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A Density Functional Theory Investigation on the
Mechanism and Kinetics of Dimethyl Carbonate Formation

on Cu,O Catalyst

Riguang Zhang,™ Luzhi Song,” Baojun Wang,*™ and Zhong Li

A theoretical analysis about the mechanism and kinetics of
dimethyl carbonate (DMC) formation via oxidative
carbonylation of methanol on Cu,O catalyst is explored using
periodic density functional calculations, both in gas phase and
in solvent. The effect of solvent is taken into account using
the conductor-like screening model. The calculated results
show that CO insertion to methoxide species to produce
monomethyl carbonate species is the rate-determining step,
the corresponding activation barrier is 161.9 kJ mol~". Then,
monomethyl carbonate species reacts with additional
methoxide to form DMC with an activation barrier of 98.8 kJ
mol~', above reaction pathway mainly contributes to the
formation of DMC. CO insertion to dimethoxide species to
form DMC is also considered and analyzed, the corresponding
activation barrier is 3085 kJ mol~', suggesting that CO
insertion to dimethoxide species is not competitive in

Introduction

Many researchers have been drawing attention to dimethyl
carbonate (DMC) due to its use in replacing environmentally
unfriendly compounds.'?! The oxidative carbonylation of
methanol has been pursued over a variety of copper catalysts
as an ‘environment friendly,” nonphosgene production path-
way to DMCEB'™ in which two methods including gas
phase!"'® and liquid-phase method!"”~'®! are involved.

It is well known that Cu™ ions have been postulated to be
the active species for DMC formation by the oxidative carbon-
ylation of methanol.®'® So CuCl has been widely used as the
active component,®'”'8 byt there are several problems such
as the equipment corrosion and the catalyst deactivation due
to CI™ loss. To avoid these problems, several authors have
examined the potential of copper-exchanged zeolites as cata-
lysts,’®'>"'¥ and researches by King™ have shown that Cu—Y
zeolite exhibited good activity and selectivity for DMC forma-
tion with little catalyst deactivation. Moreover, King et al.”’
have discovered that chloride was not necessary for copper to
catalyze the oxidative carbonylation of methanol. Thus, Cu,0O
has been chosen as a chlorine-free and ideal model system to
investigate the catalytic mechanism for the oxidative carbony-
lation of methanol to DMC. For example, Wang et al.?”
reported a new type of supported oxide catalyst CuO—La,05/
activate carbon (AC), which contained CuO and Cu,O simulta-
neously providing Cu" and Cu'. King™®" prepared the chlorine-
free Cu,0/LZ-20M catalyst by heating a mixture of Cu,O with
HY zeolite at 650°C, which showed a high catalytic activity.
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dynamics in comparison with CO insertion to methoxide
species. The solvent effects on CO insertion to methoxide
species involving the activation barriers suggest that the rate-
determining step can be significantly affected by the solvent,
70.2 kJ mol™" in methanol and 63.9 kJ mol™' in water, which
means that solvent effect can reduce the activation barrier of
CO insertion to methoxide species and make the reaction of
CO insertion to methoxide in solvents much easier than that
in gas phase. Above calculated results can provide good
theoretical guidance for the mechanism and kinetics of DMC
formation and suggest that solvent effect can well improve
the performance of DMC formation on Cu,O catalyst in a
liquid-phase slurry. © 2012 Wiley Periodicals, Inc.

DOI: 10.1002/jcc.22939

Recently, our group'®? have prepared the chlorine-free catalyst
Cu,0/AC by dipping Cu(CH3COO0), onto AC surface, the Cu,0O/
AC catalyst performs a good catalytic activity for the oxidative
carbonylation of methanol, in which Cu,0 has been postulated
to be the catalytic active species. Further, the treatment of AC
with ammonia is in favor of Cu,O dispersion and can well
improve the catalytic activity and selecivity.?*!

A large number of experimental studies about the mechanism
and kinetics of DMC formation over CuCl catalyst™ or Cu-
exchanged zeolites have been reported.6812131621.241 | these
studies, two different pathways for DMC formation are pro-
posed, one is the pathway involving CHsOH dehydration to
form the dimethoxide species (CH30),; subsequently, CO inser-
tion to (CH30), to produce DMC. The other is the pathway
involving CO insertion to methoxide species to form CH;0CO;
once formed, CH30CO reacts rapidly with another CH;O to form
DMC. CO insertion to methoxide species or dimethoxide species
is proposed to be the rate-determining step. However, the
(CH30), cannot be discerned experimentally because the vibra-
tional spectra of CH30 group in(CH30), and in CH3O are virtually
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the same. So the experiments cannot obtain the detailed reac-
tion mechanism, which mainly contributes to DMC formation in
these two reaction pathways proposed. In addition, in a liquid-
phase slurry, a detailed understanding about solvent effect on
the mechanism and kinetics of DMC formation under the reac-
tion environment of liquid-phase slurry is seldom considered.
However, many researches have shown that the chemical char-
acteristic and reaction barrier in liquid-phase environment are
different from those in gas phase, namely, the reaction environ-
ments might change the chemical characteristic and reaction
barrier, in which the solvent environment plays an important
role.>>=3¢ Therefore, it is of great significance to study the
detailed mechanism and kinetics of DMC formation both in gas
phase and in liquid-phase environment.

Nowadays, experimental information is not always sufficient
and accompanying theoretical calculations can be helpful to
clarify some questions. Computational chemistry methodolo-
gies have been used as a powerful tool to study the mecha-
nism and kinetics of several chemical reactions.*”? By means
of theoretical calculation, it may be possible to better under-
stand the mechanism and the kinetics of DMC formation. Up
to now, to our knowledge, few theoretical studies for the
mechanism and kinetics of DMC formation are reported. Only
Bell and coworker™® reported the mechanism of DMC forma-
tion via oxidative carbonylation of methanol in gas phase on
Cu—Y zeolite using density functional theory (DFT) method, in
which single atom Cu" cation was located to represent the
catalytically active site. However, single atom cluster cannot
model and reflect a specific crystal plane.*

Cu,0(111) has been proved to be the main surface of Cu,O
by X-ray diffraction characterization (XRD).***" Therefore, in
this study, we carry out a detailed investigation about the
mechanism and kinetics of DMC formation on Cu,O(111) sur-
face both in gas phase and in liquid-phase environment using
periodic density functional calculations, which can well avoid
the well-known boundary effects associated with cluster
model calculations. The following two questions by means of
first-principle calculation wish to be solved at the microscopic
level: (@) in the reported two pathways of DMC formation,
which is the main pathway contributing to DMC formation?
(b) What role does the solvent environment of the liquid-
phase slurry play in the mechanism and kinetics of DMC for-
mation? Our results are expected to understand the detailed
mechanism and kinetics of DMC formation on Cu,0 catalyst as
well as the solvent effect on the reaction kinetics. In addition,
although the chemical environment of Cu™ ions in Cu,O dif-
fers from that of Cu" ions in copper-exchanged zeolites, we
expect that the calculated results about the mechanism and
kinetics of DMC formation over Cu,O catalyst may contribute
to understanding that in other chlorine-free catalyst.

Computational Model and Method
Surface model
Cu,0(111) surface is modeled by using the supercell approach,

where periodic boundary condition is applied to the central
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supercell so that it is reproduced periodically throughout
space. The ideal and perfect Cu,O(111) surface is nonpolar
including four chemically different types of surface atoms,
which are denoted as Cucys, Cucsa, Osyr and Ogyg shown in
Figure 1. Cucys is the surface copper that is coordinatively un-
saturated, that is, singly coordinated Cu" cation. Cucsa is the
coordinatively saturated copper atom, that is, doubly coordi-
nated Cu®. Ogyr is the outer-most surface oxygen, that is,
threefold-coordinated oxygen anions. Osyg is the subsurface
oxygen, that is, fourfold-coordinated oxygen anion. A [2 x 2]
supercell with six atomic layers is used as substrate, as shown
in Figure 1. In the computation, the substrate is kept fixed to
the bulk coordinates; the reason of keeping substrate frozen
has been explained in our previous paper.*? The adsorbates
are allowed to relax in all of the geometry optimization calcu-
lations, the vacuum space of 1.0 nm is inserted in the direction
perpendicular to the surface, at such a distance there is little
interaction between the neighboring layers.

Computational method

DFT has been used to perform for all calculations using the
generalized gradient approximation (GGA) with the Becke-
Lee-Yang-Parr exchange-correlation functional. In the compu-
tation, the inner electrons of copper atoms are kept frozen
and replaced by an effective core potential, other atoms are
treated with an all electron basis set. The double-numeric ba-
sis with polarization functions is used for all atoms in the
adsorbed and substrate systems. The k-point sampling scheme
of Monkhorst-Pack grid of 4 x 4 x 1 and Methfessel-Paxton
smearing of 0.005 Hartree are used. All calculations are carried
out with the Dmol® program package in Materials Studio
4413441 o0 HP Proliant DL 380 G5 server system.

In this work, the liquid-phase environment is described by
solvent effect using the conductor-like screening model
(COSMO) implemented into Dmol®>.#>4®) COSMO is a contin-
uum solvation model where the solute molecule forms a cavity
within the dielectric continuum of permittivity, ¢ that repre-
sents the solvent.*”*® The charge distribution of solute polar-
izes the dielectric medium. The response of dielectric medium
is described by the generation of screening (or polarization)
charges on the cavity surface. COSMO does not require the so-
lution of the rather complicated boundary conditions for a
dielectric to obtain screening charges but instead calculates
the screening charges by using a much simpler boundary con-
dition for a conductor. These charges are then scaled by a fac-
tor fle) = (¢ — 1)/(¢ + 0.5), to obtain a rather good approxima-
tion for the screening charges in a dielectric medium. In this
study, based on the reaction environments for DMC formation
by the oxidative carbonylation of methanol in a liquid-phase
slurry, values of solvent dielectric constants ¢ = 32.63 for
methanol and ¢ = 78.54 for water are considered. COSMO has
not been used in gas phase (¢ = 1).

The adsorption energies E.qs of adsorbate-substrate system
are defined as follows: E.gs = Esup + Emol — Emolsub- Here
Emolssub is the total energy of adsorbate-substrate system in
the equilibrium state; Eg,, and E, are the total energy of
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Figure 1. The slab model of Cu,O(111)—2 x 2. Orange balls represent Cu
atoms, and red balls represent O atoms.

fixed substrate and free adsorbate alone, respectively. With
this definition, positive value of adsorption energy denotes
that adsorption is more stable than the corresponding sub-
strate and free adsorbate.

Results and Discussion
The test of calculation method and model

Calculations of CO Molecule and Bulk Cu,O The obtained val-
ues verify the credibility of the selected calculation method:
first, the bond length, bond dissociation energy, and stretching
frequency of molecular CO calculated from our approach are
r(C—0) = 0.1143 nm, Egpg = 1091.24 kJ mol™ 1, and vc— =
2128 cm ™', respectively, which are in good agreement with
the experimental values of 0.1128 nm,*¥ 1076.38 + 0.67 kJ
mol~",P? and vc_o = 2138 cm™"®Y respectively, as well as
with other similar GGA results.?”! Then, the next test is to pre-
dict the lattice constant of bulk Cu,O. The calculated value for
the lattice constant is 0.4430 nm, which is in agreement with
the experimental value of 0.4270 nm.P?* Such results
obtained in these tests make us confident in the research
about the mechanism and kinetics of DMC formation on
Cu,0(111) surface.

The Size Effect of Unit Cell on Calculation To investigate the
necessary size for supercell, we first compare the adsorption
energies and optimized geometries of CO with C-down and
CHs0 with O-down adsorbed at Cucys site for different super-
cells. Then, the larger adsorbed systems, such as DMC and
CH3;0CO as well as the coadsorption system of CHsO/OH,
CH30/CO, CH30CO/CH30, (CH30)(OH)/CH30H, (CH30),/CO, and
DMC/H,0 adsorbed on Cu,O(111)—[2 x 2] and [2 x 3] sur-
face, have been investigated to further examine the necessary
size for supercell. Afterward, the size effects of unit cell on
reaction energies and activation barriers, which involves in the
reaction of CO insertion to methoxide species and methoxide
reaction with carbomethoxide to form DMC on Cu,O(111)—[2
x 2] and [2 x 3] surface, have also been investigated. These
discussions about the size effect of unit cell on calculation
have also been provided in Supporting Information.
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Our calculated results suggest that whether we use [2 x 2]
or [2 x 3] supercell, the same results can be obtained. Hence,
taking calculation efficiency into consideration, a [2 x 2]
supercell is large enough for our researchful system and is
used in this study.

Structures and energetics of adsorbed intermediates

To investigate the mechanism and kinetics of DMC formation
on Cu,0(111), we first need to know the individual bonding
natures of different species adsorbed, for example, CHsOH, O,
OH, CHs;0, CO, CHs0CO, and DMC species adsorbed on
Cu,0O(111) surface. Four different adsorption sites on
Cu,0O(111) surface are considered.

CH30H, O, OH, and CH;0 Adsorbed on Cu,O(111) Surface For
the adsorption of CHsOH, O, OH, and CHsO adsorbed on
Cu,0(111) surface, they have been reported in our previous
studies,*? in which the Cucys, Cucsa, Cucus, and Cucys sites
are shown to be the most energetically favorable for CHsOH,
O, OH, and CH30, respectively, and the corresponding adsorp-
tion energies are 89.3, 337.5, 297.9, and 224.9 kJ mol ',
respectively.

In this study, we further calculated the vibrational frequen-
cies of CH;OH and CH3O adsorbed on Cu,O(111) surface, as
the experimental results are available for comparison with our
calculated results. The calculated frequencies show that bands
for CH;OH are seen at 3046 and 2965 cm™' due to the anti-
symmetric and symmetric C—H stretching vibrations of molec-
ularly adsorbed CH;OH, at 1470 cm ™' for the deformation of
methyl group and at 1330 cm ' for the deformation of OH
group. Bands for CH;O are seen at 2945 and 2879 cm ' due
to the antisymmetric and symmetric C—H stretching vibrations
of adsorbed methoxide as well as that at 1455 cm ' for the
deformation of methyl group. Above calculated frequencies

M1 M2

M3 M4
Figure 2. Different adsorption configurations of CO on Cu,0O(111) surface.
Grey black balls represent C atoms, and others are the same as in Figure 1.
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accord with Bell et al's experimental spectrum bands in the
oxidative carbonylation of methanol to form DMC on Cu—Y
zeolite.*¥

CO/Cuy0(111) In this study, CO molecule is allowed to
approach the Cu,0(111) surface along two adsorption modes
over four distinct sites, one is an end-on mode involving CO
perpendicular to the surface (M1), the other is a side-on mode
involving CO parallel to the surface (M2-M4). The geometries
used in the calculations are presented in Figure 2.

For the end-on mode of CO adsorption, the calculated
results of geometry optimization show that the adsorption
energies of C-down configuration are much stronger than
those of O-down configuration. CO adsorbed with C-down
over Cucys site is the most stable configuration, the corre-
sponding adsorption energy is 131.1 kJ mol ™', and the corre-
sponding charge transferred from CO to surface is 0.386 e. In
the optimized structure, the C—O and Cu—C bond lengths are
0.1149 and 0.1835 nm, respectively. The angle of O—C—Cucys
is 179.9°. The C—O stretching vibrational frequency of CO
adsorbed is significantly red-shifted from 2128 cm ™' of free
CO molecule to 2073 cm™'. For the side-on mode of M2 and
M3, when the calculations of geometry optimization are per-
formed to obtain the most stable adsorption configuration,
the initial configurations of the side-on M2 and M3 modes are
optimized to M1 mode with C-down toward the surface. How-
ever, the initial configuration of M4 mode is optimized to M1
mode with O-down toward the surface, the corresponding
adsorption energy is 15.1 kJ mol™', which is typical of a weak
physisorption. Above results show that the end-on mode of
CO adsorption with C-down over Cucys site is the most stable
configuration, which is in agreement with the reported stud-
ies.[54_56]

CH30C0O/Cu,0(111) For the adsorption of CHs;OCO radical on
Cu,0O(111) surface, the adsorption models of C-down toward
the surface over four different adsorption sites are calculated.
These results show that the Cucys-bound CH5OCO interacting
with the surface through the C atom of carbonyl group is the
most advantageous adsorption model, the corresponding
adsorption energy is 204.4 kJ mol~', and the corresponding
charge transferred from CO to surface is 0.014 e. Previous work
by Drake et al."? on Cu—Y zeolite via in situ infrared and X-ray
absorption near edge structure (XANES) has shown that car-
bonyl groups are associated with Cu cations of the zeolite,
which is in agreement with earlier reports of Root and Ander-
son for Cu—X.®! In the optimized structure, see Figure 3a, the
lengths of O—CH3;, C=0, =C—0, and Cu—C bond are 0.1470,
0.1221, 0.1391, and 0.1934 nm, respectively. The angles of
O—C—0 and C—0—C are 121.1° and 115.8°, respectively. The
calculated bands at 1633 and 1471 cm ™' are attributable to the
C=0 stretching and C—H bending modes of CH;0CO species
associated with Cucys, which are in very good agreement with
King's experimental spectrum bands at 1630 and 1470 cm '
due to the C=0 stretching and C—H bending modes.

DMC/Cu,0(111) Similarly, for the adsorption of DMC on
Cu,0(111) surface, the adsorption models of O-down toward
the surface over four different adsorption sites are also calcu-
lated. In all optimized configurations, DMC is found to have a
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tendency to leave the surface; the adsorption energies are
almost near, the configuration in Figure 3b has relatively large
adsorption energy of 33.6 kJ mol~', and the charge transferred
from DMC to surface is only 0.022 e, which is indicative of a
physisorption. In the optimized structure, C=0 bond length of
DMC is 0.1218 nm, and CO—CHs bond lengths are 0.1480 and
0.1471 nm, respectively, as well as two O—CO bond lengths
are 0.1374 and 0.1353 nm, respectively.

According to above adsorption energies, the preferential
adsorption site for each species involved in the formation
mechanism of DMC is obtained, it is evidently found that radi-
cal intermediates have a much stronger interaction with the
surface than molecules.

Reaction mechanism

After getting the perfected adsorption site for each species
involved in DMC formation via oxidative carbonylation of
methanol on Cu,O catalyst, we explore the detailed reaction
mechanism by activation barrier calculation in the following
section. To determine accurate activation barriers, the transi-
tion states for reactions are searched by means of complete
linear synchronous transit (LST)/quadratic synchronous transit
(QST),P” starting from reactants and products, the LST
method performs a single interpolation to a maximum energy,
and the QST method alternates searches for an energy maxi-
mum with constrained minimization to refine the transition
state to a high degree. This method has been applied to study
the adsorption and dissociation of H, and CH3;OH on
Cu,0(111) surface in our previous studies.”**°® In addition, fre-
quency analysis has been used to validate the optimized tran-
sition state structures, and TS confirmation is performed on ev-
ery transition state structure to confirm that they lead to the
desired reactants and products.

The reaction mechanism for DMC formation is illustrated in
Scheme 1. The individual reaction steps shown have been sug-

(1
2

CH;0H + * — (CH;OH)*

(CH;0H)* + O% — (CH;0)*(OH)*

Pathway 1 (CH;0)%(OH)* + CH;0H — (CH;0)* + H,O0  (3)
(CH;0),% + CO — (DMC)x “
Pathway 2 (CH;0)* + CO — (CH;0CO)* )
(CH30CO)* + (CH;30) * — (DMC)* (6)
(DMC)* — DMC + * %)

Scheme 1. The investigated mechanism for DMC formation by the oxida-
tive carbonylation of methanol.

gested by the reported experimental work.>®8162124 The
active site is denoted with an asterisk. The notation (X)* is
used to represent an active site interacting with species X. In
this mechanism, reaction 1 is the molecular adsorption of
CH30H, then, the molecularly adsorbed (CH3;0H)* is converted
rapidly to (CH30)* and (OH)* via reaction 2 in the presence of
oxygen in the feed. Further, DMC can be formed via two path-
ways; the first pathway involves reaction 3, in which (CH;0)*
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(a) CH;0CO {b)DMC

Figure 3. Optimized structure of CH30CO and DMC adsorbed on
Cu,0(111) surface. White light balls represent H atoms, and others are the
same as in Figures 1 and 2.

and (OH)* produced in reaction 2 react further with CH;OH to
form dimethoxide species (CH30),*; subsequently, CO insertion
to (CHs0),* produces adsorbed (DMC)* via reaction 4. On the
other hand, the second pathway involves reaction 5 of CO
insertion to (CH30)* forming (CHs0CO)*, once formed,
(CH30CO)* reacts rapidly with another CH30 to form adsorbed

(d) (CH;0),*/CO

02015

0.1«:{7‘ 0.1157
1 02857

0.2503\ 7/

(2) TS3

() (CH,0CO)*/(CH,0)*

(DMQ)* via reaction 6; finally, DMC is released into the gas
phase via reaction 7. The structures of the reactants, transition
states, and products involved in different reactions are shown
in Figure 4, and the corresponding imaginary frequency of ev-
ery transition state is summarized in Table 1.

Table 1. Imaginary frequency of each transition state and the bonds
corresponding to relative normal vibration.

Imaginary
frequency (cm™")

Bonds corresponding to

Transition state normal vibration'®

TS1 -101.3 01—H2—03

TS2 —451.5 01—C2; C2—03; 01—03
TS3 —335.2 2—01

T54 —347.2 2—01

[a] The labels of the atoms (for instance O1—H2—O03, etc.) are pre-
sented in Figure 4.

The Formation of CH30 by CH3;OH in the Presence of Oxygen The
work for reactions 1 and 2 in this section has been investi-
gated in our previous studies,*? the corresponding results

() (CH;0)*/CO

i) TS4

Figure 4. Optimized coadsorbed structures and transition states over Cu,O(111) surface in different reaction steps (unit: nm). See Figures 1-3 for color

coding.
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show that the O—H bond-breaking path to form the coadsorp-
tion (CH30)*(OH)* configuration is discovered to be a nonpo-
tential energy-barrier reaction, and this reaction is found to be
exothermic by 22.5 kJ mol™', suggesting that the presence of
O.q on Cu,0(111) surface exhibits a high surface reactivity to-
ward the formation of CH3O. Therefore, it is reasonable to
assume that reaction 2 can rapidly reach equilibrium. The cal-
culated results are in accordance with the early reported ex-
perimental observations, 812151621241 \yhjch show that when
oxygen is present in the feed, the molecularly adsorbed
CH3OH is converted rapidly to CHsO species.

The Formation of Dimethoxide Species (CH;0)* and (OH)* pro-
duced in reaction 2 can react further with CH;OH to form the
dimethoxide species (CH30),* and H,O via reaction 3. Based
on the (CH30)*(OH)*/CHsOH and (CHs0),*/H,O adsorption
configuration, as reaction 3, the formation of dimethoxide spe-
cies is analyzed. The configuration with key geometrical pa-
rameters of the (CH30)*(OH)*/CHsOH adsorbed over Cu,O(111)
surface is given in Figure 4a. In this configuration, both CH;0
and OH are adsorbed at the Cucys—Cucsa bridge, CH3;OH lies
above Cu,0(111) surface, and the geometrical structure of
CH3OH are closed to that in the gas phase free molecule. The
distance between H atom of OH in CH;OH and O atom of OH
adsorbed is 0.1708 nm, the distances between O atom of
CH50 adsorbed and O atom of OH adsorbed is 0.2727 nm. In
addition, the Mulliken charge shows that the charges of CHs0O,
OH, and CH5OH are —0.218, —0.326 and 0.039 e, respectively.
Thus, (CH50),* should be formed from gas phase CH3;OH mol-
ecule and adsorbed (CH;0)*(OH)* over Cu,O(111) surface via
the Eley-Rideal (E-R) mechanism.

Further, the (CH30)*(OH)*/CH3OH configuration goes
through a transition state TS1 (see Fig. 4b), which leads to the
formation of dimethoxide species and H,O (see Fig. 4c), this
reaction is slightly endothermic by 10.6 kJ mol™' and has an
activation barrier of 68.3 kJ mol~' via TS1. In TS1, hydrogen
migration from O atom of CH3OH to O atom of OH adsorbed
leads to the formation of additional (CH3;0)* and H,O. The
O—H distance greatly increased from 0.1008 in CHsOH to
0.1747 nm, suggesting that the O—H bond in CH;OH is bro-
ken. The distance between H atom of OH in CH;0H and O
atom of OH adsorbed is shortened from 0.1708 to 0.0977 nm,
indicating that the O—H bond is formed. In addition, in TST,
the Mulliken charge of CH30 is —0.259 e, the formed H,0 and
CH30 are 0.083 and —0.406 e, respectively. In the (CH0),*/
H,O configuration (see Fig. 4c), two CHsO adsorbed at the
Cucys—Cucsa bridge with the Mulliken charge of —0.277 and
—0.283 e, respectively. H,O, which is formed by the adsorbed
OH accepting H atom of OH in CH3OH, is inclined to keep
away from Cu,O(111) surface with the Mulliken charge of
0.012 e. The O—H bond lengths of H,O are 0.0973 and 0.0983
nm, respectively. The O—H distance between H atom of H,0O
and O atom of CH;O adsorbed is 0.4949 nm.

Insertion of CO to Dimethoxide Species to DMC As literature
reported that (CH30),* cannot be discerned experimentally
because the vibrational spectra of CH30 group in this species
and in (CH;0)* are virtually the same. So Bell and coworker>¥
thought DMC could be formed involving CO insertion to
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(CH30),* to produce adsorbed DMC. Based on the (CHs0),*/
CO and (DMQ)*, the first pathway by which DMC can be
formed is studied, which involves CO insertion to (CH30),* to
produce adsorbed DMC, via reaction 4. For reaction 4, as
CH30 adsorption is stronger than CO adsorption on Cu,O(111)
surface (224.9 vs. 131.1 kJ mol™"), CH;O will occupy the pre-
ferred site over CO in the (CH30),*/CO configuration. The con-
figuration with key geometrical parameters of (CH30),*/CO
over Cu,O(111) surface is given in Figure 4d. Two CH3O
adsorbed at the Cucys—Cucsa bridge completely inhibit the
adsorption of CO, which results in the displacement of CO
from the surface. Moreover, the Mulliken charges of two
adsorbed CH30 are —0.255 and —0.269 e, respectively. CO is
only —0.007 e, which supports the conclusions of geometrical
structure. Further, the calculated results are in excellent agree-
ment with the early experimental observations,>>¢® which
showed that the formation of methoxide species bound to Cu
cations completely inhibited the adsorption of CO. The C—O
bond of CO is 0.1142 nm, which is closed to that (0.1143 nm)
in the gas phase CO molecule. The distances between O atom
of CH30 adsorbed and C atom of CO are 0.5207 and 0.5144
nm, respectively. So DMC is formed via the E-R mechanism
from gas phase CO and adsorbed (CHs0),* over Cu,O(111)
surface.

This reaction step is significantly exothermic by 213.5 kJ
mol~'. However, the corresponding activation barrier of 308.5
kJ mol™" is very large. The transition state TS2 of this later CO
insertion step is shown in Figure 4e. In TS2, two CH3O leave
the surface, and the distances between Cucys and O atom of
OCH; are elongated to 0.3020 and 0.3069 nm to accommo-
date CO insertion, respectively. The C—O bond of CO is elon-
gated from 0.1142 to 0.1159 nm. The distances of CO with
(CH30),* decrease from 0.5207 and 0.5144 nm to 0.2204 and
0.2175 nm, respectively. In addition, the Mulliken charge in
TS1 show that two CHsO, respectively, lose 0.028 and 0.050 e
in comparison with those in (CH;0),*/CO, CO with —0.009 e
has no obvious change. The overall charge of all adsorbed
species in TS1 is —0.455 e, which lose 0.076 e from (CH;0),*/
CO with —0.531 e. In DMC, the charge transferred from DMC
to surface is only 0.022 e.

Insertion of CO to Methoxide Species For reaction 5, CH5O still
occupies the preferred site over CO in the (CH;0)*/CO configu-
ration. The configuration with key geometrical parameters of
(CH30)*/CO over Cu,0O(111) surface is given in Figure 4f. We
can see that in the (CH30)*/CO configuration, the O—Cu dis-
tance of H3CO—Cucys bond is 0.1829 nm, and the distance
between Cucys and C atom of CO is 0.4870 nm. CO becomes
the gas phase CO molecule with the C—O bond length of
0.1143 nm, and the corresponding adsorption energy of CO is
only 11.3 kJ mol ™! with the charge transferred of only 0.004 e
from surface to CO, which is far less than the single adsorption
of CO over Cu,O(111) surface with the adsorption energy of
131.1 kJ mol ™", and corresponding charge transferred from CO
to surface is 0.386 e. However, the adsorption energy of CHsO
is 226.4 kJ mol™' with the charge of —0.256 e, which is in
agreement with the single adsorption of CHs;O on Cu,O(111)
surface with the adsorption energy of 224.9 kJ mol™" with the
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charge of —0.244 e, suggesting that the adsorption of methox-
ide results in complete displacement of the CO adsorbed over
Cucys, in which CO is more weakly bound. Our results still
accord with the early experimental observations,®>®” which
showed that the formation of methoxide species bound to Cu
cations completely inhibited the adsorption of CO. Thus,
(CH30CO)* should be formed from gas phase CO and
adsorbed (CH30)* over Cu,0O(111) surface via the E-R mecha-
nism. In addition, the calculated C—O stretching frequency of
CO in the (CH30)*/CO system is significantly red-shifted from
2128 cm ! of free CO molecule to 2107 cm ™. The frequencies
at 2932 and 2868 cm ™' belong to the antisymmetric and sym-
metric C—H stretching vibrations of adsorbed methoxide, that
at 1448 cm ™' for the deformation of methyl group.

Based on (CH50)*/CO and (CH30CO)* adsorption, as reaction

5, CO insertion to methoxide species forming monomethyl car-
bonate species is calculated. This reaction is found to be exo-
thermic by 54.0 kJ mol™' and has an activation barrier of
161.9 kJ mol ' via a transition state TS3 (see Fig. 4g). In TS3,
CO inserts into the Cucys—OCH;5 bond with the Cucys—O dis-
tance of 0.2503 nm and the C—O distance of 0.1442 nm. The
Cucys—O distance greatly increased from 0.1829 to 0.2503 nm
to accommodate the insertion of CO. The C—0O bond of CO is
elongated to 0.1157 nm with the Mulliken charge of —0.061 e,
when the C atom of CO approaches Cucys site, the distance
between Cucys and C atom of CO decreases from 0.4870 to
0.2857 nm. Besides it, the charge transferred from surface to
CH30 in TS3 is 0.317 e. In (CH50CO)*, the Mulliken charge of
CH30CO adsorbed is 0.014 e.
Methoxide Reaction with Carbomethoxide to DMC Once
CH50CO is formed, (CH;0CO)* can react further with another
(CH30)* to form adsorbed DMC via reaction 6. An early experi-
mental research by Romano et al.”®! has suggested that CO
can interact with copper methoxide to form carbomethoxide,
and the carbomethoxide reacts further with another copper
methoxide to form DMC. Therefore, based on the (CH;0CO)*/
(CH30)* coadsorption and (DMC)*, reaction 6 is studied. The
(CH30C0O)*/(CH30)* configuration with key geometrical param-
eters is given in Figure 4h, we can see that CH3;0CO adsorbed
over Cucys site with a C—Cucys distance of 0.1940 nm and a
C=0 distance of 0.1223 nm. The Mulliken charge of CH;0CO
is 0.042 e. CH30 adsorbed at Cucsp—Cucsa bridge site with
Cucsa—O distances of 0.2173 and 0.2241 nm, respectively. The
Mulliken charge of CH30 is —0.263 e. The C—O distance of
two adsorbed species is 0.2766 nm. Above results indicate
that DMC can be formed via the Langmuir-Hinshelwood
mechanism from the coadsorbed (CH;0CO)* and (CH50)* on
Cu,0(111) surface.

This reaction step is found to be exothermic largely by
148.9 k) mol™' and has an activation barrier of 98.8 kJ mol ™"
via a transition state TS4 (see Fig. 4i). In TS4, both CH50CO
and CH;0 leave the surface with the C—Cucys and O—Cucys
distance of 0.2557 and 0.2891 nm, respectively. The C=0
bond length of 0.1207 nm is close to that of 0.1218 nm in
DMC adsorbed, as shown in Figure 2f. Moreover, CH30 obtains
0.015 e, CH30CO losses 0.045 e in comparison with those in
(CH30CO)*/(CH30)* configuration. The overall charge of all
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adsorbed species in TS1 is —0.191 e, which lose 0.030 e in
comparison with (CH;0CO),*/(CH;0)*. With CH30CO approach-
ing to CH30, the distance between radical C of CH;0CO and O
of CH30 decreases from 0.2766 to 0.2049 nm, which lead to
the adsorbed DMC with the Mulliken charge of 0.022 e. Above
calculated results suggest that reaction 6 is a much favored
process to form DMC on Cu,O(111) surface.

Finally, DMC adsorbed is released into the gas phase via
reaction 7, this reaction is endothermic by 33.6 kJ mol™’,
which can be easily compensated by the exothermic reaction
of DMC formation about 148.9 and 213.5 kJ mol .

Brief Summary Figure 5 presents the potential energy profile
with the relative energy values of each elementary reaction in

TS3 X073
200+ o ———
100
ol TS3 500
2
4 "
>
24
2 100+ ]
= 200 1642
= CH.OH"+CH,OH(gCO(gl+ 1/20,(g) 893 :
1 (CH.OCO)*+ (CHO)*+HOlg) 1858 !
DMC#+H,0(g) 314.7

Reaction coordinate

Figure 5. The energy profiles with the energy values for the whole DMC
formation in different pathways without solvent. [Color figure can be
viewed in the online issue, which is available at wileyonlinelibrary.com.]

the mechanism of DMC formation on Cu,O(111) surface. For
the first pathway of DMC formation involving in reactions 3
and 4, as shown in Figure 5 using a red line, the correspond-
ing activation barriers of reactions 3 and 4 are 68.3 and 308.5
kJ mol™", respectively, so reaction 4 is thought to be the rate-
determining step for the first pathway of DMC formation. For
the second pathway of DMC formation including reactions 5
and 6, as shown in Figure 5 using a black line, the correspond-
ing activation barriers of reactions 5 and 6 are 161.9 and 98.8
kJ mol™’, respectively, so reaction 5 is thought to be the rate-
determining step for the second pathway of DMC formation.
Then, when activation barriers of the rate-determining step
(3085 vs. 161.9 kJ mol™") are compared in these two path-
ways, it can be concluded that the first pathway of DMC for-
mation involving in reactions 3 and 4 is not in competition
with the second pathway of DMC formation including reac-
tions 5 and 6. Therefore, we think the main reaction pathway
of DMC formation is made up of reactions 1, 2, and 5-7, as
shown in Figure 5 using a black line. Above results answer the
first question proposed in the introduction, the second path-
way mainly contribute to the formation of DMC. Methanol first
adsorbs in the presence of oxygen to form coadsorbed meth-
oxide and hydroxyl species on Cu,0O(111) surface (reactions 1
and 2). DMC can form by CO addition to methoxide to pro-
duce monomethyl carbonate species (reaction 5), which then
react with additional methoxide to form DMC directly (reaction
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6), finally, DMC is released into the gas phase via reaction 7.
Our results provide a theoretical guidance for the reported ex-
perimental facts.2681213211 |5 addition, it is noted that when
reactions 5 and 6 for DMC formation occur as a central com-
ponent of the main pathway, a very small quantity of DMC
may be also formed by reactions 3 and 4, which need to over-
come a very large activation barrier.

Further, as a periodic slab model is used to investigate the
mechanism of DMC formation in this study, we compare the
reaction energies and activation barriers of the rate-determin-
ing step for two pathways of DMC formation in this work with
the values reported by the single Cu" atom supported on Y
zeolite cluster model of Bell et al.®® to understand the differ-
ence between periodic model and cluster model. The studies
by Bell et al. showed that insertion of CO to methoxide spe-
cies has an activation barrier of 55.2 (161.9) kJ mol ', and exo-
thermic by 300.8 (54.0) kJ mol™". Insertion of CO to dimethox-
ide species to DMC has an activation barrier of 62.8 (308.5) kJ
mol ', and exothermic by 284.1 (213.5) kJ mol'. Our results
are displayed in the parentheses. We can see that the differ-
ence between periodic model and single atom cluster model
is likely because of cluster size effects where only single metal-
lic atom is used. However, the trend obtained by Bell and co-
worker,®® the activation barrier of insertion of CO to dimeth-
oxide species to DMC is larger than that of insertion of CO to
methoxide species, is in agreement with our current calcula-
tions. In addition, the geometrical configurations also show
that the adsorption behavior of coadsorbed systems over sin-
gle Cu™ ions supported on Y zeolite certainly differs from that
over Cu™ ions in Cu,O due to the different chemical environ-
ment. Therefore, we think that although the single atom clus-
ter model can be used to obtain useful information about
DMC mechanism, to a certain extent, the periodic slab model
can rather well model and reflect a specific crystal plane of
the catalyst under the realistic conditions of DMC formation.

The effect of solvent on CO insertion to methoxide species

Above kinetics results of elementary steps have shown that
CO insertion to methoxide species is the rate-determining step
of the main reaction pathway for DMC formation in gas phase,
which provide a theoretical guidance for the reported experi-
mental facts. So solvent effects (such as, methanol and water)
on the reaction of CO insertion to methoxide species involving
in the structural parameters, adsorption energies, reaction
energies, and activation barriers have been assessed by using
COSMO model in this section.

The Effect of Solvent on (CH;0)*/CO Structure All the geome-
tries are optimized again in solvent and the corresponding key
geometrical parameters of the optimized (CH3;0)*/CO structure
are given in Table 2. In the (CH50)*/CO configuration, the C—0O
bond length of CO is elongated from 0.1143 nm in gas phase
to 0.1157 nm in methanol and 0.1160 nm in water, respec-
tively, which show that solvent effect can reduce the strength
of C—O bond and make the C—O bond activation. The elonga-
tion of C—O bond leads to the red-shift of C—O stretching
vibrational frequency. CO inserts into the Cu—OCH; bond with
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Table 2. Calculated geometrical parameters of the (CH30)*/CO
adsorption configuration over Cu,0O(111) surface in different solvents.

Parameters'@ Gas phase Methanol Water
C—0 (nm) 0.1143 0.1157 0.1160
Veo (em™) 2107 1960 1920
H,CO—Cucys (nm) 0.1829 0.1898 0.1902
O—CHs (nm) 0.1422 0.1403 0.1405
0OC—Cucys (nm) 04870 04119 04094
o (%) 124.6 1233 1233

[a] o stands for the angle between the adsorbed site and CH30 after
adsorption.

a Cucys—OCH; distance of 0.1898 nm in methanol and 0.1902
nm in water. Compared to Cucys—OCH; distance of 0.1829 nm
in gas phase, solvent effects can make the Cu—OCH; distance
increase to accommodate the insertion of CO much easier.
With the C atom of CO approaching to Cucys site, the distance
between Cucys and C atom of CO decreases to 0.4119 nm in
methanol and 0.4094 nm in water. Above geometrical parame-
ters show that although the differences between the calcu-
lated geometrical parameters in gas phase and those in sol-
vents do not appear to be large, we can obtain a preliminary
understanding of solvent effects on the CO insertion to meth-
oxide, which suggest that solvent effects can improve the abil-
ity of CO insertion to methoxide over Cu,0(111) surface.

The Effect of Solvent on Adsorption Energies COSMO model
has been applied to calculate the adsorption energies of the
(CH30)*/CO configuration, transition state TS3, and CH;0CO
over Cu,O(111) surface in methanol and water solvents, the
results are listed in Table 3. We can see that solvent destabil-

Table 3. Calculated adsorption energies of (CH30)*/CO, transition state
TS3 and (CH30CO)* adsorption over Cu,0O(111) surface in different
solvents.

Eags (k) mol™)
Adsorbed species Gas phase Methanol Water
(CH;0)*/CO 2448 189.8 188.9
TS3 82.9 119.6 125.0
(CH50CO)* 298.8 299.0 3011

izes the (CH50)*/CO adsorption configuration, the adsorption
energy of (CH;0)*/CO decreases from 244.8 kJ mol' in gas
phase to 189.8 kJ mol~' in methanol and 188.9 kJ mol™' in
water, which may increase the ability of CO insertion to meth-
oxide. Moreover, the overall charges transferred from surface
to CO and CHs30 are 0.260, 0.241, and 0.240 e in gas phase,
methanol, and water, respectively. However, the adsorption
energy of transition state TS3 increases from 82.9 kJ mol ' in
gas phase to 119.6 kJ mol™" in methanol and 125.0 kJ mol ™’
in water, which suggests solvent can well stabilize the transi-
tion states TS3. Similarly, the Mulliken charge in TS3 also show
that the overall charges transferred from surface to adsorbed
species are 0.378, 0.396, and 0.401 e in gas phase, methanol,
and water, respectively, which is in agreement with the adsorp-
tion energy. The adsorption energies of CHsOCO increase
slightly with 299.0 kJ mol™" in methanol and 301.1 kJ mol ™" in

WWW.CHEMISTRYVIEWS.COM %Cht;mlstryw;ivs'-
O o °



JOURNAL OF

WWW.C-CHEM.ORG

FULL PAPER

Computational
Chemistry

water when these results are in comparison with that 298.8 kJ
mol~" in gas phase. Nevertheless, the Mulliken charge in
CH30CO adsorbed suggest that solvent can change the direc-
tion of charge transfer, in gas phase, the charge transfers from
CH;0CO to surface about 0.014 e. However, in methanol and
water, the charge transfers from surface to CH;0CO about 0.036
and 0.037 e in methanol and water, respectively. Above calcu-
lated results show that solvent plays a fundamental role in stabi-
lization of the transition structures, which may reduce the acti-
vation barrier of CO insertion to methoxide species.

The Effect of Solvent on Reaction Energies and Activation
Barriers To confirm above results deduced by adsorption
energy, the reaction energies and activation barriers of inser-
tion reaction in solvents are discussed, and the corresponding
results are presented in Figure 6. When the reaction energies

200

161.9
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gas phase

< 1004

metr:anul 702
S—

50

04
CH,0+CO
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Relative energy (kJ.mol

-100
CH,0CO 1122 |

-150
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Figure 6. The energy profiles with the energy values involving in the reac-
tion of CO insertion to methoxide species in different solvents.

and activation barriers in gas phase are compared with those af-
ter COSMO treatment, it can be found that the effect associated
with solvent is very sensitive to the reaction energies and activa-
tion barriers. As shown in Figure 6, it can be clearly seen that CO
insertion to methoxide species over Cu,O(111) in methanol
need to overcome an activation barrier of 70.2 kJ mol™', and
this reaction is exothermic by 109.2 kJ mol™". In water, the acti-
vation barrier is calculated to be 63.9 kJ mol™", this reaction is
strongly exothermic by 112.2 kJ mol™". The activation barrier
63.9 kJ mol™' obtained in water solvent is in excellent agree-
ment with the experimental value 61.9 kJ mol =243

Brief Summary Compared to CO insertion to methoxide spe-
cies over Cu,0(111) surface in solvent and that in gas phase,
as shown in Figure 6, the reaction energies and activation bar-
riers show that solvent can well reduce the activation barrier
of CO insertion to methoxide species, and make the insertion
reaction more exothermic, indicating that solvent is in favor of
insertion reaction both thermodynamically and kinetically.
Above results answer the second question proposed in the
introduction, the role of solvent environment in the liquid-
phase slurry can modify the reaction energies and activation
barriers of CO insertion to methoxide in a significant way.
These results emphasize that the reaction of CO insertion to
methoxide mediated by solvent is a favored process, which
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means that the performance of DMC formation on Cu,O cata-
lyst in a liquid-phase slurry is much easier than that in gas
phase.

Conclusions

In this study, we use the DFT method to fully investigate the
reaction energies and activation barriers for the elementary
steps involving in DMC formation via oxidative carbonylation
of methanol on Cu,0 (111) surface. Our results show that the
formation of methoxide group bound to Cucys site in (CH30)*/
CO system completely inhibit the adsorption of CO, reducing
the adsorption energy of CO, and making the C—O stretching
vibration red-shift; these calculated results are also in excellent
agreement with experimental observations. Then, the kinetics
results show that CO insertion to methoxide species to pro-
duce monomethyl carbonate species and monomethyl carbon-
ate species reacting with methoxide to form DMC is the main
reaction pathway of DMC formation, and CO insertion to
dimethoxide species to produce DMC is not competitive.
Finally, solvent effects by using COSMO model are considered
to investigate CO insertion to methoxide species, the reaction
energies and activation barriers show that solvent effects can
well reduce the reaction energies and activation barriers of
insertion reaction, and make insertion reaction much favorable
both thermodynamically and kinetically, which means that CO
insertion to methoxide species mediated by solvent is a
favored process.
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