
JOURNAL OF MOLECULAR SPECTROSCOPY 19, 137-154 (1966) 

The 2.8~Micron Bands of CO* 

HOWARD R. GORDON? AND T. K. MCCUBBIN, JR. 

Phzysics Department, The Pennsylvania State University, University Park, Pennqlvania 

The spectrum of COz has been measured at 2.8 microns using an echelle 
grating-prism spectrometer. Ten bands of C’“O:“, one band of C’“O:“, and 
two bands of C’2016018 were measured with an accuracy of f0.005 cm-’ for 
individual lines. The measurements, when combined wit’h those at 15 microns, 
allowed a complete vibrational analysis to be carried out to second order for 
C’“0:“. It has been verified that the unperturbed 0200 level is above the 1000 
level and a value of 6 = 2.5 f 0.1 X lo-’ cm-l has been determined. 

INTRODUCTION 

The strong 10°1400 and 02°1-OO0 combination bands of COZ and the “hot” 

bands associated with it occur in the 2.8~micron region of the spectrum. Recent 

high resolution studies of these spectra have been made by Jones and Bell (I), 

Benedict and Plyler (2), France and Dickey (3), Rossmann, France, Rao, and 

Nielsen (4.) and Courtoy (5, S). These remeasurements of some of the bands 

studied by Courtoy have been undertaken because it makes possible a precise 

verification of the recent calculations of Amat and Pimbert (7) who showed how 

to analyze the vibrational spectrum of CO2 without using an incorrect relation- 

ship among the rotational constants and the separations of levels in Fermi 

resonance. Other recent research about the vibrational spectrum of COZ has been 

described by Berney and Eggers (8)) and by Pariseau et al. (9). 

Courtoy’s very extensive investigations were made shortly before the develop- 

ment’ of the interferometric and echelle techniques of wavelength measurement. 

Remeasurements made in this inboratory indicate that Courtoy’s measurements 

show a remarkably high degree of relative accuracy within a band but that the 

absolute frequencies in the 3500- to 3700-cm-’ region are consistently low by 

about 0.03 cm-‘. Our AzFN values are in perfect agreement with those of 

Courtoy but exhibit somewhat smaller observed minus computed differences. 

Therefore extensive use has been made of AzF values computed from Courtoy’s 
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BOW and Dooo . The measurements indicate that the value of Boo0 = 0.39021 cm-l 

is probably somewhat more accurate than +I X 10e5 cm -l as claimed by 

Courtoy. The band origins, AB values, and AD values of the 10°1400 and 02’1- 

000 bands determined from the present research are also in excellent agreement 

with the measurements of Rossmann, France, Rao, and Nielson. 

The objective of the present study is to measure constants of t’he 2.8-micron 

bands and combine them with our 15 micron measurements (IO) to derive a set 

of second-order vibrational constants using the method of Amat and Pimbert. 

TABLE I 

CALCULATED AND OBSERVED WAVE NUMBERS IN THE 10°lhOOoO BAND OF C’“Ok” 

J P(J) (Calc) o-c R(J) (Calc.1 o-c 

0 
2 

4 

6 

8 

10 
12 

14 

16 

18 

20 
22 

24 

26 

28 

30 

32 

34 

36 

38 

40 
42 

44 

46 
48 
50 
52 
54 
56 
58 
60 
G2 
64 

3713.215 

11.622 

10.005 

08.362 

06.695 

05.002 

03.284 
01.541 

3699.774 

97.982 

96.165 
94.324 

92.458 

90.568 

88.654 

86.715 

84.753 

82.767 

80.757 
78.724 

76.668 

74.588 
72.486 
70.361 
68.213 
66.042 
63.850 
61.636 
59.400 
57.143 
54.864 
52.565 

-1 

0 
-1 

1 

-2 

2 

5 

1 

3 
-1 

8 

0 

19 

-4 

-4 

-3 
-4 

0 

0 
-1 

0 
2 

-3 
14 
0 

12 
2 

11 
1 
4 

3715.556 

17.085 

18.589 

20.068 

21.521 

22.950 

24.353 

25.730 

27.083 

28.410 
29.712 

30.989 
32.241 

33.468 

34.671 

35.848 

37.000 

38.128 

39.232 

40.311 

41.365 

42.396 
43.402 

44.385 
45.343 
46.278 
47.190 
48.078 
48.943 
49.785 
50.605 
51.401 
52 176 

-1 

1 

-4 

-1 

-2 

0 

-1 

1 

2 

3 

-1 

3 

-3 

6 

5 

8 
2 

2 

7 

6 
6 

-1 

10 
17 
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EXPElIIMENT:IL P~:OCEI~UlIE 

l’m bauds of C1’O:’ which occur iu the sped.ral regiou bet,wecn :kMG and 

375S cm -I, two bands of C’20160’s, and one baud of C’“Oi” have been ummue~l 

using a 2.5-m&r grating prism vacuum spectrometer (II ). The radiation source 

was a lOO-wat’t zirconium arc operated with a wat)er jacket iu t#he ~:wuur~~ 

nhanlber. The detector was a lead sulfide eel1 cooled with liquid nitrogen. A :30- 

line-per-mm echelle was used doubly passed in the 22nd and 23rd orders t.o ob- 

serve tJhe CO, spectrum with t,he spectrometer serving as a 24meter ahsorlAiou 

cell. Liues in the 2-O band of CO, which have beer! measured by Rank, Skoriuko, 

East,nlau, aud Wiggins (la), served as wavelengtSh standards. The met~hod of 

rneasurcn~enl was to make a preliminary trace of the st,andard lines t’o tlcsern~it~t~ 

t,heir couuter numbers on the wavelength drive. St~audard liuea were observed it1 

t,hr 2.311, 26th, and 27th orders. The priml was tBhru adjusted t.o record the CC& 

CAI~UL.~~.EI~ AN) OBSERVED WAVE KIVHBERS IN THE 02°1-oOo0 BAND OF (‘l’O:‘i 

J P(J) (Calc) 0-c R(J) (Calc) 0 - (‘ 
_~ __.~~~~~ 

0 3ri13. (ills - :j 
2 3611.278 -1 15.168 -_(i 
1 S.(i90 --: i 1fi.Cifi.i - :i 
Ii 8.080 -2 1X. 1.5.5 2 
8 (i, 449 - :!I I!). Gx?I -_(i 

10 4.79ci -Ii 21 OIN Ii 

1” :<.121 -4 “2, 4!13 fi 
14 1.425 6 “3 .8!5 7 
16 3.599.506 -4 25 27.i 14 
18 97 .96c, -5 ‘Ii. WI3 !) 
20 96.205, 10 2i.!JfiX Ii 
‘22 94.421 - 5 L”3.2Xl .i 
24 92,616 -1 30.371 4 
26 90. i8i -4 31.838 :i 

2s 88.937 -3 33 ,082 -1 
30 87 ,065 -1 :14,303 0 
32 8.5.170 -4 33..501 2 
34 83.253 -2 3fi. ci7i-l s 
:s 81.313 3 37.825 i 
38 79.351 1 38.95% 0 
40 77.366 1 40 ,0X :3 
42 75.3.57 -2 41 13s 4 
44 53.325 42 187 *i 
4(i 71.270 G 43.21.i 2 
4x 69.191 3 44.219 -. ‘3 
:iO G7.089 5 4-i 198 f 
X 64.9(iz 5 -w.lr,l 
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spectrum, and with the grating drive motor and recorder always running, the 
prism was retuned to record each standard line. A second CO2 spectrum was re- 
corded without interruptions so that all COz lines could be observed. Several 
measurements were made of most of the lines. 

DETERMINATION OF THE CONSTANTS 

Eight of the bands were sufhciently complete so that their constants could be 
determined by a least squares fit of the data to the equation 

R(J) + P(J) = 2(VO + B’) + 2(B’ - B”)J(J + 1) 

- 2(0’ - D”)P(J + 1)2. 
(1) 

About a fourth of the lines could not be measured because of blends. The fre- 
quencies for these lines were calculated using A2F values. 

TABLE III 

CALCULATED AND OBSERVED WAVE NUMBERS IN THE llll-O1’o (c-c) BAND OF C”O:” 

J P(J) (Calc) o-c R(J) (Calc) o-c 

1 

3 

5 

7 

9 

11 

13 

15 

17 

19 
21 

23 
25 

27 

29 

31 

33 

35 
37 
39 
41 
43 
45 
47 
49 
51 

3720.887 

19.278 

17.644 

15.983 
14.297 

12.584 

10.846 

9.081 

7.291 

5.475 

3.633 

1.766 
3699.873 

97.955 

96.011 

94.042 
92.047 
90.028 
87.983 
85.914 
83.819 
81.700 
79.556 
77,388 
75.195 

-2 

-3 

1 
-1 

-4 

1 

-13 

0 

3 
-13 

1 

-6 

3 
2 

-2 
-1 

10 

2 

10 
-5 

3724.793 

26.310 

27.800 

29.264 

30.702 
32.114 

33.499 

34.858 
36.191 

37.498 
38.778 

40.032 

41.260 

42.462 

43.637 

44.786 

45.910 
47.007 
48.078 
49.123 
50.142 
51.136 
52.103 
53.045 
53.961 
54.851 

1 

-2 

-1 

-1 

5 

8 
2 
2 

-8 

-1 

8 

3 
2 

3 

9 
16 
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The 12°1-1000, 12°1L0200, 04°1-0200, and 0421-0220 bands were too incomplete 
to form enough of the R(J) + P(J) combinations for analysis. The lines in 
t,hese bands were used in the equation 

v = IQ + (B’ + B”)rn + (B’ - BN - D’ + DN)m2 - S(D’ + D”)m3 

- (D’ - D”)m4 
(2) 

to determine vo and B’ - B”. The quantities B’ + B”, D’ + D”, and D’ - D” 
were not determined by fitting the polynomial. They were computed from 
Courtoy’s values of upper-state rotational constants and from values of lower- 
state constants derived in this laborat,ory from 15-micron measurements. This 

TABLE IV 

CALCULATED AND OBSERVED WAVE NUMBERS IN THE ll~l&Ol~O (d-d) BAND OF C’“O? 

J P(J) (Calc) o-c K(J) (Calc) o-c 

4 

6 

8 

10 
12 

14 

16 

18 
20 

22 

2-i 

‘26 

28 

30 
3’2 

34 

36 

38 
40 

42 

44 
46 

48 
50 
‘2 
;* 
56 
58 

3721.679 

20.084 

18.464 

16.821 

15.154 

13.462 

11.747 

10.007 
8.244 

G.458 
4.647 

2.814 

0.956 

3699.076 

97.172 

95.245 

93.295 

91.323 

89.328 

87.310 

83.270 

83.208 

81.124 

79.018 

76.891 
74.742 
72.572 
70.381 
68.169 

-4 

-4 

1 

-5 

-1 

-3 

1 

0 

10 

1 
4 

8 
-5 

2 

0 

4 

0 

-5 

3724.026 
25.561 

27.072 

28.558 

30.020 

31.458 
32.871 

34.261 

3.5.626 

36.967 

38.284 

39.576 

40.845 

42.090 

33.311 

44.508 
45.681 

46.831 

47.9.57 

49.059 

50.139 

;il. 195 

52.227 

53.237 
54.224 

55.189 
56.130 
57 .050 
57.947 
,58.821 

6 

-2 

0 
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TABLE V 

CALCULATED AND OBSERVED WAVE NUMBERS IN THE 0311-0110 (c-c) BAND OF C”Ok” 

J P(J) (Calc) o-c R(J) (Calc) o-c 

1 

3 

5 

7 

9 
11 

13 

15 
17 

19 
21 

23 

25 

27 

29 

31 

33 

35 

37 

39 
41 

43 

45 

47 

49 
51 

53 

3577.965 

76.363 

74.737 

73.089 

71.418 

69.725 

68.008 
66.269 

64.507 

62.722 

60.914 

59.083 

57.230 

-1 

-3 

3 
1 

3 

-2 

9 
1 

1 

7 

5 

3581.871 
83.394 

84.893 

86.370 

87.824 

89.254 

90.6&Z 

92.046 
93.407 

94.744 

96.059 

97.349 

98.617 

99.860 

3601.080 

2.276 

3.448 

4.596 

5.720 

6.819 

7.894 

8.945 

9.971 
10.972 

11.948 

12.899 

13.825 

-1 

-4 

1 
2 

7 

1 

-1 
-1 

-9 

-2 

1 

3 

0 
-2 

2 

6 

8 
4 

5 

procedure yields the precise values of the band centers needed for the analysis 
and fairly good values of AB. 

Tables I through XVI give the calculated lines and values of observed minus 
calculated frequencies for all of the 2%micron bands. Table XVII gives all of the 
band centers and AB and AD values used in the analysis. 

ANALYSIS 

Ten constants in the second-order expression for the unperturbed energy 
levels 

(3) 

must be determined. Fermi resonance, to the second order of approximation, 
introduces the cubic potential constant k-1~~ . Amat and Pimbert (7) have shown 
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TABLE VI 

CALCULATED AND OBSERVED WAVE NVMBERS IN THE 0311-01L0 (d-d) BAND OF c”()? 

J 

2 

1 

(i 

8 

10 

12 
14 

1G 

18 
“0 
‘22 

‘2-l 

3fi 

28 

30 
x2 

3-l 
36 

38 

10 
42 

1-I 
lfi 

1x 

50 

P(J) (Calc) 

:Gi78.757 

7i. lfifi 
75.5.56 

73.92-t 
72.273 

70.601 

fi8.908 
(3 196 
fi5 lfi2 

liY.709 

lil.035 

liO.110 
:i8 325 

56.489 
34, RX 
.x ,755 

50.857 

18.938 
46.997 

_. 
o-c 

3 

__ 1 

:! 
2 

0 
0 

1 

.i 

1 

G 

‘2 

-1 

0 

P 

K(J) (Calc) 

x82. wl 
X-J.lfiX 
8.‘.fic,l 

87. 139 

88. xx 
90.033 
91 Ml 
92.8-l-1 

94.218 
05.571 

!)O .90:3 

08.211 

!%I :io:< 
:mO.771 

“.018 

:1.2-u 

1.445 
5. fi26 

ti .785 

7.921 

9.036 

10.127 

11. l!Hi 

12.212 
13.2fi4 

0 - c 

1 

-2 

-1 

1 

-I 

-4 

0 

9 
- 3 

1 

-1 

-1 

-1 
1 
5 

-6 

that observable unperturbed energy levels and sums of levels in Fermi resonant 

can be used to evaluate six of the ten constants and t.hree linearly independent 

c*ombinations of the ot.her four. The first column of Table XVIII is a list of the 

values of the directly observable constants and combinations of constant,s ob- 

t,ained from the bands in Table XVII. 

The t,radiCional approach to the problem of evaluation of the w’s, JJ’S, and klzz 

has been to calculate A, , the unperturbed separat,ions of levels in Fermi resonan(‘e, 

by means of the relationship 

AH = (Ao/A)A&, . 

A, the pert,urbed energy level separation and AB and AB,, , the perturbrtl and 
unperturbed rotational constants are readily observable. Knowing A,, , one can 
use an additional relationship among t.he w’s and 2s to evaluate all of these 

constant~s. Xlzz can be calculat)ed from the well-known secular equation 
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TABLE VII 

CALCULATED AND OBSERVED WAVE NUMBERS IN THE 12e1-0220 (c-c) BAND OF C”O:” 

J 

2 

4 

6 

8 

10 
12 

14 

16 

18 
20 

22 

24 
26 

28 

30 

32 

34 

P(J) (Calc) 

3723.475 

21.852 
20.204 

18.531 

16.833 
15.110 

13.363 

11.590 
9.793 

7.971 

6.125 

4.254 
2.358 

0.438 

3698.494 

o-c 

-3 

-5 

2 

1 

1 

-4 

-3 
-7 

-13 

R(J) (Calc) 

3728.194 

29.717 

31.953 
33.413 

34.848 

36.257 

37.641 

39.001 

40.334 

41.643 

42.927 

44.185 

45.418 

46.626 

47.808 

48.966 

50.099 

o-c 

3 

-2 

1 

3 

1 

1 

-1 

-7 

-10 

-6 

TABLE VIII 

CALCULATED AND OBSERVED WAVE NUMBERS IN THE 1221-0210 (d-d) BAND OF C”O: 

J P(J) WC) o-c R(J) (Calc) o-c 

3 

5 

7 

9 

11 

13 

15 
17 

19 

21 
23 

25 
27 
29 
31 

33 
35 
37 
39 
41 
43 
45 
47 

3724.277 

22.667 

21.031 
19.371 

17.685 

15.975 
14.240 

12.480 

10.695 

8.885 

7.051 
5.192 
3.309 
1.401 

3699.469 
97.512 
95.531 
93.526 

-6 

4 

-2 

-5 

1 

5 
-6 

4 

-7 
0 

10 

3729.717 
31.214 

32.686 

34.134 

35.556 

36.953 

38.324 
39.671 

40.992 
42.288 

43.559 
44.805 
46.025 
47.220 
48.391 
49.536 
50.656 
51.751 
52.821 
53.866 
54.886 
55.881 
56.851 

0 
9 

2 

4 

5 

10 

1 

2 
-1 

10 
3 

7 
8 
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TABLE IX 

CALCULATED AND OBSERVED WAVE NUMBERS IN THE 04*1-02*0 BAND OF C’20:6 

J 

7 

8 

13 

13 
14 

16 
17 

19 

21 

‘23 
27 

R(J) (Calc) 

3.558 ,938 
59.663 

62.551 

Bd ,257 

63.957 

65.342 
66 026 

67.379 

68.708 

70.016 
72.566 

o-c 

22 

3 

-8 

-3 
9 

5 
-15 

-2 

-2 

-10 
22 

TABLE S 

CALCULATED AND OBSERVED WAVE NUMBERS IX THE 20’1-lo00 BAND OF C’zO:6 

J 

0 

2 

4 

6 

8 
10 

12 

14 

16 

18 
20 
22 

24 

26 

28 
30 

32 

34 

36 

38 

P(J) (Calc) o-c 
-__ 

3709.909 

8.321 
6.712 

5.081 

3.429 

1.756 

0.061 

3698.345 

96.608 

94.850 

93.071 _ 

91.271 
89.450 

87.609 
85.747 

83.864 

81.962 

80.039 

78.096 

-8 

5 

2 

0 

14 

1 

8 
4 

R(J) (Calc) 

3712.250 

13.784 
15.296 

16.787 

18.256 

19.703 

21.129 

22.534 

23.917 

25.278 

26.618 

27.937 

29.234 
30.509 
31.764 

32.997 

34.210 

35 ,401 
36.572 

o-c 

-9 

4 

-6 

5 

5 
4 

1 

8 

-7 

A2 = Ao2 + 4(w$ (5) 

and t.he equation for the matrix elements, which for a diad is 

(WI,) = (--k1*2/2~)[(V2 + 2)” - ZY. (‘3) 
Such an analysis leads to constants which accurately predict energy levels 

but which do not yield values of (IV,,) which obey isotopic substitution relation- 
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TABLE XI 

CALCULATED AND OBSERVED WAVE NUMBERS IN THE 12~1-1000 BAND OF C’“&” 

J P(J) (Cacl) o-c R(J) (Calc) o-c 

10 3597.747 -1 
12 3579.800 2 

14 78.057 -2 
16 76.284 4 3601.793 -2 
20 72.653 0 04.339 -2 
22 70.794 4 

TABLE XII 

CALCULATED AND OBSERVED WAVE NUMBERS IN THE 12~1-OPO BAND OF C”Oi’ 

J P(J) (Cacl) o-c R(J) (Calc) o-c 

6 3697.662 -7 

10 3684.253 -9 

18 77.159 10 3705.755 1 

20 75.309 4 06.995 10 
24 71.515 3 

26 10.522 -1 

30 12.721 -2 

34 61.499 1 14.797 -4 

36 15.787 -1 

TABLE XIII 

CALCULATED AND OBSERVED WAVE NUMBERS IN THE 04%0200 BAND OF C’“O:” 

J P(J) (Calc) o-c R(J) (Calc) o-c 

4 3572.053 -11 

10 76.504 4 

12 3558.544 6 

14 56.868 6 

20 51.728 -13 83.547 1 
24 86.230 n 

26 48.210 4 87.544 4 
30 90.106 f, 

ships. Furthermore, a valid relationship between the x’s and W’S and kIz2 yields 
an imaginary value of klzz. Amat and Pimbert show that these inconsistencies 
are the result of the omission from the right-hand side of Eq. (4) of a term 
i(W&/A, where 6 is an unknown constant. They solve the problem by means of 
two relationships between the quantity x12 - 4x22 and klzt . The first of these 
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TABLE XIV 

CALIXLATED AND OBSERVED WAVE NUMBERS IN THE 10~~1-0000 BAND OF ~‘*O%‘” 

P(J) (Calc) 

3570.407 

69. w-l 

ti8.917 

68.lf.s 

67 .4x3 
(iti. 638 

ci5.w 

65.091 
64.308 
63. SAO 

W.72B 

61 .yYi 
cil.121 
tie ,310 
59.493 
58.ciil 

5i .W 

57.008 

5b. 168 

55.322 

54.4il 

53.cil3 

5Z2.750 

51.881 

51.006 
50.126 

49.239 

o-c Kf J) (Calc) 0 - c 

:i571 ,8i4 

72,599 

73.318 

74.031 

74.i3!) 

7.5 110 
76 13fi 

!J ifj ,827 
_-” X,.511 _ ‘2 

.i 78,190 - fi 

ix .8M - L’ 

i!J. 530 0 
x0.191 - 10 

80.846 ‘2 
S1.49fi 5 

x2 1:w 
y’, ,77T c- 3 
x3 ,109 -15 

7 x4 OR.‘, 
x-l. MT, 
X5,2(i!l 14 

-12 85.878 -9 

tii(i 480 
Si Oiti 

X7 ,li(i; 

-14 XX .“‘,I _. 0 

(i X8 X30 
8 x!~.4w _-‘2 

X9 .!HiX 
90, .Yl%!l -4 
!ll.O8Y - 3 

!)l Ii31 
92 I;:( -10 

relationships, which leads to the curve of an ellipse, is obtained by cakulating 
ilo iu terms of ml’s and xij’s from Eq. (3 I and inserting ilo9 in Eq. (5). The secontl 
relationship) is the one between I, ‘I22 and anharmonic (*oustants, derived from the 
quantum mechanical calculation for the energy lrvcls of a linear triatonlic 
molecule. This relation is a parabolic curve. The elliptical curves for the S diads 
and thcl parabolic curve plotted in Fig. 1 show that x1? - -Lrz2 = - 11.70 cm 

1 
i 

0.1 cm-‘. Ellipses for the two Z diads were used instead of the curves for all five 
&ads because the S diads exhibit the smallest TaylorPBmedict-Strong cffwl 
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TABLE XV 

CALCULATED AND OBSERVED WAVE NUMBERS IN THE 02~1-0000 BAND OF C’2016013 

J 

0 
1 
2 

3 

4 
5 

6 

7 

8 
9 

10 
11 
12 

13 
14 

15 
16 
17 

18 
19 
20 
21 
22 
23 
24 
25 
26 

27 
28 
29 

30 
31 

P(J) (Calc) o-c R(J) (Calc) o-c 

3674.394 

73.652 

72.905 

72.153 
71.396 

70.633 
69.866 

69.093 

68.315 
67,531 

66.743 

65.950 

65.151 
64.347 

63.539 

62.724 

61.905 

61.081 
60.252 

59.417 

58.578 
57.733 

56.883 

56.029 

55.169 
54.304 

53.435 

52.560 
51.680 

50.796 
49.906 

4 
1 

-1 

-1 

9 

3 

4 

9 

-3 

-3 
0 

0 
-10 

0 
-4 

-1 

-2 

3675.861 

76.587 

77.308 

78.023 

78.734 
79.439 

80.139 

80.833 

81.523 
82.207 

82.886 
83.560 

84.228 

84.891 

85.549 

86.202 

86.850 

87.493 

88.130 

88.762 

89.389 
90.011 

90.628 

91.239 

91.845 

92.447 

93.043 

93.634 

94.220 

94.801 

95.376 

5 

-6 

-3 

6 
-2 

2 

0 
1 

7 
-1 

2 

3 

6 

4 

(IS, 14). The value of x: 12 - 4x22 was used to evaluate the four constants in the 
second column of Table XVIII. 

A further refinement to the calculation of km may be made by including the 
Taylor-Benedict-Strong effect. The value of the Fermi coupling energy for 
diads, which according to Eq. (6) depends only upon v2 and 4, actually is slightly 
dependent upon the other quantum numbers and undetermined constants 
X1 , X2 , and XS . We have used the vibrational constants in Table XVIII to 
calculate values of AO and (WE!) for each of the five resonating diads. Knowing the 
value of (WI,), one can calculate the values of klzz - -\/Zhl , hn , and X3 . The 
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TABLE XVI 

C4~c.rLATEI) ANI) OBSERVED WAVE NI-M\IRERS IS THE 10°l-OOY~ BANI) or‘ (““( )g6 

P(J) (Calc) 

X31.349 
29.753 
28.128 
26.47G 
24.796 
23 ,087 
21.351 
19.586 
17.794 
15.9i5 * . 
14.127 
12.253 
10,350 
8.421 
6.464 
4.480 
2.469 
0 431 

0 -- c 

-1 

0 

8 
1 

I!1 

1 

-11 

-7 

-7 

0 
- .i 

13 
-2 

0 -- I‘ 

~ :i 

-8 
- 5 

1 
_” 

0 

II 

2 

0 
-3 

0 

0 

values arc 74.52, 0.66, ad 0.29 cnC'. It woultl 1x1 nc~ss:~ry lo study :l I):tir of 

Fermi triads in order to evaluate X1 . 
Table XIX is a list of the values of (TV,,) obtained using 15~1. C,.?,, the obscrvcttl 

values of A, and the calculated values of A, Shown for coml)arison arc lhcb 

values of (W,.$ calculated using k122 - 1/2X, , X2 , and Xa in the equation for thcl 

Taylor-Benedict-Strong effect. 

The first- and second-order vibrational constants from Table XVIII and the 

Fermi coupling energies can be used to compute the observed energy levc>ls, :IU 

listed in Table XX. The inaccuracy of the value of .x1? - 4~22 and the negl~t 
of the higher order terms probably is the reason t,hat most, of the obwnwl 
energy levels are a few hundredths of one (YC~ smaller than the c&ulated values. 

It would of course be possible to gain agreement’ cit’hcr by adjusting the 

WI 0, s and .r;j’s or by including some t,hird-order c+onst:ult,s, but, we do not belic~vc~ 
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TABLE XVII 

VALUES OF P~,AB,.wDAD FOR THE COZ BANDS MEASURED OH USED 

ol’do-oo~o 

o2"o-o~co 

lo%ol'co 

02~co-01'co 

02~~0-01'do 

03'co-02~co 

03'do-022do 

11'co-022':o 

ll'd0-022d0 

02°1-Co~o 

lo~l-ooOo 

03'~1-01'co 

03'dl-Ol'dO 

11'c1-o1'co 

ll'dl-ol'do 

0/,~1-02*0 

12*~1-02~co 

122dl-022do 

20%1000 

12~1-10~0 

1201-0200 

o/i~l-02~o 

Cool-oooo 

Co03-oo~o 

OZQl-0000 

10~1-00~0 

loO1-ooOo 

667.37'~ i .005 (a) 
L2.5 .L 0.7 

103.5 IJ.0 

- 15.9 + 0.7 

- 43.4 t 0.7 

102.2 i 1.2 (d) 

41.2 i- 0.7 

- 00.1 i 1.0 

1.8 L 1.0 

-128.5 !. 1.0 

- 32.1 i l.C 

-271.5 I 0.7 

-315.5 -1 0.3 

-285.8 * 0.7 

-255.3 zt 0.7 

-327.4 i 0.7 

-302.5 f 0.7 

-273 i 2 

-313.9 k 0.7 

-313.5 j. 0.7 

-269.4 !- 1.0 

-365.5 f 0.8 

-39l.l L 0.7 

-22'3.7 L 1.0 

-309.0 0.5 

-922.5 i 0.5 

-260.9 = 1.0 

-287.8 = 1.0 

-352.i c 0.7 

0.3 i 0.1 

0.2 i 0.1 

2.3 i 1.0 

-1.0 Il.0 

0.1 i 0.e 

0.0 i 0.1 

61.0 

618.033 I .005 (a) 

720.808 t .005 (a) 

667.750 t .005 (a) 

5',7.337 i .008 (a) 31.9 

711.730 L .008 (a) 36.1, 

3612.34/, _ .004 

3714.782 i .002 

3580.327 i .003 

3723.250 I .003 

2.5 i 0.2 

-1.93 i .08 

1.3 L 0.3 

1.8 :. 0.3 

-1.1 I 0.5 

-1.8 ! 0.3 

'j1.5 

85.') 

3552.972 L .OlO 

3726.617 + .005 

3711.475 * .OlO 

3589.6/,6 i .005 

3692.!.16 -t ,005 

3568.218 k.008 

2X9.16 (b) 

bY72.1,9 (c) 

3675.130 + .005 

3571.143 : .008 

3632.917 i .005 

-0.8 Il.0 

-0.8 : 0.6 

-1.8 i 2.0 

68 

60 

/+C 

A5 

57 

56 

26 

21 

21, 

17 

52 

b/, 

53 

50 

51 

5e 

27 

34 

47 

38 

22 

36 

30 

-2 +2 31 

+2 12 32 

-1.7 2 .3 50 

(a) Gordon and McCubbin, Reference (10) 

(bj Plyler, maim and Tidwell, Reference (1;) 

(c) courtoy, Reference (5) 

(d) Calculated from other bands. mcould not be determined for this band because of blended lines 
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TABLE XVIII 

\'IBRATI~NA~ COSSTAPJT~ FOIL C'?$" 

( ‘onstants or combinations evaluated from levels 
without resonance or sums of resonating levels 

Quantit) Value, cm-l 
._ 

w,fl + J.rz: 13-12,:33 
u."I liti7 19 

W?ll 2X1 66 

111 -3.10 

.r,.! + -IS?! .97 

.rl3 -19.27 

x4.2 _ 1& .19 

.1’>3 -12.51 

J.39 -12.50 

Constants calculated using 
.Y,C - 1x1’.’ = - 11.70 cnl-1 

(Juantits Value, cni-’ 

cd,” 1 :WI ifi 

J-1.’ -.i.:j; 

I?? 1 .i!l 
C,?Z - I JO 

2 - 

80 - 
Parabola - 

8 - 

6 - 

i 

5 4 

: I a 2 -_ 

E 
b 

70 - 

8 - 

6 - 

4- 

2 - 

60 
I I I I I I I I 

0 2 4 6 8 IO 12 14 16 

- - (X,2 4X22 1 cm-1 

FIO. 1. Plot of &w,? vs - (I,? - -k??i for the s tiiads. (ai is the ellipse for 1 hr lO+O:!“O 
disd a11d (b) is for the 10°1-02~l diad. 
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TABLE )iI?i 

CALXLATED AND OBSERVED FERMI INTEKACTI~N CONSTANTS, cm-1 

Diad 

10~0-02~0 
10~1~2~1 

11’0cl3’0 

11’1-03’1 

1221-0421 

(MY?) (talc) 

58 31 
50.95 

71.53 

71.11 

85.98 

(w) (obs) 

38.31 
.50.95 

71.56 

71.13 

8.5.94 

TABLE SX 

CALCULATED ENERGY LEVELS OF C%:' 

Level I:‘0 E(calc) /:(obs) E(obs) - e(calc) 

01’0 667.38 ti67.38 667.379 0 

0220 1335.14 1335.14 1335.129 -0.01 

1000 1332.87 1388.20 1388.187 -0.01 

0200 1340.74 1285.41 1285.412 0 

11’0 1994.88 2076.88 2076.859 -0.02 

03’0 2014.48 1932.48 1932.466 -0.01 

1001 3662.76 3714.79 3714.782 -0.01 

0201 3664.88 3612.85 3612.844 -0.01 

11’1 4312.26 4390.65 4390.629 -0.02 

0311 4326.11 4247.72 4247.706 -0.01 

1221 49ti2.14 5061.81 5061,776 -0.03 

o-121 4987.72 4888.05 4888.001 -0.05 

Diad 6 X lo5 cm-’ Weight 

10~0-02~0 24.0 2 

10~1-02~1 25.0 4 

11’043’0 25 !I 2 

11’1-03’1 25.3 4 

12~1-04~1 23.7 1 
Weighted average value of 6: 25.0 f 1.0 X 10-j m-L 

such a procedure, unless applied to a large number of very accurate vibrational 
levels, would be physically meaningful. 

ROTATIONAL ANALYSIS 

In order to evaluate 6 in the term 4(W&/A, Courtoy’s values of the vibra- 
tion-rotation interaction constants (Y% aud yii were used to compute the values 
of ABo . The results of this calculation are summarized in Table XXI. 
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+:< 

+2 
+ .i 

+ .-I 
.> - ., 

+12 

‘1’1~~~ observd arid c~alculated R valurs :tre given in Table XXII. Thr tlisngrw 

nwnt for the O-L’1 levd lxobably is the result of cqwrinwrltd error. The ot,hcl 

causes of tlisngreemcnt probably are t,hta inaccur:wics ill t,hc a,‘~ :ultl y, i’s anti 

thtt neglect of Coriolis resonance. C’oriolis rcsonancc cmlnot he treat,etl lw~~aus~~ 

of irwom~~lrtc information about the resonating level s. The e doubling c*oltst’:mts 

c*aunot bc c:on~~~arctl with theory because the c@cct of thca mustant 6 on P t1o11- 

bling is not known :Lt l)rcscnt. 

111 this st utly the method of cdrulatio~~ suggwtctl by Amnt and I’imbert 1~ 

brtw :q)plictl t,o data most of which hnvc hem obtained using the very precise 

whcll~ method of mavrlcngth nleasurenmlt. The thirtl-or&r ?/,jk constants ha\-c> 

bcw ignorctl for rensons nicnt~ionctl nbovc. 0bserv:tble energy levels arc in 

1~1owc~ :~grecnwnl with calculated ones, ant1 lh~ un~~wlurbed 1, vsf, 1’3 levels of .Y 

tliatls fall below the unperturbctl 0, ( v2 + 2 I’, ty, lrvc~ls. It 1 herefore should lw 

c~o~~c~ludrd that t,hc I radit~ionxl labrling of thwcl dnlost cmnplet~ely mixetl st:ttos 

shoultl bc c-hnngctl. 
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