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Abstract. A density functional theory (DFT) analysis has been conducted for the gas-
phase hydrodechlorination (HDC) of dichloromethane (DCM) with palladium catalyst to
achieve a better knowledge of the reaction mechanism involved in the HDC process,
which constitutes an emerging technology for the treatment of organochlorinated
contaminants. The computational study included the effect of size, oxidation state, and
spin configuration of Pd cluster on the adsorption of H2 and DCM reactants on the catalyst
surface. Calculations described the activation of H2 by Pd clusters through a dissociative
adsorption with low enthalpy values. In addition, partially and fully dissociated DCM
intermediates on Pd surface were predicted by DFT calculations. Remarkably, the
dissociative adsorption of DCM on Pd active sites occurs via the scission of C-CI bonds,
promoted by the formation of C-Pd linkages, implying high adsorption enthalpy. The
computational results showed that DCM can be also molecularly adsorbed on both
zerovalent and electrodeficient Pd species. However, the nondissociative adsorption of
DCM over electrodeficient Pd cluster is remarkably favored in energy, with adsorption
enthalpies (~-50 kcal/mol) corresponding to chemisorption. Current theoretical evidence

explained the deactivation of Pd/AC catalyst as a consequence of the selective poisoning



of electrodeficient Pd active centers by chlorinated hydrocarbons, in good agreement with

our previous experimental findings.



1. Introduction

Environmental catalysis is a field of growing interest, due to the increasingly stringent
regulations for pollutant emission. To reduce the environmental impact of the industrial
processes, it is necessary to develop more active, selective, and stable catalysts.! A
fundamental premise for the rational and competitive design of new catalysts is to have a
good knowledge on the factors that determine their behavior. A great effort in the
characterization of materials has been afforded to understand why they behave as good
catalyst in a particular reaction. In this sense, the simulation of catalytic phenomena by
rigorous quantum-chemical methods can be exploited for the design of materials with
favorable catalytic properties for a given reaction.

This work reports an attempt to investigate, by simulation with the density functional
theory (DFT), the hydrodechlorination (HDC) of organochlorinated compounds in gas
phase with palladium (Pd) catalysts supported on activated carbon (AC), which has been
experimentally studied by our group in previous works.”® The release of organic
chlorinated compounds, such as chloroform, carbon tetrachloride, tetrachloroethylene,
and dichloromethane (DCM), into the environment is of considerable concern.” In fact,
emissions of organochlorinated pollutants have been progressively restricted in the last
years by environmental regulations because of their toxicity, carcinogenic character, and
potential contribution to the destruction of the ozone layer.3!°

This leads to the need of developing effective treatment techniques that are
environmentally friendly. Catalytic HDC represents one of the most promising emerging
technologies with potential economic and environmental advantages with respect to
incineration for treating waste gases containing organochlorinated compounds. It operates
under moderate conditions, and the reaction products are much less hazardous. Among

the used metals, Pd is usually considered to be one of the best catalysts for that process



because of its high activity and selectivity toward nonchlorinated products.®!12 Pd is
less prone to deactivation by chlorine than other transition metals.!®> Electrodeficient
palladium, Pd**, has been reported to improve the activity of Pd catalysts in HDC

reactions, 418

and, in some cases, the adsorption of the chlorinated reactant has been
proposed to occur mainly on Pd**.!*!” The metal particle size has a significant influence
on the performance of Pd catalysts regarding activity and selectivity.!®** The support also
plays a significant role in the performance of Pd catalysts. ACs are effective supports for
HDC reactions because of both physical and chemical properties.?> High dispersion of
metallic particles can be achieved using ACs with high surface areas and the appropriate
surface composition.>!*?6 Pd/carbon catalysts prepared from aqueous solutions have been

2319 in contrast with those

reported to be resistant to metal sintering and HCI poisoning,
using SiO2, Al203, MgO, TiOz, ZrOz, and AlF; supports.?’ In previous works of our
research group,” the gas-phase HDC of trichloromethane (TCM), DCM, and
monochloromethane (MCM) in the temperature range of 150-250 °C with Pd/AC
catalysts was investigated. These catalysts showed high activity and selectivity to
nonchlorinated products, although an important deactivation was observed. The active
centers were constituted by the association of Pd® and Pd*", where the latter species was
formed by interaction of metal particles with the carbon surface. The catalysts were found
highly resistant to metal sintering, HCl poisoning, and coke formation, the results
suggesting deactivation to occur through metal poisoning of active centers by chlorine-
containing reactants, intermediates, or reaction products. Four issues arise from the
above-mentioned experimental evidence that we wish to address now by simulation: (i) a
better knowledge of the reaction mechanisms on Pd active sites involved in HDC process

toward the formation of different chlorinated and nonchlorinated products; (ii) why the

catalyst activity follows the same order as the chlorine content of the pollutant (TCM >
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DCM > MCM); (iii) why the catalyst is deactivated and why the deactivation is higher in
the case of DCM than with TCM or MCM; and (iv) what is the role of the neutral (Pd®)
and electrodeficient (Pd*") active species present in the catalyst on its behavior in terms
of activity, selectivity, and stability.

During the past 10 years, the number of theoretical works on the description of the
reactions that occur in surfaces has significantly grown.”® Advances in density functional
methods have determined that it is now computationally possible to describe catalytic
reactions on surfaces with sufficient detail and precision to explain the experimental
evidence.”** Complementing the experimental studies, simulation using reliable
quantum chemical methods can provide information on an atomic or molecular level on
the effect of the interactions taking place in the active sites of the catalyst, thereby
contributing to the interpretation of the mechanisms, barriers of energy and intermediate
species involved in the reaction as well as on the effect of the support-active species
interactions on the catalyst performance.’!*? The basic idea for the catalyst simulation is
that chemisorption and reactivity are local phenomena, primarily affected by the surface
structure nearest the active sites. As a result, one can use discrete atomic models to
describe the components involved in the reaction and the region surrounding the active
site. Regarding the simulation of Pd catalysts, the literature contains a number of recent
theoretical works on the application of quantum chemical methods to these systems,
focused on:

(1) The geometry and energy of Pd cluster depending of its size, oxidation state
and spin configuration.’® Palladium clusters have been simulated by a wide
range of methods, covering from semiempirical®* to the most complex post-
SCF as well as DFT.3* Recently, palladium clusters with larger nuclearity

were also studied by molecular dynamics.*
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(ii)

(iii)

(iv)

The phenomenon of dissociative adsorption of hydrogen on Pd surfaces,*
including adsorption of multiple molecules.’’* The activation of H2 by Pd
clusters has been computationally investigated depending on the size of the
cluster®* and the spin multiplicity as triplet or singlet state.’®*4!** In these
studies, the active species were described by means of models including one
to seven atoms of Pd. The results showed that increasing the number (n) of Pd
atoms implied higher Pd-Pd bond energies until » = 6, size from which energy
stabilization remained nearly constant. In addition, it was shown that
dissociative adsorption occurred on Pdn cluster from n = 3, reaching a constant
energy stabilization beyond n = 6. Concerning the influence of the ground spin
state, a multiplicity lowering from the triplet to the singlet upon hydrogen
fragmentation was reported for the Pd4 system. 384142

The interactions of the Pd particles with AC used as support.* It was found
that Pd atoms interact more effectively with the defects (unsaturated carbons)
on the surface of AC than with graphitic layers. Also, it was found that the Pd
clusters tend to form small pseudospherical particles, with structures
determined by triangular faces, which interact effectively with accessible sites
(unsaturated carbon atoms) of AC, justifying the high dispersion of Pd on the
surface of this support and the preference for being selectively adsorbed in
narrow pores.** More recent DFT studies on catalytic properties of palladium
cluster supported on carbon nanotubes and surfaces analyzed the adsorption,
fragmentation, and diffusion of hydrogen.*>8

The reactivity of short-chain hydrocarbons on Pd catalysts, considering

reactants, intermediates, and products in the study of dehydrogenation of

organic compounds.*’ Here the theoretical analysis sought to identify the
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elementary steps involved in the reaction mechanism, allowing the evaluation
of the energy barriers by quantum-chemical calculations to further determine
the reaction rate constants through statistical thermodynamic calculations.
Other studies®® have shown that the insertion of CHx species on Pd clusters is
favored energetically by increasing the number of Pd atoms.

(v) Interactions of other ligands with the Pd metal core. A series of works have
analyzed the interactions of CO,’!">* NO,>* §,%° C1,> and O2,°® and methanol,’’
acetic acid,’® acetate, and thiophene.*

Nevertheless, theoretical studies involving complex catalytic processes with Pd catalysts
are scarce in the literature.®*° To the best of our knowledge, only one experimental
kinetic and theoretical analysis of HDC of CH4xClx (x = 1-4) compounds on palladium
has been reported,®* DFT calculations were carried out to calculate transition states and
to estimate the activation energies for the dissociation of the first C-Cl bond of chlorinated
methane by using planar clusters of Pd atoms, obtaining a good agreement with the values
extracted from kinetic modeling. The reaction mechanism of dechlorination of carbon
tetrachloride, ®* 1,2-dichloroethane,®® and chloroethenes®® on different metals (Pt, Cu-Pt,
and iron, respectively) has been analyzed by DFT calculations. In current work, a
comprehensive theoretical study of the HDC of chlorinated organic compounds (DCM,
TCM, and MCM) using palladium-based catalysts will be conducted to describe the
interactions between the chemical species involved in the catalytic process using quantum
chemical methods in the DFT framework. We begin with the computational analysis of
the interaction between DCM and H: reactants and Pd catalytic surface, considering
simultaneously the influence of size, oxidation state, and spin configuration of Pd cluster
on adsorption phenomena and the formation of intermediate species involved in the HDC

reactions. In future works, the transition states that can reach the different products will
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be considered in the computational study to evaluate the energy barriers and possible
reaction mechanisms and kinetics determining the different activity and selectivity shown

by the catalyst.

2. Computational methods

All computational studies were performed with the Gaussian 03¢7 series of programs with
density functional methods, as implemented in the computational package. The
transitionmetal clusters present a great number of electrons, which reorganize deeply the
atomic electron density, so we have simulated palladium clusters using the DFT. The
B3LYP functional combines the Becke three-parameter nonlocal hybrid exchange
potential®® and the nonlocal correlation functional of Lee, Yang, and Parr.® The chemical
inert core orbitals of palladium clusters were described with the effective core potentials
of Hay and Wadt,”®”! which include relativistic effects on valence electrons, whereas the

external orbitals were represented with a double-{ basis set’?

using Dunning/Huzinaga
full double-C basis set (Lanl2DZ), the basis set also used for the rest of atoms of the
compounds involved in this work. Therefore, all of the simulations were conducted at the
B3LYP/Lanl2DZ computational level, which has been proved to be reliable for systems
involving Pd atoms 38:3%41-44:49-51.53 Fy|] geometry optimization was performed for isolated
reactants, Pd clusters, and reactants-metal systems. Harmonic frequencies were calculated
on all optimized structures to confirm the nature of the ground-state stationary point at
minima. The palladium atoms present a closed-shell electronic configuration (4d'°); part
of its 4d electronic density must necessarily be promoted into the bordering orbitals, in

this case 5s, to enable the formation of a stable metal-metal (Pd-Pd) bond. Therefore, all

structures of palladium clusters have been optimized for various accessible spin multiple



(singlet and triplet) states. The stability of palladium clusters was discussed in terms of

binding energy (BE), which is defined by equation

AE —(Epg. — nE
BE _ _ ( Pd, n Pd)

n n (1)

where AE is the stabilization energy by formation of the cluster, obtained from the
electronic energies of optimized Pd. cluster, Epd,, and individual Pd atom, Ep4, and 7 is
the number of Pd atoms in the cluster.

The adsorption energy (FEads) per adsorbed intermediate has been defined in terms of the
stabilization energy for adsorbate/substrate interaction, calculated according to the

expression

Eads :E(PdH — adsorbate) — (EPd,,l + Eadsorbatc)

)

where Epd, and Eadsorbate are the electronic energy of isolated Pd cluster and adsorbate
(DCM or H), respectively, and Epd,-adsorbate 15 the total energy of the optimized Pd.-DCM
system. Hence, a positive Eads value indicates an endothermic adsorption process, whereas
a negative one corresponds to an exothermic one. The more negative the adsorption

energy, the stronger the adsorption phenomena.

3. Results

3.1. Simulation of Pd Active Species.

The first step in the theoretical analysis of DCM HDC was to simulate the active species
of the catalyst. For this purpose, we used isolated palladium clusters in quantum-chemical
calculations at the B3LYP/Lanl2DZ computational level. Experimental studies have
evidenced that the interaction of hydrogen molecules with Pd active sites are strongly

dependent on the size of the zerovalent cluster.”>””> The strategy adopted in this work was



to increase the number of palladium atoms of the cluster from 1 to 6 because previous
computational studies reported that the BE of Pd. clusters tend to a constant value for »
> 5.33,%51 In current analysis, we examined the effect of spin multiplicity (singlet and
triplet states) and also that of the oxidation state (zerovalent or neutral Pd’ and
electrodeficient Pd*" species) on the molecular properties of Pd. clusters shown in
Scheme 1. The parameters calculated for the simulated Pd active species are collected in
Table 1, including total electronic energies, averaged Pd-Pd bond distances, and
frequencies of Pd-Pd vibrational tensions and dipolar moments. As can be seen in Figure
1, the relative stability of the Pd° clusters, investigated in terms of the BE parameter,
increased with the size of the clusters. The results are in agreement with those reported in
the literature, which also showed that binding energies of Pd. clusters remained nearly
constant from 7 > 6.33,* Therefore, for the following analysis of the HDC process, Pds
cluster will be used as a model of reference to simulate the Pd active sites of the catalyst.
Recent experimental studies showed that Pd clusters grow three-dimensionally over
carbon and that when the coverage is increased the particle size is surprisingly diminished
because of the polyhedral growth of the clusters.76,77 Therefore, experimental evidence
supports that the octahedral cluster Pds chosen seems to be quite a realistic model for low
coverage and highly dispersed Pd clusters over AC. We observed that all triplets
structures were significantly more stable than the corresponding ones of singlet state:
thus, for Pd% structures, the triplet state was 7.0 kcal/mol lower in energy than that in
singlet state, in agreement with the calculations reported by Kalita,** Moc,* and Barone.*!
Some minor differences in the symmetry of optimized Pd cluster depending of spin
multiplicity were also observed. For example, Pd% cluster presented, in the singlet
configuration, identical lengths for all Pd-Pd bonds, that is, Ox symmetry, whereas in the

triplet state, Pd% cluster is an elongated octahedral structure with D symmetry, where

10
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two different Pd-Pd bond distances are obtained. In any case, the dipole moments (in
debyes) for all stable structures of Pdn clusters are negligible, indicating spherical charge

distribution for the simulated catalytic particles of Pd (Table 1).

Scheme 1.
Table 1.

Figure 1.

To examine the possible role of the oxidation state of Pd on its catalytic activity, we also
performed the theoretical study on electrodeficient Pd*", clusters, varying n from 1 to 6.
(See Table 1.) Similar conclusions as those for neutral Pd cluster were obtained,
presenting Pd**y clusters with similar bond distances and vibrational frequencies as
neutral Pd’ clusters. In addition, Pd*"s structures with triplet configuration were always
lower in energy (more stable) than those of the singlet state. However, it should be
indicated that the optimized geometries of electrodeficient palladium (Pd**) structures
were significantly distorted in symmetry with respect to those of zerovalent Pd%

structures [Pd% (Triplet): Can; Pd**s (Singlet): Ci]

3.2. Interaction of H> Molecule with Pd Clusters

Having determined the stable structures for palladium clusters, their interactions with a
hydrogen molecule have been considered in this computational analysis because the HDC
process involves hydrogen dissociation. The study of Pd.-H2 complexes is quite
interesting because hydrogenation is one of the main applications of palladium-based
catalysts. In general, hydrogen molecules have been demonstrated to be capable of

coordinating with Pdn (n=2-6) clusters via several ways.>**? In this study, we used a
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computational approach, which introduces the interaction of one H2 molecule with a Pds
cluster as a reference model for Pd active species. The starting point for describing
adsorbate-adsorbent interaction in geometry optimization was conducted in four different

ways: bond_top, bond face, bond bond, and bond plane, as shown in Scheme 2.

Scheme 2.

Afterward, we analyzed the ability of palladium clusters to interact and dissociate
hydrogen molecule depending of Hz location at Pd cluster surface. Figure 2 shows the
equilibrium geometries for Pd’%-Hz complexes and the corresponding adsorption energy
(Eads) as a function of the approach between the adsorbate (hydrogen molecule, Hz2) and
adsorbent (Pd’ clusters in singlet and triplet state) used in quantum chemical calculations.
As can be seen, for both Pd% (Triplet)-Hz and Pd’ (Singlet)-Hz systems, the interaction
of hydrogen molecule through the bond top of the Pd cluster did not promote
dissociation, even when the H-H distance in Pd,-H2 system was elongated around 0.06 A
in relation to that of isolated H2 molecule. Calculations evidenced similar evolution for
triplet and singlet states of Pd»-Hz structures from bond_top approach, yielding adsorption
energy (Eads) values of -8.1 and -6.1 kcal/mol for Pd% (Triplet)-H2 and Pd% (Singlet)-Hz
systems, respectively, and differing only in some geometric details. These results indicate
the possibility of physical adsorption of the hydrogen molecule on the surface of active

Pd species in both triplet (more energetically favored) and singlet states.

Figure 2.
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In contrast, the other routes of approaching (bond face, bond bond, and bond plane)
between H2 molecule and Pd’% cluster imply a complete dissociation of the hydrogen
molecule for both singlet and triplet states, as shown in Figure 2. In general, the most
stable Pd%-H2 complexes presented the dissociated hydrogen atoms chemically adsorbed
on the palladium triangle planes. However, significant differences in adsorption energy
between Pd% (Singlet)-(H: dissociated) and Pd% (Triplet)-(H: dissociated) species can be
noticed. (See Figure 2.) Therefore, the singlet spin configuration of Pd% cluster strongly
favored the H> dissociation by Pd active site, yielding high adsorption energy.
Meanwhile, Hz in the Pd% (Triplet) cluster dissociates without significant energetic
stabilization. As shown in a previous section, the isolated Pd’% was 7.0 kcal/mol more
stable in the triplet than in the singlet state. Then, the energetically accessible Pd active
species in the catalyst would preferably be in the triplet state. Therefore, the dissociation
of Hz by Pd should evolve through a spin multiplicity change in the reaction pathway,
which was also revealed by CASPT calculations.*' In any case, current results indicated
that the dissociated hydrogen species should be very close in energy to the system with
physically adsorbed H2 molecules.

To analyze the possible influence of Pd cluster size on Hz dissociation, we show in Figure
3 the size dependence of hydrogen dissociative adsorption using the most stable Pd%-(H:
dissociated) structures in our study, which were found through the approach named
bond face using the Eads parameter defined by eq 2. We observed that an increase in the
number of palladium atoms does not significantly affect the stability of Pd’:-(Triplet)-Hz
complexes. Pd’, (Singlet) clusters yielded lower adsorption energies of DCM when the
number of constituent Pd atoms increases until » = 6, reducing the energetic differences
between singlet and triplet states. This effect of the Pd particle size was experimentally

1.’73

observed by Huang et a who demonstrated that the heat value of exothermic
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chemisorption of H2 on Pd samples raised abruptly when decreasing the particle diameter
of metal to subnanometer. In fact, experimental values of H2 chemisorption heat for Pd
particle size <1 nm were in the range of 20-45 kcal/mol,” in fairly good agreement with

the results of calculations in Figure 3.

Figure 3.

Once confirmed, the suitability of our computational method for describing the
dissociation of Hz by zerovalent Pd particles, we introduced in the analysis the interaction
between one Hz molecule and electrodeficient Pd*s clusters because the presence of Pd**
has been experimentally related to the catalyst activity in HDC of DCM.?¢ To the best of
our knowledge, the effect of oxidation state of Pd on the catalytic activity in
hydrogenation reactions has never been theoretically studied before. Figure 4 shows the
equilibrium geometries of the complex (Pd**s-Hz) together with the adsorption energies
as a function of the starting approach between hydrogen molecule and Pd*%s cluster for
both singlet and triplet states in the optimization calculations carried out by quantum
chemical calculations. (See Scheme 2.) The results indicate that Pd** also dissociates the
hydrogen molecule, yielding even stronger stabilization of the reactive intermediate on
the catalyst surface. In good concordance with theoretical results for neutral Pd cluster,
the only exceptions were the adsorbed hydrogen molecule Hz through the bond top
position at Pd*'s (Singlet) and Pd*'s (Triplet) clusters, which did not involve the
dissociation of hydrogen molecule. The results for Pd*'s -(Triplet)-H2 system through
bond_top approach (Figure 4) cannot be rigorously considered as physical adsorption
because the adsorption energy is fairly high (-25 kcal/mol), closer to the values for

chemical adsorption of the dissociated complexes.

14



Figure 4.

The rest of the routes for Hz approaching Pd**s (Singlet) and Pd**s (Triplet) structures
imply the complete dissociation of the hydrogen molecule, having Pd**s -(Hz dissociated)
complexes with very similar stabilization energies in both spin configurations. Compared
with the zerovalent Pd% case, the dissociation of hydrogen compounds by electrodeficient
Pd**s was found to be more energetically favored (compare results in Figures 2 and 4).
Therefore, theoretical results indicate that the electrodeficient Pd** species interacts more
effectively with the hydrogen molecule, resulting in a more energetically stabilized

dissociated H intermediates.

3.3. Interaction of DCM Molecule with Pd Clusters

The interaction between Pdé and DCM has been promoted by approaching DCM at
different active sites of the Pd cluster surface (bond top, bond face, bond bond, and
bond plane), as in Scheme 3. The possible adsorption/reaction was first examined on
zerovalent Pd% cluster for both triplet and singlet electronic spin configurations. Figure
5 presents the local minima configurations for the different DCM molecule approaching
modes toward Pd’, together with the adsorption energies for the resulting Pd%-DCM
systems. In contrast with the previous study of Hz adsorption on Pd clusters, the most
stable adsorbed Pd’%-DCM structures always correspond to triplet state. These results
discard the possibility of spin multiplicity change during adsorption phenomena; as
consequence, subsequent theoretical analysis will be centered on Pd% (Triplet) active
species. As can be observed in Figure 5, fairly different Pd% (triplet)-DCM structures are
obtained depending on the way DCM approaches the Pd% cluster. Therefore, when DCM

approaches the top (bond-top) or the triangular face center (bond-face) of octahedron Pd

15



structure, it is physically adsorbed around the Pd atoms, with very similar stabilization
energies (near -6 kcal/mol), and dissociation of chlorine atoms is not achieved. However,
if DCM approaches the bridge site of Pd% cluster, then it could partially dissociate with
one chlorine atom adsorbed on the triangular face of Pd% structure, which is only slightly
distorted by the reactive adsorption of DCM. However, the most stable Pd%-DCM
complexes in this study are obtained when the geometry optimization starts from bond-
plane approach. In this case, the fragmentation of DCM involves the concerted shift of
both chlorine atoms toward the center of non-adjacent triangular faces of Pd% cluster.
Scheme 4 illustrates more clearly the optimized Pd’%-DCM complex for the complete
dissociative adsorption of DCM on Pd cluster. It is remarkable that the complete
breakdown of one or two C-Cl bonds in DCM (from 1.85 A in the isolated compound to
3.38 A in the dissociated adsorbed species in Table 2) ocurrs progressively through the
formation of one or two new Pd-C bonds between the methylene group and the Pd atoms
on cluster surface, with bond distances as short as 1.96 A. (See Table 2.) This finding is
consistent with the significantly higher stabilization energies (-46 and -54 kcal/mol) for
the dissociative chemisorption of DCM on Pd% with respect to those obtained for Ha.
(See Figure 2.) As can be appreciated in Figure 5, the octahedron structure of Pd% cluster
is scarcely modified by the DCM dissociation on its surface, the mean Pd-Pd bond

distance remaining around 2.7 to 2.8 A.

Scheme 3.
Figure 5.
Scheme 4.

Table 2.
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Therefore, according to the computational results presented here, both physical and
chemical adsorption of DCM (the latter with partial and total dissociation) may occur on
the palladium surface at low temperature. The dissociative adsorption of DCM on Pd at
low temperatures (243 K) has been previously evidenced by means of infrared
spectroscopy combined with mass spectrometry by comparing the spectra of DCM in the
gas phase and on the surface of Pd.”® In current work, theoretical predictions for
absorption bands of DCM gas and Pde-DCM complex are used to analyze the empirical
assignments performed by Solymosi and Rasko.”® As a result, Table 3 compares
experimental and theoretical vibrational frequencies for gaseous DCM, showing that the
computational approach reasonably describes the bands observed by IR spectroscopy. As
can also be seen in Table 3, the spectrum of DCM on Pd surface shows spectral features
significantly different from those of the DCM gas spectrum. The frequencies of both
symmetric and asymmetric CH2 tension modes [vsas(CH2)] and, more significantly, CH2
deformation mode [6(CH2)] are shifted to low frequencies by interaction with Pd surface.
Solymosi and Rasko’® tentatively ascribed the new bands at 2984 and 2907 cm’,
respectively, to the asymmetric and symmetric stretches of CHz species formed in the
dissociative adsorption of DCM on Pd. As can be seen in Table 3, those empirical
assignments are fully confirmed by density functional calculations of chemisorbed DCM
on Pd% cluster, which identifies CHz as the primary product of DCM dissociation. The
formation of the Pd%-DCM complex also implies the disappearance of vas(C-Cl2) and
vs(C-Cl2) bands, which are neither observed in experimental spectrum. This is an
additional spectroscopic proof of the complete breakdown of C-Cl bond in DCM by
dissociative adsorption on Pd, which is represented in Figure 5. In fact, according to the
computational results, very intense infrared signals related to the new Pd-C and Pd-Cl

vibrational modes should be observed in the 600-200 cm™! spectral zone, which is out of

17
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the range measured by Solymosi and Rasko.”® Experimental and theoretical evidence of
the dissociative adsorption of the analogous CHzI> compound on metal surfaces of Pd,”
Rh,* and Ag®! have also been reported, again identifying methylene intermediates
involved in the catalytic destruction of halogenated hydrocarbon. It is generally accepted
in the literature that the adsorption of chlorofluorcarbons on palladium surface is

dissociative.®> Fung et al.®}

demonstrated the ability of metals as Ag to form metal-
chlorine bonds through the chemisorption of chlorinated molecules as methyl chloride
(CH3Cl), with the associated breakdown of C-Cl bonds. Additional experimental
evidence of the strong interaction between CH2 group and two adjacent Pd atoms (as
those shown in Figure 5 and Scheme 4) is the route of the synthesis of Pd2(u-bis(diortho-
tolyphosphino)methane)z, shown in Scheme 5.3¢ Thus, complex 1 readily adds DCM to
form the new methylene-bridged complex 2, where the two chlorine atoms are dissociated

from DCM and located over Pd atoms, whereas the methylene group is chemically linked

to the two near Pd atoms of Pdz P4 unit.

Table 3.

Scheme 5.

DFT analysis of the interaction of Pd® with DCM has revealed that DCM can be
physically or chemically adsorbed by neutral palladium, depending on the surface
position of that interaction. Now, we will extend the theoretical study to the interaction
between DCM and electrodeficient palladium (Pd**) clusters to obtain a deeper insight
into the role of electrodeficient Pd** active species in the activity, selectivityn and stability

of the catalyst in HDC reaction. For this purpose, the adsorption of DCM at four possible
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sites (bond top, bond face, bond bond, and bond plane) of electrodeficient Pd*'s
(Triplet) cluster has been systematically investigated. On the basis of the adsorption
energies of DCM and the equilibrium geometries of the optimized Pd**s (Triplet)-DCM
intermediates, a thermodynamic scheme of DCM adsorption on electrodeficient
palladium (Pd**) was developed, as shown in Figure 6. As for the case of zerovalent Pd%
cluster, we have found two forms of non-dissociative adsorption of DCM (corresponding
to bond top and bond face approaches) as well as partial and complete dissociation of
DCM (corresponding to bond bond and bond_plane approaches, respectively) over Pd*'s
(Triplet) surface. The high adsorption energy (about -50 kcal/mol, see Figure 6) for the
non-dissociated Pd**s (Triplet)-DCM structures, approaching by bond_face, corresponds
to a chemical adsorption rather than physical interaction. The partial and complete
dissociation of chlorine atoms of DCM on Pd*'s surface evolves without significant
barrier of energy and presents high stabilization (about -50 kcal/mol), similar to that found
for the dissociative adsorptions of DCM on zerovalent Pd% cluster. Regarding the effect
of dissociative DCM adsorption on Pd*‘s particle, it is remarkable that the significant
distortion of the octahedron structure of Pd cluster due to local relaxation of the surface
to form the dissociated Pd*‘s (Triplet)-DCM complex, as reflected by the mean Pd-Pd
distance in Table 2. In contrast, other structural parameters (C-Cl and CI-Pd) associated

with DCM adsorbed species are very similar for Pd% and Pd*'s cases (Table 2).

Figure 6.

In the previous section, we analyzed the dependence of the Pd. cluster size on the

adsorption energies of Hz on palladium surface. In Figure 7, the comparison of the cluster
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size effect on dissociative adsorption of DCM is presented for both zerovalent Pd’, and
electrodeficient Pd**, structures in the triplet state. As can be seen, Pd’s and Pd**s clusters
present similar ability to generate dissociated DCM-Pd intermediates, which are highly

favored thermodynamically independently of the cluster size.

Figure 7.

3.4. Analysis of DCM Hydrodechlorination with Pd-Based Catalyst from DFT

Calculations

In this work, density functional calculations have been performed to investigate the
interaction of both reactants (H2 and DCM) involved in HDC reaction using Pd-based
catalysts. The molecular model used to simulate Pd active species consists of
subnanometer Pds cluster, representing a catalyst with extremely dispersed particles (then
neglecting the influence of the support on the activity). Despite this simplification, some
relevant information has been achieved regarding the elementary processes that occur
when gaseous H2 and DCM molecules interact with surface Pd atoms. To overview
current theoretical results, we present in Figure 8 the adsorption enthalpy values for the
reaction pathway describing the activation of H2 and DCM over Pds surfaces, given as
adsorption enthalpy values, considering the possible presence of both zerovalent and
electrodeficient Pd species in the catalyst. Table 4 completes the thermodynamic
description of H2 and DCM adsorption on Pd cluster collecting electronic stabilization
energies, enthalpies, and free energies for those phenomena, as obtained by DFT

calculations.

20



Figure 8.

Table 4.

As we noted, depending on the site of interaction with Pdes cluster, Hz is physically
adsorbed around Pd atoms, or, in other cases, Hz is dissociated. According to the DFT
results, the triplet species is 7 kcal/mol more stable than the singlet species. Therefore,
activated Hz dissociation on Pd% structure includes the triplet-singlet transition induced
by the spin-orbit interaction as a key step. The theoretical Hz dissociation enthalpy
obtained for cluster reasonably agrees with the experimental values (20-25 kcal/mol).®
Consistently with this low adsorption enthalpy, it has been experimentally demonstrated
that Pd clusters reversibly adsorb and desorb hydrogen.”® The weak Pd-H bond would
allow the chemisorbed H atoms to react with other adsorbed species. The dissociation of
H> on electrodeficient Pd*‘s cluster involves only the triplet state. Attending to the
reaction enthalpies, the electrodeficient palladium species present a higher capacity to

dissociate the H2 molecule, involving more stabilized H-intermediates. As a consequence,

the H2 adsorbed on Pd*'s structures should be more energetically demanding for

desorption or subsequent reaction steps.

Recently, de Pedro et al.* reported a kinetic study on HDC of DCM with Pd/AC catalyst*
based on fixed bed reactor experiments. The results allowed us to conclude that DCM
adsorption onto the active sites is the rate-controlling step. From the evolution of DCM
and the reaction products, the reaction pathway shown in Scheme 6 was proposed, which
implies the formation of adsorbed intermediates (CH2CI*, CH2**, and C2H4** species),

yielding CH4, CH3Cl, and C:He¢ as reaction products. As shown in Figures 8 and 5,
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theoretical calculations confirm the presence of the thermodynamically favored CH2CI*
and CH2** species adsorbed on Pd surface. In fact, partially and fully dissociated DCM-
Pd complexes may be formed through independent pathways according to DFT
optimizations for both zerovalent and electrodeficient Pd clusters in the triplet state, with
high adsorption enthalpies (<-50 kcal/mol) and without activation barriers. Therefore,
current theoretical results indicate that the dissociative adsorption of DCM on Pd active
sites occurs via the scission of one or two C-Cl bonds, promoted by the formation of one
or two C-Pd linkages, respectively. This suggests the possibility of considering a new
independent single step (marked by dot line) in Scheme 6 for the direct formation of
carbene (CH2**) intermediate, providing a parallel scheme for CH3Cl and CH4 (or C2
hydrocarbons) formation. This is in agreement with the findings of previous experimental
studies,>* where a parallel scheme was proposed for the HDC of chloromethanes.
Moreover, the fact that the CH2** species appear to be the most energetically favored
intermediate in DCM adsorption on Pd surface (as explained above) seems to be
consistent with the high selectivity to CHa found in HDC reactions with Pd/AC catalysts.*
> The dissociative adsorption of chlorinated compounds over Pd surface as the HDC rate-
determining step is consistent with the general trend observed for the reactivity of
chloromethanes (CCls > CHCI3 > CH2Cl3> CH3Cl).* To analyze this point, we here
extend DFT calculations to the interaction of CHCIl3 and CH3Cl with Pd% and Pd*‘s
clusters in the triplet state. As can be seen in Table 5, the exothermic character of the
dissociative adsorption of chloromethanes decreases as the number of chlorine atoms in
the molecule diminishes, in the same order as HDC reactivity, thus supporting
experimental observations. Experiments carried out with different Pd/AC catalysts
(prepared using different palladium precursors) showed lower DCM conversions as the

relative amount of electrodeficient palladium (Pd™") in the catalyst decreases. This may
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be related with the higher stabilization energies of the dissociated DCM intermediates on
zerovalent Pd% clusters with respect to those on electrodeficient Pd*'s (Table 4), giving

rise to lower reaction rates.

Scheme 6.

Table 5.

Previous experimental work® demonstrated that the active centers of Pd/AC catalysts are
constituted by the association of electrodeficient (Pd™") and zerovalent (Pd®) palladium.
Pd/AC catalysts yield very good results in terms of activity and selectivity to
nonchlorinated compounds, but they undergo severe deactivation after a few hours of
operation. Experimental evidence?? ascribed the significant deactivation to the poisoning
of Pd active centers with organochlorinated compounds. However, relationships between
the structure and the activity of Pd/AC catalysts have not been largely analyzed. There
was found, however, that catalyst deactivation was clearly related to the great decrease in
the accessible electrodeficient Pd species upon use in HDC. Theoretical results in this
work show that DCM can be molecularly adsorbed on both zerovalent and
electrodeficient Pd. However, we found that the nondissociative adsorption of DCM over
electrodeficient Pd**s cluster is remarkably favored in energy (Table 4), with adsorption
enthalpies (~-50 kcal/mol) corresponding to chemical adsorption and one order of
magnitude larger than the values for physical adsorption of DCM on zerovalent Pd%
cluster. Current results explain the deactivation of Pd/AC catalyst as a consequence of the
selective poisoning of electrodeficient Pd active centers by chlorinated hydrocarbons, in
complete agreement with the experimental findings. In fact, Table 5 shows that the

nondissociative chemical adsorption of chloromethanes on electrodeficient Pd*’s active
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sites is thermodynamically favored in the order DCM > MCM > TCM, which confirms
the unexpected order of Pd/AC catalyst deactivation experimentally found for the HDC

of those compounds.?

However, the thermodynamic data of Tables 4 and 5 cannot be conclusively used to
explain the experimental evidence relative to Pd/AC activity and, especially, selectivity
to the different HDC products (CH4, CH3Cl, C2He, and CsHs) from DCM. Further
computational studies involving transition states must be carried out in future works to
evaluate energy barrier for going from adsorbed H2 and DCM intermediates to HDC
products, and these calculations should be extended to molecular models of catalyst
including support atoms to achieve deeper insight into the activity and selectivity of

Pd/AC catalysts, the roles of the support and Pd"*/Pd" ratio.

Conclusions

An attempt for the molecular simulation of DCM HDC with palladium catalyst has been
carried out at B3LYP/Lanl2DZ computational level. For this purpose, the DFT analysis
focused on the interactions of DCM and Ha reactants with the surface of Pd catalyst, using
molecular models with different cluster size, oxidation state, and spin configuration.
Theoretical results show that the HDC mechanism involves the dissociative adsorption of
both DCM and H: reactants on Pd surface, in good agreement with experimental
evidence. Remarkably, calculations show that the partial and complete C-Cl dissociations
of DCM by Pd clusters are promoted by the formation of C-Pd linkages, implying much
higher adsorption enthalpies than for the case of Hz activation by Pd species. As relevant
computational results, we find that the nondissociative adsorption of DCM over

electrodeficient Pd cluster presents remarkably higher adsorption enthalpy than over
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zerovalent Pd cluster; the former is coherently described as chemical adsorption. This
theoretical evidence explains the severe deactivation of Pd/AC catalyst as a consequence
of the selective poisoning of electrodeficient Pd active centers by chlorinated
hydrocarbons, which is favored in energy in the order DCM >MCM> TCM, consistently

with our previous experimental findings.

Future computational studies will focus on transition states for going from adsorbed H2
and DCM intermediates to HDC products to estimate energy barriers and achieve a deeper
insight into the activity and selectivity of Pd-based catalysts and their dependence on the

reaction temperature and Pd"*/Pd° ratio.
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SCHEMES

Scheme 1. Molecular Models for Pd. (n =2, 3, 4, and 6) Clusters

Scheme 2. Different Forms of Interaction for H> Molecule with Pds Cluster
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Scheme 3. Different Forms of Interaction for DCM with the Pds Cluster.
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Scheme 4. Different Views of Optimized Geometry of Adsorbed DCM-Pd6

Intermediate Obtained from the Complete Dissociative Adsorption.

oG

Scheme 5. Synthesis of Pdz (u-Bis(di-ortho-tolyphosphino)-methane): in Ref 56.
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Scheme 6. Reaction Scheme for HDC of DCM Proposed in Ref 4?
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Figure 1. Cluster size effect (n = 2-6) on binding energy (BE) (kilocalories per mole)

for Pd% clusters in singlet and triplet states at B3LYP/Lanl2DZ computational level.
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Figure 2. Adsorption energies (kilocalories per mole) and geometries for optimized
(Pd%-H2) species resulting from the adsorption of hydrogen molecule on metallic
palladium Pd% (Singlet) and Pd% (Triplet) clusters as a function of the adsorbate-

adsorbent approach followed in the B3LYP/Lanl2DZ calculations.
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Figure 4. Adsorption energies (kilocalories per mole) and geometries for optimized

(Pd**s -Hz) species resulting from the adsorption of hydrogen molecule on

electrodeficient Pd**s (Singlet) and Pd**s (Triplet) palladium clusters as a function of

the adsorbate-adsorbent approach followed in the B3LYP/Lanl2DZ calculations.
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approach followed in the B3LYP/Lanl2DZ calculations.
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Figure 7. Cluster size effect (n = 2-6) on adsorption energy (kilocalories per mole) for

dissociative adsorption of DCM on Pd’, and Pd*", clusters in triplet state at

B3LYP/Lanl2DZ computational level.
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Figure 8. Profiles of AHads (298.15 K) for activation of Hz2 by (A) Pd% and (B) Pd*"s

clusters and for activation of DCM by (C) Pd% and (D) Pd**s clusters.

38



TABLES

Table 1. Calculated Parameters for Pd, Clusters Used to Simulate Catalytic Active Species At B3LYP/Lanl2DZ Computational Level.

oxidation state spinmultiplicity ~ cluster (n) energy (u.a.)  bond? length (A)  freq (cm™) symmetry u (debye)
metallic (PdY) triplet 2 -253.4488 2.53 204.5 0.0
3 -380.2143 2.65 199.3 C2v 0.4
4 -507.0106 2.65 232.2 Cs 0.0
6 -760.5516 2.69 209.0 D4p 0.0
singlet 2 -253.4362 2.76 130.6 0.0
3 -380.2048 2.52 250.3 D3p 0.0
4 -506.9843 2.71 234.4 D2d 0.0
6 -760.5405 2.70 210.0 Oh 0.0
electrodeficient (Pd2+) triplet 2 -252.6074 2.83 64.8 0.0
3 -379.3974 2.70 146.9 2y 0.5
4 -506.2558 2.72 200.9 Cs 0.0
6 -759.8629 2.70 210.3 Can 0.0
singlet 2 -252.5850 2.62 149.6 0.0
3 -379.4189 2.72 160.7 D3p 0.0
4 -506.2074 2.56 248.3 Cs 0.2
6 -759.8416 2.74 225.6 Ci 0.0
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Table 2. Bond Length (angstroms) for Optimized Structures of Isolated and Adsorbed DCM in Pds in Triplet State at B3LYP/Lanl2DZ

Computational Level.

bond (A)

independent species nondissociative adsorption complete dissociation
Pd-C  Pd-Cl C-Cl Pd-Pd Pd-C  Pd-ClI C-Cl Pd-Pd Pd-C  Pd-Cl C-Cl1 Pd-Pd
Pd’% (T) 1.85 2.69  3.76 2.71 1.88 2.72 1.96 2.60 3.38 2.81
Pd**6 (T) 1.85 2.70  3.82 2.69 1.88 2.81 1.98 2.50 3.45 3.16
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Table 3. Vibrational Frequencies (in inverse centimeters) of DCM in the Gas Phase and on the Pd Surface (Obtained by Dissociative Adsorption)

Obtained Experimentally (Ref 50) and Calculated at B3LYP/Lanl2DZ Computational Level.

DCMgas DCMadsorbed on Pd
vibrational mode DCMexptl DCMtheor DCM/Pdexptl  pomy/pdtheor
Vas(CH>) 3045 3282 2984 3175
vs(CHz) 3007 3173 2907 3042
6(CHz) 1473 1454 1426 1342
CHywag 1275 1300 ? 972
F(CH>) 898 891 ? 738
Vas(C-Cl>) 758 679
vs(C-Clz) 707 650
vs(Pd-C) ? 579
Vas(Pd-C) ? 576
vs(Pd-C) ? 253
Vas(Pd-C) ? 251
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Table 4. Calculated Thermodynamic Parameters (kilocalories per mole) for DCM Adsorption on Pd Clusters Calculated at B3LYP/Lanl2DZ

Computational Level.

reactants physical adsorption dissociative adsorption
kcal/mol Fads AHads  AGads  Eads AHads  AGads FEads AHads  AGads
H> Pd% (Singlet) 7.0 7.0 10.1 -0.8 1.6 9.2 -14.2 -14.5 -5.3
Pd% (Triplet) 0 0 0 -8.1 -7.3 -1.6 -4.3 -5.1 2.6
Pd**s (Singlet) 13.4 13.3 11.8 0.6 1.9 7.9 -19.4 -19.3 -12.6
Pd**s (Triplet) 0 0 0 -25.1 -24.0 -18.6  -36.6 -37.1 -30.4
DCM Pd% (Singlet) 7.0 7.0 10.1 1.6 2.7 11.1 -46.8 -47.5 -34.8
Pd% (Triplet) 0 0 0 -5.9 -4.8 1.2 -60.1 -60.7 -48.6
Pd**s (Singlet) 13.4 13.3 11.8 -21.9 -20.9 -12.4  -447 -45.6 -37.3
Pd**s (Triplet) 0 0 0 -48.6 -47.5 -38.6  -51.9 -52.5 -43.2
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Table 5. Calculated Thermodynamic Parameters (kilocalories per mole) for Dissociative Adsorption of Chloromethane Compounds on Pd

Clusters Calculated at B3LYP/Lanl2DZ Computational Level.

nondissociative dissociative adsorption
adsorption

kcal/mol FEads AHads AGads FEads AHads AGads
MCM Pd% (Triplet) -6.9 -6.3 2.3 -28.4 -29.3 -18.4

Pd**s (Triplet) -42.9 -42.4 -33.9  -26.1 -26.4 -19.3
DCM Pd% (Triplet) -5.9 -4.8 1.2 -60.1 -60.7 -48.6

Pd**s (Triplet) -48.6 -47.5 -38.6 -51.9 -52.5 -43.2
TCM Pd% (Triplet) -5.4 -5.0 4.7 -63.8 -64.3 -50.6

Pd?*s (Triplet) 41.9 41.6 316  -67.8 678  -59.7
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