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Abstract A series of samples of MCM-41 silica was syn-
thesized using surfactant blends of I-alkyl-3-methylimi-
dazolium and alkyltrimethylammonium salts or blends of
two different 1-alkyl-3-methylimidazolium salts (alkyl de-
notes octyl or hexadecyl) as structure-directing agents. The
precipitation of solid particles from a homogeneous water
solution of sodium metasilicate and surfactant blend was
achieved by lowering the pH due to the hydrolysis of ethyl
acetate added. The molecular sieves were characterized by
scanning as well as transmission electron microscopy, X-ray
powder diffraction, and nitrogen adsorption using a proper
nonlocal density functional theory approach for calculations
of the textural parameters. All the prepared silicas were of
MCM-41-type; they differ in the integral breadth of the pore
size distribution curve and the presence of secondary meso-
pores. The best quality MCM-41 silica of spherical particle
morphology was synthesized by using of optimized blend
of hexadecyltrimethylammonium bromide and 1-methyl-3-
octylimidazolium chloride. The results obtained showed that
spherical particles are composed of domains of perfectly or-
dered hexagonal porous structure. Some samples prepared
by using 1-alkyl-3-methylimidazolium salts featured a nar-
row pore size distribution. However, they contained a small
volume of secondary mesopores.
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Abbreviations

Sger BET surface area, m2/g

SME  cumulative mesopore area, m2/g
VME cumulative mesopore volume, cm3/g
Dme  mesopore mode diameter, nm

A DyEg integral breadth of the mesopore distribution curve,
nm

Vsec  volume of secondary mesopores, cm?/g
Vrtor total pore volume, cm?/ g
WwME mesopore size calculated using equation (1), nm

1 Introduction

The air and moisture stable room-temperature ionic liquids
(RTIL) have currently received considerable attention as
novel media for chemical synthesis (Wasserscheid and Wel-
ton 2003), homogeneous catalysis (Gordon 2001), electro-
chemistry (Lagrost et al. 2003), and separation techniques
(Scurto et al. 2003). Their unique properties offer a great
potential for many applications as nonvolatile, nonflam-
mable, environmentally benign alternatives to conventional
organic solvents (Welton 1999; Wasserscheid and Keim
2000; Miskolczy et al. 2004). Ionic liquids with imidazole
heads, such as 1-alkyl-3-methylimidazolium salts, possess a
positively charged hydrophilic ring with a hydrophobic or-
ganic chain of different length. Thus, they are one category
of cationic surfactants and provide the way to prepare nanos-
tructured solids, either with tailored nanoporous structure or
with defined particle morphology (Antonietti et al. 2004).
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The communication (Adams et al. 2001) describes the
first synthesis of mesoporous silica by using the 1-hexadecyl-
3-methylimidazolium chloride. The mesoporous structure
of this material was similar to the structure of MCM-
41; however, it was not as regular as mesoporous struc-
ture of well ordered MCM-41 samples. Several recent re-
ports have focused on the utilization of various RTILs
as structure-directing agents (SDA) for the synthesis of
mesoporous silica materials. A series of mesoporous sil-
ica nanoparticles with various porous structures was syn-
thesized from mild basic solution employing 1-CyHp41-
3-methylimidazolium bromide (where n = 14, 16 or 18)
or l-tetradecyl-oxymethyl-3-methylimidazolium chloride
as SDA (Trewyn et al. 2004). Monolithic mesoporous
silica with either wormlike pores or lamellar structure
have been prepared by using 1-butyl-3-methylimidazolium
tetrafluoroborate or 1-C;Hy1-3-methylimidazolium chlo-
ride (where n = 10, 14, 16 or 18), respectively (Zhou and
Antonietti 2003, 2004; Zhou et al. 2004). Imidazole type
RTILs, 1-hexadecyl-3-methylimidazolium chloride and 1-
hexadecyl-3-methylimidazolium ruthenium hexachloride,
have been used to fabricate the well-ordered hexagonal
mesoporous silica and Ru-SiO», respectively (Zhu et al.
2006). 1-Hexadecyl-3-methylimidazolium chloride has been
also used as a template to prepare mesoporous silica with cu-
bic (MCM-48-type) and hexagonal (MCM-41-type) frame-
works (Wang et al. 2007). This RTIL structure director
showed a broad range of conditions allowing the synthesis
of cubic mesostructures with improved reproducibility.

RTILs were used as SDA not only for the preparation of
siliceous materials but also in the synthesis of mesoporous
alumina as demonstrated recently (Zilkové et al. 2006). The
alumina prepared using 1-octyl-3-methylimidazolium chlo-
ride as SDA was characterized by a wormhole framework
structure and a narrow pore size distribution.

The syntheses of mesoporous silica or alumina based
on the use of RTIL as the SDA were accomplished with
pure RTILs until now. However, surfactants blends of-
fer new possibilities in the design of mesoporous mate-
rials as their structure and morphology can be controlled
through the choice of two surfactants with different prop-
erties and the adjustment of composition. Soon after the
discovery of templated mesoporous materials (Kresge et
al. 1992), hexadecylpyridinium chloride surfactant in com-
bination with hexadecyltrimethylammonium chloride was
employed (Khushalani et al. 1996). This surfactant sys-
tem led to MCM-41 materials with tunable pore diameter.
Using a mixture of hexadecyltrimethylammonium bromide
and sodium carboxylate (sodium laurate) siliceous MCM-
48 molecular sieve has been synthesized (Chen et al. 1997,
1998). MCM-41 silica with spherical particles was prepared
by using of the optimized blend of cetyltrimethylammonium
bromide and 1-methyl-3-octylimidazolium chloride (Zukal
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et al. 2007). In the following study, an in-depth report on
the use of mixed alkyltrimethylammonium halides with dif-
ferent carbon chain lengths to synthesize MCM-41 was pre-
sented (Cheng et al. 1999). The mixed surfactant systems
have demonstrated the possibility of tuning of nanometer-
scale structure and micrometer-scale morphology by ad-
justing the mixing ratio of the mixed surfactant system.
Highly-ordered MCM-41 silica with various pore diame-
ters has been obtained when micelle packing was suitably
controlled with a mixture of alkyltrimethylammonium bro-
mide and alkyltriethylammonium bromide according to the
length of Cj2-Cp alkyl groups (Ryoo et al. 1999a). The
mixture of alkyltrimethyl ammonium bromide and poly-
oxyethylene/alkyl/ether surfactants has facilitated the syn-
thesis of MCM-48 silica (Ryoo et al. 1999b). High-quality
mesoporous silica materials with hexagonal and cubic struc-
tures have been synthesized by using blends of nonionic di-
block and Pluronic triblock amphiphilic block copolymers
as the SDA (Kim et al. 2002). SBA-16 mesoporous silicas
have been synthesized using Pluronic F127 poly(ethylene
oxide)-poly(propylene oxide)-poly(ethylene oxide) triblock
copolymer (EOQ19sPO70EO106) and its blends with Pluronic
P123 (EO29PO70EOyg) as structure directors (Kim et al.
2004).

We have developed a general procedure for the synthe-
sis of templated mesoporous silicas, which is based on the
precipitation of the solid product from a homogeneous wa-
ter solution of sodium metasilicate and a suitable cationic or
nonionic surfactant (Rathousky and Zukal 2003; Rathousky
et al. 2004). The decrease in the pH of the reaction mix-
ture, which induces the formation of solid particles, was
achieved by the controlled hydrolysis of acetic acid ethyl
ester. In the present study, the developed synthesis route has
been adapted for the preparation of templated mesoporous
silica using the blends of 1-alkyl-3-methylimidazolium and
alkyltrimethylammonium salts or blends of two different
1-alkyl-3-methylimidazolium salts (alkyl denotes octyl or
hexadecyl).

2 Experimental

2.1 Chemicals

1-Hexadecyl-3-methylimidazolium chloride (CiMIMCIl)
was purchased by Merck. 1-Octyl-3-methylimidazolium
chloride (CgMIMCI), octyltrimetylammonium bromide
(CsTMABY), hexadecyltrimetylammonium  bromide
(C16TMABTr) and sodium metasilicate (NaySiO3) were pur-
chased by Aldrich. Ethyl acetate was obtained from Fluka.
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Table 1 Molar compositions of reaction mixtures

Sample code Na,Si0O3 CgMIMCI Ci6MIMCl CgTMABr Ci6sTMABr H,O
Al 1 0.529 - - 0 1524
A2 1 0.397 - - 0.084 1524
A3 1 0.265 - - 0.167 1524
A4 1 0.132 - - 0.251 1524
A5 1 0 - - 0.335 1524
Bl 1 - 0.356 0 - 1524
B2 1 - 0.267 0.121 - 1524
B3 1 - 0.178 0.242 - 1524
B4 1 - 0.089 0.363 - 1524
B5 1 - 0 0.968 - 1524
Cl 1 - 0.267 - 0.084 1524
Cc2 1 - 0.178 - 0.167 1524
C3 1 - 0.089 - 0.251 1524
Dl 1 0.397 0.089 - - 1524
D2 1 0.265 0.178 - - 1524
D3 1 0.132 0.267 - - 1524

2.2 Synthesis

The reaction mixture was prepared in an autoclavable Nal-
gene bottle at the temperature of 35 °C. In the typical syn-
thesis, m g of 1-alkyl-3-methylimidazolium chloride and
(4 — m) g of alkyltrimethylammonium bromide (or 4 g of
the pure surfactant) followed by 4 g of NaySiO3 were dis-
solved in 900 ml of distilled water at 35 °C, resulting in the
formation of a clear solution. Afterwards 5 ml of ethyl ac-
etate was quickly added, the mixture was stirred for 1 min
and the stirring was stopped. After 5-10 min a precipitate
began to form and the mixture was allowed to stand at 35 °C
for 5 h. During this period the precipitation of solid particles
from the solution by sedimentation occurred. The suspen-
sion of the solid product in the mother liquor was kept at
95 °C for 48 h in a heating box. During the ageing, organic
vapor was allowed to escape through leaks in the cap of the
bottle.

The resulting solid was recovered by filtration, exten-
sively washed out with distilled water and ethanol, and dried
at ambient temperature. The templates were removed by
calcination in air at 540°C for 8 h (temperature ramp of
1 °C/min).

The sample codes and the molar composition of the re-
action mixtures are listed in Table 1. The compositions of
the reaction mixtures given in this table show that the sam-
ples of series A were prepared using the blends CsMIMCI
and C;4TMABTr. In the series B, C, and D the blends of

C16MIMCI and CsTMABT, C;sMIMCI and CTMABTr or
CgMIMCI and C;¢MIMCI, respectively, were investigated
as the SDA. As the blends of different alkyltrimethylammo-
nium halides as the SDA were investigated in detail (Cheng
et al. 1999), they were omitted in this study.

2.3 SEM, TEM, XRD, and nitrogen adsorption
characterizations

X-ray powder diffraction data were recorded on a Bruker
D8 X-ray powder diffractometer equipped with a graphite
monochromator and position sensitive detector (Vantec-1)
using CuKe radiation (at 40 kV and 30 mA) in Bragg-
Brentano geometry.

The size and shape of synthesized particles were evalu-
ated by scanning electron microscopy images using a JEOL
JSM-5500LV instrument.

High-resolution transmission electron microscopy
(HRTEM) images were obtained with a JEOL JEM-3010 in-
strument operating at an accelerating voltage 300 kV using
LaB6 cathode and resolution 0.17 nm. The samples were ul-
trasonically dispersed in ethanol and then dropped onto the
carbon-coated copper grids prior to the measurements.

Nitrogen (purity 99.999 vol.%) supplied by Messer
(Griesheim, Germany) was used as adsorptive. Sorption
isotherms of nitrogen at —196 °C (i.e. 77.35 K) on silicas
under study were determined using a conventional static
volumetric technique. In order to attain a sufficient accuracy
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in the accumulation of the adsorption data, this instrument
is equipped with pressure transducers covering the 133 Pa,
1.33 kPa and 133 kPa ranges.

Before each sorption measurement the sample was out-
gassed using a special heating program allowing for a slow
removal of most preadsorbed water at low temperatures.
This was done to avoid potential structural damage of the
sample due to surface tension effects and hydrothermal alter-
nation. Starting at ambient temperature the sample was out-
gassed at 110 °C (temperature ramp of 0.5 °C/min) until the
residual pressure of 0.5 Pa was obtained. After further heat-
ing at 110 °C for 1 h the temperature was increased (temper-
ature ramp of 1 °C/min) until the temperature of 250 °C was
achieved. This temperature was maintained for 8 h.

2.4 Nonlocal density functional theory (NLDFT) method
for pore size characterization

The adsorption data were analyzed using an advanced
NLDFT approach dedicated to the system N, (77.35 K)/
cylindrical silica pores. The advantage of the NLDFT
method compared with the classical methods is that it al-
lows calculating of the pore size distribution over the com-
plete micro- and mesopore range. Here we apply a novel ap-
proach which allows to calculate the pore size distribution
from the adsorption branch, i.e. in the region of hysteresis
the method takes correctly into account the effect of delayed
pore condensation (the kernel of metastable adsorption
isotherms is applied), while the method uses in the region
of reversible adsorption/desorption the kernel of NLDFT
equilibrium isotherms. Details of this NLDFR method
are described elsewhere (Neimark and Ravikovitch 2001;
Ravikovitch and Neimark 2001; Lowell et al. 2004).

3 Results and discussion
3.1 Nitrogen adsorption and XRD investigations

Nitrogen isotherms recorded at —196 °C on the samples of
the series A prepared using the blends of CgMIMCI and
C16TMABTr as the SDA are shown in Fig. 1. The isotherm
on the sample Al, prepared with pure CgMIMCI, is typi-
cal for silica templated with surfactant with a short hydro-
carbon chain. The isotherms on further samples are charac-
terized by the sudden increase in the amount adsorbed in
the range of relative pressures p/po of 0.35-0.40 as a re-
sult of the volume filling of MCM-41 mesopores. In the re-
gion of p/po > 0.4 the nitrogen amount adsorbed on sam-
ples Al and A2 depends on the relative pressure only very
slightly; both isotherms are fully reversible. This fact clearly
indicates that these samples do not contain any additional
mesoporosity. The nitrogen isotherms on silicas A3 and A4
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Fig. 1 Nitrogen isotherms on samples of series A at —196 °C. Except
of that on sample Al, isotherms are shifted by 5 mmol/g each. Solid
symbols denote desorption

prepared with surfactant blends containing larger amount of
CTMABTr and on silica A5 prepared with pure CTMABr
are characterized by pronounced hysteresis loops in the re-
gion of p/po > 0.4. The existence of this loop evidences
the presence of secondary mesoporosity, i.e. structural de-
fect holes in the MCM-41 particles (Lin et al. 2000).

The structural parameters of the samples of the series A
are listed in Table 2. The BET surface areas were calcu-
lated using data in a relative pressure range from 0.05 to
0.25. The characteristics of MCM-41 mesoporous structure
were obtained by NLDFT analysis of nitrogen isotherms in
the region of p/po < 0.5. The NLDFT pore size distribu-
tion curves are shown in Fig. 2. The presence of a single
maximum evidences that all samples do not contain any mi-
croporosity. The cumulative mesopore area Smg, cumula-
tive mesopore volume Vg and mesopore mode diameter
DwE are given in Table 2. The value of A Dy in this table
indicates the integral breadth of mesopore size distribution
curve, defined as the width of a rectangle having the same
area and height.

The pore size distribution of secondary mesopores was
assessed from the adsorption branch of the nitrogen isotherm
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Table 2 Structural parameters

Sample SBET SME VME Dwg ADwmE WwmE Vsec Vtor
code m2/g m2/g cm3/g nm nm nm cm3/g Cm3/g
Al 714 743 0.34 2.10 0.39 - - 0.35
A2 951 899 0.90 4.05 0.29 4.04 - 0.92
A3 1175 947 0.84 3.63 0.42 3.55 0.20 1.04
A4 1125 927 0.87 3.79 0.38 3.71 0.53 1.37
A5 1076 891 0.85 3.86 0.35 3.77 0.67 1.59
Bl 1054 881 0.85 3.90 0.29 3.90 0.30 1.16
B2 1094 902 0.85 3.80 0.35 3.87 0.41 1.26
B3 1031 866 0.82 3.85 0.32 3.92 0.38 1.20
B4 1053 876 0.84 3.83 0.41 391 0.11 0.95
B5 700 724 0.31 1.98 0.36 - 0.18 0.50
Cl1 1043 867 0.82 3.75 0.32 3.87 0.34 1.17
Cc2 1076 888 0.82 3.71 0.34 3.80 0.35 1.18
C3 1095 896 0.83 3.73 0.35 3.73 0.51 1.34
D1 1023 856 0.83 3.86 0.37 3.95 - 0.83
D2 1034 866 0.82 3.81 0.32 391 0.38 1.20
D3 1047 877 0.85 3.92 0.30 3.97 0.27 1.13

SBeT, BET surface area; Syg, cumulative mesopore area; Vg, cumulative mesopore volume; Dyg, mesopore mode diameter; A Dyg, integral
breadth of the mesopore distribution curve; Wyg, mesopore size calculated using (1); Vsgc, volume of secondary mesopores; Vtor, total pore

volume

using the NLDFT approach. With the samples A3, A4, and
AS the secondary mesoporosity is characterized by the wide
pore size distribution between 20 and 50 nm. The volume of
secondary mesopores Vsgc and the total pore volume Vot
determined from the amount adsorbed at a relative pressure
of about 0.99 are provided in Table 2.

X-ray diffraction patterns of samples of the series A are
presented in Fig. 3. It can be seen that the sample A2 features
the best ordered mesoporous structure; the enlarged X-ray
pattern exhibits six narrow peaks typical for the hexagonal
ordering of the porous framework (see inset in Fig. 3).

On the basis of combination of adsorption and XRD data
the size of mesopores was calculated. For the infinite struc-
ture of uniform cylindrical pores arranged in a hexagonal
pattern with the (100) interplanar spacing d, the pore size
WwME can be expressed as

Wwe = cd[pVme/(1+ p V)2, (1)

where p is the density of walls of the samples (p = 2.2
g/cm3) and ¢ = [8/(3'/27)]Y/2 = 1.213 is a constant (Kruk
et al. 1997). One can notice that calculated values of Wy
(Table 2) are in a good agreement with the mode pore diam-
eter D obtained by NLDFT approach.

The inspection of the results obtained on the samples of
the series A clearly reveals that structural parameters of the
sample A2 correspond to those of the best quality MCM-41.
The integral breadth of the distribution of primary meso-
pores of the sample A2 has the minimum; moreover, this
sample does not contain micropores or secondary meso-
pores. The breadth of mesopore distribution and presence
of secondary mesopores show that other samples of the se-
ries A are of the worse quality. This fact is supported by the
corresponding X-ray diffraction patterns (Fig. 3).

The nitrogen adsorption isotherms on the samples of se-
ries B, C, and D are similar to those on the samples A4 or
AS5; thus, it appears that the all samples are of MCM-41 type
with more or somewhat less ordered mesoporous structure
and some volume of secondary mesopores. The XRD pat-
terns and the nitrogen isotherms for samples of series B, C,
and D were processed by the same procedure as the samples
of series A. The structural parameters (Table 2) revealed that
these samples are characterized by a high surface area and
a mesopore volume typical for MCM-41 silica. However,
the samples of the series B, C, and D differ in the integral
breadth of mesopore size distribution curve. The nitrogen
isotherms on the best samples B1 and D3 from these series
are shown in Fig. 4. Apart from the fact that samples B1

@ Springer



252

Adsorption (2007) 13: 247-256

3.0
A2

2.5+

A5

2.0 4
A4

A3
1.5+

3
dVv,/dD, . (cm’/g.nm)

1.0 1

0.5+ A1

0.0

T T T T T
1.5 2.0 25 3.0 3.5 4.0 4.5
D,z (nm)

Fig. 2 NLDFT pore size distribution curves of samples of series A

and D3 contain some amount of secondary mesopores, the
integral breadth of the mesopore size distribution (Fig. 5) at-
tains a value of 0.29 or 0.30, respectively. The character of
the well-ordered mesopore structure of the sample B1 and
D3 is confirmed by X-ray diffraction patterns (Fig. 6).

3.2 SEM and HRTEM investigations

The HRTEM images of the sample A2 are presented in
Figs. 7 and 8. Figure 7 evidences that the particles of MCM-
41 are composed of perfectly ordered hexagonal structure
while Fig. 8 shows that the mesopores are oriented from the
external surface of the particle towards its center. This was
confirmed on a number of different particles investigated
and prepared in different synthesis batches, which evidences
not only very good reproducibility of this synthetic method
but also very good ordering of all spherical particles. How-
ever, the HRTEM images show only microscopic part of
the spherical particle. As shown in the foregoing paragraph,
the overall view of the structure ordering of a macroscopic
amount of the sample obtained by means of XRD indicates
excellent structural uniformity of the material.

SEM investigation of the prepared materials revealed that
the sample A2 is characterized by the regular particle mor-
phology while the particle shape and size of other samples
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Fig. 3 XRD patterns of samples of series A. The inset shows enlarged
pattern of the sample A2

are rather irregular. The SEM image in Fig. 9 evidences that
the sample A2 is composed of spherical particles with diam-
eters lying between 1.8 and 2.2 um. The SEM image of the
sample B1 is shown in Fig. 10, which is also characterized
by the well-ordered MCM-41 mesoporous structure and the
presence of secondary mesopores. It appears that irregular
particles with a diameter of approximately 3—4 um are ag-
glomerates of smaller particles; the voids among them ob-
viously create the secondary mesoporous structure observed
in nitrogen adsorption isotherm.

The SEM investigation of the sample D3 provided the
same results as that of the sample B1.

3.3 Formation of MCM-41 particles

In many cases, two different surfactants are completely mis-
cible and exhibit complex phase behaviors in aqueous solu-
tions. The phase behavior of mesoporous structures is deter-
mined by a packing factor

g=V/aoL, @
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a (mmol/g)

0.0 0.2 0.4 0.6 0.8 1.0
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Fig. 4 Nitrogen isotherms on samples B1 and D3 at —196 °C. The
isotherm on sample D3 is shifted by 5 mmol/g. Solid symbols denote
desorption

where V is the volume of surfactant chain, ag is the effec-
tive head area at the micelle surface and L is the kinetic sur-
factant chain length. The mesophase structure can be con-
trolled by adjusting the g factor, i.e. by adjusting g = 1/2
for hexagonal p6m phase (Roth and Vartuli 2005).

RTILs with planar aromatic imidazole head group have a
unique ag value as compared with bulky three-dimensional
head group of alkyltrimethylammonium surfactants. In
mixed surfactant systems the g factor can be changed con-
tinuously by varying the ratio of the surfactants species in-
volved. The present synthesis system consists of sodium
metasilicate, alkyltrimethylammonium bromide, and the 1-
alkyl-3-methylimidazolium chloride dissolved in basic solu-
tion. The obtained results show that the sample A2 is made
of the MCM-41 porous framework and that there is no amor-
phous component. It means that the used combination of
CgMIMCI with a short alkyl chain and CTMABr with a
long alkyl chain has enabled us to adjust the packing of mi-
celles into the optimum cylindrical form corresponding to
g=1/2.

According to the charge-density-match theory, three
close coupled phenomena can be identified as crucial
ones for the formation of surfactant-silicate mesophases

253
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Fig. 5 NLDFT pore size distribution curves of samples B1 and D3

(Monnier et al. 1993). These include: (i) the binding of
monomeric silicates and multidentate binding of silicate
oligomers, (ii) preferred polymerization of silicates at the
surfactant-silicate interface, and (iii) charge density match-
ing across the interface. Multidentate ionic binding in the
surfactant-silicate system has an important consequence;
namely, it leads to precipitation of a given mesophase from
solution. Through the interactions driving the precipitation
process, the appearance of a given mesostructure is estab-
lished, although this process is expected to operate on a dif-
ferent time scale from polymerization of the silica.

The synthesis of the sample A2 was performed using
the blend of CsMIMCI and C1TMABT; the samples B1 or
D3 were prepared using only 1-alkyl-3-methylimidazolium
chlorides. Therefore, the charge density on the micelle sur-
face, which was composed of either a mixture of alkylam-
monium and 1-alkyl-3-methylimidazolium head groups or
only 1-alkyl-3-methylimidazolium head groups, was differ-
ent. As the silicate anions in the solution are strongly at-
tracted by the electrostatic interaction with the positively
charged head groups of the micelles, the difference in the
charge density can influence the formation of particles. The
SEM investigation permits us to propose formation mech-
anism for sample B1 and D3. In the early stages of homo-
geneous precipitation the formation of small rigid particles
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Fig. 6 XRD patterns of samples of series B1 and D3. The inset shows
enlarged pattern of the sample B1

Fig. 9 SEM image of the sample A2

Fig. 10 SEM image of the sample B1

take place. As shown in Fig. 10, these particles have a ten-
dency to agglomerate forming larger irregularly shaped ag-
glomerates. Note, that the best samples B1 and D3 from
Fig. 7 HRTEM image of the sample A2 9 (a view across the pores) series B, C, and D were prepared from the reaction mix-
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tures containing the large amount of C;¢MIMCI. With re-
gard to this fact, the well-ordered mesoporous structure of
these samples is believed to be a result of optimum or nearly
optimum value of the packing factor g.

The spherical symmetry of particles of the sample A2
seems to be in contrast to 2D hexagonal ordering of meso-
pores. The possible explanation of this apparent contradic-
tion can be based on the supposition that the rate of sil-
ica condensation in the course of mesophase formation is
slower in comparison with the samples B1 and D3. In the
early stages of the synthesis, the decrease in pH induces the
formation of small mesophase particles. Due to the low rate
of silica condensation these “liquid-like” particles aggregate
to form larger particles, which are spherical in shape and
consist of domains of perfectly ordered hexagonal structure.
In the subsequent stages, the polymerization of silica leads
to the “frozen” spherical particles. Due to the charge density
matching these particles feature ordered hexagonal meso-
porous structure.

4 Conclusion

A procedure for the synthesis of siliceous mesoporous mole-
cular sieve MCM-41 based on the precipitation of the solid
product from a homogeneous water solution of sodium
metasilicate and the blends of 1-alkyl-3-methylimidazolium
and alkyltrimethylammonium salts or blends of two dif-
ferent 1-alkyl-3-methylimidazolium salts was developed.
All samples prepared were MCM-41 silicas character-
ized by the surface area of about 1000 m?/g. The silica
synthesized by using of the optimized blend of 1-octyl-
3-methylimidazolium chloride and hexadecyltrimethylam-
monium bromide features the regular spherical particles
with diameter of ~2 um. The characterization performed
by means of scanning and high resolution electron mi-
croscopy, X-ray powder diffraction, and nitrogen adsorp-
tion has shown that the particles of this MCM-41 silica con-
sist of domains of perfectly ordered mesoporous structure.
The silicas prepared with optimized blends of 1-methyl-
3-hexadecylimidazolium chloride and octyltrimethylammo-
nium bromide or 1-methyl-3-octylimidazolium chloride and
1-methyl-3-hexadecylimidazolium chloride feature the per-
fectly ordered mesoporous structure with a small volume of
secondary mesopores.
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