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Surfactant Control of Phases in the Synthesis of
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The low-temperature formation of liquid-crystal-like arrays made up of molecular
complexes formed between molecular inorganic species and amphiphilic organic molecules
is a convenient approach for the synthesis of mesostructure materials. This paper examines
how the molecular shapes of covalent organosilanes, quaternary ammonium surfactants,
and mixed surfactants in various reaction conditions can be used to synthesize silica-based
mesophase configurations, MCM-41 (2d hexagonal, p6m), MCM-48 (cubic la3d), MCM-50
(lamellar), SBA-1 (cubic Pm3n), SBA-2 (3d hexagonal P63/mmc), and SBA-3 (hexagonal p6m
from acidic synthesis media). The structural function of surfactants in mesophase formation
can to a first approximation be related to that of classical surfactants in water or other
solvents with parallel roles for organic additives. The effective surfactant ion pair packing
parameter, g = V/apl, remains a useful molecular structure-directing index to characterize
the geometry of the mesophase products, and phase transitions may be viewed as a variation
of g in the liquid-crystal-like solid phase. Solvent and cosolvent structure direction can be
effectively used by varying polarity, hydrophobic/hydrophilic properties and functionalizing
the surfactant molecule, for example with hydroxy group or variable charge. Surfactants
and synthesis conditions can be chosen and controlled to obtain predicted silica-based
mesophase products. A room-temperature synthesis of the bicontinuous cubic phase, MCM-
48, is presented. A low-temperature (100 °C) and low-pH (7—10) treatment approach that
can be used to give MCM-41 with high-quality, large pores (up to 60 A), and pore volumes
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as large as 1.6 cm?®/g is described.

Introduction

Considerable synthesis effort has been devoted to
developing frameworks with pore diameters within the
mesoporous range (2—50 nm) because of their possible
use as catalysts, hosts for inclusion compounds and
molecular sieves. Recently, scientists=> at Mobil Oil
Research and Development have synthesized a new
family of mesoporous molecular sieves (M41S) with
regular, well-defined channel systems by the crystal-
lization of aluminosilicate or silicate gels in a concen-
trated solution of alkyltrimethylammonium ions. Many
results in this research field have been reported, such
as various synthesis and formation mechanisms for the
M41S family (MCM-41, MCM-48, and MCM-50),1714 the
syntheses of silica and alumina mesoporous materials
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with non-ionic polyethene oxide surfactants,'>16 the
synthesis of high aluminum MCM-41,17-19 the synthesis
of mesoporous materials by using a layered silicate
(kanemite),*2°~22 Jayered mesophase formation,?? graft-
ing metallocene complexes onto MCM-41,2* template
interaction and removal,?® ion exchange and thermal
stability of MCM-41,%6 the syntheses and catalysis of
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Ti-MCM-41,27-2° V-MCM-41,3° B-MCM-41,31.32 Fe-MCM-
41,3 Mn-MCM-41, Mn-MCM-48,3* V-MCM-48,% and Ti-
MCM-48.38 Some mesostructured transition element
and other main-group element oxides have also been
described.6.7:37742 A generalized synthesis method has
been developed for a wide range of transition and main-
group-element oxide mesostructured materials with
cationic and anionic surfactants, using acidic and basic
media (e.g., SBA-1, SBA-2 and SBA-3), low concentra-
tion of surfactants, and low reaction temperatures.510.43
Previous research1-510-13 has focused primarily on the
synthesis and characterization of MCM-41 and MCM-
48 containing alkyltrimethylammonium structure-
directing agents. A systematic study on the structure
directing effects of different quaternary ammonium
surfactants has not been yet reported.

In general, molecular sieve and zeolite design is
determined by the addition of a specific molecular
species such as EtsN and MesN™ to the reaction mix-
ture.** The exact role of the organic species and the
mechanism by which they affect the formation of the
product structure are only recently undergoing
clarification.#>=47 In some cases, the organic species (so-
called structure-directing agent or template) can be
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carefully chosen to synthesize designed zeolite struc-
tures*® with inorganic condensation around a single
organic molecule.

In contrast, biphasic mesostructures, such as MCM-
48 and SBA-2, consist of spatially and chemically well-
defined arrays of both inorganic species and organic
molecules. The inorganic and organic arrays of these
mesostructures meet at an interface surface. The
interface curvature is energetically defined so as to
optimize charge repulsion and van der Waals interac-
tions. Phase transitions are associated with changes
in the curvature of interface and may be understood
phenomenologically as a competition between the elastic
energy of bending the interfaces and energies resulting
from the constraints of interfacial and charge separa-
tion.*® Hence, size, charge, and shape of surfactants are
important structure-determining parameters. These
mesostructures can be generated through hydrogen-
bonded, ionically or covalently bound inorganic/organic
molecular units so that the formation of liquid-crystal-
like biphase mesostructures should be subject to the
usual structural constraints of liquid crystals.

The classical and contemporary molecular description
of surfactant organization in amphiphilic liquid-crystal
arrays is described in terms of the local effective
surfactant packing parameter,5951 g = VV/apl, where V
is the total volume of the surfactant chains plus any
cosolvent organic molecules between the chains, ag is
the effective head group area at the micelle surface, and
| is the Kkinetic surfactant tail length or the curvature
elastic energy.*® The interface surface bending energy
can be written in terms of g, the actual surfactant
packing parameter adopted by the aggregating chains
in the phase.5253 The counterion in this classical model
is not explicitly included.

In this paper, as a first approximation we explore the
use of the molecular surfactant packing parameter to
explain and predict product structure and phase transi-
tion. In classical micelle chemistry, as the g value is
increased above critical values, mesophase transitions
occur. The expected mesophase sequence as a function
of the packing parameter is®254

g mesophase

3 cubic (Pm3n)

1, hexagonal (p6m)
1Y,—2[4 cubic (1a3d)

1 lamellar

Since g = V/ayl, the value of g increases as: ag
decreases; V increases; and | decreases. These transi-
tions reflect a decrease in surface curvature from cubic
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(Pm3n) through vesicular and lamellar. For surfactants
to associate in a spherical structure, the surface area
occupied by the surfactants polar head group should be
large. If on the other hand the head groups are
permitted to pack tightly, the aggregation number will
increase, and rod or lamellar packing will be favored.
The values of g (between 1/, and 2/3) for the cubic (1a3d)
phase depend upon the volume fraction of surfactant
chains.52

Among the wide variety of structures®*°5 that can be
observed in surfactant or lipid containing lyotropic
systems, hexagonal (2d, pém) and lamellar phases are
the two most common mesophases. Six lyotropic cubic
phases, in which Pm3n and la3d are two typical
mesophases, may be found in many surfactant and lipid
systems (for a recent review, see ref 56). Several
intermediate phases can be formed.5"%8 Similar systems
follow the same succession of phases, but not all of the
phases are always present. However, the formations
of additional new lyotropic mesophases are also possible,
as indicated by the fact that new cubic phases, which
consist of micelles of type I (oil-in-water), appear to be
present in some surfactant systems.>®=62 However, at
this time no clear conclusions about the exact nature of
the new phases have been obtained since the quality of
the diffraction data is not adequate to determine their
structures. Inorganic mesophases with good long-range
ordering quality and better stability are helpful in
characterizing new liquid-crystal-like structures.

New applications of mesoporous materials and the
syntheses of new mesostructures materials require that
we have a thorough understanding of the formation
mechanism. Therefore, an investigation of structure
directing effects of surfactants in mesoporous material
syntheses is important from both the theoretical and
practical points of view. In the present work we report
the designed synthesis and postsynthesis hydrothermal
treatment of silica-based mesoporous materials, the
structure-directing effect of a series of surfactants in the
formation of silica-based mesophases in both basic and
strongly acidic synthesis condition, and the phase
transition between different silica-based mesophases in
hydrothermal conditions. In addition, the effects of
mixed surfactants*® and organic additives are discussed.
The room-temperature synthesis of the bicontinuous
cubic phase, MCM-48, is presented. A low-temperature
and low-pH synthesis/treat approach that can be used
to give MCM-41 with high quality (seven or more XRD
peaks), large pores (up to 60 A), and pore volume as
large as 1.6 cm®g is described.

Experimental Section

Surfactants. The alkylammonium salts, CnHzn+1(CH3)s-
NBr (n = 8, 10, 12, 14, 16, 18), are commercially available
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from Aldrich. CnHzn+1(C2Hs)sNBr (n = 12, 14, 16, 18, 20, 22),
CnH2zn+1(CH3)sNBr (n = 13, 15, 20, 22) and other one-chain
one-charge head-group surfactants were synthesized and
purified as described in ref 63. The hydroxy functionalized
surfactants were synthesized as described in the literature.®*
The gemini surfactants [CnHzn+1(CH3)2N—(CH2)s—N(CH3)2-
CmH2m+1]Br2, designated as Cp—s-m (n = m = 12, 14, 16, 18,
20, 22, s = 2—12) were synthesized using two methods (ref
65): (i) reaction of the o,w-dibromoalkanes with alkyldimethyl-
amine and (ii) reaction of alkanediyl-a,w-bis(dimethylamine)
with bromoalkylane. Divalent surfactants (Cn-s-1) were syn-
thesized by reactions of the alkyldimethylamine with (3-
bromopropyl)trimethylammonium bromide or corresponding
bromoalkane with trimethylamine. All surfactants are bro-
mides except where noted. Cetyltriethoxysilane was obtained
from United Chemical Technologies.

Syntheses. Generally each of the silica mesophases (MCM-
41, MCM-48, MCM-50, SBA-1, SBA-2, or SBA-3) was prepared
as follows: first, quaternary ammonium surfactant was mixed
with water and acid (e.g., HCI, HBr) or base (e.g., NaOH,
tetramethylammonium hydroxide). To this solution tetraethyl
orthosilicate (TEOS), tetramethyl orthosilicate (TMOS), fumed
silica (Cab-o-sil), or a silicate aqueous solution (e.g., sodium
silicate, tetramethylammonium silicate) was added at room
temperature and stirred for 30 min or longer. The mixture
was then placed in an oven at 100 °C for a given time if a
higher reaction temperature was required. The solid product
was recovered by filtration on a Buchner funnel and dried in
air at ambient temperature.

Postsynthesis Treatment. The dried sample from the
basic synthesis system was mixed with 20—50 times its weight
in water and the slurry was heated at 100 °C (or higher) for a
given time.

Analyses. X-ray powder diffraction (XRD) patterns were
taken on a Scintag PADX diffractometer equipped with a liquid
nitrogen cooled germanium solid-state detector using Cu Ka
radiation. The low-angle synchrotron X-ray diffraction pattern
of the MCM-48 shown in Figure 8 was measured at Brookhaven
National Laboratory. A Ge(111) incident beam monochroma-
tor and a Ge(220) analyzer were used to obtain a monochro-
matic wavelength of 1 = 1.7048 A.

High-resolution 2°Si MAS NMR spectra were recorded on a
GE 300 spectrometer using ZrO; rotors. Measurement condi-
tions were as follows: 2°Si resonance frequency, 59.705 MHz;
pulse repetition, 240 s; pulse width, 7 us; spinning speed, 5—6
kHz, standard, Si(CH3)s. The usual notation Q* will be used
for the Si sites, where x refers to the number of Si surrounding
the central Si atom bridged by oxygen atoms. The nitrogen
adsorption and desorption isotherm at 77 K were measured
using a Micromeritics ASAP 2000 system. The data were
analyzed by the BJH (Barrett—Joyner—Halenda) method
using the Halsey equation for multilayer thickness. The pore
size distribution curve came from the analysis of the adsorp-
tion branch of the isotherm.

Results and Discussion

1. Comparison of the Silica-Based Synthesis
System with the Conventional Surfactant—Water
Mixture. In the conventional charged surfactant—
water mixture, the micellar shape or packing of the
surfactant is determined by a balance between three
forces. One is the tendency of the alkyl chains to
minimize their water contact and maximize their in-
terorganic interactions; the second is the Coulombic
interaction between the charged head groups; and, the
third is the solvation energies. The packing parameter
g provides a measure of the hydrophilic—hydrophobic
balance, involving the first two of these interactions.
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In silica-based mesophase synthesis systems, the
motions of surfactant molecules are limited to a certain
degree. The strong interactions between silicate and
surfactant (either ionic or covalent) and polymerization
of silicate strongly influence the packing of the inorganic/
organic array. To a first approximation, the effective
packing parameter g can still be used to express the
organic/inorganic ion pair packing, so that the synthesis
of silica-based mesophases can be considered as the
formation of lyotropic liquid crystals from a special
surfactant system, in which inorganic species are at-
tached to the surfactant. The synthesis system is thus
similar to that of the conventional surfactant—water
mixture, so that one can apply what is known of the
surfactant—water and surfactant—additive—water mix-
tures to the silica-based synthesis system.

The final product phase is determined by surfactant
molecule packing, which depends on the nature of the
surfactant, the degree of polymerization of the silica
framework, the interaction between the surfactant and
the silica species, and other components of the reaction
system. New mesophase behavior of the surfactant in
this silica-based mixture system can be expected. This
behavior will be helpful to further understand micelle
and lyotropic liquid-crystal phases of the surfactant/
molecular inorganic ion pairs.

For the systematic investigation of the formation of
mesoporous materials, we selected a series of surfac-
tants (see Table 1; with and without additive) which
favor a range of g values when used as structure-
directing agents to synthesize silica-based mesophases
in different reaction conditions. The gemini surfactants
are of particular interest since the effective head-group
area can be systematically varied for a given organic
tail length, e.g., from 1.05 nm?2 for s = 3 to 2.26 nm? for
s = 12 for Cy, tail b6

2. General Modification of g and Mesophase.
The typical synthesis conditions and the results using
TEOS as a silica source are listed in Table 2. The use
of alkyltrimethylammonium (CnH2n+1(CH3)sN™, n = 10,
12, 13, 14, 15, 16, 18) resulted in the formation of MCM-
41. Under the conditions used here the odd number (n
= 13, 15) surfactants do not show different structure-
directing effects from the even number (n = 14, 16)
surfactants.®’” Larger head-group surfactants (such as
alkyltriethylammonium C,Hzn+1(C2Hs)sNt, n =12, 14,
16, 18) favored SBA-1 in acidic media. Larger head-
group surfactants are used in order to decrease the
value of the surfactant packing parameter in order to
generate maximum surface curvature.3%52 With the
variation of head groups of surfactants from H to C,Hs,
the products obtained in acid synthesis media (pH < 1)
ranged from SBA-3 to SBA-1 (see Table 3). Bitailed
surfactants gave lamellar phases in both acidic and
basic media due to their larger hydrophobic volume, V,
and their larger g value. The chiral surfactant,
C16H33NT(CH3),CH(CH3)CsHs, can be used to form
MCM-41 and MCM-50 mesophases. The effect of the
chirality of the surfactant on the chirality of the product
structure has not yet been determined.

For the same kind of surfactant (e.g., CnTMAT), the
value of V/I does not alter significantly with chain

(66) Alami, E.; Beinert, G.; Marie, P.; Zana, R. Langmuir 1993, 9,
1465—-1467.

(67) Sayari, A.; Karra, V. R.; Reddy, J. S. 209th ACS meeting,
Anaheim, CA, 1995; p 228.
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Table 1. Surfactants Used in this Research

Name Example Structure

CH
NN #—CH;

Alkylt rimet hyammonium
CTMA = CrHan 1 NiCH3)a
n=10,12-16, 18, 20, 22 CHg

CHg
NN —CHg
Cm-s-m = +

CinHam +1 N(CH3)2 (CH2)gN(TH3 ) 2CHem +1
m=12,14,16,18,20,22; s=2-12

Gemini ammonium

NN NE—CHg
I
CHy
Divalent suifactant CHy CHg
Cpet =
\/W\/\/\ —
CrHans 1N(CHa)2(CHp) N(CHa)3 l’\’ CHa
n=12,14,16,18,20,22; 522,36 CHa CHg
Ry
CrHan+1 NR1)(R2)Ra) |+

n= 16 Ry, R, Fg = H, GHg, CoHs, Caty |

Ra
CHj
Hydroxy-functional ammonium k
NSNS N S—0H
Can+1 N(CH3)2(CH2) mOH |
n=16; m=0,1,2,3 CHy
Benzalkonium ‘l::':
AN
CoHns 1 N(CHa)2(CH)mCeHs 'l" "@
n=14,16,18,20; m=1, 2,3 CHg
Bichain ammonium
CnHans 1N(CH3)2CmH2my 1 /%
n=12, 16, 18; m=2-6,12,16,18 S~
CHg
Organosilane CHg OCHy
CnHzna1N(CH3)2(0H2)3S(0CH,)g W\/\/\/\& '\/\sll—ocu,
n=14 ong ocHs

length®8 since both V and I are roughly linearly depend-
ent on the carbon number. The ratio V/I1 is close to 0.21
nm? for one alkyl chain and single head-group surfac-
tants. However, when n is larger (n = 20), the hydro-
carbon chain may coil a great deal so that | decreases,5®
while the volume of hydrocarbon chain does not change
significantly. This results in an increase of g favoring
the formation of low surface curvature mesophases.
CnH2n+1(CH3)sN™, n = 20, 22, surfactants thus lead to
the formation of lamellar phases, while short-chain (n
< 18) surfactants give MCM-41. Another example is
that SBA-3 is obtained when CoHa1(C2Hs)sN™ is used
as the surfactant in acidic medium, in contrast with the
product being SBA-1 when CrH2zn11(C2Hs)sN™ (n < 18)
is used. The detailed synthesis results with CyoTMA™
as a structure directing agent are listed in Table 4.
As n increases above 4, the substituted surfactants,
(C16H33)(CnH2n+1)N*T(CH3), behave more and more like
surfactants with two identical alkyl chains due to fact
that the substituted group is too long and hydrophobic
to remain fully exposed to the water hydrophilic region

(68) Tanford, C. J. Phys. Chem. 1972, 76, 3020.
(69) Rosen, M. J. Surfactants and Interfacial Phenomena; John
Wiley: New York, 1989; p 108.
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Table 2. Typical Synthesis Conditions and Results of Silica Mesophase Using TEOS as Silica Source
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Surfactant Composition (mole, SiO, = 1.0) product
no R trait R HX (or MOH) H,0 additive temp/time phase
1 C16—10—16 dimer 0.06 4.9 HCI 130 RT/1 h SBA-3
2 Ci6-12-16 dimer 0.05 0.62NaOH 115 100 °C/10 days MCM-48
3 CisTMAT normal 0.12 9.2 HCI 130 RT/1 h SBA-3
4 C16TMA™ normal 0.12 4.9 HBr 130 RT/1h SBA-3
5 C16H33N(CsH7)s™ big head group 0.12 4.9 HBr 130 RT/1 h SBA-3
6 C16H33N(CzHs)st big head group ~ 0.13  10.4 HCI 130 RT/1h SBA-1
7 C16H33N(CoHs)s™ with additive 0.13 10.4 HCI 130 0.61 t-AmOH RT/1h SBA-3
8 CooTMAT long chain 0.12 4.9 HCI 130 RT/1h lamellar
9 (C12H25)2N(CH3)2 " bichain 0.12 6.2 HCI 150 RT/1 h lamellar
10 (C12H25)2N(CH3)2*  bichain 0.12 0.7 NaOH 150 100 °C/10 days ~ MCM-50
11 CisTMAT normal 0.28 0.29 TMAOH 80 100 °C/16 h MCM-41
12 CisTMA™ with additive 0.28 0.29 TMAOH 80 0.29 TMB 100 °C/6 h MCM-50

n=2
/ 1,=38.7A
AJW__J

n=3
35.8A
- —
/\ n=§
35.1A
g NS S
j 3cn2=A
n=6
J 28.3A
. __
1 2 3 4 5 6 7 8
206

Figure 1. XRD patterns of silicate mesophases obtained by
using (CisHa3)(CnH2n+1)NT(CH3), surfactants as structure-
directing agents. Sample synthesis, reaction mixture molar
composition: 0.1 surfactant:0.5 NaOH:1 TEOS:150 H,0, at 100
°C for 1 week.

Table 3. Synthesis in Acidic Medium Using Surfactants
with Different Head Group

Ry R2 Rs3 product

Ry H CHs CHs SBA-3

CoeHen —N—R CHs CHs CHs SBA-3
167733 | 2 CHs CHs CoHs SBA-3
R3 CH3 CoHs CoHs SBA-1

CoHs CoHs CoHs SBA-1

as part of the head group.’® As expected, the synthesis
products vary gradually from MCM-41 to MCM-50 and
are accompanied by decreasing d spacings with increas-
ing n (from 2 to 6). Their XRD patterns are shown in
Figure 1.

3. Surfactant Precursor: Alkyloxysilane. The
surfactant precursor, alkylethoxysilane, can hydrolyze
into amphiphilic molecules under silica-based me-

(70) Lianos, P.; Lang, J.; Zana, R. J. Colloid Interface Sci. 1983,
91, 276.

Table 4. Synthesis Results with CyH41N(CH3)s™ as
the Surfactant

temp

composition (mole, TEOS = 1.0) time product

no. template HX(or MOH) H,O (°C) time phase

1 0.12 4.9 HCI 135 RT 05h lamellar
2 0.06 0.7 NaOH 140 RT 05h MCM-41
3 0.06 0.7 NaOH 140 100 0.5h MCM-50
4 0.06 1.4 NaOH 140 RT 05h MCM-50
5 hydrothermal treatment of sample no. 2 100 6 days MCM-50

sophase synthesis conditions.”> These amphiphilic mol-
ecules can also organize with other silica species into a
liquid crystal array. A lamellar phase is obtained from
a reaction mixture with composition 0.18 CjH33Si-
(OEt)3:1 TEOS:12.5 HCI:200 H,0 at room temperature
for 1 h. Cetyltriethoxysilane can also condense into a
lamellar solid without any other silica source in a
concentrated solution in acidic medium. Both MCM-
41 and MCM-48 can be synthesized by using n-tetrade-
cyldimethy(3-trimethoxysilylpropyl)ammonium, C14—Si,
chloride as the covalently bonded surfactant—silica
source. Surfactant C14—Si is just C14TMA in which one
methyl group on the head group is replaced with —Si-
(OCHg)s. The synthesis result is as expected. Ci14—Si
and C14TMA give similar synthesis results. The sur-
factant is presumably a part of the inorganic framework
of the product in these cases. Some heteroatom (e.g.,
transition metal) silicate mesoporous materials can be
made by using suitable heteroatom-containing surfac-
tants.3536 |t appears that the heteroatom is homoge-
neously distributed in the inorganic framework.

4. Hydroxy-Functionalized Surfactants. The
hydroxyl group in the functional surfactant, C,Hzn+1N*-
(CH3)2(CH2)mOH, decreases the hydrophobicity of the
head group so that the head group tends to remain in
contact with water” (or silicate ion in solution), thus
decreasing the affective cationic head-group area ao. It
therefore plays an important role in the entropic and
enthalpic contributions of water organization to struc-
ture direction. The hydroxyl head-group surfactants
favor formation of mesophases with low surface curva-
tures due to the smaller effective ag. The product is a
lamellar phase when C;gH33sN™(CH3)2(CH,),0OH is used,
while a similar structured surfactant with a smaller
head group, C16H33N*™(CH3),C,Hs, gave only a relatively
high surface curvature mesophase, MCM-41. Table 5
compares some syntheses results. A hydroxyl group in

(71) Stucky, G. D.; et al. Abstract, Symposium on Access in
Nanoporous Materials, Michigan State University, East Lansing, MI,
June 1995.

(72) Zana, R.; Levy, H. J. Colloid Interface Sci. 1995, 170, 128.
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Table 5. Typical Syntheses Using Hydroxy-Functional Surfactants

composition (mole, TEOS = 1.0)

no. surfactant R HClI(or NaOH) H,0 temp/time product phase
1 C16H33N(CH3)(C2Hs)2* 0.13 10. 4HCI 130 RT/2 h SBA-1
2 Ci16H33N(CH3)(C2H4OH)* 0.13 10.4 HCI 130 RT/2 h SBA-3
3 C16H33N(CHa)o(CoHs)* 0.12 0.5 NaOH 62 100 °C/10 days MCM-41
4 C16H33N(CHg3)2(CH2),OH" 0.12 0.5 NaOH 62 100 °C/10 days MCM-50
5 Ci16H33N(CH3)2(CH,);0H ™ 0.15 0.5 NaOH 150 100 °C/7 days MCM-41
Table 6. Typical Syntheses Using Gemini Surfactants?
g Surfactant A B C
- Ci6-2-16 lamellar MCM-50 amorphous
o Ci6-3-16 SBA-3 MCM-50+MCM-41 MCM-50
d Ci6-4-16 SBA-3 MCM-41 MCM-50
Ci6-6-16 SBA-3 MCM-41 MCM-41
Ci6-7-16 SBA-3 MCM-41 MCM-41
Ci6-8-16 SBA-3 MCM-41 MCM-41
Ci6-10-16 SBA-3 MCM-41 MCM-41
Ci6-12-16 SBA-3 MCM-48 MCM-48
(C16TMAT SBA-3 MCM-41 MCM-50)
g a A: 0.06 surfactant:4.8 HCI:1 TEOS:130 H0, at RT for 1.5 h.
~ B: 0.06 surfactant:0.65 NaOH:1 TEOS:150 H,0, at RT for 1 day.
3 C: 0.06 surfactant:0.65 NaOH:1 TEOS:150 H,0, at 100 °C for 10
- days.
S
8= 5
oS g8 side chain and of the spacer group. The relative
SN 9n positions and distances of headgroups of conventional
% e mono(quaternary ammonium) surfactants are deter-
R P P P DT B mined primarily by electrostatic interactions and also

0 5 10 15 20 25 30 35 40
20

Figure 2. XRD pattern of lamellar silicate mesophase syn-
thesized by using C14H29CH(OH)CH,;N(CH53)3Br as structure-
directing agent. Sample synthesis, reaction mixture molar
composition: 0.3 Cy4H29CH(OH)CH,;N(CH3)3Br:0.4 NaOH:1
TEOS:100 H;0, at 100 °C for 10 days.

the hydrocarbon chain of the surfactant, e.g., f-substi-
tuted, Ci14H29CH(OH)CH,;N*(CH3)s, also has a small
effective head-group surface area. A highly ordered
lamellar silicate is obtained by using Ci14H29CH(OH)-
CH;N*(CHs)s. Its XRD pattern is shown in Figure 2.
The low-angle diffraction arises from the characteristic
lattice repeat, i.e., the long-range ordering of the lamel-
lar mesophase, whereas the high-angle region is char-
acteristic of the hydrocarbon chain packing within the
layer.73-75

5. Gemini Cy-s—-m and Divalent C,—s—1 Surfac-
tants. “Gemini surfactant”, Cy—s—m, is @ name assigned
to a family of synthetic amphiphiles possessing, in
sequence, a long hydrophobic chain, an ionic group, a
spacer, a second ionic group, and another hydrophobic
tail.%6.76-78 The divalent quaternary ammonium sur-
factant, Cn—s—1, may be considered as an highly end
member of gemini surfactant or a highly charged large
head-group surfactant. Its structure-directing effect will
be described below (synthesis of SBA-2). These surfac-
tants are particularly interesting from a fundamental
point of view: their structure can be considerably
modified by acting on the length and nature both of the

(73) Harlos, K. Biochim. Biophys. Acta 1978, 511, 348.

(74) Janiak, M. J.; Small, D. M.; Shipley, G. G. Biochemistry 1976,
15, 4575.

(75) Watts, A.; Harlos, K.; Marsh, D. Biochim. Biophys. Acta 1981,
645, 91.

(76) Menger, F. M.; Littau, C. A. J. Am. Chem. Soc. 1993, 115,
10083.

(77) Alami, E.; Levy H.; Zana, R. Langmuir 1993, 9, 940—944.

(78) Zana, R.; Talmon, Y. Nature 1993, 362, 228—230.

by the packing requirements of disordered alkyl chains.
Formally, the Cn—s—m surfactants may be considered as
dimers (double-headed) of the two-chain CyHomyi-
(CH,)s2NT(CH3), surfactants. For bis(dimethylalky-
lammonium) surfactants, two quaternary ammonium
species CnHom+1NT(CH3), are chemically linked at the
level of the head group two by two through an adjustable
polymethylene spacer (CsHzs). The presence of the
spacer can strongly affect the distribution of distances
between head groups, a narrow maximum at the
distance corresponding to the extended length of the
spacer and another maximum at the thermodynamic
equilibrium distance (for detail see ref 79), i.e., the value
of ap. By this means we can change the V/agl of a
surfactant by adjusting its spacer length.”®

We used the surfactants in this family as structure-
directing agents in order to synthesize a variety of silica-
based mesophase products. The synthesis results and
conditions are listed in Table 6. Their structure direct-
ing behavior is similar to that in surfactant—water
binary system®566.77.78 and results in the structures
expected for charge density matching. Small-s surfac-
tants favor MCM-50, larger s surfactants favor MCM-
41. Cip-12-16 gives MCM-48 at both room temperature
and high temperature (100 °C), while Ci2-12-12 gives
MCM-41 at room temperature. Note that aqueous
solutions of Ci2-12-12 remain micellar over the entire
range of composition and do not form lyotropic liquid
crystal phases.”” This circumstance demonstrates the
importance of the inorganic species in the cooperative
structure-directing mechanism for the concentration
region in which the synthesis is carried out.

6. Mixed Surfactants Structure-Directing Ef-
fects. The effect of mixing unlike surfactants can be
thought of as a simple average of two surfactant packing
parameters. For example, a mixture of Ci5-10-16 and

(79) Danino, D.; Talmon, Y.; Zana, R. Langmuir 1995, 11, 1448.
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Figure 3. XRD pattern of high-quality MCM-41. The full
width at half-maximum for the (100) peak is 0.17° of 26.
Sample synthesis, reaction mixture molar composition: 0.025
C20-3-1:0.036 C,0TMABTr:0.5 NaOH:1 TEOS:150 H0, at 100
°C for 1 week. The sample was calcined at 500 °C.
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Figure 4. XRD pattern of large unit-cell MCM-41. Sample
synthesis, reaction mixture molar composition: 0.025 C-3-1:
0.036 C,0TMABTr:1.16 TMB:0.5 NaOH:1 TEOS:150 H,0, at 100
°C for 10 days.

Ci6-3-1 is used in silicate mesophase synthesis. The
products vary from MCM-48 to SBA-2 through MCM-
41 as the fraction of Ci5-3-1 increases in the mixture.

The mixture of C,,_3-1 and CwTMA™ can result in the
formation of good-quality MCM-41. The MCM-41 easily
gives five or more well-defined XRD peaks with recipro-
cal spacings, 1/dnk, ratios of 1, «/§, 2, \/7, 3, «/ﬁ,
V13, 4, V19, etc. The indexed XRD pattern of one
example given in Figure 3. Another example is de-
scribed below (hydrothermal treatment section, Figure
10). It is noteworthy that high-quality MCM-41 still
can be obtained when n = 22, while single-surfactant
CmTMAT (m = 20) favors the lamellar phases and does
not give MCM-41 at 100 °C. When a swelling agent
(e.g., TMB) is introduced into this synthesis system, the
product MCM-41 has a large unit cell and shows a good
XRD pattern (four narrow peaks; Figure 4). This is one
of the examples in this paper of large-pore (>45 A)
MCM-41 with a pure silicate framework. Our synthesis
results indicate C,TMAT is a good but not ideal structure-
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directing agent for the formation of MCM-41, even
though C,TMA* (e.g., Ci4TMABTI) can give a high-
quality lyotropic liquid-crystal hexagonal phase with
five or more sharp reflections.®° C,TMAT" has only one
charge per hydrophobic chain. More charges (from
Cnh-3-1, two charges per chain) in the surfactant head
groups are apparently needed for the formation of high-
quality MCM-41.

The high-quality MCM-41 is thermally stable, and the
calcined sample still has at least five XRD peaks (Figure
3). As for MCM-41 obtained from C,TMA™ surfactant,
small pore calcined material is more hydrothermally
stable than a large pore one. For example, MCM-41
calcined (at 500 °C) from a C;,TMA™ synthesis system
gives a good XRD pattern after 3 h of heating in water
at 100 °C, while the large-pore (~55 A) material loses
its structure under the same conditions. High-temper-
ature calcination can increase the hydrothermal stabil-
ity of these materials. The calcined (at 800 °C) large-
pore (~55 A) sample shows a clear MCM-41 XRD
pattern (five or more peaks) after 2 h of heating in water
at 100 °C.

7. SBA-3 and Acidic Reaction Media. Some
surfactants gave different mesophases depending on
whether a basic or acidic medium is used (Tables 4 and
6). At the acid and base pH extremes the mechanism
of mesophase formation is completely different® (since
negatively charged silicate ions are the counterion above
the isoelectric point at pH ~ 2.0, while positively
charged silica species are the co-counterion in acidic
medium, below the isoelectric point). The differences
in electrolyte concentration should be also considered
with regards to their effects on mesophase formation.
Clearly, the electrolyte concentration (>1 M) of low-pH
media is higher than that in basic media (pH = 12). The
decrease in the thickness of the ionic atmosphere
surrounding the ionic head groups in the presence of
the additional electrolyte and the consequent smaller
electrical repulsion between the head groups in the
micelle®® cause closer packing of the surfactant mol-
ecules.

The synthesis results obtained using C,oTMA™ as the
structure directing agent below and above the isoelectric
point are given in Table 4 as a typical example. Cyo-
TMA™ gave the lamellar phase in acidic synthesis
medium. In basic media, the reaction mixture at a low
ratio of OH7/SO, forms MCM-41. A high ratio of OH~/
SO, gives MCM-50. The reason is the requirement of
charge matching between the silicate and the surfactant
micelle.10

So far, SBA-1 has been obtained only in acidic media.
The globular surfactant micelle has the largest surface
curvature of all lyotropic liquid crystals, and the micel-
lar surface has the lowest charge density. The forma-
tion of the mesophase requires the charge matching of
the inorganic species with that of the micelle. Thus,
formation of mesophases with a globular micellar ag-
gregate in basic medium is more difficult since the
silicate framework charge density is higher (because of
higher pH and relative low pKj of silicic acid), while the
silica framework has low charge density (zero in the
product) in lower pH synthesis medium. Surfactants
with large charged head groups, which can create higher

(80) McGrath, K. M. Langmuir 1995, 11, 1835.
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Figure 5. XRD pattern of SBA-2 (3d hexagonal, P6s/mmc,
phase). This material was synthesized by using Cis-s-1 as
structure-directing agent at 100 °C and calcined at 500 °C.

surface curvature and appreciable surface charge den-
sity, may be suitable for the successful synthesis of
mesophases with globular micellar aggregates in basic
medium.

8. SBA-2, a 3d Hexagonal Mesophase.*® SBA-2
is a novel regular caged mesoporous silicate material.
Its analogue has not been previously observed in a
lyotropic liquid crystal system. SBA-2 is synthesized
using divalent quaternary ammonium surfactants, Cn—s—1
(e.9., C12-3-1, C14-3-1, C16-2-1, C16-3-1, C16-6-1, C18-3-1,
Cis-6-1, C20-3-1) in both basic and acidic media. Our
experimental results show that SBA-2 has 3d spatial
symmetry, space group P6z/mmc (No. 194), and is
derived from a hexagonal close packing of globular
surfactant/silicate arrays.*® As expected for this geom-
etry, the unit cell parameter c/a ratio is about 1.62.
After calcination, the large-cage structured mesoporous
silica framework remains. The structure-directing agent
in SBA-2 can be removed by calcination at high tem-
perature (500—600 °C). This material is thermally
stable up t0 800 °C. The XRD pattern of calcined SBA-2
at 500 °C is shown in Figure 5. Like MCM-41 and
MCM-48, the cell of SBA-2 contracts during calcination.
The calcined SBA-2 has a N, BET surface area of 500—
700 m2 g~1. The N, adsorption—desorption isotherms
is type IV with a H2 hysteresis for even small pore
SBA-2 (<25 A, see Figure 6).

Cn-s—1 surfactants have high charge densities and
large head groups and therefore favor globular micellar
aggregates.®® For example, for Pm3n (~33—-67 wt %
surfactant), hexagonal and lamellar phases are observed
for the C1,—3-1Cl—water system at room temperature.®
In basic medium, SBA-2 can be obtained with varying
unit cell and cage sizes by using different chain length
surfactants over a wide synthesis range (from cell
parameterc =77 A for Ci2-3-1toc =108 A for C20_3_1).

9. Addition of Organic Cosolvents. Organic co-
solvents have been used to control the syntheses of
mesoporous solids as well as lyotropic mesophases of
surfactant—solvent binary systems. Organic cosolvents
can solubilize in the surfactant phase depending on their
nature. (1) Apolar additives associate with the hydro-
phobic part of the surfactant micelle. This penetration
of the cosolvent molecule increases the hydrophobic
volume and radii. When trimethylbenzene (TMB) is
added as a swelling agent, large unit cell changes are

Huo et al.

350

250
200
150

20 40 60 88
pore dianlnter (A)

0 0.2 0.4 0.6 0.8 1

250
200
150
100
sof

Vol adsorbed, (cc/g STP)

0 0.2 04 0.6 0.8 1
500

400

300

200

100

28 40 60 88
pore diameter (A)

LU o e e AL f e e e e e o e e e
0 0.2 04 0.6 0.8 1
relative pressure, (P/Po)

Figure 6. Nitrogen adsorption—desorption isotherm plots of
SBA-2.

observed. This approach is used in the large pore MCM-
41 synthesis. (2) A suitable polar additive is able to
enter the hydrophobic—hydrophilic “palisade” region of
the micelle, with a relatively large increase in the
volume of the hydrophobic core to form surfactant
molecule aggregates with a lower curvature surface.

When organic compounds of low polarity are intro-
duced into the synthesis system, the low surface cur-
vature mesophase is the favored product (see Table 2,
nos. 7 and 12). For example, C;sTEA™ by itself forms
SBA-1 (cubic) in acidic medium, however, the product
is SBA-3 (hexagonal) if t-AmOH is added into the
synthesis mixture). Ci;sTMAT favors MCM-41 over a
wide range of reactant compositions. If TMB is added,
the MCM-41 is replaced by the MCM-50. These results
confirm that these more hydrophobic organic compounds
codissolved with the surfactant hydrocarbon assemblies
contribute most strongly to the hydrophobic chain
volume, V.

In the case of SBA-2 syntheses from basic medium,
Ci6-3-1 gives a SBA-2 with unit cell a = 62 A, ¢ = 100
A when TMB/TEOS = 1.1; without TMB, a unit cell with
a=54A c=87 A is found. However, when t-amyl
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MCM-41
C (with t-AmOH)
SBA-2
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Figure 7. XRD patterns of products from Cis-3-1 synthesis
system with and without organic additives. (A) SBA-2 (cell a
=54.3 A and ¢ = 87.6 A), without organic additive; (B) large-
pore SBA-2 (cell a=61.8 A and ¢ = 101.6 A), with TMB (molar
ratio TMB:Cys-3-1 = 23); (C) MCM-41 (cell a = 48.4 A), with
t-amyl alcohol (molar ratio t-AMOH:Ci6-3-1 = 15).
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Figure 8. Synchrotron XRD pattern of as-made MCM-48. The
sample was synthesized by using C;sTMACI as structure-
directing agent at 100 °C. The unit cell a = 97 A.
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alcohol, a low-polarity additive, is added into the
synthesis mixture, the SBA-2 product is replaced by
MCM-41. Their XRD patterns are shown in Figure 7.

10. MCM-48, Cubic (l1a3d) Phase. MCM-48 is an
analogue of a lyotropic liquid crystal, bicontinuous cubic
(oil-in-water) la3d mesophase. The result upon index-
ing the diffraction peaks of MCM-48 (see Figure 8)
shows a good correspondence to those predicted by the
cubic 1a3d symmetry. A high molar ratio of surfactant/
silica and a high concentration of surfactant were first
believed to be the essential condition for forming MCM-
48.3 MCM-48 has been synthesized using Ci4,TMA™ or
CisTMA™ as the structure-directing agent in the pres-
ence of EtOH (which comes from the silica source TEOS)
at 100 °C.310 The direct synthesis of MCM-48 using
other silica sources had not yet been reported. When
CisTMAT is used as structure-directing agent, we
synthesized MCM-48 in similar reaction conditions by
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using SiO, (Cab-o-sil) in place of TEOS as the silica
source in the presence of polar organic additives (such
as (CH3)2NCH2CH20H, N(CH2CH20H)3) but failed to
synthesize MCM-48 using TMOS (tetramethyl ortho-
silicate) or sodium silicate as the silica source without
organic additive. Polar organic additives are important
in the formation of MCM-48 when using C,TMA™ as the
structure-directing agent. For normal surfactant—
water systems, it is widely believed that the role of the
alcohol is to prevent the growth of the aggregates into
infinite rods (hexagonal) or bilayers.8!

Ci6-12-16 favors the formation of MCM-48, even
without organic additives using Cab-o-sil (SiO;) or
sodium silicate solution as the silica source. Its micellar
structure is similar to the C;sTMABr—polar additive—
water mixture in certain respects. The spacer (Ci2H24)
of C16-12-16 is long enough to penetrate the hydrophobic
core of the micelle, but the spacer remains in the outer
portion of micelle since it is bonded to the head groups.”
Polar organic additives (such as EtOH, (CH3),NCH,CH,-
OH, N(CH2CH,0H)3) are solubilized by the micelle and
are located in the palisade layer (the region between
the head group and the hydrophobic core) because of
their polarity and hydrogen bonding to water. TMOS
does not give MCM-48 due to the high polarity and
hydrophilicity of MeOH, and therefore does not pen-
etrate the micelle surface. The systems that favor
MCM-48 have similar palisade layers which contain an
extra hydrocarbon chain or organic additive molecules
that result in large volume fractions for the surfactant
chains. A wide range of g values (1/, to 2/3) favors the
la3d mesophase for large volume fraction of the hydro-
carbon chain.>?

The synthesis results using cetyldimethylbenzylam-
monium (CDBA) as a structure-directing agent support
the above discussion. This surfactant also favors the
formation of MCM-48 but is not a good structure-
directing agent for the formation of MCM-41 at 100 °C.
In the CDBA—NaOH—-TEOS—H,0 synthesis system (at
100 °C), MCM-48 forms over a larger range. Good
MCM-48 samples could be obtained at a low molar ratio
of surfactant/TEOS (as low as 0.1) or low surfactant
concentration (as low as 1.1 wt % in water). CDBA has
a large head group and falls midway between that of
triethylammonium and tripropylammonium. The latter
two surfactant ions are not good structure-directing
agents for the formation of MCM-41 and MCM-48 in
basic synthesis medium. CDBA could be considered as
a C1sTMAT surfactant with a solubilized benzene mol-
ecule anchored on the trimethylammonium head group.
The benzene group, like the spacer CioHz4 of Cig-12-16,
can penetrate to a certain degree the hydrophobic core
of the micelle, thus decreasing the head group size, and
giving the cubic mesophase.

MCM-48 can be easily synthesized at room temper-
ature by using gemini surfactants. Long-chain gemini
surfactants favor the MCM-48 mesophase, even at
extremely low ratios of surfactant/silica and low sur-
factant concentration. For example, a reactant mixture
with molar composition 0.01 Cj-12-22:0.69 NaOH:1
TEOS:150 H,0 (concentration of Cz—12-22 is only 0.4
wt % in water) gave a MCM-48 sample at room tem-
perature after aging for 1 day. Figure 9 shows the XRD

(81) Madden, T. L.; Herzfeld, J. J. Philos. Trans. R. Soc. London A
1993, 344, 357.



1156 Chem. Mater., Vol. 8, No. 5, 1996

a=92.1A

TN NS FREEE PN ERRRE RN UE RRwE!

1 2 3 4 5 6 7 8
26

Figure 9. XRD pattern of room-temperature synthesis MCM-
48 (unit cell a=92 A). Cy,-1,-2, was used as structure-directing
agent.

pattern of room-temperature synthesis MCM-48 (the
ratio of Cy2—12-22: TEOS = 0.06 in the reaction mixture).

11. New Synthesis Approach for High-Quality
Materials. This synthesis approach includes the syn-
thesis of an as-made mesoporous silicate at room
temperature and the postsynthesis hydrothermal treat-
ment (at 100 °C) of this solid in water (pH = 7-10).
The sample obtained is called a “treated sample”. The
treated sample has several excellent qualities.

In most cases, as-made silicate mesoporous materials
are flexible if made at low synthesis temperatures and
short synthesis times. The silicate frameworks consist
of a large amount of silanols, which can further con-
dense and rearrange in certain conditions.® We found
that postsynthesis hydrothermal treatment could change
the structure and properties of some M41S silicate
mesoporous materials. The effect of postsynthesis hy-
drothermal treatment on different as-made silicate
mesophases is dependent on the synthesis history of the
sample and the surfactant used.

There are two ways to synthesize large-pore MCM-
41 materials in the literature: using long chain surfac-
tants and a swelling agent. These two methods have
several drawbacks. The very long chain (>C,,) surfac-
tant is not available, and its precursor is very expensive.
In addition, the alkyltrimethylammonium surfactants
with long chains (> Cg) are not good structure-directing
agents for the formation of MCM-41. Moreover, the
introduction of organic swelling agents (such as TMB)
expands the pore size of aluminosilicate MCM-41 prod-
uct but at the same time decreases the quality of the
product. As noted above, TMB does not have a good
swelling effect in terms of the structural quality for pure
silicate MCM-41. Only one clear XRD peak is observed
for pure silicate MCM-41 and larger pore (>50 A)
aluminosilicate MCM-41 obtained using TMB-contain-
ing synthesis conditions.2” More recently, pore-size
enlargement of MCM-41 (dig0 from 40 to 70 A) is
observed®? through hydrothermal treatment in the
mother liquor via a second-step synthesis at 150 °C over
a period of 10 days.

(82) Khushalani, D.; Kuperman, A.; Ozin, G. A.; Tanaka, K.; Garces,
J.; Olken, M. M.; Coombs, N. Adv. Mater. 1995, 7, 842.
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Figure 10. XRD patterns of enlarged MCM-41. The as-made
sample was obtained from a reaction mixture with molar
composition 0.11 Cy-3-1:0.12 C1,TMABr:0.5 NaOH:1 TEOS:
150 H,O at room temperature for 1.5 h and then the solid
product was hydrothermally treated in water (30 g of water/g
sample) at 100 °C for 2 weeks to give the treated sample. The
full width at half-maximum for the (100) peak of the treated
sample is 0.13° of 26.

A milder and more convenient method, postsynthesis
hydrothermal treatment, has been found in our labora-
tory. The mixture of Cn—3-; and C,—s_, surfactants gives
a good silicate hexagonal mesophase at room tempera-
ture. This solid product is then isolated by filtration,
air dried, and put into water (pH = 7—10) for hydro-
thermal treatment. The unit cell of this mesophase is
substantively enlarged by this postsynthesis hydrother-
mal treatment. For example, hydrothermally treated
MCM-41 (good quality: eight clear XRD peaks, Figure
10) produced a lattice expansion of approximately 25—
35%. The unit cell of these materials increases initially
with time and then reaches a maximum as illustrated
by the example shown in Figure 11. The enlarged pore-
size sample has good thermal stability and stable walls
(less cell shrinkage on calcination). The calcined samples
accordingly have larger pore sizes, large surface areas,
and big pore volumes. For example, the cell of as-made
MCM-41 sample (synthesized at room temperature and
using Cz,—3-1 and C;sTMAT as structure-directing agents)
isa=>54.5A. After a two-time hydrothermal treatment
(at 100 °C, 2 weeks each time) the cell increases to 79.6
A. The treated sample is calcined at 500 °C to remove
all surfactants. The calcined material has a cell of a =
77.0 A (shrinkage 3%) and gives eight XRD peaks
(similar to that shown Figure 10). This material has a
pore size of 60 A, a pore volume of 1.6 cm3g and a
surface area of 1086 m?/g. Its N, adsorption—desorption
isotherm and pore-size distribution curve are shown in
Figure 12. Three well-distinguished regions of the
adsorption isotherm are noticed: monolayer—multilayer
adsorption, capillary condensation, and multilayer ad-
sorption on the outer surface. In contrast to N, adsorp-
tion results®84 of MCM-41 with pore size less than 40
A, a clear type H1 hysteresis loop in the adsorption—
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Figure 11. Relation between dioo of MCM-41 and postsyn-
thesis treatment time at 100 °C. The original MCM-41 was
synthesized from 0.027 C;5-3-1:0.017 Ci6-7-16:0.5 NaOH:1
TEOS:150 H,0, at room temperature for 2 h.
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Figure 12. Nitrogen adsorption—desorption isotherm plots
of the large-pore MCM-41. The inset is the pore size distribu-
tion curve from adsorption.

desorption isotherm is observed and the capillary con-
densation occurs at high relative pressure. These
results confirm that the material has a large pore.8
No significant expansion of the unit cell is observed
for MCM-41 and MCM-48 containing a single C,TMA™*
structure directing agent under the same treatment
conditions, but they are structurally more ordered after
hydrothermal treatment. The XRD of MCM-48 treated
hydrothermally show peaks that are narrower (Figure
13). In addition, long treatment times do not destroy
the structure of the MCM-41. For example, the sample
(MCM-41 containing C1,TMAT) keeps the characteristic
powder XRD peaks of the hexagonal phase after 200
days of hydrothermal treatment at 100 °C. Moreover,
a sample containing neutral alkylamine® can also be
improved. In comparison with the as-made sample, the

(83) Schmidt, R.; Hansen, E. W.; Stocker, M.; Akporiaye, D.;
Ellestad, O. H. J. Am. Chem. Soc. 1995, 117, 4049.

(84) Branton, P.J.; Hall, P. G,; Sing, K. S. W.; Reichert, H.; Schuth,
F.; Unger, K. K. J. Chem. Soc., Faraday Trans. 1994, 90, 2965.

(85) Llewellyn, P. L.; Grillet, Y.; Schuth, F.; Reichert, H.; Unger,
K. K. Micropor. Mater. 1994, 3, 345.
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Figure 13. XRD pattern of treated sample MCM-48 (contain-
ing CleTMA+).

treated sample gives narrower and clearer XRD peaks.
This result also shows that MCM-41 materials contain-
ing surfactant are stable under mild hydrothermal
conditions. Postsynthesis hydrothermal treatment also
improves the thermal stability of the sample obtained
at room temperature. The treated sample has a thermal
stability similar to that of the sample synthesized at
100 °C and does not lose crystallinity upon calcination
at 500 °C.

12. Phase Transitions. Several phase transitions
are found during treatment of as-made samples under
hydrothermal conditions in water (at 100 °C, pH =
7—10). If the structural function of quaternary am-
monium surfactants in silicate mesophase formation can
to a first approximation be related to that of pure
surfactants in water, the effective surfactant ion pair
packing parameter, g = V/apl, should be useful as a
guide in predicting phase transitions.

(a) Phase Transition from Lamellar to MCM-41. The
lamellar phase (dig0 = 32 A) synthesized using CisTMA™*
transforms into MCM-41 through hydrothermal treat-
ment (Figure 14). We can see clearly the gradual
transition from the layer phase to hexagonal phase. The
intermediate product is probably a intermediate phase®
with elliptically shaped channels. Existence of the
intermediate product is evidence that the transition
occurred in the solid phase and not through dissolution
to the liquid phase.

(b) Phase Transition from MCM-41 to Lamellar. Cy-
TMAT leads to MCM-41 formation at low temperatures.
This product treated hydrothermally (at 100 °C for 7
days) forms MCM-50. The XRD patterns are shown in
Figure 15.

(c) Phase Transition from MCM-41 to MCM-48. A
phase transition from MCM-41 (containing Cp-12-n
surfactant, synthesized at room temperature) to MCM-
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Figure 14. XRD patterns of observing mesophases in phase
transitions (from MCM-50 to MCM-41). MCM-50 (lamellar
mesophase) was treated hydrothermally at 100 °C for 0 (a), 1
(b), and 10 days (c), respectively. The lamellar mesophase was
obtained from a mixture with composition of 0.27 C;sTMABT:
0.28 TMB:0.15 NaOH:0.14 TMAOH:1 SiO,:70 H,O at 100 °C
for 8 h, filtrated, and washed with water.
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Figure 15. Phase transitions from hexagonal to lamellar (at
100 °C for 7 days). Peaks with * come from C,oTMABT crystal.

48 also is observed under similar treatment conditions
(Figure 16).

The results suggest that the mesostructure is formed
at low temperatures or short reaction times, and further
structural changes occur on thermal treatment. In most
cases, we believe that the phase changes occur in the
solid phase. While the liquid phase may play an
important role, it is not necessarily through dissolution
and new solid-phase formation because the media is
nearly neutral (silicate has a very low solubility) and
gradual transitions are observed (Figures 14, 16, and
17).

The effect of temperature on g is difficult to predict
without a better understanding of the solvation and
entropic thermodynamic forces at play. Counterion
binding will also alter with temperature. In addition

Huo et al.
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Figure 16. XRD patterns of phase transitions from MCM-41
to MCM-48 at 100 °C. The structure-directing agent is
C14-12-14. MCM-41 (A) was treated hydrothermally at 100 °C
for 2 (B) and 5 weeks (C), respectively.
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Figure 17. 2°Si MAS NMR spectra of the phase transitions
from lamellar to hexagonal phase. Synthesis conditions are
the same as for Figure 14.

increasing the temperature accelerates the polymeri-
zation of the silicate framework but at sufficiently high
temperatures rearrangement and dissolution of the
silicate framework are enhanced. High-temperature
intensifies the motion of the surfactant molecules and
changes the effect of cosolvent organic species (e.g.,
EtOH). A more detailed discussion will appear in a
future paper.8® For some mixtures of reactants, differ-
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Figure 18. XRD patterns of mesophases synthesized at
different temperature and time. The products were obtained
from reaction mixture with molar composition of 0.6 NaOH:
0.12 C1sTMABTr:1 TEOS:100 H,0 at room temperature for 2.5
h then at 100 °C for different reaction times.

ent synthesis temperatures gave different products. One
example is listed in Table 4. Another effect of temper-
ature on products is shown in Figure 18. CisTMABTr
gives MCM-41 at room temperature in strong basic
medium (for the reaction mixture composition, see
Figure 18). This hexagonal phase disappears and a
lamellar phase (digo = 33 A) is observed gradually at
high temperature.

Another example of a high-to-low curvature phase
transition is the transition from MCM-41 through
MCM-48 to the lamellar phase. A reaction mixture with
molar composition 0.031 Cjg-3-1:0.206 C14,TMA™:0.5
NaOH:1 TEOS:150 H,0O gives MCM-41 at room tem-
perature. The product transforms into MCM-48, then
into a lamellar phase when this mixture is heated at
100 °C. The XRD patterns of products from different
reaction times are shown in Figure 19.

The effects of hydrothermal treatment on silicate
mesophase solids are evident under mild conditions (100
°C). We believe that there are two main reasons for
this: (i) the silicate framework condenses and undergoes
reconstruction under hydrothermal conditions. This
view is support by the results of 2°Si MAS NMR studies
of the phase transition from lamellar to hexagonal
(Figure 17). During condensation, the framework nega-
tive charge density decreases, therefore, the packing of
the surfactant must change in order to maintain charge
matching with the framework. In general, the phase
transitions can be explained in terms of changes induced
in the g value by reorganization of the surfactant
molecules with temperature, condensation of the silicate
phases, changes in the hydration behavior, and migra-
tion of organic additives.

Conclusions

Postsynthesis hydrothermal treatment is an excellent,
relatively low temperature (100 °C) approach to obtain

(86) Landry, C.; Stucky, G. D., submitted.
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Figure 19. XRD patterns of products from Cig-3-1—C14TMABr

structure-directing agent system at 100 °C for different
reaction times.

high-quality MCM-41 and MCM-48. The sample of
MCM-41 obtained in this way is highly crystalline (4—8
narrow XRD peaks), has large pore sizes (up to 60 A),
big pore volumes (up to 1.6 cm?/g), and large surface
areas (>1000 m?/g), and has a small (~3%) value change
on calcination..

By appropriate matching of the surfactant, the silica
source, and the reaction gel composition, the formation
of a specific phase can be greatly facilitated, as we have
shown for the synthesis of MCM-48 at room tempera-
ture using C,,-12-22 surfactant.

Organic species, such as EtOH, penetrate into the
hydrophobic and palisade regions of surfactant arrays
and thereby induce a structural rearrangement of the
surfactant phase to reoptimize the interface charge
density matching and the surfactant packing.'®

A general pattern of synthesis behavior is observed
using different surfactants with different g values under
different reaction conditions. For acidic (pH < 0)
syntheses media the phase sequence is as follows:
cubic (Pm3n, SBA-1), 3d hexagonal (P6s/mmc, SBA-
2) > 2d hexagonal (P6m, SBA-3) > lamellar. For
basic syntheses media the phase sequence changes to:
3d hexagonal (P6s/mmc, SBA-2) > 2d hexagonal
(p6bm, MCM-41) > cubic (1a3d, MCM-48) > lamellar
(MCM-50). The overall topology of the composite
mesostructure is qualitatively described by the dimen-
sionless effective surfactant packing parameter, g =
V/lay as prescribed by the inorganic species or solid
inorganic framework charge density. g may be used as
an index of the structure directing effect. A majority
of the known liquid-crystal morphologies have been
observed for the mesosilicates and an unknown liquid
crystal phase, P6s/mmc, has been obtained in our
laboratory.*3

In predictable ways the inorganic framework and
organic array affect and control one another in a
cooperative fashion.®10 Suitable reaction conditions and
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starting materials can be chosen to control surfactant
molecule packing in order to obtain the expected me-
sophase product. The designed syntheses in this paper
can be extended to incorporate main group elements
other than silicon or transition elements into the
framework of mesoporous materials. As noted ear-
lier,810.71 the surfactant molecules can be associated
with the inorganic species through ionic, covalent, or
hydrogen-bonding interactions. Furthermore, we pre-
dict that by using the correct synthesis system and

(87) Seddon, J. M.; Templer, R. H. J. Philos. Trans. R. Soc. London
A 1993, 344, 377.
(88) Cates,M. E. J. Philos. Trans. R. Soc. London A 1993, 344, 339.
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surfactant design, other known liquid-crystal cubic
bicontinuous mesophases such as Im3m and Pn3m§87.88
(g > 1) can be generated.
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