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In this paper, we study the practical feasibility of
selenium adsorption in silicalite-1 zeolite by performing
Grand Canonical Monte Carlo (GCMC) simulations on a
simulation box including the porous matrix and its outer
surface. This work aims at gaining insight on the
stability of semi-conductor wires in microporous
materials. The simulations at two different temperatures
show two distinct behaviors: adsorption occurs inside
the pores at 200°C while solely on the external surface at
650°C. This indicates that adsorption inside the pore
network can only proceed below the pseudo-wetting
transition temperature that lies between 200 and 650°C.
The existence of such transition temperature is thus
crucial if one aims to produce nanowires from micro-
porous materials by adsorption from a gas phase.

Keywords: Monte Carlo simulations; Microporous; Transition
temperature; Semi-conductor

INTRODUCTION

Incorporating metallic or semi conducting guests in
well organized micro- or mesoporous hosts is a
possible route to synthesize novel materials with
potentially interesting electronic or opto electronic
properties. Selenium (Se) is an obvious choice for such
an attempt since it is a semi conductor in solid and in
the low temperature liquid states, and has low
melting (221°C), boiling (685°C) and critical (1615°C,
385 bars [1,2]) points. According to the octet rule,
selenium atoms prefer a 2-fold coordination and
consequently, the stable solid and low temperature
liquid phases display a chain structure. At high
temperature and moderately high pressures (in the
1000-1600°C and 500-1500 bar ranges), the chains
can break or connect via 1-fold of 3-fold defects that
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are the origin of the increase of electrical conductivity
experimentally measured [3]. Tight binding [4] and
ab-initio [5,6] simulations of the liquid have clarified
the role of these defects to explain the unexpected
correlation between the increase of conductivity and
the decrease of the density and average coordination
number experimentally observed [7].

It is thus very tempting to use the well defined
channel or cage structure of a zeolite to try and
control the electronic properties of the adsorbed Se
phase, if ever adsorption is possible. The incorpor-
ation of Se in various microporous matrices has been
reported in AIPO4-5 [8,9], a neutral zeolite with
parallel channels of = 7.3 A diameter, in mordenite,
cancrinite [10] and Y cage [11,12] zeolites.

In this work, we consider the possibility of
incorporating Se in silicalite, a purely siliceous zeolite,
which displays a complex structure of connected
straight and zig-zag channels of 0.5nm in diameter
[13] that could impose 3-fold coordinated “defects” at
the intersections possibly leading to new properties of
the confined phase compared to the bulk (solid) phase
in the same conditions of temperature and pressure.
More precisely, we address the question of the
feasibility of the experiment and try to answer
the question of whether Se prefers to be adsorbed
inside the zeolite or condensate outside.

COMPUTER SIMULATION TECHNIQUE

Since we focus here on neutral zeolites, the interaction
of Se atoms with the walls is in the physisorption
range. Details on the model for Se—Se and Se-silicalite
interactions are given in the Appendix.
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FIGURE1 Two different views of the simulation box. The system dimensions are given in the text. Red, yellow and blue balls are oxygen,
silicon and hydrogen atoms that cover the zeolite slab external surface.

We performed standard Grand Canonical Monte
Carlo (GCMC) simulations [14] on a box containing a
slab of silicalite zeolite and running into a gas
reservoir in contact with the 010 face: the straight
channels running along the y crystallographic
direction are thus opened towards the gas tank.
The total simulation cell thus contains a zeolite slab
and a gas reservoir as shown in Fig. 1a, b. The total
volume sampled in the simulation algorithm is
2a X 4b X 3¢ where a =1.992nm, b= 2.007nm and
c=1.339nm; a, b and c¢ being the silicalite unit
cell dimensions along the x, y and z directions,
respectively (note that the zeolite slab itself contains
12 (=2 X 2% 3) orthorhombic unit cells of silica-
lite). On the external surface (in contact with the gas
reservoir), all dangling oxygen bonds were saturated
with hydrogen atoms in order to maintain electro-
neutrality (all hydrogen atoms were placed at a
distance of 0.1nm of the nearest unsaturated
oxygen).

The GCMC procedure consists of randomly
attempting atomic displacement, insertion and
extraction steps inside the simulation cell volume
at fixed chemical potential, temperature and volume.
In our particular case, the chemical potential is
referred to a fictitious ideal gas of Se atoms whereas
the real Se vapor is a mixture of Se, (n = 4, 12) ring
molecules. This explains the very large values
(typically of the order of —2.0eV/atom, approxi-
mately the energy of Se-Se bond) of the chemical
potential at which the adsorption takes place
(see below). Without knowing the relation between
the chemical potential and the pressure, one cannot
decide whether or not the adsorption takes place at
pressures below the saturating vapor pressure, in
other words whether or not the adsorption from

the gas phase is thermodynamically possible.
Starting with a Se dimer randomly located, we
gradually raised the chemical potential and recorded
the average number of adsorbed atoms. The output
of standard GCMC calculations is therefore the
adsorption isotherm, i.e. the adsorbed quantity as
a function of a chemical potential. Because the
temperatures at which the calculations were carried
out are relatively low compared to the cohesive
energy of Se, the equilibration of the simulated
samples is difficult and very long runs had to be
performed. A minimum of 5 X 10° Monte Carlo
macrosteps was performed, each macrostep consist-
ing of randomly performing 1000 attempted dis-
placements, 10 attempted insertion and 10 attempted
removals of a Se atom.

Periodic boundary conditions are applied on the
entire simulation cell in all directions. The adsorbate-
zeolite energy (see below) is calculated following a
grid-interpolation procedure in which the entire
volume of the simulation cell (including the gas
reservoir region, see Fig. la, b) is split into a
collection of elementary volumes [15]. The adsorp-
tion potential energy is calculated at each corner of
each elementary cube using the potential energy
function defined below. During the course of the
simulation, the adsorbate/matrix potential energy is
obtained from a linear interpolation of the corre-
sponding three-dimensional (3D) grid calculated
prior to any GCMC run. The Se—zeolite grid data file
contains 2 X 10° values (100 X 200 x 100). The step
between two consecutive grid points is less than
0.4A allowing a very good accuracy compared to a
direct calculation looping over all matrix species, the
grid-interpolation approach being very efficient in
terms of CPU time.
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RESULTS AND DISCUSSION

In a previous paper [16], we showed that the
adsorption in an infinite crystal (with no external
surface) seems to proceed via a first order transition
mechanism, unexpected for a microporous system,
often viewed as a paradigm of a one-dimensional
system. The resulting adsorption isotherms obtained
at two different temperatures (200 and 650°C),
respectively are presented in Fig. 2. The ability of
selenium to form chains that can possibly be
connected via 3-fold defects at a reasonable energy
cost, combined with the connected 3D structure of
silicalite are the keys to understand this behavior.
Note that the maximum loading is 46 Se atoms per
silicalite unit cell.

Our goal is here to decide whether Se prefers to be
adsorbed inside the zeolite or condensate outside.
A first approach to this question is to calculate the
adsorption/desorption isotherm of Se into silicalite
using the standard GCMC procedure and to
compare it with the condensation/evaporation
isotherm of bulk selenium calculated under the
same conditions. In the case of the condensation/
evaporation isotherm for bulk selenium, there is
obviously no interaction with the substrate and the
corresponding energy is set to zero. The isotherms
calculated at 650°C in a periodic box consisting of
12 unit cells of silicalite (infinite crystal, no outer
surface) on the one hand or in a cubic box of
20 x 20 x 20 A® on the other hand, are presented in
Fig. 3. As expected for a first order transition, the
adsorption/desorption process in the zeolite is not
reversible and exhibits a quite large hysteresis loop.
The condensation and evaporation branches for
bulk selenium bracket the adsorption/desorption
branches. Although it seems that the “average”

adsorbed quantity (Se atoms/unit cell)

T T " T
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FIGURE 2 Adsorption isotherms of Se in silicalite (no external
surface) at T =200 and 650°C. Circles, adsorption at 200°C;
squares, desorption at 200°C; upward triangles, adsorption at
650°C; downward triangles, desorption at 650°C.
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FIGURE 3 Condensation/evaporation (right y scale) and
adsorption/desorption (left y scale) isotherms calculated at
650°C. Circles, bulk condensation; squares, bulk evaporation;
upward triangles, adsorption; downward triangles, desorption.

chemical potential for adsorption/desorption lies
slightly lower than the condensation/evaporation
one, it is not possible to reach a firm conclusion from
these calculations.

An alternative possibility is to directly compute
the equilibrium between the different phases. For
this purpose, we now consider the simulation cell
containing the zeolite slab and the gas reservoir as
described above and consequently extend the active
volume for the GCMC algorithm. In this case, during
the GCMC run, Se atoms can either adsorb inside the
microchannels of the zeolite or at its outer surface or
condensate as a nano-droplet. Starting from the same
initial configurations with two Se, dimers, randomly
placed—one in a channel, the other one in the outer
volume—we gradually increased the chemical
potential from —2.50 to —2.10eV/atom at 200°C
and from —3.00 to 2.80 eV /atom at 650°C. It turns out
that the system displays two completely different
behaviors at these two temperatures. At low
temperature, in agreement with our previous
calculations [16], selenium adsorbs inside
the pores at the same chemical potential value
(—2.10eV/atom). A snapshot of the last configura-
tion is presented in Fig. 4, showing that a large
majority of the 400 atoms is incorporated inside the
zeolite, a minority of them remaining at the surface.
As shown in Fig. 5, the situation is different at higher
temperature. At a chemical potential value of
—2.80eV/atom, the adsorption only takes place on
the outer surface of the crystal, with typically less
than 10% of Se atoms inside the pores. Within the
resolution of our calculation (increasing the chemical
potential by steps of 0.025eV/atom) and the finite
number of Monte Carlo steps performed, this
chemical potential value is slightly smaller than the
chemical potential (—2.775eV/atom) at which the
adsorption began during our previous GCMC
calculations ignoring the presence of the zeolite
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FIGURE 4 Typical configuration of a GCMC run at T = 200°C
and u = —2.10eV/atom. Most of the atoms are adsorbed inside
the porous structure.

outer surface (see above). At this temperature,
selenium prefers to wet the outer surface of the
zeolite rather than being adsorbed inside the porous
structure. This can easily be understood. At low
temperature, the selenium chains maximize their
interaction energy with the walls by occupying the
porous volume. Since the pores are narrow (0.5nm
in diameter), their configurational entropy is low.
By contrast, at higher temperature, the chains
increase their configurational entropy by forming a
wetting film on the outer surface of the zeolite grain.

A tentative sketch of the thermodynamic equili-
bria involved is presented in Fig. 6. From the
theoretical point of view, our calculations imply that

xiﬁ

N —
Gas reservoir

Y

FIGURE 5 Typical configuration of a GCMC run at T = 650°C
and p = —2.80eV/atom. Most of the atoms are condensed on the
external surface of the zeolite.
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FIGURE 6 A tentative sketch of the phase equilibria of Se in
silicalite. The two arrows indicate the temperatures at which the
GCMC simulations were performed.

a “wetting” transition must take place between 200
and 650°C. The term “wetting” is somewhat
improper since we have a transition from an
adsorbed Se chain inside the pores to a molecular
liquid film on the external surface; “wetting” being
used to describe the surface first order transition
between a molecular thick adsorbed film to a
macroscopic thick film. Therefore, the term of
pseudo-wetting is probably more appropriate.
In this preliminary report, we did not investigate
the intermediate temperature ranges, but we can see
no reason why this transition should not take place.
From the experimental point of view, our calcula-
tions indicate that incorporating Se in silicalite from
the vapor phase at too high a temperature—which in
some sense could be intuitive since a higher
temperature means a higher vapor pressure of
Se—will not be possible (i.e. it stabilizes a liquid
phase on the outer surface). Other factors, such as the
diffusion of Se in the pores, are of primary practical
importance and are favorably influenced by an
increase of the temperature, but the presence of a
wetting transition sets an upper bound to any
experimental procedure.

CONCLUSION

This paper reports a preliminary study of Se
adsorption in zeolite silicalite. In particular, we
investigate the role of the outer zeolite surface in the
mechanism of adsorption by performing GCMC
simulations. The simulation results at two different
temperatures show two distinct behaviors: adsorp-
tion inside the pores at 200°C and condensation and
pseudo-wetting on the external surface at 650°C.
This indicates that adsorption can only proceed
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below a pseudo-wetting transition temperature (of
the external zeolitic grain surface) that lies between
200 and 650°C. Since the mechanism involved
(competition between an energy term dominant at
low temperature and an entropic term that prevails
at high temperature) is quite general, the existence of
such pseudo-wetting temperature thus appears to be
of crucial importance if one wants to practically
incorporate selenium inside a microporous system
with weak host—guest in the physisorption range.

APPENDIX

Selenium-zeolite Potential

The interaction of Se with Si, O and (surface) H
atoms forming the zeolite structure is assumed to
remain weak, in the physisorption energy range.
In this work, we have used a TrAZ form of the
original PN-type potential function as reported for
adsorption of rare gases and nitrogen in silicalite-1
[17]. The PN-TrAZ potential function is based on the
usual partition of the adsorption intermolecular
energy restricted to two body terms only: it includes
a dispersion interaction term, a repulsive short range
contribution and an induction term. Three body
dispersion (XYY) terms (where X is the adsorbate
and Y an adsorbent species) can be obtained in
principle from the same approach [18] but are
neglected in the present study due to the large
contrast between the Se-Se and the Se-zeolite
interactions. In the TrAZ model, the adsorbate-
surface energy (u;) of a selenium gas atom at position
i in the simulation box, is given by

5 Co, i 1
by 2m,
wi= A= faugl |~ CaEl (D)
jE{0,Si,H} n=3 Tij

The sum runs over all atomic sites in the matrix
that are oxygen and silicon atoms. The first term in
the sum is a Born—Mayer term representing a two-
body form of the short range repulsive energy due to
finite compressibility of electron clouds when
approaching the adsorbate at very short distance
of the pore surface. There is one such term per pair
of interacting species. The repulsive parameters
(Ajj and b;j) are obtained from mixing rules of like-
atoms pairs (see below). The second term in the
above equation is a multipolar expansion series of
the dispersion interaction in the spirit of the
quantum mechanical perturbation theory applied
to intermolecular forces [19]. It has been shown that
two (and three body) dispersion C,,, coefficients for
isolated or in-condensed phase species can be
obtained from the knowledge of the dipole polariz-
ability and the effective number of polarizable
electrons Ne¢f of all interacting species [17,19] which

are closely related to partial charges that can
be obtained from ab initio calculations. The f,
terms in the above equation are damping functions
of the form:

2n bij » k
fzn —1- Z [( k’;]) ‘|'ebz'ﬂ’i]' (2)

k=0

The role of these damping functions is to avoid
divergence of the dispersion interaction at short
distance where the wave functions of the two species
overlap (i.e. when the interacting species are at
contact) [20]. They allow taking into account the
possible electronic exchange which has a non zero
probability at short distance even for two close shell
structures, for each pair of interacting species, it is
parametrized with the b;; repulsive parameter. The
damped dispersion multipolar expansion can be
seen as a convenient way to make the perturbation
theory valid at short inter-atomic separations. The
last term in Eq. (1) is the induction interaction as
written in the context of the quantum mechanical
perturbation theory applied to intermolecular forces
[19]. It represents an attractive energy arising from
the coupling of the polarisable electronic cloud of the
adsorbate of polarizability « at position i with the
electric field E; induced by the charges carried by
framework species (O, Si and H) that result from the
bonding process within the inorganic matrix itself. In
total, one has to parametrize three different
adsorbate/adsorbent-species potentials, the para-
meters are given in Table I. The assumption that
bonding between the Se and zeolite does not involve
chemisorption has been validated in the case of the
Se/silicalite system by means of ab initio computer
simulations [16]. The Se—zeolite interaction energy is
typically around —0.2eV/atom, that is order of
magnitude is weaker than the stronger Se-Se
covalent bonds and these two interactions are
assumed to be independent and treated separately.
All needed parameters for the dispersion interaction,
multipolar development can be found from

TABLE1 Se-silicalite potential parameters

Se-0O Se—-H Se-Si
Ce(Epab) 89.00 19.73 26.67
Cg(E},ﬂg) 2273.1 457.5 625.9
Cro(Enal®) 59893 - -
A (Ep) 603.80 17.78 1206.6
b (a0) 1.9070 1.980 1.981

Zeolite partial charges

q(0)=-1.0 qH) = +0.5 q(Si) = 4+2.0

Se properties

Polarizabilities (a3):
a(Se) =245

Number of polarizable
electrons: Negs = 5.63
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known properties of interacting species. Repulsive
parameters for like-pairs are taken from a
previous work on the simulation of rare gases
in silicalite [17], since atomic selenium has a van der
Waals radius very close to that of krypton (2.0 A;
http://www.periodensystem.info/elemente /selen.
htm and krypton.htm), we assumed that two
selenium atoms will have the repulsive parameters
of the Kr—Kr pair (Axr—xr = 236.3E, and bir_xr =
1.689a9; 1-E;, = 27.211eV and 1-q9 = 0.529177 A).

Selenium-selenium Potential

The Se—Se interaction is described in a Tight Binding
approximation which is a parameterized version of
the Hiickel theory. We use a minimal s, p,, p, and p.
atomic orbital basis set and a Slater Koster
parameterization to build the Hamiltonian matrix
describing the interaction. To avoid a time-consum-
ing diagonalization of this matrix, we use the
recursion method to calculate the local density of
electronic states on each atom. We restrict the
continued fraction expansion at the fourth moment’s
level which means that only first and second
neighbors of each site are taken into account to
calculate the band energy term. This approximation
is quite crude but captures the quantum nature and
the directionality of the bonding. In order to describe
the weaker interchain or intermolecular bonds
formed in the less dense phases of fluid selenium, a
dispersion interaction term acting at distances
beyond the tight binding cutoff radius is added [18],
with suitable damping terms to smoothly switch from
one to the other. As usual, a repulsive term prevents
the collapse of the matter. The model for Se
interaction then takes the general form:

Etot = Epand + Evaw + Erep 3
Ea=Y (J Eny(E) dE) -S> S n )
sitesi \J —o0 =7 Tij

1\7?
q

i>j

where r; is the interatomic distance between
sites i and j, n;(E) is the local density of state on site
i, E¢is the Fermi level and Cg is the attractive constant
of the dispersion term (calculated from the polariz-
ability of Se and a number of polarizable electrons
[18]). Fi(rij) and Fy(r;j) are damping functions. The
values of Vj, p and the parameters defining the
resonance integrals (not shown here) are given in
Ref. [4]. This model was shown to accurately
describe the structure of high temperature fluid
selenium. The calculated thermodynamic properties
(liquid—vapor equilibrium, critical point) of bulk Se

were shown to be consistent with the experimental
data in Ref. [21].
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