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ABS1'RAC'J' 

,',.': 

Using the System, Ion-pair Fe3+CI- Vinyl monorner, in aque
ous. solution a new method of photo-polymerization of vinyl mono
mers is described. Light absorption by the photo~heffiica11y active 
ion-pair Fe+3Cl-, leads to an electron transfer rE!a~tion involying 
reduction ·of the cation and oxidation of CI- to afr~~;radical'dl which 
initiates polyrrierization. K:i:netics of the re~Ction\:;~ei~':JoI1ow~d 'by 
a . study of tlie dependence of (a) .light absorptiri~'.fJ;a~tion :.by .the 
ion-pair, (b) light inw'nsity, -(c) con'centratj6~ of ·;no~omer.,· (d>" ini
t.inlly addod ferrouB and (c) quantum yields with' regard to' ferrous 
production and monomer disappearance upon· (i). Rat~: of. ferrou~Aon . 
production,' "(Ii) .. oyerall ~ttte ofpolymerizatif)n. anet:jilij::: chalri~iength' 
of. polymer~. A prima' facie' reaction sch~me" was:'- pllt· .. forwal'd. 
Examinati-on of th~ e~perimental results ·in·thejight::ofih~··" ~Ug
gcstcd scheme revealed that Cl radicals initiale"d p'olymeriz~U()n ~nd 
recombination of the active chain, endings terminate~ Polymerization. 

, . . , 

: Rabinowitch and Stockmayer (1942r:in their irivestig(;ltion on 
the ferric 'association' or 'ion-pair' complexes .. indicat~cfthat a 
solution of ferric chloride contained in<adclltlori. ;to '·th£;:,:'neutraL:':, 
species Fe (CI) 3, the ion pairs, Fe3·'·O}I~~·. r~~'t~l~, ·.Fe3·!:_CI}":'; ", • : .' ,. 
li'c3-I-Cl}--, Fe3-I·Cl,t4.-, Fe3·I-Clj,5-) Fe3-l-CluG.':'·, ·t!tc"::'l'he.:·yeI1~W:'greeIl-L:·: ." .. 

brown colours of ferric chlori~e solutions :~v~~~.:! .. ~~~~.~b~t~.~.:.~o . t~e .. .' 
presence of one or all the ion pairs: ". They inierpreted. the absorp~' ,. '. . ., ...... ' . ': ~ :. .' . . ',. . ". \ . .. . " . 

tiQn spect;ra of Fe3+X- (X ~ O~;. Halid~:iqri;>~~~:) ... a.s:·~:eJ~.ctron~,:·::',;. 
. hl1 .. '.' ., '::. '::'.~\\(:"'.:<: :,. <:'" . :.':: 

transfer spectra. Fe3+X-~ Fe~·X,· and;.·',the:\·difference: in the: 
• " .. .• -. I" I. ',:'.. • .9-.:." ',' '. -,' ,}. :., :- \ ' ..• ~ ",,' 

maxima of any two· spectra corresponded to the\difference .. in the':,>" :.'. . 
electron affi~ities plus solvatidl1' '~nel~gies: o(":·th({:iesp~ciiy~· .. ahio~'~·?;\·:.·:.·:·'·: " 
Rahinowitch (1942) therefore predicted occurrerlcc' 6f free :radicais:'., ....... :.~ 

S.18 '.> .... :.:\ .......... :.:::.:': ... , ...... ~.:, .... " ,; 
',:. :.,.,'" . .' , . ". :::::~:~~\';" .. 
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or atoms during irradiationof aciU:e6~~ fel~ric halide solutions. 
Evans and Uri (1949) showed that such;~freeradicals initiated poly
merization of Vinyl compounds,. Eva~s;Santappaand Uri (1951) 
have briefly reported on' the polymerization of Vinyl, compounds 
in aqueous solution. This paper (Santappa, 1951) presents a 
d~tailed Kinetic behaviour of the iori ... pair Fe3+Cl-:- asa photosen
sitizer in the polymerization of vinyl monomers" chiefly methyl
methacrylate, acrylonitrile and to sOine extentmethacry1i~ acid. 

EXPERIIvmNTAL 

Optical arrangements: -The light source was a 250 watt high 
pressure B.T.H. mercury vapour lamp, the size, of the arc being 
3·75 nun. X 1· 5 mm. The beam was rendered' parallel by a con
denser lens and then passed through suitable' filters, (1946) to 
isolate 313 mil or 365 mp.. The monochromatic' light beam was 
then used' to irradiate the system Ife3+Cl-: '(Ferric perchlo
rate + perchloric acid + hydrochloric aCid), and vinylmonorn.er 
contained in a cell (capacity 75 ml, 50 mm. diameter and 46 mm. 
optical depth) which was mounted in a thermostat at 25 + 0.1 0 C. 

Purity of reagents: ,-Ferric perchlorate was pr~pareci, from 
precipitated brown ferric oxide and perchloric 'acid. Monomers 
were, purified after removal of stabilizers by repeated distillatipn~'· 
in an atmosphere of nitrogen. Feiser's (1924), 'solution w:as used 
for deoxygenating nitrogen which was used ,to doaerlltfl, the solu-
tions before irradiation. 

'. Estimat'i(Ylis ' ~?1,d determhiations: -' . Ferric ion concentration 
was determined by Zimmer Mann-Reinhcp:dt standard procedure. 
Ferrous Jon.' '( dFe+2 I dt)" ,~as' determin~d.·colorirn~trically':with
O-Ph~nanthroline in 1!ilger,:Spekkar Colorirneter. 'Rate 'of~ono
mer ,'disappearance (dMI dt )':w,as determinedeithcr by t.he, weight 
of the purified and clrieclpolymer or by the determination of mono
merCOllcenb:'ution before and after, i.rr[tdiatio,n.o£: thesoluti0J1. 
Chairi le~gths of methyl methacrylate p6i,y~ers(n)W'el;e det~l'~ 
mined viscometrically according to Baxendale,J3YWatei:&~~rin~s 
(1946) method. Light absorption fraction (7<: ) by th~eoITlplex 

e ' , ' 

Fe3+Cl- could,.be calculated (1954) or measured spectrophoto-
metrically. 'The lamp Olltput or intensity of light (I) 'was deter
mined actinometric~lly (Bowen, 1946) usirtg uraniu.n:l oxalat~ solu
tion. Variation of light intensity was achieved by using an' Iris 
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~dbphragm in front of the lamp', Cbncentration of methyl metha
crylate or ]'nethacrylic acid (1V1) was determined by bromine addi-

(fj Lion and after adding potassium iodide, titration against standard 

sodium Lhiosulphate, 

EXl)e't'inwntal Results: - (i) Light Absorption fraction (k ) 
. f. 

by the ion pair: k and dFe/ dt. The concentration of 
.~ , 

Fe:J-1-Cl--- and therefor~ the value of 7c depends on the equilibrium .. _ . e . '. ..' - - .. , ... ' . 

:F'e:j'!'Cl-- + OH-;~. '. ) FeHCl-+OH-; in other· words . ~·c . is· 
. dependent on ferric ion concentration.' Table 1 gives 'variation k.·:·.; 

- ..' II 

with [Fe3-1] as well as variation of dFe+2/dt and dM/dt with k . . ." . - - ... e 

TABLE 1. 

Data for Ie 8 and dFe+2/ dt; [Methylmethacrylate] = 0·1 JM;j 
[Hel]:-: O·05Nj Time of irradiation = ~-·OO hr.;. " 

I, .Intensity of light = 6·5 X 10-5 Nhl1 /hr ... : .. -. . . 
. ' ~: : ... ..;:: ,:~::.', .: :, ,', : 

Data for Ie and dM/dt; [MethyhnethacrYiat.t~1=.·,O~.08 Mj: "'::'>., -." ;:.: . .'::. 
I 

1= 3·8 X 10-5 Nhl1/hr. 

-:' ,~ 

k • • 

5 X 10-3 0'88 

2 X 10-3 0'87 

10-3 0·86 0·93 .8'3 , '3~2' f .. 

5 X 10-4 0,75 -"':': 

2 X 10-4 0'46 4·0 

\$ 10-4 0,24 0'49 '1'6 
.. ~ -". 

5 X 10-5 0'15 0'39 .. o·g:·:. ,--.' ' .. 
• •• ,,!', 

1'9 
. '. ~ 

.", 

2 X 10-5 0·09 0,3 1'1 
. ~,:' '. 

--------------------~----------~~----~~~------~ . " .... 

:\:~:-~, ~;.;.:-
., " 
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(b) leI! unel dM/ at;: Va~'iation of'(zM/dt'f~r Methylmethacrylate l~:... 
with [Fea+J~ is given in Tuble 2 for two intensities.' ~ 

Intensity 
Nhv/hr. 

X 105 

11'2 

6'8 

TABLE 2 . 

[Fe3-l:].~ 
'x'103 

100,' 
< ....... . 

31-6 

"l~;O'· 

'6'53 .' 
4/47 

3;16.' 

2'0 

1-4 

31'6 

10 

6'33 

. ~: 

. .' drIJ./dt 
"(nioles/hr~) . 

XIO:.J 

3·5 

'·3~05 

2'8 

l,g 

1-6 

1·0 

0-55 

0-25. 

2'04 

2'.15 

.1·42 

" 
'.0,86 

" 0'62 

4,47 

3'16 

'2;0." .' . 
. :.,.: .• t·.. ," 

(c) ./. ,. &. Chain length· (n) :Fig.jgr.pk~ silbJs<~il<~~~ ..... 
variation of (Ii) aguinst l<;~(. k1/letl~,.1/3:-1 ~.4has':he~ri.;evalU:~' . . .~ 

. ..e· '. " .... :i,i, ." .•. , ....... : '. ',,'. ''''::''.:-':,'''' .: ..... , .' .. ";.:/',:,,c .. } .......... ':.. ".:. _ '::' . :1 

utcd from the graph A. (E'or slgniil¢·anccof.kp-&7c,t~ee",i~.¢~¢tion,'·. 
scheme under ,discussion) .• ' . .....•.. ··':::':":"·':"';:'::d:~;,:~':j~i\::n·:·· . 

• ·Y:)··,." . - '" 
(ii) ,'. Light intensity .. (1) : I aild.:·dFe2-:)dt; Resjilts:~h':~'~nxTt>t>n 

light intensity and· dFe2+/ dt showthatfor,lJjgher ...... ·. ·lI .. " '.J,~,j, 
."",~,"'.' ....• ' ... 
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~ ::tbove 5X 10-5 Nhv/hr., rate of feri .. ous ioxi:·f.lill~C/?T~sfallingoff 
of ferrous is due to dark back i'eaction' betw~eAfe~r'ous" ions and 

~ chloride radicals· It will be scc'u'H{the (1iscus~iJ~'purt"thllt' when 
this dark back reaction is taken into account: the "actual rate of 

ferrous production will be dFe2+j dtr 1 + k~(Fe>+nwher~k. & 
'- 1c£[M]·. j .. ' . .. 

k i. are .rate constants for dark back l·eactionari~rinitiatio.nc o{poly
merizution respectively and [Fe2+]' -is called:·.'jne.an· ferrous'~this 
will be discussed ·a( .. great length ,~lsewhere.tn'-·· this. paper' but· it .. 
will he sufficient at this 'stage to say· that th~re. ~as.· ~ m,ore'.regular .. 

. variution hetwe~n I 'and dFe2-I-/dt [ 1 + leo[Fe2+]"J .(;~llble: 3) 
. ,. . .~~ .... 

than between I and dFe+2/ dt. 

TABLE 3 

[Fe3+]o == 4 X 10-5 M; [Hel] == 0·05 N; p~=.1-3· 

Intensity. 

(Nhv/hr) 
X 105 . 

.' dFe2+/dt 
. (moles/hr) 

X 106 

Ivr~~:.· :.:~;;{':, ..... ;:.,,:: ;' ... ~'.: ':'.:;.': ::::'.:'.;,,: :;>{ ~~;.~,; •. ;:,:':.'·:·lt:., .. ;·:';~·:;~ ".' .' . 

(Fe2-i-):-:. ':.. ·"dFc?1"/ d( . .... '. 
(molcu-)~ :;:·:::·i.:~:;!:r<. ~·~·.<~:::io.6) .:.;' '.:;".::::''':' . 

. :', ":':, ",,- . .... 

:,". " 

X 106 :'.<,/(. ~".'.' .... :::': <.':: .. ' ': ,: . ,', 
...... ; :·r· . :" .. 

:',". '" '. '. .:., 

. :~:: ... :;>;.::; .. :.\:< ..... , "::~: ,',:- .. ':'. ':.:, ....... '. ..:: .... . 
. ':' ":', .... ,. 

~:,~i{~1i~\~,\?'~)·.!M!:: .'. . •. ><',,' 
3'~' .: .. ' ..... ..' 0-67'" ..... :' '.:-.: 

• ::. : :..:..' '. • "' •• ,.. ,.. • ":" ~'.: .• ' • .' ,I""" .' . . : . '. ..' : . .' " ~ , . , 

2·04 0·30 ~'15; .. :,<'::,{:·?::-':.·.:':;:::.;~,~~~.:::""., .'. '. < ' '. ' .. ' .. " '.' 

8 0-97 

a'8 0'80 

5'4 0'69 

3'8 '0'45 
.. 

,. 

~::: . _ :::5 •. ~ .. ,C; _ .: ::~~'~':~~i~~{~~:.!~1;if~r;;.;,../i~:. · 
(b) I & dM/dt: dM/dt. \yas J~ti~ci ·t(,...··dep~A4)6ij .. :·ih;~~~square?>.'::?:···· ';.' 

root of the intensity of light .(Table:::4.).: : ;' .. ';:.,.;.- ... ..-.; .- t·,:::· ":::, ." .. 

(c) I & (n): . Chain len~th of' 'ihe ·poly~~~!:·.~~r~~d "~ith the: .. ', ..... ' 
reciprooal.of the square.root ~f·light.iiitensitY·: (Graph: B);·:{Fig. 1).:"':"." .. :.: 
kp/kt~ has been evaluated' as ~ 1·0.:· .. · . ...... : .. .".( : . ..... . 

' ..... 

. < .. 
. . . : ........ :.: .. : ... ; . 
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." ".'-.. ';. . . ·.~-:·~:·.~·:~ .. :::·:<~'··t~;~·~~r,{:t~:~<:~:::'· '_'./::':" '. ..' . 
[HCl] == 0'05 N; pH...,.1~3;C.{6ch4opitril~], '1'0 Mj" 

• -' .. :.': '1-,: '\~-" . ,: . ", .' 

4. X 106 

" 

" 

" 

" 
2 X 105 

" 

~ 

", 
1()2 

" 

" 
1/ 

.".'(M~thYlmethacrYiatej:0~'9;~L M~:'o';;; ", , 
,,~,' , , '," '.';>,·~;,<!~7l~~~~~~tt:.': ' 

• (f-Jh V )h~') 1/2 

Intensity 
X 103 

8'22 

5'75 

4'53 

2'50 
.. 

1'25 

10·58 

/ 
8'90 

6'10 

1'97 

U,S 

8'37 

4·42 

2'62 ' 

_, ':::.1:-'; .. ;. ,";: . 

, lVIethylmetha- "',' 
, " :·crYlate., ' 

,2'99 

, ",1'60 

-"'" 

.... '. ," 

",0'80 

, 0'42 ' 

1·7 

1'5 

1·0 

3'5 

0'50 

'Acrylo
, nitrile 

1-7 

1'18 

, 0'97 

'0-45 

.............. '.-

, (iii) Change of monomer concentration [M1;' [rv.rl& dFe2+ / dt: 
AJ:l accurate Investigation, ofdFe+2 / dt with [M]' proved: difficult 
beca'use ,at" very low monomer,concentrationS',or,'~~en,fn •• the 

"'absence 'of any ,monomer ,the rate of'fer~ous',p~oducti~nwas'mQre 
01' less a$ high as at highermonomer,coricent~ations:'·· This' is to 
be attributed to reactions of traces or organ.icin~J?urities in distilled 

. water or the reagents in the Systeni with the Chl()~ide ra'd~caIs. 
This aspect of impurities which Kolthofr & Medalia"(1949)aswell 

. ~'. 

; 

I' ,,;1:', ' 
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as Barb, Baxendale, Hargrave:'.;(1951):hayi;~~~cig~isedin·the 
System, Fe2+-H20 2-:-substrate,·has been de~ltwith : elsewhere: by .•. 
the author (1954)" at greaterlength as applied to our system 
Fe3+X--Vinylmonomer;' The results for invariability of dFe2+/dt 
with type and cOIlc,~ntration of monomer aFaU'pHs but variation 
with intensities or concentration of ferric ion. are . given in TableS. 

~ .' .. J-: . 

[Fe3+] 

lO--Z 

l~ 

" 

4 X 1(}-Ci 

TABLE 5' 

. ' Intensity 

(Nhvlhr) [Monomer] 
X 105 

·13·2 Acrylonitrile . 1'0; 
0'8-0·02 M and. 
also nil monomer; 

6-9 
" 

. ',~ ,'., .' 
, ., .' . 

. ". <~e2~ (mole~/hr) .. ._._.... . 

pH. ,":"dt 
X 106 .' . 

16-17 .'. 

II· 8- 9 .. 
. .... ;··i:: :' .. 

II Methylmethacrylate . . . ..:'.;.:.. ~, "' •. r ..• : 

0'1. to 10 .. '·.'M as" .' '!"::'.!".';,;;'!' ...... ' 

. ::~, . as' .. nu •.. ~onO-, •.. "i!~"~~I;i!!,";:;,:.87~.9,E .•.... 
" " . . .. ' . ',;\/ 

I.~. • '. ': ' 

(b) [M] and dM/ dt: dM/ dt vari~d~()f.k··,~~ktl&i·l;)With [M] ,';'- '.' 
(Table 6). With regard to both.clM/dt .. 'a~\W~ii·.'~s:dFe+2idt0th:\~ 
[M] behaviour of metha9rYlic~cid~las.pee~J6~nc1"to'diff~~sligIitly:}::"; ..... 
from methy lmethacry la te or acryloni trne.Thi~X~l'laIri~lous peha~'·;·· .' . 
viour of methacrylic acid is p~rhaps dueto>it;poIY~~lectroli1e;> 
character. Fig. 2 Graphs A & B indicate that dMldt:varies more 
regularly with [M] rather than [M2j for 'acrylonitrile :and,GrapI1 C ',' .... , 
'tepresents the anamolous behaviour of methactyiic acicI.· .. ,' . 

(c) [M] and (n): The result for variat~on .of(n) with [M] 
are given in Table 7 (Graph C Figure 1) and. kp/kt!l· has been 
evaluated as .1-1' 2. 

....... ' .. 

: .> .. 
. . ,'.'., . 

'. .' . 
. ' .. ". '. 
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. Monomer 

Aery lonitrile 

Methylmethacrylate 

Methacrylic acid 

0-6 

0-3 

. 0-1 

. 0-05 

1'6 X 10-2 

4-6 X 10-':'2 

3-0 X10~2 

1-9 X 10....:.2 

9-7 X 10-;J 

5-0 X 10'-3 

. ~ 

9'5 X 10-3 

1·4 X 10-2 

:5'9 X Hr-2 . 

9-12' 

····':0·28 

0·70 

.0-9 

5-0 

:; ... J . 
. ':t:· 

.• : .. , ..... 

··1'72 

0-72 

'. 0-3L 

0-12 

0-74. 

0-55 

0-30 . 

'.0-16 

0-075 

. 0-09 

0-15 

·.··2·19. 

-: " .. 

" 

". 

._ . .--

(dFo2+/dt) 
lOG. 

,.,.: .. 

.. _. 

0'7 to 0-8 

" 

" 

" 
.j 

" 

" 

" 

It 

" 

" 

" 
i 

1'1 to 1'2 

" 

" 
I, 

" 

11 

/I 

" 

" 
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'~TAB£E' 7 .' 
'-' .',. -' 

", , .... 
, " 

[Fe+3] = 10-4M; 7c, == 0;24; :!== 6·8 X 10 .... 5 Nhv .units/hr.: 
I) , ."', 

Monomer = Methylmethacrylate. 

[M] ",Chain length (Ii) 

molar 
, Mea,sured ' Calculated 

...... 

0·095 2588 2180 

0·075, 1778 1634 

0·05 1038 1090 

0'025 496 457 
",'.-' . 

0'005 327 ' ...... 

'1:.-. 
")., :", 

••• ': ",:f ; .~,':~';' 

-,' .;-,". ' 
" ..... : ,-.- :'.,. 

It was found that 'dFe+2/dt decreasedas ilhe';meal1,tirrte'iriter-" 
valor 'mean ferrous ion' increased." 'M~'a~1;f~tf&tis,;j~ri.~: nlay:'be' 
computed from (1) ferrous ion 'accumulating:in'the'~e'a:ction' at.,a 
particular intensity over an intel~val of tim~~£'(2»)err9Ps accu":' 
~ulating at different ii1tensiti~s for the's'ame'1:im;~',int~rvar or 
· (3)' ferrous ini tially '. added. The .' c1eci~ease,'9~{.dFet~/dt:;'Il1ust;b'e,';.L': " 
attributed 'to, dark back reaction' between.':(F~i~;,~:h~d:Cl"givf~g;C,,",·· . 
Fe+3Cl-. 'Mean [Fe+2] is t~ken'ag ferrous:pfes~nt:h~f()r~:jrradi~"· 
tion of the System plus half ferrous .produc~d·,during.'irr·hdi~tiori:;., . 
from the values of mean [Fe+2],JM]and:,4g,~,+21dt~"yaltl~;ifor:;' 
lc r/7<:1 as well as 7cn/k 8 + kifor methYlmethabfYlat.~{a'nqk'acrYlpl1i"~~':~:;' 
trile could be calculated- (TableS) . (F~r.'sighific~ri~.~·:6f7co>'kl"" 
kRJ .kd , see reaction scheme' under: discussion).·TIi~,>"d~~~ea~e·'of 
dFe+2/dt with (a) time, (b) incr~aseofme?~~ferr().u~ ion from 
initially added ferrous and (c) increaseofme~nferrq~;~tc1iffer- ,', " 
~nt intensities are represented by GraphsA,B~nd Crespectively 
in Fig. 3. ' 

,.S. 19 

~-. '-'. '.0' 
. >.-.: 



TABLE 8 

For-Methyhnethacrylate, I ' 4·8 XI0~5Nhv/'hr, 'and 

"Monomer 

• Fo~ Acrylonitrile,' 

Initially 
, ,,' added 
[F'e2+] (molaJ:) 

, X lOS , 

Fe2+ 
,(molar) 
,,'X1{}5 
(accumu

lated) 

0·1 M. MethyImethacrylate '- - .. -- . nil 

'1'0 M. Acrylonitrile' 

/'~J: 
""X 

,~ 

o 

5 

7;5 

10 

25 
20 

(i",--

1== 6·9 X lO-5Nhl1/hr. 

,Fe2+ 
(molar) 
,X1OS 

produced 

55'5 

5-6 

3·7 

3'9 

3'7 

'Mean 
'Fe2+ 
(molar) 
X'1OS 

,46 

2-8 

6-8 

9-45 

11'85 

dFe2 

dt 
X 106 

4-35 

1'82 

1'51 

1-37 

1-3 

'ko kll 
~ kll + kd 

"- ~-. 

6 Xl()S 0-13 

Ferrous produced very small incompari..<;on' wiLl],. initially 
, , 

added Fe+! 

f,i 
fo\~ 

~ ..... , i 

(~ 

:,';~ 
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(v) Qua~~U~,Yield,: -, Qu~nt~nI,~~i~"~:~:.Withrega;d to' 
dFe2+ /dt in, case of Fe3+CI-wasfou.p.dto',varYiv.rith [Fe3t], attain~, 
ing a m~ximum value of '0 ,13. ;; Th~' ':value,wa;foundt'o beinde.~ ,', 
penc1en.t of type arid c6ncentra~ion ~{the.',: Inonomers:aswell as' , 
wa velengths " 313,~~. or, 365m~;though ,it:"'~,9Pped steeplyfu 'the,' 
visible. Qua~tWllYYieldi(Y~)":yvithr~g~t~,;·/t<>.)dMI dt was found " 
to depend, on." (i); •• the' type. ail.a concentJ:'4~iOp.'of 1h,~ monomer, 

~~Ie ~~t Intensity. R¢Sul~, l~r~~~'\'r~2,,~,\y'Jare;,gr'!,~iin , 

[Fe3+] Monomer 

10....,.2 Methy1me~crylate 
(0'1 M) 

10-2 
" 

1()-3 
" 

1()-3 
JI. 

10-4" ' ' 

, ,,' " 

1()-4 
" I 

4 X 
10--:1 

" '" 
" 

~ethylolethaorylate 

(0'OO5M) 

,. Acrylonitrile 
l'OM 
O'05M 

lVIcthacrylic acid" 
l'OM' ' 
0'009 

. '.~" 

, Intensity 
Nh v/hr 
X 105 

13'2 

6'9, 

"': .• ' .. ,," . 

, ',0'13 

.:'., .. .'; ... : 

" 13'2,' " 

6·9 " 

13'2 

, 6'9 

13·2 " 

" 6'9 

6·9 

6'9 
/I 

" 
" 

"0'1, 

. ." 

. \.;.';.:" 

0·10 " 
. '".1:,,' ... ",~;' . 

0'1 
0'1 

0;1 
'0-1 

DISCUSSION, '" ' " ' 

f 
26·5 ' 

'.26·8 ' 

42" " 

88 

130 

113 

137 

,290 
12 

',' 300, 
8 

The energetics of the iight abs'orptionproCes~~(Ve3~Cl-~Fe2+Cl 
hav'e been w~l1 discussed by Rabinowitch and "$tockmayer (1942) 
and subsequently by Evans & Uri (1949)" It has also been sug-

.. :."" .. ' 
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gestedby--Evans, Santappaand_ Uri (1951) that after optical tran
sition in Fe3+X- (X == OR,Ql,etc.) according to Franck Condon 
principle,Fe2+X (aq) would be left inn6n.:equilibrium configura": 
tion especially of the hydration "shell and would thereforeJ disso
ciated into Fe+2 plus X with a,repul~ionenergy :o{ ,;..;- 50 kcal. 
X rcidicals thus ptoduced l~ad to:polymerization of Vinyl com
pounds~ The experim~n.tal_d~tapresel1ted may now" be examined 
in the light of thefo116wing reaction 's6hcni.eWhichisassumed and 
then the modes of initi~tion and termmating mechanisms may be 

. concluded with fair certainty. Light, a1:>sorption and primary ,dark 

back rea~tion F~3+Cl'-'. hv Fe21 ci; ·iniiratl0n~fpolyroerization i 
: kIt ko",- " "', 

by Fe2+CI; Fe2+CI ~ Fe2+ +Cl-lyr""':j Separation o£~he product, 

Fe'+Cl ~ Fe'+ + Cl arid secorid~arkbackteaction,Fe+" + Cl ~ 
Fe+3 + Cl-, kbkP' k tl ,' kt2, kt,'arethe~ated()m3tant~'fd{1mti~tion -
by Cl radicals, propagation, f~j,miIi~iiori by th"r~di';"lF~2+Cl, ter
mination' by the' Cl radicals alld termination by" recombiriatiori of 
active endings iespecti~ely.' -' ',' .. ;,',. .', ":'",:- .;; .... 

Assumingstationa~y concEmtrations for the radicalS/Fe2+Cl, ' 
ci and the radical chains Cl':'(MF-:whereM':::¥.o~biher . and .•.• ~ .. 
n == 1 to ,Co" it'can be shown if . (i)' .Fe~Cl initiates,as.\Vell as ter- ,,-;«' 

tninates (disproportionation ) the chains, then,·.. .\;,. . . . 

: 1e 1l11c'{[lVl]," 
dFe2+/dt::=, ' and dM/dtkl)k't[M]2!kt;~' 1<;:., " " ," 

Uf ~. . . ,: . : -\ ; :..-."' ','" . :: " .::\: .. 

(ii) F~2+Cl initiates and' termination, is by;~~cdmbination, 
thEm dFe2/dt is sameas in (i.) .butdM/dtkp(MJ~~{kiik I/ktkeLP 

'" " , ',' 1\ 

(iii) Cl radicals initiate as well as terminati. {d;spropor-

tionation) the chains then, '. ' ' ., 

lcn7c 'I ~.. ,1, M] " ' " B ,,4[, ) 
dFe2-1-j dt == -:-:- '_ . ' ' ,', ,'> ,~' i" 

ka+1c'l '" ' k([M] + ko[Fe-f-2] ,f ,. ; 
and dM/dt == kpki[MJ2/kt2 

(iv) Cl radical initiates but teimi~ation is by recombination 

then, iIFe;/dti" same as in (iii)lmtcl~!dt-t'.!:~ll::.leL) ! . 
_ ""',, lv t · \ k~ + kl 

If Fe'2+Cl initiates polymerizatio'n.' ',,: "to (i) or (ii) 

'" """,.:-
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dFe2+/dt == ,": ,,' 

The applicability of this equation was fUl'the~·'.corifirl11ed by' .. ' . 
'(1) a regular variation of dFe2+/dtwithk:" ('rabl~;l) .. ' 

- '. . ·e~ . . . . 

291 

(2) Variation .of mean F~2+with dFe2+/dt (Table 8) accord-
. ' .... ko + ka .(., leo [Fe2+]. )\ 
mg to the eguatlOn 1/ (dFe2+/dt) == ,: ..... ~.+. k [MJ .' .. ' . . k~ <:' I. '. . . . ( ' .. , 

. ". . . . i'" fl·. '. '. ~ . . i. .. • • : .. 

from whicp-, (a) ko/let for methylmethacrylate ·4~j;':.for acrylorii- .. ' 

tdle == 6 X 103 a~d (b)"' len' ·z .. O'10::to:::6~'.13. have .• ~een.\"· 
k8+ ka' . :, 

.. :.,\ .. :,. calculated; 
. .' 

And (3) non-uniform variation ofidFe2f/4t~ith.)~ght Jnten~ . 
. sity because of secondary dark back r~actiori'~thigh,eJ,"j~ght )nteil-

..... : .. : ',' ;.-.: .... ~ .. -.'; ,.\ .... ,:~; :':'~':::~':':::'.".~~:«' ..... , -," 

sities. But Wit~ . iWe'+ / dt' . (.1 + k, ~F'~~'f);~hich~Jes ~'~i~ .••.. 
. . .•. ", '<:t .•.. ~:: .. :.: .. , .', ::,\;<.F;:,:;;U'~;><i:\:,:'" .. ',. ;;,., ...• : •.•.• ,.:': ..•.. 

account the dark' back reaction uni£6rm":;\ral'iati6il'·cottIcE·be· . 
.observed. even at higher light intensities (W~bJe';:3jL'it ,i~,there~· ,> ." 

fore .concludedthat Cl radicalsinitiatepol~~~fiz~tiort. .,' . 

... ~ . . '. '," 

. ;"'::, 

'," 
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LEGEND'S FORmE FIGURES: 
, ..... . 

Fig. 1 .. Curve A shows the variatio~'of chainlength (n). of meih:Ylmethacrylate 
p'olymer' w~tli ~e reciprocal of squ.nl'e root of light absol-ption' fraction ~ (1'8~l/') . 
for the-ion-p8iriFe~Cl-.. .' . . ..... ' .. : ... ' ..... ::: . . '. 

. "t' - - .' . ~ 

. .... - '. , ' ",' ." - . . -. 

'. Curve B shows·.the linear variation of chainlength'ofmethylmethacrylate . 
polynier. with· ~cciprocal square root' light intensity'(I-7~/') :whenFe+~Cl- has 
1...:"'en . use' "d' .' .. :':.' ... : ... ;." '.' ". -; .... : .. ,.. . ... '-.,:, .... ,' '.' ":. . . ','. ' .. uc :r".':.'~;'. ': . 

. ' C~l~~:. ·'6 ::~~~~;: the depe~dence.: ~f .' chainle~gtli::oi:'!;~ethYi~et~~~i:yl·a~~· 
. i)olymo~~:olith0~·?o~~ohtrn#oii~o{'iil~th:ylmcthl1Cl;yIlHo:;mbhomcr\vi'ih :Fo~l-aCl';'" .... 
ion palr';:,I:6-S'X'lO:-5 Nhv/hr.and'.tFc+:~]':"lO:4M.:" ''',. ,...... " . 

. Fig .. 2. Graph A. shows the linear ~elation between rate of monomer dis
appearance and- ftrst powe~ of monomer concentration for the' System Fe+3Cl
-acrylonitrile; "[Fe-f-3] = 4 X iO-SMj': [HCl] : O~5;N; '1 = 6'8-X':10-:-5 Nhvi'hi-. 

Gr~ph B sliow~' the non;lin~~r' r~l~tion, b6t~~~il":~llt~:' ~f 'hioriom~l' dis
appearance and':squar~ of monomer concEmtr'ation ,ceteris paribtis"as' graph A . 

. ',' ':.. . . . I,:: .. ,':-' ,:,:.:,' . ::" . '. 
. Graph 6 represe~ts the relation between dM/dt and -[M] and ten,dency. 

for anamolous behaviour for higher. concontt;ution of: mcthacrylic acid.' . 
. . .'~ 

Fig. 3. Curve A shows the graduaLdecrease. in .the·rate· o{ ferrous ion ~r9-
duction as the mean time interval incl'eaSeSj , ' . .' .. :::. .' 

[Fe+3] : lO-2M; Intensity = 7'7 X 105 Nhvlhr.; 
,', . 

[AcryloIlit~iIe] = 1·2 M . 

.' .' . :C~rve' , B :Bh~W8 : the decrease of·' rate ferroUS Jon : p~oduction 
lncrensoo{'mean'!en'ous ion'; [Fc~H'] =10-4Mj . :' ,i,::. :.: ... .. 

. '. ~:;.':. ~ ;::':~. :. . ..•. . . .' , . '.' .... . 

wIth" thll 

rntextsity = 6·9 X10-5 Nhv/hr; Acrylonitrile; pH: I·il. 

. ~ : 

Fig. 3. ·Graph.C. rcpresentsthc li~car relation' be'tween··.l/Yriet and' 'mean 
ferrous ion' calculated from different intansities; rF~±3] : ... :,: 4 X lO-sM' Metllyl-
m~thaqtylate~ llH.'l:a .. ' .. , .' . . <...:': .. ';' 

• • ~ • of 

. "': ,:': .. 
~~, 

. ,'. . ~. 
" . 

. .. 
. ,.",. ,." 

; ...... . 

, . 
" 

• "~ • "; '1" • 

. .~ 

-- .. -----. -.:!.... . __ .. :.l. .' / : .. . ... : . 
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. To decide the question whether tcrniinating rnechanism is one 
of (a) disproportionation by the radicals Fe2-I CI or Cl or (b) re-

combination of active endings, we have to consider four equations 
for dM/ dt under (i), (ii) , (iii) at1d (iv). It was easy to concIucJ c 
that termiilation was by recombination of active endings when Cl 
radicals initiated the chains and resultf:) confITmed. the equation 
under (iii) 

~ .,. . -

The following arguments could be adducedin support of the r~:~om- . 
bination mech~rii$in. Regular vtiriation of (1). k!':with 'dM/dt 

.'. -. ....:', '. : {',; . ,'.,' ,.... '" :. . ".' . c ... :.... , .... , 

.4.' 

, ... 1' 

.~ (Table 1); (2)' I with dM/elt (rrahle4) and. (3). [M] ,~ith elM/ dt .} , , ~'. . I 

Crable G). From (1),' (2) ,(3)'hyma~dn'guse.oLknown values 
lcH/ (lcR +1ca) as well as'lc lit was possible to calculutc the values·, 

. ' ·e, , ... ' ... .' ....... ::: .:;: .. , ... > ...... : .. -.. .' ", .. " . .:>~ .. ;:~.!-!.: ... 

of klJlet~ for,·.acrylonitrile . '" Q)56;1ll~th,ylp1ethacrylate .' '1·,O.:,.ali4Y~\':;: 
'. : .' '.: . :,-... . ;':.' .. '. : . .... . .... - ':". ' -. - : .. ':. "~ .}\:;.:;..;,;.".~, . '. -:'." -

for methacrylic acid - 1· 56. . It was ~ls6"ifound, by'chlorineestAme~Y:··. . " 
.' : .. ' -.', " ," . ..... ' -' '. . "".' " . 'J. ·"·,,0··.' ;;":, .1"-;. - , ' 

tion of the polymethylmethacrylate thattwo chlorine atoms were 
present for each chain. . . . 

Further evidence' for the . terminating' . ~echanism . could' be . 
obtained' by a knowledge of 'variation . of cliairi~lerig'th of':methyl
methacrylate polymer with i~ I and [lVI]; 'If terl11iri.:ition:·,is·bY . ~,,:., :-~;::~/ 

... ,:. . ., ,.', ". n " ..... '" .... '. ", .. ' .. ,.' '." '.' '"." c.': 
disproportionation . then' Chain length"'(ri):':'would' be.l'Cpl'eSeI1tcd 

- ." cllVI··· ...... ',' " ..... ' ... " >. •. ,' .•• :<dFe+2 ",:;'; 

by the ratio~ n' 'dt/birth rate 'of the chains' or.(dM/dt)',dt'" .' . ~ i'" 

...•..•... ",;~·~M:.··.· ...... ·. 
On the other hand for termination by. combmatlOn,n ,,-~il;· . 

. . •. : >, "'.', '~:;'dt~ .,. . 
. •. dM dI!'e+2 . 

birth rate of the chains or --. l~j --- . 
dt . '"cit' . 

\.; 

, . . 

Variations of chain length of polymethylniethacrylate:with 
[M], K-! as well as 1-; were observed (lNg.1) . From the graphs 

. e . '. '. '.", '.," . .. •. , ... , 

in Fig. 1 ,vith '71,' as a function of K~~) 1-:-1 and [MJ values of 
. -: e ,,:. '.,' .... " "'.' " .::_.. . . . '. 

Kp/Kt~ have, been ev:aluated-as 1· 2 -1· 3 formethylnieth~cl'ylate. 
Further, the"measured chain lengths of methyli11ethacJ:yi'ati poly-
mer from viscosities'using Baxendale, Bywaters and Evans' Equa
tion,' could be ·comp~red. with (n) calcul~ted from the equation .' 
given abovk'forchainlength (Tab·le7). 'Tb~ foregoing discussion 
proves that termination is by . '.. the a<:tiv~e~dings, 

, ., 
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