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ABSTRACT: We performed a series of experiments to
study the effect of a chain transfer agent, n-dodecyl mercap-
tan (n-DM), on the development of morphology in compos-
ite latex particles. The morphologies were determined using
a combination of transmission electron microscopy, differ-
ential scanning calorimetry, and surfactant titration. The
polymer molecular weights were reduced up to 10-fold with
n-DM levels up to 1.4% in the monomer. The addition of
n-DM can increase the extent to which second-stage polymer
domains are formed within the interior regions of the seed
particles, but this is only expected under specific conditions.

Numerical simulations support this conclusion. We also ob-
served that the reduction in the molecular weight of the
second-stage polymer did not significantly increase the ex-
tent of phase separation and morphology rearrangement
within the particles. The overall effect on the morphology
was limited. © 2006 Wiley Periodicals, Inc. ] Appl Polym Sci 102:
945-957, 2006
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INTRODUCTION

The use of composite latices having particles contain-
ing two or more thermoplastic polymer phases is ex-
tensive throughout the coatings, adhesives, and im-
pact modifier industries. These composite latices are
produced by starting with a “seed” latex of one type of
polymer and polymerizing a second monomer within
the existing seed particles during a second-stage pro-
cess. Most polymers are incompatible, so the polymers
phase separate during the polymerization. The prop-
erties of the obtained products strongly depend on the
phase separated structure, or morphology, within the
particles themselves. The most stable morphology is
determined by thermodynamics and represents a state
where the interfacial energies within the system are
minimized.'™

More often than not, this equilibrium morphology is
not achieved; but the morphology is instead determined
by the complex interplay between the simultaneous pro-
cesses of reaction and diffusion within the particles. Such
morphologies are formed under kinetic control and are
thus nonequilibrium type structures. It has become
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abundantly clear that the rate at which second-stage
polymer radicals diffuse into the particles after entry
from the aqueous phase (we termed this radical pene-
tration) is a major controlling factor.®"® The idea of lim-
ited radical penetration has also been supported by the
independent work of several other researchers, mostly
through the use of mathematical modeling.” "> A second
important factor is the process of polymerization in-
duced phase separation of the seed and second-stage
polymers within the particles during the polymeriza-
tion."*!> Recently, we have investigated several factors
that influence the development of nonequilibrium mor-
phologies including the influence of the seed polymer
glass-transition temperature (T,) and reaction tempera-
ture,” initiator ’cypes,8 and mode of monomer addition.®”
This body of work has shown that the T, of the poly-
mers, especially of the seed polymer in relation to the
reaction temperature, is of major importance. The type of
initiator (ionic vs. nonionic) as it relates to the possible
anchoring of second-stage polymer chains to the particle
surface is of much less importance, and it only has an
effect over a relatively narrow range of conditions.

The present communication describes a study
aimed at determining the effect that a chain transfer
agent (CTA) added during the second-stage polymer-
ization has on the development of nonequilibrium
latex particle morphologies. To the best of our knowl-
edge, no study has ever been conducted to specifically
investigate this issue. However, many researchers
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have investigated the use of CTAs (particularly the
mercaptans) in emulsion polymerization in gener-
al.'*?® An important feature of emulsion polymeriza-
tion systems utilizing mercaptan CTAs is that under
some conditions the effectiveness of the CTA may be
limited by its mass transfer from the monomer drop-
let, through the water phase, and into the polymer
particle where it is needed to control the molecular
weight distribution (MWD). The significance of this
mass transfer limitation has been known since at least
the 1960s,'® but Nomura et al. were the first to model
this quantitatively.'” This is a complicated subject that
we will return to later.

Mechanistic considerations

Previous modeling®™"® and experiments®® have

shown that a major factor impacting nonequilibrium
morphology development is the diffusion rate of sec-
ond-stage polymer radicals within the seed particles
during the polymerization. The majority of the dis-
tance that the radicals penetrate into particles is deter-
mined by the distance they can diffuse soon after
entry, while they are still relatively short oligomers.®®
This is not surprising given that the diffusion rate
coefficient of polymer chains (or oligomeric radicals)
decreases with the inverse square of the chain length
(i; D =« 1/i*).”” When a polymer radical chain transfer
reaction occurs, either to the monomer or to the CTA,
a small radical (a unimer) is produced that can then
diffuse much more rapidly than its parent radical
(which likely contained 100s or 1000s of monomer
units in the chain). It is expected that increasing the
frequency of chain transfer reactions will greatly en-
hance the ability of second-stage radicals to penetrate
the seed particles, and thus is likely to affect the par-
ticle morphology. This is the motivating factor behind
studying the effect of CTAs on nonequilibrium mor-
phology development.

We chose to work with systems having seed poly-
mer T, values in the range of 50°C with a reaction
temperature of 70°C. Such systems provide the great-
est ability to observe the effect of CTAs because pre-
vious work®~® has shown that in such cases polymer
radicals are able to penetrate to a significant extent,
but not completely, giving rise to “occluded core—
shell” (CS) type morphologies. (We used the term
occluded CS previously®™® to describe morphologies
in which the second-stage polymer is present as many
separate domains dispersed within the seed polymer
matrix, with the domains being preferentially located
in the shell region.) In systems where penetration is
either extremely limited (T, of seed > reaction tem-
perature) or full penetration is assured (T, of seed
< reaction temperature), it is likely to be difficult to
observe a CTA effect on the morphology if one does in
fact exist.
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The use of CTAs creates shorter dead polymer
chains and produces new, very short radicals. Thus,
changes in morphology will potentially be impacted
by both factors, with the short radicals promoting
radical penetration and the lower molecular weight
polymer promoting phase separation and rearrange-
ment. To separate the two effects, two different sys-
tems were designed in this work, one having an in-
verted CS (ICS) equilibrium morphology and the
other having a CS equilibrium morphology. For con-
venience, we refer to these as the CS and ICS systems
throughout this article. This convention should not be
confused with an assumption that these equilibrium
morphologies will actually be formed experimentally.
(In fact, we expect that they will not.) For the ICS
system both effects will serve to increase the likeli-
hood of finding a second-stage polymer in the interior
of the final composite particles. However, for the CS
system, significant radical penetration will increase
the likelihood of finding a second-stage polymer in the
particle interior, whereas significant dead polymer
diffusion will increase the likelihood of finding it in
the outer shell. Computational verification of the ICS
and CS equilibrium morphologies for the systems we
chose to study was obtained by modeling with
UNHLATEX™ EQMORPH software.’

In-depth kinetic modeling was also performed us-
ing UNHLATEX™ KMORPH software®?’ to help ex-
plain any observed effects of increased radical pene-
tration on morphology development. KMORPH con-
siders the development of morphology in a dynamic
sense by quantifying the extent of radical penetration.
Whereas previous publications®®?® describe the details
of the models and the mathematical relationships used
in the program, the consideration of chain transfer to
CTAs was not considered at the time of their publica-
tion. Since then, we have extended the models to
account for CTAs by including a new differential
equation to calculate the CTA concentration and mod-
ifying the differential equations for the radical concen-
trations. The equation describing the CTA concentra-
tion is the following:

d[CTA]  MgeeqWaMWera

dt v,

- Ccfkp[CTA] [R{,ot ( 1 )

where [CTA] is the concentration of CTA in the poly-
mer phase, [R,,] is the total radical concentration in
the polymer phase, ;.4 is the mass feed rate of
monomer to the reactor, w, is the weight fraction of
CTA in the monomer, MW, is the molecular weight
of the CTA, V,, is the volume of the polymer phase,
and C, is the ratio of the chain transer coefficient for
CTA (ki cra) divided by the propagation rate coeffi-
cient (k,). Here, it is clear that we have not considered
any mass transport difficulties of the CTA in moving
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TABLE 1
Recipes for Pre-Seed Latices

System ICS CS
Monomer 1 (g) MMA; 44.50 BA; 27.64
Monomer 2 (g) MA; 44.65 St; 61.43
Monomer ratio, wt 1 : wt 2 50MMA : 50MA 31BA : 69St
Water (g) 800.22 800.46
SDS (g) 2.00 2.03
NaHCO; (g) 0.50 0.50
KPS (g) 0.65 0.65
Measured solids (wt%) 10.10 10.18
Measured diameter (nm) 72 75

from the emulsified droplets of monomer to the water
phase and into the latex particles. Our approach to
account for this is described in Appendix A. The dif-
ferential equation for the concentration of radicals of
length i is

d[R}]
dt

= k* [MPIRI_,] = [RY]} — ko MPIRY]
~ ki cra[ CTAPI[R?] — K [RE[RE] (2)

where [RF] is the concentration of radicals having i
number of repeat units, [M},] is the monomer concen-
tration in the polymer phase, and ki ,; is the rate
coefficient for chain transfer to the monomer. This is
the same equation as previously described,” includ-
ing chain transfer to the monomer, except that the
term describing the chain transfer to the CTA has been
inserted.

We find that a useful concept is the number of
transfer events experienced per radical that entered
the particle from the aqueous phase. This is given by
the following equation:

ky(CulM,] + Cer[CTA])
(k[ Rioe]

transfers/entered radical =
(3)

where C,, is of the rate coefficient for chain transfer to
the monomer divided by k, and (k) is the overall or
apparent termination rate coefficient. In the Results
and Discussion Section we will refer to this ratio in the
context of analyzing the experimental morphology
data.

EXPERIMENTAL

Our goal in the experimental portion of this work was
to produce two latex systems designed to enhance the
opportunity to observe the effect of chain transfer
events on particle morphology, with each system of-
fering a different environment in which to judge the
results. The first system used a seed polymer of poly-
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(methyl acrylate-co-methyl methacrylate) [P(MA-co-
MMA)] with styrene (St) as the second-stage mono-
mer, representing an ICS system. The second system
used a seed polymer of poly(butyl acrylate-co-St)
[P(BA-co-5t)] with MMA as the second-stage mono-
mer, representing a CS system. The MWDs of the
resulting second-stage polymers were determined us-
ing gel permeation chromatography (GPC) and the
morphologies of the composite particles were charac-
terized using transmission electron microscopy
(TEM), differential scanning calorimetry (DSC),'>?°~%3
and surfactant titration.>* =’

Seed latex preparation and characterization

The seed latices were produced by growing the parti-
cles slowly in a semibatch, starve-fed manner (1-L
reactor, Teflon impeller, 70°C) in order to eliminate
compositional drift in the copolymerization. In each
case the seed polymerizations utilized a “preseed”
latex, which allowed control over the final particle
size. The preseed latices were produced using the
same comonomer ratios as in the growth stages of the
seed latex, but in a batch manner to produce particles
significantly smaller than that desired for the final
seed latex particles. The recipes are given for the pre-
seed polymerizations in Table I and for the seed latices
in Table II. The monomers were fed to the reactor over
a total time of 6 h using 50-mL glass syringes driven
by syringe pumps. The final particle sizes obtained for
the seed latices were 182 nm for the ICS system and

TABLE II
Recipe for Growth of Seed Latices
System ICS CSs

Preseed latex (g) 84.92 84.95
Water (g) 666.81 666.82
NaHCO; (g) 0.49 0.49
SDS, initial charge (g) 0.20 0.20
KPS, initial charge (g) 0.17 0.17
Monomer 1 MMA BA
Monomer 2 MA St
Monomer ratio, wt 1 :

wt 2 50MMA : 50MA 31BA : 69St
Monomer feed rate (g/

hr) 31.53 31.53
Monomer feed time (hr) 6 6
Total monomer fed (g) 189.2 189.2

KPS, late charge (g KPS :
g water : time (min))

SDS, late charges (g SDS
: g water : time
(min))

0.05:10.12: 182 0.05:10.02 : 183

0.13:25.13:150 0.13 :26.07 : 150

2 0.08 : 25.00 : 302 0.08 : 24.85 : 301
Measured solid content
(Wt%) 17.57 17.60
Measured diameter (nm) 188 195
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TABLE 1II
Recipes for Second-Stage Polymerizations
System ICS Cs
Seed latex (g) 79.7 75.6
Water (g) 116.6 117.0
NaHCO; (g) 0.05 0.05
SDS (g) 0.07 0.10
KPS (0.01M solution)
Initial charge (g sol'n) 3.8 3.4
Feed rate (ml/hr) 0.8 0.8
total KPS sol'n fed (g) 2.8 2.8
Monomer type Styrene MMA
Monomer feed rate (g/hr) 7 7
Total monomer fed (g) 14 14
n-DM concentrations used  0; 0.11; 0.25; 0.59;  0; 0.15; 0.60;
(wt% in monomer) 1.25 1.40

186 nm for the CS system as measured by capillary
hydrodynamic fractionation (CHDF). The T, values of
the dry polymers, measured by DSC, were 51°C for
system ICS and 53°C for system CS; and the transi-
tions were fairly narrow (approximately 20°C), indi-
cating that compositional drift during the copolymer-
ization was minimal.

Second-stage polymerizations

In all cases, the monomer was fed to the reactor over
a period of 2 h. Potassium persulfate (KPS) initiator
solution was added in the form of a 0.01M solution,
and it was also fed to the reactor throughout the
polymerization at a rate equal to the rate that the
initiator was being consumed (calculated using a dis-
sociation rate coefficient for KPS®® of 2 X 107> s~ ) in
order to maintain a constant rate of radical production
throughout the polymerization. The recipe used for all
second-stage polymerizations is given in Table III.
n-Dodecyl mercaptan (n-DM) was added directly to
the monomer before it was fed to the reactor, and the
concentrations were varied up to 1.4 wt % (see Table
I11).

Chemicals

St, MA, MMA, and BA monomers (Acros Organics)
were passed through a column of alumina adsorption
powder (80-200 mesh, Fisher Scientific, Fairlawn, NJ)
to remove inhibitors and stored at —10°C prior to use.
Analytical grade KPS (Acros Organics), analytical
grade sodium bicarbonate (EM Science), sodium do-
decyl sulfate (SDS, 99%, Acros Organics), and n-DM
(Acros Organics) were used as received. Deionized
water from a Corning Mega Pure D2 water purifica-
tion system was used in all experiments.

Analytical methods

In order to confidently determine the morphology of
the composite latex particles, it is usually necessary to
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utilize a number of independent, complimentary ana-
lytical techniques,®® each of which may provide a
somewhat different piece of information.

Particle size

The particle sizes of all latices were measured using a
CHDF 2000 from Matec Applied Sciences. The instru-
ment was calibrated over a range of 30700 nm using
particle size standards [polystyrene (PS) latices] ob-
tained from Seradyn Inc.

GPC

The MWDs of the second-stage polymers were deter-
mined using GPC with a system comprising Waters
components and equipped with both refractive index
(RI) and UV detectors. A bank of four columns were
arranged in series (three Styragel HMW 6E columns
and one HMW 7) and calibrated with PS standards
obtained from Polysciences Inc. For the ICS system,
the MWD of the second-stage polymer (PS) was ob-
tained directly from the response of the UV detector,
because the P(MA-co-MMA) seed polymer does not
absorb UV light at the wavelength of the detector (254
nm). For the CS system, the RI detector response was
utilized and the RI peak of the neat seed latex (injected
separately) was subtracted from that of the composite
latices to obtain the MWD of the second-stage poly-
mer alone. (The magnitudes of the RI signal were first
normalized to reflect the ratio of the different poly-
mers in the mixed vs. straight solutions.) This peak
subtraction procedure was tested using separate solu-
tions and a mixed solution of very high molecular
weight PS and poly(MMA) (PMMA). The weight-av-
erage molecular weight (M,,) of the PMMA polymer
determined from its individual injection was 1,939,100
g/mol and that determined by the subtraction proce-
dure was 2,025,600 g/mol, reflecting a difference of
less than 5%. This test confirmed that the subtraction
procedure is sufficient to obtain a reasonable measure-
ment of the MWD of the second-stage PMMA for the
CS system. It should be noted that the PMMA molec-
ular weights were not corrected to account for the fact
that the GPC was calibrated using PS standards. Per-
forming such a correction, for instance, based on
Mark-Houwink-Sakurada coefficients from the liter-
ature,® would result in a correction of about 25% for
the PMMA molecular weights reported here. Because
this correction applies to experiments with and with-
out CTA, it does not affect our calculations for the
number of transfer events per entered radical and
therefore has no influence on the conclusions devel-
oped in this work.

DSC

DSC was performed using a Pyris 1 power compen-
sated DSC apparatus from PerkinElmer.** This was
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TABLE IV
Particle Sizes and Molecular Weights of Seed and
Second-Stage Polymers

Particle

Diameter ~ Weight Average  Polydispersity,
Experiment (nm) MW (M,,, g/mol) M., /M,
System A
Seed latex 182 Not available
0 % n-DM 231 910,600 2.8
0.11% n-DM 230 480,300 3.7
0.25% n-DM 234 365,900 3.6
0.59% n-DM 231 273,000 3.3
1.25% n-DM 233 155,700 43
System B
Seed latex 186 1,216,900 5.4
0% n-DM 223 1,537,000 45
0.15% n-DM 223 439,000 34
0.60% n-DM 223 233,000 3.5
1.40% n-DM 225 121,000 48

used to determine the T, values of the seed polymers
and to observe the range over which the transition
occurred. Relatively narrow glass-transition ranges
were taken as evidence that compositional drift was
not significant during the copolymerizations to grow
the seed latices. The step-scan DSC technique (creates
effects similar to temperature modulation) was used
to study the extent of mixing of the polymers in the
composite particles formed during the second-stage
polymerizations. The process of using DSC to study
the phase separated characteristics of composite latex
particles has been described in detail in a separate
publication." The technique has also been applied by
other researchers on various polymer blends and com-
posites.**

Surfactant titrations

Surfactant titrations were utilized to determine the
extent to which the surface of the composite particles
is covered by the seed and/or second-stage polymers.
This technique has been described in detail else-
where.>* ™ It takes advantage of the fact that different
polymer surfaces adsorb different amounts of the
same surfactant, with polar surfaces adsorbing less
surfactant than the nonpolar surfaces. The fractional
coverage of the two polymers on the surface of the
composite particles is calculated using eq. (4), where
A, is the adsorption area of the surfactant on the
composite particles; A;; and A,, are the adsorption
areas on the seed and second-stage polymers, respec-
tively; and f, is the fraction of the composite particle
surface that is covered by the second-stage polymer:

C1/A - 1/A,
2= 1/4, - 1/A, )
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TEM

The sample preparation techniques used for TEM
analysis were described previously.’® Samples of the
final latices were dried at room temperature to remove
water and then ground into a powder. A small
amount of the powder was then embedded in a two-
part epoxy and cured overnight at room temperature.
Microtomed sections of approximately 60-90 nm
thickness were observed in a Hitachi H600 transmis-
sion electron microscope. The particles were stained
with ruthenium oxide vapor for 5-10 min before view-
ing in the TEM apparatus to improve the contrast
between the St containing phase (dark) and the all
acrylic phase (light).

RESULTS AND DISCUSSION

The final particle sizes of all seed and second-stage
latices are given in Table IV. The CHDF analysis (95%
accuracy) confirmed that new particle formation did
not occur during the second stage because only a
single narrow peak was detected in the chromato-
grams and, according to our experience, new particles
(if formed) are significantly smaller than the seed par-
ticles used in these experiments. In addition, the vol-
ume ratio for the final composite particles compared
to the seed particles agreed with the extent of particle
growth expected from the stage ratio and polymer
densities. This further confirms that new particle for-
mation did not occur. Samples withdrawn during the
second-stage polymerization were analyzed by gravi-
metric analysis to confirm the starve-fed nature of the
reactions. Figure 1 shows the conversion versus time
for the control experiments from both the ICS and the
CS systems in which a CTA was not used. It is clear
that the overall fractional conversion of monomer to
polymer line lies essentially parallel to that represent-
ing the fraction of the total monomer that had been
fed, a characteristic of a starve-fed polymerization.

1' .-
08T
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3
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g
c 0471 —e— System ICS, 0%n-DM
b —s— System CS, 0% n-OM
0.2+ —— fraction monarmer fad
0 # : i - i : |
0 50 100 150 200 250 300
time (minutes)

Figure 1 Examples of conversion versus time profiles for
two polymerizations with 0% n-DM for both systems. The
data are characteristic of all other experiments.
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Figure 2 TEM photos of microtomed sections of the composite particles produced in the ICS system polymerizations with

(A) 0, (B) 0.11, (C) 0.59, and (D) 1.25% n-DM.

The results for all other experiments were essentially
the same as in Figure 1 and are not included here for
the sake of brevity.

GPC analysis of the composite latices showed that
the MWDs were monomodal for all second-stage ex-
periments. Table IV provides the M,, values and poly-
dispersity indexes (M,,/M,,) for the seed polymers and
all second-stage experiments. The M,, decreased by
almost a factor of 10 when moving from the experi-
ments with no CTA to those with the highest concen-
tration of n-DM whereas the M,,/M,, remained about
the same, ranging from 3 to 4. Therefore, there was a
large difference in the frequency at which small radi-
cals were formed within the particles when comparing
the experiments with different n-DM concentrations.
In addition, because the diffusion coefficient of polymer
chains changes as i 2, the dead polymer chains pro-
duced with the highest #7-DM concentration will be able
to move and rearrange 100 times faster in the particles
compared to those produced without any added CTA.

The second-stage polymer molecular weights pro-
duced for the experiments in the ICS and CS systems

are very similar when compared at equal n-DM con-
centrations. Thus, n-DM was equally effective at low-
ering the molecular weight of both monomers used in
the second-stage experiments. This is despite the fact
that the C,, is larger by about a factor of 5 in the St
system (ICS) compared to the MMA system (CS).*
This result is due to the semibatch, starve-fed nature
of the polymerizations, which allows the process to
reach a steady state and prevents the n-DM from being
consumed preferentially compared to the monomer.

Morphology analysis for ICS system

The TEM results are providedd in Figure 2. In all cases
the particles display occluded-type morphologies, in
which the PS phase exists as many separate domains
within the particles. This suggests that the diffusion of
the dead polymer chains was not possible or was
fairly slow during the polymerization, so that the mi-
crodomains did not have a chance to rearrange and
consolidate even though the domains are quite close
together. It is favorable from a thermodynamic stand-
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TABLE V
Surfactant Titration Results for System ICS

% of surface

covered by
A 2" stage
Latex (A%/molecule) polymer
P(MA-co-MMA) (seed) 134 N/A
0% n-DM composite 93 21
0.11% n-DM composite 102 14
0.25% n-DM composite 104 13
0.59% n-DM composite 97 18
1.25% n-DM composite 138 0
Polystyrene (2" stage) 43 N/A

point to combine several domains into one, thus lead-
ing to decreased interfacial area between the seed and
second-stage polymer phases (i.e., to undergo Ost-
wald ripening). Therefore, consolidation would have
occurred if significant polymer diffusion had been
possible.

In terms of the present work, a major feature is the
degree of penetration of the second-stage PS into the
center of the particles. It is clear that all of the exper-
iments did result in some amount of the PS phase in
the interior regions of the particles, even when no
CTA was used. If one compares the lowest and highest
concentrations of CTA, 0% in Figure 2(A) and 1.25% in
Figure 2(D), it is very clear that the PS phase in Figure
2(A) is preferentially located within the outside shell
region of the particles and in Figure 2(D) it appears to
be distributed evenly throughout the particles. This
suggests that increased levels of CTA did in fact in-
crease the extent of penetration of the second-stage
polymer into the seed particles. When one also con-
siders the photos in Figure 2(B,C) in order to observe
a continuous trend of increasing CTA concentration, it
appears that as the CTA concentration is increased the
degree of penetration continuously increases. How-
ever, the differences between each successive experi-
ment are rather subtle. It is also clear that the domains
in Figure 2(D) are larger than in Figure 2(A), suggest-
ing that increased CTA levels promoted some limited
extent of polymer rearrangement after the chains
phase separated and/or terminated. This is consistent
with having faster rates of polymer diffusion at lower
polymer molecular weights.

The results of the SDS titrations for the ICS system
are shown in Table V. The adsorption areas represent
the average value obtained for at least two, but often
three, separate titrations. As expected, the A, for the
pure second-stage PS (42.5 A?/molecule) is much
lower than the value of 133.5 A?/molecule for the
P(MA-co-MMA) seed polymer. The values for the
composite particles are in between the seed and sec-
ond-stage polymers, except for the experiment with
the highest n-DM concentration that is just slightly
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above the seed polymer A, value. Using eq. (4), the
fraction of the surface that is covered by the second-
stage polymer was calculated and the values are given
in Table V. The results show that at all CTA concen-
trations the surface is dominated by the seed polymer.
This may seem surprising given the TEM results dis-
cussed earlier. However, the surfactant titrations are
only sensitive to the extreme surface of the particles
and because the PS is present in separated domains
with the seed polymer being the continuous phase
within the particles, it is actually not surprising that
the seed polymer covers the majority of the surface.
This behavior is favored from a thermodynamic per-
spective, because the seed polymer/water interfacial
tension is much lower than that between the second-
stage PS and water.*! The most interesting result from
the titrations is observed for the experiment with
1.25% n-DM. In this case, the surface is apparently
covered entirely by seed polymer. This suggests that
the second-stage polymer was able to remove itself
from the surface more easily than in the other exper-
iments, exposing the seed polymer to the water phase
to a greater degree. The larger domain sizes suggest
that PS achieved some degree of reconfiguration after
the initial phase separation and may have moved
away from the surface of the particle. This result is
also consistent with increased radical penetration.

The DSC results for this system are shown in Figure
3. The data are plotted in derivative form so that the
glass transitions appear as peaks, which aids in the
interpretation of the data. These results provide us
with information about the degree of phase separation
(on a molecular scale) between the two polymers
within the composite particles.

The DSC traces for the pure seed and second-stage
polymers are included in Figure 3 for reference. The
maximum values of pure polymer transitions are
larger than for the transitions in the composite because
all of the polymer in the pure samples experiences the
glass transition in the same temperature range. In the
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Figure 3 Step-scan DSC results for the composite particles
produced in the ICS system polymerizations.
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composites, the total material is divided into multiple
transitions so each transition appears smaller. In Fig-
ure 3, the data for all of the composites are similar,
with each experiment exhibiting two distinct glass-
transition peaks. The results in the figure for the 0 and
1.25% n-DM experiments are indicated by thick lines.
All other experiments are indicated by thin lines and
are not differentiated from one another because they
are essentially identical. The first feature to note in
Figure 3 is that the glass-transition peak for the seed
polymer in the composites moved to a higher value
compared to the pure seed polymer and that for the
second-stage polymer has moved to a lower value. It is
also observed that the data do not return to baseline in
between the two T, peaks. Both features indicate that
there is a substantial degree of mixing between the
two polymers and a large amount of interfacial mate-
rial present, which is characteristic of systems that
have not been able to phase separate to an equilibrium
state during the polymerization (not to be confused
with achieving an equilibrium morphology, which re-
quires further rearrangement after phase separation
has occurred). This agrees well with the occluded-type
morphologies observed in the TEM images in which
the domain sizes were very small. It is also interesting
to note that the second-stage T, peak for the experi-
ment with 0% n-DM moved to lower temperatures by
the largest amount out of all the experiments, and the
data for this experiment remain substantially above
the baseline values in between the pure polymer T,
values. This suggests that this experiment has the
lowest degree of polymer phase separation of all the
experiments. Another interesting feature is that, even
for the experiment with 1.25% n-DM, a large amount
of interfacial material and a significant degree of mix-
ing remains. Therefore, even when the average molec-
ular weight of the dead polymer is reduced by a factor
of 6 compared to the experiment with no CTA, poly-
mer diffusion is still very restricted and limits rear-
rangement within the particles. The TEM for the 1.25%
n-DM experiment [Fig. 2(D)] did show larger do-
mains, which suggests more phase separation and less
interfacial material; but this difference is not reflected
in the DSC data when compared to those for lower
CTA levels.

Morphology analysis for CS system

The TEM photos for the CS system are shown in
Figure 4(A-D). The most striking characteristic is that
the particles do not display any obvious structural
features, such as those observed for the former system.
Many particles appear lighter than others. These rep-
resent particles that were not sectioned through the
center, and thus should be mostly disregarded. The
larger particles, which are the darkest, seem to indi-
cate a thin outer shell of lighter material, which could

STUBB AND SUNDBERG

be interpreted as being some of the second-stage
PMMA.

For the ICS system, it was possible to observe do-
mains of second-stage material within the interior of
the particles and to make judgments about the varying
degrees of penetration between the different experi-
ments. In Figure 4, there are no apparent internal
domains of second-stage PMMA within the particles.
There are two possible reasons for this. The first is that
they simply are not present. The second is that it is not
possible to observe small domains of the lighter (un-
stained) PMMA phase contained within a continuous
phase of the darker (stained) P(BA-co-St) seed poly-
mer. Given that there are no observable differences
between the TEM results for these experiments, it is
not possible to draw direct conclusions about the ef-
fect of the CTA for this system with only these data.

The results of the surfactant titrations are provided
in Table VI. The adsorption areas on the composite
particles are much closer to that of the second-stage
PMMA than that of the P(BA-co-St) seed polymer. In
fact, calculations via eq. (4) show that the particle
surface is covered by 88-100% second-stage polymer.
This supports the notion that the particles possess a
thin outer layer of PMMA, as may be indicated by the
TEM photos. However, the surfactant titrations do not
provide any information about how thick this PMMA
layer may be.

The DSC results for the CS system are shown in
Figure 5. It quickly becomes clear that the character-
istics of this system are very different from the ICS
system. Here, only one glass-transition peak is ob-
served for all of the experiments, and this peak is
located entirely in between the glass-transition peaks
for the pure seed and second-stage polymers. The data
for all four experiments are very similar to one another
in this sense. This result means that there was essen-
tially no phase separation between the two polymers
for any of these experiments, and the seed and second-
stage polymers are mixed in what can be considered
an unstable solid solution within the particles. This
result, although somewhat surprising, actually helps
one to understand the TEM photos in Figure 4. The
reason that the particles do not exhibit any obvious
structural features is because there is only one, mixed
polymer phase present within them. When carefully
examining the DSC data in Figure 5, there appears to
be an indication of a small peak, or an extended shoul-
der, in the range of 110°C. This is close to the T, of
PMMA (about 120°C) and indicates a very small
amount of material that is rich in PMMA does exist
within the particles. In this case, it is likely that this
PMMA-rich material is actually present as a shell
around the particles, a conclusion that is supported by
the surfactant titration results in Table VI.

Although the results for this CS system do not show
any clear differences or trends between the experi-
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Figure 4 TEM photos of microtomed sections of the composite particles produced in the CS system polymerizations with

(A) 0, (B) 0.15, (C) 0.60, and (D) 1.40% n-DM.

ments, it is still possible to gain some understanding
about the effect of the CTA in this system. Given that
even the experiment with no CTA did not show any
obvious structural features and produced a particle
with only one broad T, it can be said that the radicals
are able to fully penetrate into the interior of the
particles even without added CTA. This must be true
because otherwise there would be an internal region
composed predominantly of seed polymer, which

TABLE VI
Surfactant Titration Results for Systems CS

% of surface

A covered by

Latex (A%/molecule) P2
P(BA-co-St) (seed) 46 N/A
0% n-DM composite 141 100
0.15% n-DM composite 101 88
0.60% n-DM composite 112 95
1.40% n-DM composite 116 98
PMMA (2" stage) 120 N/A

would be observable as a separate peak in the DSC
(even if it was not clearly visible in the TEM). This
result is consistent with the results for the ICS system,
in which a significant number of domains of second-
stage PS were observed in the particle interior even in

seed
4E.02 J—0% nDM e
— 0.15% n-DM Ind stage
— 0.6% n-DM Pebymer
3E-02 41— 14% n-DM

d(Cp)dT (JglC/min)

Temperature {C)

Figure 5 Step-scan DSC results for the composite particles
produced in the CS system polymerizations.
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the experiment without CTA. Although it is not pos-
sible to observe differences in the extent of penetration
in this system as it was for the former system, the
major reason for including this system here was to
observe whether increased dead polymer diffusion
due to lower polymer molecular weights allowed for
more rearrangement toward the equilibrium morphol-
ogy (CS). In this case, it is clear that even when the
molecular weight was reduced by a factor of 10 using
CTA, diffusion of the dead polymer was still ex-
tremely limited, so much so that the chains could not
even phase separate from the seed polymer. If chains
are not mobile enough to phase separate, then rear-
rangement of the morphology, which requires diffu-
sion over larger length scales, will not be a factor and
will not be impacted as CTA is added. The reason that
the extent of phase separation was less than for the ICS
system is likely that the T, of the PMMA in the CS
system is about 15-20°C higher than for the PS in the
ICS system.

Computer simulations

In order to help understand the mechanisms respon-
sible for the changes in morphology observed in the
experiments, simulations were performed using the
UNHLATEX KMORPH software package,** as
noted earlier. Here, the development of morphology is
considered from a kinetically controlled perspective
by modeling the diffusion of polymer radicals within
the particle. Chain length dependent termination re-
actions are thoroughly accounted for. The critically
important diffusion coefficients are calculated as de-
scribed in the literature.*” The morphology prediction
is reached by tabulating the radial position within the
particle where each polymer radical was terminated
throughout the entire polymerization. This results in a
spatial distribution describing where the second-stage
polymer was formed within the particle, and it can be
used to construct a simulated TEM image. Areas of
seed or second-stage polymer can be colored different
levels of gray to simulate different staining levels of
the two polymers and a graphical representation can
be displayed.

To make the simulations useful in this study, it was
necessary to address the level of agreement between
the predicted and experimental molecular weights for
different levels of CTA. It was first necessary to ade-
quately predict the polymer chain length with no
CTA, while still accounting for chain transfer to the
monomer (chain transfer to the polymer has not yet
been introduced to the model). Good agreement was
obtained at the zero CTA level (Table VII) by allowing
all of the oligomeric radicals in the water phase to
enter the particles. This is not as we would like it
because radical entry efficiencies are often reported to
be less than 100%, especially for St monomer.*® How-
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TABLE VII
Summarized MW Results from KMORPH Simulations
Transfers
MW,, MW, per entered

Experiment (experiment) (KMORPH) radical
System ICS
0% n-DM 910,600 940,000 0.3
0.11% 480,300 520,000 1.4
0.25% 365,900 380,000 2.5
0.59% 273,000 265,000 41
1.25% 155,700 190,000 54
System CS
0% n-DM 1,537,000 1,500,000 0.2
0.15% 439,000 500,000 2.7
0.60% 233,000 230,000 7.0
1.40% 121,000 138,000 12.0

ever, it suits the purpose of this particular study by
providing a suitable base case for all simulations, and
it works well for both St and MMA. All remaining
simulations utilized the same water phase termination
parameters.

One further and important adjustment was neces-
sary in order to accurately predict the molecular
weights formed in the experiments using n-DM. It is
well known that the mass transfer of n-DM across the
emulsified droplet interface and/or through the water
phase is often a limiting step in emulsion polymeriza-
tion.'®™*> This results in n-DM being less effective for
altering the molecular weight than it would be in a
bulk or solution polymerization. Previous studies®
have shown that this effect can be handled by assign-
ing an “effective” chain transfer coefficient for each
monomer and using it rather than the coefficients
reported from bulk or solution polymerization sys-
tems with the same monomer. The details of such
adjustments for the monomers used in the present
study are described in Appendix A. The result for our
study was that the normal chain transfer coefficient for
St was adjusted by a factor of 0.007 and that for the
MMA by 0.02, irrespective of the level of n-DM used in
the experiment. The simulated and experimental mo-
lecular weight results for all of our experiments can be
compared by referring to Table VII. Agreement is
exceptional, considering that the resultant molecular
weights were decreased by a factor of 10 upon the use
of slightly more than 1% n-DM based on the mono-
mer. Other than the two adjustments described above,
no other adjustable parameters were utilized in the
simulation.

From a morphological perspective, as the number of
chain transfer events resulting from each radical en-
tering from the water phase increases with increasing
levels of CTA, the likelihood of polymer radicals dif-
fusing to the center of the particle should increase.
This would lead to more penetration of the second-
stage polymer within the seed latex particle. Even
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Figure 6 The radial distribution of termination events
within the particles from simulations with UNHLATEX
KMORPH.

without CTA, some transfer reactions occur because of
chain transfer to the monomer, which is always a
possibility in emulsion polymerization. Table VII
shows the computed number of chain transfer events
for each entering oligomeric radical and the significant
increases created by using higher levels of n-DM.
Figure 6(A) shows the radial distributions of the
termination events within the particles for the simu-
lations of all experiments for the ICS system. Even for
the experiment with 0% n-DM, some second-stage
polymer was expected to be formed in the center of
the particles, because the radial distribution levels out
in the interior region of the particle. This is due to
radicals that underwent transfer (to monomer in this
case) and produced new, short radicals that are able to
continue diffusing toward the center of the particle. As
the concentration of CTA increases, the distributions
continuously favor more second-stage polymer
formed in the interior of the particles, with less likeli-
hood of it preferentially forming in the outer region.
By the time the highest CTA concentration is reached,
the distribution suggests that the polymer is formed
rather uniformly throughout the particle. Figure 7(A)
shows the TEM simulations based on the radial dis-
tributions in Figure 6(A) for the experiments in the ICS
system with 0 and 1.25% CTA. It is clear that the
simulations resemble the actual TEM images in Figure
2 quite closely, except that the domain sizes in Figure
2(D) are much larger than in Figure 7(A) for the 1.25%
n-DM level. It appears that the low molecular weight
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second-stage polymer rearranged into larger domains
after phase separation [as is evident in Fig. 2(D) com-
pared to Fig. 2(A-C)]. Our simulations do not take
Ostwald ripening into account and thus we would not
expect to see a match in morphology with respect to
domain size. The other experiments also show good
agreement between experiment and simulation.

The same type of behavior is predicted for the CS
system [Fig. 6(B)] as for the ICS system. These radial
distributions suggest that for all experiments, includ-
ing that with 0% CTA, a significant amount of second-
stage polymer should be present throughout the par-
ticle, even though the equilibrium structure would
have this polymer in a shell. Figure 7(B) shows the
simulated TEM photos for the lowest and highest CTA
levels used in these experiments. Contrasting these to
the experimental results in Figure 4, we have to deal
with the fact that our simulations always assume that
the second-stage polymer phase separates, whereas in
reality it may not. As discussed earlier, the CS system
is one in which little or no phase separation took place
as clearly seen by the data in Figures 4 and 5. What is
consistent between the simulated results in Figures
6(B) and 7(B) and the experimental results is that in all
cases the second-stage PMMA is distributed through-
out the particle. This must mean that the PMMA rad-
icals reached the center of the particles before termi-
nating.

In general, the results of the simulations are in good
agreement with the experimental results, especially
for the ICS system where it is possible to visualize the
location of the second-stage polymer using TEM.
Given that the model assumes a random diffusion
process for the polymer radicals, this agreement sug-
gests that after transfer, the new radicals diffuse
throughout the particle rather than staying associated
with the parent polymer chain.

CONCLUSIONS

In this study we focused on the assessment of chain
transfer reactions, both to the monomer and added
CTA but not to the polymer, because they may or
may not influence the latex particle morphology. We
chose to work with a common CTA, n-DM, and
utilized seed latex polymer T, values and reaction
temperatures such that we knew the second-stage
polymer radicals would only partially penetrate the
latex particles when no CTA was added. If the seed
polymer T, had been too high, no polymer would
have penetrated the seed particle at all and it would
not have been possible to observe any effect of the
CTA on the morphology. If the T, had been much
lower, all entering oligomeric radicals would have
been able to completely penetrate the latex particle
and we would not have been able to study the effect
of transfer events on penetration. In contrast, we
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Figure 7 Simulated TEM results from KMORPH simulations for (A) ICS system experiments with 0 and 1.25% n-DM and
(B) CS system experiments with 0 and 1.4% n-DM. [Color figure can be viewed in the online issue, which is available at

www.interscience.wiley.com.]

might have been able to study the effect of reduced
second-stage polymer molecular weight on the po-
tential of having Ostwald ripening without the com-
plicating features of variable levels of penetration.
By using both experimentation and computer sim-
ulations we were able to conclude that chain trans-
fer to the monomer and/or CTA leads to morphol-
ogies that have enhanced levels of second-stage
polymer distributed throughout the latex particle.
The more transfer events per entering radical, the
higher the probability of enhanced penetration.
However, we also concluded that these are not
strong effects and we can imagine that in many latex
systems they could go unnoticed. Lastly, we point
out that chain transfer to the polymer (either seed or
second stage) would result in more limited penetra-
tion of second-stage polymer radicals because the
newly created radical would be high molecular
weight and unable to diffuse significantly during
the course of the polymerization reaction.

We are grateful for the discussions with our colleagues from
the companies in the UNH Latex Morphology Industrial
Consortium (Arkema, DSM/NeoResins, Rohm & Haas) and
for their financial support of this work.

APPENDIX A

The approach used to model the experiments using
UNHLATEX KMORPH?** is explained here. This re-
quired an accurate prediction of the kinetics of chain
transfer, which is realized by an accurate prediction of
the molecular weights observed experimentally. The
approach was to first obtain agreement for the exper-
iments without any CTA and then to use the same
parameters to model all subsequent experiments. Ini-
tially, without any adjustments, the molecular weight
predicted by the program was lower than in the ex-
periment. The first approach that we attempted was to
adjust the termination rate coefficient (k) in the parti-
cle phase, which one might expect to decrease the
predicted molecular weight. This was unsuccessful
because, when k, is decreased, the concentration of
radicals increases, which causes the steady-state
monomer concentration to decrease and this tends to
lower the molecular weight of the polymer. Therefore,
the effect is self-compensating, and the molecular
weight could not be effectively altered by simply ad-
justing the termination rate in the particle phase. The
only way to obtain agreement between the predicted
and experimental molecular weights for the experi-
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ments without CTAs was to decrease the termination
rate of radicals in the water phase, to the point where all
of the radicals that were created entered into particles.

It was also necessary to obtain agreement between
the simulated and experimental molecular weights for
the experiments with CTAs. When using chain trans-
fer constants (C_,) obtained from the literature® (0.55
for n-DM/MMA, 2.8 for n-DM/St), the predicted mo-
lecular weights were drastically less than observed
experimentally. In fact, under these conditions the
simulations predicted monomer flooded polymeriza-
tion kinetics because excessive transfer caused exces-
sive termination (through the short-long termination
mechanism?*?®). This does not agree with the mono-
mer starved kinetics observed experimentally, and it is
consistent with the fact that CTA mass transfer limi-
tations exist in the experiments but are not accounted
for in the simulations. One approach to account for the
mass transfer limitations of n-DM in emulsion poly-
merization is to define an effective chain transfer con-
stant,” which is significantly less than the chemically
controlled value characteristic of solution and bulk
polymerizations. This is not the most desirable
method because the effective value will only apply to
the particular system being studied.'® Nevertheless,
the approach is suitable here because our goal is to
compare experiments with different CTA concentra-
tions and the effective value will not be a function of
the CTA concentration.***® The chain transfer coeffi-
cient [k, cra in eq. (2)] was multiplied by a constant
factor in order to obtain an accurate prediction of the
molecular weight in the experiment with the highest
CTA concentration. This factor was fixed and used for
all other simulations within that system. The adjust-
ment factors were 0.007 for ICS the system and 0.02 for
the CS system. These small values are not surprising,
given that Nomura et al.'” showed that the concentra-
tion of n-DM in the particles can be 2 orders of mag-
nitude less than the equilibrium value. No other ad-
justable parameters were used, and the simulation
conditions were entirely consistent within a given sys-
tem. In all cases, the simulations predicted starve-fed
polymerization kinetics, in agreement with the exper-
imental data.
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