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ABSTRACT: The atom transfer radical dispersion polymerization of 4-vinylpyridine (4VP) in an etha@ol/H
mixture displayed two stages of polymerization; the first stage is the formation of a diblock copolymer with the
polymerization rate of 1.21 mdl—1-h~1 before 1 h ofpolymerization, and the second is the main polymerization

in micelles formed from the aggregation of the resultant block copolymers with the polymerization rate of 0.009
mol-L~-h~1, The 2-bromoisobutyryl-terminated poly(ethylene glycol) methyl ether used in the polymerization
acts as both a stabilizer and an initiator. The stable micelles with functional core were synthesized by a one-pot
strategy via atom transfer radical dispersion copolymerization (ATRDCP) of 4VR Afianethylenebisacrylamide

(MBA) in an ethanol/HO solution for the first time. In the initial stage of polymerization, 4VP and MBA were
copolymerized to form a block copolymer, PE34VP-co-MBA), with pendent unreacted vinyl groups, and

after phase separation at a critical chain length of P&4##PMBA, the cross-linking reaction and polymerization
occurred at the same time, resulting in cross-linked micelles. The volume ratio of eth&hbbH a big influence

on the ATRDCP. An increase in the relative amount of ethanol in the solvent mixture will increase the solubility
of P4VP in the polymerization system, the phase separation will be postponed, and the critical chain length of
4VP blocks at the phase separation becomes longer. As a result, the particles size and the 4VP content in the
resultant micelles increase. The Au/polymer composite nanoparticles were successfully prepared by complexation
of P4VP with HAuC}, and following reduction with NaBH
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Introduction

Dispersion polymerization is a useful technique for prepara-
tion of micron and submicron particles with narrow size
distribution and has attracted great attention from polymer
chemists'2 In a dispersion polymerization, all reaction ingre-
dients are dissolved in a reaction medium at initial polymeri-
zation. As the polymerization progresses, the spherical polymer
particles formed are stabilized by steric stabilizer and dispersed
in the reaction medium homogeneoudlthe polymerization
then takes place mainly in the monomer-swollen droplet, and
at last, a stable polymer latex is obtained. The stabilizer is
necessary for dispersion polymerization so that monomer Polymertzation Time/ h
conversion higher than that in the precipitation polymerization 18000
can occurt The stabilizer in the dispersed particles may be b
incompatible (or immiscible) with the polymer produced. Phase
separation may occur in the resultant particles, possibly resulting
in nonspherical particles and coagulation. In addition, the
stabilizer cannot act as cross-linker when cross-linked particles
are neede8 Removal of the stabilizer from the final polymeric
particles is difficult and time-consuming. One way to solve these
disadvantages is the copolymerization of the stabilizer with
monomer, forming a pure polymer materfaf. 600010

Generally, dispersion polymerization is achieved via con-
ventional free-radical chemistry. Recent years, several researchFi ure 1. (a) The relationship of conversion and InIM]) of
groups hav_e e)_(plore(_j the appllcgtlo_n of living polymerization 4-?/inylpyridine (4VP) with poFI)ymerization time. (b) Variation of
techniques in dispersion polymerization, and great progress hasnolecular weightsNl(th) = theoretical molecular weighM.(NMR)
been achieved. The living polymerizations reported include = molecular weight was measured by NMR] with progress of
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anionic dispersion polymerization using poly(styréseck COﬂV_erSiOC? f0|r Zheh b||00k (‘i0p0||)ymerihZé|1ﬂ0fr1] Of(PAr\E/g és)iﬂg bromine-
propylenealt-ethylene) (PS-PPalt-PE) or PSblockpolyb- terminated poly(etnylene glycol) methyl ether (PEG-Br) as macroini-
utadiene (P$-PBD) as steric stabilizes,2 group transfer tator. Feed ratio of PEG-Br/avP/CUBIN,N N'N'-pentamethyl-

| ization im-heot ith P®-PPalt.PE tabilizel® diethylenetriamine is 1:200:1:1, ethanof®i= 1:1 (v/v), 60°C. The
polymerization im-heptane wi a as stanllizer, conversion was calculated on the basisldfNMR data.

*To whom all correspondence should be addressed. E-mail: @nd ring-opening polymerization efcaprolactone or-lactide
pcy@ustc.edu.cn. in mixed solvents#1> However, these methods suffer from
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Figure 2. 'H NMR spectroscopy of (A) bromine-terminated poly-
(ethylene glycol)methyl ether (PEG-Br), (B) PESpoly(4-vinylpyridine)-
(P4VP) in CDC}, and (C) PEGE-4VP in D,O. Polymerization
conditions: 4VP/PEG-BN,N,N,N'N""-pentamethyldiethylenetriamine/
CuBr=200:1:1:1 (molar ratio), ethanolf® 1 mL:1 mL, 60°C, 10 h.
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Figure 3. Gel permeation chromatography traces of (A) bromine-
terminated poly(ethylene glycol)methyl ether (PEG-Br) and the block
copolymers PEG-poly(4-vinylpyridine) (P4VP) obtained from po-
lymerization in ethanol/kD (1:1, v/v) at 60°C for different polym-
erization times: (B) 0.5 h and (C) 10 h. Feed molar ratio of 4VP/
PEG-Br/CuBrN,N,N',N',N"'-pentamethyldiethylenetriamire 200:1:
1:1, ethanol/HO 1 mL:1 mL.

limited monomers and solvents and rigorous conditfns.
Controlled radical polymerization (CRP) combines the merits
of conventional radical and ionic living polymerizations, and
advantages are the control of molecular weight, narrow molec-
ular weight distribution, and tolerance of a variety of monomers,
including functional monomers. The widely applied CRP
techniques include stable free radical mediated polymerizétion,
atom transfer radical polymerization (ATR®)and reversible
addition—fragmentation chain transfer (RAFT) polymerizatiSn.
Nitroxide-mediated radical polymerization was used in the
dispersion polymerization of styrene (St) and its derivatives in
water/alcohol mixture® in n-decane using PB-PPalt-PE as
stabilizer?! or in n-octanen-nonane, and-dodecane using PS-
b-PBD stabilize?? The nitroxide-mediated radical dispersion
polymerization in supercritical carbon dioxide was studied using
poly(dimethylsiloxand>-methyl methacrylate) (PDM8-PM-
MA)2324or PDMSh-PS as stabilizef? In addition, application
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Figure 4. Gel permeation chromatography traces of the resultant
polymers obtained from atom transfer radical dispersion copolymeri-
zation of 4-vinylpyridine (4VP) andN,N'-methylenebisacrylamide
(MBA) at different polymerization times: 0 (PEG-Br), 0.25, 0.5, 1, 2,
4, 8, 10, and 24 h, respectively. Feed molar ratio of poly(ethylene
glycol)methyl ether PEG-Br/4VP/MBA/CuBW,N,N,N'N""-pentamethy!-
diethylenetriamine (PMDETA) is 1:200:10:1:1, ethanglZH1 mL:1

mL at 60°C.

of RAFT polymerization in dispersion polymerization was
investigated, for example, with RAFT dispersion polymerization
of St in ethanol or in ethanol/water mixtures with 1-cyano-1-
methylpropyl dithiobenzoate as RAFT ageand dispersion
photopolymerization of St in ethanol with various amount of
RAFT agent using poly-vinylpyrrolidone) stabilizeg. Al-
though controlled radical dispersion polymerizations have been
studied extensively, no investigation on the atom transfer radical
dispersion polymerization in water or water/alcohol mixtures
was reported to our knowledge. In those polymerizations
reported, the block copolymer without reactive group was used
as stabilizer; the resultant products were contaminated with the
stabilizer unavoidably. In addition, only common monomers,
such as St and MMA, have been studied, and dispersion
polymerization of functional monomers was not investigated.
When the macromonomers are used in the controlled radical
dispersion polymerization, the stabilizer contaminant in the
resultant product may be solved. For example, RAFT polym-
erization using various macromonomers stabilizer has been
studied, and the stable micelles were obtaiffed.

Among the numerous functional monomers, 4-vinylpyridine
(4VP) is an interesting monomer. It is basic, nucleophilic,
coordinating, and pH-sensitive. Its polymer, P4VP, is a weak
polybase and can be dissolved in water only if the pyridine
groups are highly protonaté8 SFRP of 4VP was reported, and
the polydispersities of the resultant polymers were relatively
broad My/M,, ~ 1.2—1.5)2°30However, ATRP of 4VP poses
a challenging problem, because both 4VP and P4VP strongly
coordinate copper ion, which will lead to a decrease of catalytic
activity, and controlled radical polymerization cannot be
achieved. Thus, strong binding ligands, such as tris[2-(di-
methylamino)ethylJamine, are needed for controlled radical
polymerizatiort1-32n this paper, we studied the atom transfer
radical dispersion polymerization (ATRDP) of 4VP using [poly-
(ethylene glycol) methyl ether] 2-bromoisobutyrate as initiator,
and the morphology of the resultant products was investigated.
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Figure 5. The photos of atom transfer radical dispersion polymerization of 4-vinylpyridine (4VPNaddmethylenebisacrylamide (MBA) in
ethanol/HO (1:1, v/v) at 60°C for different polymerization times: (A) 0.25 h, (B) 0.5 h, (C) 1 h, (D) 2 h, and (E) 4 h. Feed molar ratio of
bromine-terminated poly(ethylene glycol) methyl ether/4VP/MBA/CUBM,N,N'N"-pentamethyldiethylenetriamine is 1:200:10:1:1, ethan@/H

1 mL:1 mL.

Scheme 1. Formation of Nanosized Micelles and Atom Transfer Radical Dispersion Copolymerization of 4-Vinylpyridine (4VP) and

N,N’-Methylenebisacrylamide (MBA) in Ethanol/H,O Using Bromine-Terminated Poly(ethylene glycol) Methyl Ether (PEG-Br) As
Macroinitiator

Sl '-,3 2 ”f

NS\ PEGBr ® 4vP - MBA

Experimental Section procedure is as follows. The macroinitiator PEG-Br (0.129 g, 25
umol), CuBr (3.6 mg, 25umol), PMDETA (4.55 mg, 25:mol),
4VP (0.570 g, 5 mmol), ethanol (1 mL), and® (1 mL) were
successively added mta 5 mL glass tube with a magnetic bar,

Materials. CuBr (Shanghai Chemical Reagent Co, 99%) was
purified by stirring in glacial acetic acid, washing with ethanol,
and then drying in a vacuum oven at 70 overnight. 4-Vinylpy-
ridine (Acros, 96%) was dried over Cakdnd was distilled under and then the system was degassed by three frqmrap-thaw
reduced pressure prior to use. Poly(ethylene glycol) methyl ether CYcleS: The tube was sealed under vacuum, and then the sealed
(M, = 5000 g mot, Fluka),N,N'-methylenebisacrylamide (MBA, tube was placed in an oil bath at 8G. After the polymerl_zatlon
Aldrich), 2-bromoisobutyryl bromide (Aldrich, 98%), and other was carried out for 10 _h, the tL_Jbe was opened. Thg reaction mixture
reagents with analytical grade were used as receN@gN N'N''- was extracted three times with GEl, (3 x 20 mL); the extract
pentamethyldiethylenetriamine (PMDETA) was synthesized ac- was passed through a short neutral alumina column for_ removal of
cording to the procedures reported in ref 33. the copper complex. The eluent was concentrated using a rotary

Esterification Reaction of Poly(ethylene glycol) Methyl Ether ~ €vaporator, and the residual liquid was added into excess diethyl
with 2-Bromoisobutyryl Groups. The macroinitiator 2-bro- ether. The precipitate was collected by flltratlon..After erlng ina
moisobutyryl-terminated poly(ethylene glycol) methyl ether (PEG- Vacuum oven at 36C overnight, the white polymeric particles were
Br) was synthesized according to the procedures repétted. obtalrlled in 60% yield (0.421 gM, = 11 000 g/mol.Mw/M, =
Poly(ethylene glycol)methyl ether (MPEG, 10 g, 2 mmol) and 1.10.*H NMR (CDCl, 9, pp_m_): 8.34 (m, 110H, pyridine H ortho
anhydrous toluene (150 mL) were added into a 250 mL round- ©© N), 6.39 (m, 110H, pyridine H meta to N), 3.62 (m, 448H,
bottom flask equipped with a magnetic stirrer. After azeotropic —~OCH,CH,0-), 3.3 (M, 3H, ¢1:0), 2.01 (m, 55H;-CH,CH—),
distillation for removal of trace water, the mixture was cooled to 1.44 (m, 110H,-CH,CH-), 0.98 (m, 6H, 2Ely).

0 °C, and then triethylamine (TEA, 0.808 g, 8 mmol) was added.  For testing the kinetics of dispersion polymerization, the PEG-
Subsequently, 2-bromobutyryl bromide (1.84 g, 8 mmol) was Br, CuBr, PMDETA, and 4VP with feed molar ratio of 1:1:1:200
dropped in over 45 min, and a white precipitate of triethylammo- were added into ethanolf® (1:1, v/v) in the eight 5 mL glass
nium bromide formed immediately. The reaction solution was tubes, respectively. The polymerizations were carried out under the
warmed to room temperature over approximagh and was stirred same conditions mentioned above and then stopped at 8, 15, and
for an additional 24 h. After the salt of TEA was filtered, the filtrate 30 min and 1, 2, 4, 8, and 10 h, respectively. After the polymer-
solution was concentrated under reduced pressure. The residue inzation solution was treated with the same procedure mentioned
CH,CI, was added into cold diethyl ether and the product was above, white powder products were obtained in 32%, 35%, 45%,
precipitated. The macroinitiator, PEG-Br, was obtained by filtration 53%, 55%, 57%, 59%, and 60% yields, respectively, by gravimetric
and then was dried in a vacuum oven at room temperature for 24 method. On the basis of the integral values of signals &t8.34

h. CHO(CH,CH,0);,5.COC(CH),Br, My(GPC) = 6900. M,/M, (ls.39 and 3.62 ppmlgey), corresponding to two pyridine protons

= 1.01.’H NMR (CDCls, o, ppm): 4.32 (t, 2H,—CH,OCO-), and ether methylene protons of PEG, the conversions were

3.62 (m, 448H-0OCH,CH,0—-), 3.3 (m, 3H, OCl3), 1.94 (s, 6H, calculated. The average molecular weight4,(NMR)s] of the

2CH3). resultant block copolymers were calculated on the basis of the
Dispersion Polymerization of 4VP in Ethanol/H0 (1:1, v/v) integration ratio ofg 34t0 I365 and they were 9500, 10 200, 13 000,

using the Macroinitiator PEG-Br. A typical polymerization 15 200, 15 700, 16 200, 16 400, and 16 600, respectiVidiiNMR
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Figure 6. H NMR spectroscopy of the resultant block copolymers
obtained from atom transfer radical dispersion copolymerization of
4-vinylpyridine (4VP) andN,N'-methylenebisacrylamide (MBA) in
ethanol/HO (1:1, v/v) at 60°C using poly(ethylene glycol) methyl
ether (PEG-Br) as macroinitiator at different polymerization times: (A)
0.5 h and (B) 10 h. Feed molar ratio of 4VvP/MBA/PEG-Br/CuBr/
N,N,N,N'N""-pentamethyldiethylenetriamire 200:10:1:1:1.

Figure 7. Transmission electron microscopy (TEM) photo of the
resultant micelles formed from atom transfer radical dispersion copo-
lymerization of 4-vinylpyridine (4VP) antl,N'-methylenebisacrylamide
(MBA) (see sample 5 in Table 1).

(CDCls, 6, ppm): 8.34 (m, pyridine H orthoto N), 6.39 (m, pyridine
H meta to N), 3.62 (m;-OCH,CH,0O—), 3.3 (m, H30), 2.01 (m,
—CH,CH—-), 1.44 (m,—CH,CH-), 0.98 (m, 2C5).

Dispersion Copolymerization of 4VP and MBA Using PEG-
Br as Macroinitiator. A typical procedure is as follows. The PEG-
Br (0.129 g, 25tmol), CuBr (3.6 mg, 25%mol), PMDETA (4.55
mg, 25umol), 4VP (0.570 g, 5 mmol), MBA (38.5 mg, 2%30nol),
ethanol (1 mL), and kD (1 mL) were successively added into a 5

Macromolecules, Vol. 40, No. 25, 2007
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Figure 8. Field emission scanning electron microscopy image of the
resultant micelles (sample 5 in Table 1) prepared from the atom transfer
radical dispersion copolymerization.

under vacuum, and then the sealed tube was placed in an oil bath
at 60°C with stirring. After polymerization was carried out for 24

h, the reaction mixture was cooled to room temperature. The tube
was opened, the polymer solution was extracted three times with
CH.Cl, (3 x 20 mL), and the extract was passed through a short
alumina column for removal of the copper complexes. The eluent
solution was concentrated using a rotary evaporator, and the residual
liquid was poured into excess diethyl ether. The precipitate was
collected by filtration. After drying in a vacuum oven at 3G
overnight, the white polymer particles (0.443 g) were obtained in
60% yield.'H NMR (CDClg, 6, ppm): 8.34 (m, pyridine H ortho

to N), 6.77 (m,—NHCH,NH-), 6.39 (m, pyridine H meta to N),
6.36, 6.12 (m, €&,=CH), 5.70(m, CH=CH), 4.79 (m,—NHCH>-
NH-), 3.62 (m, —OCH,CH,O—), 3.3 (m, GH30), 2.01 (m,
—CH,CH-), 1.44 (m,—CH,CH-), 0.98 (m, 2C13).

To study the effect of the polymerization time on the dispersion
polymerization, the polymerizations with the same feed molar ratio
of PEG-Br/CuBr/PMDETA/MBA/4VP= 1:1:1:10:200 were carried
out respectively in the eight 5 mL glass tubes under the same
polymerization conditions mentioned above, and then the polym-
erization was stopped at 0.25, 0.5, 1, 2, 4, 8, 10, and 24 h,
respectively. After polymerization solutions were treated with the
same procedure mentioned above, the white polymer particles were
obtained in 34%, 37%, 47%, 55%, 57%, 58%, 59%, and 60%,
respectively.

Influence of the Ethanol/H,O Ratio on the Dispersion Poly-
merization of 4VP and MBA Using Macroinitiator PEG-Br.

After PEG-Br, PMDETA, 4VP, and MBA were dissolved in ethan-
ol/H,O mixture homogeneously, the solution was divided equally
into five portions. Each portion contained PEG-Br (0.129 g, 25
umol), PMDETA (4.55 mg, 25mol), 4VP (0.570 g, 5 mmol),
and MBA (38.5 mg, 25Qumol). Those five portions were added
into five 5 mL glass tubes. Separately, CuBr (3.6 mg,.250l)

and 2 mL of ethanol/kD with various volume ratios of 1/1, 1/1.5,
1/2, 1/3, and 0/1 (v/v) were added into each glass tube, and then
the system was degassed by three freguemp—thaw cycles. The
tubes were sealed under vacuum and then placed in an oil bath at
60 °C with stirring. After 10 h of polymerization, the tube was
cooled to room temperature and then opened. The reaction mixture
was extracted with CkCl,, and the resultant organic solution was
passed through a short neutral alumina column for removal of the
copper complex. The eluent solution was concentrated using a rotary
evaporator, and the residual liquid was poured into excess of
diethyl ether. The precipitate was collected by filtration, and the
target polymer particles were obtained after dried in a vacuum
oven at 30°C overnight. TheR,s of micelles are 29.8, 24.7,
22.1, gelation, and gelation, respectivel NMR (CDCls, 6,
ppm): 8.34 (m, pyridine H ortho to N), 6.77 (mHCH,NH), 6.39

mL glass tube with a magnetic bar, and then the system was (m, pyridine H meta to N), 6.36, 6.12 (m,H;=CH), 5.70 (m,

degassed by three freezpump—thaw cycles. The tube was sealed

CH,=CH), 4.79 (m,—NHCH,NH-), 3.62 (m,—OCH,CH,0-),
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Figure 9. (A) Hydrodynamic radius distributionR;) and (B) z-average root-mean square radius of gyratiBg) 6f the micelles prepared from
sample 5 in Table 1, which were measured by dynamic light scattering (DLS) and static light scattering (SLSEat 25

Scheme 2. Preparation of Micelles by Polymer Linking Reaction

O CHj
wwannanannsO—C—C—Br 4-VP -
CHs MBA

3.3 (m, H30), 2.01 (m,—CH,CH—), 1.44 (m,—CH,CH—), 0.98 TEM observations were prepared by depositing a drop of the
(m, 2CHy). polymer solution in ethanol on copper grids.

Coordination of the Polymer Particles with HAuCl,. The High-Resolution Transmission Electron Microscopy (HRTEM).
resultant polymer particles were dissolved in ethanol to form a HRTEM images were carried out on a JEOL JEL2010 electron
transparent polymer solution with a concentration of 1 mg/mL. microscope at 200 kV acceleration voltage. The same procedure
HAuCI, solution in ethanol (1 mg/mL) was dropped into this with TEM observations was used for preparation of samples.
solution under nitrogen atmosphere with stirring. In order to study ~ UV—Vis Spectra The UV—vis spectra were recorded on a
the effect of feeding ratio of HAuGlon the morphology of the  Hitachi U-3010 spectrophotometer (Japan) in the range of-200
micelles, molar ratios of 0.5:1, 1:1, 1.5:1, and 2:1 were investigated. 800 nm.

After coordinating reaction was carried out at room temperature | aser Light Scattering (LLS).LS studies were conducted on a
for 2 days, NaBH aqueous solution with concentration of 1 mg/ modified commercial LLS spectrometer (ALV/DLS/SLS-5022F)
mL was dropped in. equipped with a ALV-5000 multi- digital time correlator and a

Characterization. Nuclear Magnetic Resonance (NMR) Spec- cylindrical 22 mW UNIPHASE He-Ne laser {o = 532 nm) as
troscopy.The'H NMR (300 MHz) measurements were performed  the light source. In static LLS, we can obtain thaverage root-
on Bruker DMX300 spectrometer in CDLbr in DO using mean square radius of gyratiofiR§() of polymer chains in a dilute
tetramethylsilane as an internal reference. solution from the angular dependence of the excess absolute

Gel Permeation Chromatographfhe molecular weight and  scattering intensity, known as Rayleigh raf®,(g), which is
molecular weight distribution were determined on a Waters 150C dependent on the scattering vectpr
gel permeation chromatograph (GPC) equipped with three Ul-
trastyragel columns (500, 10L0°A) in series and RI 2414 detector KC 1 1
at 30°C, and tetrahydrofuran (THF) was used as eluent at a flow R W (1 + 3 R, g ) +2AC @
rate of 1.0 mL/min. Monodisperse polystyrene was used to calibrate (0 w
molecular weight and molecular weight distribution.

Field Emission Scanning Electron Microscop¥he field- whereK = 472n%(dn/dc)%(Nale*) andqg = (4zn/io) sin(@/2), with
emission scanning electron microscope (FESEM) images wereNa, dn/dc, n, and Ao being Avogadro’'s number, the specific
measured on a JEOL JSM-6700F. The samples were prepared byefractive index increment, the solvent refractive index, and the
placing a drop of the polymer solution in ethanol on copper grids wavelength of the laser light in a vacuum, respectively, Ands
and gilding a shell of Pt nanoparticle. the second virial coefficient. Strictly speaking, h&g(q) should

Transmission Electron Microscopyhe transmission electron  beR,(q) because there is no analyzer before the detector. However,
microscope (TEM) observations were performed on a Hitachi H-800 the depolarized scattering of the solution studied is insignificant
microscope at an accelerating voltage of 200 kV. The samples for so thatR,.(g) ~ R,,(0). In dynamic LLS, the Laplace inversion of
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Table 1. Conditions and Results for Atom Transfer Radical Dispersion Polymerization of 4-Vinylpyridine (4VP) and
N,N'-Methylenebisacrylamide (MBA) in Various Ratios of Ethanol/H,02

ethanol:HO time conversion Ry° size composition of
sample (vIv) (h) (%)° (nm) distributiorf MPEGh-P4VFH
1 0:1 0.08 gelatin
2 1:3 15 gelatin
3 1:2 10 44 22.1 0.204 113:94
4 1:15 10 51 247 0.177 113:109
5 1:1 10 55 29.8 0.231 113:115

aFeed ratio= [4VP]o/[MBA] o/[poly(ethylene glycol) methyl ether (MPEG)-BACuBr]/[N,N,N,N'N"-pentamethyldiethylenetriamine (PMDETA}
200:10:1:1:1 (molar ratio); 4VP, 0.570 g; ethancily 2 mL; temperature, 6TC. ® Conversions were measured by the gravimetric methbiydrodynamic
radius Rn) and size distribution were obtained from dynamic light scattedr@@omposition of MPEGs-P4VP was calculated byH NMR spectroscopy.

each measured intensityntensity—time correlation functiorG®-
(g,t) can lead to a line-width distributio®(I"). For a pure diffusive
relaxation,I is related to the translational diffusion coefficidbt
by D = (I'/g?)¢—o0.c—o, OF further to the hydrodynamic radits via
the Stokes-Einstein equationR, = (ks T/6117D), wherekg, T, and

n are the Boltzmann constant, the absolute temperature, and th

solvent viscosity, respectively. Therefo®(I') can be converted
to a hydrodynamic radius distributid(R,). The CONTIN Laplace

with the theoretical molecular weights. The formation of block
copolymers in the ATRDP can be confirmed by thiéirNMR
spectra. Figure 2B is thtH NMR spectrum of the polymer
obtained from ATRDP of 4VP. For comparison, thé NMR
spectrum of PEG-Br is shown in Figure 2A also. We can find

She characteristic signals of PEGat= 3.64 (b) and 3.39 ppm

(a) and that of P4VP ai = 8.34 (g) and 6.39 ppm (f). On the

inversion program in the correlator was used. All the static and Pasis of their integration ratio, the composition of the copolymer

dynamic LLS measurements were done at'e5

Results and Discussion

Atom Transfer Radical Dispersion Polymerization of 4VP
Using PEG-Br as Initiator. The controlled radical dispersion

was calculated and it is poly[(E@¥b-(4VP)1q. Their GPC
traces of the PEG-Br and PEIGP4VP are shown in Figure 3.
The unimodal and symmetrical GPC curves demonstrate that
those polymers are not mixture of the two polymers, verifying
further the formation of block copolymers.

polymerization of conventional monomers, such as St and Atom Transfer Radical Dispersion Copolymerization of

MMA, using block copolymer as stabilizer has been stuéietf.

4VP and MBA in Ethanol/H ;0. For getting stable micelles,

In this study, PEG-Br was used as an inistab, which acts asatom transfer radical dispersion copolymerization (ATRDCP)

both initiator and stabilizer, instead of block copolymer. In
addition, we selected PMDETA as ligand for improving the
controlled nature of 4VP polymerization. Therefore, the atom
transfer radical dispersion polymerization (ATRDP) of 4VP in
ethanol/HO (1:1, v/v) was followed by théH NMR method.

The conversions of 4VP at different polymerization time were

of 4VP with MBA as cross-linker and PEG-Br as initiator was
carried out in the ethanol and water mixture. At first, the GPC
method was used to follow the polymerization in order to
understand the ATRDCP process. Figure 4 shows the GPC
traces of PEG-Br and the polymer products obtained at different
polymerization times. The ATRDCP process can be explained

calculated on the basis of the integration ratio of signals of P4VP by Scheme 1. At the beginning of polymerization, the starting

ato = 8.34 and 6.39 ppm to the signals of PEG)at 3.64,

materials are dissolved in the ethanely forming a homo-

3.39 ppm. Figure la shows the relationship of conversion and geneous solution (Scheme 1A). Befdt h of polymerization,

In([M] o/[M]) with polymerization time. Different from conven-
tional radical dispersion polymerization behavior using block

only unimodal GPC traces were observed, and with the progress
of polymerization, the GPC curves were shifted to high

copolymer as stabilizer, in which the polymerization rate was molecular weight position due to the molecular weight increase

leveled off until conversion higher than 90%the polymeri-
zation was fast in the fitsl h (1.21 molL=%-h"1), which is
similar to the phenomenon of ATRP in the presence gdH
which was extremely rapiéf3¢ possibly water can help to
dissolve the catalyst. The following polymerization rate (0.009
mol-L~1-h™1) was slowed down suddenly. The turning point at
1 h might reflect the variation of the polymerization mechanism.

of the 4VP€0o-MBA blocks in the block copolymers. Thus, the
block copolymers PE®-P(4VP<co-MBA) were formed as
shown in Scheme 1B. At this stage, the polymerization solution
was transparent, as shown in Figure 5A,B, and no phase
separation had taken place. The narrow molecular weight
distribution M,/M,, = 1.07) of the polymers formed may have
resulted from the intactness of the secondary vinyl groups of

Consider that the solvent mixture is a good solvent for both MBA units in the 4VPeo-MBA blocks, except the living nature

4VP and PEG but is a nonsolvent for P4VP. At the beginning

of ATRP; this was confirmed by thi#H NMR spectrum of the

of polymerization, the polymerization system was homogeneous, block copolymer obtained at 0.5 h of polymerization in Figure

and the PEG-Br initiated the polymerization of 4VP with the
aid of CuBr/PMDETA. The ATRP proceeded to form block
copolymer, PE@-P4VP. With the chain length increase of

6A, and we can see the vinyl protons signal$)at 5.70 (j),
6.12 (k), and 6.36 (I) ppm. On the basis of the degree of
polymerization of PEG-Br and the integral values of the signal

P4VP to a critical value, phase separation occurred to form atd = 3.64 and 5.70 ppm, we estimated that there are two intact
micelles with PEG shell and P4VP core. The evidence for this secondary vinyl groups per initial PEG-Br chain. The resultant
explanation is that, at the last stage of polymerization, the block copolymer is of the structure shown in Scheme 2a, which
polymerization system displayed faint blue opalescence, indicat-is similar to the result reported.At 1 h of polymerization, two

ing the formation of nanosized microspheres. Further polym-

GPC traces of the resultant polymers were observed; the one at

erization proceeded in the micelles, and the polymerization the lower molecular weight position is the PEQ4VP-co-

became slow due to the difficult diffusion of 4VP monomer
from solution to the micelles, which will be explained later.
The linear relationship df1,(NMR) with conversion in Figure

MBA) block, and other at the high molecular weight position
is the micelles that were formed by self-assembly of the resultant
block copolymers. Probably, at this point the chain length of

1b indicates that the polymerization can be controlled by feed the P4VPeo-MBA blocks reached the critical value, and the

molar ratio and conversion, amdh(NMR) values are accordant

aggregation occurred to form micelles with a P4PMBA
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Figure 10. The high-resolution transmission electron microscopy of the Au/micelles composite particles prepared from reduction @firHAuCI
micelles (sample 5 in Table 1) by NaBHith different feeding molar ratios of HAu¢to micelles: (A) 0.5:1, (B) 1:1, (C) 1.5:1, and (D) 2:1.
Scale bars are 50, 90, 40, and 50 nm, respectively. (E) The electron diffraction of Au in the composite particles.

core and PEG shell due to the poor solubility of PAMPVMBA form the micelles. The following polymerization and cross-
in the polymerization media (Scheme 1C). The polymerization linking reactions were underwent mainly in the micelles formed,
solution formed &l h displayed a faint blue opalescence, as as shown in Scheme 1D. With the progress of polymerization,
shown in Figure 5C. The cross-linking reaction between the the polymerization system gradually became faintly milky, as
block copolymer chains as shown in Scheme 2b will help to shown in Figure 5D,E, and the GPC traces of the block
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ethanol in the mixture solvent increased continuously from the
154 - volume ratio of ethanol/bD = 1:2 to 1:1.5 to 1:1, no gelation

N was observed, even after 10 h of polymerization. Increasing
the relative amount of ethanol in the mixture solvent will

w 1.01 increase the solubility of P4VP. The phase separation will be
a2 postponed, and the critical chain length of 4VP blocks at the
phase separation becomes longer. It is favorable to increase the
0.5 .
4VP content in the target polymers.
Characterization of the Micelles. We call the products
0.0 synthesized in this study micelles, not star polymers, because

. . . . . . . the resultant particles are expected to be spherical, and their
200 300 400 500 600 700 800 cores are bigger than their coronas, due to their lightly cross-
linked cores and linear PEG shells. To verify the spherical
. ) ) particles and incompact cores of micelles obtained from
Figure 11. UV—vis spectra of (A, dot) the micelles formed from . -
sample 5 in Table 1 and (B, line) the Au/polymer composite particles; ATRDCP of 4VP and MBA in ethanol and water mIXFure, TEM,
solvent, ethanol; concentration, 0.5 mg/mL; temperature,@5 FESEM, and DLS/SLS measurements were carried out. The
sample 5 in Table 1 was used in all tests. One typical TEM
copolymer chains in Figure 4 shifted to high molecular weight image is shown in Figure 7. All particles were spherical, and
position continuously, that is, the chain lengths of block their number-average diameter is 30.5 nm, which was calculated
copolymer chains increased. Thus, the PE@VP-co-MBA) on the basis of the measurements of 80 particles. The FESEM
chains propagated and precipitated onto the micelles continu-image is shown in Figure 8. With the same calculation method

ously; we can observe that with evolution of the polymerization, for particles size based on TEM image, the number-average
the area of the high molecular weight trace increased, and thediameter of micelles is 33.4 nm, which matches the TEM result.

block copolymer trace decreased. In order to verify the incompact core structure of the resultant
The cross-linking reaction in the micelles was confirmed by Micelles, DLS/SLS measurements were performed in ethanol.
their H NMR spectra. Figure 6B shows thel NMR spectrum The results in Figure 9A show thar,Jof the r_mce_lles is 29.8
of the resultant polymer obtained from ATRDCP at 10 h of NM and PDI= 0.231, and from SLS results in Figure 9B, the
polymerization. In comparison with Figure 6A, the proton Felof the micelles is 30.6 nm. So the ratio @R[ = 1.03.
signals are the same, although their relative integration valuesAS mentioned in the literatur;* the (RyIR,Cvalues for the
are different. For estimating the progress of cross-linking polymer coils, uniform spheres, and thin-layer hollow sph_eres
reaction, the proton signal at= 4.78 ppm, which corresponds ~ ©F mcompa_ct structure are 1.50, 0.77, and 10 rt_espectlvely.
to the methylene group between two amides in MBA, was used Thus, the_m|celles prepared from one-pot syntheS|s via ATRDCP
as reference. In th#H NMR spectrum of the polymer obtained hav_e an incompact structure corres_pondlng to the low cross-
from 0.5 h of polymerization (Figure 6A), the integration ratio linking degree of the core, and the micelles were swollen during
of one vinyl proton signal ab = 5.70 ppm (j) to the signal at ~ Mmeasurement.
0 = 4.78 ppm (i) is 1:1.93, which is close to 1:2. This verifies Coordination of the Micelles with HAuUClI 4. As aforemen-
further that the second vinyl group of MBA did not participate tioned in the introduction, the P4VP is a strong coordination
in polymerization. For the polymer obtained from 10 h of ligand, which can be coordinated with metal ions. Therefore,
polymerization, Figure 6B shows that this ratio decreased to 1: the complexation of P4VP in the cores of micelles with HAUCI
5.42, less than the theoretical value of 1:2, indicating the was investigated. Figure 10 is the HRTEM images of the Au/
occurrence of the cross-linking reaction to form particles with polymer composite particles prepared from sample 5 in Table
4.78 cross-linking points per block chain, calculated on the basis 1 and HAUC}, with molar ratios of polymer micelles to HAugI

Wavelength/nm

of the integral values of signals at= 4.78, 5.70, and 3.63 = 0.5:1, 1:1, 1.5:1, and 2:1 in ethanol followed by reduction
ppm, as well as the degree of polymerization of PEG-Br. with NaBH,. We can see that very fine Au particles with 1.6
The Effect of the Volume Ratio of Ethanol/H,O on the nm in diameter were embedded in the polymer micelles
Dispersion Polymerization of 4VP and MBA Using PEG- homogeneously. Electron diffraction in Figure 10E displays the
Br as Macroinitiator . For P4VP, ethanol is a solvent, bui® typical crystal structure of Au nanoparticles. The diffraction
is a nonsolvent, which can be confirmed by thé NMR rings and spots can be indexed as 111, 200, 220, and 311 of

spectrum of PEG-P4VP in DO shown in Figure 2C. Only  face-center-cubic Au polycrystallites. With the increase of
characteristic signals of PEG and no characteristic protons HAUCl, in the feed, the composite particles tend to be connected
signals of P4VP appeared in Figure 2C. This demonstrates thatto each other to form a chainlike structure (see Figure-10B
the water-soluble PEG blocks form a shell and the P4VP blocks D). Probably, the complexation of Au with oxygen in PEG may
are aggregated to form core, due to the insolubility of P4VP in occur, although the complexing ability of oxygen is lower in
D,O. Therefore, the ratio of ethanol to,@ is an important comparison with nitrogen. When the quantity of Au is low, the
factor influencing the dispersion polymerization of 4VP and coordination between nitrogen atom and Au mainly happened,
MBA using PEG-Br as macroinitiator. So the ATRDP in retaining the morphology of the starting micelles. As the
ethanol/HO mixtures with various volume ratios was studied. concentration of HAuGlincreased, coordination of excess Au
The results and conditions are listed in Table 1. We observedwith the oxygen atom may occur, and more and more Au/
that when the water was used as polymerization media, gelationpolymer composite particles were connected each other, forming
occurred in 5 min, because the PEG-Br initiated the polymer- the various morphologies shown in Figure 10C,D. Spherical Au
ization of water-soluble MBA mainly, and gelation happened nanoparticles can be verified further by their YVis spectra,
very fast due to the fast polymerization in water. When the and Figure 11B is the absorbance spectrum of Au/polymer
volume ratio of ethanol/kD was changed to 1:3, the gelation composite particles. For comparison, the t\'s spectrum of
was delayed to 1.5 h of polymerization. When the amount of the polymer micelles formed from sample 5 in Table 1 is shown
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in Figure 11A. In addition to the absorbance bands of polymer, (11) Awan, M. A.; Dimonie, V. L.; ElAasser, M. Sl. Polym. Sci. Part A:
an absorbance band at 532 nm, which is characteristic of __ Polym Chenl996 34, 2651-2664.

spherical Au nanoparticléd,can be found in Figure 11B. (12) schT'ﬁlé;rtJi?ngélf/m\.(';cﬁ?nigég';32h3nz'7Y7'—H3§£%.ﬂrk' R.B. Polym.

(13) Awan, M. A.; Dimonie, V. L.; ElAasser, M. S. Polym. Sci. Part A:
Polym. Chem1996 34, 2633-2649.

(14) Gadzinowski, M.; Sosnowski, S.; Slomkowski, acromolecules
1996 29, 6404-6407.

(15) Sosnowski, S.; Gadzinowski, M.; Slomkowski, lacromolecules
1996 29, 4556-4564.

(16) Matyjaszewski, KCationic Polymerizations: Mechanisms, Synthesis
& Applications Marcel Dekker: New York, 1996.

(17) Georges, M. K.; Veregin, R. P. N.; Kazmaier, P. M.; Hamer, G. K.
Macromoleculesl993 26, 2987-2988.

(18) Wang, J. S.; Matyjaszewski, K. Am. Chem. So0d995 117, 5614~
5615.

Conclusion

The kinetic study for the ATRDP of 4VP in ethanoi®l
mixture (1/1, v/v) using PEG-Br initiator demonstrated two
stages of polymerization, the first stage of polymerization
with the rate of 1.21 meL~1-h~! proceeded before 1 h
polymerization, and the subsequent polymerization rate (0.009
mol-L~1-h~1) was slowed down. For the ATRDCP of 4VP and
MBA in ethanol/HO using PEG-BFr initiator, the block copoly-
mer PEGb-(4VP-co-MBA) was formed befoe 1 h polymeri-
zation, an_d then a_ggregation of the block copolymer molecules (19) T: Mayadunne, R. T. A: Meijs. G. F.- Moad. C. L. Moad, G.
formed micelles with P4VRo-MBA as core and PEG as shell. Rizzardo, E.; Thang, S. FMacromolecules1998 31, 5559-5562.
Subsequent polymerization in the micelles produced stable (20) Keoshkerian, B.; Georges, M. K.; Boilshoissier, acromolecules
micelles, which were verified by TEM, FESEM, DLS, and SLS 1993 28, 6381-6382.
measurements. Thus, the stable micelles with P4VP core and®?l) ?ﬂg’fgiéy-? Baumert, M.; Mulhaupt, Rlacromoleculed.997 30,
PEG shell have been SUCC.eSSfu”y prepared in the ethai@I/H (22) Gabaston, L I.; Jackson, R. A.; Armes, SMacromolecules998
(2:1, v/v) with a concentration of about 150 mg/mL by one-pot 31, 2883-2888.
synthesis via ATRDP. The volume ratio of ethanol tg0+-has (23) fgagn% GJ& él7d7a7bbagh, F.; Zetterlund, P. B.; Okubo,Rdlymer2005
ﬁ'%g mﬂulence ?hn thi_éTRDcl;P’ ar;d Wh%n the.lra“: ?f (althanqll (24) McHale, R.; Aldabbagh, F.; Zetterlund, P. B.; Minami, H.; Okubo,

20 was lower than 1.2, a gel was formed easlly. Au/polymeric M. Macromolecule2006 39, 6853-6860.
composite nanoparticles were prepared by complexation of (25) McHale, R.; Aldabbagh, F.; Zetterlund, P. B.; Okubo, Macromol.
P4VP with HAUC}, followed by reduction with NaBH Their Rapid Commun200§ 27, 1465-1471.

UV —vis spectrum shows a translational surface plasmon band(26) Zheng, G. H.; Pan, C. Wacromolecule200§ 39, 95-102.

i : : (27) Zheng, G. H.; Pan, C. YActa Polym. Sin2005 (5), 664-668.
at 532 nm, characteristic of spherical Au nanopatrticles. (28) Tsarevsky, N. V. Braunecker, W. A.: Brooks, S. J.: Matyjaszewski,

K. Macromolecule006 39, 6817-6824.

(29) Bohrisch, J.; Wendler, U.; Jaeger, Macromol. Rapid Commun.
1997, 18, 975-982.

(30) Baumann, M.; Schmidt-Naake, Bacromol. Chem. Phy200Q 201,
2751-2755.

(31) Xia, J. H.; Zhang, X.; Matyjaszewski, Klacromoleculed999 32,
3531-3533.
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