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Zeolites are crystalline aluminosilicates with a regular array
of microporous systems which are responsible for the out-
standing properties of these materials in adsorption, ion
exchange, and catalysis.'3] Since most of these properties
strongly depend on pore dimensions and topology, there is an
incentive to develop tailor-made syntheses of zeolites. Al-
though improvements in the understanding of zeolite syn-
thesis have been made through the rational design of organic
structure-directing agents (SDAs),[ the predictable synthesis
of the desired structures is far from being achieved, this is
because of the large number of parameters that influence the
reactions.

We recently showed that the rate of nucleation of zeolite
ITQ-7, a zeolite containing double four-member rings (D4Rs),
is strongly accelerated when Ge atoms are introduced into the
framework.l! Furthermore, by means of °F and #Si MAS
NMR (MAS = magic-angle spinning) spectroscopy we indi-
rectly postulated that the Ge atoms were preferentially
occupying framework positions at the D4R units.[) These
observations made us think that the introduction of Ge atoms
could direct the synthesis of zeolites towards structures
containing D4Rs as secondary building units (SBUs), which
are rare.ll Our first attempt was directed to the synthesis of
the previously elusive pure polymorph C of Beta zeolite,
which contains D4Rs (with the International Zeolite Associ-
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ation code BECI"). The silicon-free Ge material with BEC
structure (named FOS-5"!) was first isolated from a ASU-9
and FOS-5 mixture. Later, a pure phase was obtained as a
silicogermanate (ITQ-1781). We showed that pure poly-
morph C of Beta zeolite could be synthesized with a large
variety of organic SDAs when Si atoms were partially
substituted by Ge atoms,® regardless of whether F~ or OH~
ions were used as mineralizing agents.[® The synthesis of pure
polymorph C of Beta zeolite represents a unique opportunity
to prove the preferential occupation of Ge atoms in the D4Rs.
Indeed, as ITQ-17 is a pure structure, XRD techniques can be
used to unequivocally ascertain whether Ge tends to locate in
the positions of the D4Rs.

Herein we report a complete study of ITQ-17 zeolite with
different Si:Ge ratios by means of: a) computational chem-
istry techniques based on force-field methods and lattice-
energy minimization, b) XRD and electron density studies,
and c) F MAS NMR spectroscopy. All these techniques
point to the preferential siting of Ge at the D4R until four Ge
atoms are present in these SBUs. As the Ge content increases,
other sites start to become occupied preferentially to avoid
the formation of Ge—O—Ge bonds in D4Rs, which would
decrease the stability of the system.

The syntheses of Ge-containing ITQ-17 samples were
performed by using a modified literature method (see
Supporting Information).5

The chemical composition and the main properties of the
samples studied are summarized in Table 1. Pure poly-
morph C of the Beta intergrowth (BEC structure) is the only
phase obtained in the whole range of Si:Ge ratios used. In
contrast, when Ge is not present, ITQ-4 or Beta zeolites are
produced. The directing effect of the Ge atoms is also
reflected by the increasing crystallization time needed to
obtain completely crystalline ITQ-17 zeolite when the Ge
content in the synthesis gel is decreased.

Since the Ge atoms enter the BEC framework during the
synthesis, the calculation of the stability of the different sites
(Figure 1) must take into consideration the interaction of the
SDA and fluoride species with the framework (the general
unit cell composition is Ge,Si;, Ox,F,BD,; BD =the 1-
benzyl-4-aza-1-azoniacyclo[2,2,2]octane cation).

The positions of the two fluoride anions can be safely
placed at the two existing D4R cages per unit cell of the BEC
structure by means of NMR spectroscopic techniques.

The orientation of the two BD* molecules was optimized by
searching for the minimum energy configuration on the pure
silica structure. Computational details are provided as Sup-
porting Information.

Figure 1. Crystallographic structure of ITQ-17 showing the three different
T sites. T1 positions are at the D4Rs. T2 positions are connecting D4Rs, and
T3 positions are part of single four-rings. Three interconnected straight
12 membered ring channels are present, the dimensions of which are: 5.9 x
6.5 A (parallel to [100] and [010]) and 6.3 x 6.3 A (parallel to [001]).

One Ge atom was alternatively placed at different T sites of
the unit cell and the resultant systems were optimized again.
The stability of the Ge-substituted frameworks was then
calculated (Table 2). The Ge-atom incorporation in site T1 is
the most favorable in the presence of SDA and F species. The
Gel position appears more favored with respect to Ge2 and
Ge3 by 44.3 and 58.0 kI mol~!, respectively. This points to a
preferential location of the Ge atoms in the T1 sites, and to
similar occupations of Ge at the T2 and T3 sites.

Table 2. Excerpt of the geometry analysis®! of the calculated Ge-ITQ-17
with one Ge per unit formula, and including the template (Ge,.
Si;;O4,F,BD,). The Ge atom is alternatively introduced in sites T1, T2,
and T3.

Ge in T1 Ge in T2 Ge in T3

T-label T-O-T -0 T-O-T T-O0 T-O-T T-O
[°] [A] [°] [A] [°] [A]

Sil 138.1 1.623 138.1 1.625 138.2 1.625
Gel 132.6 1.745 - - - -
Si2 146.9 1.606 147.1 1.606 146.9 1.606
Ge2 - - 142.5 1.715 - -
Si3 154.7 1.598 154.4 1.597 155.2 1.597
Ge3 - - - - 150.6 1.707

It is interesting to calculate the possible distributions of Ge
for a composition within the samples of ITQ-17 synthesized in
this work. The selected unit-cell composition was Ge,.
Si5 O F,BD,. Again, all the atoms of the system, as well as

Table 1. Chemical compositions and main characterization results of Ge containing ITQ-17 samples.

Sample Chemical composition [mol/unit cell] Si:Ge ratio Unit cell volume Micropore volume Crystallinity [% ]
Si Ge SDA F [A3/unit cell] [cm® molyg, ]!

17 Geldl 14.80 1720 2.96 1.74 0.9:1 2215 14.8 100

11 Gel!l 20.57 11.43 2.68 1.95 1.8:1 2194 15.6 106

7 Geldl 24.87 713 2.32 1.58 3.5:1 2167 13.4 90

6Geldl 26.05 5.95 2.53 1.19 4.4:1 2144 14.2 96

4Geldl 28.08 3.92 2.00 n.d. 72:1 2145 12.0 81

[a] Calculated from the micropore volume determined by applying the t-plot method to the adsorption branch of the N, isotherm. [b] With respect to sample
17Ge. [c] Synthesized using tetramethylammonium cations as SDA. [d] Synthesized using 1-benzyl-4-aza-1-azoniacyclo [2,2,2,] octane cations as SDA.
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the cell parameters, were allowed to relax during the
optimizations. Although the most stable distribution of the
twelve Ge atoms in the unit cell is unknown, it may be
assumed that a) site T1 will be the most populated and b) the
Ge occupations at T2 and T3 are similar. Therefore, the
starting Ge occupations of eight Gel, two Ge2, two Ge3 were
proposed, so that eight T1, two T2, and two T3 positions were
occupied by Ge atoms. Since the total number of sites is
sixteen T1, eight T2, eight T3, there are many possible
distributions. We checked a sampling of 100 random config-
urations with eight Gel, two Ge2, two Ge3 and the final
optimized energies are shown in Figure 2. From the analysis of
these data it is difficult to extract trends which explain what
makes one configuration more stable than another in terms of
a single variable.
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Figure 2. Plot of the energetic stability of 100 random configurations
generated in the Ge,Si,(OgF,BD, unit cell with eight Ge in T1 sites, two
Ge in T2 sites, and two Ge in T3 sites (m); and with eight Ge in opposite
corners of D4Rs, two Ge in T2 sites and two Ge in T3 sites (®).

The next step was to place eight Gel atoms in opposite
corners of the two D4Rs since, because of their higher
symmetry, this may induce low energy configurations. As in
the previous case, the two Ge2 and two Ge3 atoms were
distributed randomly among the corresponding eight T2 and
eight T3 sites, respectively. 100 Random configurations were
generated and the final minimized energies are plotted in
Figure 2. It can be seen that most of these new 100 config-
urations are more stable than the previous 100 configurations.
These computational calculations allow us to conclude that, in
the presence of SDAs, the substitution of Si atoms by Ge
atoms at the T1 site is energetically favored, and that at
Si:Ge=21.67:1, configurations with Ge at the opposite sites of a
D4R are preferred to avoid formation of Ge—O—Ge bonds.

Calculations with five Gel, one Ge2, and one Ge3 in the
unit cell have also been performed (Ge;SisOgF,BD, that is,
Si:Ge=3.5:1). Several distributions of a total of five Ge atoms
among the two D4Rs (T1 sites) have been tested: a) three and
two Ge atoms; b) four and one Ge atom(s), and finally, c) five
and no Ge atoms. 100 Random configurations were generated
and optimized for each starting distribution (Figure 3). It can
be seen that the configurations with five Ge atoms in one D4R
are clearly higher in energy, and consequently less probable

4724 © 2002 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 3. Plot of the energetic stability of 100 random configurations
generated in the Ge;Siy;OgF,BD, unit cell with: five Ge in T1 sites, one Ge
in T2 sites, and one Ge in T3 sites. The five Ge in the two D4R (T1 sites)
present in the unit cell have been distributed: three Ge in a D4R and two
Ge in the other D4R (@), four Ge and one Ge (), and five Ge and zero
Ge (a).

than the configurations with three or four Ge atoms in each
D4R.

The indexing of the XRD patterns of the calcined Ge-ITQ-
17 samples and the subsequent analysis of the systematic
absences confirm that all the samples belong to space group
P4,/mmc (no. 131), that is, the space group is independent
from the isomorphic replacement of Si atoms by Ge atoms.
The corresponding Rietveld refinements were carried out
starting from the previously reported structure of poly-
morph C® in which Si atoms had been partially substituted
with Ge atoms.

As expected from its larger ionic radii, an increase in the Ge
content produces a lengthening of the cell parameters and
consequently an increase in the cell volume (Table 1),
indicating that the Ge atoms replace the Si atoms isomorph-
ically in the BEC stucture.

Additionally, the Ge distribution among the three different
Tsites of the BEC structure can be derived from the
refinement of the respective scattering powers.

However, prior to any further discussion it is worth studying
the stability of Ge atoms placed in framework positions upon
calcination by comparing the Ge-atom distribution among the
different crystallographic sites of a particular ITQ-17 sample
(11 Ge) before and after calcination (see Supporting Infor-
mation). No important differences in the Ge distribution are
observed between the untreated ITQ-17 sample and the
corresponding calcined ITQ-17 material, which indicates that
the Ge atoms essentially remain in the framework, and at the
same crystallographic sites upon calcination. Consequently,
XRD analyses on the calcined materials can be safely
performed.

The relative distribution of Ge atoms in these sites as a
function of the total Ge content in the calcined ITQ-17 sample
is given in Figure 4. The graphic shows that for a Ge content of
less than approximately eight Ge atoms per unit cell (that is,
Ge:(Si+ Ge) ~1:4), the Ge population grows more steeply at
site T1 than at sites T2 and T3 which indicates the preferential
incorporation of the Ge atoms in the D4R units. However, the
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Figure 4. Relative Ge occupation in the different T sites of the poly-
morph C of the Beta zeolite as a function of the Ge content (number of Ge
atoms per unit cell) of the ITQ-17.

populations at T2 and T3 sites rise faster than for T1 when the
Ge content is further increased.

Finally, it is interesting to calculate the evolution of the
mean T1—O bond length in a D4R unit, for the sample
Si:Ge=0.9:1 it is 1.70(1) A. For the rest of studied samples,
the average oscillates between 1.67 and 1.68(1) A. This small
variation indicates a fast and selective filling of this site.

On the other hand, T2—O and T3—O bond lengths for the
low-Ge-content samples correspond to that obtained for a
typical Si—O bond that is, 1.62(1) A, as expected from their
low Ge occupancy at these positions. However, for the sample
with a Si:Ge ratio of 0.9:1 (17 Ge), where a high replacement
of Si atoms with Ge atoms takes place, these T-O bond
lengths increase up to a value of 1.70(1) A, as found for the T1
site.

The analysis of the XRD data clearly shows that, for low Ge
contents, the incorporation of Ge atoms occurs preferentially
at the T1 sites in the D4R wunits, with up to a 50%
replacement. However, as soon as this value is reached, the
two remaining T sites (T2 and T3) start to be preferentially
occupied by Ge atoms. The XRD data gives information on
the overall substitution of Ge atoms at T1 sites, but not about
the distribution of the hetero atoms among the D4R cages. F
MAS NMR spectroscopy is very sensitive to the F~-ion
environment and provides evidence for the heterogeneous
nature of the D4R composition of Ge-ITQ-7.1% Figure 5 shows
the ’F MAS NMR spectra of four Ge-ITQ-17 samples with
different Ge contents. For sample 4Ge (Si:Ge =7.1:1), the
spectrum consists of a relatively weak signal at 6 = —38 ppm
typical of F-~ ions located in pure siliceous D4R cages,™' and
two more resonance signals at 6 = —20 and —7 ppm. Accord-
ing to previous results for Ge-ITQ-7, the incorporation of Ge
into the D4R sites can be estimated from the relative intensity
of the °F resonance signals.[) Assuming that the signal at 6 =
—20 ppm is produced by F[7Si 1Ge] sites,] the assignment of
the signal at 0 = —7 ppm to F[5Si 3Ge] or to F[4Si 4Ge] leads
to site occupancies of 30 % or 40 %, respectively, the former
having a better agreement with the XRD results (23 % Ge at
site T1).

For the samples with higher Ge content, 11 Ge and 17 Ge
(Si:Ge =1.8:1 and 0.9:1), the corresponding '°F spectra only
contain one resonance signal at d = —7 ppm, although some
residual intensity at 0 = —20 ppm remains for the former. For
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Figure 5. "F MAS NMR spectra of ITQ-17 at different Ge contents:
a) 17Ge, Si:Ge=0.8:1; b) 11Ge, Si:Ge=1.8:1; ¢)7Ge, Si:Ge=3.5:1;
d) 4Ge, Si:Ge=72:1.

these two samples, the Rietveld refinements yield around
50% Ge occupancy at site T1, so that the signal at 6 = —7 ppm
in the F NMR spectrum should be assigned to a fluoride ion
in a D4R formed by four SiO, and four GeO, tetrahedra; that
is, F[4Si, 4Ge].

Although the complete interpretation of the "F NMR
spectra is not definitive, the results are consistent with those
derived from the analysis of the XRD data. The downfield
resonance signals in the ’F NMR spectrum increase with the
Ge content, and for Ge-rich samples 11Ge and 17Ge
(Figure 5) almost the only spectral feature is the downfield
signal.

In conclusion, these results suggest that in the ITQ-17
zeolite, Ge is being progressively incorporated into a D4R to
reach four (or three) Ge atoms per cage, and then a further
increase of the Ge content favors the substitution of Si atoms
at crystallographic sites other than T1 at the D4R. In light of
our previous results®! and those presented here, it is possible
to predict the formation of new zeolite structures containing
D4R SBUs by introducing the directing effect of the Ge
atoms.!]

Experimental Section

XRD: The XRD measurements were carried out in an X'Pert diffractom-
eter provided with a secondary graphite monochromator. In situ calcina-
tion of the prepared samples and the subsequent XRD measurements were
performed as described in the Supporting Information. Inspection of the
diffraction patterns indicates no significant amorphous material except for
the sample prepared with the highest Si:Ge ratio.

Rietveld Refinement: The space-group symmetry of the calcined samples
was first checked with the whole-profile fitting program AJUST.['Yl The
subsequent Rietveld refinements with the program FULLPROF 98!"3 were
performed using the 2@ range from 5 to 70° with two excluded regions,
38.76°-40.76° and 45.24°-47.24°, because of the presence of the (111) and
(200) diffraction peaks of the Pt sample holder. Eight profile parameters
(including cell parameters and zero shift) and 25 structural parameters
were refined using a pseudo-Voigt function with a visually estimated
background. The Ge distribution among the different T sites was derived
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from the refined effective number of electrons at each T site by taking
advantage of the high contrast between the scattering powers of Si and Ge.

Solid state NMR spectroscopy: The spectra were recorded under magic
angle spinning (MAS) at room temperature. °F spectra were was measured
in a Bruker Av-400 spectrometer at 376.8 MHz in 2.5 mm diameter zirconia
rotors at spinning rate of 30 kHz. The "F spectra were collected using
pulses of 3 ps corresponding to a magnetization flip angle of 7/2 rad and a
recycle delay of 100 s to ensure the complete recovery of the magnetization.
The F spectra were referred to CFCl,.

Computational chemistry: methodology and model. All calculations were
performed using lattice-energy minimization techniques and the GULP
code !l employing the Ewald method for summation of the long-range
Coulombic interactions, and direct summation of the short-range inter-
actions with a cutoff distance of 12 A. The RFO (rational function
optimiser) technique was used as the cell minimization scheme with a
convergence criterion of a gradient norm below 0.001 eV A-L The
empirical shell model forcefield for zeolites!'""! was used throughout, with
the inclusion of the forcefields for Gel'l and FU'"l atoms. The force-fields by
Kiselev et al.,l'®! and by Oie et al.l'”] were used for the SDA—zeolite and
SDA-SDA interactions, respectively. In the organic SDA, the charge
distribution has been obtained by means of the quantum chemistry
Hartree—Fock method by using a 6-31G** basis set and the calculations
have been performed by means of the NWCHEM package.
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Solid-State NMR Studies of MCM-41
Supported with a Highly Catalytically Active
Cluster**

Matthew D. Jones, Melinda J. Duer,*
Sophie Hermans, Yaroslav Z. Khimyak,
Brian F. G. Johnson, and John Meurig Thomas

In 1992, Beck et al.l! reported the first synthesis of a new
classification of silicate/aluminosilicate materials. The topic of
this work, MCM-41, is one such member of this extensive
family of mesoporous materials.'! The high surface area,
typically up to 1000 m?>g~!, and the high concentration of
silanol groups has led to the exploitation of this material as a
support for anchored catalysts, in particular the highly
promising catalysts derived from bimetallic clusters.>3! Bi-
metallic nanoparticles are becoming increasingly important in
modern heterogeneous catalysis,” because of enhanced
catalytic activity arising from the synergetic effects between
the two metallic moieties. Further enhancement of activity is
brought about by the small size of the particles. Recently,
highly effective hydrogenation catalysts based on bimetallic
clusters encapsulated in the channels of MCM-41 have been
developed.?>7 For example, the nanocatalyst derived from
the cluster [PdsRug(CO),,][NEL,], is highly effective in the
conversion of naphthalene to cis-decalin under mild condi-
tions.[! The formation of these nanocatalysts involves first the
deposition of the anionic cluster within the pores of MCM-41
followed by removal of CO ligands, which produces the
supported “naked” nanoparticles. Significantly, we have been
able to establish, by FT-IR and EXAFS spectroscopy, that the
structural motif of the cluster is maintained in the meso-
pore.’®! The further development of these very important
catalytic systems depends crucially on understanding how the
clusters are supported in the mesopore. We have recently
completed a study which demonstrates the importance of the
counterion in the binding process. We show that the counter-
ion is intrinsically linked to the walls of the mesopore, acting
like a molecular “glue” binding the cluster.

In particular we have studied the interactions between the
surface of MCM-41 and the highly effective catalyst derived
from the [PdsRug(CO),,][NEt,], cluster, by solid-state NMR
spectroscopy. We have used ¥Si{'H} cross polarization (CP)
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