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ABSTRACT: In previous work (L. Karlsson et al., Journal of
Applied Polymer Science, 2002, 2003, Vol. 90, pp. 905-915; J. M.
Stubbs et al., Colloids and Surfaces A: Physiochemical and En-
gineering Aspects, 1999, Vol. 153, pp. 255-270) we have ex-
plained the development of composite particle morpholo-
gies produced by seeded emulsion polymerization in terms
of the ability of second stage polymer radicals to diffuse into,
or “penetrate,” the seed particles. This has been quantified
(Stubbs et al., ibid) by calculating so-called “fractional pen-
etration” values for the second-stage radicals. In this article
the effect of the second-stage initiator type, specifically non-
ionic vs ionic initiators, on particle morphology is investi-
gated. The question to be answered is whether charged
(ionic) end groups (from the initiator) on second stage poly-
mer chains “anchor” to the particle surface, making it more
likely to form core—shell morphologies. This is investigated
by using a poly(methyl acrylate-co-methyl methacrylate)

[P(MA-co-MMA)] seed latex and polymerizing styrene in
the second stage in a semibatch manner using various feed
rates of styrene. At each feed rate one reaction was con-
ducted using potassium persulfate as the initiator, which
produces charged end groups, and another using VA-086
initiator, which produces uncharged end groups. The mor-
phologies of the resulting particles were then observed by
transmission electron microscopy. It is shown that under
some conditions ionic initiators do make it more likely to
obtain core-shell morphologies, but that this effect is not
dominant under most conditions. The resulting morpholo-
gies agree quite well with the predictions of the fractional
penetration calculations. © 2003 Wiley Periodicals, Inc. ] Appl
Polym Sci 91: 1538-1551, 2004
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INTRODUCTION

Structured (or composite) particles produced by seeded
emulsion polymerization find applications as paints and
coatings, adhesives, and impact modifiers." There is
great incentive to understand how to control the particle
morphology because it is a large factor in determining
the end use properties of the composite latex. Numerous
formulation parameters are considered to be important
in controlling particle morphology,” including surfac-
tants,> initiators,>® polymer type,>” reaction tempera-
ture,®*°~'! and crosslinking of the seed polymer.'**?
Depending on the conditions prevalent during the
polymerization, the particle morphology will be de-
termined either by thermodynamic or kinetic factors.
Thermodynamic control of morphology is fairly well
understood,"*'*™'7 and is known to be driven by a
minimization of the interfacial free energies of the
system. The result of this minimization of interfacial
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energies is that in a majority of cases the more polar
polymer forms at the outside of the particle. In this
way the more hydrophilic polymer is in contact with
the water phase. Numerous types of morphologies
have been identified by researchers in the past few
decades including core-shell (CS, the second-stage
polymer forms a shell around the seed polymer), in-
verted core-shell (ICS, the seed polymer forms the
shell), core-shell with internal occlusions (OCS), hemi-
spheres, sandwich structures, and raspberry-like
structures. It is noted here that there is confusion in
the literature over the relationship between particle
morphology and processing conditions. Often authors
will refer to a “core-shell polymerization” in a way
that assumes that the second-stage polymer will al-
ways form the shell, and is therefore referred to as the
“shell polymer.” Similarly, the seed polymer is often
referred to as the “core polymer.” It is important to
note the error in this terminology as it stems from
invalid assumption about how particle morphology is
controlled. The fact that one polymer is fed in a second
stage to a preformed seed latex does not necessarily
mean that it will form a shell around the seed poly-
mer, even though this is indeed sometimes the case.
More often than not, the conditions prevalent dur-
ing a seeded emulsion polymerization are such that
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the thermodynamically favored particle morphology
is not obtained. Instead, the morphology development
may be controlled by kinetic considerations, produc-
ing a particle that is “frozen” in a nonequilibrium or
thermodynamically unfavorable morphology. This
type of situation often occurs when the T, of the seed
polymer is close to or above the reaction temperature,
and the monomer is fed slowly during the second
stage polymerization. This results in a very high vis-
cosity within the seed particles during the polymer-
ization making it difficult for the two polymer phases
to rearrange into the equilibrium morphology. Previ-
ous investigations'® have indicated that under these
conditions the morphology development will be con-
trolled by the very slow diffusion rates of polymer
radicals within the particles, which may prevent the
radicals from reaching the interior of the particles and
thus confine the polymerization to an outer shell re-
gion, producing core-shell morphologies.

In the present article, the effect of initiator type on
particle morphology was investigated under kineti-
cally controlled conditions. The results are interpreted
using a model we have developed'® that aims to quan-
tify the extent of penetration of the second stage poly-
mer radicals into the seed particles during the poly-
merization. There is an ongoing debate in the emul-
sion polymerization literature over the extent to which
radicals with ionically charged end groups are “an-
chored” to the particle surface by this charged end
group. A charged end group on a polymer chain will
result whenever an ionic initiator is used. This is an
interesting topic in relation to the radical penetration
concepts because it may affect the way in which rad-
icals penetrate into particles and consequently have an
effect on the particle morphology development.

It is safe to say that some of the polymer chain ends
produced with an ionic initiator will indeed be an-
chored at the particle surface. This is because having
charged end groups on the surface of the particles is
commonly understood as being responsible for the
colloidal stability of latices produced by surfactant
free emulsion polymerization. In terms of stabilizing
the particles against flocculation, these charged end
groups behave similarly to surfactant molecules ad-
sorbed on the particle surface. Various references are
available which report on the relationship between the
charge density on the particle surface and the latex
stability.’”*' Numerous other reports describe the
measurement of charge densities on the particle sur-
face"?*° thereby confirming the presence of
charged groups on the surface. Numerous other re-
searchers have either performed work under the as-
sumption that charged radicals are surface anchored,
or used surface anchoring to help explain experimen-
tal results.'”??°"%° However, it is also safe to say that
not all charged end groups will be present on the
surface. The fact that it is possible to produce inverted
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core-shell morphologies under certain conditions
even when using a charged initiator in the second
stage polymerization shows that it must be possible to
“bury” these charged end groups. This was clearly
shown in an earlier article’® in which a poly(methyl
acrylate) (PMA) seed latex was used and styrene was
polymerized in the second stage and inverted core
shell morphologies were obtained. In addition,
Amalvy et al. investigated the spatial distribution of
sodium and other elements in latex particles using
electron spectroscopy imaging transmission electron
microscopy (TEM) and found no evidence of an en-
riched concentration of the sulfate end groups at the
particle surface.’

Another important point related to surface anchor-
ing of charged end groups is to note that even when an
ionic initiator is used, not all of the end groups on the
polymer chains will be charged. This is because of the
possibility that the initiator or end group may un-
dergo a chemical reaction that will produce an end
group that is a different chemical species entirely and
may or may not be charged. For instance, one such
reaction that is commonly known to occur with the
sulfato radical produced from persulfate initiator is
the hydrolysis reaction with water to produce a hy-
droxyl radical®® (the solid bullet ® symbol denotes a
radical species).

* SO, + H,O —-HSO, + ¢« OH

This hydroxyl radical may then initiate polymeriza-
tion in the water phase forming an hydroxyl end
group on the polymer chain. Since this end group will
not be charged, there is no reason to think that it
would be anchored at the surface.

Palit et al.*** studied the extent to which the hy-
drolysis of sulfate end groups occurs by using a dye
partition test>* to look at the fraction of polymer
chains initiated by potassium persulfate, which had
either sulfate or hydroxyl end groups. He found that
hydroxyl end groups were always present to a fair
extent. He also showed that the fraction of the total
end groups that were hydroxyl was very dependent
on the pH of the polymerizing medium. This fraction
increased with decreasing pH, and could account for
more than half of the total end groups when polymer-
ized under very acidic conditions.

In another study, Tauer®' used matrix assisted laser
desorption ionization-time of flight (MALDI-TOF)
mass spectrometry show that there were several pos-
sible species that could make up the end groups, in-
cluding uncharged H and OH end groups, when us-
ing postassium persulfate (KPS) initiator. This infor-
mation about the types of end groups that will result,
even when using an ionic initiator, is very important
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when considering the effect on particle morphology. It
shows that even if charged radicals from ionic initiator
do in fact anchor to the surface, this may not have an
absolutely controlling effect on the particle morphol-
ogy because many of the radicals will not be charged
and will penetrate the particles more easily.

The goal of this article is to determine if charged end
groups make it more likely to obtain core shell mor-
phologies by preventing radicals from fully penetrat-
ing the seed particles. A series of seeded emulsion
polymerizations have been performed, using both
charged and uncharged initiators, in order to observe
the effect on the particle morphology.

FRACTIONAL PENETRATION CALCULATIONS

We have developed a method that estimates the dis-
tance that an entering radical can penetrate into a seed
particle.'® The calculation takes into account the fact
that as the radical grows, its diffusion coefficient drops
sharply and thus the rate at which it diffuses into the
particle continuously decreases.

The distance, Ax, that a radical chain end can move
in a given time, At, is calculated using an approximate
equation for the mean square distance moved by a
diffusing species:

(Ax)? = (DpAt) (1)

The diffusion coefficient for the radical, Dp, is the
sum of both center of mass diffusion of the radical
chain and movement of the active radical chain end
through the addition of monomer units (known as
reaction diffusion).'” The center of mass diffusion co-
efficient, D7°™, and reaction diffusion coefficient, D,
are given by

D™ = (1/6)kp Cpa® (2)
Dfom = l)mor\(u)l’)/i2 (3)

where D, ..(wp) is the diffusion coefficient for the
monomer as a function of polymer weight fraction, wp,
Cp is the monomer concentration within the particles,
i is the number of monomeric repeat units in the
radical chain and a is the root-mean-square end-to-end
distance per square root of the number of monomer
units in a polymer chain, i.e. 4 is the mean distance
moved, in a random flight sense, at each propagation
step.'” Dp is then computed from eq. (4):

D, = D™ + D™ (4)
The dynamic simulation starts with an oligomeric

radical with a chain length of z units at the surface of
the particle (z is the critical degree of polymerization
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Figure 1 Typical fractional penetration of a radical into a
seed particle.

for entry of radicals into particles'®* and is equal to 2

for styrene monomer). The radical chain length, i, is
increased by one unit for each time interval equal to
1/(kpCp), the average time between propagation steps.
The diffusion coefficient is calculated from egs. (2)—(4)
and the mean squared distance moved, (Ax)z, during
each time step, At, from eq. (1). The total distance
moved is determined simply by summing up the
mean squared distances for all of the time steps from
eg. (1) and then taking the square root. The total time
that the simulation is carried out is equal to the aver-
age lifetime of a radical. One requirement of eq. (1) is
that the diffusion coefficient must be constant over the
time interval,*® At. Therefore, the maximum time step
allowable is equal 1/(k,C,) since each time the radical
propagates, Dp will decrease.

The results of this simulation can be shown as
graphs of the incremental fractional penetration (i.e.,
distance moved divided by particle radius) vs either
time or chain length. Also, a value FP, the final frac-
tional penetration, is defined as the total distance the
radical can move during its entire lifetime divided by
the particle radius. When FP is greater than or equal to
1, it is expected that the radicals will be able to pene-
trate completely into the seed particles and therefore
morphologies deviating from core-shell will be possi-
ble.

A typical graph of fractional penetration versus the
log of the chain length is shown in Figure 1. The
important point to note is that the majority of the
distance that the radical penetrates occurs while the
radical is very short, less than about 10 units. This
initial rapid penetration is a result of center of mass
diffusion of the short radical. As the chain grows,
center of mass diffusion can become negligible and the
movement of the radical chain end becomes controlled
by reaction diffusion. This is represented by the de-
creased slope of the later part of the curve that con-
tinues for the rest of the radical’s lifetime.

In order to perform the fractional penetration calcu-
lations, it is necessary to estimate the average lifetime
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of a radical. This has been calculated directly from the
experimental results by using the pseudo-steady state
assumption, which states that the rate of initiation of
radicals is equal to the rate of termination of radicals.
For an emulsion polymerization the rate of initiation is
described more accurately by the rate of entry of rad-
icals into particles. The equations for entry are avail-
able.” From this treatment the following equation for
the average lifetime of a radical is developed:

radical lifetime = ;5 = L[R] (5)
kf[R] szd[l]vw

where [I] is the initiator concentration in the water
phase, k, is the apparent termination rate coefficient,
V, and V,, are the volumes of water and particle
phase in the reactor, respectively, [R] is the radical
concentration in the particle phase, and k; is the dis-
sociation rate coefficient of the intiator. The parameter
fin eq. (5) is the entry efficiency for radicals into
particles, which was calculated by the equations given
by Gilbert."” This gives a value of f equal to 0.33. The
radical concentration in the particles can be calculated
directly from the experimental conversion vs time
data, and all of the other terms are known from the
recipe.

Three different types of FP calculations were per-
formed in order to allow comparison between the
experiments and to predict how large of an effect
should be expected due to radical anchoring. The first
type is the same as was described earlier and used in
the previous publication.'® This type assumes that the
radicals are not anchored and can freely diffuse into
particles after entry. It has been termed the unan-
chored fractional penetration and designated as FPy,
where the subscript F stands for free to penetrate.
Values for FPp have been calculated for all of the
experiments. The second type of fractional penetration
calculation assumes that the radicals are anchored at
the particle surface and has been called the anchored
fractional penetration, or FP,. This has been calcu-
lated only for experiments that use KPS as the initia-
tor. It is calculated simply by setting the center of mass
diffusion coefficient, D{°™, equal to zero. This is done
because an anchored radical should only be able to
move only by reaction diffusion.

The third type of fractional penetration is called the
dead chain fractional penetration, or FPp. This is a
simple calculation since the length of a dead chain is
not changing so D{°™ has a value that changes only as
the monomer concentration may change, and for a
dead chain D™ = 0. This calculation simply estimates
how far a dead chain of the average length can move
during the duration of the experiment. This time scale
is considered relevant because after this the latex is
cooled and at room temperature the diffusion rates
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within the particles will decrease greatly (at room
temperature the polymers used in the present experi-
ments are in the glassy state). The average length of a
chain is predicted roughly using the monomer con-
centrations and calculated radical lifetimes. However,
in this case it is also necessary to consider chain trans-
fer to monomer in order to predict the average length
of a dead polymer chain given by

1 1/ (k,Cp ) Ket,m
k

P

(6)

average_dead_length - radical_lifetime

where ki, .., is the rate coefficient for chain transfer to
monomer and the radical lifetime is given by eq. (5).
For styrene at 70°C the value of k,, , is equal to 2.9
X 107* L/mol/s.*” FPp, can then be calculated directly
from eq. (1) and dividing by the particle radius. This
calculation uses At equal to the total time of the ex-
periment and the diffusion coefficient calculated from
eq. (3), with i calculated by eq. (6). This is an interest-
ing calculation because it shows whether or not a
polymer chain can diffuse further within a particle at
a later time and cause a change in morphology. Ex-
tensions of this calculation can be done to estimate the
anticipated change in morphology upon storage of the
latex after production.

SIMILAR EXPERIMENTS FROM LITERATURE

A review of the literature revealed that some work along
these lines has been done previously by Jonsson et al."*
He performed polymerizations with a poly (methyl
methacrylate) (PMMA) seed latex and styrene as the
second-stage monomer and compared the effect of
charged (KPS) vs uncharged [t-butyl hydroperoxide (t-
BHP)] initiators on the resulting particle morphologies.
The morphological results showed that core-shell mor-
phologies resulted in all semicontinuous experiments
regardless of whether KPS or t-BHP initiators were used.
This suggested that, for these particular experiments,
uncharged radicals were not able to penetrate the parti-
cles any easier than charged ones.

However, the penetration concepts described previ-
ously would suggest that these experiments have not
actually succeeded in answering this question. This is
because the experiments used a PMMA seed (T,
= 119°C) and performed experiments at a reaction
temperature of 60°C. Therefore, at the low monomer
concentrations typical of semicontinuous emulsion
polymerization (less than 1 mol/L in the particle
phase), the seed polymer was in the glassy state dur-
ing the reaction. This results in very small monomer
diffusion coefficients in the particles, which are esti-
mated to be around 10~'* cm?/s.*® Representative
fractional penetration calculations show that at these
conditions very little penetration of the radicals is
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TABLE 1
Recipe and Conditions for the Controlled Copolymerization of MMA and MA to
Produce the Seed Latex Used in All Second-Stage Polymerizations

Initial stage

Growth stage

Experiment jms3-19
Water (g) 858.23
Sodium dodecyl sulfate (g) 0.4035
Potassium persulfate (g) 0.5046
Sodium bicarbonate (g) 0.4825
Initial MMA charge (g) 60.0
Initial MA charge (g) 90.1

MMA addition after 21 min (g) 18.1
MMA addition after 37 min (g) 11.3
Temperature (°C) 70
Final particle size (nm) 150
Final solid content (%) 17.35

Experiment jms3-20
Latex from initial stage (g) 543.0
Water (g) 368.57
Potassium persulfate (g) 0.3184
Sodium bicarbonate (g) 0.2046
Initial MMA charge (g) 36.1
Initial MA charge (g) 54
MMA addition after 21 min (g) 10.88

MMA addition after 37 min (g) 6.76
Temperature (°C) 70
Final particle size (nm) 188
Final solid content (%) 19.42

possible even for unanchored radicals, and the mor-
phologies will be limited to core shell. This means that
the question of whether the radicals are anchored or
not is irrelevant in relation to morphology develop-
ment under these experimental conditions.

In order to investigate the question of radical an-
choring, it is necessary to perform the polymerizations
using a seed latex for which full penetration of radicals
is possible at faster monomer feed rates but somewhat
restricted for slower monomer feed rates. In this case,
if identical experiments at various monomer feed rates
are performed using both charged and uncharged ini-
tiators, somewhere along the way a difference in the
morphology produced by the two different initiators
should be observed if surface anchoring does in fact
affect the particle morphology. To determine the type
of seed polymer that should be used, the work of
Karlsson® and Ivarsson’ was consulted. This work
suggested that a seed latex consisting of a copolymer
of PMA and PMMA with a T, of about 55°C, and at a
reaction temperature of 70°C, would be suitable for
the purposes of the present work.

EXPERIMENTAL
Chemicals

Styrene, methyl acrylate, and methyl methacrylate
monomers (Acros Organics, New Jersey) were passed
through a column of alumina adsorption powder (80—
200 mesh, Fisher Scientific, New Jersey) to remove
inhibitors and stored at —10°C. Potassium persulfate,
(analytical grade, Acros Organics) and VA-086 (2,2-
Azobis[2-methyl-N-(2-hydroxyethyl) propionamide],
Wako Chemicals, Inc., Osaka, Japan) were the initita-
tors used and were used as received. Analytical grade
sodium bicarbonate (EM Science, New Jersey) was the
buffer. Sodium dodecyl sulfate (99%, Acros Organics)
was used as received. Deionized water from a Corning

Mega Pure™ D2 water purification system was used
in all experiments.

Latex characterization

The monomer conversion of samples withdrawn from
the reactor throughout the polymerization was mea-
sured gravimetrically. Particle sizes of the final latices
and of intermediate samples were measured by quasi-
elastic light scattering (QUELS) using a Coulter®
Nanosizer™. The glass transition temperature of the
seed latex was determined using a Perkin Elmer Pyris
1 Differential Scanning Calorimeter.

Transmission electron microscopy

Samples of the final latices were dried at room tem-
perature to remove water, and then ground into a
powder. A small amount of the powder was then
embedded in EPON 812 epoxy (Fluka Chemical Corp.)
and cured at 60°C for 8 h. Microtomed sections of
approximately 90 nm thickness were observed in a
Hitachi H600 transmission electron microscope. It was
not necessary to stain the samples, as there is already
adequate contrast between polystyrene and the p(MA-
co-MMA) phases in the microscope.

Seed latex preparation

For the copolymerization of MA and MMA it was
necessary to take steps to reduce the amount of com-
positional drift taking place. There is a tendency for
compositional drift to occur in this system due to the
reactivity ratios, r; = 2.15 and r, = 0.4 for MMA(1)
and MA(2),%’ causing the MMA to be preferentially
incorporated into the copolymer. This results in a
copolymer with a range of temperatures spanning the
glass transition, which is counterproductive since the
reason for using a copolymer seed in these experi-
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Figure 2 Molecular structures of the initiators used in the
second-stage polymerizations.

ments is to allow control over the glass transition
temperature. A monomer addition scheme was used
in which a portion of the MMA was held back and
added to the reactor in multiple steps at a later point
during the reaction. This monomer addition scheme is
specified in Table I, along with the recipe for the
production of the seed latex. It was necessary to con-
duct the seed latex preparation in two separate stages
to increase the size of the particles towards the desired
200 nm using a second growth stage.

The glass transition temperature of the dry seed
copolymer produced was determined by differential
scanning calorimetry (DSC) to be equal to 54°C. The
final latex produced was repeatedly passed through a
column of ionic exchange resins (Barnstead/Ther-
molyne) to remove residual initiator (the surfactant
and buffer will also be removed in this case). This step
was necessary to allow the initiator type and concen-
tration to be carefully controlled during the second-
stage polymerizations. After ion exchange the solid
content of the latex had been reduced to 16.57%. All of
the second stage polymerizations used this latex as the
seed, except for one experiment (jms3-16). The latter
experiment used a seed latex that was produced in an
identical manner and resulted in the same particle size
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(188 nm) and a similar T, of 52°C, but with a different
solid content. The recipe for this experiment was ad-
justed to give the same starting solid content as the
others.

Second-stage polymerizations

The second-stage polymerizations were conducted in
a 250 mL glass reaction flask equipped with a water
jacket and the temperature was regulated at 70°C un-
der a nitrogen atmosphere. Stirring was performed
using a magnetic stirrer at a rate fast enough to pre-
vent the monomer from pooling as it was added to the
reactor.

All ingredients except the monomer and initiator
were added to the reactor, giving an initial solid con-
tent of 6%. Once the contents of the reactor reached
70°C, the initiator solution was added and the mono-
mer and initiator (if necessary) feeds were started. The
total amount of styrene added during the reaction was
determined in order to give a stage ratio (mass of
second stage monomer to mass of seed polymer) of
1:1. Experiments were conducted at various monomer
feed rates, with the total styrene being fed over %, 1,2,
4, and 8 h. For the polymerizations with the 1-h feed
time, repeat experiments were performed to check
reproducibility. For each monomer feed rate two ex-
periments were performed, one using KPS as the ini-
tiator, and the other using VA-086. The molecular
structures of both KPS and VA-086 are shown in Fig-
ure 2.

The initiator concentrations were calculated in order
to give approximately the same rate of radical produc-
tion for each initiator. The value of k, at 70°C for KPS
(2.2 X 107° s 1) is greater than that for VA-086 (3.83
X 107°s71).* Therefore, a higher molar concentration
of VA-086 was required in those reactions.

When using KPS initiator, additional KPS was
added continuously in the form of a 0.01 M aqueous
solution fed at 0.6 mL/h to account for the KPS dis-
sociating to form radicals and keep a constant KPS

TABLE 1II

Experimental Conditions for the Second-Stage Experiments with KPS as Initiator
Feed time (h) 3 1 1 2 4 8
Experiment jms3-34  jms3-16  jms3-26  jms3-28  jms3-27  jms3-30
Seed latex (g) 724713  114.9978 724942 724012 724063  72.4526
DI water (g) 120.3378 77.5624  120.3255 120.3278 102.3133 120.3357
0.01M KPS solution (g) 7.6693 7.5945 7.6128 7.6287 7.6167 7.6510
NaHCO; (g) 0.0950 0.0942 0.0938 0.0947 0.0934 0.0965
SDS (g) 0.1109 0.1879 0.1131 0.1111 0.1116 0.1118
Total styrene fed (g) 12 12 12 12 12 12
Styrene feed rate (mL/h) 26.4 13.2 13.2 6.6 3.3 1.7
Total KPS solution fed (mL) 1.50 1.77 1.80 2.14 3.28 5.61
KPS feed rate (mL/h) 0.6 0.6 0.6 0.6 0.6 0.6
Temperature (°C) 70 70 70 70 70 70
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TABLE III

Experimental Conditions for the Second-Stage Experiments with VA-086 as Initiator
Feed time (h) : 1 1 2 4 8
Experiment jms3-35 jms3-23 jms3-24 jms3-25 jms3-22 jms3-29
Seed latex (g) 72.4681 72.4686 72.4705 72.4745 72.4261 72.4081
DI water (g) 120.2880 120.2923 120.2923 120.3081 120.2865 120.2925
0.06M VA-086 solution (g) 7.3293 7.3197 7.3361 7.2973 7.3285 7.3090
NaHCO; (g) 0.0969 0.0983 0.0939 0.0974 0.0951 0.0941
SDS (g) 0.1124 0.1115 0.1118 0.1114 0.1106 0.1127
Total styrene fed (g) 12 12 12 12 12 12
Styrene feed rate (mL/h) 26.4 13.2 13.2 6.6 3.3 1.7
Temperature (°C) 70 70 70 70 70 70

concentration, and thus ensure a constant rate of rad-
ical production. This was not necessary when using
VA-086 because its decomposition rate is slow enough
so that the change in concentration over the course of
the reaction is negligible. The experimental conditions
for the experiments using KPS initiator are shown in
Table II, and for those using VA-086 in Table III.

RESULTS AND DISCUSSION

The conversion of monomer to polymer and the
monomer concentration within the particles are calcu-
lated easily by combining the solid content data ob-
tained from gravimetric analysis of samples removed
during the reaction with a mass balance calculation. A
typical conversion profile for one representative ex-
periment is shown in Figure 3. The most important
point to take from this graph is that the reaction is
close to steady state during the majority of the reac-
tion. This is evident because the conversion line is
essentially parallel to the monomer feed line. From the
conversion vs time data it is straightforward to calcu-
late the polymerization rate, radical concentrations
within the particles and radical lifetimes throughout
the various reactions. The kinetic data were used to
calculate FP values for all of the experiments, which

are then to be compared to the morphologies as ob-
served by TEM. However, a slight adjustment of the
experimental data (due to slight differences in the final
monomer conversions for the different experiments)
was first performed in order to provide more consis-
tency and allow more meaningful comparisons to be
made between the different experiments. This is dis-
cussed in more detail in the Appendix.

In order to calculate FP values for the experiments,
two pieces of information are needed from the exper-
imental results. These are (1) the monomer concentra-
tion, which determines how fast the radicals will prop-
agate and also has a large effect on the diffusion
coefficients; and (2) the radical lifetime, as this deter-
mines how long the FP simulation will be carried out.
However, in order to calculate FP values to allow easy
comparison between the different experiments, it is
necessary to use single values for the monomer con-
centration and radical lifetime for each experiment. As
discussed below, some approximations were neces-
sary since the values of both of these parameters
change somewhat during the course of the reactions.

The choice of the radical lifetime is relatively simple.
This is because, as discussed earlier, the majority of
the distance that the radicals penetrate occurs very
soon after entry, while the radicals are very short, so

0.8

c
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g 0.6 —e— fraction monomer fed
g 0.4 —=— fractional conversion
o
0.2
0 — I E——
0 50 100 150 200 250
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Figure 3 Typical conversion profile for a representative second-stage polymerization: styrene fed over 2 h with KPS initiator

(jms3-28).
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Figure 4 Conversion-averaged monomer concentration vs
monomer feed time for all of the second-stage polymeriza-
tions.

small errors in the radical lifetimes have little effect on
the FP calculations. The radical lifetime was taken as
the average of the values calculated for the samples
withdrawn after the system had reached a relatively
steady state, and before the end of the monomer feed
time. The choice of the proper value for the monomer
concentration is more critical because this affects both
the diffusion rates and propagation rates of radicals,
and both of these have a significant effect on the FP
calculation. The decision was made to use conversion-
averaged monomer concentrations in the FP calcula-
tions. This value should reflect the conditions under
which the majority of the second-stage polymer was
formed, while at the same time not being blind to the
regions of higher concentrations (as with faster mono-
mer feed rates before the reactions reached steady
state), since these regions would still have some effect
on the final morphology. The conversion averaged
monomer concentration is calculated according to

Xfin
f Cp(X)dX
0

Corea = X, (7)

where C, ., is the conversion averaged monomer con-
centration, C,(X) is the monomer concentration at a
conversion of X, and X, is the final conversion level
reached.

Figure 4 shows a plot of the conversion-averaged
monomer concentrations versus the monomer feed
time for all of the experiments. The first thing to note
is that as the feed rate of monomer was increased
(shorter feed times), the concentration of monomer
within the particles during the reaction also increased,
as would be expected. Therefore, at the faster mono-
mer feed rates the diffusion rates of radicals within the
particles will be faster. It is also clear that for the
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slower feed rates, when styrene was added over 2, 4,
and 8 h, the monomer concentrations in the particles
did not vary greatly. Therefore, for these polymeriza-
tions the diffusion rates of radicals will also be very
similar.

The most important point to note from Figure 4 is
that at a given feed rate, the monomer concentrations
are almost always the same whether KPS or VA-086
was used as the initiator. This is a very important
point because it suggests that, for a given monomer
feed rate, the diffusion rates of radicals within the
particles are the same regardless of which initiator
was used (except for possible differences caused by
anchoring at the particle surface).

It is also clear from Figure 4 that in one case, for the
—-hour feed time, the monomer concentrations were
not the same for the experiments with the two differ-
ent initiators. This was the only case in which this was
experienced. Here, the concentration for the polymer-
ization using VA-086 is much greater than for KPS.
The differences between these two experiments are
clearly visible when comparing the conversion vs time
results (not shown here for the sake of breV1ty) In all
experiments except for the one with a ——h monomer
feed time and VA-086 initiator, the Conversmn vs time
profile was both close to and relatively parallel to the
monomer addition vs time profile. In other words, the
rate at which monomer was converted to polymer was
equal to the rate at which monomer was being fed.
However, in the experiment with the h feed time and
VA-086 initiator, the conversion rate was slower than
the monomer addition rate. This resulted in accumu-
lation of monomer in the reactor, and is responsible
for the higher monomer concentration observed in
Figure 4 for this particular experiment.

In addition to the monomer concentrations and
radical lifetimes, which are available from the ex-
perimental conversion data, values for kp, the parti-
cle radius, and the diffusion coefficient for monomer
are also required in order to calculate FP values. The
value of k, for styrene at 70°C is equal to 480
L/mol/s. 19" Since the particles grow during the sec-
ond-stage polymerization from the seed particle ra-
dius of approximately 95 nm to a final radius of
about 125 nm, an average radius of 110 nm was used
in the FP calculations (the radius is only used to
compare to the estimated distance that the radical
diffuses, the ratio of the two is the FP value, as
described earlier). Finally, the diffusion coefficients
for monomer as a function of polymer weight frac-
tion in the copolymer seed having a T, of 54°C and
at a reaction temperature of 70°C was estimated by
a method described in a separate article.”® These
diffusion coefficients are shown graphically in Fig-
ure 5. One should note that the decrease in the
monomer diffusion coefficients at high polymer
weight fraction has the possibility of affecting the
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Figure 5 Estimated diffusion coefficients at 70°C for mono-
mer in the P(MA-co-MMA) seed polymer (T, = 54°C).

frequency of the propagation reactions, due to the
fact that propagation can become diffusion con-
trolled at high conversion. This would affect the
penetration calculations, as it would affect the reac-
tion diffusion coefficient, D™, as given by eq. (2).
However, this effect does not occur in the present
systems because the decrease in Dmon is not
enough to cause a decrease in k,, as calculated from
applicable models."

Some interesting points can be drawn by inspecting
Figure 5 along with consideration of the magnitudes
of the monomer concentrations for the experiments as
shown in Figure 4. These monomer concentrations
correspond to polymer weight fractions greater than
0.9, and are typical of semicontinuous polymeriza-
tions with slow monomer feed rates. These high poly-
mer weight fractions also correspond to the same re-
gion where the diffusion coefficients start to decrease
rapidly in Figure 5. Therefore, it is no surprise that it
was under these same conditions of seed polymer T,
and reaction temperature that Karlsson et al.® found
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that they were able to change the morphological re-
sults by changing the monomer feed rate, as discussed
previously. This is because a change in the monomer
feed rate will cause a change in the monomer concen-
tration, which for these reaction conditions will cause
a significant change in the diffusion rates of the enter-
ing radicals.

FRACTIONAL PENETRATION PREDICTIONS
AND PARTICLE MORPHOLOGIES

The final values for all three types of fractional pene-
tration calculations for all of the various experiments
are shown in Table IV, along with characteristic values
that were used in these calculations as described in the
previous section. One may note that the radical life-
times in Table IV are rather large. This, along with
high radical concentrations (number of radicals per
particle), is common in semibatch emulsion polymer-
izations that sustain high instantaneous monomer
conversion levels throughout the reaction. It may
seem that these long lifetimes would have an impact
on the fractional penetration calculations. However, as
discussed previously in relation to Figure 1, the radi-
cal lifetime does not have a significant impact on the
level of radical penetration because most of the pene-
tration occurs early in the life of the radical while it is
still a relatively short chain.

TEM micrographs showing the resulting particle
morphologies are displayed in Figures 6-9 (pictures
are of microtomed sections). The darker phase is poly-
styrene and the lighter phase is P(MA-co-MMA).

There are a few things that should be kept in mind
when considering the various fractional penetration
values and what they mean about the expected mor-
phologies. The first is the fact that not all of the end
groups formed by KPS initiator will be charged, as
mentioned earlier. The penetration depth for this un-

TABLE IV
Fractional Penetration Values and Values of Quantities Used in the Calculations for All of the Various Experiments

Monomer

feed time Initiator Cpea Ave. radical Dpon (w),)
(h) type Experiment (mol/L) lifetime (s) (cm?/s) FPr FP, FPp
% KPS jms3-34 0.818 166 1.12E-7 1.36 0.57 0.11
% VA-086 jms3-35 1.705 34 3.55E-7 1.57 — 0.24
1 KPS jms3-16 0.713 88 5.69E-8 1.02 0.39 011
1 KPS jms3-26 0.810 78 1.13E-7 1.30 0.39 0.15
1 VA-086 jms3-23 0.679 108 4.05E-8 0.93 — 0.08
1 VA-086 jms3-24 0.788 93 9.48E-8 123 — 0.13
2 KPS jms3-28 0.458 61 6.76E-9 0.48 0.26 0.06
2 VA-086 jms3-25 0.487 43 9.51E-9 0.52 — 0.08
4 KPS jms3-27 0.465 31 7.36E-9 0.46 0.18 0.11
4 VA-086 jms3-22 0.526 29 1.34E-8 0.59 — 0.15
8 KPS jms3-30 0.287 21 1.73E-9 0.28 0.12 0.14
8 VA-086 jms3-29 0.392 18 4.42E9 0.38 — 0.20
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(B)

Figure 6 TEM photos of microtomed sections of latex par-
ticles for experiments with a 2-h monomer feed time. (A)
KPS initiator (jms3-28); (B) VA-086 initiator (jms3-25). Re-
printed with permission.*'

charged fraction of radicals formed from KPS will be
better predicted by the unanchored fractional penetra-
tion than by the anchored value. The second point is
that it is known that under some conditions it is pos-
sible to bury charged end groups, as discussed earlier
in the introduction section. It is not known at exactly
what point these charges become buried. It may be
that the new polymer being formed within the particle
“buries” the end groups on previously formed poly-
mer. It is also possible that charged radicals are an-
chored while they are relatively short, but as they
become longer chains they may be able to pull the
charged end group into the particle. This possibility is
why the dead chain fractional penetration calculation
is interesting, as it lends insight into the question of
whether these longer chains would then be able to
diffuse to the center of particles to form internal oc-
clusions of second stage polymer. Inspection of the
FPp values in Table IV would suggest that in the
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present experiments the answer is no. The values are
all around 0.1-0.2, so a dead chain would only be able
to diffuse 10-20% of the particle radius during the
entire duration of the experiment. Therefore, internal
occlusions that may be seen in these experiments can-
not have been formed by further diffusion of dead
polymer causing rearrangement of the particle mor-
phology during the experiment.

The last point that should be kept in mind is the
possibility of chain transfer to monomer and its effect
on radical penetration. When chain transfer occurs, it
will result in a mobile monomeric free radical that can
diffuse very quickly until it adds a few monomer units
by propagation. Therefore even in cases where radi-
cals are not able to reach the center of the particles,
either due to anchoring or slow diffusion rates, the
occurrence of transfer to monomer may allow radicals
to reach the particle center. Keeping these above
points in mind, one can get a feel for the effect that

v S

Figure 7 TEM photos of microtomed sections of latex par-
ticles for experiments with a 1-h monomer feed time. (A)
KPS initiator (jms3-16); (B) VA-086 initiator (jms3-23). Re-
printed with permission.*!

(B)
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(B)

Figure 8 TEM photos of microtomed sections of latex par-
ticles for repeated experiments with a 1-h monomer feed
time. (A) KPS initiator, (jms3-26); (B) VA-086 initiator (jms3-
24).

should be expected in the present experiments if
charge anchoring does affect morphology develop-
ment by inspecting the values for the anchored and
unanchored fractional penetrations. Table IV shows
that for the 2-, 4- and 8-h feed times the values of FPg
are in the range of 0.5. For these same feed rates in the
KPS experiments the values of FP, are closer to 0.2.
The FPp values suggest that even if radicals are not
anchored they will still not be able to diffuse all the
way to the particle center. Therefore, in these experi-
ments morphologies exhibiting a shell of polystyrene
should be expected for either initiator. If anchoring is
a factor, it may result in a more compact shell for the
KPS reactions since the FP, values are smaller. How-
ever, this would only be a slight difference in the
observed morphologies and may be difficult to ob-
serve clearly. The fact that a fraction of the KPS de-
rived radicals are uncharged will make the morphol-
ogies from the two different initiators even more sim-
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ilar, and more difficult to clearly observe differences in
the TEM.

Figure 6(a,b) shows the morphology results for both
the KPS and VA-086 polymerizations with a 2-h
monomer feed time. In this case it is clear that the
resulting morphology in both cases consists of a shell
of polystyrene around the seed polymer, but also has
many occlusions of polystyrene within the seed poly-
mer core. In these pictures there is no obvious differ-
ence between the morphologies obtained with either
initiator. Both these “occluded/core-shell” morpholo-
gies and the similarity between the morphologies for
the different initiators agree with the predictions of
the fractional penetration calculations for this mono-
mer feed rate. The TEM photos for the experiments

4 “ M" &;W ¥
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(B)

Figure 9 TEM photos of microtomed sections of latex par-
ticles for experiments with a 1 h monomer feed time. (A)
KPS initiator (]ms3 34); (B) VA-086 initiator (jms3-35). Re-
printed with permission.*
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with the 4 and 8 hour feed times all showed the same
occluded/core—shell morphologies as for the 2-h feed
time in Figure 6, so they have not been included for
the sake of brevity. There was still no observable
difference in the morphologies obtained for the differ-
ent initiators. Again, these results agree with the frac-
tional penetration predictions. The identical morphol-
ogies for these three different monomer feed rates are
predicted by the similarity in their fractional penetra-
tion values. This insensitivity to monomer feed rate
over this range is due to the fact that the monomer
concentrations within the particles for these experi-
ments are all about the same, as is seen in Figure 4.

The relatively large amount of internal occlusions at
the center of the particles in each case is also not
surprising, even though the fractional penetrations
predictions show that even unanchored radicals
should only be able to penetrate about 50% of the
radius. This may be because some amount of chain
transfer to monomer will occur. Along these lines, we
are currently conducting experiments to determine the
effect of chain transfer agent on particle morphologies,
and this will be reported in a subsequent paper.

The FPr and FP, values suggest that the more in-
teresting experiments for investigating the effect of
initiator end groups on particle morphology are those
with the faster monomer feed rates. For the experi-
ments with a 1-h feed time the FP values are in the
range of 0.93-1.3 and for the % hour feed time are closer
to 1.5. This suggests that if radicals are not anchored,
they should be able to diffuse to the center of the
particles and the resulting particle morphologies
should not have polystyrene shells. However, the FP 5
values for the KPS experiments at these feed times are
much less than 1.0 and suggest that anchoring of
radicals would result in morphologies with polysty-
rene shells.

The morphology results for the reactions with a 1-h
feed time are shown in Figure 7(a,b). Here, the exper-
iment with the KPS initiator shows a similar occluded
core—shell morphology as observed for the experi-
ments with slower feed rates. However, for the exper-
iment with the VA-086 initiator there is no shell of
polystyrene around the particles. Instead, the mor-
phology from this experiment is simply an occluded
type with domains of polystyrene located uniformly
throughout the particles. This clearly shows that the
uncharged radicals from the VA-086 initiator were
able to penetrate into the seed particles more easily
than the charged radicals from the KPS initiator. The
monomer concentrations are very close for the two
experiments and result in very similar diffusion rates
for the incoming radicals, giving rise to very similar
predictions for the unanchored fractional penetration.
Therefore, the difference in the observed morphology
is most likely due to at least partial anchoring of the
sulfate end group from the KPs at the particle surface.
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This prevents full penetration, as indicated by the
smaller values calculated for the FP, in the KPS ex-
periment. The morphology results shown in Figure
8(a,b) are for repeat experiments at the 1-h feed time
for either initiator. Again, the experiment with KPS
showed a polystyrene shell on the particles while the
experiment with VA-086, showing that this result is in
fact real and reproducible.

The morphology results for the experiments with
the fastest feed rate, when the styrene was fed over %
hour, are shown in Figure 9(a,b). In this figure it is
clear that neither reaction resulted in a morphology
with a shell of polystyrene and in both cases strictly
occluded morphologies were obtained. This shows
that anchoring of radicals alone cannot cause core—
shell morphologies to be obtained in all cases when
KPS is used as initiator in the second stage. It was
shown by Karlsson® that for the same conditions of
seed polymer T, and reaction temperature and with
KPS initiator, when the second-stage reaction was run
under batch conditions an occluded morphology was
obtained. This is partly because in a batch reaction the
monomer concentration in the particles is high, there-
fore the internal particle viscosity is lower and the
diffusion of radicals is faster. This same point was also
shown by previous experiments a low T, PMA seed'®
(thus giving a lower internal particle viscosity), which
produced an inverted core-shell morphology. In the
present case, when the styrene was fed at a fast rate
such as with the 1/2 hour feed time, the conditions
start to approach the batch case. Therefore, it is not
surprising that an occluded morphology resulted even
for KPS.

However, this result is not entirely predicted by the
fractional penetration calculations. In the KPS reaction
with the % hour feed time the monomer concentration
is only slightly greater than in the KPS reactions with
a 1-h feed time, and the calculated FP values are also
only slightly greater, but the resulting morphologies
were much different. It is likely that this apparent
similarity in the monomer concentrations is due to
experimental error and that the actual monomer con-
centration in the % hour experiment is actually greater
than in the 1-h experiments. Common sense would
say that this should be the case, since faster monomer
feed rates usually result in higher monomer concen-
trations. Nevertheless, it is clear that at this faster
monomer feed rate the condition was reached where
even the radical chains with charged end groups were
able to move inside the seed particles.

Another point that is clear from the morphology
results for the %—hour experiments is that the size of the
polystyrene domains in the experiment with VA-086
are much larger than those for the KPS experiment.
This is surely due to the fact that the monomer con-
centration in the KPS experiment was significantly less
than in the experiment with VA-086, as shown in
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Figure 4 and discussed previously. This higher mono-
mer concentration means that in the experiment with
VA-086 the dead polymer chains will be able to diffuse
more easily than in the KPS experiment. Diffusion of
the polymer chains will allow more of the separate
polystyrene domains to come together, resulting in
increased consolidation of the phases and larger poly-
styrene domains. The driving force for this consolida-
tion is a lowering of the total interfacial free energy of
the system.

The existence of the many separate polystyrene do-
mains in all of the observed morphologies means that
the particles have not reached the equilibrium mor-
phology. Therefore, the morphology is still being con-
trolled by kinetic factors in these systems. This was the
case even when full penetration is predicted and is not
surprising. The fact that the radicals are able to pene-
trate the seed particles simply means that the mor-
phology will not be restricted to core—shell. It does not
mean that the equilibrium inverted core-shell mor-
phology will be achieved. The penetration of polysty-
rene in this case occurs because when the short radi-
cals enter the seed particles from the water phase, the
diffusion rates within the particles are fast enough to
allow them to reach the particle center before they get
too long and their diffusion rate slows down. How-
ever, in order for full phase consolidation to occur,
even the long radicals and dead polymer chains must
be able to diffuse fast enough to allow the separate
polystyrene domains to come together and consoli-
date the separate polymer phases.

CONCLUSIONS

It is clear from the experiments reported here that
chain anchoring will only be an important mechanism
in morphology control under some reaction condi-
tions. As our calculations have shown, there are inter-
mediate polymer radical diffusion rates that can high-
light the difference between charged and uncharged
initiators. Diffusion rates that are either much faster or
much slower lead to the same morphological results
for either initiator. Given that there are several other
parameters (e.g., monomer feed rate, seed polymer T,
reaction temperature, initiator concentration) which
have more direct control on the polymer radical dif-
fusivity within the particle, we conclude that chain
anchoring due to initiator end groups alone is seldom
a major factor in controlling morphology. Even when
it appears that chain anchoring can be important, we
are reminded that some sulfate radicals experience
hydrolysis reactions, yielding some uncharged end
groups. It is also clear that some sulfate end groups
must become buried during the reaction (given the
results of batch polymerizations) and also that chain
transfer is significant in many processes, particularly
those commercial recipes with added chain transfer

STUBBS AND SUNDBERG

agent. These events lead to significant penetration of
polymer radicals within the particle and more often
than not produce structures that contain a significant
number of occlusions, even when an apparent shell is
observed.

APPENDIX

This discussion relates to slight adjustments that were
made to the experimental data before using it in the
fractional penetration calculations. It was noticed that
the final calculated conversion levels in the various
experiments were not always the same. Instead, they
varied between about 93 and 97%, with an average
value for all of the experiments of 95.1%. It is well
known that the limiting conversion of monomer to
polymer is reached when the concentration of mono-
mer in the polymer is such that the mixture is near the
glass transition.*’ It should be expected that for all of
the experiments discussed here the limiting conver-
sion should be reached at the same monomer concen-
tration in each experiment. This is simply because the
same polymer is being produced in each reaction and
the reaction temperature is always 70°C. Therefore,
the observed variation in the final conversions for the
various experiments is likely caused by experimental
error instead of actual variations in the monomer con-
centrations at the end of the reaction.

It is important to note that even small experimental
errors in the measured solid contents will cause signifi-
cant change in the calculated values for monomer con-
centrations and rates. This is mostly due to the relatively
low solid content and high instantaneous conversions
prevalent during the experiments, so that the amount of
monomer in the total latex at any time is only about 1%.
This tends to make comparison between the different
experiments more difficult. This is a problem because the
major goal here is to compare differences in the mor-
phology predictions and actual morphologies, in part
due to the different monomer concentrations in the par-
ticles for experiments with different monomer feed rates
causing faster or slower diffusion rates.

The following approach was adopted to overcome this
problem. In the mass balance calculations, the total
amount of water in each of the reactions was adjusted
slightly in order to make the final conversion for each of
the reactions equal to the average value of 95.1%. In all of
the experiments, the adjustment of the total amount of
water in the mass balance that was required to adjust the
final conversion was no greater than 2.2 g, which corre-
sponds to only about 1% of the total amount of water in
the reactor. In most cases the adjustment was actually
much less than this. Therefore, it is felt that this adjust-
ment is not unreasonable and it allowed for a much
more consistent comparison of the monomer concentra-
tions calculated for the different experiments. For the
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graphs in Figure 3 this adjustment of the final conversion
have already been made.
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