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The nanotube oscillator parameters presented above are representative of all of our measured devices. Using these parameters, we
can calculate the force sensitivity of the device at room temperature.
The smallest detected motion of the nanotube was at a resonant
driving voltage of dV g < 1 mV in the bandwidth of 10 Hz. The
sensitivity was limited by the Johnson–Nyquist electronic noise
from the nanotube. Using equations (1) and (3) above, this
corresponds to a motion of ,0.5 nm on resonance and a force
sensitivity of ,1 fN Hz21/2. This is within a factor of ten of the
highest force sensitivities measured at room temperature24.
The ultimate limit on force sensitivity is set by the thermal
vibrations
the nanotube. The corresponding force sensitivity is
ﬃﬃﬃﬃﬃﬃﬃﬃﬃ
qof
21=2
dF min ¼ 4kqB0 kT
for typical parameters. The
Q ¼ 20 aN Hz
observed sensitivity is 50 times lower than this limit. This is
probably due to the relatively low values of transconductance for
the measured nanotubes at room temperature. At low temperatures
(,1 K), the sensitivity should increase by orders of magnitude
owing to the high transconductance associated with Coulomb
oscillations19. Even without increasing Q, force sensitivities below
5 aN should theoretically be attainable at low temperatures. This is
comparable to the highest sensitivities measured25–28. The combination of high sensitivity, tunability, and high-frequency operation
make nanotube oscillators promising for a variety of scientific and
technological applications.
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Solid materials with uniform micropores, such as zeolites, can act
as selective catalysts and adsorbents for molecular mixtures by
separating those molecules small enough to enter their pores
while leaving the larger molecules behind1,2. Zeolite A is a
microporous material with a high void volume. Despite its
widespread industrial use in, for example, molecular separations
and in detergency3,4, its capability as a petroleum-refining
material is limited owing to its poor acid-catalytic activity and
hydrothermal stability, and its low hydrophobicity. These characteristics are ultimately a consequence of the low framework Si/Al
ratio (normally around one) and the resulting high cationic
fraction within the pores and cavities1,2. Researchers have modified the properties of type-A zeolites by increasing the Si/Al
compositions up to a ratio of three5–9. Here we describe the
synthesis of zeolite A structures exhibiting high Si/Al ratios up to
infinity (pure silica). We synthesize these materials, named
ITQ-29, using a supramolecular organic structure-directing
agent obtained by the self-assembly, through p–p type interactions, of two identical organic cationic moieties. The highly
hydrophobic pure-silica zeolite A can be used for hydrocarbon
separations that avoid oligomerization reactions, whereas
materials with high Si/Al ratios give excellent shape-selective
cracking additives for increasing propylene yield in fluid catalytic
cracking operations. We have also extended the use of our
supramolecular structure-directing agents to the synthesis of a
range of other zeolites.
Zeolite A has an ‘LTA’ structure10, which can be envisaged as a
three-dimensional network of spherical ,1.14 nm cavities (acages), interconnected by six small windows that are limited by
eight-membered ring (8MR) pores with a diameter of 0.41 nm (see
Fig. 1). This structure can also be described in terms of sodalite cages
(b-cages), which are connected through the square faces with each
other, forming double four-ring units (D4R). Typically, it is synthesized in the sodium form with framework Si/Al ratios of about
one, the composition of the unit cell being: [Na12Al12Si12O48]·
(H 2O)27 . The adsorption capacity of this zeolite can be
increased by replacing the sodium with calcium cations in a
post-synthesis exchange. The calcium form of zeolite A (CaA)
already shows good adsorption selectivity that allows the normal
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Figure 1 Formation of the LTA structure from the supramolecular self-assembling of the OSDA molecules. See Supplementary Data. Atoms are colour-coded as follows: dark blue,
silicon; light blue, fluorine; yellow, oxygen; red, carbon; green: nitrogen; grey, hydrogen.

short-chain alkanes to be separated from the branched ones,
because the size of the 8MR windows gives access to the
cavities. However, because of the polarity of CaA, this zeolite
cannot be used for olefin/paraffin separations, which require a
pure-silica A zeolite. Furthermore, CaA has a limited hydrothermal and acid stability that would be much improved if this
zeolite could be prepared with high Si/Al ratios.
It should be possible to extend the adsorption sieving effect of
zeolite A to shape selective catalysis if we could introduce acid sites
into the structure. Unfortunately, a material with an Si/Al ratio of
,1 is not stable enough to support acidity.
It is not surprising that many researchers, especially those from
industry, have attempted to synthesize materials having an LTA
structure with higher Si/Al ratios. A partial success was achieved by
researchers from Union Carbide and Mobil5–8, who obtained
zeolites with LTA structure and an Si/Al ratio up to about three
by using tetramethylammonium cations (TMAþ), together with
sodium ions. They realized that by filling the void volume of the
zeolite with large TMAþ cations, a limitation on the number of
tetrahedral aluminium ions in the lattice should occur. Interestingly, the sodium form of those samples, despite its still low Si/Al
ratio, showed improved adsorption properties. Furthermore, zeolite
A with an Si/Al ratio of three already presented some possibilities for
the selective hydrogenation of olefins and hydrocracking of
alkanes9, but its stability and high Al content was still not sufficient
to allow some selective adsorptions and many potential catalytic
applications.
To increase further the framework Si/Al ratio, it would be
necessary to find bulky organic structure-directing agents (OSDA)
that can fit within the zeolite cavity. A successful OSDA should have
only a weak tendency to form complexes with the solvent11,12.
Moreover, it should fit the inner surface of the cage of the LTA
structure with as many van der Waals contacts as possible, but with
the least deformation. Finally, the OSDA has to maintain adequate
hydrophobicity. It is more difficult to achieve all these requirements
simultaneously when a large organic structure-directing agent has
to be prepared that will fit within an already pre-selected cavity
shape. In the case of zeolite A, finding an adequate OSDA was made
more difficult by the fact that the spherical shape of the cavity is
delimited by small 8MR pores, and the requirement of a relatively
rigid organic molecule would involve clathrasils as competing
phases. Furthermore, if the hydrophobicity is inadequate and the
organic–inorganic interactions are not optimal, then the structure288

Figure 2 X-ray diffraction patterns of calcined ITQ-29 materials. a, Ge-contaning zeolite
(Si/Ge ¼ 2). b, Pure-silica zeolite.

directing effects of the organic will not be determinant, and
amorphous material could be the competing phase.
To overcome the above limitations we used the following strategy.
From our previous work13–16, we learned that Ge, as well as F2, can
direct the synthesis towards the formation of D4R-containing
structures. In fact, ITQ-21, with its six 12MR circular windows,
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Table 1 Adsorption properties of ITQ-29 compared with other zeolites

Sample

298 K

Propane
(mg g21)
313 K

333 K

298 K

Propene
(mg g21)
313 K
323 K

333 K

Butane
(mg g21)
353 K

Butene
(mg g21)
353 K

Hexane
(mg g21)
353 K

1-Hexene
(mg g21)
333 K

3-Methylpentene
(mg g21)
298 K

H2O
(mg g21)
298 K

Ar
(cm3 g21)
87 K

...................................................................................................................................................................................................................................................................................................................................................................

ITQ-29
Ca-A

95
—

ITQ-3

—

ITQ-12

17
(ref. 22;
303 K)

88
132
(ref. 23;
323 K)
—

—

75
—

105
—

92
—

88
142
(ref. 23)

83
—

105
—

53

86
87
(ref. 1;
348 K)
—

30
(ref. 21;
353 K)
—

—

61

—

55
(ref. 22;
303 K)

—

—

154
—

1
—

10
260

0.24
0.22

—

88
122
(ref. 1;
323 K)
—

—

—

—

0.23

—

—

—

—

—

—

—

0.13

...................................................................................................................................................................................................................................................................................................................................................................
Temperatures at which the measurement was made are shown in parentheses.

Table 2 Catalytic properties of ITQ-29 compared with other zeolites
Catalyst

T(IV )/Al

Crystal size (mm)

Cracking kinetic constant (1022 s21)
1-hexene
4-methyl-1-pentene

Methanol to olefins
Conversion (%)
Ethylene/propylene

...................................................................................................................................................................................................................................................................................................................................................................

ITQ-29
ZSM-5
ITQ-3
ITQ-12

20
40
30
180

0.6
0.5
0.5 £ 1.5

13.0
21.4
1.8
0.4

5.4
15.1
1.8
0.4

42.1
—
40.4
0

1.0
—
0.5
—

...................................................................................................................................................................................................................................................................................................................................................................
T(IV )/Al, ratio of tetrahedral atom to Al in catalyst.

resembles zeolite A except that the cages of ITQ-21 are not sodalite
cages. Thus, at least initially, we decided to introduce Ge into the gel
and to work in F2 media. This should help to link the sodalite cages,
forming the corresponding D4R units that will direct the synthesis
towards the LTA structure instead of the sodalite (see Fig. 1).
For the OSDA, we wanted to maximize the size to charge ratio of
the organic ammonium cation, trying to reach the limit for a pure
T(IV ) LTA, where T(IV ) indicates the element in the tetrahedral
lattice with oxidation number 4. We were not able to envisage a
bulky molecule that would adapt to the cavity while fulfilling the
requirements for a successful template described above. We therefore started with the concept that a very large OSDA can be obtained
by supramolecular self-assembling of two moieties, each with the
proper rigidity and polarity properties. Of course, we could not
make use of hydrogen-bonding interactions to achieve the supramolecular self-assembling because the synthesis is carried out in
aqueous media. However, perhaps p–p-type interactions could be
used to assemble the two starting organic molecules. If so, such an
assembly method may have another benefit: by disassembling the
two molecules when the synthesis is finished, the OSDA could be
recovered, if the pore dimensions allow them to diffuse out17.
Recovery, however, will not be possible in the case of the LTA
structure having the large cavity connected by small pores.
Among different organic molecules considered, one of them, the
4-methyl-2,3,6,7-tetrahydro-1H,5H-pyrido [3.2.1-ij] quinolinium
iodide (Fig. 1) was able to self-assemble, forming dimers—as
deduced from its structural elucidation using single crystal X-ray
diffraction (see Supplementary Information part 1). The ability of
this OSDA to self-assemble was further studied with photoluminescence spectroscopy. We found that the main emission band in the
spectrum of the aqueous solution of the OSDA in the hydroxide
form used for the synthesis of ITQ-29 zeolites appears at ,450 nm
(its spectrum is nearly identical to that of the solid iodide salt). The
presence of this band has been observed previously when p stacking
of aromatic rings in polymers occurs18. These results clearly indicate
that the OSDA is forming self-assembled dimers in aqueous
solution. Also, the same emission band was detected in the synthesized ITQ-29 zeolite (see Supplementary Information part 2).
With this OSDA, Al-free ITQ-29 was synthesized (yield . 90%)
with a Si/Ge ¼ 2 (synthesis details are given in Supplementary
Information part 3), and the powder X-ray diffraction (XRD)
pattern of the calcined sample is given in Fig. 2a. From this, the
NATURE | VOL 431 | 16 SEPTEMBER 2004 | www.nature.com/nature

LTA crystalline structure of ITQ-29 was confirmed. The XRD
pattern was indexed according to a cubic unit cell with refined cell
parameter equal to 1.20157(4) nm, where parentheses indicate
uncertainty in the last digit. For the Rietveld refinement, the LTA
zeolite structure type with Pm3m space group symmetry was
employed. According to the refined scattering powder at the T site
and assuming that it is filled, the unit-cell composition of the
calcined sample is Si16.6Ge7.4O48; that is, the refined Si/Ge ratio is 2.2
(Rietveld refinement details are given in Supplementary Information part 4).
The chemical analysis, 13C–cross polarization-magic angle spinning–nuclear magnetic resonance (13C–CP–MAS–NMR) and
photoluminescence spectroscopies of the sample confirm that
there are two intact molecules of OSDA, which are forming selfassembled dimers, within the a-cage. The charges associated
with the two molecules are neutralized by two F2 ions, which are
located in the D4R—as evidenced by 19F MAS–NMR spectroscopy
(resonances at 28 and 220 p.p.m.)19,20.
With the synthesis procedure described above, it was possible to
introduce Al (T(IV )/T(III ) ¼ 80), and 27Al MAS–NMR shows that it
is tetrahedrally coordinated (signal at 52 p.p.m.), suggesting that it
has been incorporated in framework positions. To further decrease
the framework Si/Al ratio, TMAþ were also incorporated in the
synthesis gel to compensate the framework charges generated by the
introduction of Al. In this way, ITQ-29 with a T(IV )/T(III ) ratio of
13 and a Si/Ge ratio of two has been synthesized, in which the Al is
tetrahedrally coordinated (details are given in Supplementary
Information part 3).
We emphasize that by using both TMAþ and the quinolinium
derivative OSDA it is also possible to synthesize pure-silica ITQ-29
(see Supplementary Information part 3 for detailed conditions).
The powder-XRD pattern of the calcined sample is given in Fig. 2b,
and from this the cubic LTA structure was confirmed, with a
parameter of 1.18671(4) nm (for Rietveld refinement, see Supplementary Information part 4).
The pure-silica ITQ-29 sample is very stable and the structure is
maintained after calcination at 900 8C in the presence of atmospheric moisture. The sample is also stable when treated in an
aqueous solution of HCl at pH ¼ 1. By following this approach,
ITQ-29 can also be synthesized as aluminosilicate (details are given
in Supplementary Information part 3).
We have measured the adsorption capacity of the pure-silica ITQ-
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29 described here, the results are given in Table 1 and compared with
those reported for ITQ-3 and ITQ-12 and CaA zeolites1,21–23. The
water adsorption isotherms on CaA and pure-silica ITQ-29 at
20 mbar give 26 wt% and 1 wt% H2O adsorption capacity, respectively, indicating the hydrophobic character of this pure-silica
material. As we expected, this zeolite allows us to separate normal
from branched paraffins, as can be seen in Table 1. The adsorption
capacities are CaA . ITQ-29 . ITQ-3 .. ITQ-12. For olefin
adsorption, it should be taken into account that olefin oligomerization occurs on CaA sample at the adsorption temperature24, making
this zeolite unsuitable for adsorbing olefins. In contrast, no oligomerization was detected on ITQ-29 and the adsorption capacity
remains constant after 20 adsorption–desorption cycles.
Al-containing ITQ-29 zeolites show acid hydroxyl groups at 3,620
and 3,550 cm21 in the infrared spectra. They are catalytically active
and the results (Table 2) show a larger diffusion shape selectivity for
cracking of 1-hexene and 4-methyl-1-pentene than ZSM-5, which is
the commercial catalyst used for the selective cracking of lineal
olefins in FCC, and for hydrocracking (dewaxing) of alkanes. Also,
the cracking activity of the Al-containing ITQ-29 sample was much
higher than that of other small-pore zeolites such as ITQ-3 and
ITQ-12. For conversion of methanol to olefins, both ITQ-29 and
ITQ-3 are active and selective catalysts, but the second zeolite shows
a deactivation rate twice that of ITQ-29. In contrast, ITQ-12
presents a negligible activity owing to the impossibility of preparing
this zeolite with a T(IV )/Al ratio lower than 180.
Thus we have shown that by using OSDA in a new way that
involves the supramolecular self-assembling of two organic moieties, it has been possible to synthesize the Al-free as well as the puresilica zeolites with the LTA structure. The latter is a very stable and
hydrophobic material and could be used for gas separation in the
presence of H2O or other polar molecules. By introducing Al in
framework positions we have been able to produce acid catalysts
that give excellent shape selectivity for cracking (preferably lineal
rather than branched) olefins. Such catalysts may be useful as an
additive for increasing propylene yield in fluid catalytic cracking
operations. Moreover, ITQ-29 may be an interesting catalyst for
converting methanol into olefins.
A

Methods
Synthesis of ITQ-29 zeolites
ITQ-29 zeolites were synthesized in fluoride media from gels of the following general
molar compositions: (1 2 x)SiO2: xGeO2:yAl2O3: 0.5ROH:0.5HF: zH2O
(1 2 x)SiO2:xGeO2:yAl2O3:0.25ROH:0.25TMAOH:0.5HF:zH2Owhere x was varied from
0 to 0.33, y from 0 to 0.07 and z from 2 to 7.
The gels were prepared by hydrolysing tetraethylorthosilicate (TEOS) and aluminium
isopropoxide in an aqueous solution of 4-methyl-2,3,6,7-tetrahydro-1H,5H-pyrido[3.2.1ij] quinolinium hydroxide (ROH) and tetramethylammonium hydroxide (TMAOH),
then the appropriate amount of GeO2 was added and the mixture was stirred until the
ethanol formed upon hydrolysis of TEOS and the appropriate excess of water were
evaporated to reach the gel composition given above. Finally, an aqueous solution of HF
(50%) was added and the mixture was introduced in a Teflon-lined stainless autoclave and
heated at 408 or 423 K for times of between 2 and 7 days. Then, the autoclave was cooled
down, and the mixture was filtered, washed with distilled water and dried at 100 8C. The
preparation of the of 4-methyl-2,3,6,7-tetrahydro-1H,5H-pyrido[3.2.1-ij] quinolinium
hydroxide used as OSDA is given in Supplementary Information part 1 and the detailed
synthesis procedure and the chemical compositions of the materials are given in
Supplementary Information part 2.
The adsorption properties of the ITQ-29 materials were determined by Ar adsorption
using a ASAP 2010 instrument from Micromeritics. Water and hydrocarbon adsorption
capacities were determined on an IGA-3 gravimetric analyser from Hiden Isochema. Prior
to the adsorption experiments the samples were outgassed at 400 8C for 12 h.

a 2v range from 13.58 to 64.28. Number of contributing reflections is 86. No geometric
restraints used. Number of structural parameters is seven. Number of profile parameters is
eight, including unit-cell parameters and zero shift (20.0208 2v) with visually estimated
background (average background ¼ 38.000 counts). Profile function used was Pearson
VII. Refined overall thermal vibration coefficient B ¼ 6.0 Å2. The residuals of the
refinement were R wp ¼ 0.026, R p ¼ 0.018, x 2 ¼ 5.0.
The Rietveld refinement of the pure-silica ITQ-29 data with LSP7 was performed using
the measured 2v range from 58 to 758. Number of contributing reflections is 186. No
geometric restraints used. Number of structural parameters is seven. Number of profile
parameters is eight, including unit-cell parameters and zero shift (20.0558 2v) with
visually estimated background (average background ¼ 400 counts). Profile function used
was Pearson VII. Refined overall thermal vibration coefficient B ¼ 0.7 Å2. The residuals of
the refinement were R wp ¼ 0.097, R p ¼ 0.062, R B ¼ 0.032, x 2 ¼ 2.8.

Catalytic tests
Cracking of 1-hexene and 4-methyl-1-pentene using the calcined Al-ITQ-29 zeolite as
catalyst was performed in a fixed-bed continuous reactor at atmospheric pressure, 773 K
reaction temperature, 2.9 gcat g21
C6 s contact time and 10 s time on stream.
The methanol into olefins reaction was carried out in a fixed-bed continuous reactor at
673 K, 0.14 bar of methanol and 58 h21 weight hour space velocity using the calcined
Al-ITQ-29 zeolite as catalyst.
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Structure refinement
The XRD patterns of the calcined ITQ-29 zeolites were measured at room temperature
(22 8C) on a Philips X’Pert diffractometer with Bragg–Brentano geometry and an
X’Celerator detector. Intensity data was obtained with a fixed divergence slit (0.258 for the
Ge-containing sample and 0.1258 for the pure-silica sample), Soller slits (incident and
diffracted ¼ 0.048 for the Ge-containing sample and 0.028 for the pure-silica sample) and
Cu Ka radiation (l ¼ 1.5406, 1.5444 Å). Tube voltage and intensity, 45 kV and 40 mA; no
secondary graphite monochromator. Step size was 0.0178 ¼ 2v and time was 6,000 s for
the Ge-containing sample and 1,450 s for the pure-silica sample.
The Rietveld refinement of Ge-ITQ-29 data was performed with program LSP725 using
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