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Cooperative Organization of 
Inorganic-Surfactant and Biomimetic Assemblies 

A. Firouzi, D. Kumar, L. M. Bull, T. Besier, P. Sieger, Q. Huo, 
S. A. Walker, J. A. Zasadzinski, C. Glinka, J. Nicol, 

D. Margolese, G. D. Stucky, 6. F. Chmelka* 

A model that makes use of the cooperative organization of inorganic and organic mo- 
lecular species into three dimensionally structured arrays is generalized for the synthesis 
of nanocomposite materials. In this model, the properties and structure of a system are 
determined by dynamic interplay among ion-pair inorganic and organic species, so that 
different phases can be readily obtained through small variations of controllable synthesis 
parameters, including mixture composition and temperature. Nucleation, growth, and 
phase transitions may be directed by the charge density, coordination, and steric re- 
quirements of the inorganic and organic species at the interface and not necessarily by 
a preformed structure. A specific example is presented in which organic molecules in the 
presence of multiply charged silicate oligomers self-assemble into silicatropic liquid 
crystals. The organization of these silicate-surfactant mesophases is investigated with 
and without interfacial silicate condensation to separate the effects of self-assembly from 
the kinetics of silicate polymerization. 

Currently, a central tenet of biomineraliza- 
tion models (I ) is that nucleation, growth, 
and the final morphology of the inorganic 
species are determined by preorganized as- 
semblies of organic molecules. "Biomi- 
metic" syntheses and modeling of biomin- 
eralization have relied on this paradigm for 
experimental design, which begins with a 
preorganized organic surface that directs the 
subsequent nucleation and growth of the 
inorganic species. Implicit in this view is 
that the geometry of the organic template is 
preserved as nucleation and growth of a 
biomineral or an inorganic-organic compos- 
ite proceed. Consequently, the morpholog- 
ical or phase changes of phospholipid and 
surfactant assemblies that generally accom- 
pany changes in temperature or ion concen- 
tration have presented a serious complica- 
tion to this model of biomimetic synthesis. 
Biomimetic synthesis strategies have ac- 
cordingly focused on the use of known sta- 
ble oreanic arravs or the stabilization of the - 
organic groups through, for example, cova- 
lent attachment to a substrate or crosslink- 
ing. Recent developments in this area in- 
clude the use of hollow, submicrometer- 
diameter silica cylinders obtained by depos- 
iting silica onto phospholipid tubules (Z), 
bulk inorganic iron oxide deposited on 
charged biolipid substrates (3), and ceramic 
thin-film processing by deposition of bulk 
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inorganic phases on surfaces functionalized 
with ionic organic surfactants (4). 

In this report we describe an alternative 
procedure for inorganic-surfactant and bio- 
mimetic self-assembly. This view is based 
on cooperative organization and is consis- 
tent with the generation of one-, two-, or 
three-dimensional periodic arrays of inor- 
ganic-organic assemblies formed from sur- 
factant molecules and inorganic ions (5- 
11 ). In all cases, the ultimate structure and 
symmetry are determined by dynamic and 
often subtle interactions among the organic 
and inorganic species according to equilib- 
rium thermodynamics. Organic arrays that 
have long-range preorganized order are not 
required as substrates for nucleation of the 
inorganic phase. Moreover, a micellar as- 
sembly of organic molecules will often rear- 
range upon addition of inorganic species to 
form new and often unexpected morpholo- 
gies. The structure and phase behavior of 
the composite inorganic-organic assembly 
are particularly dependent on the nature of 
the inorganic species and its electrostatic 
and steric interactions with the organic spe- 
cies. Temperature, ionic strength, pH, and 
concentration control the direction and na- 
ture of the growth of the organized array. 

In part because of the relatively low 
concentration of organic species often 
present in biomimetic and biomineraliza- 
tion processes [0.01 to 5.0% of the total 
mass (12)], the role of the organic matrix 
has been elusive and difficult to character- 
ize. Thus, we investigated inorganic-organic 
mesophase syntheses with low organic con- 
centrations. As indicated in the synthesis- 
space diagram for a silicate-surfactant me- 
sophase (Fig. I), long-range organization is 
obtained at room temperature with surfac- 

tant concentrations as low as 0.5% (by 
weight; as are all reactant concentrations 
herein), well within the range observed in 
biominerals. At these low concentrations, 
the cationic surfactants typically used in 
aqueous organic precursor solutions in me- 
sophase syntheses [for example, cet~ltri- 
methylammonium hydroxide (CTAOH), 
chloride, and bromide (CT'AB)] form iso- 
tropic spherical or cylindrical micelles with 
no long-range order (1 3). For example, for 
1%' CT'AB in water, in situ small-angle 
neutron scattering data reveal a broad scat- 
tering pattern characteristic of an isotropic 
micellar distribution (Fig. 2, inset). Howev- 
er, the addition of an aqueous silicate solu- 
tion to the dilute CT'AB solution leads to a 
significantly narrower scattering pattern 
(Fig. 2) that is consistent with an ordered, 
inorganic-organic hexagonal array. As will 
be shown, temperature- and composition- 
dependent silicate-surfactant mesophases 
can form, as evidenced by nuclear magnetic 
resonance (NMR) and freeze-fracture elec- 
tron microscopy studies. 

Deuterium NMR investigations of 'H- 
labeled surfactant species in lyotropic liquid 
crystals (LLCs) have been widely used to 
probe aggregate geometries, molecular mo- 
tions, and phase transitions (14). Anisotro- 
pic molecular motions lead to partial time- 
averaging of 'H quadruple interactions, 
making the 'H NMR line shape sensitive to 
long-range organization of surfactant mole- 
cules. Figure 3A (15) shows the 'H NMR 
spectrum of 30% CT'AB (deuterated at the 
a carbon position) in water at 3S°C in the 
hexagonal LLC phase (1 6). The 'H quadru- 
pole splitting, typically 126 kHz for an iso- 
tropic distribution of static G 2 H  units, is 
reduced to 11.5 kHz by various types of 
motions that the surfactant molecules un- 
dergo. In the lamellar LLC phase, the ab- 

CTAB 

C =cubic (Ia3d) 
H = hexagonal 

0.2 0.8 L = lamellar 

NaOH 0.2 0.4 0.6 0.8 TEOS 

Fig. 1. Synthesis-space diagram of mesophase 
st~ctures established by XRD measurements. 
Tetraethoxysilane (TEOS) was added in different 
concentrations to basic aqueous solutions of 
CTAB, such that each mixture overall had a H,O/ 
SiO, molar ratio of 100. The mixtures were stirred 
at room temperature for 1 hour before being heat- 
ed at 100°C for 10 days. 
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sence of rotational selfdiffusion of the sur- 
factant molecules about the cylindrical axis 
of the aggregate increases the quadruple 
splitting by a factor of 2 (to -23 kHz), 
consistent with experimental observations 
( 14). A binary lamellar LLC phase consists 
of organic bilayers alternating with aqueous 
regions and is found for CTAB concentra- 
tions above -80% (16). 

The ordering observed for the hexagonal 
and lamellar phases in concentrated aque- 
ous (aq) CTAB mixtures is in marked con- 
trast to the isotropic configurations adopted 
by the surfactant molecules in dilute solu- 
tions, including those surfactant precursor 
solutions used in many mesophase syntheses 
(Fig. 1) (5-1 1). For example, the 'H NMR 
spectrum (Fig. 3B) of a typical surfactant 

precursor solution, containing 6.8% adeu- 
terated CTAB (aq), with all components 
except the silicate anions present, contains 
a single narrow peak. The isotropic 'H 
NMR signal is consistent with isotropically 
mobile spherical micelles in dynamic equi- 
librium with monomeric surfactant mole- 
cules in solution (Fig. 4A) (16). 

Long-range order in typical mesophase 
syntheses is achieved only after dilute iso- 
tropic aqueous silicate species are combined 
with a dilute isotropic surfactant solution. 
For example, after a 4.4% aqueous silicate 
solution at pH 13 is mixed with a spherical 
micellar 6.8% CTAB solution, a liquid crys- 
talline mesophase precipitates rapidly. The 
spectrum in Fig. 3C contains two distinct 
contributions: (i) a narrow isotropic feature 

Fig. 2. SrnaCangle neutron scWang data for a S1,-,, 
dilute 1% CTAB-40 solution with and without 
dissolved silica. Filled circles (inset) outline the 
scattering pattem in the absence of dissolved sil- 
ica, which reveals a single broad peak indicative of 3 6,000 
spherical micelles. The open circles indicate the S 
scattering from the precipitated phase that forms f 4,000 
when SO,-NaOH, in a molar ratio of 1.5: 1, is 
added to the solution. This phase exhibits a dif- 2, 
fraction pattern characteristic of an ordered hex- 
agonal array of rodlike aggregates, with a d  spac- 
ing of 4.5 ? 0.2 nm. 0 (kl) 

Fg. 3. The ,H NMR spectra of A 
a-deuterated CTAB in (A) a 30% 
aqueous solution at 35°C in a hex- 
agonal L C  phase (16); (B) a 6.8% 
aqueous solution at 25"C, which re- 
flects an isotropic surfactant envi- 
ronment consisting of spherical rni- 
celles (16); and (C) a hexagonal 
SLC phase at 25°C obtained irnme- 
diately after the addiiion of a D4R 
silicate solution to the micellar sur- 
factant solution whose soectrurn is - 
shown in (B). The &sult&t mixture 
had the following molar cornpod- 
tion: 1.4 SO,, 196 H,O, 0.5 
(TMA),O, 0.25 (C,,TMA),O, 18.8 
CH,OH. 

and (ii) a scaled, axially symmetric Pake 
pattern that exhibits a quadruple splitting 
of 12.5 kHz. Direct comparison to the 'H 
quadruple splitting5 associated with the 
hexagonal LLC of aqueous CTAB (Fig. 3A) 
reveals that the splitting of the Pake pattern 
(Fig. 3C) is due to the organization of sur- 
factant molecules into cylindrical aggre- 
gates and is consistent with formation of a 
hexagonal silicate-surfactant mesophase. 
This mesophase can be considered as a sili- 
catropic liquid crystal (SLC) in which or- 
dering is driven by interactions between the 
silicate and surfactant species. 

Combining CTAB, water, multiply 
charged silicate anions, and organic addi- 
tives, such as methanol and trimethylben- 
zene (TMB), produces phase behavior that 
is entirely different from that of aqueous 
CTAB, according to a more complicated 
multicomponent phase diagram, that must 
be determined. As will be shown, the mor- 
phology of the resulting mesophase precip- 
itate depends strongly on controllable vari- 
ables, such as mixture composition and 
temperature (6-9), and is established by 
various intra-aggregate and inter-aggregate 
interactions, most notably at the inorganic- 
organic interface. 

The self-assembly of surfactants has 
been extensively studied (1 7), often with 
classical aggregation models, which bal- 
ance forces at the interface constrained by 
geometric packing of individual surfactant 
molecules. Such general models must be 
extended to account explicitly for ion 
structure to predict the phase behavior of 
inorganic surfactant systems containing 
multiply charged ions with multiple coor- 
dination sites, such as aqueous silicate spe- 
cies at high pH, or gemini surfactants. 
Phase behavior is further complicated by 
distributions of such anionic species in 
solution, as are often present in recent 
syntheses of mesophase materials (5-1 1). 
The 29Si solution-state NMR spectrum 
(18) in Fig. 5A, for example, shows peaks 
corresponding to an equilibrium mixture 
of various silicate species present in a typ- 
ical mesophase precursor silicate solution 
at pH 13 before mixing with the aqueous 
CTAB solution. The dominant peak at 
-99.9 ppm is assigned to the eight iden- 
tical @ Si atoms in the double-four ring 
(WR) (cubic octamer) silicate oligomer, 
[HnSi,02 Qn represents the num- 
ber of chemical bonds formed by a given Si 
atom to n other adjacent Si atoms through 
tetrahedrally bridging 0 atoms (19). To 
clarify the role of large multiply charged 
inorganic species (20) on the phase be- 
havior of composite inorganic-organic as- 
semblies, a precursor silicate solution con- 
taining specific silicate oligomers, such as 
double three-ring (D3R) or double four- 
ring (D4R) species, can be used to initiate 
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mesophase assembly (Fig. 4A) (8). The  
conditions applied here, that  is, Cab-o-sil 
as a silica source, trimethylammonium hy- 
droxide (TMAOH),  room temperature, 
and high pH, were chosen to favor the 
D4R oligomer (21). T h e  addition of meth- 
anol further stabilizes D4R units (22), so 
that the 29Si solution-state NMR spec- 
trum of this system contains only the peak 
at  -99.9 ppm (Fig. 5B). 

The  suitability of the D4R unit for form- 
ing silicate-surfactant mesophases is evident 
from the solid-state 29Si magic-angle spin- 
ning (MAS) NMR spectrum (Fig. 5C) of a 
filtered and air-dried hexagonal mesophase 
material. A single narrow peak is observed 
at -99.9 ppm, with no other silicate oli- 
gomer species observed, consistent with 
preferential (but not necessarily exclusive) 
incorporation of intact D4R oligomers into 
the silicate-surfactant mesophase. Use of 
the stabilized precursor silicate solution 
containing the D4R oligomer (Fig. 5B) to 
form the air-dried hexagonal mesophase 
similarly yields a single peak at -99.9 ppm 
(Fig. 5D). Separate elemental analyses and 
x-ray diffraction (XRD) experiments of 
washed and unwashed samples confirm that 
this composite material is essentially an in- 
soluble silicate-surfactant salt with a hexag- 
onal mesostructure. Furthermore, the ab- 
sence of a lower frequency Q4 29Si NMR 
signal (upfield, to the right in the spectrum 
of Fig. 5, C and D)  reveals that polymeriza- 
tion of silicate units is slowed to a negligible 
extent. Consequently, organization of the 
silicate-surfactant liquid crystal mesophase 
has occurred in the absence of interfacial 
silicate condensation, permitting detailed 
analysis of the mesophase self-assembly pro- 
cess alone, uncoupled from the kinetics of 
silica polymerization. 

These results demonstrate ion exchange 
of nascent charge-compensating surfactant 
anions, Br- and OH-, by multiply charged 
D4R silicate anions after the precursor so- 
lutions have been combined (Fig. 4B). Sev- 
eral factors may account for the high mu- 
tual affinity between a surfactant head 
group and a D4R silicate oligomer, leading 
to the preferential exchange process ob- 
served. First, the D4R anions are highly 
ionized and are therefore multiply charged 
with correspondingly high anionic charge 
densities (20). Moreover, multidentate in- 
teraction of a head group with at  least four 
0 atoms on  a D4R oligomer face is expect- 
ed to  enhance Coulombic attractions, 
thereby creating a n  especially stable config- 
uration (as compared with coordination to 
a single comer =Si-0- unit alone). Such 
multidentate coordination is facilitated by 
the complementary geometries of the D4R 
silicate unit and the surfactant head group 
(23). Thus, the D4R silicate species com- 
pete with and ion exchange for Br- or OH- 

counterions and are preferred to the mono- 
meric and smaller oligomeric silicate species 
(8). These results are consistent with disso- 
ciation constants for similar cationic surfac- 
tant systems, in which the effects of anion 
size and charge are well documented (25). 

Multidentate complexation of multiply 
charged inorganic anions, such as the D4R 
silicate oligomers, to surfactant head groups 
has several important implications for the 
nucleation and growth of the inorganic- 
organic composite. For example, this mul- 
tidentate bonding screens the intra-aggre- 
gate electrostatic head group repulsions 
among adjacent amphiphilic molecules, 
thereby reducing the average head group 
area, a,, available to a surfactant molecule 
and with it the local aggregate curvature. 
As a consequence, an aggregate can grow in 
size and possibly adopt a geometry with 
reduced curvature, so that during the ion- 
exchange process (Fig. 4B), inorganic-or- 

ganic aggregates are formed with structures 
that will in general be entirely different 
from that of the precursor micelles. This 
behavior is analogous to the response of 
alkyltrimethylammonium bromide micellar 
solutions to the addition of electrolytes, 
which cause similar reductions in mean head 
group area and spherical-cylindrical micellar 
transitions (26-29). There appear to be nu- 
merous inorganic species besides silicate to 
which this applies, including tungstate, 
plumbate, and stibnate systems (9). 

Strong binding of several head groups to 
double-ring silicate anions effectively cre- 
ates multitailed silicate-surfactant units 
that collectively can further reduce the lo- 
cal curvature of the aggregate. For example, 
the surfactant-to-silicate molar ratio in the 
liquid crystal array studied here is deter- 
mined by the degree of ionization of the 
silicate anions at the pH of the solution. 
Thermogravimetric analysis of the air-dried 

Fig. 4. Schematic diagram of the cooper- 
ative organization of silicate-surfactant 
mesophases. (A) Organic and inorganic 
precursor solutions. Depending on the 
concentration of the surfactant, the initial 
organic precursor consists of spherical or 
cylindrical (or ellipsoidal) micelles that are in 
dynamic equilibrium with single surfactant 
molecules. The inorganic precursor solu- 
tion at high pH contains predominantly 
multiply charged silicate anions [for exam- 
ple, D4R oligomers (see Fig. 5B)l. (B) Im- 
mediately after the two precursor solutions 
are mixed, silicate oligomers ion exchange 
with B r  and O H  anions to form inorgan- 
ic-organic aggregates, whose structure 
can be different from that of the precursor 
micelles. (C) Multidentate interactions of 
oligomeric silicate units with the surfactant 
molecules has several implications. In par- 
ticular, the screening of the electrostatic 
double-layer repulsion among aggregates 
can induce self-assembly of SLC me- 
sophases. The processes of ion exchange 
and self-assembly appear to occur on 
comwarable time scales. 

A Precursor solutions 

Micelles and isolated ca8onic Inorganic silicate anions 
surfactant molecules (for example, D4R oligomers) 

B Ion exchange ( 

Lamellar SLC ~ e x a ~ o n a l  SLC 

Fig. 5. (A) Room-temperature solution-state 29Si 
NMR spectrum of an aqueous 10.0% silicate pre- 
cursor solution containing a mixture of oligomeric 
silicate species at equilibrium. (B) Room-temper- 
ature solution-state 29Si NMR spectrum of an 
equilibrated 4.4% silicate precursor solution con- 
taining 30% methanol to stabilize the D4R oli- p (a" CTAB (aq) 

gomer, whose resonance is clearly visible at 
-99.9 ppm. (C) The 2gSi MAS NMR spectrum (18) 
of the hexagonal silicate-surfactant mesophase 
obtained using the mixed-oligomer silicate pre- 
cursor solution (A) after mixing with 12.8% CTAB 

D4R units appear to be incorporated preferentially 

l+, 
(aq) and after being filtered and dried in air. Intact -60 -80 -100 -120 -60 -80 -100 -120 

8 ( P P ~ )  8 ( P P ~ )  

into this material, as evidenced by the single resonance peak at -99.9 ppm. (D) The 29Si MAS NMR 
spectrum of the hexagonal silicate-surfactant mesophase (see Fig. 3C) obtained using the methanol- 
stabilized silicate precursor solution (B) after mixing with 12.8% CTAB (aq) and after being filtered and 
dried in air. Intact D4R silicate species also appear in this material. The chemical shifts (6) are measured 
in parts per million (ppm) and are referenced to tetramethlysilane at 0 ppm. 
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salt shows that under the highly basic (pH 
13) conditions used here, two to three 
cetyltrimethylammonium ions (CTA+ ) 
bind on average to each D4R unit. A sim- 
ilar effect occurs in the conversion of mi- 
celles to bilayer vesicles in aqueous mix- 
tures of single-tailed cationic and anionic 
surfactants (30). If complexation between 
surfactant molecules of opposite charge or 
between surfactant molecules and inorganic 
species produce "longn-lived physical com- 
plexes, then novel microstructures can be 
formed that would not exist in a solution 
containing the nascent surfactant species 
alone. 

Interfacial charge screening due to strong 
silicate-surfactant multidentate bonding also 

is expected to have a significant influence on 
the dynamic assembly of the ion-exchanged 
and modified aggregates. On the basis of the 
degree of ionization of CTAB in the isotro- 
pic organic precursor solution (26, 27), 
counteranions in the vicinity of t!le micelle 
surface contribute to a Debye-Hiickel double 
layer that keeps the micelles separated. Ad- 
dition of multiply charged double-ring sili- 
cate anions to this system results in rapid and 
strong binding of the silicate oligomers to 
the surfactant head groups, which reduces 
the double-layer thickness and thus, more 
effectively screens the electrostatic repul- 
sions among aggregates and among isolated 
silicate-surfactant units. Above a certain 
threshold inorganic anion concentration, at- 

Fwwncy W) - 
Fig. 6. 2H NMR spectra of (A) an isotropic CTAB (aq) solution at 25°C representative of either cylindrical 
micelles (1 2.8% CTAB) or spherical micelles (6.8% CTAB). (B) A hexagonal SLC at 25°C (pure 8 silica) 
formed by the addition of the D4R silicate oligomer solution and TMB to an isotropic 12.8% CTAB (aq) 
solution (A); the resultant mixture had the following molar composition; 1.4 SiO,, 196 H,O, 0.5 (TMA),O, 
0.5 (C16TMA),0, 18.8 CH,OH, 1.2 TMB. (C) A lamellar SLC at 25°C (pure Q3 silica) formed by the addition 
of the D4R silicate solution and TMB to an isotropic 6.8% CTAB (aq) solution (A), to form a mixture with 
the following molar composition; 1.4 SiO,, 196 H,O, 0.5 (TMA),O, 0.25 (C16TMA),0, 18.8 CH,OH, 1.2 
TMB. (D) An intermediate SLC mesophase formed from (C) after heating for 10 min at 45°C; a reversible 
first-order phase transformation occurs, as evidenced by superimposed powder patterns from 
coexisting lamellar and hexagonal phases (40). (E) A hexagonal SLC phase formed from (C) after 
equilibration for approximately 8 hours at 45°C (pure 8 silica remains). (F) A hexagonal SLC is formed 
irreversibly from the lamellar sample (C) after heating for 24 hours at 70°C (Q3/Q4 -1). 

tractive interfacial hydrophobic and van der 
Waals forces among aggregates will domi- 
nate interaggregate electrostatic repulsive 
forces. As a consequence, the system may 
self-assemble into a new ordered morphology 
(Fig. 4C) that will generally be different 
from the initial micelle structure in the Dre- 
cursor surfactant solutions (Fig. 4A). ~ i k i l a r  
precipitation phenomena have been ob- 
served for anionic phospholipid systems, 
where the addition of a concentrated diva- 
lent salt solution or the reduction of solution 
pH lowers the surface charge and can induce 
strong bilayer-bilayer adhesion, eventually 
leading to phase separation (31). Double 
four-ring silicate oligomers at an aggregate 
surface can furthermore satisfy residual 
charge-balancing requirements by binding to 
the surface of an adjacent aggregate, thereby 
stabilizing the assembly as the two aggregates 
coalesce. 

Such changes reflect the approach of the 
silicate-surfactant mixture to a new thermo- 
dynamic equilibrium that, as for simple sur- 
factant systems (for example, binary), bal- 
ances electrostatic interactions at the aque- 
ous inorganic-organic interface with inter- 
actions associated with the hydrophobic 
surfactant tails. For D4R silicate-surfactant 
systems, liquid crystalline mesophases sepa- 
rate from and coexist with more mobile 
micelle, and monomer species in solution. 
The precipitation of a mesophase produces 
a silicate-surfactant-rich phase in which 
the local concentration of surfactant is con- 
siderably higher than that in the initial 
precursor organic solution. Such SLC me- 
sophases permit the establishme~t of long- 
range order similar to that found in conven- 
tional LLC phases, but at vastly lower over- 
all bulk concentrations. 

We have controlled the morphologies of 
un~olvmerized silicate-surfactant meso- 
phisei (SLCs) within the constraints of a 
nominal inorganic-organic-water phase 
space by varying the relative concentrations 
of these species in the mixture. For exam- 
ple, addition of the stabilized D4R silicate 
precursor solution to a cylindrical micellar 
12.8% aqueous CTAB (32) (Fig. 6A) pro- 
duces rapidly and directly a silicate-surfac- 
tant mesophase. The 12.7-kHz *H quadru- 
pole splitting in Fig. 6B reflects a hexagonal 
SLC, similar to that observed in Fig. 3C. 
The larger quadrupole splitting of the hex- 
agonal SLC (12.7 kHz) with respect to that 
of a hexagonal LLC (1 1.5 kHz) indicates an 
increase in the order parameter and thus 
reduced mobility of the CTA+ species in 
the presence of double-ring silicate polyan- 
ions (SLCs) compared to Br- anions 
(LLCS) (33). 

The role of the inorganic phase in mod- 
ifying the organization of the organic array 
is further demonstrated by scattering and 
electron microscopy techniques, which 
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probe order on longer length scales that are 
com~lementarv to the molecular-level NMR 
studies. ~ f t e r  ' filtering and air-drying the 
hexagonal silicate-surfactant mesophase 
from Fig. 6B, XRD data suggest the forma- 
tion of a hexagonal mesostructure with a d 
spacing of 3.5 + 0.2 nm, which corresponds 
to a center-to-center rod spacing of 4.0 nm 
(8,34). Freeze-fracture transmission electron 
microscopy (TEM) (35) performed on the 
SLC precipitate yields images showing a re- 
gion of well-aligned cylindrical aggregates 
(Fig. 7A) and a more common assembly of 
less-ordered rodlike aggregates (Fig. 7B) with 
a repeat distance of 7.0 + 0.5 nm. This is 
consistent with a minimum-enerm fracture 
plane (35) that has propagateduhlong the 
staggered path 1 shown in Fig. 7A (left inset) 
and that can be shown, by simple geometry, 
to correspond to a center-to-center rod re- 
peat distance of 4.0 + 0.3 nm (36). 

Reducing by 50% the surfactant-silicate 

ratio of the reaction composition (to 6.8% 
CTAB), under conditions otherwise identi- 
cal to those used in the mesophase synthesis 
of Fig. 6B, yields a lamellar SLC phase with 
a quadrupole splitting of 27.8 kHz (Fig. 6C) 
(37); XRD studies reveal an interlamellar d 
spacing of 3.9 + 0.2 nm (7, 8). Deviation of 
the observed 27.8-kHz splitting in Fig. 6C 
from exactly twice the hexagonal-phase 
SLC splitting (25.4 kHz) is attributed to a 
larger order parameter associated with the 
lamellar SLC mesophase. Here, a lower sur- 
factant concentration yields a lamellar, as 
opposed to a hexagonal, mesophase (8), a 
progression of phases that is opposite to the 
binary CTAB-water LLC system (1 6). 

Freeze-fracture TEM images in Fig. 7, C 
and D, confirm the existence of a lamellar 
SLC mesophase for the material whose 'H 
NMR spectrum is shown in Fig. 6C. Figure 
7C shows a typical lamellar fracture surface 
with a bilayer spacing of 4.0 + 0.3 nm, as 

Fig. 7. Freeze-fracture transmission electron micrographs of platinum-carbon replicas of silicate-surfac- 
tant hexagonal and lamellar mesophases. (A) A region of well-aligned cylindrical aggregates in a hexa- 
gonal mesophase corresponding to Fig. 68. The Fourier transform (FT) (right inset) shows periodicity (two 
bright spots above and below the center spot) corresponding to a rod center-to-center spacing of 7.0 + 
0.5 nm. The 7.0-nm spacing is consistent with a hexagonally close-packed array of aggregates with a 
center-to-center spacing of 4.0 2 0.3 nm that has fractured along astaggered minimum-energy path (lefl 
inset, path 1). The energy cost for cleavage along path 2 is higher than for path 1. (6) A hexagonal 
mesophase (Fig. 6B) in which close packing of cylindrical aggregates displays reduced long-range order, 
a common feature of these samples. (C) A region of a lamellar mesophase corresponding to Fig. 6C. The 
FT (inset) shows two periodicities corresponding to (1) approximately 4.0 + 0.3-nm wavelength undula- 
tions on the lamellar surfaces and (2) approximately 4.0 + 0.3-nm aggregates. (D) A lamellar mesophase 
showing clearly visible undulations, whose directionality is preserved over many lamellar surfaces. 

evidenced by the terraced discontinuities 
ranging from a few to tens of silicate-surfac- 
tant layers thick. What is unusual about this 
lamellar phase is the easily visible 4.0-nm 
wavelength undulations on the layer surfac- 
es, which are likely closely associated with 
the hexagonal phase. The undulation wave- 
length is similar to the layer thickness and 
is probably determined by the length of two 
CTAB molecules. Apparently the undula- 
tions do not extend through the layers to 
form discrete cylindrical aggregates, as sup- 
ported by the axially symmetric 'H NMR 
spectra in Fig. 6, C through E. This suggests 
that the undulations in the layers have 
a fairly small amplitude or that the sur- 
factant orientation does not vary signifi- 
cantly across the bilayer surface (8). A re- 
lated ion-exchange reaction has recently 
been reported between sodium metatung- 
state and CTAOH, in which the salt, 
(Cl,H,,N),(H2W120,), adopts a puck- 
ered layer (monoclinic) arrangement that 
yields powder x-ray patterns similar to those 
observed for layered mesoporous silicates 
(38). 

The liquid crystalline nature of the sili- 
cate-surfactant mesophases is clearly con- 
firmed by the in situ 'H NMR spectra 
shown in Fig. 6, C, D, and E, which show a 
reversible, first-order transformation be- 
tween the lamellar and hexagonal SLC 
phases (39). Upon being heated to 45°C 
(40), the sample whose room-temperature 
lamellar-phase 'H NMR spectrum is shown 
in Fig. 6C transforms to a hexagonal me- 
sophase, as indicated by the reduction of 
the quadrupole splitting from 27.8 to 11.5 
kHz (Fig. 6, D and E). Separate solid-state 
29Si MAS NMR spectra (not shown here) 
of the filtered and air-dried lamellar and 
hexagonal mesophases, whose 'H spectra 
are shown in Fig. 6, C through E, contain 
only the single peak at -99.9 ppm, corre- 
sponding to the intact, unpolymerized D4R 
silicate species (7). Thus, for this system at 
intermediate temperatures (for example, 
45°C for 8 hours), the thermodynamic SLC 
transformation is unaffected by slow poly- 
merization kinetics of the silicate species, 
which are negligible on this time scale. For 
more reactive silicate species (for example, 
tetraethoxysilane; Figs. 1 and 2), however, 
or under the higher temperature conditions 
used in many mesophase syntheses (for ex- 
ample, 100°C) (5, 6, 9, lo), polymerization 
of the interfacial silicate species proceeds at 
a rate comparable to the silicate-surfactant 
self-assembly process, so that no equilibrium 
liquid crystal phases have been observed. 

Following formation of a D4R silicate- 
surfactant SLC, interfacial silicate species 
can nevertheless be polymerized at higher 
temperatures or lower pH, forming an ex- 
tended inorganic framework as the number 
of fully condensed Q4 silicate species in- 
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creases (7). For example, Fig. 6F shows the 
in situ 'H NMR spectrum after heating for 
24 hours at 70°C of the same material 
whose reversible liquid crystalline phase be- 
havior is shown in Fig. 6, C through E. As 
observed for the silicate-surfactant system 
heated to 45°C (Fig. 6E), a similar transfor- 
mation to a hexagonal mesophase occurs at 
the higher temperature, albeit much more 
rapidly (on the order of minutes). However, 
unlike the reversible low-temperature phase 
transition, after 24 hours at 70°C the struc- 
ture does not return to the lamellar phase 
upon cooling to 25°C. Instead, the material 
retains a hexagonal mesostructure, with a d 
spacing of 3.9 t 0.2 nm as established by 
separate XRD measurements (8), consistent 
with the formation of a polymerized silicate 
network that cannot reorganize back to a 
lamellar phase at 25°C. Solid-state 29Si 
MAS NMR experiments (not shown here) 
confirm that the material treated at 70°C 
(Fig. 6F) contains a sizable fraction of po- 
lymerized Q4  silica species (Q3/Q4 - l )  (7). 
Thus, silica polymerization can render SLC 
~ h a s e  transitions irreversible. A closelv re- 
lated lamellar-hexagonal transformation 
was reported earlier in which the local ag- 
gregate curvature, and thus mesophase 
structure, was observed to depend on the 
extent of silica polymerization, according to 
charge-density matching requirements at 
the interface (6). 

After polymerization of silicate species in 
the hexagonal mesophase sample associated 
with Fig. 6F at 70°C for 24 hours followed by 
calcination in O2 at 600°C to remove the 
surfactant molecules, a mesoporous MCM- 
41 material is obtained (5) with hexagonally 
arranged channels and a BET surface area of 
-900 m2/g. The calcined material has an 
XRD pattern, 29Si MAS NMR spectrum, 
and gas uptake properties that are character- 
istic of MCM-41 mesophase materials de- 
scribed by Kresge et al. (5). During polymer- 
ization, however, the silicate bonds of the 
D4R oligomers break or deform as the rela- 
tively disordered silicate network is extend- 
ed. Nevertheless, on longer time scales, the 
svstem can anneal to ~roduce  a more ordered 
polymerized silicate structure; as evidenced 
by narrow Q3 and Q4  peaks in solid-state 29Si 
MAS NMR spectra (7). 

In summary, cooperative interactions 
among inorganic and organic species can 
lead to a varietv of structures that would not 
be found in sukactant or inorganic systems 
alone. Electrostatic interactions, for example 
among aqueous silicate and surfactant spe- 
cies, cause the self-assembly of silicatropic 
liquid crystalline mesophases which possess 
long-range order governed by interfacial 
charge density and molecular packing con- 
siderations. By uncoupling self-assembly 
from inorganic polymerization, biomimetic 
and biomineralization synthesis strategies 

may benefit from improved control of reac- 
tion processes. As a consequence, this pro- 
vides new opportunities for understanding 
and utilizing biomimetic processes for struc- 
ture-directing syntheses of novel composite 
materials. 
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