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A series of pure-silica molecular sieves (structural codes AST, BEA, CFI, CHA, IFR, ISV, ITE, MEL, MFI,
MWW, and STT) is investigated by high-temperature drop solution calorimetry using lead borate solvent at
974 K. The enthalpies of transition from quartz at 298 K (in kJ/mol) are AST, 10.9( 1.2; BEA, 9.3( 0.8;
CFI, 8.8( 0.8; CHA, 11.4( 1.5; IFR, 10.0( 1.2; ISV, 14.4( 1.1; ITE, 10.1( 1.2; MEL, 8.2( 1.3; MFI,
6.8 ( 0.8; MWW, 10.4( 1.5; and STT, 9.2( 1.2. The range of energies observed is quite narrow at only
6.8-14.4 kJ/mol above that of quartz, and these data are consistent with and extend the earlier findings of
Petrovic et al.1 The enthalpy variations are correlated with the following structural parameters: framework
density, nonbonded distance between Si atoms, and framework loop configurations. A strong linear correlation
between enthalpy and framework density is observed, implying that it is the overall packing quality that
determines the relative enthalpies of zeolite frameworks. The presence of internal silanol groups is shown to
result in a slight (e2.4 kJ/mol) destabilization of the calcined molecular sieves by comparing calorimetric
data for MFI and BEA samples synthesized in hydroxide (containing internal silanol groups) and fluoride
(low internal silanol group density) media.

Introduction

During the past decade, interest in new inorganic materials
with complex structures and their assembly mechanisms has
increased.2 An industrially useful class of materials is the zeolites
that are porous crystalline aluminosilicates that can act as
molecular sieves for shape-selective adsorption and heteroge-
neous catalysis. These materials can be endowed with strongly
acidic or basic sites in the pores by suitable modifications. Pure-
SiO2 zeolites, more properly termed pure-silica molecular sieves,
are particularly interesting for practical applications because of
their high-temperature stability and hydrophobic nature.3 Despite
the industrial importance of zeolites, their syntheses are still
not well understood and typically rely on extensive series of
trials that use different organocations (structure-directing agents
(SDAs)) and conditions to produce new framework structures.4-7

Although purely thermodynamic data cannot answer questions
about the kinetics of zeolite syntheses, knowledge of the
energetics of different structures provides a framework for
rationalizing the driving forces for synthesis, the differences
among various structures, and the mechanisms and interactions
important in the assembly of these materials.

All silica molecular sieves are metastable with respect to
R-quartz, the thermodynamically stable polymorph at ambient
conditions. Petrovic et al.1 obtained calorimetric data for six
high-silica molecular sieves (structural codes8 FAU, EMT, AFI,
MEL, MFI, and MTW; all pure-silica except EMT) and found

them to be energetically higher than quartz by only 7-14 kJ/
mol and higher than SiO2 glass by only 0-7 kJ/mol. They
argued that this very modest metastability presented no great
hindrance to molecular sieve formation and that the role of the
structure-directing agent in hydrothermal syntheses was thus
kinetic in nature (selection among configurations that in the pure
state would have very similar energetics). Petrovic et al.1 found
no strong correlation between enthalpy (relative to quartz) and
structural parameters such as framework density (FD, the
number of tetrahedral atoms per nm3). Henson et al.9 calculated
lattice energies relative to quartz for a collection of 26 structures
over a wide range of FD values and found a strong correlation
between enthalpy and framework density for their calculated
values. They also found a linear correlation between Petrovic’s
measured values and their calculated ones by ignoring the EMT
data point. The work of Petrovic et al.1 was limited by the variety
and quality of materials available a decade ago. Indeed, neither
one of their two low-framework density samples (FAU and
EMT) was prepared as a pure-SiO2 material by direct synthesis,
and the enthalpy values for these samples cannot be regarded
as being as accurate as those for the more dense materials (AFI,
MEL, MFI, and MTW). These latter materials, however, cover
only a very small range of framework densities (FD) 17.8-
19.4 Si atoms/nm3).

To reach more definitive conclusions on the effect of various
structural parameters on molecular sieve energetics, experimen-
tal thermodynamic data were needed for pure-SiO2 materials
made from direct synthesesand with FDs smaller than 17.8 Si
atoms/nm3. Fortunately, in the past few years the use of fluoride
instead of hydroxide as the mineralizing agent in zeolite
syntheses has enabled the synthesis of pure-SiO2 materials with
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lower framework densities (FD) 15.4-17.3 Si atoms/nm3) than
those of the materials available to Petrovic et al.10

The enthalpy for the transition from quartz to molecular sieve,
∆Htrans

298 , for the pure-SiO2 molecular sieves AST (all-silica
AlPO4-16), BEA, CHA, IFR (ITQ-4), ISV (ITQ-7), ITE (ITQ-
3), MWW(ITQ-1) is determined here in order to obtain
thermodynamic data for structures with low FD values. As
discussed above, this region of framework density (FD smaller
than 17.8 Si atoms/nm3) was hitherto unexplored. Also, the
enthalpy for CFI (CIT-5) was measured to determine whether
energetics for such a large-pore structure follow the trends seen
for samples with smaller pore sizes; it was long believed that
extra-large-pore materials were hard to synthesize because of
thermodynamic instability. Enthalpies for MFI and BEA samples
synthesized in both fluoride and hydroxide media were inves-
tigated as well. Although the fluoride materials are essentially
free of internal silanol defects, the hydroxide materials contain
such defects and are more typical of those used for industrial
applications. From these samples, an estimate of the defect
energetics can be obtained.

High-temperature drop solution calorimetry using lead borate
solvent at 974 K is employed here to measure enthalpies of
transformation from quartz with a standard error of(1 to (2
kJ/mol. The results and their implications with regard to the
stability of the different frameworks, the correlations with
framework structural features, and comparisons with previously
reported trends are presented.

Experimental Section

Samples.Unless noted otherwise, the SiO2 source for the
synthesis of all molecular sieves was tetraethoxysilane (TEOS).
For BEA/F and BEA/OH, the complete reaction mixture was
formulated to the compositions specified below and the TEOS
was completely hydrolyzed before heating the synthesis gel.
The ethanol generated by hydrolysis was removed by evapora-
tion at room temperature. For AST, CFI, CHA, IFR, ISV, and
STT, the reaction mixture omitting HF was formulated to the
compositions specified below and the TEOS was completely
hydrolyzed before heating the synthesis gel. The ethanol
generated by hydrolysis was removed by evaporation at room
temperature, and the HF was added to the correct composition.

AST.Thetert-butyltrimethylammonium (TBTMA)-mediated
synthesis of pure-SiO2 AST used a gel composition of 1 SiO2/
0.5 TBTMAF/13 H2O.12 After reaction at 423 K and autogenous
pressure for 6 days in a Teflon-lined stainless steel reactor that
was rotated at 60 rpm, the product was collected by cooling
the mixture to room temperature, filtering, and washing with
water and then acetone. The sample was calcined four times in
air at 1223 K for 3 h toremove the occluded organics.

BEA/F. The TEAF-mediated synthesis of pure-SiO2 zeolite
â employed a reaction composition of 1 SiO2/0.5 TEAF/7.25
H2O.13 In this synthesis, two rotary evaporations were performed
to remove the ethanol formed by hydrolysis. The synthesis was
conducted at 413 K and autogenous pressure for 14 days in a
Teflon-lined stainless steel reactor, and the products were
collected by cooling the mixture to room temperature, filtering,
and washing with water and then acetone. The sample was
calcined at 823 K in air for 6 h toremove the occluded organics.
This sample will be denoted here as BEA/F to distinguish it
from the hydroxide-mediated sample of zeoliteâ.

BEA/OH. For the trimethylenebis(N-methyl,N-benzylpiperi-
dinium) hydroxide-mediated synthesis of pure-SiO2 BEA (BEA/
OH), the gel composition was 1 SiO2/0.10 R(OH)2/35 H2O,
where R is trimethylenebis(N-methyl,N-benzyl,piperidinium),

synthesized as described previously.14 After reaction at 408 K
and autogenous pressure for 9 days in a Teflon-lined stainless
steel reactor, the products were collected by cooling the mixture
to room temperature, filtering, and washing with water and then
acetone. The sample was calcined in air at 873 K for 8 h to
remove the occluded organics.

CFI. A sample of pure-SiO2 CFI was prepared from a gel
composition of 1 SiO2 /0.50 TOH/0.50 HF/15 H2O, where T is
theN-methyl-(-)-sparteinium cation.15 After reaction at 448 K
and autogenous pressure for 4 days in a Teflon-lined stainless
steel reactor with rotation at 60 rpm, the product was collected
by cooling the mixture to room temperature, filtering, and
washing with water and then acetone. The sample was calcined
in air at 923 K for 3 h toremove the occluded organics.

CHA. For theN,N,N-trimethyladamantammonium-mediated
synthesis of pure-SiO2 CHA, the gel composition was 1 SiO2/
0.5 TMAdaF/3 H2O, where TMAda isN,N,N- trimethylada-
mantammonium.16 After reaction at 423 K and autogenous
pressure for 40 h in a Teflon-lined stainless steel reactor that
was rotated at 60 rpm, the products were collected by cooling
to room temperature, filtering, and washing with water and then
acetone. The sample was calcined at 853 K for 3 h in air to
remove the occluded organics.

IFR. TheN-benzyl-1-azoniumbicyclo[2,2,2]-octane-mediated
synthesis of pure-SiO2 IFR utilized the gel composition 1 SiO2/
0.50 C14H20N+OH-/0.50 HF/15 H2O, where C14H20N+ is
N-benzyl-1-azoniumbicyclo[2,2,2]-octane.17 After reaction at
423 K and autogenous pressure for 12 days in a Teflon-lined
stainless steel reactor rotating at 60 rpm, the products were
collected by cooling to room temperature, filtering, and washing
with water and then acetone. The sample was calcined at 923
K for 3 h in air to remove the occluded organics.

ISV. A sample of pure-SiO2 ISV was prepared from a gel
composition of 1 SiO2/3 C14H26NOH/3 HF/1 H2O, where
C14H26N+ is 1,3,3-trimethyl-6-azoniumtricyclo[3.2.1.46,6] dode-
cane.18 After reaction at 423 K and autogenous pressure for 15
days in a Teflon-lined stainless steel reactor rotating at 60 rpm,
the products were collected by cooling to room temperature,
filtering, and washing with water and then acetone. The sample
was calcined in air at 853 K to remove the occluded organics.

ITE. Pure-SiO2 ITE was prepared from a gel composition of
1 SiO2/0.5 C12H24NOH/0.5 HF/7.7 H2O, where C12H24N+ is
1,3,3,6,6-pentamethyl-6-azoniabicyclo[3.2.1]octane.19 After re-
action at 423 K and autogenous pressure for 19 days in a Teflon-
lined stainless steel reactor rotating at 60 rpm, the products were
collected by cooling to room temperature, filtering, and washing
with water. The sample was calcined in air at 853 K to remove
the occluded organics.

MEL. Pure-SiO2 MEL was produced from a gel of composi-
tion 1 SiO2/0.25 ROH/0.05 KOH/18 H2O, where R isN,N-
diethyl-3,5-dimethylpiperidinium.11 The silica source for this
synthesis was Cab-O-Sil M-5. After reaction at 443 K in a
rotating Teflon-lined stainless steel reactor, the product was
collected by cooling the mixture to room temperature, filtering,
and washing with water and then acetone. The sample was
calcined in air at 873 K to remove the occluded organics.

MFI/F. For the TPA-mediated synthesis of pure-SiO2 MFI
in fluoride media (denoted MFI/F), the gel composition was 1
SiO2/0.44 TPAOH/0.5 HF/50 H2O. The silica source for this
synthesis was Cab-O-Sil M-5. After reaction at 448 K and
autogenous pressure for 5 days in a Teflon-lined stainless steel
reactor, the products were collected by cooling to room
temperature, filtering, and washing with water and then acetone.
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The sample was calcined in air at 823 K for 6 h toremove the
occluded organics.

MFI/OH. A sample of pure-SiO2 MFI made with hydroxide
as the mineralizer (denoted MFI/OH) was prepared from a gel
of composition 1 SiO2/0.1 TPABr/0.5 C4H10N2/50 H2O, where
C4H10N2 is piperazine. The silica source for this synthesis was
Cab-O-Sil M-5. The gel was seeded with 0.6% MFI which had
been previously prepared with tetrapropylammonium (TPA) ions
as the SDA. After reaction at 423 K and autogenous pressure
for 8 days in a Teflon-lined stainless steel reactor, the products
were collected by cooling to room temperature, filtering, and
washing with water and then acetone. The sample was calcined
in air at 823 K for 7 h toremove the occluded organics.

MWW. Pure-SiO2 MWW was made from a gel of composition
1 SiO2/0.25 TMAdaOH/0.40 HMI/44 H2O, where TMAda is
N,N,N-trimethyl-1-adamantammonium and HMI is hexameth-
yleneimine.20 The silica source for this synthesis was Aerosil
200. After reaction at 423 K and autogenous pressure for 17
days in a Teflon-lined stainless steel reactor rotating at 60 rpm,
the products were collected by cooling to room temperature,
filtering, and washing with water and then acetone. The as-
made sample was calcined in air at 853 K to remove the
occluded organics and to produce the fully connected three-
dimensional framework.20

STT. For the TMAda+-mediated synthesis of pure-SiO2 STT,
the gel composition was 1 SiO2/0.50 TMAdaOH/0.50 HF/15
H2O.21 After reaction at 423 K and autogenous pressure for 30
days in a Teflon-lined stainless steel reactor, the products were
collected by cooling to room temperature, filtering, and washing
with water and then acetone. The sample was calcined in air at
853 K for 3 h toremove the occluded organics.

Before calorimetry, the samples were pressed into∼15 mg
pellets and dried in air overnight at 473 or 573 K to remove
most of the absorbed water. All sample pellets were stored in
an Ar-filled glovebox prior to calorimetry.

Characterizations.Powder X-ray diffraction (XRD) patterns
were collected at room temperature on a Scintag XDS 2000
diffractometer (liquid nitrogen cooled Ge detector, Cu KR
radiation, λ ) 1.541 84 Å) operating in a Bragg-Bretano
geometry. The data were obtained in a stepwise mode with 2θ
ranging from 2 to 51° (step size) 0.01°, count time) 4 s) in
order to identify the crystalline phases present before and after
drying. Thermogravimetric analyses (TGA) were performed on
35-50 mg samples using a Netzsch STA409 system to measure
the mass fraction of water present in the samples introduced
into the calorimeter. The heating rate was 10 K/min to 1473 K,
and dry Ar was used as the carrier gas to avoid sample
rehydration. Buoyancy corrections were performed for all runs
by allowing the sample to cool to room temperature and heating
it back to 1473 K. Alternatively, the measurement was
performed on approximately 15 mg samples using a Dupont
2100 instrument. The heating rate was 10 K/min to 1173 K,
and the buoyancy correction was based on a run with 15 mg
Pt.

Solid-state29Si NMR spectra for the BEA/OH and MFI/OH
samples were collected on a Bruker AM300 spectrometer
equipped with a Bruker cross-polarization, magic angle spinning
(MAS) accessory. The samples were packed into 7 mm ZrO2

rotors and spun in air at 4 kHz . Proton-decoupled29Si NMR
spectra (59.63 MHz) referenced to tetrakis(trimethylsilyl)silane
(downfield peak atδ ) -10.053 ppm) were collected using
MAS. The results were analyzed with the Tecmag MacFID
software; simulations using Gaussian lines were carried out to
estimate the defect density (Q3/Q4 ratio).

The adsorption capacity of the BEA/OH sample for cyclo-
hexane was measured at room temperature using a McBain-
Bakr balance. The C6H12 vapor was delivered from the liquid
phase. The microporous volume was determined at a relative
vapor pressureP/P0 of 0.33. Prior to the adsorption experiment,
the sample was dehydrated at 473 K under a vacuum of 10-3

Torr for 2 h. The adsorption capacity is reported in milliliters
of liquid per gram of dry zeolite, assuming bulk liquid density
for the adsorbate in the micropores.

Calorimetry. Drop solution calorimetry was employed to
obtain the heats of solution of the molecular sieves. In each
experiment, the sample pellet was dropped from room temper-
ature into the molten 2PbO‚B2O3 solvent in the calorimeter at
973 K. SiO2 is well-known to be soluble in lead borate, so the
same final state is obtained for all molecular sieves upon
dissolution.1 A quartz sample (Fluka, 99.5%) was used in
addition to the molecular sieves so that the enthalpy for the
transition quartz (298 K)f molecular sieve (298 K),∆Htrans

298 ,
could be obtained by difference. All thermochemical measure-
ments were performed using a Tian-Calvet twin microcalo-
rimeter that has been described in detail elsewhere,22 operating
under flowing Ar to assist in the removal of any water vapor.
The calibration factor for the calorimeter (J/µV) was obtained
by dropping∼15 mg pellets of alumina (Aldrich, 99.99%)
stabilized in the corundum phase by heating overnight at 1773
K. The overall methodology is now standard and has been
described previously.1,23,24

Results

Characterization. The X-ray powder diffraction (XRD)
patterns indicated the presence of a single molecular sieve phase
for each sample. All powder patterns except for BEA/OH
displayed sharp peaks and were in excellent agreement with
published data (AST,12 BEA,13 CFI,25 CHA,16 IFR,17 ISV,18

ITE,19 MEL,26 MFI,27 MWW,20 and STT28). For the BEA/OH
sample, repeated attempts to completely remove the large, bulky
organic SDA without degrading the XRD pattern (e.g., calcina-
tions at lower temperature, extractions) were unsuccessful. This
is a common problem for pure-silica zeoliteâ prepared in
hydroxide media. To quantify the degree of structural damage,
cyclohexane adsorption was performed on the BEA/OH sample
calcined in air at 873 K. The adsorption capacity for cyclohexane
with this material was found to be 0.24 mL/g and compares
favorably to literature data.29 Thus, the structure is not signifi-
cantly collapsed by the calcination procedure.

For all materials other than BEA/OH, the crystal sizes were
larger than 1µm. For particles larger than 1µm, surface energy
effects do not significantly affect the measured energetics;1

hence, they were neglected in this work.
The TGA results are shown in Table 1, along with the

calculated molar mass (per mol SiO2) and water contents. The
amount of water present in the dehydrated samples was
calculated by taking the difference of the mass losses at 1373
or 1073 K and at the dehydration temperature of 473 or 573 K.
The water contents are typically below 1% for all the materials
synthesized in fluoride media, indicating successful dehydration.
These water contents are nonzero, however, because only a
partial dehydration is carried out by heating to 473-573 K;
treatment at higher temperatures could have achieved complete
dehydration, but with the possible risk of damaging the
molecular sieve frameworks, at least for the hydroxide-mediated
samples. Two of the materials synthesized using hydroxide ions
as the mineralizer (BEA/OH and MWW) contain slightly larger
amounts of water (0.5-2.0%) as expected due to the hydrophilic

Thermochemistry of Pure-Silica Zeolites J. Phys. Chem. B, Vol. 104, No. 43, 200010003



nature of their defect sites (see below). The calorimetry
experiments with MWW were performed on the air-exposed
material because the mechanical properties of the pellets
prepared from the oven-dried material were poor and the pellets
could not be made to retain their shape. This fact further explains
the high (1.8%) amount of water in this material.

The 29Si solid-state NMR spectra of the MFI/OH and BEA/
OH samples confirmed the presence of Q3 (defect) Si sites in
both samples (peak below-105 ppm). A quantitative decon-
volution into Gaussian line shapes carried out with the MacFID
software gave Q3/Q4 ratios of 0.43 for BEA/OH and 0.041 for
MFI/OH. The corresponding percentages of silicon present as
Q3, denoted here as Sid, are Sid ) 29.9% (BEA/OH) and 4.0%
(MFI/OH). The unusually low defect site density for the MFI/
OH sample is undoubtedly due to the use of piperazine as the
SDA. The mass losses corresponding to complete annealing of
the defect sites calculated from these Sid values are 0.37% and
0.02%, respectively. Because the TGA mass losses are com-
posed of both (possibly incomplete) annealing and the loss of
water bound in molecular form, the TGA losses are expected
to be higher than those calculated from the29Si NMR data.
Indeed, the TGA mass losses for the BEA/OH and MFI/OH
are 0.93% and 0.37%, respectively, so the29Si NMR and TGA
data are consistent.

Enthalpies of Transition (Quartz f Molecular Sieve),
∆Htrans

298 . The enthalpies of transition for the reaction quartzf
molecular sieve at 298 K were calculated by taking the
difference between the heats of drop solution for quartz and
the molecular sieve. The following thermodynamic cycle was
used to determine the energetics of the molecular sieve
frameworks, where MS is a generic designation for any of the
molecular sieve frameworks andh is the number of moles of
water present per mole of SiO2:

By addition of these equations,∆Htrans
298 for the formation of

MS from R-quartz is obtained:

where∆H4 ) ∆H1 + h∆H2 + ∆H3 ) ∆Htrans
298 .

The enthalpies∆H1 and∆H3 are the experimentally measured
heats of drop solution for the molecular sieves and quartz,
respectively;∆H2 was obtained from a linear interpolation of
the water enthalpies at 900 and 1000 K to 974 K (from ref 30),
giving 70.85 kJ/mol H2O. The∆H2 contribution to the overall
transition enthalpy represents the heat required to completely
vaporize and heat the residual amount of water in the dehydrated
molecular sieves from 298 K to the calorimeter operating
temperature of 974 K. This correction assumes that the residual
H2O present is energetically the same as liquid water; that is,
any enthalpy of hydration of the framework is neglected. Hu et
al.31 measured enthalpies of hydration for microporous AlPO4

materials and reported values of-12 kJ/mol relative to liquid
water. The pure-SiO2 molecular sieves are more hydrophobic
than the aluminum phosphates. Therefore, it is likely that they
interact less favorably with water, leading to enthalpies of
hydration less negative than-12 kJ/mol. Indeed, the enthalpy
of hydration for pure-silica defect-free zeolite BEA has been
shown to be small compared to the heat of vaporization of
water,32 and this is expected to be true for all defect-free
hydrophobic samples. To estimate the impact of nonzero
hydration energetics on the∆Htrans

298 , enthalpy of transition
values assuming both an enthalpy of hydration of-10 kJ/mol
(slightly less exothermic than the value for the AlPO4 materials)
and an enthalpy of hydration of 10 kJ/mol (an endothermic,
physically unreasonable overestimate) were calculated in ad-
dition to the ∆Htrans

298 values derived from a zero enthalpy of
hydration.

Measured calorimetric data and calculated enthalpies of
transition are shown in Tables 2 and 3. Table 3 lists the transition
enthalpy∆Htrans

298 for each molecular sieve with the associated
standard error that includes and neglects the(10 kJ/mol
hydration enthalpies as discussed above. The 95% confidence
intervals were calculated as

whereσ1 andσ3 are the standard deviations for∆H1 and∆H3,
respectively, and the third and fourth terms account for the
uncertainty in the nonzero water interaction energy ((10 kJ/
mol) and TGA mass loss, respectively. An uncertainty of
approximately 0.7 kJ/mol due to TGA errors was calculated by
a propagation-of-errors approach assuming an estimated mass
loss uncertainty of(0.3%. N is the number of drop solution
measurements for each sample.

Discussion

Enthalpies of Transition, ∆Htrans
298 . The measured drop

solution enthalpies for quartz are within experimental error of
the previous value33 of 39.1 ( 0.3 kJ/mol. Furthermore, the
measured value for MEL (8.2( 1.3 kJ/mol) is in good
agreement with the previously measured value of 8.2( 1.0 kJ/
mol.1 Because the measured∆Htrans

298 values of MEL and MFI/
OH are essentially identical (8.2 and 8.0 kJ/mol), the presence11

of MFI intergrowths in the previously synthesized MEL sample
cannot have significantly affected the reported enthalpy.1 The
MFI/F value of 6.8( 0.8 kJ/mol is also close to the previously
reported value of 8.2( 0.8 kJ/mol.1 The range of∆Htrans

298

values for the molecular sieves studied here is 6.8-14.4 kJ/
mol, in good accord with a similar range (7-14 kJ/mol) reported
by Petrovic et al.1 The uncertainty in∆Htrans

298 is 1-1.5 kJ/mol,
typical of this class of calorimetry experiments.22

TABLE 1: Results from Thermogravimetric Analysis of
Silica Materials

sample
% mass loss
TGA (wt)

mol H2O per
mole SiO2

MW per
mole SiO2

quartz 0.27 0.009 60.25
MEL 0.38 0.013 60.31
MWW 1.8 0.061 61.19
IFR 0.55 0.018 60.42
ITE 0.42 0.014 60.34
AST 0.39 0.013 60.32
STT 0.42 0.014 60.34
CHA 0.66 0.022 60.48
BEA/F 0.12 0.004 60.16
MFI/F 0.06 0.002 60.12
CFI 0.59 0.020 60.44
ISV 0.05 0.002 60.12
BEA/OH 0.93 0.031 60.65
MFI/OH 0.37 0.012 60.31

σ95 ) 1.96
N - 1

[σ1
2 + σ3

2 + (10h)2 + 0.72]1/2

SiO2(soln, 974)+ hH2O(g, 974)f MS‚hH2O(s, 298) (1)

H2O(l, 298)f H2O(g, 974) (2)

SiO2(R-quartz, 298)f SiO2(soln, 974) (3)

SiO2(R-quartz, 298)+ hH2O(l, 298)f MS‚hH2O(s, 298)
(4)

10004 J. Phys. Chem. B, Vol. 104, No. 43, 2000 Piccione et al.



The contribution of the water vaporization to the enthalpies
(h∆H2) is below 1.6 kJ/mol for all samples synthesized in
fluoride media because they contain less than 0.6% water. For
the fluoride samples, the water contribution amounts to no more
than 20% of the total enthalpy measured. For the samples
synthesized in hydroxide media, the water correction takes on
generally higher values because the solids contain more water.
For MEL and MFI/OH, this correction is only 0.87 kJ/mol, but
for MWW and BEA/OH the corrections are 4 kJ/mol. The
enthalpies of these last two samples, therefore, are somewhat
more uncertain than the other enthalpies reported here.

The ∆Htrans
298 values calculated with(10 kJ/mol hydration

enthalpies do not differ significantly from the∆Htrans
298 values

that ignore this contribution (see Table 3); the discrepancy is
less than 0.2 kJ/mol for all fluoride-synthesized samples. For
the hydroxide-synthesized samples, the discrepancy is larger (up
to 0.5 kJ/mol for MWW) but still well within the reported
uncertainties. The assumption that the water behaves as liquid
water, therefore, does not significantly impact the final enthalpy
values and trends. For the remainder of these discussions, the
values calculated assuming that the physically adsorbed water
behaves as bulk liquid water will be used. The data for BEA/F
and MFI/F must be considered the most accurate determination
of the BEA and MFI framework enthalpies because they consist
of a SiO2 framework with very low silanol defect densities. For
further discussion, see Defect Energetics below. Before a closer
study of the correlation between structure and energetics, some
general remarks are in order.

This study focuses on determining∆Htrans
298 for a set of

molecular sieves with significantly different frameworks (lower
density for pure-SiO2 materials, larger and different ring sizes)
than those examined in earlier studies.1 Notwithstanding this
wider range of structural features, the enthalpies of the molecular
sieves studied here still fall within the same narrow range of
enthalpies of 6.8-14.4 kJ/mol less stable than that of quartz.
Pure-silica molecular sieves are therefore energetically quite
close to quartz. This is also true for CFI which, despite its pores
of 14-membered rings, has an enthalpy only 8.8 kJ above that
of quartz. The enthalpy for STT also falls in this range and
shows that frameworks composed of seven- and nine-membered
rings (7-MR and 9-MR), extremely rare in zeolites and found
only in STT among pure-silica materials, do not display unusual
energetics. Thus, there appears to be nothing intrinsically
unstable in frameworks containing 7-MR and 9-MR despite their
scarcity among zeolites. The same conclusion has been reached
from lattice energy minimizations of the STT structure using
the program GULP,34 although the calculated enthalpy of STT
relative to quartz (13.85 kJ/mol) was larger than the experi-
mental one.28 The systematic tendency of the GULP calculations
to overestimate pure-silica molecular sieve enthalpies was
already evident in the early work by Henson et al.9 Most SiO2

molecular sieves currently known have structural features (pore
sizes and framework densities) that fall within the range of those
of molecular sieves for which the enthalpies have now been
determined.1,8 We conclude that∆Htrans

298 values for all SiO2

TABLE 2: Measured Calorimetric Data

sample
∆Hdropsol

(J/mg)
std dev
(J/mg)

no. of
data points

error
(J/mg)a

∆Hdropsoluncorrected
(kJ/mol SiO2)

∆Hdropsol

(kJ/mol SiO2)a

quartz 0.6765 0.0199 9 0.0138 40.76 0.83
MEL 0.5442 0.0144 6 0.0126 32.82 0.76
MWW 0.5561 0.0104 4 0.0118 34.03 0.72
IFR 0.5194 0.0054 4 0.0061 31.38 0.37
ITE 0.5144 0.0092 6 0.0081 31.04 0.49
AST 0.5005 0.0078 6 0.0069 30.19 0.41
STT 0.5291 0.0098 6 0.0086 31.93 0.52
CHA 0.5003 0.0163 5 0.0159 30.26 0.96
BEA/F 0.4921 0.0056 7 0.0045 29.60 0.27
MFI/F 0.5317 0.0034 6 0.0030 31.96 0.18
CFI 0.5160 0.0031 7 0.0025 31.19 0.15
ISV 0.4170 0.0144 7 0.0116 25.07 0.69
BEA/OH 0.4808 0.0060 8 0.0044 29.16 0.27
MFI/OH 0.5219 0.0046 7 0.0037 31.48 0.22

a 95% confidence interval.

TABLE 3: Calculated Calorimetric Data (All Data in kJ/mol SiO 2)

with 10 kJ/mol hydration with-10 kJ/mol hydration

sample
water

correction
∆Hdropsol

corrected ∆Htrans
298 ∆Htrans

298a
∆Hdropsol

corrected ∆Htrans
298

∆Hdropsol

corrected ∆Htrans
298

quartz 0.64 40.12 0.00 N/A 40.21 0.00 40.03 0.00
MEL 0.90 31.92 8.19 1.34 32.05 8.16 31.80 8.23
MWW 4.33 29.70 10.42 1.45 30.31 9.90 29.08 10.94
IFR 1.31 30.08 10.04 1.17 30.26 9.95 29.89 10.14
ITE 1.00 30.04 10.08 1.21 30.18 10.03 29.90 10.13
AST 0.93 29.26 10.86 1.18 29.39 10.82 29.13 10.90
STT 1.00 30.93 9.19 1.22 31.07 9.14 30.79 9.24
CHA 1.57 28.69 11.43 1.47 28.91 11.30 28.47 11.56
BEA/F 0.28 29.32 9.29 0.82 29.36 9.25 29.28 9.33
MFI/F 0.14 31.82 6.78 0.80 31.84 6.76 31.80 6.80
CFI 1.40 29.79 8.82 0.81 29.98 8.62 29.59 9.02
ISV 0.13 24.94 14.37 1.07 24.96 14.36 24.92 14.39
BEA/OH 2.22 26.94 11.67 0.88 27.25 11.35 26.63 11.98
MFI/OH 0.88 30.60 8.01 0.82 30.72 7.88 30.48 8.13

a 95% confidence interval.
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molecular sieves presently known can be expected to lie within
a narrow region at approximately 6.8-14.4 kJ/mol less stable
than quartz.

Defect Energetics.A comparison of the∆Htrans
298 values for

the samples of MFI and BEA synthesized in both hydroxide
and fluoride media gives higher values for the hydroxide
samples. Despite the limited number of data points available,
the presence of silanol defects is shown to have a slight
destabilizing effect (1.2 kJ/mol for MFI and 2.4 kJ/mol for
BEA). Because zeolite BEA is well-known to have the largest
number of defects of all pure-silica molecular sieves, these
results place an upper bound of 2.4 kJ/mol on the energetic
effect of the defects for any crystalline silica phase. This value
is smaller than the observed total range of enthalpies for the
silica molecular sieves, so for these materials the presence of
defects does not significantly alter the relative energetics of the
various frameworks.

Finally, note that among pure-SiO2 molecular sieves prepared
in hydroxide media, BEA is known to contain the largest number
of defect sites, so the MEL and MWW∆Htrans

298 values are
assumed to be good indications of the corresponding idealized
framework enthalpies despite the fact that the samples were
synthesized in the presence of OH- ions. MWW, in particular,
is known to have a large concentration of defects in the as-
made layered form, but the large majority of these anneal upon
calcination to produce the 3-D framework.20

Implications for Zeolite Synthesis.The ∆Htrans
298 values of

pure-silica molecular sieves are shown here to be 6.8-14.4 kJ
less stable than that of quartz. The enthalpies of amorphous
silicas derived from gels lie in the same energetic region as the
molecular sieve enthalpies (the former are 0-10 kJ/mol less
stable35,36than silica glass, which is itself 9.1 kJ/mol less stable
than quartz31), so the formation of pure-SiO2 molecular sieves
from amorphous precursors is not appreciably hindered on
enthalpy grounds. In fact, for the most stable molecular sieves
(∆Htrans

298 e 9.1 kJ/mol), the amorphousf molecular sieve
transformation is even exothermic by at least 0-2.5 kJ/mol.
The entropies of the amorphous species, however, are neces-
sarily higher than those of the crystallineorderedmolecular
sieves, so whether∆G will favor the amorphous or crystalline
phases is not certain. In any event, the magnitude of∆G for
the amorphousf molecular sieve transformation is clearly quite
small. Because the available thermal energy at the typical
synthesis temperature of 373 K isRT ) 3.1 kJ/mol, all pure-
SiO2 molecular sieve frameworks are within twice the available
thermal energy (2RT ) 6.2 kJ/mol) of each other and are not
significantly less stable than quartz. Further, even mesoporous
silicas such as the MCM-41 materials have been shown to be
no more than 14-15 kJ/mol less stable than quartz. Thus, they
must be considered to lie in the same general enthalpy region
even though their pore sizes and molar volumes are several times
larger than those of even the most porous molecular sieve.37

Therefore, there are no large thermodynamic barriers to the
interconversions among the many polymorphs of SiO2.

The narrowness of the enthalpy range covered by different
frameworks undoubtedly explains the multiplicity (around 30)
of known SiO2 polymorphs.8 Indeed, similar energetics are
expected for other isocompositional classes of dehydrated
microporous materials, for example, the AlPO4 materials.31 The
role of the structure-directing agent cannot then be to help
stabilize otherwise very unstable structures but rather to form
organic-inorganic composites that select one set of structures
over another. The presumably exothermic nature of the interac-
tion to form such organic-inorganic composites can be invoked

to explain the preferential formation of ordered porous frame-
works over amorphous silicas in molecular sieve syntheses, even
though the amorphous silicas would be expected to be favored
on entropic grounds.

More instructively, perhaps, the self-assembly of the various
silica polymorphs can be understood by considering the organic
species present in the synthesis gel or solution. These organic
species participate in three essentially different types of interac-
tions: organic-organic (O-O), organic-inorganic (O-I), and
organic-water (O-W) interactions. The relative strengths of
these three interactions presumably determine the kind of
structure that the self-assembly process will yield. If sufficiently
strong O-O attractive interactions are present, organized organic
structures are formed. These structures, in turn, may be able to
organize the water and silicate species around themselves,
leading to structures with large pores due to the relatively large
size of the O-O aggregates. A typical example is the synthesis
of mesoporous materials using surfactants as the SDAs. If the
O-I interactions predominate, precursors to molecular sieves
with the organic and inorganic species in intimate contact can
form. In this case, crystalline materials can result after self-
assembly; because of the intimate O-I contact, they are typically
porous (i.e., they are molecular sieves). If neither O-O nor O-I
interaction is sufficiently strong to lead to ordered structures,
there is no opportunity to form either micelles or precursors to
molecular sieves. In such cases, either amorphous or dense
materials are synthesized, probably depending in large part on
the general conditions (pH, temperature, silica concentration,
and synthesis time). A schematic representation of these various
processes is shown in Figure 1.

Relationship between Structure and Energetics.Previous
studies reported no strong correlation between enthalpies and
framework structure. Petrovic et al. attempted to correlate
enthalpies of formation with both framework density and mean
Si-O-Si angle without success.1 Ab initio calculations38

suggest that although large Si-O-Si angles (for reference, the
angle is 143.6° for quartz, whereas it ranges from 132 to 179°
for molecular sieves) do not appreciably destabilize these
structures, angles below about 135° will do so. A weak
correlation between the overall enthalpy and the fraction of Si-
O-Si angles below 140° was indeed found by Petrovic et al.1

by ignoring the data for the dense phases that did not fit within
the trend. As discussed above, these findings suffered from the
relative narrowness of the density range for which pure-silica
molecular sieves could be prepared. The later work by Henson
et al.9 reanalyzed the experimental values of Petrovic et al.1

and concluded that after ignoring the EMT data point, they
showed a dependence of∆Htrans

298 on the framework density.
Henson et al.9 presented theoretical calculations for additional
structures that confirmed this trend. Having more than doubled
the number of molecular sieves for which experimental∆Htrans

298

values are available, we are now in a better position to determine
how well the enthalpies and FDs correlate. The FD values
considered in this paper are those derived from the structural
data available for the calcined silica materials. These values
may differ significantly from the values collected in ref 8
(corresponding to the “Type Materials”, which frequently are
high-alumina zeolites or aluminophosphates) or from the FDSi

values in ref 8 (derived from the DLS-minimized silica
structure).

The structural and thermodynamic data for all tetrahedrally
coordinated SiO2 polymorphs for which∆Htrans

298 values have
been experimentally determined are listed in Table 4 with the
respective references. In addition to the molecular sieves, data
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for the dense phases cristobalite (cr), tridymite (tr), coesite (co),
and moganite (mo) are included. Data for the dense phase
stishovite are not included because its Si coordination is not
tetrahedral but rather octahedral. The EMT data measured by
Petrovic et al.1 have also been excluded because of the relatively

high (Si/Al ) 14.5) Al content. Crystal structures derived from
single-crystal studies are available for FER and quartz and must
be considered more reliable than those for the other frameworks
that were obtained by refinements of powder data (except for
MFI, which was not powder but a “twin crystal” with one twin

Figure 1. Possibilities for silicate self-assembly in hydrothermal syntheses.

TABLE 4: Relation between Structure and Energetics

sample
framework density

(Si/nm3)
molar volume

(cm3/mol) δ (nm)
structure
reference

∆Htrans
298

(kJ/mol SiO2)
enthalpy
reference

quartz 26.52 22.71 0 39 0.0
MEL 17.80 33.83 0.0496 26 8.2 this work
MWW 16.51 36.47 0.0688 20 10.4 this work
IFR 17.03 35.36 0.0434 17 10.0 this work
ITE 16.26 37.04 0.0617 19 10.1 this work
AST 17.29 34.83 0.0867 12 10.9 this work
STT 16.83 35.78 0.0845 28 9.2 this work
CHA 15.40 39.10 0.0225 16 11.4 this work
BEA 15.60 38.60 N/A 13 9.3 this work
MFI 17.97 33.51 0.0516 27 6.8 this work
CFI 18.28 32.94 0.0376 25 8.8 this work
ISV 15.36 39.21 0.0593 18 14.4 this work
AFI 17.80 33.83 0.0543 40 7.2 8
MTW 19.39 31.06 0.0532 41 8.7 8
FAU 13.45 44.77 0.0242 42 13.6 8
FER 18.43 32.67 0.0494 43 6.6 48
cr 23.37 25.77 0.0127 44 2.84 49
mo 26.22 22.97 0.0379 45 3.4 50
co 29.26 20.58 0.0442 46 2.93 51
tr 22.61 26.63 0.0311 47 3.21 52
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much smaller than the other, and the overlapping reflections
from both twins were treated mathematically to derive the “true”
intensities for the larger twin). This point is relatively unim-
portant for bulk parameters, such as the framework density and
molar volume. Theδ parameter discussed below, however, is
much more sensitive to atomic configuration, and its precision
is affected by uncertainties in the crystal structure accordingly.

Framework Density and Molar Volume. Figures 2 and 3 show
the relationship between the∆Htrans

298 values and the FD and
molar volume, respectively. The data in Figure 2 clearly exhibit
a roughly linear correlation between the∆Htrans

298 values and the
framework density for FD) 26.55 Si atoms/nm3 (quartz). Such
a trend can be understood in terms of a “quality of packing”
argument; in the molecular sieves, the creation of void volumes
is possible only with an associated energetic cost corresponding
to the inherent instability of the Si atoms that are prevented
from collapsing into the void spaces. As the density increases
(eliminating void volume), the silica polymorphs become
progressively more stable until the most stable structure (quartz)
is reached. Further increases in density lead to unfavorable
compression, explaining the unstable nature of coesite. The only
structure for which the enthalpy differs significantly from the
trend above is mo; its relatively high∆Htrans

298 (3.4 kJ/mol)
cannot be rationalized on the basis of FD because it has almost
exactly the same density as quartz. The enthalpy of moganite
was not obtained by a direct measurement but rather by
extrapolating measured enthalpies of mo-q intergrowths with
varying mo contents to 100% mo.50 Hence the reported∆Htrans

298

cannot be considered to be as reliable as those for the other
silica polymorphs. Furthermore, the Si-O-Si bonds in mo are
more strained than those in q; in particular, four-membered Si

rings are present in mo but not in quartz. Because of the tighter
packing, dense silica phases generally have less room for the
atoms to rearrange away from the optimal (quartz) configuration
than with higher void volumes (molecular sieves). Hence the
destabilizing effect of bonding distortions is expected to be the
largest for the most dense phases. This observation most likely
explains the higher than expected enthalpy of mo and the
corresponding departure of the mo data point from the general
trend.

The data in Figure 3 show the trends in∆Htrans
298 versus the

molar volume of the various silica phases. Because molar
volume is inversely proportional to FD, a good correlation is
observed between the enthalpies and molar volume. For
predictive purposes, a linear regression of the∆Htrans

298 and
molar volume data was performed for the phases less dense
than quartz, and the results give∆Htrans

298 ) (-10.1 ( 1.9) +
(0.55 ( 0.06)Vm, whereVm is the molar volume in cm3/mol.
The molar volume was chosen for the regression rather than
the framework density because it allows the regression results
to be extended to structures without a regularly repeating
framework. Quartz is thermodynamically required to represent
a minimum in the enthalpy versus molar volume curve. The
coesite data was thus excluded from the correlation because co
is a denser yet less stable phase than quartz. Table 5 compares
the predicted and experimentally measured∆Htrans

298 values. The
calculated value is typically within<2 kJ/mol of the experi-
mentally measured∆Htrans

298 ; that is, the error in the predicted
value is only slightly larger than the uncertainty in the
measurement itself. Clearly, this empirical correlation is useful
to interpolate the enthalpies of transition for other silica phases
whose molar volumes are between those of q (22.71 cm3/mol)
and FAU (44.77 cm3/mol).

For SiO2 polymorphs less dense than FAU, the above
correlation does not lead one to expect large framework
instabilities. Recall that the MCM-41 mesoporous materials
(admittedly not crystalline) are much less dense than even the
most porous molecular sieve yet have enthalpies of only 14-
15 kJ/mol above that of quartz. This observation suggests that
the linear molar volume-∆Htrans

298 trend may plateau at high
molar volumes (low FD values) as has already been observed
for the AlPO4 materials.31 Therefore, very porous materials
cannot be sufficiently unstable for their syntheses to be ruled

Figure 2. Enthalpy of transition vs framework density.

Figure 3. Enthalpy of transition vs molar volume.

TABLE 5: Measured Enthalpies of Transition vs Predicted
Values Based on Molar Volume Correlation

sample
∆Htrans

298 expt
(kJ/mol SiO2)

∆Htrans
298 predicted

(kJ/mol SiO2)
error

(kJ/mol SiO2)

quartz 0 2.4 2.4
MEL 8.2 8.5 0.3
MWW 10.4 9.9 -0.5
IFR 10.0 9.3 -0.7
ITE 10.1 10.2 0.2
AST 10.9 9.0 -1.8
STT 9.2 9.6 0.4
CHA 11.4 11.4 0.0
BEA 9.3 11.1 1.8
MFI 6.8 8.3 1.5
CFI 8.8 8.0 -0.8
ISV 14.4 11.4 -2.9
AFI 7.2 8.5 1.3
MTW 8.7 7.0 -1.7
FAU 13.6 14.5 0.9
FER 6.6 7.8 1.2
cr 2.84 4.0 1.2
mo 3.4 2.5 -0.9
tr 3.21 4.5 1.3
co 2.93 1.2 -1.7
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out based on framework thermodynamics. As pointed out by
Davis,53 a purely physical limitation in zeolite syntheses is that
the crystal must not float in order for its growth to take place
at an appreciable rate in an aqueous system. This restriction
does not exclude the formation of frameworks considerably less
porous than the ones currently known.53 The difficulty in
synthesizing silica polymorphs with FDe FD(FAU) so far
defies explanation.

Above, the enthalpies have been shown to correlate well with
the packing parameters FD and molar volume. These parameters
are easy to obtain and are not very sensitive to uncertainties in
the crystallographic structure solution. They do not, however,
provide significant insight into the nature of the interactions
affecting porous silica energetics; in other words, what is the
atomic/molecular origin of the destabilization relative to quartz
of the silica molecular sieves? To address this issue, we
attempted to explore whether other parameters that are based
on crystal chemistry concepts would correlate well with the
∆Htrans

298 values.
O’Keeffe noted that crystallographic evidence shows that for

an element in a lattice, such as Si in four-coordinated SiO2,
there is an optimal Si-Si distance below which electrostatic
repulsion becomes excessive.54 He therefore suggested correlat-
ing framework energetics with nonbonded distances, that is, the
distances between nonneighboring atoms. To examine the effect
of such nonbonded distances on the framework energetics, we
defined a parameter,δ, as the average absolute value of the
deviation from the Si-Si distance in quartz (3.0568 Å,
calculated from the data in ref 39 and taken as the optimum
nonbonded distance for this class of materials):

whered(Sii - Sij) is the distance from Si atomi to each of its
four neighborsj andN is the total number of Si atoms per unit
cell. Noδ value was calculated for the BEA because its structure
is faulted and no single meaningful average nonbonded distance
can be defined.

The δ parameter is alocal measure of the atomic configu-
ration in direct contrast to theglobal description afforded by
the framework density FD. An even more local description is
given by the loop configuration (defined in the Zeolite Atlas8

as a collection of graphs showing how many three- or four-
membered rings each type of T atom in a given framework is
residing within). The determination here of thermodynamic data
for a much more varied collection of silica polymorphs than
previously available permitted a conclusive examination of the
quality of the correlation between∆Htrans

298 and both of these
structural parameters.

Nonbonded Distances. The correlation between∆Htrans
298 and

theδ parameter as illustrated by Figure 4 is much weaker than
the correlation between∆Htrans

298 and the simple structural
parameters FD and molar volume. Although the dense phases
that are relatively close in enthalpy to quartz all have lowδ
values, two of the most unstable silica phases, CHA and FAU,
haveδ values in the same range (0-0.04 nm). Conversely, the
structures with the largest distortions (AST and especially STT)
are not the most unstable polymorphs. The structures in the
middleδ region (0.04e δ e 0.08) show no clear trend either.
Rather, the enthalpies appear to plateau at slightly above 10
kJ/mol for high values ofδ. This observation is at variance with

the expected physical behavior, namely, the progressive desta-
bilization with increasingδ until the frameworks become so
strained that they cannot form under any condition. A com-
parison between Figures 3 and 4 conclusively shows that the
∆Htrans

298 values correlate much better with the molar volume
than withδ. Local distortions of the framework, then, do not
uniformly determine structural enthalpies; indeed, the large
flexibility of T -O-T bonds is traditionally invoked to explain
the large number of silica polymorphs that can be synthesized.

Loop Configuration.The loop configuration is a graph
representing the number of three- and four-membered rings (3,4-
MR) each type of T atom in a framework is residing within.
Currently known zeolites and related materials exhibit 12
different types of loop configurations, and they are shown in
Figure 5. Calculations predict that 3,4-MR are less stable than
six-membered rings (6-MR) by approximately 2.8 (3-MR) and
1.1 (4-MR) kJ/mol.55 Five-membered rings, by contrast, are only
slightly (0.08 kJ/mol) destabilized relative to 6-MR.55 The
frameworks whose T atoms are mostly bonded within multiple
3,4-MR, then, are expected to be less stable than structures
devoid of them. Table 6 lists the fractions,f, of T atoms engaged
in the various loop configuration types for each silica phase
for which enthalpy data are available. Six of the 12 possible
loops are represented, and the frameworks contain from 0% 3,4-
MR (q, tr, cr, and FER) up to 100% loops containing three 4-MR
(CHA, FAU). Unfortunately, no pure-SiO2 material with 3-MR
has yet been prepared by direct synthesis, so only the effect of
4-MR will be examined here. The molecular sieves that consist
mostly (f0 + f1 g 75%) of zero or only one 4-MR (AFI, MTW,

Figure 4. Enthalpy of transition vsδ.

Figure 5. Configuration loops present in zeolites.
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MFI, MEL, FER, and CFI) are the most stable frameworks;
they all have∆Htrans

298 e 8.8 kJ/mol. Conversely, the structures
that contain mainly (f3A + f3B g 50%) triple 4-MR (CHA, ISV,
FAU, and AST) are the least stable frameworks, with∆Htrans

298

g 10.8 kJ/mol. The presence of large fractions of multiple
4-MR, then, seems to lead to a destabilization of the framework.
When the dense phases are examined as well, however, the trend
becomes less evident: q, tr, and cr have the same loop
configuration as FER yet are up to 6.6 kJ/mol more stable.
Further, coesite consists solely of loops containing two 4-MR,
yet it is only 2.9 kJ/mol less stable than quartz.

To evaluate these data more quantitatively, a linear regression
was performed to fit the enthalpy data to the distribution of
loop types, according to

wherefij is the fraction of loop typei present in structurej and
ei is the energetic contribution of loop typei (to be determined).
Because only 20 data points are available to determine 5
parameters, the results must be interpreted with caution; Table
7 lists theei coefficients with their associated standard errors,
and Table 8 compares the calculated enthalpy from this relation,
∆Hj, to the measured∆Htrans

298 . A comparison between the data
in Tables 5 and 8 clearly shows that the correlation based on
molar volume is much more accurate in its∆Htrans

298 predictions
than the loop configuration correlation, despite the much larger
number of independent variables in the latter. In particular, the
loop configuration correlation severely overestimates the en-
thalpies of transition of the dense phases. This systematic error
is due to the fact that the loop descriptions for the most stable
molecular sieves and the dense phases q, tr, and cr are quite
similar (f0 > 0.70), even though there are significant enthalpy
differences between the two groups.

In summary, the data presented here for low-FD, directly
synthesized SiO2 phases show that∆Htrans

298 correlates well with
the molar volume (or, equivalently, the FD) of SiO2 polymorphs.
This correlation expresses the effect of the overall quality of
packing on the framework enthalpies. The new data conclusively
discredit any correlation between∆Htrans

298 and the nonbonded
parameterδ. Although large fractions of Si atoms involved in
4-MR result in less stable structures, the quantitative correlation
between∆Htrans

298 and loop configuration is not very good. This
is especially true for the dense phases for which the enthalpies
of the 4-MR-containing phases coe and mo are severely
overestimated. Finally, the enthalpies for the large number of
high-quality SiO2 polymorphs reported here conclusively show
that the class of crystalline SiO2 materials lies within a narrow
range and is not dramatically destabilized from quartz.

Conclusions

The enthalpies of transition for a series of pure-SiO2

molecular sieves with varied structural features (low density,
large rings) have been determined by drop solution calorimetry
in lead borate at 974 K. All samples in this study have enthalpies
that fall in a narrow range of 6.8-14.4 kJ/mol less stable than
that of quartz and are in excellent agreement with previously
reported values. This range (7.6 kJ/mol) is comparable to twice
the available thermal energy (6.2 kJ/mol) at typical synthesis
conditions. All known tetrahedrally coordinated SiO2 poly-
morphs, then, are only slightly metastable with respect to quartz.
This low barrier to transformation explains the large diversity
(around 30 structures) of SiO2 polymorphs. Furthermore, the
role of the organic structure-directing agents used in zeolite
synthesis cannot be the stabilization of otherwise very unstable
structures. They may, however, stabilize one structure at the
expense of others by forming inorganic-organic composites.

The pure-SiO2 molecular sieve enthalpies correlate well with
molar volume and framework density but rather poorly with
nonbonded Si-Si distances and loop configuration. The overall
quality of packing of the SiO4 tetrahedra is thus the most
important parameter affecting the framework stability. Finally,
the presence of silanol defect groups has been shown to slightly
raise the enthalpies of transition relative to quartz when
compared to the low-defect density frameworks.

TABLE 6: Fractional Contributions of Loop Configuration
Types to Silica Structures

loop type

structure
0

0 ring
1

1 ring
2A

2 rings
2B

2 rings
3A

3 rings
3B

3 rings

AFI 0.00 1.00 0.00 0.00 0.00 0.00
AST 0.20 0.00 0.00 0.00 0.00 0.80
BEA 0.25 0.25 0.50 0.00 0.00 0.00
CHA 0.00 0.00 0.00 0.00 1.00 0.00
MTW 0.71 0.29 0.00 0.00 0.00 0.00
MFI 0.83 0.17 0.00 0.00 0.00 0.00
MEL 0.58 0.42 0.00 0.00 0.00 0.00
FAU 0.00 0.00 0.00 0.00 1.00 0.00
MWW 0.22 0.50 0.17 0.00 0.00 0.11
FER 1.00 0.00 0.00 0.00 0.00 0.00
CFI 0.75 0.00 0.25 0.00 0.00 0.00
IFR 0.00 0.25 0.50 0.25 0.00 0.00
ITE 0.00 0.25 0.50 0.25 0.00 0.00
STT 0.13 0.31 0.38 0.13 0.06 0.00
ISV 0.25 0.25 0.00 0.00 0.00 0.50
quartz 1.00 0.00 0.00 0.00 0.00 0.00
tr 1.00 0.00 0.00 0.00 0.00 0.00
cr 1.00 0.00 0.00 0.00 0.00 0.00
co 0.00 0.00 1.00 0.00 0.00 0.00
mo 0.00 0.67 0.00 0.33 0.00 0.00

TABLE 7: Enthalpy Contributions for Loop Types

contribution (kJ/mol) contribution (kJ/mol)loop
type enthalpy std error loop type enthalpy std error

0 4.9 1.3 2B -0.5 7.8
1 4.5 3.1 3A 7.6 2.6
2A 3.0 3.0 3B 10.2 3.8

∆Hj ) e0 + ∑
i*0

ei fij

TABLE 8: Measured Enthalpies of Transition vs Predicted
Values Based on Loop Configuration Correlation

structure
∆Htrans

298 expt
(kJ/mol SiO2)

∆Hj (fit)
(kJ/mol SiO2)

error
(kJ/mol SiO2)

AFI 7.2 9.5 2.3
AST 10.9 13.1 2.2
BEA 9.3 7.6 -1.7
CHA 11.4 12.5 1.1
MTW 8.7 6.2 -2.5
MFI 6.8 5.7 -1.1
MEL 8.2 6.8 -1.4
FAU 13.6 12.5 -1.1
MWW 10.4 8.8 -1.6
FER 6.6 4.9 -1.7
CFI 8.8 5.7 -3.1
IFR 10.0 7.5 -2.6
ITE 10.1 7.5 -2.6
STT 9.2 7.9 -1.3
ISV 14.4 11.2 -3.2
q 0 4.9 4.9
tr 3.2 4.9 1.7
cr 2.8 4.9 2.1
co 2.9 7.9 5.0
mo 3.4 7.8 4.4
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