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ABSTRACT: This article reports on the influence of synthesis characteristics such as seed cross linking, particle-size distribution
(PSD), and surfactant in the seeded emulsion polymerization of n-butyl acrylate-butyl methacrylate core-shell systems. These systems
were studied using a combination of techniques such as light scattering (static and dynamic), asymmetric field flow fractionation
coupled with multiangle laser light scattering and transmission electron microscopy. Complimentary data, obtained from static light
scattering and electron microscopy studies, on the effect of seed crosslinking on morphology development reveals that the presence of
a crosslinked seed favors the formation of nonequilibrium core-shell morphology. For uncrosslinked seeds occluded structures were
present with a diffuse boundary between the core and the shell. In both cases, i.e., with or without surfactant, a monomodal PSD
was observed for the core-shell systems and the relative size polydispersity and the shape of the seed PSD were retained. Use of sur-
factant was found to broaden the PSD but did not seem to affect the formation core-shell morphology. The study also shows the
influence of crosslinked seeds on the film properties. © 2012 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 000: 000-000, 2012
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INTRODUCTION latices with additional advantages such as good dispersion of
the constituents and better control of minimum film formation
temperature (MFFT). Compared to materials made by copoly-
merization or blending, core shell particles of well defined mor-
phology have unique physical properties and are studied
widely.”* Depending upon the design parameters, particles
with such well-defined morphology have important applica-
tions, ranging from adhesives and coatings to impact modifiers
in brittle plastics."> Over the years quantitative guidelines and
predictive methods were developed for estimating the equilib-
rium morphology.'>'®'” Formulation parameters considered to
colloidal dispersions facilitate film formation of aqueous latex dis- be 1mpf)rtant n controlhn%s E};e .p?r.tlcle IZI(I)OZrlPhOlOgY and ﬁn?é
36 o  properties are surfactants,” ™ initiators,”~" polymer type,
and crosslinking of the seed polymer.”*”** The choice of a par-
ticular monomer is normally dictated by the end use applica-
tion. n-butyl acrylate (BA) is an industrially important mono-
mer and its emulsion polymerization and film formation from
latices have been extensively studied, either alone*® or in
Designing structured polymer particles with core shell morphol- copolymerization with Styrene (St),zg methyl methacrylate
ogy is an efficient alternative to physical blending of different  (MMA)®***' and butyl methacrylate (BMA),** to produce

The past few decades have witnessed a growing concern for the
environment, that is driving the development of new technologies
for the coating industry. One of the means to address the envi-
ronmental pollution problem is by replacing solvent-based coat-
ing technologies with water borne systems."” However, even with
water-based systems, volatile organics are used to promote coales-
cence during film formation. They lower the modulus of the latex
polymer to promote particle deformation during drying and the
final film properties are achieved on evaporation of the volatile
organic compound. Strategies such as blending of hard and soft

persions without the need for any volatile organic additives.
requirement for these type of systems is that the hard latex be suf-
ficiently small and well dispersed within the matrix of the soft
polymer and the refractive index of the two latex polymers be
similar, thus reducing the number of candidate materials.

© 2012 Wiley Periodicals, Inc.
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materials having the glass transition temperature or other prop-
erties in the desired range. To the best of our knowledge, the
effect of crosslinking on the morphology development in the
PBA-PBMA system has not been reported.

Two important parameters influencing the nonequilibrium mor-
phology development in core-shell particles are the monomer
type as well as crosslinking. Crosslinking also has an influence
on many technological properties of the final film such as stiff-
ness, toughness, barrier properties, etc.**>* The monomer BA
crosslinked with ethylene glycol diacrylate (EGDA) was chosen
for the good reactivity of its second vinyl function and also its
chemical similarity to BA, which result in a homogenously
crosslinked seed. n-BMA was chosen as the second monomer
because its polymer has a higher T, and is more hydrophobic
relative to PBA. The objective of this work was to investigate
the effect of seed characteristics and surfactant on core-shell (in-
ternal structure) morphology development and film properties
of PBA-PBMA composite dispersions. This system was chosen
because pure poly(butyl methacrylate) dispersions give brittle
films at room temperature, due to the higher T, and pure pol-
y(butyl acrylate) films are too tacky due to their low glass tran-
sition temperature.

EXPERIMENTAL

Materials

The monomer, n-butyl methacrylate, procured from Merck was
distilled under vacuum in a nitrogen atmosphere and then
stored at —18°C until use. The initiator, potassium persulfate
(K5S,0g), procured from Aldrich was used as such. Deionized
water from a Millipore unit was used in all polymerization
experiments after filtration through an ultra filtration unit of
0.1 pm pore size. Polymerizations were carried out at 78°C =
2°C in a 250 mL round bottom flask fitted with a PTFE glass
stirrer, gas bubbler, and a reflux condenser. Seed dispersions
with varying degree of crosslinking were prepared from butyl
acrylate monomer and EGDA crosslinker through a conven-
tional batch emulsion polymerization process at a solid content
of ~10% as reported earlier.’® Typically 10 g of butyl acrylate
with the required amount of EGDA crosslinker (e.g., 0.063 g
EGDA for a 1 : 100 crosslinked seed) was polymerized in a 250
mL round bottom flask using potassium persulfate as initiator.
The stirring speed was fixed at 250 rpm. Sodium dodecyl sulfate
(SDS) was used as surfactant at a concentration of 0.28 g/100
mL. The polymerization was conducted for 24 h to achieve
maximum conversion. Seed dispersions were also syntheiszed
without any surfactant. The synthesized dispersions were filtered
through a 0.25 pum nylon filter cloth and used as seed during
the second stage of polymerization.

Core-Shell Dispersion Synthesis

The core-shell polymerizations were conducted using a semi-
continuous batch process. Water and the seed dispersion were
first charged into the reactor and heated to 78°C with continu-
ous bubbling of argon. The initiator solution (0.05 g potassium
persulfate in 10 mL water preheated to the reaction tempera-
ture) was then added. Within a few seconds addition of the sec-
ond stage monomer was also started. The feeding rate was fixed
in all the cases to 4.26-4.36 mL/h. No additional surfactant was
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Table I. Typical Recipe Used for the Preparation of Poly(butyl acrylate)—
Poly(butyl methacrylate) Core-Shell Dispersions

Ingredients Weight (g)

Poly(butyl acrylate) seed 50
(~10% solids content)

Deionised water 50

Butyl methacrylate 815

K2 So Og 0.050

Feeding rate 4.36 mL/h; temperature 78°C; stirring speed 250 rpm.

used in the second stage. Samples were prepared at varying
core-shell ratios using different seed dispersions. A typical recipe
used for the synthesis is given in Table I.

Characterization Methods

Determining the detailed morphology of composite latex par-
ticles, especially in cases where the difference in refractive index
between the core-shell is negligible, in a confident manner is of-
ten very challenging and sometimes seemingly impossible. Com-
plimentary sets of analytical data were shown to be helpful to
determine the particle structure with confidence in such cases.*
Thus, as discussed briefly in the following sections, we used a
combination of different techniques for characterization of the
core-shell dispersions.

Dynamic Light Scattering. Dynamic light scattering measure-
ments for determination of particle size was performed with an
ALV 5000 correlator from ALV, Langen, using a standard optical
set up with a Nd-YAG solid state ring laser unit (DPSS-50;
COHERENT), emitting green light of wavelength 532 nm. The
results were analyzed using the cumulant method® yielding the
hydrodynamic radius (Rpy), from which the particle number of
the colloids was calculated using the following expression.

6 x 10?'SOC
M= )
Here N, is the particle number per cubic centimeter (cc), D, is
the average particle diameter in nm, SOC is the solid content in
g/mL and “d” is the polymer density in g/mL (taken as 1 g/mL
in the present case). The final particle number of the seed dis-
persion was calculated using this equation to correct the particle
number for coagulum formation.

For particles prepared with surfactant the surface coverage was
calculated from the particle size data using the relation®:

F(R)p,amNy
L=——— 2)
3Memul

here y is the percent surfactant coverage, F denotes the mass
ratio of emulsifier to monomer, <R> is the average particle
radius, My is the emulsifier molecular weight, p, is the
polymer density, a,, gives the area occupied by a surfactant
molecule on the particle surface and N, is the Avogadro
constant.
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Figure 1. Two layer core-shell structure. Here, nl and n2 represent the re-
fractive index of the polymer forming the core and the shell having radii
Ry and R,, respectively.

Asymmetric Field Flow Fractionation (AFFF). To characterize
the particle-size distribution (PSD) of the dispersions the asym-
metric FFF technique was used,”*® (see Ref. 37 for description
of a standard experimental set up), because light scattering does
not yield the PSD and the cumulant analysis cannot resolve
small polydispersities well enough to capture secondary nuclea-
tion during core-shell synthesis. In this technique a field flow
fractionation unit (AFFF, CONSENXUS), coupled with a multi-
angle laser light scattering (MALLS) set up’’ was used. In this
method separation according to particle size is effected by a
competing cross flow through a membrane and Brownian diffu-
sion of the particles. Deionized water obtained from a Millipore
unit was used as the solvent, to which 180 mg/L of salt and 30
mg/L of the surfactant Tween 20 were added. The fractionator
used was a model F-100 from FFF fractionation, Salt Lake City.
The 250 um Teflon spacer (28.5 cm length 2.0 cm width) was
surrounded by metal frits with a pore size of 3-5 um.

The channel effluent was directed to the flow cell of a DAWN-
DSP-F light scattering photometer (Wyatt Technology, Santa
Barbara, CA). The light scattered from the flowing stream is
detected using photo detectors placed around the flow cell to
enable measurement over a range of angles (typically at 15-160
degrees). Each detector has its own integrated circuit for proc-
essing the analog signal. The digital output is transmitted to a
computer. The data analysis and interpretation was achieved
using ASTRA Software (Version 4.70). In principle, the radii
distribution curves obtained from a FFF unit with MALLS give
the fraction of the material with a particular radius. The radius
distribution graphs as well as polydispersity were calculated
from the data.

Static Light Scattering (SLS). The experimental setup used for
measurement of particle size by dynamic light scattering was
used in static light scattering as well. In static light scattering
the angular profile of the scattered intensity is measured over a
range of angles, usually from 30 to 150°, and information on
the size and the internal structure of colloidal particles can be
obtained through contrast variation.”>*° This contrast is a
quantitative difference between particles and solvent, character-
istic for the type of radiation involved: a difference in electron
density for X-rays, difference in scattering length density for
neutrons or a difference in refractive index for light. Contrast
variation is often applied within the Guinier approximation,
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i.e., the product of particle radius and scattering vector is small,
on dilute suspensions.

For large particles with core-shell morphology the radius can be
obtained from location of the common intersection point of in-
tensity curves measured at different contrasts. It is also possible
to determine the value of the refractive index of particles from
the extrapolation of the intensity to zero at finite g. This con-
cept was first applied to core-shell systems by Philipse et al.*
assuming a schematic representation of the core-shell particles
as in Figure 1.

The intensity profile (I,) of scattered light from such a core-
shell particle is given by eq. (3).

1(q) = (4n/q*)*{(m — m)[sin(qR;) — qR; cos(qR;)]
+ (my — ny)[sin(qR,) — qR, cos(qRy)]}*  (3)

Here q = (4nnp/ky)sin(0/2) is the magnitude of the scattering
vector calculated from the vacuum light wavelength X, the re-
fractive index np of the dispersion medium and the scattering
angle, 0. The method is applicable only to particles with hydro-
dynamic radius, Ry greater than 150 nm, because of the fact
that for smaller particle the intensity minima falls outside of the
measuring range of the optical setup.

Transmission Electron Microscopy. Transmission electron mi-
croscopy (TEM) analysis of the core shell particle was carried
out on a PHILIPS (model EM420) machine at an accelerating
voltage of 80-100 kv. Test specimens were prepared by placing a
drop of diluted latex on a carbon coated copper grid and then
allowing it to dry overnight at room temperature. To protect
the dispersion particles from beam damage the dispersion sam-
ples were negatively stained with uranyl acetate.’ The dried
sample was placed in the instrument sample holder equipped
with a cold stage unit, cooled by liquid N, at the outer end,
maintaining a temperature of about 0°C at the locus of the
sample.

RESULTS AND DISCUSSION

In this work synthesis and characterization of core-shell par-
ticles (composed of a poly(n-butyl acrylate) (PBA) core and a
poly(n-butyl methacrylate) (PBMA) shell) prepared through a
seeded semibatch emulsion process are reported. The main
objective was to study the effect of synthesis parameters like
crosslinking level, seed size and surfactant effect on the mor-
phology development. The interfacial tensions between the poly-
mers as well as between polymer and water are important pa-
rameters affecting morphology development. Free energy
considerations are also important in predicting the morphology.
According to Durant et al.,* the total free energy of a cross-
linked seed particle is G = G; + G, + G,. Here G; is the inter-
facial energy, G, is the reference state energy and G, is the elas-
tic energy stored in the particle. The elastic forces are
dependent on four parameters: the temperature T, the number
of repeating units between crosslink’s, M/M (M, is the molecu-
lar weight between crosslinks), the displacement gradient tensor,
o and the stiffness “b” of the chain. Durant et al.>> studied the
PMMA-PS system with PMMA seeds of varying degree of
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TABLE II Characteristics of Poly(butyl acrylate)—Poly(butyl methacrylate) Core-Shell Dispersions

Seed characteristics

Core-shell, Ry (nm)

Core-shell Shell

Sample code Ry (nm) 5 Surfactant ratio (wt %) Theory Exp. thickness (nm)
CsO 141 - - 50/50 177 170 29

Csl 111 1:100 = 50/50 144 137 26

Cs2 136 1:50 - 50/50 172 164 28

Cs3 162 1:10 - 50/50 208 211 49

Cs4 32 1:100 SDS 50/50 41 40 8

Cs5 35 1:50 SDS 50/50 45 41 6

6, cross link density; EGDA, ethylene glycol diacrylate crosslinker was used in all cases; SDS, sodium dodecy! sulfate, Ry, hydrodynamic radius

obtained from dynamic light scattering.

crosslinking. Modeling studies showed that the total energy was
dependent on the interfacial tension at the polymer/water inter-
face, (seed polymer/water interface) and the (polymer 2/water
interface) according to eq. (4).%

2 pl p2 pl
AGs:4n(rf+r3)3(y;_y;) -|-yp—2(r(2) —12) (4)

Here Ypy,, is the interfacial tension at the polymer 1 (seed poly-
mer)/water interface, ypy, is interfacial tension at the polymer
2 water interface and yp,,p, is interfacial tension between the
two polymers. In eq. (4), +ve values of AG, predict that the
core-shell structure is preferred while negative values predict
that the inverted core-shell structure is preferred. Occluded
structures are a special case of inverted core-shell structure with
multiple inclusions to minimize the free energy.”” The interfa-
cial tensions of PBA and PBMA against water are reported to
be 22 and 26 mN/m, respectively.*” The interfacial tension
between PBA(1) and PBMA(2) is 0.655 mN/m, calculated
according to Wu’s method.*> The introduction of the hydro-
philic crosslinker EGDA was expected to reduce the interfacial
tension value of PBA. It is also important to mention that there
will be a decrease in interfacial tension due to the initiator
groups, but as both PBA and PBMA will have initiator derived
end groups, the effect will essentially cancel out and the net
effect can be assumed to be negligible. Thus, based on thermo-
dynamic considerations, following Sundberg et al.,* one would
expect that an inverted core-shell structure will be formed in
the absence of seed crosslinking. The dramatic effect of PBA
remaining in the interior can be expected already with low lev-
els of crosslinking and at increased levels of crosslinking a core-
shell structure with uniform boundary will be formed.

In the present work the seed particles were prepared in separate
batch experiments and crosslinked with varying concentration
of EGDA crosslinker to achieve different cross link densities.
Thus seed particles of varying T, values and degree of cross
linking were obtained. The important seed characteristics along
with the composition of the various core—shell dispersions syn-
thesized are presented in Table II.

The same core-shell weight ratio (50 : 50) was used in all cases.
Preliminary analysis of the particle size data (c.f. Table II) show

J. APPL. POLYM. SCI. 2012, DOI: 10.1002/APP.37858

WILEYONLINELIBRARY.COM/APP

that a core-shell type structure is obtained. It can be seen from
Table II that for surfactant free systems (entry Csl to Cs3) the
shell thickness increases as the crosslink density of the seed was
increased, from 1 : 100 (i.e., 1 cross linker per 100 monomer
units) to 1 : 10. Good agreement between the experimentally
determined values and theoretically calculated value of particle
size, from known monomer weight, density and conversion, was
observed. The particle size of samples without any crosslinker
falls in between that of Csl and Cs3. For core-shell particles
prepared with surfactants, Cs4 and Cs5, no appreciable differ-
ence in particle size was observed unlike the surfactant free sys-
tems. The core shell structure was further analyzed using elec-
tron microscopy. Typical TEM pictures showing exemplarily the
internal structure of the particles are given in Figure 2.

In Figure 2(a), a clear boundary between the core and shell was
visible, but in images “b” and “c;” where an uncrosslinked seed
was used, the boundary between core and shell is irregular.
These results can be analyzed in the light of observations made
by Sundberg et al."*'” Crosslinking of the seed polymer creates
elastic forces which compete with the interfacial forces in the
control of morphology. The final particle structure is sensitive
to the level of crosslinking which can easily dominate morphol-
ogy control and film properties. Sundberg et al. studied the
effect of second stage monomer feed rate and seed polymer T,
on the development of the core-shell morphology for the poly-
styrene (PS)-poly(methyl methacrylate) (PMMA) system. It was
shown that with slower monomer feed rate PMMA exhibits less
and less penetration by the second stage PS, consistent with a
lowering of the polymer radical penetration ratio and a core-
shell morphology resulted. Joensson et al.** concluded that limi-
tations on polymer radical transport might be the cause of non-
equilibrium structures and not limitations on monomer trans-
port. In the case of semicontinuous batch polymerization, as in
the present study, where the second stage monomer was fed to
the seed latex at a controlled feed rate, the monomer concentra-
tion in the particle was maintained at a minimal value. The
high local viscosity creates a kinetic barrier towards polymer
chain radical diffusion and this increases the degree of phase
separation. This effect of high local viscosity is expected to be
even stronger in a crosslinked seed than in a low T, uncros-
slinked seed. Uncrosslinked PBA due to its very low T, value

@WILEY fi@ ONLINE LIBRARY



.........

Applied Polymer

CIENCE

ARTICLE

500 nm

Figure 2. Transmission electron micrograph of PBA-PBMA core-shell latex particles with (a) 1 : 50 crosslinked core, (b, ¢) with uncrosslinked cores.

Micrograph (d) shows occluded structures obtained when an uncrosslinked seed was used. In the images the light region corresponds to the PBA core

and the dark region to the PBMA shell. The core shell weight ratio used in all cases was 1 : 1.

(—55°C) would allow for easy polymer radical penetration espe-
cially at the polymerization temperature, thus justifying the for-
mation of occluded structures as well [cf. Figure 2(d)]. The
light grey structure in the background [Figure 2(d)] may be due
to a different particle layer and do not necessarily originate
from the PBA cores alone.

Effect of Cross Linking on Morphology

To investigate the cross-linking effect, seed particles were pre-
pared at varying crosslink densities, namely 1 : 10 (i.e., one
crosslinker molecule for 10 monomer units), 1 : 50 and 1 : 100
using EGDA as the cross-linking agent. First, it is seen from
Table II that the final particle size shows a clear dependence on
the cross link density of the seed in a surfactant free polymer-
ization [cf. Cs0—Cs3]. All the systems were prepared with 1 : 1
core-shell weight ratio and the particle size increased from 111
to 137 nm when a seed with 1 : 100 cross link density was used,
i.e., a shell thickness of 26 nm resulted (cf. Table II, Cs1). When
a seed of 1 : 10 cross link density was used, the particle size
increases from 162 to 211 nm, giving a shell thickness of 49

M‘k\;"}iﬁﬁ WWW.MATERIALSVIEWS.COM
[}

WILEYONLINELIBRARY.COM/APP

nm. This is explained as follows: The second stage monomer
was fed to the reactor in a semibatch fashion (4.24 mL/h) and
the monomer concentration within the particles was maintained
low throughout the reaction (starved feeding). The high local
viscosity within the particle and the high instantaneous reaction
rate (because of the starved feed conditions), both influence the
morphology development.** For a tightly crosslinked seed either
the monomer or the radicals cannot penetrate to the center of
the particle.

Another explanation for this effect is that as the degree of cross
linking increases the particle size of the seed increases™ (i.e.,
the particle number decreases) and, consequently, during the
second stage a greater shell thickness was obtained for the same
monomer concentration, in going from Csl to Cs3. That is, the
shell thickness obtained with a 1 : 100 EGDA crosslinked seed
was 26 and 28 nm for a 1 : 50 crosslinked seed and 49 nm for a
1 : 10 crosslinked seed. The shell thickness for the system with-
out any crosslinking was 29 nm, in between those with cross
linked seeds, but here multiple occluded structures were formed
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as indicated by the TEM studies. Comparison of surfactant free
systems (Csl to Cs3) and SDS containing systems (Cs4 and
Cs5) was expected to show the effect of particle size on core-
shell morphology development. However, due to the very small
size of the surfactant containing particles it was difficult to
reach any conclusion with accuracy. The obtained values were
well within the error of DLS measurement.

The existence of a diffusion process between the core and
shell polymers is reflected in the film properties of the struc-
tured particles. According to Sundberg et al.,'”***’ to under-
stand the effect of crosslinked seeds in the evolution of core-
shell morphology, polymer radical diffusion rates and mono-
mer diffusion rates have to be considered as the limiting fac-
tors. The work of Omi et al.** highlighted the dependence of
the MFFT on EGDMA cross linked PBA seeds with either
PMMA or PS shell. They observed an increase in MFFT with
crosslinker concentrations up to 10 wt %, irrespective of
whether a batch or a semibatch process was employed. In the
present study, where a seed dispersion without any crosslink-
ing was used (Cs0, Table II), the resulting core-shell dispersion
gave flexible films (shore A hardness 24) at room temperature
even though the PBMA shell T, was higher than that of the
core. This can be explained by assuming shell monomer diffu-
sion into the core or vice versa, resulting in a lowering of the
MFFT. In the absence of crosslinking, the low T, poly(butyl
acrylate) [—55°C] present in the core may diffuse to the outer
shell material forming occluded structures, which further min-
imize the interfacial energy (as the interfacial tension of PBA/
water is lower than that of PBMA/water).” This mixing
increases the flexibility and tendency to form films at room
temperature. The TEM pictures also showed that the disper-
sion particles have a diffuse boundary [c.f. Figure 2(b, c)].
Crosslinking affecting the diffusion process was also revealed
from the work of Antonietti and coworkers.*> They studied
the internal structure of polystyrene microgel particles in a
linear polystyrene matrix using small angle neutron scattering
(SANS). It was shown that the micronetworks (crosslinked
particles) form a relatively open structure with many internal
loops and are freely interpenetrated by chains in the linear PS
matrix, whereas interpenetration of chain segments was
impeded in a pure micro network matrix without any linear
polymer. The existence of diffusion mixing between PBA-
PBMA phases was also observed by Duenas et al** in an
interpenetrating network system of these two polymers. The
formation of nanoscale miscible domains was observed at
lower cross-linking density.

With an increase in the degree of seed crosslinking [Csl to Cs3]
the film formation ability of the dispersions at room tempera-
ture decreased as indicated by cracks in the film when the dis-
persion dries. This could be attributed to limited diffusion tak-
ing place between the core and shell on a micro scale. However,
these particles form tough films (with Shore A hardness value
65) on annealing at 40°C, slightly above the T, of the pure
poly(butyl methacrylate). This shows that even when the cores
[1 : 10 crosslinked] behave as hard spheres, the particles can
deform sufficiently to give films where the core particles are dis-
tributed in a matrix formed by the shell polymer.
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Figure 3. Semilogarithmic plot of scattered intensity versus scattering vec-
tor g for diluted PBA-PBMA core-shell particles (Cs2) in water—glycerol
mixtures. The curves were labeled by the refractive index, n, of the sol-
vent mixture. The location of the intersection point and of the minima
gives information on the size and morphology, as explained in the text.
[Color figure can be viewed in the online issue, which is available at
wileyonlinelibrary.com.]

Static Light Scattering Studies

Further understanding of the effect of crosslinked cores on de-
velopment of core-shell morphology comes from contrast varia-
tion studies using static light scattering. For contrast variation
studies we selected the PBA-PBMA core-shell particles with 1 :
50 EGDA crosslinked core (Cs2) and with uncrosslinked core
(Cs0). The contrast variation results for dilute suspension of the
prepared core-shell particles (Cs2) in glycerol water mixture at
varying contrast are shown in Figure 3. First, the intensity pro-
file shows a minimum indicating that the particles were suffi-
ciently large. Second, according to the theory of Philipse and
coworkers® this profile changed markedly with the contrast,
which points to inhomogeneous particles. The refractive index
poly(butyl acrylate) was 1.466, while the value for poly(butyl
methacrylate) was 1.483 at 20°C.*

The shift of the minima with the composition of the solvent
mixture can be explained in terms of the two layer model pro-
posed by Philipse et al. [cf. see experimental section, eq. (3)].”
When the shell was matched in refractive index to that of the
solvent there was only scattering from the core and the radii of
the core can be measured from the corresponding minima.
When the core is matched, there is only scattering from the
shell. Another feature of the plot is that the curves measured at
different contrasts intersect at a common point. This is called
the isoscattering point, from which the particle radius can be
calculated. The radius estimated from the isoscattering point
was 170 nm, which is close to the dynamic light scattering radii
of 164 nm [cf.Cs2 Table II.] The small difference could be due
to the fact that actual concentrations were not measured but
adjusted by the turbidity and scattering light intensity to facili-
tate measurements over the entire angular range. (The scattered
intensity is proportional to the concentration and refractive
index of solvent, i.e., I oc ¢ n?).
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Figure 4. Particle form factor of PBA-PBMA core-shell particle Cs0 (with
uncrosslinked core) in glycerol-water mixtures at varying refractive index
values. The refractive index value (given in inset) was changed by adjust-
ing the composition of the solvent system. [Color figure can be viewed in
the online issue, which is available at wileyonlinelibrary.com.]

Shown in Figure 4 is the contrast variation study on the system
without any seed cross linking. Here, no appreciable shift of the
form factor minima was observed with varying contrast but a
flattening of the minima. The scattering curve in water shows a
noticeably different line shape and seems not to fit into the pic-
ture. Here, the minimum was significantly shifted to the left as
compared to the other) curves while the latter appear to have
their minima at the same g-value. This was attributed, most
likely, as a consequence of Mie scattering, which comes into
play when the refractive index of the solvent differs too much
from that of the particles. The flattening of the minimum could
be attributed to the fact that a sharp interface as depicted in the
Figure 1 is not present in this system. There could be some mis-
cibility between the core and shell polymers as suggested by the
nearly similar values of the solubility parameter.*® Thus, the
contrast variation studies confirm that crosslinking enhances the
phase separation and the formation of a core-shell structure as
anticipated. If the particles are sufficiently large the static light
scattering technique can be applied to gain information on the
internal structure of core-shell particles. This interpretation was
also supported by the TEM pictures given in Figure 2, where
the boundary between core and shell appears non uniform for
core-shell particles without any seed crosslinking, whereas a
sharp interface was visible with crosslinked seeds.

Secondary Nucleation During Core-Shell Synthesis

Analyzing the particle number data calculated from measured
particle sizes is a useful approach in qualitative assessment of
core-shell structure development.*””** The assumption was that
if all the monomers used in the second stage of the process do
not form a shell but instead give rise to new particles that grow
independently, then the particle number of the final systems
will be significantly increased. The particle number was calcu-
lated before and after polymerization of the shell monomer
using eq. (1). The results are plotted in Figure 5 for the core-
shell systems prepared (a) in presence of SDS and (b) for the
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surfactant free systems. As seen from Figure 5(a), where SDS
was used as the surfactant, the N, ../Nseeq value varies between
1.0 and 1.14. For the 1 : 100 crosslinked seed (Cs4) no second-
ary nucleation was observed as Njew/Nieed Was found to be 1.02.
In contrast, the value of about 1.14 for the 1 : 50 crosslinked
seed may suggest somesecondary nucleation. This was also
reflected in the lower shell thickness obtained in this case
(cf.Table II, Cs5) as compared to expectation based on results
with the surfactant free system. Thus, the observed effect could
only be due to the small size. The TEM studies with smaller
core-shell particles showed that film formation takes place and
the individual particles were not visible under the same condi-
tions as used for sample preparation. This is in agreement with
the hypothesis that smaller particles deform more easily than
bigger ones.*” For surfactant free systems, as seen from Figure
5(b), nearly all synthesized systems have a Njew/Nseeq ratio of
approximately unity, suggesting negligible secondary nucleation
and the formation of a core-shell structure.

The observed results are in agreement with the work of Morri-
son and co workers who studied the effect of seed particle size
on secondary nucleation in polystyrene latices."” The effect of
seed particle number density for a given particle size was stud-
ied for systems with seed radii of 46, 110, and 192 nm. It was
found that the smaller seed particles, of radii 46 nm, caused
extensive secondary nucleation at a lower number density than
bigger size seeds. In other words, small particles require a higher
critical seed number density to prevent secondary nucleation.
The seed dispersion with small particle was found to stop the
formation of visible new particles at ~10"> dm™ of seed par-
ticles whereas for the largest seed particles examined, new
nucleation was prevented at ~10' dm™> of seed particles. In
their system the surfactant concentration was below the critical
micelle concentration. Thus, it appears that in our study, the
seed number density of Cs5, may not be sufficient to prevent

2.0 . ; .
a) in presence of SDS
1.5- .
3 35‘nm.1 A4 32nm,1.02
gl | R I . SO I e -1
“‘i (Cs5) (Cs4)
>° 0.5- -
0.0 ; . :
5'05"1014 2.0x10"®  2.5x10®  3.0x10™  3.5x10"
b) surfactant free systems
1.5 .
3 162nm
141 nm 136nm 111 nm
- JE 7 1 O TN Vil - TR [ —
H (Cs3)  (Cs0) (Cs2) (Cs1)
= 0.5 -
0.0

2x10" 3x10™ 4x10"™ 5x10"™ 6x10” 7x10" 8x10" 9x10™
seed particle number density [dm“’]

Figure 5. Effect of seed particle number density on secondary nucleation
during the synthesis of PBA-PBMA core-shell particle emulsion. Only in
(a) the Njew/Nicea values were indicated adjacent to the particle size, to
avoid overcrowding (b) with numbers. All data points are marked with an
error bar of 10%.
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Figure 6. Particle size distribution of poly(butyl acrylate)-poly(butyl
methacrylate) core-shell dispersions prepared with anionic surfactant SDS
containing seed and a surfactant free seed. The numbers at the curves give
the polydispersity.

secondary nucleation. During synthesis of the seed dispersion
the SDS concentration used was just above its CMC (critical
micelle concentration) and thus the free surfactant present in
excess of CMC may be contributing to the mild secondary
nucleation observed. Nevertheless, the TEM results and the PSD
data (see later) support the formation of a core-shell structure.

Particle-Size Distribution

The influence of surfactant and crosslinker concentration on the
PSD of the seed was earlier reported.”> The PSD was obtained
from the measured particle radii using AFFE. In Figure 6, the
PSD of seed and core-shell dispersions prepared with and with-
out surfactant were compared. The MALLS results show that
core-shell systems prepared, either with surfactant or as surfac-
tant free systems, have nearly identical PSD as that of the seed.

The presence of surfactant certainly had an influence on the
PSD as the polydispersity values (cf. adjacent to the curves in
Figure 6) suggest. The size distribution curves further show that
there is no secondary distribution. When SDS was used as sur-
factant the seed emulsion was found to have a broader PSD
(18%) than the core-shell system (12%). The distribution
becomes narrow when the shell was formed. However, no bi-
modal distribution was observed, even in this case. Thus, the
study of PSD also suggests formation of core-shell structure.
Therefore, the only effect of surfactant on morphology of the
structured particles could be the generation of new particles
and this, if substantial, would affect the PSD to a noticeable
extent or lead to a multimodal distribution and value of
Niew/Nieea deviating from unity. To summarize, the PSD data
suggests absence of secondary nucleation occurring during the
core-shell synthesis in surfactant free systems. In the system pre-
pared with SDS, the surfactant amount was less than what
required for 100% coverage™ of the seed particles. Thus, the
effect of free surfactant causing secondary distribution was
rather small.

J. APPL. POLYM. SCI. 2012, DOI: 10.1002/APP.37858

WILEYONLINELIBRARY.COM/APP

Applied Polymer

IENCE

CONCLUSIONS

The effect of seed crosslinking and SDS surfactant on size, mor-
phology and size distribution of PBA-PBMA core-shell disper-
sions synthesized by seeded emulsion polymerization was stud-
ied. The size of the core-shell particles increased with increasing
degree of seed crosslinking, an effect parallel to that observed
during the preparation of the seed. The study of the PSDs by
asymmetric field flow fractionation suggested that secondary
nucleation in the seeded polymerizations was absent or below
detection limit as all systems show monomodal PSDs. These
results were also supported by the particle number data. Mor-
phological studies using TEM shows that for uncrosslinked
cores the boundary between the core and shell was not well
defined. In contrast, a clear boundary between core and shell
was visible, when a crosslinked seed was used. Detailed analysis
of the core-shell structure using static light scattering through
contrast variation indicated that a crosslinked seed facilitated
the formation of core-shell morphology with defined bounda-
ries. The film properties, such as flexibility and clarity, were in
addition influenced by seed size and crosslinking. For example,
the films prepared with 1 : 10 crosslinked seeds were tough and
partly opaque, whereas flexible and near transparent films were
obtained with uncrosslinked or 1 : 100 crosslinked seed.
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