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Highlights


Herein, we investigate catalytic de-halogenation of a selected group of halogenated
compounds by copper surfaces



Mechanistic steps and kinetics factors dictating fission of Br/Cl-C bonds are presented.



Cu-assisted fission of Cl/Br-C bonds entail values that amount to ~ 10% of their
analogous gas phase values.
1

Abstract
The interplay of halogenated compounds with metal surfaces has been the focus of many
experimental and theoretical studies. These investigations have mainly aimed to illustrate the

IP
T

potential dual role of transition metals and their oxides in mediating formation of toxic

halogenated aromatics as well as their catalytic-assisted decomposition over these surfaces.

SC
R

An initial and prominent step in conversion of these precursors into heavier halogenated

aromatics signifies their dissociative adsorption on metallic species readily present in the

U

combustion media. This contribution represents a systematic computational study to examine

N

thermo-kinetic parameters underlying rupture of Cl/Br-C bonds in halogenated model

A

compounds (namely; 2-chloropropane, chloromethane, chloroethyne, chloropropene,

M

chlorobenzene, 2-bromopropane, bromomethane, bromoethyne, bromopropene, and
bromobenzene) over the Cu(100) surface. These compounds adapt very weak physisorbed

ED

molecular states evidenced by marginal adsorption energies and minimal structural changes ,
in reference to their gas phase molecules. The calculated reaction barriers for Cl/Br-C bond

PT

fissions are scattered in the range of 8.3 - 37.2 kcal mol-1. Stronger Cl – C bonds in reference

CC
E

to Br – C bonds (in the gas phase) translate into higher corresponding reaction barriers for the
former. The calculated reaction rate constant and activation energies reveal faster rate for the
decomposition of the brominated species. Our calculations of the activation energies

A

correlate very well with analogues experiment values.

1. Introduction
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Brominated flame retardants (BFRs) are broad groups of chemicals that are extensively used
to delay/prevent the inset of ignition in treated objects via releasing bromine atoms [1-4].
The latter readily capture hydroxyl radicals from the progressively established combustion
medium. BFRs are widely employed in a vast array of commercial and consumer products
such as textiles, furniture, plastics and electronic and electrical equipment [5, 6]. Due to the

IP
T

relatively short life span of treated objects (i.e., printed circuit boards), the extensive uses of
BFRs has resulted in a gigantic volume of halogenated wastes that poses a significant

SC
R

concern, not only on the environment, but also on the public health of human and other living
organisms [2, 7-9]. Likewise, polyvinyl chloride (PVC) is the most widely used polymers

with a production that has peaked at 60 Mt in 2013 and is estimated to reach ~180 Mt in 2021

N

U

[10]. The “waste-to-energy” approach is now widely deployed as a mainstream strategy in

A

the safe and economically effective disposal of the polymeric constitutes of halogenated

M

polymeric wastes. The organic matter in halogenated wastes is embedded with high energy
content. The recyclability of halogenated polymers into important industrial feedstocks

PT

content [11, 12].

ED

(olefins, in particular) heavily relies on near complete removal of their bromine/chlorine

Destroying of the carbon frameworks in bromine/chlorine-containing polymers through

CC
E

thermal methods such as, incineration and thermal degradation is a truly daunting task as it
often necessitates a very high temperature under well-enclosed combustion chambers [10,

A

13]. An incomplete combustion of these wastes may result in the formation of notably
hazardous halogenated compounds such as polybrominated dibenzo-p-dioxins, and
dibenzofurans (PBDD/Fs) and their chlorinated counterparts [14-16]. Catalytic pyrolytic
upgrading has emerged as a viable alternative for the commonly utilized high-temperature
combustion based on two compelling grounds [17, 18]. Catalytic upgrading proceeds at a
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significantly lower temperature, and it is feasible to fine-tune operational conditions toward
favouring striping the halogen content while keeping the carbon skeleton intact [19-21].
Catalytic dehalogenation reaction involves the cleavage of carbon-halogen bond as the
elementary step. This process has been employed to generate alkyl groups, linked on
catalyst-surfaces [20, 22]. Consequently, numerous studies investigated direct de-

IP
T

halogenation reactions over many potential surfaces. For example, through several

laboratory-scale experiments, Buelow et al.,[20] examined the carbon-halogen bond breaking

SC
R

over Pd(111) and Al(111) surfaces under ultra-high-vacuum conditions. Their kinetics

measurements using XPS and thermal desorption spectroscopy provided an estimate for the

U

involved activation energies in the C-Cl/I bond fission. The authors found that, the reaction
rate constants for the C-Cl/I bond cleavage over the aforementioned two surfaces are

A

N

relatively small in the range of (15.7/6.2-17.0/11.7 kcal mol-1) at temperature range of 250 –

M

350 K.

ED

The carbon-halogen bond sessions was assumed to take place via homolytic transition
structures [20]. Temperature-programmed reaction (TPR) and high-resolution electron

PT

energy loss (HREEL) spectrometer measurements reported by Lin and his co-workers [23,
24] provided insightful evidence for the surface-assisted cleavage of C-Br/Cl bonds of

CC
E

bromoethane, 1-bromopropane, 2-bromopropane and their chlorinated counterparts yielding
adsorbed radicals, such as, ethyl and i-propyl groups. The authors also found that, the

A

activation energies of the alkyl halide molecules’ decomposition over the copper surface
amount to ~10-19% of their gas phase values (gas phase fission of C-Br/Cl bonds). These
significant reductions in energy remain without theoretical verification. In our opinion, the
vacuum conditions deployed in these very delicate conditions may entail a significant
discrepancy when compared with real scenarios that typically entail high loads of both copper
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species and gaseous halogenated alkanes. In this regard, open burning of e-waste often
pollutes surrounding areas with high loads of elemental copper and halogenated compounds
[25]. Simulation of catalytic reactions has now been widely deployed to acquire elucidation
into experimental measurements [26, 27].

IP
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Among several tested surfaces, copper represents a potentially effective catalyst owing to its
high selectivity toward the occurrence of the dehydrohalogenation reaction leading to the

SC
R

formation of corresponding non-halogenated carbon cuts [28, 29]. In this context, copper

enjoy some interesting features over other transition metals such as, high natural abundance,

U

and the avoidance of halogen side-products (other than hydrogen halides) [30-32]. Despite of

N

various previous studies that have addressed reaction of halogenated short unbranched

A

hydrocarbons with copper surface from different views, [33, 34] a detail mechanistic

M

understanding of its role in surface-mediating rupture of carbon-halogen bond remains
unexplained on a precise atomic scale. It is of a fundamental importance to identify and

ED

investigate the elementary steps that govern the degradation of multiple halogenated
hydrocarbons over a copper surface. This, in turn, will provide an atomic-based insight into

PT

mechanistic and thermo-kinetic aspects that might not be easily acquired through just

CC
E

explicating the experimental measurements.

The complex reaction medium engenders experimental identification of involved species and

A

the exact energy requirement to be a daunting task. Quantum chemical calculations are the
only means to describe the very transient nature of intermediates. To this end, this
contribution reports comprehensive density functional (DFT) study into the mechanistic steps
and kinetics factors dictating fission of Br/Cl-C bond in a selected group of halogenated
compounds. In the first part of this study, we benchmarked calculated parameters for bulk
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and copper surface with analogous experimental and other calculated values. This is
followed by surveying energy requirements for the fission of Cl/Br-carbon bonds in the title
compounds (2-chloropropane, chloromethane, chloroethyne, chloropropene, chlorobenzene,
and their brominated counterparts). Finally, we present Arrhenius parameters for the bond
scission reactions. It is hoped that findings from the current work can provide an insight into

IP
T

chemical phenomena operating in the recycling the polymeric fraction of e-waste and other

SC
R

severely halogenated fuels.

U

2. Computational details

N

All electronic structure calculations presented in this work were performed using the Vienna

A

ab initio simulation package (VASP) that is based on the DFT formalism [35, 36]. The

M

calculation methodology encompass a spin-polarized generalized gradient approximation
(GGA) along with the exchange-correlation functional described by Perdew and Wang

ED

(PW91) [37, 38]. In structural optimizations, the plane-wave basis set with energy cut off of
400 eV was applied. The κ-point meshes of 12×12×12 and 6×6×1 e generated using the

PT

Monkhorst-Pack method were employed in the κ-space integrations for bulk and (100)

CC
E

surface; respectively. The total energies on each ion were converged to less than 10-5 eV and
the structures were deemed to be fully relaxed until the force constants on every ion were all
less than 0.05 eV/Å. A dipole correction was applied along the z direction in all surface

A

calculations.

To create a solid reference system for the molecular adsorption of the selected halogenated
compounds over copper surface, we first benchamraked structural prooperties of the bulk Cu
and its clean (100) surface (lattice constant and surface relaxation) aginst experimental
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analogous values. Our optimized lattice constant of for bulk Cu at 3.653Å departs from the
analogous experimental value by only 0.4% [39]. It is also in an accord with other reported
values in previous theoretical studies [40, 41]. Also, the surface relaxation for the first two
topmost layers was calculated according to the following function:
𝑑12 − 𝑑
𝑑

(1)

IP
T

∆𝑑12 =

SC
R

where 𝑑12 signifies the surface atomic layer distance between the subsequent layers1 and 2

while 𝑑 represents the corresponding distance in the bulk. Our inward surface relaxation of -

U

2.6% obtained is in a good agreement with the previous theoretical estimates at -2.8% and -

A

N

3.1% [39, 40].

M

A six-layer symmetric slab and a p (2 × 2) unit cell were utilized. During the optimization,
atoms in the bottommost two layers were held fixed during the optimization in their bulk

ED

positions, whilst all other ions for the top four layers were allowed to relax. Throughout this

PT

study, the vacuum region between the adjacent slabs was set to 15 Å along the z-direction to
eliminate any plausible interaction between vertically adjacent slabs, while in the x and y

CC
E

directions, it was repeated periodically. Gas-phase molecules were optimized via placing
them in a 20 Å × 20 Å × 20 Å unit cell.

A

The Bader’s formalism [42] taffords atomic charge analysis in envistgated systems. In this
regard, the atomic charge diffierence upon adsorption is calculated as:
∆𝑄 = 𝑄surface+molecule − (𝑄surface + 𝑄molecule )

7

(2)

where 𝑄surface+molecule , 𝑄surface and 𝑄molecule signify the charge on the adsorbed system,
the clean surface’s atoms and the adsorbed molecules, respectively.

Molecular adsorption and activation energies for all interaction mechanisms were determined

respectively, calculated according to the following expressions:

(3)

SC
R

Eadsorption = Esurface+molecule − (Esurface + Emolecule )

IP
T

as the energy difference between the initial states and, products and transition states,

(4)

U

𝐸activation = 𝐸 transition state − (𝐸𝑠𝑢𝑟𝑓𝑎𝑐𝑒 + 𝐸molecule )

N

where E surface, E molecule, E surface + molecule and E transition state denote the energies of substrate, gas

A

phase molecule, substrate together with the gas phase, and the transition state; respectively.

M

It is generally obvious that, the more negative value of adsorption energy indicates a stronger

ED

and a thermodynamically favourable interaction.

The transition states (TS) along the reaction pathway were carried out using the “climbing

PT

image” nudged elastic band (CINEB) technique [43, 44]. This was performed using sixteen

CC
E

images between the reactant and the product states in each step where all images were
optimized individually based on the nudged elastic band algorithm. In the CINEB
calculations, the particular number of images was carefully adjusted in each transition-state to

A

smothen the tangent along the designated reaction potential energy surface. When the
interaction had an intermediate minimum present, the closest energy point was allowed to
fully relax to define if the minimum was a true minimum. Confirmed transition states contain
one and only one negative vibrational frequency along the designated reaction pathway.

8

Finally, as a benchmark of the thermochemistry accuracy of the adopted molecules in our
study, it is very instructive to calculate bond dissociation energies (BDEs) for the selected
molecules in order to contrast them with their well-documented gas-phase thermochemistry
values in the literature. The calculated BDEs for fission C-Cl/Br bonds, as documented in
Figure 1, amount to 85.8/67.0 kcal mol-1 (2-chloro/bromo-propane), 79.1/67.6 kcal mol-1

IP
T

(chloro/bromo-methane), 97.3/99.6 kcal mol-1 (chloro/bromo-ethyne), 88.9/89.7 kcal mol-1
(chloro/bromo-propene) and 100.4/89.9 kcal mol-1 (chloro/bromo-benzene), respectively.

SC
R

These results math very well analogous experimental estimates reported in the literature (i.e.,
87.8/65.5 kcal mol-1, 83.7/70.3 kcal mol-1, 104.1/98.1 kcal mol-1, 88.6/89.4 kcal mol-1, and

N

U

97.6/86.5 kcal mol-1, correspondingly) [45, 46].

A

3. Results and discussion

M

The five selected compounds feature five distinct types of carbon-halogen bonds; methyl

ED

(chloromethane); secondary (2-chloropropane); allylic (chloropropene); vinylic
(chloroethyne) and aromatic (chlorobenzene). For the five chloro- and bromo-containing

PT

compounds, the BDEs scatter within 87.3-97.6 and 65.5-86.5 kcal/mol-1; respectively. This
noticeable variation in the BDEs values enables to assess the influence of the atomic bonding

CC
E

environment on estimated thermodynamics and kinetics parameters as the next section

A

portrays.

3.1. Interaction of halogenated short-chain hydrocarbons with the Cu (1 0 0) surface
Studying of surface-alkyl halide molecular adduct becomes an essential tool for fine chemical
synthesis. Generally, alkyl halides have been demonstrated to be capable of coordinating
with Cu surface’s hallow sites via dissociative adsorption pathway.
9

Catalytic removal of halogen atoms from alkanes and olefins generally proceed via two
pathways; direct elimination, or dissociative adsorption followed by hydrogen transfer to the

SC
R

IP
T

surface:

From our recent work on the interaction of halogenated C1-C3 cuts with clusters of α-Fe2O3

U

(hematite), [48, 49] it became apparent that the dissociative adsorption channel systematically

N

requires lower opening barrier in reference to the direct elimination channel. Nonetheless,

A

high barriers for subsequent hydrogen transfer from β-carbon to the surface (releasing non

M

halogenated entities) renders dissociative decomposition and direct elimination channel to

ED

incur very similar overall activation barriers in the alkyne family. For instance, we find that
both channels assume comparable reaction rates in formation of acetylene from vinyl

PT

bromide. Herein, we limit our analysis on the first step in the dissociative adsorption
channel. Removal of the adsorbed hydrocarbon adduct from the surface following surface-

CC
E

assisted fission of the Cl/Br-C bond may in principle occur via reactions that do not involve
the intramolecular hydrogen transfer into the surface. If oxygen is pre-adsorbed on the
surface, it could initiate conversion of these moieties into their corresponding alcohol

A

compounds for instance [47].

We first present geometries for the initial reactant and the final products following the
dissociative adsorption channel as depicted in Figures 2 and 3. The corresponding potential
energy surfaces are shown in Figures 4 and 5. We find that physisorption of the four
10

considered chlorinated species over the Cu (100) surface are slightly exothermic affording
very negligible reaction energy in the range from -2.1 to -0.1 kcal mol-1. In the surfaceadduct structures (M1(Cl), M3(Cl), M5(Cl) and M7(Cl)), the C-Cl bonds differ from their
analogous gas phase bonds by only 1.25-0.60%. Likewise, the physisorption energies for

IP
T

brominated species reside in the narrow range of 0.8 to -2.6 kcal mol-1.

Table 1 summarises values of bond elongations and adsorption energies for all physisorbed

SC
R

structures. The marginal Cl/Br-C bond stretching is in line with the computed low values of
adsorption energies. The very weak interaction reported in Table 1 is in accord with an

U

analogues DFT findings by Barbosa et al. [29] in their study on the interaction of

N

trichloethene molecule on two different Cu(110) surfaces. It should be emphasised though

A

that the computed low energies are most likely to be within the accuracy limit of the adapted

M

methodology. It can be concluded herein that the four title C1-3 halogenated molecules

ED

interact rather weakly with the Cu(100) surface in their physisorbed states.

New are now in a position to examine reaction for the dissociative adsorption interaction

PT

underpinning catalytic de-halogenation of the selected C1-C3 halogenated species. As shown
in Figures 2 and 3, we portray the side and top perspectives for products arising from scission

CC
E

of the C-Cl/Br bonds in the selected four molecules. In all structures, we consider that all
dissociated halogen atoms occupy a hollow site. We have shown previously that dissociated

A

Cl atom from the fragmentation of a 2-chlorophenol molecule prefers adsorption at the
hollow site in comparison to on-top and bridge sites [40]. The produced hydrocarbon adducts
are attached to the surface via bonding of the free carbon radical centre to the surface Cu
atom. Fission of the C-Cl bonds in the 2-chloropropane, chloromethane, chloroethyne and
chloropropene molecules results in the formation M2(Cl), M4(Cl), M6(Cl) and M8(Cl) adducts,

11

respectively. In reference to the physisorbed configurations, M2(Cl), M4(Cl), M6(Cl) and M8(Cl),
dissociative adsorption leading to fission of the C-Cl bonds entail an exothermicity of -12.0, 22.3, -50.9 and -27.9 kcal mol-1; respectively. The catalytic effect of the Cu(100) becomes
more comprehensible when contrasting this predicted surface-assisted exothermicity with the
highly endothermic direct clearage of C-Cl bonds in the gas phase. These reactions demand

IP
T

considerable energies of 87.3, 83.7 104.1, and 89.7 kcal mol-1 for 2-chloropropane,

chloromethane, chloroethyne, and chloropropene, in that order [45, 46]. Therefore, whilst

SC
R

thermodynamic factors in terms of the exothermic nature of the surface-mediated C-Cl bond
rupture, predict a spontaneous process, the potential for the occurrence of the bond fission

U

reactions truly rests on underlying kinetic considerations, embedded in activation energies.
We find that dissociation of Cl from the selected chlorinated molecules proceeds via

A

N

activation barriers of 11.8 (TS1), 8.8 (TS2), 37.2 (TS3) and 25.4 kcal mol-1 (TS4) for 2-

M

chloropropane, chloromethane, chloroethyne and chloropropene physisorbed states,
respectively. It should be indicated that, these energies seem to positively concur with the

ED

energy requirements for the C-Cl bond scission in gas phase, i.e., 87.3, 83.7 104.1, and 88.7
kcal mol-1, correspondingly [45, 46]. Interatomic distances of Cl-Cu and Br-Cu in M2(Cl)/(Br),

PT

M4(Cl)/(Br), M6(Cl)/(Br), and M8(Cl)/(Br), structures reside within the range of (2.305 – 2.382Å),
reflecting very well Cl-Cu and Br-Cu bond lengths of bulk CuCl2 and CuBr2 at 2.380 Å and

CC
E

2.390 Å [48-51].

A

The interaction of the corresponding brominated species with the Cu(100) surface proceeds
through similar thermodynamic and kinetics trends. Surface-mediated fission of the Br-C
bonds requires activation energy barriers that vary between 8.3 kcal mol-1 (TS7 in Figure 5)
for the de-bromination of bromoethyne to 19.1 kcal mol-1 (TS8 Figure 5) for bromopropene
de-bromination process. These steps are accompanied with exothermic reaction energies

12

varying between -17.7 kcal mol-1 (M2 (Br)) to -57.8 kcal mol-1 (M6 (Br)), as shown in Figure 5.
The catalytic capacity of the Cu surface toward de-bromination of the selected gas phase
molecules becomes very evident by comparing these low values with the reaction energies
required to break the C-Br bonds in the gas phase (i.e., 65.5, 70.3, 98.1, and 89.3 kcal mol-1
for 2-bromopropane, bromomethane, bromoethyne, and bromopropene, respectively.) [45,

IP
T

46].

SC
R

By comparing the higher activation energy barriers for the scission of the C-Cl bonds for

almost all the selected chlorinated species with those for C-Br bonds, we can see obviously

U

that these values concur with the stronger bonds in the former [45, 46]. The only exception

N

to these trends constitutes the dissociative adsorption of chloromethane versus the

A

bromomethane molecule. Examination of the transition state values for the intermediate

M

structures M4(Cl) and M4(Br) show that the required barrier energy for the cleavage of C-Cl
bond of chloromethane is ~1.6 kcal/mol lower than analogous value for the C-Br bond

ED

scission of bromomethane. Interestingly, our results herein are consistent with the
experimental work performed on the similar molecules by Zhou et al. [52] over the Ag(111),

CC
E

bromoethane.

PT

in which it was reported that dehalogenation of chloromethane is more facile than that of

Overall, inspection of the relative energy profile diagrams displayed in Figures 4 and 5 leads

A

to the following focal points:

1- Dissociative adsorption of the selected brominated species is generally more exothermic
in comparison to their chlorinated counterparts. For example, the fragmented structures
M2 (Cl) resides in a well-depth 12.0 kcal mol-1 in reference to its non-interacting state.
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This is significantly lower than that for the analogous M2 (Br) structure (i.e., -17.7 kcal
mol-1). This responsibly corresponds with the general observations from the previous
investigations in the literature that bonding of brominated compounds with metal
surfaces are slightly stronger than their chlorinated counterparts [23].

IP
T

2- Transition states of the dissociate adsorption of the four chlorinated species (Figure 4)
are consistently higher than their analogous values for brominated species (Figure 5).

SC
R

Stronger C-Cl bonds in reference to C-Br in gas phase molecules engender higher

activation barriers. These results are consistent with the general observation from

U

previous experimental investigations in the literature [23, 24] as well as with our recent

M

A

compounds [54] over α-Fe2O3 nanoclustera.

N

findings on the dissociative adsorption of several brominated [53] and chlorinated

Analysis of charge transfer assists in comprehending whether the adsorbed fragments

ED

constitutes Lewis base (donates electron) or Lewis acid (received electrons). Table 1 presents
the Baderʼs charges of the chemisorbed Cl/Br atoms (i.e., the net electronic charges transfer

PT

from copper surface to molecules). The negative values presented in Table1, discloses that
the halogen atoms for M2(Cl/Br), M4(Cl/Br), M6(Cl/Br) and M8(Cl/Br) structures acquire electron

CC
E

charge when they adsorb over a surface’s hallow side, and thus acting as Lewis acid. The
relatively significant transferred charge from the copper substrate to chlorine/ bromine atoms

A

is in line with the remarkable strong exothermic reactions between both the substrate and the
adsorbate in the final chemisorbed structures. The noticeable charge transfer from the surface
positively correlates with the estimated dissociative energies. Overall, accessible activation
energies, significant charge transfer and profound exothermecity all consistently indicate that

14

copper surfaces incur high catalytic capacity toward dehalogenation of unbranched
hydrocarbon cuts.

3.2. Decomposition of Aromatic halogen compounds over Cu (100) surface

IP
T

Herein, we investigated the three elementary stages of chlorobenzene and bromobenzene
molecules dissociation over the Cu(100) surface. In Figure 6 and 7, we illustrate that, both

SC
R

molecules share the same principal dissociation mechanism stages, albeit with various energy
profiles. The chlorobenzene/bromobenzene is physisorbed in the initial reaction stage, whilst
both the halogen atom (hollow site) and the phenyl ring are chemisorbed in the final reaction

U

stage. Starting with the non-dissociative molecular adsorption state, binding energies for the

N

initial physisorbed structures of chlorobenzene and bromobenzene molecules over Cu surface

A

amount to only 0.5 and 0.4 kcal mol-1 for chlorobenzene and bromobenzene, respectively.

M

This endothermic trend for the first step reflects well with Björk et al., [55] findings for the
interaction of some aromatic compounds with metallic surfaces. Moreover, this behaviour is

ED

accompanied with minor extension of C-Cl/Br bond by only 1.0 and 0.89%, correspondingly,

PT

when compared with the equilibrium distances in the gaseous C6H5Cl/Br molecules (i.e.,
1.749 and 1.910 Å). Thus, those low C-Cl/Br bond elongations represent another signature

CC
E

for the weak physisorption process over the Cu surface. Consequently, physisorption of the
two haloaromatic compounds over the surface does not result in their activation. Very weak
adsorption energies were also obtained in the course of the interaction of the 2-chlorophenol

A

molecule over the Cu(100) [40] and Cu(111) surfaces [16].

Chlorobenzene/bromobenzene molecule dissociates hetrolytically in the final stage leading to
adsorption of the halogen atom in a surface hollow side whilst, the adsorbed phenyl ring with
its unsaturated carbon in structures M10(Cl) and M10 (Br) form bridges with two adjacent
15

copper substrate atoms. Therefore, desorption of phenyl rings into the gas phase is unlikely
to occur. The most prevalent scenario is decomposition of the phenyl ring affording smaller
fragments, most notably acetylene. As depicted in Figure7, dissociation of halobenzene
molecules in both reactions are exothermic, that is reflected by the negative values of the
final stage energies in reference to their physisorbed states., -19.2 and -34.2 kcal mol-1 for

IP
T

chlorobenzene and bromobenzene, respectively. Moreover, this exothermic trend for the
final stage is in line with our recent investigations for decomposition of brominated/

SC
R

chlorinated benzene over clusters of α-Fe2O3 [53, 54].

Inspection of TS9 and TS10 as shown in Figure7, indicates that fission of aromatic C-Cl/C-

U

Br bonds proceeds via activation barriers of 22.8 kcal mol-1 for dissociation of chlorobenzene

N

and 20.2 kcal mol-1 for bromobenzen. Lower energy barriers for scission of the C-Br bond in

M

A

comparison to C-Cl concurs with the weaker bond in the former (86.5 versus 97.6 kcal mol-1)
[45]. The strong catalytic effect of Cu(100) surface on the de-halogenation of gas phase of

ED

halobenzene molecules becomes clear when contrasting those modest barrier energies with
the sizable reaction energies required to break the C-Cl/Br bonds in the gas phase, 97.6 and

PT

86.0 kcal mol-1 for C6H5Cl/Br, respectively [45]. Obviously, the Cu(100) surface
significantly decrease the activation barriers and thus considerably lower the operational

CC
E

temperature required to de-halogenate aromatic compounds in general.

A

Binding of the electronegatively charged Cl and Br atoms with the surface Cu atoms
produces charge transfer and redistribution which can be explained effectually using Linus
Pauling electronegativity method. It is predictable that the electron charge transfers occurs
from the less electronegative atom (i.e., Cu atoms, its Pauling electronegativity = 1.90)
toward the more electronegative atom (i.e., Br/Cl, their Pauling electronegativity = 2.96 and
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3.16, respectively). Baderʼs charge analysis for the chemisorption states (M10(Cl) and M10
(Br))

as listed in Table 1, discloses that Cl/Br surface atoms incur a net electronic charge of -

0.34/ -0.40. We compute very similar charge transfer to C/Br atoms upon dissociative
adsorption of the two hydrogen halides over the zincite surface [56]. Coupling of two
adjacent phenyl rings via consequent reaction steps over copper surface leads to the

IP
T

formation of biphenyl molecule via the well-known Ullmann reaction [33, 55]. The kinetics

for Ulmman reaction over copper and other transitional metal surfaces will be investigated in

SC
R

a due course.

U

3.3. Kinetics consideration

N

Finally, based on the results presented so far, it is important to investigate how the interaction

A

kinetic are affected by the thermodynamic parameters. The reaction rate constants of all de-

ED

M

halogenation processes were estimated based on the transition state theory (TST) [57]:

PT

k (T) = A exp (-Ea / RT)

in which Ea signifies the activation energy, R stands for the gas constant (1.987 cal K-1 mole) and T is the temperature in Kelvin [58]. Herein, we used the Phonopy software [59, 60] to

CC
E

1

calculate vibrational frequencies, which enable us to obtain phonon-related thermodynamic
properties (enthalpies and entropies of activation as a function of temperature). The latter

A

two quantities are then utilized to obtain the fitted pre-exponential factor A and energy of
activation Ea.

Panels shown in Figures 8 and 9 characterize the variation in the reaction rate constant over
the temperature region of 300 and 1000 K for all investigated molecules, while Table 2 listed
17

their Arrhenius parameters. As expected, we find that C-Cl cleavage reactions to consistently
incur lower reaction rates in reference to C-Br bond fission. Accordingly, the Cu(100)
surface catalytic de-bromination is predicted to occur at lower temperatures. These
thermodynamic and kinetic preference for the de-bromination process supports the prior
experimental findings of Lin et al., [23, 24] who found that, copper-mediated scission of C-

IP
T

Cl/Br bonds require substantially higher energy requirements if contracted with the

unanalysed gas phase reaction. Our calculated activation energies for the formation

SC
R

(M2(Cl/Br), M4(Cl/Br), M6(Cl/Br), M8(Cl/Br) and M10(Cl/Br)) amount to 14.6/20.4, 10.3/13.1, 34.3/8.6,
28.3/22.2, and 21.6/17.6 kcal mol-1, respectively. These values constitute 8-31% of

U

corresponding C-Cl/Br BDEs in the gas phase. This compares very well with the analogues

N

reduction in energy requirement for surface-assisted versus direct bond fissions in the gas

M

A

phase reported by Lin et al.; (10-19%).

In order to illustrate the high catalytic performance of copper (100) surface toward

ED

dehalogenation of alkyl halides, we have compared the results obtained for some of the alkyl
halides considered in our study with analogous theoretical and experimental values obtained

In order to underpin the catalytic capacity of copper-terminated (100) surface with

CC
E

(i)

PT

over (i) other copper surface terminations, and (ii) over various metal surfaces:

other copper terminations, we have contrasted our obtained activation energies for

A

dissociation reactions in selected halogenated hydrocarbons molecules with
corresponding values ensued over another copper termination surface (i.e.,
Cu(410)) [61]. Figure S1 (in the supplementary materials) shows that fission of
the C-Cl bond in the CH3Cl molecule over copper-terminated (410) requires
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slightly higher activation barrier (10.3 kcal mol-1) in reference to the value
calculated here for the clean Cu(100) surface; i.e., 8.3 kcal mol-1.

(ii)

The Cu(100) surface-mediated fission of halogen-carbon bonds in the CH3Cl or
CH3Br molecules entails a modest barrier of 8.8 and 10.4 kcal mol-1, respectively.

IP
T

In Figure S2, we compared these values with analogous literature reported values
for other metallic systems. Our calculated activation energies are consistently

SC
R

lower than activation barriers for fission of CH3-Cl and CH3-Br bonds over other

metallic surfaces, i.e, 13.3 kcal mol-1 (Ru) [62], 11.2 kcal mol-1 (Pd) [63], and 11.2

U

kcal mol-1 (Ru) [64]. Thus, it is inferred herein that the C-Cl/Br bonds of methyl

N

halides can be easily activated by the Cu(100) surface at a rate that is very

M

A

comparable if not faster than other surfaces.

Next, we move to compare our computed activation barrier for the de-halogenation of the

ED

bromobenzene molecule over Cu(100) with the corresponding value of activation energy
obtained previously over the Au(111) [55]. As illustrated in Figure S3, Au-mediated fission

PT

of the aromatic C-Br bond requires an activation barrier of 23.5 kcal mol-1; slightly higher
than the analogous value over the Cu(111) surface. Thus, copper surfaces display a

CC
E

comparable performance in activation of aromatic C-Br bonds in reference to Nobel metals.

A

4. Conclusions

We performed a systematic theoretical study of the catalytic dehalogenation mechanism of
selected halogenated compounds over Cu (100) surface. Our study sought to identify the
initial stages that dictate the de-halogenation mechanism. We examined the thermo-kinetic

19

parameters underlying the split off halogen atoms from chlorinated/brominated alkyl
chloride/bromide and chloro/bromo-benzene molecule. The analysis of the structural
properties and binding energies in the elementary physisorption stage for each surface-adduct
structure discloses that investigated halogenated compounds interact rather very weakly with
the Cu (100) surface. Activation barriers for C-Cl bond fission are systematically higher than

IP
T

their analogous C-Br values, largely following their respective bond strengths in gas phase

SC
R

molecules. Surface Cl/Br-Cu bonds mimic the corresponding bonds in bulk CuCl2/CuBr2.
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Figure 1. Optimized structures of the selected gaseous molecules. Values represent bond
dissociation energies in kcal mol-1. Values in brackets denote experimental values [45, 46].

A

Large green spheres denote chlorine/bromine atoms.
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Figure 2. Schematic representation for the decomposition of (a) 2Chloropropane/Bromopropane molecules and (b) Chloromethane/Bromomethane over the Cu
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E

(100) surface. Only the first two layers are shown in side views. Large green spheres
correspond to chloride/bromide atoms and brown, gray, and white spheres to Cu, H and C
atoms, respectively. This color code applies in Figures 3 and 6. Values are C-Cl/Br distances

A

in Å.

27

IP
T
SC
R
U
N
A
M
ED

Figure 3. Schematic representation of the decomposition of (a) Chloroethyne/Bromoethyne
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molecules and (b) Chloropropene/Bromopropene over Cu (100) surface.
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Figure 4. Potential energy surface for the C-Cl bond fissions in 2-Chloropropane (Green),
Chloromethane (Red), Chloroethyne (Blue), and Chloropropene (Orange) molecules over the

A

Cu(100) surface. Values are in kcal mol-1 with respect to the initially separated reactants.

29

IP
T
SC
R
U
N
A
M

ED

Figure 5. Potential energy surface for the C-Br bond fissions in 2-Bromopropane (Green),
Bromomethane (Red), Bromoethyne (Blue), and Bromopropene (Orange) over the Cu(100)

A

CC
E
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surface. Values are in kcal mol-1 with respect to the initially separated reactants.
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Figure 6. Schematic representation for the dissociative decomposition of Chorobenzene
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ED

/Bromobenzene molecules over Cu (100) surface. Values are C-Cl/Br distances in Å.
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Figure 7. Relative energy for reaction of Chlorobenzene (Blue) and Bromobenzene (Red)
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ED

M

over the Cu(100) surface. Values are in kcal mol-1 with respect to the initial reactant.
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Figure 8: Arrhenius plots for C-Cl bond ruptures over the Cu(100) surface.
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Figure 9: Arrhenius plots for C-Br bond ruptures over the Cu(100) surface
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Table1. Electronic and structural properties for molecular and dissociative adsorption
structures
Elongation Charge transfer from the
Adsorption energy
of Cl/Br-C surface to adsorbed Cl/Br
(kcal mol-1)
bonds (%) molecules (e)(Chemisorption)

2-Chloropropane

1.25

-0.27

-2.1

Chloromethane

0.60

-0.29

-1.1

Chloroethyne

7.05

-0.44

-1.0

Chloropropene

0.60

-0.36

Chlorobenzene

1.00

-0.34

2-Bromopropane

1.19

-0.20

Bromomethane

1.68

-0.33

Bromoethyne

11.84

-1.46

Bromopropene

0.89

SC
R
-0.1

PT

ED

M

A

N

U

0.5

1.78

-1.8
-2.0
-2.6

-0.49

0.8

-0.40

0.4

A

CC
E

Bromobenzene

IP
T

Species
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Reaction

A (s-1)

Ea (kcal mol-1)

2-Chloropropane

M1(Cl) → M2(Cl)

3.70×1011

14.6

Chloromethane

M3(Cl) → M4(Cl)

7.48×1011

10.3

Chloroethyne

M5(Cl) → M6(Cl)

1.55×1011

34.3

IP
T

Species

M7(Cl) → M8(Cl)

3.70 ×1011

Chlorobenzene

M9(Cl) → M10(Cl)

1.85×1011

21.6

2-Bromopropane

M1(Br) → M2(Br)

6.43 ×1011

20.4

Bromomethane

M3 (Br) → M4 (Br)

Bromoethyne

M5(Br) → M6(Br)

Bromopropene
Bromobenzene

U

SC
R

Chloropropene

N

4.21 ×1011

28.3

13.1
8.6

M7(Br) → M8(Br)

5.25×1010

22.2

M9(Br) → M10(Br)

6.46×109

17.6

PT

ED

M

A

3.58×1011

A

CC
E

Table2: Kinetic parameters fitted in the temperature range of 300-1000K.
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