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Abstract: Relatively large (up to 4m), needle-like crystals of the high-silica molecular sieve VPI-8 are synthesized

by hydrothermal methods and are subsequently calcined to remove the pore-filling orgarfi¢t@ieaethylammonium
cation). Numerous physicochemical techniques are used to determine and characterize the structure of organic-free
VPI-8. The structure is discussed with the use of two ordered topolobgesnd1b) and an average structurkdf

that accounts for the possibility of structural disorder in one of the T-atoms (Sil). The symmetry and space group
of the ordered structure tyfa (tetragonal P4 (no. 81)) is supported by electron diffraction data and the Rietveld
refinement of the synchrotron X-ray powder data based@nonverges with the lowest agreement factors. The
pore system of VPI-8 consists of one-dimensional channels containing 12-membered T-atom rings (12MRs) that run
down the c-axis. HRTEM images along [001] confirm the general structure topology (the possible disorder occurs
only alongc). The structure of VPI-8 contains five unique T-atoms in atomic ratios of 1:4:4:4:4 per unit cell.
These number densities are consistent with the data obtained®¥8irsolid-state NMR spectra. The main feature

of the VPI-8 structure is a novel “pinwheel” framework building unit that has not been observed before in microporous
materials and that seems well-suited for forming extra-large pore molecular sieves. Hypothetical framework models
of extra-large pore molecular sieves containing one-dimensional 12Y|R§MR 3), 18MR @), and 20MR §)

channel systems based on this new building unit are presented and discussed.

Introduction phosphate-based molecular sieves have not found industrial
applications. The need for extra-large pore zeolites (alumino-
silicates) continues to be unfulfilled. Obvious applications for
'extra-large pore aluminosilicates range from catalytic cracking
of large molecules to shape-selective catalysis on intermediates
relevant to the pharmaceutical industries.

In this work, we present the solution and physicochemical
characterization of the structure of the new zeolite VP18 .
The structure solution required the collaborative use of state-
of-the art X-ray diffraction, high resolution transmission electron
microscopy (HRTEM) and solid-state NMR techniques. The
structure contains a heretofore unseen tertiary building unit
(“pinwheel” building unit) that is capable of forming large and
extra-large pore frameworks. In addition to VPI-8, hypothetical
extra-large pore frameworks are illustrated to show the generality
of using the new atomic arrangement to provide models for
highly desired, novel materials.

Zeolites have found widespread use as adsorbents, ion
exchangers, and catalysts. Zeolites with pores bounded by 8
10 and 12 oxygen atoms (likewise 8, 10 and 12 silicon or
aluminum atoms) are called small, medium, and large pore
materials, respectively. Small, medium, and large pore zeolites
have pore diameters of approximately 4.0, 5.5, and 7.5 A,
respectively, and each type of material is currently employed
in large scale commercial applications. Most catalytic applica-
tions of zeolites have focused on medium and large pore
materials. However, the recent trend is for catalytic applications
of large pore zeolites with a desire for extra-large pore materials.
Davis et al. proposed that materials with ring sizes above 12-
membered rings (12MR) should be called extra-large pore
materialst To date, only phosphate-based molecular sieves like
VPI-5 (contains 18MR) have extra-large pofésDue to their
low thermal stability and other factofshe extra-large pore,
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insufficient quality for use in Rietveld refinement due to particle size in flowing, dry argon using a constant heating rate of 1 K/min from
line broadening. Here, a method to prepare larger crystals is provided.298 to 1173 K.
This procedure produced crystals of size sufficient to give high quality ~ Scanning Electron Microscopy (SEM). SEM images were re-
powder X-ray diffraction data. The synthesis of the larger, i.e., up to corded on a Camscan 2-LV scanning electron microscope operating
4 um, high-quality crystals of VPI-8 required the use of seed crystals. with an accelerating voltage of 15 kV.
The seed crystals were synthesized from a reaction mixture of molar ~ X-ray Diffraction Analysis. Room temperature powder X-ray
composition 1SiQ0.1Zn(CHCOO)2H,0:0.2LiOH:0.4TEAOH:30HO. diffraction (PXRD) patterns were recorded on a Scintag XDS 2000
In a typical preparation, 0.67 g of LiOH (Fisher) were dissolved in a diffractometer (liquid nitrogen cooled germanium detector, Cu K
solution obtained by combining 20.74 g of a 40% aqueous solution of radiation,A = 1.54184 A) with a Bragg-Brentano geometry. Room
tetraethylammoniumhydroxide (TEAOH, Johnson Matthey) and 54.40 temperature synchrotron powder X-ray diffraction (SPXRD) patterns
g of distilled water. After the LiOH was completely dissolved, 3.09g (1 = 1.30800 A) were collected at the National Synchrotron Light
of Zn(CH;COO):2 H,O (Fisher) were added, and the solution was Source, Beam Line X7A in Brookhaven, New York. To remove any
stirred for 1 h. With stirring, 21.10 g of colloidal SiGLudox HS- physisorbed water from the micropores the sample-holder containing
40) were added, and the agitation was continued for 2 h. The reactionthe well-ground sample was evacuated, heated af@0fr 2 h, and
mixture was then charged into a 125 mL Teflon-lined stainless steel sealed under vacuum.
autoclave (Parr) and allowed to react under autogenous pressure for MAS—NMR. Solid-state NMR spectroscopy was performed using
14 days at 423 K. The resulting product was recovered by vacuum a Bruker AM 300 spectrometer equipped with a high power assembly
filtration, washed with distilled water, and dried in air at room for solids. Samples were packed into 7 mm ZrGtors and spun in
temperature. The recovered solid obtained from this synthesis proce-air. 2°Sj (59.63 MHz) spectra were obtained using magic angle spinning
dure was then analyzed for phase purity and crystallinity using powder (MAS) at spinning rates of 3.7 kHz, pulse widths ofig (47 pulse),
X-ray diffraction (described below). and recycle delays of X800 s. 'H—2°Si CP/MAS spectra were
The larger crystals of VPI-8 used for the structure determination measured withH decoupling at spinning rates of 2:8 kHz using a
were synthesized using the seed crystals prepared as described abov&.us 'H pulse {H 90°), 2°Si contact times of 0350 ms, and recycle

A starting mixture with a molar composition of 1Si0.036Zn(CH- times of 5 s. Tetrakis(trimethylsilyl)silane was used as the reference
COO)+2H,0:0.26NaOH:0.78 TEAOH: 2140 was formulated as fol- material for?®Si chemical shift determinations, and all chemical shifts
lows. NaOH (0.19 g, 97%, EM) and 0.14 g of Zn(g¢2D0)-2H,0 are reported in ppm relative to external TMS. Exponential line-

were dissolved in a solution obtained by combining 5.0 g of TEAOH broadening of 1630 Hz was applied to the data and spectral fitting
(40% aqueous solution, Aldrich) and 2.34 g of distilled water. After was performed using both the Bruker LINESIM and the QNMR
stirring this solution for 30 min, 2.61 g of colloidal SiQLudox HS- software packages.

40) were added. With continuous agitation, 0.040 g of the seed crystals  Fourier Transform Infrared Spectroscopy (FTIR). Infrared

was added, and the total mixture was stirred overnight at room spectra were obtained using a Nicolet System 800 Spectrometer (KBr
temperature. The reaction mixture was charged into a 25 mL Teflon- beamspliter and MCT-A detector) with self-supporting pellets of
lined stainless steel autoclave (Parr) and heated under autogenougalcined and acid washed VPI-8. A heated sample cell which was
pressure for 10 days at 423 K. The product was collected by vacuum continuously purged with dry argon gas was used to collect spectra
filtration, washed with distilled water, and dried in air at room under anhydrous conditions at elevated temperatures.

temperature. To remove the occluded organic molecules, the sample High Resolution Transmission Electron Microscopy (HRTEM).

was heated in air to 823 K withi5 h and maintained at this temperature  The samples for HRTEM were prepared by embedding the crystals in
for 3 h. After calcination, the material used for collecting the epoxy and microtoming. HRTEM was performed on a JEOL JEM
synchrotron powder X-ray diffraction data (vide infra) was treated with  4000EX electron microscope operated at 400 kV (point resolution 1.7
aqueous NELCI solution as follows. The calcined larger crystal VPI-8  A) with a Gatan 679 slow-scan CCD (charge-coupled device) camera.
(0.25 g) was combined with 250 mL of 0.1 M aqueousJ8Hsolution The CCD camera has 1024 1024 pixels, and each pixel is 24 24

and heated at 353 K for 2 h. The treated crystals were recovered by, m?2. A low-dose imaging technique was used to minimize beam
vacuum filtration and washed with distilled water. This procedure, damage to the sampfeA real-space averaging technique was used to
i.e., treatment with N&CI solution, recovery by filtration, and washing  suppress image noise and bring out high-resolution structure informa-
was repeated three times to remove residual amorphous materialsion @

remaining from the synthesis from the VPI-8 crystals. Finally, the Single-Crystal Electron Diffraction (ED). Selected area ED

material was dried in air at room temperature. images were collected using a Philips 430 electron microscope operating
In order to assist the study of VPI-8 B§Si MAS—NMR, Fe* at 200 kV. Tilting experiments of single crystallites were performed

containing VPI-8 samples (VPI-§ were prepared (F& was used here in a tilt rotation holder.

as a paramagnetic relaxing agent for silicon). Thé"Feontaining Computer Simulations. Initial distance least squares (DLS) refine-

material was prepared by the same method as the larger crystals ofments using the program system DLS#7BXRD simulations, and

VPI-8 except Fe(Ng)s:*9 H,O was used as a source of Fe. VRS multislice HRTEM simulations were performed on a Iris workstation

was prepared by adding 0.014 g of Fe(j® H;O after the addition using the commercially available Cerius software packégRietveld

of NaOH to the initial solution during preparation of the synthesis gel refinement of the SPXRD data was accomplished using the General
[(Si/Fe}e = 500]. Similarly, VPI-&e.was prepared by adding 0.007  Structure Analysis System (GSAS).

g of Fe(NQ)z-9 H,O after the addition of NaOH to the initial solution

during the preparation of the synthesis gel [(Si(geF 1000]. The Results and Discussion

VPI-8 crystals used folH-2°Si CP MAS measurements were prepared ) )

in the following manner: 0.39 g of calcined larger crystal VPI-8 was ~ Approaches to the Structure Solution of VPI-8. Solution
stirred in 100 mL of 0.01 M aqueous HCI solution overnight at room Of the VPI-8 structure required the collaborative use of numerous
temperature, recovered by vacuum filtration, washed with distilled techniques in order to correctly deduce the topology. Physi-
water, and dried in air at room temperature. The dried material was cochemical data published previously established the existence
heated at 523 K under vacuumrf@ h and then contacted with  of a one-dimensional large pore system in the structure (at least
cyclohexane vapors at a pressure of 25 mmHg ¥oh at room 12MRs with free pore diameter above 6 A, by TEM and
temperature. cyclohexane adsorption data) and a framework density (FD) of

Elemental Analysis. Silicon and zinc analyses were performed by . )
Galbraith Laboratories, Inc. (Knoxville, TN), approximately 18 T-atoms per 1000 Apycnometry used to

Thermogravimetric Analysis (TGA). Standard TGA measure- (8) Pan, M.; Crozier, P. AUltramicroscopy1993 48, 322—340.
ments were carried out on a Du Pont 951 thermogravimetric analyzer  (9) Baerlocher, C.; Hepp, A.; Meier, W. MDistance Least Squares
Refinement Program DLS-7&TH, Zurich, 1977.

(7) Camblor, M. A.; Yoshikawa, M.; Zones, S. |.; Davis, M. E. In (10) Cerius Version 3.2Molecular Simulations: Cambridge, UK.
Synthesis of Microporous Materials: Zeolites, Clays, Nanocomposites (11) Larson, A. C.; Von Dreele, R. Bseneral Structure Analysis System
Ocecelli, M., Kessler, H., Eds.; Marcel Dekker: New York, in press. GSAS Los Alamos National Laboratory: Los Alomos, NM, 1994.
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Figure 2. Comparison of powder X-ray diffraction data for calcined
VPI-8 seed crystals{1 um) and larger calcined VPI-8 crystals (up to
4 um) used for structure determination.
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[

Figure 1. SEM images showing morphologies and crystal sizes for
(a) calcined VPI-8 seed crystals { um) and (b) larger calcined VPI-8

crystals (up to 4m) used for structure determination. U W
give density) that corresponds to 16 T-sites per unit céil. "J'—‘N»’WTJL«'MW
the present work, the physical adsorption of 2,2-dimethylpropane :

(P/IP, = 0.20, 298 K) on the larger crystals gives an uptake of 10 15 20 25 30 35
0.04 cn¥/g confirming previous results on the small-crystal
VPI-8 and indicating the presence of micropores in the structure
with free diameters of about 6.2 A, i.e., the reported kinetic
diameter of 2,2-dimethylpropane.

Figure 1 shows the morphologies and sizes of the two
different VPI-8 samples. The unseeded synthesis of VPI-8 leads
to a material that mainly contains submicron crystallites (Figure
1a). Using these small crystals as seeds in a further synthesis,*
a VPI-8 sample with larger, up to 4m sized crystals are
obtained (Figure 1b). Comparison of the PXRD diagrams of
the calcined form of these two VPI-8 samples (Figure 2) shows

the large-crystal material to have a higher crystallinity and thus

provide a better resolution, especially for the numerous weak

reflections in the high @range of the PXRD patterns. There-

fore, a calcined, large-crystal VPI-8 sample was used for

collecting the SPXRD data shown in Figure 3. Indexing the MMMWWW

SPXRD pattern leads to a tetragonal unit cell with cell : : ‘ :

parameters o& = b = 13.053 A and 5.037 A (cf. Table 1). It s 40 € 55 60

has been shown previously that the unit cell parameters are zreall )
approximatelya = b = 13.1 A andc = 5.1 A but vary with Figure 3. Observed (upper), calculated (middle) and difference (lower)

h - : profiles for SPXRD patterns of VPI-8(= 1.308 00 A). The relative
Zinc content as .expectédHow_ever',. chemical analysis of the intensity scale has been increased by a factor of four for the section
seeded synthesis product (ratio Si:Zn2000) shows that the spanning 3560 °20.
large-crystal VPI-8 sample used for SPXRD is essentially a pure
SiO; phase. In the course of solving the structure of VPI-8, did not lead to a satisfactory match of both data. Additional
over 30 dlffel’ent mOde|S were bUI|t ThEII’ S|mu|ated PXRD attempts to apply direct methods to So|ve the structure Of VPI-
patterns were compared to the experimental PXRD diagram butg, ysing 70 of the observed reflections in the SPXRD pattern,

(12) Breck, D. WZeolite Molecular Siees Robert E. Krieger: Florida,  failed to yield the precise topology but, however, did give some
1984; p 636. indications for probable atomic positions.

Relative Intensity
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Figure 4. Single-crystal electron diffraction patterns collected along
[hkO] zone axes. Experimentally determined tilt angles between
indicated zone axes are shown on the schematic single-crystal.

Next, extensive HRTEM investigations were employed, as
they are a very powerful tool in determining ring or pore sizes

b experimental average simulation

Freyhardt et al.

of zeolite structures with one-dimensional (1D) pore systems
in general and solving the VPI-8 structure in particular. Single-
crystal electron diffraction (ED) studies showed the selected,
individual crystals of the calcined, large-crystal VPI-8 sample
to be free of twinning and faulting (Figure 4). This is discerned
by the fact that no streaking or doublets in the electron
diffraction spot patterns are observed. Single-crystal tilt ED
experiments confirmed the tetragonal symmetry of the VPI-8
structure and yielded unit cell parameters consistent with those
obtained from the X-ray data. HRTEM images (Figures 5a,b)
recorded along the [0Q%Zone axis, i.e., the long axis of the
needle-shaped VPI-8 crystals, revealed the existence of large,
1D channels (containing 12MRs or larger) running parallel to
c. These large channels are separated by walls (comprised of
5MRs and 6MRs) containing pairs of two smaller pores
alternating with a group of four equal-sized small-ring pores
arranged in a pinwheel configuration (Figure 5b). Understand-
ing this four-hole pinwheel pattern turned out to be the key for
unlocking the structure of VPI-8.

The topology of the structure shown in Figures& was
finally obtained by an iterative process of model building,
distance least squares refinement (0L &)the model-derived
atom positions, computer simulation (CERIU%)f the corre-
sponding PXRD patterns and HRTEM images, and subsequent
comparison to the experimental SPXRD and HRTEM data.

original SSC image

N
&
Q
Q Q X
O O

Figure 5. (a) Experimental low-dose, slow-scan image of calcined VPI-8 viewed along thé #6062 axis. (b) Comparison of experimental

real-space averaged, simulated, and atomic model images.
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18.461 A

I A

VPI-8, structure type 1a

VPI-8, structure type 1b

Figure 6. Topology of the two possible, closely related structure types for VPI-8. (a) VR&8Aith a= b = 13.053 A,c = 5.037 A (space group
P4). (b) Structure typelb with with a = b = 18.461 A,c = 5.038 A (space group4./n). Some heart-shaped 8MRs in the center of the new
pinwheel structure building unit (see Figure 7) are shaded; relative orientation (up and down pointing) of the 8MR hearts is symbbleed by
— signs, respectively.

Following this procedure, a tetragonal structure topology based random distribution of occupied Sila and Silb sites, a third,
on a new pinwheel building unit was obtained (Figure 6). disordered model for VPI-8L€) was also studied. The disorder
However, during the course of model building it was recognized was modeled by placing Si-atoms with site occupancy factor
that there are possible variations of this topology, with only (sof) of 0.5 at both T1-sites in the structure modelsafand
minor changes in the overall structure connectivity. From a 1b (corresponds to a split T1 position in both topologies). Here,
stereochemical point of view, no obvious reason could be seenonly the disordered model dfais discussed, since the results
for preferring one topology over the other. It was brought to for both Rietveld refinements lead to almost identical structural
our attention that these variations can be crystallographically parameters. Thud,c can also be regarded as a superimposed
described as a slight disorder within the structure. Since the or averaged structure dfa and 1b.

HRTEM images along the large pores do not indicate any Rietveld Refinement of VPI-8. Three different structural
faulting perpendicular to the pores (see Figure 5), the disorder models of VPI-8 were investigated using the Rietveld method.
has to occur along the pores. It is also clear from HRTEM In addition to the ordered modelsa (P4) and 1b (P4./n), a
that all explored models need to have the sabeprojection, completely disordered modelq, P4) with respect to the T1

in order to keep the same arrangement of small and large poresposition was also studied. As indicated above, the main
Following these premises, all obtained structure models turn difference between structure tyda and 1b is the relative
out to have five crystallographically inequivalent T-atoms; four position of the T1 atoms in the center of the pinwheel unit.

(T2, T3, T4, T5) form the general tetragonal pinwheel topology
of VPI-8, and one T-atom (T1) is located at the center of the
pinwheel. The pinwheels contain four 5SMRs in a square-like
arrangement, and each 5MR shares three T-atoms (X1T2)

with two adjacent 5MRs. Translational symmetry along c
causes the formation of infinite one-dimensional pinwheel

Within each pinwheel column, the T1 positions in both structure
types are separated by one repeat unit atofigs A). Between
different pinwheel columns ifha, the T1 (Sila) atoms are related
to one another by translations sfL3 A along+ay or £by, i.e.,

the directions of the basis vectors in € unit cell (see Figure
6a). In contrast, the T1 (Silb) atoms in tRd,/n model 1b

columns. These pinwheel columns are connected via pairs ofare related by translations 613 A along=+(a; +by) or +(ay
additional 5MRs to form a square-like arrangement of columns -by) (corresponding to directionsa; or +b; in 1a) plus a shift
producing the large 12MR channels. Keeping the positions of of 1/2 (~2.5 A) along=+c,. In the disordered modélc each

T2, T3, T4, and T5 fixed, there are two possibilities to place
T1 in the center of the pinwheel with respect toztsoordinate.

Having T1 at 0,0,1/2 (Sila) leads to a tetrahedral coordination

of T1 by four symmetrically equivalent T2 atoms located at
eitherz=1/4 orz= 3/4. Placing T1 at 0,0,0 (Silb) results in
a slightly different tetrahedral arrangement of four 224(—1/4

of the Tl-sites Sila and Silb possess the same symmetry
relationship as T1 ila

The initial atomic positions for the Rietveld refinements were
taken from the results of DLS optimization of the two ordered
structure modelg¢aandlb. As mentioned above, the disorder
in 1c was modeled by using split atom positions for T1 (Sila,

or 1/4) around T1. Exclusive occupation of either position Sila Silb) and 012 (O12a, O12b). Only silicon atoms were used

or Silb in each pinwheel unit leads to the primitive tetragonal,
acentric topology of VPI-8 1a), with maximum topological
space group symmeti§4 (no. 81) and unit cell dimensions of
a = b ~ 13 A andc; ~ 5 A (Figure 6a). Alternating

occupation of T-site Sila and Silb in every second pinwheel

to occupy the T-atom positions, since chemical analyses showed
only a small amount of zinc¥0.05 wt%) in the sample. Details
of data collection, final refinement results, and crystallographic
data for all three models are listed in Table 1.

Refinement of Ordered Structure Type 1la. First, back-

column produces a centrosymmetric, pseudo-I-centered latticeground and scale factors were refined-£BD °26) using a fixed

(1b) with maximum topological symmetri?4,/n (no. 86) and
a = b, = v/2:a = v2:b; ~ 185 A andc, = ¢; ~ 5 A,
resulting in a doubling of the unit cell volume (Figure 6b). Both
ordered structure topologieka and 1b were investigated by

background subtraction based on eight data points plus a cosine
Fourier series function with a total of six parameters. After
obtaining a good background fit, the unit cell parameters and
profile coefficientd13 were refined and followed by the

Rietveld refinement using the experimental SPXRD data (see refinement of the zero point correction. For the refinement of

below). In order to account for the possibility of completely

atomic parameters, soft geometric constraints ferGibond
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Table 1. Crystallographic Data, Details of Data Collection and
Rietveld Refinement for Ordered Structure Tyfdesand 1b and
Disordered Structure Typgc of Calcined VPI-8

la 1b 1c
chemical formula [SiO3z4]  [Siz4Oes] [Si17034)
formula weight 1021.53  2043.06 1021.53
crystal system tetragonal tetragonal _ tetragonal

space group (no.% P4 (81); 1 P4./n (86); 1 P4(81); 1

cell parameters

a, b[A] 13.0527(5) 18.4607(6) 13.0528(5)

c[A] 5.0373(2) 5.0377(2) 5.0374(2)
unit cell volume [4] 858.23(6) 1716.84(11) 858.24(6)
calculated density [g/cfh 1.976 1.976 1.976
framework density [T/1000 & 19.8 19.8 19.8
data collection temp [K] 298 298 298
wavelength [A] 1.30800  1.30800 1.30800
26 range [deg] 1660 10-60 10-60
step scan increment [deg] 0.005 0.005 0.005
no. of obsvns 10000 10000 10000
no. of contributing reflcns 398 398 398
no. of structural parameters 41 44 40
no. of profile parameters 10 10 10

0.083 0.089 0.084

Rup 0.105 0.112 0.109

distancesd(Si—0) = 1.60 A] and interatomic ©0 distances
[d(0—0) = 2.61 A] were used at all times. Consecutive
refinement of the isotropic displacement parametggs, (refined
jointly for each atom type) of the Si and O atoms converged at
the final stage to residual valuesif = 0.083 andR,, = 0.105,
respectively. Relaxation of the soft constraints improved the
residuals but unreasonable-%) bond distances and interatomic
angles were obtained. The experimental, calculated, and
difference PXRD patterns for the Rietveld refinement based on
the ordered structure typka are shown in Figure 3. Final

Freyhardt et al.

recorded along the [ID] zone axis are in disagreement with
this postulate (see Figure 4). Within the selected area of the
ED pattern, no systematic absences can be observed etong
To further investigate this issue, a Rietveld refinement based
on structure typelb was carried out following the same
procedure that was used fba. For the refinement oib, the
default origin choice 2 (origin located a} th GSAS was used.
The final residual value, = 0.089,R,, = 0.112) were only
slightly higher than the respective values obtained far
However, close inspection of the final XRD difference pattern
indicates that several reflections in the calculated XRD pattern
are not observed in the experimental SPXRD data. TheOSi
bond distances fatb are in the range a(Si—0) = 1.41(1)—
1.677(9) A with an average value d(Si—O) = 1.599 A. The
O—Si—0 angles range from 91°90 133.6 [O0(O—Si—0) =
108.7, while the Si-O—Si angles are between 131.4(9) and
180.0 [O(Si—0O—Si) = 155.0]. Most interatomic distances
and angles forlb are in reasonable ranges, but they differ
somewhat from the values obtained f@a. Despite the
geometric constraints imposed on the model, the distance
between Si5 and 045 consistently converged to a value of
d(Si5—045)= 1.41 A in final refinement cycles. Additionally,
one T-O—T angle, namely(Si5—055-Si5), appears to be
180° by symmetry (caused by the location of O55 on an
inversion center_01at 1/2,0,1/2). Recent work on the structure
of highly siliceous ferrierit€16 strongly suggest that the
presence of FO—T angles of 180 are very unlikely. These
results in combination with the ED data suggest that structure
type 1b is not the correct description for VPI-8.

Refinement of the Disordered Structure Type 1c.For the
starting model oflc, the atom position of T1 (Sila) ida,
located at 0,0,1/2, was split into two positions; Sila at 0,0,1/2
and Silb at 0,0,0 with sof 0.5 in each case (all parameters

atomic parameters and selected interatomic distances and angle@ept fix). The disorder of T1 also implies a disorder in the

for laare given in the supporting information. Corresponding
tables for the Rietveld refinements bl and 1c together with

the XRD powder graphs (experimental, calculated, and differ-
ence diagram, cf. Figure 3) are also provided as supporting
information. The S+O bond distances fdta are in the range

of d(Si—0) = 1.535(3)-1.645(3) A with an average value of
d(Si—0) = 1.597 A. The O-Si—O angles are between 91.5
and 124.2 [(O—Si—0) = 109.0] and the S-O—Si angles
range from 137.4 to 173210(Si—O—Si) = 154.T]. Although

location of O12. For this reason O12 béwas similarly split

into two oxygen atoms (scf 0.5), specified as O12a (bonded
to T-atoms Sila and Si2) and O12b (bonded to T-atoms Silb
and Si2). During refinements they,z-coordinates of these two
oxygen atoms were constrained such that

x(012a)= x(012b)

y(012a)= y(012b)

these values are within the expected ranges reported for Rietveld

refinements of zeolite¥, it is obvious from Figure 3 that the
fit of experimental and calculated PXRD data still shows some

Z(012a)= 0.5— z(O12b)

discrepancies. Some of the discrepancies between the calculate@nd the position of Si2 was fixed along the c-direction vath

and experimental XRD patterns are certainly due to the fact
that VPI-8 contains silanol groups from the hydrolysis of T1-

O-T2 linkages (see NMR, IR, and TGA data below) that cannot
be accounted for in the refinement process. This shortcoming
can not be overcome and must be considered when evaluatin

refinement residuals and bond distances and angles involving

T1 and T2.

Refinement of Ordered Structure Type 1b. From analysis
of the systematic absences in the experimentally obtained
SPXRD pattern of VPI-8, it was not possible to discriminate
between the space groups &4dP4,/n of the ordered structure
typeslaandlb, respectively. Since the 001 reflection is not

observed, and the presence of the 003 reflection cannot be

confirmed due to other overlapping reflections, it is arguably
possible that the space group of VPI-8 could contain scew
axis alongg, i.e., support of modelb. However, ED images

(13) Thompson, P.; Cox, D. E.; Hastings, J.JBBAppl. Cryst1987, 20,
79—83.
(14) McCusker, L. BActa Crystallogr., Sect A991, 47, 297-313.

= 0.75. Besides these differences, the Rietveld refinement of
1c was carried out as witha and 1b. The final agreement
factors R, = 0.084,Ryp, = 0.109) were slightly lower than the
values obtained fotb and almost the same as fba. Thus,

he differences in experimental and calculated XRD pattern for
he disordered modédlic are comparable to those observed for
the ordered structure typka. The ranges and average bond
distances and angles obtained far are: d(Si—O) = 1.531-
(9)-1.631(5) A,d(Si—0) = 1.605 A;(O—Si—0) = 84.3(3)~
137.1(5), 0(0—Si—0) = 109.7; 0(Si—0—Si) = 142.5(7)
178.0(163, O(Si—0O—Si) = 152.5.

The results of the Rietveld refinements of the SPXRD data
show that all three structural models can be used to fit the
experimental information within the limits of the techniques
used. However, for reasons enumerated above, maédelad

(15) Lewis, Jr., J. E.; Freyhardt, C. C.; Davis, M. E.Phys. Chem.
1996 100, 5039-5049.

(16) Weigel, S. J.; Gabriel, J.-C.; Puebla, E. G.; Bravo, A. M.; Henson,
N. J.; Bull, L. M.; Cheetham, A. KJ. Am. Chem. S0d.996 118 2427
2435.
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I d1-=901(@621)A
d2=877 (5.97) A
R d3 = 8.68 (5.88) A

Figure 7. (a) Parallel projection of the structure (left) and perspective drawing of the topology (right) of calcined ¥8&\-8i¢wed down the

[007] zone axis; values in parentheses denote approximate free pore diameters by substragit@)2=r1.4 A. (b) 12MR channel with and
without the slightly hidden T-atoms forming small 8MR “pockets” and showing the repeat unit of 5.037 A along the channel direction, as viewed
approximately parallel ta,b plane.

1c are slightly more appropriate. Note that when comparing correspond nicely to the eight pairs of slightly offset oxygen
la and 1c only one of seventeen Si atoms per unit cell is atoms (between two puckered atom layers parallel to the (110)
involved in the disorder (accounts for less than 3% of the total plane) residing around the circumference of the 12MR channel,
scattering intensity of the VPI-8 framework) and that the as illustrated in the unit cell model of Figure 5b. The increase
differences in the calculated XRD data created by the disorder of the projected atomic density in the region of the offset oxygen
are very small. The disorder is also not apparent in the ED atoms results in the dark spots observed in the channel walls of
data (see Figure 4). Simulations of ED patterns based on thethe HRTEM image. Comprehension of the relationship between
disordered structurelc show no obvious streaking of the the structure and HRTEM image was critical in the understand-
reflections spots. Thus, based on the data reported here, it isng of the connectivity between the pinwheel building units and
not possible to state whether VPI-8 contains a completely rationalizing the zigzag pattern of the 5MRs seen in the channel
ordered structurel@) or includes some slight disordetd). walls of the a,b-projection of VPI-8 (Figure 5b). Another
Structural Features of VPI-8. It is interesting to note that  important observation from the HRTEM image is the orientation
the use of zinc in the synthesis of microporous materials has of the pinwheel building units relative to the 12MR channels.
produced a number of new solids (VPI-7, VPI-8, VPI-9, VPI- As illustrated in the simulated HRTEM shown in Figure 5b,
10) that have not been produced synthetically using traditional the sides of the seemingly square 12MR channel are not parallel
aluminosilicate chemistry® The original motivation for using  to the unit cell axes. The formed 12MR channels (point
zinc in the synthesis of microporous materials was to promote symmetry 2) contain 6MRs of which only five T-atoms are
the formation of 3MRs in the resulting structufedlowever, exposed to the inner channel surface and one T-atom is slightly
VPI-8 (Figure 7), which contains no 3MRs, is able to form only hidden in the channel walls (Figure 7b). The pore channels
when zinc is present in the synthesis mixtBré. Thus, the are basically built by four rows of bent 8MRs running parallel
ability of zinc to promote 3MRs is just a partial view of a more  to the channel direction with a repeat unit of abBuA similar
general feature of zincosilicate crystal chemistry, the tendency to the repeat unit found for other 1D 12MR channel systems,
to form small T-O—T anglest” This trend to form small e.g., cancrinite (CAN) and ZSM-12 (MTW§. The slightly
T—O-T angles is observed in all of these new materials. hidden T-site (Si2) divides each 8MR into a pair of 6MRs that
Figure 5b shows the very good agreement between thehave three T-atoms in common and thus form a small “pocket”
experimental HRTEM image (real-space averaged) and thewithin the channel walls.
simulated image of VPI-8a. The four adjacent 5MRs of the Pore sizes for the 12MR channels were obtained by measuring
center of the new pinwheel structure building unit are clearly ring diameters from O(center) to O(center). The pores of VPI-8
observed in both the experimental and simulated images alongare not completely circular so three slightly different pore
with the two 5MRs which are formed by connecting together diameters (d1, d2, d3) measuring 9.01, 8.77, and 8.68 A,
two adjacent pinwheel centers. Therefore, we describe therespectively, are obtained (see Figure 7a). Assuming a van der
VPI-8 structure via the use of a unit containing the four inner Waals radius for oxygen of 1.40 A, the corresponding free
5MRs plus the four outer 5SMRs as the general structure forming diameters of the pores can be calculated as 6.21, 5.97, and 5.88
pinwheel unit (shaded area in Figure 7a). The eight dark spotsA, respectively, with an average value of 6.02 A. The calculated
encircling the 12MR in the,b-projection of HRTEM images  values for the free pore diameter are consistent with the fact

(17) Camblor, M. A.; Davis, M. EJ. Phys. Chem1994 98, 1315} (18) Meier, W. M.; Olson, D. H.Atlas of Zeolite Structure Types
13156. Butterworth-Heinemann: Boston, 1992
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Figure 8. (a) Novel pinwheel structure building unit of VPI-8 with ~ Figure 9. Solid-state 2Si MAS—NMR spectrum of high-silica,
interlocking heart-shaped 8MRs (upper) and columns of heart-shapedcalcined, acid-washed VPI-8.
rings formed by the stacking of the pinwheel building units (lower), _
the two perpendicular sets of 8MR hearts are shaded differently. (b) by its space groupP4. Structure typelb differs from VPI-8
Section of thex-quartz structure built exclusively by two sets of nearly ~ 1ain the relative orientation of the pinwheel building units (see
perpendicular layers of heart-shaped 8MRs, as seen parallel (upper)Figure 6). Structure typ&a contains pinwheel units that are
and perpendicular (lower) to the layers. all oriented identically. Thus, translational symmetry is achieved
every ~13 A along thea- and b-axis, whereas irlLb, every
that VPI-8 can adsorb 2,2-dimethylpropane which has a reportedother column of pinwheel units are rotatec®@ound thea-or
kinetic diameter of 6.2 A2 Assuming an average free pore p-axis. The resulting alternating pinwheel arrangement gives
diameter of 6.02 A and a cylindrical 12MR channel, a void rise to the larger unit cell dimensiona € b ~ 18.5 A) and
volume of 152 A/uc (0.08 cn¥/g) can be calculated. This ifferent space group iib (vide suprd. The difference in the
calculated void volume approximately agrees with the void structure connectivity ola and1b may be better seen in the
volumes measured by physical adsorption of nitrogen (0% cm  relative orientation of the heart-shaped 8MRs in the pinwheel
g) and cyclohexane (0.06 éfg).” The slightly higher void  center. Inlaall 8MR hearts of one set in different columns
volume obtained by nitrogen adsorption can be rationalized sinceare pointing in the same direction, wheread imadjacent sets
a cylindrical channel shape was assumed with an average pore heart columns point alternately up and down (see Figure 6).
radius for the calculated void volume. Thus, some void volume Note that each 8MR heart contains two T1-atoms that are related
accessible by the nitrogen probe molecules could be unaccounteghy translational symmetry alongand that a shift oft1/2¢ of
for by the use of the assumption of a simplified pore shape. a|| T1-atoms within one pinwheel column causes the same
The slightly low void volumes predicted by the hydrocarbon change in the relative pinwheel orientation than the above
probe molecules can be explained by incomplete packing of mentioned 90 rotation.
the hydrocarbon molecules in the pores of VPI-8. To the best of our knowledge, the pinwheel structure building
As mentioned previously, the key to ascertaining the structure unit has never been observed in microporous materials before.
of VPI-8 was understanding the pinwheel structure building unit However, the topology of the central part of this unit can be
(shown in more detail in Figures 7 and 8 based on structure derived from thea-quartz structuré? as may be seen from
type 1a). For this case, the pinwheel unit possesses point Figure 8. a-Quartz is exclusively built of puckered layers that
symmetry 4with its symmetry axis only occupied by one type contain only the above mentioned, heart-shaped 8MRs (Figure
of crystallographically nonequivalent T-atom (SH T1, see 8b). There exist two sets of these layers that cross each other
Figure 7a). This completely hidden T-site (with respect to the at an angle close to 9Gorming parallel to the layers the same
12MR channel pores) reveals interesting characteristics, i.e.,interlocked 8MR heart columns present in the center of the
NMR behavior ¢ide infra). The main feature of the pinwheel pinwheel unit of the VPI-8 structure (Figure 8a).
building unit is the formation of interlocking heart-shaped 8MRs  The calculated density of VPI-8 is 1.98 g/gnassuming a
in the pinwheel center, as highlighted by thicker lines and fully connected pure silica framework, which is a typical density
shading in Figure 8a. By stacking several of these building for high-silica, microporous materia#8. The density values
units in a column, as occurs in the ordered structure tfjges  calculated from the structure correspond well to previously
and1b of VPI-8, the heart-shaped 8MRs form two sets of 1D reported values determined by experimental metfoda.
columns of hearts all pointing up or down, as can be seen from comparison of these values is as follows (calculated value (this
Figure 8a. The average plane of the slightly puckered 8MR work), experimental valug density 1.98 g/crf) 1.90 g/cr,
hearts in one set is nearly perpendicular to the average planenumber of T-sites per unit cell 17 T/uc, 16.7 T/uc, framework
defined by the 8MR hearts of the second set. When adjacentdensity 19.8 T/1000 A 18 T/1000 A.
columns of pinwheel building units are related by translational NMR Studies. Figure 9 shows thé°Si NMR spectrum of
symmetry, all heart-shaped 8MRs of one set point in the samethe sample of calcined high-silica (Si/Zr 2000) VPI-8
diref:tion and thL_JS inversion centers within thg uni@ ceI_I are (19) Kihara, K.Eur, J. Mineral, 1990 2, 6377
forbidden. As this arrangement of pinwheel units exists inthe  (50) szo0stak, RHandbook of Molecular Sies Van Nostrand Rein-
structure typela, VPI-8 1ais an acentric structure as indicated hold: New York, 1992.
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Figure 10. Solid-state®Si MAS—NMR spectra of high-silica, calcined
VPI-8 prepared using no Fe, with (Si/Gg} 500 (VPI-&. ) and with
(Si/Fe)er = 1000 (VPI-8¢).

Si3, Sid, Sis

obtained with a recycle delay of 300 s. This spectrum can be

deconvoluted into two peaks at105 and—112 ppm with — T T . T T |
relative intensities of 20% and 80%, respectively. In the -85 -95 -105 -115 -125
proposed structure of VPI-8, T-atom sites T1 and T2 (see Figure ppm

7) are situated further from the channel wall than the other
T-sites. Given that the dominant contribution to the relaxation
of 29Si in zeolitic materials is due to interaction with paramag-
netic dioxygen adsorbed in the pofdst is speculated that

Figure 11. Experimental and simulated solid-st&t&i MAS—NMR
spectra of calcined, high-silica, iron containing VRI:-8

Contrary to the spectrum of iron-free VPI-8 (Figure 9), the

T-sites T1 and T2 will have long relaxation times that may gpectra of iron-containing VPI-8 cannot be satisfactorily de-
prevent the collection of quantitati¥@Si NMR spectra. Inorder  .gnvoluted into two peaks. Figure 11 shows 898i NMR

to investigate the possibility that certain crystallographically spectrum of a calcined high-silica VPI-8 synthesized with a gel
distinct T-sites have longer relaxation times than others, samplesgj/re ratio of 1000 (VPI-&. Again, varying the recycle delay
of high-silica VPI-8 were prepared in which a small amount of tme from 10 to 300 s does not alter this spectrum. The
Fe’" [(Si/Fe)e = 500-1000] was included during synthesis.  gpectrum is simulated using three Gaussian peaks9ats,

It is well-known that the presence of paramagnetic iron can _105.0, and—112.0 ppm with relative intensities of 6.0%,
significantly lower both?Si relaxation times,T; and T,*2 23.6%, and 70.4%, respectively. The intensities of these peaks
[hereafter, relaxation times are given in italic letters to distin- correspond roughly to 1/17, 4/17, and 12/17, respectively
guish them from tetrahedral atom (T-atom) sites]. The amount (¢onsistent with T-site populations obtained from XRD data).
of iron was kept low so as not to lead to the formation of |t should be noted that tH&Si NMR spectrum of the calcined
amorphous iron silicates. Figure 10 shows a compariséPSof VPI-8 for which (Si/Fejer = 500 (VPI-&j) can also be
NMR spectra for iron-containing [VPI8: (Si/Fe}e = 500, deconvoluted into three peaks with the same relative peak
VPI-8re s (SilFeye = 1000] and iron-free calcined VPI-8  intensities as that obtained for the sample with (Sijire) 1000
obtained with recycle delay times of 10 s. Increasing the delay (VPI-8r¢9. Furthermore, we note that the relatively broad NMR
times to 300 s does not alter any of the spectra, indicating that|ineshapes for this material and the small intensity of the
the maximum obtainable signal intensities were achieved within resonance ca—97.5 ppm allows for a number of alternate
arecycle delay time of 10 s. Itis clear from the data shown in geconvolutions for this spectrum where the relative intensity
this figure that the addition of iron results in intensity enhance- of the downfield peak varies from 5 to 8%. Thus, although the
ment of the spectra in the region betweef0 to —105 ppm. intensity ratios for the two resonances-&t12 and—105 ppm

For the sample where (Si/lg)= 1000 (VPI-&¢ 2, no effect  are reliable and correspond to site populations implied from
of the F&* on the main resonance call2 ppm is observed.  the structure solution, the relative intensity of the peak@T.5
However, for the case in which (Si/Rg)= 500 (VPI-& ), a ppm should be interpreted with caution.

slight broadening of all resonances is also observed and is |n light of the model for the structure of VPI-8 shown in
attributable to the shortening oF, relaxation time due to Figure 7, the effect of iron in enhancing the resonance9at5
paramagnetic iron. Thus, the difference observed in Figure 10 agnd —105 ppm (Figure 10) and the relative intensities of the
between the spectra of iron-free VPI-8 and VR8s mainly three peaks in the NMR spectrum (Figure 11), the following
due to a shortef; for VPI-8 3 while the difference between  assignment appears most reasonable: sites T3, T4, and T5 (of
the spectra of VPI+& 1and VPI-& »is attributable to the shorter  population 4 per unit cell each) are all readily accessible by
T for VPI-8e,1. It should be noted that the relative enhance- dioxygen from the inside of the channel and therefore are not
ment of the spectrum in the region90 to —105 ppm cannot  |ikely to have long relaxation times; these sites comprise the
be due to an impurity phase related to the introduction of iron resonance at112 ppm. Site T2 (of population 4 per unit cell)
in the synthesis. With (Si/Fg) = 500-1000 and assuming s in a different crystallographic environment and is also less
that all of the iron is present as an iron silicate impurity, the accessible to dioxygen from the inside of the channel than T3,
population of the silicon in the impurity phase will be T4, and T5. This site is assigned to the resonance H5
somewhere between 0.5 and 1% of the total silicon population ppm. Finally, site T1 (of population 1/17), being “buried”, is
(below NMR detection limits). observed only in the presence of extra iron since it is not
accessible to dioxygen molecules and is not likely to relax within
the recycle times used (up to 300 s). This site is tentatively
assigned to the resonance-897.5 ppm. If this resonance is
attributed to a ®(Q" stands for %_,Si[OSi],, X = OH or O")

(21) Klinowski, J.; Carpenter, T. A.; Thomas, J. 81.Chem. Soc., Chem.
Commun.1986 956.

(22) Engelhardt, G.; Michel, DHigh-Resolution Solid-State NMR of
Silicates and ZeolitesViley: Chichester, 1987.
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Table 2. Proposed Large and Extra-Large Pore Structures Based on Novel Pinwheel Building Unit and Their Structural Characteristics

T-sites space cell parameters unit cell density FD? pore
structure in pore ring group (no.) [A, deq] content [g/cm?] [T/1000 A7 size [A]
la 12 P4 (81) a=b=13.053 [Si7034] 1.976 19.8 6.0x 6.0
c=5.037
1b 12 P4,/n (86) a=b=18.461 [Si4O06é] 1.976 19.8 6.0x 6.0
c=5.038
2 14 P2 (3) a=13.05 [SksOrel 1.81 18.1 5.9 8.9
b=10.10,4=91.0
B c=15.90
3 16 P4 (81) a=b=15.90 [Siz0s4] 1.64 16.4 8.7x 8.7
c¢=10.10
4 18 C2 (5) a=31.80 [S620184] 1.52 15.2 9.0x 11.7
b=10.10,4=91.0
B c=18.80
5 20 14 (82) a=b=26.60 [SiodO20d 1.40 14.0 11.9¢ 11.9
c=10.10

aFD = framework density.

40.0 ms
30.0 ms
20.0 ms
15.0 ms
10.0 ms
5.0 ms
2.0 ms

spectra obtained in the absolute intensity mode with contact
times varying from 0.5 to 40 ms. The non-CfSi NMR
spectrum is also included for completeness. Three resonances
are observed for all of these spectra, and since the resonance at
ca.—95 ppm is low in intensity, a selected magnified spectrum

is shown in the inset of Figure 12. By deconvoluting these
spectra into three resonances and calculating the absolute areas
of the peaks, it is clear that the peak-a®5 ppm essentially
reaches its full intensity at a contact time of 0.5 ms. Assuming
that this peak corresponds to T1 and considering that the
approximate distance between this site and the channel wall is
ca. 5 A, it is very unlikely that the cyclohexane protons can
transfer magnetization to this site at such short contact times.
Therefore, the enhancement of this peak can be attributed to
silanol protons which have a shorter cross-relaxation time given
an H-Si distance of ca. 2.5 A. This is further confirmed by
the observation that the unloaded sample also shows CP intensity
for this resonance at short contact times. Thus, it can be
concluded that at least some of the T1 sites in the structure of
VPI-8 are not really @ but rather @ sites containing OH

groups. The silanol group could be caused by the hydrolysis

WM of a SF0O—Si connection with water (T*tO—T2 + H,0O <
e ————T———————— T1—OH + T2—0H) and will allow considerable relaxation of
60 70 -80 -90 -100 -110 -120 -130 -140 -150 the bond angles of the pinwheel unit. While this relaxation in

ppm the bond angle will tend to shift the resonance upfield, reducing

the connectivity of this site from ®to Q® will result in a
downfield shift and can counteract the effect of increasing bond
angle. Thus, the resonance-a®7.5 ppm (Figure 11) can be
attributed to either a €site with a small -O—T bond angle,

silicon atom, then based on a number of correlations it is ° @ Q@ Site with alarger O—T bond angle, or a combination
expected that this site will have a relatively sma#t@—T bond of both (the most likely scenarioyide infra). The latter
angle of around 1350 140 (see for example correlations given interpretation is also consistent with Fhe sllg_ht downfield shift
in ref 15 and 23). Although this is a rather sma#t®—T bond of this peak in the CP experiment (inset Figure 12) and the
angle for a high-silica molecular sieve, considering the novelty Proadness of this peak in the non-CP spectrum.
of the pinwheel unit and the absence of reliable bond angle A similar analysis performed for the peak-a105 ppm (site
information from the Rietveld refinement, the assignment of T2) reveals that this resonance also has an initial growth rate
this resonance to a“‘Gite cannot be definitively ruled out. much higher than the resonance-at12 ppm. Furthermore,
The observed NMR intensity in the rang®5 to—105 ppm the maximum signal intensity for this peak is not achieved until

could have contributions from silicons in silanol groups’)(Q !o_n_gtler CﬁntaCt times ]Ebﬁ_tweenkls and 20 ”_‘3)- Tlljgrgfor%, {hg
as well. To investigate this possibility, a sample of high-silica Initial enhancement of this peak at contact times of 0.5 and 1.

VPI-8 was prepared, calcined, and washed with HCl as ms can be attributed to the silanol protons while at longer contact
mentioned in the Ex’perimentaly Section. Cyclohexane was times the cyclohexane protons can transfer magnetization to this
adsorbed in this sample in order to Ob'th_ZQSi Cross- site and thus allow it to achieve its maximum absolute intensity

polarization (between the protons of the organic and the silicon '(contrary to T1, this site is somewhat accessible by cyclohexane

; : - inside the channel). Finally, the NMR resonances produced by
h . F 12 sh I f such . . . .
in the structure) spectra. Figure 12 shows a collection of suc sites T3, T4, and T5 being readily accessible by cyclohexane

(23) Engelhardt, G.; Radeglia, Rhem. Phys. Lett1984 108 271— inside the channel grow slowly in intensity reaching their
274, maximum absolute intensity at contact times around 19 ms.

Figure 12. Variable contact time solid-statel—2°Si CP/MAS-NMR
spectra of high-silica, calcined, acid-washed VPI-8 loaded with
cyclohexane. Inset shows magnified spectrum for<€T.0 ms.
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Figure 13. Hypothetical structures of theoretical extra-large pore analogues of \IRIb&sed on the new pinwheel structure building unit with
their corresponding, simulated PXRD patterns.

Based on the fast initial growth rates for the resonances at calcined, acid-washed VPI-8 which shows a weight loss of about
—95 and—105 ppm and the fact that these fast initial growth 1% occurring at temperatures above 673 K. Furthermore,
rates are attributable to cross-polarization from silanol protons, variable-temperature IR experiments of a calcined, acid-washed,
it can be concluded that at least a portion of the sites T1 and high-silica sample of VPI-8 show a broad peak around 3680
T2 are populated by silanol groups that could be the result of cm~! due to the presence of nonisolated-8iH groups. This
hydrolysis (T2 is the only T-site in the second coordination of IR intensity disappears upon heating the sample to over 673 K
T1). The hypothesis that at least some of the@+Si bridges (consistent with TGA results) and does not return until the
between T1 and T2 are hydrolyzed is also consistent with the sample is exposed to water at lower temperatures, i.e., room
results from the thermogravimetric analysis of high-silica, temperature. The presence of nonisolated(@# groups is also
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consistent with observed and calculated SPXRD intensities notcharacterization techniques. VPI-8 is an excellent candidate for
completely matching in the ¥25° 26 range. investigation by HRTEM due to the 1D large pore channel
Hypothetical Structures Based on the Novel Pinwheel  system presentin the structure. Extensive Rietveld refinement
Building Unit. One of the most striking features of VPI-8 is  studies and HRTEM and solid-state NMR investigations were
the presence of the previously unobserved pinwheel building used to elucidate the topology of the VPI-8 structure and identify
unit shown in Figure 8. This building unit seems to be uniquely a novel molecular sieve building unit. The connection of four
suited for producing structures containing 1D channel systems of these new pinwheel building units directly leads to a 12MR
comprised of 12 or more T-atoms. The minimum pore size channel system, as found in VPI-8. By inserting 4MRs between
that can be produced using four of these pinwheel units is a the pinwheel building units, the formation of theoretical extra-
12MR channel, which is found for VPI-8. Expanding the pore |arge pore structures-(L2MR) is possible.
size by successive insertion of additional 4MRs in the channel
walls seems theoretically quite feasible and leads to structure

topologies shoyvn in Figure.13. Structural characteristics of Acknowledgment. The authors gratefully acknowledge Dr.
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