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Abstract

Mixed surfactant systems have the potential to mnpantrolled combinations of functionality
and pore structure to mesoporous metal oxides., e¥eombine a functional glucopyranoside
surfactant with a cationic surfactant that reaftigms liquid crystalline mesophases. The phase
diagram for the ternary system CTABMBYn-Octyl- -D-glucopyranoside (§6;) at 50 °C is
measured using polarized optical microscopy. A$ teimperature, the binaryg@/H,O system
forms disordered micellar solutions up to 72 wt%s( and there is no hexagonal phase. With
the addition of CTAB, we identify a large area ekhgonal phase, as well as cubic, lamellar and
solid surfactant phases. The ternary phase diagsaused to predict the synthesis of thick
mesoporous silica films via a direct liquid crystamplating technique. By changing the relative
concentration of mixed surfactants as well as ianig precursor species, surfactant/silica
mesostructured thick films can be synthesized wéhable glucopyranoside content, and with
2D hexagonal, cubic and lamellar structures. Thaalos over which different mesophases are
prepared correspond well with those of the ternargise diagram if the hydrophilic inorganic
species is assumed to act as an equivalent voltimater.

Key words: lyotropic, liquid crystal, templating, mixed sadtants, nanocasting,
polycondensation



Introduction

Since surfactant templating of ordered mesoporoet&inoxides was first reported by Beck,
Kresge, and coworkers in 1992,[1,2] this approaah lad to a series of discoveries in materials
chemistry, catalysis, chemical sensing, and seipasf3-10] Most mesoporous materials,
including the M41S series,[1,2] SBA-15,[11,12] atice samples prepared with fluorinated
cationic surfactants in our group[l13-15] were pregaby the synergistic precipitation of
hydrolyzed silica precursors from dilute (<30 wt%i)rfactant solutions by a co-assembly
mechanism.[16,17] Because the metal oxide precursors and surfacfantgion into a new
phase during synergistic precipitation, the coodsi for forming different pore structures are
divorced from the surfactant phase diagram. Ptiediche mesophase of a product is also

complicated by phase transitions that occur astimelensation and charge density of the metal

oxide evolve.[18] Nanocasting, first developedAtyard et al 19], more closely resembles

liquid crystal templating. In this process, additiof an alkoxide precursor to a concentrated
surfactant mixture generates an ordered metal cxitey hydrolysis and alcohol removal that
mimics the mesophase of the liquid crystal iniyigdtesent.[20-22] Because the surfactants are
present at much greater concentrations than iprh@pitation method, the structure of the final
nanoscopic pore system can be designed a prioeidbas the corresponding surfactant phase
diagram. However, the alcohol generated duringdlydis destroys the order initially present,
and the metal oxide / surfactant mesophase actimattys during drying in a way that resembles
the evaporation-induced self-assembly process tospkpare films and aerosol particles.[23]
Recently, mixed surfactants have begun to be exgléor templating mesoporous materials
because of their advantages over single surfacti®iited surfactant templates have been used
in particulate samples to fine-tune pore sizes\aalll thickness,[24-27] to adjust the preferred
interfacial curvature of aggregates to produce hovanoscopically ordered composite
materials,[28] to stabilize the mesostructure dyrihermal treatment,[2%nd to synthesize
some temperamental intermediate phase structwel,as 1a3d cubic.[29-34] A few examples

of nanocasting with mixed surfactants have beearted including hierarchical pores generated



with immiscible surfactants[35,36] and pore tunimg mixing short-chain alcohols with block
polymers.[37]

Here, we report nanocasting using mixtures of tatyethylammonium bromide (CTAB)
and n-octylb-D-glucopyranoside (§&5;), whose structures are illustrated in the suppieaie
information (Fig. S1). Alkyl polygluocosides (G, where m is the number of carbon atoms
in the akyl chain and n the number of glucose unithie hydrophilic head group) have not been
extensively investigated as pore templates. In iggnéhese surfactants are very hydrophilic
because of the large number of hydroxyl groupsh@irtheadgroup, and should be capable of
hydrogen bonding with silica for templating.[38] h@y are nontoxic and biodegradable, and can
be synthesized from renewable resources.[39,40g¢y 8how considerable variety in micelle
structure and phase behavior based on the anoamatichiral form of the surfactant, in addition
to the headgroup type and alkyl tail length.[39]IsAA there is growing interest in using
molecular imprinting methods to prepare porous nwte for molecular recognition.[41-43]
Polyglucoside surfactants can be considered modélsurfactants with complex polar
headgroups.

CsG; is a commercially available surfactant and itsgghbehavior in water has been well
characterized.[44,45] Lavrein-Stangar and Hiising reported the first and onlgrait to use
CsG; as a pore template in mesoporous silica films gmegh via dip-coating.[46] However, they
found that @G, favors the formation of a lamellar phase, whichcansistent with its large
packing parameter. The binary phase diagram g83;Gn water[44,45] has only two narrow

hexagonal phase regions, from 28 to 32 wt% and @®% to 70 wt%. Unfortunately, the

hexagonal phase has a melting point of only 234 The binary phase diagram thus predicts

that it may be difficult or impossible to preparexagonal mesoporous silica at or above room
temperature via nanocasting witlGz alone. However, a mixture of surfactants may lEabée

of promoting hexagonal ordering. Cortes and Va#gt8] found that the incorporation of 1
wt% CgG; with CTAB in the surfactant/glycerol/water system38.0 °C significantly extends
the hexagonal phase region. Phase behavior ofr @RAB/CsG; mixtures has not been

reported. CTAB should help to form well-ordered sosructures because of favorable
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interactions between quaternary ammonium catiodssdica. In addition, because®; favors
cubic and lamellar phases, mixtures with CTAB makerd the composition range available for
cubic mesoporous silica synthesis. The la3d cuifiase is desirable for monolithic
mesoporous materials because of the high accéssibfl the pores in this phase; the more
readily synthesized 2D hexagonal phase often haigraficant fraction of the pores aligned
parallel to the material surface, and thus inadoless The binary phase diagram of both
CsGy/water and CTAB/water have narrow concentrationgesnover which the bicontinuous
la3d cubic phase forms at 50 °C,[44,45,49] whichkesait difficult to prepare la3d cubic
materials by nanocasting. Mixing the two surfatdamas the potential to have a synergistic
effect that would expand the range giving the la@dic phase in the ternary system with water.
If so, we hypothesize that nanocasting will allowikbla3d cubic mesoporous materials synthesis
at a mild temperature. The possibility of findingxagonal and la3d cubic phase regions with
significant amounts of §&; at mild temperature motivates us to investigate GTAB/GG:
system.

In this work, we will present a study of the tegngahase behavior of mixed CTABIG;
surfactants in water at 50 °C, and then show tiafphase diagram of the ternary system can
indeed be used as a guide to prepare ordered megastd materials with different phase

structures by nanocasting.

Experimental

Materials. Cetyltrimetylammonium bromide (CTAB, 99.0% from Big), tetramethyl

orthosilicate (TMOS, 99.0% from Sigma), n-octyd-D-glucopyranoside (§1, 99.0% from

Fluka), and normalized 0.01 N HCI solution (fronfalwere all used as received.

Phase diagram determination.The phase behavior of ternary CTABG:/water mixtures
was investigated using an Axioskop microscope witissed polarizing filters, and images were
recorded using a Nikon Coolpix 995 digital camévi&croscope samples were first prepared by
weighing the required amounts of surfactants anttmiato PVC vials which were sealed and

homogenized in an ultrasonic bath, then left fanidaration at 50 + 0.2 °C for at least one day
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(and typically one or two weeks depending on thaceatration of surfactant) before being
transferred into silicone spacers and sandwichéadas a glass slide and cover slip. To ensure
that no evaporation occurred, each side of the retiweavas sealed with high vacuum grease.
The samples were aged in a temperature-controtietath for 24 hr to reach equilibrium before
analysis. The temperature of the sample was miagdavith a heated stage during analysis.

Mesoporous materials synthesis. Typically, one point representing a certain cositian
of CTAB and GG; in water was first chosen from the measured tgrphase diagram. The
precursor amount required to form the same phase degermined from the following
relationship suggested by Alberius etal.:

m
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where Vinorg is the estimated volume of the nonvolatile inofigagomponents required in the

mixture andV,, , is the volume of water determined from the weigsthposition on the ternary
CTAB/CgG/HO diagram. m, ,is the amount of water released during condensatibn

Si(OH) and m, is the amount of silica formed finallyr, ,and g are the densities of

sio, sio,
water (1 g/cr®) and silica (2.2 g/ci), respectively. After the required amounts of CTARd
CsGy were dissolved in 0.01 M aqueous hydrochloric atidoom temperature under vigorous
stirring, the mixture was heated at 50 °C for aiste30 min to reach a liquid crystal-like state.
Then the required amount of TMOS was added to timeséures. Hydrolysis with stirring
proceeded for 20 min, and then the isotropic aadsjparent mixture was exposed to a gentle
vacuum to remove the methanol. The resulting visamlution was transferred into a Petri dish
to form a film and aged at 50 + 0.2 i€a temperature-controlled digital dry bath foresdst 48

hr. The surfactant templates were removed by catioin in air at 550 °Gor 6 hr. For some
samples, in order to clearly identify the phaseicitire, hydrothermal treatment was used to
improve the degree of mesoscopic ordering by imimgrthe as-made samples in 1 M MXH

and heating for 6 hr at 100 °C.



Mesoporous materials characterization. Characterization of the long-range order of the
samples was undertaken with a Siemens 5000 x-rHfyactometer using 0.154098 nm
Cu-K; radition and a graphite monochromator. Nitrogesoggtion-desorption isotherms were
obtained at 77 K using a Micromeritics Tristar 3@@omated adsorption instrument. Samples
were degassed at 120 f@r 4 hr prior to analysis. For transmission elentmicroscopy (TEM),
samples were ground and loaded onto lacey carbids fpr analysis with a JEOL 2010F
instrument at a voltage of 200 kV. FTIR spectraevebtained with a dessicated and sealed
ThermoNicolet Nexus 470 infrared spectrometer witDTGS detector and a nitrogen-purged
sample compartment. Samples were finely grounddéated to 1 wt% with KBr powder before

being pressed into translucent pellets with a haeds.

Results and Discussion

Ternary CTAB/C gGi/water phase diagram
Fig. 1 presents the ternary phase diagram of Wai&B/CgG; at 50.0 = 0.2 °C. We

observe regions of isotropic micellag phase, liquid crystalline hexagonalifHbicontinuous
cubic (Q) and lamellar (L) phases, and solid surfactant (S) phase. No hiplwastriphasic
regions could be identified. The polarization cast phase textures of three representative
samples are shown in Fig. 2. Fig. 2a displays agulan fan-like optical pattern, which is
characteristic of the defect structure of a hexafonesophas®. The Maltese cross texture
shown in Fig. 2b is typical of lamellar liquid ctaés>* Other surfactant solutions in the lamellar
region had smooth sand-like or marble-like textuhes are also consistent with lamellar phases.
Hydrated solid surfactant was biregringent but tyeeomposed of solid particles.

Along the binary CTAB/water axis of Fig. 1, the hgrnal phase first appears at 25 wt%
surfactant, in agreement with the precise binagsphdiagram reported by Klotz et*allong
the binary @Gi/water axis, the first liquid crystal, an la3d aulphase starts at 72 wt% of
surfactant @5, and ends at 78 wt%, and the lamellar phase follontg a concentration of 90
wt% CgGi. For the binary gi5i/water system, no hexagonal phase is observedheltetrnary

phase diagram, the hexagonal phase with the laagestint of GG; is formed at a composition



of 70 wt% of GG; with only 3 wt% CTAB. With a further increase of 8B content, we find a
large region of hexagonal phase. When using palaoiz contrast optical microscopy to scan the
phase behavior of the ternary system, fully dar&kges were observed for liquid crystal samples
within a long narrow strip spanning from the CTAB{Haxis to the g51/H,O axis of the
ternary phase diagram. Considering that this regiamtermediate between the hexagonal region
and the birefringent lamellar region, we assigasita cubic intermediate phase. Though the total
surfactant concentration range yielding a cubicspha relatively narrow, the width of the cubic
phase region is maximized near 25 wt%GC (near sampld) compared to both binary
surfactant/water systems, which may be useful f@p@ring cubic mesoporous materials by
nanocasting. The lamellar phase and solid suri&cemions also span across the entire ternary
diagram. However, because neithgrmor solid surfactant phases can be used to prepaie
mesoporous materials, the boundary between thesphases was measured only approximately,
and is represented with a dashed line.

In addition to reporting the phase diagram of thlenary cationic surfactant/sugar
surfactant/water system shown in Fig. 1, our ainoialso test the use of this phase diagram to
predict the structure of mesostructured and mesmgosilica. We hypothesize that replacing the
water in a point corresponding to a point on thagghdiagram with an equivalent volume of
silica (see above for calculation method) will diethe same type of structure from
acid-catalyzed polycondensation of tetramethoxgsilan a concentrated surfactant solution.
We prepared dozens of samples, and always founndhéas-synthesized sample corresponded
to the expected phase of the ternary surfactargéfwststem. In other words, if we draw a
ternary pseudo-phase diagram for the structure-sfyathesized materials, with wt% of the two
surfactants and the water equivalent to the sdisaxes, we are not able to distinguish it from
the ternary phase diagram in Fig. 1. Detailed ltedor just 18 of these samples will be
discussed below. However, a dashed line is drawRi@nl to represent a concentration stability
limit obtained from the entire set of material dyggis experiments. On the right side of the
limiting line (equivalent to > 70 wt% surfactantfe structure of the as-synthesized materials

can not be preserved after either solvent extradriacalcination in air at 550 °C. To the left of



this line, the structure was preserved. This deatam is found because for samples
corresponding to compositions with > 70 wt% surdiatt the silica network is too fragile to
withstand either the stress of removing the susfstctand drying the sample, or the
decomposition of surfactant and sintering that oatthigh temperature. New methods will need
to be developed to preserve the structure of sosbagner sol-gel networks. Nevertheless, this
study of the ternary phase behavior of CTAESC suggests that the ternary phase diagram of
miscible nonionic/cationic systems may be used tediptively prepare as-synthesized
composites with hexagonal, cubic or lamellar stitetvia the nanocasting technique.
Synthesis of mesoporous silicate materials

Upon heating a mixture of 40 wt%sG;, 30 wt% CTAB and 30 wt% 0.01 N HCI at 50 °C
for 3 days, FTIR revealed no changes in the cantiatig region of the spectrum*H NMR also
showed no changes during heating dilute solutidrnSg&; and CTAB in 0.01 N HCI. These
measurements suggest that, in agreement with ti €asurements of Lavren-Stangar and
Husing, the surfactants are stable under the dondibf synthesis and that we should be able to
prepare materials by nanocasting. In order toy fdkmonstrate the feasibility of using the
phase diagram in Fig. 1 for predictive materialstsgsis, we prepared series of samples along
two straight lines, each corresponding to keepimg weight concentration of one component
constant in the ternary phase diagram (open symibolig. 1). In addition, several other
representative materials which correspond to tlheaty composition points located close to
phase boundaries (filled symbols in Fig. 1) wesoglrepared as illustrations of how well the
mesophase of the silica/surfactant composite gigied. We first discuss the series of samples
lying along the line on the left of the phase ciangr

Samplesa to g have a fixed total concentration of surfactant Oiffering GsG; content,
corresponding to the leftmost line of samples ig. Bi  Like all of the samples discussed here,
they were synthesized by first preparing an acik&ioing liquid crystal, adding TMOS,
removing the methanol generated by hydrolysis, @amthg the sample at 5. In this series,
the GG, content increases from samp@ehrough sample. Infrared spectra (Fig. 3) confirm

that mixed surfactants are incorporated into thesyashesized silica samples, and that
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calcination at 550 °C removes both surfactants d¢etely. The FTIR spectra of solid crystalline
samples of both CTAB andsG; show several bands in the regions from 3100 tor2800 crit
and from 1500 cfh to 700 crit. The former bands are associated with, Gifbrations (left
shaded region), including Gldsymmetric stretching at 2919 ¢rand CH symmetric stretching
at 2849 crit.>® The latter bands are associated with other aligli vibrations. For the CTAB
crystalline surfactant, the most prominent bantidse to 1486 cih(right shaded region), and is
assigned to surfactant deformation motfestter calcination (e.g. Fig. 3f), all of these hisrare
absent from the FTIR spectra. The band at 1063 @nattributed to asymmetric Si-O-Si
stretching in a weakly condensed netwdtlend shifts to 1085 ciafter calcination (Fig. 3f).
In addition to this shift, an apparent shift of fhesition of this peak from 1063 ¢hto 1077 crit

in as-made materials is observed as maf@; @& introduced (Figs. 3c-e). This is most likelyedu
to an overlap of the band fromsG; at 1084 cnt with the Si-O-Si stretching at 1063 ¢nas
more GG; is introduced. The appearance of a peak at 137b(omarked with a star) in Fig. 3e
also indicates the incorporation of morg3ginto the as-made silica materials.

The nitrogen adsorption isotherms of sampdeg are all reversible type IV isotherms
(Supplemental Information Fig. SPA sharp inflection between relative pressuresdjpsp 0.1
and 0.2 in each isotherm indicates capillary cosd@on in uniform mesopores. The pore size
distributions were calculated from adsorption datimg the BJH method with a modified Kelvin
equation and the Harkins-Jura film thickness eguafi®>’ The pore size distributions (Fig. S2)
of samplesa throughc are centered around 2.67 nm, while those of samplroughg are
centered around 2.58 nm. The decrease in porestBans consistent with the smaller length of
the hydrocarbon tail in §&, compared to CTAB.

The XRD patterns for this series of calcined sasple consistent with uniform mesopores
with varying degrees of long-range order (Fig. S8l).of the samples synthesized with low
CsG; content show one intense (100) peak and two wgdB) (and (200) peaks, indicating that
the prepared materials contain well-ordered 2D fgemal columnar structure. The hexagonal
ordering of the samples in this series are confirimg TEM, as illustrated for samplagFig. S4)

andd (Fig. 4). However, the peak intensity decreasebtae higher order (110) and (200)



diffractions become less resolved, suggesting wamnssopore ordering, as the& content
increases. This phenomenon can be explained byhighepacking parameter ofgGi;, which
prevents this surfactant from forming hexagonalsglsan binary mixtures with water at 50*C.
When the concentration ofgG; increases up to the equivalent of 30 wt% (for dargp the
structural order deteriorates. The presence of only broad peak (100) in the XRD pattern
suggests a less-ordered hexagonal structure, whagh result from a defective hexagonal or
wormhole-like pore structure. The deterioratiorsiructure corresponds to the close proximity
of the composition of samplg to the phase boundary between hexagonal and aricalution
phase. If we further increase thg@z content along the left-hand line on the phaserdiag
disordered mesoporous silica is obtained (resoksimown).

To further quantify the pore structure, we calaedhother structure parameters based on the
nitrogen adsorption measurements of the calcineténmaés. By comparing the nitrogen adsorbed
on our sample to a macroporous reference mategalrding to theas plot method developed by
Sayari et af® we obtain the mesopore diametey, wrimary mesopore volumepMVtotal surface
area § and external surface areg.S The standard reduced nitrogen adsorption isothdata
(aJ for the reference material, LiChrospher Si-100i@¢a are taken from Jaroniec et°aDne
representativeis plot of calcined sample is shown in the supplemental information (Fig.,S5)
and shows that the sample is free of microporedl other results, together with thegg
spacing obtained by XRD, are listed in Table 1.m8anteresting trends emerge in this set of
data. The wvalues vary little, and agree well with the poi@nteters estimated from the peak in
the pore size distribution (M¥s), which is consistent with the pores being cyliodt®>’ All of
the doo values of the silica prepared by nanocasting ih a@dium, even for the as-synthesized
materials, are smaller than those of MCM-41 synteels by precipitation under basic
conditions>® which may be explained by incomplete condensatiothe silica walls and large
numbers of terminal hydroxyl groups due to the aethlyzed sol-gel process. Theo
spacing of the hexagonal phase decreases from@.254 nm as the §G; content increases.
The wall thickness of the materials decreases ffb8%# to 0.47 nm as thegG; content

increases, which indicates the importance of icteras between the silica and the head group

-10 -



on the development of the walls of these materialthe series of materials prepared along the
line on the left side of the phase diagram cleahlgw that the phase diagram developed using
POM technique is reliable and can be reasonablyl @se guidance for predictive material
synthesis, although the perfection in the long-eaagler decreases upon moving towards more
CgG; or towards the Hphase boundary.

In the left-hand series of materials, the compas#tiwere kept equivalent to a constant level
of water at 50 wt%, so the effects of graduallylaeimg CTAB with GG; within the hexagonal
region of the phase diagram could be examined. edorsd series of samples was prepared,
progressing along the right hand side of the pliesgram (from samplé to n in Fig. 1) with
compositions corresponding to a fixed CTAB compositof 50 wt%. In this series, the
amount of silica corresponding to the amount ofewant the ternary diagram (as expressed by
equation 1) decreases as thgGCcontent increases. In order to completely dissdlve
increased amount of total surfactant and to maindahomogeneous solution before removing
methanol, the molar ratio of water to precursothia synthesis solution had to be increased to 6
for the samples fronm throughl, and to 8 for samplesn andn. The excess water in these
samples was expected to evaporate during curif@ &C. The phase diagram suggests that
there should be a transition from hexagonal toctdiamellar phase materials across this series
of samples.

Samplesh throughk all have typical reversible type IV nitrogen aggan isotherms (Fig.
S6), similar to those of samplasy. For samples df andi, a sharp inflection corresponding to
capillary condensation in uniform mesopores is obsj but with the increase of theG;
surfactant content in samplesandk, the inflection becomes less pronounced as thdlargp
condensation is spread out over a larger rangelafive pressures. The pore size distributions
calculated from the adsorption branch using the ifieatd BJH method®®’ (Fig. S6) shift
significantly toward smaller pores with increasifgfs, content in this series. This change, and
a decrease in pore volume, is reflected in theltesn Table 1. The wall thickness also
decreases substantially with an increasegth @r samples fronh throughj which is consistent

with the lower amount of precursor used with inemeg@ GG; in this series. Fig. 5 shows the
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XRD patterns for the as-synthesized and calcin@apkes fromh throughk. For samples, i
andj, one intense (100) reflection and weak (110) an@)2€flections are observed, indicating
that the prepared materials contain well-ordered R&xagonal close packed structure.
Surprisingly, calcination has little effect on imping the order of mesostructure, but produces a
higher degree of shrinkage (increase in the angkhah the (100) peak appears) with increase
of CgGi. Representative TEM micrographs for calcined dasp (Fig. S7) andj (Fig. 4)
confirm that the materials synthesized contain v\wedered, 2D hexagonal pores. For sankple
some peaks in the XRD pattern can not be simplgxad according to 2D hexagonal structure,
but can be reasonably indexed to the la3d cubiciire. However, the characteristic (220)
reflection usually observed for la3d cubic struetus not clear. Considering that the
corresponding phase point is located close to Hase boundary between hexagonal and cubic
phases, the material obtained at this point coal@ither transitional or a mixture of hexagonal
and cubic domains. For samjle no evidence for mixed phase coexistence coufdined by
TEM (in spite of extensive searching), and instealy views consistent with the side-view of
cylindrical pores could be found. This may be daea large amount of shrinkage during
calcination.

Fig. 6 presents the calculateggalue of the righthand series of mesoporous sitieserials
with 2D hexagonal structure (and for comparisome k is included although it has mixed
phases). Similar to the left-line series of samples doo spacing for both as-made and calcined
samples decreases with increasinG{ontent, which may be explained by both a redudtion
micelle diameter and a decrease of wall thickness.addition, the €@5; amount has a large
effect on the g spacing difference between as-made and calcimaglea. Considering that the
structural order becomes worse after calcinatioa,cenclude that moresG; content allows
more shrinkage to occur. The adverse shrinkageedabg calcination may result from the
incomplete condensation of the silica wall in thegence of sugar-based surfactagG.C
Because the ¢G; surfactant is very easily hydrated, the reversinledensation reaction may be
inhibited by adsorbed water. Incomplete condensatitakes the as-made material more

vulnerable to shrinkage and pore deformation dudalgination. Because the total amount of
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silica is also reduced along the right-hand sesfesamples, the walls are also thinner, and thus
more susceptible to shrinkage. The large degreshiohkage makes it difficult to preserve the
structural order after calcination even when thaiedent weight composition of sugar-based
surfactant @5; is only above 20 wt% (i.e., the equivalent watemposition is just below 30
wt%) in the ternary CTAB/gG,/water phase diagram. The dashed line in Fig. wshihe
minimal equivalent weight percentage of water regflito prepare stable samples; to the right of
this line, the structure could not be preservedraither calcination or solvent extraction.

Bicontinuous cubic phases are usually found agnmediate phases that form over a narrow
composition range, which makes it difficult to paep ordered cubic meso-structured silica thick
films. At a high concentration of mixed surfactathie mesostructure type is very sensitive to the
amount of precursor. In order to improve the gtrtad order of as-synthesized acid-catalyzed
material, we found it necessary to perform ammdidrothermal post-treatments on some
samples with high concentrations of mixed surfaictamplates, including samplésm, n, p
and r. Selecting the correct combination of treatmeémiet ammonia solution concentration
and temperature for the treatment is essentialekample, if the time is too long, the structure
degrades due to Maillard reactions between ammani sugar-based surfactdht. If the
ammonia concentration is too high, the silica valbrganize and the pores merge together.

By using the nanocasting method, la3d cubic silmanoliths can be successfully
synthesized with mixed surfactant CTAB(; as template at a mild temperature (50 °C). The
XRD powder pattern of the samgléFig. 7) shows some distinguishable Bragg peakiyusg
a typical 1a3d cubic phase with unit cell dimens@fn~87.2 A (as-synthesized) and ~91.6 A
(after ammonia hydrothermal treatment). The inaeas unit cell dimension is in good
agreement with results reported in the literafir€ompared with as-made mesoporous silica
material, the long-range order decreased slightligich can be explained by the Maillard
reaction between thegG; headgroup and ammonia. Previous experiments imgiamwp showed
that the Maillard reaction causes more pore swghind pore shape distortion than is caused by
physical swelling, which makes the materials losacsural order and pore size uniformify.

The TEM images of the as-synthesized sanfleg. 8) are consistent with well-ordered cubic
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mesostructure. Because the structure can not Iserped after either calcination or extraction,
this sample could not be characterized by &dsorption. From TEM images, we can
approximately estimate the width of the micellesgasynthesized samgléo be around 2.8 nm.

With further decrease of the precursor content gltire right-hand series, the expected
lamellar meso-structured material can be synthési#gg@g. S8). The lamellar structure is
improved and the d spacing is increased by ammuoydeothermal post-treatment. For sampie
the doo spacing of the as-synthesized thick film is 32,21Ad increases to 34.2 A after ammonia
treatment. For the sample, the d spacing increases from 33.7 A to 34.8 AteAkither
calcination or extraction, all the lamellar mesostures collapse. Taken together, the righthand
series of materials shows that the ternary phasgrain that we developed can be used for
predictive material synthesis of hexagonal, cusiig] lamellar materials by nanocasting.

In the present investigation, a few more represeetaamples were synthesized based on
the ternary phase diagram and fully characteri?éel.chose four points from the phase diagram
close to the HQ;-L, boundaries, to emphasize how well phase structamebe predicted from
the phase diagram in a mixed surfactant systemofAthe XRD results are shown in Fig. 9.
Sampleo is synthesize by usingsG; surfactant as the sole template, and has the e&p&&RD
powder pattern of a lamellar phase. We observadhieamaterial condensed very slowly and the
structure improved with time, which may be attrémitto extensive hydration of the
glucopyranoside headgroup 0f&. The XRD pattern in Fig. 9 was collected two ninsnafter
preparing the sample. The phase point corresponditige sample is located in the upper part
of the ternary phase diagram, and corresponds tisaropic phase (by POM) in the ternary
surfactant/water system. We could not distinguistetiver the phase was isotropic micellar or a
cubic phase based on the POM measurements. Howkganaterial corresponding to this phase
point clearly has a cubic mesostructure. The athsgired samplp produces an XRD pattern
with two obvious Bragg peaks that can be indexe(id) and (220) reflections, respectively.
The (220) shoulder peak suggests a typical la3@t @ifase, though the long range order is weak.
The phase poing is located near the center of the phase diagraoh,represents a hexagonal

phase containing a large fraction ofGz. The material synthesized based on this phase poin
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shows a strong (100) peak, and very weak (110)(2068) peaks. We found it difficult to
isolate a sample with a high degree of long-rangéPHordering even with ammonia
post-synthesis treatment, but this may be becay& €auses a high defect density in the
hexagonal phase itself. Samplés a typical hexagonal phase structure with thve#-defined
peaks that can be indexed as (100), (110) and .(db@se reflections verify the presence of a

2D hexagonal cylindrical structure.

Conclusions

The ternary phase diagram of CTABsGz and water at 50 °C has been developed by using
polarized optical microscopy (POM). While the bwaC€sG; / water system displays no
hexagonal phase at this temperature, the ternaageptiagram has a very large region where
mixed GG; and CTAB form hexagonal phases in water. Narrowig; lamellar and solid
surfactant phases form at compositions spanninghlase diagram from binaryG; / water to
binary CTAB / water.

Mesostructured composite materials with all of thesophase structures found in the phase
diagram, including 2D hexagonal, 1a3d cubic andeldan structure, were successfully prepared
by using mixed surfactant CTAB{G; as structure-directing agents through an acidhczad
nanocasting procedure. The calcined samples hayeB&T surface area, large pore volumes
and uniform pore sizes as long as the compositmresponds to the equivalent of at least 30
wt% water. Because less water in the ternary plésgam translates into less silica (thinner
walls) in the materials, materials corresponding30% HO are not stable towards removal of
the surfactant templates. In spite of this limdgatithe experimental results show that the ternary
phase diagram can be used to predict the syntbiesislered thick mesoporous silica films, and
the phase domains over which different types of atnastured materials are prepared
correspond very well with those of the ternary ghdimgram. The correspondence is made by
using an amount of precursor to produce a volumglioh equivalent to the volume of water in

the phase found in the ternary surfactant / wateggrdm. This suggests that a mild nanocasting
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approach to la3d mesoporous materials can be gmatlm the future by finding a mixture of

surfactants with a larger la3d region in its phdisgram.

Acknowledgments

This work is based upon work partially supportedtly National Science Foundation under
Grant Nos. DMR-0210517, CTS-0348234, and EAR-058140e thank Dr. Alan Doizer for
assistance with the TEM imaging and Prof. Kimbeéshderson for allowing access to the optical

microscope.
References

(1) J.S. Beck, J.C. Vartuli, W.J. Roth, M.E. Leommy C.T. Kresge, K.T. Schmitt, C.T.-W.
Chu, D.H. Olson, E.W. Sheppard, S.B. McCullen, J#ggins, J.L. Schlenker, J. Am.

Chem. Soc. 114 (1992) 10834.
(2) C.T. Kresge, M.E. Leonowicz, W.J. Roth, J.Crtu&, J.S. Beck, Nature 359 (1992) 710.
(3) A. Corma, D. Kumar, Stud. Surf. Sci. Catal. 11998) 201.
(4) X.S. Zhao, G.Q. Lu, G.J. Millar, Ind. Eng. Chdres. 35 (1996) 2075.
(5) C.G. Guizzard, A.C. Julbe, A. Ayral, J. Mat€hem. 9 (1999) 55.
(6) U. Ciesla, F. Schith, Micropor. Mesopor. Ma#.(1999) 131 .
(7) S. Inagaki, S. Guan, T. Ohsuna, O. Terasakiifgad16 (2002) 304.

(8) Q. Huo, D.I. Margolese, U.D. Ciesla, G. Demu®h,Feng, T.E. Gier, P. Sieger, A. Firouzi,

B.F. Chmekla, F. Schith, G.D. Stucky, Chem. Ma&@g1994) 1176.

-16 -



(9) Y. Zhou, M. Antonietti, Adv. Mater. 15 (2003432.

(10) P.T. Tanev, T.J. Pinnavaia, Science 271 (1296Y.

(11) D. Zhao, J. Feng, Q. Huo, N. Melosh, G.H. Fakdon, B.F. Chmelka, G.D. Stucky,

Science 279 (1998) 548.

(12) J. Fan, L. Wang, B. Tu, D. Zhao, Y. Sakam@o;erasaki, J. Am. Chem. Soc. 123 (2001)

12113.

(13) S.E. Rankin, B. Tan, H.-J. Lehmler, K.P. Hiradm B.L. Knutson, Micropor. Mesopor.

Mater. 73 (2004) 197.

(14) B. Tan, A. Dozier, H.J. Lehmler, B.L. Knuts@dhE. Rankin, Langmuir 20 (2004) 6981.

(15) B. Tan, H.J. Lehmler, S.M. Vyas, B.L. Knuts&l. Rankin, Chem. Mater. 17 (2005) 916.

(16) A. Firouzi, D. Kumar, L. Bull, M.T. Besier, FSieger, Q. Huo, S.A. Walker, J.A.
Zasadzinski, I. Glinka, C.J. Nicol, D. MargolesaD. Stucky, B.F. Chmelka, Science 267

(1995) 1138.

(17) A. Monnier, F. Schith, Q. Huo, D. Kumar, D. figalese, R.S. Maxwell, G.D. Stucky, M.

Krishnamurty, P. Petroff, A. Firouzi, M. Janicke BChmelka, Science 261 (1993) 1299.

(18) J. Xu, Z. Luan, H. He, W. Zhou, L. Kevan, Chévater. 10 (1998) 3690.

(19) G.S. Attard, J.C. Glyde, C.G. Géltner, Nat87@, (1995)366.

-17 -



(20) C.G. Gdltner, M. Antonietti, Adv. Mater. 9 (@B) 431.

(21) C.G. Spickermann, Top. Curr. Chem. 226 (2@®)

(22) Y. Zhou, M. Antonietti, Chem. Mater. 16 (20(%4.

(23) C.J. Brinker, Y.F. Lu, A. Sellinger, H.Y. Faidv. Mater. 11 (1999) 579.

(24) M. Song, J. Kim, S. Cho, J. Kim, Langmuir 2802) 6110.

(25) D. Kushalani, A. Kuperman, G.A. Ozin, K. Taaald. Garces, M.M. Olken, Adv. Mater. 7

(1996) 842.

(26) L.D. Dai, T.W. Wang, L.T. Bu, G. Chen, Collsi®urf. A 181 (2001) 151.

(27) R. Ryoo, C.H. Ko, I.-S. Park, Chem. Comm. @98413.

(28) A. Lind, B. Spliethoff, M. Lindén, Chem. Mateir5 (2003) 813.

(29) J. Pang, J.E. Hampsey, Q. Hu, Z. Wu, V.T. JohR. Lu, Chem. Comm. (2004) 682.

(30) F. Chen, L. Huang, Q. Li, Chem. Mater. 9 (102685.

(31) D. Chen, Z. Li, C. Yu, Y. Shi, Z. Zhang, B.,TD.Y. Zhao, Chem. Mater. 17 (2005) 3228.

(33) L. Kong, S. Liu, X. Yan, Q. Li, H. He, MicropaVlesopor. Mater. 81 (2005) 251.

(34) S. Zhai, J. Zheng, J. Zou, D. Wu, Y. Sun,al-g&l Sci. Technol. 30 (2004) 149.

(35) M. Antonietti, B. Berton, C. Gdltner, H. HeatZAdv. Mater. 10 (1998) 154.

-18 -



(36) M. Groenewolt, M. Antonietti, Langmuir 20 (2907811.

(37) P. Feng, X. Bu, D.J. Pine, Langmuir 16 (208804.

(38) Y. Wei, J. Xu, H. Dong, J.H. Dong, K. Qiu, S.Jansen-Varnum, Chem. Mater. 11 (1999)

2023.

(39) C. Stubenrauch, Current Opinion Colloid Inaed Sci. 6 (2001) 160.

(40) B. Hoffmann, G. Platz, Current Opinion Colldiderface Sci. 6 (2001) 171.

(41) C. Pinel, P. Loisil, P. Gallezot, Adv. Mat8r(1997) 582

(42) J.H. Jung, M. Amaike, S. Shinkai, Chem. Cor(2000) 2343.

(43) M.A. Markowitz, P.R. Kust, G. Deng, P.E. Schpd.S. Dordick, D.S. Clark, B.P. Gaber,

Langmuir 16 (2000) 1759.

(44) P. Sakya, J.M. Seddon, R.H. Templer, J.Phy3anhce 4 (1994) 1311.

(45) F. Nilsson, O. Séderman, Langmuir 12 (1996).90

(46) U. Lavreni -Stangar, N. Hiising, Silicon Chem. 2 (2003), 157.

(47) G. Persson, H. Edlund, H. Amenitsch, P. LaggBe Lindblom, Langmuir 19 (2003) 5813.

(48) A.B. Cortés, M. Valiente, Colloid Polym. S2B1 (2003) 319.

(49) M. Klotz, A. Ayral, C. Guizard, L. Cot, J. Mat Chem. 10 (2000) 663.

-19 -



(50) P.C. Alberius, K.L. Frindell, R.C. Hayward,JE Kramer, G.D. Stucky, B.F. Chmelka,

Chem. Mater. 14 (2002) 3284.

(51) J.R. Bellare, H.T. Davis, W.G. Miller, L.E. i@en, J. Colloid Interface Sci. 136 (1990)

305.

(52) A. Firouzi, F. Atef, A.G. Oertli, G.D. Stuck®.F. Chmelka, J. Am. Chem. Soc. 119 (1997)

3596.

(53) A.R. Hind, S.K. Bhargava, S.C. Grocott, Langmi3 (1997) 6255.

(54) D.C. Calabro, E.W. Valyocsik, F.X. Ryan, Mipay. Mater. 7 (1996) 243.

(55) K.S.\W. Sing, D.H. Everett, R.A.W. Haul, L. Mmai, R.A. Pierotti, J. Rouquérol, T.

Siemieniewska, Pure Appl. Chem. 57 (1985) 603.

(56) E.P. Barrett, L.G. Joyner, P. Halenda, J. 8mmem. Soc. 73 (1951) 373.

(57) M. Kruk, M. Jaroniec, Langmuir 13 (1997) 6267.

(58) A. Sayari, P. Liu, M. Kruk, M. Jaroniec, Cheltater. 9 (1997) 2499.

(59) M. Jaroniec, M. Kruk, Langmuir 15 (1999) 5410.

(60) R. Xing, S.E. Rankin, Micropor. Mesopor. Mat&007)

doi:10.1016/j.micromeso0.2007.03.028

(61) H. Lin, C. Mou, S. Liu, C. Tang, C. Lin, Migoor. Mesopor. Mater. 44-45 (2001) 129.

-20 -



(62) S. Brunauer, P.H. Emmett, E. Teller, J. Ame@h Soc. 60 (1938) 309.

-21 -



Table 1 Structure parameters of the mixed surfactant-t@ieg mesoporous silica materials

Sample  dioo wa  Wis Vp S Sex Seer” Wall

thickness
name (nm)  (nm)  (nm) (cm’g) (m%g) (m*g) (mg) t (nm)

a 3.02 2.66 2.67 0.51 776 5.03 995 0.84
b 2.89 2.54 2.67 0.51 774 4.98 979 0.67
C 2.87 2.54 2.68 0.51 782 4.88 990 0.63
d 2.81 2.47 2.58 0.50 786 4.66 967 0.66
e 2.68 2.32 2.57 0.47 760 4.93 914 0.52
f 2.64 2.28 2.58 0.46 753 4.88 904 0.47
g - - 2.58 0.41 695 4.48 814 -

h 2.90 2.58 2.70 0.47 726 6.11 1097 0.66
[ 2.85 2.61 2.69 0.57 873 7.07 997 0.63
j 2.66 2.28 2.46 0.45 814 5.58 860 0.61
k 2.37 1.92 2.12 0.36 762 4.44 666 0.62

2 Ser = Surface area calculated by Brunauer, EmmetfTatidr adsorption isotherff.
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Figure Captions

Figure 1. Phase diagram for the ternary CTABBZwater system at 50.0 + 0°Z Phase
notation: Ly — micellar solution, k- hexagonal phase,;Qcubic phase, L- lamellar phase and

S - solid phase.

Figure 2. Representative polarized optical micrographs fifieent phases: (a) the fan-like
texture of a hexagonal liquid crystal with 27 wt%AB, 15 wt% GG; and 58 wt% HO and (b)
the Maltese cross pattern of a lamellar liquid @&lywith 75 wt% CTAB, 10 wt% €5, and 15

wt% H,O. Both textures were viewed at 200x magnification

Figure 3. FTIR spectra of KBr pellets pressed with 1 wtf4a) pure crystalline £&5,, (b) pure
crystaline CTAB, (c) sampla as synthesized, (d) sampleas synthesized, (e) sampeas

synthesized, (f) samptpafter calcination.
Figure 4. Representative transmission electron micrograplsamplesl andj’ .
Figure 5. XRD results for as-made samples, j, andk and calcined samplds, i, ]’ andk’.

Figure 6. The calculated @ values before and after calcination as a functidnthe

concentration of €5, surfactant in samplesk.

Figure 7. XRD patters for as-made sampleand ammonia hydrothermal post-synthesis treated
sample’.
Figure 8. Representative transmission electron microgrd@amplel.

Figure 9. XRD patterns for some representative samples ®byathesized sampl®,

as-synthesized sample as-synthesized sampleand ammonia hydrothermal treated sample
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Figure 3.
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Figure 4.
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Figure 5.
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Figure 6.
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Figure 7
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Figure 9.
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