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The mechanism of free radical emulsion polymerization of butyl acrylate
initiated by ammonium peroxodisulfate at 70°C in the presence of a small
amount of hydroquinone has been studied. Over the stationary state the rate
of polymerization decreases with increasing the hydroquinone concentra-
tion. The rate of polymerization is proportional to the emulsifier concentra-
tion (without hydroquinone) but in the presence of hydroquinone it de-
creases with increasing emulsifier concentration and the number of particles
is proportional to the first power of the emulsifier concentration.

The inhibition efficiency decreases with increasing hydroquinone con-
centration. Hydroquinone and products from its interaction with initiator,
oxygen and quinone to some extent participate also in complex way in some
other reactions which may lead to both partial regeneration and deactiva-
tion of inhibitor.

The radical scavenger was found to decrease the average particle size.
This was discussed in terms of the suppression of polymerization within the
large emulsified monomer droplets.

H3yueH MexaHH3M CBOOOIHO-paAMKAJILHONW 3MYJIbLCHOHHOH MOJIUMEPH-
3auun OyTHJIaKpHJIaTa, HHUIMHPYEMOH NEPOKCOAMCYIbGAaTOM aMMOHHS,
npu 70°C B mpUCYTCTBMH HeGOJIBILIOrO KOJHYECTBA MAPOXHHOHA. B cra-
LIMOHAPHO# (a3e cKkOpOCTb MOJIMMEPU3ALNH CHHXAETCS NPH BO3PACTAHHH
KOHLUEHTpAalMH ruApoxuHoHa. CKOpOCTh TNOJUMEPH3alMH  MPONOop-
L{HOHA/IbHA COAEPXXaHHIO 3MYJIbraTopa (B OTCYTCTBHH T'HAPOXHHOHA), OA-
HaKO B MPHCYTCTBHM FHAPOXHHOHA OHA CHHXAETCS NMPH MOBBILICHHH KOH-
HECHTPAIMH 3MYJNbLraTopa, M 4YHCJIO YacTHIl NMPOMOPLUHOHAILHO MEPBOMY
MOPSAIKY KOHIEHTPAlMH 3MYJIbraTopa.

¢ dexTHBHOCTL HHTHOUPOBAHNA YMEHBILAETCS NPH YBEIHYEHUH KOH-
HEHTPAUHH THAPOXHHOHA. ['MIPOXHHOH U NMPOIAYKTHI €r0 B3aUMONCHCTBHA
C MHHLHATOPOM, KHCJIOPOA W XMHOH B HEKOTOPOH CTENEeHH, CJIOXHBIM
MyTeM MPHHAMAIOT YYacTHE B MPOYHX PEAKIHUAX, MOTYIIIMX NPUBECTH KaK K
YaCTHYHOH PEreHepalyH, TaK H K Je3aKTHBAllMH HHTHOUTODA.

OO6HapyXeHO, 4TO JIOBYLIKA PaAHKAJIOB IPUBOIUT K YMEHBLIECHHIO Cpell-
Hero pasMepa 4acTuil. ITO ABJIeHUEe 00CykIaeTCsl B TEpPMHUHAX MTOAABJICHHA
MOJINMEPU3aLINH BHYTPH OOBEMHBIX S5MYJIbTHPOBAHHBIX KamNeJib MOHOMEPA.
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The radical scavenger is known to significantly influence the homogeneous
bulk or solution free radical polymerization. In the early stage the polymeriza-
tion proceeds very slowly or the inhibition time is observed. Then the rate
increases to the maximum, which is mostly the same as that in the absence of
the inhibitor. If the substance reduces both the relative molecular mass and the
polymerization rate, it is called retarder [1].

The effect of the radical scavenger agents on the kinetics of the emulsion
polymerization is not so well defined. In the emulsion polymerization of tetra-
fluoroethylene Watanabe et al. [2] found that hydroquinone and p-benzoquinone
effectively deactivated primary radicals in the aqueous phase but not the grow-
ing radicals within the polymer particles.

Bartori and Juranicova [3] reported on the mechanism of inhibition of emul-
sion polymerization of methyl methacrylate and acrylonitrile in the presence of
p-benzoquinone, diphenylpicrylhydrazyl (DPPH) and a few derivatives of
2,2,6,6-tetramethylpiperidin-1-oxyl stable radicals. Most of these compounds
were found to be very effective in deactivation of primary or oligomer radicals
only in the aqueous phase.

In our earlier papers [4, 5] the effect of p-benzoquinone and hydroquinone on
the kinetics of the free radical emulsion copolymerization of acrylonitrile and
butyl acrylate was studied. Experimental data show that the presence of a small
amount of hydroquinone or p-benzoquinone suppresses the formation of co-
polymer enriched with acrylonitrile and decreases the rate of polymerization but
not the relative molecular mass and the size of polymer particles. The aim of this
work is to kinetically evaluate the effect of hydroquinone on the emulsion
polymerization of butyl acrylate.

Experimental
Materials

Commercially available butyl acrylate monomer was purified as described previously
[4]. Ammonium peroxodisulfate as the initiator and hydroquinone as the inhibitor, both
of extra-pure grade, were used as supplied. The emulsifier used was reagent-grade sodium
dodecylphenoxybenzenedisulfonate (Dowfax 2A1) as a 45 % aqueous solution. Twice
distilled water (under nitrogen atmosphere) was used as a polymerization medium.

Polymerizations

The batch polymerizations were run at constant temperature 70 °C. In all cases the
recipe comprises 140 g of water, 95.6 g of butyl acrylate, and 0.772 g of ammonium
peroxodisulfate. Concentrations of emulsifier and inhibitor varied as given later.
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Emulsion polymerizations were performed in a 500 cm® three-necked flask, equipped
with a stirrer (frequency of revolutions ca. 400 min™"'), a bulb condenser, a nitrogen inlet
and a device for sample collection. Components of the reaction mixture were charged
into the reaction vessel under nitrogen in the order: /. Aqueous solution of emulsifier
(Dowfax 2A1); 2. aqueous solution of hydroquinone; 3. monomer. The mixture was then
stirred for about 30 min at constant agitation speed at (70 1 0.1) °C. After this stage the
aqueous solution of ammonium peroxodisulfate was dosed with a syringe. From this
moment the reaction time was measured. The samples of the polymerization mixture,
taken at certain intervals, were coagulated in acidified ethanol. After decantation, the
precipitated polymer was dried at room temperature and later under vacuum. Other
conditions of the polymerization procedure and techniques used have been described in
detail elsewhere [4].

Measurements

The particle size of latexes was determined by the light scattering method [6]. The
number of particles N was estimated from the experimental value of the average particle
radius according to the method described [7].

Results and discussion

The conversion—time curves 2f the emulsion polymerization of butyl acry-
late (BA) initiated by ammonium peroxodisulfate (APS) in the presence of
Dowfax 2A1 (DW) as anionic emulsifier and of hydroquinone (QH,) as in-
hibitor are presented in Fig. 1. After the inhibition, the rate of polymerization
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Fig. 1. Variation of the monomer conversion a in the emulsion polymerization of butyl acrylate with
the reaction time and the concentration of hydroquinone.
[DW] = 7.3x 10"2moldm™* (referred to water), [APS]=2.28x10"*moldm~", [QH,]-10%
J(moldm~%): 1. 0; 2. 0.35; 3. 1.74; 4. 3.48: 5. 17.4; 6. 87.0.
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gradually increases (in systems with inhibitor concentration lower than
3.48 x 107* mol dm?), reaching approximately a constant value of the rate of
polymer formation within 30—70 % conversion. Using inhibitor concentration
higher or equal to 3.48 x 10~* mol dm~*, conversion increases linearly with time
even up to high conversion. Values of the rate determined within 30—70 %
conversion are expressed as a function of the inhibitor concentration in Table |

Tuble |

Polymerization kinetic data“

QH,]- 10° R 10" ° Lo .
bl —L—— -~ r (IQH.J/APS)- 10°
mol dm moldm s min

0 53.0 1

0.35 9.0 2 2.1 0.15

1.74 25 4.5 0.96 0.76

348 0.8 8 0.85 1.52

17.4 0.5 13 0.28 7.63

87.0 0.1 25 0.11 38.15

a) [DW] = 7.32x10 “moldm  [APS] =2.28x 10 *moldm * (referred to water). ) Maxi-
mum rate of polymerization in the interval [QH,].

together with the kinetic parameters characterizing the inhibitor efficiency.
Table 1 shows the variation of the inhibition time ¢,,, with the stoichiometric
mole number and with QH, concentration. The stoichiometric mole number y
is in the relation with the inhibition time ¢,,, according to eqn (/)

[QH.] "
R

[mh -
where R, is the rate of initiation. For the polymerization temperature of 70 °C
the rate constant k4 = 2.7 x 107°s™' obtained for the decomposition of potas-
sium peroxodisulfate (PKS) (8], f'= 0.5 for peroxodisulfate [9] and [APS] =
= 2.28 x 10"? mol dm~* were used for calculating the rate of initiation accord-
ing to the term R, = 2k, f[APS). The value of R, = 6.16 x 10" moldm*s~' thus
obtained was used to calculate u at the given QH, concentration.

The inhibitor efficiency apparently decreases with increasing QH, concentra-
tion. This fact might support the assumption that in a series of reactions part
of inhibitor is deactivated. Hydroquinone interacts not only with primary
radicals (formed in the aqueous phase via peroxodisulfate decomposition) but
also with growing radicals which can produce some radical intermediates, such
as semiquinone (QH®) or quinones [10] with different activity to initiating and
growing radicals.
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Hydroquinone is presumed to exert its inhibition action through first being
oxidized by the peroxodisulfate to p-benzoquinone which then inhibits poly-
merization by a copolymerization mechanism [11]. An abrupt halt of propaga-
tion stage may also be brought by contribution of a transfer reaction to hydro-
quinone with production of a relatively unreactive free radical.

The concentration of the most active inhibitor form p-benzoquinone is
regulated by the present amount of peroxodisulfate and oxygen dissolved in
water, indicated by the inhibition time in the system without inhibitor. Some
portion of oxygen is also generated during the polymerization by the decom-
position of peroxodisulfate [12].

It is supposed that only certain amount of p-benzoquinone may be produced
in the system, which is only slightly influenced by the concentration of hydro-
quinone. With the increasing concentration of QH, the concentration of com-
plex formed between hydroquinone and quinone increases, which negatively
influences the active concentration of both components in the inhibition, espe-
cially of quinone.

Partition coefficient of QH, between butyl acrylate (100 cm®) and water
(140 cm®) at 25°C is 1.222 and shows that the radicals should be deactivated in
both phases depending on the concentration of radicals in the particular phases.

It was found that the relationship between 1, and the initial concentration
ratio [QH,)/[APS] is not linear. The deviation from linearity was probably
caused by side reactions mentioned above. One can say that the inhibition effect
of QH, is very complex and is a function of reaction conditions.

Variations of the average particle diameter D, the number of particles N, and
the average number of radicals per particle # with the QH, concentration are
summarized in Table 2. With increasing QH, concentration the particle size
decreases unexpectedly and the number of particles increases, even if the DW
concentration is constant. It is clear that QH, can influence only the radical

Table 2

Polymerization kinetic data

[QH,]- 10° D N-10- ¥ ] k- 10°
LI 10 & ; o A
moldm™* nm dm* ’ dm*mol 's '
0 68 4.1 (3.8) 3.92
0.35 66 4.4 0.6 7.2
1.74 60 5.5 0.13 11.6
3.48 57 6.0 0.04 15.1
17.4 52 8.4 0.018 228

k,  termination rate constant calculated using eqn (3).

Chem. Papers 43 (4) 527 535 (1989) 531



1. CAPEK

concentration in both phases, i.e. in the polymer particle and the aqueous
phases. The contribution of the polymerization within the emulsified monomer
droplets due to their large size and low radical capture efficiency can be neglec-
ted. Therefore, final particles with lower average size may be formed. The large
portion of radicals are present within the aqueous phase and micelles, where
after deactivation of the radical scavenger by entered radicals polymerization
takes place. The measure of retardation are values of the average number of
radicals per particle 77, which was calculated using the following equation

= —tola 2)

k,-[BAl,,- N

where [BA],, is the equilibrium butyl acrylate monomer concentration (¢ =
= 4.5moldm™’, [13]), N, is the Avogadro’s constant and k, is the propagation
rate constant (k, = 450 dm’ mol~'s™', [14]). These data indicate the strong
influence of the QH, amount upon the 7 values. This may be caused by the
deactivation of radicals in both the aqueous and the polymer particle phases.
The deactivation of radicals in the aqueous phase leads to the lower initiating
concentration and lower entry rate of radicals to polymer particles. Deactiva-
tion of radicals within the polymer particles by the chain-transfer to QH, or by
copolymerization with quinone decreases the number of radicals in particles.
These reactions generate stable radicals and therefore may be very active in
desorption processes [15].

It was observed that with the increasing emulsifier concentration in the
presence of QH, the rate of polymerization decreases even if the number of
polymer particles increases. The rate of polymerization is referred to the emul-
sifier concentration with the relationship R, &~ [DW]~%* and the relationship
between the number of particles and the emulsifier concentration can be ex-
pressed as N ~ [DW]"% The exponents of [DW] deviate from those proposed
by micellar and homogeneous nucleation theories [16, 17]. This observation
should be explained by retardation effect of QH,, which increases with increas-
ing emulsifier concentration, as indicated by the values of the average number
of radicals per particle. At higher [DW], more QH, molecules are emulsified
within monomer swollen emulsifier micelles proposed as polymerization loci.
The same trend was also observed in the emulsion copolymerization of acryloni-
trile and styrene in the presence of seed polybutadiene latex and of the chain-
-transfer agent rert-dodecylthiol [18]. The decrease of the rate was explained by
the increase of desorption rate of radicals from the polymer particle. In the
present system the desorption of semiquinone radicals formed by transfer can
also contribute to the decrease of radicals within latex particles. The ratio of the
rates in the absence and the presence of QH, increases with increasing emulsifier
concentration. This indicates that the inhibitor is sensitized by emulsification.
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Here in micelles or primary particles the inhibitor terminates effectively the free
radicals. Due to the short life-time of these radicals the growth rate of polymer
particles is low, which can favour the formation of larger portion of smaller
polymer particles.

The value of the termination rate constant k, for butyl acrylate without
inhibitor (Table 2) at the volume fraction of polymer (¢, = 0.33, corresponding
to the mass fraction w, = 0.36) obtained by Soh—Sundberg theory [19—21] is
3.92 x 1072dm*mol~'s~'. This is few orders of magnitude less than the typical
values at zero conversion. The theory of Soh and Sundberg is able to describe
the experimental behaviour for conditions where “‘residual termination” is the
main contribution of the overall termination. Residual termination occurs at
mass fractions of polymer so high that the chain entanglements severely hinder
the macroradical translation diffusion. Here bimolecular termination between
macroradicals may occur only as a consequence of propagation. The values of
k, at different emulsifier and hydroquinone concentrations studied are sum-
marized in Tables 2 and 3. They were calculated from the fcllowing Soh—
Sundberg equations

kt = ﬁ ﬂGzaRMstp[BA]eq/Jcos (3)
o=r"'(In(*V/an')*>,  r*=3/(2J.apus) )

where ag)s is the root mean-square end-to-end distance per square root of the
number of monomer units (reported as 0.64 nm for butyl methacrylate [22] and
adopted here for BA), J, = P, /2¢,, P, being the critical degree of polymerization
for entanglement of pure polymer (reported in [22] as P, = 200 for this mono-
mer), f, being an efficiency factor (reported as 0.2 for methyl methacrylate [14]
and adopted here for BA), and V, is the swollen volume of the latex particle.

Applying the Soh—Sundberg theory, Maxwell et al. [14] obtained the value
of k, = 7x 10*dm*mol~'s~!, which is five orders of magnitude higher than in
this study. Their experimental value of k, was one order lower than that
calculated from eqn (2). The polymerization of butyl acrylate was followed at
the mass fraction of polymer w, = 0.58, temperature 50°C and the range of
initiator concentration 107°>—1.5x 1073 moldm >,

The difference between the literature [14] and our value of k, can be assigned
to the experimental conditions. The high polymerization temperature (70 °C)
and high initiator concentration favour the assumption that the termination
occurs between primary radicals (or oligomer radicals) and macroradicals and
the residual termination is only a slight contributor to k,. The high temperature
and monomer portion within polymer particles decrease the inner polymer
particle viscosity and increase the normal bimolecular radical termination (Ta-
bles 2 and 3).

Chem. Papers 43 (4) 527—535 (1989) 533



1439

(6861) SES —LTS (p) £p s4adpd “way)

Table 3

Polymerization kinetic data“

[DW]-10? ~ R,-10° D N-107" . 5 k,
gl ] m ; Rool Ry ihi/l P S
moldm moldm™s nm dm dm’mol 's
0.63 24.5 123 0.64 1.12 2.24* 1.22% 1.54
0.8 20.0 100 1.18 0.51 3.25 1.30 2.93
1.18 13.0 95 1.38 0.29 5.6* 1.16* 3.02
2.88 7.5 65 4.32 0.051 14.0* 1.26* 12.4
4.0 6.3 60 5.5 0.033 20.6 1.23 16.5
5.76 5.5 58 6.1 0.027 28.7 1.17 18.4
7.32 5.0 50 9.5 0.0155 34.8* 1.32* 28.7

a) [QH,] = 1.74 x 10> mol dm~?, [APS] = 2.82 x 10-*moldm ™" b) The ratio of the rates of polymerization without (R} and with QH,
(R,); * Ry, taken from [13]. ¢) The ratio of the final average particle diameters obtained without (D;) and with QH, (D): * D, taken from [13].
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In the presence of hydroquinone the value of k, (residual) increases with
increasing emulsifier concentration, which can be explained by smaller interradi-
cal distances in small particles. The higher values of k, at higher QH, concentra-
tion point out that the macroradical may also be partially deactivated by the
reaction with inhibitor.
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