Journal of Molecular Spectroscog@9,71-80 (2001) ®
doi:10.1006/jmsp.2001.8396, available online at http://www.idealibrary.corl DE ,}l

Analysis of the ¢ 3II(v =0, 1) State on the Basis of the 3A Band
System in the ?C*%0, 13C*®0Q, and *C*®0 Molecules

Rafal Hakalla

Atomic and Molecular Physics Laboratory, Institute of Physics, University of Bae85—-310 Rzeéw, Poland

Received March 21, 2001; in revised form June 4, 2001; published online August 30, 2001

Six bands of the 8 system ¢ °[1—a3[) 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
13C'%0 molecule as well as the 1-2 band in #3€'°0 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 a9 iand the 0-3
band in'3C'0 and**C®0O 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 uppeiKtate 0, 1), the effective
rovibronic structure constants for this state were calculated (for the first time in the case bievel in the'?C*0). Global
merging of the rotational constants of hé&1(v = 0, 1, 2, 3) andc3II(v = 0, 1) levels in**C®0, as well as ’[1(v = 2, 3) and
c3(v = 0, 1) in 2)C'%0, made it possible to obtair®[1 vibrational differences\v,_o = 17420944 (22) cm?* in 13C'°0 as
well as 1775.7665 (41) cm in *2C0 for the first time. The so far unknown band origins of the’0Oand 1+” progressions
of the 3A system in the molecules under consideration have also been determined. The first attempt to specify the equilibrium
molecular constants for the®1 state, along with the new values for théll state, on the basis of the obtained values of
merged rovibronic constants has been undertaken. The vibrational constants & thiate in the-*C'*0 molecule as well as
in the2C'%0 molecule were thus obtained for the first time. The 1-2 bardd@f0O and Dunham’s isotopic relationship were
implemented for that purpose. The analysis of anomalously small values of the centrifugal distortion d@étietc 31 state
and the global character of perturbations in the observed isotopes of the CO molecule suggest homogeneous interaction between
c3M(v = 0, 1) and thek 3T state. Simultaneously, the analysis of the comparatively large values af-tloeibling parameter
g and the analysis of the shifts of the term values caused by perturbations presuppose a significant influence of a heterogeneous
nature of any of théx states (most probably thgs* state) on the [T(v = 0, 1) state. The article also presents the first
attempt to calculate RKR potentiatscentroids, and Franck—Condon factors for thesystem. © 2001 Academic Press

INTRODUCTION stant © = —36.2 cn1). They also assumed that, if teestate
] ) belongs to’I1, we have every reason to believe that compara-

~ The 3A band system was first observed by Asuetlal. (1)  {jyely large A-doubling ¢ = —0.016 cnT) arises as a result of
in 1929. Schmid 3) interpreted the upper staeof the 3A  interaction with thej 3£+ state. A similar result was previously
system a$¥*. Schmid and G;er (3) obtained short bands (Upspecified by Tilfordet al. (7) for the E I state.

¥ - ,
10 Jnax = 19) of thec(v' =?)-a"TI(v = 1, 2, 3) transitions with  * papjelaket al. (8) undoubtedly stated that the observed
small reslolutlon (about0.13 nm/mm) and small precision (abqgye| of thec state is equal to 0. Daniela al. and their prede-
0.05cnT”). The firstattempt at a rotational analysis of the previessors did not notice the multiple splitting of this state. The pre
ously obtained bands of theAsystem was conducted by @er’jiminary observation of the triplet splitting of treIT state was
(4). Nevertheless, Gelan_d his predecessors rege}rded;lgmte conducted by Siwiec-Rytebj for the ?@P5, and ?R;, branches
as the’s. state characterized by unmeasured spin splitting. Thisg Ryteket al. (10, 13. They also discovered an additional per-
interpretation was accepted till the year 1969 when Tilf&)d (rpation for the lowd values, which the authors interpreted as
obtained the 00 band in tive X system. He suggested that thgne only one for the *T1(v = 0) level. It was also suggested that
state in questionis probably tAE state. That same year T|If(_)rd the perturbation is homogenous and is caused by the unknow
and Ginter §) proved the assumption that the upper state is n@lyriplet state. Its vibrational quantum number was evaluated a
the state of théx* type. It was noted that the upper rotationa), _ 1
levels (N > 10) of thec state are characterized by perturbations evertheless, the precise specification of the fine structur
and caused an anomalous sign of the centrifugal distortion CQlitting of the c3M1 state using two-step vacuum-ultraviolet

visible excitation spectroscopy was presented by Klopotek an

Supplementary data for this article are available on IDEAL (http:/_ylda‘I (12) only in 1985. They also amply demonstrated the grea

www.idealibrary.com) and as part of the Ohio State University Molecular Spedicrease of triplet splitting of thél = 1 term in respect of the
troscopy Archives (http://msa.lib.ohio-state.edu/johgehtm). further terms (2< N < 5). According to Klopotek and Vidal
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(12, p. 875), it may arise due to the perturbation caused by oakthis level showed a strong and multistate perturbations simila
of the3z* states. Hence, the fine-structure splitting fbe= 1 to the one observed for tell1(v = 0) level.
(A = 1.49 cnt!) was calculated using the method presented in Bakeret al. (25) have recently published a reanalysis of the
Hougen’s monographic studg3). 0-0band inthe—X system of thé’C'%0 molecule. A noticeable
The subsequent specifications of numerous perturbationsrafrease of intensities for low values has been noted. It was
thec (v = 0) state revealed in noticeable displacements of tipgoved that the increase is caused by the interaction betwes
molecular lines forN > 10 and considerable increase ofhe c(v = 0) state and tha'x* state—the most probable
the triplet splitting for original values\ were presented by candidate being th@ '~ *(v = 0) state. The anomalously small
Dabrowskiet al.(14). The effective value of molecular constantvalue of the centrifugal distortion constant was attributed to
ofthec 3 (v = 0) state enabled them to draw the conclusion thabmogeneous perturbation by #é1(v = 2) state, whereas the
the observed perturbations may arise due tcctBH state and  interaction between the®IT state and thé& 1T state was ruled
any of the neighboring states of the aforementiof®dype. out.
In addition, it was stated that there are more unidentified stateSThe contemporary state-of-the-art in the field shows that nu
interacting with thec 31 (v = 0) state, since all the componentsnerous and complex perturbations of 4#1 state are yet un-
of the ¢ 31T are affected. They also proved that ¢ state is known to a considerable extent, which warrants further interes
regular. to the state in question as well as to th&é §/stem as a whole.
The unknownc’(v = 1) state was unambiguously identified=or this very reason the major aims of the present paper are
as thek ®[1(v = 1) valence state by Baket al. (15), which follows:
was proved in Baker and Launa¥6) and Baker {7). It was
determined that the aforemention&dlT(v = 1) state is lo- tra of thec3M—a 3 transition in12C1%0, 13C160, andC160
cated approximately 100 crhbelow thec 3 (v = 0) level and molecules:

is responsible for the indirect predissociation obtained for the b) to reanalyze the perturbations of to&l(v = 0) and
E 11 state as well as a strong homogeneous perturbation of gﬁ.‘ -

(a) to excite and register a larger number of emission spec

¢ (v = 0) level. Onthe basis of reanalysis of the data presenté (v =1) levels;

) c) to obtain the equilibrium rotational and vibrational con-
in Wan and Langhoff18), Bakeret al.(15) stated that the tran- stants and vibrational energy differences, as well as the potenti

. . ; 3
sitions, which were attributed m?'n_(v =1.2)-a"(=01) _curve, on the basis of experimental data for¢RH state;
by Maze_asuat al. (19) after eslectron Impact sP ectroscopy, are, in (d) to determine the Franck—Condon factors and ithe
fact, thej ° (v = 0, 1)-a°TI(v = 2) transitions. centroids for the & system

The j 3=+ state was unambiguously identified by Mellinger '
and Vidal @0) at 90833 cm'. They suggested that the

j 3= *(v = 0) level is responsible for some perturbations in the EXPERIMENTAL DETAILS
¢ state. They proved that tHe’l1(v = 1) level causes only
a fraction of the whole perturbation of tleefl1(v = 0) level. The emission spectrum of teél1-a °I1 band system has been

Berdenet al. (21) presented an exhaustive reinterpretation ahbtained in the water-cooled Geissler tube. The tubes were fille
vibrational levels of thek 3T valence state. It was suggestedvith 12C*60, 13C60, or“C®0 molecular gases. The pressure
that one of the perturbents of tieélT(v = 0) level can be the in the tubes was about 10 Torr. The tubes were operated at abc
k3 (v = 2) level, contrary to a widespread belief that it is th& kV and 50 mA ac. The spectra were observed in the 10th orde
k3 (v = 1) level that is responsible for that. Those assumptioffsr the 0—2 and 0—3 bands in tH&€'%0 molecule and for the 0-3
were verified by Baker and Launay in their recently publishdshnd in the'*C'®0 molecule (previously photographed in our
article 22) dealing with thec—X transition. laboratory under the same experimental conditions) and 0-3 i
Due to the fact the properties of theA3system had not the*C!0 and 1-2 in thé2C'%0 molecule, as well as in the 9th
been fully specified, it was decided to obtain the 0-0 and @+der for the 1-3 band in th€C0 (recently photographed).
1 bands for the first time and reanalyze the 0-2 band in tfose bands have been obtained using the 2-m Ebert spect
3A system in thé*C1®0 molecule under high resolution evergraph (PGS-2) furnished with a 651 grooves/mm grating blaze
up to 0.029 nm/mm with maximum precision of approximatelgt 1.0 um (the total number of grooves equals 45 600). The
0.010 cnt? (Hakallaet al. 23. It enabled us to increase the numi—2 band of thé>C'%0 molecule has been obtained in the course
ber of observable rotational levels updgax = 25 in the main of photographing the 1-2 band of thR#&'50 molecule. For this
branches as well as to determine and interpret four new branctiesy reason it is less intensive, hence shorter (uptg = 13),
of the 3A system. HakallaZ4) observed and analyzed for thethan other bands. Reciprocal linear dispersion was equal 1
first time the 1+” progression (the bands 1-0, 1-1, and 1-@037-0.055 nm/mm and theoretical resolving power was abol
in the 13C®0 molecule), which allowed to obtain the first dat&00 000. The exposure of ORWO UV-1 plates varied from 3 tc
concerning previously unknown®IT(v = 1) level. The set of 25 hr.
effective molecular constants and terms values of the aforemenThe standard thorium line®®) calculated from a number
tioned level were provided. The preliminary rotational analysisf orders and emitted by the water-cooled, hollow-cathode tub
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TABLE 1 of perturbations on those levels. They are strongest fal thel
p y
Summary of Observations and Analyses of the 3A Bands and 10< J < 20 rotational levels. The other levels are slightly
of the 2C*0,3C**0Q, and #C**0 Isotopic Molecules perturbed, but within one standard deviation of the individual
Molecule Band Remarks Total number J, fe oy 107 ¢ bands flt : H
" of lines mas (in cm=1) Due to those perturbations as well as others which have nc
i been yet specified, the reduction of wavenumbers to rovibronit
0-2 reanalysis 609 (348¢) 25 (19°) 323 1.70 L L.
G150 0.3 reanalysis 609 (336°) 25 (199 332 2.03 parameters was calculated within the framework of an individua
1-2 first observation 116 13 48 2.83 band-by-band analysis using the nonlinear least-squares meth
0-3 reanalysis 587 (304°) 25 (189) 324 2.09 suggested by Curl and Dan27) and Watson48), later elab-
130160 gg y .
1.3 fisst observation 545 9% 295 247 orated on by Rytel ant_zl RyteQQ). This method enables us
%0 0-3 remmalyen o) mas) o i to separate molecular information about ¥ upper state
from that concerning tha [T lower state. In the method un-
2 Number of degrees of freedom of the fit. der consideration tha [T state is represented by the effective
b Standard deviation of the fit. Hamiltonian from Browret al. (30). Direct matrix elements of

¢ The previously obtained data concerning the bands under considerationthiS Hamiltonian for thelll state and for the basis functions of
the Hund’s case (a) were taken from Brown and MeBd),(
which made it possible to obtain individual molecular constants
were used as the calibration spectrum. Next, the plates were nfeathea 3[1(v = 2, 3) state in*2C'0, for thea 3[1(v = 3) state
sured by an automatic comparator assembled in our laboratany’3C160, and for thea 3[1(v = 3) state in'*C1®0, as well as
The positions of the line-centers were calculated by means oftanm values of the rotational structure for the= 0 andv = 1
interactive graphic computer program using a least-squares gawels of thec 3[1 state.
cedure and assuming Gaussian profiles for the lines. RepeatabilFhe individual effective rotational constants were determinec
ity of the measurements was tested to be 0.25gxf%ccording in connection with the aforementioned complicated and no
to the grain of the plates. quite clear perturbations of the®T state ¢ = 0, 1). In this
The typical standard deviation of the least-squares fit for titase both states under consideration were represented by
80-170 calibration lines was about (3.6-5410~3cm™1. The fective Hamiltonians from Browat al. (30, 31). As for thec [T
final calculations of the position of molecular line centers weistate, this model was simplified to the version in which addi-
backed up by an earlier set of sorted wavenumbers of the @6nal perturbing matrix elements were disregarded. Only the
lines in measured regions obtained from preliminary measurexperturbed lines with & J < 10 andJ > 20 as well as the
ments. well-determined values of molecular constants of the |t
Finally, the precision of single lines with a good line/backstate have been considered in the least-squares fit using a col
ground ratio was evaluated to be about 0.010-0.0201cmputer program described Ref (32). In the case of the 1-2 band
However, many lines were blended due to (a) the complexity of the 12C'60 molecule the values of molecular parameters of
the triplet spectrum; (b) 12 bandheads in each band; (c) oviftea ®[1(v = 2) level were constrained to the values determined
lapping by the third positive system; and (d) strong overlappirigr the 0-2 band of the same molecule.
by the fourth positive system. Blended lines of less precisionCalculations of the final molecular parameters for the ob-
are asterisked in the tables and have not been used to calcudateed levels iR*C1°0 and?C%0 were conducted by the least-
molecular constants. squares merge fit described by Albrittenal. (33) and Coxon
Tables of the observed wavenumbers of lines, along with r84). All the rovibronic constants values from bands analyzed in
tational assignments for the 02, 0-3, and 1-2 band$®fO, Refs(23, 24, as well as those described in the present paper, i.e
the 0-3 and 1-3 bands f&iC*%0 and the 0-3 band fafC'®0, 0-0, 0-1, 0-2, 0-3, 1-0, 1-1, 1-2, 1-3 in tA&*°0 molecule
respectively, have been deposited as supplementary data. A nagat 0-2, 0-3, and 1-2 in tHéC*®O molecule have been ap-
surement summary of the analyzed bands of tAesgstem in plied. The estimated variance of the merging and the number c

several isotopic molecules can be found in Table 1. degrees of freedom werg, = 1.98 and fy, = 83 for 13C*¢0O
andoy = 2.46 and fy = 16 for 2C160. The final molecular
ANALYSIS AND CALCULATIONS constants output as a result of the merge fit are represented

Table 2 for thec °IT state and in Tables 3 and 4 for théll state.

A preliminary analysis of the observed bands dnadumber- The rovibronic constants calculated for the singular 0-3 band i
ing of lines in the'?C'%Q, 13Ct%0, and*C'%0 molecules was the*C®0 molecule were also introduced into those tables.
conducted on the basis of the previously obtained molecularThe 12 previously unknown band origins are presented ir
spectra description of theA3bands systen?@, 24. Table 5. The vibrational energy differences of th#l state in

The previous analyses of tlel1(v = 0) level presented in **C'®0 and*?C'®0 as well as those determined for tiéfT state
Ref. 6, 9-12, 14, 20 and that of thec®[1(v = 1) level con- in *3C®0 were calculated in the course of those mergings an
ducted by HakallaZ4) made it possible to specify the locationare featured in Table 6.
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TABLE 2

Merged?® Molecular Constants (in cm~1) for the ¢ 3 State of the 2C°0,*C*0,
and “C®0 Isotopic Molecules”

c v=20 v=1 v=20 v=1 v=20
onstant (120160) (120160) (130160) (130160) (140160)
B, 1.955425(38) 1.94199(12) 1.873986(64) 1.857052(63) 1.802809(21)
1.9469° 1.87522(18)°  1.85719(11)F  1.80224(16)°
1.96019(19)°
1.9484 (7
1.97504(63)°
D,-10° -14.669(48) - 6.28(89) - 6.009(84) - 5.617(81) - 2.146(34)
- 36.2" 4.25(60)9 - 5.64(13)F 4.42(46)°
3.68(54)°
- 60(6)"
15.01(69)7
A, 1.5907(37) 1.057(16) 1.0664(51) 1.0594(70) 0.9800(45)
1.430(25) 1.109(27) 1.0684(86)F 0.956(21)
1.49(3)f
1.504(12)
- 0.13(13)
Ap, -10* 0.826(22) 0.956(52) 0.763(32) 0.931(25) 0.607(24)
1L.O43(41)F
Ay 0.0517(12) 0.3486(23)  0.0294(20)  0.1319(24) 0.0289(18)
0.064(7)* 0.1310(30)*
0,-10°  T7.27(23) - 1.61(30) 6.29(33) - 1.72(38) - 0.19(22)
- 1.63(59)*
Py 108 0.41(13) 5.42(39) 0.44(27) 4.68(30) - 0.59(17)
4-58(40)
¢ 10> 10.010(21) 9.929(36) 9.063(23) 9.095(23) 8.4116(69)
13.° 9.118(37)F
9.88(13)
12.2
9.770(59)

a The calculation conducted for tH&C160 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.

¢ After Ginteret al.(6) (* in this paper two values were given, one of the subdiateand the other for
theIT*. The number reported here is their arithmetic average).

d After Siwiec-Rytel Q).

€ After Rytel et al. (10).

f After Klopoteket al. (12).

9 After Rytelet al. (11).

h After Dabrowskiet al. (14).

i After Mellinger et al. (20).

I After Bakeret al. (22).

kK After Hakalla @4).

Next, the unperturbed term values were determined for eachlhe equilibrium rotational constants were determined for the
band by means of the nonlinear least-squares method in t#l state (for the first time) and for tfze’[1 state. Those compu-
Curl-Dane—Watson versio7, 28. Only the unperturbed lines tations were performed using the weighted least-squares meth
1< J <10 andJ > 20 were implemented for the calculation inon the basis of the merged rovibronic constant values, assur
guestion. The values of the perturbed terms were then compairegl their traditionally recognized polynomial dependence or
to those of the unperturbed ones. The results are highlightedhie vibrational quantum number. In order to determine equilib:
Fig. 1. rium molecular constants with greater precision, the rotationa
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TABLE 3 TABLE 5
Merged Molecular Constants (in cm~1) for the a°IT State Band Origins (in cm~1) for the 3A (¢ 3[1-a °IT) System
of the 1*C160 Molecule? of the 12C%60, 3C*0, and *C*0 Isotopic Molecules?
Constant v=20 v=1 v=2 v=3 Band 1201160y 130316() 140116 ()
B, 1.607797(74)  1.590044(75)  1.572525(67)  1.553915(68) 1-0 45341.4967(22)
D,-10°  5.74(11 5.96(11 7.097(91 5.132(91
(1 (1) O °1) 1-1 43664.5044(22)
Ay 41.4562(26)  41.2951(26)  41.1201(23)  40.9479(21)
Ap,-10% -1.93(27) -1.61(25) -2.50(22) 0.13(21) 1-2  41981.5140(30) 42015.4655(23)
A, 10° 3.78(23) 3.01(24) 2.66(21) 3.03(18) 1-3 40394.2821(22)
y . 2 8487(34 8269(2 .8108(27
o 0.8580(32) 0.8487(34) 0.8269(29) 0.8108(27) 00 43599.4023(25)
p, - 10° 5.69(40) 5.54(43) 4.64(36) 5.18(38)
@100 0.77(37) -0.11(36) 1.45(36) -0.84(37) 0-1 41922.4100(33)
0-2  40205.7475(11) 40273.3711(31)

@ Uncertainties in parentheses represent one standard deviation in units of
last quoted digit. 0-3 38549.4971(18) 38652.1877(30) 38742.1756(12)

@ Uncertainties in parentheses represent one standard deviation in units of the

constants of tha (v = 0, 1) levels obtained by Heveni#tal. | =
O?St quoted digit.

(35) for the 2C*®0O molecule, as well as some constants
the a [T state determined by Amidait al. (36) for the 13C'60

molecule, were additionally used. The results are featured /) and by Brownet al. (30). The results are represented in
Table 7. Table 7 too.

On the basis of the band origins HIC160 the equilibrium The equilibrium constants from Table 7 were then used tc
vibrational constants for theT anda °IT states of this molecule drawgthe RKR potential curves for tiee’l1 state as well as for _
were obtained using the weighted least-squares method. TigC T1 state for the first time. Those curves can be found in
constantweX, for the c3I state in thel3C1%0 molecule was Fig. 2, whereas the values of RKR turning points are presente
constrained to the value determined by the band origins 1ifprable 8. The Franck—Condon factarssentroids, and relative
of the 2C1%0 molecule and by means of Dunham’s isotopiE‘te”S't'es have been determined for the $/stem for the first
relationship. The appropriate formulas were given by Dunhalff"€, @nd are represented in Table 9.

DISCUSSION
TABLE 4
Merged® Molecular Constants (in cm~) for the a°I1 Merged effective rotational constants of &1 state of the
State of the ?C'°0 and *C'°0 Isotopic Molecules® 13C160 and2C'%0 molecules as well as rotational constants
V=29 v=3 v=3
Constant (12¢150) (12¢160) (14C160) TABLE 6
Vibration Energy Differences (in cm~!) of the ¢°II State in the
B, 1.643399(38)  1.624007(50)  1.494275(67) 12160 and 3C180 Molecules and of the a Il State in the 3C0
D, 105 6.497(49) 6.463(72) 5.647(97) Molecule®
A, 41.1096(12)  40.9480(18)  40.9587(18) State Remarks Vibration energy
difference
Ap, - 10* -2.09(17 -2.86(16 -0.74(21
P an (1) @) 1775.7665(41)°
A, o102 3.494(94) 4.69(17) 3.80(15) 3T G(1) - G(0)
1742.0944(22)
0, 0.8344(15) 0.7852(23) 0.8102(29)
po- 100 6.11(21) 7.13(29) 5.49(29) G(1"y - 6" 1676.9923(33)
gy - 107 1.37(56)° 1.36(66)° 1.00(58) a’ll G(2") - G(") 3326.0312(31)
2 The calculation conducted for tAC60 molecule is an excep- G(3") = G(0") 4047.2146(30)

tion, since there is only one known band.
b Uncertainties in parentheses represent one standard deviation in 2 Uncertainties in parentheses represent one standard deviation in units of the
units of the last quoted digit. last quoted digit.
¢ This work (individual results). b Vibration energy difference of the3IT state in thé2C160 molecule.
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FIG. 1. Calculated energy shifts of thell terms caused by the complex, multistate, and not fully identified perturbation. Displacements are demonstr
using the examples of thee(J) terms for thec 3[g(v = 0) level in the'2C180 molecule and for the3Mg(v = 1) in the13C10 molecule.

from the individual fits of the 0—3 band of tA&C®0 molecule c31'I state. Moreover, th¢ 3T+ state possesses a similar value
are represented in Table 2. Toéll(v = 1) constants in the q; 3E+(U o = 0.012 cnt in the pure precession modelqQ).
12C180 molecule have not been noted in specialized pubhcAS has been noted by Mellinget al. (20), the c31(v = 0)
tions before, whereas the rest of the constants are well detevel (T, cn—X'2" _ 9207204 cnt! (22)) appears to be per-
mined, are more precise, and are in reasonable agreement fthed by thej*=*(v =0) level (Ty,, = 90833233 cnr?

the previously published results. (20)). In the'2C'0 molecule, this interaction is slightly weaker
Of primary importance for the analysis of th@ll state are for the c3(v = 1) level (9.929 10-3 cm™*) as compared to
three constants. They will be discussed below. the c3M(v = 0) level (10.01010°2 cm™Y), whereas in the

The A-doubling constanty directly represents thel1-3x  *3C*®O molecule this interaction is similar for te’[1(v = 1)
interaction 81). Its relatively large values for the®1(v =0 level andc (v = 0) Ievel and equals 9.095(23)0°3 cm~?®
and 1) JI1 IeveIs in all the analyzed molecules (e.g., the weland 9.063(23)10~2 cm!, respectively. The least impact
determinedy. 3H(U o = 10.010(21)- 103 cm*) amply demon- of this interaction is noticeable in th&‘C'°0 molecule
strate that the interaction is very intensive. The most probg.4116 10~ cm™).
ble cause of this perturbation is th€x+(3po) Rydberg state  Of a considerable interest also is the centrlfugal distor-

because, of all the states & type, it is the closest to the tion constanD. Its small values (e. ngsﬁ(U Z0) = —14.669 x
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TABLE 7

Equilibrium Molecular Constants (in cm~1) of the ¢°IT and a °IT States of the C*0
and *C'%0 Molecules?

120160 130160
Constant/State 311 a311e Sl a®IlI¢
. 43568.96447 43568.9644(61)
We 1804.72447 1764.4944(18) 1705.040(14)
Wee 1.7 11.2° 14.0501(81)
WeYe + 10 1.6317(13)
B, 1.9649(14) 1.691129(15) 1.88245(11) 1.6165660(48)
Qe - 102 1.8119° 1.8844(27) 1.6934(90) 1.77099(79)
¥e - 10° -9.61(78) -4.82(26)
D, - 10° -14.64(46) 6.344(46) -6.21(14) 5.80414(63)
B. - 107 1.40(49) 3.9(12) 0.3548(37)
8. - 10° -3.1°
A, 1.8576(98) 41.5346(30) 1.0699(85) 41.53790(62)
Q4. -0.534(17) -0.1754(30) -0.0070(87) -0.1602(11)
Ba, - 10° -2.20(70) -2.92(38)
Ap, - 10° 8.46(47) -0.286(45) 8.67(82) -0.3623(33)
ap, - 10* 0.121° 0.113(22)
Ae -9.67(22)-1072 3.69(59)-1072 -2.19(33)-1072 4.54(33)-1072
ay, - 10% 0.2969(26) -6.65¢ - 1073 0.1025(32) -6.51¢- 1072
0c 0.1171(38) 0.8811(66) 0.1030(53) 0.8804(39)
Q. - 10% -8.88(38) -2.23(46) -8.01(51) -2.18¢
De -2.15(26) 1073 6.99(58) 1073 -1.68(44) -1073 5.58(19) -10-2
Q. 5.11(36) 1073 -1.87¢-107* 4.24(41) -1073 -1.75¢ - 107
g - 10° 9.989(36) 0.05963(60) 9.079(16) 0.117(38)
ay, - 10° -2.88(85) -3.22¢

@ 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 of36&°0 molecule (see Table 5) as well as
Dunham’s relationships using the band origin of the 1-2 band iF4B¥0O molecule. The value was fixed
during the evaluation of the equilibrium molecular constants.

¢Values constrained to reproduce original data with full accuracy.

41n order to determine the equilibrium constants with greater precision, the rotational constant of the
a’r(v = 0, 1) levels given by Havenitét al.(35) were implemented in calculations for tHe€160 molecule.
€ Some less exact rovibronic constants determined in this paper fi@H0 molecule have been replaced

by the constants given by Amiet al.(36) in the course of evaluation of the equilibrium molecular constants.
f Evaluated from thé3C180 parameters using Dunham'’s isotopic relationships.

10-% cm~1, which is negative, like those obtained by Ginteels of thek 3 state, which was corrected by Berdenal.
and Tilford @) and Dabrowskiet al. (14)) indicate perturba- (21). Nevertheless, those calculations took into considera
tions, rather than the centrifugal distortion. The rotational fiton only one of numerous perturbers of théll state. It is
conducted by Bakest al. (25) explicitly encompasses possiblequite probable that a very similar, though weaker, perturba
homogeneous interaction88) between thec3[I(v = 0) and tion (D = —6.28 x 108 cm*andD = —5.617x 106 cm™?
k3[(v = 2) states and yields a satisfactory result in the forfior *>C10 and*3C*®0, respectively) of the 3 (v = 1) level

of a more realistic valu® = 1501 x 106 cm~L. This result (TST0=D = 946631413 cm* for 13C1%0 and TSM=1 —
shows that th&3[1(v = 2) level which, according to Baketal. 946968134 cnt! for 12C1®0 (the values calculated within the
(25), is located approximately 118 crhbelow thec®II(v = 0) framework of this project)) is caused by a closely located 4
level, is one of the perturbers of tiéI(v = 0) level. A sim- vibrational level of thek 3T state Tk (=4 = 9458922 cnr!

ilar result was obtained by Siwiec-Ryted)(and Rytelet al. for 13C180 andT " "=4 — 94 669.37 cm for 12C180 (as spec-
(10, 11 with an erroneous interpretation of vibrational levified by Berderet al. (21))).
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FIG.2. RKR potential curves of the3IT anda 3[1 states in thé3C160 molecule. The arrow marks the dissociation energy given by Mellinger and \Zidal (
The figure shows for the first time the dissociation energy otitfié state, which equals 68 614 cth

The impact of this perturbation weakens with the increase tfely), which leads to considerable difficulties in the observa-
molecular mass, and in each isotope under consideration itis lésa of the triplet splitting of thec®(v = 1) level. The least
for thev = 1 level than for they = 0 level. This discrepancy is, significant impact of this interaction can be found in th&°0O
nevertheless, smaller in th#C'%0 molecule than in an ordinary molecule (0.9800 cmt for the c3[1(v = 0) level). Due to the
molecule. very small value of the spin—orbit interaction constant, it was

A considerably smaller value of th® constant £60x only in 1983 when the triplet splitting of the®IT state was
107 cm1), as specified by Dabrowski al. (14, c3M-b3c+ first observed by Siwiec-Rytel in tHéC®O molecule 9, A =
system), arises as a result of additional strong perturbation0®56 cnt?). Nevertheless, it was rather a fragmentary observa
theb 3= state, whereas a smaller value of the same constéion, dealing only with two satellite branche$Ps;, and ?Ry».
(—36.2 x 10-%cm 1), as given by Ginter and Tilfordj, maybe The first clear observation of the triplet splitting| @Clﬁo o) =
attributed to their shorter bands (updgax = 19), since higher 1.49 cnt?!) was performed by Klopotek and \/dallZ)
rotational levels have a greater influence on the centrifugal dig-1985.
tortion constant. This research has yielded the well-determined values of th

The last parameter of primary importance for the analys# constant for thec (v = 0) level of *2C'®0, **C'®0, and
of the ¢ state is the spin—orbit interaction constahtAs 4C'%0 as well as determined th& value for thec (v = 1)
compared to all the varieties of CO isotopes noted in Table [2yel of 12C*%0 molecule (1.057(16) cmt) which has never
the aforementioned constant has values smaller than can bel®en noted in specialized literature. Those observations justif
pected for the states close to Hund’s (b) case (e.g., the grehe conclusion drawn by Klopotek al. (12) that thec °IT state
est of the calculated values equais? © | = 1.5907 cnTt).  electronic state is regular. Hence, the negative VaEL0 =
In accordance with the suggestion put forward by Bakeal. _0.13 cn?) obtained by Bakeet al. (25) may be attributed to
(25), itis only the Rydberg electron that contributes to the spirthe inclusion of only one perturbing state®[1(v = 2)] in the
orbit splitting of thecIT state and it is the Rydberg naturedeperturbation calculations, whereas those states are numero
of the orbital that leads to the small value of thAeconstant.  Calculated energy shifts of tlel1 terms cause by perturba-
In the *2C*°0 molecule this constant is smaller for the= 1  tions are shown in Fig. 1. The graphic representation sugges
level (1.057 cm?) than for thev = 0 level (1.5907 cm') of  that the main, the most forcible part of perturbations ofcthig
thec 31 state. As for thé3C®O molecule, the constants undektate causes a state which is characterized by a different mt
consideration has a comparably small value (1.0594(70} cmiplicity (39, Fig. 4.81). Hence, it is a heterogeneous perturba
and 1.0664(51) cmt for the v =1 andv = O level, respec- tion that can be attributed to the action of &+ state (most
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TABLE 8

Vibrational Levels and RKR Turning
Points for the c°II and a°IT States of the

13C160 Molecule?

THE 3A SYSTEM IN THE CO MOLECULE 79

1T XIS
Yoo 0.0772 0.0026
Te 1.117388  1.205647
G(v) + Yoo 879.3700°  849.0069
v="0 Tmin 1.06851 1.15634
Trmas 1.17201 1.26172
G(v) + Yoo 26214644  2525.9997
v=1 Tonin 1.03595 1.12397
Prnaz 1.21618 1.30776
G(v) + Yoo 4341.1588°  4175.0392
v=2 Trmin 1.01496¢ 1.10333
Tmaz 1.24890¢ 1.34227
By 1.840115°
G(v) + Yoo 5796.2233
v=3 Trmin 1.08747
Tmaz 1.37220
G(v) + Yoo 7389.6498¢
v=4 Tmin 1.07438¢
Tmaz 1.39958¢

(see Table 6). On the basis of the merged rotational constants
the c 31 state, its equilibrium molecular constants for both the
13160 molecule and th&€C®0 molecule have been determined
(see Table 7). Those constants allowed to determine for the fir:
time Dunham’s factorYgo = 0.0772 cntl), zero-point energy
(G(0) + Yoo = 8733700 cnt?), and Franck—Condon factors,
centroids, and relative intensities for thél1 state (see Tables 8
and 9). The data above justify the experimental results observe
in our laboratory; namely, the 1-0, 0-1, 0-0, 0-2, and 0—3 band
of the 3A system have the greatest intensity, whereas the 1-
and 1-2 bands are very weak in all the isotopic molecules unde
consideration.

Figure 2 represents the experimental RKR potential curve fo
the ¢ 311 state. This curve was determined using (a)'[@g’é1 =
92 041.68 cm* value above the CO ground state, which was call-
culated on the basis of teg,TX">" = 92 072.04 cm! value
given by Bakeret al. (25); and (b) the zero-point energy value
of the c 3T anda 3T states taken from Table 8. The previously
unknown dissociation energy of tte’l1 state, which equals
68 614 cm-1, was thus determined. The®ll state is
13 350 cnt! “deeper” than the °IT state. Thec 31 state also
reveals a sight deviation from the asymptotic attraction to the
dissociation energy, which can be attributed to the fact that onl
two vibrational levels of the °IT state,y = 0 andv = 1, have
been observed.

aG(v) values are in cm?; all r-values are inA.

b The underlined value is simultaneously the
value of thec 3[T state zero-point energy.

¢ Theoretically determined for the so far unob-
servedc (v = 2) vibrational level.

d Theoretically determined for the3M(v = 4)
level, which has not been observed in the present
research.

probably thej *£+). This assumption is justified by a relatively
large value of theA-doubling constang (see Table 2).

The global character of perturbations observed on the major-
ity of rotational levels, particularly original ones, is evidence
of homogenous interaction between th#1 state and another
forcible, lower located, perturbing state, namely kil state,
as has been shown by Balketral. (25). This assumption is justi-
fied by the anomalous small values of the centrifugal distortion
constantd (see Table 2).

Nevertheless, different kinds of perturbations are observable
atthe lines with lowd value, which is manifested by the increase
of intensity noted by Bakegt al. (25), as well as a considerable
increase of the triplet splitting for the originalalues observed
by Klopoteket al. (12).

Merging of all the individual rotational constants enables
us to specify for the first time the vibrational differences be-
tween thec (v = 1) level originally observed and analyzed
by Hakalla @4) and the previously knowe (v = 0) level.
Those differences ar6(1') — G(0) = 1742.0944 (22) cmt
and 1775.7665 (41) cm for 13C'80 and!?C'%0, respectively

TABLE 9
Franck—Condon Factors, r-Centroids, and Rela-
tive Intensities for the 3A System (c °*I1-a °II) of the
13C%0 Molecule?

v\ v 0 1 2k
0.2342 0.4029 0.264
0 1.1677 1.1989 1.236
7.5690 10.0000 10.000
0.2774 4.5335-102 0.106
1 1.1376 1.1502 1.212
10.0000 1.00487 3.603
0.2093 1.7915-10~2 0.161
2 1.1128 1.1601 1.164
8.4017 0.4382 4.905
0.1298 9.3699-10~2 3.045-102
3 1.0917 1.1204 1.122
5.7689 2.5480 1.008
7.253-10~2 0.124 3.63.10—3
4¢ 1.073 1.096 1.16
3.552 3.736 0.13

aThe values represented in sequence one under the other
stand for the Franck—Condon factorcentroids (in,&), and
relative intensities (i3 Mscaled to 10) for each band.

b Theoretically determined for the so far unobserved
c3M1(v = 2) vibrational level.

¢ Theoretically determined for tha3[1(v = 4) level, which
has not been observed in the present research.
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