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Abstract

Molecular dynamics simulations of water diffusion in silicalite-1 are reported. The simulations are carried out using an
ab initio fitted silicalite-1–water potential based on quantum chemical calculations. In addition, preliminary results of pulsed
field gradient (PFG) NMR diffusion measurements of water and small alkane molecules in silicalite-1 samples are presented.
Pre-adsorption of water in silicalite-1 samples was found to change the intra-crystalline diffusivities of small alkane molecules
in silicalite-1. This is interpreted as an indirect evidence that under our experimental conditions water molecules occupy a
significant part of the silicalite-1 channel system. The preliminary results of the PFG NMR diffusion measurements of water
in silicalite-1 samples are discussed in terms of the contributions of extra- and intra-crystalline water to the measured signals.
An-order-of magnitude agreement between the measured and the simulated intra-crystalline diffusivities of water in silicalite-1
is obtained. © 2002 Elsevier Science B.V. All rights reserved.

Keywords:Diffusion coefficient; Silicalite-1; Water; Ab initio fitted potential; Molecular dynamics; PFG NMR

1. Introduction

Zeolites have found applications in various fields
of industry as catalysts and molecular sieves[1–3].
Unlike conventional, high-aluminum-content zeolites,
silicalite-1 possesses a channel system, which can be
regarded as cation-free. Silicalite-1 is widely used to
separate paraffin or aromatics from water or other po-
lar solvents as well as to sieve the molecules having
different shapes[4–6]. Owing to low aluminum con-
tent, the affinity of this zeolite-to-water is weak. Ear-
lier measurement of water diffusion in pentasil zeolites
have been published[7], but there are experimental in-
dications that water molecules can, at the best, occupy
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only a part of the available pore volume of silicalite-1
crystals[8]. The presence of defect sites, such as hy-
droxyl groups on the surface of the silicalite-1 chan-
nels, may significantly affect the adsorption of water
molecules[8].

In this paper, we report the results of molecular dy-
namics simulations of water diffusion in silicalite-1.
We also present here the first, preliminary results of
pulsed field gradient (PFG) NMR measurements of
water diffusion in samples of silicalite-1. In addition,
PFG NMR diffusion measurements of ethane, propane
and n-butane in water-free samples of silicalite-1
and in silicalite-1 samples with pre-adsorbed wa-
ter are reported and discussed. The latter measure-
ments were performed in order to study the influence
of pre-adsorbed water on the diffusion of alkane
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molecules in silicalite-1. An experimental detection
of such an influence can be regarded as an indirect
evidence that water molecules occupy a significant
part of the silicalite-1 channel system.

2. Molecular dynamics simulations

2.1. Methodology and the used ab initio fitted
potential

To obtain the self-diffusion coefficient by means of
a theoretical approach, molecular dynamics simula-
tions [9,10] have been performed at 298 and 393 K.
Simulations have been carried out with a time step
of 0.5 fs with a MD box consisting of two silicalite-1
unit cells. The system has been examined at a con-
centration of two water molecules per intersection
corresponding to 16 water molecules per MD box and
experimentally equivalent to water–silicalite-1 mass
ratio (w/s) of 24 mg g−1. Before starting evaluations
each system was thermalized for 0.5 ps. Some trial
calculations with longer thermalization showed no dif-
ference in the diffusion coefficients within the range
of fluctuations. The evaluation part of the MD runs
corresponded to trajectory lengths of 10 ns. There was
no thermalization during the evaluation part of the
run. Periodic boundary conditions have been applied.
The silicalite-1 crystal structure used in this study
is characterized by the two types of channels and
belongs to the “Pnma” symmetry group. The crys-
tallographic cell[11] (Si96O192) contains 288 atoms
with lattice parametersa = 20.07 Å, b = 19.92 Å and
c = 13.42 Å. The potential proposed by Bopp et al.
[12] was employed to describe water–water interac-
tions, with the stabilization energy of−6.1 kcal mol−1

at O–O distance of 2.86 Å. A recently developed
potential:
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was used to represent the silicalite-1–water inter-
actions.A, B and C parameters are obtained from
1032 water-framework interaction energies calcu-
lated quantum mechanically. Here, the framework is

represented by the three fragments taken from the
sinusoidal, straight and intersection channels and
water coordinates were generated inside those frag-
ments.Eq. (1) contains 24 fitting parameters and six
different atomic net charges, distinguishing interac-
tions between Si and O atoms of silicalite in different
channels and O and H atoms of water molecule.
The optimal water-framework interaction energy is
−7.0 kcal mol−1. This energy is achieved when the
water molecule resides at the center of the interaction
channel[13]. A detailed description of the method
used for the potential calculations from ab initio data
is given in[13].

In the present simulations, the lattice was kept fixed
while the water molecules are flexible. This approx-
imation is in agreement with the findings observed
for methane in silicalite-1[14], where the effect of
host–guest flexibility is already sufficiently accounted
for if only the molecules are considered to be flexible
while the lattice is kept rigid.

In [15,16], it has been shown that the use of Ewald
summations for the Coulomb interactions can be
avoided for the treatment of charged particles in ze-
olites [15] if the sum of all charges in the MD box
is zero. Especially in the paper of Wolf et al.[16]
it has been shown in detail that this approximation
works surprisingly well. Taking into account that
Ewald summation may produce the artifacts due to
an artificial periodicity of long-range forces arising
from distant water atoms, in the present paper we use
the approximation proposed by Wolf et al.[16]. This
approximation essentially means the use of shifted
forces.

In this work, the silanol group free lattice was used.
The elucidation of the potentially strong influence of
these groups on water diffusion and adsorption in real
silicalite-1 crystals remains to be the subject of future
research.

2.2. Molecular dynamics results

The self-diffusion coefficients are calculated from
the particle displacements. In[20–22], the process of
self-diffusion was quite generally related to the mo-
ments of the propagator[20]. The propagatorP(r,
r0, t) represents the probability density to find a par-
ticle at positionr at time t when it was atr0 at
time t = 0.
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Thenth moment of the propagator is defined by the
relation[20]:

〈|r − r0|n
〉 =

∫
|r − r0|n P (r, r0, t)dr, (2)

P(r, r0, t) is the solution of the diffusion equation
for the initial concentrationC(r, t = 0) = δ(r − r0).
In the case of isotropic diffusion and a homogeneous
system the propagator results to be:

P(r, r0, t) = (4πDt)−3/2 exp

{−(r − r0)
2

4Dt

}
. (3)

Although zeolites are not homogeneous the propaga-
tor can be represented in this way if the displacements
exceed the size of the inhomogeneities[21]. ThenP(r,
r0, t) depends only on the difference|r − r0|. For
shorter times this is not true. As the transition time
to the Gaussian behavior and the finalD values were
the quantities of main interest in the present paper an
averaging overr0 has been carried out. The resulting
propagator depends only upon|r − r0| for all times.
But, it attains the shape shown inEq. (3)(or its equiv-
alents for the different components of the diffusion
tensor in the anisotropic case, as shown below) only
for sufficiently long times.

The first four moments can be calculated from
Eqs. (2) and (3)in the case of normal diffusion as:

〈|r − r0|〉 = 4

√
Dt

π
, (4)

〈|r − r0|2〉 = 6Dt, (5)

〈|r − r0|3〉 = 32√
π
(Dt)3/2, (6)

〈|r − r0|4〉 = 60(Dt)2. (7)

Table 1
The diffusion coefficientsDx , Dy and Dz, of water molecules inx-, y- and z-directions as well as the average valueD (one-third of the
trace of the diffusion tensor) obtained from the simulations and comparison with the mean diffusivity obtained in the PFG NMR studies
at 298 and 393 K

Temperature (K) MD simulation PFG NMRD (m2 s−1)

Dx (m2 s−1) Dy (m2 s−1) Dz (m2 s−1) D (m2 s−1)

298 2.6× 10−9 6.5 × 10−9 7.9 × 10−10 3.3 × 10−9 1.7 × 10−9

393 5.7× 10−9 1.3 × 10−8 1.4 × 10−9 6.7 × 10−9 1.5 × 10−9

In the anisotropic system, the corresponding equations
for each direction are[14]:

〈|l − l0|〉 = 2

√
Dlt

π
, (8)

〈|l − l0|2〉 = 2Dlt, (9)

〈|l − l0|3〉 = 8√
π
(Dlt)

3/2, (10)

〈|l − l0|4〉 = 12(Dlt)
2, (11)

where l is x, y or z, respectively. TheD values es-
timated from these four moments must synchronize
each other in the case of normal diffusion fort val-
ues that are larger than the decay time of the velocity
auto-correlation function. The elements of the diffu-
sion tensor, corresponding to thex-, y- andz-axis are
calculated fromEqs. (8)–(11). In this case, the diffu-
sivity D is one-third of the trace of the diffusion tensor:

D = 1
3(Dx + Dy + Dz)· (12)

The good agreement (within the range of fluctua-
tions) of the finalD values calculated for 298 K us-
ing the Eqs. (8)–(11)(as shown inFig. 1), indicates
that the diffusion time used in the evaluation proce-
dure exceeds the correlation time. The self-diffusion
coefficients calculated in this way at 298 and 393 K
are summarized inTable 1.

It can be seen from these results that the largest com-
ponent of the diffusion tensor isDy . TheDy values are
about two times larger thanDx at both temperatures
and about seven times larger thanDz at 298 K and even
larger at 393 K. This is consistent with the physical
structure of the silicalite-1 crystal, which consists of
zigzag channels lying in thexz-plane and the straight
channels lying parallel to they-axis. This causes the
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Fig. 1. The diffusion coefficients in (a)x-axis; (b)y-axis; (c)z-axis
vs. time window (0.4 ns) obtained from the simulations with two
water molecules per intersection of silicalite-1 at 298 K.

significant difference of the elementary diffusion rates
in different directions.

Considering the diffusion through silicalite-1 as a
random walk of independent steps between the chan-
nel intersections, the main elements of the diffusion
tensor may be shown to be correlated by the relation
[23]:

c2

Dz

= a2

Dx

+ b2

Dy

, (13)

wherea, b andc are the unit cell lengths.Eq. (13)im-
plies that the correlation time of propagation is shorter
than the mean time it takes a molecule to travel from
intersection to intersection. Possible deviations from
this case, i.e. correlated motion between the channel
intersections, may be accounted for by introducing a
parameter[24–26]:

β = c2/Dz

a2/Dx + b2/Dy

(14)

The caseβ = 1, obviously represents the above con-
sidered case of completely random steps. The case
β > 1 indicates preferential continuation of the diffu-
sion path along one and the same channel, whileβ <

1 stands for molecular propagation with interchanges
between the two channel types more probable than at
random. The values ofβ calculated in this study are
equal to 1.04 at 298 K and 1.25 at 393 K. In agree-
ment with the behavior found for alkanes, e.g.[26],
whereβ = 1.2 and 1.3, a tendency is observed that
the xenon molecules and the methane molecules, re-
spectively, in silicalite-1 prefer to remain in the same
type rather than to change into a segment of the other
channel type at a channel intersection.

The oxygen–oxygen radial distribution functionsg
for the water molecules at the two temperatures have
been calculated and displayed inFig. 2. In inhomoge-
neous systems,g(r1, r2) depends uponr1, also, and is
not simplyg(r) with r = |r1 − r2|. But, as a first ap-
proximation, we have done the evaluation ofg(r) like
in a homogeneous isotropic system. This is equivalent
to an averaging over the sitesr1 taking as a weight

Fig. 2. Oxygen–oxygen radial distribution functions and corre-
sponding running integration numbers for water molecules ob-
tained from the simulations at 298 and 393 K.
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function the relative number of events when ther1
are found during the MD run. Note that due to the
asymmetry of the silicalite-1 lattice the functiong(r),
defined in this way, does not converge to 1.0 for dis-
tances of the order of 10 Å. The functiong(r) = 1
would correspond to a homogeneous distribution in
space that can be observed in systems with a structure
on molecular level only at a length scale that is larger
than the size of the inhomogenities, i.e. the channel
structure in the present case. The radial density dis-
tributions show a first maximum at 3.5 Å followed by
a pronounced shoulder centered at 4.4 Å. In order to
see the number of neighbors the integraln(r) of g(r) is
also displayed inFig. 2. It can be seen that, e.g. within
a distance of 7 Å around a given water molecule, there
are in average only two other water molecules.

To decide whether the water molecules form clus-
ters, the distribution of coordination numbers is ex-
amined. As the first minimum is not well-defined, the
probability Pr (i) to find 1, 2, 3,. . . water molecules
within r = 4, 5 and 6 Å around a given one was
examined for both temperatures and compared in
Fig. 3. The highest probability is found for the num-
ber zero of water molecules in all cases. The average
coordination numbers at 298 K integrated up to the
three distances are 0.36, 0.94 and 1.44, respectively.
The corresponding numbers at 393 K are 0.36, 0.90
and 1.40. It can be concluded that the simulations
did not show any clustering of water molecules in the
silicalite-1 channels for the examined temperatures
and concentrations of guest molecules.

3. PFG NMR measurements

3.1. Experimental details

The measurements of self-diffusion of guest
molecules in samples of silicalite-1 were carried out
using the home-built PFG NMR spectrometer FE-
GRIS 400 operating at a1H resonance frequency
of 400 MHz [17]. For diffusion measurements, the
standard stimulated echo and Hahn echo PFG NMR
pulse sequences[18] were used. To obtain the dif-
fusivity, the attenuation of the PFG NMR spin echo
signal (Ψ ) was measured as a function of the ampli-
tude of the applied field gradient (g). For the PFG
NMR diffusion measurements using both sequences
the duration of the applied field gradient pulses (δ)

Fig. 3. Representation of nearest-neighbor probabilities: the heights
of the columns represent the probabilityPr (i) to find i further
water molecules within a distance ofr (4, 5 and 6 Å) around a
given water molecule. Distance means the distance between the
oxygen atoms in the water molecules.

was set to 0.26 ms and the duration of the ‘dephasing’
and the ‘read’ intervals (τ ) was set to 0.8 ms. For the
PFG NMR measurements using the stimulated echo
sequence the value of the time interval between the
two gradient pulses (∆) was in the range between 1.2
and 2 ms. The intensity of the applied gradients was
varied between 0 and 24 T m−1.

The average size of silicalite-1 crystals was
100�m×30�m×20�m. The zeolite was used in the
calcined form. The sample of silicalite-1, applied in
the PFG NMR studies was synthesized as described
in [19]. The investigations of this sample using H1

MAS NMR revealed the presence of silanol groups
(around one silanol group per two unit cells).

The samples for the PFG NMR measurements were
prepared with the following method. Around 300 mg
of silicalite-1 were introduced into the NMR tube.
Then the tube was connected to the vacuum system
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and the zeolite sample was activated by keeping the
sample under high vacuum at 473 K for 20 h. Subse-
quently, the zeolite sample was loaded with water by
freezing it from a fixed volume of the vacuum system.
When preparing the samples with D2O–alkane mix-
tures, upon loading with D2O the samples were addi-
tionally loaded with alkane by freezing it from another
fixed volume of the vacuum system. Upon loading, the
NMR tube was sealed and separated from the vacuum
system. The total amounts adsorbed corresponded to
24 mg g−1 of water in the alkane-free sample and to
28 mg g−1 of D2O in the samples with the D2O–alkane
mixtures. These are exactly the concentrations consid-
ered in the MD simulations. The amounts of ethane,
propane andn-butane adsorbed in the samples with
the D2O–alkane mixtures as well as in the samples
loaded only with alkane were 42, 61 and 81 mg g−1,
respectively.

3.2. Results of the pulsed field gradient nuclear
magnetic resonance measurements

Fig. 4 shows examples of the attenuation of
the NMR signal

(
Ψ (g,∆) ≡ (M(g,∆)

M(0,∆)

))
of water

molecules in the sample of silicalite-1 at 298 and
393 K. The attenuation curves were recorded using

Fig. 4. 1H PFG NMR spin echo attenuation curves for water in
the sample of silicalite-1 recorded by using the stimulated echo
PFG NMR sequence at 298 K (∆ = 2 ms) and by using the Hahn
echo PFG MR sequence at 393 K (∆ = 0.8 ms). The lines show
the fit curves used to calculate the diffusion coefficients.

the stimulated echo and the Hahn echo PFG NMR se-
quences. For both sequences the spin echo attenuation
can be written as[21]:

Ψ (g,∆) = exp
( − γ 2Dδ2g2(∆ − 1

3δ
))
, (15)

where γ and D denote the gyromagnetic ratio and
the diffusion coefficient. In derivingEq. (15) it was
assumed, that the diffusion can be described by a
normal Gaussian propagator, given inEq. (3), which
represents the probability density for the diffusing
molecules to be displaced over a distance|r − r0| dur-
ing a time intervalt. It was shown in[27] that for
sufficiently small PFG NMR attenuations measured
in powder samples,Eq. (15) is a good approxima-
tion even for anisotropic diffusion like diffusion in
silicalite-1.

This diffusivity can be obtained from the initial
slope of the ln(Ψ ) versus g2 representation using
Eq. (15). For sufficiently large PFG NMR attenua-
tions diffusion anisotropy leads to deviations from
the linear dependence of ln(Ψ ) on g2 as predicted by
Eq. (15).

It is seen inFig. 4 that the attenuation curve mea-
sured at 298 K shows a pronounced non-linear behav-
ior. At the same time, the curve measured at 393 K
exhibits only minor deviations from a linear behavior
except for the very rapid decay in the initial part of
the curve. The deviations of the attenuation curves
in Fig. 4 from straight lines can be attributed to the
diffusion anisotropy of water molecules in silicalite-1
and/or to the existence of the distribution of the dif-
fusivities of water molecules in silicalite-1 samples.
Note that the root mean square displacements of water
molecules were always sufficiently small in compari-
son to the size of the crystals so that the effect of dif-
fusion restriction of water molecules in the crystals by
the outer surface of the crystals was negligible. Hence,
it is unlikely that the diffusion restriction is the reason
of the deviations of the measured attenuation curves
from the linear dependencies predicted byEq. (15).
An existence of a distribution of the diffusivities of
the water molecules in the silicalite-1 samples, on the
other hand, is feasible. It can be assumed that a part of
the water molecules in the sample forms monolayers
on the external surfaces of the zeolite crystals or even
exists in the form of the liquid. The difference between
the diffusion coefficient of this type of water and that
of water molecules residing in silicalite-1 crystals can
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lead to the non-linear attenuation curves at 298 K.
The diffusivity obtained from the initial slope of the
attenuation curve measured at 298 K (Fig. 4) is equal
to 1.7 × 10 m2 s−1. This diffusivity can be attributed
to the characteristic, mean diffusivity of all the types
of water in the sample. A heating of the sample up to
393 K will reduce or completely eliminate the liquid
phase and the monolayers of water in the sample. At
this temperature the water molecules can be expected
either to be primarily in the gas phase of the NMR
sample or to reside in silicalite-1 crystals. This is in
agreement with the experimental observation of the
very fast initial signal decay followed by the almost
linear signal decay at 393 K (Fig. 4). The fast initial
decay can be attributed primarily to the water in the gas
phase while the slower portion of the attenuation curve
can be assigned to the water in silicalite-1 crystals.
The diffusion coefficient of water obtained from the
slower portion of the attenuation curve (Fig. 4) using
Eq. (15)is equal to 1.5 × 10−9 m2 s−1. This diffusiv-
ity is significantly lower than the diffusivity of water
in the liquid phase even at 373 K (8.7 × 10−9 m2 s−1

from [28]). Hence, the diffusivity measured at 393 K
may definitely not be assigned to the diffusion coeffi-
cient of water in a liquid or a quasi-liquid phase. We
tentatively assign this diffusivity to the diffusion of
water in silicalite-1 crystals. The small deviations of
the slower part of the attenuation curve from a straight
line (Fig. 4, at 393 K) may be attributed primarily to
the diffusion anisotropy in silicalite-1 crystals.

The study of the diffusion of one component in
zeolite under the influence of other diffusants was
recently a point of interest for both theoreticians
and experimentalists[26,29–31]. It was generally
observed that the diffusivity of one component kept
at a constant loading decreases as the loading level
of another, usually less mobile component increases.
Here, we report the preliminary results of the PFG
NMR diffusion measurements of ethane, propane and
n-butane in samples of silicalite-1 with and without
pre-adsorbed D2O. The loadings of alkanes in both
types of the samples were kept at the same level. In
all cases the initial part of the PFG NMR attenuation
curves (−1.0 < ln(Ψ ) < 0.0) of alkane diffusion
in silicalite-1 shows the linear behavior as predicted
by Eq. (15). The diffusion coefficients of the alkanes
in the samples with and without water are presented
in Table 2. The diffusivities were obtained from the

Table 2
The diffusion coefficientsD of ethane, propane andn-butane ob-
tained from the PFG NMR measurements at 298 K in the samples
of silicalite-1 with and without pre-adsorbed D2O

Alkane D without pre-adsorbed
D2O (m2 s−1)

D with pre-adsorbed
D2O (m2 s−1)

Ethane 1.3× 10−9 4.0 × 10−10

Propane 4.4× 10−10 2.2 × 10−10

n-Butane 1.9× 10−10 1.4 × 10−10

initial slope of the attenuation curves. Diffusion stud-
ies of small alkanes in water-free MFI-type zeolites by
the PFG NMR technique are reported in[29,32–34].
The comparison of the present data obtained for the
water-free samples with those previously reported
shows general agreement between the absolute values
of the diffusion coefficients. The data presented in
Table 2show that the diffusivities of all three alkanes
are lower in the samples with pre-adsorbed water than
in the water-free samples. It can be seen inTable 2that
for smaller, more mobile alkanes the influence of wa-
ter on the self-diffusion of alkane molecules is larger.
This observation is in qualitative agreement with the
results previously reported for other two-component
systems[26,29–31]. The data presented inTable 2
provide, in our opinion, evidence that under our ex-
perimental conditions significant loadings of water
molecules in silicalite-1 crystals are achieved.

4. Comparison and conclusions

MD simulations carried out at 298 and 393 K at a
concentration of two water molecules per intersection
using an ab initio fitted potential model that has been
obtained from ab initio calculations do not show clus-
ter formation of water in silicalite-1. So, diffusion co-
efficients that agree with experimental values could be
expected.

The PFG NMR results reported in this paper in-
dicate that under our experimental conditions not
only extra-crystalline but also intra-crystalline water
is present in the silicalite-1 samples. This conclusion
is supported by the observation of the influence of
pre-adsorbed water on the intra-crystalline diffusivi-
ties of alkane molecules in silicalite-1 as well as by
the comparison of the measured diffusivity of water in
silicalite-1 sample at 393 K with that of liquid water.
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Although our PFG NMR results are preliminary in
nature they allow us to estimate the intra-crystalline
diffusivity of water at 393 K. This value differs by
less than one order of magnitude from the results of
MD simulations at the same temperature. In view of
the fact that for other zeolitic adsorbate–adsorbent
systems like, e.g. longer alkanes in MFT, there are
still orders-of-magnitude differences between exper-
imental results and MD simulations (see e.g.[35]),
this first comparative study of MD simulation and
measurement of water diffusion in zeolites appears to
yield reasonable agreement.
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