C
2

C1
4

)) 

= kgf 3 (Cl 2 )) / (k~f 2 (C8 Cl 4 )) . 

Now tl equals 2 .2 x 10 14 at 26 °, anti t he r a tio k~/ k~ 

= 0 .9. The maximum r a tio of (Cl 2 )/ ( C.,,,Cl.3) found in 

Tabl e V does not exceed 10 2
• ~)nploying t hese numerical 

value s for I-cg/ !~ a nd ( Cl 2 ) / ( c<,e, Cl ) , and substituting 



A second me chanism B, involving the Cl 3 mol ecule a.s 

an intermc::.:d:Late leads t o t he loca l r eact ion 1"1ate 

ex :_,ression 

The mech· nlsm li follows 

C1 2 + h -V = 2Cl (1) 

Cla + Cl = Cl 3 (2) 

C2 Cl 4 + Cl3 = C3 Cl 8 ~~ Cl (3) 

2Cl = C1 2 (4) 
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The primary ab :;orpt i on process l s the sam as for the 

me ch nism A. rrhe chain-c.~ rry 1.ng steps are (2) and (3) .. 

The cha! n-breaking step (4) is second order ~1t h re

s pe ct to t he chlorine atom.. The va lue of 1f. for t ,.1is 

mechaniom is k J/ k; 5 , derived from t h steady etqte 

for a chain must be broken as frequent ly as one i ni 

tiat ed . T :ien~ 

(Cl ) = (Iabm ) •5 /k;a 
\ • 0 . 

Now , - d (Cl 2 ) / d t = ( I ab 8 • ) + k 2 {Cl ~ ) ( C 1 ) - l{~ ( C 1 ) n 

( )/ 1 ( ) · 5( ) / • 5 Substituting , ·- d Cl 8 dt = K 2 I abs . CL~ k4 ; 

t hat is~ 1- k,,/1~
6

• 

'fhe r at e det er mi.n :lng step s are ( 2 ) and (4 ) , each of which 

is a b i molecul ar as sociation and ln gas phas r equires a 

stabilizin0 t hird mol ecule in t ernar·y collision.. This 

woul d l ead to some dependence of t he r ate on t he total 
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conc entra t i on o f all mol e cul e s .. The r a t e det ermining 

st e p s ~ ( 2 ) a nd (4) , of the mech an i sm .... ( i n ,-hi ch C2 C1 5 

was postu l ated ) wor e n ot b imol ecu l a r associa t i ons and 

shoul d have no e xpec ted d e pendenc e on t ot a l pr esS'u.re . 

In vi ew of this f ~ct, t her e i s no dif f i culty a r i s ! ng 

from t h e equal i t y of r ates of c~1lor inat i on a t suffi 

c i ently h ig..h. tetra·chlor oe t hylene concentrRt ions i n carbon 

t etrachloride solut ion and i n t he gas phase? V'h en 

me ch an i sm J is empl oyed . This equa l i ty of r a.t e fJ i s 

cont r ary t o expe ctation on t he bas is of mechanis - §. and 

mech anism A i s t o b e favor e d . -
So far as t h is i nv e st ication 1.s c-oncer n0d 1. t h i s 

i s the on ly ev i dence' for a choice of me chani sm A; fo r 

i n anothe r r espect , namel y t he s mal l ness of con centration 

of i ts postulated 1n t err ed i a t cs i n compar i s on si t a pre

vailing chl.orlne a nd t et rach l or oe t hylene con c ent rat ions , 

mech an i s m B is qu i t e c on s i Lt .r nt . Nithou t g i vin t he 

de t a il s of c a l cu l a t i on . whi ch ar e. r.rui te s i mi l a r t..o t ho s e 

previously given , the results are s t a t ed . The f r ~ction , 

£2 , of coll is.ion s be t Neon Cl and C1 2 l eadi ng t o r ea ct ion , 

i s relat ed to f~ , t he f r a ct io 1 of coll isions of c .--1.lorine 

atons leadin6 t o r eact_on , by the e qu a t ion 

e qu a l s uni t y J 11hich l s consist ent rv i t,h t he f r c t the t 

s t ep (2 ) is a r a te d e t e r mi ning s t e p o f me chanism fl • 
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The maxlmmn value of (Cl ) , ole s per c c ., is 3. 5 

x 10- 1 s/r~t w ic a l s small in compari son Ti it1 the (Cl 2 ) 

and ( r";3Cl 4 ) prevailing, n ·~hf.: maximu va l e o (Cl 3 )/( Cl) 

is 7 . 5 ~~ 10- 4 f 4 15 / r 3 . Si nce (Cl) << {Cl 2 ) , (Cl 3) << (Cl 2 i • 
.., 



Summary 

ThB photoc~-:i.lorinat io " of gaseous t etra

chlor'"' ,~ t hylene llluminated by r adlctti on lt358!t ~~ 

pr actically entirely inhibi t ed b y free oxy en. A 

chlor ne- seneit zed phot.o-o xi c2.tion occurs i ns t e:J.d .. 
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The t etrachloroethy ene l s 9 01b converted to trichloro

a cet yl chlori de and 10% t o _ .. ~-:1osgene. Th e quant um 

yiel ds ar e about 300 molecul es of t etrac_loroet hylene 

oxidi zed per quant um absor bed .. The ox ~1ation r a te is 

i ndependent of oxygen concentration and t otrachloro

et .ylene concentrat ion and is proport ional to t he 

firsl, power of t he intens :... t y of absorbed radiat ion. 

The p 1ot ochlorinat ·_on yields hexa ch lo..1. oet hane 

and the l ocal r eaction r at e expr ession found i s 

- d{Cl~) /dt = k (I abs . ) . 5 (C1 2 ) o 

The quantum yl_elds i nd ca t e a chain reactlon fo r which 

t v.o possible mechan_ sm ,- ea ch invol vin6 ch lor~ ne a toms , 

have been developed . 
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Inpursuin~ f 1rther s t udy of t he photohalo

genation of t he double bond exist lng b et ween t wo carbon 

atoms , the investi 0 a t ion of t he bromine ac.l '.11tion to 

t etrachl oroc t hylcne was a ttempt ed . Si n ce t he brom1n~i1on 

woul1 produce solid d _bromotet r a.chloroeth!l ne, C C14 Br8 , 

q pr essure decreas e would r e sult from the r ea.ct ion a s 

shorm by the equ"tion 

C2 C14 (g ) + Br 2 {g ) = C2 Cl 4 Br 2 ( 9 ); 

t he r eaction could b e follov,ed by p1,,essure change.. A 

gas mi t ur e o ,.. bromine , 85 mm . , and t etra chl oroe t hylene 

26 rrun., • a ch r ged into a liter Pyrex bulb by u se of 

an ppar a t us quite like the one s hown i n 1 ig l of t he 

preceding chapt e r ! Illumination o t he mixt ure at 60°c . 

with 4 358 ... fro the H0 - arc produced . v ery slo , pr essure 

decreas e with t he ~ormation of colorless cr y~tal s ; hite 

li ght from t· ,o 60- watt i ncandescent l amps "·. "S t hen used 

!:lnd a pressure decrease of s ome 3 mm . por 11our r esulted . 

tici pa t in0 an i n cre s0d r ate a t _1igher temperature s , 

a mixture of 26 . 2 mm . of bromine and 15 . 2 m . of t etra

ch lor oe t hyl ene was illuminated stron0 ly iith t h e un

filt ered r adi a t ion of a 500- mtt proj ect ion l amp at 

100° 6 The pr essure decreased from 41 .4 nm. to 4 0 .. 4 mm . 

aft er Beveral hours irradiation . The t emperat ure of t he 



44 

L ixturo was lo vered t o 30° C. and illumina ti on p 1">coduced 

a clor, , oteady dec_e ::,,se in total presoure vrlth t he 

forma • io_ of color l ess crys t ~ le. 

These resul t s i ndi cated t :'.·:. ·,,t a bro ine- sen-

01 t • zoo photodocomposi tlon of d ibro otetrachloroeth ne 

might occur a t 100 and h i gher t emperatureo . A r act ion 

of .his n ~ture materiali zed 

:urateri a l s 

Bro:1 ine ·vas prepa sd f r om pot ~ssiur.;1 bro at e 

an eact on i ~ con entrate sul f uric 

acid. Solid potassium bromat f .was added to a s aturat ed 

sol ut J..o- 1 of potas~J. i um br omide a d t hen co cen·l. .t ated 

sulfJric acid rfo. G nddcd . 1r-··1e b1oninc nun distllled 

c f , a l m·; -d to sta:.tl over n .ydrous en.lei "'ID bro ide , 

dis i. led o .c• , dxi ed wi t h anhydl,.,ou~;, calcium bromide a 

s e conr1. time , <:'I nd redi stille . The potas slum bromat e , 

potassium bromide ,, and c :1lciUJ bro;dds were l, 1:..cc re

crys Ga l lized salts ; t he calcium oro i1h l o ,m e r endered 

.f: ,nhydrous 1-Jy p rolonged h G~ting at 11¼5° C. 

rho t e trachloroethylene naa treated ~s des-

• ·i 1· ,."' , ·q ..., t I .... ,.. 2 c ... c-:•. u v .. ..:: ... p er. .1 J. . 

Di b o not etrac lloroe lw .. nc was pr cpa=ed y t he 

illuminal,i on of a liquid brornine- t e x')n.chlo o eth.ylene 

mixi ure ~l th • hi t e 1 \ . ..::,ht. The s lis:1t excess o"' r omlne 

remaining after prolonged lllu i rwt i on T:r~1u purnl)ed of f 

and the solid , 'Jhite , cryot a l l · • e i, l a cl r,yma t or y d i bromo-
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tetra chloroethane _ 1r fied by subl imat ion in vacuo . From 

the mo- e of proparat_on oymmetrl cal 1,l,2,2-tetrr1chloro

l,2-dib1omo- ethane is asstuncd to have been prod1ced. 

~ pparatus 

The e uat .iom-; for the de cor,,r,osi t ion of dibromo-

t etr nchloroethgn.e 

+ Br (g) 

and 

disclose an increase in total pr es s re as tho r esul· of 

reaction. he apparatus ~as designeC ~a follow t he r eaction 

·oy mean. O.t.' t h.is pr e ssure inc ·ease . '1111e e c ,ion ves sel 

11as a .ey1ex cylindr i ca l c el l Yl .tt h 'lat o ds ; internally , 

the dL ... netc r- was .2 cm.,, the The vessel 

had c small side arm t o be u sed · or rec 2 i n0 out conden

sible sases b y apr l y lng l~L. qu :1.d air or c '- :rbon d i<' v-j de-

acetone r~u Jh. I\ oliclce tiype g ass diap 
4 

ae,1 gage to 

be sed in con junction wlth a mere ry mano et er in 

prer.: sure measurements was al so at t achc • to t he ... • 3ac+., 1on 

cell. The cell was att R- chod to a rnercu ~y r i fus :ion 

pump for eva cua tion.. :F'urthermore , t her e ue e side arms 

wh:i.ch held sm2ll gl css bulb containi n~ weig e quantities 

of bromine , t etrachloroet_1ylen.e, and di brornotetrachloro

ethar e . These bul be could be broken by gL.:~ss- enclosed 

ha1nmE'~r o opera '. ~d magneticaJ. ly _ and t he cont E,n , c of the 
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bulbs mov ed into t he r eac tlon cell by applying liquid 

~1r to t. e freez.1ng- out side a n.. (Dibromot. c trachloro .... 

e thane v1as sublimed into the r eact ion c ell) . Then the 

side arms , h ich c ont atned the broken s ~wrol e bul bs were 

_emove y s ealing off . The solid dibromotc trac loro-

ethan:: was sublimed onto the r e-~ ct1on vessel i • e ,ia.lls 

and the ... l a t end f a ces .e pt free of s olid . The attach

rr r-m t> to the pumps was seal ed off p r_o:t' t o :lllum1nation. 

T11:0 r eact lon volume remaJ.n ng 1as cons ist ently 132 cc . 

. . gas ft.r::.11.ce was empl oyed for baking out t 1.e ev acuated 

rea ction cell e fore a m:i tting t he r e·1ct ants . 

.;;.·:,e r .. av in :? been fi lle 11 i t h rectants , t he 

~eict ion 9011, fre e zing- out s- .de arm , nd ell! c ..... 0r , ere 

sur rou dad y m-: .. t a llic chimney an:l covered by a li ght

M. §ht '"'" r t,h.en.1ost a.t,. The c 'limney fecl1 . t a t ed t n.e cir-

cul ::1.,t ton of air ma n t a l e b y a f an and t he heatlng coil . 

'!1 v'.:) front wa 1 of t1e the r mos t at box had a rr1L:do . t h rough 

·th1c lllumi.na tlon of t !C r eactants occ irre . The back 

t .. ermo s t a t wall had a window 111.ch was ueed only whe n 

a ctuc 1 measure; ment waf> made of t he fra ction of tho in

cident 4358ft radiat :lon absorbed by the bromine present• 

T1.1e inci d ent r adi a tion b e: m wa~s well collina t -

0 antJ its def - n .n,:1:, diaphr a __ ;m v1a t! 4 . O cm. in diamet(:r 

GJ,u a~ t um yiel ds were IDc. ,de vr\th 4358it r adiation :fro1 Ln 

upri ght quartz mercury arc. . The color f i. l tors u .. cd for 

monoch romatization were those des cribed in Chapter I I I ~ 

with the except ion t hat 10% eupric chloride solution 
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rae used .1stead of 6% copper sulfr,te solut J.on . ·:,: :1en 

jection lam ., , o ~·ers~ted at constant voltage , was trned ln

stea:1 of t110 e!"cur· r arc . 

... r. 11 smgll surface thermo pile in conjuctlon 

wi U a htc~h S(' 1si ti vi ty gal vanometor ~h,n C<.- 11 brate bare 

aga:'!.nst a c ar1)on- f .'.LL ,ment B reau of Standards st-:.. 1dard 

amp .. T:1ie the_ ;::ioplle cou.l . be placed n the cen ter of 

the 4.0 cm. be. -m- .e f1nin.g diaphragm for fre,quent measure

ment of inten,. • ty of i~~1cident :r:J,d· at i on .. In evaluating 

t c l bsol .te ar:.1ount of r 8..dintlon entering t 1 e . aseous 

reactant - , thre e po 1.nts of consideration arose ; (a) ap

P-O ~- r · ate cor ect 1.on :.,"'or cflection losses, {b) slight 
i\ 

J§a.c t of u:n . . formi ty of the licht beam over the area of 

t h . def_ n ng dtap_ .rai::;m , and ( c) nor!'l'"l:lncar ty of the 

galvanorn'?'+-1?.r. It was f'ou.nd tha:. 1 cm. cf corrected 

~alvanom0ter de lection corresponded to·a.-flux of 6,23 

errs per, secon - ':10 . . or 2 . 28 x 10 e1.nstc1ns pe r s econd of 

The fraction of incl ~ent rad :i.at:lon absorbed, 

orcEn· ,ril:<h was calculci.ted from known bromine partial 

pressur e s and the r elat
1
ion, 'J = I/I O = 10- a cd ~ vhere d 

= 4. O cm. D • s i s t he co1.cEmtrat ton of bromint':? in ole s 

per liter~ ad a thP molal extinction coeff i cient of _ _ , 
bro:!Lne, t ake.,~ as 154. This v alue was determined by 

Dr. F' . {} .. mu A. och at t his l abor tory. I t s a _,,reern ent 

wit 1. the value of a-ray .::11 d Style~ 160 , and the value 
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of Ribaud: 149 .-5 is substantial. The t emperat ure 

coeffi c ient of a hrn been constder ed negligible . In 

making actual mea.:urt1 ents of fracti o _al absorption, t he 

t herr."Opile ~as placed i n t he li )ht beam emergtng from 

t he back ·window of the t he r mostat a-Pter p.- ssage t hrough 

the reaction c ell . Al t err1ate galvanomet'"'r ~eflect .ion 

read :1 ngs w- th e1ond wi t h.out 11 quid • ,i r a pr,li ed to t _ e 

freez ~ng- out Bide arm of the reaction vessel tiere made .. 

The r :; ·t i.o o:t. eorre~tcd galvanometer deflections . 1th 

t he contents of reaction cell gaseous t o correct ed. 

. a1'ranomet,-::.:: r deflection -,1th t he contents of the r eaction 

cell frr.rzer down .. as ta.ken as I/I . = 1 ,. the fractio ~ of 

i n c l ent 1.-.n,a_5_ ~ ti · n t ,,,nsmi t t ed . 

In qu2.ntum yi c·ld 0va.luat.io , it VI s necosuary 

t o make a c·o r rect lcn for the r adiati on re lected into the 

gas y t he b~ ck wall of t he r eaction v c s!:V;l 2,nd, back u n

dow of t he- t her mostat. The deri va t1. on oft e co ... rect ion 

factor- follows~ 

Invoke }.,rcsnel 0 s Law for find ng L_e reflected 

fract • on of parallel , monoc~n~omat ic r adie,t .ton inc ident 

normally at the pl ane i nt e rface of t ·m media., 

R = ((n _.;t ) / (n + 2)) 2 

in h · ch is the fraction of incident radint~on r e-

fleeted , • _g "...s t he r cfracti v e i ndex of t he interface .. 

Letting n ..:. 1 . 65 for a Pyr-:: glass- ai r 1·1t 0rfa c e , 

R = . 035 

1 is t 1e transmission of the .::/lS mi xture an (1 - 1') 



is the fraction o_ incitlont r adiat-i on absorbed in a singl e 

windo0
: of the t hermost at are four in number; namely~ !,, 

l?., £~ an d g,, prog cs s .... vcly t al:en fr om fr· nt t o ba,, r 

throug'I·~ r onct ·.on cs el a d t .:.1ermost 3,t window . A a .close 

x i:. m,3,t :!.on, it can be Btat.ed t hat if I be the r ~ i .. 

tiox -· n cid.cnt. a t t 1e front ayer of t h e [;3, G mi :..t re ., t he 

frac~ ibi of I 0 incident at eac~ 1~terface 1, r~epect1vely 

Since e~ch i n t er_ace r 0flects t he fra ction , R, of t he 

ad1at. an i nc . deLt on it, the f r action o " Io rcfl c ,ted 

The totQl fra ction nf I 0 refle cted i ~o t he gs is 

The fracti on of this l'>-cflcctod radiation aba rbe... ., y 

he (1 - 1 ) . Thus t he frPct ion of 1 0 2bsorbe~ 

due to r eflections by intcrf~ce s of th, 

b:J.ck \, -1 1. of t e rea ct i.on cell a,nd baclc win.d ozr of t he 

t !'le 1mosta t :.i.. s 

The totrd o.b3orpt ion fr8,ct1 on;. A, m: TO absorbed by t h e 

0 nn as a r esult of di r ect ill . m1n~t1on •J yi reflection is 

t h e-:. 

!\ = • 1 - 1 ) + ( 1 - f ) R 1' ( 1 + ( 1 - _~ ) + q. -:q) 2 :- ( 1 - R) 3 ) 

::: ( l - 1 ) ( l + R 1' ( 1 + ( l - R ) ( 1 - ~) 8 + { 1 ... R) 3 ) ) ~ 
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Si nce ;{ 35 ,. 

A = (1 ... 1 ) (1 -1- 0 .. 131') 

The Vapor Pressure of Solid Di bro~otetr~- chlor oe t hane 

T ·_e vapo pr essur r-:, of s olic dibro~1ots- t_ a chloro

etLFln e ,r._ra s c etc-:rrnined y subl imint~ t e 30lic1 i to the 

eva cua t ec r eact:lon vcs s ·:-.1 , pumping down , and scaling off , 

t .. 1e r:most. ntin6 t .. 1 c r eact ion ve s e l a t a_ io t emperatures . 

of a ver y elow-thcr:.~10.J. c e- comr,onit .i. ~n a - 135° .. Th easure ... 

as r·c lL.1.ble ~w t Le o he r s . T-::Ll · I p re ;3en s tho best 

values obt ained for t he v apor p·-·esr3x· c of cl bromotctra

chlo: oe t __ ane .. 

Table I 

Va por Pr eesu:. e o ~ Sol.! d Dl r o:not otr2c:1lo .... "o -,t~ .. ~ ne 

. ernpe:rat ure 
o c 

ro 
75 
90 

1 00 
110 
125 
1.:6 
150 

Vapor :r?r cs~ure 
.1. Y/ .. P..g 

. . 4 
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T.e Nature of t,he Reactio 

A cor. pariaon ;ras made of t he obse~ed ;,lnal 

pressu'Y)e produced by illumi nating m- xtures cont aJ.nlng 

kno y n quantiti es of dlbromot etra chloroet hane , bromine, 

and t etrachloroet hylone at 135° until no further pr essure 

increaee occurred and the f nal pre· ssure s calcul ated 

on the assumntion t hat dibrornotetrachloroetaane would 

d.ibromotet>rachloroethane !'Jas al most c~mi')ktely_ gone if 

the bromine and t etr~chloroethyleno pr eGsures were not 

too high.. The a r eement of t he observed and calculated 

v, l ~es sho~n in Table II indicate that t he assunption 

vw .. s vali :l .. 

Tabl e II 

Extent of' r-hotodecomposition a t 1.:6 ° 

In_ti al Compos tion Fin- 1 f
1ot al :Fressure 

C eCl .g,Br..., C2 Cl 4 Br 2 Observed Cal culated. 
mg . LJ[; . n1.~:; . L1rl • mrn fl 

1.2 21. 75.7 74 . .!} 

81 .7 22 .. 0 121.8 123 . 3 
89 .. (; 22 ,. 2 130. 9 31.2 

In agreement wi t h t ne pr eliminary experiments , 

1 t was fou.,,11d t hat a mixture which h a d shown a prcvsure 

increase wi th disappear ance o , •• solid c.:.bromototrachloro

etb.ane on illuminat1on a t temper a tures grc.J, t L' -~ than 100° 

would gl re steady pr essure decreases wit_ co l orl e ss crystal 

for:i :r t -~'Jn when illuminb.ted strongly t root- t o-,.1perature . 

Thus a scr-ies of dec or'.1posi t ion easur ements coul - be 
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m· de wi t 11 £ mix-ture ·'.{t elev t ... t e " Jrnper aturc s , r ec on b na-

arne pr e ssure • ango as the fir t be rrr .de. 

1-.. s a cho k on t he • ~ di c a t :101 t hat t t1c G0 pr·essure 

•• nc .... _') ases a:od tlocr -~a ses v;eJs:.; r O' lly t h o decomp0s·" tion and 

forrrs,t -· on of dJ. bromotE:trachlor-oet· ane;j r es pe e· i v c ly ,. a 

comp;..1:rir.10-1 ;;,ao n ae. e o· · pa t lal bror ine p essurcs calcul

ate in t wo cL.ffere t, ~; ays . One met Lo~l of c :.J. cul ·1tlon 

illumiw~ -tion . Th e otho... met hod in ro l v ~::d t he c _;_ r cct mea ure-

at a.11 t. .1. · ws . 

!J PBr a = b Pc 2 Cl4. during e'...1.ct ion .. 

Pc Cl ~ - . 4 \m . 
· ..., · ":1J)r2 
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2 . 3 mu .. 

J .. 8 + 

The .. , 

(b) . In the r•alcu.l ,'1 -_.; on of 

-1oz 0 . 427 = 1.6305 = 1. 3695 

1'?. . 1 l:ln1 . 
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t: ~n or colo1los3 crystal8 ~ith the od r o: d~bromo-
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In order to make the r a.te of forma,t on of di -

bromotetra cb1o-oeth~e negligible in t he study of t he 

r a t e of d e c c)mpositlon, the particil. preosure s of b omine 

and tetrachlor oet 1·1ylene employed were much smaller t han 

those in the above experiments . 

The al t e ration of temperatures on mirtures 

n wLich decompos tion had occurred gave pr essure changes 

in good agreement wlt h those expected from the gRs laws 

and the vay,or pressure of solid dibromotetra chloroethane . 

Tablx:.- III shor1s some xamples of such cases . 

Tabl e III 

Ef fect of Temperature Alteration on Total Pressure 

In:..ti a l Condit:lons li1 inal dondi t -~ one 

Te p . Fressure Temp ~ Pressure ,mm . 
o c mm . Hg oc 0 a. Cal e . 

100 69 . 2 50 55 ., 3 55 . 1 

,-100 38 .l 125 53 . 2 53 .8 

100 61 . 2 135 87 . 5 89 .8 

100 25. 7 135 49 .9 51. 0 

26 19 . 6 135 56 .6 56 . 2 

90 216 .A 100 225 . 1 225 . 0 
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1 
2 
3 
4 
5 
6 

NQs. 

7 
8 
9 

10 
11 
12 

Nos. 

13 
. 14 
15 
16 
17 
18 

19 
20 

21 

22 
23 
2EJ: 
25 
26 
27 

28 
29 
30 
31 

Nos. 

32 
33 
34 

Nos. 

Tabl e IV 

Quantum Yiel d of Decomposition of Dibromotetrachloroethane 4358 K 

Mean pressure 
of bromL'lle; 

mmo Hg 

4. 7 
13.0 
l 7e9 
22.8 
31. 7 
46. 2 

APtotal 

mm. Hg 

3. 3 
12.a 

7. 0 
4. 6 
7. 2 
3.9 

Cor:reoted 
galvanometer 
deflections ; 

25. 4 
22. 4 
21. 9 
22. 5 
19.9 
21. 0 

Absorption; Time of 
fraction illuraination; 

seconds 

0.274 12090 
• 579 24600 
.• 693 109 9 0 
·• 776 7500 
. 869 1 4760 
.946 9000 

1 to 6 : T'= 100° ; PczCl 4Br2 = a.o mm.; P~Cl4 = PBre • 3 .. 9 mm. 

18.1 
24. 4 
29 . 0 
33. 3 
37.3 
42. 8 

7 to 12: 

18. l 
23. 6 
29. 6 
35. 7 
40.3 
45.3 

7. 9 
1s.2 

6. 3 
10. 35 
140 9 
21.1 
27 .• 0 
32.55 

6. 3 
10.05 
14.2 
18.3 

28 to 31: 

33.4 
41.l 
46. 7 

32 to 34: 

T = 125°; 

T ::::: 135° ; 

T:::; 150°; 

13.8 
; 9.1 
9.4 
7.0 
a.,.... 

14.4 

p ::: 
C2Cl 4BT~ 

10.0 
11.7 
12.2 
12.1 
s.1 

14.0 

"I. 6 
a.a 
9.6 

15.2 
8. 4 

13.8 

6.7 
a.2 
8., 4 
a.o 

28. 4 
6.9 

26.7 
26. 7 
26.7 
26.7 

19 • 6 mm. ; 

20.s 
20. s 
20. 8 
20.s 
5.3 

20. a 

19.1 
19.l 
19.l 
19.l 
19~0 
18.9 

14. 9 
14.·5 
14. 4 
14. 6 

PC2Cl4Br 2= 29.4 mm.; 

18.8 22.3 
9. 6 5. 64 

10. 5 22. 3 

Pc2Cl 4Br~ =:: 50. 9 mm.; 

0. 685 
., 775 
. 832 
. 865 
. 895 
.925 

p = p -C2 Cl4 • Brr. 

0 665 
• 756 
.• 827 
. 877 
, 905 
. 930 

0.386 
~66~ 

0. 323 
. 470 
. 594 
• 719 
. aoo 
. 856 

0. 323 
. 461 
. 680 
. 670 

Pc2 Cl.4 = PBr2 

0.857 
.902 
. 932 

+ 

Pc2 Cl 4 = P:ar2 .,. 

2160 
5400 
1410 
1200 
1200 
2400 

4. 0 mm •. 

1140 
1255 
1260 
1260 
2400 
1500 

966 

1914 

300 
240 
240 
330 
180 
300 

600 
540 
480 
420 

25. 8 mm. 

600 
1200 

600 

4. 3 mm. 

Quantum yield; 
oles of C2Cl ~ 2 

decomposed per 
einst·ein , 

o .. 4-90 
. 497 . 
• 527 
. 43 
. 3:52 
, 272 

3, 83 
3, 68 
3+50 
3,29 
3,26 
2ir84 . 

7. 30 
s. a ... 
6, 39 
6,00' 
6e04· 
5t49 

46. 7 
45. 4 -. 
40.Z :• ·· 
38. 2'· 
34. 9# 
32. 3 

26. 4 
25., 9 
23. 85 
22. 2 

( Quantum yield at 150° corrected for a thermal decomposition rate of 13. 8 x 10-#;nm. total pressure 
increase per second) 
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Quant um Yi e l ds of Dibromotetrachloroethane Decomposition 

In Table IV some o:f th e quantum yi e l d measure

ments of dibromo·tetrachloroct hane d e compos1t - on are 

shown . 'The me ::::.n part l al pressures shown i n each ex

periment are the avera0 es of the value s prevai l in0 

a t the beJinning and end of suitably short illu.minat on 

interva ls. The tota l pres sure 1n crease .6 Ptotal ' : nd 

durat ion of illumi na t ion i n s econds , ~t , are -hovm. r:ehe 

fra ct ion of abso~tion of incident r adi ation, ~ , a r e 

th'? values of (1 - 'r ) (1 + . 13'T), t he · d erivat ion of which 

has b een pr eviously g iven . The bromine pr e ssures used 

in t he calculat i ons of 'r are t :10sc listed. From t he 

rate of tot al pr e ssure charge and t he r a te of abso r p tion 

of radi ation ; the quantum yields e xpr essed a s mole s of 

d ibromo·tc t r achlo1"'oe t hane decor posed per eins te : n absorbed 

have been c a lcu l a ted. The quantum yields are i g 1 enough 

to show defini t e ly tha t t e aecomposition is a chain reac 

tion . 

Sol:ld dibromotetrachlor oe t hane ''1 ,::L S pl es~mt in 

t he reaction cell in all t hose experi ments . I n t os . 1 

t o 27 and 32 to 61 a l a r ge excess (about 2g . ) of t he 

solid wa s r·, r esent ; i n _\jot~r . 28 to 31 a s1 all er amount 

rn... present . I l lumin t ed gas mixtures ·1:1er e saturated 

with the v a por of dibromote t r a ch loroethane ; for when 

illumination wao stopped , t he pr essure of the mixture 

was i mmedi atel y measur ed and found to b e constant 



t,hroughout l ong subscqu r.mt int.ervals in t he dark a t 

temperatures up to 135° . 

Thermal r eaction r a t -e was negligibl e at 
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135° * At 150° , the dark rate was a ppreciable . ·rhe 

quantum yields at t h is t emperature ar·e corrected for 

therma l r ate . This was dor.e by ,subtracting t he dark 

rate from t he total r ate measured during illuminat :lon. 

The vali dity of such a correction depends on the i n

dependenc e of actual photochemical Qnd t hermal r ates. 

It i s not l{nown if the t wo rates are independent, h nee 

th~ valid ity i s doubtful; t he correction is of 1 ttle 

consequence . 

.t\n inspe ct ion of t he c;_uantum y J..e l ds shows , 

in some cases , a flve- fo ld variation in tho ~csults 

obt ained in the s ~me r ange o: par t ial pressures from 

mecsurement s made on different f l. llings of tie reaction 

cell. To avo1d t he uncert,, ~i nties a.ris ing from the 

comparison of runs made on dl Dferent f i l lings , several 

decomposition runs were· made in the sar.o.e prescm:re range 

on one flllin ,> by the expedient photochemical r ocmnbi na

t lon o .. the decomposition products at r oom tempercture. 

In Table IV Nos. 1 to 18 and 32 to 34 were 

made on the same filling and the quantum yi el ds of 

these experiments show a consistent i 1cre-:i se ~Ji t h in

cro, sing terper ature . 
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Effect of Bromine and Tetrac11.loroe t hyl e:ne 

The effects of the decompo ition products on 

the rate vere not extensive . Ho ever* witnin series 

of cons ecutive me a surements on singl e f llings ,. as nos. 

7 to 12 at 125° ~ a nd 28 t o 31 , l 3 to 18 , 22 to 27 at 

135°, the quantum ields show a d :: OrE ~.s s . i t h 

incr,:::asing ooncent rat ions of the decomposi t :ton nroduct .. . 

The magni ·ude on t h is eff e c t ln Jos. 22 to 27 5. r 

concurr<:::nce of 30Jb decrease in quantum yie ld and five-fold 

increa.;;)e in pa rtial pr e s sures of -the prodvcts . In vle w 

of t he smal l qu antum yields of d ibromctetrachloroethane 

format :tQ.U at highezj concentrations of bromine and t etra

chloroet,hylene t ha~ v1e1~e employed~ in these runs , it is 
'-

hardly prob ble t hit t his f alling off in value of the 

quantum yields 1 s due to a comblnatlon of bromine a nd 

t etrachloroe hJJl ene .., 
" 

The- d2c~eaoe ml ~)1t be a t tr ibuted to an in-

hibitio of docomposi L _on y on<? or both of t he products. 

Eff e c t s of Dibro ote r achloroe t hane 

In orde~ to determine t he ef:'ect of dib omo-

tet a chloroet &1an0 p1,.,essure on the decompos:l t ion r a te , 

runs we1~e made at 135° \~i. t hout t he pr esence of rwlid 

dibromote tra ch lor oethane . The qu ant1 yields decreased 

as the dkb omote tra chloroethane ~r essurc be c ame l e ss ; 

t h e quanttL yields 1ere approxi1K tt e ly linear vti th the 
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pr essure of t he dibromotetrachloroethane. This linear 

dependence of r ate of decomposition on dibro otetra

chloroethane pre sure is shown in Fi gure I by plotting 

the log1. 0 (p oo - Pt ) against Eabs. ; Pc;p is the constant 

final total pressure a d Pt is the momentary value of 

t he total pr essur~ . Eaba . is the total 4358~ radiation 

bsorbed expressed in eins t .eins and equals Iabs . t, 

einsteins absorbed per second x seconds of illumin tion . 

\ 

.5 

_ oo (1 m) 

75-7 
121 .7 
12 • 6 
130.9 

Figure l / 

4 8 12 16 20 
Einsteins absorbed -x 10 6 

Fi a l p _r (mm) Final Pc 

50.7 
73 . 0 

51.l 
52. 4 

: 
I 

Cl 4(mm) 

05 r,., ;;.. . 
(. 
u .. 

'7 .,,. 8 t_., . 

70 . 
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The concentr a t ~.ons of Jr omln e and t etra chloro-

ethylene ln these runs v1ere low enough t .l .. at practically 

all the dibromot ; tra chloroethane decomposed and ts 

pressure a t P o0 is assw 1ed to be zero.. Let the partial 

pr essure of d i bromotet.rachloroetl:--.1.ane b ~ Pc. Cl Br mm. 
,., 4 2 

fuen tae total pressure is Pt. L -t t he · 1nal constant 

total pr essure be p.,.;:, t1.f t er the Pc
2

c l
4

Br .:.- rnm .. • have been 

decompo sed . Si nce 1 mm . of ibromote trachl oroet ~ane 

qecomposine; in the absence of t he solid ijr-oduces an i n-

4,reasc of 1 mr.J .. i n tota l pr e ssur e , 
'} 

P c0 =Pt+ Pc2Cl4Br 2 

rnhcn , Pc ~l B"" = p-'- ~· Pt-2,v 4 .i.. ,a _, • • 

In .s d c 4ce , log10pc
2

cl
4

Br e was pl ott ed against Eabs. 

in Fig . 1 and t he linea r relation betwe en t h e t wo in

dicates a linea r dependence o the rate of de comnosltion 

on d.ibromo ,trachl oroet hane s shown by the following 

considerat ion . Assmne t he line ':'~r relat i on, 

ln PC 2Cl4Br2 = kiabs . t + C, 

k being n e gative . Assume t hat 

labs . F f(Pc 2 Cl 4 Br 2) ; 

this is ~ t too a e1ious sinc e t he lamp intensity was 

const ant , and the i nit i al bromine concentrqtion was 

high enough t hat t he fra ction of incident r adi at ion 

ab orbed vms not changed cri tically as dibromotetra-

chloroetha n e dec o nposition p~ogresse d . Jifferentia t ing , 

dpc Cl / dt - kI Pc Cl 2 .r.:-4 r 2 a s . .• 2 4 
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Effect of Incident Li ght Int ensities 

Quantum yiel ds obta.i nod a t relat i vcly low 

i ncident 11 ?.~ht intensities of L}358 - r ed at lon were subst a n

tic lly const ant when t he incldent 11 £:::>ht i ntensity vms var t ed 

four- fo l d l;y use of neutro1 i ire scr0(:ns. This is sho vn 

n Table IV,; _•Jos . 7 • 8 , 9, and 16 , 17 , 18 ':Ire c on secu t i v e 

ea& rements in lvhid a quant um yi t:; l d detcrminat i".m at 

low i ncident intensit y 1 s brac l:f.,t ed b,· determ :1 ,. tions 

a an 1ncidt-:nt intensity four- fold higher . This 

c o1 stancy indicat :s that the de compos ition rate is pro

po r ti01 1 to .the f _rst poHor of the, lnci J ent 1 5 ght 

intensl ty ~ these r el a t ively 19.... l ntennities . 

The dependence of r a te on i n t e.is "i. ty was • · a ined 

at some·vhat hig.i."1.er 11 ).1.t i nt ens ties by subat i tutlng the 

5OO- wat t proj ect. :ion lamp f o r the mercury a:cc .. The s ame 

filt ers wer e u sed and t h0 spect r al r egion isolated was 

abov.t. 41C0- 4800A . Results of such experlmeM ts a re No . 

4-2 to 17 of abl e V. The r e l ative interw • ties .~ t he 

incident r::..:i.d:1.atlon were controlled by __ n :,er·pos1ng i n 

th -"l c ldent bet1.E1 nou t r e,l vvl re s creens of J>~ oun t ransmi s-

sio -· Sine t he l mp i t ensity was lzept const a.nt , the 

f'ra ctlona.l t ~o.nsDiesion ( of the screen is eaou .L e of 

the r e l c..t i v e i n c ident int ensity . Measur ements :1t l ower 

a- .d __ i gher intensit ies w0r e • t e rnat ed on the s· .. e 

r eaction m~xt ure . The r e sult s a r e expr e sse as r a ti o s 

o f r a t es t o 1..n c :id0nt r elative i n t ens it i e s ; values of 

these ratios ,1 p/ 'f.n t arc s em t o be l a1 gcr at t he lower 
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intensitie s t han in the ad ~jacent highe~· l ntcnsi ty runs . 

The ... • feet was examlned a t much higher intensities 

by using t ho pr·ojection l .'-:-unp 1, ith no filters except t he 

cupric chloride soluti on. Since the rates b(::CWJG v ex y 

l arge , it VJa8 necessa ry to use s pec tal p1.~ecautions to 

ensure t hat a decrea s e ln AP/t(4t did no t r ef3~1lt eimply 

from depl e tion of dibromotctrachloroethane in the r action 

zone . l · or t_ is purpor:1e a ma,gnetically opeI a t ei. fL1utter 

timed by a pendulum was used . The reaction was carried 

on i.n one- se cond p8riods and aft er e ch second of 11-

l uin1nat ton the reaction m.ix'ture was left in the dark 

for t wo • inutes . .los . 48 t,o 52 ive results of such 

measur eEi:::,nt s ; a d 11- fold decrease in t he light int ensity 

produced l ... 6c - fold increase in ·/J P/ (J t. 110s . 53 t o 55 

were ··a.de with t he ...s 8..IDe ra,dlation r1i th screens of much 

lm·: r trD: _SJ ilss ion; in these experiments the r a tes a r e 

not f r r '"rom r, roport •1 onal to t he intensities . 

In o:r~der to determlne whother deplet:l on of 

dibromotetrachloroethane in t1e r eaction zone at high 

1ntens1ties had been s ufficiently a v oide6..i u .. e a .,.._tr:i-PmEmts 

(Nos .. 56 to 61 ) were made ln wh· ch a single 4-se cond 

illtunina-tlon a t ·',he h i ghest intens ity was fo llo•~ired. by 

four one-necond 11luminattons s eparat ed by tvro-minutc 

dat'l: intoi'V:J, ~ s. Tho two modes of illumination gave 

indistinsruishaol e V:t lues of ~ p/ {t,.t .. 

The experi .. e!1ts then eho 'l tha..t at t he lower 

intensit ies · of Tabl e JW the r ates are essentially 
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proport1onal to t nr: first power of the i tens·1_ty ; but 

that at suff lr) \ently high ntensi t.:leB • the r ates lncrea se 

l ess ra~ i dly than ~ith t he f i rst rower . 

Effect. of Light Int ensity on Rat e of Decomposi tton .. 

Fo. r?eo.n Pi3x Time I )rr:B sure . o== -scrr:>en ti p/1{' J t 
2 

rrm . gg At Increase 1 S0CS ~p ITED . Hg 

l~2 27 . 2 1200 10. 3 0 . 090 0 ., 096 
4.3 31 .7 0 8 . 0 1 .. 000 . 089 
~.Lt 3:3 .. 2 600 5. ~ 0 . 090 .107 
45 - .5 90 '7 7 1 . 000 . 086 
46 1!-1 . 9 600 6 .. 0 0 . 09·) .. 111 
47 47.1 90 8 . 0 1 . 000 ,. 089 

43 d.5 . 7 10 7 . 6 1 . 000 0 .76 
49 29 . 4 60 7 3 0 . 090 1 .. 35 
~o ?,5 . 8 17 14. 7 1 . 000 o .86 
51 (.4-2 ~3 50 6.7 0 . 090 1..49 
5.2 45 ,.3 7 6.5 1 . 000 0.93 

53 32 .. 255 6 . 8 0 . 0132 2 . 02 
Sit 36 .7 1005 8 . 2 . 0038 2 .. 15 
55 IJ. ·• -.o .. 265 7.4 . 0132 ~ . 11 

56 1 8,. 7 lt- a -z ·z 1.000 o .. 83 :J . ;J 

57 50 .. 4 .!} b "7::. 5 1. 000 .88 .,,I • 

58 52 . 2 4- a 3.4 1 . 000 . 35 
59 53 .. 8 }.~ b 3. 3 1 . 000 .83 
60 55 .5 Lt a 3.4 1 . 000 .85 
61 57 ., 2 .l.j. b 3 .li- 1 . 000 .85 

T ::: 135° ; Pc 2 Cl4 
= 29 . lt mm • . ; ~'). -

l C2Cl4 - p .. . ' ,· 
..!... 2 

PJ = 484 mm . 
2 

Nos . l.+2 GO l }8 : I>ro j ectlon lamp lic;ht ... l l t e~ce :} t o giv e 
4100- 4800 fl . 

110° . 48 to 02 : Pro c ct i on larnr.J light "°'11 to ·ed t o gl ve 
4100- 64-oo rt.. •• 

(a ) Tl. minat ion n consecutive seconds . 

(b) Ill u·nh19.t ion in singl e SE? c o:nds sepa.riat ed by 2- mlnute 
d r,. intervals . 
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1!ec~:1.::.,ni sm of t • t. Reaction 

The mechani sm . t s t JY ov-id e for both decomposi

ormat i on f dibrornotetro.chlor oeth : .... nc . L en 

t he I at - o f formation i s n eglie;iblC'~ . t he rate· of 

deconmosi t 1on nust d epend. on the first power of t_ e 

c lbromotet r~chlo oet han0 pr es su ea must depend on the 

f i rst po·7er of the intensity of absorbed ad"" a t ion at 

ex re!2.1o ly lov, incident 1 1 , ht intensitie s 1 ut on a l et,se · 

povrer a s t ho incident i ntensit i e s be·come h i e.~ er . The 

mechan sm muDt provide for a decr ease in r at e of decomposi 

t ion as t he partial pressures of the prodtct .s i ncrease, 

t he decrease hardly being at ributabl e to ro cr s al of de

COID:)0 81 t " o . l3uch a mechanism follows . 

Br 2 + h JI---+ 2Br 
Br + C.., C1 4 Fr .,_> C2 Cl 4 Br + - 2 

C2 Cl 4 Br _._,. C2 Cl 4 + Br 
Br ---+ Bi~ (wall) l/2Br 2 

2E l .l.. t ! ~ Br 2 + i.~ 

(1) 
(2) nd(2' ) 
'3) and{3 ' ) 
(i!- ) 
(5) 

Here the primnry absorption process is t he 

disso ci. a t ion of t ~_e bromine mole cule into "..toms . '11he 

poct ulated intermedi at e mole cul e is C2 Cl4 B. . Two chain

break1n; steps are provided . St ep (4) provides fo r t he 

di s a:9y.:-- eo.r--- n(; u of bromi ne atoms a t the wc.ll by a process 

wh ·.ch is fi r st power vi- i t h respect to bromi ne t or s , while 

s t ep (5) provides f or t he r ecombinat ion of bromi ne atoms 

ln the gas plr'\ s e by t erna ry collision wl th a required 

s t abilizing t hird molecule , M .. 
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x k
8

l 
3 

{ C
2

C1
4

Br?) - • k !) ka (C
2

C1
4

) (Br
3

} 

- a+ kd {Ba ) • 
Ti...e derivatlon f llow ~. To simplify ,. l e t C) 

represent (C2 Cl _Br 2 ) ,_ (B) repres ent (C2 Cl .1.Br ) , s,:ad (C) 

rep ,es 0 nt (CnC1 4 ) 8 

- d(A) /d = k .,,( Br) (.. J - k ~ (B) (Br ) = d (ii "'2 ) / dt 

At t he .~teady state 

2 (I abs . ) = k 4 (Br) + 21<:5 (Li) (Br )<') , 

since a cha in must be t er minated as freqJently as initia t ed; 
2 - • 6 . 

(Br ) = (-k4 + (K'1: + i 6k5 (m) (I abs . } ) • )/4k5 OE ) . 

Set, , a. (B) /dt -- k 2 (Br) ( A) .. kJ (B) (Br ~) - k3 ( B) + !"3 (C) (1'r) 

= O; 
I 
\ .C ) 

St. ) S , 1.t ut i :ng t hese value .... of {B) a:n., B ) in e}q)ression 

fo r --d{A) / dt , D~te e~rpr css ion 1 result:s . 

At r e l atively l ow ·ncid.~n t ;in t ensl ti es , t he 

brornlne e..·\orn c oncentrc1-tions mir• .1.t be so low t hat. re

COL bi 1'1 t ion l! t he g3e, pl c ,oe woul d be nefl lbi b l e ir 

couparison ~i t h r ~combinat ion at the vall . St ep () 

woul d t hen G the c.2ai n - bre a ting s t ep and the r a • e ex

pr es o ion would become ~ 2, 

case ~hen the r ev erse r eacti on was negl ·.;:.:,lblc , 
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This expr>e 8, :":..on , 3., s ··· ows t he ('XPE-:Cto-i d..:pcclei1co of 

r a t e on d :l bromot e tra c~-ll or oe t :ane conc cntrat ion 3.nd on 

t 1e r ~ r~st po 1e r of t l e 1 - ght 111.tenG; ty .. 

The meehanl s h 3s o;ttr:lbuted t he ob0en1od 

b r o·:n ne . An inspect i on of expressto.. 3 s:. 0,,-1 • .> t ~L'. t should 

lt4 be a constant , t h e qu .:mturr y ~ e l ds , 9 ) . shouJ.d be i n

vers ely pr-opor;,:, :J ona l t o ( 1 + k J (D:r>2 } / 1:!l ) at conGtan t 

rt, = l df rlsLL 
r I 3,bs .. . dt 

Then, f6 (1 + l?.PBr e ' = K 

T o v e.lid i ty of t h · s l ast equation has bocn e x :-. .. ~ .inPd ~ 

t he r eact ion c e l l , various value s of ]2. av e b e en u sed 

s 1own in Table IV . The b est va l ues of !?. f ound ncr e . 016 

IT.fa - 3, at 135° and . 020 mm- 1
• The conetm.cy of ,S (1 + Z>ur

2
) 

is sho.-·rn i n Tabl e VI . 

Th s . t he const ancy .t:'> ~ (1 b ' $," 0.1. T + p , y ~ . 1 :{.. or consec-
.J .. R 

ut i v e me a:mrement s on t he e .::1.n10 f111in0 is eccn t o be 

sa.+,12 '""::1 ctor :1 and there l s no -.lfficulty :'.U i r: ins f r om 

t he a ttrlbu t. lo:n. of i nhib l t~· on t o 1)-romi ne . -· i\t 135° 
.-. :1. 5 

t he v a lue of bin moles c c . i s 4 x 10 ~h"ch i s t he 
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7 
8 
9 

10 
11 
12 

"' 
:·o . 

r:~ '')7 · ...,) . "- 13 
5. '~ :-, lh,. 
5 . :i3 l5 
5 .43 16 

J ~s 18 
r.:: 07 ::, . 

(c) 

K ~.,;o ,. K 

9 . .-0 r•0 ['": .., .. 5 _I 

9.41 3 52 .7 
4 •') ;24 J..'r 

,. 
t·•~ 

• t;;. .. v 

9§ 2 5 :Sl .. 5 
.,•lt-6 ~:.:6 c=-o . CJ 

2r7 1t9~ 0 

No .. i s t he nu:'.fber of r eac1uremi?nt l l abl e r . 

Z = ';r: ~!,,,. ~C~()l~Bra) 
4 s~k3 + lte' Br 8 } (M) 

in v1hi c h 

an:J S I 0 = 16k 6 {IJ ) (Iabs .. ) 
l : -ii 

... 4 

No. 

9 
30 
31 

T i ec_uat l on , ay be u sE:c. to otud.y t c v aPiat.ion of 

r ate wl th in E~ns lty .for mixtu1es of the Si ?'en co -

-- 36 . 7 mm., In Table VTI 

r e sho m t he ~.nt e. r ::_Jolat ecl r a t e s ::-..nd t hose calcul· t ed 

tainod from t,~1'2 f irst ·t wo ro ~rn of t he t able . 
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(D) 

29 .1 
30 .1 
29 . 4 
28 .4 



Table VII 

E:tfect of Lig1
·-i t Intensity at Constant Concentration 

Io 
= t( screen 

0 . 0038 
0 . 0132 
0 . 0900 
1 . 

dpB , / dt, 
mm.fsec . 
observed " 

0 . 0041 
. 014 
. o65 
.43 

di B . /dt 
tm .f sec . 

calculate 

. 0041 

. 012.1-

. 075 

. i~2 
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It is possible to estimate the value of (Br) .. 

:rn these considerat · ons it ia ne cessary to ignore the 

ariatlon of (Iabs . ) over the reaction 1one and like

~ise the variation of react i on rate over t he r eaction 

zone . It has been shown 

qonsider an experi ment at low i ncident int ensity where 
~ 
f a: llneo.r relation exists bet ween rate and the first power 

oft e light intensity ; i.e ., k 4 (Br ) >;> 2k5 (IJI ) (Br) 2
• 

Since 2(Iabs . ) = k4 (Br) + 2k5 (Br) 2 (M) a t steady state , 

2 (I abs . ) N k 4 {Br) 

1Uso d( Br 2 )/(Iabs. )dt = ,:, the quantum yield. 

Therefore , ~(Br) = 2(d( Br 2 )/ dt) /JD , 

and substituting in the expre e -sion for dI 0 abov e , 

I 0 ~ 4k6 {M) (Br ) 2,,/(d(Br2 ) / dt). 

The value7 o f k 5 used is 2 .9 x 1015 cc. 2 mole-
0 

sec.- 1 • 

In Table , No . 54, the value of d Io = 0 .061, (M) ~ 587m .. , 
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d( :r 2 )dt = . 0041 mm. / sec. , taking r/' = 1 0 , the value of 

(Br) is calculated as 2 x 10-12 mol e/cc. 

This value of (Br) i s much larger t ~. an t11e v a lue 

of (Br) a t therma l equilibrium a t 135°. From the data of 

Bodenstein and Cramer8 
fl log KP = -lOlC'~-i/T' + 1 .. 75logT + . 548 

- .. 03409T + 4 . 726 X 10-
8

T
2 

for t he r eactlon B.- · (,g) c ' 2~r( ) . In t his expression Kp is 

t he Bqu-librium constant ~ p~,/PBr , for the reac ion i n ques-
. ' 2 

t1on and T is t he absolute t emperature . At 135° 

Kp = 1.6 X 10• 2
~ 

For P13r = 36.7 mm.= 4 .83 x 10- atm. , 
3 

_ lH> '- •· 5 -l.l. 
PBr = (1.6 x 10 x 4 .83 x 10 1· = 2.8 x 10 atm . 

{Br )= 8.4 x 10· 0 mole/cc. 

Thus the me chanism employe<:1-. leads to no fall.ible results 

concerning t he comp~ra tive equil ibrium and photoch~nica l 

concentrations of' bromine atom. 

In No . 54 of Table V, it bec omes possible to 

c ompare the r a te of bromine atom disanpearanc~ at the wall 

1th the rate of br omine at om collisio with .the all . It 

has been s t ated that 

i.e. t he rate of b r omine atom dj_sappearance equals rate 

of fort~ction . Also (Iabs . ) = (d(Br 2 )/d~ )/ ,¢ . 

(-'has been t 'l.ken as 10 ; dpBr
2
/dt = ~Oo4lmm./sec.corresponde 

to d(Br2 )/dt = 1. 6 x l ~ - ~~ mol es/cc . / sec. 



2 {Iabs) = 3 . 2 x 10- 13"eins-teins/cc./se c; 

- d( Br) / dt = 3 .. 2 x 10-u·mol es/cc ./s ec. 

Vd(Br )/ dt - 11 - e = 3. 2 X 10 X 132 = 4 . 2 X 10 
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mol es of br omine a t om dy .. ng on the nall per ,,: e cond, y, 
t he volume of t he r eact ion cell bo 1.n;;, 132 cc. 

To ce.lculate t he number of moles of bromine 

atom strikin the wall of t he r eact ion v oss0l per s e cond 

empl oy t he expression 

Z = £.YRT/Y2 M = 8 . 21 x 10- 3 ,£. where Z is the 

number of mol es striki .g l sq . cm. of t he all per sec ond 

when .£ is the concentration of' br omine at orns -n mole per 

<le .~ R the gas const ant in erg / mole/0 c. n d M t he at omic 

i eight of br o~n_ne. Then , ZS = total number of mol o striking 

wall- ourfa c e ~ per s e c. '. :; = 138 cm2 for t he :rea ct 1 on 
- :,.o s has been - lvm: • bove as 2 x 10 "" mole/cc. 

' X 10- 1 2 
-· 2 ~ 10- 6 1 .. ,,,"' x . mo es 

tom str~kt11fs the walls of the re·ietion vessel 

r This v lue i s uch l arger t han the numberof moles 

of 11 . . _\ ine atoms dyiy; .on t he walls per second; hence , t here 

1s '"1 · -~ ff'i cient number- t' collisions at t he ivall to account 
j 

or t t-' chain- bre k ·1 ~ .:i }rate . 

I t may be sh vm that t he number of moles of ~. 

bromine atom collidi 1 11th dibromot e t rachloroethane is 

suffi cient to account for t he r a t e of decomposition. 

Let k 0 be t he specific r a t e at which bimolecula r col

lisions between unlike molecule s of diameters d 1 and 
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d :,J cm. and of molecu l ar ·;vel ts M1. and M2 occur in t he 

as p ase at t "'e t emper ature T, when t he concentrat ion 

of e .ch i · one mole per cc . Then , 

ko = 10a • 4 4S x . 25( ~~ 
·' 

8 

The molecul:.r diamet e r s9 liave been t aken a,s: Br , 3 .. 9 x 10-; 

an 
-a C2.Cl 4 Br 2 , 6 . 6 x 10 em. 

l{P = 1.9 x 101 4 cc/mol e/ see . 

In !•!0. 51+ , iabl e v, (Er) = 2 X 1 0 - 12 mole/cc . an 

(C2C1~Br. ) = 1 .. 16. 10·-C r ole/cc. 

k ~_ (Br) (C °t}l4Br 2 ) = 6 .L~ X 10- 4 moles C2 Cl Br ·. and Br 

collid ng per cc. per sec . •rhis value is much L :rger 

than t he 1. 6 x 10- 10 ol ,s/cc./0 e e .. of d bro;·notetr .. _ 

chlo. oet hane clecomposi 1,:) and the ~ st 1 l a t ed mechanism 

ives ri se t o no di ocrepancy from this s tand poi _t . 

The rnec, ~ sm chosen for this decompoa t lon 

1s simil ar to t hat for t he iodine- sensitized decomposi

t ion of et hylene i odide i n carbon tetrachlor ~.d e solut1on1 0 

wh:l ch was d i s cussed in Chapt e r I I . Furthc- r rno r e , t he 

decrGaoe of t he dependence of r:?,,t e on l ight int ensity 

as t he s .me featur e was observe~ in t he photocnewical 

formation of hydrogen br omide}1 a l so ment ioned in 

Chapt er I I. 
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summary 

Quantum y i elds of the brornine- senoitized 

photo-deco11 pos ition of debromot etra chloroethane have 

been measured 71th 4358. r adiation betueen 10 15-0° c . 

and establish the chain ~ '"',ture of the react i on . Con-

di tiorts h~~ve been chose n to render t he reverse reaction 

ore or l ess negligible . The rate of decom1osition has 

been f ound pro11ortional to t he dibromotet a c~ loroethane 

pr e sur .., an · proportional to t he f:trot po er of the 

light int ens i ty at relatively low intensities but to 

pm er l ess t h n t he f · rst ·7h en the l irht inte noitles 

become ,. i gher e A s at ~. sf 8. c-tory mechanism involving 

bromine atoms and a C2 C14 Dr intermedi 7.te has been 

developed . 1fhis me chanism a ttributes an inhibit~on to 

t he broLine . 
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