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Thirteen pure rotational transitions of CH, in its f 3 B ,  ground vibronic state have been measured and 
assigned using the technique of far-infrared laser magnetic resonance (LMR) spectroscopy. The energy levels 
thus determined led to the prediction and subsequent detection by microwave spectroscopy of a further 
rotational transition 4,,-3,,, at lower frequency (-70 GHz). The analysis of these observations yields precise 
rotational constants as well as spin-spin, spin-rotation, and hyperfine interaction parameters for gas phase 
CH,. Its rotational spectrum may enable interstellar CH, to be detected by radio astronomy. Two rotaional 
transitions within the u I = 1 excited vibrational state have also been identified in the LMR spectrum. Future 
observations of vibrationally excited CH, may afford a means of determining the singlet-triplet splitting in 
methylene, and studies of CD, and CHD will result in improved structural determinations. 

I .  INTRODUCTION 

The methylene radical CH, is of great interest be- 
cause of its importance both in spectroscopy and in 
chemistry. Spectroscopically, it is the simplest neu- 
t r a l  polyatomic molecule with a triplet electronic ground 
state, and chemically it is the prototypical carbene. In 
the present paper, we report the measurement and anal- 
ysis  of the pure rotational laser magnetic resonance 
(LMR) spectrum of gas phase CH, which establishes for 
the first time the detailed geometrical and electronic 
structure of methylene in i ts  ground electronic state. 

The spectroscopic characterization of methylene has 
been a slow and difficult process; the first spectroscopic 
identification of CH, was reported by Herzberg and 
Shoosmith' in 1959. Herzberg' later analyzed the vac- 
uum ultraviolet absorption spectrum and concluded that 
the ground electronic state was a triplet and that the 
structure was linear, or nearly so.  The absorption 
spectrum from the lowest singlet state was studied in 
more detail by Herzberg and Johns, who established 
that the ZfAi state is strongly bent whereas the 8 'Bf 
state is more nearly linear, with a bond angle of around 
140". More experimental information on CH, was 
forthcoming in the early 1970's with the observation of 
its ESR spectrum, obtained in rare gas matrices at low 
temperatures. Bernheim et a l .  first observed the ESR 
spectrum, and concluded from the small  apparent value 
of the anisotropic part of the spin-spin interaction that 
CH, in the 2 state is very nearly linear. Soon after- 
wards, Wasserman e t  al .  5-8 published a series of pa- 
pe r s  showing that the apparent small  anisotropic spin 
splitting parameter was  a consequence of nearly free 
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rotation about the molecular a axis in the matrix. Their 
interpretation implied a bent structure with an angle of 
about 136". Subsequently, Herzberg and Johnsg sug- 
gested that the ultraviolet absorption spectra of CH,, 
CHD, and CD, could be rationalized in t e rms  of a bent 
structure i f  one assumed that spectral lines involving 
K,  > 0 in the upper electronic state were broadened by 
predissociation and therefore not observed. 

This interpretation of the ESR and ultraviolet spectra 
brought experiment into agreement with the large body 
of theoretical work existing at that time which strongly 
supported the bent structure for the ground state of 
CH,. lo  A review of the theoretical work prior to about 
1970 is given by Harrison and Allen" and later reviews 
have been written by Harrison" and Langhoff and Kern.13 
Recent ab initio calculations'0~'4 agree that the lowest 
electronic state is indeed 3B1 with a shallow energy 
minimum at an equilibrium HCH angle of 134 f 2". 

The triplet fine structure of the ground state of 
methylene is expected to be dominated by the spin-spin 
dipolar t e rms  which involve two zero-field splitting pa- 
rameters  D and E (see Sec. I11 below). The article by 
Langhoff and Kernf3 is primarily concerned with the ab 
init io calculation of these fine structure parameters. 
The two parameters can in principle be measured di- 
rectly in the ESR experiments, and it is the magnitude 
of the anisotropic spin-splitting parameter E which es- 
tablishes that the molecule is bent (this parameter is 
zero in a linear molecule). Prior to the present work, 
there was  reasonable agreement between the best ex- 
perimental* ESR (D = 0.76 i 0.62 cm-', E = 0.052 f 0.017 
cm-') and theoreticalf4 ab initio (D = 0.807 cm-', 
E = 0.050 cm-') estimates for these parameters, and 
one could be quite sure  that the precise parameters for 
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the isolated molecule would be fairly close to these 
values. This is indeed the case, as we show in Sec. IV 
of this paper. For a freely rotating molecule in the gas 
phase, there a r e  additional contributions to the fine 
structure splittings arising from the spin-rotation inter- 
action. This interaction is actually expected to be 
dominated by second order spin-orbit mixing of excited 
triplet states and is therefore likely to be small, since 
the first  excited triplet state is at a rather high energy 
(=: 70 000 cm-') in CH,. 
ered in more detail in Sec. 111. 

Although there is reasonable agreement between the- 
ory and experiment on the geometrical and electronic 
structure of the ground state of CH,, there is still con- 
troversy regarding the relative energies of the triplet 
and singlet electronic states. Most recent ab initio 
 calculation^'^^'^ suggest that the first excited singlet 
state Z'Ai lies about 0.45-0.50 eV (10-11 kcalmol-', 
o r  3600-4100 cm-') above the 3B1 ground state. This 
quantity has been obtained indirectly using photochemi- 
cal and thermochemical arguments, and these r e -  
sults agree approximately with the theoretical values. 
The first  direct measurement of the singlet-triplet 
splitting in methylene came2' from the photoelectron 
spectrum of CH;, ' and it was disconcerting to find that 
the derived value 0.845 e V  was rather different from 
the expected one. Alternative interpretationsi5 of the 
photoelectron spectrum invoked the possibility that 
photodetachment might arise from vibrationally hot CH;, 
and these lead to estimates of the singlet-triplet split- 
ting which are closer to the theoretical values. How- 
ever,  a careful re-examination,' of the photoelectron 
data by the original workers did not support the hot band 
hypothesis, and left the discrepancy in the singlet- 
triplet splitting unexplained. Further study of the 
singlet-singlet absorption spectrum of CHZ2, by laser 
induced fluorescence has not significantly altered the 
experimental situation. 

Spin-rotation coupling is consid- 

In 1979, Mucha e t  a1.23 reported the detection of pure 
rotational transitions within the ground state of CH, by 
laser magnetic resonance. The identification of the 
spectrum as due to CH, rested on chemical evidence and 
on the observed triplet hyperfine structure, but a t  the 
time it was not possible to assign the rotational transi- 
tion responsible for the spectrum, and thus no struc- 
tural  information could be obtained. A breakthrough in 
the spectroscopy of triplet CH, occurred very recently 
with the observation and assignment by Sears et  ~ 1 . ' ~  of 
transitions in the v, (bending) fundamental band using 
CQ LMR in the 11 p m  region. The search for this 
spectrum and its assignment were suggested and guided 
by the results of calculations which used the ab initio 
potential curve of Harding and Goddardi5''' together with 
the semirigid bender Hamiltonian of Bunker and Lands- 
berg. 2 5  Earlier estimates of the bending frequency for 
CH,, based on a harmonic approximation, were in the 
1100 to 1200 cm-' range, but the semirigid bender cal- 
culation gave a value of 992 cm-l.  his result encour- 
aged the search for the v2 band by C02 LMR spectros- 
copy, The analysis of these LMR results gives an ex- 
perimental value of v2 =963 cm-'; the v2 band spectrum 
will be described in detail in a separate publication. 26 

91.0 cm 
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I R I S  
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cm 
L-dLL iL  

FIG. 1. Schematic diagram of the intracavity far-infrared 
laser magnetic resonance apparatus a t  the Natl. Bur. Stand., 
Boulder,  Colorado. 

Our preliminary analysis24 of the 11 p m  LMR spec- 
t rum gave spin-splitting parameters and also made it 
possible to refine the potential function used in the 
semirigid bender calculation, s o  that the frequencies of 
pure rotational transitions of CH2 in the far-infrared 
could be predicted with reasonable accuracy. The pres- 
ent paper reports the observation and assignment of 
most of the allowed rotational transitions between the 
low lying levels ( E <  500 cm-') of the radical. The spec- 
tra were recorded using the technique of far-infrared 
LMR. On the basis of these LMR results, it was pos- 
sible to predict the frequencies for 404-313, the only 
rotational transition in the ground state which is acces- 
sible using conventional microwave techniques. The 
strongest components of this transition, which occur 
around 70 GHz, were subsequently detected by Lovas 
et  al. 2 7  These microwave measurements are combined 
here with the LMR data in an appropriately weighted 
least-squares fit to determine rotational, centrifugal 
distortion, fine structure, and hyperfine parameters for 
CH, in its ground vibronic state. Interestingly, the 
analysis indicates that the published LMR spectrum of 
Mucha e t  al. 23 is not due to the ground vibrational state, 
but rather due to a transition within the ( ~ V ~ Z I ~ )  = (100) 
excited vibrational state of CH,. The rotational spec- 
t rum will allow a search to be made for CH2 in astro- 
physical sources by millimeter astronomy, Our analy- 
sis also opens up the possibility of monitoring the kinet- 
i c s  of chemical reactions involving triplet CH, by using 
the LMR to monitor the radical concentration. 

II. EXPERIMENTAL DETAILS 

The spectra were recorded at the Boulder labora- 
tories of the NBS using a new FIR (far-infrared) LMR 
spectrometer which is about five t imes more sensitive, 
allows more lines to lase, and is significantly easier 
to operate than its predecessor. The spectrometer 
is shown in Fig. 1. A new 38 cm electromagnet with 
ring-shaped Hyperco pole caps produces a 7.5 cm homo- 
geneous field region which is five t imes longer along the 
laser axis than previously, 
tivity increase. The new FIR laser cavity is 25 cm 
shorter and should oscillate to wavelengths well over 
1000 pm. Better overlap between the pump and FIR 

accounting for the sensi- 
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lasers  yields a larger number of FIR lines. The im-  
proved overlap is accomplished with a nearly confocal 
mi r ro r  geometry, the insertion of the C Q  pump at the 
beam waist, and the use of a cylindrical gold-plated 
Pyrex tube as the CO, laser reflector. This tube was  
found to double the output power in a FIR laser when 
compared to flat-sided mirrors .  A section of 10 cm 
i.d.  gold-coated copper tube is used as the first CO, 
beam focuser to begin a ser ies  of consecutive refocuses 
of the pump beam. Quartz is used for the cavity spacers 
in the spectrometer to provide good thermal stability. 
The beam splitter (see Fig. 1) is rotatable about the 
laser axis so  the polarization can be rotated. The mag- 
net is controlled by a rotating coil and is calibrated 
periodically with an NMR gaussmeter; the overall frac- 
tional uncertainty i s  f 1 X 

0.1 T [I T(Tes1a) = lo4 G(Gauss)]. 

Methylene was produced in the spectrometer sample 
volume by the reaction of fluorine atoms with methane 
in a flow system, and the F atoms were obtained by 
passing a mixture of He and F, through a microwave 
discharge. The partial pressures were about 50, 1, 

above 0.1 T and below 

and 0.5 P a  (1 P a = 7 . 5  mTorr), respectively, for He, 
Fz, and CH,. Essentially the same reaction has also 
been used to produce FIR LMR spectra of the species 
C, CH, C2H, CF,  and CH2F.'* 

111. THEORY 
The energies of the rotational levels for the ground 

vibronic state of CH2 a re  the eigenvalues of the appro- 
priate effective Hamiltonian. The form of this Hamil- 
tonian for  an asymmetric rotor molecule in a nonsinglet 
electronic state has been given by a number of au- 
thors, 29-31 and for triplet CH2 it is 

Heif = H ,  +Hc, +Hss +Hsr +Hhis + H z  (1) 

The first term H ,  is the rigid rotor Hamiltonian given 
(in cm-') by 

H,=AN: + B N ~ ,  + C N ~ ,  , (2) 

where A,  B ,  and C a re  the rotational constants and N 
is the rotational angular momentum operator in units 
of A. 
tortion, and adopting the "A" reduced form3' of the op- 
erator,  it is 

The second term Hcd accounts for centrifugal dis- 

The next two terms H,, and H,, represent the fine struc- 
ture  interactions. First, the spin-spin dipolar Hamil- 
tonian, expressing the interaction between the two un- 
paired electrons, which is3' 

(The parameters D and E a re  related to the parameters 
a and p of Rayned' by D = 301 and E = p. ) Second, the 
spin-rotation interaction, which is33 

Centrifugal distortion  correction^^^ to H,, were found to 
be negligible in this work. The last term in the zero- 
field Hamiltonian is H h f s ,  representing the hyperfine in- 
teraction between the unpaired electron spins and the 
net nuclear spins of the two equivalent protons. This 
interaction represents the smallest contribution to the 
energy and its effects were neglected until the final stage 
of the analysis; i t  can be written3' 

H h f ,  = a F c S .  I +S. T . 1  , (6) 

Here the first  term represents the isotropic Fermi 
contact interaction and the second term represents the 
dipolar interaction between the protons and the unpaired 
electron spins. The traceless dipolar hyperfine tensor 
T has two determinable diagonal elements, for example 
T,, = - (Tbb + Tee) and Tbb = - (Taa + Tee) and one off- 
diagonal element Tab .  The latter causes a mixing of 
ortho and p a r a  nuclear spin states but is not generally 
determinable because i t  requires an accidental near 
degeneracy of states with K ,  differing by 1 to manifest 
itself. The detailed form of the operator is discussed 
by Bowater e t  ~ 1 . ~ '  

1 
Finally, we must take into account the energy of the 

interaction of the molecule with an external magnetic 
field; this is represented by the term3' 

H , = l B B *  g ; S + p e B - g ; N ,  (7) 

where B is the applied field, and p B  is the Bohr magne- 
ton. The first term represents the isotropic and anis- 
tropic interactions of the electron spin with the field, 
and the second term represents the rotational Zeeman 
effect. The very smalI nuclear Zeeman t e rm was not 
included after numerical tests showed its effects to be 
negligible. 

fully -coupled prolate symmetric top basis set 
I NKSJIFM,)  and diagonalized numerically. The zero- 
field problem was treated exactly, but the matrix of the 
full Hamiltonian including the Zeeman t e rms  is, in 
principle, infinite. 

The matrix of the Hamiltonian Heff was set  up in a 

Various approximations were used in different stages 
of the analysis. After  assignment of the first rotational 
transition (21i-20z), further assignments were made on 
the basis of the semirigid bender fit to this transition 
and to the v 2  band data. 24*26 These predictions, which 
neglected spin splitting, were always within 2 cm-' of 
the actual positions of the observed rotational transi- 
tions. Next, the Zeeman patterns for each transition 
were predicted using spin splittings from preliminary v 2  
band LMR fits and calculating the Zeeman shifts by con- 
sidering only the isotropic electron spin part of the Zee- 
man operator (7). This calculation required the diago- 
nalization of matrices given by the  expression^^^: 

( F ~ I H I F ~ ) = E ,  + r M , , / ( N + i )  , ( 8 )  
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X (N + M , ) ( N  - M J ) / ( 2 N  + 1)]’12 , (12) 

where r =gspg B and F,, F , ,  and F 3  denote the three 
spin components of a given NKaKc level, with J = N  + 1 ,  
N ,  and N - 1 and zero field energies E , ,  E , ,  and E , ,  
respectively. The resulting matrices, which are 3 x 3 
or  smaller ,  were diagonalized and the results plotted 
out using a desk-top calculator and plotter in a way that 
facilitated quick comparisons with the experimental 
spectra. This diagram was usually sufficient to assign 
the J and M ,  quantum numbers to the components of the 
LMR spectra. The final calculations used the “full 
Zeeman matrix” program described in the next para- 
graph to calculate the predicted fields and relative in- 
tensities in order to confirm the assignments and re- 
solve ambiguities. 

The assigned data were then used to refine the mo- 
lecular parameters appearing in the Hamiltonian by 
least-squares fitting. Preliminary fits used a program 
which treated the zero field problem exactly but retained 
only those matrix elements of the electron spin Zeeman 
Hamiltonian which are diagonal in the quantum numbers 
NKaK, ,  as in the Zeeman plotting calculation. This ap- 
proximation is an excellent one for CH, because the ro-  
tational levels a r e  widely separated and because the 
first excited triplet electronic state is a t  very high en- 
ergy, leading to small anisotropic Zeeman terms.  The 
final fit was performed using a which set  
up the full Zeeman matrix in a parity conserving sym- 
metric top basis set truncated so as to include all basis 
s ta tes  up to and including N‘ = N i 2 and K‘ =K f 4; such 
restrictions were found empirically to introduce no sig- 
nificant e r ro r s .  The approximate Zeeman calculation 
used in the preliminary analysis was found to introduce 
e r r o r s  of 7 MHz o r  less when compared to this full cal- 
culation. The main fit was to the complete set of FIR 
LMR data together with the microwave frequencies” 
for the strongest (AJ=  A N )  components of the 404-313 
transition; in this fit, the nuclear hyperfine structure 
was suppressed. Finally, the parameters obtained in 
the main f i t  were kept fixed, and the appropriate subset 
of the data for the ortho-CH, transitions (those involving 
levels with total nuclear spin I = 1) were fitted to deter- 
mine the hyperfine parameters. 

IV. RESULTS 

A. Introduction 

We have observed and assigned 13 rotational transi- 
tions within the ground vibronic state X3Bi(OOO) of the 
methylene radical. Figure 2 shows the lower rotational 
energy levels of CH, and the observed LMl? transitions, 
and Table I summarizes the laser lines used for the ob- 
servations. Several CH, transitions were detected using 
two laser lines, and one of the strongest transitions 

TABLE I. Far infrared laser l ines  used to observe LMR spec- 
tra of CH2. 

Laser Laser 
wavelength wave number CH2 transition 

Lasing gas (pm) (em-’) W K X ” )  

C HzCHB c 680.5 14.694 182‘ 21z -303 
CDzFz 500.6 19.976 943d 505 e 4i4 
C W 2  317.0 31.540 56sd 111-202 
CH3OH 163.0 61.337 076e 211 - 202a,b 

110- 101 
211 - 202 

CH3OH 157.9 63.319 80Z8 110 - 101 
CH2DOH 150.8 66.305 835h 211 - 202 

‘3CH30H 149.3 66.991 68Zg 21 1 - 202 
312-303 

CD30H 128.0 78.104379’ 111 - 000 
CHzDOH 108.8 91.896 764h 212- 101 
CHzDOH 102.0 98.016 646h 322 - 413 

422 - 515 
CH3OH 63.4 157.804 5 2 P  523 514 
13CH30H 63 .1  158.487 690g 523 - 5i4 

aMeasurements of Mucha et al. (Ref. 23). 
bRotationa1 t ransi t ions within the  (100) excited vibrational s ta te  
of CH2; all other  CH2 transi t ions are within the (000) ground 
vibrational state. 
‘3. F. Dyubko, N. M. Efimenko, V. A. Svich, and L. D. 

Fesenko, Sov. J. Quantum Electron. 6, 600 (1976). 
dE. C. C. Vasconcellos, F. R. Pe tersen ,  and K. M. Evenson, 

Int. J. IR and M m  Waves 2, 705 (1981). 
eF. R. Peterson,  K. M. Evenson, D. A. Jennings, and A .  

Scalabrin, IEEE J. Quantum Electron. QE-16, 319 (1980). 
‘F. R. Pe tersen ,  A. Scalabrin, and K. M. Evenson, Int. J. 
JR and Mm Waves 1, 111 (1980). 

EF. R. Pe tersen ,  D. A. Jennings, K. M. Evenson, and J. 0. 
Henningsen (in preparation). 

hA. Scalabrin, F. R. Pe tersen ,  K. M. Evenson, and D. A. 
Jennings, Int. J. IR and Mm Wqves 1, 117 (1980). 

‘The frequency of th i s  new line pumped with the 10  R(18) line 
of the C 0 2  laser was measured  by Dr. F. R. Pe tersen  a t  Natl. 
Bur. Stand., Boulder, Colorado. The 150.4 ,um line previous- 

l y  reported to  be pumped by this  CO, line is actually pumped 
by 10 R(20). 

’R. J. Saykally, K. M. Evenson, D. A. Jennings, and F. R. 
pe te rsen  (in preparation). 

CH2F2 158.5 63.086 120* 31z-303 

C D P 2  149.5 66.905 731’ 31z-303 

144.1 69.387 647’ 4t3-404 CD3OH 

615 - 606 

2,, - 2,, has components which were observed with three 
laser lines up to almost 4 cm-‘ apart. 

In contrast to the situation encountered in the analy- 
sis of the CK, photoelectron spectrum2‘ there is no 
doubt that, except where explicitly indicated, the ob- 
served transitions are within the zero  point vibrational 
state of the molecule. The strongest support for this 
statement probably lies in the overall consistancy of the 
theoretical and mathematical interpretation of all the 
results. Near quantitative agreement with the earliest 
semirigid bender  calculation^^^*^^ and more recent non- 
rigid bender fits of the entire data set a re  particularly 
convincing. These latter calculations allow accurate 
predictions of the spectra of the various isotopic modi- 
fications of the molecule and agreement between them 
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and very recently obtained spectra of l3CH2 and CD, 36 

provides additional confirmation of the analysis. 

Our work on CH, is the first observation of the spec- 
t rum of a polyatomic radical in a triplet state by LMR. 
In general, each rotational level, denoted by N K a K c ,  is 
split into three fine structure components which a re  
labeled F,, F , ,  and F, a s  J = N  + 1, N ,  and N - 1, re- 
spectively. This splitting is typically of the order of 
0.5 cm-' in the levels observed, and hence a single ro- 
tational transition appears as several fine structure 
components spread over about 1 cm-'. In the absence 
of an external magnetic field, the three components 
having A J = A N  a re  the strongest, but a s  a field is ap- 
plied the Zeeman components fan out and transitions 
with nominal quantum number changes AJ = A N  i 1 and 
A N  i 2  a r e  also likely to be observed. Thus, there is a 
good chance of detecting an LMR spectrum when there 
is a reasonably close coincidence in zero field between 
the laser  and a CH2 line. 

An example of the observed CH, spectra is shown in 
Fig. 3. The upper t race was obtained with the electric 
vector of the laser  radiation parallel to the applied mag- 
netic field direction (AM, = 0 selection rule) and the 
lower t race with it perpendicular (AM, = * 1). Each was 
obtained using the 144.1 Fm Iaser line of CD,OH, and 
the observed resonances a re  Zeeman components of the 
4,, - 4,, rotational transition. This transition involves 
ortho-CH2 (I = 1) levels, and hence the resonances a re  
all  hyperfine triplets (though this is not always re- 
solved). The effect of a magnetic field on the 41, and 
404 energy levels is shown in Fig. 4, and the resulting 
behavior of the transition itself is plotted in Fig. 5. In 
this diagram (Fig. 5), the LMR lines a re  predicted at 
the fields where the vertical line (indicating the laser 
frequency) is crossed by the frequency vs  field curve of 
the given CH2 transition. This sor t  of diagram was a 
primary tool for the detailed assignment of the spectra. 
No information on the intensities of the LMR lines is 
given in these plots, but separate intensity calculations 
were also made to confirm our assignments. A strong 

illustrated in Fig. 6; these are W'a-CH, levels, and SO 

FIG. 2. Calculated rotational energy levels for CH,. The ar- 
rows and associated numbers indicate the CH, transitions that 
were observed in this  study (see Table 11) and the wavelengths 

sing1e LMR line to the 3 1 Z - 3 ~ 3  transition is 

(in p m) of the laser lines used for the observations. there  is no hyperfine splitting. A saturation resonance 

I '  1 

0 0.b5 Oll 0 0.'15 
MAGNETIC FIELD ( T ) 

0 ho 
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FIG. 3. L a s e r  magnetic resonance 
spectrum of CH, obtained with the 
144.1 p m  (69 .38765 cm-'1 laser  line 
of CD,OH in ?I and u polarizations. 
The resonances observed here  a r e  
var ious Zeeman components of the 
41,-4~, rotational transition, and for 
many of them the t r iplet  hyperfine 
s t ruc ture  i s  resolved. 
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(inverse Lamb dip) is clearly evident at line center 
(Fig. 6). 

B. Determination of molecular parameters 

T h e  measured LMR transitions that were  assigned to 
the ground vibrational state of CH2 are listed in Table IT. 
Only the field position of the central component of the 
nuclear hyperfine triplet is listed here in cases where 
hyperfine splitting was resolved; hyperfine effects a r e  
considered separately in Sec. IVD below. The data in 
Table II were fitted by least squares to the parameters 
appearing in the effective Hamiltonian Eqs. (1)-(5) and 
(7). The resulting parameters are given in Table III, 
and the quality of the fit may be judged from the obs-calc 
columns in Table IT. In the fit, the electron spin g fac- 
t o r s  were constrained at the values predicted by Curl's 
relation3' (which has been shown to be quite satisfactory 
for a light molecule such as CH,). The rotational g 
factors were constrained at values predicted by the 
relation34 &" = - I E , ,  l / L ,  where E , ,  is the appropriate 
spin-rotation parameter and 5 is an effective spin-orbit 
parameter (in this case, tha t  of the carbon atom Z = 28 
em-'). 

The results of the fit are highly satisfactory in that 
almost all the data a re  fitted to within their experimen- 
tal precision. The final set of parameters fit were all 
well determined as can be judged from the statistical 

226.1 

F I  
F 3  

225.6 

225.1 

I I 
0 0.1 02 0.3 0.4 0.5 

MAGNETIC FIELD ( T )  

FIG. 4. Calculated Zeeman splitting patterns for  the 41, and 
40, rotational levels of CH,. Transit ions between these two 
levels give rise to the spec t rum of Fig. 3, 

69.3 t 69.4 
LASFR 

FIG. 5. Calculated Zeeman effect spectrum diagram il lustrat-  
ing the 413-404 transit ion in ?I polarization (upper t r ace  of 
Fig. 3). The upper par t  of this  f igure shows the ent i re  41,-4,, 
transition, and the lower par t  shown an enlargement of the sec- 
tion responsible for the observed spec t rum of Fig. 2. Each 
crossing of the laser frequency by one of the dashed l ines in 
lower section represents  a possible LMR transition. Zeeman 
components with AJ =ahr are solid l ines,  those with AJ =ALV i 1 
are dashed, and those with AJ=AN 1 2  are dotted. 

I I I I 
0,2220 0.2225 0.2230 0.2235 

MAGNETIC FIELD ( T )  

FIG. 6.  A portion of the LMR spectrum of CH, recorded in 
perpendicular (d polarization with the 149.5 l m  (66.9051 cm-') 
laser line of CDzF,. The line shown here is one Zeeman com- 
ponent of the 312 -303 rotational transit ion (see Table 11) and it 
is one of the strongest CH, transit ions observed in this  work. 
A saturation resonance (inverse Lamb dip) is clear ly  evident 
at the line center;  the sample p re s su re  was reduced to 20 Pa 
(150 mTor r )  for this recording to permit the clear observation 
of the saturation feature. 
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TABLE 11. Observed transit ions in the ground vibrational state of CH,. 

L a s e r  
line 

Res  onan t 
field Assignmentb Obs. -Calc. 

2.28079"' 
2.3576 lf*g 
2.301 99'th 

14.6942 0.16242 
14.6942 0.143 16 
14.6942 0.148 35 
14.6942 0.25944 
14.6942 0.661 47 
14.6942 0.092 13 
14.6942 0.094 67 
14.6942 0.11721 
14.6942 0.126 59 
14. 6942 0.130 65 
14.6942 0.13341 
14.6942 0.19340 
19.9769 0.269 07 
19.9769 0.427 13  
19.9769 0.318 37 
19.9769 0.32268 
19.9769 0.349 64 
19.9769 0.352 00 
31.5406 0.029 74 
31.5406 0.038 04 
31.5406 0.361 77 
31.5406 0.01429 
31.5406 0.021 34 
31.5406 0.072 85 
31.5406 0.333 64 
63.0861 0.366 60 
63.0861 0.614 36 
63.0861 0.61436 
63.0861 0.952 12 
63.0861 1.061 76 
63.0861 1.04649 
63.0861 1.084 16 
63.0861 0.316 01 

63.0861 0.697 63 
63.0861 0.730 39 
63.0861 0.761 13 
63.3198 0.200 38 
63.3198 0.323 00 
63.3198 0.323 00 
63.3198 0.674 23 
63.3198 0.790 94 
63.3198 0.155 70 
63.3198 0.164 00 
66.3058 0.521 12 
66.3058 0.588 90 
66.3058 0.635 78 
66.3058 1.13725 
66.3058 1.159 16 
66.3058 0.526 21 
66.3058 0.530 81 
66.3058 0.583 40 
66.3058 0.610 15 
66.3508 0.611 79 
66.3058 0.61487 
66.3058 1.05405 
66,3058 1.057 76 
66.3058 1.09407 
66.3058 1.266 72 
66.3058 1.27472 
66.3058 1.316 66 
66.3058 1.346 67 

63.0861 0.328 ao 

4 0 4 - 3 1 3  5 - 4  
4 0 4 - 3 1 3  4 - 3  
4 0 4 - 3 1 3  3 - 2  

1 -  1 2 1 2 - 3 0 3  2 - 3  
0 -  0 2 1 2 - 3 0 3  2 - 3  

2 1 2 - 3 0 3  2 - 3  2 -  2 
2 1 2 - 3 0 3  2 - 3  -1 - -1  
2 1 2 - 3 0 3  3 - 3  3 -  3 
2 1 2 - 3 0 3  2 - 3  1-  0 

0 - -1 2 1 2 - 3 0 3  2 - 3  
2 1 2 - 3 0 3  2 - 3  - 1 - - 2  
2 1 2 - 3 0 3  2 - 3  2 -  3 
2 1 2 - 3 0 3  2 - 3  2 -  1 

1 -  2 2 1 2 - 3 0 3  2 - 3  
2 1 2 - 3 0 3  2 - 3  0 -  1 
5 0 5 - 4 1 4  5 - 5  5 -  5 
5 0 5 - 4 1 4  5 - 4  - 4 - - 4  
5 0 5 - 4 1 4  G - 3  - 2 - - 1  
5 0 5 *- 4 1 4  6 - 3 0 -  1 
5 0 5 * - 4 1 4  6 - 3  - 1 -  0 
5 0 5 - 4 1 4  5 - 5  4 -  5 
1 1 1 - 2 0 2  2 - 3  - 2 - - 2  
1 1 1 - 2 0 2  1 - 1  -1 - -1  
1 1 1 - - 2 0 2  2 - 3  -1 - -1  
1 1 1 - 2 0 2  2 - 3  - 2 - - 1  
1 1 1 - 2 0 2  2 - 3  -1-  0 
1 1 1 - 2 0 2  1 - 1  -1-  0 
1 1 1 - 2 0 2  2 - 3  -1-  0 
1 1 0 - - 1 0 1  1 - 1  0 -  0 
1 1 0 - 1 0 1  1 - 1  1 -  1 
1 1 0 - 1 0 1  1 - 1  -1 - -1  
1 1 0 - 1 0 1  2 - 1  0 -  0 
1 1 0 - 1 0 1  1 - 2  0 -  0 
2 1 1 - 2 0 2  1 - 2  1 -  1 
2 1 1 - 2 0 2  1 - 2  0 -  0 
1 1 0 - 1 0 1  1 - 1  0 -  1 
1 1 0 - 1 0 1  1 - 1  -1-  0 
1 1 0 - 1 0 1  1 - 1  0 - - 1  
1 1 0 - 1 0 1  2 - 1  - 2 - - 1  
1 1 0 - 1 0 1  2 - 1  -1-  0 
1 1 0 - 1 0 1  1 -1  0 -  0 
1 1 0 - 1 0 1  1 - 1  1- 1 
1 1 0 - 1 0 1  1 - 1  -1- -1  
1 1 0 - 1 0 1  2 - 1  0 -  0 
1 1 0 - 1 0 1  1 - 2  0 -  0 
1 1 0 - 1 0 1  1 - 1  0 -  1 
1 1 0 - 1 0 1  1 - 1  -1- 0 
2 1 1 - 2 0 2  2 - 1  1- 1 
2 1 1 - 2 0 2  2 - 1  0 -  0 
2 1 1 - 2 0 2  2 - 1  - 1 - - 1  
2 1 1 - 2 0 2  2 - 3  -1--1 
2 1 1 - 2 0 2  2 - 3  - 2 - - 2  
2 1 1 - 2 0 2  2 - 1  0 -  1 
2 1 1 - 2 0 2  2 - 1  2 -  1 
2 1 1 - 2 0 2  2 - 1  1 -  0 
2 1 1 - 2 0 2  2 - 1  -1-  0 
2 1 1 - 2 0 2  2 - 3  - 1 - - 2  
2 1 1 - 2 0 2  2 - 1  0 -  -1 
2 1 1 - 2 0 2  3 - 1  2 -  1 
2 1 1 - 2 0 2  2 - 3  - 2 - - 3  
2 1 1 - 2 0 2  2 - 3  0 -  -1 
2 1 1 - 2 0 2  3 - 3  - 1 - - 2  
2 1 1 - 2 0 2  3 - 1  -1-  0 
2 1 1 - 2 0 2  2 - 3  1 -  2 
2 1 1 - 2 0 2  3 - 1  0 - - 1  

- 0.2 
0.6 

-0 .7  
1.1 
1.0 
1.3 

- 1.0 
- 4.3 

2.2 
2.2 
1 .5  
1.8 
1.7 
1.3 
0.2 

- 2.7 
3.7 
0.1 

- 1 . 7  
- 1.6 
- 1 .5  
- 3.1 
10.0 
- 2' 7 
- 5.0 
-3.8 
12.5 

2.9 
- 9.6 
- 10.3 
- 12.3 

7.3 
-1.4 

6.5 
1 .6  

- 11.3 
- 9. 7 
- 7. 8 

2.8 
-4.2 
- 18.2 
- 16.9 
- 18.0 
- 1.9 
- 7. 1 
- 19.4 
- 19.6 
- 7.8 
- 6.5 

2.7 
0.3 

- 11.9 
10.4 

-3.5 
- 5.2 
-0.3 

3.1 
-3.6 
- 8.0 
- 9.0 
-4.4 

7.5 
1.3 

- 14.9 
6.3 

- 2.0 
- 2.0 
-3. 6 
+3.3 

+16.1 
- 3.2 
- 2.7 
- 1.8 
- 2.8 
-6.4 
- 2.2 
- 0.5 
- 1.8 
- 1.7 

0.0 
+ O .  7 
+o.  7 
- 2.0 
-3.7 
+3.3 
- 6.0 
- 2. 8 
- 3.6 
+7.9 

- 18.4 
- 2.1 
-4.0 
-4. 8 
+2.8 
- 0.5 
+ l .  2 
+0.3 
- 2.4 
- 2.1 
-3.1 
+ 1 . 0  
- 1.6 
- 5.0 
- 7.8 
-8 .3  
-0.8 

- 5.0 
- 5.3 
+1 .5  
+ 1.2 
-0.5 
-0.1 
+4 .3  
-2.0 
+0 .7  
+ 1 . 0  
-0.0 
-0.6 
+0 .7  
+2 .9  
+ 3 . 2  
+ 1 . 6  
-2.7 
-0.5 
+ 5 . 4  
-2.3 

-2. 8 

0.54 88 
0.52 86 
0.35 67 
0.31 58 
0.27 49 
0.66 42 
0.80 76 
0.82 118 
0.63 127 
0.26 19 
0. 62 74 
0.40 36 

- 1.45 19 
2.23 8 
2.53 2 
2.33 1 
2.44 3 

- 0.74 3 
- 0.84 230 
- 2.98 149 
- 0.45 276 
- 1.79 46 
-1.06 137 
- 1.59 174 

0.16 118 
- 4.61 88 
- 2.56 432 
- 2.56 144 
- 2. 60 93 
- 2. 65 256 
- 5.53 70 
- 5.52 49 
-4.75 562 
- 4.66 985 
- 2.54 106 
- 2. 67 331 
- 2.60 68 
- 3. 67 117 
-2.17 1042 
- 2.17 411 
- 2.43 200 
- 2.51 482 
-3.85 1188 
-3.70 1751 

5.29 42 
5.29 175 
5.40 214 
2.74 125 
2.74 95 
5.29 1 5  
5.27 190 
5.28 164 
5.29 27 
5.41 15 
5.40 20 
2.73 86 
2.79 19 
2.74 75 
2.76 36 
2.75 56 
2.74 94 
2.76 34 
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TABLE II 

Lase r  
line 
(cm-’P 

66.3058 
66.9057 
66.9057 
66.9057 
66.9057 
66.9057 
66.9057 
66.9057 
66.9057 
66.9917 
66.9917 
66.9917 
66.9917 
66.9917 
66.9917 
66.9917 
66.9917 
66.9917 
66.9917 
66.9917 
66.9917 
66.9917 
66.9917 
66.9917 
66.9917 
69.3876 
69.3876 
69.3876 
69.3876 
69.3876 
69.3876 
69.3876 
69.3876 
69.3876 
69.3876 
69.3876 
69.3876 
69.3876 
69.3876 
69.3876 
69.3876 
69.3876 
69.3876 
69.3876 
69.3876 
69.3876 
69.3876 
69.3876 
69.3876 
69.3876 
69.3876 
69.3876 
69.3876 
69.3876 
69.3876 
69.3876 
69.3876 
69.3876 
69.3876 
69.3876 
69.3876 
69.3876 
69.3876 
69.3876 
69.3876 

(C a tinu ed) 

Resonant 
field 
(T) 

Assignmentb Obs. -Calc. 

N K k ,  J M J  (MHz) (GI= 

1.398 38 
0.222 81 
0.303 30 
0.324 69 
0.325 42 
0.358 68 
0.370 97 
0.388 87 
0.415 05 
0.168 26 
0.271 69 
0.16360 
0.214 91 
0.224 17 
0.264 06 
0.274 99 
0.283 90 
0.305 78 
0.901 25 
0.968 10 
1.010 94 
1.881 01 
1.902 78 
0.911 48 
0.962 67 
0.010 56 
0.01 7 21 
0.02943 
0.035 08 
0.042 32 
0.076 00 
0.104 93 

0.200 42 
0.259 71 
0.318 11 
0.422 74 
0.460 16 
0.009 89 
0.01536 
0.022 72 
0.026 42 
0.031 39 
0.037 81 
0.052 90 
0.069 23 
0.087 31 
0.101 22 
0.101 22 
0.113 62 
0.158 32 
0.166 66 
0.239 03 
0.282 37 
0.316 30 
0.391 20 
0.394 67 
0.461 13 
0.504 13 
0.544 91 
0.544 91 
0.559 93 
0.576 62 
0.596 91 
0.645 95 

0.157 is  

2 1 1 - 2 0 2  
3 1 2 - 3 0 3  
3 1 2 - 3 0 3  
3 1 2 - 3 0 3  
3 1 2 - 3 0 3  
3 1 2 - 3 0 3  
3 1 2 - 3 0 3  
3 1 2 - 3 0 3  
3 1 2 - 3 0 3  
3 1 2 - 3 0 3  
3 1 2 - 3 0 3  
3 1 2 - 3 0 3  
3 1 2 - 3 0 3  
3 1 2 - 3 0 3  
3 1 2 - 3 0 3  
3 1 2 - 3 0 3  
3 1 2 - 3 0 3  
3 1 2 - 3 0 3  
2 1 1 - 2 0 2  
2 1 1 - 2 0 2  
2 1 1 - 2 0 2  
2 1 1 - 2 0 2  
2 1 1 - 2 0 2  
2 1 1 - 2 0 2  
2 1 1 - 2 0 2  
4 1 3 - 4 0 4  
4 1 3 - 4 0 4  
4 1 3 - 4 0 4  
4 1 3 - 4 0 4  
4 1 3 - 4 0 4  
4 1 3 - 4 0 4  
4 1 3 - 4 0 4  
4 1 3 - 4 0 4  
4 1 3 - 4 0 4  
4 1 3 - 4 0 4  
4 1 3 -  4 0 4  
4 1 3 - 4 0 4  
4 1 3 - 4 0 4  
4 1 3 - 4 0 4  
4 1 3 - 4 0 4  
4 1 3 - 4 0 4  
4 1 3 - 4 0 4  
4 1 3 - 4 0 4  
4 1 3 - 4 0 4  
4 1 3 - 4 0 4  
4 1 3 - 4 0 4  
4 1 3 - 4 0 4  
4 1 3 - 4 0 4  
4 1 3 - 4 0 4  
4 1 3 - 4 0 4  
4 1 3 - 4 0 4  
4 1 3 - 4 0 4  
4 1 3 - 4 0 4  
4 1 3 - 4 0 4  
4 1 3 - 4 0 4  
4 1 3 - 4 0 4  
4 1 3 - 4 0 4  
4 1 3 - 4 0 4  
4 1 3 - 4 0 4  
4 1 3 - 4 0 4  
4 1 3 - 4 0 4  
4 1 3 - 4 0 4  
4 1 3 - 4 0 4  
4 1 3 - 4 0 4  
4 1 3 - 4 0 4  

3 - 3  
4 - 3  
2 - 4  
2 - 4  
3 - 3  
2 - 4  
2 - 4  
2 - 4  
4 - 4  
2 - 4  
2 - 4  
3 - 3  
2 - 4  
2 - 4  
2 - 4  
2 - 4  
2 - 4  
4 - 4  
2 - 1  
2 - 1  
2 - 1  
2 - 3  
2 - 3  
2 - 1  
2 - 1  
3 - 4  
3 - 4  
5 - 4  
3 - 4  
3 - 4  
5 - 4  
5 - 4  
5 - 4  
5 - 4  
5 - 4  
3 - 5  
3- 5 
5 - 4  
3 - 4  
3 - 4  
5 - 4  
5 - 4  
3 - 4  
3 - 4  
5 - 4  
5 - 4  
5 - 4  
5 - 4  
5 - 4  
5 - 4  
5 - 4  
5 - 4  
5 - 4  
5 - 4  
5 - 4  
5 - 4  
3 - 5  
3 - 5  
3 - 5  
3 - 5  
3 - 5  
3 - 5  
3 - 5  
4 - 4  
5 - 5  

3 -  2 
4 -  3 

-1 - - 2  
0 -  1 

-3 - - 2  
- 2  - -1 

0 - - 1  
-1- 0 

3 -  4 
1 -  1 
0 -  0 

-3-  - 2  
0 -  1 

-1 - - 2  
- 2  - -1 

0 - -1 
-1- 0 

3 -  4 
1-  1 
0 -  0 

-1 - -1 
-1 - -1 
- 2  - - 2  

2 -  1 
1 -  0 

-3- -3  
- 2  - - 2  
- 4  - - 4  
-3  - -3  
- 2  - - 2  

0 -  0 
1- 1 
2 -  2 

- 2 -  - 2  
3 -  3 
3 -  3 
2 -  2 
4 -  4 

- 3  - - 4  
- 2  - -3  
- 5 -  - 4  
- 4  - -3 
-3 - - 2  
- 2 -  -1 
-1- 0 

0 -  1 
0 - - 1  

-1 - - 2  
1-  2 
1-  0 
2 -  1 
2 -  3 
3 -  2 

- 2  - -3  
3- 4 
4 -  3 

- 2  - -3  
1- 2 

-1 - - 2  
0 -  1 

- 2  - -1 
0 - - 1  

-1- 0 
- 4 -  -3 

4 -  5 

2.6 
3.9 

-8.6 
-4.9 
- 28.5 

-4.7 
-5.2 
- 8.1 

3.3 
6.0 

- 2.1 
- 27.3 
-0.1 
-3.9 
-4 .0 
-3.2 
-5.2 
- 7.2 
32.8 
33.5 
40.8 
15.1 

0.7 
38.5 
34.4 
15. 1 
11.7 
3.2 
3.3 
4.2 
4.5 
4.3 
1.9 
5.4 

-0.8 
4.6 
0.6 

- 11.8 
15.1 
12.0 

2.5 
2.5 
2.9 
4.1 
2.5 
5.0 
4.9 
5.6 
5.7 
4.9 
1.9 
1.9 
0.2 
5.0 

-2.8 
- 7.3 
-5.6 
-2.9 
-6 .2 
-7.5 
-6.4 
-6.0 
- 9.4 
- 28.4 
- 15.6 

-1.0 
-3.0 
-2.7 
-2.0 

-14.6 
-1.7 
-1.9 
-3.2 
+1.3 
+2.8 
-0.9 
- 23.5 

0.0 
-1.2 
-1 .5 
-1.2 
-2.2 
-3.2 
-6.0 
-6 .1 
-7.4 
- 5.4 
-0.3 
- 7.0 
-6.3 
-6.3 
-8.5 
+1.7 
+2.0 
+2.7 
+3.8 
i 3 . 5  
+ l . 5  
+ 4.8 
-0.6 
+ l .  5 
+o. 2 
- 6.6 
- 5.8 
-7.5 
+1.1 
+1 .2  
+ l .  6 
+2.5 
+2.5 
+4.2 
+4.4 

+ 10.9 
+4.9 
+3.9 
+1.4 
+1.6 
+0.2 
+3.9 
-2.1 
-4.3 
-1.8 
- 1.1 
- 2.2 
- 2.8 
- 2.4 
-2.2 
-3.5 
- 11.2 

-5.9 

T R ~  

2.75 
1.29 

- 3.19 
- 2.45 
- 1.96 
- 2.75 
- 2.73 
- 2.55 
-2.48 
- 2.14 
- 2.23 
- 1.16 
-2.19 
- 3.30 
- 2.69 
- 2.62 
- 2.33 
- 2.23 

5.47 
5.49 
5.52 
2.78 
2.78 
5.47 
5.49 
2.41 
1.38 

- 1.82 
- 1.67 
- 1.54 
- 1.19 
- 1.23 
-1.27 
- 1.13 
- 1.39 
-3.15 
- 2.69 
- 1.79 

2.60 
1.60 

- 2.29 
- 2.07 
- 1.88 
- 1.63 
- 0.98 
-1.21 
- 1.11 
-0.52 
-1.16 
- 1.27 
- 1.35 
- 1.15 
- 1.46 
-1.30 
-1.35 
- 1.72 
- 3.08 
- 2.68 
- 2.78 
- 2.65 
- 2.70 
- 2.72 
- 2.68 
-2.52 
- 2.62 

- 
88 

1529 
163 
226 
760 

95 
171 
403 
335 

93 
51 

1453 
267 
196 
233 
245 
817 
592 

17 
70 
86 
47 
41 
77 
64 

114 
202 

57 
114 
205 

80 
116 
144 

47 
189 

22 
31 

276 
478 
366 
334 
276 
217 
127 
205 
154 
117 
328 
121 

99 
100 

96 
95 

423 
47 
66 
27 
24 
63 
77 
25 
54 
77 

186 
119 
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TABLE II (Continued) 

Assignmentb L a s e r  Resonant 
line field 
(cm-'ba (T) NKclKc J M J  

78.1044 0.15764 1 1  1 - 0 0 0 
78.1044 
78.1044 
78.1044 
78.1044 
78.1044 
78.1044 
78.1044 
78.1044 
78.1044 
91.8968 
91.8968 
91.8968 
91.8968 
91.8968 
91.8968 
91.8968 
91.8968 
91.8968 
91.8968 
91.8968 
91.8968 
91.8968 
91.8968 
91.8968 
91.8968 
98.0166 
98.0166 
98.0166 
98.0166 
98.0166 
98.0166 
98.0166 
98.0166 
98.0166 
98.0166 
98.0166 
98.0166 
98.0166 
98.0166 
98.0166 
98.0166 
98.0166 
98.0166 
98.0166 
98.0166 
98.0166 
98.0166 
98.0166 

157.8045 
157.8045 
157.8045 
157.8045 
157.8045 
157.8045 
157.8045 
157.8045 
157.8045 
158.4877 
158.4877 
158.4877 
158.4877 
158.4877 
158.4877 

0.204 74 
0.086 49 
0.15769 
0.308 00 
0.373 43 
0.377 34 
0.380 26 
0.380 74 
0.382 62 
0.37409 
0.463 20 
0.808 73 
0.865 59 
0.877 83 
0.886 92 
1.136 88 
1.220 14 
0.411 06 
0.425 01 
0.755 84 
0.865 88 
0.931 12  
0.931 63 
1.151 77 
1.239 99 
0.11038 
0.121 88 
0.133 45 
0.13469 
0.19086 
0.207 65 
0.212 39 
0.225 45 
0.244 88 
0.252 65 
0.263 86 
0.283 75 
0.294 59 
0.313 30 
0.410 26 
0.181 10 
0.185 14 
0.19545 
0.209 47 
0.222 97 
0.228 42 
0.566 73 
0.726 35 
0.355 02 
0.357 50 
0.363 64 
0.370 71 
0.376 53 
0.380 35 
0.383 25 
0.851 31 
0.977 27 
0.224 02 
0.165 86 
0.179 35 
0.210 83 
0.214 02 
0.221 07 

1 1 1 - 0 0 0  
1 1 1 - 0 0 0  
1 1 1 - 0 0 0  
1 1 1 - 0 0 0  
6 1 5 - 6 0 6  
6 1 5 - 6 0 6  
6 1 5 - 6 0 6  
6 1 5 - 6 0 6  
6 1 5 - 6 0 6  
2 1 2 - 1 0 1  
2 1 2 - 1 0 1  
2 1 2 - 1 0 1  
2 1 2 - 1 0 1  
2 1 2 - 1 0 1  
2 1 2 - 1 0 1  
2 1 2 - 1 0 1  
2 1 2 - 1 0 1  
2 1 2 - 1 0 1  
2 1 2 - 1 0 1  
2 1 2 -  1 0 1  
2 1 2 - 1 0 1  
2 1 2 - 1 0 1  
2 1 2 - 1 0 1  
2 1 2 - 1 0 1  
2 1 2 - 1 0 1  
3 2 2 - 4 1 3  
3 2 2 - 4 1 3  
3 2 2 - 4 1 3  
3 2 2 - 4 1 3  
3 2 2 - 4 1 3  
3 2 2 - 4 1 3  
3 2 2 - 4 1 3  
3 2 2 - 4 1 3  
3 2 2 - 4  1 3  
3 2 2 - 4 1 3  
3 2 2 - 4 1 3  
3 2 2 - 4 1 3  
3 2 2 - 4 1 3  
3 2 2 - 4 1 3  
3 2 2 - 4 1 3  
4 2 2 - 5 1 5  
4 2 2 - 5 1 5  
4 2 2 - 5 1 5  
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5 2 3 - 5 1 4  
5 2 3 - 5 1 4  
5 2 3 - 5 1 4  
5 2 3 - 5 1 4  
5 2 3 - 5 1 4  
5 2 3 - 5 1 4  
5 2 3 - 5 1 4  

1 - 1  
1 - 1  
1 - 1  
1 - 1  
2 - 1  
6 - 5  
6 - 5  
6 - 5  
6 - 5  
6 - 5  
1 - 1  
1 - 1  
3 - 1  
1 - 2  
3 - 1  
1 - 1  
3 - 2  
1 - 2  
1 - 1  
1 - 1  
3 - 1  
1 - 1  
3 - 1  
3 - 1  
1 - 2  
1 - 2  
2 - 3  
2 - 3  
2 - 3  
2 - 3  
2 - 5  
4 - 3  
2 - 5  
2 - 5  
3 - 3  
2 - 5  
3 - 3  
3 - 3  
3 - 3  
3 - 5  
4 - 5  
4 - 4  
4 - 4  
4 - 4  
4 - 4  
4 - 4  
4 - 4  
4 *- 6 
5 - 6  
6 - 5  
6 - 5  
6 - 5  
6 - 5  
6 - 5  
6 - 5  
6 - 5  
4 -  5 
6 - 5  
6 - 6  
5 - 5  
6 - 6  
6 - 6  
6 - 6  
6 - 6  

1 -  1 
0 -  0 
0 -  1 

-1- 0 
0 -  1 
1 -  1 

- 3  - - 3  
- 2  - -2  

0 -  0 
-1 - -1 

1 -  1 
0 -  0 
1 -  1 
1-  1 
0 -  0 

-1 - -1 
2 -  2 
0 -  0 
0 -  1 
1- 0 
0 -  1 
0 - - 1  
2 -  1 
1 -  0 
1-  0 

- 1 -  0 
2 -  2 
1 -  1 
0 -  0 

-1 - -1 
-1 - -1 

3 -  3 
1 -  1 

- 2  - -2  
2 -  2 
2 -  2 

-3 -  -3  
1 -  1 

- 2  - - 2  
3 -  3 
4 -  4 
4 -  4 
3 -  3 
2 -  2 
1-  1 
0 -  0 

-1 - -1 
4 -  4 
5 -  5 
4 -  4 
3 -  3 
2 -  2 
1 -  1 
0 -  0 

-1 - -1 
- 2  - - 2  

4 -  4 
5 -  5 
0 -  0 

- 5  - - 4  
-1 - - 2  

0 -  1 
0 - - 1  

-1- 0 

(MHz) 

8.8 
14.5 
15.2 
15.9 
- 7.8 
-0.4 
-1.3 

2.8 
- 0.6 
- 1.1 
- 12.3 
- 5.2 
-0.4 
- 3.7 
-3 .2  
- 0.0 

7.5 
9.5 

-6.4 
- 13.3 
- 5.9 

1.3 
5.0 
2.7 

- 0.2 
7.9 

- 1.5 
- 1.2 

0.2 
- 0.3 
-5.0 
-4.9 
- 0.7 
-3.7 
-4.0 

0.4 
2.2 

-0.1 
4.0 
4.6 

10.0 
-5.4 
-4.7 
-3.7 
-2.6 
-1.5 

2.1 
4.6 

10.6 
6.8 
3 .7  
2.0 
0.5 

- 5.2 
- 6.7 
- 5.3 
-3.8 
- 23.4 
- 14.3 

11.1 
4.8 
2.2 
8.4 
2.2 

Obs. -Calc. 

- 
(G )" 

C3.8 
+3 .3  
+6.2 
+6.5 
-3.1 
+0.1 
+0.3 
-0.6 
+o. 1 
+0.2 
-2.4 
- 1.1 
-0.1 
-1.3 
- 1.2 
-0.0 
+2 .7  
+3.5 
- 1.2 
-2.7 
- 2.2 
+ O .  5 
+I. 9 
+1.0 
-0.1 
+2.9 
+0.3 
+0.3 
- 0.0 
+o. 1 
+ l .  9 
+ l .  9 
+0.2 
+1.5 
c l . 6  
- 0.2 
- 0. 9 
- 0.0 
- 1.7 
- 1.9 
-4 .3  
+1.2 
+1.0 
+o. 8 
+0.6 
c 0 . 3  
-0.4 
-1.8 
-4.1 
+1.4 
+o. 7 
+0.4 
+0.1 
- 1.0 
-1.3 
- 1.0 
-1.4 
- 8.7 
-5.9 

+10.0 
c1 .9  
+o. 9 
-3.4 
-0.9 

TR* 
- 2.33 
- 4.41 
- 2.45 
- 2.45 
- 2.55 

4.94 
4.84 
4.89 
4.97 
4.94 

- 5.04 
- 4.97 
- 2.71 
- 2.86 
- 2.61 
-2.68 
- 2.78 
- 2.72 
- 5.10 
- 4.89 
- 2.68 
- 2.66 
- 2.68 
- 2.64 
- 2.70 
- 2.72 

4.80 
4.49 
4.42 
4.59 
2.69 
2.56 
2.82 
2.49 
2.40 
2.64 
2.47 
2.39 
2.44 
2.44 
2.31 
4. ti5 
4.64 
4.58 
4.55 
4.63 
4.68 
2.51 
2.57 

- 4.97 
- 5.06 
- 5.12 
- 5.18 
- 5.20 
- 5.17 
- 5.10 
- 2.66 
- 2.69 
- 2.44 
- 1.11 
- 2.50 
- 2.41 
- 2.45 
- 2.40 

Int.e 

364 
3228 
1978 
1978 
1504 

21 
21 
26 
26 
28 

351 
225 
139 

69 
98 

244 
86 

160 
281 

1338 
207 
413 
163 
137 
312 
160 
31 
ti7 
97 
56 
31 
15 
17 
44 
38 
44 
18  
30 
24 
57 
40 
12  
15  
18 
20 
20 
14  
16 
16 
21 
36 
43 
42 
34 
22 
12 
28 
35 

0 
720 
103 
214 
150 
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TABLE I1 (Continued) 

Laser  
line 

Resonant 
field Assignmentb Obs. - Calc. 

158.4877 0.28516 5 2 3 - 5 1 4  6 - 6  5 -  ti - 3.8 -1.8 -2.13 302 
158.4877 0.40571 5 2 3 - 5 1 4  6 - 5  t i -  5 21.0 -33.7 0. ti2 978 

Table I. 
%he assignment given for J is  that with which the given M level correlates  at zero  field. 
'1 G (Gauss) = lo4  T (Tesla).  
dCalculated tuning ra te  of the given transition in MHz/G. 
eCalculated relative line intensity, including Boltmann factor for 300 K. 
'Microwave measurements (Ref. 27) with hyperfine splittings removed. 
gTransition given a relative weight of 400 in the fit (estimated e r r o r  0.1 MHz). 
%ransit ion given a relative weight of 100 in the fit (estimated e r r o r  0.2 MHz). 

uncertainties given in Table 111 and the fact that the only 
off-diagonal elements of the correlation matrix greater 
than 0.95 were those between i ( B  + C) and AN(O.  969), 
a N K  and ANK(O.  976), and @ N  and 6,(0.957). However, it 
was necessary to use 11 rotational and centrifugal dis- 
tortion parameters to fit the 1 4  observed rotational tran- 
sitions. This large number of parameters is indicative 
of a rather slow convergence of the effective centrifugal 
distortion Hamiltonian. Similar difficulties a r i se  when 
fitting the spectra of other very light molecules such a s  
H 2 0  and NH2, 38 but the problem is especially severe in 
CH2 because it is more nearly linear, and i ts  bending 
motion is both very anharmonic and of large amplitude. 
Thus, the precise values of the parameters in Table 111 
a r e  not particularly significant: for example, i f  the 

TABLE III. Molecular parameters  for the g r o u n d 2  3Bi state 
Of C H Z . ~  

- 
Parameter  Value Unit 

Rotation A 
B 
C 

Centrifugal 
distortion 

AK 
ANK 
AN 
6, 
*KN 

*NK 

* N  

(PN 

Spin-spin D 
E 

Spin-rotation 'aa 

' b b  

E CC 

Hyperfine aFC 

T a a  

Tbb 

73.057 75(11) 
8.415 172 (76) 
7.219 272 (45) 

1.991 049 (47) 
- 0.019 660 (27) 

0.000 301 3(34) 

- 0.001 941 7(21) 
0.128 l(86) X 

0.251 (59) X10-6 

0. i o 1  ~ ( 1 2 )  x 10-~ 

0 . 1 9 5 ( 3 0 ) ~ 1 0 - ~  

0. 77842(14) 
0.039 906(38) 

0.000 44ti(78) 

- 0.004 loti (27) 
- 0.005 148(18) 

- 20.26(51) 
39.7(17) 

- 20.2(19) 

cm-l 
cm-' 
cm-' 

cm-' 
cm-' 
cm-l 
cm-' 
cm-l 
cm-i 
cm-l 
cm-l 

cm-l 
cm-' 

cm-l 
cm-' 
cm-I 

MHz 
MHz 
MHz 

aParameters  not appearing in this table were fixed a t  zero. In 
the Zeeman Hamiltonian, g factors  were fixed (see the text) 
at the following values: g'f =2.002 315; db =2.002624; g,"" 
= 2.002 604; &' = - 0.000 020; g:b = - 0.000 257; g;"=- 0.000 147. 
The numbers in parentheses a r e  one standard deviation of the 
least-squares  f i ts  in units of the last  quoted digit. 

parameter aK is fixed at a value (0.130 cm-') determined 
from the positions of K, = 3 levels calculated by the 
semirigid bender program, 25 i26  the parameters A and A, 
a re  considerably changed (to 73.577 and 2.641 cm-*) 
from their values in Table 111. A s  a consequence, it is 
not possible to use this effective Hamiltonian to reliably 
estimate the zero point geometrical structure for the 
molecule. Instead a more realistic model, explicitly 
allowing for the large amplitude bending motion is re- 
quired. This problem is treated in the following papers. 

parameters, those describing the spin-spin and spin- 
rotation interactions a re  quite unambiguously deter - 
mined, and there is no need to make centrifugal distor- 
tion corrections to the spin parameters for the transi- 
tions analyzed here. The present values for the spin- 
spin parameters D and E are compared in Table IV with 
ear l ie r  values based on ab initio calculations and on 
matrix ESR experiments, In the ESR experiments, it 
is difficult to determine the true free molecule spin 
parameters because of the perturbing effects of the ma- 
t r ix  on the observed spectra. In view of this difficulty, 
the agreement between our parameters and those from 
ESR (Table IV) is rather good. The ab initio calcula- 
t i o n ~ ' ~ * ' ~  a re  also fairly close to our values; however, it 
is interesting to note that the value calculated for D 
omitting spin-orbit  contribution^'^^' (D  = 0.781 cm-') is 
considerably closer to our value, suggesting that these 
contributions may be smaller than expected. ' ' (b)  Such 
a conclusion is also suggested by a very recent calcula- 
tion. 4' The calculated spin parameters of course refer 
to CH2 in its equilibrium configuration, whereas our ex- 

In contrast to the rotational and centrifugal distortion 

TABLE IV. Comparison of present and previous values for 
spin-spin interaction pa rame te r s  in CH2. 

D/cm-' E /cm-' 

Present  work (LMR) 0.778 4(1) 0.039 91(4) 

Wasserman e t  al.  ( E S R ) ~  0.76(2) 0.052 (17) 

Bicknell et al. (ESR)b 0.79 ... 
Langhoff (nb inito'oF 0.807 0.050 

'References 13 and 14. aReference 8. 
qieference 39. 
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TABLE V. Observed transitions in the (100) excited vibrational state of CH,. 
~~ 

Assignmentb L a s e r  Resonant 
line field 
(cm-')a (T) N K - K -  J M J  

Obs. -Calc. 

(MHz) (G)' T R~ Int.' 
Y C  

61.3371 0.08510 2 1  1 - 2 0 2  1 - 1  -1--1 32.2 +12.0 -2.68 572 
61.3371 0.12610 2 1 1 - 2 0 2  1 - 1  0 -  0 6.0 +5.2 -1.16 476 
61.3371 0.22880 2 1 1 - 2 0 2  1 - 1  1 -  1 6.4 +15.5 -0.42 6670 
61.3371 0.04720 2 1  1 -  2 0  2 1 - 1  0 - - 1  - 9.1 -4.7 -1.93 4261 
61.3371 0.05200 2 1  1 - 2 0 2  1 - 1  1 -  0 -10.6 - 6.7 -1.57 4080 
61. 3371 0.07230 2 1 1 - 2 0 2  3 - 1  - 2 - - 1  -19.8 -6 .0  -3.29 181 
61.3371 0.13840 2 1  1 - 2 0 2  3 - 3  - 1 - - 2  - 9.8 +3.7 2.62 443 
61.3371 0.16870 2 1  1 - 2 0  2 1 -  1 -1-  0 -18.3 -13.5 -1.35 3024 
61.3371 0.19000 2 1 1 - 2 0 2  2 - 3  2 -  3 4.3 + 9 . 1  -0.47 3309 
61.3371 0,19220 2 1 1 - 2 0 2  3 - 3  3- 2 8.3 -5.0 1.66 1640 

63.0861 0.25600 3 1 2 - 3 0 3  3 - 3  - 2 - - 2  7.4 - 12.7 0.58 5756 
63.0861 0.28183 3 1 2 - 3 0 3  3 - 3  -1 - -1  4.7 -13.0 0.36 2718 
63.0861 0.32872 3 1 2 - 3 0 3  3 - 3  0 -  0 2.8 -11.7 0.24 652 
63.0861 0.37758 3 1 2 - 3 0 3  3 - 3  3 -  3 - 7.6 +21.2 0.36 4017 
63.0861 0.39804 3 1 2 - 3 0 3  3 - 3  2 -  2 -4 .1  + 19.8 0.21 1051 
63.0861 0.12437 3 1 2 - 3 0 3  3 - 3  - 2 - - 3  -0.4 +0.3 1.47 1290 
63.0861 0.14280 3 1 2 - 3 0 3  3 - 3  - l e - 2  0.1 -0.1 1.03 2818 
63.0861 0.17745 3 1 2 - 3 0 3  3 - 3  0 - -1 -0.9 +1 .3  0.66 4069 

63.0861 0.18661 3 1 2 - 3 0 3  2 - 4  - 2 - - 1  - 13.8 -5.7 -2.44 812 
63.0861 0.23219 3 1 2 - 3 0 3  3 - 3  2 -  3 -3.7 c 5 . 1  0.71 3144 

63.0861 0.25967 3 1 2 - 3 0 3  3 - 3  1 -  0 - 1.0 +3.2 0.32 4844 
63.0861 0.30848 3 1 2 - 3 0 3  3 - 3  1 -  2 - 1. 8 +5.1 0.35 4672 

63.0861 0.51610 3 1 2 - 3 0 3  3 - 3  0 -  1 3.2 -28.8 0.11 5014 
63.0861 0.66875 3 1 2 - 3 0 3  4 - 4  - 1 - - 2  11.6 +92.3 -0.13 4071 
63.0861 0.71271 3 1 2 - 3 0 3  3 - 3  2 -  1 -4.0 + 80.8 0.05 5048 

%ee  Table I. 
%he assignment given for J is that with which the given M 
'1 G (Gauss) = 10" T (Tesla). 
dCalculated tuning ra te  of the given transition in iMHz/G. 
'Calculated relative line intensity, including rotational (but not vibrational) Botlzmann factor for 300 K. 

61.3371 0,75500 2 1 1 - 2 0 2  1 - 1  0 -  1 -9.5 -71.3 -0.13 3929 

63.0861 0.18434 3 1 2 - 3 0 3  2 - 4  -1 -  0 7.0 +3.8 -1.84 1531 

63.0861 0.25046 3 1 2 - 3 0 3  4 - 4  2 -  3 -3.2 -3.4 -0.95 2532 

63.0861 0.46075 3 1 2 - 3 0 3  4 - 4  1 -  2 3.7 +21.1 -0.17 4096 

61.3371 cm-' data  from Mucha et a l .  (Ref. 23). 
level cor re la tes  at zero  field. 

perimental value for the (000) vibrational state includes and 312- 303, respectively, but they a re  located about 
the effects of zero-point motion. However, the effects 3.95 cm-' below the corresponding ground state ones. 
of this vibrational averaging have been calculated to be Since they are not due to other isotopes of CH2 (see Ref.  
quite small (0.0003 cm-' for D and - 0.0006 cm-' for 23), we interpret them a s  rotational transitions within 
E ) .  l3 an excited vibrational state. This excited state cannot 

The spin-rotation interaction makes a small contribu- 
tion to the fine structure splittings in CH,, although the 
relative effect of this interaction increases with N .  The 
absolute magnitudes of ebb and E,, can be estimated from 
the spin-orbit integrals calculated by Langh~f f '~ '~ '  on 
the basis  that second order contributions dominate. The 
resulting values of I ebb I (calc) = 0.0035 cm-' and 
I E,, I (calc) = 0.0026 cm-' a r e  in reasonably good agree- 
ment with the experimental values in Table III. 

C. Excited state rotational transitions 

be (010) or  a higher bending level, for which these tran- 
sitions occur at much higher frequency, 26 nor can it be 
the (001) asymmetric stretch level, for which hyperfine 
splitting would appear in 3i,-303 and not 211- 202. The 
most likely assignment is to the (100) first excited sym- 
metric stretching level. The observed resonances are 
listed in Table V with their detailed assignments, and 
the resulting adjusted molecular parameters for the 
(100) level are given in Table VI. Note that there are 
small  but significant changes in the spin-spin and spin- 
rotation parameters between (000) and (100); the change 
in D is considerably larger than, and opposite in sign to, 
that predicted by Langhoff and Kern. l3 This difference 
may be a reflection of the problems associated with the 
treatment of the spin-orbit contributions to this quantity 
noted above. There is also a fairly large change in the 
A rotational constant; this is quite consistent with the 
assignment to the (100) state. 

Two transitions have been assigned in the present 
study which do not belong to the ground vibrational state 
(000) of CH,. One of these, which shows triplet hyper- 
fine structure, is the spectrum observed at 61.337 cm-' 
by Mucha et al. 23  and the other transition, which does 
not show hyperfine splitting, was observed using a near- _ _  -. - 

by laser line at 63.086 cm-' (see Table I). These spec- 
t r a  may be assigned to the rotational transitions 211 - 2,, By comparing the intensities of LMR transitions 

within (000) and (100) observed on the same laser  line 
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TABLE VI. Parameters for the (100) ex- 
cited vibrational state of CH2 @ 3B1). 

Parametera value /cm-' 

A 69.11665(49) 
B 8.399 74(18) 
D 0.78588(111) 
E 0.043 81(31) 
E bb - 0.004 23(14) 
Ecc - 0.002 78(12) 

aAll other parameters were  fixed at their 
ground (000) state values (see Table 111). 

( 6 3 . 0 8 6  cm-') a very approximate population ratio of 
10 : 1 for (000) : (100) is estimated. Since the (100) state 
is likely4' to lie in the region of 3000 cm-', the effective 
vibrational temperature for this mode is well over 1000 
K. 
that CH, is directly formed in excited vibrational states 
in our apparatus and detected before it has a chance to 
relax significantly. Radiative decay from (100) to (000) 
is expected to be slow, since this transition is forbidden 
in the linear limit. Indeed, the ab initio dipole moment 
function calculated by Harding and G ~ d d a r d ~ ~  suggests a 
very small  transition dipole moment of about 0.01 D for 
the (100)-(000) transition. 

The observation of the (100) state reported here could 
be of special interest because some of the rotational 
levels of this state may be subject to perturbations from 
levels of the CIAl state. The interpretation of such per- 
turbations could lead to  a direct and precise measure- 
ment of the singlet-triplet splitting in CH,. It is even 
possible that the inverted spectra, apparently due to 
CH,, which have been observed in the FIR LMR spec- 
trum but not yet assigned, 4 4  may be perturbed rotational 
transitions either in excited vibrational levels of the 
X3Bl  state or in the Z1A1 state. 

Such a large departure from equilibrium suggests 

D. Determination of hyperfine parameters 

Many of the observed transitions involving ortho-CH, 
show well-resolved triplet hyperfine structure and thus 
carry information about the proton nuclear hyperfine 
interaction. Examples of such triplets in the 413- 4,, 
transition are apparent in Fig. 3 .  We have taken a rep- 
resentative set  of hyperfine splittings from the ground 
state transitions and fitted them by a least-squares pro- 
cedure to determine the parameters in the effective 
Hamiltonian Hhfs given in Eq. (6 ) .  The calculations were 
performed in Southampton using the program described 
by Barnes et  a1.34 We were not able to include al l  the 
observed LMR splittings in the data se t  because of the 
large amount of computation time involved, but we did 
incorporate the zero-field splittings measured by Lovas 
et  ul." for the 404-  3,, microwave transition. The ex- 
perimental LMR splittings used and the results of the 
fit are given in Table VII. The hyperfine parameters 
determined in the process are listed in Table III. The 
splittings are generally reproduced to within experimen- 
tal e r r o r  and all three main hyperfine parameters are 
determined. 

In each case, the LMR hyperfine structure consists 
of an equally-spaced triplet of lines of equal intensity, 
even when the resonance occurs at low magnetic fields 
(0.01 T). This means that the nuclear spin is decoupled 
and there is an ambiguity in the assignment of the MI 
quantum number for the LMR data, with a resulting 
ambiguity in the sign of the Fermi contact parameter 
+c. Fortunately, the observed intensities and splittings 
in the 404-  31, microwave spectrum" leave no doubt as 
to the sign of uFc,  which is negative in accord with gen- 
e r a l  expectations. In a simple picture, the triplet 
splitting arises from the interaction between the coupled 
proton magnetic moments and the unpaired electrons in 
2p ,  and 2p, orbitals on the C atom. Assuming the mole- 
cule to be essentially linear, one would then expect the 
Fermi contact parameter to be zero since i t  depends on 
the unpaired electron spin density at the nuclei in ques- 
tion. A slightly more sophisticated calculation predicts 
the parameter to be small  and negative, the interaction 
arising through spin polarization of the u C-H bonds. 
Our result is consistent with this expectation. 

A careful study of the residuals in Table VI1 shows 
that the fit is not completely satisfactory in that its 
quality does not quite match the experimental precision. 
There would appear to be some inconsistency between 
the LMR and zero-field data sets  since fits of much 
better quality can be obtained by treating the data sets 
separately. It is worrying that the values for the hy- 
perfine parameters, particularly the dipolar parame- 
ters, in Table 111 are significantly different from the set 
determined in an earlier fit of the LMR data alone. Un- 
fortunately we have not been able to explain this dis- 
crepancy. We are convinced that it is not attributable 
to experimental e r ro r .  We have also investigated the 
possibility that it might be caused by hyperfine mixing 
of the 404 (ortho) and 31, (paru) levels through the Tab 
term in the Hamiltonian in Eq. (6 ) .  It can be seen from 
Fig. 2 that these levels are quite close in energy (4.8 
cm-I). Numerical calculations reveal that a magnitude 
for the Tab component of about 1 GHz is required to 
produce shifts of the 4,,-3,, frequencies of the right 
size. We consider this value to be unacceptably large. 
There is also a possibility that the discrepancy can be 
accommodated by the inclusion of centrifugal distortion 
corrections to the hyperfine Hamiltonian, particularly 
about the u inertial axis. However, we do not think this 
very likely since the fine structure splittings of the same 
levels do not show such effects. 

In spite of these blemishes, it is worth considering 
the interpretation of the hyperfine parameters. The 
Fermi contact parameter +c is determined to be - 2 0 . 3  
MHz (see Table 111), less  than half of the corresponding 
parameter for CH in its X ' n  state -57.4 G H z . ~ ~  Such a 
large difference can be attributed to the slight nonlin- 
earity of CH,. The electron in the in-plane 2 p  methy- 
lene orbital has a small  but nonzero density at each pro- 
ton in CH2 thus giving an offsetting positive contribution 
to u F c .  The dipolar hyperfine interaction is character- 
ized by three principal components T,,, Tbb,  and T,, .  
It can be seen from Table III that the tensor deviates 
only slightly from cylindrical symmetry (i. e. ,  T b b =  T,, 
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TABLE VII. Observed 'H hyperfine splittings inX3B1 (000) CH2.a 
t 

Assignment 
Resonant l o 4  (Obs. -Calc. ) 

N ~ , ~ ,  J M J  MF field (T) (T ) 

111 -202 2 - 3  -2  - -1 - 3  - -2  0.013 66 - 0.9 
-1 - 0 0.014 98 0.8 

111 - 202 1 - 1  -1 - 0  - 2  - 1 0.071 67 1 .7  
0 - 1  0.074 05 -1.9 

111 - 202 2-3 -1- 0 -2  - - 2  0.036 60 2.6 
0 - 0  0.039 60 -1.9 

111 - 202 2 - 3  -1 - 0 - 2 -  -1 0.020 51 -0.7 
0 - 1  0.022 22 0.3 

211-202 2 - 1  0 - 0  -1 - -1 0.588 61 0.0 
1 - 1  0.589 79 0.0 

211-202 2 - 3  -2  - -3  -3 -  -4  1.05710 1.4 
-1 - - 2  1.059 14 -1 .5  

21 1 - 202 2 - 1  -1 - -1 -2  - - 2  1.01026 -0.6 
0 - 0  1.011 68 1.2 

211-202 2 - 1  2 - 1  1 - 0  0.910 48 -0 .8  
3 - 2  0.912 42 0.1 

413 - 404 5 - 4  -4  - - 4  - 5  - - 5  0.028 11 2.2 
- 3  - - 3  0.030 78 -2.1 

41 3 - 404 3 - 5  2 - 2  1 - 1  0.421 71 2.0 
, 3 - 3  0.423 87 -1.0 

413 - 404 3 - 4  -3 - - 4  - 4 -  - 5  0.008 99 -0 .4  
- 2 -  -3 0.010 84 -1.3 

413 - 404 5 - 5  4 -5  3 - 4  0.644 86 0.0 

111 - 000 1 - 1  1 - 1  0 - 0  0.15701 -1 .0  
2 - 2  0.158 29 1.3 

111 - 000 1 - 1  0 - 0  -1 - -1 0.204 06 0.0 
1 - 1  0.205 50 0.8 

111 - 000 1 - 1  -1 - 1 - 2  - -1 0.156 61 0.9 
0 - 2  0.158 74 -1.3 

111 - 000 2 -  1 0 - 1  -1 - 0 0.307 21 - 2.1 
1 - 2  0.308 68 1.0 

61.5-606 6 - 5  1 - 1  0 - 0  0.372 86 -1.1 
2 - 2  0.374 06 1.7 

61S - 606 6 - 5  - 3  - -3  - 4  - - 4  0.376 54 - 1.5  
- 2 -  -2  0.378 09 1.0 - 606 6 - 5  - 2  - - 2  - 3  - - 3  0.379 71 -0 .3  
-1 - -1 0.380 99 2.2 - 606 6 - 5  -1 - -1 - 2  - - 2  0.382 06 -1 .4  

0 - 0  0.386 19 1.5 
3 2 2  - 413 2 - 3  2 - 2  1 - 1  0.109 55 1.2 

3 - 3  0.111 26 - 0.8 
3 2 2  - 413 2 - 3  1 - 1  0 - 0  0.121 16 0.9 

2 - 2  0.122 67 - 0.2 
3 ~ 2 ~ ~ 1 3  4 - 3  3 - 3  2 - 2  0.206 41 1.3 

4 - 4  0.208 83 - 2.0 
3Z2 -413 3 - 3  2 - 2  1 - 1  0.243 83 0.3 

3 - 3  0.245 91 -0.6 
422- 515 4 - 4  4 - 4  3 - 3  0.180 13  0.7 

5 - 5  0.182 08 -0.8 
422 - 515 4 - 6  4 - 4  3 - 3  0.566 35 0.5 

5 - 5  0.56715 0.0 
422 - 522 4 - 6  5 - 5  4 - 4  0.725 77 1.6 

6 - 6  0.727 04 - 0.5 

5 - 6  0.647 01 -0.3 

%nly the LMR data  included in the fit to the hyperfine parameters  are given here. Field positions 
Also incorporated in the for  the central  component of the hyperfine tr iplets are given in Table 11. 

fit were  the hyperfine splittings measured at ze ro  field for the 4,,-3,, transit ion (Ref. 27, see 
the text). 

= - [T,, + Tbb]) ,  a manifestation of the near  linearity of 
CH,. Both the magnitude and sign of the components of 
T are consistent with the corresponding quantities for 
CH, T, ,=38 .2  MHz and T,=-19.1 M H z . ~ ~  

V. DISCUSSION AND CONCLUSIONS 

We have reported here  the observation of components 
of 13 pure rotational transitions in the ground vibronic 
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TABLE VIII. Calculated energy levels (without 
hyperfine splittings) for the ground vibronic s ta te  
of C H ~  (in em-'). a 

N K h c  Fi F2 F 3  

000 - 0.0029b 
101 15.5749 
111 78.3385 
110 79.5411 
202 46.7891 
21 2 108.4072 
21 1 111.9980 
22 1 276.3551 
220 276.3738 
303 93.5694 
3i3 153.5551 
31 2 160.7135 
322 323.4371 
3 2  1 323.5300 
404 155.8359 
4i 4 213.7291 
41 3 225.6206 
423 386.2170 
42 2 386.4933 
50 5 233.4905 
51 5 288.8835 
514 306.6551 
524 464.6233 
523 465.2613 
606 326.4177 
616 378.9691 
61 5 403.7440 
6 2 5  558.5866 
624 559.8466 

15.8973 
78.2078 
79.3638 
47.1384 

108.6116 
112.1528 
276.0242 
276.0424 

93.9361 
153.8583 
160.9656 
323.4500 
323.5417 
156.2159 
214.0790 
225.9188 
386.3779 
386.6520 
233.8816 
289.2612 
306.9808 
464.8641 
465.4987 
326.8187 
379.3659 
404.0888 
558.8768 
560.1321 

15.1236 
78.5439 
79.8198 
46.6308 

108.3241 
111.9463 
276.5484 
276.5674 

93.4831 
153.4860 
160.6667 
323.4618 
323.5552 
155.7880 
213.6840 
225.5944 
386.2160 
386.4931 
233.4689 
288.8598 
306.6484 
464.6249 
465.2640 
326.4164 
378.9638 
403.7549 
558.5980 
559.8596 

?he energies are not necessarily reliable to the 
quoted precision of 0.0001 em-'. However, t ran-  
sition frequencies corresponding to those observed 
(Table 11) should approach this accuracy. 

%he 000 energy level is shifted slightly from z e r o  
by spin-spin interaction with the F3 component of 
202. 

state of the methylene radical, and an additional two 
transitions in an excited vibrational state believed to be 
(100). Inspection of Fig. 2 shows that a large fraction 
of the possible transitions involving rotational levels 
with energies less than 500 cm-' have been observed. 
In Table VIII, we present a list of energy levels calcu- 
lated using the constants of Table III and neglecting the 
small  hyperfine splittings. 

It would be desirable to extend the study of the LMR 
spectrum of CH, to observe transitions involving levels 
with K, 2 3 .  Such transitions lie at higher frequencies 
(? 200 cm-l) where there a r e  relatively few laser lines 
currently available for use in the LMR apparatus. The 
number of such laser lines is likely to increase in the 
next few years. 

The data reported here together with the v 2  band LMR 
spectrum24i26 enable the geometrical structure of CH, 
to be estimated by means of the semirigid bender model. 
This calculation is described in detail by Sears et ~ 1 . ' ~  
and the resulting structure, averaged over the grou!d 
state bending and stretching motions, is Ro = 1.085 A 
and a0=135.5". 

Further experiments involving the related isotopic 
species CD, and CHD are planned. Information on the 
rotational spectra of these molecules will enable more 
detailed determinations of the geometrical and elec- 
tronic structure of methylene. We also hope to extend 
the measurements of rotational transitions in excited vi- 
brationaI states of CH,. A s  mentioned above, such ob- 
servations may ultimately lead to an unambiguous deter- 
mination of the singlet-triplet splitting in methylene. 
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