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Following is a brief summary of infrared spectroscopy of molecular ions
since June 1964 when | gave a talk at the Columbus Meeting. I limit myself
to works done in our laboratory and other works closely related to them.
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A detailed anmalysis of the vy vibration-rotation band has been completed
by Watson et al.} in which the originally reported 15 lines? and the subse-
quently reported 15 llnes3 were added with another 16 lines of higher rota-
tional levels and lower frequency P branch transitions to determine accurate
molecular constants of this fundamental ion. Because of the large vibration-
rotation constants of H;. the Pade approximation has proved useful. The
determined constants are shown on the following page.

Amano and Watson®'S observed and analyzed the v, fundamental band of
H,0" which enabled them to accurately predict the H0* rotational lines in
the millimeter wave fon. Following their predictions, the rotational
transitions l..-lus' ad 2,, - 2,, 8 have been detected. Based on this
laboratory data a possible detection of the 1,, ~1,, transition of H,0* in
the giant molecular cloud NGC 2264 has been reported®. The v, and v, band of
Hzo" which was initially reported by Shy et al.l® without assignment has been
studied more extensively and mlynd". Because of the large molecular con-
stants and the Coriolis coupling between the two states. supermatrix approach
was used to eliminate ambiguity in assignment. Doubly deuterated species
HD,* has been studied (v, band'2, and v, and v, band'3). Rotational spectrum
of this 3pecies should also be observable in the millimeter wave region.
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An exciting development was the observation of strong ll; emission spect-
rum oy Majewski et al." using a Fourier Transform spectrometer. A calcula-
tion of distortion induced  rotational transitions of Hy' has been

Jﬁ I\ i\h..

i Il
H—'-"-'TH'-H;"*_'

ey ¢ @)
Calculates retations] spsstrum of u,’

T= 500 K

s oo senm ¢ 0 o)

sS4


Ben


2. Howit .

Based on the molecular constants of HCMH' determined from the infrared
spectrum'® of HCM®, Bogey et al.!7 have observed rotational spectrum of the
fon in the millimeter wave region. The radio astronomical detection of this
fon has not been successful yet. Amano has studied several isotopic species
and hot bands of this fon and determined the molecular structure accurately!8:'d

3. _Hy0*
A systuatic diode laser spectroscopy of the vy vibration-inversion
bands of H30 has led to an accurate determination of the ground state inver-
‘on doubling of this important ion.
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FIG. 1. The dovbie minimum poiential and the vibra-
tion-nversion energy levels of the »; bending mode of . 2.
HO®. The theee irared bands 1°—0°. 1°—0". and - 1°
17 = 1° shown by the boid srrows appear a1 10.5, 19, 888  moguission (Ref. 14). The line with the asterisk is most
27 um. respectively. The grouad-siste inversion splitiing  jikely the ground-staie inversion-rotation transition R (15.
has beon determined from the messwrementof the 1°— 1*  ¢9). Time constant of detection is 3 sec.

Send, reperied m this peper. and OuUr Previous Messure-
ments of the other two bands (Ref. 4).

Following tln initial study of the 1™~ 0* transition in the 10.. ngion
(v = 954.40 cu” 1)20 the 1*- 0" transition m 19 (v = 525.83 ca” L2

the 17 1* transition in 27s (vg = 373.23 ™) have been observed m
analyzed. This enabled us %o calculato four submillimeter rotation-inversion
Lines of Hy0'. Based on this prediction the 0~ 0* P(2,1) transition?3 and
the three 0°- 0* P(3,K) transition (K = 2,1 .0)2 have been msasured. It is
anticipated that these laboratory mesasurements will lead to redio astronomical
detection of this fon which is predicted to be abundent in dense clouds.
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The infrared spectroscopy of 10u band was also reported by Lemoine and
DestombesZ> and that of 19 by Davies et a1.2 Sears has measured more
R-brand 1ines of the 1= 1* transition?’. Simultaneously analyzing these
results, accurate molecular constants for the vy vibration inversion levels
have been determined?>. The prediction of millimeter wave and far infrared
transitions related to metastable levels of H 0% are listed below.

Predicted inversion and Inversion-rotation spectrum of Hy0° relsted 10 the mets-
stable rotationsl levels (In em”*)

Traasition Predicted

Observed
-~ R(s3) 143.8000(77)" -
R(3.0) 141.1630(08) -
R(2.2) 121.6497(¢7) —
R(1.3) 90.4255(34) -
Q(3.3) 6.4915(03) -—
Q(2.2) $6.3701(30) -
Q(r.1) $5.2313(31) -
P(1.0) 22.0454(30) -
P(23) 30.3400(34) 10.94082°
P(3.2) -12.1078(¢9)" -12.10851°
P(3.3) -12.9670(s7)" -12.96787%
PO.0) -13.3108(¢7) -13.31021°

*Numbers ia the parenthesis are uscertaisties of the prediction.
Spor those traasitions the 0* level Is above the O~ level.
‘Experismental observatios by Plummer, Herbst and De Lucla.
SExperimentsl observation by Bogey. Demuysck, Deala and Destombes.
The detection of far-infrared direct inversion transitions in u,o‘ ic an

exciting possibility.

4. CH,* and Hydrocarbon Cation

, Our search for hydrocarbon cations revealed & very rich group of spectral’
lines in the ares of 3250 ca~} - 2950 ca™). The most dense group of 1ines
show spacings of +2 ca~} and is likely due to protonated acetylene. The
pattern is basically that of an asymmetric rotor but deviates from it in
detail. This may be due to the interconversion between the two theoretical
predicted structures, the classical (formaldehyde shape) and the non-classical
(bridged) which are predicted to have very close myz"”'sl

The other group of lines were much widely spaced and this was obviously
due to hydrocarbon cations containing one carbon atom. Initially protonated
mm,’usmpocmtoum«rﬂoroftnls spectrum but the analysis
revesied that it is CHy*. With hindsight, the abundance of City' in the methane
discharge 1s not surprising because It does not react with H, to form CH,*.
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About 150 1ines were measured and assigned to the v3 fundamental band of
cu,’. The molecular constants of this ion are shown in the following table®2,

Wolecular constents of CHy* (in !y

vo = (1-0 ¢C* = 3107.0527 (70)
€' - C'g - 8 o -5.2204 (18) (C'-8°)-(C"-8") = 0.0630 (16)
5 - 9.2091 (13) 8° « 9.3600 (15)
0+ 6.57 () x10¢ 0}« 7.25 (30) x 107
Dy = 13.06 (05) x 104 03 - 145 (1) x 107
Ofn /8= 5.3 (S7) x 10°¢  of - 4.98 (73) x 107
ay=-2.3 07 x 107
o= 9.9 (99) x 103 ro e 10018 (9 A

8 the mmbers in perentheses sre one standerd devistion.

More detailed analysis of the cus’ spectrum and other hydrocarbon cations are
in progress.

5. Pl'asma Di is Using Infrared

Possibility of observing infrared absorption lines of molocular ions makes
it possible to analyzc plasma conditions in detail. Thus we should be able
to study concentrations of various ions (and free radicals), their vibrational,
rotational, and translational temperatures, the drift velocity of ions, con-
centration Jistributions of ions and so on. The advantage of this method is
that it is in-sitw and non-intrusive  unlike traditional methods.
Ne also have quantum mechanical information and a reasonable space resolution.
Some such work will be discussed.


Ben


References.

1.

2.
2.
4.
5.
6.

7.

8.
9.

10.
11.

12.
13.

14,

15.
16.

17.
18.
19.

J.K.G. Watson, S.C. Foster, A.R.N. McKellar, P. Bernath, 7. Amano, F.S.Pan,
uo". cmm. R's. Almn ‘M To m. c‘no Jo "‘ys. g. 1875 ‘lm).

T. Oka, Phys. Rev. Lett. 45, 531 (1960).

T. Oka, Phil. Trans. Roy. Soc. London Ser. A. 383, 543 (1981).
T. Amano and J.K.6. Watson, J. Chem. Phys. 81, 2869 (1964).
T. Amano, J. Opt. Soc. Amer. B2, 790 (1985).

M. Bogey, C. Demuynck, M. Denis, J.L. Destombes, and B. Lemoine, Astron.
Astrophys. 137, L15 (1984).

H.E. Warner, W.T. Conner, R.H. Petrmichl and R.C. Woods, J. Chem. Phys.
81, 2514 (1984).

S. Saito, K. Kavaguchi and E. Hirota, J. Chem. Phys. 82, 45 (1985).

T.6. Phillip, 6.A. Blake, J. Keene, R.C. Woods and E. Churchwell, Ap. J.
Lett. 204, L45 (1985).

J.T. Shy, J.W. Farley and W.H. Wing, Phys. Rev. A24, 1146 (1981).

S.C. Foster, A.R.N. McKellar, J.R. Peterkin, J.K.G. Watson, F.S. Pan,
M.M. Crofton, R.S. Altman and T. Oka, J. Chem. Phys., submitted.

K.6. Lubic and T. Amano, Can. J. Phys. 62, 1886 (1984).

S.C. Foster, A.R.W. McKellar and J.K.G. Watson, Symposium on Molecular
Spectroscopy, Columbus, Ohio (1985).

W.A. Majewsky, J.K.G. Watson and J.N.C. Johns, Symposium on Molecular
Spectroscopy, Columbus, Ohio {1985).

F.S. Pan and T. Oka, to be published.

R.S. Altman, M.W. Crofton and T. Oka, J. Chem. Phys. 80, 3911, 81,
4255 (1964). - -

M. Bogey, C. Demuynck and J.L. Destombes, J. Chem. Phys., in press.
T. Amano, J. Chem. Phys. 81, 3350 (1984).

T. Amano and k. Tanaka, Symposium on Molecular Spectroscopy. Columbus,
Ohio (1985).

N.K.liscse and T. Oka, J. Chem. Phys. 80, 572 (1964).

545


Ben


D.J. Liu, N.N. Haese and T. Oka, J. Chem. Phys. 82, 5368 (1965).

D.J. Liu and T. Oka, Phys. Rev. Lett. 54, 1787 (1965).

G.M. Plummer, E. Herdst and F.C. De Lucia, J. Chem. Phys. 83, 1428 (1965).
!(li gry. C. Demuynck, M. Denis and J.L. Destombes, Astron. Astrophys.

B. Lemoine and J.L. Destombes, Chem. Phys. Lett. 111, 284 (1964).

P.B. Davies, P.A. Hamilton and S.A. Johnson, J. Opt. Soc. Amer. B2,
(1965) in press.

T. Sears, private communication.

0.J. Liu, T. Oka and T. Sears, to be published.

N.A. Lathan, W.J. Hehre and J.A. Popie, J. Am. Chem. Soc. 93, 8038 (1971).
J. Meber, M. Yoshimira and A.D. McLean, J. Chem. Phys. 64, 4159 (1976).
6.P. Raine and H. Schaeffer 111, J. Chem. Phys. 81, 4034 (1964).

“.“. cmm, “.A. Kreimr. HO-F. Jaw. B.Do muss CM To w’ Jo
Chem. Phys., in press.

546


Ben




