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Abstract
Project code: MRG4880124
Project title: Effects of Vinyl Monomers on the Formation on Polyethyleneimine-based
Core-Shell Nanoparticles
Investigator: Panya Sunintaboon, Department of Chemistry, Faculty of Science, Mahidol
University

E-mail address: scpsu@mahidol.ac.th

Various core-shell nanoparticle latexes with a PEI shell were prepared from styrene,
n-butyl acrylate, ethyl acrylate, methyl methacrylate, and methacrylic acid by the emulsifier-
free emulsion polymerization initiated by a PEI/t-butyl hydroperoxide(TBHP) redox pair.
pHs of PEI solution, 7 and 11, adjusted by concentrated hydrochloric acid also showed a
dramatic effect on the particle formation.

Stable particles of PMMA/PEI and PS/PEI can be prepared from both pHs 7 and 11 of
PEI, while those of PnBA/PEI and PEA/PEI were prepared only at PEI pH 7. In contrast,
stable particles of PMAA/PEI cannot be obtained, instead, gel products were obtained at
both pHs of PEIL. The effect of the selected vinyl monomers on the formation of particles
were compared from latexes possibly prepared at PEI pH 7, which were PMMA/PEI,
PEA/PEI PnBA/PEI, PS/PEI. It was found that the type of monomers differently affected %
monomer conversion, particle size, % grafting, and % grafting efficiency.

The type and strength of particle surface charge were confirmed by a g-potential
measurement. Degree of protonation of PEI strongly influenced this value. Images from
transmission electron microscope (TEM) clearly revealed the morphology of the particles.
The resulted grafted copolymers of the corresponding latexes were characterized by an ATR-
FTIR technique. In addition, the effect of ethanol as a cosolvent on the formation of PS/PEI
at pH 7 was studied as well. It was found that upon increasing the amount of ethanol, %

styrene conversion was not significantly altered, however, the particle size was increased.

Key words.: core-shell nanoparticle; vinyl monomer; emulsifier-free; PEI
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Effects of Vinyl Monomers on the Formation on Polyethyleneimine-based Core-Shell

Nanoparticles
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Effects of Vinyl Monomers on the Formation on Polyethyleneimine-based Core-Shell
Nanoparticles
1. Introduction
A branched PEI, a cationic water-soluble polymer, can be synthesized by cationic
polymerization from aziridine monomer. The commercially available PEI has 1°, 2°, and 3°
amine groups in the ratio of 1:2:1. Because each amine has the potential to be protonated,
this renders PEI to behave like a cationic sponge with an effective buffer through a wide pH
range. PEI has been used in many fields, such as paper production, water purification, or
cosmetic manufacture [1]. In 2002, Li et al have reported the new route to amphiphilic core-
shell polymeric nanoparticles via an emulsifier-free emulsion graft-copolymerization of
methyl methacrylate (MMA) from both synthetic and natural amino-containing water-soluble
polymers, including PEI. In this synthetic method, a small amount of z-butyl hydroperoxide
(TBHP) was used to form the redox pairs with amino groups on such polymers to generate
free radicals capable of propagating MMA. [2]. Reasonable grafting and particle formation
mechanism for PMMA-core particles prepared by this method was established [2,3]. The
hydroperoxide (TBHP) initially interacts with amino groups on the polymer backbone,
leading to a formation of redox pairs. An electron is then transferred from nitrogen to TBHP
giving a nitrogen cation radical and an alkoxyl radical (ROe). A proton is subsequently lost
from the nitrogen, resulting in an amino radical that can initiate the graft copolymerization of
MMA. Homopolymerization is also expected due to the polymerization initiated by alkoxyl
radical fragments. Once MMA is polymerized from an amino-bearing polymer to a certain
chain length, amphiphilic macroradicals can be formed and they behave like surface—active
substances, which can self assemble and phase separate to form micelle-like microdomains.
The further polymerization of MMA takes place within these microdomains, and core-shell
nanoparticles are finally formed. The polymerization is similar to a conventional emulsion
polymerization, except that no surfactant is added. Therefore, this procedure is called a
surfactant-free emulsion polymerization. Stability of the particles comes from the steric, or
electrostatic repulsions, or the combination of both effects (electrosteric repulsion) due to the
presence of an amino-containing polymer on the surface of the particles.
Well-defined amphiphilic core-shell particles with amino surface based on PEI shell

and PMMA cores were prepared with a size range of 60-160 nm in diameter. The latex
product of PMMA/PEI core-shell particles can be achieved in high concentration up to 22%

solids content indicating a commercial viability for a wide variety of amphiphilic core-shell
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nanospheres. Moreover, PMMA/PEI nanoparticle has been demonstrated to be useful in gene
and drug carriers for intracellular delivery [4, 5].

Due to the effective initiation of polymerization by PEl/amine and the versatile
application of polymer latexes formed from this system, herein, we report the preparation
various core-shell nanoparticles based on PEI. The effect of vinyl monomers with various
water solubility and polarity on the formation of core-shell nanoparticles was investigated.

2. Experimental

- Materials

Methyl methacrylate (MMA), ethyl acrylate (EA), and n-butyl acrylate (nBA)
supplied from Fluka, were purified by treating with 10% sodium hydroxide solution followed
by washings with distilled water to remove inhibitor. Styrene (St) and methacrylic acid
(MAA) (Merck) were purified by passing through a column packed with Alumina. #-Butyl
hydroperoxide (TBHP) was used as an initiator without further purification. PEI (Mw
750,000) obtained from Aldrich was also used without further treatment. Distilled water was
used throughout the experimental work.

- Emulsion polymerization

The emulsion polymerization was performed in a sealed water-jacketed flask
equipped with nitrogen inlet and temperature-controlled circulating bath. A typical method
of emulsion polymerization is as follow: the predetermined amount of 10 % PEI aqueous
solution and distilled water were added to the flask. The mixture was degassed with nitrogen
gas for 30 min. Then, the certain amount of monomer and initiator was added to the mixture.
The reaction temperature was kept at 80 °C and the mixture was bubbled by nitrogen
throughout the course of polymerization.

- Polymer Latex Characterization

Monomer conversion (MC) was determined the gravimetric method from the following equation:

MC (%) = (weight of total PMMA/weight MMA feed) X 100
% grafting = (weight of grafted PMMA/weight of PEI) X 100
% grafting efficiency = (weight of grafted PMMA/weight of PMMA) X 100

grafted PMMA = total PMMA - homo-PMMA

The particle sizes and distributions were determined with the Malvern Mastersizer
2000 particle analyzer by using dynamic light scattering principle.

-TEM measurement
14



The nanoparticle morphology was observed using transmission electron microscope
(TEM). A drop of latex samples diluted with DI water was dried on the formva-coated
copper grid. Then the samples were stained with 2% phosphotungstic acid aqueous solution
for 3 min. A transmission electron microscope (Tecnai G2 Sphera, at an accelerating voltage
of 80 kV) was utilized to observe the morphology and size of particles.

-C-potential measurement

The electrostatic surface charge of the polymer particles was deduced from their from their
electrophoretic mobility evaluated using zetasizer nano-ZS (Malvern, UK) in 1mM NaCl
solution at room temperature.

-ATR-FTIR analysis

After purified by soxhlet extraction using dichlormethane (LABSCAN, AR) as a
solvent, grafted copolymers of their corresponding latexes were characterized by an ATR-
FTIR (EQUINOX 55, Bruker) (32 scans at 4 cm™ resolution). The spectra were collected by
using a Ge crystal with single reflection mode.

Table 1 Comparison of monomer structures and their water solubility

Monomer Water solubility[6] (g/100 g Chemical structure
water) at 60 °C

Styrene 0.237 H
H,C=C

n-Butyl acrylate 0.338 H
HC=C
COOCH,CH,CH,CHj

Ethyl acrylate 2.13 H
H,C=C
COOCH,CH,

Methyl methacrylate 2.25 CHs
H,C=C
COOCH;

Methacrylic acid soluble CHs
HZCZIC
COOH
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3. Results and Discussion
- Mechanism of particle formation

The initiation starts from the generation of the free radicals resulted from a redox
interaction between PEI and TBHP, and this process also yields other active free radicals
capable of propagating vinyl monomers in the system. As the polymerization proceeds, the
vinyl monomer molecules polymerizes on the PEI and with themselves giving the
amphiphilic grafted oligomers and the concurrent homopolymers, respectively. As a result,
the hydrophilicity of PEI solution decreases rapidly. At a certain amount of vinyl monomers
grafted onto PEI, phase separate occurs, as can be observed from the solution mixture turning
to milky dispersion, which would be at the early course of polymerization. Amphiphilic
grafted oligomers formed then aggregate to be micelle-like domains. The inner part of
domains was composed of grafted- and homo-vinyl oligomeric chains that are more
hydrophobic, and the outer part was composed of the hydrophilic PEI. Due to the
hydrophilicity of PEI, the micelle-like aggregates results from this path are stabilized in the
aqueous medium. Once formed, these micelle-like domains start to provide the loci for vinyl
monomers to be concentrated because of hydrophobic-hydrophobic interaction between the
inner part and the monomers, which would accelerate polymerization. Polymerization
continues in these loci and particles are growing[7]. This particle formation mechanism fits
quite well with the polymerization of hydrophobic monomers, such as styrene or high alkyl
acrylates.

The mechanism of particle formation for moderate to high solubility in water,
however, is believed to be a little different. It is that the particle nucleation and oligo-radical
formation take place simultaneously. Free radical fragments decomposed from an initiator
and capable of reacting with monomers to form primary radicals, are generated in the
aqueous phase. Those primary radicals grow up to a critical chain length resulting in
precursor particles after phase separated from the aqueous phase without forming micelle-like
domains as in the above mechanism[8]. These primarily formed particles have insufficient
colloidal stability, therefore, they have to coagulate to form the stable primary particles.
Then the monomers diffuse form their droplet phase and penetrate to the newly formed
particles in order to swell them and propagation is continued [9].

It is clearly seen that PEI plays a major role in this amine/TBHP-initiated emulsifier-

free emulsion polymerization. PEI acts as a co-initiator by working with TBHP to generate
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free radicals capable of propagating vinyl monomers, and a stabilizer for latex particles via
steric and electrosteric stabilization when protonated.

In this study, some of the vinyl monomers with various polarities and water solubility
were selected to show their effect on the emulsifier-free emulsion polymerization in this
system. The polymerizations were conducted at two stages of the PEI solution; 1) at the
normal PEI solution in water (pH 11) , and 2) at the some degree of protonation of PEI (pH
7) adjusted by concentrated HCI. The results are displayed in Table 1.

St, a non-polar and highly hydrophobic monomer, yielded stable latexes at both pHs 7
and 11, but the conversions were much different (~20% and 80% at pHs 7 and 11
respectively). At pH 7, PEI is protonated and possesses more charges, which would be too
rigid for styrene to incorporate leading to a lower St conversion compared to the less charged
PElatpH 11.

MMA can also result stable latexes at both pHs, however, with the comparable
monomer conversions. Stable latexes from both nBA and EA can be prepared only at pH 7.
At pH 11, the nucleophilicity of amine groups on PEI might be so strong that ester groups on
both acrylate monomers could be hydrolyzed. The hydrolysis is not taking place for their
methacrylate analogues as can be seen that stable latexes of methyl methacrylate can be
prepared in both pHs with reasonable MMA conversions. In the case of MAA, although the
monomer conversions were quite good at both pHs, stable latex products cannot be obtained.
Instead, gel products were resulted.

Table 2 The resulted latexes prepared at pHs 7 and 11

Latex pH of PEI | % MC Dy C-potential (mV) | Remarks
solution (nm)

PS/PEI 7 22 128 65.0+1.4 Stable latex

11 80 108 24.6+0.2 Stable latex
PnBA/PEI 7 92 398 67.1+1.0 Stable latex

11 - - - No latex obtained
PEA/PEI 7 61 182 60.9 £1.0 Stable

11 - - - No latex obtained
PMMA/PEI 7 79 176 62.7+1.5 Stable latex

11 89 | 126 54.2£0.7 Stable latex
PMAA/PEI 7 69° - - Gel product

obtained
11 67% - -
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Conditions: monomer/PEI = 4/1 by weight; TBHP = 0.1 mM; Temp 80 °C; reaction time 2 hrs.

 at the reaction time of 1 h

- C-potential measurement

The result is also shown in Table 1. The zeta-potentials of all latexes at pH 7 were in
very close values around 61-67 mV. On the other hand, the zeta-potential of the PMMA/PEI
latex at pH 11 was only 54.2 mV. This result strongly confirms the existence of the PEI
amino groups on the particle surfaces, and the degree of protonation of PEI affects the
strength of particles’ surface charges, and lead to the high stability of particles.

- Kinetics of Polymerization

The kinetics of polymerization of PnBA/PEI, PEA/PEI, PMMA/PEI, and PS/PEI
latexes prepared from the solution of PEI pH 7 were compared. From Figure 1, it could be
seen that the steady monomer conversions for all monomers were attained in less that 1 h
without the trace of induction period. This indicates the distinctly effective free radical
generation of PEI/TBHP redox pair. However, the steady monomer conversion of each
monomer was different from the others.

Because of the difference of distribution coefficient of monomers in polymer
particle/water phase, the polymerization behaviors of these selected monomers are quite
different. In the case of nBA, the distribution coefficient value is bigger due to its low water
solubility (0.338 g/100 g water at 60 °C). However, probably due to the polar ester group on
it, nBA still have an affinity with active radical on PEI, resulting in graft copolymerization
and a formation of primary polymer particles. Once primary polymer particles are formed,
they absorb monomer faster because these are the most probable sites for such hydrophobic
monomer to be concentrated. After nucleation, polymerization takes place mostly in the
monomer-swollen particles. The radicals in particles were separated rendering them difficult
to terminate, their life time is extended, and the concentration of them is increased [10],
resulting in a high monomer conversion up to 92 %. However, this effect would be less
pronounced for other polar monomers with more water solubility as can be observed from the
decrease in monomer conversions of EA, MMA, or MAA as shown in Table 1 and Fig. 1.

In the case of styrene, even though it has low water solubility (0.237 g/100 g water at
60 °C) and, of course, the distribution coefficient value should be large, however, the
monomer conversion was only 22 %. This contradiction would be explained by the

difference in polarity of the monomer and the reaction medium. At pH 7, amino groups on
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PEI are protonated resulting in many positive charges on it. Dissolved PEI at this stage
causes the ionic strength and polarity of the medium to be increased. Because of this, the
difference between the polarity of the medium and styrene is so high that causes a large
surface tension. Therefore, polymerization of styrene in this condition could be impeded as
can be seen from the low monomer conversion. Moreover, unlike BA, styrene is also lack of
any polar groups in its structure, which might help reduce a surface tension between two
phases.

MMA and EA, the polar monomers and having close values of water solubility (2.25
and 2.13 respectively), exhibited the change of monomer conversion similar to BA, except
that their steady monomer conversions were lower. This could also be explained that these
two polar monomers are more water-soluble. Their distribution coefficient is lower
compared to that of nBA, and some amount of monomers might be dissolved in the water
phase leading the lower concentration of monomers in the polymerization site and eventually

lower monomer conversion.

S 90 | —e— PnBA/PEI
® s PMMA/PE|
S 60 |
g PEA/PEI
O 30 o PSPEI
N

0

0 50 100 150 200
Time (min)

Figure 1. Monomer conversions vs time at pH 7

- Grafting copolymerization

From the mechanism of the polymerization and the particle formation mentioned
above, the formation of homopolymer cannot be excluded. Dried latexes prepared at pH 7
were extracted by using the soxhlet extractor with dichlormethane to remove the
corresponding homopolymer. The % grafting and grafting efficiency were calculated and the
result are displayed in Table 2. PnBA/PEI yielded the highest % grafting and % grafting
efficiency, which were 218, and 67 % respectively. This indicates the competition between

the graft copolymerization and homopolymerization.
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Table 3 Grafting and grafting efficiency of the latex prepared at pH 7

Latex % Grafting % Grafting
efficiency
PnBA/PEI (pH7) 218 67
PEA/PEI (pH7) 184 59
PMMA/PEI (pH7) 150 48
PS/PEI (pH7) 22 25

- FTIR of grafted copolymers

After soxhlet extraction to remove their corresponding homopolymers, all pure
grafted copolymers of PS/PEI, PnBA/PEI, PEA/PEI, and PMMA/PEI were characterized by
ATR-FTIR spectroscopic analysis. Pure PEI was also analyzed for a comparison. All spectra
are shown in Figure 2. It can be seen that, for PS/PEI copolymer, there appeared the
characteristic signals of N-H stretching and N-H bending at 3370 and 1639 cm™ respectively,
which are similar to the signals found in the pure PEI. In addition, there was a C=C
stretching signal at 1453 cm™', which should be assigned to a signal of the corresponding
aromatic part of styrene. For PnBA/PEI, PEA/PEI, and PMMA/PEI copolymers, there were a
combination of signals of PEI as mentioned above, and the signals of C=0 stretching and C-
O stretching around 1730 and 1150 cm™ | respectively. Therefore, these ATR-FTIR spectra

are strong evidence to show that grafted copolymerization actually took place in all systems.
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1639cm™ N-H bending
3368 cm™” N-H
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Figure 2. FTIR of grafted copolymers of the corresponding latexes prepared at pH 7
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- Particle size and morphology

The particle sizes of all latexes were determined by the particle size analyzer and the
results are shown in Table 2.

Transmission electron microscopy (TEM) is a useful technique providing a very
important information of particle size and morphology. Core-shell imprints of all types of
particles were clearly illustrated as shown in Figure 3. For nBA/PEI particles, there are the
observation of small particles together with large particles. This could a trace of first formed
small particles, which were too small to have colloidal stability. So that they coagulated to be
larger particles to restabilize their colloidal entity. In the system of PMAA/PEI core-shell
particles could not be obtained. Instead, the network of amphophilic PMAA/PEI was

obtained as also shown in Figure 3.
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