Synthesis and structure of pure SiO, chabazite: the SO, polymorph with the

lowest framework density
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A SiO, material with the lowest framework density (15.4
SiO, nm—3) and the largest void volume fraction (nearly
50%) ever reported for crystalline silica polymorphs has been
synthesised, and its structure solved by direct methods and
fully refined using low-resolution powder X-ray diffraction
data.

The synthesis of puresilicapolymorphs of decreasing density is
ascientific challenge which may result in potential applications,
including adsorption and separation of organic molecules but
also storage of gases such asH, and CH,4. Compared to zeolites
of the same structure type pure silica polymorphs may in
principle offer (1) alarger void space owing to the absence of
counter cationsin their pores, (2) distinct adsorption properties,
characterised by their extreme hydrophobicity,? and (3) a far
superior thermal stability. Recent calorimetric measurements?
and theoretical calculations3 have shown that the enthalpy of
formation relative to quartz is very small and increases only
dlightly with the decreasing framework density (FD, the number
of SiOy, tetrahedra per nmg). This suggests the synthesis of
low-density materials is not thermodynamically hindered and
new phases (though normally considered asstill metastablewith
respect to quartz) could be obtained through a kinetic control of
the synthesis process. Actualy, the synthesis of microporous
SiO, polymorphs involves a two-step process: the synthesis of
a host—guest compound in the presence of a suitable (normally
organic) structure-directing agent (SDA), and its calcination to
remove the guest organics. Apparently, the use of SDAs affords
the required kinetic pathway and/or the additional stabilisation
energy that makes the synthesis feasible. However, until
recently only silica phases with a relatively high framework
density (above 17 SiO4» nm—3) have been obtained. We have
recently found that a modification of a known method for the
synthesis of pure silica materials offers new opportunities for
decreasing the framework density of the phases obtained.* We
illustrate here the success of this strategy which has now
afforded the synthesis of a new pure silica polymorph
isostructural with zeolite chabazite having the lowest ever
reported framework density amongst these materials, 15.4 SiO,
nm—3 (14.6 T nm—3 for the type material, structure code
CHA)S

Pure silica chabazite was synthesised hydrothermally using
N,N,N-trimethyladamantammonium (TMAda*) in hydroxide
form asthe structure-directing agent at near to neutral pH in the
presence of fluoride. In a typical synthesis 13.00 g of
tetraethylorthosilicate were hydrolysed in 31.18 g of a 1.0 m
TMAdaOH aqueous solution and the mixture was stirred to
alow the ethanol and water to evaporate to a final H,O/SiO,
molar ratio of 3.0. Then, 1.33 g of HF (ag., 46.9%) were added
and the mixture, which was homogenised by hand, was
transferred to Teflon lined stainless steel 60 ml autoclaves. The
autoclaveswere heated at 150 °C whilst rotated at 60 rpm. After
40 h crystallisation time (pH = 8.5) the solid product was
collected, washed and dried, and recognised as chabazite by
powder X-ray diffraction (XRD). Itschemical analysisindicates
a CompOSition close to [C13H24NFO_5]3[Si 36072(OH)1_5] [Anal
Found: C, 17.49; H, 2.98; N, 1.56; F, 1.06. The above
composition requires. C, 16.78; H, 2.60; N, 1.51; F, 1.02%)]. A

charge imbalance between F— and TMAda* suggests the
presence of connectivity defects in this material (see below),
and to maintain electrical neutrality we have included 1.5 OH—
per uc in the above idealised composition.

It is interesting that an aluminosilicate isostructural to
chabazite (denoted as SSZ-13) may be prepared using the same
structure-directing agent in OH— medium.8 However, it appears
that in the absence of F— in akaline medium aluminium is
needed for the synthesis of SSZ-13 to succeed.® From our
experience in OH— medium using TMAda* as the structure
directing agent an increase in the Si/Al ratio above 50 favours
the crystallisation of either ITQ-17 or SSZ-23 (depending on the
alkali metal cation present) while higher aluminium contents
favours SSZ-13 with the CHA topology.8

Thermogravimetric analysis in air (10 °C min—1) shows no
weight losses below 260 °C, suggesting no water is occluded as
aguest in this material, as expected for a pure silica host. The
organics and fluorine are removed in the range 300-650 °C
through two overlapping exothermic processes (thefirst centred
at 450 °C). Calcination at 580 °C for 3 h is required to prepare
the pure silica host, whose adsorption capacity is exceptionally
high. From N, adsorption experiments at 77 K a micropore
volume of 0.30 cm g—1 (calculated by the t-plot method or by
the amount of adsorbed N, at any relative pressure between 0.1
and 0.9), a surface area of 602 m2 g—1 (BET method) and a
micropore area of 594 m2 g—1 were calculated. The micropore
volume of silica chabazite is by far the largest ever reported for
a crystalline pure silica polymorph and exceeds by over 30%
those of the beta, ITQ-3 and ITQ-4 materias (0.22, 0.23 and
0.22 cm3 g—1 respectively). The void volume fraction of silica
Chabazite is aimost 50% (0.46 cm3 cm—3).

The 295 MAS NMR spectrum of calcined pure silica CHA
(Fig. 1) showstwo bands at 6 —101.4 and —111.4. Thefirstis
assigned to Si(OSi)sOH defect groups and the second to
Si(OSi), species. Their relative intensities allow us to quantify
the amount of defects in pure silica CHA and shows that an
appropriate formulation for this material is [SizgO70.5(0OH)2.9]-
The number of defect groups is relatively small compared to
silicamaterials synthesised in OH— medium, where the Si—-OH
concentration is typicaly about four times larger than the
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Fig. 1295 MAS NMR spectrum of calcined pure silicachabazite (reference
SiMe, = 0)
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Table 1 Data collection and crystallographic parameters for calcined pure
silica chabazite

Wavelength Cu-Ka (graphite monochromated)
Profile range (26/°) 5-100
Step size/® 0.01
Step count time/s 2 (540° 26); 4 (40-100° 26)
Number of data points 7740
Number of reflections 609
Profile range used (26/°) 22-100
Number of profile parameters 8
Number of structural parameters 14
Number of constraints 0
Unit cell alA 13.52923(8)
c/lA 14.74828(13)
Space group R3m (no. 166)
Residuals Rexp 7.76
Ry 8.66
Rup 11.18
x? 2.083
Ro 3.96

Table 2 Fractional coordinates and thermal parameters from Rietveld
refinement of the pure silica chabasite with esds in parentheses

Atom X y z Uiso/A2
S(1)  022862(10) 0.00002(12)  0.10389(7)  0.0313(7)
o) 0.11978(11) —0.11978(11)  0.12991(18) 0.0308(11)
0(2) 0.33333 0.01978(20) 0.16667 0.0315(10)
0@ 0.19744(24)  0.09872(12)  0.12173(21) 0.0354(10)
o(4) 0.26344(19) 0 0 0.0335(10)

amount of occluded cations® (thiswould lead in this caseto over
30% Si—OH defects with respect to total Si sites). However, itis
noticeable that this defect concentration is much larger than
expected for a silica material synthesised at near neutral pH in
the presence of fluoride.10 In view of a plausible control of the
defect concentration by the synthesis pH and the pK, of the
condensing silicate species, ! we have tried to reduce the defect
concentration of this material by further decreasing the
synthesis pH, but with no success. We are currently trying to
understand the unexpected behaviour of this system.

The S(OSi)4 resonance in Fig. 1 is noticeable because of its
sharpness (26 Hz), which is probably due to a combination of
the absence of Al substitution for Si, the presence of asingle Si
site in the structure (see below) and the relatively low
concentration of defects. We have calculated an average Si—
O-Si angle of 148.4° for CHA by applying the equation of
Thomas et al.12 to the chemical shift of the S(OSi), resonance.
This is in excellent agreement with the value obtained by
Rietveld refinement (148.0°, see below).

Powder X-ray diffraction (XRD) techniques were used to
examinethe new pure silicaChabazite material. Laboratory Cu-
Ko XRD datawere recorded on afreshly calcined sample of the
titte compound. Inspection of the diffraction pattern and
refinement of the unit cell parameters taken from Smith et al .13
verified the phase purity and rhombohedral symmetry (space
group R3m). The high crystallinity of the materia after
calcination enabled the structure to be solved routinely by direct
methods in the program Sirpow14 using Le Baill5 extracted
intensities from the Mprofil16 program suite. Subsequent
Rietveldl” refinement of the model produced from direct
methods was undertaken in the program GSAS!8 using a
manually interpolated background together with a pseudo-
Voigt!® function to describe the peak shape. The refinement
proceeded smoothly with no constraints used. The crystallo-
graphic data are summarised in Table 1, the fina atomic
positionsin Table 2 with the final Rietveld plot depicted in Fig.
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Fig. 2 Rietveld plot for the title compound, observed (+), calculated (solid
line) and the difference (lower trace). Thetick marks represent the positions
of allowed reflections.

2. The average Si—O bond length (1.603 A) and average O-Si—
O and Si-O-Si angles (109.47 and 148.0°, respectively) arein
excellent accord with those expected for zeolite materials.
These refinement results clearly verify the formation of ahighly
crystalline chabazitic material.
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