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PART A: EA/SDS/ WATER SYSTEM

[ 3 .1 ] Introduction

Enormous wotk has been earned out on the oil-m-water emulsion and rmcrocmulsion 

polymerization of both hydrophobic and hydrophilic monomers [ 1 — 3 ]. Bulk of the 

polymer is formed in the latex particles generated by micellar, homogeneous and droplet 

nucleation | 4 |. The contribution of each however depends on the monomer polarity, 

surfactant concentration, rate of stirring and the level of subdivision of the monomer 

droplets. For styrene micellar nucleation is considered to be the primary nucleation 

mechanism when the surfactant concentration is above cmc [ 5 - 8 ]. However, in recent 

report on the emulsion polymerization of styrene Varela de la Rosa ct al attributed 

observed particle formation after the disappearance of micelles (10-15 % conversion ) 

to homogeneous nucleation [ 9 ]. In case of microemulsion the level of subdivision of 

monomers further increases and therefore the micro droplets have been recognized as 

the principle locus of polymerization. The classic works of Gou et al. have shown 

continuous nucleation in these microdroplets [ 10 J. As the watei solubility of the 

monomer increases the polymerization kinetics differes significantly due to

• Change m properties of the interfacial layer such as decreased interfacial energy 

resulting into a decrease in the adsorption of emulsifier.

• A higher rate of surface formation of the polymer phase with respect to the rate of 

its stabilization by adsorbed emulsifier molecules. This is responsible for a flocculation 

mechanism better known as homogeneous and coagulative nucleation mechanism for 

particle fotmation

Gilbert and Napper have shown that partial water solubility of the monomer and low 

surfactant concentration favours such mechanism [11 ,12 ]. The higher particle density
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can thus be particularly advantageous for the production of stable nanolatex at a lower 

surfactant and higher monomer concentration provided the surfactant provides 

adequate stabilization of the new particles. Therefore the present work explores the 

emulsion and microemulsion polymerization of ethylacrylate in order to look into the 

difference in the relative contribution by homogeneous and droplet nuclcation and its 

effect on the kinetic and colloidal parameters and latex stability.

Phase Diagram:

The phase diagram was constructed in order to decide the one phase region and the 

composition to be selected for polymerization. The phase diagram was constructed at 

room tempeiaturc, [ 34 °C J and at the polymerization temperature, [ 70 "C ]. At higher 

temperature the one phase region extended due to increase in water solubility of the 

monomer. The dotted region in Fig 3.1 represents ill-defined phase boundary between 

turbid emulsion and transparent microemulsion. The samples within one phase region 

were transparent and fluid except at higher SDS concentration where they were 

transparent gels may be due to transition of spherical micelles to rod like micelles. 

Polymerisation of ethyl acrylate was carried out at M / S ratios 1, 10, 40 and 54 

represented by points A, B, C and D in the phase diagram. Point A corresponds to an 

initial microemulsion where as points B, C and D corresponds to an initial emulsion 

system, which transform into translucent nanolatex after polymerization. Compositions 

used for microemulsion and emulsion are given in Table 3.1.

[3.2] Kinetics

The reaction parameters for polymerisation of ethyl acrylate such as type and 

concentration of initiator, reaction temperature, reaction time were optimized with
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100(SDS)

Fig 3.1 : Phase diagram of ethyl acrylate / SDS / Water system .

(A) at 34 °C, (•) at 70°C.

A,M/S = l;B,M/S = 10;C,M/S = 40andD,M/S = 54.
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respect to the percentage conversion and particle size of latex using compositions given 

in Table 3.1.

Table 3.1: Compositions of tematy emulsion and microemulsion system for

ethylactylate polymerization

Wt % of

Components.

Microemulsion Emulsion

M/S = 1 M/S = 10 M / S = 40 M / S = 54

liA 5 10 10 20

SDS 5 1 0.25 0.37

Water 90 89 89.75 89.63

M = Monomer, S = Surfactant

[3.2.1] Effect of variation in monomer / surfactant ratio and initiator type 

Effect of initiator type and concentration on percentage conversion and rate of 

polymerization was studied by polymerizing EA / SDS / Water microemulsion at 70 llC 

using KPS as an initiator [ Fig 3.2 ] A1BN initiated microemulsion system was only 

used for comparing the final particle size. Fig [ 3.3 ] and [ 3.4 ] show the percentage 

conversion vs. time and the rate of polymerization ( Rp ) vs. percentage conversion 

plots for KPS initiated emulsion polymerisation of EA studied at M / S = 10 and 40 

respectively at 70 "C. Since AIBN initiated polymerizations could not produce 

translucent / transparent stable latexes, it was not used in further study 

In the true microemulsion system with M / S = 1 the conversion vs. time plots for the 

free radical polymerisation of ethyl acrylate ( EA ) initiated by potassium persulphate 

( KPS ) are exhibited in Fig [ 3.2 j. In the case of true microemulsion polymerisation 

the maximum conversion achieved was 80 - 85 % after 3 hr The low Tg (- 24 °C) of
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Fig 3. 2 : Effect of KPS concentration on % conversion and rate of 

polymerization at M / S = 1 and temperature 70 °C.

(11)0.18 mM , (A ) 0. 36 mM , (O) 0. 55 mM , (A) 0.73 raM
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Fig 3. 3 : Effect of KPS concentration on % conversion and rate of 

polymerization at M / S = 10 and temperature 70 °C.

(LJ) 0.18 mM , (A ) 0. 36 mM , (O) 0. 55 mM , (A) 0.73 mM
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Fig 3. 4 : Effect of KPS concentration on % conversion and rate of 
polymerization at M / S = 40 and temperature 70 °C.

(0)0.18 mM , (A )0. 36mM,(O)0. 55 mM , ( A) 0.73 mM
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poly (ethyl acrylate) [ 13 ] and high amount of free monomer left in the polymer 

latex would not favour glassy state approach for limiting conversion. Hence, the 

limiting conversion at 80 - 85 % can be attributed to the decrease m the pH to 3.8 at the 

end of the polymerization from initial pH of 7.1. The decrease in pH may be due to the 

gcnctadon of bisulfatc ions in addition to the free radicals produced from KPS 

decomposition. This results in decreased flux of the generated free radicals as the 

decomposition rate constant k,, has been reported to depend on the pH [ 14 ]. Hence 

there is a possibility of initiator autoinhibition m persulphate initiated polymerization. 

This effect is reported to be significant at pH below 3 for KPS by Kolthoff and Miller [ 

15]. Though the observed pH of 3.8 for the system under study was higher than pH 3, 

it is possible that the pH at the interface of the micelles which are the initiating sites, 

may be different than the measured pH due to enhanced or reduced concentration of 

hydronium ion at the charged surface [ 16 ]. In addition to it, at lower pH the ionic 

dissociation of SDS is reduced, which might affect the mass transfer of the monomer as 

well as free radicals across the interface, which happens to be the initiating sites in the 

present case. This emphasises the importance of pH in the microemulsion 

polymeiisation Infact, Morgan et al. | 17 | have demonstrated foi the niicioemulsion 

polymensation of hexylmethacrylate initiated with KPS, that conversion can reach upto 

100% by controlling the pH. The rate of polymensation ( Rp ) vs. conversion plots 

illustrated in Fig 3.2 show two intervals. The number of particles [ Table 3.2 ] 

show a steady increase upto 70% conversion and thereafter remains almost constant.
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Table 3.2 : Variation in kinetic and colloidal parameters for polymerization of EA

initiated with 0.73 mM KPS at 70 °C.

Fractional

conv.

Rp m (moles/sec) Np/ cm3 Rpp, Rate per

particle

(moles/particie.sec)

Diameter

(Dn) in nm

Average

Radical

per

particle

(n)

M/S == 1

0.06 0.006 1.1X1014 5.45X10-'* 36 0.320

0.39 0.0175 6.6X1014 2.6X1 O’17 37 1.570

0.70 0.0006 1.1X10” 5.04 XI O'19 37 -
0.74 0.00012 1.1X1015 1.01X10'19 38 -
0.82 0.00005 1.2X10” 4.16XI O'20 38 -

ForM/S = 10

0.11 0.0015 3.4X1014 4.41 XIO'1* 38 0.26

0.29 0.018 1.1X1015 1.55X10"17 35 0.92

0 54 0.023 2.1X1015 1.I0XI0'17 35 0.63

0.84 0.0022 3.3X1015 6.52X1 O'19 35 -
0.93 0.00025 3.4X1015 7.35X10‘2° 36 -
0.95 0.00011 3.5X1015 2.85X1 O'20 36 -

For M / S = 40

0.17 0.0092 6.8X10'4 1.3 XIO17 35 0.80

0.24 0.012 7.5XI014 1.6XI0*'7 38 0.95

0.40 0.015 9.3X1014 1.61X l O'17 42 0.96

0.72 0.0052 1.0X10” 5.2X1 O'18 49 -
0.97 0.0001 1.2X1015 7.8X1 O’20 51 -

This shows an cxsistance of continuous nucleadon process. The maximum rate (Rp 

max) was observed to be in the range of 20 - 25 % conversion. Thereafter, decrease m 

the monomer concentration in the particle causes a decrease in the

54



polymerization rate. However, a small shoulder appearing around 40 - 60 % 

conversion in Rp vs. conversion plots [ Fig 3.2 ] can be attributed to gel effect caused 

by an increase in the microviscosity. Increase m microviscosity around 40 -60 % 

conversion can be attributed to the solubility of the polymer in the monomer, high kp~ 

1680 dm1 mor'scc'1 [ 18 ] and high monomer concentration at the micellar core [19 ] 

which explains the observed gel effect. Capck et al. [ 19 J have also repotted increase in 

nncroviscosity around 40% conversion for the microemulsion poiymensation of 

ethylacrylate. This results mto an increase in the propagation rate due to decrease in the 

rate of termination. Termination being diffusion-controlled, process is affected by the 

increase in local viscosity making termination process relatively slower to propagation. 

Once the monomer in the immediate vicinity is exhausted, the rate finally decreases due 

to die non-availability of monomer. With AIBN the final particle size was only 

marginally smaller than KPS initiated system at 70 HC and M / S ratio one and is given 

in Table 3.3.

Table 3.3 : Effect of initiator type and concentration on particle size of a 

microemulsion system at 700 C.

Initiator Concentration in

mM

Particle

Size [ Dn nra ]

KPS 018 46

AIBN 0.18 42

KPS 0.36 39

AIBN 0.36 35

KPS 0 73 35

AIBN 0.73 32
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In the system with M / S ratio 10, batch polymerisation of ethyl acrylate in two 

phase region , [ point B of phase diagram ] was carried out as described earlier 

for microemulsion with M / S ratio one. The conversion vs. time plots are shown in 

[Fig 3.3 ], These emulsions turned into translucent nanosize latexes (36 - 44 nm ), 

when potassium persulphate was used but such transition was not observed with 

AIBN at the same monomer / surfactant ratio and temperature. AIBN initiated 

system containing similar concentration of initiator showed separation of two phases at 

~ 50 % conversion. This can be explained by considering the fact that the small 

proportion of the initiator dissolved in the water is reported to be significantly 

influencing the initiation of the emulsion polymerisation [ 20 J. In addition, the smaller 

decomposition rate constant ( kj ) of AIBN [ 21 J at 70 “C [ 1.27x 10'1 J compared to 

KPS at 70 HC [ 5.01 x 1 O'2 ] [ 13 | leads to the smaller fraction of active radicals 

initiating polymerization and resulting in the generation of lesser number of 

polymerization sites. Diffusion of monomer from monomer droplets and uninitiated 

micelles results in particle growth. Also the rate of coagulation is expected to be higher 

compared to KPS initiated system due to the absence of surface charge on the initiator 

head group. The combination of these facts renders the available surfactant insufficient, 

resulting into phase separation.

The Rp vs. conversion plots [ Fig 3. 3 ] show that particle nucleation stage is prolonged 

upto 55 % conversion and also shows the absence of constant rate region as in 

conventional emulsion polymerisation. A similar observation was reported by Gan et 

al. [ 22 ], where they have discussed the effect of surfactant concentration on the 

emulsion and microemulsion polymerization of MMA and styrene. A possibility of
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miniemulsion polymerisation mechanism in the present system can be ruled out as it 

requires vigrous stirring [ 23 ] whereas, we have observed even the conversion of 

unstirred system containing ethylacrylate into transparent / translucent latex after 

polymerisation.

The solubility of ethyl acrylate in water is reported to be about 2.5 % [ 24 ] hence, 

when water soluble initiator KPS is employed, the sulphate radicals propagate 

with the monomer dissolved in aqueous phase to produce ohgomenc radicals that 

are relatively soluble in water [ 25 ]. These oligomeric radicals during propagation in 

the aqueous phase, may also undergo termination with another radical. Formation of 

such species due to aqueous phase termination in the case of KPS has been 

confirmed by isotachophoresis by Momson et al. [ 26 ]. Subsequent aqueous phase 

propagation of oligomers , which escape termination enables them to attain a 

degree of polymerisation at which the species is now surface active [ 25 ] This 

degree of polymerisation is leported to be about 3 foi styrene and 4-5 for MMA [ 

27 ]. As far as our knowledge, for ethylacrylate this value is not reported. If these 

oligomeric species grow further, they precipitate in aqueous phase (homogenous 

nucleation ). Once the critical chain length for surface activity is attained the oligomeric 

radical attains sufficient hydrophobicity to enter the monomer swollen micelles. This 

results in the generation of newer active sites along with the active sites created via 

homogenous nucleation. Simultaneous diffusion of monomer to these active particles 

leads to the disappearance of monomer as a separate phase at an early conversion, 

turning the system translucent / transparent. This corresponds (o the rate maxima ( Rp 

max ) in these relatively low monomer content emulsion systems. Thereafter the rate 

falls due to the decrease in the monomer concentration at the polymerization loci.
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The only difference between microemulsion [ M / S = 1 J and emulsion [ M / S = 10 J 

system lies in the level of subdivision of the monomer droplets. M / S = 1 system has 

larger subdivision of the monomer droplets due to higher surfactant concentration and 

therefore expected to have larger number of potential initiating sites. It is reported that 

decrease in droplet size increases their probability of getting nucleated [28]. Therefore, 

under identical reaction conditions microemulsion system is expected to produce higher 

number of particles with smaller particle size compared to emulsion system. Whereas 

experimental results show a reverse trend. The Np obtained for M / S = 10 was higher 

than M / S = 1[ Table 3.2 ]. Also the RP max was found to shift to higher % 

conversion for M / S =10 , which .-an be explained on the basis of particle generation 

through homogeneous nucleation in addition to micellar nucleation. The evidence for 

homogeneous nucleation becomes more clear in the study of copolymerisation. In 

contrast, microemulsion polymensation initiated with KPS, results into lower fraction of 

effective radicals initiating polymerisation due to insitu decrease in pH [disscussed 

earlier]. This results in some particle giowth in microemulsion polymeristion. The final 

particle size then depends on the amount of monomer. The difference becomes more 

apparent in the study of copolymerisation kinetics due to higher monomer content. 

Microemulsion showed an monomodal particle size distribution , whereas emulsion 

system showed a bimodal nature [ Fig 3. 5 and 3. 6 ]. The nature of rate curves and 

particle size show similarities with microemulsion polymerisation. However, the 

underlying mechanism is quiet different for microemulsion polymerisation. A similar 

observation has been teported by Pokhriyal and Devi for the microemulsion 

copolymerisation of 2 - ethylhexylacrylate / acrylonitrile system [ 29 ]. Particle stability 

in these systems is provided by the products of aqueous phase termination events
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Fig 3. 5 : Particle size distribution at M / S — 1 at 85 % conversion.

Fig 3.6 : Particle size distribution atM / S = 10 at 95 % conversion.
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and the available surfactant molecules. For a given surface area, polar polymer like 

poly - ( ethyl acrylate ) requires lesser amount of emulsifier compared to a 

hydrophobic polymer like polystyrene [ 24 ]. Therefore a greater number of particles 

can be stabilised with the same amount of surfactant.

Polymerisation of ethyl acrylate in two phase region at point C of the phase 

diagram with M / S ratio 40 was carried out as described earlier. The two phase 

system was turbid before polymerisation and turned translucent after polymerisation. 

The conversion vs. time plots are shown in Fig 3. 3. The Rp vs. % conversion plots [ 

Fig 3.4 ] show a slow increase in rate rather than a constant rate period observed in 

classical emulsion polymerisation. At M/S = 40 the concentration of the surfactant is 

just above CMC. This leads to relatively smaller number of micelles compared to M / S 

= 10. Hence fate of nucleation in (his syslctn will be slower than in the system M / S — 

10. Also the rate of particle growth will be higher than the rate of nucleation. This 

results into smaller number of particles of larger size. On the other hand for M / S = 10 

a higher concentration of surfactant generates more number of micelles which are 

initiated and converted into particles. The rate of nucleation was observed to be higher 

than the rate of particle growth. This results into larger number of particles with 

relatively smaller particle size. When the monomer / surfactant ratio was increased to 

54, a slow increase in rate was observed in the range of 15 - 62 % conversion as 

illustrated in Fig 3. 7. The very slow increase in rate after the disappearence of micelles 

indicates the simultaneous operation of another nucleation mechanism.

[3,2.2] Effect of initiator concentration

Increase in the initiator concentration increases the free radical flux, as a result the 

fraction of micelles that capture the free radicals to become active particles
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Fig 3.7 : Effect of Monomer / Surfactant ratio on the rate of polymerisation 

at KPS concentration 0.55 mM and temperature 70 °C.

(A) M/ S = 54, (A) M/S = 40, (□) M/ S = 10, (© ) M/S= 1
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increases leading to increased rate of polymerization and decreased particle size 

Table3. 4.

Table 3.4 : Effect of initiator concentration on particle size for emulsion and

microemulsion polymerisation of EA at 70 ° C.

0.18 mM KPS ' 0.36 mM KPS 0.55 mM KPS

Dn Rpmax Dn Rp max Dn Rpmax

System nm moles / sec nm moles / sec nm moles/ sec

M / S = 1 46 0.011 39 0.015 38 0.018

M/S= 10 45 0.013 40 0 018 36 0.022

M/ S = 40 57 0 0075 54 0 011 52 0.016

The dependency of Ilp and Np on initiator concentration was found to be 0.5th 

and 0.47th for M / S = 1, 0.75th and 0.77th for M / S = 10, and 0.82th and 0.77th for 

M / S = 40. The above values indicate that both polymerisation rate and number of 

particles formed show practically the same initiator dependency within experimental 

error. This indicates that the polymerisation rate was directly proportional to the 

number of latex particles generated. However, systems with M / S = 10 and 40 show 

a greater dependency of Rp on KPS concentration in comparison to the systems 

with M / S =1. This greater dependency on initiator concentration becomes 

obvious if we assume the aqueous phase growth of primary free radicals to a 

certain chain length as the rate determining step. Once the critical chain length is 

attained, the surface active oligomers can contribute to particle nucleation through the 

entry into micelle, or by forming micelles by aggregating with the surfactant molecules 

or else precipitating as primary particle in aqueous phase ( homogenous nucleation )[ 

25 ]. All the above mentioned processes will make the rate more sensitive to initiator 

concentration for M / S = 10 and 40 in comparison with M / S = 1. In the case of
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microemulsion polymerisation (M/ S = 1) a fast radical capture by monomer droplets 

is expected because of larger surface area of the microemulsion droplets. This 

implies less degree of homogenous nucleation and can explain less dependency on 

initiator concentration. One also observes that the constant rate period characteristic of 

emulsion polymerization becomes less prominent, especially for the higher initiator 

concentration in the case of system with M/ S = 40. At higher initiator concentration 

the monomer diffuses to a greater number of polymerization sites with the early 

disappearance of monomer as a separate phase in these low monomer content emulsion 

systems. At lower initiator concentration the same amount of monomer diffuses to 

lesser number of polymerization sites. Hence the fraction of larger monomer droplets 

remains higher, which contributes to particle growth and is characterized by a slower 

increase in rate of polymerisation [ Fig 3.4 ]. Also the rate maxima shifts towards higher 

% conversion with the increase in initiator concentration especially for M / S = 10. 

Since the conversion of micelles into polymer particle is achieved at an early conversion, 

the observed extended nucleation thus can be attributed to the polymerisation m the 

additional sites created by homogeneous nucleation, the extent of which, then depends 

on the initiator concentration for a given monomer concentration. Such a shift has 

not been observed for system with M / S = 1.

Probable Termination Events : The average number of radicals per particle (n) 

were calculated using the following equation and experimentally determined rate of 

polymerisation ( Rp ) and number of particles ( Np ) determined from the dynamic 

light scattering data given in Table 3.2..
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11,= k, [M ]„ n Np / Na

whcie kp is the propagation rate constant for ethylacrylate and has been reported to be 

1680 dm3mor,sec'1 [ 20 ] , [ M ] cq is the equilibrium monomer concentration taken as 6 

mole / dm3 as reported by Capek et al. [ 30 ] for ethylacrylate. Since this concentration 

of 6 mole / dm3 in the particle cannot be maintained during microemulsion 

polymerisation, n was calculated only at lower conversions below 40%. While for 

emulsion polymerisation, monomer diffusion can maintain the equilibrium monomer 

concentration at relatively higher conversion [ 20 ]. Therefore n values upto 60% 

conversion have been calculated for M/S 10 and 40. N A is the Avagadro number. 

The results in Table 3.2 indicate that n assumes the highest value near the rate 

maxima ( Rp max ) and then it decrease with conversion. Near the rate maxima, n is 

close to 1 for M / S ratio 1, indicating that each particle has at least one radical. In the 

case of microemulsion system ( M / S ratio 1 ) , N > > N , hence the

rate of entry of a second radical-into a particle is low and therefore the particle 

undergoes chain transfer reaction to the monomer before a second radical enters. 

Termination is largely ummolecular for M / S= 1 system. However, in the systems with 

M / S = 10 and 40 the flocculation of the primary particles formed by homogeneous 

nucleation, prior to equilibrium adsorption by emulsifier results in some interparticle 

termination. This leads to a low value of n. Similar observations are reported earlier in 

the emulsion polymerisation of ethylacrylate [ 24 ]. In none of the systems the value of 

n exceeds two indicating that the possibility of bimolecular termination within the same 

particle is less. In addition, the smaller particle size and partial water solubility of the 

monomer can facilitate faster radical exit. Subsequently, bimolecular termination of the
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desorbed radical can take place either in aqueous phase or by re-entry into another 

growing radical. Nevertheless, this does not completely exclude the possibility of 

bimolecular termination within the particle; especially at higher conversion, since n is a 

time average value for n. For microemulsion system (M / S = 1), each latex particle 

was observed to consist of only single chain which is calculated from the weight of 

polymer in each milliliter of microemulsion / emulsion as reported by Gan et al. [31 ]. 

In conformity with this, the viscosity average molecular weight was observed to be of 

the order of 107 and for systems with M / S ratio 10 and 40 the number of chains 

per particle were observed to be 3 to 4 and the viscosity average molecular 

weights were of the 106 order High molecular weights observed for the emulsion 

polymerisation , have been explained by Lovell et al. [ 32 ] on the basis of cross linking 

due to chain transfer to polymer at the latter stages of emulsion polymerisation of 

butylacrylate. However, a lesser number of radicals per particle observed in the present 

system make this possibility less likely to happen.

[3.2.3] Effect of temperature

Fig 3.8,3.9 and 3.10 exhibit the effect of temperature studied at 65 <!C ,70 °C and 

75 °C respectively for the M / 8 ratios t, 10 and 40. As expected the polymerisation 

rate increases with increasing temperature. From the results of particle size 

measurement Table 3 .5 it is observed that the particle size decreases and the number 

of particles increase with increasing temperature.
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Fig 3.8 : Effect of temperature on the rate of polymerization at KPS 

concentration 0.36 mM and M / S = 1.

(O) 65 °C , (□) 70 °C , (A ) 75 °C .
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Fig 3. 9: Effect of temperature on the rate of polymerisation 

KPS concentration 0. 36 mM and M/S = 10.
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Fig 3,10: Effect of temperature on the rate of polymerisation 

KPS concentration 0. 36 mM M/S = 40.

( • ) 65° C, ( ■ ) 70° C, ( A ) 75° C.
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TABLE 3.5: Effect of temperature on particle size for emulsion and microemulsion 

polymerization of EA at fixed initiator concentration of 0.36 mM KPS.

Temp

«C M / S = 1 M / S = 10 M / S = 40

Diameter 
Dn (nm)

Np /cm3 Diameter 
Dn ( nm)

Np / cm3 Diameter 
Dn( nm)

Np/ cm3

65 43 9.5xl014 43 1 95x10 15 63 6.6 x 10 54

70 39 1.0x10 >5 40 2.6 x 10 15 52 1 1 x 10 !5

75 33 2.0x10 15 37 3.2x 10 15 49 1.4x10 13

Nevertheless, the shape of particle sizedistribution plot remains unchanged [ 3.11 ].

3

I
£
1
S<

Diameter (nm )

Fig 3.11: Effect of temperature on particle size distribution at [ M / S - 1 ].

Dotted background is at 65 °C , Dark background is at 75 UC.

The overall activation energies calculated from the Arrhenius equation for the

systems with M / S ratios 1 , 10 and 40 were 28.7 kj / mole , 27 kj /mole and 

14.3 kj /mole respectively. Both M / S = 1 and 10 showed similar energies of

activation.
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[3. 3 ] Characterization

[3.3.1] IR analysis
The copolymers precipitated from the latex were found to be soluble in chloroform and 

acetone. IR spectra of the solution casted film of Poly-(EA) exhibited a strong band at 

1720 cm'1 foiJZ—O stretching and at 2870 cm'1 and 2928 cm'1 for — CH stretching 

confirming polymerisation.

[ 3.3. 2 ] Particle size analysis

Particle size of the lesulting microemulsion and emulsion latexes was found to be m the 

range of 30 - 115 nm. The particle size obtained in the present study arc discussed at 

die relevant places in the text [ Section 3.2. 1 — 3.2.3 ].

[3.3.3] Molecular weight by viscometry

Viscosity average molecular weight of Poly - ( EA ) synthesized through microemulsion 

was in the order of ( 107) with number of polymer chains per particle close to unity. 

Whereas polymers synthesized through emulsion polymerisation resulted into slightly 

lower molecular weight ( ~105 ) and number of polymer chain per particle ranged 

between 3 and 4.
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PART B : EA - MMA / SDS / WATER SYSTEM

[3.4] Introduction

Eaihei wotk on kmctic.s of efhylacrylatc indicated higher rate of particle nudeation for 

emulsion system compared to microemulsion due to the contribution of both 

homogeneous and micellar nuclcation to the overall process of particle formation and 

also stabilisaton of the newly formed particles by the available surfactant. In order to 

confirm this hypothesis copolymerisation of partially water soluble monomers 

ethylacrylate [ EA ] — methylmethacrylate [ MMA ] was studied since it will allow a 

more quantitative interpretation of the results m terms of its properties and 

composition. Microemulsion polymerisation of EA - MMA system was used fot 

comparison. The emulsion copolymerisation of EA — MMA has been reported by 

Capek et al., [ 33 ] where initiation was reported to take place both in the aqueous phase 

and micelles.

Phase Diagram

In order to determine the one phase micromicroemulsion region the phase diagram was 

constructed at 30 0 [ room temperature ] and 70 0 C [ polymerization temperature ] The 

three component phase diagram included EA - MMA [1:1]/ SDS / water and is 

illustrated in Fig 3.12. The dotted region represents ill-defined phase boundary between 

turbid emulsions and transparent microemulsions. The samples within one phase region 

were transparent and fluid except at high SDS concentrations where they were 

transparent gels , which may be due to the transition of spherical to rod like micelles. 

On increasing the temperature the one phase region extended due to increase in 

solubility of monomer in water. The composition selected for microemulsion 

polymerization has been represented by point A [ M / S = 0.66 ] while B , C refer to the
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100 ( SDS)

Fig 3.12 : Phase diagram of EA [ 0.5 ] - MMA [ 0.5 ] / SDS / Water system. 

(A)at 34 °C and (• ) at 70°C
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compositions selected for emulsion polymerization at M / S = 10 and 50 to produce 

stable translucent nanolatexes. Compositions used for the microemulsion and emulsion 

polymerisation are given m Table 3.6.

Table 3.6 : Composition selected for the copolymerisation of EA - MMA in

emulsion and microemulsion.

System Monomer Wt %

HA (0.5) - MMA (05)

SDS Wt % Water Wl % System Appearenee

BP AP

M [M / S= 0.66 J 10 15 75 Clear Turbid

E [ M / S = 10] 10 1 89 Turbid TP/TS

E [M/S = 50] 25 05 74.5 Turbid TS

BP = Before Polymerisation, AP = After Polymerisation, TP = Transparent, TS = 

Translucent, E = Emulsion, M = Microemulsion, M / S = Monomer / Surfactant

[ 3.5 ] Kinetics of Copolymerisation

An initially turbid emulsion system turned translucent after polymerisation to generate a 

stable nanolatex. Whereas an initially clear microcmulsion turned turbid after 

polymerisation. This observation warrants understanding of the basic mechanistic 

difference between emulsion and microemulsion polymerisation. Also the results 

involving oil soluble initiator AIBN and water soluble initiator KPS are quiet 

contradicting for these two systems. In order to understand the mechanistic aspects 

complete conversion at an optimal rate of polymerisation is desitable. Hence the 

kinetics was studied by varying the initiatoi concenhation for both KPS and AIBN. The
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reaction parameters such as type and concentration of initiator, monomer feed 

concentration and tcaction rime were optimized with respect to percentage conversion 

and particle size of latex.

[ 3.5.1 ] Effect of initiator type, concentration and its relation to particle 

nucleation in microemulsion and emulsion.

In systems represented as *M* the transparent microemulsions became increasingly 

turbid as the reaction proceeds due to particle growth and increased difference between 

refractive index between the polymer particles and the suspending medium. Increasing 

initiator concentration yields faster polymerisation rates and higher conversions 

legaldloss of (he type of initiator employed. The increasing polymerisation rate is a 

consequence of increasing flux of the free radicals, which increases the probability of 

radical capture by droplets [ heterogeneous nucleation J or by monomer in the aqueous 

phase to induce formation of oligomers [ homogeneous nucleation ] to produce active 

particles. The dependency of KPS m microemulsion and emulsion was observed to be 

0.5 and 0.86 respectively. The higher dependency for emulsion system [ compared to 

microemulsion ] can be explained on the basis of a greater sensitivity of polymerization 

rate on KPS concentration. The greater sensitivity is an artifact of higher rate of particle 

nucleation for emulsion system than in microemulsion.

The kinetic study for the microemulsion system was carried out with 10 % of the 

monomer and 15 % surfactant. The conversion vs tame plots for both KPS and AIBN 

initiated systems showed the presence of gel effect between 60 — 70 % conversion [ Fig 

3.13 and 3.14 ]. The final particle size obtained for KPS initiated system was 130 nm [ 

Fig 3.15 | while those initiated with same molar concentration of AIBN at same 

temperature and M / S ratio resulted into particles with 79 nm [ Fig 3.16 ]. The particle
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Fig 3.13 : Effect of KPS concentration on % conversion and rate of 

polymerization at M /S = 0.66, temperature 70 °C and 

EA (0.5) - MMA (0.5).
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Fig 3.14 : Effect of AIBN concentration on % conversion and rate of 

polymerization at M /S == 0.66, temperature 70 °C and 

EA (0.5) -MMA (0.5).

(A) 0.18 mM , (A) 0. 36 mM, (• ) 0. 55 mM , (O) 0.73 mM
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Fig 3.15 : TEM of 85 % conversion sample synthesized through

microemulsion polymerisation of EA [ 0.5 ] - MMA [ 0.5 ] 

initiated with 0.73 mM KPS at 80 K magnification.

Fig 3.16 : TEM of 95 % conversion sample synthesized through

microemulsion polymerisation of EA [ 0.5 ] - MMA [ 0.5 | 

initiated with 0.73 mM AIBN at 80 K magnification. 77



size distribution showed considerable broadening at higher conversion for KPS initiated 

system [ Fig 3.17 c ] while AIBN undated system resulted into lesser broadening in 

particle size distribution at higher conversions [ Fig 3.18 |.

KPS initiated emulsion polymerisation of HA — MMA, containing 10 and 25 wt % of 

monomer with a corresponding M / S ratio 10 and 50, resulted in the production of 

stable translucent nanolatex with final particle size of 37 nm [ Table 3.7 ] and 64 nm [ 

Fig 3.19 ] respectively.

Tabic 3.7 : Kinetic and colloidal parameters for the emulsion copolymerisation of 

EA - MMA studied at 700 C with 0. 73 mM KPS.

Fractional
conversion

Rate
moies/sec Dn in nm Np/cm3 n PI

M:S = 0,

0.18 0.0038 28 1.35X1015 4.66 0.13

0.41 0.0056 33 1.88X1015 4.13 0.11

0.76 0.0025 36 2.7X10W 1.38 0.10

0.89 0.0009 38 2.7X1015 - 0.11

0.95 0.0001 37 3.06X1015 - 0.11

M : S = 50,

0.05 0.0011 30 7.58X1014 - 0.39

0.17 0.0041 35 1.62X1015 2.79 0.08

0.56 0.0065 46 2.3X1015 3.73 0.08

0.70 0.0049 50 2.3X1015 2.81 0.05

0.86 0.0007 54 2.3X1015 - 0.08

0.92 0.0001 57 2.03X1015 - 0.11

0.97 0.00002 59 1.99X1015 - 0.10

n is average number of radical per particle and PI is the polydispersity index.
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Fig 3.19 : TEM of 97 % conversion sample synthesized through emulsion 

polymerisation of EA [ 0.5 ] — MMA | 0.5 | initiated with 0.73 m\I 

KPS at M / S = 50 , at 150 K magnification.
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AIBN initiated system resulted into phase separation at identical reaction conditions. 

However, stable latexes were generated at AIBN concentration as high as 12 mM with a

final particle size of 85 nm. The particle size distribution for KPS initiated system
/

showed a bimodal nature during the nucleation stage while at higher conversion the 

particles were more monodispersed especially at M / S ratio 50 [ Fig 3, 20 ]. 

Microemulsion copolymerisation of EA - MMA [1:1 mole ratio ] was earned out at 

M / S ratio 0.66. The composition selected for polymerisaton is represented by point 

A m the phase diagram [ Fig 3.12 ]. The conversion vs time plot is shown m Fig 3.13. 

The maximum conversion achieved with KPS as initiator was around 80 — 85 % after 3 

hrs. The limiting conversion at 80 — 85 % conversion can be attributed to the decrease 

in pH to 3.6 at the end of polymerisation from an initial pH of 7.2. The decrease in pH 

may be due to the generation of bisulphate ions in addition to the free radicals produced 

from KPS decomposition. This results in decreased flux of the generated free radicals 

since the decomposition rate constant is reported to depend on the pH[ 14 ]. Hence 

there is a possibility of initiator auto inhibition in persulphate-initiated polymerisation. 

The effect is reported to be significant at pH below 3 for KPS [ 15 ]. The observed pH 

at the interface of the micelles, [ which are the initiating sites ] may be different than the 

measured pH due to enhanced or reduced concentration of hydrogen ion at the charged 

interface [16 J. When the reaction was performed under buffered conditions in the 

presence of 3 mM NaHCO, at a controlled pH of 8.4, the final conversion increased to 

96 % and particle size decreased to 80 nm from 130 nm observed for an unbuffered 

system. Similar observation has also been reported by Morgan et al.[17 ] where it was 

demonstrated that conversion can reach nearly 100 % by controlling the pH for the 

microemulsion polymerisation of hexylmethacrylate initiated with KPS, However,
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Fig 3.20 : Particle size distribution of EA [ 0.5 ] - MMA [ 0.5 ] copolymer 

synthesized through emulsion polymerization at M / S = 50 at 
various conversions initiated with 0.73 mM KPS. !



AIBN initiated system resulted in lower particle size [ compared to KPS initiated 

system ] at the same M / S ratio, temperature and molar concentration of intiator [ Fig 

3.16 |. This is surprising because the decomposition rate constant kt) of AIBN at 70 °C 

is 1.27 x 10'4 [ 21 ], which is lower than KPS [ 5.01x 10 2 ] [ 13 ] at the same temperature. 

Hence lesser number of polymer particles having larger particle size are expected for 

AIBN initiation. A lower particle size for AIBN indicates greater number of effective 

radicals initiating polymerisation and hence the higher rate of polymerisation and Np / 

ml. [ Table 3.8 ].

Table3.8: Kinetic and colloidal parameters for mictoemulsion copolymerisation
of EA - MMA at 70 0 C using 0.73 rnM KPS and AIBN.

Fractional
conversion

Rate,
molcs/scc

Dn in nm Np/cm3 n PI

M : S = 0.66 [ KPS ]

0.11 0.0046 56 9.8x10” 0.07

0.37 0.0051 31 1.94x10” 4.19 0.064

0.50 0.0034 36 1.84x10” 4.81 0.060

0.67 0.0026 47 1.01x10” 5.73 0.069

0.75 0.002 57 6.18x1014 0.077

0.84 0.00003 124 1.1x1014 0.18

M / S = 0.66 [ AIBN ]

0.42 0.006 27 3.2X10” 1.0 0.09

0.50 0.0045 33 2.13X10” 1.4 0.10

0.85 0.0014 48 1.2X10” 0.10

0.90 0.00007 55 8.45X1014 0.04

M /S = (j.66,HP/AA [ 1:1 ]
0.98 - 27 5.6 xlO” - 0.1

n is average number of radical per particle and PI is the polydispersity index.

84



Radical generation for AIBN is generally explained on the basis of single radical 

produced either from the very small portion of the initiator dissolved in aqueous phase 

or radical desorption from the microdroplets or monomer swollen micelles unless they 

recombine within the droplet [ 34,35 ]. It seems that smaller size of the microdroplet 

[ leading to an increased surface area ] favours single radical formation by radical 

desorption. However, more work is necessary to arrive at a definite conclusion. 

Microemulsion polymerisation studied at 40 11C with redox initiator hydrogen peroxide 

[ HP ] / ascorbic acid [ AA ] produced larger number of particles with low particle size 

[ Table 3.8 J. Whereas KPS initiated microemulsion system showed a decrease in Np at 

higher conversions [ Table 3 8 ] due to particle agglomeration as seen in TEM [ Fig 3.15 

]. This also leads to a broad particle size distribution [ PSD J for a 85 % conversion 

sample [ Fig 3.17 c ]. Fig 3.17 and 3.18 show the variation in PSD with conversion for 

microemulsion system initiated with both KPS and AIBN. A monomodal distribution 

for lower conversion samples irrespective of initiator type indicates predominantly 

single nucication mechanism which is widely accepted to be the microemulsificd 

droplets [ 36, 37 ). This however doesn’t rule out the possibility of homogeneous 

nucication particularly for polar monomers. Infact, Kim and Napper [ 38 ] have shown 

that a more sensitive technique like fluorescence can distinguish between the 

competitive nucleation mechanisms. Whereas the contribution of homogeneous 

nucleation in an emulsion system can be traced using the conventional techniques. 

Emulsion copolymerisation of EA - MMA (1: 1 mole ratio) was earned out at M / 

S ratios 10 and 50. Fig 3.21 and 3.22 show the conversion vs time and Rp vs conversion 

plots for M/S=10 and 50 respecUvely. These emulsions turned into stable, translucent 

nanosized latexes, when 0.73 mM KPS was used at 70"C. Such a transition was not
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observed with AIBN at the same M/ S ratio, AIBN concentration and temperature. 

Instead, the system showed phase separation at around 70 % conversion. This can be 

attributed to the lower decomposition rate constant ( kd ) of AIBN at 70 HC compared 

to KPS at the same temperature [21 , 13 ] and availability of lower concentration of 

AIBN dissolved in water in the initiation of emulsion polymerisation [ 39 ]. This leads 

to the lesser number of active radicals initiating polymerization resulting m the 

generation of lesser number of polymerization sites. Diffusion of monomer from 

monomer droplets and uninitiated micelles results in the particle growth. The rate of 

coagulation is also expected to be higher compared to KPS initiated system due to the 

absence of surface charge on the initiator head group. The combination of these facts 

renders the available surfactant insufficient, resulting into phase separation.

It has been reported for water soluble initiators such as KPS that the oligomeric radical 

formed in aqueous phase can make an entry into the monomer swollen micelle only 

after the attainment of a critical chain length oi hydrophobicity at which it becomes 

surface active [ 25 ]. This can increase its residence tune at the micelle water interface 

and hence the probability of radical entry. For the present system, the critical chain 

length for entry was calculated from hydrophobic free energy consideration using 

Maxwell’s model [ 27 ]

z = 1 - 23 kj mol'1 / RT In Cw“*

where, z is the average degree of polymerization for entry , C w““ is the saturated 

aqueous phase concentration of the monomer in mol dm"3. The saturated water 

solubility icpoited foi ICA and MMA is 1 8 % and 1.5% respectively | 20 |. The aveiage 

value of C w '3l was used for calculation, since 0.5 mole fraction of each monomer was 

taken foi kinetic studies. The value of 2 was observed to be 6. Fuilhei addition of
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monomer units in aqueous phase results in the increase in hydrophobic free energy of 

the surfactant making it hydrophobic enough not to form a micelle but to precipitate 

out to generate new particle in aqueous phase leading to homogeneous nucleation. It 

has been reported f 25 ] that the critical degree of polymerization for homogeneous 

nucleation, j cw, can be calculated from the consideration of hydrophobic free energy of 

the surfactant having a Kraft temperature same as die temperature of die emulsion 

polymerization under study. This leads to

j cn, = 1 - 55 kj mol1 / RT In Cw8at

'fhc value of j cm for die present system was observed to be 12 at 70 "C. The fact that 

polymer particles are generated by both micellar and homogeneous nucleation is evident 

from the following studies.

The Rp vs. Conversion plots [ Fig 3.21 and 3.22 ] show a prolonged nucleation period 

and the absence of a constant rate period. Since the conversion of micelles into polymer 

particles takes place at lower conversion, the further slower increase in the rate of 

polymerization can be attributed to particle nucleation in aqueous phase [ homoeneous 

nucleation ]. TEM pig 3 .23] fora 50 % conversion sample [ soon after the system 

turned translucent ] shows a large number of smaller particles most likely to be 

generated by homogeneous nucleation for M / S = 50 system The slower increase in 

rate due to particles generated through homogeneous nucleation has been atnbuted [ 40 

] to reduced swelling of the particles by monomer due to their hydrophilic character 

and rapid exit of free radicals due to their small size. Simultaneous diffusion of 

monomer into the particles generated via micellar and homogeneous nucleation results 

in the disappearance of monomer as a separate phase by the time the rate maxima is 

achieved. Due to higher rate of particle nucleation, particle growth kinetics becomes less
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Fig 3.23 : TEM of 50 % conversion sample synthesized through emulsion

polymerisation of HA ( 0.5 ) — MMA ( 0.5 ) initiated with 0.73 mM 

KPS at M / S = 50 and 80 K magnification.
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important in these emulsion systems involving both partially water soluble monomers. 

Two-stage kinetics in emulsion polymerization has been reported even in the case of 

styrene and SDS as a surfactant by Varela de la Rosa et al. [ 7 ] where the conversion 

was monitored by a microcalorimeter. Gan et al. also have reported two stage kinetics 

in the emulsion polymerisation of styrene and MMA [ 22 ]. To the best of our 

knowledge, no reports have tried to explain such an observation.

The particle size distribution at 4 % , 27 % and 57 % conversion for M / S = 50 clearly 

shows a bimodal nature f Fig 3.20 a ,b, c | indicating particle generation through two 

nucleation mechanisms. Table 3 .7 shows the final number of particles ( Np/ml ) for 

the system with M / S ratio 10 and 50. Number of particles were observed to increase 

initially and thereafter remained nearly constant. The particles generated by 

homogeneous nucleation are relatively unstable in a colloidal state, which is reported [ 

40 ] to arise as a consequence of their small size and extreme curvature of electrical 

double layer. Therefore, the particles are prone to coagulative events resulting into a 

slight decrease in the Np/ cm3, [ Table3 .7 ] and a slight increase in particle size and 

increase in monodispersity as seen m TEM [ Fig 3.19 ]and particle size distribution [ Fig 

3.20 d ].

'therefore die role of KPS and AIBN vanes in emulsion and microemulsion system 

depending upon their preferential distribution in aqueous or organic phase as well as on 

the relative importance of droplet and homogeneous nucleation to the overall particle 

nucleation for both the systems. Kinetic details implicated that homogeneous nucleation 

has a greater contribution to latex particle formation in emulsion system compared to 

microemulsion. The above point is substantiated more quantitatively by lH NMR and 

DSC measurements
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[ 3 .5 .2 ] Copolymer composition through1 H NMR

Even the small difference in solubility of EA [ 1.8% ] and MMA [ 1.5% ] has shown 

considerable influence in the copolymer composition as seen from NMR studies and 

thermal properties. The copolymer composition data for emulsion polymerisation 

obtained by 'H NMR at various feed compositions and below 10 % conversion is given 

in [ Table 3.9 ]. The copolymers synthesized through emulsion polymerisation showed 

greater fraction of the more water-soluble monomer EA in comparison to the 

copolymer synthesized by bulk polymerisation of EA-MMA [ 41 J for identical feed 

concentration and below 10 % conversion. This indicates that composition drift in 

emulsion polymerisation, anses due to the initiation of polymerisation m both aqueous 

phase and micelles. In addition, the contribution of homogeneous nucleation to the 

overall particle nucleation increases widi decrease m the surfactant concentration. 

Therefore copolymer composition studied at M / S = 10 for conversion below 10% and 

at various compositions shows lesser drift in copolymer composition from bulk 

copolymerisation as compared to M / S = 50 [ Table 3.9 ]. On increasing the surfactant 

concentration further for micioemulsion polymerisation at M / S = 0 66, ncgligleblc 

drift in copolymer composition was observed when the results were compared to bulk 

polymerisation at identical feed concentration and below 10 % conversion [Table 3.10 ]. 

A drift in copolymer composition for a microemulsion system could not be traced as 

the effect has been subdued by little difference in the relative solubility of the 

comonomers and lesser degree of homogeneous nucleation compared to an emulsion 

system. A representative 1 H NMR for EA - MMA copolymer is given in [ Fig 3.24 ].
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Table 3.9: Comparison of Copolymer composition below 10 % conversion

for emulsion and bulls: copolymerisation of EA - MMA.

Feed concentration Emulsion , M / S = 50 Emulsion , M / S = 10 Bu k41

f EA f MMA Fea Fmma Fea Fmma Fea Fmma

0.90 0.10 0.81 0.19 0.76 0.24 0.72 0.27

0.75 0 25 0.58 0.42 0.54 0 46 0.51 0.49

0.66 0.33 0.48 0.52 0 43 0.57 0.42 0.57

0.50 0.50 0.35 0.65 0.32 0.68 0.30 0.70

0.25 0.75 0.19 0.81 0.14 0.86 0.13 0.86

0.10 0.90 010 0.90 0.06 0.94 0.05 0.94

fi’A , f mma : Feed concentrations of ethylacryiate and methylmethacrylate.

Fi a . F mma • Ethylacryiate and methylmethacrylate fraction in copolymer

Table 3.10 : Comparison of Copolymer composition below 10 % conversion 

for microemulsion and bulk copolymerisation of EA - MMA.

Feed concentration Microemulsion, M/ S = 0.66 Bulk41

f EA f mma Fea Fmma Fea Fmma

0.9 0.1 0.73 0.27 0.72 0.28

0.75 0.25 0.52 0.48 0.51 0.49

0.66 0.33 0.39 0.61 0.42 0.58

0.50 0.50 0.30 0.70 0.30 0.70

0.25 0.75 0.13 0.87 0.13 0.87

0.1 0.90 0.05 0.95 0.05 0.95

fLA , f mma : Feed concentrations of ethylacryiate and methylmethacrylate.

Fea , F mma : Ethylacryiate and methylmethacrylate fraction in copolymer
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[3.5.3] Thermal properties by DSC

The copolymers synthesized through emulsion polymerization show two Tg’s [ Fig 3 .25 

and Table 3.11 ]. Appearance of two Tg’s can be attributed to the formation of a 

diblock copolymer due to large difference in their monomer reactivities [ rMMA = 1.44 , 

rEA = 0.25 ] which is further discussed m chapter 4. However, such a possibility can be 

denied as the polymei characterization is done below 10 % conversion and copolymer 

synthesized in microemulsion showed single Tg [ Fig 3.25 ]. Hence the appearance of 

two Tg’s confirms the formation of two types of copolymer chains with different 

composition arising from micellar and homogeneous nucleation. The polymer generated 

via micellar polymerization is expected to have a greater fraction of the less water 

soluble monomer, MMA and corresponds to the higher Tg. Whereas, homogeneous 

nucleation generates polymer chains with higher fraction of the more water soluble 

monomer, EA resulting mto the lower Tg. The difference in observed Tg’s is significant 

due to the large difference m the Tg’s of the homopolymers. Whereas copolymers 

synthesized through microemulsion polymerization show single Tg indicating a 

predominance of single copolymensation locus [ Fig 3.25 ].

Table 3.11: Glass transition temperature for copolymers below 10 % conversion 

through emulsion polymerization of EA - MMA.

Feed Composition at M/S = 10 at M / S = 50

EA MMA Tg,°C Tg2°C Tg,°C Tg2°C

0.25 0.75 72 100 68 102

0.50 0.50 69 91 62 86

0.75 0.25 28 66 23 71

0.90 0.10 0.30 50 -1.0 68
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[ 3.5.4] Effect of monomer feed concentration

Emulsion copolymerisation of EA - MMA at M / S = 50 was carried out at three 

different monomer feed concentrations to check the nature of rate curve. The Rp vs. 

conversion plots [ Fig 3.26 ] showed similar nature for all the three different feed ratios. 

Increasing the concentration of MMA m feed resulted into higher rate of polymerisation 

due to higher reactivity of MMA in the presence of EA. The reactivity ratio values were 

observed to be 2. 1 for MMA and 0.25 for EA and the necessary details are discussed in 

the next chapter.

[ 3.5.5 ] Probable termination events

The number of radicals per particle f n ] for the system under study was calculated 

using the following equation, and the results ate given in [ Table 3.7].

Rp(c) x N ox (kp eaX r mma + kp mmax r eax L) x {1 + L)

n * - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -

[M]eqxkpMMAxkpEAXNcx(rMMA + 2L + rtEAxL2)

where [ M ]eq is the equilibrium monomer concentration, taken as 6. 0 mol / dm3 as 

reported by Capek et al. [ 33 ] from the swelling studies of the final MMA - EA 

copolymer latexes. The reported [ 33 ] propagation rate constant [ kp ] values of 1500 

and 686 dm3 mol1 sec4 , for EA and MMA have been used for the calculation of n. 

The monomer ratio [ EA ] / [ MMA ], is represented as L. Reactivities of EA and MMA 

used fot calculation in emulsion medium arc reported to be 0.25 and 1.44[ 42 | 

respectively by us and arc discussed in chapter 4. N ,, / cm1 is the number of particles 

calculated from equation 1 using dynamic light scattering data.
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Fig 3,26 : Effect of monomer feed ratio on the rate of the copolymerisaUon 

of EA - MMA initiated with 0.73 mM KPS at M / S = 50.

(•) MMA (0.25)-EA (0.75), (O)MMA (0.5)-EA (0.5), 

(A) MMA (0.75) - EA (0.25).
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Table 3.8 shows a relatively high value of n in the microemulsion polymerisation 

initiated with KPS. Gaidon l 43 J reported as high as five radicals per panicle in (lie 

emulsion polymerisation of MMA. Fig 3. 27 and Table 3.12 give the molecular weight 

distribution and molecular weights for emulsion and microemulsion system.

Table 3.12 : Molecular weights for emulsion and microemulsion based 

copolymers.

Molecular Weight Microemulsion Emulsion

M S= 0.66

[KPS]

M/S = 0.66
[A1BN]

M / S = 10

[KPS]

M/ S = 50

[KPS]

Mn 9.1 x ID4 5.6 x 10 5 5.19 x 10 5 1.34x10 6

Mw 2.4 x 10 s 1.0x10 6 1.63x 105 5.09x10 5

Mw / Mn 2.6 1.9 3.17 2.64

The polymer synthesised through microemulsion polymerisation has larger fraction of 

low molecular weight polymer chains which is in contrast to what is generally reported 

m case of microemulsion polymerisation where molecular weight can reach as high as 

106 - 107. The number of polymer chains per particle [np] calculated from the weight 

of the polymer in each millilitre of microemulsion was also found to be 1279. Similar 

results were reported by Pilcher and Ford [ 44 ] for the microemulsion polymerisation 

of MMA [ n p = 1034 ]. The higher value of np can arise due to the combined effect of

coagulation and radical accumulation | also suggested by a higher value of n , Table 3.8 ] 

at higher conversion. Radical accumulation is due to the inability of the radicals to 

terminate | which is diffusion controlled | due to the combined effect of closeness of Tg 

and reaction temperature, larger particle size and increased microviscosity due to 

solubility of polymei in the monomer. The above condition might lead to unimoleculat
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termination through chain transfer to the monomer and surfactant as the operative 

termination mechanism for microemulsion polymerisation initiated with KPS. AIBN 

initiated microemulsion system gives value of np equal to 540 which is due to the 

smaller particle size [ Table 3. 8 ] and higher molecular weight [ Table 3.12 ] compared 

to KPS initiated system.

In comparison to microemulsion, emulsion systems with M / S ratio 10 and 50, show 

much lower value of np and lower fraction of low molecular weight fractions. The np 

values are 35 and 135 respectively. The lower particle size and higher number of 

particles can make radical exit more facile. Subsequently bimolecular termination and 

chain transfer to the desorbed radical can take place either in aqueous phase or by te — 

entry into the growing radical,

[3.6] Characterisation 

[3.6,1] NMR analysis

The composition of the copolymer was determined from ’H NMR recorded on 200 

MHz Bruker DPX 200 instrument using TMS as an internal reference and 2 % w / v 

sample solution in CDC1, . Fig 3.24 shows the NMR spectrum of EA - MMA 

copolymer. The signal for the methyl protons of O - CH, group from MMA appeared 

around 3.6 ppm and that for protons from O - CH2 group of ethylacrylate appeared 

around 4.07 ppm. The MMA mole fraction F MMA in the copolymer was calculated from 

the area under peak for the O-CH, protons from MMA and the peak area for 0-CH2 

protons from ethylacrylate.
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[3.6.2] Thermal analysis

'lhc Tg’s of the purified Poly-]- EA - co - MMA ] synthesised from emulsion and 

microemulsion and having different copolymer compositions were found to be in the 

range of - 2 to 117 °C. Emulsion copolymers showed two Tg’s whereas microemulsion 

based copolymers exhibited single Tg. Necessary explanations related to this 

observation have been discussed in section 3.5.3.

[3.6.3] Particle size analysis

Particle size of the resulting microemulsion and emulsion latexes were found to be m 

the range of 27 - 160 nm. Necessary explanations related to variation in particle size 

have been given in section 3.5.1.

[ 3 .6.4 ] Molecular weight

The molecular weight of the copolymers synthesised in emulsion and microemulsion 

were determined by GPC method. They were observed to be in the range of 104 — 106.

The polydispersity was m the range of 1.9 - 3.17. Higher polydispersity might be due 

the partial water solubility of both the monomers resulting into both micellar as well 

homogeneous nucleation mechanism. The details are discussed m section 3.5.5
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[3.7] Conclusion

1. The kinetics of emulsion system at [ M / S = 10,40 and 54 ] was studied with respect 

to microemulsion at M / S =1 for ethylacrylate. While the copolymerisation of 

ethylacrylate — methylmethacrylate in emulsion was earned out at M / S = 10 and 50 

with respect to microemulsion system at M / S = 0.66. Transition of the emulsion 

system into transparent / translucent nanolatexs is attributed to the simultaneous 

distribution of monomer into the sites created by homogeneous and micellar nucleation 

resulting into early disappearance of monomer as a separate phase. The rate of particle 

nucleation was observed to be higher than the rate of particle growth resulting into a 

larger number of smaller particles stabilized by the available surfactant for KPS initiated 

systems, breaking of the same emulsion system with A1BN also supports this 

observation. AIBN generates lesser number of effective radicals initiating 

polymerisation, resulting m lower rate of nucleation and higher rate of particle growth. 

'This results into lesser number of larger size particles, which arc not stabilised with the 

available surfactant, resulting into phase separation. Gel effect dominance was observed 

in the case of microemulsion polymerisation.

2. lire fact that polymer particles are indeed generated by both micellar and homogeneous 

nucleation in the emulsion polymerisation of polar monomers was confirmed by the 

study of copolymensation.

[ a ] ‘H NMR studies showed a drift in composition. Such a drift was more evident for 

M / S =50 having the lowest surfactant concentration.

[ b ] DSC study showed the appearance of two Tg’ s for emulsion based samples 

indicating mainly two different compositions of the polymer chain. Particle size 

distribution showed a bimodal nature duting the nucleation stage. Whereas no such dnfi
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in composition was observed for microemulsion based copolymers studied below 10 % 

conversion. Copolymers also showed a single Tg.

3. The contribution of homogeneous nucleation to the overall process of particle 

nucleation was observed to be higher for emulsion system compared to microemulsion.

4. In contrast, microemulsion polymerisation studied at lower monomer and higher 

surfactant concentration resulted into much larger particles, showing effects of 

coagulation.

5. The role of KPS and AIBN was found to be opposite for emulsion and microemulsion. 

AIBN initiated system generated larger number of smaller particles compared to KPS in 

case of nucioemulsion polymeiisation under identical reaction conditions. Whereas 

emulsion system initiated with KPS produced a stable latex system with low particle 

size. AIBN initiated emulsion system showed phase separation under identical reaction 

conditions.

6. pH seems to influence the decomposition rate constant of KPS at higher emulsifier 

concentration thus lowering the fraction of effective radicals initiating polymerisation.
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