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ABSTRACT

The crystallization process of RUB-17 (RSN-type), a zeolite-type zincosilicate, was studied in
order to shed light on the zeolite crystallization mechanism. The sequence of crystallization
events from the formation of the initial gel to the complete transformation into a zeolite-type
material was investigated. Complementary methods, including XRD, TG/dTG, Raman, 2°Si
MAS NMR, SEM, that allowed studying both short and long-range order in the solids were
used. RSN-type structure contains 3-, 4-, 5- and 6-member rings (MRs) that allowed
following the formation of different building units in the course of zeolite formation. The set
of experimental data revealed that the three-member ring (3MR) was the unit preferentially
formed during the induction period. At this stage of gel evolution the presence of larger rings
was not detected. The latter were observed only after the appearance of long-range order in
the solid proved by X-ray diffraction analysis. Hence the formation of RSN-type structure

was related with the large 3MRs population during the induction stage.

INTRODUCTION

Zeolites and related materials are crystalline solids with well-defined system of channels
and/or cavities with size below 2 nm. The elementary building unit is TO4 tetrahedron (T = Si,
Al, Ge, Ga, P, Ti, ...). The tetrahedral units are connected via four common oxygen atoms
thus forming a three-dimensional framework. Up to now, there are 229 zeolite framework
types approved by the structure commission of International Zeolite Association.! Due to their
large structural and compositional diversity, zeolites have different physicochemical
properties. They are widely used in modern society with applications ranging from household

to chemical process industry. Their most important applications are in the fields of
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heterogeneous catalysis, gas separation and ion exchange.? Besides in petroleum refining and
petrochemistry, the catalytic and separation properties of zeolites are used in emerging fields
as processing of renewable and alternative feedstocks, pollution abatement, energy saving, as
well as in chemical sensing.> Hence, the advances in this domain of material science are of
vital importance in order to face new technological challenges, but also to provide more
efficient solutions than the already existing ones. Thus, both new materials and modified
well-known zeolite molecular sieves are highly desired in order to address the nowadays
needs.

Diffusion limitations in micropore channels decrease the efficiency of crystalline
microporous materials. There are two fundamentally different approaches that are used to
address this issue: 1) the preparation of zeolite crystal containing a supplementary system of
larger (meso-)pores; and ii) the synthesis of new zeolites with extra-large pores, i.e., pores
larger than 7-8 A.

Based on theoretical studies, Brunner and Meier postulated that zeolite structures built up
of small rings, namely 3 and 4 member rings (MR), are expected to exhibit lower framework
density.* At that time, the only known zeolitic material containing 3-member rings was the
beryllium containing mineral lovdarite (LOV-type). In this structure, two 3-member rings
sharing one vertex thus composing a unit named /lov (spiro-5) (see Supplementary
Information, Sla).! Soon after that paper, the synthesis of the aluminosilicate material ZSM-
18 (MEI-type) with 3-member ring was reported.’ As far as we know, this is the only three-
member ring containing aluminosilicate zeolite.® Thereafter, several new 3-member ring
containing zeolitic materials were synthesized by the incorporation of heteroatoms as Be, Zn,
Li and Ge in the zeolite framework.”® The use of Ge allowed Corma and co-workers to
synthesize a number of extra-large pore zeolites containing double four- and double three-
member rings. Some of these structures exhibited the lowest known framework densities
amongst silica-based zeolites.” Three-member ring zeolite structures are usually formed when
Al is replaced by cations that offer higher flexibility of T-O bond angle and thus formation of
smaller ring units. Three-member rings can also be found in pure vitreous silica systems as
well as when Al is added to the glasses.!® Recently, a theoretical study showed that a 3MR in
IRR-type framework could be built exclusively of Ge or Si atoms.!! The latter study also
revealed that the introduction of Zn in the double 3-member ring reduces the steric constraints
of the framework.

The position of heteroatoms in 3MR containing molecular sieves is relatively well

studied. For instance, the location of Al in the framework of ZSM-18 is well known.> In
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spiro-5 units, which built the structures of lithosilicates RUB-23 and RUB-29, lithium is
situated in the spiro position while Si is at the vertices.!>!* Beryllium when found in /ov units
can be located both in the spiro center and at the vertices.”'* On the other hand, Zn in the lov
unit of VPI-7 is exclusively located at the vertices.!>!® Although without any doubt the Zn is
situated in 3MR of RSN-type structure, its exact position is not known.

The zincosilicate RUB-17 (RSN-type) is a three-member ring containing zeolitic material
(see Supplementary Information, S1b).!” The RSN framework is composed of 3-, 4-, 5-, 6-
member rings arranged in a way to form a tridimensional system of channels 9 (3.3x4.4 A) x
9 (3.1x4.3 A) x 8 (3.4x4.1 A). The structure exhibits C1m1 space group, unit cell parameters
a=7238A, b=4056 A, c=7308 A, =90, B=91.8 and y= 90. The idealized unit cell
composition of RUB-17 is K4Nai2[Si28Zng072]- 18H20.

RUB-17 is a small pore zeolite that might find application in the separation of small
molecules and as an ion-exchanger. Zinc is a biogenic chemical element, which makes RUB-
17 an environment friendly material. The RSN-type structure could also be interesting for
catalytic and sensing applications.!®!® For any potential usage, thorough characterization of
material is crucial, especially the positions of different cations in the framework because it
has a direct impact on the physicochemical properties.

Zeolites are already 50 years produced on a large scale and used in number of chemical
processes. The main crystallization steps one zeolite yielding system passes through are well
recongnized.?’ However, the crystallization pathway may differ depending on the initial
system employed. In addition the molecular level mechanism and the species participating in
the nucleation/crystallization process are not well studied. Both, ex sifu and in situ methods,
are used and often combined in order to shed more light in zeolite formation.?!"?> Substantial
progress has been made, however there is still not a clear picture on the precursor species
participating in the zeolite formation, in particular during the nucleation stage.?%?’

The objective of present study is to establish a relationship between the precursor units in
the initial gel and the zeolite structure formed. Performed experiments were executed ex sifu,
i.e., the reaction was quenched at different stages and the recovered solid phase washed. A
disadvantage of this approach is that units formed in mother liquor are washed out and only
the solid part of the system is subjected to analysis. In addition, the precursor units are not
studied in their natural environment. On the other hand, this approach allows solely units that
are abundant and stable enough to be studied. Moreover, the in sifu method used up to know
did not point out clearly the species that participate in zeolite nucleation process. In order to

determine the stable species that survive the post-synthesis treatment we have employed

3



0o N OO o B~ WN -

W W W W W N N N N N DN D DN NN 2 2O A QO A aa QA A a
A WO N -~ O © 0o N O o0 B ON -~ O © 0N O 00 ODN -~ O ©

methods as Raman and 2°Si NMR spectroscopy that provide information for the short range
order in the materials. Theoretical calculations have also been used to shed more light on
silicon NMR spectra. The ultimate goal was to define the location of Zn atoms in 3MR units,
which would allow tracking down the formation of these units in the course of crystallization

process.

EXPERIMENTAL PART

To prepare the reaction mixture, 0.57 g of zinc oxide (powder, 99%, Prolabo), 1.44 g of
sodium hydroxide (pellets, 97%, Sigma Aldrich), 2.30 g of potassium hydroxide (pellets,
97%, Sigma Aldrich), 2.08 g of tetraecthylammonium hydroxide (35% water solution,
Aldrich), and 53.43 g of distilled water were mixed and treated in an ultrasonic bath for 30
min. Finally, 15 g of tetracthoxysilane (98%, Sigma Aldrich) was added to the mixture. The
final molar oxide composition of the initial gel was:
1.00TEOS:0.10Zn0:0.50NaOH:0.50KOH:0.08TEAOH:44.00H,0. The synthesis was
performed at 483 K for different periods of time. In order to follow the crystallization of
RUB-17 the crystallization time (t) was varied between 8 and 222 h. The liquid phase of
every sample was separated, while the solid phase was washed with distilled water and dried
at 353 K. The yield is 40 wt% in respect to SiOx.

X-ray diffraction (XRD) patterns of the solid phases were collected by PANalytical
X’pert PRO MPD diffractometer using Cu-K. monochromatic radiation (1 = 1.5418 A,
45 kV, 40 mA) and used for the qualitative and quantitative phase analysis. The samples were
scanned in the range of Bragg’s angles 26 = 5-50°, step size 0.0167°, time per step 99.68 s.
Thermal analyses of the solid phases were performed by Setaram Setsys TGA instrument. The
samples were heated up to 1073 K by rate 5 K/min in air flow. MIRA-LMH (Tescan)
scanning electron microscope equipped with field emission gun was employed to obtain
scanning electron micrographs (SEM). Raman spectra of the samples were measured using
Jobin Yvon Labram 300 spectrometer equipped with a confocal microscope. The
measurements were done using a He-Ne laser having the wavelength of 632.8 nm. The
spectra were taken for 60 s and accumulated 5 times.

2%Si MAS NMR spectra were recorded at 99.3 MHz on a Bruker Avance III (11.7 T)
spectrometer using 4 mm-OD zirconia rotors and a spinning frequency of 12 kHz. To account
for the long T relaxation of 2°Si, a single pulse excitation (30° flip angle) was used with a
recycling delay of 60 s. Tetramethylsilane (TMS) was used as chemical shift reference.

The calculation of ?Si MAS NMR spectrum was carried out with density functional
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theory (DFT) using the CASTEP (version 6.0) code and Gauge Including Projector
Augmented Wave (GIPAW) method.?®3° The input data were the crystallographic atomic
positions of RUB-17 obtained from the IZA structural database.! “On-the-fly” (OTF) ultra-
soft pseudo-potentials generated by CASTEP, Perdew-Burke-Ernzerhof (PBE) functional, a
cut-off energy of 100 Ry and a k-point spacing of 0.125 A™' were employed for the
calculations.?! Before computing the isotropic electronic shieldings, a geometry optimization
(with fixed unit cell) of the structure was performed using the quasi-Newton Broyden-

Fletcher-Goldfard-Shanno (BFGS) method.*?
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10 RESULTS AND DISCUSSION
11 General characterization
12 The XRD pattern of the solid obtained after 8 h of hydrothermal treatment showed the
13  presence of zinc oxide and a halo indicative of the presence of amorphous phase (Figure 1).
14  The amount of ZnO in the solid phase progressively decreased and ZnO peaks disappeared
15  after 120 h of hydrothermal treatment. The first traces of crystalline RSN-type material were
16  detected after 28 h of hydrothermal treatment. According to the crystallization curve
17  calculated on the grounds of the XRD patterns, the solid was fully crystalline after 222 h.
18
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20  Figure 1. XRD patterns of the series of samples taken during the RUB-17 synthesis.
21
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According to the SEM inspection (Figure 2) the size of RUB-17 crystals is not uniform
ranging between 100 and 1500 nm. The morphology of individual crystals varies from long to

short prismatic. Most of the crystals are intergrown forming aggregates of different size.

Figure 2. SEM micrographs of the RUB-17 crystals obtained at 180 °C after 222 h of

hydrothermal treatment.

Rohrig and Gies reported that RUB-17 exhibits low structure stability. The framework
collapsed at 220 °C after 24 h heating. They noted the critical role of water molecules and
alkali metal cations in the stabilization of RUB-17.!7 Our TG/dTG analysis of a fully
crystalline RUB-17 shows that the occluded water is released in the temperature range 25 —
400 °C (Figure 3). There are two major dehydration steps, as during the first one with a
maximum at 199 °C, 6.2 wt. % of water is released, corresponding to 11 molecules of water.
A second maximum is centered at 286 °C and then 7 molecules of water are let out. The first
event is exothermic while the second is endothermic (DSC curve shown in Supplementary
Information, Figure SI-2). The total amount of released water is 10.1 wt. %, which
corresponds well to the unit cell composition (18 molecules of water).!” Generally, the
zeolite-type water is released substantially below 200 °C. Therefore we attribute the first
weight loss to zeolite type water. The second weight loss, which is completed at about
400 °C, is related with much stronger interactions. Obviously these are the water molecules
that stabilize the zeolite framework. This suggestion is supported by the fact that during their
release the structure of RUB-17 collapses. The exact position of these molecules can only be

obtained by a structural study, which is out of the scope of present investigation.
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Figure 3. TG and dTG curves of highly crystalline RUB-17.

Crystal growth kinetics

XRD study shows that the process of RUB-17 formation is relatively slow. Although the
first diffraction peaks appear after 28 h, fully crystalline material is obtained only after 222 h.
We attribute the extended crystal growth process to the slow dissolution of Zn source. For
better understanding of the formation of RUB-17, the solid phases recovered during different
stages of the reaction were subjected to TG analysis (Figure 4). The zinc oxide used as a
starting material was also analyzed. It exhibits only one endothermic weight loss (1.9 wt. %.)
step with maximum at 249 °C. The observed signal is most probably due to water coordinated
to the metal oxide. The sample taken after 8 h of hydrothermal treatment contains the largest
amount of water, which is about 14.5 wt. %. With the increase of crystallinity the water
content decreases gradually and reaches 10.1 wt. % in the highly crystalline material. Higher
water content in the amorphous and partially crystalline solids is attributed to the interaction
between water and silanol groups in the amorphous phase. In the course of zeolite framework
formation a condensation of chemical bonds Si—O-Si(Zn) takes place, which is coupled with
release of loosely attached water. The results of TG analysis are in full agreement with the

XRD study and can be used to follow the crystallization process.
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Figure 4. TG (A) and dTG (B) curves of the solid samples taken in the course of RUB-17

crystallization.

The crystal growth kinetics of RUB-17 has also been tracked by Raman spectroscopy.
The most intense Raman bands of ZnO are at 150, 438 and 1068 cm! (Figure 5A). A
significant change in the Raman spectra takes place after 28 h of hydrothermal crystallization
when the characteristic bands of new phase appear. For instance, wide maxima ranging from
310 to 365 cm™! and 1030 to 1120 cm™ as well as peaks at 440, 456, 497, 519, 587 and 662
cm! can be seen (Figure 5A). With the increase of crystallization time the bands become

sharper.

WA\/\/\JM B 28h

174 h
120 h

Intensity / a.u.
Intensity / a.u

200 400 600 800 1000 200 400 600 800 1000
viem vicm

Figure 5. Crystal growth kinetics of RUB-17 followed by Raman spectroscopy (A) and the

spectra taken during the induction period (8 — 28 h) when no crystalline material was detected

(B).

Similarly to other zeolite-type materials the spectra of RUB-17 exhibits the most intense
bands in the 300 — 600 cm™! range. In this region the bands corresponding to small ring
building units are usually visible. On the grounds of a previous study the peaks in the range

550 — 620 cm™', 470 — 530 cm! and 370 — 430 cm™!' were attributed to 3-, 4- and 5-member
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rings, respectively.®® Six member rings usually exhibit a band in the region 290 — 410 cm’!,
whereas larger rings have a band below 290 cm™.3* A closer look at the Raman spectra taken
between 8 and 28 h of hydrothermal treatment revealed the presence of organized units in
amorphous precursor (Figure 5B). Namely, there is a clear distinction between the initial gel
and the solid phase recovered after 8 h of hydrothermal treatment. The later exhibits wide
Raman maxima in the regions 565 — 700 and 990 — 1115 cm’!. In the samples taken after 13,
19 and 23 h these regions evolve to the bands of RUB-17 corresponding to 3-member rings,
with maxima at 597 and 615 cm! and also unassigned asymmetric stretching motion bands at
1079 and 1102 cm!. On the other hand, during this early stage of zeolite formation there are
not any signs of the presence of 4-, 5- and 6-member rings. Obviously during the induction
period the 3-member rings are the dominating units in the amorphous, while if there are any
larger (4-, 5- and 6-) rings they are below the detection limit of the Raman method. We relate
this fact with the presence of Zn in the reaction system that favors the formation of 3MR. A
gradual increase of the number of these units is observed in the Raman spectrum of the
samples taken between 8 and 24 h, which certainly influence the reactions in the system and
in particular the nucleation process. After 28 h of hydrothermal treatment the first traces of
zeolite structures are detected by XRD analysis. Simultaneously with the first traces of
crystalline RSN-type zeolite the bands of 4MR (505 and 528 cm!), SMR (431 and 445 cm™')
and 6MR (330 and 343 cm!) rings appear in the Raman spectrum (Figure 5B). Based on these
results one can state that the long-range order is observed only after reaching a critical
concentration of 3MR units in the precursor. Similar results were reported on the
crystallization of zeolite A, for which Raman and NMR spectra indicated the formation of
D4R in the early stage of the reaction, while 6MR were observed simultaneously with the
appearance of crystalline phase.>?

The #°Si MAS NMR spectrum of the fully crystalline RUB-17 is shown on Figure 6A.
Assuming identical shapes and widths for all lines, seven distinct resonances are needed to fit
this spectrum. They most probably correspond to the seven non-equivalent T sites of the RSN
framework. Among these resonances, a single well-resolved peak can be observed at -82.2
ppm, the other peaks range between -92 and -95 ppm. Rohrig and Gies attributed the peak at -
82 ppm to a silicon atom located in the center of the /ov unit, which chemical shift could be
due to the vicinity of two Zn atoms.!” Later, Camblor and Davis found similar chemical shift
in another zeolite-type zincosilicates. !¢

In order to validate the above attributions and to determine the most probable location of

the Zn in the lov unit, we have performed a DFT calculation of the 2°Si chemical shifts. First a
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geometry optimisation, electronic energy calculation was carried out based on the data
obtained from the IZA database. The geometry optimization was also done using a
hypothetical structure containing two Zn in a single 3MR. This configuration leads to energy
11 eV higher than that with a single Zn in each 3MR, which is in agreement with previous
literature data.!'® The isotropic 2°Si MAS NMR electronic shielding’s were thus calculated on
the most probable structure with a Zn in each 3MR. Although water molecules linked to the
framework may have some important effect, we were not considering them in these
calculations as the geometry optimisation was requiring too much computational time. The
accuracy of our calculations can be checked by comparing our data with the correlation
between calculated and observed chemical shifts for a large series of silicates as given by
Cadars er al’® The calculated versus experimental data are displayed on Figure 6B.
Unambiguously, our results fit well this correlation except for the resonance at -82 ppm,
which is off by about 3 ppm. The apparent disagreement can be easily explained first by the
fact that we do not take into account the water molecules, and second that the optimization
was done using a fixed cell. More comprehensive investigation is required to really assign the
NMR spectrum, which is out of the scope of this paper. However, the calculation shows that
the -82 ppm line corresponds to the Si atom located in spiro position (between two 3-member
rings) and it is surrounded by two Zn atoms: Qs(2Zn). The six other lines are the other

silicons, which are all close to one Zn: Q4(1Zn).
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Figure 6. 2°Si MAS NMR spectrum of RUB-17: A) experimental spectrum, its decomposition
assuming 7 distinct Si sites and the decomposition sum in dotted line; B) relationship between
the list of shieldings calculated with CASTEP and that of the observed shifts; both lists are

ordered by increasing values. The dotted red line reproduces the expected correlation as

published by Cadars et al., i.c., 5(*Si)=-0.9220 +283.39 36

The crystal growth of RUB-17 was also studied by 2°Si MAS NMR technique. The
sample taken after 8 h of the hydrothermal treatment exhibits a wide maximum spreading
from -72 to -105 ppm (Figure 7). This result supports the formation of bonds Zn—O-Si and
Si—O-Si after 8 h of hydrothermal treatment, but it also indicates that some organized units
are already formed in this early crystallization stage. After 13 h hydrothermal treatment a
maximum at about -82 ppm can be observed. As stated already, this line corresponds to the Si
atom located in spiro position. After 40 h a second well pronounced maximum between -92
ppm and - 97 ppm appears in the spectrum. With the advancement of the reaction the two
maxima get narrower and after 54 h of hydrothermal treatment two peaks at about -80 and -95
ppm become distinguishable. The relative intensity is increasing with the reaction time and

after 222 h of hydrothermal treatment well-resolved peaks can be observed.
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Figure 7. Crystal growth kinetics of RUB-17 followed by 2°Si MAS NMR.

The framework of RSN-type zeolite comprises 3-, 4-, 5- and 6-member rings.
Actually, the framework contains all small rings that can be found in a zeolite structure. In
addition, it is well known that the Zn atoms are situated in 3MR. These particularities of
RSN-type framework offer the opportunity to study and discriminate the building units
formed during different stages of zeolite formation and in particular during the induction
period, which is crucial for the nucleation process. During the induction period large numbers
of different nuclei are formed, but a few of them cross the energetic barrier and become
crystals. In order to become viable and continue growing a nucleus has to be in equilibrium
with the surrounding nutrient pull.

The analysis of initial system prior to the hydrothermal treatment did not reveal the
presence of ring structures in the solid. The three-member ring was the first organized unit
detected during the induction stage. This suggests that the mass of these units is over the
detection limit of Raman spectroscopy. Their concentration rapidly increased between 8 and
28 h of hydrothermal treatment. Only after the appearance of first crystalline material the
presence of larger (4-, 5- and 6-) rings were detected. The increase of the concentration of 4-,
5- and 6-member rings correlates with the crystallinity of the solid.

Zeolite nucleation process includes numerous equilibriums and condensation steps. It
is indeed difficult to distinguish which of quasi-stable intermediate structure is critical for the
formation of a particular zeolite. In the present study the only stable unit that can be detected
during the induction period is the 3MR. It is noteworthy that the concentration of this units
increases during the induction period. In contrast, the concentration of larger ring units
correlates with the crystallinity of the product. Hence, we relate the high concentration of
3MR during the induction period with the nucleation of this framework type. One may argue
that the abundance of this unit during the induction stage is not critical for RSN-type
framework formation. It is worth recalling, however, that the 3MR is a key unit for RSN-type
structure since two connected 3MR rings build the /lov building unit. Taking into
consideration that the only known material with RSN framework is zincosilicate RUB-17, we
can state that the presence of Zn is crucial for the formation of 3MR under employed

synthesis conditions and hence the formation of RSN structure.

CONCLUSION
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The crystal growth kinetics of the microporous zincosilicate RUB-17 was studied.
Fully crystalline material was obtained after 222 h of hydrothermal crystallization. The solids
obtained at different stages of zeolite formation were subjected to characterization by
different physical methods in order to get insight in crystal growth mechanism.

The detailed analysis of the induction period showed a gradual decrease of the content
of ZnO. This process was coupled with the formation of three member ring units, which were
clearly detected by Raman and 2°Si MAS NMR spectroscopy. Larger ring (4-, 5- and 6-) units
were not observed during the induction period. The increase of the concentration of larger
rings correlates with the appearance of long range order in the solid. These data clearly show
that the zeolite formation depends on the concentration of a particular unit during the
induction stage that governs the crystallization process to a particular framework type. In the
case of RUB-17 these are the 3MR that are preferentially formed during the induction stage

and govern the nucleation process.
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