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Effect of Reaction Parameters on the Hydrolysis of Tetramethyl
Orthosilicate and Tetraethyl Orthosilicate and their Surface

Morphology in an lonic Liquid
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Silica with different morphologies is found to be an interesting
class of material that receives significant attention nowadays.
Here, we report a simple and efficient method for the room-
temperature synthesis of silica spheres (20-80 pm sizes) in
room-temperature ionic liquids (1-butyl-3-methylimidazolium
hexafluorophosphate). The effect of reaction parameters such
as pH, temperature, time, and solvent on the hydrolysis products
and their morphology is described in this research paper. The
morphology of the hydrolysis products of tetramethoxy silane
and tetraethoxy silane are studied with the help of scanning
electron microscopy. These results demonstrate a practical
method for synthesizing smooth and rough surface silica spheres
by modifying the reaction conditions. The confinement of the
ionic liquid in the silica is studied with the help of Raman spec-
troscopy and mass spectroscopy.

I. Introduction

THE sol-gel method is one of the most useful methods for
preparing silica (SiO,) particles with different structures.
Toward the end of 1956, Kolbe described the formation of silica
particles by reacting tetraethyl silicates in alcohol solutions with
water in the presence of certain bases,' and noted that a very
pure reactant gives uniform spherical silica particles. In 1967,
Stober, Fink, and Bohn carried out a systematic study to pre-
pare monodispersed silica spheres.? This simple hydrolysis pro-
cess was later extended, and today the preparation of various
metal oxides such as Al,O3, TiO,, ZrO.,, etc. is conducted in a
similar way.>>

Previously, sol-gel synthesis and alcohol-water solutions, as
solvent mixture, were used for hydrolysis, and these reactions
were mostly acid or base catalyzed."® Recent research by
Adachi er al.'® describes the use of a nonalcoholic diglyme so-
lution, whereas cyclohexane as a solvent was used by Roy
et al.'! for sol—gel silica synthesis. Herein, we explain the impor-
tance of room-temperature ionic liquids (RTILs) as solvents for
the sol—gel preparation of silica. The application of RTILs has
reached different fields in chemistry, such as biphasic reactions,
chemical synthesis, electrochemistry, catalysis, polymerization,
biocatalysis, liquid/liquid separations, extractions, dissolution,
bioPolgmer, molecular self-assembly, and interfacial synthe-
sis.'>2> RTILs have also been used as solvents for the synthesis
of opal microstructure silica,”® super-microporous lamellar
silica,?* zeolite,”> and hollow TiO, microspheres.?? In all these
synthetic examples, the RTILs also act as templates.

The properties of RTILs can be designed according to the
type of anion and cation, and according to the chain length of
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the substituent groups. An increase in the alkyl chain length of
the cation results in a change in the melting point and an in-
crease in the viscosity, as well as hydrophobicity, of the ionic
liquid (IL).?® In our sol-gel synthesis, we used 1-butyl-3-meth-
ylimidazolium as the cation and hexafluorophosphate as the
anion. This molecule shows neutral and extremely hydrophobic
properties.>” The conductive properties of RTILs are the source
of conductivity of the synthesized products.?® The additive prop-
erty of the IL and the physical confinements of the IL in the
formed product enabled us to obtain spherical silica with con-
ducting properties®* in the sol-gel synthesis. In a previous re-
port, we emphasized the conductive properties of the silica
prepared by using IL as the solvent.?® In the current paper we
extend the previous report, and discuss the effect of temperature,
time, pH, and the effect of an IL solvent on the synthesized
product, as well as its morphology. We have also demonstrated
herein the control reactions, which lead to different mo-
rphologies of the hydrolysis product in the absence of an IL,
and the hydrolysis of the silica precursors in water, which gives
an aggregated precipitate. In this article, scanning electron mi-
croscopy (SEM) is used as a tool for characterizing the mor-
phological changes that the product undergoes as a function of
the reaction parameters. Raman and mass analyses assist in the
detection of the presence of IL in the sphere samples.

IL.

The general procedure for the preparation of silica spheres is
presented in our previous report.>® In this article, we present
several hydrolytic reactions. The brief procedure is as follows:
the hydrolytic reaction was carried out in a Teflon vessel of 15
mL. The 0.5 mL of tetramethoxy silane (TMOS)/tetracthoxy
silane (TEOS) (Aldrich Chemical Co., 99%, Israel) precursors
for silica, with 3 g of IL (BMITBF4~, Aldrich Chemical Co.,
96%), were stirred for 1 min in a Teflon vessel to form a ho-
mogeneous transparent solution. To this solution, 0.25 mL
acidic water is added under stirring condition. The hydrolytic
precipitation reaction is carried out with stirring under different
experimental conditions, by varying the acidic concentration,
temperature, and time. The volume of the silica precursors, IL,
and the acidic water remains the same for all reactions. The re-
action product in all cases, and under all conditions, is silica.
Our conclusion is based on the identification of the silicon and
oxygen peaks in an energy dispersive X-ray spectrum of the as-
prepared and calcined products.

The obtained results are categorized according to the
different experimental conditions. The morphologies of the
as-synthesized products as a function of various experimental
conditions such as time, pH, temperature, and solvent medium
were obtained from SEM measurements and are discussed in
various sections throughout this paper. Explanations are pro-
vided as to the way in which these parameters correlate with
each other.

Results and Discussion
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(1) Hydrolysis of TMOS and TEOS under Different
Experimental Conditions; Time Dependence on the Hydrolysis
of TMOS and TEOS at 50°C

SEM images of the hydrolysis of TMOS as a function of reac-
tion time are presented in Fig. 1. The duration time of the re-
action plays an important role in determining the surface
morphology when all other parameters are kept constant
(amount of IL, amount of water, and the amount of the silica
precursor). The decrease in the reaction time changes the surface
morphology of the spheres. The SEM images illustrate that for
shorter reaction periods, smoother surfaces are observed.
Lengthening the reaction time leads to an increase in surface
roughness. The SEM images as a function of reaction time are
shown in Figs. 1(a)~(d). The surface of the spheres after 60 min
of reaction (Fig. 1(a)) is described as rough-dotted. After 30 min
(Fig. 1(b)) and 15 min (Fig. 1(c)) of reaction, dotted surfaces are
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observed. A single sphere with a rough surface is presented in
Fig. 1(e). After only 5 min, a smooth surface is obtained
(Fig. 1(d)). It is clear that by extending the reaction time,
more precipitated dots appear on the surface. The size distribu-
tion of the spheres is calculated (using the Scion image program)
from the SEM images of the respective reactions, and the inset
graph depicts the size distribution for the 60, 30, 15, and 5 min
reaction times. Particles with the largest diameter are obtained in
the 60 min reaction. Almost the same width of size distribution
is obtained for all reaction times. This can be explained as fol-
lows: the size distribution is dependent on the formation of mi-
crodroplets of water and their sizes. On the other hand, the size
of the microdroplet depends on the stirring rate. Because all the
hydrolytic reactions were carried out under the same stirring
conditions, almost the same distribution width is obtained. It is
clear that time also affects the surface morphology, where short
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Fig.1. Hydrolysis of tetramethoxy silane with a 0.25M acidic solution in an IL solvent at different time intervals: (a) 60 min; (b) 30 min; (¢) 15 min; and
(d) 5 min, showing different surface morphologies; (¢) presents a single, rough-dotted sphere. The inset picture shows the size distribution of the spheres.
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Fig.2. Hydrolysis of tetramethoxy silane (TMOS) and tetraethoxy silane (TEOS) at different acidic concentrations at 50°C with a constant time
parameter: (a) TMOS, 0.1M, 5 min, 50°C; (b) TEOS, 0.1M, 5 min, 50°C; (c) TMOS, 0.01M, 5 min, 50°C.

reaction times result in a smooth surface, and lengthening the
reaction time leads to a rougher surface. This is because when a
fully grown sphere is formed during the hydrolytic reaction,
water droplets simultaneously adhere to the sphere leading to its
hydrolysis, where precipitation occurs, forming rough-dotted
spheres. The formation of the precipitate dots is strongly de-
pendent on reaction time and does not appear in the 5 min re-
action. All the phenomena described for TMOS are also
observed for TEOS cases with a decrease in reaction time. The
same behavior is observed for the hydrolysis reaction of TEOS
at different reaction times.

(2) Effect of pH (Acidic Concentration H" ) on the
Hydrolysis of TMOS and TEOS at 50°C With a Constant Time
Parameter

In addition to varying the reaction time, which was shown above
to affect the morphology of the products, the pH also plays an
important role in shaping the final product. The effect of pH on
the rate of hydrolysis of the TMOS and TEOS at a constant
temperature, 50°C, is demonstrated in Fig. 2. When the solution
is acidified from 0.01 to 0.25M, and the reaction time is in-
creased, the SEM results depict an increase in the roughness of
the surface of the spheres of TMOS and TEOS. As we have al-
ready observed from the hydrolysis of TMOS versus time (Figs.
1(a)—(d)), the decrease in the hydrolysis reaction time at a higher
acidic (0.25M) aqueous solution leads to the formation of
spheres having a smooth-surface morphology. This can also
be confirmed from Fig. 2, which illustrates smooth silica spheres
obtained by a 5-min-hydrolysis reaction at different acidic con-
centrations. Furthermore, it should be noted that the influence
of time on the structure is more important than the acidity, be-
cause smooth surfaces are obtained for short times (5 min) even
if the acidity is increased (0.25M). In general, the hydrolysis of

TMOS is faster than TEOS. This is obtained when the reaction
is conducted at 0.01M H*' for 5 min (Fig. 2(c)). Under these
conditions, when silica precipitates from the TMOS solution, no
reaction is detected for TEOS. For all reactions, the size distri-
bution of the silica spheres is calculated and appears in the
graphs in Fig. 2. The largest particles measured are 50-60 um
(Fig. 2(a)), obtained for the reaction conducted for 5 min at
0.1M H*! for TMOS at 50°C reaction times.

(3) The Temperature Effect on the Hydrolysis of TMOS and
TEOS

We have also examined the effect of temperature on the mor-
phology of the products. The SEM images depicting the results
are presented in Fig. 3. They illustrate the difference in the
structure of the products obtained at 50°C and at room tem-
perature (RT) under different acidic concentrations and reaction
times. The temperature effect is demonstrated by comparing
Fig. 1(b) (TMOS, 0.25M HCI, 30 min, 50°C) and Fig 3(a)
(TMOS, 0.25M HCI, 30 min, RT). At a high temperature, we
observed a rough-dotted surface (Fig. 1(b)), while at RT the
surface of the spheres was smooth (Fig. 3(a)). The same smooth
surface at the RT reaction was also observed for TEOS. This
phenomenon is also reflected in the case of the hydrolysis of
TEOS (see Fig. 3(b) 0.25M HCI, 30 min). No reaction, even high
acidity, is observed (for TMOS and TEOS) at RT for 5 or 15
min reaction times. Silica with a completely different structure is
obtained (see Fig. 3(e)) for the TEOS products reacting under a
0.1M H*! acidic aqueous solution for 30 min. A small amount
of silica is obtained, showing minute spherical aggregated par-
ticles in the 0.2-0.3 um range. According to our interpretation,
these small particles illustrate the seed for the micrometer-size
spheres obtained under different reaction conditions. A careful
observation of the size distribution graphs for all the different
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Fig.3. Scanning electron microscopic images of the hydrolysis of tetracthoxy silane (TMOS) and tetracthoxy silane (TEOS) at room temperature under
different reaction conditions: (a) TMOS, 0.25M, 30 min, RT; (b) TEOS, 0.25M, 30 min, RT; (c) TMOS, 0.1M, 30 min, RT; (d) TMOS, 0.01M, 30 min,

RT; (e) TEOS, 0.1M, 30 min, RT.

hydrolysis reactions for TMOS and TEOS shows that larger
silica particles are observed in the TMOS reactions than in
TEOS. This perhaps reflects the higher rate of hydrolysis mea-
sured for TMOS. Overall, we found that the RT reactions are
best for developing smooth-surface silica spheres, as confirmed
by the SEM images at different acid concentrations.

We have also compared the morphology of the products de-
scribed above with those obtained for products of a reaction
conducted under the same conditions without an IL. These con-
trol reactions and others are presented below.

(4) Control Reactions

(A) Hydrolysis of TMOS and TEOS in the Absence of an
IL: The control hydrolysis of TMOS and TEOS, 0.5 mL each,

was carried out in the absence of ILs at 50°C for 60 min in a
0.25M aqueous solution of HCI. A silica-gel product was ob-
tained for the TMOS reaction, whereas TEOS did not show any
corresponding gel formation. This indicates that TMOS is more
facile for hydrolysis as compared with TEOS. The morphology
obtained from the SEM image shows irregular solid shapes
composed of flat surfaces assembled from large and small ag-
gregated particles.

(B) The Hydrolysis of TMOS and TEOS without Water,
Under Neutral Conditions: A second series of control hydro-
lysis of TMOS and TEOS, 0.5 mL each, was carried out in the
absence of an acidic aqueous solution, but with a 3 g IL at 50°C.
After 60 min of reaction time, a small amount (8 mg) of silica
particles was obtained in the TMOS reaction, whereas no prod-
uct was observed for TEOS. Even this small amount was
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Fig.4. Small angle X-ray analysis curve for (a) an as-prepared sample and (b) a calcined sample (1000°C).

obtained due to the open-air conditions under which the reac-
tion was conducted, where the presence of water vapor caused
this reaction to occur. The SEM image of the product is similar
to that observed in Fig. 3(e), and the particles are more irregular
in shape, as compared with Fig. 3(e). The particle sizes are in the
range of ~0.2 pm. As stated above, according to our interpre-
tation these particles act as seeds under acidic conditions to form
fully grown spheres.

The following controlled reactions indicate the importance of
both the IL as a solvent, as well as the acidic solution, to obtain
fully grown, sphere-shaped structures. Up to this point we have
demonstrated, with the help of SEM, the effect of different re-
action conditions on the synthesized products, as well as on their
morphology. Now we will describe the chemical composition of
their products and their physical properties.

(5) Small Angle X-Ray Analysis (SAXRD)

The SAXRD pattern of the reaction products is recorded on a
Bruker AXS D8 Advance X-ray powdered diffractometer
(Bruker Scientific Israel Ltd., Israel) (CuKo radiation
A =1.5418A). The SAXRD curves are given in Figs. 4(a) and
(b). The SAXRD analysis for the as-prepared products shows
the lack of organization of the pores (Fig. 4(a)), whereas some
sort of order can be observed from the SAXRD curve for the
calcined sample at 1000°C (Fig. 4(b)). Inset figures with a 20
range of 2—4 are shown. The inset for Fig. 4(a) shows a smooth
curve, whereas the inset in Fig. 4(b) shows some shoulders or
peaks at 2.45 and 2.85 (20). These diffraction peaks are marked
with arrows. Perhaps a kind of wormhole-like framework struc-
ture is formed upon calcination. The transition from unorga-
nized to organized pores is due to the role of the RTIL, which

induces the formation of the surrounding silica. Upon its de-
composition, poorly organized pores remain. The wide-angle
XRD patterns show the amorphous nature of the silica. The
microtome cross-section of the calcined silica spheres is given in
Figs. 5(a) and (b). The images elucidate that the sphere consists
of tiny micrometer-size particles precipitated together with an
IL, which is entrapped in between the tiny particles. After ca-
Icination, the cross-section image shows an empty space left be-
tween the particles (Fig. 5b). This evidently signifies the role of
IL in binding the small micro particulates of precipitate silica to
get a large size sphere of silica.

(6) Raman Spectroscopy and Mass Spectroscopy (MS)
(DCI)

It is difficult to determine whether the alkoxy groups have been
completely removed from the silica surface under these acidic
conditions. This is because silica entraps IL in its structure, and
the Raman bands of the ILs appear in the same energy range as
those of the alkoxy groups. However, some support for the
complete removal of the alkoxy groups is obtained from the
thermogravimetric analysis (TGA) measurements coupled to a
mass spectrometer. We have not detected any residues equal in
mass to the alkoxy group upon heating the silica product. This
negative result substantiates the assumption of the complete re-
moval of the alkoxy group. Raman spectra were recorded on a
Jobin Yvon Horiba Raman System (France). The 524 nm line of
an Ar" laser was used as the excitation source. Raman spec-
troscopy was used to analyze the entrapped IL and the water
molecules in the as-prepared spheres. The Raman spectrum for
the as-prepared, sphere-shaped products confirms the presence
of the vibration bands for C—H stretching (2968, 2880 cm ') and

Fig.5. Transmission electron microscopic images for (a) microtome cross-section of calcined silica sphere, and (b) magnified image of the cross-section

of calcined silica sphere.
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Fig.6. Raman spectra of (a) an as-prepared sample and (b) calcined silica spheres at 1000°C.

ring stretching (3175, 3068 cm ™) for the entrapped IL, as well as
O-H stretching (3441 cm™') for water molecules. A Raman
spectrum is also recorded for the calcined spheres (1000°C). The
D (1346 cm™ ') and G (1586 cm™!) bands in the Raman spec-
trum indicate the presence of carbon®' in the calcined sample
due to the decomposition of the IL annealed at 1000°C. The
spectra for the as-prepared, as well as the calcined samples, are
shown in Fig. 6.

MS (DCI, FAB, at 200°C) of the as-prepared material further
confirmed the presence of 1-butyl-3-methylimidazole (139 m/z)
entrapped in the spheres.

(7) TGA

A TGA graph is given in Fig. 7. The TGA data support the
Raman analysis, which reveals that the weight loss is due to
the complete evaporation of water molecules at 150°C, with the
subsequent evaporation and decomposition of the IL at 550°C,
both of which are entrapped in the sphere-shaped structures.
The silica spheres showed a weight loss of about 9.6% water at
150°C and 17% IL at 550°C. The graph shows a total ~26%
weight loss from the total weight of the as-prepared sample.

III. Conclusions

In this research, we have extended a previous report on the
preparation of conductive silica using ILs. With the current
data, we have emphasized the surface morphology of the silica
spheres and the parameters that control it. The precipitation
reactions carried out at RT as well as in a short time frame, led
to the formation of smooth-surface spheres. In most cases it was
found that the TMOS precursor is both easier to handle and
easier for obtaining larger size silica spheres. We also observed
the formation of spheres at low temperature when TMOS was
hydrolyzed, whereas TEOS did not show any results at low
temperature. The explanation for the different reactivities of
TMOS can be explained as follows: with TMOS it is easy for the
water molecule to attack the silicon backbone, as compared with
TEOS, as the methoxy group in TMOS is relatively small and

Weight Loss (mg)

200 400 600 800 1000

Temperature°C

Fig.7. Thermogravimetric analysis graph for an as-prepared sample.

provides a less sterically hindered environment, as compared
with that of the ethoxy group.>> A previous paper of ours re-
ported that hydrolyzability decreases from TMOS to TEOS in
an acidic medium, in accordance with the current results.* It is
worth mentioning that TEOS and TMOS both dissolve in the
IL, and if the formation of the silica spheres is related to phase
separation, this is due to the IL/water immiscibility. Thus our
effective methodology yields silica spheres with a different sur-
face morphology in addition to the conductive property.
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