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Introduction
Since the diaeovery of suriketant-templated silica by MotXl seientista in

1992, meaostruetuwd silica his been syntksized in various f- including
thin films, powdew, psrdcles, and fibt?rs.~ In general mesostruetured silica
has potential applicati~ such as in separation, eatatysis, sensors, and fluidic
micosystems. hr respeet to these potential applications, m6WmcWd ailiea
in the form of thin films is pmhapa one of the mostpromising eandktatea.

The preparation of mesostruehrrefl silica films through preferential
solvent evaporation-rnduced self-assembly @iSA} has reeently reeeived much
attentioir in our Iaboratoricsz. However, no amphiplrilelsilica films with
NW- rrtesoptrases have ever been made through thk EJSA fXOWdUIR

Furtkrmorej templates employed to date have been either stn%etants or
poiy(ethylene oxide)-b-poly(propykne oxide)-b-poffiethylene oxide) tribiock
copolymers, such as Pluronic P-123, both of which are water-soluble and
alcohol-aoIuble. Due to their relatively low rno$erxdarwe@h&the tempiated
silica films with mesoseopic order have been {iniited to relatively smali
characteristic length scales.

In the present conmnmicatiori, we report a novel synthetic metbnd to
prepare mesostructured amphipbilekilica films with regular and rvverae
rnesophases of large characteristic length scales. This method rnvofvea
evaporation-induced self-asaentbty (EISA) of amphiphitii polystytene-fAock-
poly(ethylene oxide) (PS-&PEO) dlldock copolymers. In the present study,
the PS-b-FEQ dibiocks are denoted as, for example, PS(2I5)4-PEO(1OO),
showing that this pardeutar sample eontzdns 215 S repeat units and 100 EO
repeat unita. Tids PS(2I5)+PEO(1OO) dibtoek possesses high molecuhw
weight and does not direztly mix with water or ateohoL To our knowledge, no
studies have reported the use of water-insoluble and aleohokinscdubie
amphiphific dibkwks as stmetute-direeting agents in the synttresii of
mesostruetored siiiea films through EISA. Xtis believed that the pment
system is the fimt to yield mnphiphileksitiea films with regular and reverse
mesopbases, as well as curved multi-biiayvx mestrstructums, through EJSA.
The ready formation of ihe dibtocWsitii films with multi-bilayer veaieular
mesoatrnetures is dkeussed.

Experimental
The synthesis began w“th a dikrte homogmmm scdution containing a

PS-b-PECt dibfoek copolymer, tetraethoxyaitane (TEOS), hydrogen chloride
(HCl)j tetrahydrofnran (lW), and water (Mitli Q). Jn a typieai syatheais, a
dihtoek eopdymer was diasohvyJ in THF at 2wt.% to obtain a rmdecufarly
dispersed and homogeneous solution. %baequently, a -“n amount of
TEOS, HCf, and water were added to the copolymer THF solution. The
quantity of TEOS added was such as tu achieve a final votume ratio of the
copolymer to silica ranging &om 40:60 to 70:30, under the sssurnptiort that
TEOS convetts eomptetety to aifii. The total amount of HCI and water
added was such as to achieve mete ratim of lTEOS: @04HCt: 5H@. A&r
30 minutes of aonicitioa, a diiloeldailica film was obtained by casting the
homogeneous so!udorr. This fiim was cafeined at 450W fm three hours in air
to remove the dibloek copolymer, resulting in a mwopnmus Sitii film.

Wsoatructums of the as-prepad and catcined films were direetty
n%erved on a JEOL 2010 transmission etectron miemmpe (TEM) using an
acceleration voltage of 200kV. The samples for TEM were prepared by
scratching the films with hveezers and d-ty dispersing the film fk+gmertts
onto holey carbon eoppcr grids.

Results and Discussion
Figore 1 shows representative transmission eleetron microscope (TEh4)

images ofPS(215)-b-PEO(l 00)/silica fihns prepared with the volume ratios of
the dibkrek to silica of 40:60 (1A (catcined)), 50: SO(1B (uttcalined)), and
70: 30(1 C (uncalcined) and 1D @dcined)), The mesophase shown in Figure
1A is a regular one and reveals appreciable mesostructurtd order. The circular

regions, with an increased brightness compared with that in their
surroundings, are hollow spheres and have nearly rectangular or hexagonal
arrays. The sizes of these spots we very uniform. As directly measured from
the TEM micrograph, the diameter of the spots is of the order of 18nm, while
the average wall thickness is ca. 9nm. Before calcinatiorr, these bright spots
are enriched with the PS blocks. The size of the pm regions changes little
befwe and after calcination.

As shown in Figure lB, in the ringed regions of the two upper species,
brightness alternates (around their spherufite centers~ the average width of the
tighter and darker regions is ca. 21nm and ca, 1Inm, respectively. The rings
wkh higher transmission are enriched with PS while the rings with lower
transmission are enriched with silica and PEO. Since the diameter of the rings
is tnueh larger than the width of the lighter and darker regions, the domain
curvature is very smst~ consequently, these multi-rings are essentially
tameltar m nature either mntti-biktyer tamelfae or rrndti-bitnyer vesicles.

The tneaostructmea shown in Mgare lC reveal noticeable order. In
partieuku, the br-ighmeasin the ekrtar rq+nns is datively low compared
with thatin their surroundin~, this pattern of contrasL with dark spots in a
light background, is diffk.rent from that show in Figure 1A. These dark
sW of t~ ei~lw regkm result from enrichment with silica and the PEO
bkxka. ‘fheref% the rnesophaae is a reverse one. Tbc sizes of the spot&
whiih have nearly reetanguk+ror hexagonal arrays, are very uniform As
directIy measured from the TEM mierograph, the diameter of the spots is of
the mdw of 13n~ white the average edge length of the rectangle or hexagon
is ea. 23ntrt Caleinatkm removes PEO and the continuous PS ~trix,
resulting m partially sintored silks particles with a quite uniform size of ca.
12nm in diameter, as shown m Figure ID.

k is necessary to point out that smafi-angle x-ray scattering (SA?2$
studies were perkmed at the University of New Mexico/Sandia National
laboratories SAXS facility. Also, nitrogen (Nz) adsorptionhdsorption
isotherms of the prepared mcaqmous films were measured by a surface
aeonstic wave (SAW) teehnique. This teetmique is deaeribed elsewhere.z For
the hollow aphem (shown m Ftgure 1A), the SAXS diffraction pattern may
suggest a m“xture of both hexagortat-close-packed (hip) and face-centered
cubic (fee) strueturea, and the SAW measurement shows that the pores are
connected.

Fiire 1. TEM images of the PS(215)-b-PEO(100)/silica films prepared with
the dibloek to silica volume ratios of 4060 (A), 5050 (B), 7030 (@) (A
and D calcine& tit and C uncalcined). Scale bars (A-D) are 100 nm.

We also studied another two dibloek samples with the volume ratio of
the dibloek to siliee of 40:60. Figures 2A and 2B show TEM images of
calcined silies fihns templated by PS(35)-&PEO(l 09) and PS(563)-b-
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PEO(705), respectively. As directly measured from the TEM rnierographs,
the diameters of the s~”ts in Fiires 2A and 2B are of the order of dnm and
23nm, respectively. hr addition, the average wall thicknesses arc ca. 5nm and
ltln~ respectively.

Pigtrre 2. TEM micrographs of silica films (calcined). The diblc+ks used
were PS(35)-b-PEO( 109) (A) and PS(563)-b-PEO(705) (B). Scale bars (A-B)
are 100 rrm.

Therefm, ii is reasonable to conclude that with an increase of the
volume &action of the dl%loc~ mesophases of the as-east fihna change fionr
regular, to lamelkir, and to reverse ones. in addition, the pore size increases
w“th the moks-xdar weight of the dt%loek. ‘fhw the pore size and WSII
thickness can be rationally adjusted by choosing the appropriate diblocks.

In the formation of the present liquid crystalline p- both self-
asaembly and sol-gel pmcemcs function simultaneously. The self~biy is
driven by THF preferential evaporation; therefore, this self-assembly process
not only involves both the copolymer and silicates but afso goes through
diffbrent concentration regions. Various rnorpholo “eshave been observed in

$’diblock copolymers in dilute soMion3.*and in tad ; capeddly, the fmtiorr
of multiple morphologies, such as sphew, rods, bilayers and inverted
aggregates, in dilute solution of PS-b-PEO has been investigated in some
derail? A comparison of the present system with the aelf~ly ofdiblock
copolymem in dilute solution and in btdk will be presented m a tbrthcoming
paper: m which a range of similarities, such as morphogenic effbcts of
effective vohmte ratios of the two blocks, w-l]be highlighted.

The ready fbrmation of the diblockisilica filrM with muti-bilayer
vesicular meaostructures in the present system is of irrtemst. For small-
molecule ampbiih]ldsikca films prepared through the evaporation-induced
self-assembly, muki-bilayer vesicles have rareiy bees reported, although
multi-bilayer lamellae have been documented.2 In dilute solution without
siliites, it has been noted that block copolymer vesicles are relatively easy to
prepare compared to small molecule ampbiphile vesicles. The reason for the
relatively easy fmtion of dt%fock copolymer vesicles irr both systems
compared to that of s~n molecule amph@ile vesicles maybe argued to be
the polydispmity of the copolymer chains.

This argument is supported by two experimental restdts. When two
diblocka whir the same PS block length but diffimmt PEO block ierrgtbs are
m.kd both in dilute SOIutionof mixtures of THF and water-as well as in the
present system the formation of vesicles of blends occurs more ready than
that of one dibtock copolymer. Theref% it seems reasonable to argue that
the PEO polydisperaity favors the fbrmation of vesicles, in some degree.
Further information and discussion w.I?be presented in a fdrcoming pper.s

Multi-layer Iamellae and multi-layer vesicles have been tqqted m some
other systems, includrng blends of polystyrene-b-polybotadiene (PS-b-PB)
and polystyrene (PS~* blends ofpo&styrcne-6-poly@utyl methamylate) (PS-
6-PBMA) and poly(phenylerteoxide) (PPOJ* areosokgenerated particles,z as
well as silica tempiated by liquid crystal phasea of polybutadiene-&poiy(2-
vinylpyridinium chloride) (PB-6-P2VPMCI).7 However, the present system is
believed to be the first to yield diblock/siIica films with multi-bilayer vesicks
through the EISA pmceduce.

Finally, we would Iike to point out the possibility for multi-bilayer
vesicles to be hosts for a nixtme of guest species. Because of the differential
curvature of each succeeding layer, multi-bilayer vesicles would selectively
position different species to their optimum rudial positions. Therefore, the
present approach of the preparation of diblockkilica films with muiti-bilayer
vesicles could facilitate encapsulation with a high degree of control.’d

conclusion

Diilocldsi}ica fihna with various mesostructures of large characteristic
length scales were synthesized through evaporation-induced self%ssernbly of
PS-b-PEO. The prepared mesophases rnchrde regular, flat and curved
Iamellar, as weli as rewrse ones. By using one identical dibloek but different
volume ratios of the dl%lockto silica, dlldocldsilica films with different
meaoatrucmma are synthesized. AS the volume ratio increases,morphologies
of the mcsostmctures change progressively from regular to inverted
mesophaaes, through Iameliae. For the dibloeidsilica fihns with reguk+r
meaophases, copolymw removal produces ~thepore sizeis
controlled by the molecular weight of the dt%lock. The present system is
beked to be the first to yield dibbckhilica films with regular and reveme
mesophasm, as well aa curved multi Iamellae, through solvent evaporation-
irtduced self-assembly (EISA).
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