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’ INTRODUCTION

Microporous crystalline materials such as zeolites and metal�
organic frameworks (MOFs) are potentially useful as catalysts,
adsorbents, and separationmembranes.1 Zeolite frameworks, which
are constructed from TO4 tetrahedral units (T = Si, Al, P, Ge, Ga,
etc.), are currently classified into more than 190 types by the
International Zeolite Association (IZA).2Designed synthesis of new
zeolites with unique pore geometries would drive the zeolite
community toward on-demand applications. Historically, although
most of the new zeolites were synthesized in the presence of organic
structure-directing agents (SDAs), only a few molecules exhibited
real structure-directing function.3,4 In fact, syntheses of zeolite and
zeotype materials have been carried out by “black-box” hydrother-
mal reactions; thus, trial-and-error is still a routine practice for
discovering new structures, although the approach becomes more
strategic and systematic than before. On the other hand, MOFs are
modularly synthesized by self-assembly of transition-metal clusters
as nodes and organic molecules as struts, leading to tunable frame-
works and function.1b,5 Such features make them attractive for
emerging applications such as hydrogen storage and enantioselec-
tive catalysis.6

Such a bottom-up concept has also been applied to the
synthesis of zeolites from layered silicates, considered as two-
dimensional building blocks, by topotactic conversion into three-
dimensional frameworks.7 In this conversion, zeolite is formed by
dehydration�condensation of two facing silanol groups on the

neighboring layers (�Si�OH + HO�Si� f �Si�O�Si� +
H2O) upon thermal calcination; thus, the resultant zeolite
reflects the framework of the original layered silicate. This
approach enables the synthesis of zeolites with unique frame-
works and new chemical compositions that are not yet accessible
by conventional hydrothermal reactions. Successful topotactic con-
version of layered silicates into zeolites requires several structural and
chemical complements such as the positions of the silanol groups or
the interlayer distances. Thus far, zeolites MWW, ferrierite, CDS-1,
Nu-6(2), EU-20b, RUB-24, RUB-41, and sodalite have been con-
structed from layered silicates ERB-1, PREFER, PLS-1, Nu-6(1),
EU-19, RUB-18, RUB-39, and RUB-15, respectively.7 Among the
aforementioned zeolites, only MWW, ferrierite, and sodalite struc-
tures can be obtained both by direct hydrothermal synthesis and by
topotactic conversion with the help of organic SDAs.

Recently, we reported a new route to synthesize pure silica
sodalite by topotactic conversion of layered silicate RUB-15
([N(CH3)4]8[Si24O52(OH)4] 3 20H2O).

7h,8 The resulting silica
sodalite possesses sheet-like morphology and hollow sodalite
cages. This unique morphology provides an opportunity for
novel uses of sodalite, in particular, as separation membranes and
sensors. In conventional hydro- and solvothermal syntheses, silica
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chains and concentration of the carboxylic acids strongly affected the crystallinity of the
products, and well-crystallized sodalite was obtained using either acetic or propionic acid. Transmission electron microscopy
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layers to maintain the well-ordered layered structure prior to calcination.
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sodalite is typically formed with occluded organic SDAs or solvent
that is difficult to remove without structural collapse. As a result, the
ultrasmall micropores of silica sodalite cannot be used effectively
because of such guest inclusion. The novel silica sodalite synthesized
by topotactic conversion exhibits accessiblemicropores, which allow
very tiny molecules such as hydrogen to pass through.

To obtain well-crystallized sodalite, pretreatment of RUB-15
with acetic acid prior to calcination was considered to be a crucial
step because only amorphous products were obtained from
untreated or HCl-treated RUB-15 under our experimental
conditions.7h This result is in contrast to that observed for
another zeolite, RUB-24, which can be formed from both acetic
acid- and HCl-treated layered silicate RUB-18.9 Upon pretreat-
ment of RUB-15 with acetic acid, TMA+ cations are exchanged
with protons thereby shortening the interlayer distance. In
addition, intercalation of acetic acid between the silicate layers
was also suggested.7h Such changes in the interlayer environment
are expected to affect the subsequent condensation process and
the final structure. A deeper understanding of the role of the
requisite carboxylic acid would lead to further development of
zeolite syntheses by topotactic conversion.

Herein, we discuss the variable effects of a homologous series
of carboxylic acids (CnH2n+1COOH, where n = 0�3) on the
formation of pure silica sodalite. Only acetic and propionic acids
(n = 1 and 2, respectively) can be well intercalated into the
interlayer space and thereby result in the well-crystallized soda-
lite. Interestingly, in some conditions, acidic pretreatment of
RUB-15 for a time frame as short as 10 s is sufficient for the
formation of highly crystalline silica sodalite.

’EXPERIMENTAL SECTION

Synthesis of RUB-15. RUB-15 was synthesized by a hydrothermal
treatment of hydrated crystalline double four-membered ring (D4R)

silicate ammonium salt prepared according to previous reports.7h,14 In a
typical synthesis, tetraethoxysilane (TEOS, Tokyo Kasei Kogyo Co.
Ltd.) was added to tetramethylammonium hydroxide (TMAOH,
25 wt % in water, Wako Pure Chemical Industry) at a TEOS/TMAOH
molar ratio of 1. The concentration of Si was adjusted to 1 M. After
stirring at room temperature for a day, the resulting clear solution was
slowly evaporated on a rotary evaporator at 313 K until crystals appeared
(about 50% reduction in volume). The mixture was then cooled to
278 K, and its temperature was maintained for a day. The D4R crystals
were recovered, carefully dried between filter papers, and subsequently
put directly into a Teflon-lined autoclave without adding water. The
closed autoclave was heated at 423 K for 7 days without rotation. RUB-15
obtained as white powder was isolated by filtration, thoroughly washed
with acetone, and dried at 333 K in a convection oven.
Acidic Pretreatment and Calcination. The resultant layered

silicate RUB-15 was dispersed in an aqueous solution of formic acid,
acetic acid, propionic acid, or butyric acid at a concentration that varied
from 1 to 9 M. Typically, 0.1 g of RUB-15 was added to 30 mL of the
carboxylic acid solution. The resulting suspensions were stirred at room
temperature for a specific time period between 10 s and 3 h. Samples
were isolated by filtration, briefly washed with distilled water, and dried
in an oven at 333 K for a day. The acid-treated samples were then
calcined at 1073 K for 5 h under a dry air atmosphere. All of the calcined
products are white; the presence of residual carbon cannot be recognized
by the naked eye.
Characterization. Powder X-ray diffraction (XRD) patterns were

collected on anM03X-HF (Bruker AXS) using Cu KR radiation (40 kV,
30 mA) at a scanning rate of 4�/min over a range 5�45� (2 theta).
Thermogravimetric (TG) analyses were performed on a PU 4K
(Rigaku) equipped with a mass spectrometer (Anelva M-QA200TS)
with a heating rate of 5 K/min using a mixture of 10%O2 and 90%He as
a carrier gas. Solid-state NMR spectra were obtained on a Chemagnetics
CMS-300 spectrometer. Silicon-29 magic-angle spinning (MAS) NMR
spectra were observed at a resonance frequency of 59.7 MHz with a
spinning rate of 5 kHz, a pulse width of 2.0 μs, and a recycle delay of

Figure 1. XRD patterns of RUB-15 samples treated with (a) formic acid, (b) acetic acid, (c) propionic acid, and (d) butyric acid at various
concentrations (left) and their corresponding calcined products (right). All of the acidic pretreatments were carried out for 3 h.
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150 s. Carbon-13 cross-polarization (CP)/MAS NMR spectra were
recorded at 75.6MHzwith a contact time of 3ms and a recycle delay of 5
s. Size andmorphology of the samples were observed on a field-emission
scanning electronmicroscope (FE-SEM;Hitachi S-4800). Transmission
electron microscopic studies were carried out on a JEOL JEM-2010
electron microscope operated at 200 kV. The lamella sample was
prepared for TEM by an argon ion milling system (JEOL Ion Slicer,
EM-09100IS) after the sheet-like crystals were embedded in an epoxy
resin. FT-IR spectra were recorded on a FT-IR spectrometer (JASCO,
FT/IR-6100) by the KBr method.

’RESULTS AND DISCUSSION

Effect of the Type of Carboxylic Acid on the Structure.The
parent layered silicate RUB-15 contains TMA+ cations compen-
sating for the negative charges at Si�O� sites and structured
water between the layers.8 The XRD pattern of RUB-15 shows
the strongest peak at 2θ = 6.3� corresponding to a basal d spacing
of 1.40 nm (Figure S1 of the Supporting Information). Without
carboxylic acid treatment, RUB-15 decomposes into amorphous
silica upon calcination at 1073 K (Figure S1 of the Supporting
Information). Figure 1 shows the powder XRD patterns of RUB-
15 treated with varying concentrations of formic, acetic, propio-
nic, or butyric acids (CnH2n+1COOH, n = 0, 1, 2, and 3,
respectively) before and after calcination at 1073 K. As a result
of the acid treatment, the basal spacing of RUB-15 decreases to
approximately 0.76 nm. This value is close to the thickness of
each silicate layer (∼0.60 nm), suggesting that TMA+ cations
and structured water are almost completely removed from the
interlayer space of RUB-15. Although the peak positions are
similar regardless of the type of carboxylic acid, the peak
intensities of the acid-treated samples vary depending on the
type and concentration of these acids, leading to a difference in
crystallinity of the products after calcination. Under the investi-
gated conditions, well-crystallized sodalite was formed only when
acetic or propionic acid in suitable concentrations (3�9 M) was

used, while formic or butyric acid treatments led to amorphous or
low-crystalline sodalite-like materials after calcination.
Figure 2 shows the solid-state 29Si MAS NMR spectra of the

samples obtained by treatment with carboxylic acids (6 M)
followed by calcination. Untreated RUB-15 exhibits two sharp
signals corresponding to Q3 ((SiO)3SiOH or (SiO)3SiO

�)
and Q4 ((SiO)4Si) sites with the Q3/Q4 ratio of 2 (Figure 2a).

Figure 2. Solid-state 29Si MAS NMR spectra of (a) RUB-15 and
those obtained after calcination of RUB-15 treated with (b) 6 M formic
acid, (c) 6M acetic acid, (d) 6Mpropionic acid, and (e) 6M butyric acid
for 3 h.

Figure 3. FE-SEM images of (a) RUB-15 and (b) sodalite prepared by
calcination of RUB-15 treated with 6 M propionic acid for 3 h.

Figure 4. Cross-sectional TEM images of sodalite prepared by calcina-
tion of RUB-15 treated with 6 M propionic acid for 3 h: (a) low-
magnification image, (b) corresponding electron diffraction pattern, and
(c) high-resolution image and Fourier diffractogram (inset). Note that
the sodalite was very stable under an electron beam; no structural
degradation was observed during the observation.
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The Q3/Q4 ratio drastically decreased after calcination of the
acid-treated samples (Figures 2b�e), indicating that the Q3 sites
were condensed into the Q4 sites.7h The calcined products
obtained from the acetic and propionic acid-treated samples
show relatively sharp Q4 signals at �115 ppm, which is ascribed
to the crystalline sodalite framework. However, the presence of a
relatively small, broad, overlapped signal centered at �110
ppm suggests that amorphous regions are also present in these
products. This is consistent with the powder XRD patterns
showing broad humps at around 2θ = 20�25�, which is a
characteristic of amorphous silica. It is noteworthy that only this
broad Q4 signal is observed when samples are treated with either
formic or butyric acid, supporting the premise that the resulting
Si�O�Si networks are atomically disordered like amorphous
silica, which is also consistent with the XRD results. The dehy-
dration condensation of silanol groups was also confirmed by
FT-IR (Figure S2 of the Supporting Information). The broad
absorption at 3300 cm�1 assigned to O�H stretching vibration
of silanol groups on the RUB-15 layer disappeared after calcina-
tion (Figure S2 of the Supporting Information).
The product obtained by treatment with 6 M propionic acid

for 3 h, which exhibits the most intense and sharpest XRD peaks
(Figure 1c), is characterized in detail. As shown in Figure 3, the
morphology of this sodalite is rectangle-shaped and sheet-like,
similar to the parent RUB-15, suggesting that it was formed in
a topotactic manner without decomposition or collapse of the
mother silicate layers. Note that this morphology is quite different
from those with a cubic symmetry such as rhombic dodecahedral,
truncated rhombic dodecahedral, and truncated octahedral mor-
phologies typically observed for conventional sodalite synthesized
by hydro-/solvothermal reactions.10

Cross-sectional TEM images of the sheet-like particles are
shown in Figure 4. The low-magnification image (Figure 4a)
shows a partial fissure morphology, and its electron diffraction
pattern (Figure 4b) confirms a single-crystalline nature, where
the (110) plane of sodalite is parallel to the surface of the sheet.
The high resolution image (Figure 4c) clearly shows that the

prepared sodalite is highly crystalline. Careful observation of this
sample revealed that, in some parts (indicated by the white arrow
in Figure 5), amorphous layers are present between sodalite
layers, which is consistent with the XRD and 29Si MAS NMR

results (Figures 1c and 2d). Such amorphous layers are thought
to be formed bymiss-stacking of silicate layers during dehydration�
condensation, though the mechanism is unclear at this time.
Considering that intermediate silicates have a similar interlayer

distance, independent of the size of the carboxylic acid employed
(Figure 1), one can imply that successful formation of sodalite
depends on other essential features such as the amount of interlayer
organic species (residual TMA+ cations and intercalated carboxylic
acid molecules), the presence of a suitable interlayer distance, and
the stacking sequence of the intermediate silicates as well as their
stability during dehydration�condensation.
Information about interlayer organic species was obtained by

solid-state 13C CP/MASNMR (Figure 6). The spectra for RUB-
15 treated with acetic or propionic acid (6 M) exhibit the signals
assigned to acetic acid (δ = 20 and 170�178 ppm) or propionic
acid (δ = 8, 27, and 174 ppm), respectively (Figures 6c and 6d).
These signals are slightly shifted from those observed in the
liquid state (data not shown), implying that the carboxylic acid
molecules were located between the layers. A signal for the
TMA+ cations at around 56 ppm, which appears in the spectrum
of RUB-15 (Figure 6a), is not observed in the spectra of these
treated samples, confirming that the TMA+ cations are removed
from the interlayer space by proton exchange. However, in the
cases of formic and butyric acid (Figure 6b and e, respectively),
the signals associated with these carboxylic acids are not clearly
detected as compared with the samples treated with acetic or
propionic acid. In addition, the signal for the TMA+ cations
remains, confirming that ion exchange has not been completed
under identical conditions. It could be expected that such a
difference in the interlayer environment is responsible for the
difference in the structures of the calcined products.
Considering the crystal structure of RUB-15, it should be

noted that neighboring layers need to shift a distance of half the
unit cell along the c-axis to form pure silica sodalite (Scheme1).

Figure 5. Cross-sectional TEM image of sodalite prepared by calcina-
tion of RUB-15 treated with 6 M propionic acid for 3 h highlighting the
presence of an amorphous region between the crystalline layers.

Figure 6. Solid-state 13C CP/MAS NMR spectra of (a) RUB-15 and
RUB-15 treated with (b) 6 M formic acid, (c) 6 M acetic acid, (d) 6 M
propionic acid, and (e) 6 M butyric acid for 3 h.
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We speculate that intercalation of the carboxylic acids that can fit
over the sodalite half-cups would move the single silicate layers
along a direction parallel to the layers (bc plane; middle of
Scheme 1). This is supported by the significant change in
electron diffraction patterns obtained when the incident beam
is normal to the surface of the sheet-like crystals upon acetic acid
treatment (Figure S3 of the Supporting Information).
Also, the small d spacings of the acid-treated RUB-15 imply

that the intercalated carboxylic acids are partly trapped in the half-
cups rather than being fully exposed in the layer surface. It is
plausible that, because the amount of intercalated acid is relatively
small for formic and butyric acids compared with acetic and pro-
pionic acids, silicate layers do not undergo lateral shifting and are
therefore transformed into amorphous silica by calcination. Inter-
estingly, sodalites obtained from propionic acid-treated RUB-15
exhibit crystallinity higher than those obtained by treatment with
acetic acid. This can be attributed to a difference in the local
environments of these carboxylic acids between the silicate layers.
The 13CCP/MASNMR results show that acetic acidmolecules are
partly esterified with silanol groups as evidenced by the split signals
(Figure 6c).7h This is in clear contrast to the results for propionic
acid-treated samples, which exhibit the single signal and are thus
considered to be in a more uniform environment (Figure 6d).
Thermal Behavior of Propionic Acid-Treated RUB-15. The

calcination step of an acid-treated intermediate involves dehy-
dration�condensation of the interlayer silanol groups and

decomposition of the intercalated organics. These processes
were monitored by TG-MS. Figure 7 shows the TG/DTA-MS
curves of RUB-15 after treatment with 6M propionic acid for 3 h.
Below 400 K, a weight loss resulting from desorption of
physically adsorbed water is observed. At the higher temperature
range of 443�543 K, a steep weight loss (∼6.2%) is observed,
and water (m/z = 18) is detected in the outlet stream. On the
basis of our previous results with acetic acid treatment, this
weight loss is attributed to condensation of the silanol groups.7h

The gradual weight loss at higher temperatures (623�1073 K) is
accompanied by the generation of CO2 (m/z = 44) and thus
attributed to decomposition of interlayer propionic acid. Note
that the window size of the sodalite cage (six-membered ring)
allows only very small molecules, for example, He, NH3, H2O,
and H2, to pass through;11 therefore, the removal of organic
matters occluded in the sodalite cages generally requires collapse
or transformation of the cages or both.12 This fact suggests that,
although interlayer condensation proceeds primarily at around
500 K, some uncondensed sites remain until the organic species are
completely removed from the interlayer spaces (up to ∼800 K).
The absence of organic residue was also confirmed by FT-IR
spectrum (Figure S2 of the Supporting Information), showing no
significant absorption other than those of silica was observed
after calcination (Figure S2c of the Supporting Information).9a

Effect of the Concentration of Propionic Acid. As shown in
panel (c) of Figure 1, the concentration of propionic acid greatly
affects the crystallinity of the intermediate products as well as that
of the calcined products. At a concentration of 1 M, only very
weak XRD peaks are observed after acid treatment, and the
corresponding calcined sample is almost amorphous. This is
probably because of a low degree of ion exchange, which leads to

Scheme 1. Schematic Image of Topotactic Conversion of RUB-15 into Sodalite

Figure 7. TG-DTA curves (bottom) and MS signals (top) of RUB-15
treated with 6 M propionic acid for 3 h.

Figure 8. TG curves of RUB-15 and RUB-15 treated with various
concentrations of propionic acid for 3 h.
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a nonuniform interlayer distance. At a concentration of 6 M,
the strongest XRD peaks are observed, indicating that the
layered structure was well maintained after treatment with the
acid. Judging from the XRD patterns, the sodalite obtained by
calcination of this intermediate product exhibits the highest
crystallinity.
Figure 8 compares the TG curve of RUB-15 with those of the

samples treated with different concentrations of propionic acid
for 3 h. Untreated RUB-15 shows a total weight loss of approxi-
mately 43%, and this value is same as that (42.97%) estimated from
its chemical composition ([N(CH3)4]8[Si24O52(OH)4] 3 20H2O).
Three weight loss steps are observed in the temperature ranges of
323�373 K, 413�453 K, and 563�653 K, and the reductions
resulted primarily from removal of adsorbed water, interlayer
structured water, and decomposition of TMA+ cations, respectively
(MS data not shown). The sample treated with 3M propionic acid,
which yields well-crystallized sodalite (Figure 1c), exhibits a TG
curve similar to that for the 6M acid-treated sample, although there
is little difference in the amount of physically adsorbedwater. In fact,
both the presence of propionic acid and the absence of TMA+

cations between the layers were confirmed by 13C CP/MAS NMR
(Figure S4 of the Supporting Information).
On the other hand, the sample treated with 1M propionic acid

shows an additional weight loss at approximately 600 K similar to
RUB-15. This result suggests that TMA+ cations remain in the
sample to some degree. In fact, nitrogen oxides (NO: m/z = 30;
NO2: m/z = 46) are detected by MS in the wide temperature
range of 500�930 K. It is also noteworthy that relatively small
and more moderate weight loss steps as well as broader MS
signals (m/z = 18) due to condensation of silanol groups
(443�543 K) are observed (Figure S5 of the Supporting
Information). It appears that the presence of TMA+ cations after
a prolonged treatment reflects poor diffusion and ion-exchange
of propionic acid, which leads to poor intermediate structures
(Figure 1c) and incomplete condensation of silanol groups,
resulting in poor crystallinity of the calcined sample.
Effect of Treatment Time with Propionic Acid. We also

investigated different parameters as a function of treatment time.
The time-dependent variation in pH during acidic treatment of
the dispersion with 3 M propionic acid was measured (Figure S6
of the Supporting Information). A pH increase from 1.8 to 2.1
was observed immediately after the addition of RUB-15, and the
pH became constant after 1min. This pH increase is explained by
the occurrence of ion-exchange between H+ and the interlayer

TMA+ cations. Considering the sheet-like morphology of RUB-
15, such a rapid exchange might be attributed to proton diffusion
along the direction normal to the silicate layers (i.e., through a
six-membered siloxane ring) in addition to diffusion through the
interlayer. It is plausible that TMA+ cations are almost comple-
tely released from the interlayer within 1 min with coincident
formation of Si�OH from Si�O�. However, even after 10 min,
MS analysis of the acid-treated sample detected nitrogen
oxides (m/z = 30 and 46) at >480 K (Figure S5 of the
Supporting Information), indicating that a portion of the
TMA+ cations is still present in the interlayer spaces. This is
also supported by 13C CP/MAS NMR (Figure S4 of the
Supporting Information).
Figure 9 shows the XRD patterns of the samples treated with

propionic acid for 10 s, 1 min, and 10 min before and after
calcination. The acid-treated samples exhibit similar ordered
intermediate states, but the crystallinity (i.e., intensity of the
(110) peak) of the calcined products gradually increases with
time, up to 10min. No further increase is observed after 10min as
there is no difference in the crystallinity of the calcined samples
treated for 10 min and those treated for 3 h (Figure 1c), although
MS profiles (m/z = 18, 30, 44, and 46) of these samples are quite
different (Figure S5 of the Supporting Information) mainly due
to the presence of residual TMA+ cations in the 10min sample. It
seems that complete removal of TMA+ cations prior to calcina-
tion is not a prerequisite for the formation of well-crystallized
sodalite. In contrast to the sample treated with 1 M propionic
acid for 3 h, we speculate that treatment of RUB-15 with 3 M
propionic acid for as short as 10 min (Figure 9, middle) can
provide a certain degree of ion-exchange and intercalation.
Although TMA+ cations were not completely removed, these
ions together with intercalated propionic acid molecules could
stabilize the intermediate structures. Thus, the concentration of
acid would be a key determinant in the formation of these
stabilized structures as it can strongly affect molecular diffusion
and the resulting number of molecules existing between the
silicate layers.
Key Factors for Topotactic Conversion. As we reported

previously,7h only amorphous silica was obtained when RUB-15
was treated with HCl. In this case, TMA+ cations are completely
exchanged with protons, but the resulting products have poorly
crystallized structures possibly due to miss-stacking or distortion
of the layers or both in the absence of intercalated organic
molecules. However, more recently, Plevert et al.13 reported that
the RUB-15 precursor for topotactic conversion can be obtained
by incomplete cation exchange using HCl. From these results
and together with our findings described above, it is reasonable to
conclude that the exchange of TMA+ cations with protons, which
decreases the interlayer distances while maintaining the well-
ordered layered structure owing to the presence of a small but
appropriate amount of interlayer organic molecules such as
TMA+ cations and carboxylic acids is essential for the conversion
of RUB-15 into pure silica sodalite. Compared with HCl, the use
of a carboxylic acid is more effective not only because it provides
protons for cation exchange but also because it is intercalated
between layers thereby maintaining the well-ordered layered
structure even after complete removal of the interlayer TMA+

cations. To achieve well-crystallized sodalite, pretreatment with a
carboxylic acid with suitable structure is required. This is probably
because of either a molecular size associated steric effect or a pH-
associated inductive effect or a combination of these factors for the
acids examined in this study.

Figure 9. XRD patterns of RUB-15 treated with 3 M propionic acid for
various time piriods: (left) before and (right) after calcination. Note that
after stirring, the samples were still immersed in the propionic acid
solution for about 20 s during filtration.
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’CONCLUSION

The role of acidic pretreatment in topotactic conversion of a
layered silicate RUB-15 into pure silica sodalite has been investi-
gated. The type and concentration of carboxylic acid strongly
affected the structure of the resulting products. Treatment with
propionic acid under suitable conditions resulted in the formation
of sodalite with crystallinity higher than that obtained using other
carboxylic acids, including acetic acid, which was used previously.7h

The sodalite prepared in this manner has a unique sheet-like
morphology where the (110) plane is parallel to the sheet surface.
Two key factors for such successful conversion are found as
follows: (i) proton exchange of interlayer TMA+ cations to shorten
the interlayer distance and to form Si�OH groups and (ii)
intercalation of carboxylic acid molecules between the layers to
maintain the well-ordered layered structure prior to calcination.
We believe that these findings would contribute to the topotactic
synthesis of other types of zeolite as well.
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