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Abstract

Starve feeding of monomers is often used in an attempt to control latex particle morphology, especially when
non-equilibrium structures are desired. For the case of a polar seed polymer and a non-polar second stage polymer,
we have analyzed the relative probabilities of reaction and diffusion of polymer radicals and monomers as they

Ž .penetrate the seed particle. The resultant penetration ratios for polymer radicals and monomers and fractional
Ž .penetration values depth of penetration correlate well with a number of different non-equilibrium morphologies

obtained from a wide variety of experimental reaction conditions. We conclude that the lack of polymer radical
penetration is responsible for non-equilibrium core-shell structures for the glassy PMMA seedrPS system, while the
styrene monomer easily penetrates the entire particle, even at very slow monomer feed rates. When the polar, low Tg
PMA is substituted for the PMMA seed, the polymer radicals cannot be excluded from the particle center and an
inverted core-shell equilibrium structure is obtained at all monomer feed rates. Q 1999 Elsevier Science B.V. All
rights reserved.
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1. Introduction

The applications of polymer latices often re-
quire that special attention be paid to the com-
posite particle morphology. Consequently it has
become of great interest to understand the inter-
play between the various parameters which con-
trol the morphology. Given the complexity of the
many constituents of the typical latex formulation
and reactor processing conditions, this is not a
small task. Aside from the choice of monomers to
be used, one often finds multiple surfactants and
initiators in use, along with a variety of methods
used to operate the latex reactor. The latter in-
volve the use of different temperatures and
monomer feeding patterns. Our objective over
the past several years has been to develop quanti-
tative guidelines and predictive methods for esti-

w xmating the equilibrium morphology 1,2 . The
purpose of this paper is to extend that work to
consider non-equilibrium conditions and to com-
ment particularly on those parameters thought to
control the placement of the second stage po-
lymer at the periphery of the particle so as to
form a shell.

Among the formulation parameters considered
to be important in controlling the particle mor-

w x w xphology are surfactants 3,4 , initiators 5,6 , po-
w xlymer type 7 , and cross-linking of the seed po-

w xlymer 8,9 . Cross-linking of the seed polymer
creates elastic forces which compete with the
interfacial forces in the control of morphology.
The particle structure is very sensitive to the level
of cross-linking, which can easily dominate mor-

w xphology control 8,9 . The use of carboxylic acid
co-monomers in either polymer stage can also

w xlead to dramatic differences in morphology 10,11 ,
but this has not been treated in a quantitative
and predictive manner as far as we know.

The reaction temperature and method of
monomer feeding during the second stage po-
lymerization are also potentially important
parameters in controlling the particle mor-
phology. Temperature has an effect on the initia-
tor dissociation rate, the polymerization rate co-
efficients and the internal viscosity of the parti-
cles during reaction. Such effects can influence
the tendency for the conditions in the particle to

deviate from thermodynamic equilibrium and to
result in ‘kinetically controlled’ morphology. The
monomer is most often fed to the reactor during
the second stage polymerization in order to con-
trol the speed of the reaction and allow for good
temperature control in commercial reactors. It
may also influence the latex morphology by creat-

Žing high-levels of viscosity in the particles i.e. at
.very slow feed rates and contribute to kinetically

controlled particle structures. It should be noted
that there are an infinite number of monomer

Žfeed rates possible, from infinitely fast i.e. batch
.reaction to infinitely slow. The so-called ‘starve

feed’ rate occurs somewhere within this range.
Clearly as the monomer is fed more and more
slowly to the reactor, the monomer concentration
within the particles is lower throughout the reac-
tion. This affects the viscosity within the particle
and the instantaneous reaction rate, both of which
have an influence on the developing particle mor-
phology. As one considers more and more deeply
the local conditions within the particles during
such a process, one becomes interested in the
manner in which the monomer and polymeric

Žfree radicals both originating in the aqueous
.phase penetrate the particles during the reac-

tion. Under the conditions that either the
monomer or the radicals cannot penetrate to the
center of the particle, the second stage polymer
will not be formed within the unpenetrated re-
gion, although it may migrate there after it has
been formed. Following this thought process leads
one to conclude that there may be some monomer
feed rate at which the monomer or polymeric
radicals are excluded from nearly all of the seed

Ž .particle, resulting in the classic core-shell CS
particle. In the remainder of this paper we deal
with the quantitative aspects of this thought.

2. Monomer and radical penetration during
reaction

The investigated systems in the present study
Ž .have either polar, glassy seed PMMA and a

Ž .non-polar second stage PS or a polar non-glassy
Ž . Ž .seed PMA and a non-polar second stage PS .

The equilibrium latex particle morphology in both
these systems is expected to be an inverted core-
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Fig. 1. Schematically drawn particle morphologies and second
stage polymer penetration as expected from a polar seed and
a non-polar second stage polymer. The light phase represents
the seed polymer and the dark phase represents the second
stage polymer.

Ž .shell ICS with the non-polar PS forming the
core. The effect of the monomer feed rate, radi-
cal flux to the particles, the temperature of reac-
tion and the particle size on latex particle mor-
phology were studied.

The morphology expectations for the studied
system, are presented in Fig. 1. The light phase in
the particles represents the seed phase and the
dark phase represents the second stage polymer.
At the left part of the figure a core shell mor-
phology is drawn, and moving to the right the
morphologies shown have a decreasing polymer
shell and an increasing amount of the second
stage polymer in the particle cores. The inverted
core shell morphology to the extreme right repre-
sents the equilibrium structure for the studied
system and is the expected particle morphology if
there are no kinetic restrictions for the newly
formed second stage polymer.

The core shell morphology represents the situ-
ation where the internal particle viscosity may be
high enough such that the penetration of the
second stage polymer into the seed particle is
restricted. Moving to the right in the figure also
means that the internal particle viscosity is low-
ered during polymerization and the final particle
morphologies get closer to the equilibrium as the
second stage polymer penetration is increased.

When the monomer is charged to a reactor in a
seeded polymerization, it has to diffuse through
the aqueous phase and then across the water
particle interphase and finally into the particles
where it reacts. It is usually considered that in a
batch reaction, the possible diffusion of the

monomer within the particle is always much faster
than the reaction. When the monomer is fed
slowly to the latex, such may or may not be the
case. A useful concept is to consider a monomer
molecule somewhere within the latex particle and
to consider the relative frequency for the molecule
to diffuse or to react with a free radical, as shown
below:

By defining a penetration ratio for the
monomer, PR , as the quotient between theM
frequency for the monomer to diffuse divided by
the frequency for the monomer to react it is
possible to compute a useful number. If the PRM
is large the probability for diffusion is larger than
the reaction; for a small PR the probability forM
the reaction is larger than for diffusion. The
monomer penetration ratio is calculated as de-

Ž .scribed in Eq. 1 :

Ž 2 . Ž w x. Ž .PR s D rx r k ? R ? 1M M p

where D is the diffusion coefficient for theM
monomer assuming Fickian diffusion, x is the
jump distance for a diffusive step, k is the ratep

w xcoefficient for propagation and R ? is the radical
concentration. Although the diffusion in glassy
polymers may not be accurately described by
Fickian diffusion, but instead by anomalous or

w xcase II diffusion 12 , it is considered sufficient for
w xthe purposes of these calculations. R ? is ex-

pressed as:

w x Ž . Ž .R ? snr V ?N 2p A

where n is the number of radicals per particle, Vp
is the particle volume and N is Avogadro’s num-A
ber. The final expression for the monomer pene-
tration ratio then becomes:

2Ž . Ž . Ž .PR s D rx r k ?n r V ?N 3� 4Ž .M M p p A
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The second stage oligomeric radicals formed in
Žthe aqueous phase i.e. we have assumed that a

.water soluble initiator is present will be captured
by the particles as they have reached a short

Ž .length two to three monomer units for styrene .
A corresponding penetration ratio for the po-
lymer radicals, PR , can also be defined. As shownp
below the PR , is defined as the quotient of thep
frequency for the polymer radicals to diffuse and
the frequency for the radicals to terminate.

The radical penetration ratio is calculated as
Ž .described in Eq. 4 :

2 Ž w x. Ž .PR s D rx r k ? R ? 4Ž .p p t

where D is the diffusion coefficient for the po-p
lymer radical, x is the jump distance for a diffuse
step, k is the rate coefficient for termination andt
w xR ? is the radical concentration expressed as in

Ž .Eq. 2 . The final expression for the polymer
radial penetration ratio then becomes:

2 Ž . Ž . Ž .PR s D rx r k ?n r V ?N 5� 4Ž .p p t p A

w xIt has been suggested 13]18 that in a glassy
polymer at the low monomer concentrations typi-
cal of a slow feed of the second stage monomer,
the diffusion coefficient of a polymer chain scales
with the inverse of the square of the number of
repeating units. By considering that the diffusion
of a radical chain end is the sum of the center of
mass and reaction diffusion contributions, i.e.

w xmovement of the chain end by propagation 19 ,
the overall diffusion coefficient for a radical of i
number of repeating units can be written as:

com rd Ž .D sD qD 6p i

where Dcom, the coefficient for center of massi
diffusion, is given by

com Ž . 2 Ž .D sD w ri 7i M p

Ž .and D w is the diffusion coefficient of theM p
monomer in a seed latex with a polymer weight

w xfraction of w . Figure 1 in Mills et al. 13 wasp
Ž .used as a guide to determine values of D w asM p

presented in Fig. 2. These values need to be
corrected for the reaction temperatures used in

Ž .experiments of interest. D w is very sensitiveM p
to monomer concentration, especially near the
glass transition region. This will be discussed more

w x rdfully later 20 . D , the coefficient for reaction
w xdiffusion, is given by 17 :

rd Ž . w x 2 Ž .D s 1r6 k M a 8p

w xwhere M is the concentration of the monomer
in the particles and ‘a’ is the root-mean-square
end-to-end distance per square root of the num-
ber of monomer units in a polymer chain, i.e. ‘a’
is the mean distance moved, in a random flight
sense, at each propagation step. The rate coeffi-

w xcient k 17 is determined as:p

chem diff Ž .1rk s1rk q1rk 9p p p

where k chem is the chemically controlled propaga-p
tion rate constant and kdiff is the diffusion con-p

w xtrolled propagation rate constant defined as 17 :

diff Ž . w x 2 Ž .k s4pN D w q1r6k M a s 10Ž .p A M p p

Ž .where s is the Lennard]Jones van der Waals
Ž .radius of a monomer unit. Combining Eq. 9 and

Ž . diffEq. 10 allows k and k to be calculated. Atp p
high w it is only the monomer that undergoesp
any significant center-of-mass diffusion, and the
reaction]diffusion coefficient of the growing chain
will to an increasing extent affect the k asp
the w gets higher. The propagation becomesp
diffusion-controlled at w over approx. 0.8 inp
glassy polymers and the k starts to decrease atp
higher values.

Most semi-batch emulsion polymerizations are
performed at w higher than 0.8 and k mayp p
therefore be affected. During those conditions
with particle sizes in the order of 0.5 mm, low
monomer concentrations in the particles, and a
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w xFig. 2. Diffusion coefficients of small penetrations in PMMA around 508C 13 .

low k , we still find relatively high-rates of po-p
lymerization. Thus there is a large deviation from
The ideal Smith and Ewart case II. The number
of radicals in many of the investigated systems in
this work is over 50, and in some systems substan-
tially more.

Also the termination reaction is influenced by
the internal particle viscosity. At conversions up
to approx. 0.3 the termination reaction conforms
to conventional kinetics. At higher conversions
the entanglements of polymer molecules and the
decreasing free volume reduces the termination
rate. During this stage the termination reaction is
chain length dependent. At conversions above

w xapprox. 0.8 17 the termination rate is further
reduced by reaction diffusion, which is indepen-
dent of chain length. In the present study the kt
used at high-conversions was calculated according

w xto the method developed by Soh 21 as presented
Ž .in Eq. 11 :

diff 0 Ž .k sk rr 12t t

where kdiff is the diffusion controlled terminationt
rate coefficient used at w over 0.6, k 0 is thep t
termination rate constant at low conversions and
‘r ’ is a reduction factor for the termination reac-
tion. In the present study the conversions are

Ž .always higher than 0.6, which makes Eq. 11
useful in the calculations. The reduction factor is

w xtaken from Soh’s 21 work, and it is due to a
combination of the entanglements of large
molecules and the reaction diffusion.

2.1. Fractional penetration calculations

One limitation with defining a penetration ratio
for an entering radical is that of defining a single
value for the diffusion coefficient. This is because
the radical is continually growing via propagation
and, as it does, the diffusion coefficient decreases
markedly. It may be more insightful to look at the
penetration of polymeric radicals in a more dy-
namic way, taking into account this decrease in
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Fig. 3. Schematic representation of the simultaneous diffusion
and growth of a polymeric radical within a latex particle.

diffusivity as the radical chain length increases
with each propagation step. This is depicted in
Fig. 3.

The following method has been developed to
give an approximation of how far, on average, an
entering radical can penetrate into a particle be-
fore undergoing termination. The distance, D x,
that a radical chain end can move in a given time,
D t, was calculated by the simple form of Fick’s
law as:

1r2Ž . Ž .D xs D D t 12p

The dynamic simulation starts with an
oligomeric radical with chain length z at the
surface of the particle. The value of z is depen-
dent on the type of second stage monomer and is
usually considered to be within the range of two

w xto 10 22 repeating units. Once in the particle,
the radical chain length is increased by one unit

Ž w x.for each time interval equal to 1r k M , thep
average time between propagation steps. The dif-
fusion coefficient is then calculated from Eqs.
Ž . Ž . Ž .6 ] 8 and the distance for each step by Eq. 12 .
The total time that the simulation is carried out is

Ž w x.equal to 1r k R ? , the average lifetime of at
radical. The results can be shown as graphs of

Žfractional penetration i.e. distance divided by

.particle radius vs. time. Such a plot is shown in
Fig. 4 where the initial rate at which the radical
penetrates is relatively fast and then as the chain
grows, the rate slows down and reaches a steady
value. The initial rapid penetration is a result of
center of mass diffusion of the short polymer
radical. As the chain grows it begins to become
entangled and then the center of mass diffusion
term becomes negligible and the movement of
the radical chain end becomes controlled by reac-
tion diffusion. For glassy seed polymers with a
slow monomer feed rate, the concentration of the
monomer is so small that the movement of the
radical is always controlled by reaction diffusion,
and center of mass diffusion is a minor factor.
The subject of many reports in the literature is
the ongoing debate as to whether charged radi-
cals can diffuse freely inside the latex particles or
whether they are anchored to the particle surface
w x13,22]26 . It is interesting to note that if the
radicals are considered to be tethered to the
surface, then there may be no significant differ-
ence between a soft seed and a glassy seed be-
cause both cases may be controlled by reaction
diffusion, and that the variable that could in-
crease or decrease the diffusion coefficient is the
monomer concentration by increasing reaction
diffusion.

3. Experimental

3.1. Chemicals

Styrene and methyl methacrylate monomers
Ž . Ž .Aldrich and methyl acrylate Acros Organics
were vacuum distilled to remove the inhibitor and

Fig. 4. Typical behavior for the penetration of a growing
polymeric radical into a latex particle as a function of time.
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Žstored at y108C. Potassium persulfate analytical
.grade, Acros Organics, Merck was used for all

experiments. Analytical grade sodium bicarbonate
Ž .EM Science was used as the buffer. Methyl

Ž .methacrylate and styrene Merck used in experi-
ments performed in Lund were freed of the in-
hibitor by passing the monomers through a
column filled with active basic aluminum oxide
Ž .Merck and stored at 88C.

3.2. Seed latex preparation

The PMMA and PMA seeds were prepared by
surfactant free, batch emulsion polymerization
with potassium persulfate as initiator. The PMA
seed was polymerized at 708C and the PMMA
seed at 808C. The PMMA seed used in Lund was
polymerized at 708C. The water and sodium bicar-
bonate were charged to the reactor and degassed
with nitrogen to remove oxygen. The monomer
was added to the reactor and brought up to the
reaction temperature and potassium persulfate
was added. Conversion was monitored by grav-

Ž .imetry. Particle size for the PMMA ejs-015 seed
was calculated by turbidity measurements. Parti-
cle sizes for the PMA latex was measured by

Ž .quasi-elastic light scattering QELS using a
Coulter W NanosizerTM. For the PMMA seed used
in Lund the unreacted initiator was removed from
the latex using a Dowex 2=8 OHy ion-exchange
column. Solid content was determined after ion-
exchange and particle sizes were measured by
QELS using a Coulter N4 MD. Data for the seed
latices are contained in Table 1.

Table 1
Seed latex polymerizations

Seed name ejs-15 jS1 jS2 jS3 jmsII-43

Ž .Water g 1079.8 905
Ž .MMA g 113.9 ]

Ž .MA g ] ] ] ] 95
Ž .NaHCO g 0.198 0.1653

Ž .KPS g 0.633 0.535
Ž .Temp 8C 80 70 70 70 70

aŽ .Diameter nm 250 510 560 480 440
% Solids 8.8 15.75 4.68 17.13 6.5

a Denotes particle size by turbidity measurements, others
by QELS.

3.3. Second stage polymerizations

Second stage polymerizations of styrene using
PMMA seeds were performed at 608C. Polymer-
izations with PMA seed were done at 708C. Ex-
periments at UNH used a stage ratio of styrene to
seed polymer of 200% in all cases. Batch reac-
tions were conducted both with and without a
monomer swelling period. For the pre-swelled
experiments the monomer was added to the latex
and allowed to swell into the seed particles for 2
h at room temperature. For the non-swelled batch
reactions, all of the monomer was added to the
seed latex at the very beginning of the reaction.
For the monomer fed reactions, the monomer
was added at a controlled rate using a motor
driven glass syringe. Additional DI water was to
control the final solid content. The water, seed
latex and buffer were added to the reactor and
degassed with nitrogen to remove dissolved oxy-
gen. Potassium persulfate was then added and the
styrene feed started. Conversion was monitored
by gravimetry.

The styrene polymerizations with PMMA seed
performed in Lund were done in a 200-ml calori-
metric reactor at 608C and 100% stage ratio
w x24,27 . The seed latex, sodium dodecyl sulfate,

Ž .ascorbic acid and vanadium IV oxide sulfate
Ž .were charged to the reactor. Vanadium IV ox-

ide sulfate and ascorbic acid were part of the
redox initiator system used in these reactions in
order to effect precise control over the rate of
radical production. Initiator solutions of KPS in
water were continuously fed to the reactor at a
constant rate of 1=10y7 mol miny1. The styrene
monomer was fed to the reactor at various rates.

( )3.4. Transmission electron microscopy TEM

The PMMArPS latices were embedded in
epoxy and microtomed sections were prepared.
For the PMArPS latices, microtomed sections
were not used as the PMA smeared during the
microtoming. Instead, the whole particles were
observed by drying the diluted latex on copper
TEM grids coated with nitrocellulose. Samples
were stained with ruthenium vapor and observed
in a Hitachi H600 transmission electron micros-
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cope. Latex samples made in Lund were ex-
amined without staining in a JEOL 100U tran-
smission electron microscope.

4. Results and discussion

In this section we discuss the application of the
penetration ratios and the fractional penetration
calculations to all of the experiments shown in
Table 2a,b. Detailed calculations for PR andM
PR are shown in Appendix A for experiment J3Bp
described in Table 2b. All other values are in-
cluded in Table 3 which appears later.

That the effect of monomer feed rate on parti-
cle morphology can be dramatic in systems with
glassy seed polymers is shown in Fig. 5a,b. The
microtomed particles shown in the transmission
electron microscope micrographs in Fig. 5a are
from a batch reaction in which the styrene
monomer was allowed to swell into the PMMA

seed particles for several hours before the start of
the reaction. Those in Fig. 5b are from the same
experiment without allowing for any swelling time
Ži.e. all of the monomer was added at one time to

.the seed latex just after the initiator was added .
It is obvious that in the latter case the polystyrene
Ž .PS , stained by ruthenium tetraoxide, has not
penetrated the unstained PMMA nearly as much
as in the former case. This being the case it was
interesting to control the monomer feed rate to
the seed latex to varying degrees in order to
observe its effect on the particle morphology. Fig.
6a]c shows the results of slower and slower feed
rates of the styrene monomer with all other con-
ditions held constant. The gravimetric analysis of
latex samples withdrawn at various times during
the reaction allowed us to calculate the monomer
level in the particles at any time and also to
determine the reaction rate. Given the formula-
tion details we could then compute the apparent

Table 2
Ž .a Second stage polymerization conditions

Experiment name ejs-17 ejs-18 ejs-20 JMS-49 ejs-16 ejs-27
Seed name ejs-15 ejs-15 ejs-15 jms-43 ejs-15 ejs-15

Ž .Seed latex g 94.7 94.7 94.7 150.04 94.7 85.2
Ž .Water g 38.7 39.6 38.2 195.35 37.2 32.7
Ž .Styrene g 18 18 18 19.5 18 16.2
Ž .NaHCO g 0.0193 0.0155 0.0155 0.075 0.0164 0.01483

Ž .KPS g 0.0778 0.0748 0.076 0.0797 0.0752 0.0691
Ž .Temp 8C 60 60 60 70 60 60

Monomer feed rate 23.9 11.9 53 8.6 Batch, no Batch,
y1Ž .ml h swelling swelled

Monomer feed time 50 100 225 150
Ž .min

Ž .Particle size nm 590
Solid content 16.2 16.2 16.3 7.2 15.7 16.45

( ) ( )b Second stage conditions Lund

Experiment name J2C J2D J3A J3B J3C J3D
Seed name jS1 jS2 jS3 jS3 jS3 jS3

Ž .Seed latex g 80 100 80 80 80 80
Ž .Styrene g 10.91 4.64 14.2 14.2 14.2 14.2

Ž .SDS g 0.15 0.11 0.15 0.15 0.15 0.15
Ž .Ascorbic acid g 0.3 0.3 0.3 0.3 0.3 0.3

Ž .VOSO mg 5.0 5.0 5.5 5.5 5.5 5.54
y1 y7 y7 y7 y7 y7 y6Ž .KPS feed rate mol min 1=10 1=10 1=10 1=10 1=10 1=10

Ž .Temp 8C 60 60 60 60 60 60
y1Ž .Monomer feed rate ml h 3.0 3.0 1.8 3.0 6.0 6.0

Ž .Monomer feed time min 240 102 520 312 156 156
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Table 3
Calculated penetration parameters and experimental conditions

w xExperiment Seed M n PR PR Fractional MorphologyM rad

penetration

EJS-17 PMMA 2.56 72 6.9Eq11 275 454 28 Type 2
EJS-18 PMMA 1.53 57 8.4Eq07 58 0.60 Type 1
EJS-20 PMMA 1.12 38 3.3Eq06 20 0.58 Type 1

J2C PMMA 0.45 6209 7.5Eq03 10.00 0.15 Type 0
J2D PMMA 1.10 488 1.7Eq06 16 171 3.50 Type 2]3
J3A PMMA 0.76 221 2.8Eq04 9.0 0.10 Type 0
J3B PMMA 1.36 72 2.6Eq07 126 0.85 Type 1
J3C PMMA 1.63 109 3.0Eq06 357 0.80 Type 2
J3D PMMA 0.81 564 5.4Eq04 5 0.03 Type 0

JMS2-49 PMA 3.32 67 1.0Eq13 3 192 066 15 Type 5

radical concentration in the particles and make
the penetration ratio and fractional penetration
calculations. Table 3 lists the results for all of the
experiments described in this work, including val-
ues for the instantaneous monomer concentration
and number of radicals within the particles, and
the penetration ratios for both the monomer and
polymer radicals. For the experiments shown in
Fig. 6 the penetration ratios for the monomer are
all in the 108]1011 range, indicating that the
monomer readily diffuses within the particle. Thus
we expect no monomer gradient in these parti-
cles. The penetration ratios for the polymer radi-
cals, on the other hand, vary from high values
Ž .approx. 275 000 at high-rates of monomer addi-

Ž . Ž .tion Fig. 6a to much lower values approx. 50 at
Ž .much slower monomer addition rates Fig. 6b,c .

As is seen from the electron microphotographs in
Fig. 6 the particle morphologies exhibit less and
less penetration of the second stage PS with slower
monomer feed rates, consistent with lowering
penetration ratios. Thus it appears that limita-
tions on polymer radical transport may be the
cause for these non-equilibrium structures, and
not limitations on the monomer transport. This is
consistent with the conclusions of Jonsson et al.¨

w xin earlier papers 24,27 .
Calculated results for the fractional penetra-

tion of polymer radicals have also been done for
all of the experiments, and these results are dis-
played in Table 3. Those applicable to the experi-

ments in Fig. 6 show decreasing fractional pene-
Ž .tration 28, 0.6 and 0.6, respectively with slower

monomer feed rates. This indicates that from this
perspective the polymer radicals appear to have
the ability to either reach the center of the parti-
cle or significantly penetrate during the reaction
and thus we may expect to find a second stage
polymer throughout the particle. The micro-
graphs actually show that while there is a PS shell
formed in each instance, there are occlusions of
PS reaching the center of the particle at the most

Ž .rapid monomer feed rate Fig. 6a , but fewer or
no occlusions in the particle center at the slower

Ž .feed rates Fig. 6b,c .
w xJonsson 24,27 has reported the morphology¨

results for a variety of reaction conditions for the
same PMMA seed]PS second stage system dis-
cussed above. In this work a reaction calorimeter
was used and very good knowledge of the instan-
taneous monomer concentrations within the par-
ticles was obtainable. This is quite important for
some reaction conditions as the diffusion coeffi-
cients are highly dependent upon the local
monomer concentration. The series of experi-
ments designated J3A]J3D described in Table 2b
are useful to discuss in the context of monomer
and polymer radical penetration and resultant
particle morphology. The PMMA seed latex parti-
cle size was rather large at 510 nm, but this
allowed for good resolution in the electron micro-
graphs. In experiments J3A]J3C the monomer
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Fig. 5. TEM micrographs showing structured latex particles
made from the PMMA seed and styrene as the second stage.
In the micrographs styrene is represented by the dark phase.
Ž . Ž .a Preswelled batch reaction; b unswelled batch reaction.

feed time was varied from 520 min down to 156
min at the same radical flux to the particles. This
accounted for instantaneous monomer concentra-

Žtions in the range of 0.8]1.6 M 0.92]0.83 weight
.fraction polymer and, as seen in Table 3 varia-

tions in the monomeric diffusion coefficient of
approximately three orders of magnitude. Again,
the penetration ratios for the monomer are all
very large, while those for the polymer radicals
vary between nine and 357 with increasing
monomer feed rate. The corresponding fractional
penetrations varied from 0.10 to 0.80. At the

Žslowest feed rate PR s9 and fractional pene-p

.tration s0.10 , the morphology for J3A as shown
in Fig. 7a is very clearly a core-shell with no
identifiable PS in the core of the particle. When
the feed rate was increased such that the instan-

Žtaneous monomer concentration was 1.4 M PRp
.s126 and fractional penetration s0.85 , the par-

ticle consisted of a shell of PS with occlusions in
the core, as shown for experiment J3B in Fig. 7b.
Similar results were obtained for J3C shown in
Fig. 7c. Here the polymer radical penetration
ratio was calculated to be 357 and the fractional
penetration was 0.80. In this particular experi-
ment the monomer concentration in the particles
was substantially higher at the end of the
monomer feed than near the beginning, indicat-
ing unsteady state conditions during the experi-
ment. Our calculations were done for those con-
ditions at the end of the feed period. Experiment
J3D provides an interesting situation in which the
monomer feed rate is the same as in J3C, but the
radical flux to the particle is 10 times higher. This
increased the number of radicals in the particle
and lowered the monomer concentration from 1.6
to 0.8 M, with the result that PR decreased fromp
357 to five and the fractional penetration de-
creased from 0.80 to 0.03. The morphology was
clearly CS, as shown in Fig. 7d. These experimen-
tal results demonstrate the interplay between
monomer feed rate and radical flux in determin-
ing the conditions which control the non-equi-
librium morphology. The penetration ratio and
fractional penetration values for the polymer rad-
icals are sensitive to both variables and correlate
well with the observed morphology.

An additional set of experiments described ear-
w xlier by Jonsson et al. 24 have also been analyzed¨

in the present work. These two experiments are
designated as J2C and J2D in Table 2b. During
the second stage reactions the monomer feed rate
per particle was significantly higher in J2D than
in J2C. This resulted in a significant difference in
the instantaneous monomer concentrations, and
the penetration ratios of the polymer radicals
were calculated to be 10 and 16 171, respectively.
Fig. 8a very clearly shows CS particles for J2C
and Fig. 8b shows PS penetration for J2D. The
fractional penetration values for the two experi-
ments are 0.15 and 3.50, respectively. Combined,
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Fig. 6.

the experimental results correlate well with the
computations.

All of the above experiments utilized a glassy,
polar seed polymer. At low monomer concentra-
tions in such particles, the polymer radical pene-
tration can obviously be restricted, leading to CS
structures even when the shell polymer is much
less polar than the core polymer. It is of further
interest to consider the effect of significantly
changing the T of the seed polymer while retain-g
ing its polar nature. Thus we have produced a
seed polymer of PMA at 440 nm particle size

Ž .which is well above its glass point Ts148C at
the reaction temperature of 708C. This situation
should conceptually provide for easier polymer
radical diffusion at low monomer concentrations
than the glassy seed. Styrene monomer was fed to
the PMA latex over a range of time periods, and
the conditions for the case of a 375-min feed
period is described in Table 2a. The results of the
experiment and the calculations for penetration
values are shown in Table 3. The polymer radical
penetration ratio was very high at approx.
3 200 000 and the fractional penetration was 15.0,
indicating that the polymer radicals should easily
reach the center of the particle during the reac-
tion. Fig. 9 shows a TEM photo for the composite
particle stained with ruthenium tetraoxide. This
photo displays whole particles, not microtomed
sections as in the previous figures. Without a
cryomicrotome we were unable to prepare sec-
tions without smearing the slices. However, it is
quite clear that the stained PS has accumulated
in the core of the particle, with the unstained
PMA in the shell. All of the experiments at
various monomer feed rates, including the batch
reaction, displayed the same inverted CS mor-
phology and are not shown for sake of brevity.
The latices from this experimental series were all
film forming at room temperature, providing fur-
ther evidence that the PMA formed the shell of

Fig. 6. TEM micrographs showing structured latex particles
made from the PMMA seed and styrene fed over time as the
second stage monomer. In the micrographs styrene is repre-

Ž . Ž . Ž .sented by the dark phase. a EJS 017; b EJS 018; c EJS
020.
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Fig. 7. TEM micrographs showing structured latex particles made from PMMA seed and styrene fed over time as second stage
Ž . Ž . Ž . Ž .monomer. In the micrographs styrene is represented by the dark phase. a J3A; b J3B; c J3C; d J3D.

the particles. Thus it appears that these latices
have all achieved their equilibrium morphology
despite great differences in monomer feed rate.

At this point we find it useful to suggest that
the penetration ratios and fractional penetration
values can be correlated with the various particle
structures shown in Fig. 1. This was accomplished
by observing all of the TEM results for the exper-
iments described in Table 2 and aligning the

Žspecific experiments identified with the codes,
.such as J2C, etc. with one of the morphologies

shown in Fig. 1. After that we simply added the
penetration ratios and fractional penetration val-
ues to create a new table as shown in Table 4.
Based on these approximate placements we as-
signed order of magnitude values to the penetra-
tion ratios and correlated each with a particular
morphology, as shown in the top row. For our

own convenience we have used the log of the
assigned PR values to indicate a ‘type’, or cate-p
gory of particle structure. Here Type 0 is a CS
and Type 5 is an inverted CS, with Types 1]4
representing various non-fully phase separated
particles. As this figure only applies to polar seed
polymer and non-polar second stage polymer, all
of the particles shown are non-equilibrium struc-
tures except for Type 5, the inverted CS. Given
the approximate nature of the calculations and
the great sensitivity of the diffusion coefficients to
the instantaneous monomer concentration, we
find the perspective offered from Table 4 to be
useful to our assessment of the effects of several
interrelated experimental variables on the non-
equilibrium morphologies of the resultant latices.
With further experiments and more detailed con-
siderations of the diffusivity of the monomer and
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Fig. 8. TEM micrographs showing structured latex particles
made from the PMMA seed and styrene fed over time as the
second stage monomer. In the micrographs styrene is repre-

Ž . Ž .sented by the dark phase. a J2C; b J2D.

polymer within latex particles we hope to further
refine this table and its usefulness.

5. Concluding remarks

In this work we have tried to interpret the
effects of a number of experimental variables on
the final latex morphology through a simple as-
sessment of probabilities for diffusion and reac-
tion of both polymer radicals and monomers
within the latex particle. It is concluded from this
work that the monomer easily penetrates the
latex particle in a manner that likely results in a
uniform concentration profile across the particle,
even during slow feeding of the monomer and
even for seed polymers that are glassy. On the
other hand, we conclude that polymer radicals
may be restricted to the periphery of the particles
when the radical flux is high enough and the

Fig. 9. TEM micrographs showing structured latex particles
made from the PMA seed and styrene fed over time as the
second stage monomer. In the micrographs styrene is repre-

Ž . Ž .sented by the dark phase. a JMSII-49; b Styrene fed over
375 min. No calculations made for this experiment. Picture
included for further evidence of ICS morphology in the
PMArPS systems

monomer feed is slow enough for glassy seed
polymers, but probably not for low T seed poly-g
mers. Given this viewpoint, we suggest that the
term ‘starve feeding’ be refined to apply to those
conditions for which the core of the particle is
actually ‘starved’ for a reactive component, which
in all cases we studied is the polymer radical and

Table 4
Correlation of penetration ratio with morphology

PR 1 10 100 1000 10 000 100 000P
Ž .log PR 0 1 2 3 4 510 P

J2C EJS18 EJS17
Experiments J3A EJS20 J2D JMS2-49

J3D J3B J3C

Calculated 10 58 275 454
PR 9.0 20 16 171 3 192 066P

5.0 126 375

Calculated 0.15 0.60 28.0
fractional 0.10 0.58 3.5 15.0
penetration 0.03 0.85 0.8
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not the monomer. Thus, for identical reaction
conditions, the use of glassy seed polymers may
result in a ‘starve feed’ process while the use of a
low T seed is unlikely to produce such condi-g
tions. Clearly the tendency to produce non-equi-
librium morphologies is much higher in the former
case than in the latter case.

One of the obvious limitations to the analysis
presented here is that we have only considered
the properties of the seed polymer in describing
the probabilities of diffusion and reaction, and
only for a steady state reaction process. In the
future it is necessary to consider the difference
between glassy and soft second stage polymers,
and to deal with reactions in which the instanta-
neous monomer concentration may not be con-
stant with time. This is left to further work.

Nomenclature
˚Ž .a Root mean square end-to-end distance A

per square root of the monomer
units in a chain

2 y1Ž .D Diffusion coefficient for cm sM
the monomer

2 y1Ž .D Diffusion coefficient for the cm sp
polymeric radical

com 2 y1Ž .D Coefficient for center of mass cm si
diffusion

r d 2 y1Ž .D Coefficient for reaction diffusion cm s
2 y1Ž . Ž .D w Diffusion coefficient of monomer cm sM p

in a seed with a polymer
concentration of wp

D x Distance of radical movement

D t Time step in simulation

i Number of repeating units
3 y1Ž .k Rate coefficient for propagation dm mol sp

chem 3 y1Ž .k Chemically controlled propagation dm mol sp
rate constant

diff 3 y1Ž .k Diffusion controlled propagation dm mol sp
rate constant

3 y1Ž .k Rate coefficient for termination dm mol st

diff 3 y1Ž .k Reaction controlled termination dm mol st
rate constant

0 3 y1Ž .k Termination rate constant dm mol st
at low conversions

y1w x Ž .M Concentration of monomer in the mol l

particles
y1Ž .N Avogadro’s number molA

n Number of radicals per particle

PR Penetration ratio forp
polymeric radicals

PR Penetration ratio forM
the monomer

r Reduction factor for the
termination reaction

y1w x Ž .R ? Radical concentration mol l

˚Ž . Ž .s Lennard]Jones van der Waals A
radius of a monomer unit

3Ž .V Particle volume dmp

w Weight fraction polymerp

˚Ž .x Jump distance for a diffusion step A
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Appendix A: Sample calculations

The following sample calculation is provided
for experiment J3B for conditions prevalent at
the end of the monomer feed period. The volume
of the particle, V , was determined from monomerp
feed conditions and the seed particle volume. The

w xmonomer concentration in the particles, M , was
w xdetermined from conversion data 27 . In order to

calculate the propagation rate coefficient, k ,p
Ž Ž ..from Eq. 9 , the value for the diffusion con-

trolled propagation rate constant is required. Cal-
culation of k and kdiff was accomplished byp p

Ž . Ž .simultaneous solution of Eqs. 9 and 10 , using
the value for the chemically controlled propaga-
tion rate constant, k chem, given in table A1:p

kdiff s17963.8 l moly1 sy1
p
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k s174.3 l moly1sy1
p

The average number of radicals per particle was
calculated from the rate equation:

w xR sk M n N rNp p c A

where R is the rate of polymerization, N is thep c
particle concentration, and N is Avagadro’sA
number, using rate data obtained from the calori-
metric reactor:

ns72

The value for the termination rate constant, k ,t
Ž .was calculated using Eq. 11 following the method

w xoutlined by Soh 21 as described previously, giv-
ing:

k s5.61=105 l moly1 sy1
t

The penetration ratio for monomer, PR , couldM
Ž .then be calculated from Eq. 3 , using the value

Ž .of D w given in Table A1:m p

PR s6.65=107
M

In order to determine the penetration ratio for
polymeric radicals, a value for the diffusion co-
efficient of a polymer chain, D , was required.p

Ž .This was calculated from Eq. 6 with the center
com Ž .of mass diffusion coefficient, D from Eq. 7i

and the coefficient for reaction diffusion, Drd,
Ž .from Eq. 8 . For the sake of consistency in de-

fining the penetration ratio for a polymeric radi-
cal, the value for the number of repeating units in
the radical chain, i, was taken as being equal to
20. The values obtained are:

Dcom s9.85=10y14 cm2 sy1
i

Drd s1.421=10y13 cm2 sy1

D s2.405=10y13 cm2 sy1
p

The penetration ratio for the polymer, PR , wasp
Ž .then calculated using Eq. 5 :

PR s126p

Values for the individual parameters used in these
calculations are listed in Table A1.

Table A1: values used for calculations for experi-
ment J3B

Ž . y1 6V l 1.265=10p
y1w x Ž .M mol l 1.358

w 0.86p
chem y1 y1Ž . w xk l mol s 28 176p

2 y1 y11Ž . Ž .D w cm s 3.94=10m p
0 y1 y1 7Ž . w xk l mol s 21 4.33=10t
w xr 21 77
˚Ž .x A 6
˚Ž .a A 6
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