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The DFT method is used to analyze the singlet and triplet PES cross-sections for a number of reaction pathways
of the interaction between a hydrogen molecule and a palladium tetramer. Stationary points characterizing
stable singlet and triplet complexes and transition states are determined. PredissocijdtedoRgblexes

with binding energies of 5:06.4 kcal/mol are formed without an activation barriemay initial orientation

of reactants in the ground triplet state. The dissociated triplet complexes with adsorption energy®#4.7
kcal/mol are separated from the predissociated structures by the barrier of 11 kcal/mol. The dissociated singlet
structures with hydrogen atoms located in two 3-fold positions and in the bridge positions on nonintersecting
Pd—Pd bonds have the same binding energy of 22.1 kcal/mol and correspond to the ground state of the
PdH, system. Several more local minima corresponding to dissociated and nondissocidtedadds are

found on the singlet PES. In contrast to the low-index bulk palladium surfaces, no spontaneous pathway for

hydrogen dissociation on the cluster is found. Activateddidsociation on the palladium tetramer includes
the triplet-singlet transition induced by the spiorbit interaction as a key step. Numerical estimation of the
matrix spin-orbit coupling element and the corresponding transmission coeffigiéntperformed within

nonadiabatic theory for two reaction pathways, which are expected to have the maximal reaction probability.

The estimated values of~0.1 and~0.4 and corresponding activation barriers~gf5 and~20 kcal/mol are

found for the reaction pathways leading to the ground-state three-coordinated dissociated complex and to the

saddle point heading toward the ground-state bridge structure, respectively.

1. Introduction direct absorption into the bulk. The surface relaxation is
extremely important for this last reaction channel.

In contrast to the bulk surfaces, hydrogen activation on such
perspective catalysts as small palladium clusters is significantly
less studied. Alterations in the adsorbent geometry along the
reaction pathway are likely to be more pronounced for small
clusters than those for bulk surfaces. Moreover, there is strong
evidence that, in variance to the single atom and bulk, small
palladium clusters have an open-shell electronic configuration
in the ground stat&-2% These add complexity to the investiga-

Hydrogen activation by palladium catalysts has attracted
significant attention because of its wide application in numerous
industrial processes and as a well-suited model system for
studying of different aspects relevant to catalysis. Recently,
hydrogen dissociation on the low-index palladium surfaces was
extensively studied by DFT methods using periodic model
approximationt= In these calculations, the substrate was kept
at the truncated bulk geometry with the calculated equilibrium
lattice constant and the hydrogen molecular axis was kept

parallel to the surface plane. The computations indicated thatﬂ?nhSIOf hly dr(l)gelnt_mtera(;tlt(r)]ns W'tth Elulster partlclefs. Intenpsglse
at least one reaction pathway for hydrogen dissociation with igh-level calculations of the potential energy surfaces ( )

no or very low activation energy exists on each surface; yet, and corresponding stable states fopPHl; (n = 1-4) systems

—14,24-31 ,26
most hydrogen molecules with low kinetic energy are capped have I_:)een performed. In some of these works,;
by palladium atoms and form weakly bound predissociated palladium clusters served as a model of a bulk surface, where
states. This theoretical result is in agreement with the molecular "€y had closed-shell electronic structure and geometryoﬂxed
beam experimensBoth thermodynamic and kinetic stability 2t thefccpalladium crystalline lattice. In the other studiés?®
of the molecularly adsorbed complexes increases then movingtNe cluster geometry was optimized for several highly symmetric
from close-packed to more crystallographically “open” crystal adsorption positions. Fgll optimization of the geometry was done
faces. Further along the reaction coordinate, the adsorbedo’ Pth—H2 systems witm = 13 in the DFT studies at the
hydrogen molecule changes its position above the surface inB3'-Y1P2 Evel of theory for the several most stable stationary
the direction of the low potential pathway for dissociation Statesi**> The same method was applied for studying the
(“steering” effect) followed by surface diffusion of separated Precursor-mediated hydrogen dissociation on; Rdd Pd
H-atoms toward the final stable positions. Moreover, it was clusters'* However, the results of such studies did not follow
shown both experimentafiyand theoreticallthat H approach- the whole reaction pathway from t_he ground-st_ate reactants _to
ing palladium, with the molecular axis being in the perpendicular the ground-state products and did not explain the dramatic

direction to the surface, also leads to hydrogen dissociation with differences in catalytic behavior of bulk palladium surfaces and
small clusters observed experimentally.

* To whom correspondence should be addressed. Fax: 972-4-8230476. 1€ present work aims to find out the whole reaction
E-mail: cermsge@tx.technion.ac.il. pathways for hydrogen dissociation on small palladium clusters

10.1021/jp012796+ CCC: $20.00 © 2001 American Chemical Society
Published on Web 11/17/2001



Hydrogen Interactions with a RdCluster J. Phys. Chem. A, Vol. 105, No. 50, 20011313

TABLE 1: Calculated Characteristics of the Hydrogen Molecule and of the Palladium Tetramer in the Singlet and Triplet
States

symmetry Cs, Ca, Cs
electronic state singlet triplet A1) (°By) (*A") (CA™)
Pd, th2 2.651 2.604 2.846 2.606 2.852 2.603
Chz = dig 2.651 2.604 2.578 2.642 2.578 2.712
(o 2.652 2.714 2.846 2.782 2.845 2.721
Oq = dqs 2.652 2.714 2.642 2.576 2.576 2.605
E —506.977636 —507.008530 —506.982386 —507.0081313 —506.982324 —507.008626
AE 0 —19.4 —-3.0 —19.1 —-2.9 —19.4
Ha =4 —1.163650
d 0.7615
Ep 101.1

@ Reactants bond lengths are in angstroms, total enelgiee in au, and relative energiad€ and dissociation enerdyp are in kcal/mol. All
energies include zero-point corrections. For notations of the geometrical characteristics, see Figure 1.

linking the ground states of reactants and products, which For the Pd atom, the standard LANL2DZ basis, with 28 core
include the triplet-singlet transition as an essential constituent. electrons being replaced by the relativistic effective core
The Pd cluster is the simplest three-dimensional system of Pd potential (ECP) of Hay and Waét,was used. This basis was
atoms that may be used as a model of highly dispersed catalystsshowr?~14:16 to yield good results for Rdclusters withn =
Because the RetH, system has a flexible structure with 1—4. The cross-sections for a number of approach modes of
numerous local minima, its theoretical study is not a trivial hydrogen molecules toward the palladium cluster, that are the
procedure. Furthermore, as it will be seen further, the reactantsminimum energy paths (MEPS), are constructed as follows. A
and products have different multiplicity in the ground electronic distance between R@nd one of the H atoms or;Hnolecule
state. Therefore, the formation of the stable singlet complex center of mass is chosen as a variable, and other geometric
from the triplet reactants, i.e., the dissociative adsorption of parameters are optimized. The corresponding energy charac-
hydrogen on the palladium tetramer, as well as on other small teristic of a reaction between hydrogen and a palladium cluster
palladium clusters, must proceed by a triplsinglet transition is the quantity

that is an obligatory step of the reaction. In this spin-forbidden

process, the minimum energy point on the intersection of two AE = E(PdH,) — E(Pd,) — E(H,) (1)
potential surfaces represents a key bottleneck along the mini-

mum energy path (MEP), p!aying the same role as a transition where E(Pd), E(H,), and E(PdiH,) are the total energies of
state for an allowed reaction. However, to the best of our reactants and products. For both multiplet StatA€ is

knowledge, this prqblem was not addressed. in the IDUIC.’“Shecjcalculated with respect to the triplet state of the Eldster under
literature. Thfe detaﬂ«_ed investigation of the triplet and sm_glet the same symmetry constraint as that applied faHBdunless
'.DESS for various trajectories of t_he reactant approaches is theotherwise specified. In a further discussion, the binding energy
first necessary step related to this point. is characterized a, = —AE and the activation energy &

In our previous papet; we have studied certain stationary — Ag. Al presentedE, values for stationary states include zero
states for the Pg-H; adduct. In the present paper, we continue int corrections.

this work and report detailed calculation on the structure of the

singlet and triplet potential surfaces of the system in comparison reactants, i.e., the palladium tetramer in the singlet and triplet

with the published DFT results for low-index bulk palladium  gjactronic state and Hmolecule, used to calculate the MEPs
surfaces—+7. The quantum chemical information about the PES according to eq 1, are presented in Table 1. As in the case of

structures obtained in these calculations is used then to evaluatqhe palladium dimer and trimé?;31519the Pd cluster has the
the activation barriers and transition probabilities for several triplet multiplicity in the grOL’Jnd state, withC,, and Cs

reaction pathways leading from the ground-state triplet reactantssymmetrieS being more stable th@a, symmetry. The right

to the ground-state singlet products. . _tetrahedral Pgclusters considered in ref 10 are meal minima

The paper is organized as follows. In section 2, the details on the potential surface in both spin states and show Jan-Teller
of the computational method are presented. The singlet andgjstortion. For the KW molecule, the applied computational
triplet potential curves calculated for a number of approach scheme overestimates the dissociation en@gypy 2% and

modes of the reactants and the corresponding stationary stategond lengthd by 0.015 A in comparison with the corresponding
are discussed in section 3. Section 4 is devoted to the estimationgyperimental value¥.

of the spin-orbit matrix elements for two approach modes that

are used to discuss the probability of the triplsinglet 3. Triplet and Singlet PES Cross-Sections for b—Pd,
transition. In Section 5, the obtained results are discussed in|nteractions

comparison with corresponding data for bulk low-index pal-

ladium surfaces and small clusters. Section 6 concludes. Within the Born-Oppenheimer and rigid-substrate approxi-
mations, the PES for dissociative adsorption of hydrogen is a

six-dimensional hypersurface. At present, its calculation is still
a numerically prohibitive task for high-level quantum chemical
The Pd/H, system is investigated by DFT method using the methods. Thus, to study the hydrogen interactions with low-
Gaussian 94 prografi.We applied the B3LYP functional that  index bulk palladium surfaces, DFT methods were used for
involves the gradient correction of the exchange functional by construction of some low-dimensional cuts, from which the
Becke®® and the correlational functional by Lee, Yang, and high-dimensional PES can be built by interpolatioft? In the
Parr34 The hydrogen was described in the cc-pVDZ basi$set. present study, we applied the same approach for the flexible

The structure and energetic characteristics of the free

2. Computation Details
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TABLE 2: Summary of the Stable State Localized for All of the Studied Approach Modes

Molecular adsorption Dissociative adsorption

Approach modes

Spin | E, [Complex] Figure| Spin| E, }Complex|Figure

1 6.2 (A1) 1,ii 1 4.7 (B1) 1,ii

0 113 (A0) i |l o 217 ®O) i

% No stable structure are found for such orientation. With
Atom_top allowed angular rotation this approach mode transforms into
4; the bond_to_top one (scheme in Fig.1,i)

1 5.3 (D1) 4ii

Bond_bond V 0 221° (CO) 4,
1 53" (E1) 4,

7 With allowed translations .
Atom bond J transforms into the precursor 1 84 (F1) 4
— state from the first row 0 221 Fo 4iv
- (scheme in Fig. 4,iii) ) (FO) ’
=
) .
Bond face “v=r | 1 64 g 7i | O M (GO 7
Y 0 168 (HO) 7,
T With allowed transiations

transforms into the precursor
state from the first row
(scheme in Fig. 7,iii)

Atom_face %= 0 220° (JO) Tiv

aThe stable structure€() and (A1) correspond to the nearly degenerated states with similar geomeéffiee.same for the structure€@) and
(B0). b The same for the structuredj and ¢O0).

geometry of the adsorbent. For the six-particle system, the PESpyramid passing through the top Pd atom. This approach mode
has 12 independent variables. To reduce the dimensionality, weis shown schematically as thalj/(a0) configuration in Figure
imposeCs or C,, symmetry constraints. The triplet and singlet 1i (numbers 1 and 0 indicate here and below the spin state of

PES cross-sections for the gas-phase reaction the system). In Figure 2, the MEP curves 1 and 2 demonstrate
the energy changes along this reaction pathway in the ground
Pd, + H,— PdH, (2) triplet and excited singlet states of the system, respectively. In

the whole region o values, the triplet state remains about 16.5
were calculated for the following approach modes of a hydrogen kcal/mol lower. Analysis of the normal vibrations shows that
molecule toward the palladium cluster: (a) atom-to-top, atom- the shallow minima at ~ 2.1 A in these curves do not
to-bond, and atom-to-face, if the H atom of the molecule attacks characterize true stable states. If the hydrogen molecule is
atop, a bond, or a face of the palladium tetramer and (b) bond- allowed to rotate around its center of mass (Figure 1i and curve
to-top, bond-to-bond, and bond-to-face, if the H bond attacks 3 in Figure 2), the optimized angieincreases as the palladium
the same positions of the palladium cluster. cluster is approached and reache$ 80the stationary point

As in the case of bulk surfaces, these initial dispositions of (b1) in Figures 1iand 2. This parallel orientation of the hydrogen
the reactants present the boundary reaction pathways for themolecule (bond-to-top mode) is more energetically advantageous
adsorbate approaching 1-, 2-, and 3-fold coordination positions than the perpendicular one; nevertheless, the stationary point
at arbitrary orientation. For each orientation, the incident (b1) still does not describe a true minimum on the PES. It
hydrogen molecule was first directed toward the top palladium presents a transition state that, following the imaginary mode
atom or toward the center of a P&d bond. After that, the in the corresponding set of the normal frequencies, transforms
molecule was shifted according to the forces driving it into a into the stable structureé\{) and AQ0) shown in Figure 1,i,ii.
local minimum. The results for the stable states identified as  Figure 3i displays the triplet and singlet PES cross-sections
real minima on the potential surfaces for these approach modesobtained for the bond-to-top approach mode under @GQe
are summarized in Table 2. symmetry constraint with fixed parameter= 0 ((b0) and (1)

Below in this section, we discuss the MEPs leading to the configurations in Figure 1i). Computational difficulties arising
formation of the presented stable 4Pd structures. Of the  from the symmetry constraint hamper calculation of these MEP
possible reaction pathways resulting in the ground state dis-curves in the range of values between 2.4 and 3.5 A. It is
sociated complexes, we chose the most energetically favorableimportant to note that the triplet state is significantly lower at
ones and estimate the kinetic transition probability in the next large distances between the reactants, whereas at small distances
section. of x characteristic for a broken+H bond, the inversion of the

3.1. Atom-to-Top and Bond-to-Top Approach Modes.n stability of triplet and singlet states occurs. In the stationary
the atom-to-top approach mode, first an incideatrkblecule points p1) and pO) located atx = 4.076 and 4.104 A in the
is located strictly on the perpendicular to the base of the Pd triplet and singlet curves, respectively, the-H bond is only
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s E,
207 13
210 -15.2
182 40
1.72 141
13 453 Ay o @1 @0

’ x 3.616 3350 1.621 0948

s 1.367 1215 0.706 1362

b 1,137 1157 0.386 0491

g 0.827 0842 3.006 2205

de 2.640 2533 2.764 2798

da=dw 2751 2712 2812 2831

dar 2.708 2803 2.769 2738

du=dx 2589 2674 2644 25830

En 6.2 113 a7 N7

Figure 1. Mutual arrangement of reactants (i) and stable structures (i) localized in the atom-to-top and bond-to-top approach modes. The binding
energies E;,, kcal/mol) are presented for all of the stationary points shown in Figures 2 and 3,, whereas the geometric structures (in angstroms) are
presented only for the stable states identified in Figure 3,ii. The large black spheres show Pd atoms, and small open circles stand for H atoms. The
presented structures and the corresponding stationary points in the PES cross-sections are labeled with the same capital letters; the accompanying

numbers show the multiplicity.

; ' (a0) —o—singlet state, =0
10 4 —o—triplet state, 9=0
1 —a—triplet state, ¢-optimized

16.5

AF. kealimol

Figure 2. Triplet and singlet MEP curves for the Bt system in the atom-to-top approach mode calculated udggymmetry constraint at fixed
(curves 1 and 2) and optimized (curve 3) angleSee Figure 1 for notations.

slightly elongated, with the former state lying significantly slightly disturbed in comparison with the free reactants. These
lower. In the stationary points at = 1.5 and 1.036 A, the  two structures were presented in ref 14, with the geometric and
hydrogen molecule is dissociated and the singlet state of theenergetic characteristics being very close to those shown in
system becomes much more stable. As we will see below, theFigure 1ii for the structuresAl) and @AO). The energetic and

similar spin transition takes place for all considered reaction geometric results presented in Figure 1i together with PES cross-
pathways. sections from Figures 2 and 3 demonstrate that in the ground

The stationary points in Figure 3i do not describe true minima €lectronic state at low kinetic energy a hydrogen molecule
on the potential surfaces; however, according to the calculatedapproaching a vertex of a P@yramid is rotated and shifted
normal vibrations, they transform into the corresponding stable until the weakly bound molecular comple&X) is formed. For
states if an additional variableis optimized (structuresA(l) any orientation of an incident molecule, the process goes with
and @0) in Figure 1,i,ii). The corresponding MEP curves are continuous energy gain.
presented in Figure 3ii. In the triplet curve, the stationary point ~ Now let us discuss the rangex¥alues below the intersection
(A1) atx = 3.62 A, into which the system spontaneously falls of the singlet and triplet curves~@.2 A; Figure 3ii). The
under the approaching of the reactants, indeed desciiibes stationary pointB1) atx ~ 1.6 A in the triplet curve is~ 17
stable structure. Theue minimum (A0) at x = 3.35 A in the kcal/mol higher than the corresponding poiBOJ in the singlet
singlet curve of Figure 3ii depicts an excited state that is curve. The triplet minimumg1) characterizes the true stable
destabilized by~11 kcal/mol as compared to the triplet structure with the geometry shown in Figure 1lii, but it is
reactants. In these complexes, theibond length is elongated  destabilized by 1.5 kcal/mol as compared to the triplet molecular
by ~10—15% and the configuration of the Plilagment is only complex @A1). The H-H bond is completely broken in this
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Figure 3. Triplet and singlet minimum energy paths for thegsystem in the bond-to-top approach mode calculated UBg®mmetry constraint
with the fixed at zero (i) and optimized (ii) paramete(see Figure 1,i; structures b and A, respectively).

stable complex. A transition state between the minima in the two potential surfaces differ dramatically. In the next section,
triplet curve cannot be found under tBesymmetry constraint. ~ we will apply the results presented above for estimation of the
However, if the symmetry is allowed to reduce, the correspond- kinetic parameters of the process for the transition of ground-
ing transition state can be located about 3.6 kcal/mol above thestate triplet reactants to ground-state singlet products.

energy of the triplet reactants that provides the activation barrier  3.2. Bond-to-Bond and Atom-to-Bond Approach Modes.

for the transition from Al) to (B1) of ~11 kcal/mol. The The first approach mode of the reactants, considered in this
corresponding reaction pathway is described in detail in ref 14. subsection, ha€,, symmetry. In this reactant arrangement, a
Thus, on the triplet PES cross-section, the hydrogen dissociationhydrogen molecule is located in the plane perpendicular to the
on the Pd cluster is energetically unfavorable as compared to C,, symmetry axis of the cluster, with the-HH bond being
that of the physisorbed state. In the approach mode underperpendicular to the BetPd, bond (scheme in Figure 4i).
discussion, the most stable state of thgHRdsystem presents  The triplet and singlet MEP curves calculated under these
the singlet complexR0) with a completely dissociated+H constraints are shown in Figure 5i. Similar to the results obtained
bond (Figure 1ii). This structure is characterized by the binding in the previous section, the triplet state of the system is more
energy of 21.7 kcal/mol. Each H atom in this complex is bound stable than the singlet state at large distancégtween the

to three palladium atoms. The reaction pathway for the formation reactants and it becomes much higher in energy at small
of this stable complex on the singlet PES is also well described distancex when the H-H bond is dissociated. The triplet curve

in ref 14. The authors found an activation barrier of 4.2 kcal/ consists of a humber of branches, and their crossing points
mol to hydrogen dissociation from the molecularly adsorbed characterize sharp changes in the structure of the complex. The
state AO0). However, on the basis of the results of this work, stationary points found in the triplet curvexat- 1.8 and~2.7
nothing can be learned about the transition from the initial triplet A do not correspond to true minima on the PES. The singlet
into the final singlet state because the geometric structures ofcurve includes two branches corresponding to the nondissociated
the singlet and triplet complexes in the crossing point of the and dissociated HH bond. The stationary point in the left
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Figure 4. Mutual orientations of reactants (i and iii) and stablgHRdcomplexes (ii and iv) localized in the bond-to-bond (i and ii) and atom-
to-bond (iii and iv) approach modes. The structural data are given in angstroms, and the binding energies are in kcal/mol.

branch of the curve characterizes thee stable structureG0) molecules toward the attacked PEd bond A = 90°) is
shown in Figure 4ii. This structure coincides with the structure somewhat more favorable than other arrangements including
(BO) (Figure 1ii) localized in the bond-to-top approach mode; the parallel orientation of PePd and H-H bonds. However,

the geometries and energies of these two complexes, howeverthe energy difference between the boundary orientations is very
differ somewhat. These two complexes present the striking small (about 0.6 kcal/mol at down to~ 3.6 A). Therefore,
example of the existence of numerous nearly degenerated stateghe hydrogen molecule tends to arrange perpendicular to the

with similar structures even in such a small system asipdt nearest PetPd bond and to shift toward one of the Pd atoms
is interesting to note that the higher symmetry complex has a of the bond. As we have seen above, this pathway results in
slightly lower energy. the triplet predissociated Rd, complex.

As it follows from Figure 5i, the interaction of the triplet
reactants in the symmetric configuration shown in Figure 4i
has a repulsive character. The repulsion becomes weaker an
then changes to an attraction if the incident hydrogen molecule
is shifted from the center of attacked PEd bond by a
parameter (schemeb in Figure 4i). The corresponding MEP
curves calculated for several fixed and for optimized variable
are presented in Figure 5ii. Two stationary points localized in
the latter case at = 3.57 and 1.72 A correspond to theie
stable structured)1) and €1), with the same binding energy
of 5.3 kcal/mol (Figure 4ii.). The latter complex coincides with

Now, let us consider the end-on orientation of &long the

2, Symmetry axis toward the approaching-Hed bond (atom-
o-bond approach mode; schemén Figure 4iii). The corre-
sponding triplet and singlet potential curves are presented in
Figure 6i. The approach of the reactants in this mode is
characterized by a significant repulsion in the entrance channel,
especially on the triplet PES. The stationary points localized
on the left branches of these curves correspond to the stable
structures 1) and ¢0) shown in Figure 4iv and present
probably the global minima on the triplet and singlet potential
the structure A1) in Figure 1i, with diminutive geometric and ~ Surfaces, respectively. Two hydrogen atoms in these complexes
energetic differences originating from the applied symmetry &r€ bound to nonintersecting PBd bonds, and their structures
constraints. A very small barrier separates two miniba)( and energetics are very consistent Wlth the prew_ously obtained
and E1), so that their mutual transitions could proceed with resultst®14The crossing point of the triplet and singlet curves
the considerable rate. In other words, the molecularly adsorbedatx ~ 2.2 A lies~20 kcal/mol above the initial state. However,
state is obviously distributed in almost equal proportion between the geometric structures of the triplet and singlet,H2d
these two structures. On the contrary, in the singlet state, thecomplexes at the crossing point differ significantly. Therefore,
incident hydrogen molecule prefers the symmetric position, with geometric transitions will further give rise to the activation

its center of mass being on ti@, axis € = 0). barrier to hydrogen dissociation accompanied by intersystem
The effect of hydrogen rotation by angk in the plane crossing. That allows us to expect a very high activation barrier
perpendicular to th&,, symmetry axis (schema in Figure for the given approaching trajectory and to consider this reaction

4i) on the form of the triplet MEP curve has been studied for pathway as unfavorable for the hydrogen dissociation. So, the
the particular case of = 0. Obtained results (Figure 5iii)  formation of the structureF0) which is the most stable one in
indicate that the perpendicular orientation of incoming hydrogen the Pd—H, system is assumed to proceed by a two-stage or
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Figure 5. MEP curves for bond-to-bond approach mode calculatedi#dr—= 90° (perpendicular orientation of the-+HH and the nearest PdPd
bonds),c = 0 (i); OA = 9(°, ¢ — variable (ii); anddJA — variable c = 0 (iii).

more complex process (see the next section) but not as a resulbptimization procedure are shown in Figure 6ii. The repulsion
of the interaction of reactants along this highly symmetric becomes weaker with increasing and is replaced by an
pathway. attraction if the parameter is optimized. It should be noted,
Indeed, the situation considerably changes if the symmetry however, that the stationary point in curve 6xat- 1.8 A is

is reduced and the hydrogen molecule is allowed to shift in not a true minimum on the PES. Forces move this structure to
parallel to the attacked PdPd bond at the distanae(scheme  the weakly bound molecular complexes shown in Figures lii
d in Figure 4iii). The triplet PES cross-sections for such an and 4ii. Thus, the attack of a palladium cluster by a hydrogen
approach of I molecules toward the Ratluster calculated at ~ molecule in the atom-to-bond approach mode does not lead to
several fixedc values and with the parametemcluded in the the hydrogen dissociation. Again, the molecule is steering to
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Figure 6. MEP curves for the atom-to-bond approach mode calculated for the éixed (i) and for the variable parameterii).

the molecular adsorptive complex with, Hhound to one of formation of the molecular complexes. These complexes are
palladium atoms and shifted slightly from the attitude of, Pd very similar to those found in the case of &pproaching toward
pyramid. one of the palladium atoms. Further transformation of the system
The atomto-bond and bond-to-bond modes present the from the nondissociated into the final dissociated state involves
extreme orientations, which describe the angular rotation of a a transition between the triplet and singlet curves and will be
hydrogen molecule approaching a-Fed bond of the Pgcluster discussed in the next section.
(cp. Figure 4 parts i and iii). The comparison of the triplet MEP 3.3. Bond-to-Face and Atom-to-Face Approach Modedn
curves obtained for these modes at the figed O (Figures 5i this subsection, the results of the MEP calculations are given
and 6i) demonstrates that at largelistances the repulsion of  for H, approaching a face of the Pdetrahedron (3-fold
the reactants in the bond-to-bond approach mode is strongercoordination site) with the endmost parallel and perpendicular
than that in the atom-to-bond mode. However, in the atom-to- orientations referred to as bond-to-face (Figure 7i) and atom-
bond mode, the repulsion sharply increases at shorter distanceso-face (Figure 7iii) modes, respectively. Movement of the
between the reactants. On the contrary, if thenkblecule is hydrogen molecule in the bond-to-face approach mode is
allowed to shift along the nearestPBd bond at the optimized  restricted so that the HH bond is parallel to the Pd(3)Pd(4)
distancec (Figures 5ii and 6ii), the bond-to-bond mode becomes bond of the cluster. First, we shall consider a particular geometry
essentially more energetically preferable than the atom-to-bondof the system, with the hydrogen center of mass being placed
mode. Furthermore, our calculations show that the rotation of at the extension of the attitude of the;fyramid (schema in
the hydrogen molecule resulting in a transition from the atom- Figure 7i). The corresponding triplet and singlet potential curves
to-bond to the bond-to-bond mode proceeds without an activa- are shown in Figure 8i. The stationary point in the exit channel
tion barrier atx < 4 A. Thus, at low kinetic energy, the attack  of the singlet curve corresponds to tirae stable dissociated
of a Pd-Pd bond on the ground-state triplet,Rduster by a structure GO), with the geometric and energetic parameters
hydrogen molecule in any orientation leads to the nonactivated given in Figure 7ii. In the triplet state, similar to the symmetric
steering of the hydrogen molecule to one of the Pd atoms with atom-to-bond mode (Figure 4iii), the approaching of reactants
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Figure 7. Mutual orientations of reactants (i and iii) and stableHRccomplexes (ii and iv) arranged in the bond-to-face (i and ii) and atom-to-face
(iii and iv) approach modes.

is accompanied by a significant repulsion, and at the crossing (TS0) accords the way for the direct formation of the ground-
point, the geometric characteristics of the system in the two state product with reasonable activation energy. The activation
spin states differ considerably. Therefore, one may assume thatparrier for the formation of the singlet product from the triplet
as in the case of the symmetric atom-to-bond mode, the reactants is determined by a position of the crossing point
formation of the final singlet product along this reaction pathway between the triplet and singlet curves locatedcat 0.8 A
requires surmounting a high barrier. (Figure 9). This particular point is indeed the saddle where the
The stationary point at~ 0.5 A in the triplet curve (Figure  structure of the PgH, complex is practically the same in both
8i) is the transition state, in which forces shift the tdolecule of the spin states. The transition from the triplet reactants to
on some distance in the yz plane (schemé in Figure 7i). the singlet product might occur with a maximum probability
The parameteb has a remarkable effect on the form of the near this point (see below). Therefore, the activation energy of
triplet curve (Figure 8ii). The stationary point at=1.465 A the dissociative hydrogen adsorption on the Eldster in this
localized under the optimizdulvariable describes theue stable mode is estimated as abou®5 kcal/mol.
complex (1) (Figure 7ii). This complex has about the same  Such a reaction pathway for hydrogen dissociation is probably
geometry and binding energy as complég ) (Figure 1ii) found effective at high kinetic energy. If the hydrogen molecule is
in the bond-to-top approach mode (Figure 3ii). In the singlet allowed to shift at distance out of the extension of the attitude
state, the optimization of the parameteyields the complex  of the Pd pyramid and to rotate around tfzeaxis (scheme
(HO) (Figure 7ii). Its geometry slightly differs from that of the  Figure 7iii), we come back to the formation of weakly bound

complex G0); the corresponding binding energy-is6 kcal/  molecular complexes described above. As in the previous cases,
mol higher, and its formation is accompanied by the minor this latter reaction pathway will dominate if the hydrogen
change in the form of potential curve xat< 1.5 A. molecule approaches the 3-fold position of the palladium cluster

The atom-to-face approach mode (Figure 7iii) is the last one at low kinetic energy. The subsequent transformation of this
considered in the paper. The triplet and singlet MEP curves triplet complex into the final singlet product with a dissociated
calculated under th€s symmetry constraint for the entrance H—H bond is discussed in the next section.
and exit channels are presented in Figure 9. Stationary points
in the triplet qnd singlet curves do not bglong to true stable 4 Triplet—Singlet Transition Probability
structures, as it follows from their normal vibrations. However,
in the singlet curve, the stationary poirfig0) atx = —1 A The most salient feature of hydrogen interactions with
with the binding energy of about 12.7 kcal/mol presents the palladium clusters, which distinguishes them from bulk surfaces,
transition state, which transforms into the stable complé&X ( is that the dissociative interaction of hydrogen and thg Pd
(Figure 7iv) when moving along a normal coordinate associated cluster is a spin-forbidden process. It involves the transition from
with the imaginary vibration. The latter structure corresponds the initial triplet state of the system into the final singlet state.
with the complex F0) (Figures 4iv and 6i) and presents the This fact has been mentioned in the literat&fé and follows
ground state of the RetH, system. Thus, the transition state from the above detailed calculations on thePH, system.
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Figure 8. MEP curves for the bond-to-face approach mode calculated und€sthemmetry constraint with the fixed at zero (i) and optimized
(ii) parameterb (see Figure 7,i; schemesandb, respectively).

Estimation of the transition probability is of special interest « is the electronic transmission coefficient, aig is the

because it provides an evaluation of the preexponential factor.activation energy estimated as the energy difference between

The triplet-singlet transition might proceed through the spin  reactants and the minimum energy point on the intersection of

orbit coupling since the corresponding operatgs mixes singlet and triplet potential surfaces. According to eq 3, the total

different spin states. The estimation of this probability along reaction probabilityW involves two factors. One of them

with the direct data based on the calculations of the form of the characterizes the probability to reach the saddle point in which

potential energy surface of the system for various approach the triplet and the singlet states of the system are equal in energy.

directions of the reactants might give additional information The second factor (transmission coefficient) determines the

about the character of the considered reaction. probability of the rearrangement of the triplet electronic state
According to the FranckCondon principlé?® the maximal of the system into the singlet electronic state. For a nonadiabatic

probability of the electron reorganization under the triplet  reaction, the electronic transmission coefficient may be ap-

singlet transition occurs in the region near the saddle point on proximately written as

the crossing line of the triplet and singlet many-dimensional

surfaces, where the coordinates of nuclei are the same in the K~ VIV, 4)

both electronic states. In terms of the theory of nonadiabatic

chemical reactions, this principle leads to the following expres- where Vs is the matrix element of the spirorbit interaction

sion for the total reaction probabilifiy: calculated at the saddle point avid is its critical value. Typical

values ofwes arekgT/h ~ 1018 571,39

Wit In the Condon approximatioit,the matrix element can be
W= ok exp[~E4/kgT] ®3) written as follows:

wherewes is the effective frequency for the motion of nuclei, Vis= @T({ rK})|VLs|€05({ r)0 (5)
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Figure 9. MEP curves for the atom-to-face approach mode (Figure 7,iii; schiBme

where ¢ ({r.}) and ¢5({r.}) are the triplet and singlet many the coupling between the spin magnetic moment of electron 1
electron wave functions of the Rdh system in the transition  and the effective magnetic field due to its motion in the
configuration. This particular form can be used because the electrostatic field of nucleus. Then, the electron matrix element
singlet and triplet functions are orthogonal because of the (5) can be presented in the form
orthogonality of the spin functions. A more general expression
for the matrix element may be found, for example, in ref 38. — = S TN Bt

In general, the spinorbit operator may be writtéf as the Vie= Mk Z PR arSyn(LPD

sum of one-electron and two-electron terms, i.e. 1

) N =y RIECT, D) (T, alwi @0 (®)
Vis= 3 (3 Mg+ 5 kDl ©) !
7 = <

where y, and vy are the highest half-occupied molecular
wherek and| numerate electrons apdnumerates nuclei. The  orbital in the triplet state and the highest occupied molecular
first term in eq 6 describes the coupling between the spin orbital in the singlet state, arid is the orbital moment operator
magnetic moment of electrdnand the effective magnetic field  of translation. Here, we neglected the relaxation of the inner
acting on it due to its motion in the electrostatic field of nucleus. molecular orbitals in the triplet state as compared to the singlet
The second term describes analogous eleetetectron interac-  state. Because the orbital moment of the H atom is zero in the
tion. ground state, the spirorbit constantf in eq 8 is that for 4d

One- and two-electron spirorbit integrals in eq 6 can be  electrons of the palladium atorfyq. Therefore, the summation

evaluated directly or expressed through a linear combination in eq 8 can be performed only over palladium atoms. Moreover,
of nuclear attraction and electron-repulsion integrals, respec-at small distances from a nucleus, the spimbit constant(r)
tively.*® We shall restrict ourselves by an approximate consid- decreases rapidly and approaches zero @&/
eration of the spirrorbit interaction for the system under This fact allows approximate representation of the spirbit
consideration. Let us take advantage of ZDO approximétion  interaction for the many-atom system in terms of interactions
and use the corresponding orbital transformation methd. on individual atoms by considering the atoms as independent

We note that all integrals of two-electron operators in eq 6 centers. Therefore, eq 8 may be rewritten as follows:
vanish in the ZDO approximatidi.Neglecting the two-electron

component in the spinorbit operator seems to be justified for 4

our estimation of the tripletsinglet transition. Indeed, the V= [§4d(pd)/2](z Z (C:){ (Cs)Lrl @{Iifldiﬂfﬂ 9)
computation of the contribution of the two-electron matrix &1 157,

elements into the spirorbit interaction for a PACI molecule —1-2

made in ref 47 (the authors thank the referee who attracted our

attention to this work) shows that it amounts to about 26% Here €. and €s). are the atomic orbital (AO) coefficients

of the one-electron component being opposite in sign. The two- in the half- and double-occupied HOMO in triplet and singlet
electron contribution in the RAH, system is believed to be of  states, respectively, retrieved from the DFT calculations on the
the same order of magnitude. Therefore, the one-electronsystem,d} is the Pd atomic d orbitals, and superscript
component will provide us the upper limit of the spiorbit enumerates palladium atoms. Equation 9 can be immediately
interaction. The one-electron operators in eq 6 are eqdal to used for the numerical estimations if we know the AO
_ coefficients. With the neglection of the two-electron component,
h&(u,1) = ST, D175 ) such calculations are expected to overestimate the transmission
_ coefficient by a factor of~1.5. This inaccuracy in the
wherel, ; is the orbital angular momentum of an electron 1 computation of the transmission coefficient is not crucial for
with respect to the center of theh atom. Equation 7 describes  our conclusions about reaction pathways.
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Now, we are in a position to estimate the probability of the SCHEME 1
triplet—singlet transition for some approach modes of the H H
considered reaction. Results of calculations on the reactants in
the atom-to-face approach mode seem to be more appropriated ;
for our purpose, because the saddle point has been localized in 5
this case (see Figure 9). Substitution of numeral values for the bd
corresponding AO coefficients at the saddle point into eq 9 and TABLE 3: Local Geometries and Stabilities of the Stable

using the constan£sy =1400 cni*# gives the spir-orbit Predissociated Pe-H, Complexes Localized in the Side-on
matrix element value~70 cnl. According to ref 38, the (Bond-to-Top) Approach Mode on Low Index Palladium
adiabaticity criterion of a chemical reactiovk, might be Surfaces and Clusters

approximately set aksT = 208 cnT! at T = 298 K. It results geometry,

in the transmission coefficient in eq3= (Vi¢/Ver)2 ~ 0.1; that stability,

is, the triplet-singlet transition probability in this approach mode  gypstrate ref spinstatekcal/moP s d b

Is sufficiently high. _ Pd(111) 1 singlet 49 174 084 0
We managed to locate the saddle point along the bond-to- Pd(100) 2 singlet 28 1.89 080 O

top reaction pathway (schentein Figure 1,i and PES cross-  Pd(110) 4 singlet 8.8 1.80 080 O

sections in Figure 3,ii). It appears to be feasible because of the Pd atom 31 singlet 194 163 0.388

close geometric structures of the triplet and singletH3d Pd; 14 S'.“?'et 82 126 082 122

complexes in the region of PES intersection (Figure 3,ii). So, Pd, 13 tSrill’Eg(T(E,‘t 1%‘_% 11'_1%5 %‘_% 1111?,)

the new triplet curve was calculated in the intervakafalues 14 triplet 8.8 156 0.79 1.08

between 1.8 and 2.4 A, with the geometric parameters of the presentwork  singlet 8.4 122 084 1.16

complex fixed at optimized values obtained for the singlet state. presentwork triplet 88 137 083 114

The crossing point between the singlet and the new triplet curves  aggq Figure 1,i for notation&For the comparison purpose, the
atx = 2.27 Ais where the structures and energies of the systemstabilities of the complexes are presented without zero-point corrections
are about the same in both of the spin states. This poiRi¥ and with respect to the same spin state of reactants as that of the
kcal/mol higher in energy than the triplet reactants and representscomplexes.

an approximate estimation of the activation barrier for the

considered approaching mode. The spimbit matrix element that this configuration is not a real minimum, and forces again
calculated in this point is~120 cnt! and leads to the  Willturnitinto the most stable in the system side-on orientation.

transmission coefficient ~ 0.4. The same is true for larger clusters. Nevertheless, this type of
interaction presents the only case of small attraction between
the palladium substrate and the incident hydrogen molecule if
its molecular axis is oriented along the approach line.

On the basis of the analysis of the two-dimensional PES cross- The spontaneous formation of the molecular adsorption
section$ “ discussed in the Introduction, two mechanisms were complex shown in the Scheme 1 was found in the side-on (bond-
suggested for hydrogen adsorption and dissociation on bulk to-top) approach mode for all considered systems, namely, for
palladium surfaces. The precursor mediated mechanism withlow-index palladium surfacés? and for small cluster¥-31 The
molecular preadsorption state was supposed to prevail at thelocal geometries and stabilities of such predissociated complexes
relatively low kinetic energy of the incident .Hmolecule, are summarized in Table 3. In all structures except for the single
whereas the direct activated dissociation was expected forpalladium atom, the PeH distances are very close, the adsorbed
molecules approaching the surface with kinetic energy sufficient hydrogen molecule is only slightly activated, and the geometry
to overcome the activation barrier to dissociation. Hydrogen of the clusters is negligibly distorted by the adsorption. The
interactions with small palladium clusters studied by DFT stability of the molecular adsorption state on the clusters is
methods for the flexible substrate geometry and allowed low somewhat higher than that on closely packed Pd (111) and (100)
symmetry*3! show essential distinctions with those obtained surfaces and is close to that on the crystallographically “open”
for the bulk surfaces. In this discussion, we analyze what Pd (110) plane. Therefore, the precursor state presents the most
features have to be attributed to the physical differences betweenattractive position for the capping of a hydrogen molecule on
bulk and cluster catalysts and to what extent the distinctions bulk palladium surfaces and small clusters and precedes the
arise from the applied model approximations. For this aim, the hydrogen dissociation in both singlet and triplet states.
energetics of hydrogen interactions with 1-, 2-, and 3-fold  In the ground triplet state of the PdH, system, both atom-

5. Discussion

position (top, bond, and face, respectively) of tha Pgramid to-bond and bond-to-bond approach modes are characterized
are compared with the resembling literature data for bulk by repulsive interactions between the reactants in the entrance
surfaces and small clusters. channel. At low kinetic energy, the incident hydrogen molecule

The end-on atom-to-top approach mode is unfavorable for is steered toward one of the palladium atoms of the attacked
interaction of a hydrogen molecule with palladium tetramer; Pd—Pd bond with the formation of the molecular compl&4}
the molecule tends to rotate into the side-on bond-to-top ap- shown in Figure 4,ii. This final adsorption state has the same
proach mode. The interaction between thgq Eldster and H local structure as that shown in the Scheme 1 and is separated
molecule in this latter orientation is attractive at all distances from the molecular complexAQ) by the activation barrier of
between the reactants largerttaA and leads to the formation  about 2 kcal/mol. Similarly, in the excited singlet state, the
of the weakly bound predissociated adsorption complek#&y ( interaction between the reactants is repulsive in both approach
and @0) as it is shown in Figure 1,i. To the best of our know- modes and the corresponding PES cross-sections do not involve
ledge, for bulk palladium surfaces, the former approach mode any saddle point. These types of interactions do not lead to the
was not considered. The end-on hydrogen capture with forma- hydrogen dissociation on Pdluster}* whereas a hydrogen
tion of a weak linear PdH—H complex was assumed in the molecule approaching the center of ,Pdluster with the
Pd—H; system?* However, frequency calculatiotfspoint out molecular axis being perpendicular to the-ARt bond dissoci-
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Figure 10. Two-dimensional PES for the perpendicular bond-to-bond
approach of the hydrogen molecule toward the ¢dster with frozen
geometry shown in Table 1 (scheraén Figure 4,i).
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ates spontaneously.In the case of bulk palladium surfaces,
the three-dimensional PES including an angular degree of
freedom for H approaching the 2-fold bridge position on the
Pd (111) surface was considered in ref 7. The atom-to-bond
approach mode was found to face an activation barrier of almost
2 eV. With allowed angular rotation the incident hydrogen
molecule is bent to about 30with the surface normal and
reaches the mixed surfaesubsurface final state overcoming
two small activation barriers.

For the hydrogen molecule approaching low-index palladium
surfaces with the molecular axis being parallel to the surface
plane, the perpendicular bond-to-bond reaction pathway is
believed to be the most favorable one leading to the dissociation
without or with very low activation barriér4”. Moreover, for
the precursor mediated mechanism, it was suggested that th
steering of the molecularly adsorbed hydrogen molecule from
the 1-fold coordination position leads to its dissociation near
the center of the PdPd bond. To find out the source of such
dramatic difference between infinite and cluster palladium par-

German et al.

saddle point, which appears on the “elbow” plot, is characterized
by several imaginary vibrations and thus does not presents the
real transition state. This fact makes questionable the detailed
mechanism of hydrogen dissociation on bulk surfaces on the
basis of the 2D PES scan. As in the case of small palladium
clusters, the hydrogen dissociation on bulk surfaces very likely
proceeds via the pathway which is nonsymmetric one with
respect to two hydrogen atoms described in detail for dal

Pd, clusterst* This reaction path involves the transition state
to the dissociation, in which one of hydrogen atoms moves
toward a bridge site and another one remains in the 1-fold
position. In such a reaction pathway, the formation of predis-
sociated complexes is of paramount importance, and this fact
is consistent with the experimentally observed extremely high
ratio of the molecular forms of hydrogen on palladium surfaces
(67% on the dispersed Pd bldek

The atom-to-face and bond-to-face attack of hydrogen
molecule toward the 3-fold position on the palladium tetramer
is characterized by notable repulsion in the entrance channel.
The only attractive interaction leads again to the formation of
the molecular complexes with local structure shown in Scheme
1. The former approach mode was not considered for the
hydrogen interaction with bulk palladium surfaces. The side-
on hydrogen interaction with the 3-fold coordination site on
the Pd (111) surface leading to the bridge-bridge final state faces
a barrier of only 1.6 kcal/mol in the entrance channel of 2D
PES! The direct formation of more stable 3-fold-coordinated
dissociated structures requires overcoming of two barriers of
up to 3.2 kcal/mol. As in the previous case, the existence of
thereal transition states in these 2D surfaces was not proved.

The exceptional feature of hydrogen interaction with the Pd
cluster is that the ground state of reactants is a triplet, whereas
the ground state of product is a singlet. It sets up the claim of
the triplet-singlet transition along the reaction pathway.

etailed analysis of the singlet and triplet potential surfaces
or the Pd—H, system indicates at least six possibilities for
such a spin transition listed below:

1. Excitation of the palladium tetramer from the triplet to
the singlet state located 16.5 kcal/mol higher and excitation of

ticles, we applied the same method and model that were usedthe triplet molecular complexAl) to the singlet stateAQ)

for the modeling of hydrogen dissociation on low-index bulk
surface$™ for the Pd—H; system in the singlet state. The two-
dimensional “elbow” plot obtained for the frozen optimized
structure of the Pdcluster inC,, symmetry (see Table 1) is
shown in Figure 10. Qualitatively, this plot is very similar to
those presented in refs-4 for the bulk surfaces and provides
the activation barriers to dissociation of about 6.5 kcal/mol in
comparison with 5.5 kcal/mol obtained for the relaxed cluster
geometry (Figure 5,i). This barrier is significantly higher than

(Figure 1,ii) leading to the 17.5 kcal/mol increase in energy. If
the system reaches one of these two excited states, it will then
follow along the reaction pathway presented in ref 14 for the
singlet PES. This path includes an activation barrier to dis-
sociation that is 8.8. kcal/mol lower in energy than the singlet
reactants and only 4.2 kcal/mol above the precursor state.
However, the probability of such a triptesinglet transition
includes the product of the matrix element of the sgonbit
operator, which admixes the disturbing wave function to the

that obtained for the same approach mode on the bulk surfacesmain spin state and the matrix element of the operator for
Such a behavior could be explained by the geometry of the interaction of a particle with electromagnetic field. Thus, such
coordination site. As it was shown earlier, the energy of the @ transition is likely to be small as compared to that discussed
transition state to dissociation is in a great extent determined in the previous section.
by the strength of the interaction between tteorbital of H, 2. The triplet-singlet transition in the PES crossing points
and those of the substrate. The closer the hydrogen moleculein the bond-to-top (schemk in Figure 1,i and PES cross-
has to approach the substrate for an effective filling obits sections in Figure 3,ii) and in the atom-to-face (scheina
MO, the higher the barrier to dissociation is. The transition state Figure 7,iii and PES cross-sections in Figure 9) reaction
in the “elbow” plot in Figure 10 corresponds to the height of pathways. Estimations of the triptesinglet transition prob-
the hydrogen molecule 1.63 A above the “surface” in compari- abilities show that the transition occurs by nonadiabatic mech-
son with 1.93 and 2.16 A and corresponding barriers of 1.6 anism with rather higher probability owing to a large constant
and 0.2 kcal/mol reported for Pd (1i1pnd Pd (100 of the spin-orbit coupling (1400 cmb). The corresponding
respectively. transmission coefficients are0.4 and~0.1 with the activation
Furthermore, as it was shown above, hydrogen dissociationbarriers to hydrogen dissociation of 20 and~ 25 kcal/mol,
does not occur within the adopted symmetry constraint and the respectively. The former reaction path leads to the formation
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of the dissociated RHi, complex with hydrogen atoms located on bulk palladium surfaces and small clusters far from the
in 3-fold positions, whereas the latter path provides the transition substrate and grants the only nonactivated channel for hydrogen
state that transforms into the most stable in the system interactions with small clusters.

dissociated complex with hydrogen atoms in the most distant 3. Qualitatively, two-dimensional “elbow” plots for the
2-fold positions. Other reaction modes considered in this work hydrogen dissociation along the side-on bond-to-bond approach
are supposed to have significantly higher activation energy. mode are very similar for the singlet Pdluster and for the
Additional crossing points between many-dimensional PESSs, single-crystal palladium surfaces with frozen optimized geom-
which correspond to RH, complexes with low symmetry, etry. However, the activation barrier to the dissociation on the
apparently exist and some of them could have lower energy Pd, cluster of~6 kcal/mol is significantly higher than that on

and higher tripletsinglet transition probability. bulk surfaces. This difference is attributed to the geometric
3. The hydrogen dissociation in the triplet state followed by structure of the coordination site.

the radiant transition from the triplet complexd&klj and 1) 4. Detailed consideration of the singlet and triplet potential

to the corresponding singlet stat&0f and ¢0) (Figures 1,ii surfaces and analysis of the literature d&show that only one

and 4,iv and PES cross-sections in Figures 3,ii and 6,i, reaction pathway leading to the hydrogen dissociation exists
respectively). On the triplet PES, the reaction pathway for the on each PES. It proceeds via the precursor state as an
dissociation involves the activation barrier of 2.8 kcal/mol with intermediate and involves the nonsymmetric with respect to two
respect to the free reactants (10.5 kcal/mol with respect to thehydrogen atoms transition state, in which one of the H atoms
precursor statél: The following triplet-singlet transition seems ~ remains in the 1-fold coordination position and another one
to be more probable than that discussed in the first point owing moves toward the nearest 2-fold site. The saddle point, which
to the reduction of the activation factor on the value of the appears on the 2D “elbow” plot, is characterized by several
radiation energy. Nevertheless, we suppose it is of the sameimaginary vibrations and thus does not presentdiatransition
order of smallness because of the diminutive admixing of the state.
wave function with another multiplicity to the main spin state. 5. The two most favorable reaction pathways leading to the
Therefore, we suppose that the radiative transitions are notformation of the ground-state singlet dissociated structures from
effective in the hydrogen dissociation on small palladium the ground-state triplet reactants involve the activation barriers
clusters. The most probable way of the triptsinglet transiton ~ of ~20-25 kcal/mol. The system must surmount such an
seems to be via the saddle point on the intersection of the tripletactivation barrier in order to reach the crossing point between
and singlet potential surfaces. This conclusion is based on thethe triplet and singlet potential surfaces in which the spin
approximate qualitative evaluation. For a more rigorous com- transition becomes possible. The probability of the triplet
parison of possible radiant spin transitions, the accurate estimatesinglet transition is estimated to be in the range-61—-0.4.

of the corresponding matrix elements is required. The radiative spin transitions in the system are supposed to have
significantly lower probability.
6. Conclusions 6. Specific geometric and electronic structures of the Pd

cluster as compared to the bulk single-crystal surfaces result in

In the present paper, we report the results of DFT study of e stabilization of the precursor state, in the increase of the

the singlet and triplet PESs for hydrogen interactions with activation barrier to hydrogen dissociation, and in the necessity
palladium tetramer. The energetics and dynamics of hydrogen ot the triplet-singlet transition along the reaction pathway. As

interactions with 1-, 2-, and 3-fold position (top, bond, and face, 4 sequence, the molecular adsorptive state of hydrogen is

respectively) of the Pdpyramid are compared with the  eypected to be more pronounced on small palladium clusters
resembling literature data for bulk surfaces and small clusters. inan on the bulk surfaces.

The main results of the present work may be summarized as
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