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A novel silicalite-1/methane potential function model has been developed using quantum chemical calculations
at the second-order MglleiPlesset perturbation (MP2) level with the 6-31G* basis sets. Ab initio calculations
have been performed at150 methane configurations generated inside the three silicalite-1 segments, namely,
O10SigH20, O30Si2H44, and QsSixgHss. The interaction energies are subsequently fitted to an analytical form.
We illustrate characteristics variant between the ab initio fitted potential and the available force-field models.
The molecular dynamics simulations, consisting of two units of silicalite-1 cells and eight methane molecules,
are performed at various temperatures. The calculated diffusion coefficienk5183° m?-s™* and the heat

of adsorption—5.0 kcatmol™ at room temperature reasonably agree with the previous studies as well as an
Arrhenius activation energy of 1.73 keadol™. The percentages of methane molecules residing in zigzag
and straight channels and in the intersection are in good agreement with those reported previously. The methane/
methane radial distribution function exhibits the first peak at 6.25 A. This is in contrast to the previous one
observed at-4.0 A. Itis, then, demonstrated that the appearance of the peak at 4.0 A is caused primarily by
an imbalance of the methane/methane and silicalite-1/methane pair potentials.

1. Introduction model as that used in refs 12 and 13. The obtained adsorption
The proper representation of diffusion in zeolitic material 'SCtherms and heats of adsorption were in good agreement with
systems is of considerable importance in practice due to their €XPeriment. Nicholas et al. used the Burkert and Allinger (MM2)
applications in industry and scienk&In particular, ZSM-5 and model® |n_molecular dy_nam_lcs S|mu_la_t|ons to investigate heats
its dealuminated analogue are widely used in various petro- of adsorption and self-diffusion coefficier#in the same work,
chemical processes, for example, in the conversion of methanolOther LJ parameters were extrapolated from ref 17 and proposed
to gasoliné In recent years, molecular simulation techniques, by Trouw:® The zeolite/alkane models have been improved in
especially molecular dynamics (MD) simulations, have become computer simulations by comparisons with experimental heats
an essential tool for studying various diffusive guests in zeolites. Of adsorption and Henry coefficient$!® More recently,
In most cases, the dynamical results are in good agreement withSmirnov2® Dumont and Bougear#h,and Fritzsche et & have
those obtained from experimental technigfiésdn comparison, ~ also examined dynamical properties. Due to an increase in
structural information is less sufficient. computational efficiency to date, a new silicalite-1/methane
To the best of our knowledge, the five-center silicalite-1/ model has been developed by Engel et*alas a sum of
methane models based on the force-field parametrization by electrostatic, inductive, dispersive, and repulsive interactions.
Ruthven et al.and Kiselev et af.were initially available. With In addition, simulation results for dynamical properties are
a spherical molecule approximation, thenfted atom modél frequently compared with those gauged from PFG NMR
by Goodbody et a.and by Demontis et atd!1the methane  measurement&.However, the structural aspects in terms of pair
diffusivities have been investigated using molecular simulations distribution functions have been reported in depth by Demontis
in a rigid and flexible silicalite-1 framework, respectively. et al.1% by Nicholas et al*® and in another attempt by Snurr et
Another five-center Lennard-Jones (LJ) model by JuneBt8l.  all4 In all cases, the first peak appeared at about the same
was calculated according to the Slat&irkwood equation and position, at~4.0 A.

applied in MD simulations. Some structural data were givenin - pe to the fact that all accessible parameters are based on

th_ese studies v?a the molecular distributions in the three- molecular mechanics (MM) parametrization, some doubts may
dimensional zeolite surface. The authors found out that the Sma”arise when the MM potential is used to represent the dispersive

and linear alkanes prefer to reside in the channels, as opposeyeraction between methane and silicalite-1. For instance,

to the bfa”Chgd alganes, ‘_Nh'ICh prefeé)rl t?vls't |néhe| ch_annlel methane/methane LJ parameters were found to cautiously
Intersections. Grand canonical ensemble Monte Carlo simula-;,g,ence methane packing in the specific silicalite-1 structére.

tions have additionally been performed by the same group, SnUITty o 4 jnitio derived potential reliably demonstrates its ability

et aI:,14 in order.to predict adsorption isotherms over a range Of to describe a proper arrangement of guest molecules inside the
loadings at various temperatures with the same methane/zeolltepore_ We have recently represented a silicalite-1/water interac-
* Chulalongkorn University. tion by means of an ab initio fitted model that could be fruitfully
* University of Leipzig. applied in MD simulationg>-28
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TABLE 1: Final Optimization Parameters for Atom i of Methane Interacting with Atom j in Each Channel of the Silicalite-1
Lattice?

i j Qi q A (A8 kcalmol2) B (A2 kcalmol%) C (A kcalmol%)
C Skg —0.66 0.435 484 120 35791 283 —7 349979
C Skt —0.66 0.435 2316 815 283370791 —47 973904
C Osy —0.66 —-0.87 —113 445 —3234971 1157 607
C Ost —0.66 —0.87 —185 328 —7914 489 2281723
H Sigg 0.165 0.435 —67 753 —1199 457 652 722
H Sist 0.165 0.435 —141 278 —2 765 365 1386 542
H Osd 0.165 —-0.87 5704 7620 —13594
H Ost 0.165 —0.87 —3738 —291 945 94 594

aThe subscripts sd and st denote sinusoidal (zigzag) and straight channels, respectively. Energies, in kilocalories per moleriditances (
angstroms; and atomic net charggs), in atomic units.

Herein, we develop a novel ab initio fitted model used for a AE/ keal.mol
molecular dynamics simulation. The simulations are performed 8 . MP2
at various temperatures, 120, 270, 300, and 350 K. The results — o Fitted model
are summarized in terms of pair distribution functions, self- 4]
diffusion coefficients, heats of adsorption, and activation
energies. 0

2. Calculation Details

2.1. Development of the Intermolecular Pair PotentialDue 3 2 4 0 1 2 3
to the enormous size of the silicalite-1 latfi#éhat consists of A
96 silicon and 192 oxygen atoms, the use of quantum chemicalFigure 1. Silicalite-1/methane interaction energieaE values)
calculations to employ the entire unit is undoubtedly imprac- obtained from the ab initio calculations at the MP2 level with the
ticable even with the Hartreg=ock method with the small basis  extended 6-31G* basis sets and from the potential function according
set. Therefore, selected rings ofSiigH20, O30SizoHas, and Qs- to eq 1, where the methane mqlecule lies along the veqmd points
SixgHss have been taken, respectively, from the zigzag, straight, a smgle_ h_ydrogen atom_tc_J _the inner surface of_the straight channel, as
and intersection channels and have been used to represent thsﬁh(i)rgztlrglnset a. All ab initio and fitted data points are also compared
silicalite-1 unit3® Experimental geometries of methdhand '
silicalite-12° were kept rigid throughout the calculations. To take
into account the dispersion interaction which is known to
dominate in the methane/silicalite-1 system, the second-order
Mgller—Plesset perturbation (MP2) level with the extended
6-31G* basis sets, which is shown to be a capable method for
the nonpolar covalent molecul&&was applied. With regard to
our previous work? the basis set superposition error was found
to play a slight role on the interaction energy but not on the
preferable configuration of the system. Therefore, it was
excluded in the present study. The calculations were performed
using the G98 p(ograﬁ?. this study, as the influence was found not to be very important

The~150 con'f|gurat|ons O.f the methane'molecgle hgvg been with regard to the diffusion coefficierftd?34and the structural
generated both in the repulsive and attractive regions inside thepropertiesl.ovlﬁA time step of 1 fs was used to maintain the

three selected_ rings. AIthou_gh the methane mo_lecule IS Spherl'energy conservation at the temperatures 120, 270, 300, and 350
cally symmetric, its orientation was also taken into account. It K. Periodic boundary conditions have been applied. The MP2

W‘?S movefl Strfa'?ht forwa{d toan dotﬁygenhagd a S'I'C?n atotmtﬁf methane/methane potential proposed by Rowley &taid the
a Iragment, pointing one, two, and three hydrogen atoms 1o enewly developed silicalite-1/methane potential have been em-

silicalite-1 surface. The moving step was 0.3 A starting from ployed. According to refs 36 and 37, the use of Ewald
the mfl%dlg tOf the rlnlgs;. Tlhfe abf 'nmof ?hata]\c ﬁ’lo'"?"E(]E“' S)_' summation can be avoided and a shifted force potential can be
were Titted to an analytical function ot the foflowing torm. applied instead. The evaluation part of each run corresponds to
a trajectory length of 10 ns after a 0.5 ps thermalization period.

parameters have been used to classify atoms in different
environmental conditions, that is, in the different channels. The
silicalite-1/methane fitting parameters are listed in Table 1.
2.2. Molecular Dynamics SimulationsThe crystallographic
silicalite-1 celf® has the lattice parameteas—= 20.07 A,b =
19.92 A, andc = 13.42 A, characterized by two types of
channels with thePnma symmetry group. The simulated
silicalite-1 lattice is arranged by & 1 x 2 unit cells with a
loading of eight methane molecules or one methane molecule
per intersection. The lattice has been assumed to be rigid in

2 L e aq
AE(m, 5)= — 4+~ 41133215} (1) o
’ ZJZ (8 (2 0 ) r 3. Results and Discussion

ij ij ij U . L S
3.1. Quality and Characteristics of the Silicalite-1/Methane
where 5 and 288 denote the numbers of atoms in a methanePotential. Energies, obtained from the quantum chemical

molecule (m) and the silicalite-1 (s) unit cell, respectively. The calculations and the analytical potential shown in eq 1 with the

constantsA;, Bj, and C; are fitting constants, and; is the fitting parameters in Table 1, are visualized in Figure 1. The
distance between atoitof methane and atofnof silicalite-1. corresponding configuration, in which the methane molecule
Also, g andg; are the atomic net charges of atoimandj in points one hydrogen atom to the wall and moves from one side

atomic units, approximated from the population analysis of the to another side of the wall, along the vectoiin a straight

isolated molecules in the quantum chemical calculations, where channel, is given in inset a of Figure 1. The results are plotted
332.151 is a energy conversion factor (from atomic units to in inset b of this figure, where the ab initio and fitted energies
kilocalories per mole). The superscrigtsandb on the fitting of ~150 data points are compared, especially in the attractive
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Figure 2. Silicalite-1/methane interaction energieAH values)
obtained from the potential function according to eq 1, where the
methane molecule in the single-hydrogen configuration moves along
the vectorr, as shown in inset a of Figure 1.

and slightly repulsive regions. The quality of the function is
indicated by good agreement between the two sources of
energies in the attractive regiodE < 0) and satisfactory
agreement in the repulsive region.

Concerning an assignment of a negative or positive value to
the fitting parameters, it is generally not possible in all cases to
make A/r® be negative and®/r? be positive, to represent the
attractive and repulsive interactions of the pairs, respectively,

as well as a 6-12 Lennard-Jones formula. A fit in which the 12 (b) : . . :
A/ré values were separately forced to the van der Waals 0 1 2 3 4 5
interaction and th®&/r12terms to the repulsion has led to worse LI A

agreement with the quantum mechanical results. In these cases,
physical meaning of the atomic based pair potentials, 1440 pairs
running over = 1—-5 andj = 1—288 for eq 1, is not achieved.
However, the physical meaning as well as the quality of the
molecular based methane/silicalite-1 function is its ability in
representing ab initio data. An advantage of this approach is 6.
that it is a one-to-one correspondence between the predicted
(by the potential function) and the observed (by the ab initio 0]
calculations) interaction energies. Analogously, as well as for
better numerical fitting, the third polynomial terr@/(1% was 6
added and now considered separately. Some examples are those T
in refs 38 and 39. -12 . . : : :
The silicalite-1/methane interaction energies when the meth- 4 =2 4 0 1 2 3
ane molecule lies in different parts, zigzag and straight segments, » A
have been examined and illustrated in Figure 2. Here, the  AE/keal.mol
methane molecule is in the same configuration as that shown 18
in inset a of Figure 1. It reveals that an energy minimum in the Y
zigzag channel of-5.22 kcaimol 1 s slightly lower than-4.28 1291
kcakmol™1, that in the straight one. :
To visualize more detailed characteristics of the ab initio fitted
function, the silicalite-1/methane interaction energies in the
configuration shown in inset a of Figure 1 have been calculated
and compared with those of the available force-field poten-
tials 810141823 The results are shown in parts a and b of Figure
3 when methane travels along the straight channels starting from
the intersection outlet through the adjacent intersection aperture
and along the zigzag channel starting from the intersection end, oA
resDeCt_'Vely (See the_ inset). The lntere.lctlon energies WereFigure 3. Comparison of the silicalite-1/methane interaction energies
respectively displayed in parts c and d of Figure 3 when methane AE values) as a function of the distancés k, andr) calculated by
moves across the straight and zigzag channels (see the insetlarious models when methane moves (a and b) along and (c and d)
The plots for all potentials, including ours, display a local across the straight channel and the zigzag channel, respectively (see
minimum at 6.50 A< I, < 7.00 A along the straight channel text for more details).
(Figure 3a) which indicates favorable residences at the region
around the center of the straight section. An additional minimum Relatively, the optimal energy for all models is observed in the
was detected dfy = 2.5 A for the Demontis et al. mod&l;1! following order: zigzag~ straight < intersection, validating
indicating another local minimum at the intersection. Along the the prevailing hydrophobicity in the zigzag and straight channels.
zigzag channel, favorable residences were established in theThis is in good agreement with structural data taken from June
region of the zigzag interior, 2.10 & |, < 2.70 A (Figure 3b). et al.}2 where the sitting distributions in the three-dimensional

AE/ keal.mol™
18
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Figure 4. Radial distribution functionsg(r)] from oxygen atoms of Figure 5. Radial distribution functionsg{r)] between the center of

the silicalite-1 surface to carbon atoms of the methane molecule at 300mass of the two methane molecules at 300 K: ab initio fitted model,

K. solid line; Nicholas et al® dashed line. The additional run has been
performed using the ab initio fitted model for silicalite-1/methane and

contour surface have been evaluated. However, the ZigzagNichoIas et al’ for methane/methane interactions (dasdlotted line).

channels are also reported as the preferential resident sites for S ) o

the light alkane§:16 in terms of the pair distribution functions of silicalite-1/methane

Figure 3c and d exhibits the accessibilities of how the methane @1d methane/methane. For comparison, the recent existing
molecule encounters the surface in respect to a potential Width;methaqe/mgthane radial distribution function (RDF) has also
that is, the Engle et al. mod&Ishows larger widths, and the ~Peen givert!

Goodbody et al. modehllows the methane molecule to move  3.2.1. Silicalite-1/Methane RDFThe RDF from surface
closer to the surface. The asymmetric structure of the curvesOxygen atoms to methane carbon atoms (Figure 4) displays sharp
indicates the model sensitivity. This account could be naively maxima centered at 4.20, 5.90, and 8.20 A. Due to the cylinder-
explained due to the configuration asymmetry of the zigzag and like structure with a diameter of-8.2 A of the silicalite-1
straight channels. channels, the methane molecules that lie under the first peak

In terms of potential depth, the available models yield the can be clearly assigned to those moving along the central line,
energy minimum ranging from-10.50 to—3.50 kcaimol. which is defined as the path parallel to the surface and along
Although direct experimental data on the methane/silicalite_l the center Of the tube ThIS behaViOI’ was a|SO detected fOI’ the
interaction is not available, a minimum of lower tharé water/silicalite-1 system at sufficiently low loadings3° Con-
kcakmol-1 is considerably too negative to represent the interac- Seéquently, the other two peaks at 5.90 and 8.20 A, respectively,
tion between a nonpolar molecule such as methane and theallocate to those distances from the carbon atoms of methane
hydrophobic channels of silicalite-1. This statement is drawn t0 other oxygen atoms of the nearest 10-oxygen-membered ring
on the basis of the experimental heat of adsorption betweenand of other adjacent rings of the silicalite-1. These established
—4.8 and—6.7 kcatmol~1,4041and the calculated values ranged minima are notably in good agreement with those reported
from —4.3 to—5.8 kcatmol -1 9.10.12.162447see section 3.3 for ~ Previously®
more details). Due to the fact that our results obtained on the 3.2.2. Methane/Methane RDFurther structural information
basis of ab initio calculations at the MP2 level take into account can be visualized through the RDF between te carbon atoms of
the dispersion interaction between methane and zeolite and thighe two methane molecules (Figure 5). The plot shows the first
does not occur in other mechanical methods, we replicate thatsharp peak at 6.25 A with an apparent minimum at 7.75 A. In
our detected minimum at5.22 kcaimol™! (Figure 3d) is contrast, the existing RDF obtained from molecular dynamics
supposed to be the reference minimum for this system. simulations using the Burkert and Alling@model exhibits the

Note that the diffusion coefficients at various loadings and first maximum at~4.0 A6 (Figure 5, dashed line). The authors
temperatures obtained from almost all of the available potential explain this finding as the favorable Lennard-Jones interaction
functions are in good agreement with those of the experimental between methane molecules.
observationg:16:20-23 This means that this dynamic property We deliberate that the favorable methane/methane interaction
is not sensitive either to the depth or the shape of the potential of ~ —0.10 kcaimol~tis considerably too weak in comparison
function used. Another reason is due to an error cancellation of to that of silicalite-1/methane 6£6.74 kcaimol~! yielded from
the force-field potentials which treat molecular properties as the Burkert and Allinger model (see also Figuré8Jherefore,
average quantities. These include the use of the united atomthe appearance of the peak at 4.0 A should be due to methane
approximation for a guest molecule, equivalent treatments of molecules binding to the surface of the channels. To verify this
oxygen and silicon atoms in a different environment in the assumption, a supplementary run has been carried out using the
zeolite channels, and implicit treatment of the silicon atom in same model for the methane/methane interattiand our ab
the silicalite-1 structure, etc. These facts lead consequently toinitio model for the silicalite-1/methane interaction (the optimal
discrepancies of the potential hypersurface in terms of both the energy is—5.22 kcaimol~1). The obtained €C RDF is given
depth and the shape as well as the position of the potentialin Figure 5 (daskdotted line). The plot demonstrates a first
minima. Such approximations may not reflect the dynamical maximum at 6.3 A, the same position as that obtained from the
properties (due to error cancellation) that are averaged fromsimulation using our ab initio fitted methane/lattice model.
trajectories of all the channels of silicalite-1 but can lead directly Therefore, a clear conclusion is that the appearance of the peak
to the deficiency of specific details in the structural data in at 4.0 A of the G-C RDF is caused primarily by an imbalance
specific channels. of the methane/methane and methane/silicalite-1 pair potentials.

3.2. Methane Arrangement within the Silicalite-1 Vicinity. In addition, a distance of 6.25 A of the<C RDF obtained
The arrangement of methane molecules in the silicalite-1 from our simulation can be assigned to that between the two
confines has respectively been monitored in Figures 4 and 5,methane molecules lying in different channels.
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Figure 6. Arrhenius plot of diffusion coefficientsY's) at various
temperaturesI(s) taken from MD simulations (solid line) and the linear
fitted curve (dotted line) for a system containing one methane molecule
per intersection of silicalite.

To ascertain more information, methane molecules were
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