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ABSTRACT

The mechanism for the formation of amphiphilic core—shell particles in water is elucidated via a kinetic
study of semi-batch polymerization of methyl methacrylate (MMA) grafted from polyethylenimine (PEI)
initiated with tert-butyl hydroperoxide in an emulsion polymerization. The monomer conversion, the
polymerization kinetics, the particle size, the particle number density, the poly(methyl methacrylate)
(PMMA) core diameter, the percentage of unbound PEI, and the grafting efficiency of PMMA were
determined at various times during the polymerization. The particle number density and the percentage
of unbound PEI were almost independent of the controllable variables. The particle sizes and the core
diameters increased with each consecutive batch of monomer addition, while the grafting efficiency of
PMMA decreased. These data supported the hypothesis that the PEI-g-PMMA graft copolymers were
formed early in the polymerization and later self-assembled to a new phase, micellar microdomains.
These microdomains act as loci for subsequent MMA polymerization as the monomer is fed into the
reaction, without subsequent formation of new particles. The size of the resulting highly uniform
core—shell particles (99—147 nm) can be controlled by choosing the amount of monomer charged. Thus,
this polymerization method is viable for a large scale production of core—shell particles with high solids

content.

© 2010 Elsevier Ltd. All rights reserved.

1. Introduction

Core—shell polymeric particles that consist of two or more very
different chemical components and have particle diameters in
nano- to micro-size ranges often exhibit improved physical and
chemical properties over their single-component counterparts in
applications as diverse as biomedicine and surface coatings. In
particular, amphiphilic particles that consist of well-defined
hydrophobic cores and hydrophilic shells have attracted much
attention because of their potential applications in diagnostics, bio-
separation, drug delivery, gene therapy, enzyme immobilization,
coatings, and catalysis [1—3]. They are also of interest from
a fundamental point of view in colloid and interface science [4—6].

Various synthetic approaches have been reported to synthesize
amphiphilic core—shell particles based on polymerization and
assembly methods. They include the following: (1) Graft copoly-
merization of a hydrophilic monomer onto a reactive seeded
particle (“grafting from”) via either conventional or living radical
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polymerization, producing brush-like particles [7—10]. (2) Copoly-
merization of a reactive macro-monomer with a hydrophobic
monomer, producing corona particles [11]. (3) Emulsion polymer-
ization in the presence of block copolymer [12,13] or comb-like
copolymer [14] containing controlled free radicals moieties,
producing onion-like particles. (4) Ab initio emulsion polymeriza-
tion by self-assembly using controlled radical polymerization,
producing particles containing two or more layers [15]. (5) Self-
assembly of amphiphilic block copolymers followed by crosslinking
the core or shell via covalent or ionic bonding, producing knedel-
like nanoparticles [16—20]. (6) Stepwise deposition of poly-
electrolytes onto charged particle surface [21,22], producing rasp-
berry-like particles.

We have developed another route to synthesize well-defined,
amphiphilic core—shell particles and hydrophilic microgels
[23—26], based on the aqueous-phase redox reaction between tert-
butyl hydroperoxide (TBHP) and amine functional groups of
a water-soluble polymer. Initiation comes about when the amine-
containing water-soluble polymers interact with a small amount of
TBHP in water (70—80 °C being a convenient temperature) to
generate free radicals on the amine nitrogen atoms. These radicals
subsequently initiate the graft polymerization of the hydrophobic
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monomer when the latter is fed into the vessel in a controlled way.
The tert-butoxy radicals so generated can either initiate the
homopolymerization of the monomer or abstract hydrogen from
the backbone of the amine-containing polymer. The amphiphilic
macroradicals generated in situ can self-assemble to form poly-
meric micelle-like microdomains, which can become loci for the
subsequent polymerization of the monomer: a type of emulsion
polymerization. Well-defined amphiphilic core—shell particles
with diameters between 50 and 300 nm, thus can be produced in
the absence of surfactant.

Although this method has proven to be effective in the synthesis
of the amphiphilic core—shell particles, the particle formation
mechanism is still not well understood. The objectives of this
research are to elucidate the mechanism of the core—shell particle
formation in a semi-batch polymerization, which could subse-
quently be used to achieve high-solids synthesis. The controlled
monomer feed allows us to control exothermicity of the polymer-
ization, copolymer composition and distribution, as well as particle
morphology.

2. Experimental section
2.1. Materials

Branched PEI (50% solution in water, M, ~ 60,000 g mol~!;
My, ~ 750,000 g mol™!) from Aldrich was used as received. Methyl
methacrylate (MMA, Aldrich) was purified by washing three times
with 10% w/w sodium hydroxide solution (MMA to NaOH volume
ratio = 10: 1), followed by repeated washing with deionized water
(MMA to water volume ratio = 5: 1) until the pH of the water layer
dropped to 7. It was further purified by a vacuum distillation prior
to use. Tert-Butyl hydroperoxide (70% w/w solution in water) was
obtained from Acros, and used as received. Freshly deionized and
distilled water or Milli-Q water was used as the dispersion medium.

2.2. Semi-batch emulsion polymerizations

Amphiphilic PMMA/PEI particles were prepared using the
recipe shown in Table 1. A typical procedure is described as follows:
Branched PEI (2.036 g) was first dissolved in water, and the
resulting solution was then adjusted to pH 7.0 by adding 2 M HCI
solution. The PEI solution was transferred into a water-jacketed
flask equipped with a condenser, a thermocouple, a magnetic
stirrer, and a nitrogen inlet, then stirred at 600 rpm and purged
with nitrogen for 20 min at 80 °C. Purified MMA monomer (2.0 g)
was subsequently added to the PEI solution. After mixing for 5 min,
a dilute TBHP solution (1 mL, 100 mM) was charged to the stirred
mixture to initiate the polymerization. Afterwards, different
amounts of MMA (Table 1) were charged to the reactor at the same
interval (20 min). Samples (1-2 g) were withdrawn from the
reactor using a hypodermic syringe through a septum, and were

Table 1
Recipe used for the semi-batch emulsion polymerization.?
Ingredient Amounts
Water 89.50
PEleHCl 298¢
TBHP 1 mM
MMA 2,2,1,1,1,1¢g
for each batch addition
(total 8 g)
Reaction time Batch addition: 20, 40,
60, 80, 100 min

@ Total solution weight = 100 g; solids content = 10%; MMA:PEI = 4:1 (w/w);
80°C; 3 h.

immediately placed in liquid nitrogen. The instantaneous conver-
sion of each batch reaction was determined gravimetrically, as the
percentage conversion of a total monomer added up to that point in
time (including the monomer used in the seed stage).

2.3. Determination of the percentage of unbound PEI

The unbound PEI was determined by collecting all supernatants
from each repeated centrifugation, decantation, and redispersion
cycle of the latex dispersion. The free PEI obtained from a combined
supernatant was then titrated with a NaOH solution and their pH
and conductivity changes were monitored by pH and conducto-
metric titrations (ThermoOrion 555A integrated pH/conductivity
meter). Since the conductivity measurement is sensitive to the free
ions present in the solution, but insensitive to the deprotonation of
the polyelectrolyte (e.g., PEI), excess NaOH ions may cause
a dramatic increase in conductivity of the solution. Thus, the
equivalence point was determined as the pH value at which
a dramatic increase in conductivity of the solution began. A PEI
calibration cruve was established according to the following
procedure. Various amounts of PEI solution (50% w/w) were dis-
solved in water (40 mL), and their pH values were adjusted to 7.0
using a 2 M HCI solution. The resulting PEI solutions were then
titrated with a NaOH solution (0.025 M) at room temperature under
nitrogen atmosphere to an equivalence point, which is defined as the
pH value at which the amount of hydroxide ions completely
deprotonate all the protonated amino groups of PEI. Figure S1 shows
the calibration curve of PEI solution. The percentage of unbound PEI
was then determined with reference to the calibration curve.

2.4. Determination of PMMA grafting efficiency

The grafting efficiency is defined as the weight of grafted PMMA
divided by the weight of total polymerized MMA (Eq. (1)).

Grafting efficiency — ( weight of grafted PMMA )

weight of total polymerized MMA
x 100% (1)

The weight of grafted PMMA is obtained by subtracting the
weight of PMMA homopolymer from the weight of total polymer-
ized MMA. The PMMA homopolymer was isolated by the solvent
evaporation method [27]. A typical procedure is described as
follows. Freeze-dried PMMA/PEI particles (0.05 g) were first mixed
with 5 mL of dichloromethane (DCM). The suspension was gently
stirred at 150 rpm at room temperature for 3 h to extract the PMMA
homopolymer from the cores. Deionized water was then added
dropwise (4.8 mL/min) to the DCM solution up to a DCM to water
volume ratio of 3:7. The resulting DCM/water mixture was subse-
quently stirred at 150 rpm with a magnetic stirrer. During this
process, the solution temperature was thermostated by water
circulation using a temperature-controlled circulator (IMT InMed-
tec Co.) at 25 °C. After the DCM had completely evaporated, the
insoluble PMMA homopolymers (white solids) in water were
simply removed by filtration. After drying the polymer in a vacuum
oven, the chemical structure of the solids was identified by Fourier-
Transform Infrared (FT-IR) spectroscopy (Nicolet Avatar 360 FT-IR
spectrophotometer) using KBr disks, and confirmed to be PMMA
homopolymer.

2.5. Measurements and characterization
The 'H NMR spectral and relaxation (T;) measurements were

carried out on a Bruker Advance DPX-400 FT-NMR spectrometer,
operating at the Larmor frequency of 400.13 MHz per proton. A 30°
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pulse of 9.5 ps and an acquisition delay of 2 s were used for 'H
spectral accumulation. A “r-1-7t/2—acquisition” inversion recovery
sequence was used for T{ measurements and the FT data were fitted
using the online Bruker software SIMFIT.

To determine the volume-average diameter and morphology of
the particles in each batch, samples were withdrawn from reaction
vessel at every 20 min prior to the addition of next batch of
monomer. They were then purified by repeated centrifugation,
decantation and redispersion, followed by characterization with
transmission electron microscopy (TEM) using a JEOL 100 CXII TEM
at an accelerating voltage of 100 kV. The TEM sample was prepared
by wetting a carbon-coated copper grid with a small drop of dilute
particle dispersion in water (10 pL, 300 ppm). Upon drying, the
particles were stained with a small drop of 0.5% w/w phospho-
tungstic acid solution (PTA) for 30 s, and then dried at room
temperature before analysis. All TEM images were taken in
a bright-field mode. Statistical analyses of particle size data
including volume-average diameter (D), weight-average (D) and
number-average (D,) were obtained by counting at least 100
particles from TEM images, and the results are provided in Table S1
(Supporting Information).

The hydrodynamic diameters (D) of amphiphilic core—shell
particles were measured with a Malvern Zetasizer 3000HS (Mal-
vern, UK) using a He—Ne laser at a wavelength of 632.8 nm. The
measurements were performed at 25 °C with a fixed angle of 90°.
Sample concentrations were between 100 and 300 ppm.

The number of particles per unit volume of aqueous phase, N,
was calculated from Eq. (2) [28]:

6m
Np = P
b nD,2dp

(2)

where mp is the total mass of polymer (per unit volume of aqueous
phase) in the system and d,, is the density of PMMA (1.178 g cm~3).
The average number of free radicals per latex particle () was
calculated from Eq. (3) [28]:

. RpNa
"= kWGoNy 3)

where R;, is the initial rate of polymerization (which was deter-
mined from the initial slope of the mass of polymers produced as
a function of time in each batch polymerization), N4 is the Avogadro
constant, k, is the propagation rate  coefficient
(kp = 1311 L mol~! s™! at 80 °C was used, from the Arrhenius
parameters given in Beuermann et al. [29]), and G, is the concen-
tration of monomer in the polymer particles.

When the system is under flooded conditions (monomer
droplets present), then Cp has its equilibrium saturated value (Cf)at)
of 6.6 M [30]. When the system is under starved conditions (no
monomer droplets present), then the calculation of C, needs to take
into account of the significant solubility of monomer in the water
phase, Cy, as Eqs. (4—7). The saturated water solubility of MMA is
0.15 M [30]. One has:

cw = (mM~W)dl (4)

MO mw

where my;  is the mass of monomer in the water phase in the system,
dy is density of water and My is the molecular weight of monomer.
The non-ideal partitioning of monomer between particle and water
phases is taken to obey the empirical relation for MMA [30]:

- (5)

Cw {cp ]0-5

Cwsat Cpsut

Conservation of mass gives Eq. (6) (assuming that no monomer
droplets are present):

m my
MMp = My — Myw = G —p+—'p)1\/1 6
M,p M — MM w p ( d, " dy 0 (6)
where myp is the mass of monomer in the particles, dy is the
density of monomer, dp is the density of polymer and mP is
obtained from the conversion data.
Combining Egs. (5) and (6) gives Eq. (7).

My w _
MOCWSJK

1 mymy w dp dM 06 7
(G 06| M, mp | mym (7)
psat ) 0 P MIMM,w

This is a non-linear relation for myw, which is solved numerically
(e.g. using the ‘solver’ function in Excel). The value of G, is then
obtained from Equation (6).

To determined whether or not the system is flooded, Cp is
evaluated as described; if the value so obtained exceeds the satu-
rated value the system is flooded, and if Cp < Cpsat, then the system
is starved. This is more precise than experimental techniques such
as trying to see if monomer droplets are present, because these are
hard to detect if the system is close to flooded conditions.

3. Results and discussion

3.1. Synthesis of PMMA/PEI core—shell particles via semi-batch
polymerization

During the semi-batch polymerization, four possible reactions
may take place, as illustrated in Fig. 1 [23]. (1) The TBHP (t-BuOOH)
initially interacts with amino group of the polymer backbone,
forming redox pair. One electron is then transferred from an amine
nitrogen to t-BuOOH, resulting in the formation of a nitrogen cation
radical and a tert-butoxy (t-BuOe) radical. After losing a proton, the
amino radical can initiate polymerization of MMA dissolved in
water, generating amphiphilic PEI-g-PMMA macroradical. (2) The t-
BuOe radical can initiate the homopolymerization of MMA. (3) The
t-BuOe radical may also abstract hydrogen atom from the backbone
of the polymer to form macroradical. (4) The amphiphilic macro-
radicals generated in situ are able to self-assemble to form micelle-
like microdomains, thus facilitating the polymerization of MMA
inside the microdomains. This is similar to the mechanism of
conventional emulsion polymerization. As a result, amphiphilic
core—shell particles, which consist of both PMMA grafts and PMMA
homopolymers are produced in the absence of surfactants.

To elucidate the polymerization mechanism, syntheses of
PMMA/PEI core—shell particles were conducted at 80 °C, using the
recipe shown in Table 1. The reaction temperature was monitored
online. Fig. 2 shows that when the graft polymerization of MMA
from PEI was initiated with TBHP, temperature of the reaction
mixture increased rapidly by 1—-2 °C, then quickly dropped back to
the starting temperature.

Fig. 2 also shows that increasing in temperature after each batch
addition depends on the amount of monomer added. Smaller
amounts of monomer resulted in smaller temperature changes,
suggesting that the system was running in different monomer
saturation conditions (as supported by the calculated Cp in Table 2).
Another observation from this temperature/conversion profile is
that high MMA instantaneous conversions (79—89%) could be
achieved without the need to charge additional initiator in each
batch polymerization. These results suggest that active radicals are
able to be generated for at least 3 h, allowing sequential polymer-
ization without adding extra initiator. This effect may be attributed
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Fig. 1. Mechanism of the graft polymerization of MMA from a water-soluble polymer containing amino groups.

to TBHP undergoing thermal dissociation and low radical termi-
nation because of the compartmentalization effect inside particles.

The rate of reaction (Rp) is obtained from the mass of PMMA
polymer produced as a function of time calculated from the average
slopes in the initial stage of each batch reaction (Fig. 3). These rates
are shown in Table 2. All apparent C,, values calculated from mass
conservation and partitioning, Eqs. (4)—(7), were actually above the
saturation value, indicating that the system is flooded (monomer
droplets are present), i.e. C, is the saturation value of 6.6 M.
Together with the data of particle size (see next sub-section), these
rates can be converted to 71 (Table 2). Results indicate that 71 steadily
decreases throughout the reaction.

100 82.8
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Fig. 2. Line: online temperature measurement of reaction temperature for the semi-
batch polymerization of MMA from PEI initiated with TBHP at 80 °C. Points: instan-
taneous monomer conversion as a function of reaction time (each datum is an average
of three repeated experiments under the same conditions).

MMA emulsion polymerization follows pseudo-bulk rather than
zero-one kinetics [30], and 7 can assume any value. The 7 values
found here are in the range between 0.24 and 0.83, which are not
unusual for MMA seeded emulsion polymerization [30]. While there
is good quantitative understanding of MMA emulsion polymeriza-
tion kinetics [31], the present system involves an unknown initiation
rate: that of the PEI/TBHP redox initiation. Moreover, the presence of
PEI means that there is also the possibility of an additional radical
loss mechanism: the “mid-chain radical” effect, resulting in a radical
which is slow to propagate but quick to terminate as a result of
substantial radical loss [32—34]. This effect occurs when an elec-
trosterically stabilized water-soluble polymer [e.g., poly(acrylic
acid) and poly(ethylene glycol)] that contains a labile hydrogen is
used as a stabilizer (‘hairy layer’) in emulsion polymerization
system. In our system, since the PEI molecule contains a labile
hydrogen (—CHCH,—NH-) adjacent to the secondary amine [35],
mid-chain radicals (—CH,CH—NH—) can be formed by radical
abstraction on the PEI backbone during polymerization, causing
a radical loss. The two aspects of the emulsion polymerization of
MMA in the presence of PEI that are hard to quantify, viz., the
unknown radical generation rate and the unknown rate of abstrac-
tion of a labile hydrogen, make it impossible to model the values of n
without additional data on these processes.

3.2. Particle size and number of particles

Secondary nucleation, which often results in new particle
formation, can readily occur in a semi-batch seeded emulsion
polymerization. It will lead to an increase in number of particles,
and usually a decrease in average particle size. To study this effect,
particle sizes and their size distributions were measured during
polymerization by withdrawing samples from the reaction vessel
every 20 min prior to the addition of next batch of monomer (Table
S1, Supporting Information). Their particle morphologies were
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Table 2

Semi-batch polymerization of MMA from PEI at different polymerization time with respect to their initial rates of polymerization (R;), calculated average number of free

radicals per latex particle () and apparent C, values.

Batch 1 2 3 4 5 6

Time period (min) 0-20 20—40 40—60 60—80 80—100 100—120

Se (%)? 149 149 75 75 75 75

Rp (10~ mol dm—3 s~1)P - 13.23 + 0.22 449 +0.13 2.98 + 0.14 2.30 + 0.045* 3.11 + 0.48*
Apparent C, (M)" — 12.0 8.9 9.3 9.9 10.8

N, (10’6 dm~3) 6.12 + 1.07 6.03 + 1.43 5.66 + 1.34 439 + 1.16 462 + 133
nd 0.83 + 0.28 0.39 + 0.19 0.26 + 0.07 0.24 + 0.04 0.30 + 0.13

2 The S, is the monomer saturation ratio which defines as the concentration of monomer in water with reference to saturation concentration of MMA in water (1.5% w/w). At
Sy < 100%, MMA completely dissolves into water; while at S, > 100%, the excess MMA can’t dissolve in water resulting in separating into monomer droplet phase.

b Rp was determined from the initial slope of the mass of polymers formed in each batch of polymerization as shown in Fig. 3 (“Note that the derived R, has a relatively larger
error in the 5th and 6th batches, probably because a small amount of particle aggregation starts to appear in these, causing fluctuation of gravimetric data (with 9—15% errors)).

¢ Apparent C, values were calculated from Eqs. (4)—(7) (assuming no monomer droplets are present).

4 7 is calculated from Eq. (3).

observed with TEM. All samples were stained with a 0.5% phos-
photungstic acid (PTA) solution for an appropriate time in order to
enhance the contrast between PMMA cores and PEI shells. Since
hydrophilic PEI molecules can form complexes with negatively
charged PTA molecules, this treatment results in a higher electron
density in the PEI region than that of the PMMA region. Fig. 4 shows
the TEM micrographs of PMMA/PEI particles produced at different
stages of polymerization. The darker shells indicate the presence of
PEI/PTA complexes due to stronger electron scattering, while the
lighter cores are the PMMA cores. All the images clearly reveal
core—shell nanostructures, where PMMA cores (lighter region) are
coated with PEI shells (darker region).

Statistical analysis of the diameters of the particles in these TEM
images gives volume-average diameters (Dy), whence the number
of particles (Np) can be calculated using Eq. (2). Fig. 5 shows the
relation between Dy and N, versus time at different stages of
polymerization. In the first batch reaction (20 min), seed particles
with a Dy of 99 nm were formed. Subsequent additions of five
batches of monomers resulted in increasing particle diameters
from 99 to 147 nm, while the numbers of particles were almost the
same within experimental uncertainty. These results suggest that
the polymerization of monomer in each batch of monomer addition
takes place within the seed particles. There is no new nucleation
apparent between 20 and 80 min. There may possibly be a very
slight decrease in the number of particles per unit volume of the
continuous phase, but this is within experimental uncertainty. This
could be explained by a small amount of particle aggregation. To
substantiate the hypothesis about no new nucleation occurring, we
have calculated the theoretical mass of polymers based on size data
using mass conservation equation (i.e., mass = assumed number
density x polymer density x average particle volume), and then
compared with the mass of polymers obtained from gravimetry
data in different stages. If there is no new nucleation (assuming that
the number density was constant in all stages), the theoretical mass
of calculated polymers should be close to the mass obtained from
the gravimetry data. Assuming that the number density is
5.2 x 10'® L=! and using a volume-average diameter in each stage
for calculation, the theoretical mass of polymers is obtained
(Figure S2, Supporting Information). The results show good
agreement with the mass of PMMA produced from gravimetric data
(within experimental uncertainty) between 20 and 80 min, sug-
gesting that the particle growth (increase in particle diameters) is
indeed due to the increase in mass of PMMA polymers, and there
are almost no newly formed particles. However, for the reaction
time between 80 and 120 min, the mass of PMMA calculated from
mass conservation equation shows positive deviation from that
obtained from gravimetric data. These results suggest that the
numbers of particles are overestimated, consistent with the
decrease in number of particles between 80 and 120 min.

3.3. Mechanism of particle growth

On the basis of above results, it is proposed that the core—shell
seed particles are initially formed via formation of amphiphilic
graft copolymers, followed by their in situ self-assembly to generate
micelle-like microdomains. After the first batch reaction, the
reaction mixture mainly contains amphiphilic seed particles and
unreacted PEL. When the second batch of MMA is charged into the
mixture, there are two possible polymerization pathways: 1) The
MMA molecules are polymerized by the PEI macroradicals in water
to form new graft copolymeric radicals. The resulting graft copol-
ymers could either enter into the existing seed particles or self-
assemble to form new micelle-like microdomains, thus leading to
secondary particle formation. 2) The MMA monomer quickly
diffuses into the seed particles, and is polymerized inside the
particles. In order to elucidate the mechanism of particle growth,
the percentage of unbound PEI and the grafting efficiency of PMMA
in each batch prior to the next addition of monomer were
systemically investigated.

3.3.1. Kinetics of graft copolymerization

One possible reaction pathway is that the newly added MMA
monomers are polymerized with PEI macroradicals in water,
generating new PEI-g-PMMA copolymers which may enter the
existing seed particles. If the polymerization occurs in this way, it is
expected that the amount of free PEI in water should decrease after
each batch of polymerization. To investigate this, we purposely
added an excess amount of PEI in the polymerization mixture so
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Fig. 3. Mass of PMMA produced as a function of reaction time, for sequential monomer
addition at 20, 40, 60, 80, 100 min (each datum is an average of three repeated
experiments under the same conditions).
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Fig. 4. TEM images of core—shell particles generated at different stages of polymerization: (a) 20 min (D, = 99 nm); (b) 40 min (D, = 117 nm); (c) 80 min (D, = 129 nm); (d) 120 min
(Dy = 147 nm). All purified samples were stained with a 0.5% PTA solution for 30 s prior to TEM measurement.

that the changes in the amount of the ungrafted PEI in each batch
polymerization could be accurately determined through pH and
conductometric titrations of supernatants. The supernatants were
collected from four repeat cycles of centrifugation, decantation and
redispersion of the resulting centrifuged pellet. To ensure that the
supernatant did not contain the PEI-g-PMMA copolymers, which
may complicate the result of the percentage of unbound PEI, the
collected supernatants were analyzed with 'H NMR spectroscopy,
which confirmed that there were no PEI-g-PMMA graft
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Fig. 5. Volume-average diameter (D) and number of particles (N,) at different stages
of monomer addition. (ll) Dy and (A) Np.

copolymers; only free PEI was detected. Fig. 6 shows the percent-
ages of unbound PEI during the polymerization. For the first batch
reaction, the percentages of unbound PEI were difficult to deter-
mine because the seed particles were too small to be completely
separated even under a high centrifugation speed (18000 rpm). In
the subsequent batches of reactions, the percentages of unbound
PEI varied from 38 to 42%. Such a small variation suggests that once
the seed particles are formed after the first batch of polymerization,
the remaining PEI molecules almost do not react with newly added
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Fig. 6. Kinetic study of semi-batch polymerization of MMA from PEI: (A ) percentage of

unbound PEI (line: linear fit); () PMMA grafting efficiencies (line: linear fit) and (M)
instantaneous conversion in each batch of polymerization.
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MMA monomer to form PEI-g-PMMA copolymers in subsequent
batches of monomer addition. These results suggest that the first
possible polymerization pathway is unlikely. This phenomenon
may be due to the fact that when the PEI-g-PMMA copolymers
formed in situ reach their hydrophilic/hydrophobic balance, they
self-assemble to form micelle-like microdomains [23]. Once the
microdomains are formed, most newly formed tert-butoxy radicals
will be located in the cores of the particles because of their high
entry rates and capture efficiency [36]. When MMA is added, the
usual emulsion polymerization mechanistic reasons for polymeri-
zation occurs within the seed particles: either they are initiated by
the tert-butoxy radicals in the core, or if they start to polymerize in
the aqueous phase, they rapidly reach a critical degree of poly-
merization (usually denoted jct) to undergo a coil—globule tran-
sition and then enter the particles. Formation of mid-chain radicals
later in the polymerization may result in somewhat lower rates,
because such radicals are slow to propagate but quick to terminate.

3.3.2. Kinetics of homopolymerization and loci of seeded
polymerization

To further understand the polymerization kinetics and loci of the
seeded polymerization, polymerization in the presence of the seed
particles was investigated. It was assumed that when the MMA
monomer was fed into the reaction mixture containing a large
number of seed particles, monomer could rapidly diffuse into the
seed particles, and be polymerized inside the particles through
either graft copolymerization or homopolymerization. The PMMA
grafting efficiency, which is defined as the amount of grafted PMMA
divided by the amount of total MMA polymerized, was investigated
by isolation of ungrafted PMMA polymers using the solvent evapo-
ration method, as described in the experimental section. The FT-IR
spectra of the isolated polymers showed characteristic peaks of
PMMA [stretching vibrations of C=0 (1731 cm™!), and C—O of ester
(1000—1200 cm™ )], but not the characteristic peak of PEI [N—H
stretching of primary amine (3300—3400 cm™')) (Figure S3,
Supporting Information). These results suggest that the isolated
polymer was the PMMA homopolymer.

Fig. 6 also shows that monomer conversions in all batch poly-
merizations were quite high (>80%); however, the grafting effi-
ciencies varied. The highest grafting efficiency was achieved at the
second batch polymerization (83%), and then dropped to 71% at the
third batch. The grafting efficiencies for the 4th, 5th, and 6th
batches were comparable, ranging from 62 to 66%. The high
grafting efficiency in the second batch polymerization suggests that
the graft copolymerization is a dominant pathway in the beginning,
generating amphiphilic graft copolymers, followed by their self-
assembly to generate seed particles. For the subsequent batch
polymerizations, homopolymerization of MMA inside the seed
particles was a preferential pathway for particle growth, resulting
in the increase in homopolymer formation. These results are
consistent with the TEM micrographs, in which the increase in
particle size is mainly from the growth of particle cores.

3.4. Proposed mechanism for particle formation and growth

Based on the above studies, we propose that there are five key
stages for particle formation and growth of amphiphilic core—shell
particles: (1) The PEI-g-PMMA copolymers are first generated in
situ through graft polymerization of MMA from PEI via redox
initiation between amino groups and the TBHP in water; (2) Those
graft copolymers which have appropriate hydrophobic/hydrophilic
balance can self-assemble to form micelle-like microdomains. At
this stage, these microdomains contain amphiphilic graft copoly-
meric radicals; (3) The microdomains then create a hydrophobic
interior to drive tert-butoxy radicals and MMA monomers into the

micellar cores. (4) As a result, the MMA is polymerized therein via
both graft polymerization and homopolymerization pathways,
resulting in the formation of amphiphilic seed particles. (5) When
a new batch of monomers is charged to the reaction mixture, which
contains seed particles and free PEI, monomer rapidly diffuses and
swells the hydrophobic cores of existing seed particles, instead of
reacting with free PEI in water to form new PEI-g-PMMA micro-
domains. Thus, almost no secondary particle formation occurs
during the polymerization. All subsequent polymerization takes
place in the interior of the particles.

4. Conclusions

The mechanism for the formation of amphiphilic core—shell
polymeric particles in water has been elucidated through the
kinetic study of semi-batch polymerization of MMA from PEI
initiated by TBHP. The micelle-like microdomains, generated from
self-assembly of PEI-g-PMMA graft copolymers, provide the main
locus of polymerization. Once the seed particles are formed, newly
added MMA is mainly polymerized inside the cores of the seed
particles. Thus, almost no secondary particle formation is observed.
With this technique, the exothermicity of polymerization can be
controlled through the feed rate of added monomer. Thus this
polymerization method is viable for a large scale production of
core—shell particles with high solids content.
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