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a b s t r a c t
The emission spectrum of NiS has been investigated in the near infrared in the 2000–7500 cm1 region
using a Fourier transform spectrometer. New bands observed in the 3000–5000 cm1 region have been
assigned to a 3Pi–X3R transition analogous to the transition of NiO observed in the near infrared [R.S.
Ram and P.F. Bernath, J. Mol. Spectrosc. 155 (1992) 315–325]. The 0–0 band of NiS consists of 3P0+–
1
1
1
), 3P0–X3R (4257 cm1), 3P1–X3 R
), and 3P2–X3 R
) subX3 R
1 (4399 cm
0þ (3938 cm
1 (3325 cm
bands. To higher wavenumbers, another [X = 1] - X3 R
0þ transition has been observed with a 0–0 R head
3

3

near 5887 cm1. This transition has been assigned as 1P–X R0þ , although a 3P1–X R0þ assignment is also
possible. Several vibrational bands belonging to different sub-bands were rotationally analyzed and spectroscopic constants evaluated. Our spectroscopic constants for the ground state agree well with the values reported in the microwave study by Yamamoto et al. [T. Yamamoto, N. Tanimoto, T. Okabayashi, Phys.
Chem. Chem. Phys. 9 (2007) 3744–3748].
Ó 2009 Elsevier Inc. All rights reserved.

1. Introduction
In recent years, there has been considerable interest in spectroscopic studies of transition metal containing species because of
their importance in chemistry, astrophysics, surface science and
ab initio calculations. These compounds are widely used as catalysts
in various chemical processes. The metal-oxygen and metal-sulﬁde
bonds are of interest in explaining the bulk metal properties, since
oxygen and sulfur atoms on the transition metal surface play an
important role in these processes. The desulfurization catalysts
(Ni–Mo), for example, are used in chemical processes intended to
produce the sulfur-free fuel. The 3d transition metal-containing
molecules have unique properties due to their d-electrons and the
presence of many unpaired d-electrons increases the complexity
of spectra due to spin–orbit interactions. Theoretical calculations
on these molecules often fail to predict the correct spectroscopic
properties and energy ordering of electronic states. The spectroscopic studies of these molecules, therefore, have become important to gain insight into chemical bonding in simple metal
systems [1]. Because of the high cosmic abundance of transition metal elements in stars, transition metal-containing molecules are also
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of astrophysical importance [2,3]. In particular, transition metal sulﬁdes such as TiS and ZrS are prominent in the near infrared spectra
of S-type stars [4] and NiS might also be present.
Among Ni containing molecules, NiH [5–9], NiO [10–15], NiF
[16–20] and NiCl [21–24] have been relatively well studied in
the past few decades. For NiO, for example, the ground state is well
characterized by microwave spectroscopy [10] and some low-lying
excited electronic states are known from high resolution studies
[11,12] and theoretical calculations [13–15]. For NiS on the other
hand, more limited spectroscopic data are available to date. There
are several theoretical studies on the spectroscopic properties of
low-lying electronic states [15,25–27], all of which predict a
X3R ground state. These studies suggest that the bonding and
electronic structure of NiS is very similar to that of NiO, and the
separations between the very low-lying excited states of the two
molecules are also very similar (within 400 cm1). The close similarity between transition metal sulﬁde and oxide molecules in general provides a useful guide for the analysis of the spectra of
sulﬁdes.
An experimental observation of NiS has been reported by Zheng
et al. [28] in the 495–555 nm regions. The NiS bands were produced by the reaction of sputtered Ni atoms with CS2 in a free jet
expansion and spectra were recorded by laser-induced ﬂuorescence (LIF). The observed bands were assigned to a [17.4]3R–
X3R transition. They reported the ﬁrst spectroscopic constants
for the electronic states of NiS by rotational analysis of several
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bands, all having v00 = 0 of the X3 R
0þ state as their common lower
state. In a more recent study of NiS, Yamamoto et al. [29] observed
pure rotation spectra involving the X00 = 0+ and 1 spin components
of the X3R state, and provided very accurate rotational and spin
splitting constants for the v00 = 0 and 1 vibrational levels. These
authors estimated the ground state vibrational constant using
the Kratzer relation and also estimated the location of some lowlying excited states based on the interaction of these states with
the ground state [30]. A comparison of available results for NiS
shows that the ground state rotational constants and bond lengths
obtained by Zheng at al. [28] in the LIF study differ considerably
from the microwave values of Yamamoto et al. [29], as well as theoretical values available in literature [15,25–27].
In the present work we report on the observation of new NiS
bands in the near infrared region (2500–7500 cm1). Most of these
bands have been assigned to a 3Gi–X3R transition with 0–0 bands
3  3
3 
3 
3
3
of the 3P0+–X3 R
1 , P0–X R1 , G1–X R0þ , and P2–X R1 , 0–0 subbands located near 4399, 4257, 3938 and 3325 cm1, respectively.
To the higher wavenumbers, a 0–0 band observed with an R head
near 5887 cm1 has been identiﬁed as a [X = 1]–X3 R
0þ transition
3
3 
which has be assigned as a [5.8]1G–X3 R
0þ transition. A G1–X R
assignment is also possible for this transition. A number of bands
involving v00 = 0, 1, and 2 and v0 = 0, 1 vibrational levels of the
ground and excited states have been observed and rotationally
analyzed providing ﬁrst spectroscopic data on the low-lying A3Gi
and [5.8]1G excited states of NiS. The observation of the A3Gi –
X3R transition of NiS is consistent with a similar transition of
NiO in the near infrared region [11].
2. Experimental
The near infrared spectra of NiS were produced by the reaction
of nickel atoms with about 30 mTorr of CS2 in the presence of 150
Torr of He in a high temperature carbon tube furnace (King furnace). The furnace was operated at a temperature of about
2200 °C. The emission from the furnace was focused on to the
entrance aperture of a Bruker IFS 120 HR Fourier transform spectrometer using a CaF2 lens and the spectra were recorded in the
2000–7500 cm1 region using InSb detectors at a resolution of
0.04 cm1. About 100 scans were co-added in about one hour of
integration.
The new emission bands were readily attributed to NiS based on
their vibrational intervals and rotational line spacing. The spectral
line positions were measured using a data reduction program
called WSPECTRA written by M. Carleer of the Université Libre de
Bruxelles. The peak positions were determined by ﬁtting a Voigt
line shape function to each experimental feature. The furnace spectrum also contained the vibration–rotation bands of HCl, HF and
CO as impurities in addition to the NiS bands and some Ni atomic
lines. We have used the HF line positions [31] to calibrate our spectra. The molecular lines appear with approximate widths of
0.045 cm1 and a maximum signal-to-noise ratio of about 13:1.
The line positions are expected to be accurate to ±0.007 cm1.
However, there is considerable blending of lines due to the overlap
of rotational structure of different sub-bands of NiS as well as the
much stronger vibration–rotation lines of HF and HCl and CO, so
the uncertainty in measurement is somewhat higher for blended
and weaker lines.
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the 3500–5000 cm1 region is provided in Fig. 1. The very strong
emission features present in this spectrum are due to HCl, HF
and CO vibration–rotation lines. Absorption lines appearing in between 3600–4000 cm1 interval are due to H2O while some of the
very strong lower J HCl and HF lines also appear in absorption. The
branches in different bands were picked out using a color Loomis–
Wood program running on a PC computer. The carrier of these
bands was established by rotational analysis of the strong bands.
The observation of isotopic lines of the most abundant isotopologues also established the carrier. Ni has ﬁve naturally occurring
isotopes, 58Ni, 60Ni, 61Ni, 62Ni and 65Ni with approximate abundances of 68.3%, 26.1%, 1.1%, 3.6% and 0.9%, respectively. In addition to the most abundant 58NiS isotopologue, the rotational lines
of the minor 60NiS are expected to be present with 30% of the
intensity of 58NiS. As expected, we were able to identify the rotational lines of both 58NiS and 60NiS in several strong bands,
although data for 60NiS were limited to a few Dv – 0 bands. In this
work we obtained the rotational analysis only for the most abundant 58NiS isotopologue.
A rotational analysis of the observed bands provides evidence
for the presence of two new transitions, 3Gi –X3R and [X = 1]–
X3 R
0þ in the near infrared with details provided in the following
sections.
3.1. The A3Gi–X3R transition
The bands belonging to the A3Gi–X3R transition are located in
the 2500–5000 cm1 interval. This transition is analogous to the
A3Gi–X3R transition of NiO with T00 = 4337.6 cm1 [11] and is observed with T00 = 3865 cm1. The A3Gi state of NiS is expected to
obey Hund’s case (a) coupling as in the case for NiO [11]. Each
3
G1–X3 R
vibrational band should consist of 3G0±–X3 R
1,
0þ and
3
G2–X3 R
sub-bands.
The
strongest
NiS
band
is
located near
1
3938 cm1 and is assigned as the 0–0 band of the 3G1–X3 R
0þ
sub-band. Some other vibrational bands located at 3435, 3398
1
and 4398 cm have been assigned as the 0–1, 1–2 and 1–0 bands
of this sub-band, respectively. The rotational structure of each
band of this sub-band consists of a single P, single Q and a single
R branch. A portion of the 0–0 band of this sub-band is provided
in Fig. 2. We have observed rotational lines up to J = 79, 113 and
78, respectively, in the R, Q and P branches.
On the higher wavenumber side, two bands located 4257 and
3
4399 cm1 have been assigned as the 3P0–X3 R
1 , 0–0 and P0+–
1
,
0–0
bands.
The
4257
cm
band
is
overlapped
by
strong
X3 R
1

3. Observation and analysis
A careful inspection of the spectrum indicates the presence of a
number of NiS bands in the 2500–7500 cm1 region. The bands observed in the 5000–7500 cm1 region are much weaker in intensity
than the lower wavenumber bands. An overview of spectrum in

Fig. 1. A compressed portion of the spectrum of NiS in the 3000–5000 cm1 region,
marking the band heads of the A3Gi–X3R transition. The strong lines in the
spectrum are due to the vibration–rotation bands of HCl, HF and CO molecules.
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Fig. 2. A portion of the 0–0 band of the A3P1–X3 R
0þ sub-band of NiS near the R
head, marking some low J lines in the R, Q and P branches.

HF lines and has not been marked in Fig. 1. The 3P0+–X3 R
1 , 0–0
band at 4399 cm1 is overlapped with the 1–0 band of the 3G1–
X3 R
0þ sub-band located in the same region. The rotational lines
of this band were picked out easily using our Loomis–Wood program, in spite of overlapping. Another band observed at
4865 cm1 has been assigned as the 1–0 band of the 3P0+–X3 R
1
sub-band. The corresponding 1–0 band of the 3P0–X3 R
1 sub-band
could not be assigned due to severe overlapping. The 0–1 band and
higher vibrational bands of these two sub-bands were also not
identiﬁed due to overlapping or weak intensity. Each band of these
sub-bands consists of a single P, single Q and a single R branch as
expected. A portion of the 0–0 band of the 3P0+–X3 R
1 sub-band
near the band head has been provided in Fig. 3, in which some
low J lines of the three branches have been marked. Rotational
lines up to R(81), Q(131) and P(104) were observed. Another band
located near 3325 cm1 has been identiﬁed as the 0–0 band of the
3
G2–X3 R
1 sub-band. As expected, this band consists of 2R, 2Q and
2P branches. No other vibrational bands associated with this subband have been identiﬁed in our spectra. No perturbations were
detected in any of the observed bands.
3.2. The [5.8]1G–X3 R
0þ transition
A relatively weak band observed with R head at 5887 cm1 has
been identiﬁed as the 0–0 band of a [X = 1]–X3 R
0þ transition. The
upper state is most probably a 1G state, although a 3G1–X3 R
1

assignment cannot be completely ruled out. If this band is a 3G1–
X3 R
0þ sub-band, we should have been able to ﬁnd other associated
sub-bands in the observed spectral range, but did not see any. Another band located to higher wavenumbers at 6315 cm1 has been
assigned as the 1–0 band. The corresponding 0–1 band is weaker
than the other two bands but the Q lines were clearly identiﬁed
in spite of very weak intensity. The lines of the 0–1 band of this
sub-band were not included in the ﬁnal ﬁt because of the lack of
sufﬁcient data. A portion of the 0–0 band is provided in Fig. 4. This
transition consists of a single P, a single Q and a single R branch as
expected (Fig. 4). The v0 = 0 vibrational level of this state is free
from perturbations although there is evidence of weak interaction
in the v0 = 1 vibrational level for lines with J < 45 and J > 98. The
rotational lines of the 0–0 and 1–0 bands were combined with
the lines of the A3Gi–X3R transition in the ﬁnal ﬁt.
Rotational assignment in the different 0–0 and 0–1 bands were
made by comparing the combination differences with the corresponding values for the v00 = 0 and 1 vibrational levels of the
3 
3 
X3 R
0þ and X R1 components of the X R ground state calculated
using the rotational constants from the microwave study by
Yamamoto et al. [29]. The assignments in the other higher vibrational bands were made by matching the combination differences
for common vibrational levels of the excited states. The spectroscopic constants for the different vibrational levels of the 3G and
3 
R states were determined by ﬁtting the observed line positions
using the Hamiltonian matrix elements for these states provided
elsewhere [32]. The energy levels of the 1P state are given by the
following expression:

F v ðJÞ ¼ T v þ Bv JðJ þ 1Þ  Dv ½JðJ þ 1Þ2
o
1n

qv JðJ þ 1Þ þ qDv ½JðJ þ 1Þ2 þ qHv ½JðJ þ 1Þ3
2
Because of some Hund’s case (c) character in the A3G state, a number
of higher order parameters were needed in addition to T0, A0, B0, D0,
p0, o0 and k0 for the v = 0 vibrational levels of the A3G state. For the
v = 1 vibrational level of this state several of these parameters were
held ﬁxed to the values from the v = 0 vibrational level because bands
involving the 3G0 and 3G2 components of the excited v = 1 vibrational level were not identiﬁed. The higher-lying state with
T00 = 5837 cm1 was treated as a 1G state in the ﬁnal ﬁt. For the
ground X3R state, Tv, Bv, Dv, cv, cDv, kv and kDv were determined
for the v00 = 0 vibrational level while for the v” = 1 vibrational level
all of these constants except cDv were determined in the ﬁnal ﬁt.
For v00 = 2 vibrational level for which no bands involving the X3 R
1
spin component of the ground state were observed, the constants
00
kv and kDv were ﬁxed to the values for the v = 1 vibrational level
and the constants Tv, Bv, Dv and cv were determined. In the ﬁnal ﬁt
weaker and blended lines were given lower weights. The microwave
lines were also included with suitable weights in the ﬁnal ﬁt. The
observed lines positions of both the transitions along with obs.-calc.
residuals are available on ScienceDirect (www.sciencedirect.com)
and as part of the Ohio State University Molecular Spectroscopy Archives (http://msa.lib.ohio-state.edu/jmsa_hp.htm). The spectroscopic constants obtained for the ground state are provided in
Table 1 while those for the excited states are given in Table 2.

4. Discussion

Fig. 3. A portion of the 1–0 band of the A3P0+–X3 R
1 sub-band of NiS near the R
head, marking some low J lines in the R, Q and P branches.

There are several theoretical studies of NiO [13–15] and NiS
[15,25–27] which have suggested that the spectroscopic properties
of these two molecules should be very similar. Like NiO, the ground
and the low-lying electronic states of NiS arise from the following
conﬁgurations:
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Fig. 4. A portion of the 0–0 band of the [5.8]1G–X3 R
0þ transition of NiS near the R head, marking some rotational lines in the R, Q and P branches.
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Table 1
Spectroscopic constants (cm1) for the X3R state of NiS.

ðiiÞ
þ

ðiiiÞ

The 3R state arising from conﬁguration (i) is the ground state
of NiS while the A3G state observed in the present work arises from
conﬁguration (ii). These two conﬁgurations also result in the lowlying 1R+, 1D and 1G states. In addition to the ground state, the
spectroscopic properties of some low-lying excited states such as
3
G, 3R+ and 1R+ have been calculated by Bauschlicher [15] in his
MRCI and MRCI + Q calculations. No predictions have been made
for the spectroscopic properties of the 1D and 1G states in the theoretical calculations available so far. The observation of a 3G state
at 3865 cm1 is consistent with the theoretical values of 3610
and 4580 cm1 in MRCI and MRCI + Q calculations. In the microwave study of NiS, Yamamoto et al. [29] have estimated the
approximate location of the ﬁrst excited 3G state assuming that
the spin splitting constant c in the ground X3R state arises entirely as a result of interaction of the ground state with the 3G excited state. With this approximation, the values of B and c from the
microwave study provided the E3G–E3R+ separation of 3800 cm1
which is in very good agreement with our experimental value of
T00 = 3865 cm1. They also estimated the position of the higher-lying 1R+ state at 8700 cm1 through a second order interaction from
this state. This state has been predicted at 12 350 and 14 040 cm1
in the MRCI and MRCI + Q calculations by Bauschlicher [15]. No
theoretical predictions are available for the other excited states
of NiS. In this paper we have assigned the higher-lying X = 1 state
observed with T00 = 5737 cm1 as a 1G state arising from conﬁguration (ii). As mentioned earlier, this state can equally well be assigned as the 3G1 component of another low-lying 3G state. The
spectroscopic properties of the 1G state or other low-lying 3G states
have not been predicted in the theoretical calculations.
The spectroscopic constants of Tables 1 and 2 were used to
evaluate the equilibrium constants for the ground and excited states
which are provided in Table 3. The observation of v = 0, 1 and 2 vibrational levels enables us to determine equilibrium constants, xe, xexe,
Be, ae and re, for the ground state. As only v = 0 and 1 vibrational levels
were observed for the A3G and [5.8]1G states, only DG1/2 values could
be obtained in addition to the equilibrium rotational constants. Our
ground state vibrational constants of xe = 512.68(23) cm1 and
xexe = 3.610(92) cm1 agree well with the values estimated using
the microwave constants [xe = 507.227 cm1 and xexe = 2.20341
cm1]. The equilibrium bond lengths of the low-lying electronic states

Constants

v=0

v=1

v=2

Tv
Bv
107  Dv

0.0
0.21185994(38)
1.49807(90)
0.107651(30)
4.835(86)
7.03(40)
35.41570(85)
5.425(43)

505.46(13)
0.21067732(35)
1.5123(15)
0.12133(70)
–
–
37.506(10)
5.269(72)

1003.6998(19)
0.2093975(92)
1.4948(32)
0.11207(77)
–
–
37.506a
5.269a

cv

107  cDv
1012  cHv
kv
105  kDv
a

Fixed values, see text for details.

are compared with the previous experimental and theoretical values
in Table 4. One can notice from this table that the ground state constants of Zheng et al. [28] are far off from the present results, microwave results [28] and theoretical predictions available in the
literature [15,25–27]. The bond length obtained by Zheng et al. [28]
is 2.1195 Å, while a bond length of 1.962496(28) Å has been observed
in the present work and 1.96248780(74) Å was obtained by Yamamoto et al. [29] in their study of pure rotational transitions. The values of
2.05 and 2.03 Å have, respectively, been calculated in the MRCI and
MRCI + Q calculations of Bauschlicher [15] while a value of 1.97 Å
has been predicted by and Bridgeman and Rothery [27] in their density functional calculations. It is interesting to compare the spectroscopic constants of NiS with those of NiO reported earlier [11]. The
observation of the A3Gi state 3865 cm1 is consistent with the observation of the same state of NiO at 4337 cm1. The values of
A0 = 500.9925(27) cm1 and o0 = 68.974(21) cm1 obtained for
the A3Gi state of NiS compare with the corresponding values of
A0 = 283.3713(16) cm1 and o0 = 29.7011(10) cm1 for the A3Gi
state of NiO.

5. Conclusion
The emission spectrum of NiS has been observed in the near
infrared using a Fourier transform spectrometer. The observed
bands have been classiﬁed into two electronic transitions, A3Gi –
3
3 
X3R and [5.8]1G–X3 R
0þ . The A Gi –X R , 0–0 band consists
3
P0+–X3 R1 , 3P0–X3 R1 , 3P1–X3 R0þ , and 3P2–X3 R1 sub-bands located near 4399, 4257, 3938 and 3325 cm1, respectively. The
higher wavenumber transition is much weaker in intensity than
the lower wavenumber one and is assigned as a [5.8]1G–X3 R
0þ
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Table 2
Spectroscopic constants (cm1) for the A3Pi and [5.8]1G electronic states of NiS.
Constants

A3Pi
v=0

v=1

v=0

v=1

Tv
Av
103  ADv
108  AHv

3864.5650(34)
500.9925(27)
1.889(31)
2.2914(63)
0.3528(25)
2.52(52)
0.20166282(52)
1.4166(11)
–
–
2.155(31)
3.056(28)
1.351(21)
1.1964(60)
4.30(55)
68.974(21)
4.0376(69)
20.5911(17)
0.190(46)

4331.2618(43)
500.9925a
1.889a
2.2914a
0.37843(72)
–
0.2009341(20)
1.5398(14)
2.434(50)
–
0.6678(63)
–
0.7425(42)
1.513(17)
–
68.974a
4.0376a
16.1100(27)
1.0267(69)

5837.5811(15)
–
–
–
–
–
0.19505595(85)
1.6084(10)
–
1.9337(57)
–
–
–
–
–
–
–
–
–

6265.2501(18)
–
–
–
–
–
0.19386186(91)
1.5655(12)
–
1.183(17)
1.096(56)
0.470(42)

cv
107  cDv
Bv
107  Dv
1013  Hv
104  qv
108  qDv
1012  qHv
pv
105  pDv
1011  pHv
ov
104  oDv
kv
103  kDv
a

[5.8]1G

–
–
–
–
–
–

Fixed values, see text for details.

Table 3
Equilibrium constants (cm1) for the low-lying electronic states of NiS.
Constants

X3 R 

A3Gi

[5.8]1G

xe
xexe

512.68(23)
3.610(92)
0.2124516(62)
0.0011831(54)
1.962496(28)

[466.6968(55)]a
–
0.2020272(12)
0.0007287(21)
2.0124909(60)

[427.6690(23)]a
–
0.1956530(11)
0.0011941(13)
2.0450108(58)

Be

ae
re (Å)
a
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Appendix A. Supplementary data
Table 4
Comparison of experimental and theoretical values of some spectroscopic constants
of the low-lying electronic states of NiS.
T00
(cm1)

re
(Å)

xe

X3R State
FTS [this work]
MW [29]
LIF [28]
MRCI [15]
MRCI + Q [15]
DFT [27]

–
–
–
–
–
–

1.962496(28)
1.962
2.1195a
2.05
2.03
1.97

512.68(23)
507
322a
490
490
513

A3Gi
FTS [this work]
MW [29]
MRCI [15]
MRCI + Q [15]

3864.5650(34)
3800c
3610
4580

2.0124909(60)
–
2.15
2.11

[466.6968(55)]b
–
390
370

[5.8]1G
FTS [this work]

5837.5811(15)

2.0450108(58)

[427.6690(23)]b

8700c
12350
14040

–
–
–

–
–
–

16700
18840

–
–

–
–

Methods

1

R

+

MW [29]
MRCI [15]
MRCI + Q [15]
3

(cm1)

R+

MRCI [15]
MRCI + Q [15]
a

The values from Ref. [28] do not agree with the values from other studies.
DG1/2 value.
Values estimated by Yamamoto et al. [29] from the interactions of the low-lying
excited states with the ground state.
b

c

transition. The 0–0 and 1–0 bands of this transition were observed
with R heads near 5887 and 6315 cm1.

Supplementary data associated with this article can be found, in
the online version, at doi:10.1016/j.jms.2009.08.013. Supplementary data for this article are available on Science Direct
(www.sciencedirect.com) and as part of the Ohio State University
Molecular Spectroscopy Archives (http://library.osu.edu/sites/
msa/jmsa_hp.htm).
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