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A microcalorimeter was used to investigate the formation mechanism of MCM-41 mesoporous silica. The
obtained results show that the formation processes of the sample contain three steps. On the basis of the
calorimetric results, MCM-41 mesoporous silica was successfully synthesized under basic conditions at
different experimental times, such as (1, 2, and 4) h, respectively. Associated with other analytical techniques,
the formation mechanism of the produced silica is proposed. First, rodlike inorganic/surfactant complexes
are formed which spontaneously pack into an ordered arrangement. Second, with the help of this new template,
a new kind of pore structure is formed. Third, the interaction between the pore structures formed in steps
1 and 2 results in a new pore structure. This new pore structure is very similar to the structure formed in
the first step. The present work proves that calorimetry can be used for investigations on the formation
mechanism of materials.

Introduction

Mesoporous silica has received much attention because of
its wide application from which it was first discovered by
working for Mobil Oil Group.1,2 The formation mechanism of
mesoporous silicas has been investigated by many researchers.
A liquid crystal templating mechanism was first employed to
explain the development of uniform mesopores,1 and then a
cooperative templating mechanism.3,4 In situ X-ray diffraction
(XRD) measurements, using a synchrotron beam, revealed two
stages in the formation of MCM-41: the long-range order is
completed within 3 min, and from then on only silica condensa-
tion occurs.5,6 The IR technique was used to investigate the
formation process of mesoporous materials. The results showed
that the ordering of the surfactant molecules increases during
the reaction.7 The formation process of MCM-41 under acidic
conditions was examined by grazing incident synchrotron
radiation diffraction.8,9 Two steps were identified: the first is
referred to as an induction period during which ordering of the
silicate and surfactant molecules at the interface occurs, and at
the end of this stage, a diffraction pattern is developed. This is
then followed by a rapid growth of a layered structure. For in
situ EPR measurements, two clear stages were also found: a
fast one (about 12 min), which is attributed to the formation of
a long-range ordered silicate-surfactant mesophase, and a
slower one (> 1 h), which is devoted primarily to the completion
of the silicate polymerization.10-12 Cryo-TEM and laser scat-
tering measurements were also carried out to investigate particle
growth.13,14 However, because the mesoporous silicas are
produced under various reaction conditions, no single mecha-
nism can be employed to interpret the nucleation, the growth
of the particles, and the development of uniform mesopores.
These studies clearly showed that techniques permitting in situ
investigations of the reaction systems were necessary to get a

better insight into the formation processes of mesoporous
materials.15,16

The techniques for investigation on the formation mechanism
of mesoporous materials have not enclosed calorimetry as far
as we know. Hydration of MCM-41 has been studied by sorption
calorimetry.17 Can calorimetry be used to investigate the
formation processes of mesoporous materials? Calorimety
permits in situ measurement of the heat production during the
reaction processes without disrupting the system, and the results
give qualitative and quantitative indicators to inform us about
the changes of the reaction system.

Here, calorimetry has been used to measure the released
thermal energy in the processes of forming mesoporous materi-
als. Novel processes were discovered during the formation of
mesoporous materials by using the obtained power-time curves.

Experimental

Tetraethoxysilane analytical grade reagent, which contained
a mass fraction of 28.0 % SiO2, was obtained from Tianjing
Kemiou Chemical Reagent Co. Solid cetyltrimethylammonium
bromide (CTAB) was an analytical grade reagent from Shanghai
Ruijie Chemical Reagent Co. Aqueous ammonia, which con-
tained a mass fraction of 26.5 % NH3, was obtained from
Laiyang Shuanghua Co.

In a typical synthesis, a mixture of CTAB, deionized water,
and aqueous ammonia was vigorously stirred until a transparent
solution was obtained. Tetraethoxysilane (TEOS) was then
added slowly dropwise to the solution. The emulsion was
regularly stirred for different times, such as (1, 2, and 4) h,
respectively, at 298 K. The as-synthesized samples were named
as S1, S2, and S3 for the experimental time of (1, 2, and 4) h,
respectively. The mole ratio of CTAB:TEOS:NH3:H2O was 1:5:
100:4000. The solid product was recovered by filtration, washed
with distilled water, and dried at room temperature. The mixed
surfactants were removed by calcination at 873 K for 6 h. The
names of the calcined samples were given as S4, S5, and S6
corresponding to S1, S2, and S3, respectively.
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The calorimeter was an eight-channel TAM Air isothermal
heat conduction calorimeter 3114/3236 (Thermometric AB,
Sweden). The calorimetric channels were in a single removable
block contained in an air thermostat that kept the tempera-
ture within ( 0.02 K. The limit of detection is 2 µW, and the
baseline deviation over 24 h is ( 5 µW. All the calorimetric
measurements were performed at (298.15 ( 0.02) K. In the
calorimetric experiment, 9.71 mL of the obtained solution
containing CTAB and ammonia was placed in an ampule, and
0.15 mL of TEOS was placed in the injector, respectively. Once
the baseline was stabilized, the TEOS was injected into the
ampule. At the same time, a power-time curve of the reaction
was recorded. The mole ratio of CTAB:TEOS:NH3:H2O was
1:5:100:4000, which was the same as in the compositions as
the synthesized mesoporous silica sample. The re-establishment
of a stable baseline indicated that the reaction was complete.
All experimental data were calculated by use of the Picolog
software supplied with TAM Air.

The enthalpy of dilution of the TEOS was obtained by using
9.71 mL of deionized water to replace the CTAB and ammonia
solution in the ampule. The enthalpy of dilution of the CTAB
and ammonia solution was obtained by using 0.15 mL of
deionized water to replace the TEOS in the injector.

Powder small-angle X-ray diffraction (SXRD) data were
obtained on a D/max-rB model with a Cu target at 40 kV and
120 mA, using a speed of 0.2° ·min-1 and a step of 0.01°.

The morphologies of the as-prepared products were observed
by transmission electron microscope (TEM) images, which were
taken on a Hitachi model H-800.

Nitrogen adsorption-desorption measurements were carried
out on an Omnisorp 100 CX gas adsorption analyzer from
Coulter Co. Every sample was degassed at 350 °C for 12 h
under a pressure of 10-5 Pa or below.

The thermogravimetry (TG) measurements of the samples
were carried out by a thermogravimetric analysis system (model:
TG 209 F1, NETZSSCH, Germany) under nitrogen with 10
K ·min-1 heating rate. The amounts of the samples used for
TG analysis were (28.9, 29.3, and 29.1) mg, respectively, for
S1, S2, and S3. The flow rate of nitrogen for each of TG
experiments was controlled at 10 mL ·min-1.

Results and Discussion

Figure 1 shows the power-time curve in the total processes
during the formation of the mesoporous silica. The power-time
curves show highly reproducibility under the same conditions.
The total processes contain different steps, such as the reaction
step and the diluting steps of TEOS, CTAB, and ammonia,
respectively. To get the heat of the reaction step for the
formation of mesoporous silica, the heat of diluting reactants
should be removed from the obtained total heat. The power-time
curve of the diluting TEOS is shown in Figure 2. The heat of
the dilution of CTAB and ammonia solution is so small that
the diluting steps are ignored. The power-time curve of the
formation mesoporous silica is shown in Figure 3, which was
gotten by subtracting the power data obtained in Figure 2 from
the corresponding power data obtained in Figure 1.

Three exothermic peaks are found from Figure 3. These peaks
were separated, and the corresponding enthalpies were calculated
as shown in Scheme 1, where h, h1, and h2 are the power at
time t1 corresponding to the total curve, “peak 1”, and “peak
2”, respectively and h ) h1 + h2. The values for h, h1, and h2

are about 0.0042 W, 0.0009 W, and 0.0033 W, respectively.
The enthalpy changes corresponding to peak 1, peak 2, and peak
3 were calculated by the area ratio as the following equations

SI:SII:SIII )∆HI:∆HII:∆HIII (1)

∆HI +∆HII +∆HIII )∆Htotal (2)

where SI, SII, and SIII are areas corresponding to peak 1, peak
2, and peak 3 as shown in Scheme 1, respectively. ∆HI, ∆HII,
and ∆HIII are enthalpy changes corresponding to peak 1, peak
2, and peak 3, respectively. ∆Htotal is the total enthalpy change
during the reaction process. The value of ∆Htotal can be
determined by the calorimeter. SI, SII, and SIII were obtained
from the area of the three parts. Thus, ∆HI, ∆HII, and ∆HIII

were obtained. The enthalpy values to these peaks are given in
Table 1, and other results are given in the Supporting Informa-
tion.

Three mesoporous silica samples were synthesized based on
the different steps. The morphologies of the samples were
examined by TEM. Figure 4 shows TEM photos of the obtained
samples with different experimental times. The synthesized

Figure 1. Total power-time curve during the formation processes of the mesoporous SiO2.
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samples all give rodlike morphologies. The results prove that
the samples do not change significantly in morphology with
the change of the experimental time.

SXRD patterns of the as-synthesized samples are shown in
Figures 5 and 6, respectively. An intense diffraction (100) peak
at about 2θ) 2° and additional (110), (200), and (210) peaks
are obviously observed for the samples S1, S2, and S3 as given
in Figure 5, and (100), (110), and (200) peaks are also observed
for the calcined samples S4, S5, and S6 as shown in Figure 6.
These results indicate that the pore structure of the synthesized
mesoporous silica is in a hexagonal array (called as MCM-41).
The d values and half-peak width (H1/2) of the (100) diffraction
peak in Figures 5 and 6 are listed in Table 2. These results
indicate that the high-quality hexagonal structure was formed
when the experimental time was controlled at 1, 2, and 4 h,
respectively. The data in Table 2 reveal that the values of d
changed only a little for the noncalcined samples S1, S2, and
S3 and calcined samples S4, S5, and S6, respectively. The values

Figure 2. Power-time curve of the dilution of TEOS.

Figure 3. Power-time curve of the reaction during the formation processes of the mesoporous silica.

Scheme 1. Separation of the Power-Time Curve and
Calculation of the Enthalpy for the Processes

Table 1. Enthalpy during the Processes of Formation of
Mesoporous Silica

total
enthalpy/J

enthalpy of
peak 1/J

enthalpy of
peak 2/J

enthalpy of
peak 3/J

47.6 ( 0.4 7.1 ( 0.3 24.5 ( 0.5 16.0 ( 0.5
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of H1/2 remained about constant for the noncalcined samples,
and the data increased from 0.27 to 0.33 when the experimental
time increased from (2 to 4) h for the calcined samples S5 and
S6. The distances between two adjacent pore centers (a values)
are also given in Table 2, for which the values were calculated
according to the formula a ) 2d100/31/2. The values of a contain
almost constants for noncalcined and calcined samples,
respectively.

The N2 adsorption-desorption isotherms for the calcined
samples show a type IV for the three samples (as shown in
Figure 7). These results indicate that the pore size of the calcined

samples is in the range of mesoscale.18 This conclusion is
consistent with that from SXRD (Figure 6). On the other hand,
the BET surface area first increases from (951 to 1430) m2 ·g-1

with an experimental time increase from (1 to 2) h and then
decreases to 948 m2 ·g-1 with an experimental time increase to
4 h.

An H1 hysteresis loop appeared for sample S4 and S5,
respectively, and capillary condensation was obtained in the
relative pressure (p/p0) range of (0.1 to 0.3) as shown in Figure
7. The H4 hysteresis loop was seen for the three calcined
samples with a p/p0 range of 0.8 to 1.0 for S4 and S6 and 0.3
to 1.0 for S5, respectively. H1 and H4 hysteresis loops are
attributed to the primary pores of mesoporous silica and to the

Figure 4. TEM photography of the obtained mesoporous silica at different experimental times. S1, 1 h; S2, 2 h; S3, 4 h.

Figure 5. SXRD patterns of the obtained mesoporous silica without
calcinations at different experimental times.

Figure 6. SXRD patterns of the obtained mesoporous silica with calcinations
at different experimental times.
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voids between particles, respectively. The primary pores and
voids consist of “framework-confined” and “textural” mesopo-
rosities, which are defined and differentiated by Pinnavaia et
al.19,20 The framework-confined mesoporosity is the porosity
contained within the uniform channels of the templated frame-
work. The textural mesoporosity is the porosity arising from
noncrystalline intraaggregate voids and spaces formed by
interparticle contents.

The most probable pore size with the BJH model was
obtained as given in Figure 8 and listed in Table 2. The inset
figure was used in order to see clear. There existed one peak
for the samples S4 and S6, respectively, and two peaks for the
sample S5. The pores with a smaller size for the sample S5
may be formed during the second step. These results can be
used to explain the reason why the BET surface area changes
for the obtained samples S4, S5, and S6. The sample S5 has
the biggest surface area among these three samples because the
sample S5 contains smaller pore size compared with the samples
S4 and S6.

The morphologies of the obtained samples S1, S2, and S3
are all rodlike structures. The changes from spherical micelles
to rodlike micelles were analyzed by EPR using spin probes or
by small-angle X-ray scattering measurements.10,21-26

The process of synthesis of the sample includes three steps
as shown in Figure 3. According to the results of the most probable
pore size (dBJH), the pore structure with the most probable pore
size of 1.9 nm was formed in the first step during the synthesized
process (as S4). For the sample S5, two kinds of pore structures
were found with the values of dBJH to be (2.0 and 1.6) nm. The
pore structure with dBJH) 2.0 nm may be formed in the first
process. Another pore structure with dBJH ) 1.6 nm was

synthesized in the second step during the synthesized process.
In the last process, the interaction of the existing two kinds of
pore structure took place and induced the new pore structure
with the most probable pore size of 1.8 nm.

According to the obtained results, we suggest that the
processes of the synthesized mesoporous silica contain three
steps as with our experimental conditions. First, rodlike
inorganic/surfactant complexes are formed which spontaneously
pack into an ordered arrangement. This kind of mechanism was
reported by Chen et al.27 The main interaction between cationic
surfactant and silicate anions was electrostatic interaction. On
the basis of evidence from cryo-transmission electron micros-
copy, Regev proposed that hydrolysis and condensation may
occur on the surface of spherical micelles,28 and they thought
this process may decrease headgroup repulsion and promote the
formation of clusters of elongated micelles. Second, before the
first process is over, the second process will start. The interaction
between the surfactant and silicate anions in the second process
is similar with the first one. However, the packing number of
the surfactant contained in the micelle becomes smaller than
that formed in the first process. So the pore size formed in the
second process is smaller than that formed in the first process.
Why was another template (or micelle) formed in the reaction
system? Naaylor et al. suggested a “phase separation model”
during the synthesized process in which microphase separation
occurs in acid solution.29 We think that the “phase separation
model” may be used in basic solution. The growth of inorganic
oligomers results in a second liquid phase rich in oligomer and
surfactant and giving rise to micelles. Thus, with the help of
the new template, a new kind of pore structure is formed.
Comparing the external heat in the three processes as shown in

Table 2. Pore Structure and Surface Property Parameters of Hexagonal Mesoporous Silica

d100/nm H1/2/nm a/nm SBET/(m2 ·g-1) dBJH/nm pore wall thickness/nm

sample (( 0.05) (( 0.01) (( 0.05) pore structure (( 0.5) (( 0.1) (( 0.05)

S1 3.9 0.20 4.5 H
S2 4.0 0.20 4.6 H
S3 3.9 0.21 4.5 H
S4 2.9 0.28 3.4 H 950.8 1.9 1.5
S5 3.2 0.27 3.6 H 1430.4 1.6/2.0 2.0/1.6
S6 3.1 0.33 3.6 H 948.5 1.8 1.7

Figure 7. N2 adsorption-desorption of the obtained mesoporous silica at different experimental times.

Journal of Chemical & Engineering Data, Vol. 54, No. 1, 2009 87



Figure 3, the released thermal energy is greater for the second
process than that released in the first process. This demonstrates
that the more inorganic precursor takes hydrolysis and conden-
sation. The data of thermogravimetry (TG) further prove this
result. The TG curves were given in Figure 9. TG curves of the
obtained sample were determined three times under the same
conditions. The curves show high reproducibility for S1, S2,
and S3, respectively. The curves contain two mass-loss peaks.
The first one corresponds to the water vaporized at about below
150 °C. Another peak is corresponds to the decomposition of
the surfactant. The actual mass % loss was about 47 % and 45
% for S1 and S2, respectively, for which the actual mass of the
sample is equal to the mass of the sample subtracting the water
contained in the sample. The obtained results show that the
content of the surfactant becomes smaller with an increase of
experimental time. The last process would not begin until the
experiment took about 2 h. In this process, the interaction
between the pore structures formed in processes 1 and 2
results in a new pore structure. This new pore structure is

very similar with the structure formed in the first process
according to the obtained data of d100, a, SBET, and dBJH as
shown in Table 2 for the samples S1 and S3. The hydrolysis
and condensation of the inorganic precursor are further
produced, and this process results in the content of the
surfactant to become the smallest for S6 in the three samples
S4, S5, and S6, as shown in Figure 9.

Conclusion

The calorimeter was used to investigate the formation
mechanism of MCM-41 mesoporous silica. Our calorimetric
experiments show that the formation of MCM-41 mesoporous
silica contains three steps. First, rodlike inorganic/surfactant
complexes are formed which spontaneously pack into an ordered
arrangement. Second, with the help of the new template, a new
kind of pore structure is formed. Third, the interaction between
the pore structures formed in the former steps 1 and 2 results
in a new pore structure. This new pore structure is very similar

Figure 8. Pore size distribution curves of the obtained mesoporous silica at different experimental time. Inset shows the sample for 4 h as S6.

Figure 9. TG curves of the obtained mesoporous silica.
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with the structure formed in the first process. The obtained
results in the present work show that calorimetry can be widely
used to investigate the formation mechanism of different kinds
of materials.

Supporting Information Available:

Table of the results obtained from a power-time curve of the
reaction during the formation processes of the mesoporous silica.
This material is available free of charge via the Internet at http://
pubs.acs.org.
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