
Journal of Molecular Spectroscopy209,71–80 (2001)
doi:10.1006/jmsp.2001.8396, available online at http://www.idealibrary.com on

Analysis of the c 3Π(v = 0, 1) State on the Basis of the 3A Band
System in the 12C16O, 13C16O, and 14C16O Molecules
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Six bands of the 3A system (c 35–a 35) in the CO molecule have been photographed as an emission spectra by the Geissler
tube. The conventional technique of spectroscopy has been implemented. It was the first attempt to analyze the 1–3 band in the
13C16O molecule as well as the 1–2 band in the12C16O molecule at high resolution. The Th lines were used as a standard along
with the interferometric comparator equipped with a photoelectric scanning device. The 0–2 and 0–3 bands in12C16O and the 0–3
band in13C16O and14C16O were reanalyzed. The total number of lines studied within the framework of this project amounts to
3071. Due to complicated and not totally described perturbations which appeared in the upper statec 35(v = 0, 1), the effective
rovibronic structure constants for this state were calculated (for the first time in the case ofv = 1 level in the12C16O). Global
merging of the rotational constants of thea 35(v = 0, 1, 2, 3) andc 35(v = 0, 1) levels in13C16O, as well asa 35(v = 2, 3) and
c 35(v = 0, 1) in 12C16O, made it possible to obtainc 35 vibrational differences1ν1−0 = 1742.0944 (22) cm−1 in 13C16O as
well as 1775.7665 (41) cm−1 in 12C16O for the first time. The so far unknown band origins of the 0–v′′ and 1–v′′ progressions
of the 3A system in the molecules under consideration have also been determined. The first attempt to specify the equilibrium
molecular constants for thec 35 state, along with the new values for thea 35 state, on the basis of the obtained values of
merged rovibronic constants has been undertaken. The vibrational constants of thec 35 state in the13C16O molecule as well as
in the12C16O molecule were thus obtained for the first time. The 1–2 band of12C16O and Dunham’s isotopic relationship were
implemented for that purpose. The analysis of anomalously small values of the centrifugal distortion constantD of thec 35 state
and the global character of perturbations in the observed isotopes of the CO molecule suggest homogeneous interaction between
c 35(v = 0, 1) and thek 35 state. Simultaneously, the analysis of the comparatively large values of the3-doubling parameter
q and the analysis of the shifts of the term values caused by perturbations presuppose a significant influence of a heterogeneous
nature of any of the36 states (most probably thej 36+ state) on thec 35(v = 0, 1) state. The article also presents the first
attempt to calculate RKR potentials,r -centroids, and Franck–Condon factors for the 3A system. C© 2001 Academic Press
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INTRODUCTION

The 3A band system was first observed by Asundiet al. (1)
in 1929. Schmid (2) interpreted the upper statec of the 3A
system as36+. Schmid and Ger¨o (3) obtained short bands (up
to Jmax= 19) of thec(v′ = ?)–a 35(v = 1, 2, 3) transitions with
small resolution (about 0.13 nm/mm) and small precision (ab
0.05 cm−1). The first attempt at a rotational analysis of the pre
ously obtained bands of the 3A system was conducted by Gero
(4). Nevertheless, Ger¨o and his predecessors regarded thec state
as the36 state characterized by unmeasured spin splitting. T
interpretation was accepted till the year 1969 when Tilford5)
obtained the 0–0 band in thec–X system. He suggested that th
state in question is probably the35 state. That same year Tilford
and Ginter (6) proved the assumption that the upper state is
the state of the36+ type. It was noted that the upper rotation
levels (N> 10) of thec state are characterized by perturbatio
and caused an anomalous sign of the centrifugal distortion c
Supplementary data for this article are available on IDEAL (http
www.idealibrary.com) and as part of the Ohio State University Molecular Sp
troscopy Archives (http://msa.lib.ohio-state.edu/jmsahp.htm).
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stant (D = −36.2 cm−1). They also assumed that, if thec state
belongs to35, we have every reason to believe that compa
tively large3-doubling (q = −0.016 cm−1) arises as a result of
interaction with thej 36+ state. A similar result was previously
specified by Tilfordet al. (7) for the E 15 state.

Danielaket al. (8) undoubtedly stated that the observedv′

level of thec state is equal to 0. Danielaket al.and their prede-
cessors did not notice the multiple splitting of this state. The p
liminary observation of the triplet splitting of thec 35 state was
conducted by Siwiec-Rytel (9) for the QP32 andQR12 branches
and Rytelet al.(10, 11). They also discovered an additional pe
turbation for the lowJ values, which the authors interpreted a
the only one for thec 35(v = 0) level. It was also suggested tha
the perturbation is homogenous and is caused by the unkn
c′ triplet state. Its vibrational quantum number was evaluated
v = 1.

Nevertheless, the precise specification of the fine struct
splitting of the c 35 state using two-step vacuum-ultraviole
visible excitation spectroscopy was presented by Klopotek a
Vidal (12) only in 1985. They also amply demonstrated the gre
increase of triplet splitting of theN = 1 term in respect of the
further terms (2≤ N ≤ 5). According to Klopotek and Vidal
0022-2852/01 $35.00
Copyright C© 2001 by Academic Press

All rights of reproduction in any form reserved.



72 RAFALÃ HAKALLA

d

o

h

a

n
-

e

t

e

h
o

t

lar

e

en

l
a

u-

st

as

c-

-
tial

led
e
out
er

r
in

tro-
ed
e
e

to
ut

to

be
(12, p. 875), it may arise due to the perturbation caused by
of the36+ states. Hence, the fine-structure splitting forN = 1
(A = 1.49 cm−1) was calculated using the method presente
Hougen’s monographic study (13).

The subsequent specifications of numerous perturbation
thec 35(v = 0) state revealed in noticeable displacements of
molecular lines for N > 10 and considerable increase
the triplet splitting for original valuesN were presented by
Dabrowskiet al.(14). The effective value of molecular constan
of thec 35(v = 0) state enabled them to draw the conclusion t
the observed perturbations may arise due to thec′ 35 state and
any of the neighboring states of the aforementioned36 type.
In addition, it was stated that there are more unidentified st
interacting with thec 35(v = 0) state, since all the componen
of thec 35 are affected. They also proved that thec 35 state is
regular.

The unknownc′(v = 1) state was unambiguously identifie
as thek 35(v = 1) valence state by Bakeret al. (15), which
was proved in Baker and Launay (16) and Baker (17). It was
determined that the aforementionedk 35(v = 1) state is lo-
cated approximately 100 cm−1 below thec 35(v = 0) level and
is responsible for the indirect predissociation obtained for
E 15 state as well as a strong homogeneous perturbation o
c 35(v = 0) level. On the basis of reanalysis of the data prese
in Wan and Langhoff (18), Bakeret al.(15) stated that the tran
sitions, which were attributed toc 35(v = 1, 2)–a 35(v = 0, 1)
by Mazeauet al.(19) after electron impact spectroscopy, are,
fact, the j 36+(v = 0, 1)–a 35(v = 2) transitions.

The j 36+ state was unambiguously identified by Melling
and Vidal (20) at 90 833 cm−1. They suggested that th
j 36+(v = 0) level is responsible for some perturbations in
c 35 state. They proved that thek 35(v = 1) level causes only
a fraction of the whole perturbation of thec 35(v = 0) level.
Berdenet al. (21) presented an exhaustive reinterpretation
vibrational levels of thek 35 valence state. It was suggest
that one of the perturbents of thec 35(v = 0) level can be the
k 35(v = 2) level, contrary to a widespread belief that it is t
k 35(v = 1) level that is responsible for that. Those assumpti
were verified by Baker and Launay in their recently publish
article (22) dealing with thec–X transition.

Due to the fact the properties of the 3A system had no
been fully specified, it was decided to obtain the 0–0 and
1 bands for the first time and reanalyze the 0–2 band in
3A system in the13C16O molecule under high resolution eve
up to 0.029 nm/mm with maximum precision of approximate
0.010 cm−1 (Hakallaet al. 23). It enabled us to increase the num
ber of observable rotational levels up toJmax= 25 in the main
branches as well as to determine and interpret four new bran
of the 3A system. Hakalla (24) observed and analyzed for th
first time the 1–v′′ progression (the bands 1–0, 1–1, and 1
in the13C16O molecule), which allowed to obtain the first da
concerning previously unknownc 35(v = 1) level. The set of
effective molecular constants and terms values of the aforem
tioned level were provided. The preliminary rotational analy
Copyright C© 2001 b
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of this level showed a strong and multistate perturbations simi
to the one observed for thec 35(v = 0) level.

Bakeret al. (25) have recently published a reanalysis of th
0–0 band in thec–X system of the12C16O molecule. A noticeable
increase of intensities for lowJ values has been noted. It was
proved that the increase is caused by the interaction betwe
the c 35(v = 0) state and thea 16+ state—the most probable
candidate being theC 16+(v = 0) state. The anomalously smal
value of the centrifugal distortion constant was attributed to
homogeneous perturbation by thek 35(v = 2) state, whereas the
interaction between thec 35 state and theE 15 state was ruled
out.

The contemporary state-of-the-art in the field shows that n
merous and complex perturbations of thec 35 state are yet un-
known to a considerable extent, which warrants further intere
to the state in question as well as to the 3A system as a whole.
For this very reason the major aims of the present paper are
follows:

(a) to excite and register a larger number of emission spe
tra of thec 35–a 35 transition in12C16O, 13C16O, and14C16O
molecules;

(b) to reanalyze the perturbations of thec 35(v = 0) and
c 35(v = 1) levels;

(c) to obtain the equilibrium rotational and vibrational con
stants and vibrational energy differences, as well as the poten
curve, on the basis of experimental data for thec 35 state;

(d) to determine the Franck–Condon factors and ther -
centroids for the 3A system.

EXPERIMENTAL DETAILS

The emission spectrum of thec 35–a 35band system has been
obtained in the water-cooled Geissler tube. The tubes were fil
with 12C16O, 13C16O, or 14C16O molecular gases. The pressur
in the tubes was about 10 Torr. The tubes were operated at ab
3 kV and 50 mA ac. The spectra were observed in the 10th ord
for the 0–2 and 0–3 bands in the12C16O molecule and for the 0–3
band in the14C16O molecule (previously photographed in ou
laboratory under the same experimental conditions) and 0–3
the13C16O and 1–2 in the12C16O molecule, as well as in the 9th
order for the 1–3 band in the13C16O (recently photographed).
Those bands have been obtained using the 2-m Ebert spec
graph (PGS-2) furnished with a 651 grooves/mm grating blaz
at 1.0µm (the total number of grooves equals 45 600). Th
1–2 band of the12C16O molecule has been obtained in the cours
of photographing the 1–2 band of the13C16O molecule. For this
very reason it is less intensive, hence shorter (up toJmax= 13),
than other bands. Reciprocal linear dispersion was equal
0.037–0.055 nm/mm and theoretical resolving power was abo
500 000. The exposure of ORWO UV-1 plates varied from 3
25 hr.

The standard thorium lines (26) calculated from a number
of orders and emitted by the water-cooled, hollow-cathode tu
y Academic Press
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TABLE 1
Summary of Observations and Analyses of the 3A Bands

of the 12C16O,13 C16O, and 14C16O Isotopic Molecules

a Number of degrees of freedom of the fit.
b Standard deviation of the fit.
c The previously obtained data concerning the bands under consideratio

were used as the calibration spectrum. Next, the plates were m
sured by an automatic comparator assembled in our labora
The positions of the line-centers were calculated by means o
interactive graphic computer program using a least-squares
cedure and assuming Gaussian profiles for the lines. Repeat
ity of the measurements was tested to be 0.25–0.5µm according
to the grain of the plates.

The typical standard deviation of the least-squares fit for
80–170 calibration lines was about (3.6–5.4)× 10−3 cm−1. The
final calculations of the position of molecular line centers we
backed up by an earlier set of sorted wavenumbers of the
lines in measured regions obtained from preliminary measu
ments.

Finally, the precision of single lines with a good line/bac
ground ratio was evaluated to be about 0.010–0.020 cm−1.
However, many lines were blended due to (a) the complexity
the triplet spectrum; (b) 12 bandheads in each band; (c) o
lapping by the third positive system; and (d) strong overlapp
by the fourth positive system. Blended lines of less precis
are asterisked in the tables and have not been used to calc
molecular constants.

Tables of the observed wavenumbers of lines, along with
tational assignments for the 0–2, 0–3, and 1–2 bands for12C16O,
the 0–3 and 1–3 bands for13C16O and the 0–3 band for14C16O,
respectively, have been deposited as supplementary data. A
surement summary of the analyzed bands of the 3A system in
several isotopic molecules can be found in Table 1.

ANALYSIS AND CALCULATIONS

A preliminary analysis of the observed bands andJ number-
ing of lines in the12C16O, 13C16O, and14C16O molecules was
conducted on the basis of the previously obtained molec
spectra description of the 3A bands system (23, 24).

The previous analyses of thec 35(v = 0) level presented in
Ref. (6, 9–12, 14, 20) and that of thec 35(v = 1) level con-
ducted by Hakalla (24) made it possible to specify the locatio
Copyright C© 2001 b
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of perturbations on those levels. They are strongest for theJ = 1
and 10≤ J ≤ 20 rotational levels. The other levels are sligh
perturbed, but within one standard deviation of the individ
bands fit.

Due to those perturbations as well as others which have
been yet specified, the reduction of wavenumbers to rovibro
parameters was calculated within the framework of an individ
band-by-band analysis using the nonlinear least-squares me
suggested by Curl and Dane (27) and Watson (28), later elab-
orated on by Rytel and Rytel (29). This method enables u
to separate molecular information about thec 35 upper state
from that concerning thea 35 lower state. In the method un
der consideration thea 35 state is represented by the effecti
Hamiltonian from Brownet al. (30). Direct matrix elements of
this Hamiltonian for the35 state and for the basis functions o
the Hund’s case (a) were taken from Brown and Merer (31),
which made it possible to obtain individual molecular consta
for thea 35(v = 2, 3) state in12C16O, for thea 35(v = 3) state
in 13C16O, and for thea 35(v = 3) state in14C16O, as well as
term values of the rotational structure for thev = 0 andv = 1
levels of thec 35 state.

The individual effective rotational constants were determin
in connection with the aforementioned complicated and
quite clear perturbations of thec 35 state (v = 0, 1). In this
case both states under consideration were represented b
fective Hamiltonians from Brownet al.(30, 31). As for thec 35

state, this model was simplified to the version in which ad
tional perturbing matrix elements were disregarded. Only
unperturbed lines with 1< J < 10 andJ > 20 as well as the
well-determined values of molecular constants of the lowera 35

state have been considered in the least-squares fit using a
puter program described inRef. (32). In the case of the 1–2 ban
of the 12C16O molecule the values of molecular parameters
thea 35(v = 2) level were constrained to the values determin
for the 0–2 band of the same molecule.

Calculations of the final molecular parameters for the o
served levels in13C16O and12C16O were conducted by the leas
squares merge fit described by Albrittonet al. (33) and Coxon
(34). All the rovibronic constants values from bands analyzed
Refs.(23, 24), as well as those described in the present paper,
0–0, 0–1, 0–2, 0–3, 1–0, 1–1, 1–2, 1–3 in the13C16O molecule
and 0–2, 0–3, and 1–2 in the12C16O molecule have been ap
plied. The estimated variance of the merging and the numbe
degrees of freedom wereσM = 1.98 and fM = 83 for 13C16O
andσM = 2.46 and fM = 16 for 12C16O. The final molecular
constants output as a result of the merge fit are represent
Table 2 for thec 35 state and in Tables 3 and 4 for thea 35 state.
The rovibronic constants calculated for the singular 0–3 ban
the14C16O molecule were also introduced into those tables.

The 12 previously unknown band origins are presented
Table 5. The vibrational energy differences of thec 35 state in
13C16O and12C16O as well as those determined for thea 35 state
in 13C16O were calculated in the course of those mergings
are featured in Table 6.
y Academic Press



74 RAFALÃ HAKALLA
TABLE 2
Mergeda Molecular Constants (in cm−1) for the c 3Π State of the 12C16O,13 C16O,

and 14C16O Isotopic Moleculesb

a The calculation conducted for the14C16O molecule is an exception, since there is only one known
band.

b Uncertainties in parentheses represent one standard deviation in units of the last quoted digit. The
underlined values are discussed in detail in the body of the paper. The values written in the bold type are
obtained in the course of the present research.

c After Ginteret al.(6) (∗ in this paper two values were given, one of the substate5− and the other for
the5+. The number reported here is their arithmetic average).

d After Siwiec-Rytel (9).
e After Rytelet al. (10).
f After Klopoteket al. (12).
g After Rytelet al. (11).
h After Dabrowskiet al. (14).
i After Mellingeret al. (20).
j After Bakeret al. (22).
k After Hakalla (24).
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Next, the unperturbed term values were determined for e
band by means of the nonlinear least-squares method in
Curl–Dane–Watson version (27, 28). Only the unperturbed line
1< J< 10 andJ> 20 were implemented for the calculation
question. The values of the perturbed terms were then comp
to those of the unperturbed ones. The results are highlighte
Fig. 1.
Copyright C© 2001 b
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The equilibrium rotational constants were determined for t
c 35 state (for the first time) and for thea 35 state. Those compu-
tations were performed using the weighted least-squares me
on the basis of the merged rovibronic constant values, ass
ing their traditionally recognized polynomial dependence
the vibrational quantum number. In order to determine equil
rium molecular constants with greater precision, the rotatio
y Academic Press
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TABLE 3
Merged Molecular Constants (in cm−1) for the a 3Π State

of the 13C16O Moleculea

a Uncertainties in parentheses represent one standard deviation in units
last quoted digit.

constants of thea 35(v = 0, 1) levels obtained by Hevenithet al.
(35) for the 12C16O molecule, as well as some constants
the a 35 state determined by Amiotet al. (36) for the 13C16O
molecule, were additionally used. The results are featured
Table 7.

On the basis of the band origins of13C16O the equilibrium
vibrational constants for thec 35anda 35 states of this molecule
were obtained using the weighted least-squares method.
constantwexe for the c 35 state in the13C16O molecule was
constrained to the value determined by the band origins
of the 12C16O molecule and by means of Dunham’s isotop
relationship. The appropriate formulas were given by Dunh

TABLE 4
Mergeda Molecular Constants (in cm−1) for the a 3Π
State of the 12C16O and 14C16O Isotopic Moleculesb

a The calculation conducted for the14C16O molecule is an excep-
tion, since there is only one known band.

b Uncertainties in parentheses represent one standard deviation in
units of the last quoted digit.

c This work (individual results).
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TABLE 5
Band Origins (in cm−1) for the 3A (c 3Π–a 3Π) System
of the 12C16O, 13C16O, and 14C16O Isotopic Moleculesa

a Uncertainties in parentheses represent one standard deviation in units of
last quoted digit.

(37) and by Brownet al. (30). The results are represented
Table 7 too.

The equilibrium constants from Table 7 were then used
draw the RKR potential curves for thea 35 state as well as for
the c 35 state for the first time. Those curves can be found
Fig. 2, whereas the values of RKR turning points are presen
in Table 8. The Franck–Condon factors,r -centroids, and relative
intensities have been determined for the 3A system for the first
time, and are represented in Table 9.

DISCUSSION

Merged effective rotational constants of thec 35 state of the
13C16O and12C16O molecules as well as rotational constan

TABLE 6
Vibration Energy Differences (in cm−1) of the c 3Π State in the

12C16O and 13C16O Molecules and of the a 3Π State in the 13C16O
Moleculea

a Uncertainties in parentheses represent one standard deviation in units o
last quoted digit.

b Vibration energy difference of thec 35 state in the12C16O molecule.
y Academic Press
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strated
FIG. 1. Calculated energy shifts of thec 35 terms caused by the complex, multistate, and not fully identified perturbation. Displacements are demon
using the examples of theF1e(J) terms for thec 350(v = 0) level in the12C16O molecule and for thec 350(v = 1) in the13C16O molecule.
ue

-

r

t

or-
from the individual fits of the 0–3 band of the14C16O molecule
are represented in Table 2. Thec 35(v = 1) constants in the
12C16O molecule have not been noted in specialized publi
tions before, whereas the rest of the constants are well de
mined, are more precise, and are in reasonable agreement
the previously published results.

Of primary importance for the analysis of thec 35 state are
three constants. They will be discussed below.

The3-doubling constantq directly represents the35–36
interaction (31). Its relatively large values for thec 35(v = 0
and 1) 3p5 levels in all the analyzed molecules (e.g., the we
determinedq

12C16O
c 35(v=0) = 10.010(21)· 10−3 cm−1) amply demon-

strate that the interaction is very intensive. The most pro
ble cause of this perturbation is thej 36+(3pσ ) Rydberg state
because, of all the states of36 type, it is the closest to the
Copyright C© 2001 b
ca-
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c 35 state. Moreover, thej 36+ state possesses a similar val
q

12C16O
j 36+(v=0) = 0.012 cm−1 in the pure precession model (20).

As has been noted by Mellingeret al. (20), the c 35(v = 0)
level (Tc 35–X16+

00 = 92 072.04 cm−1 (22)) appears to be per
turbed by the j 36+(v = 0) level (T6eff = 90 833.233 cm−1

(20)). In the12C16O molecule, this interaction is slightly weake
for the c 35(v = 1) level (9.929· 10−3 cm−1) as compared to
the c 35(v = 0) level (10.010· 10−3 cm−1), whereas in the
13C16O molecule this interaction is similar for thec 35(v= 1)
level andc 35(v = 0) level and equals 9.095(23)· 10−3 cm−1

and 9.063(23)· 10−3 cm−1, respectively. The least impac
of this interaction is noticeable in the14C16O molecule
(8.4116· 10−3 cm−1).

Of a considerable interest also is the centrifugal dist
tion constantD. Its small values (e.g.,D

12C16O
c 35(v=0) = −14.669×
y Academic Press
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TABLE 7
Equilibrium Molecular Constants (in cm−1) of the c 3Π and a 3Π States of the 12C16O

and 13C16O Moleculesa

a Uncertainties in parentheses represent one standard deviation in units of the last quoted digit.
b The value determined on the basis of the band origins of the13C16O molecule (see Table 5) as well as

Dunham’s relationships using the band origin of the 1–2 band in the12C16O molecule. The value was fixed
during the evaluation of the equilibrium molecular constants.

c Values constrained to reproduce original data with full accuracy.
d In order to determine the equilibrium constants with greater precision, the rotational constant o

a 35(v = 0, 1) levels given by Havenithet al.(35) were implemented in calculations for the12C16O molecule.
e Some less exact rovibronic constants determined in this paper for the13C16O molecule have been replaced

by the constants given by Amiotet al.(36) in the course of evaluation of the equilibrium molecular constant
f Evaluated from the13C16O parameters using Dunham’s isotopic relationships.
l

era-

rba-

e

10−6 cm−1, which is negative, like those obtained by Gint
and Tilford (6) and Dabrowskiet al. (14)) indicate perturba-
tions, rather than the centrifugal distortion. The rotational
conducted by Bakeret al. (25) explicitly encompasses possib
homogeneous interactions (38) between thec 35(v = 0) and
k 35(v = 2) states and yields a satisfactory result in the fo
of a more realistic valueD = 15.01× 10−6 cm−1. This result
shows that thek 35(v = 2) level which, according to Bakeret al.
(25), is located approximately 118 cm−1 below thec 35(v = 0)
level, is one of the perturbers of thec 35(v = 0) level. A sim-
ilar result was obtained by Siwiec-Rytel (9) and Rytelet al.
(10, 11) with an erroneous interpretation of vibrational le
Copyright C© 2001 b
er
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e

rm

v-

els of thek 35 state, which was corrected by Berdenet al.
(21). Nevertheless, those calculations took into consid
tion only one of numerous perturbers of thec 35 state. It is
quite probable that a very similar, though weaker, pertu
tion (D = −6.28× 10−6 cm−1 andD = −5.617× 10−6 cm−1

for 12C16O and13C16O, respectively) of thec 35(v = 1) level
(Tc 35(v=1)
ν = 94 663.1413 cm−1 for 13C16O and Tc 35(v=1)

ν =
94 696.8134 cm−1 for 12C16O (the values calculated within th
framework of this project)) is caused by a closely locatedv = 4
vibrational level of thek 35 state (Tk 35(v=4)

ν = 94 589.22 cm−1

for 13C16O andTk 35(v=4)
ν =94 669.37 cm−1 for 12C16O (as spec-

ified by Berdenet al. (21))).
y Academic Press
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FIG. 2. RKR potential curves of thec 35 anda 35 states in the13C16O molecule. The arrow marks the dissociation energy given by Mellinger and Vidal (20).
The figure shows for the first time the dissociation energy of thec 35 state, which equals 68 614 cm−1.
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The impact of this perturbation weakens with the increase
molecular mass, and in each isotope under consideration it is
for thev= 1 level than for thev= 0 level. This discrepancy is
nevertheless, smaller in the13C16O molecule than in an ordinary
molecule.

A considerably smaller value of theD constant (−60×
10−6 cm−1), as specified by Dabrowskiet al. (14, c 35–b 36+

system), arises as a result of additional strong perturbatio
the b 36+ state, whereas a smaller value of the same cons
(−36.2× 10−6 cm−1), as given by Ginter and Tilford (6), may be
attributed to their shorter bands (up toJmax= 19), since higher
rotational levels have a greater influence on the centrifugal
tortion constant.

The last parameter of primary importance for the analy
of the c 35 state is the spin–orbit interaction constantA. As
compared to all the varieties of CO isotopes noted in Table
the aforementioned constant has values smaller than can b
pected for the states close to Hund’s (b) case (e.g., the g
est of the calculated values equalsA

12C16O
c 35(v=0) = 1.5907 cm−1).

In accordance with the suggestion put forward by Bakeret al.
(25), it is only the Rydberg electron that contributes to the sp
orbit splitting of thec 35 state and it is the Rydberg natur
of the orbital that leads to the small value of theA constant.
In the 12C16O molecule this constant is smaller for thev = 1
level (1.057 cm−1) than for thev = 0 level (1.5907 cm−1) of
thec 35 state. As for the13C16O molecule, the constants und
consideration has a comparably small value (1.0594(70) c−1

and 1.0664(51) cm−1 for the v = 1 andv = 0 level, respec-
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tively), which leads to considerable difficulties in the observ
tion of the triplet splitting of thec 35(v = 1) level. The least
significant impact of this interaction can be found in the14C16O
molecule (0.9800 cm−1 for the c 35(v = 0) level). Due to the
very small value of the spin–orbit interaction constant, it w
only in 1983 when the triplet splitting of thec 35 state was
first observed by Siwiec-Rytel in the14C16O molecule (9, A =
0.956 cm−1). Nevertheless, it was rather a fragmentary obser
tion, dealing only with two satellite branches:Q P32 and Q R12.
The first clear observation of the triplet splitting (A

12C16O
c 35(v=0) =

1.49 cm−1) was performed by Klopotek and Vidal (12)
in 1985.

This research has yielded the well-determined values of
A constant for thec 35(v = 0) level of 12C16O, 13C16O, and
14C16O as well as determined theA value for thec 35(v = 1)
level of 12C16O molecule (1.057(16) cm−1) which has never
been noted in specialized literature. Those observations jus
the conclusion drawn by Klopoteket al. (12) that thec 35 state
electronic state is regular. Hence, the negative value (A

12C16O
c 35(v=0) =

−0.13 cm−1) obtained by Bakeret al. (25) may be attributed to
the inclusion of only one perturbing state [k 35(v = 2)] in the
deperturbation calculations, whereas those states are nume

Calculated energy shifts of thec 35 terms cause by perturba
tions are shown in Fig. 1. The graphic representation sugg
that the main, the most forcible part of perturbations of thec 35

state causes a state which is characterized by a different
tiplicity (39, Fig. 4.81). Hence, it is a heterogeneous pertur
tion that can be attributed to the action of the36+ state (most
y Academic Press
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TABLE 8
Vibrational Levels and RKR Turning

Points for the c 3Π and a 3Π States of the
13C16O Moleculea

a G(v) values are in cm−1; all r -values are inÅ.
b The underlined value is simultaneously the

value of thec 35 state zero-point energy.
c Theoretically determined for the so far unob-

servedc 35(v = 2) vibrational level.
d Theoretically determined for thea 35(v = 4)

level, which has not been observed in the present
research.

probably thej 36+). This assumption is justified by a relative
large value of the3-doubling constantq (see Table 2).

The global character of perturbations observed on the ma
ity of rotational levels, particularly original ones, is eviden
of homogenous interaction between thec 35 state and anothe
forcible, lower located, perturbing state, namely thek 35 state,
as has been shown by Bakeret al.(25). This assumption is justi-
fied by the anomalous small values of the centrifugal distort
constantsD (see Table 2).

Nevertheless, different kinds of perturbations are observa
at the lines with lowJ value, which is manifested by the increa
of intensity noted by Bakeret al.(25), as well as a considerabl
increase of the triplet splitting for the originalJ values observed
by Klopoteket al. (12).

Merging of all the individual rotational constants enabl
us to specify for the first time the vibrational differences b
tween thec 35(v = 1) level originally observed and analyze
by Hakalla (24) and the previously knownc 35(v = 0) level.
Those differences areG(1′)− G(0′) = 1742.0944 (22) cm−1

and 1775.7665 (41) cm−1 for 13C16O and12C16O, respectively
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(see Table 6). On the basis of the merged rotational constan
thec 35 state, its equilibrium molecular constants for both th
13C16O molecule and the12C16O molecule have been determine
(see Table 7). Those constants allowed to determine for the
time Dunham’s factor (Y00 = 0.0772 cm−1), zero-point energy
(G(0)+ Y00 = 873.3700 cm−1), and Franck–Condon factors,r -
centroids, and relative intensities for thec 35 state (see Tables 8
and 9). The data above justify the experimental results obser
in our laboratory; namely, the 1–0, 0–1, 0–0, 0–2, and 0–3 ba
of the 3A system have the greatest intensity, whereas the
and 1–2 bands are very weak in all the isotopic molecules un
consideration.

Figure 2 represents the experimental RKR potential curve
thec 35 state. This curve was determined using (a) theTc 35

e =
92 041.68 cm−1 value above the CO ground state, which was c
culated on the basis of theTc 35–X16+

00 = 92 072.04 cm−1 value
given by Bakeret al. (25); and (b) the zero-point energy valu
of thec 35 anda 35 states taken from Table 8. The previous
unknown dissociation energy of thec 35 state, which equals
68 614 cm−1, was thus determined. Thec 35 state is
13 350 cm−1 “deeper” than thea 35 state. Thec 35 state also
reveals a sight deviation from the asymptotic attraction to
dissociation energy, which can be attributed to the fact that o
two vibrational levels of thec 35 state,v = 0 andv = 1, have
been observed.

TABLE 9
Franck–Condon Factors, r -Centroids, and Rela-

tive Intensities for the 3A System (c 3Π–a 3Π) of the
13C16O Moleculea

a The values represented in sequence one under the other
stand for the Franck–Condon factor,r -centroids (in Å), and
relative intensities (inquantum

s scaled to 10) for each band.
b Theoretically determined for the so far unobserved

c 35(v = 2) vibrational level.
c Theoretically determined for thea 35(v = 4) level, which

has not been observed in the present research.
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CONCLUSIONS

This paper presents the first observations of the 1–2 and
bands of the 3A band system in the emission spectra of12C16O
and13C16O, respectively. It has also specified with higher p
cision the 0–2 and 0–3 bands in the12C16O molecule, as well as
the 0–3 band in the13C16O and14C16O molecules.

The analysis of the structure of the bands belonging to theA
system suggests that thec 35(v = 0) level and thec 35(v = 1)
level are subject to a complicated and multistate perturba
whose main part is caused by a36 (most probably thej 36+)
state and by thek 35 state. Nevertheless, those are not the o
perturbers of thec 35 state.

The values of the following parameters of thec 35 state have
not been previously noted in specialized publications: (a)
rotational constants for thev = 1 level in12C16O, (b) the vibra-
tional energy differences in13C16O and12C16O, (c) the equilib-
rium rotational and vibrational molecular constants in13C16O
and12C16O, (d) the 12 band origins of the 3A system in12C16O,
13C16O, and14C16O, and (e) the experimental RKR curve, FC
factors, andr -centroids. The data above are an important sou
of information concerning the aforementioned band system
considerably widen the scope of knowledge about the com
cated most excited triplet state of the CO molecule.

Our previous publications (23, 24) and the present paper hav
increased by more than three times the experimental mat
concerning the 3A band system. Over 6600 molecular lines
12 bands have been interpreted, whereas the previously obs
data deal with no more that over 2000 lines in 9 bands.
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