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Reactions of Rhodium and Ruthenium Atoms with Nitrous Oxide: A Combined Matrix

Infrared Spectroscopic and Theoretical Study
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Reactions of laser-ablated Rh and Ru atoms with N,O molecules in excess argon have been investigated
using matrix-isolation infrared spectroscopy. Rhodium and ruthenium nitrous oxide complexes, M(NNO),
(M = Rh, Ru; x = 1, 2), have been observed and identified on the basis of isotopic shifts, mixed isotopic
splitting patterns, and CCls-doping experiments. Density functional theory calculations have been performed
on the products. The 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 mechanism for the formation of the products has been

proposed.

Introduction

Nitrous oxide (N,O) is isoelectronic with carbon dioxide
(COy,) but exhibits a global warming potential about 310 times
that of CO, on a per molecule basis! and is responsible for the
destruction of the ozone layer in the stratosphere.? N,O also
acts as a potentially clean and highly selective oxygen donor
for catalytic oxidation processes.>* Much attention has been paid
to the catalytic removal of N,O from industrial exhaust gases.
Supported transition metals (i.e., Rh, Co, Ru, Fe, Ni, Pd, and
Pt) on oxides and/or zeolites have been widely used in such
processes.*” 1% It has been found that Rh/y-Al,O5 exhibits high
performance of the removal of N,O.%!° Theoretical investiga-
tions predict that the rate of N,O decomposition on Co-ZSM-5
is significantly higher than that on Fe-ZSM-5."!

Gas-phase reactions of various metal atoms with N,O have
been extensively investigated both experimentally and theoreti-
cally.'>72% It has been found that the reaction of transition-metal
atoms with N,O leads to N—O bond activation to form the metal
oxide and N,. The reactions were predicted to proceed via the
initial formation of a weakly bound complex. Recent studies
have shown that the technique of matrix-isolation infrared
spectroscopy, combined with quantum chemical calculation,
allows the observation of exotic species not accessible from
high-temperature typical of traditional approaches.?’?> Argon
matrix investigations of the reactions of laser-ablated Ti, Cr,
groups 3, 10, and 13, and lanthanoid metal atoms with N,O
have characterized a series of neutral metal monoxide—dinitrogen
and metal nitrous oxide complexes and cationic metal monoxide-
dinitrogen complexes.?*~2° Copper and silver chloride—nitrous
oxide complexes CICuNNO and CIAgNNO have also been
obtained in the reactions of metal chlorides with nitrous oxide.*
Herein, we report a combined matrix infrared spectroscopic and
theoretical study of the reactions of rhodium and ruthenium
atoms with nitrous oxide in excess argon. Infrared spectroscopy
coupled with density functional theory calculation provides
evidence for the formation of the M(NNO), (M = Rh, Ru; x =
1, 2) complexes.
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Experimental and Theoretical Methods

The experiments for laser ablation and matrix-isolation
infrared spectroscopy are similar to those previously reported.®!
In short, the Nd:YAG laser fundamental (1064 nm, 10 Hz
repetition rate with 10 ns pulse width) was focused on the
rotating pure Rh and Ru targets. The laser-ablated Rh and Ru
atoms were codeposited with N,O in excess argon onto a Csl
window cooled normally to 4 K by means of a closed-cycle
helium refrigerator. Typically, 1 —25 mJ/pulse laser power was
used. N,O (99.5%, Taiyo Nippon Sanso Co.), "N,O (98%,
Cambridge Isotopic Laboratories), and “N,O + "N,O mixtures
were used in different experiments. 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 nitrogen cooled HgCdTe (MCT) detector for the spectral
range of 5000—400 cm™!. Samples were annealed at different
temperatures and subjected to broadband irradiation (4 > 250
nm) using a high-pressure mercury arc lamp (Ushio, 100 W).

Density functional theory (DFT) calculations were performed
to predict the structures and vibrational frequencies of the
reaction products using the Gaussian 03 program.*? The B3LYP
density functional method was employed.** The 6-311+G(d)
basis set was used for the N and O atoms,** and the scalar-
relativistic SDD pseudopotential and basis set were used for
the Rh and Ru atoms.*> Geometries were fully optimized and
vibrational frequencies were calculated with analytical second
derivatives. Recent investigations have shown that such com-
putational scheme can provide reliable information for metal
complexes, such as infrared frequencies, relative absorption
intensities, and isotopic shifts,23730-36-38

Results and Discussion

Experiments have been done with nitrous oxide concentrations
ranging from 0.02% to 1.0% in excess argon. Typical infrared
spectra for the reactions of laser-ablated Rh and Ru atoms with
N,O molecules in excess argon in the selected regions are
illustrated in Figures 1—4, and the absorption bands in different
isotopic experiments are listed in Table 1. The stepwise
annealing and irradiation behavior of the product absorptions
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Figure 1. Infrared spectra in the 1220—1140 cm™! region from
codeposition of laser-ablated Rh atoms with 0.2% N,O in Ar at 4 K:
(a) spectrum obtained from initial sample deposited for 1 h; (b) spectrum
after annealing to 30 K; (c) spectrum after annealing to 35 K; (d)
spectrum after 10 min of broadband irradiation; (e) spectrum after
annealing to 39 K; (f) spectrum obtained by depositing laser-ablated
Rh atoms with 0.2% N,O + 0.03% CCl, in Ar at 4 K for 1 h and
annealing to 35 K.
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Figure 2. Infrared spectra in the 1220—1120 cm™! region from
codeposition of laser-ablated Rh atoms with isotopic N,O in Ar after
annealing to 35 K: (a) 0.2% “N,O; (b) 0.2% "N,0; (c) 0.15% '“N,O
+ 0.15% “N,0.

is also shown in the figures and will be discussed below.
Experiments were also done with different concentrations of
CCl, serving as an electron scavenger.®

Quantum chemical calculations have been carried out for
the possible isomers and electronic states of the reaction
products. The comparison of the experimental and calculated
IR frequencies and isotopic frequency ratios for the products
are summarized in Table 1. Figure 5 shows the optimized
structures of the M(NNO), (M = Rh, Ru; x = 1, 2)
complexes. The ground electronic states, point groups,
vibrational frequencies, and intensities of the M(NNO), (M
= Rh, Ru; x = 1, 2) complexes are listed in Table 2.
Representatively, molecular orbital depictions of the highest
occupied molecular orbitals (HOMO) of the Rh(NNO), (x =
1, 2) complexes are illustrated in Figure 6.
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Figure 3. Infrared spectra in the 1230—1080 c¢cm™! region from
codeposition of laser-ablated Ru atoms with 0.2% N,O in Ar at 4 K:
(a) spectrum obtained from initial sample deposited for 1 h; (b) spectrum
after annealing to 25 K; (c) spectrum after annealing to 30 K; (d)
spectrum after 10 min of broadband irradiation; (e) spectrum after
annealing to 35 K.
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Figure 4. Infrared spectra in the 1230—1080 cm™' region from
codeposition of laser-ablated Ru atoms with isotopic N,O in Ar after
annealing to 30 K: (a) 0.2% '*N,O; (b) 0.2% ""N,0; (c) 0.2% '*N,O +
0.2% "N,0.

TABLE 1: Experimental and Calculated IR Absorptions (in
cm™ ') and Isotopic Frequency Ratios for the Products

calculated

1N,O/ 4N,0/
"N,O  PN,O BN, O MN,O BN,O PN,O  assignment

1200.6 1183.2 1.0147 12499 12319 1.0146 Rh(NNO)
1196.8 1180.6 1.0137 12454 12279 1.0143 Rh(NNO),
11440 1126.0 1.0153 1228.4 1210.2 1.0150 Ru(NNO)
1131.7 11165 1.0136 12229 1205.6 1.0143 Ru(NNO),

experimental

A. M(NNO) (M = Rh, Ru). In the reaction of Rh atoms
with N,O in excess argon, the absorption at 1200.6 cm™! appears
weakly during sample deposition, increases sharply after sample
annealing, but disappears upon broadband irradiation, and
recovers slightly after further annealing to higher temperature
(Table 1 and Figure 1). This band shifts to 1183.2 cm™! with
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Figure 5. Optimized structures (bond lengths in angstroms, bond angles
in degrees) of the M(NNO), (M = Rh, Ru; x = 1, 2) complexes.

TABLE 2: Ground Electronic States, Point Groups,
Vibrational Frequencies (in cm™!), and Intensities (km/mol)
of the N,O and M(NNO), (M = Rh, Ru; x = 1, 2)
Complexes

point frequency
species  elec state group (intensity, mode)

N,O > C., 2344.6 (401, 0), 1327.7 (69, 0),
580.4 (6 x 2, m)

Rh(NNO) 2A C., 2343.5(119, 0), 1249.9 (585, 0),
382.3 (5 x 2, m), 308.8 (3, 0),
123.1 (1 x 2, )

Rh(NNO), 11 D.;, 2365.3 (393, 0,), 2364.8 (0, 0),
1300.2 (0, o), 1245.4 (1807, 0y),
436.2 (8 x 2, ), 425.2 (0 x 2, my),
326.8 (90, 0y), 273.9 (0, o),
256.3 (1 x 2, m,), 129.5 (0 x 2, ),
33.4(0.2 x 2, m,)

Ru(NNO) A C., 2326.1(92,0),1228.4 (694, 0),
356.0 (7, 0), 285.1 (5 x 2, ),
149.0 (0.4 x 2, )

Ru(NNO), 1 D.;, 23422 (336, 0,), 2342.2 (0, 0),
1285.3 (0, 0y), 1222.9 (2117, 0y),
402.3 (5 x 2, m,), 376.0 (0 x 2, my),
342.8 (93, 04), 293.2 (0, 0y),
282.0 (3 x 2, my,), 145.7 (0 x 2, m),
38.4 (0.4 x 2, m,)

5N, (Table 1 and Figure 2, trace b). The “N,0/"N,0 isotopic
frequency ratio (1.0147) of the 1200.6 cm™! band is slightly
smaller than that of the N—O stretching mode of N,O (1.0155)
observed at 1287.5 cm™! in an argon matrix. The band position
and the isotopic frequency ratio suggest that this band is due to
a N—O stretching mode of a nitrous oxide species. The mixed
4N,0 + N,O isotopic spectra (Figure 2, trace ¢) only provide
the sum of pure isotopic bands, which indicates only one N,O
unit is involved in the species.*® Furthermore, doping with CCl,
has no effect on this band (Figure 1, trace f), suggesting that
the product is neutral.® Accordingly, the absorption at 1200.6
cm™! is assigned to the N—O stretching vibrations of the neutral
Rh(NNO) complex. Analogous Ru(NNO) complex has been
observed at 1144.0 cm™! in an argon matrix (Table 1 and Figures
3 and 4). Recently, the corresponding N—O stretching vibrations
of nickel, palladium, and platinum nitrous oxide complexes,
M(NNO) (M = Ni, Pd, Pt), have been observed at 1185.5,
1226.8, and 1229.4 cm™' in an argon matrix,?® respectively.
DFT calculations predict that the Rh(NNO) and Ru(NNO)
complexes have linear structures with doublet and triplet ground
states (Table 2 and Figure 5), respectively. N,O bonds in an
end-on orientation with the nitrogen-end toward the metal atoms
in these complexes (Figure 5). For the Rh(NNO) complex, the
N—O stretching vibration is calculated to be 1249.9 cm™! (Table
2). As listed in Table 1, the calculated '*N,O/"*N,O isotopic
frequency ratio for the N—O stretching vibration (1.0146) is in
accord with experimental value (1.0147). The N—N stretching
vibration is calculated to be 2343.5 cm™! (Table 2). With its
small intensity (119 km/mol) relative to the N—O stretching
vibration (585 km/mol) (Table 2), it is not easy to be observed,
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Figure 6. Molecular orbital depictions of the highest occupied
molecular orbitals (HOMOs) of the Rh(NNO), (x = 1, 2) complexes.

Rh(NNO)

consistent with the absence from the present experiment. These
agreements between the experimental and calculated vibrational
frequencies, relative absorption intensities, and isotopic shifts
support the identification of the Rh(NNO) complex from the
matrix IR spectra. Similar results has also been obtained for
the Ru(NNO) complex (Tables 1 and 2).

B. M(NNO), (M = Rh, Ru). In the Rh + N,O experiments,
the absorption at 1196.8 cm™! that appears weakly during sample
deposition, increases sharply after sample annealing, but disap-
pears upon broadband irradiation, and recovers slightly after
further annealing to higher temperature (Table 1 and Figure 1).
The 1196.8 cm™! band shifts to 1180.6 cm ™! with "N,O (Table
1 and Figure 2, trace b). The “N,0/">N,0O isotopic frequency
ratio (1.0137) of the 1196.8 cm™! band is similar to that of the
1200.6 cm™! band of Rh(NNO), slightly smaller than that of
the N—O stretching mode of N,O (1.0155) observed at 1287.5
cm™! in an argon matrix. The band position and the isotopic
frequency ratio imply that the 1196.8 cm™! band is also due to
a N—O stretching mode of a nitrous oxide species. In the mixed
4N,O + ®N,O experiment (Figure 2, trace c), a triplet at 1196.8,
1188.0, and 1180.5 cm™! with approximately 1:2:1 relative
intensities is observed, suggesting that two equivalent N,O
subunits are involved in this mode.** Furthermore, doping with
CCly has no effect on this band (Figure 1, trace f), suggesting
that the product is neutral.’® Accordingly, the absorption at
1196.8 cm™! is assigned to the antisymmetric N—O stretching
vibration of the neutral Rh(NNO), complex. The ruthenium
counterpart is observed at 1131.7 cm™! in an argon matrix (Table
1 and Figures 3 and 4). Analogously, the corresponding
antisymmetric N—O stretching vibrations of neutral M(NNO),
(M = Ni, Pd) complexes in solid argon have been observed at
1150.3 and 1226.3 cm™!,? respectively.

The assignment is supported by the DFT calculations, which
predict the Rh(NNO), and Ru(NNO), complexes to have linear
structures with doublet and triplet ground states (Table 2 and
Figure 5), respectively. It can be seen from Figure 5 that these
complexes have structures with the terminal N atom of N,O
bound to the metal atoms. For the Rh(NNO), complex, the
antisymmetric N—O stretching vibration is calculated to be
1245.4 cm™! (Table 2). The calculated “N,O/"N,O isotopic
frequency ratio for the antisymmetric N—O stretching vibration
(1.0143) is consistent with the experimental value (1.0137)
(Table 1). The antisymmetric N—N stretching vibration of the
Rh(NNO), complex is calculated to be 2365.3 cm™! (Table 3).
With its small intensity (393 km/mol) relative to the antisym-
metric N—O stretching vibration (1807 km/mol) (Table 3), it
is not easy to be observed, consistent with the absence from
the present experiments. For the Ru(NNO), complex, the overall
agreement between the experimental and calculated vibrational
frequencies, relative absorption intensities, and isotopic shifts
has also been obtained (Tables 1 and 2), which supports the
identification of this species from the matrix infrared spectra.

It is noted that the absorptions of the N—N stretching
vibrational modes in the ORhNN and ORuNN complexes are
predicted to be 2345.0 and 2237.1 cm™! (not shown here),
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respectively, which are very close to the N—N stretching
vibrational frequency of N,O. Therefore, the adsorption of
inserted ORhNN and ORuNN species may be overlapped by
the broad absorptions of N,O and cannot be observed in the
present experiments.

C. Reaction Mechanism 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 mechanism can be proposed as follows.
Under the present experimental conditions, the M(NNO), (M
= Rh, Ru; x = 1, 2) complexes are the primary products after
sample annealing (Figures 1 and 3), which are formed from
the reactions of metal atoms with N,O (reactions 1—3 and 5—7).
These association reactions are predicted to be exothermic. It
can be found that the formation of the Ru(NNO) and Ru(NNO),
complexes (reactions 5—7) is predicted to be more energetically
favorable than that of the corresponding rhodium complexes
(reactions 1—3). Furthermore, the isomerizations of M(NNO)
to OMNN (M = Rh, Ru) are calculated to be exothermic by
48.7 kcal/mol for Rh (reaction 4) and 62.5 kcal/mol for Ru
(reaction 8), respectively. As mentioned above, the absorptions
of the N—N stretching vibrational modes of the ORhNN and
ORuNN complexes may be overlapped by the broad absorptions
of Nzo

Rh(’F)+N,0('S) — Rh(NNO)(*A)

AE = —22.2 kcal/mol (1)
Rh(*F)+N,0('Z) — Rh(NNO)(*A)

AE = —10.4 kcal/mol (2)
Rh(NNO)(*A)+N,O('S) — Rh(NNO),(*IT)

AE = —25.7 kcal/mol (3)
Rh(NNO)(*A) — ORhNN(*A”)

AE = —48.7 kcal/mol (4)
Ru(’F)+N,0('Z) = Ru(NNO)(*A)

AE = —33.9 kcal/mol (5)
RuC’F)+N,0('Z) — Ru(NNO)(A)

AE = —12.5 kcal/mol (6)
Ru(NNO)(’A)+N,O('S) — Ru(NNO),(IT)

AE = —30.2 kcal/mol (7)
Ru(NNO)(*A) — ORuNN(’A”)

AE = —62.5 kcal/mol (8)

It is noted that the ground-state N,O molecule has an electron
configuration of (10)*(20)*(30)*(40)*(50)*(60)*(11)*(70)*(27)*
(3)°. Taking the Rh(NNO), (x = 1, 2) species as an example
for the bonding analysis, the highest occupied molecular orbitals
(HOMOs) of Rh(NNO), (x = 1, 2) are o-type bonds (Figure
6), which comprise the synergic donation between 7¢ orbital
of N,O and a vacant metal orbital with o symmetry. This implies
that the 7o orbital of N,O is the principle donor orbital, whereas
the 27t orbital is less important in donation in the linear
Rh(NNO), (x = 1, 2) structure.

Previous investigations show that metal oxide molecules are
the major products in the reactions of N,O with metal atoms in
the gas phase.'>"2° However, it has been found from the matrix
experiments (in the condensed phase) that the yields of the
rhodium and ruthenium nitrous oxide complexes, M(NNO), (M
= Rh, Ru; x = 1, 2), are larger than those of the RhO and RuO
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molecules. This suggests the reactivity of gas-phase metal atoms
toward N,O is quite different from that of condensed-phase
metal atoms.

Conclusions

Reactions of laser-ablated rhodium and ruthenium atoms with
nitrous oxide molecules in excess argon have been investigated
using matrix-isolation infrared spectroscopy and density func-
tional theory calculation. In the Rh + N,O experiments, the
absorption at 1200.6 cm™! is assigned to the N—O stretching
vibration of the neutral Rh(NNO) complex and the absorption
at 1196.8 cm™! is assigned to the antisymmetric N—O stretching
vibration of the neutral Rh(NNO), complex on the basis of the
results of the isotopic substitution, the N,O concentration
change, and CCly-doping experiments. Analogous Ru(NNO),
(x =1, 2) complexes have also been observed in the Ru reaction.
The N—N stretching vibrational frequencies of the ORhNN and
ORuNN complexes are predicted to be very close to that of
N,O and may be overlapped by the broad absorptions of N,O.
Density functional theory calculations have been performed on
these species, which support the experimental assignments of
the infrared spectra.
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