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Abstract: CO adsorption on Pd atoms deposited on MgO(100) thin films has been studied by means of thermal
desorption (TDS) and Fourier transform infrared (FTIR) spectroscopies. CO desorbs from the adsorbed Pd
atoms at a temperature of about 250 K, which corresponds to a binding e&gr@f,about 0.7+ 0.1 eV.

FTIR spectra suggest that at saturation two different sites for CO adsorption exist on a single Pd atom. The
vibrational frequency of the most stable, singly adsorbed CO molecule is 2055 Bensity functional cluster

model calculations have been used to model possible defect sites at the MgO surface where the Pd atoms are
likely to be adsorbed. CO/Pd complexes located at regular or low-coordinated O anions of the surface exhibit
considerably stronger binding energi€s,= 2—2.5 eV, and larger vibrational shifts than were observed in

the experiment. CO/Pd complexes located at oxygen vacancies (F @erfters) are characterized by much
smaller binding energie€, = 0.5+ 0.2 or 0.7+ 0.2 eV, which are in agreement with the experimental
value. CO/Pd complexes located at the paramagnétieRters show vibrational frequencies in closest agreement

with the experimental data. These comparisons therefore suggest that the Pd atoms are mainly adsorbed at
oxygen vacancies.

the heterolytic dissociation of Hor H,O.” Cation vacancies
result in localized holes on the surface, which then exhibit

The chemical activity of oxide surfaces is largely dominated enhanced reactivityHydroxyl groups, OH, can favor nucleation
by the presence of extended or point defects. Depending on the y ylgroups, ’

- - . . f metal cl nd intr inhomogen lectric fiel
ionic or covalent nature of the oxide, on its crystalline structure, of metal clusterand introduce inhomogeneous electric fields

and on the preparation of the material, a great variety of defect?r;[ the _SL:r;a(;éQ tT he cobmrl)lem:yé)f me problerp IS 'ncéig;zd as

centers can form at the surface. For the case of a highly edpomh eecsct:)an_ el ocge atterrace, step, an “cl S Y
stoichiometric oxide, such as MgO, at least nine different point and as they can be isolate , OCCUr In pairs or even c usters”.
defects have been identified and described in the literdture. Furthermorg, the concentrat[on of the defects is uls.ually low,
These defect centers can have quite different properties andmakmg their detection by integral surface sensitive spec-

characteristics. Low-coordinated O anions at steps and kinks.trOSCOp'eS very difficult. A microscopic view of the metal/oxide

are known to exhibit a pronounced basic character and reactlnterface, however, and a detailed analysis of the sites where

. o . . the deposited metal atoms or clusters are bound become essential
stronger than terrace sites with incoming molecules via electron . P

transfer from the surface to the adsorbate” and F centers n rati_onaliz_ing the observed phenomena_ and designing new
contain one or two electrons trapped in the cavity left behind materials with known concentrat_|ons ofagiven typg c_>f (_jefects.
by the missing O ioR# Therefore these centers act as good Each of the;e defects has adlre_ct and c_:haractenstlc mf_luence
electron sources for charge-transfer reacfiéis can facilitate O the properties of adsorbed species. This becomes particularly
important in the analysis of the chemical reactivity of supported
metal atoms and clustets!® The defects not only act as
nucleation centers in the growth of metal islands or clusteYs,
but they can also modify the catalytic activity of the deposited
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metal by affecting the bonding at the interfd€e'® Recently, adsorbed CO indeed point toward the existence of isolated Pd atoms
we have shown that isolated, mass-selected Pd clusters, depogt 90 K, which become mobile between 250 and 300 K. The MgO-
ited on a MgO(100) thin film grown on Mo(100), exhibit (100) films are prepared in situ for each experiment; they are epitaxially
peculiar activities and selectivities in the polymerization of 9rown on a Mo(100) surface by evaporating magnesium #iCa
acetylene to form benzene and aliphatic hydrocarBdis background and subsequently annealing the sample to 1000 K. These

tronal ize-d ndent behavior is related to the distin tfilms show bulklike structural and electronic properties as observed
strongly -size-depende ehavior IS related 1o the distinc by low electron energy diffraction (LEED), X-ray photoelectron

elgctronic and geometric prpperties of the m.etal clusters, makingspectrOSCOpy (XPS), UV photoelectron spectroscopy (UPS), and
this new class of materials extremely interesting for the gjectron energy loss spectroscopy (EEESYowever, extended defects
understanding of the structur@roperty relationship. Free Pd  such as steps and kinks as well as point defects are detected by scanning
atoms, which do not promote the acetylene-to-benzene cycliza-tunneling microscopy?

tion, have also be shown to become active catalysts when After Pd deposition the samples are dosed at 90 K, using a calibrated
deposited on the MgO surfaééZ°In detail, Pd atoms deposited molecular beam doser, to about 5 Langmuir '8€0 or °CO,

at the regular 5-fold coordinated sites of the MgO surface are respectively. In thermal desorption experiments the sample is heated
inert and only Pd atoms bound to defect sites, either low- With a rate of 2 K/s and the desorbing molecules are detected by a
coordinated O anions or O vacancies (F centers), becomeMass spectrometer (BALZERS QMG 421)._Th§ Fourier t_ransform
catalytically active® In addition, it has been shown experi- infrared (FTIR) measurements are performed in single reflection mode.

mentally and theoretically that the F centers are also importantA” the spectra are taken at 95 K and 512 interferograms are averaged.

in promoting the CO oxidation occurring on Au clusters 2.2. Theory.The interaction of CO with Pd atoms adsorbed on low-
P 9 9 coordinated O sites or F centers of the MgO surface has been studied

deposited on MgG? with embedded cluster modefsThe use of a large set af2 and—2

In this paper we report a combined theoretical and experi- point charges, PC, placed at the lattice positions around the cluster
mental study on the adsorption properties of CO molecules guarantees that the Madelung potential inside the cluster is properly
interacting with isolated Pd atoms deposited by soft-landing reproduced. To prevent the artificial polarization of the oxide anions
techniqgues on a MgO(100) thin film grown on a Mo(100) at the cluster border, an effective core potential (ECP), which provides
substraté! We used CO as a probe molecule for the identifica- & Simple representation of the finite size of the3Vgore, is associated
tion of the site where the Pd atoms are adsorbed. The adsorptiorf"ith the positive charges around the ion clusterhis kind of approach
energy,Ep, of CO has been measured by thermal desorption has bee_n widely tested, in pa_rtlcular for_ MgO, versus more elaborated_
spectroscopy (TDS) and the results have been compared Withembeddlng schemes, .perlodlc calculations, and very accurate experi-

; . . mental measures on single crystals. A test case has been that of CO on

thos? predicted by quantym-chenjlcal calculations based on th%go for which all possible theoretical methods have been applied,
gradient-corrected density functional theory (DFT) and on showing the adequacy of the cluster approich.

cluster models. The vibrational frequencies of the adsorbed The binding energy and the vibrations of CO molecules adsorbed
CO molecules have been measured by Fourier transform infraredon Pd atoms have been obtained with gradient corrected density
(FTIR) spectroscopy and computed by means of a vibrational functional theory (DFT). We used the hybrid Becke3 functional for
analysis. The comparison of tHg, and w from theory and exchang® and the LeeYang—Parr functional for correlatioff,
experiment allows for a realistic hypothesis on the identification B3LYP. The MgO sites have been modeled by the following clusters:

of the MgO defect sites where the Pd atoms are most likely to O:13Mg1s represents a five-coordinatedsQon at a terrace or, by
be adsorbed. removing one O atom, the corresponding & Fsc" centers; @QMdio

models a four-coordinateds©on at an edge site or the corresponding
Fac Or Fyc™ centers; and @gs models a three-coordinatecs@on at
the corner and thesFor F:" centers. The convergence of the results
2.1. Experiment. Palladium atoms are produced by a recently Versus the size of the cluster has been checked for the case of Pd
developed high-frequency laser evaporation sotfrdhe positively adsorbed on € or Fs sites. The larger QMgs; cluster has been
charged atomic ions are guided by home-built ion optics through compared with the gs cluster; some differences are found in the
differentially pumped vacuum chambers and are size-selected by aProperties of adsorbed Pd (e.g. the Pd binding energy is about 4% larger
quadrupole mass spectrometer (Extranuclear C50/mass limit: 4000@nd the distances are slightly shorter with theMs cluster), but the
amu). Palladium atoms are then deposited under soft-landing conditionsCO Properties are similar, with oscillations @&f0.1 eV for the
(Ein ~ 0.2 eV/atom) onto a magnesium oxide thin film of 106 adsorption energy+0.02 A for the geometries, and7 cm* for the
monolayers (ML) thickness. Upon impact the atomic ions are neutral- frequencies. For the study of geminal Pd(e@irarbonyls we used an
ized either on defect sites (F centers) or by charge tunneling through OsMgs model of the MgO substrate.
the thin MgO films. We deposited only 2.0% ML of Pd atoms (1 ML Gaussian-type atomic orbital basis sets were used to construct the
= 2.25x 10 clusters/cr®) at 90 K to land them isolated on the surface Kohn—Sham orbitals. The basis set used for the Mg and O ions of the
and to prevent island formation on the defect-free terraces of the MgO- substrate cluster is the 6-3¥Gwhen a O atom is removed to form a
(100) films. In fact, recent Monte Carlo simulations showed that at F center one has to adopt a sufficiently flexible basis set to describe
these low coverages (1% ML) 92% of the atoms are landing isolated the electron localization in the vacancy. This can be achieved by adding

on the surfac& As will be shown below, vibrational frequencies of ~ floating functions at the cavity cenééf or by using a more diffuse
basis set on the neighboring Mg iofisHere we adopted this second

2. Experimental and Computational Details
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is then annealed to temperatures going from 100 K up to 510
K. At 100 K a broad band at 2045 crhwith a shoulder at
2010 cm! is observed?3® The existence of the two bands
indicates the presence of two different CO adsorption sites.
Adsorption of an isotopic mixture 02COACO results in a
strong exchange of carbon monoxide adsorbed on the two sites
(see below). In view of the very low Pd coverage on the surface,
the two different adsorption sites are therefore likely to exist
on a single Pd atom. The intensity of the 2010 énband
increases after annealing the sample to 165 K and concomitant
desorption of part of the adsorbed CO. The two observed
frequencies are typical for on-top bound CO molecules. The
integrated absorption intensity of the band at 2010 tims
increasing up to 205 K and disappears continuously when
annealing up to 350 K. A new band at 1830 Cnappears at
300 K, typical for CO adsorbed at bridge sites as also observed
on certain macroscopic Pd surfaces at low covefadeérst
principles DFT calculations on CO adsorbed on a Eldster
formed at an oxygen vacancy givé% O stretching frequency
of 1877 cnr138 This suggests that at 300 K the Pd atoms
become mobile on the surface and form clusters as already
observed for Pd on AD3.3° CO can leave the on-top sites and
bind at the bridge or open sites of the cluster where it is more
strongly bound. At 350 K most of the on-top bound CO has
N A PN ™A P 510 K desorbed from the sample, whereas the bridge-bound CO
desorption is completed only at 500 K. Desorption of CO at
these two temperatures is independently observed by TDS.
4 Figure 2a shows the CO-desorption spectrum up to 400 K of
Wavenumbers [om "] ~2% ML Pd-atoms deposited on the MgO(100) film. For
Figure 1. Infrared spectra of*CO adsorbed on deposited Pd atoms comparison Figure 2b shows the CO-desorption spectrum from
(2% ML) on a thin MgO(100) film grown on Mo(100). Shown are the 5 clean MgO(100) thin film. The difference spectrum (Figure
spectra after annealing the sample to the indicated temperature. AHZC) clearly indicates that CO is desorbing from the deposited
spectra were taken at 95 K and 512 interferograms are averaged. Pd-atoms between 200 and 340 K. A Redhead analysis of the
TDS spectrum using a temperature of maximal desorption rate

basis set. The Pd atom was treated by an 18-electrons ECP, WhichoI igg K_’la he?ttm.g rate of 2 K/Sf’ ;nd a t[:_)reexli)gg%nilal\ﬁactor
includes in the valence the Zgf4d electrons; the basis set is of 0 S " resulls In an energy or desorption o DL eV,
double£ plus polarization typ& For CO we used a 6-311G* basis. A decreased CO desorption temperature in comparison to single
The use of the larger 6-3315(2d,2p) basis gives adsorption properties ~ Crystals (406-550 K) was also observed when going from large
for CO adsorbed on PdiQwhich differ at most by 0.04 eV for the ~ to small Pd particles grown on ADs films.4°

binding energy, 0.001 A for the geometry, and 10 énfor the To study this system in more detail, experiments with
vibrational frequency. The binding energiés, have been corrected  differently labeled CO molecules were performed. If we adsorb
for the basis set superposition error (BSSEJhe geometry of CO,  12CQ instead of3CO onto the same surface held at 95 K, we
Pd, and the first neighbors on the MgO surface has been fully optimized gpserve a distinct absorption peak at 2090 &mand a broad

by means Qf ar_1a|yt|cal gradients. A full vibrational analysis, based on shoulder at around 2055 crh(Figure 3a). These are the same
second derl_vatlves of the total energy, has been performed to Compmevibrational fingerprints as foF*CO (Figure 1), but shifted by
the harmonic frequency of CO in selected cases. For the cases Wher%he well-known isotobic shift. resulting in a frequency of 2090
CO is normal to the surfaceyo(CO) has been determined by fitting 1 p_ . ! g . q_ y

the potential energy curve by a fifth-degree polynomia. With the and 2055 cm - In addition, a small absorption |s_observed at
6-311G* basis set the C@, computed at the B3LYP level is 2221 2172 cn! typical for CO adsorbed on low coordinated g
cmrl, while the experimental harmonic frequency is 2170-&f sites of the MgO(100) thin filmt! As observed fof3CO, the
Therefore all the frequencies have been scaled by a factor of 2170/distinct peak at 2090 cmt disappears and the feature around
2221=0.977 to take into account the overestimate of the freertgO 2055 cnt! gains intensity after annealing the sample to 180 K
All the computed vibrational shifts are given with respect to the (Figure 3b). This phenomenon is reversible as redosing of
harmonicaw, for free CO, 2170 cm; all the experimental shifts are  12cO an(d subsequent annealing, see Figure 3c,d, leads to the
given with respect to the anharmonig, 2143’\?‘;m1'34 The calculations g me spectra as shown in Figure 3a,b. The reversibility indicates
have been performed with the GAUSSIANS®rogram package. that the system is thermally stable, i.e., Pd monomers remain
3. Experimental Results trapped at the defect sites, up to at least 180 K. The change

. . (36) Although the shoulder is weak, its existence was reproduced several
Figure 1 shows the infrared spectra '8CO adsorbed on  times. (See, e.g., Figure 3a, which shows the same resultG®.)
supported Pd atom$3CO is adsorbed at 95 K and the sample (37) Bradshaw, A. M.; Hoffmann, F. Msurf. Scil97§ 72, 513.
(38) Abbet, S.; Heiz, U.; Hekinen, H.; Landman, UPhys. Re. Lett.
(31) Ferrari, A. M.; Soave, R.; D’Ercole, A.; Pisani, C.; Giamello, E.; In press.
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strategy and we used for the Mg ions around the vacancy at6rF&l

Pacchioni, GSurf. Sci 2001, in press. (39) Frank, M.; Bamer, M.Phys. Chem. Chem. Phy200Q 2, 3723.
(32) Hay, P. J.; Wadt, W. Rl. Chem. Phys1985 82, 299. (40) Wolter, K.; Seiferth, O.; Kuhlenbeck, H.;"Bmer, M.; Freund, H.-
(33) Boys, S.; Bernardi, PMol. Phys.197Q 19, 553. J. Surf. Sci.1998 399, 190.
(34) Herzberg, GMolecular Spectra and Molecular Structyr&an (41) The intensity of the IR-absorption peak of CO on low-coordinated
Nostrand: Princeton, 1950; ,Vol. 1. Mg?*-sites is decreasing with film thickness. The absorption cross section

(35) Gaussian98Frisch, M. J. et al.; Gaussian Inc.: Pittsburgh, PA, 1998. of CO on 16-15 ML thick films is close to zero.
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Figure 2. Thermal desorption spectra $ICO up to 400 K from (a)

a sample consisting of a thin MgO(100) film with2% ML Pd atoms

and (b) a clean MgO(100) thin film. Dots, data; full line data smoothing

with adjacent averaging (25 points). In panel c, the difference spectrum . .

of the smoothed data is shown. molecule adsorbed on a Pd atom deposited on MgO(100). This
frequency is very close to the frequency (2052 énattributed

between the spectra taken before (Figure 3a,c) and after (Figurdo single CO molecules on Pd atoms deposited on thjOAl

3b,d) annealing to 180 K can be explained by the existence of films.*3 In addition, the vibrational frequencies of CO of a PdACO

a vibrational coupling. It is well-known that the band at high complex in Ne, Ar, and Kr are 2056'4,2044.2%2050° and

frequency gains intensity on the cost of the low-frequency peak 20487 cm™™.

if there exists vibrational coupling and if the angle between the

adsorbed CO molecules is smaller thart.#0For CO, vibra- 4. Theoretical Results

tional coupling is observed when the frequencies of the two

bands differ less than 100 cth In the example presented here,

the two bands at around 2090 and 2055 ¢rouple, resulting

in high intensity of the 2090 cnt absorption band at 95 K.

After desorption of CO from the high-frequency adsorption sites,

the vibrational coupling disappears and the pure singleton

absorption band at low frequency is observed. In principle,

vibrational coupling can be suppressed by readsorbia®,

as it possesses a different vibrational frequency. In our case,

however, there is an important exchange between the two

molecules at 95 K. This exchange results in a broad band

observed in Figure 3e. The presence of this exchange is

confirmed by heating the sample up to 180 K (Figure 3f) where

CO on the low-energy binding site has desorbed. The resulting

spectrum now shows two vibrational features at 2055 and 2010  (42) Hollins, P.Surf. Sci. Rep1992 16, 51.

cm™1, where the peaks at 2055 and 2010 ¢rre attributed to (43) Frank, M.; Bamer, M.; Kthnemuth, R.; Freund, H.-J. Phys. Chem

12CO and**CO adsorbed on the high-energy binding sites, B. a‘f;”ﬂi’gﬁg,fg;pgﬁgﬁf‘tm'Andrews’ L. Phys. Chem. /2000 104

respectively. In summary, these results revealed two different 3905,

adsorption sites existing on or near the supported Pd atom (45) Tremblay, B.; Manceron, LChem. Phys1999 250, 187.

with observed vibrational frequencies of 2090 (2045 &fior Ch(:rg) §322g7§'g§';7'\2ﬂ§4|1m08h' D.; Moskovits, M.; Ozin, G. Al. Am.

13CO) and 2055 cmt (2010 cnt? for 13CO). The frequency at \ ’ :

. g ; (47) Darling, J. H.; Ogden, J. S. Chem. Soc., Dalton Tran4973
2055 cnt?! (2010 cntt for 13CO) is attributed to a single CO  1079.

On a free, unsupported Pd atom CO is bound by 1.71 eV
with a frequency shift with respect to the gas-phase molecule
of —97 cnTl. This shift is explained by a substantial back-
donation of charge from the metal 4d levels to the* 2
antibonding orbital of CO. The computed shift is in excellent
agreement with that measured from matrix isolation, fro8Y
cmtin Ne*to —98 cnttin Kr.#” The optimal Pe-C distance
is 1.871 A, see Table 1. These values represent a reference to
establish the kind of modification induced by the MgO substrate
on the P&-CO bonding. We first consider the case of Pd
interacting with anion sites, 42 Oy or O, Figure 4. The
binding of a Pd atom with these sites increases monotonically
from ~1 eV (&) to ~1.5 eV (), and consequently the
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Table 1. Adsorption Properties of Pd and CO/Pd Complexes Adsorbed on O Anions and F &ehfers Located at Terrace (5c), Edge
(4c), and Corner (3c) Sites of the MgO Surface

free terrace edge corner

Pd-CO Qc F5c F5C+ 040 F4c F4c+ O3C F3c F3c+
cluster QaMg13 O10Mg10 O7Mgs
symmetry Cu Cy, Cs
z(Pd),ﬁ‘A 2.210 1.524 1.497 1.981 1.092 1.124 1.760 0.694 0.693
Ex(Pd)° eV 0.96 3.42 2.10 1.35 3.64 2.41 1.51 3.66 2.35
z(PdCO)?A 2.263 1.745 1.639 2.030 1.378 1.250 1.852 0.998 0.813
D(Pd-C A 1.871 1.847 1.969 1.973 1.849 2.007 2.014 1.833 1.991 1.998
D(CO), 1.143 1.149 1.146 1.136 1.148 1.144 1.131 1.156 1.147 1.134
E,(CO)feV 1.71 2.23 0.52 0.71 2.24 0.37 0.64 2.56 0.31 0.61
wo(**CO)dem 2073 2030 2014 2092 2030 2026 2124 1995 2001 2105
Aw(**CO)fcm™ —-97 —140 —156 —78 —140 —144 —46 —=175 —169 —65
wo(BCO)dem 2027 1985 1969 2045 1985 1981 2077 1950 1956 2059

aVertical distance between the Pd atom and the surface pl@@nputed a€£(MgO) + E(Pd) — E(MgO/Pd) and corrected by the BSSE.
¢ Computed a&(MgO/Pd)+ E(CO) — E(MgO/Pd/CO) and corrected by the BSSRIl computed frequencies are multiplied by a scaling factor
= wo(**CO exptl, 2170 cmb)/wo(*>*CO theor, 2221 cmt) = 0.977, which takes into account the small overestimate of the freeC©Computed
with respect to the CO harmonic gas-phase value, 2176.cm

computed CO adsorption energies,226 eV, are 3-4 times
larger than the measured ones and the vibrational frequency
shifts are twice as large. It is apparent that when Pd is bound
on the O anions its electron density is higher than in the gas
phase. This results in a reinforced bonding and in an increased
back-donation. A similar effect has been observed for the
interaction of acetylene on Pd/Mg®.Even considering the
approximations present in our models, the differences are large
enough to rule out the low-coordinated O sites to be the pinning
centers of adsorbed Pd atoms.

As a second class of defects we consider the neutral O
vacancies or F centers, Figure 4. We first noticed that on these
sites the bonding of Pd is about three times stronger than on
the O anions in agreement with other studi&® There is no
large difference in Pd atom adsorption energy when the F center
is located at a terrace, at a step, or at a corner Bife=(3.5+
0.1 eV). Thus the Pd atoms are likely to diffuse on the surface
until they become trapped at defect sites such as the F centers
where the bonding is so strong that only annealing to high
temperatures will induce further mobility. The formation of a
strong bond at the MgO/Pd interface has a dramatic consequence
on the P&-CO binding energy, which is between 0.3 and 0.5
eV, depending whether the F center is at a corner or at a terrace
site. This binding energy is-68 times smaller than that for Pd
adsorbed on R The weak P&CO bonding is a direct
manifestation of the so-called bond-order conservation theory;
in an A—B—C system the increase of the strength of theBA\
bonding occurs at the expense of the ® interaction and vice
versa. The strong Pd{f bond results in a weak PdCO
(’ ‘/ interaction. The two electrons in the vacancy are largely

delocalized over the empty 5s orbital of Pd, thus increasing its
e f density®! This leads to a stronger Pauli repulsion with the CO
Figure 4. Cluster models used to study the CO/Pd/MgO bond: (a) molecule; the PeC bond distance is in fact 0.4®.15 A longer
CO/Pd/Q;; (b) CO/Pd/k. and CO/Pd/k"; (c) CO/Pd/Q; (d) CO/ than that for low-coordinated O sites. The augmented electron
Pd/F; and CO/Pd/E*; (e) CO/Pd/Q; and (f) CO/Pd/E. and density on the metal, however, reinforces also the back-donation
CO/Pd/R:". mechanism so that the C@, for CO/Pd/R. is similar as for
) the low-coordinated O sites despite the longet+Bddistance,
distance of the Pd atoms from the surface decreases, Table 1ygpie 1. Thus, while the computed CO adsorption energies,
On these sites the PACO bond is quite strong and goes from 30 5 eV, are consistent, although somewhat underestimated,
2.2 eV on Pd/@ to 2.6 eV on Pd/@. The CO frequency is  yith the experimental TDS value, 00.1 eV, the vibrational

even more red shifted than in the case of free Rd;is —140 frequencies are somewhat too low compared to the experimental

cm~1 for Pd on G and Qg sites, and—175 cn1?! for Pd/Os..

While the differences in C&, andwg are too small to be used Ch(48) ;ﬂdanﬁv'iégi; ;7?24%; Neyman, K.; Pacchioni, G.;sRb, N.
it ichi em. Phys. Let 4 .

for distinguishing between CO/Pd formed 08cuc, OF Ozc 7058 ol Ucki” Jphys. Re. B 1998 58, 1189.

sites, the absolute values are sufficiently off from the experi-  (50) Shustorovich, ESurf. Sci. Rep1986 6, 1.

mental data for the Pd atoms to sit on these sites. In fact, the (51) Ferrari, A. M.; Pacchioni, Gl. Phys. Chem1996 100, 9032.
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Table 2. Adsorption Properties of Pd(CO®Tomplexes Adsorbed
on O Anions and F and*FTerrace Centers of the MgO Surface

free terrace
Pd(CO) Osc Fsc Fsc*
cluster QMgs
symmetry Ca
Z(PdCO)2 A 2.374 1.943 1.956
d(Pd-C A 1.966 1.954 1.980 1.981
N d(coy), 1.133 1.144 1.150 1.141
CO/Pd/F, CO/Pd/Fs a(CPdC), deg 176.4 1246 1263  130.9
Figure 5. Cluster models and optimal geometrical parameters of bond  B(PdCO), deg 179.1 170.8 182.9 177.6
Pd—CO bound to a k and an k;" center. De(CO)," eV 1.32 0.30 0.58 0.68
D(CO),c eV 1.80 2.23 0.75 0.79
data: the computed shifts are-61.50/~170 cnt! while a shift Zﬂ“ﬁgg’ cm %11564 3(1’?51’ 71197937 721%?9
of —88 cn!is deduced from FTIR. These results have been wjggco)d)é;ﬂ 2085 2018 1966 2029
obtained by imposing that the CO molecule is bound on-top of sz(lzcd)’ecmfl _85 —152 —204 —141

Pd with its axis normal to the surface plane. We have, however, ~Vertical distance between the Pd atom and the surface lane
also considered a CO/Pdifease where no symmetry constraint , o0 el Ve B oN + E(CO) — E[MgO/Pd((?g))]; - pane
is imposed. We found a new minimum where the molecule is ¢qrected by the BSSE.Computed a&(MgO/Pd)+ E(CO) — E[MgO/
tited by 31° from the surface normal, Figure 5; the binding Pd/(CO)]; not corrected by the BSSEAIl computed frequencies are
energy is 0.06 eV larger than that for the normal orientation, multiplied by a scaling factor = wo(**CO exptl, 2170 cm!)/wo(**CO
indicating a very flat potential energy surface for bending, but theor. 2221 cm’) = 0.977, which takes into account the small
the CO frequency is even more red-shifted than for the normal ﬁ;f;fgrt"irgZtaesfghtgseef:/%?ug?z"'l7g%mpmed with respect to the CO
orientation, Aw = —217 cntl. Thus, the release of the
symmetry constraint does not change our conclusions. eV, while theEy of the second CO is 0.75 eV (the different
The last group of defect sites considered in this work is that cluster size and the fact that the results are not corrected by the
of the paramagnetic Fcenters, Figure 4. These consist of a BSSE explain the small differences with respect to the results
single electron trapped in the vacancy; their electronic structure reported in Table 1 for a single CO). The scaled frequencies
has been studied in detail in polycrystalline MgO samples by are 1997 and 1966 cmy, much lower than in the experiment.
EPR spectroscof}t2 Formally these centers are positively Finally, on an k¢" center the Pd(CQ)complex is stable by
charged as a single electron replaces &nion in the lattice. 0.73 eVICO; the first CO dissociation requires 0.68 eV, while
On these sites the binding of Pd is between that of thesifes the second one has &g of 0.79 eV, Table 2. The vibrational
and of the F centers, Table 1. For instance, gi,Pd is bound frequencies, 2059 and 2029 chare separated by 30 cfh
by 2.10 eV, whileE, for Pd on Q¢ is 0.96 eV and that for 4 more or less the same difference as for the experimental bands,
is 3.42 eV. CO is bound on Pd{f by 0.6-0.7 eV, in close 2090 and 2055 cnt. Thus, the existence of two adsorption
agreement with the experimental TDS spectrum. Also the sites on supported Pd can be explained with the formation of
vibrational frequencies are closer to those measured by FTIRgeminal dicarbonyls. However, our theoretical results show the
than for the case of Pd on an F center. For CO normal to the formation of two equivalent CO molecules with an angle of ca.
surface plane the frequency shifts go from e&0 cnt? for 12, while the higher intensity of the high-frequency band in
CO/Pd/R¢" to ca.—80 cnt! for CO/Pd/Rc". Also in this case, the experiment is consistent with an angle between the CO
however, the removal of the symmetry constraint results in a dipoles smaller than 90 This could be explained with an
bent CO/Pd/k:" complex, Figure 5. The potential surface is asymmetric Pd(CQJCO), complex where one of the CO
very flat and CO is more stable in the bent than in the normal molecules interacts preferentially with the Pd atom and the other
configuration by 0.01 eV only. The scaled harmonic frequency interacts also with an adjacent Ffgcation. Such a bonding
in this case is 2072 cm; taking into account the anharmonic ~ configuration could originate from asymmetries in the sur-
correction, ca. 15 cri, one finds a value very close to the broad face electric field, due for example to the location of the F
band centered around 2055 cthin the experimental spectrum,  centers on step edges. It should be mentioned that an asymmetric
Figure 3b/d. Pd(CO)(CO), complex formed on an F center has been re-
Having established the possible Pd adsorption sites, we cently found by first principle calculatiorf.In this structure
consider now possible models of surface complexes where moreone CO is on-top of Pd (more strongly bound), while the second
than a single CO molecule interacts with a Pd atom. To this one binds on the side of the Pd at8#iThe existence of this
end we have considered a model of a Pd atom on various MgOminimum, not found in our calculations, could be due to an
sites with two or three CO molecules adsorbed on it. Using a asymmetric relaxation of the substrate cluster which is not
small QMgs cluster we have considered a Pd(G@pmplex allowed in our model.
bound at @, Fs., and k¢t centers. In all cases the geometry We also tried to add three CO molecules to the same Pd atom;
optimization leads to two equivalent CO molecules, which form two of these molecules are tilted toward the surface, while one
an angle of about 125130°; the molecules are at a distance of is normal to it. While the supported Pd(GQ@pmplex is stable
1.95-1.98 A from Pd and are tilted toward the Ktgcations toward dissociation of the three CO molecules, it is unstable
of the surface, Table 2. On Pd/Ghe second CO molecule is  with respect to the Pd(C@fomplex and gas-phase CO. Thus
bound by 0.30 eV anéy per CO molecule is 1.26 eV; the two it is unlikely that a single supported Pd atom can bind more
C—O0 stretching modes lead to two frequencies at 2059 and 2018than two CO molecules.
cm L. On Pd/k,, the two CO molecules are bound by 0.66 eV/ ) ) )
CO: the energy required to detach the first CO molecule is 0.58 5- Discussion and Conclusions

(52) Paganini, M.; Chiesa, M.; Giamello, E.; Coluccia, S.; Martra, G.; 1 he results of the TDS experiments for CO on bare MgO-
Murphy, D. M.; Pacchioni, GSurf. Sci.1999 421, 246. (100), without Pd, clearly show the presence of one adsorption
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peak centered at around 150 K; this peak is due to the interactionthe O sites but not as strongly as on the F centers; the binding
of CO with defect sites of the MgO surface, most likely low- energy of Pd on F centers is consistent with a temperature-
coordinated Mg" cations at steps and kinkR%.In fact, on a induced diffusion of 400 K. The PECO complexes at f&"
single crystal MgO(100) surface with a low concentration of sites have bonding characteristics very close to the measured
defects there is only one desorption peak at 57 K, which ones. The PdCO dissociation energy is in fact 0:6.7 eV
corresponds to CO weakly bound to terrace sitgs= 0.14 depending on the location of the defect, terrace, edge, or corner.
eV).54 In the presence of deposited Pd atoms, a weak shoulderThe vibrational shift goes from-46 (corner) to—78 (terrace)
appears at around 260 K, Figure 2a. As evidenced by the cm™! and is 98 cm? for bent PdCO on &*. The difference in
difference spectrum, Figure 2c, this peak is due to the desorptionCO w, for the different sites is not large enough to allow for a
of CO from the deposited Pd atoms and the corresponding further distinction betweensg , F4¢", and B¢t centers although
binding energy is 0.7+ 0.1 eV. The supported PdCO the computed value for the terrace;Fdefect is very close to
complexes exhibit 82CO we of 2055 cn1?, red-shifted with the experimental one.
respect to gas-phase CO by 88¢m The existence of Fcenters on a MgO film grown on a metal
These data provide important information for the identification substrate is likely when electron tunneling through the film is
of the surface sites where the Pd atoms are likely to be trapped.possible. The positions of the valence band, conduction band,
Cluster models of regular and defect sites at the MgO surfaceand F and F impurity levels of the MgO surface have been
with adsorbed PdCO complexes have been considered and determined recentl}. The surface valence band lies 6.7 eV
the corresponding properties have been determined by firstbelow the vacuum; an F center gives rise to a level about 3.7
principle gradient corrected DFT calculations. The defect sites eV below the vacuum. The Fermi level of a metal is usually
considered can be classified in three groups: the surface O anioraround 4.5-5 eV; thus, if the MgO film is in contact with a
sites, the neutral oxygen vacancies or F centers, and the chargedhetal substrate the F centers will release an electron to the metal
oxygen vacancies or‘Fcenters. Each of these defects can be conduction band with formation of antfeenter. On the other
found in the material in various environments, at terraces, steps,hand the F centers lie only about 1 eV above the MgO valence
and kinks. Actually, it has been shown by total energy band and should be stable even in the presence of the metal
calculations that oxygen vacancies form preferentially at low- substrate. If the film thickness increases, insulating properties
coordinated sité$>°so that a thermal treatment of a polycrys- should develop and prevent the charge transfer from F centers
talline material at high temperatures should result in the diffusion to the metal conduction band to occur. In additior,denters
of the vacancies from the subsurface to the low-coordinated are known to exist also on the surface of polycrystalline MgO
surface sites. where their presence is demonstrated by a characteristic EPR
The Pd-CO complexes bound to surface @nions exhibit signall®52 These centers are responsible for a rich surface
similar characteristics, independent of the anion coordination. chemistry, which leads to the formation of stable and metastable
The Pd-CO bond is strongz 2 eV, and the CO frequency shift ~ radical anions by exposure teCO, or even Nmolecules*®
is large, almost twice the experimental one. This rules out the To summarize, we have presented theoretical and experi-
O anions as the sites where Pd is bound. This is also consistenmental evidence that the adsorption properties of-€0
with the fact that the binding energy of Pd atoms on-top of the complexes formed on MgO thin films cannot be reconciled with
O anions is not very high,-11.5 eV. The diffusion of the Pd  the picture of Pd atoms bound to the surface O anions, located
atoms through the ©0 channels on the surface can imply either on terraces or on low-coordinated sites. Much more
barriers of 0.5 eV or les®, suggesting that the Pd atoms are consistent with the observation is the hypothesis that the Pd
likely to diffuse on the surface until they become trapped by atoms are bound to the oxygen vacancies. Preliminary results
some active defects. The neutral F centers are very goodindicate that Pd atoms bound to these sites are active in
candidates from this point of view since the binding of Pd to promoting the cyclization reaction of acetylene to benZéne.
these centers is of the order of 3.5 eV. This means that to detrap Acknowledgment. The work of L. Giordano and G. Pac-
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