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ABSTRACT

The concentration effect of crosslinking agents divinylbenzene,
ethylene glycol dimethacrylate (EGDMA) and trimethylolpropane
trimethacrylate on the emulsion copolymerization rate with styrene
initiated by K,S,0¢/Na;,S,04.2H,0 system was investigated. The
latex particle size, the gel content and the polymer viscosity
numbers were also determined. In the case of styrene - EGDMA,
the crosslinker concentration varied from 0.036 to 1.13 mol/L. We
found that the EGDMA concentration does not influence the
crosslinking rate of as much as the gel fraction content. High gel

1311

Copyright © 1997 by Marcel Dekker, Inc.



14:12 24 January 2011

Downl oaded At:

1312 CHRASTOVA ET AL.

content was observed at the beginning of copolymerization. For
styrene - EGDMA the reativity ratios were calculated as: ry = 0.28
and r, =0.98.

INTRODUCTION

Multifunctional monomers have broad use in radical emulsion polym-
erization of vinyl monomers. In such systems, crosslinking reaction products have
been found useful technologically as e.g. sorbents, ion-exchanging resins, column
chromatography packaging materials and dispersions for water-based coatings, etc.

Crosslinking reactions in emulsion systems are not only interesting from
an application point of view but also for theoretical studies. According to the
classical theory of Flory [1] and Stockmayer [2] it was assumed that the crosslinked
polymers are formed in three stages. In the first stage, only linear macromolecules
with pendant side groups are formed. In the second stage, the monomers conversion
increases with polymer chain branching and finally crosslinking takes place. Based
on this theory, different statistical models were formulated. Considerable deviations
from these models were observed [3] in the styrene (ST) copolymerization with
ivinylbenzene (DVB) or ethylene glycol dimethacrylate (EGDMA) initiated by
K,8,05. Microgels with different particle size and distribution were prepared from
dthese systems. The presence of linear or branched chains was not observed. Only
highly intramolecular crosslinked polymer was isolated. The study of thermally
initiated emulsion polymerization of DVB [4] revealed another unique behavior of
emulsion polymerization with multifunctional monomer: the polymerization (Rp)
rate is inversely proportional to the emulsifier concentration and the particle size is
proportional to the emulsifier concentration. This is opposite to the classical theory
of emulsion polymerization. Considerable differences were observed in the
parameters characterized the emulsion homopolymerization of individual multi-
functional monomers (DVB, EGDMA) compared with the crosslinking co-
polymerization of ST with EGDMA [5].

The newest kinetic models of emulsion crosslinking copolymerization
developed by Tobita et al. enables one to predict the network density [6], distribution
of molecular weight [7] and the system behavior near the gel point [§].

In this study, we report the investigation results of different types of multi-
functional monomers on the course of emulsion polymerization of styrene. In the
case of the binary system styrene - ethylene glycol dimethacrylate, the total
crosslinker and styrene concentrations were kept constant. In this crosslinking
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emulsion copolymerization the bifunctional monomer concentration influence on the
reaction rate and gel content was investigated.

EXPERIMENTAL

Materials

Styrene (Kaucuk Kralupy), stabilized. The stabilizer was removed by
repeated washing with a 10% NaOH solution in a separatory funnel. The monomer
was washed with water and after drying, distilled under an inert argon atmosphere.
Divinylbenzene (Slovnaft Bratislava) was purified from stabilizer by the same
procedure previously discussed. Pure monomer was kept under inert atmosphere.

Ethylene glycol dimethacrylate (Lachema Brno) was used as received,
sparged with argon for 30 minutes before use.

Trimethylolpropane trimethacrylate (Lachema Brno) used as received,
sparged with argon for 30 minutes before use.

K7S,04 (Lachema Brno), was used as an aqueous solution with a con-
centration of 9.2 x 10-2 mol/L.

Na,S,04. 2H,0 (Lachema Brno), was used as an aqueous solution with a
concentration of 11.4x10-2 mol/L.

Mersol H [CH3(CHy)14ONa] (Leunawerke Merseburg), ionic type emul-
sifier, was used as an aqueous solution with a concentration of 0.14 mol/L. The
oxygen was removed from the solution before use by boiling in an inert atmos-
phere for 1 hour.

Slovasol 2340 (Chemical Works NOVéky) [CH3(CH2)230(C2H40)29_
C,H,40OH], nonionic emulsifier, was used as an aqueous solution with a con-
centration of 0.14 mol/L. The oxygen was removed from the solution before use by
boiling in an inert atmosphere for 1 hour.

Water, twice distilled, was boiled in an inert atmosphere for 1 hour before
use.

Solvents [methanol, acetone, methyl ethyl ketone (MEK)] (Lachema Brno),
were used as received.

Procedure
Polymerization of monomers

The batch emulsion copolymerization with crosslinker was performed in a
250 mL glass reactor equipped with a mechanical stirrer, nitrogen inlet and exit and
a rubber septum closed sampling neck. The copolymerization temperature was
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TABLE 1. Composition of the Polymerization System

Volume Concentration
mL mol/ Lemulsion

Water Phase
Initiator (K,S,05) 12 1.37.10-2
Activator (Na,S,04.2H,0) 4 1.99.10-3
Emulsifiers - Slovasol 2430 16 2.90. 102

Mersol H 16 2.90. 10-2
Organic Phase
Monomers - Crosslinker Xab

- Styrene? 32-X

2 The multifunctional monomer (DVB or TRIM) was used in 2% on styrene.
b In the case of ST - EGDMA copolymerization the amounts of EGDMA
monomer were:

EGDMA (mL) 0.55 3.0 6.0 9.0 12.0 16.0 17.0

mollL, 1, 0036 019 039 059 078 078 113
wt % 20 108 217 325 434 434 614

40°C and the stirring rate was 300 RPM. Analysis samples were taken by a syringe
through the septum on the sampling neck.

The reactor was swept by inert gas, for 1 hour before the reaction then
water, emulsifiers, and monomers were added. The reactor content was heated
under stirring until the required temperature was reached, and 15 minutes later the
initiation system was added. The polymerization system composition is given in
Table 1.

The polymerization course was followed gravimetrically: at certain time
intervals small aliquots (about 1 mL) of emulsion were taken and weighed in closed
sampling bottles. The polymer was precipitated from these samples in an excess of
methanol, filtered on a frit, washed with water, methanol and dried. The monomers
conversion was estimated from the known monomers weight in the mixture. The
monomers conversion (in weight %) was calculated according to the following
Equation 1:
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Wp . We
Conv= ————100 [wt %] 1
\%%

a’Wm

where: w,, is the precipitated polymer weight

w, 1s the emulsion sample weight
w, is the sum weight of all polymerization system components
W, 1s the monomers weight in the reactor feed.

Characterization
Elemental analysis

The EGDMA crosslinker content in polymer samples was determined by
elemental analysis. The measurements were performed on the Elementar Analyzer
CHN+O, Model 1102, Carlo Erba, Milan, Italy.

Reactivity Ratio Calculations
Reactivity ratios r; and r, were calculated from Equation 2:

k k
r,=—L and r,=—2 )
k12 k21

using the KOPAR program according to Joshi-Joshi (J-J) [9], Kelen-Tiidos
(K-T) [10] and Fineman-Ross (F-R) [11] methods.

FParticle size determination

Particle size determination was performed by a light scattering method
using the Particle Sizer, model BI - 90 (Brookhaven Instruments Corporation) with
He-Ne laser source. The method is based on the intensity of scattered light of dilute
dispersions. The samples of lattices were diluted 100 -1000 times by water and the
measurement was done at 25°C.

Determination of Gel Content

The content of insoluble portion of polymer after crosslinking (gel) was
determined by dissolving samples in methyl ethyl ketone in closed jars for 48 hours
at ambient temperature. The insoluble fraction was separated on a frit and dried until
constant weight was obtained. The gel content G (in weight %) was determined
according to Equation 3:
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VYo

G= = 100 [wt %] 3)
Yo

where w,_ is the weight of insoluble portion in grams
Wy is the weight of the whole sample in grams

uQ

Viscometry

The viscometric measurements were done in MEK at 25°C. The limiting
viscosity number [h] was obtained from the extrapolation of the dependence (4) to
Zero concentration.

:‘]' o= ] + ki @
=

where M, N, is the viscosity of solution and the solvent, which is proportional to
the flow time of the liquids through a capillary

¢ is the concentration of solution in g/cm3
ky is the Hugghins constant

RESULTS AND DISCUSSION

The crosslinking agent influence on the styrene emulsion copolymerization
was investigated for the polymerization system. (Table 1). The crosslinking agent
content was kept at 2 wt %. The conversion curves of the styrene polymerization in
the presence of two bifunctional monomers (DVB and EGDMA) and one tri-
functional (TRIM) are presented in Figure 1. As a result, the presence of cross-
linking agent below 2 wt % has a negligible influence on the course of the emulsion
polymerization. The overall polymerization (Rp) rate calculated from the stationary
part of the curves (20-40% conversion) is slightly lower where crosslinking agents
were used compared with pure styrene (Table 2). The dispersions were homo-
geneous and the polymers particle size, with and without the presence of cross-
linking agents, was almost identical (Table 2).

The crosslinked portion - gel was documented from the gel content values
on the results obtained using DVB, EGDMA and TRIM. Even more dramatically,
the crosslinkers influence was evident from viscometry measurements. The solu-
tions made from crosslinked polymers were partially turbid but the measurements
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Figure 1. Conversion curves of emulsion copolymerization of styrene at 40°C
initiated by K,S,04/Na;S,04.2H,0 system with 2wt % of multifunctional
monomer.

TABLE 2. The Influence of Multifunctional Monomer on the Emulsion
Copolymerization with Styrene

Combination Rate of Homo-  Particle Size G Gel Contentt  Limiting Viscosity

a polymerization &
Copolymerization D G Number, [n]
Rp.103, mol/L.s nm % dL/g
ST 1.71 59 - 2.14
ST/DVB 62 58 5.8 0.10
ST/EGDMA 1.32 58 6.7 0.15
ST/TRIM 1.20 54 7.2 0.20

2 The concentration of crosslinker was 2 % wt
b The gel content was measured at 50 % conversion
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in MEK were possible and the limiting viscosity numbers [T were calculated
according to Equation 4. It has been shown that the [1}] values for crosslinked
copolymers are much lower than uncrosslinked polystyrene (Table 2). The previous
results published by Kasta and Funke [12] or Schellenberg [13] confirm that
molecular characteristics ( [1]] and ﬁw) are sensitive to the presence of a cross-
linked portion, especially at low crosslinker content and at low conversions. The
crosslinking reactions also cause branching of main copolymer chains. The coils of
branched copolymer in a good thermodynamic solution assume a smaller hydro-
dynamic diameter than the linear copolymer macromolecules. The consequence of
this is the decreasing of flow time in a viscometer compared with that of a linear
polymer. Thus, viscometry can readily provide information about the presence of
crosslinks down to a very low level where solutions are non-scattering. In our case,
viscometry remains an appropriate technique up to a gel content of about 10%. At
higher gel content the solutions were turbid, and the gel had to be removed by
filtration which considerably decreased solution concentration. The ratio /1 (or
t/ty) is very low and this leads to an increase in error.

The crosslinker concentration influence on the course of the ST- EGDMA
emulsion copolymerization was studied. In a series of copolymerization reactions
the EGDMA concentration was changed from 0.036 to 1.05 mol/L (2 to 57 wt %)
at a constant comonomer volume. With increasing EGDMA concentration, both
monomers were gradually incorporated into a final product. The objective of the
study was to investigate the influence of increasing concentration of EGDMA on the
overall polymerization Rp rate and on the gel content G.

The monomer conversion dependence as a reaction time function is docu-
mented in Figure 2. It has been shown that at a low crosslinker concentration (up to
0.19 mol/L) the polymerization rate decreases, compared with the Rp of pure sty-
rene. The further increase of EGDMA concentration (up to 1.05 mol/L) causes an
increase in Rp (Figure 3). Similar results were recently published by Sajjadi [14] for
the kinetics of bulk crosslinking copolymerization of styrene with DVB. The rate of
polymerization increases with crosslinker content at all used temperatures. In our
case, the EGDMA concentration increase above 1.05 mol/L (1.13 mol/L and up)
causes the formation of highly crosslinked particles. The resulting emulsion was
inhomogeneous and contained macroscopic agglomerates.

In all styrene copolymerizations with EGDMA the gel content dependence
was followed as a function of conversion (Figure 4). The gel content increase, as a
conversion function for individual polymerizations, is only incremental for
different EGDMA concentrations. In all cases, at the beginning of the copolym-
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Figure 2. Dependence of monomer conversion as a function of reaction time for
emulsion copolymerization of styrene with EGDMA at 40°C initiated by
K,8,04/Na;$,04.2H;,0. The full line represent the homopolymerization of styrene.
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Figure 3. Dependence of overall rate of polymerization Rp as a function of molar
concentration of crosslinking monomer for emulsion copolymerization of styrene
with EGDMA at 40°C initiated by K2S203/N328204. 2H20 System.
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Figure4. Dependence of gel content G as a function of monomer conversion for
emulsion crosslinking copolymerization of styrene with EGDMA at 40°C initiated
by K»S,04/NayS,04. 2H,0 system.

erization the gel content is high. This finding is in agreement with the results
obtained by kinetics modelling of crosslinking emulsion copolymerization published
by Tobita [6]. In simulation experiments using similar kinetic parameters as for
bulk polymerization it was found that the crosslink density is much higher in the
early stages of an emulsion polymerization and the polymer network is more
heterogeneous compared to that for a bulk system.

In our case, the emulsion crosslinking copolymerization of ST with
EGDMA with the water-soluble initiation system (K,S,05/Na$,04.2H,0) we
assume that the oligomeric radicals formed in the water phase are growing until a
certain polymer chain length is reached and they contain the inception of the net-
work. The formation of the crosslinked portion is suppressed by the swelling of
created particles by monomers, resulting in the active centers moving from the
inside toward the outside core of the particles. The growing macroradical has
increasing difficulty reaching unreacted functional groups localized inside the same
polymer chain and is more susceptible to reacting with free functional groups of
other chains. Therefore, the internal cyclization is suppressed and the efficiency of
crosslinking is not diminished in the early stages of polymerization. This results in
considerable gel formation at low monomer conversion.
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TABLE 3. The Molar Fractions of ST and EGDMA in a Monomer Mixture
(f, and f,) and in the Copolymer (F, and F,) in the Emulsion Crosslinking
Copolymerization System

f; f F F,
0.99 0.01 0.96 0.04
0.95 0.05 0.86 0.14
0.88 0.12 0.74 0.26
0.81 0.19 0.60 0.40
0.73 0.27 0.56 0.44
0.62 0.38 0.44 0.56

TABLE 4. The Reactivity ratios (r; and r,) for Emulsion Copolymerization
System ST(1) - EGDMA(2) initiated by K ,S,04/Na,S,0, 2H,0 at 40°C

Method Average Reference[6] Reference[15]
r J-J K-T F-R
I 0.28 029 028 0.28 0.26 0.32
I, 1.05 .11 0.80 0.98 0.92 0.62

The formation of the crosslinked portion during nucleation in the early stages
of the synthesis increases with the concentration of EGDMA crosslinker. An
additional contributing factor is the higher reactivity of EGDMA monomer as
compared with styrene. This was confirmed by the determination of reactivity ratios
found from the analysis of composition of the ST/EGDMA copolymers. The data
describing the content of ST (F,) and EGDMA (F,) in copolymers expressed as
molar ratios as a function of molar fraction of styrene (f;) and EGDMA (f,) in the
monomer mixture are presented in the Table 3. The copolymerization ratios were
calculated according to Joshi-Joshi (J-J), Kellen-Tiidds (K-T) and Fineman-Ross
(F-R) methods using our program KOPAR and are presented in Table 4. From the
results, it is seen that the calculated reactivity ratios (average value) for emulsion
copolymerization of ST with EGDMA r; =0.28 and r, = 0.98 are in good agree-
ment with results published earlier [6] determined on the basis of a kinetic model for
emulsion copolymerization of ST with EGDMA. Compared with the bulk copo-
lymerization of ST with EGDMA initiated by benzoyl peroxide and run at 60°C
[15] our r, value is slightly lower and r, higher.
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A possible explanation for the difference in r; and r, values can be related to
the mechanism of emulsion copolymerization in the presence of a crosslinking
comonomer. Here the formation of oligomeric radicals with reactive side groups
accessible for interparticle crosslinking [5, 16] can be expected. This is also related
to the different mechanism of crosslink formation in emulsion and bulk polym-
erization. In the emulsion system the oligomeric radicals are formed in the water
phase and later are occluded by the emulsifier. As a result, in emulsion system dif-
ferent rate constants are entering into the reactivity ratio formula as in the case of
bulk polymerization.

CONCLUSION

From the results of emulsion copolymerization of styrene with low amounts
of various types of crosslinking monomers (up to 2 wt %) it can be concluded that
the rate of copolymerization is only slightly lower compared with homopolym-
erization of styrene. We found that EGDMA has a promoting effect on the rate of
copolymerization with styrene in the concentration range 10.8 - 57.8 wt %. The
crosslinker has a dramatic influence on the content of the crosslinked portion in the
copolymer. The gel content is high from the beginning of emulsion copolymeriza-
tion. This may be related to the kinetics of emulsion copolymerization and to the
higher reactivity of crosslinking comonomer as compared to styrene.
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