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ABSTRACT. Hydration scheme and hydration energy are determined in & cage of zeolite NaA.
The selectivity between Na(1) and Na(2) is determined from energy calculation. The waters in a
cage form a distorted dodecahedral cage. The average binding energies of water(1), water(2) and
water (3) are —29.847, —25.344 and —15. 888 kcal/mole respectively. The positions of oxygens
of hydrated waters are in good agreement with the X-ray data. The heat of immersion curve is
_ also obtained. This result is in good agreement with the differential heat of sorption curve obtained
from differential thermal analysis. It is concluded that theoretical method provides considerable
uses in the determination and understanding of the hydration and interaction energy of zeolites
sorbate binding.

INTRODUCTION Zeolites are crystalline, hydrated aluminosili-

cates of group 1 and group 2 element, in parti-

Synthetic zeolites are well known for their
industrial applications as adsorbants and mole-
cular sieves, and very important in fundamental
researches because of their adsorbant and cataly-
tic properties!.

cular, sodium, potassium, magnesium, calcium,

strontium, and barium. Structually, the
zeoltes are consist of the framework of alumin-
osilicates which are based on the infinitely ex-

tending three dimensiona! network of AlQ, and
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Si0, tetrahedra linked to each other by sharing
all of the oxygens. Zeolites may be represented
by the emprical formula M;/20:A1,0;3-2Si0,-
yH;0. The aluminosilicate framework of zeolite
A can be described in terms of types of poly-
hedra; one is simple cubic arrangement of eight
tetrahedra; the other is the truncated octahedron
of 24 tetrahedra (8 cage).

In recent years, there has been a great deal
of effort directed toward acquiring and unders-
tanding of the structure, nature, and properties
of zeolites?. The structure and the exact posit-
ions of atoms in dehydrated zeolite are obtained
by X-ray diffraction®®. The potential enegy
between adsorbed material and zeolite is very
important in considering the catalytic behavior
and as a function of molecular sieve.

One of important properties of all zeolite-sorb
complexes are that water is the guest molecule
in the zeolites. Water is essential for the syn-
thesis of zeolites. Accordingly, the binding en-
ergy of the water within the crystals is impor-
tant to understand the nature of water-zeolites
complex fully.

The electrostatic field of dehydrated zeolite
NaA is calculated by Lara and Tan’. Recently,
the site selectivity of the cation in dehydated
zeolite NaA is obtained from energy calcula-
tions®.

In this paper, the positions and binding ene-
rgies of Na(1) and Na(2) are determined with
the use of calculated net charge, and those of
waters in « cage are obtained with the use of

calculated net charge and dielectric constant.

MODEL COMPOUND

Fig.1 shows the framework of dehydrated A
type zeolite. In the case of hydrated zeolite
NaA, the bond angles and the bond lengths are
obtained by single crystal X-ray diffraction me-
thod®. The unit cell of hydrated NaA type
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zeolite is NajpAl;5511504527H20. In this model,
there are three kinds of oxygens which are
differ in bond length and bond angle.

In this energy calculation, the radius of mo-
del compound is about 11 A. The positions of
oxygens, aluminum and silicon are listed in
Tablel. Fig.?2 shows the arrangement of each
atoms. As X-ray data predicted®, we adopt the

dodecahedral cage of water,

CALCULATION OF NET CHARGE

Electronegativity was originally defined as an
invariant property of atoms'®!. But several
workers!? 13 have suggested that the electrone-
gativity of an atom depends upon the environ-
ment of that atom in a molecule.

Iczkowski and Margrave'® defined electrone-
gativity as the derivative of ionization energy
with respect to charge. The ionization potential
and electron affiinity obey the relationship

E=kg*+Eg+k’ (1)

where E is the energy of the atom and ¢ is the
charge on the atom. When the charge on each
atom causes its electronegativity to equal those
of the other atoms, the sum of the I—A ener-
gies become minimum. Here I and A are a
ionization potential and a electron affinity res-
pectively. If the neutral atom is defined as zero

energy, the total energy can be written as'®

where § is the partial charge resulting from
the equalization of electronegativity of each atom

and where
a:_; (33)
b=I+A (3b)

Here a and & are defined as the inherent elec-
tronegativity and the charge coefficient respecti-
vely. And the orbital electronegativity is de-
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fined!? as

y=dE[dé=a+b3. = (4)

Koy Huheey'* applied this me-

thod to the calculation of
electronegativities and net
charges of groups. We apply
this method to the calcula-
tion of net charges of atoms
in NaA type zeolite frame-
work.

A type zeolite has a re-

peating unit, AlO,Si0,, as

Fig.1. Structure of dehydrated zeolite NaA.

Table 1. Positions of atoms in A type zeolite fram-
work.

Framework A A 2
atom X{A) Y(A) Z(A)
Aluminum 3. 8687 1. 4987 6. 0861
Silicon 1. 5480 3.7998 6. 0861
Oxygen(1) 0. 0000 3.339% 6. 0861
Oxygen(2) 2. 4856 2. 4856 6. 0861
Oxygen(3) 1. 8925 4.6513 4.7620
SR}
0(3)@ 03!
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D
5 o \
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Fig.2. Arrangement of a repeating unit (AlO;Si0Oy).

shown in Fig. 2. In the cal-
culation of net charge, the
large framework of A type
zeolite can be reduced into
a small system with repeat-
ing unit as shown in Fig. 3.
In this small system, each atoms have same
environments as those atoms in a real frame-
work.

Inherent electronegativities and charge coeffi-
cients are linearly depend on S-character®®. The
values of ionization potential and electron affinity
computed by Jaffé and co-workers'® have been
used to derive values of inherent electronegati-
vities and electron affinites for appropriate vale-
nce states for various atoms. Differences in
valence state mean differences in S-character.
Bond angle, S-character, inherent electronega-
tivity, and charge coeflicient of atoms in NaA
type zeolite are listed in Table 2.

In this work, we assume that negative charge
is localized to aluminum atom. Estimation of
charge transfer can be obtained by setting the
electronegativity functions of one atom equal to

those of the others and solving for the values
of 4.

dgi T a1+ 000y+002y 200 =0 )
as;+bg;0s; = a0y +dowbowy
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Fig. 3. Reduced small system (AlOsSiOy).

Table 2. Inherent electronegativity (@) and charge
coeflicient (b).

Framework | Bond angle | S-Character a b
atcm (deg) (%)
Al 109.5 25 7.3 9.04
Si 109.5 25 5.38 5.59
o) 145.5 45.18 19.96] 20.7
o) 159.5 48. 36 20.70| 21.2
0] ¢)) 144.1 44.75 19.81| 20.6

=ao(+bo@fow

=ag+bomow
=aA1+bAlaAl (6)

The net charges of each atoms are calculated
from eq. (5) and eq. (6). The obtained net cha-
rge of each atoms are ds;=0.474, da=0.109,
dow =—0.395, do@=—0.440 and Jo=—0.
399 respectively.

ENERGY CALCULATION

The basic formulae and the the parametriza-
tion used for the potential energy functions fo-
How the general scheme presented by Caillet
and Claverie!™ !, For hydrogen bonding, new
parameter in the dispersion and repulsion term
at short distances are used.

Electrostatic Energy. To obtain this term,
the net atomic charges of the two interacting
molecules must be known. This energy is given
by

Ed(l_z):;u)jz(m% )
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where the summations YV and 2® run over
the atoms of molecules '(or fragm:ent) 1 and 2,
respectively, and R;; is the distance between
atoms ¢ and j; d; and §; are the net charges of
atom ¢ of molecule 1 and atom j of molecule
2 respectively; ¢ is the dielectric constant of
the system. The values of net atomic charges
found for water from dipole momoent are dy=
0.32 and do=—0.64 (in electron unit)?’,

The dielectric constant in @ cage is determin-
ed by comparing the average binding energy
of the waters which are bound to Na(l) with
the heat of immersion when the degree of pres-
atur ation is 0.1. From this comparision, the
optimum value of dielectric constant is 3.5.

Polarization Energy. The polarization ener-
gy of a molecule in an electric field is calcu-
lated as a sum of atomic polarization contri-
butions;

E,a(1)= —1/22;671' (e:)® (8>

where ¢; is the electric field created at the atom
i of molecule 1 by all other molecules (only
molecule 2 in the case of a binary complex),
and @; is the mean polarizability attributed to
atom 1.

The contribution of Si and Al atoms to the
polarization energy are neglible because they are
located in tetrahedra of oxygen. The polariza-
bilities of atoms in water molecule are obtained
from molecular polarizability of water molecule.
In order to determine the bond polarizability of
O-H bond, the polarizability of lone pair elec-
tron must be obtained. When the atom is iso-
tropic, the expression for polarizability of atoms.
was obtained by Kirkwood!® as

a=ge L () 9

where @& is the polarizability of atom, a4 is Bo-
hr radius, and r; is the radius of ith electron.
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7= (TZ":‘S—))Z(an D@n*+2a  (10)
where n* is the effective quantum number and
(Z—S8) is the effective nuclear charge. From
eq.7 and eq.8, the polarizability of lone pair
electron of oxygen atom is calculated as 0.190-
10~2%cm® The bond polarizability of O-H bond
is 0.345-10"2%cm3, Using Caillet and Claverie’s
method®®, the bond polarizability is divided into
the atomic polarizability. As a result, the pol-
arizability of oxygen atom in a water molecule
is 1.278-10"%*cmd and that of hydrogen atom is
0. 08-10"%cm?.

Dispersion and Repulsion Energy. In this
work, we use the sum of atom-atom contribution
for evaluating the dispersion energy accord-
ing to the semi-empirical formula proposed
by Kitaigorodskii. The formula for both
the dispersion and the repulsion energies is

written as

Egigt Erp= 2P 2%e(i, /) an
i J

where each atom-atom contribution e(4, 7) is the
sum of a dispersion and a repulsion term

eli, j) =k;k;[— A/ Z8+ (1 —0;/N;™1)
(1—8;/ N Cexp(—LZ)] 12)

where
Z=R;;|RY;
and
RY=v(2RV) 2R;¥)

R and R;% are the Van der Waals radii!® of
atom ¢ and j. The factors (1—4;/N;") repres-
ent the influence of the atomic electron popul-
ation on the repulsion; 8; is the net charge of
atom 7, and N;* is the number of valence el-
ectrons for the neutral atom (Ny'#i=1, Np=l=
6). The multiplicative factors %; and %; allow

for the variation of the nature of the interacting

atoms (kg=1 and k;=1.36)2. The following
values are used for A,C and L; A=0. 214 kcal
/mole, C=47000 kcal/mole, L=12. 35.

Van der Waals radius of Na cation is calcul-
ated from the polarizability of Na cation. Acc-
ording to Davis®, some correlation exist bet-
ween Lennard-Jones(6-12) diameter ¢ and the

polarizablity of a molecule or group as follows.
In(s2—5.4)=1.45640. 797 In(ap-10*) (13)

where &p is polarizability. When ay,* is 0. 190
-10~2%em3, the diamerer of cation is 2.556 A.
Using the following relationships that the equ-
ilibrium distance ry equals to 2!/%s and the ratio
of the equilibrium distance divided by Van der
Waals radius equal to 13/11,2 the Van der
Waals radius of Na cation becomes 1.285 A.

The multiplicative factor Ey,+ is determined
from Van der Waals radius of Na cation and
experimental data of Nat-water binding ener-
gy.%2?t Minimization of Nat-water binding
energy at various ky,* values can determine the
optimum Z%y,*+ value which can explain the ex-
perimental energy depth of Nat-O binding.
When &yx.+ is 2. 86, the calculated equilibrium
distance of Na*-O binding is 2.26 A and the
calculated minimum energy depth is in a excell-
ent agreement with experiment. Calculated Na*
-0 equilibrium distance is also in good agree-
ment with the experimental data of Nat~O bin-
ding distance.

Case of Hydrogen Bond. The equilibrium
distance of a hydrogen bond is significantly sh-
orter than the usual intermolecular equilibrium
distances. Hence, the simple analytical behavior
(—1/7% e L%) must be refined for much cases.

The distance are divided into two types, R,
and Ry (with R,<Rup); if R>Rys, the normal
parameters are used for A,C, L; if R<R,, the
modified parameters A’,C’, L’ (with A’<{A4, C'
<C, L'>L) are used; and for R, <<R<Ry,

Journal of the Korean Chemical Society
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we use the interpolated values of these para-

meters according to the formula.

K+K | K=K’
2 + 2

4-1. 875z) a4

K(z)= (0. 37525 —1. 2523

where K represents one of the symbols 4, C,
or L and

o R=1/2(Ry+ Rap)
-1/2(R,—Rwy)

The values R,=1.8A, Ry=2.64, A'=A/5,
C'=C/2.7, L'=13.8 are taken®,

(15)

RESULT AND DISCUSSION

Comparision of Net Charges of Oxygen
Atoms with IR Spectroscopy. The net charge
calculated in a previous section explain the IR
spectroscopic data of water bound to zeolite.
The frequency depend on the type of zeolite
and on the cation and the band intensities de-
pend on the degree of the hydration. In hydrat-
ed NaA type zeolite, bands at 3500, 3400 and
1660 cm™! correspond to symmetrical adsorbed
water molecules, while band at 3280 cm™! cor-
" respond to overtone bending vibration of the same
molecule®. Bands at 3500 and 3400 cm™! is the
O-H streching band bonded to framework oxy-
gen. These broad two bands probabily are due
to hydrogen bound to crystallographically diffe-
rent oxygen having different net charge which
results in different strengths of interaction
(Fig.4).

As a result, the oxygen atoms in A type ze-
olite can divided into two classes; one is O(1)
and O(8) (net charges are —0.395 and —0. 399
respectively), the other is O(2) (net charge is
—0.440). The parallel growth of intensities of
the broad O-H stretching band incrase of hyd-
rated water suggest that none is formed prefer-
entially If repeating unit of any zeolite is dete-

rmined then the net charge of atoms in any ze-
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Fig.4. Hydrogen bond between hydrated water
molecule and framework oxygen.

olite framework is evaluated.

Determination of Position of Na Cation
and Site Selectivity Between Na(l1) Site and
Na(2) Site by Energy Calculation. The site
selectivity is of great importance in understanding
the physicochemical properties of zeolite A,
such as adsorption and catalysis. In dehydrated
zeolite NaA, the optimum positions and energies
of Na(1) and Na(2) are determined by using
the net charge and the Van der Waals radius
of Na cation (setting €¢=1). The dielectric con-
stant is not important in qualitative calculation
of selectivity.

As can be seen in Table3, Na(l) is bound
more tightly than Na(2).
agreements with the experimental results of sor-
ption characteristic and ion-exchange behavior,

This is in good

and it has been supported by the reults of X-
ray diffraction analysis?®?". In Table4, the ca-
lculated optimum position of Na(1l) and Na(2)
are listed. There is a remarkable agreement
between X-ray data’ and optimized sodium po-
sition.

As shown in the energy map of Na(2), it is
evident that there are eight positional degener-
acy at eight membered ring window (Fig. 5).
Fig. 5 shows one eighth of symmetrical eight
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membered rirg window. The calculation of the
selectivity, optimum position and positional de-
generacy of Na cation using obtained net charge
and Van der Waals radius of Na cation are in
good agreements with experimental data® 2627
Hydration of a Cage.
of the hydration scheme of zeolite NaA, the

In the determination

Table 3. Binding energy of Na(l) and Na(2) when
€=1 (in keal/mole).

Na(1) Na(2)
Electrostatic energy —103.15 —94. 68
Dispersion energy —0.51 —0.40
Polarization energy 2.55 0.58
Total energy —101.11 —94. 50
Energy difference - 6.61

Table4. The positions of Na(1) and Na(2) obtained
by energy optimization. : :

xA) YA | z@d)
Calculated Na(1) | 3.45 3.45 3.45
position Na(2) | 0.87 | 0.92 | 6.10
X-Ray data Na(1) | 3.468 | 3.468 | 3.468
Na(2) | 0.871| 0.871| 6.0861
1.00A

09t

o8 Q"
o7t \

i X 1

06 07 0.8 09

T.0(A)

Fig. 5. Energy map of Na(2) at eight membered
oxygen ring window (in kcal/mole).

Cartesian coordinates of water molecule are com-
puted as a function of dy, 0y, 0s 01,92 and @3
in the reference system in which A;, A, and Az
are fixed (Fig.6). We used for such computa-
tions the method developed by Thompson?:29,

The hydrated waters are optimized by mini-
mizing the interaction energy of each water
molecule through the variation of the six para-
meter (dy, 0y, 82 @1, @2 and ¢3) simultaneo-
usly using a minimization method in which the
derivatives are estimated by differences as desc-
ribed by Fletcher®,

Inside the @ cage there appears to be occupi-
Because

the hy-
drated position is roughly determined by close

ed by twenty four water molecules.
the cavity of A type zeolite is small,

packing of waters to framework.

In X-ray data of hydrated zeolite NaA, only
the positions of oxygen atoms of hydrated water
molecule are determined. X-ray data predict
that twenty water molecules form the dodeca-
hedral cage, three are bound to Na(2) and one
is in dodecahedral cage of water molecule. Ac-
cording to X-ray data of a cage of hydrated
zeolite NaA, the binding waters are classified
into four classes®

Water(1) ; the water bound to Na(1).

Water(2) ; the water bound to Na(2).

Water(3) ; the water bound to the water(1).

Water(4) ; the water bound to Na(3). (in

dodecahedral cage of water molecule)
Fig. 7 shows the dedecadral cage of water mol-
ecule adopted in this work. The waters from
W1 to W8 are belong to water(1) and from
W9 to W20 are belong to water(3). The wa-
ters from W21 to W23 are belong to water(2)
and W24 is water(4). _

Ideally the eight membered ring window may
be assumed to hold one Na cation and one wa-
ter molecule. In X-ray data®, the water(4) may
be generated by a less symmetrical arrangement

Journal of the Korean Chemical Society
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Fig.6. (a) Variables defining the position of a water molecule with respect to the fixed reference. (b)
Positive values of the tortion angle.

Table 5. Optimized position and energy of W1 and
the energy of W1 in Fig.6.

Optimized W1 W1 in Fig.6
XA YA) | zA) XA YA |zA)
H 1.384) 2.236) 2.576) 1.37] 2.15| 2.64
W(15) 0 2.293 2.306] 2.287 2.22 2.22 2.22
H 2.232 2.527, 1.358 2.14, 2.69] 1.35
Binding

energy | 29759 keal/mole | —24. 917 keal/mole

W /

Table 6 Binding energies of water(1).

\ . . .. (Dispersion & )
W(|4)j:r-4-————-«N“ 3) Bindting Elec;;:f_t;},nc Polea:::a;lon repulsion E:Jfé -
water (kcal/mole) | (kcal/mole) (kce;f/l;glz]e) (kcal/mole)
Fig.7. Proposed dodecathedral cage of water mole- w1 —25.749 —0.339 1.146 | —24.942
cules. w2 —29.144 —0. 367 1 034 —28. 476
w3 —28. 655 —1.102 —0. 666 —30. 423
W4 —40. 965 ~0. 242 1. 457 —39.750
involving more than one atom, possibly one Ws —28.995 —0.365 1.073 | —28.287
H;0 molecule and one Na cation. Na(l) is W6 ~25.570 ~0.349 1.016 | —24,867
hedrall di d by f . w7 —31.554 —0.236 1.646 —30. 144
tetrahecrally coordinated by four nearest neig- Wws —34.017 —0.159 2.317 | —31.859

hbors, three framework oxygen atom O(3) and

one water(1). water(3). The optimized binding energies of

As shown in Table5, in « cage, the binding
energy of water(1) in Fig.6 is nearly same as
that of optimized water(1) in the absence of

Vol. 23, No.6, 1979

water(1) are listed in Table 6. Fig. 8 shows the
hydrogen bonding between water(1) and water

(8). Dodecahedral cage become favorable when
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Table 7. Optimized positions and energies of water(2), water(3), water(4) and Na(3).
Binding Binding energy
water XA YA Z(A) (kcal/mole)
Wil H —0.389 1.941 —3.092
(0] 0. 483 2.115 3. 464 —15. 060
H 0. 402 2.512 4. 316
Wi4 H 1.776 3.971 0. 000
(0] 2. 402 3.247 -0.001 —18.578
H 3. 260 3.672 0. 001
W16 H 1.743 —3.882 —0.003 A
(6] 2. 368 —3.157 —0.002 —13.485
H 3.226 —3.581 —0.002
w21 H —1.316 0. 401 —1.018
(0] —0.416 0. 521 —0.716 —52. 147
H —0.020 1.425 —0.951
W22 H 1.112 0. 870 4. 966
(6] 0.175 1. 068 4. 951 —24. 436
H —1.004 1. 445 4. 812
w23 H -0. 953 4.954 —0.832
(6] —0.021 4.773 —0.959 —27.194
H 0.184 5. 160 —1.810
W24 H —1.194 0. 506 —5. 094
O —0.277 0.779 -5.138 —24. 402
H ~-0.204 1. 237 —-5. 974
Na(3) 1.81 —0.38 0.62 —90. 229
y
f \
0(Wi5) i

Fig.8. Hydrogen bonds between water(1) and
water (3).

the water(1) form hydrogen bonds with water
(3). Because the water(3) are bound loosely,

ODIW 13

/

wa4

;‘\ 0IWo) \\\/L
\/

Fig.9. Hydrogen bonds between water(4) and the
waters forming dodecahedral cage.

some of them are selectively optimized in this

paper.
The optimum position and energy of Na(3)
is calculated in dodecahedral cage and then tho-

Journal of the Korean Chemical Society
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Fig.10. Hydrogen bonds between water(2) and
framework oxygens.

se of all waters are calculated again. In Table7,
the optimum positions and energies of water(2),
water(3), water(4) and Na(3) are listed. The
average energies of water(1), water(2) and
water(3) are —29.847, —25.344 and —15, 888
keal/mole respectively.

From above calculations, the distorted dodeca-
hedral cage of water molecules is stable and is
more stablized by Na(3) and water(4). Because
the water(1) and water(3) form a hydrogen
bond with water(4), the distorted dodecahedral
cage is stabilized. Fig.8 shows the hydrogen
Fig.9
shows the hydrogen bonds between water(4) and

bonds between water(1) and water(3).

the waters forming dodecahedral cage. Fig.10
also shows the hydrogen bond between water(2)
and framework oxygens. As predicted by IR
spectra®l, the hydrogen bond is formed with
all kinds of framework oxygens.

Comparision of Calculated Hydration Ene-
rgy with Experimental Differential Heat of
Sorption. Information about binding energy has

been obtained from measurement®® by calorime-

Vol. 23, No.6, 1979
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moles of hydroted water

Fig.11. The differential heat of sorption (@) and
the heat of immersion curve obtained by the energy
calculation (O).

tric and differential thermal analysis®*. Barrier
and Cram?® obtained the heat of immersion curve
against degree of presaturation, §, and in their
experiment the saturated water content of zeolite
NaA is 21.5 percent. The degree of presatura-
tions defined as #=initial water content/satura-
tion water content. In our calculation, the adop-
ted unit cell contain 22.2 percent of water.

In Fig.11, the solid line represent the diffe-
rential heat of sorption obtained from differential
thermal analysis?® and the dotted line represent
the heat of immersion curve obtainad by the
energy calculation. In the construction of heat
of immersion curve from the binding energies
of waters, we assume that the waters bind in
order of the binding energy. But the informa-
tion derived from differential thermal analysis
is qualitative or at best only semiquantitative.
The differential heat of sorption at #=0.1 and
6=0.8 are 30 kcal/mole and 17. 7 keal/mole re-
spectively.

The calculated hydration energy and the heat
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of immersion from experiment show the some
energy difference because the calorimetric mea-
surements from the vapor phase deals with the
non-equilibrium distributions of water molecules
within crystals and through the zeolite bed. The
water molecule may stick on sites where they
first land.

As a result, the adopted dodecahedral cage of
water molecules in a cage is stabilized by dis-
tortions. Dielectric constant in @ cage is assu-
med to be about 3.5.

{f the X-ray data of framework and the rep-
eating unit are determined then the above met-
hod can be used in the energy calculation of
the hydrations of any type zeolite.
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