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Abstract: Macroscopically oriented silicatesurfactant liquid crystals are produced by slow cooling of lamellar and
hexagonal mesophases through their isotropitisotropic phase transition in an 11.7 T magnetic field. Comparisons

of in situ experimental and simulatéti NMR spectra quantify the degrees of orientational order in the silicate
surfactant liquid crystals. The overall orientations of the mesophases with respect to the applied magnetic field
depend upon the combined diamagnetic susceptibilities of the individual molecular species in the multicomponent
surfactant-silicate mixtures. As a result, macroscopic alignment of these liquid crystalline systems can be controlled
by adjusting their composition: lamellar or hexagonal domains are shown to adopt different orientations, according
to the diamagnetic susceptibilities of different organic additives present in otherwise identical mixtures. These results
demonstrate the utility of liquid crystal processing strategies for organizing inorgarganic hybrid materials over

mesoscopic and macroscopic length scales.

Introduction
The discovery that mixtures of network-forming inorganic

species and surfactants self-assemble into mesostructured
materials has broadened considerably synthetic strategies and

application opportunities in the field of inorgariorganic
composite solids, particularly those with mesoscopic otdér.
Such materials can often be produced with rigid inorganic
frameworks that result from dense cross-linking of the inorganic
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species (most commonly metal oxides), and can be formed in
a variety of mesoscopically ordered structures that are closely
elated to those observed in well-studied lyotropic liquid crystal
nd block copolymép systems. Materials with periodicities
ranging from 25 A to well over 100 A have been made by using
surfactant structure-directing agents for a wide variety of mixture
compositions and conditiods® Moreover, this periodicity can
often be exploited by calcining (i.e., heating under an oxidizing
atmosphere) the mesophase to decompose the surfactant species
to produce high surface-area, high void-volume, and mesos-
copically ordered porous inorganic materials. Much insight into
the cooperative self-assembly process governing formation of
inorganic-organic mesophase materials has been gained by
using conditions where thermodynamic equilibrium is estab-
lished in the absence of polymerization of the inorganic spécies.
In particular, anionic silicate species under highly alkaline
conditions (pH>12) and at moderate temperatures 00 °C)
remain unpolymerized in aqueous solutions, and under such
conditions it is possible to produce silicateurfactant meso-
phases with true liquid crystalline propertfes.

In this paper, we exploit for the first time liquid crystalline
processing strategies to align macroscopically and characterize
quantitatively unpolymerized silicatesurfactant mesophases,
which can be used as intermediates for the preparation of
oriented composite or mesoporous solids. When liquid crystal-
line properties are present, orientational ordering in mag#etic,
electricl” or shear field¥ can be used to generate macroscopic
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sample anisotropy. While such alignment often exists over Experimental Section
length scales that are much larger than a material’s molecular

and mesoscqplc structures, the_se_ shorter Iength sca_lles_ arﬁexagonal silicatesurfactant liquid crystals were examined experi-
nevertheless |mpc_)rtant to estebllshmg macroscopic oqentmg mentally by using?H NMR spectroscopy ofi-deuterated cetyltri-
behewor. In par'_[l_cular, the rich _cor_nposmonal behavior of methylammonium surfactant species@+(CHz)14—CDo—N(CHz)s .
multicomponent silicatesurfactant liquid crystals can be tuned Aggregate geometry (e.g., sheets or cylinders), mean local order
to allow appreciable control over the phase(s) achieved, as wellparameters, aggregate and domain diamagnetic susceptibilities, and
as the directions the mesophase morphologies orient with respectggregate orientation distributions were established by #ingMR

to the aligning field. Consequently, it is necessary to character- methods that have been widely used to study such features in
ize these materials over a wide range of structural dimensionscenventional lyotropic liquid crystaf8:! The procedure for deuterating
(often spanning 10—10-2 m), to establish the key parameters the cationic surfactant cetyltrimethylammonium bromide (CTAB) at

d diti tral to their orientati | orderi " the a-carbon position has been outlined elsewlteiEhe syntheses of
and conaitions central to their orientational oraering properties. gjiare—syrfactant liquid crystal mesophases and details oHE¢MR

While techniques such as small-angle X-ray diffraction (XRD) measurements and simulations are discussed below.
and polarized optical microscopy (POM) can provide informa-  Preparation of Silicate—Surfactant Liquid Crystals at High pH.
tion about liquid crystal structure and alignment, deuterigt) ( Aqueous isotropic surfactant precursor solutions were prepared contain-
nuclear magnetic resonance (NMR) spectroscopy is a convenientng 5-12 wt % of a-deuterated CTAB and in some cases varying
means for quantitatively correlating the effects of different amounts of organic solute (e.g., benzene or hexanol); solutions were
molecular variables on mesophase morphologies and their™xed and gently heated (430 °C) to dissolve the surfactant. An

alignment. The?H NMR line shape is sensitive to motional aqueous silicate precursor solution (prepared as outlined preVipusly
’ contained an overall molar composition of 1.0801tetramethylam-

averaging of the electric field gradient tensors of individual 0. hydroxide (TMAOH):42kD:14.1CHOH, and has been shown
C—?H bonds, and thus can be used to examine local and g yield a pH 12.5 mixture containing predominantly doutleur—

mesoscopic environments of deuterated spé€id=or example,  ring (D4R) silicate oligomer§. The presence of C#0H appears to be

in liquid crystalline systems containing deuterated surfactant important for achieving a high degree of macroscopic mesophase
molecules, rapid molecular mobility results in anisotropic alignment in magnetic fields under these conditi&t®. In a typical
averaging of the?H electric field gradient tensors within preparation, the dilute silicate precursor solution was added at room
individual aggregates, which for an unoriented sample leads to temperature to the dilute aqueous isotropic surfactant solution and stirred
a scaled powde?H NMR spectrum that reflects aggregate for 30 mlntp several days to allow equnlbratlon._ Hexagonal 5|I|eate_
geometry and mesophase morphol@g§t Furthermore, the surfactant liquid crystals were prepared by using little or no organic

. : | h lar i . " additives; benzene:CTAB molar ratios that are less than 2.3 yield a
directional dependence of the quadrupolar interaction allows hexagonal morphology at room temperature. Lamellar phases were

the distribution of aggregate orientations to be measured overproduced by using larger quantities of benzene (molar ratios of benzene:
macroscopic sample length scales. This is useful for aligned CTAB greater than 3.5) or by the addition of straight chain alcohols
materials, which possess anisotropic distributions of domain such as hexanol (hexanol:CTAB molar ratios of 1.3 were used) to swell
orientations that concentrate intensity in certain regions of the the hydrophobic regions of the aggregates, leading to reduced curvature
2H NMR spectrum, and which can be quantified with the aid of the hydrophobie-hydrophilic aggregate interfacé&s?® All liquid

of spectral simulations or directly using the DECODER NMR crystal phases were identified Bi# NMR quadrupolar splittings, in
technique? combination with separate small-angle X-ray scattering measurefments.

. Mesophase Alignment in a Strong Magnetic Field.Orientational
Deuterium NMR spectroscopy can be used both to character-gering of the lamellar and hexagonal silicateirfactant liquid crystals

ize aggregate structure and to quantify the degree of alignmentyas achieved in a 11.7 T magnetic field by heating the samples above
in deuterated silicatesurfactant liquid crystalline mesophases. their respective anisotropic-isotropic phase transitions (50 t6CG0
Here, orientational ordering is induced by processing samplesdepending on sample composition) such that the respettieMR
within an 11.7-T magnetic field, which provides the opportunity spectra each displayed a single isotropic peak. Previous examination
to monitor simultaneously changes in local liquid crystalline ©f the phase behavior of silicatsurfactant liquid crystals has shown
structure and macroscopic domain alignmént situ with gogd agreement between the anisotrejisotropic transmo_n observed
temperature. Such combined information yields insight into the " 1 NMR and the loss of long-range order as determined by small-

. f the ali including kinetic barri angle X-ray scattering. Isotropic samples were subsequently cooled
energetics of the alignment process, including kinetic barriers gradually (5°C increments/h) to ambient temperature while in the high

Mesophase morphology and orientational ordering of lamellar and

and aggregate effects. magnetic field. Thermal cycling near the anisotregigntropic transi-
. . tion temperature was in some instances used to improve the alignment
(16) (&) Schnepp, W.; Disch, S.; Schmidt,lGy. Cryst. 1993 14, 843~ of the liquid crystal phas®23 During the cooling procesa) situ 2H

852. (b) Gutman, H.; Loewenstein, A.; Luz, Z.; Poupko, R.; Zimmermann, - .
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Harwood Ltd.: Chichester U.K., 1974: Vol 2, p 122. 7200 signal accumulations. The samples were placed in specially
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loss of solvent or organic solute during heating. In measuringthe

NMR line shapes and accompanying quadrupolar splittings, as a
function of temperature, the samples were allowed to equilibrate for

30 min at each temperature. Longer waiting periods resulted in no
discernible changes in tRel NMR spectra acquired. The experimental a
°H NMR spectra, in conjunction witPH NMR simulations (discussed
below), allow quantitative determination of aggregate orientation
distributions, establish the signs of the aggregate and domain diamag-
netic susceptibilities, and permit the local order parameters to be
determined for lamellar and hexagonal silicaseirfactant liquid crystal
phases. Deuterium NMR measurements were also performed on each
of the aligned materials at room temperature, following macroscopic
reorientation of the samples through an angle df @@th respect to

the applied field. Comparison of the resultifid NMR spectra with
spectra simulated by using the same parameters determined prior to
the rotation, modified only to account for the ®9fbtation imposed,

allows the distribution of domain directors to be established unambigu- b
ously.

Theory

°H NMR of Lyotropic Liquid Crystals. The?H NMR line
shape is governed by the coupling between the electric quad-
rupole moment (eQ) of a given quadrupofat nucleus (spin
I=1) with its local electric field gradient (EFG). Due to the

orientation dependence of the NMR frequency, molecular ) . -

dynamics can have dramatic effects on the measured Spectra]":'g‘fre 1. Schema_tlc representations la_i”nellar_ S|I|cate—sur_fac_tant

In a liquid crystalline phase, rapid anisotropic molecular motions 'duid crystal domains that have been aligned in a magnetic field. Part
g . . . g a depicts a lamellar phase synthesized by using cationic cetyltri-

occur within the amsotroplc geometries of the _|nd|V|du_aI methylammonium surfactant species (CTTAhexano) and anionic

aggregates to produce a time-averaged quadrupolar interétion. youple-four—ring (D4R) silicate oligomers in an alkaline agueous

The corresponding residual quadrupolar splitting and e solution. The molecular director axes of the CTAurfactant and

NMR line shape contain information on the mean shape and hexanol molecules\s andMp, respectively) point along the long axes

asymmetry of the aggregate, the average local order parametebf these molecules and are parallel to the domain director of the planar

of the G-2H bonds, and the overall distribution of the aggregate aggregatesD) (i.e., Ms || My || D). The principal axes systenY is
director axes. defined by the direction of the-C—2H bond. Due to the negative

Following Seelig?® the quadrupolar Splittinng;ﬁwe somain molecular diamagnetic susceptibilities of both CTand hexanol, the

(i.e., the doublet) of a single domain of an uniaxial lyotropic overall domain susceptibility is negativaf® < 0, eq 4) and the

liquid tal (LLC) ph | I h Loh domains are observed (Figure 3b) to orient with their directors on
iquid crystal ( ) phase (e.g., a lamellar or hexagonal phase, average perpendicular to the applied magnetic fiBldof L, laboratory

which are comprised of a collection of axially symmetric flat  amey (i.e. O L). Part b depicts a lamellar phase synthesized by
sheets or cylindrical aggregates, respectively) can be written ysing CTAt, benzeneand D4R silicate species. The molecular director
as: of the benzene moleculéVif) is defined to lie in the plane of the
1 benzene ring, which orients parallel My for steric reasons. Thus, the
LC — 95.= _ molecular directors of the organic components of the composite again
Avs"‘g'e domairi— 120 2(3 cos O — 1) (1A) lie parallel to the domain dirgctor (i.d\/]sp|| M, || D). Becaus?e of theg
large positive diamagnetic susceptibility of benzene, however, the
where overall domain susceptibility is positive\g® > 0) and the lamellar
domains orient with their directors on average parallel to the applied
6 — 5.%[3 C0§ epM _ 1%.%[3 CO§ GMD _ 1% (1B) field (|.e., DDDII L, Flgure 4b)
hexagonal phase (Figure 2a). The very fast local motions of
andé ando are static and time-averaged anisotropy parameters,the aliphatic surfactant chains, with effective correlation times
respectively, LC denotes a liquid crystal, and the terms in broken 7o ~ 10-11-10"10 s, and fast translational diffusion of the
bracketsrepresent values that are time averaged during the surfactant molecules within the aggregates, with effective
105—10*s time scale of théH NMR experiment. Referring  correlation timesr> ~ 10°9—1077 s, create a time-averaged
to Figure lappw is defined as the angle between the orientation electric field gradient with its unique axis (thedirection)
of a given G-2H bond @), which coincides with the unique  parallel to the aggregate optical axis?!
axis of the principal axes system of thi¢ EFG tensor, and the Finally, the term1/5(3 cog 6p. — 1) depends on the
orientation of the surfactant molecular axig £ My). The term orientationfp,_ of an individual liquid crystal domain, each of
1,3 co® Opm — 10y is often referred to as the local order which is a collection of self-assembled aggregates with a
parameter %p) of the C—2H bond2° and generally increases common director orientatio® with respect to the direction of
with decreasing temperature, indicating that local ordering the applied magnetic fiel&,, which establishes theaxis of
increases as molecular mobility is reduééd. the laboratory frame of reference (Figures la and 2a).
The term 1,03 co? Oup — 103 represents the average Typically, a domain of aggregates in a viscous liquid crystal
molecular-axis orientation that results from rapid translational phase is, to a good approximation, immobile on the time scale
diffusion of a surfactant molecule within a given aggregate and of the NMR measurement, so that mesophase domain orienta-
depends on the anglap between the surfactant molecular axis tions can be considered time independént.
(Mg) and the director optical axis of the aggregdd, the latter For an isotropic distribution of liquid crystalline domains,
being normal to the bilayer planes of a lamellar phase (Figure eq 1 may be integrated over all possible andlgsto obtain a
1a) or parallel to the cylindrical axes of aggregates in a scaled powder NMR spectrum. In this case,3Heuadrupolar
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micellar solutions or solutions containing amphiphilic molecules
that are below their critical micelle concentration (CMC), the
surfactant molecules experience rapid and isotropic motions.
This results in the overall anisotropic tef® cog 6p. — 10
being effectively averaged to zero on the time scale of the NMR
measurement, wher@p is the angle between an individual
C—2H bond @) and the laboratory frame of reference The

?H NMR spectra of isotropic micellar phases and surfactant
solutions below their CMC, such as those containing low
concentrations of thex-deuterated cetyltrimethylammonium
surfactant species (CTA considered here, thus consist of
narrow isotropic?H peaks>~’

Macroscopic Alignment of Lyotropic Liquid Crystals.
Generally, the self-assembly of a lyotropic liquid crystal in the
absence of an orienting field leads to a random distribution of
domain orientations. However, when a lyotropic liquid crystal
phase is subjected to a suitably strong external field, such as
magnetié® or electrid” fields or a shear flow? the initially
randomly oriented domains and corresponding aggregate direc-
tors D can be oriented over sample-size length scales. For
example, a strong magnetic field induces alignment of a liquid
liquid crystal domains that have been aligned in a magnetic field. Part crystal because of the interaction between the field and the

a depicts a hexagonal phase synthesized by using cationic” @ik arr;lsotropy of the diamagnetic susceptlb|I|t|A$gmm= b/
anionic D4R silicate species in an alkaline aqueous solution. As in Xg Of the constituent molecules, wheyg' and [ are the
Figure 1a, the molecular director of the CTAurfactant i) points parallel and perpendicular diamagnetic susceptibility compo-
along the long axis of the molecule, and unlike the lamellar cslse,  nents of a given moleculen. This applies to all of the

is perpendicular to the domain director of the cylindrical aggregates constituent molecules found in the aggregates comprising an
(D) (i-e., Ms 01 D). The negative molecular diamagnetic susceptibility  arpitrary liquid crystal domain, including the surfactant species,
of the CTA" molecules combined with the orthogonal relationship = he inorganic counterions, organic solutes, and cosolvent species.
betwegn the molggglar agd domain directors produce an overall positive Although the magnetic interaction energy associated tvjth
domain susceptibility & > 0, eq 4). As a result, these hexagonal ¢ o i gividual molecule is smalk{ 10-5kT in a 10 T field at

domains orient with their optical directors on average parallel to the - .
applied magnetic fieldR, or L, laboratory frame) (i.e[DO]| L, Figure room temperature), the additive effects contributed by all

5b). Part b shows a hexagonal phase synthesized by using,CTA Molecules in a given domain of self-assembled aggregates can
benzengand D4R silicate species. The molecular director of the collectively overcome the thermal disordering produced by
benzene moleculeMy) is defined to lie in the plane of the ring and ~ Brownian aggregate motions and thereby allow orientational

Figure 2. Schematic representationslwxagonakilicate—surfactant

adopts, for steric reasons, a preferred orientation paralleltdhus, ordering to occuf® Alignment of an uniaxial liquid crystal
the molecular directors of the organic components of the composite domain in a magnetic field thus results from the interaction of
are perpendicular to the domain director (iMs || Mp O D). Due to the applied field with the collective diamagnetic susceptibility

the large positive diamagnetic susceptibility of the benzene molecules A, d of the domain given by:

and the orthogonal relationship between molecular and domain directors,

the overall domain susceptibility is negativay® < 0), so that the 1

hexagonal domains orient with their directors on average perpendicular Af=q0_, d— NAY™-3B cof 6., - — 1 4
to the applied field (i.e.[DOO L, Figure 6b). X=X T o Z i wo ~ 1 (4)

Cc

owder DETWEEN the two singularities is given by:

- L
splitting Avy wherey @ andy @ are the diamagnetic susceptibility components

1 of a given domain d) that are parallel and perpendicular,

Avtgwder= |<§-S;D-§[3 cog Oy — 153 2 respectively, to its director axi®, N; is the total number of
molecules of type, and the summation is over all types of

molecules in the domain. The orientation-dependent contribu-
tion to the free energ@?i9n of a singledomain of aggregates
depends both orhy® (which includesfup) and on the angle
OpL between the director axi3 of the self-assembled aggregates
and the magnetic field, (i.e., the laboratory frame denoted
by L) according to?®

As shown in Figure 1a, for bilayer planes in a lamellag)(L
mesophase, the surfactant molecular aMigsare on average
parallel to their respective aggregate director &¥jsso that
Omp is on average 0 This is in contrast to the situation shown
in Figure 2a for cylinders in a hexagonalHnesophase, where
Ms is on average perpendicular By so that on averagéwp is

90°. Thus, ‘ 1 1
. G = — éAdef;EG cod 6, — 1) (5)
AVpowderz 6'5:D'(1) (3A)
and Thus for asingledomain of aggregates withyd > 0, the free

energy is minimized when the alignment of the domain director
Ho. 1 D is along the field direction. (i.e., p. = 0°, D || L), whereas
AVpowder= 5'%0'(5) (3B) for domains possessingy® < 0, G2i9" is minimized when
6p. = 90°, D O L. For acollection of domains in a liquid
which shows that for equa| order paramet%ll a lamellar CryStaI at equilibrium, perfect alignment with all directdbs

LL.C phase is expected to yield a quadrupolar splitting that is ~(26) de Gennes, P. G.; ProstThe Physics of Liquid Crystaland ed.:
twice as large as that for a hexagonal LLC morphology. For Clarendon Press: Oxford, 1993.
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parallel Ay > 0) or perpendicularXy? < 0) to the applied cally aligned materials because of their tendency to orient in
magnetic field is in general unachievable, and we will use the applied magnetic fields2H NMR spectroscopy of deuterated
notationDOI L or IDOO L to indicate that the anglép, is on surfactant species is a powerfaolsitu probe of phase morpho-
average 0or 9C°: [@p 0= 0° or [Bp 0= 90°, respectively. logy and the orientation distribution of silicatsurfactant liquid
Besides the thermal disordering induced by Brownian mo- crystal domains. As discussed above, the orientation depen-
tions, viscous and/or elastic forces are also present that opposalence of theéH quadrupolar interaction, and thus thé NMR
the aligning torque produced by the magnetic field. The relative line shape, provides dynamical and structural information on
magnitudes of the opposing magnetic and viscoelastic forceslyotropic liquid crystals over molecular and macroscopic length
dictate whether macroscopic alignment will occur and, if so, scales that establish the primary factors governing orientational
will also govern the rate at which the alignment process takes ordering of these complicated multicomponent systems in high
place. Due to the high viscosities and elasticities of most magnetic fields. Applied to silicatesurfactant mesophasési
lyotropic liquid crystal phases, particularly those with high NMR line shape analyses allow the determination of the time-
surfactant concentrations, magnetic alignment is often difficult averaged local aggregate structures, the partitioning of surfactant
to achieve over practical time scales (e.g., days), even in highmolecules among different coexisting phases, the distribution
fields (e.g., 11.7 T). A common procedure used to facilitate of aggregate domain orientations relative to the applied magnetic
the creation of macroscopic alignment is to reduce the role of field, and the diamagnetic susceptibilities of self-assembled
viscous and elastic forces by heating the liquid crystalline sample aggregate domains.

above its anisotropieisotropic transition temperature. This is For example, théH NMR spectrum shown in Figure 3a (left)
followed by a slow cooling through the transition where the of an initially unoriented silicatesurfactant mesophase displays
temperature-dependent viscoelastic forces are reduced sufa characteristic powder pattern with a 29.4 kHz quadrupolar
ficiently, so that macroscopic alignment of renucleating liquid splitting. This 2H splitting arises from a lamellar liquid
crystal domains can occur. crystalline morphology based on previous comparison of the

2H NMR Simulations. For an isotropic distribution of liquid  molecular-levePH NMR measurements with complementary
crystalline domains, théH NMR line shape can be simulated  experimental techniques that probe structure over longer length
by using the measured quadrupolar splitting of the Pake powderscales, such as small-angle X-ray diffraction and polarized
pattern in the experimental spectrud) &s an input parametét.  optical microscopy. For the example at hand, a lamellar
Similarly, the?H NMR spectrum of an oriented sample can be morphology is expected, because the silieaterfactant meso-
simulated by using the same quadrupolar splitting of the Pake phase was prepared with hexanol added as a swelling agent to
pattern as an input parameter, in addition to making assumptionsthe mixture. Long- and medium-chain alcohols are known to
about the form of the orientation distribution function. To facilitate the formation of lamellar lyotropic phases, because
quantify the extent of orientational ordering in each of the their hydrophilic—OH group imparts a degree of amphiphilic
magnetic-field-aligned samples, a uniaxial Gaussian distribution character to the molecules, whose small effective head groups
of directorsD about the average orientatidfip [lis often thus favor morphologies with low aggregate curvatifes.
assumed? with the full-width-at-half-maximum (fwhm) of this While strong magnetic fields can induce alignment of liquid
distribution function used as a second parameter. In the o\ytals; the high viscoelasticity of silicateurfactant liquid
simulations presented below, macroscopic and MICroscopic orytaliine phases under ambient conditions prevents orienta-
uniaxiality (i.e., transverse isotropy) has been assumed, with tional ordering from occurring on time scales of weeks, even
the result that one anglép,, suffices to specify the orientation i, 44 11.7 T field. The alignment process, however, can be
distri_bution functionP(6p.) as the fraction of_ director axes significantly accelerated by increasing the temperature. For
forming an angle betweefib. andfp + dfp. with respectto  gyample; an initially unoriented ensemble of lamellar silieate
the external magnetic field. F&¥(0p.), a Gaussian distribution  grfactant mesophase domains becomes isotropic upon heating
of aggregate directors is assumed: to 95°C, as evidenced by the collapse of ZheNMR spectrum

5 to the single narrow peak shown in Figure 3a (left, inset).
P(05,) = N exd — (Op. — 5.0 (6) Subsequent cooling of the sample through this isotrepic
bL 2:AOp, anisotropic transition in a 11.7 T magnetic field causes liquid
crystal domains in the silicatesurfactant-rich phase to reform,
whereAfp, specifies the fwhm of the distribution amdlis a but this time with a high degree of orientational order, according
normalization constant. The average orientati@m [ is to the governing interactions imposed by the overall diamagnetic

determined by comparison of the experimental and simulated susceptibilities of the domains. This is clearly seen in%He
°H NMR spectra, withi@p [(being either © or 9¢°, as previously NMR spectrum of Figure 3b, which shows a pair of sharp peaks
discussed. In all cases, an appropriate Gaussian dampingand a small isotropic peak in the center of the spectrum. These
function is convoluted to account for spigpin (T) relaxation?” correspond respectively to aligned silicagurfactant liquid
Furthermore, the uniqueness of the simulations is importantly crystalline domains (whose orientation is discussed below) and
verified by applying a 99change in@p Cand comparing the  an aqueous-rich isotropic phase, which coexist with one another.
resulting calculated spectrum to the experimental spectrum This thermal treatment through the anisotrefsotropic transi-

obtained after a J0rotation of the sample. tion, followed by renucleation of oriented domains in the
) ] presence of the applied magnetic field, was used to align all of
Results and Discussion the silicate-surfactant liquid crystal phases examined here:

The liquid crystalline properties of silicatesurfactant meso-  Upon sufficient heating a random distribution of liquid crystalline
phases provide important opportunities for creating macroscopi- domain orientations is converted to an isotropic phase, which
@7 ALZ5°C. e NNR | T —— subsequently reform aligned liquid crystal domains upon slow
t 25 °C, the spectrum reveals a slightly broader line P i ; ;
width than the spectrum acquired at higher temperature. The increasedlineCOOIIng in the magnetic field. The details of the alignment,

width at lower temperatures is due to shorter sfgipin (T2) relaxation times however, are strongly dependent on the individual diamagnetic
associated with reduced surfactant mobility. Theelaxation times were
measured to be 256 10, 660+ 10, and 940+ 10 us at 25, 40, and 55 (28) Ekwall, P.; Mandell, L.; Fontell, KJ. Colloid Interfac. Sci1969
°C, respectively. 29, 639-646.
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Experiment Simulation Aligned Lamellar Silicate—Surfactant Liquid Crystals.
(a) Director Alignment (D) O Magnetic Field (By): L, Phase
— 29.4 kHz with Hexanol. The liquid crystalline properties of the silicate

surfactant mesophase shown in Figure 3a, as well as its lamellar
morphology, have been previously established on the basis of
a L_“ 2H NMR line shape analyses and supported by X-ray diffraction
Unoriented and polarized optical microscopy measuremén@uantitative
comparison of the experimentdH NMR spectrum and ac-
. : . \ : : \ companying line shape simulations further allows the partition-
00 50 0 -50 -100 100 50 o -50 -100 ing of deuterated surfactant species among different types of
phase environments to be determidédFor example, the
experimental®lH NMR spectrum in Figure 3a for a typical
unaligned silicate CTA* mesophase is compared with a
simulated line shape containing a superposition of well-resolved
b Lo spectral contributions from different well-defined morphological
elements. The individual intensities associated with each such
element can be varied to match the experimental spectrum. In
this way, the heterogeneous sample of Figure 3a is determined
aames JAREEARR R, T 100 to consist of two phases: (i) a collection of randomly distributed
Hz kHz lamellar domains containing 97% of the CTAsurfactant
molecules Av = 29.4 kHz), and (ii) a highly mobile isotropic
—> e 294 component accounting for 3% of the CTApecies that remain
dissolved in the aqueous-rich phase.

Similarly, surfactant partitioning among different environ-
c La ments in aligned liquid crystalline materials can be determined
90° rotated from 2H NMR line shape analyses, which additionally quantify
the degree of orientational order present. For example, after
aligning the hexanol-containing lamellar silicatgurfactant
100 50 0  -50 -100 100 50 0  -50 ~-100 mesophase sample (Figure 3a), the experimental and simulated
kHz kiiz 2H NMR spectra in Figure 3b establish that 97% of the CTA
Figure 3. Experimental (left) and simulated (righthi NMR spectra molecules reside in oriented lamellar domaing & 29.3 kHz,
of a lamellar (L) siIiggte—surfacFant liquid crystal mixture with an  \yith a 3% fwhm Gaussian distribution), with the remainder (3%)
overall molar composition of 1.63&186!—&0:1.33TMAOH:O._SOCTAB: occupying isotropic environments in the®trich phase. On
15.8CHOH:0.65CH(CH,)sOH. Part a shows the experimental and the basis of eq 1, the 29.3 kH splitting ascribed to the

simulatec?H NMR spectra for surfactant species in the as-made sample ~_ . ted liquid tal fracti flect I t of th
containing two phases, an unoriented lamellar silieatafactant-rich oriented liquid crystal fraction retiects mean alignment ot the

liquid crystal phase that accounts for the powder pattern with the 29.4 directors D of the lamellar domains perpendicular to the
kHz splitting and an aqueous-rich phase that yields the narrow isotropic direction of the applied 11.7 T magnetic field, i.8R00 L or

peak in the center. The simulated pattern was generated with 97% of [@p 0= 90°. As shown schematically in Figure la, such an
CTA™ species residing in randomly oriented lamellar domains and 3% orientation corresponds to an approximately planar distribution
in isotropic environments. As the sample is heated above its anisotro- of domain directors in the azimuthal direction. This can be
pic—isotropic phase transition temperature (95), a single narrow verified by rotating the sample container through a known
peak emerges, indicative of rapidly and isotropically mobile surfactant y;gcrete angle, acquiring a nedd NMR spectrum, and
species in a sample lacking long-range or mesoscopic organization (leﬂ'subsequently comparing it with that predicted by using the same

inset). Part b shows the experimental NMR spectrum (left) after imulati ters det ined in Fi 3b modified solel
heating the sample above its anisotregigotropic transition temper- Simulation paramelers determined in Figure modiied solely

ature and slow cooling in an 11.7 T magnetic field to align the lamellar PY the rotation angle imposed. For example, & @ftation of
domains. The simulated spectrum (b, right) is calculated with 97% of the sample with respect to the applied magnetic field yields the
CTA* species in lamellar domains oriented on average perpendicular experimentaPH NMR spectrum shown in Figure 3c, lefA¢

to the applied field (DI L, Gaussian fwhm= 40°) and 3% in isotropic =29.4 kHz). This experimental spectrum displays a distribution
environments. Part ¢ shows the experime#taNMR spectrum (left) of signal intensity that is distinct in important ways from the
that was obtained after rotating the sample in part b Bys80und an powder pattern (Figure 3a) produced by a fully random
axis perpendicular to the magnetic field. The simulated spectrum (¢, yistribution of domain directors. The simulated spectrum in
right) is obtained solely by applying a 9Cotation to the same Figure 3c (right) assumes a planar distribution of domain
parameters used in part b. The line shapes in both the experimentaldirectors with respect to tH, field in the rotated sample, which

and simulated spectra are characteristic of an approximately planar™" "~ . L -
distribution of domain directors. The good agreement between the verifies the approximately planar distribution of domain directors

experimental and simulated spectra in parts b and ¢ confimegatie in the original magnetic field-aligned sample (Figure 3b). The
overall domain susceptibility® < 0) and a perpendicular relationship ~ €xcellent agreement between the experimental and simulated
between the domain directors and the applied magnetic field used tospectra in Figures 3b and 3c indicates a self-consistent set of
orient the sample in Figure 3b (i.dfp 0= 90°). This situation is simulation parameters, which provides a high degree of
shown schematically in Figure 1a. confidence in the quantitative alignment measurements.

susceptibilities of the molecular components of the liquid crystal ~ The orientational ordering of the liquid crystal domains in
phase. Because of this, it is possible to tailor the alignment this lamellar silicate-surfactant mesophase can be understood
properties of a system, including the direction of orientational in terms of the molecular diamagnetic susceptibilities of the
ordering, by controlling the constituent molecular components. material’s constituent species. First of all, by usifg, 0=
Specific examples of such alignment control for lamellar and 90° (from Figure 3b) and minimizing the angle-dependent free
hexagonal liquid crystal phases are presented below. energy (i.e.,G¥9" < 0) in eq 5, the overall diamagnetic

— le— 29.3

<D> 1L

L.

=
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susceptibility of the lamellar silicatesurfactant mesophase Experiment Simulation
domains must beAy? < 0. This arises from the negative

diamagnetic susceptibilities of the individual CTApecie®® 2Tk
and hexanol moleculeg\¢™ < 0) from which the aggregates
are formed. Because the CTAand hexanol molecular axes

Lo

(Ms andMy,) are parallel to the lamellar directdd( Figure 1a), a
Unoriented

the term3 cog Owp — 103 in eq 4 is positive. Thus, the
molecular and domain diamagnetic susceptibilities must possess
the same sign, in this case negative, to fulfill the thermodynamic \ : : : :
requirement thaG?ie" < 0. The CTA" and hexanol species 100 50 0  -50 -100 100 50 0  -50 -100
thus satisfy their respective minimum energy configurations by kitz KAz

adopting common orientations perpendicular toBgenagnetic
field, with the result that the director axes of the planar
aggregates also align perpendicular to the direction of the
magnetic field. Such is also the case for ternary CTABIH
decanol systems, where disk-like bilayers become macroscopi-
cally oriented with their normal axes perpendicular to an
orienting magnetic field (i.eAx? < 0)3° The similar orien-
tational ordering behavior for the multicomponent silicate ;
surfactant and ternary CTABA®/decanol mixtures indicates 100
that the exchange of Branions for multiply charged silicate

anions does not alter the sign of the overall diamagnetic — e 28.0
susceptibilities of the planar aggregates and lamellar domains,
which align with their plane-normal director axes perpendicular
Lo
90° rota
50 0

b

— l«— 55.9
Lo
27.6 <D>liL
50 0

50 -100 100 50
kHz kHz

T T
-50 -100

to the magnetic field in both liquid crystal systems.

(b) Director Alignment (D) || Magnetic Field (By): L«
Phase with Benzene.Significant control over the orientational
ordering behavior of silicatesurfactant liquid crystals can be
exerted by choosing the constituent chemical species according ' T '

P . o ) 100 5o -100 100 50 0  -50 =100
to their diamagnetic susceptibilities. For example, different iz 30 100 Ktz

e e e o101 SO gur 4. Expermenal () s st (511 VR specs
different orienting properties ir? magnetic f?elds. Instead of gijgﬁ‘"nlf’,'lﬁrC%%;ggﬁ?;‘,?;”fg;ggﬂgi,‘;;yfﬁﬁl\gﬁﬁﬁg%g}tﬂﬁn
hexanol, benzene can also be used as a swelling agent to favols 7CHOH:2.2GHs. For the as-made sample in part a, comparison
the formation of a lamellar silicatesurfactant mesophadéby of the experimental and simulated patterns indicates that 98% of the
incorporating either additive into the hydrophobic regions of a CTA™ species belong to randomly oriented lamellar domains (27.7 kHz
lyotropic liquid crystal material, morphologies with reduced splitting) and 2% are highly mobile in isotropic environments. Part b
local curvatures are favored. The experimertdl NMR shows the experiment&H NMR spectrum (left) after aligning the
spectrum and simulated line shape for an unoriented lamellarS2MPle in an 11.7-T magnetic field. The simulated spectrum (b, right)
silicate-surfactant mesophase formed with benzene are shown'S calculated by assigning 77% of the CTApecies to lamellar domains

in Figure 4a. Similar results are observed for the partitioning oriented parallel to the applied field((]| L, Gaussian fwhrr= 50°),

f surf | les b he liquid land i 2 20% to randomly oriented lamellar domains, and 3% to rapidly mobile
of surfactant molecules between the liquid crystal and ISOropIC sy ropic environments. Part ¢ shows i€ NMR spectrum that was

phases, as found for the lamellar mesophase _prepare(_j Withybtained after rotating the sample in part b by’ @@ound an axis
hexanol: (i) 98% of theo-deuterated CTA species are in perpendicular to the magnetic field. The simulated spectrum (part c,

ted

W

randomly oriented lamellar domains in the silicasurfactant- right) is obtained solely by applying a 9Cotation to the same
rich phase Av = 27.7 kHz), and (ii) 2% are highly mobile in  parameters used in part b. Close agreement between the experimental
isotropic environments in the aqueous-rich phase. and simulated spectra in parts b and c verifig®sitive overall domain

After aligning this benzene-containing lamellar silicate ~ diamagnetic susceptibility\(y“ > 0) and a parallel relationship between
surfactant mesophase according to the same thermal/magnetict’® domain directors and the applied magnetic field used to orient the
field procedure described above, the resulHQNMR spectrum ~ SamPle in Figure 4b (i.e.[fo 1= 0°). This situation is shown
shown in Figure 4b is dominated by a doublet with a splitting schematically in Figure 1b.
of 55.9 kHz, with a less pronounced powder pattexn & 27.6 the slow cooling process. Following a®@tation of the sample
kHz) and a small isotropic peak as secondary features. Thewith respect to the applied magnetic field, subsequent experi-
accompanying simulated spectrum indicates that 78% of the mental Av = 28.0 kHz) and simulatetH NMR spectra shown
CTA* molecules reside in lamellar domains in which the planar in Figure 4c confirm the domain orientations and their distribu-
aggregate directors are oriented on averpgeallel to the tions, which are thus without ambiguity. Thus, the mean
magnetic field Av = 55.9 kHz,IDO|| L or @p 0= 0° with a orientation of the aligned lamellar silicatsurfactant mesophase
50°-fwhm Gaussian distribution, Figure 1b), 20% belong to prepared with benzene as an organic additive (Figure 4b) is
randomly oriented lamellar domain&¥ = 27.6 kHz), and 2%  offset by 90 from that of the lamellar system prepared with
are rapidly mobile in the aqueous-rich phase. The significant hexanol (Figure 3b) in otherwise equivalent mixtures. This
fraction of randomly oriented CTAspecies in this material ~ demonstrates the feasibility of manipulating macroscopic ori-
arises from disorder that is quenched into the viscoelastic entational order in silicatesurfactant liquid crystal systems by
systems as the liquid crystal domains nucleate and grow duringalf?'J'USting mixture composition to achieve a desired field-

_ : alignment response.

ggg Egﬁg:j 8 ,Tfffffn’?;?nrf'FHP';{ﬂgj%Zﬁgiégfcﬁyﬁlggl}gégg% 123 The significantly different orientational ordering behavior of

131. benzene- and hexanol-containing lamellar silieg@d At liquid
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crystals is easily explained by the different magnetic-field Experiment Simulation
alignment properties of the two organic additives in the confined
aggregate environments. By using the measured quadrupolar —»| |e—12.7 kHz
splitting in Figure 4b in conjunction with egs 1 and 5, a positive
diamagnetic susceptibility (i.eAy® > 0) is established for the
lamellar domains containing benzene, with the normal directors @
of the planar aggregates oriented on average parallel to the
magnetic field (DO|| L), as illustrated schematically in Figure

1b. The overall positive diamagnetic susceptibility of these . ,

planar aggregates and the corresponding self-assembled lamellar 100 50

domains requires the long molecular axes (i.e., the alkyl chains)
of the silicate-CTA™ species to be parallel to the orienting

magnetic field. As discussed above, this configuration of the - 26.5
CTA™ species alone is unfavorable, because the diamagnetic
susceptibilities of the individual surfactant molecules are H
o
<D> || L

Hg,
Unoriented

T T 1 1 T T T 1
0 -50 ~-100 100 50 4} -50 -100
kHz kHz

negative. However, the use of benzene (in a molar ratio b

benzene/CTA = 3.5) instead of hexanol to stabilize the lamellar

silicate—surfactant mesophase has an important influence on

the orientational ordering behavior of the planar aggregates. ; - . ; . . r
Aromatic molecules are known to display strong positive 100 39 k;z =50 -0 100 50
diamagnetic susceptibilities, with the planes of the aromatic rings

orienting parallel (i.e., coplanar) to an applied magnetic fféld.

" o 13.0
Consequently, the large positive susceptibilitidg' > 0) of -
the benzene molecules overcome the smaller negative molecular
50 0

T i
-50 ~100

susceptibilities Ay™ < 0) of the alkyl components associated ¢
with the silicate-CTA™ species to produce an overall positive
diamagnetic susceptibilityAy® > 0) for the lamellar silicate
surfactant liquid crystal domains that contain benzene. There-

fore, for the mixture composition used, the benzene solute | o0 o100 100 %0 a0 100
molecules exert a dominant influence on the orientational KEz Kz

ordering of the lamellar §|I|cateCTA+ mesophase domains. Figure 5. Experimental (left) and simulated (righti NMR spectra
Furthermore, due to steric constraints, the benzene moleculesyf 3 hexagonal () silicate-surfactant liquid crystal mixture with an
are expected to orient parallel to the surfactant chains to packoverall molar composition of 1.6Sj209H0:1.33TMAOH:0.50CTAB:
most efficiently with the CTA specie$?33 This geometry 15.7CHOH. The experimental and simulated patterns shown in part a
corresponds to a parallel relationship between the molecular axesndicate that 96% of the CTAspecies belong to randomly oriented
of the surfactant species and the planes of the benzenehexagonal domains (12.7 kHz splitting) and 4% are highly mobile in
moleculesMs andMy, respectively, as illustrated schematically isotropic environments. Part b shows the experimefthINMR
in Figure 1b. The positive diamagnetic susceptibility of the s_pectrum (I_eft) acquired after allgnl_ng th_e sample inan 11.7 T magnetic
lamellar liquid crystal domains in this sample is consistent with field. The simulated spectrum (b, right) is calculated for 60% of CTA

. : : ies in hexagonal domains oriented parallel to the applied field
the benzene molecules adopting orientations parallel to the SPE¢'es I ; i h
surfactant alkyl chains in tf?e Eydrophobic reE]ions of the (DO L, Gaussian fwhm= 50°), 35% in randomly oriented hexagonal

domains, and 5% in rapidly mobile isotropic environments. Part ¢ shows
aggregates. the experimentaPlH NMR spectrum (left) that was acquired after
Aligned Hexagonal Silicate-Surfactant Liquid Crystals. rotating the sample in part b by 9@round an axis perpendicular to
(a) Director Alignment (D) || Magnetic Field (By): Hq Phase the applied field. The simulated spectrum (part c, right) is obtained
with No Organic Additives. It is possible to extend the  solely by applying a 90rotation to the same parameters used in part
understanding of how molecular diamagnetic susceptibilities b- The good agreement between the experimental and simulated spectra
(Ay™ influence the overall domain diamagnetic susceptibilities In Pars b and c verifies gositve overall domain diamagnetic
(Ay9 of multicomponent silicatesurfactant liquid crystals to Zk‘rseifgrt'sbg%%ge z:gl{aezdf?e%ag'eﬂ rt’f)'eg;ic;”nstht'ﬁeb:;"rvne;g tizeF?gOL:?:IEb
predict and thereby control the mesoscopic orientational ord.ermg(i_e_’ [@p. = 0°). This situation is shown schematically in Figure 2a.
behavior of other silicatesurfactant mesophases in high

magnetic fields. For example, hexagonal silicagarfactant m P ' I
mesophases result when CTAB alone is used as the amphiphilicrno'eculélr @y and domain &) diamagnetic susceptibilities

e L . of hexagonal silicateCTA™ liquid crystals are of opposite
structure-directing species in the absence of other organic . . ;
e p . o signs. As discussed above for the lamellar materials, CTAB
additives?® As portrayed schematically in Figure 2a, the . . . .

. ) . has a negative molecular diamagnetic susceptibifity(< 0),
hexagonal morphology results in surfactant configurations where so that hexadonal silicatesurfactant domains containing CTA
the CTA" molecular axesN) and aggregate directobj are without or gnic additives will possess a ositiveg overall
perpendicular to each other (i.6yp = 90°), and thus the term 9 P P

3 co2 Oyp — 10 in eq 4 is negative. As a result, the surfactant d|amqgnet|c s_uscept|b|l|tyA(x g 0)’. which W'". cause the
domains to align parallel to an applied magnetic field.

(31) de Jeu, W. HPhysical Properties of Liquid Crystalline Materials Confirmation of the predicted alignment and diamagnetic
Go(rg%nKei‘lggtﬁéek‘:"%h Eﬁ'%rl‘ggkﬁﬂm',sg‘ércs_'; \',\lvz‘l’}’e\r(’o{‘." /&grzgﬁqﬂiflzégz susceptibility properties of hexagonal silicaturfactant mes-
8, 2192-2199. ophases is established by following the same procedure used
(33) The location of solubilized benzene molecules in the palisade region for the lamellar mesophase systems described above. Figure

of the aggregates (i.e., near the hydrophiliydrophobic interface) is :
supported by?H NMR measurements by using deuterated benzene. The 5a (left) shows the experimental room temperaﬂjﬂeNMR

residual’H quadrupolar splitting was measured to be 4.6 kHz, indicative SPECtruUm of an unoriented silicatsurfactant quu.id Crysltal
of a highly anisotropic motional averaged environnnt. possessing a hexagonal morphology. Comparison with the

Hg
90° rotated
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accompanying simulated spectrum (Figure 5a, right) establishes Experiment Simulation
that the sample is comprised of a mixture in which 97% of the
CTA™ species are in randomly oriented hexagonal domains —>| |*+— 13.2kHz

(Av = 12.7 kHz), with the remaining 3% accounting for the
narrow peak in the center of the spectrum, attributed to

isotropically mobile surfactant molecules in the aqueous-rich @ "!a
phase. Unoriented

Figure 5b shows the experimental and simulaiddNMR
spectra of the same hexagonal silicaseirfactant mesophase, = , . . . . . '
following thermal treatment and slow cooling of the sample 100 50 o -s0 ~-100 100 50 kl'; -0 -100
through its isotropie-anisotropic transition in an 11.7 T h :
magnetic field. In this aligned sample, 87% of the CTA — —13.1
species belong to hexagonal domains in which the longitudinal
aggregate axes are oriented on avenagellel to the applied
magnetic field Av = 26.5 kHz,[DO|| L or [@p [0= 0° with a Ho
40° fwhm Gaussian distribution, Figure 2a), 10% CT#pecies D> 1L
reside in randomly oriented hexagonal domains (low intensity
powder pattern witlAv = 12.7 kHz), and the remainder (3%) L
occupy isotropic environments in theGkrich phase. foo— e 100 50 v s -100

The parallel orientation of the majority of the hexagonal kHz KHz
domains with respect to the applied field establishes the overall
positive diamagnetic susceptibility for the cylindrical aggregates — 13.3
and corresponding hexagonal domaing{> 0, eq 5). Figure
5c (left) shows the experimentdH NMR spectrum of the
sample after a rotation of 9@vith respect to the magnetic field, € Ho
along with a simulated spectrum (Figure 5c, right) produced 90° rotated
by using the same parameters as determined in Figure 5b
modified only to account for the rotated field orientation. The
excellent agreement between the experimental and simulated 100 so o  -50 -100 100 50 0  -50 -100
spectra b and c in Figure 5 confirms the corresponding surfactant Yz KHz
partitioning within the heterogeneous silicaeTA* sample, Figure 6. Experimental (left) and simulated (rightt NMR spectra
the positive diamagnetic susceptibility for the hexagonal of a hexagonal (k) si[ipate—surfaptant liquid crystal mixture with an
domains ¢ > 0) in the absence of organic additives, and the overall molar composition of 1.6S§209H0:1.33TMAOH:0.50CTAB:

- - . . 15.7CHOH:0.6GHe. The experimental and simulated patterns shown
preference of the hexago_nal domam; to orient with their director in part a for the as-made sample indicate that 97% of the Ciecies
axes parallel to the applied magnetic field.

belong to randomly oriented hexagonal domains (13.2 kHz splitting)
(b) Director Alignment (D) O Magnetic Field (Bo): H and 3% to highly mobile isotropic environments. Part b shows the
Phase with Benzene.To establish unambiguously the role of  experimentatH NMR spectrum (left) obtained after aligning the sample
aromatic additives like benzene on the magnetic-field-induced in an 11.7 T magnetic field. The simulated spectrum (part b, right) is
alignment of silicate-surfactant liquid crystal phases, a similar ~ calculated for 75% of the CTAspecies residing in hexagonal domains
set of measurements was performed on the hexagonal materiaf"i€nted perpendicular to the applied fielD(D L, Gaussian fwhm
of Figure 5 to which a small amount of benzene had been added._ 40), 20% in randomly oriented hexagonal domains, and 5% in

isotropic environments. Part ¢ shows the experimefthlNMR

It has previously been found that the hexagonal phase of thesespectrum (left) that was obtained after rotating the sample used in part

materials remains stable with respect to the lamellar phase fory 1y, 95 around an axis perpendicular to the applied field. This spectra
low benzene concentrations (e.g., molar ratios benzenefCTA again shows an approximately planar distribution of domain directors.
< 2.3)5 For example, addition of 0.2 wt % benzene to a The simulated spectrum (part c, left) is obtained solely by applying a
mixture that is otherwise identical with the hexagonal liquid 90 rotation to the same parameters used in part b. The good agreement
crystal material of Figure 5 does not affect the system’s between the experimental and simulated spectra in parts b and ¢
hexagonal mesoscopic morphology, as shown by the room confirms. the overa!hega.ti/e domain susce.ptibilityzsggd < O). and a
temperaturéH NMR spectrum in Figure 6a for an unoriented perpend_lcule}r relationship _between the allg_ned_ domain directors and
sample. The silicateCTA™ H, phase displays a quadrupolar 1€ @pplied field used to orient the sample in Figure 6b (it L=
splitting of 13.2 kHz, with the accompanying simulations 90°). This situation is shown schematically in Figure 2b.

establishing that 97% of the CTAspecies belong to randomly As discussed in the context of the lamellar phase in Figure 4
oriented hexagonal domains, while 3% experience rapid iso- above, local steric constraints are expected to cause a significant
tropic mobility in the aqueous-rich phase. After alignment in quantity of the benzene solute molecules to orient parallel to
the 11.7 T magnetic field (Figure 6b, left), the spectrum is now the surfactant alkyl chains in the hexagonal-phase aggregates.
seen to possess intensity that is concentrated at the singularitie€onsideration of the time averaging of both local and transla-
(Av = 13.1 kHz) corresponding to hexagonal domains whose tional motions of the benzene molecules, in combination with
aggregate axes are aligned on average perpendicular to theheir dominant molecular diamagnetic susceptibiliy™ > 0,
applied magnetic fieldDOO L or @y 0= 90°. Again, the yields an overall negative susceptibilithyd < 0, eqs 4 and 5)
simulated spectrum (Figure 6b, right) establishes this for the corresponding hexagonal mesophase domains. Further-
quantitatively: 77% of the surfactant molecules reside in more, the2H NMR spectrum and accompanying simulation
hexagonal domains oriented perpendicular to the magnetic field (Figure 6c) of the oriented sample acquired after its rotation
(Gaussian fwhm= 40°), 20% are in randomly oriented through 90 affirms an approximately planar distribution of
hexagonal domains, and 3% are highly mobile in isotropic domain directors in the transverse plane before rotation (Figure
environments. 6b) and in the field plane afterward. The excellent agreement
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between the experimental and simulated spectra b and c in 28.0 kHz

Figure 6 establishes unambiguously the overall negative dia-

magnetic susceptibility of this benzene-containing hexagonal .
Lo, Unoriented

vidual molecular additives in controlling the orientational
ordering properties of these systems.

Phase Transitions between Aligned Silicate Surfactant
Mesophases. The alignment of mesophase domains and the
distribution of their collective orientations can be used to gain
insight into the nature of phase transitions between two b
mesoscopically ordered morphologies. It has previously been
shown that organic solutes, such as trimethylbenzene, benzene,

or hexanol, stabilize lamellar silicatsurfactant mesophases 11' 3 _»l He <D> L L
because of their higher solubility within the hydrophobic regions : %,

silicate—surfactant mesophase and confirms the role of indi- a
25°C

Isotropic

95°C

of the aggregates.” Upon heating such lamellar liquid crystals,

however, the diminished relative solubilities of organic additives C

in the hydrophobic aggregate cores result in their expulsion into

the aqueous-rich phase. This produces increased curvature at 70°C
the silicate-surfactant interface that can ultimately contribute ‘
to a first-order transformation to a hexagonal morpholagy.
Upon cooling to room temperature in the absence of silica
polymerization, the solute molecules are reincorporated into the
hydrophobic regions of the aggregates, with the result that the
sample morphology reversibly converts back to the original 45°C
lamellar structure. The direct correlation between the lamellar/ )
hexagonal mesophase transitions and the expulsion/reincorpo- 57.0 <+ Lo,<D>1IL
ration of the organic solute in these systems has been previously

established. This is useful to the present study, which can e
exploit the enhanced resolution #1 NMR spectra of aligned 25°C
silicate—surfactant liquid crystals to examine transformations foe oo p3 T -100

between magnetic-field-aligned lamellar and hexagonal mor- ez

phologies. By understanding the molecular origin of orienta- Figure 7. ExperimentafH NMR spectra of a silicatesurfactant liquid
tional ordering in silicate surfactant mesophases and by crystal mixture with an overall molar composition of l.QSIZQQFbO:
utilizing the magnetic field alignment techniques discussed 1-33TMAOH:0.50CTAB:15.7CEDH:2.2GHs (same as in Figure 4).

above. we explore in detail the temperature-induced structural Part a shows the room temperature spectrum for surfactant species in
’ - P P the as-made sample containing two phases, an unoriented lamellar
transformations between ordered mesophases.

silicate—surfactant-rich liquid crystal phase, which accounts for the

As an initially unoriented lamellar silicatesurfactant me- powder pattern with the 28.0 kHz splitting, and an aqueous-rich phase,
sophase sample containing benzene (see Figur&w/a, 28.0 which yields the narrow isotropic peak in the center. Part b shows the
kHz) is heated from room temperature through its anisotrepic  ?H NMR spectrum acquired after heating the sample above its
isotropic phase transition, an isotroplé NMR signal emerges ~ &nisotropie-isotropic transition temperature (9€), which produces
(see Figure 7b), as discussed previously. As the sample is Single sharp isotropic peak. After the sample was cooled €70
cooled slowly within a 11.7 T magnetic field, a quadrupolar 27 117 T field, the spectrum in part c displays features from highly

! . aligned hexagonal domains whose directors are on average oriented

dOI."b.Iet first ezmerges at apprommate_ly 5. The 11'3_kHZ perpendicular to the applied fieldA¢ = 11.3 kHz, @p 0= 90°,
spllttlr_lg of the’H NMR spgctrum acql_Jlred at 7T (see Flgl_Jre Gaussian fwhm= 40°) and a coexisting aqueous-rich isotropic phase.
7c) arises from the formation of an oriented hexagonal silieate At 45 °C, the spectrum in part d reflects the coexistence of three
CTAT liquid crystal with its director axes aligned perpendicular phases: hexagonal domains widOO L (Av = 12.1 kHz), lamellar
to the applied magnetic field (i.IpO00 L or [@p 0= 90° with domains withDO|| L (Av = 52.7 kHz), and the bD-rich isotropic
a 40 fwhm Gaussian distribution; see also Figure 6b). As the phase. The room temperature spectrum in part e consists of components
temperature is gradually reduced from 70 to°45 the phase from the aqueous-rich isotropic phase and a lamellar siliesuefactant
behavior of this system becomes more complex. The 12.1 kHz mesol‘?has‘z 75_"’? (;I the CTA“’peCiej_ belong to lamellar domailrllsl thath

i ; ; ; re oriented with their aggregate directors on average parallel to the
ISOF::lg?r:)%c?esrsir?glztf (tjh\gltlg\:\?; r;g)r;aggr;?afehasgnr;;lfgﬁ uﬁ;e?ﬁgdz]agngtic field Av = 57.0 kHz), and 22% reside in randomly oriented

- ’ domains Av = 27.9 kHz).

expected increase of the order param&gras the temperature

i§ reduced. In addition, however, a second coexisting quili_b- of the system to the temperature changes, as monitorétd by
rium phase appears, as evidenced by the 52.7 kHz spliting NMR, suggests a gradual transformation between these two
observed in Figure 7d. This 52.7 kHz splitting reflects a magnetic-field-oriented morphologies. The microscopic nature
lamellar morphology whose domain directors are on average of the observed transformation between a hexagonal phase with
oriented parallel to the applied magnetic fi€li|| L or [@p [ IDOO L (see Figure 2b) and a lamellar phase wWibi]| L (see
= 0°), as similarly observed in Figure 4b. These phases and Figure 1b) appears to occur through fusion of neighboring
their corresponding orientations have been confirmed by separate:ylindrical aggregates in orientations that satisfy the overall
90° sample rotations and simulations (not shown héte). magnetic susceptibility of the resulting planar domains. Because
As the temperature is further reduced to°25 the?H NMR the transition temperature is too low (and thus the viscosity and/
spectrum in Figure 7e reveals that the macroscopically orderedor elasticity too high) to allow for macroscopic reorientation of
lamellar mesophase persists (with a small isotropic fraction) asthe resulting lamellar domains, this epitaxial relationghip
the hexagonal phase disappears entirely. The transient responskeetween the aligned hexagonal and aligned lamellar domains

121 — Ho, <D> 1L

d 52.7 —»| «— Lo, <D>1IL
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Table 1. Summary of the Orientational Ordering Behavior of Lamellar and Hexagonal Siti€atéactant Liquid Crystals Formed by Using
Organic Species with Different Molecular Diamagnetic Susceptibilitigs 2

figure no. phase surfactant/ swelling agent Ay™ (3 cog Owp — 103 Axd(eq 4) (3co%6p. — 1) (eqb) Bp O
3 Lo CTA"/hexanol - + - - [0
4 Ly CTA*/benzene + + + + 0°
5 Ho CTA*/none - - + + 0°
6 Ho CTA*/benzene + - - - [0

aThe entries undef\y™ represent summed quantities. Depending on the mesophase composition, either positive or negative domain diamagnetic
susceptibilities Ay can be obtained, allowing control over the direction of mesophase aligrifgiitin an applied magnetic field.

is important for explaining the oriented-hexagonal to oriented- 037
lamellar transformation. We note that, while fusion of neigh-

boring cylindrical aggregates could produce lamellar domains
with any orientation with respect to the applied field, only those

domains in energetically favorabl@p, (0= 0°) configurations

are observed to form, demonstrating that the applied field can
break the degeneracy of the originally multidimensional potential
surface of the phase transition.

In addition, the original orientation distribution of the
hexagonal domains (see Figure 7c) manifests itself in the
resulting orientation distribution of the lamellar mesophase: the
correspondingH NMR spectrum in Figure 7e of the oriented
lamellar phase can be simulated (not shown here) with 75% of _ )
the CTA* molecules residing in lamellar domains in which the Figure 8. The local order parametefp) of the C-*H bonds in
planar aggregate directors are oriented on average parallel to/210us amellary) and hexagonal) silicate-surfactant mesophases
the magnetic field &v = 57.0 kHz,[D]| L or o, (= 0° with as a function of temperature. The straight lines have been added to
a 50 fwhm Gaussian distribution, Figure 1b), 229 belonging Jacreases wih increasing temperatire, incioatng that ocal ordering
to randomly oriented lamellar domain&«® = 27.9 kHz), and decreases as molecular mobility increases.

3% rapidly mobile in the aqueous-rich phase. The finite fraction

(~20%) of randomly oriented lamellar domains appears to be jn the cylindrical aggregates of the hexagonal phase are smaller
typical in systems where the oriented lamellar mesophase iSthan those confined within the planar sheets of the lamellar
produced through an intermediate oriented hexagonal morphol-phase. This observation is consistent with the generally larger
ogy (€.g., Figures 4b and 7b), and is not observed in oriented o, group area, available to the surfactant molecules residing
lamellar systems that form directly from the viScous ISOropiC 4t 5 ¢yryed surfack?? As the temperature is further increased
phase (e.g._, Figure 3). Furt_hermore, _the s!mll_arm_es ol_:)servedto a point where anisotropitisotropic phase transitions (i.e.,
for the partitioning of domain orientation distributions in the melting) take place, the quadrupolar splittings vanish abruptly
final lamellar phase (75% aligned and 22% randomly oriented resulting in narrow p;eaks in the correspondigNMR spectra '

L) and that in benzene-containing hexagonal phases (77% A ) )
aligned and 20% randomly oriented}are consistent with the The distributions and alignments of the observed phases in

epitaxial nature of the phase transition. If the transition were Figures 7 and 8 are completely reversible with respect to
to proceed through a nonepitaxial nucleation and growth temperature and do not change with time, indicating that the
mechanism, no correlation would be expected between thesSystem is at thermal equilibrium for each temperature shown.
distributions of hexagonal and lamellar domain orientations. At a given silicate-surfactant mixture composition and tem-

0.25+

cD

0.2+

R — |

Temperature [°C]

More detailed analyses of the resultadtNMR quadrupolar
splittings in Figure 7 and of other silicatsurfactant mesophases
can be used to obtain specific information on the local structure

perature (and in the absence of silica polymerization), a variety
of morphologies can therefore coexist in equilibrium.

Silicate—Surfactant Mesophase Stability. For all of the

and dynamics of the surfactant species under different mixture lamellar and hexagonal silicatsurfactant mesophases dis-
conditions. For instance, the temperature-dependent local ordercussed above, the high viscosity/elasticity at room temperature
parameters3cp) of magnetic-field-aligned and powder samples  renders reorientation of the liquid crystalline domains negligible
containing lamellar and/or hexagonal phases can be determinecn time scales much longer than #&NMR measurements at

by using egs 1 and 3, respectively. The variation of the local 117 T, Similarly, removal of the oriented samples at room
order parameter with temperature for a number of different temperature from the 11.7 T magnetic field resulted in no
mixture compositions is shown in Figure 8. The decrease of jetectable disordering of aggregate or domain orientations over
S With increasing temperature corresponds to higher local periggs of at least 6 months. After such periods, #eNMR
molecular mobilities of the aliphatic chain and is common to spectra of the oriented samples remained unchafigedicating

all liquid crystalline material$%23> |In addition, for all alkaline that the time scales are very long for thermal relaxation of the
silicate—surfactant liquid crystal compositions thus far exam- oriented domains toward a random distribution. The high
ined, the local order parameters of surfactant molecules reSidingviscoelasticities of silicatesurfactant mesophasés at room

temperature apparently hinder restoration of the initially aligned
liquid crystalline domains back to an isotropic distribution of
domain orientations in the absence of an applied field. The
stability of such silicate-surfactant mesophase alignments may
be useful in allowing subsequent material treatment or analysis
outside the orienting magnetic field, with positive implications
for materials processing applications.
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Conclusions by polymerization of the inorganic species (for example silica),

The liquid crystalline properties of alkaline silicatsurfactant and. supsequent .removal of Fhe. surfactant. during thermal
mesophases have been used to create macroscopically a"gnetaalcmatmn, preliminary results indicate tha_t ah_gned structures
systems by exploiting their tendency to orient in high magnetic are preserved aft_er such treatme?l‘itslnvestlgz_;ltlons are cur-
fields. Alignment on centimeter length scales is achieved by rently ‘.J"de“".’ay In our laboratory t.o estapllsh protocols for
heating the mesophases above their isotregitisotropic transi- producing orlentatlorjally OTdered morgafﬂsurfactant and_
tion temperature in the absence of silica polymerization, Mesoporous bulk solids, which have promise for new applica-
followed by cooling through this transition in an 11.7 T magnetic tions in catalysis, separations, and patterned-device development.
field. The degree of alignment in lamellar or hexagonal samples ] )
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These results advance the prospects for obtaining aligned
inorganic oxide-surfactant and mesoporous silicate mesophase
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