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Intracrystalline zeolite silanol defect groups (≡SiOH) were modelled in silicalite (silica ZSM-5, MFI) using experimental

data. We make a molecular dynamics study on the self-diffusivity of benzene in silicalite with defects. The simulations at

three different loadings (1, 3 and 5 benzene per unit cell) and temperatures (298, 348 and 398 K) allow to calculate self-

diffusivity, adsorption energy and the activation energy. The results show that benzene self-diffusivity in silicalite is

increased by the presence of silanol defects. Previous experimental results support this claim.
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1 Introduction

Zeolites are a family of microporous solids, which are com-
monly utilized in industrial applications such as ion-ex-
change, heterogeneous catalysis, gas adsorption and separa-
tion due to their diverse structural characteristics, such as
various pore sizes and shapes, chemical compositions and
topologies [1, 2]. The structure of zeolites consists of corner
sharing TO4/2 tetrahedra as the main building unit, in
which T is commonly either Si or Al.

In the synthesis of zeolites, organic structure directing
agents (OSDAs) are usually employed to promote the for-
mation of a specific zeolite phase. Since OSDAs are usually
positively charged molecules, the net charge needs to be bal-
anced in the zeolite framework. In aluminosilicate zeolites,
charge is generally counterbalanced through the negative
charge of the [AlO4/2]– tetrahedra, whereas in pure silica
structures, consisting of SiO2 units, the neutrality is
achieved by structural defects, such as those containing
intracrystalline silanols (≡SiOH) and siloxy (≡SiO–) groups
[3].

Upon calcination of the OSDA molecules, the number of
defects in zeolite structures has been demonstrated to re-
duce considerably, except for those with intrinsic silanol
groups such as SSZ-74 [4], which includes ordered vacancy
defects in its framework that do not heal upon calcination.
For example, the high concentration of defects in ITQ-1
(33 % of the silicons belonged to defect sites) was reduced

to 6.9 % after the calcination [5]. In a similar work, these
defects were seen to completely heal after calcination,
resulting in a defect-free pure silica MWW structure [6].
The healing of defects after calcination was also observed
in other zeolites such as MFI [7, 8], RTH [9], FER [10],
SOD [11] and FAU [12].

The characterization of the defects in a zeolite can be
done by 29Si magic angle spinning (MAS) NMR through
the information about Q4 and Q3 peaks, corresponding to a
fully framework-coordinated silicon and to silicons with a
network termination, respectively. If this termination is a
OH group, this becomes an intracrystalline silanol defect,
which will be considered in this study and can also be de-
tected by 1H MAS NMR. Further, cross polarization 29Si/1H
allows a full identification of silanols [13]. By using this
technique, Koller et al. [14] elucidated the chemistry of
defects in DDR, MTW, AFI and MFI structures and
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concluded that the optimum place for defects in these struc-
tures are the six rings and proposed a model for the defect
sites. Later, by analyzing double quantum and triple quan-
tum 1H MAS NMR of as-made ZSM-5, Brunklaus et al.
[15] determined the arrangement of the defects in MFI
structure and suggested that defects should be located in
edge-sharing 6-rings along the straight channels.

Silanols have been used for various applications. For
example, silanol groups can be formed by hydrolysis of cer-
tain germanosilicates, such as UTL, playing an important
role in synthesis of novel zeolite phases using assembly-dis-
assembly-organization-reassembly (ADOR) process [16].
Moreover, the presence of silanol defects may alter the
structural and chemical properties of zeolites, thus they
have been a topic of interest for material scientists [17].
While studying the catalytic activity of silicalite, Janiszewska
et al. [18] discovered that silanol nests increase the conver-
sion of propan-2-ol to propylene. After exploring the meth-
anol-to-olefin (MTO) process over Sigma-1 and ZSM-58
zeolites (both structures with DDR topology), Yarulina et al.
[19] concluded that internal silanols increase the deactiva-
tion rate of the MTO process. A similar result was obtained
by Qin and co-workers, where the existence of silanol
defects was responsible for the fast deactivation of the cata-
lyst during methanol to hydrocarbon transformation [20].
Li et al. [21] used silanol-rich IPC-1P zeolite as support for
rhodium nanoparticles and found out that silanol nests
stabilize Rh particles due to hydrogen transfer between rho-
dium particles and silanols. As evidenced from these studies
along with many others [22–26], the role of silanol groups
on the catalytic performance of zeolites have been widely
explored. However, their influence on the diffusive proper-
ties of zeolites is yet to be fully unveiled.

Self-diffusion of aromatics in zeolites has been widely
explored experimentally, using methods such as quasielastic
neutron scattering (QENS) and pulse field gradient nuclear
magnetic resonance (PFG NMR) [27–30]. While these
methods are the most accurate techniques for measuring
self-diffusion, they are time-consuming and expensive.
Computational methods like Monte Carlo (MC) and molec-
ular dynamics (MD) simulations have proven to be very
effective for calculating the self-diffusivity of molecules
inside a zeolite in a time-efficient manner [31–33].

Motivated by this, in the present work we aim to reveal
the effect of intracrystalline silanol defects on the self-diffu-
sivity of benzene inside silicalite zeolite, a commercially
available and industrially relevant material [34, 35], by com-
putational methods. We introduced structural defects to the
experimentally reported structure of as made ZSM-5 [36]
according to the insights gained from refs. [14] and [15]
and generated a defective silicalite structure (Fig. 1). We per-
formed MD simulations using both defectless and defective
silicalite zeolites at various temperatures and benzene load-
ings to investigate the effect of defects on the diffusion of
benzene inside the silicalite zeolite.

The choice of system was also made so that high quality
experimental data on self-diffusivity is available in the liter-
ature. QENS and PFG NMR [37] are able to investigate
diffusion events typically in the interval of 2–35 ms [38].
QENS is considered as a microscopic procedure and infor-
mation about diffusion mechanism at the atomic level can
be obtained by this method. PFG NMR is also categorized
as a microscopic technique and was introduced in the sev-
enties, among others, by the Kärger group in Leipzig [39].
Jörg Kärger and Jürgen Caro presented a seminal paper
which raised a decades-long debate about the large span of
diffusivity values and types of diffusivities measured by the
different techniques [40]. The study of complex systems can
provide good insights into the mobility and transport phe-
nomena of adsorbed molecules by application of these tech-
niques [41]. Depending on the conditions of measurement
provided by the host-guest system under study, the covered
distances range from hundreds of nanometers to hundreds
of micrometers. Thus, PFG NMR has the unique ability to
determine the rate of molecular transport as a function of
the distance traveled. With root-mean square displacements
much smaller than the diameters of the crystals, the result-
ing diffusivities may unambiguously be attributed to the
intracrystalline pore space. In addition, with increasing
observation times and, correspondingly, increasing dis-
placements, it becomes possible to obtain information
about transport resistances at the external crystal surface
and about long-range diffusivities, i.e., about the rate of
transport through a bed of crystals/particles [30]. The mea-
surements by PFG NMR as well as QENS, and also NSE
(neutron spin echo) are done upon equilibrium conditions
so that the self-diffusivity or tracer diffusivity can be ob-
tained accordingly, although differences between the results
by PFG NMR and QENS can be expected, if the spacings of
the internal transport barriers lie between the distances of
the mean diffusion path covered by QENS (typically a few
nanometers) and PFG NMR (typically from hundreds of
nanometers up to hundreds of micrometers) [42].

2 Computational Methods and Models

2.1 Models of Silicalite

The structure of pure silica ZSM-5, without defects, which
will be called ‘defectless’, was taken from the work of Olson
et al. [36]. To generate a model for the defective silicalite,
silanol groups were introduced to the defectless ZSM-5
structure by considering the geometry and position of the
defect sites proposed by Koller et al. [14] and Brunklaus
et al. [15]. They reported that in this structure, containing a
large number of 5-rings and without 4-rings, the silanol
defects are stabilized in 6-rings. In particular, the 6-rings
of ZSM-5 form aggregates of four edge-sharing 6-rings
(Fig. 1a), in which defects are located during the synthesis
process. Since a negative charge in the defect has to be
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present in order to compensate each of the tetra-propyl-am-
monium cations used as organic structure directing agent, it
was suggested that a siloxy group (≡SiO–) would be present
per defect site, such as the one shown in Fig. 1b. Cross po-
larization 1H 29Si MAS NMR experiments allowed to estab-
lish that three silanol groups per siloxy were present and
hence the defect structure indicated in Fig. 1b was suggested
for the as-made silicalite. Upon calcination, as indicated in
the introduction, most of the silanol defects are healed and
29Si MAS NMR allows to establish four silanols per unit cell
(u.c.). The corresponding defect is shown in Fig. 1c, and the
above abundance corresponds to two defect sites, each con-
taining two silanols, per u.c. (Fig. S2, Supporting Informa-
tion). This is the model of silicalite with defects that will be
used for the molecular dynamics simulations. A corre-
sponding CIF file and further information is included in the
Supporting Information (SI).

2.2 Quantum Chemistry Calculations

A cluster model related to the defect in as-made silicalite
(Fig. 1b) was generated. This cluster changed the siloxy

group to a silanol since the protonation happens during the
calcination, followed by a condensation reaction between
two neighboring silanols.

This condensation reaction was modeled by means of
Gaussian 16 package [43], using quantum chemistry semi-
empirical PM7 method [44] in order to elucidate the activa-
tion barrier and the mechanism for this important process.
The cluster was modeled by fixing the position of the outer-
most atoms (to mimic the inclusion in the crystal structure)
and then minimized in energy.

The quantum semi-empirical PM7 [44] method includes
dispersion parameters based on the parameters by Jurecka
et al. [45], as well as previous dispersion corrections
PM6-DH [46], PM6-DH2 [47] and PM6-D3H4 [48], for
PM6 method, as a post-SCF correction. This method has
been parametrized with Hobza’s benchmark database S22
set [49], which provides extensive reference data for inter-
molecular interactions. While the previous post-SCF correc-
tions accurately predict intermolecular interaction energy in
those PM6-D methods, they fail considerably in predicting
heats of formation. In PM7, the dispersion and hydrogen
bond corrections were incorporated into the method before
any parameter optimization was performed, so it is de-
signed to reproduce both intermolecular interaction ener-
gies and heats of formation with accuracy. The parametriza-
tion of intermolecular interactions in this method has been
proven to be more accurate, with lower average unsigned
errors, than the predecessor PM6.

The transition state (TS) structure was elucidated with a
frequency calculation, obtaining a single imaginary vibra-
tional eigenvalue, whose atom contributions correspond to
the reaction pathway. This was furthermore confirmed via
an intrinsic reaction coordinate analysis [50], which led to
the associated minima corresponding to both reactants and
products, supporting the proposed TS as a saddle point
between them.

2.3 Molecular Dynamics Simulations

The investigation of the benzene diffusion inside ZSM-5
structures was carried out by MD simulations, using
DL_POLY Classic 2.20 software [51]. In order to make an
appropriate description of the system, 2·2·2 unit cells were
generated for both defectless and defective ZSM-5. The Ver-
let-leapfrog integration algorithm was utilized in all MD
simulations, which were performed in the NVT ensemble
[52]. The Nosé-Hoover thermostat was considered in the
NVT-MD simulations to control the temperature [53]. In
the simulations, both a flexible and a rigid zeolite model are
used to explain the natural breathing and the thermal vibra-
tions of zeolite channels, and to represent the experimen-
tally measured pore diameter, respectively [54]. A timestep
of 1 fs was employed in the simulations, where an equilibra-
tion of 20 ps was followed by a production run of 50 ns and
100 ns for rigid and flexible simulations, respectively. The

www.cit-journal.com ª 2023 The Authors. Chemie Ingenieur Technik published by Wiley-VCH GmbH Chem. Ing. Tech. 2023, 95, No. 11, 1768–1776

Figure 1. a) and c) Models of silicalite considered in this study.
Starting from the (b) as-made material containing four clusters
of defects – one of them shown in the image –, one per each
OSDA (in cyan) molecule, calcination may produce either a) a
defectless zeolite or c) a zeolite with defects. In the case of sili-
calite, unless the synthesis is made in fluoride media, calcination
leads to a structure with 4 silanols per u.c., which are located in
four edge-sharing 6-rings (colored in blue) according to cross
polarization 1H 29Si MAS NMR data from by Koller et al. [14]
and Brunklaus et al. [15].
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electrostatic interactions were modeled by the Coulomb
potential [55], and Ewald summation was used for the
calculation of long-range Coulombic interactions [56]. A
cutoff of 9.0 Å was set for the truncation of nonbonded
interactions, which were defined by the Lennard-Jones
potential [57]. The intramolecular parameters for benzene
molecules were taken from the fully flexible force field of
Oie et al. [58], and point charges of 0.148 e– and –0.148 e–

were considered for H and C atoms, respectively. The opti-
mized potentials for liquid simulations (OPLS) [59] all-
atom force field, which has been parameterized for liquid
benzene, was used to model nonbonded benzene���benzene
interactions. The description of zeolite���benzene inter-
actions was given by the force field of Snurr et al. [60] For
the zeolite atoms, the force field from one of our recent
works [61], which have been parameterized with the ability
to model silanols, was employed. The self-diffusivity of
benzene molecules was calculated from the slope of their
mean-square displacements by Einstein’s equation [62]. The
heat of adsorption of benzene molecules onto ZSM-5 struc-
tures was calculated by using single-point energy calcula-
tions carried out with general utility lattice program
(GULP) [63], as explained in previous studies [64], to better
understand the effect of silanol defects on the adsorption of
benzene.

In the MD simulations, three different benzene loadings
(1 benzene, 3 benzene and 5 benzene per u.c.) were utilized
to investigate how the diffusivity and the adsorption energy
of benzene in silicalite are influenced by nonbonded benze-
neKbenzene interactions, which become more pronounced
at high loadings [65]. Finally, three different temperatures
(298 K, 348 K and 398 K) were considered for MD simula-
tions, which allow generation of an Arrhenius plot. From
the slope of this plot, it was possible to
calculate the activation energy (Eact) of
diffusion, according to the Arrhenius
equation [66].

3 Results and Discussion

3.1 Silanol Condensation Reaction

Both cluster reactant and product struc-
tures were optimized at the PM7 quan-
tum semi-empirical level of theory. For
the TS of the condensation, herein we
propose a concerted reaction mechanism
in which a silanol protonates a neighbor-
ing silanol while a ≡SiO bond is being
formed, as can be seen on Fig. 2. The
deprotonated silanol (siloxy), ≡SiO–,
then forms the ≡Si-O-Si≡ bond (thus
repairing the defect) while the formed
H2O molecule remains adsorbed to the
zeolite. This reaction shows an ‘‘early’’ TS

in which the proton is transferred between silanols, and the
siloxy group formed is just beginning to form a ≡Si-O-Si≡
linkage. This TS has an activation energy of 166 kJ mol–1

with respect to the initial energy of the reactants. The over-
all reaction is exergonic by –46 kJ mol–1, in agreement to the
early TS observed, and hence the reverse hydrolysis reaction
has a larger activation barrier, of 166 kJ mol–1 + 46 kJ mol–1

= 212 kJ mol–1.

3.2 Heat of Adsorption of Benzene in Silicalite with
and without Silanol Defects

The heats of adsorption values are essential in order to
check the accuracy of the force field methodology used
since its comparison to experimental results is far more reli-
able than with diffusivity values. A wealth of accurately cal-
culated and experimental values of heat of benzene adsorp-
tion in silicalite are available in the literature, and a
balanced summary is shown in Fig. 3. The effect of loading
is always important, in general, for adsorbates in zeolites.
Still, in the case of benzene and silicalite, this is a unique is-
sue due to the rather tight fit of benzene in the medium
pore channels to silicalite’s inherent flexibility. This is why
so many experimental determinations of the silicalite struc-
ture are available in the literature, such as those by Olson
et al. [36] in 1981, van Koningsveld et al. [67] in 1987
(Pnma), van Koningsveld et al. [68] in 1989 (Pm2m), and
van Koningsveld et al. [69] in 1990 (P21/m). Each of these
structures leads to slightly different pore sizes which have
been analyzed, together with the accuracy with which they
can be calculated using four force fields in a recent study in
our group [54]. In particular, silicalite undergoes a phase
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Figure 2. Scheme of the silanol condensation reaction (2≡SiOH fi ≡SiOSi≡ + H2O),
showing the relevant distances of reactants, TS, and products with an adsorbed H2O
molecule, within the potential energy diagram through the reaction coordinate, in
kJ mol–1. The full cluster employed in the quantum chemistry semiempirical PM7 calcula-
tions is shown in Fig. S3.
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transition upon benzene uptake with the so-called ortho
(below 6 molecules per u.c.) and para (between 6–8 molecules
per u.c.) phases, and also another phase transition triggered
by temperature from the orthorhombic Pnma to the triclinic
phase P21/m at temperatures below 350 K [70]. Since our
calculation of heat of adsorption has been performed below 6
molecules per u.c. (1, 3, and 5), the particularities of phase
transition do not need to be taken into account. In principle,
this effect should not be a problem to be tackled by the force
field when using, as it is the case, fully flexible molecular
dynamics, since all calculations are made in P1 cells, which
do not imply any symmetry constraints that may limit the
structural features associated to a phase transition.

Our results in Fig. 3 indicate, for the defectless silicalite, a
close agreement to the experimental results by Song et al.
[71] (within 1.8 kJ mol–1), Pope [72] (within 3.1 kJ mol–1,
except at the higher benzene loading), and calculated by
Snurr et al. [73], while they show less agreement (within
5–10 kJ mol–1) with the results by Thamm [74] or the
computational results by Rungirisakun et al. [75]. The
latter study adjusted the Lennard-Jones parameters for
zeolite���benzene interactions in order reproduce the experi-
mental heat of adsorption of –57.6 kJ mol–1 reported by
Jänchen and co-workers [76], presenting a good agreement
with our results considering defects. Importantly, our zeoli-
te���guest Lennard-Jones parameters were taken from the
study of Snurr et al. [60] and this is of course the main
reason for the agreement, although in this study a flexible
silicalite has been taken into account. Besides, our calcu-
lated values are obtained from an average of 10 molecular
dynamics configurations at the corresponding loading
which have been geometry-optimized.

A neat effect of increase, of 3.4–5.7 kJ mol–1, in our calcu-
lated heat of adsorption is observed when changing from
the defectless ZSM-5 to the structure with defects. This is
due to the specific interactions of the silanol groups with

the benzene molecule as well as the structural silicalite
deformation induced by the silanol defects. Since the defects
introduced correspond to a very accurate experimental
characterization, we believe the structure with defects repre-
sents a more realistic model of the silicalite and the corre-
sponding heats of adsorption should be considered for
comparison to experiments, in which our Qst varied (in
magnitude) from 1.6 to 7.5 kJ mol–1. Further details are
available in the SI (Sect. S5).

3.3 Self-Diffusivity of Benzene in Silicalite with and
without Silanol Defects

Self-diffusion coefficients (D) obtained (Fig. 4) allow to
assess the effects of loading, temperature and structural
defects, and are also compared to experimental results in
the literature. Regarding the latter, unfortunately our results
are between one and two orders of magnitude larger than
those obtained from experiments. Although initially, only
results from PFG NMR, QENS, and NSE techniques pro-
vide measurements of self-diffusivity, a study by Förste et al.
[77] for benzene in silicalite demonstrated that corrected
diffusivities can also be used in this case, and hence the
results by Zikanova et al. [78] obtained with piezoelectric
methods, and that by Ruthven et al. [79] obtained with zero
length chromatography have been included for comparison.

Since the heats of adsorption are in good agreement with
experiments, the reason why self-diffusivities are so large
must be found in the values of zeolite���benzene interactions
in the less attractive region of the diffusion path. In fact,
from the self-diffusivity at different temperatures, an
Arrhenius plot (see SI, Sect. S3) allows to calculate the
energy barrier for benzene diffusion, and values in the range
6–16 kJ mol–1 have been obtained, in stark contrast with ex-
perimental values in the range 20–30 kJ mol–1 [78, 79, 81–84].

It is therefore expected that if the repulsive part
of the zeolite���benzene interactions is improved,
a better behavior for diffusion could be easily
obtained.

Regarding the loading, the expected effect of
decreasing diffusivity with increasing loading
(1, 3, 5 benzene per u.c.) is obtained due to the
stronger mutual hindrance between benzene
molecules and the increasing number of short-
distance benzene���benzene events at higher
loadings. The studies by Förste et al. [77] and
Cartarius et al. [85] include self-diffusivity data
for different benzene loadings in silicalite, con-
firming this trend.

Finally, the most important effect investigated
in this manuscript, the main aim, is the effect of
silicalite defects on the diffusivity of benzene.
The results (Fig. 4) show a difference slightly
smaller than an order of magnitude, but with a
clear and consistent trend that self-diffusivity

www.cit-journal.com ª 2023 The Authors. Chemie Ingenieur Technik published by Wiley-VCH GmbH Chem. Ing. Tech. 2023, 95, No. 11, 1768–1776

Figure 3. Calculated and experimental heat of adsorption (Qst) of benzene in
pure silica MFI (silicalite) at different loadings. Simulated results in this work
refer to the framework with and without defects (defects and defectless,
respectively). Comparison with data from Rungsirisakun et al. (simulated at
300 K) [75], Pope (323 K) [72], Thamm (301 K) [74], Song et al. [71], and Snurr
et al. (334 K) [73]. Lines only for eye guide.
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increases when defects are taken into account. This is also
visually appreciated from the comparison of benzene diffu-
sion trajectories in silicalite with (Fig. 5a) and without de-
fects (Fig. 5b), with the former showing larger mobility.
More details of the trajectories can be found in Sect. S4 of
the SI. This may seem somehow surprising at first glance
since, as seen above, the structure with defects leads to a
larger heat of adsorption and stronger adsorption is usually
associated with slower diffusivity. However, as also dis-
cussed above, the adsorption paths are only a part of the
different locations sampled by a molecule along the diffu-
sion path through the zeolite micropores. Hence, in order
to check whether some other structural differences may
explain the larger diffusivity observed when defects are
present, we analyzed the micropore volumes of both silica-

lites, with and without defects, using Zeo++ soft-
ware [86]. Tab. S5 (SI) indicates a consistent
trend of slightly wider values for the ‘largest
sphere that can diffuse’ parameter in the case of
silicalite with defects (additional analysis can be
found in Sect. S6, SI). This can be also justified
by the fact that intracrystalline silanol defects do
not protrude into the channels and, instead, they
tend to occupy space outside, although very
close, the micropore volume, hence leaving more
room for diffusing molecules. This is the oppo-
site to the case of some Brønsted acid sites
which, by protruding inside the channels, con-
tribute to decrease self-diffusivity [87]. Since, as
said above, benzene is a molecule fitting tightly
into the medium pore channels of silicalite, this
small extra-space in the silicalite with defects
could be enough to explain the larger diffusivity.

It could be argued against this explanation by
stating that perhaps the zeolite force field em-

ployed is enlarging the micropore size above its experimen-
tal value, particularly in the case of the zeolite with defects.
In order to test this hypothesis, molecular dynamics simula-
tions have also been done with a rigid framework, in which
the experimental structure of silicalite is employed. For the
structure with defects, only the atomic coordinates of the
intracrystalline silanols have been initially geometry-opti-
mized and then all the atoms of the defective unit cell have
been kept rigid for the molecular dynamics runs. The re-
sults obtained (Sect. S3, SI) indicate a minor effect of small-
er diffusion coefficients with respect to the fully flexible
framework case. This affects both the silicalite with and
without defects and is observed equally for all loadings and
all temperatures. Hence, the above conclusion that the
intracrystalline silanol defects contribute to increase the
self-diffusivity is confirmed. Our interpretation, as stated
above, is that silicalite defects tend to protrude outside the
micropore space, providing slightly more room for the
diffusion of benzene molecules.

Some previous experimental studies seem to support
these results. Vidoni et al. [88] explored the adsorption of
CO2 on pure silica MFI and DDR zeolites containing
various amounts of structural defects by combining experi-
mental and computational methods. They concluded that
an increased CO2 adsorption capacity is achieved in defec-
tive MFI and DDR structures due to a larger pore volume
and partial access to the small cages, respectively, caused by
defects. While studying the internal silanol groups in silica-
lite, Hunger et al. [89] found that the molecular mobility of
the sorbed benzene molecules increases as the defect con-
tent of the zeolite increases, possibly due to the further
sorbate-induced deformation in the structure with more
defects, in agreement with our findings.

Furthermore, the enhanced diffusion of benzene, at all
temperatures and adsorbate loadings, when the defects are
present is in agreement with the experimental data from

Chem. Ing. Tech. 2023, 95, No. 11, 1768–1776 ª 2023 The Authors. Chemie Ingenieur Technik published by Wiley-VCH GmbH www.cit-journal.com

Figure 4. Arrhenius plot for diffusion of benzene in silicalite. Simulated self-dif-
fusion coefficients for framework with defects and defectless, with different
benzene loadings (molecules per u.c.). Experimental data from Zikánová et al.
[78], Eic and Ruthven (low benzene concentration, within the Henry’s Law
region) [79], and simulated data from Kolokathis et al. [80] (3 benzenes per
u.c.).

Figure 5. Benzene trajectories from molecular dynamics simula-
tions at 348 K, over 100 ns and considering a flexible silicalite
framework. MFI channel system depicted in gray, and each
benzene molecule with a different color (8 molecules in a 2·2·2
silicalite cell, 1 molecule per u.c.). Silicalite framework a) with
defects and b) without defects.
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Song et al. [71] (Tab. S2, SI). Although we can reproduce
this trend, our simulated self-diffusion coefficient is approx-
imately two orders of magnitude higher than the experi-
mental data of Song and co-workers (Fig. S10, SI). More-
over, among our simulated results considering defects,
benzene diffusion is enhanced in 1.5–2.6 times when frame-
work flexibility is taken into account (solid and dashed lines
in Fig. S10a, SI). The Eact was calculated for our simulated
data and Song et al. experimental samples with and without
internal defects (Tab. S3, SI). For the experimental samples,
the slower diffusion is associated with higher Eact values.
Therefore, sample B (defectless) presented activation
energies in a range 29–37 kJ mol–1, that decreases to
23–29 kJ mol–1 when the internal silanols are present. Our
simulated data overestimates the diffusion of benzene, and
consequently, smaller Eact values should be expected.
Indeed, our simulated data predicts a diffusion barrier of
9–16 kJ mol–1 if defects are present.

4 Conclusions

A large effort in the last decades has been done for the accu-
rate measurement and interpretation of self-diffusivity of
molecules in zeolites, and in particular silicalite has been
one of the most studied. Computer simulations have also,
in parallel, tried to provide an atomistic view of this phe-
nomenon. A challenging case is benzene and other aromatic
molecules since they fit tightly in the 10-ring channels of
silicalite and then not only the attractive but also the repul-
sive part of the zeolite���benzene interactions need to be
calculated accurately. After several decades of intensive
attempts, there are still not straightforward molecular
dynamics studies reproducing the order of magnitude of
the self-diffusivity at different loadings and temperatures.
This is in part due to the small self-diffusivity that requires
too long simulation times in order to obtain statistically
meaningful results. Although our present study does not
achieve this accuracy, our goal was to study the effects of
silicalite defects on self-diffusivity. Since there is experimen-
tal work, mainly based on cross polarization 1H 29Si MAS
NMR, giving an accurate characterization of intracrystalline
silanol groups of silicalite, we have made realistic computa-
tional models that allow comparison of the resulting self-
diffusivity of benzene with the usually employed model of a
defectless silicalite. The results show heats of adsorption in
good agreement (within 5 kJ mol–1, on average) with experi-
ments over the studied loading (1, 3, 5 benzene per u.c.),
with always larger heat of adsorption for the silicalite with
defects compared to the defectless structure. Regarding the
activation barriers, values in the range of 6–16 kJ mol–1 have
been obtained, notably smaller than the experimentally
measured (ca. 20–30 kJ mol–1). The comparison of self-dif-
fusivity of benzene in silicalite with and without defects
indicates a clear trend of larger diffusivity (ca. 2–5 times)
for the silicalite with defects that we assess to a slightly

larger micropore space available due to the fact that defects
tend to protrude outside the micropore, as demonstrated by
the specific characterization of the largest sphere that can
diffuse in both cases.

This effect could be more pronounced in samples with
larger amounts of defects than those considered here (4 %
of the T sites) for the silicalite synthesized using tetrapropyl-
ammonium as structure directing agent. The currently
advanced characterization of zeolite defects, as well as the
availability of increasingly more robust force fields, allows
to make accurate models of pure silica zeolites with defects
that should be replacing the traditionally used pure silica
without defects. Although of course silica zeolites without a
significant amount of defects are also employed in a consid-
erable number of processes, defects also arise in these cases
after prolonged use and their effect on performance can be
studied and compared with ideal crystals in order to eluci-
date how they contribute to the observed results.

Supporting Information

Supporting Information for this article can be found under
DOI: https://doi.org/10.1002/cite.202300008. It contains
further information regarding the model of silicalite with
defects, mean square displacements, self-diffusion coeffi-
cients, benzene trajectories from molecular dynamics,
adsorption energies, and micropore analysis. Also included
is a CIF file of the defective silicalite, and XZY files with the
cluster geometries corresponding to the silanol conden-
sation reaction.
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MC Monte Carlo
MD molecular dynamics
MTO methanol-to-olefin
NMR nuclear magnetic resonance
NSE neutron spin echo
OPLS optimized potentials for liquid simulations
OSDA organic structure-directing agent
PFG pulse field gradient
QENS quasi-elastic neutron scattering
TS transition state
u.c. unit cell
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[42] H. Paoli, A. Méthivier, H. Jobic, C. Krause, H. Pfeifer, F. Stall-
mach, J. Kärger, Microporous Mesoporous Mater. 2002, 55 (2),
147–158. DOI: https://doi.org/10.1016/S1387-1811(02)00399-2

[43] M. J. Frisch et al., Gaussian 16, Revision A.03, Gaussian, Inc.,
Wallingford, CT 2016.

[44] J. J. P. Stewart, J. Mol. Model. 2013, 19 (1), 1–32. DOI: https://
doi.org/10.1007/s00894-012-1667-x
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R. Mostowicz, J. Chem. Soc., Faraday Trans. 1 1987, 83 (11),
3459–3468. DOI: https://doi.org/10.1039/F19878303459

www.cit-journal.com ª 2023 The Authors. Chemie Ingenieur Technik published by Wiley-VCH GmbH Chem. Ing. Tech. 2023, 95, No. 11, 1768–1776

1776 Research Article
Chemie
Ingenieur
Technik

 15222640, 2023, 11, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/cite.202300008 by U

niversitat Politecnica D
e V

alencia, W
iley O

nline L
ibrary on [20/03/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense


