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Organic zeolites?
Nanostructures self-assembled from lyotropic liquid crystals can
be stabilized by polymerization and used as base catalysts. The active
sites in these assemblies are highly accessible, and the materials
maintain order in reaction conditions and can be recycled.

More about this on
the following pages
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Heterogeneous Catalysis with Cross-Linked
Lyotropic Liquid Crystal Assemblies:
Organic Analogues to Zeolites and
Mesoporous Sieves**
Seth A. Miller, Esther Kim, David H. Gray, and
Douglas L. Gin*

The angstrom- and nanoscale structure of catalysts can
dramatically alter their reactivity, selectivity, and efficiency.
Zeolites, a class of crystalline aluminosilicates with uniform
channels in the range of 3 to 15 �, represent the pinnacle of
nanostructured catalyst design (Figure 1 a).[1] These materials

Figure 1. Nanoporous inorganic catalysts with regular structures: a) Zeo-
lite Y, b) MCM-41.

exhibit high reactivity, recyclability, remarkable shape selec-
tivity, and stability under extreme conditions. Consequently,
they have been widely adopted as catalysts by industry for
processes such as petroleum cracking and methane oxida-
tion.[2] However, zeolites are not amenable to processing, and
their pore sizes and architectures are not easily adjustable for
modulating reactivity. As a result, there has been considerable
effort to find and develop materials that mimic the structure,
reactivity, and selectivity of zeolites, but offer more control.
For example, much attention has recently been given to
mesoporous sieves, a family of templated silicate structures
with tunable pore sizes from 20 to 100 � (Figure 1 b).[3] They
have been explored with an eye towards novel reactivities but

their lack of stability in hydrolytic environments and low
reactivity have so far prevented their adoption in industrial
catalytic applications.[4]

Organic analogues to zeolites and mesoporous sieves have
been pursued with the goal of using the power of organic
synthesis to tune the reactivity, processability, and architec-
ture of the resulting systems. For example, noncovalent,
crystalline organic supercages have been made that are highly
porous and able to accommodate a variety of guests.[5] These
systems, however, are typically not stable to solvent or to
removal of the guests. Cross-linked reverse microemulsions
have successfully been used as heterogeneous organic cata-
lysts for reactions such as phosphate hydrolysis.[6] However,
they too lack the selectivity and activity needed for many
catalysis applications.

We present here a new class of catalytically active, nano-
porous organic materials based on cross-linked lyotropic
liquid crystals (LLCs). These solids have regular channel
structures similar to those of mesoporous sieves but with
much higher intrinsic reactivity. Size exclusion by the
mesopores and enhanced basicity result from the nanoscale
organization of the functional groups making up the channel
walls. The activity of the materials is dependent on the
channel structure. These materials function as efficient
heterogeneous base catalysts for the Knoevenagel condensa-
tion.

Lyotropic liquid crystals are molecules composed of a polar
head group and a hydrocarbon tail. Upon addition of water,
these systems self-organize into phase-separated assemblies
such as spheres, ordered cylinders, interconnected channels,
and lamellae.[7] We have used the LLC monomer 1,[8] which
can pack into a lamellar or inverted hexagonal structure
depending on the amount of water added.[9] In the case of an
inverted hexagonal structure, the carboxylate groups and
their counterions pack densely together around extended
aqueous channels approximately 10 ± 15 � in diameter to
form a close-packed assembly of ions surrounded by a
continuous organic medium (Figure 2).[10] Monomer 1 con-
tains a polymerizable styryl group, and upon addition of
divinylbenzene (12 wt%), 1 can be photo-cross-linked into a
ªrigidº covalent polymer network that maintains the nano-
scale order of the original LLC phase.[8]

Figure 2. Synthesis of the cross-linked inverted hexagonal LLC phase
using monomer 1 (a mixture of regioisomers).[8]
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Cross-linked 1 was initially studied as a potential hetero-
geneous base catalyst, since the aqueous channels are lined
with weakly basic carboxylate groups (pKa� 4.7 in H2O).
Increased basicity may arise from the close packing of these
charged groups inside the nanometer-scale pores. The Knoe-
venagel condensation of ethyl cyanoacetate with benzalde-
hyde (Scheme 1) was chosen as an initial test reaction of base
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Scheme 1. Hann ± Lapworth mechanism of the Knoevenagel condensa-
tion.[23]

catalysis for two reasons: 1) This condensation is well-known
to be catalyzed by weak bases,[11] and the kinetics of the
reaction can easily be modulated by changing the starting
materials, temperature, or solvent;[12] 2) This reaction has
been previously examined using sodium-exchanged zeolite Y
(NaY),[13] mesoporous sieve (Na-MCM-41),[14] and amine-
modified MCM-41[15] as catalysts. Thus, direct comparisons
can be made between cross-linked 1 and existing inorganic,
nanostructured catalysts.

The stability of cross-linked 1 was assessed before any
kinetic experiments were run. Three batches of cross-linked 1
were prepared containing 8 (IH1), 15 (IH2), and 30 wt%
water (LAM). Powder X-ray diffraction of these cross-linked
phases showed IH1 and IH2 to be inverted hexagonal and
LAM to be lamellar, as indicated by characteristic diffraction
spacings of (1, 1= ��3p , 1�2,. . .) and (1, 1�2, 1�3,. . .), respectively.[8] Each
cross-linked phase was extracted with dry THF at reflux for
four hours and retrieved by filtration under a nitrogen
atmosphere. The inverted hexagonal matrices (IH1 and
IH2) showed a slight decrease in overall order, as indicated
by broadening of the X-ray diffraction peaks. However, their
diffraction patterns and d-spacings are essentially similar
(Figure 3). In contrast, the lamellar phase (LAM) showed
greater disorder after cleaning, probably due to the tremen-
dous volume loss as unbound water was removed from the
matrix by THF extraction.

Phases IH1, IH2, and LAM were tested as base catalysts for
the condensation of ethyl cyanoacetate with benzaldehde
(Scheme 1). The reaction was initially examined in water at
reflux (100 8C), neat at room temperature, and in THF at
reflux (66 8C) using 5 mol % catalyst loading. The reaction in
water at reflux was highly efficient, with nearly quantitative
conversion into products in only 15 min. In comparison, the
use of Na-MCM-41 (5 mol %) under identical conditions in
refluxing water yielded the product in 90 % yield after three
hours.[14] This was, however, too fast for a detailed kinetic
analysis of our system. Running the reaction in THF allowed

Figure 3. Powder X-ray diffraction profiles of IH1 a) before and b) after
boiling in THF. After boiling in THF, the closely spaced peaks have grown
together, but the spacing patterns are still indicative of an inverted
hexagonal phase.

convenient monitoring of the reaction progress by gas
chromatography (GC), and allowed for differentiation of
the reactivities of each matrix and the NaY and Na-MCM-41
controls. In addition, 2 % cross-linked sodium polyacrylate
was used as a secondary control in order to account for 1) any
intrinsic basicity differences between carboxylates and an-
ionic aluminosilicates, and 2) to compare an amorphous
carboxylate system with one ordered into nanopores. The
results reported below are for the reactions in THF, except
where otherwise indicated.

The results of the runs in THF are shown in Figure 4. Phases
IH1 and IH2 are first-order (a linear plot of ln c vs. t) with
statistically equivalent rate constants (k� 0.003), but both
show significantly more activity than LAM (k� 0.001). Na-
MCM-41, NaY, and cross-linked sodium polyacrylate con-
taining the same number of basic sites (as determined by
elemental analysis for Na) show no activity under these
conditions. In contrast, a reaction using sodium oleate as a
homogeneous catalyst is second-order (a linear plot of 1/c vs.
t) with respect to reactants, consistent with a bimolecular rate-
limiting step in solution. The first-order rate constant for the
LLC matrices indicates that deprotonation may be rate-
limiting, and the reaction likely proceeds in a mass transport
limited regime. No changes in reaction rate were seen by



COMMUNICATIONS

3024 � WILEY-VCH Verlag GmbH, D-69451 Weinheim, 1999 1433-7851/99/3820-3024 $ 17.50+.50/0 Angew. Chem. Int. Ed. 1999, 38, No. 20

Figure 4. Results of the Knoevenagel condensation in refluxing THF; each
point is the average of three runs. IH1 (~), IH2 (&), LAM (*), NaY (X);
y� conversion. Na-MCM-41 and cross-linked sodium polyacrylate behave
exactly as NaY.

varying the stirring rate, and the effect of particle size on
reactivity could not be accurately assessed because the cross-
linked particles were broken up over the course of the
reaction. It is impossible to say whether the reactivities of
NaY or Na-MCM-41 are so much lower due to limited
transport or lower intrinsic basicities, although they are
known to catalyze this reaction under more extreme con-
ditions.[13, 14]

Recycling experiments were performed to show that the
catalytic activity of the cross-linked LLC matrices does not
arise from soluble fractions leached out by the THF. After an
initial reaction run, the supernatant was removed, filtered into
a fresh flask, and charged with new reactants. The remaining
solid was then washed and charged with fresh starting
materials and THF. The supernatant repeatedly showed a
very small but real activity as a base catalyst for the
Knoevenagel reaction in THF. This activity was always
considerably lower than that of the recycled solid, whose
activity was not significantly degraded from that of the
original run (Figure 5).

Figure 5. Recycling experiment for IH2. Original run of IH2 (~), recycled
IH2 (&), and the supernatant from the original run (*); y� conversion.

Phase IH2 was also tested as a catalyst for the condensation
of ethyl cyanoacetate and benzaldehyde in the absence of
solvent at room temperature; the catalyst loading level was
5 mol %. Reaction mixtures were stirred rapidly for two
hours, then quenched by extracting the organic components

into ether, and analyzed by GC. Under these conditions, 70 %
of the starting material is converted into product by IH2. In
contrast, Corma et al. showed that 20 wt% NaY in neat
benzaldehyde and ethyl cyanoacetate only afforded 19 %
conversion after two hours at 140 8C.[13] Since sodium oleate
does not dissolve in neat benzaldehyde and ethyl cyanoace-
tate at room temperature, it was used as a nonporous
heterogeneous control; it gives only 30 % conversion after
two hours. No product is seen using NaY or cross-linked
sodium polyacrylate as heterogeneous catalysts in this neat
system.

We rationalize these results in terms of two possible issues:
1) Basicity: Differences in the intrinsic basicity of the active

sites (COOÿ vs. aluminosilicate anions) may determine the
ability of a system to catalyze the Knoevenagel condensa-
tion under certain conditions.

2) Accessibility: The LLC system under study is heavily
cross-linked, and this may exclude species from the active
sites. We anticipated the nanometer-scale order should
keep the carboxylate groups largely accessible. However,
size exclusion by the approximately 10 ± 15 � large pores
may limit the ability of reagents to migrate into the
channels, or the ability of products to leave the LLC
matrix.

The basicity and accessibility of cross-linked 1 were
determined by acid titration. Titration with strong acids yields
the total amount of solvent-accessible basic groups, whereas
titratration with weaker acids shows the base strength of these
sites. Previous studies of regular micelles containing carboxy-
late groups[16] have generally shown increases in basicity from
one to three pKa units, resulting from the decrease of the
dielectric constant and an increase in surface potential as the
ionic carboxylate groups pack together. Analogous work on
close-packed, surface-exposed carboxylates have shown sim-
ilar effects.[17] These effects are not seen for unstructured
polymers.[18] Both volumetric and spectrophotometric meth-
ods were used in this work, and they yielded consistent results.

For the volumetric titration experiments, the three samples
of cross-linked 1 (IH1, IH2, and LAM) were stirred in water
containing two equivalents of acids of varying pKa values.
After two days, an aliquot of the resulting supernatant liquid
was titrated with sodium hydroxide, and the amount of acid
absorbed by the matrices was determined. For weaker acids in
water, 1 was stirred with one equivalent of phenol, 3-nitro-
phenol, or 4-nitrophenol in the absence of air, and the
emergence of the deprotonated species was monitored by
UV/Vis spectroscopy. The results of these experiments are
summarized in Figure 6. The acids used for these volumetric
titration experiments ranged in strength, from HCl to phenol
(pKa range ÿ7 to 10), and in ionicity (e.g. acetic acid, pKa�
4.7, vs. pyridinium, pKa� 5.2).

As can be seen in Figure 6, amorphous, cross-linked sodium
polyacrylate behaves analogously to a free carboxylate group
in solution. In addition, neither cross-linked sodium poly-
acrylate nor NaY deprotonate acids with pKa values greater
than 6.8. However, nanostructured LLC networks IH1, IH2,
and LAM deprotonated all the acids in this series. These
experiments yielded two important results: 1) Approximately
80 ± 90 % of the carboxylate sites in the nanostructured LLC
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Figure 6. Titration of cross-linked LLC networks and controls in water.
IH1 (^), NaY (�), and cross-linked polyacrylic acid (X) were titrated
volumetrically with acids of varying strength. IH1 was also titrated
spectrophotometrically (&); z� amount of potential sites protonated.

networks (as determined from elemental analysis for Na) are
accessible in water. 2) These sites are significantly more basic
than those of amorphous carboxylate-containing polymers
and NaY. The observed deprotonation of 4-nitrophenol
(pKa� 7), 3-nitrophenol (pKa� 8), and phenol (pKa� 10)
represents about five orders of magnitude greater apparent
basicity than that of soluble carboxylate ions in water. This
value is three orders of magnitude greater than that usually
seen for micellar systems.[16c] Such increased basicity likely
arises from decreased stability of anions in the lower dielectric
environment of the inverse hexagonal structures[19] as well as
an electrostatic effect from packing the carboxylates densely
together.[16a]

To account for the much lower catalytic activity exhibited
by LAM compared to IH1 or IH2, experiments were
performed to determine whether LAM differs owing to
intrinsically lower basicity or lower accessibility as a result of
its different nanostructure. For these experiments, each LLC
matrix was boiled in THF for two hours with one equivalent of
4-nitrophenol (pKa� 10.8 in DMSO),[20] and the amount of
nitrophenoxide generated was assessed spectrophotometri-
cally. Under these conditions, IH1 deprotonated 70 % of the
nitrophenol, compared with 30 % deprotonated by LAM.
Most strikingly, under the same conditions the LAM matrix
only deprotonated 37 % of the 2,4-dinitrophenol (pKa� 5.1 in
DMSO).[20] 2,4-Dinitrophenol is sufficiently acidic that it
should easily protonate any accessible alkyl carboxylate group
(pKa� 11 in DMSO). In THF, LAM appears to have
equivalent basicity to IH1 and IH2 but fewer accessible
carboxylate sites. The lower accessibility of the carboxylate
groups in LAM fits well with the kinetic data, where the
disappearance of about half of the active units correspond-
ingly drops the catalytic rate by about a factor of two. This
result also supports our model that nanostructural order in
these materials is essential for obtaining high activity. The
addition of water appears to swell the LAM matrix and can
restore accessibility back to the level of IH1 and IH2.

Finally, simple size-exclusion experiments were performed
on the cross-linked inverted hexagonal phase in order to get
an indication of practical channel size selectivity independent
of substrate reactivity. Extracted IH1 was stirred in water with

an excess of polycationic guest molecules of varying sizes, and
the uptake by the anionic pore framework was monitored by
UV/Vis or 1H NMR spectroscopy (to determine the amount
of remaining guests in the supernatant). Two polycations were
chosen to encourage cation exchange by chelation. Alcian
Blue (pyridine variant) is a fairly rigid tetracationic porphyr-
in-based dye with a diameter of approximately 15 ± 20 �,
depending on its conformation. When one equivalent (based
on cation content) of this compound is stirred with IH1, 7 % of
the dye is absorbed by the matrix after two hours and only
14 % after two days. In contrast, over 70 % of gallamine
triethiodide (1,2,3-tris[2-(triethylammonio)-ethoxy]-benzene
triiodide), a smaller trication (<10 �), was absorbed by the
matrix after only one day. These two simple experiments
confirm our rough estimate of the nanochannel size of 10 ±
15 �, and demonstrate that size exclusion may be one method
to modulate catalytic activity. Given the small molecular size
of our starting materials and products, it is unlikely that any
sort of size exclusion is affecting the kinetics of the reactions
and titrations under study.

The principles elucidated by these studies may be appli-
cable to other classes of reactions as well. For instance, we
have previously shown that we can substitute a variety of
transition metals[21] and lanthanides[22] for the sodium ions in
the nanochannels. These materials may serve as catalysts for
other types of reactions.

Experimental Section

Instrumentation. 1H NMR spectra were obtained using a Bruker AMX-300
FT spectrometer (300 MHz) and D2O as the solvent. Low-angle X-ray
diffraction profiles were obtained using an Inel CPS 120 powder diffraction
system using monochromated CuKa radiation. UV/Vis spectra were
obtained using a Hewlett-Packard 8453 diode array spectrophotometer.
The GC traces were taken with a Hewlett-Packard 5890A gas chromato-
graph equipped with a Hewlett-Packard Ultra 2 column (length 25 m,
diameter 0.2 mm). Measurements of pH were taken using an Accumet
Model 15 pH meter.

Materials. Heavily cross-linked LLC matrices of 1 were made as previously
described.[8] The materials were ball-milled to a fine powder, and heated at
reflux in distilled THF, captured by filtration, and stored under N2. Optima
water was obtained from Fisher Scientific, and for air-free operations was
degassed by purging with N2. THF, ethyl cyanoacetate, and benzaldehyde
were purchased from Aldrich Chemical Company, distilled, and stored
under N2 prior to use. All other chemicals were used as purchased.

Catalysis experiments. A sample of the catalyst (ca. 40 mg, 5 mol % based
on Na content) was refluxed with benzaldehyde (155 mL, 1.5 mmol) and
ethyl cyanoacetate (163 mL, 1.5 mmol) in dry THF (7 mL) with n-dodecane
(87 mL, 0.38 mmol; internal GC standard). The evolution of products was
monitored by GC (10 8C minÿ1, 70!250 8C, samples taken after 30, 60, 90,
120, 180, 240, and 420 min). Neat reactions were run at room temperature,
quenched after 2 h, and analyzed by GC. Reactions in water were run at
reflux for 15 ± 30 min before quenching.

Volumetric titration experiments. A sample of catalyst (ca. 25 mg) was
stirred for 48 h with 0.1m acid (1 mL, ca. 2 equiv). Acids used: HCl,
cyanoacetic acid, formic acid, acetic acid, pyridinium tosylate, N-(2-
acetamido)-2-aminoethane-sulfonic acid (ACES), and K2HPO4. For each
equilibration with acid, the suspension was centrifuged; and a 0.5-mL
aliquot was removed and titrated with standardized 0.01505m NaOH. The
endpoints were detected using a pH meter.

Indicator experiments. An indicator solution was added to a few milligrams
of cross-linked LLC and sonicated briefly. For quantitation in water, 10 mg
of the heterogeneous base catalyst was stirred with a phenol solution
(1 equiv in 2 mL of water) overnight in the absence of air. The resulting
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The selective oxidation of alkenes with molecular oxygen
involving the participation of both oxygen atoms is one of the
most significant challenges in modern catalysis research. In
spite of the advantages of oxygen over ªclassicalº stoichio-
metric oxidizing agents (e.g. peracids, chlorates, periodates),
only one oxygen atom is generally incorporated into the
molecule in the oxidation of alkenes with molecular oxygen.
The second oxygen atom reacts with a reducing agent present
to form by-products, which are thus formed in stoichiometric
amounts. Such processes are found in enzymatic oxidations,[1]

transition metal catalyzed reactions with O2/H2, and stoichio-
metric reactions with O2/RCHO or O2/alkylarenes.[2] Groves
et al. have been able for the first time to show that both
oxygen atoms of molecular oxygen are used during epoxida-
tion in the presence of a porphyrin ± ruthenium catalyst.[3]

Because of the industrial importance of diols, both as bulk
chemicals (in particular propylene glycol)[4] and as fine
chemicals, we are interested in carrying out dihydroxylations
with molecular oxygen as oxidant (Scheme 1).

R1 R2

OH

OH

R2

R1+ 1/2 O2 + H2O
catalyst

Scheme 1. Metal-catalyzed dihydroxylation with molecular oxygen.

Osmium(viii) compounds have proved to be the most
reliable metal catalysts for dihydroxylations. On the basis of
the pioneering work of Sharpless et al.[5] it has been possible
to demonstrate the preparative potential of the method,

phenoxide concentration was determined from UV/Vis spectroscopy at
288 nm (phenol), 390 nm (3-nitrophenol), 400 nm (4-nitrophenol), or
420 nm (2,4-dinitrophenol), within the linear Beer�s Law regime as
determined by a four-point calibration curve. For quantitation in THF,
the matrix was heated at reflux in the absence of air with 1 equiv of
nitrophenol in THF (4 mL) for 2 h. The concentration of phenoxide was
measured spectroscopically as above.

Size-exclusion experiments. The cross-linked LLC matrix (10 mg) was
stirred with 1 equiv, by cation content, of either Alcian Blue (pyridine
variant) or gallamine triethiodide in D2O (2 mL) in the absence of air.
After one day of stirring, the suspensions were centrifuged and an aliquot
was analyzed. Alcian Blue (pyridine variant) was analyzed quantitatively
by UV/Vis spectroscopy at 615 nm. Measurements were taken within the
linear regime for Beer�s Law. Gallamine triethiodide concentrations were
analyzed by integration of 1H NMR signals using DMSO as an internal
standard.
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