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Ab-initio DFT calculations are presented for the adsorption of phenacyl-1,2,3-benzotriazole on scheelite
AMo0O,4 (A = Ca, Sr and Ba) surfaces. Strong adsorption energy of the organic ligand on the scheelite sur-
face is found. The formation of a bond with covalent character is due to the interaction between the high
electronic density of nitrogen and oxygen atoms of the organic molecule, with the empty valence orbitals
of the cationic species (A) of the scheelite. This interaction promotes a strongly stabilized interface and it
may explain the high reactivity toward nitrogen extrusion reactions in gas-solid experiments of scheel-
ites. The energy band gap of the interface is found to decrease significantly upon molecular adsorption,
indicating that this kind of adsorption could increase the conductivity of the interface.

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

The semiconductor-organic ligand interface has been studied
for various purposes and has produced important contributions
in solar energy devices [1], gas-storage adsorption [2], molecular
electronics [3], biosensors [4] and catalysis [5]. Many contributions
have been developed by studying the electronic structure of the
interface and its changes, as it is for example the case of research
concerning the interaction of frontier orbitals of the organic adsor-
bate with the Fermi level of the surface [6-10]. Different kinds of
surfaces have been considered as candidates for semiconducting
interfaces; e.g. surfaces based on Silicon using different passivating
substances to avoid its oxidation [11,12], which have been widely
applied in technological devices. An interesting family of semicon-
ductors is the scheelite compounds. These materials have been
studied due to their local electronic levels structure [13], their scin-
tillation properties [14,15], surface stability [16], and adsorption
properties as hydrated surfaces and organic ligand interaction
[17]. These materials can be obtained by various methods of syn-
thesis such as dissolution-precipitation, ceramic method, sol-gel
and microwave precipitation, among others. Through these
methodologies, several numbers and types of cations can be incor-
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porated in the scheelite crystal structure [18,19]. These multifunc-
tional materials can be used with several applications that range
from technological scintillators to catalysis [8,15,17-23].

Concerning the present adsorbate, benzotriazole derivatives
present a number of applications at interfaces, since this organic
structure and its reactivity may be used for different purposes like
degradation of pollutants [24], photovoltaic structures [25], and
gas—-solid catalysis applied to organic synthesis [18].

With respect to computational tools applied to the present type
of systems, Yu et al. have performed DFT and many-body perturba-
tion theory calculations to study the covalent link of the thiophene
molecule to Si semiconductor [26]. Thus, DFT represents an excel-
lent computational technique to get optimized structures and reac-
tivity of interfaces.

In a previous work, we have studied the gas-solid reaction
between phenacyl-1,2,3-benzotriazole (PhBt) and scheelite oxides
in catalytic flash vacuum pyrolysis experiments at 300-550 °C
[18]. We have observed a strong catalytic activity and interaction
between the organic ligand and the scheelite surface. The nature
of this interaction, which is strongly dependent on the oxide struc-
ture, leads to the selective formation of different products.

In these experiments, we observed that the nitrogen extrusion
reaction of PhBt was favored with the use of the scheelite AMoO,4
catalysts, to get the azepin-7-one as the desired product or to get
other products from other reaction pathways [18]. The experimen-
tal approach previously applied was the catalytic flash vacuum
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pyrolysis (cfvp) studying the reactions in the range from 300 to
550 °C. The apparatus for ¢fvp experiments consists of three main
parts: (1) the injection region; (2) the pyrolysis region; and (3)
the condensation region where products are trapped in a U-tube
glass immersed in cryogenic liquids. The cfvp system was evacu-
ated to 1 x 107> mm Hg by a high-capacity vacuum pump. A flow
of carrier gas (dry N,) is regulated as 1 mL per 10s. Under these
experimental conditions, substrate molecules spend about
1 x 10725 in the hot region. The solid catalysts were placed in
the middle region of the reactor, perpendicular to the trajectory
of the carrier gas, using ceramic fiber as an inert support. Under
these experimental conditions, the substrate PhBt afforded the
nitrogen extrusion reaction of benzotriazole ring as the main trans-
formation, at the beginning of the thermal process. Regarding these
results, it can be proposed that the elimination of nitrogen could be
started throughout favorable interactions between the N2 and N3
atoms of PhBt and the surface catalysts [18]. Because of this, we
consider the determination of the main features on the gas-solid
interaction being important. Thus, by studying the electronic struc-
ture of the adsorption geometries, it may be possible to understand
the catalytic properties of scheelite catalysts in the cfvp reactions.

In the present work, we study the interaction of N2 and N3
atoms of PhBt with the scheelite slabs, considering two initial
adsorption geometries: (1) PhBt (previously optimized in vacuum)
with the N2 and N3 atoms on the A atom active site (see below G1
in Fig. 6) and (2) PhBt (previously optimized in vacuum) with the
N2 and N3 atoms on the Mo atom in MoOQ, active site (see below
G2 in Fig. 7). Here, for the calculation of both G1 and G2 condition,
the atomics positions of the slab (previously relaxed in absence of
the molecule) were fixed while a total relaxation of the PhBt mole-
cule is allowed for the G1 and G2 condition.

To model the substrate, we consider the AMoO,4 (010) surface
in interaction with the PhBt molecule using DFT calculations in
order to analyze its electronic structure, its energetic stability
and the nature of the interactions arising upon its formation. We
think that these are the first steps toward the understanding of
the reactivity of these interfaces.

2. Theory/calculation

We have used the generalized gradient approximation (GGA) in
the version of Perdew-Burke-Ernzerhof (PBE) [27] to perform DFT
calculations as implemented in the SIESTA code [28]. It uses Troul-
lier-Martins norm-conserving pseudopotentials [29] to represent
the nucleus and core electrons of the considered species. The basis
set used for the expansion of the Kohn-Sham eigenstates is
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composed of a set of numerical atomic orbitals including polariza-
tion orbitals. An energy shift of 50 meV has been chosen as a com-
promise between accuracy and computational efficiency. We have
taken an energy cut off, of 200 Ry, and a double-{ plus polarization
orbital basis set (DZP). We use 6 x 6 x 6k-point and 6 x 1 x
6k-point for the Brillouin zone (BZ) for bulk and slab respectively.
The coordinate optimization was made by conjugate gradients. All
geometries have been optimized until the force on each atom was
lower than 0.01 eV/A. The crystal structure of AMoO, (A= Ca, Sr
and Ba) scheelite was optimized using the atomic position and lat-
tices parameters of the unit cell obtained experimentally by Riet-
veld analysis of powder X-ray diffraction [18,30] as starting
structure. In gas-solid experiments, we observed a strong depen-
dence on the reactivity of the PhBt with the A cation in the scheel-
ite structure [18]. In order to study the energetic of the events
involved in the present reaction, which occurs in the catalyst’s sur-
face, different surfaces may be considered. Flash vacuum pyrolysis
experiments show that the active sites for the present reaction are
provided by A-type atoms (A = Ca, Sr, Ba) [18]. For this reason we
decided to cut the bulk structures in the (010) direction, thereby
generating a slab which exposes the largest density of A%* cations,
as compared with the (111) and (110) faces. The slab was gener-
ated by an enlargement of the y axis to 20 A. Due to the size of
PhBt, it was necessary to multiply four times the unit cell along
the a lattice parameter in the x axis to ensure that the organic
ligand molecules do not interact with their neighbor images
(Fig. 1).

In order to analyze the surface properties we calculate the
surface energy Es as [31]

E - (Estab — Epui)

where Eg, is the energy of the slab, which consists of one and two
layers in which all atoms were relaxed (except one, to avoid trans-
lation). Ep, is the energy of a piece of the bulk oxide with the same
number of atoms as the slab, and S is the area of the slab. The
adsorption energies of the molecule E,4; were as follows:

Eads = Esystem - (Eslab + EPhBt) (2)

where Egysem is the total energy of the system, Eqp is the energy of
the relaxed slab and Epp; is the energy of the relaxed PhBt molecule.
The energy of the system was minimized allowing relaxation of all
atomic coordinates of the organic ligand, while slab surface coordi-
nates were fixed.

The pseudo charge density difference Ay is defined as follows
[32]:
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Fig. 1. Top and lateral view of a supercell of AMoO,4 (010) slab with adsorbed phenacyl-benzotriazole molecule. Spheres: C (yellow), H (light blue), N (gray), O (red), A = Ba, Ca
or Sr (cyan), Mo (purple). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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An = Hsystem — (nslub + nPhBt) 3)

where #sysem is the pseudo charge density of the system, #5q, and
Npnae are the pseudo charge density of the isolated organic ligand
and scheelite slab, respectively.

The density of states (DOS) of the system and the projection
onto different individual atomic orbitals (PDOS), were also calcu-
lated. The molecular graphics have been done with the XCRYSDEN
package [33].

3. Results and discussion

3.1. AMoO, (A = Ca, Sr and Ba) bulk and surfaces. Crystal and
electronic structure

Powder X-ray diffraction of all synthesized AMo0O4 oxides indi-
cated that theses oxides belong to the scheelite crystal structure
[18]. In this structure, the A%* cation has a distorted cubic coordi-
nation; whereas the Mo®* cation is in the center of a slightly dis-
torted tetrahedron forming the MoO, species (see Fig. 2).

The space group of this structural family is the tetragonal one I
4,/a. Experimental [18] and theoretical lattices parameters and
bond distances (A-O and Mo-0) for the different scheelites are
shown in Table 1. The calculated values agree with the experimen-
tal data.

Fig. 3 shows the total density of states (DOS) and the projected
density of states (PDOS) on the atoms of bulk AMoO,. This figure
shows the covalent character of the bond formed between atoms
of Mo (4d orbital) and O atoms (2p orbital) for all scheelites consid-
ered, which compose the ionic species MoO3 . The density of states
of the A atoms shows the absence of occupied states, indicating the
cationic character of this species. Mulliken population analysis
indicates that the excess charge on A atoms was approximately
+2, while on Mo and O was +1.15 and —0.78, respectively. The
excess charge on MoO, anionic species was, therefore, close to
—2. The band gap energies E¢ values calculated were 2.8, 3.0 and
3.2 eV for CaMoO,, StMo0O,4 and BaMoOQy,, respectively; indicating
the bulk insulator character of these scheelites which is coincident
with previous works [34-39].

The formation of (010) surface leads to the generation of a slab
with O vacancies, which causes the A-O bond to be unsaturated on

Fig. 2. Scheme of polyhedron for AMoOy, structure. Spheres: A = Ba, Ca or Sr (cyan),
Mo (gray), O (white). Polyhedron: MoO,4 coordination (green), AOg coordination
(yellow). (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)

Table 1
Average distances of cation-oxygen, and lattices parameters in molibdates.

Lattice parameters Atomic distances
Solid a, ¢ a, c” A-0* Mo-0* A-0" Mo-0" A-0° Mo-0°¢

CaMoO,4 5.1,11.1 53,119 246 1.76 250 179 244 171
SrMoO4 54,121 54,122 263 171 258 1.77 247 1.78
BaMoO, 5.6,12.8 5.7,13.6 275 1.78 290 1.77 280 1.74

Lattices parameters and atomic distances in A for:
¢ Experimental DRX and Rietveld analysis.
b DFT of bulk.
¢ DFT of slab.

the surface. This situation provokes changes in the geometry and in
the electronic structure compared to the bulk. Geometric differ-
ences can be observed in Table 1. In the bulk, the cationic species
A is coordinated by eight O atoms (AOg), while in the slab, the
cleavage of A-O bond decreases the coordination number to 5
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Fig. 3. Density of states (DOS) for AMoO, (A = Ca, Sr and Ba).
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Fig. 4. Pseudo differential density of charge for: (a) bulk and (b) slab of CaMoO,. The blue isosurface indicates depletion of charge, the red isosurface indicates accumulation
of charge. Density of charge at the isosurface: 0.005 e/Bohr>. Spheres: Ca (cyan), Mo (purple), O (red). (c) Distribution of excess of Mulliken charge over atoms in bulk and slab
for CaMoOy, scheelite. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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Fig. 5. Comparative density of states (DOS) for bulk and slab of AMoO4 (A = Ca, Sr, Ba).

(AOs), forming a distorted square pyramidal geometry after relax-
ation of the slab. This decrease in coordination number needs to be
compensated by a decrease in the bond distances in A-O (see
Table 1). Another important aspect in the square pyramidal coordi-
nation (AOs) in the slab is the O-A-0O bond angle between the oxy-
gen atoms of the plane and the atom at the tip of the pyramid. This
angle varies as a function of the A cation radii and their values are
85.2°, 78.0° and 76.8° for Ca, Sr and Ba, respectively. This indicates
that the larger the cation radius is, the higher the distortion of the
A environment in the slab results. On the other hand, the tetrahe-
dron formed between Mo and O atoms (MoQ,), practically does not
change. Thus, the Mo-0 bond distances and O-Mo-0 bond angles
when the slab (010) did not change significantly in comparison
with the bulk. The electronic differences between the bulk and slab

are shown in Figs. 4 and 5. In Fig. 4a and b we can observe the dif-
ferential pseudo charge density for CaMoOQ,4 bulk and slab. It can be

Table 2
Surface properties of bulk and slab in the scheelite systems.
Solid Esixix1 Esix2x1 Egbulk  Egslab®  Qumuiiken  Qwmulliken
A bulk A slab®
CaMoO,  0.96 1.11 2.8 1.9 1.86+ 1.66+
SrMoOg4 1.12 1.13 3.0 1.9 1.85+ 1.72+
BaMoO, 0.80 0.89 3.2 1.7 1.81+ 1.78+

Es: surface energy (J/m?), E¢: energy of the band gap (eV), Quuiiken: charge from
Mulliken population analysis.
2 Eg and Qmutiiken Values correspond to the 1 x 1 x 1 slab.
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see that the depletion of charge density (blue contour) surrounding
Ca site atom decrease in the slab formation respects to the bulk
due to the unsaturated atoms. Fig. 4c shows the Mulliken excess
charge per atom for both, the bulk and the slab of CaMoO,. Here
we can see how the oxygen atoms have different excess charge
because some are more exposed to the surface while others remain

Table 3

Energy of adsorption and energy of band gap for PhBt adsorbed on the scheelite

surface for G1 and G2 geometries.

Solid Eags G1 (KJ/mol)  Eyqs G2 (kJ/mol)  Eg,p G1 (eV)  Egap G2 (eV)
CaMoO, -172 —284 1.5 0.3

SrMoO; 235 —288 1.2 0.2

BaMoO, -238 —242 0.5 0

Fig. 6. G1 condition: (a) Initial geometry of adsorption for PhBt on AMoO, surface. (b, c, d) Relaxed geometries and pseudo differential density of charge for CaMo00O.,4, StMo0O,4
and BaMoO,, respectively. Red isosurface: accumulation of charge, blue isosurface: depletion of charge. Isosurface value: 0.005 e/Bohr®. Spheres: A = Ca, Sr, Ba (cyan), Mo
(purple), O (red), N (green), C (yellow), H (light blue). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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better coordinated internally. We find the same trend for SrMoO,4
and BaMoO, scheelites.

Fig. 5 shows the DOS of the AMoO, bulk and slab. The genera-
tion of electronic virtual states close to the conduction band can
be seen, as a consequence of the unsaturated bond A-O. This defect
makes that the bang-gap energies of the slab decrease with respect

to the bulk ones. This effect was more prominent for BaMoO,4 than
for SrMoO4 and CaMoO,.

Table 2 shows the band gap energies and the surface energy for
these slabs. The surface energies were similar to those reported by
other authors for similar systems [16,38]. The band gap energies
for these slabs were 1.9, 1.9 and 1.7 eV for CaMoO,, STMoO,4 and

Fig. 7. G2 condition: (a) initial geometry of adsorption for PhBt on AMoO, surface. (b, c, d) Relaxed geometries and pseudo differential density of charge for CaMo00O.,, SrMoO,4
and BaMoOy,, respectively. Red isosurface: accumulation of charge, blue isosurface: depletion of charge. Isosurface value: 0.005 e/Bohr>. Spheres: A = Ca, Sr, Ba (cyan), Mo
(purple), O (red), N (green), C (yellow), H (light blue). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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BaMoOy, respectively; which indicates that these defects make sur-
faces more conducting.

3.2. Energetic, geometries and electronics structure of the adsorption
of phenacyl-1,2,3-benzotriazole on the AMoOQ, surface

Once the geometry of the PhBt molecule was optimized in vac-
uum, the molecule was oriented with the nitrogen atoms (N2 and
N3) pointing toward the surface of AMoOj,.

Before placing the organic molecule on the scheelite surface, we
evaluated the influence of the slab thickness on the value of surface
energy. As mentioned before, due to the size of the molecule, each
unit cell has 96 atoms in its thinnest slab, and by adding an addi-
tional sheet the solid increments its number of atoms to 192, lead-
ing the system to a total of 221 atoms (slab and molecule).
However, it should be bear in mind that this growth of the surface
thickness generates a significant increase in computational time,
without an important change in the calculated surface energies,
as it is shown in Table 2. Because of this, we used the thinnest slab
in all the calculations of the organic heterocycle adsorbed on the
scheelite surface.

As mentioned above, in order to avoid the interaction between
neighboring molecules in the x-z plane, the unit cell was increased
four times in the direction x, thus, the surface contains 96 atoms. In
this way, the spacing between molecules was about 10 A.

Fig. 6a shows the initial geometry of PhBt molecule adsorbed on
the A atoms and the Fig. 6b-d shows the relaxed geometries, for
A =Ca, Sr and Ba respectively. The adsorption energies found for
the optimized final geometry of the G1 condition were: —171.8,
—235.3 and -237.8 kJ/mol for CaMoO,4, SrMoO, and BaMoOQy,,
respectively (see Table 3).

These high exothermic energies are an indication the formation
of a covalent bond character between the organic molecule and the
slab of scheelite. From an electronic point of view, it is noteworthy
that the pseudo differential charge density presents an accumula-
tion of charge between the N2 and N3 atoms of PhBt and the
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cationic species A. Charge accumulation is also observed between
the heterocyclic ring of the molecule and the slab of scheelite (par-
ticularly for A=Sr and Ba) (see Fig. 6b-d). Another interesting
aspect to remark was the decrease of the band gap (E¢) of the sys-
tems G1 compared to the clean surface of scheelites (see Table 3).

For the G2 condition, Fig. 7a shows the initial geometry of PhBt
molecule adsorbed on the Mo atoms. The optimization of geome-
try, as shown in Fig. 7b-d, locates the N2, N3 and O atoms of the
molecule in the vicinity of the A atoms of the scheelites (similar
to the final geometry of the G1 condition).

The adsorption energy values found for the geometries of the G2
condition were: —284, —288 and —242 kJ/mol to CaMo0O,4, StMo04
and BaMoO,, respectively (see Table 3). The interaction of the
cationic species A with the O atom of the PhBt molecule makes
these energies more stable than those found for the geometries
of the G1 condition. The energetic stabilization is more remarkable
for systems with scheelites of CaMo00O,4 and StMoO,.

Fig. 7b-d also shows the pseudo differential charge density for
the G2 condition. In all cases, we obtained a charge accumulation
between N2, N3 and O atoms of PhBt and the A atom of the scheel-
ites. The accumulation of charge between the atoms is higher for
the CaMoO4 and SrMoOQ,4 systems, something which is consistent
with the most stable energy values found for those systems.

An important aspect in the adsorption properties was the signif-
icant decrease in the band gap energies of the surfaces to 0.3, 0.2
and 0.0 eV for CaMoO,, SrMoO,4 and BaMoO,, respectively (Table 3).
These results suggest that this kind of adsorption could cause an
increase of the conductance of the interface with respect to the
clean surface.

Fig. 8a-c shows the density of states of the atoms involved in
the formation of chemical bonds between the surface and the
organic-ligand for A = Ca, Sr and Ba respectively. We can appreciate
the overlap of the high density of states of the N2, N3 and O atoms
of PhBt with the low density of states of the A cationic species in
the valence band. This finding suggests that the nitrogen and
oxygen atoms of the organic molecule contribute with electronic
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Fig. 8. Density of states (DOS) projected onto atoms involved in the chemical superficial bond for the relaxed geometries of the G2 condition.
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Fig. 9. Scheme of the formation of dibenzo-azepinone (2) from phenacyl-benzotriazole (1).

density and the A cationic specie contributes with empty valence
orbitals to generate a strong interaction at the interface. This
acceptor-donor character results in high adsorption energies, the
formation of covalent bonds character and important changes in
the electronics structure of the system.

From a catalytic point of view and compared with the experi-
mental results [18], the thermal process addressed in the introduc-
tion probably starts with a nitrogen extrusion of the organic
molecule assisted by the A cationic species. The values of the
adsorption energies from DFT indicate a strongly bond. The desorp-
tion process is probably activated, however, the experimental con-
ditions (temperature, low pressure and flow) could assist N,
extrusion generating total conversion at 150-200 °C lower than
the un-catalyzed reactions. This experimental result indicates a
significant increase in the activity of the catalyzed system.
Thereby, it is possible that the G1 and G2 geometries may be the
starting structures and thus, the PhBt molecule could explore an
alternative pathway of reaction with low activation energy. Then,
it may be efficiently converted into different products of reaction.
The products of the reaction involve a nitrogen extrusion to gener-
ate a carbene as intermediated of reaction and thereafter the dehy-
drogenation and cyclization leads to the formation of the desired
azepinone (Fig. 9) [18]. The nitrogen extrusion can be performed
thought the interaction between N2-N3 atoms of PhBt and the
A?* cation of surface. Moreover, it probably that the interaction
between the oxygen atoms of the molecule and the A%* cation in
G2 geometry provide the cyclization PhBt to generate the desired
structure with an great efficient respect to the uncatalyzed system.

4. Conclusion

The chemical interaction of phenacyl-1,2,3-benzotriazole with
AMoO, scheelite surfaces was studied using theoretical calcula-
tions to understand the main properties of this interface. For this
purpose, slabs of AMoO,4 (A = Ca, Sr, Ba) that exhibit the (010) face
were generated from the bulk material. The adsorption of the
organic-ligand on the AMoO, slab was found to be strongly
exothermic. The analysis of the projected density of states indi-
cates that the strong interaction energy between the organic mole-
cule and the scheelite surface is due to the formation of covalent
bonds between the N2, N3 and O atoms of the organic molecule
and the A atoms of the scheelite slabs. Occupied states of the N2,
N3 and O atoms are found to overlap with empty states of A catio-
nic species of the scheelite. The properties of these chemical bonds,

occurring at the interface PhBt/AMo0Qy,, indicate that these surfaces
may be useful for different purposes. On the one hand, the can be
used as catalysts for cfvp systems, where the A cationic species site
can strongly interact with electronegative atoms of the gas mole-
cule. Thus, the thermal experimental conditions would favor
desorption of the reactive intermediate from the catalyst’s surface
to form different products. On the other hand, the interaction can
be used to generate surfaces with semiconducting/conducting
properties, because the slab showed a decrease in the band gap
energy respect to the bulk upon molecular adsorption. This could
be used with sensing applications.
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