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In this paper we show that modification of ceria by loading alumina strongly reduces the oxidation of
methanol and the consequent reduction of Ce(IV) to Ce(III) with increase of both the life of the catalysts
and their selectivity. The combination of surface techniques (XPS and BET) with structural techniques
(XRD) has allowed a good characterisation of the working catalysts. Spectroscopic analyses (DRIFT and
multinuclear solid state and solution NMR) have permitted the monitoring of the species formed on
the surface of the catalyst and released from it. The formation of DMC takes place in successive steps such
as (i) interaction of methanol with the catalyst surface with the formation of the surface-bound AOCH3;
(ii) building on the catalyst surface of the hemicarbonate moiety [–OCH3 ? –OC(O)OCH3]; and (iii) reac-
tion of the latter with the gas-phase methanol to afford the organic carbonate.

� 2009 Elsevier Inc. All rights reserved.
1. Introduction

The direct carboxylation of alcohols to dialkylcarbonates (and in
particular of methanol to dimethylcarbonate – DMC, the most pop-
ular of such class of compounds) is attracting much attention
worldwide because of its potential industrial application.
Considering DMC, it is used as a monomer for polymers [1,2], for
the production of other carbonates (such as diphenylcarbonate)
via trans-esterification [3–7], as alkylating or carboxylating agent
[8–14], in the agrochemical [15] and pharmaceutical industry
[16–19]. A new potential application of some dialkylcarbonates is
as additives to gasoline that would greatly expand their market.
New synthetic methodologies are required because those on
stream, either the one based on the use of phosgene (Eq. (1)) or
the most recent one based on the oxidative carbonylation of meth-
anol (Eq. (2)) [20–23], suffer from several drawbacks that prevent
the expansion of the production to the desired scale.

2ROHþ COCl2 þ 2NaOH! ðROÞ2COþ 2NaClþ 2H2O ð1Þ
ll rights reserved.

sta).
2CH3OHþ 1=2O2 þ CO !CuCl2ðCH3OÞ2COþH2O ð2aÞ

2CH3OHþ 1=2O2 þ CO !Pd=NOðCH3OÞ2COþH2O ð2bÞ

The direct carboxylation of alcohols (Eq. (3)), a reaction that re-
sponds to the principles of the sustainable chemical industry, is
being investigated worldwide by several research groups.

2ROHþ CO2 ! ðROÞ2COþH2O ð3Þ

Both homogeneous and heterogeneous catalysts have been used
so far. Among the former, Sn [24,25] and Nb [26,27] show interest-
ing properties. Nevertheless, their exploitation is limited by the
conversion of tin catalysts into oligomers during catalysis that re-
duces their activity; while Nb(V)-alkoxo species maintain their
activity until they are in an almost anhydrous reaction medium.
Unfortunately, water formed in reaction (3) may cause the de-acti-
vation of the catalyst. In order to prevent such negative situation,
energy-consuming methodologies have been implemented, such
as the recovery of the catalyst at the end of each reaction cycle
and its re-use in anhydrous alcohol and the dewatering of the reac-
tion solution using water traps. Organic water traps such as aldols
[28], ketals [29] and ortoformates [30], although rise the problem
of their separation from the reaction mixture and conversion into
the original products, are more efficient than inorganic systems

http://dx.doi.org/10.1016/j.jcat.2009.10.014
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such as zeolites as the latter at the temperature used in catalysis
(around 420 K) may act as protonating agents of DMC, reversing
the reaction. Using zeolites, cooling of the reaction mixture to
room temperature or lower, dewatering and reheating have been
[31] also used that implies a large use of energy considering the en-
ergy needed for water elimination from the zeolites if they have to
be recycled. Dicyclohexylcarbodiimide, DCC [32], alone is able to
promote the formation of dialkylcarbonates under mild conditions
(330 K and 0.2 MPa) with excellent yield (>90%) and selectivity
(>98%), but one mol of DCC is converted into the relevant urea-
DCU (Eq. (4)) per mol of DMC produced. The recently achieved
back-conversion of DCU into DCC [32b] may make useful such syn-
thetic methodology that may find a practical interest in the synthe-
sis of niche-carbonates.

CyN@C@NCyþ 2
DCC

CH3OHþ CO2 ! DMCþ CyHNCðOÞNHCy
DCU

ð4Þ

Heterogeneous catalysts appeared to be more promising. CeO2

[33,34], ZrO2 [35,36] and TiO2 [37] have been used but they in gen-
eral suffer from a serious drawback represented by their de-activa-
tion: after the first cycle, their activity decreases to a marginal
conversion of methanol. In order to understand the reasons of such
de-activation and to discover a remedy for preparing long-living
catalysts, we have started an investigation project aimed at prov-
ing the reaction mechanism of the carboxylation and discovering
the key parameters that may help in designing new resistant cata-
lysts. In this paper, we describe the results of our spectroscopic and
structural studies on ceria and Al2O3-loaded-ceria used as catalysts
in the carboxylation of methanol and the evidences which support
the reaction mechanism.

2. Materials and methods

All solvents, starting reagents and the commercial metal oxides
were RP Aldrich products. Alcohols were dried, distilled [38] and
stored under dinitrogen (the residual water was 20 ppm, as deter-
mined by the Karl-Fisher method, using a Metrohm 785 DMP Titri-
no apparatus). Carbon dioxide was from Rivoira IP (99.999%
purity).

Multinuclear Nuclear Magnetic Resonance-NMR solution
experiments were carried out with a Bruker AVANCE apparatus
operating at 600 and 242.9 MHz for 1H and 13C, respectively. The
13C CP-MAS NMR experiments were acquired on a 400 MHz Varian
INOVA apparatus (9.39 T) operating at 100.1 MHz for 13C and at
104.215 MHz for the 27Al nucleus. The solid samples were packed
in a 5 mm od zirconia rotor and spined at 7 kHz during the analysis.
The 90� pulse duration was 4.5 ls with a subsequent relaxation
time of 4 s. The number of transients changed with the aluminium
content in order to obtain good spectra in terms of signal-to-noise
ratio. All the chemical shifts were calculated taking as reference an
aqueous solution of aluminium as [Al(H2O)6]3+.

FTIR-DRIFT spectra were recorded with a Shimadzu Prestige 21
instrument equipped with the Shimadzu DRS-8000 basic appara-
tus modified for our purposes.

X-ray Photoelectron Spectroscopy – XPS spectra were obtained
using a ThermoVG Thetaprobe spectrometer, equipped with a
microspot monochromatised Al Ka source and the gun of low-
energy electrons for compensation of electrostatic charging of
samples. The Al Ka line (1486.6 eV) was used throughout this work
and the base pressure of the instrument was 10�9 mbar. Survey
scans (binding energy range 0–1200 eV, FAT mode, pass ener-
gy = 200 eV) and detailed spectra (FAT mode, pass energy = 50 eV)
were recorded for each sample. Data analysis of the latter was per-
formed using the Avantage software package, which consists of a
non-linear least squares fitting program. The values of binding
energies BE (eV) were taken relatively to the binding energy of
Cls-electrons of hydrogencarbonate-HCO�3 on the sample surface
(produced by adventitious carbon), which is accepted to be equal
to 285.0 eV. Quantification was performed using peak areas; com-
parison between data from different elements was possible after
correction (division) by empirically derived atomic sensitivity
factors.

X-ray diffraction patterns-XRD patterns were taken using a Bru-
ker D8-DISCOVER diffractometer in reflection geometry using a flat
sample, with a X-ray tube using the Cu Ka1 line (k Ka1 = 1.54056 Å
and k Ka2 = 1.54439 Å). The tests were done in a short period of
time so that the same experimental conditions were preserved.
The experimental parameters were step-scan 0.03�, 2h range from
25� to 135�, 20 s acquisition time.

XRD-patterns were compared with different diffraction patterns
of cerium oxide present in PDF (Powder Diffraction File) data bank
using DIFFRACplus EVA [39] for qualitative analysis to check out
the chemical phase present in the powder. XRD-patterns data were
processed using EXPO2006 [40] for structural analysis and
FullProf/Topas [41,42] for structural refinement according to the
Rietveld method [43]. The peak profiles were fitted with Pearson
VII function to calculate the crystallite size and the full-width at
half-maximum (FWHM).

BET areas were determined with a Micromeritics Chemisorb
2750 equipment.

GC–MS analyses were carried out with a gas chromatograph
Shimadzu 17 A (capillary column: 30 m; MDN-5S; £ 0.25 mm,
0.25 lm film) coupled to a Shimadzu QP5050 A mass spectrometer.
Quantitative determinations on the reaction solutions were per-
formed using a Hewlett Packard 6850 GC-FID (capillary column:
30 m; Carbowax; £ 0.25 mm, 0.25 lm film).

2.1. Synthesis of 3% and 10% Al/Ce-mixed oxides

These catalysts were prepared following the procedure de-
scribed in [44a]. The solid was then calcinated in the air at 823
or 923 K for 3 h to obtain the Al/Ce-mixed oxides. XPS and XRD
analyses were used to characterise the oxide as reported in Section
3. The BET area was 74.5 ± 1.3 and 43.2 ± 1.5 m2/g�1 for the 3%
Al2O3 sample calcinated at 823 and 923 K, respectively. The BET
area of the 10% Al2O3-loaded ceria was 88.5 ± 1.7 and
57.0 ± 1.7 m2/g�1 for the sample dried at 823 and 923 K, respec-
tively. Each value was the average of three independent
measurements.

The 27Al CP-MAS NMR spectrum of the CeO2 samples loaded
with Al at 3% and 10% shows that both samples exhibit a net signal
at 40 ppm (attributed to ‘‘dispersed” alumina in the literature
[44a,45]) not found in Al2O3. The intensity of such signal grows with
the content of Al2O3 and it is higher in the sample with 10% than in
the sample with 3% loaded Al2O3. A further increase of the content
of Al2O3 causes the appearance of the signals of free Al2O3 besides
the signal at 40 ppm. In particular a signal at 55 ppm that can be
attributed to a tetra-co-ordinated tetrahedral Al and a signal at
7.4 ppm that can be attributed to a six-co-ordinated octahedral Al
peak out.

2.2. Catalytic tests

The reaction of carboxylation of alcohols was run at 5.0 MPa,
408 K for a time from one to three hours in the batch 4�-parallel
reactor (in mono- or bi-phasic conditions, Fig. 1) that allows the
withdrawal of the reaction gas or liquid for analysis during the
reaction.

Typically, 50 mg of catalyst, 4 mL of dry methanol and a pres-
sure of 5.0 MPa of CO2 were charged in each well of the 4�-parallel
reactor (the volume of each well was 20 mL), then the temperature
was increased to 408 K. The measured thermodynamic conversion



Fig. 1. 4�-parallel stainless steel autoclave with continuous sampling of gas and
liquid.
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of the alcohol into DMC was 0.45–0.7% in 3 h (non-equilibrium
conditions, the equilibrium concentration was 2.1% reached after
ca. 5–8 h). The catalyst was then recovered, dried under vacuum
at room temperature, characterised using DRIFT, BET, XPS and
XRD, and reused with new fresh dry alcohol.
Fig. 2. Flow reactor fed with a sc-single-phase mixture of methanol in CO2 (molar
ratio 1:1, 30.0 MPa, 408 K).
2.3. DRIFT studies on CeO2 and on Al2O3-loaded-CeO2 after the
catalysts exposure to CH3OH and CH3OH–CO2

The DRIFT cell was purged with a dry dinitrogen flow to avoid
water contamination of the sample when the pure oxides were
monitored. The reaction with methanol was carried out in a flow
reactor as discussed below. For studying the reaction with CO2

either the catalyst bearing the –OCH3 moiety bound on the surface
was loaded in the DRIFT cell which was then flushed with a flow of
dry CO2, or the catalyst was treated in the 4�-parallel reactor
(Fig. 1) in which it was possible to run four parallel tests at the
same temperature. As an example, CeO2 plus methanol, CeO2 plus
methanol–CO2 at 0.1 MPa, 10% Al2O3/CeO2 plus methanol and 10%
Al2O3/CeO2 plus methanol–CO2 were charged into the four wells of
the reactor and the reaction was performed for the established
time; the gas phases were then withdrawn and singularly analysed
while the solid catalysts were analysed by DRIFT. The results are
discussed in Section 3.
2.4. Study of the reaction mechanism by using multinuclear solid state
and solution NMR

The sample of the CeO2/Al2O3-calcinated catalyst (0.5 g) was re-
acted with gaseous methanol at 408 K using the flow reactor de-
picted in Fig. 2. The catalyst was recovered and dried at room
temperature until excess methanol was eliminated. The catalyst
was then analysed by solid state 1H and 13C NMR. The sample
was treated with CO2 at 408 K and re-analysed as mentioned
above.

The carboxylated catalyst was then divided into four portions.
One was directly heated at 408 K in the absence of methanol in
the solid state, and the gas phase and the solid were analysed using
GC–MS and solid state NMR, respectively. The second was sus-
pended in toluene and heated at the same temperature in the auto-
clave: the liquid phase was then analysed by GC–MS and NMR. The
third portion was treated with gaseous methanol at 408 K in a flow
reactor (Fig. 2) and then the catalyst and the liquid phase were
analysed by solid state or solution 1H and 13C NMR, respectively.
The fourth portion was heated in toluene-containing methanol at
408 K; the solution was analysed by 1H and 13C NMR. The analyti-
cal features are presented in Section 3.
2.5. Computational details

DFT calculations were carried out in order to obtain information
on the structures and the reaction pathway energy minima and
transition states of the investigated reactions. All calculations were
performed at the B3LYP/SDDP level of density functional theory,
where B3LYP is the applied exchange-correlation functional
[46–48] and SDDP refers to a basis set that includes the Stutt-
gart–Dresden relativistic small core ECP basis set for niobium
and the Dunning/Huzinaga DZ + polarisation all-electron basis set
for the lighter atoms [49–52]. The nature of the stationary points
obtained from the geometry optimisation was always verified by
subsequent vibrational frequency analysis. The solvent effects
were included into calculations using the e coefficient. The calcula-
tions were performed using the Gaussian 03 program package [53].
3. Results and discussion

3.1. Characterisation of CeO2 contacted with only methanol

Commercial CeO2 (with particle size ca. 5 lm) used in the car-
boxylation of anhydrous methanol at 408 K under 5 MPa of CO2

[44a,b] deactivates after a few cycles due to several causes, includ-
ing the reduction of Ce(IV) to Ce(III) that causes the oxidation of
methanol [44a]. Fig. 3 shows a typical trend of the variation of
DMC yield as the number of runs is increased.

As we have already shown [44], BET and XPS studies confirm
that during catalysis the catalyst undergoes a reduction of the sur-
face area (from 8.8 m2/g to 1.6 m2/g in this work, see Table 1),
while Ce(IV) is partially reduced to Ce(III). The application of the
Shyu method [54] has allowed to calculate a 20 ± 2% reduction of
Ce(IV) to Ce(III). CeO2 synthesised (particle size 5–20 nm) in this
work shows a much higher stability (see Fig. 3).



Fig. 3. DMC yield in five consecutive cycles of reaction. In each cycle the same amount (50 mg) of CeO2 was placed in a reactor with 4 mL of methanol, at 408 K for 3 h under
5.0 MPa of carbon dioxide.

Table 1
BET surface area of several catalysts.

Entry Oxide BET surface (m2/g)

1 CeO2 commercial 8.8 ± 1.1
2 CeO2 commercial after usea 1.6 ± 0.6
3 CeO2 synthesised, calcinated at 923 K 25.1 ± 1.1
4 CeO2 synthesised, calcinated at 923 K after usea 19.8 ± 1.3
5 3%Al/Ce calcinated at 823 K 74.5 ± 1.4
5 3%Al/Ce calcinated at 823 K after usea 69.5 ± 1.3
6 3%Al/Ce calcinated at 923 K 43.2 ± 1.5
7 3%Al/Ce calcinated at 923 K after usea 40.7 ± 1.4
8 10%Al/Ce calcinated at 823 K 88.5 ± 1.7
9 10%Al/Ce calcinated at 923 K 57.0 ± 1.7
10 10%Al/Ce calcinated at 923 K after usea 55.0 ± 1.2

a The surface has been measured after three cycles in catalysis.

(a) 

(b) 

(c) 

(d) 

2000 1800 1600 1400 1200 1000

ν /cm-1

Fig. 4. DRIFT spectrum of (a) commercial CeO2, (b) commercial CeO2 after exposure
to methanol for 1 h at 408 K, (c) synthesised CeO2 after exposure to a sc-single-
phase CO2–methanol mixture (1:1 molar ratio) for 1 h at 408 K, (d) CeO2 loaded
with Al after exposition to methanol for one h at 408 K.
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XRD profiles confirm that after use in catalysis the bulky cell
structure of the commercial ceria remains essentially that of the
starting material [44a], but an increase of crystallinity is observed
as demonstrated by the comparison of the full-width at half-max-
imum (FWHM).

We have now carried out a DRIFT study on the catalyst in order
to collect information on the reactions occurring on its surface un-
der the operative conditions and have characterised the species
formed and elucidated the reaction mechanism.

Fig. 4 shows the DRIFT spectrum in the range 2000–900 cm�1 of
micro-particles of commercial CeO2 at zero time (Fig. 4a) and after
1 h contact with methanol in the absence of CO2 at 408 K (Fig. 4b),
the temperature at which catalysis is run.

The spectrum of commercial CeO2 does not show any signal in
the above-mentioned region (Fig. 4a). Conversely, after treatment
with methanol it presents new strong bands at 1584, 1574, 1371,
1355, 1097 and 1035 cm�1 (Fig. 4b) with respect to that of pure
CeO2. The two latter bands can be ascribed to the methoxo groups
Ce–OCH3 formed on the surface of the particles upon interaction
with methanol [55–57]. Instead, the bands at 1585 (s), 1574 (sh)
and 1355 (s) cm�1 are due to the products of oxidation of metha-
nol. They have been assigned to formate-moieties bonded in a che-
late mode to two Ce(III)-atoms. For comparison, we recall that
chelate formates in several titanium-molecular compounds pres-
ent a difference between the asymmetric and symmetric vibrations
close to 200 cm�1 [58]. In terminal formates, instead, the asym-
metric stretching is found at higher values than 1630 cm�1, while
the symmetric vibrations are generally at lower value than
1350 cm�1, with a difference of Dm = mas � ms > 280 cm�1 [58]. Our
data match those of other DRIFT studies that show that CeO2 oxi-
dises pure methanol with the formation of several organic prod-
ucts among which formates for which IR bands at 1585 (s), 1563
(sh) and 1358 (s) cm�1 have been attributed to asym-sym vibra-
tions, respectively [55].

Both XPS and DRIFT analyses confirm, thus, that upon contact of
CeO2 with methanol, in the same temperature conditions as during
the catalytic carboxylation cycles, the surface of the catalyst may be
involved in a red-ox process with Ce(IV) reduction to Ce(III) and
concomitant oxidation of methanol. The observation of the XPS
spectrum of the O-atom of the catalyst before and after catalysis
clearly shows a considerable modification of the O-portion of the
spectrum with the rise of the band at 531.5 eV due to Ce(III)–O
species that is absent or very weak in the starting material. These
features repeat our previous observations [44].

All such surface modifications are correlated to the reduced cat-
alytic activity of ceria [44a]. The catalyst modification progresses
with the number of cycles as shown by XPS spectra. On the other
hand, the cell parameters do not show any sensible change during
the operations: in fact, in both spectra the peak positions for the
equivalent Bragg angles are practically the same. The only evident
difference, i.e. the broadening of the peaks at large values (>100) of
2h, may be due to a minor distortion of the structure, which, note-
worthy, is not restored with the heating as already noted by other
authors [33].

The mode of preparation of the sample of ceria influences its
stability. In fact, CeO2 nanoparticles (around 5–20 nm) synthesised
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Fig. 5. XRD of commercial (grey line) and synthesised (black line) CeO2. The latter
shows a lower crystallinity as a consequence of its nanoscale dimension with
respect to the microscale of the former.
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in our laboratory [44] show a much better performance (Fig. 3)
with a lower aggregation tendency, a more constant BET and resis-
tance to use. The XRD analysis of the synthesised ceria is shown in
Fig. 5 (continuous black line) and compared with the spectrum of
commercial ceria (grey line).

The FWHM is larger for the synthesised material than for the
commercial material, showing a lower crystallinity justified by
the smaller size of the particles which range around 5–20 nm with
respect to 5 lm of the commercial sample. The DRIFT spectrum of
the synthesised nanocatalyst in the 2000–900 cm�1 region is not
informative as it is super imposable with that of commercial ceria
shown in Fig. 4a.

3.2. DRIFT characterisation of synthesised CeO2 contacted with
methanol or a single-phase sc-CO2–methanol mixture

When synthesised CeO2 was contacted with methanol at 408 K
in the same conditions as for the commercial sample, the DRIFT
spectrum showed bands at 1098 and 1035 cm�1 due to the
AOCH3 moiety bonded to the surface. Only very weak signals
due to the formate were evident. After contact with a single-phase
sc-CO2–methanol mixture at 408 K (Fig. 4c) the IR spectrum
showed new bands at 1572, 1469, 1360 and 1109 cm�1 attributed
to the hemicarbonate moiety, AOC(O)OCH3 [34,51]. The intensity
of the latter signals never grows very much with time if both meth-
anol and CO2 are present. Conversely, the signals of formate are ab-
sent during the whole time of catalysis. These features seem to
suggest that the presence of CO2 somehow prevents the oxidation
of methanol. This would be possible if the carboxylation of the sur-
face-bound methoxo moiety was faster than its oxidation. It is
worthy to recall that the kinetic constant of CO2 insertion into a
metal-alkoxo bond has been found to range around 102–104 s�1

for homogeneous metal systems [26,27,60,61], and might be of
the same order of magnitude for heterogeneous systems. Once
the carboxylation of the methoxo moiety occurs, the oxidation to
formate or other C1 species is prevented and the reduction of sur-
face Ce(IV) occurs at a much lower extent, if not at all.

3.3. Catalyst modification: CeO2 loaded with Al2O3. Behaviour of the
modified catalyst towards methanol and CO2–methanol

We have reported [44] that CeO2 loaded with Al2O3 presents a
longer life than CeO2 alone, as also shown in Fig. 3. Such behaviour
has been encountered in other modified catalysts [62]. Fig. 4d
shows the behaviour of the bi-metallic CeO2–Al2O3 catalysts when
exposed to methanol at 408 K for 1 h: the bands of the oxidised
form of methanol are completely absent. Such features well match
the behaviour of the Al/Ce catalysts (loading of 3–10% of Al2O3)
which have a much better resistance than pure ceria, and does
not show any appreciable reduction of Ce(IV) to Ce(III) during
catalysis [44] with a selectivity of methanol conversion into
dimethylcarbonate practically equal to 100% (no methanol oxida-
tion species were detected in the reaction mixture).

The XRD and XPS spectra show that the cell structure and the
surface properties of the Al/Ce catalyst are identical with those of
the starting material [44] indicating that there is no Ce substitution
with Al, that is quite obvious because of the large difference of the
atomic radii of Ce (1.04 Å) and Al (0.5 Å) [61,63].

Therefore, the CeO2 surface modification produced by Al has the
double effect of reducing the oxidation of methanol and improving
the carboxylation of the methoxo group.

3.4. The BET properties of the Al-loaded ceria catalysts

An important feature of the loading of Al2O3 on CeO2 is the in-
crease of the surface area. As Table 1 shows, the surface area can be
increased by almost one order of magnitude by loading Al2O3

(compare Entries 1 and 5). The area is also dependent on the tem-
perature at which the catalyst is calcinated (compare Entries 5,6
and 8,9 in Table 1).

The other significant distinctive feature of the Al2O3-loaded cer-
ia with respect to pure ceria is the very minor variation of the BET
area before and after use in catalysis. Entries 3 and 4 in Table 1
show that the area is reduced by 20% with pure synthesised ceria,
while it decreases by only a few points per cent (from 1.3 to a max-
imum of 7%) with Al-loaded ceria. The loading of Al2O3 on CeO2

confers, thus, to the catalysts a longer life coupled to an excellent
selectivity.

3.5. The study of the reaction mechanism

Schemes 1–3 present the putative steps which occur in the for-
mation of DMC from methanol and CO2. Steps a–b in Scheme 1 or
a0–b0 in Scheme 2 are likely routes [59,64] to the formation of the
anchored –OCH3 moiety which reacts with CO2 to afford the hemi-
carbonate –OC(O)OCH3 moiety. It has been proposed [59,64] that
step (d) in Scheme 2 may generate DMC. Noteworthy, such
mechanism reminds what has been found with ‘‘nBu2Sn(OMe)-
(OCOOMe)” [24,25] that is able to produce DMC via and intramo-
lecular methyl transfer from the –OCH3 to the –OCOOCH3 moiety
when heated in toluene. Such methyl transfer on the heteroge-
neous catalyst surface may have a lower probability than that in
the homogeneous species which have much better defined struc-
tural features. In the heterogeneous catalyst, in fact, the probability
that an hemicarbonate moiety and a methoxo-group are placed
within an interaction distance in order so that the methyl transfer
may occur, is much lower than that in the homogeneous catalyst.
An alternative to the methyl transfer from a surface-bound meth-
oxo to a surface-bound hemicarbonate is the gas-phase methanol
attack on the surface-bound hemicarbonate moiety.

It is also worthy to note that if an hemicarbonate moiety is
within an interaction distance with surface-bound OH groups,
that is likely to occur, methylcarbonic acid could be released
[65] that quickly converts (Scheme 1, step c) into gaseous meth-
anol and CO2 under the reaction conditions. When the reaction of
the hemicarbonate with gas-phase methanol is considered, it may
have a high probability to occur while considering the abundance
of methanol in the gas mixture that may generate a high concen-
tration around the hemicarbonate moiety bound to the surface,
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either one molecule of methanol (Scheme 3, step e or e0) or two
molecules (Scheme 3, step f) may be involved in the formation
of DMC. We have comparatively studied through DFT such alter-
native reaction paths using Nb(OMe)4(OCOOMe) as a probe mol-
ecule and an example of a ‘‘single site reaction” on the surface of
the heterogeneous catalyst. Scheme 4 shows the relative energy
profile of three different mechanisms of formation of DMC pro-
moted by Nb(OCH3)4(OCOOCH3), that may find a counterpart in
the catalysis occurring on heterogeneous catalysts, namely, (a)
the intermolecular attack of two molecules of methanol on the
hemicarbonate (compare to step f in Scheme 3); (b) the intermo-
lecular attack by one methanol on the hemicarbonate (compare
to step e in Scheme 3); and (c) the intramolecular transfer of a
methyl group from a methoxo group to the hemicarbonate (com-
pare to step d in Scheme 2).

The intramolecular methyl transfer in the Nb-catalyst (see also
Scheme 2, step d) has the TS with the highest energy. If such unfa-
vourable energetics is coupled with the probability that the two
reactive moieties (–OCH3 and –OC(O)OCH3) are within the interac-
tion distance on the surface of the heterogeneous catalyst for the
reaction to occur, one can infer that the methyl transfer between
surface-bound species is less likely to occur than the methyl trans-
fer to ‘‘surface-OC(O)OCH3” from gas-phase methanol. In the latter
case, two routes are open as mentioned above. The route based on
Scheme 5. Energy for the addition of methanol to DCC. The interaction of two molecul
the interaction of a single molecule of methanol (Scheme 3, steps
e–e0) with the ‘‘surface-OC(O)OCH3” moiety has a higher TS energy
(Scheme 4B) than the route based on the interaction of two
methanol molecules (Scheme 3, step f) with the hemicarbonate
(Scheme 4A). The tri-molecular mechanism operating when two
molecules of methanol interact with one hemicarbonate moiety
may appear entropy forbidden. As a matter of fact DFT studies have
clearly shown that if the hydration or alcoholysis of a substrate oc-
curs with the formation of six (or larger) member rings the enthal-
pic factor is considerably lowered [27b,66], so that the reaction
becomes thermodynamically more favoured. For example, the
addition of methanol to CyN@C@NCy (DCC) to afford the isourea
CyH–C(OCH3)@NCy has an enthalpy of 34 kcal mol�1 when one
molecule of methanol reacts with one of the DCC, while if a tri-
molecular process is considered (two mol of methanol per DCC)
(Scheme 5) the enthalpy is as low as 9 kcal mol�1.

In order to give an experimental evidence to the mechanism
based on the attack by the gas-phase methanol we have integrated
DRIFT with solid state or solution multinuclear NMR studies and
investigated the reaction of the hemicarbonate moiety with meth-
anol under different reaction conditions. The sample of Al2O3–CeO2

catalyst was monitored using the solid state 13C NMR technique
before and after exposure to methanol: a new signal due to the
AOCH3 group appeared at 49 ppm (Fig. 6b).
es of methanol has a lower enthalpy than the direct addition of a single molecule.
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Fig. 6. 13C solid state NMR of (a) Ce/Al-mixed oxide, (b) Ce/Al-mixed oxide treated with MeOH, (c) sample (b) treated with CO2.

Fig. 7. Comparison of the kinetics of formation of DMC under [Nb(OMe)5]2 catalysis
using different MeOH/CO2 ratios at 408 K: (a) methanol and carbon dioxide
(5.0 MPa) (molar ratio MeOH/CO2 > 10); (b) methanol and sc-CO2 (30.0 MPa) (molar
ratio MeOH/CO2 6 2); (c) methanol and sc-CO2 (20.0 MPa) (molar ratio MeOH/
CO2 6 1).
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After reaction of such sample with CO2, the above signal
disappeared and the signal of the methyl group of the hemicarbon-
ate –OC(O)OCH3 very selectively appeared at 54 ppm (Fig. 6c). The
signal of the OC(O) moiety was low in intensity and placed at
160 ppm. These assignments match very well the values found
for the homogeneous species Nb(OCH3)[OC(O)OCH3] which shows
signals at 48.7, 54.3 and 160.5 ppm, respectively, due to the meth-
oxo, hemicarbonate-methyl and carbonate-C [27]. The sample of
the catalyst was then divided into four equal parts. The first was
heated in the solid state and monitored by NMR and GC–MS (gas
phase) as specified in Section 2: new signals due to the formation
of DMC did not appear. Similarly, when the second portion was
heated in toluene, DMC was not detected.

The third portion of the carboxylated catalyst was treated with
gaseous methanol at 408 K in a closed tube. The GC–MS analysis of
the gas phase showed the presence of DMC (as confirmed by com-
parison with an authentic sample) while the solid, monitored by
13C CP-MAS, showed the loss of the signals due to the hemicarbon-
ate moiety. Similarly, when the fourth portion of the sample of the
carboxylated catalyst was heated at 408 K in toluene-containing
methanol, the solution clearly showed the formation of DMC in
the liquid phase (1H signal at 3.8 ppm due to the –CH3 moieties
and 13C signals at 54.8 and 160.5 ppm due to the CH3 and C@O
moieties, respectively).

Such features clearly support the hypothesis that the formation
of DMC occurs through the pathway depicted in Scheme 3 that im-
plies the gas-phase attack of methanol on the surface-bound hemi-
carbonate moiety, most likely through the pathway depicted in
step f in the above Scheme. That two molecules of methanol may
be implied in the formation of DMC is demonstrated by the effect
of the concentration of methanol in the gas phase when a single-
phase sc-CO2–CH3OH mixture is reacted in the presence of
CeO2–Al2O3 catalyst. Fig. 7 shows that increasing the ratio of
CH3OH/CO2 in the sc-gas phase the rate of formation of DMC sen-
sibly increases. This is in agreement with what was found for the
Nb(OCH3)4(OCOOCH3) homogeneous catalyst [27] and the energet-
ics of the carboxylation reaction modelled for the latter system
Scheme 4.

We are now making an attempt to model the heterogeneous
system (CeO2–Al2O3) by DFT calculations applied to the solid sur-
face, a task made complex by the presence of Al2O3 and the need
of a correct modelling of its role on the surface.
4. Conclusions

The data reported in this paper demonstrate that the de-activa-
tion of the commercial CeO2 catalyst is mainly due to a surface
modification produced by the Ce(IV) to Ce(III) reduction under
the operative conditions. Such reduction is coupled with the oxida-
tion of methanol to other C1 molecules, among which formate has
been detected by DRIFT on the surface of CeO2. Such effect is al-
most completely repressed if nanoparticles of ceria loaded with
3–10% alumina are used in catalysis. Al loading causes a strong
stabilisation of the catalyst that can be used for several cycles
without any de-activation and reaching an apparent TON of several
thousands. The dimension of the particles plays a critical role in
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catalysis: nanoparticles with a 5–20 nm size seem to be the most
active. Using a multi-technique approach we have investigated
the reaction mechanism of DMC formation on the heterogeneous
catalyst and demonstrated that it matches what we have found
for homogeneous catalysts [26,32]. 13C CP-MAS has been very use-
ful in the identification of the surface-species [–OCH3, –
OC(O)OCH3] and following their evolution in both the presence
and absence of gas-phase methanol. Our studies have permitted
to demonstrate that the formation of DMC takes place via the inter-
action of surface –OC(O)OCH3 species with gas-phase methanol
more than with the surface-bound OCH3 species.
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