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We have observed and assigned a number of far infrared laser magnetic resonance spectra of CH, arising from 
rotational transitions within the lowest vibrational state of the d ' A ,  electronic excited state and from 
transitions between such singlet levels and vibrationally excited levels of the x' 'E  , electronic ground state. 
The singlet-singlet transitions are magnetically active, and the singlet-triplet transitions have electric dipole 
intensity, because of the spin-orbit mixing of singlet levels with vibrationally excited levels of the triplet state. 
By identifying four pairs of singlet and triplet levels that perturb each other we can accurately position the 
singlet and triplet state relative to each other and determine the single-triplet energy splitting. We determine 
that T,(d ' A , )  = 3165*20 cm-' (9.05*0.06 kcal/mol; 0.392*0.003 eV), and T,(B ' A , )  = 2994k30 cm-l 
(8.56*0.09 kcal/mol; 0.371 * O . W  eV). A new ab initio calculation of the spin-orbit matrix element between 
these two states has been of assistance in assigning the levels that perturb each other and has enabled us to 
calculate the radiative IiEtimes of the lowest ortho and para levels of the d ' A  , state to be about 18 s in each 
case. 

1. INTRODUCTION 

There is widespread interest  in the spectroscopy, dy- 
namics, and relative energies of the two lowest elec- 
tronic s ta tes  of methylene CH,. The ground state is a 
triplet (X"'B1) and the f i r s t  excited state is a singlet 
(a" 'Al). Methylene was f i r s t  observed spectroscopically 
by Herzberg,' who detected both of these s ta tes  in ab- 
sorption and concluded that the triplet state was the 
ground electronic state. This  energy ordering w a s  con- 
firmed by the observation' of the ESR spectrum of ma- 
trix-isolated triplet  CH,. The s t ructure  of the singlet 
state was  determined in the classic  work of Herzberg 
and Johns,' but the s t ructure  of the triplet ground state 
has  only recently been established in by means 
of LMR (laser  magnetic resonance) spectroscopy in the 
far- and mid-infrared regions'-'' and subsequent micro- 
wave" and diode laser" studies. 

The separation in energy of the singlet and triplet 
states has been the subject of some controversy. Recent 
a b  initio cal~ulations'~' '~ give values around 3500* 300 
cm" ( l O . O *  0 .9  kcal/mol o r  0.43* 0.04 eV) for  
TB @'Al), and experiments involving kinetics and heats 
of f ~ r m a t i o n ' ~ ' ~ ~  give about 3000* 300 cm" (8.5* 0.9 
kcal/mol; 0.37* 0.04 eV) for  To (Z'A,). However, the 
most direct  experimental determination, 35r'6 f rom the 
laser photodetachment spectrum of CH;, w a s  interpreted 
to give a much la rger  singlet-triplet splitting of 6800 
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cm-' (19.5 kcal/mol; 0.85 eV). For more  extensive 
discussions of the history of research  into the singlet- 
tr iplet  energy difference in methylene, the reader is 
referred to the introductions of the recent  papers  by 
Lengel and Zare, " Hayden e t  al., 34 Engelking e t  al., " 
and Saxe e t  a l .  " 

In the present  paper we repor t  the assignment of a 
number of far infrared LMR spec t ra  to transitions 
among rotational levels of the vibrational ground state 
of the Z'Al state, and to singlet-triplet transitions be- 
tween levels of the a" 'A, and Z3B1 states. These 
singlet-singlet and singlet-triplet transitions give rise 
to LMR spectra  because of perturbations between the 
Z 'A, and 2'4 states.  The spin-orbit coupling interac- 
tion responsible for  the perturbations is studied with 
the help of a b  initio calculations, and some singlet and 
triplet  levels that per turb each other are identified 
using the nonrigid bender Hamiltonian. This  leads to 
a direct  determination of the singlet-triplet splitting: 
To (a"'Al) =3165* 20 cm- (9.05* 0.06 kcal/mol; 0.392 
*0.003 eV; 94.9*0.6 THz), and T,(a"'Al)=2994*30 
cm-' (8.56* 0.09 kcal/mol; 0.371* 0.004 eV, 89.8 *O. 9 
THz). .These  values constitute the most precise  and 
reliable measurement of this quantity. In an accom- 
panying paper" a new simulation of the CH; photode- 
tachment spectrum, '' using the best available potential 
energy curves and rotation-vibration transition inten- 
sities, is shown to be in accord with this value of the 
singlet-triplet splitting. 

11, we present  the observed LMR spectra, and show 

. 

The organization of this paper is as follows. In Sec. 
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how a Zeeman analysis resu l t s  in unambiguous assign- 
ments to certain CH2 a” ‘A, state transitions perturbed 
by triplet  state levels with definite N values. In Sec. 
III,, we give the resu l t s  of new ub initio calcul_ations of 
the spin-orbit interaction between the LT and X states 
as a function of molecular geometry. Section IV draws  
on the resu l t s  of the two preceding sections, and uses  
predictions f rom the nonrigid bender Hamiltonian, to 
show that there  is a unique positioning of the a” singlet 
state relative to the x” triplet state which explains the 
experimental observations. In Sec. V, w e  estimate 
the radiative lifetimes of the lowest ortho and Pura ro- 
tational levels of the a”’Al state, and in Sec. VI we 
offer concluding remarks .  

II. EXPERIMENTAL RESULTS AND ZEEMAN 
ANALYSIS 

A. Apparatus and chemistry 

Boulder laboratory using the far infrared LMR spec- 
t rometer  described previously. ’ Methylene radicals 
were  produced in a flow system by discharging a mix- 
tu re  of F2 and He, and reacting the resulting F atoms 
with CH,. A s imi la r  fluorine-methane flame has  been 
used7 to study the rotational spectrum of ground state 
(F3B1) CH,, and it a l so  yields LMR spectra of the 
species C, CH, C,H, CF, and CH,F. Compared with 
ground state CH,, ’ the spec t ra  reported here  exhibited 
maximum intensity with a “hotter” flame, that is, with 
relatively more  F, and CH, and a higher total p ressure .  
Typical operating p res su res  were  200, 10, and 8 Pa 
(1 Pa= 7. 5 mTorr ) ,  respectively, fo r  He, F2, and CH,. 

The spec t ra  reported he re  were obtained a t  the NBS 

B. Analysis of the spectra 

We have observed and assigned LMR spectra using 
11 different far-infrared laser lines. The assignments 
involve five rotational transitions within the vibrational 
ground state of a“ ‘A, CH, = 725- 716, 7,, - YO,, 8z7- 81,, 
9,, - 936, and 4,’ - 422. The assignments were  made, 
with the help of the approximately known3 t e rm values 
for  the a” state, by performing Zeeman analyses in 
which the effects of tr iplet  state perturbations were  
allowed for. Below we detail each analysis in turn. 

1. 7he 72 -7, 6 and 7 ,  6+70, transitions 

of CH,, a number of “inverted” lines were  
which appeared to be due to transitions showing gain, 
ra ther  than loss, in the LMR spectrometer. These 
inverted spec t ra  are exemplified by the series illu- 
strated in Fig. 1, which was observed using a laser 
line at 58.2216 cm-’ (171.8 pm). The chemistry used 
(F  + CH,) and the apparent tr iplet  hyperfine structure 
suggested that the spectrum might be due to CH2. How- 
ever,  it could not be assigned to T3B1 CH, and i t  ex- 
hibited a number of distinctive features not shared with 
the ordinary’ triplet LMR spectrum of CH,: 

In the course of observing far-infrared LMR spec t ra  

(1) the phase of each line is inverted, implying gain 

(2) there  i s  a coincidence of n and u transitions; i. e. ,  
each component of the s e r i e s  appears in parallel  (n)  and 
perpendicular (u) polarization at the same  magnetic 
field, and 

linear Zeeman effect, in that a plot of line number vs  

and thus population inversion, 

(3) the line progression is characterist ic of a nearly 

I I I I I 

0.1 0 0.15 0.20 0.25 
MAGNETIC FIELD / T 

FIG. 1. 
laser  radiation polarized parallel (a) and perpendicular (u) relative to the applied magnetic field. Note the inverted line shape, 
which indicates gain rather than absorption by this transition (an unrelated triplet with normal line shapes is indicated by an 
asterisk in the a trace). Note also the coincidence of T and u components, and the triplet hyperfine structure (the appearance of 
more than three components in the higher field u lines is the beginning of a split into A M J  = + 1 and - 1 components which becomes 
more evident in further members of the ser ies  at higher fields). 

Laser magnetic resonance spectrum of CH, obtained with the 58.2216 cm-’ (171.8 Pm) laser  line of 13CH30H with the 
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FIG. 2. LMR spectrum of CH, obtained with the 92.9906 cm-' (107.5 Pm) laser line of CDsOD. The series of interest here, 
with lines at 0.2178, 0.2578, and 0.3169 T (see Table I), shows a normal lineshape with triplet hyperfine structure and coinci- 
dent u and A features. The strong single lines near 0.27 T in A ?nd 0.29 T in u, as well as the weak line near 0.305 T in u, are 
components of the 21,- 10, transition in ground state CH,, (000) X3B1. This transition was extensively observed using a different 
laser line in Ref. 7. \ 

the reciprocal of the magnetic field yields a straight 
line. 

The characterist ics listed above can all be accounted 
for  in t e rms  of singlet-triplet perturbations in CH, in 
the following manner: the lower level of a rotational 
tranzition in the Z'A, state is perturbed by a level of 
the X 3BI state, with the appropriate J value, located 
a few cm-' away. Many CH, molecules a r e  initially 
produced in the singlet manifold, and the channels for 
intramolecular relaxation to the ground triplet  state 
are limited. The perturbed singlet level thus loses 
population, relative to other singlet levels, as mole- 
cules "leak" out to the perturbing triplet level. This 
loss  sets up the population inversion that produces the 
inverted spectrum. The coincidence of the and u 
transitions i s  a simple consequence of the fact  that the 
perturbed (lower) level possesses  all the Zeeman effect 
while the upper level i s  virtually diamagnetic. Finally, 
the linear character of the Zeeman effect resu l t s  f rom 
the perturbed singlet level being separated f rom the 
perturbing triplet  level, and i t s  associated spin com- 
ponents, by a few cm" (this point is examined quantita- 
tively below). Some of the observed LMR transitions 
are f rom the unperturbed upper singlet level to the per -  
turbing triplet level; if the level mixing is large, this 
singlet-triplet transition will share  the characterist ics 
of the perturbed singlet-singlet transition. 

Some other observed characterist ics help to identify 
the 171.8  p m  spectrum of Fig. 1. The observed inten- 
sities of the components (in n polarization, the intensi- 
ties decrease  with increasing field, and in u polariza- 
tion the opposite occurs )  suggest that we a r e  observing 
a Q-branch transition. A 1 / B  plot based on the near 
linearity of the Zeeman pattern suggests that J= 7 for  
the perturbed level. And finally, the tr iplet  hyperfine 
structure means that ortho-CH, levels of Z'A,  must be 
involved (those with K, + K, =odd number). Thus even 
without detailed calculation, there a r e  two p r ime  can- 

didates for  the 171.8  p m  spectrum: the 725 - 7,, (ex- 
pected at about 62 ~ m - ' ) ~ '  and 7,, - 7,, (about 59 cm-') 
transitions in the ground vibrational state of ;'Al. 

Subsequent experiments resulted in observations of 
this s ame  inverted transition with two other nearby laser 
lines at 57.8549 and 58.6248 cm-' which confirmed the 
J =  7 assignment. In addition a different but related in- 
verted spectrum was observed with laser lines at 
59.9964 and 60.0128 cm-'. For  a quantitative analysis 
of the spectra, w e  adopted a model based on the follow- 
ing 4 x 4  Hamiltonian matrix: 

(1) 

(2) 

(3) 

( 4) 

~ , 3 = [ r / ~ l  [(N+~)(N+M,)(N-M,!/(~N+~)]~'~ , (5) 

H44 = E ,  9 (6) 

H14 = wSO 2 (7) 

Hi1 = E1 + r M J / ( N +  1) , 
H2, = E, + r M j / [ N (  N +  I)]  , 
HS3 = E3 - r M J / N ,  

= [ r / ( N +  I)]  [ N (  N +  MJ + 1) ( N -  M ,  + 1)/( 2N+ l)]"' , 

where r =gspBB,  and E, ,  E,, and E3 a r e  the energies of 
the F,, F2, and F3 spin components of a triplet  state 
level (with J = N + l ,  N ,  and N - 1 ,  respectively). Equa- 
tions (1)-( 5) represent the isotropic approximation to 
the Zeeman effect for a given (NKaKc)  tr iplet  state level.' 
Here we simply add a singlet level having energy E ,  and 
an interaction matrix element W,, connecting it with one 
of the triplet components. In Eq. (7), we assume that 
the singlet level has  J =  N +  1 and thus interacts with F,; 
an interaction with F, o r  F3 is similarly modeled by 
replacing Eq. (7) with H24 = Wso o r  H34 = Wso. Note that 
at this stage the singlet level i s  assumed to have no 
Zeeman effect of i t s  own, and that the singlet-triplet 
perturbation (7) is a lso  assumed to be field independent. 

By applying Eqs. (1)-(7) to the observed data in a 
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TABLE I. Observed LMR spectra involving the 716 level of 
the ;'A1 state of CH2. 

Assignmentb Laser line' Resonant Obs-Calc 
(cm-') N K ~ K -  J M J  field (T) (cm") 

57.854 90 

58.221 58 

58.624 77 

59.996 41 

60.012 83 

65.064 40 

86.338 45 

92.990 65 

7-7 

7-7 

7-7 

7-6 

7-6 

7-7 

7-7  

7-7  

7 
6 
5 

7 
6 
5 
4 
3 
2 
1 
0 

-1 

-7 
-6  
- 5  

- 5  
- 4  
- 3  
- 2  
-1 

0 
1 

- 5  
- 4  
- 3  
- 2  
-1 

0 
1 

-7 
-6  
- 5  
- 4  
- 3  
- 2  

-7 
-6  
-5  
- 4  
- 3  
- 2  

-7  
-6 
- 5  
- 4  
- 3  

0.8341 
0.9316 
1.0506 

0.1425 
0.1649 
0.1952 
0.2381 
0.3030 
0.4080 
0.5895 
0.9005 
1.3524 

0.6981 
0.8524 
1.1602 

1.1430 
1.1680 
1.2200 
1.2935 
1.4006 
1.5521 
1.7723 

1.1240 
1 1480 
1.1962 
1.2700 
1.3735 
1.5198 
1.7320 

0.7711 
0.8696 
0.0059 
1.1750 
1.3967 
1.6829 

0.7378 
0.8380 
0.9655 
1.1314 
1.3487 
1.6354 

0.2178 
0.2578 
0.3169 
0.4174 
0.6532 

-The eight far-infrared laser  lines used here a r e  generated in 
the following gases: CH,DOH, 13CH30H, CH,OH, CHzF,, 
CHzF,, 13CD30H, 13CH30H, CD3OD. 

%n order to save space, we list here only the parallel polar- 
ization (n) portion of the spectrum ( ~ M J  = 0). Where only u 
transitions were observed, the average of the two components 
is given. 
levels of the ;'Al state, ''s" stands for the perturbed 716 level 
of the ;'Al state, and "t" stands for the perturbing triplet 
level with N =  6, which in Sec. N is assigned as (030)6,, of 
2 3B1.  Right arrows (-) denote "inverted" (gain) transitions 
and left arrows (-) denote "regular" (loss) transitions. 

'Note that there i s  some evidence here for a very small per- 
turbation of the M J  = - 6 component of the 725 level. 

In the N K a K ,  column, 725 and 707 are  unperturbed 

+ 0.0004 
+ 0.0001 
+ 0.0001 

+ 0.0000 
+ 0.0001 
+ 0.0001 
+ 0.0000 
+ 0.0000 
- 0.0000 
- 0.0001 
- 0.0001 
- 0.0003 

- 0.0003 
+ 0.0013c 
- 0.0006 

+ 0.0003 
- 0.0002 
+ 0.0000 
+ 0.0000 
- 0.0002 
- 0.0002 
- 0.0000 

- 0.0002 
- 0.0004 
- 0.0002 
+ 0.0003 
+ 0.0002 
+ 0.0001 
+ 0.0000 

- 0.0002 
+ 0.0020' 
- 0.0002 
- 0.0002 
- 0.0006 
- 0.0002 

+0.0001 
+ 0.0001 
- 0.0000 
+ 0.0000 
- 0.0001 
- 0.0003 

-0.0000 
+ 0.0000 
- 0.0000 
+ 0.0001 
+ 0.0001 

nonlinear least-squares fitting program, we determined 
tha t  t h e  p e r t u r b e d  lower state of the t rans i t ion  could b e  
wel l  r e p r e s e n t e d  by a triplet leve l  with N = 6  in te rac t ing  
with a s ingle t  level with J =  7. T h e  s p e c t r a  n e a r  58 cm" 
w e r e  found to involve the  per turbed  PI t r i p l e t  l eve l  
with J=7, those  at 60 cm-' involved the F, t r i p l e t  l eve l  
with J=6, and t h e  true singlet-s inglet  t rans i t ion  was 
predic ted  to occur  at 64.6 cm-'. T h i s  latter t rans i t ion  
was subsequent ly  observed  as an inverted s e r i e s  us ing  
a laser l ine at 65.0644 cm-'. F r o m  the  analysis, the 
unper turbed  posi t ion of t h e  a" 'A, ro ta t iona l  t rans i t ion  
could b e  es t imated  as 61 .8  cm-', thus  favor ing  its as- 
s ignment  as 725 - 7,, ( s e e  above). T h i s  rotat ional  as- 
s ignment  w a s  then conf i rmed by observ ing  t h e  716 - 7,, 
t rans i t ion  using laser l ines  at 86.3384 and 92.9906 cm-', 
and p a r t  of t h e  latter s p e c t r u m  i s  shown in Fig. 2. 
T h e s e  7,, - 7,, s p e c t r a  appeared  as r e g u l a r  (noninverted)  
series, j u s t  as expected s i n c e  t h e  p e r t u r b e d  716 level i s  
t h e  upper  state of the  transition. 

S p e c t r a  observed  us ing  eight  different  laser l i n e s  
could now b e  s imultaneously analyzed us ing  a model  in- 
volving the  same Zeeman-act ive levels. T h e  col lected 
da ta  are l i s ted  in T a b l e  I together  with the i r  ass ign-  
ments .  P a r a m e t e r s  resu l t ing  f r o m  the  l e a s t - s q u a r e s  
f i t  are given in T a b l e  11, and the  good quality of the  f i t  
may b e  s e e n  in the  Obs-Calc  column of T a b l e  I. A 
small Zeeman effect w a s  observed  for the  "unperturbed" 
7,, level of a"'A,, which was  clearly mainfested as a 
doubling of the  observed  725 - 7,, l ines  in 0 polar izat ion 
into AM, = - 1 and + 1 components  at high f ie ld .  T h i s  
w a s  accounted for by a s s u m i n g  a s i m p l e  l inear  Zeeman 
effect: 

and the  resu l t ing  value f o r  g,,, (725) is given in T a b l e  11. 
No such  sp l i t t ings  w e r e  reso lved  for the  7,, level. How- 

TABLE 11. Parameters  obtained from a 
least-squares fit to the data of Table I. 

Parameter Value' unit 

Es(716) Ob c m-' 
El + 0.4849(89) cm-l 
E2 +0.9106(56) cm" 
E3 + 0.6706(48) c m-' 
wso 3.201 28(12) cm" 
Es(725) 61.7462(49) cm-' 

Es(725)- ES(To7) 151.3926(2) cm-' 
geff  (716) 
geii(725) 
gefi(707) Od - . a  

+ 0.019(4) ... 
+ 0.0188(8)' ... 

'Uncertainties in parentheses a r e  one 
standard e r r o r  from the least-squares fit. 

*he zero of energy i s  arbitrarily chosen 
here as  the (unperturbed) position of the 
singlet 716 level. 

'Effective g value required to fit the small 
Zeeman splittings observed for the singlet 
725 level. 

dNo Zeeman splittings were resolved for the 
singlet 707 level. 
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725 T 
61.746 cm-' 

I 

'A, (000) 

FIG. 3. Illustration of the energy levels involved in the 
7,, - 716 and 716 - 707 transitions considered in Sec. I1 B 1 (not 
drawn to scale). The perturbing triplet level with N = 6 is 
drawn on the right, and the dashed lines indicate the positions 
of the levels before perturbation. The numbers in circles 
give the number of different laser lines used to observe each 
transition. A more detailed view of the center part of this 
figure is given in Fig. 4. 

ever,  it  seems reasonable to allow the perturbed 716 
level a lso to possess  a small  first order  Zeeman effect, 
which may arise through the rotational Zeeman effect 
(see below). Thus Eq. (6) was replaced by Eq. (8) in 
the final fit, and the result ing g value for  7,, is given in 
Table 11; it i s  remarkably close to that determined for  
725. 

The relative positions of the tr iplet  spin components 
E,, ?$, and E3 determined here  are an aid in identifying 
the perturbing triplet  level (see Sec. IV below). The 
deperturbed singlet energy intervals 7,, - 716 =61. 75 
cm" and 725 - 7,, = 151.39 cm" (Table 11) compare fa- 
vorably with the values3' f rom our  semirigid bender 
(62.39 and 152. 59 cm-') and conventional (61.66 and 

+41 

151.33 cm-') f i ts  to the data of Herzberg and Johns.3 
Il lustrations of the energy levels analyzed here  are 
shown in Figs. 3 and 4, and the precise  assignment of 
the N = 6  perturbing t r iplet  level i s  considered in Sec. 
IV . 
2. The 82 ,+ 8, transition 

Another spectrum consisting of a s e r i e s  of inverted 
components was observed using a laser line at 102.6029 
cm"(97.5 pm). Like the 171.8 p m  spectrum, the com- 
ponents were apparently hyperfine tr iplets,  the 'II and u 
transit ions coincided, and the relative intensities sug- 
gested a Q-branch transition. Unfortunately, it was not 
possible to obtain any fur ther  observations of this transi-  
tion, mainly because of the relatively low density of 
available laser  l ines above 100 cm". Analysis indicated 
that the series could be well fitted as a singlet Q-branch 
transition with J =  8 having its lower level perturbed by 
a triplet  s ta te  level with N = 9 .  A consideration of the 
possible a" 'A, state transit ions strongly suggested the 
assignment as 827- 81,. 

The observed resonant fields and assignments for  the 
97. 5 p m  spectrum are listed in Table III. A s  in the 
case  of the 171.8 p m  spectrum, this new spectrum is 
actually a singlet-triplet transition, occurring between 
the relatively unperturbed a" 'A, 827 level and the perturb- 
ing triplet  level with N = 9  and J = 8 .  The parameters  
result ing from a fit to the measurements  of Table I11 
are given in Table IV. Since data f rom only one laser 
line are available, the parameters  here  are much less 
well determined than those in Table 11. In particular,  
there  i s  very high correlation between the interaction 
matrix element Wso and the unperturbed separation of 
the singlet and triplet  levels, and we chose to fix Wso 
in the fit. The analysis yields a value of 105.2 cm-' for  
the deperturbed a" 'A, 
may be compared with est imates  of 106.8 and 106.6 
cm-' f rom our  semirigid bender and conventional fits 
to the 6' state. 39 The perturbed singlet-singlet transi-  
tion should occur around 106.6 cm-', but unfortunately 
there were no laser lines available in this region. 

- 8,, transition frequency, which 

J= 7 

/ 

-4L 

SPIN -ORBIT 
INTERACTION 

L L L L L I L L L L I  

0 I 2 

ZEEMAN EFFECT 

FIG. 4. Illustration of the interaction 
between the d1A1(000)716 level of CH, 
and the perturbing triplet state level 
with N = 6 .  The (arbitrary) zero of the 
energy scale is consistent with Table 11. 
The nearly linear Zeeman effect of the 
two J = 7 levels at  low fields is evident 
here. 

T 
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\ TABLE III. LMR spectra of the 827-818 transition in 
CH,, observed with the 96.5 f l  m laser line of CH,OH 
(103.692 901 cm-'1. 

Resonant Obs-Calc Ass ignmenta 
J MJ field (T) (cm") N K o  K c  

827-t 8-8 -E-- 8 0.0994 + 0.0001 
-7--7 0.1115 - 0.0001 
- 6-- 6 0.1275 - 0.0001 
-5--5 0.1485 + 0.0000 
-4--4 0.1765 + 0.0001 
-3--3 0.2145 + 0.0000 
-2--2 0.2675 - 0.0001 
-1--1 0.3435 + 0.0000 
-1-0 0.4445 - 0.0000 

0-1 0.5745 + 0.0000 
2-1 0.5777 - 0.0000 
2-2 0.7265 + 0.0001 
1-2 0.7245 + 0.0000 
3-2 0.7280 - 0.0000 
3-3 0.8840 - 0.0000 
2-3 0.8825 + 0.0000 
4-3 0.8860 + 0.0000 
4-4 1.0380 - 0.0000 
3-4 1.0362 - 0.0001 
5-4 1.0395 - 0.0001 
5-5 1.1795 + 0.0000 
4-5 1.1780 + 0.0000 
6-5 1.1810 + 0.0001 
6-6 1.3030 - 0.0001 
5-6 1.3020 + 0.0001 
7-6 1.3045 + 0.0001 
7-7 1.4065 - 0.0001 
8-8 1.4897 + 0.0000 

%27 is the unperturbed level of the a"d1 state, and t stands for 
the perturbing triplet level with N = 9, which in Sec. IV is 
assigned as  (020) 937 of R3B1. 

3. The Q4 +g3 transition 

Two s e r i e s  of normal (noninverted) lines were ob- 
served using a laser line at 49.1073 cm-' (203.6 pm)  
and subsequently also observed using a nearby laser 

TABLE IV. Parameters obtained from a 
least-squares fit to the data of Table 111. 

Parameter Value' Unit 
ES(818) Ob cm-' 

0.08(24) cm-' 
cm" 

El 
E2 0.41 (23) 
E3 O.lO(44) cm-' 
wso 1.47' cm-' 

Es(827)-Es(818) 105.17(23) cm-' 
+ 0.023(11) ... geii(818) 
+ 0.0122(11) ... g**1(82d 

'Uncertainties in parentheses are one standard 
e r ror  from the least-squares fit. 

*he zero of energy is arbitrarily chosen 
here as the (unperturbed) position of the sing- 
let 8t8 level, 

'Because of the limited available data, we 
chose to fix W ~ O  at a value which is consis- 
tent both with this analysis and that in Sec. 
IV below. 

TABLE v. LMR spectra of the gd5- 936 transition in a"Al CH,. 

Assignmentb Resonant Obs-Calc Laser linea 
(cm-') N K , , K ~  J M J  field (T) (cm-') 

49.107 282 t -  996 

49.391 266 t +  996 

9-9 -1--1 
0-0 

-2--2 
1-1 

-3--3 
2-2 

-4--4 
3-3 

-5--5 
4-4 

-6--6 
5-5 

-7--7 
6-6 

- 8-- 8 
7-7 

-9--9 
8-8 

9-9 2-2 
-4--4 

3-3 
-5--5 

4-4 
-6--6 

5-5 
-7--7 

6-6 
-8--8 

7-7 
-9--9 

8-8 

0.9682 
0.9692 
0.9729 
0.9762 
0.9839 
0.9891 
1.0016 
1.0089 
1.0280 
1.0371 
1.0643 
1.0749 
1.1140 
1.1259 
1.1831 
1.1948 
1.2808 
1.2894 
0.5775 
0.5803 
0.5955 
0.6007 
0.6212 
0.6315 
0.6568 
0.6763 
0.7081 
0.7462 
0.7830 
0.8653 
0.9032 

+ 0.0001 
+ 0.0000 
+ 0.0000 
+ 0.0001 
- 0.0001 
- 0.0000 
- 0.0002 
- 0.0001 
- 0.0000 
+ 0.0001 
- 0.0000 
- 0.0001 
- 0.0001 
+ 0.0000 
+ 0.0001 
+ 0.0002 
- 0.0002 
- 0.0003 
,+ 0.0000 
+ 0.0000 
- 0.0000 
- 0.0001 
+ 0.0000 
+ 0.0001 
- 0.0002 
- 0.0001 
+ 0.0001 
+ 0.0001 
- 0.0001 
+ 0.0001 
+ 0.0000 

q h e  49.107 and 49.391 cm-' laser lines are generated in 
I3CH3OH and CHzFz, respectively. 

3 n  order to save space, we list here only the T components 
(AM, = 0) of the spectrum. Measurements with a common 
M ;  have been averaged to obtain these field values. In the 
N K , , K ~  column, 936 is the unperturbed ;'Al state lower level, 
and t stands for the perturbing triplet state-level with N =  9, 
which in Sec. lV is assigned as  (020)946 of X 3 B 1 .  

line at 49.3913 cm-' (202.5 pm). One of these series 
consisted of barely resolved hyperfine tr iplets arranged 
in a distinctive pattern which was quite unlike those ob- 
served at 171.8 and 97.5 pm. I t  was found that this  
s e r i e s  could be very well represented as a singlet state 
&-branch transition with J = 9  whose upper level was 
perturbed by a triplet state level with N = 9 .  The per -  
turbation by an F, level ( ra ther  than Fl or F3 as in the 
two previous examples) was responsible fo r  the dif- 
fe ren t  appearance of the series, since the Zeeman ef- 
fect is very different for F, levels due to an additional 
factor of N in the denominator of Eq. (2). A considera- 
tion of the possible singlet s ta te  rotational transitions 
indicated the assignment of th i s  series to be 9,, - 936. 

The observed resonant fields and assignments fo r  this 
transition are listed in Table V, and the pa rame te r s  
resulting from a least-squares fit are given in Table VI. 
The two laser l ines used to observe this  transition are 
quite close together, and it tu rns  out that the parameters  
in the fit are not too well determined because of the high 
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TABLE VI. Parameters obtained from a 
least-squares fit to the data of Table V. 

Parameter Value" Unit 

Ob cm-' 
E' - 1.9770(5) cm-' 
E2 - 1.928(72) cm-' 
E3 - 1.9513(4) cm-' 
W S O  1.58(15) cm-' 

E,(9&,)-Es(936) 52.41(29) cm-' 
g e i i  (945) + 0.0311(19) 
geii(936) + 0.0210(4) ... 

~ 

%Uncertainties in parentheses are one 
standard error from the least-squares fit. 
There are large correlations among the 
parameters in the fit, and the true uncer- 
tainties are probably larger than those 
listed here. 

bThe zero of energy is arbitrarily chosen 
here as the (unperturbed) position of the 
singlet 9d5 level. 

TABLE VIII. Parameters obtained from 
a least-squares fit to the data of Table VU. 

Parameter Value" unit 

Ob 
2.01(16) 
2.09(17) 
1.87(17) 
0.968(47) 

45.74(17) 
0' 

0.0175(3) 

cm-' 
cm" 
cm-' 
cm-' 
cm-' 
cm" 

. . O  ... 
Wncertainties in parentheses are one 
standard error from the least-squares 
fit. 

*he zero of energy is arbitrarily chosen 
here as the (unperturbed) position of the 
singlet 431 level. 

'This parameter was not well determined 
in the fit, and hence was set equal to 
zero. 

correlation between W,, and E2 - E , .  The analysis 
yields 52.4 cm-' for the deperturbed a"'Al 945 - 9,, 
transition frequency; this  is close to the estimate of 
54.1 cm-' f rom both of our singlet state fits.3g 

4. The 4, ,+ 4, , transition 

TABLE VII. LMR spectra of the 431 -422 transition in a"Ai 
CH,. 

The other series observed on the 203.6 and 202.5 p m  
laser lines had a s impler  pattern than that of the 9,, - g3, 

Resonant Obs-Calc Assignmentb Laser linea 
(cm-') N K ~ K ~  J IwJ field (T) (cm") 

49.107282 t-422 4-4  4 -4  1695 + 0.  o ~ ~ l  transition, apparently consisted of hyperfine singlets, 
4 - 3  1.1674 - o.oooo and, like the other series treated here,  had a n  intensity 
3-3  
3-2 
3 -4  
2 - 2  
2 - 1  
2-3  
1 -0  
1 - 2  
0--1  
0 - 1  

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

49.391266 t-422 4 -4  4 -4  
4 - 3  

. 3 - 3  
3-2 
3 -4  
2-2  
2-1  

1.2139 
1.2115 
1.2161 
1.2617 
1.2597 
1.2644 
1.3129 
1.3177 
1.3714 
1.3763 
1.4374 
1.4426 
1.5096 
1.5151 

1.4987 
1.4961 
1.5386 
1.5361 
1.5418 
1.5831 
1.5804 

- 0.0002 
- 0.0001 
- 0.0001 
+ 0.0003 
+ 0.0000 
+ 0.0000 
-0.0000 
+ 0.0000 
+ 0.0002 
+ 0.0003 
- 0.0004 
- 0.0005 
+ 0.0002 
+ 0.0001 

+ 0,0001 
- 0.0000 
+ 0.0002 
- 0.0001 
- 0.0001 
+ 0.0001 
- 0.0001 

pattern indicating i t  was due to a Q-branch transition. 
We assigned it to the a" 'A ,  4,' - 4,, transition with the 
upper level (431) perturbed f rom above by a triplet  state 
level with N = 3 .  The observed resonant fields and as- 
signments fo r  this s e r i e s  are listed in Table VI1 and 
the parameters  determined from a least-squares f i t  
are given in Table VIII. A s  in the two previous transi-  
tions there  are large correlations in the fit,  and the 
parameters  are not very well determined. The analy- 
sis yields 45. 7 cm-" fo r  the deperturbed a" 'A, 431 - 422 
transition frequency, which may be compared with 
values of 45.5  and 45.7  cm-' f rom our semirigid bender 
and conventional f i t s  to the singlet state. 39 

111. AB INlTlO SPIN-ORBIT MATRIX ELEMENTS 

We have calculated the spin-orbit coupling mat r ix  ele- 
ment between t h e 2  3B1 and a"'Al electronic states of CHz 
using the microscopic spin-orbit H a m i l t ~ n i a n ~ " ~ '  

. ,  
1-2  1.6353 +0.0002 
0 - - 1  1.6845 +0.0001 where 2, is the charge  on nucleus A, and pi and si are 
0-1  1.6907 + o - ~ o o o  the momenta and spin of electron i. Calculations were 

- 1 - - 2  1-7463 -o.oool ca r r i ed  out at bond angles of go", 112", and 135.1' 
with the CH bond length Fixed at 1.096 A. The  sensi-  
tivity of the (x" 3B1 I Hso I a" 'Al) matr ix  elements to bas is  
set was examined by car ry ing  out calculations with a 
double-zeta plus polarization ( 9 ~ 5 p l d / 5 s l p )  
contracted to [4s2pld/3slp] and a n  extended (near 

- 1 - 0  1.7525 - 0.0001 

%e laser lines are the same as in Table V. 
%n the N K ~  K~ column, 422 is the unperturbed a"A1 state lower 
level, and t stands for the perturbing triplet state-level with 
N = 3, which in Sec. lV is assigned as (030)312 of X 3B1. 
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TABLE IX. Spin-orbit coupling matrix elements between the 3Bi and states of CH2. 

Energy selection 
C B ~  ms = o I H , ~  I l ~ ,  ms = o > ~  criterion Gu h)b CI energies (a.u.) 'Ai coefficients' Basis set' 

3Bi 'Ai 3 Bl lA1 U b (cm") 

(A) 90" 
D Z P  10 10 - 39.0182 - 39.0266 0.954 - 0.163 11.715 

Extended 10 10 -39.0442 -39.0530 0.955 -0.144 13.068 

(B) 112" 
D Z P  10 10 - 39.0482 - 39.0279 0.948 - 0.204 11.664 

Extended 10 10 -39.0737 -39.0538 0.950 -0.179 13.182 

(C) 135.1" 
D Z P  100 100 -39.0416 -38.9986 0.942 -0.233 11.639 
DZP 10 10 - 39.0530 - 39.0117 0.927 - 0.287 10.457 
DZP 10 1 - 39.0530 - 39.0134 0.923 - 0.298 10.216 

Extended 100 100 - 39.0431 - 39.0000 0.945 - 0.219 12.543 
Extended 10 10 -39.0787 -38.0381 0.932 -0.262 11.840 

aDZP and extended refer to the [4s2pld/3slp] and  [7s4p2d/3s2p] contractedCartesian Gaussian basis sets. 
bAll single excitations were kept. Doubles were selected by Rayleigh-Schrodinger perturbation theory and kept in 
the wave function if more than the designated threshold. 
and for 'Ai state was the two configurations 14 2a; 3a: 1bi and la: 2 4  lb l  lb;. 

The reference space for the 3Bi state was la; 2a; lb; 3ai lbi 

Toefficients of the laf 2af 3af l b i  and la: 2a; lb: l b ;  configurations in the CI wave functions. 
dNote that the matrix elements in Table I1 of Ref. 45 are a factor of ./2 smaller because they are defined between 
wave functions with ms = S. 

Hartree-Fock quality) basis, 44 (13s7p2d/6s2P) con- 
tracted to [7s4$2d/3s2p]. Since the matrix element i s  
sensitive to electron correlation effects, 45 it was cal- 
culated with increasingly la rger  configuration-interac- 
tion (CI) wave functions. The resu l t s  for the (f3B1, 

in t e r m s  of the magnitude of the coefficient b. A s  the 
bond angle increases b becomes la rger  until at 180" 
b = - a = - 2"'. The extended bas is  10 p h  CI resu l t s  at 
go", 112", and 135. l" were  fitted to a polynomial in 
the angle p (p = 71 - a )  to give (in cm-') 

m, =01 Hso I a" 'A1, m, =O> matrix element are summa- 
r ized  in Table M. 

Although the Z 3 B l  state i s  well described by the 
single configuration I 1424lbi3a:lb:), an  equivalent 
description of the a"'Al state requi res  the linear com- 
bination of the two configurations all424lb2,34) 
+ bl 14241bgl@. The spin-orbit coupling matrix ele- 
ment i s  substantially reduced by CI, because the coef- 
ficient b i s  negative and both the ;'Al configurations 
have s imi la r  mat r ix  elements with the dominant config- 
uration of the Z3B1 state. When double excitations are 
generated f r o m  both a" 'A, configurations and selected 
(using the cri terion of their  energy correction) the co- 
efficient b becomes la rger  as the selection threshold is 
decreased. Hence the matrix element decreases  with 
increasing CI, and in the singles plus doubles l imit  
would probably be  several  tenths of 1 cm-' less than the 
values obtained using the 10 ph(= 2 cm-') selection 
criterion. In contrast  the spin-orbit coupling matrix 
elements increase as the basis set in enlarged. How- 
ever,  the extended basis i s  nearly complete so it is 
unlikely that any further significant changes would arise 
f rom the addition of ffunctions or further saturation of 
the s, p ,  and d spaces. The extended bas is  s e t  CI re- 
su l t s  ( a t  10 ph)  are probably within 5% of the co r rec t  
values. 

H f z  (p) = (x" 3B1 I Hso  I a" 'Al) = 5.54 + 11,54p - 4. 29p2 . 
(10) 

The singlet-triplet bending overlaps are negligible near 
linearity where this expression fai ls .  
ment i s  not expected to depend markedly on the bond 
lengths and this  dependence was not calculated. 

between various vibrational s t a t e s  of the Z'A, and g3B1 
electronic states are given in Table X. The bending 
wave functions used in this  calculation are those ob- 

The matrix ele- 

The  matrix elements of the function given in Eq. (10) 

TABLE X. Ab initio vibronic matrix elements of 
the spin-orbit coupling operator HSO .a  

i? 'Ai 8 3Bi 0; ~ 1 7 1 9 3  I H S O  12; v;v;vi) 
(vt,vz, v3) CUI, vl ,  vj) (cm") 

( 0  0 0 )  ( 0  0 0 )  
( 0  0 0 )  (1 0 0 )  
( 0  0 0 )  ( 0  0 1 )  
( 0  0 0 )  ( 0  1 0 )  
( 0  0 0 )  ( 0  2 0 )  
( 0  0 0 )  ( 0  3 0 )  
( 0  0 0 )  ( 0  4 0 )  
( 0  0 0 )  ( 0  5 0 )  
( 0  1 0 )  (1 1 0 )  

The ( g 3 B 1  I Hso I a"'A,) matr ix  element decreases  with ( o )  ( 1 )  
increasing bond angle, eventually becoming ze ro  for  the ( 0 )  ( ) 

2.3 
0.6 
0.6 

-3.6 
4.5 

-5.5 
5.7 

-4.9 
-1.3 
-1.3 
-3.6 

linear configuration. In la rge  pa r t  the change in the 
mat r ix  element with bond angle can also be understood 'Using the expression given in Eq. (10). 
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FIG. 5. The bending potential curves of the a"A1 andZ3B1 
states of CH, determined by semirigid bender fits. Wave 
functions for v 2  = 0 of the a' state and v 2  = 3 and 0 of the 3 state 
are shown; thete illustrate why the spin-orbit matrix ele-ment 
for a'(OO0) withX(030) is larger than that for a'(000) withX(000). 
The arrows at the top of the figure indicate the three angles for 
which the ab initio calculations of Hso were carried out. 

tained using the semirigid bender Hamiltonian f o r  each 
state with K, = O  ( see  Ref. 37) .  The stretching wave 
functions a r e  obtained by representing each stretching 
potential as a Morse oscillator with w, =3000 cm-', dis-  
sociation energy De = 36 000 cm-', Re (a" 'A,)  = 1.124 A, 
and & (2 ,B,) = 1.084 A. The Re values are the values 
of R at the minima of the bending potential curves  in 
the semirigid bender calculations. The stretching po- 
tential functions lead to smal l  off -diagonal Franck- 
Condon factors;  the overlaps (dl v") for  either the u1 
o r  v, states a r e  0.97 if v'=d'=O, 0.91 if d=d'=l,  and 
0.25 if v'=O (for the singlet state) and 7 f = 1  (for the 
tr iplet  state). 

The singlet and triplet  bending potential curves  and 
three of the bending wave functions are shown in Fig. 5. 
From this figure w e  can appreciate why the 2-s ta te  
level v2 = 3  has a significantly la rger  spin-orbit matrix 
element with the ;-state level v2 = O  than the $-state 
level v2 =O.  The (1, 0, 0) and (O,O, 1) levels of the 
triplet state have ra ther  smal l  spin-orbit coupling ma- 
t r ix  elements with the (0 ,  0,O) level of the singlet state 
because of the smal l  overlaps of these stretching wave 
functions. 

IV. ASSIGNMENT OF PERTURBING TRIPLET LEVELS 

The four rotational levels 431, 718, B18, and 9,, of the 
ground vibrational state of a" 'A, CH2 have each been 
observed to be perturbed by a nearby level of the f 3 B 1  
state, as we show in Sec. I1 above. In this section, we 
assign the perturbing triplet levels using a knowledge 
of the predicted rotation-vibration levels of the tr iplet  
state, and of the restrictions imposed by symmetry on 
the values of N, I&, Kc for  the perturbing levels. The 
ab initio values of the spin-orbit coupling matrix ele- 
ments from Sec. III provide useful assistance, and con- 
firmation, in making the assignments. 

Using experimentally determined"I2 energy level sep- 
arations for  "CH2, %H2, and CD2, the geometry and 
potential function of the R3B1 state has been determined 
using the nonrigid bender Hamiltonian. The input data 
do not involve levels with v2 22, K, 2 3 ,  Avl f 0, or  V, f 0, 
but the positions of such levels can still be calculated 
using the nonrigid bender program. The predicted 
triplet  state energy levels were examined in order  to 
find a se t  of four levels with the co r rec t  relative spac- 
ing, N values, and symmetries to per turb  the four 
singlet state levels. We originally thought that the 
2 ,B, excited stretching states were  pr ime candidates 
fo r  the perturbing levels, especially in view of the ob- 
servation of FIR LMR transitions within the (100) state. ' 
However, as indicated in Table X, such states have 
much smal le r  spin-orbit coupling matrix elements with 
the Z'A, (000) state than do the Z3B1 bending states 
(020), (030 ) ,  and (040) which occur in the same  energy 
region. This  limitation restricted the search  to levels 
with u2<6  and v, =vl  =0, and only one se t  of four such 
triplet  state energy levels was found for  which the pre-  
dicted separations match the perturbed singlet level 
separations to better than 20 cm-'. These four triplet 
levels and the perturbed singlet levels are shown in 
Fig. 6 .  Also indicated in Fig. 6 a r e  the experimental 
and theoretical values of the interaction matrix elements 
Wso fo r  each pair  of levels (the calculation of these 
theoretical values i s  considered in the following para- 
graph). Of the experimental matrix elements, that for  
the singlet 7,, level W,, =3.201 cm", i s  by far the most 
reliable. It agrees  rather well with the ab initio value 
of 3.0 cm-', and this  agreement provides strong sup- 
porting evidence for  our assignment of the perturbing 
levels. 

of the vibronic par t  of the spin-orbit interaction between 
singlet and triplet state levels. Here we  give some 
further details, add the effects of molecular rotation, 

In Sec. I11 and Table X we considered the calculation 

(020) 94, 
2 1.587 

(0.91) 

945 

T 
469'cm-' 1.47 

FIG. 6 .  Perturbed energy lev+ in the ;'A, state of CH, 
together with the levels of the X 3Bi state responsible for the 
perturbations. The numbers in the center of the figure are 
values (in cm") of the spin-orbit interaction matrix elements 
responsible for the perturbations; theoretical values are in 
parentheses. 
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and a r r ive  at theoretical values for  Wso. Making the 
Born-Oppenheimer and semirigid bender approxima- 
tions, we can write the vibronic eigenfunctions of the 
singlet (a") and triplet (F) states as the following product 
of electronic $#, rotation-bending qrb, and stretching $s 
states: 

and 

q4Ue = $ f & b G  * (12) 

The rovibronic matrix element of the spin-orbit cou- 
pling operator H,, of Eq. (9) i s  

~ s o = ( $ ~ u e l ~ s o l ~ u e ) = ( ~ l $ ~ ) ( ~ b l ~ ~ ~  (PIIGJ , (13) 
where e 0 ( p )  i s  given in Eq. (10). The stretching Over- 
lap elements (g I fJ are calculated numerically using 
the assumed Morse function potential curves  described 
in Sec. I11 to give the following values fo r  ($$I 
= <$ I ZQ($ I @: 

(001 00) = 0.97xO. 97 = O .  94 

(011 00) =(lo1 00) =o. 97x0.25  =o. 24 . 

(14) 

and 

(1 5) 

The semirigid bender functions $tb can each be written 

where I J ,  k) is a symmetric top rotational wave function 
(for the triplet state, we use  IN, k ) ) ,  @k,uz(p)  i s  a bend- 
ing wave function which depends on k because of the 
centrifugal distortion effect of k rotation on the bending 
potential function [see Eq. (11) of Bunker and Lands- 
berg46], and the c i ( k ,  vz) are expansion coefficients de- 
termined in the diagonalization of the semirigid bender 
Hamiltonian. The rotation-bending matrix elements of 
e 0 ( p )  a r e  obtained as 

(+%I*o(P)I%)= c 4 k ,  %)*c:(k, 4)  

X(Nkl JH)(Gt, , (P)\  HZ(P)I @%,v i (P) )  . 
hp k's 9. % 

(17) 

The rotational factors (Nkl Jk') were obtained from 
Table I of Stevens and Brand.47 

the a" 'A, (000) 7,, level with possible perturbing 6 3 B 1  
levels with N = 6  and possible values of K, and K, are 
shown in Table XI. On this basis alone, the assignment 
shown in Fig. 6 of the perturbing level as (030) 615 is 
the most likely. The uncertainties in the other th ree  
experimental spin-orbit matrix elements are consider- 
ably greater than that for 716, but they too are generally 
consistent with the calculated values. 

The  first excited stretching states (100) and (001) of 
X"'E1 almost certainly lie in the appropriate energy 
range to per turb  the E'A, (000) state, and they may in- 
deed be involved in such perturbations. However, as 
we have seen, the magnitudes of the four perturbations 
identified in Sec. I1 are too large to be interpreted as 
being due to stretching levels. 

The resulting calculated ab initio matrix elements of 

resonance of singlet methylene 

TABLE XI. Values of ab initio coupling ma- 
trix elements ws, for the ;'A, (000)716 level 
with various R (viv2v3) 6Ka Kc levels. 

vi v2 u3 K, K, wso (cm") 

0 0 1 any any ~ 0 . 3 ~  
0 any 0 5 1 <0.4a 
0 any 0 3 3 <2.4' 
0 0 0 1  5 -1.3 
0 1 0 1  5 2.1 
0 2 0 1  5 -2.8 
0 3 0 1  5 3.0 
0 4 0 1  5 - 2.9 
0 5 0 1  5 2.3 
0 6 0 1  5 - 1.7 

1 0 0 any any <0.3a  

aAbsolute value of WSO is less than this value. 

with those determined experimentally for  the perturbing 
levels (Table 11, IV, VI, and VIII) provides a fur ther  
check on our assignments. In order  to calculate the 
spin splittings, we f i r s t  estimate a se t  of spin-spin and 
spin-rotation parameters  fo r  the Z3B1 (020) and (030) 
states,  based on the known"' parameters  for  (000) and 
(010). For the (030) 6,, level, we thus obtain splittings 
of E, - E ,  =+ 0.370 cm" and E3 - El = + 0.002 cm-'. But 
these splittings w i l l  then be perturbed by surrounding 
singlet state levels in addition to the main perturbed 
level [;'A, (000) 7,,] that we a r e  explicitly considering. 
When this effect is allowed for, the calculated splittings 
change to Ez - E, =+ 0.462 cm-' and E3 - El =+ 0.207 cm", 
which agree  remarkably well with the experimental 
values of +0.426 and + O .  186 cm-' (Table 11). This test 
is especially effective in disriminating against such 
levels as x" ,B1 (030) 6,, as the level perturbing a" 'A1 716. 

Calculated spin splittings a l so  ag ree  well with the ob- 
served values for  the other assignments in Fig. 6, with 
the exception of the f 3 B 1  (020) 9,, level. This  latter 
case  also exhibits the greatest  discrepancy between ob- 
served and calculated values of Wso,  and we feel  that 
there  may be a nearby triplet level with N = 9  from an 
excited stretching state which contributes an additional 
perturbation to the ;'Al 9,, level. 

Having identified the tr iplet  levels that per turb  the 
singlet state levels, we now wish to determine their 
energies above the F 3 B ,  (000) 0,, and E'A' (000) O,, 
rovibronic ground levels in order  to obtain the singlet- 
tr iplet  separation To (a" 'Al). The singlet energy levels 
are fairly well determined by the work of Herzberg and 
Johns. 3139 For  the tr iplet  state, using the nonrigid 
bender energy levels f rom Ref. 5 we obtain, for  exam- 
ple, the unperturbed energy of the (030) 615 level above 
Z3B1 (000) 0, as 3703.4 cm". 
we can do a new nonrigid bender fit to the tr iplet  state 
by adding the three  deperturbed separations of the 
tr iplet  state levels discussed he re  (with weights of 0.1) 
to the 61 levels used in Ref. 5 (with weights of I), and 
then obtain a value of 3697.3 cm-' f o r  this energy. Taking 
averaged singlet state energy levels f rom our two fits," 
and triplet  energies f rom th is  new nonrigid bender fit, 
we obtain a value fo r  the singlet-triplet splitting of 

For  a slight refinement, 

A comparison of calculated triplet  level spin splittings To (;'Al) =3165* 20 cm-'. The quoted uncertainty of 
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f 20 cm" represents  our es t imate  of the possible sys-  
tematic and model errors involved in calculating the 
extrapolated triplet  state rotation-bending levels. Ex- 
tended observations of CH2 X"'B1 state spectra  should 
enable this uncertainty to be reduced in the future (e. g., 
observation of the (020) state by means of the v, =2- 0 
overtone or 2 - 1 hot bands in the infrared). 

The  calculated bending ze ro  point energies are 670 
cm" in the ;'A, state and 499 cm" in X"'B,. Assuming 
that the stretching zero-point energies are very s imilar  
for the two states, we thus obtain a value of TB (CIA,) 
= 2994 f 30 cm". 

V. DIPOLE TRANSITION STRENGTHS AND THE 
RADIATIVE LIFETIME OF THE SINGLET STATE 

moment of CH, at severa l  nuclear geometries both in 
the X"'B1 and Z'A, electronic states, and have deter- 
mined rovibrational transition moments within each 
state. Disappointingly we found that the transition mo- 
ments for  the v1 and v, fundamental stretching bands of 
f state C& are very smal l  (0.003 D) and thus that these 
bands will be very hard to detect. In confirmation of 
previous resu l t s  we found that the dipole moment in the 
a" 'Al state is relatively large (1.7 D)-three t imes 
la rger  than that in the Z3B1 state. These resu l t s  mean 
that singlet-triplet transitions such as reported in the 
present  paper, which involve a pure rotation transition 
moment in the singlet state, will be the singlet-triplet 
transitions with the la rges t  transition moment; singlet- 
triplet transition originating in the ground state of the 
triplet state will have a very small  transition moment. 

Two of us" have calculated a b  initio the electr ic  dipole 

The lowest Para (Z=O) and ortho(Z= 1) rotational levels 
of the singlet state a r e  the JKaKc =ooo and lo, levels, re- 
spectively, of the (000) vibrational state. Radiative 
decay from these levels, into levels of the triplet state 
can occur as a resul t  of the spin-orbit interaction be- 
tween the triplet and singlet states. Knowing the rota- 
tion-vibration transition moments for  the triplet state, 
and the spin-orbit coupling function for  the singlet and 
triplet states, we  can calculate the transition probabili- 
t ies for  transitions from these levels to any triplet state 
level, and hence determine their radiative lifetimes. 

The lifetime of a level I i) of the a" state is given by 

where 

The I j )  are levels in the A? state, below the level I i), 
to which dipole transitions can occur, w i j  = E i  - E j ,  and 
1-1 is the dipole moment function. If we let I ai )  be the 
zeroth order  (pure singlet) rovibronic wave function for  
the state I i), and I X j )  be the zeroth order  (pure triplet) 
rovibronic wave function for  the state I j ) ,  then 

where I X,) a r e  "intermediate" zeroth order  triplet state 
levels; the mixing of I X,) with I a i )  by the spin-orbit 

TABLE X I .  Spin-orbit matrix elements and 
energies of triplet state levels mixed with the 
;'Al (000)000 level. 

(040)101 5.67 4022 
(030)l~ -5.52 2834 
(0 2 0) 101 4.50 1844 

(000)l~~ 2.28 16 
(100)101 0.58 2965' 
(001)lii - 0.43 3153' 

(010)lO' -3.57 978 
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%ere is considerable uncertainty in the ener- 
gies of these excited stretching state levels 
(see the text). 

operator Hso makes the forbidden singlet-triplet transi- 
tion I i)- I j )  possible. We use the ub initio values of 
Hso and p to calculate the matrix elements occurring 
in Eq. (20). The triplet state energies are taken f rom 
the nonrigid bender Hamiltonian fit reported at the end 
of Sec. VI, and the energies  of the 0, and Io, levels of 
the d" state are taken as 3165 and 3183 cm" above the 
0, level of (000) Z ' B ~ ,  also f rom the resu l t s  of Sec. 
IV. We present  the resu l t s  of the calculation of the 
lifetime of the Go level in some detail but just  outline 
the  calculation for  the lo, level. 

The 0, level of the vibrational ground state of the a" 
state has symmetry A,, and it can be mixed by Hs0 to 
the J = O  fine s t ructure  component of any lo, level of a 
v, even state, or l,, level of a v, odd state, of the 2 
state. These matrix elements of Hso a r e  calculated 
using Eqs. (10) and (17). For all the relevant x" state 
levels (called X,) the matr ix  elements and energies a r e  
given in Table XII. 

The final level I X j  ) of the transitions can be any 2 
state level below the O,,, level of the @' state with J = O  
or 1 and with symmetry A2. Considering only t ransi-  
tions with AN = A J  the following levels a r e  important: 
The l , , ( J = O )  and 2 , , ( J= l )  levels of the (000), (loo), 
( O l O ) ,  and (020) vibrational states,  and the 2,,(J=1) 
level of the (001) state. Using the a b  initio dipole mo- 
ment values, ** the transition moment matrix elements 
can be calculated and these a r e  given in Table XIII (the 
rotational factor  of (3/2)"' is included in these matrix 
elements). 

Combining the resu l t s  of Tables XII and XIII, and 
using Eq. (20), we obtain the transition moments given 
in Table VII. The Ai ,  values a r e  calculated using Eq. 
(11) and these a r e  a lso given in Table VII. These r e -  
sults when used in Eq. (18) lead to a lifetime for  the 
O,, level of the a" state of 18 s. 

This  lifetime is subject to one significant uncertainty, 
and this is the position of the ( O O 1 ) l l l  level of the triplet 
state which we do not know very precisely. If this level 
is in exact resonance with the O,, level of the a" (000) 
state then the transition moment (a"(OOO)Ooo I 1-1 I x"(000)2,, 
or  l lo) would be increased to 0.003 D, the A i j  value for  
transitions to (000)2,, and ll0 would be increased to 
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TABLE XIII. Rovibrational transition moments within the 
X 3B1 state of CH, (in D). 

1 1 0  or  212 202 

I X,) (000) (010) (020) (100) (001) 

(040)101 -0.0007 -0.0057 0.0367 * * *  ... 
(03O)lm -0.0047 0.0222 0.3718 . * *  ... 
(020)la 0.0142 0.2519 -0.5435 ... ... 
(010)loi 0.1171 -0.6249 0.0343 ..* ... 
(000)101 -0.7055 0.0509 0.0133 -0.0036 ... 
(100)101 - 0.0036 * * * * a *  -0.7055 ... 
(001)1', * * ... ... ... - 0.0030 

0.080 and 0.083 s", respectively, and the lifetime of 
the a" (OOO)Oo, level would be  reduced to 4.5 s. 

The lifetime of the lo, level of the a" (000) state is cal- 
culated in a s imilar  manner, and the transition moments, 
and A i j  values, are given in Table XIV. The lifetime is 
also 18 s but if the level (OOl)llo of the tr iplet  state is 
in exact resonance with this state its lifetime i s  reduced 
to  4.5 s. The radiative lifetime of the a" state of CH, 
has a lso been calculated by Phillips and Davidson" who 
obtain a value of 40 to 100 s. However, these authors 
completely ignore the effects of rotation and vibration. 

Vi. DISCUSSION AND SUMMARY 

The relatively high strength of our observed far in- 
f ra red  LMR spectra  corresponding to rotational t ransi-  
tions in the excited a"'A, state of CH, is not too surpr i s -  
ing in view of the molecule's l a rge  dipole moment in 
this state. The calculated4' dipole moment values are 
1.74 D for the a" state and 0. 58 D for  the %? state, and 
thus the singlet state spectra  studied here  inherently 
nine t imes stronger than those' of the ground triplet  
state. A fur ther  reason for  increased (and highly 
variable) spectral  intensities i s  the decidedly nonequi- 
librium rotational population distribution in the a" state, 
as indicated by the observation of inverted spectra.  

We have observed some spectra  s imilar  to those in 
Sec. I1 that we have not been able to assign. For  exam- 
ple, using the 86.33845 cm" (115.8 p m )  laser line of 

TABLE XIV. Transition moments and radiative decay 
rates from the a"A1 (000)00~ level of CH,. 

IXj) E (a'(000)0,, I I.( IXj) A u  (Cd'') (D) (5'1) 
~ 

(001)209 3127' - 0.025 7 X104 

- 0.0017 (100)2;2 3058' 
(100)ltn 3029' 

1 x 10-6 
2 x  104  

1.86X10'2 
2.04X 10" 

6 .7  x 

- 0.0086 
(020)2;; 2230 
(020)1,, 2202 

6 . 4 ~  
0.0016 (010)212 1162 

(0lO)lio 1133 
1 . 4  x 10'~ 
1.5 X lom3 - 0.0004 

Were  is considerable uncertainty in the energies of 
these excited stretching state levels. 

TABLE XV. Transition moments and radiative decay 
rates from the ;'A, ( o o o ) ~ ~ ~  level of CH,. 

IXj) E,  (a'(OOO)lo1 I I.( Ixj) A f j  
(cm-') (D) (S'1) 

~ 

(020)111 2200 - 0.000 43 
(020)211 2234 - 0.008 9 
(020)313 2275 -0 .0080 

(010)211 1165 0.001 63 
(010)313 1206 0.001 46 

(010)lii 1132 0.000 00 

(000)111 78 0.000 11 
(000)211 112 - 0.00075 
(000)313 153 - 0.000 36 

6 X lo6 
2.16 X 10" 
1.53 X lo-' 

6.9X104 
5 .2  X 

5.2X 

. .. 

l . l X l O - 4  

1 . 1 ~ 1 0 ' ~  

I3CH3OH, a s e r i e s  of inverted singlets was observed 
in the 0.1 to 0.6 T field range with an intensity pattern 
character is t ic  of a P o r  R ( ra ther  than Q) transition. 
In view of the possibility of perturbed transit ions within 
excited vibrational levels of the Z'A, state, it is not 
surprising that there  should be spectra  not assignable 
to the ground vibrational state. One spectrum, ap- 
parently due to CH,, has remained a puzzle ever  since 
the first observations3' of the methylene LMR spectrum. 
It is observed using the 117.210 cm-' (85.3 pm) laser 
line of I3CH3OH, and consists of a very short  and s im-  
ple s e r i e s  of regular  hyperfine triplets at low magnetic 
field (0.01 to 0.03 T). We suggest here  a tentative as- 
signment of this spectrum to the 330- 2,' transition with- 
in the (010) excited bending state3 of a"'A,. The ob- 
served regular (uninverted) line shape suggests that the 
upper level (330) is perturbed by a triplet  state level, 
and the most likely perturbing levels are f3B1 (040) 313 
o r  413. Further  observations with laser lines in the 85 
pm region will be required to confirm this assignment. 

Almost all the singlet levels we have observed exhibit 
a residual Zeeman effect which can be characterized by 
an effective g factor of + 0.015 to + 0.030, where geff is 
defined in Eq. (8). The situation is summarized in 
Table XVI, and it should be noted that certain values 
(those for  "unperturbed" levels 936, EZ7, 725, 707, and 
4,,) are well determined directly f rom the experiment, 
whereas others  (for the perturbed levels 945, and 
716) depend somewhat on the details  of our analysis. We 
believe thqt these g factors  are a reflection of a large 
rotational Zeeman effect in the a"'Al state, caused by 
mixing with the b"'& state. These two singlet states 
f o r m  a Renner pair ,  and correlate  with a A state in the 
l inear limit. The rotational Zeeman effect can be esti- 
mated using an expression5' of the form 

where g, =1 (in t e r m s  of p g ) ,  La is the orbital  angular 
momentum operator ( A  = 2 for  a A state), and A is the 
rotational constant. This  formula leads to an approxi- 
mate  value of g," = - 0.024, and the relation between this 
rotational g factor and our effective value as defined in 
Eq. (8) is 

where Kif i s  the expectation value of Ja for  the particu- 
lar JKaKc level, and the minus sign a r i s e s  simply be- 
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TABLE XVI. Observed and calculated values 
of gel, for ;'A1 state levels of CH,.' 

N K ~ K ~  geff(observed)b geff(calculated) 

945 + 0.0311(19)c + 0.0217 
936 + 0.0210(4) + 0.0174 
821 + 0.0122(11) + 0.0178 
818 + 0.023(11)c +0.0064 
725 + 0.0188(8) + 0.0152 
7'6 f 0.019(4)' + 0.0152 
7 01 0 + 0.0063 
43' Not determined + O .  0515 
422 + 0.0175(3) + 0.0198 

kef, i s  defined in Eq. (8). The calculated g 
factors were determined from the electronic 
rotational Zeeman effect as  described in the 
text. 

bFrom Tables 11, IV, VI, and VIII. The uncer- 
tainties in parentheses a r e  one standard e r r o r  
from the least-squares fits. 

Vhese  values derived from perturbed levels 
a r e  less reliable than the rest. 
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c a u s e  of the  conventional definition of rotat ional  g fac- 
tors. Table  XVI l i s t s  t h e  calculated va lues  of g,,, tha t  
result f r o m  a value of g,"= - 0.024, and it c a n  be seen 
tha t  t h e r e  i s  r e a s o n a b l e  a g r e e m e n t  with our observed  
values. T h e r e  wil l  b e  additional contr ibut ions to the  
rotat ional  Zeeman effect not included in Eq. (21), and 
f u r t h e r m o r e  t h e r e  will be contr ibut ions tz the Zeeman 
effect of a"'A, levels due to mixing with X 3B1 levels 
o t h e r  than those  explicitly cons idered  in Sec.  11. T h u s  
w e  do  not expect  the  a g r e e m e n t  between observed  and 
calculated g f a c t o r s  to be any be t te r  than tha t  shown in 
Table  XVI. 

Of t h e  per turbed  s ingle t  state leve ls  of CH2 that  we 
have ass igned  here ,  only 431 and 716 are l i s ted  as ob- 
s e r v e d  l e v e l s  in T a b l e  7 of H e r z b e r g  and Johns.3 In 
view of t h e  l a r g e  per turba t ion  tha t  716 suf fers ,  i t s  as- 
signment  in Ref. 3 is not re l iab le ,  52 however,  the  pos i -  
tion of the  4'1 level i s  of in te res t ,  since it definitely 
s e e m s  to be per turbed  in  the  results of H e r z b e r g  and 
Johns, ' as w a s  also noted by Duxbury. 53 Specifically, 
the  observed'  a s y m m e t r y  spl i t t ing between 431 and 432 

is 0.99  cm-', w h e r e a s  t h e  calculated va lues  are 1.35,  
1.39, and 1.34 cm-' from Ref. 3, and from o u r  two 
singlet  state fits.39 F r o m  Table  VIII, we d e t e r m i n e  that  
431 is shifted downwards by 0 . 3 9  cm-', a va lue  tha t  
a g r e e s  ex t remely  wel l  in  d i rec t ion  and magnitude with 
tha t  implied by the  exper imenta l  r e s u l t s  of H e r z b e r g  
and Johns.3 

In s u m m a r y ,  w e  have ass igned  a number  of observed  
fa r - inf ra red  LMR s p e c t r a  to p u r e  rotat ional  t rans i t ions  
within the  ;'A, state of CH, and to a"-f  s inglet- t r iplet  
t ransi t ions.  In each  t ransi t ion,  a s ingle t  level i s  per- 
turbed  by a nearby leve l  of the  f 3 B 1  state, and the 
Zeeman effect borrowed in the  per turba t ion  allows the 
LMR observat ion.  T r a n s i t i o n s  are observed  f r o m  the 
unperturbed s ingle t  l e v e l s  both to t h e  p e r t u r b e d  s ingle t  
levels and to t h e  per turb ing  triplet levels .  T h e  energy  
separa t ions ,  N values ,  and s y m m e t r i e s  of t h e  p e r t u r b -  
ing t r ip le t  levels l e a d s  u s  to a unique ass ignment  in- 

volving the  exci ted bending states (020) and (030) of the  
x"3B1 state. T h i s  assignment is confirmed by a com- 
par i son  of observed  and calculated spin-orbi t  in te rac-  
tion matrix e l e m e n t s  and t r ip le t  spin spl i t t ings.  Our 
values  of To (a" 'A , )  =3165* 20 cm-' and TB (a" 'A , )  =2994 

30  cm" are in good a g r e e m e n t  with most o ther  r e c e n t  
determinat ions,  but they are about  a n  o r d e r  of magnitude 
more p r e c i s e  than any previous  determinat ion.  F u r t h e r  
in f ra red  spec t roscopy on t h e  y 3 B 1  state of CH2 may 
enable  the  (020) and (030) states to be d i rec t ly  observed,  
and thus  reduce  the  uncertainty in  the  s inglet- t r iplet  
splitting. 
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