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Abstract

We present a detailed study on the preparation of highly-ordered MCM-41 molecular sieves based on a new delayed
neutralization process. Products synthesized from cationic surfactants with different carbon chain lengths (alkyltrimeth-
ylammonium salt), counterions and head groups gave almost constant wall thickness (about 1.7 nm), small lattice
contraction after calcination, and sharp pore size distribution. However, the structural order decreased with the
decrease of the carbon chain length. Adding a proper amount of alcohols as cosurfactants would improve the XRD
patterns of the surfactants with carbon chain lengths less than 14. A head group of larger size would shrink the pore
size and damage somewhat the structural order of MCM-41 materials. The rate of acidification and the source of the
acid did not have much effect on the XRD patterns of MCM-41, but would affect its morphology. The formation
process and the nature of the MCM-41 product based on octadecyltrimethylammonium bromide (C,;3sTMAB) are
dependent on the synthetic temperature.
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1. Introduction tial applications as catalysts, supporters or
advanced materials. Up to now, there have been
Recently, researchers at Mobil R&D Corp. have many reports on the synthetic method and forma-

discovered a new family of silicate and aluminosili- tion mechanism of the mesoporous MCM-41 mate-
cate mesoporous molecular sieves designed as rials [3-7].

M41S [1,2]. One member of this family, MCM-41, The MCM-41 materials were formed from the
possessing a hexagonal arrangement of uniformly combination of the silica polyanionic species with
sized mesopore with adjustable pore size the micelles of surfactant. The micellar structure
(1.5-10.0 nm), high surface area, high hydro- of a surfactant has great influence on the structure
carbon sorption capacities and high thermal sta- of the MCM-41 products. Beck et al. [8] reported

bility, has attracted the attention of many that the XRD patterns of the MCM-41 materials
became less well-defined with surfactants of shorter
carbon chain length. This is in parallel with the
micellar behavior of the surfactant; surfactants
* Corresponding author. Fax: 886 2 3636359, with longer chain lengths can form larger micelles
e-mail: cymou@ccms.ntu.edu.tw more easily. These then have greater affinity to the

scientists, because it covers a new range of poten-
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silica polyanionic species and induce the formation
of highly ordered MCM-41 structure. Due to the
complex nature of the gel mixture and formation
mechanism of the MCM-41, the shape of the XRD
pattern, the pore size distribution, the lattice con-
traction after calcination and the wall thickness of
MCM-41 material were reported to be dependent
on the synthetic condition and the gel precursors
[9-13]. There are still many factors which need to
be explored in order to further understand the
formation mechanism and improve the structure
of the MCM-41 materials. In this paper, we report
the effect of surfactant chain length, head group,
counterion, temperature and cosurfactant on the
formation of MCM-41 materials.

It has been shown by Stucky and co-workers
[10] that the kinetic process of formation of
MCM-41 can be divided into three stages with
decreasing rate: cation-anion association, mes-
ostructure formation, and silica condensation. Fyfe
and Fu [13] have exploited this separation of
stages by employing HCl vapor to affect structural
transformation. Our approach is to start the syn-
thesis process using silicates under high pH (~13)
conditions, such that mesostructure can be formed
first, and then we observe a structural transforma-
tion by a delayed neutralization, e.g., delayed silica
condensation. We have found that this process
leads to a better synthesis procedure at room
temperature [14]. High crystallinity and less lattice
constriction after calcination were observed in the
resulting MCM-41 products.

In the present work, we used the delayed neutral-
ization method in this new process and obtained
MCM-41 materials of different morphology. The
effects of the variation of the surfactant and experi-
mental factors on the formation of the MCM-41
materials was studied. Factors under examination
include the chain length, counterion, head group
size of the surfactant and the addition of cosurfac-
tant (such as butanol). Moreover, the rate of
acidification, the source of the acid and tem-
perature for synthesis were found to exert influ-
ence on the pore size, the structural order and
the morphology of the MCM-41 material.
Summarizing these effects, we will discuss the
observed varnation in trends in terms of packing

considerations in the formation of rod-like micelles
and hexagonal phase.

2. Experiment
2.1. Materials

The silica source was sodium silicate (27%
Si0,, 14% NaOH) from Aldrich. The quaternary
ammonium surfactant compounds CH,, .,
(CH;);NX or CH,,.,NC,HX, X=Cl, Br or
NO,, were obtained from Aldrich, Merck or
Tokyo Chemical Industry without further purifi-
cation. The source of aluminum was sodium alumi-
nate from Riede-de Haén. Sulfuric acid,
hydrochloric acid, acetic acid, nitric acid, phospho-
ric acid and perchloric acid were obtained from
Merck or Janssen Chimica.

2.2. Synthetic procedure

To prepare pure-silica MCM-41 materials,
sodium silicate was added to a clear aqueous
solution of the surfactant under stirring and a gel
mixture was formed. After stirring for about
10 min at room temperature or at 50°C, a proper
amount of 1.10 M sulfuric acid or other acids was
added into the gel mixture and the pH value was
adjusted to about 9.5-10. Here, two different acidi-
fication rates were used. One is to add the entire
acid to the gel mixture at once — ‘immediate
acidification’; the other is to add the acid drop by
drop over about 30 min with a pipette — ‘gradual
acidification’. The molar ratio of the resultant
gel composition is 1 Si0,:0.48 surfactant:0.39
Na,0:0.29 H,S0,:50-100 H,O. Then, the mixture
was stirred for 20 min and loaded into an autoclave
and statically heated at 100°C for 48 h. The result-
ing solid products were recovered by filtration,
washed with deionized water and dried in air at
room temperature or 100°C. To remove the organic
species occluded in the pores of MCM-41, the
as-synthesized samples were calcined in air at
560°C for 6 h (heated from room temperature to
560°C with a heating rate of 1.5°C min ™).

The aluminosilicate MCM-41 was synthesized
with the same process mentioned above except
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that a suitable amount of sodium aluminate was
added into the solution of surfactant in the first
step.

2.3. Characterization

X-ray powder diffraction (XRD) data were col-
lected on a Scintag X1 diffractometer using Cu Ko
radiation (4=0.154 nm). N, adsorption—desorp-
tion isotherms were obtained at 77K on a
Micrometric ASAP 2000 apparatus. The sample
was outgassed at 300°C for about 6h in
1073 Torr prior to adsorption. The pore size distri-
bution curves were obtained from the analysis of
the desorption portion of the isotherms using the
BJH (Barrett-Joyner-Halenda) method. The trans-
mission electron micrographs (TEM) were taken
on a Hitachi H-7100 operated at 100 keV. Scan-
ning electron microscopy (SEM) was performed
on a Hitachi S-2400 using an accelerating voltage
of 20 keV. The solid state 27A1 MAS NMR experi-
ments were performed at room temperature on a
Bruker MSL 500 NMR with a magnetic field
of 11 T.

3. Results

3.1. Acidification rate

We have shown in our previous report that the
acidification rate is an important factor to prepare
the MCM-41 materials of highly-ordered arrange-
ment and special morphology in a delayed neutral-
ization method. By careful control of the rate of
acidification, a new tubules-within-a-tubule order
can be obtained [15].

First, we explored the effect of acidification rate
on the MCM-41 products synthesized with
different surfactants. Fig. 1(A) shows that the
product of the C,,TMAB-aluminosilicate system
synthesized with the gradual acidification process
has a hollow tubular structure with coaxial cylin-
drical nanometer channels of MCM-41 constitut-
ing the wall of the tubules as reported previously
in Ref. [15]. However, the products from immedi-
ate acidification only have microparticle morphol-

Fig. 1. Scanning electron micrograph of the as-synthesized

MCM-41 materials prepared from the C,;TMAB-
alunimosilicate system with Si/Al=37 using different acidifi-
cation rates. (A) Gradual acidfication; (B) immediate
acidification.

ogy (Fig. 1(B)). Similar phenomena were observed
for the MCM-41 products prepared with surfac-
tants of carbon chain length longer than 12. The
XRD patterns and pore sizes of all these products
are nevertheless independent of the neutralization
rate. However, when a surfactant with carbon
chain length shorter or equal than 12 was used,
the immediate acidification process would result
in the products with more ordered arrangement of
hexagonal arrays than those obtained by gradual
acidification. For example, the product of the
C,;TMAB-silicate system has only two broad
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XRD peaks under the conditions of gradual acidi-
fication, but four sharper peaks are observed from
immediate acidification (Fig. 2(A,B)).

We also synthesized the MCM-41 materials of
all these surfactants by the method previously
published by others [1,2,9], where the silicate and
acid were combined before the addition into the
surfactant solution. It is found that the morpholo-
gies of these MCM-41 products were all in micro-
particles, as reported in the literature, and the
XRD patterns of the products prepared from the
surfactants of the carbon chain length shorter than
12 consist of only two broad peaks (Fig. 2(C)).
Thus, the delayed neutralization process is a better
method to synthesize highly-ordered MCM-41
materials, and a hierarchical structure of tubules-
within a-tubule could be obtained. Using the
delayed neutralization method, the gradual acidi-
fication process is suitable for the preparation of
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Fig. 2. X-ray powder diffraction patterns of the as-synthesized
products prepared from the C,,TMAB-silicate system using
different synthetic processes. (A) Delayed neutralization with
immediate acidification; (B) delayed neutralization with gradual
acidification; (C) without delayed neutralization.

a hierarchical morphology of MCM-41 materials
with surfactants of carbon chain length longer
than 12, and the immediate acidification process
would give particulate morphology while
improving the structural order of the products.

3.2. Chain length

Fig. 3 shows the X-ray diffraction (XRD) pat-
terns of the calcined pure silica MCM-41 products
synthesized from alkyltrimethylammonium salts
(C,TMAX, X=B for Br or Cl for Cl, n=8-18)
with carbon chain number varying from 8 to 18
(A-F in Fig. 3) by using immediate acidification
process. The XRD patterns show that the d,q,
value increases and the peaks become sharper as
the carbon chain length increases. Moreover, for
MCM-41 materials prepared with C;¢TMACI and
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Fig. 3. X-ray powder diffraction patterns of calcined products
prepared using different surfactants. (A) CsTMAB; (B)
C,,TMAB; (C) C,,TMAB; (D) C,,TMAB; (E) C,,TMACI;
(F) CsTMACL
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C,sTMACI surfactants, there appear five XRD
peaks, one more than the four peaks generally
reported previously [2-9]. This additional d;q
peak indicates that the MCM-41 solids prepared
by this new method are more ordered than those
prepared by the previously reported methods. The
delayed neutralization process leaves more time
for the micelles and silica polyanionic species to
assemble into a more regular pattern. Nevertheless,
the structural order of the MCM-41 products
decreases when the surfactants of shorter carbon
chain length were used. This is accounted for by
the weakening of interactions between the silica
polyanionic species and the surfactants with
shorter carbon chain length, similar behavior also
being observed in surfactant—polyelectrolyte sys-
tems [16,17]. Besides, the XRD baselines of ali
samples prepared by this process are almost flat
at 20 =20-30°, implying that few microparticles of
amorphous silica are formed using this method.
In other words, the delayed neutralization process
offers a convenient procedure to produce highly-
ordered MCM-41 mesoporous materials with low
amorphous silica impurity.

The N, adsorption-desorption isotherms of the
calcined samples prepared with C,;TMACI,
C,,TMAB and C,,TMAB are shown in Fig. 4. All
of these samples have BET surface area greater
than 1000 m? g~'. For each curve, there is a sharp
increase in adsorbed volume at a certain relative
pressure p/p,, which corresponds to the capillary
condensation in the mesopores of the materials.
The pore size distributions calculated from N,
desorption curves are quite narrow, indicating that
this method would produce MCM-41 materials of
uniformly-sized mesopores. The C,;TMACI
sample has a pore size distribution centered around
3.15 nm, with a half-width of about 0.19 nm; the
C,,TMAB sample gives the corresponding values
of 2.56 and 0.18 nm, and those of the C,(TMAB
sample are 2.17 and 0.23 nm. Furthermore, the ¢-
plots of these MCM-41 materials were examined.
All of these samples have near zero intercepts,
which indicates that the products have no micro-
porous structures [18,19].

We also synthesized the MCM-41 solids with
many other surfactants. Table 1 compares the pore
size, d-spacing and the wall thickness of the solids
prepared with different carbon chain lengths, coun-
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Fig. 4. N, adsorption-desorption isotherms of the calcined
MCM-41 materials. (A) C,;TMAB; (B) C,;,TMAB; (C)
C,sTMAB.

terions and head groups of the surfactants. The
approximate pore size was obtained from the N,
sorption isotherm and the repeat distance (a,) was
calculated by X-ray diffraction data with the equa-
tion a0=2d100/\/3. The wall thickness was deter-
mined by the difference between the repeat
distance (a,) and pore size [2,4,9,20]. All of these
MCM-41 materials have a BET surface area of
around 1000 m? g~!. Although the pore size and
d-spacing increase with the carbon chain length of
the surfactant, the products prepared from surfac-
tants with the same carbon chain length but
different counterion and head group have almost
the same pore size and d-spacing. This indicates
that the counterions bound to the interface of the
micelle of the surfactant are replaced by the silica
polyanionic species during the synthetic process.
The head group is relatively small compared with
the carbon chain, so that the pore size is mainly
dependent on the carbon chain length. The wall
thicknesses of the MCM-41 materials synthesized
by this method are in the small range of
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Table 1

Effect of surfactant chain length, counterion, head group on MCM-41 pore size, XRD d,4, value, hexagonal unit cell parameter a,

and the wall thickness

Surfactant XRD dyg a N, pore Wall thickness
(d-spacing, nm) (nm) size (nm) (nm)
C,Hg» (CH;),NX®
C,sTMAB® 4.30 4.96 3.23 1.73
CsTMACI 428 4.94 3.18 1.76
C,c,TMAB 3.96 4.57 2.87 1.70
CsTMACI 398 4.59 2.87 1.72
CisTMAN 4.00 4.61 2.86 1.75
C,,TMAB 3.61 4.17 2.56 1.61
C,,TMAB 3.31 3.82 2.21 1.61
CoTMAB 3.15 3.64 1.92 1.72
C;TMAB 2.90 3.35 1.67 1.68
CuHy,  NCSH,X?
C,sPyB 3.95 4.56 272 1.84
C,6PyCl 4.01 4.63 2.72 1.91
C,PyCl 3.32 3.83 223 1.65

220=2d,00/V3 as distance of nearest pore centers.’Alkyltrimethylammonium halide."Synthesized at 50°C.¢Alkylpyridinium halide.

1.60-1.91 nm. In the C,TMABX system, the wall
thickness is around 1.70 nm, not dependent on the
nature of the surfactant. The uniformly thicker
walls make the MCM-41 materials synthesized by
this method more rigid. They shrink less (about
0.12-0.22 nm) after calcination and have a sharper
pore size distribution (about 0.14-0.23 nm) than
those previously reported [2,9,20].

The transmission electron micrographs (TEM)
of the as-synthesized samples of C,,TMAB and
C,0TMARB illustrate the regular hexagonal array
of mesoporous channels (Fig. 5(A,B)). The repeat-
ing distances between pores are about 4.3 and
3.5 nm for C;{sTMAB and C,,TMAB, in excellent
agreement with those obtained from XRD
patterns.

3.3. Cosurfactant: BuOH

Because the surfactant with the shorter carbon
chain length has less affinity to the silica polyan-
ionic species, the products synthesized from
CsTMAB, C,,TMAB and C,,PyCl-silicate systems
have less well-defined XRD patterns. Based on the
principle of micelle formation, adding a proper
amount of cosurfactant, such as butanol (BuOH)
or hexanol (HeOH), can eclongate the length of

micelle to favor the interaction between micelles
and silica polyanionic species [21,22]. Hence, some
cosurfactants were added to the synthetic composi-
tion of CgTMAB, C,,TMAB and C,,PyCl-
silicate systems and their effects on structural order
were examined. Fig. 6 shows that by adding BuOH
in a suitable BuOH/surfactant range, the two
diffuse XRD peaks of C,;TMAB products can
change into three or four sharp peaks (Fig. 6).
This is similar to that of C,,PyCl. But the addition
of BuOH has no effect on the samples prepared
from the surfactant with even shorter carbon chain
length (C;,TMAB). It is believed that the chain
length of C;TMAB is too short to form an energet-
ically favorable liquid crystal structure [23]. We
concluded that adding short chain alcohols
(BuOH) as cosurfactants can improve the forma-
tion of the hexagonal structure of MCM-41 with
surfactants in a marginal case such as C;,TMAB.

3.4. Head group

The effect of the head group size of the surfac-
tant on the synthesis of MCM-41 materials was
also examined. Fig. 7 shows the XRD pattern of
the products from C,,TMAB: cetyldimethylethyl-
ammonium bromide (C,,DMEAB) has four sharp



H.-P. Lin et al. | Microporous Materials 10 (1997) 111-121 117

Fig. 5. Transmission electron micrographs of the as-synthesized
MCM-41. (A) C,;s-TMAB; (B) C,,TMAB.

peaks and d,o,=4.0 nm; while that from cetylben-
zyldimethylammonium bromide (C,;BDMAB) has
two broad XRD peaks and a smaller d-spacing of
3.6 nm. The less ordered arrangement and smaller
d-spacing of the latter suggest that the benzyl
group is probably interacting with the cetyl group
(Cy6Hs3). As a result, the effective chain length of
the surfactant shrinks, which leads to a smaller
pore diameter of the MCM-41 product. Moreover,
the head group of C,,BDMAB has more steric
hindrance than the other two surfactants; this
might lead to poor hexagonal packing and result
in more diffuse XRD patterns,

3.5. The nature of the acid

A variety of acids other than H,SO,, such as
H,PO,, HCIO,, HNO,;, HCl and CH,COOH,
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Fig. 6. X-ray powder diffraction patterns of the as-synthesized
products prepared from different BuOH/C,;,TMAB ratios using
immediate acidification. (A) BuOH/C,;TMAB=0; (B)
BuOH/C,,TMAB=0.75; (C) BuOH/C,, TMAB=1.08.
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Fig. 7. X-ray powder diffraction patterns of the calcined pro-
ducts prepared using surfactants with different head group sizes.
(A) C,(TMAB, (B) C,,DMEAB; (C) C,(BDMAB.
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were used to synthesize the MCM-41 materials.
All these acids, except HNO;, result in products
with well-defined XRD patterns, sharp pore size
distribution and the same morphology as that
synthesized from H,SO,. But when HNO, was
used for adjusting the pH value of the mixtures
containing surfactants with a carbon chain length
longer that 14, a highly viscous gel was obtained,
in contrast to those obtained with other acids. The
XRD pattern and pore size distribution of the
product synthesized from HNO; is similar to those
from other acids, but the morphology is very
different. For instance, in the C;(,TMACI-silicate
system, the products prepared from other acids
have the hollow tubular structure (Fig.8(A)),
while the product synthesized from HNO; is in
microparticle form (Fig. 8(B)). This is probably
because the nitrate ion (NO;) has the largest
binding strength to the cationic micelles among
these acids which forms a very viscous intermedi-
ate, inhibiting the production of microtubule [24].
Therefore HNO; is not a suitable acid to produce
MCM-41 materials with tubular hierarchical
morphology.

3.6. Temperature effect for C;gTMAB

The MCM-41 materials of all the surfactants
synthesized at room temperature have well-defined
hexagonal XRD patterns, but the product of
CsTMAB is a special case. We compared the
XRD pattern of the calcined C,3TMAB product
whose gel mixture was prepared at room temper-
ature with that prepared at 50°C (Fig. 9(A,B)).
The latter has four sharp peaks and a d-spacing
of about 4.22 nm, but the former has just two
diffuse peaks and a d-spacing of 4.0 nm. In order
to understand the effect of temperature on the
C,sTMAB product, the as-synthesized solids, after
complete addition of the acid at room temperature
and 50°C, were examined. A lamellar mesophase
was formed under room temperature conditions,
but a hexagonal pattern of MCM-41 was obtained
at 50°C (Fig. 9(C,D)). These results showed that
at room temperature the C,;TMAB-silicate system
would first form a lamellar mesophase solid, then
transform, during hydrothermal reaction, to the
final hexagonal mesoporous MCM-41 product.

Fig. 8. Scanning electron micrograph of the calcined MCM-41
materials prepared from the C,,TMACI-silicate system with
different acids using gradual acidification. (A) CH;COOH; (B)
HNO,.

This formation process is similar to that from
kanemite-surfactant composition [25]. In the high
temperature case (50°C), the hexagonal structure
was formed after neutralization, which then led to
a more well-defined structure during the hydrother-
mal reaction. This formation mechanism is parallel
to that of the C,(,TMAB-silicate system at room
temperature proposed by Chen et al. [26]. This
unique character of C;sTMAB is because its long
carbon chain tends to form a lamellar phase at
room temperature. Hence, the formation mecha-
nism and the structure of the MCM-41 prepared
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Fig. 9. X-ray powder diffraction patterns of the calcined pro-
ducts of the C;TMAB-silicate system and the as-synthesized
solids prepared after complete addition of the acid at different
temperatures. (A) calcined product prepared at 50°C; (B)
calcined product prepared at room temperature; (C) the
as-synthesized solid prepared at 50°C; (D) the as-synthesized
solid prepared at room temperature. *Indicates the XRD peaks
of the unremoved C,;TMAB particles.

from C gTMAB-silicate system would greatly
depend on the synthetic temperature.

This synthesis procedure is also suitable for the
formation of aluminosilicate MCM-41. As the
Si/Al ratio decreases, the XRD patterns become
less well-defined and the d-spacing value increases.
In other words, the incorporation of aluminum
into the framework of MCM-41 decreases the
order of the mesoporous channels but increases
the pore size; this is consistent with the process
reported in the literature [27,28]. The 2’Al MAS
NMR spectra of the products with different Si/Al
ratios show that there is only one peak at about
50 ppm in all samples, indicating that the alumi-
num atoms are in the tetrahedral sites and are
likely incorporated in the framework of MCM-41.

4. Discussion

Finally, we present some theoretical considera-
tions for explaining the many observations in this
work. Although the mesostructures are formed
most probably through a cooperative condensation
of surfactant and silicate [10,29], we can divide
our theoretical considerations roughly into two
parts: the formation of rod-like micelles and the
condensation of hexagonal phase.

First, we discuss the relation between the micel-
lar structure and the nature of the MCM-41 pro-
duct obtained. The form that micelles can take
can be explained by simple packing considerations
[30]. The organization of surfactant depends on
the volume (Vy), length (/.) occupied by the hydro-
phobic group and on the effective surface area aq,
of the hydrophilic groups of the surfactant.
According to packing requirements, a parameter
p="Vy/l.a; determines the shape of the micelles.
When the value of p is in the region of 0 to 1/3,
the micelles of the surfactant are spherical; p=1/3
to 1/2 for cylindrical micelles, and p=1/2 to 1 for
lamellar phase. Within the cylindrical micelle
range, a higher p value leads to a longer micelle.
Such very simple predictions have been confirmed
for many surfactant systems: micelles, micro-
emulsion and lamellar phases [31].

At present, we understand little of the formation
of the hexagonal phase of rod-like micelles.
However, recent theoretical work on the hexagonal
phase [32] indicates that its stability depends on
the intrinsic rigidity of the micelles and their sizes.
Increasing the micellar flexibility favors the hexag-
onal phase relative to the nematic phase. Long
rods favor the hexagonal phase as the entropy
gained in randomizing becomes less. With these
qualitative ideas, we try to explain the various
observations in Section 3.

Let us examine the chain length effect first.
Given the same composition in varying surfactant
chain length (Section 3.1), the effective surface
area ay is about the same for C,TMAX. Thus, the
variation in the p parameter comes from the change
in molecular volume (¥}) and length (/). By using
the empirical relations [33]

Vi (A3)=27.4+269n (1)
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and
I, (A)=1.5+1.265n, (2)

one can see that p is an increasing function of r,
the number of carbon atoms in the chain. Thus,
accordingly, a longer hydrocarbon group in the
surfactant would favor a longer micelle, which is
empirically true. And a longer rod would lead to
more rigid and ordered packing in the hexagonal
phase. Therefore, we observed more well-defined
hexagonal structure in MCM-4] as chain length
increases, which is shown in Fig, 3.

The addition of butanol to the surfactant/silicate
mixture would lead to longer micelles, as observed
in a C(TMAB +salt system (JW. Lu, CJ. Lee
and C.Y. Mou, unpublished data) in a dynamic
light scattering study. This is due to favored
entropy of mixing of BuOH in longer micelles.
Since longer rods stabilize the hexagonal phase,
we therefore observe that BuOH can improve the
hexagonal  structure for the case of
C,,TMAB-made MCM-41.

Larger hydrophobic head group would increase
the chain surface area a, and lead to shorter rod
micelles (smaller p), which in turn result in less
ordered hexagonal packing. This is indeed
observed in the case of C,BDMAB.

In this work, we have used two different counter-
ions Br™ and Cl~ in the starting surfactants. As
long as carbon chain length is fixed, they have
very little effect on pore size and lattice d-spacing.
This shows that oligosilicates are the mesostruc-
ture-directing agents. Indeed, it has been shown
that MCM-41 can be synthesized with a surfactant
concentration as low as the critical micelle concen-
tration [34]. The strong electrostatic interaction
between cationic surfactant and silicate anions is
the main determining factor in structure formation.
Before acidification, micelles of C,TMAB and
C,TMACI are very different. The former are long
rod-like micelles and the latter are spherical
micelles. This is due to stronger micellar dissoci-
ation of C1~ versus Br ™. After acidification, multi-
dentate oligosilicate (highly charged) would
replace both Cl~ and Br~ and form the same
hexagonal structure. As the anion Y ~ of the added
acid HY can no longer compete, it does not have

any influence on structure (except for morph-
ology).

The constant wall thickness of roughly 1.7 nm,
shown in Table1, is interesting. Previously,
researchers have obtained different wall thick-
nesses, from 0.5 up to 1.7 nm, depending on alka-
linity [4]. The larger pore distance comes with
lower alkalinity. Our wall thickness of 1.7 nm
seems to be the upper bound. This is because, in
the delayed neutralization process, we can get to
as low a pH value as 9.5 without the formation of
amorphous silica. The limiting constant wall thick-
ness in Table 1 seems to indicate that there is a
maximum limit to the rod-to-rod distance for the
stability of the hexagonal phase. There seem to be
a Lindemann-like criterion for the ‘melting’ of the
hexagonal phase. A better understanding is needed
with regard to stability factors in the hexagonal
phase before the constant thickness can be
explained.

As for the effect of temperature, we observed
an appreciable effect in the case of C;sTMAB. A
higher temperature would lead to less counterion
association and to a larger a,, and thus a smaller
p value. At room temperature, the C;;TMAB-
silicate system tends to form a lamellar phase,
since 7 is large enough for the hydrophobic effect
to dominate. However, at 50°C, the p value of
C,;,TMAB will decrease to less than 1/2 and thus
it forms a hexagonal phase instead. Further hydro-
thermal reaction at 100°C would transform both
lamellar and hexagonal phases into hexagonal
packing since the condensation reaction is carried
out at a high temperature, where only the hexago-
nal phase is stable.

5. Conclusions

The delayed neutralization process is an excel-
lent method to synthesize highly-ordered MCM-41
with thicker walls and sharper pore size distribu-
tions. It also provides us with a way to explore
the interaction between the micelles of the surfac-
tants with different carbon chain lengths, counteri-
ons or head groups and the silica polyanionic
species. From this, we could progressively probe
the intermediates of the surfactant-silicate system
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in order to completely understand the formation
mechanism of MCM-41 and to control the syn-
thetic conditions in order to obtain desirable
MCM-41 materials. This process is also suitable
for synthesizing biomimetic hierarchical silica
assemblies [15] that may help one to understand
the complex biomineralization process [35].
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