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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



unAanga
svialasen1s: MRG4880124
Zalasens: Sﬂ‘ﬁwamaavhﬁauauaLuas‘@iamnﬁmﬂuawmﬂmh WY core-shell 1% Polyethyleneimine
(PEI) 1Juasftsznaunan
Farin3du: wieiusy giunysal madrad aadngieans amingduaioa

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

lunwisehlainmsanudninaves hiauauaiuaisiaa1s9fa styrene (St), n-butyl acrylate (NBA),
ethyl acrylate(EA), methyl methacrylate (MMA), WLas methacrylic acid (MAA) luns ﬁdmi’l:ﬁa%mﬂmimmu
core-shell 1a&n3zUIUANT emulsion grafted-copolymerization AUAaNMIANRNT 8awsIRIRD luszuums
faanzitiazld polyethyleneimine (PEI) aiiluwefinasniiazats i ld uazlnyjiadwiduasdsznay
& a & o o o o ¢ a & o ' v o A aaa o I3 a a A a £
uwadwainandmiuminiirinedweiasnanddudiljisemnimvieziianneyyadaszniiiadn
uulasaaiiived PEI Ngninfisainlas tbutyl hydroperoxide (TBHP) wanannik PEI i pH 7 uaz 11
d! o ] a v U e a a ] a aaa = v
Flsualasnsalalasaaesnidutu ssuaasdninademsiialisendndas

MnmInasasnueumamluiiaiioswes PMMA/PE! uaz PS/PEI anansniaioyldann PEI 3 2
8122 ( pHs 7 uaz 11) ’lumm:ﬁm&mﬂmiuﬁmﬁmmm PnBA/PEI uaz PEA/PEI 138 ldan PEI i pH 7
i lunsdias MAA lisansnieionaymamnluiiafiorldld udwldnianueindanyue (Wwaa

rY N P A 4 . .
uanNAIINMINasaLIsuiisul fiseiiaiuanuensiuessiadia g 1 PEI pH 7 AUIIA10LANETY

2pINauaLNDIINARD % conversion, particle size, % grafting, Waz% grafting efficiency

%A LLﬂzﬂIWﬂ'J’]llLLSOTadﬂiiﬂﬁﬁuﬁTﬂaﬂal&ﬂ’]ﬂﬁ']&l’]iﬂﬁ%g%vlﬁ'ﬂ']ﬂwﬂ g-potential LRTWUINRANIY
Ua4d PEI ﬁwﬂﬂﬂﬂd&ﬂﬂ@iﬂﬂlqﬁ mwmmﬁaaqamwﬁﬁLﬁﬂmaummsmmm morphology maawﬁﬂﬁmﬁ
& ed o v [l s v A @ 23 a ca & a
|LNNDN GLﬂT]Z‘ﬁvL@]ﬂEJ'N“H@Lﬂ% TaaaIN ATR-FTIR ﬁ'l&l']‘iﬂU%U%’J'lﬂi']WYﬂﬂWﬂﬂL&IﬂiLﬂﬂ“ﬂuﬁ]id
wananitlatimsanmaniwavasiamuaaluunumuas co-solvent @iamnﬁﬂmgmﬂuﬂumao PS/PEI 71 pH 7

WaZNNANTNARBINLIMTUTULRsuUSutMuala s Uea LAKNAGE % conversion Ua4 styrene NN

' . \ . { a &
LAVCRINRD momnmammwaamgmﬂﬁmwu



Executive Summary
1. AnudfLazNueIdynn
X & =] o . A a = ' ' a &

mgmﬂuﬂu (nanoparticles) Lﬂu%uﬂma@luﬂ% (nanomaterials) NANIIANWIDLIILNINANY NN
o - Ao o o o Ad v 13 a o oW we '
f915u building block idAndwiuwIlwnaluladsndqs — aymawlufl Maslduanuaulaatioun

P =] A A a ajaa '

%u@%mﬁam&nﬁﬂuﬂu 713 morphology 1 core-shell T LauWWIN (@amphiphilic) naNfe annInNIL

'Y ' & v A o & A ' %
Usznaudindin Uaan (shell) vakudiuiiduunu nang (core)ld &9 core uaz shell azlinnnuuandrinisdiu

e o Y A a . e & < ' { . oge '
hydrophilicity ¥inl# LAaanm e amphiphilic 4% wufadsuitdn hydrophobic k&g hydrophilic agmﬂum&mﬂ
\@£27i4 morphology WU core-shell #HalWaymadinddaut@dunaisdszniy 81 mandawaianluse
aumwluas Miisusafinzunstiu wiagnaadulasibaifandiu nIaibendyngu swaildnld duiden
A o oa ' A & a Y o o v A g . o o .
Inihnunilasdiuiiduunwnansan Fawaeasaeun1awen wazgsaaaz vwuinfidu carrier §1%30 active
priciples LaN g LT 281810y § LuAW wonaMAFIBUNKIN Mﬁ’]ﬁLﬂué”aﬁwqﬂﬂsmﬁ”’]waomjl,mﬂ wazh
fagduunuiiniiuniion carrer Awiulua nading ldigwasinu Selundhuusudd uen@@dn dre
I#ifa nIaNNEY physical properties 289834 hydrophilic k&s hydrophobic ¥nlARantananin awla
' 2L A o a A alaa o Y ad
FIBAUINLENNY ﬂ’limelmg;ﬂ”lﬂquLLuu core-shell TfiauauAANvINldnane3T 1ou step-by-step

" 4 . . 5 . . -

deposition of polylelectrolytes , shell-crosslinked knedle (SCK) micelles , graft copolymerization of hydrophilic
monomers onto reactive hydrophobic seeded particles , %30 copolymerization of hydrophilic macromonomers

o '

7 ' < a A v o ' 2
or surfmer through hydrophobic monomers’ agin9 lsfianuds s Sdadrinagnaiadszns gu 1435ms

ed o

faanedndudon nanotuaeu dodaiouluas azmoidergeilildduniusasuds (solids content)

@
o

o A 1 s ¥ A o &) a v A a & P o & a s ¥
@n"ﬁ\‘ilelL%NWZE‘TNT‘IUT‘I']T]J?ZUQ@ﬂ‘E luq@]ﬁ'l'ﬁﬂiill WIDINT WAL A0 INTHAULNN NNV UL NDTNIANA AN T 1h
A da £ . a

WawniNadnIzHnINNINIILaTDY

lulasamaidsdt azlfiTnisuenzieynauluuuy core-shell Thauaudian lay UjA3en graft

A

copolymerization w4 lfianauatuaiuunaiines template Nfingaziiluaglu lassaine uazazassile

a % v A

s ad v o ao =2 v A 9-10 aasa IS
sudwisnduanuldinaidulusmdnmluszdusSygen T A5ATTadnaetznsuanainnsf lidu
Aunuiwadeuiasnniujismludnaefidui udr dudwitnsdaaned fde lddudaugaenn uaz

I3 Y a a o v A [ & A a £ [ 1Y .
T dudaaduasanusedafia (surfactant) mlﬁ%Na@manmmne?ﬂmqmm'lmimLﬂi’l:ﬁmU emulsion

polymerization LULLAN



wazANIzUUMaN leansn lUuad A ScuuvaINTT graft poly(methyl methacrylate) (PMMA) Ut
PEI é’dﬁfulumﬁfﬁ'}'ﬂﬁa:ﬁﬂﬂﬂsamsﬁa:L‘ﬂumﬂlmﬂwavl,ﬂgimsé'amﬁ:ﬁﬁa gm3lT S5aana1anulafia

¢ a A Ada ' o & o o A A wn ' s
Yoo TTRADUNTANULANFAIINUNINIG AWIATIRIINAT WIRVTANIINIBAIN LT% ANNTOUIN

ad v o o & g = o A
#IaANNIV? msl**ﬁ’lumimmﬁ:ﬁawmﬂ core-shell laggsnald PEI 1ussdisznauiugnn Ssnsdsufon
TRAVDINOUBLNDST WaNNITUI TN ﬁﬂ:mmmﬂ%'mﬂﬁmuauﬁ?mmmgmamiuﬁé’mﬂﬁ:ﬂﬁuﬁa &9

o v Y d' o s a % adl v s a 6 A d' v

manivhazldtayandmanlumnlivlinszuuwitldiminzaunvhiaseuawaiziiadu wazidhlanalnng
Lﬁ@mi,mﬂmﬂmﬁLﬂi’]zﬁwa*’uaamﬂ‘*ﬁwauaLuai{ﬁﬁ@iamﬁams’]:ﬁﬁaU‘i%ﬁ
2. i'mqﬂs:mﬁmaﬂmami

1. é’amﬁ:ﬁagmﬂmh kUL amphiphilic core-shell 7% shell \J4 PEI waz core tiaantiila
VOUDLNDS TRANUANGA1INY

2. v‘hmﬁmezﬁauﬂ'ﬁmamﬂmwmaamgmmﬂuﬁé’qmﬁxﬂﬁ \T% TUIATBIBUNIA UAZNNINTE
NPV WIalaTaaFIIFUFIU (morphology) TaIEKMA

2 ' o = ¢ Aa wn

3. ANBINAVINNVLANAIIVBILATIFTINILATVBINAUBLNDS wmaau-umaamgmﬂmiu

LLaxﬂavl,ﬂm'sLﬁ@mi,mﬂ

o

3. w1 duuq5798
o & o o A A | ' ' Py ia & o
1. fenzd aumawlu lasld PEI Auhilaveuaie Saudadu 3 ndulng 9 analdun vanaweinfiaad
3’ v v A ' &a 2 ' & 3’ v o &
@zaevinldtasann wialuazans) venawasNazaneldunsaiu uaznaue wasfazaoiinld lasaziian
' =2 ' @ o < = @ aaa Aa ' ) A
afaanAnIINguaz 2-3 11 wiaunsAnmnavadaduues UJAzeniinada % conversion LT amnni
AN NTRUaIaNY AT a1vaIn1svi YR30 was A1 pH 289 reaction medium
2. M7 characterize aumamlufidnanzild lania
- particle size 8% size distribution lag particle analyzer
- particle morphology a8 Transmission electron microscopy (TEM)
3. @Anwiszansnwuasljisen graft copolymerization lagn13vinin1snaaadm pure graft copolymer flifia
& wna [ . ok @ & . o i . - A &
InlawlEiBnsana soxhlet extraction  WAIINUUTINIATFIWITE % grafting efficiency ~ URSWEIUFAT

lassaramaaiivas graft copolymers @etnaka Fourier transform infrared spectroscopy (FTIR)

4. "Emiwzﬁwamsmaaa



5. agﬂua:ﬁ UUINVINULNDULEE

* azhndaanzdaindrasauniaululu water-jacketed flask fidiaidnriuiaas water-circulating

bath NiTauNU thermometer, condenser , magnetic stirrer LLaZ nitrogen inlet waRues template luazanai

udnlaasly water-jacket flask wiaunalauanaiuasi purified w1884l inmsmdneandiaulasns

purge ¢18 nitrgen gas LHuiia1 30 w17 Aauiazidin t-butyl hydroperoxide (TBHP) @s1ilu initiator a9y

a a v aaa o a v
inauquaanmndl uatlidfismduiinlumeldvrssmeazasiulasian

** % Conversion = weight of monomer polymerized X 100

weight of monomer used

**3oxhlet extraction miaﬁ'ﬂﬁﬁaﬁfla:muaghnuuﬁmmim:m anaoidule lagmislwanuson

a ' o & Py % a & v & @ ' oAl
LLﬂ$Nﬂ’]3ﬂ'§l|LLuuﬂﬂ‘UﬁJqLﬂu“ﬂﬂﬂL‘V\a')Lwaﬁﬂ@]waaLNajLLa?3$LﬂUﬂa'}ﬂLﬂu‘la Uauvlﬂll’]aﬂ']ﬂﬂﬂl,uad)

**** Grafting Efficiency =

4. WNWNNTITLARAALATINTILLGARTTII 12 LAan

Weight of the polymer grafted

Weight of the total monomer polymerized

AanyInnazdiiung

=
Lo

10

11

12

1.§dLﬂiﬂ$ﬁﬂl§ﬂ1ﬂ%ﬂI%W%ﬂMﬁd

AnwnaveIlatnresl JAsend nade

a

% conversion L% §MRNI
AT NTRUIaTNU AN

AVBINIUAIEN uae fn pH 189

reaction medium

2. characterize
aumeamlunFuamzAld
- particle size Wl size distribution lag

particle analyzer




- particle morphology a8 Transmission

electron microscopy (TEM)

3. s EnTawaesUisen graft x [x |x |x |x |x |x
copolymerization laan1s¥in
NINAKBIAI pure graft copolymer
A a & waa @
MAedulaslditns ana soxhlet
extractionhaIaNHH INIIEIUWITE %
grafting efficiency

a 3 2 a
LLEI:WE‘I'%%E(@]?I@?G@?’N NNV
graft copolymers @28 INA%A Fourier

transform infrared spectroscopy (FTIR)

4. AATIZANANINARDY X X X

5. a’gﬂua:ﬁ HUINVINULNDULEE X

5. nawITaSasfinnainarafuilunsssimmsrsaummmdlweeasd
Synthesis of Polyethyleneimine-based Core-Shell Nanoparticles from Various Vinyl Monomers
maiazdfnilunss e Uil
- JOURNAL OF APPLIED POLYMER SCIENCE Impact factor = 1.017 %30
- EUROPEAN POLYMER JOURNAL Impact factor = 1.765 %38

- POLYMER Impact factor = 2.34 %38




6. Julszunos fia 2 1

paliliep) TIWINITU

U7 1 U7 2 M
1. RAIAAINALLNY
- ANAULNUAININTATIANT (10,000 LNN/iHiamw) 120,000 120,000 240,000
2. PIAANIES LT
fuouawnas uazsIARang 33,000 33,000 66,000
FaTasui unziaganidosdug 33,000 33,000 66,000
ArisgauUnsalingneaas 15,000 15,000 30,000
ANEAMUNINY 2,000 2,000 4,000
3. puae Taas o
faslumsliiedasiiodiamess 20,000 20,000 40,000
aldislunmdumaldyjianusanaoud 7,000 7,000 14,000
ANIATNTIBNBUAZEIR RN W TENIAN9 9 5,000 5,000 10,000
fnds fax uazlUswidd 5,000 5,000 10,000
4. BAIAAIIN - - -
2. wnadAI A - - -

saasulszanmilianae 480,000




=
NYUNLD ﬁ@lIﬂidﬂ’li

P a a a & a & A a
%E]Tﬂi\‘iﬂ'l‘i (J‘]'l‘i:}’]vL‘Y]EJ) EI‘Y]‘E‘WG"I.IEl\‘ivbuﬂllE]“LLEIL%JE]?@]E]T‘!']?LTW]L‘]J%E%I]']@]%’II% bUY core-shell Ny
Polyethyleneimine (PEI) iJuasftsznaunan
(mmé'\‘mr]ﬁ) Effects of Vinyl Monomers on the Formation on Polyethyleneimine-based
Core-Shell Nanoparticles
A o [y v ¢ a & <,
%aﬁ’lﬁ%’]‘[ﬂ‘i\?ﬂ'ﬁ (ﬂ’l‘]:l"l‘l‘ﬂ H)) W WWDTYN quuﬂgsm (819138)
(M®¥189NQW)  Mr. Panya Sunintaboon
(FUAUININITING) 219138
ITAZLINIALIR LI 21

L')a’]ﬁ’]ﬁ’]%%%lﬂsl%‘[ﬂidﬂ']iﬂiz&l'lmﬁﬂﬂ’lﬁaz 20 T2lad

anwiianae
Ainen MAITUAN  AEANENmMans WnIInenasuian

DUUNIZIN 6 NFINWY 10400 ¥Ia

UINEmMaasuazina lulaiwedines was SC4-413 @ning 3-4

AMZINEMAAT WAINERBURAN A AIA1E 0. WNTNTANA 3. UATUFY 73170
Tnsdnn 02-441-9816-20 (sia 1138) Tnsans 02-441-9322, %38 02-354-7151
E-mail scpsu@mucc.mahidol.ac.th

o Ao

P a1 & a o ¢
FawnIvandInun (J’]’]‘.I:HVL‘Y]EI) wHFIUTZNIR @GU?H?M?@M
(mmé‘dﬂqw) Miss Pramuan Tangboriboonrat

(FUAUININITINT) MaaNTe

=n.
3D
3.
®

#FWNAR
N9 % MAAT AN AIINLIAIENT WWIANLIRLNRAR

DUBBNIEINN 6 ﬂEOLYIWQ‘J 10400

10



Tnydnd

E-mail

02-201-5135 Tnyans 02-354-7151

scptb@mucc.mahidol.ac.th

dl a =
DaSNIIUA

ANRATINTOWIUUNNE WITY NNAIAFNIG

aj 04 )
matetgdlasens

TaUyHlasims

o A

o
NV

o—

IUIAT
RN

Hldmassing

MRG48-Wusqy1 ghunysnt

nytlng $na (WmTw)

gnantag E]\‘iﬁ(ﬂ’]il,ﬂ {TNIIN

6

1. wewusan  glunysal

2. wphiung LVAUUFINR

3. mum’;qmaﬁ uuﬁamws

11

@ lasing)
(@3135mMaiTad)

(@13135mMaiTLad)



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.

v PEI
1639cm™ N-H bending
3368 cm™” N-H
PS/PEI
PMMA/PEI
PnBA/PEI
PEA/PEI
' 1700cm” C=0 \
N-b|-| stretching 2900 cm™ C-H stretching ' 200 crrr'1 C-O stretching

T T T T T
4000 3500 3000 2500 2000 1500 1000

Wavenumber cm™

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.

PS/PEIl at pH 11
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=

PS/PEI at pH 7
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PnBA/PEI atpH 7
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PEA/PEI at pH 7

SR

Figure 3. TEM migrographs of all latexes

- Effect of cosolvent

Table 4 Effect of ethanol on monomer conversion and size of PS/PEI

Amount of | % MC Dv (nm)
Ethanol (g)

0 21 139

10 19 141

15 17 187

20 22 238

30 32 338
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Conditions: St/PEI = 4/1 by weight; pH of PEI =7, TBHP = 0.1 mM; Temp 80 °C; reaction
time= 2 h.

The effect of ethanol as a co-solvent was investigated in the system of PS/PEL
Various amounts of ethanol were added to replace water before conducting each
polymerization. In the presence of ethanol, St conversions were not much affected.
However, the particle sizes were dramatically influenced. As the amount of ethanol
increased, particle sizes tended to be larger. The result is shown in Table 4. The increased
ethanol content can increase the solubility of styrene and the corresponding oligomers in the
continuous phase [11]. Almog et al.[12] and Kawaguchi et al [13] also found that the particle
size increased linearly with decreased solubility parameter differences between the polymer
and the dispersing media due to the retardation of nucleation by increasing the solubility of

the oligomers in the dispersing media.

4. Conclusion

The core-shell nanoparticles with the PEI shell and various cores including PMMA,
PEA, PnBA, PS, PMAA were prepared. Variation on the degree of PEI protonation by
adjusting pHs, polarity and water solubility of the vinyl monomers played a major role on the
polymerization behavior of PEI/TBHP-initiated emulsion graft copolymerization. The
particle size of the latexes were also affected by protonation degree of PEI and type of vinyl
monomers. Zeta-potentials were only subjected to PEI. Core-shell morphology of the latex
were clarified by TEM. Moreover, the effect of ethanol as a cosolvent was investigated in the

PS/PEI system.
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1. Introduction

A branched polyethyleneimine (PEI), a cationic water-soluble polymer, is widely
used in many fields, such as paper production, water purification, or cosmetic
manufacture [1]. Recently, it has yielded significantly greater success in terms of cell
transfection, and appeared as a possible alternative to viral and liposomal routes of gene
delivery. Due to the fact that amine groups are especially useful for the covalent
immobilization of biologically active macromolecules, the design and controlled
fabrication of composite nanoparticles with PEI shell are of great interest. Among several
methods used in preparation of the hydrophobic core-PEI shell nanoparticle, Li ef al have
reported the new route based on an emulsifier-free emulsion graft copolymerization of
methyl methacrylate (MMA) from amino-containing water-soluble polymers, including
PEIL In this method, a small amount of #-butyl hydroperoxide (TBHP) was used to form
the redox pairs with amino groups on such polymer to generate free radicals capable of
propagating MMA [2]. 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 well-defined amphiphilic core-shell nanoparticles with a size range of
60-160 nm in diameter are finally formed. The polymerization is similar to a
conventional emulsion polymerization, except that no surfactant is added. 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. 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 nanospheres. Moreover, PMMA/PEI
nanoparticle has been demonstrated to be useful in gene and drug carriers for intracellular
delivery [3, 4].

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
of core-shell nanoparticles based on n-butyl acrylate (nBA), ethyl acrylate (EA), and
methyl methacrylate cores and PEI shell. The effect of the vinyl monomers with different
water solubility and polarity on the formation of core-shell nanoparticles was
investigated. The grafting and particle formation mechanisms for core-shell particles
were established [2,5].

2. Experimental
2.1 Materials

MMA, EA, and nBA (Fluka, Purum) were purified by treating with 10% sodium
hydroxide solution followed by washing with distilled water to remove inhibitor. St and
MAA (Merck, Purum) were purified by passing through a column packed with alumina
(Fluka, chromatography grade). TBHP (Fluka, Purum) and PEI (Mw 750,000) (Aldrich,
AR) were used without further purification. Distilled water was used throughout the
experimental work.

2.1 Emulsifier-free emulsion polymerization

The emulsion polymerization was performed in a sealed water-jacketed flask

equipped with nitrogen inlet and temperature-controlled circulating bath. In this method,

the predetermined amount of 10% PEI aqueous solution and distilled water were added to



4

the flask. The mixture was degassed with nitrogen 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.
pH of the 10 % PEI aqueous solution was adjusted using concentrated hydrochloric acid.
2.3 Polymer latex characterization

Monomer conversion (MC) and grafting reaction were determined by the
gravimetric method from the following equations:

MC (%) = (weight of total PMMA/weight of 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
These equations are also applied to other monomers.

The particle size and size distribution were determined with a particle size
analyzer (Malvern; Mastersizer 2000) by using dynamic light scattering principle.
2.4 TEM measurement

The nanoparticle morphology was observed using transmission electron
microscope (TEM; Tecnai G2 Sphera, at an accelerating voltage of 80 kV). The specimen
was prepared from drying a drop of latex sample diluted with water on the formva-coated
copper grid. Then the sample was stained with 2% phosphotungstic acid (EMS, AR)
aqueous solution for 3 min.
2.5 Zeta-potential measurement

The electrostatic surface charge of the polymer particles was deduced from their
electrophoretic mobility evaluated using the Zetasizer (NanoZS nanoseries, Malvern

Instruments, UK) in ImM NacCl solution at room temperature.



2.6 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
attenuated total reflectance-fourier transformed infrared spectrophotometer ATR-FTIR
(EQUINOX 55, Bruker) (32 scans at 4 cm™ resolution). The spectra were collected by
using a Ge crystal with single reflection mode.
3. Results and discussion

As described above, PEI is a very important factor for the initial grafting reaction,
particle formation, and then particle stabilization in this emulsion polymerization system. The

process of particle nucleation and growth corresponding to the present work is illustrated in

Scheme 1.

Scheme 1

When PEI is treated with #-butyl hydroperoxide (TBHP) at 80°C, the generated free
radicals on the amine nitrogens trigger the graft copolymerization of vinyl monomers. The #-
butoxy radical fragments obtained initiate a homopolymerization of monomers or abstract
hydrogen atoms from PEI backbone forming PEI macroradicals that propagate vinyl monomers
as well. At a certain point, the amphiphilic grafted macroradicals which behave like surfactants
and/or a hydrophobic homopolymer generated in-situ would self-assemble to form micelle-like
domains. The microdomains or primary particles are the sites for accumulation and further
emulsion polymerization of vinyl monomers. Finally, the well-defined, amphiphilic core-shell
nanoparticles are formed with PEI as a shell and a vinyl polymer as a core [5,7].

Since each monomer has its own specific characters in emulsion polymerization,

specific technological operation is required. The effect of three homologous vinyl

monomers with different water solubility, i.e., MMA, EA, and nBA, on this particular



emulsion polymerization system was investigated. The results in Table 2 are the
comparison of the graft-copolymerizations of the three monomers onto the PEI at two

different degree of protonation.

Table 2

It was observed that at pH 11, which is a normal condition of PEI dissolved in
distilled water, only PMMA/PEI core-shell nanoparticle latex was formed with monomer
conversion up to 90%, whereas nBA and EA did not result any latex. It is possibly due to
the fact that nBA and EA have small alkyl ester groups, which cannot protect them from
elimination at their acyl cabon atoms by the nucleophilic primary and secondary amines
of PEI[8]. To lessen this effect, the nucleophilicity of PEI aqueous solution was then
decreased by carefully adding concentrated HCI until its pH was dropped to 7. At this
pH, stable latexes were formed from all three monomers with reasonable monomer
conversions as also shown in Table 2. It was noticed that MMA monomer conversion at
pH 11 (89%) was higher than that at pH 7 (75%). This could be explained that at pH 7,
some amine groups of PEI converted to ammonium cations upon adding HCI. The result
agreed well with our previous report on the polymerization of MMA onto various amino-
containing water-soluble polymers, mentioning that primary amines are the most reactive
to activate the radical generation on amine nitrogen after forming redox pairs with TBHP
and quaternary amines are the least reactive ones to generate free radical capable of
propagate MMA [2]. It was also observed that the change of pH significantly affected
the size of PMMA/PEI particles. At pH 11 the diameter of PMMA/PEI particle was 129
nm, while at pH 7 its size was 173 nm. By lowering the pH of the medium, some amines
are transformed to ammonium cations that could attribute to the expansion of the PEI

shell layer resulting in a larger particle. The ammonium cations could bring more
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charges to the particle surface that enhanced the particle stability through an electrostatic
repulsion. More charges of PMMA/PEI latexes at pH 7 were confirmed with a zeta-
potential of +62.7 mV compared to +54.2 mV at pH 11.

At pH 7, the size of PnBA/PEI particles was 114 nm, while those of PEA/PEI and
PMMA/PEI particles were comparable, 186 and 173, respectively. The very small size of
PnBA/PEI particles might be influenced by the low water solubility of nBA during the
particle formation. From the mechanism mentioned above, the phase separation and
aggregation of the micelle-like microdomains took place at a certain point. At that point,
there should be certain units of monomers grafted on the PEI. For a low water-soluble
nBA, the phase separation might occur at a very short length of a corresponding
hydrophobic PnBA grafted on the PEI, leading to a smaller particle. In contrast, the
longer corresponding PEA and PMMA grafted onto the PEI would be required for a
phase separation resulting in a larger particle. However, the PnBA/PEI and PEA/PEI
nanoparticles had a tendency to coalesce at a later stage of polymerization, resulting in
larger particles that can be observed from the bimodal size distribution by the particle
size analyzer and TEM (data not shown). This coalescence might occur because PnBA
and PEA have low Tgs of -54 °C and -24 °C[9]. At the polymerization conditions, the
polymer formed were so rubbery that accelerated their coalescence upon contact [10].

As already mentioned that at pH 7, stable core-shell nanoparticles can be obtained
from all three monomers. The changes of monomer conversion with time on the
polymerization of PnBA/PEI, PEA/PEI, and PMMA/PEI latexes were investigated and

the data are displayed in Fig. 1.

Fig. 1
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It was noticed that the steady monomer conversions for all monomers were
attained in less than 1 h without any trace of induction period. This indicates the
distinctly effective free radical generation of PEI-TBHP redox pair. However, the steady
monomer conversions were 75%, 81%, and 92% for PMMA/PEI, PEA/PEI, and
PnBA/PEI latexes, respectively, which seemed that monomers with higher water
solubility tend to have higher initial rate of polymerization. This reminded that grafting
reaction takes place on PEI in the aqueous phase and the preference between PEI and
monomer might play an important role. The higher water solubility, the more polarity,
and the more preference between PEI and monomer to come to contact and accelerate the
propagation.

Although a more water soluble monomer gives a higher initial rate of monomer
conversion before approaching a steady state, however, its monomer conversion at a
steady state was lower than that having lower water solubility. In the case of nBA (0.338
g/100 g water at 60°C), its distribution coefficient value in a polymer particle and a
medium is very high and this also makes it difficult to react with PEI resulting in lower
initial rate of propagation. However, once primary polymer particles are formed after
phase separation, they absorb monomer faster because they are the most probable sites
for such hydrophobic monomer to be concentrated at this moment. After the formation of
primary particles, polymerization takes place mostly in these monomer-swollen particles.
The radicals in particles were separated rendering them difficult to terminate, their life
time is extended, and their concentration increases [11], 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, and MMA at plateau as shown in Table 1 and Fig. 1. Concerning

MMA and EA having close values of water solubility (2.25 and 2.13 respectively), the
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change of monomer conversions was similar to BA, except that their initial rates of
polymerization were higher and steady monomer conversions were lower. This could also
be explained that their distribution coefficient values are lower compared to that of nBA.
The monomers partially dissolved in the aqueous phase leading to the lower
concentration of monomers in the polymerization site and eventually lower monomer
conversion.
- Grafting copolymerization

From the mechanism of the polymerization and the particle formation already
mentioned, the formation of homopolymers cannot be excluded. Dried latexes prepared
at pH 7 were extracted by using a soxhlet extractor with dichloromethane as an extracting
solvent to remove the corresponding homopolymers. The %grafting and grafting
efficiency were calculated and the results are displayed in Table 3. It was observed that
the grafting and grafting efficiency percentages are in the order of PnBA/PEI > PEA/PEI
> PMMA/PEIL. PnBA/PEI particles yielded the highest % grafting and grafting efficiency
(218 and 67% respectively) that directly reflected the competition between graft-
copolymerization and homopolymerization. It is more likely that the more water-soluble
monomer tends to promote a homopolymerization. The result in Table 3 indicated that a

type of monomer would also affect the grafting reaction.

Table 3

- FTIR analysis of grafted copolymers
After soxhlet extraction to remove their corresponding homopolymers, all grafted
copolymers of PnBA/PEI, PEA/PEI, and PMMA/PEI were characterized by ATR-FTIR

spectroscopic analysis and the spectra are shown in Fig. 2.

Fig. 2
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It can be seen that there appeared the characteristic signals of N-H stretching and N-H

bending at 3370 and 1639 cm’ respectively, for PnBA/PEI, PEA/PEI, and PMMA/PEI
copolymers, which are similar to the signals found in the pure PEI. Moreover, the signals of C=0
stretching and C-O stretching ca. 1730 and 1150 cm™, respectively, were also observed for all
three grafted copolymers. Therefore, these ATR-FTIR spectra are the strong evidence to show
that grafted copolymerization actually took place in all systems.
- Morphology of the resulted latexes

Transmission electron microscopy (TEM) is a useful technique providing a very
important information of particle morphology. Core-shell imprints of all types of particles were
clearly illustrated as shown in Fig. 3. The PEI shell is represented by a dark periphery around the
particle resulted from being stained with a Phosphotunstic acid solution. The core was in the
central part of the partilcle. Particle size including a core diameter and shell thickness can also be

determined.

Fig. 3

4. Conclusions

In this emulsifier-free emulsion polymerization system, the PEI and type of
monomer play an important role in the characteristics of polymerization, and the
mechanism of particle formation. Degree of protonation of PEI could affect graft-
polymerization of each monomer, and the particle surface charges. nBA, EA, and MMA
having different water solubility, affected the initial rates of polymerization, steady
monomer conversions, and grafting reaction. The grafting copolymers were confirmed
by FTIR spectra. TEM micrographs revealed core-shell morphology of the formed

nanoparticles.
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Table 1 Comparison of monomer structures and their water solubility

Monomer Water solubility[6] Chemical structure
(g/100 g water) at 60°C
n-Butyl acrylate 0.338 H
H,C= c
COOCH,CH,CH,CH;
Ethyl acrylate 2.13 H
H,C= c
COOCH,CHj
Methyl methacrylate 2.25 CHs
H,C= c

COOCH;



Table 2.The resulted latexes prepared from MMA, EA, and nBA with PEI at pH 11 and 7

Latex pH of % MC Dy C-potential (mV) Remarks
PEI (nm)
solution
PMMA/PEI 11 &9 129+4 54.2 £0.7 Stable latex
7 75 1734 62.7+1.5 Stable latex
PEA/PEI 11 - - - No latex obtained
7 81 186127 60.9 £1.0 Stable
PnBA/PEI 11 - - - No latex obtained
7 92 114415 67.1£1.0 Stable latex
Conditions: monomer/PEI = 4/1 by weight; TBHP = 0.1 mM; Temp 80 °C; reaction time
2 hrs.

Monomer Conversion (%
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30 —8—PEA/PEI
—&—PMMA/PEI
15
0
0 20 60 80 100 120 140
Time (min)

Fig. 1.The monomer conversion vs time of different monomers at pH 7




Table 3.The %grafting and %grafting efficiency of the 3 latexes prepared from PEI pH 7

Particle % grafting % grafting efficiency
PnBA/PEI 218 67
PEA/PEI 184 59
PMMA/PEI 150 48
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Fig. 2. The FTIR spectra of extracted grafted copolymers of PMMA/PEI, PEA/PEI, and
PnBA/PEI
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Fig. 3. The TEM micrographs of PMMA/PEI, PEA/PEI, and PnBA/PEI core-shell
nanoparticles
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