JIAIC[S

COMMUNICATIONS

Published on Web 11/03/2006

One-Step Microwave Preparation of Well-Defined and Functionalized
Polymeric Nanoparticles

Zesheng An,™8 Wei Tang, Craig J. Hawker,*"+8 and Galen D. Stucky*+38

Department of Chemistry and Biochemistry, Materials Research Laboratory, and Mitsubishi Chemical Center for
Advanced Materials, Uniersity of California, Santa Barbara, California 93106-9510

Received July 21, 2006; E-mail: hawker@mrl.ucsb.edu; stucky@chem.ucsb.edu

b
=
=

Polymeric nanoparticles (NPs) represent an important class of

materials that are critical in a wealth of advanced technologies, Em .® ° ® o
ranging from colloidal crystals, microelectronic€, and drug L] .o’,. . . :
deliven? to immunoassaysAmong various synthetic strategies Eindy . A A
for NP preparation (e.g., self-assembly of amphiphilic block I; A d
copolymer8 and colloidal particles by emulsion polymerizatin g 1 as . - =
surfactant-free emulsion polymerization (SFEP) has emerged as a E an " b
simple, green process for NP production without addition and z "

subsequent removal of the stabilizing surfactdrigsen with this e 0 a0 P

success, several challenges still exist that cannot be achieved using Reaction time (min)
traditional SFEP, including the preparation of monodisperse, sub- Figure 1. Particle size as a function of reaction time at % under

; : ; microwave power of 23t 2 W (0.125 M MMA, 9.25 mM KPS): (a) 0
100 nm NPs at high solids content and the synthesis of NPs mol % EGDM in water; (b) 0 mol % EGDM in 25 wt % acetone/water; (c)

incorporating functional groups and cross-lifkEhe incorporation 0.5 mol % EGDM in water; (d) 0.5 mol % EGDM in 25 wt % acetone/
of cross-links is especially important as they maintain structural water.
integrity, preyenting the NPs fror_n dissqlutiqn in good solvents or EGDM) versus 120 nm (0.5 mol % EGDM), suggesting a different
matrix materials, greatly expanding their utily. nucleation mechanism involved in acetone/water solution possibly

We report a facile microwave methodology that overcomes qing to interparticle cross-linking, particularly when the number
several major challenges associated with SFEP and allows thecqncentration of the nucleating seeds was significantly increased
preparation of narrow dispersity, cross-linked poly(methyl meth- i 5cetone/water solution.
acrylate) (PMMA) NPs with hydroxy functional groups in the On the basis of the observed high sensitivity of the NP size to
critical sub-50 nm range. As an alternative to using a two-stage g reaction conditions in the presence of cross-linkers, we believe
approach to control the NP si2¢cross-linkers with enhanced it two factors are critical in determining interparticle/intraparticle
reactivity are employed to effect cross-linking through a one-step ¢ finking and hence the NP size: the concentration of the NP
process without detrimental effects on NP size or dispersity. This ¢aads and the propagation rate coefficignof the cross-linkers.
successful size control is realized by confining the cross-linking to 14 «onfirm our hypothesis, we performed the following experi-
intraparticle cross-linkingrather thaninterparticle cross-linking ments: (1) NP synthesis in water with cross-linkers of different
In addition to this novel one-step strategy, the increased efficiency k,, representing conditions of low particle seed concentration and
and control associated with microwave chemistry is exploitgd 10 (2) NP synthesis in 25 wt % acetone/water solution with cross-
prepare stable 20 nm NPs with solids content up t0 10%, which is jiners of differentk,, representing conditions of high particle seed
in direct contrast to the 160nm NPs that can be prepared atonly  oncentration. Two other cross-linkers, ethylene glycol diacrylate
5% solids content using traditional techniqdeBy combining all (EGDA) andN,N'-methylenebisacrylamide (MBA), were studied
of these features, a novel method for preparing well-defined ;, aqdition to EGDM. Thek, values for the corresponding
nanoparticles is reported that offers significant advantages when y,onomeric methacrylate, acrylate, and acrylamide-&80 to 800
compared to previous metho#s. M-1s-1 (50 °C) 122 ~11 600 to 16 700 Ms! (20 °C)?2and ~

As sh_own ir_l Figure l when methyl meth.'?\crylate (MMA) Was 20 000 to 30 000 Mis 2 (20 °C)2" respectively. Therefore, the
polymerized with potassium persulfate (KPS) in water or in 25Wt.% 1 yajues for the corresponding cross-linkers should follow the order
acetone/water solution, the particles reached their final size ;¢ MBA > EGDA > EGDM.
(characterized by dynamic light scattering (DLS)) within 30 min As shown in Figure 2A,B, when prepared in water, the particle

gnder_23i 2 W microwave irradiatio_n. Without cross-li'nker, the0 size (~155 nm) was not affected by the type and amount of cross-
final size was reduced from 155 nm in water to 65 nm in 25Wt % jinkers, indicating that interparticle cross-linking was negligible

acetone/water. This size reduction in acetone/water solution WaSgsying to the low particle concentration~4.9 x 1012 mL-Y).
attributed to the greater number of nucleating seeds resulting from However, in 25 wt % acetone/water, the particle concentration
the increased solubility of the monomer in acetone/water solution. j,~reased by~25 times3 resulting in significantly enhanced
While adding cross-linker ethylene glycol dimethacrylate (EGDM) jnterparticle cross-linking for cross-linkers with lowks (Figure
caused a small increase in NP size in water, 155 nm (0 mol % >¢ by, n 25 wt % acetone/water, for 1 mol % cross-linker, EGDM
EGDM) versus 170 nm (0.5 mol % EGDM); a dramatic size ity the lowestk, led to larger particle size~(115 nm) than NPs
increase was seen in acetone/water solution, 65 nm (0 mol %Without cross-linker and with 1 mol % EGDA/MBA~S5 nm)
whereas for 3 mol % cross-linker, particles with EGDA started to

T Department of Chemistry and Biochemistry. f ; ; ;
* Materials Research Laboratory. increase £100 nm) and partllcles Wlt.h EGDM displayed a further
§ Mitsubishi Chemical Center for Advanced Materials. enlargement+230 nm), consistent with the correspondig@rder
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Figure 2. DLS size of NPs prepared in water with 1 mol % (A) and 3 mol
% (B) of cross-linkers and in 25 wt % acetone/water with 1 mol % (C) and
3 mol % (D) of cross-linkers. Reaction conditions are®@) 28+ 2 W, 1
h, 0.125 M MMA, and 9.25 mM KPS.
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Figure 3. (A) Particle size as a function of temperature under micro-
wave power of 23+ 2 W in 25 wt % acetone/water (0.125 M MMA,

Having demonstrated the ability to prepare cross-linked NPs with
diameters less than 50 nm, the versatility of this technique was
further established by increasing the solids content and by the
inclusion of functionalized monomers, such as 2-hydroxyethyl
methacrylate (HEMA) into the polymerization system. After a high-
throughput analysis of various reaction parameters (Supporting
Information), it was found that decreasing the solvent polarity to
40 wt % acetone/water while increasing the reaction temperature
(80°C) and microwave power (5@ 2 W) allowed the preparation
of cross-linked, HEMA functionalized NPs at unprecedented solids
content, from 14 nm at 5.6 wt % to 41 nm at 12.6 wt % solids
(molar ratio of MBA/HEMA/MMA/KPS = 1.0:1.6:30.7:1.6). In
each case, the monomer conversion was essentially quantitative
(96—100%), and stable colloidal solutions without any agglomera-
tion were obtained.

In conclusion, a novel strategy for controlled preparation of cross-
linked polymeric NPs is reported. Key to this development is the
use of cross-linkers with enhanced reactivity and controlled
microwave reaction procedures. This combination proved to be a
powerful tool for the synthesis of cross-linked, functionalized NPs
under high solids content and surfactant-free conditions. In addition,
these findings based on PMMA can be easily extended to other
polymers and other emulsion polymerization techniques.
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9.25 mM KPS); (B) particle size as a function of microwave power at
70°C in 25 wt % acetone/water (0.125 M MMA, 1.5 mol % MBA, 9.25
mM KPS).

of the cross-linkers. In all cases, the NP size<{68 nm) was well
controlled with MBA, the cross-linker with the highdgt and this
is attributed to the decreased occurrence of interparticle cross-
linking. The cross-linked NPs showed narrow polydispersity and
maintained their integrity ilN,N-dimethylformamide (DMF). In
addition, NPs prepared under thermal heating conditions displayed
no control for cross-linked NPs, resulting in poorly defined systems.
In contrast to thermal heating reactions, one of the advantages
of microwave systems is the ability to control other facets of the
reactions. In this respect, microwave polymerization was examined

in the superheated state of the solution by increasing the temperature

from 65°C to 78°C (azeotropic point of 25 wt % acetone/water is
68 °C) which showed a significant reduction in NP size from 180
nm at 65°C to 23 nm at 78°C (Figure 3A). In addition, for
polymerizations performed at the same temperature (i.e2CJ0

an impressively wide range of diameters (100 to 30 nm) could be
obtained by varying the microwave power (11 to 36 W) (Figure
3B). Control reactions without KPS did not produce any colloidal
NPs or polymers, indicating that polymerization was not initiated
by microwave irradiation. The dramatic reduction in NP size
suggests enhanced radical influx in the solution, which further
implies that microwave can dielectrically couple with the persulfate
anions to accelerate the decomposition of the initiator.

References

(1) de Villeneuve, V. W. A,; Dullens, R. P. A.; Aarts, D. G. A. L.; Groeneveld,
E.; Scherff, J. H.; Kegel, W. K.; Lekkerkerker, H. N. V8cience2005
309, 1231-1233.

(2) Magbitang, T.; Lee, V. Y.; Miller, R. D.; Toney, M. F.; Lin, Z.; Briber,
R. M.; Kim, H.-C.; Hedrick, J. LAdv. Mater. 2005 17, 1031-1035.

(3) Ha, C.-S.; Jr. Gardella, J. &hem. Re. 2005 105 4205-4232.

(4) Montagne, P.; el-Omari, R.; Cliquet, T.; Cuilliere, M. L.; Dujeile, J.
Bioconj. Chem1992 3, 504-509.

(5) (a) Harrisson, S.; Wooley, K. IChem. CommurR005 26, 3259-3261.
(b) Hawker, C. J.; Wooley, K. LScience2005 309, 1200-1204.

(6) (a) Wang, Q.; Fu, S.; Yu, TProg. Polym. Sci1994 19, 703-753. (b)
Elaissari, A. E., EdColloidal PolymersMarcel Dekker: New York, 2003.
(c) Jang, J.; Oh, J. H.; Stucky, G. Bngew. Chem., Int. EQR002 41,
4016-4019.

(7) (a) Zhang, G.; Li, X.; Jiang, M.; Wu, @.angmuir200Q 16, 9205-9207.
(b) Mouaziz, H.; Larsson, A.; Sherrington, D. @acromolecule004
37,1319-1323. (c) Shim, S. E.; Shin, Y.; Jun, J. W,; Lee, K.; Jung, H.;
Choe, S.Macromolecule2003 36, 7994-8000.

(8) Zhang, G.; Niu, A.; Peng, S.; Jiang, M.; Tu, Y.; Li, M.; Wu, &cc.
Chem. Res2001, 34, 249-256.

(9) (a) Dullens, R. R. A.; Claesson, M.; Derks, D.; van Blaaderen, A.; Kegel,
W. K. Langmuir2003 19, 5963-5966. (b) Dullens, R. R. A.; Claesson,
E. M.; Kegel, W. K.Langmuir2004 20, 658-664.

(10) Song, J.-S.; Tronc, F.; Winnik, M. A. Am. Chem. So2004 126, 6562~

(11) (a) Zhang, W. Gao, J.; Wu, ®lacromoleculesl997, 30, 6388-6390.
(b) Ngai, T.; Wu, CLangmuir2005 21, 8520-8525. (c) Bao, J.; Zhang,
A. J. Appl. Polym. Sci2004 93, 2815-2820.

(12) (a) Beuermann, S.; Buback, Nrog. Polym. Sci2002 27, 191-254.
(b) Ganachaud, F.; Balic, R.; Monteiro, M. J.; Gilbert, R.NM&acromol-
ecules,200Q 33, 8589-8596.

(13) Particle concentration was calculated from the mass of the monomer and
the particle diameter, assuming spherical NP and 100% monomer
conversion.

JA065250F

J. AM. CHEM. SOC. = VOL. 128, NO. 47, 2006 15055





