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Structure analysis of a BEC-type germanosilicate
zeolite including the location of the flexible
organic cations in the channelst
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A BEC-type zeolite (polymorph C of zeolite beta) with low germanium content (Si: Ge = 5.1) has been
synthesised using the flexible linear diquaternary cationic form of pentamethyldiethylenetriamine
(2,2'-(methylazanediyl)bis(N,N,N-trimethylethanammonium) as the organic structure-directing agent (SDA). The
distribution of germanium within the framework and the location of the SDA within the pores have been
determined by analysing synchrotron X-ray powder diffraction data collected on the as-synthesised form.
The findings, which are corroborated by *C and °F NMR data, indicate that the structure of the SDA is
retained during the synthesis and that the Ge atoms occupy only sites in the double 4-ring. Although the
BEC framework structure has a three-dimensional 12-ring channel system, the SDA molecules are found
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Introduction

There is a continued strong interest in understanding the syn-
thesis of zeolites, in particular the conditions that deliver a
particular framework type, polymorph, composition, nano-
structure, etc. Because of the high complexity of the self-
assembly processes involved, this type of information is typi-
cally gathered through structured screening programs. As part
of such a study, we isolated a germanosilicate with the BEC-
type framework structure.

Polymorph C of zeolite beta (framework type BEC)" has an
interesting history. The existence of this polymorph was first
hypothesised in 1988. It was expected to offer good mass-
transfer properties because of its 3-dimensional network of
linear 12-ring channels,” but it took 12 years before the first
report of its structure appeared. That material, FOS-5, was
synthesised in the form of a pure germanate.® It was later
attained as a germanosilicate (ITQ-17)* with Si:Ge ratios of
up to 30, and then as a pure silicate, initially as an over-
growth on zeolite beta,” and subsequently as a single-phase
material, by including K* ions in the reaction mixture.® More
recently, a titanium silicate version was also reported.” A
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to orient themselves in two dimensions along the channels running parallel to the a and b axes.

series of organic structure-directing agents (SDAs) can be
used to produce the pure polymorph,® and these, with the
exception of tetraethylammonium, all contain fairly large
(C41%) and rigid cyclic and polycyclic N-heterocycles.

Germanium is known to play a stabilising role in the for-
mation of double 4-rings (d4r) in germanosilicates,” ™"
enabling the formation of polymorph C, which contains a
plethora of d4r units, even in the absence of fluoride media.
However, the incorporation of Ge into a zeolite framework
typically leads to a reduction in thermal and hydrothermal
stability, and therefore it is desirable to minimise its content.
Some researchers have developed experimental methods to
overcome this structural weakness, by replacing Ge with Al,"?
Si,"* or Ti'* in a post-synthesis treatment. Others turn it to
advantage, by exploiting the preferential occupation of Ge in
the d4r units to invoke an inverse sigma transformation to
create high-silica zeolites with new frameworks.">™"”

The BEC-type germanosilicate obtained in this study
(hereafter referred to as Ge-BEC) has a low Ge content
(Si:Ge = 5.1) and was synthesised using the diquaternary cation
(2,2'-(methylazanediyl)bis(N,N,N-trimethylethanammonium,
denoted as HM-dq) as the SDA (Fig. 1a). Early research dem-
onstrated that this flexible linear molecule could promote the
formation of a number of different zeolites, including ZSM-5,
mordenite, ZSM-39, ZSM-48, ZSM-51 and gismondine.'®'® As
this represents a new approach to the synthesis of zeolite beta
polymorph C, it was of interest to investigate how the differ-
ent synthesis conditions and lower Ge content affected the
Ge distribution in the framework, and to determine where
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Fig. 1 a) Structure of the diquaternary cation HM-dq used as the SDA.
b) 3C and c) *°F solid-state MAS NMR spectra of the as-synthesised
Ge-BEC. The spinning side bands in (c) arise from residual SiF¢>
species that give rise to a sharp peak at 123 ppm.?+2?

the SDA was located in the pore system. To this end, we
performed a full structure analysis using synchrotron X-ray
powder diffraction data (XPD).

Experimental
Synthesis

SDA. Iodomethane (0.46 moles) was mixed with 500 cm®
of absolute ethanol in a 2 L round-bottom flask. Pentamethyl-
diethylenetriamine (0.23 moles, Sigma-Aldrich, 99%) was
mixed with 200 cm® of absolute ethanol, and was placed in
an addition funnel. The amine solution was added dropwise
to the methyl iodide. As the addition was carried out, precipi-
tation was observed. After all of the amine had been added
(1.5 h), the mixture was stirred at room temperature for an
additional hour. The solid was then filtered and washed with
absolute ethanol. The yield of HM-dq was 93.3%. Prior to its
application, the product was converted from iodide to
hydroxide form in deionised water using a hydroxide
exchange resin (Dowex Marathon A, hydroxide form). The
concentration of the SDA was determined by titration with an
HCI solution (0.1 M).
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Table 1 Gel compositions studied for syntheses with HM-dq as SDA

Gel Sio, GeO, SDA H,0 HF NH,F
1 1 — 0.25 5 0.5 —
2 1 — 0.25 7 0.5 —
3 0.833 0.167 0.25 7 0.5 —
4 0.833 0.167 0.25 15 0.5 —
5 0.833 0.167 0.25 7 — 0.5
6 0.882 0.118 0.25 7 0.5 —

Ge-BEC. Different gel compositions with varying germa-
nium oxide and water content and fluoride source were scre-
ened in the series of syntheses that yielded Ge-BEC (Table 1).
The gel was prepared by dissolving germanium oxide in an
aqueous solution of HM-dq. Then, tetraethyl orthosilicate
(TEOS) was hydrolysed in the solution and the mixture
stirred mechanically at room temperature until the ethanol
produced was completely eliminated and the amount of
water matched the desired composition. Finally, HF was
added and the mixture was homogenised, prior to placing
the gel in a stainless-steel Teflon-lined autoclave, where it
was heated at 140 °C for 7 days under slow rotation (60 rpm).
After crystallisation the final pH of the synthesis gel was 7.
All solids were recovered by filtration, washed with distilled
water, and dried overnight at 100 °C.

Characterisation

The amounts of Si and Ge in the solid were determined by
inductively coupled plasma optical emission spectroscopy
(ICP-OES) using a Horiba Ultima 2 instrument equipped with
photomultiplier tube detection. Samples were dissolved in a
NaOH matrix, diluted with deionised water, and measured
with a 5-point calibration curve. CHN analysis was under-
taken using a LECO CHN-900 analyser. The total organic con-
tent in the zeolite was estimated from the weight loss
between 100-550 °C measured by thermogravimetric analysis,
performed in air in a Mettler Toledo TGA/SDTA851e
microbalance.

3C and "°F NMR measurements were conducted using a
Bruker Avance 400 spectrometer at room temperature under
magic angle spinning (MAS) conditions."’F spectra were
acquired in 2.5 mm ZrO, rotors at a spinning speed of 18
kHz and a carrier frequency of 376.6 MHz using a 90° pulse
with a length of 5 ps, a recycle delay of 2 s and 256 accumula-
tions and using CFCl; as a reference. "*C NMR spectra were
acquired in 4 mm ZrO, rotors at a spinning rate of 10 kHz
and a carrier frequency of 100.6 MHz using a 90° pulse with
a length of 4.75 ps, a recycle delay of 5 s and 10240 accumu-
lations and using tetramethylsilane as a reference.

Synchrotron XPD data were collected on an as-synthesised
sample of Ge-BEC in a 0.3 mm capillary on the Materials Sci-
ence beamline at the Swiss Light Source (wavelength 0.6197
A, MYTHEN II detector) in Villigen, Switzerland.?°

Scanning electron microscopy (SEM) micrographs were
acquired on a Zeiss Gemini microscope (5 kV). The powdered
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sample was dispersed on carbon tape and a thin coating of
Pt applied to minimise charging.

Ar sorption at -196 °C was measured in a Micromeritics
3Flex analyser after evacuation of the samples at 200 °C for
3 h. The Ge-BEC zeolite was calcined in air at 500 °C for 4 h
(1 °C min™" ramp rate) to remove the organic SDA prior to
analysis.

Results

XPD data indicated that a highly crystalline material could be
attained from gel composition 3 (Table 1). However, initial
attempts to index the diffraction pattern of Ge-BEC using the
auto-indexing routine in Topas> failed. By examining the dif-
fraction patterns of a series of materials synthesised in earlier
experiments, it was possible to identify several small peaks in
the diffraction patterns arising from a minor impurity phase.
By excluding these from the indexing procedure, the synchro-
tron diffraction pattern could be indexed with a tetragonal
unit cell (extinction symbol P—c; a = 12.6837 A, ¢ = 13.1683 A).
A search of the Database of Zeolite Structures' for structures
with similar unit cell parameters indicated that the material
was likely to have a BEC-type framework.

Elemental analyses confirmed that the isolated material
had a Si:Ge ratio similar to that used in the synthesis (5.1),
while the organic content of the as-synthesised zeolite was
13.6 wt.% (Fig. S17). The C: N ratio (3.7) agreed well with that
expected for the SDA and indicates that the latter probably
remained unaltered in the crystalline product. Previously, it
has been suggested that HM-dq could decompose into
smaller amines, which could also act as SDAs.'® Characterisa-
tion by "*C MAS NMR further corroborated the structural
integrity of the large amine (Fig. 1b). In particular, the peaks
at 63, 55, 52, and 45 ppm are consistent with those expected
from carbon in positions b, a, ¢, and d of the SDA, respec-
tively (Fig. 1a)." The small band at 49 ppm indicates that
some of the SDA may not be in diquaternary form.

Rietveld refinement® was initiated in the space group
P4,/mmc using the coordinates of ITQ-17* and the program
Topas.>® Geometric restraints were applied to all unique bond
distances and angles. The background was removed manually
and adjusted as necessary during the refinement. An approxi-
mate scale factor was determined by performing a few cycles
of refinement using only the higher angle XPD data and
keeping all other parameters fixed. Then a difference electron
density map, generated using this scale factor for the whole
pattern, revealed an electron cloud in the zeolite pores. An
initial model for the SDA was created and optimised using
the energy minimisation routine in Jmol.>® The molecule was
added to the structural model as a rigid body, and its loca-
tion and orientation were optimised using the simulated
annealing routine in Topas. Several internal torsion angles
were allowed to vary to take the flexibility of the SDA into
account. It settled on a position with 4-fold symmetry. Ini-
tially, the occupancy of the SDA was refined freely, but it
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converged quickly to approximately 0.25, so it was fixed at
that value.

To account for the Ge atoms in the framework, all T atoms
were redefined as mixed Si:Ge positions, each with a total
occupancy of 1.0. Further refinement clearly indicated that
the Ge was located in the d4r. Those not in the d4r refined
close to full Si occupancy, and were consequently fixed at this
value.

Although most electron density was accounted for at this
point, the match of the calculated diffraction pattern to the
observed one was poor, and several peaks appeared to have
shoulders. With the hope that extra reflections could account
for this discrepancy, the unit cell parameters were doubled in
each direction (a = 25.63745 A, ¢ = 26.3769 A), and the space
group changed to I4,/amd, as in the structure of pure Ge
FOS-5.> In I4,/amd, there are two independent d4r units
with site symmetry 2/m, and two independent T atoms per
dar. The Ge occupancy of one T atom in particular refined to
a value over 0.5. With the mirror symmetry along [100], this
means that some Ge atoms would occupy neighbouring T
sites. Typically, Ge and Si arrange themselves in an alternat-
ing fashion, so we changed the space group to I4,/a, which
has a local site symmetry of 1 in the d4r units. This enabled
a more realistic distribution of the Ge atoms.

While the profile fit improved somewhat, doubling the
unit cell parameters contributed little to this. The fit did not
improve as drastically as expected, and the shoulders were
still not explained. Furthermore, with 48 framework atoms in
the asymmetric unit, overparametrisation became a problem.
Therefore, the unit cell doubling was reversed, but the space
group was changed to P42c, a subgroup of P4,/mmc, to realise
222 symmetry in the d4r.

Further improvements were made by changing the SDA
from a rigid-body model to a restrained one, and by introduc-
ing a model for anisotropic peak broadening.>” Residual
electron density in the middle of the d4r was assigned to a
fluoride ion, and its occupancy refined to 0.19 per d4r or
0.38 per unit cell. ""’F MAS NMR (Fig. 1c and S2%) con-
firmed the presence of fluoride inside the d4r units. Specifi-
cally, two intense lines at -8 and -20 ppm are typical of
fluoride anions in the d4r units in a BEC-type zeolite.”® As
such, further residual electron density inside the channels
was tentatively assigned to hydroxide, and it refined to an
occupancy of 0.301. This means the charges are not fully
balanced (+4 from N' in the SDA vs. -2.8 from F and
OH'), but it was not possible to locate more negatively
charged ions from the data directly. We must conclude that
some F  in the d4r and/or disordered OH  in the pores
were not located.

Only the positions T1 and T2 in the d4r refined with a sig-
nificant amount of Ge (0.23 and 0.41). The total occupancy of
Ge adds up to 5.12 per unit cell. This corresponds well to the
Si:Ge molar ratio of 5.1 (5.3 Ge per unit cell) found in the
elemental analysis. To account for the larger Ge-O distance
of 1.73 A, the corresponding distance restraints for T1 and T2
were increased to 1.65 A (Table 2).

CrysttngComm
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Table 2 Framework bond angles (°) and distances (A)

Restraint Min. Max. Average
Si-O 1.61 1.59 1.62 1.60
(Si/Ge)-O 1.65 1.65 1.66 1.65
0-Si-0 109.5 106.3 113.2 109.5
0-(Si/Ge)-O 109.5 104.3 113.8 109.4
Si-O-Si 145 149.1 163.4 156.4
Si-O—(Si/Ge) 145 140.5 149.3 145.0
(Si/Ge)-O—(Si/Ge) 145 137.6 144.8 141.2

All atomic positions were refined with isotropic displace-
ment parameters using scattering factors for neutral atoms.
H atoms in the SDA were taken into account by increasing
the population factors of the corresponding C atoms to
account for the extra electrons. The final difference electron
density map had some residual electron density around the
dar, which can be attributed to the static disorder resulting
from the mixed Si/Ge sites. We tried to model the density by
refining independent sites for each Ge and Si atom, but this
did not improve the profile fit, so the simpler model was
used for the final refinement. Details of the refinement are
given in Table 3, and the profile fit is shown in Fig. 2.

Examination of the zeolite morphology by SEM, reveals
that the Ge-BEC forms as twinned isometric crystals that
appear to consist of an agglomeration of 50-100 nm crystal-
lites arranged in an unusual three-dimensional cross shape
(Fig. 3). Interestingly, under close inspection three indepen-
dent growth directions that meet at the centre of each cross
can be seen.

We hypothesise that the irregular peak shape could be
attributed to stress or strain at the twin boundaries. The
change of growth direction at the interface can be described
as a rotation around the a or b-axis, to generate a transition
layer similar to that found in the structure of ITQ-7 (ISV),*
which contains an ordered stacking of such layers.

Argon sorption at 77 K was studied to verify the micropore
volume and diameter in the calcined sample (Fig. 4). The
Type I isotherm and the NLDFT (non-local density functional
theory) derived micropore diameter of 0.73 nm are in close
agreement with the observations expected for a purely

Table 3 Crystallographic data for Ge-BEC

Composition | (_()11H29N3)2(0H)2_4F0,4 |[Size.0Ges.1064]
Space group P42c

a(A) 12.6710(8)
c (&) 13.1674(9)
V(A% 2114.1(3)
20 range (°) 1.3-40.3

1 (A) 0.61965(1)
R, 0.092

Rup 0.236

Rexp 0.020
GOF 11.57
Observations 10828
Reflections 917
Parameters 100
Geometric restraints 80
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Fig. 2 Observed (blue), calculated (red), and difference (black) profiles
for the Rietveld refinement. The high angle data shown in the inset
have been multiplied by 10 to facilitate visualisation.

microporous BEC-type zeolite. A micropore volume of 0.17
em® g and an external surface area of 30 m> g were
derived by application of the t-plot, which is in good agree-
ment with previous reports in the literature.'*

Discussion

Although the final R, of 0.235 for the profile fit is rather
high, most of the differences are for the three largest diffrac-
tion peaks, for which the peak shape was difficult to repro-
duce. However, the Ge content and arrangement were con-
firmed independently via elemental analysis and 'F MAS
NMR, respectively. The reliability of the refinement is also
reflected in the R; value of 0.092, which is indicative of a rea-
sonable agreement between the observed and calculated dif-
fraction intensities.

In the refined structure, the SDA is disordered around a
4-fold axis in the centre of the 12-ring channels, aligned
approximately along the [100] or [010] directions (Fig. 5).
Each SDA molecule can thus adopt any one of four different

Fig. 3 SEM image showing the morphology of Ge-BEC.
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Fig. 4 Ar isotherm at 77 K and the corresponding NLDFT pore size
distribution (inset) of calcined Ge-BEC.
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Fig. 5 The BEC-type framework structure of Ge-BEC viewed along
the [001] direction showing the arrangement of the d4r units (green), a
possible arrangement of Ge in the d4r (red), and the positions of the
SDAs in the channels. Note that all Ge atoms are in d4r units.

positions in any given unit cell. The SDA fits well within the
channel system and is slightly displaced towards the channel
intersection. This can be represented nicely with a Hirshfeld
surface®® (Fig. 6). Here, blue represents areas with long inter-
molecular contacts (i.e. the contact distance is greater than
the sum of the van der Waals radii), and red represents short
intermolecular contacts (i.e. shorter than the sum of the van
der Waals radii). The positive charges are located at both
ends of the SDA, and in this orientation, the positively
charged quaternary ammonium is close to the d4r, where the
negatively charged fluoride ion is located. At the other end,
there is a loosely associated hydroxide ion. All short contact
distances are greater than 3.0 A. The shortest C-O distances

This journal is © The Royal Society of Chemistry 2015
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Fig. 6 Cavity in Ge-BEC showing the Hirshfeld surface®® of the SDA
and the positions of the associated hydroxide ions.

are 3.01(2) A between C9 and 09, 3.04(1) A between C4 and
05, 3.07(1) A between C6 and O1, and 3.10(2) A between C10
and O1.

The location of the SDA here is similar to that found in
FOS-5.% In that case, the authors assumed that the DABCO
SDA had broken down into individual Me;N molecules,
although the intermolecular distances and orientation of the
moieties are very much in line with what could be expected
for DABCO. The DABCO or Me;N molecules in FOS-5, and
the HM-dq in Ge-BEC are both located in the middle of the
12-membered rings along a and b. It appears that the SDA is
necessary to stabilise the formation of the 12-rings in these
directions.

Conclusions

A zeolite beta polymorph C material with low Ge content has
been synthesised successfully using a flexible SDA and
its structure analysed using synchrotron XPD data. The
location of Ge and extra-framework species could be deter-
mined by combining Rietveld refinement with simulated
annealing and difference Fourier analyses. As in other studies
of germanosilicates with low Ge content, the Ge was found to
be located preferentially in the d4r's.

Although  BEC-type  germanosilicates have  been
synthesised with a Si:Ge ratio of up to 30, only a material
with a Si: Ge ratio of 1.8 has been subjected to structure anal-
ysis.” In that case, Ge was found to be approximately twice as
likely to occupy the T-sites in the d4r as other sites. Here we
have shown that for polymorph C with a Si:Ge ratio of 5.1,
Ge is found exclusively in the d4r units.

The initial position of the flexible SDA could be deter-
mined using a simulated annealing approach. We have used
this method in other studies to locate starting positions for
rigid SDA molecules in zeolite channels,”’™* but it seems
that with careful handling, it can also be applied to more
flexible moieties.
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