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Abstract

The emission spectrum of CoCl has been recorded in the 2000–23000 cm�1 region at high resolution. CoCl was made in a carbon tube
furnace by heating cobalt metal to a temperature of about 2300 �C as well as in a DC discharge source and the spectra were observed
using a Fourier transform spectrometer. The bands observed in the 2000–13000 cm�1 interval have been classified into four transitions:
C3D–X3U (2500–3600 cm�1), D3D–X3U (9300–10030 cm�1), G3U–X3U (8500–13000 cm�1) and G3U–C3D (7400–7900 cm�1) analogous
to the near infrared transitions of CoF reported previously [R.S. Ram, P.F. Bernath, S.P. Davis, J. Chem. Phys. 104 (1996) 6949.]. A
rotational analysis of a number of vibrational bands of these transitions has been obtained and spectroscopic constants extracted for
the low-lying electronic states of CoCl. It is found that the energy levels of CoCl correlate very well with those of CoF and CoH.
� 2007 Elsevier Inc. All rights reserved.
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1. Introduction

Transition metal-containing molecules continue to be
the focus of recent studies because of their theoretical,
chemical and astrophysical importance [1]. A number of
these molecules have been investigated in the gas phase
and their electronic spectra have been characterized at high
resolution. These studies provide insight into chemical
bonding in simple metal-containing systems. Because of
the high cosmic abundance of transition metal elements
in stars, transition metal-containing halides are also of
astrophysical importance. The observation of some metal
halides such as NaCl, KCl, AlCl and AlF in carbon stars
by millimeter-wave astronomers [2,3] strengthens the possi-
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doi:10.1016/j.jms.2007.03.007

* Corresponding author. Fax: +1 520 621 8407.
E-mail address: rram@u.arizona.edu (R.S. Ram).
bility that transition metal halides may also be found. In
spite of this interest the electronic spectra of many transi-
tion metal halide molecules remain poorly characterized
due to the complexity of their electronic spectra. Because
of the presence of d electrons, transition metal-containing
molecules have high electronic orbital and electron spin
angular momenta. This results in a large number of low-
lying electronic states, many of which are high multiplicity
states that are further split into sub-states because of large
spin–orbit interactions. The electronic transitions in these
molecules, therefore, provide complex spectra making their
interpretation a challenge. The application of laser excita-
tion and high resolution Fourier transform spectroscopy
in recent years has made the analysis of the spectra of many
such molecules possible. In some cases high order ab initio
calculations have also been found useful in the interpreta-
tion of the complex spectra [4–6].
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Cobalt-containing diatomic halides are good examples
for complexity of their electronic spectra. Among the
cobalt-containing halides CoF is best characterized while
for CoCl only limited studies were available until recently.
The CoF molecule has been investigated at high resolution
in the visible [7,8], red and near infrared regions [9,10] and
submillimeter region [11]. Four electronic transitions,
C3D–X3U, D3D–X3U, G3U–X3U and G3U–C3D of CoF,
involving low-lying electronic states have been observed
in the red and near infrared regions [10,11]. By analogy,
similar transitions are expected for CoCl, CoBr and CoI.

The spectra of CoCl are known since the 1930s when
Mesnage [12] and Moore [13] observed complex bands of
CoCl in the visible region using discharge sources. These
observations were followed by several low resolution stud-
ies [14–16] aimed at the vibrational classification of elec-
tronic transitions. The bands were arranged into several
electronic transitions, none of which had a lower state
vibrational frequency similar to the value of 453.72 cm�1

obtained in the matrix isolation observations by Green
et al. [17]. Darji et al. [18] analyzed a DX = 0 transition
of CoCl at 483.4 nm and suggested an X00 = 0+ state as
the ground state. A density function theoretical study by
Bridgeman [19], however, suggested a 3R� ground state.
These assignments do not agree with expectations based
on results available for CoH [20] and CoF [9,10], which
have X3Ui ground states. Thus the identity of even the
ground state of CoCl remained uncertain mainly due to
the lack of high resolution data. More recently, Adam
et al. [21] reported the observation of two electronic transi-
tions in the 415–725 nm region in a laser-induced fluores-
cence experiment using laser-ablation/molecular beam
source and concluded that the ground state of CoCl indeed
arose from a X3U4 state consistent with the results avail-
able for CoF. In a subsequent investigation of CoCl, Hirao
et al. [22] recorded the spectrum in same region as studied
by Adam et al. [21] and reported additional bands having
the X3U3 spin component of the ground state as the lower
state. In another study of this molecule, Wong et al. [23]
applied the laser vaporization free jet expansion/laser exci-
tation technique to observe a 3U4–3U4 subband in the near
infrared which they labeled as the [10.3]3U–X3U transition.
Apart from this work, the spectra in the red and near infra-
red regions remain largely uncharacterized.

In a most recent study of this molecule, Flory et al. [24]
measured the pure rotational spectra of CoCl in the ground
state by submillimeter-wave spectroscopy. These authors
observed pure rotational transitions in the three spin–orbit
components with X = 4, 3, and 2 of Co35Cl and Co37Cl
establishing the identity of the ground state as X3Ui. From
this study they concluded that the molecule is highly per-
turbed in the ground state.

In the present paper, we report on the high resolution anal-
ysis of four transitions of CoCl in the red and near infrared
regions. For the [10.3]3U–X3U transition (relabeled as G3U–
X3U in the present paper) we also observed the G3U3–X3U3

component in addition to the G3U4–X3U4 subband and
observed bands involving vibrational levels up to v = 13
and 9 in the excited G3U4 and G3U3 sub-states, respectively.
We have also observed three new transitions C3D–X3U,
D3D–X3U and G3U–C3D, in the near infrared. A rotational
analysis of numerous bands belonging to the four transitions
has been performed and results reported in this paper.

2. Experimental

The CoCl molecules were produced using DC discharge
and thermal excitation sources. In the first experiment
CoCl was produced in the DC discharge in a high temper-
ature tube furnace. A small quantity of CoCl2 powder was
placed near the center in a 1.2 m long, 5 cm diameter alu-
mina tube. Two stainless steel sheets were rolled into cylin-
drical electrodes and placed inside at the ends of the
ceramic tubes. The furnace was heated to about 550 �C
and a slow flow of Ar gas was used to keep the pressure
at about 5 Torr inside the tube. The discharge was gener-
ated by operating the DC source at �3 kV, 300 mA
between the two electrodes. The emission from the source
was collected using a CaF2 lens and entered into the
entrance aperture of a Bruker IFS 120 HR Fourier trans-
form spectrometer. Spectra in the 8600–23000 cm�1 inter-
val were recorded at a resolution of 0.03 cm�1 using a
Si-photo diode detector and a photomultiplier tube.

In the second experiment about 40 g of cobalt metal was
placed inside King furnace and heated to about 2300 �C.
The helium pressure in the furnace was maintained at
150 Torr. A small amount of HCl was introduced into
the system at one time, i.e., there was no continuous flow
of HCl during the experiment. These conditions have
insured the production of CoCl and strong emission signal
was imaged onto the entrance aperture of the spectrometer.
The spectra in the 1800–22000 cm�1 interval were recorded
at a resolution of 0.05 cm�1 using InSb and Si-diode
detectors.

The line positions were extracted from the observed
spectra using a data reduction program called WSpectra
developed by M. Carleer (Université Libre de Bruxelles).
The branches in the different subbands were sorted using
a color Loomis–Wood program running on a PC com-
puter. The measurements of standard Ar atomic lines [25]
were used to calibrate the spectra in the 8600–
23000 cm�1 region recorded using the high voltage DC dis-
charge source.

In addition to CoCl, the furnace spectra also contained
molecular lines of CO, HF and HCl vibration-rotation
bands. The lower wavenumber spectra were therefore cali-
brated using the measurements of HF and HCl [26] while
for the higher wavenumber region the Ar calibration was
transferred from the high voltage discharge spectra to the
furnace spectra using common molecular lines. The abso-
lute accuracy of the wavenumber scale is expected to be
of the order of ±0.003 cm�1 for the DC discharge spectra.
The CoCl lines of the stronger bands in the King furnace
appear with a maximum signal-to-noise ratio of about
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twelve and have a typical line width of about 0.08 cm�1.
Therefore, for the King furnace spectra, the precision of
measurements of strong and unblended lines is expected
to be of the order of ±0.005 cm�1. In the furnace spectra,
in particular, several higher vibrational bands (with v 0 up
to 13) were excited and their rotational lines are frequently
overlapped with the lines of neighboring bands. The uncer-
tainty of measurements for the weaker and overlapped
lines is expected to be much higher than for the cleanly
resolved lines.
3. Observation and analysis

CoCl has a large number of bands in the 2500–
13000 cm�1 region. The lines in the different bands were
picked out using a color Loomis–Wood program, which
expedited the analysis of bands particularly in complex
and overlapped regions. After the branches in the different
bands were sorted out, their rotational assignments were
made by comparing combination differences from bands
having vibrational levels in common. After rotational
assignment the spectra in this region have been classified
into four transitions: C3D–X3U (2500–3600 cm�1), D3D–X3U
(9300–10030 cm�1), G3U–X3U (8500–13000 cm�1) and
G3U–C3D (7400–7900 cm�1). A summary of the observed
bands has been provided in Table 1, in which the T00 values
and 0–0 R heads are also provided for the subbands of each
transition. The spectrum in the 8500–13 000 cm�1 region is
particularly intense and complex because of overlapping
from the D3D–X3U and G3U–X3U transitions. The D3D–
X3U transition appears with modest intensity while the
G3U–X3U transition is very strong with several sequence
bands having vibrational levels up to v = 5 in the ground
state and v = 13 in the upper state.

The general appearance of the near infrared transitions
of CoCl are similar to those of CoF as expected, but with
Table 1
Observed near infrared bands of CoCl

Transitiona T00 (cm�1) 0–0 R head (cm�1) Observed bands

G3U4–X3U4 10449.9 10051.5 0–0, 0–1, 0–2, 0–3,
1–0, 1–4, 1–5, 2–0,
2–5, 3–0, 4–0, 5–1,
6–1, 7–2, 8–2, 9–2,
10–2, 10–3, 10–4,
11–3, 12–4, 13–4, 13–5

G3U3–X3U3 10486.9 10488.5 0–0, 0–1, 0–2, 1–0,
1–4, 2–0, 3–0, 4–0,
4–1, 5–1, 6–1, 7–2,
8–2, 9–2, 9–3

C3D3–X3U4 2726.7 2730.6 0–0, 1–0, 2–0,
3–1, 4–2, 5–3

C3D2–X3U3 2636.6 2640.6 0–0
D3D3–X3U4 9639.3 9637.4 0–1, 0–0, 1–0
D3D2–X3U3 9892.6 9894.7 0–0
G3U4–C3D3 7723.2 7725.8 0–0, 0–1
G3U3–C3D2 7850.3 7853.0 0–0

a Transitions involving the lowest X component of each state were not
observed in the spectra.
one exception. Contrary to CoF for which the three spin–
orbit components of each state was observed (except
D3D1), the transitions involving the lowest X components
(i.e., X = 2 for 3U states and X = 1 for 3D states) were
not observed in our spectra. This could be due to a rela-
tively small population in the lowest X components which
lie highest in energy because all the states are inverted, or to
interactions with other states. Several additional bands
have been observed in the 5000–8500 cm�1 and 13000–
20000 cm�1 regions which still remain unassigned because
of their very weak intensity and complexity. Some of these
bands could be due to singlet states.

The chlorine atom has two isotopes 35Cl and 37Cl with a
natural abundance ratio of about 3:1, therefore spectra of
both isotopologues, Co35Cl and Co37Cl, are expected to
be present in our spectra. It was found that rotational lines
belonging to the minor isotopologue Co37Cl are generally
overlapped with the strong lines of other bands located in
the same region. This is particularly true for the Dv > 0
sequence bands where the minor isotopologue bands fall
on the lower wavenumber side of the main isotopologue
and are overlapped by much stronger lines of the main iso-
topologue of the same band. However, lines belonging to
the minor isotopologue are clearly identified in the Dv < 0
bands, particularly for the first member of the sequence
since Co37Cl heads are located on the higher wavenumber
side of the Co35Cl heads and are not overlapped by the
strong Co35Cl lines.

3.1. The C3D–X3U transition in the 2500–4500 cm�1 region

Seven bands belonging to this transition are located in
the 2500–3600 cm�1 region. After rotational analysis, two
bands with origins near 2727 and 2636 cm�1 have been
assigned as the 0–0 bands of the C3D3–X3U4 and C3D2–X3U3

subbands; the C3D1–X3U2 subband was not observed in
spite of a careful search. Only the v = 0 vibrational level
of the C3D2 spin component was observed in our spectra
since the 3D2–3U3 subband is weaker than the 3D3–3U4 sub-
band. In addition to the 0–0 band, five additional bands
with origins near 3130, 3531, 3498, 3467 and 3436 cm�1

have been identified as the 1–0, 2–0, 3–1, 4–2 and 5–3
bands (respectively) of the 3D3–3U4 subband. No X-dou-
bling was resolved in the assigned J range in contrast to
the large X-doubling observed in the C3D state of CoF.
The observed bands consist of P, Q and R branches with
the Q branch being the most intense. This observation is
consistent with a DX = �1 assignment for these bands.
The rotational lines in these bands do not have combina-
tion defects or X-doubling, suggesting that high X states
(X > 1) must be involved. The rotational lines show no
hyperfine splittings in the range of observed J values,
although some broadening has been observed for very
low J lines. The X-assignment for the two subbands has
been made by comparing the lower state constants with
the values reported in previous studies. A compressed
portion containing the 0–0 bands of the two subbands is



Fig. 1. A compressed portion of the C3D–X3U transition of CoCl with the 0–0 heads of the 3D2–3U3 and 3D3–3U4 subbands marked.
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presented in Fig. 1. The spectrum of this transition is over-
lapped by very strong molecular lines belonging to HCl
and CO. It was noted that the lower J lines of the funda-
mental HCl band appear as broad absorption features
which obscure many CoCl molecular lines. Because of
overlapping as well as weaker intensity the bands belonging
to Dv = �1 and �2 sequences could not be identified.
Rotational lines as high as R(97), P(99), Q(99) and
R(144), P(118), Q(158) were observed in the 0–0 bands of
the C3D2–X3U3 and C3D3–X3U4 subbands, respectively.
No local perturbations were observed in any of the bands
belonging to this transition.
3.2. The D3D–X3U transition in the 9300–9900 cm�1 region

Four bands with R heads near 9209, 9639, 9893 and
10027 cm�1 have been attributed to another 3D–3U elec-
tronic transition of CoCl. These bands are weaker than
the overlapping bands of the G3U–X3U transition present
in the same region. The band at 9893 cm�1 has been
assigned as the 0–0 band of the D3D2–X3U3 subband. No
other bands belonging to this subband were identified in
our spectra probably due to their very weak intensity.
The bands located near 9209, 9639 and 10027 cm�1 have
been assigned as the 0–1, 0–0 and 1–0 bands of the
D3D3–X3U4 subband. Another band located near
9216 cm�1 has been assigned as the 0–1 band of the
D3D3–X3U4 subband of the Co37Cl isotopologue. Like
the C3D–X3U transition, these bands also consist of R, Q

and P branches, consistent with a DX = �1 assignment.
These bands are free of X-doubling suggesting that high
X value (X > 1) states are involved. A part of the 0–0 band
of the D3D3–X3U4 subband at 9639 cm�1 is presented in
Fig. 2. The lower wavenumber side of this band is over-
lapped with a the 1–3 band of the G3U3–X3U3 subband
located near 9593 cm�1. The rotational lines of the different
branches have, therefore, not been marked in this figure to
avoid confusion.
3.3. The G3U–X3U transition in the 8500–13000 cm�1 region

A very intense transition of CoCl has been observed in
the 8500–13000 cm�1 region. Two bands located at
10450 and 10487 cm�1 have been assigned as the 0–0 bands
of the 3U4–3U4 and 3U3–

3U3 subbands of the G3U–X3U
transition. The spectrum consists of several sequences of
bands and each sequence consists of many higher vibra-
tional bands. In total we have identified 23 bands involving
vibrational levels v 0 = 0–13 and v00 = 0–5 for the 3U4–3U4

subband and 15 bands involving vibrational levels v 0 = 0–
9 and v00 = 0–4 for the 3U3–3U3 subband. A search for
bands belonging to the 3U2–3U2 subband as well as cross-
spin component transitions with DX „ 0 was not successful.
A part of the compressed spectrum of this transition is pro-
vided in Fig. 3 with some of the main sequence bands
marked, although the sequence structure is wider than
shown in this figure. For example, we have identified bands
up to 1–5 in the Dv = �4 sequence and 13–5 in the Dv = 8
sequence of the 3U4–3U4 subband. A part of the 1–0 band
near the R heads is provided in Fig. 4 where bands belong-
ing to the 3U3–3U3 and 3U4–3U4 subbands have been
marked. Each band belonging to this transition consists
of only R and P branches as expected for a DX = 0 transi-
tion. An expanded portion of the G3U3–X3U3 1–0 band is
provided in Fig. 5 in which some low J R and P lines have
been marked. We have identified rotational lines up to
R(138) and P(128) in the G3U3–X3U3 subband and R(90)
and P(90) in the corresponding G3U4–X3U4 subband.

A part of the spectrum of the 0–1 band near the R heads
have been provided in Fig. 6 in which the R heads of both iso-



Fig. 2. A portion of the D3D3–X3U4 0–0 band of CoCl. The individual rotational lines have not been marked to avoid confusion.

Fig. 3. An overview of the G3U–X3U transition of CoCl with the main sequence bands marked.

Fig. 4. A portion of the 1–0 band of the G3U–X3U system of CoCl near the band heads. The R heads of the 3U3–3U3 and 3U4–3U4 subbands have been
marked.
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Fig. 5. An expanded portion of the 1–0 band of the G3U3–X3U3 subband with some low J, R and P lines marked near the band head.

Fig. 6. A portion of the 0–1 band of the G3U–X3U transition of the CoCl with the R heads of the Co35Cl and Co37Cl isotopologues marked.
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topologues have been marked. No attempt was made to rota-
tionally analyze Co37Cl bands because of the limited data
available. In this work, therefore, we have obtained spectro-
scopic constants only for the main isotopologue Co35Cl.
3.4. The G3U–C3D transition in the 7400–7900 cm�1 region

Some weaker bands observed in the 7000–7900 cm�1

region have been attributed to the G3U–C3D transition of
CoCl. Two bands located near 7723 and 7850 cm�1 have
been identified as the 0–0 bands of the G3U4–C3D3 and
G3U3–C3D2 subbands. The G3U4–C3D3 0–0 band position
was calculated simply by taking the difference of the band
origins of the G3U4–X3U4 0–0 and C3D3–X3U4 0–0 bands
(10449.9 � 2726.7 = 7723.2 cm�1) and rotational lines
were easily found in our spectra using the Loomis–Wood
program, in spite of its weak intensity. Similarly the
G3U3–C3D2 0–0 band position was calculated by taking
the difference of the G3U3–X3U3 0–0 and C3D2–X3U3 0–0
bands. The third G3U2–C3D1 subband of this transition
was again not identified in our spectra as discussed
previously.

No attempt was made to obtain a Hund’s case (a) fit of
the observed lines due to the lack of satellite branches that
cross-spin components (DR „ 0 transitions). The molecular
constants for the different X states were therefore deter-
mined separately by fitting the observed line positions to
the customary empirical energy level expression:

F ðJÞ ¼ T v þ BvJðJ þ 1Þ � Dv½JðJ þ 1Þ�2 þ H v½JðJ þ 1Þ�3

þ Lv½JðJ þ 1Þ�4:

The X-doubling constants are omitted in this expression as
the X-doubling was not resolved in any bands over the ob-



Table 3
Spectroscopic constantsa (in cm�1) for the C3D and D3D states of CoCl

State v Tv Bv 107 · Dv

C3D2 0 2636.57400(89) 0.1719502(27) 1.2289(22)

C3D3 0 2726.73386(56) 0.17166200(26) 1.23113(80)
1 3130.0620(14) 0.17075567(92) 1.2244(14)
2 3530.7094(27) 0.1698586(13) 1.2202(15)
3 3928.7199(19) 0.16896318(79) 1.21083(97)
4 4324.0965(16) 0.16808116(84) 1.2050(11)
5 4716.8969(59) 0.1672019(34) 1.1995(41)

D3D2 0 9892.6314(66) 0.1663255(28) 1.0497(24)

D3D3 0 9639.3612(10) 0.16626532(45) 1.19784(85)
1 10027.0072(10) 0.1653601(14) 1.1128(43)

a The numbers in parentheses are one standard deviation in the last two
digits quoted.

Table 4
Spectroscopic constantsa (in cm�1) for the G3U state of CoCl

State v Tv Bv

G3U3 0 10486.96406(83) 0.1616211(27)
1 10866.01822(97) 0.1607893(27)
2 11242.4289(12) 0.1599663(30)
3 11616.2802(14) 0.1591213(28)
4 11987.4618(17) 0.1582779(28)
5 12356.0200(26) 0.1574680(42)
6 12721.9667(41) 0.1566489(59)
7 13085.2521(58) 0.1558536(97)
8 13445.9281(59) 0.1550485(74)
9 13804.0294(28) 0.1541639(33)

G3U4 0 10449.93762(93) 0.1612555(13)
1 10826.0540(14) 0.1604354(29)
2 11199.4993(20) 0.1596386(41)
3 11570.2655(15) 0.1589157(34)
4 11938.3724(17) 0.1582278(31)
5 12303.8447(36) 0.157642(10)
6 12666.6439(33) 0.1573321(58)
7 13023.0684(31) 0.1553417(15)
8 13382.875(15) 0.153429(18)
9 13738.6143(11) 0.152382(13)

10 14091.3066(61) 0.1514089(85)
11 14440.840(13) 0.150946(11)
12 14788.025(11) 0.150014(13)
13 15132.4241(65) 0.1492437(72)

a The numbers in parentheses are one standard deviation in the last two dig

Table 2
Spectroscopic constantsa (in cm�1) for the X3U state of CoCl

State v Tv Bv 107 · Dv

X3U3 0 0.0 0.1793156(27) 1.2649(22)
1 427.4154(12) 0.1783218(27) 1.2700(23)
2 851.3104(14) 0.1773139(28) 1.2890(24)
3 1271.7065(47) 0.1759163(46) 1.2655(64)
4 1688.5527(20) 0.1754744(33) 1.3190(46)

X3U4 0 0.0 0.17954254(22) 1.24939(80)
1 430.45048(92) 0.17857747(45) 1.24873(85)
2 857.5853(12) 0.17761593(65) 1.2495(10)
3 1281.4215(57) 0.1766589(33) 1.2542(41)
4 1701.9459(46) 0.1757272(30) 1.2920(40)
5 2119.2490(64) 0.1747651(38) 1.2896(47)

a The numbers in parentheses are one standard deviation in the last two
digits quoted.
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served J range. In the final fit, the blended and weaker lines
were given lower weights depending on their signal-to-noise
ratio and extent of blending. The hyperfine-free line fre-
quencies of the pure rotational transitions observed by Flo-
ry et al. [24] were also included in the final fit with
appropriate weights. The lines of the bands in the four
transitions are available from the Journal depository. The
rotational constants for the X3U state are provided in
Table 2 while the constants for the C3D and D3D states
are provided in Table 3. The spectroscopic constants for
the G3U state obtained from the final fit are provided in
Table 4.
4. Discussion

Although several visible transitions of CoCl have been
studied at high resolution previously [21,22], the red and
near infrared regions remained largely unexplored: only
the 3U4–3U4 subband of the G3U–X3U transition was
observed previously by Wong et al. [23]. In that work
the authors observed the v = 0 the vibrational level in
the X3U4 state and v = 2–7 vibrational levels in the
G3U4 spin component [labeled by them as [10.3]3U4].
No other low-lying electronic states have been observed
in previous studies. Based on the similarity of the elec-
tronic structure of CoF and CoH [9,10], two low lying
3D states are expected below the G3U state of CoCl
and we have located C3D and D3D states in the work
reported here. The energy levels of the low-lying elec-
tronic states of CoCl based on the present work have
been compared with those of CoF and CoH in the
107 · Dv 1011 · Hv 1015 · Lv

1.1622(22) — —
1.1658(23) — —
1.1863(34) — —
1.1532(24) — —
1.1298(24) — —
1.149(11) 0.0123(97) —
1.204(19) 0.097(18) —
1.289(41) 0.198(53) —
1.338(23) 0.187(21) —
1.1260(34) — —

1.0536(56) �0.2097(89) 0.1675(46)
0.940(16) �0.478(30) 0.523(19)
0.815(23) �0.670(48) 1.020(33)
0.980(21) 0.331(46) 0.699(33)
0.802(14) 1.405(18) —
0.250(85) 3.20(26) �3.00(27)
�2.117(28) �2.423(39) —

1.1535(20) 0.00348(56) —
�1.225(75) �2.70(12) 1.201(70)
�1.290(47) �2.406(70) 0.914(35)
�1.679(40) �3.171(75) 1.419(48)

0.050(26) �0.587(19) —
�0.517(52) �1.535(79) 0.567(40)
�0.285(29) �1.307(46) 0.496(24)

its quoted.



Table 5
Equilibrium constants (in cm�1) for the low-lying electronic states of CoCl

Constants X3U4 X3U3 C3D3

Be 0.1800272(23) 0.179771(44) 0.1721064(53)
ae 0.0009616(20) 0.000964(18) 0.0008961(20)
xe 433.787(12) 430.9323(44) 405.973(11)
xexe 1.6722(63) 1.75879(93) 1.3267(24)
xeye 0.00283(84) — —
re(Å) 2.065599(13) 2.06707(25) 2.112597(33)

D3D3 G3U4 G3U3

Be 0.16671792(87) 0.161807(92) 0.1620277(86)
ae 0.0009052(15) 0.000907(27) 0.0008279(18)
xe [387.6460(14)]a 378.7909(38) 381.6819(63)
xexe — 1.33998(95) 1.31184(74)
xeye — 0.000845(53) —
re(Å) 2.1464658(56) 2.17880(62) 2.177311(58)

a DG1/2 value.

Fig. 7. An schematic energy level diagram of the observed low-lying electronic states of CoCl, CoF and CoH. A good correspondence exists between the
observed electronic states of the three molecules, as expected.
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energy level diagram provided in Fig. 7. From this figure
it can be concluded that the electronic structure and
ordering of the states are indeed very similar.

The spectroscopic constants for the ground states (Table
2) agree very well with the values reported by Hirao et al.
[22] and Wong et al. [23], but are more precise and
extensive compared to the previous value. While compar-
ing the constants we noticed some typos in Table 2 of
Hirao et al. [22]. The labeling of the spin–orbit components
of the X3U state should be X = 4 and 3 instead of X = 3
and 2, respectively. The spectroscopic constants for the
observed states reported in Tables 2–4 indicate that the
X3U, C3D and D3D states are relatively free from perturba-
tion because the constants vary in a regular manner. This is
not the case for the G3U state where an irregular variation
is observed in the rotational constants. This is especially
true for the G3U4 spin component where higher order Hv

and Lv constants are needed for most of the vibrational
levels. The vibrational levels with v 0 > 5 also have
abnormal (and some times negative) values for the
distortion constants, which means that these levels are
affected by interactions with other close-lying states (or
state). The rotational constants as well as the vibrational
intervals for the affected states also vary in an erratic man-
ner. For example the values for DG1/2 (376.1164 cm�1),
DG3/2 (373.4453 cm�1), DG5/2 (370.7662 cm�1), DG7/2

(368.1069 cm�1), DG9/2 (365.4723 cm�1) and DG11/2

(362.7992 cm�1) vary in a more or less a regular manner
as expected, while the values for DG13/2 (356.4245 cm�1),
DG15/2 (359.7884 cm�1), DG17/2 (355.7573 cm�1), DG19/2

(352.6923 cm�1), DG21/2 (349.5334 cm�1), DG23/2
(347.1850 cm�1) and DG25/2 (344.3991 cm�1), have an erra-
tic variation with increasing v values. The constants of
Tables 2–4 have been used to determine the equilibrium
constants for the different states if more than one
vibrational level has been observed. The values for the lev-
els affected by interactions have been given reduced
weights. The equilibrium constants for the different spin
components were determined separately and are provided
in Table 5.
5. Conclusion

We have recorded the emission spectrum of CoCl in the
1800–23000 cm�1 region using a Fourier transform spec-
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trometer. The bands observed in the 2000–13 000 cm�1

range have been assigned to four electronic transitions:
C3D–X3U, D3D–X3U, G3U–X3U and G3U–C3D. The spec-
troscopic constants of the new low-lying electronic states
have been determined through rotational analysis. The
assignment of the X3U state as the ground state of CoCl
is consistent with the results available for the isovalent
CoF and CoH molecules [9,10] and supported by the obser-
vation of pure rotational transitions. The v > 4 vibrational
levels of the G3U4 spin component are affected by interac-
tions with some unknown electronic states. No spectra
involving the lowest X component of the four observed
states have been detected.
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[2] J. Cernicharo, M. Guélin, Astron. Astrophys. 183 (1987) L10–L12.
[3] L.M. Ziurys, A.J. Apponi, T.G. Phillips, Astrophys. J. 433 (1994)
729–732.

[4] R.S. Ram, A.G. Adam, A. Tsouli, J. Liévin, P.F. Bernath, J. Mol.
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