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ABSTRACT 

Recent theoretical and experimental. data on the c2 
molecule make feasible a critical reoalcula.tion of the 

molecular abundance s of the o2 molecule in the zole.r 

reversing layer. The mol49!¢Ular exoi tat ion temperature 

adopted is 45oo•K. The required partition functions were 

oaloW.ated with inclusion of all the low-lytng excited 

states. By using an oscillator strength f = 0.04 we obtained 

log S = l&.S3~ A table of thermodynamic functions in the 

te•perature range 2000-6000°K is given in the Appendix. 
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I. INTRODUCTION 

· our knowledge of the molecular abundanoe in the stellar 

reversing layers is still limited and s~bJected to r-ather 

severe unaerta1nt1es. In the past three decades s~veral 

papers were devoted to this problemA 

In th1s paper we are interested in the molecular 

abun4anae S of the carbon molecule c2 in the solar reversing 

layer. The earliest work on this subject ie that of Russell 

( 1.934) who em,loyed data on the atomic oomposi tion or the 

sun as a basis for the calot1lat1on of the molecular 

abundance. He obtained log S • 0.9. 

Subsequently Roaah (1959) recalculated the molecular 

abundance 1 and he found that log S = 6.41 at a molecular 

exaltation temperature of 4Soo•K. The line intensities were 

obtained from the equivalent widths given by Adfu~B (1958), 

and from these data the effective numbers NJn•f of molecules 

in the J" levels were deduced with the help of Allen's 

( 1934 and 19~8) curve of growth .• 

Lyddane, Rogers 1 and Roach (1941) obtained log s = 12.02 

at a molecular excitation temperature of 5000°K. (\ile 

remember that at tnese temperatures an increase in the 

exaitation temperature of 500°K 1s followed by an increase 1n tle 

resulting legs, but only of an amount of- o.l). These 

authors s.ubstant1ally repeated the Roach (1939) work with 

the use of Menzel's (1936) ourve of growth. 

MOre recently Hunaert$ (1947) obtained log Sa 14.95 

\ 
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and ~onfirmed the molecular excitatiQn temperature of 4500~K. 

(1'hu.s the molecular exoi tat1.on temperature 1s the "same as 

the atomic excitation temperature.) The equivalent width 

tor the rotational linea was obtained from the ta1cro

phQtometr1o reaord or the Phetometrie Atlas or the Solar 

Spectrum (1940). 

II. MOLECULAR ABUNDANCE OF c2 
The molecular e.bundancy may be obtained by assumi.ng a 

Boltzman distribution of the molecules in the rotational 

levels of a given vibrational band. Then, 1f NK" is the 

number of molecules in a given level K" with energy ~"' 

the molecular abundancy S is given by the relation 

(Roaeh 1939, Hunaerta 1947} 

S(T) 
(1) 

where Z(T) is the sum over all the electronic states of the 

produots of the electronic, vibrational and rotational 

partition functiOn$ calculated at the molecular excitation 

temperature T. The degeneracy of the K"th level is 

indicated by g in equation (1). We will u.se an excitation 

temperature of 4500°K. 

The m.unber of n1olecules Z)ctt is obtained from the intensity 

of the individual lines in the product form NKnf where f 

is the csoillator $trength of the transition. The resolvable 
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.rotational lines of the 0-0 band of the Swan transition 

1 ( 
311u ... 3ng) are used to obtain NK" • r. This chcioe iG 

because ot· the higher 1ntensi ty or this band. as oompared 

to othera of the SWan system. 

The numerical values of F"(J) .are those given by 

Johnson (1927), an-d the J assignment 1-s that or Shea (1927), 

who revised Johnson's asBignment.for the R braneh. 

In Table 1 we report the line assignments and the 

corresponding F"(J) v·alues, the log NKtt• r obtained by 

Hunaerta (1947) and the log NK" obtained by adopting an 

o.seillatQr strength of .04.. This last value lles between the 

experimental v.alue f • • OU (Hicks 1957) ( wh1oh 1e given 

with a faotor of two of unoerta1nty) and the oalculs.ted 

value ot r • .046 (Olement11960). Previous work had aooepted 

a caloulate<i value Gf .027 {Lydd&ne, Rogers, and Roach 1941), 

wh1ch was made d.oubt.f'ul by a subsequent aala\llat1on (Shull 

~950) in which a 11ndt1ng value or t • .13 was proposed. 

Thus far we nave discussed the factor N~ of eqUation 

(1). Let us now determine the factor 0 of equation (1), namely 

the ratio of the total part1t1on funot1<>n to the rotational 

partition tunotion for the K" energy level. 

Previous work on the B value for the c2 molecule 

was by necessity inaccurate in the calculation of the 

partition function. This was due to the laok of ciata on many 

lQw-lyamg excited states, the misassignment of the ground 

atate and the lack of data on vibrational and rotationsl 

constants. Recent experimental work has established th.e 
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TABLE I 

or 

MOLECULAR ABUNDANCE OF c2 

Line J" F" log NKn•f log NK" log G log s 

Rl+Rz+R3 14 314 11.04 9.64 3.145 12.78 

Rl+Rz+Rl 15 390 11.14 9. 74 3.12G 12.87 

Rl+R2+Rzs 16 442 11.0~ 9. 6$ 3.106 12.80 

~-l+Rz+R3 2!5 1055 11.23 9.83 3. 002. 12.85 

Rl+Rz+Rs 27 1228 11.57 9.97 ~.993 12.96 

Rl+R2+Rs 2~ 131$ 11.10 9.70 2.991 12.69 

Rl+R2+R3 29 141J 11.4:7 10.07 2.988 15.05 

Rl+R23 34 1932 11.26 9.86 2.992 12.85 

Rl+R2+R5 ~5 2046 11.2f 9.82 2.996 12.82 

Rl+R23 56 2163 11.17 9.77 5.000 12.97 

R1+Rz+R3 37 2285 11.30 9.90 3.005 12.91 

Rl+R2S 39 253~ 11.04 9.64 3.016 12.66 

Rl+R23. 40 2665 11.08 9.68 3.025 12.71 

Rl+R25 41 2796 11.19 9.69 3.032 12.72 

Rl+Rz3 42 2932 11.19 9.79 ~.041 12.85 

Rl+l\23 43 5072 11.27 9.87 3.050 12.92 

Rl+R23 44 3215 11.16 9. 76 3.061 12.82 

Rl+R23 46 3510 11.06 9.S6 3.062 12.74 

R1+R23 51 4306 10.97 9.57 3.148 12.72 

P1+P23 28 1318 11.15 9. 7$ 2.991 12.74 

'· Pl+P23 29 141.5 11.16 9. 76 2.985 12.75 
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TABLE .. :1 (con 1 t} 

Line J" F" log NKn· t log NK" log G l,.og s 

P1+P23 36 216~ 11.19 9.79 3.000 12.79 

Pl+P23 38 2406 11.04 9.64 3.010 12.65 

P1+P25 4:2 2932 11.25 9.85 3.041 12.89 

P1+P23 45 3361 11.19 9 .. 69 3.071 12.86 

Pl+P23 52 4475 11.19 9. 79 ~.165 12.95 

Pl+P2~ 57 5368 11.07 9.67 3.263 12.93 

P1+P23 59 5748 11.09 9.69 3.2!86 12.98 
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location of a new low-lying exoi ted state (Ballik and. Ran1sey 

1958) and that the ground state has 'x; symmetry (Ballik and 

Ramsey 1959). In addition, new theoretical work (Fitzer and 

Clementi 1959; Clementi and Pitzer, in press) gives us 

conf1df3noe in the preClictiona of the looations of several 

low-lying states still experimentally unknown. 

For eaoh electronic state the vibrational levels 

were summed up to the dissociation energies. The values 

of a(v) is obtained from the experimental vibrational 

frequency we and first order anharmon1c1ty wexe• For the 

cases in which these data are not available ~.oe is 

caloulated by the Birge (1925) relation r!we = oonstant - 2800 

and wexe by the relation wexe = aonst~ Be • 7.5 Be. The 

two constants 2800 and 7.5 are obt~ined tu the best possible 

e~~erimental fitting. The re values are obtained by a 

method already described (Clementi 1960). For the rotational 

partition function we have used the limiting expression 

Z ,. ,; g e-E;/kT • - J g e-ErfkT dJ kT ( 2) 
r Jr r. -~ 

where Bv a Be - a(v + 1/2). Equation (2) holds quite well 

at high temperatures, and the first correction to it is 

- ~ - lo-4 smaller than the prinoipal term (Mayer and Mayer 

1940). 

The rotational constants :Be and a had to be calculated 
-2 for several exoited states. By definition Be • oonst re • 
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28.1 r; 2 (the value 2$ .lls obtained by the beet'' possible 

fit or the experimentally· known Be constant). The ae 1s 

obtained by the sem1-empir1oal relation (Herzberg 1955) 

a. • e 
u;, X ~B •1 .. ~ 

e ealee where again the oonet.ant 1.3 is obtained 

as the best f'ittin&. The eleotron1o energy T
0 

is obtained 

!'rom the necent~"liter.ature data (Clementi 1960). 

In thi.s way the part1 t1on funotion tor eaoh eleatronic 

state with angular momentwn A and sptn mult1pl1a1ty 2S + l 

is given by the relation 

the factor t 1n equation (3) is 1 for A= 0 and 2 tor 

A~ 0 (A type doubling). 
4::. 

In 'able 2 all the molecular oonsta.nta needed in 

tll1a oaleulation are reported. In the last column the value 

of Z(T) for eaah electronic state is ~dded. In the 

Appendix a table is given of the thermodynamic functions 

tor c2 in the temper~;~.ture range 3000°K-6000°K of ai!trophyeioal 

interest. The partition fUnctions and their first and 

seoond derivatives needed tor tbe caleulation of the thermo

~ functions are obtained with the help of all the 

molecular constants of Table 2. 

It is now easy to calculate the factor G of 

equation (1) and from th1$ we obtain log s. From the data 

given in the last oolumn of Table 1 the mean value obtai.ned 
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TABLE 2 
,. 

t.fOLEOlJLAR CONSTANTS FOR THE 0 2 MOLECULE* 

State Z(T) 

•z+ 
0 1854:.71 1~.~4 1.81984 0.01765 1.245 6270 

g ( 1806) (1~.65) (1.813) (. 017) 

3~ 
610 1641.35 11. s·r 1.6326 .01638 1.517 24353 

(1614) ( 12. 24) ( l. 620) (. 015} 

8268.33 1608.33 12.078 1.61634 .01686 1.:522 1017 

·~ ( 160~) (12.12) (1.608) (. 016) 

'i - 6243.5 1470.45 11.19 1.49852 .018~4 1.369 3593 
Lg 

( 1493) (11.24) (1.499) (. 022) 

624 
'A g (10000) (1481} (11.14) ( 1. 486) (. 015) (1.575) 

... 168 
'z+ g 

(14000) (1470) (10.06) (1.475) (. 013) (1.:380) 

3z:+ 
471 

'u (14300 ( 1891) (14.23) (l.t197) (.Old) (1.217) 

·<; 43240.23 1829.57 13.97 1.8:334 0.0204 1.258 0 

(1827} (13.75} (1.8~4) (. 018) 
\ . 
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TABLE 2 (oon't) 

State To (:.1) e wexe Be a. r e Z(T) 

3n 
19916.26 1188,22 16.4:4 l. 7527 0.01608 65 

g ( 1739) (1:3.14:) (1, 74S) ( .021) (1.269) 

34261.9 1SQ9.l 15.81 1.'73~4 .01800 0 ' -. u, 
(1726) (13.00) (1. 734) (. 020) ( l. 273) 

3~ 
~ 0 

( 40000} (1259} (9.48) ( l. 264) (. 012) ( 1. 491} 

.... 0 . , ~+ 

""" ( 40000) (1261) (9.89) (1.266) (. 012) (1.490) 

! 40690 .. 41 1106.56 39.26 1.1922 .0242 l.S35 0 
ng 

(1188) (8.94) (1.192) ( 0.054) ... 

'* Values in braokets are oaloulated, th$ others are ex-perimental. 
0 

(Units are in am·1 and A}. 
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is <log S> • 12.SS. 

ou.r result 1a larger than that or Lyddane, Rogers and 

Roach (1941) .whO found log 8 • 12.02 at 5000°K. In their 

work ve.ry few numerical deta;Lls ot the ca.loul.ation were 

given anc1 consequently it 1a rather d1ff1ault to cleterm1ne 

the origin of th.e differ,noe between their results and the 

present ones. 

Clearly the disagreement is not due to their u.se or a 

different exai tation temperature and f value for if we 

eorreat the work ot Lydda.ne et alJ in this regard, the log s 
will diminish thus widening the differenoe of results. we have 

to conol1.1d.e that the estimated ~n·t value and the partition 

function are the source of discrepancy. 

Hunaerts gives a calculated log S • 14.96 at 4500°K. 

Here again the difference due to the different f values 

ad-opted is not ~a.t'ly enough to eliminate the disagreement 

between his and our result. The main origin of the dis

orepanay is easily located. in the oaloul.ation of the partition 

function where Hunaerts neglecte4 many important low-lying 

exai ted states. 

III. APPENDIX 

The thermodynamie functions given in Table 5 are obtained 

from the pa.rt1 t1on functions 1n w.hioh all the exai ted states 

<>f Table 2 are included. The moleeular oonstants needed 

for the oalaulat1on are those of Table 2. As, expeoted the 

resulting thermodynam10 functions are different from those 
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TABLE 3 

THERMODYNAMIC PROPERTIES OF GASEOUS C2 

~'K 0 Gp (~ - Hg) ( 0 0 - FT .. HQ)/T ~ 
ca1/mole/dea; kaal/m.ole oal/mole/deg cal/mele/deg 

2000 9.269 17.648 55.857 64.681 

2200 9.407 19.516 56.700 65.571 

2400 9.5~8 21.410 57.474 66.395 

2600 9.660 23.330 58.190 67.164 

2$00 9.772 25.27 4 58.857 67.884 

5000 9.875 21.259 59.482 68.561 

saoo 9.967 29.22:5 60.070 69.202 

:5400 10.049 31.225 60.625 69.508 

5600 10.123 33.242 61.151 70.385 

3800 10.188 35.273 61.852 70.934 

4000 10.£45 37.~17 62.129 71.458 

4200 10.295 :59.371 62,585 71.959 

4400 10.339 41.434 63.022 72. 4~9 . 

4600 10.:578 43.506 63.442 72.900 

4800 10.412 45.585 63.845 73,342 

5000 10.441 47.670 64:.2~4 75 .. 768 

5200 10.466 49.761 64.608 74.178 .. 
5400 10.489 51. 85~( 64.970 ·r 4. 573 

\,; 
5600 10.509 53.957 65.320 74.655 

5800 10.526 56.060 65.658 75.324 

6000 10.54.2 58.167 65.9t:J7 75.681 
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published very recentlyblf' Altman (1960) who negleatedto 

inolude eeveral excited states of importance at high temperatures. 

It is my pleasure to acknowledge my indebtednese to 

p~~tessor J. G. Phillips of the Astronomy Department for his 

interest and advioe. I would also like t.o express my 

appreciation to Professors L. Brewer and K. s. Pitzer for 

their encouragement and discussion; to Dr. R. Altman and 

Dr. E. MOrtensen for their help in the calculation of the 

thermodynamic properties of c2. 
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