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Dynamics of benzene in zeolite KL
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Abstract

Zeolites can be viewed as ‘solid solvents’, wherein an adsorbed molecule is confined within narrow pores and interacts with
the zeolite framework and the exchangeable cations. However, it is not clear what part entropy plays in this confinement effect.
It is often assumed, especially in cation-containing zeolites, that the entropy effects are negligible, so that all conclusions about
adsorption and diffusion are drawn from energetic considerations alone, such as adsorption energies and energy barriers to
the diffusion. In order to test this hypothesis, we have undertaken the study of adsorption and dynamics of benzene in zeolite
L, with (KL) and without (LTL) compensating K+ cations. We have constructed and validated against experimental data a
model of zeolite KL with Si/Al= 3. Adsorption and dynamics of benzene in this zeolite were studied using static simulation
methods, i.e. molecular docking and constrained energy minimization, as well as molecular dynamics (MD) simulations at
various temperatures and loadings. All simulations used standard techniques available within MSI’s Cerius2 and InsightII
environments. Our simulations show a large discrepancy between the two types of methods, revealing the importance of
entropy, even in KL: energy tends to localize adsorption on the cation, entropy to delocalize it over the cage; energy tends
to favor adsorption at a 12-membered ring (12T) window between two cages, entropy to destabilize this site; energy tends to
cluster up to three benzene molecules within the same cage, entropy to spread the molecules over all cages. From a linear fit
with temperature of the free-energy barrier due to the potential of mean-force (MF) along the channel axis, we can estimate
an order of magnitude of the entropic barrier to the diffusion through the 12T window as 0.02 kJ mol−1 K−1 between 200 and
600 K at infinite dilution, both in LTL and KL. © 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction

A numerous literature concentrates on simulating
adsorption and diffusion of molecules in the pores
of zeolites: in addition to the industrial interest of
predicting the behavior of adsorbates in their cavities
and channels [1], diffusion in zeolites appeals to the
theoretician and experimentalist alike because of the
possibility to study a molecule in a very special envi-
ronment, where it is confined in narrow pores and feels
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strong electric effects due to the partly ionic nature of
the host framework. The narrowness of the pores, of-
ten of a size comparable with the kinetic diameter of
the adsorbate, and its special shape or ‘corrugation’,
leads to a sort of solvatation of the adsorbed molecule;
this led Derouane to define zeolites as ‘solid solvent’
[2]. Whereas in proteins solvent effects contain a large
entropic part, due to the rearrangement of the solvent
around the molecule, in zeolites the framework re-
mains very largely fixed. Therefore it seems difficult
to define what the entropic part plays in the confine-
ment effect. For example, Jousse et al. have shown
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that the most probable position for butene isomers in
the cation-free zeolite silicalite-2, is different from the
minimum energy positions [3]. Smit and coworkers
proposed that entropic effects can induce separation
of branched from linear hydrocarbons in silicalite-1,
another cation-free zeolite [4,5]. These examples
clearly show the importance of entropic effects, at
least in cation-free zeolites. Unfortunately, much less
data are available for cation-containing zeolites.

Early molecular dynamics (MD) studies of adsorbed
molecules in zeolites already included cations [6,7].
However, these cations may occupy non-periodic po-
sitions in the framework, and therefore complicate the
interpretation of the data. Furthermore, the interaction
between cation and adsorbate is rather stronger than
that between adsorbate and the rest of the framework,
thus impeding diffusion, so that the estimation of
self-diffusion coefficients on manageable computing
time becomes very difficult. Therefore, more recent
MD studies concentrated on cation-free zeolites, such
as silicalite: this simplification allowed to study dif-
fusion coefficients and other long-time effects. Today
most MD studies still concentrate on cation-free ze-
olites [8] with only few exceptions [9], and indeed
the self-diffusion coefficient of adsorbed molecules
in most cation-containing zeolites still appears out
of reach of classical MD [10]. In these cases al-
ternate techniques can be used, such as free-energy
sampling [11]. In general, the diffusion mechanism
of adsorbed molecules will be different between
cation-containing and cation-free zeolites: the strong
and localized interactions between extra framework
cations resulting in an Arrhenius-like behavior, where
diffusion is activated by the thermal fluctuations of
the framework, while in absence of such interactions
the diffusion is controlled by ‘deterministic chaos’
[12]. Therefore it appears difficult to infer diffusivi-
ties in cation-containing zeolites from the diffusivities
observed in their all-siliceous counterparts. In most
cases, where cation-containing zeolites are investi-
gated, simple energy minimization techniques are
used to locate stable adsorption sites and estimate the
diffusion pathway, based on the assumption that in
those cases entropic effects are negligible compared
with energetic effects [13]. These docking or con-
strained energy minimization techniques are available
in commercial software, such as MSI’s Cerius2 [14]
and InsightII packages [15], and routinely used in

catalysis to test the effectiveness of a particular zeolite
structure.

The energetic part of confinement effects has been
studied theoretically by Derouane and coworkers
[16,17]. They have shown that a molecule in a narrow
pore is more strongly adsorbed when there is a close
fit between the size of the molecule and that of the
pore. This has also been noted, using MD simulations,
by Yashonath and coworkers [18–21] in a series of
publications. The importance of the entropic factor re-
mains however unclear; in particular, the assumption
that it is relatively unimportant is not proven in the
general case. MD simulations, by providing tempera-
ture effects and an explicit temperature dependence,
can at least partly answer this question, even if we
cannot get a reliable average diffusion coefficient in
the long-time regime. Indeed, from MD data we can
access: (i) the most probable temperature-dependent
position; (ii) the free-energy profiles, in the adsorption
sites; (iii) the external vibrations and librations of the
adsorbate at the adsorption sites. All these data allow
us to define, and really quantify, entropic effects.

In this article, we focus on comparing static and
dynamics results for a system where entropic effects
are expected to be rather large: benzene adsorbed into
zeolite KL. This zeolite is composed of heavily corru-
gated unidirectional channels alongz: these channels
form large periodic cyclindrical cages every≈7.5 Å,
separated by circular windows made up of 12 tetra-
hedral (T) atoms, either Si or Al (12T windows). The
potassium form of zeolite KL, with a Si/Al ratio of
3.0, is used as a catalyst support for the aromatization
of hexane in benzene [22], this explaining the interest
shown in studying experimentally adsorption and dif-
fusion of benzene in this zeolite [23–32]. We are not
aware of any theoretical study on this particular sys-
tem, except for a study of the dynamics of xenon in a
cation-free zeolite L [33]: in this article, it was shown
that the heavy corrugation of the channel (channel tor-
tuosity) is the cause of interesting entropic effects.
More recently, Deka and Vetrivel also studied the ener-
getics of alkylbenzenes, also in a cation-free zeolite L
[34]. In order to highlight the influence of the cations,
we will study both a model zeolite L with potassium
cations (KL) and a zeolite with the same topology but
without exchangeable cations (LTL). Thus the aim of
this article is threefold: (i) to characterize the dynam-
ics of adsorbed benzene; (ii) to determine, and if pos-
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sible to quantify, the influence of entropy on confine-
ment effects for this particular system; (iii) to explore
the differences brought by the presence of potassium
cations in the zeolite cage.

In Section 2 we present the simulation techniques
and forcefields employed to define the zeolite models
used in the dynamic study, focusing on the location of
the cations so as to reproduce as much as possible ex-
perimental data. In Section 3 we present the adsorption
and diffusion of benzene in the resulting LTL and KL
models, obtained from static techniques, i.e. docking
and constrained minimization, and from MD simula-
tions at different temperatures and loadings. Finally
we conclude in Section 4.

2. Building of the zeolite model

Adsorption in cation-containing zeolite depends
very strongly on the exact location of the extra frame-
work cations [35]. One of the major problems in mod-
eling adsorption in these zeolites is therefore to know
the exact position and environment of those cations.
Indeed, crystallographic or neutron diffraction studies
only provide average occupancies that cannot reflect
the microscopic heterogeneity of the cation distribu-
tion at the adsorbate scale. The exact environment of
a given cation depends on the local distribution of
aluminum atoms, but also on the arrangements of all
other cations. Neutron diffraction has the advantage
over conventional X-ray crystallography, that Si and
Al atoms can be distinguished. However, since these
atoms are not perfectly ordered, except for Si/Al= 1,
neutron diffraction also only qualitatively describes
the cation environment.

Our aim in constructing a zeolite KL model is to
reproduce as accurately as possible the adsorbate’s en-
vironment, while keeping the model at a manageable
scale. We should therefore build a model that remains
simple, while offering a measure of how much the
cation sites can be heterogeneous. To achieve this aim,
we chose the following procedure. We first defined
different possible aluminum distributions in a small
model zeolite L, constructed from neutron diffraction
data. Then we placed compensating cations at the po-
sitions of stable energy in each of the model. Com-
parison between the models therefore gives a measure
of the heterogeneity of the cation distribution. The re-

sulting zeolite models are then minimized with sev-
eral forcefields, and the corresponding infrared (IR)
and XRD spectra are computed and compared with
experiments, in order to determine the influence on
the forcefield on the local cationic sites.

We used the forcefields UFF and Burchart-UFF
(BUFF), available within MSI, and compared the
results with the forcefields of van Beest, Kramer,
and van Santen (BKS) and of Henson and Auerbach
(HA). Universal forcefield (UFF) was originally in-
tended to model all atom types [36]. BUFF consists
in a re-parametrization of UFF performed by de Vos
Burchart and coworkers, to specifically tackle interac-
tions in zeolites [37]. BKS is a well-known forcefield
parametrized against ab initio and experimental data
to represent the structure and dynamics of silicate
and aluminosilicate frameworks [38,39]. While UFF,
BUFF, and BKS consider different atom types for alu-
minum and silicon in a zeolite framework, HA only
considers them as an average ‘tetrahedral’ atom with
an average atomic charge value. Since HA is based
on the BKS forcefield, they coincide for all-siliceous
zeolites [13,40]. Details on the forcefields used here
can be found in the appropriate references, and will
not be repeated here.

All simulations involving UFF and BUFF were
performed with standard techniques utilizing codes
available within the MSI’s Cerius2, namely, the mod-
ules cation-locator, IR-Raman, diffraction-crystal, and
minimizer. Cation-locator uses an iterative algorithm
to place compensating extra framework cations of a
chosen nature within the negatively charged zeolite
framework [14], by placing each cation in turn at the
minimum energy position of the cation-framework
and cation–cation interaction grid. This procedure
has been pioneered by Newsam et al. for the placing
of cations in zeolite 4A [41]. IR-Raman allows to
compute the IR spectrum of a given structure, from
its Hessian matrix calculated at the minimum energy
position. For BKS and HA, we used the DIZZY
molecular mechanics and MD simulation program
[42] to perform MD simulations and minimization
of the KL structure. In that case the IR spectra were
computed from the Fourier transform of the dipole
autocorrelation function during a 200 ps MD run at
300 K, with a 1 fs time-step. XRD spectra are simu-
lated from the final minimum energy structure using
the diffraction-crystal module. Computed spectra are
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Fig. 1. View at the molecular level of a unit-cell of zeolite L. K+
cation sites A, B, C, and E are indicated by black dots, T2 atoms
by small spheres.

compared with experimental IR and XRD spectra
recorded in-house.

The structure of zeolite L was first determined
by Barrer and Villiger in 1969 [43]. Its structure is
hexagonal and belongs to the P6/mmm group with
unit-cell dimensionsa = b = 18.5 Å andc = 7.5 Å.
The framework is built from alternate hexagonal
prisms and cancrinite cages, forming large spherical
supercages interconnected by 12-membered win-
dows (12T) every≈7.5 Å along z. The chemical
composition of one unit-cell of dehydrated KL is
K9Al9Si27O72. Cations have been shown to occupy
four types of sites in the hydrated potassium form KL
[25,43], as presented in Fig. 1: the A site, localized
in the center of the hexagonal prisms, coordinated
to six framework oxygens; the B site, located in the
center of the cancrinite cages, and coordinated to 12
framework oxygen atoms; the C site, between two
cancrinite cages, also coordinated to 12 framework
oxygens; and the E site, located in the plane of a
12T window between two supercages, where it is
coordinated to six framework oxygens and two water
molecules. By dehydration, cations from site E mi-
grate to site D, between two hexagonal prisms. It is
noted that there can be some confusion about sites E
and D, some authors calling sites D the cations in the
12T window, and E the cations between two hexago-
nal prisms [27,29]. Since our model zeolite L is based
on the neutron diffraction data of Newsam [25], we
use here the same nomenclature as used by him.

There are only two non-equivalent T sites in zeo-
lite L: T1 and T2. T2 all are located on the 12T win-
dow, while T1 atoms build the rest of the framework

Table 1
Potassium cation positions in zeolite KL, from experimental data
of Newsam [25], and determined using the module cation-locator
of MSI and subsequent minimization with different forcefieldsa

Cation Site Experimental
sample

BUFF UFF BKS HA

KA 2 c −0.01 0 0 0 0
KB 2 d 2.0 2 2 2 2
KC 3 g 3.0 3 3 3 3
KD 6 j 4.76 4 4 3.5 4
KE 3 f 0.16 0 0 0.5 0

a Note that the experimental sample contained 10 K+ cations
per unit-cell, while our theoretical model contains only 9.

(Fig. 1). Neutron diffraction has evidenced that Al
atoms preferentially occupy T2 positions in the 12T
window [25]. Combined with Lowenstein’s rule, this
allows to place univocally six of the nine Al atoms
within one unit-cell, the remaining three Al occupying
T1 sites. This leaves nevertheless 120 possible models,
too large a number to be exhaustively explored. There-
fore, we built only four different models, chosen so
as to represent the different possible Al positioning at
the T1 sites. The module cation-locator together with
the BUFF forcefield were then used to determine the
cation distribution in the resulting models. The cor-
responding distribution is given in Table 1, under the
name BUFF: no difference between the various mod-
els is made in this table, because all models resulted
in the same distribution, in very good agreement with
experimental data. Sites B and C are completely filled,
while site A is empty. We note a slight difference in
the occupation of sites D and E, that can be attributed
to the fact that the experimental KL zeolites contained
almost 10 K+ per unit-cell, while the models used here
contain only 9 K+. Since all models lead to the same
cation distribution, we expect them to be equivalent as
far as adsorption of benzene is concerned. Therefore
we chose arbitrarily one of the models, to be used in
the rest of the study.

As can be seen from Table 1, a subsequent mini-
mization with the BUFF, UFF, or HA forcefields does
not change the occupancy of the different cationic
sites. On the other hand, we note the migration of some
cations from a D site to an E site with the BKS force-
field. This migration is caused by the local arrange-
ment of the Al atoms, since the K+ cations migrate
to an E site just above an Al atom. Since with HA
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Fig. 2. Experimental and computed IR spectra of zeolite KL
with different forcefields and the module IR-Raman of MSI: (a)
experimental spectrum; (b) BUFF; (c) UFF; (d) BKS; (e) HA.

all T-atoms are equivalent, this migration is not ob-
served. In comparison to experiment, it is quite diffi-
cult to assert that the cation distribution obtained using
BKS is any better or worse than that obtained using
the other forcefields: indeed, site E is also occupied
experimentally, although less than what is predicted
with BKS.

Figs. 2 and 3 present the IR and XRD spectra in the
medium angle region of an experimental hydrated KL
zeolite, respectively, as well as the computed spectra
using the forcefields UFF, BUFF, HA, and BKS. We
can see that BUFF reproduces very well the dynam-
ics of KL both in the T–O stretching region around
1100 cm−1 and between 400 and 800 cm−1. HA and
BKS also perform quite well in the stretching region,
but the agreement worsens toward low frequencies.
UFF overestimates all frequencies. The medium an-
gle region XRD spectra shows a very good agreement
with the HA and BKS forcefields, and a fair agree-
ment with BUFF. Here again, UFF disagrees com-
pletely with experiment. The bad agreement between
UFF and experiment, both for structure and frequen-
cies, can be understood by the increase of the unit-cell
size by almost 1 Å after minimization of KL with this
forcefield. It is clear from the above study that only
UFF should be rejected, as it cannot properly model

Fig. 3. Experimental and computed XRD spectra of zeolite KL
in the medium angle range, using different forcefields and the
module diffraction-crystal of MSI: (a) experimental spectrum; (b)
BUFF; (c) UFF; (d) BKS; (e) HA.

the zeolite structure and dynamics. The three other
forcefields BUFF, HA, and BKS, on the other hand,
give results in good general agreement with experi-
ment. In what follows, we chose to work with the ze-
olite KL model minimized using the BUFF forcefield.

3. Adsorption and dynamics of benzene in LTL
and KL

The zeolite model constructed in Section 2 is used
to study the adsorption and dynamics of adsorbed
benzene. We focus in this section on the compari-
son of results obtained using static simulations meth-
ods to those of MD calculations. All simulations were
performed with a 18.5 Å × 18.5 Å × 15.0 Å zeolite
model, representing one unit-cell alongxandyand two
unit-cells, corresponding to two cages, alongz. Rather
than the BUFF forcefield used to describe the frame-
work structure in the above section, we employed the
CVFF AUG forcefield to represent the interaction be-
tween the framework and adsorbed molecules: based
on the standard CVFF forcefield; it includes a spe-
cial parametrization for the interaction between zeo-
lite atoms or cations and adsorbed hydrocarbons. In all
cases, we fixed the zeolite framework atoms as well as
the potassium cations. The calculations were run with
full periodic boundary conditions.
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We define here static simulation methods as tech-
niques for which there is no explicit temperature
dependence, thereby excluding Monte Carlo or
similar methods. We employed the standard solid-
docking, packing, and constrained energy minimiza-
tion solid-diffusion procedures available in MSI’s
InsightII environment. Note that these methods can
include some type of statistical information, for ex-
ample, molecular docking provides a number of
minimum energy position that can be analyzed. Both
solid-docking and packing modules are based on
the same idea: a molecule is randomly inserted into
the structure at a position of ‘not-too-high’ energy,
and subsequently minimized. In the docking proce-
dure, a single guest molecule is inserted, while in
the packing procedure, several molecules are inserted
one after the other. Docking therefore provides the
minimum energy sites for a single guest, which can
be identified at 0 K with stable adsorption sites, and
packing the same results for multiple guests. In both
cases, we performed 100 random insertions followed
by guest minimization to sample all possible min-
imum energy sites. The constrained minimization
procedure solid-diffusion is used to find out the min-
imum energy path (MEP) in the structure: the guest
molecule’s center-of-mass (COM) is constrained
to remain in a plane perpendicular to a predefined
path in the zeolite framework, usually between sta-
ble adsorption sites. At stated intervals along the
path, the molecule’s energy is minimized, thus al-
lowing to evaluate energy barriers between the stable
sites.

Molecular dynamics simulations were performed at
different temperatures and loadings. The system was
first minimized, and then equilibrated for 10 ps in the
NVT ensemble with direct velocity scaling to achieve
the desired temperature. The production run consisted
of 100–400 ps MD with a 1 fs time-step, in the NVE
ensemble; the position and velocity of the guest’s
COM were saved to file every five steps for subsequent
analysis. Dynamics of benzene in zeolite L can be
characterized by two kinds of data, differing in nature:
average quantities, and frequency-dependent quanti-
ties. Average quantities consisted of mean-square dis-
placement (MSD), which is the second moment of the
propagator [44].

〈rrr2(t)〉 = 〈|rrr(t) − rrr(0)|2〉 (1)

whererrr denotes the guest’s COM position; the density
profile ρ(z) along the channel axis.

ρ(z) = 〈δ[z(t) − z]〉 (2)

whereδ is the standard Dirac function. From this den-
sity profile we define the potential of mean-force (MF)
along the channel axis, sometimes also called the ‘con-
strained free energy’F(z) [45].

F(z) = −kBT log(ρ(z)) (3)

wherekB indicates Boltzmann’s constant andT the
temperature. Note that in the following we will use
equivalently the names ‘potential of mean-force’ or
‘free energy’, meaning in both case the same quan-
tity defined by Eq. (3). Finally, we computed the pair
distribution functions, similar to the density profile
ρ(z) but pertaining to the distance between two cen-
ters A and B; these are either the COM of two ben-
zene molecules, or the COM of one benzene and a K+
cation.

ρAB(z) = 〈δ[dAB(t) − z]〉 (4)

The only frequency-dependent quantity we com-
puted consisted of the vibrational density-of-states
G(σ ) (DOS), which is the Fourier transform of the
velocity autocorrelation function of the benzene
molecule’s COM.

G(σ) =
∫

dt
〈vvv(t)vvv(0)〉
〈vvv(0)vvv(0)〉exp(i2πcσ t) (5)

where vvv denotes the guest’s COM velocity,σ the
wavenumber in cm−1 andc the velocity of light.G(σ )
characterizes the external vibrations of the adsorbed
molecule within the zeolite channel [46]. Since all
runs were performed in the NVE ensemble, the actual
temperature of a MD simulation is the average over
the production run and therefore might be different
from the initial chosen temperature, especially for a
single adsorbate, where there are only a few degrees
of freedom. We equilibrated MD runs at 200, 300,
400, 500 and 600 K, for one, two and four molecules
of benzene in the two unit-cells models of LTL
and KL.

3.1. Static results

Docking of a single molecule of benzene in LTL
and KL gives very simple results: only one favorable
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Fig. 4. Minimum energy path of benzene through a cage of zeolites LTL (left) and KL (right), as determined by a constrained minimization
procedure using the CVFFAUG forcefield and the solid-diffusion procedure of MSI. In KL, large balls represent the K+ cations.

position is found in LTL, where the molecule lies
against the zeolite wall (middle position in Fig. 4). In
KL on the other hand, there are several stable mini-
mum energy positions (see Fig. 6), that can be put into
six different energetic classes. The five lowest energy
classes all correspond to the adsorption of the benzene
molecule facially on a cation: the cation–COM dis-
tance varies between 2.84 and 3.36 Å, without any di-
rect correlation between distance and energy. The type
of site corresponds to what has been experimentally
measured [23,26], and the distances are close to the
experimental distance given in reference [25]: 3.14 Å.
The energy difference between the least and most sta-
ble member of the class reaches 20 kJ mol−1 showing
a very broad energy distribution in spite of the simple
zeolite model.

The last and least stable class corresponds to ben-
zene adsorbed on a 12T window, in a position close to
what is observed in NaY [13,47,48]. The energy lies
at ≈22 kJ mol−1 higher than that of the most stable
sites. It is worth noting that this position is not found
in the model LTL used here, most probably because
the size of the LTL 12T windows, directly set from
neutron diffraction data [25], is slightly smaller than
that of the minimized model of KL: 10.4 Å in LTL
versus 10.7 Å in KL.

Fig. 4 presents the MEP between two windows of
benzene in LTL (left) and KL (right). The correspond-
ing energy profiles are presented in Fig. 5. In LTL, the
12T window corresponds to an energy maximum. The
molecule reorients out of the window, so as to face the
zeolite wall inside the cage at the minimum energy po-
sition. The energy barrier only reaches 7.5 kJ mol−1.
The situation is rather different in KL: indeed, the
12T windows constitute local energy minima, appro-

Fig. 5. Energy profile along the MEP of the benzene COM in
zeolites LTL and XL, as determined by a constrained minimization
procedure using the CVFFAUG forcefield and the solid-diffusion
procedure of MSI. The center of the graph corresponds to the
cage and each side to a 12T window.
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ximately 10 kJ mol−1 below the energy maximum ob-
served along the path. The energy profile, as well as
the MEP of Fig. 4, are no longer symmetric with re-
spect to the cage center, due to the heterogeneity of the
cation and aluminum positions. The global minimum
energy position corresponds to benzene adsorbed fa-
cially onto a cation inside the cage. The energy barrier
to jump out of this site reaches more than 34 kJ mol−1.

The difference observed between KL and LTL can
be explained by two facts: the presence of cations in
KL, and the larger size of the 12T window in this zeo-
lite, as compared with LTL. As expected for a cationic
zeolite, where the electrostatic interaction with the
cations is much larger than with the rest of the zeolite
framework, stable energy positions appear to be ener-
getically more stable than in LTL; the corresponding
energy barriers are larger: 34 kJ mol−1 in KL versus
7.5 kJ mol−1 in LTL. The presence of a stable local
energy minimum in the 12T window of KL but not in
LTL is most probably due to their slightly larger size
in KL. This minimum indicates the possibility of sta-
ble adsorption onto the windows in KL, which is not
observed experimentally [27,31].

The lower part of Fig. 6 presents the energy occur-
rencep(E) observed by the analysis of a 100 confi-
gurations of one, two and four benzene molecules in
two unit-cells of KL; on the upper part of the same
figure we present, for comparison, the energy occur-

Fig. 6. Top: distribution of the potential energies of one and two
molecules of benzene in two unit-cells of zeolite LTL; bottom:
distribution of the potential energies of one, two and four molecules
of benzene in two unit-cells of zeolite KL, as calculated using
MSI’s solid-docking and packing procedures with the CVFFAUG
forcefield.

rence for one and two molecules of benzene in LTL.
All energies have been shifted so that the minimum
energy of each type is zero.p(E) corresponds to the
probability that a given energy is observed as a re-
sult of a docking or packing calculation. For all cases,
we observe in Fig. 6 a clear bimodal distribution,
with a first peak around 3–4 kJ mol−1 and a second
peak increasing from≈20 kJ mol−1 for one molecule
to ≈28 kJ mol−1 for two molecules and≈34 kJ mol−1

for four molecules.
We have seen in the above paragraph that the first

five bars, in the case of a single molecule, correspond
to benzene adsorbed onto a cation, while the sixth bar
corresponds to benzene in the 12T window. The bi-
modal distribution reflects the same energy ranking,
as the lowest peak in all cases is made of benzene
exclusively adsorbed onto cations, while the second
peak presents one or more molecules adsorbed onto
a window. Inside each mode, the broad distribution
of the interaction energies reflects two causes: (i) the
broad energy distribution of the ‘cation site’, already
observed with only one molecule adsorbed and (ii) the
distribution of the favorable benzene–benzene inter-
action energies. In the two molecule case, most favor-
able energies within the first peak correspond to two
molecules adsorbed on cations in the same cage, while
less favorable energies in the first peak correspond to
benzene adsorbed onto cations in different cages. In
the four molecule case, the most favorable energies
correspond to a 3–1 distribution, with three molecules
in one cage and only one in the other. This distribution
is however very sparsely represented, and all other fa-
vorable energies correspond to 2–2 distributions.

The number of configurations with benzene ad-
sorbed onto a window increases when increasing the
number of molecules, although these configurations
remain energetically less favorable. This suggests
that the probability of finding a molecule at a win-
dow would increase when increasing the loading,
contrarily to what is observed experimentally by IR
spectroscopy [31,32].

3.2. Dynamic results

In the course of the data analysis we have noted
a particularly interesting phenomenon: after the equi-
libration period, the total system temperature stabi-
lizes around an average temperature for all runs at all
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temperatures, without any subsequent drift. We can
separate this temperature into two components, i.e. an
internal temperature corresponding to the kinetic en-
ergy contained within the internal vibrations of the
adsorbate, and an external or ‘translational’ temper-
ature corresponding to the external vibrations of the
adsorbed molecule. In the case of a single benzene
molecule adsorbed in KL, we have noted that at the
end of the equilibration run the translational temper-
ature is very high, and that it takes the initial 100 ps
of the subsequent production run for the external tem-
perature to equilibrate with the internal temperature.
Consequently, these initial 100 ps were removed from
the analysis of the production run. Curiously, this ef-
fect was only observed for the diffusion of a sin-
gle molecule of benzene in KL, and not for several
molecules in the same zeolite, nor for a single ben-
zene in LTL. This observation is especially astonish-
ing, as we have shown in a recent study on a similar
system, i.e. benzene adsorbed in NaY zeolite, but with
a different forcefield, that energy redistribution in the
internal degrees of freedom is quite quicker than what
is observed here: less than 20 ps at 100 K [49]. The
perversity of this behavior lies in the fact that moni-
toring the total temperature of the system does not
reveal this absence of equilibration. We have found,
however, that a simple characteristic signature indi-
cating this behavior can be observed by plotting the
average potential energy〈U〉 as a function of tem-
perature. Indeed, the equipartition theorem states that
〈U〉 = 〈U0〉 + 1/2nkBT , wherekB is Boltzmann’s
constant andn the number of degrees of freedom,
which is close to three times the number of atoms
for an adsorbed molecule. Non-equilibrated behavior,
such as the one we have met, however, do not obey
the equipartition theorem, so that the slope of〈U〉 as
a function ofT is very different from the theoretical
expectation.

For all temperature studied, and for both model ze-
olites LTL and KL, the diffusion of benzene appears
as a jump diffusion process between the cages. This
behavior was expected, since all recent MD studies of
adsorbed molecules in zeolites revealed a similar jump
process, with the molecule vibrating inside a cage be-
fore going to another cage [3,46,50–55].

Fig. 7 presents the potential of MF along one ze-
olite channel at 500 K, for both LTL and KL, when
a single benzene molecule is adsorbed. This poten-

Fig. 7. Potential of MF along the channel axis of zeolites LTL and
KL, as computed from 0.4 ns MD at 500 K using CVFFAUG.
As in Fig. 5, the center of the graph corresponds to the cage and
each side to a 12T window.

tial of MF should be compared with the MEP dis-
played in Fig. 5, which represents the same quantity at
0 K. For benzene in LTL, the MF profile at 500 K re-
mains rather close to the MEP, although much sharper
next to the window; the free energy barrier at 500 K
reaches about 10.5 kJ mol−1, which is only slightly
larger than the corresponding energy barrier at 0 K:
7.5 kJ mol−1. For KL on the other hand, the profiles
are very different: the free-energy barrier is notice-
ably lower at 500 K than the energy barrier at 0 K:
20 kJ mol−1 versus 34 kJ mol−1. Furthermore, there is
no longer any local minimum at the 12T window: this
site is destabilized by entropy. This entropic destabi-
lization appears quite clearly both for LTL and KL
when comparing Fig. 7 with Fig. 5, by the sharp-
ening of the energy profile next to the window for
LTL, and by the filling of the energy curve next to
the window for KL. This observation remains true for
all temperatures studied, from 200 to 600 K, and also
for all loading, from one to four molecules per two
unit-cells, showing the absence of any stable window
site for those temperatures over most of the loading
range. A number of runs at high loading were ini-
tialized with a molecule in the window, and always
resulted by a desorption of this molecule out of the
window. Entropic destabilization of the window site
is not unexpected, since the volume accessible to the
sorbate is much smaller in the window than in the
cage. However, that it remains so even at low tempera-
ture and high loading is more astonishing, and contra-
dicts the results from the packing study presented in
Section 3.1.
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Fig. 8. Pair distribution functionρAB(z) between the COM of two benzene molecules in zeolites LTL and KL, as computed from 0.1 to
0.4 ns MD using CVFFAUG at different temperatures and loadings.

Fig. 8 presents the calculated benzene–benzene pair
distribution functions (PDF) for all temperatures, in
LTL and KL, for two and four molecules per two
unit-cells. For two molecules in LTL, the PDFs are
basically temperature-independent, and show that the
two molecules always occupy separate cages. For four
molecules per two unit-cells, the PDFs remain also
temperature-independent, but this time present a sharp
peak at 4 Å, corresponding to two benzenes in a stable
parallel position inside the same cage, and a smaller
peak around 6 Å, corresponding to a perpendicular po-
sition also inside the same cage. These distances are
close to the equilibrium benzene–benzene distances in
the dimer [56,57]. That these profiles remain mostly
temperature-independent indicates that between 200
and 600 K only entropic effects govern the PDFs: in-
deed energetic effects would depend exponentially on
temperature. By contrast, there is a clear temperature
dependence observed in KL. For two molecules, the
PDF is made of a sharp peak at low temperature, indi-
cating that the two molecules stay most of the time in
the same cage. As the temperature increases, this peak

decreases and vanishes completely at 600 K, where
two molecules occupy two different cages. For four
molecules, the PDFs are also temperature-dependent:
at low temperature, two molecules in the same cage
tend to adsorb on well-defined cation sites, resulting in
two sharp peaks at 3 and 5 Å. These distances are much
smaller than for four molecules in LTL, indicating
that they are due to cation–benzene interactions rather
than benzene–benzene interactions. As the tempera-
ture increases, the peaks decrease, showing that the
molecules now average their motions over the whole
cage.

Free energy profiles as well as benzene–benzene
PDFs clearly show the influence of entropic effects af-
fecting the dynamics of benzene in zeolite L. Indeed,
entropic effects are preponderant in LTL, where the
results completely contradict the packing study men-
tioned above: at medium loading, benzene molecules
occupy different cages, while for high loading, the
PDFs show a bimodal distribution close to that of the
free benzene dimer. For KL, the window site observed
in the solid-docking and packing study vanishes, for
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Fig. 9. Temperature dependence of the apparent free energy barriers for different loadings of benzene along the channel of zeolites LTL
(left) and KL (right), as computed from 0.1 to 0.4 ns MD using CVFFAUG.

all loadings and temperatures. The PDFs however de-
pend on temperature, showing a competition between
energy and entropy: for two molecules at low temper-
ature, they are located in the same cage, in accordance
with the packing results; while at high temperature,
they occupy different cages.

We can try to quantify these entropic effects by plot-
ting the temperature dependence of the free energy
barriersF max − F min. While this barrier is very well
defined at infinite dilution and high temperature from
the simulations, for higher loadings and low tempera-
tures there is a large statistical uncertainty associated
with the window region, that nevertheless allows us
to estimate an order of magnitude of the free energy
barriers. Fig. 9 presents these barriers as a function of
temperature, for all temperatures and loadings. Writ-
ing 1F = 1U − T 1S, 1U and 1S can be evalu-
ated from a linear regression of1F as a function of
T. The corresponding values are given in Table 2. It is
rather difficult to estimate the uncertainty on these val-
ues: any deviation from a strict linear behavior leads
to large errors in the regression, and clearly such er-

Table 2
Apparent entropy barrier1S (kJ mol−1 K−1) and energy barrier1U (kJ mol−1) for different loadings of benzene in zeolites LTL and KL,
as determined from a linear fit of the free energy barriers1F = 1U − T 1S from Fig. 9a

Zeolite 1Sb 1Ub 1Sc 1Uc 1Sd 1Ud

LTL −0.019 (4) 2.3 (1.3) −0.042 (3) −1.5 (1.2) −0.034 (10) 3.4 (3.9)
KL −0.025 (3) −1.8 (1.1) −0.014 (11) 11.3 (4.6) −0.052 (3) 2.8 (1.2)

a Values in parentheses are estimated standard errors.
b One molecule per two unit-cells.
c Two molecules per two unit-cells.
d Four molecules per two unit-cells.

rors are expected. Therefore the errors indicated in
Table 2, which are purely statistical errors from the
linear regression, should be taken only as indicative.
In particular, the ‘energy barriers’1U obtained from
this linear regression suffer at least 100% uncertainty.
The entropy barriers seem a little better defined. One
should first note that they are always negative, indi-
cating thatS‡ < Si , i.e. the entropy at the transition
state is always smaller than in the initial state. This
is understandable enough, as the transition state in all
cases is the 12T window, where much less space is
available to the adsorbed molecule than in the cage.
1S is similar in this case for both LTL and KL, prob-
ably reflecting the available volume, similar with or
without cations. For medium loading, the difference
between LTL and KL becomes pronounced, as1S
decreases slightly for KL but increases strongly for
LTL. This should be connected with the previous ob-
servation, that two molecules tend to occupy the same
cage in KL but different cages in LTL: two molecules
in the same cage will facilitate cage-to-cage transport
by decreasing the available volume inside the cage,



158 C. Hansenne et al. / Journal of Molecular Catalysis A: Chemical 166 (2001) 147–165

while in different cages they block each other. For
four molecules per two unit-cells, the two effects are
present: for LTL the resulting effect is a small decrease
of 1Sas compared with medium loading, whereas for
KL, the net effect is a large increase of1Sas compared
with medium loading. Another interesting fact is that
1U obtained from this regression is much lower than
what has been measured by solid-diffusion, even tak-
ing into account the large uncertainty on1U. This is
especially true for KL, where the apparent energy bar-
rier at infinite dilution taken from Table 2 is negative,
instead of+34 kJ mol−1 observed in Fig. 5. This sug-
gests that, for very low temperatures (less than 200 K),
the free energy barriers to the diffusion through the
window would decrease with increasing temperature,
so that we would haveS‡ < Si . For low temper-
atures, where the external motions of the adsorbate
are reduced, the fact that the available volume at the
window is smaller than in the cage might indeed be
less important than for the higher temperatures stud-
ied here. In that case a second effect might come into
play, described by Henson et al. as the ‘tortuosity’
of the zeolite L channels [33]. Indeed, the MEP pre-
sented in Fig. 4 shows that diffusion of benzene at 0 K
through a cage of zeolite L is quite a complex pro-
cess, involving a reorientation of the molecule from
a position parallel to the channel wall, to a position
where it is framed in the 12T window. This complex
motion will be made easier as temperature increases,
resulting in an entropic favoring of the window: in a
preceding study of the diffusion of benzene in zeolite
NaY, presenting stable adsorption sites next to cations
and on 12T windows similar to the those separating
the cages of LTL and KL, Jousse and Auerbach [11]
have found that the windows are entropically favored
over the cage interior, by a factor of five to six at low
temperature increasing up to 9 at 800 K. This type
of favoring is also probably present in the systems
studied here.

Another average quantity of interest to elucidate
the behavior of benzene in KL is the cation–benzene
COM PDF displayed in Fig. 10 for all temperatures
and loadings. For low loading and low temperature,
there is a small peak at≈3.5 Å corresponding to ad-
sorption on a cation; when the temperature increases,
this peak vanishes as the molecule samples a larger
part of the cage. We note a similar behavior for all
loadings, but with sharper peaks for high loading since

Fig. 10. Cation–benzene COM pair distribution function in zeolite
KL, as computed from 0.1 to 0.4 ns MD using CVFFAUG for
different loadings of benzene. Note the scale is the same for all
graphs.

the volume available to a single molecule decreases as
the loading increases. The peaks are displaced toward
lower distances, i.e.≈3 Å due to the benzene–benzene
constraints. These results indicate that adsorption on
a cation is only well-defined at low temperatures, or
very high loadings. This again mitigates the results
of the static solid-docking and packing studies, where
only cation adsorption sites were observed. The av-
erage cation–benzene COM distance remains compa-
rable with the experimental observation: 3.14 Å [25].
In contrast to the packing study, this average distance
decreases with increasing loading, while at 0 K it re-
mains largely fixed.

Since at low temperature or high loading we can
define a ‘cation adsorption site’, such as it is found
for example in NaY [11], we can also determine the
average residence time at the cation. From Fig. 10,
we see that this cation site can be defined if the
benzene’s COM is less than≈4.3 Å from the cation.
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Fig. 11. Average residence time at a cation site, as computed
from 0.1 to 0.4 ns MD of benzene at various loadings in zeolite
KL using CVFFAUG. Vertical bars represent the 95% confidence
interval. Solid lines: one molecule; dotted lines: two molecules;
dashed lines: four molecules.

From this definition we can extract residence times
at the cation, presented in Fig. 11. Vertical lines are
estimated error bars giving a 95% confidence interval.
These error bars are quite large due to a large statis-
tical uncertainty. The main conclusion of this graph
is that residence times at cation sites are only weakly
dependent on temperature and loading, and vary only
between 0.5 and 1.8 ps. In a recent NMR study of
benzene in KL, Sato et al. [30] have found a much
longer residence time at cation sites, reaching 10−6 s
at 373 K, and a much larger temperature dependence
of these times, corresponding to an activation energy
of 18 kJ mol−1. The discrepancy between our simula-
tion results and these experiments reaches six orders
of magnitude. The obvious explanation would be that

Fig. 12. Vibrational density-of-stateG(σ ) for a single molecule of benzene in zeolites LTL and KL, as computed from 0.4 ns MD at 300 K
using CVFFAUG. Solid line: G(σ ) for all axes; dotted line:G(σ ) along x; dashed line:G(σ ) along y; long-dashed lines:G(σ ) along z,
the channel axis.

the present simulation results do not represent cor-
rectly adsorption at a cation: indeed, we have seen that
the cation–framework and cation–benzene distances
are overestimated in our simulations, which would
lead to a somewhat smaller electrostatic interaction
between the cation and the quadrupole of benzene. We
do not think, however, that this slight overestimation
would lead to differences of such magnitude.

We now turn to frequency-dependent processes.
The maximum observable frequency and minimum
resolution are proportional to the inverse of the sim-
ulation time and sampling frequency, respectively.
Although internal vibrations can provide some infor-
mation about the surrounding of the molecule in its
adsorption site [27], we are more interested in molecu-
lar motions, such as external vibrations and librations,
generally characterized by low frequency (LF) vibra-
tions [58]. Fig. 12 presents the LF spectrumG(σ )
computed from Eq. (5) at 300 K for benzene in LTL
(left) and KL (right). In LTL,G(σ ) is made of a single
band peaked around 18 cm−1, stemming mainly from
contributions fromx- andy-axes; those contributions
are identical, since the zeolite is symmetric alongx
andy. This peak shifts slightly with temperature, from
about 12 cm−1 at 200 K to 25 cm−1 at 600 K: it ori-
ginates in the vibrations of benzene through the cage,
with a frequency roughly proportional to its velocity:
ν ≈ v/l, wherev is the COM velocity andl the cage
length. Gz(σ ) presents a non-zero contribution at
σ = 0, representing the diffusion along the channel.
In KL, we recognize the same peaks, at about the
same frequencies alongx andy. However, their ‘tail’
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extends to much higher wavenumbers:≈60 cm−1. In
addition, there is a high frequency (HF) peak, at about
≈30 cm−1, mostly originating in motions alongz. We
can generally separate external vibrations at a cation in
two distinct parts: a vibration ‘away from the cation’,
and a vibration ‘parallel to the cation’. This has been
observed, e.g. for methane [58] or oxygen in NaA
[59], as well as for benzene in NaY [11,60] or in
HY [61]. Since the peak at 30 cm−1 comes mainly
from a contribution alongz, the channel axis, it can-
not be clearly attributed to the vibration ‘away from
the cation’. Rather, it is due to the geometry of the
cage around the D cation site: in the vicinity of this
site, benzene is constrained in the cage alongz. The
vibration ‘away from the cation’ appears only as part
of the HF tail in the spectra alongx andy.

All vibrations observed at infinite dilution are very
low frequency ones, both in LTL and KL. It has been
found for benzene in other zeolites, that the vibration
‘away from the cation’ is usually a HF one: up to
200 cm−1 for benzene in HY [61], and estimated from
50 to 100 cm−1 for benzene in NaY [11]. In KL, we do
not observe any well-defined corresponding vibration,
indicating a very flat potential. This flatness here is
naturally related to the cation size, which becomes
evident when comparing H+, Na+, and K+.

Fig. 13 presents the evolution of the total vibrational
density-of-statesG(σ ) when the number of molecules
increases. In LTL,G(σ ) at medium loading is very
similar to that at low loading: indeed, we have seen that
for two adsorbed molecules, they separate in different
cages, so that each molecule feels an environment sim-
ilar to infinite dilution. At high loading, there are two

Fig. 13. Vibrational density-of-stateG(σ ) for one to four molecules of benzene in two unit-cells of zeolites LTL and KL, as computed
from 0.1 to 0.4 ns MD at 200 K using CVFFAUG.

molecules per cage, so that the spectrum changes: most
notably, a peak appears at higher frequency, that can
be attributed to the correlated vibration of both ben-
zene molecules together in the cage. Indeed, this peak
can be seen also onG(σ ) computed for the COM of all
atoms of the two benzene molecules together. In KL,
putting two molecules in the same cage also shifts the
peaks toward higher frequencies, for the same reason
as in LTL. In contrast to LTL however, the spectrum
at medium loading is similar to that for high loading,
which reflects the presence of two benzene molecules
in the same cage.

3.3. Self-diffusion coefficient

Getting a reliable diffusion coefficient from MD
simulations is far from trivial. Indeed, a diffusion co-
efficient can only be measured in the long-time diffu-
sive regime, thus requiring extremely long dynamics
run, even for fast diffusion. Only in the last years have
simulation duration reached the 20 ns or more required
to sample a diffusivity of 10−10 m2 s−1 [55,62]. Such
long runs are necessary to observe the crossing of free
energy barriers separating stable adsorption sites. Free
energy sampling techniques can be used as an alterna-
tive to these long MD calculations, and this is an area
of current active research [63,64].

A precise self-diffusion coefficient, however, is
never more accurate than the underlying free energy
landscape. In the absence of any exact energy func-
tional, and since even experimental diffusion coeffi-
cients are estimated with a 50% error, it is doubtful
whether such accuracy is of any use; rather, one needs
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a reliable estimation of the uncertainty with which
the self-diffusion coefficient is calculated. Defin-
ing the self-diffusion coefficient from the Einstein
relation,

D = 1

6
lim

t→∞
1

t
〈rrr2(t)〉 (6)

it is usually estimated from the slope of the MSD ver-
sus time. One immediately sees that there are two com-
peting aspects building the total uncertainty onD: (i)
the limit t → ∞ should correspond to a long enough
time so that diffusive regime is reached, i.e. linear de-
pendence of the MSD upont; but (ii) the slope should
be as near as possible from the origin to minimize the
statistical uncertainty of the estimation. If the MD run
is not long enough for a constant, far-ranging, beauti-
fully linear regime to be observed, it is rather difficult
to ascertain the total interval of confidence of the cor-
responding self-diffusion coefficient. It should also be
noted that the MSD of any molecule in a periodically
repeated cell is necessarily linear witht over lengths
longer than the unit-cell; thus an observed hydrody-
namic behavior can sometimes be an artifact of the
simulation, especially with complex multi-molecule
systems with strong molecule–molecule interactions,
where coherence lengths can extend over more than
one unit-cell.

Fortunately diffusion of adsorbed molecules in ze-
olites, as indicated in Section 1, follows most of the
time a particularly simple process of site-to-site jumps
by crossing free energy barriers. Therefore, one can
define a ‘basic diffusive event’ corresponding to one
of these jumps, delimiting the pausing time distribu-
tion in the stable site. Supposing that the pausing time
distribution follows an exponential law correspond-
ing to a random site-to-site process, we would have
that

D = 1

6

a2

τ
(7)

whereD indicates the self-diffusion coefficient,a the
distance between two basic sites andτ the average
residence time in the sites. This provides a direct mea-
sure of the uncertainty onD as:

1D

D
= 1τ

τ
(8)

1τ , for its part, is easily estimated from the sim-
ulation using the central limit theorem. In the gen-

eral case, the pausing time distribution might not be
exponential, so that Eq. (7) might not hold. We nev-
ertheless suppose that Eq. (8) gives an estimate of
the uncertainty onD. The residence time used to de-
fine uncertainties on the self-diffusion coefficient is
in all cases the cage residence time, characterizing
long-time transport, and not the cation residence time
described in Fig. 11.

In the case of multiple molecules adsorbed in both
KL and LTL, we could not define any self-diffusion
coefficient from the simulations: indeed, only very
few cage-to-cage jumps were observed in these cases,
usually less than five, even in long runs. The rea-
son for this behavior is of course both site blocking
and benzene–benzene interactions, both tending to
decrease the mobility of the adsorbed molecules.
The arguments presented above, however, show that
even if we had observed more jumps resulting in a
well-defined self-diffusion coefficient, for medium
and high loadings, the small size of the simulation cell
alongz could have artificially changed the site-to-site
dynamics of the adsorbed molecules. Indeed, for two
molecules adsorbed in LTL, where they tend to oc-
cupy different cages, we have observed correlated
site-to-site jumps of both molecules; in the absence
of a much longer dynamics on a much larger systems,
there is however no way of deciding whether this
correlation is an artifact of the simulation or a gen-
uine phenomenon. For this reason, we will limit this
discussion of the self-diffusion coefficient to infinite
dilution alone.

Fig. 14 presents the MSD of benzene in LTL at in-
finite dilution for four temperatures, both in log–log
andx–y plots. After an initial ballistic regime charac-
terized by a slope of two on the log–log plot, we can
observe some oscillations reflecting the confinement
of the molecules in a cage, followed by the diffusive
regime characterized by the slope of one. It is clear
on the log–log plot that this diffusive regime does not
persist for a very long time, and statistical uncertain-
ties hide the linearity after as few as 50 ps, although
the total MD simulation extended for 0.45 ns. On the
x–y plot, we can derive from the linear regime the
self-diffusion coefficient by limiting the regression un-
der 100–200 Å2, corresponding to a span of two to four
unit-cells. This has been done for both LTL and KL,
and the resulting self-diffusivities, are given in Fig. 15.
The corresponding error bars are estimated from the
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Fig. 14. Mean-square displacement of one molecule of benzene
in zeolite LTL without compensating cations, as determined by a
0.4 ns MD run at various temperatures using CVFFAUG. The top
graph presents a log–log plot, the bottom one the corresponding
x–y graph.

Fig. 15. Self-diffusion coefficient of a single benzene molecule
in zeolites LTL and KL, as determined from a 0.4 ns MD run
using CVFFAUG. Error bars give the 95% confidence interval,
estimated using the procedure indicated in the text.

site residence times, using a studentt-distribution with
a 95% confidence interval.

One immediately sees why it is so important here
to estimate reliably the confidence interval: indeed,
the temperature dependence of the diffusion coef-
ficient appears to be rather strange, compared with
the usual exponential dependence observed for dif-
fusion of guest molecules in zeolites [65]. In parti-
cular, the self-diffusion of benzene in LTL behaves
clearly non-monotonically with a minimum of around
300–350 K and an increase at higher temperatures.
In KL, D remains much smaller, but the statisti-
cal uncertainties due to very sparse cage-to-cage
jumps make it difficult to really quantify its tem-
perature dependence; it appears to be much smaller
than the 0 K energy barrier found from constrained
minimization, i.e. 34 kJ mol−1. This behavior clearly
demonstrates the entropic nature of the diffusion
process of benzene in this zeolite, which we noted
in Section 3.2 when discussing the free energy
barriers.

3.4. Energy versus entropy

In this section, we would like to compare the results
from static and dynamic calculations on benzene in
zeolite L with and without compensating K+ cations,
as given in the above subsections. As a general rule,
static studies focus on the energetics of the system,
while dynamic studies probe its entropic dependence.
The interest of studying benzene both in LTL and KL
lies in the fact that entropic effects due to confinement
are similar for both systems, while energetics is much
stronger in KL due to the cation–benzene interaction.
The results presented here can be summarized by the
following comments.

The competing effects of energy and entropy are
quite apparent in this study: energy tends to localize
adsorption, and entropy to delocalize it; energy tends
to cluster benzene molecules in the same cage, entropy
to spread them in different cages; energy stabilizes
the 12T window site in KL, while entropy destabilizes
it. Entropic effects are clearly preponderant in LTL,
already at 200 K: the clearest view might be given by
the temperature dependence of the self-diffusion co-
efficient, which does not follow anything approaching
Arrhenius behavior. It is indeed known that entropy
plays an important role in all-siliceous zeolites [3,4].
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In KL, the picture is more contrasted, as the control of
the adsorbate’s dynamics shifts from energy to entropy
as the temperature increases between 200 and 600 K.
This is clearly apparent on the temperature depen-
dence of the K-benzene or benzene–benzene pair dis-
tribution functions. However even at low temperature,
entropic effects are not negligible, for example, we do
not observe any adsorption on the KL 12T window,
which is predicted by constrained energy minimization
results. This is in accordance with IR measurements
[31].

The clear conclusion of this study is, not to rely
uniquely on simple energetic simulations alone: while
energy plays an important part in zeolite, for tem-
peratures of interest in experimental set-ups, entropy
also plays an important role. Of course this conclu-
sion is not completely general, as the importance of
energetics depends on the particular system of inter-
est, as well as the potentials. Furthermore, entropic
effects themselves depend on the structure of the ze-
olite and adsorbate. For example, we have shown in
a study of benzene in NaY that even at high temper-
ature energetics remains preponderant [3]. Consider-
ing the forcefields used, which are representative of
the type of forcefields generally considered for ad-
sorbates in zeolites, it is clear that adsorption on a
cation will be stronger as the radius of this cation de-
creases. In the first part of this study, we have shown
that the radius of the K+ is probably slightly overesti-
mated by CVFFAUG, which therefore probably mini-
mizes the influence of energy. This does not change
the conclusions presented here but shifts up the tem-
perature for which entropic effects might become pre-
ponderant over energetic effects. By estimating free
energy barriers to diffusion of benzene in KL and
LTL, we have quantified entropic effects for these
systems between 200 and 600 K, the entropic part of
the barrier amounts to≈0.02 kJ mol−1 K−1, which is
about 6 kJ mol−1 at 300 K. This value is rarely neg-
ligible, except for very high energy barriers to the
diffusion.

We have also shown that the entropic barrier is
similar at infinite dilution for both KL and LTL,
showing that it should be possible to estimate the
order of magnitude of entropic effects by a sim-
pler study of diffusion in the all-siliceous zeolite.
However, this does not remain valid when loading
increases.

4. Conclusion

We have used a number of standard forcefield-based
molecular simulation techniques available within the
commercial InsightII and Cerius2 packages of MSI to
determine and validate a model of zeolite L, with and
without compensating potassium cations KL and LTL,
respectively, and to study the adsorption and dyna-
mics of benzene adsorbed in this structure. We have
focused on the differences between KL and LTL by
systematically running the same simulations in the two
structures. We have used static simulation techniques
involving only energy minimization to determine the
minimum energy sites at 0 K, and the MEP between
these sites. We have also used short (100–500 ps) MD
simulations at different temperatures and loadings to
determine the influence of entropic effects on the dy-
namics of benzene in zeolite L.

The model zeolite KL (Si/Al= 3.0) we constructed
is based on neutron diffraction data of Newsam [25].
Four different configurations of the Al atoms were ini-
tially considered. K+ cations were introduced in the
structure, using the cation-locator package available
within the Cerius2 environment. The resulting dis-
tribution of the cations matched exactly the neutron
diffraction data [25]: the four resulting models only
differed in the local arrangement of the K+ cations at a
D site in the supercage. Simulated IR and XRD spec-
tra for all four models were also identical, so that we
arbitrarily chose one of these models to study the dif-
fusion of benzene. This model was minimized using
the Burchart-UFF forcefield, also available in MSI’s
Cerius2 package. A comparison of the IR and XRD
spectra with experimental data showed that this force-
field reproduces well both the structure and dynamics
of KL. The commonly used forcefield derived by van
Beest et al. [38] also gave good results, as did the av-
erage T-site forcefields of Auerbach et al. [13]. On
the other hand, the bare UFF forcefield, which was
not parametrized for zeolites, led to a poor agreement
with both of the structure and of the dynamics of the
KL framework.

The model zeolites KL and LTL were kept fixed
to study the adsorption and dynamics of benzene.
We focused on comparing the results of static sim-
ulation methods, i.e. solid-docking, packing, and
solid-diffusion, available within the InsightII envi-
ronment of MSI, using energy minimization alone,
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and MD, using Discover3, also from MSI. These are
standard simulation methods and packages, routinely
used to estimate the efficiency of zeolites as molecu-
lar sieves. Solid-docking and packing packages were
employed to determine the minimum energy sites for
benzene in LTL and KL, solid-diffusion to estimate
the MEP between these sites, and Discover3 to study
the dynamics of benzene in LTL and KL between
200 and 600 K, at infinite dilution, one molecule
per unit-cell, and two molecules per unit-cell. All
benzene–zeolite interactions were computed with the
CVFF AUG forcefield, also from MSI.

Docking and packing studies show that benzene in
both LTL and KL is preferentially adsorbed inside
the supercage. In KL, the preferred adsorption site
is next to a K(D) cation inside the supercage. The
12T window is a local minimum in KL but not in
LTL, probably due to the slight difference in size:
10.7 Å from O to O in KL, against 10.4 in LTL. This
window site seems favored as the number of adsorbed
benzene increases. Energy barriers to the diffusion at
infinite dilution are estimated to 7.5 kJ mol−1 in LTL,
and about 34 kJ mol−1 in KL.

Entropic effects however have a strong influence on
the adsorption behavior of benzene, as the results ob-
tained from MD simulation are very different from the
static simulations: energy tends to localize adsorption
of benzene in KL next to a K+ cation, entropy to de-
localize it over the whole cage; energy tends to favor
the 12T window site in KL, while entropy makes this
site no longer stable, for all loadings and temperatures
studied; energy tends to cluster up to three benzene
molecules in the same cage, entropy to separate them
in different cages. We can estimate an order of mag-
nitude of the entropy barrier to the diffusion from a
linear fit of the potential of MF along the channel axis
with temperature: it amounts to≈0.02 kJ mol−1 K−1

at infinite dilution, both for KL and LTL. Even if the
energy part of the interaction between benzene and KL
is underestimated, which is likely from the overesti-
mation of the K+ radius, this would amount to about
6 kJ mol−1 at 300 K, which is not negligible except for
very high energy barriers.

Our MD simulations agree with IR measurements
in that the 12T window site appears not to be an ad-
sorption site, whatever the temperature and loading
[31,32]. The nature of the adsorption site, i.e. ben-
zene ‘capping’ a K+ cation at a D site, also agrees

well with experimental data [25]. More importantly,
benzene pausing time at a cation site in KL was deter-
mined by Sato et al. [30] using2H NMR to be about
six orders of magnitude larger than what is estimated
from the simulation. One reason for both results might
be that the radius of the K+ ion is overestimated by
CVFF AUG: if one is interested in exact agreement
between experiment and simulation, a reparametriza-
tion of the corresponding interaction parameters is
probably required. However, we feel this would not
change our conclusions on the influence of entropy on
adsorption and diffusion of benzene in LTL and KL,
but only the temperature for which entropic effects
would become preponderant over energetics. Indeed,
the fact that the estimated1S in KL is very similar to
that in LTL suggests that entropic effects are mainly
due to the geometry of the channel, rather than to the
compensating cations.

The last observation leads to an important conclu-
sion; indeed, it should be possible to estimate entropic
barriers to diffusion of a given molecule in a particular
zeolite from a study of the diffusion in the all-siliceous
equivalent of this zeolite, which is much less compu-
tationally intensive. This argument forms the basis of
most simulations of diffusion in all-siliceous equiva-
lent to active zeolites [8]. We find here that, although
completely justified at infinite dilution, this argument
does not remain valid at finite loading: the influence
of intermolecular interactions at medium loading is
very different in LTL, where entropic effects win and
molecules tend to separate in different cages, and KL,
where for not-too-high temperatures energy wins and
molecules cluster in the same cage.
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