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For improvements to be made in long-standing industrial
catalytic processes, an understanding of the atomistic mech-
anisms of the reactions occurring on the surface of the catalyst
is required. A variety of experimental techniques can be used
to derive information on sorption and reaction processes, but
when both the catalyst and reactant mixtures are multi-
component, unambiguous identification of reaction mecha-
nisms is difficult and often controversial. Computational
techniques can, however, be used to gain valuable insight and
interpret experimental evidence. Herein we show how new
methods for modeling surface reactions on oxides can be used
to elucidate key steps in a widely studied catalytic process–
the conversion of CO2 to methanol over oxide catalysts.
A large quantity of methanol (in excess of 25 million tonnes

worldwide) is produced annually using the multicomponent
Cu/ZnO/Al2O3 catalyst and CO2/CO/H2 as the feed gas. Many
experimental studies of this process have been performed, but
no definite reaction mechanism for the production of
methanol has been established. However, it has long been
acknowledged that the important rate-determining step is the
hydrogenation of adsorbed intermediates, for example, the
formate ion, at the active sites. Proposed mechanisms for
methanol synthesis require the chemisorption of CO2 before
hydrogenation via formate to methanol. Theoretical studies of
these systems have been hampered by the difficulty of
modeling the catalytically active polar surfaces of ZnO, as
well as by problems associated with the restrictions on the size
of the system that can be modeled.
The nature of the active site for sorption/catalysis of CO2

still remains unclear; it has been proposed to use clean
oxygen-terminated surfaces of zincite as a test system or
model catalyst. Temperature-programmed desorption (TPD)
studies have shown that the processes that occur at that

double couplings and a large excess of building blocks. The
application of the A-Tag and the F-Tag to the automated
synthesis of more complex oligosaccharides and other bio-
polymers is currently being explored.

Experimental Section

General Procedure for the automated synthesis of oligosaccharides
incorporating cap-tags: Octenediol-functionalized resin 12 was loaded into
a reaction vessel equipped with a cooling jacket and inserted into a
modified ABI-433A peptide synthesizer. The resin was glycosylated with
donor 13 or 15 (5 equiv) in CH2Cl2 (3 mL) with TMSOTf as activator. The
suspension was mixed (10 s vortex, 50 s rest) for 15 min. The resin was then
washed with CH2Cl2 (6� 4 mL), and the unglycosylated sites were capped
with A-Tag anhydride 2 or F-Tag triflate 11. The resin was subjected to the
appropriate deprotection conditions followed by the washing cycle. The
deprotected polymer-bound monosaccharide was then elongated by
reiteration of the above glycosylation/capping/deprotection protocol. The
final trisaccharide was not deprotected, so that analysis of the products was
simplified. For A-Tag, the crude material was treated with tributylphos-
phine and water, liberated from the resin, then purified with an isocyanate
scavenger resin. For F-Tag, the crude material was liberated from the resin
and purified with fluorous silica gel.
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particular surface are analogous to those on the industrial Cu/
ZnO/Al2O3 catalyst.[1] In this study we have therefore
concentrated on the polar (0001≈) oxygen-terminated surface.
The polar character of the surface of a given sample
necessitates charge transfer between opposing polar surfaces.
One mechanism of quenching the surface polarization is to
abstract approximately 25% of the oxygen ions from the
surface layer, thus creating vacant oxygen interstitial surface
sites. The presence of such sites has been confirmed by optical
and electron spin resonance (ESR) spectroscopies.[2] They
have, moreover, been suggested as the active catalytic sites for
methanol synthesis and are, therefore, the focus of the
investigation presented here. We have studied the adsorption
of important methanol precursors including carbon dioxide,
formate, and methoxy ions. We have calculated binding
energies, bond lengths, and angles of these and related species
to provide insight into the mechanism of methanol synthesis.
In order to pursue these studies a novel solid-state

embedding technique has been developed based on a hybrid
QM/MM approach by employing molecular embedded clus-
ter methods developed to treat point defects and localized
states in ionic materials.[3] At the heart of embedding
approaches is a definition of a reference system and a single
localized state, which causes only minor long-range perturba-
tion of the reference system. These methods have a rigorous
foundation in the many electron theories of localization and
separability,[4] and are more appropriate for the present study
than are related embedding methods employed in the fields of
zeolites and biochemistry.[5]

All ions, but especially anions, are polarizable species. Two
major effects are witnessed upon perturbation of the refer-
ence system by a localized defect: 1) dramatic short-range
effects, (for example, charge transfer and bond breaking) and
2) long-range polarization of electron groups (for example,
ions) as a result of the field associated with the defect.
Therefore, the model can be treated at two levels of
approximation. In the present work the short-range effects
are dealt with by fully ab initio methods (density functional
theory (DFT)), while the long-range polarization effects are
included through the use of the shell model of Dick and
Overhauser.[6]

Thus, our structural model is split into two major regions:
region 1 being treated by ab initio methods and region 2 with
pairwise interatomic potentials. The short- and long-range
interactions between regions 1 and 2 require careful atten-
tion: the former is handled by an interface between regions 1
and 2, while the latter is described by a mesh of point charges
fitted to reproduce the lattice Madelung field at the area of
interest.[7] The interface is formed by short-range-localizing
model potentials, which act on electrons. In this work such
potentials have only been associated with cationic sites, while
anionic sites in the interface region were represented simply
by point charges and classic interatomic potentials. Relaxa-
tion resulting from the defect has been allowed up to a certain
cut-off radius, which includes all of region 1 and part of
region 2 (typically of the order of 600 atoms; Figure 1).
The methodology described was implemented within

ChemShell, which is a computational chemistry environment,
based on the Tcl programming language.[7] A DFT treatment,

Figure 1. Embedded cluster model used in this work.

as implemented in the GAMESS-UK code, was used.[8] We
employed the B97-1[9] exchange correlation functional and
TZV2P basis set on O and Zn atoms, which was reoptimized
for the ionic state of ZnO (details will be reported elsewhere),
along with the standard 6-311� (2p2d) basis set on all atoms
of the adsorbates and a medium quality integration mesh.[8]

Interactions in region 2 and at the interface were dealt with
using our recently developed atomistic potentials[10] within the
GULP code.[11]

Detailed models of the (0001≈)-0 terminated polar surfaces
were investigated using interatomic potentials and the two-
dimensional periodic slab model realized within the MAR-
VIN code.[12] Two typical local environments were identified
as terrace termination and interstitial vacancy sites; the latter
has been used as the active site for the majority of calculations
(Figure 2). The atoms highlighted in the figure indicate the

Figure 2. QM regions used for the modeling of vacant oxygen interstitial
surface sites. Only the upper surface layer is shown.

surface-embedded quantum region. For the calculations
reported, region 1 consists of 12 atoms, the interface has
13 Zn sites, while region 2 comprises approximately
3000 atoms and 250 terminating point charges.
We have undertaken a series of calculations on the

reactants, intermediates, and products of methanol synthesis
by using the embedding technique described earlier. A
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probable reaction sequence for the
conversion of the feed gas to meth-
anol has been summarized by Chin-
chen et al.:[13]

H2(g) �� 2H(a) (1)

CO2(g) �� CO2(a) (2)

CO2(a)�H(a) �� HCO2(a) (3)

HCO2(a)� 2H(a) �� CH3O(a)�O(a) (4)

CH3O(a)�H(a) �� CH3OH(g) (5)

CO(g)�O(a) �� CO2(g) (6)

H2(g)�O(a) �� H2O(g) (7)

The gas-phase and adsorbate species are indicated by (g)
and (a), respectively.
Reaction 4 is a complex process that includes multiple

hydrogenation steps, which we have considered separately.
The resulting species, which were not considered by Chinchen
et al. and others, we find to be stable, although they may
possibly be transient and short-lived.
The main catalytically active site that can facilitate the

formation of anionic adsorbates is the oxygen interstitial site
(as described above and illustrated on the right hand side of
Figure 2). This site is able to trap an electron and thus
adsorption can occur in two different ways: 1) neutral
adsorbates approach the active site at which an electron is
trapped and form an anionic surface species, and 2) the
transfer of an electron to the neutral active site occurs
simultaneously with the adsorption of neutral adsorbates.
The proposed catalytic cycle is summarized in Scheme 1,

with the calculated energetics given in Figure 3, which is
discussed in greater detail below. We start with the adsorption
of CO2 [Eq. (2)] and H2 [Eq. (1)]. (Detailed studies of the
latter will be reported elsewhere shortly.) CO2, upon adsorp-

Scheme 1. Catalytic cycle: The geometries of all the reactants are obtained
by energy minimization of embedded clusters.

tion in a neutral interstitial site, retains the linear structure
exhibited in the gas phase. On adding an electron the neutral
CO2 molecule bends and the extra electron populates an
antibonding level, which leads to a rearrangement from an sp-
to an sp2-hybridized configuration. (The angle changes from
179.9 to 127.3�.) The interaction with the surface stabilizes the
radical CO2

� species.
The reaction then proceeds by the hydrogenation of the

adsorbed CO2
� species, by surface hydrogen [Eq. (1)], to the

formate ion [Eq. (3)].[13] The geometry resulting from our
calculations is shown in Scheme 1. The adsorption of hydro-
gen leads to a closed-shell species. Further hydrogenation can
proceed either through the formation of H2CO2

� or
HCOOH� (formic acid) as shown in Scheme 1. Temper-
ature-programmed desorption data do not detect these
species, which suggests they have a short lifetime and,
therefore, high reactivity. Computational techniques allow
us to differentiate and investigate these different mechanisms.
Further hydrogenation and interactions of the resulting
species with the surface and possible surface defects lead to
a large variety of possible intermediates. Examples of a
methoxy ion [Eq. (4)] (CH3O�) chemisorbed onto the surface
and physisorbed methanol [Eq. (5)] are also shown in
Scheme 1. To complete the catalytic cycle, methanol is
removed from the surface and the active site is recycled by
desorption of carbon dioxide [Eq. (6)] and water [Eq. (7);
Scheme 1].
The structural data are summarized in Table 1. We note that

the vacant oxygen interstitial site accommodates both an
electron and an oxygen (O�) anion, thus restoring the terrace-
like surface termination. We observe that there is a general
trend with the adsorbates for charge transfer towards the

Figure 3. Calculated reaction energy profile for methanol synthesis over ZnO.

Table 1. Calculated structural parameters of adsorbate species at the
vacant oxygen interstitial surface site.

Species Oa�C [ä] C�Ob [ä] Oa-C-Ob [�] C�H [ä]

CO2 1.19 1.15 179.9 ±
CO2

� 1.35 1.20 128.3 ±
HCO2

� 1.33 1.23 120.4 1.09
H2CO2

� 1.43 1.35 112.5 1.11
HCOHO� 1.39 1.38 112.1 1.09
H3CO� 1.47 ± ± 1.09
H3COH 3.45 1.44 ± 1.09
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surface and a corresponding polarization of the chemical
bonds in the adsorbate. These effects are shown both in the
charge distribution and in the elongation of the lower
oxygen ± carbon bond relative to those in the gas-phase
structures. (In contrast, the alcoholic hydrogen ± oxygen bond
length has a typical value of 0.97 ä in all the relevant species
studied.)
We have calculated the surface adsorption energies by

comparing the total energies of the embedded clusters with
and without adsorbed species. These calculations are of
particular interest as a comparison can be made with experi-
ment. The desorption process considered includes desorption
from a neutral and vacant oxygen interstitial site as well as
from an adsorbed O� species. However, as we have concen-
trated on the catalytically relevant reactants, intermediates,
and products, we are only able to compare two models directly
with experimental results. The complexity of the preparation
of the samples and the reactions, which occur in the
adsorption/desorption experimental cycle in the TPD work,
prevents us, currently, from making a direct comparison, but
this will be addressed in the near future by using calculations
that relate directly to the desorption process.
Both experimental desorption energies have been obtained

from the low-temperature adsorption of carbon dioxide as
reported by Bowker et al.[1b] About 10% of the adsorbed
carbon dioxide dissociates to carbon monoxide upon TPD
which, therefore, heals the surface defects. We calculate the
abstraction of CO2 from the vacant oxygen interstitial surface
site with a trapped electron to be 69 kJmol�1, which compares
to an experimental desorption energy of 109 ± 117 kJmol�1.
The value we calculate provides a lower limit for the
adsorption energies as: 1) we neglect the polarization effects
beyond a certain cut-off radius (12.5 ä from the QM region),
although such effects are likely to be small; and 2) the
observed values refer to the free energy, and thus include
vibrational contributions, which are omitted from our current
study. The energy of desorption of CO is calculated as an
energy of cleavage of the Oa�C bond in the CO2

� adsorbate
(as suggested by Bowker et al.) and is found to be
113 kJmol�1; this value compares favorably to the experi-
mental value of 109 kJmol�1. The current method slightly
overestimates the covalent bonding, which is common to all
DFT simulations.
The adsorption energies calculated for other species shown

in Scheme 1 allow us to obtain the reaction energies for the
full catalytic cycle (Figure 3). The hydrogenation of adsor-
bates is shown to drive the reaction over the active site, in
agreement with experiment. Our calculation uses half of the
total energy of gas-phase H2, thus all our energies are given
with respect to molecular gaseous hydrogen as the base line.
Two intermediate species are shown to be particularly stable,
namely HCO2

� and H2COOH�. The former (the formate ion)
is known to be a stable long-lived intermediate,[1b] but the
latter has not been experimentally characterized, although it
is isomeric with the methoxy species which has been
reported.[13]

Our methodology clearly has the ability to elucidate a
detailed and quantitative mechanism for the catalytic proc-
esses involved in this important reaction. Furthermore, it can

be readily extended to include other fields of surface and
materials science. Moreover, this approach can be used to
calculate electronic, spectroscopic, and other properties of
sorbed molecules.
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