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For the past decade, nanostructured orgaimorganic hybrid (CJECHz}nCHa
materials (nanohybrids) and porous solids have been studied & OCHEnCH
extensively. In particular, small-molecule surfactaraad linear r(,a\,(f"c”z}"cm

. N o OICH;J21CHy
block copolymers have been widely used as structure-directing + ({—\O OOC(C%COO/—C OCHhCH, =
e . - 1 3
agents for silica-type materials. More recently, the range of organic 2 Q\\Cﬂ/\co{cmncﬂz
structure-directing agents has been extended to other molecular O(CHyIo1CH,
architectures to realize advanced functionalities. For example, Aida O(CHCHs
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teF ?]l' uTed chlargte-tracrjlsfer Com[iIeX?s bz_sedt.on agae?l;;zhiph”icﬁgure 1. Molecular architecture of extended amphiphilic dendrimer.
riphenylene electron donor as structure-directing a y
tuned the color of organicinorganic nanohybrids depending on @ 633 ) ]
the electron acceptor. In another example, Kimura et al. used a
disc-shaped phthalocyanine-based amphighileey prepared a
hexagonally arrayed cylindrical nanohybrid material through-sol !
gel polymerization of inorganic precursors. In addition, they hex
employed a polymeric phthalocyanine which organized into po- Jf Jf 25°C
tentially conductive one-dimensional molecular calles. | e ST TR P Ry T e TN
We have created a variety of nanoparticles and mesoporous Temperature (‘C) N
materials ranging from spheres, cylinders, and lamellae to meso- Figyre 2. (a) DSC thermograph of the present extended amphiphilic
porous hexagonal and bicontinuous cubic structures by using dendrimer obtained upon heating. (b) SAXS patterns of extended am-
polyisoprenes-poly(ethylene oxide) copolymers (BHPEO) as phiphilic .dg'n_drlmer_at'SS_"C.: anq 75°C. k: crystal; hex: hexagonal
structure-directing agents for organically modified ceramic precur- columnar; i isotropic liquid; lam: lamellae.
sors in organic solvenfsWe have demonstrated that a simple “one- The extended amphiohilic dendrimer shows multiole phase
pot” self-assembly approach allows these nanostructures to be e ; phip : bie p
; . . o . transitions in the bulk. Two endothermic peaks at 31.4 and 63.3
functionalized with other transition-metal oxides suchy&se,Os, °C in the differential scanning calorimetry (DSC) thermograph in
leading to magnetic properties and potential applications in the life _. gca y grap
scienced. Besides changing the inorganic constituents, it is now F'gL.'re 2a corres_pond tothe me““f‘g tranS|_t|or_ls of PEO gnd docosyl
interesting to explore the wide variety of polymer architectures to ?r:zlg: hllaes‘sg)e(;tlve;l;.rsALtviriChmeirlltlrt13r,n aurllggrldoggyisst,gltlrlgeizzziieat
design novel structure-directing agents. In particular, to the best of 75 002 as evi dpepzwce d ’b temperature-de engent small-aF;] le X-ra
our knowledge, dendrimer-type macromolecules have not been used;‘catlterir; (SAXS datay not pshown) Ap SAXS pattern gin the Y
to direct silica-type materials despite their fascinating structural ng ' - . p .
featured crystalline phase shows three reflections wijtepacing ratios of
Hereiﬁ we report a novel extended amphiphilic dendrimer as a 1:2:3, consistent with a lamellar structure with a periodicity of 13.1
structure-directing agent for silica-type materials (see Figure 1). nhmaéglg(’gireurzeb’ZLOpgaggg)iﬁﬁfvsp;t::;nrglgzgolr'gu'd.g‘;gzitg”me
From a structural point of view, the hydrophilic fraction consists phe %/ W ' . . ‘* g
of linear PEO attached to a PEO-like dendritic core. while the ratios of 13/ 3:4/4, consistent with a hexagonal columnar structure
. o : ’ with a lattice parametest = 12.1 nm. As a result of the inherent
hydrophobic fraction is composed of eight docosyl branéhés. . . i
The interface of a phase-segregated bulk phase of this compounc{?mecular curvqt_ure, the .Cy"“de'f core is expected to bc_a occupied
runs through the middle of the dendrimer part of the molecule and y the hydrophilic majorlty frgctlop, wher.eas. the matrlx s.houlld
is expected to have an inherent curvature, which is unique comparedcc.)nSISt of the hydrophobic minority fraction; see illustration in
to the aforementioned conventional linear amphiphiles (see below).':'%gle_iI olymerizations of (3-glycidyloxypropyl) trimethox
The synthesis is accomplished through an efficient esterification _. ge’ poyn ' (s-glycidyloxypropy Y
- ; . : . . silane and aluminursecbutoxide in the presence of the extended
reaction of carboxylic acid terminated PEO with the dendrimer A . . ) -
hydroxyl groupt! The molecular weight of the final compound as amp_hlphlllc dendr_lmer were carried out using a procedure described
determined from mass spectrometry is 6000 g/mol, and the Volumeprevnously@? Volatiles were e\_/aporat_ed_at 6€ for_ the sot-gel
fraction of the hydrophilic blockf(,) is 0.53. Polydispersities condensation to take place in the liquid crystalline phase and to
. © S suppress the docosyl chain crystallization. We first discuss a
(Mw/M,) obtained from both gel-permeation chromatography and . . Lo . .
mass spectrometry are less than 1.05 (for synthesis see alsona.anhybrIdl with 9'44 _a_lumlnosmcate_ weight f“?‘C“F”W Its
Supporting Information) ' microstructure was identified by employing a combination of SAXS,
PP g ' transmission electron microscopy (TEM), and atomic force mi-
" Department of Materials Science and Engineering. croscopy (AFM). The SAXS pattern of bulk hybridshows two
* Department of Physics. reflections withg-spacing ratios of 1:2 (Figure 3d00 = 11.3
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Figure 3. Top: schematic illustration of hybrid synthesis. Bottom: analysis
of hybrids 1 (a—d) and2 (a,e,f). (a) Bulk SAXS patterns at 2&. (b)
TEM image of bulk sample. (c,e) TEM images of solution cast nanoparticles.
(d,f) AFM images of calcined nanoparticles (lamellar thicknetss4 nm).

nm). For further analysis, the bulk hybrid was microtomed in 50-
nm thin sections and examined using TEM. Figure 3b shows a
bright field image revealing periodic organic (bright regions) and
inorganic (dark regions) layers. With about 10 nm, the lamellar
spacing from TEM is smaller than predicted from SAXS, which
can be attributed to convex bending of liquidlike lamellar surface
as described in ref 2b. The lamellar structure was corroborated by
studies of the morphology of individual nanoparticles obtained from
dissolution of the bulk material. For imaging individually dispersed
nanoparticles, a solution of hybritd (5 mg of hybrid in 10 g of
toluene) was ultrasonicated and cast (i) on a carbon-coated coppe
grid for TEM and (ii) on a mica sheet and calcined at 4@0for
AFM. TEM and AFM images are shown in Figure 3c,d, respec-

tively, clearly exhibiting platelike nanosheets. These results suggest

that nanohybrids with various architectures may be induced by
simply adding different amounts of inorganic precursors to the same
extended dendrimer amphiphile. It should be emphasized that the
reduction in lamellar spacing upon addition of inorganic (compare

Figures 2b and 3a) can only be explained by a fundamental change

in the molecular packing. Studies to elucidate these effects in detail
are currently under way.

By loading a smaller amount of the ceramic precursors, a second
hybrid 2 with f,, = 0.21 was prepared. The SAXS pattern of bulk
hybrid 2 shows two reflections consistent withspacing ratios of
1:2 (Figure 3a,duo) = 14.3 nm)!? To elucidate the hybrid
morphology, Figure 3e shows a TEM image of isolated nanopar-
ticles obtained through dissolution of bulk hybrid mate#alThe
nanoparticles exhibit cylinder morphology corroborated through
AFM studies (Figure 3f). This suggests that in contrast to hybrid
1, the lower amount of inorganic does not suffice to induce a
morphological transition away from the cylindrical structure of the

parent amphiphile. It also corroborates the earlier assignment that

although majority fractionf(, = 0.53), the hydrophilic block of
the extended amphiphilic dendrimer occupies the core cylinder
domain of the hexagonal structure. From all these results, the self-

and co-assembly phase behavior of the present extended dendrimer

is quite different from that of conventional block copolymers with
linear architecture, consistent with recent theoretical predictions.

In conclusion, we have prepared a liquid crystalline extended
amphiphilic dendrimer and aluminosilicate-based nanostructured
hybrids with lamellar and cylindrical morphologies from it. To the
best of our knowledge, our results are the first successful examples
of the use of dendrimer-based amphiphiles as structure-directing
agents for silica-type nanostructures. The versatility of the dendrimer
architecture now allows various functionalities to be introduced in
the nanohybrids. Thus, the present extended amphiphilic dendrimer
architecture may provide an exciting novel materials platform for
formation of multifunctional nanostructured hybrid materials.
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