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Reactions of Laser-Ablated Rhodium and Iridium Atoms with Nitric Oxide in Neon and
Argon. Matrix Infrared Spectra and Density Functional Calculations of Rh(NO);-3,
Ir(NO) 1-3, NRhO, NIrO, RhNO *, and IrNO *
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Laser-ablated rhodium and iridium atoms are reacted with nitric oxide and the products are isolated in solid
neon and argon. Neutral nitrosyl complexes Rh(N@pand Ir(NO)_3; are the main products, and weaker
bands due to RhNQ IrNO™, NRhO, and NIrO are also observed. DFT calculations for these products using
the BPW91 and B3LYP functionals determine frequencies with the same accuracy found for other metal
nitrosyls and are a useful predictive tool. The stretching frequencies observed for the isolated nitrosyls are
close to those for analogous nitrosyl species on rhodium and iridium surfaces, which will aid in interpreting
vibrational data for surface species.

Introduction Experimental and Theoretical Methods

The interaction between rhodium and nitric oxide is important ~ The experiment for laser ablation and matrix isolation has
as the metal is incorporated in catalytic converters to decreasebeen described in detail previougf?® Briefly, the Nd:YAG
emissions of pollutant gases, and numerous experimental andaser fundamental (1064 nm, 10 Hz repetition rate with 10 ns
theoretical studies have been made over the past décadbe pulse width) was focused on rotating rhodium and iridium
iridium and nitric oxide system has also been investigatet,. targets (Goodfellow Metals). Laser energies ranging from 5 to
Nitric oxide is found to adsorb both molecularly and dissocia- 50 mJ/pulse were used. In experiments with neon, a 10% neutral
tively, depending on the temperature, surface coverage, and howdensity filter was used to reduce the laser energy. Laser-ablated
the metal catalysts are supported. Many assignments have beefetal atoms, cations and electrons were co-deposited with nitric
made to various rhodium nitrosyl surface species using vibra- oxide at 0.6-0.1% in argon or 0.20.02% in neon onto a-78
tional data, but these are commonly done without the benefit K or 4—5 K Csl window at 2-4 mmol/h for 30 min to 2 h.

of the isotopic data required to identify intermediates that lend Several isotopic samples*{l‘°O, Matheson;**N*®0, MDS
support to proposed reaction schemes. isotopes, 99%*N180, Isotec, 99%) and selected mixtures were

used. Infrared spectra were recorded at 0.5%rasolution on
a Nicolet 750 spectrometer with 0.1 cfaccuracy with a
HgCdTe detector. Matrix samples were annealed at a range of
temperatures (2045 K in argon, and 611 K in neon) and
subjected to broadband photolysis by a medium-pressure
mercury arc (Philips, 175 W) with the globe removeéd> 240

m).

In the present work, the reactions between laser-ablated
rhodium and iridium atoms and nitric oxide are studied by
isolating transient reaction products in solid argon and neon.
Experiments are performed usikiN1e0, 15N160, 15N 180, and
mixtures of these to determine the stoichiometry of products
formed. Density functional theory (DFT) is used to calculate
proposed reaction products, both to aid in making assignments . . .
and to assess the effectiveness of these calculations. The noble Density fupctlonal th(.eo.ry (DF.T) calculat.|0ns were perfqrmed
gas matrix system is less complicated than an extended metaP" then:?godlum and |r|d|um' nitrosyls using the Gaussu?m 94
surface, and allows unambiguous identification of the important program: The BPW91_funct|onaI was used in all calcul_at|on_s,
metal nitrosyl products. This information may then be used in while the B3LYP functional was employed for comparison in

understanding the larger rhodium and iridium surface systems selected case8.» The 6-311-G(d) basis set was used o
aing 9 . L yste ‘represent nitrogen and oxygé&hand the LanL2DZ ECP basis
Further, this and the preceding work on matrix-isolated rhodium . L ngaE
o 14 set was used for rhodium and iridiuth?
and iridium carbonyf$14lay the groundwork for a future study
of these metal atoms with CO/NO mixtures. Result
esults

Neutral and charged nitrosyl complexes are formed with each

metal which are found to correlate well with vibrational data  Absorptions for rhodium and iridium nitrosyl products in pure
for the corresponding metal surfaces. No surface counterpartsand mixed isotopic experiments in solid neon and argon are
for the isolated Rh(NQ)and Ir(NO} complexes identified in  listed in Tables +4. Figures +8 show spectra in neon and
this work have been reported, though future isotopic studies of argon matricies in both nitrosyl and nitride-oxide regions.
supported rhodium catalysts may yet reveal such species, asAdditional bands due to NO, (N@)(NO)*, (NO),~, NO,, and

has been found with iron zeolité%In addition, the insertion ~ NO,~ common to experiments with laser-ablated metal and nitric
products NIrO and NRhO are observed, allowing a study of oxide are not listed in the tabl@The optimized geometries
the trends in metatligand bond strength by comparison with and associated harmonic frequencies of product molecules
results for other transition metal%:26 calculated using DFT are summarized in Tables85energies
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TABLE 1: Infrared Absorptions (cm ~1) from Co-deposition of Laser-Ablated Rhodium Atoms with NO in Excess Neon at 4 K

14N160 15N160 [HN1O/5N0] I5N18O [15N16O/ANE0] 14N160 + 1SN0 assignment
1957.5 1919.9 [1.0196] 1874.1 [1.0244] 1957.5,1919.9 RhNO
1806.4 1769.6 [1.0208] 1731.7 [1.0219] 1806.4, 1769.6 RhNO
1757.7 1724.3 [1.0194] 1682.4 [1.0249] b Rh(NOY
1756.2 1721.6 [1.0201] a b Rh(NO); (site)
1754.8 a 1679.6 b Rh(NOY; (site)
1752.6 1718.7 [1.0197] 1678.3 [1.0241] b Rh(NO); (site)
1746.9 1713.3 [1.0196] 1672.6 [1.0243] b Rh(NOY
1742.0 1708.6 [1.0196] 1667.9 [1.0244] b Rh(NO), (site)

967.8 939.4 [1.0302] 939.3 [1.0001] a NRhO

965.4 936.8 [1.0305] 936.7 [1.0001] a NRhO (site)

aBand was not observed in this experimerBpectral region too congested to observe bands.

TABLE 2: Infrared Absorptions (cm ~1) from Co-deposition of Laser-Ablated Rhodium Atoms with NO in Excess Argon at 7 K

1N160 15\160 [14N160/A5N160] 15\180 [1SN160/15N180] IN160 + 15N16O assignment

1801.8 1766.3 [1.0201] 1725.7 [1.0235] b Rh(NO)

1796.3 1761.1 [1.0200] 1720.4 [1.0237] b Rh(NO), (site)

17757 1738.8[1.0209] b b RhNO

1749.0 1715.4 [1.0196] a b Rh(NO)

1745.9 1712.8 [1.0193] 1671.3 [1.0248] 1745.9,1731.4, 1721.2,1712.8 RI(8IE)
b 1711.6 b b, 1730.1, 1720.0, 1711.6 Rh(NgXsite)

1743.4 1709.6 [1.0198] 1669.5 [1.0240] b, 1709.6 Rh(NO) (site)

1740.9 1707.9 [1.0193] 1666.4 [1.0249] 1740.9, 1726.6, 1715.6, 1708.0 RI(8i@)

1736.5 1702.8 [1.0198] 1662.8 [1.0241] 1736151702.9 Rh(NO)

1734.3 1701.2 [1.0195] 1660.0 [1.0248] 173431701.2 Rh(NO) site)

1708.9 1673.0 [1.0215] a a Rh(NO),

1634.9 1603.8 [1.0194] a 1634.9, 1603.8

1554.5 1524.5 [1.0197] a a

1553.4 1523.3 [1.0198] a a

1543.1 1514.3 [1.0190] 1477.3 [1.0250] b

1527.4 1495.5 [1.0213] a b

1524.6 1492.3 [1.0216] a b

1521.8 1490.2 [1.0212] a 1521.9, 1490.2

964.2 935.7 [1.0305] 935.6 [1.0001] 964.2, 935.7 NRhO
813.7 813.6 [1.0001] 773.6[1.0517] 813.7 NRhO

aBand not observed in this experimehSpectral region too congested to observe bahdsiresolved bands.Bands obscured, values taken
from ref 36.

TABLE 3: Infrared Absorptions (cm ~1) from Co-deposition of Laser-Ablated Iridium Atoms with NO in Excess Neon at 4 K

14N160 15N160 [HN1O/A5NIEO] I5N18O [5N16O/NE0] 14N160 + N0 assignment
1993.3 1952.8 [1.0207] a 1993.3, 1952.8 IrNO (site)
1990.0 1949.5 [1.0208] a 1990.0, 1949.5 IrNO
1851.1 1810.6 [1.0224] b b, 1851.1 I'NO
1850.0 1809.4 [1.0224] b b, 1850.0 IrNO (site)
1757.5 1722.6 [1.0203] c b Ir(NO)s (site)
1756.1 1721.4 [1.0202] c b Ir(NO)s (site)
1755.3 1720.6 [1.0202] c b Ir(NO); (site)
1753.7 1718.9 [1.0202] 1669.5 [1.0296] b Ir(NO)s
1744.6 a 1671.7 b ?
1699.7 1668.9 [1.0185] 1630.6 [1.0235] a Ir(NO),
1696.9 1664.7 [1.0193] a a Ir,(NO),
1686.9 1657.7 [1.0176] a a Ir,(NO),
1684.6 1654.4 [1.0183] 1612.9 [1.0257] a Ir,(NO),
1681.1 1652.0 [1.0176] 1607.2 [1.0279] a Ir(NO),
1001.8 973.5[1.0291] a a ?

994.6 968.8 [1.0266] a a NIrO

868.9 866.4 [1.0029] 830.0 [1.0439] 868.9, 866.4 NIrO

aBand not observed in this experimePSpectral region too congested to observe bahdsiresolved bands.

of reactions are in Table 9, and additional force constant indicating that only one nitrosyl group is present (Figure 1).
information is included in Tables 10 and 11. The “N60/5N160 ratio of 1.0208 is typical for metal
nitrosyls16-26 higher than the value of 1.0179 for isolated nitric
oxide due to coupling with the MN vibration. Conversely,
New product molecules are identified by isotopic substitution the **N*®O/*N*®0 ratio of 1.0219, which indicates the degree
and DFT calculations as follows. of oxygen participation in the mode, is lower than the value of
RhNO. A weak, sharp band is observed at 1806.4 tin 1.0276 for the isolated molecule. The RhNO molecule was
neon that grows significantly during annealing and photolysis previously observed in argon at 1775.1¢nf“N) and 1738.8
and exhibits a doublet of peaks in mixed isotopic experiments, cm (*5N) in the matrix isolation study of rhodium and nitrogen,

Discussion
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TABLE 4: Infrared Absorptions (cm ~1) from Co-deposition of Laser-Ablated Iridium Atoms with NO in Excess Argon at 7 K

14N16O 1SN0 [M4N16O/5N16O] 15N18O [**N16O/SN1EQ] 14N160 + 15N6O assignment
3550.3 3480.3 [1.0201] a a Ir(NO)s
3479.9 3411.1[1.0202] a 3479.9, 3459.8, 3423.5, 3411.1 Ir(NO)
3475.5 3407.4 [1.0200] a 3475.5, 3455.3, 3419.8, 3407.4 Ir(N@3ite)
1838.7 1798.6 [1.0222] 1763.6 [1.0198] b, 1798.8 IrNO (site)
1837.4 1797.2[1.0224] a b, 1797.2 IrNO (site)
1835.8 1795.6 [1.0224] 1760.9 [1.0198] 1835.8, 1795.6 IrNO (site)
1833.7 1793.8 [1.0222] 1759.0[1.0198] 1833.7, 1793.7 IrNO
1745.5 1711.0[1.0202] 1671.7 [1.0235] b, 1729.6,1719.5,1711.0 Ir(N®)
1743.2 1708.4 [1.0204] 1669.5 [1.0233] 1743.2,1721.3,1708.4 I{NO)
1741.4 1707.0 [1.0202] 1667.9 [1.0234] 174041667.9 Ir(NO) (site)
1737.3 1702.6 [1.0204] 1663.7 [1.0234] 1737.3,1715.8, 1663.7 I Ke@)
1710.8 1676.9[1.0202] 1638.7 [1.0233] a Irx(NO)y
1709.0 1675.4 [1.0205] 1637.2[1.0233] a Irx(NO)y
1692.1 1660.6 [1.0190] 1619.4 [1.0254] a Irx(NO)y
1086.0 1085.7 [1.0003] 1059.4 [1.0248] 1085.8 ?
977.3 951.9[1.0267] 946.9 [1.0053] 977.3,951.9 NIrO
975.3 950.3 [1.0263] 944.7 [1.0059] 975.3, 950.3 NIrO (site)
852.6 849.8 [1.0033] 813.7 [1.0444] 852.6, 849.8 NIrO (site)
850.6 848.0[1.0031] 811.6 [1.0448] 850.6, 848.0 NIrO
aBand not observed in this experimehSpectral region too congested to observe bahdsiresolved bands.
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Wavenumbers (em®) Figure 2. Infrared spectra in the 183660 cn1! region for laser-

. . . ablated rhodium atoms after (a) 30 min deposition with 0.3% NO in
Figure 1. Infrared spectra in the 1960660 cm* region for laser-  argon, (b) annealing to 25 K, (c) annealing to 30 K, (d) 26 min
ablated rhodium atoms after (a) 50 min deposition with 0.12% NO in ppotolysis, (e) annealing to 45 K, and after (f) 30 min deposition with
neon, (b) annealing to 8 K, (c) annealing to 11 K, (d) annealing to 12 o 250415N60 in argon and annealing to 45 K, and (g) 50 min deposition
K, and after (e) 25 min deposition with 0.13%NO in neon and with 0.25% N80 in argon and annealing to 45 K.
annealing to 10 K, (f) 25 min deposition with 0.12% N© 0.12%
15N%0 in neon and annealing to 10 K, and (g) 25 min deposition with
0.11%%'N*80 in neon and annealing to 10 K.

with frequencies in greater error. The calculation was repeated
with MP2, and in this case the optimized geometry is linear

where nitric oxide was present as a trace impuiitilowever, with a nitrosyl stretching frequency of 1858.1 tinThis is in
the greater concentration of nitric oxide used in the present argongreater error than the DFT results, but the isotopic ratios of
matrix work gives (NO), which covers this region. 1.0213 and 1.0226 calculated with MP2 are in slightly better
Both density functionals predict singlet ground states with agreement with experiment. These differences can be attributed
slightly bent geometrie§)RhNO= 157.P (BPW91) and 1455 to the linear geometry, which maximizes ti*60/*5N€O ratio
(B3LYP); the linear geometries have imaginary bending fre- and minimizes the!>N'6O/ASN80 ratio due to the greater
quencies. Comparison with previous results for other metal mechanical coupling between the-Nil and N-O stretching
nitrosyl systems suggests that the nitrosyl stretching frequencymodes. These results suggest that the linear geometry is correct,
for RhNO is underestimated with both functionals: the BPW91 and that the DFT calculations erroneously predict a slightly bent
value of 1785.6 cm' is close to the experimental value but is geometry, resulting in lower calculated frequencies.
20 cnt! too low, whereas similar calculations for other metal Rh(NO)s. Sharp bands are observed at 1745.9, 1743.4, and
nitrosyls tend to give values 3810 cn1t too high?425Similarly, 1740.9 cm? in argon that increases significantly on annealing
the B3LYP value of 1807.3 cnt is in excellent agreement with  and each exhibit a quartet of bands in the miX&d'é0 +
experiment, but in other cases the calculated frequency is too'°N0 experiment (Figures 2 and 3), with intermediate com-
high and must be scaled down by 0:9%1962425The calculated ~ ponents weaker than the pure isotope bands. This is diagnostic
NT6O/A5N10 and'>N16O/A5NE0 isotopic ratios of 1.0208 and  of a molecule with a 3-fold rotation axis, like Co(N&¥f and
1.0234 (BPW91) and 1.0200 and 1.0249 (B3LYP) are in the bands are therefore assigned to Rh(N®lifferent matrix
reasonable agreement with experiment; the BPW91 values aresites. Unlike Ir(NO} described below, no overtone or combina-
slightly closer to the measured values. Other electronic statestion bands are observed, and no estimate for the symmetric
were calculated by altering orbital occupations and repeating stretching mode can be made. The corresponding neon bands
the geometry optimizations, but these were higher in energy are at 1757.7 and 1752.6 cf and the*NO/**NO and!*NO/
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ablated iridium atoms after (a) 50 min deposition with 0.12% NO in 4 104 NO+ 0.1%25N6O in argon, (d) annealing to 25 K, (€) annealing
neon, (b) annealing to 7 K, (c) annealing to 10 K, (d) 18 min photolysis, 4 30 K. (f) 20 min photolysis e{nd annealing to 4'0 K

(e) annealing to 12 K, and after (f) 50 min deposition with 0. 18G50 U P ysis, © g '
in neon and annealing to 11 K, and (g) 50 min deposition with 0.11%

15N180 in neon and annealing to 12 K. Rh(NO),. Two bands at 1736.7 and 1734.3 chin argon

grow in during low-temperature annealing but decrease on the

highest annealing temperatures (Figure 2). These bands have
15N*80 isotopic ratios of 1.0194 and 1.0249 are almost identical jsotopic ratios similar to those for the bands assigned to Rh-
to those in argon (Figure 1). However, the neon spectra in this (NO);, but the mixed isotopic data indicates that these lower

region are too congested by absorptions due to {NRH(NOY, frequency bands are due to Rh(NOand not two additional
and Rh(NQJ in the mixed isotope experiment for the intermedi- matrix sites of Rh(NQ) (Figure 3). The bands due to Rh-
ate components of Rh(N@Jo be distinguished. (14N160)(15N160), and Rh{4N60),(15N160) for the three matrix

The singlet and triplet states of Rh(N{re calculated to be  sites of Rh(NO) are observed as shown. If the bands at 1736.7
almost identical in energy. However, the geometry is ap- and 1734.3 cm! were also due to the trinitrosyl complex, then
proximately trigonal planai¥z,) for the singlet state, with linear  the corresponding RH{N0)(*°N1¢0), band should be observed
RhNO subunits, whereas the triplet state geometry is essentiallyin the region between the mixed isotope bands at 1726.6 and
planar but with bent RhNO subunit€4;). This causes the  1721.2 cni?, but no such band is present. However, if these
degenerate stretching frequency for the singlet state (1779.7and the!>N60 counterparts at 1702.9 and 1701.3¢rare due
cm™1) to be higher than that for the triplet state (1744.8¢m to Rh(NO), then the intermediate band due to RNECO)-
The former is 30.7 cmt higher than the 1749.0 crh band (15N10) is expected to fall at1715 cnt?, a few wavenumbers
observed in argon, and is more in line with previous results for below the midpoint of the pure isotope bands, as is typically
metal nitrosyl$425Note that the calculated geometries are not the case for this type of molecule. This would be completely
exactlyDa, or Can. Such symmetry breaking is commonly found obscured by the peak at 1715.6 Thdue to Rh{*N16O),-
for molecules of high symmetdf,and small differences in bond  (**N60), but can be detected indirectly by the increase in the
lengths and artificially nondegenerate frequencies are averagedntensity of the 1715.6 crit band relative to the other bands in
in Tables 5-8. the quartet. It is also apparent from the change in intensity of
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argon and annealing to 30 K, and (f) 50 min deposition with 0.28%80 in argon and annealing to 30 K.
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Figure 8. Infrared spectra in the 98040 and 866-810 cnt! regions for laser-ablated iridium atoms after (a) 60 min deposition with 0.3% NO

in argon, (b) annealing to 25 K, (c) 25 min photolysis, (d) annealing to 30 K, and after (e) 60 min deposition with 0.390.M®'°N%0 in argon
and annealing to 30 K, and (f) 55 min deposition with 0.25%'0 in argon and annealing to 30 K.

this band during annealing, which is slightly different to the value, supporting the assignment. TB#0/5N0O and
other bands in the quartet. This is clear in the later annealing 1N60/15N180 ratios of 1.0201 and 1.0248 are in good agree-
cycles where the bands at 1736.7, 1734.3, 1715.6, 1702.8, andnent with the experimental values of 1.0198 and 1.0241, and
1701.2 cm! decrease, whereas the bands at 1740.9, 1726.6,the antisymmetric stretching frequency in the mixed isotope Rh-
and 1708.0 cm! increase. These observations support the (N60)(°N10) is calculated to be 1741.7 cm 5 cnm! below
assignment of the observed bands to Rh(NOhe most likely the midpoint of the pure isotope bands, as expected from the
candidate bands for this molecule in neon are at 1746.9 andmixed 1“N60O + 15N160/Ar experiment. The results of the
1742.0 cm?, red-shifted from the broad band at 1752.6ém  B3LYP calculations are more complicated, however. TBe
assigned to Rh(NQ@) though the mixed isotopic data in neon state is calculated to be much lower in energy than the linear
are too congested for any information regarding Rh(NaQ) quartet state, and has an antisymmetric stretching frequency of
Rh(NO) to be obtained. 1797.8 cm?, requiring a scale factor of 0.966 to fit the argon
The lowest energy state calculated for Rh(N@3ing the value. However, this state also has a large imaginary frequency
BPWO91 functional is?B;, a planar structure with nonlinear  which corresponds to an out-of-plane deformation mode. When
nitrosyl linkages. Nonplanar structures were calculated, but arethe calculation is repeated for a nonplanar structure, the rhodium
considerably higher in energy. Both linear and bent quartet statesatom moves out of the plane of the molecule during the
were calculated to be much higher in energy, &&d is geometry optimization to give a structure@fsymmetry. Both
identified as the ground state. The asymmetric stretching 2A’ and2A'"" states were calculated, but the latter state is much
frequency of 1764.0 cnt is 27.5 cn1?! higher than the argon  higher in energy. ThéA’ state is marginally lower in energy
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TABLE 5: Geometries, Energies, and Frequencies Calculated for Neutral and lonic Rhodium Nitrosyls Using DFT
(BPW91/LanL2DZ/6-311+G(d))

state relative
molecule (point group) energies (kJ/mat) 0 geometry (A deg) frequencies (cA) [intensities (km/mol)]
RhNO 1A' (Cy) 0 RhN: 1.735; NO: 1.175 1785.6 [558], 609.2 [0], 140.4 [11]
ORhNO: 157.1
SA" (Cy +90 2.0000 RhN: 1.868; NO: 1.186 1661.5[796], 562.2 [6], 262.9 [5]
ORhNO: 128.3
NRhO 1A' (Cy) +203 RhN: 1.661; RhO: 1.768 1017.2[103], 826.1[92], 195.2 [20]
ONRhO: 139.4
A" (Cy) +271 0.1485 RhN: 1.675; RhO: 1.805 956.0 [29], 680.7 [41], 226.2 [9]
ONRhO: 1235
SA" (Cy +288 2.0000 RhN: 1.717; RhO: 1.812 883.2[4], 679.0 [38], 265.5 [2]
ONRhO: 113.6
SA" (Cy) +255 2.0000 RhN: 1.678; RhO: 1.794 955.4 [32], 717.5 [45], 233.0 [9]
ONROO: 124.4
RhNO" 23 (Cay) 0 0.7500 RhN: 1.774;NO: 1.135 1990.8 [452], 538.4 [13], 200.9 [6]x2
ORhNO: 180.0
A" (CY +134 3.7500 RhN: 1.986; NO: 1.150 1862.8[583], 394.3 [14], 262.2 [2]
ORhNO: 144.8
Rh(NO) 2B1(Ca) 0 0.7500 RhN: 1.815; NO: 1.174 1823.5[194], 1764.0 [1565], 570.9
ORhNO: 163.2 [4], 488.4 [2], 485.5 [2]...48.6 [5]
ONRhAN: 128.0
¢(ONRhAN): 0.0
2A" (Cy) +83 0.7506 RhN: 1.868; NO: 1.186 1696.1[286], 1640.9[1410], 549.9 [3]...
ORhNO: 135.0 —80.3 [0], —521.1 [141]
OONRhAN: 116.6
#(ONRhN): 81.3
274 (Cor) +85 3.7502 RhN: 1.848; NO: 1.180 1813.10], 1735.8 [1724], 492.4 [9]x2,
ORhNO: 180.0 460.4 [0], 418.3 [26]...43.0 [1]
ONRhN: 180.0
A, +209 3.7500 RhN: 1.873; NO: 1.184
JRhNO: 165.8
ONRhKN: 119.7
¢(ONRhAN): 0.0
Rh(NO) "IA" (Dan) 0 RhN: 1.851; NO: 1.169 1848.4[0], 1779.9 [1564]x2, 543.7 [27],
JRuNO: 180.0 543.0 [39]x2, 459.5 [0], 430.2 [29]x2-20.1 [0]
[ONRuN: 120.0
"SA'"" (Can) +1 2.0013 RhN: 1.879; NO: 1.174 1808.5][0], 1744.8 [1486]x2, 461.1 [3]x2,

ORAhNO: 155.1
ONRhN: 120.0

451.9 [0]..-10.9 [0]

TABLE 6: Geometries, Energies, and Frequencies Calculated for Selected Neutral and lonic Rhodium Nitrosyls Using DFT
(B3LYP/LanL2DZ/6-311+G(d))

scale factors

molecule (ground state) frequencies (cmt)

[relative energy, kJ/mol] 0 geometry (A de}y [intensities (km/mol)] argon neon
RhNO (A") [0] RhN: 1.741; NO: 1.167 1807.4 [713], 0.999
ORhNO: 145.5 648.2 [1], 174.2 [1]
NRhO (A") [+249] RhN: 1.639; RhO: 1.756 1060.5 [143], 0.909 0.913
ONRhO: 143.1 865.3 [143], 207.4 [31] 0.940
NRhO (A'"") [+286] 0.4134 RhN: 1.649; RhO: 1.850 994.5 [30], 557.3 [20],
ONRhO: 122.8 204.1[14]
NRhO @€A") [+342] 2.0368 RhN: 1.721; RhO: 1.781 718.6 [31], 682.8 [13],
ONRhO: 125.8 201.2 [16]
NRhO @€A'") [+387] 2.0089 RhN: 1.745; RhO: 1.818 822.4 [80], 538.9 [87],
ONRhO: 123.2 134.1[23]
RhNO" (=) 0.7501 RhN: 1.789; NO: 1.118 2087.4 [643], 0.938
ORhNO: 180.0 20.9[21],191.0 [5]
Rh(NOY, (3B1) [+2] 0.7541 RhN: 1.822; NO: 1.159 1903.5 [200], 1835.1 [2078], 0.946 0.953
ONRhN: 132.7 549.5 [4], 484.7 [1]...
ORhNO: 166.8 0199.9 [15]
#(ONRhN): 0.0
Rh(NO), (?A") [0] 0.7533 RhN: 1.834; NO: 1.163 1868.8 [264],
ONRhAN: 126.1 1797.8 [1705],
ORhNO: 149.8 515.4[0], 425.6 [1]...45.9 [1]
#(ONRhN): 34.2
Rh(NOY (“=) [+52] 3.7543 RhN: 1.854; NO: 1.169 1873.4[0], 1795.2 [2195],
ONRhN: 180.0 523.0 [12]x2, 453.2 [0],
CORhNO: 180.0 419.9[77]...55.5 [1]x2
Rh(NO) ("*A™) RhN: 1.851; NO: 1.154 1931.3[0], 1846.5 [2099]x2, 0.947 0.952
ONRhAN: 120.0 567.3 [33],
JRhNO: 180.0 550.4 [38]x2, 463.1 [0],

041.1 [0]
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TABLE 7: Geometries, Energies, and Frequencies Calculated for Neutral and lonic Iridium Nitrosyls Using DFT
(BPW91/LanL2DZ/6-311+G(d))

relative frequencies (cm')
molecule state (point group)  energies (kJ/mot) 0 geometry (A dey [intensities (km/mol)]
IrNO 3% (Cuy) 0 IrN: 1.677; NO: 1.174 1878.9 [499], 689.7 [4],
OIrNO: 180.0 359.4 [13]x2
1A (C.y) +123 0.0429 IrN: 1.784; NO: 1.164
OIrNO: 180.0
SA’ +53 2.0000 IrN: 1.793; NO: 1.182  1706.9 [755], 654.6 [8],
OIrNO: 142.3 343.0[12]
NIrO 1A' (Cy) +69 / IrN: 1.671; IrO: 1.754 1076.0 [17], 856.8 [77],
ONIrO: 120.3 299.6 [0]
A" (Cy) +86 0.0635 IrN: 1.682; IrO: 1.765 1046.3 [11], 816.1 [49],
ONIrO: 124.5 276.9[1]
SA" (Cy +120 2.0000 IrN: 1.683;IrO: 1.781  1035.6 [30], 800.2 [69],
ONIrO: 140.1 258.9 [3]
SA" (Cy) +64 2.0000 IrN: 1.681; IrO: 1.764 1050.2 [12], 822.1 [49],
ONIrO: 125.3 275.4[1]
IrNO™ 2A (Co) 0 0.7501 IrN: 1.733; NO: 1.138  2023.9 [434], 624.6 [8],
OIrNO: 180.0 338.2 [8]x2
237 (Cay) +28 0.7500 IrN: 1.721; NO: 1.143  1993.1[418], 637.6 [8],
OIrNO: 180.0 369.2 [6]x2
A" (Cy) +113 3.7500 IrN: 1.875; NO: 1.149  1843.6[112],554.9 [17],
OIrNO: 142.8 346.7 [13]
Ir(NO), 2B1 (Cz) 0 0.7500 IrN: 1.788; NO: 1.177  1846.6 [130], 1779.0 [1480],
OIrNO: 166.1 634.6 [2], 538.6 [3],
CONIrN: 138.0 520.9 [0]... 84.7 [1]
#(ONIrN): 0.0
2A1 (Co) +15 0.7500 IrN: 1.794; NO: 1.176  1848.0[119], 1778.2 [1419],
OIrNO: 164.1 588.9 [3], 521.9 [1],
COONIrN: 142.9 474.6 [0], 409.7 [9]...74.9 [1]
#(ONIrN): 0.0
(7)%(0)* (Do) +74 3.7500 IrN: 1.827;NO: 1.179  1848.6 [0], 1722.8 [1564],
OIrNO: 180.0 541.9 [0], 439.5[11]...66.3 [0]
CONIrN: 180.0
Ir(NO)3 "1A" (Dan) 0 IrN: 1.823; NO: 1.174  1841.4[0], 1781.0 [1377]x2,
OIrNO: 180.0 591.1 [63]x2, 539.5 [39],
ONIrN: 120.0 538.9 [0],457.2 [42]x2...51.6 [0]
"SA"" (Dan) +11 2.0007 IrN: 1.835; NO: 1.178  1819.5[0], 1768.4 [1254]x2,
OIrNO: 180.0 533.7 [6]x2, 521.2 [0],
ONIrN: 120.0 472.3 [4]...42.4[0]

than the plana#B; state and has only real frequencies. However, alters the mechanics of the mode. In addition, the relative
the nitrosyl stretching frequencies are considerably lower and intensities of 1:8 (BPW91) and 1.7 (B3LYP) are in good
do no fit the experimental data as well. It is most likely that agreement with the observed ratio of 1:9. This lends more
the 2B, state is correct, as found with the BPW91 functional, support to the assignment of Rh(NOh argon. The ratio of
but that the B3LYP calculation is deficient and erroneously intensities calculated for th#; state using B3LYP is 1:10, in
predicts a nonplanar geometry. This is similar to the calculations closer agreement with experiment than that for the nonplanar
for RhNO, which was optimized to a bent structure with both state, which is further evidence that the planar geometry is
functional when a linear geometry is more likely to be correct. correct despite the negative frequency calculated using B3LYP.
Weak, broad bands observed at 1801.8 and 1796:3 am IrNO. A sharp band at 1851.2 crhin neon grows in on
argon are appropriate for assignment to the symmetric stretchingannealing but diminishes on photolysis (Figure 4). Tid'0
mode of Rh(NO) in different matrix sites. Corresponding counterpart at 1810.7 crh gives a ratio of 1.0224. This high
15N160 and!>N180 bands givé“N160/AN160 and!®N160/5N180 ratio indicates a significant coupling between the-Nr and
ratios of 1.0201 and 1.0235, respectively. The isotopic ratios N—O stretching modes that increases the amplitude of the
for the more intense antisymmetric mode were 1.0198 and nitrogen atom in the higher frequency vibration relative to that
1.0241, indicating that the symmetric stretching mode has ain isolated NO. Thé>N180 counterpart to these bands was not
slightly greater nitrogen motion and lesser oxygen motion than observed owing to masking by>€0),.
the asymmetric mode. The DFT results are consistent with this; The argon counterpart to this band is at 1838.7 £Figure
the symmetric stretching frequency is calculated to be 1823.5 5) is slightly lower than the neon value as is typically the &se.
cm™! and the“N0O/5N160 and!®N60/5N8O ratios for the The N0 and™N'®0 bands are observed at 1793.7 and 1759.3
symmetric stretching mode are 1.0203 and 1.0244, respectivelycm™1, respectively, giving!“N160/5N160 and 15N160/15N180
(BPW91), compared to the ratios 1.0201 and 1.0248 for the isotopic ratios of 1.0222 and 1.0197; the former is identical to
antisymmetric mode. The same trend is found with the B3LYP that in neon within the accuracy of the measurement. Applying
functional: the ratios for the symmetric nitrosyl stretching mode, the latter ratio to the 1810.7 crthband in neon indicates that
1.0195 and 1.0257, are higher and lower than the 1.0191 andthe band due to N8O should be at 1775.7 crh which is
1.0264 ratios for the asymmetric mode, respectively. Note that completely obscured by a band at 1775.5 émue to*N€O
these ratios were calculated for th&' state, and are probably  and is therefore not observed. This region of the spectrum is
in greater error than those calculated using BPW91 because theslear enough to show that there are no intermediate components
nonplanar geometry calculated using B3LYP is incorrect, which in the*N160 + 15N160/Ar experiment, indicating that only one
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TABLE 8: Geometries, Energies, and Frequencies Calculated for Selected Neutral and lonic Iridium Nitrosyls Using DFT
(B3LYP/LanL2DZ/6-311+G(d))

molecule (ground state) frequencies (cimt) scale factors
[relative energy, kJ/mol] 0 geometry (A deg) [intensities (km/mol)] argon neon
IrNO (*=1) [0] IrN: 1.673; NO: 1.162 1919.5[663], 700.6 [5], 366.6 [14] 0.955 0.964
OIrNO: 180.0
NIrO (*A") [+98] IrN: 1.658; IrO: 1.747 1119.5[21], 875.3 [101], 293.2 [0] 0.873 0.888
ONIrO: 121.1 0.972 0.993
NIrO (*A") [+99] 0.2096 IrN: 1.670; IrO: 1.766  1070.8 [11], 785.1 [36], 274.1 [3]
ONIrO: 123.9
NIrO (PA") [+126] 2.0001 IrN: 1.671; IrO: 1.773  1060.3 [30], 794.7 [66], 266.1 [4]
ONIrO: 140.2
NIrO ((A") [+263] 2.0098 IrN: 1.744;1rO: 1.812  831.6 [13], 682.8 [2], 272.4 [8]
ONIrO: 113.8
IrNO™ (%A) [0] 0.7504 IrN: 1.726; NO: 1.128  2095.3[612], 617.4 [12], 338.6 [8] 0.950
ONIrO: 180.0
IrNO™ (°=7) [+34] 0.7500 IrN: 1.739; NO: 1.123  2061.0 [0], 630.2 [13], 369.3 [6]x2
ONIrO: 180.0
Ir(NO), (%B4) [0] 0.7523 I'N: 1.789; NO: 1.163  1912.2 [151], 1834.1 [1934], 0.950
ONIrN: 139.9 622.7 [3], 546.6 [3], 468.6 [0]...80.4 [1]
OIrNO: 167.6
Ir(NO)2 (?A1) [+13] 0.7624 IrN: 1.798; NO: 1.164  1902.1[143], 1824.7 [1792], 738.7 [40],
ONIrN: 143.8 569.9 [1], 484.1 [5], 400.7 [1]...65.7 [1]
OIrNO: 161.3
Ir(NO); (8)X()? [+37] 3.7514 IrN: 1.826; NO: 1.168  1905.4 [0], 1828.1 [1903], 545.1 [0],
ONIrN: 180.0 422.6 [35], 418.6 [2]...69.5 [0]
OIrNO: 180.0
Ir(NO); "*A"" [+21] IrN: 1.820; NO: 1.160 1913.9[0], 1838.3 [1840]x2, 605.5 [69]x2,
ONIrN: 120.0 571.5 [48], 546.7 [0], 437.3 [53]x2...46.2 [0]
OIrNO: 180.0
Ir(NO)3"3A" [0] 2.0182 Ir'N: 1.834;NO: 1.166  1883.7 [0], 1822.3 [1542]x2, 534.0 [11]x2, 0.958 0.962
ONIrN: 120.0 519.7 [0], 508.4 [8].=17.4 [4]
OIrNO: 180.0

TABLE 9: Reaction Energies Calculated Using DFT

reaction AE(BPW91)/(kd/mol) AE(B3LYP)/(kJ/mol) reaction no.
RhNO @A’) + NO (IT) — Rh(NO), (?By) —-197 —144 1
Rh(NO), (2B,) + NO @IT) — Rh(NO) ("1A") —-120 —44 2
IrNO (22) + NO @II) — Ir(NO) (?B1) -271 —-218 3
Ir(NO); (2B1) + NO (A1) — Ir(NO)3 ("1A") —169 —-101 4
TABLE 10: Force Constants (N nT) and Bond Angles frequencies are consistent with the results for other metal
(Ddetg) Calculated for NIrO and NRhO Using Experimental nitrosyls studied in this laboratof}:25 More importantly, the
aa calculated"N*60/1N160 and'5N160/5N80 ratios of 1.0230,
fu-n fu—o fu—nm-o bond angle 1.0195 (BPW91) and 1.0227, 1.0202 (B3LYP) are in good
metal mean stddev mean stddev mean stddev mean std devagreement with experiment (1.0222, 1.0197), showing that DFT
Ir 720 5 656 10 has described the properties of IrNO correctly.
Rh 675 1 541 1 5 11 90 12 Ir(NO) 3. A sharp band at 1745.3 crthin argon exhibits
. . 1 strong growth during annealing and moderate growth during
Eﬁﬁtﬁtle}j fc?rom\ﬁﬁryl%)&gf, gﬂ&ceN,\CA%nf,ﬁ nt:s |(rN QE)) photoly;is (Eigure 5). Weak bands_ at 3550.3 and 3479.91cm
ridiom Thodium f[rack with this _band under all _condltlons. When the experiment
is repeated with an equal mixture N0 and!°N€O, the
molecule  bond  fw-x  fuom-v  fux  fuoxm-y 1745.3 cm? band is replaced by a quartet characteristic of the
NMN M-N 638 8% 532 69 degenerate mode of a moleciflavith a 3-fold symmetry axis
NMO M-=N 720 675 > (Figure 6). Accordingly, the 1745.3 crhband is assigned to
M—0 656 il the degenerate nitrosyl stretching mode of Ir(Rlhe weaker
OMO M-0 765 66° 628 45

band at 3479.9 crii is slightly less than double the fundamental
frequency and is therefore assigned to the first overtone of that
mode, the 10.7 cri difference arising from anharmonicity. The
NO subunit is involved and supporting the assignment of these Pand at 3550.3 cnit is assigned to the combination of the
bands to IrNO. symmetric and degenerate modes, and if the same anharmonicity
The DFT calculations for IrNO are in good agreement with S @ssumed then the symmetric nitrosyl stretching frequency is
experiment. Thé=" singlet ground state is found to be linear €stimated to be 1815.5 crh assuming the same matrix shifts
with both BPW91 and B3LYP density functionals; and the triplet for the two modes. Two intermediate components were observed
and other singlet states are considerably higher in energy. Thein the mixed isotopic experiment for the 3479.9 ¢nband,
NO stretching frequency of 1878.9 crcalculated with BPW91 resulting in a 13:5:10:5 intensity pattern, very different to the
is 43.1 cnt! higher than observed in argon, and the B3LYP 5:3:3:5 intensity pattern observed for the fundamental of the
calculated frequency requires a scale factor of 0.955. Thesedegenerate mode. The 3550.3 @nband is weaker, and no

aNIrN in solid nitrogen, unpublished resultsFrom ref 36.¢ From
ref 39.
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intermediate components are discernible in the mixed isotopic states are much higher energy and may be ignored. The

experiment. antisymmetric stretching modes calculated for these states with
|r(NO)3 was observed at 1753.7 chin neon, but the quartet the BPW91 functional are 1779.0 and 17782ém|gher than

of peaks could not be resolved in the mixed isotopic experiment the experimental value of 1736.5 cfin argon. These are of

due to the intense triplet of bands arising from (M@nd Ir- the expected accuracy for this functional, and either could be
(NO), (see below). the ground state. Similarly, the frequencies calculated with

The DFT calculations using the BPW91 functional for Ir- B3LYP are almost identical and no distinction can be made.

(NO)s produce frequencies in good agreement with experiment, The ground state f(_)r Rh(N@)escribed above is determined
though the ground state is uncertain since the singlet and triplet!® Pe“B, though this need not be the case for Ir(¥O)
states are within 11 kJ/mol and both give nitrosyl stretching ~ The “NO/*N%0 and **N'®O/*N'®0 isotopic ratios are
frequencies that are compatible with experiment; the singlet statecalculated to be 1.020% 0.0001 and 1.024@ 0.0002 with
frequencies for the symmetric and degenerate stretching modegither state, in good agreement with the experimental values of
are 25.9 and 35.6 cm higher than the argon values, and the 1.0204 and 1.0233, and the antisymmetric stretching frequency
triplet state frequencies are 4.0 and 22.1-¢rhigher. When  Of Ir(**N*%0)(**N'*0) is calculated to be-45 cni* below the
the calculations are repeated with the B3LYP functional, the Midpoint of the pure isotope bands for both states with the
triplet state is 21 kJ/mdower in energy, and the frequencies BPW91 functional, also in good agreement with the experi-
for both states require scale factors in the range-600862425 mental value of 4.5 cmt. Unfortunately, the yield of Ir(NQ)
The singlet state frequencies are more in line with previous 1S much less than that of Rh(N&)and so bands due to the
results for metal nitrosyls, but the triplet frequencies are also Symmetric stretch, calculated to be much weaker, are not
reasonable and cannot be ruled out. In all cases the moleculePbserved. Using the results for Rh(NOgs a guide, the
adopts a trigonal planar structure slightly distorted frogp. frequency expected for this mode is 182510 cnv* in argon.
The “N160/15N160 and1°N160O/A5N180 ratios are the same for Reaction Energies.The energies for the addition reactions
each calculation, 1.0206 and 1.0240, respectively, in good that give the M(NO) and M(NO) complexes are listed in Table
agreement with the experimental values 1.0202 and 1.0235. This9. All are exothermic, as expected from the growth of these
molecule and the rhodium analogue Rh(NOMgave formal species on annealing. This growth also shows that no appreciable
electron counts of 18 and are therefore the most highly activation energy is required for these reactions to occur. The
coordinated nitrosyl complexes that can be isolated for thesereactions for the iridium species release more energy, in
metals. Higher coordination is possible if one or more nitrosyl agreement with the stronger metdiand binding expected for
ligands adopt a bent configuration, as was observed for thethe third row transition metal.
copper nitrosylg2 but there is no evidence for this in the RhNO* and IrNO *. A sharp, weak band at 1957.5 chin
rhodium or iridium nitrosyls. Rh/neon experiments grows in during annealing but diminishes
Ir(NO) 2. Given the abundance of IrNO and Ir(NQh the on photolysis (Figure 1). Th®N60 and!*N80 counterparts
argon and neon matrices, it is logical that Ir(N@hould also at 1919.9 and 1873.9 crh give ratios of 1.0196 and 1.0245,
be present. Close examination of the NO/Ar spectra reveals respectively. No intermediate band is observed in'ti%0
features close to the Ir(N@pands that are consistent with the + **N'60/Ne experiment, indicating that only one NO subunit
expected behavior of Irf(N@) three weak bands at 1743.2, is involved in the mode. These bands were not observed in
1741.4, and 1737.3 cmh, not present initially, grow in during ~ argon. Based on the numerous studies of transition metals and
low-temperature annealing and photolysis, and decrease onnitric oxide in this laboratory, the straightforward assignment
higher temperature annealing. These bands, anéiH&O/Ar is to the molecular cation RhNCG*26 The intensity of the
and>N180/Ar counterparts at 1708.4, 1707.0, 1702.6 ¢nand 1957.5 cm! band in neon is increased by a factor of 2 with
1669.5, 1667.9, 1663.7 crh respectively, could simply be  respect to the RhNO band when the reagent gas is doped with
matrix sites for Ir(NO). However, thel*N160O + 15N160/Ar CCly, which captures electrons, enhances the survival of Rh
mixed isotope experiment suggests otherwise (Figure 6). If the cations and supports this assignment. A similar effect has been
above bands were simply different matrix sites for Ir(NGhey observed for other MNO cations?*2°
must be present for each of the intermediate bands at 1729.6 Our DFT calculations for RhNO strengthen this assign-
and 1719.5 cm® due to Ir¢“N160)(*5N1€0), and Ir(*N16O),- ment: both BPW91 and B3LYP predict?@™ ground state,
(*N'%O) respectively, but this is not the case. Weak bands with nitrosyl stretching frequencies of 1990.8 and 2087.4%m
1721.3 and 1715.8 cmin this experiment track with the 1708.4  respectively. The former is 33.3 crthhigher than the neon
and 1702.6 cm! bands; the third band is obscured by the large value, and the latter requires a scale factor of 0.938, typical
1719.5 cm? band. These are more intense than either of the values for metal nitrosyl&*2> Attempts to find other doublet
pure isotope bands, and the approximate 1:2:1 intensity profile states of comparable energy were unsuccessful with both
is appropriate for the out-of-phase nitrosyl stretching mode of functionals, and=" is identified as the ground state for RhKNO
I(NO).. The neon spectra are unclear since the Ir(Nnd IrNO* is observed in neon at 1990.0 chwith a 15N160
is broad and has at least two matrix sites. No reasonable counterpart at 1949.5 crito give a ratio of 1.0208 (Figure 4).
candidates for the dinitrosyl are observed in neon, butitis likely The vyields of iridium nitrosyl products in théSN8O/Ne
that they are coincident with the absorptions due to Ir(NO) experiment were too low to observe the absorption due to
and cannot be distinguished. As noted above, the mixed isotopic|r15\180+, but all three absorptions were observed in the argon
1IN0 + 'N'80O/Ne spectra are complicated by the large site- experiments at 1980.1, 1939.7, and 1896.7 tmwith isotopic
split triplet of bands due to (N@)and no definitive assignments  ratios of 1.0208 and 1.0227. The DFT calculations for IFNO
for the Ir(NO) and Ir(NO} intermediates can be made. completely support this assignment, although there is uncertainty
The DFT calculations for this species add support to the as to which is the correct ground state. The lowest energy state
assignment, although the correct ground state is again ambigu-calculated using the BPW91 functional34, with a nitrosyl
ous. Both functionals find the plandfA; and?B; states to be  stretching frequency of 2023.9 crh This is 43.8 cm! higher
of similar energy with theB; state slightly lower; the quartet  than the argon value, a typical result for this functiotf#fand
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the calculated isotopic ratios of 1.0211 and 1.0230 are in As expected, th&N160 + 15N160/Ar mixed isotope experiment
agreement with experiment. The B3LYP functional also finds shows only doublets with no intermediate components (Figure
the 2A state to be lowest in energy, with a stretching frequency 8). The neon counterparts to these bands are observed at 994.6
of 2095.3 cmil. This requires a scale factor of 0.945, also and 868.9 cm?, about 18 cm? higher than the argon values.
consistent with previous calculations of metal nitrosyls. How-  The DFT results for NIrO are complicated since three
ever, a’X" state is only 28 kJ/mol higher in energy using different statesA’, A", and A", are calculated to have
BPWO1, and 34 kJ/mol higher with the B3LYP functional, and energies within 22 kJ/mol of each other with the BPW91
must also be considered for the ground state. The NO stretchingfunctional: the3A” state is lowest by only 4 kJ/mol (Table 7).
frequency of 1993.1 cni calculated for this state using the The3A’ state is 56 kJ/mol higher in energy than ¢’ state
BPWO1 functional is in very good agreement with experiment, and can probably be ignored. Previous DFT calculations on this
but as noted above, this functional tends to give nitrosyl class of molecule are less accurate than those for the simpler
frequencies a few tens of wavenumbers too high and the nitrosyl complexes: the MN stretching frequency is usually
apparent agreement actually disfavors the assignment. Itis cleapyerestimated by several tens of wavenumbers, whereas the
from these results that the calculations support assignment ofjower M—O stretching frequency is slightly higher than the
the observed band to linear IrNGn a2A grOUnd state, although observed value (|n argoﬂ’v_25 Using this as a guide to the
the 2=+ state cannot be ruled out. It is noteworthy that the expected accuracy of the NIrO calculations, ¥Aéstate is the
isotopic ratios for both RhNOand I'NO" are different from  pest candidate for the ground state since the predicte Ir
those in the neutral molecules, exhibiting less nitrogen and more and Ir—0O stretching modes are 98.7 and 6.3 érhigher than
oxygen participation in the nitrosyl stretching mode; clearly the argon values. The B3LYP calculations for NIrO support
mode mixing is less in the cations than in the neutral molecules. this conclusion (Table 8), as tRA’' state has the lowest energy
NRhO and NIrO. For Rh sharp, weak bands are observed and the stretching frequencies require scale factors less than
at 964.2 and 813.7 cmin argon (Figure 7), and only the upper one. The Ir-O stretching frequency calculated for th®' and
band is observed at 965.4 cfin neon. TheN6O/5N160 A states, which are energetically competitive with¥héstate,
ratio of 1.0305 for the upper band and #¥hI160/15N180 ratio is lower than the experimental value, which is not usually the
of 1.0517 for the lower band are almost identical to the case with the B3LYP functional. Finally, tf&"" state may be
respective RRN and Rh-O harmonic diatomic values of disregarded since it is 165 kJ/mol higher in energy thariAie
1.0306 and 1.0520 indicating that the observed bands are duestate with this functional, and has frequencies that are much
to Rh—N and RR-0O stretching modes and the NRhO molecule lower than the experimental values. TH¥ state is therefore
must be considered. This class of molecule has been observeddentified as the ground state for NIrO. However, the calculated
in most metal nitrosyl systems investigated in this laboratory, N60/5NO ratio of 1.0316 for the higher frequency stretching
and the physical properties in this series were recently sum- mode and®N'60/*N80 ratio of 1.0539 for the lower frequency
marized?® NRhO is unusual in that the relative intensities of stretching mode (all calculations) are in poor agreement with
the observed bands are 1.5:1, with the higher frequency bandthe observed values of 1.0267 and 1.0448. The DFT values
being more intense. The lower frequency band due to th&M approach the harmonic diatomic limits of 1.0325 and 1.0557
stretching mode is more intense in most other NMO mole- for isolated 1IN and I—0O, which shows that DFT has
culeslt-22 underestimated the degree of mode mixing in NIrO. Despite
The DFT calculations for NRhO are less complicated than this deficiency, the relative intensities of the stretching modes,
those described for NIrO below and are more effective in calculated to be 1:4.5 (BPW91) and 1:4.8 (B3LYP), are in good
reproducing the experimental observations. Thé state is ~ agreement with the observed intensity ratio of 1:5.5.
substantially lower in energy than tha'’, SA’, and3A"" states, Both NIrO and NRhO are less stable than the IrNO and RhNO
and the stretching frequencies of 1017.2 and 826.I'cm isomers, which is usually the case for NMO molecufeg?
calculated for this state are 53.0 and 12.4 &imigher than the An important exception is NOsO, which was calculated to be
observed bands. The B3LYP results are equally clear-bt: more stable than OsNO. This was attributed to the exceptionally
is the lowest energy state and the calculated frequencies requirestrong Os-N and Os-O bonds in NOsO, as reflected in the
scale factors of 0.909 and 0.940, again typical for this type of experimentally derived force constants of 849 and 710°Nm
molecule. In addition, the calculaté&iN160/15N160 and>N16O/ the largest values for any NMO molecéfeThe force constants
15N180 ratios for the RN and Rh-O stretching modes of ~ for NRhO and NIrO are calculated in the same way and the
1.0305 and 1.0524 are in very good agreement with the results are summarized in Table 10. These were calculated by
experimental values of 1.0305 and 1.0517. Finally, the calculated neglecting the bending mode and solving for the-NI and
intensities of 1.1:1 (BPW91) and 1:1 (B3LYP) are in good M-—O force constants, the stretehtretch interaction constant,
agreement with the experimental value of 1.4:1, reflecting the and the bond angle in 12 sets of equations. There is little
unusually large intensity observed for the R\ stretching uncertainty in the RN and RR-O force constants, and these
mode. may be considered reliable within the model used. The interac-
The analogous NIrO bands are observed at 977.3 and 850.dton force constant is close to zero, and the bond angle is near
cm! in argon, and the latter band is 5.5 times more intense 90°, but the uncertainties in these quantities are large. It proved
(Figure 8). Weaker matrix sites at 975.3 and 852.6-tm  more difficult to determine best fit values for NIrO, as reflected
disappear during annealing. The higher frequency band exhibitsin the greater uncertainty in the force constants. The two
a largel“N60/5N160 ratio of 1.0267, but a very smafN60/ remaining parameters were so variable that no meaningful best
15\180 ratio of 1.0052. Conversely, the band at 850.6 tiras ~ fit values could be found.
ratios of 1.0031 and 1.0448. The 1.0267 and 1.0448 ratios are The force constants and presumably the bonds are clearly
comparable to the harmonic ratios of 1.0325 and 1.0557 stronger in NIrO than in NRhO, which is the usual trend for

expected for =N and Ir—0O stretching modes, indicating that
the observed modes are predominanttyNrand I—O stretch-
ing vibrations, but with significant coupling between the modes.

metak-ligand bonds down a transition metal group. This is also
reflected in the smaller energy separation between IrNO and
NIrO (69 kJ/mol, BPW91) than between RhNO and NRhO (203
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kJ/mol, BPW91). The NCoO molecule was not observed in two- or three-fold bridge sites, which correspond to the weak
recent matrix isolation studies in this laboratéfyand this is bands in the present work assigned tg(RID), cluster species.
probably because the €N and Ce-O bonds are not strong

enough to prevent dissociation. Group 9 is the latest transition Conclusions

metal group for which NMO molecules are observed owing to

a decrease in MN and M-O bond strengths along the row  ic oxide and the products were isolated in solid argon and
after the iron group metals caused by the increasing population o The nitrosyl complexes Rh(NO} and Ir(NO)_s were

of antlbondm_g or_b|tals. Both NIrO and NRhO show growth on {0 major products with the trinitrosyls Rh(N&3nd Ir(NO)
early annealing in argon, but bands at 929.1 and 900.0'CM e most abundant. The mononitrosyl cations RAN@d IrNO"

due to OIrO and ORhO, respectivéf! also appear, so the  \yere also observed. Our DFT calculations for these species
increase is probably due to atom addition reactions rather thaneﬁective|y reproduced the experimental observations and dem-
insertion by the metal into the-NO bond. Finally, the yield of onstrated the same level of accuracy found for previous
NRhO is unaffected by photolysis; this is in contrast to NOsO, +transition metal nitrosyl complex@$25 However, RhNO is
which was enhanced by irradiation via isomerization of OSNO. cglculated to be nonlinear with both BPW91 and B3LYP

Itis also useful to compare the force constants in the insertion functionals when the linear geometry is more likely to be correct.
products with the corresponding dinitride and dioxide molecules, Similarly, Rh(NO} is predicted to adopt a nonplanar geometry
as shown in Table 11. In both cases, the-Niforce constant using the B3LYP functional, but a planar geometry with the
and presumably the bond in NMO is stronger than that in NMN, BPW91 functional. The latter is found to be a better fit to the
and the M-O bond is weaker than that in OMO. The same experimental data, and the B3LYP calculation is qualitatively
relationship was observed for the osmium and ruthenium incorrect. Similar problems were encountered in DFT calcula-
analogued which was explained by the smaller energy tions for ORhO, which incorrectly predict a bent geométry.
difference between the metal and nitrogen orbitals in the NMO These results should be considered in future DFT calculations
molecule, strengthening theN interaction at the expense of ~ for rhodium. No such problems were encountered in the iridium
the M—O bond. nitrosyl calculations.

Rh,(NO), and Ir,(NO),. Weaker bands that grow on an- The stretching frequencies for the isolated metal nitrosyls
nealing are observed below those due to the metal nitrosyls thaf€Ported here are found to correlate well with those due to
are probably due to metal cluster species that involve two or Nitrosyl products observed on rhodium and iridium surfaces,
more metal atoms. These are marked in the data tables,as Rh YPically agreeing to within a few tens of wavenumbers. This
(NO), and I5(NO),, and no specific assignments are proposed. may prove useful in identifying dinitrosyl and trinitrosyl surface

Surface Chemistry. When NO is adsorbed on Ir(111) at SPETIes.

. . . Finally, the insertion products NRhO and NIrO are also
sufficiently high coverage, a loss feature is observed at 1860 observed and effectively modeled by DFT. Force constant
cmt in EEL spectra that is most likely due to NO in a top

. . calculations suggest that the-NN and M—O bonds are stronger
site!! with an analogous band observed near 1840%om Ir- 9 g

in NIrO than in NRhO, which is expected from similar
(100)*2 These are very close to the values of 1851.1 and 1835.8 5 c.,1ations for other NMO molecul@s.
cm~1 observed for isolated IrNO in neon and argon. In addition,
a 1958 cm* feature on Ir(100) assigned to a species with  acknowledgment. We gratefully acknowledge research
substantial positive character is intermediate between the 1851.15pport from the Petroleum Research Fund.
and 1993.3 cm! bands assigned to IrNO and IrNGn neon?
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