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Abstract

A kinetic study of the polymerisation of acrylamide initiated
by L4-L4'-azo-bis-L-cyanopentanocic scid has shown that up to 10% con-
versions, the rate of polymerisation is directly proportional to the
concentration of monaner and to the square root of the concentration
of initiator. Molecular weight measurements indicate that non-
degradative transfer to monaner occurs ana that mutual termination
is probably by disproportiocnation.

The addition of ferric salts greatly reduces the overall rate
of polymerisation, the chloride being more effective in this respect
than the perchlorate. At sufficiently high concentrations of
ferric salts, the order of the polymerisation resction approximates
to one with respect to initiastor and minus one with respect to the
ferric salt. It has been shown that under these conditlions,
radicel chains are being terminated by electron transfer, involving
the reduction of the iron sslt to the ferrous state.

Introduction

In the presence of a sultable initiator, acrylamide readily
undergoes polymerisation in agueous solution even at roam tempera-
ture, although the rate of reaction displays an extreme sensitivity
to traces of certain impurities. Particularly effective in
retarding polymerisation are salts of metals of variable valency
and it is with the effect of such salts on the kinetics and mecha-
nism of the termination reaction in the radical polymerisation of
acrylamide, that this investigation is primarily concerned.

The initiator chosen for the present series of experiments was
the water-soluble, thermal cetalyst, 4-4'-azo-bis-L-cyanopentanoic
acid, a substance which had not previously been used to initiate
polymerisation of acrylamide. A preliminary study of the kinetics
of the reaction was, therefore, undertasken to ensure that the
mechanisms of initiation and propagation were free Iframn undeslirable
canplications.
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Kinetics of polymerisation with no metal salt present

Rates of polymerisation obtained with varying concentrations of
monaner and of catalyst are summarised in Tables I and II. Analysis
of these kinetlc data by the method of least squares has shown that
for conversions of up to 10%, the rate of polymerisation (R,) of
acrylamide, under the conditions prevalling i ouﬁ experimegts, is
proportional to [monamer) 1-04 and to [catalysglo- 9.  We may con-
clude, therefore, that apart from transfer processes, the principal
reactions involved in the polymerisation are as follows:-

Initiation Cat - 2Q-
. Rate = £,k [cat]
Propagation m’; + my - m’;ﬂ Rate = kp[m{j[m?]
Termination n® + o - P_+ P
ST ) me o G pa)fel]
m. .+ m. -y P
r 8 r+s

where m? represents & live polymeric radicel consisting of j mono-
meric segments {(my) and a single initiator fragment (Q-), Pp a
dead polymer molecule having r monomer units, ki and k} the velocity
coefficients for termination by disproportionation snd by combination
respectively. With the usual simplifying assumptions, this kinetic

Table I

s

(catalyst) = 1.64 x 107%M.  Temp. = 25.00 %+ 0.01° C.

)
onomer 107 R 10" R m Cat
m 4 P 2 4 2

mol. 1-1 m.’n.n."l
0.313 3.78 9.5
0.419 4,52 8.4
0.528 6.42 9.5
: 6.86 10.2
6.30 2.3
0.64L0 6.90 8.4
7.90 9.6

1 1
scheme requires ki fiki/(kt + ki) Z ‘to equal Rp/[m.l][Caﬂz,
the average value of which fram_all oup kinetjc expglariments weas
found to be (1.70 + 0.17) x 103 litrez mole=s sec~! at 25.0° C.
However, at this temperature the,k propagation (k) and termination
(ky + k1) c?efficients are known' t;} be (1.80 + 0.15) x 10% litre
mole=1 see=1 ana (1.45 + 0.20) x 101 litre mole~ sec—1 respectively.
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Table II

monomer = 0.528M. Temp. = 25.00 + 0.01° C.
10% catalyst 10 r 10° R / m, Cat®
P P 1l
mol. 17t min~?
0.096 1.78 10.9
0.23%6 3.51 13.7
0.517 4,54 11.9
Q.548 3.51 9.0
0.835 4,80 9.9
0.866 4.92 10.0
1.64 6.53 9.7
3. 34 9.24 9.6
3.53 12.8 12.9
5.89 12.6 9.9
12.9 20.8 11.0

Our experimental data may, therefore, be used to evailuate the
initiation coefficient (f.k.), which was found to be (1.29 + 0.29)
x 10-7 see-l and it is this'value which has been used to compute
kinetic chain lengths ( ) given in Table III, where

k m
(k, + k?)flk Cat % (1)
t t7°iTi

Moleculsr weights of polymers _
Average degrees of polymerisation (r_) of the polymers produced
are summarised in Table IIX. They were c¥lculaved from limiting

viscosity numbers by means of Scholtan's relation®, which for
polymer concentrations expressed in gm. per 100 ml. is
- 6.31 x 1072 (71.1 T,) %50 (2)

Over the range of polyacrylamide concentrations used in our viscosity
measurenments, the ratio of specific viscosity to polymer concentra-
tion was itself found to vary linearly with polymer concentration,

so that limiting viscosity numbers were obtaized by graphical extra-
polation.

However, average degrees of polymerisation so obtainsd, which
are close to weight-average values, are significantly smaller than
would be expected from the corresponding kinetic chain lengths,
indicating that non-degradative chain transfer processes are rela-
tively important in the polymerisation of acrylamide under our
experimental conditions. Now, in aqueous solution the most likely
transfer reactions secem to be:-
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Table II

(monomer] = 0.5284.  Temp. = 25.00 & 0.01° C.
10" (catalysi] 104 R, 10° R/(m)] [cat}?
mol. 17" min~]

0.096 1.78 10.9
0.236 3.51 13.7
0.517 L.5Y 1.9
0.548 3.51 9.0
0.835 4L.8C 9.9
0.866 4.92 10.0
1.64 6.53 9.7
3.3k 9.2 9.6
3.53 12,8 12.9
5.89 12.6 9.9
12.9 20.8 11.0

Our experimental data may, therefore, be used to evaluate the
ini%iatio? coefficient (fijki), which was found to be (1.29 + 0.29) x
1077 sec™' and it 1s this value which has been used to compute
kinetic chain lengths (¥) given in Table III, where

v k(g , (1)

{ (&, +'Eiyfiki[GdEI]?

Molecular weights of polymers

Average degrees of polymerisation (r,) of the polymers oroduced
are summarised in Table III. They were calculated fgom limiting
viscosity nwﬂbers[b] by means of Scholtan's relastion®, which for
polymer concentrations expressed in gm, per 100 ml. is

(9] = 6.31 x 1072 (71.4 )0 % (2)

Over the range of polyscrylamide concentrations used in our viscosity
measurements, specific viscosity was found to vary linearly with
polymer concentration, so that limiting viscosity numbers wers
obtained by graphicsl extrapolation,

However, average degrees of polymerisation so obtained, which
are close to weight-average values, are significantly smaller than
would be expected from the corresponding kinetic chain lengths,
indicating that non-degradative chain transfer processes are rela-
tively important in the polymerisation of acrylamide under our

experimental conditions. Now, 1in aqueous solution the most likely
transfer reactions seem to be:-~
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Table III

- Degree of
10t [Cat] lelr‘;;?it%g)cga}g-u quJ;ymerisaEion 102 (8= 2/7, - 14)
(ry) x 10
12.9 19.3 9.04 1.69
5.89 28.6 9,60 1.73
3.H3 36.9 9.35 1.87
3.34 38.0 9,04 1.95
1.64 5L .1 7.91 2.33
0.84 75.8 7.02 2.72
%
mj +my, - P;j + m? Rate = km[md[mi;]
and m® + Cat =~ DP. + QL
J i i Rate = ko, [Cat][m?‘]
At +my = m ’

The inclusion of such reactions in the overall scheme leads to the
following relationship for the number average degree of polymerisa-

tion (¥ )
1 {kt + k}/2) {fiki[caﬂ}% Koy Ko [Cet]

—= ¢ === (3)
kp[m,;] J ky + ki X, ¥ kp'[m.a

However, the values of the individusl termination coefficients, ki
and ki, are not known. We have, therefore, assumed for present
purposes that termination proceeds predominantly by disprcoportiona-
tion, i.e. k}{ ~ 0, and that the average degrees of polymerisation
computed using Scholtan's eguation are twice the number average
values, and we have evaluated the L.H,3. of equation (3), which now
equals @, accordingly. It is clear from the figures given in Table
III that § does not increase with inecreasing catalyst concentration
as required by equation (3). On the contrary, there is & marked
tendency for it to increase as the cataelyst concentration is
diminished. This behaviour suggests the existence of an additional
transfer reaction involving a substance, the concentration of which
is an inverse function of that of the catalyst. The substance
concerned, which could be an impurity, possibly a decomposition
product either of the catalyst itself or of the monomer, must be
capable of being rendered inactive as far as transfer is concerned
by & reversible reaction with the catalyst. Indeed our sXxXperi-
mental data sre represented fairly well by the empirical reletionship

§ 1.6 x 1072 + 1 x 10_9/[0#31:] (&)

in which the constant term, 1.6 x 10"5, presumably corresponds to

r
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the trapsfer constant for monomer (kfm/kp), for %hich Dainton and
Tordoff' obtained a value of 1.2 x 10~>7at 25.0° C.

Experimental confimation of the assumption that termination of
polymerisation is primarily by disproportionation seems to be
limited to an observation of residual unsaturation in the polymer3.
Attempts in the present investigation to determine the terminal
carboxyl groups by titration were unsuccessful, so that conclusive
evidence for the mechanism of termination is not yet available.

Effect of ferric perchloraste on kinetics of polymerisation

Commercial acrylamide is sald to contain some 50 parts per
million of ironu, probably as sulphate. A consideration of the
effect of added ferric salts is therefore an appropriate point at
which to start, The perchlorate appears to be the least compli~
cated of all ferric salts in aqueous solutions, Its effect on the
X- and y-ray initiated polymerisation of scrylamide has been inves-
tigated by Collinson, Dainton and MelNaughton”, so that a comparison
is possible between the results obtaeined in the present investigation
and those given by an independent method.

The most obvious effect of the addition of ferric perchlorate
is the reduction in the overall rate of polymerisation, the extent
of which increases with an increasing concentration of ferric salt,
as illustrated by the dsta glven in Table IV, Perchloric acid,
itself, has no detectable effect on the rate of polymerisation and
no significant amount of polymer was produced by ferric perchlorate
and perchloric acid in the absence of the initistor. However, for
the range of concentrations examined, the ratg, of yolmnerisation was
found to be diregtly propor Sn%} to [cat.s\l:;rs“?;JO-7 but inversely
proportional to Eferric sal o 15, In addition, we have shown
using o-phenanthroline that the ferric salt is coutinuocusly reduced
to the ferrous state during the course of the polymerisation,

These observations ere all consistent with the conclusion that
in the presence of ferric perchlorate, the following alternstive
mechanism of terminstion is operative:-

2+

¥ 3+ - + _ 3+ x]
m:j + Feaq. + H20 - Pj + reaq. + H30 Rate = .'l‘:)_‘L[Fear_l-][mj

in agdition to the normal bimolecular. terminaticn reaction discussed
above. Infra~red sbsorption studies have shown thatl polyacrylamide
producgd in the presence of ferric perchlorate contains some vinyl
groups~, an observation which suggests that the polymeric carboniwa
ion, produced by logs of an electron tc the ferric ion, stabilises
itself by proton transfer to a solvent moclecule. The implications
of including this additionsl mode of chain terminstion in the
overall kinetic scheme are such that the termingtion coefficient
(kq) for this reaction may be calculsted fron the equation
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Table IV

[moncmels = 1.00M; [HClOL'] = 0,11M; Temp. = 25.00 + 0.01° ¢.

(a) Variation of R, with concentration of ferric perchlorate
(catalyst) = 4.00 x 107"

10° [Fe(c10,) 4 104 R, 107ty
mol, 1~1 min~1 1. mo1~t min~1

1.39 4.3 8.7

5.58 5.29 10.6

5.28 3.54 9.9

9.28 3.,"‘8 10.1

(b) Variation of R_ with concentration of catalyst
[Fe(clou);) = 9.28 x 10™M

1014 [catalysﬂ 10’" Rp 10"'LL ky,
mol, 1-1 min'1 1. mo1~" m:ln"l
2.60 2,96 7.7
2,60 2.98 7.6
4,00 3.48 10.1
L.00 3.54 9.9
4,51 5.06 7.6
6.00 5.62 9.2
£k; K [cat][m1] i ky o R

. (5)
L Rpl Fe(C10,) 3] kp[m1 “ F‘e(ClOu)z]

The mean value of %u g0 obtaineg? frcxn1the daeta given in Table IV was
(1.49 + 0.17) x 10- litre mole™' secT

However, ferric szalts gre xnown to be subject to a series of
cainplex hydrolytic reasctions in aqueous solutions, of which the
following sre said to be the wmost important:-

rd
Rolt 4 200 F e on® + m50 K,
_—t — + +
PeCH + 2Hy,0 &= Fe(OH), + Hz0 K,
q 72+ — iy - ‘L"+
270" &> -eQ(OrI)2 K4
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The termination coefficient k), is, therefore, a composite guantity,
which under appropriate expergmental conditions might be expected to
vary with the total concentration of ferric salt present, particu-
larly as the relative terminsting efficiencies of the lonic species

Feg; . FeOH2+, Fe(OH);, and FeZ(OH)gt sre known’ to be in the ratio

1 : 5,5 50 ; 200, This varliation is not observed in the present
series of experiments, however, partly because of low concentrations
of ferric salt employed and partly because of the low pH of the
solutions. However, in order to illustrate the relative importance
of the various ionic species present, we have calculated their con-
centrations (Tabla'% ) from the values of K4 and Ky ziven by
Milburn and Vosburg { end fran that for K, obtalned by Hedetrln®, Ko
being assumed to vary with ionie strengt% in the same way that Xy
does, It is clear that despite their greater terminating

Teble V
_ . - -5 u. - o
[HGlCh] = 0.11M; [Fe(ClOu)3] = 9,28 x 107°M; Temp. = 25.0° C.

K, = 2.83x 1077 102 [Fe0H2+] = 0.232
K, = 1.2x107° 102 [Ee(o:{);] = 0.0025
Ky = 192 10° [Fe2(03)3+] = 0.0001

102 [Feg;.] = 9.04

efficiencies, the effect of both the second hydrolysis product and
of the dimer on the kineties of termination may be neglected. In
gddition, it should be noted that the high cgncentration_of acid
used ensures that relative proportions of Feg and MeCH®' are
independent of the totasl concentration of refic perchlorate, so
that the absolute value of the termination coefficient for the
aquated ferric ion (kuo) may be evaluated fran the relation

ku = kuo(1 - 0..) + ku"a = k.uO(“ - G.) + 5-51{“0@ (6)

in which k;4 is the termination coefficiint for FeOH2+ and o is the
degree of hydrolysis, viz. 0.0251 for [H%0] = 0.11i. After making
due allowance for the relatively large ugcertainty in the value of
th% initiation ?oeffiqient (fiky), we find ko to be (1.3 + o.u% X
10”7 litre mole~' secT' compared #ith values %@ (2.0 i1og5) x 10

and (2.2 + 0.3) x 103 reported by other investigators 72,

Effect of ferric chloride on kineties of polyvmerisation

The chloride ion is kngw?oto catalyse electron transfer reac~
tions involving ferric ions”: '™, It is not surprising, therefore,
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that for a given concentration of ferric chloride the reduction in
the rate of polymerisation observed is erignificantly larger than for
the same concentration of ferric perchlorate. The appropriate
kinetic dsta are summarised in Tables VI snd VII and for the range
of concentrations vtgdggd we have found that R, is dire¢tly propor-
tional to Eggtalysa . end inversely proportfonal to |ferric
chloridéo' .

However, by restricting ettention to sufficiently
high concentrations of ferric salt end low concentrations of

catalyst, both exponents can be made to approach unity more closely,

‘we nave again found that with ferric chloride present, poly-
merisation 1s accompanied by the production of ferrous ions,.
Hydrochloric acid by itself had no effect on the rate of polymerisa-
tion #nd no significant smount of polymer was produced in sclutions
of monaner containing ferric chloride and acid in the abeence of the
initiator, Evidently linear termination ¢f redical chains by an
electron transfer process inveolving the ferric salt is agaein opera-
tive in addition to the normal bimolecular mode of mutual termination
of chains. The essential difference in beheviour with chloride ions

present is that the rate of linear terminstion is faster than with
perchlorate ions.

Table VI
(nonames) = 1.00M; [Fec1;) = 2.58 x 1072u; [Ho1) = o0.122u,
Temp. = 25.00 + 0.01° G,
104 {eatalyst) 10" Rp 1074 K
mole litre~! min™! litre mole” ' min~
1.00 2.14 14.5
1.00 2,17 14.3
2.00 L.12 14.5
2,00 3434 18.4
2.00 L.17 14.3
3,00 L. 80 18.8
4.00 8.57 13.5
5.00 9.56 4.0
5,00 8.02 17.7
5.08 8.59 16.5

The greater efficiency of ferric chloride as a chain terminator
is undoubtedly due to the greater complexity of its solutions as
conpared with those of ferric perchlorate. This complexity arises
fran the tendency for ionic association to occur in agueous solu-
tions in addition to the usual hydrolytic reactions cammon to all

ferric salts, and the following e%uilibria have been recognised and
investigated by seversl authors?s 10, 11
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Taeble VII
0
[moncmer] = 1.00M; [HGI] = 0,122M; Temp. = 25.00 + 0.01° C.

105[FeCl£) 1ot ?P 107 kj,

mole litre min'1 litre mole_1 min~ !
[catalyst] = 8.01 x 0™y
3,60 10.0 16.4
6.00 6,26 17.0
6.00 5.88 18,2
[catalyst] = 5,08 x 104y
2.58 8.59 16.5
L.,20 6.79 13.6
5.15 L"Ogu‘ 1600
6.00 4.35 15.8
6.00 L.07 16.9
7.72 3.03 17.9
7.72 3.84 13.8

5+ - A 2+
E‘eaq. + Cl &= FeCl K3

2+

FeCl®" + C17 & PFeCly

%y

However, the use of decimolar hydrochloric acid in the present
experiments ensures that the only hydrolysis product which need be
considered is Fe(OH)2*, and also that the relstive proportions of
all ionic species present, including FeCl%F and FeClE, are indepen-

dent of the total ferrlic chloride concentration since this is very
small campared with that of hydrochloric =acid.

By means of the semi-empirical relastionship of Rabinowitch and
Stockmayer the constants appropriate to the iocnic strengths of
the solutions used in kinetic measurements, for each of the sabove
equilibria, have been evaluated and are given in Table VIII, together

with proportions of the total ferric chloride present in the dif-
ferent forms.

The average value of the composite termination coefficient (k&)
evaluated from the experimental data given in Tables VI gnd VII by
means, of eqyation (5) was found to be (2.65 + 0,27) x 10”7 litre
mole~! secT Although kj, is related to the individual coefficients
of the various ionic species present by the expression

k'y = (M -a=-8-yigy + aky + Bz + vk, (7)
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Table VIII

{Ho1) = o.122m  Temp. = 25.0° c.
Ky = 2,76 x 1077, K5 = 7.73; K, = 2.5
Species Fraction of total PeCly Rate coefficient symbol
PeOH-* a = 0.010 K 4
Fec1%* B = 0.L03 k), 3
FeCly Y = 0.127 K,

it is not possible at this siage without more experimental data to
evaluate k and k) separately. de hope to obtain the necessary
additional "éxperimentsl information by measuring the rate of poly-
merisation in the presence of different concentrations of chloride
ion., At the moment it is only possible to evaluate &n average
value for the termination coeflficients of the ions, PeClet and
FeCl,, viaz. (Bkuj + quu)/(g + v), and this turns out to be

3.7 ¥ 102 litre mole~? sec™?, These ions therefore terminate
radical chains at about three times the rate of the ajusted ferric
ion,

One final question still to be settlgd is whether terminstion
of polymer chains by epecies such &s FeClct involves the incorpora-
tion of chlorine into the polymer molecule produced,

*

. 24 o P4
o o o 0
i.e. mj + FeCl Pjul + re& .

instead of producing 2 molecule having a terminal vinyl linkage as
with ferric perchlorate, There is evidence thst in non-hydroxylic
media, e.g., dimethyl formamide, the termination of polymerisation of
sane vinyl monouners by ferric salts does sometinies involve the 12,13
incorporation of the anion concerned into the resulting polymer = 7,
As far as the agueous polymerisation of ascrylamide is concerned,

this point has still to be settled,
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