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Cong-Yan Chen, Larry W. Finger, Ronald C. Medrud, Charles L. Kibby, Peter A. Crozier,
Ignatius Y. Chan, Thomas V. Harris, Larry W. Beck, and Stacey 1. Zones*

Abstract: The novel high-silica zeolite
SSZ-42 was synthesized and character-
ized by X-ray diffraction, scanning elec-
tron micrographs, transmission electron
micrographs, argon and hydrocarbon
adsorption, elemental analysis, *C
MAS NMR, FTIR, and catalytic reac-
tions. The framework topology of SSZ-

single crystal (15 x 15 x 35 um) and re-
fined from powder diffraction data. The
crystalline architecture is characterized
by an undulating, one-dimensional 12-
membered T-atom ring (12-MR) chan-
nel system. This configuration is a sur-
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prise given that the measured adsorp-
tion capacity is much higher than ex-
pected for a one-dimensional channel
system. The material is stable up to at
least 800°C under thermal and hydro-
thermal conditions, and exhibits many
interesting characteristics and promises
to be a useful catalyst for hydrocarbon

42 has been determined from X-ray
diffraction data taken from a small

Introduction

The widespread use of zeolites as catalysts, adsorbents, and
ion exchangers has had a remarkable impact on many
industrial processes. The significant catalytic activity and
selectivity of zeolite materials are attributed to the large
internal surface area and highly distributed active sites that
are accessible through uniformly sized pores. An important
feature is that these pores are of the same molecular
dimension as the reacting organic molecules. The use of
organo-cation template molecules to provide structure direc-
tion has given rise to a number of novel high-silica zeolites in
recent years, leading to breakthroughs in zeolite science and
providing an impetus in developing new process chemistry.[!
As a consequence, the understanding of zeolite structures and
the structure — property relationships has become not only of
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processing.

basic academic interest but also one of the most critical tasks
in bringing the industrial applications of these materials to
successful fruition.

Typical hydrothermal conditions for zeolite synthesis usu-
ally do not yield sufficiently large crystals for the direct
determination of the structure using single-crystal X-ray
diffraction.””! Several exciting new molecular sieve structures
such as EU-1,P! beta, ZSM-18,5] NU-87,°] SSZ.-26/SSZ-33,["]
MCM-22,81 RUB-3,°1 UTD-1,1!l VPI-8,'l VPI-9,/*l and SSZ-
3131 have been solved with a combination of several
techniques, such as X-ray powder diffraction, high-resolution
electron microscopy, electron diffraction, *Si MAS NMR
spectroscopy, and a knowledge of the material’s porosity and
its relationship to framework density. This information is
combined with computational techniques to generate models,
from which trial structures are then compared to experimental
diffraction data by a Rietveld refinement. Clearly, synthesiz-
ing sufficiently large, high-quality crystals and developing
suitable structure models remain a considerable but beneficial
challenge.

In this paper we report the discovery, synthesis, crystalline
structure, physicochemical and catalytic characterization of a
novel zeolite designated as SSZ-42.'+ 1 This is the first
reported solution of a high-silica large-pore zeolite structure
based on single-crystal data. The outcome represents quite a
surprise from the indications given by each of the individual
techniques cited above (vide infra). These analytical tools
hinted at a multidimensional pore system with at least one 10-
and one 12-membered T-atom ring (12-MR), as has been
observed for SSZ-33.7)
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Experimental Section

Synthesis: The SSZ-42 materials were synthesized by using N-benzyl-1,4-
diazabicyclo[2.2.2]octane cation, R*, as the template molecule (see
Table 1).') The borosilicate versions used here for the structure
analysis were prepared with synthesis mixtures of composition
0.150R,0:0.018 Na,0:0.037 B,0;:Si0,:43.3H,0. The synthesis procedure
for the powder sample (~1-2 um) is outlined as follows: An aqueous
ROH solution (18.11 g, 0.9 mol L") was used to dissolve sodium tetrabo-
rate decahydrate (0.38 g) (Na,B,0;-10H,0, Aldrich) in H,O (27.5 g). Then
Cab-O-Sil M-5 silica (Cabot) (3.26 g) was stirred into the resulting solution.
The reaction mixture was further stirred at room temperature for 1 hour.
Finally the resulting synthesis gel was heated in a Teflon-lined stainless
steel autoclave under static conditions at 150°C for 17 days. The solid
products were recovered by filtration, washed with deionized water, and
dried in air at room temperature.

In one batch we were fortunate to find single crystals of uniform size (ca.
15 x 15 x 35 um). For this synthesis we used boric acid (H;BO;, Mallinck-
rodt) (0.25 g) and NaOH (EM Sciences) (0.08 g) as sources of boron and
sodium, and the synthesis gel was heated under otherwise identical
conditions for 10 days.

To remove the occluded template molecules, the as-synthesized powder
sample was calcined in a steady stream of nitrogen containing just a slight
bleed of air. The stages were as follows: first from room temperature to
125°C at 50°Ch~! and hold for two hours, then to 540°C at 50°Ch~! and
hold for four hours, subsequently to 600 °C at 50 °Ch~! with a final hold for
four hours.

The synthesis procedures of other zeolites used here for comparison studies
in physisorption have been described in early works.

X-ray diffraction: To identify the crystallized phases and to test for phase
purity, the X-ray powder diffraction patterns (for both powder and single-
crystal samples) were collected by using Cuyg, radiation on a in-house
Siemens D500 diffractometer equipped with a graphite monochromator
and scintillation detector.

To solve the framework arrangement of SSZ-42, single-crystal data for a
sample containing the occluded template molecules were collected with a
CCD camera in the Applications Laboratory of Siemens Energy and
Automation, Inc. in Madison, Wisconsin, USA. This single crystal (ca. 15 x
15 x 35 um), has a scattering power equal to about 4 x 10", which is nearly
three orders of magnitude smaller than typical crystals used in the usual
experiment with a laboratory, sealed source. This scattering power is
defined as 0’V A%, where p is the average electron density, V is the volume
of the crystal, and 4 is the wavelength of the experiment. Despite the small
size of the crystal, and a data collection that was not particularly optimized
for low scattering power, 50% of the observations to a resolution of 1.0 A
have F?>20(F?); however, this crystal size is clearly close to the lower
limit for this type of instrument. The data from this very small SSZ-42
crystal were sufficient to locate the framework atoms by using
direct methods in SHELXTL (version 5.03)['7 to generate a very good
trial model, but not precise enough to get good bond lengths and angles.
The crystal system is monoclinic, and the diffraction pattern is consistent
with space group C2/m. There are four topologically distinct T-atoms
(T =tetrahedrally coordinated) and 10 O atoms.

To refine the SSZ-42 structure determined by the single-crystal analysis,
full powder patterns for both calcined and as-synthesized powder samples
(crystal size ca. 1-2 pum) were collected at high-resolution beamline X7A
of the National Synchrotron Light Source (NSLS) with the samples sealed
in a capillary and rotated about the capillary axis. The calcined sample used
for the powder diffraction was prepared by heating the calcined material at
350°C for several hours in a glass capillary under vacuum, to remove as
much of the adsorbed species as possible, and then sealing. The synchrotron
radiation from the bending magnet source was monochromatized with a
channel-cut Si 220 crystal, and the wavelength and diffractometer zero
were calibrated with a standard silicon sample. The values of the
wavelengths were 1.15207 and 1.14833 A for the calcined and as-synthe-
sized samples, respectively. Maximal resolution was ensured by the use of a
germanium 200 analyzer crystal.l'¥! Instrumental parameters were deter-
mined by using the structure-independent intensity extraction method of
Le Bail et al. [l as suggested by Cox." Fixed backgrounds were selected in
the regions where no reflections occurred, and the asymmetric profile
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function of Finger et al.,”!l which properly accounts for axial divergence,
was employed by using the computer program GSAS.”?l Refined in this
stage were two Lorentzian and one Gaussian profile parameters, two
asymmetry parameters, the lattice constants, and the diffractometer zero.
After convergence, the slope of the normal probability plot?’l was used as a
multiplier for the estimated standard deviations of the measured data. In
both cases, the esds of the count data had been underestimated by a factor
of 1.3 to 2. In final convergence, y? for the Le Bail fit was essentially unity
for both samples. At this stage, the profile parameters were fixed and the
structural refinement begun with the atomic positions determined from the
direct methods solution. For both samples, the final cycle of refinement
included the lattice constants, the profile coefficients, preferred orientation
parameters,?! and the structural parameters with isotropic temperature
factors for all atoms. Backgrounds determined in the initial stage were fixed
in the final refinement.

Electron microscopy: The scanning electron micrographs (SEM) were
obtained on a Hitachi S-570 scanning electron microscope.

The initial electron diffraction and imaging analysis were conducted on a
JEOL 100CX transmission electron microscope. Detailed high-resolution
transmission electron microscopy (HREM) were performed on a JEOL
4000 EX transmission electron microscope operating at 400 kV with a
point-to-point resolution of 2.2 A at Arizona State University. The
specimens used in the HREM experiments were prepared by crushing
the calcined SSZ-42 and dispersing the thin sections over a holey carbon
film supported on a copper grid.

Physisorption: Argon physisorption measurements were made in an
Omnisorp 100CX instrument from Coulter. Adsorption isotherms were
measured at — 186 °C by both static and continuous flow techniques, after
the samples were degassed in vacuum (< 10~° Torr) at 300 °C for two hours.
With continuous flow, about 1000 data points were obtained for argon
pressures between 107 and 550 Torr. Sample sizes were about 100 mg and
the argon flow was slow enough that it took one to two hours to admit
enough argon to fill the samples’ micropores. With static adsorption,
equilibration times were ten minutes for each data point. Doses were small
enough that five to ten hours were required to admit enough argon to fill
the micropores. Micropore volumes and external areas were estimated
from alpha-plot analyses of the adsorption isotherms, using alpha values
obtained from a silica standard (CPG-75).

The adsorption capacities of zeolites for vapor phase hydrocarbons were
measured at room temperature using a Cahn C-2000 balance coupled with
a computer through an ATI-Cahn digital interface.” The adsorbates
studied were n-hexane, 2,2-dimethylbutane, cyclohexane, 1,2,4-, and 1,3,5-
triisopropylbenzene. The vapor of the adsorbate was delivered from the
liquid phase. The relative vapor pressure p/p, was maintained at about 0.3
by controlling the temperature of the liquid adsorbate using a cooling
circulator. Prior to the adsorption experiments, the calcined zeolites were
dehydrated at about 350°C under a vacuum of 103 Torr for 5h. The
adsorption capacities are reported in milliliters of liquid per gram of dry
zeolite, under the assumption that the adsorbated adsorbate has the same
density as the bulk liquid.

Additional physicochemical characterization: The elemental analyses were
performed by Galbraith Laboratories (Knoxville, TN, USA).

Solid-state "H NMR spectra of as-synthesized SSZ-42 powder sample were
acquired at 7.0 T and 300 MHz. The Bruker 300 AM spectrometer was
equipped with high power amplifiers and magic angle spinning (MAS)
probes for high resolution. *C MAS NMR spectra were acquired using the
six-pulse version of the TOSS sequence to suppress spinning sidebands
following the creation of coherent magnetization by cross-polarization
(CP).I The sample spinning rate was 4.0 kHz, the cross-polarization time
was 2 ms, the decoupling field strength was 60 kHz, and the recycle delay
was 2s. *C MAS NMR spectra were also acquired after a brief period,
28.5 ms, with no 'H-decoupling. This dipolar-dephasing experiment was
used to discriminate between mobile and rigid components of the NMR
spectrum. 27

The IR spectra of zeolites were measured in a Nicolet Magna 550 FTIR
spectrometer equipped with a KBr beamsplitter, a diamond ATR cell from
ASI, and a DTGS detector. The ATR cell had a KRS-5 crystal that gave
useful spectra down to 350 cm™'.

Catalysis: The catalytic test reactions were conducted according to the
procedures reported elsewhere.['% 28-31]

0947-6539/98/0407-1313 $ 17.50+.25/0 — 1313



FULL PAPER

S. 1. Zones et al.

Results and Discussion

Synthesis: We synthesized SSZ-42 and recognized it as a new
zeolite material several years ago while trying to solve a
particular zeolite synthesis problem. We had had good success
in synthesizing zeolite SSZ-16P? using templates based upon
linking 1-azabicyclo[2.2.2]octane units with a methylene
chain, particularly with three to five methylene groups.[*!
An improvement was the finding that the isostructural
diazabicyclo[2.2.2]octane also works.?¥ The latter is often
characterized in the organic chemistry literature as DABCO
and is available as a very large commodity chemical (used as a
catalyst in the production of polyurethanes). In a given
synthesis problem we also wanted to use the latter diquater-
nary ammonium compound (or template) to make Al-rich
beta zeolite. But the SSZ-16 zeolite also began to form as an
impurity in some reaction attempts, as the Al content
increased in the synthesis gels. The two zeolites have very
different structures (Figure 1) and catalytic properties. We

SSz-16
Figure 1. Crystalline structures of SSZ-16 and beta.

beta

thought that a bent configuration, off the DABCO nitrogen
center, would still allow us to form the multichannel beta
zeolite but would eliminate the large cavity-dominated
crystallization of SSZ-16. We chose to try a benzyl derivative,
namely, N-benzyl-1,4-diazabicyclo[2.2.2]octane cation (Ta-
ble 1, entry 6).

The strategy proved successful with the DABCO deriva-
tives. As one moved to higher and higher SiO,/Al,O; values in
the synthesis gel, the beta zeolite was replaced by either
mordenite or eventually ZSM-12 at the highest ranges. We
recently described this change in product with changing lattice
substitution for polycyclic template molecules with regard to
both aluminosilicate and borosilicate systems.? The DABCO
derivative described above for use in making both beta zeolite
and SSZ-16 had also been found to be a particularly good
template for preparing beta zeolite in its weakly acidic
borosilicate form, removing any need for Al in the syn-
thesis.’! Thus the next question to consider was would this
newer benzyl derivative also make beta zeolite as a boro-
silicate? The answer is that the novel SSZ-42 appeared
instead.l") While structurally different from beta zeolite, SSZ-
42 also shows some indications as to why the two might be

1314 ——

Table 1. Organic templates and the resulting zeolites.

Entry  Organic template Zeolite at Zeolite at
high lattice moderate
substitutionl®! lattice sub-

stitution®!
+
1 Me;NH, CHNiMe, SSZ-16 (Al) -
I 4+ +
2 T/\/\/Tg SSZ-16 (Al) -
CH, CH,
- S

3 ﬂN/V\/Nt SSZ-16 (Al) MTW (Al)

4 @ﬁ/\/\,@ S$SZ-16 (Al) MTW (Al)

5 @ﬁ/\/\/@ SSZ-16/beta (Al) MTW (Al)

N N—GH
6 2 beta (Al)/SSZ-42 (B) SSZ-42 (B)
O
7 SSZ-42 (B) SSZ-42 (B)
H
T
8 b SSZ-42 (B) SSZ-42 (B)
CH—N N—GH
9 SN } 2 kenyaite kenyaite
W
T
10 amorphous (B) MTW (B)
A >
N ;f— H,
11 b amorphous (B) MTW (B)
A
+
N—CH.
12 \_/ : amorphous (B) MTW (B)
CH,
13 amorphous (B) MTW (B)

[a] Si0,/B,0; or SiO,/ALO, < 30. [b] Si0,/B,0; or SiOy/ALO, > 40.
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grouped together as part of a family of structures resulting
from similar synthesis chemistry.

Once the parameters for making the SSZ-42 as a borosi-
licate were well-defined, we moved on to looking at related
template derivatives, many of which are shown in Table 1. The
template proved to be quite spatially selective as we learned
once the zeolite structure became known, as well as from the
results of template synthesis studies. Thus, it appears that the
various ring-substituted benzyl derivatives we were able to
make (Table 1, entries 10— 13) all increased the size too much
in terms of a critical fit or packing sector of the zeolite. Most

0947-6539/98/0407-1314 $ 17.50+.50/0 Chem. Eur. J. 1998, 4, No. 7



SSZ-42: A High-Silica Large-Pore Zeolite

1312-1323

of these derivatives made ZSM-12 instead, extending them-
selves down a linear channel. Using the isostructural quinu-
clidine for DABCO worked fine (Table 1, entry 7) and this
latter template has been also successfully used to make the
aluminosilicate zeolite MCM-58P"1 and more recently the
pure-silica zeolite ITQ-4.81 According to the Structure
Commission of the International Zeolite Association, these
two zeolites are isostructural to SSZ-42. We also were
successful with the quinuclidinol derivative (Table 1, entry
8). Thus, it appears that changes to the bicyclo[2.2.2]octane
segment are less critical than derivatives of the benzyl
substituent (vide infra for 3C MAS NMR results).

SEM and optical microscopy: Figure 2 shows the morpholo-
gies and sizes of two as-synthesized SSZ-42 samples studied
here. The sample shown in Figure 2a was made up of large
single crystals of very uniform size (ca. 15 x 15 x 35 um). No
twinned crystals were observed in this sample. When exam-
ined under a high-resolution optical microscope, the single
crystal extinguished uniformly under crossed polarizers,
indicating they were truly single crystals. The orientation of
the optic axes of these single crystals is consistent with the
monoclinic symmetry determined from the X-ray diffraction
data (vide infra). The sample shown in Figure 2b had a
uniform crystal size of about 1-2 pm. As shown in Figure 3,
the X-ray diffraction (XRD) patterns of both samples
contained peaks characteristic of SSZ-42. The peak intensities
of single-crystal SSZ-42 were affected by texture because the
sample no longer had a random distribution of particles due to
the large size of the crystal (15 x 15 x 35 pum).

Details of structure: The unit cell parameters of both as-
synthesized and calcined samples are shown in Table 2. They
were determined based on the full powder patterns (crystal
size ca. 1-2 pum) collected at high-resolution beamline X7A
of the National Synchrotron Light Source, Brookhaven
National Laboratory. Calcination results in a contraction of
the unit cell in a and c¢ directions but expansion in the b
direction. The resulting contraction of unit cell from 1851.12

C1629-02-3A 1.5K

n single crystal
M UJL_A.J\«_AJ\_A.A._.A.AA.M N

powder

N
2 6 10 14 18 22 26 30 34 38 42
20/°
Figure 3. Conventional X-ray powder diffraction patterns of the two as-
synthesized SSZ-42 samples described in Figure 2 (taken on in-house
Siemens D500 diffractometer).

Table 2. Unit cell parameters for SSZ-42.

a[A] b[A] c[A] B V[AY)

as-synthesized 18.6309(9) 13.3359(1) 7.61731(3) 102.017(1) 1851.12(1)
calcined 184991(2) 13.4078(1) 7.57548(2) 101.471(1) 1841.49(2)

to 1841.49 A% implies, together with the relationships between
template geometry and zeolite structure discussed above (see
Table 1), that the template molecules are tightly packed in the
channel system of SSZ-42, and the zeolite framework is
relaxed upon removal of the occluded template molecules
(vide infra for ®*C MAS NMR results).

For the refinement of the powder data from the calcined
sample, which contains only the framework atoms, conver-
gence was accomplished without difficulty by using the
program GSAS. Difference electron density slices through
the channel cross-section showed no residual electron density.
The refinement led to residuals of wR,=0.066, R,=0.050,

Figure 2. SEM images showing morphologies and sizes of two as-synthesized SSZ-42 samples studied here: a) single crystal (ca.

15 x 15 x 35 um); b) powder (ca. 1 -2 pm).

Chem. Eur. J. 1998, 4, No. 7
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and Ry, = 0.061 with y>=1.02. The Rietveld difference plot
in Figure 4 shows that the observed and calculated powder
patterns of the calcined sample agree very well. The atomic
coordinates and selected bond lengths and angles for the
calcined form are listed in Tables 3 and 4, respectively.

| | | I 1 1 1 1 1
10.0 200 300 40.0 50.0 60.0  70.0 80.0 90.0

20/°

Figure 4. Results of Rietveld refinement of calcined SSZ-42 powder
sample.

Table 3. Atomic coordinates and isotropic temperature parameter U, for
calcined SSZ-42.

x y z 100%U,, [A?]
Sil 0.9876(3) 0.6151(4) 0.6972(7) 2.6(2)
si2 0.1471(3) 0.6159(4) 0.9006(7) 3.002)
Si3 0.7516(3) 0.6122(4) 0.3779(8) 2.90)
Si4 0.8393(3) 0.7045(4) 0.7280(8) 32(2)
o1 0.0625(8) 0.6427(7) 0.8284(15)  3.9(4)
02 0.9241(6) 0.6860(7) 0.7350(13)  1.9(3)
03 0.1769(6) 0.6785(7) 0.0793(14) 2.6(4)
04 0 0.6250(14) 0.5 6.5(7)
05 0.7902(6) 0.6327(8) 05818(16)  4.1(4)
06 0.1944(6) 0.6372(9) 0.7491(15)  6.3(5)
07 0.9689(8) 0.5 07246(21)  4.1(6)
08 0.6801(5) 0.6819(7) 03206(14)  2.1(3)
09 0.1561(7) 0.5 0957921)  5.8(7)
010 0.7219(7) 0.5 0.3540(18)  2.8(5)

Table 4. Selected bond lengths [A] and angles [°] for calcined SSZ-42.

Sil-01 1.582(8) Si3-05 1.595(9)
Sil-02 1.583(8) Si3-06 1.554(9)
Sil-04 1.562(4) Si3-08 1.606(7)
Sil-07 1.606(5) Si3-010 1.599(5)
mean Sil-O 1.583 mean Si3-O 1.588

Si2-01 1.593(8) Si4-02 1.576(8)
Si2-03 1.597(8) Si4-03 1.587(8)
Si2-06 1.602(9) Si4-05 1.604(8)
Si2-09 1.614(4) Si4-08 1.590(7)
mean Si2-0O 1.602 mean Si4-O 1.589

Si1-01-Si2 147.1(5) Si2-06-Si3 156.1(7)
Si1-02-Si4 149.1(6) Si1-07-Sil 148.2(9)
Si2-03-Si4 143.0(6) Si3-08-Si4 139.2(5)
Si1-04-Sil 170.3(13) Si2-09-Si3 148.6(9)
Si3-05-Si4 148.7(6) Si3-010-Si3 140.2(7)

The framework structure, viewed along the 12-membered
T-atom ring (12-MR) channel (Figure 5), is characterized by
an undulating, one-dimensional channel system with pores
comprised of 12 T-atoms. The basic building unit can be
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Figure 5. SSZ-42 framework viewed along [001].

considered to be a polyhedron containing 16 T-atoms which
form five 4-MR, four 5-MR and two 6-MR (Figure 6). Each
unit cell consists of two polyhedrons and contains, therefore,

Figure 6. Basic building unit of SSZ-42 structure.

32 T-atoms. The framework density is 17.4 T per 1000 A3, The
pore diameter at the narrowest point in the xz projection is
about 6.4 A. The cage at the widest point is about 10 A. As
shown by the xz projection in Figure 7, the channel exhibits
side pockets which are reminiscent of those in beta and SSZ-
3307 zeolites formed by the intersection of channels. In SSZ-
42, however, there are no intersecting channels. In the
perpendicular projection (yz) there are no undulations and
the pore diameter is about 6.7 A. An xy projection of the unit
cell is shown in Figure 8. As demonstrated by the numbered T-
atoms in Figure 8, it is clear that the 12-MR is considerably
distorted, giving the smaller than expected pore size. At first
glance it appears to be a 10-MR (vide infra). The propensity
for a high 4-MR population in a high-silica zeolite structure, in
relation to the necessity for lattice substitution (boron for
silicon, in this instance), has been discussed by Zones and
Santilli.?]

Additionally, Camblor et al. have very recently reported
the structure determination of the pure-silica zeolite ITQ-4.14]
Their reported structure for the pure-silica ITQ-4 and our
structure solution for the borosilicate SSZ-42 are in very good
agreement.
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Figure 7. xz projection of SSZ-42 framework showing minimized location
of template molecules.

Figure 8. xy projection of the unit cell and 12-MR pore of SSZ-42.

Computer modeling: The powder diffraction data from the as-
synthesized sample, which still contains the template used in
synthesis, displays considerable electron density in the
channel. The diffraction pattern displays only diffraction
maxima consistent with a C-centered lattice; therefore, the
template molecules must be disordered for space group C2/m.
Results from elemental analyses indicate two template
molecules per unit cell. A possible location for the template
molecules was generated by molecular modeling in the Insight
computational environment*! (see Figure 7). The template

Chem. Eur. J. 1998, 4, No. 7
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molecule spans the volume from one side pocket diagonally to
the next. The stabilization energy (SE) was —263.8 kcal per
template molecule calculated with a single template molecule
in the pore. With four templates packed in a pore channel,
four unit cell repeats in length, the SE was —123.1 kcal per
template molecule. The reduction in SE with four template
molecules is due to template —template interactions. If the
template molecules had long-range ordering in the channels,
the symmetry would be reduced relative to that of the
framework. The extra peaks corresponding to this reduction
are not observed; therefore, we assume that the template
molecules are disordered. Because the symmetry of the
framework would result in four equivalent positions for the
molecules, we assume that each has 1/4 occupancy. The
difference electron density in the channels is reduced by this
model; however, there are still considerable discrepancies in
the calculated structure factors. Figure 7 shows templates in a
head to tail orientation. Rotation of a template molecule
about the twofold axis at 1/2, y, 1/2 results in equivalent
orientations with respect to the framework but with head to
head and tail to tail orientations with respect to other
templates. Modeling suggests that these all have similar
energies. Because the template molecule has lower symmetry
than the framework, these equivalent orientations could
result in considerable disorder for the Rietveld structural
model. Further studies on the structure refinement based on
the as-synthesized synchrotron powder XRD pattern are in
progress.

This structure confirms once again the effective use of
organo cations as guest molecules in developing the host
molecular sieve architecture. The fact that the relatively linear
guest molecule does not reside parallel to the pore in this
structure is a relatively unusual occurrence in zeolite crystal-
lization. Rather, the molecule resides in a sequence of bulging
cages formed at a fixed off-pore axis direction from the main
channel.

13C MAS NMR spectroscopy: The 3C MAS NMR spectra are
shown in Figure 9 for as-synthesized SSZ-42 powder sample.
The spectral assignments of the intact template molecules are
shown in the spectrum in Figure 9.1 The mobility of the
template molecule occluded inside the zeolite was investigat-
ed by dipolar-dephasing (DD).?* 2" This experiment detects
the coherent magnetization after a brief period without high-
power proton decoupling. Parts of the molecule that experi-
ence rapid molecular reorientation (with respect to the
magnetic field) that effectively average the heteronuclear
dipolar coupling still appear in the NMR spectrum. The
resonances that arise from more rigid parts of the molecule
will not be able to average the strong dipolar coupling and will
become dephased, that is, absent in the NMR spectrum. The
result of the DD experiment for the template molecules
occluded in SSZ-42 is shown in the spectrum in Figure 9b. The
methylene resonance 3 and resonances 5, 6 from the phenyl
ring are absent from the spectrum, indicating that this end of
the template molecule is not undergoing molecular reorien-
tation (faster than 10° s). The difference spectrum (Figure 9¢)
is also shown for clarity. The methylene carbon atoms in the
DABCO end of the template molecule undergo significant
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Figure 9. a) 3C CP/MAS NMR spectrum of as-synthesized SSZ-42 powder
sample; spinning sidebands have been suppressed with the TOSS pulse
sequence. The C6 and C6' resonances overlap in this spectrum. b) The
dipolar-dephasing spectrum is shown for the same sample; 'H-decoupling
was turned off during the first delay of the TOSS sequence, 28.5 psec. ¢) The
difference between spectra a and b is shown; the spectral intensity
represents the fraction of magnetization that dephased without proton-
decoupling.

molecular reorientation on the ms time-scale, which is most
likely a twisting motion about the C, axis. This is evident since
the majority of the '3C spectral intensity survives the dipolar-
dephasing period (Figure b). Resonance 4, the quaternary
carbon of the phenyl ring, also survives the DD experiment,
because it has no directly bonded protons. Variable contact
time cross-polarization (CP) experiments (not shown) show a
weak 'H-3C dipolar coupling consistent with the major source
of CP magnetization being the mobile DABCO protons. The
BC CP/MAS NMR results supports the picture (from single-
crystal X-ray and computer simulations) that the template
molecules are oriented with respect to the zeolite channel
system. The lack of rapid molecular reorientation for the
benzyl end of the template molecule also implies that there is
a tight fit between the organic molecule and the zeolite
framework, as also evi-
denced by the results dis-
cussed above (see Table 1).

HREM: Eleven distinct se-
lected area zone axis elec-
tron diffraction patterns
were collected from ap-
proximately 15 different
crystals. Figure 10 shows
two diffraction patterns lat-
er identified as the [100]
(left) and [001] (right) ori-
entations. We were able to
index all the electron dif-
fraction patterns by using
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Figure 10. Electron diffraction patterns from small crystals of SSZ-42 in
[100] (left) and [001] orientations (right), respectively.

the unit cell model constructed from the X-ray diffraction
data. All the diffraction spots in the electron diffraction
patterns were sharp. No streaking was observed in any of the
orientations. This indicates that there are no stacking faults in
SSZ-42 and suggests that only one polymorph of the material
is present.

A low-dose HREM image recorded from a wedge-shaped
crystal in the [001] projection is shown in Figure 11 left . The
characteristic large white dot contrast shows that a main
channel runs along the [001] direction in the crystal. The
digital diffractogram from this image (Figure 11 right) shows
that the image, though noisy, contained information out to at
least 2.2 A. Figure 12 left is a processed unit cell motif
obtained by applying real space noise reduction techniques of
Pan and Crozier® to Figure 11 left. Initial measurements
from the processed image suggested that the channel circum-
ference was approximately 29 A. Assuming that the Si—O
bond length and angles are in the range of 1.55-1.64 A and
140-170°, respectively, a 10-MR of Si atoms has a circum-
ference of 29-32 A. This initial analysis led us to the
preliminary proposal that the main channel shown in Fig-
ure 12 left may correspond to the projection of an untilted 10-
MR running along the [001] direction; however, we were
unable to come up with a structure that would yield a good fit
between the simulated and experimental image. Although, if
we use the atomic coordinates derived from the XRD data, we
obtain an excellent match between the simulated and
experimental HREM data (see Figure 12 middle).

Figure 11. Left: Low-dose high resolution image from SSZ-42 crystal in [001] orientation. The image was recorded from
a wedge-shaped crystal resulting in a gradation of the image intensity from left to right. Right: Digital diffractogram of
Figure 11 left showing information out to 2.2 A.
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Figure 12. Left: Spatially averaged imaged motif generated from Figure 11 left showing structure information in zeolite unit cells. Middle: Simulated image
of the determined SSZ-42 structure in the [001] projection. The image was calculated using multislice techniques for a crystal 40 A in thickness and the
objective lens set to Scherzer defocus (—490 A). Right: Projection of the determined structure along the [001] direction.

Low-dose high-resolution electron microscopy (HREM)
has proven to be a useful technique for elucidating the
structure of zeolites, as demonstrated for SSZ-33,"1 VPI-8,['1]
and SSZ-31.131 In those cases, HREM helped in providing the
first guess of the structure model and later took on the role of
a stringent test in verifying the eventual model. In the current
case of SSZ-42, the unusual nature of the undulating channel
causes the 12-MR to appear as a 10-MR ring in [001]
projection (see Figure 12 right). This points out that great care
must be exercised when interpreting data from HREM in
terms of crystal structural units. Nonetheless, the comparison
between the experimental and simulated images is still clearly
a stringent test of the accuracy of the proposed structure
model.

Physisorption: Table 5 lists the zeolites studied in this work
for argon adsorption, together with their pore size and
dimensionality. SSZ-42 was compared with 1) SSZ-26/SSZ-
33 and beta (multidimensional 10/12- or 12/12-MR channel

Table 5. Zeolites studied in this work for argon adsorption and their pore
structures.

Zeolite Pore structure

SSZ-42 1D undulating channel, distorted 12-MR
SSZ-26/SSZ7-33 3D channel, 10-/12-/12-MR
Beta 3D channel, 12-MR

SSZ-24 1D straight channel, 12-MR

SSZ-31 1D straight channel, 12-MR

ZSM-12 1D straight channel, distorted 12-MR

L 1D straight channel 12-MR, with small side pocket
EU-1 1D, 10-MR, with side pocket

SS8Z-25 2D, 10-MR, with cage

SSZ-37 2D, 10-MR, with cage

SS§Z-32 1D straight channel, 10-MR

system), 2) SSZ-24, SSZ-31, ZSM-12 and L (one-dimensional
12-MR channel system), 3) EU-1, SSZ-25 and SSZ-37 (10-MR
channel system with side pocket/cage), and 4) SSZ-32 (one-
dimensional 10-MR channel system). The adsorption results
are depicted in Figure 13. Argon adsorbed in the micropores
of SSZ-42 over a broad pressure range, from about 10 ubar to
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about 1000 pbar, even during static experiments with ade-
quate time for equilibration. Equilibrium micropore-filling
steps for most other zeolites occurred over much narrower
ranges. The only other zeolites that we have found to have
such broad micropore-filling transitions are SSZ-26, SSZ-33,
and beta (Figure 13). Adsorption isotherms for SSZ-42 and
SSZ-26 are very close to one another in the micropore-filling
region (Figure 14), although they diverge at higher pressures
due to a large external surface area for SSZ-26. The micropore
volume accessible to argon in SSZ-42 is 0.20 mLg~!, about
10% lower than that for SSZ-26. Its external area is about
10 m?g~%. Detailed discussion on the above argon adsorption
results will be reported later.

The existence of large pores in SSZ-42 was also exper-
imentally confirmed by the adsorption of a series of molecules
with varying dimensions. Fast adsorption was observed with
both 1,2,4- and 1,3,5-triisopropylbenzene (larger than the
1,2,4-isomer) in zeolite UTD-1 (10 A pore) as well as with
1,2 4-triisopropylbenzene in zeolite Y (7.3 A pore), while the
adsorption of 1,3,5-triisopropylbenzene in zeolite Y proceed-
ed extremely slowly.*! Within the experimental errors, no
uptake of 1,3,5-triisopropylbenzene in SSZ-42 was detected.
However, the adsorption capacity of SSZ-42 for the less bulky
1,2,4-triisopropylbenzene reached about 0.07 mL g~! after five
days, indicating a strongly hindered diffusion of this molecule
through the distorted 12-MR openings. Similar to argon
adsorption, all smaller adsorbates screened such as N,, n-
hexane, 2,2-dimethylbutane, and cyclohexane had a high
adsorption capacity of about 0.20 mLg! in SSZ-42, which is
close to the adsorption data obtained in SSZ-33 and beta, both
of which possess intersecting 10/12- or 12/12-MR channels.
Based on the above results from argon, nitrogen, and hydro-
carbon adsorption, one could easily come to the incorrect
conclusion that the framework architecture of this new
material consists of an intersecting 10/12- or 12/12-MR
channel system. In fact, the large adsorption capacity of
SSZ-42 is due to large cages rather than to an intersecting
channel system. The high adsorption capacity exhibited here
is exceptional for a large-pore zeolite with a one-dimensional
channel system. This is the first reported zeolite structure with
such features.
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Figure 13. Derivatives of argon physisorption isotherms for various zeolites. Solid lines: static measurements; + : dynamic measurements.

characterization:

The IR

conditions, it can be prepared with a wide range of Brgnsted

Additional physicochemical
spectrum of SSZ-42 (Figure 15) in the 350cm™! to
1700 cm™! region was unique among the spectra of 150
zeolite and zeolite-like materials that we have tested. The
closest match among our other zeolite spectra was that of

acidity and, therefore, can be converted to different catalysts
for a body of chemical reactions, including hydrocracking,
catalytic cracking, isomerization, alkylation of aromatic com-
pounds, and reforming. In the light of its unusual topological

SSZ-26.

Catalysis: SSZ-42 is very stable up to at least 800°C even
under hydrothermal conditions. By manipulation of synthesis

1320 ——
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structure and exceptional pore volume, this new material
exhibits many interesting catalytic characteristics and, as we
reported previously,'> %lgenerates a series of catalysts for
several industrial processes.
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Figure 14. Argon physisorption isotherms for SSZ-42 (solid line) and SSZ-
26 (dotted line). Continuous flow measurements at — 186 °C with a dosing
rate that filled the micropores in one and one-half hours.
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Figure 15. IR spectrum of calcined SSZ-42 obtained with a diamond ATR
cell.

An aluminum-containing SSZ-42 sample was prepared by
substituting aluminum for most of the boron in B-SSZ-42 by
using aqueous aluminum nitrate solution!'® and was charac-
terized by the constraint index (CI). The CI is widely used to
characterize the effective pore size of acidic zeolites and is
determined based on a comparison of the rates of acid-
catalyzed cracking of n-hexane and 3-methylpentane with an
equimolar mixture of these two hydrocarbons as feed.?! The
Al-SSZ-42 sample studied here had a CI value of 0.65 which is
typical of the 12-MR (or larger pore) zeolites.

Al-SSZ-42 was also studied for ethylbenzene disproportio-
nation. This reaction was used as a test reaction for the rapid
discrimination between 12- and 10-MR zeolites.””! According
to Weitkamp et al., an induction period is characteristic of the
12-MR zeolites (e.g., Y and ZSM-12), namely, the ethyl-
benzene conversion increases with the time-on-stream at the
onset of the reaction. It is followed by a stationary or quasi-
stationary stage during which the conversion remains constant
or decreases slowly. With 10-MR zeolites, there is no
induction period and the catalyst deactivation is considerably
faster. Pronounced differences are encountered between the
distributions of the diethylbenzene isomers formed on 12- and
10-MR zeolites: 1) with 12-MR zeolites, in the quasi-sta-
tionary stage the isomer distributions are essentially inde-
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pendent of the time-on-stream and close to the thermody-
namic equilibrium; 2) with 10-MR zeolites, the selectivity for
1,2-diethylbenzene is very low and the isomer distributions
change significantly with the time-on-stream in favor of the
para-selectivity (1,4-diethylbenzene). In addition, the differ-
ence between the yields (Y) of benzene and diethylbenzenes
is also pronounced although equal molar yields of benzene
and diethylbenzenes are expected based on stoichiometry: on
12-MR zeolites, the molar ratio of Ypgp,/Ys, typically
amounts to 0.9 as compared to 0.75 on 10-MR zeolites.

The time-on-stream behavior of SSZ-42 during ethylben-
zene disproportionation is depicted in Figure 16. No induction

15 -
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Figure 16. Top: Conversion of ethylbenzene (Xg.g,) and yields of benzene
(Yg,) and diethylbenzenes (Ypg.p,) over SSZ-42. Bottom: Distributions of
the diethylbenzene isomers over SSZ-42. The full symbols (single points)
represent calculated values for the thermodynamic equilibrium at 250 °C.[**]
W/Fg g, stands for the modified residence time, where W is the mass of the
dry catalyst and Fg g, is the molar flux of ethylbenzene at the reactor inlet.

period was observed and the deactivation was considerable,
implying that SSZ-42 appears to be a 10-MR zeolites.
However, the molar Ypg,/Ys, ratio was close to 0.9, which
suggests, together with the distributions of the diethylbenzene
isomers shown in Figure 16 bottom, that SSZ-42 is a 12-MR
zeolite. This less straightforward picture obtained from SSZ-
42 is most likely related to the unusual framework structure of
this novel zeolite. Further work is in progress in our
laboratory with SSZ-26/SSZ-33, beta, L, and other zeolites
to investigate the relationships between their structures and
catalytic behaviors in ethylbenzene disproportionation.
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Furthermore, the AI-SSZ-42 material was loaded with
0.27 wt. % Pd and the resulting Pd/Al-SSZ-42 was character-
ized by using the Spaciousness Index (SI). The SI is defined as
the yield ratio of isobutane and »n-butane in hydrocracking of a
C,, cycloalkane such as n-butylcyclohexane over bifunctional
zeolites or other molecular sieve materials.”?> 3!l The ratio
increases with increasing pore size and is proven to be a useful
tool for characterizing the shape-selective properties of
molecular sieve materials. Based on our results, SSZ-42 has
an SI of 15. In Figure 17, the SI of SSZ-42 is compared to those
of various reported zeolites. According to the above results,
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the effective void size of SSZ-42 is smaller than the effective
diameter of the largest voids in Y, ZSM-20, beta, and L but
larger than those of other one-dimensional 12-MR zeolites.
Apparently, the SI data are consistent with the SSZ-42
structure discussed in this study.

Conclusion

This paper describes the discovery, synthesis, structure
determination, physicochemical and catalytic characterization
of the novel zeolite SSZ-42. This material could well be
suitable for commercial applications because it is stable up to
at least 800°C under thermal and hydrothermal condi-
tions. Preliminary testing showed that it exhibits many
interesting characteristics concerning a body of chemical
reactions and promises to be a useful catalyst for hydrocarbon
processing.

The crystalline architecture of SSZ-42 is characterized by
an undulating, one-dimensional 12-MR channel system. This
configuration is a surprise given that the measured adsorption
capacity is much higher than expected for a one-dimensional
system and that the early HREM results suggested it was a
one-dimensional 10-MR system. This work clearly points out
the importance of using a collaborative multitechnique,
interdisciplinary approach for the structural solution.
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