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The density functional study of the activation and adsorption of severahdlecules on Rdclusters is
extended ta = 5. Detailed mechanisms of+H activation by the trigonal bipyramidal (tbp) Pduster are
described. They encompass various reaction pathways initiated by binding the first and sedonihed
axial/lequatorial atoms of the Pdore, leading to the formation of K&i), and Pd(H), activation products,
respectively. The Rtt- H, — Pds(H), reaction involves spin crossing, and the most stable product, which is
a singlet, prefers both hydrogens at cap sites of the nonadjacent faces BfyRubntrast to the cases far
= 3 and 4 studied previously, the activation of the secoadhirbugh the reaction RfH), + H, — Pds(H)4

is found to be exothermic with an associated barrdi (298.15 K)) lying below the RgH), + H, asymptote.
The subsequent steps of the hydrogenation af tBke place via molecular adsorption onto the;(PQl
dissociative complex, ultimately giving the hydrogen-rich cluste(ld(H»)s, consistent with experiment.
A comprehensive set of the non-hydrogen-saturated species that contain(tij Pdre structure have also
been predicted. The thermodynamic stabilities of the(lPd(H2)m (M = 1-5) hydrogenated clusters are
discussed in terms ohH and AG values afT = 298.15 and 70 K.

I. Introduction

Hydrogen is forecast to be a principal source of energy in
the future! The use of molecular hydrogen as a fuel will result
in a significant reduction of the emission of pollutant gases
because blis a cleanly burning fuel. In addition to producing
vast quantities of inexpensive-an important practical problem
to be solved is that of safe and effective hydrogen stotéde.
is known that metals, especially palladium, are excellent medi
for safe hydrogen storageFrom this viewpoint, detailed

investigations of the interaction between bulk palladium surfaces

and palladium clusters with Hmolecules can contribute to

Pd, clusters fom = 1—4 using density functional theory (DFT)
with the B3LYP functional and ab initio CASPT2 (complete
active space second-order perturbation) methods. The B3LYP
results were calibrated against the CASPT2 calculations and
experimental data fan = 1 and 28 It was proven that B3LYP
yields reliable electronic structures as verified against the
CASPT2 calculations and experimental data. In the preceding

a paperi® an extensive B3LYP study of the reactions of multiple

H> molecules with the Pgrimer and Pgtetramer was carried
out. In particular, for the Pd+ H; reaction, both singlet and
triplet potential energy surfaces (PESs) were explored, and their

designing useful hydrogen storage devices. Experimentally, it €'0SSing was indicated along the reaction coordinate. The singlet

has been indicated that the palladithydrogen interaction and

structure with the two H atoms bridging the nonadjacent Pd

the quantity of adsorbed/absorbed hydrogen show a strongPd edges was predicted to be the most stable isomer of the Pd
dependence on the metal surface and the size of the meta(H)2 product. Unlike the first K case, the activation of the

cluster3* From another perspective, hydrogen chemisorption

second H via reactions PgH), + H, — Pd(H)4 and Pd(H).

is of vital technological importance to the industrial processes + Hz — Pdi(H)4 appeared to be unfavoratie.

involving hydrogenation or dehydrogenation stéjis general,
small transition-metal clusters exhibit properties differing

Here we extend our DFT study of the hydrogenation of the
Pd, clusters ton = 5. The sequential addition of Hnolecules

fundamentally from those of the corresponding bulk metal, as to the Pd pentamer until saturation is examined in detail,
has been deduced from numerous gas-phase reactivity studiesincluding a multitude of the plausible hydrogenation intermedi-
There are a plethora of examples in the literature illustrating ates. Special attention has been paid to the mechanisms of
the strong size dependence of the reactivity of both main group activation (dissociative adsorption) of the first several H

and transition-metal (TM) clusters, especially with molecular
hydrogert-6.7

molecules by this TM cluster. To this end, the corresponding
activation barriers and reaction profiles have been determined.

The present work contributes to our systematic theoretical The theoretical results are relevant to both the kinetic and

studies of the reactivity of small palladium and platinum clusters
toward H, and other small adsorbates. Previodsh, we
investigated the activation of the firstifiand CH) by Pt, and
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saturation measurements of the chemisorptionoémt D, on
the small gas-phase pPdlusters (i < 25) by Cox et aft From
the kinetic studies (low K{D-) pressure), these authors inferred
a steady rise in the reaction rate betweer 4 and 8. In
particular, the reaction of RBdwith Hy(D,) was indicated to
proceed at a significantly higher rate than those of £d Ho-
(Dy). On the basis of the saturation studies with (Bigh D;
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pressure), Cox et al. concluded that the resulting clusters were
hydrogen rich, showing a D/Pd ratio significantly greater than
1. The above experimeritgid not identify the hydrogenation
intermediates.

II. Computational Methods

The methods of calculation followed those used in ref 10.
Fully optimized structures and normal-mode frequencies were
found using the B3LYP methé#and relativistic effective core
potential (ECP) of Hay and Wadt with the valence double- .
(VDZ) basis se€ on Pd in conjunction with DZ basi&for H E‘““_'st.'l“’“"" i g ‘t";': e
(BSI). The energetics was improved by using the relativistic e ! R
ECP of Dolg et al. on Pd and the associated valence téple-
basis setd combined with Dunning® augmented correlation-
consistent basis for H (BSIl). Spin-restricted and spin-
unrestricted calculations were carried out for singlets and triplets,
respectively. In the case of triplets, the alternation of the
occupation numbers of the molecular orbitals was performed
to ensure that the lowest-energy state was obtained. For reaction (2617)
pathways, minima were connected to each transition state (TS) Ps (3) Po:(H)
by tracing the intrinsic reaction coordinate (IRE€)Enthalpies il s e
and Gibbs free energies were calculated at both room t_emper-,:igure 1. Optimized trigonal bipyramidalPds(1)(Dan Ar A7),
ature (298.15 K) and low temperature (70'Kat 1 atm using istorted trigonal bipyramidaPds(2)(Ca,,A;,Bs), square pyramidal
vibrational frequencies evaluated at the B3LYP/BSI level. Pds(3)(Ca,2A1,%B1), and edged-capped tetrahedRufy(4) (Cz,, A1,3B2)

The Gaussian 98 quantum chemical package was used throughstructures of bare Batlusters (bond lengths in angstroms); distances
outls in parentheses are for triplet states. The magnitude of the imaginary

Recently’® we introduced theéPdn_x_y znotation for the  frequency forPds(1)(*Ax") and Pds(4)(*A.,%B,) is included, together

. with the corresponding eigenvector fBids(4) (essentially same for
computeq struc_tures Of t_he paIIadlgm/hydrogen clusters to bothA; and®B,). Values shown in italics arAH(298.15 K) relative
systematize their description. Hene,is the number of TM {5 the ground-state triplet structure,s%4.,')(Pds(1)) (Table 1).

atoms;x shows which H molecule (first, second, etc.) enters

the reactiony describes the nature of the species, where ;I'AE\BILE_ 1 ESr}ergieS andf 'tl'hhegnodyginglc Vtalutce:s I(kclalt/nc]jOI)t
' ; — ' or Various Structures of the Bare uster Calculated a

a, &,... corresponds_to a d|hydr(_)gen complgx; _b, b',... the B3LYP/BSII Level

indicates the HH activation transition state (TS),=c, c,...

denotes the HH activated product, ang = di, d2,... is AE+ T=29815K T=70K

assigned to the isomerization TS; anghows the position of structuré AE AZPE AH AG AH AG

the H ligands in the activated system. Within the activated pg(a,) (Da, Pds(1)) 0.0 0.0 0.0 00 00 00
system, the H ligand can (1) occupy the single (terminal) Pd Pd(*Ay) (Dan, Pds(1)) 16.6 165 16.0 184 16.4 16.8
atom, (2) bridge the edge of the PBd bond, or (3) cap the gig&% Egz l;(cijsgg 1%2 1%2 1%43 1%58 105.43 105-44
indi i 1, 20y 05| . . . . . .
and respectivey. Furhermore, because the clusters caoulatecPd(B) Cu PGY 22 27 23 35 26 28
' : e e Pa(!A) (Cay Pds(3)) 149 152 149 167 150 154
here have an even number of H ligandss going to have an P&(°B,) (Ca, Pds(4) 115 11.9 11.0 132 117 11.9
even number of components. For instance, in the case of two Pd(*A,) (Co,, Pds(4)) 27.7 279 272 29.9 27.7 281
H ligands, €, indicates that they bridge two different P&d
edges sharing the Pd atom, arel€) shows that the two H
ligands bridge two different PePd edges not sharing the Pd
atom. Similarly, €,f) indicates that the first H ligand bridges
the Pd-Pd edge and the second one caps the®Ri+-Pd face,

aSee Figure 1 for the definition of structures.

are given in Figure 4. Species involved in the activation of the
second H molecule together with the various isomers of the
which shares the Pd atom or PEd edge, ande(f') relates to Pds(H),4 dissociative product are illustrated in Figure 5, and the
the situation when the bridging and cap sites do not share the€1atedAH (298.15K) values are depicted in Figure 6. In turn,
Pd atom or Pe-Pd edge. Also, f(f) shows both H ligands in the structures of the energetically most favorable isomers of
cap sites that share the PBd edge and so on. Note that for the third H activation product, PgdH)s, and Pg(H)a(H2)m
four, six, and so forth H ligands; is going to have four, six, ~ complexes fom= 1-5 are shown in Figure 7. Relative energies
and so forth components, respectively. Rer 5, we have added ~ and thermodynamic values pertinent to the activation of the first,
subscriptsax and eq to distinguish between the axial and Seécond, and third fimolecules are summarized in Tables 2
equatorial Pd atoms shared or the axial and equatoriaPed ~ and 3. In Table 4, we have listed the relative energies and

edges shared, respectively. thermodynamic values of a large number of isomeric structures
of the Pd(H)4(H2)m complexes fom = 2—5 with their structures
Ill. Results and Discussion presented in the Supporting Information (Figures—4S).

Figure 1 shows optimized structures for the lowest singlet Finally, AH andAG values of the reactions &H)s + mHz —
and triplet states of the bare £duster with the associated P ®(H)«(H2)m (M = 1-5) are presented in Figure 8.
energetics included in Table 1. Species involved in activation ~ Because the final energetics is determined with a basis set
of the first H, molecule on Pglalong with a number of singlet ~ (BSII) that is larger than that used to calculate the geometries
and triplet isomers of the B@H). dissociative product are drawn  of the minima and transition states (BSI), it is possible that some
in Figures 2 and 3. Their correspondingd (298.15K) values apparent stationary points on the B3LYP/BSI PES might
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Figure 3. Optimized structures pertinent to the equatorial activation
of the first H, on tbp Pd proceeding through reaction Pd H, —
- : Pdi(H). and starting by kKl attachment to the equatorial atom of the
GOR TN SuGe) -100 metal cluster, along with those of varioussRd), product isomers in
. . s . L singlet and triplet states (bond lengths in angstroms); distances in
Figure 2. Optimized structures pertinent to the axial activation of the 3 rentheses are for triplet states. Values shown in italicAk(298.15
first Hz on tbp Pd proceeding through reaction £é H, — Pd(H). K) relative to the ground-state triplet reactantss(BAk')(Pds(1)) +

and starting by Hattachment to the axial atom of the metal cluster |’ ‘the reaction-coordinate vector and the corresponding imaginary
(bond lengths in angstroms); distances in parentheses are for trlpletfrequency are shown for each TS.

states. Values shown in italics akéi(298.15 K) relative to the ground-

state triplet reactants, R8A2)(Pds(1)) + H. (Table 2). The reaction-  field (CASSCF), and multireference configuration interaction

coordinate vector and the corresponding imaginary frequency are shown,yitpy single and double excitations (MRSDCI) meth@8©ur

for each TS. results given in Figure 1 and Table 1 are consistent with the

disappear at the B3LYP/BSII//B3LYP/BSI level. These com- previously reported B3LYP resulf&®and show that the triplet

plications, encountered for some pathways of the #dH, A, state of the trigonal bipyramidal (tbPgn) form of the Pd

reaction (Figure 4), are commented on in section III.B. cluster is the ground state. In tRA,' state, the two unpaired
A. Bare Pds Cluster. The bare Pglcluster was calculated  electrons are occupying @rbitals. (The actual triplet symmetry

earlier using B3LYP;?20complete active space self-consistent- was not determined in the previous B3LYP studies.) Another

Pd5_1_e (o),
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Figure 4. Profiles of AH(298.15 K) for activation of the first FHon tbp Pd.
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Figure 5. Optimized structures pertinent to the axial and equatorial activation of the secomdl tHp Pd proceeding through reaction £H),
+ H, — Pd(H)4 and starting by K attachment to the axial and equatorial Pd atoms of thecBre of Pg(H),, respectively (bond lengths in
angstroms). Values shown in italics ak&1(298.15 K) relative to the ground-state singlet reactant$He (Pd5_1_c_(f,f)) + H, (see Table 3).
The reaction coordinate-vector and the corresponding imaginary frequency are shown for each TS.

triplet state 3By, lies only 0.4 kcal/mol higher tha#,' and is singletPds(1)(*A1") shows one imaginary frequency and distorts
derived from the distorted tbp form of the Pduster withC, to Cp, symmetry Pds(2)(*A;). The lowest triplet state’B,) of
symmetry (Table 1). These two low-energy triplet structures of the square pyramidal (sfs,) form of Pd, calledPds(3)(°B1)

Pd; are denoted aBds(1)(°A2') andPds(2)(3B;), respectively, in Figure 1, lies 2.3 kcal/mol abowds(1)(3A2'). The basal and

in Figure 1. As seen in this Figure, the triplBts(1)(A2) apical Pd-Pd distances iPds(3)(3B;) are 2.617 and 2.714 A,
features the “relaxed” equilateral triangle base with three sides respectively. As seen in Figure 1 and Table 1, for all of the
of length 3.042 A (the equatorial PdPd edges) and six axial  forms of Pd, the calculated singlet states lie significantly higher
Pd—Pd edges of length 2.613 A. In turRds(2)(3B1) exhibits than the triplet state®.In particular, the singlettriplet splitting
the isosceles triangle base with the shorter (2.617 A) and longerof 15.3 kcal/mol found for the tbp-like structures is in good
(2.863 A) sides and axial edges of 2.703 A. The regular tbp agreement with the earlier B3LYP estimafe.
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Figure 7. Optimized structures of the most stable;ft)sH. complex,
Pd5_3_a_(e,e,e,ennd the most stable activation produetd5 3 c_-

(e,e,e,e,e,epf the activation of the third Hthrough the reaction Rd
(H)4 + H2— Pds(H)s. Also shown are optimized structures of the most
stable Pg(H)4(H2)m (M= 2—5) complexes (bond lengths in angstroms).
Values shown in italics araH(298.15 K) relative to the most stable
Pd(H), (Pd5_2_c_(e,e,e )+ mH, reactants.

In the recent ab initio MRSDE} study on Pg seven different
structures were examined using the LaJohn ét edlativistic
ECP. Consistent with our DFT B3LYP results, the tbp and sp
forms of Pd@ were predicted to be the lowest-energy structures
(see below), and th€,, edge-capped tetrahedron (eciB4)
structure was reported to be the third most favorable form of
the Pd cluster. The squard(y,) planar, pentagonab), and
tetrahedral Tg) structures of Pgiwere found to be significantly

Note that according to our results, dds(4) (*A; and3By)
(Figure 1) is not a minimum but rather a saddle point connecting
the tbp-like structures on the singlet and triplet PESs, respec-
tively. For instance, on the triplet PES, the B3LYP barrier for
the Pd atom “scrambling” is found to be ca. 11 kcal/mol (Table
1).

B. Activation of the First H,. From a hydrogen-activation
point of view, the shape of the bareqfduster is of importance.

In addition to the energetic factor discussed in the preceding
section, the use of the tbp-like Psomer as a model for the
activation of the first several Hmolecules is justified by the
knowrf~1%inclination of H atoms (coming from the dissociated
H>) to occupy bridge sites on edges or cap sites on faces of the
Pd, polyhedron. Indeed, the tbp-like isomer ofsRdntains six
triangular faces and nine edges (six axial and three equatorial),
whereas the sp isomer possesses only five faces (four triangular
and one square) and eight edges (Figure 1). Statistically, the
former is expected to be more active toward such reactions than
the latter. Therefore, we study below only the reaction of the
tbp form of Pd with H, molecules.

The Pd + H; reaction starts by forming a dihydrogen
complex Pg(H,). The H, molecule, being coordinated, can
attach to the axial or equatorial sites of the tbp.Rthis gives
rise to two distinct H activation pathways (for each spin state)
termed accordingly and described in detail below. First consider
the axial coordination of the Hmnolecule and the resulting axial
pathway. The H coordination to the axial Pd atom results in
the formation of thePd5_1_amolecular complex (Figure 2)
with the associated complexation enthalfp§(298.15 K) of
—11.8 (—11.9) kcal/mol for the triplet (singlet) state (Table 2).
The corresponding values of the free energy of complexation
AG(298.15 K) are-5.3 (—4.4) kcal/mol. Although the predicted
ground state oPd5_1_ais a triplet €A") and the singlet state

higher in energy than the tbp and sp structures. (Consequentlylies 15.2 kcal/mol higher in enthalpy (Table 2), we begin our
these arrangements were not calculated in our studies.) Likewisediscussion with the processes involving the singlet state. As seen

the planar trapezoiddl,, structure was showhto be energeti-

in Figure 4, from the K complex Pd5_1 a the reaction

cally less favorable than the tbp and sp structures, and this resulproceeds via the axial transition sté&d5_1_bfor H—H bond

was confirmed by the B3LYP calculation (with this structure
included in Supporting Information). In more detail, at the
MRSDCI level, the three lowest-lying Rdtructures (states)
were the thp triplet3g’), sp singlet A1), and ect triplet{B,),
placed within 0.3 kcal/moi!

activation and leads to the dihydride intermediBdb_1 _c_-
(t,t) ax. The activation barrier calculated froRd5_1_ais AH*-
(298.15 K)= 5.9 kcal/mol, and the transition state involved
Pd5 1 bis located 6.0 kcal/mol below the K#A;) + H,
singlet asymptote (Table 2, Figure 4). The energy of this
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TABLE 2: Energies and Thermodynamic Values (kcal/mol) for Species Involved in P¢g+ H, Reactions Calculated at the
B3LYP/BSII Level?

AE + T=298.15K T=70K
reaction species AE AZPE AH AG AH AG
Pd((AY) + H; 0.0 0.0 0.0 0.0 0.0 0.0
Pdi(Hz) CA"") (Pd5_1_3 —12.7 —10.9 -11.8 —-5.3 —-11.4 -10.1
axial first H, act. TS ¢A)(Pd5_1_b -3.9 -3.9 —-4.8 14 —-4.3 -3.1
Pds(H)2(CA)(Pd5_1_c_(t,t)y) —4.3 -35 —-45 2.6 -4.0 -2.6
isomer. TS{A) (Pd5_1_d3 -0.7 0.0 -15 6.1 -0.5 0.8
Pds(H). CA)(Pd5_1_c_(e,e)) —-8.4 —6.9 -8.4 -0.7 -7.4 -6.1
Pd(*Ay) + H; 15.2 15.2 15.2 15.3 15.2 15.2
Pd(H,) (Pd5_1_3 2.3 43 3.3 10.9 3.8 5.3
axial first Hact. TSPd5_1 b 10.0 10.4 9.2 17.2 9.9 114
Pds(H), (Pd5_1_c_(t,t)y) 10.3 11.4 104 18.0 10.9 12.4
isomer. TSPd5_1 d) 125 13.3 12.0 20.2 12.8 14.3
Pds(H)(Pd5_1_c_(e, By —16.7 —15.3 —16.9 —-8.2 —15.9 —14.3
isomer. TSPd5_1_d3J -16.2 —-15.2 -17.2 -77 -15.8 -14.2
Pds(H)2(Pd5_1_c_(f,f}9 -17.0 —15.8 —17.6 -8.0 —16.3 —14.7
Pds(Hz) (CA)(Pd5_1_3&) —10.6 -85 -9.6 -3.2 -9.0 -7.8
equatorial first Hact. TS ¢A)(Pd5_1_b) -3.1 -2.8 —43 35 —-3.3 -2.0
Pds(H)2 CA)(Pd5_1_c_(t,t)q -2.9 -1.6 -2.9 4.3 -2.1 -0.8
isomer. TS¥A) (Pd5_1_d4 1.5 25 0.8 9.4 2.0 3.4
Pds(H). CA)(Pd5_1_c_(e,f) —13.2 —12.5 —-13.9 —6.5 —13.0 —-11.7
Pds(Hz)(Pd5_1_4) 4.7 6.5 5.6 12.8 6.0 7.5
equatorial first Hact. TSPd5_1_1) 7.5 7.9 6.3 14.9 7.4 8.9
Pds(H)(Pd5_1_c_(f,fk) -16.8 -15.9 —-17.6 -8.6 -16.5 —-14.9
isomer. TSPd5_1_d§ -16.3 —15.4 -17.3 -7.8 —15.9 —14.3
Pds(H)(Pd5_1_c_(f,f)) -19.8 -18.7 —20.5 —-11.0 -19.2 -17.6
Pds(H)2(CA)(Pd5_1_c_(f.f)) -12.1 -12.0 -135 -5.4 -95 -7.7
Pds(H)(Pd5_1_c_(e,e)) —10.3 -85 —10.0 -1.4 -9.0 -7.5
Pds(H)2 CA2)(Pd5_1_c_(e.) -17.9 —16.4 —-18.0 -9.3 -16.9 —15.4
Pds(H). CA)(Pd5_1_c_(e/8) —15.7 —14.5 —15.9 —-8.2 —15.0 —13.6
Pds(H)2 CA)(Pd5_1_c_(e,f)) —-14.4 —-13.6 —-15.2 -7.2 —14.2 -12.8
Pds(H), CA)(Pd5_1_c_(e,B) -95 -84 —-10.0 -22 -8.9 -7.6

aThe species without state designations are closed-shell sing#éts (

TABLE 3: Energies and Thermodynamic Values (kcal/mol) for Species Involved in PgH). + H, and Pds(H)4 + H, Reactions
Calculated at the B3LYP/BSII Level

AE + T=298.15K T=70K
reaction species AE AZPE AH AG AH AG
Pds(H)2 (Pd5_1_c_(f.f)) + H2 0.0 0.0 0.0 0.0 0.0 0.0
Pds(H)2(H2)(Pd5_2_a_(f,f)) -13.3 -11.4 -12.2 —-6.0 -11.8 —-10.6
isomer. TSPd5_2_dJ -12.7 -11.0 -11.8 -55 -11.4 -10.1
Pds(H)2(H2)(Pd5_2_a_(el) —-13.8 —11.6 -12.1 —6.6 —12.0 —-10.8
axial second KWact. TSPd5_2 1 —-6.5 —-6.3 —6.8 -1.1 —-6.7 54
Pds(H)4(Pd5_2_c_(tt.e,f) -9.6 -8.1 -89 -2.3 -8.6 -7.2
isomer. TSPd5_2_d3J -5.3 —4.0 —-5.4 2.2 —45 -3.1
Pds(H)4(Pd5_2 c_(e.e.ep) —20.0 -17.2 —-18.7 —-10.3 -17.7 -16.2
Pds(H)2(H2)(Pd5_2_a_(f,f)g -95 -7.8 -8.6 -2.2 -8.3 -7.0
equatorial second +hact. TSPd5_2_1) —4.2 —4.3 —-55 1.4 —4.7 —-35
Pa(H)4(Pd5_2_c_(e,e,f,f) —16.4 -14.7 —-16.0 -9.0 -15.1 —-13.9
Pds(H)4 (Pd5_2_c_(e,e,e )t Hz 0.0 0.0 0.0 0.0 0.0 0.0
Pa(H)4(H2)(Pd5_3_a_(e,e.e k) -12.0 -9.9 -10.8 —4.1 -10.3 -9.0
Pds(H)4(H2)(Pd5_3_4a (e,e,e,9) —10.2 -8.1 -9.0 -1.9 -8.6 -7.2
Pds(H)4(H2)(Pd5_3_&_(e,e,e,6) -9.3 —6.8 -7.7 -1.1 -7.3 -6.0
Pd(H)4(H2)(Pd5_3_a_(e,e.e)) -9.3 -8.0 -8.7 -2.8 -8.3 -7.2
Pds(H)4(H2)(Pd5_3_a_(e,e,f,f) -7.7 —6.9 -7.6 -25 -7.2 -6.2
Pds(H)a(H2)(Pd5_3_4a (e,e f,fg) -25 -1.7 -23 2.8 -2.1 -1.0
Pds(H)s(Pd5_3_c_(e.e,e.e,e)e) 6.1 7.5 5.4 15.4 7.0 8.6
Pds(H)s(Pd5_3_c_(e,e,fff0) 11.3 10.4 9.1 15.8 10.1 11.2

aThe species without state designations are closed-shell sing#gts (

(Figures 2 and 4). We note that the last two connections
involving thePd5_1_dlandPd5_1_d2transition states have
been verified by tracing the IR€2 The resultingPd5_1 c_-
(f,f)eq Species has a structure 6§, symmetry, where both H
atoms cap the faces that share the equatorialflRbedge. It is
17.6 kcal/mol lower in enthalpy than the triplet reactants. In
the capped sites dPd5_1_c_(f,f}q the Pd-H bond lengths
are 1.698 and 1.841 A.

transition state relative to the ground-states(Pah’) + H,
asymptote is 9.2 kcal/mol. WithG(298.15 K), thePd5_1 b
TS lies 1.9 kcal/mol above B@A;) + H, and 17.2 kcal/mol
above Pe?A) + H, (Table 2). In the next step, intermediate
Pd5_1_c_(t,t)x isomerizes to the dihydrided5_1_c_(e,§qvia
transition statePd5 1 d1 The obtained edgeface singlet
isomer of Pg(H), can further isomerize to the more stable
dihydride,Pd5_1_c_(f,f}q through transition stated5_1_d2
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TABLE 4: Energies and Thermodynamic Values (kcal/mol) for Species Involved in PgH)4 + mH, (m = 2—5) Reactions

Calculated at the B3LYP/BSII Level

T=298.15K T=70K
reaction speciés AE AE + AZPE AH AG AH AG
Pdy(H)s (Pd5_2_c_(e,e,epj+mHy] 0.0 0.0 0.0 0.0 0.0 0.0
Pdsy(H)a(H2)2(Pd5_4_a_(e,e.ek) —24.6 —20.4 -22.2 -7.9 -21.3 -18.4
Pdy(H)a(H2)2(Pd5_4 & (e,e.e,d) —22.0 -17.8 -19.6 -5.9 —-18.7 —-16.0
Pds(H)a(Ho)2(Pd5_4_& _(e,e.e,8) —-21.0 —-16.5 —-18.3 —-4.6 —-17.4 —-14.7
Pds(H)a(Ho)2(Pd5_4_&"_(e,e.e,8) —20.9 —-16.5 —18.2 -4.8 -17.4 —14.7
Pds(H)a(Ho)2(Pd5_4_&) (e,e.e,0) —-19.0 —-14.5 -16.2 -2.6 —-15.3 -12.7
Pds(H)4(H2)2(Pd5_4_a_(e,e.ff) -18.7 —-15.9 -17.4 —4.9 -16.7 —14.2
Pds(H)4(Ho)2(Pd5_4_a_(e,e.ed) —-15.1 -11.7 -13.3 -0.5 —-12.5 —-10.0
Pds(H)4(H2)2(Pd5_4 & (e,e,f fhy) —-13.6 -10.2 -11.8 0.6 -11.0 -85
Pds(H)4(Ho)2(Pd5_4_&_(e,e,f,fk) —-13.8 -11.2 -12.5 -0.9 -11.9 -9.5
Pdy(H)a(H2)s(Pd5_5_a_(e,e.e.k) -33.2 —26.7 -29.3 -8.8 —28.0 —-23.9
Pdy(H)4(H2)s(Pd5_5_a (e,e,e,d) —33.2 —26.7 —29.5 -8.1 -28.1 —23.9
Pdsy(H)a(H2)s(Pd5_5_& (e.e.e,d) -30.7 —24.2 —26.8 -6.2 —255 —21.4
Pas(H)a(H2)s(Pd5_5_&"_(e,e,e,8) -30.4 —235 —26.1 -57 —24.8 —20.7
Pds(H)a(H2)s(Pd5_5_&"" (e,e,e,d) —27.9 -21.1 —23.7 -3.2 —22.4 -18.3
Pds(H)a(H2)s(Pd5_5_a_(e,e f,f)) —28.3 —22.8 —25.4 -5.5 —24.0 —-20.1
Pds(H)a(H2)s(Pd5_5_&"" (e,e,e,8) -27.3 —21.4 -23.8 -3.9 —22.7 -18.7
Pas(H)a(H2)s(Pd5_5_4_(e,e,f,fry) -27.8 -23.1 —25.4 —6.6 —24.3 —20.6
Pds(H)a(H2)3(Pd5_5_a_(e,e.f,fq) —25.4 —20.6 -22.8 —4.7 -21.8 -18.1
Pds(H)a(H2)s(Pd5_5_4a"_(e,e,f,f)g) —24.5 -19.1 —21.6 -2.0 —-20.3 —-16.4
Pas(H)a(H2)4(Pd5_6_a_(e,e.e.k) —42.6 -33.4 -37.0 -8.9 -35.2 —29.6
Pdy(H)a(H2)(Pd5_6_a (e,e,e,8) —41.4 —32.5 —36.2 —-8.0 —34.3 —28.8
Pds(H)a(H2)4(Pd5_6_4 (e,e.e,8) -39.3 -30.5 -33.9 -6.7 -32.2 —-26.8
Pds(H)4(H2)4(Pd5_6_a_(e,e.ff) —37.4 —30.2 —33.6 -6.8 —-31.9 —26.6
Pds(H)a(H2)a(Pd5_6_a (e,e.f,fq) -35.6 —28.2 -31.6 -5.4 —29.9 —24.7
Pds(H)4(H2)o(Pd5_6_4_(e,e.f ) —35.5 —28.0 -31.4 —4.9 —29.6 —24.4
Pd(H)a(Ho)s(Pd5_7_a_(e,e.el) —49.8 —-38.9 —43.2 -8.2 -41.1 -34.1
Pds(H)a(H2)s(Pd5_7_a_(e,e,fE) —45.1 —35.7 —40.0 —6.4 —-37.8 -31.1

a|f not indicated, the electronic state of the system is a closed-shell singlet.

keal/mol
0.0

\ AG (29815 K)
A

-10.0

DAG (70 K)
-40.0 $ Al (70'K)
AH (298.15 K),
-50.0
=1 m=2 m=3 m=4 n=5

Figure 8. Profiles of AH(298.15 and 70 K) an&G(298.15 and 70
K) for the Pd(H)s + mH, — Pds(H)4(H2)m (M = 1-5) reactions as
functions ofm. For eachm, values for the most stable isomer of the
Pds(H)4(Hz2)m complex are used.

Turning to the triplet axial pathway, compl®d5_1 a(’A")
goes over thePd5 1 b(3A) transition state and leads to the
dihydridePd5_1 c_(t,t)x (3A) intermediate (Figures 2 and 4).
Unlike the singlet counterpart, the-HH bond that is broken is
positioned rather parallel to the PePd* edge within the
Pd5_1 b(3A) TS. This TS has a barrier afH¥(298.15 K)=
7.0 kcal/mol with respect to the initial dihydrogen complex,
but is lower by 4.8 kcal/mol than the RéA,') + H, asymptote.

(®A2") + Ha, being 3.5 kcal/mol less stable in enthalpy than the
initial Pd5_1_a(®A’"") complex.

Let us now consider the equatorial activation pathway, which
begins with H coordination to one of the Pd atoms forming
the equatorial ring in the tbp Bdrhis coordination mode results
in the formation of thd>d5_1_& complex (Figure 3) with-9.6
(—9.6) kcal/mol complexation enthalpy valuesTat= 298.15
K for the triplet (singlet) states. In terms 4f5(298.15 K), these
values are-3.2 (—2.5) kcal/mol (Table 2). The triplet complex
is again found to be more stable (by 15.2 kcal/mol in enthalpy)
than the singlet analogue. On the singlet PES, aktivation
transforms thé>d5_1_ainitial complex directly to thé>d5 1 c -
(f,f) ax product through the equatorial transition stB#s_1 B
(Figures 3 and 4). This has been verified by following the IRC.
(Note that most of the structures in Figure 3 have been rotated
relative to those in Figure 2 to get a better view of theé Pd
equatorial active site and the ensuing(Pt), intermediates and
products.) ThePd5_1_B TS requires a calculated enthalpy of
activationAH*(298.15 K) of only 0.7 kcal/mol fronPd5_1_&
and is 8.9 kcal/mol below the singlet asymptote. By using
AG(298.15 K), the singlePd5_1_B TS is found to lie 0.4 kcal/
mol below P@(*A;) + H, and 14.9 kcal/mol above B@A?)

+ H, (Table 2). The producPd5_1 c_(f,flx shows both
hydrogens at cap sites of the faces that share the axial edge and
have the same binding enthalpy (17.6 kcal/molPd% 1 c_-

AG(29815 K) places th|S TS ca. 1 kca|/m0| ab.OVe-the Iatter (f7f)eq (Tab'e 2)Pd5_l_c_(f,flx can, however, eas”y isomerize
asymptote (Table 2). The subsequent isomerization of theto a more stable structure®d5 1 c_(f,f). The latter step

Pd5_1 c_(t,tix ((A) intermediate via théd5_1_d3transition
state furnishes thed5_1 c_(e,e) (3A’) product as verified by
the IRC calculatior?* The isomerization TS is located below
the Pd(*A;) + H, reactants by 1.5 kcal/mol in terms of
AH(298.15 K). The produdPd5_1_c_(e,e) (A’) appears not
to be the most stable B@H) triplet species, as discussed in
detail below. It is stabilized by 8.4 kcal/mol relative tosPd

comprises the movement offHo the “nonshared” cap site,
which is accomplished byd5_1 d5TS (cf. Figure 3). The
resultingPd5_1_c_(f,f') isomer ofC, symmetry with the two
hydrogens occupying the nonadjacent faces appears to be the
most stable structure of B@H), and lies 20.5 kcal/mol below

the ground-state reactants. In the cap sites, threeHPonds

of 1.731, 1.765, and 1.845 A are formed. The closely related
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edge-face and edgeedge singlet PgH), isomers of the
nonshared typePd5_1 c_(e,f) andPd5_1 c_(e/9, respec-
tively (not shown in Figure 3), have been found to be kinetically
unstable because the two collapsedRd5_1 c_(f,f) after
enforcing tighter geometry-optimization criteria.

Turning to the triplet equatorial pathway, we first note that
the relatively weak equatorial PdPd edge essentially breaks
upon forming thePd5_1_4 (®A) molecular complex (with a
PP—Pc distance of 3.625 A). In the next step, activation of
the H-H bond occurs via the equatorial transition state
Pd5_1_b (®A), which connects th®d5_1_a (°A) complex to
the Pd5_1_c_(t,t}q (3A) intermediate (Figures 3 and 4). This
H, activation mode requires overcoming thél* (298.15 K)
barrier of 5.3 kcal/mol relative t&*d5_1_& (3A), but most
importantly, thePd5_1 B (3A) TS lies 4.3 kcal/mol below the
triplet reactants (Figure 4f° The follow-up rearrangement of
the Pd5_1_c_(t,t}q ((A) intermediate via thed5_1_d4(%A)

TS yields thePd5_1_c_(e,fq (3A) product. The corresponding
transition structuréd5_1 d4(3A) is located just 0.8 kcal/mol
above the PgAy") + H, asymptote (Figure 4). This complex
rearrangement involves (1) pseudorotation of the Etdster
skeleton accompanied by the successive equatorial rifg Pd
Pd® bond breaking and Pe-PcP bond forming and (2) move-
ment of both terminal hydrogens to the more preferred bridge
and cap binding sites. As a result of (1), the pairs of axial and
equatorial Pd atoms in thed5_1_c_(e,fy ((A) product are
interchanged relative to those in tHed5_1 c_(t,tyq ((A)
intermediate (cf. Figure 3). Théd5_1_c_(tt}q (CA) —
Pd5_1_c_(e,; (PA) rearrangement has been verified by
following the IRC fromPd5_1 d4TS24¢ The triplet product
Pd5_1_c_(e,By (A) is stabilized by 13.9 kcal/moH(298.15

K)) with respect to PgA,) + H,. This is 3.0 kcal/mol less

Moc et al.

dicular, equatoriatparallel, and axiatparallel modes undez,,

and Cs symmetry were examined as summarized in the Sup-
porting Information. None of these routes appeared to be more
favorable than those already discussed.

On the basis of the potential energy profiles given in Figure
4, one may conclude that the $# H; reaction starts with the
triplet-state reactants and proceeds along either the axial or
equatorial pathways. Because the-H activation TS lies 4 to
5 kcal/mol lower than the Rd+ H, reactants, no overall
enthalpy barrier is found for the activation of; ldlong this
pathway (Figure 4). However, the entropy effect stabilizes the
reactants more than the-HH activation TSs and puts the TSs
a few kcal/mol higher than the P& H, reactants. Therefore,
we may expect a few kcal/mol entropy-related activation barrier
for the first H, activation on the Rgcluster. Later, after passing
the H—H activation TS, a spin crossing occurs that turns the
reaction to the singlet PES of the equatorial pathway and leads
to the singlet-state final produ®d5_1 c_(f,f). The entire
process is calculated to be exothermic by 20.5 and 11.0 kcal/
mol in AH and AG, respectively.

C. Activation of the Second H. The activation of the second
H, follows a pattern similar to that seen in the first Ehse.
The possibility of the coordination of the second dolecule
either to the axial or equatorial Pd atom of the tbg Bake in
Pd;(H), gives rise to two distinct pathwayEhose studied below
involve the most stable B@H), isomer, the singlePd5_1 c_-
(f,f"), and the second most stable singlets(PQh isomer
Pd5_1_c_(f,fyq (cf. Figure 4)?6ab

First, let us consider the axial pathway., Hnolecular
coordination to the axial Pd atom of the lowest singlef(Fb,
Pd5 1 c (f,f), yields thePd5_2_ a_(f,f) dihydrogen complex
However, we also found another axial complegs_2_a_(e,f),

than the value obtained for the singlet analogue discussed abovegitfering from Pd5_2_a_(f,) primarily by the binding site of

A similar situation is true for the other RgH), structures
located for both spin states. For instance, the trighels 1 c_-
(ff") (CA) and Pd5_1 c (e,e) ((A") (Figures 2 and 3) are

the H hydrogen ligand (edge vs face, Figure 5). Recall that
the singletPd5_1_c_(e,f) structure of the PgH), reactant is
not kinetically stable, as discussed in the preceding section. The

predicted to be 7.0 and 1.6 kcal/mol, respectively, less stabletwo axial dinydrogen complexes are found to be of essentially

in AH (298.15 K) than their singlet counterpaftsHowever,
our extensive exploration of the triplet PES revealed additional
low-energy Pg(H)» isomers that did not exist in the singlet state
and show unique geometries. They are lab&ld8_1_c_(e,&)
(A2),Pd5_1 c (e, (®A), Pd5_1 c_(e,f) CA), andPd5 1 c_-
(e,flax (3A) in Figure 3. These calculations also found that the
“shared” edge-edge structurePd5_1_c_(e,e) ((Az), is the
lowest triplet state of RgH).. This is different from the lowest
singlet state of PgH), as well as PgH), and Pd(H),,%1%all

having the nonshared structures. According to our calculations,

the lowest triplet isomer of B(H), is only 2.5 kcal/mol less
stable than the R#l, global minimum, the singlePd5 1 c -
(f,f') (Table 2). We recall here that for K{t), the most
favorable triplet isomers were higher in enthalpy by ca.10 kcal/
mol compared to the singlet isoméPfsThe analysis of the spin-
density distribution inPd5_1_c_(e,e), (A2) assigns 54% of

the same stability. Indeed, according to Table 3, the calculated
AH (AG) values of forming théed5_2_a_(f,f) andPd5_2_a_-
(e,f") isomers of Pg(H)2(H2) from the Pg(H), + H» ground-
state reactants (at 298.15 K) aré2.2 (—6.0) and—12.1 (-6.6)
kcal/mol, respectively. Moreover, th€d5 2 _a_(f,f) —
Pd5_2 a_(e,f) isomerization can be accomplished readily by
the Pd5_2_d1transition state (Figure 5), with an associated
barrier of only 0.4 kcal/mol AH(298.15 K)) relative to
Pd5_2 a (f,f) (Table 3). The IRC shows that the actual
prereaction complex for the second, Hctivation is the
Pd5_2 a_ (e,f) isomer.

Starting from thePd5_2_a_(e,f) complex, the activation of
the H—H® bond occurs through the axial transition state
Pd5_2 band leads to the tetrahydri@®&l5_2_c_(t,t,e,f{Figures
5 and 6). In thePd5_2_bTS, a noticeable change in geometry
from that ofPd5_2_a_(e,f) is the position of ¥, which moved

the two unpaired electrons to the equatorial Pd atoms not down to the lower tetrahedron cap site with the concomitant

involved in the Pe-H bond and 43% to the axial Pd atoms,
with the remaining 3% delocalized onto the third equatorial Pd
and both hydrogens. The isomerization of #@5_1_c_(e,Bq
(®A) activation product to formPd5_1_c_(e,) (PA) is
anticipated=1° to be a low-barrier process and has not been
pursued further.

In search of the other (possibly barrierless) possibilities for
the single H approaching the tbp R&nd leading to PgH),,

rotation of the second Hunit to the symmetry plane of the

former. TSPd5_2_bis reachable fronPd5_2_a_(e,f) with

an activation barrier ofAH* (298.15 K)= 5.3 kcal/mol and is
6.8 kcal/mol below the RH), + H, asymptote. Similarly, with
AG(298.15 K) calculations, th€d5_2 bTS lies below this
asymptote by 1.1 kcal/mol (Table 3). The formed intermediate
Pd5_2_c_(t,t,e,fican easily rearrange to the most favorablg Pd
(H)4 product,Pd5_2_c_(e,e,e,g)ia the transition stated5_2_d2

various pathways have also been considered for the singlet stateAs seen in Figure 5, this rearrangement is accompanied by a

More specifically, the equatoriaperpendicular, axiatperpen-

further shift of H from the cap to the bridge site. The resultant
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Pd5_2 c_(e,e,e,@roduct ofC, symmetry has its four hydrogen
ligands positioned as the bridges of the-HRtl edges. In these
bridge sites, the bond lengths of the unique—-Pidpairs are
1.659 and 1.699 A and 1.672 and 1.747 A. The(R} + H,
— Pd&(H)4 (Pd5_2 c_(e,e,e,p)reaction is calculated to be
exothermic by 18.7 kcal/mol in terms afH(298.15 K) (Table
3). Because the isomerization transition std® 2_d2lies 5.4
kcal/mol below the Pg{H), + H, reactants, no overall enthalpy
barrier is found for the activation of the second &long this
pathway (Figure 6).

We will now proceed to discuss the equatorial pathway. This
term is assigned to the route initiated by formingBabs_2 a_-
(f,fleq complex via binding the second,Ho the unique
equatorial P& atom of the singletPd5_1_c_(f,f}q reactant
(Figure 5). The correspondingH(AG) values of this equatorial
H, coordination process at 298.15 K 8.6 (—2.2) kcal/mol
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P&—Pd' bond cleavage takes place. Transition states involved
in this activation have not been examined because tbgHpd
+ H, — Pds(H)e reaction is endothermic.

E. Reaction/Adsorption of Additional H, Molecules with
the Pds(H)4(H2) Complex. On the basis of our previous study
of Pd, + xH; reactions forn = 3 and 4%° further hydrogen
adsorption is anticipated to occur on the hydrogen-unsaturated
Pd centers of the B(H)4(H,) complex. Indeed, the latter can
bind several additional Hmolecules to form PgH)4(H2)m
complexes successively with= 2—5, all containing the R4
(H)4 “dissociatively adsorbed core” of eithed5_2 _c_(e,e,e,e)
or Pd5_2_c_(e,e f,B). A large number of PgH)(H2)m Struc-
tures were calculated (Table 4 and Figures-2S of Supporting
Information), of which only the most energetically favorable
ones are given in Figure 7.

For m = 2, we have found nine different isomers, eight of

are ca. 3.5 (4.0) kcal/mol higher than the values calculated for yhich exhibit negative enthalpy and free-energy changes relative

the axial Pg(H)(H,) analogues (Table 3). 844+H® bond

to Pdy(H)4 + 2H; at 298.15 K (Table 4). The global minimum

activation takes place next through the equatorial transition statefor m = 2, Pd5_4_a_(e,e,e,&)f C, symmetry, features two

Pd5_2_b and leads directly to thed5_2_c_(e,e,f,E product

as verified by following the IRC (Figures 5 and 6). The
activation barrierAH*(298.15 K) fromPd5_2_a_(f,f)qis 3.1
kcal/mol. However, the transition staid5_2 B again falls
below the PgH), + H, reactants by 5.5 kcal/mol, meaning
that there is no net activation barrier along this rode(298.15

K) results show a very small (1.4 kcal/mol) net barrier for this
pathway (Table 3). In thBd5_2_c_(e,e,f,§) structure, the pairs

molecularly bound Hlin the equatorial sites of the Réf), core

and hasAH(298.15 K)= —22.2 andAG(298.15 K)= —7.9
kcal/mol relative to the values for RiH)4 + 2H,. Form = 3,

we have located 10 distinct isomers. According to Table 4, the
enthalpy and free-energy changes at 298.15 K with respect to
Pds(H)4 + 3H, are negative for all of these isomers. Among
the Pd(H)4(H2)s isomers,Pd5_5 a (e,e,e,@ndPd5 5 & -
(e,e,e,e) differing by the position of one of the molecularly

of hydrogen ligands in the bridge and face sites share the gdsorbed Hi(axial vs equatorial), are calculated to be the most

equatorial Pd atom and the equatoriaH®il edge, respectively.
The overall reaction R¢H), + H, — Pds(H)4 (Pd5_2 c_-
(e,e f,frg is exothermic by 16.0 kcal/mol (Table 3). Thus, the
Pd5_2_c_(e,e,f,Byisomer of Pg(H)4 is only 2.7 kcal/mol less
stable than the alternative-path isonfed5_2_c (e,e,e,eand

stable and are almost degenerate. Namely, the enthalpy and free-
energy changes of forming the 40d)4(H,)3 complex from Pg

(H)4 + 3H, at 298.15 K are found to be29.3 and—8.8 kcal/

mol, respectively, and-29.5 and—8.1 kcal/mol for isomers

Pd5 5 a (e,e,e,gndPd5_5 & (e,e,e,e)respectively. Fom

is anticipated to rearrange to the latter at low energetic cost. — 4 six structures have been located, again all with negative

ThePd5_2_c_(e,ef,f,— Pd5_2_c_(e,e,e,aomerization is
not expected to affect the mechanism of the(Fj + H, —

enthalpy and free-energy changes relative to the values for Pd
(H)4 + 4H, at 298.15 K (Table 4). The global minimum for

Pds(H)4 reaction and was not studied here. Isomers of the second—= 4 is pd5 6 a (e,e,e.ehaving C, symmetry featuring two

H, activation product Pg{H), are precursors for further
hydrogenation steps of Pas discussed in detail below.

In passing, it is important to conclude that in contrast to our
previous findings for smaller clusters Pdnd Pd® the
activation of the second +by Pd; is predicted to be thermo-
dynamically and kinetically favorable.

D. Formation of the Pds(H)4(H2) Complex and Activation
of the Third H ,. Parallel to the behavior revealed previously
for Pck(H)2 and Pd(H),,1° the Pd(H), species is also found to
bind H, to give the Pe(H)4(H-) dihydrogen complex. We have

axially and two equatorially boundHo the Pg(H)4 core. The
calculatedAH(298.15 K) andAG(298.15 K) values of the
process PgH)s + 4H, — Pd5_6_a (e,e,e,&re —37.0 and
—8.9 kcal/mol, respectively. Finally, witm =5, we have found

the hydrogen-saturated tbp fdusters, structureBd5_7_a_-
(e,e,e,epndPd5_7_a_(e,e,f,B; The former structure (Figure

7) represents the most favorable arrangement of two dissocia-
tively and five molecularly adsorbed,Hbn the tbp Pg with
AH(298.15 K) andAG(298.15 K) values relative to B@H), +

5H, being —43.2 and—8.2 kcal/mol, respectively (Table 4).

located six isomers of this complex, and the most stable one, The latter isomer of RH)4(H2)s appears to be ca—23 kcal/

Pd5_3 a (e,e,e,gels shown in Figure 7 (others shown in Figure
1S of Supporting Information). Five of these show negative
enthalpy and free-energy changes for the(RY, + H, — Pds-
(H)4(Hy) reaction at 298.15 K (Table 3). For the most stable
isomerPd5_3 a (e,e,e,ellerived from thePd5 2 c_(e,e,e,e)
precursor, thes&H (AG) values are—10.8 (—4.1) kcal/mol
relative to the Pg(H)4 + Hz reactants. Inth®d5_3 a (e,e,e.e)
structure, the third Himolecule is bound to the equatoriald
site.

The activation of the third Fimolecule via the reaction Bd
(H)s4 + H2 — Pds(H)s is an endothermic process, as seen in
Table 3. The energetically most favorable isomers of the Pd
(H)s product,Pd5_3 c_(e,e,e,e,e,endPd5_3 c_(e,ef,fff)
are higher in enthalpy by 5.4 and 9.1 kcal/mol (at 298.15 K),
respectively, than the reactarRe5_2_c_(e,e,e,e) H,. Note

that upon the formation &d5_3_c_(e,e,e,e,e,efjuatorial ring

mol less stable because the respective numbers-40e0 and
—6.4 kcal/mol.

Thermodynamic values for the reactions@), + mH, —
Pds(H)4(H2)m (m = 1-5) at 298.15 and 70 K are shown in
Figure 8, where the lowest-energy product structures are taken
for eachm. The main conclusions that can be extracted from
this Figure parallel those drawn previously for the analogous
hydrogenation reactions involving K#i), (n = 3 and 4)
dissociative complex€. In particular, as Figure 8 clearly
shows, at 70 K the entropy contribution A5 is significantly
diminished relative to that at 298.15 K. At 298.15 K, the free
energy of reaction is nearly independent of the valuenafp
to m = 5 and is around-9 kcal/mol. This indicates that the
incremental stabilization is nearly zero and that the adsorption
of the additional H molecules on PgH), is “neutral” in free
energy or takes place without free-energy loss or gain. At lower
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temperature (70 K), the heats of reactithl are calculated to
be —10.3, —21.3, —28.0, —35.2, and—41.1 kcal/mol, and
AG(70 K) are —9.0, —18.4,—23.9, —29.6, and—34.1 kcal/
mol for m = 1-5, respectively. This puts the incremental values
of AH(70 K) values for the PgH)4(H2)m -1 + Ho — Pds(H)4-
(H2)m (m = 1-5) process of the molecular adsorption of
consecutive Wat —10.3,—11.0,—6.7, —7.2, and—5.9 kcal/
mol, which can be compared withG(70 K) values of—9.0,
—9.4,-5.5,-5.7, and—4.5 kcal/mol form = 1-5, respectively.

IV. Conclusions

In this article, we have presented the results of DFT B3LYP

Moc et al.

Supporting Information Available: Cartesian coordinates
of all of the structures discussed in the paper. Isomeric structures
of the third H activation product, PgH)s, and the Pg(H)4-
(H2)m complexes fom = 1-5. This material is available free
of charge via the Internet at http://pubs.acs.org.
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