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Vibrational Spectra of Nickel and Platinum Dioxide Molecules Isolated in Solid Argon
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The reactions of two group 10 metal atoms, nickel and platinum, with oxygen molecules at low temperature
in solid argon have been reinvestigated. New information has been gathered on the interactions between
transition metals and oxygen, more precisely, on platinum and nickel superoxides and their insertion products.
For Pt(Q) the low-frequency metalligandv, andv; fundamentals have been observed and derived harmonic
potential constants are compared to those of Ni(@terest will then be taken in the dioxide insertion products,

their differences in bonding as well as their production mechanisms. The positions of all three fundamentals
for OPtO and of the two IR-active vibrations for ONiO have been experimentally determined and are compared
to recent ab initio predictions.

Introduction in databases or to test the performances of various quantum-
mechanical methods. Although laser ablation is very useful in
producing a whole array of neutral and charged metal oxide
species, it is difficult to preferentially scale-up the quantity of
the neutral compounds while limiting the production of these
charged species. As a result this makes the detection of weak
IR bands difficult. This study thus presents a reinvestigation of
the reaction of ground-state Ni and Pt atoms and molecular
|OXygen in solid argon. We present here new material detailing
the photochemical process leading to the metal dioxide mol-
ecules and supplementing their infrared spectra.

Despite their importance in material or surface science and
in catalysis, our knowledge of the basic properties of simple
group 10 transition metal (TM) molecules is still limited. One
of the characteristics of the metal oxide molecules is the
presence of several states in the ground-state vicinity, arising
from different occupations of the highest energyor x
molecular orbitald.Several recent theoretical studies have been
devoted to predictions of ground-state electronic and geometrical
properties using various quantum mechanical metRotiBue
to the difficulty of generating high densities of these reactive
molecules, experimental studies have been relatively few. Gas-
phase reaction kinetics studies of Ni atoms andn®®lecules
give thermochemical dafa,and photodetachment electron  The experimental procedures are the same as those described
spectroscopy (PES) of jet-cooled nickel mono-, di-, and super- jn ref 11. Ni(Q) and Pt(Q) molecules were prepared by co-
oxide species yielded electronic energy spacings and electroncondensing Pt or Ni vapor and dilute;©Ar mixtures (:-4%
affinities along with an estimate of the vibrational frequency Q, in Ar), onto a flat, highly polished, Ni-plated copper mirror

Experimental Section

for the symmetrical NiO stretching mode;) in the ONiO maintained at less than 10 K using a closed-cycle cryogenerator,

molecule® situated in a stainless steel cell evacuated to a base pressure of
Matrix isolation IR spectroscopic analysis of the reaction apout 107 mbar before refrigeration of the sample holder. The

products from the co-condensation of the mettaD; reaction  fyrnace enclosed the metal atom source inside a liquid nitrogen-

product in solid rare gases is a powerful technique for studying cooled assembly, thereby minimizing greatly the amount of
these reactive molecules and their formation pathways. In anoutgassing impurities caused by the elevated temperature of the
earlier study, Huber and co-workémpplied this technique to  metal source. A tungsten filament, wetted with Pt (Ni), was
group 10 TM atoms. The study was based on thed  heated from 170G-2000°C (1300—1500°C) to generate the
stretching frequencies and were thus limited to general trendsmetal vapor. The metal deposition rate was carefully monitored
in bonding in superoxides and disuperoxides i)(&nd M(G). with the aid of a quartz microbalance and was typically of the
with M = Ni, Pd, Pt. More recently, reactions of these TM  grder of about 166 mol/hour.

atoms produced by laser ablation with oxygen molecules diluted  igh-purity argon (Air Liquide, France; 99.995%) afD,

in solid argon have been investigafetiThe elusive nickel and (ajr Liquide, France; 99.998%) ant#O; (Isotec, USA, 99.0%
platinum dioxide molecules (ONiO, OPtO) were characterized 180) were used to prepare the-©Ar mixtures. To prepare
through their metatoxygen antisymmetrical vibrations:d). scrambled oxygen'O'80), equal quantities o0, and 80,
This constitutes a powerful technique to generate and trap ayere mixed and submitted to a Tesla discharge for ap-
variety of products. Since the ablation process produces metalyroximately 10 min, yielding a 25%°0,, 50% 16010, and
atoms, photons up to the UV range and charged species, it ha 5o, 180, mixture.

been successfully applied to the production of neutral and |, general, after depositing metal and gas for-88 min,
charged oxide moleculé8 One of the main objectives in these  qared spectra of the resulting sample were recorded in the
studies is to provide complete sets of experimental data, to serve, ; smission-reflection mode between 5000 and 80larsing

o . a Bruker 120 FTIR spectrometer and the appropriate combina-
* Towhom correspondence should be addressed. E-mail: Im@ccr.jussicn.fr. . . . . -
T UniversifePierre et Marie Curie. tions of KBr/Ge, or um Mylar beam splitters with either liquid
* University of Virginia. N2-cooled narrow band InSb or HgCdTe photodiodes, or a liquid
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He-cooled Si-B bolometer fitted with cooled band-pass filters. OPtO (site 2) ——
The resolution was varied from 0.5 to 0.05 cn Also,
absorption spectra in the near-, mid-, and far-infrared were
collected on the same samples through either Csl or polyethylene
windows mounted on a rotatable flange separating the inter- 0.64 After 25K Annealing
ferometer vacuum (G mbar) from that of the cryostatic cell )
(1077 mbar). Bare mirror backgrounds, recorded at 10 K from M )
5000 to 70 cm? prior to sample deposition, were used as 0.4 Afer 220-280 nm Photolysis
references in processing the sample spectra. The spectra weren OPtO (site 1) —
subsequently subjected to baseline correction to compensate fore ] After 580 nm Photolysis
infrared light scattering and interference patterns. 0.2 PYO,)
. . 2 T

The IR intensity measurements for the tO, samples J )\ Deposition
required special attention, because the absorptions were very
weak in near- and far-IR domains and stronger in the mid-IR 0. ) 950 ) 960 ) 95‘0 920 900
PtO fundamental regions. Furthermore, numerous bands were y
observed for linear OPtO and assumed to be different sites Wavenumber (cm')
within the matrix. To study these effects properly, care was taken Figure 1. Infrared spectra in the 99600 cnt? region for thermally
first to make measurements on the same samples in the variougvaporated Pt atoms co-deposited with 1%ir©argon.
spectral ranges; second, to repeat these measures on both
optically thick and thin samples to limit the photometric errors; 1 *

- X Pt+ 0 Pt(0,)

and last, to use the band decomposition procedure to estimate . 1 J\ ’m
relative intensities for partially overlapping bands. ’

The sample was irradiated for 30 min at 580 nm using a 200 " m"tj; w [
W mercury-xenon high-pressure arc lamp and an interference 0,;+'070+"0 ’ ‘
filter centered on the 580 nm wavelength and then irradiated

2
0.2
for another 30 min in the UV region using a 42200 nm band- ’——‘—J -0.05
pass filter. The last step entailed annealing the sample to 20 K, I v v

J 18, 18 2
by shutting off the cryogenerator. Once the desired temperatureé’ Mpﬂ 00, | 2
was reached, the sample was recooled to 10 K by reactivating ~ o.1-
the cryogenerator, and then the spectra were seconded. Infrared
spectra of the photolyzed and annealed samples were recorded v, ~PUO,) Pt+*0
between 5000 and 80 crh as outlined above. M-om

For the Ni+ O, samples, attention was focused on the oo — S —

absorption bands of linear ONIO in the mid- and far-infrared 940 920 900 880 560 540 520 500 480
regions. The sample was submitted to broad-band irradiation Wavenumber (cm™)
using a 200 W mercuryxenon high-pressure arc lamp. Amore  rigyre 2. Infrared spectra in the 946870 and 576-470 cnT regions
detailed photolysis, using filters centered on the intense Hg for thermally evaporated Pt atoms co-deposited with 194nGargon
emission lines at 334, 313, 289, and 265 nm, was carried out,using various isotopic precursors. The asterisk designates an instru-

to study the rearrangement Ni{O+ hv — ONiO. The same  mental artifact.
care and precautions were taken in recording the IR spectra of

0.8

bsorbance

- 0.10

?

orbance

E

the nickel system as those taken for the platinum. First, irradiation of the sample with 580 nm light favored the
formation of OPtO in site 1, with only a minor quantity being
Results trapped in site 2. In addition, the photolysis resulted in the

Pt + O,. The co-condensation of the thermally evaporated destruction of Pt(@). The second irradiation, in the UV region
Pt atoms and the £-Ar mixture (1-4%) at 10 K, produced  was “site-2-selective” causing a marked growth of the multiplet
essentially Pt(¢) (superoxide), the insertion product, OPtO, and centered at 953.4 crh. A band at 157.2 cit in the far-infrared
some Pt(Q), species in sharply increasing amounts when the was observed to follow this same pattern. Finally, two weaker
oxygen concentration was raised. In an earlier study Andrews bands were observed at 1856.9 and 1838%cffheir behaviors
and co-workershave assigned the band at 928.1¢rto the were not completely alike, the band at 1856.9 éngrew
v1 (O—O stretch) of the superoxide and the sharp band at 961.7noticeably with 580 nm photolysis, only to decrease after
cmt and larger multiplet around 953.4 cito v3 (antisym- annealing, whereas the band at 1838.0 tmas unaffected by
metric stretch) of OPtO. The presence of these two different the 580 nm irradiation but grew after the UV photolysis and
peaks for the same vibration was attributed to a trapping site sharpened after annealing. They are therefore associated with
effect, the sharp peak labeled as “site 1” and the broader onethe OPtO product, evolving like the 953.4 and 961.7 &¢m
as “site 2", both containing OPtO molecules in slightly different bands, sites 1 and 2, respectively.
argon packing arrangements (Figure 1). Further evidence is provided by the isotopic effects (Figure

After deposition, the main product is PHQalong with a 2, Table 1). When replacinO, by 180,, the bands observed
small amount of OPtO. In the lower mid- infrared region the at512.3 and 551.2 cm for Pt(Q;) shifted respectively to 487.3
two absorption bands observed at 512.3 and 551.21cm and 520.7 cm!. As for OPtO, both sites shifted equally to 914.8
correlate with the 928.1 cm band on both Pt and ©  and 909.9 cm!. The band observed at 157.2 chwshifts to
concentration changes. These bands disappeared upon photolysik49.6 cnt?!, while the weaker bands at 1800 chwere shifted
at 580 nm and reappeared after annealing to 20 K, tracking theto 1759.8 and 1742.2 cmhrespectively (Figure 3). Besides the
absorbance of the PtfD928.1 cnr! band. bands due td%0OP#60 and80P#80, a significant number of

Formation of the OPtO molecule was induced by two distinct new signals appear in the IR spectrum for the reaction between
photochemical processes, which turned out to be site selective Pt and the'®0, + 180160 + 180, isotopic mixture, and are thus
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TABLE 1: Vibrational Frequencies (cm~1) and Relative
Intensities (in Parentheses) of the IR Absorption Bands for
Various Pt + O, Reaction Products Observed in Solid Argon

assignment Pt 160, Pt+ 180, Pt+ 1601802
Pt(O) 11 928.1 (1) 876.4 (1) 903.0 (1)
v 512.3(0.05)  487.3(0.08) 497.2(0.02)
V3 551.2(0.22)  520.7(0.24) 538.5(0.35)
OPtO (site 1y, 870.0 (0.1)
vs 961.7 (1) 914.8 (1) 947.2 (1)
v+ vs 1856.9 (0.03)  1759.8(0.02) ~1810.7+ 0.3
OPtO(site 21 861.9, 860.1 (0.1)
v 157.2 (0.04)  149.6(0.03)  153.3 (0.04)
O¥PtOv; 953.39 (1) 909.9 (1) 938.0, 939.8(1)
O9%pto 953.06
O¥%pt0 952.7%
O¥%Pt0 952.04
v+ vs 1838.0 (0.01) 1742.2(0.01)  1793.1 (0.005)
OPtO(site 3y 956.4 941.1 906.8

a|n %0, + 16080 + 180, mixture.® Uncertain frequency due to
overlapping. Measured with 0.05 cni resolution.? Center of mul-
tiplet. © Split by matrix interaction; collapsing reversibly at 25 K into
a single component at 939.1 chn

v, —OPtO

0.014

Absorbance

0.00

950 900 160 150 140

Wavenumber (cm™)

Figure 3. Infrared spectra in the 18601740, 946-870, and 576
470 cn1? regions for Pt atoms co-deposited with 1%i®argon using
various isotopic precursors, after 22080 nm light excitation and
annealing to about 25 K: (a) Pt 1%0,; (b) Pt+ %0, + 80,; (c) Pt
+ 1602 +160180 + 1802; (d) Pt+ 1802.

1850 1800 1750

due to the P#- 180160 reaction product. In the far-infrared, an
intermediate peak at 153.3 cfhappears upon photolysis. In
the mid infrared, a sharp band appears at 870.0'crvhich
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Figure 4. Comparison of high-resolution Infrared spectrum in tge
region of OPtO (site 2) for P+ %0, in argon after UV excitation and
annealing to 25 K, and simulations based on‘ffet, 1%%Pt, 1°pt, and
19%pt jsotopes of platinum and Lorenzian band shapes with 0.23 cm
full width at half-maximum.
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Figure 5. Infrared spectra in the 102820 and 156-100 cnT? regions
for thermally evaporated Ni atoms co-deposited with 1%irOargon
after deposition (bottom) and 26@00 nm light excitation (top). The
asterisk designates a larger stoichiometry aggregate (likel@.,Nsee
ref 8).

grows upon 580 nm photolysis and decreases after annealingthe mid-infrared region is presented on thefundamental of

Like the 947.2 cm! absorption band, which is associated with
160PH80 (v3, site 1), the 870.0 cri band only appears in the
presence of*0%0 precursor and therefore belongst¥oP{€O.

OPtO after annealing the sample to 20 K to decrease the spectral
line widths and allow OPtO to diffuse to the most stable trapping
site, site 2. The experimental spectrum is presented on Figure

In addition, a broader band grows upon UV photolysis around 4 and compared to a simulation produced with four components
860.0 cnl, sharpening after annealing and behaving like the at 953.39, 953.06, 952.71, and 952.04 énto which were

absorption bands at 938.0 and 939.3 éntorresponding to
site 2 of thel®OP#80 insertion product. The isotopic effects

given the statistical weights of tH&¥Pt, 19%Pt, 196Pt, and98Pt
isotopes of platinum and Lorentzian band shapes with 0.25 cm

for thevs fundamental of OPtO are somewhat complex. Indeed, full width at half-maximum. This also confirms the presence
two interesting effects have been observed. The first is an extraof only one Pt atom in this molecule.

shoulder at 939.3 cni in the site 2 multiplet for thé®O, +

Ni + Oo. In a prior study involving nickel oxide complexes

180150 + 180, precursor, placed between the expected bands in solid argon matrices, Andrews and co-worReisaracterized

at 941.6 and 938.0 cm. The second is the presence of an
absorption band at 941.8 ¢ which upon annealing to about
29 K and recoolingd 9 K is transformed into the doublet at
939.3 and 938.0 cmt. Upon warming the argon matrix to about
22 K, this structure observed specifically with tRgDO
precursor collapses back to a single band at 939.r'cm
(spectrum taken at 22 K).

the superoxide Ni(@) in a complete matter, as well as thg
fundamental of the ONIO insertion product. Later, Wu and
Wand placed thev; fundamental of ONiO around 758 30
cm~1 by photoelectron spectroscopy in the gas phase.

Figure 5 presents the main products following deposition and
broad-band UV-visible irradiation. The Ni(@Q) superoxide,
characterized by the band at 967.1¢pis the abundant product

Interest was also taken in the isotopic shifts due to the natural after deposition. A small amount of ONIO, characterized by its

abundance of Pt. A high-resolution spectrum (0.05 8nin

v3 absorption at 954.9 and 949.3 ch{doublet due to thé&Ni
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Figure 6. Infrared spectra in the 106®00 cn1? region for Ni atoms Wavenumber (cm )
co-deposited with 1% ©in argon using various isotopic precursors, Figure 8. Infrared spectra in the 94080 cn1? region for Ni atoms
after 206-400 nm photolysis. co-deposited with 1% ©in argon after irradiation with different
wavelengths.

After 334 nm irradiation

Absorbance
Absorbance
o
o
N
1

v,—ONiO
wavelengths, during which attention was focused on the relative
0.6 behavior of the ONiIO and Ni(§) bands. Irradiation at 365 nm
Ni+1302 shows the growth of both species (Figure 8), whereas at 334
nm causes the ONIO band to grow while the NiY®and is
left unchanged. Last, the irradiation at 313 nm shows an
antiparallel evolution, where the ONIO band is multiplied almost
by 3, and the band for Ni(§) is reduced by half.

0.4
-, 16 16 18 18
+ + + . .
§ Ni+"0+"0 0+"0, Discussion
©
'g New information has been gathered on the interactions
2 Ni+1602+1802 between Ni and Pt atoms and oxygen, more precisely, on
< platinum and nickel superoxides and their insertion products.

0.2
After discussing briefly the mechanisms for their formation,

complementary data on Pt}owill be discussed and compared
to that for Ni(Q). Finally, interest will be taken in the Pt and
Ni+1602 Ni insertion products, their differences in structure, bonding,
and behavior.
°‘°140 " 430 120 10 100 _ P_roduction Mechanisms.vv_ith Pt atoms, our_results cle_arly
Wavenumber (em’”) indicate two posslble reaction pathways.. First, reaction of
ground-state Pt with @leads to the superoxide complex which
Figure 7. Infrared spectra in the 146100 cnT* region for Ni atoms then, upon electronic excitation with moderate energy (2.65 eV),
co-deposited with 1% £in argon using various isotopic precursors,  rearranges to the dioxide insertion product. The second possible
after 206-400 nm light excitation. reaction pathway, requires more energetic UV light in the-6.5
and®Ni isotopes in natural abundance), was also detected. AftereV range corresponding to the B6éist — 5d° 6p! atomic Pt
photolysis, this trend reverses: Ni)lisappears and the ONiO  excitationd? and causes no loss of IR-absorbing precursor. The
band markedly grows.The large broad band at 980¢cm second pathway is thus likely to be diffusion and reaction of
previously assigned to a (MD,) species,presents a higher order  excited-state Pt atoms under irradiation with nonadjacent O
dependence on Ni. As this species is not the object of our study,molecules. Note that each of these two pathways lead to dioxide
it will not be discussed further. However, the growth of a strong insertion products formed in a slightly different environment.
band at 125 cm'® after photolysis is of interest. This bands For instance, the first generates OPtO molecules in the argon
common behavior with the; fundamental of ONIO, during  cage of the superoxide precursor, which are slightly more
photolysis or with concentration effects, indicates that it belongs constrained than those formed after atomic excitation and
to ONIO. Again, further evidence for the attribution of the band diffusion (compare the “site 1” and “site 2 or v3 absorptions).
is provided by isotopic substitution. The triplet structure We note that in solid neon two sharp bands were observed for
observed for the:; fundamental of ONiIO (Figure 6) shows the OPtO at 958.7 and 950.5 crh supporting the matrix site
type of isotopic structure expected for the other bands belongingmodel® The results with Ni are slightly more complex to
to this species. WitR80, + 180160 + 180,, a triplet structure ~ analyze because the nickel superoxide electronic transitions are
is observed for the band at 125.0 chshifting to 122.7 cm? shifted to higher energy (about 4.1 eV) in a region overlapping
with the 18080 precursor and 120.5 crhwith 180,, as shown partially the Ni atomic lines. Our results show that UV light
in Figure 7. This observation confirms that the 125.0 tivand near 310 nm causes the N{JO— ONIO insertion reaction to
belongs to ONIO. occur and that the superoxide species is not the only reservoir
The photolysis study of the N# O, reaction products  for the production of the dioxide insertion product. As with Pt
consisted of three irradiations at different monochromatic atoms, excitation in the UV range (35830 nm, for instance),
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TABLE 2: Vibrational Frequencies? and Relative Intensities
(in Parentheses) of the IR Absorption Bands for Various Ni
+ O, Reaction Products Observed in Solid Argon

J. Phys. Chem. A, Vol. 105, No. 30, 2002209

TABLE 4: Comparison of Experimental Frequencies and
Calculated® Harmonic Frequencies (cnt?) for the Various
Isotopic Species of NiQ

assignment Nit- 160, Ni + 80, Ni + 16080P
SNi(Oz) v 967.1 (1) 914.5 (1) 941.3 (1)

v 538.3(0.07)  518.8(0.03) 530.2 (0.40)
v 511.7 (0.40)  485.7 (0.40) 496.3 (0.02)
60Ni(Oz) v,  535.3(0.05)  516.1(0.01)

V3 510.9

O%NiO v, 125.0 (1) 120.6 (1) 122.7 (1)

v 954.9 (0.72)  920.4 (0.73) 939.2 (0.82)
ONiiO v3 949.3(0.27)  914.7 (0.25) 933.6 (0.40)

2Vibrational frequencies in cm. The values quoted are withik0.1
cm L. bIn 160, + 16080 + 80, mixture.

TABLE 3: Comparison of the Experimental Frequencies
and Calculated® Harmonic Frequencies (cnt?) for the
Various Isotopic Species of PtQ

194pLeO, 194p g0, 194pL60180
species exp calc exp calc exp calc
V1 928.1 9286 876.4 8755 903.0 902.7
2 512.3 5122  487.3 487.1 4972 496.0
V3 551.2 551.2 520.7 5205 5385 539.2

aThe force constants giving the best fit of the experimental data are
Feio = 2.70 mdyn A2, Foo = 3.97 mdyn A2, Fpio pio= —0.92 mdyn
Afl, FF’tO.OO: —0.196 mdyn Al, and@op;oz 47°,

where 34 4sl— 3P 4p! atomic transitions are found,also
causes formation of the dioxide insertion species, which can
be interpreted with the same basic reaction pathways:

M + 0, — M(O,)
M(O,) + hv — M(O,)*
M(O,)* — OMO

Superoxides.Our results for Pt(@) clearly showed three IR
absorption bands, two of which had not been observed before.
The bands at 551.2 and 512.3 chare assigned to they and
v, fundamentals, respectively. The basis for their respective
assignment lies in the magnitude of the observed isotopic shifts
(JAv]). The band at 551.2 cm shifts to 520.7 cm! (JAv| =
30.5 cntl), and the band at 512.3 crhshifts to 487.3 cm!

(IAv| = 25.0 cnm?); the shift for the G-O stretch induces a
|Avy| of 50.1 cnTl. The isotopic shift for this latter mode is
close to that expected for a pure-© stretching mode (about
—53 cn1?), indicating that the coupling of this coordinate with
that of PO is limited. With an acute OPtO bond angle, the
contribution of Pt in the symmetrig, vibration is accentuated
while that of the oxygens is diminished. For the antisymmetric

58Nj 160, 60Nj 160, 58Nj 180, 58Nj 160180

exp calecd exp caled exp caled exp calcd

967.1 967.1 nb 966.7 9145 913.3 941.3 940.8
538.3 538.2 535.3 535.3 518.8 517.7 530.2 529.8
511.7 511.7 510.9 510.7 485.7 485.7 496.3 496.5

species

V1
V2
V3
2 The force constants giving the best fit of the experimental data are
Fnio = 2.43 mdyn A2, Foo = 3.76 mdyn A, Fyionio = —0.11 mdyn
A1 Friooo = —0.24 mdyn A, andfonio = 57°. P Not observed.

The Ni(Q,) molecule has been characterized previotatyd
calculations using a harmonic force field similar to that presented
above for Pt(@ allows comparison of the bonding and
interaction for the two superoxides, P#@nd Ni(Q). Indeed,
though these molecules have similar structures, theQvand
O—0 force constants and their interaction constants significantly
different. As shown in Tables 3 and Byio = 2.4 mdyn A1
andFpio = 2.7 mdyn AL making the PtO bond stronger than
the NiO bond; both interaction constants are positive for Ni-
(O,), whereas they are negative for POThis qualitative
difference might be related to a switch in the electronic structure
from triplet to singlet. Theoretical calculations done on N)O
at the CASSCPF and, more recently, CCSD(¥) levels
predicted a singlet ground state. All-electron DF calculations
made more recently in order to predict the fundamental
frequencies considered both triplet and singlet sfaté triplet
state was found to be slightly lower in energy, but vibrational
frequency predictions were quite different than what was in fact
observed. While the ©0 stretching frequency; was almost
identical in both states, the metdigand motions,y, and vs,
were calculated around 516 and 60 ¢nfior the triplet state
and 478 and 599 cmi for the singlet. Experimentally, has
been assigned to the band at 538.3 €mndv; is observed at
511.7 cmt in solid argon. The difference between the experi-
mental value ofv, and that calculated is larger for the triplet
state than the singlet state, despite the fact that the triplet state
possesses the largest binding energy and is therefore the ground
state for these calculations. Calculations at a higher level of
theory are thus needed on this species to determine the ground
state in solid argon.

Finally, the NiOO, asymmetric superoxide, was not observed
in these experiments. This species was suggested to appear on
annealing to 20 K in the laser ablation experiments andhits
fundamental observed at 1221.0 ©mThis band was not
observed here after deposition, nor formed on annealing, which
may result from the fact that thermal evaporation produces

vibration, the contribution of Pt in the reduced mass decreases™Milder deposition conditions. This leads us to question the

in favor of that of the oxygens, giving a larger isotopic shift.
So the 512.3 cm! band corresponds to the symmetric vibration
(v2) with the smaller isotopic shift, while the 551.2 ciband
corresponds to the antisymmetric-f stretching ¢3) with the

attribution or suppose that the species observed is obtainable
only with Ni atoms from laser ablation, which are not directly
accessible from our experimental conditions.

Insertion Products. This study brings new information to

larger shift. These assumptions have been tested using acomplete the characterization of both OPtO and ONiO mol-

semiempirical harmonic potential model and the results, pre-
sented in Table 3, fit the isotopic effects (within the usual
limitations imposed by the neglect of anharmonicity), validating

ecules. For OPtO, the, fundamental and thev{ + wv3)
combination bands have been observed around 157 and 1838
cm1, respectively. The; fundamental has also been observed

the proposed assignments. Former DFT calculations using thefor the asymmetrical isotopic speci®®OP£E0, near 861 cmt.

B3LYP functional, LanID2Z effective core basis set for Pt and
D-95* basis sets for oxygen predicted frequencies at 1065, 471,
and 450 cm? for v4,v,, andvs, respectively. Comparison with
the present results suggest a notable underestimation of-the Pt
O interaction and of the ©0 bond weakening, and an inversion
of the two metat-ligand vibrational frequencies.

The fact that they; + v3) band is observed while, is inactive

for OPtO is strong evidence that the molecule is linear. Further
evidence is given by the good agreement between experimental
frequencies and the frequencies and isotopic shifts calculated
using a semiempirical harmonic potential assuming a linear
structure (Table 5). The experimental data used for comparison
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TABLE 5: Comparison of the Experimental Frequencies and Calculated Harmonic Frequencies for the Various Isotopic
Species of OPtO

160194Pt16o 180194pt18o 180194Pt160 160195Pt16o 160196Pt160 16019q3t160
species exp calc exp calc exp calc exp calc exp calc exp calc
site 2v1(Zg") no° 892.4 no 841.3 861.9, 860.1 858.6 no 892.4 no no
v (Iy) 157.2 157.2 149.6 149.3 153.3 153.4
v3(Z) 953.4 954.0 909.9 907.4 938.0, 938.3 938.9 953.1 953.1 952.7 9527 952.0 952.0
Vv 1838.0 1839.9 17422 17422 1793.1 1796.1

a The force constants giving the best fit of the experimental dat&@ase= 7.439 mdyn A2, Feio, pro= 0.068 mdyn A2, Fyy x r;‘%g 0.10 mdyn
A1, 6opio = 18C°. P Not observeds From the anharmonicity observed fSOP£0, assuming a mass-dependent anharmonicity correction.

TABLE 6: Comparison of Experimental Frequencies and The comparison of the metabxygen bond force constants

Calculated® Harmonic Frequencies (cn1?) for the Various in the di- and triatomics is also of interest. In the case of the

Isotopic Species of ONiIO NiO bond,Fnio = 5.0 mdyn A1 for the diatomics anéFnio =
160%8Ni16O  160CONiCO  BONiBO  18O0%NitEO 5.27 mdyn A for ONiO, whereas for the PtO bonfipo =

species exp calc exp calc exp calc exp calc 5.9 mdyn A for PtO andFpio = 7.4 mdyn At for OPtO. In

(%) nd 7280 no 7280 no 6873 no 706.7 both instances the metabxygen bond is reinforced in going

Vs (ng) 1250 1250 no 1243 120.6 1206 122.7 1227 from the diatomic to the triato_mic. However, in the case of the

va(S,7) 954.9 954.9 949.3 949.3 920.4 920.1 939.2 939.1 PtO bond a much s;r_onge_r relnforcemel_wt occurs, a paradoxical
aThe force constants giving the best fit of the experimental data are ;esult %Iven the po‘:'ll.tlv.e sign of tﬁtO'Ptolme.raCtl?fn ConStar?t

Frio = 5.27 mdyn AL, Fronio = —0.27 mdyn A2, Fggrio 2 = 0.047 ound for OPtO. This indicates a cooperative effect on the O

mdyn A%, fonio = 18C°. ® Not observed. atom bonding _t(_) the metal center, comparable to that observed

) ] ] . ) for some transition metal carbonyls such as Fe(CO¥F 1—4,

refer to site 2, the bending mode for site 1 remains either too \yhere the carbonyl dissociation energies per bond do not

weak to be detected or too close to that of site 1 to be resolved.decrease monotonically along the sefi&3o our knowledge,

For nickel dioxide, the bending mode has been assigned tognly the monoxides have been the object of theoretical studies
the band at 125.0 cm. To compare the molecular parameters  treating explicitly the relativistic effect, and in PtO both the
of ONiO and OPtO, semiempirical harmonic potential constants existence of the filled 4f shell and the relativistic contraction
have been calculated for ONIO using the same procedureof the s orbital lead to the prediction of a slightly stronger
outlined above for OPtO again, assuming a linear geometry metal-oxygen bond than in NiO. It would thus be interesting
(Table 6). The frequency of the, mode was adjusted to  to compare the evolution of the bond strength in the dioxide

reproduce best the asymmetry of t(8ONi*®O (v5) frequency  compounds, as our results suggest an even more pronounced
with respect to the average of tHONIi'®O and'®ONi'®0 values. effect than in the monoxides.

The position ofr; estimated in this way (738 20 cnt?) is
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30 cnr® for this molecule, taking the error into accodrtinlike UMR 7075 and NSF Grant CHE97-00116 and by the University
the case of OPtOy; was not observed for the asymmetrical Pierre et Marie Curie via an invited Professorship and the
150Ni*80 isotopic species. However, inspection of the eigen- University of Virginia via a Sesquicentennial Associateship for
vectors calculated for both molecules shows that, in the | A.
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