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Triethoxy(alkyl)silanes containing 12-—18 carbon atoms in the alkyl groups were hydrolyzed and polyéondensed to
form ordered structured materials. The XRD pattern of each condensed product showed sharp diffraction peaks with higher
orders. The basal spacings approximately corresponded to twice the extended molecular length of the alkyl groups, and
increased linearly as a function of the alkyl chain length. The SEM images of the products exhibited a platy morphology,
and the 2Si CP/MAS NMR spectra revealed the formation of siloxane bonds with various silicon sites from T to T
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environments. All of these results indicated the formation of highly-organized inorganic—organic layered materials.

There have been many efforts to construct highly orga-
nized material systems. Among them, materials design uti-
lizing the self-organization of amphiphilic molecules has
attracted much attention as a unique method to prepare novel
morphologies and structures. Alkoxysilanes have already
been employed to prepare a variety of organized silica-
based materials by using organic molecular assemblies, such
as surfactant liquid-crystal phases'™ or synthetic bilayer
membranes,” as templates. These studies are of importance
from various aspects, including the structural control of in-
organic materials as well as the biomimetic processing of
inorganic—organic nanomaterials.

On the other hand, the sol—gel process™ of alkoxy(organo)-
silanes has widely been studied as an effective way to syn-
thesize inorganic—organic hybrid materials.® Although hy-
drolysis and polycondensation processes of usual alkoxysi-
lanes result in the formation of amorphous materials, a sort
of structural control can be expected by incorporating or-
ganic groups in the inorganic framework. Fukushima et al.
reported inorganic—organic interstratified layered polymers
formed by the hydrolysis and polycondensation of 3-(meth-
acryloxy)propyltrimethoxysilane in the presence of Mg?* (or
Ni?*) ions.” Self-organization of organic groups by hydro-
phobic interactions has been pointed out to be a driving force
in the formation of an ordered structure.

Organosilanes containing long-chain alkyl groups are
practically useful as surface modifying agents of inor-
ganic powders, such as silica gel to control hydrophilic/hy-
drophobic and polar/nonpolar properties.*® Though these
molecules are organophilic, they can be recognized to be am-
phiphilic as hydrolysis proceeds to form hydrophilic silanol
groups. Many studies have been reported on the interfa-
cial deposition of Langmuir-Blodgett films!®~'? and self-
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assembled monolayers,’> ' in both of which a molecular-
level control of the alkylsilyl groups arranged in two-dimen-
sional array was attained. Consequently, it is quite reason-
able to expect that these amphiphilic molecules can form an
anisotropic molecular assembly, even by reaction in solu-
tion states. Therefore, we expected that inorganic—organic
nanomaterials with a specifically assembled structure can be
obtained by the hydrolysis and polycondensation of trialk-
oxy(alkyl)silanes in a homogeneous solution; preliminary
results have already been reported by us.!” This is a new
approach to design novel inorganic—organic nanostructured
materials, and is also of interest compared with previous
systems containing alkoxysilane—surfactant systems. Al-
though Parikh et al. have recently reported on the formation
of layered polymers via hydrolytic polycondensation of tri-
chloro(alkyl)silanes in water,'® our system is focused on the
formation of ordered structures derived from a homogeneous
solution using trialkoxy(alkyl)silanes.

The polycondensation reactions of triethoxy(alkyl)silanes
with carbon numbers of 6 and 9 (RSi(OEt);; R =i-CoHjg,
n-CgHy3) have already been investigated by Andrianov et
al., and the formation of low-molecular-weight oligomers
with ethoxy and hydroxy groups under acid-catalyzed reac-
tions in nonpolar solvents'® has been reported. However,
there had been no attempts to prepare nanomaterials with
ordered structures until Stucky et al. recently mentioned that
solids with lamellar structures were formed by the reaction
of triethoxy(hexadecyl)silane (C;4H33Si(OEt)3) under acidic
conditions.?® However, no detailed analyses of the products
have been presented.

In the present study, therefore, triethoxy(alkyl)silanes con-
taining long-chain alkyl groups were utilized as the starting
materials, and hydrolysis in a homogeneous solution and
subsequent polycondensation were attempted; also, the for-
mation of ordered structures based on molecular assembly
was studied.
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Experimental

Materials.  Triethoxy(octadecyl)silane (C;3sH37Si(OC,Hs)s3),
triethoxy(hexadecyl)silane (CisH33Si(OC2Hs)s), and triethoxy-
(dodecyl)silane (C12H2sSi(OC,Hs)s) were purchased from Chisso
Co. and used without further purification. Triethoxy(tetradecyl)si-
lane (C14H29Si(OC,Hs)3) was prepared by the reaction of trichlo-
ro(tetradecyl)silane (Tokyo Kasei Co.) with ethanol, and the com-
plete conversion to ethoxy groups in the products was confirmed by
*SiNMR.

Reaction Procedure. Triethoxy(alkyl)silane (CnHans1Si-
(OEt)s; CnTES, n=12, 14, 16, and 18) was added to a mix-
ture of ethanol, water, and hydrochloric acid, and the reaction
mixture was stirred at room temperature or at a lower temper-
ature of 5 °C. The composition of the starting mixture was
CnTES : EtOH : H,O: HCl=1:100:x:0.001 (molar ratio), where
x=30, 40, 60, 80. The variation in the molar ratios of HC1 (0.01,
0.1, and 1.0) in a mixture of C18TES was also conducted in the
case of x=30. Upon the addition of the alkoxysilanes the mixture
was initially an emulsion state, but became a clear homogeneous
solution, followed by the formation of white precipitates. The pre-
cipitates were filtered and dried at 60 °C for 1 d to yield white
powders.

Analyses. X-Ray powder diffraction (XRD) patterns were
recorded on a Rigaku RAD-1B diffractometer (Mn filtered Fe-Ka
radiation). Carbon-13 and Silicon-29 CP/MAS NMR spectra of
solid samples were obtained on a JEOL GSX-400 spectrometer at
frequencies of 100.40 and 79.30 MHz, respectively. (200 and 1000
scans were taken respectively, with a same delay time of 5 s) The
liquid-state >*SiNMR spectra were measured on a JEOL EX-270
spectrometer at 53.54 MHz. In this case, TMS was used as the
internal reference and CDCl; was used for obtaining NMR lock
signals. Scanning electron micrographs (SEM) were observed on a
Hitachi S-2500 at an operating voltage of 25 kV.

Results and Discussion

Structure of Hydrolyzed and Polycondensed Products.
The structures of the products strongly depended on the molar
ratio of water in the system. Above a certain value of water,
several diffraction peaks were observed in lower 260 regions
of the XRD patterns. The most intense peaks were observed
when the molar ratio of water (x) was 30, 40, 60, and 80 when
the carbon number of the alkyl chains (n) in the triethoxy-
(alkyl)silanes (CnTES) was 18, 16, 14, and 12, respectively
(Fig. 1). Along with a decrease in the molar ratio of water,
the intensities of the diffraction peaks decreased continuously
and the products finally became an amorphous state. On the
other hand, when the molar ratio of water was increased,
inhomogeneous mixtures with separated organic phase were
obtained, and desired reactions in homogeneous media could
not be performed. In addition, when shorter-chain alkylsi-
lanes (C12- and C14TES) were used, the products obtained
at room temperature were either liquids or amorphous, while
ordered-structured materials were obtained by reactions at 5
°C. This behavior corresponds to the general findings that
the solvophobic property of alkyl chains is eminent in the
presence of a large amount of water in their surroundings,
and that the solubilities of solutes (i.e. trialkoxy(alkyl)si-
lanes in this case) decrease at lower temperatures. Similar to
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Fig. 1. XRD patterns of the products in CpHansiSi-

(OEt); : EtOH : H,O0 : HCl=1:100:x:0.001 system: (a) n=
18/x=30, (b) n=16/x=40, (c) n=14/x=60, (d) n=12/x=80.

amphiphilic molecules, the assembly of molecules based on
hydrophobic interactions of alkyl groups may be a driving
force in the formation of ordered structures.

The XRD patterns of the products with the variation of
the alkyl chain lengths are shown in Fig. 1. The diffraction
peaks at the lowest 260 angles are due to basal spacings
corresponding to the long-range orders of 5.28, 4.80, 4.28,
and 3.75 nm, and the peaks at higher angles correspond to
higher order diffractions. These patterns are ascribable to the
formation of layered structures, and the basal spacings are
interpreted as being the repeating distances of those layers.
The broad peaks at around 26 =27° (d =0.42 nm) can be
attributed to alkyl chain packing within the layers.

The basal spacings increased linearly along with an in-
crease in the alkyl chain lengths, as shown in Fig. 2. The
basal spacing increased by 0.253 nm per one carbon (i.e. the
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Fig. 2. The variation in the d value as a function of alkyl
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slope of the line (Ad/n) is 0.253 nm/n), which corresponds
to a value of twice the average C—C bond distance of all-
trans alkyl chains. Therefore, all of the products are consid-
ered to have bimolecular layered structure with alkyl chains
perpendicular to the layers. Because the structures of these
products were the same, a detailed analysis was performed
for the polycondensed product derived from C18TES.

The '3C CP/MAS NMR spectrum of the product obtained
from C18TES showed a signal due to all-trans interior meth-
ylene groups at 32.8 ppm. No signal at a higher field around
30.0 ppm due to gauche deficients was detected. From these
results, alkyl chains in the interlayer regions are considered
to be conformationally all-trans and highly ordered. The
SEM image of the product (Fig. 3) also exhibited the platy
morphologies, and all of these results confirmed the layered
structure of the products obtained from a homogeneous so-
lution containing long-chain alkoxy(alkyl)silanes.

In the °Si NMR spectrum, Si atoms normally show var-
ious signals with different chemical shifts, depending on
the number of siloxane bonds formed by the hydrolysis and
polycondensation reactions.. When trifunctional alkoxysi-
lanes are used, these signals are designated as T™ (m=0—3),
where m denotes the number of siloxane bonds. As shown
in Fig. 4a, the spectrum of the starting material (C18TES)
shows the only signal in the T region. Figure 4c shows the
29Si CP/MAS NMR spectrum of the final product, which ex-
hibits broad signals in the T!, T2, and T> regions, indicating
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Bull. Chem. Soc. Jpn., 70, No. 11 (1997) 2849

the formation of siloxane networks. The IR spectrum of the
product showed split absorption bands due to the siloxane
framework at around 1000—1150 cm™!, and the bands due
to silanol groups at around 3300—3500 cm ! and 890 cm™—'.

Based on the results described above, the resultant prod-
ucts are considered to comprise two-dimensional siloxane
frameworks. Sjoblom et al. have pointed out that there
should be some spatial restriction for the formation of two-
dimensional siloxane frameworks because of the occupying
volume of the alkyl groups.'" Siloxane linkage in the present
products should have linear polymers to some extent in or-
der to take two-dimensional configurations. This point is
nicely in accord with the 2°Si CP/MAS NMR results which
clearly shows the substantial presence of T? units. However,
it should be noted that the presence of T! and T> signals
indicates a partial variation in the siloxane linkage.

Formation Process. Although the C18TES-derived
product was insoluble in typical organic solvents, the pre-
cipitate before drying dissolved in THF very easily. In the
liquid-state 2°SiNMR spectrum (as shown in Fig. 4b), the
signal assigned to the completely hydrolyzed monomeric
species (C1gH37S1(OH)s) was mainly observed. This finding
means that the precipitate is a sort of aggregate of silanetriols,
and that polycondensation proceeds by solid-state polymer-
ization during the drying process.

Figure 5 shows the variation in the XRD patterns dur-
ing the drying process. As shown in Fig. 5a, the aggregate

(b)

Fig. 3. Scanning electron micrographs of the product in CisH37Si(OEt); : EtOH : H,O : HC1=1:100:30:0.001 system.
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Fig. 4. Liquid state 2?SiNMR spectra of (a) CisHs;Si-

(OEt)3, (b) THF solution of the precipitate, and (c)
28i CP/MAS NMR spectrum of the final product.

of octadecylsilanetriol also takes a bilayer arrangement cor-
responding to a basal spacing of 4.8 nm. Along with an
increase in the drying time at room temperature, the intensity
of the diffraction peak decreased, indicating the proceeding
of polycondensation. Simultaneously, a lower diffraction
peak (basal spacing of 5.28 nm) appeared. Although it took
several days for the 4.8 nm peak to disappear, only several
hours was necessary to obtain a single phase with a basal
spacing of 5.28 nm by increasing the drying temperature up
to 60 °C. The increase in the basal spacing by ca. 0.5 nm
may be ascribed to a variation in the oriented angles of the
alkyl chains and/or a distortion of the inorganic framework.

In the system of C18TES, the variation in the XRD pat-
terns of the products with the molar ratio of hydrochloric
acid was also examined, as shown in Fig. 6. This figure
clearly indicates that the structural ordering of the products
decreased along with an increase in the hydrochloric acid
as a catalyst. Furthermore, when trichloro(octadecyl)silane
(C13H37SiCl3) was added into the water, the mixture was
not homogeneous, and the diffraction peaks of the products
were relatively weak, and a highly ordered structure was not
obtained. In the sol-gel processes of alkoxysilanes, the hy-
drolysis rate of the alkoxy groups increased along with the
concentration of the catalyst.” Considering the higher hy-
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Fig. 5. The variation in XRD patterns of the precipitates in

Ci13H37Si(OEt)s : EtOH : H,O : HCl1=1:100:30:0.001 sys-
tem dried for (a) O h, (b) 6 h, (c) 1 d at RT, and (d) 1 d at 60
°C.

drolysis rates of the chlorosilanes compared with those of
the alkoxysilanes, the above results apparently indicate that,
upon the formation of an ordered structure, mild reaction
processes should be favorable for the alkylsilane molecules
to arrange in particular regularities according to their hydro-
phobic and hydrophilic interactions.

In the 2°Si CP/MAS NMR spectra of the C18TES-de-
rived material, as shown in Fig. 7, a new signal at —54
ppm appeared and the relative intensity gradually increased
along with an increase of hydrochloric acid. In the sys-
tems of tetraethoxysilane (TEOS) and triethoxy(methyl)si-
lane (MTES), the signals due to cyclic species normally ap-
pears at a lower field than the normal chemical shifts of linear
polymers.?'?? Therefore, a decrease in the ordering of the
products with the amount of hydrochloric acid is related to
the formation of some cyclic species, which can be explained
by the proposed model, which claims that a linear siloxane
linkage is necessary for a two-dimensional arrangement of
long-chain alkylsilyl groups.'?

Discussion on the Structure of Inorganic-Organic Lay-
ered Materials.  With regard to the hydrolysis and poly-
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Fig. 6. XRD patterns of the products with different

HCI molar ratios in C;sH37Si(OEt); : EtOH : H,O: HCl =
1:100:30:y system: y=(a) 0.001, (b) 0.01, (c) 0.1, (d)
1.0.

condensation of chloro(organo)silanes with bulky organic
groups, it has been known that it is possible to separate
silsesquioxane®?* or silanetrilos,”” depending on the reac-
tion conditions. Silanetriols can take several crystal struc-
tures by inter- and intra-hydrogen bondings of neighboring
silanol groups. In particular, ~-BuSi(OH)3 and c-Ce¢H;; Si-
(OH); have been reported to take double-sheets structures
where organic groups are pointing toward each other as
silanol groups are pointing toward each other in a similar
way.?5?? These findings correspond to the fact that the prod-
ucts (precipitates) before drying are mainly aggregates of
silanetriols composed of bilayer structures. However, in the
XRD pattern of the product derived from C18TES, the long-
range ordering of layers are outstanding, whereas periodicity
along with other axes was not clearly observed, suggesting a
good relation to the common mesophases, that is the so-called
lamellar phases in the usual surfactant—water systems.”® The
association states of amphiphilic molecules in water are pro-
posed to be closely related to their molecular shapes, which
is described in terms of the packing parameters.”” Based on
this proposal, alkylsilanetriols obtained by hydrolysis can be
regarded as being amphiphilic molecules in which the oc-
cupied space of the hydrophilic part (head groups) is small;
therefore, lamellar packing, rather than spherical or rod-like
aggregates, is very favorable.

Bull. Chem. Soc. Jpn., 70, No. 11 (1997) 2851
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Fig. 7. %SiCP/MAS NMR spectra of the products with dif-

ferent HCl molar ratios in C13H37Si(OEt); : EtOH : H O :
HC1=1:100:30:y system: y=(a) 0.001, (b) 0.01, (c) 0.1,
(d) 1.0.

On the other hand, inorganic layered materials, such as lay-
ered silicates and clay minerals with alkylammonium salts,
are one of the well-known systems where long-chain al-
kylammonium cations can be intercalated by ion exchange.
Lagaly et al. and other researchers have reported various ar-
rangements of alkyl chains present in the interlayer regions.>”
Organic derivatives of inorganic layered materials are also
known, and several reports have shown a swelling behavior
in organic solvents. However, the present layered products
exhibit no swelling behavior. This result may be interpreted
as meaning that the bilayer structures are retained by the close
packing of all-trans alkyl chains, and that van der Waals in-
teractions between adjacent layers are relatively high.

Thermal Behavior.  The dried product derived from
CI18TES became liquid upon thermal treatment above 100
°C. The DTA curve of the product showed a sharp en-
dothermic peak around this temperature. This behavior is
ascribed to an incompleteness of the siloxane linkage for the
formation of a rigid and thermally stable inorganic network,
and the product cooled to room temperature was amorphous.
As shown in Fig. 8, the ?°Si CP/MAS NMR spectra of the
products before and after this thermal treatment indicated
the disappearance of the T! signal and a relative increase
in the T° signal, meaning progress of the condensation re-
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Fig. 8. ®SiCP/MASNMR spectra of the products in
C18H37Si(0Et)s : EtOH : H,O : HCl=1:100:30:0.001 sys-
tem: (a) as-synthesized (layered structure), (b) after thermal
treatment at 110 °C for 15 min (amorphous).

action between unreacted silanol groups. The IR spectrum
of the product after the heat treatment showed a substantial
decrease in the absorption bands due to the silanol groups,
which is consistent with the NMR results. By a thermal treat-
ment of the product, interlayer alkyl chains can take some
random orientations, which can cause a further condensation
of the residual silanol groups due to a relaxation of the steric
hindrance which is accompanied by the formation of a lay-
ered structure. Also, this further condensation resulted in
an irreversible skeletal change to cause disordering. The IR
(CH stretching region) and the 3C CP/MAS NMR spectra
of the products before and after the heat treatment did not
show any significant changes, indicating that no substantial
changes occurred in the aggregate state of the alkyl chains.

Conclusions

Homogeneous solutions of the triethoxy(alkyl)silane
(CnTES, n=12—18)—ethanol-water-hydrochloric acid sys-
tem were hydrolyzed and polycondensed to produce lamellar
siloxane polymers when the molar ratio of water to alkoxysi-
lane was over a certain value. The alkyl chains were thought
to arrange double layers perpendicular to the siloxane layers.
The 2°Si NMR spectra of the products indicated that the pre-
cipitates formed during the hydrolysis of the homogeneous
solutions were aggregates of alkylsilanetriols, and that poly-
condensation proceeded in the drying processes. Along with
an increase in the molar ratio of hydrochloric acid, the order-
ing of the product decreased, where some cyclic species were
detected. The present findings strongly indicate that the self-
organization of long-chain trialkoxy(alkyl)silanes is quite ef-
fective for the formation of ordered structures. This method

Polycondensation of Triethoxy(alkyl)silanes

is quite meaningful for the construction of inorganic—organic
nanostructured materials by the polymerization of metal alk-
oxides or copolymerization of two or more metal alkoxides.

This work was supported by a Grant-in-Aid for Scien-
tific Research from the Ministry of Education, Science and
Culture.
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