5916 Macromolecule2007,40, 5916-5922

Organic-Inorganic Hybrid Materials by Self-Gelation of Block
Copolymer Assembly and Nanoobjects with Controlled Shapes
Thereof

Ke Zhang, Lei Gao, and Yongming Chen*

State Key Laboratory of Polymer Physics and Chemistry, Joint Laboratory of Polymer Sciences and
Materials, Institute of Chemistry, The Chinese Academy of Sciences, Beijing 100080, P. R. China

Receied April 2, 2007; Reised Manuscript Receéd June 5, 2007

ABSTRACT: Radical polymerization of a gelable monomer 3-(triethoxysilyl)propyl methacrylate (TEPM)
mediated by a chain transfer agent (CTA), cumyl dithiobenzoate (CDB), i.e., reversible adffiigmentation

chain transfer (RAFT) polymerization, has been studied. A series of well-defined PTHidRIdpolystyrene
(PTEPMb-PS) diblock copolymers were synthesized via sequential RAFT polymerization of styrene mediated
by the PTEPM macromolecular CTA. Both formations of PTEPM homopolymers and the PBEF/diblock
copolymers exhibited first-order kinetics, and the molecular weights increased linearly with monomer conversion.
The bulk microphase separation behaviors of PTERRIS diblock copolymers were studied by a combination

of small-angle X-ray scattering (SAXS) and transmission electron microscopy (TEM). With change of the block
composition, three different morphologies of microphase separation, i.e., lamellae, hexagonally packed cylinders,
and spheres, were obtained. Afterward, self-gelation of the PTEPM phases was carried out in-situ to cross-link
the PTEPM phase, and novel organinorganic hybrid bulk materials with ordered domain structures of three
morphologies were obtained. Furthermore, when the gelated materials were dispersed in a good solvent for the
PS matrix, the isolated orgaritnorganic hybrid nanoobjects with controlled shapes including plates, cylinders,
and spheres with PS hairs were prepared from the respective bulk materials. This self-gelation process of block
copolymer aggregates in bulk can be universal and may be extended to prepare various ordered hybrid materials
and isolated hybrid nanoobjects with tailored shapes and functionality.

Introduction methacrylateplockpoly(tert-butyl acrylate) (PBMAB-PCEMA-
b-PtBA),20 polystyreneblockpoly(2-vinylpyridine)blockpoly-
(butyl methacrylate) (P$-P2VP+b-PBMA),2! polystyrene-
blockpolybutadiendslockpoly(methyl methacrylate) (PB-PB-
b-PMMA),?? etc. The most complete investigation focused on
this way has been carried out by Liu et al. Using the block
copolymers containing a photo-cross-linkable PCEMA block,
they have prepared organic nanoobjects with controlled com-

Block copolymers comprised of chemically distinct polymers
covalently joined together self-organize in bulk into well-defined
nanoscopic morphologies such as body-centered-cubic (BCC)
arrays of spheres, hexagonally packed cylinders, bicontinuous
gyroids, and alternating lamellae simply by changing their
molecular parametefs? In the past decade, block copolymers
have been widely used in nanotechnologies in many different

fields, such as preparation of nanoobjéasd nanocompos-  POSitions, such as spher€s? fibers2"15262tubes?*2® and
ites5 patterned thin filn-° and lithograph{?1L etc. Nano- membranes with tunable nanochanrits! However, the block

composites and nanoobjects with controlled shape, size, andcoPolymers they used were purely organic polymers, which
composition based on block copolymer assembly are promising“m'teol .the appllc'a.tlon of nanoobjects in some aspects which
materials which may find considerable applications in areas suchn€ed higher stability.
as drug delivery, catalysis, separation, photonics, energy genera- The other is to use the block copolymers as structure-directing
tion and storage, electronics, etc. Cross-linking one domain of agents for the metal oxide to prepare organic/inorganic hybrid
the preformed ordered structure of block copolymer in bulk is materials and nanoobjects. This approach has been studied
a very interesting approach to change the structure of block extensively by Wiesner et al. using the block copolymers such
copolymer bulk materials. Furthermore, dispersing such bulk as polyisoprendiockpoly(ethylene oxide) (Pb-PEO¥? and
materials in a good solvent for the un-cross-linked domain may poly(hexyl methacrylateplock-poly(ethylene oxide) (PHMA-
easily produce novel nanomaterials with a controlled morphol- b-PE0)33 The precursors of metal alkoxides selectively swelled
ogy inherited from the bulk structure. the PEO phase of the block copolymers due to the hydrophilic
Until now, two approaches have been developed in this field. nature of PEO. By changing the fraction between block
One is to fix the specific domains of the preformed assembly copolymers and metal alkoxides, the organic/inorganic hybrid
based on the block copolymers with a cross-linkable functional nanoobjects with controlled shape, size, and composition have
block. Many kinds of block copolymer have been used in this been obtained33-38 These nanoobjects are robust due to the
field, such as polystyrenelockpoly(2-cinnamoethyl meth-  presence of inorganic components. However, the block copoly-
acrylate) (P9-PCEMA) 213 polystyreneblockpolyisoprene mer used in their system has to meet the following criteria: first,
(PSH-PI),1415 polystyreneblock-poly(4-vinylpyridine) (PSk- the building blocks should show phase separation at ambient
P4VP)16-19 poly(butyl methacrylateplockpoly(2-cinnamoethyl  temperatures; second, the hydrolysis products of the metal
alkoxides should preferentially swell the hydrophilic block; third,

* Corresponding author: phone0086-10-62659906; Fax0086-10- a low glass transition temperature of the hydrophobic block
62559373; e-mail ymchen@iccas.ac.cn. should introduce high mobility at ambient temperatures and
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Scheme 1. Synthesis of PTEPM and Its Block Copolymer stimulus-responsive could be endowed to these nanohybrids if
Mediated by RAFT Polymerization the segment could be functionalized. Thomas et al. have reported
\@ an anisotropic nanoobjects via bulk self-assembly of poly(3-
:§= oo ~S { nen ot Tm (triethoxysilyl)propy! isocyanateflockpolystyrene (PIC-
QX e — PS)#8 However, as far as we knew, this is the first report to
€ prepare organieinorganic hybrid nanoobjects based on $ieé-
. ) gelation process pf block copolymers, and only one type of
OO ey G0 S0 Hs CoHs0~ I ~OC2Hs partlcle. was obtained. . . .
OCHs OCHs Herein, we report the preparation of hybrid bulk materials
TEPM PTEPM PTEPM-b-PS with organized domains from a new gelable block copolymer,

poly(3-(triethoxysilyl)propyl methacrylaté)lockpolystyrene

should allow rapid formation of structures with long-range order (PTEPMb-PS), which was synthesized by RAFT mediated
even in the bull® Therefore, the suitable block copolymers radical polymerization. The self-gelation process of PTEPM
used in this method were limited strictly. Also, Saito et al. have phase in lamellar, cylindrical, and spherical structure was
obtained organiesilica nanocomposites directed block copoly- conducted with the preformed microphase structure. Moreover,
mer assembly or phase separation of random copoly#fets. the isolated organicinorganic hybrid nanoobjects with con-

3-(Trialkyloxysilyl)propyl methacrylate is a kind of gelable trolled shape such as spheres, cylinders, and plates have been
monomer which is an important silane coupling agent widely obtained by dispersing the bulk materials into a good solvent
used for the preparation of organic/inorganic hybrid materials. for PS. Scheme 1 shows the synthesis of the gelable block
Recently, our group has studied the property of a kind of gelable copolymer PTEPMs-PS, and Scheme 2 presents the principle
block copolymers of poly(ethylene oxidb)eckpoly(3-(tri- of the self-gelation process to generate novel hybrid materials.
methoxysilyl)propyl methacrylate) (PERPTMSPMA) ob- . .
tained by the atom-transfer radical polymerization (ATRP) Experimental Section
technique*? Through their self-assembly in solution, various Materials. Styrene was dried over calcium hydride overnight
organic/inorganic hybrid morphologies, including sphefes, and distilled under a reduced pressure. 3-(Trimethoxysilyl)propyl
vesicle$*4and compound vesiclé8with silica oxide network ~ methacrylatex 95%, Wuhan University Silicone New Material Co.)
have been obtained by a gelation process occurred only in thewas dried over Capiovernight and distilled under a reduced
PTMSPMA domains of the preformed aggregates. Through Pressure. 3-(Triethoxysilyl)propyl methacrylate (TEPM) was syn-
controlled radical polymerization like ATRP and RAET, thesized according to a literature from 3-(trimethoxysilyl)propyl

. . S methacrylaté? Cumyl dithiobenzoate (CDB) was synthesized
different kinds of block copolymer containing PTMSPMA have according to the literatur®. 2,2-Azoisobutyronitrile (AIBN) was

been synthesized, with predetermined molecular weights andyecrystallized from methanol and stored &Gt Anhydrous ethanol
narrow molecular weight distributions. The well-defined organic/ (>99%, Beijing Chemical Reagent Co.) was refluxed over mag-
inorganic hybrid nanoobjects with controlled shapes could have nesium. Anhydrous methanol, tetrahydrofuran (THF), toluene, and
been obtained by the microphase separation morphologies inbenzene ¥99%, Beijing Chemical Reagent Co.) were used as
bulk using such gelable block copolymers, whose structure could received.

be similar to the nanoobjects prepared by Wiesner et al. It would _ Polymerization of TEPM and Synthesis of Poly(3-(triethoxy-

be important if this self-gelation process could be extended to Sily)propyl methacrylate) (PTEPM) Macromolecular Chain
many different block copolymers, namely, various hybrid ransfer Agent (Macro-CTA). A general procedure: Bulk po-

' afi : lymerization of TEPM was performed in a sealed ampule equipped
materials, and well-defined nanoobjects could be produced nOtwith a stir bar under vacuum. A typical procedure was as follows:

only by the amphiphilic block copolymers with lower glass ~pg (75.0 mg, 2.75< 10-* mmol), TEPM (4.0 g, 13.8 mmol),
temperature hydrophobic block but also by the block copolymers 54 AIBN (4.5 mg, 2.74< 10-2 mmol) were added into a 10 mL
containing higher glass transition temperature block, such asglass ampule. The mixture was degassed through four freeze
PS and PMMA, which are widely used polymers in application. evacuate-thaw cycles, and then the ampule was sealed under
Further, more functions like complexation to metal ions and vacuum. Polymerization was carried out in an oil bath at@®or

Scheme 2. Ordered Organic/Inorganic Hybrid Materials by Self-Assembly of Gelation Block Copolymer PTEPMs-PS in Bulk and
Isolated Hybrid Plate and Cylinder (Red: PEPM Chain; Yellow: PS Chain; Blue: Silica Oxide Network)
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30 h. The reaction was terminated by cooling with an ice bath.
The resulted crude product was purified by precipitating into a large
amount of methanol and water mixture (7:3 volume ratio) three
times. Monomer conversion was determined by the NMR
spectrum.

Synthesis of PTEPMb-PS Diblock Copolymer. The poly-
merization was performed in a sealed ampule equipped with a stir
bar under vacuum. A general procedure: PTEPM macro-CTA (232
mg, My nvr = 11 480;M,/M,, = 1.15) and styrene (6.34 g, 60.9
mmol) were charged into a 20 mL Schlenk flask. The mixture was
degassed by four freezevacuate-thaw cycles and then flame-
sealed under vacuum. Polymerization was carried out in an oil bath
thermostated at 9TC for 32 h. The reaction was stopped by cooling
of the solution, and the mixture was exposed to air. The resulting
product dispersed in THF was purified by precipitating into
methanol three times. Monomer conversion was determined by the
H NMR spectrum.

Bulk Casting and Annealing of PTEPM-b-PS.The casting and
annealing of all PTEPMs-PS diblock copolymers into bulk samples
were conducted analogously. The representative procedure was
described. A concentrated solution of PTERNRS diblock co-
polymer (50 mg/mL) in benzene was spread dropwise onto a clean
Teflon plate and was allowed to evaporate in a vacuum desiccator

0.8+

0.6+

0.4+

In([M]o/[M])

over 5 days. The resulting bulk sample (ca. 0.5 mm in thickness)
was then dried for 12 h under vacuum at®& Thermal annealing

at 110°C for 24 h under argon gave the diblock copolymer bulk
sample with microphase separation.

Self-Gelation in Microdomain Structure and Preparation of
Nanoobjects.PTEPMb-PS bulk samples with microphase separa-
tion structure were immersed m2 M HCI aqueous solutions for
24 h and then dried under vacuum at 8D for 12 h to carry out
the sot-gel reaction of the PTEPM domain completely. After cross-
linking, the samples were immersed in THF and stirred. The films
became dispersed in around 1 day.

Characterization. Gel permeation chromatography (GPC) was
performed by a set of a Waters 515 HPLC pump, a Waters 2414
refractive index detector, and the combination of Styragel HT-2,
HT-4, and HT-5, the effective molecular weight range being-100
10 000, 5006-600 000, and 50 0664 000 000, respectively. THF
was used as an eluent at a flow rate of 1.0 mL/min at°G5
Polystyrene standards were used for the calibration.

H NMR spectra were recorded on a Bruker DMX400 spec-
trometer with CDC{ as solvent at room temperature. Fourier-

transform infrared (FT-IR) spectroscopy was recorded by a deuterate, ©)

triglycine sulfate (DTGS) detector on a Bruker EQUINOX 55
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Figure 1. Polymerizations of TEPM mediated by CDB with AIBN as
initiator: (A) dependence of In([M][M]) vs time, (B) GPC traces,

evolution of the molecular weights akki/M, with monomer
conversion. Reaction conditions: TEPM/CDB/AIBN40/1/0.1 (molar

spectrometer and processed by the Bruker OPUS program. Samplegatio), 60°C.

were prepared by milled with potassium bromide (KBr) to form a
very fine powder and then compressed into a thin pellet.
Transmission electron microscopy (TEM) images were obtained

time for the CDB-mediated polymerization of TEPM at 8D.
Following an induction period (about 18 h) which could be

using a Hitachi H-800 instrument operated at an accelerating voltagecaysed by various factors discussed elsewHeagseudo-first-

of 100 kV. The images were recorded by a digital camera. Samples

were embedded in epoxy and cured at 4D overnight. Thin
sections (56-100 nm) were obtained using Leica Ultracut UCT
ultramicrotome and a diamond knife at room temperature. No
staining was performed for the microtomed sections. SAXS data
were collected on a Rigaku RU300 copper rotating andde= (
1.54 A) operated at 40 kV and 50 mA. X-rays were monochromized
with a Ni filter and focused using orthogonal Franks mirrors. SAXS
patterns were collected with a 1K 1K pixel CCD detector.

Results and Discussion

Polymerization of TEPM Mediated by RAFT and Syn-
thesis of PTEPM+b-PS Diblock Copolymers.The polymeri-
zation kinetics was studied first. RAFT-mediated radical
polymerizations of PTEPM were performed in bulk using CDB
as RAFT agent and AIBN as initiator. The molar ratio between
CDB and AIBN was fixed to 10/1. After being degassed by
four freeze-evacuate-thaw cycles, the sealed ampule with

order kinetic was observed. The monomer conversion reached
55% after 50 h. The evolution of molecular weight of poly-
merization determined by GPC traces is shown in Figure 1B.
The peak position moves to the higher molecular weight
direction gradually with increase of reaction time, and mono-
modal peaks with good symmetry are demonstrated.

The number molecular weightMonwr) of PTEPM ho-
mopolymers was calculated by the monomer conversion from
the formula

[TEPM]Xrepy

M, = Mcrp + M [CTA]

TEPM
whereMcrta andMrepy Were the molecular weights of RAFT
agent and TEPM, respectively, angepy was the monomer
conversion. The contribution of the molecular weight of the
chains initiated by AIBN was neglected. TEPM monomer

mixture was thermostated to a certain temperature. Shown inconversion was determined Bi# NMR analysis, which was

Figure 1A is the semilogarithmic plot of In([M[M]) vs reaction

performed directly with the polymerization mixture in the
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Figure 2. *H NMR spectra of (A) TEPM polymerization mixture — —1::—
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Figure 1C shows the plots oM,cpc (NnUMber-average 0000 112
molecular weight obtained by GPQl,, nmr, @andM,/M,, values v - v v
as a function of conversion. The molecular weights given by 400001 & 110
two ways increased linearly with the conversion. In addition, 20000 " 0.8
the molecular weight distributiom,,/M,, did not exceed 1.20 5 10 15 20 25 30 35 40
in all the cases. The discrepancy betwd&spcandMn nvr iS Conversion(%)

reasonable as the calibration of GPC was based on theFigure 3. Formation of PTEPMs-PS mediated by PTEPM macro-
polystyrene standards. The above results demonstrate the RAFICAT: (A) dependence of In([MJ[M]) vs time, (B) GPC traces, and
of TEPM mediated by CDB in bulk is a controlled process. (C) evolution of the molecular weights arid./M,, with monomer
Syntheses of PTEPM-PS diblock copolymers were per- ggrl\grsmn Reaction conditions: St/PTERM3000/1 (molar ratio),
formed in bulk using PTEPM as a macro-CTA. After degassed
by freeze-evacuatethaw cycles, the sealed ampule with mers with different lengths of PTEPM and PS segments were
mixtures was thermostated to 9€. Figure 3A shows the  synthesized by changing the macro-CTAs and the feed ratios
semilogarithmic plot of In([M§/[M]) vs reaction time for of TEPM to macro-CTA.
synthesis of PTEPM>-PS. A pseudo-first-order kinetics was Morphologies of PTEPM-b-PS Diblock Copolymers in
observed after an induction period (about 4.8 h), indicating the Bulk. The bulk morphologies of all the block copolymers have
radical concentration kept constant during this reaction. been studied, and the results are listed in Table 1. In general,
The number molecular weights and composition of diblock the phase structure developed from lamella to cylinder to sphere
copolymers were obtained from tHd NMR analysis. As shown  with increase the ratio of PS segment. The polymers of different
in Figure 2B, the composition was calculated by comparing the composition, PTEPM-b-PSy0s, PTEPMeb-PSss and PTEPMs-
peak areas of the protons derived from two blocks, e.g., ijk b-PSog Were selected as representative examples to study their
(—CgHs) in PS block and e{CH,Si(OGHs)3) in PTEPM block. microphase separation morphologies in bulk by SAXS. The
The molecular weight development of block copolymerization SAXS curves of the bulk films from these block copolymers
was traced by GPC as shown in Figure 3B. The peak moved toare collected in Figure 4.
the higher molecular weight direction gradually with increase For polymer PTEPMG-b-PSips, whose molecular weight
of reaction time, and no peak of macro-CTA was observed. fraction of PTEPM block was 0.38, its bulk microphase
From Figure 3C, the molecular weights estimated by GPC and separation formed a highly ordered lamellar morphology. Figure
IH NMR analysis M, gpcandMn nur, increased linearly with 4A (line a) shows the SAXS curve of this sample, and the peak
the conversion of St. In addition, molecular weight distribution, position ratio is 1:2:3:4, consistent with a lamellar morphology.
Mw/My, remained below 1.10 in all the cases. All the results From the primary peak position value at layy the average
demonstrate the RAFT of St mediated by PTEPM is a controlled domain spacing was calculated to be 35.9 nm. This result of a
reaction. As a result, a series of block copolymers for self- lamellar structure was further confirmed by TEM analysis of a
organization were prepared, and their properties are summarizednicrotomed slice (Figure 5). The average periodic length of
in Table 1. The composition of PTEPBHPS diblock copoly- lamellae obtained by Figure 5 is 35.2 nm, which is similar to
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Table 1. Radical Polymerizations of the PTEPM Mediated by CDB and Properties of PTEPM3-PS

run® feed rati(9 conv (%); Mn,NMR Mn,GPC MW/Mn TEPM/S¢E WPTEpm(%) structuré
1 50:1 76.3 11480 14570 1.15 38/0
2 120:1 73.0 25980 29 860 1.17 88/0
3 100:1 66.1 19520 22 640 1.13 66/0
4 55:1 83.6 13780 16 770 1.12 46/0
5 3000:1 6.2 30970 38230 1.09 38/187 36 lam
6 3000:1 12.3 50 130 56 960 1.06 38/371 22 hex
7 3000:1 28.7 101 240 103 260 1.10 38/826 11 sphere
8 3000:1 38.3 131 230 139 450 111 38/1150 8 sphere
9 1000:1 40.8 68 050 69 190 1.20 88/408 38 lam
10 2112:1 35.9 98 110 100 250 1.09 66/758 20 hex
11 6000:1 16.8 118 450 120130 1.10 46/1009 11 sphere

aRuns -4 show the PTEPM homopolymers mediated by CDB at@0The molar ratio between CDB and initiator AIBN was 10/1. Rund.8 show
the synthesis and characteristics of the PTERRIS diblock copolymers mediated by corresponding PTEPM macro-CTA &E90TEPM/CDB (molar
ratio) for runs t-4; St/macro-CTA (molar ratio) for runs-5L2. ¢ Calculated by*H NMR spectrumd Microphase separation morphologies of PTEBNS

diblock copolymers: lam means alternating PTEPM and PS lamellae, hex means hexagonally packed PTEPM cylinders in PS matrix, and sphere means
PTEPM spheres in PS matrix.
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060 o2 i oa | Foe . los 10 Organic—Inorganic Hybrid Bulk Materials by Self-Ge-
q(nm'1) lation Process and Nanoobjects ThereofWhen the mi-

- 4 Small-andle X teri  the bulk | crophase separation of dibolock copolymers was finished, the
igure 4. Small-angle X-ray scattering curves of the bulk samples et ;
from (A) PTEPNhe-b-PSis before (a) and after cross-linking (b), (B) PT.EPM phase was distributed in the PS phase as lamellae,
PTEPMss-b-PSss, and (C) PTEPMs-b-PSio0s cylinders, and spheres. The PTERMRS diblock copolymers
the result of SAXS. The polymer PTERMb-PSss whose synthesized in this article contained a gelable PTEPM block,
. - 58 . . . . .
weight fraction of PTEPM block was 0.20, formed a highly )['.Vh'Ch _Ir_nay occurts?r’:gele:eaft|on l:.nderfiﬁ'd Sgggﬂcbﬁong'
ordered cylindrical morphology. As demonstrated in the SAXS lons. 10 carry out the seige' reaction of the : ocK,
curve in Figure 4B, the reflection pattern of a ratia/Biv/7 the; matenalg having ta]Iored mlcr.ophase separa'qon morphol-
supported a hexagonally packed cylinder morphology. From the 09i€S were immerged into an acidic water solution for 24 h
main peak position value, the average periodicity was calculated@nd then dried under vacuum at temperature GiGr another
to be 35.4 nm. The polymer PTERMb-PS00s With smallest 24 h. The reactions were completely carried out as confirmed
weight fraction of 0.11, generated a liquidlike spherical micelle by FT-IR spectroscopy (Figure 6). Before gelation, the absorp-
morphology, a state between BCC and disordered phiisgire tion peaks at 1103 and 1079 chwere assigned to the
4C is the SAXS curve of this sample, whose feature is consistentasymmetric S+O—C stretch and the peaks at 1167 and 960
with a liquid spherical micelle morphology since no periodic cm™! were the characteristics of the ethoxy group. After the
pattern was observed. reaction, the characteristic peaks disappeared, whereas a strong
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Figure 7. TEM images of gelated bulk materials from (A) PTERM

~ g . Figure 8. TEM micrographs of the hybrid nanoobjects obtained
30%5;%_(8) PTEPMcb-PSse and (C) PTEPM-D-PSo0s Scale bar: through dispersing the bulk samples in THF after gelation: (A)

PTEPMg-b-PSi0s (B) PTEPMe-b-PSrss, and (C) PTEPMs-b-PSo0s
. . Scale bar: (A) 1000, (B) 500, and (C) 200 nm.
broad peak in the range of 108@140 cnT! appeared, which

could be ascribed to the asymmetric—8)—Si stretching alter the phase structure of these two block copolymers
vibration, indicating that the selgel reaction was carried out  preformed.
completely. At this stage, the PTEMP-rich phases in above three  When the sotgel reaction in PTEPM microdomains was
structures were transformed into silica oxide networks confined completed, the organignorganic hybrid materials with different
in the preformed microdomains. microphase morphologies could be obtained; namely, the hard
Figure 4A (line b) is the SAXS curve of the microphase inorganic structure hybridized with the soft organic polymers
separated by PTEPMb-PSs after sot-gel reaction. The in an ordered packing. Dispersing these materials in the solvent
lamellar morphology, with @-spacing of 33.8 nm, remained, of PS matrix, well-defined nanoobjects with different shapes
but a little shrinkage of the periodic length was observed. Shown could be obtained according to the structure of microphase
in Figure 7A is the corresponding microtomed TEM photograph, separation.
where an ordered array of alternating PTEPM and PS lamellae To prepare well-defined isolated orgasicorganic hybrid
with an average domain spacing of 33.2 nm is demonstrated.nanoobjects, the hybrid bulk materials were dispersed in THF,
The shrinkage is reasonable since the small molecules are lost good solvent for the PS matrix for about 3 days with stirring.
during gelation. Therefore, the lamellar morphology microphase Figure 8 shows the TEM photographs of three kinds of hybrid
separated by PTEPMb-PSes did not change during the  nanoobjects with different shapes obtained by this process. By
gelation process. This is because the glassy PS domains hadlispersing the hybrid materials prepared by PTERPMPS;gg,
frozen the structure, and the acidic water molecules penetratedsolated organieinorganic hybrid plates bearing PS hairs were
into PTEPM domains to trigger the gelation. obtained. When the same procedure was applied to the hybrid
As indicated by the TEM image in Figure 7B, an ordered materials prepared by PTERKb-PS;ssand PTEPMg-b-PS 009
array of PTEPM cylinders in the PS matrix was observed from well-defined organie-inorganic hybrid nanofibers and nano-
the gelated sample of PTERMb-PS;ss. The periodic length, spheres were also obtained, respectively. Since the cores of these
34.1 nm measured from TEM photograph, agreed with the dataobjects were derived from the corresponding PTEPM phases,
obtained from SAXS curve. Also, Figure 7C shows the TEM the thickness of plates and the diameter of cylinders are rather
photograph of a thin slice of the gelated polymer PTERM uniform and should be the same to the values of PTEPM phases
PSio0s Which displayed a liquidlike packing of PTEPM spheres in bulk. For examples, the core diameter of the fibers in Figure
in the PS matrix. Therefore, the self-gelation process did not 8B was measured to be 13 nm, which agrees with that of
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cylinders measured from Figure 7B. It is noteworthy that PS (5) Haryono, A; Binder, W. HSmall 2006 2, 600.

hairs are tethered onto the surfaces of plates, cylinders, and ® Zng'gsf;”elga’\f R.; Mickiewicz, R. A.; Thomas, E. ladv. Mater.

spheres by covalent bonding, which are different than the (7) |j M. Q. Ober, C. K.Mater. Today2006 9, 30.
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shapes. These materials were prepared by spontaneous self11) ghgngﬁ-l_-\\/(-; ROSS'GC'ﬁéCﬁnt' V-Zzéy-:lT?tlolrg?i, E. L.; Lammertink,

assembling the block copolymers bearing a gelable block, and(lz) et S?;ti()l'.. ) Guué, Al?/ligromc}lecdleﬂggla 20, 5508.

therefore, this process is rather facile compared with those (13) Liu, G. J.; Ding, J. F.; Qiao, L. J.; Guo, A.; Dymov, B. P.; Gleeson,

template approaches. It should be mentioned that the soluble  J. T.; Hashimoto, T.; Saijo, KChem—Eur. J.1999 5, 2740.

PS hars are tefered alonthe surace ofplates, cylnders, andid L &4 Yan . 1 Burcan, Stacronclecule2ind 8 768

spheres, which are very important for dissolving the objects in (16} |shizu, K : Fukutomi, TJ. Polym. Sci., Part C: Polym. LetL988

solvents and other polymer matfi%>3 Theoretically, through 26, 281.

controlled polymerization, different kinds of block copolymers (17) Ishizu, K.Polym. Commun198930 209.

s (18) Ishizu, K.; Hosokawa, T.; Tsubaki, lEur. Polym. J200Q 36, 1333.
containing the gelable PTEPM or PTMSPMA block, such as (19) de Moel, K.; van Ekenstein, G.; Nijland, H.; Polushkin, E.; ten Brinke,

poly(3-(triethoxysilyl)propyl methacrylatejlockpoly(vinylpy- G.; Maki-Ontto, R.; Ikkala, OChem. Mater2001, 13, 4580.

ridine), poly(3-(triethoxysilyl)propyl methacrylatdélock poly- (20) gané X. H.; Liu, F. T.; Li, Z; Liu, G. JMacromolecule2001, 34,
3 i i i 112.

(ter.t butyl acryla.te)’.etc" can be. Obta.med easily usl_ng COI’]'FI’O”ed (21) Saito, R.; Fujita, A.; Ichimura, A.; Ishizu, K. Polym. Sci., Part A:

radical polymerization. So, various isolated orgatifmorganic Polym. Chem200Q 38, 2091.

hybrid nanoobjects not only with controlled shapes but also with (22) Erhardt, R.; Boker, A.; Zettl, H.; Kaya, H.; Pyckhout-Hintzen, W.;
different functional hairs can be prepared by the approach Krausch, G.; Abetz, V.; Nller, A. H. E. Macromolecule001, 34,

. . . . . . 1069.
devel_oped in th_|s artlcl_e, whlch_may stimulate various researches(23) Liu, G. J.: Yan, X. H.: Li, Z.: Zhou, J. Y.: Duncan, $. Am. Chem.
and find potential applications in the nanomaterials and technol- S0c.2003 125, 14039.
ogy. (24) Liu, G. J.; Yang, H. S.; Zhou, J. Biomacromolecule2005 6, 1280.
(25) Zheng, R. H.; Liu, G. J.; Yan, X. HI. Am. Chem. SoQ005 127,
Conclusion 15358,

. (26) Yan, X. H.; Liu, G. J.; Liu, F. T.; Tang, B. Z.; Peng, H.; Pakhomov,
We have demonstrated that the CDB-mediated RAFT method A. B Wong, C. Y.Angew. Chem., Int. E®001, 40, 3593.

can be used to polymerize the gelable monomer TEPM with (27) Liu, G. J.; Yan, X. H.; Qiu, X. P.; Li, ZMacromolecule2002 35,

controlled molecular weights and narrow molecular weight 28) 7742. G _ Chem. So@004 126 10059
istri i i i7ati Yan, X. H.; Liu, G. J.; Li, Z.J. Am. em. So 4 126, 10059.

d|str|_but|ons. By a sequential RAFT polymerization of St (29) Lin G, J- Ding. 3. F. Guo. A Herfor. M. BazettJones. D.

mediated by PTEPM macro-CTA, we have also successfully Macromoleculed997 30, 1851.

synthesized a series of well-defined PTERANRS diblock (30) Liu, G. J.; Ding, J. FAdv. Mater. 1998 10, 69.

copolymers. With changing the molecular weight fraction of (31) Liu, G. J.; Ding, J. F.; Hashimoto, T.; Kimishima, K.; Winnik, F. M.;

PTEPM block in the diblock copolymer from 0.38 to 0.20 to Nigam, S.Chem. Mater1999 11, 2233.

: ; : : . (32) Templin, M.; Franck, A.; DuChesne, A.; Leist, H.; Zhang, Y. M.;
0.11, three different microphase separation morphologies, i.e., Ulrich, R.: Schadler, V.: Wiesner. Sciencelo97 278 1795,

lamella, hexagona”Y pa_Cked cyIinders,_ and qul_JidIike Sp_here& (33) Renker, S.; Mahajan, S.; Babski, D. T.; Schnell, I.; Jain, A.; Gutmann,
were obtained. An in-situ selgel reaction of triethoxylsilyl J.; Zhang, Y. M.; Gruner, S. M.; Spiess, H. W.; WiesnerMacromol.
groups limited in the PTEPM microphase was conducted with Chem. Phys2004 205 1021.

the aid of acidic water, and novel hybrid bulk materials with (%) f;ggh'lf'ifl“' Chesne, A Templin, M.; Wiesner, Hidv. Mater.

an organized microstructure have been obtained. Furthermore ss) Finnefrock, A. C.; Ulrich, R.: Du Chesne, A.; Honeker, C. C.;
individual and dispersible organiénorganic hybrid nanoobjects Schumacher, K.; Unger, K. K.; Gruner, S. M.; Wiesner,Ahgew.

of lamellar, cylindrical, and spherical shape were prepared by Chem., Int. EdZQOl 40, 1207. ) o o
dispersing the gelated materials into THF. We are going to (36) Garcia, C. B. W.; Zhang, Y. M.; Mahajan, S.; DiSalvo, F.; Wiesner,

. X U. J. Am. Chem. So2003 125, 13310.
expand the types of polymer architecture and morphology in (37) Garcia, C.; Zhang, Y. M.: DiSalvo, F.; Wiesner, Bingew. Chem.,

order to prepare various hybrid nanoobjects with different shapes Int. Ed. 2003 42, 1526.
and functionalities. In addition, this new gelable block copoly- (38) Jain, A.; Toombes, G. E. S.; Hall, L. M.; Mahajan, S.; Garcia, C. B.
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inorganic patterns. (40) Saito, R.; Tobe, TJ. Appl. Polym. Sci2004 93, 749.

Acknowledgment. Financial support from NSF China Efég gﬁitg’ ';'f Ezgi' T(PO,\'/Iy,\'/l"éc/?grhZg%ﬁ?g;%%%%lﬁé%
(50473056, 20534010 and 20625412), the 973 program of 43) Du: J. Z Chen: Y. MMacromol. Rapid ComrﬁurﬂOOE 26, 491,

MOST (G2003CB615605), and the Chinese Academy of (44) Du, J. Z.; Chen, Y. MMacromolecule2004 43, 5084.
Sciences (2004-01-09) is gratefully acknowledged. The authors(45) Du, J. Z;; Chen, Y. M,; Zhang, Y. H.; Han, C. C.; Fischer, K.; Schmidt,
thank Professor M. Schmidt and Dr. M. Maskos at University M. J. Am. Chem. So@003 125 14710.

. . - (46) Du, J. Z.; Chen, Y. MAngew. Chem., Int. EQ004 43, 5084.
of Mainz for valuable discussions and Dr. M. Yang and (47) Mellon, W.; Rinaldi, D.. Bourgeat-Lami, E.. D’Agosto, Facro-

Professor W. Wang at Nankai University for valuable discus- molecules2005 38, 1591.

sions and SAXS measurements. (48) Park, J. W.; Thomas, E. IMacromolecule004 37, 3532.

(49) Ozaki, H.; Hirao, A.; Nakahama, Slacromoleculed992 25, 1391.
(50) Perrier, S.; Barner-Kowollik, C.; Quinn, J. F.; Vana, P.; Davis, T. P.

References and Notes Macromolecule2002 35, 8300.

(1) Bates, F. S.; Frederickson, G. Annu. Re. Phys. Chem199Q 41, (51) Coote, M. L.Macromolecule004 37, 5023.
525, (52) Lindenblatt, G.; Schartl, W.; Pakula, T.; Schmidt, Macromolecules
(2) Bates, F. SSciencel991, 251, 898. 2001, 34, 1730. _ _ _
(3) Hamley, I. W.The Physics of Block Copolyme®@xford University (53) Lindenblatt, G.; Schartl, W.; Pakula, T.; Schmidt, Macromolecules
Press: New York, 1998. 2000 33, 9340.

(4) Simon, P. F. W.; Ulrich, R.; Spiess, H. W.; WiesnerGhem. Mater.
2001, 13, 3464. MAQ70780X



