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ABSTRAC'J‘

Using the System, Jon-pair Fe3+Cl— Vinyl monoraer, in aque-

ous solution a new method of photo-polymerization of vinyl mono-

. mers is described. Light absorption by the photochexmcally active

. ion-pair Fet3Cl—, leads to an electron tlansfer reaction mvolvmg,_ .
reduction -of the cation and. ox1dauon of Cl— toa free radxcal 'C1 which L
initiates polymeérization. Kinetics of the reaction’were followed by - - -
a -study of the dependence of (a) light absorptxon iractlon by the -
ion-pair, (b) light intensity, (c¢) concentration of monomer, (d) m1-—A’
tially added ferrous and (c) qu'mtum yiclds with regard to ferrous - '
production and monomer disappearance upon - (1). Rate: of ferrous:ion
production, (il) - overall rate of Polymerization an ﬂi),l{ chain-length;
of polymcrs A prlma facie ~ reaction scheme-»— was’ put forward -
Exammatxon of the experimental -results in-the hght of thc sug-
gested scheme revealed that Cl radicals initiated polym(.rlzatmn and
recombination of the active chain.endings terminated Polymeruatxon

Rabmownch and Stockmayer (194") in the1r 1nvest1;,at10n on,i_»_‘ .
the ferric ‘association’ or ‘ion-pair’ complexes mdlcated that’ a

I‘eJ I Cl i FeHCli-, T
brown colours of ferrlc chloude solutlons wer
presence of one or all the ion paxrs '

etc:'), . as | electfon

transfer spectra Fed+ X“&Fez*x and the dlﬁerence in- the‘.l
maxima of any two.spectra corresponded to the: dlfference in ¥
electron affinities plus solvation energiés of the respectlvc amon S
Rabinowitch (1942) thereforc prcchcted ou.urrence of [1ee rachcalgj__. J

S. 18 : G
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or atoms during uradlatlon of aqucous felrxc hahdv solutions.
Evans and Uri (1949) showed that such- free radicals initiated poly-
merization of Vinyl compounds Evans Santappa and Uri (1951)
have briefly reported on the polymcnaatxon of Vinyl- compounds
in aqueous solution. This paper_ (Santappa, 1951) presents a
detailed Kmetlc behaviour of the 1on-pa1r Fe*+Cl~ as a photosen-
s1tlze1 in the polymerization of vmyl ‘monomers, chiefly methyl-
methacrylate, acrylonitrile and to some extent methacryhc acid.

X PERIMENTAL -

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 mm, X 1-5 mm. The beam was rendefed'parallel_' by a con-’

denser lens and then passed through suitable filters (1946) to
isolate 313 my or 365 mp. The monochromatic: light beam was

then used to irradiate the system Fed+Cl- " "'(Fei"ric perchlo-
rate 4 perchloric acid + hydrochloric acid) ‘and vinyl monomer

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° C.

Purity of reagents:—Ferric perchlorate was prepared .from
precipitated brown ferric oxide and perchloric ‘acid. 'Monomers
were punﬁed after removal of stabilizers by repeated dlstzllatlon
in an atmosphere of nitrogen. Feiser’s. (1924). solution’ was used
for deoxygenatmg nitrogen which was used to douerate the solu-
tions before 1rrad1a‘uon '

Estzmatzons and determmatzons —-—Fernc ion coneenfrétxon
was determmed by Zimmer Mann-Remhardt standard procedure
Ferrous jon (dFe+2/ dt) ‘was’ determmed colorunetrxcally w1th~

O-Phenanthrohne in Hllger Spekkm Colorlmeter Rate of mono- -

mer- dlsappearance (AM/dt) ‘was- determined cxthcx by 1he Wclg,ht

of the purlﬁed and dried polymcz or by the detcrmmahon of mono-
mer concent“auon before and aflter 1rradiatwn of the 501111:10])'
Cham lengths of methyl methacrylate polymers (n) wexe deter '

mined viscometrically accordmg to Baxendale ByWator & Evaru,
(1946) method. Light absorption fractlon (Ic ) by the complex
Fe3iCl— could be calculated (]954) or. measuled spectrophoto-
metrically. "The lamp output or 1nten51ty of hght (I) was deter-
mined actinometrically (Bowen, 1946) usmg uranium- oxalate solu-
tion. Vanatlon of light mtensny was ach1eved by usmg an Irls




1954] KINETICS OF “REACTIONS 281
diaphragm in front of tfl.e Jamp. _Co_'i__lcentrz;ﬁ‘an'of methyl metha-
crylate or methacrylic acid (M) was determined by bromine addi-
fion and after adding potassium iodide, titration against standard

sodiam thiosulphate.

, Expe'rimental’ Results : — (i) Light Absorption fraction (k F',)
by the ion pair: lcp and dFe/dt. The concentration = of
Fe’+Cl— and therefore the value of kc depends on the equlhbrlum
Fet Cl= - OH—; m===2Fe#+Cl—+4-OH~; in other: words k - is-

“dependent on ferric ion concentration. Table 1 gives 'varia'tiqnhk.;
with [Fe*] as well as variation of dFet?/dt and dM/ dt»wiﬂ‘i‘f,ke S

TABLE 1.

~ Data for ku and dFet?/dt; [Methylmethacrylafe] = 0 1 M,
[HCI] = 0-05N; Time of irradiation =1-00 hr; )

.I,l .Intensity of light =65 X 10-5 th/hr' | ”
Data for e and dM/d; [Methylmethacrylate] =0-083; .

e

I = 3-8 X 10-5 Nhwv/hr.

dFer+/ds  dM/dt

[Fest] | (moles/hr) ,'(mc')les'/hr)f'-.l-'-*l .

X108 X 108
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(b) Lk and dM/dt: Variation of (lM/dt for Metbylmethacrylate e
with [Te3+]t is given in Table 2 J.'or two mtcnsnms " e

TABLE  2

Intendity - | | . 3:“ n - S dM/dt : |
Nhv/hr. . [I;\e 10]31. (moles/hr ) o
X 108 | - X1

3.5

A

‘ ._3".05 :
00 L 2

316 w0 0w

20 - 0-55

68 - 31-6 By
0 235
6:33 : 1
447 “ 086

(¢) k& Chain length- (n)
| variation- ot (i) against lc“J /I¢ -1:4
| : * ated from the graph A. (I‘or mgmi anc of ;&

scheme unde ,dlscussxon) i

I‘m 1;_gzaph A- Sho?

(ii) Light intensity '(I) I andi-:‘_‘_;q_l‘l"e“‘/dt AResults bet\fveen'_
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above 5 X 10—5 th/hr rate of fenous 1on falls : ThlS fallmg offﬁ -

of ferrous is due to dark back 1eact10n bctw':' _wferrous ions and. '
chloride radicals. It will be seen il the dlSCU.SSlOIl part that thni |

this dark back reaction is taken into account: the actual rate of o

k; [Fe2+] o
: where k,, &

]C{,[M] R ,

I; are rate constants for dark back reaction and mltlatlon of poly—” =

inerization respccuvcly and [Fezl] is called * mean ferrous’—this
will be discussed at .great length elsewhere in’ thls paper but- it

ferrous production w1ll be dI'e?d / dt [ 14—

will be sufficient at this stage to say that there was a more regular .

. o[Fe ‘
‘yariation between I and dFe®+/dt [ 1 +-—f—l-l-:—[-;-§1-\-/l-jl ']A(Table 3)
] A . Iy o

than between I and dFet2/dt,

TABLE 3
[Fe3t+], =4 X 10-5M; '[HCH —=0-05N; pH=1-3 -

Intensity = - } dFe2.+/ dt lV'ean
(Nhv/hr) (moles/hr) (Fe?f’ ) -
X 105 X 108 (rnolar)
_ S X 100

(b) I & dM/dt: dM/dt was found to de nd on- the squaref
root of the intensity of hght (Table 4) - '_ i ~_ S
(¢) I& (n): Chain length of the polymer vam.d ‘with the .
reciprocal of the square root of light mten&ty (Graph B). (F1g 1) ?'.',f’.;.‘. ESRINTS
kp/kit has been evaluated as = 1-0. R L S
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v
T Dntern X105
X103 Methylmetha- !Acrylo-
EE crylate © s - . nitrile
4 % 108 822 ' 299 P g *
" 5475 20 1
. 453 e 0w
» 250 o 'fjo.-.g()‘ _ 0445
.2 X 105 10058 T O S - -
... 890 s -
” - 6410 | 10 - | _ &
" o Lo | LT -
. :. 115 o ' P
” P REES i | -
» VZ"GZ' o = 0-50 | e

(m) Chanqe o;f monomer concentmtzon [M]; [M]. & dFe?t/de: .

An accurate 1nvest1gat1on of dFe+2/ dt: w1th [M] proved diffieult 7
,because at- very low monomer concentratlons or even m the L , @/
“absence of any - monomer the rate of ferrous productlon was more

or less as high as at hlgher monomer'concentratmns “This is to

be attmbuted to reactions of traces or orgamc 1mpur1t1es in distilled
“water or the 1*eagents in the System with the Chloride radlcals

This aspect. of impurities whlch I\olthoff & Medaha (1949) as well T
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. as Barb, Baxendale Halgrdve (1951) hay" recogmsed in - the '_
System, Fe?t— I{202—substrate, ‘has been dealt with: elsewhere by‘i_
the author (1954) at greater ‘length as apphed to our system
Fe3+X——Vinylmonomer. The results for invariability of dFe2+/dt
with type and concentration of monomer at’ ‘all pHs but variation
with intensities or concentrauon of fermc ion. are glven in Table 9.

. Intensity _dFe2+_(moles/hr) =

(Nhy/hr) -[Mon'o'merv] S dt S
X 105 , ><106

Acrylonitrile - 1-0; |
0-8-0:02 M and
also nil monomer,

124

Methylmethaerylate

. 0-1.to 10-M asi(].
well as ml mono-
mer, . SR

(b) [M] and dM/dt: dM/dt varied mo
(Table 6). With regard to both dM/ dt
[M] behaviour of methacrylic acld has been

from methylmethacrylate or acrylomtnle Thm anamolous beha' e

viour of methacrylic acid is perhaps' due’ to 1ts poly-electrolyteﬁ_'

character, Fig. 2 Graphs A & B indicate that dM/dt varies more_;,{j_‘;i

‘regularly with [M] rather than’ [M"’] for acrylomtnle and Graph C .',:;;,i,_ :

‘represents the anamolous behavmur of methacryhc ac1d

(c) [M] and (n): The zesult for variation of (n) w1th [M] .
are given in Table 7 (Graph C Flgure 1) and k,/kd# has been

" evaluated as. 1-1 2.
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-Acrylonitrile

'Monomer

Methylmethacrylate . 7 _-6 x 1()—-2 B 7
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. ‘ TABLD 7 e
;ﬁ, [Fetd] = 10"4M Ic = 0 24 I*- 6 8 >< 10'*5 th umts/hr
| ’ Monomer = Methylmethacrylate | o '
A
M1 : “  Chain length @
molar .= L - .
- Measured B .»:C_Jeleulatéd' ,
, | 0095 B s'zsssv - if{;a‘?? 'g;;v321§o, )
) oo om0 e
0-05 1038 SR 1090
N 0025 g6 Lo e

mulatmg at dlﬁerent mtensltles for the"s’ me
dEe+2/ dt ‘3'mus

Fe* 3Cl-. Mean [Fe+2] is taken as ferrous present: befor
tion of the System plus half ferrous produced durmg 1rrad1at10n _
From the values of mean [I"e+2] [M] and. dl"e+2/dt values for
Ic,,/kf as well as k,/ks + ka for me’chylmethacrylate ; d acrylom-
~ | trile could be calculated— (Table 8). (For: S1gmﬁcance of k,,, kt,:', a
\'fI/ k., ks, see reaction scheme under. dlscussmn) The. decrease of-
dFet2/dt with (a) time, (b) increase of mean ferrous ion from . ..
initially added ferrous and (c) increase of - mean ferrous at differ-- =
ent intensities are represented hy Graphs A, B and C respectlvely

in Fxg 3.
'S, 19

. -"i*
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a For Acrylomtnle,

For’ Methylmethacr:ylate I= -4-8 )( 10-5Nhv/hr, and

I= 6 9 X 10—SNhv/hr.

TABLE 8

‘Injﬁany -
~added ¢

X 105

| Momomer L ST

ezt

- (molar)
(X108
" (accumu-

o lated)

- Fe2+
" (molar)
X 105
produced

Mean .
Fez+ AFe2 g
(molar) - dt e k.

X 105 x 106

1 0 M. Acrylomtrﬂe L0

10

o 0 1 M. Methylmethacryla’ce seoomil s S

75 o

12

L ‘5.5}5‘
56
3-9

37

BRI 435 . ag

o 011
:‘.{2’3 | 182 | o
ss ’ "1-51'

.9-4;5 | PRV 6X 105 . 013
11-8'; 13

Ferrous produced very small in comp'u‘lson Wu_h .initially
added Fe#

én

¥

~ ‘
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ing a max1mum value of O 13 Thls value was found to be 1nde- _"'
pendent of type and concentratlon of the monomers as well ab‘ .

(u) hght mten51ty
Table 9. '

TABLE 9

- "'.Intens.it;;r' .

[Fe3+] Monomer ~ Nhv/hr
| | - ©oX 105

10-2 Methylmethacrylate e L
(0-1 M) 2 0

a2

L 4‘_'_::_? 9

) ¢
26j5 :

102 »”

108,

104 ” 89
Methylmemaorylate ' c
(0-005M) . 69 .

Acrylonitrile . neoL
1-0M 69
0’05M . »
Methacrylie acid” ‘ A . ,
' CooQel e e 300

0-009 o ST L ST

73

»

0.
12

n

DISCUSSION _
hv

The energetics of the l1ght absorptxon process Fe3+Cl- P= Fezl Cl
have been well discussed by Rabinowitch and Stockmayer (1942)
and subsequently by Evans & Uri (1949). I’c has also been sug-
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@Hdby&mwSmﬁwamﬂUm(Nﬂ)ﬁMaWn@Mmem
sition in Fe3+X— (X = OH, Cl, etc.) accordmg to Franck Condon
prmmple FetX (aq) would be left in: non-ethbnum configura-
tion especially of the hydratlon ‘shell and would therefore disso-
“ciated into Fet2 plus X with a repulslon energy’ of ~ 50 kcal.
- X radicals thus. produced 1ead to’ polymerlzatron of Vinyl com-
pounds. The expeumental data presented may now Je examined
in the hght of the Iollowmg rcactlon ‘séheme which'] is agsumed and

then the modes of 1n1t1at10n and termmatmg nechanisms may be o

: concluded Wlth falr certarnty nght absorptmn and prrmary dark

hv- |
: back reactlon Fe“Cl :—_-_-:_....,-———Fe“ Cl mrtlauon of. polymerxzatxon o

_ R Teg o '
by Fe?+Cl; I‘e2+Cl-—>Fe2F + Cl M-— Separatron of ~the product

ko
2 4 Cl—

T
Fe2+Cl —> Fe?t+ + Cl and second dark back reactlon, ;_[‘e

Fet3 + Cl-, ki, k ku, km, kt, are the ratc constantv_“'fo"’” initiation

Fe?+Cl, tet-

by Cl1 radrcals, pr0pagahon, termmatron by the radical’

mination” by the Cl radicals" and termmatron by recombmatmn of |

actwe endings respectlvely 3

Assummg statronary concentratlons for the ‘ra 1cals H Fe2+Cl
cl and the radmal chains C1-— (M)n-—where M= Monpmer and

n=1 to c, it can be ‘shown if- (1) FextCl mrtrat'
. mmates (dlsproportmnatron) the chams, then

k 1 lc r[M]

arert/dt =—— k and dM/dt k,, k’t[M]Z/ku

- (1) Fe" FCl mrtxates and termmatron is b
then dFe2/dt is, same as in (1) but dM/ dt=Kk; [M]""{k"k 1/kdeq)?

(iit) Cl rachcals mmate as well as termmate (dlspropor-;_ |

tionation) the chains then, -

-k,,k T T FL
CdFett/dt = e e w[ } ‘ } S
legles ) Ict[M] + lco[Fc ] f

and dM/dt =k k4 [M] /ktZ

(iv) - Cl rad1cal 1n1t1ates but termmatron is by recombmatron

then dFez/ dt is same as in (111) but dM/ dt =

kq %‘ kr]
If Fe”z’*‘Cl 1mt1a‘ces polymem?atxon then accordmg to (1) or (u)

kp[M] <K8k ) N

S

y ecombmatron,i o
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. quantum y1eld for ferrous ion: must go on 1ncreasmg as tne con-
centration” of monomer mcreases “and. must not attam a constant
value below unity.. On the other hand if Cl rachcals initiate, then,

£ ~ Aaccordmg to (m) of (1v) quantum yleld f01 lelrous must go on

' increasing ‘as the- concentratlon of the monomer is m01ea<ed and

when Fe [ M]-» k [Fe2+], ,becomes 1ndependent ‘of monomer

concentratmn and f} repreSented by a constam quantlty,A
o/ (s keg) . In! our expemments with’ Fe3+Cl— a constant quan-
tum yleld of ~ 0-10 to 0- .13 ‘was obtamed (Table 3, this value
being almost 1ndependent of type and concentratmn -of monomer,
Thaty  isas h1gh even in the absencc o ny monomel must be

- attributed to ‘the reacuon of Chlorxdc rudl .w1th organic impu-
rities in the system and any posmblhty of photo oxrdatlon of water

‘at the wave lengths. and 1ntensxt1es of l1ghts used in the experi-

: ments, must be very remote if not completely excluded. There-
.5 fore rate of ferrous productlon will be correctly 1epresented by

(iii) or (iv),- ‘

dFe2+/dt—_- ¢ [ kfM]

ké + e i ’C£[MJ + Ieo[F CZ;F]

«

' .. The applicability of this equatlon ‘was fur tk onﬁrmed by
(’I‘able 1)

(1) a regular var1at1on of dFez"'/ dt W1th k-

(2) Vanatmn of mean Fe?+ w1th dFe?t+/ dt (Table 8) accord-
btk (y ) o0, )‘ |
ko e 10\ ki[M]

from whlch (a) k,,/kt for methylmethacrylate' 8 ;"for,__ acrylom

ing to the equa’uon 1/ (dFe2+/dt) =

trile =6 >< 103 and (b)

calculated

&
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LEGENDS F‘OR 'I‘Hf‘ F’IGURES

Fig. 1. Curve A shows the vanatlon of chamlength (n) of methylmethacrylate

polymer w1th the reciprocal of squme root of. hght absorptlon fractmn (ke"/‘) .
for the 1on-pair Fe+3CI-: . o, , e o

Curve B shows the linear. varxatlon of chamlength of methylmethacrylate. .
polymer thh recxprocal square root hght mtenmty (1% when Fe 1-301~ has :

of chamlength £ ethvlmethacxylate'_ _
omer wlth FO'I'"CI-' E
ion paxr, 1= 6 8 X 10—'5 th/hr and [I' >+*]-—10~4M

'I‘lg 2. Graph A shows the Imear relatxon between rate of monomer dis-

L R R U

appearance and first power of monomer concentratxon for the: System Fe+3Cl—
—acrylonitrile; [Fe-l-3] =4 >< 10-5M [HCl] = 0 5 N 1=68X: 10—5 N'hv/hr

Graph B shows the non-lmear re]auon between rnte of monome1 dxs-
appearance and square of mornomer concentrauon ceteris panbus as graph A,

Graph o represents thc relatlon bctween dM/dt and [ M] and tendency
for anamolous behaviour for highor conccnuutxon of mctham ylu. acld,

Fig. 3. Curve A shows the gradual decrease in the rate of ferrous 1on pro-
ductxon as the mean time interval increases; . :

[Fet+3] = 10—2M Inten51ty =177 X 105 th/hr
[Acrylomtnle] =1 2 M '

Curve ‘B shows ‘the dccrease of rate ferrous ion productxon wlth the;:'
incrense of ‘mean ienous ion’; [I"c34j~«10-4M BT

O

' Intens1ty 6 9><10 —5 th/hr Acrylomtmle pH 1 3

I‘xg 3, Graph C represcnts the lmcar relatxon between l/y et and ‘mean -

ferrous ion’ calculated from dﬁferent mtens1t1es, [Fe+3] = 4 X 10'—5M Methyl—
methacrylate, pH 1 ‘3. e S L
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. To demde the quesuon whether telmmatmg mechanism is one
of (a) disproportionation by the radicals Fe?Cl or Cl or (b) re-
: combmatlon of active endings, we have to consider four equations
for dM/dt under (1), (i), (iii) aad (1\7 It was casy to conclude
‘that termination was by recombination of aclive endings when Cl

radicals initiated the chains and results conﬁrmod the: equation

under (m)

1

Ak, [ ke I >M
lkd}uk [M]

db kt‘

The following arguments coulcl be adduced in support of thc recom-_ |
bination mechamsm Regular vdrmuon of (1) k’ ‘with” am/ dt

(Table 1); (2) 1 with dM/dL (Table 4) and (3). [M] J “with dM/dt
(Table 6). From (1), (2), (3) by makmg use -of. known values
ley/ (ks +kqe) as well as lc 1 11 ‘was’ po' f'xblc to calculate. the le es
of I/l for, amylomtnle = () 1.)6 meth' lrﬁethacrylate = 1 0

for methacryhc acid = 1-56. - It was als

tion of the polymethylmethacrylate that .‘two chlorme atoms Were‘

present for each chain.

Further ev1dence for the termmatmg mechamsm could be

obtained by a knowledge of vana‘uon of cham—length of methyl-‘..‘
1 and. [M] 1f termmatlon is by oo

dlsproportxonatxon then Chaxn length (n) would bc xepxescntcd B

methacrylate polymer w1th k

dFe

: dM .
by the ratxo n= Ei?"/bmh rate of the chams 01 (leI/ dt) dt =

On the othe1 hand for termmatlon by combmatlon n :

v S dM dR 042
bxrth rate of the chains or —T— 3
: (

Variations of cham len;,th of polmcthylmctbacrylate w1th
[M], K- ~1 as well as I~} were obser ved . (I‘zg l) From’ thc fraphs

in Fig. 1 with @ as a function of K= 1~% and [M] values of
K /Kfé have been evaluated as 1- 2 — 1 3 for methylmethaclylate
Further, the ‘measured chain lengths of methyl methacr vlatc poly-
mer from viscosities “using Baxendale, Bywaters and Evans’ Equa-
tion, could be compared with (n) calculated from- the ‘equation .
mven above for chain length (Table 7) The foregoing dxscussmn
proves that Lermmatxon is by 1ecombm<xhon ol thc active endmg

]

Y
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