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Interlayer Silylation of Layered Octosilicate with
Organoalkoxysilanes: Effects of Tetrabutylammonium
Fluoride as a Catalyst and the Functional Groups of Silanes
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Atsushi Shimojima,® ¥ David Portehault,™

Shohei Saito,™
Sophie Carenco,™

Clément Sanchez,"” Carole Carcel,” Michel Wong Chi Man,*™ and Kazuyuki Kuroda*™ %

Interlayer silylation of layered sodium octosilicate (Na-Oct) with
various  organoalkoxysilanes ~ was  conducted using
hexadecyltrimethylammonium ion-exchanged layered octosili-
cate (C;,TMA-Oct) as an intermediate in the presence or
absence of tetrabutylammonium fluoride (TBAF). The degree of
silylation was increased by adding TBAF. It is suggested that F~
ions perform a nucleophilic attack on the alkoxysilanes, which
promotes the silylation reaction. C;,;TMA-Oct was silylated with

Introduction

Layered silicates, composed of 2D crystalline silicate layers, are
promising inorganic materials with high versatility in terms of
design."® They possess interlayer exchangeable cations and
reactive SiO"/SiOH groups. The ion-exchange property and
reactivity of the interlayer surfaces provide a variety of silica-
organic hybrid materials that can find various applications, such
as ion exchange, adsorption, and catalysis."’ The effective use
of interlayer space is also important for designing layered
silicates as 2D nanomaterials."'®'" The interlayer modification
of layered silicates with silane coupling agents (silylating
agents) is a practical method for increasing the chemical
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octyltriethoxysilane (C4TES) or 3-mercaptopropyltriethoxysilane
(MPTES) to compare the reactivity of the two organoalkoxysi-
lanes in the presence or absence of TBAF. A higher degree of
silylation of C,;,TMA-Oct was observed with MPTES, suggesting
the higher accessibility of this silylating agent into the interlayer
polar region of C;;TMA-Oct. Overall TBAF appears as a relevant
catalyst for the covalent interlayer surface modification of
layered silicates with organic functional groups.

functionality of layered silicates. Indeed, various functional
groups can be regularly grafted onto the surfaces of layered
silicates by interlayer modification. Furthermore, this method
enables the possibility to implement catalytic active sites,
polymer growth sites, and porosity to layered silicates.">'
Thus, the regular interlayer modification of layered silicates with
organic groups can maximize the advantages of silica-organic
hybridization.”

We have developed the silylation of layered octosilicate,
one of the layered silicates.” Layered octosilicate (Na-Oct (RUB-
18): Nag[Si;,044(OH)gl-32H,0)"" possesses a pair of SiO~/SiOH
groups on the layer surfaces, as shown in Scheme 1a and
Scheme 1b. In addition, the interlayer of octosilicate can be
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Scheme 1. (a) In-plane and (b) stacked structures of Na-Oct, and (c) dipodal
silylation of C,,TMA-Oct.
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expanded by the introduction of organic species, such as
alkyltrimethylammonium cations, between the layers. These
expanded octosilicate can subsequently be reacted with di- or
tri-functional organosilylating agents dipodally (bidentate silyla-
tion), resulting in the formation of silica-organic hybrid
compounds with an ordered arrangement of organic groups.”

Organochlorosilanes and organoalkoxysilanes are two major
silylating agents for layered silicates. Organochlorosilanes are
highly reactive; they react with sufficiently high yield with SiOH
groups on the surfaces of silicate layers, affording a dense
modification of the interlayer surfaces. However, the types of
organic groups of organochlorosilanes are limited owing to the
high reactivity of the Si—Cl bond towards organic functional
groups. Furthermore, the generation of HCl produced by the
reaction of chlorosilanes with silanol groups makes the reaction
hard to control,"®'® though this side effect is often reduced by
using an HCl trapping agent (e.g., pyridine). In contrast, there is
a greater variety of alkoxysilanes, and a wider range of organic
modifications is possible. However, their reactivity towards
silylation compared with organochlorosilanes is much lower.
Therefore, the reactivity of organoalkoxysilanes for the silylation
of silica and silicates must be substantially improved. The crucial
factors affecting silylation reactions of layered silicates are
thought to be the amount of silylating agent and the interlayer
expansion with some intercalated species. Although these
factors have been determined empirically from only few case
studies,"®?” a catalyst has scarcely been used for the silylation
of layered silicates with organoalkoxysilanes. Kwon et al.
reported the organosilylation of magadiite with octyltrieth-
oxysilane®” and that of kenyaite with 3-aminopropyltrieth-
oxysilane® using a mixture of dodecylamine and ethanol.
Although the catalytic action of dodecylamine was suggested,
no details on the reaction mechanism were presented.

In this study, the effect of tetrabutylammonium fluoride
(TBAF) on the silylation reactions of layered octosilicate with
various organotriethoxysilanes (octyltriethoxysilane (C,TES),
propyltriethoxysilane (C;TES), octadecyltriethoxysilane (C,5TES),
and 3-mercaptopropyltriethoxysilane (MPTES)) was investigated
(Scheme 1c and Table 1). TBAF is often used as a catalyst of sol-
gel reactions namely to favor condensation of alkoxysilanes.
Indeed, the fluoride ion of TBAF attacks the Si atom of
alkoxysilanes, forming hypervalent silicon intermediates, which

Table 1. Experimental conditions.

increases the nucleophilicity of Si and hence the reactivity.”2

Here we found that the degree of silylation of layered silicate
using CgTES was increased in the presence of TBAF for the first
time. The catalytic effect of TBAF on the silylation reaction was
verified with other organoalkoxysilanes, confirming the superi-
ority of this method. The accessibility of organosilylating agents
between layers strongly influenced the degree of silylation of
layered silicates with or without TBAF. Interestingly, the
addition of TBAF was found to improve the degree of silylation
for less accessible silylating agents.

Results and Discussion

Effect of the presence of TBAF on the silylation of layered
octosilicate with C,TES

C,TES presenting a medium-length alkyl chain was used as a
model compound to investigate the effect of the addition of
TBAF on the degree of silylation. Figure 1a-c shows the powder
X-Ray diffraction (XRD) patterns of C;qTMA-Oct, Cs-Oct, and Cg-
Oct_0.27F. The diffraction peak at 260 =49°, attributable to the
(400) plane of the layered silicate structure, was observed for all
the samples, indicating the retention of the crystal structure of
octosilicate."” The profile of Cg-Oct obtained in the absence of
TBAF (Figure 1b) shows that the basal spacing (d=2.47 nm)
decreased from that of the starting compound, C;,;TMA-Oct (d=
2.79 nm, Figure 1a). When C,,TMA-Oct was modified with C;TES
in the presence of TBAF, the basal spacing was further reduced
to d=2.23 nm, as shown in Figure 1c. This decrease in basal
spacing is consistent with the decrease in the amount of
remaining C;,TMA in the sample obtained in the presence of
TBAF, as determined from the elemental analysis and *C CP/
MAS NMR data reported below.

Figure 2a-c shows the *Si MAS NMR spectra of C;sTMA-Oct,
Cg-Oct, and Cg-Oct_0.27F. The *Si MAS NMR spectrum of
C,sTMA-Oct (Figure 2a) shows the signals attributable to Q?
(Si(0Si);OH/0™) and Q* (Si(OSi),) units at —100 ppm and
—111 ppm, respectively, with an integral intensity ratio of 1:1.
These chemical shifts and peak intensities are consistent with
those reported in previous studies.”?'®" The spectrum of Cg-
Oct (Figure 2b) shows the signals arising from T? (CgH,,Si-

Sample name Silylating agent Solvent Reaction temp. [°C] Reaction time / [d] Molar ratio

SiOH/SIO~®  Silylating agent ~ TBAF
Cg-Oct Octyltriethoxysilane DMF 100 4 1 10 0
Cg-Oct_0.027F Octyltriethoxysilane DMF 100 4 1 10 0.027
Cg-Oct_0.27F Octyltriethoxysilane DMF 100 4 1 10 0.27
Cg-Oct_0.54F Octyltriethoxysilane DMF 100 4 1 10 0.54
C5-Oct Propyltriethoxysilane DMF 100 4 1 10 0
C;-Oct_0.27F Propyltriethoxysilane DMF 100 4 1 10 0.27
C,5-Oct Octadecyltriethoxysilane Toluene 80 4 1 10 0
C,5-Oct_0.27F Octadecyltriethoxysilane Toluene 80 4 1 10 0.27
MP-Oct 3-mercaptopropyltriethoxysilane DMF 100 4 1 10 0
MP-Oct_0.27F 3-mercaptopropyltriethoxysilane DMF 100 4 1 10 0.27

[a] A pair of SIOH/SIO™ of C,;,TMA-Oct corresponds to one reaction site because of dipodal silylation.
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Figure 1. Powder XRD patterns of (a) C;sTMA-Oct, (b) Cg-Oct, (c) Cg-Oct_
0.27F, (d) C5-Oct, (e) C5-Oct_0.27F, (f) C;5-Oct, (g) C;5-Oct_0.27F, (h) MP-Oct,
and (i) MP-Oct_0.27F. (A) Profiles in the low angle region and (B) profiles
with magnified intensities in the high angle region.
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Figure 2. ?°Si MAS NMR spectra of (a) C;,sTMA-Oct, (b) Cg-Oct, and (c) Cg-Oct_
0.27F, (d) C,-Oct, (e) C5-Oct_0.27F, (f) C,5-Oct, (g) C1-Oct_0.27F, (h) MP-Oct,
and (i) MP-Oct_0.27F.

(OSi),0H/OEt), Q% and Q* units at the integral intensity ratio of
0.18:0.67:1.33 (Table S1). Because the Q° unit is converted to

Q* by the silylation reaction and a T? environment appears, the
degree of silylation of Cg-Oct (the ratio of the modified silylating
agent to all the reaction sites on the octosilicate surfaces; one
pair of SiOH/SIO~ corresponding to one reaction site) was
calculated to be 33% ((1-Q° x100). The spectrum of Cg-Oct_
0.27F (Figure 2¢) displays the signals arising from the T?, Q?, and
Q* units at an integration ratio of 0.26:0.40:1.60 (Table S1). The
degree of silylation, calculated in the same manner, was 60 %.
The broadening of the signal due to Q* (Figure 2c) is consistent
with the increased formation of new Q* silicons by enhanced
silylation. In addition, the ratios of the T2 units to the decreases
in the Q* units (T%/(1-Q%) were approximately 1:2 for both of
samples after silylation, suggesting dipodal silylation of the
octosilicate surfaces.

Figure 3a-c shows the *C CP/MAS NMR spectra of C,;TMA-
Oct, C4-Oct, and Cg-Oct_0.27F; more details (enlarged profiles
and peak assignments) are provided in Figure S1(A). When
C;sTMA-Oct was modified with C,TES with and without the
addition of TBAF, a broad signal at 12.8 ppm attributable to
Si—CH, (C'1), signals at 33.0 ppm, 30.4 ppm, and 23.6 ppm
attributable to methylene groups ((C'3, C'6), (C'4, C'5), and (C'2,
C'7), respectively) of octylsilyl group, and signals at 19.0 ppm
and 59.7 ppm attributable to the methyl and methylene groups
of ethoxysilyl group appeared in the spectra of both Cg-Oct and
Cg-Oct_0.27F. In particular, the signals of the octylsilyl and
ethoxysilyl groups are more intense in the spectrum of Cg-Oct_
0.27F, indicating the idea that the addition of TBAF improves
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Figure 3. *C CP/MAS NMR spectra of (a) C,;TMA-Oct, (b) Cg-Oct, (c) Cg-Oct_
0.27F, (d) C5-Oct, (e) C5-Oct_0.27F, (f) C;5-Oct, (g) C;5-Oct_0.27F, (h) MP-Oct,
and (i) MP-Oct_0.27F.



the silylation yield. The enlarged profiles of C,,TMA-Oct, Cz-Oct,
and Cg-Oct_0.27F (Figure S1(B) a—c) show that the signal at
33.5 ppm, attributable to the methylene group (C5 to C13) of
the all-trans alkyl chain (Figure S1(B)a), shifts to 30.7 ppm
(Figure S1(B)b and c), indicating the disordering in the all-trans
methylene chain of the remaining C,;TMA.*” The FT-IR spec-
trum of C,,TMA-Oct (Figure S2a, SI) indicates the presence of a
band at 3030 cm™, attributable to the C—H stretching vibration
of the NCH; group, the bands at 2919 cm™' and 2850 cm ™,
attributable to the asymmetric and symmetric C—H stretching of
CH,, and the peaks at 2950 cm™' and 2870 cm ™', attributable to
the asymmetric and symmetric C—H stretching of the terminal
CH, group of the alkyl chain, respectively.?® The FT-IR spectra of
both Cg-Oct and Cg-Oct_0.27F indicate that the intensities of
these bands were weakened (Figure S2b and ¢, Sl), which is
consistent with the *C CP/MAS NMR results.”” In addition, the
intensity of the band at 960 cm™' due to the Si—OH stretching
vibration of the silanol group”®*” decreased, which also
indicates the introduction of the octylethoxysilyl group, as
schematically shown in the diagram of the dipodal grafting in
Scheme 1; however, the difference in the degree of decrease
between Cg-Oct and C4-Oct_0.27F is not so clear from the FT-IR
data.

The elemental analysis of the samples (Table S2) also
support the above results. The amount of nitrogen was reduced
from 2.4 wt% of C;,;TMA-Oct to 1.5 wt% and 1.0 wt% for Cg-Oct
and Cg-Oct_0.27F, respectively, due to the grafting of CgTES.
Because the observed contents of nitrogen were relatively low
(1.0 wt% and 1.5 wt%), the calculated values presented here
should be treated as semi-quantitative estimates. By multiplying
each Si content (18.7 wt%, 21.9 wt%, and 24.6 wt%) by the *Si
MAS NMR intensity ratio (Q*+Q%/(T*4+ Q>+ Q" (1.00, 0.92, and
0.88, respectively), the octosilicate-derived content Si(Si(Q)) was
calculated to be 18.7 wt%, 20.0 wt%, and 21.8 wt% for C,,TMA-
Oct, C4-Oct, and Cg-Oct_0.27F, respectively. Accordingly, the N/
Si(Q) ratios for C;,TMA-Oct, C;-Oct, and C;-Oct_0.27F were 0.26,
0.15, and 0.09, respectively, suggesting that the C;;TMA cations
were desorbed. The amounts of carbon arising from CGTES in
Ce-Oct and Cg-Oct_0.27F were 55wt% and 125 wt%,
respectively.®" The ratio of C,TES-derived C to Si(Q) content
(C(CETES)/Si(Q)) was calculated to be 0.64 and 1.34, indicating
that the degree of silylation of layered octosilicate with CSTES is
significantly improved by the catalytic amounts of TBAF.

Effect of the amount of TBAF on the silylation with C,TES and
plausible silylation reaction mechanism

The powder XRD patterns of Cg-Oct and Cg-Oct_xF (x=0.027,
0.27, or 0.54) are shown in Figure S3. The diffraction peak at
20=49° was observed for all the samples, suggesting the
retention of the crystallinity in the in-plane direction."” The d
values of the basal spacing gradually decreased (d=2.47 nm—
2.39 nm—2.26 nm—2.23 nm) with the increase in the amount
of TBAF added. The CHN analysis and solid-state *C NMR data
of the samples, as described later, show that the amount of
C,6TMA continuously decreased with the increasing amount of

TBAF. Consequently, the decrease in the basal spacing indicates
the progress of the desorption of C,;TMA cations, which is
consistent with the above-mentioned results.

The #Si MAS NMR spectra of Cg-Oct and Cg-Oct_xF are
shown in Figure S4. The Q* and Q* signals were observed at
—100 ppm and —111 ppm, respectively, for both Cg-Oct_0.027F
and Cg-Oct_0.54F, which are consistent with those of Cg-Oct_
0.27F mentioned in the section above. The degrees of silylation
calculated from the integral intensity ratios of the signals were
549%, 60%, and 71% for Cz-Oct_0.027F, Cg-Oct_0.27F, and C,-
Oct_0.54F, respectively (Table S1). This indicates that the
silylation reactivity of layered octosilicate with CgTES s
enhanced with increasing amounts of TBAF. Only the T? peak
appeared as a signal arising from CTES in the spectrum of Cg-
Oct_0.027F. The ratio of the T? signal intensity over the reduced
intensity in the Q* signals before and after the silylation was
1:2, which supports the observation that the dipodal silylation
proceeds in a manner similar to that of Cg-Oct_0.27F. In
addition, the amount of the added catalyst corresponds to
2.7 % of the reaction sites of layered octosilicate, but the degree
of silylation proceeds by 21 %, which suggests that F~ acts as a
catalyst. On the other hand, both T> and T* (RSi(OSi);) signals
were observed for Cg-Oct_0.54F. This is probably due to the
condensation between proximal silylating agents by hydrolysis
and condensation of ethoxy groups because the amount of
water increased with increasing amount of added TBAF
(knowing that TBAF contains 5.7 wt% water, as stated in the
Materials in the Experimental Section).

Figure S5 shows the *C CP/MAS NMR spectra of C4-Oct and
Cg-Oct_xF. The relative intensity ratio of the signal at 54.1 ppm,
attributed to N—CH; of C;;TMA cations over the other signals
due to the octyl group,?” decreased with increasing amount of
TBAF. The relative intensity ratio of the broad signal at
12.8 ppm, attributed to Si—CH,, the signals at 19.0 ppm and
59.7 ppm, attributed to the methyl and methylene groups of
the ethoxysilyl group, and the signal at 23.6 ppm, attributed to
the methylene group (C'2, C'7) of octylsilyl group, also increased
with increasing amounts of TBAF by comparison with the
intensity of the signals due to C,;,TMA cations.

The contents of nitrogen gradually decreased (1.5 wt%—
1.1 wt%—1.0 wt%—0.8 wt %) with increasing amounts of TBAF
added, while the carbon content arising from CSTES, calculated
by subtracting the amount of carbon arising from C,;TMA™,
gradually increased (5.4 wt%—11.8 wt%—12.5 wt%—
17.4 wt%). The value of N/Si(Q) decreased from 0.15 to 0.10,
0.09, and finally 0.09, and the ratio of C(CSTES)/Si(Q) increased
from 0.63 to 1.26, 1.34, and finally 2.06. These results also show
that increasing amounts of TBAF results in increasing amounts
of eliminated C,,TMA cations and introduced octylethoxysilyl
groups.

The mechanism of the silylation without the addition of
fluoride ions can be explained as follows. The reaction was
conducted at 100°C, and EtOH was generated each time
alkoxysilane reacted with SiOH, accompanied by the generation
of water by the reaction of EtOH with surface silanol
groups.****¥ Consequently, C;;TMA cations may be eliminated
as hydroxide.™ Here, we discuss the reaction mechanism of the



promotion of silylation by the addition of fluoride ion (TBAF) on

the basis of the sol-gel reaction of alkoxysilanes catalyzed by

fluoride ions (Scheme 2).2%

A) An XPS peak® due to the F 1s orbital at 687 eV, attributed
to the Si—F bond,”*™ was observed (Figure S6), indicating the
formation of unidentified Si species with an Si—F bond; this,
in turn, indicates the nucleophilic attack on the silylating
agent.B¢

B) It is plausible that the oxygen atom of the Si—OH group at
the surfaces of the layers undergoes nucleophilic attack on
the Si atom that has become electrophilic due to the
formation of Si—F bonds, resulting in the formation of a
hexacoordinated state with Si—O—Si.

C) Then, a tetracoordinated state can form by the elimination
of EtOH and F~ from the hexacoordinated silicon; this
process generally occurs in sol-gel reactions catalyzed by
fluoride ions. Then, the silylation is completed by processes
D) to G), as in the case where there are no fluoride ions.

Silylation of C,,;TMA-Oct with silylating agents having
different alkyl chain lengths

To investigate the effect of the alkyl chain length of silylating
agents on the degree of silylation, reactions using C;TES and
C,sTES were conducted to compare the results with those
obtained using CGTES. Hereafter, the ratio of TBAF per the
reaction site of layered octosilicate was fixed at 0.27 because T*
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units, showing unfavorable condensation between organo-
alkoxysilanes, appeared for the case of Cg-Oct_0.54F.

Figure 1d-g shows powder XRD patterns of C;-Oct, C;-Oct_
0.27F, C,g-Oct, and C;4-Oct_0.27F. As described above, the
diffraction peak at 20=49°, attributed to the in-plane (400)
plane of the octosilicate,'” was observed for all the samples.
When C;TES was used as the silylating agent, as shown in the
profiles of Figure 1d and Figure 1e, the basal spacing decreased
from d=2.79 nm for C;,,TMA-Oct to d=2.40 nm (C;-Oct) and
1.94 nm (C;-Oct_0.27F), respectively. The gallery heights (1.66
and 1.20 nm for C;-Oct and C;-Oct_0.27F, respectively), which
were calculated by subtracting the layer thickness (0.74 nm)&”
from the basal spacings, do not correspond to the length of
propyl group (0.37 nm) grafted on the layers, which suggests
partial removal of C,;TMA cations, as supported by the decrease
in the amount of nitrogen (described below). When C,;TES was
modified (Figure 1f and Figure 1g), the basal spacings were d=
2.76 nm and 2.96 nm for C,3-Oct and C,4-Oct_0.27F, respectively.
The larger d value of the basal spacing of C,;-Oct_0.27F
compared to that of C;,TMA-Oct suggests the introduction of
C,sTES owing to the longer alkyl chain of C,;;TES compared to
that of the C;,TMA cation. On the other hand, the basal spacing
of C,4-Oct remained similar to that of C;,TMA-Oct, suggesting
that the amount of grafted silylating agent between layers was
small, as supported by the ?°Si MAS NMR data described below.

Interestingly, there is a linear relationship between the
number of carbon atoms in the alkyl chain and the d value of
the basal spacing (Figure 4). The increase in the basal spacing
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Scheme 2. Plausible reaction mechanism of silylation of layer surfaces of layered octosilicate by the addition of fluoride ions.
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Figure 4. Relationships between the number of carbon atoms in alkyl chain
and d values of basal spacing of C,-Oct and C,-Oct_0.27F.

per CH, of the silylating agent was 0.0247 and 0.0687 nm for
the three samples prepared without and with TBAF, respec-
tively. Note that the R? values, i.e, the degree of data
dispersion, are close to 1. In general, the increase per CH, in the
length of the all-trans alkyl chain is calculated to be 0.125 nm
(0.154 nm (C—C bond length)xsin(54.75°)). The increase of
0.125 nm per CH, unit indicates a monolayer arrangement of
alkyl groups oriented perpendicular to the layer. If the increase
is twice the value, the arrangement should be bilayered
perpendicularly to the layers. The observed data are much
smaller than the values calculated from the perpendicularly
oriented alkyl chain lengths of silylating agents. Accordingly,
the relatively small inclination of the relationships between the
basal spacings and the carbon chain lengths (Figure 4) for all
the samples should be influenced by tilted alkyl groups on silyl
groups to the layer and the co-presence of remaining C,;,TMA
cations between the layers. The inclination of the line for the
samples prepared without TBAF is smaller than that prepared
with TBAF, which is in accordance with the lower amounts of
eliminated C,,TMA ions in the samples prepared without TBAF,
as described below.

Figure 2d-g shows the Si MAS NMR spectra of C,-Oct, Cs-
Oct_0.27F, C,g-Oct, and C,4-Oct_0.27F. The degree of silylation
using C,TES was calculated to be 41% and 59 % for the samples
prepared with and without TBAF, respectively (see Table S1 for
the details of calculation). Similarly, the degree of silylation with
C,sTES was 23% and 68%, respectively (see Table S1 for the
details of calculation). The degree of silylation of C;4-Oct
without the addition of TBAF was lower than those of Cg-Oct
and C;-Oct. The solvent for the reaction using C,,TES was
changed from DMF to toluene because C,;TES does not dissolve
in DMF. Because C;,TMA-Oct does not swell as much in toluene,
it is likely that C,sTES, which is longer than C,;TMA, has lower
accessibility to the interlayer spaces, which reduces the degree

of silylation. However, our preliminary study on the use of
toluene for the C,TES case showed that the difference in the
silylation reactivities was not large (data not shown).

The degree of silylation was higher for the silylating agents
with shorter alkyl chains (C;-Oct: 419%, Cg-Oct: 33%, C,4-Oct:
23%) when TBAF was not added. This can be explained by the
accessibility of the silylating agent between the layers. It was
also confirmed that the addition of TBAF improves the degree
of silylation for all the cases using a silylating agent with an
alkyl chain (Table S1). In particular, the degree of silylation was
significantly improved for the case of C;4-Oct_0.27F, which is in
good agreement with Scheme 2, showing that the added TBAF
contributes to the increase in the reactivity of the organotrieth-
oxysilyl group. This should be effective in overcoming the
limitation of the accessibility of the silylating agent between
layers.

Figure 3d-g shows the *C CP/MAS NMR spectra of C;-Oct,
C5-Oct_0.27F, C,4-Oct, and C,g-Oct_0.27F. These results indicate
the introduction of the respective silylating agents and the
partial elimination of C;,TMA cations. More details can be found
in the Supporting Information (page S10). As in the case of
C,TES, the amounts of the silylating agents introduced were
increased by the presence of TBAF, and the amounts of C;;TMA
cations decreased accordingly (see Table S2 for details). These
results support the increase in the degree of silylation with
C,TES and C;,TES by the addition of TBAF.

Effect of the mercapto group of the silylating agent on the
degree of silylation

C,6TMA-Oct was silylated with MPTES possessing a mercapto
(thiol) group that can be developed for further applications.
Compared to the case when using alkyltriethoxysilanes, the
degree of silylation was very high when using MPTES with or
without TBAF (Table S1). Below, we discuss the factors that play
an important role in the silylation of C,;,TMA-Oct.

Figure 1h and Figure 1i shows the powder XRD patterns of
MP-Oct and MP-Oct_0.27F. The basal spacings were d=1.52 nm
(MP-Oct) and 1.58 nm (MP-Oct_0.27F). The relatively large
amount of introduced silyl groups and the small amount of
residual C,,TMA ions, as described below, can explain the
relatively small basal spacings of the products using MPTES,
when compared with the cases using C;TES. A lamellar structure
with mercaptopropyl groups bonded onto the siloxane layer
can be fabricated by hydrolysis and condensation of o, w-bis
(trimethoxysilyl)propyldisulfide and the subsequent reduction
of the disulfide bond.?® However, the d value in the stacking
direction of the lamellar phase was about 1.2 nm and the value
is different from those of MP-Oct and MP-Oct_0.27F because
the two samples have thicker octosilicate layers.

Figure 2h and Figure 2i shows the *Si MAS NMR spectra of
MP-Oct and MP-Oct_0.27F. The degree of silylation of MP-Oct
and MP-Oct_0.27F was calculated to be 89% and 80%,
respectively (Table S1), indicating a higher degree of silylation
even in the case of MPTES without the addition of TBAF.
Figure 3h and. Figure 3i shows the C CP/MAS NMR spectra of



MP-Oct and MP-Oct_0.27F, respectively. In these spectra, a
relatively large decrease in the signal attributed to N—CH, at
54.1 ppm was observed, suggesting a significant elimination of
C,sTMA cations. The introduction of 3-mercaptopropyleth-
oxysilyl groups was also confirmed, and the detailed assign-
ments of the *C NMR signals are shown in S| (page S10). The
Raman spectra of MP-Oct and MP-Oct_0.27F (Figure S7) show
peaks attributable to S—H stretching at 2570 cm™', confirming
the presence of mercapto groups,®**” which supports the *C
CP/MAS NMR results. A very small peak at 510 cm™' was also
observed, suggesting the formation of a disulfide bond.""

The N contents of MP-Oct and MP-Oct_0.27F were 0.0 wt%
and 0.2 wt%, respectively. The amounts of carbon arising from
MPTES in MP-Oct and MP-Oct_0.27F were 11.1wt% and
9.1 wt%, respectively (Table $2).*? The calculated amounts of
carbon of MP-Oct and MP-Oct_0.27F based on the respective
silylation rates (89% and 80%) were 12.7 wt% and 12.0 wt%,
respectively, if all ethoxy groups remained after the dipodal
silylation; when all ethoxysilyl groups were hydrolyzed to silanol
groups, the carbon content was calculated to be 8.5 wt% and
7.9 wt%, respectively. In all cases, the measured values
(11.1wt% and 9.1 wt%) are within the range of these
calculated values. Thus, some ethoxy groups in both samples
should be eliminated. The contents of S of both samples were
same as 7.1 wt% (Table S2). The equal amounts of S, despite
the difference in the degree of silylation is probably due to the
variation in the amount of ethoxy groups remaining after the
silylation. The residual ratios of ethoxy groups were calculated
to be approximately 60% for MP-Oct and approximately 20%
for MP-Oct_0.27F from the C/S ratios (42 and 34,
respectively).*® Therefore, in both MP-Oct and MP-Oct_0.27F,
the ethoxy groups were partially eliminated, and it was
confirmed that the amounts of carbon and sulfur were within a
reasonable range.

The reason why silylation of C;;TMA-Oct with MPTES
proceeds in a higher degree than those with alkyltrialkoxysi-
lanes (C,TES, where C, accounts for the number of carbon
atoms in the alkyl chain (n=3, 8, and 18)) is discussed here.
Two possible differences between C,TES and MPTES can be
highlighted. (1) The first one is the fact that the electron density
of Si of the silylating agents varies depending on the functional
group,* which may affect the reactivity. However, in the
following paragraph we show that this does not explain the
high degree of silylation with MPTES. (2) The second difference
between C,TES and MPTES lies in the polar S—H groups of
MPTES, which may provide a higher accessibility to polar
reaction sites (organoammonium cations on Si—OH/Si—O~
groups) between layers than for C,TES with non-polar alkyl
groups.

The reason why point (1) above cannot account for the
observed difference in silylation degree between MPTES and
CNTES is shown below. The solution °Si NMR spectra of C;TES
and MPTES are shown in Figure S8. The signals due to the T°
unit (RSi(OEt);) were observed for both spectra at the chemical
shifts of —44.95 ppm for C;TES and —45.88 ppm for MPTES.*
The chemical shift of Si in C,TES is located at a slightly lower
magnetic field, indicating that Si in C;TES has a lower electron

density." Therefore, C;TES should be relatively more suscep-
tible to nucleophilic attacks by silanol groups on the layer
surfaces, and the degree of silylation should be higher. In
practice, however, C;TES had a lower degree of silylation.
According to a report on the hydrolysis rates of alkyltrieth-
oxysilanes by Echeverria et al,*” alkoxysilanes, in which the
chemical shift of Si appears on the lower magnetic field owing
to the difference in the functional groups of the alkyl moiety,
have more electrophilic Si and consequently, higher hydrolysis
rate of the alkoxysilanes. Therefore, it is suggested that the
reaction rate of silylation using C,TES is higher than that using
MPTES. However, the actual high and low degrees of silylation
were opposite to the expected trend. This is presumably
because the reaction time was sufficiently long, and the
relatively higher reaction rate did not affect the degree of
silylation.

The reason why point (2) is a reasonable explanation is as
follows. The silylation reaction of mesoporous silica SBA-15
composed of amorphous silica pore walls was performed. Since
the surfactant used in the preparation of SBA-15 was removed
by calcination, all the reaction sites are silanol groups. Figure 5
shows the Si MAS NMR spectra of SBA-15, C;-SBA, C4-SBA, Cq-
SBA_F, MP-SBA, and MP-SBA_F (the deconvoluted spectra are
shown in Figure S9). In the spectrum of SBA-15 (Figure 5a), the
signals assigned to the Q? (Si(OSi),(OH),), Q% and Q* units were
observed at —90 ppm, —101 ppm, and —110 ppm, respectively;
the integral intensity ratio of the three signals was
0.03:0.31:0.66. In the spectra of C;-SBA and MP-SBA (Figure 5b
and Figure 5e), the signals attributed to the Q% Q3 and Q* units
were observed at the same positions. The integral intensity
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Figure 5. ?°Si MAS NMR spectra of (a) SBA-15, (b) C5-SBA, (c) Cg-SBA, (d) Cg-
SBA_F (e) MP-SBA, and (f) MP-SBA_F.



ratios (Q*:Q’:Q%) were 0.02:0.31:0.67 for C;-SBA and
0.03:0.27:0.70 for MP-SBA. The spectra of C4-SBA, Cg-SBA_F,
and MP-SBA_F (Figure 5c, Figure 5d, and Figure 5f) showed
signals arising from Q* and Q* units at the integral intensity
ratios of 0.30:0.70, 0.27:0.73, and 0.22:0.78, respectively. The
degree of silylation of SBA-15 was calculated by a way different
from that used for octosilicate. Owing to the presence of the Q?
unit in SBA-15, the degree of silylation was estimated from the
consumption of silanol groups. The ratios of the silanol groups
consumed over the total contents of silanol groups were
calculated to be 0.02, 0.07, 0.10, 0.04, and 0.15 for C;-SBA, Cg-
SBA, Cg-SBA_F, MP-SBA, and MP-SBA_F, respectively. These
values are consistent with previously reported values observed
for SBA-15 silylated with octadecyltrimethoxysilane.”® The
amounts of silanol groups consumed for the silylation was
similar when using C;-SBA, Cg-SBA, and MP-SBA, which was
different from when layered octosilicate was used. This
indicates that the reactivities and accessibility of C;TES, C,TES,
and MPTES to the reaction sites on SBA-15 surfaces are similar,
indicating that MPTES is more accessible than C,TES in the
ionically modified interlayer surfaces of layered octosilicate.
Furthermore, the increase in the degree of silylation of SBA-15
with both C,TES and MPTES with the addition of TBAF was also
confirmed.

It is interesting to note that the morphologies of Cg-Oct_
0.27F, C3-Oct_0.27F, and C,5-Oct_0.27F were slightly different
from that of MP-Oct_0.27F (Figure S10). In particular a slight
disintegration of layers was observed for the former three
samples (Figures S10a, b, and ¢) but not in MP-Oct_0.27F
(Figure S10d). However, further analysis is difficult at this stage.

The higher degree of silylation of octosilicate with MPTES
was observed even when TBAF was not added. Because there
are no large differences in the reactivity of C,TES and MPTES for
the silylation onto SBA-15, the polarity of the mercapto group is
likely to increase the accessibility to the interlayer surfaces of
layered octosilicate where organoammonium cations are
located.

Conclusion

The addition of TBAF was found to promote the interlayer
silylation of layered octosilicate with CgTES. The degree of
silylation increased with an increase in the amount of TBAF
added. When the ratio of TBAF to the reaction sites of silicate
increased, the water content in the reaction system increased
due to the presence of water in TBAF, which caused side
reactions. The role of fluoride ions in the promotion of silylation
was proposed. Although the degree of silylation using a
silylating agent with different alkyl chains was improved by the
addition of TBAF, MPTES improved the accessibility between
layers due to its polarity, resulting in a higher degree of
silylation without the addition of TBAF. The addition of TBAF in
the silylation of a layered silicate effectively promoted the
silylation of alkylalkoxysilanes with low interlayer accessibility.
Because silica and silicates are diverse in structure and
reactivity, the search for appropriate catalysts or suitable

experimental conditions for the preparation of silica-organic
hybrid materials by silylation will be further developed using
the concept reported here.

Experimental Section

Materials

SiO, (fumed silica (S5130), Sigma Aldrich), NaOH (FUJIFILM Wako
Pure Chemical Corp., 97 %), hexadecyltrimethylammonium chloride
(C,6TMACI, Tokyo Chemical Ind. Co., Ltd., 95%), octyltriethoxysilane
(C4TES, Tokyo Chemical Ind. Co., Ltd., 97 %), propyltriethoxysilane
(C5TES, Tokyo Chemical Ind. Co., Ltd., 98 %), octadecyltriethoxysilane
(CisTES, Tokyo Chemical Ind. Co., Ltd, 85%), 3-
mercaptopropyltriethoxysilane (MPTES, Tokyo Chemical Ind. Co,
Ltd., 96 %), tetraethoxysilane (TEOS, Tokyo Chemical Industry Co.,
Ltd.), triblock copolymer EO20PO70EO20 (Pluronic 123, Sigma
Aldrich), hydrochloric acid (6 M, FUJIFILM Wako Pure Chemical
Corp.), super dehydrated N, N-dimethylformamide (DMF, FUJIFILM
Wako Pure Chemical Corp. 99.5%), super dehydrated toluene
(FUJIFILM Wako Pure Chemical Corp. 99.5%), acetone (Kanto
Chemical Co., Inc., 99.0%), tetrabutylammonium fluoride in tetrahy-
drofuran (1.0 M TBAF in THF, Sigma Aldrich), and super dehydrated
THF with stabilizer free (THF, FUJIFILM Wako Pure Chemical Corp.,
99.5%) were used without further purification. The liquid state 'H
NMR spectrum of 1.0 M TBAF in THF showed the presence of
5.7 wt% water, which is consistent with the analysis conducted by
Sigma Aldrich.

Mesoporous silica SBA-15 was prepared according to a previously
reported method.”’*® To investigate the effect of inorganic support
on silylation, a silylation reaction was performed on mesoporous
silica SBA-15 instead of layered octosilicate. Hydrochloric acid
(0.6 M, 40 g), water (110 g), and surfactant (P123, 4 g) were mixed
in an eggplant flask and the mixture was stirred until the P123 was
dissolved. TEOS (8.5 g) was added to the mixture, and the resulting
mixture was stirred at 45°C for 8 h first and then at 80°C for
15 min. The product was separated by filtration, washed with water,
dried at room temperature, and then treated thermally at a rate of
1°C/min and calcined at 550°C for 6 h to obtain SBA-15. The
synthesis was confirmed by powder XRD (FeKa), TEM, and SEM data
(Figure S11-Figure S13, Supporting Information (SI)).

Preparation of Na-Oct and C,,TMA-Oct

Layered Na-octosilicate was synthesized according to a previously
reported method with some modification.*” SiO, NaOH, and
deionized water were mixed at a ratio of 4:1:25.8. The mixture was
hydrothermally treated in an autoclave at 100°C for 4 weeks. The
product was washed with deionized water three times, vacuum
filtered with a filter paper (ADVANTEC 5 C), and dried at 45°C to
obtain Na-Oct. The formation of Na-Oct was confirmed by powder
XRD, ICP-OES, and #Si MAS NMR data, shown in S| (Figure S14-
Figure S16, Figure S18, and Table S3). C,,TMA-Oct was also ob-
tained following the procedure reported previously."*” Na-Oct
(1.5 g) was dispersed in an aqueous solution of C,,TMACI (0.1 M,
100 mL); the mixture was stirred at room temperature for 24 h, and
the supernatant was removed by centrifugation. This ion exchange
step was repeated twice. Finally, the product was washed with
deionized water twice and dried under reduced pressure at room
temperature to obtain C,;TMA-Oct. The formation of C,;TMA-Oct
was confirmed by powder XRD, #Si MAS NMR, FT-IR, *C CP/MAS
NMR, SEM, ICP-OES, and CHN analysis; these data are shown in SI
(Figure S14-Figure S18 and Table S3)



Silylation of C;;TMA-Oct

The reaction of C,,TMA-Oct with CGTES as a silylating agent is
described below as a typical example. C,;TMA-Oct (0.2 g) was dried
in a Schlenk flask under reduced pressure at 120°C for 2 h. Then,
the sample was heated at 100°C and the atmosphere was changed
from air to dry N.. After this treatment, DMF (4 mL), C;TES (1.15 mL),
and a THF solution of TBAF“? (variable amounts) were added to
C,,TMA-Oct and the mixture was stirred for 4 d (the reason for the
selection of 4 d is described in the Supplementary Information,
Figure S19). The amount of C,TES was ten times greater than
necessary for the quantitative capping of the reaction sites (SiOH/
Si0™) of C,,TMA-Oct supposing dipodal silylation with diethoxy
groups. The amount of added TBAF in THF was varied from 0.1 mL
of 0.1 M solution and 1T mL of 0.1 M solution to 0.2mL of 1M
solution; these correspond to 0.027, 0.27, or 0.54, equivalent to the
one reaction site of the layer surfaces of the octosilicate. After
cooling to room temperature, the reaction product was centrifuged,
washed with DMF and acetone, and further dried under reduced
pressure. To investigate the effect of fluoride ions on the silylation
reaction, a sample was prepared without adding a TBAF solution.
The sample were names as follows: Cg-Oct (no TBAF added) and Cg-
Oct_xF (x=0.027, 0.27, or 0.54).

The effect of other silylating agents on the degree of silylation was
also investigated. C;TES (0.85 mL), C,,TES (1.76 mL), or MPTES
(0.88 mL) was reacted with C;,TMA-Oct with a constant amount of
TBAF (x=0.27); these samples are denoted as C;-Oct_0.27F, Ciq-
Oct_0.27F, and MP-Oct_0.27F, respectively. Samples without TBAF
were also prepared (sample names: C;-Oct, C,4-Oct, and MP-Oct).
Because C,TES is not soluble in DMF, silylation was performed in
toluene at 80°C.

Silylation of SBA-15

SBA-15 (0.1 g) was dried under reduced pressure at 120°C for 2 h.
Then, the sample was heated at 100°C, and the atmosphere was
changed from air to dry N,. After this treatment, DMF (4 mL) and a
silylating agent (G, TES (0.85mL), CGTES (1.15mL), or MPTES
(0.88 mL)) were added to SBA-15, and the mixture was stirred for 4
d. After cooling to room temperature, the reaction product was
centrifuged, washed with DMF and acetone, and further dried
under reduced pressure. The samples silylated with C;TES, CSTES,
and MPTES were denoted as C;-SBA, Cg-SBA, and MP-SBA,
respectively. Samples with a TBAF solution (0.1 M, 1 mL) and CTES
or MPTES were also prepared and were denoted as C;-SBA_F and
MP-SBA_F, respectively.

Characterization

Powder X-ray diffraction (XRD) patterns were obtained by a parallel
method using a Rigaku Ultima-IIl powder diffractometer (Cu Ka, A=
0.15418 nm, 40 kV, 40 mA) and a Rigaku Ultima IV diffractometer
(Fe Ka, A=0.19373 nm, 40 kV, 30 mA). Solid-state *°Si MAS NMR
spectra were recorded on a JEOL ECX-400 spectrometer at a
resonance frequency of 78.6 MHz, a recycle delay of 500, and a
90° pulse. Samples were packed in 4 mm zirconia sample tubes and
spun at 6 kHz. Solid-state *C CP/MAS NMR spectra were recorded
on a JEOL ECX-400 spectrometer at a resonance frequency of
99.55 MHz, recycle delay of 10 s, and contact time of 5 ms. Samples
were packed in a 4 mm silicon nitride sample tube and spun at
6 kHz. Each chemical shift was corrected using —33.8 ppm of
polydimethylsilane (PDMS) and 17.4 ppm (CH;) of hexameth-
ylbenzene (HMB) as external standards. Liquid-state 'H and *Si
NMR spectra were measured using a JEOL ECZ-500 spectrometer at
a resonance frequency of 500.16 MHz ('H) and 99.36 MHz (*°Si), a

45° pulse (Si), and a recycle delay of 5s ('"H) and 10s (**Si). In a
5 mm glass sample tube, CDCl; was used as a deuterated solvent,
and tetramethylsilane (TMS) was used as an internal standard with
a chemical shift of 0 ppm. Fourier transform infrared (FT-IR) spectra
were measured in KBr pellets using a FT/IR-6100 (JASCO)
spectrometer. Microscopic Raman spectra were measured using an
in-Via Reflex (Renishaw) spectrometer at an excitation wavelength
of 532 nm. The contents of carbon, hydrogen, and nitrogen were
measured using a CHN analysis instrument (PerkinElmer, 2400
Series Il). The C, H, and N contents of some samples were analyzed
using a Yanaco CHN corder Type MT-5. The temperatures of heating
and oxidation (conc. 15% O,) and the reduction furnaces were 950,
850, and 550°C, respectively. The sulfur contents were analyzed by
ion chromatography using an Organic Halogen/Sulfur Analysis
System with a Yanaco SQ-10 instrument. Both chemical analyses
were conducted by A-Rabbit-Science Japan Co. Ltd. The amounts of
silicon and sodium were determined by inductively coupled plasma
optical emission spectrometry (ICP-OES) (Agilent Technologies,
Agilent 5100). A sample was prepared by a melting method using
Li,B,O0, as a flux. XPS spectra were measured with a PHI 5000
VersaProbe Il (ULVAC-PHI, Inc.) spectrometer using AlKa. TEM
images were obtained using a JEM-2010 (JEOL) microscope at an
accelerating voltage of 200 kV, and HR-SEM images were obtained
using an S-5500 microscope (Hitachi High-Technologies Co.) at an
accelerating voltage of 1 kV.
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Interlayer silylation of layered octosili-cate with organotriethoxysilane was enhanced by the addition of TBAF. The F~in
TBAF attacks the silicon in alkoxysilanes, which increases the re-activity with SIOH groups on the layer surface. The
effect of F on silylation depends on the kind of functional organic group of organotrieth-oxysilanes, because the
interlayer ac-cessibility is varied with functional groups.



