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Computer simulations of benzene in faujasite-type zeolites

N, J. Henson*, A. K. Cheetham!, A. Redondo?, S. M. Levine® and J. M, Newsam®.
"Materials Department, University of California, Santa Barbara, CA 93106, USA.

“Electronic Materials Group, Los Alamos National Laboratory,
Los Alamos, NM 87545, USA

*Biosym Technologies Inc., 9685 Scranton Rd., San Dicgo, CA 92121. USA.

1. INTRODUCTION

The synthetic faujasiwe analogues, zeolites X and Y, are used extensively as catalysts in a
variety of reactions and separation processes. For example, rare-carth and high-silica faujasites
are excellent fluid cracking catalysts with good selectivity and high conversion rates, and the
acidic nature of highly silicecus faujasites is also exploited ia hydrocracking. ! The properties
of adscrbed hydrocarhons are central to the catalytic processcs that take place within the
cavities of zcolites and other shape-selective, microporous catalysis. Selectivity, for example,
may be strongly influenced by the diffusivities of reactant and product molecules. ¢ Neutron
diffraction studies > have revealed two adsorption sites for benzene in Na-Y at low tempera-
rurds, The dominant site which is thought to be occupied exclusively at low coverages (~1
molecule per supercage), lies in the supercage, ficially coordinated to the SII canon (Figure
1(a}), and the second, which appears at higher concentrations is centered in the 12-ring window
(Figure 1(b)); these findings are consistent with infra-red studies. ™ The precise nature of the
cation-benzene ring interaction is unclear, although quadrupolar terms are believed to be
imponant. In relation to possible covalent interactions, quasi-elastic ncutron scattering ° has
detected a weuk perturbation of the benzene ring frequency, but an investigation using FYNES
% showed no measurable change in the p- energy levels.

(a) (b)
Figure 1 - The expcrimentally determined binding sites for benzene in Na-Y

The heat of adsorption of benzene in Na-X and Na-Y, which has been examined by
several workers, ' is known 1o increase as the Si/Al ratio decreases presumably reflecting the
dominant cation sorbate interactions. Benzene mobility has been probed by a variety of
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techniques, though the disparity between the results obtained from different methods is rather
large. For ¢ \h.mplu the measured d.ffusmn coetﬁcxents for benzene in Na-Y at 298K rangc
from (%107 'm"s?, from NMR studies, ® 1o 3x10"* m °s”), from adsorption uptake swdics. ° A
molecular dvnamxc., simulation of benzene in Na-Y 1° gave a very high value for the diffusion

coefficient (2x107m"s"! at 326K), but a recent study on Sﬂlce\,US faujasite showed rather good
agreement with experimental results obtained by “H NMR, !

Coraputer modelling of sorbates within zeolite cavities has been very successful in cases
where sorbates are inert gases or simple hydrocarbons, or where the zeolite hosts are siliceous.
12 but there has been very litle work on systems involving unsaturated hydrocarbons and
cation-containing zeclites. In this paper we describe the results of computer simulation on &
model zoolite-sorbate system cf this type, benzane in Na-Y. It has been shown pxckusly
that the concentration of sodiumn ions in the SI and SIII sites of ion-exchanged zeolite-X/Y
samples has a profound effect on the behaviour of adsorbed benzene, In order to obtain a more
detailed understanding of ihe influence of exchangeable cation on  sorbate structure and
dynamics. and to examine the quality of simulations in a system that is quite compicx to model.
we have used encrgy minimisation and Monte-Carlo mcthods to prebe the locauon and
energetics of benzene in sodium zeolite-X and -Y. Predicted valuces for the sorbate location,
heats of sorption are compared to the corresponding cxperimental data, The sensitivity of the
computational resuits (o the forceficid and its paramcterisation is explored.

2. COMPUTATIONAL DETAILS

Encrgy minimisation calculamons were performed using the Biosym’s Solids_Docking
tol . aad thc Discover program. ' The calculations were carricd out vsing a s‘ngle unit cell of
fauiasite !7 with an additional 10A shell of structure surrounding it to give some degree of
periodicity, and a single benzene molecule per unit cell Two forcefields were used for the
calcul. The standard Biosym cv(f forcefield was our starting point. The parameters are given in
Table 1. In addition, we also used a forcefield of cff91 form as developed by Hill - ~d
co-workers '® by fitting to ab initio potenual energy hypersurfaces for silicate cluster moce.s.
The charges on the framework calculated from this method are guite typical of those reported
based on quanium chemical calculations on discrete clusters, 19 Short-range interactions were
represented by Lennard-Jounes [9-6] potenuals, and electrostatic interactions were calculated
using a simple coulombic summation with a short-range cut-off. No special c{fort was made to
fit the interaction parareters between the sorbate and the zeolite to experimental data, This
point will be addrsssed later in the paper. The potential parameters used are summarised in
Table 1.

The methodology employed in the Solids_Docking 100} consists of the following steps :
(i) higo temperatire dynamics are initially performed on the sorbate to produce a database of
sorbate conforrnations,

{i1) a series of random inscriions of benzene into the zeolite model are made and their energies
determined. Configurations with a favourable enzrgy are acceptzd and a database of zeolitc-
sorbate configurations is created,

(iii) For each configuration in the database, the position of the sorbate is energy minimised with
respect to the zeolite while the host atoms are held rigic.
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Table 1: A summary of the potential parameters used to represent the host-guest

interactions
cff91 forcetield cvft forcefield
| Charges Non-bonding paramcters | Charges Non-bonding parameters
v (&) | & (keal mol™) A B,
! (kcalmol“A‘?') (_kcalmc;l'lAG)
Si 0.524 0.0001 0.0000 1.4 1.72x10° 0.000
0 -0.262 3.4506 0.1622 0.7 1.81x10° 821.3
H| -0.153 2.9950 0.0200 -0.153 7.11x10° 32.9
C ! 0.153 4.0100 0.0640 0.153 1.98x10°% 1126.0
Nal 038 31440 | 0.5000 0.8 1.4x10° 300.0
where : 9 6
Eij = Gij 2(;3) - 3(,%’) Efj=AU/r12'Bij/r6
Aij = (A‘-A.j )2
! 12
3 Bij = B.)~
# ) »6 *6 d (B[ J}
=\t
gE; ’ 5 ’
EU =2 r‘a-w-‘6
]

The rationale for this procedure is to alleviate to some extent the problem of local
minima in the configurational space search, Hopetully one of the minimised configurations will
be the global minimum of the potential energy surface.

Six models for faujasite were used, each for a distinct Si/Al ratio :-

a) a purely siliceous model.

0) a Na-Y modcl (S/Al=2.0) in which we il all the SI’ and SII sites in the structure with
cations.

<) a Ma-X model (S¥/Al=1.4) in which in addidonal to occupying the cations sites as in the Na-
Y model, we also occupy one sixth of the SIIIi sites,

d) a Na-X model (SifAl=1.0) in which onc third of the SIII sites are filled.

¢) a Na-X model (Si/Al=1.4) in which one sixth of the SII sites are filled.

£) a Na-X model (Si/Al=1.0) in which one third of the SIII sites are alled,

For the siliceous model, we took the structure from the receat diffraction study of Hriljac
and co-workers, 2 whereus for the cationated models we used the structure and nomenclature of
Hseu. 2 In each case, the most faveurable binding sites and binding energies for benzene were
derermined and compared 0 experimental data,where available.
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the simulation only contuins one benzene per unit cell, the lack of location of the SUI site is not
surprisingly. Indced, if the minimisation is staried with a benzene in the experimentally
determined 12-ring, it moved around the wall of the supercage to an adjacent 6-ring site.
Howevar, if we block all adjacent S sites with benzene and repeat the minimisation, we find
that the 12-ring position is now stable (figure 4). Both forceficlds predict a binding energy at
the SII site  which is well within the range measured experimentally. The benzene-caticn
distance is found to be ~2.50A for the cvif forcefield, and ~2.77A for the ¢ff91 forceficld. The
conformaiion of the tenzene with respect to the 6-ring is also incorrect as we predict that the
avdrogens point towards the silicons rather than the oxygens. This suggests that the dominant
interaction is a steric one rather than an electrostatic one,

Figure 3 - Predicted benzene binding site in Na-Y

Figure 4 - Predicied 12-ring binding site for benzene in Na-Y at high loading
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3. RESULTS AND DISCUSSION

The sorption energies for the six-ring binding site in each of the zcolite models with the
two forcefields are summarised in Table 2.

Table 2 - The variation in energy of the six-ring binding site as a function of Si/Al ratio

modcl (a) (b) () (d) (e) 9]
Si/AL . 2.0 1.4 1.0 1.4 1.0
ff91 Energy (kJmoi'h) 9.1 61.0 80.1 80.6
cvif Energy (kJmol™) 36.8 73.8 76.8 80.0
1
3.1 Siliceous Faujasite

In the case of the purely silicecus system containing no cations, we find that tae
potential encrgy surface is quite tlat and a large number of sorpiion sites of similar geometry
arz ‘ound, Generally tiese are located over the four-rings in the wali of the supercage ang in the
region of the six-ring site (see figure 2), with the four-ring sites bzing of slightly lower cnergy.
Althcugh there has been no calorimetric measurements made cn the system, extrapolations or
the avatlable thermochemical data on other faujasites of varying Si/Al ratio in the literature
would suggest a value arcund 40-50 kImol'!. The ¢ff91 predicted energy scverely underest-
mates this value, whereas with the ¢v(f forcefield, the sorpton encrgy is much closer to the esu-
mated value. A low temperature neutron diffraction study on this system failed to locate the
sorbate at 4K, “° corroborating the view that there are 2 large number of equally favourable sites
of low symmieuy contributing to the overall scattering from the sample.

(a) (b)
Figure 2 - Predicled benzene binding site in siliceous faujasite : (a) 4-ring site. (b) 6-ring site

3.2 Na-Y Faujasite

As has been previcusly mentioncd, an experimental study on this system detects two
cation pinding sies. One locatzd symmetricaily above the SII cation position with the centroid
of the benzene at 2 distance of ~2.7CA, and the other, that is only detected at high sorbate
loading, in the 12-ring window. We only find the SII site in this work (figure 3), although since
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3.3 Na-X Faujasites

Once the SIIi cation sites are filled, we are entering a regime in which there is no
structural data available on the location of benzene. Diffraction studies have shown that despite
the possibilities of binding to an SI cation in this system, once again the benzene in only lo-
cated at the SII site as in Na-" From previous measurements in the heat of sorption with de-
creasingly S/AL we also know that the sorption heat increases as more cations arc added to the
sysiem For the iwo models studied, we again find a large number of SII binding sites of similar
encrgy to that in Na-Y. However,we also see a number of sites in which the benzene is partially
cocrdinated to both an SII cation and an STIi cadon (see figure 5 for a typical geometry); these
are found t¢ be slightly more : .vourable than the SII site. However, we note that the displace-
ment trom the symmetrical binding position is only slight and probably insufficient 10 be de-
tected in the diffraction experiments. The binding energy for the model with the higher cation
concentration is found to be slightly larger, which correlates with experiment (see table 2).

Figure 5 - Predicled birding site for benzene in Na-X

3.4 The Fffect cf the Forcefield

In general, both of the forceficlds nsed here predict similar binding sites for each of the
systems, however it can clearly be seen that the final energies predicted are very sensitive to
both the form and parameterisation of the forcefield. Indeed the cff91 forcefield, which we
considered to be in some ways more rigorous predicts less accurate results for energies. This is
most marked in the case of the sorption energies for siliceous faujasite. Clearly further work
needs to be performed to refine the forcefield especially in the area of zeolite-sorbate
interactions, To this end. we are currendy performing ab inirio (uantum mechanical
calculations to probe the fine details of the cation-benzene interaction, and improve the
predictions of sorption energies that can be made using this method.
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