JIAIC[S

COMMUNICATIONS

Published on Web 01/26/2006

Formation of Nanostructured Materials via Coalescence of Amphiphilic
Hollow Particles

Panya Sunintaboon,” Kin Man Ho,* Pei Li,** Stephen Z. D. Cheng," and Frank W. Harris*

Maurice Morton Institute and Department of Polymer Science, Thedysity of Akron, Akron, Ohio 44325-3909,
and Department of Applied Biology and Chemical Technology, The Hong Kong Polytechnardityi Hung Hom,
Kowloon, Hong Kong, P. R. China

Received September 2, 2005; E-mail: fharris@uakron.edu

The formation of nanostructured materials via molecular self-
assembly has attracted increasing attention throughout the pas
decade, driven by a wide range of possible applications for such £
materials in science and technologfolymer nanotubes are of
particular interest because of their potential in diverse figMsst
nanotubes have been prepared using template techSiblossever,
there are a few reports of their preparation via polymer self-
assembly in dilute solutiorfsEisenberg et al. utilized the self-
assembly of amphiphilic block copolymers with long hydrophobic
blocks and very short hydrophilic segments to form “crew-cut Figure 1. TEM images of (a) PMMA/PEI coreshell particles; (b) PEI-
micelles” in N,N-dimethylformamide (DMF). Bilayer aggregates, ~9-PMMA hollow particles.

such as Imee,S‘ VeSideS,' and lamellae, fo,rm?d when water Wasweight ratio of the grafted PMMA to that of the PEI in the backbone
added to the micelle soluticrManners and Winnik et al. prepared of the graft copolymer varied from 2:1 to 2.5:1

organometallic poly(ferroceny_ldimethylsiIr_:lrh)edimethylsiloxane) We first attempted to slightly cross-link the PEI shell, which
(PFSb-PDMS) copolymers with block ?“95 of 1:12 that formed contained free amino groups, by treating the PMMA/PEI particles
h0||0V\|l nanotubes gn-hefzxane gt::n-ieca(;l 'L'ub?t all(. also lprr;pc";lsd with a 1% glutaraldehyde solutionf@ h atroom temperature.
mon_o ayer nanotubes from triblock an te”"’? ock copolym@ After repeated washings with water and acetone, the particle
multiple block copolymers self-assembled in methanol or water to dispersion was freeze-dried. The fine powder was then stirred in

form core-shell cylindrical micelles. After the shells of the DCM for 3 h to extract the PMMA homopolymer in the cores
cylindrical structures were photo-cross-linked, the cores were The viscosity of the solution increased due to the dissolution of

dt_akﬁradked Viall ozonolylsis. ch_)oley_ etbal. [I:)reparﬁdl an e}mphiphilic the PMMA. Water was then added, and the heterogeneous mixture
triblock copolymer, poly(acrylic acig)-b-poly(methyl acrylate)- stirred. The aqueous phase was isolated, diluted with water, dried

b-polystyrenggo, that self-assembled to form supramolecular struc- n a copper grid at room temperature, and stained with a 2%

tures having a rod-like morphology in a 33 vol % tetrahydrofuran/ phosphotungstic acid (PTA) solution. TEM images showed that the

water s_olvent syste_rsn. . majority of particles were hollow, and some were fused together
Herein, we describe a novel and convenient approach to prepare

) ructured materials via th i d | in a continuous mass (Figure 1b). The shells were distorted,
various nanostructured materiais via the aggregation and coa es"mdicating that they were flexible upon removal of the cores.
cence of amphiphilic, hollow particles in aqueous solution. Well-

defined hiohili hell il p d Th To our great surprise, a small amount of other nanostructures
ehined amphiphiic coreshe partl_c es are first prepared. € were also present, such as linear and worm-like nanotubes (Figure
homopolymer in the polymer core is then removed by extraction

. ) ; i 2). The diameters of the nanotubes were between 60 and 100 nm,
with dichloromethane (DCM) to produce hollow particles, which

induced with water to f . tructured material and their wall thickness was approximately 10 nm (Figure 2a and
are inauced with waler 1o form various nanostructured materiais, 2b). It is proposed that the nanotubes were formed through particle
such as nanotubes, microfibers, and microrods.

o o aggregation and coalescence. Some evidence for this formation

Thus, an amphiphilic pon(ethernellm|ne)(PI:§}-)30Iy(methyI mechanism is provided in Figure 2d, which shows two short tubes
methacr_ylate) (PMM.A) (_:opolymer was first prepared by an aqueous that have aggregated and fused to form what appears to be an
free radical polymerl_zatlo?lfl'_he copolymer self-assembled to form intermediate structure in long nanotube formation. Figure 2b (at
core-shell nano_partcheS with PE| shells and PMMA cores. The the lower right corner) also reveals a similar aggregation intermedi-
cores also cont.alntlsd PMMA homopolymer that was also generatgdate where boundaries can still be observed. Another worm-like
|n_ the polymerization. The mean nl_meer-average hydrodynamic nanotube structure that formed is shown in Figure 2c. In this case,
diameters ID”). of th_e PM.MA./PE.I particles were less than 150 nm, the diameter of the nanotube is approximately 23 nm, while it is
and the partlc_le size dlstrlbutlorp(/Dn) was betwefen 1.08 and microns in length.
1'1(.)' Transmission electron microscopy (TEM) images of the The discovery of the nanotubes prompted us to investigate other
particles clearly revealed that the particles had a well-defined-core

. . experimental conditions that affect their formation. When we
shell morphology (Figure 1a). The average diameter of the PMMA directly extracted the PMMA in the cores of PMMA/PEI particles
cores was approximately 90 nm, while the average PEI shell

. ) ) without prior cross-linking the shells and used different approaches
thickness was 23 nm. The PMMA cores contained approximately to remove the DCM in the water/DCM mixture, fiber and rod-like

50-60 wt % grafied PMMA and 4850 wt % homo-PMMA. The structures that were microns in length were produced in high yield.

*The University of Akron. Examination of various ratios of water to DCM (20:80, 50:50,
#The Hong Kong Polytechnic University. 70:30, and 95:5 vol %) revealed that a volume ratio of 70:30 was
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Figure 2. TEM images of nanotubes formed from PEEPMMA hollow
particles.

.

Figure 3. SEM images of assembled structures formed through a slow
DCM evaporation in water (DCM:0 = 30:70 v/v%). (a) Microrods
formed during stirring at 150 rpm. (b) A microfiber formed during stirring
at 350 rpm. (c) Microrods formed during sonication. (d) TEM image of the
microrods prepared via ultrasonic treatment.

optimum for micromaterial formation (Figure 3). The length of
assembled structure could be controlled by varying the rate and
manner in which the water/DCM mixture was stirred during DCM
evaporation. A slow stirring rate of 150 rpm resulted in the
formation of microrods between 1.5 andu long (Figure 3a).
Individual particles were still observed, indicating that the conver-
sion of hollow particles to the rods was incomplete. An increase in
the stirring rate to 350 rpm resulted in the transformation of all the
hollow particles to microfibers-550 um long with diameters of
0.5 um (Figure 3b). The vigorous stirring of the hollow particle

dispersion might have assisted their formation through shear induced

coagulation.

When the particle dispersion in water/DCM mixture was agitated
in an ultrasonic bath and DCM evaporated gradually, highly uniform
microrods approximately 1.6m long and 0.4-0.6um in diameter
were produced (Figure 3c). SEM images indicated that all the

particles were converted to the microrods. Particle size measure-
ments showed that the peak corresponding to the original particle
sizes had totally disappeared. TEM micrographs of the microrods,
which were stained with 0.5% PTA solution for 1 min, showed
that the microrods contained several PMMA nanodomains (Figure
3d). Thus, it appears that the microrods were formed from a few
hollow PEIg-PMMA particles, but they were not hollow due to
the aggregation of the PMMA grafts. In fact, when the microrods
were treated with DCM, they separated into individual eesbell
particles.

In summary, a novel route to nanotubes, microfibers, and
microrods has been developed that does not involve the utilization
of block copolymers. Instead, well-defined, amphiphilic cesgell
particles were first prepared by a simple graft copolymerization,
followed by removal of the homopolymer in the cores. The resulting
hollow particles were induced to aggregate and coalesce to form
various nanostructured materials. The sizes and shapes of the
assembled materials could be controlled by varying the experimental
conditions. It is speculated that the driving forces for the nano-
structured materials include the reduction in surface energy associ-
ated with the partially exposed PMMA grafts gained by reducing
the surface area. This process is facilitated by the softness of the
hollow particles and the interdiffusion of the PEI chains. Detailed
studies of the effects of other experimental variables on the
morphologies obtained, their formation mechanisms, and the
applicability of this method to prepare similar morphologies with
other core-shell particles are currently in progress.
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