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A study of the attack to a water molecule by either aluminum or cadmium atoms is accomplished for determining their interaction geometry.
The existence of certain number of geometrical zones for repulsion and attraction of Al and Cd atoms when these interact with the water
molecule is obtained using Density Functional Theory. Our results clearly show the existence of defined geometries where the interaction is
the strongest for chemical bonds formation.
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Un estudio del ataque de una raolila de agua p@tomos de aluminio o cadmio se lleva a cabo para determinar su gedeeinteracdn.

La existencia de ciertoimmero de zonas gedetricas de repuléin y atracadbn de losatomos de Al y Cd cuandéstos interaétan con

la mokecula de agua se obtiene usando la iEede Funcional de la Densidad. Nuestros resultados muestran claramente la existencia de
geometras definidas en las que la interaaties nas fuerte para la formamn de enlaces dmicos.

Descriptores: Enlaces dimicos; curvas de endggpotencial; teda de funcional de la densidad; interdatimetal-maécula.

PACS: 71.15.Mb; 33.15.Fm

1. Introduction plished all this through 15 specific geometry orientations of
optimized reactants. In our case, we are taking into account
Potential energy curves of the attack on one water moleculell possible orientations in order to get the zones and sites of
by either aluminum or cadmium metal atoms in order to defeaction in general.
termine their interaction geometry and a possible insertion Price [11] achieved nearlgb initio calculations of the
of the metal atom in a water molecule. Geometrical zonesnolecular and electronic distributions at the interface of hcp
for repulsion and attraction of Al and Cd atoms when thesesadmium and liquid water. The first peak in their oxygen
interact with the water molecule are expected. Water contamand hydrogen densities as a function of the distance from the
ination by metals is a problem requiring systematic studiescenter of the metal slab is around 7.93 A.
The water molecule by itself has been theoretical an exper- Alvarez-Ranirez et al [12] accomplished (random)
imentally widely studied since very long time ago for many molecule—molecule interactions at different orientations ob-
researchers [1-4]. taining much dispersed points. Instead of potential energy
Recent studies have shown the importance of observingurfaces, they obtained a curve among the dispersed points
the different answers of the preferential adsorption in conas a linear regression fit in one of their cases analyzed. Such
nection with the positions and geometric directions of the rerandom interaction hides many interaction trajectories, and
actants, with important applications to electrochemistry [5].then their linear fitting hides something else.
It is important to know the nature of the metal-water interac-  In a previous work we considered a water molecule inter-
tion, binding energies, geometric forms and frequency of theacting with ionized copper and we found conical zones where
reaction, in order to eliminate a greater amount of metallicthe interaction is the strongest in the region of the symmetry
components polluting the residual waters of industrial proplane [13]. We show now, that this is not only a case for ion-
cesses [6]. ized copper/water [13] but also for metal/water (metal = Al,
Sun et al [7] studied reaction mechanisms of alu- Cd). We study here the case of the interaction of aluminum
minum water systems by using B3LYP method [8] with 6- and cadmium with the water molecule, two metals in con-
311+G(d,p) basis set [9,10] to achieve geometry optimizasecutive different groups of the periodical table, in order to
tion, and QCISD(T)/6-311++G(d,p) in calculating the sta-determine: potential energy surfaces (PES) and using them
tionary points corresponding with the reactants, products, into obtain the most favorable places of the interaction.
termediates and transition states. They were focused on en- We achieved DFT calculations to study the interac-
riching data concerning the vapor phase reaction of ABH tion among one metal atom in ground state and one water
system, and of calculating the enthalpy and the free energmolecule by approaching them since a certain distance, and
changes of the reaction at 298 and 2000 K. They accomrepeating this closing at several angles. In addition our con-
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ical zones suggest accomplishing experimental studies using t

appropriate external electrical fields and polar properties of
the water for orientation in one direction of a very big sys-
tem of metals in water. This might help in some way to add,
eliminate or transport metals by water molecules

We determine interaction zones among water molecule
and aluminum or cadmium atoms through a geometrical de-
pendence. The localized existence of certain number of geo-
metrical zones of repulsion and attraction of Al or Cd atoms
with the water molecule in the ground state is studied in DFT
approximation. Our results exhibit geometrical zones where
the interaction is more prominent. We emphasize those points
which, in our opinion, require further development.

2. Methodology FIGURE 1. Geometry of the aluminum-water interaction.

We investigate both the aluminum-water and cadmium-water
interactions in an appropriate group of symmetry (€ C,, A z
or C;) depending on the orientation among metal and oxy-
gen atoms, through the DFT electronic structure program
proposed by Delley [14]. The density functional proposed
by Becke [15] for an exchange gradient corrected exchange
potential is used in a self-consistent field (SCF) calculation.
We use a gradient corrected Hamiltonian, named BOP in the
generalized gradient approximation (GGA) [16] for exchange
correlation potential. This Hamiltonian consists of two parts:
exchange functional of Becke [17] and correlation functional
of Tsuneda and Hirao [18]. The correlation part is a much
improved Colle-Salvetti-type correlation functional for both
opposite and parallel spin correlations and it obeys all the
necessary conditions of the exact correlation functional.

The calculations are in all-electron and spin-unrestricted
(different orbitals for different spins) accomplished, where FIGURE 2. Geometric zones for Aluminum/Water reaction.

the molecule is set into a center of mass coordinate sys-h t f - tinated b idering th
tem, unable to construct rotation matrix. For spin-polarizeaI € oxygen atom 0 b is investigated by considering the
: rfiangmlnum attack to the water molecule from several angles

with respect to the main axes according to Fig. 1. FgOH

Williams (JMW) from their original work on metals [19] _
were used. Open-shell systems, with unrestricted wave fun ve use the geometry HOH bond angle 104.82d OH bond

tions are run. For these molecules, we use a double numericﬁndgthI o= 0'9572'3’ Vt\’h't(;]h I_sn?ar:lgxperémlental restul(tj [§Z]J
basis with polarization functiongg., functions whose angu- and aiso corresponds to the model, presented by Jor-

lar momentum is one higher than that of the highest occupiegense”at al.,[3].

molecular orbital in the free atom. The size of the DNP basis,[h WetconS|d|er dl'ffefe”‘ :?]tta_cksi of thg. all:rgmum aton: to
sets are comparable to 6-31G** sets, e water molecule (in spherical coordinate$,{)), eac

A weakness of the DET-BOP-GGA approach is its ten-O"n€ belong to a specific plane determined by the apgtae.

dency to overestimate the energies [20]. The errors in th(]\gNe always use the complementary ang#d(" — ¢, varying

DFT-BOP/DNP energies tend to increase as the number ofom 0° — 180% and E[1.5A,6 /] to determine the DFT

. : teraction energies for the selected sites and orientations as
electrons increases and the number of nuclei decreases [21]. ~ .
nctions of the distance r.

For approaching along=90° plane (.e., the YZ plane),

3.  Aluminum-water Interaction here we are considering the cases {0°, 20, 30(°, 45°,

120, 130, 160, 180°}. From the Fig. 3 we may predict
In the study of aluminum-water interaction, we always con-that the strongest interaction should be:ail30° and another
sider the water molecule in the XY plane with the oxygenweaker atv=0°. These two lines define the axis of symmetry
atom in the origin and the two hydrogen atoms placed symef two approximately conical areas, with € [120°,180°],
metrically with respect to the positive part of Y axis (Fig. 1). where the bond strength is greater, andce [0°,30°] for a
The appropriate symmetry group of the metal atom towardweaker bond in front of the hydrogen atoms.
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FIGURE 3. Plane¢=90°, a) Plane)=0°, b) Planep=30°, c) Plane
¢=45°, d) Planep=60°".

For approximating the aluminum atom to the water along
other four planes € {0°, 30°, 45°, 60°} [Figs. 3a, 3b, 3c
and 3d, with the corresponding cases {0°,10°, 2C°, 30°,
60°, 90°}, o € {0°, 300, 45°, 60°, 1207, 150, 180}, o €
{0°, 10, 20, 30°, 45, 60°, 120, 135, 150°, 18C°}, and
a € {0° 1, 20, 30, 45, 60°, 1207, 135, 150, 180},
respectively] we always confirm that there are only two ac-
tive zones more suitable for the interaction. We summarize
the results of minimum energy along YZ plane approaches in
Table I, where the numerical values for energy and distance
are given.

We consider important to mention that for each point of
the H,O + Al interaction, the symmetry of the intermediary
HAIOH product is G, for =0° and G for «=130; and that
the minimum in potential wells of E vs r corresponds with the
adsorption points where the intermediary product is formed.
From the graph in Fig. 4 the formation of the intermediary
product starts at the maximums of this curve, and it has its
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3.5 1

TaBLE I. Distance in angstroms and energy in kcal/mol at the min-
imum of each curve in the Plarg=90° of the Al-H»O reaction at 3.0 4
thea angle in degrees; wher&AE=E {co}-E_{min}; SG= Sym-
metry Group and H-L— Homo-Lumo.
2.5+
Plane4=90° Al-H,O =
a r AE SG H-L £
3 20+
0° 4.361 1.437 Gy 23-24 <
L
10° 4.265 1.424 C 24-25 <
20° 4.271 1.357 c 24-25 "
30° 4.139 1.222 c 24-25
45° 3.864 1.034 c 24-25 0
600 3.247 0.994 g 23-24 -200 '-1:50 '-1l20' -SIO ' -4l0 ' 5 ' 4l0 ' 8l0 ' 12IO ' 1(;0 ' 2(I)0
80° 3.156 1.564 (& 23-24 a (degrees)
9 2.760 1.901 G 23-24
12¢° 2.535 3.247 c 23-24 FIGURE 4. Angular dependence of bonding Al-B.
130 2.543 3.299 G 23-24
145 2 484 3243 c 2324 presents three binding energies from Whlch_ the strongest are
160 » 448 31 c 23.24 located atoe = £13C° with their corresponding energies at
: ' i AE=3.299 Kcal/mol, when the radial distance is r=2.543 A.
18¢° 2.458 3 Gy 23-24

In Fig. 4 we show the binding energies for different val-
. - ues ofa, and clearly shows the existence of three well defined
most stab_le point at the minimums of the curve that Corre'maxima, one around=0° and the other arountt130.
sponds with attacks along the Y-axis.

In addition since aluminum is an acid (acceptor) [15], it
can receive an electron pair in its lowest unoccupied molecu-
lar orbital (LUMO) from the highest occupied molecular or- 4 cadmium-water Interaction
bital (HOMO) of a base (donor). That is, the HOMO from the
base and the LUMO from the acid combine with a bonding . . .

In the case of cadmium-water interaction, as before we al-

molecular orbital, which in our case corresponds with the or- . . .
bital 23-HOMO and 24-LUMO, in the Aand A ireducible V&S consider the water molecule in the XY plane with the

representations of the;Gymmetry, respectively. OX%grﬁnt?itorn mvf/rilﬁ orrlgln a’g‘i thtehtwo hyi?i:/ogen ratltorfn?(pla)l(?ed
Details of the Fukui function are extensive and this func->2 e Tically espect 1o the positive part o axis

tion provides a different approach and results from those ob(-F'g' 1.)' By attacking the_ water with th_e metal_ from an-
tained by us here. Those Fukui surfaces at ABHnterac- gles with respect to the main axes according to Fig. 1 (where

tion. some of them approximately conical. are not the ini_the aluminum is substituted with Cd), the symmetry group of
' bp y y cadmium toward the oxygen inJ@ is obtained. Again, for

tial part of our conical zones as we expected, because th _ C
have a different orientation. They are produced with a reallﬁjér?dvl\éen;fhe HOH=104.52bond angle andy;=0.9572 A

different theory in which the local reactivity describes bet-
ter the charge sensitivity, while our interaction orientations ~Here we consider only approaches by= 90° plane.
describes better the potential energy surfaces. As before, we use spherical coordinate8, () and we al-

As a comment, our calculations are hardly useful at colWays use the complementary angle= 90° — 6, varying
lisions at slow velocities; because it is required to obtain thdrom 0 — 180°, and re [1.5 A,6 A] to determine the DFT
probability transition first [23]. Probability transitions can be interaction energies for the selected sites and orientations as
theoretically calculated only when avoided crossings amondHnctions of the distance .
excited states exist. The level of theory used in the present For approaching along the=9(° plane, (the YZ plane),
work is not enough to reach excited states, TDDFTabr here we consider the casase {0°, 30, 45°, 9°, 120,
initio calculations have to be accomplished for comparisorl3(°, 145, 180°}. From Fig. 5 we predict that the strongest
among calculated and experimental cross section in a simplateraction is atv=0° thus defining the symmetry axis of one
case. approximately conical area, with € [0°,45°] which has

To show the existence of asymmetric preferences for théhe highest bond strength in front of the hydrogen atoms. In
interaction, we graph the functiohE vs« in Fig. 4 (where  Fig. 6 we can see that there is only one maximum at zero de-
AE = E{oo}-E_{min}). Attacking water with aluminum grees and the behavior tends to be repulsive when we move
along the YZ-plane the results shows that the water moleculaway from the axis.
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TABLE Il. Distance in angstroms and energy in kcal/mol at the
minimum of each curve in the Plang=90° of the Cd-H.O re-
action at thex angle in degrees; whereAE=E {co}-E_{min};
SG= Symmetry Group and H<4Homo-Lumo.

Plane¢y=90° Cd-H,0

A r AE S-G H-L

0° 4.618 0.248 G 58-59
30° 4.706 0.24 G 58-59
45° 4.752 0.229 G 58-59
90° 5.56 0.017 G 58-59
12¢¢ 5.005 0.008 c 58-59
130 4.946 0.008 G 58-59
145° 6.246 0.024 (& 58-59
180° 5.977 0 Gy 58-59

Itis important to mention that for each point of& + Cd
interaction, the symmetry of the intermediary HCAdOH prod-
uct is G, for o=0°, anda=18C, and G for the other values
of «; and the minimum of the potential wells of E vs r corre-
sponds to the adsorption points where the intermediary prod-
uct is formed. The formation of the intermediary products
starts at the maximums of the curve in Fig. 6, and it has its
most stable point at the minimums of the same, which corre-
sponds to attacks along the Y axis. Since cadmium is an acid
(acceptor), it can receive an electron pair in its lowest unoc-
cupied molecular orbital (LUMO) from the highest occupied
molecular orbital (HOMO) of a base (donor). That is to say,
the HOMO from the base and the LUMO from the acid com-
bine with a bonding molecular orbital, which in our case cor-
responds to the orbital 58-HOMO and 59-LUMO. Attacking
water with cadmium along the YZ-plane, the results indicate
that the water molecule presents one binding energy located
at «=0°, with its corresponding energ¥E=0.248 Kcal/mol,
when the radial distance is r=4.618 A. This distance is pro-
portionally in accordance with that one of 7.93 A obtained
by Price [11], considering that he is calculating for an aggre-
gated system of hcp cadmium (or an slab) and many water
molecules as we said before, and in our case is just one cad-
mium atom and one water molecule.

5. Discussion

Here we report the results of the interaction of aluminum and
cadmium with the water molecule (see Fig. 1), using diverse
geometric orientation attacks of the metal towards the water
molecule, particularly with the interaction Al+l® we show
that the capture of the aluminum atom is only possible in
two approximately semi-conical regions with its center in the
oxygen atom with symmetry axis at0° anda =130°, mea-
sured relative to the axis of symmetry of the water molecule
(Fig. 2).

In each atom the angles and the bonding energies are dif-
ferent as shown in the Table Ill. Until now we have not find
reported any value for the bonding energies for cadmium and
aluminum with water. Furthermore, we do not have any law
allowing us to predict the magnitude of the angle and bond-
ing energies for metal atoms in different groups. However
we have shown that the angle and the boding energies are not
constants.

These results suggest certain practical applications, as in
polluted water with contents of cadmium, aluminum or cop-

TABLE IIl. Comparison of the bonding energies in kcal/mol and
its corresponding angles in degrees and distances in angstroms for
copper, cadmium and aluminum interacting with water.

AE 0 r
Cu[13] 0.783 110 2.395
Cd 0.248 0 4.618
Al 3.3 130 2.543
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per; it is easier to liberate the water from contaminants asire several geometrical zones in which the interaction is more
cadmium and copper than from aluminum. intense and more probable to occur. Then, as expected the
In this case, where metal-water binding energies arsymmetry plane give the most intense potential energy sur-
lower than the water binding energy reported by Joer{faces with localized adsorption points.
gensen [3], the possible overestimation of the DFT-BOP-  The confidence of our results on aluminum and cadmium
GGA approach will be reflected in the comparison amonds based on the fact that similar calculations for copper-water
cadmium an aluminum interacting with water when eitherinteraction were achieved, which agree in distance with the
measurements @b initio calculations were being achieved. results in literature. The interactions for copper and for these
Due to the small number of electrons however, we considetwo metals with water molecule show that the number of
that the overestimation hardly will occur. At this time the zones is not constant. For copper [13] and cadmium we have
binding energy of Cu(110) surface with one water moleculeonly one zone in the symmetry plane but there are two for
is 0.18 (4.15 kcal/mol) according to the experimental and thealuminum. To establish the number of interaction zones is a
oretical work of Schiros [24], which we consider in agree- question still open, and also the same for the variables deter-
ment with the 0.783 kcal/mol for our previous result [13] of mining its location.

copper-water. We attribute the order of magnitude to the dif-  The existence of these interaction zones and its particular

ference among a surface and an atom. location suggests the experimental possibility of exploring to
add or release metallic atoms toward the water molecule us-
6. Conclusions ing the direction of the water molecule in the presence of an

external electric field. We think that the determination of the
We carried out a DFT calculation of the bonding of watermost favorable geometrical zones for bonding in each par-
molecule to aluminum and cadmium, where we analyzed difticular case would lead to the modification of the reaction
ferent attacks from the Al and Cd atoms toward the watemechanisms. From our point of view, it is clear that these
molecule, thus allowing us to establish the existence of thosmatters require further understanding.
geometric zones that are more favorable for the interaction.

The most propitious zones for the interaction are approx-

imately conical and as expected (due to the symmetry), thesdcknowledgments
are more intense for the approaches along the XY plane. Our
DFT calculations allowed us to establish clearly, that theré/Ve want to thank to the referee for his helpful comments.
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