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ABSTRACT

The issues of importance and future concern in the synthesis of porous
silicates and porous materials that contain a large fraction of silica, e.g.
zeolites and other crystalline molecular sieves, are reviewed. The thermodynamicsof zeolite synthesis are discussed, including a detailed thermodynamic analysis of the synthesis of pure-silica ZSM-5.The kinetics of
porous silicate synthesis are reviewed, with particular emphasis on the
control of porous structure formation through the use of organic structuredirecting agents. Ordered mesoporousmaterials are discussed in the context of distinguishing their features from zeolites in order to describe
further the unique properties of each class of material. Finally, several
unresolved issues in the understanding of the synthesis process are
outlined, the resolutions of which would aid in the synthesis of porous
silicates by design.
INTRODUCTION
The technological importance of silicon dioxide is enormous. Its widespread use in vastly different applications, e.g. electronic materials, catalysts and adsorbents, ranks it as one of the most critical materials for
advancedsocieties. In this paper we discuss one form of silicon dioxide,
namely, porous silicon dioxide. Wedescribe the issues of importance and
future concern in the synthesis of porous silicas and porous materials
that contain a large fraction of silica, e.g. zeolites and other crystalline
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molecularsieves. Weconcentrateon the synthesis of crystalline materials;
however,other poroussilicates are also discussed,e.g. orderedmesoporous
silica, whenit is necessaryto distinguish their features fromzeolites in
order to describe further the uniqueproperties of eachclass of material.
Zeolites are crystalline aluminosilicates that werefirst discoveredin
1756by the mineralogistAFCronstedt. Hereported a newclass of silicate
minerals that whenheated in a blowpipe flame behaved in a unique
manner,i.e. the solid emitted large amountsof water vapor(1, 2). Cronstedt designated these minerals as zeolites--a combinationof two Greek
wordsmeaningboiling stones. Zeolites are tectoaluminosilicates in that
they are composed
of TOn tetrahedra (T = tetrahedral atom, i.e. Si, A1);
each apical oxygenatomis shared betweenadjacent tetrahedra. Thusthe
framework
ratio of O/Tequals2 for all zeolites (3).
Dueto its valency, a silicon atom prefers to makebonds with four
nearbyoxygenatomsin a tetrahedral geometry.In solution, a SiO4group
wouldhave a formal charge of -4 because the silicon cation carries a
formal charge of + 4 and each oxygenanion has a formal charge of -2.
In a solid, because each oxygenatomforms a bridge betweentwo T atoms
andshares electron density with each, the SiO4 unit is neutral (see Figure
1). Therefore,a pure SiO2framework
withoutany defects will be a neutral
solid (3). If an aluminumatom is tetrahedrally coordinated to oxygen
atomsin a similar manner,the + 3 valency of aluminum
will result in a
net formalcharge of - 1. Whensilicon and aluminum
are both present in a
tetrahedral framework,a negative chargeis affiliated with every aluminum
atom;a cation (M÷ in Figure 1) balancesthe negative charge. Alkali metal
ions, e.g. K+, Na+;alkaline earth ions, e.g. Ba2+, +,
Ca2+;andprotons, H

Figure 1 TO2units in zeosils and zeolites.

(Adapted from 3.)
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are typical balancing cations. All tectoaluminosilicates that are synthesized
via hydrothermal methods(described below) have ratios of Si/A1 ~> 1. This
effect was first explained by L6ewenstein(4), whoassumedthat isolated
negative charges (-AI-O-Si-O-AI--O-Si) are more stable than adjacent
ones (-Al-O-A1--O-Si-O-Si). This principle is nowreferred to as LOewenstein’s rule.
The modern age of zeolite science and technology really began in the
1950s whenthe large scale syntheses of several zeolites were accomplished
by workers at Union Carbide (5, 6). Since then, the use of zeolites has
burgeonedboth in size, e.g. over 300,000 metric tons per year for use in
powdered laundry detergents as environmentally benign replacements for
polyphosphates, and diversity, e.g. catalysts, adsorbents, and MRIcontrast agents. As stated by Breck, "Rarely in our technological society does
the discovery of a new class of inorganic materials result in such a wide
scientific interest and kaleidoscopic development of applications as has
happenedwith the zeolite molecular sieves" (7). Informative, short reviews
on zeolites include those of Newsam
(8, 9), Smith(10), Davis (3, 11),
(12), Davis & Lobo (13), Lobo et al (14), Burkett & Davis (15),
Higgins (16).
Strictly speaking, zeolites are aluminosilicates. In 1978, Flanigen et al
(17) announcedthe synthesis and characterization of a pure-silica polymorph of a zeolite called ZSM-5. [In this paper we discuss numerous
zeolites. If the reader is unfamiliar with a particular zeolite, details of the
structure can be found elsewhere (18).] Is a pure-silica molecular sieve
zeolite? The answer is really no; however, the term zeolite is used loosely
in the literature. Liebau and co-workers have proposed general classifications for materials that are four-connected tetrahedral frameworks(see
Table l) (19, 20). Materials with frameworkdensities (FD), i.e. the number
of tetrahedra per nm3, of less than 21 are arbitrarily denoted as porous
(18). Porous frameworkscan be classified dependingon their pore sizes and

Table 1

aClassification of tectosilicates
Porosils, SiO2

Porolites, Si0.5+.~A10.5_.~O2

(0 .< x .< 0.5)
Clathrasils

Zeosils

Clathralites

Zeolites

Silica sodalite
Silica ZSM-39
DD3R

Silica ZSM-5
Silica ZSM-12
SSZ-24

Sodalite
Melanophlogite

Faujasite
Mordenite
ZSM-5
Zeolite A

"Adaptedfrom Reference 20
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frameworkcompositions. Materials with frameworksthat allow access to
the intracrystalline void spacesthroughrings consisting of 6 T atomsor 6
oxygenatoms (6-memberedrings, or 6 MR)or smaller and that tend
trap ions or organicmoleculeswithin the intracrystalline spaceare denoted
as clathrasils (SiO2) or clathralites (Si0.5+xA10.5_xO2,
0 ~< x ~<0.5). When
the accessto the crystal interior is by larger rings that permition exchange
and/or diffusion of organic molecules,these materials are classified as
zeosils (SiO2)or zeolites (Sio.5+xA10.5_xO2,
0 ~<x ~< 0.5). Additionally,
frameworksof compositionSiyMzO2,
y + z = 1.0 can be formed, e.g. GeO2,
Sio.sGeo.502, Sio.9Zno.lO2, Si0.95B0.0502.
For these cases, the best wayto
denotethese framework
oxidesis to call themcrystalline molecularsieves.
In this discussion, weare primarilyconcernedwith clathrasils, zeosils,
zeolites, and molecularsieves of the formSiyMzO2,wherey >>z. Pure-silica
and high-Si/Mmaterials are somewhathydrophobic,and this property is
importantto the discussionpresentedbelow. Wedescribe the state-of-theart in the preparation of poroushigh-silica materials and outline several
unresolved issues that wouldaid in the synthesis of these classes of
materials

by design.

PREPARATION

OF POROUS SILICATES

Porous silicates are normallyprepared by hydrothermalsynthesis techniques. A typical crystallization procedureinvolves the use of water, a
silica source, a mineralizing agent, and a structure-directing agent. The
TM
sources of silica are numerousand include colloidal silica, e.g. Ludox
fumedsilica, precipitated silica, and even silicon alkoxides such as
Si(OCH3)4 and Si(OCHzCH3)4. The typical mineralizing agent is OH-but
F- can also give goodresults. (In addition to dissolving the silica, OHand F- can expandthe coordination sphere of silicon and produce5 or 6
coordinate intermediates in solution). Thestructure-directing agent is
soluble organic species, e.g. a quaternary ammonium
ion, that assists in
the formation of the silica frameworkand ultimately resides within the
intracrystalline voids (see below). Alkali metal ions such as ÷ and K÷
can also play a role in the crystallization process. Thesyntheses can be
sensitive to the reagent type, the order of addition, the mixing(or lack
of mixing), the crystallization temperatureand time, and of course, the
composition.This is t~ot surprising since numerouscomplexreactions,
equilibria, and organic-inorganic interactions are occurring during the
synthesis process. Additionally, if the synthesis contains a heteroatom
(M), then the type and concentration can have an important role in the
productformed.Toset the stage for further discussions,a typical synthesis
of a zeosil, e.g. pure-silica ZSM-5,would be as follows: Tetra-
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propylammonium(TPA÷) hydroxide in water is combined with fumed
silica at a compositionof
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- : 10 mol SiO2 : 380 mol H20
1 mol TPA÷OH
and the mixture (pH~ 12) is heated at 423 K in a closed reaction vessel
for 3 days. Uponquenchingthe reaction, the pure-silica ZSM-5
crystals
÷ are recovered by filtration from the aqueous
containing occludedTPA
solution. Thecrystals are washedwith water and allowedto dry. Below,
wediscuss the processes that occur duringthis type of synthesis and the
progressthat is being madetowardrationally designingthe crystallization
process in order to create newmaterials or knownmaterials with frameworkatomsin particular crystallographicpositions specified a priori (21).
THERMODYNAMICS
Energetic Stability

of Silicates

Becausevarioussilicas can be used as reagents for the synthesis of porous,
crystalline silicates, whatis the driving force for this transformation?
Additionally, whydo these syntheses not yield quartz, the most stable
form of SiO2?(Accordingto the Ostwaldripening effect, given enough
time, metastablephases will be transformedinto morestable forms, until
eventuallythe moststable phasewill result.) Petrovic et al (22) recently
measuredthe enthalpies of formationof porous, crystalline silicates and
comparedthe values to those of quartz and amorphous
silicas; the results
begin to partially answerthe aforementionedquestions. Figure 2 shows
the enthalpyof formationof silicates relative to quartz as a function of
molar volume(cm3/molSiO2). Note that all of the porous silicates are
energetically metastablewith respect to quartz and silica glass by at most
14 and 6 kJ/mol, respectively. It is knownthat amorphous
silicas derived
fromgels are energeticallyless stable than silica glass by 0-10 kJ/mol(23,
24). Therefore, zeosils and amorphous
silicas havevery similar energies.
At 373K (close to the lowerlimit for synthesis), the thermal energy(RT)
is 3.1 kJ/mol,so the transformationof amorphous
silica into zeosils is not
energeticallyhindered(25).
Navrotskyet al (25) measuredthe enthalpies of formationfor ordered
mesoporous
and zeolitic silicas as a function of pore diameter(see Figure
3). lit should be noted that while zeolites are microporouscrystalline
materials, mesoporoussilicas are amorphous(see below) (26).] Although
the energychangessignificantly within the small pore region below1.0
nm,abovea pore size of 1.0 nm,the enthalpyrelative to quartz reaches a
plateau of approximately15 kJ/mol. Thesedata illustrate a transition
froma domainin whichthe pores or cages appearto play an integral role
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in the energy of the crystal structure to one where large pores behave
energetically as inert volumetric diluents. Becausethe large pores exist as
a second phase, additional increases in pore diameter have little or no
effect on the energy of the mesoporoussilica. It should be noted that the
mesoporoussilicas are energetically similar to somehigh-silica zeolites, in
spite of their large pore sizes and lack of crystallinity. It is also significant
that the energy plateau is only 15 k J/tool above quartz.
For crystalline silicas, Petrovic et al (22) found no direct relationship
between the enthalpy of formation and the framework density, mean SiO-Si angle, or molar volume. In silicates, each silicon atom bonds with
four oxygen atoms in a tetrahedral fashion; each oxygen atom connects
°.
two silicon atoms and the mean Si-O-Si angle is approximately 145
Quantummechanical calculations reveal a slight energy barrier to changes
in the Si-O-Si angle between 140° and 180°, but angles below 135° experience a markedincrease in energy (27). Thus, it is not surprising that all
silicates have very similar energies. Petrovic and co-workersindicate that
there is a correlation between the enthalpy of formation of silicates and
the percentage of Si-O-Si angles below 140°. The correlation is consistent
with the potential energy curve of the Si-O-Si angle and implies that the
small angles have a more pronounceddestabilizing effect than large angles.
One note of caution is that numerousbond angles obtained from Rietveld
refinements of powderX-ray diffraction data maynot accurately represent
the angles of the structure. Loboet al (14) recommend
withholding further
conclusions until single crystal X-ray data becomeavailable, or until other
analytical techniques confirm some of the surprising bond angles and
lengths reported in the open literature.
Thermodynamic

Analysis

of Pure-Silica

ZSM-5 Synthesis

Zeosils are thermodynamically metastable phases. However,zeosils could
conceivably be formed from quartz, e.g.
quartz + 4TPA+ F- (aq) -~, TPA+ F--ZSM-5 + H20,
where ZSM-5is the pure-silica version of this zeolite. Howcould this be?
The important issue is that the thermodynamicsof the complete synthesis
mixture must be considered.
The above reaction can be written as the sum of two reactions:
quartz

~ ZSM-5

ZSM-5 + 4TPA+F-(aq)

1.
~ TPA+F--ZSM-5 + H20

2.

-[the stoichiometric coefficient for TPA+F-(aq) is 4 because 4 TPA+F
ion pairs are occluded in each unit cell of pure-silica ZSM-5].
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Johnson et al provide thermodynamicproperties for Reaction 1 at
temperatures of 298.15 and 1000K (28-31). The values at 298.15 Kwill
be used as a lower boundfor the feasibility of the reaction, since the
changein Gibbsfunction is less at 1000K (typical synthesis conditions
involve temperatures of 400-500 K). The thermodynamicparameters for
Reaction1 are

Annu. Rev. Mater. Sci. 1995.25:161-192. Downloaded from arjournals.annualreviews.org
by CALIFORNIA INSTITUTE OF TECHNOLOGY on 09/13/05. For personal use only.

AH= 5.5 k J/tool

SiO
2

TAS= 1.4 kJ/mol SiO2
AG(reaction 1) = AH-TAS
= 4.1 kJ/mol SiO2.
BecauseAG> 0, this process cannot spontaneouslyoccur. Althoughthe
positive entropyfavors Reaction1, the large positive enthalpyhinders the
transformationof quartz to pure-silica ZSM-5.
Partarin et al (32) determinedthat the changein enthalpy for Reaction
2 is AH(reaction2) = - 6.2 kJ/molSiO2.To estimate the changein entropy
for this process, the work of Johnson & Martin (33) can be used. The
- was determined to be
standard entropy of solution for the salt TPA÷I
-)
AS(solution, TPA÷I = 11 J/K-tool TPA+I for the following process:
TPA+I-(s) + H20--, TPA+I-(aq).
Here, weare concernedwith the followingreaction:
TPA+F-(s) H20 -- ~ TPA+F-(aq).
To determine the entropy of solution for TPA÷F-(s), a thermodynamic
cycle can be constructedsuch that AS(solution,TPA+ F-) can be estimated
from the following equation:
-) -)
AS(solution, TPA+F
= AS(solution, TPA+I
+ F- (s)] - S[TPA
+ I- (s)].
+ S[F-(aq)] - S[I- (aq)] + S[TPA
The absolute entropies for aqueousions were obtained from Marcus(33)
and are S[F-(aq)] = 8.4 J/K-molF- and S[I-(aq)] = 133.5 J/K-molI,
that S[F-(aq)]-S[I-(aq)] = -125.1 J/K-tool halide anion. Johnson
Martin calculated S[TPA÷I-(s)].Wehave not found any absolute entropy
data for TPA÷F-(s). As a result, the difference in entropy between
TPA÷F-(s)and TPA÷I-(s)is estimated using a procedure from Lewis
Randall’stext, as revised by Pitzer & Brewer(34). This estimationassumes
that the force constants restraining atomic motion are similar for the
fluorine and iodine atoms as they exist in the compounds
TPA÷F-(s)and
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TPA÷I-(s) and implies that the compressibility of fluorine is similar
that of iodine in the tetrapropylammoniumsalts. This approximation is
rigorous enoughthat it does not require similar force constants for elemental (or molecular) fluorine and iodine; only the behavior of these elements
in the compoundsis important. [Although the validity of this assumption
regarding force constants is questionable, it is one of the few, or only,
alternatives available in the absence of absolute entropy data for
TPA÷F-(s).The results of such analysis should be evaluated with caution.]
The appr0xim, ation used here applies to compoundsdiffering in the
replacement of I atom and is
S[TPA+F-(s)]- S[TPA+I-(s)] = 3/2R (MF/M~),
where R is the universal gas constant, MF the atomic weight of fluorine,
and M~the atomic weight of iodine. The result from this calculation gives
S[TPA+F-(s)]-S[TPA+I-(s)]

= -23.7 J/K-mol salt.

Substituting the aforementioned values into the thermodynamiccycle used
to calculate the entropy of solution for TPA+F-(s)gives
AS(solution,

-) -= - 137.5 J/K-tool
TPA+F

AS(solution,

-) = -5.7 J/K-mol SiO2,
TPA+F

TPA+F

or

(the remaining values are expressed in terms of mol SiO2; there are 96 SiO2
- ion pairs in one unit cell of ZSM-5).
formula units and 4 TPA+F
Consider the reverse of Reaction 4:
TPA+F-(aq) --} TPA+F-(s)+

H20;

AS = 5.7 J/K-mol SiO:.

5.

At 298 K, TAS(Reaction5) = 1.7 kJ/mol SiO:.
The entropy change for Reaction 5 can be used as an approximation
for the change in entropy for Reaction 2 if one assumes that the entropy
- going from the aqueous phase into the
change for the organic TPA+F
zeolite is identical to that for transfer from an aqueous phase into a pure
-. This assumption is subject to criticism,
crystalline phase of TPA÷F
but is preferable to the alternative of statistical mechanicalcalculations
involving other questionable assumptions. The disordering of water and
- are both accounted for in this estimate of the
the ordering of TPA÷F
change in entropy for Reaction 2. (The concept of water ordering around
organic molecules is discussed below.) It is also assumedthat the entropy
of the ZSM-5framework is the same whether the TPA÷ F- is occluded or
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not. Thus any changes in the entropy due to distortions in the crystal
- ion pairs are neglected.
structure caused by the occluded TPA+F
Using the enthalpy and entropy data for Reaction 2, one finds
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AG(Reaction 2) = AH-TAS= -7.9 k J/tool

SiO2.

The large negative value of AH(which favors the process) and the smaller
negative value of TAS(which also favors the process) result in a negative
value for the change in Gibbs function. The cause of the large magnitude
- ion pairs
of the exothermic enthalpy is the contribution of the TPA+F
+
to the energetic stabilization of the TPA F--ZSM-5composite. The tight
+ ions inside the channels of ZSM-5and the resulting large
fit of the TPA
number of van der Waais contacts makes the tetrapropylammonium cation
a powerful structure-directing agent in.the synthesis of ZSM-5.
The increase in entropy accompanyingReaction 2 (and Reaction 5) can
be understood in terms of the disordering of water that takes place during
this process. Again, consider Reaction 4. As mentioned by Tanford (35),
the formation of ionic solutions in water often results in a decrease in
entropy, as ion-dipole forces cause an ordering of water molecules around
the ions. Frank &Evans (36) explained the entropy decrease that occurs
when a hydrocarbon is dissolved in water as a tightening of the structure
of water around the hydrocarbon molecules. Lindenbaum & Boyd (37)
extended this argument to tetraalkylammonium halides. The nonpolar
alkyl groups of the quaternary ammoniumcations order the water molecules around the tetraalkylammonium ions (see Figure 4). As the alkyl
chains increase in length, the ions becomemore hydrophobic and further
promotes water ordering. Krishnan & Friedman (38) have reported on the

Salt andWater
(a) TPA÷F’(s)
(b) H20
Figure 4
agents.

=

WaterOrdering
AroundTPA+F’(aq)
uponcombining
(a) and(b)

Silica
423 K

OrganicOccluded
in ZSM-5,
H20outsidecrystal

Ordering and disordering of water molecules around organic structure-directing
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water structure-making effects of tetrapropylammonium and tetrabutylammonium (TBA÷) cations,
and Frank & Wen (39) mention the
structure-promoting ability of tetrabutylammoniumcations. Based on the
above discussion for Reaction 4, the disordering of water in Reaction 5
should result in an increase in the entropy of the system, which would
contribute to a more negative change in the Gibbs function. These qualitative arguments agree with the calculations shownabove.
CombiningReactions 1 and 2 to achieve the overall zeolite synthesis
reaction,
AG(overall process) = - 3.8 kJ/mol SiO2.
Since AG< 0, this process is thermodynamically possible. It is worth
noting that Petrovic et al (22) determined the change in enthalpy for
Reaction 1 to be AH= 8.2 kJ/mol SiO2 (22), which is 2.7 kJ/mol SiO2
higher than the value calculated by Johnson et al (AH= 5.5 kJ/mol SiO2).
If the value from Petrovic et al is used,
AG(overall process) = - 1.1 k J/tool SiO
2.
Although this is a low thermodynamicdriving force, the change in Gibbs
function is still less than zero. Thus the process is thermodynamically
feasible.
It should be noted that these calculations involved data from several
sources that were workingwith different systems, as well as somedebatable
assumptions. The exact numerical values are not as crucial as the trends
in AG; the important point is that the transformation from quartz to
ZSM-5is thermodynamically possible with the addition of tetrapropylammoniumfluoride.
Consider another synthesis of pure-silica ZSM-5,one that is more commonthan that involving quartz as a starting material:
glass + 4TPA÷ F- (aq) --} TPA÷ F--ZSM- 5.
This conversion can also be written as the sumof two reactions:
6.

gl,ass ~ ZSM-5
ZSM-5 +4TPA÷F-(aq)

~ TPA÷F--ZSM-5.

7.

Referring again to the work of Johnson et al, and using thermodynamic
data applicable at 298.15 K, the thermodynamicquantities for Reaction
6 are
AH = -3.65 kJ/mol SiO2
TAS= -0.66 kJ/mol SiO2
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AG(Reaction 6) = AH-TAS= -3.0 kJ/mol SiO2.

Annu. Rev. Mater. Sci. 1995.25:161-192. Downloaded from arjournals.annualreviews.org
by CALIFORNIA INSTITUTE OF TECHNOLOGY on 09/13/05. For personal use only.

Froma thermodynamicstandpoint, Reaction 6 can spontaneously occur.
Pure-silica ZSM-5
is morestable than glass (whichis amorphous
silica),
even without any occludedorganic molecules.
Reaction 7 enhances the transformation of glass to ZSM-5.Using the
change in enthalpy for Reaction 7 given by Patarin et al (AH= -6.2
kJ/mol SiO2) and the estimate for the changein entropyas describedabove
(TAS= 1.7 kJ/mol SiO2),
AG(Reaction 7) = AH-TAS= -7.9.kJ/mol SiO~.
Combining
Reactions 6 and 7 to achieve the overall reaction,
AG(overallprocess) = - 10.9 k J/tool SiO2.
Becausethe changein Gibbsfunction is well belowzero, this process has
a strong thermodynamic
driving force. As is true for the exampleinvolving
quartz, these calculations shouldbe used with caution.
Oneimplicationfor the synthesisof zeolites by designthat can be obtained
fromthe results of this analysis is that the "goodnessof fit" of the organic
structure-directingagentinside the poresof the zeolite is an importantcomponentof the thermodynamic
driving force for the process. For Reaction2~
AH= -6.2 kJ/molSiO2.This term relates to the interaction energybetween
the organicmoleculeandthe inorganicsilicate, andits magnitudedominates
the entropic contribution. Thusit providesa first-order approximation
for
the changein Gibbsfunction of the process. Fromgeometricconsiderations~
- ion pairs fit tightly into the ZSM-5
it is known
that the TPA÷F
void space.
If the organicmoleculesdo not fit as well inside the void spaces, the number
of van der Waalsinteractions will be reduced,andAHshouldbe morepositive
(less favorableenergetics). Therefore,the entropicdrivingforce (release
ordered water) will becomemoreimportantas the interactions betweenthe
organicandsilica framework
decline.
Burkett & Davis(40) havesynthesizedpure-silica ZSM~’5
in less than
- as the structure-directing agent. However,they
week, using TPA÷OH
were unable to prepare ZSM-5with tetraethanolammoniumhydroxide,
-, even after one monthat hydrothermal synthesis con(HOC2H4)4N÷OH
ditions. Wen& Saito (41, 42) have shownthat the size of the tetraethanolammonium
cation is similar to that of the tetrapropylammonium
cation. Thusthe "goodnessof fit" of the organicinside the zeolite pores
does not by itself determine whether a particular synthesis can occur
(althoughthe sizes are similar, the interaction energies are most likely
slightly different). Frank & Wen(39) predicted that solutes with
groupswill not significantly affect the structure of waterdueto the similar
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hydrogen-bonding
characteristics of water and alcohols. Wen& Saito also
claim that quaternary ammonium
cations with terminal hydroxyl groups
will have less influence on the structure of water than the equivalent
tetraalkylammonium
cations. Results from Agar(43), Price (44), and
Frank & WWen(unpublished data) agree with the claim of Wen& Saito.
+ OH-does not order water like TPA
+ OH-, syntheses
Since (HOC2H4)4N
involving tetraethanolammonium hydroxide will not have the same
-. Thus
entropic driving force that is present in syntheses using TPA+OH
on first inspection, the necessity of water ordering maybe the critical
factor. However,at this time not enoughinformationexists to decouple
the enthalpic and entropic driving forces in zeolite syntheses, since the
precise interaction energies for tetraethanolammonium
ions in ZSM-5is
unknown.
One must exercise caution whenattempting to extend the thermodynamicanalysis of zeolite synthesis involving fluoride to one using
-hydroxide anions. Witha synthesis of pure-silica ZSM-5using TPA+F
as the structure-directing agent, the fluoride anion is occludedinside the
ZSM-5void space along with the tetrapropylammoniumcation. When
- is used, the TPA
+ cation is occluded but the OH-anion is
TPA+OH
+ is balanced by a Si-O- defect in the
not. The positive charge of TPA
zeolite structure (14). Theeffect of the ZSM-5
structural defect, i.e. Si-O-,
on the thermodynamics
of the synthesis process is unknownat this time
and should be investigated.
Energetic Interactions of Organic Structure-Directin9 Agents
with Silicates
Pure-silica zeolites are hydrophobicand have unfavorable interactions
with water molecules. Additionally, zeolites in aqueoussolution are
thermodynamically
less stable than dense phases. Whenorganic molecules
are occludedin the microporesof the zeolite, water penetration decreases
and favorableinteractions occur betweenthe silica wall of the zeolite and
the occludedorganicmolecules.It has beenspeculatedthat, via these silicaorganic interactions, pure-silica zeolites attain enoughthermodynamic
stability to exist (45). Petrovic et al (22) showed
experimentallythat
is not the case. Rather, the organic structure-directing agents assist in
selecting whichzeolite will be formedfroma widerange of energetically
feasible possibilities (see below).For these favorableinteractions to occur,
a goodfit betweenthe organic moleculeand the zeolite void space is
required, i.e. the numberof van der Waalscontacts is maximized.As a
result, synthesesinvolvingorganicstructure-directing agents often yield
pure-silica zeolites with pore dimensionsand shapes similar to those of
the organic molecules.
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Patarin and co-workers studied the energetic contribution of propylammonium
species to the stabilization of ZSM-5
(32). Althoughseveral
organic structure-directing agents can be used to synthesize ZSM-5,TPA+
cations are the mostefficient. Patarin et al synthesizedthree high-silica
+, TR1PA
+, and TPA
+ cations:
ZSM-5samples in the presence of DIPA
N,
-,
(C3H7)2NH, (C3H7)3
and [(C3H7)4N]+Br respectively.
NH4Fwas used
÷, and hydrofluoric acid (HF) was used with TRIPA
÷ and
with TPA
-, TRIPAH+F
-, and DIPAH÷F
-. By deterDIPA÷ to form TPA+F
mining the solution enthalpy in 25%HF, the standard enthalpy of formation was determinedfor each organic-inorganic material (all have the
structure of ZSM-5).The contribution of the organic molecule to the
stabilization of the composite(organic-inorganic)structure wasestimated.
+ and TRIPA
÷ were shownto stabilize the composite
As expected, DIPA
+.
less than TPA Theinteraction betweenthe organic species andthe zeolite
÷ only, whichis due in part
frameworkwas significant in the case of TPA
+
to the tight fit of TPAin the zeolite void space.
Althoughthe workby Patarin et al illustrates the energetic stabilization
that an organic moleculecan provide, the close proximityof enthalpies of
formationof various silicates suggeststhat the organicstructure-directing
agent mayplay moreof a kinetic role than a thermodynamicone in the
synthesis process(14). It shouldbe noted, though,that the presenceof the
organicmoleculeinside the void space of the silicate lowersthe total Gibbs
function of formationof the completesynthesis mixture. This process is
analogousto the reducedtotal Gibbsfunction of formation of a solution
of two miscible fluids whencomparedwith the sumof the free energies of
the individual components.
Next, weconsider the energetic favorability (or lack thereof) of the
organic moleculeoccludedinside the pores of the silicate. Organicstructure-directing agents are water-soluble molecules. Shimizu& Taniguchi
÷) ions have mainly
(46, 47) have shownthat tetrapropylammonium
(TPA
hydrophobicinteractions with water, in spite of the positive charge
÷) ions are hydrophilic, and tetraethyl[tetramethylammonimn(TMA
÷
ammonium
(TEA) ions are intermediate in behavior]. The longer hydro÷ account for its hydrophobicity comparedto
carbon chains on TPA
÷. The energetic gains achieved from the solvation of the positive
TMA
charge are partially offset by the entropic cost of ordering water around
÷. Thepropyl groups ofTPA
÷ prefer to interact with the hydrophobic
TPA
silicate species rather than water molecules(48, 49). Thuswater molecules
+ ions should be readily displaced by silicate ions when
around TPA
TPA÷(aq)
is contactedwith water-solublesilicate species. For the smaller
÷, such interactions with silicates do not occur (49).
alkyl groupson TMA
+ were investigated by Burkett &
The structure-directing effects of TPA
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Davis (49), who probed the mechanismof structure-direction in the synthesis of ZSM-5 using solid-state
NMR.1H-29Si CP MASNMRwas
+ (the organic used) and the silicon
performed between the protons ofTPA
atoms of the forming zeolite in a deuterated synthesis gel. This work shows
the first direct evidence that preorganized organic-inorganic composites
form during the synthesis of pure-silica ZSM-5.The high efficiency of
polarization transfer observed after one day of hydrothermal synthesis
indicates that there are significant interactions betweenthe silicate species
+ ions at this stage of the synthesis, where no evidence of
and the TPA
ZSM-5crystals exists by either IR or X-ray diffraction techniques. For
this type of energy transfer to occur in the NMR
experiment, the protons
+ cation must be within a van der Waals contact distance of
on the TPA
the silicon atoms. Burkett & Davis propose that the organic-inorganic
composites take part in nucleation and subsequent crystal growth and that
they participate in crystal growthvia diffusion to the surface of the growing
crystallites (see Figure 5). This mechanistic proposal can account for the
layer-by-layer
growth inferred from the intergrowth frameworks of
ZSM-5/ZSM-11,
SSZ-26/SSZ-33/CIT-1(14, 50, 51), and zeolite beta (52,

53).
Zones investigated the interactions between water and organic molecules
with a variety of structure-directing agents by studying the transfer of
organic molecules to a chloroform phase from an aqueous phase for
varying C/N+ ratios (14). The amount of organic transferred was large
(>70%) for molecules with C/N+ > 15 and low (< 10%) for those with
C/N+ < 11 (see Figure 6). Whenusing structure-directing
agents with
11 < C/N+ < 15, a large number of high-silica zeolites have been synthesized. These data suggest that a desirable organic structure-directing
agent should be somewhatsoluble in both the water and silica phases.
Gerke et al (54) drew a similar conclusion, namelythat the organic guest
should not form strong complexeswith the solvent used.

KINETICS
Whena silicate less stable than quartz is formed without the occlusion of
a structure-directing agent, it is clear that the synthetic processis kinetically
controlled. For example, tridymite and cristobalite are frequently prepared
whenone is attempting to synthesize a high-silica zeolite. [Griffen showed
that these dense silicates have less thermodynamicstability than quartz at
synthesis conditions (55).] Since cristobalite and tridymite are commonly
obtained, the kinetics of crystallization determine the product of the synthesis.
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Figure 5 Proposedmechanism
of structure-direction and crystal growthinvolving organic+ as structure-directing
inorganiccompositesin the synthesis of pure-silica ZSM-5
using TPA
agent. (Adaptedfrom 49.)
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Figure 6 The percent transfer of organic molecules into a chloroform phase from an aqueous
phase for varying C/N+ ratios.
(Adapted from 14.)

Effects of Structure-Directin9

Agent on Crystallization

Rate

Whenan organic moleculeis included in a synthesis mixture, otherwise
identical synthesis gels with different organic structure-directing agents
can yield completelydifferent zeolites. For example,SSZ-24and ZSM-5
are similar energetically (22), but the former is synthesized using
TMADAOH
(N,N,N-trimethyl 1-adamantammoniumhydroxide) as the
-.
organic, whereasthe latter is formedusing TPA+OH
Thechoice of a structure-directing agent can affect the rate of crystallization. Harris &Zones(56) investigated the guest/host energetics for
the synthesis of the clathrasil nonasil andthe zeolite SSZ-13.Theysuggest
that a rate-determiningstep for the nucleation of nonasil and SSZ-13is
the interactionof the structure-directingagentwith the inorganicgel. Puresilica clathrasil syntheseswherethe organicstructure-directingmoleculeis
similar in size to the inorganic cage of the final product have faster
nucleation rates than those experimentswherethe size-matchingis not as
good. This result showsthe importanceof a tight fit for the structuredirectingagentinside the clathrasil cagefor fast nucleationrates.
Effects of Alkali Metal Cations on Zeolite Synthesis
Thepresenceof alkali metal cations is required for the vast majority of
zeolite syntheses at basic conditions (ZSM-I1 and ZSM-5
are exceptions
+ and TPA
+ as the structure-directing
and can be synthesized using TBA
agents with no alkali metal cations in the synthesis gel). Thesynthesis of
pure-silica ZSM-12
wascarried out with and without alkali metal cations
at constant hydroxideconcentration by Goepperet al (57). Their results
indicate that alkali metal ions, e.g. K+ or Na+, are required to synthesize
pure-silica ZSM-12in 7 days at 423 K. Although K+ and/or Na+ are
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not neededto synthesize pure-silica ZSM-12,at constant hydroxide ion
concentration, the rate of crystallization decreases as the ratio K+/SiO2
(or Na+/SiO2)declines. In the absenceof +, and using s eed crystals o f
uncalcined ZSM-12,pure ZSM-12can be formed in 14 days at 423 K.
Usuallythe use of seed crystals is believedto enhancenucleationalone. If
the potassiumions addedto the synthesisgel only participate in nucleation,
then experimentswith K+/SiO2= 0.3, and no seeds should yield similar
results to experimentswith K+/SiO2= 0 and 2%ZSM-12seeds. Since the
latter synthesis required twice as muchtime, it was concludedthat the
potassiumions participate in nucleation and crystal growth.
Goepperand co-workers eliminated the effects of ammonium
cations
containedin the LudoxAS-40silica source by using fumedsilica (Cab-OSil) in sometrials. ZSM-12
wassynthesizedin 7 days using sodiumcations,
but the synthesis took 2~ monthswhenno alkali metal ions were included.
Whenammonium
hydroxide was present in the synthesis gel (in a concentration equal to that used in the sodiumtrials), no zeolite wasformed
after 14 days. These results indicate that sodiumcations enhancethe
crystallization rate of pure-silica ZSM-12,
but ammonium
ions do not (at
least not as muchas sodiumions). It wasobservedthat all of the ZSM-12
samples obtained from gels with different concentrations of potassium
ions had similar morphologies;however,these morphologiesweredifferent
from that of ZSM-12synthesized in the absence of alkali cations. This
result againsuggests that alkali metal ions are involvedin nucleationand
crystal growth(16).
Therole of potassiumand sodiumin zeolite synthesis can be understood
further by the results of measuringthe rate of dissolution of quartz into
aqueoussolutions of alkali metal cations. The dissolution of quartz in
aqueoussolutions of KC1,NaC1,MgClz,and LiC1was studied by Dove&
Crerar (58) and Brady& Walters(59). Smallconcentrationsof electrolytes
increased the dissolution rate up to 15 times as muchas the rate in
deionized water. Higherdissolution rates were obtained for NaC1and KC1
comparedwith MgCI2
and LiC1, whichcould be explained on the basis of
capability for adsorption on the surface of quartz. BecauseLi+ ~+
and Mg
havelarge charge-to-size ratios, they can coordinatewell with water molecules and have reducedpotentials for adsorption onto quartz. Applying
this explanationto zeolite synthesis, one can concludethat potassiumand
sodiumplay a role in the polymerization and depolymerization of the
silicate present in the synthesis gel. Through
this process(as well as other
possibilities), they canaccelerate nucleationand growthrates of high-silica
zeolite crystals.
Zoneshas studied the effects of sodiumconcentrationon the synthesis
of large-pore borosilicates (mainlysilica) using endoand exo derivatives
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of tricyclo(5.2.1.0)decanesas organic structure-directing agents (60).
high alkali-metal ion concentrations, the sodiumcations appear to compete with the organics as structure-directing agents. Alayered silicate
was obtained from high sodiumconcentrations, whereas zeolites were
synthesized with lower amounts of sodium ion. Whydo high sodium
concentrations result in layered silicates? The answer is currently
unknown,although the valence matchingprinciple of Brownmaybe used
to formulate a hypothesis (61). A bond valence approach to chemical
structure and bondingwouldsuggest that the most stable structures will
be formedwhenthe Lewisbase strength of the anion is closest to the
Lewisacid strength of the cation. Silicate anionscan exist in the formof
monomers
(Q0), dimers(Q~), chain structures (Q2), or layered structures
(Q3). Accordingto Figure 7 (61), the best valence matchfor sodiumions
occurswith a layered (Q3) silicate anion. As the ratio Na+/Siincreases,
the formationof a layered silicate becomesmorelikely.
Theaboveexamplesillustrate the delicate balance that must be maintained in the synthesis gel to achievethe desired product in the shortest
possibletime. Alkali metalcations acceleratethe rate of crystallization of
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Figure 7 Silicate compoundsas a function of the acid strengths and base strengths of the
charge balancing cations. (Adapted from 61 .)
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high-silica zeolites, but too muchalkali metalion mayresult in competition
with the organicstructure-directing agentfor interactions with silica such
that layered productscan result.
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Effects

of O-H (or O-D) Bond Breaking on Nucleation

Rate

In additionto the structure-directingagent andalkali metalcations present
in the synthesis gel, other factors can influence the nucleationrate. For
example,Burkett & Davis (40) have observedisotope effects in the syntheses of pure-silica ZSM-48
and ZSM-5using fumedsilica (Cab-O-Sil).
Adelay in nucleation is observedwhenD20 is used in place of H20in the
synthesis mixture. Whenthe syntheses are conductedin the presence of
Na+ ions, the rates of nucleation are virtually indistinguishable for D20
÷
and H20and are enhancedrelative to the sodium-free trials. Since Na
ions have been shownto increase the rate of SiO2dissolution, the dissolution of silica is believedto play a role in the delayof nucleationfor
D20comparedwith H~O.[Dutta et al (62) also noted a delay in the
crystallization rate of zeolite A whenD~Owasused instead of H20,even
thoughsodiumwaspresent. Theysuggestedthat an isotope effect with the
condensationpolymerizationreactions required for growthofzeolites may
be responsible for this delay.] BecauseOD-is a stronger base than OH-,
silica should be dissolved more rapidly in D20, and one might expect
nucleation to occur more rapidly for D20 than U20. However,the converse wasexperimentallyobserved;therefore Burkett & Davissuggest that
the breaking of O-H(or O-D)bonds mayplay a significant role in the
nucleationprocess.This is importantfor several reasons.First of all, these
results provide experimentalevidenceto suggest that a stronger base does
not necessarily cause faster nucleation. Secondly,the O-H(or O-D)bond
breakingmostlikely is a significant factor in the nucleation process and
mustbe consideredin addition to the effects of structure-directing agents
and alkali metal cations employed.
CONTROL
ORGANIC

OF POROUS STRUCTURES
THROUGH
STRUCTURE-DIRECTING
AGENTS

Thesynthesesof high-silica zeolites appearto be the mostproneto design
via the use of structure-directing agents [this exploits the hydrophobic
interactions betweensilica and the organic moleculesand the ability to
control the charge and shape of the organic (13)]. Loboand co-workers
(14) indicate that the molecularsize (somewhatcorrelated to the total
numberof carbon and nitrogen atoms) of a structure-directing agent can
strongly influencethe numberof different zeolites that can be synthesized
using a particular organic molecule. (It has been shownexperimentally
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that one organic can be responsible for the synthesis of morethan one
zeolite). Additionally,Zonesnotedthat this trend is followedas the size
of the organicmoleculeincreases until only onezeolite structure is found
for large structure-directing agents. Loboet al recommend
that larger
organic moleculesbe investigated to synthesize newzeolite structures;
however,the ratio of C/N+ must be kept somewhat
within the previously
mentioned limits in order to have the appropriate hydrophobicity/
hydrophilicity. The presence of two or morecharged nitrogens can circumventpotential problemswith hydrophobicity for large organic molecules(14).
Examples of Structure-Direction
Theconcepts of structure-direction discussed aboveare nowillustrated
using five examples. These examples demonstrate the effects of the
geometryof the structure-directing agent on the geometryof the zeolite
formed.
SSZ-26is a zeolite with intersecting 10- and 12-ring pores (63).
propellane-basedstructure-directing agent, I, is used in the synthesis of
SSZ-26(64).

(CH~)~

I

II

Zones&Santilli (64) noted that organiccation II directed the synthesis
ZSM-12,a unidimensionalzeolite. Theyspeculated that the inclusion of
another ring as in I wouldcause an intersecting pore system to form.
Usingthe structure of SSZ-26(65), chemicalandthermogravimetric
analyses
indicate that one guest moleculeis present in each channelintersection
(14). Loboet al (66) performedmolecularforce-field calculations on cation
I inside the SSZ-26pores and noted excellent agreementbetween the
geometryof the organic cation and the geometryof the pore intersection.
Theconformationof minimum
energyfor I inside the channelintersections
bears close resemblanceto the conformationsuggestedby Zones&Santilli
(64). SSZ-26thus appears to be the first zeolite wherethe pore geometry
has beendesigneda priori (14). This exampleillustrates howthe concepts
of structure-direction can be used to synthesizenewzeolites.
ZSM-18
has a uniquestructure in that it is the only aluminosilicate
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containing 3-memberedrings (67). An excellent fit exists between the
zeolite cage and the organic structure-directing agent. Honget al (68)
used static and CP MAS~3C NMRto determine that the triquaternary
ammonium
cation snugly fits inside the cage of ZSM-18.The size, rigidity,
and especially the threefold axis of rotation of the organic molecule are
factors favoring the formation of the ZSM-18cage (14). Using this knowledge, Schmitt & Kennedy(69) recently synthesized ZSM-18using structure-directing agents III and IV.

(CH3)3N+/~’~/~/"’~’N+(CH3)3
+
N
(CH3)3
III

(CH3)3N+/~~N+(CH3)3
+
N
(CH3)
3
IV

Organic cations III and IV were chosen by using molecular modeling to
help screen for potential replacements of the original ZSM-18organic
structure-directing agent. This is the first published result using molecular
modelingto design a structure-directing agent.
Another example of the complementary relationship
between the
geometry of the organic molecule and the geometry of the zeolite void
space is the occlusion of 18-crown-6 in the cages of EMC-2,the hexagonal
polymorph of faujasite (14). 18-crown-6 is the only proven structuredirecting agent for the formation of EMC-2.It has been shown via X-ray
diffraction (70) and solid-state NMR
(71) results that 18-crown-6is located
inside the small cages of EMC-2and roughly conforms to the cage
geometry.
Arhancet & Davis (72) provided the first example of exercising the
purposeful control of long-range order in zeolite synthesis using structuredirecting agents. They were able to control the fractions of cubic and
hexagonal polymorphsof faujasite present in intergrowth zeolites by specifying the concentrations of 15-crown-5 and 18-crown-6 in the reaction
mixture.
Lobo et al (73) have reported a second example of control of longrange order using structure-directing agents in the synthesis of the related
materials CIT-1 and SSZo33. CIT-I and SSZ-33 are members of a family
of polymorph structures (51). SSZ-33 is an intergrowth of polymorph
(30%) and polymorph B (70%), whereas CIT-1 is the pure polymorph
By preparing synthesis gels in the presence of the structure-directing agents
for SSZ-33and CIT-1, the fractions of the two polymorphsin the resulting
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zeolites can be controlled in the range 70%polymorph 13 (SSZ-33)
100%polymorph B (CIT-1) (51). This example and the previous example
from Arhancet & Davis demonstrate the control of long-range order in
zeolites using organic structure-directing agents.
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Heteroatoms

and Structure-Direction

by Organic Molecules

The addition of small quantities of tetrahedral atoms besides silicon (A1,
Zn, B, etc) to synthesis gels has dramatic effects on the zeolite structures
formedwhen using identical structure-directing agents (14). Here we outline the changes in zeolite structures observed when aluminum, zinc, or
boron is added to an otherwise pure-silica reaction mixture. Heteroatoms
other than B, Zn, and A1 have been incorporated in high-silica zeolite
frameworks(9, 74), but they are not discussed here.
+ as structureThe syntheses of ZSM-12and zeolite beta using TEA
directing agent arc used to illustrate the effect of adding aluminumto the
synthesis gels while keeping other factors constant (see Table 2) (14).
12 is formed when the ratio of SiO2 to A1203is greater than 50. As more
aluminumis added and the ratio of SiO2 to A1203becomesslightly less
than 50, zeolite beta is formed. If still moreA1is included such that SiOz/
A1203~ 15, ZSM-20results. Whenboron is used in place of aluminum,
similar results occur. This trend is also observed for organics other than
+ (see Table 2).
TEA
The structure-directing effects of organics that synthesize large-pore,
pure-silica zeolites are closely related to the presence of heteroatoms in
the synthesis gel (14). Trimethyl-2-adamantylammonium
directs the structure of the unidimensional pore system in zeolite SSZ-24. However, the
addition of boron to this synthesis results in the formation of SSZ-33,
which has a multidimensional pore system (51). As indicated from the
results shownin Table 2, some structure-directing agents that make SSZ31 (unidimensional pore system) with pure-silica reaction mixture also
yield SSZ-33when B is present.
If the organic structure-directing agent listed as the last entry of Table
2 is employed,different zeolites are obtained for pure-silica, aluminumcontaining, and boron-containing synthesis gels. Whenonly aluminumis
present, SSZ-37is formed (65). SSZ-37has a structure similar to that
NU-87(75). Slightly smaller and larger organics do not direct the structure
of SSZ-37. These results show howsmall changes in composition can lead
to significant variations in the structures obtained.
As is true for aluminumand boron, adding zinc to a reaction mixture
significantly alters the zeolite formed. Zinc is unique in that VPI-8 is
formed in all high-silica syntheses in which Zn is involved, regardless of
the choice of structure-directing agent (14). Annen& Davis (76, 77) first
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Table 2 Effect of aluminum, boron and zinc on the structure of molecular sieves obtained
using organic strocture-directing agents a (adapted from Reference 14)
SiO2

SiO2/A1203 $iO2/B203 SiO2/ZnO
<50
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~/

+
N
~.~

<30

ZSM-12Zeolite

Beta Zeolite

Beta VPI-8

ZSM-12 Zeolite

Beta Zeolite

Beta VPI-8

ZSM-12 Mordenite Zeolite

~

<I00

Beta

Layered
Matedal

N+(CH3)3

N+(CH3)3

SSZ-24

SSZ-25

SSZ-31

Mordenite

SSZ-31

SSZ-37

SSZ-33

SSZ-33

SSZ,,-33

VPI-8

__b

aFromReferences 77, 79, 92-94; MACambloret al, submitted. Someof these results are from
experimentsin our laboratories and are not yet published.
b NOproductformedafter several weeks.

+ as the structure-directing
synthesized VPI-8 using TEA
agent and zinc
acetate as the source of zinc. Sorption and transmission electron
microscopy (TEM)data show that VPI-8, is a one-dimensional large-pore
molecular sieve. Because it is synthesized using a wide variety of organic
guests, it is probable that a divalent zinc cation determines the structure
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of the resulting zeolite and that the organic structure-directing agent’s
primaryrole is to stabilize the void spacesof the pores(78). Zincappears
to inhibit the formationof other high-silica zeolites besidesVPI-8.
Divalentandtrivalent T (tetrahedral) atomsin the synthesis gel should
exert a strong influenceon the formationof high-silica zeolites (14). First
of all, substituting Zn, B, or A1for Si in the synthesis gel results in a
negatively chargedzeolite framework,whichwill coordinate morestrongly
with the inorganiccations, e.g. sodiumor potassium,present in the reaction mixture. Secondly, the T-Obondlengths and especially the T-O-T
angles should affect the formationof particular secondarybuildingunits,
e.g. 4-rings (14). It is knownthat Si-O-AIand Si-O-Bangles have more
limited ranges of variation than Si-O-Si and that the optimumangles are
smaller for the heteroatomangles than for Si-O-Si. Thusthe addition of
framework
heteroatomsis likely to cause structural variations.
It is interesting to examinethe effects of heteroatomsby comparing
the
structures of zeolite beta and ZSM-12.Theprojections along the a and b
axes of zeolite beta are identical to the projectionsalongthe 12-ringpores
of ZSM-12.
Thedisorderedstacking of silicate layers is responsiblefor the
structures of both zeolites (79, 80). Thereare also more4-rings present
zeolite beta than in ZSM-12.The additional 4-rings in beta mayresult
from smaller Si-O-T angles, whichare promotedby the use of boron or
aluminum(14).
Specification of FrameworkAtoms by Structure-Directin~t
Agents
Recently, Li et al (81) haveprovidedthe first exampleof howto control
the placementof frameworkatoms during a zeolite synthesis. Zeolites
ZSM-11and ZSM-5were formed using the structure-directing agent n+ with a silicon alkoxide
trimethoxysilylpropyltri-n-butylammonium
(TBA
groupcovalently attached via a Si-C bondon one of the alkyl groupsas a
substitute for a methyl group). Thermogravimetric
analysis and ~3Cand
29Si NMR
spectroscopyof ZSM-5
provedthat the organosilicon structuredirecting agent resided intact at the channelintersections in the zeolite
void space. It was also shown that the silicon atom in n-trimethoxysilylpropyltri-n-butylammonium was located in a framework
position(81).
Theconsequencesof the workof Li et al are rather broad. First of all,
this workshowsthat there are newopportunities for makingmieroporous
materials using organicmoleculeswith at least one silicon atomcovalently
bondedto a carbon atomin the structure-directing agent. Secondly,the
covalent linking of atomsother than silicon to the organic moleculesmay
makeit feasible to arrange these heteroatomsin precise locations during
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the formationof newand previously knownzeolites. Eventuallyit maybe
possible to distribute these atomsin oneparticular crystallographicposition of a zeolite (81). Controllingatomicarrangementsin this waywould
aid in developingcompletelyuniformproperties and in determiningintrazeolite catalytic reaction pathways.As an example,the bridging AI-OHSi groupsin ZSM-5
are heterogeneousin terms of acid strength. If all A1
atomsin ZSM-5
could be distributed in identical T-sites, a material with
homogeneous
acid strength could be synthesized (81).
ORDERED

MESOPOROUS

MATERIALS

From Microporous to Mesoporous Materials
As mentionedpreviously, Burkett &Davis (49) used the results of intermolecular IH-29Si CP MASNMR
to propose a mechanismfor the synthesis of zeolites with high Si/A1 ratios (see Figure 5). This proposed
mechanismhas several features commonto other types of assembly
processes, e.g. biological assemblies. Thesecommon
elementsare (a) the
self-assembly process, which occurs spontaneously with no external
mediatingfactors; (b) the organization that involves structure-direction
with manynoncovalent interactions working together (multipositional
molecularrecognitionevents); and (c) the processof self-assembly,which
occurs such that the structural organization proceeds from moleculesto
compositestructures of increasing size (82). In biological processes,
organic materials larger than individual moleculesusually act as templates
(templating is a moreprecise formof structure-direction). Thereforeone
wouldexpectorganic molecularaggregatesto function as structure-directing agents whensynthesizing porousinorganic materials (82). Until the
ordered mesoporous materials MCM-41
and MCM-48
were synthesized
at Mobil, this had not been accomplished(83). MCM-41
is an (alumino)
silicate possessinghexagonallyarrangedone-dimensionalpores with diameters ranging from 15 to 100 A. MCM-48
is an (alumino)silicate with
three-dimensional pore system and diameters of order 30 ,~; its X-ray
diffraction pattern has cubic symmetrywith space group Ia3d (82-84).
is noteworthythat, unlike zeolites, the inorganic portions of mesoporous
materials such as MCM-41and MCM-48are amorphous (alumino)
silicates (26). This was shownby Raman, IR, and 29Si NMRspectroscopies.
Consider the mixing of water with organic molecules of type
(CH3)3N+(CHz)xCH3.
The molecules should remain isolated in solution
if x is small, e.g. 0~<x~<2. Whenx is larger, e.g. x= 15 (hexadecyltrimethylammonium,C16TMA+),
spontaneous self-assembly of the
moleculescan occur so that molecularaggregates are formed. The aggre-
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gates (micelles) contain hydrophilicpolar groupsthat align at the waterorganic interface as well as hydrophobichydrocarbonchains that collect
in the center (82), For C16TMABr
in water at ambient conditions, the
critical micelle concentrationis 0.03 wt%(85). Toinvestigate if and how
molecularaggregationaffects synthesis, Daviset al (82) heateda synthesis
gel with composition 0.15 mol C16TMA20
: 1.0 mol SIO2:50mol H20at
temperatures below and above 423 K. At temperatures below 423 K,
MCM-41
was formed(pore diameter ~ 30/~), whereas temperatures above
423 K yielded the zeolite ZSM-48(pore diameter ~ 5 A). 13C CP MAS
÷ remains intact in MCMNMRspectroscopy showed that the CI6TMA
41 and ZSM-48.These results are consistent with the idea that organic
aggregation causes formation of mesoporousmaterials, whereasisolated
organicmoleculesdirect the structure of microporous
zeolites (82).
MCM-41 and MCM-48
MCM-41
and MCM-48
are typically prepared via hydrothermal syntheses
+ and silica at temperatures below 423 K (82). MCM-41
with C~6TMA
usually formedwith ratios of CI6TMA+/SiO2
~< 1 (26, 83, 84). MCM-48
has been more difficult to synthesize than MCM-41.
To prepare MCM48, tetraethylorthosilicate (TEOS)is used as the silicon source and the
ratio C~6TMA+/SiO2
is typically 1.1-1.5 (86).
Workersat Mobil suggested that MCM-41
can be obtained via one of
+ cations self-assemble into a
two mechanisms
(84). In the first, C~6TMA
hexagonalarray of rod-like micelles in an aqueousphase (the H~phase).
After formation of the H, phase, silicate species penetrate the region
betweenthe rod-like micelles and condenseto makethe final inorganicorganic material. In the second mechanism,the silicate species affects
micelle formationand acts in concert to produceMCM-41.
Chenet al (26,
87) studied the synthesis of MCM-41
with thermogravimetricanalysis, Xray powderdiffraction, and 29Si NMR
spectroscopy of solid samples
from throughout the MCM-41
synthesis. Moreimportantly, Chen et al
monitored the synthesis with in situ ~4N NMR
spectroscopy, whichcan
detect the presenceof the H~phase. TheH~phase wasnot observedat any
time during the synthesis (87), whichindicates that a mechanism
where
the H~phaseformsis mostlikely not correct.
Chenet al (26, 87) suggested a mechanism
for the formation of MCM41 as shownin Figure 8. Rod-like organic micelles initially form with
random
order. Thesemicelles interact with silicate speciesthroughelectrostatic interactions betweensurfactant cations and silicate anionsto make
micellescoatedwith silicate (a single layer of silica surroundinga rod-like
micelle consists of approximatelyfour silicon atomsper nitrogen atom;
each surfactant head group has an approximatearea of 50 ,~2) (88).
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Fiyure 8 A proposed mechanism for the synthesis of MCM-41.(Adapted from 82.)

Condensation of the silicate species then orders the randomly ordered
composite species to form a hexagonal array. Additional silicate condensation occurs while the species is in the hexagonal arrangement. The
mechanism proposed by Chen et al suggests that MCM-41
has a ratio of
Si/N ,-~ 4 and a wall thickness of roughly 8/~. Consistent with this mechanism, MCM-41has been synthesized with Si/N = 3.5-4.5 (26, 84) and
with wall thicknesses of 8-10/~ (84, 89). Beck et al (84) have also demonstrated that the pore diameter of MCM-41
can exceed the value resulting
+ ions by adding hydrophobic organic
from the exclusive use of C16TMA
molecules, e.g. 1,3,5-trimethylbenzene, to the reaction mixture. Using the
synthesis mechanism proposed by Chen et al, one can rationalize the
mechanism for this enlargement of pore diameter. The small organic
molecules are adsorbed into the rod-like micelles and their diameters are
then increased. This enlargement of the micelle size leads to the increase
in the pore size of the resulting MCM-41
(82). Spegt et al (90)
+ micelles, lending further credence to
documented swelling of C16TMA
the proposed mechanism.Absorption and swelling of the rod-like micelles
maytake place at any time before silica encapsulation (82).
Synthesis

of Microporous

and Mesoporous

Materials

A comparison of synthesis routes for zeolites and ordered mesoporous
materials reveals that manyof the mechanistic steps are similar. Davis et al
(82) provided a mechanismfor the organic-mediated synthesis of ordered
porous materials. This mechanismis discussed below.
Adding an organic molecule to an aqueous liquid-phase can result in
the ordering of water in the vicinity of the organic. This "hydrophobic
hydration" can take place around isolated molecules or organic aggregates
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that have self-assembled. Davis and co-workers (13, 49) proposed that
moleculeswhichdo not order waterwill not be effective structure-directing
agents. Understrongly basic conditions, hydroxyl anions enhance the
depolymerizationof silica whena nonomonomeric
silicon source is used,
e.g. fumedsilica, amorphoussilica. Thehydrated organic entities have
coulombic
interactions with the soluble silicate species, andthe quaternary
ammonium
cations promotethe condensationof the silicate species. Therefore, the geometryof the organic componentinfluences the geometryof
the inorganic species via multipositionalmolecular-levelinteractions (van
der Waalsand coulombic; van der Waalsinteractions becomeimportant
after the silicate species condenseto makehydrophobicdomains)(49).
The inorganic-organic composites then mergeto create materials with
longer-rangeorder. Theassemblyprocess has enthalpic and entropic driving forces; the energetically favorable inorganic-organicinteractions and
the release of ordered water moleculesfromaroundthe organic species to
bulk water in solution favor synthesis of the porousstructures (82). The
inorganic portion can formcrystalline phases in microporousmaterials,
and the properties of the inorganic componentplay a critical role in
determiningthe final structures formed.If self-assembledorganic aggregates behaveas structure-directing agents, manysilicate anions were
neededto balance the charge of the organic cations. As an example,the
product ratio Si/N in MCM-41
is approximately3.5--4.5. This low ratio is
likely the reason that materials such as MCM-41
and MCM-48
do not
havecrystalline walls becausethe amountof silicon required for charge
compensationof the organic cation is too large to permit formationof a
crystalline oxide (82). Zeolites typically haveSi/Nratios of 7 (beta)-23
(ZSM-5).Finally, the syntheses of ordered mesoporousmaterials and
zeolites can be viewedas examplesof a unified strategy of self-assembly
wherebystructure-direction occurs through a numberof noncovalent
interactions between inorganic and organic components.These interactions worktogether, to establish order of increasing length scales
throughoutthe synthesis (82). It should also be noted that the inorganicorganic compositesare formedby kinetically controlled processesin contrast to mesoscopicorganic phases producedin binary water-organicsystems(82). Theseconceptsare also importantin biological assembliesand
in the inorganic-organiccompositesof biomineralization of pure organic
phases(91).
SUMMARY AND FUTURE

DIRECTIONS

Themechanisms
by whichporoussilicates are formedstill remainunknown.
Here wehave provided an overviewof the types of information that are
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currently available that enable one to begin to rationalize the assembly
processes. Usingexisting data, partial designs of synthetic strategies are now
appearing, e.g. SSZ-26, ZSM-18.Ultimately, the hope is that completely
designed syntheses can be accomplished. By comparingand contrasting the
assemblyprocesses of porous silicate synthesis to those of other self-assembly
processes, e.g. biomineralization, the elucidation of universal rules of construction for inorganic-organic composites maybe possible. At this time, we
believe that the mostcritical issues in the area of poroussilicate synthesis are
investigation of the nucleation process and determination of the precise
structures of the nuclei. If these issues can be resolved, we believe that porous
silicate synthesis by design will becomea reality.
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