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Laser Spectroscopy of the A'A'-X 'A’ System of CuOH and CuOD

C. N. JARMAN, W. T. M. L. FERNANDO, AND P. F. BERNATH'

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

The A'4'-X'4’ electronic transition of CuOH and CuOD in the red at 6285 A has been
measured at high resolution by laser excitation spectroscopy. Effective spectroscopic constants
for ©*CuOH, *CuOH. ®*CuOD. and **CuOD have been determined from rotational analyses of
the unperturbed K, subbands and a partial r, structure was evaluated for the molecule. The
geometric parameters in the excited A4’ state are

Fewo = 1.7748(32) A, Foon = 1.0348(40) A, and £LCuOH = 111.0(16)°.

€ 1991 Academic Press. Inc.

INTRODUCTION

While considerable spectroscopic effort has been devoted to the study of diatomics
containing transition metals. particularly hydrides and oxides, there have been few
studies of polyatomics. It was the initial aim of this work to investigate the chemilu-
minescence spectra of copper-containing polyatomics using a hollow cathode sputtering
source similar to that developed by Trkula et a/. (I). Trkula and Harris used this
source to produce CuOH using H,0O and D,O as oxidants and they rotationally analyzed
the green system by high-resolution laser-excitation spectroscopy (2). We repeated
this work 1o test our source and obtained a spectrum in the green which agreed very
well with the chemiluminescence spectrum reported by Trkula and Harris (2).

However, two additional features were observed in the red; one with a closed parallel
structure and the other more open. Anti¢-Javanovi¢ and Pesic reported a red transition
in their work on flames containing copper salts (3) in 1969, and more recently Parson
and co-workers have observed these two red systems in the chemiluminescence spectra
of the reactions of excited Cu atoms with H,O» (4). The structure of the more open
band closed up on deuteration, indicating that the molecule responsible for this band
contained hydrogen. The ratios of the intensities of both red systems to the green
system were found to be insensitive to the discharge conditions and this led us to
conclude that both red systems were due to CuOH. Furthermore, we obtained high-
resolution laser-excitation spectra of these red systems, confirming that both involve
transitions from the ground electronic state.

During the course of analyzing these red spectra, it became apparent that better
ground state rotational constants were needed to form more accurate ground state
combination differences, and so we remeasured the green system at high resolution
(5). Armed with this improved set of ground state combination differences, we have
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been able to assign some rotational structure in both systems, and work is currently
in progress on the more open transition at 6640 A. We present here the high-resolution
analysis of the parallel system at 6285 A for CuOH and CuOD.

EXPERIMENTAL DETAILS

In the course of this work, it was found that the hollow cathode sputtering source
produced relatively noisy spectra, and so we investigated alternate sources of copper
atoms. Ultimately, the best source proved to be a conventional Broida oven (6)
equipped with a graphite crucible for the high temperatures necessary to melt copper.
The copper vapor was then entrained in a flow of argon which entered at the top of
the crucible, and this flow was channeled into the oxidant region through a graphite
funnel. It was found that hydrogen peroxide produced far more CuOH than water,
and so all spectra were recorded using H,O, or D,O, as the oxidant.

The laser used in this study was a single-frequency Coherent 699-29 ring dye laser
operating with Kiton Red dye and pumped by a Coherent Innova 20 argon 1on laser.
The laser beam was aligned horizontally in the oxidant flame, and the laser-induced
fluorescence at right angles to the beam was detected by a photomultiplier tube. Because
the spectra were very weak, it was necessary to reduce the amount of stray laser light
inside the oven to obtain a good signal. This was achieved by placing two 3-mm
circular apertures in the path of the laser, one on either side of the photomultiplier
tube, and by placing a 4-mm slit over the photomultiplier tube ~1 ¢cm away from
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FIG. 1. Low-resolution laser-excitation spectra of the A' 4'-X ' 4’ transition in CuOH and CuOD.
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FIG. 2. A portion of the high-resolution spectrum of CuOH in the R-branch region.

the laser beam. The laser was amplitude modulated at 700 Hz using a mechanical
chopper and the signal was detected using a lock-in amplifier and stored as a function
of frequency using the Coherent Autoscan system. The wavenumber scale was cali-
brated by simultaneously recording the 7, spectrum with each scan, and comparing
these wavenumbers with the published line list after applying the 0.0056 cm ™' cor-
rection (7, 8). The spectra were then transferred to a 386 personal computer where
individual lines were fit to Voigt profiles using PC-DECOMP.
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FIG. 3. A portion of the high-resolution spectrum of CuOD in the R-branch region showing several
bandheads. The first head at 15931 cm ™' probably belongs to the K, = O subband but the presence of
massive perturbations prevented a definite assignment.
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FIG. 4. The observed — calculated line positions using the constants of Table I are plotted against J for
the upper K, = 0 stack of CuOH showing a global and a local perturbation.

The initial spectra of CuOH were recorded through a 700-nm blue-pass filter and
620-nm red-pass filter combination to reduce the black body radiation coming from
the oven. These spectra recorded at ~6 Torr contained a number of “*glitches™ caused
by small pieces of copper carried from the oven and scattering laser light into the
photomultiplier tube. This problem was solved by replacing the 620-nm red-pass filter
with a 640-nm red-pass filter. This reduced the filter band pass to the wavelength
region occupied by the second red system. Subsequent spectra ( the rest of CuOH and
all of CuOD) were recorded at higher pressures (>10 Torr) to enhance the collisional
relaxation from the first (6285 A) to the second (6640A) red system. Although this
improved the signal-to-noise ratio and eliminated the scattered laser light there was
an increase in the width of each line because of pressure broadening. When these
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FIG. 5. The observed — calculated line positions using the constants of Table I are plotted against J for
the upper K, = 3 stack of CuOH showing a global perturbation that resembles a parabola.
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spectra were measured in PC-DECOMP the typical widths (FWHM) for lines in the
initial spectra were 0.045 cm ~! compared to 0.055 cm ™' for the higher-pressure data.

RESULTS

The low-resolution laser-excitation spectra of CuOH and CuOD are displayed in
Fig. 1. The main features of both spectra are PR rotational contours degraded to the
red. implying that both transitions are predominantly g-type. The spectrum of CuOH
also shows some sharp structure from 6300 to 6350 A, and we assign this to a band
{010-000) associated with the Cu-O-H bending mode of the second red system at
6640 A.

The spectrum of CuOD shows some sharp features near 6290 A and we assign these
as YR subband heads of the A'A'-X "' 4’ transition from the high-resolution analysis.
The broad feature near 6310 A we assign as the “Rg, subband heads of a sequence
band (001-001})in the Cu-O stretch. The corresponding sequence band is also slightly
evident in the CuOH spectrum.

Portions of the high-resolution spectra are displayed in Figs. 2 and 3 for CuOH and
CuOD, respectively. Both figures show the high density of lines in the R-branch regions
of the spectra. Figure 3 shows the rotational assignments for two of the Ry subband
heads in the CuOD spectrum; the structure near 15931 cm ! is probably due to the
K, = 0 subband, but has not been assigned because this subband is very perturbed.

Analysis of the high-resolution spectra proceeded routinely through use of PC-
LOOMIS, a computer program which takes the measured peak positions and intensities
(from PC-DECOMP) as input and produces interactive color Loomis-Wood plots.
This program enabled PR subbands for different K, to be picked out, and these were
assigned J and K|, values from ground state combination differences. In this way, PR
branches were assigned up to K, = 4 in CuOH and K, = 5 in CuOD, a total of 2075
lines for the four isotopic species **CuOH, **CuOH, “*CuOD, and **CuOD. The X,

TABLE 1

Spectroscopic Constants for the 414" State of CuOH (in em ™)

Constant R B -;;‘_C.;u()H - ;3C|1()D 1 TwcuoD
E 15911.5456(11) | 15911.5005(16) | 15911.0949(34) | 15911.0628(55)
A 18.31604(42) 18.29864(56) 10.7142(20) 10.7040(34)
D 0.3881545(70) | 0.385676{11) 0.360814(20) 0.358041(34})
C 0.3782373(70) | 0.375835(11) 0.346393(20) 0.344775(34)
Ay x 1077 5.0522(64) 5.040(11) 4.7292(76) 5.5349(27)
Ayp x 1071 | -1.9863(41) -1.9503(78) -0.1780(61) -0.064(14)
Ap x 1072 | 1.8358(23) 1.7473(30) 0.282(32) 0.199(55)
by % 1077 | 0.200({17) 0.54(21) 3.903(84) 2.236(85)
by x 1074 2.705(31) 2.866(52) 0.4001 0.168%
Hyx x 107 | 2.51(18) 1.64(38)
Hynx x 1075 | -1.2868(19) -1.2472(29) -0.0962(17) -0.0616(40)
Hy x 1073 1.393(19) 1.383(33)
hy x 1071 |l -0.370(39) -0.670(52) 5.81(24)
Ly x 1075 3.100(37) J.15((63)
a (1.0052 0.0057 0.0070 0.0083
N 462 331 B 397 244
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TABLE I
Observed Line Positions (cm ™) for *CuOH (O-C Units of 10 em ™)

J Ka' K& )" Ka"K& o OBS OC P K KS I Ka' K OBS 0C P Ka' K& ) KRS OBS [§X JoKa KO KGCKS oms [EX
0 0 0 - 1 0 115913731* 2963 | 43 0 43 - 42 0 42 15938.632° 359 31 1 30 - 30 1 29 15926.400 6 | 24 1 24 - 23 1 23 15922190 4
10 1 - 2 0 255912940° 2958 | 44 0 44 - 43 O 43 15830.006" 364k | 32 1\ N 311 30 15326888 2128 v 25 .24 ¢ 24 15922687 1
2 0 2 - 3 0 315912156° 2972 [ 45 O 45 - 44 0 44 15939381* 3706 | 33 1 32 - 32 1 I 15927364 2 | 26 1 25 -25 1 2515923187 -4
4 0 4 - 5 0 515910531 2974 | 47 0 47 - 46 0 46 15939.487* 3218 | 34 1 33 - 33 1 32 15927829 4 | 27 127 -26 1 26 15923672 7
5 0 5 - 6 0 6 15009705 2877 | 48 0D 48 - 47 0 47 15839.836* 3283 | 35 1 34 - 34 1 33 15928.291 0|28 128 -27 1 27 15924156 €
& 0 6 - 7 O 7 15808873* 2984 | 49 0 49 - 48 0 48 15940150 3324 | 36 1 35 - 35 1 34 15928746 5[ 29 1 20 -28 t+ 2B 15924622 2
7 0 7 - 8 0 6 15908028" 2888 { 50 O S0 - 49 0 49 15840436* 3345 | 37 1 36 - 36 1 35 15929171 -0 | 30 1 30 - 29 1 29 15825080 -1
8 0 & 9 0 9 1507179* 2999 [ 51 0 51 - 50 0 50 15040.702* 3355 | 38 1 37 - 37 1 36 15629613 T 31 1 3 -30 1 30 15925522 %
9 0 9 -10 0 10 15906.316* 3006 | 52 0 S2 - 51 0 51 15840.947* 3353 | 39 1 38 - 38 1 37 15930034 2 |32 1 .32 -31 1 3 15925966 a
10 0 #0 - 11 0 11 15805451* 3021 53 0 53 - 52 0 52 15941.189° 3358 | 40 1 3¢ - 39 1 38 15830461 10 ] 33 1 33 -32 1 32 15926 400 6
1011 12 0 12 15804569* 3030 | 54 O 54 - 53 0O 53 15841.407* 3347 | 41 1 40 - 40 1 39 15930.862 5 | 34 1 34 -33 1 33 15926812 0
12 0 12 -13 0 13 15903674* 3035 { 55 O 55 - 54 0 54 15941.619* 3338 | 42 1 41 - 41 1 40 15831.2% 1 35 135 - 34 1 234 15927220 3
13 0 13 - 14 0 14 15902.785* 3057 | 56 O 56 - 55 0 55 15841.836" 3342 | 43 1 42 - 42 t 41 15931644 1 36 1 35 -35 1 35 15927624 €
14 0 14 -15 0O 15 15001869* 3083 | 57 O 57 - 56 O 56 15942000* 3302 | 44 1 43 - 43 1 42 15932026 2| 37 1 37 -3 1 36 15928015 7
15 0 15 - 16 O 16 15900954* 3078 | 58 ©0 58 - 57 0 57 15942.972* 3279 | 45 1 44 - 44 1 43 15832.399 3|38 1 38 -37 1 37 15928391 3
16 0 16 - 17 O 17 15900.019* 3085 | 59 © 59 - 58 0 58 15942321" 3239 | 46 1 45 - 45 1 44 15832764 5|38 1 39 -38 1 38 15928.746" 12
17 0 17 - 18 © 18 15899077* 3093 | 60 0 60 - 59 0 53 15942486* 3224 | 47 1t 46 - 46 1 45 15833.109 6 | 40 1 40 -39 1 39 15929.132" 13
18 © 18 - 19 @ 19 15888134 3111 5 1 4. 6 1 515002021 11 | 48 1 47 - 47 1 46 15933461 -1 41 1 41 - 40 1 40 15920471 <
19 0 19 - 20 0 20 15897.183* 3131 6 1 6§ - 7 1 6 15801101* 17 | 49 1 48 - 48 1 47 15833.796 -4 | 42 1 42 - 41 ) 4% 15929.823 8
20 0 20 - 21 0 21 15896.216* 3146 7 1 6 - 8 1 7 15000344 15 [ 50 1 49 - 49 1 4B 15334.131 Bl 43 1 43 - 42 1 42 15930148 0
21 02 22 0 22 15895239 3159 8 1 7 - 95 1 8 15899481 7|51 1 50 - 50 1 49 15834 460 7 [ 44 v 44 - 43 1 43 15830461° .14
2 0 22 -23 0 23 15884254 3176 9 1 8 -10 1 9 15838621 10 |52 1 5 $1 1 50 15334 764 4 | 45 1 45 - 44 1 44 15930761 -10
23 0 23 -24 0 24 15893253* 3185 | 10 1 9 - 11 1 10 15897743 5|53 1 52 .52 1 5 15335.067 6 | 4 1 46 - 45 1 45 1583) 099 2
24 0 24 - 25 0 25 15892256* 3208 | 11 1 10 - 12 1 11 15896.862 554 1 53 -5 1 52 15935.344* 27 | 47 1 47 - 46 1 46 15831 409 9
25 025 -26 O 26 15891245 3227 | 12 1 1) - 13 1 12 15895969 3 3 1 3 - 4 1 415900674 -3 | 48 1 48 - 47 v 47 15931685 -7
26 0 26 -27 0 27 15890225 3246 | 13 1 12 - 14 1 {3 15885.064 2 4 1 4 - 5 1 5 15902859 2 [ 49 1 49 - 48 1 48 15831 971 -5
27 0 27 -28 0 28 15889.192° 3263 [ 14 3 13 - 15 1 14 15894.169* 12 5 1 5 - 6 1t 6 15902021* 14 | 50 1 50 - 49 1 49 15932246 £
28 0 28 -29 0 20 15888.144* 3274 { 15 1 14 - 16 1 15 15893.253" 4| 6 1 6 - 7 1 7 15901191 7|51 1 51 -50 1 50 15932526 8
29 0 29 -30 O 30 15887.01* 3298 | 16 1 15 - 17 1 16 15892.31% 2 7 1 7 -8 1 815900344 7 [ 53 1 53 -52 1 52 15833034 bl
30 0 30 -31 0 31 15886.042* 337 [ 17 1 16 - 18 1 17 15891.378 < 8 1 8- 9 1 9 15899.481° 12 1 54 1 54 .53 1 53 15933278 -1
31 0 31 -32 0 32 15884.968* 3330 | 18 1 17 -9 1 18 15880.434 o 9 t 9 -10 1 10 15898.621 4 ] 55 1 55 - 54 1 54 15933511 -7
32 0 32 -33 0 33 15883892 & 19 1 18 - 20 1 19 15889.482 1 10 % 10 - 11 1 11 15897743 -3 15 1 5% -55 1 5515933747 -3
33 0 33 -34 O 34 1588281¢* 3375 1 20 1 19 -2 1 20 15888520 LUOE UL T S A 121 12 15806862 4157 1 87 -56 1 5 15933979 4
34 0 34 -35 0 35 15881.708* 3388 (21 1 20 - 22 1 21 15887.550 012 112 -13 1 13 15895969 " 58 1 S8 - 67 1 57 15934 210* 16
35 0 35 -36 0 36 15880611* 3414 (2 1 21 -23 1 22 15886.574 2 [ 13 113 - 14 1 14 15895064 151 59 t 59 - 58 1 58 15934 405 2
36 0 36 -37 0 37 15879.489* 3425 (23 1 22 - 24 1 23 15885.583 -1 14 3y 14 - 15 1 15 156804.134 6| 60 1 80 -59 1 59 15834611 2
38 0 38 -39 0 39 15877.235* 3463 [ 24 1 23 .25 1 24 15884.578 ¢ )15 1 15 - 16 1 16 15883.196 -2 4 2 2 -5 2 315888764 -5
39 0 39 - 40 0 40 15876.082* 3480 | 25 1 24 -26 1 25 15883.583 2 (16 116 - 17 1 17 15892.256 -2 5 2 3 - 8 2 415887948 Q
40 0 40 - 41 O 41 15874945 3502 | 26 1 25 -27 1 26 15882573 1 17 117 - 18 1 18 15881301 -7 7 2 5. 8 2 615886277 2
4 0an 42 Q 42 15873793 3527 | 27 1 26 - 28 1 27 15881.555 3 [%8 118 .19 1 19 15890.339 -8 8 2 6 - 9 2 715885430 2
43 0 43 - 44 O 44 15871476 3589 | 28 1 27 - 29 1 28 15880520 219 119 -2 1 20 15889373 -4 9 2 7 -10 2 8 15884578 2
44 0 44 - 45 O 45 15870.321° 3637 (29 1 28 - 30 1 29 15879.489 4 (20 1 20 - 21 1 27 15888383 310 2 8 -1 2 915883710 -1
45 0 45 - 46 O 46 15869.189* 3715 | 30 1 29 - 31 1 30 15878.440 Q20 v 2 2 1 22 15887 412 5|11 2 9 -12 2 10 15882842 5
48 0 48 - 49 O 49 15865.083* 3289 | 3t 1 30 - 32 1 31 15877.381 6 |22 1 22 -23 1 23 15886406 Q12 210 -13 2 11 15681848 -7
49 0 49 - 50 O 50 15863883 3331 | 32 1 3t - 33 1 32 15876.318 7|23 1 23 .24 1 24 15885392 4 |13 2 11 - 14 2 12 15881088 6
50 0 5 -51 0 51 15862653* 3352 | 33 1 32 - 34 1 33 15875259 3 (24 1 24 -25 1 2515884370 7114 212 -15 2 13 15880161 4
51 0 51 -52 0 52 15861.403* 3359 34 1 33 -35 1 34 15874178 2|25 125 -26 1 26 15883350 3|15 213 - 16 2 14 15879253 4
52 0 52 -53 0 53 15860149 3369 | 35 1 34 - 36 1 35 15873.088 € [26 1 26 - 27 1 27 15882307 2 |16 2 14 - 17 2 15 15878342 1
53 0 53 - 54 0 54 15858872" 3365 | 36 1 35 - 37 ( 36 15872003 1 27 1 27 - 28 1 2B 15881257 3 (17 215 - 18 2 16 15877414 <
54 0 54 -55 D 55 15857.584 335 | 37 1 36 - 38 1 37 15870906 4 728 1 28 -29 1 29 15880.202 0 [ 18 2 16 - 19 2 17 15876.481 -2
55 O 55 - 56 0 5 15856.289* 3347 | 38 1 37 -39 | 38 15869789 4 129 1 29 -30 1 30 15879.137 1 19 2 17 - 20 2 18 15875550 7
56 0 56 - 57 0 57 15854991 3341 3% 1 38 - 40 { 39 15868668 -0 | 30 1 30 - 31 1 31 15878.056 3 [ 20 2 18 - 21 2 19 15874 506 3
57 0 5 -58 0 50 15853.661* 3311 40 1 39 - 41 1 40 15867554 2 |31 1 3 -32 1 32 15876.973 -1 22 2 20 -23 2 21 15872656 RES
58 0 58 - 59 O 59 15852306* 3261 41 4D - 42 1 4) 15BERAYY Q1R 1R -3 13 1587588 U123 220 -2% 2 22 15871683 5
59 0 59 - 60 O 60 15850989* 3256 | 42 1 41 - 43 | 42 15865289 213 1 33 -34 1 34 15874783 6 24 2 22 -25 2 23 15870721 4
1 0 1 - 0 0 015915271 2959 | 43 1 42 - 44 1 43 158684144 2|34 1 34 -35 1 35 15873.852" 13 |25 2 23 - 26 2 24 15869.724 -4
2 0 2 - 1 0 115916039 2971 44 1 43 - 45 1 44 15862993 213 1 35 -36 1 36 15872543 2 | 26 2 24 -27 2 25 15868729 2
3 0 3 - 2 0 215916782 2968 | 45 1 44 - 456 { 45 15861835 4 (36 1 36 -37 1 37 15871415 -1 27 2 25 -28 2 26 15867727 B
4 0 4 - 3 0 3 ¥6917514% 2966 | 46 1 45 - 47 1 46 15860675 10 [ 37 1 37 -38 1 38 15870281 4 (28 2 26 - 29 2 27 15866713 -3
5 0 5 - 4 0 4 15918.254" 2981 47 1 46 - 48 1 47 15859.501 9 (38 1 38 -3% 1 39 15869135 4 [ 29 2 27 -30 2 28 15865691 £
6 0 6 - 5 0 5 15918976* 2989 | 48 1 47 - 43 1 48 15858.315 33 1 39 .40 1 40 15867980 3|30 228 -31 2 29 15864668 2
7 0 7 - 6 0 615919682° 2991 | 4§ 1 48 - 50 1 49 15857.131 640 1 40 - 41 1 41 15866814 31 229 .32 2 30 15863631 5
8 0 3 . 7 0 7 15820382* 2999 | 51 1 S0 - 52 1 51 15854.733 3 | 41 1 41 - 42 1 42 15865645 032 230 -33 2 3 15862589 6
9 0 9 - 8 0 8 15621066* 3000 | 52 1 51 - 53 1 52 15853534 11 { 42 1 42 - 43 1 43 15864469 3133 23 -3¢ 2 32 1386155 2
10 010 - 9 0 9 15921755" 3018 | 53 1 52 - 54 1 53 15852.306 3| 43 1 43 - 44 1 44 15863.281 134 232 .35 2 33 15860497 4
MO0 11 - 10 O 10 15922426* 3027 | 54 1 53 -85 1 54 15851.084 5| 44 1 44 - 45 1 45 15862083 4 135 233 .36 2 34 15859438 7
12 0 12 - 11 0 11 15923086° 3037 | 55 1 54 - 56 1 55 15849.859 -4 [ 45 37 45 - 46 1 46 15860.892 5| 3% 2 34 -37 2 35 15658374 1
13 0 13 .12 0 12 15923735 3045 | 56 1 55 - 57 1 56 15848.622 27| 46 1 46 - 47 1 47 15859.677 2 [ 37 2 35 -38 2 36 156857 300" 12
14 0 14 - 13 0 13 15824377* 3057 3 1 2 - 2 1 115909128 7| 47 1 47 - 48 1 48 15858468 5138 236 -39 2 37 15856212 b
15 0 15 - 14 0 14 15925016* 3078 | 4 1 3 - 3 1 2 15909.868 7148 1 .48 .49 1 49 15857245 4|39 237 -40 2 38 15855127 0
1% 0 16 - 15 0 15 15925636* 3089 § 1 4 - 4 1 315910603 8 {5 1 5 -5 1 51 15854.781 3140 2 38 -41 2 39 15834018 -5
17 017 -16 0 16 15926242* 3088 | 6 1 5 . 5 1 4 15911.328 9 |81 1 51 .82 1 52 15853534 2 | 41 2 39 .42 2 a0 15852927 5
18 018 -17 0 17 15826845* 3113 | 7 t 6 - 6 1 § 15912036 2[5 152 -53 1 5315852.306* 18 | 42 2 40 - 43 2 41 15851821 3
19 019 -18 O 18 15927.437* 3128 | 8 1 7 - 7 1 6 15912743 3|53 t 53 .54 1 5415851.029 6 | 43 2 41 .44 2 42 15850708 6
20 020 -19 0 19 15928015° 3140 | 9 1 8 - 8 1 7 15913.431 5| 54 1 54 .55 1 55 15849.774 S1 144 2 42 - 45 2 a3 15849582 Bl
21 021 20 0 20 75826.590* 3158 | 10 1 9 - 9 1 8 15914127 4 |55 1 55 -5 1 56 15848512 2 | 45 2 43 - 46 2 44 15848449 @
23 023 .22 0 22 15929704* 3192 | 11 1 10 - 10 1 9 15814797 4 | 56 15 -57 1 57 15847246 7| 46 2 44 - 47 2 45 15847319 o
24 0 24 -23 0 23 15930.248* 312 [ 12 1 M - 11 1 10 15915472 3] 4 1 4 - 3 1 31590808 13 | 47 2 45 - 48 2 46 15846 169" 2
25 0 25 -2a 0 24 15630781 3232 | 13 1 12 .12 1 11 15916132 4| 5 1 5 - 4 1 41500531 6 | 48 2 46 - 49 2 47 (5845035° 15
26 0 26 -25 0 25 15931.300* 3246 | 14 1 13 - 13 1 12 15816762 S| 6 1 & -5 1 515911244 2| 49 2 47 - 50 2 48 15843895

27 0 27 -26 0 26 15931.808* 3262 | 15 1 14 - 14 1 13 15917415 -2 7 007 & 1 6 15911.935 9 | 51 2 49 - 52 2 S50 158415707

28 0 28 -27 O 27 15932312* 3283 | 16 t 15 - 15 1 14 15918051 3| 8 1 8- 7 1 715912638 6|52 2 50 -53 2 51 15840403°

29 0 29 -28 O 28 15932799* 3298 | 17 ¥ 16 - 16 1 15 15918667 2| 8 1 8- 8 1 815913307 Zz |53 2 51 -54 2 52 15839227*

30 0 30 -2% 0 29 15933278 3MS5 |18 1 17 - 17 1 16 15919281 -1 10 1 10 - 8 1 8 15913971 3154 2 52 -55 2 53 15838045°

3100 31 - 30 O 30 15933.747* 3333 | 19 1 1B .18 1 17 1591083 811t 111 10 1 10 15914630 Q|55 2 53 -56 ¢ 54 15838517

32 0 32 - 31 0 31 15934210 3354 [ 20 1 19 - 19 1 18 15820471 -7 1201 12 - 11 1 11 sssen 4 | 56 2 54 - 57 2 55 15835653

33 0 33 -32 0 32 15034658 3371 | 21 1 20 -20 1 19 15921066 314 114 13 1 13 15916538 6 [ 67 2 55 -58 2 56 15834 465"

34 D 34 -33 0 33 15935.089" 3392 [ 22 1 21 .21 1 20 15921.650° 12 {15 1 15 - 141 14 15917141 3158 28 -5 2 57 15833258°

35 0 35 -34 0 34 15835528* 3410 | 23 1t 22 - 22 1 21 15922.190* 14 [ 16 1 16 - 15 1 16 15917 746 G 4 2 2 - 3 2 115885757

36 0 36 -35 0 3515935942° 3424 | 24 1 23 - 23 1 2 15922780 |17 17 218 1 16 15918331 7|5 2 3. 4 2 21589492

a7 0 37 - 0 36 15936.352* 3443 | 25 1 24 - 24 1 23 15923310 118 1 18 o171 17 15918915 4 7 2 5 - 6 2 4156897923

38 0 38 - 37 0 37 15936753* 3463 | 26 1 25 - 25 1 24 15923841 2 (19 1 19 - 18 1 18 15919482 2 8 2 6 - 7 2 515898621

3@ 0 39 O 38 15937144 3484 [ 27 1 26 - 26 1+ 25 15924377 S 20 ) 20 13 1 19 15920046 4| 8 2 7 -8 2 615609323

40 0 40 - 39 0 39 15937526 3507 | 28 1 27 . 27 1 26 15924895 3021 121 -2 1 20 15520603 410 2 8- 9 2 7 15900018

41 0 41 - 40 O 40 15037898 3528 { 29 1 28 - 28 1 27 15925408 O[22 122 .21 1 21 15921140 2 ; 112 9 .10 2 8 15900692

42 0 42 - 41 0 41 15938268° 3557 | 30 1 29 .29 1 28 159259 123 123 - 22 1 2z 15921 650" A7 ;12 210 - 11 2 9 15301356

Note. () Line not included in the fit.



A4'4'-X'4" CuOH 157

TABLE lI—Continued

I Ka' Ko 17 Ka" Ko OBS

0-C F K Ke' )" Ka" Ke© OBS 0-C 1 Ka Ko I" Ka" K¢ O8S o-C JOKa' K )" Ka' K QRS e
22 12 210 1 51 25 -5 25 -1 38 3 35 -39 3 36 15623407 9873 | 10 4 6 - 11 4 7 15827.657 7
14 212 -13 2 n 215 25 -3 286 7 (3 336 -40 3 3715822341 9869 | 11 4 7 - 12 4 8 15826778 s
15 2 13 - 14 2 12 05 25 -% 25 6 | 40 3 37 - 41 3 3B 15821265 9870 | 12 4 8 - 13 4 9 15825897 1
16 2 14 -15 2 13 1 54 25 -55 2™ 6 | 41 3 38 -42 3 39 15820.172* 9881 13 4 9 - 14 4 10 158249523 8
17 215 - 16 2 14 4 |55 254 -5 2 5% § 142 339 -43 3 4015819071 8894 | 14 4 10 - 15 4 11 15824.088 7
8216 -17 2315 0| 5% 28 -5 25 11 [ 43 3 40 - 44 3 41 15817963" 907 | 15 4 11 - 16 4 12 15823182 3
19 217 -18 2 18 < 4 2 3.3 2 2 -1 45 3 42 - 45 3 43 15815734* 9930 | 16 4 12 - 17 4 13 15822263 8
20 218 -19 217 £ 5 2 4-4 2 3 3| 46 3 43 - 47 3 44 15814603* 9849 | 37 4 13 - 18 4 14 15821331 1n
21 219 -20 2 18 -4 6 2 5 -5 2 4 15 [ 47 3 44 - 48 3 45 15813458 9977 | 18 4 14 - 19 4 15 15820390 11
2 220 -21 219 4| 7 26-8 25 3148 345 -49 3 46 15812307* 10005 | 19 4 15 - 20 4 16 15819427 o
2z -2 20 5 8 2 7-17 2 8 -9 | 49 3 46 - 50 3 47 15811.149° 10033 | 20 4 16 - 21 4 17 15818469 2
24 2 2 .23 2 2t -7 9 2 B . 8 2 7 -2 150 3 47 .51 3 48 154 S0068 | 21 4 17 - 22 4 1B 15R17502 4
% 22 -24 2 2 3|10 2 9-9 2 8 715 3 48 - 52 3 49 15808802" -10106 [ 22 4 18 - 23 4 19 15816528 9
2% 224 -6 2 28 6|1 210-10 2 @ 2 |52 3 49 -53 3 50 15807621" -10142 | 23 4 19 - 24 4 20 15815540 9
7 225 -26 2 24 -1 12 21 -1 2110 2 [ 53 3 50 - 54 3 51 15806430* -10183 | 24 4 20 - 25 4 21 15814540 5
28 2 26 -27 2 25 15910883 1 13 292 -12 2.1 3 |54 351 -55 3 52 15805.226* -10231 25 4 2y -26 4 22 15813538 7
20 227 -28 2 26 15911.309 7|4 213 -13 212 4 (55 3 52 -56 3 53 15804011 10286 | 26 4 22 - 27 4 23 15812521 4
30 228 -2 2 27 15911835 14 [ 18 214 -14 213 3|56 353 -57 3 54 15802804" (10327 | 27 4 23 - 28 4 24 15811502 7
31228 -30 2 28 15912434 516 215 -15 2 14 4 |57 3 54 -58 355 15801578" -10383 | 28 4 24 - 29 4 25 15810475 "
32 230 -3 2 29 1591290 12 J17 216 - 16 2 18 0|5 355 -5 3 56 15800.338" -10447 | 29 4 25 - 30 4 26 15609.424 il
33 2 3 -32 2 01 11 18 2117 -17 216 5% 3 56 -60 3 57 15799.106* -10500 ( 30 4 26 - 31 4 27 15808377 1
34 2 32 -33 2 31 15013.906 3|19 218 -8 217 6 S5 3 2 - 4 3 1 158861642" -11480 | 31 4 27 - 32 4 28 15807325 o
35 2 33 - 34 2 32 15914.389 9[22 219 -19 218 7 6 3 3 - 5 3 215862464 -11384 | 32 4 28 - 33 4 29 15806.256 3
36 2 34 - 35 2 32 15914854 6l2r 220 -20 2 19 5 7 3 4 - 6 3 315863201* 11285 | 33 4 29 - 34 4 30 15805183 3
37 2 3 -3 2 345915301 Sj@ 22t - 2 s § 3 5 - 7 3 4 15854070 9206 | 34 4 30 - 35 4 31 15304 086 i
38 2 37 -38 2 3 15916215 7123 2 -2 22 7 9 3 6 - B8 3 515864886 11113 | 35 4 31 - 36 4 32 15803008 1
40 2 38 -39 2 37 15916653 6|24 223 -23 2 22 X 731 3 7 - 9 3 6 158665645* -11027 | 36 4 32 - 37 4 33 15801.904 3
41 2 39 - 40 2 38 15817081 3|28 224 -2¢4 223 X @11 3 8 -10 3 7 15866423* 10934 | 37 4 33 - 38 4 34 15800.801 1
42 2 40 - 41 2 39 15917514 13 126 225 -25 2 24 15900804 13|12 3 9 -11 3 8 15867.176" -10857 | 38 4 34 - 39 4 35 15799.681 4
43 2 41 - 42 2 40 15817919 O[30 229 -2 2 28 15811895 6 |13 3 10 - 12 3 ¢ 15867928" 10773 | 39 4 35 . 40 4 36 15798550 2
4“4 2 42 - 43 2 41 15018.331 3131 230 -30 2 29 15912383 01 3 n 13 3 10 15868.668" -10694 | 40 4 36 - 41 4 37 15797425 4
45 2 43 - 44 2 42 15918720 -1 32 2 3 -3 2 30 15912891 2 115 3 12 - 14 3 11 15869.375* 10636 | 41 4 37 . 42 4 38 15796281 8
46 2 44 - 45 2 43 15919132 5 (338 23 -32 2N 5 |18 3 13 - 15 3 12 15870.082* 10564 | 44 4 40 - 45 4 41 1579283 t
47 2 45 - 46 2 44 15919.49" 25 ({34 233 -33 2 R 2 |17 3 14 - 16 3 13 15870.787* -10505 | 45 4 41 46 4 42 15791 649 2
48 2 45 - 47 2 45 15919882 £ |38 23 -4 23R -7 118 3 15 - 17 3 14 15871478 10443 | 47 4 43 - 48 4 44 15789.284 6
49 2 47 - 48 2 45 15820274 0| 3% 236 -3 23 5 | 19 3 16 - 18 3 15 15872.154* 10384 | 48 4 44 - 49 4 45 15788078 -4
50 2 48 - 49 2 47 15820.603" 40 (39 2 38 -38 2 37 2 20 317 -19 3 16 15872818 -10331 49 4 45 - 50 4 46 15786873 4
31 2 49 - 50 2 45 158209 28 |4 2 40 -40 2 3 F| 21 3 1B - 20 3 7 15073467° 10284 | 50 4 46 - 51 4 47 15785670 B
52 2 50 -5 2 49 15921.329* 32 |48 24 -2 24 T[22 319 - 21 3 18 15874104 10242 | 51 4 47 - 52 4 4B 15784.461" 6
4 2 3 - 5 2 415888764 5144 2 43 -43 2 42 8128 32 -2 319 15874739 10194 8 4 4 - 7 4 31584259 4
5 2 4 - 6 2 5 15887.948 D |45 244 -4 24 Bi 24 3 21 23 3 20 15875.354* 10157 | 10 4 6 - 9 4 5 15843949 2
7 2 6 - 8 2 715888277 2 | 46 2 45 - 45 2 &4 16 | 25 3 2 - 24 3 21 15875961% 10120 [ 11 4 7 - 10 4 6 15844.608 -0
B 2 7 - 8 2 8158854 2 | 47 2 46 - 48 2 45 15919.354" 7 ) 26 323 -2 3 22 15876557 10087 | 12 4 8 - 11 4 7 15845272 7
¢ 2 8 -10 2 @ 15884578 24 247 .47 2 481 27 324 -2 323158 1304 @ 32 4 g 15845824 <
1@ 2 9 - 11 2 10 15883710 -1 49 2 48 - 48 2 47 28 3 25 -27 3 24 15877718" 14 4 10 - 13 4 9 15846571 -3
112 10 -12 2 11 15882842 5[50 249 -49 2 a8 29 3 26 -8 3 25 15878.281 15 4 1 14 4 10 15847 192" 14
122 11 - 13 2 12 15881.948 7|5 285 -5 24 30 327 -29 3 26 15878.837" 18 4 12 - 15 4 11 15847.833 3
132 12 - 14 2 13 15881.0%8 € |5 25 -5 25 31 3 28 - 30 3 27 15879.381° 17 4 13 - 18 4 12 15848449 5
142 13 <15 2 14 15880.161 4 |54 285 -853 25 32 3 20 - 31 3 28 15879.919" 18 4 14 - 17 4 13 15849040 -
15 2 14 - 16 2 15 15879.253 -4 5 3 2-8 3 3 33 3 30 - 32 3 20 15880439" 19 4 15 - 18 4 14 15849.644 1
16 2 15 - 17 2 16 15878.342 2 6 3 3 -7 3 4 34 3 31 -33 3 30 15880.852° 20 4 16 - 19 4 15 15850229 1
17 2 16 - 18 2 17 15677414 4|7 3 4-8 35§ 35 3 32 -34 3 31 15881.456° 21 417 - 20 4 16 15850802 B
18 2 17 - 19 2 18 15876481 -1 8 3 5-9 3 8 36 3 33 - 35 3 32 15881948 2 4 18 - 21 4 17 15851385 -8
19 218 - 20 2 19 1587555 9| 9 3 6-10 3 7 37 3 34 -3 3 33 15882431° 23 4 190 - 22 4 1B 15851926 .
20 219 -21 2 20 1587459 5710 3 7 -1 3 8 38 3 35 -37 3 34 15882906" 24 4 20 - 23 4 19 15852473 -0
23 2 2 -24 2 23 15871693 Q|1 3 8-12 3 9 3% 3 36 -38 3 35 15883.350" 2 421 24 4 20 15853010 2
R4 2 25 -25 2 24370721 §11 3 % -13 & 10 40 3 37 - 38 5 36 158838157 2% 4 22 -25 4 21 15853534 o
25 2 24 - 26 2 25 15869.724 3|13 310 -14 3 11 41 3 38 - 40 3 37 15884.250" 27 4 23 - 26 4 22 15854056 B
26 2 25 -27 2 26 15868.72% 5|14 311 -15 3 142 42 3 39 - 41 3 38 15884.676" 28 4 24 - 27 4 23 15854570 2
27 2 26 -28 2 27 15867.727 94115 312 -16 3 13 43 3 40 - 42 3 39 15885.108" 29 4 25 .28 4 24 15855072 4
28 227 -29 2 28 15866713 8116 313 -17 3 14 45 3 42 - 44 3 41 15885930* 30 4 26 -29 4 25 15855561 2
29 2 28 -30 2 29 15865681 7 17 314 -18 3 15 46 3 43 - 45 3 42 15886.324~ 31 4 27 -30 4 26 15856.033 -6
I 2 29 -3 2 30 15864668 13 |18 315 -18 3 16 47 3 44 - 456 3 43 15886.684* 32 4 28 .31 4 27 15856514 3
31 2 30 -3 2 3 15863631 12 |19 3186 -20 3 17 48 3 45 - 47 3 44 15887.085* - 33 4 28 .32 4 28 15896975 1
32 2 31 - 33 2 32 15862589" 132 317 -21 38 45 3 46 - 48 3 45 15887.412" - 34 4 30 .33 4 29 15857422 -5
33 2 32 - 34 2 33 15861518 8 ]21 318 -2 319 50 3 47 - 49 3 45 15887.777 35 4 31 .34 4 30 15857870 1
34 2 33 -35 2 34 15860.462 6122 319 -23 3 20 51 3 48 - 50 3 47 15888.106* 36 4 32 -35 4 3 15858 315 1w
35 2 34 - 36 2 35 15859.398 6|23 32 -24 3 21 52 3 49 - 51 3 48 15888.449" 37 4 33 - 36 4 32 15858725 ©
37 2 36 - 38 2 37 15867.245 4|24 a2n -5 32 53 3 50 - 82 3 49 15888.764* 38 4 34 - 37 4 33 15858142 -4
38 2 37 -39 2 38 158%6.166 212 3xw-26 3B 5 3 5 - 53 3 50 15888.071" 39 4 35 -3 4 34 15829548 S
39 2 38 - 40 2 39 15855.072 3| 2% 323 -27 3 24 55 3 52 - 54 3 5t 15889.373" 40 4 36 - 39 4 35 15859937 13
40 2 39 - 41 2 40 15883973 3|27 324 -8 325 5 3 53 - 55 3 52 15889.684% - 41 4 37 - 40 4 36 15860327 18
41 2 40 - 42 2 41 15852858 13|28 325 -29 3 26 57 3 54 -5 3 53 15889.964* 42 4 38 - 41 4 37 15880708 -6
42 2 41 - 43 2 42 15851.758 -1 2 326 -3 327 58 3 55 - 57 3 54 15890225 44 4 40 - 43 4 39 15861.451 b
43 2 42 - 44 2 43 15850637 413 327 -31 328 59 3 56 - 58 3 55 15890487% -10520 [ 45 4 41 - 44 4 40 v
44 2 43 - 45 2 44 15849508 elar 232 3w 220 €0 3 57 - 60 3 56 16800736 10500 | 46 4 42 .45 4 4 5
45 2 44 - 46 2 45 15848.383 3% 32 -1 33 4 4 0 - 5 4 115832741 147 443 a6 4 42 “
46 2 45 - 47 2 46 15847.246 413 330 -3 33t 5 4 1 - 6 4 215831915 3|48 4 46 .47 4 43 4
47 2 46 - 48 2 47 158461309 2|3 33 -3 3 6 4 2 - 7 4 315831002 6|49 4 45 - 4B 4 44 ’
48 2 47 - 43 2 4B 15844958 2|3 32 -3¥%F 3R 7 4 3 - 8B 4 415830235 9 [ 50 4 46 -49 4 45 0
43 2 48 - 50 2 49 15843804 -3 | 3% 333 -37 3 % 8 4 4 - 95 4 51582930 3| 5 4 47 .50 4 46 -
50 2 48 - 51 2 50 15842.661 3|3 334 -38 3 35 15824450" 9 4 S5 -10 4 6 15828546 13 152 4 48 -51 4 -

= 3 stacks in the upper state for CuOH were found to be perturbed and
plots of the observed minus calculated line positions plotted against the upper state J
quantum number are pictured in Figs. 4 and 5. The situation for CuOD is worse: no

uld be found connecti ig to K, = 0 or to the lower asymmetry com-

— J = 1) of the K, = 1 stack. Presumably these stacks are very

S COu
ponent ( K
perturbed.

The unperturbed, assigned transitions were fit to a model which described the ener-
gies of both ground and upper electronic states with a Watson A reduced Hamiltonian
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TABLE 111

Observed Line Positions (cm ') for ®*CuOH (O-C Units of 10 em ™)

I K Ko Kat Kt ols O’ Ke KT KiK' OBS OC T K Ke )T KaTRS Ol GO K Ke K2 K ORS O
3 0 3 - 4 0 415911328* 2977 | 39 1 38 - 40 1 39 15868.867 5|3 t 3 -37 1 37 t5871592 10 | 50 2 48 - 51 2 49 15842932 7
4 0 4 - 5 0 5 15910531* 2804 | 40 1 39 - 41 1 40 15867.727* -19 | 37 1 37 - 38 1 38 15870451 - 51 2 49 - 52 2 50 15841792 6
5§ 0 5§ - 6 0 615909705% 2991 | 41 1 40 - 42 1 41 15866.630 7|38 4 38 -39 1 39 15869.320 6| 3 2 1 - 2 2 015894910 q
6 0 6 - 7 0O 7 15008873 2993 | 42 1 41 - 43 1 42 15865489 -3 |38 1 39 -40 t 40 15868168 1 4 2 2 - 3 2 115835857 16
7 0 7 - 8 0 815908.028* 2992 | 43 1 42 - 44 1 43 15864353 -1 40 1 40 - 41 1 41 15867016 2 5 2 3 - 4 2 215896364 -4
8 0 8 - 9 0 9 15907.179* 2997 | 44 1 43 - 45 1 44 15883.207 2 | 41 1 41 - 42 1 42 15885855 3 6 2 4 - 5 2 315897081 B
9 0 9 -10 0 10 15906.316* 2998 | 45 1 - 46 1 45 15862.038* -19 | 42 1 42 - 43 1 43 15864.668* -14 7 2 5 - 6 2 415897787 -8
10 0 10 - 11 0 11 15905451 3008 | 46 1 45 - 47 1 46 15860.892 5[ 43 1 43 - 44 1 44 15863 493" -13 8 2 6 - 7 2 5 15898490 -5
10 11 -2 0 12 15904569 3011 47 1 46 - 48 1 47 15859736 4 [ 44 1 44 .45 1 45 15862.32 1 9 2 7 - 8B 2 615899191 4
12 012 - 13 0 13 15903.674" 301 48 1 47 - 49 1 48 15858568 n 45 1 45 - 46 1 46 15861128 210 2 B - 9 2 7 15899.880 1"
13 0 13 - 14 0 14 15902785* 3027 | 49 1 48 - 50 1 49 15857.371 5 | 46 | 46 - 47 1 47 15859.837 S| 11 2 9 -10 2 8 1590539 -4
14 014 - 15 0 15 15901.869* 3026 | S0 1 49 - 51 1 50 15856.166* 23 | 47 1 47 - 48 1 48 15858725 3112 210 -1 2 915901191 a7
15 0 15 - 16 © 16 15900.988* 3070 | 5t 1 50 - 52 1 51 15854.991 -2 | 48 1 48 - 49 1 49 15857.509 713 2 11 - 12 2 10 15901 869 ]
16 0 16 -17 0 17 15900057 3074 | 53 1 52 - 54 1 53 15852588 5 [49 1 49 . 50 1 50 15656289 9 [ 14 2112 -13 2 11 15902507 -4
17 017 - 18 O 18 t5B9g.118* 3080 | 54 1 53 - 55 1 54 15851.385 2 [ 8 1% .51 1 51 15868072 2 | 15 2 13 - 14 2 12 15903155 6
18 0 18 - 19 G 19 15696.184 3101 | S5 1 64 - 56 1 55 15850.12° 2z | 51 1 81 - 82 1 52 15853813% 31| 16 2 14 - 15 2 13 15%08.770 -8
19 0 18 - 20 0 20 15897227 3108 | 56 { 55 - 57 1 56 15848.303 S12 )82 1 52 - 83 1 53 158525488% 22 | 17 2 15 - 38 2 14 15904.401 3
20 020 -2 O 21 15696281 3137 ] 57 1 56 - 58 ) 57 15847.678 < 6 1 6 - 5 1 5151982 4118 216 -7 2 15 15905011 0
2 0 21 -22 0 2215895307 3148 | 58 1 57 - 59 1 58 15846.429 -7 7T Y 7 - 6 1 61591185 4 119 217 -18 2 16 15905612 -3
2 0 2 -23 0 2315894324 2159 [ 58 1 58 - 60 1 59 15845.166" -20 8 1 8- 7 1 715912537 3|20 2 18 - 19 2 17 15906 205 4
23 0 23 - 24 O 24 15899338* 3175 | 7 1 6 - 6 1 5 15911935 B 9 1 9. 8 1 8159219 [ 21 2 99 - 20 2 18 15906 791 -5
24 0 24 - 25 0 25 15892346" 3189 | B 1 7 - 7 1 6 15912638 |0 110 - 9 1 9 15913852% 47 [ 22 2 20 - 21 2 19 15907371 -2
25 0 25 -26 0 2615897336 2N 101 9 - 9 1 815914013 2(n 1 n 10 1 10 15514626 623 220 -22 2 20 15507936 %
27 0 27 -28 O 28 15089299 3249 [ 11 1 10 - 10 1 9 15914.696 8 |12 112 -1 1 11 15915163 2|28 2 2 -23 2 21 15908496 -7
20 0 28 -29 O 29 15BBB265" 3267 [ 12 1 11 - 11 1 10 15915356 4 113 113 - 12 1 12 1505776 16 | 25 2 23 - 24 2 22 15908.056 o
29 0 29 -30 0 30 15887218 3281 13192 - 12 1 11 15915988 -18 [ 14 1 14 - 13 1 13 15918405 5126 224 -25 2 23 15909588 12
30 0 30 -31 0 31 15885168 3301 141 13 - 13 ) 12 15916.663 1 15 1 15 -4 1 14 15917.016 -3 [ 27 2 25 -26 2 24 15910142 6
3 03 -32 0 315885108 3321 15 1 14 - 14 1 13 15917.291 4116 1 16 -5 1 15 15917623 6128 226 -27 2 25 15910655 -8
32 0 32 -33 0 33 15884.031* 3333 { 16 1 15 - 15 1 14 15917.919 4 |17 1 17 -6 1 16 15818203 3|28 227 -28 2 26 15911197 14
34 0 34 -35 0 3515881.877* 3384 | 17 1 16 - 16 1 15 15918523 -8 [ 18 1 18 -17 1 17 15918.776 6 130 228 -29 2 27 15911.700 6
3% 0 35 -36 0 36 15880767 3390 | 18 1 17 - 17 1 16 15919132 8|19 1 19 - 18 1 18 15919354 513 229 -3 2 2815912203 5
3% © 36 -37 O 37 15879.658" 3406 | 19 1 18 - 18 1 17 15919.742 3 ]2 120 -13 1 19 15819.802* -4 133 2 31 - 32 2 30 15913.196" 135
37 © 37 - 38 .0 38 15878555 3437 ) 20 1 19 - 19 1 18 15920.329 1 22 1z -21 1 21 15920978 91 34 232 -33 2 31 15913662 1
1.0 1 - 0 © 015915238* 2876 | 21 1 20 -20 1 19 15920915 5123 1 23 -22 1 22 15921502 <10} 3 2 33 - 34 2 32 15914127 7
2 0 2 - 1 0 115915988 2875 | 22 1 21 - 21 1 20 15821.502" 21 24 1 24 - 23 1 23 15922034 6|37 235 -3 2 34 15915060 5
30 3 - 2 0 215916714 2960 | 23 1 22 - 22 1 21 15822034 S0 125 1 25 - 24 1 24 15922526 £ | 38 2 36 -37 2 3515915510 6
6 0 6 - 5 0 515918882° 2968 | 24 1 23 - 23 1 22 15922507 0127 127 -2 1 2615823511 -1 41 2 38 -40 2 3B 15916814 7
7 0 7 -6 0 6 15919598* 2086 [ 26 1 25 - 25 1 24 15823672 4 (28 1 28 .27 1 27 15923.965 1 42 2 40 - 41 2 39 15917204 17
9 0 8 - 8 0 8 15920978° 2899 | 27 1 26 - 26 1 25 15024199 4 |29 1 29 - 28 1 28 15924 457 7 4 2 3 -5 2 415989696 -1
10 0 10 - 9 0 ¢ 15921.650° 3004 | 24 1 27 - 27 1 26 15924719 1|3 1 30 .29 1 29 15924895 9| 5 2 4. 6 2 5 19887895 13
M0 1t -10 0 10 15822320° 3016 | 29 1 28 - 28 1} 27 15825229 ©Q [3 + 3 .30 1 30 15825385 6 6 2 5. 7 2 615887055 2
12 012 - 11 Q 11 15822970° 3020 | 30 1 29 - 29 1 28 15925728 €0 [3 32 -31 1 315925783 -0 7 2 6 - 8 2 715886216 -8
13 0 13 - 12 Q 12 15823620" 3034 | 31 1 30 - 30 1 29 15926.212 23 1 3 -3 1 32 15926212 4 8 2 7 - 9 2 & 1588539 10
14 0 14 - 13 O 13 15624258 3047 | 32 1 31 - 31 1 30 13926599 -1 [ 34 1 3@ .33 1 33 15926828 5 8 2 8 -10 2 9 15884528 -3
15 0 15 - 14 0 14 15626895 3068 | 33 3 32 - 32 1 31 15927172 23 135 .30 1 341507029 010 2 9 -1 210 158838670 Bl
16 0 16 - 15 O 15 15925522* 3091 | 34 1 33 - 33 1 32 15927.624° 14 136 1 36 - 35 1 35 15927437 12 411 210 .12 2 11 15882811 8
17 0 17 - 16 0 16 15926.175* 3089 | 35 1 34 - 34 1 33 15826.086 7| 37 v 37 - 36 1 36 15927 829" 16§ 12 2 %1 - 13 2 12 15887.948° 22
18 0 18 - 17 0 17 15826699° 3080 | 36 3 35 - 35 1 34 15928544 4 138 1 38 - 37 1 3715828180 013 212 .14 2 13 15881.068° 7
19 0 19 -18 © 18 15R7209° 3115 [ 37 1 36 - 36 1 35 15028.902° 14 141 1 41 . 40 1 40 15929.273 4|14 213 -15 2 14 15880.161" 14
20 0 20 -19 O 19 15827873 3127 | 38 1 37 - 37 1 38 15929.404 4 |42 1 42 - @ 1 4% 15829613 3|15 214 -18 2 15 15879253 8
20 621 20 O 20 15828442 144 | 38 1 38 - 38 1 37 15620823 5143 1 43 - 42 1 42 15929846 2 [16 215 -17 2 16 15878342 8
2 02 -21 0 2) 1582889 N5 40 1 39 -39 1 38 15830248 8 ) 44 1 44 - 43 1 43 15930 245" 20 |17 2 16 - 18 2 17 15877414 -1
23 0 23 -2 0 22159295477 NT5 [ 41 1 40 - 40 1 39 15930.622" 21 4 2 2 - 5 2 315888696 -1 18 2 17 - 19 2 18 15876 481 B3
24 0 24 -23 0 23 15930.084* 3181 42 1 41 - 41 ) 40 15831035 3 5 2 3 - 6 2 4 15887895 13|19 218 - 20 2 19 15875550 2
25 0 25 -24 0 24 15030622 3218 | 43 1 42 - 42 1 41 15831.409% -15 6 2 4 - 7 2 515887055 2 [20 219 -1 2 20 15874596 -12
26 Q 26 -25 0 25 15931.132* 3227 | 44 1 43 - 43 1 42 15931808 & 7 2 §- 8 2 615886218 | |21 2 2 -2 2 21 15872652 -4
27 027 -26 0 26 15031644 3250 | 45 1 44 - 44 1 43 15832174 3 8 2 6 - 9 2 715885382 10| 2 2 21 -23 2 2215872697 2
28 0 28 -27 0 27 15932145 3270 | 46 1 45 - 45 1 44 15932528 -4 8 2 7 -10 2 B 15884528 323 222 -24 2 23 15871739 11
20 0 29 - 28 O 28 15932629* 32685 | 47 1 46 - 46 1 45 1583289 6 (10 2 & -11 2 9 15883670 -1 25 2 24 -28 2 25 15869.789" 2
30 0 30 -29 0 29 15933109* 3305 [ 49 1 48 - 48 1 47 15933.568 4 11 2 9 -12 21015882811 B | 26 225 -27 2 26 15868763 7
31 0 31 -30 0 30 15833.568 3315 | 50 1 49 - 49 1 48 15933891 t 12 2 10 - 13 2 11 15881.848% 2 |27 2 26 -28 2 27 15867784 7
32 0 3 -3 0 31 15834024 3333 [ 51 1 50 - S0 1 49 15934.210 1 13 2 11 - 14 2 12 15881 058* 17 |28 2 27 -29 2 28 15866772 3
33 D 33 -32 0 32 15834460 3340 [ 52 1 5% - 51 1 50 15934520 2 (14 212 - 15 2 13 15880.961* 14 132 2 3 - 33 2 32 15862653 11
34 0 34 -33 0 33 15934907 3368 | 53 1 52 - 52 1 51 15034824 5 [15 213 -16 2 14 15879.253 8 133 232 -3 2 3315861608 13
35 D 35 -34 0 34 15935344* 3396 | 54 1 53 - 53 1 52 15935.099* 13 116 2 14 .17 2 15 16878342 8 |34 233 -35 2 34 15860 564 -5
3% 0 36 -35 0 3515838757 M1 55 1 54 - 54 1 53 15935394 3117 215 - 18 2 16 15877414 -1 35 2 34 -36 2 35 15859501 9
37 D 37 -36 0 36 15836165 3430 | 56 1 55 - 55 1 54 15835663 10 | 18 2 16 - 19 2 17 15876.481 7|36 235 -37 2 36 15858436 -9
38 0 38 - 37 0 37 15936557 3444 | 57 1 56 - 56 1 55 15935542 2019 217 - 20 2 18 1587555 -3 (37 2 36 -38 2 37 15857371 <
39 0 39 -38 O 38 15636939° 3467 | S& 1 57 - 57 1 56 15036196 4 |2 218 .21 2 1915874506 14 (38 237 -39 2 38 15856289 -
40 0 40 -39 O 39 15937.307° 3466 | 58 1 54 . 58 1 57 15836.455 5|2 219 -22 2 20 15873652 6|39 238 -4 2 39 15655204 2
41 D 41 - 40 U 40 15937685 3485 | 60 S8 - 59 1 58 15936.700 822 220 23 2 21 15872407 2| 40 2 33 - 41 2 40 15854 106 -7
42 O 42 - 41 O 47 1583B045* 35186 | 8 1 8 - 9 3 S 15698481 212 z 21 -24 2 22 15879739 7|4 24D .42 2 4 15853010 )
43 0 43 - 42 O 42 15938406 3546 | 9 1 9 - 10 1 30 15698621 4 {25 223 -26 2 24 15869.789" 16 | 42 2 41 - 43 2 42 15851 926" 18
44 0 44 - 43 O 43 15938.758° 3579 | 10 1 10 - 11 1 31 15897743 A |2 2 24 - 27 2 25 15868783 0|43 2 42 . 44 2 43 15850802 7
45 0 45 - 44 O 44 15939 113* 3623 | 11t 11 - 12 1 12 15896662 1 (27 2 25 - 28 2 2615867784 2145 2 44 .46 2 45 15848564 il
16t 15 - 17 1 16 15892.346 2 [ 12 112 -13 1 13 15895969 2 (2 2 26 -29 2 27 15866772 8 | 46 2 45 - 47 2 46 15847417 5
17 1 16 - 18 1 17 15891423 B[ 13 113 - 14 1 14 15895064 G20 227 . 30 2 28 15865766 -1 47 2 46 - 4B 2 47 15846 289

181 17 .19 1 18 15890.487 1014 1 14 .15 1 15 15894.134% 46 130 228 - 31 2 20 15864745 1| 48 2 47 - 49 2 4B 15845166° 2%
19 1 18 - 20 1 19 15889.535 § 117 117 -18 1 18 15891.336 1|3 2 29 - 32 2 30 15883718 0|49 248 -50 2 49 15844.009° 13
20 119 - 21t 20 15888577 3 (18 118 - 19 1 19 15890393 132 230 -33 2 31 15862679 5|50 249 -51 2 50 15842853 10
21 1 20 - 22 1 21 15887608 2119 119 - 20 1 20 15889423 S5 [3 2 31 -3¢ 2 32 15861642 1 81 2 80 - 82 2 51 158417140 30
2 1 21 - 23 ) 22 15886640 1 20 1 20 - 21 1 21 15888.449 4 |34 232 -35 2 33 15860605" 13 3 2 2 - 2 2 115894910 4
23 1 2 - 24 1 23 15885656 22t 2t 2 1 22 15887 469 -1 35 2 33 - 36 2 34 15859548 n 4 2 3 - 3 2 2 15895657 18
24 1 23 -25 1 24 15884676 8 (2 1 22 -23 1 2315886477 23 234 -37 2 3515858468 6] 5 2 4 - 4 2 3 15896364 -4
26 1 24 .26 t 25 15883670 1|23 1 23 .24 1 24 15885.474 2 {37 235 -38 2 36 15857 422" 171 6 2 5 - 5 2 4 15897081 6
26 1 25 .27 1 26 15882.664 -1 24 1 24 - 25 t 25 15884.455 4 138 236 -39 2 37 15856330 1 7 2 8- 6 2 515897787 8
27 1 26 - 28 1 27 15881843 2 |2 125 -26 1 26 15383.43% 2|39 2237 -4 2 38 15855262" 15 8 2 7 -7 2 615898490 El
29 t 28 -30 1 29 15879596 2 |26 1 28 -27 1 27 15882398 6 [ 40 2 38 -4t 2 39 15854.168 9 9 2 8 - 8 2 7 15899191 4
30 1 29 -31 1 30 15878.555 5127 127 -28 1 28 15881362 141 2 39 - 42 2 40 15853067 410 2 ¢ - 9 2 815899880 12
31 1 30 - 32 1 3 15877518 1 28 1 28 -29 1 29 15880307 5 | 43 2 41 - 44 2 42 15850877 23 [ 11 210 - 10 2 9 15900.539 -3
33 132 -34 1t 33 15875403 6|28 1 29 -30 1 30 15879253 1144 2 42 - 45 2 43 15849736 5012 2 11 -1 2 10 15901 191° -15
34 133 -35 1 34 15874327 G130 130 -31 1 31 15878178 5 |45 2 43 . 46 2 44 15848622 0113 212 212 2 11 15%01 869 ?
35 1 34 -36 1 35 15873.245 4 | 31 131 -3 1 32 15677092 13 | 46 2 44 - 47 2 45 15B47.514" 37 | 14 2 13 - 13 2 12 15902507 -2
3% 1 35 .37 1t 36 15872.154 10 [ 32 132 -33 1 33 15876.018 0| 47 2 45 - 48 2 46 15846364 2 115 2 14 - 14 2 13 15903158 9
37 1 36 -38 1 37 15871082 1] 3¢ 1 34 -35 1 35 15873.822 S |48 2 4 - 43 2 47 15845202 3 (16 215 -15 2 14 15903770 -5
38 137 -39 1 38 15069.968 1135 138 .36 ) 36 15872697 £ | 49 2 47 . S0 2 48 15844.086 2 117 216 - 16 2 15 16904 401 7

Note. {(*) Line not included in the fit.
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TABLE HI—Continued

<
4
=

<

&
E

OBS oC 7 Ka' Ke KLU K OBS o-C b Ka' K IR RS OBS GO 3 Ka' Ke 4" Ka" K G

18 2 17 - 17 2 18 1590501 5|28 3 23 -27 3 24 15835363* 10256 | 20 3 17 - 19 3 16 13872.407* - 27 4 23 -28 4 24 15811596 7
19 2 18 - 18 2 17 15006612 3 |27 324 -28 3 25 15834.418" 10220 | 21 3 18 - 20 3 17 15873.037* - 2B 4 24 -28 4 25 15810567 2
20 219 -19 2 18 15006.205 3 [28 325 -29 3 26 15833.467" 10181 23 3 20 -2 3 19 15874.327 - 20 4 25 - 30 4 26 15809531 1
21 2 20 -20 2 19 15906.791 4129 32 -30 3 27 15832.502* -10148 [ 24 3 21 - 23 3 20 15874.945% - 30 4 26 - 4 27 156808487 3
2 22y -1 2 20 15907371 83 327 -3 3 20 158315265" 10123 § 26 3 22 - 24 3 21 15675.550" - 3t 4 27 - 32 4 28 15807446 5
23 22 -2 2 21 15%907.936 531 328 -32 3 20 15830540° 10086 | 26 3 23 - 25 3 22 15876.147* - 32 4 28 -33 4 29 15606.381 1
% 2 23 .23 2 22 15908.496 7|32 329 -33 3 30 15820554 10068 [ 27 3 24 - 26 3 23 15876.737* - 33 4 20 - 34 4 30 15805311 4
25 2 24 - 24 2 23 15000.05¢* 18 | 33 3 30 -34 3 31 15828546 10040 | 28 3 25 - 27 3 24 15677.313" - 34 4 30 - 35 4 31 15804.237 2
26 225 -25 2 24 15000582 6 | 34 331 -35 3 32 15827.536" 10028 [ 20 3 26 - 28 3 25 15877.878* - 35 4 31 - 36 4 32 15803154 -0
27 228 -26 2 25 15910.142° a7 | 36 3 32 -3 3 33 15826.514* -10011 30 327 -29 3 25 15878.440" - 36 4 32 -37 4 33 15802060 -2
8 227 -7 226 16 | 38 3 33 - 37 3 34 15825.508* 9072 | 3t 3 28 - 0 3 27 15878.980% 37 4 23 - 4 34 15800.858 1
@ 238w -B® 2274 § 37 334 -38 3 35 15824480" $888 32 3 28 -31 3 2B/ Y 33 4 34 -38 § 3515788835 5
0 2x® -9 228 3|38 335 -39 3 3615623407 9064 | 32 3 29 - 3 28 39 4 35 -40 4 36 15798732 0
a1 230 -3 228 8 |3 3 36 -40 3 37 15822341* 9084 | I3 3 0 - 3 29 40 4 36 - 41 4 37 15797.600 -4
R 2y -3 2% 17 [ 40 3 37 - 41 3 38 15821265 9870 | 34 3 31 -33 3 30 5 4 1 - 4 4 0 15840.320° 18
B8 23k -2 23 814 338 -4 3230 15820214* 9943 |} 35 3 R - 34 I 3 6 4 2 - 5 4 1 15841033 20
34 23 -3 2R 1|42 339 -43 3 4015819.130* 9943 | 36 3 33 - 35 3 IR 13 4 9 -12 4 8 15845803 "
35 234 -34 233 S |43 3 40 - 44 3 41 15818032* 9851 [ 37 3 M -6 3 MR 14 4 10 - 13 4 9 15846.429 -3
¥ 235 -35 2 34 14 | 44 3 41 - 45 3 42 15816926 9960 | 38 3 35 - 37 I MM 15 4 11 14 4 10 15847.069 8
37 23 -3 23 -9 | 45 3 42 - 48 3 43 15815835 9049 | 40 3 37 -39 3 36 16 4 12 - 15 4 11 15847678 3
3\ 237 -37 2 % -9 | 48 3 43 - 47 3 44 15814702 9074 (41 3 38 - 40 3 I 17 4 13 - 16 4 12 15848.293 0
4 2 3@ -39 2 38 2 | 47 3 44 - 48 3 45 15813.538* 10023 | 42 3 39 - 41 3 38 18 4 14 - 17 4 13 15848903 9
4 2 40 -4 2 B 3| 48 3 45 - 49 3 45 15812439 10001 43 3 40 -4 3 H 20 416 - 19 4 15 15850069 il
42 2 41 - 41 2 401794 12 | 49 3 46 - 50 3 47 15811.292* 10021 | 45 3 42 - 44 3 41 21 417 - 20 4 16 15850637 4
5 3 2 - 6 3 315852823 11670 | S0 3 47 - 51 3 48 15810.142% 10038 [ 45 3 42 - a4 3 41 22 4 18 - 21 4 17 15851205 a
6 3 3 - 7 3 415852110* 11563 | 51 3 48 - 52 3 49 15808.960* -10075 | 46 3 43 - 45 3 42 23 4 19 - 22 4 1B 15851758 1
7 3 4 - B 3 5 15851.385° 11480 | 52 3 49 - 53 3 50 15807.601* -10100 4 4 0- 5 4 1 24 4 20 -23 4 19 15852308 2
B 3 5 - 9 3 615850637" 11371 [ 53 3 50 - 54 3 51 16806.621* -101X 5 4 1 - B 4 2158311881 4|2 4 21 - 24 4 20 15852823 -6
9 3 6 -10 3 7 15849.850* 11306 | 54 3 51 - 55 3 52 1380541* -10175 6 4 2 - 7 4 315831018 A7 | 6 4 2 -25 4 21 15853.362 -2
10 3 7 -11 3 8 15849.089* 11223 | 56 3 52 . 56 3 53 15804.237 -10199 8 4 4 - 9 4 51582045 At 127 4 22 -26 4 22 15853875 5
13 8 -12 3 ¢ 15848289* 11180 | 86 3 53 . 57 3 54 15803008* .10263 9 4 5 .10 4 A 15A2R404 -8 128 4 24 .27 a4 2316854339 2
12 3 9 - 13 3 10 15847.548" 11038 | 57 3 54 - 58 3 56 15801.816" 10284 | 13 4 S - 14 4 10 15824.993 2|20 425 -28 4 24 15854.888 2
13 3 10 - 14 3 11 15848.740* -10063 6 3 3 - 5 3 215862132 11585 | 14 4 10 - 15 4 11 15824088 B8 130 426 -29 4 2515856372 a
14 3 11 -15 3 12 15845.924* -10800 7 3 4. 6 3 3 15062826* -11485 | 15 4 11 - 16 4 12 15823182 5|32 428 -31 4 27 15866330 12
15 3 12 - 16 3 13 15845.116* 10817 8 3 5 - 7 3 415883.718" 11386 | 16 4 12 - 17 4 13 1582263 6 (33 4 29 -32 4 281586773 -4
16 3 13 -7 3 9 3 6 - 8 3 5 15884.508* 11305 | 17 4 13 - 18 4 14 15821.331 S12 1 34 4 30 - 33 4 29 15857 245* 18
17 3 14 -18 3 10 3 7 - 9 3 61565280 11213 | 18 4 14 - 19 4 15 15620.390° -18 | 35 4 31 - 34 4 30 15857 669 1
18 315 -19 3 12 3 9 - 11 3 8 15866.814* -11041 19 4 15 - 20 4 16 15819.464 1 3% 4 32 -35 4 31 15858101 3
19 3186 -2 3 13 3 10 12 3 9 15867.554" 10865 | 20 4 16 - 21 4 17 15818521 12 [ 37 4 33 -3 4 32 15358514 -5
2 317 -2t 3 4 3 H 13 3 10 15968.275° -10800 | 21 4 17 - 22 4 18 15817.556 8|38 4 34 -37 4 33 15858.927 -3
21 318 -2 3 15 3 12 - 14 3 11 15868904 10828 | 22 4 18 - 23 4 19 15816.500" 13 |1 39 4 35 - 38 4 34 15859328 -4
2 319 -28 3 16 3 13 - 15 3 12 15868.724* 10738 | 23 4 19 - 24 4 20 15815603 6 (40 4 36 -39 4 35 15859735 1"
23 320 -2 3 37 3 14 - 18 3 13 15870301 10702 | 24 4 20 - 25 4 21 15814.603 4 | 42 4 38 - 41 4 37 15860497 17
2% 32 -3 5 B 3 75 - i7 3 4 i58Ti.062" -i0835 | 25 4 21 P 4 zz 15513008 2

2% 32 -6 3 19 3 16 - 18 3 15 15871.730° 10593 | 26 4 22 - 27 4 23 15812610 &

in the I” representation ( 9). In this fit, the ground state constants were kept fixed at
the values determined from our previous analysis of the B'A"-X'4 system (5). The
effective rotational constants from these final fits (one standard deviation uncertainty
in parentheses) are given in Table I, and the transitions and deviations from the fit

r ©*CuOH, %*CuOH, **CuOD, and %*CuOD are given in Tables II-V, respectively.
From these constants, we have predicted the wavenumbers for b-type transitions be-
tween the two states (allowed by the C; symmetry of the molecule), but have found
no such lines in the spectra. This means that the transition dipole moment is very
close to the g-axis which is close to the Cu-O bond. For example in $*CuOH, the a-
axis is at an angle of 4° to the Cu-O bond.

A partial r; structure has also been determined for the upper state from these ro-
) (

el

isotopic substitutions were used to locate the copper and hydrogen nuclei relatlve to
the center of mass of the “parent.” It was necessary to impose one extra constraint to
determine the coordinates of the oxygen nucleus (for which no isotopic data were
measured ). This could come either from the definition of the center of mass, or from
the moment of inertia equation. However, the small b coordinate for the copper nucleus
was badly determined, and so we chose to use the moment of inertia equation ( which
depends on the square of bc,—a very small number ) to determine the position of the
oxygen nucleus. This gave more consistent results than when the definition of the
center of mass was used as the constraint. Each of the isotopomers was taken in turn
as the “parent,” and the average value for each molecular parameter is presented
together with one standard deviation from this averaging procedure in Table VI. For
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TABLE IV
Observed Line Positions (cm ') for *CuOD (O-C Units of 10 > cm ™)

I Ka' Ke' )" Ka" K" OBS 0-C I oKa' Ko 1" Ka" K" OBS oc + Ka' Ke' 1 Ka" KOs 0-C JOKa' Kot 1 KaTKe' O (S8
3 1 2 - 4 1 3 15906.425 3117 215 -18 2 16 15889.516 4 132 230 -3 2 29 15920865 1 57 3 54 -5 3 55 15835.256 -0
4 1 3 - 5 1 415905649 O |18 216 -19 2 17 15888.577 2 (33 23 -3 2 3015921178 2|5 355 -5 3 5 15833673 9
5 1 4. 6 1 515904858 7|19 217 -20 2 18 15887.623 4 [ 34 2 32 -33 2 31 15921478 2[5 35 -80 3 57 15832.467" -2
6 1 5 - 7 1 8 15904.085 5 (2 218 -21 2 19 15886661 10 [ 35 2 33 - 34 2 32 15821778 5 5 3 2 - 4 3 115900263 6
7 1 6 -8 1 7 1590325 |21 219 -2 2 20 15885.890 20 | 37 235 -36 2 34 15922320 ] 6 3 3 - 5 3 2 15900908 6
8 1 7 -8 1 8 15002436 B8 |2 220 -23 2 21 15884.708 28 | 38 2 36 - 37 2 35 15922581 13 7 3 4 -8 3 31500153 <
9 1 8 -10 1 9 15901612 2 |28 221 -24 2 22 15883.606 20 | 3¢ 2 37 - 38 2 36 15922829 20 8 3 5 - 7 3 4 15902154 2
11 9 - 11 1 10 15900770 -1 24 2 2 -25 2 23 15882680 19 | 40 2 38 - 39 2 37 15923.089° 21 9 3 6 - 8 3 5 15902750 -9
M1 10 - 12 1 11 15890913 4 125 223 -26 2 24 15881657 23 |41 2 39 -40 2 38 15923.291* % (10 3 7 - 9 3 6 15903.332" -21
12 1 11 -13 1 12 15899.081 10 | 26 2 24 - 27 2 25 15880803 7 [42 2 40 - 41 2 39 15923.485* /P11 3 8B -10 3 715903932 -2
13 1 12 - 14 1 13 15808.188° 18 [ 27 225 -28 2 26 15879.539 7|48 2 41 - 42 2 40 15923711 58 |12 3 9 - 11 3 8 15904503 Y
14 113 - 16 1 14 15897.204 2|20 226 -29 2 27 15878.481 31 4 2 42 - 43 2 41 15920.906" 73113 310 -12 3 9 15905057 -2
15 1 14 - 18 1 15 15806.373 7| 227 -30 2 28 15877.414 4145 2 43 - 44 2 42 15824.070" 70 | 14 3 11 - 13 3 10 15906.600 -2
16 1 15 - 17 1 16 15805.449% <15 | 30 2 28 -3 2 29 15676.310* F16 [ 46 2 44 - 45 2 43 15824.220* 72 115 3 12 - 14 3 11 15906.134 o
17 1 16 - 18 1 17 15894.538 213 229 -3 2 3015875227 3| 47 2 45 - 46 2 44 15824377 76 | 16 3 13 - 15 3 12 15906.654 2
18 117 - 19 1 18 15883.506 1132 230 -33 2 31 15874.107 S15 | 48 2 46 - 47 2 45 15024.545% 110 [ 17 3 14 - 16 3 13 15907170 12
19 1 18 - 20 1 19 15892651 6|33 231 -34 2 32 15872906 6 149 2 47 - 48 2 48 15924.676" 21 18 3 15 - 17 3 14 15907.654 3
20 119 - 21 1 20 15891671 8 [ 34 232 -35 2 33 15871.863 8| 50 2 48 - 49 2 47 15924.806* 140 | 19 3 18 - 18 3 15 15908.134 2
21 120 -2 1 21 1589Q.703 235 233 -3 2 34 15870.724 4 151 249 - 50 2 48 15924.897" 132 |20 3 17 - 19 3 16 15908610 9
2 121 23 1 22 15839.804° -6 | 38 2 34 - 37 2 35 15860573 15 25 -5 2 49 15925.002% 149 { 21 3 18 - 20 3 17 15908.066 9
25 1 2 - 24 1 23 15888.700 7|37 235 -38 2 39 1588B.402 583 251 -5 2 50 15925.106% 173 [ 22 3 19 - 21 3 18 15809.504 4
24 1 23 - 25 1 24 15887.673" -17 | 38 2 36 -39 2 37 15887.239 9 [54 2 52 -5 2 51 15025.194* 193 | 23 3 20 - 22 3 19 15000940 8
25 1 24 - 28 1 25 15886661 2139 20937 -40 2 38 15866.047 7 8 253 -54 2 52 15825.262" 202 (24 3 21 -23 3 20 15910356 El
26 125 -27 1 26 15385.620 4 |40 2 38 -41 2 39 15864856 17 | 56 2 54 - 56 2 53 15025.324° 214 | 25 3 2 -24 3 21 15910.763 6
27 1 26 - 28 1 27 15884.570 1" 41 2 30 - 42 2 40 15883653 27 | 57 2 56 - 56 2 54 15925392 239 | 26 3 23 -25 3 22 15911157 6
28 127 -2 1 28 15883480 9 | 42 2 40 - 43 2 41 15862.445" 4 7 2 & - 6 2 5 15009.086" 27 | 27 3 24 -26 3 23 15911536 3
29 128 -30 1 29 15882412 714 24 -44 2 4215881212 47 8 2 7 - 7 2 6 15900.700 -10 1 28 3 25 -27 3 24 15011.905 3
30 1 20 -31 1 30 15881.304 4 | 44 2 42 - 45 2 43 15850965 48 9 2 8- 8 2 7 15810301 -4 120 3 26 -28 3 25 15912265 7
3t 0 -32 1 31 15880.189 8 [ 45 2 43 - 46 2 44 15868.704* 43 110 2 9 - 9 2 8 15910808 2|30 327 -29 3 26 159126M 8
33 1 32 - 34 1 33 15877.928 11 | 46 2 A4 - 4T 2 45 15857.454* 83 |11 210 -10 2 9 189148 3|3 3 28 -30 3 27 15912940 5
M1 33 -35 1 3415876778 8 | 47 2 45 - 48 2 48 15856.190* 80 | 12 2 11 - 11 2 10 15812050 -1 3R 3 29 -31 3 28 15913.261 6
35 1 34 - 36 1 35 15875.622 0|48 2 46 - 49 2 47 15854.923° 104 113 2 12 - 12 2 11 15912611 B |33 330 -32 3 29 1591357 4
d 1 3 - 37 1 36 15874.442 2|49 2 47 -50 2 48 15853627 m 14 213 - 13 2 12 15913157 13 [ 34 3 31 - 33 3 30 15913888 0
a7 t 36 -38 1 37 15873.2% 13 |50 2 48 - 51 2 48 15852.320° 118 { 15 2 14 . 14 2 13 15913.686 16 | 35 3 32 -3 3 3N 15914140 -1
38 1 37 -39 1 38 15872.019* 29 [ 51 2 49 - S2 2 50 15851.033* 151 16 2 15 - 15 2 14 15014.207* 2 [ 3% 333 -3 3 3215914411 B
38 1 38 -40 1 39 15870.805" 25 | 52 2 50 -53 2 §1 15849.701* 182 { 17 2 16 - 16 2 1§ 15914711 25 | 37 3 34 - 3% 3 33 15914665 £
40 1 30 - 41 1 40 15880573 27 | 83 2 51 - %4 2 52 15848.377* 189 | 18 2 17 - 17 2 16 15915.205" 31 38 3 35 - 37 3 3415814910 8
€ v 5 - 5 1 41513501 5[5 25 -55 2 53 15847.014 156 | 19 2 18 - 18 2 17 15915.688" 3 [ 38 3 36 -38 3 35 15915151 2
7 1 6 -6 1 515914140 9 | 55 253 -5 2 5¢ 15845678 178 |20 2 19 - 19 2 18 15916.151" 40 | 40 3 37 -39 3 36 15915377 il
8 1 7 - 7 1 615614780 2 [ 56 2 54 -5 2 55 15844.328 194 1 21 2 20 - 20 2 19 15016612 52 [ 41 3 38 -40 3 37 15915592 6
9 1 8- 8 1 7 15815425 2 | 57 2 55 - 58 2 56 15642950% 189 (2 2 21 - 21 2 20 15917.063* 67 | 42 3 39 - 41 3 38 15915787 3
10 1 9 - 9 1 81518019 9 |58 256 -5 2 57 15041576 193 | 23 2 22 - 22 2 2t 15917.500* B4 | 43 3 40 - 42 3 39 15915964 B
1M 110 - 10 1 9 15916612 6 |58 257 -60 2 58 15840.186" 187 (24 2 23 -23 2 22 15017.823* 83 | 44 3 41 - 43 3 40 15916151 €
12 1 11 - 11 1 10 15917196 6 3 2 2 - 4 2 31%01418° 38 | 25 2 24 - 24 2 23 15918.330% 102 | 45 3 42 - 44 3 41 15816300 -7
13 112 -12 1 1 15917768 8 4 2 3 - 5 2 4 15900.566 16 | 26 2 25 - 25 2 24 15918.737 125 | 46 3 43 - 45 3 42 15916473 14
14 113 .13 1 12 15018330 10 5 2 4 - 8 2 5 158090862 37 |27 226 -2 2 25 15919126 142 | 47 3 44 - 45 3 43 15016612 14
15 1 14 - 14 1 13 15918870 4 6 2 5.7 2 615000081 41 | 28 2 27 - 27 2 26 15019502° 150 | 48 3 45 - 47 3 &4 15916737 12
18 1 .15 - 15 1 14 15919.410 " 7 2 8- 8 2 7 15808289 24 | 28 2 28 - 28 2 27 15919.900° 212 | 49 3 46 - 48 3 45 15916852 12
17 1 16 - 18 1 15 15819.954* 18 8 2 7 - 9 2 B 15897434 37 | 30 2 20 -290 2 28 15820284* 22 [ 50 3 47 - 49 3 456 15916938 o
18 1 17 217 1 16 15620430 4 $ 2 8 -10 2 9 15896620 16 | 31 2 30 - 30 2 29 15820.673° 331 51 3 48 - 50 3 47 15917063 25
1% 1 18 - 18 1 17 15820925 410 2 9 -11 2 10 15886776 -14 1 32 2 31 - 31 2 30 15921.033* 383 | 52 3 49 - 51 3 48 15917132 12
20 1 19 -9 1 18 1581407 6 | 11 210 -12 2 11 15804918 Sty | 33 2 32 - 32 2 31 15821.407* 463 | 53 3 S0 - 52 3 49 15017196 5
21 1 20 -20 1 19 15821868 0|12 211 -13 2 12 15884.061 4 (11 3 8 -12 3 9 15887.367 -14 | 54 3 81 - 53 a3 50 15917262 12
2 121 .21 1 20 15822320 2 |13 212 - 14 2 13 15893178 712 3 8 -13 3 10 15886.506 5 |55 3 52 - 54 3 51 15917334 39
23 12 -2 121 158275 -0 (14 213 - 15 2 14 15882282 8 [13 3 10 -14 3 11 15885.620 -9 | 56 3 53 - 55 3 52 15917.374* 36
24 123 -23 1 2 150319 1 15 2 14 - 16 2 15 15801.368 5 [15 312 -16 3 13 15883.836 7 B 4 4 - 9 4 515881437 -8
25 1 24 -24 1 23 15923.609 8 (18 215 -17 2 16 15890.465* 24 | 16 3 13 - 17 3 14 15882913 k] 9 4 5 -10 4 & 158680603 1
26 1 25 - 25 1 24 15823.996 4 | 17 218 -18 2 17 15889.516 W[ 17 3 14 - 18 3 15 15881.966 <13 | 10 4 B - 1% 4 7 15879785 4
27 1 28 -2 1 25 15824.377 7| t@ 217 -19 2 18 15888.577 19 [ 18 3 15 - 19 3 16 15881.053* 71 4 7 .12 4 815878917 2
28 1 27 -27 1\ 26 154NN 23 (19 2 18 - 20 2 19 15887.623* 2 |19 3 18 - 20 3 17 15880.082 0 (12 4 8B -13 4 915878034 13
29 1 28 -28 t 27 15825105 S5 120 219 - 21 2 20 15886.661" 3 120 317 -21 318 15879.114 -1 13 4 9 - 14 4 10 15877154 13
30 1 20 -20 1 20 15325444 |21 22 -2 2 21 156885.690" 51 21 3 18 -22 3 19 15878137 1 14 4 10 - 15 4 11 15876268 -7
31 1 30 - 30 1 20 15825785 S|l2 221 -23 2 22 15684706 66 (2 3 19 -23 3 20 15877.154 2 [ 15 4 11 - 16 4 12 15875370 Bl
32 1 3 -3 1 30 156101 8123 2 22 -24 2 20 15883.606* 84 | 23 3 20 - 24 3 21 15676.143 1 16 4 12 - 17 4 13 15874 442 -12
33 1 32 -3 1 31 15826387 6 |24 2 23 -25 2 24 15882.680" 70 (24 3 21 - 25 3 22 15675132 5 (17 413 -18 4 14 15873538 12
34 1 33 -33 1 32 15626676 1 25 2 24 -26 2 25 158816577 81 25 3 22 -26 3 23 15874.107 7|18 4 14 - 19 4 15 15872.58C €
35 1 34 - 34 1 33 15826947 326 225 -27 2 26 15880.648" 19 (26 3 23 - 27 3 24 15673.058 3 [ 19 415 -20 4 16 15871637 4
3 1 35 -35 1 34 15027.200 Q|27 228 -28 2 27 15879621 150 (27 3 24 - 28 3 25 15872019 8 (20 4 16 - 21 4 17 15870679 1
37 1 36 -36 1 35 15Q27.444 5|28 227 -29 2 28 15878575 176 (28 3 25 - 29 3 26 15870947 B |21 4 17 - 22 4 18 15869.680 12
38 1 37 -37 1 36 15827673 7129 228 -30 2 20 15877.526" 210 (29 3 26 - 30 3 27 15869.874 2|2 4 18 -23 4 19 15868702 -1
39 1 38 .38 1 37 15827.870 4|3 22 -31 2 30 15876.470" 248 | 30 3 27 - 31 3 28 15868.788 -3 |23 419 - 24 4 20 15867.696 6
40 1 39 -39 1 38 15328078 2 (3 230 -32 2 21 15875421° W7 | 31 3 28 -3 3 29 15867698 4 124 420 -25 4 21 15866.701 10
41 1 40 - 40 1 39 15028.267 7132 231 -33 2 32 15874.383* 388 [ 32 3 29 -33 3 N 15666.501 6|25 4 21 26 4 22 15865661 €
42 1 41 -4 1 40 15828.415 -4 | 33 2 32 -34 2 3315873373 508 {34 3 3 - 35 3 32 15864.332 -1 26 4 2 - 27 4 23 15864.626 -5
43 1 42 - 42 1 41 15828.579 5 7 2 5 - 6 2 415908066 28 135 3 32 -3 3 33 15863181 8127 423 -28 4 26 15863580 -4
4 1 43 -4 1 42 15528736 10 8 2 6 - 7 2 515909.700 -12 | 36 3 33 - 37 3 34 15862027 B |28 4 24 -29 4 25 19862522 -4
45 1 44 - a4 1 43 15828.881 5 9 2 7 -8 2 615030 -7 | 37 3 34 - 38 3 35 15860.865 4 |29 4 25 -30 4 26 15861453 -2
46 1 45 - 45 1 A4 15028475 3110 2 8- 8 2 715810908 -3 [ 38 3 35 -39 3 36 15850685 7 [ 30 4 26 - 31 4 27 15860366 7
47 1 48 - 48 1 45 15820080 911 2 9 -10 2 B 15811482 B |39 3 36 -40 3 37 15858.490 -14 | 31 4 27 - 32 4 28 15859275 -4
48 1 A7 - 47 1 46 15829.158 8|12 210 -11 2 9 15912050 8 | 40 337 .41 3 38 15857.290 14 | 32 4 28 - 33 4 29 15858166 7
48 1 48 - 48 1 47 15929.245 4 (13 2 11 -2 2 10 15012611 3 |41 3 38 - 42 3 39 15856.088 4 |33 429 -34 4 30 15857049 -7
50 1 49 - 49 1 48 15829.304 D[4 212 .13 2 11 153187 “1 42 3 39 - 43 3 40 15854.865 5134 4 30 -35 4 31 15855928 <
3 2 1 - 4 2 21501418 35 [ 13 2 13 - 14 2 12 15013.686 2 | 43 3 40 - 44 I 41 15860.627 210 | 35 4 31 - 36 4 32 15854785 4
4 2 2 - 5 2 3 15000668 “16 | 16 2 14 - 15 2 13 15914.207 O | 44 3 41 - 45 3 42 15852775 -18 | 36 4 32 - 37 4 33 15853627 10
5 2 3 - 8 2 4153996862 37 |17 215 -6 2 14 15914710 2 [ 45 3 42 - 46 3 43 1585112 6 | 37 4 33 38 4 34 15852473 -3
6 2 4 - 7 2 515399001 A1 18 2 16 - 17 2 15 15815.206 3 [ 46 3 43 - 47 3 44 15849867 5 | 38 4 34 -38 4 35 15851302 a
7 2 5 - 8 2 & 15886.260" 25 | 19 2 17 - 18 2 16 15915688 2 [ 47 3 44 - 48 3 45 15848587 B8 | 39 4 35 -40 4 36 15850117 Q
8 2 6 - 9 2 7 15897.434* .38 | 20 2 18 - 19 2 17 15916151 B {48 345 - 49 3 46 15847.301 7 {40 4 36 - 41 4 37 15848926 5
9 2 7 -10 2 8 15886.820 7121 2 19 - 20 2 18 15018612 -5 | 48 3 46 - 50 3 47 15846.013 3[4 4 37 -42 4 38 15847.718 4
0 2 8 -1 2 9 15885776 A5 |2 220 - 21 2 19 15017.063 0 | 50 3 47 - 51 3 48 15844.695 -7 [ 42 4 38 -43 4 39 15846.488 7
12 9 -12 2 10 15684918 -13 [ 28 2 24 - 25 2 23 15918737 10 [ 5t 3 48 - 52 3 49 15843.378 -5 | 43 4 39 - 44 4 40 15845253 13
122 10 - 13 2 11 15804.081 127 225 -26 2 24 15919126 13 [ 52 3 49 - 53 3 50 15842049 5] 44 4 40 - a5 4 41 15844016 -0
13 2 ¥t .14 2 12 15893178 2 (28 226 -27 2 2515019.502 15 | 53 3 50 - 54 3 51 15340706 S10 1 45 4 41 - 46 4 42 15842779 4
14 212 - 15 2 13 15892.262 2129 227 -20 2 2615919847 2 154 35 -5 3 5215839362 5 [ 46 4 42 - 47 4 a3 15841505 Rl
15 213 - 16 2 14 15801.368 4 130 228 -29 2 27 15820.204 4|55 362 .56 3 5315838001 B | 47 4 43 - 4B 4 44 15840.239 2
16 2 14 - 17 2 15 13890465 4 |31 2 290 -30 2 28 15620.545 715 35 -5 3 5415836641 2 [ 48 4 44 - 49 4 45 15838962 5

Note. (*) Line not included in the fit.
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TABLE IV-—Continued

Ka' Ko Ka" K" GBS &-C K" Ko Ka" K" OBS O Ka' Ko K" Kem o Obs L EANE U O T SR G

49 4 45 - 50 4 48 15837662 -1 35 4 31 - 34 4 30 15008721 S |25 5 20 -26 5 21 1585745 n 17 5 12 - 16 5 11 15890.500* 19
50 4 46 - 51 4 47 15836.362 4136 4 32 -35 4 31 15905.996 7|28 5 20 -27 S 22 15856.406 0|18 5 13 -17 5 12 15890979 5
51 4 47 - 52 4 48 156835.053 9 (3 433 -35 4 3215906248 -1 27 5 22 -28 5 23 15855360 4 (19 5 14 - 18 5 13 15891458 5
52 4 43 - 53 4 49 15833711 7] 3% 4 34 -37 4 33 15906.504 5728 5 23 -29 § 24 15854206 212 515 - 19 5 14 15891827 6
53 4 49 - 54 4 350 15832382 -1 39 4 35 - 38 4 34 15906.739 3|29 5 24 -30 § 2518853222 221 516 -20 5 15 15892384 7
54 4 50 -55 4 51 15831049 1 40 4 35 - 30 4 35 15908.969 8 |30 525 -31 5 26 15852127 7 [ 2 517 -2t 5 16 15892826 8
55 4 51 - 56 4 52 15620.696 14 | 41 4 37 - 40 4 36 15907.170 3|31 5 26 -32 5 27 15851034 3123 518 -22 5 17 15893251 2
5 4 52 - 57 4 53 15828314 3§42 4 3 - 41 4 37 15007373 - 32 5 27 - 33 5 28 15843924 4 125 520 -24 5 19 15894.081 -10
57 4 53 -58 4 54 15826.049 7 (43 4 39 -42 4 38 15007560 3|3 528 .34 5 29 15848.796 11| 26 5 21 -25 5 20 15894457 £
58 4 54 - 59 4 55 15825555 3|44 4 40 -43 4 39 1500773 -9 134 529 -35 5 30 15847.664 1 27 5 22 -28 5 21 15894851 8
59 4 55 .60 4 56 15624370 6 | 45 4 41 - 44 4 40 15807807 3|35 5 30 -368 5 31 15646540 9|28 523 -27 5 22 15885211 0
i1 4 7 -0 4 B i56uSe8E° 2B 46 4 4z - 45 4 41 15906055 4 | 3% 5 3 -37 5 32 i%8AdIE2 13 | 2B 5 24 - 28 5 23 15895561 4
12 4 8 -11 4 7 15896.039 6 | 47 4 43 - 45 4 42 15908194 4 |37 5 32 -38 5 33 15844.201 8 |30 525 -29 5 24 15895909 1
13 4 9 - 12 4 B8 15896.620" 0 | 48 4 44 - 47 4 43 15908.345% 18 [ 38 5 33 -39 5 34 15843019 2 [ 31 5 26 -3 5 25 15896239 o
14 4 10 -13 4 9 15897151 18 | 49 4 45 - 48 4 44 15908469 24 | 39 5 34 - 40 5 35 15641840 -1 32 527 -31 5 26 15896.583 B
15 4 11 - 14 4 10 15897.688" 21 S0 4 46 - 49 4 45 15908556 5| 40 5 35 - 41 5 36 15840.639 2133 528 -3 5 27 15896.863 2
18 4 12 - 15 4 11 15896.188 0 | 59 4 47 - 50 4 46 15808.675* 31 | 41 5 36 - 42 5 37 15839.421 713 529 -33 5 28 15897151 3
17 4 13 - 16 4 12 15828701 5 )52 4 48 - 51 4 47 15008.748" 19 ] 42 5 37 .43 5 38 15838208 3135 5 30 -3 5 29 18807429 Bl
18 4 14 - 17 4 13 15800.209 12 | 83 4 49 - 52 4 48 15008.807 8143 5 38 -44 5 39 15836907 17 | 36 & 31 - 36 5 30 156897.689 13
19 4 15 - 18 4 14 16899.665 -9 | 54 4 50 -53 4 49 15908.861 2 |44 539 -45 5 40 15835728 4 (37 5 32 -3 5 31 15897966 7
20 4 16 -19 4 15 15000.138 R 8 5 3 - 9 5 4 15873.240 -1 45 5 40 - 46 5 41 15834479 n 38 5 33 -37 5 32 15898188 14
21 4 17 - 20 4 16 15000.604 3 9 5 4 -10 5 5 15872414 5] 46 5 4t - 47 5 42 15833.190 -n 39 5 34 - 38 5 33 15898435 2
22 418 - 21 4 17 15901.085 B 110 5 5 .11 5 & 15871.557 -18 [ 47 5§ 42 - 48 5 43 15831917 -5 | 40 5 35 -39 65 34 15898 659 7
23 4 18 -2 4 18 15901488 7 5 & -12 5 7 15870.724 5148 5 43 - 49 5 44 15830636 41 5 36 -40 5 35 15896.861 2
24 420 -23 4 19 1501911 10 [ 14 5 9 -15 5 10 15868.071 4 | 49 5 44 - 50 5 45 15820337 4 | 42 5 37 -4 5 36 15898 060 6
25 4 21 - 24 4 2015902315 5 ]15 510 -16 5§ 11 15867.161 8 150 5 45 - 51 5 45 15620.022 1 43 5§ 38 - 42 § 37 15899.255" 19
26 42 -25 4 21 15902708 3 J168 5 1t 17 5 12 15866.256 5|6 5 4 -52 § 47 15826701 1 44 5 39 -43 5 30 15899.413 7
27 4 23 - 26 4 2 15903.080 1 17 512 - 18 S 13 15885319 3|52 5 47 -53 § 48 15825.365 3 [ 45 5 40 - 44 5 39 15899 569 5
28 4 24 - 27 4 23 15903.465 4 (18 5 13 -19 5 14 150864.386 7 153 5 48 -5 5 49 15824.026 -1 46 5 41 - 45 5 40 15899.725" 16
20 4 25 - 28 4 24 15903.620 1 19 5 314 - 20 5 15 15863439 14 | 54 5 49 - 55 5 50 15822673 0] 47 5 42 - 46 5 41 15899 865 21
3 4 28 22 4 25 15904167 1 2 5 15 -2y 5 15 15882447 -1 88 5 56 -8 5 St 15821310 1 48 5 43 - 47 5 a2 15895.58% 23
31 4 27 - 30 4 26 15904503 2128 516 .22 § 17 15861.489° 20 | 5% 5 5 57 5 62 15819.933 3149 5 44 - 48 5 43 15900095 19
32 4 28 - 31 4 27 15904.824 1 2 517 -23 5 18 15860.498 10 [13 S 8 -12 5§ 7 15888.384 015 5 45 -49 S5 44 15900201° 27
33 429 -32 4 28 15905139 6 ]23 518 -24 5 19 15859.484 2 14 5 9 -13 S5 B 15888937 10

34 4 30 - 33 4 29 15905.456" 26 | 24 519 - 25 5 20 15858.464 7116 51 15 5 10 15890.00t* 26

comparison this table also shows the partial r, structures determined from our previous
paper (5) for the B' A” and X ' 4’ states. The errors on the geometrical parameters are
largest for the A' A’ state, presumably because some global perturbations were absorbed
into the values for the rotational constants obtained from our fit. In particular, the B
and C constants for CuOD were obtained from fitting just the upper asymmetry com-
ponent of the K, = 1 PR subbands—the lower component is very perturbed. We have

no way of knowing the extent of giobal perturbation of this upper component.

DISCUSSION

A simple zeroth-order, ionic picture of the bonding in the ground state of CuOH
consists of a Cu* ('S, 3d'%) cation perturbed by the ligand field of an OH™ (=)
anion. The lowest excited states would then arise from the Cu™ (* D, 3D, 3d°4s) cation
formed by the 4s < 3d promotion. This model predicts that CuOH should resemble

“ s+ ind gtat nd th 1/\ 34 3717
the isoclectronic CuF (12, 13) with an X'S" ground state and the A, I

13+ 33+ excited states arising from the Cu d-hole.

The true bonding in CuOH must involve a substantial amount of covalent character
in the Cu-O bond of CuOH because the ground and all of the known excited states
of CuOH are strongly bent with an angle of 110-118° (Table VI) compared to the
angle of 104.5° for H,0O. The simplistic ionic model also cannot explain the large
increase ( ~8%) in the O-H bond length between the X ' 4’ and A' A’ states. The only
appropriate model is therefore one in which covalent bonding and electron correlation
ara Ailly talban inta arcannt
aly luu_y LARLLL LIILU avvuullL,

It is interesting to try to correlate the observed excited CuOH states with those of
the isoelectronic CuF molecule (as well as back to the hypothetical linear CuOH
molecule). For example, the green B'A”-X1'A’ transition seems to correlate to the
C'II-X ' transition of CuF (12, 13). The 4' A’ state of CuOH probably correlates
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TABLE V

JARMAN, FERNANDO, AND BERNATH

I Ka' Ko 1 Ka'Ke"  OBS Ka J Ka" K™ OBS oC Ka' Ke' 1 OBS 0« | Ka' Ko UBS o-C
5 1 4 - & 1 5 15004857 2 2 2 15000.734 20 3 3% -4 3 15858.707 -a 4 8 4 15605.900% 2
8 1 5 - 7 1 6 15904065 2 2 2 158T. 707 k. 337 -4 3 15857 .507 0 4 9 - L] 15806460 A5
7 1 6 - 8 1 7 15003253 2 8 2 15000.995 5 338 .42 3 15856298 -15 4 10 4 15697.025 -1
8 1 7 9 1 8 15902436 2 7 2 15000.601 -14 3% -4 3 15855.083 -14 4n 4 15807.563 2
9 1 8 -10 1 9 15001612 2 8 2 15810.214 2 40 -4 3 15853.866 - 412 4 150808.051° -20
10t 9 -11 1 10 15800771 2 9 2 15810.804 -1 3 8-10 3 15003.820 3 419 4 15008.572 3
o310 - 12 1 11 15880.916 2 10 2 15011.383 1 a3 9-1 3 15004.382 -7 4 14 4 15860.060 8
12 1 11 -13 1 12 15899.060 2 " 2 15911.936 9 3 -13 3 15005.456* -7 4 15 4 15080.519* 27
13 1 12 - 14 1 13 15898.188 2 12 2 15012.508 7 3 -14 3 15605.906 15 | 20 4 18 4 15600 960~ -1
14 1 13 - 15 1 14 15897.206 2 13 2 15013.030 3 3 -15 3 15008.506* 21l 47 4 15000.454 A
16 1 15 - 17 1t 16 15895.495 2 “ 2 15013.567 8 3 -16 3 15607 028 {2 48 4 15600.900 A
18 117 - 19 1 18 15883.647 2 15 2 15914.081 9 3 -17 3 15807515 S|23 419 -2 4 15801336 -4
2 119 -21 1 20 1539173 2 % 2 15814.582 " a -18 3 1508.000 2|24 42 -2 4 15801.754 3
2 12 -2 i 2 580767 z i i7 2 16 i59i5.074 i6 3 -8 3 15808 468 4B 42 -4 4 15002.156 3
2 121 .23 1 22 15889.766 2 18 2 15015.562* 0 3 -2 3 15008.924 7|26 422 .2 a 15002 555 0
23 1 22 -24 1 23 15688779 2 19 2 15018.019¢ 2 3 -2t 3 15000.368 0|2 425 .28 4 15003.664 7
24 1 23 - 25 1 24 15887.7%0 2 8 2 15008.906 £ 32 -2 3 15600.763 6|3 42 -20 4 15004.001 2
25 1 24 - 26 1 25 15886723 2 7 2 15000.601 -15 32t -23 3 20 1591004 12 |3 427 -30 4 15004.334 4
26 1 25 -27 1 26 15885691 2 8 2 15810.214 - 322 -24 321 15910823 16 |2 428 -3 4 15004.662 14
27 1 26 - 28 1 27 15084.655 2 e 2 15010.804 R 323 -25 3 2 15010000 2| 42 -2 4 15004.962 8
29 128 -30 1 2% 15882528 2 10 2 15911.383 4 3 24 -2 3 23 15911.383 6|34 43 -3 4 15005.266* 19
W 129 -3 1 30 15881.437 2 n 2 15811.936 16 325 - 27 3 24 15911744 235 431 -34 4 15005.551* 3
31 1 30 - 32 1 31 15880.318 2 12 2 15912.503 2 326 -28 3 25 15912104 8136 43X -3 4 15005.825* 2
33 132 -3 1 33 15878.076 2 13 2 15913.030 -15 327 -29 3 28 1912442 4|37 433 -3 4 150806.077* 2
34 133 -35 1 34 15876.956 2 14 2 15013.567 B 328 -30 3 27 1592768 1 14 5 9 -15 5 15868.071* 19
35 1 34 -38 1 3515875778 2 15 2 15914.081 Rl 320 -31 3 28 19913.09 8 (15 510 -16 5 15867.161 8
36 1 35 - 37 1 38 15874615 2 % 2 15914.582 Ral 3 30 - 3R 3 29 15913402 14|13 5 8 -14 5 15868.930 9
37 1 36 -38 1 37 15873.437 2 17 2 15915.074 -1 3 31 -33 3 3 15913686 6 (18 51 17 5 15866.256 14
38 1 37 -39 1 38 15872225 2 18 2 15915.562 2 3 32 -34 3 31 15013975 16 {17 512 -18 § 15865.319 -1
21 n 111 10 15917.063 2 19 2 15016.019 -3 3 33 - 35 3 32 15914.245% 19|18 513 -19 5 15864.386 1
13 112 -12 1 1 1591784 2 2 2 15016.473 -15 3 34 -3 3 33 15914501 2 (19 514 -2 5 15863 439 1
141 13 - 13 1 12 15918190 222 -1 2 15016.937 6 3 35 - 38 3 35 1504972 19 (21 §16 -2 5 15861 490 -9
151 14 - 14 1 13 15918797 22 .2 2 15917.374 1 3 37 -39 3 B IS5 3B )2 518 -24 5 15850.590 9
B 115 - 15 1 14 15019.262 22 -3 2 15017.768 -4 4 6 -11 4 715878785 10|25 520 -26 5 15857.507 2
17 1 18 - 16 1 15 15919.773 223 -24 2 15918.180 0 4 7 -12 4 B 15878.920 5|26 521 -27 5 15856.465 -10
18 1 17 17 1 16 15820.283 224 -25 2 15018.580 4 4 B8 -13 4 9 15878.076 14 |27 5§22 -28 5 15855.442 9
19 1 18 - 18 1 17 15820.772 225 -2 2 15818.973 5 4 9 - 14 4 10 15877199 028 523 -2 6 15854.366 -13
20 1 18 .19 1 18 15821227 22 -27 2 15819.349 9 4 10 - 35 4 11 15876.316 13129 524 -0 5 15853.308 -5
22 1 20 -20 1 19 1582172 227 -28 2 15919.701 1 4 11 - 16 4 12 15875421 8|3 525 -31 5 15852225 -1
2 121 .21 1 20 15822158 228 -2 2 15620,049 3 492 - 17 4 13 15874.490 4|3 52 -3 5 15851.133 14
23 1 2 -2 1 21 15822581 22 -30 2 15820.375 - 4 14 - 19 4 15 15872631 8RR 527 -1 5 15850.022* -24
24 1 23 -23 1 22 15823.025 3 4 8 3 15800.705 -+ 4 15 - 20 4 16 15871688 4|33 528 -3 5 15848.925 -9
25 1 24 -24 1 23 15823.4%0 3 5 9 3 16889.800 4 |20 4 t6 - 21 4 17 15870724 | M4 529 -35 5 15647 802 8
26 125 -25 1 24 15023842 3 6 -1 3 158080.065 4 |21 417 - 22 4 18 15669.766 0|3 53 -3 5 15846.666 ]
27 1t 26 -26 1 25 15624228 3 7-1n 3 15888.227 3|2 418 -23 4 19 15868788 4136 53 -37 5 15845.520 7
28 1 27 -27T 1 26 15624596 3 8 -2 3 15887.366 2 [ 23 419 - 24 4 2015967777 14 [ 38 533 -% 5 15843 202 4
20 1t 28 -28 1 27 15624.940 3 9 -13 3 158086.506 10 [ 24 4 20 - 25 4 21 15866.776 -9 [40 53 4 5 15840.833 9
30 129 -20 v 28 15025262 311 .15 3 15884.756 A [(25 421 -26 4 22 15865764 5|4 538 -4 5 15839 622 3
R 13N -3 1 0 15825809 3 14 -18 3 15882.029 10 | 26 4 22 - 27 4 23 15864.738 1| 42 537 -43 5 15838.400 -
33 1 32 -3 1 31 15626208 315 -19 8 15881.097 15 | 27 4 23 - 28 4 24 15863.708 8[43 538 -4 5 15837.180 4
34 133 -33 1 3215826470 316 -2 3 15880.133 2|28 4 24 -29 4 25 15862643 5|44 538 -4 5 15835.846 8
35 1 34 - 34 1 33 15026747 3 -1 3 15879.184 9|20 4 26 - 30 4 26 15861.565* 1B [ 45 5 40 - 46 5 15834.699 1"
36 1 35 -235 1 341582701 318 -2 3 15878.209 5|30 4 2 -3 4 27 15860.408 A0 (2 517 -2 S 15892.649 1"
37 1 36 -36 1 35 157230 319 -23 3 15877.199* 21 | 31 4 27 - 32 4 2B 15858.412 10 | 23 § 18 -2 § 15883.084™ 19
15 2 14 - 16 2 15 15801.404 2 319 -23 3 15877.234 14 | 32 4 28 - 33 4 29 15858.318 6|24 519 -23 5 15883.491 10
16 2 15 - 17 2 16 15890.500 23 320 -24 3 15876.221 4 |33 4 20 - 34 4 30 15857.207 6|25 S5 20 -24 5 15803.911* 28
17 2 16 - 18 2 17 15889572 24 321 2% 3 15875.226 8|34 4 30 -35 4 1 15858088 412 521 -25 § 15894 2682 9
18 2 17 - 19 2 18 15888633 2% 32 -2 3 15874.189 0} 35 4 31 -38 4 32 15854873 14|27 s 22 -2 5 15894.671* 20
19 2 18 - 20 2 19 15887672 26 323 -27 3 15873.148° 20 | 38 4 32 - 37 4 33 15853.806 9 {28 523 -27 5 15895.024 8
20 219 -21 2 20 156888723 27 3 24 -28 3 2515872117 9 | 37 4 33 - 38 4 34 15852640 18 | 29 5 24 -28 5 15896374 6
15 2 13 - 16 2 14 15891.404 28 3 25 -29 3 26 15871072 0|38 4 34 -39 4 35 15851489 23 52 -29 5 15685 697 -n
16 2 14 - 17 2 15 15890500 29 3 26 - 30 3 27 15869.980 8 | 30 4 35 -40 4 36 15850.303 40 | 31 5 26 - 30 5 25 15896.041 6
17 2 t5 - 18 2 16 15889.572 5|30 327 -31 3 76 15868930 2140 4 36 - 41 4 37 15849.124 13 527 -31 5 26 15888.372" 2
18 2 16 - 19 2 17 15088833 3 )31 328 -32 3 29 15867835 4 141 4 37 - 42 4 36 15847925 313 S 28 -32 S 27 15896672 18
19 217 -20 2 18 15887672 9 [33 3 30 -34 3 3 15865613 13 [ 42 4 38 - 43 4 30 15846747 8 )34 529 -33 5 28 15896956 14
20 2 18 - 21 2 19 15886723 1 34 3 31 - 35 3 32 150864480 -13 | 43 4 39 - 44 4 40 15845.520* 34 | 35 5 30 - 34 5 29 15897.220 ¢
21 219 -2 2 20 15885.759 9136 332 .38 3 33 15863.340" <27 | 44 4 40 - 45 4 41 15844261 n 36 5 31 -35 5 30 15897.480 -4
2 220 -23 2 21 1586475 - | 36 3 33 -37 3 3415862210 10 | 45 4 41 - 46 4 42 15843019 15 | 38 5 33 - 37 5 3 15897966 11
24 2 22 -25 2 23 15882767 4 {37 334 -33 3 35 15861.055 £ 9 4 5 - B 4 41580418 13 | 39 5 34 - 38 S5 33 15898188 18
25 223 -26 2 24 15881.774" 30 138 3 35 -39 3 I 1585088 -1 11 4 7 -10 4 6 15895.374 10

Note. (») Line not included in the fit.

with the B'Z™ state of CuF at 19 717 cm ™ (12, 13). However, the A'A’ state of
CuOH could also correlate with the 0*e spin component of the #°II state (14-16)
(called AO* in Refs. /2 and 13) of CuF at 17613 cm!. More experimental and.,
particularly, theoretical work is required before a clear description of the excited CuOH

states emerges.

There is an ab initio calculation of the ground state geometry of the CuOH molecule
at the SCF level (/7) by Illas et al. They find a bent CuOH molecule with rcy,_o = 1.818
A, ro_n = 0.960 A, and £Cu-O-H = 131.9° slightly more stable than the linear form.
Except for the ro_y distance, there is only modest agreement between the predicted
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TABLE Vi

rs Structure for CuOH

Parameter XA Aly B4
rceo  (A) 1.76893(25) 1.7748(32) 1.78414(46)

ron (A)| 09520(50) | 1.0348(40)| 0.9508(27)
Lcwon (°) |110.245(80) | 111.0(16) | 117.670(98)

values and those observed by experiment (Table VI). A similar calculation by Kli-
menko et al. (18) predicted royo = 1.767 A, ro_u = 0.937 A, and £Cu-O-H = 126°.
It is evident from the perturbations seen in the spectra that the A' 4’ state is inter-
acting with a vibronic state associated with a lower-lying electronic state, presumably
the state responsible for the other red system at 6640 A. We also suspect that the
O-H stretch of this state is responsible for the perturbations seen in the green system
(5). Work is currently in progress on analyzing this other red system. This system
almost certainly has an excited triplet state because we have seen resolved hyperfine
structure at Doppler resolution. Our analysis of this system should enable us to place
some of these rather speculative arguments about perturbations and electronic cor-
relations on a more quantitative footing. Once again we appeal for a good ab initio
calculation to be performed on the excited states of this fascinating molecule.

ACKNOWLEDGMENT
This work was supported by the National Science Foundation (CHE-8913785).

RECEIVED: August 20, 1990

REFERENCES

. M. TRKULA, D. O. HARRIS, AND R. C. HILBORN, Chem. Phys. Lett. 93, 345-349 (1982).
. M. TRKULA AND D. O. HARRIS, J. Chem. Phys. 79, 1138-1144 (1983).
. A, M. ANTIC-JAVANOVIC AND D. S. PESIC, Bud. Chem. Soc. (Belgrade) 34, 163 (1969).
. J. M. PARSON, private communication.
. C. N. JARMAN, W, T. M. L. FERNANDO, AND P. F. BERNATH, J. Mol. Spectrosc., in press.
. J. B. WEST, R. S. BRADFORD, J. D, EVERSOLE, AND C. R. JONES, Rev. Sci. Instrum. 46, 164-168
(1975).
7. S. GERSTENKORN AND P. Luc, *“*Atlas du Spectre d’Absorption de la Molecule d’lode.” Laboratoire
Aimé-Cotton, CNRS 91405 Orsay, France.
8. S. GERSTENKORN AND P. Luc, Rev. Phys. Appl. 14, 791-794 (1979).
9. J. K. G. WATSON, in “Vibrational Spectra and Structure” (J. R. Dung, Ed.), Vol. 6, p. I, Elsevier,
Amsterdam /New York, 1977.
10. J. KRAITCHMAN, Amer. J. Phys. 21, 17-24 (1953).
11. C. C. COSTAIN, J. Chem. Phys. 29, 864-874 (1958).
12. F. AHMED, R. F. BARROW, A. H. CHOJNICKI, C. DUFOUR, AND J. SCHAMPS, J. Phys. B 15, 3801-3818
(1982).
13. C. DUFOUR, J. SCHAMPS, AND R. F. BARROW, J. Phys. B 15, 3819-3828 {1982).
14. T. C. STEIMLE, C. R. BRAZIER, AND J. M. BROWN, J. Mol. Spectrosc. 91, 137-149 (1982).
15. C. R. BRAZIER, J. M. BROWN, AND T. C. STEIMLE, J. Mol. Spectrosc. 97, 449-453 (1983).
16. T. C. STEIMLE, C. R. BRAZIER, AND J. M. BROWN, J. Mol. Spectrosc. 110, 39-52 (1985).
17. F.ILLAS, J. RUBIO, F. CENTELLAS, AND J. VIRGILI, J. Phys. Chem. 88, 5225-5228 (1984).
18. N. M. KLIMENKO, D. G. MUSAEV, T. S. ZYUBINA, AND O. P. CHARKIN, Koord. Khim. 10, 505-510
(1984).

1
2
3
4
5
6



