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The emission spectrum of CoH has been investigated in the red and infrared regions using a Fourier transform
spectrometer. The bands observed in the 1 um—800 nm spectral region have been classified into *®;—®; and 3®,—®,
subbands of a new electronic transition A”*®—X3®. The rotational analysis of the 0—1 and 0—-0 bands of the *®,—°®,
subband and the 0-0 band of the *®;—®; subband has been obtained and the spectroscopic constants have been
determined. The effective principal equilibrium constants for the lowest energy spin component, X*®,, obtained from
this work are AG(1/2) = 1858.7932(32) cm ™%, B, = 7.255382(74) cm™*, ae = 0.212444(93) cm ™%, and r = 1.531291(8)

A. © 199 Academic Press, Inc.

INTRODUCTION

There is continued interest in transition metal hydrides
due to their importance in astrophysics, organometallic
chemistry, and surface science (1-5). Transition metal hy-
drides provide simple models for the bonding of hydrogen
atoms to transition metals and also test the quality of wavef-
unctions of ab initio cal culations. Because of the high cosmic
abundances of the first row transition metals, their hydrides
are expected to be present in various stars and nebulae,
and the interstellar medium. Several of these molecules, for
example, NiH (6) and CrH (7), have been observed in the
spectra of sunspots and FeH (8, 9) and TiH (10) have been
identified in the spectra of M-type stars. CoH is also ex-
pected to be present in the spectra of sunspots.

The electronic spectraof CoH molecules have been known
since 1937 when Heimer (11) observed two bands in the
visible region at 420.3 and 449.2 nm in a King furnace.
From the rotational analysis he assigned these two bands as
the 1—0 and 0—0 bands of a *®,—%®, transition. Since then
there have been additional studies of CoH (12, 13) and CoD
(14-16) in emission as well as in absorption, confirming
the ground state as X3®;. Only the X3®,, and X3® spin compo-
nents of the ground state have been identified despite several
attempts to locate the X*®, component. Recently Varberg et
al. (13) observed six hew bands in the red region by laser
excitation spectroscopy. Most of the bands obeyed the selec-
tion rule AQ = 0 with Q" = 4 but Varberg et al. aso
observed resolved fluorescence from an excited 2 = 3 spin
component which enabled them to measure the spin—orbit
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splitting between the Q" = 4 and Q2" = 3 spin components
of the ground state. This study found that the X3®; spin
component is located at 728(+3) cm™* above the lowest
energy X*®, spin component.

Like the spectra of other first row transition metal hy-
drides, the electronic spectra of CoH are expected to be very
complex. The open d-shells of the transition metals giverise
to a large number of low-lying electronic states with large
spin and orbital angular momenta. The different spin compo-
nents are split by large spin—orbit interactions. There are
extensive perturbations between the spin components of the
close-lying states. For these reasons there are problems in
predicting the spectroscopic properties aswell asin the anal-
ysis of the observed spectra. CoH is atypical example since
amost al of the excited states observed so far are involved
in perturbations.

The ground state of CoH has been investigated by mid-
infrared laser magnetic resonance (17) as well as by far-
infrared laser magnetic resonance (18, 19). The ground state
fine and hyperfine molecular parameters have been deter-
mined with high precision from these measurements. The
photoel ectron spectra of CoH™ have been studied by Miller
et al. (20) Their observations provided evidence for another
electronic state located about 0.8 eV above the ground state.

There have been several theoretical studies of the spectro-
scopic properties of CoH. Chong et al. (21) have predicted
some spectroscopic properties of the ground state of CoH
using the modified coupled pair functional (M CPF) method.
Anglada et al. (22) have determined the ionization potential
of the ground state of CoH in addition to the spectroscopic
properties of the low-lying electronic states of CoH". More
recently, Freindorf et al. (23) have performed a detailed
study of the spectroscopic properties of the ground and low-
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lying excited states of CoH. The spectroscopic constants
(Tey we, Do, re) Of @bout 30 electronic states (with excitation
energiesbelow 4 eV) of singlet, triplet, and quintet multiplic-
ity have been obtained.

Guided by the theoretical predictions of Freindorf et al.
(23), we have recently investigated the red and infrared spec-
tra of CoH and its isovalent molecule CoF. For CoF we have
identified a new 3®—3® transition in the near-infrared region
with the 3®,—X3®; subband at 10289 cm™ (24). In the
present paper we report the observation of the two subbands,
39,—3®, and *®;—3®,, of the analogous A"3*®—X3® transition
of CoH. The rotational structures of the 0—1 and 0—0 bands
of the 3®,—3®, subband and the 0—0 band of the 3®,—3®,
subband have been analyzed and the analysis is reported in
this paper.

The A3®,—X3®, subband has also been observed by
Barnes et al. (25), who observed three vibrational bands of
this subband using a pulsed supersonic molecular beam
source and concluded that these bands, as well as the bands
observed by Varberg et al. (13), fit into a single transition
with the 0—0 band at 12 407 cm™*. These authors also stud-
ied the hyperfine structure associated with the **Co nucleus
and extracted the hyperfine parameters in addition to the
rotational constants. From this study they concluded that the
A’3d state arises from a (70)* (3ds)* (3dr)* (80)* configura-
tion.

EXPERIMENTAL

The red and near-infrared spectra of CoH molecules were
excited in a commercia carbon tube furnace by melting Co
metal at a temperature of about 2200°C in the presence of
130 Torr of H,. The spectra observed in this experiment
were very rich with strong vibration—rotation bands of HF
as well as vibration—rotation bands of CO.

The emission from the furnace was observed with the 1-
m Fourier transform spectrometer associated with the
McMath—Pierce solar telescope of the National Solar Obser-
vatory at Kitt Peak. The spectrometer was operated with a
CaF, beam splitter, RG 850 red pass filters, and Si photodi-
ode detectors. A total of 5 scans were coadded in 23 min
of integration at a resolution of 0.026 cm™™.

The spectra line positions were extracted from the ob-
served spectra using a data reduction program called PC-
DECOMP, developed by J. Brault. The peak positions were
determined by fitting a Voigt lineshape function to each
spectral feature. *°Co has 100% natural abundance and it has
a large nuclear spin (I = %) and a large nuclear magnetic
moment of 4.627 nuclear magnetons. The lower J lines of
the different bands were broadened by partialy resolved
hyperfine structure. The width of the individual lines in the
different bands varied from 0.070 to 0.190 cm™*. In the
absence of any other precisely known atomic or molecular
transitions in the spectral region under investigation, we de-

cided to calibrate the CoH bands using the measurements
of the vibration—rotation transitions of HF by LeBlanc et
al. (26) For this purpose we determined the calibration factor
using the HF vibration—rotation lines in the 3500—4400
cm™* region in another scan. The calibration was transferred
to the spectrum near 12 000 cm™* using some lines common
to both spectra near 9000 cm™*. The precision of measure-
ments is not expected to be constant over the entire region
due to the varying width of the individual rotationa lines
as well as the changing signal-to-noise ratio. Sharp and un-
blended lines are expected to be accurate to =0.002 cm™* but
the uncertainty of the broader linesis estimated to increase to
at least =0.005 cm™*.

OBSERVATION AND ANALYSIS

We have observed several new bands of CoH in the 3.3
um—800 nm spectral region, but the structure of the bands
at longer wavelengths below 1 um is very complex, most
probably due to extensive perturbations. The bands observed
in the 1 um—800 nm region are also perturbed but they are
relatively free from overlapping by other bands and more
suitable for rotational analysis. In this paper we focus on
the analysis of the bands in the region 800 nm—-1 ym. The
analysis of the near-infrared bands is still continuing.

There are three prominent bands with R heads at 10 552,
12 027, and 12 407 cm™*. The bands at 10 552 and 12 407
cm™* have been assigned as the 0—1 and 0—0 bands of the
9 ,—X3®, subband while the band at 12 027 cm™* has been
assigned as the 3®,—X3®, subband of a new A"*®—X3® tran-
sition. The assignment of the A"*®,—X3®, subband is consis-
tent with the assignment of Barnes et al. (25). The A"3®,—
X3®, subband was not observed by these authors.

The structure of the bands of the 3®,—X3®, subband con-
sists of two P, two Q, and two R branches. The P branches
are stronger than the R and Q branches. The first lines have
been clearly observed in al of the branches of the 0—1 and
0—0 band of this transition, confirming our 2 assignments.
The intensity of the Q branches falls rapidly with increasing
J, consistent with the AQ = 0 assignment. The low J lines
in different branches are relatively much broader due to
partial hyperfine splitting. There are strong perturbations in
the excited state v = O vibrational level. The e and f parity
levels are affected by strong perturbations in different J re-
gions. All of the e parity levels of the excited state are
perturbed at J = 7 while all the f parity levels of the A’3®,
spin component are perturbed at J = 11. A part of the
spectrum of the 0—0 band of the ®,—X3®, subband near
the band origin is provided in Fig. 1. Once the lower J lines
were assigned, the assignment of the perturbed lines was
achieved with the help of the predicted high-J combination
differences for the unperturbed Q" = 4 spin component. The
lines affected by perturbations were not included directly in
the fit but the combination differences corresponding to all
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FIG. 1. A portion of the 0-0 band of the A"*®,—X3®, system of CoH
near the band origin. A large perturbation at R(11) is clearly evident.

the observed lines (up to J’ = 32) were included. The combi-
nation differences are expected to be accurate to +0.007
cm™?, so that improved molecular constants can be derived
from the higher J” data. For example, the high-J combination
differences indicated the presence of a small Q2-doubling in
the ground state 2" = 4 spin component. Small differences
between A F(J) and AF(J) are present for J’ > 13 and
increase rapidly to a value of 2.165 cm™* at J’ = 25. Even
though the observed minus calculated differences for the
line positions are large for perturbed lines, the corresponding
ground state corresponding combination differences fit
within the experimental error of =0.007 cm™.

The band with an Rhead at 12 027 cm™* has been assigned
as the 0—0 band of the A’3®,—X3®, subband. This subband
is weaker in intensity than the A"3®,—X3®, subband and the
Q branches are not as strong as in the A’3®,—X3®,, subband.
The analysis of this subband provides combination differ-
ences between a P and an R branch similar to those obtained
for the Q" = 3 spin component by Klynning and Kronekvist
(15). We have arbitrarily chosen to denote these branches
as Re and P in this paper. These branches are affected by
local perturbations in the excited state at several J values,
most notably at J’ = 17, 19, and 23. The other 2-doubling
component could only be seen in the P branch for J’ < 14.
The corresponding R-branch lines pile up in a head and
cannot be clearly picked out. We did not observe any bands
with Av = 0in this subband. We aso did not find evidence
for the A3®,—X3®, subband. The rotational lines of the
A0 ,— X3P, and A'3®,—X3®; subbands are provided in Ta-
bles 1 and 2, respectively.

Recently we have also found the analogous transition of
the isovalent CoF molecule in the same general spectra
region as the A*®—-X3® transition of CoH. The rotational

structure of thistransitionis similar for CoF and CoH except
that a Q branch was not observed for CoF in any of the
bands and the ©2-doubling was not resolved for Q" = 4. For
CoF, we also located the third *®,—X3®, subband.

Since the molecular constants of the X*®, and X*®; spin
components are quite different, we chose to determine the
constants for the different spin components from an indepen-
dent fit of the individual subbands. The observed lines of
the different subbands were fitted with the following Hund's
case (c) expression:

F.(J)=T,+BJJ+ 1 - DJ[IJ + DJ?
+ H,[J@ + DP® + L [IQ + 1)]°
+ H{dJ + 1) + op[IJ + DJ?
+ gu[I@ + P + a 3@ + DI [1]

In addition to B, D, H, and L, the Q-doubling constants gy
and g. were aso required in the v = 0 vibrational level of
the X3®, spin component. For the v = 0 vibrational level of
the excited 3®, state the rotational constants B, D, H, g,
and g, were required to obtain a satisfactory fit. The sign
of the ©2-doubling constants was arbitrarily determined by
placing e abovef for the two spin components of X*®. For the
0-0 band of the A”3®,—X3®, subband only one Q-doubling
component was fitted and the Q2-doubling constant was set
to zero. The spectroscopic constants from the fit of A’3®,—
X3®, and A3®,—X3®, subbands are provided in Tables 3
and 4.

DISCUSSION

The recent theoretical calculation by Freindorf et al. (23)
predicts many low-lying singlet, triplet, and quintet states
giving rise to many red and infrared transitions. This calcula-
tion predicts two groups of triplet states below 1.7 eV, each
composed of 3®, A, 31, and <~ states. The first group
correlates with the ground state dissociation limit
Co[*F4(d’s?)] + H[?S] while the second group dissociates to
the first excited atomic limit Co[*Fy(d®")] + H[?S]. The
ground state of CoH is of 3® symmetry and is derived from
the electronic configuration 60°7c°dndé®. According to this
calculation the next higher excited states are 3z~ °I1, and
’A states. Allowed transitions from the °A and 3® states of
the second group of triplet states to the ground X3¢ state
are expected to be present at 10 600 and 13 100 cm™?, re-
spectively.

For both CoH and CoF we have observed several bands
in the red and infrared regions of the spectrum. The analysis
of a®®—%® transition of CoF with the excited state *®; spin
component at 10 300 cm™* has been completed recently (24).
The CoH bands discussed in this paper belong to the analo-
gous *®—3® transition. The analysis of these bands indicates
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TABLE 1
Observed Wavenumbers (in cm™) of the A"*®,—X3®, Subband of CoH

0-0 Band
J Ree Pee Rff Pff Qef Qfe
4 12406.663 12406.663 12351.816 12351.816
5 12401.335 12280.531 12401.335 12280.531 12335.355 12335.355
6 12392.996 * 12249917 12393.081 12249.917 12315.890 12315.890
7 12381.800 *  12216.350 12382.085 12216.350 12293.446 * 12293.523
8 12368.264 * 12179882 *  12368.518 12179.971 12268.229 * 12268.511
9 12352.453 * 12140706 *  12352.680 12140.987 12240.742 *  12240.990
10 12334904 *  12099.354 *  12335.032 * 12099.605 12211.060 * 12211.302
11 12315338 * 12055905 * 12317.810 *  12056.131
12 12291.242 * 12010915 *  12292.468 * 12011.054 *
13 12261.775 *  11964.143 * 12276353 * 11966.621 *
14 12224868 * 11913.072 * 12263.453 * 11914.285 *
15 12186.398 * 11856.866 *  12166.064 * 11871.481 *
16 12148.071 * 11793.518 * 12135.740 * 11832.147 *
17 12109.623 * 11728.895 *  12102.099 * 11708.628 *
18 12050221 * 11664.731 *  12066.705 * 11652.505 *
19 12007.163 * 11600776 *  12024.892 *  11593.420 *
20 11962.516 * 11516.210 * 11986.180 * 11532951 *
21 11916.074 * 11448360 * 11949.816 *  11466.482 *
22 11867.160 * 11379298 * 11907.572 * 11403.556 *
23 11817690 * 11308852 * 11867.923 *  11343.384 *
24 11764.849 *  11236.341 * 11832.142 * 11277.893 *
25 11710318 *  11163.715 * 11215555 *
26 11654.147 * 11088.170 * 11157.628 *
27 11598.072 * 11011394 *
28 11534600 * 10933.446 *
29 11473.752 * 10856.119 *
30 11411.122 * 10771.883 *
31 10690.799 *
32 10608.468 *
0-1 Band
J Ree Pee Rff Pff Qef Qfe
4 10552.116 10552.116 10497.266 10497.266
5 10548.919 10428.099 10548.919 10428.099 10482.938 10482.938
6 10543.118 *  10400.040 10543.218 10400.040 10466.016 10466.016
7 10534.898 *  10369.447 10535.177 10369.447 10446.547 * 10446.639
8 10524743 *  10336.363 *  10525.008 10336.481 10424.698 * 10425.009
9 10512.752 * 10301.016 * 10512.985 10301.298 10401.033 *  10401.300
10 10499.455 * 10263.906 * 10499.567 * 10264.160
11 10484.557 * 10225.099 * 10486.999 * 10225351
12 10465.485 * 10185.232 * 10466.765 * 10185.308 *
13 10441.588 * 10143955 * 10389.445 * 10146355 *
14 10410.616 * 10098.728 * 10377.106 * 10100.038 *
15 10378.498 * 10048975 *  10357.988 * 9996.774 *
16 10346.952 * 9992.402 *  10334.369 * 9958.820 *
17 10315700 * 9934976 *  10307.846 * 9914.397 *
18 10263.908 * 9878.436 *  10279.967 * 9865.790 *
19 10228.897 * 9822.517 *  10246.085 * 9814.629 *
20 10192.705 * 9746417 * 10215.703 * 9762.481 *
21 10155.154 * 9687.444 *  10188.079 * 9704.739 *
22 10115530 *  9627.684 *  10154.977 * 9650.931 *
23 10075.753 * 9566.950 * 10124.879 * 9600.370 *
24 10033.069 *  9504.574 * 9544.831 *
25 9989.083 * 9442.484 * 9492.884 *
26 9943.857 * 9377.890 *
27 9312.439 *
28 9246.210 *

* Perturbed (see text for details).
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TABLE 2

Observed Wavenumbers (in cm™?) of
the A’3®,—X3®, Subband of CoH

0-0 Band
J Ree Pee Pff
4 12022630 *  11908.757 *
5 12025.663 *  11886.920 *
6 12026.699 11863.034 * 11863.281
7 12025459 11837450 *  11837.745
8  12021.959 11809.869 11810.281
9 12016179 11780.275 11780.907
10 12008.060 11748.636 11749.691
11 11997.517 11714.934 11716.871
12 11984.622 11679.151 11682.908
13 11969.343 11641.298 11650.565
14 11951.675 11601.376 11622.216
15 11931.641 11559.385

16 11908.598 *  11515.379
17 11884.599 11469.377
18 11857456 *  11420.821 *
19 11828.708 11371.743
20 11797.309 *  11319.964 *
21 11763.653 11267.162
22 11726.873 11212.210 *
23 11155.576
24 11096.370

* Perturbed (see text for details).

that the excited state ' = 3 and 2’ = 4 spin components
are involved in strong perturbations. We are unable to com-
ment at this time about the nature of the perturbing states
involved but, as predicted by Freindorf et al. (23), there
should be a number of suitable triplet and quintet states
present in this energy range.

The present analysis provides spectroscopic constants for
thev = 0 and 1 vibrational levels of the ground state X*®,
spin component (Table 3) which have been used to obtain the
ground state AG(1/2) interval and the equilibrium rotational
constants provided in Table 5. The ground state equilibrium

TABLE 3

Spectroscopic Constants (in cm™?) from the A’3®,—X3®,
Subband of CoH

X0, A”®,

Constants v=0 v=1 v=0

T, 0.0 1858.7932(32) 12385.3049(69)

B, 7.149160(57) 6.936716(73) 5.45515(39)
10* x D, 3.9913(23) 3.9767(41) -5.684(63)
107 x H, 0.0424(38) 0.1019(88) 3.80(31)
10" x L, -1.026(23) -1.627(61)
10° X gp, 247(31)
107 X qu, -0.0498(20) -0.2772(95) 1.17(11)
10° X q, 0.02489(25) 0.04616(79) -2.695(95)

TABLE 4

Spectroscopic Constants (in cm™?) from the
A3P,— X3P, Subband of CoH

X0, A,
Constants® v=0 v=0
T, 728.0° 12705.884(19)
B, 7.28610(18) 6.37541(48)
10°x D, 0.51136(62) 1.0391(33)
107 H, -0.1419(62) 9.363(88)
10° x L, -6.071(82)

“Constants have been determined using only the R,, and P, branches.
See text for details.
YFixed to the value of ref. 13.

constant B, = 7.255382(74) cmo‘1 provides the equilibrium
bond length of 1.531291(8) A. Our AG(1/2) vaue of
1858.7932(32) cm* is dlightly different from the value of
Lipus et al. (17) because they fitted the X*®; and X3®, spin
components together.

An extensive search for the bands involving the remaining
X3®, spin component of CoH has been unsuccessful. How-
ever, there are a large number of unassigned lines present
throughout the spectrum. Most of these lines show hyperfine
broadening as expected for transitions involving the Co
atom. While many atomic lines are present, there are also
many lines which seem to be molecular on the basis of their
lineshape and intensity. There are no unassigned bandheads
in this region and no obvious branch structure is present.

In the analogous transition of CoF (24) we observed the
X3®, spin component of the ground state in addition to the
X3®; and X3®, spin components. Interestingly the X3®, spin
component of CoF was found to be perturbed. A similar
situation is possible for CoH but in this case the perturbation
may be much stronger. This may result in transitions with
no obvious branch pattern. If this is the case, some of the
numerous unassigned lines in our spectra could be due to
transitions involving the X3®, spin component.

CONCLUSION

We have investigated the electronic spectra of CoH in the
red and infrared using a Fourier transform spectrometer. The

TABLE 5

Equilibrium Constants (in cm™) for the
X3®, Spin Component of CoH

Constants X'®,
B, 7.255382(74)
a, 0.212444(93)
r.(A) 1.531291(8)
AG(1/2) 1858.7932(32)

Copyright © 1996 by Academic Press, Inc.
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observed bands in the 1-um region have been classified into
two subbands, 2®,—X3®; and 3®,—X3®,, of a new electronic
transition A”*®—X3®. The analysis of the 0—1 and 0—0 bands
of the A3®,—X3®, subband and the 0—0 band of the A’3®,—
X3®, subband has been obtained and the spectroscopic con-
stants for the different spin components have been deter-
mined. Our work is consistent with recent theoretical predic-
tions by Freindorf et al. (23) and recent experimental work
on the isovalent CoF molecule (24).

ACKNOWLEDGMENTS

We thank J. Wagner, C. Plymate, and P. Hartmann of the National Solar
Observatory for assistance in obtaining the spectra. The National Solar
Observatory is operated by the Association of Universities for Research in
Astronomy, Inc., under contract with the National Science Foundation.
The research described here was supported by funding from the Petroleum
Research Fund administered by the American Chemical Society. Some
support was also provided by the Natural Sciences and Engineering Re-
search Council of Canada and the NASA |aboratory astrophysics program.
We are also indebted to Professor A. J. Merer for valuable comments and
discussion.

REFERENCES
1. C. J. Cheetham and R. F. Barrow, Adv. High Temp. Chem. 1, 7 (1967).
2. R. E. Smith, Proc. R. Soc. London Ser. A 332, 113—-127 (1973).
3. P. R. Scott and W. G. Richard, Chem. Soc. Spec. Period Rep. 4, 70
(1976).
4. C. W. Bauschlicher and S. R. Langhoff, Acc. Chem. Res. 22, 103
(1989).

5. P. B. Armentrout and L. S. Sunderlin, Acc. Chem. Res. 22, 346 (1989).

6. D. L. Lambert and E. A. Mallia, Mon. Not. R. Astron. Soc. London
151, 437447 (1971).

7. O. Engvold, H. Wohl, and J. W. Brault, Astron. Astrophys. Suppl Ser.
42, 209-213 (1980).

8. B. Lindgren and G. Olofsson, Astron. Astrophys. 84, 300—303 (1980).

9. P. K. Carroll, P. McCormack, and S. O’ Connor, Astrophys. J. 208,
903-913 (1976).

10. R. Yerle, Astron. Astrophys. 73, 346—353 (1979).

11. A. Heimer, Z. Phys. 104, 448—457 (1937).

12. L. Klynning and M. Kronekvist, Phys. Scr. 24, 21-22 (1981).

13. T. D. Varberg, E. J. Hill, and R. W. Field, J. Mol. Spectrosc. 138,
630—637 (1989).

14. L. Klynning and H. Neuhaus, Z. Naturforsch A 18, 1142—-1142 (1963).

15. L. Klynning and M. Kronekvist, Phys. Scr. 6, 61-65 (1972).

16. L. Klynning and M. Kronekvist, Phys. Scr. 7, 72—74 (1973).

17. K. Lipus, T. Nédlis, E. Bachem, and W. Urban, Moal. Phys. 68, 1171—
1172 (1989).

18. S. P. Beaton, K. M. Evenson, T. Nelis, and J. M. Brown, J. Chem.
Phys. 89, 44464448 (1988).

19. S. P. Beaton, K. M. Evenson, and J. M. Brown, J. Mal. Spectrosc. 164,
395-415 (1994).

20. A. E. S. Miller, C. E. Feigerle, and W. C. Lineberger, J. Chem. Phys.
87, 1549-1556 (1987).

21. D. P. Chong, S. R. Langhoff, C. W. Bauschlicher Jr., S. P. Walch, and
H. Partridge, J. Chem. Phys. 85, 2850—2860 (1986).

22. J. Anglada, P. J. Bruna, and F. Grein, J. Chem. Phys. 92, 6732—-6747
(1990).

23. M. Freindorf, C. M. Marian, and B. A. Hess, J. Chem. Phys. 99, 1215—
1223 (1993).

24. R. S. Ram, P. F. Bernath, and S. P. Davis, J. Mol. Spectrosc. 173,
158-176 (1995).

25. M. Barnes, A. J. Merer, and G. F. Metha, J. Mol. Spectrosc. 173, 100—
112 (1995).

26. R. B. LeBlanc, J. B. White, and P. F. Bernath, J. Mol. Spectrosc. 164,
574-579 (1994).

Copyright © 1996 by Academic Press, Inc.



