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Abstract 

Mixed surfactant systems have the potential to impart controlled combinations of functionality 
and pore structure to mesoporous metal oxides. Here, we combine a functional glucopyranoside 
surfactant with a cationic surfactant that readily forms liquid crystalline mesophases. The phase 
diagram for the ternary system CTAB/H2O/n-Octyl-� -D-glucopyranoside (C8G1) at 50 °C is 
measured using polarized optical microscopy. At this temperature, the binary C8G1/H2O system 
forms disordered micellar solutions up to 72 wt% C8G1, and there is no hexagonal phase. With 
the addition of CTAB, we identify a large area of hexagonal phase, as well as cubic, lamellar and 
solid surfactant phases. The ternary phase diagram is used to predict the synthesis of thick 
mesoporous silica films via a direct liquid crystal templating technique. By changing the relative 
concentration of mixed surfactants as well as inorganic precursor species, surfactant/silica 
mesostructured thick films can be synthesized with variable glucopyranoside content, and with 
2D hexagonal, cubic and lamellar structures. The domains over which different mesophases are 
prepared correspond well with those of the ternary phase diagram if the hydrophilic inorganic 
species is assumed to act as an equivalent volume of water. 
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Introduction 

Since surfactant templating of ordered mesoporous metal oxides was first reported by Beck, 

Kresge, and coworkers in 1992,[1,2] this approach has led to a series of discoveries in materials 

chemistry, catalysis, chemical sensing, and separations.[3-10]  Most mesoporous materials, 

including the M41S series,[1,2] SBA-15,[11,12] and the samples prepared with fluorinated 

cationic surfactants in our group[13-15] were prepared by the synergistic precipitation of 

hydrolyzed silica precursors from dilute (<30 wt%) surfactant solutions by a co-assembly 

mechanism.[16,17]  Because the metal oxide precursors and surfactants partition into a new 

phase during synergistic precipitation, the conditions for forming different pore structures are 

divorced from the surfactant phase diagram.  Predicting the mesophase of a product is also 

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

oxide evolve.[18]  Nanocasting, first developed by Attard et al��19], more closely resembles 

liquid crystal templating. In this process, addition of an alkoxide precursor to a concentrated 

surfactant mixture generates an ordered metal oxide after hydrolysis and alcohol removal that 

mimics the mesophase of the liquid crystal initially present.[20-22]  Because the surfactants are 

present at much greater concentrations than in the precipitation method, the structure of the final 

nanoscopic pore system can be designed a priori based on the corresponding surfactant phase 

diagram.  However, the alcohol generated during hydrolysis destroys the order initially present, 

and the metal oxide / surfactant mesophase actually forms during drying in a way that resembles 

the evaporation-induced self-assembly process used to prepare films and aerosol particles.[23] 

Recently, mixed surfactants have begun to be explored for templating mesoporous materials 

because of their advantages over single surfactants. Mixed surfactant templates have been used 

in particulate samples to fine-tune pore sizes and wall thickness,[24-27] to adjust the preferred 

interfacial curvature of aggregates to produce novel nanoscopically ordered composite 

materials,[28] to stabilize the mesostructure during thermal treatment,[29] and to synthesize 

some temperamental intermediate phase structures, such as Ia3d cubic.[29-34] A few examples 

of nanocasting with mixed surfactants have been reported including hierarchical pores generated 
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with immiscible surfactants[35,36] and pore tuning by mixing short-chain alcohols with block 

polymers.[37] 

Here, we report nanocasting using mixtures of cetyltrimethylammonium bromide (CTAB) 

and n-octyl-b-D-glucopyranoside (C8G1), whose structures are illustrated in the supplemental 

information (Fig. S1).  Alkyl polygluocosides (CmGn, where m is the number of carbon atoms 

in the akyl chain and n the number of glucose units in the hydrophilic head group) have not been 

extensively investigated as pore templates. In general, these surfactants are very hydrophilic 

because of the large number of hydroxyl groups in their headgroup, and should be capable of 

hydrogen bonding with silica for templating.[38]  They are nontoxic and biodegradable, and can 

be synthesized from renewable resources.[39,40]  They show considerable variety in micelle 

structure and phase behavior based on the anomeric and chiral form of the surfactant, in addition 

to the headgroup type and alkyl tail length.[39]  Also, there is growing interest in using 

molecular imprinting methods to prepare porous materials for molecular recognition.[41-43] 

Polyglucoside surfactants can be considered models of surfactants with complex polar 

headgroups. 

C8G1 is a commercially available surfactant and its phase behavior in water has been well 

characterized.[44,45]  Lavren� i� -Štangar and Hüsing reported the first and only attempt to use 

C8G1 as a pore template in mesoporous silica films prepared via dip-coating.[46]  However, they 

found that C8G1 favors the formation of a lamellar phase, which is consistent with its large 

packing parameter. The binary phase diagram of C8G1 in water[44,45] has only two narrow 

hexagonal phase regions, from 28 to 32 wt% and from 59.5 to 70 wt%.  Unfortunately, the 

hexagonal phase has a melting point of only 23 °C��47]  The binary phase diagram thus predicts 

that it may be difficult or impossible to prepare hexagonal mesoporous silica at or above room 

temperature via nanocasting with C8G1 alone. However, a mixture of surfactants may be capable 

of promoting hexagonal ordering.  Cortes and Valiente[48] found that the incorporation of 1 

wt% C8G1 with CTAB in the surfactant/glycerol/water system at 30.0 °C significantly extends 

the hexagonal phase region.  Phase behavior of other CTAB/C8G1 mixtures has not been 

reported.  CTAB should help to form well-ordered mesostructures because of favorable 
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interactions between quaternary ammonium cations and silica.  In addition, because C8G1 favors 

cubic and lamellar phases, mixtures with CTAB may extend the composition range available for 

cubic mesoporous silica synthesis.  The Ia3d cubic phase is desirable for monolithic 

mesoporous materials because of the high accessibility of the pores in this phase; the more 

readily synthesized 2D hexagonal phase often has a significant fraction of the pores aligned 

parallel to the material surface, and thus inaccessible.  The binary phase diagram of both 

C8G1/water and CTAB/water have narrow concentration ranges over which the bicontinuous 

Ia3d cubic phase forms at 50 °C,[44,45,49] which makes it difficult to prepare Ia3d cubic 

materials by nanocasting.  Mixing the two surfactants has the potential to have a synergistic 

effect that would expand the range giving the Ia3d cubic phase in the ternary system with water.  

If so, we hypothesize that nanocasting will allow bulk Ia3d cubic mesoporous materials synthesis 

at a mild temperature. The possibility of finding hexagonal and Ia3d cubic phase regions with 

significant amounts of C8G1 at mild temperature motivates us to investigate the CTAB/C8G1 

system. 

In this work, we will present a study of the ternary phase behavior of mixed CTAB/C8G1 

surfactants in water at 50 °C, and then show that the phase diagram of the ternary system can 

indeed be used as a guide to prepare ordered mesostructured materials with different phase 

structures by nanocasting. 

Experimental 

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

orthosilicate (TMOS, � 99.0% from Sigma), n-octyl�b-D-glucopyranoside (C8G1, � 99.0% from 

Fluka), and normalized 0.01 N HCl solution (from Alfa) were all used as received. 

Phase diagram determination. The phase behavior of ternary CTAB/C8G1/water mixtures 

was investigated using an Axioskop microscope with crossed polarizing filters, and images were 

recorded using a Nikon Coolpix 995 digital camera. Microscope samples were first prepared by 

weighing the required amounts of surfactants and water into PVC vials which were sealed and 

homogenized in an ultrasonic bath, then left for equilibration at 50 ± 0.2 °C for at least one day 
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(and typically one or two weeks depending on the concentration of surfactant) before being 

transferred into silicone spacers and sandwiched between a glass slide and cover slip. To ensure 

that no evaporation occurred, each side of the coverslip was sealed with high vacuum grease. 

The samples were aged in a temperature-controlled dry bath for 24 hr to reach equilibrium before 

analysis.  The temperature of the sample was maintained with a heated stage during analysis. 

Mesoporous materials synthesis.  Typically, one point representing a certain composition 

of CTAB and C8G1 in water was first chosen from the measured ternary phase diagram. The 

precursor amount required to form the same phase was determined from the following 

relationship suggested by Alberius et al.:50 
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where Vinorg is the estimated volume of the nonvolatile inorganic components required in the 

mixture and OHV
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 is the volume of water determined from the weight composition on the ternary 

CTAB/C8G1/H2O diagram. OHm
2

is the amount of water released during condensation of 

Si(OH)4 and 
2SiOm is the amount of silica formed finally. OH2

r and 
2SiOr are the densities of 

water (1 g/cm3) and silica (2.2 g/cm3), respectively. After the required amounts of CTAB and 

C8G1 were dissolved in 0.01 M aqueous hydrochloric acid at room temperature under vigorous 

stirring, the mixture was heated at 50 °C for at least 30 min to reach a liquid crystal-like state. 

Then the required amount of TMOS was added to these mixtures. Hydrolysis with stirring 

proceeded for 20 min, and then the isotropic and transparent mixture was exposed to a gentle 

vacuum to remove the methanol. The resulting viscous solution was transferred into a Petri dish 

to form a film and aged at 50 ± 0.2 °C�in a temperature-controlled digital dry bath for at least 48 

hr. The surfactant templates were removed by calcination in air at 550 °C� for 6 hr. For some 

samples, in order to clearly identify the phase structure, hydrothermal treatment was used to 

improve the degree of mesoscopic ordering by immersing the as-made samples in 1 M NH4OH 

and heating for 6 hr at 100 °C.  
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Mesoporous materials characterization.  Characterization of the long-range order of the 

samples was undertaken with a Siemens 5000 x-ray diffractometer using 0.154098 nm 

Cu-Ka  radition and a graphite monochromator.  Nitrogen adsorption-desorption isotherms were 

obtained at 77 K using a Micromeritics Tristar 3000 automated adsorption instrument.  Samples 

were degassed at 120 °C� for 4 hr prior to analysis. For transmission electron microscopy (TEM), 

samples were ground and loaded onto lacey carbon grids for analysis with a JEOL 2010F 

instrument at a voltage of 200 kV. FTIR spectra were obtained with a dessicated and sealed 

ThermoNicolet Nexus 470 infrared spectrometer with a DTGS detector and a nitrogen-purged 

sample compartment. Samples were finely ground and diluted to 1 wt% with KBr powder before 

being pressed into translucent pellets with a hand press.  

Results and Discussion 

Ternary CTAB/C 8G1/water phase diagram 

Fig. 1 presents the ternary phase diagram of water/CTAB/C8G1 at 50.0 ± 0.2 °C.  We 

observe regions of isotropic micellar L1 phase, liquid crystalline hexagonal (H1), bicontinuous 

cubic (Q1) and lamellar (L� ) phases, and solid surfactant (S) phase. No biphasic or triphasic 

regions could be identified.  The polarization contrast phase textures of three representative 

samples are shown in Fig. 2. Fig. 2a displays an angular fan-like optical pattern, which is 

characteristic of the defect structure of a hexagonal mesophase.51 The Maltese cross texture 

shown in Fig. 2b is typical of lamellar liquid crystals.52 Other surfactant solutions in the lamellar 

region had smooth sand-like or marble-like textures that are also consistent with lamellar phases.  

Hydrated solid surfactant was biregringent but clearly composed of solid particles. 

Along the binary CTAB/water axis of Fig. 1, the hexagonal phase first appears at 25 wt% 

surfactant, in agreement with the precise binary phase diagram reported by Klotz et al.49 Along 

the binary C8G1/water axis, the first liquid crystal, an Ia3d cubic phase starts at 72 wt% of 

surfactant C8G1 and ends at 78 wt%, and the lamellar phase follows until a concentration of 90 

wt% C8G1.  For the binary C8G1/water system, no hexagonal phase is observed. In the ternary 

phase diagram, the hexagonal phase with the largest amount of C8G1 is formed at a composition 
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of 70 wt% of C8G1 with only 3 wt% CTAB. With a further increase of CTAB content, we find a 

large region of hexagonal phase. When using polarization contrast optical microscopy to scan the 

phase behavior of the ternary system, fully dark images were observed for liquid crystal samples 

within a long narrow strip spanning from the CTAB/H2O axis to the C8G1/H2O axis of the 

ternary phase diagram. Considering that this region is intermediate between the hexagonal region 

and the birefringent lamellar region, we assign it as a cubic intermediate phase. Though the total 

surfactant concentration range yielding a cubic phase is relatively narrow, the width of the cubic 

phase region is maximized near 25 wt% C8G1 (near sample l) compared to both binary 

surfactant/water systems, which may be useful for preparing cubic mesoporous materials by 

nanocasting.  The lamellar phase and solid surfactant regions also span across the entire ternary 

diagram.  However, because neither La  nor solid surfactant phases can be used to prepare stable 

mesoporous materials, the boundary between these two phases was measured only approximately, 

and is represented with a dashed line. 

In addition to reporting the phase diagram of the ternary cationic surfactant/sugar 

surfactant/water system shown in Fig. 1, our aim is to also test the use of this phase diagram to 

predict the structure of mesostructured and mesoporous silica. We hypothesize that replacing the 

water in a point corresponding to a point on the phase diagram with an equivalent volume of 

silica (see above for calculation method) will yield the same type of structure from 

acid-catalyzed polycondensation of tetramethoxysilane in a concentrated surfactant solution.  

We prepared dozens of samples, and always found that the as-synthesized sample corresponded 

to the expected phase of the ternary surfactant/water system.  In other words, if we draw a 

ternary pseudo-phase diagram for the structure of as-synthesized materials, with wt% of the two 

surfactants and the water equivalent to the silica as axes, we are not able to distinguish it from 

the ternary phase diagram in Fig. 1.  Detailed results for just 18 of these samples will be 

discussed below. However, a dashed line is drawn on Fig. 1 to represent a concentration stability 

limit obtained from the entire set of material synthesis experiments.  On the right side of the 

limiting line (equivalent to > 70 wt% surfactant), the structure of the as-synthesized materials 

can not be preserved after either solvent extraction or calcination in air at 550 °C.  To the left of 
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this line, the structure was preserved.  This demarcation is found because for samples 

corresponding to compositions with > 70 wt% surfactant, the silica network is too fragile to 

withstand either the stress of removing the surfactant and drying the sample, or the 

decomposition of surfactant and sintering that occur at high temperature. New methods will need 

to be developed to preserve the structure of such gossamer sol-gel networks. Nevertheless, this 

study of the ternary phase behavior of CTAB/C8G1 suggests that the ternary phase diagram of 

miscible nonionic/cationic systems may be used to predictively prepare as-synthesized 

composites with hexagonal, cubic or lamellar structure via the nanocasting technique. 

Synthesis of mesoporous silicate materials 

Upon heating a mixture of 40 wt% C8G1, 30 wt% CTAB and 30 wt% 0.01 N HCl at 50 °C 

for 3 days, FTIR revealed no changes in the carbohydrate region of the spectrum.  1H NMR also 

showed no changes during heating dilute solutions of C8G1 and CTAB in 0.01 N HCl.  These 

measurements suggest that, in agreement with the FTIR measurements of Lavren� i� -Štangar and 

Hüsing, the surfactants are stable under the conditions of synthesis and that we should be able to 

prepare materials by nanocasting.  In order to fully demonstrate the feasibility of using the 

phase diagram in Fig. 1 for predictive materials synthesis, we prepared series of samples along 

two straight lines, each corresponding to keeping the weight concentration of one component 

constant in the ternary phase diagram (open symbols in Fig. 1). In addition, several other 

representative materials which correspond to the ternary composition points located close to 

phase boundaries (filled symbols in Fig. 1) were also prepared as illustrations of how well the 

mesophase of the silica/surfactant composite is predicted.  We first discuss the series of samples 

lying along the line on the left of the phase diagram. 

Samples a to g have a fixed total concentration of surfactant but differing C8G1 content, 

corresponding to the leftmost line of samples in Fig. 1.  Like all of the samples discussed here, 

they were synthesized by first preparing an acid-containing liquid crystal, adding TMOS, 

removing the methanol generated by hydrolysis, and curing the sample at 50 °C.  In this series, 

the C8G1 content increases from sample a through sample g.  Infrared spectra (Fig. 3) confirm 

that mixed surfactants are incorporated into the as-synthesized silica samples, and that 
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calcination at 550 °C removes both surfactants completely. The FTIR spectra of solid crystalline 

samples of both CTAB and C8G1 show several bands in the regions from 3100 cm-1 to 2800 cm-1 

and from 1500 cm-1 to 700 cm-1. The former bands are associated with CH2 vibrations (left 

shaded region), including CH2 asymmetric stretching at 2919 cm-1 and CH2 symmetric stretching 

at 2849 cm-1.53 The latter bands are associated with other alkyl group vibrations.  For the CTAB 

crystalline surfactant, the most prominent band is close to 1486 cm-1 (right shaded region), and is 

assigned to surfactant deformation modes.54 After calcination (e.g. Fig. 3f), all of these bands are 

absent from the FTIR spectra. The band at 1063 cm-1 is attributed to asymmetric Si-O-Si 

stretching in a weakly condensed network,54 and shifts to 1085 cm-1 after calcination (Fig. 3f).  

In addition to this shift, an apparent shift of the position of this peak from 1063 cm-1 to 1077 cm-1 

in as-made materials is observed as more C8G1 is introduced (Figs. 3c-e). This is most likely due 

to an overlap of the band from C8G1 at 1084 cm-1 with the Si-O-Si stretching at 1063 cm-1 as 

more C8G1 is introduced. The appearance of a peak at 1370 cm-1 (marked with a star) in Fig. 3e 

also indicates the incorporation of more C8G1 into the as-made silica materials. 

The nitrogen adsorption isotherms of samples a-g are all reversible type IV isotherms 

(Supplemental Information Fig. S2).55 A sharp inflection between relative pressures (p/p0) of 0.1 

and 0.2 in each isotherm indicates capillary condensation in uniform mesopores.  The pore size 

distributions were calculated from adsorption data using the BJH method with a modified Kelvin 

equation and the Harkins-Jura film thickness equation.56,57 The pore size distributions (Fig. S2) 

of samples a through c are centered around 2.67 nm, while those of samples d through g are 

centered around 2.58 nm.  The decrease in pore diameter is consistent with the smaller length of 

the hydrocarbon tail in C8G1 compared to CTAB. 

The XRD patterns for this series of calcined samples are consistent with uniform mesopores 

with varying degrees of long-range order (Fig. S3). All of the samples synthesized with low 

C8G1 content show one intense (100) peak and two weak (110) and (200) peaks, indicating that 

the prepared materials contain well-ordered 2D hexagonal columnar structure. The hexagonal 

ordering of the samples in this series are confirmed by TEM, as illustrated for samples a (Fig. S4) 

and d (Fig. 4).  However, the peak intensity decreases and the higher order (110) and (200) 
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diffractions become less resolved, suggesting worse mesopore ordering, as the C8G1 content 

increases. This phenomenon can be explained by the high packing parameter of C8G1, which 

prevents this surfactant from forming hexagonal phases in binary mixtures with water at 50 °C.44  

When the concentration of C8G1 increases up to the equivalent of 30 wt% (for sample g), the 

structural order deteriorates. The presence of only one broad peak (100) in the XRD pattern 

suggests a less-ordered hexagonal structure, which may result from a defective hexagonal or 

wormhole-like pore structure.  The deterioration in structure corresponds to the close proximity 

of the composition of sample g to the phase boundary between hexagonal and micellar solution 

phase. If we further increase the C8G1 content along the left-hand line on the phase diagram, 

disordered mesoporous silica is obtained (results not shown). 

To further quantify the pore structure, we calculated other structure parameters based on the 

nitrogen adsorption measurements of the calcined materials. By comparing the nitrogen adsorbed 

on our sample to a macroporous reference material according to the as plot method developed by 

Sayari et al,58 we obtain the mesopore diameter wd, primary mesopore volume Vp, total surface 

area St, and external surface area Sex.  The standard reduced nitrogen adsorption isotherm data 

(as) for the reference material, LiChrospher Si-1000 silica, are taken from Jaroniec et al.59 One 

representative as plot of calcined sample c is shown in the supplemental information (Fig. S5), 

and shows that the sample is free of micropores.  All other results, together with the d100 

spacing obtained by XRD, are listed in Table 1.  Some interesting trends emerge in this set of 

data. The wd values vary little, and agree well with the pore diameters estimated from the peak in 

the pore size distribution (WKJS), which is consistent with the pores being cylindrical.57  All of 

the d100 values of the silica prepared by nanocasting in acid medium, even for the as-synthesized 

materials, are smaller than those of MCM-41 synthesized by precipitation under basic 

conditions,58 which may be explained by incomplete condensation of the silica walls and large 

numbers of terminal hydroxyl groups due to the acid-catalyzed sol-gel process.  The d100 

spacing of the hexagonal phase decreases from 3.02 to 2.64 nm as the C8G1 content increases. 

The wall thickness of the materials decreases from 0.84 to 0.47 nm as the C8G1 content 

increases, which indicates the importance of interactions between the silica and the head group 
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on the development of the walls of these materials.  The series of materials prepared along the 

line on the left side of the phase diagram clearly show that the phase diagram developed using 

POM technique is reliable and can be reasonably used as guidance for predictive material 

synthesis, although the perfection in the long-range order decreases upon moving towards more 

C8G1 or towards the H1 phase boundary. 

In the left-hand series of materials, the compositions were kept equivalent to a constant level 

of water at 50 wt%, so the effects of gradually replacing CTAB with C8G1 within the hexagonal 

region of the phase diagram could be examined.  A second series of samples was prepared, 

progressing along the right hand side of the phase diagram (from sample h to n in Fig. 1) with 

compositions corresponding to a fixed CTAB composition of 50 wt%.  In this series, the 

amount of silica corresponding to the amount of water in the ternary diagram (as expressed by 

equation 1) decreases as the C8G1 content increases. In order to completely dissolve the 

increased amount of total surfactant and to maintain a homogeneous solution before removing 

methanol, the molar ratio of water to precursor in the synthesis solution had to be increased to 6 

for the samples from h through l, and to 8 for samples m and n. The excess water in these 

samples was expected to evaporate during curing at 50 °C.  The phase diagram suggests that 

there should be a transition from hexagonal to cubic to lamellar phase materials across this series 

of samples. 

Samples h through k all have typical reversible type IV nitrogen adsorption isotherms (Fig. 

S6), similar to those of samples a-g. For samples of h and i, a sharp inflection corresponding to 

capillary condensation in uniform mesopores is obvious, but with the increase of the C8G1 

surfactant content in samples j  and k, the inflection becomes less pronounced as the capillary 

condensation is spread out over a larger range of relative pressures. The pore size distributions 

calculated from the adsorption branch using the modified BJH method56,57 (Fig. S6) shift 

significantly toward smaller pores with increasing C8G1 content in this series.  This change, and 

a decrease in pore volume, is reflected in the results in Table 1.  The wall thickness also 

decreases substantially with an increase of C8G1 for samples from h through j  which is consistent 

with the lower amount of precursor used with increasing C8G1 in this series. Fig. 5 shows the 
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XRD patterns for the as-synthesized and calcined samples from h through k. For samples h, i 

and j, one intense (100) reflection and weak (110) and (200) reflections are observed, indicating 

that the prepared materials contain well-ordered 2D hexagonal close packed structure. 

Surprisingly, calcination has little effect on improving the order of mesostructure, but produces a 

higher degree of shrinkage (increase in the angle at which the (100) peak appears) with increase 

of C8G1.  Representative TEM micrographs for calcined samples i (Fig. S7) and j  (Fig. 4) 

confirm that the materials synthesized contain well-ordered, 2D hexagonal pores. For sample k, 

some peaks in the XRD pattern can not be simply indexed according to 2D hexagonal structure, 

but can be reasonably indexed to the Ia3d cubic structure.  However, the characteristic (220) 

reflection usually observed for Ia3d cubic structure is not clear. Considering that the 

corresponding phase point is located close to the phase boundary between hexagonal and cubic 

phases, the material obtained at this point could be either transitional or a mixture of hexagonal 

and cubic domains.  For sample k’ , no evidence for mixed phase coexistence could be found by 

TEM (in spite of extensive searching), and instead only views consistent with the side-view of 

cylindrical pores could be found.  This may be due to a large amount of shrinkage during 

calcination. 

Fig. 6 presents the calculated d100 value of the righthand series of mesoporous silica materials 

with 2D hexagonal structure (and for comparison, sample k is included although it has mixed 

phases). Similar to the left-line series of samples, the d100 spacing for both as-made and calcined 

samples decreases with increasing C8G1 content, which may be explained by both a reduction in 

micelle diameter and a decrease of wall thickness.  In addition, the C8G1 amount has a large 

effect on the d100 spacing difference between as-made and calcined samples. Considering that the 

structural order becomes worse after calcination, we conclude that more C8G1 content allows 

more shrinkage to occur. The adverse shrinkage caused by calcination may result from the 

incomplete condensation of the silica wall in the presence of sugar-based surfactant C8G1. 

Because the C8G1 surfactant is very easily hydrated, the reversible condensation reaction may be 

inhibited by adsorbed water. Incomplete condensation makes the as-made material more 

vulnerable to shrinkage and pore deformation during calcination. Because the total amount of 
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silica is also reduced along the right-hand series of samples, the walls are also thinner, and thus 

more susceptible to shrinkage. The large degree of shrinkage makes it difficult to preserve the 

structural order after calcination even when the equivalent weight composition of sugar-based 

surfactant C8G1 is only above 20 wt% (i.e., the equivalent water composition is just below 30 

wt%) in the ternary CTAB/C8G1/water phase diagram. The dashed line in Fig. 1 shows the 

minimal equivalent weight percentage of water required to prepare stable samples; to the right of 

this line, the structure could not be preserved after either calcination or solvent extraction. 

Bicontinuous cubic phases are usually found as intermediate phases that form over a narrow 

composition range, which makes it difficult to prepare ordered cubic meso-structured silica thick 

films. At a high concentration of mixed surfactant, the mesostructure type is very sensitive to the 

amount of precursor.  In order to improve the structural order of as-synthesized acid-catalyzed 

material, we found it necessary to perform ammonia hydrothermal post-treatments on some 

samples with high concentrations of mixed surfactant templates, including samples l, m, n, p 

and r .  Selecting the correct combination of treatment time, ammonia solution concentration 

and temperature for the treatment is essential. For example, if the time is too long, the structure 

degrades due to Maillard reactions between ammonia and sugar-based surfactant.60  If the 

ammonia concentration is too high, the silica will reorganize and the pores merge together.  

By using the nanocasting method, Ia3d cubic silica monoliths can be successfully 

synthesized with mixed surfactant CTAB/C8G1 as template at a mild temperature (50 °C). The 

XRD powder pattern of the sample l (Fig. 7) shows some distinguishable Bragg peaks verifying 

a typical Ia3d cubic phase with unit cell dimension of ~87.2 Å (as-synthesized) and ~91.6 Å 

(after ammonia hydrothermal treatment). The increase in unit cell dimension is in good 

agreement with results reported in the literature.61 Compared with as-made mesoporous silica 

material, the long-range order decreased slightly, which can be explained by the Maillard 

reaction between the C8G1 headgroup and ammonia. Previous experiments in our group showed 

that the Maillard reaction causes more pore swelling and pore shape distortion than is caused by 

physical swelling, which makes the materials lose structural order and pore size uniformity.60 

The TEM images of the as-synthesized sample l (Fig. 8) are consistent with well-ordered cubic 
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mesostructure. Because the structure can not be preserved after either calcination or extraction, 

this sample could not be characterized by N2 adsorption. From TEM images, we can 

approximately estimate the width of the micelles in as-synthesized sample l to be around 2.8 nm. 

With further decrease of the precursor content along the right-hand series, the expected 

lamellar meso-structured material can be synthesized (Fig. S8). The lamellar structure is 

improved and the d spacing is increased by ammonia hydrothermal post-treatment. For sample m, 

the d100 spacing of the as-synthesized thick film is 32.2 Å, and increases to 34.2 Å after ammonia 

treatment. For the sample n, the d spacing increases from 33.7 Å to 34.8 Å. After either 

calcination or extraction, all the lamellar mesostructures collapse. Taken together, the righthand 

series of materials shows that the ternary phase diagram that we developed can be used for 

predictive material synthesis of hexagonal, cubic, and lamellar materials by nanocasting. 

In the present investigation, a few more representative samples were synthesized based on 

the ternary phase diagram and fully characterized. We chose four points from the phase diagram 

close to the H1-Q1-La  boundaries, to emphasize how well phase structure can be predicted from 

the phase diagram in a mixed surfactant system. All of the XRD results are shown in Fig. 9. 

Sample o is synthesize by using C8G1 surfactant as the sole template, and has the expected XRD 

powder pattern of a lamellar phase. We observed that the material condensed very slowly and the 

structure improved with time, which may be attributed to extensive hydration of the 

glucopyranoside headgroup of C8G1.  The XRD pattern in Fig. 9 was collected two months after 

preparing the sample. The phase point corresponding to the sample p is located in the upper part 

of the ternary phase diagram, and corresponds to an isotropic phase (by POM) in the ternary 

surfactant/water system. We could not distinguish whether the phase was isotropic micellar or a 

cubic phase based on the POM measurements. However, the material corresponding to this phase 

point clearly has a cubic mesostructure. The as-synthesized sample p produces an XRD pattern 

with two obvious Bragg peaks that can be indexed to (211) and (220) reflections, respectively. 

The (220) shoulder peak suggests a typical Ia3d cubic phase, though the long range order is weak. 

The phase point q is located near the center of the phase diagram, and represents a hexagonal 

phase containing a large fraction of C8G1. The material synthesized based on this phase point 
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shows a strong (100) peak, and  very weak (110) and (200) peaks. We found it difficult to 

isolate a sample with a high degree of long-range HCP ordering even with ammonia 

post-synthesis treatment, but this may be because C8G1 causes a high defect density in the 

hexagonal phase itself.  Sample r  is a typical hexagonal phase structure with three well-defined 

peaks that can be indexed as (100), (110) and (200). These reflections verify the presence of a 

2D hexagonal cylindrical structure. 

Conclusions 

The ternary phase diagram of CTAB, C8G1 and water at 50 °C has been developed by using 

polarized optical microscopy (POM). While the binary C8G1 / water system displays no 

hexagonal phase at this temperature, the ternary phase diagram has a very large region where 

mixed C8G1 and CTAB form hexagonal phases in water.  Narrow cubic, lamellar and solid 

surfactant phases form at compositions spanning the phase diagram from binary C8G1 / water to 

binary CTAB / water. 

Mesostructured composite materials with all of the mesophase structures found in the phase 

diagram, including 2D hexagonal, Ia3d cubic and lamellar structure, were successfully prepared 

by using mixed surfactant CTAB/C8G1 as structure-directing agents through an acid-catalyzed 

nanocasting procedure. The calcined samples have high BET surface area, large pore volumes 

and uniform pore sizes as long as the composition corresponds to the equivalent of at least 30 

wt% water. Because less water in the ternary phase diagram translates into less silica (thinner 

walls) in the materials, materials corresponding to <30% H2O are not stable towards removal of 

the surfactant templates. In spite of this limitation, the experimental results show that the ternary 

phase diagram can be used to predict the synthesis of ordered thick mesoporous silica films, and 

the phase domains over which different types of mesotructured materials are prepared 

correspond very well with those of the ternary phase diagram.  The correspondence is made by 

using an amount of precursor to produce a volume of silica equivalent to the volume of water in 

the phase found in the ternary surfactant / water diagram.  This suggests that a mild nanocasting 
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approach to Ia3d mesoporous materials can be developed in the future by finding a mixture of 

surfactants with a larger Ia3d region in its phase diagram.  
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Table 1. Structure parameters of the mixed surfactant-templated mesoporous silica materials 

Sample 

name 

d100 

(nm) 

wd 

(nm) 

WKJS 

(nm) 

Vp 

(cm3/g) 

St 

(m2/g) 

Sex 

(m2/g) 

SBET
a 

(m2/g) 

Wall 
thickness 

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 

i 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 

a SBET = Surface area calculated by Brunauer, Emmett and Teller adsorption isotherm.62 
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Figure Captions 

Figure 1.  Phase diagram for the ternary CTAB/C8G1/water system at 50.0 ± 0.2 °C�� � Phase 

notation: L1 – micellar solution, H1 – hexagonal phase, Q1– cubic phase, L�  – lamellar phase and 

S – solid phase. 

Figure 2. Representative polarized optical micrographs for different phases: (a) the fan-like 

texture of a hexagonal liquid crystal with 27 wt% CTAB, 15 wt% C8G1 and 58 wt% H2O and (b) 

the Maltese cross pattern of a lamellar liquid crystal with 75 wt% CTAB, 10 wt% C8G1 and 15 

wt% H2O.  Both textures were viewed at 200x magnification. 

Figure 3.  FTIR spectra of KBr pellets pressed with 1 wt% of (a) pure crystalline C8G1, (b) pure 

crystalline CTAB, (c) sample a as synthesized, (d) sample d as synthesized, (e) sample g as 

synthesized, (f) sample g after calcination. 

Figure 4. Representative transmission electron micrographs of samples d and j’ . 

Figure 5. XRD results for as-made samples h, i, j , and k and calcined samples h’ , i’ , j’ and k’ .  

Figure 6. The calculated d100 values before and after calcination as a function of the 

concentration of C8G1 surfactant in samples a-k. 

Figure 7. XRD patters for as-made sample l and ammonia hydrothermal post-synthesis treated 

sample l’ .  

Figure 8. Representative transmission electron micrograph of sample l. 

Figure 9. XRD patterns for some representative samples of as-synthesized sample o, 

as-synthesized sample p, as-synthesized sample q, and ammonia hydrothermal treated sample r .  



  

 - 24 - 

Figure 1 
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Figure 2 
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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 8. 
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Figure 9. 
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