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Reactions of Laser-Ablated Ni, Pd, and Pt Atoms with Carbon Monoxide: Matrix Infrared
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and M(CO)," (n = 1-2), (M = Ni, Pd, Pt)
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Laser-ablated Ni, Pd, and Pt atoms have been reacted with CO molecules followed by condensation in excess
neon at 4 K. Besides the neutral metal carbonyl species, metal carbonyl anions M(@®) 1—3)] and

cations [Ni(CO)" (n= 1-4), Pd(CO)* (n=1,2), and Pt(CQ) (n= 1—3)] have been produced and identified.
Doping with the CCJ electron trap increases cation and decreases anion absorptions and confirms the
identification of the ionic species. The excellent agreement between observed bands and frequencies and
isotopic frequency ratios from the DFT calculations supports the vibrational assignments and the identification
of these metal carbonyl complexes.

I. Introduction laser-ablation method to systematically study the reactions of
) N ) Ni group atoms, cations, and electrons with CO in excess neon,
Binary transition-metal carbonyls are among the _earllest and then use infrared spectroscopy coupled with,@Bping
known' and most commonly encountered organometallic com- {4 trap electror? to identify the metal carbonyl neutrals, anions,
pounds Metal carbonyl fragments are ubiquitous components anq cations. We will also perform density functional theory
of other organometallic compounds and larger metal clusters, (prT) calculations to model these carbonyl species, including

and they are frequently invoked as active species in homo- yheir viprational analyses, ground state geometries, and bonding
geneous catalytic cyclésMoreover, the monocarbonyls are properties.

often considered as models for CO binding to the metal
surfacet® Nickel tetracarbonyl was the first metal carbonyl to  Il. Experimental and Computational Methods

be prepz;r_eg, and Imckgl grloutp)) cr;]arbony_ls are”arr[;ong th_e The experimental method for laser ablation and matrix
_molstt_stu 1€ {neta car gn%s 0:. e"xp(_arrrl]menta y by gyatnx- isolation has been described in detail previodsiy? Briefly,
isolation spectroscofyan eoretically. The corresponding the Nd:YAG laser fundamental (1064 nm, 10 Hz repetition rate

neutral Pd(CQ)and Pt(CQ) (x = 1, 2, 3, 4) carbonyls have with 10 ns pulse width) is focused to irradiate the rotating metal

!o?en %repare:i using the matrtljx 'Lsola:tlon te(ihnlque;], andbthe'rtargets. Typically, low laser power {5 mJ/pulse) is used,
infraréd spectra In argon and Krypton matrices have Been .-, tayors the stabilization of ionic species and minimizes

—10 i i 15 16
reported? 191t is generally accepted that NiC®,*> PdCO; metal cluster formation. Laser-ablated metal atoms are co-

and PtCQ’ posses&XT electronic states with linear geometries. deposited with carbon monoxide (0.198.4%) in excess neon
The dicarbonyls have also been examined theoretiéally. onto a 4 K Cskeryogenic window at é4 rﬁmol/h for 0.5-1 h

Finally, the vibrational spectt&and the force field$ of the Carbon monoxide (Matheson) and isotoBi€0 and2C1%0
tetracarbonyls have been repor'Fed. (Cambridge Isotopic Laboratories) and selected mixtures are
On the other hand, comparatively less work has been doneysed in different experiments. Fourier-transformed infrared
on the metal carbonyl cations and anions, especially their (FT|R) spectra are recorded at 0.5 chmesolution on a Nicolet
vibrational spectra. The photoelectron spectra (PES) of N{CO) 759 spectrometer with 0.1 crh accuracy using a mercury
have given electron affinities and vibrational fine structure of -gqmium telluride (MCTB) detector down to 400 chMatrix
neutral carbonyl3? Recently, the anion PES of PdC@as been  samples are annealed at different temperatures, and selected
observed, and the electron affinity and CO vibrational frequency samples are subjected to photolysis using a medium-pressure
of PACO have been deduc&dCollision-induced dissociation mercury lamp (246580 nm) with the globe removed, or a
coupled with mass spectrometry have been employed to studyungsten lamp and applying optical filters when needed.
sequentlalzlgcz)?d energies in Ni(GO)Xn = 1-3) and Ni(CO) DFT calculations are performed on all of the proposed
(n=1-4)2%**Bond energies of the anions combined with the  reaction products using the GAUSSIAN 94 progféand the
electron affinity data have been used to determine bond energiegyprid B3LYP functionaP! The 6-311#-G* basis set is used
of the neutral specie®.Finally, ionic Ni group carbonyls have o, carbon, oxygen, and nick&,and the LanL2DZ effective

received little theoretical attention; to our knowledge, only the core potential is employed for palladium and platintriatural
mono- and dicarbonyl cations of Ni and Pd have been examinedponding orbital (NBO) analyses are done for all of the nine

by theory2* monocarbony|§*
Recently, we reported argon matrix infrared spectra of ) _
Ni(CO),~ (n = 1—3).25 It will be interesting to determine the Ill. Results and Discussion

neon matrix interaction for the negative carbonyls and to find  A. Infrared Spectra and Assignments Infrared spectra of
how Pd and Pt compare to the Ni counterparts. We will use the laser-ablated Ni, Pd, and Pt atom, cation and electron reaction

10.1021/jp993646q CCC: $19.00 © 2000 American Chemical Society
Published on Web 04/04/2000



3906 J. Phys. Chem. A, Vol. 104, No. 17, 2000

Liang et al.

TABLE 1: Infrared Absorptions (cm ~1) from Reaction of Laser-Ablated Ni Atoms with CO in Excess Neon at 4 K

2C1%0 BC%0 12C180 13C%0 + 13C0 R(12/13) R(16/18) assignment
2347.6 2282.0 2312.5 2347.6, 2282.0 1.0288 1.0152 2 CO
2209.2 2159.9 2157.6 1.0228 1.0239 Ni(GDyite
2206.5 2156.9 2156.0 2206.5, 2156.7 1.0230 1.0234 NiCO
2205.3 2156.1 2153.8 2205.3, 2165.9, 2156.1, 2223.8 (sym) 1.0228 1.0239 Ni(CO)
2192.4 Ni(CO)s*
2186.2 2135.2 1.0239 Ni(Ce)
2176.2 2129.5 2124.9 1.0219 1.0241 Ni(GO)
21411 2093.6 2089.7 2141.1, 2093.6 1.0227 1.0246 (6{6]
2091.4 2042.1 2046.9 2091.4, 2071.6, 2042.1 1.0241 1.0217 Ni(Ee)
2089.7 2040.3 2045.3 2089.7, 2069.7, 2040.3 1.0242 1.0217 Ni(CO)
2056.3 2009.8 2009.2 2056.3, 2037.4, 2026.4, 2017.2, 2009.8 1.0231 1.0234 Ni(CO)
2026.9 1981.3 1980.1 2026.8, 2004.7,1992.3, 1981.3 1.0230 1.0236 NRIBO)
2025.0 1979.6 1978.3 2025.1, 2003.6, 1990.6, 1979.7 1.0229 1.0236 Ni(CO)
2006.6 1958.1 1965.4 2006.5, 1958.2 1.0248 1.0210 NiCO
1980.5 1936.4 1934.5 1980.6, 1953.7, 1936.4 1.0228 1.0238 Ni ()
1978.9 1934.7 1932.9 1978.9, 1951.9, 1934.7 1.0228 1.0238 Ni(CO)
1873.2 1832.5 1873.0, 1832.5 1.0221 <O site
1870.5 1830.9 1830.6 1870.5, 1831.0 1.0216 1.0218 COli
1867.7 1823.9 1824.9 1867.9, 1824.0, 1848.8, 1834.9 1.0240 1.0235 Ni(Sie)
1864.7 1821.0 1823.4 1864.8, 1845.9, 1832.0, 1821.0 1.0240 1.0226 Ni(CO)
1860.6 1815.6 1821.0 1860.6, 1815.5 1.0248 1.0217 NiCO
1841.4 1798.5 1801.5 1841.1, 1798.6 1.0239 1.0221 COli
1817.1 1774.8 1777.6 1817.2,1790.0, 1774.9 1.0238 1.0222 Ni(G@2
18154 1773.2 1775.9 1815.4,1788.2, 1773.7 1.0238 1.0222 Ni(G@e
1813.8 1771.6 1774.3 1813.8,1786.8, 1771.7 1.0238 1.0223 Ni(CO)
TABLE 2: Infrared Absorptions (cm ~1) from Reaction of Laser-Ablated Pd Atoms with CO in Excess Neon at 4 K
2C1%0 13C%0 12C180 12C150 + 13C160 R(12/13) R(16/18) assignment
2210.5 2161.1 2158.7 2210.5, 2169.8, 2161.1, 2225.0 (sym) 1.0228 1.0240 Pd(CO)
2206.4 2156.8 2155.4 2206.4, 2156.8 1.0230 1.0237 Pd(CO)
2074.6 2028.4 2026.0 2074.6, 2052.3, 2042.2, 2034.8, 2028.4 1.0228 1.0240 Pd(CO)
2068.2 2022.9 2019.0 2068.2, 2038.7, 2023.0, 2128.4 (sym) 1.0224 1.0244 Pdite0)
2065.8 2020.5 2016.5 2065.8, 2036.3, 2020.5, 2125.2 (sym) 1.0224 1.0244 Pd(CO)
2064.7 2018.5 1.0229 Pd(Cjite
2062.7 2016.7 2014.4 2062.7, 2037.4, 2026.0, 2016.8 1.0228 1.0240 Rd(CO)
2057.3 2009.6 2012.4 2057.3, 2009.6 1.0238 1.0224 PdCO site
2056.4 2008.7 2011.4 2056.4, 2008.7 1.0238 1.0224 PdCO
1909.0 1864.6 1868.2 1909.0, 1864.5 1.0238 1.0218 Pd(CO)
1902.7 1859.8 1859.3 1902.4, 1959.8 1.0231 1.0233 Ced
1878.8 1835.6 1836.4 1878.8, 1835.6 1.0235 1.0231 Ced
1872.2 1829.2 1831.9 1872.2,1853.1, 1839.2, 1829.2 1.0235 1.0226 Rd(CO)
1870.1 1827.1 1828.8 1870.1, 1851.5, 1837.7, 1827.1 1.0235 1.0226 RdEnOe)
1834.3 1791.4 1794.6 1834.3, 1806.8, 1791.3 1.0239 1.0221 Pg(6i@)
1832.3 1789.5 1792.9 1832.3, 1805.0, 1789.5 1.0239 1.0220 Pg(CO)
TABLE 3: Infrared Absorptions (cm ~1) from Reaction of Laser-Ablated Pt Atoms with CO in Excess Neon at 4 K
12C1%0 13C1%0 12C180 12C160 + 13C160 R(12/13) R(16/18) assignment
2210.3 2159.0 2210.3,2173.5 1.0238 Pt(€0)
2207.9 2158.4 2156.7 1.0229 1.0237 Pt(€0)
2204.7 2156.7 1.0223 PtCO
2065.5 2014.9 2024.4 2065.5, 2014.9 1.0251 1.0203 PtCO
2064.7 2013.9 2023.4 2064.7, 2013.9 1.0252 1.0204 PtCO site
2058.1 2011.6 2010.9 2058.1, 2037.3, 2026.6, 2018.5, 2011.6 1.0231 1.0235 4Pt(CO)
2056.2 2010.8 2007.5 2056.2, 2027.9, 2010.8 1.0226 1.0242 Ri¢iO)
2053.2 2007.9 2004.7 2053.2, 2025.1, 2007.9 1.0226 1.0242 Rt(CO)
2046.0 1999.8 1999.7 2046.1, 2021.3, 2010.9, 1999.8 1.0231 1.0232 PHi20)
2044.0 1997.8 1997.1 2044.0, 2020.0, 2007.7, 1997.8 1.0231 1.0235 Pt(CO)
1896.3 1850.0 1858.7 1896.3, 1850.0 1.0250 1.0202 PtCO
1879.5 1835.3 1839.3 1.0241 1.0219 Pt(€Qjte
1875.8 1831.7 1835.7 1875.8, 1856.2, 1842.2, 1831.8 1.0241 1.0218 Pt(CO)
1844.0 1801.0 1804.6 1844.0, 1817.3, 1801.0 1.0238 1.0196 Rt{(CO)

products with CO molecules in excess neon are displayed in
Figures 19, and the absorption bands in different isotopic
experiments are listed in Tables-3.

Ni(CO), (n = 1—4). A strong absorption observed at 2006.6
cm! on deposition increases slightlyn® K annealing but
decreases during higher annealings. A band at 19789 n

13CO isotopic experiments, the 2006.6 chabsorption shows
a doublet feature, while the 1978.9 chband has a 1:2:1 triplet
pattern. These two bands are assigned as the Gtretching
mode of NiCO and the antisymmetric<© vibration of Ni-
(CO), respectively. The 1978.9 crhband exhibits a matrix
site splitting at 1980.5 cmt. Compared to the NiCO and Ni-

also observed on deposition, and its intensity increases more(CO), absorptions, the feature at 2025.0 dnis weak on

than the 2006.6 cm band during annealings. In mixé&CO/

deposition, but increases steadily during annealings. This band
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Figure 2. Infrared spectra in the 1891810 cnt? region for laser-
ablated Ni co-deposited with 0.2% CO in neon at 4 K: (a) sample
deposited for 30 min, (b) afte8 K annealing, (c) aftei > 630 nm
photolysis, (d) afted > 470 nm photolysis, (e) after 2435680 nm
photolysis, (f) after 10 K annealing.
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Figure 1. Infrared spectra in the 2222160 and 21061960 cnt*
regions for laser-ablated Ni co-deposited with 0.2% CO in neon at 4
K: (a) sample deposited for 30 min, (b) af& K annealing, (c) after

8 K annealing, (d) after 10 K annealing, (e) after 12K annealing, (f)
after 246-580 nm photolysis.

has a 5:2:2:5 splitting pattern in the mix&CO/A3CO isotopic
0.65

experiment, which is characteristic of the doubly-degenerate 001} Pd(CO),
Pd(CO),

mode of a trigonal specié8and accordingly, the 2025.0 crh [ PO paco
band is assigned to the doubly degenerat€®Gstretching mode 0.009 W
of Ni(CO)z. The band at 2056.3 cm is almost invisible on Y T s ©
deposition and increases markedly in the annealings, and itsgo.omf/

splitting pattern in'2COACO experiment is 8:2:3:2:8. Itis £ W w

g
assigned to the triply degenerate-O stretching mod® of Ni- £ o]

(CO). The isotopic counterparts and the mixed isotopic j@/‘mw
splittings of those bands are listed in Table 1. These results are 0-003-//\//\// Y .
in good agreement with the previous and recent argon matrix

work; the Ni(CO) bands show 12.2, 13.4, 7.8, and 5.1¢ém O‘OOI*V,VJ“/Q%/—/\J\M
blue shifts in the neon matrix witm = 1, 2, 3, and 4, 210 208 W0 W W 206 e 2055
respectively?>3¢ Recent infrared spectra indicate that Ni(GO) Wavenumbers (cm)

is bent in an argon matré* It is worth noting that the Ni-  Figure 3. Infrared spectra in the 222200 and 20862050 cnt

(CO), molecule is also bent in a neon matrix because a weak regions for laser-ablated Pd co-deposited with 0.2% CO in neon at 4
symmetric stretch is observed at 2089.7émin the 13C10 K: (a) sample deposited for 30 min, (b) af@K annealing, (c) after
and12C80 experiments, this band shifts to 2040.3 and 2045.3 8 K annealing, (d) after 10 K annealing, (e) after 24B0 nm
cm L, respectively. In the mixet’CO/3CO experiment, a 1:2:1  Photolysis, (f) after 12 K annealing.
relative intensity triplet displays an intermediate band at 2069.7 gngq 2044 cm, respectively? and with very recent argon
cm* which is 4.7 cm* higher than the average of two pure  magrix studies of Manceron et #.who observed 2050.3 and
isotopic bands. Correspondingly, the intermediate band of the 50442 ¢t bands for PdCO. The PACO fundamental is blue-
antisymmetric stretch of Ni(CQ)is 4.9 cnt* lower than the  ghjfted 6.1 and 12.2 cnd by the neon matrix. However, the
average of two pure isotopic bands, owing to the interaction 2140 + 60 cnt! fundamental for PACO deduced from the
between the two stretching modes in the lower symmetizO photoelectron spectri#hof PACO" is too high and probably
Ni—*2CO molecule. suffers from accuracy of the weak fine structure band measure-
The symmetric modes at 2006.6 and 2089.7 for NiCO ment. Our neon matrix observation at 2056.4 ¢tis probably
and Ni(CO) may be compared to the PES fine structure ithin 10 cnt? of the true PdCO gas phase fundamental, which
interval$® 1940 and 210Gt 80 cntt; the weaker band inthe  we predict at 2065: 5 cnr L.
NiCO™ PES is more difficult to measure accurately. The interesting question here is again the structure of
Pd(CO} (n = 1—4). Similar to Ni(CO}, the absorptions of  Pd(CO). Both previous works observed Pd(G@} 2044 cnt
Pd(CO), are also observed and identified; the major difference (6 cni! below PdCO) and claimed that Pd(COis a linear
is that the Pd(CQ)absorptions are more congested as also found molecule because of the missing symmetric mb¥élhe
in the thermal Pd atom word® The new band observed at geometry of this molecule might be linear because the pure
2056.4 cn'! on deposition is assigned to the-O stretching isotopic symmetric stretching mode is not observed here.
mode of PACO based on the doublet pattern in our mixed However, the bent structure for Ni(C&£3nd the DFT calculation
12COMCO experiment. Another prominent band on deposition suggest a bent form. In our mixédCO/3CO experiment, a
at 2065.8 cmt is assigned as the antisymmetric stretching mode new band at 2125.2 cm is observed in addition to the 1:2:1
of Pd(CO}, which shows a 1:2:1 splitting in our mixééCO/ relative intensity feature of the antisymmetric mode of Pd(CO)
13CO experiment. The weaker Pd(G@nd Pd(CQjabsorptions  This new band tracks with the 1:2:1 triplet bands and is assigned
observed at 2062.7 and 2074.6 ¢nbecome prominent bands  as the symmetric mode of PACO)E3CO). The intermediate
during annealings (Figure 3). The annealing behaviors and theband of the triplet at 2036.3 cthis 6.9 cnT! lower than the
mixed isotopic splittings are very similar to those of Ni(GO) average of two pure isotopic bands, which indicatggs >
(n = 1-4) bands. Vaniisym A Similar spectrum was observed for Rh(G&) By
This result is in agreement with the previous argon and analogy to the Ni(CQ)case, the weak 2125.2 ciband should
krypton matrix work on PdCO, which reported bands at 2050 be about 7 cm! higher than the average of the two pure isotopic
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Figure 4. Infrared spectra in the 19201820 cnt* region for laser- Figure 5. Infrared spectra in the 19261780 cnt! region for laser-

ablated Pd co-deposited with 0.2% CO in neon at 4 K: (a) sample aplated Pd co-deposited with 0.159€0 + 0.15%%CO in neon at 4
deposited for 35 min, (b) aft8 K annealing, (c) after 10 K annealing,  k: (a) sample deposited for 60 min, (b) af@& K annealing, (c) after
(d) afters > 630 nm photolysis, (e) after > 510 nm photolysis, (f) 8 K annealing, (d) after 10 K annealing, (€) after 470 nm photolysis.
after 12 K annealing.

30 PCO).

bands. On the basis of this information and the isotopic ratio 097 PYCO), PCO),
from the DFT calculation, we estimate the symmetric modes ] .
of Pd¢2CO), and Pd{*CO), to be near 2143 and 2093 cfn N o ®
Unfortunately, strong absorptions BCO and'3CO mask these 0% 20 ©

regions. Hence, the geometry of this molecule is still an open
question. Finally, the observation of Pd(G@} 9 cnT?! abave
PdCO in solid neon in contrast to 6 cfbelowin solid argon ‘o ©
and krypto° suggests that Pd(C@®jnay be more bent in the FJ\J\/\”’ '

more polar matrices. Such has been found for Fef@©3olid - Y A O

neon and argopf ©
The 2062.7 and 2074.6 crthbands are assigned to Pd(GO) o.oamo.o—/\jfm/\wf\
and Pd(CQ)in solid neon are in good agreement with the argon WA WS

matrix 2070 and 2058 cn counterpart$;® and the apparent 5
cmt blue shift in neon is reasonalig3s Figure 6. Infrared spectra in the 2232200 and 20762040 cnt?

— ; _ regions for laser-ablated Pt co-deposited with 0.2% CO in neon at 4

Pt('CC.))n (n=1-4). Thg absorptions of PYCQIn = 1-4) K:g(a) sample deposited for 40 miIr)I, (b) af@ K annealing, (c) after
are similar to those for Nl((_ZQ)and Pd(CQ). The 2065'5 and 10 K annealing, (d) after 11 K annealing, (e) after 12 K annealing, (f)
2064.7 cn! bands are assigned to the CO stretching mode of after 246-580 nm photolysis.
PtCO in two matrix sites. The absorptions at 2053.2, 2044.0,
and 2058.1 cm! are assigned as antisymmetric modes of
Pt(CO), Pt(CO}, and Pt(CQ), respectively. Thé2COACO ®
isotopic ratios for the Pt(CQ)n = 1, 2, 3, 4) carbonyls are L
1.0251, 1.0226, 1.0231, and 1.0231, respectively. ©

The early thermal Pt argon matrix work was complicated by
congestion of all Pt(CQ)bands into a 10 cmi region;
nevertheless, all four species were assigned with varying weight
of evidence® With 5% 12CO and 5%4-CO, a strong doublet at
2053.3 and 2006.9 cm with three weaker intermediate 0.01 ®
components was assigned to tetrahedral Pt{Cyd with more PICO™ PICO); PUCO);
dilute 0.4% CO the strongest feature at 2052.0"tmwas 0.00
attributed to PtCO. Unfortunately, tACO/3CO ratios are not 1900 1890 1880 1870 1860 1850 1840
accurate because of band overlap, which fortunately does not Wavenumbers (cm)
happen in solid neon as shown in Figure 8. Our PtCO band atFigure 7. Infrared spectra in the 196@.830 cn1! region for laser-
2065.5, 2064.7 cmt clearly forms a mixed isotopic doublet gblate_c: thcogsepQSite(g)WigéBOf% Col_in n?O)n ?tt;f 534%) sample
for a single CO group, and the higARCO/3CO ratio (1.0251) eposited for 5> min, (b) a anneaiing, (c) are nm
is appropriate for this motion of C between Pt and O as observedpﬂgig:ygz’ ((g) a?tfttefdl;ngr?nggir? hotolysis, (e) after 24%80 nm
for RhCO and IrCG” (Manceron finds two sites for PtCO at P ysis, g-
2056.8, 2057.9 cmt in solid argon.3® Our Pt(CO) absorption
forms a 1:2:1 triplet pattern at 2053.2, 2025.1, 2007.9%¢m  matrix 2064.7 cm® and argon matri¥ 2056.8 cm® assign-
which is only slightly asymmetric. The neon matrix band at ments to PtCO are compatible, but our neon matrix data cast
2046.0, 2044.0 cmt is due to Pt(CQy it shows one weaker  doubt on the argon matfXidentifications of Pt(CQ)s.
intermediate component when two are expected for the anti- The symmetric stretching mode of Pt(GGg not observed
symmetric mode of a trigonal speci®shbut band congestion  in our experiments, which might simply mean this is a linear
may obscure another weak feature for mixed isotopic Pt§CO) molecule. However, the DFT calculation again supports a bent
Our neon matrix band at 2058.1 ctshows three possible  structure for this molecule. The missing symmetric mode could
weaker intermediate mixed isotopic features, as is expected forbe due to the low intensity or masking by other dominant peaks.
the triply-degenerate modeand is compatible with the argon Compared to thermal metal atom reactién¥,%¢ laser
matrix Pt(CO) band at 2053.5 cri. We believe that the neon  ablation also introduces cations and electrons into the reaction
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Figure 8. Infrared spectra in the 2071980 cm* region for laser-  Figure 9. Infrared spectra in the 19601790 cnt region for laser-

ablated Pt co-deposited with 0.15%€0 + 0.1594%CO in neon at 4 aplated Pt co-deposited with 0.15%€0 + 0.15%3CO in neon at 4
K: (a) sample deposited for 45 min, (b) af@K annealing, (c) after  K: (a) sample deposited for 45 min, (b) af@ K annealing, (c) after
8 K annealing, (d) after 10 K annealing, (e) after 12 K annealing. 10 K annealing, (d) aftet > 470 nm photolysis, (e) after 2480

- . . nm photolysis.
system. Additional weak bands in the low—O stretching

region (<1900 cn1?) are observed in all three (Ni, Pd, Rt 12COMCO experiment, this band shows a characteristic 1:2:1
CO) systems. These bands exhibit similar photosensitive triplet feature. Therefore, this photosensitive band is assigned
behavior and aralmost eliminatedn CCl, doped experiments,  to the antisymmetric €O stretching mode of Pd(C®). The
so anion species must be considefed:38 broad feature around 1872 chincreases during annealing and
Ni(CO),” (n =1, 2, 3).Three sets of weak photosensitive increases oi# > 630 nm photolysis when PdCGnd Pd(COy~
bands are observed on deposition at 1867.7 and 1864.%,cm disappear and decrease. However, shorter wavelength photolysis
at 1860.6 cm?, and at 1817.1, 1815.4, and 1813.8¢niThe (510-630 nm) destroys this band. In the mixé¥COACO
1860.6 cnT! band does not change during &éhK annealings experiment, the 1872.2, 1870.1 thband shows a quartet
but severely decreases during 10 and 12 K annealings and isfeature which is appropriate for a trigonal spede® Hence,
destroyed with > 470 nm photolysis (Figure 2). The band this band is assigned to the antisymmetrie @ vibrational
has!*C!%0 and?C!®0 counterparts at 1815.6 and 1821.0ém  mode of Pd(CQy .
with isotopic ratios of 1.0248 and 1.0217, and shows a doublet Pt(CO),” (n = 1, 2, 3).Similar to Ni and Pd experiments,
feature in the mixed?CO/ACO experiment. This photosensitive  three photosensitive bands are also observed in the low carbonyl
band is assigned as NiCOThe 1817.1, 1815.4, and 1813.8 vibrational region. The 1896.3 crhband shows doublet feature
cm! band increases during annealings and is also destroyedin the mixed'2CO/ACO experiment (Figure 9), is destroyed by
by A > 470 nm photolysis. IA3C'%0 and!?C'®0 experiments, photolysisd > 380 nm), and is assigned as the-Q stretching
this band shifts to 1774.8, 1773.2, and 1771.6 &nand to mode of PtCO. The 1844.0 cm! absorption shows a sharp
1777.6, 1775.9, and 1774.3 chy respectively. The average 1:2:1 feature in the mixe®?CO/3CO experiment and is assigned
isotopic ratios are 1.02382CO/A3CO) and 1.0222 (£&0/C!€0). as the antisymmetric €0 stretching mode of Pt(C@). The
Each peak in this band shows a triplet feature in the mixed broad band near 1875 crhis assigned to Pt(C@®), this
12COM3CO experiment. This photosensitive band is assigned assignment is supported by the quartet feature in the mixed
as the G-O antisymmetric stretching mode of Ni(CO) The 12COM3CO experiment?3S and it increases oA > 470 nm
1864.7 and 1867.7 cmd band increases even more during photolysis at the expense of PtC@nd Pt(COj".
annealings. Howevef, > 470 nm photolysis does not destroy Besides the anion bands in low CO vibrational region, some
this band, but shorter wavelength photolysis (2880 nm) does weak, photosensitive bands are also observed in the high C
destroy it. This band has two weak intermediate components stretching region¥2140 cnt?). In contrast to the anion species,
in the mixed2COASCO experiment, which is appropriate for the absorption intensities of these bamusreasein the CC
the degenerate stretching mode of a trigonal spééigsnd it doping experiments. Hence, cation species are considéféd.
is assigned to this €0 stretching mode of Ni(CQ). Ni(CO)}™ (n = 1—4). The band at 2206.5 cr is observed
These results are in excellent agreement with the recent argoron deposition, increases during lower temperature annealings,
matrix work2® The neon matrix blue-shifts the Ni(C@)bands and then decreases during higher temperature annealings. The
13.6, 12.1, and 5.9 cm, n = 1, 2, and 3, respectively. 2205.3 cnt! band is also observed on deposition with an
Pd(CO)~ (n=1, 2, 3).The nickel carbonyl anions pave the intensity weaker than the 2206.5 chband, but after higher
way to identify the palladium carbonyl anions. Three photo- temperature annealings, this band is stronger than the 2206.5
sensitive bands are formed in the low CO vibrational region on cm~! band. The 2192.5 cm and another almost indiscernible
deposition: 1909.0 cri, broad feature at 1872 crh(splits to 2186.2 cm! band are observed on deposition. They track
1872.2 and 1870.1 cni on late annealings), and 1834.3, 1832.3 together in all experiments, and their intensities increase steadily
cm™1. The 1909.0 cm! band decreases slightly on annealing, during annealings. The fourth band at 2176.2"€iis weak on
andA > 630 nm photolysis destroys this band (Figure 4d). In deposition and it increases on all annealings. All of these four
the 13C160 and2C'80 experiments, this band shifts to 1864.6 sets of bands are destroyed by the medium-pressure mercury
and 1868.2 cml, respectively, and it shows a doublet feature lamp photolysis (246580 nm) (Figure 1f). These bands are
in the mixed!?CO/A3CO experiment. This band is assigned as assigned as nickel carbonyl cations: 2206.5 tis the CG-O
the C-0 stretching mode of the PdCCanion. The 1834.3,  stretching mode of NiC®, 2205.3 cn?! is the antisymmetric
1832.3 cm! band increases during annealings, and photolysis C—O stretching mode of Ni(CGQJ, and 2192.5 and 2186.2 ¢t
(A > 630 nm) decreases the band by half. The 12/13 and 16/18are assigned to the;tand a C—O vibrational modes of the
isotopic ratios of this band are 1.0239 and 1.0220. In the mixed Ni(CO)s™ cation with aC,, symmetry. The 2176.2 cm band
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is assigned to the e mode of the Ni(GO)ation with aDyqg Other Absorptionsin Ni and Pd+ CO reactions, several
symmetry. The observed isotopic bands are listed in the Tableextra bands are observed in the lowO stretching region or

1. The mono- and dicarbonyl cation assignments are supportedthe metal carbonyl anion region. In the Mi CO experiment,

by the mixed2CO/ACO experiment, which shows doublet absorptions at 1870.5 and 1841.4 dmare observed on
feature at 2206.5 and 2156.0 chfor NiCO*, and an asym- deposition, increase during annealing, amd noteliminated
metric 2:3:2 triplet feature at 2205.3, 2165.9, and 2156.1cm by photolysis. When higher laser power is employed, the
with a weaker associated 2223.8 thiband for the symmetric  absorption intensities of both bands increase, but metal carbonyl
stretching mode of the Ni{CO)(3CO)*" cation. The isotopic ~ anions decrease with higher laser power. Both bands show
counterparts of bands of tri- and tetracarbonyl cations are isotopic shifts int3CO and G80 experiments, and both become
difficult to identify, because some of the counterparts hide in doublets in the mixed?CO/A3CO isotopic experiments. There-
the CO and CO aggregate bands which dominate around 2140fore, Ni cluster monocarbonyls are reasonable candidates for
cm~L In the CCl-doped experiments, the absorptions of these those absorptions. The 1841.4 chabsorption is stronger than
nickel carbonyl cation bands increase while the anion bandsthe 1870.5 cm! absorption on deposition, but grows slower
are not observed. The Cholecule is well-known for its high  than the 1870.5 cnt absorption on annealings. We are inclined
electron capture cross section and resulting dissociative captureo assign tentatively the 1841.4 chabsorption as NCO, and
process giving CGland CI. Hence, the assignments of the the 1870.5 cm! absorption as NCO. The absorption at 1873.2

ions are supported by the C&loped experiment&:38Finally, cm1is a matrix site of the 1870.5 cthabsorption. Similar to
the observation of NiCO absorption at 2205.3 cm is the Ni+ CO experiment, there are also two bands observed in
consistent with the argon matrix wofk,which gave a weak  the Pd+ CO experiment. On the basis of the similar behaviors
2176.3 cnt absorption, 30.2 cmi lower, for NiCO. as the NiCO and N}CO in the Ni+ CO experiment, the 1878.8
Our DFT calculations are in very good agreement with the and 1902.7 cm* bands are tentatively assigned as®d and
observations of these cations (scale factors 6®67). It is P&CO.
interesting to point out that the equilibrium geometries of  B. Calculations: Theoretical Considerations.The results
Ni(CO)s* and Ni(CO)™ areC,, andDyq instead ofDz, andTg. of DFT calculations are listed in Tables—8. We have
The observation of two €0 stretching modes for Ni(C@) calculated different geometries and different spin multiplicities
supports the calculate@,, structure. for these species. Only the most stable ones (the lowest energy,
Pd(CO)" (n= 1, 2). Two photosensitive bands are observed and no negative vibrational frequencies) are listed.
in the high G-O vibrational region. The 2206.4 crhband As a first step, reproducing the correct ground state of the
observed on deposition increases during annealings and demetal atoms is a difficult task. From our knowledge in general
creases on photolysis. This band hEB€%0 and 12C'¢0 chemistry, the ground state configuration of Ni atom is [Ar]-

counterparts at 2156.8 and 2155.4¢énThe weak 2210.5 cri 3P4<, Pd is [Kr]4di® and Pt is [Xe]4t45d%6S". In our DFT
band also grows on annealing and decreases on photolysis, angalculation (B3LYP functional, 6-31#G* basis set on C, O,
13C160 and 12C'80 isotopic counterparts are at 2161.1 and and Ni or LANL2DZ on Pd and Pt), the ground states of Pd
2158.7 cniL. In the mixed*2COASCO isotopic experiment, the — and Pt are reproduced, but Ni is calculated to have the [Ar]-
2206.4 cn! band shows a doublet feature, and the 2210.5lcm  3d°4st ground state configuration, as found by other DFT
band splits to a triplet with a fourth band at 2225.0énThe calculationst:14For CO, the calculated bond length is 1.128 A
2206.4 cnt! band is assigned as the-© stretching mode of and the harmonic vibrational frequency is 2211.8 énThese
Pd(COY, and the 2210.5 cm band is the antisymmetric-€0 results are in excellent agreement with the experimental v&tues,
stretching mode of Pd(C@). The band at 2225.0 crhin the CO bond length, 1.128 A, and the harmonic vibrational
mixed isotopic experiment is the symmetric stretching mode frequency (), 2169.8 cm™.
of Pd@2CO)(BCO)*. In the CCl-doped experiment, both bands ~ The binding energies of the carbonyls are listed in Tables
increase while the anion bands are absent from the-18220 4—6. All of those values are positive, which means that adding
cm™* region37:38 CO to unsaturated carbonyls are exothermic reactions. During
Pt(CO)* (n=1, 2, 3).Three bands are observed at 2210.3, deposition, excess CO is condensed in the neon matrix so excess
2207.9, and 2204.7 cmh in the high G-O vibrational region CO can react with unsaturated metal carbonyls to produce higher
on deposition. With 0.1% CO/Ne, the 2204.7 ¢nband isthe ~ order carbonyls if enough energy is available to overcome any
strongest, but with 0.2% CO/Ne, the 2210.3 éhand becomes ~ barriers. In our annealing experiments, the intensities of the
the strongest (Figure 6). In the 0.2% CO experiments, the 2204.7higher order carbonyl absorptions increase while the lower order
cm~! band shows only a small increase aféeK annealing, carbonyls decrease. These observations are well supported by
then no change after 10 K annealing, and finally decreases afterthe calculations. The previous experimental bond energy data
11 and 12 K annealings. The 2210.3 ¢hiband increases by ~ 0f (COWNI—CO (n=0, 1, 2) are 40.5t 5.8, 47.1+ 5.8, and
half afte 6 K annealing, increases again after 10 K annealing, 28.3+ 2.3 kcal/moFE? (COXNi~—CO (n= 1,2) are 43.4- 5.8
but the intensity of this band decreases after 11 and 12 K and 38.5+ 2.3 kcal/mol?? (CO)Ni*—CO (n = 1,2,3) are
annealings. The 2207.9 cthband is the weakest band on 40.4+ 2.5, 22.6+ 1.4, and 18.4:- 0.7 kcal/mol?® Since the
deposition, but it keeps increasing on annealings; after 12 K zero-point energy (ZPE) and basis set superposition error
annealing, this band is the strongest among the three. Photolysi§BSSE) only account for several kcal/mol, we have not done
after the annealings almost destroys the three bands. The threéhese corrections. Nevertheless, our “raw” calculation results
bands at 2210.3, 2207.9, and 2204.7 érare assigned as for binding energies of (C@Ni—CO (n = 0, 1, 2) 32.9, 40.8,
Pt(COY", Pt(CO¥*, and PtCO, respectively. Some of isotopic ~ and 27.4 kcal/mol, (CQNi~—CO (h= 1,2) 43.0 and 39.3 kcal/
counterparts and intermediate bands in mixed isotopic experi- mol, and (CONi*—CO (h = 1,2,3) 37.5, 21.0, and 16.8 kcal/
ments are not observable due to the dominant CO and aggregaté&ol are close (within 10%20%) to the experimental data.
absorptions in this region. As expected, in the 0.02%.,CCI Electron affinities (EA) of monocarbonyls are also listed in
doped experiment, these three bands increase by at least hallfables 4-6. Combined with the binding energies, we can get
again while the anion products are absent. the EAs of Ni(CO) (n=1, 2, 3) as 13.8, 16.0, and 27.9 kcal/



Reactions of Laser-Ablated Ni, Pd, and Pt Atoms with CO

J. Phys. Chem. A, Vol. 104, No. 17, 2008911

TABLE 4: Ground Electronic States, Equilibrium Geometries, Binding Energies, and Frequencies Calculated (B3LYP/

6-3114+G*) for the Ni Carbonyls

electronic point  binding energy

species state group  (kcal/mol)? geometry (A, deg) frequencies (intensfty)

Cco =+ Coy C-0: 1.128 2211.8(89)

NiCO =F Co 32.9 Ni—C: 1.685, C-O: 1.151 345.0(% 2), 585.9(5), 2083.6(745)

Ni(CO), A, Ca, 40.8 Ni-C: 1.781, C-O: 1.141, 426.2(4), 450.6(0), 496.0(153), 2073.3(2137), 2162.7(72)
OCNiIC: 150.7,0NiCO: 173.7

Ni(CO); AL Dan 27.4 Ni—-C: 1.819, C-O: 1.139 484.0(5 2), 2094.5(1378« 2), 2173.1(0)

Ni(CO), A, Tq 20.3 Ni—C: 1.846, C-O: 1.138 464.3(0), 2113.3(10323), 2186.2(0)

NiCO~ 3F Ceoy -13.8 Ni—C: 1.691, C-O: 1.172 224.4(8% 2),573.2(0), 1937.6(1066)

Ni(CO),~ I, Doh 43.0 Ni~C: 1.766, C-O: 1.175 402.2(17), 448.5(0), 458.5(1), 1867.3(2960), 1936.0(0)

Ni(CO)s~ 2A," Dan 39.3 Ni—C: 1.784, C-O: 1.166 514.0(% 2), 1913.4(2266¢ 2), 1997.7(0)

NiCO* 3r Co, 175.¢ Ni—C: 1.896, C-O: 1.118 294.5(0< 2), 378.0(3), 2294.3(178)

Ni(CO),* Y Doh 375 Ni~C: 1.931, C-O: 1.118 379.4(28), 405.6(8 2), 2279.6(545), 2308.5(0)

Ni(CO)s* °Aq Ca 21.0 Ni—C': 1.961, C-0': 1.121, 387.7(4), 400.0(8), 2260.7(296), 2265.1(538), 2292.8(1)
Ni—C: 1.954, C-O: 1.119,
OCNIC: 154.9,00NiCO: 179.9

Ni(CO),* B, Dy 16.8 Ni—C: 1.982, C-O: 1.121, 408.2(0), 2247.8(280), 2251.1(4342), 2280.0(0)

OCNIC: 129.0,00NiCO: 175.8

2Binding energies refer to the reactions: Ni(GQY + CO — Ni(CO),?, without ZPE and BSSE correctiorfsThe ground state of Ni atom is
calculated as [Ar]3ts configuration.© Relative energy compared to NiCGEA of NiCO). ¢ Relative energy compared to NiCO (IE of NiCO).
eC’ and O are on theC; axis. C and O refer to otherSThese two carbon atoms are in one dihedral pléitighest frequencies listed, no negative

roots for any frequencies.

TABLE 5: Ground Electronic States, Equilibrium Geometries, Binding Energies, and Frequencies Calculated for the Pd

Carbonyls?

electronic point  binding energy

species state group (kcal/moly geometry (A, deg) frequencies (intensity)

PdCO =+ Ceov 41.3 Pd-C: 1.873,C-0O: 1.143 242 .4(%k 2), 445.3(12), 2112.9(629)

Pd(CO) A, Co 29.7 Pd-C: 1.965, C-O: 1.135, 321.0(3), 366.0(130), 383.0(0), 2121.1(1826), 2190.3(28)
OCPdC: 162.5(PdCO: 176.2

Pd(CO} A Dsn 11.6 Pd-C: 2.020, C-O: 1.135 413.6(% 2), 2120.2(1184 2), 2174.9(0)

Pd(CO) 1A, Ty 47 Pd-C: 2.070,C-O: 1.134 369.2(2), 2129.9(904 3), 2183.0(0)

PdCO 27! Cs -10.8 Pd-C: 1.873, G-O: 1.168, 203.9(143), 478.4(38), 1914.2(1913)
OPdCO: 154.3

Pd(CO}~ 1, Do 32.9 Pd&-C: 1.935,C-O: 1.169 345.5(11), 347.4(17), 408.0(0), 1887.5(3436), 1943.4(0)

Pd(CO}~ 2N, Dan 19.3 Pd-C: 1.976,C-0O: 1.161 448.5(1% 2),1921.5(2523« 2), 1990.2(0)

PdCO =t Ceo, 2019 Pd-C: 1.996, C-O: 1.118 282.4(0< 2), 327.3(4), 2287.4(174)

Pd(CO}*" gt Do 32.6 Pd&-C: 2.061, C-O: 1.117 301.7(0), 398.1(% 2), 2285.6(431), 2311.3(0)

Pd(CO}* 2p; Ca 15.2 Pd-C: 2.088, CG-O: 1.119, 337.5(3), 384.4(7), 2265.7(203), 2267.8(478), 2291.3(0)
Pd-C': 2.138, C-0'": 1.120
OJCPdC: 166.11PdCO: 178.5

Pd(CO)*" B, Dad 105 Pd-C: 2.174,C-0O: 1.121, 324.3(0), 2253.9(53), 2254.4(4272), 2276.9(0)

0CPdC!154.5,(JPdCO: 178.4

aDFT calculation: B3LYP functional, 6-311G* basis set on C and O, LANL2DZ basis set and ECP on Pd. The ground state of Pd atom is
calculated as [Kr]4¥4< configuration.? Binding energies refer to the reactions: Pd(€@)+ CO— Pd(CO)d, without ZPE and BSSE corrections.
¢ Relative energy compared to PACOEA of PdCO).¢ Relative energy compared to PdCO (IE of PdC8J! and O are on theC; axis. C and
O refer to othersf These two carbon atoms are in one dihedral plémktghest frequencies listed, no negative frequencies.

mol. The experimental data are 1850.3, 14.8+ 0.3, and
24.8 £+ 0.3 kcal/mol?° Similarly, the ionization energies (IE)
of the Ni(CO), (n = 1—4) are calculated as 175.1, 178.4, 184.8,
and 188.3 kcal/mol, and the experimental data are 16837,
179.6+ 5.1, 177.3+ 5.8, and 188.4- 5.3 kcal/mol?2 Both

are higher than anions. The calculated frequencies as well as
experimental values have shown this trend. The detailed
comparison between calculated and experimental values is listed
in Table 7. The average of scale factors is 0.970.007. The
B3LYP functional is well-known for higher frequencies, and

EA and IE values are close to the experimental measurementsthe scale factor for this method is generally around €501
Recently, the EA of PACO has been deduced in anion photo- On the other hand, the calculated harmonic frequencies should

electron spectroscopy,and our value (10.8 kcal/mol) is close
to the experimental value (13290.2 kcal/mol). Although there

be larger than the experimental fundamental modes which
include anharmonicity factors. Matrix shifts contribute to

is concern about the accuracy of DFT anion energies for the the difference between calculated and experimental values. If

calculation of electron affinity? the present B3LYP calculations
for EA’s and IE’s of Ni(CO), are within 10% of experimental
measurements except for the EA of NiCO (25% too low).

The C-0O stretching modes largely depend on the strengths

of the C-0 bonds. The bond lengths of<® units can be used
to reflect the strengths of the-€ bonds. In all these three
metal carbonyls, the cations have shorter@ bonds than
neutrals, while the neutrals have shorter@bonds than anions.
As a result, the €0 vibrational frequencies (stretching modes)

we take CO as our standard, which gives scale factor 0.968,
the average scale factor of the carbonyl complexes is quite
acceptable.

The isotopic frequency ratios of these-O vibrational modes
are well-defined by the calculations (Table 7). They give strong
support in assigning these bands, especially when th@® C
stretching vibrations of Pd and Pt carbonyl neutrals are very
congested.

In the case of CO bonded to cation center, such “nonclassical’

of the cations are higher than neutrals, and those of neutralscarbonyls with frequencies higher than CO itself have been
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TABLE 6: Ground Electronic States, Equilibrium Geometries, Binding Energies, and Frequencies Calculated for the Pt
Carbonyls?

electronic point  binding energy

species state group (kcal/moly geometry (A, deg) frequencies (intensfty)

PtCO s+ Coy 66.6 Pt+C: 1.781, CG-O: 1.148 404.7(2 2), 590.3(5), 2121.4(659)

Pt(CO)» 1AL Ca, 43.5 Pt+C: 1.909, G-O: 1.138, 452.4(0), 463.3(0), 520.5(0), 2108.9(1934), 2195.4(64)
OCPtC: 157.1[JPtCO: 171.5

Pt(CO) AL Dan 12.1 P+C: 1.956, C-O: 1.139 507.9(14 2), 2104.2(129% 2), 2165.9(0)

Pt(CO), 1A, Ty 3.7 Pt+C: 1.996, C-O: 1.137 472.6(18), 2114.5(10233), 2174.2(0)

PtCO 27 Cs —-23.6 Pt—C: 1.820,C-0O: 1.172, 191.4(137), 547.8(26), 1935.4(1132)
JPtCO: 165.9

Pt(CO)~ 17, Deon 415 P+C: 1.901, C-0O: 1.172 406.0(0), 489.4(1), 501.5(0), 1896.1(2898), 1975.5(0)

Pt(CO)}~ A" Dan 20.7 Pt+C: 1.923, G-0O: 1.165 533.0(46¢ 2), 1925.9(2135¢ 2), 1994.5(0)

PtCO > (o 216.5 Pt-C: 1.861, C-O: 1.124 383.3(0« 2), 492.1(18), 2262.2(321)

Pt(COY* gt Deh 47.9 Pt+C: 1.984, G-O: 1.119 421.1(0), 504.7(1R 2), 2262.2(744), 2315.4(0)

Pt(CO¥* 20 Ca 24.2 PtC': 2.004,C—0O" 1.122,  436.7(8), 494.8(15), 2243.1(790), 2245.2(350), 2286.1(3)

Pt-C: 1.998, G-O: 1.121,
OCPtC: 163.00PtCO: 178.2

P(CO)X" 2B, Dag 11.4 Pt-C: 2.030, G-O: 1.124, 433.4(14), 2212.5(878 2), 2217.0(99), 2252.9(0)
OCPtC! 153.3,0PtCO: 173.6

aDFT calculation: B3LYP functional, 6-3H#G* basis set on C and O, LANL2DZ basis set and ECP on Pt. The ground state of Pt atom
is calculated as [Xe]4f5d°6s' configuration.? Binding energies refer to the reactions: Pt(G@) + CO — Pt(CO)?, without ZPE and BSSE
corrections® Relative energy compared to PtCG-EA of PtCO). Relative energy compared to PtCO (IE of PtCOY' and O are on
the C, axis. C and O refer to othersThese two carbon atoms are in one dihedral plémtighest frequencies listed, no negative roots for any
frequencies.

TABLE 7: Comparison of Computed and Experimental C—O Stretching Modes of the Ni Group Carbonylst

stretching computed experimental scale factor
species mode freq (cm?) R(12/13) R(16/18) freq (cm?) R(12/13) R(16/18) (exp/comp)
NiCO o 2083.6 1.0248 1.0217 2006.6 1.0248 1.0210 0.963
Ni(CO), b, 2073.3 1.0232 1.0241 1978.9 1.0228 1.0238 0.955
& 2162.7 1.0244 1.0224 2089.7 1.0242 1.0217 0.966
Ni(CO); e 2094.5 1.0233 1.0239 2025.0 1.0229 1.0236 0.967
Ni(CQO), to 2113.3 1.0233 1.0239 2056.3 1.0231 1.0234 0.973
NiCO~ o 1937.6 1.0250 1.0212 1860.6 1.0248 1.0217 0.960
Ni(CO),~ ou 1867.3 1.0242 1.0226 1813.8 1.0238 1.0223 0.971
Ni(CO);~ e 1913.4 1.0244 1.0227 1864.7 1.0240 1.0226 0.975
NiCO* o 2294.3 1.0234 1.0238 2206.5 1.0230 1.0234 0.962
Ni(CO),* oy 2279.6 1.0231 1.0243 2205.3 1.0228 1.0239 0.967
Ni(CO)s* & 2260.7 1.0231 1.0243 2186.2 1.0239 0.967
b, 2265.1 1.0230 1.0244 2192.4 0.968
Ni(CO)4* e 2247.8 1.0230 1.0245 2176.2 0.968
PdCO o 2112.9 1.0239 1.0230 2056.4 1.0238 1.0224 0.973
Pd(CO) b, 2121.1 1.0229 1.0246 2065.8 1.0224 1.0244 0.974
Pd(CO} ¢ 2120.2 1.0230 1.0244 2062.7 1.0228 1.0240 0.973
Pd(CO) to 2129.9 1.0229 1.0245 2074.6 1.0228 1.0240 0.974
PdCO a 1914.2 1.0239 1.0231 1909.0 1.0238 1.0218 0.997
Pd(CO)~ oy 1887.5 1.0240 1.0228 1832.3 1.0239 1.0220 0.971
Pd(CO}~ e 1921.5 1.0238 1.0233 1872.2 1.0235 1.0226 0.974
PdCO o 2287.4 1.0232 1.0240 2206.4 1.0230 1.0237 0.965
Pd(CO)" ou 2285.6 1.0230 1.0244 2210.5 1.0228 1.0240 0.967
Pd(CO}*" b, 2267.8 1.0230 1.0245
Pd(CO)* e 2254.4 1.0229 1.0246
PtCO o 2121.4 1.0253 1.0209 2065.5 1.0251 1.0203 0.974
Pt(CO) b, 2108.9 1.0232 1.0240 2053.2 1.0226 1.0242 0.974
Pt(CO) e 2104.2 1.0234 1.0238 2044.0 1.0231 1.0235 0.971
Pt(CO), to 2114.5 1.0233 1.0240 2058.1 1.0231 1.0235 0.973
PtCO™ a 1935.4 1.0251 1.0213 1896.3 1.0250 1.0202 0.980
Pt(CO)~ ay 1896.1 1.0243 1.0225 1844.0 1.0238 1.0196 0.973
Pt(CO)~ e 1925.9 1.0244 1.0224 1875.8 1.0241 1.0218 0.974
PtCO" o 2262.2 1.0241 1.0227 2204.7 1.0223 0.975
Pt(CO)" ou 2262.2 1.0230 1.0244 2210.3 1.0238 0.977
Pt(CO)}* b, 2243.1 1.0231 1.0243 2207.9 1.0229 1.0237 0.984
Pt(CO)" e 2212.5 1.0230 1.0244
CcO o 2211.8 1.0228 1.0248 2141.1 1.0227 1.0246 0.968

aThere is no single negative mode in the vibrational frequencies calculated for all of these molecules.

explained by electrostatic effectsThe agreement of NiCQ The bonding properties of monocarbonyls always receive
PdCO, and PtCO frequencies within 2 cm! shows that extra attention because they are considered as the models of
electrostatic effects dominate here, even more so than predictedhe CO binding to the metal surfaé&!” In our calculations,

by the B3LYP calculations, which suggest a 32¢émspread all the monocarbonyls are linear, except PdCand PtCO

for these carbonyl cation species. which are calculated to be bent by both DFT/B3LYP and BP86
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TABLE 8: Natural Bonding Orbital Analyses of Ni Group Monocarbonyls

species conformn of Ni BO of CO species conformn of Pd BO of CO species conformn of Pt BO of CO
NiCO 337453 2.80 PdCO 4B P40 2.84 PtCO 5817601 2.77
NiCO* 3013 2.95 PdCO 4P0%5g12 2.94 PtCO 5¢P8%6<-36 2.87
NiCO~ 32821 2.73 PdCO 4P4%5g-06 2.76 PtCO 50°1%6g-35 2.67

functionals. The description of the bonding of CO to transition PES measuremefft.The uncorrected sequential binding ener-
metals usually involves the mechanism @fdonation andr gies of metal carbonyls agree well with the collision-induced
back-donation. To address this bonding mechanism, we havedissociation data. The NBO analyses have also been done on

applied natural bonding orbital (NBO) analy®ito the mono-
carbonyls, and results are listed in Table 8.

First, the cations have higher<D bond orders than neutrals,
and neutrals have higher~<© bond orders than anions. Again,
this shows us that €0 stretching frequencies have the order
cations > neutrals > anions, as found for other transition
metals37-38

all nine monocarbonyls; the only two nonlinear monocarbonyls
are PdCO and PtCO.

The PtCO complex observed here in solid neon at 2065'cm
is just below value for low-coverage top site CO on Pt(111)
measured by ELS (258 me¥ 2080 cntl) and very low
coverage at 20 K by RAIRS at 2089 c&f®44The RhCO and
IrCO frequencies in solid neéhagreed with the low-coverage

Second, the different configurations of metal atoms in anions, top-site measurements within 10 cin

cations, or neutrals can be used to explain the different

Catalyst systems with Ni(ll) have provided carbonyl absorp-

geometries. Anions have the largest s electron component, whiletions in the 22042191 cn? region attributed to Ni(Il-CO

neutrals and cations have smaller s character.drdenation

in carbonyls is always explained as the Blectrons of CO
molecule donating to valence s orbital (of $gbridized orbital)
of metal atom, whiler back-donation is the valencg dlectrons
of metal atom donating tos2 orbital of CO. The electrons in
valence s orbital (or schybridized orbital) of metal atom can
substantially decrease theNCO bond strength because of the
repulsion between the metal s electrons and the €€léctrons.

on AIPQy, Al,Os, and SiQ supportst® The present observation
of NiCO™ at 2206.5 cm? provides strong evidence that the
local charge on these supported Ni(ll) catalyst systemisli€
and not near thet2.0 implied by the oxidation state. The
average CO stretching frequencies of Pd(&8(sF), and
Pt(COX(SOsF), were reported as 2217 and 2201 ¢éiff47Our
observations of neon matrix-isolated Pd(GOand Pt(CO)"

at 2210.5 and 2210.3 crhstrongly suggest that the local charge

To relax this repulsion, it is energy wise for metal atom to on these solvated dicarbonyls is negt instead of+2 that
undergo s to d electron promotion. In the NBO analyses, this might be inferred from the Il oxidation state in their molecular
promotion is confirmed by a comparatively smaller s component, formulas.

but a larger d component in the metal valence electron

configurations. In carbonyl anions, the metal atom has larger Acknowledgment. The authors gratefully acknowledge
valence s character than in the neutrals and cations, and hencéd\ational Science Foundation support from Grant CHE 97-00116
the repulsive forces between metal s electrons and @O 5 and a preprint from L. Manceron.

electrons are larger. Because tliedsbital of CO does not point
directly toward the metal in bent geometry, theepulsion is

smaller. This repulsion probably acts as a driving force for
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