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Synthesis of Polyisoprene via Miniemulsion 
Polymerisation: Effect on Thermal Behaviour, 

Colloidal Properties and Stereochemistry 

J. CHOUYTAW, s. BERAHENG1, E. KALKORNSURAPRANEE1, 

C.M. FELLOWS2# AND W. KAEWSAKUU# 

The synthesis of poly isoprene (isoprene rubber) in latexform was carried out by conventional 
emulsion polymerisation and by miniemulsion polymerisation using hexadecanol as a 
hydrophobe and the two methods compared. The influence of an emulsion system, monomer 
and surfactant concentration on conversion, particle size, gel content and coagulation 
were investigated. Molecular characteristics, thermal behaviour and stereochemistry were 
investigated by GPc, DSC, TGA and 1 H-NMR. With decreasing monomer concentration and 
increasing surfactant concentration, the number of stabilised droplets in the miniemulsion 
was found to increase. The greater number of loci for the polymerisation reaction thus 
obtained a lead to an increased conversion as well as a reduced gel content. 
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Natural rubber (NR) has excellent 
elasticity since it consists almost entirely 
(98%) of cis-I,4-isoprene units giving rise to 
helical chains!; however, this gives it a lower 
modulus than polyisoprene with a greater 
proportion of trans-l,4 isomerism. NR latex 
based products such as rubber gloves and 
condoms require both high elasticity and a 
high modulus, and there is a continual need 
to improve modulus without sacrificing 
elasticity2. Addition to NRL of synthetic 
polyisoprene (IP) latex with a higher 
proportion of trans isomerism may be a good 
candidate for this purpose, as it is in the latex 
form and has a high compatibility with NR3. 
One problem with the use of IP latex is the 
relatively high gel content typically seen in 
products of emulsion polymerisation4• This 
gel can adversely affect the reactivity of the 
rubber, giving poorer vulcanisation5,6. 

Emulsion polymerisation is a well-known 
technique used in the commercial manufacture 
of many polymers. The kinetics of emulsion 
polymerisation differ greatly from bulk 
or suspension polymerisations because it 
depends on a complex interplay of chemical 
and physical processes, i.e. the nucleation, 
growth and stabilisation of polymer particles 
- which rely on the mechanisms of radical 
polymerisation in combination with various 
colloidal phenomena. 

Miniemulsion polymerisation is one of 
a number of heterogeneous polymerisations 
similar to emulsion polymerisation. 
Rather than the relatively large monomer 
droplets being reservoirs of monomer 
for a polymerisation process occurring at 
other loci, in miniemulsion polymerisation 
monomer droplets are homogenised to a 
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smaller size range of 50 nm to 500 nm7. 
These droplets are the loci of polymer is at ion. 
Ostwald ripening8 of these droplets, the 
thermodynamically-driven growth in droplet 
size seen in an emulsion on standing is 
avoided by incorporation of insoluble, 
nonpolar species of low molecular weight 
such as hexadecanol9 or hexadecane9,lo (a 
"hydrophobe"). Similar to conventional 
emulsion polymerisation, in mini emulsion 
polymerisation the monomer droplets are 
stabilised with surfactants, e.g. sodium 
dodecyl sulfate (SDS)9,11,12,13, 2-acrylamido-
2-methyl-1-propane sulfonic acidI4,15, and 
sodium dodecyl benzene sulfonatel4. As 
the locus of polymerisation is the monomer 
droplets, the initiator may be either water­
soluble, e.g. hydrogen peroxide l6 or 
potassium persulfate (KPS)1°,13,14,17 or water­
insoluble, e.g. benzoyl peroxide (BPO)1° or 
azobis-isobutyronitrile (AIBN)9,13. 

Recently much research has been carried 
out on the synthesis of isoprene rubber (IP) 
latices and their use for thin-film based rubber 
applications such as gloves and condoms. 
Apolinar et al. 18 synthesised polyisoprene 
using micro emulsion polymerisationl9, 
a method which uses extremely high 
concentrations of surfactant to achieve 
stabilised small droplets initiated using a 
redox couple of tert-butyl hydroperoxidel 
tetraethylenepentamine with SDS as 
stabiliser. The final conversion was low and 
low molecular weights were obtained, which 
was attributed to chain scission. Cheong et 
al. 20 performed emulsion polymerisation of 
polyisoprene with the use of both thermal 
and redox initiators. They found that 
polymerisations of isoprene using redox 
initiator at 25°C and t-dodecyl mercaptan as 
chain transfer agent gave a high yield and 
negligible gel fraction. Boonchoo et al. 21 

synthesised polyisoprene-montmorillonite 
(Mt) nanocomposites via differential 
micro emulsion polymerisation using AIBN 
as initiator, and studied the effect of monomer 
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and surfactant concentration on particle size, 
yield and solid-content. Results showed that 
the conversion was influenced by the ratio 
of isoprene monomer to water and the Mt 
loading. The mechanical properties of Mt­
modified isoprene rubber were improved 
when compared to unmodified NR. 

The radical polymerisation of 
polyisoprene results in branched molecules 
typically containing more than 65 mol% 
of the l,4-trans configuration\ followed 
by l,4-cis units and low percentages 
of 1,2 and 3,4 units I 8,20. A high fraction 
of l,4-cis units can be achieved using 
coordination polymerisation4,22 or anionic 
polymerisation4,23, but such polymerisations 
are not suitable for application in dispersed 
aqueous systems. 

A gel content of 10 - 80% is normally 
obtained, increasing with conversion 
and with temperature24. With excessive 
branching, polyisoprene prepared by radical 
polymerisation becomes an insoluble geFo. 
On the other hand, radical polymerisation is 
the easiest way to synthesise polyisoprene 
and is low-cost in terms of both chemicals 
and processing compared to anionic or 
coordination polymerisation. 

The effect of monomer and surfactant 
concentration on the colloidal properties, 
thermal behaviour and stereochemistry in 
radical emulsion polymerisation have not 
been extensively studied. Thus in this work, 
we seek to overcome the restrictions of 
radical polymerisation using polymerisation 
conditions which should lead to a high content 
of l,4-trans structure of polyisoprene and 
acceptable colloidal properties of the obtained 
latex. The effect of the emulsion system, 
monomer and surfactant concentration on 
the thermal behaviour, colloidal properties, 
kinetics and the stereochemistry of the 
product are assessed. 
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EXPERIMENTAL 

Materials 

Isoprene monomer, analytical reagent or 
AR grade, was supplied by Sigma-Aldrich, 
USA, Lot no. SHBG0593V. The inhibitor type 
4-tert-butylcatechol in isoprene monomer 
was removed prior to its polymerisation using 
sodium hydroxide solution as a neutraliser 
(AR grade, RCL Labscan, Thailand, Lot 
no.l2080277) with anhydrous sodium sulfate 
as a moisture absorber (AR grade, Ajax 
Finechem, Australia, Lot no. 0706021). Other 
chemicals were used including potassium 
persulfate (KPS) as initiator (Laboratory 
reagent or LR grade, Ajax Finechem, 
Australia, Lot no. AF407122); hexadecanol 
(HD) as a hydrophobe (AR grade, Sigma­
Aldrich, Germany, Lot no. BCBK9378V); 
sodium dodecyl sulfate (SDS) as a primary 
surfactant (LR grade, Ajax Finechem, 
Australia, Lot no. 1306143459) and sodium 
bicarbonate or NaHC03 as a buffer to control 
the pH of the emulsion (AR grade, Ajax 
Finechem, Australia, Lot no. 1502523935); 
and n-dodecyl mercaptan (n-DM) as a chain 
transfer agent to control the molecular weight 
distribution (LR grade, Aldrich, USA, Lot no. 
STBD9677V); they were used as received. 
Ethyl methyl ketone (MEK) (LR grade, Ajax 
Finechem, Australia, Lot no. 1512209984) 
was employed as coagulating agent; methanol 
(Commercial grade, Liquor Distiller 
Organization Excise Department, Ministry 
of Finance, Thailand, Lot no. 5C251115) was 
used for washing the coagulated polymer 
and toluene (AR grade, Fisher Scientific, 
UK, Lot no. 1524777) was employed as gel 
extraction reagent. Deionised water (DI) was 
prepared using a tri-column filter containing 
ion exchange resin: styrene cationic resin and 
quaternary ammonium anionic resin was used 
as an aqueous phase. 
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Synthesis of Polyisoprene 

The reactor employed in this work was 
a 250 mL polytetrafiuoroethylene tubular 
chamber with a 10 mm thick steel jacket 
equipped with a removable lid. The lid was 
equipped with a pressure gauge, as well as inlet 
and outlet valves and was rated to function at 
up to 350°C and 60 bar. 

The recipes employed in this work are 
shown in Table 1. The procedure began 
with combining DI water, surfactant (SDS), 
hydrophobe (HD), buffer (NaHC03) and 
chain transfer agent (n-DM) in the reactor, 
then adding isoprene monomer (IP). Different 
procedures were adopted for preparing latices 
by conventional (CE) and miniemulsion 
(ME) techniques. For CE polymerisation, all 
ingredients with 40 wt% IP (CE 40 IP) were 
emulsified under stirring with a magnetic 
bar at 150 rpm for 1 h at 0 - 3°C to prevent 
evaporation of IP. For ME polymerisation, 
the same mixture of chemicals (ME 40 IP) 
was sonicated using an ultrasonic sonicator 
(Model 275TAE, Crest Ultrasonic, Malaysia) 
at a frequency of 60 Hz for 30 min to generate 
the small monomer droplets. The sonication 
was performed at low temperature (ca. 1 -
3°C) using a water/ice bath. 22.56 mL of 0.10 
M KPS solution was then added as a single 
shot. 

The resulting emulsions were placed in 
an oil bath at a temperature of 70°C under N2 
atmosphere and continuously stirred with a 
magnetic bar at 150 rpm. The polymerisation 
proceeded for 24 h prior to isolation of the 
products. 

Characterisations 
Determinations 

and Property 

Percentages of conversion, coagulation 
and gelation. The resulting latice from the 
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TABLE 1. RECIPES USED FOR CONVENTIONAL (CE) AND MINIEMULSION (ME) 
POL YMERISATION 

Recipes IP SDS" KPS" 

mass conc. mass conc. mass 

(g) (%wt) (g) (%wt) (g) 
ME 10 IP 10 7.50 0.81 1.50 0.15 

ME 20 IP 20 7.50 1.62 1.50 0.30 

ME 30 IP 30 7.50 2.43 1.50 0.46 

ME 40 IP 40 7.50 3.24 1.50 0.61 

ME 2.5 S 40 2.50 1.03 1.50 0.61 

ME 5.0 S 40 5.00 2.11 1.50 0.61 

ME 7.5 S 40 7.50 3.24 1.50 0.61 

CE 40 IP 40 7.50 3.24 1.50 0.61 

"Amount relative to monomer content 

polymerisation process were vacuum filtered 
using a 300 mesh steel wire cloth. The 
residual rubber retained on the filter mesh was 
considered to be coagulum arising from the 
aggregation of rubber particles. This residual 
coagulum was dried and weighed (WJ The 
extent of coagulation was determined using 
Equation 1, where WM is the initial weight of 
monomer. 

Coagulation (%) = W/WM x 100 ... 1 

The percentage conversion was 
determined by coagulation of the obtainable 
rubber latices. 109 of latex sample from 
each batch was coagulated with MEK. The 
coagulum was washed with methanol and 
dried until it reached a constant weight (W2). 

The conversion can be calculated in relation 
to the entire weight of monomer input as 
expressed in Equation 2, where WL was the 
final weight obtained for each latex. 

Conversion (%) = W/WM x WL /10 ... 2 

NaHC03" n-DM" HD" 
DI 

Water 

conc. mass conc. mass conc. mass mass 

(%wt) (g) (%wt) (g) (%wt) (g) (g) 
1.50 0.15 0.50 0.05 0.50 0.05 88.78 

1.50 0.30 0.50 0.10 0.50 0.10 77.57 

1.50 0.46 0.50 0.15 0.50 0.15 66.35 

1.50 0.61 0.50 0.20 0.50 0.20 55.14 

1.50 0.61 0.50 0.20 0.50 0.20 57.35 

1.50 0.61 0.50 0.20 0.50 0.20 56.27 

1.50 0.61 0.50 0.20 0.50 0.20 55.14 

1.50 0.61 0.50 0.20 55.34 
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The gel content was determined by 
soxhlet extraction. Small pieces of the dried 
rubber sample were wrapped with soxhlet 
thimble paper and introduced into the soxhlet 
apparatus. Toluene was used as a solvent. 
The extraction was performed at boiling 
temperature of toluene for 24 h (~1 05°C in 
the soxhlet tube). The residue was dried to a 
constant weight (W3) and the gel content was 
obtained according to Equation 3. 

Gel content (%) = W/W2 x 100 ... 3 

Particle size. The particle size of rubber 
particles dispersed in the aqueous solution 
was measured by laser diffraction using a laser 
particle size analyser (Coulter LS230, Jinan 
Winner Particle Instrument Stock, China). 
Resolution of the instrument was from 40 nm 
to 2000 11m at a scattering angle of 90°. The 
light source was a tungsten-halogen lamp and 
a polarisation intensity differential scattering 
detector. 
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Chemical structure. The structure of 
polyisoprenes in deuterated chloroform 
or (CDCI3 AR grade, ReAgent, UK) was 
measured by proton nuclear magnetic 
resonance (lH-NMR) at a frequency of 400 
MHz, 2SoC, and a pH of 7 (Unity Innova SOO, 
Varian, USA). 

Molecular weight and molecular weight 
distribution. The dried rubber samples 
were dissolved in tetrahydrofuran (THF) 
(AR grade, RCL Labscan, Thailand) at a 
concentration of 1 mg/mL and then the 
molecular weight (MW) was determined 
using gel permeation chromatography (GPC, 
Shodex KF-806, Showa DenIm, Japan) 
equipped with a column plus reflective index 
detector. THF was used as an eluent at a flow 
rate of 4.0 mLimin at 40°C. The number­
and weight-average molar masses (Mn and 
M , respectively) were calibrated with six 
polystyrene standards possessing M of 2.90 
x 103; 6.87 X 103; 1.98 X 104 ; 4.6'0 X 104 ; 

1.11 X 105 and 2.SS x 105 g/mol. The MW 
of synthesised polyisoprene was calculated 
by means of universal calibration applying a 
Benoit factor of 0.6725 • 

Thermal analysis. The glass transition 
temperature (T) of the samples was 
determined usiJg a differential scanning 
calorimeter (DSC 2920, TA Instruments, 
USA). The sample (ca. S mg) was cooled 
down to -100°C with a cooling rate of 10°C/ 
min. The sample was then heated from -100 
to SO°C with a heating rate of SOC/min under 
N2• 

Thermogravimetric analysis (TGA) of 
samples was carried out over the temperature 
range of 20 to 600°C with a heating rate of 
10°C/min under a nitrogen atmosphere (HI­
Res TGA 29S0, TA Instruments, USA). 
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RESULTS AND DISCUSSION 

Effects of Polymerisation Technique on 
Properties of IP Latex 

As isoprene has a low boiling point at 
34°C, it is necessary to use a high-pressure 
reactor for reactions at 70°C to prevent 
loss of volatile monomer. Pressure rises 
within the chamber due to evaporation of 
isoprene monomer at 70°C giving elevated 
pressure within the closed system. As the 
reaction proceeds, pressure decreases as 
polymerisation of isoprene gives a reduced 
pressure of vapour in equilibrium with the 
liquid isoprene (Figure 1). 

The rate ofincrease in the internal pressure 
of the ME reaction shown is higher than for 
CE, but the ultimate pressure obtained is 
lower. This is attributed to the greater number 
concentration of particles for ME, Nc = 1.4 
X 1018 L-I as compared to CE with Nc = 6.4 
X 1017 L-I. The ME system has more loci of 
polymerisation compared to CE system, 
leading to a faster rate of polymerisation 
(R ), which is directly related to the particle 
nuinber (N) according to Equation 420. 

p 

Rp = k [M] n(N /NA ) 
p p 

.. .4 

Where k is the rate coefficient of the 
propagation P process, [M] is monomer 
concentration, n is the average number of 
the radicals per particle and NA is Avogadro's 
constant. As the propagation reaction is 
exothermic, this leads to a higher rate of 
temperature increase and hence pressure 
increase. 

Since the half-life ofKPS at 70°C in water 
is about S h, beyond S h both systems have a 
slow reaction rate because of the exhaustion 
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Figure 1. Effect of emulsion polymerisation systems on the internal pressure of reactor as a function of time 
at a constant temperature of 70°C. The monomer concentrationfor both system was 40 wt%. 

of the initiator. The conventional reaction is 
slower overall because of the smaller number 
of polymerisation loci, so does not get as close 
to completion as the miniemulsion reaction 
which retains more loci for the reaction. This 
outcome is consistent with what is normally 
expected at high conversions (Table 2). 

Apart from the higher conversion of 
products obtained by ME technique, the 
size of the particles dispersed in latex is 
smaller (Table 2). This is the expected result 
for miniemulsion polymerisation, due to 
the action of the hydrophobe in controlling 
particle size distributions by preventing 
Ostwald ripening26. This phenomena results 
in an increase in overall average particle 
size with time27 and the effect of the 
hydrophobe can be seen both in terms of 
influence of monomer content (Figure 2a) 
and surfactant content (Figure 2b). However, 
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greater coagulation was observed for the ME 
experiments due to the higher Nc. The ME 
latices also had higher gel content compared 
to the CE latex. This is also a consequence of 
the larger number of loci of polymerisation: 
as the reaction is faster, particles will 
experience more time with a high polymer: 
monomer ratio at a relatively high radical 
flux, which will encourage grafting and 
crosslinking reactions. 

Considering the molar mass distributions 
obtained from the two polymerisation 
methods (Figure 3), the polymer synthesised 
from CE has a lower MW and D and less of 
a shoulder at high MW region. The lack of 
a shoulder can be attributed to the reduction 
in grafting reactions. Grafting is expected to 
be less at lower conversions and hence lower 
polymer: monomer ratios20, while the larger 
cross-sectional area of the particles formed 



TABLE 2. TECHNICAL PROPERTIES OF POLYISOPRENE OBTAINED IN THIS STUDY 

Recipes Conversion Gelation Coagulation Particle Particle T Td Molecular weight (g/mol) 
g 

(%) (%) (%) 
diameter dispersity (0e) (0e) M M D 

(nm) % n w 

CE 40 IP 62.8 19.2 1.8 94 0.34 N/A N/A 1.07 x 104 2.85 X 104 2.68 

ME 10 IP 94.9 29.6 0.1 74 0.18 -59 364 1.49 x 104 4.93 X 104 3.31 I~ = 8 
~ 

ME 20 IP 91.1 25.8 0.6 79 0.24 -61 359 1.10 x 104 4.39 X 104 3.99 I~ 
'"'> 

§J 
ME 30 IP 92.2 25.5 0.9 79 0.22 -60 355 8.67 x 103 3.94 X 104 4.54 Ig: 

(1) ... 
:;;d 

ME 40 IP 78.5 23.4 3.3 78 0.21 -63 356 9.29 x 103 3.68 X 104 3.96 (1) 
CIl 

N (1) 

.j:> ~ 
N ... 

(") 

ME 2.5 S 61.5 22.3 4.2 100 0.26 -65 352 1.16 x 104 3.51 X 104 3.03 .P" 
a:: c 

ME 5.0 S 65.2 22.3 3.8 91 0.17 -65 353 7.79 x 103 3.54 X 104 4.54 18 
(1) 

N ...... 
ME 7.5 S 78.5 23.4 3.3 78 0.21 -63 356 9.29 x 104 3.68 X 104 3.96 I~ 

N 
0 ...... 
00 
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Figure 2, Particle size distribution of the synthesised polyisoprene prepared with varied monomer 
concentrations (a) and surfactant concentrations (b), 
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Figure 3. Molecular weight distribution of polyisoprenes synthesised with miniemulsion 
and conventional emulsion technique using ajixed monomer concentration at 40 wt%. 

in CE in comparison to ME should lead to 
a greater entry rate of radicals into the CE 
particles, other things being equal, and hence 
more rapid termination of growing polymer 
radicals on average. 

The chemical structure of the synthesised 
latices was confirmed using proton NMR20.28 
(Figure 4). This spectrum is consistent with 
previous spectra obtained for polyisoprene. 
The proportion of cis-l,4 was higher than 
typically reported for polymerisation of 
isoprene, 28 - 29% compared to a literature 
range of 8 - 23 mol%20.29. Conversely, the 
intensities of 1,2 and 3,4 units are less than the 
previously reported data which gave values 
of 5 - 7 % for each of these units24 (Table 3). 
The only difference which may be significant 
between the structure of the CE and ME 
latices was a reduction in the apparent amount 
of 3,4 addition in CE relative to ME, which 
is counter-intuitive as this is the functionality 
that is most likely to react at high conversions 
(as it gives a pendant double bond with a 
stabilising methyl substituent at one end). 
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Effects of Varying Monomer Concentration 

The results of experiments carried out with 
different monomer concentrations are shown 
in Figure 5 and Table 2. The conversion 
remained similar in ME experiments when 
monomer content is increased from 10 - 30 
wt%, i. e. 95 to 92 wt%. However, a substantial 
drop is seen at a monomer content of 40 
wt%, giving a yield as low as 79 wt%. This 
is likely to be due to the competition between 
mini emulsion and bulk polymerisation in 
droplets as the potential instability at the 
higher concentration of monomer will give 
fewer loci of polymerisation, resulting in a 
slower reaction rate and thus reduced percent 
yield. This is consistent with the increased 
amount of coagulum obtained at 40 wt% 
monomer. 

An average particle size in the range 
of 74 - 79 nm was found for all ME 
experiments carried out with 7.5 wt% SDS. 
It is not surprising that the particle size and 
dispersity are independent of monomer 
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Figure 4. 1 H NMR spectrum of poiyisoprene prepared with miniemulsion technique using 40 wt% monomer: 
the entire spectrum (a) ; the peaks assignedfor cis-J,4 andtrans-l ,4 unit (b); and the peaks assignedfor J,2 

and 3,4-unit (c). 
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TABLE 3. EFFECT OF EMULSION POLYMERISATION SYSTEM, MONOMER 
CONCENTRATION AND SURFACTANT CONTENT ON STEREOCHEMISTRY OF THE 

SYNTHESISED POLYISOPRENE 

Recipes Trans-l,4 (%) Cis-l,4 (%) 3,4-addition (%) 1,2-addition (%) 

Commercial IP 3.6 93.5 3.0 

CE 40 IP 

ME 10 IP 

ME 20 IP 

ME 30 IP 

ME 40 IP 

ME 2.5 S 

ME 5.0 S 

ME 7.5 S 

100 

90 

80 

~ 70 
<f( 
'-' 60 
.§ 
t 50 

§ 40 
U 

30 

20 

10 

o 

63.7 29.3 

63.6 28.4 

63.6 28.4 
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Figure 5. Effect of monomer concentration on the conversion and particle size 
of the obtainable polyisoprene. 
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concentration (Figure 2a), as the monomer: 
hydrophobe ratio and monomer: surfactant 
ratios remain constant and these will be the 
main determinants of particle size in a well­
stabilised mini emulsion. 

The particle number concentration Nc can 
be determined by calculation of the solid mass 
per volume, which results in variable values 
subject to the monomer concentrations as 
follows: 10 wt% = 4.9 x lOIS L·I ; 20 wt% = 

7.8 x 1017 L·I ; 30 wt% = 1.2 x lOIS L· I ; and 
40 wt% = 1.4 x lOIS L· I• It can be seen that 
the particle number concentration decreases 
with increasing monomer concentration up 
to 20 wt%, and then slightly increases with 
further increasing monomer content, in good 
agreement with the decreasing conversion 
obtained. 

A difference in the MW distributions with 
monomer concentration is the increasing 
shoulder seen at high molar mass (Figure 
6a). Figure 7 shows the mechanism of chain 
transfer in polyisoprene. The effect of this 
chain transfer on MW will be most significant 
at the end of a radical polymerisation when 
almost all monomer has been consumed. 
In the present study, chain transfer is likely 
to influence the dispersity of the product by 
creating more branched polymers into the 
system, as monomer adds to the new radical site 
which is located along the polymer backbone 
(Figure 8). It can clearly be seen that 10 wt% IP 
latex gives the most complete polymerisation 
(~95 %); it has the most significant shoulder 
in the molar mass distribution and a broad 
MW distribution, in agreement with the 
mechanisms of gel formation. 

Glass transition temperature (T) slightly 
increases with decreasing monom~r content 
(Figure 9a), consistent with the higher molar 
mass observed at lower monomer contents. 
However, extrapolating these results to 
infinite molar mass according to the Flory­
Fox Equation (Equation 5Yo: 
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T = T - K/(M M )112 
g g,OO n w 

... 5 

gives a T of -54°C, significantly above the 
g.'" 

literature value of _60°C IS,31. This suggests 
crosslinking plays an important role in 
raising the T of these particles. This value is 
also signifidntly above the T of NR, which 
is approximately _70°C32• This is because 
the obtained polyisoprenes have a relatively 
high percentage of trans-l,4-polyisoprene in 
their structure (Table 3). The trans structure 
is normally associated with close packing 
of adjacent molecules and therefore gives a 
more glassy material compared to one which 
has a predominantly cis structure. 

The samples with the higher molar 
masses and higher degrees of crosslinking 
are correlated with higher decomposition 
temperatures in thermal analysis (Figure 
lOa), which is reasonable. 

Effects of Varying Surfactant 
Concentration 

In order to understand the role of 
surfactants in this system, the amount 
was varied from 2.5 - 7.5 wt% relative to 
monomer content or 1.0 - 3.0 wt% relative 
to the entire emulsion (Figure 11 and Table 
2). It can clearly be seen that with increasing 
surfactant levels, the product conversion 
increases from 62 - 79 wt%, and the average 
size of rubber particles decreases from 100 
to 78 nm (Figure 2b). Variation of surfactant 
content thus has a more significant impact on 
latex properties than variation of monomer 
content. Particle numbers are 2.5% surfactant, 
5.2 x 1017 L-l, 5.0% surfactant, 7.3 x 1017 L- I ; 

7.5% surfactant, 1.4 x 1OIs L-I .Increasingthe 
amount of surfactant leads to higher particle 
number concentration as a consequence of a 
reduced amount of coagulation. The smaller 
particles lead to a more complete conversion 
due to the large number of polymerisation 
loci, again giving rise to a more extended 
period of time at a high polymer: monomer 
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Figure 6. Molecular weight distribution of the synthesised polyisoprene prepared 
with different monomer concentrations (a) and surfactant concentrations (b). 
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Figure 7. Chain transfer mechanism during polymerisation of polyisoprene. 
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Figure 8. Branching and crosslin king mechanisms during polymerisation of polyisoprene. 
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Figure 11. Influence of surfactant content on conversion and particle size of the resulting 
polyisoprene. 

ratio where crosslinking and grafting 
reactions can take place. 

All three curves show small shoulders 
due to branching in the high MW region, 
with larger extents of branching again 
corresponding to higher conversions 
(Figure 6b). The batches containing lower 
surfactant contents (2.5 and 5.0 wt% relative 
to monomer content) show broader curves 
deviating particularly in the region of low 
MW: it appears that adding a smaller amount 
of emulsifier leads to a greater proportion of 
short chains of polyisoprene. 

A slight increase in T was found with 
increasing surfactant loading (Figure 9b). 
This is again consistent with the higher molar 
mass found at higher surfactant loadings, and 
the higher molar masses are again correlated 
with higher decomposition temperatures in 
thermal analysis (Figure lOb). 
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CONCLUSIONS 

The mini emulsion technique gives a 
smaller size of rubber particles, hence a 
larger number of loci for polymerisation, 
leading to high conversion and concomitant 
higher amounts of gel and coagulum. This 
extent of gelation is not significantly greater 
than conventional polymerisation, and the 
coagulation can be minimised by control of 
the monomer and surfactant concentration. 
The proportion of cis-polyisoprene was 
greater than commonly reported for isoprene 
polymerisation, which may be attributable 
to the relatively high temperature at which 
the polymerisation was carried out, as the 
cis-isoprene fraction has been reported to 
increase with temperature. Intriguingly an 
increased amount of 3,4-addition was seen in 
the miniemulsion polymerisation compared 
to the conventional polymerisation. With 
increasing monomer concentration from 10 
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- 30 wt%, the conversion slightly decreases, 
but dramatically drops at 40 wt% of monomer. 
This was consistent with the number of stable 
droplets maintained in the miniemulsion, with 
the fall in conversion being accompanied 
by a drop in particle number and increase 
in coagulum consistent with some loss of 
stabilisation and polymerisation in large 
droplets. Surfactant had a significant effect 
on polymer particle size, with a higher 
surfactant: monomer ratio giving smaller 
particles. All results were consistent with an 
increase in grafting and crosslinking reactions 
at high conversions, giving an increasing gel 
fraction and shoulders in the molar mass 
distributions at high molar masses. The better 
understanding derived from this work will be 
useful in further improvements in synthesis 
of polyisoprene lattices with the aim of 
reducing the gel content. 
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