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New Observations of the A’&-X ‘x.9 Transition 
(Phillips System) of C2 

M. DOUAY, ’ R. NIETMANN, AND P. F. BERNATH’ 

Department of Chemistry, University of Arizona, Tucson, Arizona 85721 

We have reanalyzed the infrared part of the A ‘II&Y 2: (Phillips system) of Cx. Improved 
molecular constants were derived and the u” = 5 and u” = 6 vibrational levels of the X ’ Zi state 
were observed for the first time. RKR curves and A ‘I&-X’ 2: Franck-Condon factors were 
calculated from the equilibrium molecular constants. Q 1988 Academic press hc. 

I. INTRODUCTION 

The CZ molecule is found in a very wide variety of sources. C2 occurs in comets 
(Z-3), interstellar clouds (d-11), the sun (I2-Z4), and in stellar atmospheres (15, 
16). In the laboratory, C2 is abundant in flames (17-191, explosions, and electrical 
discharges of carbon-containing molecules. 

In 1948, Phillips (20) discovered the A ’ l&,-X’ Zg electronic transition of Cz which 
bears his name. Ballik and Ramsay (21) observed many additional bands of the Phillips 
system and in 1970 Marenin and Johnson provided a consistent set of spectroscopic 
constants (22). More recently, highquality Fourier transform data for ‘*Cz (23, 24), 
12C13C, and 13C2 (25) have become available. 

The oscillator strength of the A ’ IL-X’ 2: transition is still controversial with many 
experimental (26-29) and theoretical estimates (30-33). The A-X oscillator strength 
is relatively weak ( - 10e3). An accurate value is required to convert observed C2 
absorption spectra into an estimate of Cz concentration (or, more precisely, into a C2 
column density). 

The classic work of Ballik and Ramsey (34) proved the ground state of C2 to be 
X ’ Zz rather than a311, by the observation of singlet-triplet perturbations. As a result, 
there have been several ab initio studies of the interaction between the singlet and 
triplet manifolds (35-37). These perturbations have important astrophysical conse- 
quences because they (along with quadrupole radiation) permit the homonuclear CZ 
molecule to relax and cool (37). Additional ab initio calculations of the molecular 
properties of Cz have been carried out by many workers (38-43). 

Many molecules fragment upon absorption of ultraviolet radiation or multiphoton 
absorption of visible or infrared photons, usually releasing simple molecules such as 
CN, CH, and C2. The photochemical production of C2 provides a convenient molecular 
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source for the study of CZ reaction kinetics, Cz quenching and C2 triplet-singlet in- 
terconversion (44-51). CZ is also formed in the reaction of hydrocarbons with rare 
gas me&stables ( 52). 

In the course of our discovery of the B ’ A,-A ‘II,, and B’ ’ Z:- A ’ II, electronic tran- 
sitions (53) by infrared Fourier transform emission spectroscopy, we noted many 
previously unobserved bands of the Phillips system. A simultaneous fit of all of our 
observed singlet C2 data has provided improved spectroscopic constants for 2, = O-5 
of the A ’ II, state and o = O-6 of the X ’ Zg state. The u = 5 and 6 levels of the 
X ’ 2: state were not directly observed in any previous work. 

II. EXPERIMENTAL DETAILS 

Strong emission spectra of the C2 molecule were found in two data sets previously 
recorded for other purposes. These spectra were excited by an electrodeless microwave 
discharge of hydrocarbons in a quartz tube. In one run a mixture of 2.75 Torr of He, 
0.030 Torr of CH4, and 0.040 Torr of white phosphorous vapor flowed through the 
discharge tube. The phosphorous is, presumably, not required. The second spectrum 
was recorded from a discharge of 3.3 Torr of argon and 0.80 Torr of allene. The first 
spectrum was extremely rich with strong spectra of CO, CH, PH, CP, Pz, ArH, and 
CN, as well as Cz . The second data set had a reduced signal-to-noise ratio for Cz, but 
was not as congested. 

The emission from the discharge tube was observed with the McMath Fourier trans- 
form spectrometer of the National Solar Observatory at Kitt Peak. InSb detectors and 
a silicon filter limited the band pass to approximately 1800-9000 cm -’ . The unapo- 
dized resolution was set to 0.02 cm-‘. In the first spectrum, 10 scans were coadded 
in 70 min of integration, while in the second spectrum 8 scans were recorded in 
58 min. 

The first spectrum was calibrated with the vibration-rotation lines of the impurity 
molecule CO (54) near 2200 cm-‘. The calibration factor of 1 + 5.74 X lo-’ was 
applied to the entire spectrum. The CO lines were much weaker in the second spectrum 
so the calibration was transferred to this spectrum using several strong lines of the O- 
0 band of the b3 Z;-a311, ( Ballik-Ramsay ) system. The absolute accuracy of the 
calibration is estimated to be better than kO.001 cm-’ for both spectra. The precision 
of the strong, unblended lines in the O-O band of the A I I&,-h” Z,+ transition is about 
0.0002 cm-‘. 

III. RESULTS AND DISCUSSION 

The interferograms were transformed by G. Ladd to provide the two spectra. The 
line positions were extracted from the spectrum with the data reduction program 
DECOMP developed at Kitt Peak. The peak positions were found by fitting a Voigt 
lineshape function to each feature using a nonlinear least-squares procedure. Since 
the spectra are very congested, we proceeded initially by predicting the line positions 
and then picking out and assigning just a few lines. The preliminary fit of these lines 
provided an accurate prediction of the remaining lines in the band. Our search for 
new bands was guided by a preliminary Franck-Condon calculation. 
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TABLE I 

Observed Line Positions of the A ’ II.-,!? Xi Transition of C2 (in cm-‘) 
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-2 - 
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-40 
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-2 

23 

9r. o-c p.. o-c 

* 
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8 

Note. Observed minus calculated line positions are in units of IO-“ cm-‘. 
’ Perturbed. 
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TABLE I-Continued 
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TABLE I-Continued 

K. 3-5 BAND 

J R.. o-c Qr. 0-c P.. o-c 
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14.0 

16.0 
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20.0 

22.0 

2a.o 

26.0 

28.0 

9 

-7 
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-2 

22 

-4 

9 

9 

-1 
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L. 4-6 BAND 

2.0 

4.0 

6.0 

8.0 

10.0 

12.0 

14.0 

16.0 

3956.1219 

3957.6254 

3957.8876 

3956.9353 

3954.4797 

3951.1233 

o-c 

48 

Qr. 

3937 9763 

3934.5862 

3929.9467 

3924.0778 

3917.0017 

3908.4288 

3898.9650 

o-c 

In the end, 12 bands were identified and analyzed: O-O, 3-3, 4-4, 5-5, O-l, l-2, 
2-3, O-2, l-3, 2-4, 3-5, and 4-6. The 3-3, 4-4, 5-5, 3-5, and 4-6 bands are new. 
The observation of bands in the Phillips system with D” = 5 and 6 provides accurate 
constants for these high-lying vibrational levels of the ground state. The observed line 
positions and rotational assignments are provided in Table I. 

The lines of Table I and all of the observed lines of B ’ A& ’ II, and 
B’ ’ E&4 ’ II, were fitted simultaneously with the customary energy level expression 
for each vibration level in each electronic state: 

T, + B,J(J+ 1) - Dv[J(J+ l)]* + Hv[J(J+ 1)13 

* &AJ(J + ~>EG + CZD~J(J + 1)1/2. 

TABLE II 

Molecular Constants for the X ’ Zt State of C2 (in cm -’ ) 
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TABLE III 

Molecular Constants for the A ’ II, State of C2 (in cm -I) 

constant v-o “=, v=z "=3 "=4 v-5 

1" 
8268.38962(15)a 9852.4355(Z) 11412.2643(4) 12947.8195(5) 14459.0343(7) 15945.8285(23) 

6" 
1.6081345(20) 1.5910931(22) 1.5739723(30) 1.5567609(30) 1.5394486(41) 1.522047(25) 

10' x D" 6.52569(114) 6.53614(145) 6.5731128) 6.6026(24) 6.6289(38) 6.657(48) 

IO' x qy -1.9573(34) -1.9265(25) -l&313(55) -1.8731(70) -1.8659(89) -1.84?(75) 

10S x 9D" 5.0@.(27) 

- 

a The numbers in parentheses are one standard deviation in the last digit. 

Approximate weights were chosen for each line on the basis of the signal-to-noise 
ratio, as well as freedom from blending or perturbations. The energy origin of this fit 
was 2) = 0, J = 0 of the X I 2; state and h-doubling was included only for the A ’ II, 
state. The spectroscopic constants for the X ’ 2; and A ’ II, states are reported in 
Tables II and III. 

The constants of Tables II and III were converted to equilibrium molecular constants 
(Table IV) using the expressions 

G(v) = We(V + 4) - w,x,(u + 4)’ + W&(V + 4)’ + w,z,(v + 1)” -I- W&,(2, + 1)’ 

B, = B, - a,(~ + i)+ ye(u + h)'+ 6,(v + t)' 

TABLE IV 

Equilibrium Molecular Constants for the X ’ Xi and A ’ II, States of C, (in cm -’ ) 

X’Z+ 8 1855.0142(129)~ 13.5547(124) -0.1321(50) 0.00357(89) -0 001116(57) 
A'TI" 1608.1990(52) 12.0597(27) -0.010555(39) - 

B. a. -f* x 10-s 6, x 10‘6 

X’$ 1.820099(37) 0.018012(63) -6.33(286) -2.06(37) 
A'll, 1.6X6275(27) 0.0169691(51) -3.34(25) -0.154(33) 

D, x 10-e 0. x 10-n T. 

X’g 6.9640(124) 6.41(69) 
A'll" 6.5086(54) 2.53(29) 8391.4085(46) 

A'II" -1.9676(70) 2.74(37) 

a One standard deviation uncertainty in parentheses. 
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TABLE V 

RKR Turning Points for the X ’ Z+ State of C2 

” &(cm-‘) %i, (A) %.x (A) 

0.0 923.9840 1.19052 1.30093 
0.5 1841.2118 1.17072 1.32735 
1.0 2751.4689 1.15615 1.34860 
1.5 3654.6561 1.14428 1.36723 
2.0 4550.6670 1.13413 1.38423 
2.5 5439.3835 1.12519 1.40009 
3.0 6320.6724 1.11717 1.41513 
3.5 7194.3803 1.10988 1.42955 
4.0 8060.3301 1.10317 1.44348 
4.5 8918.3167 1.09696 1.45704 
5.0 9768.1023 1.09117 1.47030 
5.5 10609.4130 1.08575 1.48334 
6.0 11441.9340 1.08064 1.49621 

4” = qe + aq(u + t>. 

The large number of expansion constants required for the B, and G(u) expansions 
(Table IV) is probably a reflection of the global perturbations and interactions among 
the low-lying states of Cr. 

The B, and G(v) expansions were input to an RKR program to calculate the classical 
turning points (Tables V and VI) of the X ’ 2: and A ‘II, potential curves. Figure 1 
is a plot of the potential energy curves of the low-lying X’ Zi, A ’ II,, B’%, and 

TABLE VI 

RKR Turning Points of the A ’ II, State of Cz 

Y %(cme’) bin (A) G., (A) 

0.0 801.1033~ 1.26266 1.38925 
0.5 1596.1488 1.24151 1.40975 
1.0 2385.1486 1.22597 1.43269 
1.5 3168.0948 1.21333 1.45280 
2.0 3944.9795 1.20253 1.47112 
2.5 4715.7947 1.19302 1.48822 
3.0 5480.5326 1.18449 1.50439 
3.5 6239.1853 1.17674 1.51986 
4.0 6991.7448 1.16961 1.53476 
4.5 7738.2031 1.16301 1.54921 
5.0 8478.5525 1.15685 1.56329 

a Relative to the bottom of the A'II, well. To convert the origin of 

the E, scale to the bottom of the X'g veil, 8391.2703 cm_1 must 

be added. This number was calculated using the experimental value 

of 8268.3896 cm-' for T,,. Note that these potential curves include 

the Dunham Y.. correction. 
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Rc. 1. The RKR potential curves of the low-lying singlet states of C2. 

B’ ‘I;: states of CZ as determined from our RKR turning points. The A ‘III, and 
X ’ Z,+ potential energy curves were used to calculate the A-X Franck-Condon factors 
(Table VII). We found all of the bands expected on the basis of intensity estimates 
from the Franck-Condon factors of Table VII. 

The Be values of Table IV result in re values of 1.242440 and 1.318311 A for the 
X ’ 2: and A ’ lIu states, respectively. 

The spectroscopic constants of Tables II and III are the most useful result of our 
reanalysis of the Phillips system. For example, the 2-O band near 8760 A is observed 
in absorption in interstellar clouds (5-11). Although we have not directly observed 
the 2-O band, the line positions of this band, calculated with the constants of Tables 
II and III, should be more accurate than the previous measurements. In general, our 
spectroscopic constants and line positions are in agreement with, but more accurate 
than, the previous measurements. 

The line positions of Table I display three perturbations (Table VIII). In the 2-4 
and 2-3 bands, the e parity level of u’ = 2 of A ’ II, with J’ = 19,2 1 is perturbed by 
the corresponding J’s ( Fz, N = 19, 2 1) e parity level of u = 1 of the c3 Zz state. This 
perturbation was predicted by Chauville et al. (23), and also observed by Davis et al. 

(24). This perturbation, along with others previously observed, allowed Davis et al. 

(24) to calculate improved spectroscopic constants for the c3 Z: state. 
In the 3-5 band, the J” = 22,24,26, and 28 e parity levels of B” = 5 of the X ’ Z,+ 

state are perturbed by u = 2 of the b3 2; state. In the 4-6 band the J” = 12, 14 e levels 
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TABLE VII 

A ’ iI& Zi Franck-Condon Factors 

0 0.412EO 0.398EO 0.155EO 0.31lE-I 0.33%-2 0.184E-3 0.3.l3E-5 

I 0.332EO 0.553E-2 0.289EO 0.272EO 0.883E-1 O.l3lE-1 0.859E-3 

2 0.162EO 0.172EO 0.578E-1 0.116EO 0.305EO 0.155EO 0.30lE-I 

3 0.630E-I 0.2OOEO 0.318E-1 0.142EO O.lk%E-1 0.27lEO 0.216EO 

4 0.215E-1 0.126EO 0.138EO O.l16E-2 0.155EO O.l62E-2 0.204EO 

5 0.684E-2 0.60lE-1 0.145EO 0.57BE-1 0.358E-1 0.115EO 0.302E-1 

of u” = 6 of the X1 2: state are perturbed by v = 3 of the b3 2; state. The corre- 
sponding perturbations were observed by Roux et al. (55) in the b3Z;-a3 II, Ballik- 
Ramsay system. The shifts in 21 = 5, J = 26 and 28 for the X ’ I&i state predicted by 
Roux et al. (55) are 0.101 and -0.17 1 cm-’ compared to our values (Table VIII) of 
0.070 and -0.217 cm-‘, respectively. For u = 6 of the X1 Zz state, the predictions of 
Roux et al. are +0.074 and -0.127, while our values are 0.045 and -0.159 cm-’ for 
J = 12 and 14, respectively. The agreement is reasonable, but not perfect, between 
the two sets of measurements. The discrepancies are presumably caused by systematic, 
model-dependent errors in the prediction of the unperturbed line positions. The ob- 
servation of level shifts equal in magnitude (but opposite in sign) by us and by Roux 
et al. (55) confirms the two sets of assignments. 

TABLE VIII 

Observed Perturbations in the A’&-X’Zg+ System of C2 (in cm-‘) 

Perturbed Perturbing Band Line Ohs.-Calc Line Ohs.-Calc. Line Ohs.-Calc. 
state state 

3-5 R(22) 0.0074 N22) 0.0032 P(22) 0.0026 

V=S v=2 ~(24) 0.0147 ~(24) 0.0161 P(24) 0.0149 

XII; b'Z- 9 R(26) 0.0721 N26) 0.0682 P(26) 0.0694 

R(28) -0.2113 QW’) -0.2133 P(28) -0.2265 

v=3 

b'Z- 9 

4-6 R(12) 0.0436 002) 0.0459 

R(l4) -0.1597 Q(14) -0.1587 

2-4 R(18) -0.0227 P(20) -0.0234 

v=2 v=l R(2O) -0.0198 P(22) -0.0182 

A%" CT: 2-3 R(18) -0.0227 P(20) -0.0242 

R(2'3) -0.0250 N22) -0.0220 
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CONCLUSION 

We have reanalyzed the,4 ’ J&,-X’ 2: Phillips system of Cz and have obsexved several 
new vibrational bands. The II” = 5 and 6 levels of the X1 Zl state were observed for 
the first time. Since Cz is such a ubiquitous molecule, our improved spectroscopic 
constants should prove useful. 
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