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The reaction/adsorption of multiple;Hnolecules on Pdclusters withn = 3 and 4 were studied using the
density functional theory. It has been shown that the activation of the firstdtecule by Pgand Pd takes
place without or with a small energetic barrier (basedAdth (298.15 K)) and leads to the formation of
Pd(H), and Pd(H), complexes, respectively, where the-H bond is broken. For the R@H), complex,
various isomeric structures were found in the singlet and triplet states, among which the singlet
Pd4_1_c_(e,8), with the two H ligands bridging the PdPd edges not sharing the Pd atom, is found to be
the most favorable. Unlike the first&ddition reaction, dissociative adsorption of the secopdndlecule,
reactions P¢gH), + H, — Pd(H)4 and Pd(H), + H, — Pdy(H)4, appeared to be thermodynamically and
kinetically unfavorable. Instead, molecular adsorption of additional mélecules onto the “naked” Pd centers

of the Pd(H), and Pd(H), complexes was shown to be feasible, which is in good agreement with the
experimental Pd+ D, saturation studies. The thermodynamic stabilities of the resultigHPgH2)m (M =

1-3) and Pd(H)2(H2)m (m = 1—4) species were discussed in terms of Até and AG values estimated at

T =298.15 and 70 K.

I. Introduction In the present work, we extend the theoretical DFT study of

Atomic and molecular clusters have been extensively inves- ractivity of palladium clusters towardHby considering both
tigated for the last couple of decades, both experimentally and the Pd tetramer and the interaction of £ahd Pd with multiple
theoretically! Those clusters consisting of transition metal (TM) Hz molecules. Our results are relevant to the experimental
atoms such as Pd or Pt are of particular interest because of theiPPservations by Cox et alon the chemisorption of simple
technological importance in heterogeneous catalysis. It has beerholecules, including band Dy, on small unsupported Rd
inferred from gas-phase reactivity studies that small TM clusters clusters < 25). In particular, on the basis of the saturation
exhibit properties that differ fundamentally from the corre- Studies with D, these authors concluded that the resulting
sponding bulk metd.Strong size-dependence of reactivity of ~clusters were “hydrogen rich”, i.e., that they had a D/Pd ratio
metal clusters has been observed in many casespecially greater than 1. 'I_'he _Iatter ratio was also shown to approach unity
with molecular hydrogef3a.30.:3+3i4 as the cluster size increastd.

From a computational point of view, TM clusters provide an Three issues we wish to address here are as follows: (1) How
excellent opportunity to address various structural, electronic, many H molecules can Rdand Pd clusters accommodate?
and reactivity issues. In recent papefsywe have studied (2) What are the reaction mechanisms for adsorption of the
activation of thefirst H, and CH, molecules on Rtand P¢ consecutive bl molecules on these clusters? (3) What are the
clusters withn = 2, 3, using the density functional theory (DFT) actual structures and spin states of the corresponding products?
method with the B3LYP functional and CASPT2 (complete
active space second-order perturbation) methods. For the Ptang; computational Methods
Pd atoms and Ptand Pd dimers, B3LYP proved to yield
reliable electronic structures as verified against the CASPT2 Optimized structures and normal-mode frequencies were
calculations and experimental d&t&or chemical reactions of  calculated using the B3LYP methtt and the relativistic
metal clusters, full geometry optimization was found to be effective core potential (ECP) of Wadt and Hay with the valence
essential to model such proces%€sActivation of the H double¢ (VDZ) basis séton Pd in conjunction with the DZ
reactant by the Rdimer and the Rttrimer was shown to occur  basid®for H (BSI, below). The energetics were improved using
on the single metal atom, followed by H migration to the other the relativistic ECP of Dolg et al. on Pd and the associated
Pt atom(s) with a negligible barrier. The above mechanism valence triple§ (VTZ) basi$! combined with Dunning®
differed from that operative for Bdand Pd, where the metal augmented correlation-consistent basis for H (BSII, befsw).
atoms work “collaboratively” to break the+H bond without Spin-restricted and spin-unrestricted calculations were carried
(or with a very small) barriet:5 Consequently, we have found  out for singlets and triplets, respectively. For activation reaction
different mechanisms of the+H (and C-H) bond activation paths, minima were connected to each transition state (TS) by
on Pt and Pd clusters studied; this reaction occurred on the following the intrinsic reaction coordinate (IR®) Enthalpies
top of the former, but on the edge of the latter, clusters. and Gibbs free energies were calculated at both room temper-
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TABLE 1: Energies and Thermodynamic Values (kcal/mol) for Reactions Involving Pd Clusters Calculated at the B3LYP/BSII

Level
AE T=298.15K T=70K
reaction speciés AZPE AH AG AH AG
P&(°By) + H» 0.0 0.0 0.0 0.0 0.0 0.0
Pd&(*A1) + Hy 4.8 4.9 4.9 5.8 4.9 51
Pci(H2)(Pd3_1_a) -8.2 -5.7 -6.9 1.2 —6.2 —4.6
Pdy(Ho) (CA')(Pd3_1_a) —-10.9 -8.9 -9.8 -3.1 -9.3 -8.0
IstHact TS Pd3_1_b) 1.7 -1.5 —-3.0 55 —-2.0 —-0.5
1st Hpact TS A) (Pd3_1_b) -1.8 -1.6 -2.6 3.7 -2.0 -0.8
Pdi(H), (Pd3_1_c_(e,f) -345 —-33.3 —-34.8 —26.4 -33.8 -32.3
Pds(H)2 CA")(Pd3_1_c_(t.e)) —16.4 —-16.0 -17.0 -10.0 —16.4 -15.1
Pdi(H), (Pd3_1_c_(e,f) [+ mH2] 0.0 0.0 0.0 0.0 0.0 0.0
Pas(H)2(H2)(Pd3_2_a_(e,f) -13.1 —11.0 —11.7 -5.6 -11.3 -10.1
Pay(H).(H2)(Pd3_2_a_(e,e) —-10.9 -7.7 -8.6 -1.7 -8.1 -6.8
Pak(H)2(Ho)(Pd3_2_a'__(e,f) -11.3 -9.1 —-10.0 -3.1 -9.6 -8.2
2nd Hact TS Pd3_2_b) 8.5 9.7 7.9 17.0 9.3 10.7
2nd H act TS Pd3_2_b) reverse 0.0 -0.2 -0.6 0.5 -0.2 -0.2
Pai(H)4(Pd3_2_c_(t,e.e.e) 8.5 9.9 8.5 16.5 9.5 10.9
Pds(H)2(H2)2(Pd3_3_a_(e,) —235 -19.1 —20.8 -7.2 —19.9 —17.2
Pdi(H)o(H2)s(Pd3_4_a_(e,f) —35.0 —28.0 -30.7 -10.1 -29.3 —-25.2

a|f not indicated, the electronic state of the system is a closed-shell sifgletative to the PgH)4(Pd3_2_c__(t,e,e,e) product.

Cox et al? was not reported.) The calculations were performed
using Gaussian 9%.

To present our results in a systematic way, we have
introduced thePdn__x_y__z notation for the calculated struc-
tures. Here fi” indicates the number of TM atoms in the cluster
(in this papemn = 3 and 4); %” shows which H molecule {st,
2nd, 3rd, etc.) participates in the reactiony™describes the
nature of the speciesy = a (or &) indicates the initial
dihydrogen complexy = b corresponds to the HH activation
TS,y = cindicates the H-H activated product, ang=d (d1,
etc.) is assigned to the isomerization TS; amtl Shows the

corresponds to nearly degenerate tripRtandB; states (under
Cz,), with the former state being less than 1 kcal/mol more
stable. The lowest singlet stafé;, was found to lie 4.8 kcal/
mol higher in energy than the lowest triplet statB,, at the
B3LYP/BSII level. In our previous papewe have tested the
ability of the B3LYP method to reproduce both the proper
multiplicity of the ground state and the energy difference
between the lowest singlet and triplet states of thedRasters
for n = 1 and 2. B3LYP correctly predicted the Pd atom’s
singlet ground state. The singtdriplet splitting, calculated at
the B3LYP/BSII level, was underestimated by 1.4 and 3.1 kcal/

position of the H-ligands in the activated system. In the activated mol relative to the CASPT2/BSII and experimental data,

system, the H-ligand can be positioned (1) on the single
(terminal) Pd atom (we call this site"}, (2) on the edge of the
Pd—Pd bond (this site is denote@™), or (3) on the plane of
the Pd-Pd—Pd face (this site is termedf”). Because the
systems calculated here have an even number of H-ligards, “
will have an even number of components, aeg(indicates
that the two H-ligands bridge the P&d edges sharing the Pd
atom; €,€) shows that the two H-ligands bridge the-+ed
edges not sharing the Pd atore;f shows that the first H-ligand
bridges the P¢Pd edge and the second H-ligand caps the Pd
Pd—Pd face, which shares the PBd edge;€,f') indicates that
the first H-ligand bridges the P&Pd edge and the second
H-ligand caps the PdPd—Pd face, which does not share the
Pd—-Pd edge, and so on.

I1l. Results and Discussion

respectively. Likewise, for B¢l the triplet ground state was
found at both the CASPT2 and the B3LYP levels. The energy
gap between the lowest singlet and triplet states calculated at
the B3LYP/BSII level was underestimated by 3.5 kcal/mol with
respect to the CASPT2 results. Thus, these data lend some credit
to the B3LYP predictions of the ground-state multiplicity of
Pd, clusters.

In general, hydrogen molecules can coordinate tocRasters
via several ways. Previously, it was shown that the coordination
mode through the HH bond perpendicular to the PdPd edge
of Pd; led to the dihydride complex B(H). without a barrier
on the singlet potential energy surface (PES). A small activation
barrier was present on the triplet PES, equal approximately to
the S-T splitting of Pd (ca. 5 kcal/molf For the singlet
Pds(H). product complex, three distinct isomers efd, (e,f),
and §,f) type (cf. Section Il) were found. Thez) isomer
appeared to be energetically the most favorable, followed by

In Tables 1 and 2 we summarize relative energies and the €,6 and the {f) kinds, although the three isomers were

thermodynamic values for reactions involving sPahd Pd
clusters, respectively. Structures relevant tg & drawn in
Figures 1 and 2, andH and AG of the reactions/adsorptions
Pd(H)2 + mH; — Pds(H)2(H2)m (M= 1—3) compared in Figure
3. For Pd, structures are depicted in Figures 4, 6, and 7, the
first H, activationAH profile is given in Figure 5, andH and
AG of the reactions/adsorptions fid), + mH, — Pdy(H)2(H2)m
(m = 1-4) are presented in Figure 8. Below we discuss only
B3LYP/BSII thermodynamic results. The lower-level B3LYP/
BSI values are listed in Tables S1 and S2 (Supporting
Information) for comparison purposes.

A. Reaction of the H, molecule with Pds. Our previous
studie§ revealed that the ground state of thesRduster

lying within 2 kcal/mol of one another. Also, the #H),
structures could rearrange easily (at a very low energy barrier)
relative to each other.

However, in our previous pagewe did not present results
relevant to H coordination directly to one of the Pd centers.
As shown in Figure 1, coordination of this type results in the
formation of a weakly bound RB(H,) complex,Pd3_1_a, with
the calculated adsorption enthalpiasl (298.15 K) of —9.8
and—11.8 kcal/mol for the triplet and singlet states, respectively
(Table 1). The corresponding values of the free energy of
adsorptionAG (298.15 K) are—3.1 and—4.6 kcal/mol. The
Pd3_1__ainitial complex rearranges subsequently R@3_1_b
TS intoPd3_1_c__(e,f) andPd3_1_c__(t,e) dihydride com-
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TABLE 2: Energies and Thermodynamic Values (kcal/mol) for Reactions Involving Pd Clusters Calculated at the B3LYP/BSII
Level

AE T=298.15K T=70K
reaction speciés AZPE AH AG AH AG
Pdy(3A"") + H; 0.0 0.0 0.0 0.0 0.0 0.0
Pdy(*A;) + H2 16.8 16.8 16.8 17.5 16.8 17.0
Pdy(H2)(Pd4_1_a) 6.9 9.0 8.0 16.1 8.5 10.1
Pdi(H,) (PA) (Pd4_1_a) -8.8 -7.0 -7.7 -1.1 -7.4 -6.0
1st Hact TS Pd4_1_h) 13.3 13.8 12.2 21.1 13.3 14.9
1st Hy act TS ¢A)(Pd4_1_b) 4.4 4.0 2.8 10.5 35 5.0
Pdy(H)2(Pd4_1_c_(e,e) —-15.5 —-135 —-14.9 —6.2 —-13.9 -12.3
Pdy(H)2(Pd4_1_c_(e,&)) —20.9 —-19.0 —20.3 -11.3 —-19.5 —-17.8
Pdy(H)2(Pd4_1_c_(f,f) —-19.3 —-18.3 —20.0 —-10.9 —18.8 -17.2
isomer TS Pd4_1_d1) —14.6 -13.2 -14.9 -5.9 —-13.7 -12.1
Pdy(H)2 (CA)(Pd4_1_c_(t,e)) 0.1 1.3 0.0 8.0 0.8 2.3
migrat TS (3A)Pd4_1_d?2) 3.8 3.9 2.6 10.1 35 4.8
Pdy(H),(A")(Pd4_1_c_(e.e) —45 -4.1 -5.3 2.4 -45 -3.1
Pdy(H),(CA)( Pd4_1_c_(e,g)) -8.3 —-7.6 —-8.9 -1.3 -8.1 —6.7
Pdy(H)2(A")(Pd4_1_c_(e,f) —5.2 -5.1 —6.4 1.3 —5.5 —4.2
Pdy(H), (Pd4_1_c_(e,&)) [+ mH2] 0.0 0.0 0.0 0.0 0.0 0.0
Pdy(H)2(Ho)(Pd4_2_a_(e,€)) —-10.8 -9.2 -9.9 -3.7 -9.6 -8.3
Pdy(H)2(H2)(Pd4_2_a_ (f,f)) —10.0 —-8.8 -9.9 -3.0 -9.2 -7.9
Pdy(H)o(Ho)(Pd4_2_a'__(f,f)) -9.0 —-8.0 -9.0 -2.7 -8.4 -7.2
Pdy(H)2(H2)(Pd4_2_a_(e,f) -9.2 —-7.6 -8.4 —2.4 —-8.0 —6.8
2nd Hyact TS Pd4_2_b) 6.5 7.1 5.6 13.5 6.7 8.0
2nd H act TS Pd4_2_b) reverse 1.3 0.7 0.7 0.7 0.7 0.7
Pd,(H)4(Pd4_2_c__(t,e,e.e) 5.2 6.4 4.9 12.7 6.0 7.3
Pdy(H)2(H2)2(Pd4_3_a_(f,f)) -22.2 -19.3 -21.2 -7.6 —20.1 -175
Pdy(H)2(H2)2(Pd4_3_a_(e,&)) —21.0 -17.7 -19.1 —-6.2 —-18.5 -15.9
Pdy(H)2(H2)2(Pd4_3_a'_(f,f)) —20.5 —-17.6 —19.4 —6.0 —-18.4 —-15.8
Pdy(H)2(Ho)2(Pd4_3_a'__(e,e)) —20.4 —-16.5 —-18.2 —4.8 —-17.3 -14.7
Pdy(H)2(H2)3(Pd4_4_a_(e,€)) —31.4 —25.4 —28.0 -7.8 —26.7 —22.7
Pdy(H)2(H2)4(Pd4_5_a_(e,&)) —43.2 —34.3 —38.0 —-10.1 —36.0 —30.6

a1f not indicated, the electronic state of the system is a closed-shell sififietative to the PgH)4(Pd4_2_c_(t,e,e,e) product.

was previously reportédisPd3_H__Com1). The H-H activa-

tion barriersAH* (298.15 K) fromPd3_1_a are 3.9 and 7.2
kcal/mol on the singlet and triplet PESs, respectively. Thus, with
AH (298.15 K), the singlet first bactivation TS lies 7.9 kcal/
mol lower than the Pg'A;) + H, singlet reactants, whereas
its triplet counterpart lies 2.6 kcal/mol lower than corresponding
P&k(®B,) + Hy reactants. WithAG (298.15 K), the singlet
Pd3_1_b is located 0.3 kcal/mol below the K&A;) + Hy
asymptote, whereas the triplet TS lies 3.7 kcal/mol above the
P&(®B,) + H, asymptote.

B. Reaction/Adsorption of One or More H, Molecules
Pd3_1 b -~C, with the Pds(H), Complex. Next we discuss the reaction of
'A CA) 748 (271i) cm’? Pds(H), with H, molecules. Because K#i), has three dif-
ferent, but energetically very close isoméRd3_1_c_(e,e)

Pd3_1_c_(e,f), andPd3_1_c_(f,f), we have investigated the

reaction of all these isomers with the secondVhrious PgH4
structures were probed, and the resulting minima are shown in
Figure 2. Of thesePd3_2_a_(e,f), Pd3_2_a_(e,e) and
Pd3_2_a_ (e,f) are dihydrogen complexes. According to Table
1, adsorption of H onto Pd(H), to give Pd3_2_a_ (e,f),
Pd3_2_a_(e,e) andPd3_2_a'_ (e,f)is exothermic at 298.15

K with the enthalpies of adsorptioAH of —11.7,—8.6, and
—10.0 kcal/mol, and free energies of adsorptid@ of —5.6,
—1.7, and—3.1 kcal/mol, respectively. The basis set superposi-
tion error (BSSE) calculated by the full counterpoise method
and BSII did not exceed 0.13 kcal/mol for the binding energy
Figure 1. B3LYP/BSI optimized structures pertinent to the reaction (—AE) of these complexes.

of Pas with the first H, (bond lengths in A, angles in degrees); numbers ;.o the case of PgH),, no stable Pg[H)4 structure (with
in parentheses are for triplet states. Magnitudes of imaginary frequencies . . ! ; . .
are included for the TSs. zero imaginary frequencies) that contains two dissociated H
molecule in € or “f’ positions was found. We did find a
plexes, respectively, on the singlet and triplet PESs (Figure 1). Pd3_2__c structure of this type under@ symmetry constraint,
This finding has been confirmed by following the IRC from but it produced one imaginary frequency; following the corre-

both transition states (note that tRel3_1_c__(e,f) complex sponding mode led eventually to the sRdl),(H,) complex,

Pd3_1_c_(e,f) Pd3_1_c_(t,e)
I, A,
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Pd3_2 a (ef) -11.7 Pd3_2_a_(e,e)

c, (A) C, (A)

1776
PA32b C (A 79 Pd3_2_c_(teee) 85
S C,('A)

Pd3_3_a_(ef) c, (a) -208 Pd3 4.a (ef) c (a) -307

Figure 2. B3LYP/BSI optimized structures pertinent to the reactions afi®)d with one, two, and three Hnolecules (bond lengths in A). Values
shown in italics areAH (298.15 K) relative to the ground-state reactants(id + mH, (see Table 1). The reaction coordinate vector and the
corresponding imaginary frequency are shown for the TS.

Pd3_2_a__(e,e) Instead, a PgH), structure holding one H most favorable structure of B#H)x(H,) is that ofPd3_2__a_ (e,f)
in a “t” position and corresponding to a genuine minimum, with Cs symmetry.

Pd3_2_c_(t.e,e,e) was found (Figure 2). This BH)4 lies Our calculations show that thed3_2_a__(e,f) complex can
8.5 (AH at 298.15 K) and 16.%4G at 298.15 K) kcal/mol above  accept two additional Hmolecules to its “naked” (“unsatu-
the reactants R(H). (Pd3_1_c_(e,f)) + Hz. The computed  rated”) Pd centers (see Figure 2 and Table 1). At 298.15 K, the
pathway of this reaction follows a route where the second H computed enthalpies of reaction for adsorption of 2Hd 3H

is first bound in PgH)2(H2) (Pd3_2_a_(e,f)) and then onto Pd(H), to form Pd(H)x(H2). (Pd3_3_a_(e,f) and
activated at the productlike T®{3_2_b) (Figure 2). Activa- Pd(H)2(H2)z (Pd3_4_a__(e,f)) are—20.8 and—30.7 kcal/mol,
tion enthalpyAH* (298.15 K) for the latter step is 7.9 kcal/mol  respectively. The corresponding free energies of adsorpt®n
with respect to PgH), + Hy; for the reverse process (at the (298.15 K) are—7.2 and —10.1 kcal/mol (Table 1). The
B3LYP/BSII//B3LYP/BSI level), this enthalpy is negative by  hydrogen-saturated Raluster, Pe(H)>(Hz)s, holds one dis-
0.5 kcal/mol (Table 1). Therefore, &H), (Pd3_2_c_(t,e,e,e) sociated and three “slightly activated’zholecules (the latter
containing two dissociatednolecules would not exist either  with the H-H bond-lengths increase of 0:68.06 A and H-Pd
kinetically or thermodynamically. In summary, the reaction of distances of 1.861.92 A) and exhibits a H/Pd ratio of 2.7.
Pd(H)2 with H, molecules gives only complex Eél)2(Hy), Comparison of the thermodynamics of the reactiongtd +
where the second Hs not activated. Thermodynamically, the mH, — Pd(H)2(H2)m (m = 1-3) at T = 298.15 and 70 K
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keal/mol (MRSDCI® and DFT° levels (using relativistic ECP) con-
-5.0 [ y — sistently predicted that the linear, square, and rhomboid planar
: T 06 (29815K structures of Pgdwould be significantly higher in energy
-10.0 | Qe ] compared to the tetrahedral arrangement for both triplet and
A . singlet multiplicities. Our thorough studies of the structure and
-15.0 | T 1 stability of the Pd cluster also led to the same conclusion.
f S ] Therefore, we will discuss in detail only the thermodynamically
-20.0 [ NN ] most favorable tetrahedral-like structures of,,Rdur data for
§ \ --------- AG(70K) 1 the square and rhomboid planar structures ofd?d presented
"25.0 ¢ ‘\s T in the Supporting Information.
30.0 | \? 7ok Jahn-Teller distortion of the triplet T (°T») structure of Pgl
s AH (298.15 K ] to Cp, symmetry was predicted to stabilize the cluster only
.35.0 L ] slightly (1.6 kcal/mol), in accordance with the earlier redilt.
m=1 m=2 m=3 Here, we found that the distortez},(°B,) structure, reportéd

Figure 3. Profiles of AH (298.15 and 70 K) andG (298.15and 70 to be ground state at the B3LYP level, shows one imaginary
K) for the Pd(H). + mH; — Pdy(H)x(H2)m (m = 1-3) reaction as  frequency and distorts further to th@ ((A") structure (see
functions ofm. For m = 1, the values for the most stable complex, Figure 4)2%The triplet ground-state structure of Fltas Pe-
Pd(H)(H2) (Pd3_2_a_(e.f), are used. Pd distances of 2.662.72 A, which can be compared with the
MRSDCI bond length of 2.69 & and other DFT distances of
2.58-2.76 A% and 2.66-2.78 A2223bThe lowest singlet state

of Pd, (*A1) derives from theDyq4 structure (Figure 4) and lies

entropy contribution affectdG to a much lesser extent. (3) 1_6‘8 kcal_/mol abc_)v_e the triplet (Table 2)This value of the
The heats of reaction calculated at 70 K ar&1.3,—19.9, and singlet-triplet splitting, calculated at the B3LYP/BSII level,
—29.3 kcal/mol using\H, whereas they are10.1,—17.2, and may be undgre_stimated byca.5 kcal/mo_l, considering the results
—25.2 keal/mol usingAG for m = 1, 2, and 3, respectively. for P&b.® It is in a good agreement W|t_h the previous DFT
Alternatively, the heats of reaction calculated at 70 K for the '€Sult8®??of 16.1 and 16.7 kcal/mol but is substantially larger
Pds(H)2(H2)m-1 + Ha — Pds(H)2(H2)m (M= 1—3) process, i.e., than the MRSDCI (MRSDCH- Q) and |N.DO-|\/|RC|S8

for adsorption of the consecutive; Hholecules, are found to ~ Values of 0.4 (1.2) and 8.8 kcal/mol, respectively.

be —11.3,—8.6, and—9.4 kcal/mol AH), and—10.1, 7.1, D. Activation of the First H, on Pd,. As expected, in the
and —8.0 kcal/mol AG) for m = 1, 2, and 3, respectively. first step of the reaction between Rduster and H molecule,

C. Bare Pd; Cluster. The bare Pglcluster has been the the dihydrogen complex R@H.) is formed (structur®d4_1_a
subject of INDO-MRCIS8 ab initio (SCF- and CASSCF- in Figure 4). The ground state of this complex is a triplet, with
based)®2%and a variety of DF3%-22 studies. All these studies  the singlet state lying 15.7 kcal/mol higher. The calculated
concluded that the ground-state ofyfsla tetrahedral-like triplet enthalpies of the reaction Pd- H, — Pdy(H,) are —7.7 and
state. In particular, extensive calculations at the multireference —8.8 kcal/mol for the triplet and singlet states, respectively
configuration interaction (CI) with single and double excitations (Table 2 and Figure 5). In the next step, the activation of H

(Figure 3, Table 1) indicates the following: (1) At= 298.15
K, an unfavorable entropy contribution in free energyTAS)
is significant and increases strongly withy (2) At 70 K, the

1714 GH
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Figure 4. B3LYP/BSI optimized structures pertinent to the reactions of With the first H, (bond lengths in A); geometrical parameters in
parentheses are for triplet states. Values shown in italicAbr€298.15 K) relative to the ground-state reactants, (P4l'") + H, (see Table 2).
The reaction coordinate vector and the corresponding imaginary frequency are shown for each TS.
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Figure 6. B3LYP/BSI optimized structures pertinent to the reactions
of Pdi(H), with one H (bond lengths in A). Values shown in italics
are AH (298.15 K) relative to the ground-state reactants(ifPgd +

mH; (see Table 2). The reaction coordinate vector and the corresponding

imaginary frequency are shown for the TS.

takes place via transition stated4_1_b, which involves
breaking an HH bond and forming the R(H), complex.
Interestingly, on the singlet PES the first BEictivation TS lies
4.6 kcal/mol below the R€S) + H, asymptote, whereas on the

triplet PES this TS is 2.8 kcal/mol higher than the corresponding
Pdy(T) + H, asymptote (Figure 5).

In terms of H-H bond length, the singlet TBd4_1_Db is
an “early” saddle pointr(H—H) = 0.93 A), with the H-H
bond being broken positioned “parallel” to one of the-fRdl
edges. Following the IRC frorRd4_1__b on the singlet PES,
this TS was found to connect the initial complBxl4_1_a
with the Pd4_1__c__(e,e)product, wherein the two H-ligands
bridge the edges sharing the Pd atom (Figure 4). Complex
Pd4_1_c__(e,e)is predicted to be 23 kcal/mol more stable than
the initial complexPd4_1_a, but it is not the thermo-
dynamically most favorable isomer of RH),. Indeed, our
calculations reveal that the structupel4_1_c__(e,e) of Cs
symmetry, easily isomerizes to a more stable structure
Pd4_1_c_(e,8), of Cy, symmetry, another “edgeesdge” type
isomer, where the two H-ligands bridge the-fRd edges not
sharing the Pd atonPd4_1_c_(e,€) is 5.4 kcal/mol more

stable tharPd4__1_c__(e,e)and lies 20.3 kcal/mol below the
ground-state reactants @) + H,. This isomerization proc-
ess occurs through transition std®e4_1_d1 and involves
movement of H from one edge site to the another via the
adjacent face site (see Figure 4). The—fPH distances in
Pd4_1_c_(e,e)andPd4_1_c_(e,€) of 1.63—-1.70 A can be
compared with the experimentally observedHPtbond lengths

in (A-H),Pd compounds (1.621.79 A)26 Another singlet
Pdy(H), isomer we foundPd4_1_c_(f,f), features both H
atoms occupying the face sites and is only 0.3 kcal/mol less
stable tharPd4_1_c_(e,€) (Table 2). ThePd4_1_c_(e,€)

— Pd4__1_c__(f,f) isomerization is likewise anticipated to be

a low-barrier reaction and was not pursued here.
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Figure 7. B3LYP/BSI optimized structures pertinent to the reactions offd with two, three, and four Kimolecules (bond lengths in A).
Values shown in italics arAH (298.15 K) relative to the ground-state reactants(i®d + mH, (see Table 2).
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Figure 8. Profiles of AH (298.15 and 70 K) and\G (298.15 and
70 K) for the Pd(H), + mH, — Pdy(H)2(H2)m (M = 1—4) reaction
as functions ofm. For m = 1 and 2, the values for the most
stable complexes, R@H)(Hz) (Pd4_2_a_(e,&) and Pd(H)2(H.)2
(Pd4_3_a__(f,f)), respectively, are used.

On the triplet PES, activation of the firsbigroceeds through
a similar TS,Pd4_1_b, while a barrier height calculated from
the initial complexPd4_1_ais 10.5 kcal/mol (on the singlet
PES it is only 4.2 kcal/mol; see Figure 5). The net activation
enthalpy at 298.15 K relative to the f@l) + H, asymptote is
found to be 2.8 kcal/mol, as mentioned above. The triplet TS
Pd4_1_b appears later along the reaction coordinate {r(H
H) =1.27 A) as compared to its singlet counterpart, but again
the H—H activation takes place in “parallel” to the P&d edge
(Figure 4). Following the IRC fronPd4_1_b on the triplet

PES, one finds that this transition state connects the initial
complexPd4__1_awith the producfd4_1_c_ (t,e), in which

one H is bound to the single Pd atom, and the second H bridges
the Pd-Pd edge (note that no singlet analogue of this structure
was found)Pd4_1_c_(t,e) rearranges rather easily via migra-
tion of the TS, Pd4_1_d2, to the more stable isomer
Pd4_1_c_(e,e) The latter isomer rearranges further to the
most stable triplet PgH), structurePd4__1__c__(e,€), wherein

both hydrogens occupy the edge sites not sharing the Pd atom.
Recall that this kind of structure is most favorable in the singlet
state as well. Because we have shown tead (— (e,€)-type
isomerization occurs on the singlet PES with a very low
energetic barrier, we did not study the triplet case in more detail.
The triplet structure®d4_1_c__(e,e)andPd4_1_c_(e,€) are

ca. 10 kcal/mol less stable ikH (298.15 K) than their singlet
counterparts and show correspondingly longerRAdonds, by
0.02-0.11 A. The second stable triplet ®d), isomer,
Pd4_1_c_(e,f), shows a unique “edge-face” structure, not
existing for the singlet state (Figure #)and lies only 2.5 kcal/

mol higher thanPd4_1_c_(e,€).

Past the first H activation TS, the singlet PES goes down
below the triplet one, and as a consequence, it crosses the triplet
PES in this region (see Figure 5). Assuming the RdH;
reaction starts on the ground-state triplet PES, this behavior
implies that (1) the triplePd4_1__b determines the actual first
H, activation barrier, and (2) the reaction will subsequently
proceed on the singlet PES if the coupling element between
the singlet and the triplet is sufficiently large (Pd is heavy
enough that spirtorbit effects on this reaction can be expected
to be important).



Adsorption of H Molecules on Pgand Pd Complexes

In this regard we notice the recent paper by Moc et¥iin
which the B3LYP spin-crossover points found along the

J. Phys. Chem. A, Vol. 104, No. 49, 20001613

complex. Negative net activation enthalpy is found for the
overall Pd(triplet) + H, — Pd(H). (singlet) process.

reaction coordinate were consistent with those predicted at the (2) The reaction of Pd(triplet ground state) with an H
higher multiconfigurational second-order quasidegenerate per-molecule is initiated by the formation of the f#l,) dihydrogen

turbation theory (MCQDPT2) level.
E. Reaction/Adsorption of One or More H, Molecules with
a Pd,(H), Complex. A large number of PgH, structures were

complex. Because of the larger thermodynamic stability of the
singlet dihydride complex R(¢H), (dissociative adsorption
product) relative to the triplet counterpart, a sparossing

examined, and the most stable ones are summarized in Figureshould occur to move the reaction to the singlet PES.

6. An open Pg(H), cluster,Pd4_2_c_ (t,e,e,e) comprises two
dissociated K molecules$® whereas PgH)2(H,) species
Pd4_2_a_(e,), Pd4_2_a_(f,f), Pd4_2_a _(ff) and
Pd4_2_a_ (e,f) include both dissociated and moleculas. H
Adsorption of B onto Pd(H), to form Pd(H).(H,) is pre-
dicted to be exothermic, where the computeld (298.15 K)
values fall in the range between8.4 and —9.9 kcal/mol.
Similarly, the AG (298.15 K) is calculated to range between
—2.4 and—3.7 kcal/mol for those reactions (Table 2). Among
the four Pd(H)2(H2) isomers found,Pd4_2_a_(e,€) and
Pd4_2__a_ (f,f) are the most stable.

In contrast, dissociative adsorption, #d), + H, —
Pdy(H)4(Pd4_2_c__(t,e,e,e), is predicted to be endothermic
(the calculated\H is 4.9 kcal/mol at 298.15 K) and proceeds
with a 5.6 kcal/mol barrierAH¥ (298.15 K) relative to PgH)

+ H; at the productlike TSPd4_2_b (Figure 6). As the
energetic barrier for the reverse reaction is only 0.7 kcal/mol
(Table 2), the PgH)4 clusterPd4__2__c__(t,e,e,e)is kinetically
and thermodynamically unstable.

(3) The overall Pgltriplet) + H, — Pdy(H)2 (singlet) reaction
is calculated to be exothermiaH (298.15 K)= —20.3 kcal/
mol, with a net activation enthalpy at 298.15 K of 3 kcal/mol.

(4) Among various possible isomers of the singlet
Pdy(H),, the most stable i®d4_1_c_(e,€), where the two
hydride ligands bridge the edges of the-fRt bonds not sharing
the same Pd atom. The second stable possible isomer is
Pd4_1_c_(f,f), in which the hydride ligands cap the faces of
the Pd-Pd—Pd planes.

(5) Dissociative adsorption of the secong\Ha the Pd(H)»
+ H, — Pds(H)4 and Pd(H), + Hy — Pdy(H)4 reactions is not
feasible, as the products lack both thermodynamic and kinetic
stability.

(6) Consistent with the experimental Pd¢t D, saturation
studies by Cox et af.Pd(H), and Pd(H), complexes are found
to adsorb additional mymolecules. The resultant 5{&H)2(H2)m
(m= 1-3) and Pd(H)2(H2)m (m = 1—4) species are stable at
low temperatures (because of decreased unfavorable entropy
contribution), as indicated by the computa (70 K) values

Thus, the results presented in this section demonstrate thatior the relevant reactions. Our hydrogen-saturated clusters,

the complex Pg(H), does not activate the second iHolecule.
Instead, it forms a molecular complex,Jad).(H-), whose most
favorable structures afed4_2__a__(e,€) andPd4_2_a_ (f,f),
with the second K coordinated to one of the Pd centers and

Pds(H)2(H2)s and Pd(H)2(H>)4, exhibit H/Pd ratios of 2.7 and
2.5, respectively?
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