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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 semlrigid bender Hamiltonian and obtain the effective bending potential function for 
CD,. Combining this with previous CH, results 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 ,  exclted vibrational state 
of CHI. 

I. INTRODUCTION 

Recently, high resolution infrared l a s e r  magnetic 
resonance s p e c t r a  of gas phase CH, in i ts  ground R3Bi  
s t a t e  have been obtained.'-' Analysis of these da ta  has 
yielded, among other  things, values for  the equilibrium 
geometry and the height of the b a r r i e r  to l inear i ty . '  
The fine and hyperfine splitting p a r a m e t e r s  have a l so  
been determined f o r  the ground vibronic state' and fine 
s t ruc ture  p a r a m e t e r s  for  the u, (bending) excited s ta te .3  
It was possible, using this data, to make predictions* 
of the s p e c t r a  of CD, and I3CH2. These predict ions fa- 
cilitated LMR measurements  of the v, band of I3CH, 
which were  subsequently made. The present  paper  
repor t s  the detection and assignment  of the far infrared 
LMR spec t rum of CD,, and in the following accompany- 
ing paper* the diode l a s e r  spec t rum of par t  of the v, 
band of CD, is reported.  

In this paper we repor t  the detection of 17 pure  ro- 
tation t ransi t ions i n  the ground s t a t e  of CD, and we 
analyze them using both the effective rotational Hamil- 
tonian and (with the inclusion of the v, band data6)  the 
semir igid bender  Hamiltonian, as was done for CH, in 
Refs. 2 and 3 .  Comparison of the p a r a m e t e r s  ob- 
tained here  for CD, with those obtained previously for 
CH, is  of in te res t ,  and enables us  to predict  the ro -  
tation-bending energy levels  of CHD. We a l s o  repor t  
h e r e  the detection of two more  rotational t ransi t ions in 
the u1 excited vibrational s ta te  of CH,. The da ta  ob- 
tained here ,  and in Ref. 6 ,  augment those obtained p r e -  
viously f o r  CH,i-3 and 13CH,s and, in another  accom-  
panying paper ,  a l l  this rotation-vibration data  is fitted 
using the nonrigid bender Hamiltonian to provide an 
,?'B, potential sur face  that is  a refinement of that de- 
termined before' in which only CH, data was used. 

"Work supported in par t  by NASA contract W-15047. 

I I .  EXPERIMENTAL DETAILS AND RESULTS 

All the s p e c t r a  were  recorded a t  the NBS Boulder  
Laboratory using the far infrared LMR spec t rometer  
descr ibed previously.2 The CD, radicals  w e r e  produced 
in the far infrared cavity by a flowing react ion between 
perdeuterated methane and f luorine a toms;  the f luorine 
a t o m s  were  produced by flowing F, in helium through a 
microwave discharge.  Optimum signal s t rength w a s  
obtained with par t ia l  p r e s s u r e s  of 50 Pa He, 1 Pa F,, 
and 0.5 Pa CD, (where 1 Pa 7.5 mTorr ) .  

Before beginning the s e a r c h  the frequencies  of a p -  
propriate  CD, rotational t ransi t ions were  calculated 
using the CD, t e r m  values  predicted by Jensen,  Bunker, 
and Hoy.' These  predict ions were  made using the po- 
tential sur face  obtained by fitting the eigenvalues of the 
nonrigid bender Hamiltonian to the experimentally mea-  
suredZv3 rotation and rotation-vibration intervals  for 
CH,. Using far infrared l a s e r  lines c lose to these p r e -  
dicted frequencies  s t rong  s p e c t r a  w e r e  detected, and 
these  were  assigned to CD, with some confidence on 
the bas i s  of the i r  c loseness  to the theoret ical  p red ic-  
tions, the chemis t ry  of the i r  production, and on the i r  
nuc lear  hyperfine s t r u c t u r e  (when present) .  Subsequent 
detailed analysis ,  reported below, confirmed the as- 
signment. 

Examples of s p e c t r a  recorded  using the 107.5 ,urn 
CD,OD l a s e r  l ine a r e  shown in Figs .  1-3. 
t rum shown in Fig.  1 was  obtained with the e lec t r ic  
vector  of the l a s e r  radiat ion paral le l  to the magnetic 
field direct ion (i. e . ,  in li polarization), and that shown 
in F ig .  2 with it perpendicular  to it (0 polarization). 
In Fig.  3 a scan  through a s t rong  resonance a t  0.3401 
T in TI polarization is shown; the magnetic field modu- 
lation amplitude and sample  p r e s s u r e  were  both reduced 
to obtain this spec t rum.  The resonances in F igs .  1-3 

The s p e c -  
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CD2 1 0 7 . 5 p m  T 

FIG. 1. L a s e r  magnetic resonance 

107.5 p m  (92.9906 em-') l a s e r  line 
of CD,OD in paral le l  polarization. 
These resonances  a r e  va r ious  Zee- 
man components of the 321 - 3,? rota- 
t ional t ransi t ion (see Table 11). 

I spec t rum of CD2 obtained with tne 

0 0.02 0.04 0.06 
FLUX DENSITY / T  

a r e  assigned as components of the 3,1- 312 rotational 
transition, and the sa tura t ion  f e a t u r e s  ( inverse Lamb 
dips)  show the expected quintet and s inglet  hyperfine 
s t ruc ture .  
fine s t r u c t u r e  was not well resolved.  

F o r  most  of o u r  s p e c t r a  the nuclear  hyper-  

In all near ly  200 resonances  w e r e  assigned to com- 
ponents of 17 rotational t ransi t ions.  The l a s e r  lines 
used are given in Table I and a complete  l i s t  of the 
resonances is given in Table 11. The ass ignments  w e r e  
made, with the help of the nonrigid bender  predict ions,  
using a desktop calculator  and p lo t te r  to draw Zeeman 
spec t rum plots as descr ibed  previously.  1-3 

Ill. ANALYSIS OF RESULTS 

A. Using the effective rotational Hamiltonian 

The effective rotational Hamiltonian f o r  a vibrational 
level of the ' B ,  s t a t e  of CH, was  d iscussed  in Ref. 2 ,  
and we use  the s a m e  Hamiltonian f o r  CD,. We have not 

0.00 0.10 

at tempted to analyze the fragmentary and poorly re- 
solved nuclear  hyperfine s t r u c t u r e .  The HamilKonian 
involves rigid ro tor ,  centrifugal dis tor t ion,  e lectronic  
spin-spin interaction, e lectronic  spin-rotat ion interac - 
tion, and Zeeman effect t e r m s  as given, respect ively,  
in Eqs.  (21, (3), (4), ( 5 ) ,  and (7) of Ref. 2.  

on that descr ibed  by Barnes  et a l . "  and it s e t s  up the 
m a t r i x  of the Hamiltonian opera tor  in a fully coupled 
pro ia te  s y m m e t r i c  top bas is  s e t  which i s  truncated a t  
a point empir ical ly  found to cause  negligible change in 
the eigenvalues of in te res t .  In the present  case the 
bas is  s e t  included all s t a t e s  up to and including mat r ix  
e lements  with A N = i 2  and AK=X3. In the fit of the 
eigenvalues  of this  Hamiltonian m a t r i x  to o u r  da ta  we 
adjusted 15 p a r a m e t e r s ;  the refined values of these 
p a r a m e t e r s ,  and their  s tandard e r r o r s ,  are given in 
Table  111. The s tandard deviation of the fit i s  5 . 2  MHz 
and the (observed-calculated) values  for  all the assigned 

The computer  program2 used in the fitting was based 

I I CD2 1 0 7 . 5 p m  0 

I I I 

I I I  II I I I I I  FIG. 2. Same as in Fig. 1. but with 
perpendicular polarization ot the l a se r  
radiation relat ive to the Zeeman field. 
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CD, 1 0 7 . 5 p m  T 

FIG. 3. One Zeeman component of the 
3?, -3,? rotational transition of CD2,  
showing saturation dips due to partially 
resolved hyperfine structure. 

I 
I 

I I I I I 
0.33 0.34 0.35 
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TABLE I. 
tra of CD2. 

Far infrared laser lines used to observe LAIR spec- 

Laser Laser 
wavelength wave number 

Lasing gas (iim) (cm") CD? transitions 

CH,OH 570.6 17.526 375' l,, - 20, 

CD,OD 296.7 33.474 3 7 P  %1-22,2, 1 1 0 - - 0 ,  

CH?F: 297. 7 34. 762374' 211 - 2 0 2 ;  312-303 

CD?F? 248.1 40. 305 Ol3d l l1  - Ooo 

CH,OH 2'12. 5 41.211 75Be I,, - O,, 

CH,DOH 206 .7  43.382 240' 21,--101 

CH,GH 170.6  58.624 7ti5' 42: - 5, j 

CD,OH 180.7  55.327 940' 313 - 2,: 

C H? F, 166.6 60. 0 1 2 8 2 s ~  3:: - 4; 
C Q O H  144.1  69. 387 647' - 3,?;  5,s - 404 

C H:DOH 108. Y 91. ti96 764' 4 ? 2  - 413 

CDlOD 107.5 92.990 6 G h  2 2 0  21,; 3 3  - 312 

:: c H ~ O H  103. 5 96.636 2tiSh 4: - sl3; 4z3 - 
"CCH,UH 6 5 .  3 117.  209 53?" 3,; - 2,, 

'F. R. Petersen, E;. M. Evenson, D. A.  Jennings, J. 5. Wells, 
K. G a g ,  and J. J. Jimenez, IEEE J. Quant. Electron. 11, 
339 (1975). 

bE. C .  C. Vasconcullos, A .  Scalabrin, F. R. Petersen, and E;. 
$1. Evenson, Int. J. R Mm \Vaves 2, 533 (1981). 

'F. R. Petersen, A .  Scalabrin, and K. &I. Evenson, Lnt. J. 
m Mm Waves 1, 111 (198U). 

dE .  C .  C .  Vasconcellos, F. R. Petersen, and E;. RI.  Evenson. 
Int. J. IR Mm W a v e s  2 .  SO5 (1961). 

eF. R. Petersen, K. %I. Evenson, D. A. Jennings, and A. 
Scnlabrtn, IEEE J .  Quant. Electron. 1 6 ,  319 (1960). 
'-4. Scalabrin, F. R. Petersen, K. M. Evenson, and D. A. Jen. 

nings, In:. J. IR Mm Waves 1, 117  (1980). 
'R. J .  Saykally, E;. 31. Evenson, D. A. Jennings, and  F. R. 

Petersen ( in  preparation). 
'J. 0. Henningsen, J. C. Petersen, F. R. Petersen, D. A .  

Jennings, and E;. AI. Evenson, 3 .  Mol. Specrrosc. 77, 296 
i1979). 

resonances  are included in Table Ii. 
s p i n g  fac tors  were  fixed a t  the values predicted by 
Curl ' s  relation' and the (small)  rotational g fac tors  a t  
values predicted f rom simple theory.' 

The electron 

In the fit all the varied p a r a m e t e r s  a r e  well d e t e r -  
mined and the only off-diagonal correlat ion coefficient 
g r e a t e r  than 0.9 is that between ( B  - C) and 6 K  which 
was  0.9953. A s  with the fit' fo r  CH, a l a r g e  number 
of centrifugal dis tor t ion p a r a m e t e r s  a r e  necessary  be-  
cause  of the bending flexibility in this molecule, but 
the problem i s  l e s s  s e v e r e  in CD, than in  CH, because 
the (000) vibrational level  is lower in the potential well. 
A l s o  as for  CH, we could not ass ign  any resonances in- 
volving t ransi t ions to leve ls  with K,> 2 and, therefore ,  
we could not de te rmine  Q K .  This  parameter  was fixed 
a t  a value obtained f r o m  a fit using the nonrigid bender 
Hamiltonian. ' 

In the effect ive Hamiltonian fitszv3 for  CH, t h e r e  was  
no need to include centrifugal distortion cor rec t ions  to 
the spin-spin and spin-rotation interactions, and this  is  
equally t rue  for  CD,. Fo r  the vibronic ground s ta te  
the values  obtained f o r  D and E ,  the dominant fine 
s t r u c t u r e  parameters ,  a r e  compared with those ob- 
tained for CH, and I3CH, in Table IV, and we s e e  that 
D i s  s m a l l e r  in CD, than i n  CH,, whereas  E is l a r g e r .  
The increase  in E can be understood s ince CD, i s  
somewhat m o r e  bent in the (000) s ta te  than CH, and E 
is  z e r o  for  a l inear  molecule. The spin-rotation pa- 
r a m e t e r s  E,,, E,,, and E,, a r e  all well determined a l -  
though they make a much s m a l l e r  contribution to the 
observed fine s t ruc ture  splittings. When compared to 
their values f o r  CH2 it i s  evident that they sca le  as the 
corresponding rotational constants, as might be ex-  
pected f r o m  s imple  theoret ical  arguments .  

We tr ied extensively to find t ransi t ions involving 
K ,  = 3  energy levels ,  but without success .  The number 
of avai lable  far infrared l a s e r  lines i s  very limited f o r  
f requencies  g r e a t e r  than 100 cm" where most  CD, 
t ransi t ions involving leve ls  with K ,  2 3 occur ,  and this 
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TA5i.E E. Ooaezvsd resonant fields of LMFt trulsitions in the ground state of CD:. 

Laser  F.eson*-nr Ass ignnent' 
line iieid 0 0 s .  -Calc. 

( C I I l - V  (T !C Xg K .I M.. O f H Z !  (G!C TRd In te  
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43.3822 
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45.3922 
48.392' 
46.3622 
48.362: 
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55.32?9 
55.3272 
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55.3375 
35.3279 
jf. ?nay 

55.3"Y 
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.SS,5245 
>a. 'a;= 
5.2. 5 24 .? 
.;D. 6:4& 

4s. 3a22 

- -  _ _ .  ?"-c 
" L a . " *  ~ - -  

"& 

_ -  
:E 6316 
.,L* - _ _ _  
-I. 

- -  .*, .-  
- e  

- -  

0.41910 
0.425 50 
0.380 30 
0.491 10 
c. 229 91 
0.270 11 
0.641 74 
0.041 2% 
0.045 33 
0.052 39 
0.346 87 
0. 8 3 3 G  
0. 299 56 
0.361 95 
ti. 59740 
0.627 87 
0.242 55 
0. 293 25 
0.223 59 
0.330 57 
0.270 27 
0.272 07 
0. 276 83 
ti. 296 95 
0.326 55 
0.331 6 8  
0.345 51 
0.36712 
0.341 9: 
0.19270 
0.339 76 
0.05843 
0.339 7" 
0.003 40 
0.007 00 
0.17734 
0.18279 
0. 80272 
0. 002 4b 
0.0022,  
0. 003 36 
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0. o m  03 
0.150 90 
G .  19713 
0.534 YC 
0 .60361 
0. 36 i  26 
0.401 6 2  
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0. 293 E O  
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TABLE II ( C o ~ ~ c i m ~ e d )  

Laser  R e s  onanc 
line field 

Xssignmenrb Obs. -Calc. 

(cni-')' iT F ?JK K J h J I J  ( M H d  (GY TR* lnte 
a c  

5e. 6243 0. 10'740 4 2 2 - 5 1 5  5 - 5  - 1 - - 2  0. 6 0. 7 -0 .39 8 
58.6245 0.134 80 4 2 2 - 5 1 5  5 - 5  2 -  3 - 3 . 4  - 2 . 7  -1 .25 28 
58. 6248 0.193 30 4 2 2 - 5 1 5  5-5  -2--3 3. 2 2.6 -1 .25  22 
53.6248 0.211 1 0  4 2 2 - 5 1 5  5 - 5  3- 4 - 2. 8 -1.38 4 s  
.58. 6248 0.340 70 4 2 2 - 5 1 5  5 - 5  -3--4 1. 0 0.6 - 1 . 7 0  46 
58. 6248 0.349 70 4 2 2 - 5 1 5  5-5  4 -  5 -1.1 - 0 . 7  - 1 . 6 6  79 
60.  312s 0. 088 70 3 2 2 - 4 1 3  2-4 - 7 - - 2  5 . 2  - 2 . 7  i. 92 5 2  
60. 0128 0.10810 3 2 2 - 4 1 3  2 -4  -1--1 4.4 -3.1 1 . 4 2  1 3 3  
60.  0128 0.130 80 3 2 2 - 4 1 3  2 -4  0 -  0 1.0 -0 .  9 i. 06 179  
60.0128 n.  134 j@ 3 2 2 - 4 1 3  4 - 4  4 -  4 4. 7 - 2. 8 1.53 -L- 

60. 0128 0.143 90 3 2 2 - 4 1 3  3 - 4  3-  3 -3. Y 3. 2 1.18 118 
60 ,  0128 0.150 50 3 2 2 - 4 1 3  2 -4  1- 1 - 2. 5 2. 9 0. a 9  199  
60. 0129 0.156 90 3 2 2 - 4 1 3  2 - 4  2 -  2 1 . 0  -1.1 0.93 177  
60. 0129 0.200 50 3 2 2 - 4 1 3  4-5  - " - - 2  - 7 . 3  - 2 . 3  - 3 . 2 2  
60. 0129 0. 216 60 3 2 2 - 4 1 3  4 - 5  1- 1 - 1 8 . 2  - 6 .  7 - 2 .  '73 1 6  
60.  0129 0. 076 7G 3 2 2 - 4 1 3  2-4 - 2 - - 3  13. 9 -5 .5  2.  50 1 1 6  
60.0135 0.093 1 0  3 2 2 - 4 1 3  2-4 -I--? 8 . 3  - 4 . 4  1 .87  164 
60 ,  012s 0.114 30 3 2 2 - 4 1 3  2-4  0 - - 1  2. 7 -2 .0  1.35 158  
60.0128 0.130 90 3 2 2 - 4 1 3  3-4  3 -  4 3. 2 -1 .9 1 . 6 9  134 
60. 0128 0 .13850 3 2 2 - 4 1 3  2 - 4  1- 0 1 . 6  -1 .6  1 . 0 0  1 21 
60. 012s 0.241 40 3 2 2 - 4 1 3  2-4  0-  1 i. 2 -1.3 0.95  74 
60. 0128 0 .14160 3 2 2 - 4 1 3  2-4  2 -  3 - 3. 8 7. 2 1.21 151 
60. 0128 0 ,149  00 3 2 2 - 4 1 3  2 -4  1 -  2 2. 0 - 2.1  0.98 118 
60. 0128 0.15860 3 2 2 - 4 1 3  2 -4  2 -  1 1. 8 - 2. 2 0. 84 75 
69.3876 0.161 ti9 2 2 1 - 3 1 2  1 - 4  0 -  0 -10 .4  5.4 1 . 2 4  35 
69.3876 0.377 02 2 2 1 - 3 1 2  3-2  -1--1 0 . 3  -0 .1  2 .6s  35 
69.3876 0.386 00 2 2 1 - 3 1 2  3-4  2 -  2 - 0. 3 9 . 1  2.4s 55 
61.3S7ti 0. 50s 7s 2 2 1 - 3 1 2  3 - 2  _ - - _ -  - -  3.3 -1.4 2 . 3 5  57 
69. 3876 0 .03668 2 2 1 - 3 1 2  l - 2  1 -  0 - 9. 7 - 1 2 . 0  -0.81 74 
69.3876 IJ. 1 2 4  30 2 2 1 - 3 1 2  1 - 2  i -  0 - 9 . 5  10.4 0.91 68 
6'11. 3876: O.lt i4 5l: 3 1 5 - 4 0 4  5 - 5  5 -  5 - 0.4  - 0 . 2  -1.84 3 86 
69.3876 0.522 6ti 5 1 3 - 4 0 4  5-4  - 4 - - 4  -17.7 7. 2 2.46 163  
91.89ti8 G.14i 60 4 2 2 - 4 1 3  4 - 4  - 4 - - 3  -1.6 -1. 5 -1 .95  1133 
01.396s 0.236 70 4 2 2 - 4 1 3  5-4 3 -  4 - 1 . 7  1 . 3  1 .27  1149 
91.396,' 0. 29Z30  4 2 2 - 4 1 3  3 - 5  0 -  1 4 . 1  1 . 6  - 2.55 309 
91. 8965 0. 255 4e 4 2 2 - - . ? 1 3  3-5  - i -  0 3 . 7  1 . 4  -2 .50  272 
92. 9906 0.  234 S6 2 2 0 - 2  1 1  - -  -1 --I d. 3 0. s -4.54 729 
92. 901i6 0. 215 04 " 0 - 3 1 i  9-c) - -  -1- 0 3 .  .> r I 0.8 -4 .56  1167 
93. 90015 0. 221 513 2 2 0 - 2 1 1  I -  - - -  0 -  2 3. 3 0.6 - -  -.a1 1453 
92.9906 0.2t:G 52 2 2 0 - 3 1 1  - n - n  - -"--I 1. s 0.4 - 4 . 3 0  405 

l d - - i  0.  7 - 4.51  976 32.9906 0. 247 96 3 2 0 - 2 1 1  - -  
92.9006 0.25: 77 - - 0 - 2  1 I - i  #> - 7 i- 0 Y .  2 - .: 9. y - 2  _...- ' ' ~ 7  i l l 4  
9'. 09C6 0 . 2 6 9  ti, 2 " 2 - 2  1 1 - - ,7 Y .  O.b -4 .15  1098 
92. 9906: 0 .3Sd 74 2 2 0 - 2 1 1  3 - L c .  L' -. ' - 2 .43  661 
92.9BU6 0.432 34 2 3 E - 2  1 1  - 2 ,  45 373 
92.9906 b. 4; i -: ; 3 2 - 2  1 1  ---2 - 2 . 5 2  243 

1455 02 .  9YX 3. ':>',?g - - * - 2 : 2  - - - - >  ._ ., - 1. 5 _.I : 

3 - .. - - -  -. - >  - -.3; 1524 92.49ij6 5 ,  1-31: i d  j+ 

- ... 3 -c '17 41 L 0:. c911p 1 1 ; - - z  2 _-  - 
- .  0.  ': .. 6 92 32.  .3$0\: ..31-:1'! 1 - 1  . 

32. 9906 - i - - - ' . -  - _  .. - -  - .  '9 -5.32 

- ,  -,.! 2583 22.0911: li. - - -  " _ _  -. - . - _  
,J . ; - ---. :  -_ - - _  - :;. 15 933 $ 2 .  $l 

'J.8,< 1,: , - -  , - -  _ , !  , , - ,  - 7 3570 a "  !'y(,& 

1 8.: - 3 i -:; 1 > $ 2 .  9$CE I'. 61; j 7  c ..- 
I -  1 .. , -. - -. 7 ;(; 6 Oi 92. sJS.c;c: G .  315-2 2 2 1-2. -- r - -- 

-> 1 2 .  2 0  1002 
?86 92. $906 c. ,2353: 3 2 1 - 2 ; :  . -  - 2  --: - j  2 >. 5 - :. 38 

05.9505 c. 014 7 3  3 2 1 - - 2 : ' 1  L . - _  - - - 3  - Z. 3 - .  61 1330 
92.9906 0. (931 7 2  3 " 1 - - j 1 2  :I. 3 1 .54  1850 
92. 9906 3. 032 67 3 2 1 - 2 1 2  3 - C  - 3 - - "  1. .: - 2. 3 - . a ~  1037 

.< - -  - 5 -  2 b. -2 - 0. 3 1 .70  1929 92. 9906 0. 044 25 '> " 1 - 3  1 f 

-. 0 0. 6 93.9906 0 .045  06 3 ' 1 - 3 : Z  4 - 2  - -  1 0  
92. 9906 c. 0522;  -,1-3?2 -Ic .. . '3 0. 7 
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TABLE II ( C o n t i m e d  
~ 

Resonant Assignment" Obs. -Calc. Laser 
1:ne field 

r (c m-l )a (TF NK& Y MJ (MHz) (G fC  T R ~  rote 

92.9906 0.057 31 3 2 1 - 2 1 2  3 - Y  0 - - i  - 0.4 0.4 0.94 3232 
93. 9906 0.061 74 3 2 1 - 3 1 2  3-4  -2--;  0 . 4  - 0 . 5  0.90 2994 
92. 9906 0.067 80 3 2 1 - 3 1 2  3 - 4  -3-- '  3 .6  2.6 -1.39 1527 

1.04 2892 92.9906 0.072 20 3 2 1 - 3 ; :  2 -4  2-  3 0 .4  -0 .4  
92.9906 0.072 20 3 2 1 - 3 i 2  3 -4  - 1 - - 2  -1.5 -1.1 -1 .38  2152 
92. 9906 0.081 29 3 2 1 - 3 1 2  4-2  0-  1 1 . 7  1 . 4  -1.19 2915 
92.9906 0.083 62 3 2 1 - 3 1 :  4-4  4 -  3 0 .4  - 0 . 4  1 . 1 2  1 8 4 3  
93.9906 0.098 03 3 2 1 - 3 1 2  4 - 2  2- 1 0.6 0.6 -1.09 1891 
92. 9906 0.165 77 3 2 1 - 3 1 2  3 -4  -1- 0 2.6 -12.1 0.22 5486 
92.9906 0.165 77 3 2 1 - 3 1 2  3 - -4  1- 0 -2 .0  9. 2 0.21 5471 
92. 9906 0.21821 3 2 1 - 3 1 2  3-4  - 2 - - 1  1 . 5  8.8 -0.17 4724 
92. 9906 0.24266 3 2 1 - 3 1 2  2 -4  0 - - 1  0 . 5  3 .2  -0.15 5717 
92.9906 0.286 90 3 2 1 - 3 1 2  4 - 2  1- 2 2.1 9.7 -0.21 2811 
96.6363 0.339 80 3 2 2 - 3 1 3  2-2  -1--1 - 5 . 4  1 . 0  5. 29 255 
96,6363 0.569 40 3 2 2 - 3 1 3  3 - 2  2- 2 -1.0 0.4 2.69 183 
96.6363 0.639 70 3 2 2 - 3 1 3  3 - 4  - 3 - - 3  - 2.1 0. b 2.73 294 
96.6363 0.643 70 3 2 2 - 3 1 3  2-4 - 2 - - 2  - 3 . 9  1 .5  2. 70 642 
96.6363 0. 797 30 3 2 2 - 3 1 3  3 -4  3-  3 -6.9 2. 6 2.69 190 
96.6363 0.303 30 3 2 2 - 3 1 3  2 - 2  0 -  1 -11 .4  2. 2 5.14 322 
96.6363 0.328 80 3 2 2 - 3 1 3  2-2 -1- 0 -6. 2 1 . 2  5.17 423 
96.6363 0.332 00 3 2 2 - 3 1 3  2 -2  1- 0 - 8. 8 1 .7  5.18 495 
96.6363 0.561 50 3 2 2 - 3 1 3  2-4  0--1 - 2. 2 0. 8 2.74 171 
96.6363 0.568 80 3 2 2 - 3 1 3  3 - 3  1- 2 -3 .5  1 . 3  2.69 209 
96.6363 0.63860 3 2 2 - 3 1 3  3 -2  0- 1 - 0 . 8  0.3 2. 66 1 9 7  
96.6363 0.179 30 4 2 3 - 4 1 4  3 -4  3 -  3 - 3 . 7  - 0. 9 -4 .28 253 
96.6363 0.188 SO 4 2 3 - 4 1 4  3 -4  2- 2 1 .6  0.4 -4.44 354 
96.6363 0.200 20 4 2 3 - 4 1 4  3 -4  1- 1 13.1 2. 9 -4 .  56 3 26 
96.6363 0. 21 0 40 4 2 3 - 4 1 4  3 - 4  0- 0 -3 .4  - 0 . 7  -4 .62  208 
96.6363 0.489 80 4 2 3 - 4 1 4  5-4  3- 3 - 1 . 9  -0. 8 - 2.46 273 
96.6363 0.489 80 4 2 3 - 4 1 4  3 -5  3 -  J -7 .6  - 2 . 6  - 2.96 1 0 3  
96.6363 0.601 00 4 2 3 - 4 1 4  5 - 4  - 3 - - 3  6. 7 2. 7 - 2.50 1 3 3  
96.6363 0 .605  60 4 2 3 - 4 1 4  5-4  4 -  4 1 . 7  0 .7  - 2 . 4 s  565 
96.6362 0.18860 4 2 3 - 4 i . 1  3 - 4  3 -  4 - 4 . 0  - 1 . 0  -3 .92  1 3 0  
96.6362 0.13660 4 2 3 - 4 1 4  3 - 4  2- 1 8. 2 1. 8 -4.52 1 6 2  
96.6363 0. 203 20 4 2 3 - 4 1 4  3 -4  1- 0 9 . 3  2.0 -4.56 263 
96.6363 0. 207 40 4 2 3 - 4 1 4  3 - 4  0-  1 0.1 0. 0 -4 .63  1 3 8  
96.6363 0.211 40 4 2 3 - 4 1 4  3 - 4  -1- 0 0.7 0.2 -4 .63  277 
96.6363 0. 213 0 0  4 2 3 - 4 1 4  3 - 4  - 2 - - 1  - 2. 0 -0.d -4 .51  336 
96.6363 0. 215 90 4 2 3 - 4 1 4  3 - 4  - 3 - - 2  0 . 1  0. 0 -4.31 31 8 
96.6363 0. 21 7 60 4 2 3 - 4 1 4  3 -4  0--1 - 2. 0 - 0 . 4  -4 .55 298 
96.6363 0.225 70 4 2 3 - 4  1 4 5 - 4  - 4 - - 3  2. 8 0.7 -3.97 26 0 
96.6363 0. 231 60  4 2 3 - 4 1 4  3 - 4  -1--2 2.4 0.6 -4 .40 233 
96.6363 0.273 70 4 2 3 - 4 1 4  5 -4  -5 - -4  -3.1 - 1 . 2  - 2.61 1 9 4  
96.6363 0.445 60 4 2 3 - 4 1 4  5 - 4  2 -  3 0.9 0.4 - 2.43 201 
96.6363 0.450 80 4 2 3 - 4 1 4  5 - 4  -1 - -2  -0. 8 - 0 . 3  -2 .41 258 
96.6363 0. 550 SO 4 2 3 - 4 1 4  5 - 4  - 2 - - 3  1 . 7  0 . 7  - 2 . 4 3  297 
96.6362 0.672 70 4 2 3 - 4 1 4  4 - 4  - 4 - - 3  -0. 2 - 0.1 - 2.59 181 

117. 2095 0.043 20 3 2 2 - 2 1 1  4 - 2  1- 1 5.3 1.1 -4.82 1543 
11 7. 2095 0.096 10 3 2 2 - 2 1 1  4 - 2  0 -  0 6.5 1 . 4  -4.77 2955 
117.2095 0.106 30 3 2 2 - 2 ' 1  4 - 2  -1--1 0.1 0. 0 -4 .43 2839 
117. 2095 0.160 00 3 2 2 - 2 1 1  4 - 2  - 2 - - 2  -1. 8 -0 .7  -2 .54 1578 
117. 2095 0. 210 00 3 2 2 - 2 1 1  3 - 2  2- 2 -4 .3  -1 .8  -2.41 1486 
117. 2095 0. 246 20 3 2 2 - 2 1 1  3 - 2  -1--1 0.5  0.2 -2.47 1357  
11 7. 2095 0.095 1 0  3 2 2 - 2 1 1  4 - 2  2 -  1 1 . 6  0 .3  -4 .84  4123 
117. 2095 0.097 70 3 2 3 - 2 1 1  4 - 2  1- 0 - 2. 2 - 0 . 5  -4 .78  3583 
117. 2095 0.104 70 3 2 2 -2  1 1  4 - 2  - 2 - - 1  -1.5 - 0 . 3  -4 .41  1911 
117. 2095 0.108 00 3 2 2 - 2 1 1  4 - 2  0--1 - 1 . 2  -0.3 -4.45 1872  
117.2095 0.1576C 3 2 2 - 2 ? 1  4 - 2  - 3 - - 2  1 . 0  0.4 -2.54 1973 
117.2096 0.20864 3 2 2 - 2 1 1  4 - 2  3- 2 - 3 . 0  -1.2 -2.41 4998 
117. 2093 0. 245 2: 3 2 2 - 2 1 1  3 - 2  -2--: - 3 . 2  - 1 . 3  -2 .46 1744 
117. 2095 c. 23714 3 2 2 - 2 1  1 4 - 3  2- 1 - 4 . 5  - 1 . 6  -2 .77 1396 

'See Tahle L. 
!I?r~e assignment gix er, to; J is tnat wit!: whicn the given hi, level correlates at zero field. 

Vaicuiatec :uiiing :a;' in :VIEZ/C 
'Ca!culater ?~h . i i -=  --?e miensir>. incluamg Boltzmann factor for 300 K. 

T= 10: G .  
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TABLE IE. hioiecular paranie te rs  for  the groucd TAIj iE VI. P a r a m e t e r s  for the (100) excited v i i i r s  
:- 3 E ,  scat- of CD, (in cn;"). a 

Rotation - -  37. 786 863(63!b ?a rame te rb  Value 

tional s ta te  of CH~P? 3 ~ 1 )  (in cm-'). 

- 
3. 962178(,16) 
0. 267 47(10i 

0.560 215(17) 
- 0.496 40(98) x lo- '  

0. 272 8 ( 3 4 ~  x lo-: 
0. 225 4!28) Y 10" 
0.019 6" 

- 0. 243 7(19) x 1 0-3 
- 0.143(30) A lo-' 

0. 776 484(96) 
0. 040 592(66) 

0. 028 6(371 x lo-? 

- 0. 207 7(241 x lo-?  

0.929 m i )  x 10-4 

- 0 . 2 6 0 7 ( 1 5 ) ~ 1 0 - *  

a P a r a m e t e r s  not included here  were fixed at zero ,  
except for g f a c t o r s  fixed at theoret ical ly  es t imated 
values  (see the text). 

?he numbers  in parentbeses  a r e  one s tandard e r r o r  
i rom the leasi-squares  fit in units o i  the last  quoted 
digif.. 

bender  (Ref. 7 :  energy levels. 
"FiAea at the value obtained from a fit to nonrigid 

TAELE IV. Cnmparison of spin-spin interaction 
parameters of isompii' io rms  oi CH, for the vibronic 
grsund scate i h  cm-'!. 

69. 000 31(201 A 
B 8.281 18(20) 
C 7.102 02(9) 
D 0. 785 44(86) 
E 0. 042 02(3S) 
E m  0. 0021(7)  
' b b  - 0. 003 79(27) 
Ec: - 0.003 61(36) 

'From a fit to the data  of Tabie  V of this paper and 
Tab le  V of S e a r s  et d. (Ref. 2). Because or̂  the 
limited number of observed rotational t ransi t ions 
and the possibility of perturbations in  this  vibra-  
tional s ta te ,  the prec ise  values of these p a r a m e t e r s  
a r e  not ve ry  meaningful. 

'.All the centr i fugal  distortion pa rame te r s  were f h e d  
a t  the i r  ground s t a t e  values  [see Table  III of S e a r s  
et a l .  (Ref. 2)l .  

makes  it difficult to conduct a systemar:c s e a r c h .  For 
e.xampie, the Q-branch transitions 3, - L, 4, - 4,, e tc .  ~ 

should occur7  a t  approximately 148 cm-'. Although 
s o m e  LMR s igna ls  were  obtained using a l a s e r  line a t  
141.8 cm-', they could not be assigned to rotationa! 
t ransi t ions in CD,. 

Although not p a r t  of our  study of CD2 we have, s ince 
publishing Ref. 2, found some resonances due to the 
rotational t ransi t ions 1,,-1,, and 2,,-i0, f o r  CH2 in the 

D E vi excited vibrational s ta te ,  and it  LS conventent to r e -  
por t  them here.  The positions of these resonances a r e  
given in  Table V.  Previously we detected resonances 

I" CIi (:?e!. 5 0. 7801(131 0. 041 76153) due to the t ransi t ions 2,,-2,, and 3i2-3,, for  CH, in  the 
v1 s ta te  ( see  Table  V of Ref. 2 ) .  Combining this data 

'-cIjq (PI>.= I L . L  i'. 7765(1! 0. 040 59(7) 
0.  7764(1) 0. 039 91(4 1 '  - 'L. \ t t t  2 

TAELE V.  &e\* observed t ransi t ions in the (1001 excited vibrational s ta te  of CH?.' 

Laser l ine  Resonant field Obs. -Calc. 
Assignment 

(cm-') (T) 'VK,K:, J l\.I ( I W I Z )  

60.012327" V. 027 64' 1 1 0  -101 9 -  4 - 2 - - 1  -3 
0.02ti  94 2 - 3  1-  2 - 5  
0. (131 29 2- 4 0 -  1 - 6  
0. 031 29 3 - 2  -1- 0 - 3  
0. 293 96 2 - 2  -1- 0 -6  
0. 519 14 1 - 4  1- 0 0 
0.921 6U 1-0 -1- 0 - 11 

98. 863 + 2 u =  0.  236 3: 21: - 1 6 1  4 - 2  -1--1 - 1 4  
0. 298 56 2 - 2  - 2 - - 2  - 26 
0.469 21 3- 9 1- 1 - 1 0  
0.599 54 3-2  -1 --1 + 36 
0.  646 22 2-1  -1--1 - 5  
0. 135 66 3 - 0  -1- 0 + 3 2  
0.211 73 9 - 2  0 - - 1  -15  
0. 289 95 2 - 2  1- 0 - 15 
0.343 c13 - -  -1- 0 - 2  
0 . 4 1 4  95 2 - 2  -?--I - 28 
u .  486 37 2 - 2  0 -  1 -1: 
0.491 77 3 -  2 2 -  1 -1: 

9 - 0  

0.634 32 3 - 2  0 - - 1  + 46 - 
i. . - 
L', .. . ALS; - Z b L  -,- 2; j e a r s  e t  c;. (Ref .  2 ; .  '1 T=lO'G. 

'113.5 p m  l a s e r  line of C H ~ D O H .  -.23, 2 .,. . '  ._ *me 0. i : i2F3.  
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Egr vi stare CE, r e  de te rmine  :he e f f~ :~ ive  Il,a,niltonian 
sarame:ere  given in Table  VI. 

3. Gsing the semirigid bender Hamitroiliai! 

As with CB, it is of interes: !c! f i t  the rctation bending 
:ransition wave n u n b e r s  oi CD, using the semir igid 
bender Zamiltonia::. The daia f o r  the f i t  a r e  obtained 
from the resuirs  of th i s  paper  and of the iollowing 
papers  rjn the vp band of CD,, a f te r  suppress ing  the fine 
s t ruc ture :  hey a r e  summar ized  in Tabie  VU. The 
semir igid besder  Ilaniiitonian t rea ts  ths molecuie as 
rotaring at16 bending witnir? a n  effective bending potentia! 
function with bond lengths  that a r e  allowed to va=y with 
the bentiing angie. Tn? eifecclve bencing potentiai func- 
tion and the bond length function will vary with isocopic 
substitution and with excitation of the s t re tching v ibra-  
t ions vi and v3 because of the effects of the averaging 
over  the s t re tching vibrations. 

io 

By aojusting two p a r a m e t e r s  in the ef!ective bending 
functicn Y and two in the bond i e n g h  funcrior? -9 itl the 
semir igid bender Hamiltonian, the leas t  s q u a r e s  fit of 
the data  in Table VII 1s ootained with 

V//cm-' = - 6943.0(3.5)p2 7 5  14.4(3 .1  )p4 - 2698,o' + 590 ,os 
(1 ) 

and 

TABLE VII. Experimental ly  der ived zero-fieid 
rots t ton ana rotation-vibration transitions in 
CD,LY 3 B 1 )  with fine s t r u c t u r e  spl i t t ings removed 
( i n  cm-'). 

IVX,hc Observed Obs. -Calc. e 

( 0 ,  C ,  0) State' 

Y: oa:iclC 

10.70 
59.14 
54. SY 

32. li 
79. $7 
52.02 

214 .55  
214.56 

1634.05 
1890.43 
180i. 2 2  

1655.67 
1910.84 
1914.21 
222;'. 12 
2227.14 

3 0 3 64.16 931.65 1656.12 
1 3 PI 110.71 1031. oc 1941.52 
1 n 115.21 1099 .69  194s. 24 L - 2 246.61 1244.39 2254.45 
2 1 246.65 1244.30 2259.53 
3 1 448.17 1516.08 2614.08 
3 0 448.17 1516.08 2614. 08 

where p is  the supplement of the bond angie in radians,  
the numbers  in parentheses  are one srandard e r r o r  of 
the var ied coefficients, and the coefficients of p 6  and p8 
in V were held f:xed at the values3 f o r  CH,. The s tan-  
dard deviation of the f i t  te the 22 t ransi t ions i s  0 .030 
cm-. and the iobser7ed-calcula;ea) vaiues a r e  given in 
Table VTI. In this effective potsniiai the equilibrium 
angle i s  133.6' and the b a r r i e i  to l inear i ty  is 1989.9 
cm-'. 

We c3n use the r e s u l t s  of this  f i t  cogether with the 
resu l t s  of the semir ig id  bender  f:t io the CH, data3 to 
pred ic t  the rotation-bending energy levels  of CHP. 
a g.306 approximatior, the effective bending function in 

for  CZD we have 

To 

n. L A D  wii; be the average  of those icr CH, and CD,, i .  e . ,  
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- u. 005 7b 
7 .  866 '1 
1G. 97: Oi 
41. 203 SI 
23.662lJ  
53. 24745 
2r.83LOO 

151.. 524 3," 
15;. . 530 75 

z-. 306 3: 
72.221 UL 

82.371 46 
175,306 OE 
175.33; 04 

79. 00s 5: 
109 .  660 73 
115. 026 32 
2c:. 062 32  
267.154 tis 
118. 455 OG 
14s. 147 34 
155. 960 09 
246. 7 5 0  70 
246. 97360 

- -  

.. . 
5.185 ii 

c'u. e37 32 
41.331 8: 
26.025 01 
56.447 84 
57.97540 

I;-. 191 24 
13:. 13: 12 

47.763 6E 
I 9.517 23 
6 3 . 6 1  7s 

175.314 02 
i 75.344 G6 

'79. s75 96 
1lG. 200 6: 
115.35261 
207.2146'. 
207.305 27 
118. 831 67 
14s. 5 1 2 7 3  
156.191 01 

247.199 61 

- -. 

- -  

~ Y U .  9 6 6 8  

... 
-. 411 01 

41.175 55 
41.751 1 6  
23.5 l713 
56.161 -16 
5:.774il! 

15;. 715 5 -  
i51. 7 1 2  0: 

47.3c.73:: 
14.141 be 
62.313 21 

175.32445 
175.353 85 

76.942 95 
109.  799 63  
il5. 05229 
20?. 046 17 
207. 141 10 
116.41054 
146,102 61 
155.95010 
246.74214 
246.956 65 

-- 

aCaiculated using the param-eters of Table  III. The 
energies a r e  not reliabie to the quoted precision of 
0 .000  01 cm-', but d i f k r e n c e s  corresponding to 
obser;ed transitions ( s e e  Tabke i) should approach 
th i s  accuracy. 

'Fiw s t ruc ture  levei; are labe!ec according to F :  
for G =.V + 1, -c2 tor J =>., and F :  for J =.V - 1. 
O,, enerKy lev-i is s!iifEed slightiy t rom zero by 
s ? I Y - : ~ . L  tnLeractton witn the 

The 

component ot 2,,?. 
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