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Figure 1. Tapping-mode AFM height image of the SCKs prepared with

X = 0.4n (see Scheme 1), deposited 1) from aqueous solution
e (5 ug/mL) onto freshly cleaved mica and allowed to dry freely in air for

0 min. The inset shows the three-dimensional rendering of an expanded
region of the image area to illustrate the height and interparticle spacing
differences for particles located along the outermost array edge and
é)roceeding inward.

Ordered arrays of shell-cross-linked (SCK) nanoparticles ar
formed at substrate surfaces through the precise manipulation o
charged groups in the SCK shell. The shell cross-linking chemistry
adjusts the particle surface charge and structural rigidity to control
the interparticle spacing and particle shape when assembled on
substrate. With the establishment of synthetic methodologies for scheme 1
preparing well-defined nanostructured matertdtse development
of techniques to manipulate and assemble nanoscale components
into a new generation of functional, addressable superstructured
materials is the new frontier challenging the advancement of this
field.? Nanomaterial assembly into two-dimensional (2-D) arrays
represents a first step toward the construction of designed
superstructured materials. The technological importance of 2-D
nanoscale assembly has been widely recognized as evidenced by \ . \
the development of 2-D colloidal arrayfor use as coatings, \ .
chemical sensosand photonic crystafsUntil recently, emulsion
polymerized latex particles typically have been employed in 2-D
colloidal array assemblybecause they exhibit narrow particle
size distributions and strong interparticle interactions. Polymer
micelles are a class of technologically important supramolecular
materials of well-defined nanoscale dimension that possess an
amphiphilic, core-shell morphology. Mber and co-workersused
block copolymers of polystyrene and poly(2-vinylpyridine) to is demonstrated.
form inverse micelles that ordered noble metals into nanoparticle  Preparation of the SCKs employed a previously described
arrays on mica surfaces. The general applicability of polymer procedur&(Scheme 1), which produced SCKs containing acryl-
micelles is, however, limited by their dynamic structure. In this amide-based cross-links. The stoichiometry of the amine-to-acid
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SCK shell composition needed to manipulate nano-array formation

communication, we report the formation of ordered arrays
resulting from robust SCKs. The inherent chemical control of
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functionalities controlled the extent of cross-linking and the
proportion of remaining carboxylates.

SCKs derived from a PA&-b-PMA,4o block copolymer having
40% conversion of the acrylic acid groups were nearly mono-
disperse in size and had a number-average hydrodynamic diameter
(Dy) of 48 + 2 nm in water (Nanopure 18 8/cm), as measured
by dynamic light scattering (DLS). Atomic force microscopy
(AFM) characterization of the SCKs deposited onto a mica
substrate from this aqueous dispersion yielded images of particles
with a number-average height of 6422.2 nm and diameter of
51.2 + 5.8 nm, without compensation for AFM tip effects.
Transmission electron microscopy (TEM) imaging, obtained for
a sample deposited onto a carbon-coated copper grid, gave a
number-average diameter of 3@:32.6 nm. The structural model
for the SCK supported by DLS, AFM, and TEM data is a swollen
nanoparticle (due to the hydrogel-like shell layer) of maximum
diameter in aqueous solution, and a flattened nanoparticle (due
to the lowT, (11 °C) PMA core) when deposited and dried onto
solid substrates.

The most striking feature of the AFM images was the formation
of surface-segregated nano-arrays of the SCKs (Figure 1). Nano-
array formation was observed even when the surface density of
nanoparticles was insufficient to form uniform monolayers
extending over micron length scales. The spacing between particle
centers greatly exceeded particle diameters, reminiscent of
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images. Ordering for SCKs cross-linked at levels greater than
40% was limited to length scales of 100 to 200 nm and significant
aggregation was observed. Only at low SCK solution concentra-
tions was nano-array formation observed; the effects of concentra-
tion presently are being studied in more detail. The loss of nano-
array formation with increasing percent conversion (comparison
of Figure 2a-d) suggests a threshold level of electrostatic
repulsion is required to balance attractive and repulsive forces
that influence surface diffusion. The particle heights increased
with increasing extents of cross-linking (Figure-ad). The
heterogeneity observed in the image of Figure 1 is also seen in
Figure 2b. However, fractionation by sampling following cen-
trifugation resulted in a more homogeneous particle size that
W RA G e Tl ; exhibited enhanced hexagonal ordering, as noted in the image
[1um k m i 1 1um [R 4 and corresponding power spectrum of Figure 2e.
i . - I ] o The formation of SCK nano-arrays on the negatively charged
E%“rgszo'f ;gfgnr?;\zgd%iﬁg\gn?zgh:eg gf' :Hefl)l ggdss?m]ili';“dge(%si)e 4 Mica substrate is clearly the product of competing nanoparticle
9 ’ 9 9 g dep substrate and nanopartieleanoparticle interactions. Previous

from aqueous solutions (&L, 0.5 mg/mL) onto freshly cleaved mica . : . h ;
substrates. The SCKs were prepared with degrees of conversion of thelnvestlgators have cited partietparticle and particle substrate

carboxylic acid groups to amides ranging from 30% to 100% (theoretical), .8|eCtr05.tatls(131Inte(;actlorlflsyanfderééVaalsdfpr.ce@, hyd.r(:phOb'C
by controlling the stoichiometries of amine-to-acid (see Scheme 1): (a) interactions;” and capillary forces as driving particle array

X = 0.3, Hay = 6.5+ 4.4 nm, interparticle spacing 140+ 20 nm; (b) formation. The influence of surfacaanoparticle interactions on
X = 0.4n, Hyy= 6.2 4 2.2 nm, interparticle spacing 110+ 20 nm; (c) nano-array formation was characterized by comparing AFM
X = 0.50, Hay = 7.4+ 3.2 nm; (d)Xx = 0.6n, Hay = 9.9 & 3.7 nm; (e) images of SCKs deposited on mica with AFM images obtained

x = 0.4n, with AFM image acquired after centrifugation at 2000 rpm for  Using positively charged AP-mic¢&The 40% cross-linked SCK

10 min, sampling from the center of the centrifuge tube, and deposition exhibited a random surface distribution of nanoparticles on AP-
onto mica,Hay = 5.7 & 2.3 nm; interparticle spacing 100+ 10 nm; mica (Figure 2f). The stark contrast between mica and AP-mica
(f) x = 0.4n, deposited onto AP-mic#lay = 9.2+ 3.1 nm. The insets of as substrates for ordering SCKs into nano-arrays highlights the
a, b, e, and f contain the 2-D Fourier transform power spectra of the delicate balance of forces leading to SCK nano-array formation.
corresponding images. The insets of ¢ and d agert images from The influence of electrostatic interactions on SCK nano-array
samples prepared by deposition of 0.01 mg/mL SCK solutions. formation was further investigated by evaluating the net charge
on the SCKs vid-potential measurements by electrophoretic light
scattering (ELS). Thé€-potential was negative when the SCK
nanoparticles were dispersed in pH 8.0, 0.1 M tris-HCI buffer.

colloidal crystals forming under the influence of long-range
repulsive forces. The AFM image in Figure 1 depicts a sample

of SCKS.’ prepared with .theoreticallly .40% qonversion of the As the carboxylate conversion for the SCKs increased from 30
carboxylic acid groups during cross-linking. This island of arrayed 0 50 2nd 60%. less negatigepotentials 45+ 2, —32 + 1 '

nanoparticles gives a calculated mean nearest-neighbor spacing_23 + 2, and—6 + 2 mV, respectively) resulted. The trend in

of 120+ 30 nm. However, it is clear from the three-dimensional ._ : : ;
image of the Figure 1 inset that particles near the center of the téhgoé%néle:jlJgflttce)cttﬁeafgrrrcr)]%rttiejs I\é? rt%istrgr Qrentié]: gg?(t)l\égscharge on

array are of greater height and shorter interpartic!e spaci.ng The SCKs serve as a nanoscale component of highly tunable
dlsta_nces_, the particle helght_s decrease and the mterpartlclesize and net charge: two factors that are key to the formation of
Spacings Increase on progressing othqrd toward the eqlge of th ell-defined two-dimensional arrays with long-range order. The
array. We hypothesize that the spacing is controlled by interpar- d

. : . X - emonstration of SCK nanoparticles as chemically controllable
ticle repulsion of d_ep_rotonated cqrboxyllc_ acid groups remaining building blocks for nano-arrays suggests a broader role for these
after shell cross-linking. Larger interparticle distances between

th ¢ ¢ ticl Id then be indicati f st materials in functional superstructure assembly. Further studies

€ outermost particies wou €n be Indicalive of SUONGer ., oqtapish the mechanistic details of SCK nano-array formation,
repulsion due to a greater number of carboxylates resulting from ., ging the pH and electrolyte concentration dependence, are
a lower degree of cross-linking. The lowered heights for these '

h A - : ; in progress.
particles are also consistent with less-cross-linked particles that prog
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