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Scandium monoxide-dinitrogen complexessOSc(N2), OScNN, and OScNN+shave been prepared by the
reactions of laser-evaporated scandium monoxide with N2 or scandium atoms with N2O in solid argon. The
ground-state scandium monoxide molecule reacted with N2 to form the side-bonded OSc(N2) complex
spontaneously on annealing. This complex rearranged to the end-on bonded OScNN complex upon UV
irradiation. Both the OSc(N2) and OScNN complexes in solid argon can be assigned to have2A′′ electronic
ground state withCs symmetry arising from the2∆ first excited-state ScO. The neutral complexes can also
be photoionized to the OScNN+ cation complex upon UV irradiation.

Introduction

Coordination of dinitrogen to transition metal centers is
proposed to be the initial step of the complex sequential
chemical activation of dinitrogen. Dinitrogen binding to the
transition metal center weakens the N-N bond and makes it
potentially activatable. A number of experimental and theoretical
studies have been carried out to examine the interactions of
transition metal atoms and cations with dinitrogen,1-9 and
hundreds of transition metal-dinitrogen complexes with dif-
ferent coordination modes have been characterized.10-12

Transition metal oxides are widely used as catalysts and
catalytic support. However, the reactions of transition metal
oxide molecules with dinitrogen have received quite little
attention. Scandium monoxide is the simplest transition metal
oxide. It provides an ideal starting point for understanding the
interactions of transition metal oxides with dinitrogen. Recent
studies by Hwang and Mebel have demonstrated that scandium
monoxide (ScO) enhanced the reaction of nitrogen hydrogena-
tion.13

The matrix isolation technique has been developed to the
study of a wide range of species, including free radicals, ions,
and weakly bound complexes. Recent investigations in our
laboratory on the reactions of transition metal atoms and
compounds with dinitrogen molecules have characterized a
number of transition metal-dinitrogen complexes in solid
matrices.14-16 In this paper, we report a combined matrix-
isolation infrared absorption spectroscopic and density functional
theoretical study of the scandium monoxide-dinitrogen
complexessOSc(N2), OScNN and OScNN+sgenerated by the
reactions of laser-evaporated scandium monoxide with N2 or
scandium atoms with N2O in solid argon.

Experimental and Computational Methods

The experimental setup for pulsed laser evaporation and
matrix isolation infrared spectroscopic investigation has been
described previously.17 Briefly, the 1064 nm Nd:YAG laser
fundamental (Spectra Physics, DCR 150, 20 Hz repetition rate

and 8 ns pulse width) was focused onto the rotating scandium
metal or metal oxide (Sc2O3) target through a hole in a CsI
window, which was mounted on a cold tip of a closed-cycle
helium refrigerator (Air Products, model CSW202). The refrig-
erator was located in a vacuum shrouds, which was maintained
at (2-4) × 10-4 Pa during experiments. Typically, 5-10 mJ/
pulse laser energy was used. The ablated species were code-
posited with N2 or N2O in excess argon onto the 12 K CsI
window for one to 2 h at arate of approximately 5 mmol/h.
The N2/Ar and N2O/Ar mixtures were prepared in a stainless
steel vacuum line using standard manometric technique. Isotopic
substituted15N2 and 14N2 + 15N2 and 14N2 + 14N15N + 15N2

mixtures were used in different experiments. Infrared spectra
were recorded on a Bruker IFS113v spectrometer at 0.5 cm-1

resolution with a DTGS detector in the spectral range of 4000-
400 cm-1. Matrix samples were annealed at different temper-
atures, and selected samples were subjected to broadband
irradiation at 12 K using a 250 W high-pressure mercury arc
lamp and glass filters, and more spectra were taken.

Density functional calculations were performed using the
Gaussian 03 program.18 The most popular Becke’s three-
parameter hybrid functional, with additional correlation correc-
tions due to Lee, Yang, and Parr was utilized (B3LYP).19,20The
6-311++G** basis set was used for N and O, and the all
electron basis set of Wachters-Hay as modified by Gaussian
was used for Sc.21,22 The geometries were fully optimized; the
harmonic vibrational frequencies were calculated with analytic
second derivatives, and zero-point vibrational energies (ZPVE)
were derived. Transition state optimizations were done with the
synchronous transit-guided quasi-Newton (STQN) method.23

Results

Sc2O3 + N2/Ar. Experiments were run using a Sc2O3 target.
Codeposition of laser evaporated oxides with pure argon at 12
K forms ScO (954.8 cm-1 with a site absorption at 951.8 cm-1)
as the major product with minor ScO+ (976.4 cm-1) and ScO2

-

(722.5 cm-1).24,25 These absorptions show no obvious change
on annealing. Broadband irradiation almost destroyed the ScO2

-

absorption, slightly increased the ScO+ absorption at the expense
of the ScO absorption. In addition, a weak band was observed* Corresponding author. E-mail: mfzhou@fudan.edu.cn.
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at 889.2 cm-1. This band slightly decreased on annealing,
disappeared on broadband irradiation, and is assigned to the
ScO- anion. Previous photoelectron spectroscopic study in the
gas phase yielded a vibrational frequency for the ScO- anion
to be 840( 60 cm-1.26 B3LYP calculations predicted that the
ScO- anion has a1Σ+ ground state with a Sc-O stretching
frequency at 934.1 cm-1, 65.7 cm-1 lower than that of ScO
calculated at the same level. The experimentally observed
difference between ScO and ScO- in solid argon is 65.6 cm-1.

New product absorptions were produced when different
concentration N2/Ar mixtures were used as the reagent gas. The
spectra in the N-N stretching and Sc-O stretching frequency
regions from codeposition of laser-evaporated scandium oxides
with 0.05% N2 in argon are shown in Figure 1, and the product
absorptions are listed in Table 1. After sample deposition (trace
a), weak features were observed at 1849.2, 1817.2, 1813.6,
906.5, 899.8, and 894.6 cm-1. On the basis of their growth/
decay characteristics measured as a function of changes of
experimental conditions, these absorptions can be grouped into
three pairs. The 1817.2/906.5 cm-1 pair slightly increased when
the matrix was annealed to 25 (trace b) and 30 K (trace c),
markedly enhanced when the matrix was irradiated by the output
of the high-pressure mercury arc lamp with aλ > 400 nm pass
filter (400 < λ < 580 nm, trace d), but decreased significantly
upon continued irradiation without pass filter (250< λ < 580
nm) (trace e). The 1813.6/899.8 cm-1 pair increased on sample

annealing, but kept almost unchanged upon different wavelength
range irradiation. The 1849.2/894.6 cm-1 pair is weak upon
sample deposition and showed no obvious change upon sample
annealing, but increased significantly upon 250< λ < 580 nm
broadband irradiation. A weak new band at 971.8 cm-1 was
produced on broadband irradiation as well. In addition, weak
absorptions due to ScNN (1902.7 cm-1),27 HScOH,28,29HScOH-
(NN) (1884.3 and 1442.8 cm-1), and HScOH(N2) (1832.9 and
1476.9 cm-1)16 were also observed in the experiments.

The experiments were repeated using the isotopic labeled
15N2, 14N2 + 15N2, and 14N2 + 14N15N + 15N2 samples. The
isotopic shifts and splittings are also listed in Table 1. Figure 2
shows the spectra in the N-N stretching frequency region using
a 0.075%14N2 + 0.075%15N2 sample. The spectra in the in
the 1880-1700 cm-1 region with a 0.05%14N2 + 0.1%14N15N
+ 0.05%15N2 sample are illustrated in Figure 3.

Sc + N2O/Ar. A supplemental experiment was conducted
with a scandium metal target and 0.2% N2O in argon. The
resulting spectra in the N-N and Sc-O stretching frequency
regions are shown in Figure 4. After deposition, product
absorptions at 2341.7 (not shown), 1849.2, 1817.2, 971.8, 906.5,
and 894.6 cm-1, as well as ScO, ScO+, and NNO2

- (not
shown)30 absorptions, were seen in the spectrum (trace a). When
this matrix was irradiated at the wavelength range of 400< λ
< 580 nm (trace c), the 1817.2 and 906.5 cm-1 bands were
greatly enhanced at the expense of the 1849.2 and 894.6 cm-1

Figure 1. Infrared spectra in the 1930-1780 and 1000-850 cm-1

regions from codeposition of laser-evaporated ScO with 0.05% N2 in
argon at 12 K. (a) 2 h of sample deposition, (b) after 25 K annealing,
(c) after 30 K annealing, (d) after 20 min ofλ > 500 nm irradiation,
and (e) after 20 min ofλ>250 nm irradiation.

TABLE 1: Infrared Absorptions (cm -1) from Codeposition of Laser-Evaporated Scandium Oxide with N2 or Scandium Atoms
with N2O in Excess Argon

14N2
15N2

14N2 + 15N2
14N2 +14N15N + 15N2 assignment

2341.7 OScNN+

1902.7 1840.5 1902.7, 1840.5 ScNN
1849.2 1788.0 1849.2, 1788.0 1849.2, 1819.3, 1817.8, 1788.0 OScNN
1848.3 1781.1 1848.3, 1781.1 OScNN site
1817.2 1756.6 1817.2, 1756.6 1817.2, 1787.0, 1756.6 OSc(N2)
1813.6 1753.3 1813.6, 1753.3 1813.6, 1783.7, 1753.3 OSc(N2)(NN)x

1807.5 1747.4 1807.5, 1747.4 1807.5, 1777.9, 1747.4 OSc(N2)(NN)x

976.4 976.4 ScO+

971.8 971.8 OScNN+

954.8 954.8 ScO
951.8 951.8 ScO site
906.5 906.5 OSc(N2)
899.8 899.8 OSc(N2)(NN)x

894.6 894.4 OScNN
889.2 889.2 ScO-

Figure 2. Infrared spectra in the 1900-1700 cm-1 region from
codeposition of laser-evaporated ScO with 0.075%14N2 + 0.075%15N2

in argon at 12 K. (a) 2 h ofsample deposition, (b) after 25 K annealing,
(c) after 20 min ofλ > 500 nm irradiation, and (d) after 20 min ofλ
> 250 nm irradiation.
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absorptions. The 1817.2 and 906.5 cm-1 bands were destroyed
under subsequent broadband irradiation at the wavelength range
of 250 < λ < 580 nm (trace d), during which the absorptions
at 2341.7 and 971.8 cm-1 greatly increased.

Calculation Results.Quantum chemical calculations were
performed on the potential product molecules. The optimized
structures are shown in Figure 5. The total energies, vibrational
frequencies, and intensities of various species involved in the
ScO/N2 system are listed in Table 2.

Discussions

OSc(N2). The absorptions at 1817.2 and 906.5 cm-1 were
formed on annealing in the Sc2O3 + N2/Ar experiments. These
bands were also observed in the Sc+ N2O/Ar experiment but
only under irradiation at the wavelength range of 400< λ <
580 nm. The 906.5 cm-1 band is in the spectral range expected
for the terminal Sc-O stretching mode of a ScO complex. The
1817.2 cm-1 band shifted to 1756.6 cm-1 with the 15N2/Ar
sample. The14N/15N isotopic frequency ratio of 1.0345 is
indicative of a N-N stretching vibration. In the experiment with

a 14N2 + 15N2/Ar sample (Figure 2), only the 1817.2 and 1756.6
cm-1 bands were observed, indicating that only one N2 is
involved in the molecule. A triplet at 1817.2, 1787.0, and 1756.6
cm-1 with approximately 1:2:1 relative intensities was produced
when a14N2 + 14N15N + 15N2/Ar sample was employed (Figure
3). The above-mentioned spectral features imply that the two
nitrogen atoms are equivalent. Accordingly, we assign the 906.5
and 1817.2 cm-1 bands to the Sc-O and N-N stretching
vibrations of a side-bonded OSc(N2) complex. The 1813.6 and
899.8 cm-1 bands observed in the Sc2O3 + N2/Ar experiments
showed the same isotopic shifts and splittings as the 1817.2
and 906.5 cm-1 bands. These bands could be assigned either to
the OSc(N2) complex at different matrix trapping site or to the
OSc(N2)(NN)x complex. Note that the 1813.6/899.8 cm-1 bands
were not produced in the Sc+ N2O/Ar experiment, and that
the 1813.6/899.8 cm-1 pair is favored upon annealing, whereas
the 1817.2/906.5 cm-1 pair is favored upon irradiation, which
suggest that the 1813.6/899.8 cm-1 bands are more likely due
to the OSc(N2)(NN)x complex.

Density functional calculations were performed to support
the assignment. As shown in Figure 5, the side-bonded OSc-
(N2) complex was predicted to have a2A′′ ground state with a
Cs symmetry, in agreement with the result recently calculated
by Hwang and Mebel at the B3LYP/6-31G* level of theory.13

The N-N and Sc-O stretching modes were computed at 1939.1
and 958.2 cm-1. These two modes were computed to have the
largest IR intensities. The Sc-O stretching mode was predicted

Figure 3. Infrared spectra in the 1880-1700 cm-1 region from
codeposition of laser-evaporated ScO with 0.05%14N2 + 0.1%14N15N
+ 0.05%15N2 in argon at 12 K. (a) 2 h of sample deposition, (b) after
25 K annealing, (c) after 20 min ofλ > 500 nm irradiation, and (d)
after 20 min ofλ > 250 nm irradiation.

Figure 4. Infrared spectra in the 1930-1750 and 1000-850 cm-1

regions from codeposition of laser-evaporated Sc atoms with 0.2% N2O
in argon at 12 K. (a) 1 h ofsample deposition, (b) after 25 K annealing,
(c) after 20 min ofλ > 500 nm irradiation, and (d) after 20 min ofλ
> 250 nm irradiation.

Figure 5. Optimized structures (bond lengths in Å and bond angles
in deg) of various species involved in the ScO+ N2 reaction.

TABLE 2: Calculated Total Energies (in hartrees, after
Zero Point Energy Correction), N-N and Sc-O Stretching
Vibrational Frequencies (cm-1), and Intensities (km/mol) of
Various Species in the ScO/N2 System

energy N-N str Sc-O str

ScO (2Σ+) -835.962972 999.8 (211)
ScO (2∆) -835.911406 879.1 (173)
ScO+ (1Σ+) -835.721323 1074.2 (170)
ScO- (1Σ+) -836.009338 934.1 (211)
N2 (1Σg

+) -109.554125 2444.9 (0)
OScNN (2A′) -945.518118 2408.5 (206) 976.5 (242)
OScNN (2A") -945.514212 1998.0 (898) 944.3 (433)
OSc(N2) (2A") -945.519345 1939.1 (338) 958.2 (344)
OScNN+ (1A′) -945.297792 2454.7 (28) 1058.9 (172)
TS -945.507863

OSc(N2), OScNN, and OScNN+ Complexes in Solid Ar J. Phys. Chem. A, Vol. 109, No. 23, 20055081



to be red-shifted by about 41.6 cm-1 with respect to the
frequency of diatomic ScO calculated at the same level of
theory, slightly smaller than the experimentally observed shift
of 48.3 cm-1. As will be reported,31 the OSc(N2) complex can
form complex with noble gas atoms in solid noble gas matrices.
The Sc-O stretching frequency of OSc(N2) red-shifted ad-
ditional 6.8 cm-1 when coordinated by two Ar atoms. Since
the diatomic ScO molecule cannot form strong complex with
argon,32 the predicted Sc-O stretching frequency shift of ScO
by coordination with N2 and Ar (41.6+ 6.8) 48.4 cm-1) is in
excellent agreement with the observed value of 48.3 cm-1.

OScNN. The present experiments provide evidence for
another scandium monoxide-dinitrogen complex with the
stoichiometry of 1:1. In the Sc2O3 + N2/Ar experiments, the
initially formed OSc(N2) complex was destroyed by broadband
irradiation, giving rise to the bands at 1849.2 and 894.6 cm-1.
These bands were also formed in the Sc+ N2O/Ar experiment,
and were destroyed under 400< λ < 580 nm irradiation with
the production of OSc(N2). The 1849.2 cm-1 band shifted to
1788.0 cm-1 with 15N2/Ar. The14N/15N isotopic ratio of 1.0342
also indicates a N-N stretching vibration. As shown in Figures
2 and 3, no intermediate absorption was observed in the14N2

+ 15N2/Ar spectra, while a 1:1:1:1 quartet with two intermediate
absorptions at 1819.3 and 1817.8 cm-1 was seen in the14N2 +
14N15N + 15N2/Ar spectra. These mixed isotopic spectral features
imply that the complex involves a N2 subunit with two slightly
inequivalent N atoms. The 894.6 cm-1 exhibited no shift with
15N2 and is appropriate for the Sc-O stretching vibration of a
ScO complex. Accordingly, we assign the 1849.2 and 894.6
cm-1 bands to the N-N and Sc-O stretching vibrations of an
end-on bonded OScNN complex in solid argon matrix.

As shown in Figure 5, the ground state of the OScNN
complex was predicted to be a2A′ state, followed by a2A′′
state, which lies only about 10.5 kJ/mol above the2A′ state.
The 2A′ state correlates to the ground-state ScO (2Σ+) and N2,
and is very weakly bound with a Sc-N distance of 2.571 Å.
The 2A′′ state is derived from the2∆ first excited state of ScO
and N2, and it is more strongly bound with a Sc-N distance of
2.135 Å. As listed in Table 2, the N-N and Sc-O stretching
frequencies for the2A′ state were computed at 2408.5 and 976.5
cm-1. These vibrational frequencies are too large to match the
experimentally observed frequencies. However, the frequencies
of the 2A′′ state calculated at 1998.0 and 944.3 cm-1 are in
reasonable agreement with the experimental values. We suggest
the possibility that the OScNN molecule exhibits a noble gas-
induced ground-state reversal like that for CUO and UO2.33,34

Recent investigations on actinide compound in noble gas
matrices have shown that actinide-containing molecules such
as CUO and UO2 can form strong complexes with the noble
gas atoms. Noble gas-induced ground-state reversal was ob-
served when two distinct electronic states are very close in
energy.33,34 As will be discussed,31 the 2A′′ state OScNN is
coordinated by two Ar atoms in solid argon matrix. The
calculation results indicate that the2A′′ state of OScNN can be
sufficiently stabilized upon the coordination of two argon atoms
to cause a noble gas-induced reversal of the ground state of the
molecule. Therefore, the2A′′ state becomes the ground state in
the presence of Ar atoms.

OScNN+. The bands at 2341.7 and 971.8 cm-1 were mainly
formed under broadband irradiation in the Sc+ N2O/Ar
experiment. Because of the weak oscillator strength of the NN
stretch, calculated to be six times weaker than the ScO stretch,
the 2341.7 cm-1 band was not observed in the Sc2O3 + N2/Ar
experiments. The upper band is slightly higher than the N-N

stretching frequency of N2, while the lower mode is red-shifted
by only 4.6 cm-1 from that of ScO+. These bands are
appropriate for the N-N and Sc-O stretching modes of the
OScNN+ complex. B3LYP calculations predicted the OScNN+

to have a singlet ground state with planarCs symmetry with
N-N and Sc-O stretching frequencies at 2454.7 and 1058.9
cm-1. Both ScO+ and OScNN+ form stable complexes with
Ar atoms in solid argon.31,32

Bonding Analysis.The well-studied ScO molecule has been
shown to have a2Σ+ ground state with an electronic configu-
ration of ...(8σ)2(3π)4(9σ)1(1δ)0. A 2∆ state with an electronic
configuration of ...(8σ)2(3π)4(1δ)1(9σ)0 lies 170.1-180.6 kJ/
mol higher in energy.26,35 In our calculations, the2∆ state lies
135.4 kJ/mol above the2Σ+ ground state. The 9σ molecular
orbital is primarily a nonbonding hybrid of the Sc 4s and 3dz

2

orbitals that is directed away from the O atom. The 1δ molecular
orbital is largely the Sc 3d orbital that is mainly nonbonding.
The interactions between ScO and N2 are dominated by the
synergic donations of filled orbitals of N2 into an empty acceptor
orbital of ScO and the back-donation of the ScO electrons to
the empty orbitals of N2. Both the2A′′ state of OSc(N2) and
OScNN complexes can be viewed as being formed by the
interaction of the2∆ first excite state of ScO fragment and the
N2 fragment. The principle orbital interactions in OScNN and
OSc(N2) are shown in Figure 6. In both cases, the empty 9σ
molecular orbital of ScO is the primary acceptor orbital for
donation from the N2 fragment. The filled 3σg molecular orbital
of N2 is the principal donor orbital in the end-on bonded OScNN
complex; while the filled 1πu molecular orbitals of N2 are the
principle donor orbitals in the side-bonded OSc(N2) complex.
The singly occupied 1δ molecular orbital is the back-donation
orbital. It can interact with theπg antibonding orbitals of N2 in
either end-on or side-bonded geometry. As can be seen in Figure
6, the donation interactions favor a linear or planar geometry,
whereas the back-donation interactions prefer geometry with
the OSc bond perpendicular to the ScN2 plane. The calculated
structures of OScNN and OSc(N2) are the result of a compro-
mise between the donation and back-donation interactions, with
the back-donation being somewhat stronger than the donation
interactions, and thus favoring a geometry with the OScN angle
around 115°. Since the 9σ MO is singly occupied, and the 1δ
MO is empty, the above-mentioned donation and back-donation
interactions between the2Σ+ ground-state ScO and N2 are much
weaker than those of the2∆ state ScO and N2. Therefore, the
ground state ScO can only form very weak complex with N2.
In contrast to the neutral OScNN and OSc(N2) complexes, the
bonding interaction in the OScNN+ cation complex is mainly
electrostatic between the ScO+ cation and N2, which only favors
an end-on bonded fashion.

Reaction Mechanism.In the Sc2O3 + N2/Ar experiments,
the ground-state ScO molecule reacted with N2 to form the side-
bonded OSc(N2) complex in solid argon, reaction 1. As has been
discussed, the OSc(N2) complex correlates to the2∆ first excite

Figure 6. Principle orbital interactions in OScNN and OSc(N2).
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state of ScO. Formation of2A′′ OSc(N2) from the ground-state
ScO involves crossing or avoided crossing of the2A′ and2A′′
potential energy surface, as shown in Figure 7. The OSc(N2)
complex absorptions increased on annealing, indicating that this
process requires no activation energy.

The OScNN absorptions markedly increased upon broadband
(250< λ < 580 nm) irradiation, during which the absorptions
of the OSc(N2) complex disappeared. This observation suggests
that OSc(N2) underwent photoinduced isomerism to OScNN,
as shown in reaction 2. The isomerization reaction from OSc-
(N2) (2A′′) to OScNN (2A′′) was predicted to be slightly
endothermic (13.4 kJ/mol), and it proceeds via a transition state
(Figure 7). This transition state lies 30.1 kJ/mol higher in energy
than OSc(N2) (2A′′).

In the Sc+ N2O/Ar experiment, the OScNN complex was
observed after sample deposition. The OScNN complex must
be formed by insertion reaction during the sample deposition
process, reaction 3. The OScNN absorptions slightly decreased
on annealing indicate that reaction 3 requires activation energy.
The activation barrier for the ground-state Sc and N2O reaction
was determined to be 7.5 kJ/mol in previous gas-phase kinetic
studies.36,37 The OScNN absorptions decreased on 400< λ <
580 nm irradiation, while the amount of OSc(N2) increased,
which is consistent with the isomerization of OScNN to
OSc(N2), the reverse of reaction 2.

The OScNN+ cation complex was produced largely upon
broadband (250< λ < 580 nm) irradiation at the expense of
the neutral complexes. This suggests that the OScNN+ cation
complex was formed by photoionization of the neutral com-
plexes. Since the calculated ionization energy of OScNN (5.9
eV) exceeds the mercury arc energy (5.0 eV at 250 nm), it is
probable that an OSc(N2)* excited state, which can relax to the
OSc(N2) isomer, is sufficiently long-lived to absorb a second
photon to reach ionization. The NNO2

- anion absorptions also
increased on broadband irradiation, and serves as a counterion
to preserve the matrix electric neutral.

Conclusions

Scandium monoxide dinitrogen complexes: OSc(N2),
OScNN, and OScNN+ have been prepared by the reactions of

laser-evaporated scandium monoxide with N2 or scandium atoms
with N2O in solid argon. The ground-state scandium monoxide
molecule reacted with N2 to form the side-bonded OSc(N2)
complex spontaneously on annealing. This complex rearranged
to the end-on bonded OScNN complex upon UV irradiation.
Laser-evaporated Sc atoms reacted with N2O to give the
insertion product, OScNN, which rearranged to the side-bonded
OSc(N2) complex upon 400< λ < 580 nm irradiation. The
neutral complexes can also be photoionized to the OScNN+

cation complex upon UV irradiation. Both the OSc(N2) and
OScNN complexes in solid argon can be assigned to have2A′′
electronic state withCs symmetry arising from the2∆ first
excited-state ScO.
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