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Abstract

The extended retardation of the free-radical seeded emulsion polymerisation of vinyl acetate by oxygen has been modelled and fitted to
experimental data. It is argued that the unusually long retardation observed in this system is due to the high entry efficiency of the aqueous-
phase oligomeric radicals which allows latex particles to compete with dissolved oxygen for these initiating radicals. This, in the case of
VAc, is due to the high value of the product of the propagation rate coefficient and the water solubility. As oxygen is consumed the
competition increasingly favours entry of initiating radicals into particles and the polymerisation rate gradually increases. The model also
qualitatively predicts the much shorter retardation behaviour of styrene and MMA which is due to the lower values of the product of the
propagation rate coefficient and the water solubility for these monor@e2900 Elsevier Science Ltd. All rights reserved.
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1. Introduction The three monomers just named have qualitatively differ-
ent behaviour: the propagation rate coefficient for VAc
In free-radical seeded emulsion polymerisation it is MMA > styrene and the same holds for the water solubi-
common to observe a lengthy inhibition (induction) period lity, so it seems that radical entry is a likely candidate.
during which little or no polymerisation occurs. The inhibi- The retardation ascribed here to oxygen must be distin-
tion is often ascribed to dissolved oxygen [1] which reacts guished from a slow (but retardant-free) approach to the
with free radicals at close to diffusion-controlled rates to steady-state rate that may be due to the kinetics of particular
form stable radical species [2]. “Stable”, in this context, emulsion polymerisation systems. For example: a low
means radicals that are sufficiently unreactive that their propagation rate coefficient, and/or low aqueous-phase
most probable fate is to terminate with another radical to water solubility, may result in low radical entry efficiency
form unreactive products. and consequently a relatively slow approach to steady state,
In seeded emulsions the inhibition period may be as is the case for styrene [5]. The slow, retardant-free
followed by a retardation period during which the polymer- approach to steady state is readily observed with the
isation rate,R,, usually increases to a steady-state value gamma radiolysis method described later. When this is
[3,4]. There are distinct differences in retardation behaviour: taken into account the retardation due to oxygen may be a
VAc is slow (this work), styrene is fast [5] and MMA is matter of seconds for styrene [8,9], minutes for MMA
intermediate [6]. The observed retardation behaviour is not (methyl methacrylate) [6] and longer still for VAc (this
related to particle formation, as this behaviour is seen in work).
seeded emulsions. Neither can it be attributed to some parti- A general kinetic scheme for retardation is given in
cular effect of the reactivity of certain radicals towards Scheme 1. Inhibition/retardation by oxygen is complicated
oxygen as the rate coefficients for the addition of oxygen by the possibility of reinitiation by hydrogen transfer
to alkyl radicals is of the order of 20V "*s™ and is only (Scheme 1, path 2) or addition reactions (Scheme 1, path
slightly affected by substituents [7]. 3) as outlined by Moad and Solomon [2]. However, in view
of its effectiveness in inhibiting free-radical polymerisation
—_— [3,4,6] oxygen is generally treated as an ideal inhibitor.
: (éo"e.SpO”d'”g author, Fax: 61-2-9351-3329. Thus, when an aqueous-phase oligomeric radical encounters
-mail addresses: debruyn@chem.usyd.edu.au (H. De Bruyn), e . )
gilbert@chem.usyd.edu.au (R.G. Gilbert). an oxygen molecule it is considered to be effectively capped
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(Scheme 1, path 1). The peroxides so formed play no signif- equation:
icant part in the polymerisation during the retardation period 1
for reasons that are discussed later. ~1-— 23kJ mol

The proportion of initiator-derived radicals that enter RT In[Mgg}/mol dm™*
particles is termed the entry efficiendy,y,. As is shown
below, ey is crucial to the retardation behaviour. Termina-
tion of agueous-phase oligomeric radicals (Scheme 1, path
1) causes inhibition and/or retardation by preventing entry
of these initiating radicals into the latex particles which are

(€]

whereT is the reaction temperature a[MZZ’] is the satura-
tion concentration of aqueous-phase monomer. They also
showed that, in the absence of inhibitors and retardggs,
can be estimated from a simple analytical approximation to

. o L the complete set of rate equations that describe all the
the main locus of polymerisation. In persulfate-initiated

X ) aqueous-phase events [10]
systems radicals are generated in the aqueous phase by
thermolysis of the peroxydisulfate anion,(% , to produce (kd[|]kt,aq)o'5 1z
two sulfato radicals, SP. These react with aqueous-phase fentry (no inibitorsretarders = W +1
monomer and propagate to a lengthat which the increas- agad
ingly hydrophobic oligomeric free radical becomes suffi- wherekyis the rate coefficient for decomposition of initiator,
ciently surface active to enter a particle and initiate [I] the initiator concentrationk; ., the average rate coeffi-
polymerisation [3,4]. The polymerisation rate depends in cient for bimolecular termination of aqueous-phase radicals,
part on how efficiently these radicals can be transported [M,q the aqueous-phase concentration of monomerkapd
into the particles. the rate coefficient for propagation in the aqueous phase. It

The size of the entering oligomeric radical is an important has been shown [11-13] thé& ., is generally about the
parameter in the determination fgfy,. This is because the same ask, measured in bulk for ordinary monomers;
time spent in the aqueous phase growing wnaer deter- however, there may be a difference between these quantities
mines the likelihood of bimolecular termination occurring for polar monomers such as vinyl acetate.
before entry can take place. From thermodynamic consid- For VAc and MMA, entry efficiency is high and aqueous-
erations Maxwell et al. [10] postulated that, for persulfate- phase termination events other than termination with
initiated oligomersz may be estimated from the following oxygen are relatively insignificant. For VAc at &D and
[S;05 1=1mM, [M3]=03M soz~ 8 (Eq. (1)) and,
in the absence of inhibitordenyy, > 99% (Eq. (2)). This
estimate is not very sensitive to the calculated value of
or to the assumed value &, Poehlein and co-workers
[14] found experimentally that was in the range 5-14 for
VAc. Even if z is taken as the upper limit found in Poeh-
lein’s work andk, ,q halved,fenyy is still greater than 98%.
| Similarly for MMA, z ~ 4 — 5 andfgn,y ~ 85— 95%

'!‘ In systems that are inhibited by oxygen as in Scheme 1,

11 oxygen is consumed and as its concentration decreases,
entry efficiency becomes a competition between the rate at

| which sulfato radicals grow te-mers and the rate at which

| aqueous-phase oligomeric radicals are terminated by

oxygen.

The aim of this paper is to investigate the effect of
dissolved oxygen on free-radical emulsion polymerisation
Fig. 1. Rate as function of time for seeded VAc emulsion polymerisation klnet.ICS and to q3V9|0p a merI that. semi-quantitatively
initiated by y radiolysis. 2C, Dose rate= 0.029 Gy s*, experimental predicts retardation behaviour in a variety of seeded emul-
details: see Table 1. sion polymerisation systems.
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1.0 Table 1
i PR AL A LA Details of emulsion polymerisations of VAc with chemical anéhitiation
i K
0.8} { ! VAc/chemical VAck
] 1
ool | / CH{COONa (g) 0.12 -
e ! . AMA-80 (g) 0.12 0.15
L S,05 ]
X i ' (5,05 Total H,O (g) 4558 456
04f i 0.319 mM Monomer (g) 7.5 4.24
| ,‘ ----0.988 mM Seed latex (g) 7.2 g solids 11.25 g solids
02l : ....... 1.95 mM T(_emperature°C) 50 2
: i L 415 mM Dilatometer volume (ml)  62.6 60.0
I I' ’ DN,(Seed)(nm) 102 102
0.0 Ldact e . — N, (dm™) 2.3x 10" 2.9% 10
0 10,000 20,000 30,000 40,000 50,000 [KS,04] (MM) 0.319-4.95 -
y dose rate (Gy's) - 0.029

time (s)

2 The gamma radiolysis data were acquired & or practical reasons

Fig. 2. Conversiony, as function of time and persulfate concentration for discussed in Ref. [15]
series of interval Ill, seeded VAc homopolymerisations atCGexperi- ' '

mental details: see Table 1.
initiator used to prepare the seeds was potassium persulfate.

Both were obtained from Merck and used without further
purification. Milli-Q water, 18.2M)cm™* was used

In the model developed below it is assumed that the para-throughout.
meters that determine retardation behaviour are oxygen The VAc seed latex was prepared at@@nder nitrogen

concentration, initiator concentration and the properties of as a starved-feed process. An initial charge of VAc (40 g)
the monomer such dg ,qand [My. was solubilised in water (600 g) in which the emulsifiers
As mentioned above, it has been reported for VAc that (AMA-80: 5.2g and OT-75: 5.05g) and buffer
retardation is independent of initial {3, provided that (CH3;COONa: 1.00 g) had been previously dissolved. The
there is enough oxygen to cause inhibition. Therefore, potassium persulfate (1.00 g) was dissolved in water (30 ml)
experiments were designed primarily to test dependenceand an initial charge of about 25% of the persulfate solution
of the retardation behaviour on initiator concentration. added to commence the reaction. The remaining monomer
The retardant-free approach to steady state for VAc was (221.6 g) and initiator solution were added at rates of 1.4
measured by the gamma radiolysis method developed byand~0.15 ml min %, respectively.
Gilbert and co-workers [3]. In this method, polymerisation Rate data were obtained by the following experimental
is initiated withy radiation. When a steady state is reached procedure (see Table 1). A thermostated dilatometer was
the reactor (usually a dilatometer) is removed from the  charged with VAc, sodium acetate, AMA-80 and degassed
source and the polymerisation is allowed to relax. After a water and the mixture emulsified under partial vacuum by
suitable time the reactor is reinserted into theource and  stirring with a magnetic bar. The seed (which had been
the ensuing approach to steady state is usually free of inhi-allowed to equilibrate with atmospheric oxygen) was
bitor artefacts (Fig. 1). added and allowed to swell with monomer at°G0Ofor
The experiments in this work were seeded homopolymer- 30 min (also under partial vacuum to remove some of the
isations of VAc (to obviate the complexities of particle dissolved gases as it is essential that no bubbles form in the
formation) and commenced in interval Ill (absence of dilatometer). Inthe chemically initiated experiments persul-
monomer droplets) to minimise the incidence of secondary fate was dissolved in water~0 ml) and 1.00 ml of the
nucleation, thereby maintaining a constant particle number. solution injected into the dilatometer. The capillary was
VAc was obtained from Aldrich inhibited with 3—5 ppm then fitted and water added to the appropriate meniscus
hydroquinone. The inhibitor was removed on a column of height.
basic alumina. The monomer was distilled under nitrogen at  Polymerisations were monitored to about 95% conver-
72-73C, with the first and last 20% being discarded. GC- sion. Some polymerisations were allowed to run for a
MS conducted on the purified monomer showed no hydro- further 20 h during which time the polymerisation rate
quinone remaining. Bulk polymerisations performed with was about 0.1% H, ultimately reaching conversions of
VAc purified in this way and degassed by multiple over 98% (Fig. 2).
freeze—thaw cycles had inhibition periods of just a few  The number average particle diameters of the latexes
minutes indicating the satisfactory nature of the purification were determined by capillary hydrodynamic fractionation
procedure. The monomer was either used immediately or (CHDF) using a Matec Applied Sciences CHDF1100 fitted
stored overnight at°C. with a C570 high sensitivity column claimed to be suitable
Emulsifiers AMA-80 and AOT-75 were used as obtained for particle diameters of 15—700 nm. The eluent used was
from Cyanamid. The buffer used was sodium acetate and theGR500" at a flow rate of 1.40 ml min.

2. Materials and methods
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3. Results and discussion
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growing to az-mer, fony, is then given by the competition
between the rate at which it propagates- 1 times

In y-initiated experiments the first insertion showed retar- (Reaction 4) and the sum of the rates of the termination
dative behaviour similar to that reported for persulfate reactions (5-7)

initiated polymerisations [4]. However, the subsequent

insertions (Fig. 1) show no retardation, which suggests ¢

that the initial retardation is not due to any kinetic effects

and must therefore be an inhibitor artefact. Ballard observed
a similar effect, though less pronounced, in the emulsion
polymerisation of MMA [6].

kp,aq[M aq]

z-1
v - { kp,aq[Maq] + kt,Oz[Oz] + kt,aq[Mi] + k7[MiOO] }

(10

Further reactions of the peroxides produced in reactions 7

The main features of persulfate-initiated VAc emulsion @nd 9 have been disregarded for the following reasons:

polymerisations are clearly seen in Fig. 2. These are: an
induction period that is approximately inversely propor-
tional to the initiator concentration, a retardation period
which decreases with increasing initiator concentration
and a steady-state rate which is nearly constant until the
rate decreases abruptly at high conversions.

The major reactions involving aqueous-phase radicals
and oxygen (and their rate coefficients atGpare

SOy + Mg ~SOMiag

koy = 10° Mt st [16] ®)
_ . Koaq _ .

SOMiag + Mag =  SOuMi 130 @
kp,ac(VAc) = 67)( 103 M_l S_l [17J
_ ) ko _ .

SOMiag * Ozag = SOM;O0GCqq )
ko, =~ 100 M~ ts7t [7]

_ . kt,aq —
2 SO4Mi(aq)_’( SO4Mi)2(aq)
Kiaqg~ 10° Mt s [18] (6)
“SOMiag + ~SOM,00 g ~> ~SOM; OOM SOyag ,

)

k; = 10°M 1s71[7]

_ kg
2" SOM;00Q 59 — (C SOM;00)y 4 ®
kg =~ 10' M ts 1 (7]
_ . kg _— .

Kovae) = 25 M ts7[19]

kg estimated from value for model compound (acetoxypen-
tylperoxyl radical).

Reaction 3 is very fast and can only be rate-determining
for monomers with extremely low water solubility, much
lower than, say, styrene.

The probability of an agueous-phase monomeric radical

(i) thermal decomposition is likely to be quite slow, as
similar peroxides have half lives of many hours atG0

In the case of VAc for example, the half-life of the perox-
ide could be expected to lie between those of di-alkyl and
di-acyl peroxides. At 5 di-ethyl peroxide has a half life

of about 30 years while di-propanoyl peroxide has a half
life of 80 h (calculated from the Arrhenius parameters
presented by Howard [19]) and any influence is therefore
negligible on the timescale of emulsion polymerisations.
(i) radical-induced decomposition of these peroxides can
be extremely rapid, the rate being very sensitive to substi-
tuents [19]. However, in the aqueous-phase chemistry of
free-radical emulsion polymerisations the net result of
radical-induced decomposition is merely radical transfer
from a short chain alkyl radical to a short chain alkoxy
radical [19]. Such alkoxy radicals would be expected to
reinitiate in the aqueous phase thereby incorporating ethe-
real oxygen in the agueous-phase oligomeric radicals. This
may have a small effect on the solubility of the aqueous-
phase oligomeric radical but otherwise should have little
effect on entry of radicals into particles. Furthermore, the
stoichiometry of the termination of aqueous-phase oligo-
meric radicals with oxygen is unaffected,; i.e. two initiator-
derived radicals are oxidised by one oxygen molecule.

Eq. (10) may be simplified by considering the following:

(i) In high entry-efficiency systems such as VAc and MMA
[3,10] reaction 6 is insignificant and has negligible effect
on the retardation period. In low entry efficiency systems
(e.g. styrene) the retardation period itself is insignificant
[8,9]. The termk, ,[M;] may be significant after the retar-
dation period, as it limits the maximum valuefgf, in low
entry efficiency systems, but otherwise has little effect on
the retardation behaviour.

(i) The peroxy radicals formed in reaction 3 will be
consumed in reactions 7-9. As the rate of consumption
of peroxy radicals must be approximately equal to their
rate of production one can say that

K.0,[021[M;] = k;[M;OO01[M;] + kg[M;00T*

+ ko[MjOO][Mggl 1Dy

Reaction 8 is probably not significant due to the low
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Fig. 3.fentry calculated as function of [{p at 50°C (Egs. (2) and (13))
ko, =2X1FPM st  (VAc: k,=67X10°M s (Mgl =
03M; MMA : kp_e5o M1s™ [Magl =015 M; styrene: k, =
258 M " 5!, [Myq] = 0.0043 M). Note: [0, ~1.4% 1073 M.

concentration of reactants and the relatively low rate
constant. However, if such a tetroxide forms, atG@ will

most likely decompose rapidly to yield a single molecule of
oxygen, an alcohol and an aldehyde by the non- rad|cal

Russell mechanism [19]. The net result, as far as the kinetics
of entering radicals is concerned, is the same as reaction 7, i.e,

one oxygen molecule consumes two initiator-derived free
radicals.
Copolymerisation (reaction 9) incorporates oxygen and

may therefore accelerate the consumption of oxygen and

decrease the retardation period. TypicallySO;M;,q] =
10 °M in emulsion polymerisations [3] and for VAc
[Magl = 0.3 M. Thus ks[~ SO;M5q] = kg[M44] and reac-
tions 7 and 9 may compete for peroxy radicals, with higher
[l favouring reaction 7. However, the good agreement
between the model (which ignores reaction 9) and the
experimental data, as discussed later, suggests that th
consumption of oxygen by copolymerisation is negligible,
except perhaps at low [l].

Hence
keo,[O21[M;] = k7[M;O0][M;] 12
and Eg. (10) reduces to
fontry = { paclMadl }H (13)
KpaglMagl + 2k 0,[0]

Using literature values for these coefficients [3{4],,
may be plotted as a function of j{for some representative
monomers (see Fig. 3).

Thus, in the case of VAc at dissolved oxygen concentra-
tions below about 13 M, inhibition ceases and the poly-
merisation is retarded until fPpdrops below about 1 M.

As O, is consumedf,yy increases and the rate of consump-
tion of oxygen by initiator-derived radicals decreases

8637
according to
dio,]
B = kL~ fomy (14

In order to relate the modelled,, to the experimental
observableR,, it is necessary to consider the fate of the
entering radicals. The entered particle may contain oxygen,
a propagating radical, a peroxy radical or no terminating
species.

Oxygen is quite soluble in monomers; §@,]°* = 1.5x
10 3 M in VAc [20] which is similar to that in water
(1.4x10°3*M) under the same conditions (760 mmHg,
20°C) [21]. Hence, oxygen is likely to be found in the swol-
len particles which act as a reservoir replacing agueous-
phase oxygen as it is consumed during the inhibition period.

At the end of the inhibition period for VAC,O,] 5 =
10°M (Fig. 3) and [Q] pariciey Should be about the same. A
120 nm diameter swollen particle should, on average,
contain less than one oxygen molecule at the beginning of
the retardation period. If there were more than one this
would soon be reduced to one by the various termination
reactlons described above. Such oxygen molecules may

‘cap” a growing chain and eventually terminate with an
entering oligomeric radical (as in Scheme 1, path 1), but
are more likely to reinitiate (as in Scheme 1, path 3). This
is because the entry rate is much lower than the reinitiation
rate. This argument is quantified as follows.

The maximum entry rate in the absence of oxygen can be
estimated from the Maxwell-Morrison equation [10]

05 1-z
3 de[I]NA{(kd[l]kt,afJ) + 1}

sat __

= 1
Nc kp,aq[ M aq] ( 5)

wherep is the first-order rate coefficient for entry of radicals
into particles. At the highest initiator concentration in this
work (4.29 mM) Eq. (15) givep ~ 0.04 s 1. At early times

% the retardation periody will be even less (because of

aqueous-phase termination of most of the oligomeric radi-
cals by oxygen). Hence, for intra-particle termination to
occur, an oxygen-capped radical must not reinitiate, on
average, for at least 25 s despite being dissolved in mono-
mer. Reinitiation via the particle phase equivalent of
reaction 9 would be expected to take about 0.05 s for VAc
(less for MMA and styrene whetle = 4.5 and 41 M*s™*
respectively) [19]. Therefore, during the retardation period,
particle-phase oxygen is expected to have little or no effect
onR,

If the entered particle contains no terminating species, the
entering radical will propagate and eventually transfer radi-
cal activity to a species that may exit. However, during the
retardation periodN./N, =~ [O,]5q and as the particles are
so much larger than oxygen molecules, most exiting radicals
will simply enter another particle and propagate. Hence, for
the purposes of this discussion, provided the average
number of radicals per particle, is small, exit can also
be ignored.



8638 H. De Bruyn et al. / 41
0.0010 .
15,0, ]
0.0008 o 4.29mM
' o 1.94mM
R 0.0006 a 0.988mM
P i v 0.317mM
(Ms™)
0.0004
0.0002
peaklogl f
0.0000 i

20,000 30,000

time (s)

10,000

Fig. 4.R, (-) calculated (Eq. (16)); points: experimental data. VAc emul-
sion polymerisation at 5C, k, = 6.7X10° M s, [Mygl = 0.25 M,
ko, =2x1FfM st z=5

If the entered particle contains a propagating radical,
bimolecular termination is most likely after a short time
(at least for small particles in most hydrophobic monomer
systems [3]). The probability that the entered particle
contains a propagating radicakisHence, for lown systems

(2000) 86338639

Eq. (16) was integrated numerically and fitted to the
experimental data. A good fit to most of the data was
obtained with the reasonable values- 5 andk; o, = 2X
108 M~ s7L. These two parameters are strongly correlated
and reasonable fits are also found fer=6, ko, =
1x1PMtst and z=4, ko, =3X10°M *sh. As
mentioned previously, it is entirely possible that some
oxygen copolymerises and is thus consumed more rapidly
than is accounted for by this model. This would most
strongly influence the slowest polymerisations and may
account for the relatively poor fit to the 0.317 mM run
(Fig. 4).

Fig. 5 shows that the proposed model also qualitatively
fits the retardation behaviour reported for the emulsion poly-
merisations of styrene and MMA, which is qualitatively
different from that of VAc. In the case of styrerfgy,
increases from 2% to its maximum of 20% (Eqg. (2)) in
just 4s (ko,=2x1°M7's!, [S,0571=1mM,
[O2linity = 10~° M). This is consistent with the absence of
an observable retardation artifact reportedyinelaxation
studies of styrene emulsion polymerisation [6]. In the
case of MMA,f.ny increases from 5% to its maximum of

(such as VAc, and obviously for most systems at early times 95% in 5 min(k,o, = 2x10° M~'s™%, [S,057 1= 1 mM,

in the retardation period) the probability that the entering
radical initiates polymerisation is high. During the retarda-
tion period very little monomer is polymerised so that
reaction conditions are approximately constant. Hefge,
will be approximately proportional th,. A better approx-
imation is thatR, oc fony(1 — 20) as intra-particle bimole-
cular termination results in the loss of two radicals. This is a
gross simplification of the many complexities of emulsion
polymerisation kinetics but is a reasonable approximation
for small particles and lova.

Combining Egs. (13) and (14) gives the rate of depletion

of [O,] as
d[O,] Ko.ag[Magl i
== —killn1- e (16)
dt kp,aq[Maq] + 2kt,Oz [O2]
1.0
—styrene :_ _________
--—-MMA i
------- VAC ;'
fentry 0.54 E
','
0.0 | B — T ot T < T
0 2,000 4,000 6000 8000
time (s)

Fig. 5.feny calculated as function of time (Eq. (16)) for VAc, MMA and
styrene emulsion polymerisations at °60 ko, =2x10°M s

[O2]inity = 10° M.

[O2linity = 10"° M). This is consistent with the retardation
artefact reported in-relaxation studies of MMA emulsion
polymerisation [6].

The reason for the qualitative difference between the
retardation behaviour of these systems can be seen in Eq.
(13). Initially, 2k;0,[05] > Ky ag[Magl, fenry Will be very
small, and polymerisation inhibited, until sufficient oxygen
is consumed (mainly via Scheme 1, path 1) such that
Kp,adMa is of the order of &, ,[O,]. In the case of VAc at
50°C, kpagMagl = 2% 10° s * and inhibition ceases when
the oxygen concentration is reduced to about®Id, after
which the polymerisation is retarded until @irops below
about 10° M (Fig. 3). For MMA and styrend, ,g[Magl =
1x10% and 1.1 §%, respectively so that [§at the begin-
ning of their retardation periods is about £Gand 108 M,
respectively. Thus, as a first approximation, the duration of
the retardation period corresponds to the time taken to
consume about I8 M of oxygen (for VAc) and 10° and
108 M oxygen for MMA and styrene respectively. Conse-
quently, the retardation for VAc is about ten times that for
MMA and 1000 times that for styrene.

4. Conclusions

Inhibition/retardation in seeded emulsion polymerisa-
tions can be modelled with one straightforward expression,
adjusting parameters only within a narrow range of inde-
pendently measured values.

The inhibition period in vinyl acetate seeded emulsion
polymerisation is due to dissolved oxygen terminating
aqueous-phase oligomeric radicals before they can enter
particles and initiate polymerisation. The unusually
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