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Molecular dynamics studies of ZnAl,O4 spinel
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Molecular dynamics simulations of ZnAl,04 spinel have been carried out at 300 and
800 K. Comparison with experimental data shows that at low temperature the most favorable
configuration is that of a mixed spinel. As temperature increases the structural transformation
becomes more evident. A detailed interpretation of the experimental vibrational spectrum
and radial distribution functionsis obtained.
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1. Introduction

Studies on metal supported catalysts are often focused only on the analysis of
the metallic particles before or after the reaction. However, metal supported cata-
lysts are dynamical systems where sintering or any other structural evolution has to
be followed. This evolution depends not only on the metal phase but also on the
support[1].

Supports, during the reaction, have to be stable and have to maintain the neces-
sary surface area as well as an adequate porosity. Although supports are often con-
sidered as simple diluents, they may alter the metal performance (metal-support
interaction) or simply act as a catalyst (bifunctional catalysts) [2].

Porous refractory solids, as zinc aluminate, have been shown experimentally to
present the features required of a support [3]. Furthermore, the surface area of zinc
aluminate may be experimentally controlled by doping the spinel with calcium [4].
To understand these kinds of structural modifications in spinels, much has been
done in recent years. In the field of theoretical chemistry, a quantum chemical
method to calculate the structure preference energies for normal or inverse spinels
has been developed [5]. This method uses normalized cation and anion two-body
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repulsion energies and can be successfully compared with the crystal field and clas-
sical potential methods. Through molecular-dynamics simulations, the structure
and dynamics of y-Al,0; (defectuous spinel) have been reinterpreted using pair-
wise additive interaction potentials of Pauling’s type [6]. These simulations have
shown that the spinel structure has a mixed character which ranges from normal to
inverse spinel and depends on temperature. Molecular dynamics simulations have
also been able to predict the thermodynamic evolution and spectroscopic perturba-
tion of the catalytic system La,O3/y-Al, O3 [7].

In the present work a theoretical analysis of the structure and spectra of ZnAl,O4
based on molecular dynamics simulations at 300 and 800 K is reported. The radial
distribution functions and the vibrational spectra calculated from the molecular
dynamics simulations are compared with experimental values. The Zn and Al
environments in ZnAl,O, spinel are studied for both temperatures.

2. Experimental

Zinc aluminate was prepared by coprecipitating the corresponding nitrates
(Baker 99 wt%) with ammonium carbonate. The precipitate was washed with
demineralized water and calcined at 1073 K in air for 6 h. The synthesized zinc alu-
minate had a specific surface area of 20 m?/g and a pore volume of 0.15 ml/g as
reported previously [4]. The pore size distribution in this preparation is bimodal
andcenteredat D = 50 Aand D = 180 A.

A Philips diffractometer (diffracted beam monochromator), coupled to a molyb-
denum anode X-ray tube, was used to obtain the diffractograms from 20
= 6° to 110°. The radial distribution functions were obtained using the Magini
and Cabrini program [8].

Samples for infrared analysis were mixed with KBr and compacted to 16 mm
disks under a load of 5 tons. The spectrometer was a FTIR Nicolet 170-SX.

3. Calculations
3.1. INTERACTION POTENTIAL

Molecular dynamics simulations involve the solution of the classical equations
of motion of a set of N particles which interact through a pairwise additive
potential. In our simulations a Pauling type function was used, which included a
Coulombic term and a steric repulsion term given by

V(ry) = 29 [1 + sign(giqy) (0" 9 ) } ,

r,-j rij

where r is the interatomic distance, g are the effective charges, and o is the effective
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Table1
Potential parameters
q(e) a(A)
Al 1.65 0.62
o —-1.10 1.20
Zn 1.10 0.74

ionic radius. The exponent n was taken to be 9 following Adams and McDonald
[9]. The values of charges and ionic radii used in the simulations are the ones pre-
viously used [6,7] and are shown in table 1. Since the aluminum effective radius
changes with coordination an average value was taken. The charges on aluminum
and oxygen were taken from a previous work [6] where they were estimated from ab
initio SCF-MO calculations on a set of relevant clusters [10].

3.2. MOLECULAR DYNAMICS SIMULATIONS

A set of molecular dynamics simulations in the microcanonical ensemble at 300
and 800 K was performed on the system ZnAl,O4 spinel consisting of 432 alumi-
num atoms, 864 oxygen atoms, and 216 zinc atoms arranged in a cubic box with
periodic boundaries (see fig. 1a). All zinc atoms were tetrahedrally coordinated [11]
and all aluminum atoms were octahedrally coordinated at a density of 4.6 g/cm>.

The original configuration in both cases was relaxed for 10 ps and the produc-
tion stages were of 5 ps to calculate radial distribution and velocity autocorrelation
functions. Vibrational spectra were calculated by Fourier transforming the auto-
correlation functions. In both cases a time step Az = 10713 s was used. The long
rage Coulombic potential was handled by the Ewald [12] method and the calcula-
tion of the corresponding forces was performed through spline interpolation and
numerical derivatives. Energy fluctuations were at most 0.05% relative to the mean
value.

4, Results and discussion

4.1. STRUCTURE

Fig. 2 shows the radial distribution function obtained from the X-ray diffrac-
tion data. This radial distribution was obtained at room temperature (300 K) on
the zinc aluminate dried and calcined at 1073 K. This curve has to be interpreted in
terms of fig. 3 where the theoretical radial distribution functions are shown. The
locations of the first Al-O and Zn—O peaks are at 1.95 and 2.03 A respectively,
hence the first experimental peak found at 1.9 A corresponds to these interatomic
distances (see table 2). The estimated difference between Al-O and Zn-O (0.08 A)
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Fig. 1. (a) Snapshot of the configuration of ZnAl,04 used in the molecular dynamics simulations at

300 X after 15 ps; (b) snapshot of the configuration after 15 ps at 800 X; (c) local configuration of a

zinc atom in a tetrahedral site at 300 X; (d) after increasing the temperature to 800 K, the same atom
displaces 1.25 A and occupies an octahedral site.

is not enough to be resolved experimentally. Again the difference between the loca-
tions of Al-Al, O-O and Al-Zn peaks (2.96, 2.64 and 2.98 A) is too small to be
resolved experimentally. Only a small shoulder is observed at 2.8 A.

The sharp and broad experimental peak at 3.40 A can be understood if the
Al-Al, Al-O, Al-Zn and Zn-O distances are considered. Theoretically, these
peaks are found at 3.49, 3.47, 3.88 3.45 and 2.68 A respectively. These are second
neighbor peaks and they are summarized in table 3. The O-O and Zn—O (3.88 and
3.68 A) are low intensity peaks, and contribute only to the broadening of this
experimental peak.

For the third neighbor peaks the experimental curve is apparently more struc-
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Fig. 2. Radial distribution function, obtained from the X-ray diffractiondata at 300 K.

tured than the theoretical ones. The experimental radial distribution function is
comparable to the weighted sum of the partial distribution functions. Therefore the
larger the radii the larger the contribution to the sum. In table 3 the locations of
experimental peaks found at distances larger than 4 A are compared to those theo-
retically predicted.

To determine the effect of temperature on the structure, the same radial distribu-
tion functions were estimated at 7' = 800 K (fig. 4). This is the temperature at
which the spinel is used as catalyst support in dehydrogenation reactions [4,13]. All
radial distribution functions are less structured than those obtained at 7 = 300 K.
In table 4 the positions of the first peak of the theoretical radial distribution func-
tions at 300 and 800 K are compared

In the radial distribution functions at 800 K the features observed at 300 K are
attenuated due to thermal vibration of particles. However, it can be observed that

all interatomic distances are essentially the same for both temperatures (variations
of around 2%) whereas the distance Zn—Zn increases by 6.4%.
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Fig. 3. Radial distribution functions calculated from the molecular dynamics simulations at 300 K.

At low temperature Zn?* would be expected to be in tetrahedral sites and AP+
in octahedral sites. Indeed AI** ions have higher valences and are able to bond to
more oxygen ions. However, after the relaxation process is carried out by the mole-

Table2

Experimental and theoretical positions of the radial distribution peaks of ZnA1,O4 (R<4.0 A)
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Experimental Theoretical values (T' = 300K)
values (£0.3 A)
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1.9 1.95 2.03
2.8 2.96 2.64 2.98 2.80
3.4 3.49 3.47 3.45 3.38
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Table 3
Experimental and theoretical positions of the radial distribution peaks of ZnAl,O4 (R>4.0A)
Experimental Theoretical values (T = 300K)
values (0.3 A)
Al-Al Al-O 0-0 Al-Zn Zn-0 Zn-7n
44 4.62 4.25 4.14 4.44 4.44
5.1 5.07 5.10 4.84
5.8 5.59 5.54 5.76
6.6 6.13 6.38
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Fig. 4. Radial distribution functions calculated from the molecular dynamics simulations at 800 X.
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Table 4
First peak positions of the radial distribution function of ZnAl,O4 at 7' = 300K and T = 800K

Theoretical positions of the first peak (A)

300K 800K *%)
AL-Al 2.96 2.96 0.0
Al-O 1.95 191 -2.0
0-0 2.64 2.69 +1.9
Al-Zn 2.98 291 -23
Zn-0 2.03 2.03 0.0
Zn-Zn 2.80 2.96 6.4

cular dynamics simulations at a constant temperature of 300 K, the perfect crystal
structure is not totally preserved (see fig. 1b). Even at 300 K some tetrahedral sites
are occupied by A** and the octahedral sites are shared by the divalent and triva-
lent ions. This process predicted by the molecular dynamics can be described by the
following reaction:

AB*Zn? 02" - AL Zn3t [ABY Zn2t10%" .

The structure at 800 K tends towards a mixed spinel structure. This behavior
has been observed for heavier ions such as lanthanum in the catalytic system
La;03/v-Al,05. Small displacements of Zn ions promote local crystallographic
phase transitions and give rise to the mixed spinel structure, although this trans-
formation could be due to the fact that we use an average value for the aluminum
radius, because of the limitations of molecular dynamics simulations. In figs. 1¢c
and 1d the typical environment of Zn ions is shown. Zn ions are originally four
coordinated and after moving an average of 1.25 A they become octahedrally
coordinated. By careful inspection of figs. 1c and 1d, it seems that Zn ions move
towards a nearby vacant octahedral site, generating a reordering of oxygen ions in
the vicinity.

4.2, SPECTRA

Fig. 5 shows the velocity vibrational spectrum obtained at room temperature
on ZnAl,Qy dried and calcined at 1073 K. The intense band at 3450 cm™! corre-
sponds to adsorbed molecular water. Bands observed in the range 600-1400 cm !
are due to the various Al-O vibrations. Finally Zn-O vibrations are located at 505
and 562cm™1.

Figs. 6 and 7 present the corresponding autocorrelation functions and the
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Fig. 5. Experimental infrared spectra.

vibrational spectra obtained by molecular dynamics at 300 and 800 K. The Al
function is dominated by several oscillations, the most significant appear, after
Fourier transformation, at frequencies of about 1000, 800 and 500 cm™!. The first
two bands have been related to the Al-O stretch whereas the third is assigned to
Al-O-Al bending vibrations. The power spectrum of oxygen shows a band from
950 to 1700 cm~! which has also been attributed to bending motions. In the case of
Zn the peak is quite sharp and located at 400 cm~! but also two small peaks are
found at 100 and 550 cm~! which agree fairly well with the experimental values. At
800 K the Al peaks are found in the same frequency interval but the spectrum is
less structured and vibrations are less defined. The oxygen peak is also smoothed
due to temperature effects. The Zn peak shows an oscillation not found at 300 K
andislocated at 400 cm™! (see table 5).

5. Conclusions

Radial distribution and velocity autocorrelation functions obtained from mole-
cular dynamics simulations compare fairly well with the experimental data
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Fig. 6. Calculated autocorrelation functions at 300 and 800K.

obtained and reported for ZnAl,Oy. The theoretical results are richer in detail and
allow a better interpretation of each experimental peak. Furthermore, a structural
reinterpretation of the structure of ZnAl,O4 spinel is envisaged as a mixed spinel
structure as suggested by the theoretical studies of Grimes et al. [5], rather than a
normal one [11] since simulations show small changes in the local environment
around Zn ions. The detailed mechanism of this transformation will be described in
a future work where the role of aluminum ionic radius will be thoroughly studied.
Although, in some previous studies on alumina based compounds the influence of
aluminum radius does not seem to be determining in the overall structural proper-
ties of the systems [6,7,14]. Based on these results for the bulk structure some con-
siderations about the behavior of the surface can be made. The reconstruction of
the surface should be expected to be a function of temperature. The surface ion
positions after such a reconstruction could be interpreted as a disordered structure,
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Fig. 7. Calculated vibrational spectra obtained by molecular dynamics at 300 and 800 K.

however the mixed nature of the spinel allows multiple coordinations of both alu-
minum and zinc ions in random positions, therefore appearing as a disordered
structure.

Table 5
Experimental and theoretical spectral values (cm!)at T = 300 K and 7' = 800X
Experimental Theoretical
300K 800K
3450 (H,0)
600-1400 (A1-0) 500-1700 (AI) 500-1700 (Al)

505-562 (Zn-0) 450 (Zn) 400, 450 (Zn)
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