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Oil-soluble initiators can produce rates of emulsion polymerization similar to those obtained with the 
water-soluble initiators which are normally used. Although radicals are generated in pairs in the oil 
phase, escape of a radical to the aqueous phase leaves an isolated radical in the oil phase: this is the 
essential condition for an emulsion polymerization. A concentration of azodiisobutyronitrile was 
found which produced the same number of latex particles in the emulsion polymerization of styrene 
as was obtained with a typical concentration of potassium peroxydisulphate. The rate of nucleation 
of latex particles can then be equated to that obtained with the known rate of decomposition of 
peroxydisulphate. Comparison with the rate of decomposition of azodiisobutyronitrile shows its 
efficiency to be only 4% in emulsion polymerization in contrast with the efficiency of ~50% obtained 
in bulk or solution polymerization. 

INTRODUCTION 

Emulsion polymerization is characterized by high rates of 
polymerization occurring simultaneously with the production 
of high molecular weight polymer. Haward 1 pointed out that 
this is a consequence of the isolation of single radicals polyme- 
rizing in loci of small dimensions so that the normal mutual ter- 
mination step between polymer radicals is excluded from the 
polymerization mechanism in favour of termination by 
primary radicals derived from the initiator. Normally water- 
soluble initiators such as potassium persulphate or redox 
systems based on hydrogen peroxide are preferred for emul- 
sion polymerizations but, provided a surfactant is used to 
stabilize the latex particles formed, similar rates of polyme- 
rization can be obtained using oil-soluble initiators such as 
benzoyl peroxide 2'3 and azodiisobutyronitrile 4,s. Interfacial 
initiation using an oil-soluble hydroperoxide and a water- 
soluble reducing agent provides another possible variation 6'7. 
Oil-soluble initiators produce free radicals in pairs so that 
the isolation of a polymer radical in a latex particle is depen- 
dent on the probability of one radical escaping into the 
aqueous phase by partition or by transfer to an emulsifier 
molecule s . Theories of emulsion polymerization have gene- 
rally been restricted to the case of decomposition of the 
initiator in the aqueous phase 9'~° and although Medvedev 11 
considered both aqueous-phase and oil-phase initiation, the 
experimental observations which led him to reject Harkins's 
theory 12 have subsequently been found to be unsound s'13. 

It has not yet been possible to calculate the rate of escape 
of radicals from micelles or latex particles by diffusion of 
primary radicals into the water phase, or by transfer to an 
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adsorbed emulsifier molecule with subsequent exchange of 
the emulsifier radical with an emulsifier molecule dissolved 
in the aqueous phase. But according to the Smi th -Ewar t -  
Gardon theory 9'~° the number of latex particles, N, generated 
in the initial stage (Interval I) of a batch emulsion polymeriza 
tion depends on the 2/5th power of the rate of initiation, R i 
(equation 1). If, therefore, conditions can be found in 
which the number of latex particles formed using an oil- 
phase initiator is the same as that produced by a knowncon- 
centration of a water-soluble initiator for which the rate of 
initiation is known, it can be inferred that this is also the 
rate of initiation in emulsion polymerization by the oil- 
soluble initiator. Because of the cage effect 14 the rate of 
initiation in bulk polymerization by such initiators as 
azodiisobutyronitrile is only about half their rate of decom- 
position. Since, in emulsion polymerization, the initiator 
radicals must not only escape from the cage of monomer 
molecules in which they are dissolved but also one of them 
must escape entirely from the micelle or latex particle in 
which it was produced, an even lower efficiency of initiation 
may be expected. The subsequent rate of polymerization, 
-d(M)/dt, during Interval II (equation 2) might also be ex- 
pected to be the same as that observed with the water- 
soluble initiator at the same rate of initiation because this 
depends directly on the number of latex particles per unit 
volume, N, which has been produced during Interval I pro- 
vided the rate of initiation is sufficient to maintain the ave- 
rage number of radicals per latex particle, ~ = ½. kp is the 
propagation rate constant of the monomer, (M) the mono- 
mer concentration in the latex particles, (S) the emulsifier 
concentration in the aqueous phase, and L the Avogadro 
Number. 

N = (Constant)R2/5(S) 3/5 (1) 

-d(M)/dt  ~- (nNkp(M))/L (~) 
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Table I Efficiency of azodiisobutyronitri le in nucleating latex particles 60°C. Emulsifier: sodium octadecyl sulphate 0.060 mol dm -3 on the 
water phase 

Efficiency 
106 x Equivalent relative to 

105 (Oil-phase cone.) 103Rp 10 -15 N/cm -3 persulphate persulphate 
AIBN/mol cm -3 mol dm -3 s -1 t:r/nm -1 ;LS/~r water conc/mol cm -3 (%) 

0.96 1.51 40.0 1.15 1.6 (0.18) 3.1 
4.84 2.52 29.9 1.31 3.6 (1.51 ) 5.1 

30.5 3.51 24.6 1.39 6.6 (7.40) 4.0 
- 5.73 24.2 1.15 6.9 7.40 - 

Table 2 Effect of sodium alkyl sulphates on the emulsion polymerization of styrene using azodiisobutyronitri le. Total concentration of 
emulsifier 6.0 x 10 -2 mol dm -3 on water phase. Azodiisobutyronitr i le 4.86 x 10 -3 mol dm -3 in oil phase. 60°C 

Alkyl  103 (C.M.C.) 102 (S -  S m) 10-15 N/cm 3 103 Rp 
chain length mol dm -3 mol dm -3 r/nm }LS/~r water mol dm -3 s -1 

C 10 34.0 2.6 46.5 1.08 1.0 0.91 
C 12 9.0 5.1 40.2 1.07 1.6 1.51 
C 14 2.4 5.8 32.7 1.23 2.9 2.09 
C 16 0.62 5.9 / 32.7 1.21 2.9 2.21 

33.3 1.16 2.8 2.24 
C 18 0.16 6.0 29.9 1.33 3.6 2.52 

EXPERIMENTAL 

Rates of polymerization were determined gravimetrically: 
the precise technique has been described previously Is. 
Styrene (BDH) was redistilled twice under vacuum. The 
monomer and the water were deoxygenated by pas~ng 
oxygen-free' nitrogen for 30 rain: passage through alkaline 

pyrogallol solution was used to remove residual oxygen from 
the nitrogen stream. Azodiisobutyronitrile (BDH) was re- 
crystallized twice from ethanol. Sodium alkyl sulphate 
emulsifiers were prepared and purified by the method des- 
cribed previously is. The amounts of the emulsifiers used 
were those required to give a 0.060 mol dm -3 solution in 
212 cm 3 water which was 0.10 mol dm -3 in sodium hydro- 
xide. The volume of styrene used was 80 cm 3. Polymeriza- 
tions were conducted in a three-~,ecked flask immersed in a 
ther~nostat at 60°C. Conversions exceeded 60% within the 
first hour in most experiments. Samples for particle size 
measurement were left in the thermostat overnight to com- 
plete the polymerization and were measured within 24 h. 
Particle numbers were calculated from the turbidity-average 
diameter: 

= [~,nidi61 113 

determined by a light-scattering method 16. This method also 
yields an even higher average diameter: 

[ ~,ni d8 ~ 1/2 

The difference between the radii rr  and rLS (Tables 1 and 2) 
shows that the particle-size distribution are not monodis- 
perse. Since the turbidity-average diameter is significantly 
larger in a polydisperse distribution than the root-mean- 
cube average diameter: 

~trmc = (~nid31 1/3 

\ ~,ni ] 

which should be used 1° in particle number calculations, a 
systematic error is introduced into the calculated particle 
numbers which were estimated to be ~25% low on the basis 
of one sample which was examined by electron microscopy 16. 
However since the principal conclusions of the present work 
depend on the identification of samples which have equal 
values o f d  r, this error is irrelevant provided the samples 
have similar particle-size distributions. 

RESULTS 

Variation of the initiator concentration 
The number of latex particles formed (Table 1) varies 

approximately with the 2/5th power of the initiator con- 
centration, but the dependence of the rate of polymerization 
during Interval II on the initiator concentration is lower 
than this, indicating that the Interval II rate is less than 
directly proportional to the number of latex particles present 
as required by equation (2). This is similar to that found 
in the emulsion polymerizations of vinyl acetate and vinyl 
chloride, following the Smith-Ewart Case I kinetics, in 
which the transfer of radicals from the particles to the 
aqueous phase is not negligible and in which the average 
number of radicals per particle n "~ ½. This might be ex- 
pected since the possibility of using an oil-soluble initiator 
for emulsion polymerization depends on the transfer of 
radicals to the aqueous phase. Table i shows that the size 
(and, assuming similar particle-size distribution, the number) 
of latex particles formed, using a concentration of azodi- 
isobutyronitrile in styrene of 3.07 x 10 -4 mol cm -3, was 
the same as that obtained using a much lower concentration 
(7.40 x 10 -6 mol cm -3) of potassium persulphate in water. 
It is believed that all radicals formed from potassium persul- 
phate nucleate latex particles in the initial stages of an emul- 
sion polymerization. Therefore the rate of formation of 
isolated radicals which nucleate latex particles from 
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azodiisobutyronitrile may be equated to twice the known 
rate of decomposit ion of persulphate in alkaline aqueous 
solution. If  the rate constant for this decomposit ion is 
taken 17 as kd= 5.0 x 10 6 s - I  at 60°C, the rate of  initiation 
at this initiator concentration i sR  i = 7.40 x 10 - I  l reel cm -3 s -1. 
Multiplication by the Avogadro constant gives Gardon's  1° R, 
the number of radicals generated per cm 3 of the water phase 
per second as 4.46 x 1013 cm 3 s -1. This must also be the 
value for the concentration of azodiisobutyronitrile used 
because the same number of latex particles are formed. 
Taking the rate constant TM for the decomposit ion of azodi- 
isobutyronitrile at 60°C to be 1.6 x 10 5 s -  1, and the per- 
centage of  isobutyronitri le radicals which avoid mutual re- 
action and escape from the solvent cage (being available for 
the initiation of polymerization) to be 50°/o ~9, the rate of 
radical production in the oil-phase is calculated as Rr = 
2kd f (1 )  = 4.92 x l O  9 reel cm 3 s -  I. Since the ratio of the 
volumes of the oil phase and the water phase is 80:212 or 
1:2.65, this would be equivalent to a rate of  radical genera- 
tion in the water phase of 1.85 x 10 -9  reel cm -3 s-1 if all 
these radicals escaped into the water phase. The fraction 
which do nucleate latex particles is 7.40 x 10 11/1.85 x 10 -9 
= 0.040. That is only 4% of  the radicals available for the 
initiation of  polymerization in the oil-phase nucleate latex 
particles: presumably the remainder do initiate polymeriza- 
tion in the oil phase. However, because of  the small volume 
of  latex particles, the radical concentration must be very 
higll when two radicals are present so that mutual  termina- 
tion is rapid, and only a small amount of low molecular 
weight oligomer, which is likely to remain in solution when 
the polymer is isolated by precipitation, is produced. For 
persulphate initiation N ~x R~/5 hence the persulphate con- 
centrations, needed to nucleate the same number of  particles 
as the lower concentrations of  azodiisobutyronitrile,  can be 
calculated and the corresponding efficiencies of azodiisobutyro- 
nitrile in particle nucleation can be evaluated. The results are 
given in Table 1. 

Variation o f  alk1,l chain length 

A series of  experiments was carried out in which the 
chain length of  the alkyl sulphate emulsifier was varied bet- 
ween 10 and 18 carbon atoms, keeping the total concentra- 
tion constant at 0.060 mol dm -3 on the aqueous phase and 
using a constant concentration of  azodiisobutyronitrile (4.86 
x 10 3 reel d in-3)  in the oil phase. The results (Table 2) were 
similar to previous experiments in which a water-soluble 
initiator was used 15. The area, a S, occupied by an emulsifier 
molecule in a saturated monolayer at the polymer/water  
interface is constant at 0.52 nm 2 for this series of emulsifiers. 
According to the Smi th -Ewar t  theory~°N <x (a S IS] )3/5, and 
it would be expected that the same number of latex particles 
would be formed if this was determined by the total emulsi- 
fier concentration. Table 2 shows that this is not the case. 
The lower members of  the series have relatively high critical 
micelle concentrations (Sin). Proport ionali ty of N to 
(S Sm)3/5  (i.e. to the 3/5th power of the concentration 
of micellar emulsifier) is sufficient to account for the change 
in the number of particles formed between the C10 and C12 
emulsifiers, but is inadequate to account for the differences 
between the higher members of the series for which the dif- 
ference between (S) and (S  - Sin) is comparatively small. 
Perhaps the probabili ty of transfer to the emulsifier in- 
creases with the length of  the alkyl chain, increasing the 
probability of radicals escaping into the aqueous phase. The 
increase in number of latex particles formed between C12 and 

C18 is double that observed in experiments ~s using potassium 
persulphate as initiator at the same emulsifier concentration. 

DISCUSSION 

Provided that the rate of  initiation is sufficient to maintain 
the average number of radicals per latex particle g :- 0.5, the 
Interval I1 rate of  polymerization should be the same for 
lattices with the same number of latex particles N, according 
to equation (2) if  Smi th -Ewar t  1° Case II kinetics (neglect- 
ing escape of radicals from the latex particles) can be applied. 
Radical escape is essential to the present case and it has been 
argued above that Case I kinetics should be applied. Never- 
theless the rates observed at the two lower azodiisobutyro- 
nitrile concentrations do correspond to those expected for 
the persulphate concentrations which would nucleate equal 
numbers of particles. Therefore it appears that B = 0.5 can 
be maintained during Interval II at these particle concentra- 
tions. At the highest azodiisobutyronitrile concentration 
(Table 1) the rate of polymerization is lower than would be 
expected with the persulphate concentration which nucleates 
an equal number of particles, and corresponds to ff = 0.3. 
Berezhnoi, Khomichovskii,  and Medvedev TM find that the rate 
of polymerization of  styrene using an alkyl sulphonate emul- 
sifier, becomes independent of azodiisobutyronitrile concen- 
tration at high concentrations (similar to the highest con- 
centration in Table 1), and that the rate (in this range of 
initiator concentration) is directly proportional to the emul- 
sifier concentration. The authors'  original interpretation of 
these results was a polymerization occurring within the 
adsorbed emulsifier layer. Reinterpretat ion shows a transi- 
tion from Case II kinetics, at low initiator concentrations, 
to Case I kinetics at the highest initiator concentrations. 

REFERENCES 

1 Haward, R. N. J. Polym. Sci. 1949, 4,283 
2 Edelhauser, H. and Breitenbach, J. W. 3". Polym. Sci. 1959, 

35,423 
3 vanderHoff, B .M.E.J .  Polym. Sci. 1958,33,187 
4 Ryabova, M. S., Beresnev, V. N. and Smirnov, N. I. Zh. PrikL 

Khim. 1972, 45, 162; 1973,46, 2052; English translations, 
J. Appl. Chem. USSR 1972, 45, 149; 1973,46, 2175 

5 Ryabova, M. S., Santin, S. M. and Smirnov, N. 1. Zh. Prikl. 
Khim. 1975, 48, 1577; English translation, J. Appl. Chem. 
USSR I975,48, 1632 

6 vanderHoff, B.M.F~.J. Polym. Sci. 1960,48,175 
7 Trubitsyna, S. M., MarNtova, M. F. and Medvedev, S. S. 

Vysokomol. Seed. 1965, 7, 1973; English translation, 
J. Polym. Sci. USSR 1965, 7, 2165 

8 Vanderttoff ,  B.M.E.  Adv. Chem. Ser. 1962,34,6 
9 Smith, W. V. and Ewart, R. H.J. Chem. Phys. 1948, 16,592 

10 Gardon, J .L.J .  Polym. Sci. 1968, A-1 6,623,643,665,687, 
2853, 2859: 1971, 9, 2763 

11 Medvedev, S. S. in Kinetics and Mechanism of  Polyreactions 
Budapest, Akademiai Kiado, 1971, p 39 

12 ttarkins, W. D. J. Am. Chem. Soc. 1947, 69, 1428 
13 Ryabova, M. S., Sautin, S. N., Beresnev, V. N. and Smirnov, 

N. I. Zh. Prikl. Khim. 1975,48, 1101 ; English translation, 
J. Appl. Chem. USSR 1975, 48, 1148 

14 Allen, P. E. M. and Patrick, C. R. 'Kinetics and Mechanisms of  
Polymerization Reactions' Chichester, Ellis ttorwood, 1974, 
p 107 

15 A1-Shahib, W. and Dunn, A. S. J. Polvm. Sci. Polym. Chem. 
Edn. 1978, 16,677 

16 Dunn, A. S. and A1-Sh',thib, W. Br. Polym. J. 1978, 10, 137 
17 Gerrcns, H. and Hirsch, G. in Polymer Handbook (Eds. 

J. Brandrup and E. H. Immergut) New York, 2nd Edn. Wiley, 
1975, Vo111, p 485 

18 Berezhnoi, G. D., Kkomlchovskii, P. M. and Medvcdev, S. S. 
Vysokomol. Seed. 1960, 2, 141 

POLYMER, 1980, Vol 21, April 431 


