The rotational spectrum of the CD, radical studied by far
infrared laser magnetic resonance spectroscopy?
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We report the detection of 17 pure rotation transitions in the ground vibronic state of the CD, radical using
far infrared laser magnetic resonance spectroscopy. Fitting the data using an effective rotational Hamiltonian
yields values for the three rotational constants, seven centrifugal distortion constants, the three electronic
spin-rotation, and two electronic spin-spin parameters. We also fit this data, and CD, v, band data (published
separately], using the semirigid bender Hamiltonian and obtain the effective bending potential function for
CD,. Combining this with previous CH, resuits enables us to predict the rotation bending energy levels of
CHD. We also report here the detection of two further rotational transitions in the v, excited vibrational state

of CH,.

I. INTRODUCTION

Recently, high resolution infrared laser magnetic
resonance spectra of gas phase CH, in its ground X3B,
state have been obtained.!™® Analysis of these data has
yielded, among other things, values for the equilibrium
geometry and the height of the barrier to linearity.*
The fine and hyperfine splitting parameters have also
been determined for the ground vibronic state? and fine
structure parameters for the v, (bending) excited state.?
It was possible, using this data, to make predictions®
of the spectra of CD, and x:‘CHZ. These predictions fa-
cilitated LMR measurements of the v, band of 13CH2
which were subsequently made.? The present paper
reports the detection and assignment of the far infrared
LMR spectrum of CD,, and in the following accompany-
ing paper® the diode laser spectrum of part of the v,
band of CD, is reported.

In this paper we report the detection of 17 pure ro-
tation transitions in the ground state of CD, and we
analyze them using both the effective rotational Hamil-
tonian and (with the inclusion of the v, band data®) the
semirigid bender Hamiltonian, as was done for CH, in
Refs. 2 and 3. Comparison of the parameters ob-
tained here for CD, with those obtained previously for
CH, is of interest, and enables us to predict the ro-
tation-bending energy levels of CHD. We also report
here the detection of two more rotational transitions in
the v, excited vibrational state of CH,. The data ob-
tained here, and in Ref, 6, augment those obtained pre-
viously for CH, '™ and “CH,® and, in another accom-
panying paper, ’ all this rotation-vibration data is fitted
using the nonrigid bender Hamiltonian to provide an
X 3B, potential surface that is a refinement of that de-
termined before* in which only CH, data was used.
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1I. EXPERIMENTAL DETAILS AND RESULTS

All the spectra were recorded at the NBS Boulder
Laboratory using the far infrared LMR spectrometer
described previously.? The CD, radicals were produced
in the far infrared cavity by a flowing reaction between
perdeuterated methane and fluorine atoms; the fluorine
atoms were produced by flowing F, in helium through a
microwave discharge. Optimum signal strength was
obtained with partial pressures of 50 Pa He, 1 Pa F,,
and 0.5 Pa CD, (where 1 Pa=7.5 mTorr).

Before beginning the search the frequencies of ap-
propriate CD, rotational transitions were calculated
using the CD, term values predicted by Jensen, Bunker,
and Hoy.* These predictions were made using the po-
tential surface obtained by fitting the eigenvalues of the
nonrigid bender Hamiltonian to the experimentally mea-
sured®?® rotation and rotation-vibration intervals for
CH,. Using far infrared laser lines close to these pre-
dicted frequencies strong spectra were detected, and
these were assigned to CD, with some confidence on
the basis of their closeness to the theoretical predic-
tions, the chemistry of their production, and on their
nuclear hyperfine structure (when present). Subsequent
detailed analysis, reported below, confirmed the as-
signment.

Examples of spectra recorded using the 107.5 um
CD,0D laser line are shown in Figs, 1-3. The spec-
trum shown in Fig. 1 was obtained with the electric
vector of the laser radiation parallel to the magnetic
field direction (i.e., in 7 polarization), and that shown
in Fig. 2 with it perpendicular to it (¢ polarization).

In Fig. 3 a scan through a strong resonance at 0. 3401
T in 7 polarization is shown; the magnetic field modu-
lation amplitude and sample pressure were both reduced
to obtain this spectrum. The resonances in Figs. 1-3
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FIG. 1. Laser magnetic resonance
spectrum of CD, obtained with the
107.5 um (92,9906 cm™) laser line
of CD,0D in parallel polarization,
These resonances are various Zee-
man components of the 3, — 3;, rota-
tional transition (see Table ID),
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are assigned as components of the 3,, — 3,, rotational
transition, and the saturation features (inverse Lamb
dips) show the expected quintet and singlet hyperfine
structure. For most of our spectra the nuclear hyper-
fine structure was not well resolved.

In all nearly 200 resonances were assigned to com-
ponents of 17 rotational transitions. The laser lines
used are given in Table I and a complete list of the
resonances is given in Table II. The assignments were

made, with the help of the nonrigid bender predictions, *

using a desktop calculator and plotter to draw Zeeman
spectrum plots as described previousiy.!™?

I, ANALYSIS OF RESULTS

A. Using the effective rotational Hamiltonian

The effective rotational Hamiltonian for a vibrational
level of the *B, state of CH, was discussed in Ref. 2,
and we use the same Hamiltonian for CD,. We have not

0.08 0.10

attempted to analyze the fragmentary and poorly re-
solved nuclear hyperfine structure. The Hamiltonian
involves rigid rotor, centrifugal distortion, electronic
spin-spin interaction, electronic spin-rotation interac-
tion, and Zeeman effect terms as given, respectively,
in Egs. (2), (3), (4), (5), and (7) of Ref. 2.

The computer program2 used in the fitting was based
on that described by Barnes et al.'® and it sets up the
matrix of the Hamiltonian operator in a fully coupled
prolate symmetric top basis set which is truncated at
a point empirically found to cause negligibie change in
the eigenvalues of interest., In the present case the
basis set included all states up to and including matrix
elements with AN =£2 and Al =z 2. In the {it of the
eigenvalues of this Hamiltonian matrix to our data we
adjusted 15 parameters; the refined values of these
parameters, and their standard errors, are given in
Tabie III. The standard deviation of the fit is 5.2 MHz
and the (observed-calculated) values for all the assigned

CD; I07.5um o
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FIG. 2. Same as in Fig. 1, but with
perpendicular polarization ot the laser
radiation relative to the Zeeman field.
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FIG. 3. One Zeeman component of the
3,y — 3y, rotational transition of CD,,
showing saturation dips due to partially
resolved hyperfine structure.
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TABLE I. Far infrared laser lines used to observe LMR spec-
tra of CD,.

Laser Laser

wavelength wave number
Lasing gas  (um) {cm™ CD, transitions
CH;OH 570.6 17.526 375* 1) — 240
CD;OD 298.7 33.474377° 2, — 249, g1y
CHyF» 28717 34.762374¢ 21— 2003 342 303
CD,F, 248.1 40,305 013 1y, — Oy
CH,OH 242.5 41, 241 758° 1~ Oy
CH,DOH 206. 7 48, 382 240f 2. —1g
CD;CH 180.7 55,327 940F 33— 2
CH,OH 170.6 58. 624 765 40y 3y5
CH,F, 166.6 60. 012 827° 3p— 45
CD;0H 1441 69, 387 647¢ 25 = 3125 5y —4qq
CH,DOH 108. 3 91, 896 764 dyy — gy
CD,0D 107.5 92, 990 646° 25— 245 33 — 3y
Y CH,0H 103.5 96, 636 268" 3p0 = 3133 4oy — 4y
B CH,0H 85.3 117.209532" 300 — 2y
iF. R. Petersen, K. M. Evenson, D. A. Jennings, J. 3. Wells,

K. Goto, and J. J. Jimenez, I[EEE J. Quant. Electron. 11,
838 (1973).

PE. C. C. Vasconcellos, A, Scalabrin, F. R. Petersen, and K.
M. Evenson, Int, J. IR Mm Waves 2, 533 (1981),

°F. R. Petersen, A. Scalabrin, and K. M. Evenson, Int. J.

IR Mm Waves 1, 111 (1930).

g, C. C. Vasconcellos, F. R. Petersen, and K. M. Evensor,
Int. J. IR Mm Waves 2, 705 (1981),

°F. R. Petersen, K. M. Evenson, D. A. Jennings, and A.
Scalabrin, IEEE J. Quant. Electron. 16, 319 (1980),

fA. Scalabrin, F. R. Petersen, K. M. Evenson, and D. A. Jen-
nings, Int. J. IR Mm Waves 1, 117 (1980).

®R. J. Saykally, K. M. Evenson, D. A. Jennings, and F. R.
Petersen (in preparation),

i, O. Henningsen, J. C. Petersen, F. R. Petersen, D. A,
Jennings, and K. M. Evenson, J. Mol. Spectrosc. 77, 298
(1979).
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resonances are included in Table II. The electron
spin g factors were fixed at the values predicted by
Curl’s relation® and the (small) rotational g factors at
values predicted from simple theory.®

In the fit all the varied parameters are well deter-
mined and the only off-diagonal correlation coefficient
greater than 0.9 is that between 1 (B =C) and 6, which
was 0.9953. As with the fit? for CH, a large number
of centrifugal distortion parameters are necessary be-
cause of the bending flexibility in this molecule, but
the problem is less severe in CD, than in CH, because
the (000) vibrational level is lower in the potential well.
Also as for CH, we could not assign any resonances in-
volving transitions to levels with K,> 2 and, therefore,
we could not determine ®,. This parameter was fixed
at a value obtained from a fit using the nonrigid bender
Hamiltonian.’

In the effective Hamiltonian fits®® for CH, there was
no need to include centrifugal distortion corrections to
the spin—spin and spin-rotation interactions, and this is
equally true for CD,. For the vibronic ground state
the values obtained for D and E, the dominant fine
structure parameters, are compared with those ob-
tained for CH, and *CH, in Table IV, and we see that
D is smaller in CD, than in CH,, whereas E is larger.
The increase in E can be understood since CD, is
somewhat more bent in the (000) state than CH, and E
is zero for a linear molecule. The spin-rotation pa-
rameters ¢, €,,, and €. are all well determined al-
though they make a much smaller contribution to the
observed fine structure splittings. When compared to
their values for CH, it is evident that they scale as the
corresponding rotational constants, as might be ex-
pected from simple theoretical arguments.

We tried extensively to find transitions involving
K, =3 energy levels, but without success. The number
of available far infrared laser lines is very limited for
frequencies greater than 100 cm™ where most CD,
transitions involving levels with K, = 3 occur, and this

. No. 3, 1 August 1983
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TABLE L. Observed resonant fields of LMR transitions in the ground state of CD..

Laser Resonant

= . Assignment® Obs. —=Calc.
line sield
(emiy (e Nioke J M, (MHz} Gre TR® Int®
17.5267 0.34370 Lll-—202 23 1— 1 ~0.1 0.0 2,72 2
17,5267 0,41810 111202 2—3 2~ 2 —-4.3 2.0 2.32 i
17,5267 0,42550 111-—202 21 -1le==1 -0.8 0.4 2,41 1
17,5267 ¢, 38030 111202 2-3 —]l—=2 -4,9 3.0 2,47 2
17.5267 0.49110 111202 2—3 Le 2 -1.3 .6 2,36 2
33, 4744 0. 22991 211202 12 1-— 1 -8.3 -1.8 4,64 47
33,4744 0, 27011 211—202 i—2 60— © —-56.6 -i.4 4,72 3¢
33. 4744 0,641 74 211—202 32 2—" 2 5.6 ~-2.2 2.58 31
33,4744 0. 041 24 110-—101 1-2 1— 0 0.0 .0 1.33 81
35,4744 0.04533 11¢6-—101 1—2 -1 —=2 -0.1 0.1 1,09 298
33, 4744 G, 052359 110-—101 1~2 [CE | 0.0 0.0 0,76 208
33. 4744 0. 346 87 110~101 2—1 0—=i -2.6 2.6 0.7¢ a7
33,4744 0.83341 110-—101 21 11— 0 -0.9 3.2 0.17 464
34, 7624 0. 2995¢ 211202 21 00— 0 7.2 -1.86 4,54 37
34, 7624 0.361 95 211—202 21 —1=—=1 5.1 -1.0 5.02 48
34, 7624 0,59740 211202 2—3 -]l =1 7.9 -3.1 2.56 30
34, 7624 0.62787 211—202 2—3 —2—=2 4,9 -1.9 2,64 18
34, 7624 0.242565 211202 2~1 2— 1 10,8 -2,3 4,68 46
34, 7624 0.29325 211~-202 2—1 1— 0 9.4 -2.1 4,51 40
4.7624 0.22358 312303 2—4 11— 1 1.5 0,7 2,23 9
34, 7624 G,33057 312303 2—4 0— 0 2.3 1.1 2.38 3
34, 7624 0.2702% 312303 3—3 -3—-=2 21.5 12,5 1.72 79
34. 7624 0.27207 312—303 2—4 0— "1 1.1 0.5 2,32
34, 7624 0. 276 83 312-303 2—4 -l —-=2 2,0 0,86 3. 26
34, 7624 0.296 95 312-~303 43 4~ 3 -8,2 8.3 0.98
34, 7624 0.326 55 312303 2—4 —2=—1 4.3 1.6 2.75
34,7624 0.33168 312—-303 24 Q—=1 2.2 0.8 2.69
34.7624 0,345351 312303 2—4 -~1-— 0 2.6 1.0 2,46
34, 7624 0,36712 312-—~303 4—4 3— 4 2.6 1.1 2,42
40, 3050 0, 34197 111000 1~1 0— 1 0.4 .1 5.37
41,2418 0.19270 111-—-000 0—1 0— 0 0.2 -0,1 1.75
41,2418 0.33976 111-000 2—1 -1 —=1 3.6 -1.3 2.69
41,2418 0.03842 111—-000 0—1 0—=1 0.1 0.0 3. 40
41,2418 0,33977 111-—00¢0 2—1 11—~ O 4.4 ~1.6 2.68
48, 3822 0. 00340 212101 3—2 -—2—=2 -1.6 1.7 0.91
48, 3822 0, 00700 212-—-101 3—2 -] =1 -1.¢ 3.7 0,43
48, 3822 0.17734 212—101 32 0— 0 -1.8 4.6 0.38
45,3822 0,18278 212—101% 2—1 -1 e-=1 -8, 4 2.4 2.64
48, 3822 0,80272 212+-101 2~—1 0~— O -1.9 10.5 0.18
48, 3822 0,001 40 212101 3—2 ~1—=2 3.8 -2.0 1,86
48,3322 0.00222 212-—101 3—2 Q—~1 -1.1 0.8 1,39
48, 3822 0. 00335 212-101 3~—2 1— ¢ -1.2 1.5 0,82
48,3822 V. 006 74 212101 3~—2 22— 1 -1.3 2.8 0. 46
48, 3822 0.06803 212-—-101 1—2 -l—=2 -1.1 0.3 3.27
43, 3822 0.15090 2:2—101 2~1 0—-1 -8.0 2.0 2. 94
48,3822 6.18713 212101 3~—2 -1~ 0 -1.3 1.2 1,07
48, 3822 0, 534 8C 212<101 J—2 2— 1 -0.8 -5.6 0.10
48, 282”2 0.60361 212—3101 21 l— U =-3.4 11.¢ 0. 28
53.327¢ Q.381 26 313202 2—-3 U— -0.1 0.0 2,26
55,327¢ 0.40162 313~202 43 S— < 0.6 0.3 2.33 g3
53,3273 C.50871 J13—202 +—2 -2 =10, ¢ 31.1 0.33 1087
53.327¢ 0,293 80 313202 2~3 1i— v 0.7 0.4 1,37 a3
33,327¢ 0, 29822 313~-202 4¢—3 2— 3 ~0,1 0.0 2,38 is
55,3279 ¢, 36278 313—2¢2 23 —-Q -l -~0,2 -0, 1 2,80 H=
52.3279 G.36343 313—202 243 0—=1 1.3 0.c 2. 7% a3
35,327y 0.35325 3J13—2¢2 z2—3 -1~ 6.1 0,0 Z.33 il
58, 3228 L, L2zl 422—313 3—3 -5 =3 17,2 Tz 2,232 -
3g, 0R4F . 02547 +22-—3135 5—3 —-—g—=4 — 3. % -2, 2, .8 _
k13 E2) . 03037 422—513 2—3 —-2—=C -4, 0 -2.8 1,38 P
a3 < C 0, 0361 422-—-3513 S5~z -2—==2 -10, 8 -2, 9 I.ng -
z 3, & 0,041 3¢ £22—~313 3—3 -1 =1 -2.7 -1_8 i -
38, 2 5,138 70 2 22—313 5~5 -2—==2 0.2 Cc,. 1
38 0.27%au § 22313 53 -Z—~=Z 0.0 0.3 g
S5, U, 034 10 £ 22~3128 23 -2 -7, % -3, L
38. 0,0702¢ 4 28—31¢ 5-—35 Q- 1 -2.3 -2.2

Vei 78, No. 3, 1 Auaust 1982
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TABLE O (Coniinued)

Laser 3espnam Assignment® Obs. —Calec.

line field

fem™* (T Nk, J M, {MHz) {Ge TR® Int®
38,6243 0.10740 422—515 3—3 O Q——) 0.8 0.7 —-0.39 )
38. 6248 0,13180 $22—513 5—5 2— 3 -3.4 -2.7 -1.28 28
58,6248 0.19330 422515 5—5 —2—=3 3.2 2.6 -1.25 22
58.6248 0,21110 422—513 5—3 3— 4 -2.8 -2.1 -1,38 43
58, 6248 0.34070 122—515 5—3 ~3— =4 1.0 0.6 -1.70 46
58. 6248 0.34570 422—515 5—35 4— 5 -1.1 -0.7 - 1.86 79
60,0128 0. 08870 322—413 24 —-2—=2 5.2 -2.7 1.92 52
60,0128 0.10810 322—413 2y —1—=1 4.4 -3.1 1.42 123
80,0128 0.13080 322—413 2y 0— 0 1.0 -0.9 1.08 179
60,0128 0,13450 322—413 ted 14— 4 4,7 -2.8 1.88 41
60,0128 0.14990 322—-413 3—4 3— 3 -3.38 3.2 1,18 118
60,0123 0.15050 322413 2—4 1— 1 -2.5 2.9 0. 89 199
60,0128 0.156 90 322—413 2—4d 2— 2 1.0 -1.1 0.93 77
60, 0128 0. 20050 322-—413 43 -2—=2 -7.3 -2,3 -3.22 7
60. 0128 0. 216 60 222413 4—3 1— 1 -18.2 -6.7 -2.73 18
60,0128 0.076 70 322--413 o—4 -2—-3 13.9 -5.5 2.50 116
60,0128 0.09310 322413 2—d —1—=2 8.3 ~-4.4 1.87 164
60. 0128 0.11430 322—413 2—4 0—=1 T -2.9 1.35 158
60, 0128 0.13090 322—413 3—4 3— 4 3.2 ~-1.9 1.69 134
60,0128 0.13850 322—413 24 1— 0 1.6 -1.8 1.00 121
60, 0128 0,141 40 322—-413 2—d 0— 1 i.2 -1.3 0.95 T4
60,0128 0.14460 322—413 2--2 2— 3 -3.8 7.2 1.21 151
60,0128 0.14900 322—413 2—4 1— 2 2.0 -2.1 0,98 118
60,0128 0.15860 322413 24 2~ 1 1.8 -2.2 0. 84 75
89,3876 0.161 69 221-—-312 1—4 0— 0 -10.4 8.4 1.24 35
69,3876 0.37702 221312 3—2 —1—=1 0.3 -0.1 2.68 35
69. 3876 0. 386 00 221—312 3—4 2~ 2 -0.2 0.1 2.48 55
69.3876 0.50878 221—312 2—2 -2 3.3 ~1.4 2.35 57
69. 3876 0,03568 221—312 12 1— 0 -7 -12.0 -0.81 T4
69,3876 0,12430 221—312 1—2 1— 0 -9.5 10,4 0.91 68
64,3876 0.16430 5315—~404 5—5 53— 5 -0.4 ~0.2 -1.84 386
69,3876 0.52266 515-—404 5—1 —d ~17.7 7.2 2. 46 163
91, 8968 0.141 60 $422—4123 o —-4—==3 -1,8 -1.3 -1.905 1133
91,8968 0. 206 70 422—413 54 53— 4 -1.7 1.3 1.2 1148
91, 8968 0.22830 422-413 3—-3 0— 1 4,1 1.6 -2.55 309
91, 8968 0. 253 40 422-~413 3—3 —1— 0 3.7 1.4 —~2.60 272
92,9908 0,22486 220—211 22 —1—=1 3.5 0.8 -4.34 729
92, 9066 0.21504 220—-211 s—2 —1= 0 3.7 0.3 ~4.58 1167
92, 9906 0. 22159 220—211 2—2 00— 1 2.8 0.6 ~2.351 1453
92, 5906 0. 286 30 220—211 22 —2—=1 i 8 0.4 —4,30 405
©2, 9908 0,247 98 220—211 20 0—=1i ol 0.7 -4.51 976
92, 9506 0.25877 220—211 22 i~ O 3.2 9.3 -2, 22 1114
92, 8966 0. 260 63 220—221 o Te— 2 3.oi 0.6 ~4,15 1098
92,8908 0,386 74 220—211 2= Sl 4y 2,00 —2.49 661
92, 8906 0,432 84 220—2211 20 —-l—=2 2.3 Lz —2.43 373
97, 9208 0,47371 220—211 A S 2 ki -2.52 243
32, 9608 9,027 0% 221-2312 R -l =3 - pN CLiT 1438
92, 9905 3,038 54 I2l--21z 3 — -l - o 1033 1524
ERRETD 9, 14 22122102 1= - 3 3 . -z 411
92, §E6C J. Lii—2ln 2 -4 B - o 9z 582
g1, 99u8 Q. Soieliz T -l == B - ~1.35% 1352
01, 89808 T2l-Cll2 T -2 D ; - B 2254
32,0808 G 3lie-ll2 <=1 L= 1 P 2, 2533
97, 9008 3 file—3lk T - - LR 930
92, 0808 5 jo1—3I2 ==z I— = s 4 387
22, 98C€ d c2le2112 Z—-= L= -3 - T, 46 187
82, 9808 o J21—21¢ 2 l— I o -2 150 601
92, 9966 2, Zli-3L2 2—z 2 2 -l 31 2,2 1003
92, 9908 0. 03037 321212 4= -2 -2 M) 3.3 -3.33 786
22,9508 0.03278 32i—212 R -l —=2 o2 -2.9 1,81 1330
92, 9908 0. 03478 321—-312 - -2 -3.3 2.3 1.54 1850
82, 9906 0.03887 321—-21 2 5 s ~3—=2 9,2 -0.3 1,55 1037
92, 9906 0. 044 28 221—-312 D2 5— 2 0.2 -0.3 1.70 1929
92. 9808 0. 04508 321—312 1= —i-— D 1.3 0.6 ~2,28 1795
92, 9906 0.05223 221-—312 ‘-2 I~ 0 .5 0.7 -2,19 1506

. Chem Phys VAl 78 Aia ? * Lieee- 16872
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TABLE II (Continued)

Laser Resonant

line field Assignment® Obs. —Calc.

(em™)?* (T)° Ngx, J M, (MHz) @ TR Int®
92, 9906 6,05731 321-—-312 S—4 0=—-1 ~0.4 0.4 0.94 3232
92. 9906 0. 061 74 321—312 3—4 -2—=1 0.4 -0.5 0.90 2994
92. 9906 0. 06780 321312 3—14 —3— =2 3.6 2.6 ~1.39 1527
92, 9906 0,07220 321—312 2—4 2— 3 0.4 -0.4 1.04 2892
92, 9906 0.07220 321—312 3—4 ~1—-=2 -1.3 -1.1 -1.38 2152
92. 9908 0. 081 29 321312 4-—-2 0— 1 1.7 1.4 -1.19 2915
92. 9906 0. 08362 321—-312 4—4 4— 3 0.4 -0.4 1,12 1842
92, 9906 0.09803 321—-312 42 2— 1 0.6 0.6 -1.09 1891
92, 9906 0.165 77 321--312 3—¢ -1— 0 2.6 ~-12,1 0,22 5488
92, 9906 0.16577 321312 3--4 1— 0 -2.0 9.2 0.21 5471
92, 9906 0.21821 321--312 3—4 -2—-1 1.3 8.8 -0.17 4724
92. 9906 0.24266 221-312 3—4¢ 0—=1 0.5 3.2 —-0.15 5717
92, 9908 0, 286 90 321~-312 4-—2 1— 2 2.1 8.7 -0.,21 2811
96. 6363 0.339 80 322-313 2—2 -1—=1 -5.4 1.0 5.29 255
96,6363 0.56940 322-313 3~2 2—- 2 -1.0 0.4 2.69 183
96,6363 0.63970 322—-313 3—4 -3—-=-3 -2.1 0.8 2,73 294
96. 6363 0.643 70 522—313 2—¢ -2—=2 -3.9 1.5 2.70 642
96, 6363 0,797 30 322—-313 3—4 3— 3 —-6.9 2.6 2.69 195
96,6363 0.30330 322313 2—-2 0— 1 -11.4 2.2 5.14 322
96. 6363 0.32880 322313 22 -1— 0 -6.2 1.2 5.17 423
96. 6363 0.33200 322-—-313 22 1— 0 -8.8 1.7 5.18 495
96,6363 0.56150 322-—-3123 2—4 0—=1 -2.2 0.8 2.74 171
96, 6363 0.568 80 322--313 3-2 1— 2 -3.5 1.3 2.69 209
96, 6363 0.63860 322313 3—-2 0— 1 -0.8 0.3 2.66 197
96, 6363 0,17930 423414 3—4 3— 3 -3.7 -0.9 -4.28 253
96,6363 0,188 80 423—414¢ 3—4¢ 2— 2 1.8 0.4 -4.44 354
96,6363 0. 20020 423—414 34 1— 1 13.1 2.9 -4.56 326
96, 6363 0.21040 £23—414 3—4 0— 0 -3.4 -0.7 —-4.62 208
96, 6363 0. 48980 423—414 5—4 3. 32 -1.9 -0.8 ~2.46 273
96, 6363 0.489 80 423414 3-—5 3— 2 ~-7.6 -2.6 -2.9 103
96. 6363 0.601 0C 423—414 5—4 ~3—=3 6.7 2.7 -2.50 133
96.63632 0.60560 423-—-414 5—4 4— 4 1.7 0.7 —-2.48 565
96, 6362 0.18860 423—414 3—4 3— 4 -4.0 ~1.0 -3.92 130
96,6362 0.18860 423—414 3—4¢ 2— 1 8.2 1.8 ~4.52 162
96. 6363 0.20320 423—414 2—4 1— 0 9.3 2.0 —4.56 263
96. 6363 0. 207 40 423414 3—-4 0— 1 0.1 0.0 -4.63 138
96.6363 0.21140 423—al4 3—4 -1— 0 0.7 0.2 -4.63 277
96. 6363 0.21300 423—414 3-—-4 -2—-1 -2.0 -0.4 ~4,51 336
96,6363 0,215 90 423—414 3—4 -3—=2 0.1 0.0 -4.31 318
96. 6363 0.21760 423—414 3—14 0= =1 -2.0 ~0.4 —4.55 298
96, 6363 0,225 70 423—414 5--4 ~4--3 2.8 0.7 -3.97 260
96,6363 0. 23160 423414 3—4¢ -1—=2 2.4 0.6 —-4.40 233
96. 6362 0.27370 423—414 5—4 -5——4 -3.1 -1z —-2.61 194
96. 6362 0.44560 423—-4l4 5—4 2— 3 0.9 0.4 -2.43 201
96,6363 0,450 80 423—-414 5—4 -1—=2 —-0.8 -0.3 -2.41 258
96,6363 0,530 80 423—414 5—4 -2—~3 1.7 0.7 -2.43 297
96. 6362 0.67270 423—41¢ 4—4 -4—=3 -0.2 -0.1 —2.59 181
117. 2095 0.093 20 322—-211 4—2 1— 1 5.3 1.1 —-4,82 1543
117. 2095 0.09610 322-211 4-—2 0— ¢ 6.5 1.4 ~-4.77 2955
117, 2095 0,106 30 322-—-211 4—2 -1=-=1 0.1 0.0 -4.43 2839
117, 2095 0.16000 322—-211 4—2 -2—-2 -1.8 -0.7 —-2.54 1578
117, 2095 0.210 060 322-211 3—2 2— 2 -4.3 -1.8 -2.41 1486
117. 2095 0. 246 20 322—211 3—2 -1—=1 0.5 0,2 ~2.47 1357
117, 2095 0.09510 322—-211 42 2— 1 1.6 0.3 -4.84 4123
117. 2095 0.09770 322-211 42 1— ¢ -2.2 -0.5 -4.78 3583
117. 2095 0.10470 322-211 4—2 -2—=1 -1.5 -0.3 -4.41 1911
117. 2098 0.10800 322—211 42 0—=1 -1.2 ~0.3 -4.45 1872
117. 2095 0.1576¢C 322-—-211 4—2 -3—=-2 1.0 0.4 -2.54 1973
117.2095 0.20864 322—211 4—2 3— 2 -3.0 -1.2 -2.41 4998
117. 2095 0. 24527 322—-211 3-—-2 -2—=: -3.2 -1.3 2,46 1744
117, 2095 £.2871 322-211 4-3 2— 1 -4.5 -1.6 -2.77 1396
*See Tahle i,

®The assignment given for J is that with which the given M, level correlates at zero field.
%1 T=10°G.

9Calculatec tuning sate in MHz/G.

¢Calculated relative iine intensity, including Boltzmann factor for 300 K,
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TABLE I
%38, stat= of CD, lin cm

Molecular parameters for the groun
-l) a

Rotation 4 37,786 863(63)°
3B +C} 3.9562178(16)
348 ~C) 0.26747(10;
Centrifugal Ay 0,560 215(17)
distortion Sy ~0.496 40(98) x107?
Gay 0,9295(71)x10™
- 0.2728(54)x107¢
Oy 0. 226 4({28) x 107
&y 0.0196°
Py -0.2437(29) %107
Gy —0.143(30) <1073
Spir—spin D 0. 776 484(96)
E 0. 0406 532(66)
Spin—rotation €0 0,0286(37)x107°
€5 —0.2607(15)x107
— 0,207 7(24) x 107

2Parameters nct included here were fixed at zero,
except for g factors fixed at theoretically estimated
values {see the text),

bThe numbers in parentheses are one standard error
from the least-squares fit in units of the last quoted
digit.

“Fixed at the value obtained from a fit to nonrigid
bender (Ref. 7; enerzy levels.

TABLE IV. Comparison of spin—spin interaction
parameters of isocopic torms of CH, for the vibronic
ground state (in cm™:,

D E
BCDy b works 0. 7785(1) 0.04059(7)
B et 2 0.7784(1) 0.03991(4)
YCH. (Ref, B 0. 7801(13 0. 041 76(53)
TABLE V. New

1217

TABLE VI. Parameters for the {100} excited vibra-
tional state of CH,(¥3By) (in crn™h).?

Parameter® Value

A 69, 000 31(20}
B 8.28118(20)
c 7.10202(9)
D 0. 785 44(88)
E 0,042 02(38)
€ 0.0021(7)

€on ~0.003 79(27)
€ ~0.00361(26)

*From a fit to the data of Table V of this paper and
Table V of Sears et al. (Ref. 2). Because of the
limited number of observed rotational transitions
and the possibility of perturbations in this vibra-
tional state, the precise values of these parameters
are not very meaningful.

®All the centrifugal distortion parameters were fixed
at their ground state values [see Table II of Sears
et al. (Ref, 2)].

makes it difficult to conduct a systematic search. For
example, the @-branch transitions 3;-3,, 4;—4,, etc.,
should occur” at approximately 148 cm™. Although
some LMR signals were obtained using a laser line at
141.8 cm™ they could not be assigned to rotational
transitions in CD,.

Although not part of our study of CD, we have, since
publishing Ref. 2, found some resonances due to the
rotational transitions 1,5-1q, and 2,,-14, for CH; in the
v, excited vibrational state, and it is conventent to re-
port them here. The positions of these resonances are
given in Table V. Previously we detected resonances
due to the transitions 2;; -2y, and 3,34, for CH, in the
v, state (see Table V of Ref. 2). Combining this data

observed transitions in the (100) excited vibrational state of CHg.l

Assignment

Laser line Resonant field Obs. —Cale.

{em™) (T) Ny, J M {MHz)

60, 012827° 0. 027 84¢ 11y 2—2 -2—-1 -5
0.02894 2—2 1— 2 -5
0,031 29 2—2 0— 1 -8
0. 031 28 2—2 -1— 0 -3
0.29296 2—2 ~1— 0 -6
0.51914 1—2 1— 0 0
0.92160 1—0 -1~ 0 -11

28, 863 420° 0. 236 31 2, — 1y 2—2 -1l—=1 -14
0. 29856 -2 -2—=2 -26
0.469 24 2—2 1— 1 -10
0.599 354 3—2 ~1-=1 +36
0. 646 22 21 —-1—=1 -5
0.13586 3—0 -1~ 0 +32
0.21173 2—2 0—=1 -15
0.28993 22 1—- 0 -15
0.343 03 2—2 -1— 0 -2
0,414 853 2—2 -2—=1 -28
U. 486 97 2—-2 0— 1 -12
0,491 77 2—2 2~ 1 +14
0.63432 3—2 0~—=1 +46

2% ol 3ears et al. (Rei. 2. ‘1 T=10G.

©iine of THyF ..

9112, 5 um laser line of CH,DOH,




for p, staze CE, we determine the effective Hamiltonian

sarameiers given in Table VI.

B. Using the semirigid bender Hamiltonian

As with CH, it is of interest to [it the rotation bending
iransition wave numbers of CD, using the semirigid
bender Zamiltonian. ' The da:a for the fit are obtained
from the results of this paper and of the following
paper® ca the v, band of CD,, after suppressing the fine
structure; they are summarized in Tabie VII. The
semirigid bender Hamliitonian treats the molacule as
retating and bending within an effective bending potential
function with bond iengths that are allowed to vary with
the bending angie. The eifective penaing potential func-
tion and the bond length functicn will vary with isotopic
substitution and with excitation of the siretching vibra-
tions vy and v; because of the effects of the averaging
over the stretching vibrations.

By adjusting two parameters in the effective bending
functicn V and two in the bond length function R, in the
semirigid bender Hamiltonian, the least squares {it of
the data in Table VI is obtained with

V/em™ = -6943.0(3.5)p% +7514.4(3.1)0" - 2698p° + 500 o°
(1)
and

TABLE VII. Experimentally derived zero-tield
rotation and rotation-vibration transitions in
CD,(X *B,) with fine structure splittings removed
(in cm™).

Nixe Observed Obs. ~Calc. ©

(0, C, 0) state?

. 17,1920
Il 33.5534
2,2 34,1038
T 34, 9365

10, 28568

43,3728

55,3373

S8, 2443

50,1529

Hg¢, 0168

69, 1423

a2, 0210

ERIRUR

ERRE

R Eh)

87,0515 .

1.7, 438 Q.22°77
v. band®
2031 T17, 069y 0, 0235
Gy~ 715, 7102 0,008
595314 713, 9986 0. 0035
Bgs—b1s 71,9207 —0.0132
Tor=Tig 708, 4082 —C.0388
iFrom che present results.

*From McKeilar ¢t al. (Ref. 6).

“Calculated using the semirigid bender Hamiltonic
(Ref. 19) with the V and Rep functions as given
Eqgs. (1) and (2).

S oSher Fhoac o
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TABLE VIII. Predicted CHD rotatica dending ezergles in
several @, vy, vy) States using ihe semirigid bender Hamilionia
{in ey,
N X, X. {0,0,M 0,2, 0 {0,2,0)
9 0 9 JRHY 387,18 1823, 23
2 0 1 10,70 377,81 i634. 03
1 1 53,14 28I 3z 1890. 40
1 0 38,89 383,77 1891.52
2 2 2 30,11 899,42 1653,67
1 2 79,77 2902, 32 1910, 8¢
1 1 82,02 100,10 1214, 21
2 o 214,53 1212.25 2227.12
2 0 214, 56 1212.28 2227.14
3 0 3 64.18 531,85 i688.12
1 3 11071 1034. 04 1941.52
1 2 115,21 1629.60 1948, 2¢
2 2 246, 61 1244, 39 2259, 435
2 1 246, 65 244,39 2259.83
3 1 448,17 15i6.08 2614,08
3 0 448,17 1516.08 2614, 08
Rop/A=1.07395(92) +0.0207(20)p* , 2)

where p is the supplement of the bond angle in radians,
the numbers in parentheses are one standard error of
the varied coefficients, and the coefficients of p% and o?
in V were held fixed at the values® for CH,. The stan-
dard deviation of the fit to the 22 transitions is 0,030
em”™ and the {observed-calculated) values are given in
Table VII. In this effective potential the equilibrium
angle is 133.67 and the barrier to linearity is 1989.9
cm™,

We can use the results of this fit together with the
results of the semirigid bender fit to the CH, data® to
predict the rotation-bending energy leveis of CHD. To
a good approximation the effective bending function in
CHD will be the average of those fcr CH, and CD,, i.e.,
for CHD we have

V= -69855% + 73380 - 2698p° - 50000 . (3)
Tor CHD we can take the CE boud l=ngth funciion {o be
the same as in THa, ™ 1, e.

(4)

1o 0e tne same as in CD,.
: z2niirigic bender

seroa-2ending term vai-
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TABLE Tl Calculaied energy levels for tihe ground

vicroaic state of CD, (in em™.2
F.o F, F,

o — 0. 005 TU e e
oo 7. 806 2L L1851z 7.411 01
4 40, 972 0¢ <y, 837 3¢ 41,1755¢8
I 4,203 82 41,301 82 41,78116
2y 2368216 24,025 01 23.51713
2 35, 247 45 56,447 84 56,161 48
2. 57. 826 00 57,978 40 57. 77410
2 15..324 38 152,191 24 151.7155
2, 15153078 131.18712 15172203
3. £T. 40635 4776386 47.30732
Syn 78, 221 ub 79.31723 78.14168
Sin 82. 371 46 £2. 78 82,31322
3. 175,306 08  175.31402 175.324 45
Sa: 175.3370¢ 172,344 06 175,385 8¢E
N 79, 008 &1 79, 375 99 78.942 935
44 109, 86072 1106, 20087 108, 799 83

115.086 32 115.3826% 115.0522¢

207. 062232 207.2146¢% 207,04817

2067,15468 207.303 27 207.14110
30; 11845500 118, 83187 118.41054
3: 148,147 34 148,51278 148.10281
31, 155.98008 156,291 01 155.95010
50, 246,758 70 246, 98862 246, 74214
S0, 246, 97368 247,199 81 246, 956 89

#Caiculated using the parameters of Table III. The
energies are not reliable to the quoted precision of
0.00001 cm"‘, but differences corresponding to
observed transitions {see Table I} should aporoach
this accuracy.
°Fine structure levels are labeled according to F,
for J=N+1, Fyfor J=X\, and F, for J=¥ ~1, The
Oy energy level is snifted slightly [rom zero by
snirn—sp.n interaction witn the F, component of 24,.

very precise values {or the major molecular parameters
appearing in the effective rotational Hamiltonian for the
state. A fit to the data obrained here and in Ref. §
using the semirigic bender Eamiltonian has aiso been
made and this has allowed us to predict the rotation-
bendiny eaergy leveix ior CHD.

The electronic spin-s010 garameters obtained from
the efiactive Hamilwontan Iit can be compared to those
estimated from ESE experiments in low temperature
natrices, M7 in sucs: experiments the major param-
2ter D was determuined to be 0.76 cm™ with an error
domiag Le:{ brown ts of the mawix; this

wn but the present re-
rtainty.  The param

71

,l

zier

ot

L in e ESR exper:
Jue to the nearlv
g 2 axis in ths
gen [ for Ch,
c:‘der of magm:uac—

ne spin-spin inter-

£

iarger than caiculated by Langncif and Karn, ~* wiereas

o

the change in £ is a factor of 2 larger
aware of any ab inifio caicuiation of D ¢

In Table IX we give the energies of somie of th

rotational levels of the CL. radica

parameters given in Table HI. In CE, the oroximity o!

the levels 4,5, and &, which are connscied oy an aliows.
X ,

electiric dipole transition, permi :
the transition by traditional microw
In CD, a much cioser coincid

3,; and 4y, levels. The frequ
fine structure components
are predicted fo lie at arcund
veniently low for :onventmu‘
The transitions 2,,-38y; and Zy;

around 260 GHz in a suitakle ;egion for conventional
miliimeter-wave specircscopy. Thev are inconveniendy
low for the far infrared LMRE technique used in the

present work.
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