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Quantum chemical calculations at the Hartree-Fock and MP2 levels have been performed to investigate water
silicalite interactions as well as the energy barrier and water orientations during diffusion into and in silicalite.
Experimental geometries of water and silicalite have been used and kept constant throughout. The silicalite
crystal structure has been represented by three fragments consisting of 20, 52, and 64 heavy atoms (oxygen
and silicon atoms). Calculations have been performed using extended 6-31G and 6-31G* basis sets with
BSSE (basis set superposition error) corrections. The results indicate obviously how the water molecule moves
and turns via diffusion through the center of the silicalite pore in order to find the optimal route. The energy
barriers for the water molecule to enter the pore and to diffuse from one channel to another have been clearly
examined. The most stable binding site inside the pore is to be encapsulated in the intersection channel. It
was also found that a water molecule enters and leaves the pores by pointing its dipole vector toward the
center of the cauvity.

1. Introduction ab intio results, whereas those of the other terms are empirical.
The calculations yield an average watsilicalite interaction
at 300 K of —12.5 kcal mot! and the approximate energy
barrier via diffusion through the intersection between the straight
and the zigzag channels of the silicalite of 8 kcal nol
However, it has been mentioned that the calculated results are
(\{ery sensitive to the experimental geometry of the silicalite used.
The aim of this study is to use quantum chemical calculations
'at the HartreeFock (HF) and MP2 levels to determine the
water—silicalite interactions in order to understand the water
orientation, preferable binding sites and energy barrier during
the movement into and in the silicalite pores. This framework
is the dealuminated analogue of the zeolite type ZSM-5.

Zeolited2 are outstanding among the interesting materials
for chemical science and technology for their special charac-
teristics and multifarious uses. Their active sites appear on the
microporous inner wall positions. The size of the micropore or
cavity plays an important role in the selectivity process. The
widespread and diverse uses of zeolites are as catalysts an
molecular sieves in the chemical industry and as ion exchangers
in particular as absorbents in detergenfsDiffusion phenom-
ena® which are the basis of those applications, lie in the
adsorption and the transportation processemiterest in the
water—zeolite interaction arises from the fact that water plays
strong and essential roles for both absorption and catalytic
properties of zeolit&°as it is known that all natural zeolites 2 calculation Details
are hydrated. In addition, water molecules facilitate the exchange ) o o
of the charge-compensating cations, which are essential for the. 2.1 Repr_esentatmn of the SilicaliteThe silicalite structure
industrial catalysts. Therefore, understanding the wateolite is characterized by two types of channels whose symmetry group

interactions as well as the behavior of water in zeolite, especially IS Pnma The crystallographic céft contains 288 %\tom_s, namely
in relation with the zeolite structure, would lead to rapid 96 Siand 192 O, with cell parametars= 20.07 A,b = 19.92

development of the knowledge in this field, and hence of the A andc = 13.42 A itis clear that the system consisting of all
application of the zeolites. atoms in the unit cell does not allow the use of quantum

According to our best knowledge, the only available data on chemical calculation, even with a small basis set because of
the water-silicalite interactions are the experimental measure- the unreasonable computation time that would be required.

ments by Flanigen et &k and Vigne-Maeder et a2 who Therefore, the silicalite crystal structure was represented by the
reported the initial isostatic heat of adsorption of 6 kcal Thol Ejhreglfragment_?_r(]Flggre Hﬁg Pamgly S'T‘g'e’ |r:terie;:r:|on,tar!dht
and the mean heat of adsorption of the first four water molecules ouble Tings. The sinusoidal and main parts of the straig

of 9.6 kcal mot, respectively. Vigne-Maeder et al. have also channels of the crystal (Figure 1a), in which the inner surfaces

calculated the watersilicalite potential map in which the are almost identical, were represented by the double 10-oxygen-

average energy is expressed as a sum of electrostatic, polarizamembered ring (Figure 1d). This fragment (mentioned later, for

tion, dispersion, and repulsion interactions between the at0m3|mpI|C|ty, as the double ring) consists of 30 O and 22 Si atoms.

pairs. The various atomic parameters for the first term are the The larger frag_ment_(35 O and 29 Si atoms) containing both
parts of the sinusoidal and straight channels was used to

~ Corresnonding author represent the intersection and so-called intersection ring (Figure
T Chulalc?ngkorr? University. 1c). Note that the remaining valence orbitals of the silicon atoms
* University of Leipzig. of both fragments are then filled up by the hydrogen atoms.
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Figure 1. Schematic representations of the (a) silicalite crystal Figure 2. Schematic representations of the binding of water molecule
structure, (b) linked domain, (c) straight and sinusoidal channels and (a)—(b) outside and (¢)(d) inside the silicalite channels (for more

(d) intersection channel (for more details see text). details see text).
To investigate the energy barrier for diffusion from the Energy / keal/mol
intersection to the straight or to the sinusoidal channels, the 4 ... T T Lalga1eM
water—silicalite interaction in the linked domain has been also " - 6-31G
calculated. The selected fragment is the 10-oxygen-membered 21 —a hs i
ring (Figure 1b). This fragment, called the single ring, contains 0- TR -
10 O, 10 Si and 20 H atoms. ) \ " 1
2.2. Configurations of the Water Molecule. Numerous ] e :\ ./- ]
configurations of water molecules have been generated, varying -4 P .
over—5.0A <L <50A ¢ < ¢ < 360and O < ¢y, ¢, < 6. . ]
18C°owing to its symmetry, wheré is the distance between ] Sy
the oxygen atom of water and the origin of the coordinate system -8+ — . — 3
andey, ¢y, ande, denote rotational angles around they, and -6 -4 -2 2 4 6
zaxes, respectively. The rotational stepsAgg = Agy = A¢, Distance / A

= 15° while the translation step isL = 1 A. The origin of the Figure 3. Interaction energy versus watssilicalite distance, calculated
coordinate system for each fragment is the average of the using HF method with the 6-31G and 6-31G* basis sets without BSSE
positions of all oxygen atoms lying on the 10-oxygen-membered corrections for the double-ring framework and a water molecule lying
rings. The translation oy axis is defined as a vector pointing on the translation axis as shown in Figure 2 (for more details see text).
through the origin and perpendicular to the plane defined by

the window of each channel. Then, thexis is parallel to the - i -
P setst*15Experimental geometries of watéand silicalité3 have

vector pointing from 06 to O1 (labeled on the rings shown in b d and kept tant th hout. A due 1o th
Figure 2). Positive or negative distances are determined from. een used and kept constant throughout. An error dué to the

the origin to the oxygen atom of the water molecule along the imbalance of the basis'set, basis set sup.erposition.error.(BSSE),
positive or negative translation axis, respectively. has also been examined and taken into consideration. All

To search for the optimal binding sites both outside and inside calr_:ul_atlo_ns were performed using the G98 progi*érA!l

the windows, interactions between water and silicalite for each optimizations have .been done using the HF method with the
. ) - P 6-31G* basis set with BSSE corrections.

fragment in the four configurations shown in Figure 2 have been
calculated. The out-of-plane (Figure-2a) and in-plane (Figure
2c—d) configurations are assumed to represent the binding of
water to the silicalite framework before and after entering the  3.1. Optimal Basis Set, Optimal Method, and Optimal Size
channels, respectively. For the double hydrogen bond (2HB) of the Fragment. To examine discrepancies due to the method
configurations (Figure 2b,d), the two-€D distancesreo) were of calculation and the size of the basis set as well as BSSE, the
simultaneously optimized. Inside the pore (Figure 2c,d), the water—silicalite interactions have been calculated for the
molecular plane of the water molecule was kept parallel to the frameworks of single and double rings using HF and MP2
plane of the 10-oxygen-membered ring (the window plane). For methods and 6-31G and 6-31G* basis sets with and without
the out-of-plane configurations (Figure 2a,b), we additionally BSSE corrections. The calculated results are plotted in Figures
optimized angles/—06—0Ow (o) as well as rotation around 3 and 4.
the Hi—Ow bond of water for the single hydrogen bond (1HB) Figure 3 shows the HF interaction energies between water
system (Figure 2a), where vectgt is perpendicular to the  and silicalite in the double-ring framework, calculated using
window plane at O6, Ow denotes the oxygen atom of water, the 6-31G and 6-31G* basis sets. Both plots exhibit a local
and the H—Ow vector points to O6. minima atL = —1.0 A (L was defined in section 2.2) and the

2.3. Quantum Chemical CalculationsAb initio calculations most attractive minimum dt = 4.0 A. The interaction energies
at the HF and the MP2 levels have been performed for the obtained from the two basis sets are significantly different,

water-silicalite system using extended 6-31G and 6-31G* basis

3. Results and Discussion
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the two methods are in very good agreement in predicting the
geometry of the complex. Note that the difference in the distance

Energy / kcal/mol

' '/. " s HFI6-31G" to the energy minimum for the frameworks of single=€ 2.0
2- _/; A\ —e— HF/BSSE/6-31G* A) and double L = 4.0 A) rings are due to different definitions
e MP2/BSSE/E-31G1 of the origins of the two systems (see section 2.2).
0. o - MP2/6-31G . .
0+ o Na The above observations suggest that correlation methods and
SN S/«e BSSE corrections do not play a role regarding the predicted
-2 N SN ] geometry of the system. However, to increase the reliability of
° -Ag the derived interaction energies, all data points reported in this
-4 ; : i study are the results of HF calculations with BSSE corrections.
. . . . . . In addition to the above results, Figure 4 also contains
6 -4 -2 0 2 4 6 information on the optimal size of the fragment, which is used
Distance / A to represent the silicalite. Taking into account the definition of
the origin, the difference in the optimal interaction energies
taking place at 2.0 and 4.0 A for the frameworks of single and
(a) . . . - . > .
double rings, respectively, is almost negligible. This fact is valid
for the results obtained both before and after BSSE corrections.
Energy / keal/mol For instance, the interaction energy after the BSSE correction
5 T T . HFea1G ] atL = —3.0 A for the framewc_)rk of single ring an_d at=
o e e HF/BSSE/6-31G* —5.0 A for that of the double ring are almost identical (about
. Pa 1.5 kcal mof?). The corresponding values before the BSSE
0- ~ " \ - correction for the single and the double rings are 1.0 and 0.7
* kcal moit, respectively. Therefore, a clear and useful conclu-
2 e " \ sion is that the framework of a single 10-oxygen-membered
-2 R * o] ring is already large enough to represent the silicalite crystal
. structure in the investigation of the watesilicalite interaction
-4 g i energy.
5 a = 0 3 4 6 3.2. Optimal_ Diffusion Routg. (i) Diffusion t_hrough the_
. center of the windowOn the basis of the conclusions of section
Distance / A

3.1, HF calculations with the 6-31G* basis set and BSSE

Figure 4. Interaction energy versus watesilicalite distance, calculated  correction have been carried out for the three fragments. For

using the HF method with the 6-31G* basis set with and without BSSE
corrections for the frameworks of (a) single and (b) double rings and
a water molecule lying on the translation axis as shown in Figure 2.
Results obtained from the MP2 calculations for the framework of a
single ring with and without BSSE corrections are also given for
comparison (more details see text).

each system, numerous watéramework configurations have
been generated by varyirg ¢y, ¢y, and ¢, as described in
section 2.2. Results for four main routes defined by{thesy,
A¢y, A¢;} coordinates of0, 0, @, {0, 90, ¢, {180, 0, Q, and
{180, 90, § have been displayed in Figure 5. The optimal route,

in which the energy minimum for each distance takes place,
has been also given for all plots. The areas inside the pores for
the three fragments have been estimated and labeled as the
regions between the two vertical-dot lines (Figure 5a,c). These
ranges for the single, double, and intersection rings-#ré A
<L=<05A-15A<L=<15A and-25A<L <254,
respectively.

The plots for all fragments indicate clearly how the water
molecule moves and turns via diffusion along the translation
axis (Figure 2) through the center of the channel. The water

especially in the repulsive and attractive regions where 2

A. As the difference in the interaction energy in both regions is
around 100%, it is known that a smaller basis set could be less
accurate than a larger one. We therefore conclude that the
6-31G* basis set is substantially more reliable than 6-31G for
the investigated system.

Figure 4 displays calculated results for both frameworks,
single and double rings, using HF calculations and the 6-31G*
basis set with and without BSSE corrections. For the MP2
method, the requirement of computational time for the double
ring is not affordab|e; therefore, the calculations have been molecule starts to interact with the window of the silicalite at
performed only for the framework of the single ring, with and @ long distance, far from the molecular center. The preferred
without BSSE corrections, and these results are also shown inconfiguration at this distance is to point its dipole vector toward
Figure 4a. It is seen in both figures that there is a rather high the center of the pore (graphs 3 and 4 for all plots of Figure 5).
error due to the BSSE for both HF and MP2 methods in terms Then the water molecule leaves the pore by pointing its dipole
of the interaction energy. For instance, HF and MP2 values at vector toward the center of the channel (graphs 1 and 2). In
the most attractive region for both single- and double-ring addition, the interaction energy in the region around center of
systems amount to an error of about 40% and 100%, respec-the pore of the intersection ring (Figure 5e)1.0 A< L < 3.0
tively. Dependence of the calculated results on the method usedA. is strongly orientation dependent. It is interesting to note
can be understood from Figure 4a. The interaction energieshere that the energy gap between two plots of parallel dipole
including correlation effects based on the MP2 approximation moments, graphs 1 and 2 or graphs 3 and 4 as shown in Figure
are more stable than those from the HF method. After the 5b, is hlgher than that seen in Figures 5a and 5c¢. This leads us
correction for BSSE, the effect of the electron correlation is t0 conclude that the energy barriers for the rotation around the
almost negligible, i.e., no significant differences were found dipole axis of the water molecule in the straight and the
between the interaction energies obtained from the two methodssinusoidal channels (represented by a double ring) are higher
for any distance. Another clear conclusion is that although than those of the intersection channel and the linked domain.
interaction energies from both HF and correlated MP2 methods It can be also seen from Figure 5 that the diffusion of a water
for single- and double-ring systems suffer from BSSE errors, molecule along the translation axis through the center of a
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TABLE 1: Optimal Binding Distance (roo in A), Angle (o in
Degree), and Interaction Energy AE in kcal mol~?%)
Obtained from the Geometry Optimization Using 6-31G*
Basis Set with BSSE Corrections for the Watet-Silicalite
Complexes in the Four Configurations (a), (b), (c), and (d),

which Corresponds to Those Shown in Figures 2ad,
Respectively

Energy / keal/mol

configuration

fragment

single
ring

double
ring

intersection
ring

@)

(b)

(©
(d)

foo
a

AE

lfoo

a
AE

loo
AE

loo
AE

3.93
79.9
—2.61

3.64
60.3
—1.32

3.42
0.34
3.69
—0.81

3.91
47.5
3.67
3.66
52.8
—1.02
3.51
—0.95
3.60
—0.98

3.48
101.3
—0.35
3.52
96.4
0.84
3.59
—-0.4
3.83
—1.04

and the sinusoidal channels is rather smooth compared to that
. in the linked domain and the intersection channel.

(i) Diffusion along the Inner WallAnother possible pathway
for the water molecule to diffuse in the silicalite channel is to
attach to a specific binding site on the window, then enter the
pore, find the next binding site, and move from one site to
another along the inner wall of the channel. Such information
can be calculated using the supramolecular approach as de-
scribed in detail in section 2.3 and as schematically displayed
in Figure 2. The obtained optimization energies and correspond-
ing distances are summarized in Table 1.

The following information can be extracted from the interac-
(b) tion data given in Table 1: (I) The most stable binding site for
the water molecule before entering into the silicalite channel is
to coordinate to the oxygen atom of the linked domain to form
a single hydrogen bond outside the pore (Figure 2a). The
corresponding interaction energy of2.61 kcal mot? is
3 comparable to those when a water molecule moves along the
N optimal route (Figure 5a). Therefore, the water molecule can
enter the pore via the linked domain either by using the optimal
route at the center of other pore or by binding to the window
as a single hydrogen bond. The situations are different for the
. double and the intersection fragments. To enter the pore through
the optimal route is much more favorable than when the
molecule binds to the framework. (ii) To bind to the inner wall,
the interaction energies obtained from the three fragments
6 8 10 fluctuate within a thermal limit at room temperature. This

Distance / A implies no preferential binding site for water molecule in the
inner wall of the silicalite pores. The observed result supports
() the fact that the silicalite channel is hydrophobic. (iii) The
interaction energy between the water molecule and the inner
using the HF method with the 6-31G* basis set and BSSE corrections wall as mentioned above is less attractiv_e compared to that when
for the frameworks of (a) single, (b) double, and (c) intersection rings the water m0|eC,U|e moves along the Opt'm,al route through center
and a water molecule lying on the translation axis in the configurations Of the pore (Figure 5). These data indicate clearly that the
given in the insertj = {0,90,¢; n = {0,0,3; s = {180,0,0; t = diffusion in the silicalite pore takes place via the optimal route
{180,90,0. The bold solid-lines represent the optimal route. An area (Figure 5).
between the two vertical dot-lines is estimated to be inside the pore 3 3. Energy Barrier to Enter the Channel. The energy
(more details see text). change AE,) for a water molecule to enter the silicalite channel

window of the silicalite is a kind of rolling movement. The is simply defined as the difference between the most stable
min

molecule must move and turn in order to find the optimal route water-silicalite interaction energies insida;;") and outside
(bold-solid lines in Figure 5a,c). As the energy fluctuation on (AE()) the pores. According to our model, the possible
the optimal route for the double ring (Figure 5b) is much lower pathways for entering the single fragment are either to bind to
than those of the other fragments. Change of the interactionthe framework first or to move along the optimal route via the
energies during the diffusion into and in the channel along the central line; only the second pathway is preferable for the double
optimal route is within thermal fluctuations at room temperature, and the intersection fragments. However, the most stable
which amounts to about 0.6 kcal mé! This led to a clear interaction energy to bind a water molecule to the single ring
conclusion that the motion of a water molecule in the straight outside the pore (Figure 2a) ef2.61 kcal mot? is higher than

2.

6 -4 -2 0 2 4 6

)

Figure 5. Interaction energy versus watesilicalite distance, calculated
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Figure 6. Changes of the watessilicalite interaction energy via
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TABLE 2: The Water —Silicalite Interaction Energies (kcal

mol~?) along the Optimal Route Taken from the
Corresponding L Distance: AEy,, AER", and AEmax Are the
Minimum Outside the Pore, the Minimum Inside the Pore,

and the Maximum that Lies between theAE™™ and AE™"

Respectively (more details see text) o "
fragment  AETY AEmax AEM™  AEyarier AEnet
singlering —3.58 —1.96 —1.96 1.62 1.62
(L=-1A) (L=0A) (L=0A
double ring —2.79 —-2.12 —2.55 0.67. 0.24
(L=—4A) (L=-2A) (L=-14)
intersection —3.14 —1.86 —3.86 1.28 —-0.72

fing L=-7A) (L=-2A) (L=1A)

that to move the molecule along the optimal route—8.58
kcal mol ! taking place al. = —1 A (Figure 5a). Therefore,

the energy change and the energy barrier for all fragments hav
been calculated only when a water molecule moves along the

optimal route. The results are summarized in Table 2.
The maximum of the interaction energ&Kmay, which lies

between theAE[™ and AET" on the optimal route, suggests
how easily a water can enter the pore via this pathway. The
energy barrierAEpariey for the water molecule to enter the pore

can then be expressed A€, — AEN", resulting in the
values of 1.62, 0.67, and 1.28 kcal mbfor the single, double,

and intersection rings, respectively.
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requirement of 0.96 kcal motl is equivalent to a temperature
of about 450 K. This value is much less than that of 8 kcal
mol~! obtained from the development of the watsilicalite
potential map using an empirical methtd.

Some comments can be made concerning the encapsulation
energy shown in Table 1, in which the most stable position takes
place in the intersection channel. This observation is different
from that reported theoretically for the light alkane molecules,
which stated that they bind more strongly in the straight or
sinusoidal than in the intersection channéig3 Therefore, it
is suggested by these results that the degree of hydrophobicity,
typical character of the silicalite, of the intersection channel is
less than those of the other channels. In addition, our value for
the encapsulation energy of the water molecule in the silicalite
pore of —3.9 kcal mof* is much higher than the expermental
value of —9.6 kcal mot! and the calculated value 6f12.5
kcal moi~® reported by Vigne-Maeder et ®iHowever, it should
be noted here, therefore, that the two values given in ref. (12)
are too strong to represent the interaction energy between a polar
molecule such as a water and the hydrophobic channels of the
silicalite. This statement was supported by the simulation results
published recently by Takabe et?4lThe simulated results for
the water-methanol mixture in the silicalite membrance show
that no water molecule diffuses into the silicalite pore. Adsorp-
tion takes place only with the silanol groups on the external
surface. Therefore, a strongly experimental heat of adsorption
is a consequence of the adsorption on the surface but not in the
hydrophobic micropore of the silicalite. However, preliminary
result by Kager® using PFG-NMR measurement indicates the
diffusion of water molecule in the silicalite micropore at high

Jemperatures.
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In terms of energy change, th&E,, which defines as ) ) i
AE™N _ AE™N (T ble 2) indicat | v that teri th (1) Breck, D. W.Zeolite Molecular Siees; Wiley: New York, 1974.
AEi out (Ta e ) in Icates clearly that entering the (2) Karger, J.; Ruthven, D. MDiffusion in Zeolites and Other
linked domain and the intersection channel are endothermic andmicroporous Solidswiley: New York, 1992.
exothermic processes, respectively. On the other hand, thelzz(?é)isoaQ C. N. R.; Natarajan, S.; Neeraj,J5Am. Chem. So00Q
energy change_ for this process is almost zero for the straight @ Dévis, M. E.Microporous Mesoporous Matef.998 21, 173,
and the sinusoidal channels.

5) Singh, A. P.; Kale, S. MCatal. Today1999 49, 245.

3.4. Energy Barrier to Diffuse across the ChannelsTo Eeg ger%dntis, P'.; si?r}itsti, G.Cgf?ﬁlo?:cé?/m@ghy%. Cr?em.,BLQQQ
investigate the energy barrier for a water molecule to diffuse 103 8141. _ _

from one to another channel inside the silicalite, the most stable , (7) Viugt, T. J. H.; Krishna R.; Smit, B). Phys. Chem. 8999 103
interaction energies for encapsulation of water molecules inthe "™~ (g) Haberlandt, RThin Solid Films1998 330, 34.

three channels, shown in Table 1, are considered and the (9) Mikhailenko, S. D.; Kaliaguine, S.; Ghali, Blicroporous Mater
diffusion process is schematically drawn in Figure 6. The small 199(’1710)11k37-_ M. Kobayashi, M. Phys. Chem. 8999 103 10651
parter takes place only when a water molecule crosses the (19) Komyeme, ] Kcbavesh 1 Fys Chern 508 10310561
linked domain, which is represented by the single ring (Figures 515

la and 1b) to and from the intersection channels. The energy (12) VigneMaeder F.; Auroux, AJ. Phys. Chem199Q 94, 314.
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