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Abstract: Two-dimensional X-ray diffraction (XRD) analyses of transparent mesoscopically ordered silica/
block copolymer composite monoliths reveal single-crystal-like patterns that correspond to well-ordered
hexagonal domains that are greater than 1>crh mm x 1 mm in size. Analyses of the diffraction patterns

reveal highly uniform hexagonal domains with narrow distributions of orientational order that are characterized

by a¢-mosaic smaller than°dn the plane of the hexagonal lattice ang-anosaic smaller than 2Jlong the
cylindrical aggregate axes. XRD and TEM results also show that the composite monoliths have large well-
ordered cubic mesophase domains in the meniscus regions of the samples. Boundaries between the hexagonal
and cubic domains in the monoliths reflect gradual transitions between the two epitaxially related structures.
Such large single-domain hexagonal and cubic mesostructures were furthermore preserved following removal
of the organic species by calcination to produce mesoporous silica monoliths.

Introduction Several authors have reported aligned sitisarfactant meso-
_ ) _structures in thin films produced at various interfatesy in
Progress in the development of new synthesis and processingyqgition, Ryoo et at have produced thick mesoporous films
strategies for preparing mesoscopically ordered inorganic me-yith yniform birefringence, though the degree of alignment was
soporous materials, such as the MCM and SBA families of ot further characterized. Generally, materials with such mac-
mesoporous oxide's; is leading to new levels of design and roscopic morphologies have tended to have diminished meso-
control over material compositions and structures. Initially, these scopic ordering, reduced thermal stability, and/or small domain

materials were synthesized as powders suitable for catalytic andsjzes, which constrain their utility for a number of applications,
separation applications with a variety of ordered mesoPhaseparticularly in optics.

architectures, including hexagonal, lamellar, and cubic structures.
Since then, efforts to improve the processability of these

materials have led to low-molecular-weight surfactant/inorganic

mesophase composites or mesoporous solids in the form of
films,3~7 spheres$; 1% and orientationally ordered solids:13

Substantial processing advantages have been demonstrated,
and larger mesoscopic ordering length scales achieved, by using
amphiphilic block copolymers as structure-directing agents for
network-forming inorganic species, instead of low-molecular-
weight surfactants. For example, silica/block copolymer materi-
*To whom correspondence should be addressed. als haV(_e been syntheS|zeq| with high de_gree_s of mesoscopic order
t Department of Chemical Engineering, University of California. in a variety of macroscopic morphologies, including powders,

S Department of Materials, University of California. films,18 fibers1® and monolithg%-23 Using a combination of
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Results and Discussion

Transparent silica/block copolymer composite monoliths and
opaque mesoporous silica monoliths were synthesized with high
degrees of mesoscopic order in large aligned domains. Long-
range, single-crystal-like mesostructural organization and mac-
roscopic orientational order in the samples were established
using 2D X-ray diffraction and TEM. Such large domain sizes
with very narrow distributions of orientational ordeiPg1=
0.99 for the hexagonal phase) have not previously been observed
in inorganic/organic or mesoporous monoliths.

Figure 1. Schematic diagram of the X-ray and sample configurations, Large Single-Domain Hexagonal MesostructuresTwo-
with the cylindrical aggregates (not drawn to scale) within the composite dimensional X-ray diffraction patterns are shown in Figure 2
aligned parallel (beam 1) or perpendicular (beam 2) to the incident ¢q, 5 single 1.5-cmx 1-mm x 1-mm domain taken from a 50
X-rays. wt % EO10dPOr0E O10¢/SiO, monolith. The patterns in Figure 2

. . . . are from the same region of the same sample but were acquired
nonlinear optical media. However, the preparation of such i gifferent orientations of the X-ray beam, as illustrated

mesoscopicqlly organized inorganic/organ_ic composites Or' Me-gschematically in Figure 1. For the 2D XRD pattern shown in
soporous solids as transparent bulk materials with large doma'nFigure 2a, the X-ray beam was directed parallel to the principal

slzes, as often foun_d in liquid crystalline systems, has_ ot axes of the hexagonally arranged cylindrical aggregates within
previously b_een achieved. We report here, for the f_|r_st time, {he domain, yielding a 6-fold hexagonal spot pattern. The pattern
the synthesis and_ chara_ctenzatlon of transparent s'"_ca/blc’deisplays six intense (10) reflections with 6-fold symmetry,
copolymer monoliths with large X1 cm) oriented single  characteristic of the two-dimensional hexagonal lattice. In
hexagonal and cubic mesostructured domains, which areqgition, several higher order (11) and (20) reflections are
preser_ved after calcination to yield opagque mesoporous silica jpsanved at/3 and 2 times the scattering vector modulus of
monoliths. the (10) reflection, confirming the hexagonal assignment (similar
to SBA-15 materiaR. The lattice parameter for this hexagonal
structure was calculated to le= 129.4 A, based on théyoo
Transparent block copolymer/silica monoliths were synthesized in spacings of 111.9 A. The six-spot hexagonal diffraction pattern
an acidic silica setgel solution containing nonionic poly(ethylene Figure 2a is representative of others acquired when the X-ray
oxide)—poly(propylene oxide}poly(ethylene oxide) (PEOPPO- beam was directed through the plane of the sample disk,

PEQ) amphiphilic block copolymer species as structure-directing agents. indicating that the cylindrical aggregates lie lengthwise within
The specific conditions used for the samples studied here were as . . .

follows:?* 0.542 g of Pluronic F127 (EQPOEOws BASE USA, the plane of the disk, pgrallel to t.he au?'ampltle interface.
Mount Olive, NJ) was added to a solution of 1.4 mL2BiCI (pH 1.5) Whereas polycrystalline materials yield circular 2D X-ray

and 5.0 mL of ethanatt (CHsCH;0?H), and the solution was stirred  diffraction lines, the sharply resolved Bragg diffraction spots
until the block copolymer had completely dissolved. The amount of in Figure 2 indicate that the silica/E6PO;0EO106 SAMPple is
block copolymer could be varied from 0.5 to 1.0 g, depending upon composed of a single hexagonal domain over the sample volume
processing conditions, and produced results similar to those of the probed by the X-ray beamyl mn®. The overall size of such
sample examined here. While the solution was still being stirred, 2.0 g highly aligned domain can be established by translating the
mL of tetraethoxysilane (TEOS, Aldrich Chemicals) was added, forming sample piece through the X-ray beam and monitoring the
a homogeneous mixture in approximately 10 min. The solution was ¢qngtancy of the diffraction pattern. The hexagonal domain,
then transferred to a 30-mL poly(propylene) vial and sealed tightly for whose diffraction pattern is featured in Figure 2, extended

12 h. The vial lid was then removed until gelation of the sol solution th hout th tire 1.5 1 1 | fth
occurred (3-4 days), after which the vial was resealed. The sealed broughoutine entre 1.o-Cm 1-mm > 1-mm volume of the

samples were subsequently allowed to age at room temperature for 6Pi€c€ cut from the monolith; identical diffraction patterns were
weeks. At the end of this period, the products had shrs0% in produced at all points over this single piece. No additional spots
diameter yet retained the shape of their containers. The samples weredr rotation of the pattern were observed, indicating a meso-
uncovered and stored at room temperature to allow excess solvent toscopically homogeneous single-crystal-like domain at least 1.5
evaporate, resulting in-12-mm-thick, 2.5-cm-diameter transparent cm long. Analyses of other sample pieces revealed highly
disks. aligned domains with similar length scales, typical.5 cn?
Two-dimensional (2D) X-ray diffraction (XRD) studies were . 1 mm. To our knowledge, such large orientationally ordered
performed with the X-ray beam delivered by a copper rotating anode 4,maing obtained without shearing or other means of alignment
generator and punctually focused by two perpendicular mirrors, as have not previously been produced in inorgarseganic

described elsewhefé.The scattered X-rays were detected either on it lid d in liquid
imaging plates or on photographic films for better resolution. The COMPOSItes or MESopOrous solids and are uncommon in liqui

experimental setup is illustrated schematically in Figure 1 for the two CryStal systems as wel.Their appearance here is attributed to
X-ray beam configurations used: one in which the X-ray beam was the slow annealing process employed to produce these mono-
directed parallel to the principal axes of the cylindrical aggregates and liths, which is discussed in more detail below.
the other with the beam sent normal to the cylinder axes. The widths of the X-ray diffraction spots obtained from a

Transmission electron microscopy (TEM) images were taken with single hexagonal domain allow the ordering of the cylindrical
a JEOL 2010 electron microscope operating at 200 keV. Samples weregggregates to be assessed. For an ideal hexagonal mesophase,
prepared by grinding pieces of the composites into powders and he cylinders would be arranged on a perfect hexagonal lattice,
depositing the powders on amorphous carbon-coated copper grids foreq 1ting in an X-ray diffraction pattern consisting of sharp spots
analysis. . . 2 . L o

with resolution-limited widths. Deviations from this ideal

(24) These synthetic conditions are similar to those reported in ref 23; situation are manifested by broadening of the XRD reflections.
however, the ethanol concentration was doubled, and deuterated solvents
were used for future NMR studies. (26) Malth&e, J.; Davidson, PBull. Soc. Chim. Fr1994 131, 812-

(25) Impeor-Clerc, M.; Davidson, PEur. Phys. J. BL999 19, 93—104. 815.
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Figure 2. Two-dimensional (2D) X-ray diffraction patterns of an as-synthesized 50 wt %¢EO/EO10s block copolymer/silica composite acquired

with the X-ray beam aligned (a) along and (b) perpendicular to the 6-fold symmetry axis of a single-crystal-like hexagonal domain. Well-resolved
Bragg diffraction spots indicate that long-range ordering extends throughout the® 5ample volume probed by the X-ray beam. In (a), the (10)
spacing is measured to be 111.9 A, with a fwhm off@ the primary reflections. Higher order (11) and (20) reflections can also be observed,
indicative of a highly periodic mesostructure. The insets in (a) and (b) display the azimuthal radial intensity distributions of one of thec(i)srefle

and the Gaussian curve fits used to calculategtimeosaic (fwhm= 2°) andy-mosaic (fwhm= 11°), respectively.

Broadening in the radial direction (i.e., from the reflection to These well-defined Bragg reflections result from very small
the center of reciprocal space) is due either to a small domaindeviations in the arrangements and alignments of the cylindrical
size or to a gradual loss of the positional correlations of the aggregates from perfect hexagonal symmetry.
hexagonal ordering. Broadening of the reflections into arcs along  Of particular interest for the hexagonal structure are the
tangential directions (i.e., in planes perpendicular to the corre- continuity and orientational ordering of the cylindrical ag-
sponding radial directions) is due to a distribution of cylindrical gregates along the director axis. Due to the small sizes of
aggregate orientations in the aligned hexagonal doAfaff. mesoscopically ordered powder particles or domains present in
The degree of orientational order is then characterized by the most inorganic/organic samples investigated in the literature,
full-width-at-half-maximum (fwhm) values of the intensity cylinder lengths longer than several micrometers have not
distributions of the (10) diffraction spots in each of these previously been demonstrated. However, from the large single
orthogonal directions, known as th¢-fnosaic” and ¥-mosaic”, hexagonal domains present within the silicafs20;0EO106
respectively; narrower widths indicate higher degrees of orien- composites, aggregate lengths larger than 1 cm are measured.
tational ordef® Such widths and their corresponding orientation For a perfectly ordered system, the cylindrical aggregates would
distributions can be established from Gaussian fits to the (10) lie straight and align parallel to each other. Consequently, an
peak shapes, as plotted, for example, in the insets of Figure 2.X-ray beam directed perpendicular to such an array would
Numerical estimates of the mosaics were corrected for finite produce an XRD pattern consisting of two primary spots
beam-size effects, measured to be fér the experimental  oriented perpendicular to the cylinder axes. Deviations of
configuration used. cylinder orientations away from perfect longitudinal alignment
The hexagonal reflections shown in Figure 2a are limited in will produce broadening of the XRD pattern features, as
the radial direction by the 1000-A instrumental resolution of measured from the fwhmy{mosaic) of the primary two-spot
the measurement, indicating that the hexagonal positional orderXRD reflections?® Figure 2b shows the XRD pattern obtained
extends over at least this length scale. Typical (10) reflection for the same single-domain piece used in Figure 2a, but with
widths measured in the tangential direction were32 fwhm the X-ray beam aimed perpendicular to the cylindrical aggregate
(¢-mosaic) for hexagonal domains obtained from as-synthesizedaxes (see Figure 1). The pattern in Figure 2b displays two intense
silica/EQ0eP OrgEO106 monoliths. Such values establish that the narrow reflections with a fwhny¢mosaic) of 11, corresponding
cylindrical aggregates are arranged into a nearly perfectto an order parameter @P,0= 0.99, determined by fitting a
hexagonal array, with average distributions of alignment df Gaussian curve to the broader (lower) reflection. The vertical
over the 1-mm sample volume probed by the X-ray beam. orientation and narrowness of the two-spot pattern establishes
that, in real space, the cylindrical aggregates are highly aligned

(27) Pople, J. A.; Hamley, I. W.; Fairclough, J. P. A.; Ryan, A. J.; Booth,

C. Macromolecules 998 31, 2952-2956. and that, over the volume probed-I mn¥), the average
(28)hGuinier,dA.X-ray Diffraction lkn Crystals, Imperfect Crystals and  distribution of longitudinal cylinder orientations is less thaé°
Amorphous BodigDover: New York, 1994. i ; ; ; ;
(29) Davidson, P.; Clerc, M.; Ghosh, S. S.; Maliszewskyj, N. C.; Heiney, from _paral!el alignment. Cor_relatlng the cylinder onentatlona_l
P. A Hynes, J., Jr; Smith, A. B., Il Phys. Il (France)L995 5, 249 ordering with the macroscopic location of the hexagonal domain

262. in the monolith, furthermore, establishes that the aggregates are
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(20), and (21) peaks become more intense. This is attributed to
the greater electron density contrast between the silica walls
and the open mesopore channels, which causes the samples to
scatter the incident X-rays more strongly after removal of the
structure-directing block copolymer species. khenosaic of

B b e o 0 i the calcined hexagonal mesoporous silica domain is larger than
that measured for the composite precursor domain (fvehm
2°, Figure 2a), indicating somewhat diminished orientational
order within the calcined sample.

Additional structural information on deformations and defect
structures in the calcined mesophase silica domain can be
obtained from the diffuse scattering and locations of higher-

» ‘ order Bragg reflections in the 2D XRD pattern in Figure 3.

: Straight diffuse lines extending between the individual (10)

e reflections form a diffuse hexagon that is visible in Figure 3

. ) ’ i and more weakly so in Figure 2a. Such lines have previously
been observed in X-ray scattering patterns of hexagonal mes-
ophases of low-molar-mass thermotropic mesogens and have

. ‘ been interpreted as arising from localized defects, such as

dislocations of the hexagonal latti#&More noticeably, two

additional rows of weak reflections are present in the scattering
patterns (most clearly seen along the vertical axis) of Figure 3,
which were also observed prior to calcination. These reflections
Figure 3. 2D XRD pattern obtained from a hexagonally ordered do not belong to the hexagonal lattice but appear to correspond
mesoporous silica structure following calcination. The sample config- to an oriented epitaxially related mesostructure. We believe that
uration is the same as in Figure 2a, yielding (10), (11), (20), (21), and these additional reflections arise from a small amount (roughly

(30) reflections. The sharp.diffraction. spots anq higher order peaks a few percent from the relative XRD intensities) of another
gdma_te tThﬁt tlh‘tet.Str“Ct““te 'St prefg;n;nzntly g‘ tt::gh_ly Oidée_re‘lj S'n%'f ordered mesostructure, possibly cubic (see below). Bragg re-

omain. € lattce constant Is . , an € Inset displays tne . . ) . .

azimuthal radial intensity distribution of the (10) reerctionsF,J W};lich flection intensities and TEM images also demonstrate a S"gh_t

indicates ap-mosaic of fwhme= 8°. A small amount of cubic impurity _dlstortlon of_ Fhe hexagonal ordering, due to preferential thicken
is also present. ing of the silica walls along the dense (10) plane axes. Indeed,
significant differences exist among the relative intensities of

aligned parallel to the airsample interface of the monolithic the 3i>§ (10) spots, as shown in the insgt of Figure 3: the two
disk. These measurements indicate a higher degree of oriental€flections at ©and 180 are much more intense than the other
tional order than has been produced in other bulk inorganic/ four. Rotation of the sample within the beam lessened the
organic system® or by shearing Pluronic block copoly- intensity differences but did not eliminate them. From the
mers27:30-33 which usually produceg-mosaics of~20—30°. diffraction pattern alone, however, it is difficult to judge with

The high degree of orientational ordering is comparable to that certainty whether the intensity distribution arises from a
of highly aligned liquid crystal systends. significant structural feature or may be due to misalignment of

After calcination, pieces cut from the monolith retain their the sample within the X-ray beam. .
macroscopic shapes and well-ordered hexagonal mesostructures, 10 complement the structural analysis provided by XRD, the
though transparency is lost due to microcracking within the silica c@lcined single hexagonal domain was powdered and analyzed
matrix. Several as-synthesized pieces with large single hexagonafIS0 by TEM. Figure 4 shows a representative micrograph of
domains ¢0.5 cmx 2 mm x 1 mm) were calcined at 450 the hexagonal structure observed throughout thls samplg, similar
in air, yielding sharp XRD patterns, such as that shown in Figure t0 that observed in hexagonal SBA-15 matefiafdong with
3. The sharp hexagonal spot pattern observed for the primarythe well-o_ro_leregl honeycomt_) structures, areas of reduced o_rder
(10) reflections reveals that a high degree of hexagonal are also visible in t_he lower right corner of the image, appearing
mesostructural ordering and long-range alignment have been@S modulated “cylinder/layer” structures. In these regions, the
preserved within the calcined single domain. Substantial shrink- Silica walls separating the cylindrical channels have thickened
age of the mesostructured silica framework is observed follow- Préeferentially along the hexagonal (10) planes, producing a
ing calcination, with the (10) reflection measured to be 93.3 A Structure that appears as hexagonally spaced pores interspersed
(reduced from 111.9 A in the as-synthesized sample), corre-W'th silica lamellae. Similar .thlckenmg of the hydrophlllc
sponding to a lattice parameter @f= 107.7 A (reduced from regions has been_ obs_er\_/ed_ in hexagonal-to-cubic-to-lamellar
129.4 R). Despite this 17% contraction of the lattice constant, Phase transformations in liquid crystal systems, where the denser
the hexagonal ordering of the cylindrical array remains remark- Planes in the hexagonal structure become the layers of the
ably good, with the fwhm g-mosaic) of the primary (10) lamellar structuré® The periodicity and hexagpnal arrangement
reflections measured to b&.8n addition, the higher order (11), of the channels are unaffected, so that the diffraction pattern(s)
. . . . — from these regions coincide with that of the bulk hexagonal
moﬁi%iﬁggtﬁ&%@gggg W.; Lindner, P.; Alexandridis,Nfacro- phase, though the thicker (10) walls lead to greater scattering

(31) Hamley, I. W.; Koppi, K. A.; Rosedale, J. H. Bates, F. S.; Aimdal, intensity normal to the plane(s). As the diffraction pattern of a
K.; Mortensen, K.Macromolecules1993 26, 5959-5970. purely lamellar structure consists of two (10) spots aligned

(32) Bates, F. S.; Koppi, K. A.; Tirrell, M.; Almdal, K.; Mortensen, K. normal to the layers, the fact that the thicker silica walls in some
Macromoleculesl994 27, 5934-5936.

(33) Pople, J. A,; Hamley, I. W.; Fairclough, J. P. A;; Ryan, A. J.; (34) Levelut, A. M.J. Phys. Lett. (Francel979 40, L81.
Komanschek, B. U.; Gleeson, A. J.; Yu, G. E.; Booth Macromolecules (35) Clerc, M.; Levelut, A. M.; Sadoc, J. B. Phys. Il (France)1991
1997 30, 5721-5728. 1, 1263-1276.
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consistent with increased electron density contrast created by
removing the organic moieties from the pores. A representative
TEM micrograph obtained from the calcined cubic material is
displayed in Figure 6, showing a highly periodic cubic array of
~30-A spherical pores with-40-A-thick silica matrix. (The
TEM images provide only approximate estimates of pore size,
as the structures have been observed to shrink under the electron
beam. In addition, the fracture surface imaged may not be at
the midplane of the pores or the sample may be tilted with
respect to the electron beam, so that the actual pore sizes
associated with the TEM image of Figure 6 may be larger.)

Translation of the X-ray beam across a large piece of the
as-synthesized monolith revealed that the cubic domains are
located along the outer rim of the disk monolith and are also
present in a thin€0.1 mm) layer at the airsample interface.
The cubic mesophase is believed to form in regions of the
macroscopic monolith that experience faster solvent evaporation
and silica polymerization rates, namely near the-aionolith
interfaces. Scanning the X-ray beam radially from the edge of

hexagonal mesoscopic ordering is observed over large regions of thethe disk into the bulk center revealed well-defined cubic

sample. The preferential thickening of some of the silica layers between Scattering patterns for-12 mm, followed by patterns indicating
the hexagonally packed cylinders visible in the lower right of the image @ mixed-phase cubic/hexagonal zenk mm thick and a purely
shows the deformation responsible for the two significantly more intense hexagonal region in the monolith center thereafter. Within the
XRD reflections visible in Figure 3. mixed-phase regions, the hexagonal and cubic mesophases were
. . epitaxially related, with the hexagonal cylinder director axes in
regions of the sample have a degree of lamellar character iSyegjstry with the cubic (111) direction, consistent with previous
consistent with the increased intensities of th@@d 180 (10) studies of cubic/hexagonal phase transiti#halong the most
reflections (Figure 3, inset). Furthermore, correlating the XRD  highly curved meniscus regions, the cubic diffraction pattern
intensity distribution with the macroscopic orientation of the 1ot ‘shown here) was distorted, characterized by a 2-fold
domain within the original monolith establishes that these thicker gymmetry axis, broadedsoo line widths, and non-Gaussian
(10) planes are uniformly parallel to the asample interface. intensity distributions. This reduced ordering is attributed to the
These modulated cylinder/layer regions are believed to result j3rge gradients in solvent concentration that are expected to exist
from block copolymer and/or solvent concentration gradients near the air-monolith surface, which lead to spatially varying
near a phase boundary, with the resultant structures kinetically ates of block copolymer self-assembly, structural annealing,
trapped by the polymerizing silica network. and silica polymerization.

ed;?e?if ,\t/lhzs?rsz;:licp:;:ggt Sa:gg;nggg;?g:js.d’i\]siagwgaili(t)#;erlarge The epitaxial re!ationship bereen the.culbic qnd hexagonal

single domains are found with high degrees of cubic IT,IESO- mesophase do.malns provides Important Insight into the fo.rma-
. . . . -~ tion and evolution of these nonequilibrium structures. Previous

structural ordering. Such cubic domains, both in as-synthesmedstudies of the phase behavior of amphiphilic 5@ 0rEOios

composites and in calcined mesoporous solids, yielgl hi_ghly in mixed water/oil solution® have shown that the cubic phase
resolved 2D XRD spot patterns, such as those shown in Figure; favored at lower concentrations of block copolymer-(80

) . . S

5. These each display fqur intense (100) spots, along with severa(Nt % to water) and hydrophobic additives 10 wt % 1-butanol

(110) an (2%0%17?5;)33 at hlghe][ tiaqnglefl,. 'I:[he cl%ar ?’.'fOId or p-xylene). Above these concentrations, lamellar or hexagonal

?\'m";f “{ a:n ’ .bi :I_Srﬁac\',cg 0 n(fairrr(rew ?jctlyonflt (ta|rr]1 Ifyth structures are favored. For the conditions considered here, the
€ SI ue goe.s ?ﬁ C;j( c. b S was (;:o b ed by 0.3 tg Ie phase/synthesis space is substantially more complicated, because

Zifnrqa?cﬁin :l\rt]terne c<-)rr?<}a/s gﬁg?nanto Othzeiew'ns%eﬁgel ;n t'ﬁée of the multicomponent, and particularly nonequilibrium (drying,

' i I: tph ’|4f Idp ! gt] FXI Fi 5a. th self-assembling, polymerizing), characteristics of the monolith
mutuafly orthogonal 4-10d Symmelry axes. -rom rFigure >a, the system. Nevertheless, the presence of hydrophilic solvents (water
Iattlce. spacing of the as-synthesied cubic .mesos'[ructuredand ethanol) and oligomeric silica at the beginning of the
domains was measured to be= 97 A, substantially smaller synthesis reduce the concentration of the structure-directing

than the spacing observed for the hexagonal domains found in . .
: - . . EO10POr0EOr06 Species to roughly 7 wt % of the total solution,
the bulk region of the same as-synthesized composite monOIIth'favoring formation of a cubic or disordered mesophase; this is

However, thep-mosaic of the cubic lattice was similar, with a o o
’ L supported by the lack of birefringence of the initial bulk
fjlg?)bﬁqlm Olfolteis tt;‘:f.‘rz(:f;hgw nrgosrg thshgzglépétte_rgsg%/a composite sols. Due to the higher rate of solvent evaporation
Istribution plot | ' Igu ), ISt near the surface of the monolith compared to the bulk, it is

ngﬂilur%?rf'i%?ﬁt’y SO'CS:e digl:;r;ier::cipiga.:fmdomam with high probablg that the cubic mespphase forms first near the air
Calcination of the composite cubic dom .'n ielded meso sample interface by the relatively rapid polymerization of the
ination ot composite cubi ans yi _Meso- silica, which solidifies the cubic composite mesostructure. This
porous cubic silica with comparable mesoscopic ordering and is consistent with separate mesostructured silica thin-film
macroscopic morphologies. 2D XRD analyses indicate that high synthese$ using the same E@POrEOros block copolymer

?heeg(r:e;;r?;(;nceusg)iztg:ggulj?tlsof:;i?gﬁ;gg?gg:naggﬂf:gQ/ etﬁe'%tructure-directing agent, which produced cubic structures under
cubic (100)d-spacing shrank 4% to 93.1 A, and the fwhm of rapid drying conditions similar to those produced at the upper

these reflections broadened only slightly fo Bihe higher order (36) Holmavist, P.; Alexandridis, P.; Lindman, Blacromoleculed997,
(110), (200), and (210) reflections also increased in intensity, 30, 6788-6797.

Figure 4. Representative transmission electron microscopy (TEM)
image from the same calcined sample used in Figure 3. Uniform
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Figure 5. 2D XRD patterns of the cubic domains obtained from the meniscus region of a 50 wt $PBEREO:dsilica composites: (a) as-
synthesized and (b) calcined. The sharp reflections indicate uniform long-range cubic mesostructural ordering, charaatefized®By A and
fwhm = 3° for the as-synthesized sample, aheb = 93.1 A and fwhm= 4° for the calcined material. Azimuthal radial intensity distributions of
the (100) reflections are shown in the insets, indicating the high uniformity of the cubic ordering in these samples.

annealing or structural adjustments. The slow rates of the

;“ - 'F,; 2 » evaporation and polymerization processes allow the composites

piin s 2 Tc 7 to anneal into large highly ordered and aligned hexagonal (or

¢ - cubic) mesophase domains. More rapid evaporation of the
4 &% solvent or polymerization of the silica (e.g., under more acidic

conditions or at higher temperatures) resulted in poorly ordered
mesophase monoliths and smaller domain sizes.

The epitaxial relationship and orientations of the cubic and
hexagonal mesophases support initial formation of the cubic
of structure, followed by the appearance of cylindrical aggregates
that are oriented with respect to both the interfacial cubic
structure and the surfaces of the bulk monolith composite. The
kinetic mechanisms and nonequilibrium processes that are
responsible for the organization of the silica/block copolymer
4 mesophases into such large highly ordered domains are currently

" 1 under detailed investigation in our laboratories.

i
+ow

4 il 1 R
Figure 6. Representative TEM image from the same calcined cubic Conclusions
sample as used in Figure 5b. The structure appears to be composed of
spherical pores~30 A in diameter) arranged on a cubic lattice; Use of nonionic block copolymer structure-directing agents
shrinkage of the material under the electron beam precludes definitive at high concentrations and under acidic pH conditions allows
guantitative determination of feature dimensions. The cubic lattice transparent silica/EfQePO;0EO105 block copolymer monoliths
appears to be_ s!ightly rectangular due to ir_nperfect aIig_nment vv_ith to be prepared with large single-domain hexagonal and cubic
respect to the incident electron beam; the cubic symmetry is unambigu- mesostructures. 2D X-ray analyses reveal these domains to be
ously established by X-ray diffraction (see Figure 5b). much more highly orientationally ordered than other organic
meniscus of the bulk samples. In the interior of the monolith, inorganic composite materials and comparable to well-aligned
slow transport of the water and ethanol solvents to the liquid crystal systems, witp-mosaics of 2-8° andy-mosaics
evaporation surface causes the system to cross gradually intaof ~10°. A cubic mesophase was present along the edges and
the hexagonal region of the multicomponent phase/synthesis-meniscus of the monolith examined; the interior of the bulk
space diagram. As this takes place, nucleation and growth of composite consisted of large hexagonal domains, in which the
hexagonal mesostructures occur at, and emanate from, the (111gylindrical axes were aligned parallel to the external monolith
cubic direction into the bulk regions of the monolith. Slow cross- surface. Such structures arise because of interrelated nonequi-
linking of the silica allows large oriented hexagonal 5 O;¢- librium solvent evaporation, block copolymer self-assembly, and
EO1w06s mesophase domains to form and thereby organize thesilica polymerization processes. Strategies based on these
silica network before it becomes too rigid to permit further insights are expected to permit improved design and control of
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the architecture and macroscopic orientation of mesoscopically9871970 and the U.S. Army Research Office under Grant
ordered materials, with positive implications for optical and DAAH04-96-1-0443. XRD experiments were conducted at the
separations applications, where bulk anisotropy may be ben-Universitede Paris-Sud using travel assistance provided by the
eficial. U.S. NSF Division of International Programs under Grant INT-
9726744. TEM measurements were conducted using central
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