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UniVersitéPierre et Marie Curie,case courrier 49

4 Place Jussieu, 75252 Paris Cedex 05, France
Chemistry Department, UniVersity of Virginia

CharlottesVille, Virginia, 22904-4319

ReceiVed July 25, 2000
A detailed assessment of the interaction between naked metal

atoms and H2 is of fundamental importance for understanding
oxidative addition reactions of metal complexes, clusters and
surfaces. Since the discovery1 of W(CO)3(PR3)2(η2-H2), other side-
bonded dihydrogen complexes have been characterized by several
groups.2-7 Furthermore, it has been found experimentally that rate
constants for H2 activation vary with Pdn cluster size.8 This is in
accord with recent theoretical studies, which have predicted that
the minimum-energy structure is a side-bonded atom-molecule
complex,11-14 but that Pd2 can form a stable ring (PdH)2 species
with no H-H bond.13,14c Finally, dihydrogen dissociates com-
pletely on a palladium metal surface.9,10

Evidence for naked metal-H2 complexes in a krypton and
xenon matrix study with Pd was interpreted in terms of both end-
and side-bonded complexes;14b,15however, our theoretical inves-
tigations find a stable minimum only for the side-bonded structure.
The contrast with Pt, which is predicted by theory and suggested
by matrix-isolation spectroscopy to form a dihydride,16,17prompted
us to investigate the reactions of laser-ablated and thermal Pd
atoms with H2 in the more inert argon matrix. We report here

the complete infrared spectrum of Pd(H2) in solid argon, which
is in very good agreement with the density functional theory
(DFT) calculated vibrational spectrum. In addition, we identify
the novel bis- and tris-H2 complexes, the related Pd- Pd(H2)
complex, and the stable (PdH)2 reaction product containing
dissociated dihydrogen.

The experimental methods employed for reacting laser-ablated
and thermally evaporated Pd atoms with CO and recording
infrared spectra of the products in solid argon have been
described,18,19 and the same methods were used here for H2. In
an argon matrix formed at 7 or 9 K, we expect to trap less than
half of the H2 in the incident argon stream.

Figure 1 contrasts infrared spectra for Pd and H2 co-deposited
with excess argon: the spectra reveal new absorptions, which
shift with HD and D2 substitution, as listed in Table 1. All of
these bands increase in different proportions on annealing the
matrix, Figure 1b. With lower H2 and higher Pd concentration
the D and E bands are more prominent. Significantly, the C band
is favored more than B, which is enhanced over the A bands with
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Figure 1. Infrared spectra of products formed by the reaction of thermal
Pd atoms with H2 in excess argon. (a) Pd/H2/Ar ) 0.5/8/100 co-deposited
at 9 K for 90 min, (b) after annealing to 19 K, (c) after 365 nm filter
photolysis for 80 min, and (d) after annealing to 24 K. Absorbance scale
given for 3000-2400 cm-1 region; bands in 1500-1400 cm-1 region
have been reduced× 0.12 and in 1000-700 cm-1 region by× 0.02 so
the indicated absorbance scale must be× 8 and× 50 for these regions,
respectively. A weak, broad background absorption at 3030 cm-1 makes
quantitative photometry difficult at this wavenumber.

Table 1. Infrared Absorptions (cm-1) Observed from
Thermal-Evaporation and Laser-Ablation Pd Atom Matrix-Isolation
Experiments with H2 in Excess Argon

H2 HD D2 identification

3038 2639 2160 B, Pd(H2)2
2971a 2334 2169, 1916d A, Pd(H2), ν1(a1)
2858 2722 2061 E, (PdH)2, ag + b2u
2402b 1802 A, Pd(H2), (3ν2)
1953c 1953, 1403 1403 PdH
1507b 1306 1098 A, Pd(H2), ν3(b2)

1298 D, Pd-Pd(H2)
1395 979 E, (PdH)2 site
1348 1330 950 E, (PdH)2, b2u

951 E, (PdH)2, b2u
954 A, Pd(H2) site
950 804 714 A, Pd(H2), ν2(a1)
929 D, Pd-Pd(H2) site
923 796 704 D, Pd-Pd(H2)
778 650 586 B, Pd(H2)2
730 588 549 C, Pd(H2)3

a Relative integrated intensities 2971(16), 1507(2), 954, 950(360).
b Weaker bands observed only in thermal experiments.c Strong band
observed only in laser ablation experiments.d Tentatively assigned to
Fermi resonance betweenν1(a1) and 3ν2(a1) of Pd(D2).
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increasing H2 at constant Pd concentration. The A, B, and C bands
maintain constant relative intensities at constant H2 with increasing
Pd concentration, so that a common Pd content is apparent.
Finally, the stronger bands in Table 1 and the PdH absorption
were observed in laser-ablation experiments, which gave 10-
20% of the 950 cm-1 band absorbance using 2% H2.

The A bands at 2971, 1507, and 950 cm-1 maintain ap-
proximately constant relative intensities over 10-fold changes in
both Pd and H2 reagent concentrations. Furthermore, irradiation
at 365 nm selectively reduces the A band, destroys D, leaves C
unchanged, and slightly increases the B and E bands (Figure 1c).
Final annealing restores the A bands (Figure 1d). In separate
experiments 540, 580, and 632 nm photolyses destroy D and
increase E bands with little effect on the A, B, and C absorptions.

The structure and frequencies of Pd(H2) were calculated using
DFT in Gaussian 98 with several functionals and basis sets, and
the B3LYP, largest H basis, SDD pseudopotential results20-23 are
reported in Table 2. Similar calculations work well for the H2

and PdH molecules.
The A bands arise from the first product formed at low reagent

concentrations. A single intermediate component with HD and
one D2 counterpart show that a single dihydrogen molecule is
involved in the reaction to form species A. The stronger 2971
and 950 cm-1 absorptions are observed in the laser-ablation
experiments, which generate much lower Pd atom fluxes. Hence,
we conclude that the A absorptions are due to the side-bonded
Pd(H2) complex, an assignment which is strongly supported by
the DFT/B3LYP calculated frequencies in Table 2. Finally, the
strong 950 cm-1 band for Pd-η2-H2 in solid argon is in accord
with the krypton and xenon matrix spectra,15 but the bands
assigned in that work to Pd-η1-H2 are in fact due to the higher
Pd(H2)2,3 complexes, which result from the addition of more H2

molecules to Pd(H2) and will be described in a later full paper.24

No evidence is found in this work for an end-bonded complex.
The Pd-HH complex is an inversion transition state with an
imaginary bending frequency in our DFT calculations.

The vibrational frequencies of Pd(H2) are of interest particularly
as a model compound for side-bound hydrogen in transition metal
complexes. The strong 950 cm-1 band is due to the symmetric
Pd-H2 stretching mode, which is in the range 950-850 cm-1

reported for this mode in transition metal complexes,1,25 and the
much weaker 1507 cm-1 band is assigned to the antisymmetric
Pd-H2 stretching mode. The 2971 cm-1 band is the important
H-H stretching fundamental, which is 1188 cm-1 lower than the
4159 cm-1 frequency for the H2 diatomic molecule26 and in the
range 3080-2650 cm-1 for η2-H2 transition metal complexes.1,3

These bands show the large H/D ratios expected for hydrogen
motions; the low 950/714) 1.331 ratio indicates significant
anharmonicity in the metal-H2 potential function. Finally, the DFT
calculations predict the H-H frequency within 1.2% and the Pd-
H2 modes within 4.3 and 4.8%. The calculated infrared intensities
are qualitatively in agreement with observed values although the
H-H stretching intensity is overestimated by an order of
magnitude.

The bonding between Pd and H2 subunits was investigated
using the natural bond orbital (NBO) method.27 Occupancy of
the σ bonding orbital of the H2 molecule decreased slightly on
going from free H2 to the Pd-H2 complex (2e versus 1.9e). This
is in line with weakening of H-H bonding upon complexation.
In addition, no bonding orbital between the palladium atom and
dihydrogen molecule was found. The effective charge transfer
from metal to ligand was calculated to be only 0.06e. From the
NBO analysis, theσ donation (fromσ orbital of H2 to the vacant
5s orbital of Pd) andπ back-donation (from the filled 4d orbital
of Pd to the dihydrogenσ* orbital) were found to be 0.17 and
0.23e, respectively. Therefore, the interaction between Pd and
H2 arises from two cooperatively coupled intermolecular donor-
acceptor delocalizations that lead to overall charge reorganization
with little net transfer.

The higher-energy open PdH2 dihydride predicted by earlier
calculations11,12,14d was not observed based on the lack of any
appropriate product bands predicted in the 2000( 100 cm-1

region (Table 2). The more stable side-bonded Pd(H2) complex
is the only primary reaction product observed here. Any PdH2

dihydride formed by laser-ablated Pd, which is capable of the
endothermic (52 kcal/mol calculated) reaction to give PdH, relaxes
to the more stable Pd(H2) complex. The2Σ+ PdH radical has been
characterized by ESR spectroscopy in similar matrix-isolation
experiments using laser-ablated Pd atoms and H2.28

The weak D band at 923 cm-1 exhibits H2, HD, and D2

counterparts 27, 10, and 10 cm-1 below the strong A bands, and
the weaker Pd(HD) band at 1306 cm-1 shows a weaker D
component at 1298 cm-1. From the Pd concentration studies,
species D clearly contains more Pd than Pd(H2). The visible
photochemical conversion of species D into E suggests that D is
a Pd-Pd(H2) complex since the E bands are appropriate for
assignment to the singlet (PdH)2 ring, which is the most stable
Pd2H2 structure.13,14c In addition the spectra reveal two strong
bands for Pd(HD)Pd and a combination band of symmetric and
antisymmetric fundamentals. The E frequency observed at about
70% of the diatomic PdH value and the HD and D2 shifts are
appropriate for this (PdH)2 assignment,29 which is in agreement
with our DFT frequency calculations.24 Finally the Pd(H2) and
(PdH)2 products are significant as they show that two Pd atoms
are capable of H2 dissociation, but one cold Pd atom is not, in
agreement with earlier calculations.13
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Table 2. Frequencies (cm-1), Infrared Intensities (km/mol, in
parentheses) and Structures Calculated for Pd(H2) and PdH2 at the
B3LYP/6-311++G(2d, 2p)/SDD Levela

a1 b2 a1

Pd(H2)b Pd-H: 1.698 Å 996 1444 2935
1A1 H-H: 0.854 Å (170) (8) (83)

H-Pd-H: 29.7°
PdH2

c Pd-H: 1.577 Å 529 2094 2199
1A1 H-Pd-H: 72.3° (0) (97) (2)

a These calculations predict H2 bond length (0.743 Å) and harmonic
frequency (4417 cm-1) and Pd-H bond length (1.541 Å) and harmonic
frequency (2014 cm-1). b Pd-η2-H2 complex, 17.5 kcal/mol more stable
than Pd+ H2. c PdH2 molecule, 5.0 kcal/mol higher energy than Pd(H2).
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