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Synopsis

The chemical and physical properties of synthetic polymers depend strongly on the poly-
merization process. This fact is even more determinant when dealing with copolymers. Sty-
rene/butyl acrylate copolymers were synthesized using an emulsion copolymerization process.
The amount of initiator, emulsifier, and transfer agent were varied in a systematic way in
order to establish the relationship between polymerization conditions and rheological prop-
erties of the molten copolymers. Rheological and molecular weight results show that the
different polymerization conditions have important effects on the properties of the final co-
polymer mainly through the development of different sequence distributions of the monomeric
units in the copolymer chain. These results have been interpreted in terms of the kinetic
mechanisms that explain the emulsion copolymerization processes. Furthermore, the rheo-
logical characterization is used as an additional tool in establishing the different structure of
the resulting copolymers.

INTRODUCTION

The importance of the flow behavior of materials has one of its more
evident manifestations during processing. This behavior is determined by
specific molecular characteristics, which in practice are dependent pri-
marily on the chemical nature of the polymers and on polymerization con-
ditions.!

Copolymerization processes are very relevant to the industrial environ-
ment because they allow the preparation of polymers of different compo-
sitions that can be used in a wide variety of applications. It is well known
that the copolymer properties are determined by their molecular weight
distributions and the nature, relative quantities, and arrangement of the
monomeric units along the chains.?2 However, all the above-mentioned facts
depend on the type of copolymerization process used.

Emulsion copolymerization is a quite complex process due to the many
components that form the reaction medium, i.e., initiator, emulsifier, elec-
trolyte, transfer agent, etc.3

The initiator plays a key role in the case of heterogeneous polymeriza-
tions. The corresponding free radicals are produced in the aqueous phase
and react with the fraction of monomers soluble in this phase. The oligo-
radicals formed become hydrophobic and can react to form new particles
or be absorbed by previously formed micelles or particles. In any case the
principal reaction site is the dispersed colloidal phase monomer-polymer.
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The ability of the system to increase the number of colloidal monomer-
polymer particles is proportional to the amount of emulsifier present. The
global rate of reaction (i.e., the sum of the rate of reaction of the individual
particles) increases for both the micellar and homogeneous mechanisms.
In the latter case the emulsifier only serves as a stabilizer of the primary
particles formed in the aqueous phase.

The molecular weight characteristics of emulsion copolymerization prod-
ucts are basically a function of: monomer composition, reaction tempera-
ture, radical/particle ratio (proportional to initiator and emulsifier), final
conversion, and chain transfer agent concentration.

The number of radicals/particle/time increases with initiator concentra-
tion. This fact would result in a decrease in the molecular weight of the
product. On the other hand, an increase in emulsifier content results in a
decrease in the number of radicals/particle/time; therefore, the molecular
weight would show an increase. These considerations are only valid in the
absence of chain transfer agent. When this component is present, all possible
combinations of the above-mentioned phenomena have to be taken into
account.

In the case of copolymers it is important to further point out that the
properties of the final product will not only depend on the molecular weight
distribution and the global composition, but also on the development of the
microstructure (distribution of monomeric sequences in the copolymer
chain) as a function of time. Due to this fact synthetic copolymers are a
mixture of different copolymers with global composition depending on the
degree of conversion.

The St/BuA system is particularly interesting due to the nature of its
components. Styrene is a highly hydrophobic monomer that follows the
theory of Smith—Ewart (case II). Butyl acrylate is a more polar and water-
soluble monomer that has the tendency to polmerize initially in the water
phase, forming particles in a direct way instead of going through the mi-
cellar mechanism.

Only a few reports in the literature*” have dealt with the system’s ki-
netics and its relation to the properties of the final copolymers.

The purpose of this paper is to present a study that relate some of the
kinetic parameters, i.e., initiator, emulsifier, and transfer agent, with, on
one hand, the molecular characteristics and, on the other, the flow behavior
(in the molten state) of the resulting copolymers.

Experimental Program

Synthesis

The styrene—butyl acrylate copolymers were synthesized using a batch
emulsion polymerization process. A 2-L glass reactor equipped with a stirrer
(250 rpm) and a set of baffles to promote good mixing of the reaction medium
was used throughout this study.

The monomers were distilled under nitrogen prior to their use. The in-
itiator, potassium persulfate (PPS), emulsifier, lauryl sodium sulfate (LSS),
electrolyte, sodium carbonate (SoCa), and transfer agent, n-dodecyl mer-
captan (n DM), were used as received from the supplier.
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In all cases the reaction was carried out under a nitrogen atmosphere
and the reaction time was held constant (180 min). The kinetics of the
reaction was monitored using gas chromatography (analysis of the unreact-
ed monomers as a function of time).? The global conversion was a function
of the emulsifier, initiator, and transfer agent levels.

The final copolymers were coagulated by adding the latex, drop by drop
and with agitation, to an equivalent volume of ethyl alcohol. After filtration
the copolymers were dried in a vacuum oven at 60°C for 24 h.

The final products, after coagulation, can still contain inorganic residues
inherent to the emulsion polymerization process as well as a small fraction
of residual monomers. In order to eliminate these impurities, the following
purification procedure was used. The copolymer was dissolved in acetone
and the inorganic residues were eliminated by decantation. As a second
step the copolymer was precipitated using an equivalent volume of methanol
followed by filtration of the mixture. The organic impurities remained in
the acetone—methanol mixture. Subsequently, the copolymer was dried in
a vacuum oven (at the same conditions mentioned above). No thermal sta-
bilizer was added.

Two different copolymer compositions, 90/10 and 50/50 (w %) styrene/
butyl acrylate, were used in order to elucidate the effect of different con-
centrations of initiator, emulsifier and transfer agent. A summary of the
experimental conditions is given in Table I.

Characterization of the Copolymer

Molecular Weight

The molecular weight of the purified final copolymers was measured using
gel permeation chromatography, GPC (Waters, Model R401). For columns
of p-styragel with pore sizes of 10¢, 105, 104, and 103 A were eluted with
THF.

A universal polystyrene calibration was used, and therefore the molecular
weight results reported in this paper are not absolute values.

TABLE I
Experimental Conditions®

Monomers (g)

PPS LSS n-DM SC H,0 T

Run St BuA (mg) (8 (g) (€3] (g) ({®)
11 50 50 75 4 0.5 4.0 600.0 60
12 50 50 105 4 0.5 4.0 600.0 60
13 50 50 120 4 0.5 4.0 600.0 60
E1l 90 10 90 2 0.5 4.0 600.0 60
E2 90 10 90 4 0.5 4.0 600.0 60
E3 90 10 90 6 0.5 4.0 600.0 60
E4 90 10 90 8 0.5 4.0 600.0 60
TA1l 90 10 105 4 0 4.0 600.0 60
TA2 90 10 105 4 0.7 4.0 600.0 60
TA3 90 10 105 4 1.05 4.0 600.0 60

2 PPS=potassium persulfate; LSS=lauryl sodium sulfate; n-DM:n-dodecyl mercaptan;
SC=sodium carbonate.
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It should also be mentioned that our molecular weight results were not
corrected for composition variations. However, for a given composition
(90/10 or 50/50 wt%) it is possible to establish a comparison among the
samples and determine, although in a relative way, the influence of the
kinetic parameters on the molecular weights and its distribution.

Rheological Properties

A Rheometrics Viscoelastic Tester was used to obtain the viscoelastic
material properties, i.e., complex viscosity (n*), storage modulus (G’), and
loss tangent (tan 8) as a function of frequency. The test mode was small
amplitude oscillatory shear? with parallel plate fixtures (D = 5 cm) and
frequency varying from 0.1 to 100 rad/s. The strain was set at 10%. This
value of strain was chosen in order to record a large stress response but
within the linear viscoelastic range. This assumption was verified by run-
ning samples at lower strain values (1,3,5, and 7%).

Since the samples were not thermally stabilized, several samples were
retested in order to detect degradation; the results did not point out a change
in properties.

Results and Discussion

Effect of Initiator

A detailed study of the kinetics of this system?® showed that the copoly-
merization rate increased as the initiator content increased in a pattern
similar to the one predicted by the Smith—Ewart theory.!® Furthermore,
the final global conversion increased (I1 = 88%, I2 = 91%, I3 = 99%).
Since these global conversions are similar, one would expect similar mo-
lecular weight distributions and cumulative compositions. this fact is con-
firmed by the molecular weight characterization given in Table II.

Figures 1 and 2 show the complex viscosity (n*) and storage modulus (G)
results. The complex viscosity increases as the amount of initiator increases.
The changes are considerable both in magnitude and overall flow behavior.
At low initiator contents the copolymer exhibits Newtonian behavior over
a wide frequency range. As the initiator increases the range of Newtonian
behavior narrows until the flow behavior can be described in terms of the
power law.

The storage modulus increases with the amount of initiator and its fre-
quency dependence diminishes. Furthermore, the tan & results show that

TABLE II
Molecular Weight Characteristics®

Initiator (PPS) _ . .

Sample {mg) M, M, M, M, ,/M,)
11 75 12,200 38,700 87,800 31
12 105 13,900 42,600 96,000 3.2
13 120 13,400 40,100 84,100 2.9

aSt/BuA = 50/50.
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Fig. 1. Complex viscosity vs. frequency. Effect of initiator. [I] (mg): (A) 75 (I1); ((3) 105
(12); (+) 120 (13); (4, A) purified; (M, A) nonpurified.

in the case of low initiator content the flow behavior (over the whole fre-
quency range) is governed by the viscous component, tan 8 > 1. On the
other hand, samples I2 and I3 show crossover frequencies that decrease
with increasing initiator content, with sample I3 almost completely dom-
inated by the elastic component.

It should be pointed out that the dynamic measurements were capable
of detecting differences in flow behavior for materials having close values
of MWD and different M ,’s (Table II).

Since the experimental frequency window is fixed, the results given in
Figures 1 and 2 correspond to different regions of the viscoelastic response
as given by dinamic measurement.

Sample I1 displays a behavior approaching the terminal region of be-
havior (G’ « w? G" « w); this corresponds roughly to frequencies lower
than that of the crossover point. Samples 12 and 3 exhibit behaviors that
can be more closely related to the high frequency end of the terminal zone
and into the plateau region (dynamic moduli approximately independent
of frequency). Unfortunately, due to experimental limitations it was not
possible to measure the dynamic moduli at lower frequencies, which whould
have allowed a direct comparison of all samples in the terminal zone. This
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fact is particularly important since the low frequency response can be re-
lated to the M, and molecular weight distribution.

However, the relative molecular characterization combined with the dy-
namic measurements can provide qualitative indications of the way the
amount of initiator can change the flow behavior, i.e., the molecular struc-
ture of the samples.

Figure 3 shows a Cole—Cole plot for samples I1-13. Previous research!!-15
has shown that this plot is independent of M, and that it can be used to
detect differences in flow behavior of samples with similar molecular weight
charaacteristics.

Among the factors considered as the cause of the differences we can cite
the degree and size of branching and crosslinking effects. In the case of
copolymers we could still add two other factors, i.e., sequence distribution
and chemical heterogeneity.

Both styrene and butyl acrylate have small polymer transfer constants
at the reaction temperature (60°C), and therefore the probability of devel-
oping branches in the copolymers in the final stages of the reaction is very
low. On the other hand, the increase in the initiator content and the high
conversions obtained could favor the growing of side chains. Samples show-
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Fig. 8. Cole-Cole plot. Effect of initiator. [1] (mg): (@) 75 (I1); (A) 105 (I2); (W) 120 (3).

ing extensive branching would show insoluble fractions when dissolved in
THF; this situation was not encountered in our GPC tests. It should be
mentioned that this test is not conclusive since during the purification
process the high molecular weight fractions could have been eliminated.
An alternative rheological characterization was made using raw and pur-
ified samples (Fig. 1). The results show the same behavior of both samples,
and therefore we conclude that even in the presence of branching the chem-
ical microstructure should be the dominant factor in the flow behavior.

It was mentioned earlier that the molecular weight results were in agree-
ment with the final values of the final global conversion. However, even if
these parameters are similar, the instantaneous composition and the dyad
distributions can be quite different.

The system styrene/butyl acrylate has very different reactivity ratios,
rg. = 0.69 and rg,, = 0.18; this implies a chemical heterogeneity as a
function of conversion. The only exception to this rule is the azeotropic
composition (33 mol % styrene) in which the copolymers formed have the
same sequence distribution along the entire process.

In the case of styrene compositions (in the feed) larger than the azeotropic
composition the initial copolymer will be richer in styrene than in butyl
acrylate. This trend is reversed at higher conversions where the butyl ac-
rylate has a larger polymerization rate.

To characterize the polymer microstructure, we have to use experimental
methods such as 3C-NMR or theoretical predictions based on probability
theory applied to the polymerization process.
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It can be shown! that the cumulative values of the distribution of dyads
as a function of conversion can be obtained as follows:

J:P(M,« M) dy

= (1)
Jav

P(ML M)cum

where {,j = 1,2.

P(M;M;) represents the terminal conditional probability of monomers M;
and M; forming dyads M;M,. v is the global conversion given by y = [(M;),
+ (My)y —~ M)/ (M), + (M,),]. the integration of eq. (1) for the 50/50
(wt %) copolymers is shown in Table III.

The initial copolymer has a composition close to 62 mol % styrene. As
the reaction proceeds between 88% (I1: 58.3% St-accumulated) and 91%
global conversion, an additional 3% of copolymer containing 50% St is
polymerized; when a 93% (13:57.6% St-accumulated) global conversion is
reached, 2% of a copolymer with only 40% St is still being added. In general,
the theoretical predictions given in Table III show that above a global
conversion of 85% the instantaneous dyad distribution shows a large change
particularly in the case of St-St and BuA-BuA dyads. The same trend can
be detected in the triad formation. The final copolymers should be consid-
ered as a “mixture” of all the products formed at the different stages of
the reaction; this chemical and structural heterogeneity should be the cause
of differences in flow behavior.

Butyl acrylate has an elastomeric character, and therefore the presence
of an increased number of its dyads will manifest itself in a copolymer with
enhanced elastic properties. This hypothesis is confirmed by the G'-G"
results where copolymer 13 (tan 6 < 1) shows a more elastic behavior than
copolymer I1 (tan & > 1).

Finally, it should be mentioned that the failure in trying to correlate
GPC results and viscoelastic properties most probably has to do with the
inaccuracies involved in the chromatographic determinations of complex
systems such as the copolymers presented in this work. On the other hand
it emphasizes the possibility of using the rheological characterization as a
tool to discriminate between polymers prepared under different reaction
conditions.”

Effect of the Emulsifier

The molecular weight characteristics of the resulting copolymers are
given in Table IV. In a similar pattern to the one encountered in the analysis
of the initiator, the amount of emulsifier does not influence the development
of molecular weight in a significant way. It has to be pointed out that the
copolymers prepared with variable amounts of emulsifier show high values
of M, and MWD. This is only a consequence of the copolymer monomer
ration (90/10 St/BuA).

Figure 4 shows the n* results. There is no clear trend concerning the
dependence of complex viscosity and emulsifier content, particularly in the
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TABLE IV
Molecular Weight Characteristics?

Emulsifier (LSS)

Sample () A—ln M, M, M w/A_l,,)
El 2 12,000 103,000 587,000 8.5
E2 4 12,000 105,000 662,000 8.8
E3 6 11,500 107,000 598,000 8.2
E4 8 12,000 94,000 768,000 7.9

range of LSS between 2 and 6 g. The flow behavior can be described as
power law in the complete range of frequencies. Copolymers E1, E2, and
E3 show very close values of n* at the low frequency end of the measure-
ments. These results agree, in a qualitative way, with the molecular weight
parameters given in Table IV.

Figure 5 shows the storage modulus, G' results for the minimum and
maximum level of emulsifier. the behavior of both samples is similar with
crossover frequencies (w,) increasing with emulsifier content.

Figure 6 shows the corresponding Cole-Cole plot. In this case samples
E2, E3, and E4 appear to form a single master curve. This implies that the
molecular structure of these copolymers has to be considered very similar
M ,, MWD, sequence distributions).

At the start of the reaction the copolymer formed has a 89.5 mol % styrene
content. As the conversions reaches 90% the composition is around 91 mol
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Fig. 4. Complex viscosity vs. frequency. Effect of emulsifier. LSS (g): (@) 2 (E1); (A) 4 (E2);
(W) 6 (E3); (W) 8 (E4).
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% styrene. The composition and theoretical prediction of the microstructure
are given in Table V. From them we can conclude that the dyad distribution
and chemical heterogeneity vary within a very narrow range and therefore
are less important in determining the viscoelastic properties of the final
product.

Effect of the Transfer Agent

In this section we report the results obtained while varying the amount
of transfer agent. In order to observe the behavior of a limiting case sample
TA1l was copolymerized in the absence of transfer agent. The molecular
characteristics of these samples are given in Table VI. It has to be mentioned
that the sample prepared without n-DM could not be dissolved, and there-
fore no molecular weight data are available. This fact is an indication of a
material with very high molecular weight. The results for the other two
copolymeres show that both M,, and MWD decrease as the amount of trans-
fer agent increases. These materials having the same copolymer composition
as the ones analyzed for the effect of the emulsifier are characterized by a
much broader molecular weight distribution.

Figure 7 show the results of the complex viscosity (n*) as a function of
frequency. The data are in agreement with the molecular weight results.
As the amount of transfer agent increases the viscosity shows a drastic
decrease and the flow behavior becomes less non-Newtonian. Most probably
this is due to the role played by the transfer agent as a controlling factor
in limiting the size of the chain.

We can assume that the average time between two radicals entering a
colloidal particle, is sufficiently large, allowing many chain transfer reac-
tions to the n-DM within the particle:

(growing chain) (deactivated polymer)

It will appear that the radical RS* starts again the propagation of copolymer
chains without affecting the rate of reaction. Therefore, the molecular
weight distribution is controlled exclusively by the concentration of n-DM
within the colloidal particles and not by the radical/particle ratio.

Figure 8 shows the storage and loss modulus as a function of frequency.
In the case of sample TA1l the viscoelastic behavior is dominated by the
elastic component. For samples TA2 and TA3 we find crossover frequencies
that increase with the amount of n-DM present. In these cases the overall
viscoelastic behavior is similar but the magnitude of the elastic component
decreases as the n-DM increases.

A Cole-Cole plot is given in Figure 9. Within experimental error the
data for the three copolymers form a single master curve. This behavior is
in agreement with the fact that data presented in a Cole~Cole plot form a
single master curve independent of M, only if they have similar MWD and
structural characteristics.

Therefore, it appears that the transfer agent affects both the level of
molecular weight as well as the polydispersity of the copolymers without
significantly changing the molecular architecture.
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TABLE VI
Molecular Weight Characteristics®

Transfer agent

Sample (n-DM) (g) M, M, M, M, /M)
TA1 0 Insoluble in THF
TA2 0.7 12,000 172,000 1,149,000 14.4
TAS 1.05 9000 104,000 1,005,000 115

= St/BuA=90/10.

CONCLUSIONS

Changes in initiator and emulsifier content did not affect significantly
the molecular weight and molecular weight distribution of the final co-
polymers. However, the viscoelastic properties changed significantly as the
amount of initiator increased. Viscosity changed from a Newtonian to a
power law flow representation. The storage modulus increased, and the
viscoelastic properties switched from a viscous to an elastic dominated re-
sponse.

An increase in the emulsifier content caused a small decrease in the
viscosity levels; however, the flow behavior appears to be similar in all
cases. The viscoelastic response is also similar and does not exhibit a definite
pattern.
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Fig. 7. Complex viscosity vs frequency. Effect of transfer agent. n-DM (g): (@) O (TA 1);
(A) 0.7 (TA 2); (W) 1.05 (TA 3).
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Fig. 9. Cole-Cole plot. Effect of transfer agent. n-DM (g): (@) 0 (TA 1); (A) 0.7 (TA 2); (W)
1.05 (TA 3).
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The kinetic analysis showed that the transfer agent plays an important
role in the development of the molecular weight characteristics. An increase
in this parameter caused important reductions in viscosity and storage
modulus.

Cole-Cole plots proved to be useful in the analysis of the effect that
molecular weight characteristics and molecular architecture (sequence dis-
tribution) have on the overall viscoelastic properties of copolymers.

Finally, the results have shown that by varying some of the components
of the reaction medium it is possible to obtain copolymers with similar
molecular weight characteristics and different rheological properties.

This work is supported by the National Research Council of Mexico (CONACYT) through
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