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ABSTRACT: A case study on the understanding of the
formation of hierarchical Beta zeolites using gemini-type
piperidine based multiammonium surfactant (N6-diphe) is
reported. Complementary techniques were used to investigate
N6-diphe’s structure-directing eﬀect at the molecular level.
Combining characterization of the resulting zeolite materials
with the toolboxes herein developed for studying clear solutions
and dense gels discloses self-assembly processes that govern the
growth (and growth inhibition) of nano-Beta zeolite crystals. In
clear solution, small-angle X-ray scattering and liquid-state NMR
provide insights about the formation of nanoparticles and their
degree of order. 14N and 1H-DOSY NMR probe the dynamics and mobility of soluble species. In a dense gel, on the other side,
27
Al- and 29Si-(MAS) NMR elucidate the varying local connectivity between initial nano-objects and the ﬁnal solid products. It
has been found that cylindrical micelles control the transformation of solubilized silica and alumina during the formation of
zeolite nuclei and guide their crystal growth to nano-Beta rods with bimodal mesoporosity. The predominant smaller mesopores
(6 to 8 nm) originate from the template’s hydrophobic alkyl chains, while larger mesopores (10 to 30 nm) are supposed to result
from a spinodal decomposition-type segregation of phases consisting of as-formed hydrophobic zeolite rods and an aqueous
solution.

■

in zeolites. Destructive methods (dealumination,11 desilication,12 detitanation,13 or degermanation14) for the generation
of hierarchical pore systems, consisting of smaller micropores
connected to larger meso- and macropores as transport pores,
are comparably cheap. Therefore, some of them are applied at
industrial scale and oppose constructive techniques, employing
highly engineered but more expensive supramolecular structure
directing agents. The beneﬁts and drawbacks of organotemplated syntheses of nanosized or hierarchically porous
zeolites have extensively been reviewed.15,16 The constructive
synthesis with rationally designed surfactant molecules
exhibiting functional groups, such as quaternary ammonium
centers to enhance the interaction with growing zeolite crystals,
appears nonetheless elegant.
Examples for this route include among others the syntheses
of mesoporous MFI and LTA zeolites via soft template

INTRODUCTION

Microporous crystalline aluminosilicates, known as zeolites,
exist with diﬀerent structure topologies (currently more than
230 structure types are known).1 Even though millions of
structures are theoretically predicted,2 they remain diﬃcult to
obtain experimentally. Nonetheless, a multitude of parameters
can be varied resulting in a highly diverse pool of zeolites
allowing for adaptation of properties to certain needs, e.g., in
catalysis, adsorption, or separation technology. Synthesis
parameters enable direction of structure types, zeolite
composition, and morphology control as well as introduction
of larger pores via constructive and/or destructive methods.3−9
For upgrading of biomass to renewable liquid fuels or base
chemicals, feedstocks often comprise rather bulky molecules.
The latter only diﬀuse very slowly within the micropores of
zeolites, and they are sometimes even much larger than the
micropore diameters of the zeolites. Therefore, the introduction of larger pores in zeolites is considered highly favorable for
conversion of bulkier molecules in zeolite-based catalysts.10
Mass transport limitation is still a major drawback for catalysis
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Figure 1. Argon sorption data (87 K) for nano-Betagel (hollow symbols) and nano-Betasol (full symbols). The left graph traces the adsorption−
desorption isotherm of the two zeolites, while the right graph depicts the pore diameter distribution (NLDFT model)35 for the two zeolites.

Table 1. Textural Properties of Diﬀerent Compared Materials from Argon Sorption Experiments at 87 K
sample

Si/Ala

N6-diphe

Vtotb (cm3·g−1)

Vmicroc (cm3·g−1)

Vmesoc (cm3·g−1)

SBETd (m2·g−1)

Smesoc (m2·g−1)

Dmesoc,e (nm)

nano-Betasol
nano-Betagel

12.3
15.4

(OH)6
(Cl)4(Br)2

1.108
0.899

0.153
0.117

0.988
0.866

778
724

593
542

7.9
5.8

a
Obtained by ICP AES analysis. bTotal pore volume obtained at p/p0 = 0.99. cDiameters and volumes were evaluated using the NLDFT model (see
Figure 1). dSBET is apparent speciﬁc surface area calculated from data obtained at p/p0 = 0.05 to 0.3 using the Brunauer−Emmett−Teller (BET)
equation. eMean mesopore diameter.

engineering.17,18 Later on, pillared MFI nanosheets with
thicknesses of unit cell dimensions have been synthesized
with polycationic surfactants.19 The same group recently
achieved the synthesis of highly porous Beta zeolites using a
series of novel gemini-type poly quaternary ammonium
surfactants (Figure S1).20 Hierarchical Beta zeolites have been
often reported as promising candidates in heterogeneous
catalysis, e.g., for Friedel−Crafts acylation and alkylation
reactions,21 for selective synthesis of lactide monomers
enhancing a more cost-eﬃcient production of bioplastics,22
for continuous transformation of biosourced ethanol into
hydrocarbons in a gas phase reaction,23 or for continuous
halogenation of aromatics in liquid phase.24 Understanding
direct formation of hierarchical Beta zeolite is of high interest
for both researchers working on materials synthesis and for
those working in heterogeneous catalysis.
In previous work, Ryoo and co-workers have described a
reasonable self-assembly mechanism for pillared MFI zeolite,25
but the formation of rod shaped nano-Beta crystals as obtained
with the use of gemini-type multiquaternary ammonium cations
remains unsatisfactorily understood. The investigation of
zeolite self-assembly and crystallization presents a persisting
challenge.26 It is generally accepted that weak and strong
interactions between template and building units lead to the
formation of aluminosilicate framework around structuredirecting agents (SDAs). The mechanism of zeolite formation
is commonly studied in colloidal precursor suspensions
permitting the growth process to be followed with a number
of noninvasive techniques.27−31
We have used a set of complementary characterization
techniques that enabled to snapshot nucleation and growth of
zeolite Beta using a gemini-type poly-quaternary ammonium
surfactant as structure-directing agent. The molecule is denoted
here as N6-diphe in accord with the original work by Ryoo and
co-workers.20 Small angle X-ray scattering (SAXS) combined
with liquid state nuclear magnetic resonance (NMR), mass

spectrometry (MS), and dynamic light scattering (DLS)
constitute a powerful toolbox for studying formation of nanoobjects.32−34 Nanoaggregates (NA), secondary nanoparticles
(sNP), tertiary nanoparticles (tNP), and crystalline nanoparticles (cNP) can be diﬀerentiated, since each of the objects
has a diﬀerent signature (size, shape, and average internal
connectivity ⟨n⟩). In order to cast light on the N6-dipheinduced self-assembly mechanism, these techniques were
associated with a thorough characterization of fully crystallized
materials and theoretical evaluation of properties of an SDA
molecule in water by molecular modeling. Ultimately, based on
the presented snapshots, we propose a self-assembly mechanism that illustrates the formation of hierarchically porous Beta
zeolite.

■

RESULTS AND DISCUSSION
The syntheses using N6-diphe-based structure-directing agents
(SDA) have been reported to result in zeolite Beta with a
hierarchical pore system, consisting of interconnected microand mesopores.20 In the present work, two slightly diﬀerent
SDAs were used. In a ﬁrst series of experiments N6diphe(OH)6 was used in a more dilute system, denoted here
as “sol” since the reaction proceeds in a transparent reaction
mixture. Such reaction systems are more favorable for
investigating processes in solution. The zeolite synthesized in
that system is accordingly denoted as nano-Betasol. In a second
series, N6-diphe(Cl)4(Br)2 was employed as SDA. This gel type
reaction mixture had higher silica concentration and is denoted
as “gel” in the following, the product denoted as nano-Betagel.
The pH required for the generation of zeolite Beta is set
directly by the N6-diphe(OH)6 in the sol system, whereas for
the gel system addition of sodium hydroxide is required. Thus,
both reaction systems have slightly diﬀerent compositions. The
synthesis conditions are summarized in Table S1 in the
Supporting Information.
B
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Figure 2. Nano-Betasol (left) and nano-Betagel (right). (a) HRSEM of calcined samples. (b) HRSEM images of the same samples after embedding of
the samples in resin and polishing of the surfaces. (c) TEM; arrows indicate direction of lattice fringes and circles the particle size.

Figure 3. (a) Powder XRD patterns of samples withdrawn from hydrothermal synthesis of nano-Betasol after 12 h, 2 days, and 3 days; (b)
comparison of XRD patterns of as-synthesized and calcined nano-Betagel.

The fact that materials with hierarchical pore systems can be
realized from both systems is proven by argon sorption
experiments as illustrated in Figure 1. The textural parameters
derived from the sorption experiments are summarized in Table
1. Pore size distribution plots for nano-Betasol and nano-Betagel
zeolites show the presence of the typical micropores of zeolite

Beta (ﬁrst maxima of pore size distributions at pore diameters <
1 nm). The presence of mesopores in both materials is
evidenced by steep adsorption and desorption steps in the
relative pressure range of p/p0 = 0.4−0.9. The hysteresis
between adsorption and desorption data is typical for capillary
condensation in mesopores. Nano-Betasol and nano-Betagel
C
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Figure 4. SAXS raw data for (a) the nano-Betasol system (water, N6-diphe(OH)6 in water, and diﬀerent amounts of added silica (TEOS)) and (b)
the nano-Betagel system (water, N6-diphe(Cl)4(Br)2 in water, and upon addition of NaOH, NaAlO2 + NaOH and full synthesis mixture; all measured
after 1 h at 60 °C, (X)6 indicates (Cl)4(Br)2). Background-corrected and desmeared SAXS data of samples withdrawn after diﬀerent times of reaction
at 140 °C for (c) nano-Betasol and (d) nano-Betagel. Curves in (b) and (d) are shifted slightly along the ordinate for better visibility of the individual
traces.

Beta materials. For both samples mesopores with sizes ranging
from 5 to 30 nm are visible. TEM images (Figure 2, bottom
row) provide further information. Nano-Betasol and nanoBetagel consist of nanoparticles (≤10 nm), and lattice fringes
within these particles indicate that they are crystalline. XRD
investigations provide evidence that the samples contain zeolite
Beta (Figure 3). The reﬂections of the zeolite are substantially
broadened due to the nanoscopic size of the crystalline
particles. A comparison with an XRD pattern of a conventional
zeolite Beta is shown in Figure S13.
Sorption analyses, electron microscopy, and XRD thus
provide clear evidence that the ﬁnal products of nano-Betasol
and nano-Betagel consist of crystalline zeolite Beta nanoparticles
of a few nanometers in size. The nanoparticles are aggregated,
and larger mesopores are observed which form a highly
interconnected pore system throughout the larger aggregates of
crystalline nanoparticles.
Using the conventional TEAOH as SDA, we could show
that, during formation of colloidal zeolite Beta, amorphous
initial nanoparticles are formed in a ﬁrst step. These amorphous
nanoparticles then transform successively into crystalline zeolite
Beta during hydrothermal synthesis.32 In order to understand
how nano-Beta materials are generated via self-organization, we
thus monitored the formation processes of the mesoporous
nano-Beta materials using a set of complementary analytical
methods as presented in our previous work.
A ﬁrst hint of a supramolecular interaction of N6-diphe
originates from molecular dynamics calculations (see Supporting Information for details), which were performed in water
and with chloride counter-anions. One molecule of N6-diphe

zeolites (Table 1, Figure 1) have quite remarkable textural
properties. Their total pore volumes reach 1.1 and 0.9 cm3·g−1
whereby nano-Betagel has slightly lower micro- and mesopore
volumes compared to nano-Betasol. The micropore volumes are
lower than those of a reference Beta zeolite that was
synthesized with tetraethylammonium hydroxide (TEAOH)
as the SDA (Vmicro = 0.24 cm3·g−1). Both nano-Beta materials
have apparent speciﬁc surface areas and pore volumes similar to
those of ordered mesoporous Al-MCM-41.20
Electron microscopy provides further information on the
textural properties of the synthesized materials. SEM micrographs of nano-Betasol and nano-Betagel are presented in Figure
2. Small diﬀerences between these materials can be observed in
HRSEM images (Figure 2, top row). Both nano-Beta samples
show a rugged surface consisting of small elongated particles
with diameters of about 4−5 nm and lengths in the range of
about 10−15 nm. No major diﬀerences in the primary particle
dimensions in nano-Betasol and nano-Betagel can be observed
except that the elongated nanoparticles from the nano-Betagel
system appear to be slightly smaller than those from the nanoBetasol system. The primary particles are aggregated in larger
units, and larger pores are observed between the aggregates. In
order to visualize the organization of the larger pores, the
samples were embedded in resin and then the embedded
samples were cut with a microtome blade. The surfaces of these
cuts were then investigated by HRSEM (Figure 2, middle row).
The images of the respective surfaces show the organization of
a highly interconnected mesopore system for nano-Betasol and
nano-Betagel. A bicontinuous organization of the aggregated
nanoparticles and larger mesopores is observed in the nanoD
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density strongly aﬀect the scattering proﬁle, independent
reﬁnement of both parameters was not feasible with the data
available. The presence of a shell with higher scattering length
density than in the surrounding water can be explained by a
denser packing of water molecules at the vicinity of the highly
charged surfaces of the cylindrical N6-diphe micelles. The
diameter of the cylindrical micelles was about 5 nm. The
maximum length of the aliphatic chain in N6-diphe molecules
was calculated to be 2.5 nm (see results of MD calculation in
Supporting Information). That value corresponds well to a
more or less radial arrangement of the stretched aliphatic side
chains in cylindrical micelles. The overall scattering proﬁle is
not much aﬀected by the length of the cylinders; however, the
reﬁned lengths of the cylinders are about 5 nm. The thickness
of the layers in the lamellar paracrystals indicates a slightly
diﬀerent arrangement, and the half thickness of the bilayers
corresponds better to the distances calculated from the end of
the aliphatic side chains to the nitrogen atoms (N1) in the head
group.
Upon addition of silica (hydrolyzed TEOS), the initially
formed cylindrical N6-diphe micelles maintain their core−shell
structure as indicated by the SAXS patterns. However, the
minima and maxima of the scattering curves shift toward lower
2θ angles (i.e., to lower q) indicating an increase in the size of
the particles. Simultaneously, the scattering intensities increase
signiﬁcantly with increasing silica concentration (increase of
scattering contrast due to silica deposition). Applying the same
combination of models as described above allows evaluation of
the properties of the SDA−silica core−shell particles and larger
lamellar paracrystals. The scattering length density of the shell
corresponds well to that of aluminosilicate, and the thickness of
the shell increases with increasing silica concentration. As
reported in Table S3, the silica shell thickness increases steadily
from 0.35 nm at Si/OH = 0.33 to 1.07 nm at Si/OH = 2.77
whereas the diameter of the organic core remains more or less
constant with values of about 4.4 ± 0.2 nm. The volume of
aluminosilicate shells in the system increases linearly with the
Si/OH ratio, if a constant length of the core−shell cylinders is
assumed. This suggests that the aluminosilicate shell preferentially forms on the cylindrical N6-diphe micelles. Exchange of
N6-diphe between diﬀerent micellar objects cannot be excluded
and additional cylindrical micelles may form upon addition of
silicate on the expense of the lamellar paracrystals. It is obvious
that the reaction mixture contains substantially more N6-diphe
than required for ﬁlling only the cylindrical micelles. A rough
calculation shows that only a small fraction of the SDA can be
accommodated within the cores of the core−shell cylinders.
The numbers in Table S3 show that at 298 K only 12% of the
SDA can be present in the cores at a Si/OH ratio of 0.33. The
fraction of SDA within the cores of the cylinders increases with
increasing Si/OH ratio; however, it is still only 21% at a Si/OH
ratio of 2.77. Thus, a major fraction of the N6-diphe must be
located in the lamellar paracrystals. It should be mentioned that
the reﬁned lengths of the cylindrical core−shell particles lie in
the range of 5 to 10 nm. Thus, the lengths of the cylinders
correspond quite well to the sizes of particles observed by the
DLS (Figure S7 and Table S2).
Figure 4c shows SAXS data for the nano-Betasol system
during the hydrothermal synthesis at 140 °C. The shift of the
scattering intensities toward lower 2θ indicates that the samples
withdrawn at 1, 6, and 24 h undergo a gradual growth of
particle sizes with time, well in accord with the DLS data. The
SAXS curve of the nano-Betasol sample obtained after 24 h at

was simulated in a 10 nm long cubic box together with about
35000 water molecules and six chloride ions. This polycationic
surfactant molecule seems to be able to form a micelle
structure. The N6-diphe molecule tries coiling up its hydrophobic alkyl chains to minimize contact of these chains with
water. The quaternary ammonium centers are exposed to the
surrounding water as one would expect (Figures S2−S6). The
N6-diphe molecule thus behaves quite similarly to conventional
amphiphilic surfactant molecules. It is ﬂexible enough to
organize in conﬁgurations that avoid contact of the alkyl chains
with water. Micelle forming molecules are deﬁned by their
critical packing parameter (CPP).36 This parameter indicates
the geometrical ability of a surfactant molecule to preferentially
form inverse micelles (CPP > 1) or normal micelles (CPP < 1).
In the present case, it seems that N6-diphe exhibits a CPP ≪ 1
and thus can easily organize in normal micelles. The
calculations allowed also estimation of the dimensions of
speciﬁc units of the N6-diphe molecule (see Supporting
Information).
The self-assembly of the SDA with the aluminosilicate
forming highly porous zeolite Beta was studied on suspensions
withdrawn during aging of the synthesis sols/gels and during
the successive hydrothermal reaction to form the crystalline
product. DLS and SAXS were used to directly monitor the
formation and growth of particles with time. It is important to
note that the interpretation of DLS results (Figure S7 and
Table S2) is biased by a spherical approximation, and the
results are strongly aﬀected by hydration shells around charged
particles. Nonetheless, these results discriminate between initial
particles in the synthesis mixture (size ∼ 10 nm) and their
progressive growth during the ﬁrst 36 h of hydrothermal
synthesis to particles with sizes of 20−30 nm. Particle sizes did
not vary signiﬁcantly during prolonged hydrothermal reaction.
SAXS enables the direct observation of nanoaggregates and
nanoparticles, as well as evaluation of particle−particle
interaction and determination of polydispersity and sizes of
NPs. For consistency and direct comparison of SAXS and XRD
data, all scattering data will be presented with the scattering
angle 2θ as the abscissa throughout this study (the respective
SAXS curves on q scale are shown in the Supporting
Information). Figure 4a shows the SAXS data measured during
aging of the reaction mixture for the nano-Betasol system.
Immediately after addition of N6-diphe(OH)6 to water, the
shape of the scattering curve indicates the organization of N6diphe molecules as micellar units, rather than their occurrence
as monomeric, solvated N6-diphe(OH)6 molecules. The
scattering curve cannot be ﬁtted directly by using one individual
conventional model (spherical, cylindrical, or lamellar particles)
for micelles in solutions. Only consideration of a combination
of two types of micellar models (LamellarParaCrystal and
PolyCoShCylinder)37 allows ﬁtting of the experimental scattering curves (Figure S8). The combination of the two models
considers existence of lamellar paracrystals as well as of
cylindrical core−shell particles. In lamellar paracrystals
amphiphilic molecules form stacked bilayers, examples being
folded sheets or multilamellar vesicles. The thickness of the
layer in the lamellar paracrystals was reﬁned to be 7.1 nm. The
necessity to account also for cylindrical core−shell particles
indicates that a fraction of the N6-diphe(OH)6 forms cylindrical
micelles. Within these micelles the electron density (scattering
lengths density) in the region of the polar head groups is
obviously diﬀerent from that in the nonpolar hydrocarbon-rich
core. Since thickness of the shell as well as scattering length
E
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Figure 5. (a) liquid-state 14N NMR spectra of synthesis precursors of nano-Betasol at diﬀerent hydrothermal treatments. (b) Average liquid-state 1H
NMR line width of N6-diphe resonances for nano-Betasol and TEAOH in colloidal zeolite Beta32 measured in synthesis solutions at diﬀerent
hydrothermal treatment times.

140 °C can be ﬁtted with a model for cylinders (Figure S9)
with diameters of about 5 nm and lengths of about 10 nm
embedded in an organic phase. The position of an additional
Gaussian Peak that needs to be considered for a satisfying ﬁt of
the data corresponds to a distance of about 8 nm which ﬁts well
to an average particle-to-particle distance between the
aggregated zeolite Beta nanocrystallites. These particle
dimensions and particle-to-particle distances are well in accord
with the particles observed in the HRSEM and TEM images.
An additional peak at 2θ of about 7.6° (q = 5.3 nm−1) indicates
the formation of crystalline zeolite Beta after 1 day of
hydrothermal reaction. One should note that in contrast to
the particles initially formed at room temperature, where an
organic core is embedded in a silicate shell, silica particles are
embedded in an organic shell after the hydrothermal reaction.
Thus, a transformation from an amorphous silicate shell into a
zeolite embedded in an organic hydrocarbon shell (hydrophobic side chains of N6-diphe) has occurred during the
reaction at 140 °C. The external surfaces of the zeolite
nanocrystallites are thus decorated with hydrophobic shells.
Formation of a zeolite Beta phase was corroborated by XRD
measurements as shown in Figures 3a and S13. After 12 h only
broad peaks are visible indicating that the majority of the
product is still amorphous. After one to two days of
hydrothermal reaction broad reﬂections indicate the formation
of very small crystalline domains of zeolite Beta in accord with
the results from the SAXS data. With increasing reaction time,
the reﬂections become more pronounced, but they remain very
broad; i.e., the nanoscopic zeolite Beta crystallites do not grow
signiﬁcantly in size.
In contrast to the clear solutions for which a mix of
cylindrical core−shell particles and lamellar paracrystals was
observed prior to hydrothermal reaction in the nano-Betasol
system, the self-organization of the system seems to proceed
slightly diﬀerently for the more concentrated nano-Betagel
system. Figure 4b shows SAXS curves measured on diﬀerent
gels obtained with varying compositions. All gels have been
measured after aging at 60 °C for 1 h as pointed out in the
synthesis protocol. Since gels containing the silicate caused very
high scattering intensity at low 2θ (low q) for the nano-Betagel
system, the beam stop of the SAXS instrument had to be set to
a higher angle to avoid quenching of the detector. This caused a
loss of information from the respective range for these materials
in the nano-Betagel system. Still, inspection of the SAXS curves
is quite instructive. The curve of the N6-diphe(Cl)4(Br)2 in
water shows that also in that system cylindrical micelles are
formed with core diameters of 4.8 nm and shell thickness of 0.5

nm, quite similar to that observed for N6-diphe(OH)6 in water.
Upon addition of NaOH to the system the ionic strength of the
solution increases substantially which strongly aﬀects the
micellar arrangement of the system. Diﬀraction peaks are
observed in the SAXS curves which can be indexed in Ia3d̅
symmetry with a lattice parameter of a = 16.3 nm (Figure S10).
The micelles thus seem to organize in a bicontinuous system of
cylindrical micelles in a similar manner as observed for MCM48 or KIT-6.38−40 A system containing the SDA, NaOH, and
NaAlO2 shows more or less the same diﬀraction peaks. The
complete reaction mixture which contains hydrolyzed silica in
addition to SDA, NaOH, and NaAlO2 does not show the
discrete diﬀraction peaks but a rather broad peak and some
shoulders in the scattering curve. If a small fraction of the
regularly organized micelles with Ia3̅d symmetry were present
in that mixture, its concentration would be rather low or order
would be lost to a large extent. The scattering curve of the
complete gel obtained after aging at 60 °C can be modeled by
cylindrical core−shell particles and a Gaussian peak corresponding to a length of 5.1 nm (Figure S11). The core
diameter of the particles is calculated as 4.4 nm and the silica
shell thickness as 1.6 nm (Table S5).
During hydrothermal reaction at 140 °C the scattering curve
as well as the Gaussian peak are shifted toward smaller angles
with time (Figure 4d) indicating a gradual growth of the core−
shell cylinders. With increasing reaction time, the SAXS curve
changes signiﬁcantly. The curve of the ﬁnal product can be
modeled again by cylindrical nanoparticles with diameters of
3.8 nm and lengths of about 5 nm or a parallelepiped with sizes
of 5.3 × 5.3 × 12.5 nm (Figure S11). For ﬁtting the curves with
the model, the nanoparticles are considered to be embedded in
an organic matrix. Similar as for nano-Betasol the sizes of the
elongated particles are calculated to lie in the range of about 4
to 5 nm in diameter and 5 to 12 nm in length, well in accord
with the ﬁnal particles observed by HRSEM. A Gaussian peak
corresponding to a length of 6.8 nm is observed on top of the
scattering curve from the cylindrical particles which could
correspond to an average particle−particle distance. The
occurrence of the broad reﬂection of zeolite Beta is observed
after 5 h at 140 °C in the nano-Betagel system, indicating that
the ﬁrst zeolite Beta crystallites are formed already shortly after
the beginning of the hydrothermal reaction (Figures 4d and
S12). Calcination of the ﬁnal product at 550 °C results in slight
changes of the intensities of the reﬂections, but the widths of
the reﬂections are not aﬀected signiﬁcantly by the high
temperature treatment (Figure 3b).
F
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Figure 6. (a) 1H MAS and (b) 29Si{1H} CPMAS NMR of as synthesized nano-Betagel at diﬀerent hydrothermal treatments: Narrow lines in (a)
indicate that the polar part of the template (the “TMP2+” group) is located on structurally well-deﬁned positions within the zeolite micropores that
correlates well with the appearance of the characteristic features of crystalline zeolite observed in (b).

Figure 7. 2D Hetcor MAS (a) 13C−1H and (b) 29Si−1H correlation spectra of as-synthesized nano-Betagel at 140 °C for 12 h.

tetrahedral coordination. The 29Si NMR spectra (Figure S16)
exhibit very broad resonances of nanoaggregated silicates. No
narrow signals of smaller oligomeric silicates are visible except
for the signal of monomers in low concentration. The 27Al and
29
Si NMR results indicate that no free monomeric or
oligomeric silicate species are present in the solutions. The
synthesis medium is exclusively dominated by nanoaggregated
silicate species, most probably surrounding N6-diphe molecules.
This contrasts with the synthesis of colloidal zeolite Beta, where
both oligomeric silicates and well-deﬁned nanosized particulate
silicates coexist.32
The course of the synthesis of nano-Betagel from gel
precursor is monitored by means of 1H (Figure 6a), 29Si
(Figure 6b), 27Al (Figure S17), and 13C MAS NMR (Figure
S18). Figure 6a,b shows narrow lines for the aromatic protons
of N6-diphe occurring simultaneously with the appearance of a
characteristic 29Si feature (−112 ppm) typical for ordered
zeolite domains. This indicates that the polar part of N6-diphe,
the “TMP2+” group (4,4′-trimethylenebis(N-methyl, N-benzyl
piperidinium))41 shown in Figure S1, is located on structurally
well-deﬁned and ordered positions within the zeolite micropores. In other terms, the polar zeolite-directing head of N6-

NMR spectroscopy has been employed for investigating the
processes taking place during the formation of the two
materials on a molecular level. liquid-state NMR was used for
the nano-Betasol system and solid-state NMR for nano-Betagel.
The course of the nano-Betasol formation with time was
monitored by 1H, 1H DOSY, 14N, 27Al, and 29Si NMR. The
signal narrowing of N6-diphe resonances, both in 14N (Figure
5a) and 1H spectra (Figure 5b), with increasing reaction time is
opposite to what had been observed for the formation of
colloidal zeolite Beta32 and indicates an increased mobility of
organic chains with the progress of the synthesis. This increased
mobility of organic chains is also corroborated by the increase
of measured diﬀusion coeﬃcients with the progress of the
synthesis (Figure S14). The increasing mobility of the organic
chains can be explained by change of their location from inside
of the initially formed cylindrical micelles to the outside of the
rod shaped nano-Beta crystallites (10 nm) which form during
the hydrothermal treatment. Little change in 27Al NMR spectra
(Figure S15) is observed during the synthesis where a single
broad resonance is obtained at ca. 53−54 ppm. Hence, already
at the start of the hydrothermal treatment aluminum in
nanoaggregates is quantitatively connected to silicates in
G
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diphe seems to be occluded inside the nanozeolites, whereas
the hydrophobic mobile alkyl chains are leading to very intense
and strongly broadened 1H signals in the range between 0 and
2 ppm. The hydrophobic part of the template is thus located
outside of the microporous network. It is worth noting that the
direct polarization and cross-polarization (CP) 29Si{1H} spectra
are comparable (Figure S19) indicating eﬃcient CP transfer
even for 4Q Si species. This suggests a strong spin pool from
the N6-diphe surfactant that should be spatially close to the
silicate framework. Indeed, 13C−1H and 29Si−1H correlation
experiments (Figure 7) show dipolar contact between the
aromatic part of the N6-diphe and the inorganic surface. This
demonstrates again the structuring eﬀect of the rigid polar head
of the N6-diphe. The 27Al spectra exhibit asymmetrical
resonance that slightly narrows with increasing synthesis time,
indicative for increasing local order in the zeolitic network.
Finally, the 3QMAS experiment (Figure S20) revealed two
distinct components with isotropic chemical shifts at ca. 54 and
57 ppm, representative for two distinct Al sites in the zeolitic
nanorods. Maier et al. assigned these signals to aluminum
atoms located on the T3−T9 positions for the 57 ppm signal
and T1 and T2 positions for the signal at 54 ppm.42
Thus, SAXS and liquid-state NMR led to insights on how
nano-Betasol zeolite forms in clear solutions. Complementarily,
solid state NMR proved to be a powerful tool to follow events
at the molecular scale during the zeolite crystallization in denser
nano-Betagel synthesis mixtures.
The results presented above shed some light on the building
mechanism of crystalline zeolite Beta from amorphous silicate
using a gemini-type piperidine based multiammonium
surfactant as SDA (Figure 8). Prior to the hydrothermal
synthesis, cylindrical core−shell particle with an outer
aluminosilicate shell is formed in close proximity to the
tetraalkylammonium-rich outer surface of the core consisting of
N6-diphe6+ molecules organized in micelles. All silica and
alumina is located within the aluminosilicate shells, and no free
oligomeric silica species are observed. The thicknesses of the
inorganic shells have been estimated to be in the range of 0.2−
0.5 nm, i.e., about one to three aluminosilicate layers. A major
fraction of the SDA seems to be present as larger micellar
objects such as multilamellar vesicles or larger lamellar
paracrystals. During hydrothermal synthesis the amorphous
aluminosilicate shells are transformed to zeolite nanoparticles.
Crystallization requires formation of ﬂat faces; hence,
cylindrical silicate shells need to break up to form zeolite
Beta particles. The alkylammonium-rich part of the N6-diphe,
which triggers the formation of the zeolite, gets embedded
within the zeolite channels during the crystallization process.
The long linear alkyl chains are not incorporated in the zeolite
though and extend to the exterior of the zeolite nanoparticles.
They cover the zeolite as a hydrophobic organic layer. The
naturally occurring phenomenon of Ostwald ripening, which
usually minimizes the free surface energy of particles via
dissolution of smaller and further growth of larger ones43−45 is
hindered by the presence of N6-diphe. Thus, N6-diphe notably
aﬀects the normal equilibrium between growing particles and
dissolved silica species during the zeolite synthesis. As the
result, the zeolite Beta particles which are formed maintain the
average dimensions of the initially formed core−shell particles.
Once the zeolite Beta crystallites form, they have to organize
in a way that avoids contact of their hydrophobic coatings with
water. The organo-coated zeolite crystallites aggregate to avoid
contact with water. This causes a phase separation, similar to

Figure 8. Schematic illustration of the formation of zeolite Beta
particles from nanoscopic core−shell cylinders with organic core and
aluminosilicate shell in aqueous phase (center). Top: Multilamellar
vesicles and/or lamellar paracrystals accommodate a large fraction
(>70%) of the N6-diphe molecules. Bottom: During hydrothermal
reaction at 140 °C, the amorphous aluminosilicate crystallizes to form
zeolite Beta nanoparticles which are decorated with hydrophobic alkyl
chains. Aggregation of the organo-coated particles results in discrete
hydrophobic zeolite-containing and polar aqueous phases.

the phase separation via spinodal decomposition as observed
for oil−water mixtures at elevated temperature. The surfaceactive N6-diphe molecules are present in large excess; they
likely stabilize the boundary between the polar aqueous phase
and the hydrophobic phase containing the zeolite crystallites.
Similar as in the case of spinodal decomposition of oil−water
phases, two bicontinuous phases composed of an aqueous
solution and the organic phase form. The latter contains the
organo-coated zeolite crystallites. Upon drying, the aqueous
phase is removed from the system leaving the sponge-like
network of larger mesopores observed in HRSEM. Calcination
ﬁnally decomposes the N6-diphe molecules, and smaller textural
mesopores with sizes of only a few nanometers are formed via
aggregation of the zeolite nanoparticles (see also Figure S21).
We are aware of the fact that during the investigation the
samples obtained during hydrothermal reaction were analyzed
after cooling to room temperature which might not necessarily
reﬂect all objects being actually present at 140 °C, especially the
existence and sizes of the discussed multilamellar vesicles, and/
or lamellar paracrystals might diﬀer at elevated temperature.
Therefore, future work on the subject must include in situ
experiments, preferentially with synchrotron or neutron
radiation.
H
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and spoil gradients. All MAS NMR spectra were recorded on a Bruker
Avance 500 spectrometer at a resonance frequency of 500.1 MHz for
1
H, 130.3 MHz for 27Al, 125.7 MHz for 13C, and 99.3 MHz for 29Si.
The samples were packed in a 4 mm zirconia rotor and were spun at
10 kHz. The 29Si{1H} HETCOR MAS NMR spectrum was recorded
with a contact time of 6 ms, 16 t1 slices with 1024 transients, and a
recycle delay of 5 s. All two-dimensional NMR spectra were recorded
using the States procedure to obtain phase sensitive spectra. All NMR
measurements were performed with the natural abundance of the
measured element. The 27Al and 14N chemical shifts are reported
relative to Al(H2O)63+ and nitromethane, respectively, and the 29Si,
13
C, and 1H chemical shifts are referenced to tetramethylsilane (TMS).
HR-SEM images were measured with a Hitachi S-5500 high-resolution
scanning electron microscope with an acceleration voltage of 30 kV.
Samples were placed on copper grids with 3 nm carbon coatings.
Modeling. Charmm General Force Field V. 2b6 for modeling of
the surfactant and the TIP3P model for explicit solvent simulations
have been used in this work. The model so far includes one surfactant
(N6-diphe, 285 atoms) included in a water box of 102 × 102 × 102 Å
(101 129 water molecules). For the simulation, the system was
minimized, heated to 300 K, and equilibrated for 5 ns using Langevin
dynamics and a Langevin piston barostat. The simulations were
performed with the NAMD program.

CONCLUSION
Combining the results from complementary analytical methods
allowed unravelling the formation of mesoporous zeolite
Beta synthesized with a gemini-type piperidine-based multiammonium surfactant. The formation of a hierarchical microand mesoporous zeolite Beta material in a one-step synthesis
was conﬁrmed, and the individual steps, which proceed
successively during the formation of sponge-like zeolite Beta
materials, have been uncovered. The amphiphilic N6-diphe
forms micelles in aqueous solution with the polar head groups
decorating the micelle surfaces. Addition of silica and alumina
precursors results in aggregation of a thin aluminosilicate shell
around the polar head groups of the N6-diphe, resulting in
cylindrical N6-diphe−aluminosilicate core−shell particles. Upon
hydrothermal reaction, the aluminosilicate is transformed into
zeolite Beta. The formation of the zeolite is directed by the
polar head groups of the N6-diphe, which get incorporated
within the micropores of the zeolite. The hydrophobic chains of
the N6-diphe do not get incorporated within the zeolite and
extend into the aqueous solution, decorating the external
surfaces of the zeolite Beta nanoparticles. Aggregation of the
hydrophobic nanosized inverse micelles (N6-diphe/zeolite
Beta) in the polar aqueous solution results in bicontinuous
solid−liquid phases. Combustion of the N6-diphe then results
in the formation of a sponge-like mesoporous solid zeolite Beta
phase, consisting of individual zeolite particles with sizes of only
about 5 nm in diameter and about 10 nm in length.
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EXPERIMENTAL PART

A detailed description of all experimental procedures is available in the
Supporting Information.
Zeolite Syntheses. The reactants used in all these syntheses were
TEOS (Sigma-Aldrich, 98%), TEAOH (Sigma-Aldrich, 35 wt %), and
Al(s-OBu)3 (Sigma-Aldrich). N6-diphe(OH)6 and N6-diphe (Cl)4(Br)2
were synthesized according to a published procedure.20
Syntheses of nano-Betasol were performed with molar ratios of
x:0.033:0.06:300:4x:0.2 SiO2/Al2O3/N6-diphe(OH)6/H2O/EtOH/iPrOH (x = 0.12, 0.24, 0.36, 0.72, 1). The exact composition of the
clear solution studied in more detail by DLS, SAXS, and NMR was
1:0.033:0.06:300:4:0.2 SiO2/Al2O3/N6-diphe(OH)6/H2O/EtOH/iPrOH. Nano-Beta gel was prepared with a molar ratios of
1:0.033:0.033:0.22:53:4:0.2 SiO2/Al2O3/N6-diphe/(Cl)4(Br)2/Na2O/
H2O/EtOH/i-PrOH. Syntheses were performed at 140 °C (see
Supporting Information for more details).
Characterization. Textural properties were studied with argon
sorption experiments on a 3Flex instrument from Micromeritics for
the nano-Betagel and nano-Betasol samples. They have been outgassed
and dehydrated at 623 K for 8 h under vacuum. Then argon
adsorption was measured at 87 K (liquid Ar). Calculation of pore size
distributions and pore volumes was performed using the NLDFT
method with models assuming sorption of argon in cylindrical pores in
oxidic materials at 87 K using the Micromeritics 3Flex software
package. Total pore volumes were calculated from the volume
adsorbed at relative pressures of p/p0 = 0.99. DLS measurements were
performed with an ALV/CGS-3 instrument (ALV, Langen, Germany).
SAXS experiments were performed with an Anton Paar SAXSess mc2
instrument (Kratky camera) with line-collimated Cu Kα radiation.
XRD data were measured with a Stoe STADI P transmission
diﬀractometer in Debye−Scherrer geometry. The instrument was
equipped with a bent secondary germanium monochromator allowing
measurements with monochromatic Cu Kα1 radiation. 27Al, 29Si, 14N,
and 1H liquid-state NMR measurements were performed in 10 mm
quartz tubes using a Bruker AVANCE-500 spectrometer for 27Al and
29
Si and Bruker AVANCE 400 spectrometer for 14N and 1H.
Translational diﬀusion measurements were performed using Bruker’s
“ledbpgs2s” stimulated echo DOSY pulse sequence including bipolar
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