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Laser-ablated Ru and Rh atoms react with CO and N, mixture in excess neon to produce the
carbonylmetal dinitrogen complexes, (NN),MCO (M=Ru,Rh; n=1,2) and NNRu(CO),, as well
as metal carbonyls and dinitrogen complexes. These carbonylmetal dinitrogen complexes are
characterized using infrared spectroscopy on the basis of the results of the isotopic substitution and
mixed isotopic splitting patterns. Density functional theory calculations have been performed on
these complexes. Overall agreement between the experimental and calculated vibrational
frequencies, relative absorption intensities, and isotopic shifts supports the identification of these
species from the matrix infrared spectra. Furthermore, a plausible reaction pathway for the
formation of the products has been proposed. This work reveals that the reactivity of Ru and Rh
atoms toward CO is prior to N,. © 2010 American Institute of Physics. [doi:10.1063/1.3299715]

I. INTRODUCTION

Reactions under nontraditional experimental conditions
can often yield new and exciting species not accessible from
normal chemical reaction conditions.' Recent studies have
shown that, with the aid of isotopic substitution, matrix iso-
lation infrared spectroscopy, combined with quantum chemi-
cal calculation, is very powerful in investigating the spec-
trum, structure, and bonding of novel species and the related
reaction mechanisms.”® The interaction of ruthenium and
rhodium atoms with small molecules (i.e., CO, O,, CO,, H,,
N,, CHy, etc.) is of considerable interest due to its impor-
tance in many catalytic processes.4 Among these small mol-
ecules, carbon monoxide and dinitrogen are two of the most
important in transition-metal chemistry from an academic or
an industrial viewpoint.‘l’5 For instance, the rhodium dicarbo-
nyl on alumina, silica, and zeolites is widely used as a cata-
lyst system for activation of many molecules including N,
H,, CO,, and alkanes®™"! through a coordinatively unsatur-
ated Rh'(CO) center. Previous investigations exhibit that the
adsorption of dinitrogen molecules on supported rhodium
carbonyls produces the Rh(CO)(N,) spec:ies.7’12 Theoreti-
cally, Rh(CO)(N,) is predicted to have a bent structure with
a A’ ground state.'? Similarly, the Ru(CO), (x=1,2) com-
plexes react with dihydrogen molecules to generate the ru-
thenium carbonyl dihydride H,Ru(CO), and the hydrogen
complexes (H,),RuCO (x=1 ,2).14

In contrast with extensive experimental and theoretical
investigations of the interaction of Rh and Ru atoms with
separate CO or N, molecules,lS_22 however, much less work
has been done on the simultaneous interaction of these metal
atoms with CO and one countermolecule N,. In this paper,
we report a combined matrix isolation infrared spectroscopic
and theoretical study of the reactions of laser-ablated Ru and
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Rh atoms with CO/N, mixtures in excess neon. IR spectros-
copy coupled with theoretical calculation provides evidence
for the formation of the carbonylmetal dinitrogen complexes,
(NN),MCO (M=Ru,Rh; n=1,2) and NNRu(CO),, and the
reactivity of Ru and Rh atoms toward CO is prior to N,.

Il. EXPERIMENTAL AND THEORETICAL
METHODS

The experiments for laser ablation and matrix isolation
infrared spectroscopy are similar to those previously
reported.23 In short, the neodymium-doped yttrium alumi-
num garnet laser fundamental (1064 nm, 10 Hz repetition
rate with 10 ns pulse width) was focused on the rotating Ru
and Rh targets. The laser-ablated metal atoms were codepos-
ited with CO/N, mixtures in excess neon onto a CsI window
cooled normally to 4 K by means of a closed-cycle helium
refrigerator. Typically, 1-30 mJ/pulse laser power was used.
CO (99.95%, Japan Fine Products), *C'®°0 (99%, '0
<1%, ICON), 2C'80 (99%, ICON), N, (99.95%, SUZUKI
SHOKAN Co., Ltd.), *N, (99.8%, SHOKO Co., Ltd.), and
mixed isotopic samples were used to prepare the CO/N,/Ne
mixtures. In general, matrix samples were deposited for
30-60 min with a typical rate of 2—4 mmol/h. After sample
deposition, IR spectra were recorded on a BIO-RAD FTS-
6000e spectrometer at 0.5 cm™' resolution using a liquid ni-
trogen cooled HgCdTe (MCT) detector for the spectral range
of 5000-400 cm™!. Samples were annealed at different tem-
peratures and subjected to broadband irradiation (N
>250 nm) using a high-pressure mercury arc lamp (Ushio,
100 W).

Quantum chemical calculations were performed to pre-
dict the structures and vibrational frequencies of the ob-
served reaction products using the GAUSSIAN 03 program.24
The B3-LYP exchange correlation functional was used.” The
6-311+G(d) basis set was used for the C, O, and N atoms,®
and the scalar-relativistic Stuttgart-Dresden (SDD) pseudo-

© 2010 American Institute of Physics
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FIG. 1. Infrared spectra in the 2200—1900 cm™' region from codeposition
of laser-ablated Ru atoms with 0.4% N, in Ne. (a) 40 min of sample depo-
sition at 4 K, (b) after annealing to 6 K, (c) after 10 min of broadband
irradiation, and (d) after annealing to 10 K.

potential and basis set were used for the Ru and Rh atoms.”’

Geometries were fully optimized and vibrational frequencies
were calculated with analytical second derivatives. Recent
investigations have shown that such computational methods
can provide reliable information for metal complexes, such
as infrared frequencies, relative absorption intensities, and
isotopic shifts.'>

lll. RESULTS AND DISCUSSION

Experiments have been done with CO and N, concentra-
tions ranging from 0.05% to 5.0% in excess neon. Typical
infrared spectra for the reactions of laser-ablated Ru and Rh
atoms with CO and N, molecules in excess neon in the se-
lected regions are illustrated in Figs. 1-6, and the absorption
bands in different isotopic experiments are listed in Tables I
and II. The stepwise annealing and photolysis behavior of the
product absorptions is also shown in the figures and will be
discussed below. Meanwhile, experiments have also been
done for the codeposition of laser-ablated Ru and Rh atoms
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FIG. 2. Infrared spectra in the 2160—1860 c¢cm™' region for laser-ablated Ru
atoms codeposited with 0.2% '“N,+0.2% '*N, mixtures in Ne. (a) 40 min
of sample deposition at 4 K and (b) after annealing to 6 K.
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FIG. 3. Infrared spectra in the 2250—1900 cm™' region from codeposition
of laser-ablated Ru atoms with 0.1%CO+0.5%N, in Ne. (a) 40 min of
sample deposition at 4 K, (b) after annealing to 6 K, (c) after annealing to 8
K, (d) after 10 min of broadband irradiation, and (e) after annealing to 10 K.

with separated CO and N, samples to confirm the new ab-
sorptions. While the Ru(CO), (x=1-5), Rh(CO),, and
Rh(NN), (y=1-4) complexes have been characterized in
solid neon,' 19?12 the Ru(NN), (x=1-5) complexes have
only been reported in argon and pure nitrogen matrices.”
Prior to the discussion of the carbonylmetal dinitrogen com-
plexes, brief assignments for Ru(NN), in neon matrix will be
given in Sec. IIT A. Only infrared spectra from the reactions
of Ru atoms with pure N, in neon matrix are shown here
(Figs. 1 and 2).

Density functional theory (DFT) calculations have been
carried out for the possible isomers and electronic states of
the potential product molecules. Figure 7 shows the most
stable structures of the new products. The ground electronic
states, point groups, vibrational frequencies, and intensities
are listed in Table III. Table IV reports a comparison of the
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FIG. 4. Infrared spectra in the 2250—1850 c¢cm™' region for laser-ablated Ru
atoms codeposited with isotopic CO/N, mixtures in Ne after annealing to 8
K. (a) 0.1%CO+0.5%N,, (b) 0.1%'3CO+0.5%N,, (c) 0.08%'*CO
+0.08%13CO+0.5%N,, (d) 0.1%C"®0+0.5%N,, (¢) 0.08%C'°0
+0.08%C"30+0.5%N,, (f) 0.1%CO+0.5% ""N,, and (g) 0.1%CO
+0.4% "“N,+0.4% “N,.
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FIG. 5. Infrared spectra in the 2300—1950 cm™' region from codeposition
of laser-ablated Rh atoms with 0.1%CO+0.4%N, in Ne. (a) 1 h of sample
deposition at 4 K, (b) after annealing to 8 K, (c) after annealing to 10 K, (d)
after 10 min of broadband irradiation, and (e) after annealing to 12 K.

experimental and calculated isotopic frequency ratios for the
N-N and C-O stretching modes of the new products. Mo-
lecular orbital analysis has been performed to address the
bonding mechanism in these new products. It has been found
that the bonding mechanisms of Rh system are similar to
those of Ru system. Then, only the representative molecular
orbitals of Ru system are presented in Fig. 8.

A. Ru(NN),(x=1-5) and Ru(NN);

In the reactions of Ru atoms with pure N, in neon matrix
(Figs. 1 and 2), absorptions of neutral ruthenium dinitrogen
complexes have been observed for Ru(NN) (2044.9 cm™!),
Ru(NN), (2093.4 cm™'), Ru(NN); (2121.2 cm™'), Ru(NN),
(2132.8 cm™), and Ru(NN)s (2153.8 cm™'), respectively,
which about 10, 16, 30, 6, and 5 cm™! blueshifted from the
argon matrix counterparts.zo New absorption at 1942.0 cm™!
has also been captured and is characterized to the anionic
Ru(NN); complex. The Ru(NN); anion is predicted to have
’11 ground states with D.,;, symmetry. The asymmetric N-N
stretching frequency in the Ru(NN); anion is calculated to be
1991.7 cm™!, consistent with the experimental value of
1942.0 cm™.

B. NNMCO (M=Ru,Rh)

In the Ru+CO+N, experiments, new bands at 2116.0
and 1962.6 cm™' appear together during sample deposition,
increase upon sample annealing, slightly decrease after
broadband irradiation, and slightly increase after further an-
nealing to higher temperature (Table I and Fig. 3). The lower
band at 1962.6 cm™! shifts to 1918.4 cm™ with *C'°0 and
to 1919.9 cm™' with '2C'80, exhibiting isotopic frequency
ratios ('*C'°0/"C'®0: 1.0230; "*C'°0/"C'®0: 1.0222)
characteristic of C-O stretching vibrations. The mixed
2¢1%0+13C'*0+N, (Fig. 4, trace ¢) and '*C'*0+'"*C'®0
+N, (Fig. 4, trace e) isotopic spectra only provide the sum of
pure isotopic bands, implying that one CO unit is involved in
this mode.”® The 1962.6 cm™! band is about 27 c¢m™" blue-
shifted from the C-O stretching vibrational frequency in

J. Chem. Phys. 132, 054504 (2010)

RuCO (Table I).17 Furthermore, the 1962.6 cm™' band also
shows a small shift with "N, (2.2 cm™') (Table I and Fig.
4), suggesting that the N, unit is involved in this complex.
The upper band at 2116.0 cm™' shows very small shifts with
Bce%o  and B0 (2¢%0/Bc'®0:  1.0005;
2¢1%0/2C®0: 1.0005) but a large shift with N,
("N,/N,: 1.0325), indicating that this mode is mainly due
to a N-N stretching vibration. The mixed CO+"N,+ 5N,
isotopic spectra (Fig. 4, trace g) only provide the sum of pure
isotopic bands, which indicate only one N, unit is involved
in the complex.”® The 2116.0 cm™" band is about 71 cm™!
blueshifted from the N-N stretching vibrational frequency in
RuNN (Table I). Accordingly, the absorptions at 2116.0 and
1962.6 cm™! are assigned to the N-N and C-O stretching
modes of NNRuCO (marked 9), respectively. The corre-
sponding absorptions of the N-N and C-O stretching modes
of the [Ru'(CO)(N,)]** complex have been observed at
2218 and 2023 cm™! on yttrium zeolite,”’ respectively,
which are about 102 and 60 cm™' blueshifted from the neon
matrix counterpart of NNRuCO.

In the Rh+CO+N, experiments, similar absorptions at
2230.0 and 2006.9 cm™~!' have been observed (Table II and
Figs. 5 and 6), which are assigned to the N-N and C-O
stretching vibrations of NNRhCO (marked 9’), respectively.
Briefly, the 2006.9 cm™' band shifts to 1961.5 cm™ with
13’0, to 1962.3 ecm™! with 'C'®0, and to 2005.9 cm™
with °N,, giving the >C'%0/13C'®0, *c'%0/"*C'®0, and
N,/ 15N, frequency ratios of 1.0231, 1.0227, and 1.0005
(Table 1II), respectively. The 2230.0 cm™' band shifts to
2156.5 cm™! with '°N, (Table II). It is noted that the N-N
stretching vibrational frequency of NNRhCO is about
66 cm™' blueshifted from that of RhNN (Table 11),* and the
C-O stretching vibrational frequency of NNRhCO is about
17 cm! redshifted from that of RhCO (Table II),'*1° respec-
tively. Previously, the N-N and C-O stretching vibrations of
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FIG. 6. Infrared spectra in the 2280-1920 c¢m™' region for laser-ablated Rh
atoms codeposited with isotopic CO/N, mixtures in Ne after annealing to
10 K. (a) 0.1%CO+0.4%N,, (b) 0.1%"CO+0.4%N,, (c) 0.06%'>CO
+0.06%3CO+0.4%N,, (d) 0.1%C"®0+04%N,, (¢) 0.06%C'°0
+0.06%C"30+0.4%N,, (f) 0.1%CO+0.4% ""N,, and (g) 0.1%CO
+0.3% "“N,+0.3% PN,.
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TABLE 1. IR Absorptions (in cm™') observed from codeposition of laser-ablated Ru atoms with CO and N, mixtures in excess neon at 4 K.

CO+N, BCO+N, CB0+N, CO+ PN, R(?Cc0O/C0) R(C'0/C"®0) R(M“N/N) Assignment
2222.0 2220.9 2220.9 2150.5 1.0005 1.0005 1.0332 NNRu(CO), (11)
2215.5 2214.8 2215.1 2142.6 1.0003 1.0002 1.0340 (NN),RuCO (10)
2163.9 2163.9 2163.9 2092.0 1.0000 1.0000 1.0344 (NN),RuCO (10)
2153.5 2153.5 2153.5 2082.0 1.0000 1.0000 1.0343 Ru(NN)s (7)
2132.8 2132.8 2132.8 2061.7 1.0000 1.0000 1.0345 Ru(NN), (6)
2121.2 2121.2 2121.2 2050.5 1.0000 1.0000 1.0345 Ru(NN); (5)
2116.0 2114.9 2114.9 2049.3 1.0005 1.0005 1.0325 NNRuCO (9)
2093.4 2093.4 2093.4 2023.8 1.0000 1.0000 1.0344 Ru(NN), (4)
2044.9 2044.9 2044.9 1977.1 1.0000 1.0000 1.0343 RuNN (3)
2024.4 1978.2 1981.3 2022.1 1.0234 1.0218 1.0011 NNRu(CO), (11)
1985.9 1941.0 1942.7 1983.9 1.0231 1.0222 1.0010 (NN),RuCO (10)
1972.2 1928.0 1929.3 1967.3 1.0229 1.0222 1.0025 NNRu(CO), (11)
1962.6 1918.4 1919.9 1960.4 1.0230 1.0222 1.0011 NNRuCO (9)
1954.8 1913.6 1907.9 1954.8 1.0215 1.0246 1.0000 Ru(CO), (2)
1942.0 1942.0 1942.0 1877.0 1.0000 1.0000 1.0346 RuNN- (8)
1936.0 1890.4 1895.4 1936.0 1.0241 1.0214 1.0000 RuCO (1)

the NNRhCO species have been observed at 2234 and
2048 cm™! on an Al,O4 surface,” which is in accord with the
present matrix spectra.

DFT calculations have been performed for the NNRuCO
and NNRhCO complexes to support the above assignments.
The NNRuCO and NNRhCO complexes are predicted to
have *=~ and 2Z~ ground states with linear structures (Table
Il and Fig. 7), respectively. For NNRuCO, the N-N and
C-0 stretching vibrational frequencies are calculated to be
2300.7 and 2044.0 cm™!, respectively. The bending modes
are predicted to be 498.3 cm™! (Table III), in which the in-
tensity (0.3 km/mol) is too small to be detected, consistent
with the absence from the experimental observation. The
Ru-C stretching mode is calculated to be 466.8 cm™' with
the intensity of 57 km/mol. At the B3LYP level, generally,
the calculated harmonic frequencies are higher than the ex-
perimentally observed anharmonic values. Consequently, the
absorption of the Ru-C stretching vibration is expected to
appear around 400 cm™', which is quite close to the detec-
tion limitation of current HgCdTe (MCT) detector (spectral
range: 5000—400 cm™') and readily to be coupled by the
noise, thus resulting in the difficulty in detecting the Ru—-C
stretching mode. For the C-O stretching mode of the
NNRuCO complex, the calculated 12¢150y 13C16O,

2¢160/12C'®0, and "N/'®N isotopic frequency ratios of
1.0233, 1.0229, and 1.0018 (Table IV) are consistent with the
experimental observations, 1.0230, 1.0222, and 1.0011, re-
spectively. The calculated '2C'®0/'3C'®0, "*C'%0/"*C"®0,
and "N/ "N isotopic frequency ratios of the N-N stretching
mode of the NNRuCO complex also agree with the experi-
mental values (Table IV). Similar results have also been ob-
tained for the NNRhCO complex (Tables IIT and IV and Fig.
7). Previous calculation of the bent NNRhCO complex pre-
dicted the N-N and C-O stretching vibrational frequencies at
2293 and 2053 cm™."

C. (NN),MCO (M=Ru,Rh)

In the Ru+CO+N, experiments, new bands at 2215.5,
2163.9, and 1985.9 cm™! appear together during sample
deposition, increase upon sample annealing, visibly increase
after broadband irradiation, and slightly increase after further
annealing to higher temperature (Table I and Fig. 3). The
lower band at 1985.9 cm™' shifts to 1941.0 cm™' with
B0 and to 1942.7 em™! with '2C'%0, exhibiting isotopic
frequency ratios ('2C'°0/13C'®0: 1.0231; *C'®0/"*C"®0:
1.0222) characteristic of C-O stretching vibrations. The
mixed '*C'°0+1C'*0+N, (Fig. 4, trace ¢) and '>C'°0O

TABLE 1II. IR absorptions (in cm™') observed from codeposition of laser-ablated Rh atoms with CO and N, mixtures in excess neon at 4 K.

CO+N, BCO+N, CB0+N, CO+ PN, R(>C0O/"3CO) R(C'°0/C"%0) R("N/N) Assignment
2278.9 2278.9 2278.9 2204.4 1.0000 1.0000 1.0338 (NN),RhCO (10")
2262.0 2263.2 2263.3 2188.7 0.9995 0.9994 1.0335 (NN),RhCO (10")
2230.0 2230.9 2230.9 2156.5 0.9996 0.9996 1.0341 NNRhCO (9')
2199.7 2199.7 2199.7 2126.3 1.0000 1.0000 1.0345 Rh(NN), (4')
2185.8 2185.8 2185.8 2113.0 1.0000 1.0000 1.0345 Rh(NN); (5')
2163.6 2163.6 2163.6 2091.6 1.0000 1.0000 1.0344 RhNN (3')
2041.2 1994.6 1996.5 2040.0 1.0234 1.0224 1.0006 (NN),RhCO (10")
2031.5 1987.2 1982.7 2031.5 1.0223 1.0246 1.0000 Rh(CO), (2")
2023.9 1976.3 1980.7 2023.9 1.0241 1.0218 1.0000 RhCO (1')
2006.9 1961.5 1962.3 2005.9 1.0231 1.0227 1.0005 NNRhCO (9')
1989.6 1989.6 1989.6 1923.5 1.0000 1.0000 1.0344 Rh(NN); (8')
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FIG. 7. Optimized structures (bond lengths in angstrom, bond angles in degree) of the new reaction products.

+2C"0+N, (Fig. 4, trace e) isotopic spectra only provide
the sum of pure isotopic bands, implying that one CO unit is
involved in this mode.”® It is noted that the 1985.9 cm™
band is about 50 cm™' blueshifted from the C-O stretching
vibrational frequency in RuCO (Table I)."” Furthermore, the
1985.9 cm™" band also shows a small shift with >N, (Table
I and Fig. 4), suggesting that the N, unit is involved in this
complex. The upper two bands at 2215.5 and 2163.9 cm™!
show large shifts with >N, ("N,/'5N,: 1.0340 and 1.0344),

indicating that these modes are mainly due to N-N stretching
vibration, respectively. Two sets of triplet isotopic pattern are
observed in the mixed CO+ "“N,+ N, isotopic spectra (Fig.
4, trace g), which indicate two equivalent N, units are in-
volved in the complex.28 On the other hand, the stronger
2163.9 cm™! band is about 71 cm™!' blueshifted from the
asymmetric N-N stretching vibrational frequency in
Ru(NN), (Table 1).*> Accordingly, the absorptions at 2215.5,
2163.9, and 1985.9 cm™! are assigned to the symmetric and

TABLE III. Calculated ground electronic states, point groups, vibrational frequencies (cm™), and intensities

(km/mol) of the new products.

Ground Point

Species electronic state group

Frequency
(intensity, mode)

NNRuCO 33 Caop

2300.7 (353, 0), 2044.0 (1664, o), 498.3 (0.3 X2, m),

466.8 (57, o), 330.1 (72, ), 293.9 (0.1 X2, ), 63.4

(NN),RuCO

NNRu(CO),

NNRhCO

(NN),RhCO

3A/

22—

2Ar

(1%X2, m

2306.1 (252, A’), 2277.1 (580, A’), 2040.9 (1461, A"),
505.7 (12, A'), 451.2 (52, A’), 451.2 (0.1, A”), 322.8 (1,
A'), 300.9 (52, A"), 267.8 (17, A"), 266.8 (0.1, A"),
253.7 (1, A"), 187.5 (1, A"), 73.4 (1, A"), 65.6 (1, A"),
61.7 (0.1, A")

2326.9 (258, A’), 2082.3 (1205, A’), 2020.1 (1053, A"),
646.5 (15, A’), 553.9 (10, A), 489.2 (15, A"), 463.5 (21,
A’), 449.3 (2, A”), 417.2 (5, A"), 319.4 (26, A'), 292.8
(28, A"), 287.0 (0.4, A"), 103.4 (1, A"), 75.9 (0.3, A"),
29.6 (2, A”)

2338.3 (264, o), 2076.5 (1416, o), 457.3 (57, o), 443.6
(1X2, m),312.5 (61, o), 269.4 (0.01 X2, ), 45.0
(1X2, m)

2345.7 (208, A’), 2320.6 (368, A’), 2074.4 (1257, A’),
461.9 (4, A’), 437.1 (54, A’), 356.4 (2, A”), 286.1 (1,
A'), 277.2 (44, A'), 242.7 (13, A’), 228.9 (0.1, A”),
211.3 (1, A’), 159.1 (0.1, A"), 68.5 (0.4, A’), 58.4 (0.03,
A’),39.9 (1, A”)
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TABLE IV. Comparison of experimental and calculated IR frequency ratios for the new products.

Freq
(em™) R('*C0/"CO) R(C'*0/C"®0) R(“N/"N)
Species expt caled Mode expt caled expt caled expt caled
NNRuCO 2116.0 2300.7 VN-N 1.0005 1.0005 1.0005 1.0003 1.0325 1.0340
1962.6 2044.0 Ve_o 1.0230 1.0233 1.0222 1.0229 1.0011 1.0009
(NN),RuCO 2215.5 2306.1 UNCN 1.0005 1.0003 1.0005 1.002 1.0340 1.0344
2163.9 2277.1 [ZNEN 1.0000 1.0000 1.0000 1.0000 1.0344 1.0350
1985.9 2040.9 Ve_o 1.0231 1.0233 1.0222 1.0232 1.0010 1.0006
NNRu(CO), 2222.0 2326.9 UNCN 1.0003 1.0005 1.0002 1.0003 1.0340 1.0340
2024.4 2082.3 Ve_o 1.0234 1.0238 1.0218 1.0221 1.0011 1.0010
1972.2 2020.1 Ve_o 1.0229 1.0240 1.0222 1.0227 1.0025 1.0000
NNRhCO 2230.0 2338.3 VNN 0.9996 1.0003 0.9996 1.0002 1.0341 1.0343
2006.9 2076.5 Veoo 1.0231 1.0234 1.0227 1.0231 1.0005 1.0007
(NN),RhCO 2278.9 2345.7 7N 1.0000 1.0002 1.0000 1.0001 1.0338 1.0346
2262.0 2320.6 UNCN 0.9995 1.0000 0.9994 1.0000 1.0335 1.0350
2041.2 2074.4 Ve_o 1.0234 1.0234 1.0224 1.0234 1.0006 1.0004

asymmetric N-N and C-O stretching modes of (NN),RuCO
(marked 10), respectively. The corresponding absorptions of
the symmetric and asymmetric N-N and C-O stretching
modes of the [Ru'(CO),(N,)]** complex have been ob-
served at 2231, 2129, and 2061 cm™ on yttrium Zeolite,29
respectively.

In the Rh+CO+N, experiments, similar absorptions at
2278.9, 2262.0, and 2041.2 cm™' have been observed (Table
IT and Figs. 5 and 6), which are assigned to the symmetric
and asymmetric N-N and C-O stretching vibrations of
(NN),RhCO (marked 10'), respectively. The 2041.2 cm™
band shifts to 1994.6 cm™ with ’C'°0, to 1996.5 cm™!
with ?C"0, and to 2040.0 cm™' with '°N, giving the
12¢16g/B3¢%o, ¢%0/C™®0, and '*N,/°N, frequency
ratios of 1.0234, 1.0224, and 1.0006 (Table II), respectively.
The 2262.0 cm™' band shifts to 2188.7 cm™ with °N,
(Table II). The asymmetric N-N stretching vibrational fre-
quency of (NN),RhCO is about 62 cm™' blueshifted from
that of Rh(NN), (Table 11),2 and the C-O stretching vibra-
tional frequency of (NN),RhCO is about 17 cm™' blue-
shifted from that of RhCO (Table II),'®!” respectively.

The (NN),RuCO and (NN),RhCO complexes are pre-
dicted to have A’ and *A’ ground states with C, symmetry
(Table IIT and Fig. 7), respectively. The symmetric and asym-

NNRuCO (NN),RuCO NNRu(CO),
HoMo ¢ .8‘ ¢ (
o°
HOMO-1 ."

HOMO-2 [ OOJ P

FIG. 8. Molecular orbital pictures of NNRuCO, (NN),RuCO, and
NNRu(CO), showing the HOMOs down to the third valence molecular
orbital from the HOMO.

HOMO-3

eV
Brh

metric N-N and C-O stretching frequencies of the
(NN),RuCO species are calculated to be 2306.1, 2277.1, and
2040.9 cm™! (Table III), respectively. The calculated
2¢1%0/ 3¢ %0, 2C'0/12C"0, and “N/PN isotopic fre-
quency ratios of the asymmetric N-N and C-O stretching
vibrations are consistent with the experimental values (Table
IV), respectively. Similarly, overall agreement between the
experimental and calculated vibrational frequencies, relative
absorption intensities, and isotopic shifts supports the identi-
fication of the (NN),RhCO complex (Tables III and IV and
Fig. 7).

D. NNRu(CO),

In the Ru+CO+N, experiments, new bands at 2222.0,
2024.4, and 19722 cm™! appear together during sample
deposition, sharply increase after broadband irradiation, and
slightly decrease after further annealing to higher tempera-
ture (Table I and Fig. 3). The upper band at 2222.0 cm™!
shows very small shifts with *C'%0 and '*C'®0
("2Cc'%0/13C'0: 1.0005; '*C'%0/"C'™®0: 1.0005) but a
large shift with >N, ("*N,/'*N,: 1.0332), indicating that this
mode is mainly due to a N-N stretching vibration. The
mixed CO+ "N, +°N, isotopic spectra (Fig. 4, trace g) only
provide the sum of pure isotopic bands, which indicates only
one N, unit is involved in the complex.28 The lower two
bands shift to 1978.2 and 1928.0 cm™' with *C'%0 and to
1981.3 and 1929.3 cm™! with '2C'®0, exhibiting isotopic
frequency ratios ('2C'°0/'3C'°0: 1.0234 and 1.0229;
12C'%0/'>C"%0: 1.0218 and 1.0222) characteristic of C-O
stretching vibrations. In the mixed isotopic experiments (Fig.
4, traces ¢ and e), two sets of triplet isotopic patterns are
observed for these two bands, respectively, suggesting that
two equivalent CO units are involved in these modes.”® Ac-
cordingly, the absorptions at 2222.0, 2024.4, and
19722 cm™ are assigned to the N-N, symmetric C-O, and
asymmetric C-O stretching vibrations of NNRu(CO),
(marked 11), respectively. The asymmetric C-O stretching
vibrations are about 17 cm™' blueshifted from that of the
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linear Ru(CO), (Table 1), respectively. The rhodium coun-
terpart, NNRh(CO),, is absent from the present matrix ex-
periment.

DFT calculation predicts the NNRu(CO), complex to
have a C, symmetry (Fig. 7) with a 'A’ ground state (Table
III). The N-N, symmetric C-O, and asymmetric C-O
stretching vibrations are calculated to be 2326.9, 2082.3, and
2020.1 cm™' (Table III), respectively. It can be found from
Table IV that the calculated '*C'°0/"*C'®0, '*C'°0/"*C'®0,
and N/ >N isotopic frequency ratios of the N-N, symmet-
ric C-0, and asymmetric C-O stretching vibrations are in
accord with the experimental values, respectively.

E. Reaction pathway and bonding consideration

On the basis of the behavior of sample annealing and
irradiation, together with the observed species and calculated
stable isomers, a plausible reaction pathway can be proposed
as follows. Under the present experimental conditions, laser-
ablated ruthenium and rhodium atoms react with CO and N,
mixtures in the excess neon matrices to produce carbonyl-
metal dinitrogen species as well as metal carbonyls”_19 and
metal dinitrogen complexes.zo_22 The carbonylmetal dinitro-
gen complexes may be formed from the reactions of metal
carbonyls with N, or metal dinitrogen complexes with CO
(reactions 3-8). These association reactions are predicted to
be exothermic. Furthermore, the reactions of metal dinitro-
gen complexes with CO are calculated to be exothermic by
52.7 kcal/mol for Ru and 47.9 kcal/mol for Rh (reaction 3)
and the reactions of metal carbonyls with N, are calculated
to be exothermic by 21.0 kcal/mol for Ru and 19.0 kcal/mol
for Rh (reaction 4), respectively, suggesting that the forma-
tion of the primary NNMCO (M =Ru, Rh) products from the
reactions of metal dinitrogen complexes with CO is more
energetically favorable than that from the reactions of metal
carbonyls with N,. Similarly, the formation of the
(NN),MCO complexes from the addition of CO to the metal
dinitrogen M(NN), complexes (reaction 5) is predicted to be
more energetically favorable than that from the reactions of
the NNMCO complexes with N, (reaction 6) and the contri-
bution for the formation of the NNRu(CO), complexes from
reaction 7 is predicted to be larger than that from reaction 8.

Ru+CO — Ru(CO), (x=1-75), (1a)
Rh +CO — Rh(CO),(y=1-4), (1b)
Ru+ N, — Ru(NN) (x=1-5), (2a)
Rh+N, — Rh(NN)(y=1-4), (2b)
MNN + CO — NNMCO(M = Ru,Rh), 3)
MCO +N, — NNMCO, (4)
M(NN), + CO — (NN),MCO, (5)
NNMCO + N, — (NN),MCO, (6)

NNRuCO + CO — NNRu(CO),, (7)

J. Chem. Phys. 132, 054504 (2010)

Ru(CO), + N, — NNRu(CO),. (8)

Previous study on the reaction of group 11 metal atoms with
CO and O, mixture has demonstrated that the reactivity of
copper toward CO is prior to O,, and the reactivity of silver
toward O, is prior to CO, whereas the reactivity of gold
toward CO is comparable to 02.30 Present and previous in-
vestigations revealed that with the approach of matrix-
isolation infrared spectroscopy combined with quantum
chemical calculation, the relative reactivity of metal atoms
toward different small molecules could be evaluated through
exploring the reaction of metal atoms with the mixture of
small molecules.

It is noted that the only NNRhCO complex has been
hitherto generated on the supported metal surfaces”™'? and
other neutral carbonylmetal dinitrogen complexes captured
in the present matrices [i.e., NNRuCO, (NN),RuCO,
(NN),RhCO, and NNRu(CO),] are hopefully observed in the
future experimental investigations for surface species on
metal catalysts.

As illustrated in Fig. 8, the highest occupied molecular
orbital (HOMO) and HOMO-2 in the NNRuCO complex are
largely Ru 4d in character and the HOMO-1 is of o-type
with the contribution main from the interaction between the
atomic orbitals of Ru and molecular orbitals of CO. The
degenerate HOMO-3 is of 7r-type. In the (NN),RuCO com-
plex, the HOMO and HOMO-3 are of o-type and the
HOMO-1 is of mr-type; furthermore, the HOMO-2 is of
o-type with the contribution main from the interaction be-
tween the atomic orbitals of Ru and molecular orbitals of CO
and N,. In the NNRu(CO), complex, the HOMO is of o-type
with the contribution main from the interaction between the
atomic orbitals of Ru and molecular orbitals of CO; the
HOMO-1 and HOMO-2 are of m-type and the HOMO-3 is of
m-type, in which the contribution main is from the interac-
tion between the atomic orbitals of Ru and molecular orbitals
of CO and N,, respectively.

IV. CONCLUSIONS

Reactions of laser-ablated Ru and Rh atoms with CO and
N, mixture in excess neon have been studied using matrix
isolation infrared spectroscopy. Besides the metal carbonyls
and dinitrogen complexes, the carbonylmetal dinitrogen
complexes, (NN),MCO (M=Ru,Rh; n=1,2) and
NNRu(CO),, are formed during sample deposition or after
annealing and are characterized using infrared spectroscopy
on the basis of the results of the isotopic substitution and
mixed isotopic splitting patterns. DFT calculations have been
performed on these complexes. The identifications of these
carbonylmetal dinitrogen complexes are confirmed by the
overall agreement between the experimental and calculated
vibrational frequencies, relative absorption intensities, and
isotopic shifts. This study reveals that the reactivity of Ru
and Rh atoms toward CO is prior to Nj.
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