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1. Introduction

The past two decades have seen exciting advances in the
discovery, improved synthesis, processing, and molecular-
level engineering of new inorganic materials having special-
ized electronic, ceramic, and structural applications. Many
such materias share two common characteristics: they are
complex in structure and composition and they must be
prepared by a series of steps under carefully controlled
conditions. The use of low-temperature agueous synthesis
conditions, with appropriate attention to pH, inorganic and
organic structure-directing agents, and subsequent drying and
calcination protocols has led to a wealth of new and often
metastable crystalline polymorphs, to amorphous materials,
and to fine powders with particles of nanoscale dimensions.
Such materials are not constrained to be in chemical
equilibrium with their surroundings and do not necessarily
represent the state of lowest free energy. The abundance of
possible new structures formed begins to mimic the riches
of organic chemistry, where the fact that all complex organic
and biological molecules are metastable under ambient

* To whom correspondence should be addressed: anavrotsky @ucdavis.edu.
" Nanomaterials in the Environment, Agriculture and Technology - Orga-
nized Research Unit

* Current address: Setaram Inc, Newark, California 94560

10.1021/cr800495t CCC: $71.50

Received October 23, 2008

conditions with respect to a mixture of carbon dioxide, water,
and other smple gasesisirrelevant except in a conflagration.

Liberation of ceramic science from the tyranny of high-
temperature equilibrium thus is leading to new materials
synthesized more quickly, at lower cost, and under environ-
mentally more friendly conditions. Thereis, of course, aprice
to pay. First, the synthetic procedures are more complex than
traditiona “mix, grind, fire, and repeat” ceramic processing.
Second, and more importantly, relatively little is known about
the long-term stability in either a thermodynamic or a kinetic
sense, of the materials formed, about their degradation
during use, and about materials compatibility. Two examples
of such problems are the potential corrosion of materials by
ambient H,O and CO, and the collapse to inactive phases
of complex zeolitic and mesoporous catalysts under operating
conditions. Chemical reactions in metastable materials are
governed by an intertwined combination of thermodynamic
driving forces and kinetic barriers. For this rich landscape
of new materials, neither the depths of the valleys nor the
heights of the mountains are known; indeed, one cannot even
always tell which way is energetically downhill.

Families of microporous and mesoporous (synthetic and
natural) framework materials promise applications for a better
and greener future. Aluminosilicate zeolites are by far the
most familiar members of alarger group of crystalline porous
materials with pore sizes less than 2 nm. They have found
many uses in industrial and domestic settings including
applications in the petrochemical industry as catalysts for
petroleum cracking, agriculture as soil treatments, medicine
for production of medical-grade oxygen, nuclear waste
disposal, water purification, and detergents. Despite tremen-
dous efforts undertaken by many groups around the world,
a complete understanding of underpinning fundamental
principles that govern formation of zeolites and mesoporous
materials is still missing. This presents limitations to the
discovery of new frameworks with optimized properties.

What, then, is the role of the thermodynamics and
thermochemical measurements for these new and exciting
materials? Enthal pies and free energies of formation and the
energetics of metastahility are useful in two major contexts.
Thefirst isthermochemical datafor the calculation of phase
relations, of materials compatibility, and of optimal synthesis
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conditions. Such equilibrium calculations are viewed by some
as mundane. They are indeed mundane in the sense of being
pertinent to the real world and essential for rational design
of processing, fabrication, and encapsulation of components
for lowest cost and longest life. Here the abundance of new
materials has simply outrun the thermochemical database.
The second area of relevance of energetics is in providing
insight into the factors relating to structure, bonding, stability,
and reaction mechanisms. Are many different structures
accessible, what is their energetic cost, and what microscopic
features (for example, cation size, bond angles, bond lengths,
covalency) favor or limit the formation of a given structure?
Such systematic understanding puts synthesis into a more
rational and predictable context. The wealth of structures and
complexity of interactions suggest an energy landscape, with
small differences in energetics defining many local minima
in free energy.

This review focuses on the energetics of two particular
classes of generaly metastable materials, the mesoporous
and microporous framework structures, represented by zeo-
lites and their relatives. There are a number of excellent
reviews dedicated to synthesis and structure of zeolite and
mesoporous materials. Some touch upon the subject of
thermochemistry of these materials, but none of them provide
a comprehensive and rigorous summary of thermodynamic
properties in a systematic fashion. Cundy and Cox gave the
most complete account of “the discoveries and advances in
thinking in the field of zeolite synthesis from the 1940s up
to late 2002” in the 2003 review! and revisited the topic in
their 2005 review.? They also provided an exhaustive list of
previous reviews on subjects related to zeolites synthesis and
structure.r An important review focusing on structure and
topology of zeolites and related materials has been published
by Smith.® The nomenclature and structure of zeolites are
given in anumber of publications by the International Zeolite
Association (1ZA) Structure Commission.*® In an earlier 1997
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Figure 1. (a) Sodalite structure, Nag[AlSiO,4]¢Cli,. Note 5-cages that contain aternating SiO, (green) and AlO, (blue) tetrahedra, and a
central anion (yellow) surrounded by tetrahedrally coordinated cations (red). (b) Sodalite 5-cage structure is composed of cubo-octohedra
(green) with Si and Al atoms at the apexes. (c) Chabazite (CHA) structure, CaAl,Si 404, 6H,0. Caatoms are light blue. Al and Si tetrahedra
are purple. (d) Faujasite (FAU) structure, (Na,,Ca,M@)35AI17Si17048° 32H,0. Na, Ca, and Mg octahedra are yellow. Al and S tetrahedra are

blue. Water molecules are orange.

review on zeolitic materials, Cormaf outlined their synthesis
and uses for catalytic applications. Accounts of catalytic
applications of mesoporous materials are also given by
Taguchi and Schuth.” Corma and Davis®® analyzed advances
in fabrication of new porous solids with ordered structures
tailored to a variety of applications and highlighted future
directions in the synthesis of low-density zeolites and related
materials. The review by Sefeik and McCormick, published
a decade ago,'° gave a detailed outline of the agueous
equilibria of silicate solutions and laid the foundation for
further studies of solution thermodynamics and crystallization
diagrams of zeolite.*"* Rimer et al.** summarized recent
developments in analyses of self-assembly and growth of
zeolite nanoparticles from the viewpoint of structure and
solution equilibria. Progress in computer simulations of
zeolite growth using molecular templates is reported in a
recent review by Sastre.’® Synthesis of aluminophosphates
is discussed by Yu and Xu.'

2. Zeolites

2.1. General Remarks

Zeolites comprise awide range of structures and composi-
tion. Up to date (Jul 2009), the International Zeolite
Association (1ZA) Structure Commission has assigned 179
Framework type Codes corresponding to distinctive zeolite
topologies with afew new structures being added each year.*

The TO, tetrahedron is the basic building block in zeolites
with T usually being silicon with common substitution by
aluminum. Naturally occurring zeolite minerals are typically
hydrated aluminosilicates.*”'® They contain alkali and alka-
line cations and water moleculesin large channels or cavities

within a porous framework formed by joining AlO, and SiO,
tetrahedra at their apexes, with each tetrahedron being linked
to four others (see Figure 1). Synthetic zeolites including
silica-rich modifications and anhydrous pure SiO, materials
with alarge number of zeolite frameworks (some analogous
to natural zeolites, many new) have been the focus of intense
synthetic effort. Thus, the aluminosilicate zeolites can be
structurally related to the pure silica materials by the
following substitution scheme.

Si** (in framework) = AI*" (in framework) +
1/n M"™ (in channel or pore) (1)

The IUPAC has developed recommendations for how to
write a crystal chemical formula of a zeolite per crystal-
lographic unit cell as shown in the following scheme.*®

|guest composition|[host composition],,
{ host structure} { pore structure} (Sym)  (2)

However, other methods are used in the literature. For
example, chabazite (CHA, Figure 1c), a common mineral
and synthetic material, can be idealized in its pure calcium
and fully hydrated form, to be CaAl,Si401,+6H,0, reflecting
a formula with the smallest integral number of atoms.
However, a unit cell of this material is based on 24 oxygens,
and the formulais often given as CapAl4Sig024 12H,0. When
energetics of the framework are compared with the parent
compound, silica, SIO,, from which all framework structures
can be derived, we choose to use a two-oxygen formula unit
(or mole of tetrahedra TO,, T= metal in tetrahedra), which
gives chabazite the formula CayeAl 13Si230,° H,0, with the



Downloaded by UNIV MAASTRICHT on September 9, 2009 | http://pubs.acs.org
Publication Date (Web): July 28, 2009 | doi: 10.1021/cr800495t

3888 Chemical Reviews, 2009, Vol. 109, No. 9

anhydrous form falling 1/3 of the way across the
XCaysAl0,—(1 — X)SIO, jain.

The hydration of a zeolite can be presented in a general
form as

M n+)xlnA|xSi 1-xO2 + MH,0 =
M nJr)x/nA 1,Si;_OynH0  (3)

Substitution of silicon with phosphorus, germanium, or
other metals creates another emerging class of zeolite-like
materials or zeotypes that are also considered in this review.
The aluminophosphate (such as AlPO,4) and gallophosphate
(such as GaPO,) are families of substitution of tetravalent
silicon by a trivalent and a pentavalent cation, with no
extraframework cations

25%" = Al**(or Ga**) + P°* (4)

In aluminosilicate zeolites, the degree of Al—Si order in
the framework can be variable (and is often unknown),
whereas in aluminophosphates, the AI®" and P°' ions
aternate in afully ordered array. This aternation of charges
in such 11—V frameworks results from relative instabilities
of AlI—O—Al and P—O—P linkages, and leads to only
structures containing rings with even numbers of tetrahedra.'®
The number of aluminophosphate open frameworks can be
significantly extended by including interrupted ionic frame-
works with the AI/P ratio less than one.® These ionic
frameworks add to the riches of open framework materials
that find almost no analogues among zeolites. The rear
examples of zeolite interrupted frameworks include partheite
(-PAR), SSZ-74 (-SVR), and a few others. They decompose
upon template removal. No thermochemical data are avail-
able for them, and they are not discussed further in this
review.

The accessible internal surfaces and pore volumes within
the channels form a unique environment for controlled
chemical reactions. Synthetic zeolites represent a multimillion
dollar industry, with applications ranging from catalytic
cracking of petroleum, to gas separations, to detergents.51820
Creation of new zeolite frameworks and compositions, with
cage size and acidity tailored to specific applications,
continues to be an active area of both academic and industrial
research.»?1~23 Yet, until recently, it was generally assumed
that most zeolites are metastable phases whose synthesis is
controlled by kinetics and aided by molecules added as
“templates’ or “structure-directing agents’. The extent of
metastability, the differences in energy between different
framework topologies for the same composition, and the
effect of compositional variation on energetics could only
be subjects of speculation.?* Recent thermochemical data,
obtained largely by high-temperature oxide melt solution
calorimetry, have begun to fill in the details of zeolite
energetics. %

Thermodynamic stability should not be confused with
“thermal stability” interms of kinetics. Thermal stability from
akinetic point of view is related to experimental conditions
under which a metastable material decomposes on heating.
As shown in this review, zeolites are synthesized under
conditions where they are thermodynamically stable with
respect to the starting materials (agueous solutions, gels,
nanoparticles); thus, their formation reactants are, and indeed
must be, “downhill” in free energy. In contrast, their
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anhydrous forms are greatly metastable with respect to
anhydrous assemblages of denser phases.

From the viewpoint of practical applications, it is highly
desirable to construct thermally and hydrothermally stable
materials with large pores.®®3! Although zeolites are well-
studied microporous materials with highly organized crystal-
line structure, their channel dimensions are limited to less
than 1 nm.° A magjor challenge for synthetic chemists is to
overcome this limitation and design ordered frameworks with
large pores. Larger pores from 2 to 50 nm are now easy to
obtain in mesoporous silica molecular sieves with amorphous
walls.3?3% Emerging and promising applications of these
materials now include not only catalysis, separation, and ion
exchange®"°33 put also more unusual uses such as contrast
agents for diagnostic magnetic resonance imaging,®* hosts
for laser dyes® and templates for metal nanowires,3 40
semiconductor nanowires,*#? carbon nanotubes, and poly-
mer—carbon composites.®

Thisreview focuses on several related questions. (1) What
is the effect of framework type on the enthalpy, entropy,
and free energy of a zeolite of a given composition? (2) For
agiven framework, what are the energetics of ionic substitu-
tions (e.g., asin egs 1 and 4), and how does the enthalpy of
a given substitution vary with the framework type? When
the substitution involves different cations (e.g., Na and K),
the thermochemical data are directly relevant to ion ex-
change. (3) What are the thermodynamics of hydration and
how do they vary with framework type and composition?
(4) As controlled by the systematics above, which zeolites
have thermodynamic stability fields and which are purely
metastable phases? (5) What do the systematics above imply
for zeolite synthesis and the role of the structure-directing
agent (SDA)? What other energetic information is available
about framework—SDA interactions? These issues are rel-
evant to a number of other phenomena that will not be
touched upon in this review. The energetics of hydration and
cation binding clearly help define the “acidity” of a given
framework site and its ability to bind other molecules and
catalyze reactions. The relations between thermodynamics
and kinetics, between driving forces and rates of reaction,
will not be reviewed here. Reflecting the thermodynamic
emphasis of this review, little discussion will be offered
regarding the mechanisms of zeolite formation and reactions
in the pores, though energetics play acrucia role in defining
possible pathways.

In this context, computer-assisted thermodynamic calcula
tions offer additional insights into energetics of framework
structures. Quantum mechanical (QM) calculations and
molecular dynamic (MD) studies of zeolites are computa
tionally demanding because the zeolite crystallographic unit
cells may contain hundreds of atoms. Therefore, many
simulations, especially ab initio calculations, are performed
on smaller, cluster systems. In MD simulations, force-field
potentials are parametrized to accurately describe interatomic
interactions and resulting structures. The accuracy of energy
calculations is a sticking point even for the most compre-
hensive QM methods. The 1 kcal/mol (4 kJ/mol) accuracy
milestone for predicting lattice energies is still to be
overcome by QM and MD methods, while calorimetry
obtains errors of about £1 kJ/mol (per mole of tetrahedra).
The accuracy of predicted formation enthalpies is often no
better than 10 kJ/mol .4

The extensive body of studies on zeolites employing
computational methods can be divided into two main groups
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that concern (1) stability/formation energetics of zeolitic
structures including location and ordering of cations within
the framework and their interaction with the framework and
(2) interactions of the zeolite framework with atoms and
molecules that are not part of the zeolite structure.

The first group of studies deals with calculations of
equilibrium geometry/structure and relative stabilities of
zeolites. The essence of these studies lies in identifying the
most stable configurations and finding structures with the
lowest formation energy by energy minimization methods.*5%
In this regard, computational studies by density functional
theory (DFT) and molecular mechanics (MM) have been very
useful in structure refinement studies of zeolites in which
structure determination cannot be done by experimental
X-ray and neutron diffraction methods alone.*>#* The
second large group of studies covers a wide range of topics
including investigations into adsorption of guest atoms and
molecules, host—guest chemistry, and acid—base and cata-
lytic properties of zeolites.*® Much progress has been made
in identifying preferential sites of adsorption, catalytic
activity and pathways of catalytic reactions, and calculating
adsorption energies and diffusion coefficients of guest
molecules. 52 Calculations by DFT and MD methods and
identification of vibrational modesin IR spectraand chemical
shifts in NMR data of guest molecules are important in
assessing catalytic activity.5%55 Water plays an important
role in this class of host—guest systems. Ab initio methods
have been widely used to calculate hydration of alumino-
silicate and aluminophosphate zeolites, e.g., location and
distribution of framework water.566!

Along the same lines, experimental data on energetics,
primarily obtained by calorimetry, are essential to deriving
refined forcefields for MD and MM calculations of zeolites
containing extraframework cations, water, and other guest
molecules such as aromatics.?#5"627% This review is not
aimed at giving either a representative overview of compu-
tational methods or in-depth analysis of results obtained by
these methods. Readers are referred to various reviews and
journal articles on the subject.»15453 Yet a few important
computational works on the subject of the review will be
discussed.

2.2. Anhydrous High-Silica Zeolites

The energetics of silica-based materials including silica
gels, glasses, and microporous and mesoporous materials
have been studied extensively by high-temperature oxide melt
solution calorimetry over the past ten years (see Table 1 and
Figure 2). In particular, Petrovic et al.®” found that the range
of energies in anhydrous silica zeolites is quite narrow
(6.8—14.4 kJmol above quartz). The study by Piccione et
al.?” extended the earlier work® of Petrovic et al.%” to alarger
range of better-characterized materials and drew similar
conclusions (see Figure 2).

Since amorphous silicas derived from gels are higher in
energy than fused glass by 0—10 kJmol, silica zeolites and
amorphous silicas occupy an overlapping range of energies.

For a discussion of zeolite synthesis and overal picture
of the framework energetics, it is important to compare the
metastability of anhydrous silica to that of species in the
“mother liquor”. In a hydrothermal synthesis, components
in the mother liquor, which include a silica source, a base,
and an SDA, undergo a series of continuous and sometimes
stepwise transformations to form the final framework. These
transformations are governed by energetics of interactions
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between the components, reflecting both thermodynamic
driving forces and kinetic barriers. Thermodynamic param-
eters provide a means to cal culate the thermodynamic driving
forces that influence terms in kinetic equations governing
the rates of decomposition, crystallization, dissolution, phase
separation, and other processes. The product of the gas
constant and the absolute temperature, RT, is a suitable
reference to compare the average available thermal energy
to the energetic “cost” of metastable products or intermedi-
ates. At 373 K, atypical synthesistemperature, this available
thermal energy is only 3.1 kJmol. Therefore, energetic
barriers of this magnitude can be overcome through a series
of transformations involving interactions among the com-
ponents in the “mother liquor”. Since the energy (and free
energy) differences between amorphous silica and various
frameworks is often of the same magnitude, this suggests
that formation of a zeolite framework from amorphous silica
is not hindered energetically under typica synthesis conditions.

Figure 2 shows a consistent trend among zeolitic silicas,
mesoporous silicas, and aluminophospate. Their enthalpy
relative to quartz increases with increasing molecular volume
(MV) but seems to level off at values near 30 kJ/mol. There
have been attempts to reveal a more detailed picture of the
stability landscape for silica zeolites by finding correlations
between microstructure of the framework (presence of
strained rings) and framework stability. Yet calorimetric
experiments suggest complex interactions among different
factors affecting overall energy landscape of a given
framework. The formation enthalpy data for MEI (ZSM-
18), a silica zeolite with three-membered rings, exemplify
these effects. The enthalpy for MEI (13.9 kJmol above
quartz) lies some 3 kJ/mol higher than that of EMT having
similar molar volume but no three-membered rings (see
Figure 2). Similarly, the enthalpy of moganite, a structure
derived from quartz by twinning on the unit cell scale, with
avolume similar to quartz but probably containing strained
rings at the twin boundaries, lies some 3 kJ/mol above that
of quartz. In contrast, FAU has enthalpy and molar volume
values similar to those of MEI but has no three-membered
rings. These observations, plus the fact that coesite, a high-
pressure SiO, polymorph denser than quartz, is higher than
quartz in enthalpy at atmospheric pressure, definitely show
that energy does not scale in any simple monotonic fashion
with MV (or framework density (FD)) if energy resolution
better than the thermal energy is required. On alarge energy
scale (resolution ~ 2RT), formation enthalpies of high-silica
zeolites and mesoporous silicas increase nonlinearly with MV
(see Figure 2), imposing little energetic limitations to the
synthesis of these structures.

Boerio-Goates et al.® showed by heat capacity measure-
ments using adiabatic calorimetry that the entropic factors
(TAS term) for severa silica zeolite frameworks are not
dominant in zeolite stability. Different silicaframeworks have
almost identical standard entropies (Seg), reflecting the strong
tetrahedral bonding in the framework. Yet the entropic
contribution could be important when considering the high-
temperature behavior of zeolites. Some theoretical studies™™
predict high-temperature stability fields for zeolites such as
MFI stemming from the increasing role of entropy in the
overall free energy of formation, but this has not been seen
experimentally.

Computational studies have been important in understand-
ing correlations that might exist between framework insta-
bilities and specific structural parameters. Early studies of
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Table 1. Thermodynamic and Structural Properties of Selected Microporous and Mesoporous Materials

framework density, molar volume, AHZB ASBa
framework Si/nm® cm¥mol kJ/mol of TO, J(K+mol) ref
AFI 17.80 33.83 7.2 27
AST 17.29 34.83 109+ 1.18 27
BEA 15.60 38.60 9.3+ 0.82 449+ 0.1 27, 28, 68
CFI 18.28 32.94 8.8+ 0.81 27
CHA 15.40 39.10 114+ 1.47 27
EMT 13.0 46.51 105+ 09 67
FAU 13.45 4477 13.6 47+0.1 27,28, 68
FER 18.43 32.67 6.6 27
IFR 17.03 35.36 10.0 +1.17 27
1SV 15.36 39.21 144+ 1.07 27
ITE 16.26 37.04 101+ 121 27
MEI 14.2 42.12 139+ 04 67
MEL 17.80 33.83 82+134 27
MFI/F 17.97 33.51 6.8 +0.80 451+0.1 27,28, 68
MFI/OH 17.97 3351 8.01+ 0.82 46.3+ 0.2 27,28, 68
MTW 19.39 31.06 8.7 27
MWW 16.51 36.47 104+ 1.45 27
STT 16.83 35.78 924122 27
quartz 26.52 22.71 0.0 415+ 0.1 27,28, 68
cristobalite 23.37 25.77 2.84 434+0.1 27,28, 68
moganite 26.22 22.97 34 27
coesite 29.26 20.58 2.93 385+ 0.3 27, 28, 68
tridymite 22.61 26.63 321 439+ 04 27, 28, 68
0.33Ge-1TQ-21 14.03 42.91 21.88 +0.35 69
0.09Ge-1TQ-21 14.29 42.12 20.89 + 0.22 69
0.05Ge-1TQ-21 14.47 41.60 18.94 + 0.41 69
0.24Ge-1TQ-22 17.53 34.34 14.82 + 0.47 69
0.20Ge-1TQ-22 17.57 34.26 14.79 + 0.33 69
0.11Ge-1TQ-22 17.68 34.05 14.71 + 0.42 69
CaSi,0s5 7.60 + 4.27 70
berlinite 23.23 0+ 054 71
AlosPosO02-5 34.27 7.0+ 215 71
AlosPos0.-8 34.32 5.56 + 1.42 71
AlosPosOx-11 30.44 6.18 +1.17 71
AlosPos0x-42 42.01 7.82+1.94 71
VPI-5 42.26 8.38 + 2.26 71
MCM-41 3 71.59 19.33 + 0.98 72
MCM-41 4 72.79 18.96 + 0.49 72
SBA-15 5 110.04 23.20 £+ 0.56 72
SBA-15 6 102.83 23.49 4+ 0.39 72
SBA-15 7 66.78 24.72 + 0.54 72
SBA-15 8 100.43 2454 + 1.38 72
SBA-15 9 93.82 26.11 + 0.99 72
SBA-15 10 104.63 25.76 +£ 1.53 72
SBA-15 11 96.22 2522 +1.29 72
SBA-15 12 131.07 24.58 + 0.81 72
SBA-15 15 107.64 27.12+0.88 72
SBA-15 19 86.61 26.70 £ 0.48 72
SBA-15 22 87.81 27.59 + 0.50 72
SBA-15 24 145.49 3139+ 0.94 72
SBA-15 26 167.12 31.32 £ 1.53 72
MCM-48 2 72.19 2468 £ 0.74 72
MCM-48 3 75.79 25.06 £ 0.61 72
SBA-16 4 58.97 26.60 £ 0.37 72
SBA-16 5 61.97 2462 £ 1.13 72

aMeasurements of heat capacities necessary to calculate entropies are labor-intensive and have traditionally required large samples. Thus, the
number of zeolites for which such measurements have been made is limited.

energetics of silica zeolites’™ were purely theoretical, as
no reliable thermochemical data were available at the time.
Kramer et al.,”® Civaleri et a.,”” and de vos Burchart et al.”™
established the basis for further studies by presenting
calculated formation enthalpies for a wide array of zeolites.
They noted that energetics of zeolites are similar within 10
kJmol, and there is a linear correlation between the
energetics of zeolite and FD. These calculations were done
using empirical forcefields. The work by Petrovic et al.%”
spurred a new wave of research into energetics of zeolites
using modern computational methods.%37%-8 Ap initio
calculations on both molecules and extended systems have

suggested that Si—O—Si bond angles below 135° destabilize
zeolitic structures.®

There has been extensive computational work attempting
to predict energetic stability, pore-volume relationships, and
flexibility of existing and hypothetical zeolite frameworks,
mostly in their siliceous forms. The main objectives have
been to assess the plausibility of their successful synthesis
and application in novel processes. Examples include studies
by Foster et al.,2°~8 Zwijnenburg et al.,®>88 and others®>%
that compare enthalpies of formation for a range of SiO,
phases, namely, siliceous zeolites and SiO, dense poly-
morphs. The energetics calculated using DFT show an overall
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linear correlation with measured values, but both consider-
ably underestimated or overestimated computed enthalpies
are often observed.®®

Utilizing methods of molecular mechanics, Moloy et al.%
calculated internal surface areas for a number of zeolite
structures and showed that the energetics can be correlated
with internal surface area, giving a surface energy of 0.09
Jm?, comparable to that of amorphous silica® This rather
small surface energy and the dominance of internal over
external surface area explains why the enthalpy of silicaMFI
does not depend on particle size (in the particle size range
>40 nm) as demonstrated by solution calorimetry of Li et
a|_95

2.3. Anhydrous Aluminosilicate Zeolites

Navrotsky and Tian®® systematically analyzed how ener-
getics of anhydrous aluminosilicate zeolites depend on
framework type, auminum content x = Al/(Al + Si), and
charge-balancing cation (eq 1), and compared their energ-
ertics with those of corresponding aluminosilicate glasses.
Thiswork was a continuation of an earlier study by Petrovic
and Navrotsky?® on Na—FAU with varying Si/Al ratios. The
calculated formation enthalpies for a series of the glasses
with M = Li, Na, K, Rb, Cs, Mg, Ca, Sr, Ba, and Pb,
reported by Roy and Navrotsky,®” have been shown to fan
out with increasing endothermic slopes as the basicity of the
charge-balancing cation increases (Figure 3a).

The calorimetric data® for zeolites with different cations
(Li, Na, K, Rb, Cs, Mg, Ca, Sr, Ba, and Pb) suggest energetic
trends similar to those seen in glasses (Figure 3b). Table 2
lists, on a two oxygen basis, the enthalpies of several
anhydrous alkali and alkaline earth aluminosilicate zeolites,
reflecting different degrees of framework openness, compared
to the dense stable phase assemblages and the glass. Figure
4 shows measured enthal pies of formation for several sodium
aluminosilicate systems: glasses, dense stable phases (quartz,
enpheline, feldspar), and a series of zeolites. The vertical
displacement of the approximately parallel lines observed
reflects the small enthal pies associated with the differences
in structure, dense framework versus zeolite versus amor-
phous, as discussed above. The paralleled trends strongly
suggest that the enthalpy of the substitution reaction (eq 1)
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is approximately constant for a given cation, independent
of the details of long-range structure. These general trends
apply to other charge-balancing cationsin a variety of other
structures,®® implying that they can be used to predict
energetics of framework structures in general.

Enthalpies of substitution for glasses, dense phases, and
zeolites as a function of the ionic potential suggest a trend
of increasing stabilization (more negative slope) with de-
creasing ionic potential (Figure 5).

Therefore, in anhydrous aluminosilicate zeolites, the
energetics of substitution of Al and a charge-balancing alkali
or alkaline earth cation follow similar trends as in corre-
sponding glasses. The most stable substitutions are those
involving large alkalis. These correlations form a useful
predictive tool for zeolite energetics and ion exchange (at
least in systems that are anhydrous or only weakly hydrated).

2.4. Zeolite Hydration and Cation Exchange

Negatively charged zeolite and zeolite-like frameworks can
accommodate a wide variety of extraframework cations,
including Na*, K*, Ca?*, Mg?", and many others. These
cations are relatively loosely held and can readily be
exchanged for others in an aqueous solution. This property
of zeolitesis exploited in ion exchange in water purification,
softening, and other uses. The broad field of ion exchange
is not the focus of this review, and the reader is directed to
several comprehensive reviews.%%

The extensive internal volume of zeolitic frameworks may
not be fully occupied by charge-compensating cations,
leaving room for molecules such as water to enter the cages.
Water can hydrate cage-residing cations, go into various
adsorption sites offered by the framework geometries, or
form clusters of various sizes. Water in high-silica zeolites
shows distinct behavior because these frameworks are much
less hydrophilic than those of aluminosilicates and they
contain no charge-balancing cations.'” Considerable interest
has been drawn recently to pressure-induced hydration of
hydrophobic zeolites because there are many interesting
phenomena and water structures occurring at high water
pressure far from equilibrium conditions of typical zedilite
synthesis, 100-102

These multiple mechanisms of water incorporation com-
plicate the picture of cation/water molecule packing and free
energy landscape. In this section we first make some general
observations and then present examples of the complex
behavior for a number of specific systems.

The first general observation is that the incorporation of
water is most exothermic at low water content and becomes
less exothermic with increasing hydration.’®® In some zeo-
lites, hydration occurs stepwise, with distinct phases of
stoichimetric water content.®*1% |n other zeolites, water
molecules show a continuum of energetics seen as a gradual
and continuous change in water content and in the partia
molar hydrationenthal py and nodistinct changein structure.>1%

A second general feature is that hydration stabilizes the
zeolite, often enough to give the hydrated open framework
phase a true thermodynamic stability field near room
temperature, with the favorable hydration energy (20—40
kJmol of water relative to liquid H,O) compensating the
metastability (7—15 kJmol of TO,) of the anhydrous
framework with respect to dense structures such as quartz,
feldspar, or nepheline. The energetically favorable but
entropically costly interactions leading to the observed
enthal py—entropy correlation are those of water molecules
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Table 2. Measured Enthalpies of Formation of Anhydrous Zeolites at 298 K, Per Mol of Tetrahedra

x2 structure® formula AHP(oxides), kI Mol ~* of TO, ref
0.292 Li-FAU Llo 212N &g 062C20, 001A|0 29290 70002 —5.24 4+ 0.46 107
0.180 Na-MOR Nay, 180)A|0 1805|0 82002 —6.46 & 0.40 96
0.256 Na-FAU N30255A|02555|074402 —22.66 + 1.00 26
0.280 Na-FAU Nag28Al 0285107202 —21.32+0.59 103
0.280 Na-FAU Nay 280Al0.280510.7202 —22.06 £+ 0.56 96
0.285 Na-FAU Nay 285Al0.2855 0. 71502 —26.64 £+ 1.00 26
0.444 Na-FAU N&o.444Al 0,424 0 55602 —41.79 + 1.00 26
0.182 Na-HEU Nag 182Al0.182Si0.81802 —14.11 + 045 96
0.333 Na-ANA Nao 3532l 0.535i0.66702 —33.82+ 137 134
0.459 Na-CHA Nay, 459A|0 45gS|0 54102 —49.47 £+ 15.9 103
0.182 Na-HEU Nag 098K o, 035A|0 18230 81802 —20.86 +£ 0.74 96
0.182 Na-HEU Nag.110K 0.048C20. 012A| 0. 13290 81802 —13.43 + 0.64 96
0.180 K-MOR K 0.180Al0.180Si0.82002 —25.25+ 0.57 96
0.280 K-FAU Ko.26N@0,02Al0.28Si0.7202 —48.03 £ 0.72 103
0.182 K-HEU Ko.182Al0.182Si0.81802 —26.50 £ 0.48 96
0.200 Rb-FAU Rbo.20Nag.06A 10285107202 —34.34+ 054 103
0.280 CsFAU Csp1Nag, 07A|0 2880 720, —36.09 + 0.46 103
0.180 Ca-MOR Ca9,000Al0.180510.82002 249+ 0.40 96
0.280 Ca-FAU Ca9.14A1028S10.7202 —3.41+0.53 103
0.180 Ca-MOR Cay 056N 20,068 0.180S1 0.82002 —5.94 4+ 0.66 96
0.333 CaLAU Cag.167A10.333S10.66702 —-126+ 111 115
ax = Al/(Al + Si). ® Three-letter symbol denotes zeolite structure; see ref 4.
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Figure 4. Enthalpies of formation at 298 K from the oxides as a
function of x = Al/(Al + Si) for (a) al glasses and (b) all zeolites.
Reprinted with permission from ref 96. Copyright 2001 John Wiley
& Sons, Inc.

with the alkali or akaline earth cations, those of water
molecules with the walls of the cage, and, to alesser extent,
those among the water molecules themselves. In a sense,
the zeolite framework is but a container to allow the most
favorable possible hydration state.

Because hydration is exothermic in enthal py but negative
in entropy, such stability is limited to low temperature and

(zfr) [nm]!

Figure5. Enthalpies of substitution for glasses, dense phases, and
zeolites as a function of the ionic potentials. Reprinted with
permission from ref 96. Copyright 2001 John Wiley & Sons, Inc.

hydrated zeolites usually become thermodynamically un-
stable with respect to dehydration and structural collapse
above ~500 K. Since zeolite synthesis generally occurs under
hydrothermal conditions at 300—450 K, both in nature and
in the laboratory, hydrated zeolites form. The zeolite in its
hydrated form is thermodynamically stable with respect to
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Figure6. Enthalpy versusentropy of formation of hydrated zeolites
from dense anhydrous aluminosilicates plus liquid water. Data
mainly from Robie and Hemingway.**

the starting materials under synthesis conditions, though a
particular phase may not always represent the hydrated
structure of lowest free energy. Furthermore, applications
to sorption, desiccation, and ion exchange often involve the
hydrated forms. Thermodynamic and Kkinetic factors are
closely intertwined in studies of hydration/dehydration, with
isotherms of water content versus water fugacity showing
several distinct hysteretic forms.1%

A third generalization is the ubiquitous competition or
compensation of enthalpy and entropy contributions to the
thermodynamic properties. Hydration, as mentioned above,
reflects a balance of favorable energetic and unfavorable
entropic factors. Furthermore, their magnitudes appear cor-
related. Figure 6 shows that, as the enthalpy of formation
becomes more negative, the entropy of formation becomes
more negative. Thus, the Gibbs free energy of reaction, AG
= AH — TAS represents a compensation of enthalpic and
entropic factors, and AG variesless strongly among different
zeolites than AH or ASindividualy.

A final generalization, or cautionary note, is that, whereas
formation energetics of anhydrous zeolites from the binary
oxides follow clear trends related to the aluminum content
and the basicity of the extraframework cation, the energetics
of hydration vary from system to system without following
obvious trends related to these crystal chemical parameters,
as pointed out by Yang et . Thisimplies closely balanced
competition among severa factorsin determining hydration
energetics.

Computer simulations have been very productive in
providing conceptual as well as quantitative models of both
continuous and stepwise hydration. The mechanism behind
continuous behavior is gradual structural rearrangement
involving hydrated cations and water molecules. Simulations
indicate that cation redistribution, multistep hydration of
cations, and weakening of interactions between extraframe-
work cations and the framework upon water uptake may all
occur continuously for a number of zeolites including
Na—zeolite Y %1% NaX,% and Na mordenite.® We note also
that both calculated and experimental data relevant to the
energies of hydration refer to temperatures of room temper-
ature or below (0 K for many computations), and data for
hydration energies at higher temperature are unavailable. In
agueous solution, cations become more weakly hydrated and
tend to associate more strongly with anions as temperature
increases, but this mainly reflects change in the solvent
properties of water. Since cations within zeolite cages are
solvated by only alimited number of water molecules, it is
reasonable to expect temperature effects on hydration
energetics to be smaller.

For many other cases, numerous studies'®1% indicate that
water occupies several distinct structural sites, and that the
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water which goes on first and comes off last is held more
tightly (and, hence, more exothermically) than that which
comes off first and goes on last in a hydration/dehydration
cycle initiated by change of temperature or water fugacity.
Using computer models, energy distribution functions can
be calculated and corresponding water adsorption sites can
be identified, adding to the evidence of multistage sorption—
desorption behavior.8*¢> Many simulations point to the
existence of two kinds of water, especialy in phases having
large free volume such as zeolite A or Y: one being
coordinated water in hydration shells of the extraframework
cations and the other associated with bulklike almost free
water not forming direct bonds with cations.

Several aspects of this complicated picture of hydration
are directly supported by MD simulations in chabazite,®
showing that water is strongly coordinated to Ca?™ at low
hydration levels, while in the fully hydrated state, a large
fraction of water molecules behaves as liquid water. How-
ever, one has to be cautious not to confuse energetic types
of H,O observed by therma analysis, temperature-pro-
grammed desorption, or phase equilibria with crystal-
lographic sites for H,O identified in diffraction studies or
computer simulations. The number of distinct types of H,O
seen in hydration energetics need not be the same as the
number of distinct crystallographic sites for water molecules.
For example, clinoptilolite has 5 distinct crystallographic H,O
sites, but phase equilibria revea only one energetic type of
H,0.11011 Fyrthermore, water molecules sitting in a static
fashion on preferred crystallographic sites represent a simpli-
fied picture of water ordering in zeolites. MD simulations
suggest that H,O molecules may migrate at room temperature
from one preferred site to another. This is especially true
for large-channel zeolites such as zeolite A in which water
is shown to diffuse between o- and - cages.!'?

Methods of high-temperature oxide melt solution calo-
rimetry*® now permit one to accurately elucidate energetics
for awide range of materials, and as aresult, new and revised
values of formation enthal pies are now available for natural
and synthetic hydrated zeolites. Kisdleva at al.'** 7 studied
energetics of calcium zeolites including their hydration
thermodynamics. They showed that alkali substitution (Na,K)
into natural leonhardite, CayAl4SigOz4+3.5H,0, a partially
dehydrated laumontite, decreases thermal stability (decom-
position on heating in air) but increases thermodynamic
stability with respect to the oxides and elements. This system
isaclear case of stepwise dehydration, with equilibriaamong
phases of stoichiometric water content, as shown in the phase
diagram (Figure 7) calculated based on the thermodynamic
data_llB

Kiseleva et al.**> also found that the integral hydration
enthalpy (al values relative to liquid water) for leonhardite
is —40.8 kJymol of H,O and the hydration enthalpy of the
most tightly bonded water is about —70 to —80 kJ/'mol of
H,0. For yugawaralite, the integral hydration enthalpy is
—37.5 kJJmol of H,0O, and that of the most tightly bonded
water is ~—70 kJ/mol of H,O. Experimental and theoretical
studies''®12 indicate that another calcium zeolite, laumon-
tite, shows a direct correspondence between its four crystal-
lographic H,O sites and its four energetic types of H,0, as
evidenced by thermal analysis and water sorption experiments.

Zeolite Y is one form of the mineral zeolite faujasite
(FAU), with the Si/Al ratio being 1.5—3, and is the most
widely used zeolite catalyst. It is denoted as (Ca, Mg, Nap) 29
AlsgSi1340384H,0040 and crystallizes in a cubic Fd3m struc-
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Figure7. P—T diagram, showing the relations among stilbite (S),
heulandite (H), and laumontite (L). The solid curve represents the
S=H + H,0 equilibrium calculated from thermochemical data at
Piota = Ph,0. Dashed lines are for kbar and 2 kbar (as labeled).
The light line represents the H = L + 3Q reaction (Q = quartz).
The solid curve with symbols is the S = L + 3Q + H,O
equilibrium. The point “1” refers to the invariant point. Redrawn
with permission from ref 116. Copyright 2001 Mineralogical
Society of America.

ture.*?! Yang et al.’%” showed that energetics of various
cationic forms of zeolite Y strongly depend on the exchanged
cation, showing a monotonic trend of formation enthalpy
against average ionic potential. The formation enthal pies of
the alkali cation-exchanged zeolites can be correlated with
the average ionic potential, (Z/r),: the zeolite tends to be
more stable with increasing ionic potential. In contrast,
hydration enthal pies per mole of water are roughly indepen-
dent of the cation type.

Similar trends are observed in natural clinoptilolite (Cpt:
N&o,0e5K 0.037C80,010M 00.020A 1 0.182Si 081802 * 0.528H,0) and its
cation-exchanged variants (Na—Cpt, NaK —Cpt, K—Cpt, and
Ca—Cpt) studied by high-temperature calorimetry.'?® This
zeolite occurs as massive natural deposits and can be abarrier
to the migration of radionuclidesin arepository such as that
proposed at Yucca Mountain NV. Hydration with more
efficient water—cation packing of high field strength cations
is a stahilizing factor, leading to an average hydration
enthalpy for all the clinoptilolites of about —30 kJmol of
H,0 (liquid water reference state) at 298 K. The higher the
average ionic potential of the extraframework cations, the
larger is the hydration capacity of the clinoptilolite.*?

The clinoptilolite system (hydrated Na—K—Ca—Al sili-
cate) has been studied extensively by Carey and Bish.'"1?
The type of cation influences the character of the dehydration
process. Both an equilibrium model***'% and direct calori-
metric studies (by breaking an ampule of dehydrated zeolite
in water in a room-temperature calorimeter)®” suggest
composition-dependent heats of hydration. The integral
hydration enthalpies of Ca—Cli, Na—Cli, and K—Cli are
—30.3+ 2.0, —23.4 4+ 0.6, and —22.4 + 0.8 kJ/mol of H,0,
respectively, relative to liquid water.’®> Approaching zero
water content, the regression showed the partial molar
dehydration enthalpies were about —60, —48, and —45
kJmol of H,O, respectively, relative to liquid water.

Chabazite (CHA) is both amineral and a synthetic material
used extensively in gas separation technology. Its hydration
has been studied by several independent calorimetric inves-
tigations. Valueva and Goryanov'? correlated the changes
in Raman spectra with energetics measured by immersion
calorimetry. They observed a stepwise behavior in the
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Figure 8. Partiad molar enthalpy of hydration of Ca—chabazite
relative to liquid water as a function of H,O content. Reprinted
with permission from ref 123. Copyright 2005 Elsevier B.V.

enthalpy of hydration of CHA as a function of H,O content
and suggested the presence of three different types of H,O
with different energetics (see Figure 8). Shim et al.!®
measured the enthalpy of Ca-exchanged CHA as a function
of water content (see Figure 8). The enthalpy of removing a
water molecule (partial molar enthalpy) becomes more
exothermic with the degree of hydration as water content
decreases from 12.5 to 0.8 molecules of water per 72-oxygen
formula unit. It is also stressed in the study®® that the
enthalpy is well-fitted with a linear dependence on H,O
content. The average enthalpy of interaction of water with
the zeolite is —33.4 + 1.2 kJ/mol for Ca—chabazite and is
in the same range as seen for the average value for water in
Ca—leonhardite studied by Alberti.’* In the study of Shim
et al., '@ it is also demonstrated that the experimental data
by Valueva and Goryainov*?® could be represented assuming
a single energetic type of H,O. In contrast, thermodynamic
analysis of phase equilibrium data by Fialips et al.'*® suggests
the existence of three energetically distinct types of H,O.

As evident from Figure 8, the Shim et a.'® data are
consistent with those of the Fialips et al.*>® work within
experimental errors but are limited to higher water coverage.
This emphasizes that water content resolution, kinetics of
water desorption, and accuracy of energy measurements are
important factors to consider when results obtained by
different techniques are compared.

Zeolite Beta (BEA) is a complex intergrowth structure and
has a high SI/Al ratio. A large array of cations can be
exchanged into a negatively charged BEA framework, in
which water is an integral part. Similar to those of other
zeolites, the formation enthalpies of cation-exchanged BEA
zeolite are found to be monotonic or linear functions of
average ionic potential, more exothermic with increasing
ionic potential (or decreasing cation size).*?’

MD simulations show'%? that water molecules cluster
in the intersections of zeolite Beta channels and move more
freely compared to those in hydrated silicalite-1 in which
water molecules form small clusters (dimers, trimers) and
cannot move freely. However, the presence of water may
have a profound effect on the host system, resulting in altered
positions and mobility of extraframework cations.*® Such
calculations are sensitive to how polarization effects are
treated.’®
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Hydration enthal pies of cation-exchanged BEA determined
by high-temperature oxide melt solution cal orimetry*?” with
Si/Al ~ 14 (Li—BEA, Na—BEA, K—BEA, Rb—BEA, and
Cs—BEA) also can be rationalized in terms of cation size or
average ionic potential. The water is held energetically less
tightly in this system than in more aluminum rich systems.
The hydration enthalpy per mole of zeolite TO, decreases
in magnitude in the order of decreasing average ionic
potential: Li—BEA ~ Na—BEA > K—BEA ~ Cs—BEA >
Rb—BEA. The hydration enthalpy per mole of water
decreases in the order Li—BEA > Na—BEA > Cs—BEA >
K—BEA > Rb—BEA.*¥

Similarly, the integral hydration enthalpy and formation
enthalpy from oxides for a series of akaline earth cation
(Mg, Ca, Sr, Ba) exchanged zeolite Beta with Si/Al about
14 become more exothermic with increasing average ionic
potential.1** Mg—BEA and Ca—BEA have been also stud-
ied* and showed very endothermic formation enthalpies,
in both dehydrated and hydrated forms, indicating a likely
thermodynamic barrier to their direct synthesis, despite the
natural occurrence of their analogue, tschernichite.

Compared to aluminosilicate analogues of similar Si/T3",
the gallosilicate zeolites (Ga—NaSOD, Ga—NaFAU,
Ga—NaNAT, Ga—KNAT, Ga—KLTL, and Ga—K TUN1)*
have similar hydration enthalpy per mole of tetrahedra, but
less exothermic hydration enthalpy per mole of H,O due to
higher water content of the enlarged unit cell. The hydration
enthalpy per mole of water is a monotonic function of FD,
whereas that per TO, is mainly influenced by cation type.

Along the same lines, the studies by Xu et a.** on several
zeotypes of titanosilicates confirm asimilar trend of hydration
energetics: a higher level of hydration in microporous
titanosilicates ETS-4 results in an increased thermodynamic
stability of the framework compared to its less hydrated
analogue ETS-10. Tien et al.™*® investigated the energetics
of 14 synthetic manganese dioxide layered materials as well
as their framework counterparts with todorokite structure.
Both layered and framework materials are stabilized by
hydration with diminishing stability as a function of the
hydration number of the charge-balancing cations (the
number of water molecules per cation). This behavior
parallels that of zeolites.

Therefore, hydration of cationsin the zeolite cages (which
generaly does not occur in the dense frameworks) can give
hydrated zeolites true thermodynamic stability. In many
cases, hydrated zeolites have an actual stability field at
ambient conditions because their exothermic enthalpies of
hydration overcome the slight metastability of the anhydrous
framework with respect to dense phases plus water. Their
negative enthalpies of formation from the dense alumino-
silicates plus liquid water are compensated by negative
entropies of formation, as exemplified in Figure 6. The
energetically favorable but entropically costly interactions
leading to the observed enthalpy—entropy correlation are
those of water molecules with the alkali or akaline earth
cations, those of water molecules with the walls of the cage,
and, to a lesser extent, those among the water molecules
themselves. However, as temperature increases, the positive
TAS of dehydration overcomes the energetic stabilization,
limiting the stability field to temperatures generally less than
500 K at pressures along the vapor pressure curve of water.
Thermodynamic and kinetic factors are closely intertwined
in studies of hydration/dehydration, with isotherms of water
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content versus water fugacity showing severa distinct
hysteretic forms.1%

3. Mesoporous Silica

The pursuit of larger pore sizes and more open frameworks
led to discovery by Mobil scientists of a new class of porous
materials, mesoporous silica (M41S).1%5136 |n contrast to well-
ordered zeolites, mesoporous silicas (MS) have hollow
channelsthat are arranged in periodic arrays, while their walls
are essentially amorphous. Early caorimetric studies of
MCM-41 by Petrovic et al.,*¥" limited to pore sizes of 2—4
nm, confirmed metastability and suggested that M S frame-
works showed no dependence of energetics on pore size.
Recent work by Trofymluk et al.**® has greatly extended the
type and pore size of mesoporous materials studied.’> Two
families of highly ordered mesoporous silicas, M41S (MCM-
41 and MCM-48) and SBA-n (SBA-15 and SBA-16), were
investigated in a wide range of pore sizes from 2.1 to 26.4
nm. The enthalpies observed are 19.0—31.4 kJ/mol above
guartz. The cubic materials are about 4 kJ/mol less stable
than those of hexagonal structure for a given pore size. The
enthalpies are also raised by formation of strained rings in
the amorphous walls of these materials. It is expected that
the MS with larger pores are obtained at the cost of higher
instability. However, an increase in pore size of more than
an order of magnitude results in only 12.4 kJ/mol destabi-
lization of framework (Table 1). Thisvalue is approximately
four times the thermal energy availablein atypical synthesis
around 373 K. This implies that proper synthesis pathways
can overcome such a moderate energy barrier. It was
mentioned above that the formation enthalpy of zeolites has
a strong correlation with FD or MV, as denser frameworks
possess more stable structures relative to less dense poly-
morphs. Here, in the same fashion, MS with higher pore
volume are less stable. Figure 2 shows the formation enthal py
versus MV for the MS studied aong with the data for
zeolites. MV is calculated by adding the molar pore volume
from the Kruk—Jaroniec—Sayari***'“° method and MV of
amorphous silica. MS data seem to follow the general trend
for zeolites, though significant scatter is observed, possibly
due to higher uncertainty in pore volume measurements and
unaccounted variations of MS density.

4. Interactions with Structure-Directing Agents

The studies outlined in the above sections (and also
discussed below) have shown that energetics depend only
weakly on the framework type for a variety of isocomposi-
tional microporous materials (silica zeolites, aluminum
phosphates, selected aluminosilicates, and manganese oxide
octahedral microporous frameworks'*!). When a given
structure crystallizes under the influence of a template or
structure-directing agent (SDA) such as a tetraalkylammo-
nium cation, what is the role of the SDA? Is it purely
stereochemical (kinetic and entropic) in nature, or do
differences in the energetics of interaction of the SDA with
the framework play a role, even though the final calcined
products are similar in energy?

Davis and Lobo?® put forward a classification of zeolite
templates that attempted to distinguish them by their roles
in zeolite synthesis. This classification emphasizes the
observation that some frameworks are obtained by a specific
SDA, and its use truly leads to the framework of unique
geometric and electronic properties, while others can be
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synthesized by the use of different templates. Some templates
such as amines, which result in many framework structures,
act as “space fillers’ and, athough stabilizing the pores,
display a nonspecific relationship with products.’*243 The
diversity in frameworks formed is achieved through molec-
ular flexibility that permits a template to adopt different
configurations in order to fit voids of various shapes.}4414
All thisreinforces the findings reviewed in previous sections.
The energetics of framework formation are closely balanced,
resulting from a set of intertwined interactions at the interface
between the framework, SDA, and water. Figure 10 shows
how small energy terms all compete in energy landscape to
yield different local minima and different pathways and
products.

It isimportant to stress that a geometrical match between
zeolite voids and SDA is a necessary condition to a
successful synthesis of a particular framework.*#6-1% In some
cases, the symmetry match between the zeolite framework
and SDA is quite remarkable.**® The molecular mechanism
underpinning templating is the following. Template mol-
ecules maximize the short-range nonbonding interactions
with the framework, thus increasing stability of the resultant
structure.? Among many similar SDAs, only ones with
appropriate hydrophaobicity/hydrophilicity can be used, limit-
ing the C/N ratio to 11—16.* However, there are some
synthetic routes designed rather to do the opposite: a
“geometrical mismatch” between the strongly interacting
template admixed in small amounts into the solution of the
major SDA and the framework suppresses its formation,
leading to a new zeolite structure (structure-blocking mech-
anism).t%

Piccione et al.™™! studied the interaction of four frameworks
(BEA, MFI, MTW, and STF) with some of four SDA
molecules TEA, TPA, BISPIP, and SPIRO, the last two being
large nitrogen-containing molecules with aromatic or cyclic
moieties, by HF solution calorimetry. The interactions (per
mole of silica) are small (between —1 and —6 kJmol of
TO,), and the AH and TASterms are smilar. The AH values
were measured directly, while the TAS term was estimated.
The authors inferred that there is no energetic correlation
between framework geometry and density or with whether
the SDA specifically templates only one structure or can be
used in the synthesis of several different zeolites. These
findings imply the absence of strong specific interaction of
SDA and the corresponding framework. The results suggest
that the templates play akinetic, rather than thermodynamic,
role in selecting a particular structure among many other
configurations of similar energy. Throughout the nucleation
and crystallization stages, a balance between thermodynamic
and kinetic factors governs the outcome of a particular
synthesis. Computer simulations confirm these findings. For
example, Sastre et al.'5? demonstrated that the stabilization
of intermediate species during nuclestion is important to
directing the final product.

To test whether the structure of the matrix affects the
interactions of SDAs with mesoporous silica, Trofymluk at
al. (unpublished) measured the enthalpies of solution for a
series of pure mesoporous materials (MCM-41, MCM-48,
SBA-15, and SBA-16) in their as-made and calcined forms
by HF calorimetry at 323 K. The interaction enthalpies of
organic SDAs and inorganic hosts were calculated by taking
the difference between the enthalpies of solution for the as-
made and calcined materials. The enthalpies of interaction
span a narrow exothermic range of —6.0 to —19.6 kJmol

Navrotsky et al.

of SiO,, al not more negative than —2RT, the thermal
energy. This explains why many SDASs can direct mesopo-
rous silica synthesis toward several structures.

Much effort has been put into computer studies aimed at
predicting energetically stable SDA —framework combina
tions using molecular mechanics.*#2143153 The calorimetric
studies explored energetics in systems in which an SDA is
successfully used to synthesize framework materials and,
thus, a good geometric match is inherent. In addition,
computational methods have proved very useful in identify-
ing SDA candidates for the synthesis of prospective frame-
works. For example, molecular mechanics was employed by
Schmitt and Kennedy*#” to rationally design and screen new
template molecules for zeolite ZSM-18 (MEI). Their work
predicted the geometries for arange of candidate templates.
These molecules were then screened by inspecting the van
der Waals overlap produced when the optimized template
was placed insight the zeolite cage. The derivation of new
templates for this framework was a notable success because,
prior to this study, there was only one template known to
synthesize ZSM-18. Moreover, the best template derived
from this work had the benefit that it could be more easily
removed from the framework, resulting in reduced loss of
crystallinity in the product on calcination. The molecular
graphics approach has been widely used to place optimized
templates into the framework structure, as in the case of the
EUO structure.™> This demonstrated the excellent void-filling
properties exhibited by organic SDAs that successfully
template this framework. New templates and structures (for
example, 4-piperidinopiperidine for DAF-5, a CoOAPO ma-
terial) were successfully designed using a technique based
on computational “growth” of a template molecule inside
the zeolite host from a fragment database maximizing a
number of template—host contacts.*531%51%6 Yet, as calorim-
etry has shown, such templating involves very small energetic
advantages and is indeed largely a geometric effect.

5. Zeotypes

In addition to aluminosilicates and pure silica microporous
materials, frameworks bearing features of zeolite structures
occur for many other compositions. Aluminophosphate
AIPO, materials are an example of an important class of
zeolite-type, zeotype, materials.

Hu et al.”* demonstrated that the enthal pies of a series of
AlIPO, (AlgsPosO, on two oxygen basis) cluster in a small
range relative to berlinite (the stable quartz form of AIPQ,),
forming an energy landscape with even smaller metastability
(11.5—16.7 kJmol of TO,) than that for pure silica materials
relative to quartz. The enthalpies of formation for AlPO;-
type zeolites show a nonlinear dependence on MV as seen
in Figure 2. Small amounts of water, present in the
as-synthesized samples, help stabilize the framework, result-
ing in negative heats of formation from berlinite plus liquid
water. It also has been proposed™ that the enthalpy may level
off at a value about 8—10 kJmol above berlinite. No large
pore materials of this type have been measured so far, and
the current data set is restricted. However, the data clearly
indicate the accessihility of alarge number of structures of
very similar energies, and similar trends are observed asin
pure-silica zeolites.

Templating with amines produces even more open phos-
phate frameworks in which the organics and fluorine play
an integral part, and unusual coordinations and broken rings
are sometimes present.!5"'%8 Gerardin et al. conducted a
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Figure9. Schematic showing the metastabilily of ULM-n samples
with the orders of magnitude of interaction energies involved in
the hybrid materials (data from ref 159).

calorimetric study**® on some gallophosphate (GaPO, or
GagsPosO2, on two oxygen basis) ULM-n phases. The
observed energetics are shown schematically in Figure 9.
The “dry” GaPO, framework is metastable with respect to
the dense cristobalite form of GaPO,4 by 5—7.5 kJ/mol of
Pos0,. The amine-containing (diaminopropane or diamino-
hexane) zeolite is stable by 0.5—5 kJ/mol. Also, an interac-
tion enthalpy of less than —25 kJmol, typica for frame-
work—guest interactions, is in good agreement with what is
known for hydrogen bonds (~10 kT/molecule). However
when water enters the same cage as the amine, the stabiliza-
tion increases to as much as 100 kJmol, comparable to
energies of hydration of aminesin water. Thus, the enthapies
of amine-templating are small, forming a competitive energy
landscape for different structures, but, once water can
complex with the amine, much higher stability is gained.
One suspects that this large stabilization in energy is
compensated by a corresponding loss of entropy (tighter
bonding and loss of motional freedom).

The picture becomes even more complicated when ad-
ditional species compete for the available sites in the
framework pores. The enthalpy of formation of cancrinite
from oxides becomes less exothermic and the water content
decreases with increasing sat inclusion (NaNOs; and
N&COs), indicating the destabilizing effects of “imbibed”
(absorbed) salt.*® This implies a competition between water
molecules, guest anions, and possibly Na cations for the
occupancy of the cancrinite 12-membered ring channel and
cage sites.

Framework cations, which favor different bonding geom-
etries, may significantly modify the local framework structure
and energy landscape. For example, substitution of germa-
nium into silica zeolite structures resultsin smaller T—-O—T
angles.®

Corma et al 162163 synthesized a series of new large-pore
tridirectional (Si,Ge)-zeolites (called the ITQ series) by
combining appropriate organic SDAs and framework iso-
morphic substitution of germanium for silicon. 1TQ-7 is
structurally related to zeolite Beta, while ITQ-21 contains
cavities as spacious as those of FAU but interconnected
through six 12-MR pores of 0.74 nm.'

Calorimetric studies by Li et al.1%*1%° on a series of Ge-
containing zeolites synthesized by the Corma group show
that these phases become increasingly metastable with
respect to a mixture of the quartz forms of SiO, and GeO,
with increasing Ge content, which corresponds to decreas-
ing FD or increasing MV. The slope of the line relating
enthal py to volume or the extent of Ge-substitution varies
from one family of Ge-containing zeolites to another. The
preferential substitution of Ge in “double four rings’
(which seldom exist for silica materials) is reflected in
diminished metastability.®
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Table 3. Energetics of Microporous Transition Metal
Phosphates

formation

enthalpy from

binary oxides,
composition F.D. kJ/mol ref
AlphaNaCoPO, 28.1 —349.7+ 23 169
Beta NaCoPO, 26.3 —332.1+25 169
NaH(ZnPOy,), —5155+ 27 170
NaznPO, 20.7 —339.6 + 2.6 170
NazZnPO,+H,O 16.7 —3469+ 24 171
Nas(ZnPOy)s* 8H,0O 17.3 —3447+ 24 172
NaCog3Zng7 PO4-4/3H,0 —344.1+24 170
a-KCoPO, —3758+ 25 173
y-KCoPO, —376.9+ 1.8 173
RbCoPO, —381.4+ 48 173
a-Cu,P,0; —279.0+ 14 174

A similar trend in substitution—structure relationships is
observed in frameworks containing d-electron ions, particu-
larly Ni, Co, and Zn, capable of tetrahedral coordination.
Their larger size and weaker bonding lead to the possibility
of smaller T—O—T angles, which in turn favor a wider
distribution of angles needed to stabilize larger cages.6®
These ions substitute into AIPO,-based materials, but end-
member transition metal phosphate microporous materials,
with and without organics, are al'so known.

Le et al.’6"1%® gydied phosphate framework materials
containing transition metals Co, Ni, or Zn with or without
extra water and hydroxyl, and with and without Na as a
channel cation. These show framework densities ranging
from 16 to 28, structures ranging from conventional zeolites
to mixed octahedral —tetrahedral frameworks, and varying
alkali and water contents. Alkali and ammonium cobalt and
zinc phosphates show rich polymorphism.

Acid—base interactions dominate the energetic trends in
these phosphates systems. stronger acid—base interactions
than in aluminosilicates result in more exothermic formation
enthalpies from oxides.

1/2A,0 (cr, 298 K) + CoO (cr, 298 K) +
1/2P,0O; (cr, 298 K) — ACoPO, (cr, 298 K)  (5)

Co and Zn phosphates exhibit similar trends in enthal pies
of formation from oxides as aluminosilicates, but their
enthalpies of formation from oxides are more exothermic
because of their stronger acid—base interactions (see Table
3). CoO and ZnO are oxides of similar basicity, resulting in
similar enthalpies of formation for NH,CoPO, and
NH4ZnPO, and for NaZnPO, and NaCoPO, from constituent
ammonia and oxides.

6. Synthesis and Transformations of Zeolites and
Related Materials

The hydrothermal synthesis of zeolites is still a largely
empirical science, with the choice of reagents (forms of silica
and alumina), concentrations of reagents, structure-directing
agent, temperatures and/or heating rate, and duration of runs
optimized by trial and error. Although the agueous phase
and amorphous and nanoscale particles in it presumably
evolve continuously, the actual appearance of a crystalline
product often occurs over a fairly short time segment, and
“overcooking” the reaction mixture may lead to undesirable
products. Clearly a number of competing reaction pathways
is possible, and the products formed represent a competition
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Figure 10. Energetics of interactions involved in the synthesis of
microporous and mesoporous materials. Data are taken from a
number of sources!4151159176-179.195 and summarized in ref 175.
Bands show the range of interaction enthalpies.

among thermodynamic and kinetic factors. The literature on
zeolite synthesis is extensive and largely beyond the scope
of the present review, but the reader is referred to several
comprehensive reviews! =361 of the topic. Here we stress
only some thermodynamic or at least energetic factors in
illustrating the usefulness of calorimetry as a probe of the
synthesis process.

Figure 10 illustrates the magnitudes of various interactions
involved in zeolite synthesis. The most exothermic interac-
tions involve the formation of akali or akaline earth
aluminosilicate condensed structures from dissolved aqueous
ions and the hydration of amines, if present. Once gels,
nanoparticles, or amorphous phases have formed, the re-
maining interactions typically have enthalpies of less than
50 kJ/mol of tetrahedra, as shown in the right-hand part of
Figure 10.X A similar argument can be made in terms of
free energies. The small magnitude of and competition
among these various interactions sets the stage for competi-
tive self-assembly.

The growth of silicalite (MFI) from an initially clear
solution of silica, which, however, contains nanoparticles of
suboptical dimensions, offers an interesting case study of
the interplay of thermodynamic and kinetic factors. MFI
silicazeolite (silicalite-1) is the only zeolitic system in which
crystal growth from nanoparticle precursors is well-docu-
mented.}4176-182 Gjlicalite-1 is unique in many other aspects,
such as synthesis simplicity, reduced number of constituents,
and formation from clear sol solutions, al making it a very
useful model system. It is synthesized from clear solutions
or solsthat consist of a silica source (usually tetraethylortho-
silicate SI(OC,H3), or TEOS), tetrapropylammonium hy-
droxide (TPAOH) as SDA, and water. Formation of nano-
particles of 5 nm or less in size occurs immediately after
TEOS hydrolysis.!41"6-17° There is an ongoing debate as to
what role these nanoparticles play in zeolite synthesis.*® The
central question is whether precursor nanoparticles are
building units from which larger single crystals are assembled
by attachment likeL ego bl ocks(aggregation mechanism), 8+~
or whether they are just a“packed” raw materia supplying
silica monomers and oligomers to growing nuclei.*’81% The
former assumes that there exists a mechanism by which the
nanoparticles coalesce to form larger single crystals. The
latter involves dissolution or release of speciesinto solution
before they become part of larger crystals. Aggregation may
involve oriented attachment of the particles.’*%? One has
to be careful as observations by microscopic methods of the
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Figure 11. Evolution of enthalpy and solution pH during MFI
templated synthesis. Reprinted with permission from ref 193.
Copyright 2002 American Chemical Society.

“aggregated” nanoparticles in zeolite crystal growth experi-
ments may be misleading.'®> What is observed may result
from growth processes that do not occur by the aggregation
mechanism at al or may reflect changes when the samples
are removed from solution, dried, or exposed to vacuum.

In this context, in situ scanning calorimetry in a closed
chemical system isan essential tool to elucidate the energetics
and kinetics of zeolite formation. Yang et al.'*3'% used a
Calvet calorimeter to study the synthesis of silicalite-1 from
an initially clear solution containing the silica source and a
tetrapropylammonium (TPA) salt as SDA. The initia hy-
drolysis of the silica source in the presence of TPA proceeds
rapidly, resulting in a clear ethanol—water solution having
particles 3 nm in size. On the basis of calorimetric and
structural data, Yang et al.1%%'% suggested that these nano-
particles bear some structural features of the zeolite-to-be.
In situ calorimetry, combined with mass balance studies, pH
measurements, and 2°Si NMR studies, suggests the following
sequence of steps upon heating. Figure 11 shows the initial
exothermic process with a modest heat effect of —2 kJ/mol
of SiO, zeolite formed. Thisis followed by an endothermic
step with 2.5 kJmol, leading to a total enthalpy of 0.5
kJmol.

In the exothermic stage, the amount of zeolite formed and
the heat released are linear with time, while the solution pH
remains constant. After 50—70% completion, the zeolite-
forming exothermic reaction slows, the enthalpy becomes
endothermic, and the pH rises. The initial exothermic stage
with linear rate law and constant pH probably involves the
attachment of the 3 nm organic-containing nanoparticles onto
the growing crystal. Since the reaction occurs at pH 9, or
higher, both the crystal and the nanoparticles are negatively
charged. Since the pH stays constant, this stage of synthesis
must involve the localization of these hydroxyls onto a
surface that is decreasing in area. Eventually, the buildup of
surface charge becomes thermodynamically unfavorable, the
particles and growing crystal repel each other too strongly,
and the reaction dows. Further reaction can only occur
accompanied by the release of OH™, H,0, and/or organics
into solution, raising the pH. This release of hydroxyl is
endothermic in energy but driven by entropy; thus, the switch
to a net endothermic enthalpy occurs.
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Rimer et al.** put forward ideas that interpret zeolite
growth from clear solutions in terms of self-assembly of
molecular aggregates, based on a concept of pseudophase
separation of SDA and silica precursor. The acid—base
chemistry of silanol groups is at the heart of their formula-
tion. They infer that the silica nanoparticlesin clear solutions
of SDA and silica have a core—shell structure with silica
mainly in the core and the organic cations largely in the shell.
Heating under hydrothermal conditions acts upon solutions
that contain mostly segregated organic cations and silica at
room temperature, leading to the organic cations being
embedded within the pores at synthesis temperature. In this
process, core—shell silica particles are transformed into
zeolite on the growing surface, but it is not clear how much
of the transformation takes place in the particles and how
much is mediated by speciesin solution. This transformation
triggers and directs the structure evolution in silica, whereby
the size and geometry of the organic cation induce changes
in the structure leading to zeolite.

Rimer et al.'® used calorimetry to follow a series of
reactions associated with silica nanoparticle formation upon
adding a silica source, TEOS, into basic solution of a
monovalent cation. Heat attributed to self-assembly of
nanoparticles at a critical silica concentration was measured
and found to be independent of alkalinity, but varying with
cation type. Nanoparticle formation from silicate species has
been shown to involve endothermic reactions, derived from
protonation of negatively charged silica to form neutral
species, which participate in condensation, thereby providing
an explanation for the previously observed exothermic—
endothermic crossover as afunction of time during syntheses.

Rimer et al." also employed complementary small-angle
X-ray scattering (SAXS) and microcalorimetry to study the
dissolution of silica nanoparticles that serve as precursors
in the synthesis of silicalite-1. The nanoparticle dissolution
rates and enthal pies decrease in magnitude toward those of
silicalite-1, implying that a structural reorganization of silica,
organics, and H,O within the particles occurs during zeolite
growth. The silica nanoparticles were found to be amorphous,
though more ordered than those in dense amorphous silica,
and to structurally reorganize with increasing time of heat
treatment.

Solution-mediated transformations of zeolites are important
pathways to create new framework materials. Lamellar
structures are often observed as intermediate phases during
zeolite synthesis.*%1%” However, areaction overrun in which
the zeolite product decomposes to form denser phases is a
common phenomenon, reflecting the metastability of mi-
croporous materials, is widely exploited in the zeolite
synthesis.? In this sense, aluminous open framework systems
such as zeolite A and X decompose into sodalite, whereas
siliceous zeolites transform to quartz or cristobalite.?1%-2%0
Gross et al.°* used in situ scanning microcal orimetry to study
thermodynamics of the hexagonal-to-lamellar phase transition
in silica—surfactant nanocomposites. Thermal eventsin the
calorimetric experiments were directly linked to the rear-
rangement of the organic template molecules and changes
in chemistry of the inorganic framework. In order to separate
these contributions, calorimetric data were collected during
heating in water, where a hexagonal-to-lamellar phase
trangition takes place, and in an acidic buffer, where no phase
change occurs. An endotherm near 70 °C in all samples was
attributed to an order—disorder transformation of the organic
surfactant. Two endotherms observed for the water-treated
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composites were assigned to the hexagonal -to-lamellar phase
transformation, which has an enthalpy of +0.5 + 0.1
kJmol of SiIO, or +2.4 4+ 0.3 kJ/mol of surfactant and an
entropy change of +1 J K™ mol™* of SiO, or +6 JK™*
mol~! of surfactant. This endothermic effect implies that
rearrangement to the more open lamellar phase is entropy-
driven, in line with confinement effects of the organic
molecules. It aso confirms that the hexagonal phase is
thermodynamically stable at low temperature and the lamellar
phase is stable at high temperature.

Liu et al.?® followed, using in situ calorimetry, the
formation of nitrate sodalite, an important product at DOE
nuclear waste storage sites. Despite solid evidence for a
trangition sequenceof amorphous-zeolite A —soddite—cancrinite,
no calorimetric peak of the zeolite A to sodalite conversion
was observed, suggesting avery low transition enthalpy (<1
kJmol of TO,).

Taking advantage of improvements in computational
methods in the past few years, DFT and Monte Carlo
methods have been used intensively to explore zeolite
synthesis and particle growth. These studies support the
findings by experimental methods (NMR, X-ray and neutron
scattering, adsorption, thermogravimetric analysis, and cal-
orimetry) that, at early states of zeolite growth, amorphous
nanoparticles exist and act as seeds for zeolite growth
occurring through crystallization and Ostwald ripening.142%3

In this context, amorphous silica is an important model
for studies of surface chemistry, synthesis, and stability, for
both microporous and mesoporous materials. There have
been many studies devoted to stability of strained rings, ring-
size distribution, bond and angle configurations, and catalytic
properties of the silica surface, its hydration, and water
dissociation; the reader is referred to these works, 20420

7. Concluding Remarks

The thermodynamics of zeolites, zeolite-related frame-
works, and mesoporous silicas reflect a rich and closely
balanced energy landscape of competing energetic and
entropic factors. The complex pathways of zeolite formation,
hydration, and transformation are made possible by small
differences in thermodynamic driving forces for competing
reactions, upon which are superimposed various kinetic
barriers and mechanistic constraints. Anhydrous zeolitic
frameworks are metastable with respect to dense phases by
less than 15 kJmol of tetrahedra in most cases, with
mesoporous silicas metastable by 15—30 kJmol. The
magnitude of this energetic difference increases with increas-
ing molar volume (decreasing framework density). The
energetics of formation of anhydrous aluminosilicate zeolites
varies linearly with the dluminum content and parallels the
energetics of glass formation for aluminosilicates with the
same monovaent or divalent cation. The entropy of silica
zeolites is not a strong function of their density, reflecting
the strong bonding in the tetrahedral framework and,
presumably, similar vibrational density of states. Thus, the
enthalpy is the main factor in determining the stability of
different framework topologies at the same composition.

Many hydrated aluminosilicate zeolites can have a ther-
modynamic stability field near room temperature, indicating
that the exothermic enthalpy of hydration more than com-
pensates for the metastability of the anhydrous framework.
However, the large positive entropy of dehydration limits
zeolite stability to temperatures below 400—500 K. The
details of hydration energetics are complex and differ for
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various structures, but in general, the enthalpy of hydration
becomes less exothermic with increasing water content.

The enthalpies and entropies of interaction of structure-
directing agents with the zeolite framework also reflect
closely balanced small enthalpy and entropy factors. This
sets the stage for complex and competing mechanisms of
zeolite formation and transformation during zeolite synthesis.
In particular, the role of nanoparticles in zeolite synthesisis
an area of current interest and controversy. Structural,
mechanistic, and calorimetric studies, especially during early
stages of zeolite synthesis, offer a path forward to a
comprehensive picture of the complex interactions of silica
(in solution, oligomers, nanoparticles, and solid phases) with
the aqueous phase and with organic and inorganic additives
during hydrothermal synthesis.
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