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The effective control of the spatial organization and connectivity Scheme 1. (A) Nanocrystal Preparation, (B) Sample Preparation?
of nanosized matter is an important prerequisite for the technological ~ [AuCL], + (NaBH,),, + (C,Hs—SH), —NCHCl | ay s ¢, H; + B(OH),

utilization of nanocrystal research. The ability to control both the AUR,

length scale and the spatial organization of block copolymer A @)=3.5 nm
morphologies makes these materials particularly attractive as . .

scaffolds for engineering of nanostructures and has motivated a SI(OE), ED::: i?;mJ:(CHSWNHSI(CHg‘ S10, (SI(CHy):);
variety of studies, for example, the kinetically driven patterning of SiO;R,
polymer surfaces by preferential wetting with evaporated metals (2} =21.5nm
or nanoreactor schemes in which nanocrystals are synthesized within

block copolymer scaffolds that have been loaded with a suitable % o

precursor reagertThe simultaneous self-organization of block +— 1’(5\?:'.#8":0%?10"

copolymers in the presence of ex-situ synthesized particles provides B G gl G YT p——

yet another approach to engineer 2D and 3D nanostructures that + (T=80°C, 34)

facilitates better control of the structural characteristics of the

sequestered component, which becomes important when applica- AWR, / SIO;R;

tions rely on size- or shape-related properties of nano-objects. aThe photograph shown in (B) represents the Au-nanocrystal sample.

In this contribution, we demonstrate the hierarchical pattern The greenish colors arise due to Bragg-reflectance from the multilayered
formation of binary mixtures of nanocrystals and high-molecular PCYmer domains.

vv\(/elggt bl.OCk cop dqumers by str?teglg (|1e5|gn Or: tlhe nz;nocryjtals. beam spectrophotometer) as well as photon correlation spectroscopy
€l enufy two |st|n_ct types_o partic €-morphology depen ent (using a Brookhaven 9000 AT dynamic light-scattering apparatus)
on the partlcle_-cor(_e size, that is, the localization of particles along in the case of the silica nanocrystals. Image analysis of electron
the |nte_rmater||al d|V|((7Ij|ng s_urfaEce (IMDS) or at the_ cenFer of the micrographs of the respective nanocrystals after casting the particle
respective polymer: domain. =ven more |nterestlng, n terpary suspension onto carbon film revealed a particle diametdgpf=
systems consisting of block copolymer and two different-sized 3.5+ 1 nm in the case of the gold amhye = 21.5+ 2.5 nm for

. re . .

nanocrystal species, the distinct morphological types are conserved,[he silica nanocrystafsA comparable grafting density for both types
resulting in autonomous separation and organization of the respec- ¢ nanoparticles, that is, densities gf, ~ 0.22 S-atoms/Aand
tive nanocrystals within alternating arrays and sheets. ' ' . '

. . - io, ~ 0.59 C-atoms/A was determined by elemental analysis.
The system in our study consists of a symmetric poly(styrene- Psio, A y y

bethvl | PS.-PEP | ith lecul o The block copolymer/nanocrystal composite films were subse-
ethylene Propy ene) (PS- ) copolymer with a mo ecuiarweig t quently obtained by casting a 5% polymer solution in toluene
of the respective blocks of 4 10° g/mol as well as aliphatic-

. admixed with nanocrystals to result in a final amount of inorganic
coated gold and silica nanocrystals. The lamellar morphology of

he block | ith d ) . £100 for the PS component in the composite of 2 vol %. Films of about 1 mm in
the block copolymer wit omain spacings o nm for the thickness were obtained and annealed in saturated solvent atmo-
and 80 nm for the PEP domain was confirmed by ultra-small-angle

. . ) sphere for 96 h at 68C to obtain near equilibrium conditions before
X-ray scattering. The gold nanocrystals were synthesized using a

drying in a vacuum for 48 R.The resulting films were microsec-
phase-transfer procedure as described by Brust ®Mainodis- ying g

d sl icles of e distributi OItioned at—90 °C using a ReichertJung ULTRACUT microtome
persec stica napopartlc €s of narrow size | .'St” ution were prepared g imaged without further staining using amplitude and phase
by polymerization of tetraethyl orthosilicate, according to a

dificati f the Stober’ hod by addi hvl orth contrast. Electron micrographs obtained after sectioning the film
“?l‘? ||cat(|)02 ort el to erhs mlet 3% y al Ingl tgtraet y (.)rt. 9 normal to the layer direction as shown in Figure 1 reveal two distinct
silicate (0.6 mmol) to ethanol ( mmo_) solution ‘containing types of particle arrangement for the respective nanocrystals within
superpure water (2.4 mmol) and ammonia (30%, 1 rhdlhe

. - S the composite.
solution was stirred for .7 days, and hexam_cethylgnedsﬂazane WaS  Gold nanocrystals are found to segregate to the IMDS between
added (final concentration 1.5 M). After being stirred for 2 days

h | din 10 mL of ol Both h ' the PS and PEP domains, whereas the larger silica nanocrystals
the nanocrystals were extracted in 10 mL of toluene. Both synthetic o mostly located at the center of the PEP domains. As both

prc;)ced_ulres sre outll_ned_ n Schemefl. d usi JEOL 2000EX nanocrystals are aliphatic coated, enthalpic compatibilization is
article characterization was performed using a expected to yield a bias driving the particles within the PEP

transmission electron microscope (TEM) and confirmed by UV/ domains. Neglecting any difference in enthalpic interactions

vis absorption spectroscopy (using a Cary 5E UV-vis-NIR dual- between the two types of nanocrystals and the polymer matrix, our

t Massachusetts Institute of Technology results suggest a profound influence of entropic contributions to
*Bar-llan University. the self-organization process. This interpretation is substantiated
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Figure 1. Bright field electron micrographs of binary blends (A) PS-PEP
+ AuR; and (B) PS-PEPt+ SiO:R; with inorganic filling fraction¢ =

0.02, demonstrating particle deposition at (A) IMDS and (B) center of PEP
domain. PEP-domains appear as brighter regions in the micrograph (no
stain). In both cases, the cutting direction of the films was normal to the
layer direction.

by recent theoretical studies that predict the formation of ordered
mesophases in block copolymer/particle composites due to entropi-
cally driven particle segregatidriJsing a mean field approach, it R, 4 SRy with i i 02 el
Wfas-shown for a 2D system repres.enting_a mixturt_e of nanOpafti_deSaﬂeru n#icrosg:zticfn\mg Ir?(;)r:’?‘lz?l(t:o | tlfrlleg Irelay(;:'or(]i?:’ectidn &nrgsgt(?'jr:;/.e éold
within a lamellar block copolymer in the intermediate segregation nanocrystals appear as dark spots along the IMDS; silica nanocrystals reside
limit that interfacial segregation of particles is expected to occur in the center of the PEP domain. Inset: Schematic of the particle distribution
for particle sizesl/L < 0.2, whereas concentration of the particles (Size proportions are changed for clarity).

at the center of the domain is expected it > 0.3, whered is

the particle, andl is the respective domain dimension. Even though
our system represents the case of strong segregation and th
simulation does not account for the effect of surface grafted groups,
our results follow the theoretical prediction as we fulitl ~ 0.06

for the gold particles and/L = 0.26 for the silica particle¥The
agreement between the simulated and experimentally observed Acknowledgment. This material is based upon work supported
morphologies suggests that the structure formation process isby the U.S. Army Research Laboratory and the U. S. Army
determined by predominantly entropic contributions. For large Research Office under Contract DAAD-19-02-0002, the Israel-
particles, the decrease in conformational entropy of the respectiveUnited States Binational Foundation, and the Alexander von
polymer subchains upon particle sequestration is dominant, whereagiumboldt Foundation (Feodor-Lynen Program).

for smaller particles, the decrease in entropy is outweighed by the  Supporting Information Available: Electron micrographs and size
particle’s translational entropy? We note that this interpretation  distribution of nanocrystals (PDF). This material is available free of
is preliminary and more exhaustive studies about the effect of ligand charge via the Internet at http://pubs.acs.org.

chemistry on enthalpic compatibilization and particle interaction

Figure 2. Bright field electron micrograph of a ternary blend of PS-PEP

Furthermore, the naturally occurring size-selective organization
é)f the nanocrystals presents opportunities for the regular patterning
of surfaces with multiple different-sized nanocrystal species with
complementary chemical or physical characteristics on sub-100 nm
length scales.
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