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One-dimensional fibrous low dimensional caesium silicate, LDS-1, was synthesized by performing
solid-state reactions with dry gels of silica containing tetrabutylammonium and caesium cations.
We report the detailed crystal structure of LDS-1 comprising alternating alignments of zigzagged
frameworks with four-membered rings and strong hydrogen bonds between adjacent terminal
silanols; this structure is very similar to that of CsHSi,Os, whereas their crystal symmetries are
different. The chain-like frameworks with a Q* ((Si0);SiOH) local structure form an elliptical
topology with pseudo-micropores by strong hydrogen bonding. The hydrogen bonding was
clearly observed in the electron density distributions analyzed by the maximum entropy method
using high-resolution synchrotron powder diffraction data. Solid-state MAS NMR spectroscopy
also exhibits strong hydrogen bonding between adjacent oxygen atoms, as indicated by an atomic

distance of d(O-O) ~ 2.45 A. The elliptical spaces hold large caesium cations.

1. Introduction

Layered and porous crystalline silicates such as clays and
zeolites' are widely used as catalysts, adsorbents, desiccants,
detergents, sensors, and so on, and their structural design is very
important due to the close relationship between structure and
performance. Linear or layered silicates are the fundamental
structures for various crystalline silicates and are potential
precursors and building blocks for useful industrial crystalline
silicates. Solid-state transformations of layered silicates to
microporous materials have been investigated>” and found to
form porous crystals much faster than the corresponding con-
ventional hydrothermal syntheses. Designing linear silicate
chains is, therefore, very attractive since linear frameworks
are easily converted into two- or three-dimensional networks
by the dehydration condensation of terminal silanols.

A large number of infinite linear silicates are known and
examples of linear silicates that have been crystallographically
identified.>!” However, such linear silicates that include only a
caesium (Cs) cation have been barely reported. In this study,
we report a low-dimensional caesium silicate (abbreviated as
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LDS-1),'® which is a very similar polymorph of CsHSi,Os
reported by Dérsam et al.'” LDS-1 was obtained under solid-
state reaction conditions. The crystal structure of CsHSi,Os
comprises alternating alignments of zigzagged silica frame-
works, and the Cs cations are stabilized in the elliptical spaces
formed by the chain-like framework. It was revealed that
adjacent frameworks are connected by strong hydrogen bond-
ing, i.e., one proton is shared between neighboring terminal
silanol oxygen atoms such as the (SiO);SiO-H- --OSi(SiO);
configuration. However, the hydrogen bonding of silanols is
usually difficult to observe directly by X-ray diffraction,
although its behavior is very interesting and important for
understanding the structural stability of silicates. More
recently, several examples of topotactic conversion from layered
silicates to zeolites were reported as novel zeolite synthesis
methods.?®?® In these works, strong hydrogen bonding plays
an important role for bridging neighboring frameworks by the
dehydration condensation of terminal silanol groups.

In this work, obvious electron density distribution is ana-
lyzed by means of the maximum entropy method (MEM)**
using synchrotron powder diffraction data in order to crystal-
lographically elucidate strong hydrogen bonding in LDS-1.
Thermal stability and crystal morphology of LDS-1 were
characterized. We also investigated the local environments
for Si, Cs and H atoms by solid-state magic-angle spinning
nuclear magnetic resonance (MAS NMR).

2. Experimental
2.1 Synthesis

We initially discovered the LDS series while examining the
effect of alkali-metal cations on the solid-state synthesis® of
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zeolites from silica gels. LDS tended to form when the cations
had a relatively large ionic size (e.g., Cs™ and Rb™), and the
content or the ratio of the cations to Si in the synthesis gel
mixture was relatively high. More specifically, the Cs silicate
LDS-1 was easily obtained by heating a silica gel with tetra-
butylammonium (TBA) and Cs™ cations (Si : TBA : Cs =
1:(0.5-0.75) : (0.5-1)) at 170 °C in an autoclave. In particular,
a silica sol was initially prepared by hydrolyzing tetraethoxy-
silane (25.8 g, 0.124 mol) in ethanol (220 ml) at an ambient
temperature with a mixture of water (4.7 g, 0.261 mol) and
60% HNO; (3.6 g, 0.034 mol). Then, an ethanol-diluted
solution of the silica sol (118 ml) was mixed with 10%
TBAOH (129.2 ml, 0.050 mol) aqueous solution and Cs,COj3
powder (10.8 g, 0.033 mol). The mixture was evaporated to
dryness at 70—90 °C, which resulted in a silica gel that
contained TBA and Cs™ cations. Heating the gel in an
autoclave at 170 °C for 5-20 h, which was washed with
deionized water and ethanol and dried in air, ultimately
yielded the final product. Crystallization times of LDS-1 under
both the synthesis conditions were very short as compared
to that of CsHSi,Os obtained by hydrothermal synthesis
(21 days). Additionally, heating up to 500 °C for 24 h using
a muffle furnace at an airflow of 1.8 L min~' resulted in
calcined LDS-1.

2.2 Physicochemical analysis

The scanning electron micrographs (SEM) were obtained by
using a HITACHI S-4800 microscope. The chemical contents
in LDS-1 were analyzed by ion-coupled plasma atomic
emission spectrometry using a SII SPS-1500R spectrometer.
Thermogravimetric analysis was carried out on a MAC
Science TG-DTA 2100SA in dried air and the temperature
was increased at a rate of 10 K min™".

Conventional X-ray powder diffraction data for both the
as-made and calcined samples were collected on a MAC
Science M21X using a flat specimen and Cu-Ka radiation. A
solid-state 2°Si MAS NMR spectrum was measured at a
spinning frequency of 4 kHz using a 4-mm MAS probe, 90°
pulse length of 4 ps, and a cycle delay time of 300 s on a Bruker
AMX-500 spectrometer operated at 99.65 MHz. The spectra
obtained from 1024 scans were accumulated and the 2°Si
chemical shifts were calibrated using a standard sample of
tetramethylsilane. A solid-state "H-'*C CP/MAS NMR spec-
trum was also measured at a spinning frequency of 4 kHz and
a cycle delay time of 10 s on the same spectrometer operated at
125.78 MHz. The 'H-*Si CP/MAS and 'H MAS NMR
spectra operated at 400.13 MHz (for 'H) and 79.495 MHz
(for 2°Si), respectively, were collected at a spinning frequency
of 7kHz using a 7-mm MAS probe on a Bruker AVANCE 400
WB spectrometer. Additionally, '**Cs MAS NMR spectrum
operated at 52.482 MHz was also measured at a spinning
frequency of 16 kHz, 90° pulse length of ~2.5 ps, and cycle
delay time of 10 s on the latter spectrometer using a 4-mm
MAS probe. The "H chemical shifts were referenced to tetra-
methylsilane. The '**Cs chemical shifts were referenced to 1 M
CsCl (aq.) via a secondary reference of CsCl (solid) at
223.3 ppm. In a sample prepared with TBA, no signal was
observed in the '"H-'>C CP/MAS NMR spectra.

2.3 Synchrotron powder diffraction

In order to investigate the detailed crystal structure of LDS-1,
the synchrotron X-ray powder diffraction data was collected
by using a multiple detector system with six detector arms
(Photon Factory BL-4B,).>® The instrumental geometry was
set to the Debye—Scherrer mode. The powder sample was
sealed in a glass capillary tube with an inner diameter of
0.5 mm. The sample was spun during measurements in order
to improve the randomization of the crystallites. A flat
Ge(111) crystal analyzer was mounted at the end of each
detector arm with a Nal scintillation counter. The incoming
beam was monitored using an ion chamber to account for the
decay of the primary beam. The beamline was set up to deliver
a relatively short wavelength (A = 0.70696 A) in order to
decrease absorption correction due to the large amount of Cs *
cations in the LDS-1 structure.

3. Results and discussion

3.1 Synthesis and physicochemical analysis

The SEM images (Fig. 1) show that LDS-1 is composed of a
thin crystalline fibres of approx. 1 x 30 pum in contrast to the
crystal morphology of CsHSi»Os, which has a needle-like shape
with a larger crystal size, as shown in ref. 18. LDS-1 is composed
of 20.3 wt% Si and 49.1 wt% Cs, yielding a calculated Si/Cs
ratio of ca. 0.5. LDS-1 was also synthesized without TBAOH.
In this case, distilled water was replaced by alkaline electro-
Iytic water with a pH of 11.4 produced by the electrolysis
of aqueous NaCl solution (Hoshizaki Electric Co., Ltd.).

"
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Fig. 1 SEM images of caesium silicate LDS-1.
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The same product, LDS-1, was also obtained by heating
the gel without TBAOH in the presence of a small amount of
water, which was separately placed in the autoclave.
Therefore, it is suggested that the role of TBA is to control
the pH and to maintain the alkalinity. The higher basicity
of the TBA cation seemed effective in the formation of
LDS-1.

A slight weight loss was observed up to 400 °C in the
TG-DTA data in Fig. 2. In this region, a small amount of
adsorbed water, which was estimated to be ca. 1.0 wt%, was
desorbed. The DTA curve did not show exothermic peaks up
to 500 °C (weight loss of ca. 3%) and an endothermal peak in a
temperature range from 410 to 500 °C. Consequently, it was
considered that no partial dehydration condensation of the
silicate occurred. The XRD data showed that the as-made
LDS-1 exhibited high crystallinity (Fig. 3(a)). LDS-1 changed
into a completely different structure after calcination
(Fig. 3(b)), although its crystallinity was remarkably degraded.
Upon heating above 600 °C, crystalline LDS-1 gradually
changed into an amorphous state.

Weight loss / %

250 50 750 1000

Fig.2 Thermogravimetric and differential thermal analyses of LDS-1
in air.

(b)
15000 |
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281°

Fig.3 XRD Patterns for (a) as-made LDS-1 and (b) calcined LDS-1.

3.2 Solid-state NMR

The 2°Si MAS NMR spectrum for as-made LDS-1 only
showed a sharp singlet at 6 = —95.4 ppm (Fig. 4). This
peak was assigned to Q3 silicon atom coordination, i.e.,
(Si0);SiOH.?"* The '"H-?°Si CP/MAS NMR spectra showed
a broad peak at ca. —94.7 ppm, which indicated that the local
structure around the Si atoms was basically attributed to the
Q® structure. However, strictly speaking, peak splitting of the
broad signal was observed. Therefore, several Q° peaks that
were based on the slightly different local structure around the
Si atoms were included in the broad signal. This reveals that
the terminal silanols (Si-OH) might be affected by strong
interactions from the protons.

In Fig. 5, the '"H MAS NMR spectrum shows a signal
derived from strong hydrogen bonding. A very strong high-
field peak at a ¢ value of ca. 16.4 ppm was observed, which is
due to the strong hydrogen bonding of silanol groups with

-94.8
(a)
-95.2
(b) 1
-70 -80 -90 -100 -110 -120

&/ ppm

Fig.4 (a)*°Si MAS NMR and (b) '"H-*’Si CP/MAS NMR spectra of
LDS-1.

16.43 ppm

5.47 ppm

80 70 60 50 40 30 20 10 0 -10 -20 -30 40 -50 -GO
chemical shift & / ppm

Fig. 5 'H MAS NMR spectrum of LDS-1. Asterisks and filled
squares indicate the spinning sidebands for the low field peak at
0 = 16.43 ppm and the high field one at 6 = 5.47 ppm, respectively.
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d(O-0) = 2.45 A of the SiO-H---OSi configuration.?>?*!
The high-field shift can be explained by the following equa-
tion: d/ppm = 79.05 — 0.2554(O-H---O)/pm (picometers).
The low-field signal at a J value of ca. 5.4 ppm corresponded
to the remaining hydrous species, as described in ref. 28.
Furthermore, the obtained '*Cs MAS NMR spectrum
exhibited a sharp symmetrical resonance at 51.8 ppm, as
shown in Fig. 6, assuming that all the Cs cations are subjected
to the same local structure conditions. This value is higher
than that of the Cs cation in the cages of several zeolites, >33
but it is similar to that of the outer surface of clay minerals,
e.g., illite or kaolinite.** This finding suggests that the Cs™
cation is located at some distance from the anionic frame-
works and is affected by weak electrostatic potential between
the Cs ™ cations and anionic frameworks.

Meanwhile, both >°Si MAS NMR and '"H-*°Si CP/MAS
NMR spectra of calcined LDS-1 showed a very broad peak at
d values of ca. —97.0 ppm and —95.4 ppm, respectively, as
shown in Fig. 7. A large intensity of the Q® peak was observed
in calcined LDS-1, although the local structure around Si
atoms might be distorted. Several different Q*, Q>-, and
Q*type local structures were convoluted into the broad signal.

51.79

140 120 100 80 60 40 20 0 -20 -40
Chemical shift / ppm

Fig. 6 '3Cs MAS NMR spectrum of LDS-1.

(a) ¢—97.0 ppm

—95.4 ppm
¥

(b)

-40 -50 -60 -70 -80 -90 -100 -110  -120  -130 -140
chemical shift 6 / ppm

Fig.7 (a)*’Si MAS NMR and (b) "H-*’Si CP/MAS NMR spectra of
calcined LDS-1.

A shoulder peak attributed to the Q* structure around a ¢
value of ca. —110 ppm in Fig. 7(a) indicates that some of the
Q? structures of the Si atoms transformed into the Q* structure
by dehydration condensation.

3.3 X-Ray structure analysis

The diffraction data was analyzed by the Le Bail,*® Rietveld,
and MPF (MEM-based pattern fitting)*® methods using the
program RIETAN-2000.3" The MPF method is a sophisti-
cated structure refinement technique at the electron density
level from the X-ray powder diffraction data, which is dis-
closed elsewhere.>®38 Initially, the indexing of the reflections
with DICVOL91?? yielded a monoclinic unit cell with ¢ =
13.862(3) A, b = 8.8141(5) A, ¢ = 4.9798(3) A, and B =
111.029(9)° with acceptable figures of merit: Fy9 = 213 and
M4y = 42. The reflection conditions derived from the indexed
reflections were k = 2n for 0k0. Assuming that LDS-1 was
centrosymmetric, the space group was P2,/m (no. 11, setting 1).
This symmetry is different from that of CsHSi,Os (ortho-
rhombic), although there is not much difference in the unit cell
volume between LDS-1 and CsHSi,Os.

The observed integrated intensities, \Fobs\z, of the 821 reflec-
tions in the region of d > 0.92 A were extracted using the Le Bail
method built in the RIETAN-2000. Anisotropic line broadening
was observed in 12 reflections, which were in the 260 region lower
than 21°. Then, a partial profile relaxation®® with a modified split
pseudo-Voigt function was applied to these reflections, which
significantly improved the fits between their observed and calcu-
lated intensities. The previously extracted integrated intensities
were introduced in the direct method program EXPO2004*° and
a structural model for LDS-1 was readily obtained. Thereafter,
Rietveld analysis was used to refine the obtained structural
parameters. In the initial refinement of the preliminary structure
model, we imposed restraints upon all the Si-O bond lengths
I(Si-0):/((Si-O) = 1.60 + 0.03 A and the O-Si-O bond angles
P(0-Si-0):p(0-Si-O) = 109.47 £+ 0.5°.

Covalent bonding between the Si and O atoms and hydrogen
bonding between adjacent silanols were estimated from
previous works using the MPF method at an electron density
level. The electron density distributions were calculated from
the observed structure factors, Fypns, by MEM using the
program PRIMA.*' The MPF method was superior in estimat-
ing the unknown partial structure and interpreting disordered
structures. Table 1 summarizes the detailed crystallographic
information (R factors and lattice parameters). The crystal
structural models and electron density distributions were
visualized by the program VESTA.*

Direct method analyses easily provided the framework
topology and Cs™' cation positions. The silicate framework
was an infinite chain, which consisted of only Q3 silicone
atoms, as seen in the structure drawing of LDS-1 viewed from
the [010] direction (Fig. 8). Two Si sites and six O sites formed
the basic framework, which included continuous four-
membered rings, i.e., a chain-like framework. The Csl and
Cs2 sites were located in the space between adjacent semi-
circular silicate rings. In the Rietveld refinements, all the
atomic displacement parameters, B, for the Si sites were con-
strained to be equal: B(Sil) = B(Si2). Simple approximations
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Table 1 Conditions of the synchrotron XRD experiment and the
crystallographic data for caesium chain framework silicate

Table 2 Structural parameters of LDS-1 obtained by the Rietveld
refinements

Compound name LDS-1
Chemical formula Csy4[SigOy0H4]
M, 1076.37
Space group P2,/m (No. 11)
alA 13.8610(3)
b/A 8.81093(8)
c/A 4.9785(2)
pl° . 111.053(2)
Unit-cell volume, V/A’ 567.43(2)
Wavelength, A//A 0.70696(2)
20 range/° 5.0-45.0
Step size (20)/° 0.006
Counting time per step/s 7

Profile range in FWHM 14
FWHM/° (at 20 = 10.473°) 0.0345
Number of observations 6669
Number of contributing reflections 821
Number of refined structural parameters 34
Number of background coefficients 12

Ry (Rietveld) 0.0115
Ry (Rietveld) 0.0470

R. (Rietveld) 0.0335

Fig. 8 Structure drawings of LDS-1 viewed from (a) [010] and (b)
[001] directions.

B(O1) = B(On: n = 2-6) and B(Csl) = B(Cs2) were
also imposed on the B parameters of the O and Cs sites,

Atom Site g X v z B/A2

Sil 4f 1.0 0.3172(9)  0.4291(15) 0.844(3) 1.19(4)
Si2 af 1.0 0.1823(9)  0.4276(15) 0.212(3) = B(Sil)
0O1 Af 1.0 0.0849(15) 0.521(3) 0.192(5) 1.76(6)
02 4f 1.0 0.222(2) 0.464(3) -0.053(5) = B(Ol)
03 2e 1.0 0.158(2) 1/4 0.211(7) = B(Ol)
04 4f 1.0 0.278(2) 0.469(3) 0.506(6) = B(Ol)
05 2e 1.0 0.345(2) 1/4 0.898(7) = B(Ol)
06 af 1.0 0.4150(15) 0.524(3) 0.019(5) = B(Ol)
Csl 2e 1.0 0.4407(3) 3/4 0.5083(10)  2.34(9)
Cs2 2e 1.0 —0.0555(3) 1/4 0.3780(10)  2.60(3)
H1 2a. 1.0 0 0 0 = 3.0¢
H2 2b 1.0 1)2 0 0 = 3.0

“ These parameters were fixed to 3 A2,

respectively. The refined B(Cs) value was relatively large as
compared to other B(Si) and B(O) values, indicating that the
distribution of the Cs™ cation was relatively disordered.

To maintain charge balance, the protons of the silanol
groups were positioned between adjacent O6 and Ol sites.
Two proton sites were fixed at (0, 0, 0) for site H1 and (1/2,
0, 0) for site H2 since the positions were conveniently given as
the weighted centers of the hydrogen bonding as compared to
the MEM electron density images (described below). Table 3
shows the geometrical parameters calculated from the refined
structural and lattice parameters. The average bond length
and bond angle, which are calculated from the lattice and
structural parameters, were close to the expected values; these
values are in the ranges from 1.55 to 1.63 A and from 106.5 to
112.5°, respectively. The bond between the Si atom and non-
bridging O atom is short (Si2-O1: 1.55 A). Structural distor-
tion of the framework depended on the charge balance among
the open framework, Cs™ ions, and protons. Dérsam et al.”®
also reported this unusually short bond length due to

Table 3 Selected geometric parameters for the LDS-1

A ¢/
Sil-02 1.61(3) 06-Si1-05 108.5(15)
Sil-0O4 1.61(3) 06-Si1-04 111.8(17)
Sil-05 1.629(15) 06-Si1-02 111.6(16)
Sil-06 1.56(2) 05-Si1-04 110.8(19)
Si2-Ol1 1.55(2) 05-Sil1-02 107.6(17)
Si2-02 1.63(3) 04-Si1-02 106.5(17)
Si2-03 1.602(15) 01-Si2-02 112.5(17)
Si2-04 1.62(3) 01-Si2-03 109.6(15)
01-Si2-04 110.3(16)
Average | 1.60 02-Si2-03 108.9(17)
02-Si2-04 106.5(18)
03-Si2-04 109.1(17)
Cs1-04 3.35(3)
Cs1-06. 3.07(3) Average ¢ 109.47
Cs1-06" 3.35(2)
Cs1-06" 3.46(2)
Cs2-01™ 3.07(3)
Cs2-01" 3.393)
Cs2-01 3.41(2)
Cs2-02% 3.41(3)
Cs2-03 3.34(3)

Symmetry codes: (i) x, y,z + 1; (i))—x + 1,y + 1/2, —z + 1; (i) —x,
y—12,—z + 1, (iv) —x,y — 1/2, —z.
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tetrahedra distortion for CsHSi,Os. The nearest atomic
distance between adjacent silanol groups was short, that is,
/[(O-0) was only ca. 2.46 A for both /[(O1-01) and /[(06-06).
This fact is in good agreement with the obtained 'H MAS
NMR spectra.

In our data, the Rietveld refinement based on the Dorsam’s
model almost converged, but Ry, converged to only 6.4%
due to the somewhat high symmetry model. However, the
unusually short bond distance was determined as 1.54 A,
which was the almost same value as that found for our
monoclinic model. This indicates that the symmetry of
LDS-1 is slightly lower compared to that of CsHSi,Os.

3.4 Electron density distribution by MEM analysis

The MEM electron density maps of LDS-1 clearly show that
Cs"' cations are encapsulated in a pseudo-porous structure
with covalent and hydrogen bonding, as shown in Fig. 9. The
electron density distributions between the adjacent O6 sites
along the [001] direction were revealed by the MPF analysis
(Fig. 9(a)), which indicated that the H2 site had strong
hydrogen bonding to the O6 sites. Fig. 9(b) shows the electron
density distribution of LDS-1 along the [010] direction. The
electron density derived from hydrogen bonding due to the H1
site was also observed between adjacent O1 sites. However, no
localized electron densities for both the proton sites were

g R ¥
. ‘.A-r!:\[‘\ A),;) y

W

Fig. 9 Structural elucidation for hydrogen bonding between neigh-
boring frameworks in the LDS-1. Electron density distribution
images along (a) [001] and (b) [010] directions with equi-surface level
of 0.47 ¢ A~3 obtained by the MPF analyses.

observed in Fig. 9 since the scattering amplitude of the proton
was too weak and their positions were disordered. Recently, Wang
et al®* and Chen et al.* reported that similar hydrogen bonds
were formed between adjacent silica frameworks in a layered
silicate CsHSi30; and a uranyl silicate K5(UO,)[Si;O1,(OH)],
respectively. The electron density distributions of Cs™ ions were
not spherical but anisotropically elongated, suggesting a positional
disorder of the Cs™ ions.

The final MEM analysis after the MPF refinements afforded
R factors of Ry = 1.16% and wRr = 0.88%. The R factors
after the Rietveld analyses were also sufficiently low (Table 1).
Table 2 summarizes the structural parameters obtained for
LDS-1 from the Rietveld refinements. Fig. 10 shows the plots
of the observed, calculated and difference patterns for the
XRD data against 26.

Fig. 11 shows a pseudo-micropore with hydrogen bonding
at the electron density level, and the Cs ™ ions were surrounded
by pseudo-micropores. The effective pore size and maximum
window size are estimated to be ca. 12.9 x 2.8 x 2.0 A and
34 x 1.7 A, respectively, as calculated from the obtained
structure model. However, the specific surface area observed
was very small from the preliminary N, and Ar adsorption
measurements. This result indicates that the diffusion of small
molecules/atoms such as N, and Ar into the pseudo-
micropores of LDS-1 might be blocked by Cs™ cations.
Furthermore, the structural model of LDS-1 suggests that
the structural transformation from LDS-1 to a microporous
structure is difficult by simple calcination due to the insuffi-
cient number of protons between the terminal silanols. In
order to connect the neighboring silanols by dehydration
condensation, the reaction conditions, the following reaction
should occur: Si-OH + HO-Si — Si-O-Si + H,O. There-
fore, additional protons are absolutely imperative for con-
densation by acid treatments or other preparations. Actually,
2Si MAS NMR spectra of the calcined LDS-1 exhibit a large
number of Q° resonance peaks (Fig. 7), indicating that the
dehydration condensation occurred incompletely.
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patterns obtained by the final MPF structure refinement from the
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Fig. 11  Electron density 3D images of the pesudo-micropore in LDS-1
along (a) [133] and (b) [001] direction. Isosurface level is set to 0.7 ¢ A2,

4. Conclusions

The crystal structure of the low-dimensional caesium silicate,
LDS-1, was determined by ab initio structure analyses using
high-resolution synchrotron powder diffraction data. LDS-1 is
composed of one-dimensional zigzagged frameworks, where
the Cs ions are wedged between the frameworks. Our struc-
tural model is in good agreement with Doérsam’s model,
although the crystal symmetries are different between the
two models. Adjacent silanol groups are interconnected by
strong hydrogen bonding with a bond distance between
neighboring O atoms of 2.45 A, which are observed in the
electron density distribution by MPF refinement. The results
of solid-state MAS NMR measurements strongly support the
obtained structural features. The electron density images also
show pseudo-micropores formed between adjacent zigzagged
frameworks with strong hydrogen bonding and Cs™* cations
enclosed by pseudo-micropores. These facts imply that LDS-1
can transform into the microporous structure with the topo-
logy of zeolite ABW by dehydration condensation after
chemical treatments. The crystallinity of LDS-1 is severely
degraded by calcination in air. The XRD pattern of calcined
LDS-1 also shows that a novel compound is formed, whose
structure is unresolved at the present time. Currently, we
are examining the conversion from LDS-1 to microporous
structures by means of various sample treatments.
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