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Direct Construction of Discrete Large Spherical Scheme 1. (A) lllustration of Three Kinds of Grafting

: : : : Topographies with (A-1) Polymer Brushes, (A-1l) a Thick Layer
Functional Particles onto Organic Material Surfaces of Cross-Linking Polymer Brushes, and (A-lll) Discrete

by Photografting Polymerization Spherical Polymer Particles; (B) Chemical Scheme for the
Fabrication of Assembled Microparticles by SPSA with the

. . . Formation of (B-1) the Precursors, (B-Il) the Primary Particles,
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Photografting polymerization is an effective surface modifica- : Bp Lo oo, o

tion method that has been extensively studied during the past ml o 00g®
decaded.lts chemical principle generally involves UV irradia- Ho 50 A A {2@;@ ® g¢® ,ﬁ_
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tion of the substrate enabling excited photoinitiators (e.g.,
benzophenone (BP)) to abstract active hydrogen atom$1)C Bl Bl S
from the surface of the polymer substrate. Subsequently, surface Hollow Particle
free radicals initiate the in-situ polymerization of monomers
attached to the substrate. As the polymerization proceeds, surfac@oly N-vinylpyrrolidone (PVP) chains, subsequently leading to
graft chains or polymer brushes are fornfethe advantages  robust microscale solid/hollow spherical particles formed through
of photografting as opposed to other grafting methods consista microemulsion polymerizatioft?
in the irradiation, initiation, and polymerization being carried ~ As a continuation of the work described above, the present
out in situ and thus being readily performed. It is also a versatile study presents the in-situ construction of discrete cross-linked
method for all organic polymeric materials as a result of the Spherical particles on the surfaces of polymer substrates (Scheme
abstracting-H chemistr§. 1, A-1ll). This work combined chemistry with nano-/mesoscale

In contrast to metals or inorganic materials, organic polymers topography modification. Considering the increased surface
belong to soft materialbwhose surfaces are easily modified roughness, the present approach has a number of potentially
by the grafting of polymer brushes (Scheme 1, A§umerous interesting feature®2-13which may deeply improve interfacial
specific properties or functions (e.g., photoelectrérieparat- ~ properties when used for adhesion, printing, and coating. It
ing,” biological? etc.) can be introduced to the material sur- increases the surface concentration of functional groups by
facesz® However, the inherent softness also causes a numberseveral orders of magnitude. It is robust and remains almost
of issues in practical applications, for instance (1) surface insta- unaffected by surroundings, so the original bulk properties of
bility, i.e., the structure of a surface with grafted polymer brushes the polymer material, including its flexibility, can be maintained.
is readily affected and reconstructed by the surroundin@gs; The present study is based on the principle of SPSA, and the
mechanical instability, i.e., for applications where adhesion or synthetic route is illustrated in Scheme 1B. A BOPP film was
friction resistance is of importance, the thin (generally nanoscale) selected as the organic substrate/inylpyrrolidone (NVP) was
grafted layer formed by the polymer brushes cannot provide chosen as the linker monomer since its amphiphilic property
enough mechanical strength; and (3) in applications where enabled it to be either dissolved in the water phase or adsorbed
reaction agents, catalysts, and bio- and/or optical-electronic onto the BOPP surface and also because of its ability to complex
functions are required, insufficient surface functional groups are with metal ions, which would fulfill the requirement for
always a concertf One general solution to the above issues is “functional particles”. The photoinitiator BP that was precoated
to increase the thickness of graft layers by regrafting or cross- on the surface of the BOPP film confined the initiation to begin
linking the polymer brushes (Scheme 1, AM)put this always from the substrate’s surface under UV light. These in-situ
results in the loss of bending properties or flexibility of the surface free radicals initiated the polymerization of the NVP
organic substrate as well as the loss of transparency. monomers onto and/or near the surface where they formed PVP

In order to solve the problems stated above, research in ourchain radicals. These chain radicals then reacted according to
group has dealt with a series of investigations concerning SPSA as reported previoud# and resulted in the formation
conventional emulsions or microemulsions to be used as of microscale, solid or hollow particles tethered to the surface
photografting media. Some interesting results were achieved byof the BOPP film. By subsequently introducing nanosized Ag
this method, such as the formation of multilayered or mono- particles on/in these microscale solid particles functionalized
layered solid nanoparticles that were immobilized on the surface by PVP, a facile direct construction of spherical functional
of biaxially oriented polypropylene (BOPP) film3. More particles onto an organic material surface can be developed.
recently, we have developed a novel technique called in-situ This materials design (Scheme 1, A-lll) and the bottom-up
polymerization stringed assembly (SPSA). This method enablessynthesis strategy (Scheme 1, B) are original and are therefore
cross-linked poly(methyl methacrylate) (PMMA) nanoparticles expected to attract the attention of scientists in the fields of
(60 nm), used as building blocks, to be covalently linked by chemistry and materials science.

As reported previously, only nanoparticles (i.e., 60 nm in

* Author for correspondence: Fax86-10-6441-6338; e-mail yangwt@  diameter) were found to be tethered to the surfaces of the BOPP
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Figure 1. Micrographs displaying the topography of BOPP films grafted with PMMA/PVP particles. The MMA concentration was 20 wt %, the
BP concentration 5 1072 wt %, the UV intensity 7 KkW/cn¥?, and the irradiation time 10 min at room temperature. (a, b) SEM images where
the NVP concentration was 5 wt % and the particle diame®&50 nm. (c) SEM image where the NVP concentration was 20 wt % and the particle
diameter~1.3 um; the inset displays a side view image. (d) AFM image where the NVP concentration was 5 wt %; the inset displays the AFM
phase image showing how the large particles were made up of nanoparticles.

was used?® When a pure NVP aqueous solution was photo- system. Thus, there was a lack of direct evidence to confirm
grafted on the BOPP films, a morphology of a cloudlike grafted the SPSA technique. In the case of the surface grafting system,
layer appeareé’® However, some remarkable changes were on the other hand, the experiment was designed so that the
observed when a two-monomer microemulsion of MMA/DVB initiating reaction could start from the BOPP surface, and thus,
(divinylbenzene}t+ NVP was used for the surface photografting the assembled particles could be seen as a most direct proof of
(Figure 1a-d). All observed particles could be regarded as the SPSA technique. The chemistry and procedure of the SPSA
tethered to the surface of the BOPP film seeing as the graftedmethod could thereby be described (according to Scheme 1B)
films had been thoroughly cleaned (extracted with methanol/ as follows:
deionized water and oscillated in an ultrasound bath). Most (1) Surface initiation (Scheme 1, B-1). Under UV irradiation,
particles appeared to have a completely spherical shape, andhe BP that was precoated on the BOPP film abstracted hydrogen
the particle sizes were drastically increased, reaching microscaleatoms from the surface. The numerous surface free ratficals
instead of nanoscale. In fact, the size of the spherical particlesthat were formed directly initiated the NVP (attached on the
could be tuned from 0.35 to 1.2m by controlling the surface) to form grafted PVP chains since the amphiphilic NVP
concentration of NVP (3 to 20 wt %, see Supporting Informa- had a better affinity for the BOPP surface than MMA.
tion) in the microemulsion. It was considered that the NVP was  (2) Formation of primary particles (Scheme 1, B-Il). The PVP
mainly used for the assembly of the PMMA nanoparticles. When chains with propagating radicals easily rearranged themselves
the original BP concentration was set, the increase in NVP ijnto micelles (MMA/DVB) due to their good affinity to the used
dosage enabled more PMMA nanoparticles to participate in the cationic surfactant hexadecyltrimethylammonium bromide
formation of the spheres. (HTAB). The radicals then caused a cross-linked polymerization
Atomic force microscopy (AFM) (Figure 1d, inset) further in the micelles leading to the formation of primary cross-linked
revealed that the surface grafted particles were closely assemble@®®MMA nanoparticles.
by a number of primary particles, with mean sizes-@&0 nm. (3) Formation of the assembled particles (Scheme 1, B-Ill).
These similar particles have been obtained in the microemulsionAs is well-known, the termination between chain radicals is
polymerization®® and been proved to have an assembled greatly suppressed in micelles. Therefore, the durable propagat-
supramolecular structure, where solid cross-linked PMMA ing radicals had a chance to move to the interfaces of the
nanoparticles served as the building blocks and the PVP chainsmicelles and initiate the polymerization of the NVP monomers
as linked wires. either there or in the water phase. The formed PVP linking
In the previous repof?the location of the initiating center  chains could then reenter other micelles to continue the cross-
was hard to confirm due to the complexity of the microemulsion linking polymerization.
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Figure 2. SEM micrographs of the topographies of the films grafted
with hollow particles. The NVP concentration was 10 wt %, the BP
concentration 5< 1072 wt %, the UV intensity 7 KW/cn?, and the
irradiation time 10 min at room temperature. (@) A microemulsion
containing 15 wt % MMA. Inset: an AFM phase image showing the
hollow structure of the particles. (b) A microemulsion containing 10
wt % MMA.
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MMA concentration was decreased in the original microemul-
sion. An MMA concentration below 15 wt % resulted in hollow
or incomplete particles appearing on the surface (Figure 2). The
AFM phase image (Figure 2a, inset) clearly showed the hollow
structure of these grafted particles. A slight difference in the
SEM image and AFM image may depend on the different
observing modes by the two methods (S| Figure S3). Similar
results have previously been observed in the polymerization of
an MMA/NVP two-monomer microemulsion systéfd.It was
considered that with a fixed amount of NVP in the feed a
decreased dosage of MMA would logically cause a decrease in
the yield of PMMA nanopatrticles. Consequently, the shortage
of PMMA nanoparticles would result in the incomplete assembly
of particles in the fast photopolymerization.

Moreover, a further utility of being able to assemble discrete

By repeating the three above steps, large assembled particlegunctional particles on the flexible BOPP substrate could be

were formed and tethered on the film surface. Furthermore, it demonstrated by a routine silver (Ag) experiment. As is
should be noted that also this assembled system had ancommonly known, PVP has the ability to complex with noble
amphiphilic character and preferred to form micelles, thus metals?® Nanoparticles of noble metal have attracted a great
allowing the self-assembly of spheres. interest in the field of optical devices as a result of their
Self-assembly through noncovalent interactions, such as vanassociated strong surface resonatiok.generation of diverse

der Waals force&’ hydrogen bonding® electrostatic force¥/ Ag nanostuctures in the presence of PVPs has been reported
a—m interactionst® and capillary forcé? between the building  elsewheré!22223|n the present study, the primary particles
blocks has been extensively reported to give rise to well-defined grafted on the BOPP surface were connected by PVP chains,
two- or three-dimensional superstructures. Compared to theseand therefore the films grafted with these PMMA/PVP as-
kind of noncovalent assemblies, the covalent bond assemblysembled particles could be further functionalized by preparing

should provide more stable structures. Consequently, ourpolymer/Ag alloy membranes. In experiment, an AgN®Iu-
bottom-up SPSA technigue not only is an original method for tion was first infiltrated into the graft particles. The ionic Ag
obtaining a covalent bonding assembly but also provides a novelwas then reduced in situ to elementary Ag. As shown in Figure

approach in order to get more robust functional particles.
In order to further reveal the effect of the mass ratio of MMA
to NVP on the morphology of the final grafted particles, the

3, the Ag nanoparticles could be clearly recognized, and Figure
3b portrays Ag nanoparticles formed inside a hollow particle.
The fact that the samples had experienced oscillation through
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Figure 3. SEM micrographs displaying the morphologies of (a) a solid graft particle complexed with Ag with an original particle diameter of
~550 nm, (b) a hollow graft particle complexed with Ag with an original particle diameter380 nm, and (c) an EDS spectrum of the film

corresponding to (b).
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an ultrasound treatment proved that there existed a good affinity
between the Ag nanopatrticles and the matrix. Figure 3c displays
a spectrum obtained by energy dispersive spectrometry (EDS),
and it is clear from the spectrum that both the elements N
(belonging to PVP) and Ag could be recognized.

In summary, a novel method for constructing surface as-
sembled particles was designed. By this surface SPSA method,
microscale spherical particles could be directly fabricated on
the surfaces of organic substrates. A two-monomer microemul-
sion of MMA/DVB (hydrophobic phase) and NVP (hydrophilic

phase) was employed as the photografting medium. The obtained

SEM and AFM images showed that grafted assembled particles
(either solid or hollow) with tunable sizes (350 arh.3 um)
were tethered on the surface of the substrate. AFM image
revealed that the grafted particles were made up of numbers of
primary nanopatrticles. These particles could be grafted to the
films as a result of them containing PVP, and subsequently an
in-situ reaction could give rise to the formation of Ag nano-
particles on/in the functional spheres.

Acknowledgment. This work was supported by the Major
Project of the National Science Foundation of China (No.
50433040) and the Major Project (XK100100433) for Polymer
and Physics Subject Construction from Beijing Municipal
Education Commission (BMEC).

Supporting Information Available: Details regarding the
surface photografting procedures, the size control of grafting
supramolecular particles, and ATR-FTIR characterization and
analysis of the surface functional groups. This material is available
free of charge via the Internet at http://pubs.acs.org.

References and Notes

(1) (a) Oster, G.; Shibata, Q. Polym. Sci1957, 26, 233. (b) Uchida,
E. J. Polym. Sci., Part A: Polym. Chert989 27, 527. (c) Uyama,
Y.; lkada, Y.J. Appl. Polym. Scil1988 36, 1087. (d) Garnett, J. L.
Radiat. Phys. Chenl979 14, 79.

(2) (a) Kato, K.; Uchida, E.; Kang, E. T.; Uyama, Y.; Ikada, Rtog.
Polym. Sci2003 28, 209. (b) Ma, H.; Davis, R. H.; Bowman, C. N.
Macromolecule200Q 33, 331. (c) Yang, W. T.; Raby, B. Eur.
Polym. J.1999 35, 1557. (d) Uyama, Y.; Kato, K.; Ikada, YAdv.
Polym. Sci.1998 137, 1.

(3) (a) Raby, B. Makromol. Chem., Macromol. Symp992 63, 55.
(b) Allmer, K.; Hult, A.; Ranby, B. J. Polym. Sci., Part A: Polym.
Chem.1988 26, 2099. (c) Kubota, HJ. Appl. Polym. Sci199Q 1,
689. (d). Uchida, E.; Uyama, Y.; Ikada, ¥. Polym. Sci., Part A:
Polym. Chem1989 27, 527.

(4) Assender, H.; Bliznyuk, V.; Porfyrakis, KScience2002 297, 973.

(5) (a) Luzinov, I.; Minko, S.; Tsukruk, V. VProg. Polym. Sci2004
29, 635. (b) Zhao, B.; Brittain, W. JProg. Polym. Sci200Q 25,
677. (c) Chen, C. S.; Mrksich, M.; Huang, S.; Whitesides, G. M;
Ingber, D. E.Sciencel997, 276, 1425.

(6) (a) Zhong, W. B.; Deng, J. Y.; Yang, Y. S.; Yang, W.Mlacromol.
Rapid Commun2005 26, 395. (b) Bailey, R. C.; Hupp, J. Anal.

Notes 759

Chem.2003 75, 2392. (c) Kang, E. T.; Tan, K. L.; Liaw, D. J,;
Chiang, H. H.J. Mater. Sci.1996 31, 1295.

(7) (a) Lahann, J.; Mitragotri, S.; Tran, T.-N.; Kaido, H.; Sundaram, J.;
Choi, I. S.; Hoffer, S.; Somorjai, G. A.; Langer, Bcience2003
299 371. (b) Feng, L.; Zhang, Z.; Mai, Z.; Ma, Y.; Liu, B.; Jiang,
L.; Zhu, D. Angew. Chem., Int. EQ2004 43, 2012.

(8) (a) Grancharov, S. G.; Zeng, H.; Sun, S.; Wang, S. X.; O'Brien, S.;
Murray, C. B.; Kirtley, J. R.; Held, G. AJ. Phys. Chem. R005
109 13030. (b) Nam, J.-M.; Park, S.-J.; Mirkin, C. A. Am. Chem.
Soc.2002 124, 3820. (c) Taton, T. A.; Mirkin, C. A,; Letsinger, R.
L. Science200Q 289, 1757.

(9) (a) Patra, M.; Linse, Mano Lett2006 6, 133. (b) Nath, N.; Chilkoti,
A. Adv. Mater. 2002 14, 1243. (c) Hexemer, A.; Sivaniah, E.;
Kramer, E. J.; Xiang, M.; Li, X.; Fischer, D. A.; Ober, C. K.Polym.
Sci., Part B: Polym. Phy2004 42, 411.

(10) Mori, H.; Boker, A.; Krausch, G.; Muller, A. H. BMacromolecules
2001 34, 6871.

(11) (a) Krishnan, S.; Ayothi, R.; Hexemer, A.; Finlay, J. A.; Sohn, K.
E.; Perry, R.; Ober, C. K.; Kramer, E. J.; Callow, M. E.; Callow, J.
A.; Fischer, D. A.Langmuir 2006 22, 5075. (b) Vaidya, A;
Chaudhury, M. K.J. Colloid Interface Sci2002 249, 235. (c)
Majumdar, P.; Webster, D. @lacromolecule2005 38, 5857.

(12) (a) Wang, Y. X.; Yang, W. TLangmuir2004 20, 6225. (b) Wang,
Y. X.; Zhong, W. B.; Jiang, N.; Yang, W. TMacromol. Rapid
Commun2005 26, 87. (c) Wang, Y. X.; Deng, J. P.; Zhong, W. B.;
Kong, L. B.; W. T. YangMacromol. Rapid Commu2005 26, 1788.
(d)y Wang, Y. X.; Qiu, Z. B.; Yang, W. TMacromol. Rapid Commun.
2006 27, 284.

(13) Jones, R.; Pollock, H. M.; Cleaver, J. A. S.; Hodges, C.a8gmuir
2002 18, 8045.

(14) Yang, W. T.; Raby, B. Macromolecules1996 29, 3308.

(15) (a) Lehn, J.-MSupramolecular Chemistry)/ CH: Weinheim, 1995.
(b) Andres, R. P.; Bielefeld, J. D.; Henderson, J. I.; Janes, D. B.;
Kolagunta, V. R.; Kubiak, C. P.; Mahiney, W. J.; Osifchin, R. G.
Sciencel996 273 1690.

(16) (a) Mirkin, C. A.; Letsinger, R. L.; Mucic, R. C.; Storhoff, J.Nature
(London)1996 382 607. (b) Rebek, JAcc. Chem. Red.999 32,
278. (c) Boal, A. K.; llhan, F.; Derouchey, J. E.; Thurn-Albercht,
T.; Russell, T. P.; Rottello, V. MNature (LondonR00Q 404, 746.
(d) De Feyter, S.; De Schryver, F. Chem. Soc. Re 2003 32,
139.

(17) (a) Fyfe, M. C. T.; Stoddart, J. Acc. Chem. Resl997 30, 393.
(b) Caruso, F.; Caruso, R.; Mohwald, Hciencel998 282 1111.

(18) Jin, J.; lyoda, T.; Cao, C.; Song, Y.; Jiang, L.; Li, T. J.; Zhu, D. B.
Angew. Chem., Int. EQ001, 40, 2135.

(19) Bowden, N.; Arias, F.; Deng, T.; Whitesides, G. Mingmuir2001,

17, 1757.

(20) (a) Gudipati, C. S.; Finlay, J. A.; Callow, J. A.; Callow, M. E;
Wooley, K. L. Langmuir2005 21, 3044. (b) Park, D.; Keszler, B.;
Galiatsatos, V.; Kennedy, J. P.; Ratner, BNIacromolecule4995
28, 2595.

(21) (a) Sun, Y.; Xia, Y.Science2002 298 2176. (b) Sun, Y.; Mayers,
B.; Herricks, T.; Xia, Y.Nano Lett.2003 3, 955. (c) Sun, Y.; Gates,
B.; Mayers, B.; Xia, Y.Nano Lett.2002 2, 165.

(22) (a) McFarland, A. D.; Van Duyne, R. Rano Lett.2003 3, 1057.
(b) Van Duyne, R. PJ. Am. Chem. So2004 126, 12669.

(23) (a) Sun, Y.; Xia, YAdv. Mater.2002 14, 833. (b) Sun, Y.; Xia, Y.
Adv. Mater. 2003 15, 695. (c) Chen, J.; Wiley, B.; Li, Z.-Y;
Campbell, D.; Saeki, F.; Cang, H.; Au, L.; Lee, J.; Li, X.; Xia, Y.
Adv. Mater. 2005 17, 2255.

MA062252B



