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摘要： 采用密度泛函理论和周期性平板模型对氯乙烯在预吸附氧原子的 Ag(100) 面上选择性环氧化反应进行了模拟计算.  结果

表明, 该反应首先由反应物生成中间体, 再由中间体生成产物.  由于氯乙烯是一种不对称的分子, 所以该反应存在两种可能的途

径.  比较反应活化能可以发现, 在一个反应通道中环氧氯乙烷要比氯乙醛的生成更容易;  而在另一反应通道中, 氯乙醛要易于环

氧氯乙烷和乙酰氯的生成.  同时还研究了中间体中碳原子和银原子的投影态密度 (PDOS), 以期更深入地了解两种不同反应途

径活化能差异的原因.     
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Abstract: Vinyl chloride selectivity during epoxidation on an atomic oxygen pre-adsorbed Ag(100) surface using density functional theory 
(DFT) with the periodic slab model was investigated. The reaction mechanism is a two-step process where chloroethylene oxametallacycle 
intermediate (OMMC) is first formed and then converted to the products. Because of the asymmetry of vinyl chloride, two competitive reac-
tion pathways are evident. The reaction energies and the activation energies of the processes were determined by the DFT calculations. 
Compared with the reaction activity energy, in one pathway the formation of chloroethylene epoxide (CE) is more favorable than the forma-
tion of chloroacetaldehyde (CA) whereas in the other pathway, the formation of CA is more favorable than the formation of CE and acetyl 
chloride. To further understand the reason for the selectivity difference in these different paths the projected density of states of the C atom 
and the Ag atom involved in the OMMC was calculated. 
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The epoxidation of alkenes is a technologically relevant 

reaction because epoxides are versatile intermediates during 
chemical synthesis. Ethylene oxide (EO) is especially 
known to be largely converted into ethylene glycol as well 
as many other derivatives and has long been one of the 
highest volume chemicals produced by the chemical indus-
try. It accounts for approximately 40%–50% of the total 
value of organic chemicals produced by heterogeneous oxi-

dation [1–3]. As a major petrochemical process, ethylene 
epoxidation by selective oxidation has attracted much atten-
tion. Much research has been directed toward establishing 
the reaction mechanism of ethylene epoxidation. For epoxi-
dation reactions occurring on Ag(111) surfaces, and even 
for partially oxidized silver surfaces, the molecular mecha-
nism is known in detail [4–6] and is generally: C2H4 + O→

oxametallacycle (OMME)→C2H4O/CH3CHO. In another 
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words, this mechanism involves the reaction of ethylene 
with adsorbed oxygen through a partial oxidation route to 
form either EO or acetaldehyde from an OMME intermedi-
ate [2]. Transient surface experiments such as tempera-
ture-programmed reactions (TPR) and pulse experiments 
combined with different surface characterization tools 
(X-ray photoelectron spectroscopy (XPS), ultraviolet pho-
toelectron spectroscopy (UPS), atomic emission spectrome-
try (AES), etc.) have been used to advance our understand-
ing of ethylene epoxidation. These experiments indicate that 
the atomic oxygen on silver is more active than molecular 
oxygen [7–11]. As mentioned above, it is generally recog-
nized that Ag is an efficient catalyst for these reactions 
based on experimental results as well as recent theoretical 
calculations. 

Although numerous studies exist in the literature regard-
ing the transformation of ethylene to EO on silver 
[4,5,8,11,12], the detailed selective oxidation mechanism 
for asymmetric molecules is inadequate [3,13]. In this arti-
cle, we pay attention to the partial oxidation of vinyl chlo-
ride (VC) on the surface of Ag(100). Ag(100) is considered 
to be a perfect substrate and it has a face-centered cubic 
structure, low ligancy, and high symmetry. We used VC in 
this work because it is chemically analogous in reactivity to 
ethylene and the chemical effects after hydrogen substitu-
tion by chlorine may be analyzed. We thus present a peri-
odic density functional study of the epoxidation mechanism 
of VC on an oxygen pre-adsorbed metal surface of Ag(100). 

1  Calculation methods and models 

A mechanism for VC epoxidation has been previously 
investigated by first-principles calculations based on density 
functional theory (DFT) applied to slab models representing 
the Ag(100) surface pre-adsorbed with O atoms. Slab mod-
els have also been used for adsorption calculations [14]. All 
the calculations were carried out using the Vienna ab initio 

simulation package (VASP) code [15–17]. To model the 
metal surfaces, a periodic array model containing four 
atomic layers with a full relaxation of the first two layers 
was used and the slabs were separated by a ~1.5 nm vacuum 
region. A p(2×2)-unit cell was chosen, which means a 
monolayer of adsorbates was present with a 1/4 monolayer 
(ML) coverage. In our calculations, a Monkhorst-Pack mesh 
of a 3×3×1 special k-point was used for integration into the 
surface Brillouin zone. The project-augment wave (PAW) 
method was used to describe the inner cores, and the elec-
tronic wave functions of the valence electrons were ex-
panded on a plane wave basis with a kinetic energy cutoff of 
400 eV [15]. The exchange-correlation functional used to 
obtain the energy was the Perdew-Wang (PW91) imple-
mentation of the generalized gradient approach [18,19]. The 
climbing-nudged elastic band method (cNEB) [20,21] was 
used to locate the transition state (TS). A frequency analysis 
was performed to confirm the TS. In this work, the activa-
tion energy (Ea) was calculated according to Ea = ETS/M − 
Ereactant/M, where ETS/M is the calculated total energy without 
the entropy of the TS, and Ereactant/M is the calculated total 
energies without the entropy of the reactant before the cor-
responding TS. For reactions like AB = A + B, the heats of 
reaction (or total energy change) ∆E are calculated by ∆E = 
E(A+B)/M − EAB/M (where E(A+B)/M is the total energy for the 
A+B+M co-adsorption system). 

2  Results and discussion 

First, the VC molecule and the oxygen atom were opti-
mized over the Ag(100) substrate. The optimized results are 
shown in Fig. 1. From Fig. 1, after optimization the VC 
molecule is on the bridge site and the O atom is on the 4h 
site. The other species of interest in this process were also 
optimized and are shown in Fig. 1. The reaction mechanism 
is: C2H3Cl + O → OMMC → C2H3ClO/CH3CClO/ 
CH2ClCHO, which is illustrated in Fig. 2 and is analogous 

Top view

Side view

Reactant OMMC(1) OMMC(2) CE CA AC

Ag

H
C
O
Cl

Fig. 1.  Top and side view of the structures of reactants (VC and oxygen atom) during epoxidation for products (CE, CA, AC) on Ag (100). CE:
chloroethylene epoxide; CA: chloroacetaldehyde; AC: acetyl chloride. 
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with the mechanism proposed previously [3–5]. Because 
VC is asymmetric, the OMMCs are labeled OMMC(1) and 
OMMC(2) while the Cl atom is in a different position, as 
shown in Fig. 1. In the OMMCs, the carbon in the VC con-
nected to O is designated C1 and the neighboring carbon is 
C2. The related bond distances are listed in Table 1. After 
optimization, all the OMMC structures are of the 
closed-ring type, which is in accordance with the 
closed-ring OMME structures proposed in a previous study 
on ethylene epoxidation on Cu(111) [22]. 

Because of the two different OMMC structures there are 
two possible reaction pathways. The products are deter-
mined by the different reaction pathways, as shown in Fig. 
2. For reaction pathway I, CE and CA are formed and the 
products are CE, CA, and AC in reaction pathway II. 

After the initial states (IS) and final states (FS) of the re-

action were optimized, saddle points were found in the 
minimum energy path using the cNEB method for each 
elementary step in the reaction mechanism. The likely TS 
structures produced by the cNEB method were further re-
fined. The existence of a single normal mode associated 
with a pure imaginary frequency is a criterion for TS identi-
fication. All the TS structures were characterized by vibra-
tion frequency analysis. The results of the vibration fre-
quency analysis are given in Table 2 together with the re-
sults of activity energy and reaction energy change. 

2.1  OMMC formation 

The two pathways are illustrated in Fig. 2. After the ad-
sorption of VC and O atoms on the Ag(100) surface the TS 
structures were calculated using the minimum energy path-
way that connected the IS and FS. The two processes are 
highly analogous. In this step, the O atom gradually moves 
to C1 and finally bonds with C1 and a Ag metal atom while 
the C2 atom bonds with the Ag atom and the OMMC struc-
tures are formed. The optimized bond lengths of the TS 
structures during OMMC formation are summarized in Ta-
ble 3. The bond length of C1–O during the formation of the 
TS of OMMC(1) is 0.19 nm, and in the TS of OMMC(2) is 
0.21 nm, respectively. We propose that the electronegativity 
of the chlorine atom may result in this phenomenon. The 

Table 2  Reaction energy data from the DFT calculations of the two 
pathways for the reaction on the Ag(100) surface  

Pathway Reaction Ea/eV ΔEa/eV Imaginary frequency (cm−1)
I to OMMC(1) 0.96  0.09 387.74 

to CA 1.28 −0.96 670.98 
 

to CE 1.02 −0.18 189.15 
II to OMMC(2) 0.94 −0.09 357.84 

to AC 1.00 −1.58 787.89 
 

to CE 0.86  0.01 340.38 
 to CA 0.59 −0.80 210.95 

aTotal energy change. 
 

Table 1  Bond distance (d) of the possible species (reactant, intermediate, and products) on the Ag(100) surface 

Pathway Species d(O–M)/nm d(C1–M)/nm d(C2–M)/nm d(C1–C2)/nm d(C1–O)/nm d(C2–O)/nm 
I VC — 0.32 0.35 0.13 — — 

oxygen 0.22 — — — — — 
OMMC(1) 0.21 0.29 0.22 0.15 0.14 0.24 

CA 0.34 0.34 0.36 0.15 0.12 0.24 
 

CE 0.30 0.39 0.40 0.15 0.15 0.14 
II VC — 0.32 0.32 0.13 — — 

oxygen 0.22 — — — — — 
OMMC(2) 0.21 0.30 0.22 0.15 0.13 0.24 

AC 0.32 0.34 0.34 0.15 0.12 0.24 
 

CE 0.27 0.38 0.37 0.15 0.14 0.14 
 CA 0.29 0.31 0.34 0.15 0.12 0.24 

Pathway  I

Reactant to OMMC(1)

OMMC(1) to CE

OMMC(1) to CA

Pathway II

Reactant to OMMC(2)

OMMC(2) to CE

OMMC(2) to CA

OMMC(2) to AC

Fig. 2.  Competitive reaction for the VC oxidation reaction on 
Ag(100). 
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interaction between the O and C1 atoms can be weakened 
when the chlorine atom bonds with C1. The active energies 
of this reaction step are 0.96 and 0.94 eV for the two proc-
esses (in Table 2). 

2.2  CA, AC, and CE formation 

CA can be produced via OMMC(1) and OMMC(2). A H 
shift process exists from OMMC(1) to CA. The H atom 
gradually moves to the C2 atom and H–C1 ruptures while the 
bond between C2–Ag and O–Ag breaks down, a C2–H bond 
forms and, therefore, CA is formed. The activity energy of 
this step is 1.28 eV and the exothermicity is 0.96 eV. In the 
pathway that yields CA via OMMC(2), Cl–C1 is cleavaged 
and a Cl–C2 bond forms. The O–Ag and C2–M bonds break 
down simultaneously and then CA is produced. The activity 
energy of this step is 0.59 eV and the exothermicity is 0.80 
eV. 

AC can only be obtained in pathway II. The process of 
AC formation is just like CA formation in pathway I and it 
also has a H shift step. The activity energy of the TS struc-
tures for AC formation is 1.00 eV and the exothermicity is 
1.58 eV. 

The cyclization process during the formation of CE can 
progress via two OMMCs and the reaction steps are almost 
the same in the two pathways. This process includes break-
ing of the O–Ag and C2–Ag bonds and the formation of a 
O–C2 bond. From OMMC to CE, the C2–Ag and O–Ag 
bonds break down and, simultaneously, the O atom gradu-
ally moves to the C2 atom while the C2–O bond forms and 
then CE forms. During the CE formation reaction the activ-
ity energy is 1.02 and 0.86 eV, and the exothermicity is 0.18 
eV in pathway I. The endothermicity is 0.01 eV in pathway 
II. 

2.3  Overview and comparison of the energy in  
different pathways 

The reaction mechanism of this reaction is very different 
to the reaction of ethylene selection oxidation on a silver 
surface. For the epoxidation of ethylene, one pathway exists 

for the formation of EO and acetaldehyde [4–6]. However, 
in this reaction two competitive reaction pathways exist 
because of the asymmetry of the VC molecule. The process 
of VC epoxidation on Ag(100) surfaces occurs in two steps: 
(i) the VC and oxygen atom move together to produce the 
OMMCs; (ii) the OMMCs are catalyzed to form products 
via TSs. 

Clearly, the activation barriers that characterize the com-
peting reaction pathways on Ag play an important role in 
determining reaction selectivity and selectivity differences. 
The activation barriers on silver are 1.02 and 1.28 eV for 
CE and CA formation in pathway I and 0.86, 0.59, and 1.00 
eV for CE, CA, and AC formation in pathway II, respec-
tively. These barriers are higher than those in ethylene ep-
oxidation: 0.80 and 0.73 eV [23]. Obviously, the formation 
of CE is less activated than CA formation in pathway I 
whereas in pathway II the formation of CA is less activated 
than the others. The difference in activation energy in the 
two pathways suggests that CE formation is more favorable 
in pathway I, however, in pathway II, CA formation is eas-
ier than that of AC and CE. 

To further explore the possible reason for the 
above-mentioned difference the projected density of states 
(PDOS) of the C2 atom involved in the OMMC was calcu-
lated. The carbon atom p band was compared with the metal 
d band for the OMMC (Fig. 3). The strength of the interac-
tion between Ag and OMMC can be compared by the dis-
tance between the p band center of the C atom and the d 
band center of the Ag atom. The band center is calculated 
by the formula [24]: 
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where ρ represents the density of states projected onto the 
atom band and Ef is the Fermi energy. Figure 3 shows the 
density of states plot of the two OMMC systems. The dis-
tances between the p-band center and d-band center in the 
two routes are 0.50 and 0.72, respectively. This illustrates 
why the activation barriers of the formation of CE and CA 
in pathway I are higher than the activation barriers of for-
mation of CE, CA, and AC in pathway II. 

Table 3  Bond distance of calculated TS structures for the possible elemental steps involved in the VC epoxidation on Ag in the calculated pathways 

Pathway TS d(O–M)/nm d(C1–M)/nm d(C1–C2)/nm d(C1–O)/nm d(C2–O)/nm 
I to OMMC(1) 0.22 0.31 0.14 0.19 0.27 

to CA 0.30 0.33 0.15 0.13 0.25 
 

to CE 0.21 0.32 0.15 0.14 0.24 
II to OMMC(2) 0.21 0.30 0.14 0.21 0.28 

to AC 0.26 0.32 0.15 0.13 0.25 
 

to CE 0.23 0.35 0.15 0.14 0.20 
 to CA 0.23 0.25 0.14 0.13 0.24 
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3  Conclusions 

We undertook a DFT study to determine the possible vi-
nyl chloride epoxidation process on an atomic oxygen 
pre-adsorbed Ag(100) surface. The reaction mechanism is a 
two-step process where OMMC forms and then the products 
form. By comparison with the reaction activity energy, in 
pathway I the formation of CE is more favorable than the 
formation of CA. In pathway II the route from OMMC(2) to 
CA is easier than the formation of CE and AC. Relative to 
Ag(111) [23], Ag(100) is different because of an inversion 
of the activation energy barrier for cyclization to CE versus 

a H-shift to CA in pathway I. 
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energy bands. 


