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Emission spectra of RuN have been recorded at high resolution in the region 12 000–35 000 cm−1 using a Fourier transform
spectrometer. The molecules were excited in a ruthenium hollow cathode lamp in the presence of about 2.5 Torr of Ne and
5 m Torr of N2. New bands with origins near 17 758.1, 18 866.4, 19 800.4 and 20 721.5 cm−1 have been assigned as the 0–1,
0–0, 1–0, and 2–0 bands of a new 2�+–2�+system with the lower state as the ground state. This transition has been labeled as
F2�+–X 2�+, with the F2�+ state arising from the 1σ 22σ 21π 41δ44σ 1 configuration. A rotational analysis of these bands has
been carried out and spectroscopic constants have been extracted. The principal equilibrium constants for the ground state of
RuN are �G(1/2)′′ = 1108.3235(22) cm−1, B ′′

e = 0.5545023(42) cm−1, α′′
e = 0.0034468(57) cm−1, r ′′

e = 1.5714269(60) Å, while
the equilibrium constants for the excited state are ω′

e = 946.8471(40) cm−1, ωex ′
e = 6.4229(14) cm−1, B ′

e = 0.50085(21) cm−1,
α′

e = 0.00375(10) cm−1, r ′
e = 1.65345(34) Å. This transition is analogous to the E2�+–X 2�+system of RhC (W. J. Balfour

et al., J. Mol. Spectrosc. 198, 393 (1999)). C© 2002 Elsevier Science (USA)
INTRODUCTION

Transition-metal-containing diatomics provide models to help
in our understanding of bonding and reactivity in transition metal
systems (1). These species are also of chemical importance, par-
ticularly in catalysis (2–4). Because of the high cosmic abun-
dance of transition metal elements in stars, some diatomic spe-
cies are also of astrophysical importance and several diatomic
oxide and hydride molecules have been identified in the atmo-
spheres of cool M- and S-type stars (5–9). Although transition
metal nitrides have not been identified in the stellar atmospheres,
precise spectroscopic data are necessary for a meaningful search
in complex stellar spectra. We have initiated a program to as-
semble high-resolution data for transition metal nitrides to assist
in the search of these species in stellar atmospheres.

In recent years, a number of transition metal nitride molecules
have been observed in the gas phase and their electronic spectra
have been characterized at high resolution (10). For the group 8
transition metal family, in particular, high-resolution spectro-
scopic data are now available for FeN (11), RuN (12), and OsN
(13). In an extensive study, Aiuchi and Shibuya (11) generated
FeN in the reaction of laser-ablated Fe atoms with NH3 using a
supersonic jet expansion source and analyzed a number of bands.
The ground state of FeN has been identified as the 
 = 5/2 spin
component of a 2�i state (11). RuN (12) and OsN (13) have
also been investigated recently at high resolution and ground
states of 2�+ and 2�i symmetry (respectively) have been estab-
1 Also at Department of Chemistry, University of Waterloo, Waterloo,
Ontario, Canada N2L 3G1.
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lished. Ab initio calculations for FeN (14, 15), RuN (12), and
OsN (13) molecules have also been carried out recently and the
experimental assignments are supported by these calculations.

The reaction of laser-ablated ruthenium and osmium atoms
with nitrogen has been studied by Citra and Andrews (16 ) and
products were isolated in solid argon and nitrogen matrices at
cryogenic temperatures. In addition to dinitrogen complexes, the
diatomic RuN and OsN molecules were observed and classified
by their matrix infrared spectra. The bonding properties of the
3d-, 4d-, and 5d-transition metal nitride and carbide solids have
been studied by Häglund et al. (17 ).

The first observation of RuN was reported recently when the
C2�–X2�+ transition was observed in the near infrared (12).
This assignment was supported by ab initio calculations of the
spectroscopic properties of the low-lying electronic states (12).
In the present work we have recorded the emission spectrum of
RuN in the 12 000–35 000 cm−1 region using a Fourier trans-
form spectrometer and report the observation of a new 2�+–2�+

transition with a 0–0 band near 18 866.4 cm−1. Although the ex-
cited 2�+ state was not calculated in our previous ab initio study
(12), the present assignments are consistent with, and supported
by, the results available for the isovalent RhC molecule (18–21).
In this paper we report the rotational analysis of the 0–1, 0–0,
1–0, and 2–0 bands of the new transition.

EXPERIMENTAL DETAILS

The details of the experimental setup used in this experiment
have been provided in our previous publication (12). In short,
the molecules were produced in a Ru hollow cathode lamp in
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the presence of 2.5 Torr of Ne and about 5 m Torr of N2 and
the lamp was operated at 310 V and 235 mA current. The spec-
tra were recorded with the 1-m Fourier transform spectrometer
associated with the McMath–Pierce Telescope of the National
Solar Observatory at Kitt Peak.

The spectra in the region 12 000–35 000 cm−1 were recorded
in two parts. The region 12 000–24 000 region was recorded us-
ing a visible beam splitter and super blue Si-diode detectors by
coadding 15 scans in about 2 h of integration at a resolution of
0.03 cm−1. Although the four new bands observed in the region
17 500–22 000 cm−1 were clearly present in this spectrum, they
were too weak for a rotational analysis. The region, 17 000–
35 000 cm−1 was, therefore, recorded again in another exper-
iment using a UV beam splitter, CuSO4 filters, and midrange
Si-diode detectors. This time 38 scans were co-added in about
7 h of integration at a resolution of 0.02 cm−1. The visible tran-
sition is found to be much weaker in intensity than the near
infrared one observed previously (12). In spite of such a long
integration, the spectra were observed with only moderate in-
tensity but were suitable for rotational analysis. In addition to
the RuN bands, the observed spectra also contained Ru and Ne
atomic lines as well as the N2 and N+

2 molecular lines. The
emitter of the new bands was identified from the characteristic
100Ru/102Ru/104Ru (ratio 2 : 5 : 3) isotope splitting and the close
similarity of the lower state vibrational intervals of the new tran-
sition with the ground state vibrational intervals observed for the
C2�–X2�+ transition of RuN (12). The new RuN bands were
relatively free from overlapping from N2 bands although the 0–0
band was partly overlapped by a N+

2 band at 18 889 cm−1 which
was easily distinguished from RuN by its larger line spacing.

The line positions were extracted from the observed spectra
using a data reduction program called PC-DECOMP developed
by J. Brault. The peak positions were determined by fitting a
Voigt lineshape function to each spectral feature. The branches
in the different bands were sorted using a color Loomis–Wood
program running on a PC computer. The spectra were calibrated
using the measurements of Ne atomic lines made by Palmer
and Engleman (22). The RuN lines in the stronger bands appear
with a maximum signal-to-noise ratio of about 8 and have a typ-
ical linewidth of about 0.04 cm−1. The absolute accuracy of the
wavenumber scale is expected to be on the order of±0.003 cm−1.
However, the isotopic lines in the 0–0 band are only partly
resolved and in the other bands there is frequent overlapping
from the lines of the minor isotopomers, so the precision of the
measurements for the weaker and overlapped lines is limited to
±0.005 cm−1.

OBSERVATION AND ANALYSIS

The new RuN bands are located in the 17 500–22 000 cm−1

region. The four bands with origins near 17 758.1, 18 866.4,
19 800.4, and 20 721.5 cm−1 have been assigned as the 0–1,
0–0, 1–0, and 2–0 bands, respectively, of a new 2�+–2�+ tran-
sition of RuN. The rotational analysis of the 0–0, 1–0, and 2–0
C© 2002 Elsevier
bands was carried out using the spectrum recorded in the sec-
ond experiment. The 0–1 band in this spectrum was weakest
in intensity, partly because it lies near the edge of the filters.
Therefore, the analysis of this band was performed using the
spectrum recorded in the first experiment described earlier, in
spite of its weaker intensity. The spectrum of each band of the
new transition consists of two R and two P branches with sim-
ilar intensity, along with their isotopic companions. Ruthenium
has three major isotopes with zero nuclear spin, 100Ru (12.7%),
102Ru (31.6%), and 104Ru (18.7%) but our analysis concentrated
only on the most abundant isotopomer 102RuN. The lines of the
minor isotopomers were also observed in the spectra of stronger
bands. Our color Loomis–Wood program was very helpful in
identifying the rotational lines of minor isotopomers even in
the weaker bands. The isotopic lines in the 0–0 band were only
partly resolved at lower J, although the high-J isotopic lines
were completely resolved. In the 0–1, 1–0, and 2–0 bands the
lines for all three isotopomers were well separated. A part of the
1–0 band is illustrated in Fig. 1, where lines belonging only to
the major isotopomer 102RuN have been marked for the sake of
clarity.

The rotational analysis of the new bands indicated that the new
transition has its lower state in common with the lower state of
the C2�–X2�+ transition (12). The v ′′ = 0 combination differ-
ences for the new transition agree well (within the experimental
error) to the corresponding values from the C2�–X2�+ transi-
tion. Although the higher lying electronic states of RuN were not
predicted in the previous ab initio calculation (12), the present
observation is consistent with the experimental (18–20) and the-
oretical (21) results available for the isovalent RhC molecule.
Our new transition of RuN is analogous to the E2�+–X2�+

transition (revised notation, as discussed below) of RhC.
The rotational assignment in different bands was straight for-

ward by comparing the combination differences for the common
vibrational levels, as well as with the ground state combination
differences obtained in our previous analysis (12). The rotational
constants for the individual vibrational levels were determined
by fitting the observed line positions to the energy level expres-
sion of the 2� state utilizing the effective Hamiltonian of Brown

FIG. 1. An expanded portion of the 1–0 band of the F2�+–X2�+ system
with some lines marked in the R and P branches of 102RuN.
Science (USA)
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et al. (23). The matrix elements for a 2� Hamiltonian are listed
by Douay et al. (24). The constants Tv, Bv, Dv, γv, and γDv were
determined for the lower X2�+ state, while additional higher
order constants such as Hv and γHv were also required in the
excited state in order to minimize the standard deviation of the
fit. To constrain the spin splitting in the lower state, lines from
the previous work (12) were added to the final fit. The rotational
lines were given suitable weighting depending on the signal-to-
noise ratio and extent of blending. The rotational line positions in
the different bands of the new transition are provided in Table 1.

Rotational analysis indicates that all three vibrational levels of
the excited state are affected by interactions from a close-lying
state (or states). The observed minus calculated difference in the
0–0 and 0–1 bands (Table 1) indicates that the e-parity levels of
the v ′ = 0 level are perturbed for J ′ ≥ 36.5 and the f-parity levels
of the excited state are perturbed at low J values (J ′ ≤ 16.5). The
high-J e-parity lines after the perturbation could not be identified
in the 0–0 and 0–1 bands. The e-parity levels of the 1–0 band
are free from perturbation although a small local perturbation
has been observed near J ′ = 52.5 for the f-parity levels. In the
2–0 band, the e-parity levels again are not perturbed but the
f-levels are affected at J ′ ≥ 45.5. A number of rotational lines
of both parities in the vicinity of perturbation were given lower
weighting. The rotational constants obtained for the different
vibrational level of the lower and upper 2�+ states are provided
in Table 2.

DISCUSSION

In our previous work on RuN (12), we have assigned a near in-
frared transition as C2�–X2�+. This assignment was supported
by our ab initio calculations on the spectroscopic properties of
the low-lying electronic states of RuN. The rotational analysis
of the new visible bands confirms that the new transition has
a lower state in common with the C2�–X2�+ transition. The
ground state of RuN is established as 2�+ from our ab initio
calculations (12). This state arises from the configuration

1σ 22σ 21π41δ43σ 1 (X2�+). [1]

The promotion of an electron from 1δ to 3σ orbital results in the
first excited 2� state arising from the configuration,

1σ 22σ 21π41δ33σ 2 (2�) [2]

This state has been labeled as the A2� state (12). The next four
doublet excited states arise from the promotion of an electron
from the 1δ orbital to the 2π orbital,

1σ 22σ 21π41δ33σ 12π1 [2�(2), 2�(2)]. [3]

On the basis of our ab initio calculations we have labeled the
next two excited states as B2� and C2� and the next two excited
states may be labeled as D2� and E2�. The next state to higher
C© 2002 Elsevier
energy arises from the promotion of an electron from the 3σ

orbital to the 4σ orbital, giving rise to a 2�+ state,

1σ 22σ 21π41δ44σ 1 (2�+). [4]

We label this state as F2�+. This state is most probably the
excited state of our new electronic transition, the subject of the
present paper. Unfortunately this state was not included in our
previous ab initio calculation but can safely be labeled as F2�+

based on the trend in energy levels and the ab initio results
available for the isovalent RhC by Tan et al. (21).

It is now well known that the electronic structure of diatomic
transition metal nitride molecules is very similar to that of iso-
electronic diatomic carbides as discussed in our previous papers
on RuN (12) and OsN (13). For example, IrN (25–27) and PtC
(28), OsN (13) and IrC (29), and RuN (12) and RhC (18–21)
have very similar electronic structure. Therefore some useful
conclusions can be drawn about the new 2�+ excited state of
RuN using the available experimental (18–20) and theoretical
(21) results for RhC. A review of the previous experimental stud-
ies of RhC indicates that the four electronic states of RhC ini-
tially labeled by Lagerqvist and Scullman (18) and Kaving and
Scullman (19) as A2�r, B2�+, C2�+, and D2�− have been
relabeled as B2�r, D2�3/2, E2�+, and D2�1/2, respectively,
by Balfour et al. (20) after an extensive investigation of the vis-
ible spectrum obtained in a laser ablation–supersonic molecular
beam experiment. This revision was supported by a recent ab ini-
tio study of this molecule by Tan et al. (21). In the present paper
we have decided to use the revised labels of Balfour et al. (20)
to refer to the known electronic states of RhC. The C2� state
of RhC, formally analogous to the B2� state of RuN, was not
mentioned by Balfour et al. (20). The C2� state of RuN (12) is
analogous to the D2� state of RhC (20, 21) and our new 2�+

state of RuN at 18 866 cm−1 is analogous to the E2�+ state of
RhC (20, 21).

Although additional higher-lying 2� excited states of RuN
are yet to be observed, some useful conclusions could be
drawn from the observed perturbations in the F2�+ state and
the ab initio calculations for RhC by Tan et al. (21). The
D2� state of RhC (revised notation) has been observed just
below the E2�+ state, as has been predicted by the ab ini-
tio calculation of Tan et al. (21). The D2� and E2�+ states
are involved in a strong interaction which results in extensive
perturbations in these two states of RhC (18, 20). A similar
interaction in RuN between a close-lying 2� state and the new
F2�+ state is presumably responsible for the observed pertur-
bations in the F2�+ state, although perturbing 2� state has
not been observed yet for RuN. The effect of interactions are
clearly visible in the rotational constants of the F2�+ state
(Table 2). The excited state constants, particularly the distor-
tion and spin-splitting constants in Table 2, vary in an irregular
manner compared to those of the ground state. This, as well as the
need for higher order constants in the excited state is a reflection
of these interactions. The effect of the 2� state is also prominent
Science (USA)
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TABLE 1
Observed Line Positions (in cm−1) for the F2Σ+–X2Σ+ System of 102RuN

Note. Lines affected by interactions are marked by “a” and were given lower weights in the fit, see text for details.
C© 2002 Elsevier Science (USA)
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TABLE 1—Continued
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TABLE 1—Continued
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TABLE 2
Molecular Constantsa (in cm−1) for the F2Σ+–X2Σ+ System of 102RuN

a Numbers in parentheses are one standard deviation in the last digits quoted.
in the spin splitting constants, which have the values of
γ0 = −0.996(46) × 10−2 cm−1, γ1 = 1.7430(58) × 10−2 cm−1,
and γ2 = 2.5314(81) × 10−2 cm−1 in the F2�+ state.

In a private communication, Liévin (30) informed us of some
exploratory CASSCF calculations on the doublet states of RuN
around 18 000 cm−1 which he performed at the time of our
previous work on the C2�–X2�+ transition of RuN (12). At
that time MRCI calculations were not performed for the higher
lying states because we were concerned with only the low-lying
electronic states. The previous CASSCF calculations are very
instructive. As a result of our work on the new 2�+ state Liévin
(30) has also performed MRCI calculations at a distance of 1.6 Å
on the 2 2�+ and the 2 and 3 2� states of RuN in order to check
the assigned configurations and energies. In order to include the
3 2� state in the calculations, the following additional configu-
ration was also considered:

1σ 22σ 21π41δ42π1 (32�). [5]

The wave function of the 3 2� state corresponds to a mixing
between configurations [3] and [5] with a large weight on con-
figuration [5]. In this calculation the 2 2� (E2�) is predicted
to lie below 15 000 cm−1 and the 3 2� state is predicted to lie
near 18 000 cm−1. These calculations also predict that the 2 2�+

state arising from the configuration 1σ 22σ 21π41δ44σ 1 lies at
18 600 cm−1 which confirms our assignment of the new 2 2�+

state. Originally we thought that the observed perturbations in
the new 2�+ state were caused by the 2 2� (E2�) state. On that
basis we labeled the new 2�+ state as F2�+. But the recent
work of Liévin (30) suggests that the 3 2� state may be a better
candidate for the perturbing state rather than the 2 2� (E2�)
state. It was also found that adding the third 2� state in the cal-
culation induces a larger configuration mixing in the two lowest
2� states than was predicted in our previous paper (12) (but the
energies do not change by much). This was explained by Liévin
as showing that the configurations [3] and [5] are close in energy,
with configuration [3] being more stable than configuration [5].
C© 2002 Elsevier
The 1 2� (C2�) state is richer in configuration [3] and the 2 2�

(E2�) and 3 2� states are mixtures of configurations [3] and
[5]. Some preliminary calculation were also performed on RhC
and the switch in energy order of configurations [3] and [5] with
respect to RuN was confirmed.

The rotational constants for the individual vibrational lev-
els (Table 2) have been used to evaluate the equilibrium
molecular constants (Table 3). Because only v = 0 and 1
vibrational levels have been observed in the ground state,
the equilibrium constants for this state were determined
from an exact fit, providing �G(1/2) = 1108.3235(22) cm−1,
Be = 0.554 502 3(42) cm−1, and αe = 0.003 446 8(57) cm−1.
The uncertainties quoted in parentheses were derived from the
propagation of errors but the actual uncertainties may be larger
than the quoted values. It is noted that the gas phase ground
state vibrational interval [1108.3235(22) cm−1] is consider-
ably higher than the value (981.5 cm−1) obtained by Citra
and Andrews (16) in their laser-ablation matrix experiment.
The T0, T1, and T2 values for the F2�+ state (Table 2) pro-
vide ωe = 946.8471(40) cm−1, ωexe = 6.4229(14) cm−1 for the
F2�+ state. Note that the excited state rotational constants of
Table 2, although well determined, show a rather large deviation

TABLE 3
Equilibrium Constantsa (in cm−1) for the X2Σ+ and F2Σ+

States of 102RuN

a Values in parentheses are one standard deviation in the last digits quoted.
b �G(1/2) value.
Science (USA)



178 RAM AND BERNATH
from the expected trend. For example, the experimental values
of B0–B1 = 0.003 218 7 cm−1 and B1–B2 = 0.003 784 5 cm−1

have a large difference contrary to expectation. Part of the rea-
son is the presence of perturbations in the v ′ = 0 vibrational
level at very low J values (e-levels at J ′ ≥ 36.5 and f -levels at
J ′ ≤ 16.5). As can be seen in from the observed minus calcu-
lated values in Table 1, the f -parity lines are perturbed at lower
J values. Such a parity-dependent interaction is consistent with
a perturbation by a 2�1/2 state with a large �-doubling splitting.
Because of this perturbation the B0 value may be in error by a
larger amount than determined from the fit. We have, therefore,
given lower weighting to the B0 value of the excited state while
determining the equilibrium rotational constants for the excited
state. The equilibrium constants determined in this manner are
Be = 0.50085(21) cm−1 and αe = 0.00375(10) cm−1. The equi-
librium rotational constants have been used to evaluate the equi-
librium bond lengths. The values of r ′′

e = 1.5714269(60) Å and
r ′

e = 1.65345(34) Å have been determined for the ground and
the excited states of RuN. The equilibrium constants have been
provided in Table 3. The equilibrium ground state bond length of
r ′′

e = 1.5714269(60) Å compares well with the predicted value of
r ′′

e = 1.578 Å from the previous ab initio calculation (12). This
value can also be compared with the values of r ′′

e = 1.716 Å for
RuO (31), r ′′

e = 1.613 Å for RhC (19), r ′′
0 = 1.581 Å for FeN

(11), and r ′′
e = 1.618 Å OsN (13). The short bond length of RuN

compared to that of RuO is consistent with a formal triple bond
between the atoms.

CONCLUSION

The high-resolution spectrum of RuN has been observed in the
region 12 000–35 000 cm−1 using a Fourier transform spectrom-
eter. The new bands observed in the region 17 500–22 000 cm−1

have been assigned to a new 2�+–2�+transition with its 0–0
band near 18 866.4 cm−1. This transition has the ground state of
RuN as its lower state and has been labeled as F2�+–X2�+,
analogous to the E2�+–X2�+ transition of isovalent RhC (20).
The molecular parameters for both the states have been derived
on the basis of a rotational analysis of the 0–1, 0–0, 1–0, and 2–0
bands. The F2�+ state is affected by interactions from a close-
lying 2� state as has been observed for the E2�+ state of RhC
(20). The ground state equilibrium bond length of r ′′

e = 1.5714 Å
for RuN is similar to the values of r ′′

0 = 1.580 Å for FeN (11)
and r ′′

e = 1.6180 Å for OsN (13).
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