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In a search for the molecular mechanism of the selective oxidation of allyl to acrolein on gd9vd@ce the
previously reported charge responses and bond multiplicities for the-Hyl0)-MoG;] chemisorption system

are compared with the corresponding results for selected-§{l00)-MoQ;] structures. Theharge sensitiity
analysis(CSA) in atomic resolution is used to predict the displacements in atomic electron populations for
large clusters at both thaolarization (P) andcharge transfe{CT) stages. The changes in effective bond
orders, generated for small surface clusters, are from the-K8ham (LSDA) difference approach. In contrast

to the energetically most favorable “perpendicular’ adsorption arrangements of allyl on a smooth
(010)-MoQ; surface, the “parallel” orientation of allyl on the rough (100)-Mo8urface is preferred
energetically. It is found that the total (P CT) CSA charge responses due to adsorption are strongly CT-
dominated (chemisorption) in the vertical structures; they are practically of P character (physisorption) in the
horizontal complexes. The quantum mechanical bond-order analysis reveals a specific bond-foonihg
weakening mechanism of substituting the terminal hydrogen of allyl by the singly coordinated lattice oxygen
in the perpendicular complexes. A nonspecific bond weakening inside the adsorbate, accompanied by an
overall bonding between the allytelectrons and the molybdenum atom, is revealed in the parallel complexes.
These observations are in good agreement with the experimentally determined activity of the (010) surface
and inacivity of the (100) cut of the Mogxrystal in catalyzing the selective oxidation of allyl to acrolein.

1. Introduction charge sensitity analysis(CSA) in atomic resolutiof;13:14.18
o f the pri Is of th tical chemistry is to ident performed on a relatively large, two-layer cluster representation
ne of the primary goals of theoretical chemistry is to identity ¢ 1o gyrface (Figure 1c), and th®hn—Sham(KS) energies

m?m fa}ptors |r|1flue|ncmg CEG”T'C&" re?c'luvny atnd to for?SLgate/ and gquantum mechanical bond multiplicities (from the difference
rationaliz€ molecuiar mechanisms of elementary processes. =555 0:1n14.16.17c|culated for small active-site clusters (Figure
A fast development of quantum chemistry codes, particularly 1d)

of thedensity functional theor§DFT)36-11 and related physical
modeld that are applicable to large molecular systems, allows
one to explore reactivity trends of realistic, model chemisorption
systemgh1-13 A recent example of such an analysis is the
charge sensitivity and bond-order study of the atf§D10)-
MoOz] chemisorption syste undertaken to rationalize the
experimentally determined catalytic activity of this relatively
smooth crystallographic face (see Figure 1c) in the selective
oxidation of allyl to acrolein, an intermediate step in the selective
oxidation of propylenéd® The rough (100) cut (see Figure 1a)
has been found to be practically inactive in this elementary
reaction'® To rationalize a strong activity of the (010) surface
and the high selectivity of this catalytic process, this recent
model stud{* has proposed a specific concerted bond-breaking
bond-forming mechanism of replacing the terminal allyl hy- The same theoretical models and numerical techniques as
drogen by the singly coordinated lattice oxygen in the ener- those used in the previous stdéihave been adopted in the
getically preferred “perpendicular” adsorption of allyl on the presentwork. They include the two-reactant CSA treatment in
surface. This mechanism has been conjectured from both theatomic resolution of chemisorption systefrig-1418and the one-
charge displacement patterns determined from the two-reactandeterminant (KS) difference approach to bond multiplici-
ties141617 The CSA linear charge responses, atghkarization

® Abstract published ilAdvance ACS Abstractfecember 15, 1997. (P, physisorption)charge transfer(CT, chemisorption), and

To complete this analysis, we report in the present work the
corresponding results for the chemisorption systems involving
theinactive (100) surface. It is our goal to compare the main
trends exhibited by the charge displacements and changes in
the bond orders due to adsorption, in the selected chemisorption
complexes involving these two surfaces, with the purpose of
identifying the manifestations of the catalytic activity of the
(010) face and the inactivity of the (100) cut in this specific
oxidation reaction. It is expected that such an analysis will
deepen our physical understanding of this particular catalytic
system.

2. Calculations
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Figure 1. Cluster models of the (100)-MaQpanels a and b) and (010)-Me@anels ¢ and d) surfaces. The large clusterss,8g@; (panel a)

and MaO19s (panel c), represent the two-layer models used in the CSA calculations; larger spheres denote the molybdenum atoms. The small
clusters, M@O12Hs (panel b) and MgO11H10 (panel d), have been used in the KS (LSDA) calculations; the hydrogen atoms, represented by the
smallest spheres in panels b and d, saturate the dangling bonds on the cluster lattice oxygens. The crystallographic bond lengths and angles have
been used.

overall (P+ CT) levels, are determined from the semiempirical (structures in parts ¢c and d). For comparison, also reported are
finite difference chemical potentials of atoms and the hardnessthe results corresponding to the “perpendicular” adsorption
matrix of the whole chemisorption cluster, reflecting the complex (structure in part e of Figures 2 and 3) on the (010)-
electron-electron repulsion between the valence electrons of surface, which has been previously recognized as the crucial
constituent atoms. The point-charge electrostatic potential structure explaining the smooth surface reactivity and selectivity.
values of one reactant at positions of nuclei of the other reactantThe two perpendicular geometries on the (100)-surface have
have been used to represent the external potential perturbatiorthe same allytsurface separation as that in the reference
data®1314 Both diagonal and off-diagonal components of the structure of part e of Figures 2 and 3. They exhibit the same
Fukui and linear response functions in atomic resolution are arrangement of the terminal methylene group of allyl relative
included in the consistent two-reactant approdth. The to the active-site oxygens. The parallel geometries correspond
crystallographic values of bond lengths and angles in the MoO to roughly the same value of the shortest@ distance, as in
crystal® and the previously reportétiatomic charges from the  the case of the reference geometry in part e of Figures 2 and 3.
ZINDO calculations for the large MogXlusters and allyl have  This criterion has been selected owing to the conjectured
been used to generate the canonical hardness matrix and thémportance of the substitution of the terminal hydrogen by the
perturbing atomic external potential data. As before, the large lattice oxygen for the molecular mechanism of acrolein forma-
cluster charges have been obtained by translationally propagatingion* Throughout the paper atomic units are used. In the
charges of a few crystallographically distinct sites obtained from charge response diagrams of Figure 2 the black (white) circles
the ZINDO calculations on the medium-sized 30sgH16 denote the negative (positive) electron population displacements,
cluster. The frozen allyl geometry (ZINDO optimized) was used the magnitude of which is reflected by the circle areas.
in all chemisorption complexes compared in the present work.

Following the recent bond-order analyisye have changed 3 Results and Discussion
the signs of all bond multiplicities defined previousty so
that the absolute bond multiplicities are always positive, in  In Figure 2 the CSA diagrams of charge displacements due
agreement with chemical intuition. Therefore, in contrast to to adsorption are presented for the four chemisorption structures

the previous work? the positive (negatie) bond-multiplicity involving large (100)-surface cluster and the reference (reactive)
displacements stand for thecrease(decreasg of the bond perpendicular complex including the large (010)-surface cluster.
orders in question. The total (P+ CT) changes are resolved into the corresponding
Figure 1 shows the perspective views of the large and smallP and CT contributions. The former reflects the internal
cluster representations of both (100)- and (010)-Me@faces. polarizations inside the allyl and the surface due to the external

To compensate for the missing crystal environment of the small potential perturbation of the other reactant. The latter shows
clusters used in the KS calculations, the standard satufétion the effect of the subsequent CT. In all cases the spontaneous
of dangling bonds by hydrogens have also been applied in thisallyl — surface CT direction has been predicted, as shown by
study. the arrows in the figure. The CSA and KS estimates of the
The (100)-surface chemisorption arrangements of Figures 2 equilibrium amount of CTNcTt) and the CSA energy changes
and 3 include two “perpendicular” adsorptions of allyl above due to adsorption at thelectrostatic(ES), P, and CT stages
the lattice oxygens (structures in parts a and b) and two are reported in Table 1 together with the corresponding total
“parallel” adsorptions of allyl above the molybdenum atom KS energy changes for small chemisorption clusters. The CSA
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Figure 2. P, CT, and (P+ CT) diagrams for the four allyt[(100)-Mo0Qs] chemisorption complexes (panels@d) and the reference ally[(010)-
MoQ;] structure (panel e). To facilitate a comparison, a common value of the scale factor has been adopted in all diagrams.

electrostatic contribution corresponds to the “frozen” charges the Madelung potential on the active-site region. This localized
of constituent atoms in isolated reactants. character of the chemisorption charge rearrangement is also
The main total (ionic+ covalent) shifts of the bond independently reflected by the KS bond-multiplicity changes
multiplicities due to adsorption, as predicted by the difference reported in Figure 3.
approach, are listed in Figure 3; the cutoff magnitude is 0.01. It follows from a comparison of the (* CT) panels in Figure
In all arrangements the covalent contribution strongly dominates 2 that all four (100)-surface complexes (partsdd generate
the total bond-order displacement. The largest ionic contribu- much smaller charge displacements than the reactive (010)-
tions, on the order of 20630%, have been observed in the active- surface complex (part €). An examination of their resolutions
site region of the surface and the strongest alglrface bonds. into the P and CT parts further reveals that in parallel
Inside the allyl, particularly in the parallel complexes, the ionic arrangements (parts ¢ and d) the polarization components
contribution is generally less than 10% of the total value. strongly dominate over the corresponding CT contributions. This
A general feature of the total charge redistribution diagrams is not the case in the perpendicular geometries (parts a, b, and
of Figure 2 is their remarkable localization in the chemisorption, €), where P and CT components are of comparable magnitude.
first-layer region. This is also true in the case of all the P and This is also reflected by thdlcr data of Table 1, where the
CT diagrams. This fast decay of the chemisorption disturbance smallest values are found in the horizontal arrangements of allyl.
inside the oxide surface a posteriori validates the cluster Therefore, one would generally conclude from these charge
representation selected in this study. It also shows that evenrearrangement diagrams that the parallel adsorption bond is of
smaller clusters, e.g., of the order of those used in KS mainly physisorption character, while that in all perpendicular
calculations [parts b and d of Figure 1], cover most of the active- cases has also a strong CT (chemisorption) origin.
site region determined by atoms undergoing the largest popula- A more detailed survey of the charge displacement patterns
tion shifts. We would like to emphasize, however, that a larger inside allyl in all vertical complexes (parts a, b, and €) indicates
portion of a crystal surface is required to realistically simulate that to a large degree they resemble one another. This implies
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a) b)

anchoring molybdenyl oxygen atom exhibits the largest positive
displacement in the total diagram of Figure 2e. The geometric
arrangement of the active site on the (100)-surface is different,
providing for no such an anchoring possibility. Yet another
general difference between the perpendicular complexes on the
two crystallographic faces is that the surface charge reconstruc-
tion is visibly smaller in the rough (100)-case.

The total charge rearrangements in the vertically and hori-
zontally adsorbed allyl on the (100)-surface exhibit notable
differences inside the carbon chain. Namely, the electrons are
predicted to be removed from the terminal carbons in the
perpendicular geometries, while the opposite pattern is observed
in the parallel complexes. A reference to the bond-order
diagrams of Figure 3 shows that the-C bonds are in general
symmetrically weakened in the parallel complexes, while a
strong asymmetric pattern is found for the perpendicular
complexes, with the bond more distant from the surface being
slightly strengthened as is the case in acrolein.

The qualitative trends exhibited by the total {PCT) CSA
pattern of Figure 2a compare favorably with those reflected by
the charge displacement data from the KS calculations on a
small cluster. A similar conclusion follows from the corre-
sponding examination of the CSA and KS charge displacements
for the complex of Figure 2b. The only exception in this case
is the terminal hydrogen strongly interacting with the two
molybdenyl oxygens, which in the KS pattern slightly ac-
cumulates electrons, relative to the separated allyl charge
distribution. This difference is due to a relatively larjer
w001} value predicted within the CSA for this complex, 5 times as

] large as the amount predicted by the DFT calculations. In the

Figure 3. Patterns of the bond-multiplicity changes due to adsorption, complex of Figure 2c, the total equilibrium charge transfers from
from the one-determinant (KS) difference approach, for the five both calculations are almost identical; the main components of
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adsorption arrangements of Figure 2. the corresponding total charge displacement diagrams are indeed
TABLE 1: CSA and KS Interaction Energies (au) and the very similar in the CSA and KS approa_lches, althou.gh the charge
Amounts of the Allyl — Cluster CT, Ner, for the displacements on carbons are practically vanishing in the KS
Chemisorption Complexes of Parts a-e of Figure 2 approximation. This qualitative difference in the predicted

polarization of the carbon chain is due to the inability of the

complex (symmetrig atomic resolution model to describe the polarization
a b ¢ d € of atoms themselves. Such charge distortion must strongly
_ CSA contribute to the polarization of the-electrons in the two
e”‘éré"es 00001  0.0002—0.0023 —0.0031 00002  Parallel arangements. The same qualitative difference in the
p —0.0029 —0.0002 —0.0023 —0.0040 —0.0019 CSA and KS polarizations of the carbon chain is observed for
ES+P —0.0030  0.0000—0.0045 —0.0071 —0.0016 the complex of Figure 2d. Indeed, the CSA pattern agrees with
CT —0.0045 —0.0172 —0.0016 —0.0016 —0.0356 the KS one for all atoms except the carbons. Finally, for the

N ES+P+CT _8-2275 _%%1172 _Oéofgl _0-(;)(1’?6 _0-83;3732 previously reported reference structure in Figure 2e, the KS
T : : : : ) charge redistribution inside allyl resembles more the CSA P-
KS pattern than the total one. Actually, thiet values of Table 1
ﬁCET _8:2211 8‘?891 _0(')91230 _0'00%716 _0'8_10%3 are dramatically different in both approaches, with the LSDA
calculations predicting only a small contribution from the CT

a qualitative similarity of the related patterns of shifts in the COMPonent. At this point one should recall that the Mulliken
bond multiplicities, as indeed detected in Figure 3. One also POPulation analysis of the KS scheme may be very misleading
observes the same positive electron population change on thdn calculations using quite extended basis sets including
terminal, singly coordinated lattice oxygen, forming a partial polarization functions, e.g., the DZVP basis set used in the
bond with the allyl carbon atom, in all perpendicular chemi- Present study.
sorption arrangements. Let us now examine in more detail the KS bond-multiplicity
A major difference between the perpendicular (100)- and diagrams of Figure 3, focusing on the adsorbeserface bond
(010)-surface complexes is the presence of an additional latticeorders and those reflecting the surface reconstruction due to
oxygen in the latter case, also singly coordinated, which adsorption. The first general observation is that in all structures
“anchors” the middle carbon hydrogen. This feature can be the active-site molybdenyl bonds, including oxygens that
expected to be important for the concerted atom exchangestrongly interact with allyl, are substantially weakened. The
mechanism on the terminal carbon, toward acroléisince it bridging oxygen bonds are seen to be less affected by the
effectively binds the adsorbate when another surface bone-(Mo perpendicular adsorption of allyl. In the parallel adsorption
O) is weakened as a result of the atom exchange. Indeed, thisarrangements above the molybdenum site there is a strong bond-
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weakening effect observed in two M® bonds at the base of  adsorption, for which the related patterns of charge displace-

the adsorption site pyramid, leading to its eventual distortion. ments and bond activations do not imply such selectivity. The
The strongest adsorption bonds in the perpendicular structuresP? vs CT resolution of the overall CSA charge displacements

of panels a and b are between the terminal carbon of allyl and predicts the physisorption-dominated bond in the parallel

the terminal oxygen of the surface. In the reference structure adsorption complexes on the (100)-surface, while in all per-

of part e this effect is distinctly weaker, although in this case pendicular structures a strong CT component is determined.

the carbon effectively forms partial bonds with two terminal )

oxygens. Therefore, the overalF&—0O bond multiplicity in Acknowledgment. This work was partly su_ppo_r;ed by a
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