J. Am. Chem. So&000,

Observed and Calculated Infrared Spectrum of
Pd(H,) in Solid Argon: A Ligand-Free Side-Bonded
Molecular Hydrogen Complex

Lester Andrews,* 8 Laurent Mancerofh,
Mohammad EsnikAlikhani,T and Xuefeng Wang
LADIR/Spectrochimie Motilaire,UMR 7075
Universite Pierre et Marie Curie,case courrier 49
4 Place Jussieu, 75252 Paris Cedex 05, France
Chemistry Department, Unérsity of Virginia
Charlottesiille, Virginia, 22904-4319
Receied July 25, 2000
A detailed assessment of the interaction between naked metal
atoms and His of fundamental importance for understanding
oxidative addition reactions of metal complexes, clusters and
surfaces. Since the discovénf W(CO)(PRs)2(7?-H,), other side-
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Figure 1. Infrared spectra of products formed by the reaction of thermal

bonded dihydrogen complexes have been characterized by severgbq atoms with Hin excess argon. (a) Pdi#Ar = 0.5/8/100 co-deposited

groups?~’ Furthermore, it has been found experimentally that rate
constants for Kactivation vary with Pglcluster size. This is in
accord with recent theoretical studies, which have predicted that
the minimum-energy structure is a side-bonded atomolecule
complext~14 but that Pd can form a stable ring (Pdki$pecies
with no H—H bond?!34¢ Finally, dihydrogen dissociates com-
pletely on a palladium metal surfa@é”

Evidence for naked metaH, complexes in a krypton and
xenon matrix study with Pd was interpreted in terms of both end-
and side-bonded complex&$;*>however, 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 dihydri@é] prompted
us to investigate the reactions of laser-ablated and thermal Pd
atoms with B in the more inert argon matrix. We report here
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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 3006-2400 cnt! region; bands in 15001400 cnt? region
have been reduced 0.12 and in 1006700 cnt! region by x 0.02 so

the indicated absorbance scale must$8 andx 50 for these regions,
respectively. A weak, broad background absorption at 3030 cnakes
quantitative photometry difficult at this wavenumber.

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

Ha> HD D> identification
3038 2639 2160 B, Pd(
2971 2334 2169, 1916 A, Pd(H), vi(a1)
2858 2722 2061 E, (Pdbl)ag + by
2402 1802 A, Pd(H), (3v2)
1953 1953, 1403 1403 PdH
1507 1306 1098 A, Pd(h), v3(by)
1298 D, Pa-Pd(H,)
1395 979 E, (PdH)site
1348 1330 950 E, (Pdk)byy
951 E, (PdHy, by
954 A, Pd(H) site
950 804 714 A, Pd(b), va(an)
929 D, Pd-Pd(H) site
923 796 704 D, PdPd(H,)
778 650 586 B, Pd(b)2
730 588 549 C, Pd(b)s

2 Relative integrated intensities 2971(16), 1507(2), 954, 950(360).
bWeaker bands observed only in thermal experimerérong band
observed only in laser ablation experimerit$entatively assigned to
Fermi resonance betweef(a;) and J,(a) of Pd(D,).

the complete infrared spectrum of Pdjkh 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-Hcomplexes, the related PdPd(H,)
complex, and the stable (PdHJeaction 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®19 and the same methods were used here forlid
an argon matrix formed at 7 or 9 K, we expect to trap less than
half of the H in the incident argon stream.

Figure 1 contrasts infrared spectra for Pd andbtdeposited
with excess argon: the spectra reveal new absorptions, which
shift with HD and B substitution, as listed in Table 1. All of
these bands increase in different proportions on annealing the
matrix, Figure 1b. With lower Hand 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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Table 2. Frequencies (cmi), Infrared Intensities (km/mol, in
parentheses) and Structures Calculated for PdédHd PdH at the
B3LYP/6-311+G(2d, 2p)/SDD Levél

a b2 a
Pd(Hy)P Pd—H: 1.698 A 996 1444 2935
1A, H—H: 0.854 A (170) (8) (83)
H—Pd—H: 29.7
PdH® Pd—H: 1.577 A 529 2094 2199
1A; H—Pd—H: 72.% (0) 97) )

aThese calculations predict#ond length (0.743 A) and harmonic
frequency (4417 crf) and Pd-H bond length (1.541 A) and harmonic
frequency (2014 crt). ® Pd—#%H, complex, 17.5 kcal/mol more stable
than Pd+ H,. ¢ PdH: molecule, 5.0 kcal/mol higher energy than Pg(H

increasing Hat constant Pd concentration. The A, B, and C bands
maintain constant relative intensities at constaniith 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* band absorbance using 2%.H

The A bands at 2971, 1507, and 950 dnmaintain ap-
proximately constant relative intensities over 10-fold changes in
both Pd and Klreagent 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)Mrere calculated using
DFT in Gaussian 98 with several functionals and basis sets, and
the B3LYP, largest H basis, SDD pseudopotential re¥uftsare
reported in Table 2. Similar calculations work well for thg H
and PdH molecules.

The A bands arise from the first product formed at low reagent
concentrations. A single intermediate component with HD and
one D, counterpart show that a single dihydrogen molecule is
involved in the reaction to form species A. The stronger 2971
and 950 cm! 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(H;) complex, an assignment which is strongly supported by
the DFT/B3LYP calculated frequencies in Table 2. Finally, the
strong 950 cm! band for Pd-#2-H; in solid argon is in accord
with the krypton and xenon matrix spectfaput the bands
assigned in that work to Peh*-H, are in fact due to the higher
Pd(H). s complexes, which result from the addition of more H
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molecules to Pd(k) and will be described in a later full pap#r.
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 PdfHare of interest particularly
as a model compound for side-bound hydrogen in transition metal
complexes. The strong 950 cinband is due to the symmetric
Pd—H, stretching mode, which is in the range 95860 cni?
reported for this mode in transition metal complek&sand the
much weaker 1507 cn band is assigned to the antisymmetric
Pd—H, stretching mode. The 2971 ciband is the important
H—H stretching fundamental, which is 1188 chiower than the
4159 cm! frequency for the kdiatomic molecul® and in the
range 3086-2650 cn! for #2-H, transition metal complexés’
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-+potential function. Finally, the DFT
calculations predict the HH frequency within 1.2% and the Pd
H, 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, Hubunits was investigated
using the natural bond orbital (NBO) meth&ydOccupancy of
the ¢ bonding orbital of the KW molecule decreased slightly on
going from free H to the Pd-H, complex (2 versus 1.8). This
is in line with weakening of HH 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 G@0Brom the
NBO analysis, ther donation (fromo orbital of H, to the vacant

5s orbital of Pd) andr back-donation (from the filled 4d orbital

of Pd to the dihydrogew* orbital) were found to be 0.17 and
0.23, respectively. Therefore, the interaction between Pd and
H, arises from two cooperatively coupled intermolecular denor
acceptor delocalizations that lead to overall charge reorganization
with little net transfer.

The higher-energy open Pdidihydride predicted by earlier
calculation$-*214dwas not observed based on the lack of any
appropriate product bands predicted in the 2@0@00 cnt?!
region (Table 2). The more stable side-bonded By@idmplex
is the only primary reaction product observed here. Any PdH
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¢gficomplex. The=" PdH radical has been
characterized by ESR spectroscopy in similar matrix-isolation
experiments using laser-ablated Pd atoms apéf H

The weak D band at 923 crh exhibits H, HD, and D
counterparts 27, 10, and 10 chbelow the strong A bands, and
the weaker Pd(HD) band at 1306 cthshows a weaker D
component at 1298 cm. From the Pd concentration studies,
species D clearly contains more Pd than Pgi(Hhe visible
photochemical conversion of species D into E suggests that D is
a Pd-Pd(H,) complex since the E bands are appropriate for
assignment to the singlet (PdH)ng, which is the most stable
PdH, structurel®!4c 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 $hifts are
appropriate for this (PdH)assignment? which is in agreement
with our DFT frequency calculatiorf4.Finally the Pd(H) and
(PdH), products are significant as they show that two Pd atoms
are capable of KHdissociation, but one cold Pd atom is not, in
agreement with earlier calculatiofs.
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