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The B2S1–X2S1 Transition of 12C17O1:
The 2-y00 Progression

W. Szajna, R. Kępa, R. Hakalla, and M. Zachwieja

Atomic and Molecular Physics Laboratory, Institute of Physics,

University of Rzeszow, Rzeszow, Poland

Abstract: Three new bands of the B2Sþ–X2Sþ system of 12C17Oþ have been investi-

gated using conventional spectroscopic techniques. The spectra were observed in a

graphite hollow-cathode lamp by discharging molecular oxygen (enriched in about

45% of the 17O2 isotope) under 1.0 Torr pressure. The rotational analysis of the 2–4,

2–5, and 2–6 bands was performed with the effective Hamiltonian of Brown (Brown

et al., J. Mol. Spectrosc. 1979; 74: 294–318). Molecular constants were derived

from a merge calculation, including both the current wavenumbers and the spectro-

scopic data published by the authors previously. The principal equilibrium constants

for the ground state of 12C17Oþ are ve ¼ 2185.9658(84), vexe ¼ 14.7674(11),

Be ¼ 1.927001(38), ae ¼ 1.8236(22) � 1022, ge ¼ 20.331(28) � 1024, De ¼

6.041(12) � 1026, be ¼ 0.100(31) � 1027 cm21, and the equilibrium constants for

the excited state are se ¼ 45876.499(15), ve ¼ 1712.201(12), vexe ¼ 27.3528(39),

Be ¼ 1.754109(35), ae ¼ 2.8706(57) � 1022, ge ¼ 2 1.15(19) � 1024, De ¼

7.491(20) � 1026, be ¼ 2.13(12) � 1027, ge ¼ 2.0953(97) � 1022, and age ¼

29.46(59) � 1024 cm21, respectively. Rydberg–Klein–Rees potential energy curves

were constructed for the B2Sþ and X2Sþ states of this molecule, and Franck–Condon

factors were calculated for the vibrational bands of the B–X system.

Keywords: B2Sþ–X2Sþ transition, 12C17Oþ molecule, rotational analysis

INTRODUCTION

The COþ ion is one of the most studied diatomic molecules. The major reason for

this interest is the wide variety of environments like comets, molecular clouds,
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and stellar and planetary atmospheres in which COþ can be found. During the

past decade, much laboratory work devoted to the B2Sþ–X2Sþ electronic tran-

sition has been done in several isotopic species of COþ: 12C16Oþ, 13C16Oþ,
12C18Oþ, and 13C18Oþ. A complete set of experimental references to previous

work on the COþ isotopomers was provided in a paper by Prasad and Reddy[1]

and in our previous paper.[2] Since then, three works dealing with 12C16Oþ[3,4]

and 12C18Oþ[5] been published by our laboratory. More recently, Szajna and

Kępa[6] and Szajna et al.[7] reported the first observation of eight bands (0–1,

2, 3, 4 and 1–2, 3, 4, 5) of the B2Sþ–X2Sþ transition of 12C17Oþ and derived

an accurate set of spectroscopic constants for both electronic states.

In the current article, we report an extension of our previous work. We

have recorded and analyzed three new bands (2–4, 2–5, and 2–6) of the

first negative system, whose heads are located in the 40,472, 38,436, and

36,431 cm21 regions, respectively. From a merge calculation of the current

data with the previous measurements,[6,7] an improved set for the B2Sþ and

X2Sþ states constants was obtained. Also, Rydberg–Klein–Rees (RKR)

potential energy curves for both states were calculated, and Franck–Condon

factors for bands of the B–X transition were provided.

MATERIALS AND METHODS

The description of our experimental conditions has been given previously.[5,6]

Here we present a short summary and the details specific to this investigation.

The COþ molecule was excited in a graphite hollow-cathode type lamp filled

with a mixture of molecular oxygen, 16O2 and 17O2 (almost 1:1), under 1.0

Torr pressure. The lamp was operated at 500 V with 50 mA current. The

emission from the lamp was observed with a 2-m Ebert plane grating spectro-

graph in the 10th order and recorded on the ORWO-WU-2 (Original Wolfen)

plates. The plates were measured automatically using an interferometric com-

parator. The peak positions were determined by fitting a Gaussian lineshape

function to each spectral feature. The COþ spectrum has been calibrated using

atomic thorium lines.[8] The strong molecular lines have been observed with a

maximum signal-to-noise ratio of 50:1 and have spectral width of 0.15–

0.20 cm21. This limits the precision of our measurements of the strong and

unblended molecular transitions to +0.005 cm21. However, some blended or

faint lines have somewhat worse accuracy, 0.010–0.020 cm21 (see Table 1).

ANALYSIS AND CALCULATIONS

All bands of the B2Sþ–X2Sþ system form a simple and regular structure, that

is, four main branches: double R (R11ee, R22ff) and double P (P11ee, P22ff) (two

weak satellite branches, QR21fe and QP12ef, were not observed). Because By

constants for the excited state are smaller than for the ground state, the
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Table 1. The wavenumbers (in cm21) of the B2Sþ–X2Sþ system of the 12C17Oþ molecule for (a) 2–4, (b) 2–5, and (c) 2–6 bands

J R11ee (J ) R22ff (J ) P11ee (J ) P22ff (J )

(a) 2–4 banda

0.5 40457.099 (24) 40460.139 b

1.5 40460.139 b 40462.850 b 40450.050 (212) 40446.047 b

2.5 40462.850 b 40465.234 b 40446.047 b 40441.696 b

3.5 40465.234 b 40467.259 (24) 40441.696 b 40437.024 b

4.5 40467.326 b 40468.974 (28) 40437.024 b 40432.052 b

5.5 40469.054 (22) 40470.378 (25) 40432.052 b 40426.726 b

6.5 40470.465 (22) 40471.447 (29) 40426.726 b 40421.052 (22)

7.5 40471.562 (211) 40472.188 b 40421.118 (28) 40415.082 (22)

8.5 40472.325 b 40472.618 b 40415.155 (23) 40408.792 (23)

9.5 40472.710 b 40472.710 b 40408.878 (211) 40402.158 (211)

10.5 40472.849 b 40472.480 b 40402.244 (213) 40395.232 (29)

11.5 40472.618 b 40471.884 b 40395.332 (211) 40387.951 (0)

12.5 40472.022 b 40470.980 (22) 40388.063 (25) 40380.353 (22)

13.5 40471.143 (26) 40469.729 (215) 40380.472 (23) 40372.415 (210)

14.5 40469.903 (26) 40468.165 (29) 40372.547 (27) 40364.163 (29)

15.5 40468.346 (24) 40466.282 (213) 40364.309 (21) 40355.592 (22)

16.5 40466.461 (26) 40464.048 (218) 40355.734 (24) 40346.680 (0)

17.5 40464.229 (24) 40461.451 (24) 40346.833 (25) 40337.432 (28)

18.5 40461.654 (27) 40458.552 (210) 40337.603 (26) 40327.884 (12)

19.5 40458.754 (24) 40455.288 (25) 40328.043 (27) c

20.5 40455.511 (27) 40451.717 (214) c 40307.752 (210)

21.5 40451.945 (26) 40447.785 (211) 40307.941 (21) 40297.174 (25)

22.5 40448.017 (23) 40443.494 (29) 40297.380 (28) 40286.292 (28)

(continued )
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Table 1. Continued

J R11ee (J ) R22ff (J ) P11ee (J ) P22ff (J )

23.5 40443.754 (25) 40438.886 (23) 40286.511 (29) 40275.038 (216)

24.5 40439.162 (27) 40433.925 (26) 40275.285 (21) 40263.505 (215)

25.5 40434.198 (29) 40428.628 (0) 40263.745 (215) 40251.585 (26)

26.5 40428.927 (213) 40422.975 (23) 40251.836 (25) 40239.358 (23)

27.5 40423.262 (212) 40416.978 (21) 40239.605 (29) 40226.791 (210)

28.5 40417.280 (26) 40410.594 b 40227.069 (218) c

29.5 40410.954 (25) c 40200.651 b

30.5 40200.895 (212)

(b) 2–5 banda

0.5 38418.920 (23) 38421.988 b

1.5 38421.988 b 38424.766 b 38411.906 b 38407.999 b

2.5 38424.766 b 38427.239 (22) 38407.999 b 38403.753 b

3.5 38427.281 (29) 38429.438 (21) 38403.753 b 38399.223 b

4.5 38429.517 (213) 38431.359 (26) 38399.223 b 38394.424 b

5.5 38431.424 (24) 38432.980 (24) 38394.424 b 38389.339 b

6.5 38433.056 (26) 38434.299 (210) 38389.339 b 38383.909 (22)

7.5 38434.408 (22) 38435.359 (27) 38383.969 (24) 38378.238 (23)

8.5 38435.451 (26) 38436.090 b 38378.307 (24) 38372.273 (22)

9.5 38436.194 b 38436.553 b 38372.353 (0) 38366.028 (22)

10.5 38436.677 b 38436.728 b 38366.112 (23) 38359.484 (24)

11.5 38436.896 b 38436.553 b 38359.586 (22) 38352.663 (21)

12.5 38436.728 b 38436.194 b 38352.774 (24) c

13.5 38436.340 b 38435.451 (28) 38345.659 (26) 38338.145 (26)

14.5 38435.624 (22) 38434.442 (24) 38338.262 (28) 38330.441 (22)

15.5 38434.620 (22) 38433.131 (24) 38330.584 (0) 38322.457 (1)

16.5 38433.315 (27) 38431.516 (211) 38322.610 (24) 38314.174 (23)
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17.5 38431.718 (27) 38429.630 (210) 38314.342 (25) 38305.609 (23)

18.5 38429.836 (27) 38427.416 (22) 38305.778 (0) 38296.749 (5)

19.5 38427.643 (211) 38424.906 (21) 38296.927 (23) 38287.588 (21)

20.5 38425.144 (28) 38422.090 (27) 38287.777 (21) 38278.135 (21)

21.5 38422.344 (27) 38418.968 b 38278.339 (21) 38268.390 (0)

22.5 38419.233 (22) 38415.574 (25) 38268.605 (22) 38258.351 (22)

23.5 38415.821 (27) 38411.851 (25) c 38248.014 (23)

24.5 38412.112 (23) c 38248.243 (0) 38237.376 (0)

25.5 c 38403.467 (211) 38237.620 (21) 38226.442 (0)

26.5 38403.768 (21) 38398.826 (25) 38226.692 (23) 38215.208 (0)

27.5 8399.127 (25) 38393.873 (0) 38215.473 (1) 38203.679 (4)

28.5 c 38388.602 (1) 38203.942 (26) c

29.5 38388.924 (21) 38383.021 (25) c 38179.701 (0)

30.5 38383.348 (0) 38377.115 (0) 38179.999 (24)

31.5 38377.478 b

(c) 2–6 banda

0.5 36413.394 b

1.5 36413.394 b 36416.227 b 36403.328 b c

2.5 36416.227 b 36418.876 b c 36395.352 b

3.5 36418.876 b 36421.166 (215) 36395.352 b 36390.937 b

4.5 36421.249 (23) 36423.294 (213) 36390.937 b 36386.360 b

5.5 36423.375 b 36425.119 (29) 36386.360 b 36381.484 b

6.5 36425.215 (21) 36426.732 (211) 36381.484 b 36376.311 (27)

7.5 36426.842 (224) 36428.063 (22) 36376.391 (213) 36370.940 (24)

8.5 36428.174 (25) 36429.155 (28) 36371.035 b 36365.314 (25)

9.5 36429.263 (22) 36429.976 (22) 36365.402 (22) 36359.432 (211)

10.5 36430.118 (212) 36430.540 b 36359.541 (28) 36353.309 (26)
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Table 1. Continued

J R11ee (J ) R22ff (J ) P11ee (J ) P22ff (J )

11.5 36430.732 b 36430.308 b 36353.426 (210) 36346.935 (0)

12.5 36431.016 b 36430.895 b 36347.043 (24) 36340.285 (218)

13.5 36431.143 b 36430.732 b 36340.409 (215) 36333.407 (211)

14.5 36430.895 b 36430.275 b 36333.545 (26) 36326.274 (27)

15.5 36430.463 (0) 36429.567 (21) 36326.413 (210) 36318.880 (29)

16.5 36429.760 (21) 36428.590 (23) 36319.034 (28) 36311.207 b

17.5 36428.808 (214) 36427.360 (23) 36311.366 b 36303.346 (22)

18.5 36427.567 (21) 36425.845 (214) 36303.512 (25) 36295.183 (25)

19.5 36426.067 (213) 36424.096 (0) 36295.377 (25) 36286.786 (210)

20.5 36424.332 (24) 36422.077 (28) 36286.976 (25) 36278.110 (23)

21.5 36422.310 (22) 36419.750 b 36278.317 (25) c

22.5 36420.023 (26) 36417.221 (26) c 36260.005 (29)

23.5 36417.483 (24) 36414.404 (216) 36260.215 (27) 36250.552 (21)

24.5 36414.652 (210) 36411.285 (24) 36250.807 (218) 36240.858 (29)

25.5 36411.577 (24) 36407.927 (27) 36241.096 (0) 36230.883 (21)

26.5 36408.217 (22) 36404.293 b 36231.146 (5) 36220.644 (213)

27.5 36404.582 (23) 36400.367 (3) 36220.924 (0) 36210.156 (210)

28.5 36400.681 (22) 36210.448 (24) 36199.400 (210)

29.5 36199.669 b 36188.395 (25)

30.5 36188.682 (28) 36177.074 b

31.5 36177.423 b 36165.521 b

32.5 36165.841 b

aNumbers in parentheses denote observed minus calculated (final constants) values in units of the last quoted digit.
b

Denotes lines not used in evaluation of molecular constants.
c

Denotes unmeasured lines.
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bands head is formed in the R branch and bands are degraded to the red.

Figure 1 shows a compressed spectrum of the 2–4 band for 12C17Oþ. For

the vibrational assignments of the bands, the information about bands of the

major 12C16Oþ isotope has been used. The rotational assignments were

made by predicting the line positions using the rotational and vibrational equi-

librium constants by Szajna et al.[4] The observed, �350 line positions for the

2–4, 2–5, and 2–6 bands of the first negative transition are provided in

Table 1. The observed rotational lines positions were fitted to the following

customary energy level expression for each vibrational level of a 2Sþ

state[9 – 11]:

2S
þ

e;f ¼ Ty þ Byxðx + 1Þ � Dyx
2ðx + 1Þ2 + 0:5gyðx + 1Þ; ð1Þ

where x ¼ (Jþ 0.5) and upper and lower signs (+ or + ) refer to the e/f
levels, respectively. Definition of molecular constants and their physical

meaning are generally known and will not be discussed here. The molecular

parameters Ty , By , Dy , and gy have been determined for both states, but the

gy (y ¼ 4, 5, 6) constants for the ground state were fixed to the values recal-

culated from microwave studies.[12] This procedure had to be applied due to

the large correlation between spin-rotation interaction constants for the

B2Sþ and X2Sþ states. It is understandable because both electronic states of

COþ belong to the Hund’s (b) coupling case. In this way, the very precise

values of the gy (y ¼ 0, 1, 2) constants for the B2Sþ state have been

extracted. The statistical data of individual bands fit are presented in Table 2.

Figure 1. A compressed portion of the low-resolution spectrum of the B2Sþ–X2Sþ

system of COþ shows the isotopic shift between 12C17Oþ and 12C16Oþ. Some lines of

the R and P branches are marked with their N00 values.

The B2S1–X2S1 Transition of 12C17O1 673
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Then the global merge calculations[13,14] were performed by combining

current and previous experimental data[6,7] and calculating all constants.

The final fit gave the molecular constants for the B2Sþ (y ¼ 0, 1, 2) and

X2Sþ (y ¼ 1, 2, 3, 4, 5, and 6) states of 12C17Oþ, reported in Table 3.

The molecular constants for the different vibrational levels enabled us to

determine equilibrium parameters for the ground and excited states of
12C17Oþ (Table 4). The results were compared with the values recalculated

from 12C16Oþ[4] and from 13C16Oþ[2] isotopes with using usual isotopic

relationships.[15] The current se, ve, and vexe constants for B2Sþ have been

extracted on the basis of 0–1, 2, 3, 4, 1–2, 3, 4, 5, and 2–4, 5, 6 bands

origins and veye and veze constants recalculated from equilibrium parameters

of the 13C16Oþ[2] and fixed in calculations. For the recalculations, the usual

isotopic relationships veye
i ¼ r3veye and veze

i ¼ r4veze
[15] have been used.

The r coefficient is defined as follows: r ¼ (m/mi)1/2, where m and mi are

the reduced masses of 13C16Oþ and 12C17Oþ, respectively. In this same

manner, the veye constants for the X2Sþ state have been determined. The

Be constants were used to determine the equilibrium bond lengths

Table 3. Molecular constantsa,b of the B2Sþ and X2Sþ states of 12C17Oþ

B2Sþ X2Sþ

y By Dy � 106 gy � 102 By Dy � 106 gy � 103

0 1.739727(15) 7.605(12) 2.0520(41)

1 1.710792(15) 7.800(11) 1.9492(30) 1.899566(15) 6.049(11) [8.822]

2 1.681628(15) 8.033(13) 1.8632(43) 1.881223(15) 6.076(11) [8.746]

3 1.862757(15) 6.066(11) [8.647]

4 1.844277(14) 6.098(11) [8.526]

5 1.825696(15) 6.090(13) [8.381]

6 1.807078(20) 6.098(20) [8.213]

aIn cm21, one standard deviation in parentheses.
bValues in square brackets were fixed during the fit.

Table 2. Individual band fits in the B2Sþ–X2Sþ system of 12C17Oþ

Band

Band origin

(cm21) na Jmax f b
sc

� 102

(cm21)

2–4 40453.7306(17) 114 30.5 79 0.85

2–5 38415.5442(12) 115 31.5 82 0.50

2–6 36406.9140(24) 115 32.5 73 0.85

aTotal number of observed lines.
bNumber of degrees of freedom of the fit for the individual band analysis.
cStandard deviation of the fit for the individual band analysis.
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re ¼ 1.168849(12) Å and re ¼ 1.115182(11) Å for the B2Sþ and X2Sþ states,

respectively.

The B(y ) and G(y ) expansions of Table 4 were subsequently used to

determine RKR potential curves for the B2Sþ and X2Sþ states. Energies

and turning points up to the y 0 ¼ 002 and y ¼ 6 vibrational levels obtained

Table 4. Equilibrium molecular constants of the B2Sþ and X2Sþ states of 12C17Oþ

B2Sþ X2Sþ

Constant This worka,b Recalculatedc This worka,b Recalcuatedc

se 45876.499(15) 45876.453

ve 1712.201(12) 1712.229 2185.9658(84) 2185.9643

vexe 27.3528(39) 27.3597 14.7674(11) 14.7665

veye [0.3356] 0.3356 [20.001302] 20.001302

veze � 103 [3.015] 3.015

Be 1.754109(35) 1.753957 1.927001(38) 1.926888

ae � 102 2.8706(57) 2.8462 1.8236(22) 2.8237

ge � 104 21.15(19) 23.01 20.331(28) 20.315

De � 106 7.491(20) 7.474 6.041(12) 5.985

be � 107 2.13(12) 1.93 0.100(31) 0.288

ge � 102 2.0953(97) 2.1382

age � 104 29.46(59) 29.82

aIn cm21, one standard deviation in parentheses.
bValues in square brackets were fixed during the fit.
cValues recalculated from 12C16Oþ[4] and 13C16Oþ[2] isotope parameters.

Table 5. Vibrational terms values and RKR turning points of the B2Sþ and X2Sþ

states of 12C17Oþ

B2Sþ X2Sþ

y G(y) þ Y00
(cm21)a

rmin, rmax G(y ) þ Y00
(cm21)

rmin, rmax

0 848.3482 1.12003, 1.22649 1089.347b 1.0709b, 1.1649b

1 2506.9523 1.08883, 1.27575 3245.7736 1.04169, 1.20529

2 4113.9667 1.06932, 1.31385 5372.6539 1.02292, 1.23534

3 7469.9798 1.00844, 1.26125

4 9537.7436 0.99646, 1.28483

5 11575.9374 0.98618, 1.30689

6 13584.5535 0.97712, 1.32789

aValues expressed above minimum of B2Sþ, which is 45876.499(15) cm21.
bTheoretically determined for unobserved in this work, y 00¼ 0 vibrational level:

Y00(B
2Sþ) ¼ 2 0.9564 cm21, Y00(X

2Sþ) ¼ 0.0560 cm21.
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from the RKR fit are collected in Table 5. The B2Sþ and X2Sþ potential

energy curves were used to calculate the Franck–Condon factors for the

bands involving y 0 ¼ 0 to 2 and y 00 ¼ 0 to 6 vibrational levels (Table 6).

CONCLUSION

We have investigated the B2Sþ–X2Sþ electronic transitions of 12C17Oþ in the

near ultraviolet spectral region. The observed spectrum has been classified as

2–4, 2–5, and 2–6 new bands of this system. The current data have been

combined with our previous data,[6,7] and precise spectroscopic constants

for the B2Sþ state have been obtained. Especially, vexe ¼ 27.3528(39)

cm21 and ge ¼ -1.15(19) � 1024 cm21 constants have been derived for the

first time. Also, RKR potential curves for both states and Franck–Condon

factors for the vibrational bands of the B–X system have been calculated.
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7. Szajna, W.; Kępa, R.; Hakalla, R.; Zachwieja, M. The 1-y 00 progression of the
B2Sþ–X2Sþ system 12C17Oþ. J. Mol. Spectrosc. 2006, 240, 75–80.

8. Palmer, B. A.; Engleman, R., Jr. Atlas of the Thorium Spectrum; Los Alamos
National Laboratory: Los Alamos, NM, 1983 (unpublished).

9. Brown, J. M.; Colbourn, E. A.; Watson, J. K. G.; Wayne, F. D. An effective
Hamiltonian for diatomic molecules. J. Mol. Spectrosc. 1979, 74, 294–318.

10. Amiot, C.; Maillard, J. P.; Chauville, J. Fourier spectroscopy of the OD infrared
spectrum. Merge of electronic, vibration-rotation, and microwave spectroscopic
data. J. Mol. Spectrosc. 1981, 87, 196–218.

11. Douay, M.; Rogers, S. A.; Bernath, P. F. Infrared Fourier transform spectroscopy
of XeH. Mol. Phys. 1988, 64, 425–436.

12. Bogey, M.; Demuynck, C.; Destombes, J. L. Equilibrium structure of COþ from its
millimeter wave spectrum. Breakdown of the Born-Oppenheimer approximation.
J. Chem. Phys. 1983, 79, 4704–4707.

13. Albritton, D. L.; Schmeltekopf, A. L.; Zare, R. N. A method for merging the results
of separate least-squares fits and testing for systematic errors. J. Mol. Spectrosc.
1977, 67, 132–156.

14. Coxon, J. A. Merging of least-squares parameters: The approach of stepwise
merging. J. Mol. Spectrosc. 1978, 72, 252–263.

15. Herzberg, G. Molecular Spectra and Molecular Structure I. Spectra of Diatomic
Molecules; Van Nostrand: Princeton, NK, 1950, pp. 141–145.

The B2S1–X2S1 Transition of 12C17O1 677

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
0
2
:
5
4
 
3
0
 
J
a
n
u
a
r
y
 
2
0
1
1


