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ABSTRACT

A sludy of the bulk polymerization of methyl acrylate at 60°C
1o 80°C with 2,2 Azoblsisobulyronitrile, (Azo), 1,1’ Azobiscyclo-
. hexanocarbonitrile  (IIAzo), Hydrogen peroxide. (HzOz), Denzoyl
. peroxide (Bzz02), and Mcthyl ethyl ketone peroxide (MEKP) in 20
per cent ethyl acetate as a diluent, has been made. Rates of (a)
initiation of polymenzatxon, (b) chain transfer constants for the
monomer and the catalyst have been evaluated. Catalyst -efliciencies
‘have been calculated. Certain aspects polymerization of methyl acry-
late have been compared with styrene and methyl methacrylate.

In our previous publications (V. Mahadevan and M. Santappa

N 1955), the general nature of polymerization of methyl acrylate at

55°C to 75°C, using various initiators in 50 per cent ethyl acctate
as a diluent and a non-transfering solvent was reported. The cata-
lysts tried were Benzoyl peroxide, Methyl ethyl ketone peroxide,
Ditertiary butyl peroxide and Tertiary butyl hydro peroxide. A
small thermal rale and auto acceleration were also noticed under
the experimental conditions. In this paper, results of polymeri-

- zation with 20 per cent cthyl acetale in which thermal rate and

auto acceleration are completely suppressed, are reported. Azo,
HAzo, H.O,, Bz,0., and MEKP have been used as initiators. Rates
of initiation of polymerization, rates of transfer constants for the
monomer and catalysts with the growing polymethylacrylate radi-
cal chain and the activation encrgies for these rates have becn
evaluated. The dependence of monomer concentration on rates has
been studied and correlated to catalyst efficiencies. . -

The theoretical scheme relevant to this work has already heen
given in the first of the series of the papers (V. Mahadevan and

M. Santappa 1955). For the sake of understanding of this paper,

we reproduce below the three important relatlonshlps. The tot'xl
overall rate Ry is given by

i
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Rnl = lﬁ'pth + RI) ~ Rl’ = [kl' (kd/) 1/I'!/ (klc + kt(l-) J/.!]M[Cat] "
=KM[Cat]* ,‘ Loy

where R,,,!h is thermal rate and R, represents catalysed rate., I,
e, leia, k:d represent the specific rate constants for propogation,
termination by combination, termination by disproportionation and
specific rate constant for spontaneous decomposition of the catalyst
[Cat] resp!ective'ly; f is catalyst efficiency and M represents mono-
mer concex:ltration.

The second relationship connecting reciprocal degree of poly-

n‘xcrizz.ltion’]./P“ and various rates of polymer formation by transfer

. | ; . ) .
with monomer C m and rate of polymer formation by transfer with
calalyst Cyy is given by

1/Pn = (kt}c +2ktd) Rp/Kp?M? o CM + Cou[ (Cat]/ (M) ]

| (2-a)
1/Py = A'Rp/M? 4- CM - Confeat) / (M) ] . @h)
1/Py = ARp + CM + Cyu[ (cat) /(M) ] o (20)

It is eaSy to deduce the rate of initiation of po].ymerizaﬁon R, as
 Ri (1-x)/[cat] = Ri/[cat]= 2kdf (1 -}- x) == 2K2A"
where x =TI/ (lrg + k). o (3)

From the two simple measurements of overall rates of polymeriza-
tion and degrees of polymerization at these overall rates, rates of
initiation, rate of transfer with monomer and rate of transfer with
catalyst ha\‘re been evaluated. With the known values of ks an
approximate value of catalyst efficiency and therefore the relative

importance of the type of termination reaction has been arrived at.

Experimental: The method of purification and estimation of
the monomer and the catalysts Bz,0, and MEKP were the same
as reported | previously (V. Mahadevan and M. Santappa 1955).
The catalysts Azo and HAzo have been prepared by . the method of
Thiele and ﬁeusel' (1896) as adapted by C. G. Overberger etal
(1949). The general scheme of the reaction is as follows:

R CN CN Rr

"R - BN \
N\ /7 - Br.
 >C=0-H,N — NH, 4+ CN - C—NH—NH - C__ o Br.
CI{S . C}'Iﬁ‘
. CHj - CHg
| R_FN - oN R o |
—s :/CLN-_—'_N—C'\ + 2HBr,

. CH, ' CHy
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 where R stands for any alkyl or aq:oxhatic group except in the case

of cyclohexanone where the whole group composed of R and CHj
is replaced by the cyclohexylring. The " appropriate quantities of -
the ketone, hydrazine sulphate and sodium cyanide in water were
shaken for two days and the substituted hydrazine compound ob-
tained, was purified. This was then oxidised with a solution of bro-
mine in absolute ethyl alcohol (4 gms in 100 cc). The hydrazine
.compound was dissolved in ethanol saturated with pure dry HCL
The bromine solution was added till absorption of bromine became
very slow. The mixture was then poured into a large volume of
jce water and the precipitated Azo-compound filtered and purified
hy repeated recrystallisation. '

80+
80
7071
60t

50
404

30

Rate X 105 moles/litre/second
N

()

PN S T S0 U i 1 l_i
5 6.78910 20 30 40 -

[M] mole/litre

Fye. 1. Plot A gives the relationship belween log Ry and log M in the
polymerization of methyl acrylate with BzzOz as initiator at' 60°C in cthyl
acetate solution. The values arc plotted on the Logarithmic Scale.
Plot B gives the same relationship with Azo as initiator

“at 70°C in cthyl acclate. ’

The standard solution of H.O. in ethyl acetate was prepared
by shaking B.D.H. HyOp (~ 60 vols.) in water, with pure AR
" ethyl acetate, extracting the ethyl acetate layer, drying it over

_S' 1 .
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anhydrous sodium sulphate, and estimating thc, ., O conlcnt by
lodometry. This solution was then diluted to thc rcqun ed strength,

- The details about the method of carrying out the ‘polymeri-
zation! expermﬁcnts and evaluating the overall rateg and degrees of

polymerization have been dealt with in the previous publication
(V. Mahadevan and M. Santappa 1955)

,EQ”’“

F,G,H,I-

¥, G, H, 1
2
i
s AB 120
g q D,E §

Rate X 105 moles/litre/second

A4
C,DuE 2
AB 4 3 10 17
C, D,IE 10 20 T 40 50 60
F, G, H, 1 . 2 40

AcB Teut]2q0m - CEE G 1,0 [ea]izie

Frc. 1. Plots A & 13 give the relationship, between R, ‘and (Cat) % in the
po]ymexuatmn of methyl acrylate with HAzo as initiator” at- 70°C and 80°C
respectively, with la 20 per cent solution of the monomer in -ethyl acetate.
Plots C, D & E give the same relationship with Azo as initiator -at 60°C, 70°C
and 80°C. respect;vely, with a 20 per cent solution of the mbnemer -in cthyl
acetate.
Plots F & G- ‘give the same relationship with HyO2 as ‘initiator at 70°C and
- 80°C res pectively at the same monomer: coneentration.

" Plots H & I-refer to Bz209 as initiator at 60°C-and 70°C respcchvely at the

same monomer concentratxon. ‘ ' ‘. "
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Table 1

Rates of Initiation and Chain Transfer Constants in the Polymerization of Methyl Acrylate

Catalyst Temp. : K | A’ "Ri’/ (Cat)

C cat
Azo B80°C 3-182 »( 103 2-48 5-203 X 10—3 3:065 X 103 12-75 X 10—5
70°C 6-046 2 10—3 - “1-94 - 14-18 X 10—9 1-724 } 10—2 15 X105
80°C 11-35 107 1-21 ' 31-26 x10—7 3-125 X 10—= 175 > 10-5
3-981 > 103 2692 X 10—°5 6-918 X 1012 3511 X 109 1256
exp _ exp - exp exp exp
(-17102 RTY (9154/RT) (-26200,/RT) (-18330/RT) (=£383/RT)
HAzo - 70°C 9-09 x 10— 1-936 32 X 10-°¢ 4 X 10-3 22 X 10-58
80°C 1-728 X 103 1-2 716 X 10—% 8 X 10—3 24 X 10-°
- 4-365 > 103 2:864 X 10—¢ 1-096 x 10*> 30548 x 108 -182
. ‘ exp exp exp exp exp
(-18310.RT) (9154/RT) (-27500/RT) (-17190/RT) (-4383/RT)
H-.O, 70°C 1-363 2 103 10-75 13-998 % 10—5 6-579 % 103 3-3 ¢ 103
80°C 2-728 X 10—3 7259 108 X 10-7 1-921 X' 10—=  10°75 X 105
6-457 X 103 - 1-585x 10—8 1-479 x 1011 2-188 X 1019 1-991.
exp exp ex exp - exp

P .
(-18310 RT) (9154/RT) = (-24400/RT) (-27500/RT) (-3875/RT)




Table- 2

Comparison of values of rates of initiation and other constants at 5-5 molar and 2-2 molar

Concentration of Methyl Acrylate

(2) K, (b) A, (¢) Ri/(Cat), (d) C cat, () C

. Catalyst  Temp.— . -

95 molar

o T 2-2 molar

Bz,0, 60°C (a) 1-¢53 X 10-3 (a) 2182 X 10-3
(b) 2-52 (b) 2419 . )
(¢) 1-943 X 10-5 (¢) 2:308 3 10-7
(d) 246 X102 (d) 2941 x10-2
(e) 325 X 10-3 () 35 X10-*
70°C (2) 3472 % 10-3 (a) 3637 X 10-3
(b)y 1-97 (b)  1-936 )
{c) 438 X10—-> () 512 x10-9
() 5 X 10— (d) 55 X102
' (e) 405 X10-3 (e) 5 X 10-»
- MEKP 65°C (a) 1-325 x 10—* Ref. 8 (a) 1-386 X 10—3
o | (b) 9-456 (b) 9679 )
(e) 3-322x10-53 () 3715x16—"
(d) 5 X10-2 (d)y 2 x10-2
- (e) 11 Xx10-5 (e) 68 X i0—"

75°C (a) 2°909 X 10-3 (a) 2-728 X 10—
(b) 6554 (b) 6437 )
() 1119 X 10-° (¢) 9579 10-5
(d) 113 X10-2 (d 33 x10-°

(& 25 X10-3 (e) 11'8 3 10-

<& o N
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15567 POLYMIRIZATION O METHYL ACRYLATE II
Results and Discussions: |

Polymerization conditions with 20 per cent methyl acrylate
monomer in ethyl acetate solution were ideal inasmuch as the
thermal rate and the phase of autoacceleration were totally absent.
With Bz,O. as well as Azo as catalysts, it was found (Fig. I) that
the rate was dependent on 3/2 powers of monomer concentration.
This indicated that the catalyst efficiencies in these cases were
dependent upon monomer concentration. |

Polymerization experiments were conducted with the catalysts
HAzo, Azo, H,O,, Bz, 0, and MEKP at temperatures ranging from
60°C to 80°C. Plots of Rate vs. (Cat)” (Fig. II) with all these

catalysts were linear and passed through the origin which indicated
the absence of any superimposing or disturbing reactions. The

slope of each plot gave KM (Eqn 1) from which K values were
evaluated. These valucs al various temperatures with the various
catalysts with their exponential forms appear in Tables 1 and 2.
An activation energy of ~ 18 K cals for K would give a value of ~

26 K ¢als for rate of initiation with all these catalysts. The value
for the frequency factor was ~ 108 If Matheson’s frequency fac-
tors (Matheson etal 1951) for k,, {~ 108) and k: (~ 10%%) are taken
into account, a frcqucncy factor of ~ 1019 would be obtained for

initiation.

Reciprocal degrees of polymerization versus overall rates (I'ig.
I A to F) were plotted alter conducting polymerization of methyl
acrylate with all the abovementioned catalysts. I'rom the equa-
tions (2--a to 2—c) in the theorctical section it is obvious that the
intercepts on the ordinates of these plots represent the rates of
transfer of the polymethylacrylate radical chain with a monomer
“molecule (CM, Method 1). It was found that such a transfer did
take place. It could he concluded that the specific rate of transfer
with monomer was approximately 105 times as efficient as for
propogation. Transfer with the monomer was highest when HAzo
was the catalyst and lowest when TBHP was used (Table 3). From
the slopes of the plots in Fig. 11T, A" values were evaluated. These
values with their exponential forms are to be found in Tables 1
and 2. : o ' ’

Using Matheson’s values for k;, == 2000 and 2 ke = -85 >< 107 in -
2k

the polymerization of methyl acrylate, a value of 2-125 for A= - Yoz
) ' n
at 60°C could be obtained, Our values with Azo, and




CM Values as obtained from the intercepts of the I/Pn vs

Table 3

. Rp Plot as well as [ (1,Pn)

— ARp] vs.

[Cat]/[M] Plot

Catalyst

]
8]
=
T

Intercept of

' Intercept of ‘
[(] ‘Pn) — ARp] vs. Cat’M Plot

o

1,Pn vs. Rp Plot
Bz.0, 55°C 28 X 10—° 2°7T5 X 10.-° l
' 60°C 3:25 % 103 . e 32 S1gts U
70°C 42 W 10—= ' o 4005 X109
MEKXP 65°C 11 x10—>° 1 x10-53
" 70°C % lO*‘}Ref. 8 1-8 ){10—5? Ref. 8
T3°C 27 N 103 2°9 X 10—¢%®
Azo 60°C 13 X 10—>2 12-75 > 10—5
70°C 16 X 10—> 15 X 10-°
. S0°C 19 X 10—3 175 X 10-—°
. DTBP 63°C 125 x10-53 1 X105
e 70°C 1S X 10‘°}Ref. 8 16 X 10—'5‘§ Ref. 8
75°C 2-75 X 10—3 224 X 10-5) -
60°C 5% 10— : ‘36X 10-5) o .
70°C 1-25 K 105 § T8 8 72 K 10—'5} Ref. &
T0°C 221 >10—3 ¢ 22 X 10—~ -
80°C 24 X 100 24 X 10-3
T0°C 85 X10—% 83 X 10-°%
80°C 11-5 X 105 10 15 \< 10—5
“ ™ -~
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i ‘ Bz,0. at this temperature were 2-48 and 2-41 respectively. A
value of ~ 19 for A’ at 70°C was also observed with Azo, HAzo
& and Bz,0,. Widc variation in the values of A’ with H,0, and
other catalysts (V. Muahadevan and M. Santappa 1955) remain
! FGant
D E 40 /',4?—/&
¥ ozo/ ‘
FGo | ‘ %
ABCs0 ) B ‘
a ABCH0
4
"X
_ [
&% N ADBC20
DE 20|
%' ABC 2}
!
ABC10
{) 1 J 1 1 L
AD,E ! ) 15 20 25
B,C in 20 a3 40 S0
PG 10 20
Rate X 105 moles/litre/second
Fie. 1II. Plots A, B & C give the relationship 1/P. vs. R, with A%o as .
initiator at 60°C, 70°C and 80°C (2:2 molar monomer),
% » Plots D & E refer to the same relationship with HAzo at 70°C and 80°C
respectively at the same monomer concentration.
Plots T' & G refer lo MHuOz- at 70°C gnd 80°C respeclively,
inexplicable at present. An activation energy of ~ 9 K cals for
A’ was obtained and it was quite normal. Fig. IV (Plots A, B, C
and D) represents variation of A’ with temperature when Azo,
: Bz,0,, DTBP and MEKYP were used as catalysts.
g’ "
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Making use of the slopes in the I."Jgures II and III 1t'was pos-
sible to evaluatc rates of initiation of polymerxzatlon with all the
catalysts under consideration at 60°C to 80°C (Eqn. 3). The
R/ [Cat] valuu at 70°C with Azo, HAzo, Bz,0, and H. O. were
14-18 X 1075 3-2 ¢ 10-6 512 IO"“.) and 3-99 % 10-5 respec-
tively which indicated let Azo aml Bz, 0y were the most. efficient
initiators. Further, it was found that our values for rate of initia-
tion of methyl acrylatc with Azo were much higher than the values
with methyl methacrylate and styr cne, the values being 5023 X

log A’ % 10

283 203 ' : 307
[1/T7 x 103
Fie. 1V, Plot A log A’ vs. 1/T with Azo.
: Plot B log A’ vs. 1/T with Bz,0..
Plot C log A’ vs. 1/T with DTRP.
Piot. D log A’ vs. 1/T with MEKP.

0’**’ 1:48 w105 and 1-77 X 10~ respectlvely at 60°C (Tobolsky
and coworkers 1952 and 1953). This was in agreement with the
finding by Arnett and Peterson (1952) that the rate of initiaticn
depended upon the monomer used and not the same as had been
claimed by [Tobolsky and Baysal (1953). Variation of rate of
initiation wiith temperature with the catalysts DTBP, MEKP,
Bz,0, and Azo are given in I'ig. V. Values of initiation at various

tcmpelatures with the wvarious catalysts w1th thcxr e*cponentml}

forms are given in Tables 1 and 2
\

R
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A
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The specific rate constants for the spontaneous decomposition
of the catalysts (ka) Azo (-0001533 X sec™!) and HAzo (4:7-X
10-6) (I M. Lewis and M. S, Matheson 1949) being known, it was
possible to calculate the catalyst clficiencies (f') in both these cases
(Eqn. 3). A catalyst efficiency of nearly 1 was obtained for Azo

ACD=-3

_ [1/71] % 10%
Fic. V. Plots A, B, C & D refer to the variation of R'i/[Cat] with tcmpualuu‘
when DTBP, Bz:0», ME hP and Azo respectively were used us initiators.

and app10x1mately -8 f01 HAzo. From these values, it appeared
as though that termination by combination was more predominant
in methyl acrylate polymerization and the monomer conformed to
metbyl methacrylate rather than styrene in the type of termination
in its' polymerization.

Values of [(1/Pn)--AR,] were plotted against [Cat]/[M]
(Eqn. 2—c) and from the slope and the intercept of these plots
were evaluated rafes of transfer of the chain radical with the cata-
lyst Ceat and with monomer Cu (Method 2) respectively. Ceat
values for all the catalvsts wers ~ 10=2 4~ 10=3 These values with
_ their EXPONENiicl iUilito LUK wit wiie wvovminy wow it gived i0 Labies 1
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L%

and 2; Itlwas interesting to observe that in all cases catalyst was
more efficient by hundred to thousand times than monomer for
transfer. Turther, wherever transfer was more efficient with cata- <
lyst, uansfu thh monomer in the same reaction was comparably

less dﬁcxc it

5

n— AR,] X 10

{1/p

0 |
Alto G 10 20 30 49 50
Hi I .4 8 12 16 20

A to G ([Cat}/[M]) X 10% H & I (Cat/M)10

Ife. VI All the Plots give the variation of [(1/Ps) ~ AR,] with [Cat]/[M]

in the polymerization o[ methyl acrylate with a 20 per cent mlutxon in cthyl
acetate, .

Plots A & B refer to BzyOs at 60°C gnd 70°C. B

4 Plots C & D refer to HsOy at 70°C and 80°C.

" Plots E, F & G refer to Azo at 60°C, 70°C and 80°C respectively. oy

Plots H & I refer to HAzo at 70°C and 80°C. -

AR

The CM values evaluated by the methods (1 and 2) indicated
above are compared in Table 3. It was found that the values dif-
fered very little when either of the methods was used for caleula-
ting this q1|1ant1ty It was further found that the values of K, A’
R// [cat], C Cent and C differed very little when either 55 molar

monomer oxl' 2:2 molal monomer was used for polymerisation. These

|

|




Table 4

v

Rates of Initiation in the Polymerization of Meth;yl Acrylate, Methyl Methacrylate and Sty‘ ene

(a) K, (b) A’ (c) Ri/(Cat), (d) C ca, (e) CM

Monomer

HAzo MEKP
Methyl (a) 3182 % 10-3 (a) 1728 % 10-3 (@)  1-447 X 10~3
acrylate (b)  2-48 (b) 12 - (b)  7-363 .
(e) 5023 10-3 Pat 60°C (c) T-164X 10-¢ at 80°C (c) 5733 X'10—5 at 70°C
(d) 8065 X 10-3 | (@ 8 X10-3 ' (d) 7698 % 10-2 Ref. 8
(e) 12:75 X 10—5 J (e) 24 X103 (e) 18 X 10—6
Styrene (a) 861 x10-3 ]‘ _ _ (a) 117 x10-5° ' (%)) 5:909 X 10—+ )
- (b) 900 & 861 sc (b) 399 o (b) 1085 .
() 177 X10-5 ¢ a” () 108 X 10-7 tf80 3°C () 10'68 x 10-¢ at J0S
d o | (d) No data Ref. 4 (q) 21714 10-2 Ref
(e) 6 X 10-5 J (¢) No data ‘ (e) No data
Methyl (a) 328 X 10—+ 1‘ (a) 2:9 x10-¢ - g;; 101 086X 10—+
methacrylate (b) 67-3 ° (b) No data o 3:3 » o
! () 148 X10-% hara . (9 557 x10-s at7°C . 8%, 10 at 70°C
(d .0 \ (d) Nodata . Reb 4 '(q) 57" 303 Ref 5
(e) X10-5 J (e) No _clzat;; o (e) 2 X'10-%

WAL
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various values for the catalysts B7302 and MEKP are ngen in
Table 2. All these values for methyl acr ylate with- Azo HAzo and
MEKP are a'lso compared with the values for meth; yl methacrylate
and styrenelpolymemzatmns with the same catalysts (Table 4),
From a glance at these values, it is obvious that methyl acrylate
conforms to the other normal monomers for polymenzatlon in spite
of 1ts abnmmal tcndency for. autoaccelerauon

&
T
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Methyl Ethyl Ketone Peroxide as an Initiato'r in the
Polymerization of Methyl Methacrylate

BY

M. R. GoraLan anp M, SANTAPPA
Physical Chemistry Laboratory,
- University of Madras
(Received for publication on February 7, 1956)

ABSTRACT
roxide was cmployed to catalyse the

ylale in the range 65-80°C in bulk
crall

‘Methyl Ethyl Ketone Pe
polymerization of methyl methacr
as well as in solution. From iwo simple measurements of ov
tes and degrees of polymerization under various conditions it was
possible to evaluate (i) the ratio of the propagation constant to the .
termination constant raised to half power (ii) transfer coefficient for -
the monomer (iii) transfer coefficient for the catalyst (iv) transfer.
coefficient for the solvent (v) Rates of initiation ete. The specific rate -
transfer constants for the monomer and the catalyst in solution -ap-

peared to differ slightly from those in. bulk. 4
Methyl ethyl ketone peroxide (MEKP) has not been exfen-

ra

*"sively empleyed as an initiator of vinyl polymerizations.  Vaidhya- -

nathan and Santappa (1955) and Mahadevan and Santappa -
(1955) have briefly reported polymerization of styrene and methyl
acrylate with this catalyst. A systematic investigation-of kinetics
of vinyl polymerization with MEKFP as initiator was undertaken.
A few results in the polymerization of methylmethacrylate at 65°-

80°C are briefly reported here. _

Theoretical :  Various rate equations and equations relatin
to degrees of polymerizations under a variety of conditions have
been explained in great detail in the previous publications by San-_
tappa et al (1955). The following relationships which are rele-
vant 1o our present work are being reproduced. |

Catalysed overall rate R, is given by
ke kA fA[Cat]%[M] . B
= K[Cat]* IR -

[ktc + km] 2 ‘ . L
and k; are the rate constants for propagation, ter-
roportionation respectively in the - L

R =

where k,, ki
mination by combination and disp
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' polymexjizati'on of monomer (M), kq, f are the rate constant for

the spontaneous decomposition of the catalyst (Cat) and catalyst
efficiency respectively. The latter, according to definition by
Matheson (1945) is

ke zind Ie

k.[M] .
—.. {lea[M] - Iey}

» are the rate constants for the initiation and irreversible

(2)

association respectively of the primary .r_'adipals;

Furt
given by

1/P,

CM

solvent r

her, the reciprocal of the degr‘:éiei cj)féx}qu__n'xerization P, is

R [s]
=AR+C +C. : +Cy . . (3)
"URMP My
Cent, Cs are transfer coeﬂicients;_fgg_ monomer, k:atalyst and
espectively; A is [k“ - Zlct‘l]/‘l,c,",?'[l‘M]?.-_w" The . third “ term
S T (Caty

in the RH.S. of eq{lation (3) may he replacedby Cout—mee .

N ¢y

Experimental : Methyl methacrylate, a Rohm “and Haas pro-
duct, was purified by repeated distillation in oxygen free nitrogen
under reduced pressure and was always stored in a refrigerator.
Methyl é[thyl Ketone peroxide was supplied as 60% solution by
Laporte Chemicals. Details of estimation and purity of the mono-
mer and catalyst as well as deaeration of the system are reported
in previous publications. (Santappa et al)

Polyn
glass am
and flame

nerization of methyl methacrylate was carried out in a
poule (8 cms. long and 1 cm. diameter) well cleansed
d before use. After deaeration of the nfonomer catalyst

system with nitrogen for about half hour, the ampoule was sealed
and heated in a thermostat bath at the 'desired temperature till
the monomer was converted to ca. ten percent, found by few trial
experiments.  The time for polymerization was usually one to two
hours, Afterwards the ampoule was taken out of the thermostat
and chilled in a beaker containing ice. The fused capillary of

- the ampoule was then hroken open and the” contents were dis-

solved in small quantities of acetone and quantitatively transferred
to a beaker. Addition of methanol precipitated the polymer which
was transferred to a weighed sintered glass crucible, washed with

and dried to a constant weight at 70°C..  From the weight

“‘@i s
3

NP ST
e
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of the polymer, rate of monomer disappearance was evaluated. The
degrees of polymerization of the polymers were determined by
measuring the viscosities. of 0-1 percent polymer solutions in hen-
zene in B.S. No. 1 Ostwald Viscometer and using the well known
Staudinger’s relationship n = ic[n]¢, the values of k= 2:8 X 107
and o= 1-32 having been determined by B‘axendale’, Bywater and
Evans for polymethyl methacrylate, (1946).

Results and Discussion :

Percentage conversion against time (Fig. 1) was s
the polymerization. -of methyl methacrylate catalysed by MEKP

tudied in

20 r

11029
i

%o of Polymer Formed

—
(=}

10120

1
30, 120 150 180

Time in Minutes
rmed Vs. Time in bulld and in solutions.
A =10-3; A=10-2;, B=3X 10—2-
C=10—-1
Set 1 Bulk; II Ethyle Acctate; 1II Benzene; IV A’ and Ci
Toluene; IV B and C3 Methyl Lthyl Ketone. L

Fic. 1. Percentage Polymer fo
Catalyst concentration were:
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both in bulk (monomer M 9:2 molar) and in solution (M=14-6

molar). It was found that all the lines in the Fig. 1 passed through

origin. This indicated the absence of period of induction and =
suitability of the catalyst in the further studies of polymerization.

P
A

\

Employing a hundred fold variation of concentration of MEKP
the order of reaction with respect to catalyst was studied.  As witlh
radical initiated vinyl polymerizations and in conformity with
equation (1); above, plots of Rate vs (Cat) % were all linear (Fig 2)

10 20

010 A
0 104< 4
010
|
i 2
2.0
| T
| 2
K .
i §
- 60
40 — 4
20}
\
Lo { 1 1
0 10 - 20 30 40
- A ) {eat}i2 102 S :
Frc. 2. Rate vs. (Cat)% in Bulk at temperatures 65°, 70°, 75 and 80°C L
. {rom below and in solution (4-6 molar). _ : o
A Be;“zzeue, B Ethyl Acetate, C; Toluene D Methyl Ethyl ' ‘ 3

| Ketone at 70°C and Cp Toluene at 80°C, .

both in bulk and in solution. The absence of any intercept on the
ordinates of the plots indicated that the thermal rate did not make
any contribution. The slopes of the plots in bulk gave the values
of K » 103 as!0-83, 1:0, 1+7, 289 and the values for the constant
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' (Teif) ¥
k= B ED% 09053 % 101 1-086 X 10~4, 1-848 X 10—+

k' .
3-142X10—* at 65°, 70° and 80°C respectively and K’:=1-9363<10,

exp (=9065/RT for temperatures 65° to 70°C and K'=4-43108,
exp (—16760/RT) for 65-75°C. " Values of K X 107 in benzene,
tolucne, ethyl acetate and methyl cthyl ketone solvents (M =4-6
molar) at 70° C were 0-3, 0-318, 0-3 and 0-4 respectively and for
toluene K =279 X109 ex (—20440/RT) was found. The values
of activation energy for overall rate thus variéd_ within wide limits.
A value of ca 10 = 3 K Cals was reported for the overall activa-
tion energy in bulk by Flory (1937). This value was supported
recently by Umasankar Nandi and S. R. Palit (1955) in the homo-
geneous polymerization of methyl methacrylate catalysed by
hydrogen peroxide. The latter authors have given divergent

values for overall activation energy in solution polymerization.: A

calculation of the activation energies from values of K by various
authors given in the paper by Tobalsky (1953) indicated the
divergent nature of the values and therefore in our opinion a
great uncertainty appeared to be attached for the accuracy of those

~values.

The relationship between the degree of polymerization and
rate has been studied both in bulk and in solution in the four
solvents mentioned above. It may be pointed -out at the outsct
that equation (3) given under thcoretical above, generally obeyed
for bulk and solution polymerizations though it must he admitted
that methyl ethyl ketone peroxide conformed to the same beha-
viour as Tertiery Butyl Hydroperoxide and Cumene hydro-

peroxide, which exhibit certain curvature in.the plots of 1/P, vs

Rates. From studies of 1/P, vs Rates both in bulk and solution

it was possible to evaluate A (==l//E,2[M]2), transfer constants

for monomer, catalysts and solvent. In bulk and at very low con-.
centration MEKP (~ 10-3) it was presumed thatthe {ransfer of
growing polymethyl methacrylate chain with the catalyst was
negligible and from plots of 1/P, vs Rates (Fig. 3) the slopes gave A
and the intercepts gave CM The A values at 65, 70, 75 and 80°C
were 1-5, 1-22, 0-895 and 0-3 respectively. Values of Tep/le
obtained {from A at 65, 70, 75 and 80°C were 8-87 X 1029:84 % 102
11-62 X 10—2 and 19-85 X 10=2 respectively and k,/k% = 1-69
X 10* exp (—5112/RT). The C,, values from- the intercepts at
65, 70, 75 and 80°C were 2 X 105 3 X 10-5, 3-3 % 10-5 and
4 X 10-5 respectively. With C,, values so obtained two methods
of evaluating C... values in hulk were conceived. The first mothod
was to plot {(1/P,) — C /R against R at high catalyst concen-

o e L [

e i
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1/Pn X 105

10

10

20

]
|

Rate 107
Fre. 3. Rate vs. 1/Pn in Bulk at 807, 75°, 70 snd 65
B and in solution, A Tthyl Acelate, B Benzene af

trations (,L, 101 to 10-2) andg evaluating C.y fr

|
Ccul'/:K2 [M]ts

"C from helow

70°C,

om the slopc,

XN

The second method was to plot { %‘“* AR } against
(Cat)/ (M)i and evaluating Ce from the slope. ‘Both the methods
gave more or less identical values for Ceut. Since small variations
in the slop? produced large divergences in the Ceut values by the
first method it was discarded and thercfore the second method was

resorted to for the accurate evaluation of the constant,  The values

fOl‘ the Ccat

at 65, 70, 75 and 80°C were all in the neighhourhood

of ~5 X 10-3 showing surprisingly very little variation with tem-

perature. F
by methods
of initiation
catalysed by

rom the values of K and A it was possible to evaluate
.described previously (Santappa - et "al'1955). the rate
R, in the bulk polymerization of methyl fx{iethacrylate
MEKP. The values for Ri/cat at 65, 70, 75 and 80¢C
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were 2-08 X 106, 2-44 % 10-6, 5-17 X 105, 5 X 10—% respectively
and an activation energy of ~ 30 Kcals for initiation was obtained;
R//cat = 5-608 X 10 X exp (— 30700/RT)

Polymerization experiments at 70°C in the four solvents indi-
cated above were also conducted and all the constants XK, A, Ceur,
C,, Cs and R//Cat were evaluated. Values of XK' in the four
solvents ranged from 6 to 8 X 10-5 1ndlcat1ng approxxmately 40
to 20 per cent decrease of the constant from the bulk value. The
decrease in the value of K’ in solution may be attributed either to
increase in k; or decrease in lep or kyf. Probably increase of

and | were responsible,
10

[eat] 107
(M) : _
Fra, 4. {(1/P)) — AR} vs. ICat]/[M] in Bulk at tcmperutures 65°, 70%, S
75° and 80°C and in solution A (LLhylaceLatc) ‘B (Benzene),
C (Toluene), D Methyl Tithyl Ketone at 70°C.

Evaluation of A, C.g, C, Vvalues in solution was also possible,
From the slopes of the plots I/P, vs R (Fig.'3) in the four solvents
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at 70°C the A valuc was ~ 4 and Ik,/l,”t value was ~ 11-9%10-2,

The values of lep/led in solution appearcd to be in hetter agree-
ment thap these in bulk with the value caleulated from Matheson' s

et al (1949) values for k, and k. The A’ values got by plotting
1/P Vs ‘R/[M]2 in solution at different monomer concentrations

1 AR
was used to plot { = } against [S]/[M] at constant

P, [M]?

'[cat]/[M]. {Method (i) in the Tahle 1} (Fig. 5) From the

- | nooew
o M2 . .
F1c. 5‘. 1/P. vs. R/[M])* in SOIUUOH at 70°C A Benzene, B Ethyl
Acclate; C-Methyl Ethyl Ketone; and D Tolucne '
(Above) {(1/Pu) — AR/[M]2} vs. [S]/[M] at 70°C in I Bcnzenc
F Methyl Ethyl Ketone; G Ethyl Acetate and H Toluene

slopes of the linear plots values for C; at 70°4w_ere evaluagted. From
.the -intercept given by (CM =+ Ceat Cat/M)_ . it,_was‘__alsoj possible

-7

™

a2

3
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: 1
and Ce. Alternatively { B — AR } vs [Cat]/[M]

- to evaluate C
. M .

at constant [S]/[M] were plotted (Method (ii) Table 1) Cent Was

. . C 4-C (517 |
-given by the slope and 4 ™M EM] was furnished by the

intercept. The values for C, and C by the two methods did not
differ much, the respective values are for ethylacetate 3- 3%10-% and
2X10-5; for benzene 1:43X10-5:2X10-5, for toluene 5:5%10—5
and 0, and for methyle ethyle ketone 1-43 X 10~° and 2 X 10-5.
The values of the transfer constants in the solvents were in the
expected order (Sadan Basu, Jyotirindra Nath Sen and Santi
R Palit, 1952). It was seen that C “values for all the solvents
studied were of the same order. The values for Ce: by method
(i) and (ii) differed, though were of the same order in their powers
of ten. These differences we felt were within errors accompany-
“ing the graphical evaluations. We further found that method (i)
represented a more accurate and suitable evaluation because con-
stant catalyst concentration was used and (M) was widely varied
and the plots were more linear. _ :

Values for Cea in the solution were found to be generally
slightly lower than in bulk for the same concentration of the cata-
lyst. Probably specific rate transfer constant for catalyst might
have decreased in the presence of solvent molecules. -

Table I

Ethyl Methylethyl

o Benzene Toluene Acetate  Ketone

Method

1) 33x10-% 368X 10-% = 23X 10-3  1-96X 10~
Gy  5x10-% 33 x10-% 33Xx10-3 4 X1073

With the known valucs for Cen and C, it was possible to plot

{1 eat] [S]
l——-— — Ceat — C, —— pagainst R/M? and get more accu-
P, [M] [M]

rate values of the slope A’ referred to above. The value of the
slope thus determined in ethyl acetate solution was 62:5.

With the known K’ value from Rate vs Cat%, the faté of initiation
was_calculated, 2K2 A’ = R//[Cat] = 5-311 X 10—7. The value
for other solvents were also about the same, The low values gpt"

e ;.';,’_;.._."'.#.v....m-. v gmn i
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in soluti;on may be due to the lowering of the rate constant for
the’ spontaneous decomposition of the catalyst in a mixture of
solvent and monomer or dependence of catalyst efficiericy “f” on
monomer concentration or hotl,

T

e
I

. Rate

to
f
t

b LV —- ! | beiomhii o Ll [

Monomcr 2 . 9 4 TS0 g B e0
A Ethyl Acetate [42) Bmm},},e O Toluene. [ MEK .

Fia. 6. Rate vs, Monomer Concentration orrngurithtﬁié grap‘hmslopc of

lines is 3/2 indicating first order reaction with respect to Monomer,

The order of the reaction with respect tb}mi?'_no'mer concentra--
tion was eyaluated by carrying out polymerization' at 70°C with
constant catalyst concentration in the four solvents ‘mentiohed.

above. Log R vs Log M (Fig. 6) were plotted ‘and the slope in

all the solvents was 1-5. It could therefore bedescrlbedtha t"the

reaction was of the first order with respect to ‘monom
tration and| the other one half power of ‘monome

might be explained by the catalyst efficiency, f, being dependent,

on it,

B2
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