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A comparison of the synthetic conditions required to form both MCM-41 and mesoporous 
materials obtained from layered silicates suggests that  the mechanisms of formation of these 
two materials are different. X-ray diffraction patterns, transmission electron micrographs, 
sorption capacity measurements, and synthesis data are all consistent with MCM-41 formed 
by a silicate anion initiated liquid-crystal templating mechanism. Retention of the silicate 
layer throughout the synthetic process suggests that layered silicate derived materials are 
formed by the intercalation of the silicate layers. Although both materials are formed in 
the presence of a cationic surfactant, the surfactant functions in different roles. For MCM- 
41, the surfactant molecules form a micellefliquid-crystal phase that serve as templates 
around which the silica condenses. The surfactant molecules in the layered silicate system 
function to swell and separate the layers. Rheological data of the surfactant solutions used 
in both synthesis systems also support the different formation mechanism pathways. At 
the surfactant concentrations typically used for MCM-41 formation, rheological data suggest 
the presence of micellar structure, whereas no solution structure was detected in the lower 
surfactant concentrations used in the layered silicate system. Although the intercalated 
silicate based materials can be synthesized with pores in a similar size range as MCM-41 
products, the pore size distribution is broader. Also, MCM-41 materials have 5 times the 
total pore volume and hydrocarbon sorption capacity compared to the layered silicate derived 
materials. 

Introduction 
Two novel mesoporous materials have been recently 

rep~rted. l -~ Researchers at Mobil R&D Corp. intro- 
duced a new family of mesoporous molecular sieves, 
M41S, which exhibit narrow pore size distributions 
whose dimensions can be tailored from 15 to 100 8.l 
The existence of several unique structures including 
MCM-41 (hexagonal) and MCM-48 (cubic) suggest that 
this family of mesoporous materials is extensive and 
versatile.2 Yanagisawa et ale3 described a mesoporous 
silicate prepared from a layered silicate, kanemite. The 
latter material was prepared via a procedure similar to 
that used for the formation of MCM-41, namely, a 
hydrothermal synthesis in the presence of quaternary 
ammonium halides such as dodecyltrimethylammonium 
chloride or cetyltrimethylammonium chloride. The 
synthesis and swelling of kanemite was originally done 
by la gal^,^ who demonstrated that this layered silicate 
could be intercalated by various quaternary ammonium 
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compounds and that the extent of interlayer separation 
was a function of the quaternary hydrocarbon chain 
length. Yanagisawa investigated this system and ex- 
tended this work by calcining the quaternary-containing 
products. Not only did the resulting materials exhibit 
high surface area and pore volume but they also contain 
30-40 8 size pores, similar to  those properties associ- 
ated with some of the members of MCM-41. Because 
of the similarities between the reported properties of 
this material and MCM-41, we investigated the char- 
acteristics of both of these mesoporous materials and 
propose different mechanistic pathways for their fonna- 
tion. 

Experimental Section 

Materials. The silica sources were sodium silicate, N 
brand, 27.8% silica, P.Q. Corp., and tetraethylorthosilicate 
(TEOS) obtained from Aldrich. Cetyltrimethylammonium 
chloride, C I ~ H ~ ~ ( C H ~ ) ~ N C ~  (CTMACl), was obtained from Ar- 
mak Chemicals as an aqueous solution (29 wt %). The 
dodecyltrimethylammonium bromide, C ~ ~ H ~ ~ ( C H ~ ) ~ N B I  (DDT- 
W r ) ,  was obtained from Aldrich. The ClsH33(CH3)3N+OW 
C1- solution was prepared by batch exchange of a 29 wt % 
aqueous CTMACl solution with IRA-400(0H) exchange resin, 
Rohm and Haas. The effective exchange of hydroxide for 
chloride ion was -30%. Sulfuric acid (96.1%) and methanol 
(absolute) were obtained from J. T. Baker Chemical Co. All 
chemicals were used as received. 

Instrumentation. X-ray powder diffraction was obtained 
on a Scintag XDS 2000 diffractometer using Cu Ka radiation 
and an energy-dispersive detector. Benzene sorption data 

0 1994 American Chemical Society 



Synthesis of Mesoporous Materials 

were obtained on a computer-controlled 990/951 DuPont TGA 
system. The calcined sample was dehydrated by heating a t  
350 or 500 "C to constant weight in flowing helium. Benzene 
sorption isotherms were measured at  25 "C by blending a 
benzene-saturated He gas stream with a pure helium gas 
stream in the proper proportions to obtain the desired benzene 
partial pressure. Argon physisorption measurements were 
conducted on a physisorption apparatus as previously de- 
~ c r i b e d . ~  The method of Horvath and Kawazoe6 was used to 
determine the pore diameters of the products. Rheological 
measurements of various surfactant solutions were obtained 
on a RFSII (Rheometrics Fluid Spectrometer 11). 

Samples for TEM examination were prepared using an 
ultramicrotome to obtain thin sections of the materials that 
had been embedded in L.R. White (hard) acrylic resin. Typical 
500-1000 A thick specimens were supported on 400 mesh 
copper electron microscope grids and lightly coated with 
evaporated carbon to reduce charging. Electron microscopy 
and electron diffraction experiments were done in a JEOL 
2OOCX transmission electron microscope operated at 200 000 
V. The microscope has an optimum interpretable resolution 
of 3.5 A; an effective 2.8 A objective aperture was employed to  
enhance image contrast. 

Syntheses. A sample of kanemite was prepared by a 
method initially described by Lagalp and subsequently used 
by Yanagisawa et aL3 Sodium silicate solution (110 g) was 
added slowly with stirring to  500 g of methanol chilled in an 
ice bath. The product was recovered by filtration on a 
Buechner funnel, washed with water, and dried in air at 
ambient temperature. The dried material was then calcined 
in air a t  700 "C for 5.5 h. The calcination procedure produced 
a low-density, highly porous product. This calcined material 
was then rehydrated in water, filtered, and allowed to dry in 
air at ambient temperature. This silicate product was used 
in the intercalation preparations described later. The X-ray 
diffraction pattern of the product was similar to that described 
in Table I of la gal^.^ However, the relative peak intensities 
and the d spacings of the lower angle peaks in the X-ray 
diffraction pattern of our product differed from that material 
reported by Yanagi~awa.~  The peak intensities and peak 
location of the X-ray diffraction patterns of layered silicates 
can be affected by both the degree of hydration and the extent 
of alkali content. Elemental analyses of our hydrated kane- 
mite material contained a Na/Si/HzO molar ratio of 0.41212 
compared to that of Lagale9 (0.81214) and that prepared by 
Yanagisawa3 (11213). 

The cetyltrimethylammonium (CTMA) intercalated kane- 
mite was prepared as described by Yanagisawa3 by combining 
100 g of a 0.1 M CTMACl solution and 1 g of the above- 
prepared kanemite with stirring at  65 "C for 1 week. The 
intercalated product was recovered by filtration and the above 
procedure was repeated with fresh 0.1 M CTMACl solution. 
The final product was recovered by filtration, dried in air at  
ambient temperature, and calcined in air to  540 "C for 6 h. 
The X-ray diffraction patterns of the 1- and 2-week intermedi- 
ates and the calcined material are shown in Figure la ,  b, and 
c, respectively. Found in the 1-week as-synthesized product 
(wt %): C, 26.2; N, 1.27; Si, 24.9; ash (1000 "C), 59.4. Found 
in the final as-synthesized product (wt %): C, 25.7; N, 1.26; 
Si, 24.7; ash (1000 "C), 61.3. 

The dodecyltrimethylammonium (DDTMA) intercalated 
kanemite was prepared by combining 100 g of a 0.1 M 
DDTMABr solution and 1 g of the hydrated kanemite with 
stirring at  65 "C for 1 week. The intercalated product was 
recovered by filtration, and the above procedure was repeated 
with fresh 0.1 M DDTMABr solution and processed to a 
calcined form using the method described above. The X-ray 
diffraction patterns of the 1- and 2-week intermediates and 
the calcined material are shown in Figure 2a, b, and c, 
respectively. Found in the 1-week as-synthesized product (wt 
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Figure 1. X-ray powder diffraction pattern of (A) CTMA- 
intercalated kanemite first week intermediate, (B) second week 
intermediate, and (C) calcined product. 
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Figure 2. X-ray powder diffraction pattern of (A) DDTMA- 
intercalated kanemite first week intermediate, (B) second week 
intermediate, and (C) calcined product. 

%): C, 20.6; N, 1.62; Si, 26.0; ash (1000 "C), 63.6. Found in 
the final as-synthesized product (wt %): C, 17.6; N, 1.06; Si, 
26.9; ash (1000 "C), 69.1. 

The hydrated kanemite was also combined with a 0.1 M 
C&33(CH3)3N+ OWC1- solution using the method described 
above. The first week sample produced an X-ray diffraction 
pattern having relatively intense peaks at  d spacings of 
approximately 34, 17, 11, and 4 A. After the second week of 
treatment, less than 10% of the original sample remained after 
filtration. This material exhibited an X-ray pattern with an 
intense peak at  a d spacing of approximately 4 A. No further 
processing was done on this sample. 

K e n ~ a i t e , ~  another layered silicate, was also subjected to 
the same procedure as described above. The X-ray diffraction 
patterns of the 1- and 2-week CTMA containing intermediates 
exhibited major peaks at d spacings of approximately 39 and 
20 A and a broad peak at  approximately 3.4 A. Upon 
calcination the CTMA intercalated kenyaite material exhibited 
an X-ray diffraction pattern containing major peaks at d 
spacings of 17, 8.5, and 3.4 A similar to that of calcined 
kenyaite. There were no low-angle peaks remaining. If the 
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Figure 3. X-ray powder diffraction pattern of (A) CTMA 
MCM-41 formed from kanemite as-synthesized product and 
(B) calcined product. 
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Figure 4. Argon isotherms of (A) calcined CTMA intercalated 
kanemite, (B) calcined DDTMA-intercalated kanemite, and (C) 
calcined MCM-41 samples. 

CTMA intercalated kenyaite sample was first contacted TEOS 
and processed to the calcined product using the method 
describe by Landis et al.? the X-ray diffraction pattern 
exhibited broad peaks at approximately 40, 19, and 3.4 A. 

MCM-41 was prepared by combining 5 g of hydrated 
kanemite with 100 g of a 29 wt % (this is approximately 1 MI 
C&33(CH&N+ OWC1- solution with stirring. This mixture 
was placed in a polypropylene bottle and put into a steam box 
(100 "C) for 48 h. The resultant product was a clear solution 
indicating that the layered silicate reagent was completely 
dissolved. This solution was then titrated with conc. HzS04 
to reduce the pH from approximately 12.4 to  9.5 (this required 
1.8 g of acid). A precipitate formed upon titration. The 
titrated mixture was returned to the steam box for 48 h. The 
final product was recovered by filtration, dried in air a t  
ambient temperature, and calcined in air a t  540 "C for 6 h. 
The X-ray diffraction patterns of the intermediate and the 
calcined material are shown in Figure 3a and b, respectively. 
Found in the final as-synthesized product (wt %): C, 36.8; N, 
2.37; Si, 18.2; ash (1000 "C), 46.4. 

Argon physisorption data for the calcined CTMA and 
DDTMA intercalated kanemite samples, the CTWsil ica  
intercalated kenyaite sample, and of MCM-41 are shown in 
Figures 4-6. Benzene sorption data for the calcined CTMA 
and DDTMA intercalated kanemite and MCM-41 samples are 
shown in Figure 7. Transmission electron microscopy data are 
illustrated in Figures 8 and 9 for the CTMA intercalated 
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Figure 5. Horvhth-Kawazoe plots of (A) calcined CTMA 
intercalated kanemite, (B) DDTMA intercalated kanemite, and 
(C) calcined CTWsil ica  intercalated kenyaite. 
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Figure 6. Horvhth-Kawazoe plots of (A) calcined CTMA 
intercalated kanemite, (B) DDTMA intercalated kanemite, and 
(C) MCM-41 sample. 
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Figure 7. Benzene data of (A) calcined CTMA intercalated 
kanemite, (B) DDTMA-intercalated kanemite, and (C) calcined 
MCM-41 samples. 

kanemite sample, Figure 10 for the DDTMA intercalated 
kanemite, and Figure 11 for the MCM-41 sample. 

Rheological Analyses of Surfactant Solutions. The 
rheological data on a series of surfactant solutions were 

-obtained using a cuvette geometry with a titanium bob and 
stainless steel cup. A dynamic strain sweep (0-50%) at 10 
radh was conducted on four CI~H~~(CH&N+ OWC1- solutions 
(at approximately 30,3,0.3, and 0.03 wt %) and four CTMACl 
solutions (at approximately 30, 3, 0.3, and 0.03 wt.%'o) at two 
temperatures, 20 and 65 "C. To eliminate any solution 
volatility, silicone oil, which was immiscible with the surfac- 
tant solutions, was used to  cover the surface of the water/ 
surfactant solution. The results are presented in Figure 12. 
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Figure 8. Transmission electron micrograph lleftl and selected area electron diffraction pattern (right1 from calcined CTMA 
intercalated kanemite. 

Figure 9. Transmission electron micrographs from calcined CTMA intercalated kanemite showing a variety of fringe patterns. 

X-ray diffraction patterns of both these intermediates 
suggest that the original layered structure of the layered 
silicate has been intercalated by the quaternary reagent. 
me x-ray diffraction pattern of the calcined product 
(Figure lc) exhibited a broad peak with a 

at a d spacing of approximately 38 b, and an 

Results and Discussion 

Intercalated Kanemite Materials. The X-ray dif- 
fraction patterns of the CTMA intercalated kanemite 
intermediates (Figure l a  and b) revealed several intense 
peaks having d spacings Of approximately 379 18, 12, 

* for the second week sample' The X-ray patterns 
represent a series of low-angle peaks that are order 
reflections of the first peak and the retention of the most 
intense peak of the layered silicate reagent a t  4 A. The 

and 4 A for the first week sample and 38.19,13. and 4 intense sharp peak at approximately 4 A, indicating the 
retention ofthe original silicate layered structure. 

The X-ray diffraction patterns (Figure 2a and b) of 
the DDTMA intercalated layered kanemite intermedi- 
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Figure 10. Transmission electron micrograph (left) and selected area electron diffraction Dattern 1 riehtl frnm calcined DDTMA- 
intercalated kanemite. 

Figure 11. Transmission electron micrograph (let%) and selected area electron diffraction pattern (right1 establishing the presence 
of calcined MCM-41. 
ates revealed several intense peaks having d spacings The chemical analyses of the intercalated samples 
of approximately 34, 17, 12, and 4 A for both the first- suggest that the surfactant molecules remain intact in 
week sample and the second-week sample. These the products. The C/N ratio for the CTMA derived 
patterns also suggest an intercalated layered material material was 24 compared to an expected value of 19. 
having retained the silicate layered structure consistent For the DDTMA prepared material, the C/N ratio was 
with the CTMA derived sample described above. The 15 (one week) and 19 (final) compared to the expected 
X-ray diffraction pattern ofthe calcined product (Figure value of 15. The N/Si ratio of these intercalated 
2c) exhibited a relatively broad peak with a maximum products was approximately 0.10. 
a t  a d spacing of approximate1 37 k, and an intense Argon isotherms of the two calcined kanemite samples 
sharp peak a t  approximately 4 k again consistent with indicate rather broad pore size distribution, 30-40 and 
retention of the silicate layered structure. 20-30 A (at half-peak width), and low pore volumes, 
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The image shows an extensive area of expanded layers 
viewed edge-on, with an %35 A repeat distance normal 
to  the layers. The electron diffraction pattern has 
maxima at the x35 8, repeat distance. 

The X-ray diffraction patterns of the calcined CTMA 
intercalated ken aite exhibited a broad peak at ap- 
proximately 3.5 K , suggesting retention of the silicate 
layered structure. However, there were no retention of 
any low-angle peaks suggesting collapse of the silicate 
layers upon the removal of the surfactant molecules. 
When the CTMA intercalated sample was treated with 
TEOS prior to calcination, the X-ray diffraction pattern 
of this material exhibited a low-angle peak indicative 
of some degree of layer separation. The argon phys- 
isorption data (Figure 5) indicates a broad pore size 
distribution, 26-36 A, similar to  that of the CTMA- 
intercalated silicate discussed above. The calculated 
pore volume of the intercalated kenyaite sample is 0.11 
cm3/g, similar to that of the intercalated kanemite 
samples discussed previously. 

The absence of any stable mesoporous silicate formed 
from the CTMAkenyaite preparation similar to that of 
the CTMAkanemite system suggests a difference in 
reactivity of these two layered silicates. The variation 
in the thickness of the silicate layers of these materials 
may be a factor in the ability to intercalate these two 
layered materials. Kanemite is reported to consist of 
silicate layers of approximately 4 A, whereas the silicate 
layers of kenyaite are approximately 12 A t h i ~ k . ~ , ~  

MCM-41. The X-ray diffraction patterns of the MCM- 
41 intermediate (Figure 3a) revealed several intense 
peaks having d spacings of approximately 41, 25, 21, 
and 16 A which can be indexed for hkO reflections of a 
hexagonal unit cell. There were no peaks located at 
approximately 4 A characteristic of the layer structure 
of the reactant silicate. The X-ray diffraction pattern 
of this calcined MCM-41 sample (Figure 3b) displayed 
intense peaks having d spacings at approximately 38, 
22, 19, and 15 A. This pattern illustrates the lattice 
contraction of approximately 3 A and the retention of 
the hexagonal hkO indexing of MCM-41 upon calcina- 
tion, both characteristics of MCM-41 materiah2 

The chemical analyses of the MCM-41 product also 
suggest retention of the surfactant. The C/N ratio was 
18 compared to the expected value of 19. The N/Si ratio 
of the MCM-41 material was 0.26, about 150% higher 
than those of the intercalated silicate samples suggest- 
ing a larger interaction of the organic in the formation 

The argon sorption isotherms of MCM-41 and the 
intercalated materials are compared in Figure 4. MCM- 
41 shows a very sharp inflection point at -0.35 PIP0 
indicating capillary condensation within a uniform pore 
size (approximately 38 &.6*9 The MCM-41 sample has 
significantly higher pore volume, 0.74 cm3/g, and a 
narrow pore size distribution, 6 A (at half-peak width), 
relative to the intercalated silicate materials (Figure 6) .  
The Horvath-Kawazoe plot indicates a narrow pore size 
distribution for MCM-41 similar to  those of molecular 
sieves. 

of MCM-41. 
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Figure 12. Rheological data of (top) 29 wt % C I ~ H ~ ~ ( C H ~ ) ~ N +  
OWC1- solutions and (bottom) CTMACl solutions at various 
concentrations and at both 20 and 65 "C. 

0.095 and 0.13 cm3/g, respectively, for the CTMA and 
DDTMA intercalated products (Figures 4 and 5) .  Ben- 
zene sorption capacity at 25 "C for the two calcined 
kanemite derived samples are illustrated in Figure 7. 
For the CTMA intercalated sample the capacity was 
approximately 75 cm3/g. The benzene sorption capacity 
for the DDTMA intercalated sample was approximately 
110 cmVg. 

Figure 8 is a typical electron micrograph and selected 
area electron diffraction pattern from a thin section of 
a CTMA-intercalated kanemite sample. The image 
shows an extensive area of expanded layers viewed 
edge-on, with an ~ 4 0  A repeat distance normal to the 
layers. The electron diffraction pattern is one-dimen- 
sional with a 37 A primary repeat and some streaking 
along the central lattice line. Occasionally, images of I 
were obtained with fringe patterns more complex than 
those in Figure 8. Figure 9 shows two such electron 
micrographs. The features observed in these images 
may result from overlap of swolledintercalated layered 
crystallites viewed edge-on but in differing orientations. 
Superposition of misoriented one-dimensional fringe 
patterns can produce (in projection) an illusion of a two- 
dimensional order. This is a likely explanation for 
features such as A and B in Figure 9 because some one- 
dimensional fringe patterns can be traced to regions 
where they appear to be two-dimensional, as would be 
the case if only part of the edge-on layered crystallite 
overlaid an underlying crystal in a different orientation. 
Other features such as C are more complex. This 
feature may be overlapping misoriented layers viewed 
edge-on wherein some of the layers are curved and bent. 
Alternatively, this region may represent a material with 
order in more than one dimension. 

Figure 10 is a typical electron micrograph and se- 
lected area electron diffraction pattern from a thin 
section of the DDTMA-intercalated kanemite sample. 
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data at 65 "C for solutions less than 30% are below the 
detection limit of the spectrometer. The higher thermal 
activity of the solution and surfactant solubility at 65 
"C may explain this behavior. Both conditions should 
reduce the possibility of micellar formation. Similar 
observations have been reported in other surfactant 
solutions. 17,18 

Mechanism of Formation. A templating mecha- 
nism (liquid-crystal templating, LCT) in which surfac- 
tant liquid-crystal structures serve as organic templates 
has been proposed for the formation of M41S type 
materials.lV2 The generation of varied pore size MCM- 
41 either by use of different length surfactant molecules 
or by use of auxiliary organics1 and the existence of 
M41S materials having structures (hexagonal, cubic, 
and lan~el lar)~J~ that mimic known liquid-crystal phases 
are strong evidence to support this mechanism. Pro- 
posed mechanism pathways suggest either (A) the 
presence of the liquid-crystal phase prior to the addition 
of the reagents or (B) that the silicate species generated 
in the reaction mixture influences the ordering of 
surfactant micelles to  the desired liquid-crystal phase.2 

For either pathway, the resultant composition pro- 
duces an inorganic material that mimics known liquid- 
crystal phases. For pathway A to be operative, it is 
required that the surfactant molecules exist in sufficient 
concentration for the liquid crystal to form. This liquid- 
crystal structure serves as the templating agent, and 
the inorganic silicate anions merely serve to counterbal- 
ance the charge of these fully ordered surfactant ag- 
gregates. Literature data suggest that for the cetyltri- 
methylammonium cation system, at  the concentrations 
used to form M41S structures, the presence of the 
various liquid-crystal structures appears unlikely. Our 
room-temperature rheology data indicate that the sur- 
factant concentration has to be greater than about 3% 
for any structure to be detected. This molecular struc- 
ture is presumably the transformation from the indi- 
vidual surfactant molecules to  micelles not the forma- 
tion of liquid crystal phases. At higher temperatures 
(65 "C) the formation of any structure is less likely, 
especially at surfactant concentrations less than 30%. 
Synthesis data also do not support pathway A. The 
ability to form the hexagonal, cubic, and lamellar M41S 
structures simply by varying the silica concentration at 
constant initial surfactant concentration is strong evi- 
dence against the requirement of a M41S template from 
a preexisting liquid-crystal phase. l9 

For pathway B, the presence of surfactant is only part 
of the template. The presence of a silicate anion species 
not only serves to charge balance the surfactant cations 
but also participates in the formation and ordering of 
the liquid-crystal phase. The exact nature of this 
organosilicate specie is still uncertain. However, this 
organosilicate intermediate should be labile enough to  
form the various M41S structures. This intermediate 
must still retain sufficient surfactant (organic) character 
to form liquid-crystal phases. The formation of liquid- 

The benzene sorption capacity of the MCM-41 sample 
is shown in Figure 7. The total capacity was ap- 
proximately 750 cm3/g, and the data exhibit a sharp 
inflection characteristic of capillary condensation within 
uniform pores, where the plpo position of the inflection 
point (-30 Torr) is related to the diameter of the pore. 
These data suggest a uniform pore size which is also 
shown in the argon physisorption analysis of the MCM- 
41 sample. 

Figure 11 shows a typical electron micrograph and a 
selected area electron diffraction pattern from a thin 
section of the MCM-41 sample. In contrast to the 
previous samples, this specimen contains regions of 
well-formed large-pore material with apparent hexago- 
nal symmetry, as can be seen in the image in Figure 
11. The associated electron diffraction pattern shows 
the {l ,O, - l ,O} family of reflections with a d100 = 39 A. 
These results indicate the presence of MCM-41 in the 
sample. 

Rheological Analyses. Two stress coefficients that 
give information on the system studied are the storage 
modulus, G ,  and the loss modulus, G .  These moduli 
provide information about the structure of the material 
being measured. In Figure 12, for both 29 wt % 
CTMACl and 29 wt % C I ~ H ~ ~ ( C H ~ ) ~ N +  OWC1- solu- 
tions, G' and G start to increase for surfactant con- 
centrations between approximately 3 and 30 wt %. 
Similar concentration dependence of G and G has been 
obtained by Hoffmann et a1.l0J1 in surfactant solutions 
such as cetylpyridinium salicylate, alkylpyridinium 
salicylate, and alkyltrimethylammonium salicylate. Ac- 
cording to Hoffmann et al.12J3 and Davis,14 surfactant 
micellar structure changes from spherical to rod as the 
concentration of surfactant increases. Luzzati15 and 
Tiddy16 have used small-angle X-ray scattering tech- 
niques on many surfactant systems, including CTMAC1. 
For CTMACl solutions the transformation from indi- 
vidual molecules to spherical micelles occurs at surfac- 
tant concentrations of <4.5 wt % and the transformation 
to a liquid-crystal phase (middle) occurs at -40 wt %. 
Their data would suggest that the changes in G and 
G '  values for the surfactant solutions, illustrated in 
Figure 12, may be the appearance of the surfactant 
micelles necessary for M41S formation. This transfor- 
mation to micellar species takes place at room tempera- 
ture at a surfactant concentration between 3 and 30%. 
As concentration increases, both CTMACl and 29 wt % 
C16H33(CH3)3N+ OWC1- surfactant solutions generate 
this surfactant structure; the solution with 29 wt % 
C I ~ H ~ ~ ( C H ~ ) ~ N +  OWC1- solution has more structure 
than the corresponding CTMACl containing solution; 
also from Figure 12, we can see that increases in G and 
G" at 65 "C are less than those at 20 "C, which means 
that there is more structure at 20 "C. In fact, all of the 
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Synthesis of Mesoporous Matetials 

crystal phases from an intermediate having predomi- 
nantly silica (inorganic) character, such as crystalline 
layered structure, appears less likely. 

Neither LCT mechanism pathway proposes a layered 
intermediate for the formation of these mesoporous 
molecular sieves. The absence of any X-ray diffraction 
evidence for the existence of a well-defined crystalline 
layered structure supports this exclusion. The forma- 
tion of the intercalated silicate materials appears to take 
place with retention of this crystalline silicate layered 
structure. The X-ray diffraction patterns of the inter- 
mediates as well as the final calcined products contained 
the characteristic peak associated with the single 
silicate layer. MCM-41 was observed only when the 
layered silicate material was dissolved and combined 
with sufficient surfactant solution. In this experiment 
the layered material served as a source of silica similar 
to those cited in the literature.2 There was sufficient 
base present to solubilize the silicate reagent. X-ray 
diffraction patterns of the intermediate and the final 
calcined product of the MCM-41 material represent a 
material formed having a hexagonal array of pores, not 
one formed from a layered material. This method of 
using a layered silicate as a silica source for the 
formation of MCM-41 appears to  be supported by some 
recent work by Inagaki et a1.20 These researchers 
obtained MCM-41 from a kanemiteICTMAC1 system by 
first heating the mixture to 70 "C for 3 h followed by 
titration of the silicate containing suspension to a pH 
of 8.5. X-ray diffraction data and transmission electron 
micrographs suggest that a material similar to MCM- 
41 formed. The absence of any peaks having a d-spacing 
of approximately 4 A in the X-ray diffraction pattern of 
the "MCM-41-like" material also suggests that the 
layered structure of kanemite no longer exists. Their 
method of preparation and resultant product is similar 
to that of the MCM-41 preparation reported here. 

Recently, Monnier et a1.21 and Chen et a1.22 have 
explored the details of the liquid-crystal templating 
mechanism we first These workers suggest 
that the precursor to  the hexagonal member of the 
M41S family is either an ion-pair complex of the silicate 
oligomers and surfactant molecules21 or a collection of 
individually silicated surfactant rods.22 In both of these 
proposed mechanisms, the intermediates are silicate 
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clad structures which are consistent with the proposed 
silicate initiated pathway. Monnier et al. have proposed 
that the transformation from this silicate-surfactant 
complex precursor to the hexagonal MCM-41 structure 
appears to involve essentially bilayers of silicate/sur- 
factant species rather than some well-defined crystalline 
silicate layer.21 

(20) Inagaki, S.; Fukushima, Y.; Kuroda, K. J. Chem. Soc., Chem. 
Commun. l993,8, 680-82. 

(21) Monnier, A.; Schuth, F.: Huo, Q.; Kumar, D.; Margolese, D.; 
Maxwell, R. S.; Stucky, G. D.; Kishnamurthy, M.; Petroff, P.; Firouzi, 
A.; Janicke, M.; Chmelka, B. F. Science 1993, 261, 1299-1303. 
Alfredsson, V.; Keung, M.; Monnier, A.; Stucky, G. D.; Unger, K. K.; 
Schuth, F. J. Chem. Soc., Chem. Commun. 1994, 921-22. 

(22) Chen, C. Y.; Burkett, S. L.; Li, H. X.; Davis, M. E. Microporous 
Mater. 1993,2, 27-34. 

Conclusion 

The formation mechanisms for MCM-41 and the 
layered silicate derived mesoporous materials are dif- 
ferent. MCM-41 is formed from a silicate anion initiated 
liquid-crystal templating mechanism. The formation of 
M41S materials such as MCM-41 (hexagonal), MCM- 
48 (cubic), and the lamellar material that mimic known 
liquid-crystal phases supports this proposed mechanistic 
pathway. The layered silicate derived materials appear 
to form by the intercalation of the layered silicate using 
the surfactant present in the synthesis mixture. Reten- 
tion of the silicate layer throughout the formation 
process supports the intercalation mechanism. Rheo- 
logical data of the surfactant solutions used to form both 
of these porous materials also support the different 
mechanism pathways. For the more concentrated solu- 
tions typically used in MCM-41 synthesis, the data 
suggest the presence of micellar structure, whereas in 
the lower surfactant concentration used in the interca- 
lation synthesis system there was no evidence for 
solution structure. Only when layered silicate structure 
is destroyed by dissolution does it serve as a silica source 
for the formation of MCM-41. Although layered silicate 
based materials have mesopores of similar size as MCM- 
41 products, the pore size distribution is broader, similar 
to that of a layered product. MCM-41 materials also 
have 5 times the total pore volume and hydrocarbon 
sorption capacity compared to the layered silicate 
derived materials. 

Acknowledgment. The authors are grateful to the 
staff at Mobil's Central and Paulsboro Research Labo- 
ratories for their invaluable discussion and effort. In 
particular, we acknowledge C. D. Chang, R. M. Dessau, 
and H. M. Princen for alerting us to  references in the 
surfactant literature and helpful discussions on surfac- 
tant liquid-crystal phases. We thank N. H. Goeke, K. 
A. German, and D. F. Colmyer for their expert technical 
assistance and W. J. Roth, J. S. Beck, K. D. Schmitt, D. 
H. Olson, and J. B. Higgins for helpful technical 
discussions. We also thank Mobil Research and Devel- 
opment Corp. for its support. 


