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Layered silicate RUB-51 with half-sodalite cages was silylated with dichlorodimethylsilane and trichloromethyl-
silane. RUB-51, which possesses two confronting Si­O¹/Si­OH groups on the interlayer surface, was reacted with
bi/tri-functional silylating agents to induce bidentate silylation. RUB-51 silylated with dichlorodimethylsilane was
delaminated through ultrasonication in cyclohexane. Layered octosilicate, which also possesses two confronting Si­O¹/
Si­OH groups to form a bidentate state, was reacted with the same silylating reagents. The comparison of these silylated
products derived from two different layered silicates reveals that the structures of silylated interlayer surfaces are varied
by the arrangement of the two Si­O¹/Si­OH groups. Silylated RUB-51 possesses zigzag grooves on the layer surfaces
which will be useful for silicate-based nanomaterials design.

Silicate-based materials possessing ordered frameworks and
nanospaces, such as zeolites and layered silicates, have been
applied in various fields, such as catalysis, adsorption, and ion
exchange. Their functions are affected by various parameters,
including composition, structure, size and shape of nanospace,
and morphology.1 Among such parameters, silicate frameworks
should be precisely designed for both deeper understanding
of the structure­property relationships and creating controlled
functionalities. Although hydrothermal synthesis has been
utilized to construct crystalline silicate frameworks,2 it is quite
difficult to apply this synthetic method for precise design of
silicate structures even though our understanding of the role of
structure-directing agents has greatly progressed in recent
years.3 On the other hand, bottom-up approaches are promising
for this purpose because various metastable species, which
cannot be used in hydrothermal synthesis, can be incorporated
into crystalline silicates.

Layered silicates, such as PREFER,4 kanemite,5 layered
octosilicate,6 and AMH-3,7 are composed of SiO4 tetrahedral
units and are quite useful as a framework for topotactic bottom-
up approaches. Interlayer Si­O¹/Si­OH groups on layered
silicates are arranged in ordered manners and are reactive for
covalent modifications8 including interlayer condensation9 and
silylation,10 while the original silicate frameworks can be
retained. We reported the transformation of layered octosilicate
into new 2-D and 3-D crystalline siloxane networks through
well-ordered silylation with alkoxychlorosilanes.11 Interest-
ingly, alkoxysilyl groups are immobilized as only Q2 (Qn:
O4¹nSi(OSi)n) environments (bidentate silylation). The biden-
tate silylation is realized because confronting Si­O¹/Si­OH
groups on the interlayer surfaces are closely located and react
with one silylating reagent with bifunctionality. Such an
ordered modification can precisely control the thickness of
silicate layers11 and the shape and structure of surfaces can be

changed. The thickness of silicate layers is important, for
example Ogawa et al. reported that the thickness of a layered
silicate affects the emission behavior of luminescent cations
intercalated in the interlayer spaces.12 Some layered silicates
possess grooves on the surfaces which leads to the formation
of micropores through interlayer condensation.9 At present,
bidentate silylation reaction has been achieved only for layered
octosilicate11,13 whose crystal structure has been determined.
The use of alkoxysilyl groups results in the formation of new
layered silicates by the hydrolysis of the alkoxy groups.11b If
we can expand the variety of layered silicates that can be
silylated bidentately, the possibility of designing silicate-based
nanomaterials should be enlarged.

Layered silicates RUB-1514 and RUB-51 (Figure 1)15 are
composed of connecting half-sodalite cages made up of 4- and
6-rings.16 The stacking sequence of layers of RUB-15 is
ABABAB, and that of RUB-51 is AAA. Moteki et al. reported
the conversion of RUB-15 into the sodalite structure through
treatment with acetic acid and the following calcination
(interlayer condensation).9h Consequently, the layers of RUB-
15 and RUB-51 are useful as building units of new siloxane
networks. RUB-51 possesses confronting Si­O¹/Si­OH
groups arranged on the interlayer surfaces. The distance
between the two confronting Si­O¹/Si­OH groups is
0.24 nm and the next closest distance between two sets of
Si­O¹/Si­OH groups is 0.44 nm. Therefore, we expect that
RUB-51 can be reacted bidentately with dichloro- or trichloro-
silyl groups. Also, the confronting Si­O¹/Si­OH groups on the
surface of RUB-51 take a “V”-shaped arrangement which is
different from that of layered octosilicate.15 Silylated RUB-51
is expected to have anisotropic grooves on the surfaces
composed of grafted silyl groups as the walls. Such formed
grooves are interesting because the arrangement of intercalated
guest species may be controlled by the interlayer surfaces, and
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silylated layers are also potentially useful for the formation of a
microporous material by interlayer condensation.

Here we report silylation reactions of RUB-51 with
trichloromethylsilane and dichlorodimethylsilane (Scheme 1).
Layered silicates are usually ion-exchanged with bulky cations
like alkylammonium ions before silylation reactions.10c How-
ever, the original structures are lost because the interlayer
environments and layer sequences are changed.17 In fact, Iozzi
et al. reported a structural change of layered octosilicate by
dehydration.18 In contrast, RUB-51 has natively benzyltrimeth-
ylammonium (BTMA) cations in the interlayer space, and has
neither metal cations nor water molecules. This is advantageous
for direct silylation reaction of RUB-51. In this study, silylating
agents possessing the smallest alkyl groups were mainly used
as the appropriate reagents for silylation of RUB-51 because
organic groups with long-alkyl chains probably prevent a high
degree of silylation because of steric hindrance of those groups.
Exfoliation of hydrophobic RUB-51 silylated with dichlorodi-
methylsilane in an organic solvent was then investigated.
Exfoliated nanosheets should be applicable for novel and
highly efficient catalyst supports19 and for preparation of
polymer nanocomposites.20

Experimental

Materials. Fumed silica (99.8% SiO2, Aldrich), H3BO3

(special grade, 99.5%, Kanto Chem.) and an aqueous solution
of BTMA hydroxide (40wt%, Tokyo Kasei Co.) were used for
the preparation of RUB-51. Anhydrous dichloromethane and
pyridine (both from Wako Pure Chemical Ltd.) were used
for silylation as a solvent and a trapping agent for HCl,
respectively. Dichlorodimethylsilane and trichloromethylsilane
(both from Tokyo Kasei Co.) were used as silylating agents. All
chemicals were used as received.

Synthesis of RUB-51. The synthesis of RUB-51
(Si12O24(OH)4[C6H5CH2N(CH3)3]4) was based on a previous
report15 though seed crystals were added in the starting
mixture. SiO2, H3BO3, and aqueous BTMA hydroxide solution
(40wt%) were mixed and stirred to form a gel. The ratio of
water in the gel was decreased by evaporation at 60 °C in an
oven until the composition ratio of SiO2:H3BO3:BTMAOH:
H2O reached 0.9:0.1:0.5:3­4. Seed crystals of RUB-51 (1wt%
of total SiO2) were added into the gel to increase the yield of
the product. The mixture was treated hydrothermally at 120 °C
for 4weeks in a Teflon-sealed vessel. The solid product was
separated by centrifugation, and washed with distilled water
and ethanol. The obtained solid was dried in an oven at 70 °C.
All powder X-ray diffraction (XRD) peaks of the product
(Figure 2a) correspond to those reported in the first report
of RUB-51.15 The solid-state 29SiMASNMR spectrum of
the product (Figure 3a) shows two narrow signals at ¹101
and ¹108 ppm corresponding to Q3 ((O¹)Si(OSi)3) and Q4

(Si(OSi)4) species, respectively. The intensity ratio of these
signals is 2:1, being consistent with that reported previously.15

The high-resolution SEM image of the product (Supporting
Information, Figure S1a) shows a disk-like morphology. The
first paper on RUB-51 showed that the presence of B was not
detectable.15 However, the signals of B species were observed
in the 11BMASNMR spectrum of the product (Figure S2). The
11BMASNMR spectrum of the sample obtained here showed a
broad signal in the range from 6 to 15 ppm and one sharp signal
at 0 ppm. The former indicates three-coordinated boron and the
latter four-coordinated.21 In general, the signals of boron atoms,
coordinating with four O­Si groups (B(OSi)4) in the structures
of crystalline solids show signals around ¹4 ppm.22 Therefore,
it is suggested that the sample does not contain B(OSi)4 sites.
Boron atoms of the sample are probably due to amorphous
boron silicates. However, the amount of the by-product was

Scheme 1. Silylation of RUB-51 with dichlorodimethylsilane or trichloromethylsilane.

Figure 1. Crystal structure of RUB-51. The ellipsoids
indicate confronting Si­O¹/Si­OH groups.
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low (content of boron was 0.15wt% by ICP analysis) and the
influence of the by-product for characterization is probably
small. Therefore, we did not consider the effect of boron
species for all the characterization.

Silylation and Subsequent Hydrolysis (Synthesis of Di-
RUB-51 or Tri-RUB-51).13a RUB-51 (0.5 g), dried in vacuum
at 120 °C for 3 h, was dispersed in a mixture of anhydrous
dichloromethane (30mL) and dehydrated pyridine (10mL). An
excess amount (20 equiv of 2 Si­O¹/Si­OH groups) of
dichlorodimethylsilane or trichloromethylsilane was added to
the mixture. They were stirred at room temperature for 1 day
under a N2 flow. They were centrifuged and the obtained
slurried samples were washed with dichloromethane. The
samples were then treated with a mixture of acetone and H2O
for both the conversion of remaining Si­Cl groups to Si­OH
groups and the complete removal of BTMA chloride. The
obtained samples were dried under vacuum. The products are
denoted as Di-RUB-51 and Tri-RUB-51, respectively.

Exfoliation of Di-RUB-51. Di-RUB-51 (0.020 g) was
dispersed in cyclohexane (20mL). The sample was treated in
an ultrasonicator (USS-1, NIHONSEIKI KAISHA Ltd., 35W)
for 1 d. Then, the solution was centrifuged at 3500 rpm for
10min. A small portion of the samples suspended in the
supernatant was taken with a TEM grid and observed by
scanning electron microscopy. The sample was denoted as
Ex-Di-RUB-51.

Characterization. Powder XRD measurements were
performed on a Rigaku Rint-Ultima III powder diffractometer
with CuK¡ radiation (­ = 0.15418 nm) by using a parallel
beam geometry equipped with a parabolic multilayer solar slit.
Solid-state 11BMASNMR spectra were recorded on a JEOL
JNM-ECX-400 spectrometer at a resonance frequency of
128.4MHz and a recycle delay of 5 s. The samples were put
into a 4mm zirconia rotor and spun at 10 kHz. Solid-state
13CCP/MASNMR spectra were also recorded on the same
spectrometer at a resonance frequency of 100.5MHz and a
recycle delay of 8 s. The samples were put into a 6mm
zirconia rotor and spun at 8 kHz. Solid-state 29SiMASNMR
spectra were also recorded on the same spectrometer at a
resonance frequency of 79.42MHz with a 90° pulse and a
recycle delay of 400 s by using a 4mm zirconia rotor and
spinning at 5 kHz. It was confirmed that the signals were fully
relaxed under these conditions so that quantitative analysis is
possible.13a The 11B, 13C, and 29Si chemical shifts were
externally referenced to boron trifluoride etherate at 0.0 ppm,
hexamethylbenzene at 17.4 ppm (­CH3) and poly(dimethyl-
silane) at ¹33.8 ppm, respectively. The amounts of organic
constituents were determined by CHN analysis (Perkin-Elmer,
2400 Series II). Thermogravimetry (TG) measurements were
carried out with a Rigaku Thermo Plus 2 instrument under a
dry air flow at a heating rate of 10 °Cmin¹1. The scanning
electron microscopy (SEM) images were obtained by using a
Hitachi S5500 scanning electron microscope. N2 adsorption­
desorption isotherms were measured with a Quantachrome
Autosorb-1 instrument at 77K. The samples were outgassed
under vacuum at 120 °C for 3 h prior to the measurement.
Brunauer­Emmett­Teller (BET) surface area was calculated
from adsorption branch in the relative pressure range from
0.01 to 0.10.

Figure 2. XRD patterns of (a) RUB-51, (b) Di-RUB-51,
and (c) Tri-RUB-51.

Figure 3. 29SiMASNMR spectra of (a) RUB-51, (b) Di-
RUB-51, and (c) Tri-RUB-51.
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Results and Discussion

Silylated Products of RUB-51 (Di-RUB-51 and Tri-
RUB-51). SEM images of Di-RUB-51 and Tri-RUB-51
(Figures S1b and S1c, respectively) showed disc-like morphol-
ogies and the size of the plates is around 1.0¯m, which reflects
the morphology of starting RUB-51. The basal spacings of
Di-RUB-51 (d = 1.1 nm) and Tri-RUB-51 (d = 1.1 nm) de-
creased from that of RUB-51 (1.5 nm) after silylation
(Figure 2). Judging from both the d values and the perpendic-
ular distance (ca. 1.4 nm) between the top of silyl groups on the
surface and that on the opposite surface, calculated on the basis
of a space-filling model, it is reasonable to propose that the
silylated samples take layered structures with interdigitated
silyl groups. The XRD patterns of silylated products show that
the position of the peak at 37° (d = 0.24 nm), attributed to the
(204) lattice plane perpendicular to the direction of the silicate
layer of RUB-51, does not change before and after the
silylation. The peaks due to (202) and (203) also appeared at
the same positions. Therefore, the structural regularity of the
crystalline silicate layers is retained after silylation.

The complete removal of BTMA ions upon silylation was
confirmed by the absence of nitrogen in the silylated products,
as verified by the CHN data (Table 1). The amount of methyl
groups per set of Si­O¹/Si­OH groups of Di-RUB-51 is
evaluated to be 0.92 (Table 1), on the basis of the TG and
elemental analysis. Ideally, the value of full bidentate silylation
should be 1.0. On the other hand, as confirmed by the 13CCP/
MASNMR data (Figure S3c), a certain amount of acetone
remained in Tri-RUB-51. Consequently, the ratio of methyl
group/(Si­O¹/Si­OH groups) cannot be correctly calculated.
Organic species are occasionally trapped in interlayer spaces
above the boiling points.11b Because Tri-RUB-51 possesses
half-sodalite cups, acetone molecules are probably entrapped in
the cups even after drying under vacuum. The major factor of
this trapping should be ascribed to the confinement in a
restricted space, though hydrogen bonding between carbonyl
groups of acetone and silanol groups may contribute to the

trapping, which is indicated by the shift of C=O stretching
vibration to lower wavenumber.23 After thermal treatment of
Tri-RUB-51 at 300 °C for 5 h (denoted as Heated-Tri-RUB-51;
the details (procedure of the heat treatment, SEM image
(Figure S4), XRD pattern (Figure S5), 29SiMASNMR spec-
trum (Figure S6), the intensity datum (Table S1), and N2

adsorption and desorption isotherms (Figure S7)) are presented
in the Supporting Information), the sample has little acetone
in the interlayer, judging from the 13CCP/MASNMR data
(Figure S3d). The value (amount of methyl groups per one set
of Si­O¹/Si­OH groups) is 0.52 (Table 1), which is approx-
imately consistent with the ideal value for bidentate silylation
with trichloromethylsilane (0.5).

The 29SiMASNMR spectrum of Di-RUB-51 (Figure 3b)
shows the decrease of Q3 signal (Q3:Q4 = 0.3:2.7), which
indicates that the degree of silylation is ca. 85%. A new signal
at ¹13 ppm, assignable to grafted dimethylsilyl groups with the
D2 ((CH3)2Si(OSi)2) environment, was observed and a very
small peak at around ¹3 ppm due to grafted dimethylsilyl
groups with D1 ((HO)(CH3)2Si(OSi)) unit was also observed.
The portion of the D1 signal is much smaller than that of the
D2 signal (less than 10% of total D environments at the largest).
In general, (Q4 ¹ 1)/I (I = units assigned to silylating agents,
e.g., D and T environments) means the number of reacted
Si­O¹/Si­OH groups per silylating agents on the surfaces.
When this value is close to 2, silylating agents are immobilized
in bidentate state onto silicate layers. The (Q4 ¹ 1)/I value of
Di-RUB-51 is 1.9 (Table 2), strongly indicating the bidentate
reaction. The amount of methyl groups of Di-RUB-51 per
Si­O¹/Si­OH group calculated from the intensity ratio is 0.91.
The value is approximately consistent with that calculated from
the elemental analysis data (0.92).

In the 29SiMASNMR spectrum of Tri-RUB-51 (Figure 3c),
the silylation led to the significant decrease of the Q3 signal
(Q3:Q4 = 0.2:2.8). In addition, a new signal was observed at
¹52 ppm, assignable to grafted methylsilyl groups with T2

((HO)(CH3)Si(OSi)2) environment. The intensity of T3 signal
((CH3)Si(OSi)3) (¹63 ppm) was much lower than that of T2.

Table 1. Amount of Methyl Groups of the Products

Sample
C

/mass%
H

/mass%
N

/mass%
SiO2

a)

/mass%
Amount of methyl groups

/(Si­O¹ + SiOH)

RUB-51 32.2 4.5 3.8 49.2 ®

Di-RUB-51 10.4 2.1 0.1 89.0 0.92
Tri-RUB-51 5.8 1.6 0.0 87.2 ®b)

Heated-Tri-RUB-51c) 5.1 1.1 0.0 92.3 0.52

a) Residual amount after heating of the sample at 900 °C by TG. The residual SiO2 contains silyl groups derived from
silylating agents. b) The value for Tri-RUB-51 cannot be calculated because of the presence of acetone in the
interlayer. c) Tri-RUB-51 was heated at 300 °C for 5 h in air.

Table 2. Relative Intensities in the 29SiMASNMR Signals of the Productsa)

D1 D2 T2 T3 Q3 Q4

(Q4 ¹ 1)/I
Chemical shift/ppm: ¹3 ¹13 ¹52 ¹63 ¹101 ¹108

RUB-51 ® ® ® ® 2 1 ®

Di-RUB-51 0.1 0.8 ® ® 0.3 2.7 1.9
Tri-RUB-51 ® ® 0.8 0.1 0.2 2.8 1.9

a) The total of the relative intensities of Q3 and Q4 for each sample is unified to be 3 in order to compare the variation.
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There are some possible reasons for the appearance of the
T3 signal. One of the possibilities is due to the interlayer
condensation between adjacent layers. The second possibility is
due to the intralayer condensation between remaining Si­OH
groups of immobilized silylating agents. The third possibility is
due to the reaction of the immobilized silylating reagent with
another silylating agent. The intralayer condensation and the
reaction of another silylating agent are not plausible, because
the crystal structure of RUB-51 suggests that largely separated
confronting groups cannot be used for the intralayer conden-
sation and that the dehydrated conditions of silylation can
suppress such unwanted reactions among silylating reagents.
Hence, the presence of T3 signal is probably due to the partial
interlayer condensation. The (Q4 ¹ 1)/I value of Tri-RUB-51 is
1.9 (Table 2), indicating the bidentate reaction. In addition, the
splitting of Q4 signal after the silylation means the difference of
the environments between the inherent Q4 units of RUB-51 and
the newly formed Q4 units derived from the Q3 units through
silylation. Judging from the intensity ratio, the larger Q4 signal
at higher magnetic field is probably due to the Si atoms of
newly formed Q4 species from Q3 by silylation. The splitting of
Q4 units is also observed for silylated layered octosilicate.11a

All these results are consistant with RUB-51 bidentately
silylated with dichlorodimethylsilane and trichloromethylsilane
and that the reactivity of trichloromethylsilane is higher than
that of dichlorodimethylsilane.

Exfoliation of Di-RUB-51. SEM image of Ex-Di-RUB-51
(Figure 4a) and the bright field STEM (BF-STEM) one
(Figure S8) show many crumpled particles. As for the STEM
images (Figure S8) thick particles are seen as dark particles,
and bright images are taken for thinner samples, if the
composition is same. Therefore, it is suggested that the
Ex-Di-RUB-51 is thinner than others because Figure S4c
shows more particles with relatively small and bright particles,
although the particles are found to be aggregated. This behavior
indicates delamination and flocculation of layers of Di-RUB-
51. RUB-51 possesses a high density of Si­O¹/Si­OH groups
and the surface of RUB-51 silylated with dichlorodimethyl-
silane is strongly hydrophobic, as schematically shown in a
graphical view of the silylated interlayer surface (Figure S9).
As mentioned above, there are a small amount of unsilylated
sites but the contribution of these sites to the hydrophobicity
should be low. Therefore, the delamination of Di-RUB-51 is
probably due to the interaction of the hydrophobic surface
with cyclohexane through ultrasonication and the flocculation
should occur during the evaporation of the solvent. It should
also be noted that very thin layered nanosheets are also

observed (Figure 4b), although the ratio of such nanosheets is
low. Boucher et al. reported that layered silicate apophyllite
with hydrophobic surfaces, prepared by silylation, is exfoliated
by a treatment with organic solvents.24 To the best of our
knowledge, this paper is the second reporting the exfoliation
or delamination of layered silicates in an organic solvent,
although there are some reports of exfoliation or delamination
of layered silicates in aqueous systems.25

Bidentate Silylation of Interlayer Surfaces. From the
viewpoint of precise design of crystalline frameworks of
silicates it is quite important to understand the reason for the
preference of monodentate or bidentate silylation when the
interlayer surfaces are modified with bi- or trifunctional
silylating agents. Interlayer condensation after modification
also depends on the preference. In order to investigate the
factors affecting the bidentate silylation, silylated derivatives of
RUB-51 with dichlorodimethylsilane and trichloromethylsilane
were compared with those of layered octosilicate (Please see
the Supporting Information for the experimental procedure
(page 10), 29SiMASNMR spectra (Figure S10), and the
intensity data (Table S2)). As mentioned in the introduction,
layered octosilicate and RUB-51 have confronting Si­O¹/
Si­OH groups arranged on the interlayer surfaces.5,15 The
distances between confronting Si­O¹ and Si­OH groups are
almost same for both silicates (Please see Figure 1 for RUB-51
(0.24 nm) and Figure S11 for layered octosilicate (0.23 nm)).
This means that dichlorosilyl groups can react with both Si­O¹

and Si­OH groups to form a bidentate state. In addition, the
degree of silylation is nearly equal for both cases. However, the
selectivity of bidentate silylation is different. When dichloro-
dimethylsilane was used, both RUB-51 and layered octosilicate
exhibit the presence of immobilized dimethylsilyl groups with
a bidentate state. On the other hand, when trichloromethyl-
silane was used, RUB-51 shows a bidentate state silylation but
that of layered octosilicate both monodentate and bidentate
states. This difference can be explained by both the arrange-
ment/density of confronting Si­O¹/Si­OH groups and the size
of functional groups immobilized on the reactive sites on the
interlayer surface. Layered octosilicate has lower density of
Si­O¹/Si­OH groups on the interlayer surface (3.7 groups/
nm2) than that of RUB-51 (4.1 groups/nm2).26 Si­O¹/Si­OH
groups on the surface of RUB-51 take a “V” arrangement,
being different from the parallel arrangement of layered
octosilicate.

The reason why a mixture of monodentate and bidentate
states was observed for the product derived from layered
octosilicate and trichloromethylsilane can be explained as
follows. Two silylating molecules are thought to be able to
approach to one set of confronting Si­O¹/Si­OH groups of
octosilicate because of their parallel arrangement with lower
density. On the other hand, it would be more difficult for two
silylating molecules to reach the reaction sites of RUB-51
because the density of Si­O¹/Si­OH groups is higher and the
direction of the functional groups of the immobilized silylating
agents are directed toward the next immobilized groups, which
is unlikely to occur because of steric reasons.

When dichlorodimethylsilane is used, layered octosilicate
reacts with the silylating agent in a bidentate manner similar to
RUB-51. This silylation behavior is probably caused by steric

Figure 4. SEM images of Ex-Di-RUB-51, (a) crumpled
particles and (b) very thin layered sheets.
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interactions of the silylating agent itself. Because Si­CH3 is
larger than Si­Cl, dichlorodimethylsilane has a slightly larger
steric occupancy than trichloromethylsilane. Consequently, two
silylating molecules are probably unable to approach to the
same reaction site. In fact, we reported that only bidentate
silylation occurred in the silylation of layered octosilicate with
alkoxytrichlorosilanes having long alkyl chain (carbon num-
ber = 6, 8, 10, and 12).11b If we look at one silylation site with
a more mechanistic view, the preference of monodentate or
bidentate after the first grafting may depend on the freedom of
conformation of the grafted groups. The bidentate state occurs
by a nucleophilic attack27 of oxygen on a neighboring silanol to
immobilized groups with less conformational freedom. On the
other hand, the monodentate state will be created by a probable
attack of the oxygen on another silylating reagent because of
higher conformational freedom of the first grafted silyl groups.
The difference in the freedom may arise from the structural
and steric variations of both layered silicates and organosilyl
groups.

Difference in Silylated Materials Derived from Layered
Octosilicate and RUB-51. Functional groups of silylating
agents immobilized onto layered octosilicate are directed to the
groove of original octosilicate (Please see schematic view,
Figure 5a). Therefore, the grooves derived from original
octosilicate are occupied by the functional groups of immobi-
lized silylating agents and the new grooves, which are
perpendicular to the groove of original octosilicate, are induced
(Figure 5b). The size of the groove of silylated octosilicate is
almost the same or slightly smaller.

On the other hand, the original form of RUB-51 has
connecting half-sodalite cages which provide bumpy surfaces
(Figure 5c). Various guest species cannot reach to these
surfaces because counter cations are present in the interlayer
regions. In general, acid treatment of layered silicates enables
us to remove interlayer cations by ion exchange with H+.28

However, for the case of RUB-51, the layered structure
collapses upon treatment with hydrochloric acid (0.1M) for 1 d,
and a similar finding is reported for various acid treatments of
RUB-15.9h Therefore, guest species cannot easily access the
bumpy interlayer surface. On the other hand, silylated RUB-51
is promising because it has bumpy surfaces without interlayer
cations and a collapse is avoided. Therefore, guest species, in
particular nonionic species, can reach more easily to the
surfaces of silylated RUB-51 than pristine RUB-51 because the
electrostatic interactions between the layers are absent in the
silylated products. In fact, it is confirmed that Di-RUB-51
shows delamination and flocculation in this study. This finding
indicates the intercalation of nonpolar organic substances into
the interlayer region of silylated RUB-51, strongly suggesting
that the designed surface of Di-RUB-51 is accessible. After
silylation of RUB-51, the immobilized silylated groups make
uniaxial walls on the surfaces, utilizing the V arrangement of
bidentate sites (confronting Si­O¹/Si­OH groups). The sche-
matic view of the walls is shown in Figure 5d. The walls
provide uniaxial zigzag grooves. It is known that the grooves of
the surface of K4Nb6O17 single crystal control the orientation
of cyanine dye aggregates.29 Although the size of RUB-51
particle is small, the designed surfaces would induce an
arrangement of various guest molecules.

Another point of view on the difference between layered
octosilicate and RUB-51 is the variation of formed rings after
silylation of confronting reactive sites. As understood by the
structural model presented in Figure S12, 5-ring is formed by
silylation for octosilicate while 4-ring is formed for RUB-51.
The framework of 5-ring is more flexible than 4-ring. In
addition, the direction of one functional group out of two
bonded on the immobilized silyl groups is essentially perpen-
dicular to the direction of layers.11b,13a On the other hand, the
direction of two functional groups bonded on the immobilized
groups, forming 4-ring, should be inclined to the layer surfaces.
This difference indicates that the selection of appropriate
layered silicates is quite important to utilize their silylated
products as building blocks for silicate-based nanostructural
design.

In order to utilize the grooves for the formation of more
versatile adsorption sites, it is interesting to examine whether
Heated-Tri-RUB-51 has micropores by linking the formed

Figure 5. Structual models of (a) layered octosilicate,
(b) silylated layered octosilicate, (c) RUB-51, and (d)
silylated RUB-51. The models are prepared on the basis
of space filling model, using Materials Studio Visualizer
(Accelrys K. K.). In this model, 0.135 and 0.026 nm were
used as the radii of oxygen and silicon atoms, respectively.
The silylated models show ideal bidentate states with
dichlorodimethylsilane. The ellipsoids indicate confronting
Si­O¹/Si­OH groups. The green regions are original
grooves of the starting layered octosilicate. Starting RUB-
51 has no grooves. The blue regions are new grooves
induced by silylation with dichlorodimethylsilane.
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grooves. However, microporosity of Heated-Tri-RUB-51 was
not confirmed by nitrogen adsorption data (Figure S7). The
reason for very low adsorption of nitrogen is probably because
Heated-Tri-RUB-51 possesses a stuffed structure derived from
the interdigitated structure, and the pore entrances are supposed
to be too small for nitrogen molecules to enter. The interlayer
region should be controlled by avoiding the interdigitated
structure and by sliding layers by a half-unit cell in the a axis to
match the convex and concave sites between each layer to form
a new microporous channel, which is now under investigation.

It is quite interesting to find the feasibility of this type of
silylation with bulkier functional groups for further applica-
tions. Our preliminary data suggest that butyltrichlorosilane
and trichloro(octyl)silane can directly react with RUB-51. This
behavior has not been found for other layered silicates which
are usually ion-exchanged with bulky cations like alkylammo-
nium ions before silylation.10c The details on the products,
including their exfoliation behavior, will be reported in the near
future. We have recently found that hexadecyltrimethylammo-
nium ions can be exchanged with benzyltrimethylammonium
ions with corresponding expansion of interlayer spaces, which
will also be useful for various derivatization of the silicate.

Conclusion

Layered silicate RUB-51 with half-sodalite cages was
silylated with dichlorodimethylsilane and trichloromethyl-
silane. RUB-51 possesses two confronting Si­O¹/Si­OH
groups and one silylating agent reacted with the two Si­O¹/
Si­OH groups (bidentate silylation). Layered octosilicate,
which is known to form a bidentate state with confronting
Si­O¹/Si­OH groups on the interlayer surface, was also
reacted with the same silylating reagents. The comparison of
these silylated products derived from these two different
layered silicates indicate that the structures of formed interlayer
surfaces are varied by the arrangement of the confronting
groups. Silylated RUB-51 possesses unique surfaces composed
of uniaxial zigzag grooves. The surface is different from those
of other layered silicates. RUB-51 silylated with dichlorodi-
methylsilane was delaminated and flocculated through ultra-
sonication in cyclohexane. Therefore, silylation is a quite
useful way for the preparation of silicate-based nanomaterials
from RUB-51.

We would like to acknowledge Dr. T. Shibue (Materials
Characterization Central Laboratory, Waseda University) and
Mr. S. Osada (Department of Applied Chemistry, Waseda
University) for experimental help. This work was supported in
part by the Global COE program “Practical ChemicalWisdom”

and Elements Science and Technology Project from MEXT,
Japan.

Supporting Information

SEM images of RUB-51, Di-RUB-51, and Tri-RUB-51
(Figure S1), 11BMASNMR spectrum (Figure S2), 13CCP/
MASNMR spectra of RUB-51, Di-RUB-51, Tri-RUB-51, and
Heated-Tri-RUB-51 (Figure S3). Experimental procedure of
thermal treatment of Tri-RUB-51 at 300 °C for 5 h, SEM image
of Heated-Tri-RUB-51 (Figure S4), XRD pattern of Heated-
Tri-RUB-51 (Figure S5), 29SiMASNMR spectrum of Heated-

Tri-RUB-51 (Figure S6), N2 adsorption­desorption isotherm
of Heated-Tri-RUB-51 (Figure S7), relative intensities in the
29SiMASNMR signal of Heated-Tri-RUB-51 (Table S1). BF-
STEM images of RUB-51, Di-RUB-51, and Ex-Di-RUB-51
(Figure S8). Graphic of a hydrophobic sheet of Di-RUB-51
(Figure S9). Experimental procedure of silylation of layered
octosilicate, 29SiMASNMR spectra of silylated octosilicate
(Figure S10), relative intensities in the 29SiMASNMR signals
of silylated octosilicate (Table S2). Crystal structure of layered
octosilicate (Figure S11). Schematic views of the formation of
5-ring in silylated layered octosilicate and 4-ring in silylated
RUB-51 (Figure S12). This material is available free of charge
on the Web at: http://www.csj.jp/journals/bcsj/.
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