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Density functional molecular cluster calculations are combined with X-ray photoelectron spectroscopy (XPS),
quadrupolar mass spectrometry (QMS), and diffuse reflectance infrared Fourier transform (DRIFT) spectroscopy to
investigate the interaction of CO2 with R-Al2O3 and partially reduced R-Al2O3. The electronic structure of the
stoichiometric and partially reduced substrate, adsorbate geometries, chemisorption enthalpies, and adsorbate
vibrational parameters are computed and discussed. Theoretical results agree quite well with experimental data
and previous theoretical investigations. As far as the adsorbate−substrate interaction is concerned, the results of
our calculations indicate that CO2 forms bidentate-chelating carbonate species. The bonding scheme of this surface
complex implies a significant substrate f adsorbate transfer of charge (from the occupied dangling bond of a
surface Lewis base site into one component of the CO2 2πu LUMO) assisted by a definitely weaker adsorbate f

substrate donation (from one component of the CO2 1πg HOMO into an empty dangling bond of a surface Lewis
acid site). Our estimate of the chemisorption enthalpy (−15 kcal/mol) agrees quantitatively with calorimetric data
reported for CO2 adsorbed on high surface area R-alumina (−16.0 kcal/mol). [Mao, C.-F.; Vannice, M. A. Appl.
Catal. A 1994, 111, 151.] According to XPS and QMS outcomes, theoretical results predict that the interaction of
CO2 with partially reduced R-Al2O3 gives rise to the reduction of the adsorbate to CO and to the concomitant
substrate reoxidation.

1. Introduction

Metal oxides are currently used for several applications
of technological interest as a consequence of their electrical
behavior (ranging from insulator to superconductor) and
catalytic activity.1 Besides applicative interests, a detailed
comprehension of chemisorption processes taking place on
metal oxide surfaces is also of great relevance because “the
metal cations exposed at the surface of metal oxides have
much in common with their counterpart in solution”,2 thus
providing the strongest connection between heterogeneous
and homogeneous catalysis.

Catalytic reactions on many metal oxide surfaces are
broadly classified as acid-base reactions, with the surface
playing the role of a solid acid or base.3 In relation to that,
a few years ago Zecchina et al.4 tackled the problem of giving
a general definition of the acid and basic strength of surface
sites following both Brønsted and Lewis theories. In par-
ticular, they stressed that a reliable scale of surface acidity/
basicity can only be obtained if the employed probe
molecules weakly interact with surface sites. On this basis,
the CO molecule is well suited to probe the Lewis acidity
of surface positive centers (hereafter indicated as Ls

a),5

whereas no standard probe is available for exposed Lewis
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characteristics of the Ls
a-CO surface complex: (i) the CO molecule

results always chemisorbed carbon-end-down oriented; (ii) stretching
frequency variations (∆νCO) upon chemisorption can be quite easily
related to the oxidation state as well as to the coordination number of
exposed Ls

a’s;6 (iii) the formation of the Ls
a-CO surface complex

does not perturb significantly the surface relaxation.
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base sites (hereafter indicated as Ls
b’s). In this regard, it

should be stressed that CO2 has been often proposed for this
purpose, but its high acidity favors the formation of stable
adducts without allowing a discrimination among Ls

b’s of
comparable strength.4 On the other hand, it is worth noting
that the interaction/decomposition of CO2 with/on metal
oxide based materials7 is one of the target technologies for
its utilization.

In the past few years, the surface chemistry ofR-Al 2O3

single crystals has been extensively investigated both ex-
perimentally and theoretically.8 Most of these studies dealt
with the defect freeR-Al 2O3(0001) basal plane because this
surface is stable (it is theR-Al2O3 cleavage surface) and very
well characterized.8a-d At variance to that, polycrystalline
R-Al2O3 often includes point defects which in principle could
modify the sample surface reactivity, and consequently the
material performances, in particular, in hostile environments.
In this regard, it is noteworthy that very few theoretical
studies have addressed the structural and electronic properties
of oxygen vacancies (hereafter VO, often indicated as F
centers), one of the most commonR-Al 2O3 defects.9

To our knowledge, no theoretical investigation has so far
been devoted to the study of the chemisorption of CO2 on
R-Al 2O3, and the number of experimental contributions
dealing with this subject is also quite limited.11 Moreover,
most studies concerning the interaction of CO2 with alumina

have been carried out by employing either hydratedR-Al2O3
11

or transition aluminas.12 In this habit, the strong affinity of
R-Al 2O3 for water13 is particularly important because the
sample hydration degree influences the CO2-surface interac-
tions. In this regard, Busca and Lorenzelli11a and Morterra
et al.11b have pointed out that the interaction of CO2 with
highly hydroxylated surfaces yields monodentate bicarbon-
ates and carbonates (hereafter, MC), whereas the only species
present on anhydrous samples is the bidentate-chelating
carbonate (hereafter, BCC; see Figure 1).

In this contribution, we provide a detailed description of
the interaction of CO2 with stoichiometric and partially
reducedR-Al 2O3 based upon XPS, QMS, and DRIFT data
and density functional (DF) calculations. More specifically,
the experimental outcomes pertaining to the chemisorption
of CO2 on dehydroxylated surfaces ofR-Al 2O3 have been
rationalized by referring to the results of molecular cluster
DF calculations.14 The final goals of the present study are
the following: (i) to get a detailed understanding of the
chemisorption of CO2 on anhydrousR-Al 2O3; (ii) to look
into the structural and electronic properties of surface VO

centers; (iii) to investigate the CO2-VO interactions.

2. Experimental Section

2.1. Theoretical Model.TheR-Al2O3(0001) surface is terminated
by an Al layer, strongly inward relaxed.8a-c Each Ls

a carries three
coordinative vacancies and it is bonded to three Ls

b’s, each of them
missing a single ligand. The overall charge (3/2e) occupying the
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Baudin, M.; Hermansson, K.Surf. Sci.2001, 474, 107. (u) Gomes, J.
R. B.; Moreira, I. de P. R.; Reinhardt, P.; Wander, A.; Searle, B. G.;
Harrison, N. M.; Illas, F.Chem. Phys. Lett.2001, 341, 412.
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of opposite charge (F+ and F-).10 Nothing is reported in the literature
about the F center reactivity.
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1997, 56, 7277. (c) Stashans, A.; Kotomin, E. A.; Calais, J.-L.Phys.
ReV. B 1994, 49, 14854. (d) Evans, B. D.; Pogatshnik, G. J.; Chen, Y.
Nucl. Instrum. Methods Phys. Res., Sect. B1994, 91, 258.

(11) (a) Busca, G.; Lorenzelli, V.Mater. Chem.1982, 7, 89. (b) Morterra,
C.; Coluccia, S.; Ghiotti, G.; Zecchina, A.Z. Phys. Chem.1977, 104,
275. (c) Dewaele, O.; Froment, G. F.Appl. Catal., A1999, 185, 203.

(12) (a) Peri, J. B.J. Phys. Chem.1966, 70, 3168. (b) Gregg, S. J.; Ramsay,
J. D. F.J. Phys. Chem.1969, 75, 1243. (c) Parkyns, N. D.J. Phys.
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(14) As ordinarily done when dealing withR-Al2O3,8k,p,s the substrate has
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Figure 1. Schematic representation of possible geometries of surface
carbonate onR-Al2O3. Blue, red and light green, circles correspond to Al,
O, and C atoms, respectively. The acronyms MC, BCC, and BBC stand
for monodentate carbonate, bidentate-chelating carbonate, and bidentate-
bridging carbonate, respectively.
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three Ls
a dangling bonds (DBs) can be thought to be transferred to

the partially occupied DB of three Ls
b’s of the second layer, which

then result in being filled by two electrons. As a whole, the number
of empty and filled DBs on theR-Al 2O3(0001) is the same, and
the surface is nonpolar.

A few years ago, we investigated the electronic/structural
properties of theR-Al 2O3(0001) surface, as well as its interaction
with carbon monoxide (CO), by using the stoichiometric Al8O12

cluster.8p In that cluster, all the atoms below the first two layers
needed to be saturated (vide infra) so that Al8O12 is unfit to
investigate the formation of surface BCC species. A suitable
alternative is the larger cluster Al14O22 (hereafterI , see Figure 2)
which consists, as Al8O12, of six layers (four of aluminum and two
of oxygen), but it includes, in the third and fourth layers, chemically
complete Al atoms (AlCC1 and AlCC2 in Figure 2).

Spurious surface states ofI have been eliminated by saturating
all DBs (with the obvious exception of those localized on Ls

a and
Ls

b) with pseudo-hydrogen atoms carrying a fractional nuclear
charge. The use of pseudo-hydrogen atoms as DB saturators has
been successfully applied to model polar and nonpolar surfaces of
many different materials such as Cu2O,15a-c Ag2O,15a ZnO,15d

TiO2,15e Al2O3,9p,15f Ti2O3,15f and CuCl.15g Moreover, it is worth
noting that, among the 11 O atoms of the second layer ofI (see
Figure 2), those colored in pink carry two, rather than one,
coordinative vacancies; only one of them needs to be saturated.

To describe the saturation procedure, one has to keep in mind
that in the corundum bulk structure Al and O atoms are six- and
four-fold coordinated, respectively. This means that each Al
formally shares its three valence electrons with six oxygen atoms,
thus contributing with 1/2e to each Al-O bond, while O formally

participates to the same bond with 3/2e. On this basis,I is correctly
saturated by providing 3/2e (1/2e) to each Al (O) DB. Such a result
can be obtained by employing pseudo-hydrogen saturators having
fractional nuclear charges (H′ with Z ) 3/2, and H′′ with Z ) 1/2).
The adopted Al-H′ (1.602 Å) and O-H′′ (1.055 Å) bond lengths
(BLs) have been obtained by optimizing the geometry of octahedral
AlH ′6 and tetrahedral OH′′4 pseudo-molecules. The next step
consists of determining the correct number of electrons to fill the
cluster energy levels. As already pointed out, the charge of the Ls

a

DBs is transferred to the Ls
b DBs. However, in our cluster, there

are only two Ls
a with three coordinative vacancies and 11 Ls

b’s,
each of them carrying a single DB which needs 1/2e to be filled.
Thus, the filling of the peripheral Ls

b DBs (those in pink in Figure
2) could be obtained by adding to the saturated cluster a 5/2e charge.
Here, we preferred to adopt a different approach. Actually, replacing
the 5 H′′ saturators of the peripheral Ls

b with hydrogen atoms
implies the addition of exactly 5/2e to the cluster levels without
affecting the net charge of the system. We already showed in refs
8p and 15e-f that this procedure is preferable because no arbitrary
shifts are needed to compare one-electron energy levels.

2.2. Computational Details.All the calculations have been run
within the DF theory by using the ADF 1999 packages.16 Moreover,
geometry optimization, adsorption enthalpies, and frequency cal-
culations were obtained by using generalized gradient (GGA)
corrections self-consistently included through the Becke-Perdew
(BP) formula.17

A triple-ú Slater-type basis set was used for Al, and O and C
atoms of CO2, while for the substrate O atoms and for saturators
(pseudo-hydrogen and hydrogen atoms) we used a double-ú basis.
The inner shells of Al (1s2s2p), O (1s), and C (1s) atoms were
treated by the frozen-core approximation.

The adsorption enthalpy (∆Hads) was analyzed in terms of the
adsorbate and substrate fragment orbitals by applying Ziegler’s
extended transition state method18 (ETS). According to the ETS
scheme, the∆Hads can be written as

Here, ∆Eelstat is the pure electrostatic interaction,∆EPauli is the
destabilizing two-orbital-four-electron interaction between the
occupied orbitals of the two interacting fragments,∆Eint derives
from the stabilizing interaction between occupied and empty orbitals
of the fragments, and the last term,∆Eprep, is the energy required
to relax the structure of the free fragments to the geometry they
assume in the final system. Adsorption enthalpies were further
corrected by taking into account the basis set superposition error
(BSSE), which was estimated through the use of reference energies
computed with ghost adsorbate and surface fragments.19 Finally,
force constants and harmonic frequencies were calculated by
numerical differentiation of energy gradients computed both at the
equilibrium geometry and at slightly deviating geometries.

Information about the localization and the bonding/antibonding
character of selected molecular orbitals (MOs) has been obtained

(15) (a) Casarin, M.; Maccato, C.; Vittadini, A.Chem. Phys. Lett.1997,
280, 53. (b) Casarin, M.; Maccato, C.; Vittadini, A.Chem. Phys. Lett.
1999, 300, 403. (c) Casarin, M.; Maccato, C.; Vittadini, A.Appl. Surf.
Sci.1999, 142, 164. (d) Casarin, M.; Maccato, C.; Vittadini, A.Inorg.
Chem.1998, 37, 5482. (e) Casarin, M.; Maccato, C.; Vittadini, A.J.
Phys. Chem. B1998, 102, 10745. (f) Casarin, M.; Maccato, C.;
Vittadini, A. J. Phys. Chem. B2002, 106, 795. (g) Casarin, M.; Favero,
G.; Tondello, E.; Vittadini, A.Surf. Sci.1994, 317, 422.

(16) (a) Amsterdam Density Fuctional Package, version 1999; Vrjie
Universiteit: Amsterdam, The Netherlands, 1999. (b) Baerends, E.
J.; Ellis, D. E.; Ros, P.Chem. Phys.1973, 1, 41. (c) te Velde, G.;
Baerends, E. J.J. Comput. Chem.1992, 99, 84. (d) Fonseca Guerra,
C.; Visser, O.; Snijders, J. G.; Baerends, E. J. InMethods and
Techniques in Computational Chemistry; Clementi, E., Corongiu, G.,
Eds.; STEF: Cagliari, Italy, 1995; Chapter 8, p 305.

(17) (a) Becke, A. D.Phys. ReV. A 1988, 38, 3098. (b) Perdew, J. P.Phys.
ReV. B 1986, 33, 8822.

(18) Ziegler, T.; Rauk, A.Theor. Chim. Acta1977, 46, 1.
(19) Rosa, A.; Ehlers, A. W.; Baerends, E. J.; Snijders, J. G.; te Velde, G.

J. Phys. Chem.1996, 100, 5690.

Figure 2. Schematic representation of the unrelaxed cluster Al14O22 (I ).
Al (O) atoms in blue (red) are chemically complete while those in green
(pink) have pseudo-hydrogen saturators (not displayed for the sake of clarity)
as nearest neighbors.

∆Hads) ∆Eelstat+ ∆EPauli + ∆Eint + ∆Eprep (2.1)
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by evaluating density of states (DOS), partial DOS (PDOS), and
crystal orbital overlap population (COOP).20 These curves have been
computed by applying a Lorentzian broadening factor of 0.25 eV
to the one-electron energy levels and by weighting them by their
basis orbital percentage.

2.3. Sample Preparation.R-Al 2O3 was prepared by heating
treatment (1523 K for 30 h) of an Al2O3 powder (Baker Analyzed,
98.5%).11b Before chemisorption in high vacuum (HV) conditions,
the sample was processed as a pellet (the powder was pressed at 2
× 108 Pa for 10 min), evacuated for 20 min at room temperature
(RT), and then activated by heating at 773 K in HV (pressure< 1
× 10-4 Pa) for 48 h.

2.4. Reaction Conditions.The exposure of the pellet to CO2 in
HV has been carried out at RT (the sample temperature was
controlled through a thermocouple directly in contact with the
sample-holder) at a total pressure of∼4 × 10-4 Pa. The employed
HV reactor, directly connected to the XPS analysis chamber,
allowed us to work in flux conditions; moreover, volatile products
were characterized by means of a quadrupole gas analyzer
(European Spectrometry Systems, ESS). QM spectra were assigned
by referring to the fragmentation patterns;21 furthermore, they were
all analyzed by using the method proposed by Ko et al.22

Background contributions were eliminated by subtracting the
spectrum recorded just before the chemisorption to the one obtained
after the CO2 dosing. Water contamination was present, but the
comparison between QM spectra recorded before and after the CO2

exposure indicated a constant amount of contaminant.
The dosing in the FTIR equipment was done at both RT and

523 K by means of the COLLECTOR apparatus for DRIFT
spectroscopy from Spectra-Tech, Inc., fitted with the HTHP (high-
temperature high pressure) chamber and connecting the CO2 outlet
directly to the reaction chamber.

2.5. DRIFT Measurements.IR spectra were obtained by using
a Bruker IFS 66 spectrometer in the diffuse reflectance mode and
displayed in Kubelka-Munk units.23 The resolution of the spectra
was 4 cm-1. The temperature of the powder was checked through
a thermocouple inserted into the sample holder directly in contact
with the powder.

2.6. XPS Measurements.XP spectra were recorded on a Perkin-
Elmer PHI 5600-ci spectrometer with a standard Al KR source
(1486.6 eV) working at 350 W. The working pressure was less
than 1× 10-8 Pa. The spectrometer was calibrated by assuming
the binding energy (BE) of the Au 4f7/2 line to be 84.0 eV with
respect to the Fermi level. Extended spectra (surveys) were collected
in the range 0-1350 eV (187.85 eV pass energy, 0.4 eV per step,
0.05 s per step). Detailed spectra were recorded for the following
regions: C(1s), O(1s), Al(2p) (11.75 eV pass energy, 0.1 eV per
step, 0.1 s per step). The standard deviation in the BE values of
the XPS line was 0.10 eV. The atomic percentage, after a Shirley
type background subtraction,24 was evaluated using the PHI
sensitivity factors.25 To take into account possible charging
problems, the C 1s peak was considered at 285.0 eV, and BE
differences were evaluated.

2.7. Thermal Analysis.Thermogravimetric analysis (TGA) and
differential scanning calorimetry (DSC) were carried out in a
controlled atmosphere using the simultaneous differential techniques
(SDT) 2960 instrument of TA Instruments. Thermograms were
recorded at 4 and 10 K min-1 heating rates in air or nitrogen flow.
The covered temperature range was from RT to 1273 K.

3. Results and Discussion

3.1. Characterization of R-Al 2O3 Samples. Powder
samples have been characterized by means of XP and DRIFT
spectroscopies as well as by means of thermal analysis
(TGA-DSC).

The Al(2p) and O(1s) XP peaks lie at 74.2 and 531.0 eV,
respectively (see Figure 3), and the BE difference between
them is 456.8 eV. All these values are in fair agreement with
literature data for Al3+ and O2- species inR-Al 2O3.25,26

Moreover, the high O/Al surface atomic ratio (1.8) and the
asymmetry of the O(1s) band (see the peak tail at high BE
in Figure 3) suggest the presence of surface hydroxyl
groups.27,13 In this regard, it has to be emphasized that Suda
et al.28 classified three different types of OH surface
groups: (i) free or isolated OH groups, (ii) H-bonded OH
groups, and (iii) OH groups interacting with chemisorbed
water molecules. The distribution of these groups is a
function of preparation conditions such as temperature and
sample dehydration degree.

Infrared spectroscopy has been used in the past to
investigate the nature of isolated OH groups on low index
planes of transition aluminas.29 The existence of the following
species was revealed: (i) OH groups coordinated to a single
tetrahedral Al3+ site; (ii) OH groups coordinated to a single
octahedral Al3+ site; (iii) OH groups bridging a tetrahedral

(20) Hoffmann, R.Solids and Surfaces: A Chemist’s View of Bonding in
Extended Structures; VCH: New York, 1988.

(21) Lias, S. G.; Stein, S. E.NIST/EPA/MSDC Mass Spectral Database,
PC version 3.0; June 1990.

(22) Ko, E. I.; Benzinger, J. B.; Madix, R. J.J. Catal. 1980, 62, 264.
(23) (a) Kubelka, P.; Munk, F.Z. Tech. Phys. 1931, 12, 593. (b) Kortum,

G. Reflectance Spectroscopy; Springer: New York, 1969.
(24) Shirley, D. A.Phys. ReV. 1972, 55, 4709.
(25) Moulder, J. F.; Stickle, W. F.; Sobol, P. E.; Bomben, K. D. In

Handbook of X-ray Photoelectron Spectroscopy; Chastain, J., Ed.;
Physical Electronics: Eden Prairie, MN, 1992.

(26) NIST Standard Reference Database 20, Version 3.0.
(27) McIntyre, N. S.; Chan, T. C. InPractical Surface Analysis, 2nd ed.;

Briggs, D., Seah, M. P., Eds.; John Wiley and Sons: New York, 1990;
Vol. 1, Chapter 10.

(28) Suda, Y.; Morimoto, T.; Nagao, M.Langmuir1987, 3, 99.

Figure 3. XP spectra of theR-Al2O3 powder sample obtained after the
treatment at 1423 K (s); after the activation (773 K) under HV conditions
(‚‚‚‚); after the exposure to CO2 at RT under HV conditions (- - -).
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and an octahedral site; (iv) OH groups bridging two
octahedral sites; (v) capped OH groups, that is, contemporary
bridging three octahedral sites.

The O-H stretching region of the DRIFT spectrum of our
R-Al 2O3 powder sample is reported in Figure 4 where bands
are alphabetically labeled. The spectrum consists of the
following: (i) a very broad and intense band extending from
∼2500 to 3600 cm-1 with two evident features around 3220
and 3430 cm-1 (A and B, respectively); (ii) two peaks at
3616 and 3695 cm-1 (C and D, respectively); (iii) a weak
and quite broad band at∼3770-3800 cm-1 (E). Reference
to literature data30 allows us to ascribe the broad and intense
band covering the spectral region from 2500 to 3600 cm-1

to H-bonded water. Furthermore, the presence of the two
features at∼3220 and 3430 cm-1 suggests that water
molecules bind to the surface in different ways. Consistently,
the DRIFT region including water bending modes (not herein
reported) is characterized by the presence of two main
contributions at∼1540 and 1635 cm-1. All the remaining
bands of the DRIFT spectrum are assigned to the stretching
of isolated and H-bonded OH groups.29a More specifically,
the narrow peak D is ascribed to OH groups three-fold
coordinated to octahedral Al3+ sites, while the wider C one
is consistent with the presence of H-bonded OH groups.
Finally, the weak and rather broad bandE is associated to
the presence of OH groups one-fold coordinated to a single
octahedral Al3+ site.

Moving to the analysis of TGA data, the inspection of
Figure 5 points out that (i) water weakly bonded is lost at
temperatures lower than 338-343 K, and (ii) a significant
weight loss takes place between 483 and 583 K. In this
regard, it should be stressed that the loss of H-bonded OH
groups agrees with DRIFT results which show, forR-Al 2O3

heated at 373 K in a N2 flow, the decrease of peak C (see
Figure 4).

3.2. Reaction of CO2 with R-Al 2O3 at Atmospheric
Pressure.The spectral region ranging from 1200 to 1800

cm-1 of the DRIFT spectra of theR-Al 2O3 powder sample
after CO2 dosing at different temperatures is reported in
Figure 6. In the spectrum recorded at RT of the untreated
R-Al 2O3 are evident at least three bands at 1423 (A) cm-1,
1631 (B) cm-1, and 1680 (C) cm-1. Moreover, the lower
frequency side of the third band is characterized by the
presence of an evident shoulder (S) at∼1665 cm-1. The
position of these bands is indicative of the formation of
surface-bicarbonate species30-32 as a consequence of the
interaction between OH surface groups and CO2. In the same
figure, the DRIFT spectrum of theR-Al 2O3 powder sample
treated for 2 h in N2 at 523 K and exposed to CO2 either at
523 K or at RT is also reported. The spectrum ofR-Al 2O3

heated at 523 K and exposed to CO2 at the same temperature
is characterized by only two broad bands (∼1352 cm-1 (A′)
and 1620 (B′) cm-1), whose position is consistent with the
presence of surface BCC.33 At variance to that, the DRIFT
spectrum of theR-Al 2O3 sample treated for 2 h in N2 at 523
K but exposed to CO2 at RT reveals the coexistence of both
surface bicarbonate and BCC. Such a behavior suggests that
(i) the surface dehydroxylation has a reversible character,

(29) (a) Boehm, H.-P.; Kno¨zinger, H. InCatalysis: Science and Technol-
ogy; Anderson, J. R., Boudart, M., Eds.; Springer-Verlag: New York,
1983; Vol. 4, Chapter 2. (b) Zecchina, A.Discuss. Faraday Soc.1971,
52, 89. (c) Borello, E.; Cimino, A.; Ghiotti, G.; LoJacono, M.;
Schiavello, M.; Zecchina, A.Discuss. Faraday Soc.1971, 52, 149.
(d) Morterra, C.; Ghiotti, G.; Garrone, G.; Boccuzzi, F.J. Chem. Soc.,
Faraday Trans. 11976, 72, 2722.

(30) Little, L. H. In Infrared Spectra of Adsorbed Species; Academic
Press: San Diego, CA, 1966; Chapter 3.

(31) (a) Gatehouse, B. M.; Livingstone, S. E.; Nyholm, R. S.J. Chem.
Soc.1958, 3137. (b) Morterra, C.; Zecchina, A.; Coluccia, S.; Chiorino,
A. J. Chem. Soc., Faraday Trans. 11977, 73, 1544. (c) Morterra, C.;
Cerrato, G.; Bolis, V.; Fubini, B.Spectrochim. Acta1993, 49A, 1269.

(32) The DRIFT spectral region ranging from 3000 to 3550 cm-1 (not
reported) includes weak contributions attributable to the O-H stretch-
ing of surface bicarbonates.

(33) Seiferth, O.; Wolter, K.; Dillmann, B.; Klivenyi, G.; Freund, H.-J.;
Scarano, D.; Zecchina, A.Surf. Sci.1999, 421, 176.

Figure 4. DRIFT spectrum at 4 cm-1 resolution of theR-Al2O3 powder
sample before thermal treatment (blue line) and after heating (red line) in
N2 at 373 K.

Figure 5. TGA spectrum (air flow, rate) 10 K × min-1) of theR-Al2O3

powder sample.

Figure 6. DRIFT spectrum at 4 cm-1 resolution obtained after chemi-
sorption of CO2 at RT on the untreatedR-Al2O3 powder sample (s);
chemisorption of CO2 at 523 K on theR-Al2O3 powder sample heated at
523 K in N2 (- - -); chemisorption of CO2 at RT on theR-Al2O3 powder
sample previously heated at 523 K in N2 (‚‚‚‚).
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and (ii) the surface reactivity of alumina can be strongly
influenced by its thermal history and preparation procedure.
Moreover, experimental evidence pertaining to the chemi-
sorption of CO2 at RT on the untreated sample is indicative
of a situation entirely different with respect to the one we
theoretically modeled (see later). At variance to that, DRIFT
data concerning the chemisorption of CO2 at 523 K on a
powder formerly dehydroxylated are quite well suited to be
rationalized by means of our theoretical calculations.

3.3. Reaction ofR-Al 2O3 with CO2 in HV Conditions .
The Al(2p) XP spectrum obtained after the activation
treatment is shown in Figure 3. In addition to the signal
attributed to the Al3+ in R-Al 2O3, a lower BE contribution
at 73.4 eV is also evident. This feature suggests that the
heating treatment, besides removing surface OH groups (see
the decrease of the O(1s) peak tail), has also the effect of
partially reducing the sample through the creation of surface
O vacancies. Accordingly, the O/Al surface atomic ratio
passes from 1.8 (see previous description) to 1.0.

As already pointed out, the activated surface was exposed
to CO2 at a pressure of 10-4 Pa, and the reaction products
were characterized by means of QMS. The QM spectrum
reported in Figure 7 clearly shows the presence of both CO2

(m/e ) 44 amu) and CO (m/e ) 28 amu).34

After the CO2 dosing, the Al(2p) and O(1s) XPS bands
become narrower, the value of the surface O/Al atomic ratio
increases from 1.0 to 1.7, and the maxima of the Al(2p) and
O(1s) peaks move in opposite directions. All of this evidence
suggests a less defective surface and a reconditioning of the
surface stoichiometry after the CO2 exposure. Finally, it is
interesting to observe that the shape of the O(1s) peak does
not change after the chemisorption; in particular, no feature
attributable to OH groups is present.

3.4. Theoretical Results. Our first concern was that of
checking the capability ofI of mimicking the clean surface,
and, in particular, of reproducing the well-known strong
relaxation undergone by the topmost layer ofR-Al 2O3-
(0001).8a-d For this purpose, we optimized the coordinates

of the two Ls
a’s as well as of the six nonsaturated Ls

b’s (the
O atoms in red in Figure 2) ofI . Computed quantities
compare well with literature experimental and theoretical
values8g,j,p (see Table 1); moreover, the main features of the
electronic structure ofI are very similar to those pertaining
to the Al8O12 cluster we adopted in ref 8p. The interested
reader may refer to this reference for a detailed discussion.

As already mentioned, polycrystallineR-Al 2O3 is usually
characterized by the presence of F centers which should be
present in a significant amount on the surface of the activated
sample (see preceding discussion). Thus, to understand, at
least at a semiquantitative level, how the electronic structure
of the stoichiometric clean surface is perturbed upon the
creation of a neutral F center, we performed a further series
of calculations on the saturated Al14O21 cluster (IF, see Figure
8) obtained fromI by removing Ls11

b . In these numerical
experiments, the coordinates of Ls

a (two atoms) and Ls
b (five

atoms) were optimized without imposing any constraint.

(34) It is interesting to note that the chemisorption of CO on a stoichio-
metric, well-ordered (V0.985Cr0.015)2O3(0001) surface gives rise to
irreversible changes in the surface. In particular, the adsorbate abstracts
lattice oxygen, it reduces the surface, and it desorbs as CO2.35

Figure 7. QM spectrum of volatile products after chemisorption of CO2

at RT on partially reducedR-Al2O3.

Table 1. Atomic Displacements (Å) from the Bulk Compared with
Experiments and Various Cluster and Slab Calculations

CLUSTER

atom this work expt HFc B3LYPc GGAd
SLAB
LDAe

Ls1
a (z) -0.54 -0.34a -0.58 -0.54 -0.53 -0.71

Ls2
a (z) -0.54

Ls1
b (x) 0.02 0.07a 0.05 -0.03

Ls1
b (y) 0.06 0.20a 0.00 -0.07

Ls1
b (z) 0.02 0.09a 0.00 0.04 0.03 -0.01

Ls2
b 0.05

Ls2
b 0.06

Ls2
b 0.03

d1
f 0.28 0.42a/0.3b 0.25 0.25 0.27 0.12

d2
f 0.27

r(Ls1
a -Ls1

b ) 1.70 1.77a/1.72b 1.73 1.75 1.72 1.66

r(Ls2
a -Ls2

b ) 1.72

∆r(Ls1
a -Ls1

b ) -0.15 -0.08a/-0.13b -0.12 -0.10 -0.13 -0.17

∆rLs1
a -Ls1

b ) -0.13

a Reference 8b.b Reference 8a.c Reference 8g.d Reference 8p.e Ref-
erence 8j.f Thed parameter defines the spacing between the first and second
layers.

Figure 8. Schematic representation of the unrelaxed cluster Al14O21 (IF).
Al (O) atoms in green (pink) are saturated. Pseudo-atom saturators are not
displayed for the sake of clarity.
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The comparison of geometrical parameters ofI and IF

indicates only minor variations on passing from the defect-
free surface to the one representative of a surface F center,
with one exception: a significant shift (0.27 Å) of Ls1

a in
the direction of VO. Incidentally, this is perfectly in tune with
data reported by Stashans et al.10c and Xu et al.10b for F
centers in bulkR-Al 2O3.

Hirshfeld36 charges (QH) of selected atoms ofI andIF (see
Table 2) point out that only the VO nearest neighbors (Ls1

a ,
AlCC1, and AlCC2) are perturbed by the creation of the F
center. According to that, the DOS/PDOS ofI and IF (see
Figure 9, top and middle) are rather similar, even if the band
gap of IF is characterized by the presence of an occupied
state, completely localized on the VO nearest neighbors (see
Figure 9 bottom) and 1.6 eV above the valence band
maximum. Incidentally, this∆E is rather similar to experi-
mental (3.0 eV)10d and theoretical (3.45 eV)10b data pertaining
to neutral F centers in bulkR-Al 2O3.

A deep understanding of the bonding interaction between
CO2 and the defect-freeR-Al 2O3(0001) surface requires a
detailed knowledge of the electronic structure of the free
adsorbate. For this reason, let us briefly summarize the results
obtained by running DFT calculations on the isolated CO2

with D∞h symmetry. The valence manifold of CO2 (see Figure
10) includes a total of eight MOs (2σg, 2σu, 1πu, 1πg, 2πu).
Among them, the 1πg HOMO is C-O nonbonding in
character, while the 2πu LUMO is strongly C-O antibonding
(see COOPs in Figures 10 and 2D contour plots in Figure
11). As far as the agreement between experiment and theory
is concerned, both structural and vibrational parameters are
satisfactorily reproduced: BL(C-Oexp/C-Otheo) ) 1.163/
1.174 Å;37 ν1(exp)/ν1(theor) ) 1337/1307 cm-1, ν2a(exp)/ν2a(theor)

) 667/637 cm-1, ν2b(exp)/ν2b(theor)) 667/638 cm-1; ν3(exp)ν3(theor)

) 2349/2338 cm-1.38 Finally, C and O Mulliken39

(Hirschfeld)36 charges are 0.95/-0.47 (0.30/-0.15).
On the basis of simple symmetry and overlap consider-

ations, we can foresee that CO2 frontier orbitals (the 1πg

and 2πu MOs) will be certainly the most perturbed upon
chemisorption; nevertheless, their entanglement in the ad-
sorbate-substrate interaction should differently affect the
C-O bond. More specifically, the involvement of the HOMO
in the CO2 f Ls

a donation should perturb to a negligible

extent the C-O bond length (BL), while the opposite should
be true as far as the participation of the 2πu CO2 LUMO to
the Ls

b f CO2 back-donation is concerned.
Before moving to the analysis of data pertaining to the

R-Al 2O3(0001)-CO2 interaction, let us emphasize that
neither theoretical nor experimental information concerning
the arrangement of CO2 on R-Al 2O3 single crystal surfaces
is available. Such a lack forced us to perform a series of
numerical experiments with different starting geometries (see
Figure 12).40 Among them, the only arrangement giving rise
to a stable CO2-surface complex was the BCC1 sketched
in Figure 13. Optimized geometrical parameters (see Figure
13 and Table 3) indicate that both the adsorbate and the
substrate are strongly perturbed upon chemisorption. In
particular: (i) the CO2 is strongly bent; (ii) the C-O1,
C-O2, and Ls1

a -Ls11
b BLs are significantly lengthened; (iii)

(35) Toledano, D. S.; Henrich, V. E.; Metcalf, P.J. Vac. Sci. Technol., A
2000, 18, 1906.

(36) (a) Hirshfeld, F. L.Theor. Chim. Acta1977, 44, 1703. (b) Wiberg, K.
B.; Rablen, P. R.J. Comput. Chem.1993, 14, 1504.

(37) Wells, A. F. Structural Inorganic Chemistry, 5th ed.; Clarendon
Press: Oxford, 1984.

(38) Taylor, J. H.; Benedict, W. S.; Strong, J.J. Chem. Phys.1952, 20,
1884.

(39) Mulliken, R. S.J. Chem. Phys.1955, 23, 1833.
(40) In Figure 12, we have only reported, among the starting geometries

we considered, those corresponding to BCC surface complexes.

Table 2. Hirshfeld Charges of Selected Atoms inI and IF

I I F

Ls1
a 0.66 0.44

Ls2
a 0.66 0.66

AlCC1 0.43 0.38
AlCC2 0.45 0.43
Ls2

b -0.36 -0.36

Ls1
b -0.36 -0.38

Figure 9. DOS of the saturated clustersI and IF. PDOSs of Ls
a, Ls

b, and
AlCC are also included. V, F, and C account for the valence band top, the
F state due to the O vacancy, and the conduction band bottom, respectively.
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the inward relaxation of both Ls
a’s is partially relieved, even

if to a different extent (Ls1
a more than Ls2

a ). As far as the
∆Hadsis concerned, the computed value of-15.30 kcal/mol41

agrees quantitatively with the heat of adsorption obtained
by Mao and Vannice for CO2 on high surface areaR-alumina
(-16.0 kcal/mol).42

Hirshfeld36 charges of selected atoms ofI-CO2 are
compared with those of constituent fragments in Table 4.
The atomic species undergoing the largest∆QH is Ls11

b

(0.20), while variations associated with Ls1
a , Ls2

a , and O2 are
definitely smaller (-0.05/-0.07), and no modification is
computed for C and O1 atoms. A rationale of this finding
has been obtained by performing a further series of calcula-
tions on the free CO2 and by varying the O-C-O bond angle
(BA) from 180° to 131°.43 Despite the absence of a symmetry

plane in theI-CO2 cluster, this new series of calculations
allowed us to discriminate the participation of the in-plane
(a′) and out-of-plane (a′′) partners of CO2 frontier orbitals
in the adsorbate-substrate interaction. In this regard, the
PDOS and COOP reported in Figure 14 reveal that (i) the a′
component of the CO2 2πu LUMO is dramatically stabilized
upon chemisorption as a consequence of the Ls11

b f CO2

back-donation,44 and (ii) the adsorbatef substrate donation,
a multicenterd interaction involving both adsorbate O atoms
and both Ls

a’s (the O-Ls2
a BL is 2.17 Å), is weaker than the

substratef adsorbate back-donation. As a whole, the Ls11
b

f CO2 transfer of charge is partially offset by the Ls1
a r

CO2 f Ls2
a interaction, thus explaining∆QH values of

Table 4.
Asymmetrical (1690 cm-1) and symmetrical (1202 cm-1)

C-O stretching frequencies computed for the BCC1 adduct
are in semiquantitative agreement with DRIFT measurements

(41) Contributions to∆Hadsin eq 2.1 are the following:∆Eelstat) -255.45,
∆EPauli ) 461.20,∆Eint ) -300.91, and∆Eprep ) 76.64 kcal/mol
(∆Eprep

CO2 and∆Eprep
I are 49.23 and 27.41 kcal/mol, respectively), while

BSSE amounts to 3.22 kcal/mol.
(42) Mao, C.-F.; Vannice, M. A.Appl. Catal., A1994, 111, 151.
(43) The results of these calculations pointed out that low lying CO2 1πu

and 1πg MOs are only slightly perturbed upon the bending, whereas
the in-plane component (a′) of the 2πu LUMO is strongly stabilized
(it acquires a partial O-O bonding character) with respect to the a′′
partner which is perpendicular to the CO2 plane.

(44) The∆E between the a′ component of the 2πu and 1πg MOs in the
free CO2 with an O-C-O BA of 131° amounts to∼3.5 eV, while it
is negligible in the chemisorbed species.

Figure 10. DOS (top) and C-O COOP (bottom) of the free CO2. σ and
π contributions to the DOS and COOP are also outlined. Vertical bars
represent the energy of the highest occupied MO (HOMO). MOs 1σg and
1σu lie out of the reported energy range.

Table 3. Variation in Height (∆z) and in BL (∆r) of Ls
a and Ls

b upon
Chemisorption of CO2 on Al2O3(0001)

∆z (Å) ∆r (Å)

Ls1
a 0.40

Ls2
a 0.20

Ls11
b 0.19

Ls1
a -Ls11

b 0.20

Ls1
a -Ls12

b 0.01

Ls1
a -Ls13

b 0.01

Figure 11. 2D contour plots of one component of the CO2 1πg HOMO
(top) and 2πu LUMO (bottom). Contour values are(0.48,(0.24,(0.12,
(0.06 ... e1/2 × Å-3/2 with negative values in dashed lines.

Table 4. Comparison of Hirshfeld Charges of Selected Atoms inI and
I-CO2

atom I I -CO2 ∆

Ls1
a 0.66 0.59 -0.07

Ls2
a 0.66 0.60 -0.06

Ls11
b -0.36 -0.14 0.20

Ls12
b -0.36 -0.37 -0.01

Ls13
b -0.36 -0.37 -0.01

Free Molecule
C 0.30 0.30 0.00
O1 -0.15 -0.15 0.00
O2 -0.15 -0.20 -0.05
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pertaining to dehydroxylatedR-Al2O3 exposed to CO2 at 523
K (bandsB′ andA′ of Figure 6) as well as with FTIR data
reported by Morterra et al. for dehydroxylatedR-Al 2O3

(1710-1310 cm-1).11b We also computed the BCC1 bending
mode (847 cm-1) which cannot be compared with experi-
mental data because vibrations of the substrate lattice are
present in the same energy range. In any case, the significant
blue shift of this mode compared to theν2 value of the free
CO2

38 is consistent with the proposed adsorbate-substrate
bonding scheme.

We turn now our attention to the chemisorption of CO2

on partially reducedR-Al 2O3. This has been modeled by
assuming the formation of a surface carbonate where one of
the adsorbate O atoms saturates the coordinative vacancies
induced by the VO creation (see Figure 15a). The coordinates
of the adsorbate, Ls

a, and Ls
b have been then optimized

without any constraint. Interestingly, the final geometry (see
Figure 15b) corresponds to the reduction of CO2 to CO and
to the restoration of the stoichiometric surface. Moreover,

the final CO surface complex is characterized by geometrical
parameters equivalent to those reported in ref 8p, and reaction
3.1 is computed to be exothermic by∼59 kcal/mol.

4. Conclusions

The chemisorption of CO2 on polycrystalline, dehydroxy-
lated R-Al 2O3 has been experimentally and theoretically
investigated by combining XPS, DRIFT, and QMS results

Figure 12. Schematic representation of possible BCC species possibly
produced by the interaction of CO2 with dehydroxylatedR-Al2O3.

Figure 13. Structural parameters (bond lengths in Å and bond angles in
deg) of the optimized BCC1 surface complex.

Figure 14. DOS (top) and COOP (bottom) of the chemisorbed CO2. Levels
reminiscent of the free CO2 HOMO (2πa′ and 2πa′′ levels) and LUMO
(3πa′ and 3πa′′ levels) are outlined. Vertical bars represent the energy of
the HOMO of theI-CO2 cluster.

Figure 15. Schematic representation of the starting (a) and optimized (b)
geometry of theIF-CO2 cluster.

R-Al 2O3-x(0001)+ CO2 f R-Al 2O3(0001)+ CO (3.1)
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with the outcomes of DFT calculations carried out for CO2

interacting with theR-Al 2O3(0001) surface. The CO2-
substrate interaction gives rise to a surface bidentate-chelating
carbonate whose bonding scheme is dominated by a surface
f adsorbate back-donation assisted by a definitely weaker
adsorbatef surface donation. Both the electronic and
structural properties of the substrate are significantly per-
turbed upon chemisorption, thus providing a theoretical
rationale of the CO2 inadequacy to probe the basicity of
surface Lewis base sites. As far as the interaction of CO2

with partially reducedR-Al 2O3 is concerned, both experi-
mental and theoretical results are consistent with a reduction
of the adsorbate to CO and the concomitant restoration of
the surface stoichiometry. As a whole, the obtained results
exemplify the power of combined theoretical and experi-
mental investigations where neither technique leads, but
rather, they are used in parallel to gain further insight than
either could on its own.
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