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Zeolite molecular accessibility and host—guest
interactions studied by adsorption of organic
probes of tunable sizef¥

F. C. Hendriks, D. Valencia, P. C. A. Bruijnincx and B. M. Weckhuysen*

A series of fluorescent probe molecules based on the commercially available trans-4-(4-(diethylamino)styryl)-
N-methylpyridinium iodide (DAMPI) scaffold has been developed. The dynamic radii of these DAMPI-type
probes covered a range of 5.8 to 10.1 A and could be changed by varying the alkyl substituents on the amine
donor group, with limited effect on the electronic properties. These probe molecules allow for the direct
evaluation of the molecular accessibility into confined spaces, more specifically the micropore architecture of
zeolite materials. Evaluation of industrially relevant zeolite materials with 8- (CHA), 10- (MFI) and 12-membered
ring pores (FAU) showed that steric bulk influences the rate of adsorption, the amount of probe molecule taken
up by the zeolite as well as the interaction of the probe molecule with the zeolite material. Furthermore, a
positive linear correlation is found between the pore—probe size difference and total probe uptake by the
zeolite. The absorption spectra of each probe molecule within the zeolites show that this DAMPI-type
compound is chemically bound to the zeolite's acid sites. The new approach shows the general principle
of determining size-accessibility relationships in microporous solids with a series of fluorescent probes of

www.rsc.org/pccp systematically tunable size.

1 Introduction

Zeolites are crystalline aluminosilicates with an ordered micro-
porous structure. Since their introduction in the petrochemical
industry in the 1960s, zeolites have found application in a wide
range of chemical processes and have become one of the most
important types of heterogeneous catalysts." Most zeolites have
pore sizes of 1-10 A, allowing for separation and size selection
of organic molecules, which often have dimensions in the same
size range. In addition, zeolites possess other beneficial properties,
such as structural and chemical stability over a wide range of
temperatures, the possibility to incorporate acidity and basicity of
tunable strength and a high surface area due to microporosity.>
The ability of zeolites to influence the outcome of a catalytic
reaction arises from geometric constraints imposed by their topology
and pore dimensions; an effect which is better known as shape
selectivity.®> Shape selectivity can influence which specific product
molecules are formed within the zeolite pores (transition state
shape selectivity) or whether molecules can enter or exit the
zeolite (reactant and product shape selectivity).*> Well-known
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examples include the catalytic cracking of oil feedstock, dewaxing of
petroleum products and methanol-to-hydrocarbon conversion.®®

To study shape selectivity, knowledge about the effective pore
diameter of a microporous material is of paramount importance.
Methods have been developed to determine the accessibility of
(modified) zeolites and other microporous materials based on the
reactivity of probe molecules in test reactions.”™* For example,
the reactivity of isomers of hexane and decane in cracking
reactions has been used to study the effective diameter of zeolite
pores.”™* In addition, gas adsorption of molecules of increasing
size (e.g. N, < propane < isobutene < neopentane) is often
applied to assess reactant and product shape selectivity.'> These
studies can give valuable insight in the effective pore diameter as
well as the accessibility of pore entrances for reactant molecules.
However, these approaches are usually limited to assessing
accessibility, giving only limited information about the inter-
action of the materials with the adsorbed molecules.

The study of zeolite structure and reactivity at the micro-
scopic scale often relies on probe molecules or reactions that
can be monitored with various high-resolution spectroscopic
techniques.’®'” Fluorescence microscopy, in particular, has
taken a prominent role as a versatile tool to study catalytic
materials."®° Probing materials with molecules that absorb
and emit light in the visible region has some distinct advantages.
First, the absorption of light is often influenced by the environment
in which a molecule is confined, allowing an evaluation of the
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interaction between the probe molecule and its host material.>***

Second, using fluorescence microscopy the location of the molecules
can be precisely determined (even below the diffraction limit of light)
within catalytic* or zeolitic host-guest materials.>* To the best of our
knowledge, fluorescence microscopy has not yet been used to study
shape selectivity directly.

The aim of this study is to investigate micropore accessibility in
zeolites of varying topology by making use of a series of differently
sized fluorescent probe molecules 1-4, which are shown in
Scheme 1. These probe molecules are based on the trans-4-(4-
(dialkylamino)styryl)-N-methylpyridinium iodide (DAMPI) scaffold.
The commercially available diethyl analogue (probe molecule 2)
of this series of fluorescent probes has been used before to
stain zeolite crystals®® and, more specifically, to visualize the
straight pores of MFI crystals®® as well as mesopores in zeolites
formed by steaming.”” The alkylamino moiety of this molecule
offers a convenient synthetic handle for a systematic size
modification of the probe molecule by variation of the alkyl
substituents. This results in a series of T-shaped molecular
probes of different size that can be used to study changes in
zeolite pore accessibility. Variation of only the alkyl groups
should not change the electronic properties of the probes much,
allowing observed differences in adsorption to be attributed to pore
size-dependence. Furthermore, the anisotropy of the rod-shaped,
conjugated molecules, such as DAMPI, also offers other distinct
advantages. The polarization-dependent light absorption that such
probes display, for example, can be used to elucidate the specific
orientation of the probe molecule in a three-dimensional micro-
pore system, such as those found in zeolites.*®

Our study focuses on three industrially relevant zeolites, namely
CHA (i.e., SAPO-34), MFI (i.e., ZSM-5) and FAU (i.e., zeolite Y).i
These frameworks are representative for zeolite materials with 8,
10 and 12-membered rings, respectively. Probe molecules 1-4,
bearing methyl-, ethyl-, isopropyl- and cyclohexyl-substituents,
were subjected to two types of experiments. First, adsorption
experiments were carried out to determine if the probe is taken
up by the zeolite material. In this way, the relationship between

i According to the original definition, SAPO-34 is not a zeolite, as it is not an
aluminosilicate material. However, within the scope of this work there is no
distinction between these so-called zeotype materials and zeolite materials as this
work only deals with the relative size of the micropores.
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probe molecule and zeolite pore size can be studied and serves
as a benchmark for zeolite accessibility. We show that the zeolite
frameworks studied allow molecules to enter with a diameter
slightly larger than the reported effective pore diameter. Kinetic
experiments furthermore showed that internal mass transfer
limitations influence the extent of probe adsorption. Absorption
spectroscopy experiments on the probe-loaded zeolite samples
demonstrated the influence of confinement in and interaction
with the zeolite on the spectroscopic properties of the probe
molecule. Indeed, based on observed changes in the electronic
properties of the probe, the probe molecules were found to
chemically interact with the zeolite acid sites.

2 Experimental

2.1 Materials
trans-4-(4-(Diethylamino)-styryl}-N-methylpyridinium iodide 2 (98%)
was purchased from Fluka. N,N-Diisopropylaniline (97%), phos-
phorus oxychloride (99%), dimethylformamide (99.8%) and
N,N-dicyclohexylamine (99%) were purchased from Aldrich.
4-Dimethylaminobenzaldehyde (99%), 4-picoline (99%) and iodo-
methane (99%) were purchased from Acros. Iodobenzene (98%) was
purchased from ABCR. Ethanol (99.5%) was purchased from Merck.
H-SAPO-34 was purchased from ACS Chemicals, while NH,-ZSM-5
and NH,-Y were purchased from Zeolyst. The zeolite powders were
calcined in a static oven at 773 K for 24 h in air to convert them into
their proton form and/or remove any impurities. All other chemicals
were used as received. Experimental details on the synthesis of probe
molecules 1, 3 and 4 can be found in the ESL+

2.2 Experimental details

UV-vis spectroscopy studies were carried out on solids with an
Avantes Avalight DH-S-BAL with deuterium and halogen lamps
used as the light source. An Avantes Avaspec 2048L is used as
the detector. Both are connected through a fiber optic cable.
For the UV-vis spectroscopic studies of the probe molecules in
solution, a Cary 50 spectrophotometer from Varian was used.
NMR spectra were obtained using a Varian 400 MHz NMR
spectrometer. X-ray diffractograms were recorded using a Bruker D2
Phaser. Mass spectra were obtained using an LCT Premier XE mass
spectrometer from Waters Micromass using electron spray injection
(ESD) as the ionization method. Ar physisorption isotherms were
recorded using a Micromeritics Tristar 3000 setup operating at 77 K.
Prior to the physisorption measurements, zeolite samples were
sieved using only the fraction 75 < x < 90 pm. The samples were
dried in vacuum at 673 K overnight. Temperature programmed
desorption of ammonia (NH;-TPD) was performed on a Micromeri-
tics ASAP-2020 equipped with a TCD detector.

Some probe degradation was observed in acidic environ-
ments, likely caused by hydrolysis (see Scheme 1). Indicative
of such probe degradation is the emergence of a band in the
UV-vis spectra at ~270 nm corresponding to a less conjugated
system. To minimize degradation dry solvents were used in the
zeolite adsorption experiments, and zeolites were calcined
before each experiment.

This journal is © the Owner Societies 2017
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The amount of probe molecule adsorption on the zeolite
powders versus time was studied by stirring a suspension of the
zeolite powder in an ethanol solution containing one of the
probes. Before the adsorption experiments, zeolite powders
were calcined in vials at 773 K for 6 h. The vials containing
the zeolite powders were sealed at 373 K to minimize adsorption
of water and cooled down to room temperature. 20 or 50 mg of
zeolite powder was stirred with one of the probes 1-4 in ethanol
in various concentrations; the resulting suspension was 50 mL.
Samples were taken every hour for up to 8 h and then daily for
5 days, taking care to take samples only from a properly homo-
genized suspension. Samples were immediately filtered using a
0.45 pm PTFE filter. At the end of the experiment the zeolite
powders were washed with ethanol and dried in air. The probe
concentration in each sample was measured from the absorp-
tion of the solution at the A, of the probe molecule (1 481 nm;
2 492 nm; 3 495 nm; 4 501 nm). The amount of probe adsorbed
by the zeolite g, (mol g ") at time ¢ was calculated using the
following formula:

g = o=V 0

m
where ¢, and ¢, are the initial concentration and the concen-
tration at time ¢ (mol L"), V is the volume of the solution (L) and
m is the mass of the zeolite (g).

Zeolite-probe materials were made by suspending the
zeolite powder in ethanol containing an excess of one of the
probe molecules 1-4. For experiments with NEt;, an excess of NEt;
was added to the solution before addition of the zeolite. UV-vis
spectroscopy was used to determine the absorption spectra of
the zeolite-probe combination. The adsorption capacity and
mechanism were studied by applying/fitting three adsorption
models to the data: (a) the Pseudo First Order Equation (PFOE)
proposed by Lagergren,* (b) the Pseudo Second Order Equation
(PSOE) as describe by Ho®® and (c) the intraparticle diffusion
model described by Weber and Morris.** Additional information
on the theory and application of these models can be found in
the ESIL.T

2.3 Computational details

The ground states for probe molecules 1-4 were obtained by
means of Density Functional Theory (DFT) calculations using
the well-known B3LYP**?? functional with the 6-31+G(d,p)
basis set. With all harmonic vibrational frequencies being real,
all structures are minima on the potential energy surface. The
optimized geometry in the ground state was used for the
calculation of the dimensions of the molecule. The dimensions
were determined by the smallest cylinder that fully enclosed the
entire molecule using the RADI software.>**> van der Waals radii
were taken as the minimum distance between the calculated atom
positions and the walls of the cylinder. The diameter of this
cylinder is used below as the diameter of the probe molecule.
Solvation energies were computed at the same level of theory
for each probe molecule in ethanol with the Solvation Model
based on Density (SMD).>® The UV-vis spectra were calculated
for the molecules in this solvent environment by TD-DFT.

This journal is © the Owner Societies 2017
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The ground state geometries were employed throughout all excited
state calculations. Thus, the theoretical excitation energies corre-
spond to vertical transitions, which can be approximately identified
as band maxima in experimental absorption spectra. All calculations
were performed with the Gaussian 09 software.>”

The simulations of movement of the probe molecules
through straight pores of MFI zeolite were carried out with
Gaussian and plane waves (GPW) method implemented within
the CP2K package.’® The DFT-D3 dispersion-corrected Perdew,
Burke and Ernzerhof (PBE) functional with the DZVP basis set
and a plane waves density cut-off of 1000 Ry was used. The
initial zeolite structure was taken from the IZA database®® and
further optimized using ab initio molecular dynamics simulations
performing 10 ps isothermal-isobaric (NPT) simulations at 1 bar
and 400 K followed by a canonical ensemble (NVT) simulation
at 400 K with a time step of 2 fs. After initial equilibration, the
structures from the snapshots with the minimal potential
energy were taken and optimized. The structure with the
minimal potential energy was used for all further calculations.
A probe molecule was placed into the zeolite at the intersection
of a sinusoidal and straight channel and systematically moved
along the straight pore (step size 1 A). To prevent movement of
the zeolite and probe molecules during geometry optimiza-
tions, 5 atoms in the probe molecule and zeolite were fixed in
the direction of the pore. The energies are given as the
difference between the energy of the optimized geometry of
the probe inside the pore versus the sum of the probe and
zeolite in vacuum (not in contact to each other). The activation
energy for movement from one intersection to the next was
calculated from the difference of energies corresponding to the
most and the least stable positions within the zeolite pore.

3 Results and discussion
3.1 Synthesis and characterization of probe molecules

Three derivatives of the commercially available DAMPI mole-
cule were synthesized by changing the alkyl substituents on the
aniline group from ethyl groups (2) to methyl (1), isopropyl (3)
and cyclohexyl (4) groups, with the latter two compounds being
new. Variation of the alkyl substituents provided a convenient
handle to control the effective diameter of the probe molecule.
These probe molecules are synthesized by a base-catalyzed
reaction from a common picoline precursor and a modular
benzaldehyde component (Scheme 1). The substituents on the
latter can be systematically varied, in principle providing access
to a broad range of DAMPI-type molecules. Powdered samples
of the four probes show various shades of red, in line with the
assumption that variation of the alkyl substituent has little
effect on the electronic properties of these dyes (Table 1).
Notably, crystallization of probe molecule 3 yields dark green
crystals (which give a red powder upon crushing), highlighting
the large effect of intermolecular interactions. The color shift to
green in the crystal could be due to intermolecular donor-
acceptor interactions, if those parts of the molecule are in close
proximity due to specific stacking within the crystal.*
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Table 1 Properties of the probe molecules 1-4 used in this study

Probe Amax”  Memi, ma’ Emax” Diameter®
molecule  (nm) (nm) (10°mol™*L™*em™) (A

1 481 571 37.6 5.8

2 493 606 53.1 6.5

3 495 601 38.3 7.2

4 501 601 41.5 10.1

“ In ethanol. ? In the solid state (probes are non-fluorescent in solution).
¢ Calculated by DFT from the optimized geometry of the probe molecule,
see Section 2.3 for details.

As probe molecules 1-4 were designed to probe into zeolite
pore accessibility and diffusivity, a proper estimate of their
molecular size is of prime importance. To this end, the mole-
cular structure of the four probe molecules was determined by
DFT calculations. The optimized geometry was enveloped with
the smallest possible cylinder taking into account the van der
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Waals radii, resulting in a typical length and diameter for each
probe molecule. While the length of the cylinders showed only
minor differences, the effect of the alkyl substituent is clearly
reflected in the diameter (Fig. 1c). Probe sizes thus range from
5.8 A, which is approximately the size of a 10-ring zeolite
micropore, to 10.1 A, the size of a 14-ring zeolite pore.

The UV-vis spectra of the dilute reddish solutions of probe
molecules 1-4 (Fig. 2b) show one main absorption band for all
probes with a An.x ranging from 482 to 501 nm. Larger alkyl
substituents cause a red shift in the absorption maximum (Z.e. to
longer wavelengths). This is likely caused by an increase in
electron donation of the larger alkyl groups, rendering the amine
moiety with stronger donor character. Indeed, DFT calculations
show an increased electron density on the amine moiety for
larger alkyl substituents (Fig. 2a). The energy levels for the
highest occupied molecular orbital (HOMO) also increase in
energy with increased alkyl substitution, which is in line with

Fig. 1

(a) Schematic representation of the experiments showing a generalized zeolite structure (red) and the probe molecules (green). (b) Pore openings

and sizes of selected zeolites used in the adsorption experiments. Zeolite Y (FAU) is used as a model for 12-ring pores, ZSM-5 (MFI) for 10-ring pores and
SAPO-34 (CHA) for 8-ring pores.®® MFI has two types of pores, straight pores with a diameter of 5.6 A, and sinusoidal pores with a diameter of 5.3 A (not
shown). (c) The four synthesized molecular probes 1-4 with their sizes based on DFT calculations.
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(a) Molecular orbital plots of the probe molecules 1-4, showing the electron density at the amine moiety for the HOMO and electron density at

the pyridine moiety for the LUMO. The energy level of the HOMO of probe 1 is taken as a reference point for the other HOMO and LUMO energy levels.
(b) UV-vis absorption spectra (in ethanol) of probes 1-4 at a 25 mM concentration. (c) Normalized emission spectra of probes 1-4 in solid state using a

488 nm laser as the excitation source.

previous results.” The lowest unoccupied molecular orbital
(LUMO) on the other hand does not change much throughout
the probe series; the electron density for the LUMO is mostly
located on the pyridine moiety, which remains unchanged in the
series. As a result, the increased energy level for the HOMO thus
leads to a smaller HOMO-LUMO gap and the associated red
shift.§ The calculated UV-vis spectra (Fig. S1, ESIT) of these probe
molecules correspond very well to those measured experi-
mentally in ethanol. The relatively small shift in absorption
maximum within the series again shows that modification of
the probe molecule by substitution of the alkyl groups on the
amine moiety does not lead to a large change in the electronic
properties of the molecule.”” Emission spectra of the four probe
molecules were recorded for the powders using a 488 nm laser as
the excitation source (Fig. 2c); in solution, fluorescence is
quenched by cis-trans isomerization.”>*> The emission maxima
of the probe molecules range from 571-606 nm; such a large

§ The HOMO-LUMO gap does not coincide with the absorption maximum of the
probes; this is because the Kohn-Sham DFT model was used.

This journal is © the Owner Societies 2017

Stokes shift is beneficial for probes that are used for imaging
purposes.*?

3.2 Adsorption of DAMPI-type molecules into zeolites

The three zeolite framework structures selected for the adsorption
experiments (i.e. CHA with 8-ring pores, MFI with 10-ring pores
and FAU with 12-ring pores (Table 2)) have a 3-dimensional
pore system. The CHA and FAU frameworks have the same
pores in all directions, while MFI has straight pores in one
direction while the sinusoidal ones are oriented in another
direction. The MFI pore system has previously been subject of
study by Roeffaers et al.>® using probe molecule 2, arguing that
this probe enters the pore mouths of the straight pores only in
an end-on, stopcock kind of fashion (i.e. pyridinium-side first).
Ar physisorption was performed to show the accessibility of the
pore network and the micropore volume of each zeolite. Some
mesoporosity is detected, but this is expected to be derived
from the area between aggregates of zeolite particles, and
therefore will have no substantial influence on probe adsorption
(see Fig. S4, ESIt).

Phys. Chem. Chem. Phys., 2017, 19, 1857-1867 | 1861
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Table 2 Properties of the zeolite materials used in this study

Micropore Acid site
Pore Si/Al  volume” density” Micropore
system Topology ratio (em®g™') (mmolg™') size? (A)
8ring CHA (SAPO-34) 0.2° 0.18 1.68 3.8
10-ring MFI (ZSM-5) 15 0.13 0.74 5.6°
12-ring FAU (Y) 2.6 0.3 1.02 7.4

“This is an approximate value as in SAPO materials, the acidity is
highly dependent on Si distribution in the framework.®®? t-plot
method. ¢ All acid sites, as determined by ammonia TPD. ¢ Based on
the largest pore diameter of relevant pores as stated in the International
Zeolite Database. ¢ Sinusodal pores of MFI are slightly smaller but are
not considered to be relevant for this research.?”

The zeolite powders were contacted with solutions of the
probe molecules, and samples were taken at regular intervals to
investigate the rate of adsorption of the DAMPI-type molecules.
The results are summarized in Fig. 3. As expected the zeolite
with 8-ring pores shows no adsorption of any of the probes,
confirming that probe molecules 1-4 are too large to enter
these pores, which are only 3.8 A in diameter. For the other
zeolite materials under study, it was found that the quantity of
probe molecule adsorbed usually plateaus in 1 or 2 days,
(Fig. 3a and b for FAU and MFI). Experiments were stopped
after 5 days, as in some cases partial degradation of the probe
was observed if the contact time was longer than that. The total
probe uptake after 5 days is shown for each zeolite in Fig. 3c.

There is significant uptake of probe molecule 1 (5.8 A) into
the 10-membered ring pores of zeolite MFI (5.1-5.6 A), even
though these pores were expected to be too small for probe
inclusion, based on our calculations. It is known that the
similarly-sized trans-stilbene (5.7 A) also readily enters zeolite
MFL.** Evidently, there is some degree of flexibility in either the
probe molecule or the zeolite structure; the latter is indeed
known to exhibit some flexibility in case of tight fits.*>*® In
addition, van der Waals radii, due to their statistical nature, can
vary by few tenths of an Angstrém depending on the system.*’
In contrast to probe molecule 1, probe 2 shows adsorption just
above the detection limit while probes 3 and 4 do not show any
adsorption. To study these differences of adsorption into the
MFI framework in more detail, DFT calculations were performed
on probe molecules 1-3 within an MFI straight pore. The
molecule was moved along a straight pore stepwise from one
intersection (with a sinusoidal pore) to the next intersection. The
energy landscape obtained this way is shown in Fig. 4. For probe
molecule 1, the activation energy associated with this transloca-
tion is just 50 k] mol~*, which can be easily overcome at room
temperature. Movement of probe molecule 2, however, should
be very slow or negligible given the calculated activation energy
of 125 kJ mol ™', while probe 3 is unlikely to move through
the pore (>300 k] mol™"). These results are in line with the
experimental adsorption results.

For zeolite FAU, adsorption of varying amounts of probe
molecules 1-3 is seen, while no significant amount of probe 4 is
adsorbed: this is in line with what is calculated based on probe
size. The initial rate of the adsorption is influenced by the size
of the pore, showing that, as expected, the steric bulk of the

1862 | Phys. Chem. Chem. Phys., 2017, 19, 1857-1867
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Fig. 3 Probe adsorption curves for probe molecules 1 (black), 2 (red),
3 (green) and 4 (blue) into the zeolites with (a) MFI and (b) FAU morphology.
Squares represent adsorption data points; dotted lines are fits obtained by
the Pseudo Second Order Model (PSOE) based on the data. Probe
adsorption curves of CHA are not shown due to the low amount of
adsorption observed in these experiments. (c) Equilibrium amounts of
probe molecules 1-4 adsorbed into CHA (8-ring), MFI (10-ring) and FAU
(zeolite Y) after 5 days.

molecule influences the speed at which the molecules move into
or through the zeolite pores. The plot between the probe versus
pore size difference (PPSD) and the natural logarithm of the
initial rate of adsorption shows the relationship is exponential as

This journal is © the Owner Societies 2017
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Fig. 4 The structure of probe molecules 1-3 was optimized by DFT
with intervals of 1 A along the straight pore of a 10-ring zeolite (MFI).
The corresponding energy level of each position is plotted here against
position. The molecule and zeolite not in contact in vacuum is taken as a
reference. The probe molecule was first placed at an intersection of a
straight pore with a (perpendicular) sinusoidal pore and was then moved
approximately two intersections further.

a straight line is obtained from this plot (Fig. 5a). This implies
that that the activation energy E, of the adsorption of the probe
into the zeolite is linearly related to the size of the probe.

Interestingly, the total amount of probe adsorbed is also
influenced by probe size: the equilibrium adsorption amounts
versus the PPSD also give a linear relationship (Fig. 5b). The
relatively small increase in volume between the probe molecules
(due to steric bulk) can not explain this large change in adsorption.q
The equilibrium amount adsorbed is a thermodynamic parameter
and must therefore be governed by physical (i.e. van der Waals or
dipole interactions) or chemical (i.e. protonation) interactions of the
probe molecule with the zeolite. These interactions become weaker
with distance; it is therefore likely that the steric bulk surrounding
the molecule limits the probe from effectively binding to the zeolite.

To gain more insight in the kinetics and mode of adsorption,
three adsorption models were tested on the data. A comparison was
first made between the Pseudo First Order Equation (PFOE)*® and
the Pseudo Second Order Equation (PSOE) models, two models
applied extensively to adsorption of molecules into microporous
materials.*®*® These models are both empirical, but can be derived
from the Langmuir adsorption model. The applicability of these
models depends on the concentration of the probe with respect to
the zeolite, with the PFOE giving better fits at higher probe/zeolite
ratio and PSOE at a lower ratio.”® However, as this ratio is not
constant over the course of the experiment, the applicability of the
model may differ over time.*® It was found that a good fit could be
obtained with the PFOE for the first 24 h of the experiment only
(Table 3 and Fig. S6, ESIt). Moreover, the model was unable to
predict the adsorbed amount in equilibrium. Because of this, the
PFOE was discarded as model for the adsorption process.

9 The enclosing cylinder used in the probes’ size determination is only 1.5 times
larger for probe molecule 3 than for probe 1.
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Fig. 5 The initial rate (a) and the equilibrium amount (b) of the different
probe molecules 1-3 adsorbed in FAU in comparison to the tightness of fit
between probe and the zeolite pore. (a) The initial rate is calculated from
the Pseudeo Second Order Equation and plotted on a logarithmic scale.
The sizes of the probes 1-3 and zeolites can be found in Tables 1 and 2.
The R? value of the fit is 0.9997. (b) Adsorbed amounts were recorded from
adsorption experiments when the adsorption had plateaud, after 4 and
5 days. The R? value of the fit is 0.9983.

Conversely, PSOE was found fit the adsorption of probe
molecules 1-4 into zeolites well over the complete time range.
The application of the linear form of this model is shown in
Fig. 6a, while Fig. 3 shows how the model fits the adsorption
curves. If the total adsorption is low, the experimental error
hampers an accurate fit (Fig. S7, ESIT); therefore, only probes that
were adsorbed in significant amounts (more than 10 pmol g *,
determined by the experimental uncertainty) were analyzed. The
PSOE can be applied to systems where the adsorption is dependent
on the amount of available adsorption sites in the material and
when desorption is not contributing to the overall rate.*® The first
condition is applicable to zeolites where a finite number of probes
fit into the pores. The second condition was verified by experiment;
probes adsorbed on zeolites do not desorb when stirred in a
solution with ethanol. Apparently, the equilibrium is completely
on the adsorbed side, so there must be a significant energy
gain. A good fit obtained with the PSOE is usually indicative of a
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Table 3 Quality of fits of kinetic models for probe/zeolite combinations
with sufficient adsorption and initial rate of reaction for the PSOE

PFOE PSOE IDM
Initial rate
Zeolite Probe R? R? pmol g’1 h™t R% R%,
MFI 1 0.8848 0.9994 17.5 0.9484 1°¢
FAU 1 0.6971 1 932.1 0.9194 0.7062
FAU 2 0.9623 0.9994 126.0 0.9246  0.9865
FAU 3 0.9539 0.9914 14.3 0.9893 0.9883

@ R?, is unity as only two data points fell within this region.

chemical interaction between adsorbent and adsorbate, as it is
associated with the Langmuir adsorption model.”® The probe
molecules used contain several functional groups, most notably
an amine group which can be protonated. The good fit with the
model therefore again suggests that the molecules are chemically
bound to the acid sites of the zeolite. Protonation of the probe
molecule by an acid site is also supported by the linear relationship
between PPSD and the equilibrium amount adsorbed for probe 1-3
in FAU: increased steric bulk will negatively influence the ability of
the zeolite to protonate the probe molecule because of the increase
in probe—zeolite proton distance.

The Intraparticle Diffusion Model (IDM)*" is a model closely
related to the PSOE and can yield additional insight in diffusional
behavior of a system.”® This model assumes that (slow) diffusion of
molecules within pores influences the overall adsorption rate.*
The rate limiting step in this type of adsorption studies is usually
film diffusion or intraparticle diffusion.”’*> The Weber plot of
t*° versus g, shows two separate linear regions (Fig. 6b and Fig. 6,
ESIT). The timeframe of the first region is longer than the typical
time attributed in adsorption experiments;> it is therefore likely
that film diffusion has already taken place before the first data
point. The first linear region of the plot, representing the first 24 h,
is therefore likely to be due to internal mass transfer limitations i.e.
intraparticle diffusion.®® The slope of this region shows that
intraparticle diffusion is dependent on the PPSD, with a higher
PPSD accounting for faster diffusion. The second linear region of
the plot, representing the experiment from 24 h till the end is
almost flat for most probe-zeolite combinations, showing that
equilibrium has been reached. However, for probe molecule 1 in
MFI and probes 2 and 3 in FAU, this region of the plot shows a
slight slope, indicating equilibrium has not yet been reached.
Possibly, the first region signifies diffusion through the aggregates
of zeolite particles, while the second region corresponds to diffu-
sion into the zeolite pores (see Fig. S2, ESIY).

As pointed out above, processes governing diffusion on time
scales relevant to catalysis are mostly not taken into account in our
results.> Because of the tight fit between probe molecule and
zeolite and the resulting slow diffusion processes, the adsorption
process of the DAMPI-type molecules goes well beyond this time
scale. It is therefore clear DAMPI-type molecules are most suitable
to study uptake and accessibility on longer timescales.

3.3 Spectroscopic study of adsorbed probe molecules on zeolites

Although the uptake of some probes was low due to their
inability to access the zeolite pore network, UV-vis absorption
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1 on FAU. (a) Shows the linear variant of the pseudo second order equation
showing the quality of the fit (see also Table 3 and Fig. 3). (b) Shows a
Weber—Morris plot. Two different linear regions can be observed, which
apply to two different stages of adsorption.

spectra could be measured for each probe taken up by MFI and
FAU. This allowed us to study the influence of the framework
environment on the probes’ spectroscopic properties. The
results are summarized in Fig. 7. Invariably, the absorption
spectra of the probes show an intense band at 330 nm. As
absorption at this wavelength was also reported for probe
molecule 2 in aqueous HCI, it is postulated that the 330 nm
band can be attributed to protonation of the amine moiety of
the probe by the Bronsted acid sites in the zeolite.’®>” To verify
this hypothesis, the adsorption experiments of probe molecules
1-4 on the zeolite materials under study were repeated, but now
in the presence of triethylamine, in order to neutralize the acid
sites of the zeolites.>® For the quenched zeolites that were
stained this way (without available protons to react with the
probe molecules), the band at 330 nm is (almost entirely) absent,
confirming the interaction of the probes with the acid sites of the
zeolite. Additionally, an MFI sample stained with probe molecule
1 was contacted with both pure ethanol and ethanol-containing
NEt;. It was found that the solution-containing base is able to

This journal is © the Owner Societies 2017
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leach the probe molecule from the zeolite, while the one without
the addition of the base is not. Additionally, the amount of probe
adsorbed never exceeds the amount of available acid sites in these
experiments. ||

Fig. 8 shows that the main absorption bands of probe
molecule 1 (4 = 42 nm), probe 2 (4 = 47 nm) and probe 3
(4 =11 nm) are red-shifted within MFI with respect to the dilute
probe solutions. On the other hand, probe molecule 4 is blue-
shifted (4 = —13 nm). A similar trend for the four probes is
observed in FAU (1: 4 = 12 nm, 2: 4 = 12 nm, 3: 4 = § nm,
4: A = —13 nm). One reason for these spectral shifts is the inter-
action of the zeolite with push-pull conjugated system of DAMPI;
the absorption properties of these probe molecules are known to
be dependent on solvent polarity.>®®° The zeolite is in this case
comparable to a highly polar solvent.®"** On the other hand,
the differences in the shifts of the probes are related to the
PPSD, although the relationship is not straightforward, as is
shown in Fig. 8. In this figure, region I includes probe mole-
cules that are too large to enter into the pore zeolites with a
small or even negative shift. The other regions both contain
zeolites within accessible pores. Region II depicts a tight fit with

| For probe molecule 1 in FAU 0.5 mmol g ' is adsorbed (Fig. 3) while the
amount of available acid sites is 1 mmol g~* (Table 2).
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adsorbed onto MF| (l) and FAU (@) with respect to the /nax in solution,
plotted against the size difference between the probe molecule and the
zeolite pore. The diameters of probe molecules and zeolite pores can be
found in Tables 1 and 2.

corresponding large influence on the absorption maximum, while
region III represents a loose fit, leading again only to a small
change in absorption properties. There is a narrow band within
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the PPSD which can be associated with a tight fit between the
probe and the zeolite. Interestingly, the effect of confinement is
seen with all probe-zeolite combinations, even the probes that do
not fit into the pore network. Possibly, the T-shaped probe
molecule is inserted end-on into a zeolite pore, thus allowing
the molecule to behave as if it was completely adsorbed.”® The
sensitivity of the spectroscopic properties of this probe series for
the microscopic environment can be thus be used to gain more
insight in the interaction of the probe with its surroundings.

4 Conclusions

Distinct fluorescent DAMPI-type molecules of sizes comparable
to zeolite pore diameters were successfully synthesized by
changing the steric bulk substituents using alkyl groups, while
the electronic properties of this series of molecular probes were
kept almost constant. The accessibility of these probe molecules into
different zeolite framework structures, namely CHA (8-membered
rings), MFI (10-membered rings) and FAU (12-membered rings),
was evaluated and a correlation was found between the calculated
size of a molecule and its ability to enter the zeolite pores. An
increase in steric bulk leads to a decrease in the initial adsorption
rate, because bulky molecules move slower through the zeolite
pores. Additionally, steric bulk influences the equilibrium
amount of probe adsorbed into FAU, presumably by increasing
the distance between the probe molecule and the zeolite pore
wall. Kinetic experiments show that while internal mass transfer
limitations play a role when there is a tight fit between the probe
and the zeolite, this effect is less pronounced when the probe
easily fits in the pores.

The probe molecules are protonated upon adsorption into
the zeolite by a Brensted acid site, which causes irreversible
adsorption of the probe molecules. Adsorption into the pores of
the zeolite is accompanied by the emergence of a second band
in the UV-vis spectrum, caused by protonation of the probe
molecule. Additionally, the main absorption band is shifted,
with a large spectral shift indicating a tight fit of the DAMPI-
type molecule and the zeolite pore. In this way, probe molecules
give valuable information about the interaction with the zeolite
that goes beyond information on pore accessibility.

The approach presented here shows that steric hindrance
can be systematically added to probe molecules to modify their
size and accessibility. These probe molecules can be used to
study physicochemical properties of a wide range of materials
and possibly predict effective pore sizes based on the adsorp-
tion of a series of probe molecules differing in size.
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