Rotational analysis of the 03 band of the A 3E-X 34, system of methylnitrene
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The optical emission spectrum of the methylnitrene radical has been observed at a resolution of
0.07 cm " '. Transitions to subbands with K up to 3 in the X 4, ground state were observed
and a full rotational analysis carried out. Comparison of the structural information with the
highest level theoretical calculations shows agreement to within the estimated error.

INTRODUCTION

The methylnitrene radical (CH, N) was first observed
experimentally just six years ago by Carrick and Engelking.'
Using both a flowing afterglow discharge and corona excited
supersonic expansion (CESE) they obtained the electronic
emission spectrum with an origin near 3140 A. By analogy
with the isovalent NH radical, for which the 4 *[1 — X 3= —
transition is 3360 A, the transition was assigned as
A'E — X*A,. Theoretical calculations® suggest that the
singlet states analogous to a 'A, 'S, and ¢ 'l for NH
have little or no barrier to rearrangement to methyleneimine
(CH,NH), and thus only one electronic system is expected.

A rotationally resolved spectrum of methylnitrene was
obtained for the first time by Carrick ez al.® by focusing the
emission from a CESE source into the McMath Fourier
Transform Spectrometer at Kitt Peak National Observa-
tory. The resolution obtained, about 0.2 cm ~!, was suffi-
cienttoassign thestrongestsubband K’ — K" = 1 — Ointhe
origin systems of both CH, N and CD, N. However, even at
this resolution and at a temperature of 12 K, the spectral
congestion was such that none of the other subbands could
be clearly identified.

Other recent experimental studies of methylnitrene in-
clude an improved vibrational analysis by Chappell and En-
gelking* and matrix isolation work by Ferrante.® In addi-
tion, a new theoretical investigation by Xie et al.® using a
large basis set and extensive CI has yielded a ground-state
structure much closer to the experimental one, although
some discrepancies still remained. We recently recorded a
new spectrum using a slit nozzle. Some lines for all the low K
subbands 2-3, 1-2, 0-1, 1-0, 2-1, 3-2, and 4-3 were assigned
and a full rotational analysis performed. The results of this
analysis are presented here.

EXPERIMENTAL

The spectra used in this analysis were obtained in an
identical fashion to those obtained previously.'® The first
high-resolution data® were generated from a pin-hole nozzle
and the resolution was limited to 0.2 cm ~! by the Doppler
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spread of the jet. A part of this spectrum is shown in Fig.
1(a). The low resolution severely hampered the analysis be-
cause many of the features were composed of two or more
rotational lines. Following the work of Milkman ez al.,” we
constructed a slot nozzle by drilling a 30 um by 5 mm chan-
nel in the flat end of a glass tube with a pulsed XeCl excimer
laser. A discharge jet expansion using such a nozzle dramati-
cally reduces the spread of Doppler velocities of the cooled
radicals in the direction of the spectrometer. At the new
resolution of 0.07 cm ~!, most of the features are resolved
into single rotational lines as can be seen in Fig. 1(b).

The corona jet source tends to remain stable for only
short periods of time, so several separate scans were record-
ed. Of these scans, two were used in the analysis; the first
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FIG. 1. Comparison of the methylnitrene emission spectra obtained from
pin-hole and slot-type nozzles. The Doppler width of the lines is reduced
dramatically from 0.2 cm ! full width at half maximum to 0.07 cm ™', At
the higher resolution most of the lines are well resolved making assignment
of branches much easier.
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resulted in a strong spectrum with a rotational temperature
of about 12 K. This was used to make initial assignments of
the line positions. A second spectrum with a rotational tem-
perature of 25 K made possible the tracking of branches to
higher rotational quantum number J. As a result, some of
the centrifugal distortion constants could be determined.

ANALYSIS

Initially the 1-0 subband which had previously been
analyzed using a *II — *X ~ Hamiltonian® was reanalyzed
using a *E — *4, Hamilionian. As no transition of this type
had been analyzed before, the effective Hamiltonian for a *E
electronic state had to be developed. The starting point was
the 2E Hamiltonian of Endo et al.® which we had previously
used and extended for the analysis of the 2E — 24, transition
of CaCH,.° The only additional terms required are the spin-
spin interaction A and the rovibronic interaction terms o,
and o, analogous to the lambda doubling parameter o for a
3M state. The effective Hamiltonian and matrix elements for
a 3E state are given in the Appendix.

The arrangement of the X stacks for CH; N is shown in
Fig. 2. They are grouped in columns by K, the rotational
angular momentum about the top axis. This makes it easier
to visualize the allowed rotational transitions as they only
occur within columns (K 3 — K" = 0). The rotational an-
gular momentum without spin is then K = K + 1. Strictly
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FIG. 2. Energy-level diagram for methylnitrene showing the arrangement
of the K stacks and the splitting of the *E state into separate spin-orbit
components. This is an inverted *E state, so ) = 2 lies lowest and & =0
highest. For each K stack, the level with J = 5 is shown because this is the
first level which occurs for all the K stacks shown. Excited state perturba-
tions can occur between levels (1 and 2) for which K|, + K, = — 1, for
example, K =0withK= — 1.

speaking, all of these terms are signed, and in the absence of
ro-vibronic coupling, every level except for K =0 in the
X 34, ground state is a degenerate pair. For a given value of
Ky (#0) there are 12 possible basis functions as K, and {
can be plus or minus and each of the four resulting K levels
can couple with the spin angular momentum £ ( — 1, 0, or
1) to give 12 possible values for the projection of the total
angular momentum P on the top axis. § is the projection of
the orbital angular momentum on the symmetry axis, anala-
gous to the quantum number A of a diatomic molecule. The
quantum number P corresponds to {2 in the diatomic case.
For example, the basis functions for [K,| = 3 are

V, £=1, K=4, P=5, 3=1),

|, £=1, K=4, P=4, 3=0),

|, £=1, K=4, P=3, 3= —1),

, £=—1, K=2, P=33=1),

W, £= —1, K=2, P=2, 3=0),

VU, ¢=—1,K=2 P=13= —1),

V, 6= —1, K= —4, P= —3,3=1),
V, t=—1, K= —4, P= —4, 3=0),
U, 6= —1, K= —4, P= —5 3= —1),
J, =1, K= —2 P=—1,3=1),
|, =1, K= —2, P= —2, 3=0),
J, £=1, K= —2, P=—3, 3= —1).

Following Endo et al.® we take parity combinations and
represent each pair by the value of K for the basis function
with § = 1:

1
JLKPZ2 4+ )=—1[|/,d =1,PZ
| +) v [I7.¢ )

i ( - 1)J~P—2+1|-I,§
=—1,—-P, —3%)].
The six parity combinations are then

|/, K=4, P=5,S=1,+),

|, K=4, P=4, 3=0,+),

|, K=4, P=3,3=—1,+),

|V, K= —2, P= —1,3=1,+),
J, K= —2, P= —2, 3=0,+),
IV, K= —2, P= —3, 3= —1,+).

Initially only the (2,2) interaction terms® between K
levels were included. These terms connect the two K levels
which arise from a given K, for example, K =4 and — 2
from |Kg| = 3. In the case of K = 1, the (2,2) terms lift the
degeneracy of the two parity combinations and are analo-
gous to A type doubling in a linear molecule. The advantage
of this restriction is that it keeps the Hamiltonian matrices to
a manageable size, a maximum dimension of 6 X 6.

For the final analysis the (2, — 1) terms® were also in-
cluded, but these link across K stacks connecting all K lev-
els of a given spin symmetry. For the observed e symmetry
levels (K’ =0,2, — 1,3), the next set of connecting levels
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(K'= — 3,5, — 4,6) were included and all higher energy
states ignored, giving a 24 X 24 matrix. For the a, and a,
symmetry levels (K = 1, — 2,4) the next set (K= —5,7)
was similarly included giving a 15 X 15 matrix. The (2, — 1)
terms can give rise to significant perturbations when differ-
ent K levels pass through each other. Such effects are very
useful in a symmetric top molecule because they determine
the separation of the K stacks. Ordinarily, the spacing of the
K stacks cannot be determined and, hence, the absolute val-
ue of the A rotational constant is difficult to measure. In a
few molecules, such as CH;F'® perturbations due to low
lying vibrations have allowed the determination of 4. For a
’E or *E state there is the possibility of different spin-orbit
components of separate K levels lying close in energy and
interacting, as can be seen in Fig. 2. A perturbation of this
type was seen for CaCH,,’ and the value of 4 determined.
Unfortunately, for CH, N, only a few low J and low K levels
have been seen and no perturbations of this type were ob-
served. However, these terms effect the energy levels even
when the X levels are not close together, and if the data is
sufficiently good, 4 can be determined. This was done for
CH,0," where very high precision microwave data was
available.

In the case of methylnitrene, when both A4 rotational
constants were allowed to vary, the absolute value could
only be determined to 0.4 cm ~!. When 4 ” was constrained
in the least-squares fit and adjusted manually, a gentle mini-
mum at 4 " = 5.61 cm ~ ' was found. The Fourier transform
(FT) data for CH; N probes primarily low Jand X levels in
the = 2 stack of the *E state. Some lines from the Q = 1
levels were seen in the higher temperature emission spec-
trum allowing the spin—orbit splitting to be determined.
Some transitions were also seen in the region of the Q) =0
component, but these were overlapped by a vibrational hot
band. The structure of this band is very different from that of
the origin suggesting that it originates from one of the e vi-
brational levels in the excited state. As 6! has already been
assigned,” this leaves 4] and 5} as the most likely assign-
ments.

It should be noted that the transitions from the )’ = 1
component were incorrectly assigned as being from ' =2
to Q" = 4 1 in the ground state by Chappell and Engelk-
ing.* The ground state has a very small splitting and follows
Hunds’ case (b) coupling where Q has no meaning.

The only data for Q = 0 in the *E state are from laser-
induced fluorescence (LIF) measurements reported pre-
viously.® Comparison of the emission spectra and LIF spec-
tra for the ) = 2 and 1 components shows that the LIF data
are subject to random errors of up t0 0.05 cm ~ ', Such errors
were expected because the scan to scan reproducibility of the
LIF signals was typically of this size. The shifts were pro-
duced by variations in the direction of flow of the nozzle
resulting in different Doppler shifts. This could be overcome
if the experiments were repeated using a slot nozzle.

For the final fit, 247 FT lines and 8 LIF transitions were
included; these are listed in Table I together with residuals.
The transitions observed spanned rotational levels up to
J=13for K" =0, 1, 2, and 3. The ground state could be
fitted adequately with just four adjustable parameters: B,

Dy, A, and (€,, + €,.)/2 as can be seen in Table I1. For the
excited state, many more parameters were required to obtain
a satisfactory fit. Inclusion of the (2, — 1) terms connecting
the K stacks improved the variance from 0.95 to 0.90. Sever-
al other higher-order terms such as Dy, and 7, were also
required. The values for these parameters are poorly deter-
mined and subject to significant variation depending on the
particular group of parameters selected to fit the data.

DISCUSSION

The ground-state rotational constant B = 0.9296 cm !
found from fitting the electronic emission datatoa *E — *4,
Hamiltonian, is changed little from the earlier fit* of the 1-0
subband to a Il — S~ Hamiltonian (0.9308 cm™1!). As
the value of the A rotational constant could not be reliably
determined, calculation of the geometry depends on fixing
the structure of the methyl group. Using the new theoretical
values of Xie et al.® (see Table ITI) gives ro_n = 1.420 A in
good agreement with the theoretical value of 1.424 A. Using
the experimental bond angle® determined from B rotational
constants for CH; Nand CD, N gives .y = 1.412 A; essen-
tially the same as the earlier experimental value. The CD; N
molecule has not yet been reanalyzed using a *E — *4, Ham-
iltonian, so it is not possible to make a reliable comparison
between isotopomers using the new data.

In view of the fact that the theoretical calculations give a
bond angle near 109° at all levels of theory, it is likely that the
value for the H-C-H bond angle, estimated earlier’ is too
low. This is most likely due to zero-point vibrational contri-
butions to the rotational constants of CD;N and CH;N
which affect the precision of structure estimates based on
isotopic substitution.!” An accurate determination of the 4
rotational constant is required to definitively solve this prob-
lem. This could be obtained either from microwave observa-
tions or further LIF experiments to probe the levels which
are predicted to exhibit internal perturbations due to the
crossing of levels of different () and K.

The X *4, ground state of CH; N could be fitted ade-
quately with just four adjustable parameters, while a total of
sixteen were required for the excited state. In addition, the
centrifugal distortion constant D, was at least a factor of 5
smaller in the 4 *E state than in the ground state, although a
reliable Dy, value could not be determined. This suggests the
presence of either some internal or external perturbation in-
teraction which makes the energy levels hard to describe by a
conventional effective Hamiltonian. In the relatively small
number of levels probed at high precision, no obvious local
perturbations were seen. The majority of the lines observed
were very weak and, hence, not determined precisely enough
to spot small perturbations.

Some information on the Jahn—Teller interaction in the
A *E state can be extracted from the experimental param-
eters. From the values of 4 and A¢, the total angular mo-
mentum projected on the top axis £, was found to be 0.603.
The observed spin—orbit splitting, al,d is —22.52 cm~ .
The unquenched spin-orbit splitting, a, can be estimated to
be the same as that for NH, 4( =a) = — 34.62cm ! (Ref.
12) giving {,d = 0.65.
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TABLE I. Observed lines of methylnitrene (in cm~').

J 1-0 subband
P (D [/20) R(D) Py @i () R, (D)
1 31 809.2279 — 0.0020 31 806.6719 0.0004
2 31 807.4442 0.0044 31 812.2077 0.0009 31 802.9568 0.0031 31 807.7217 — 0.0002
3 318037585 0.0061 31 808.5198 — 0.0008 31 814.8808 0.0005 31797.3731 — 0.0048 31 802.1442 — 0.0007 31 808.5092 0.0007
4 318029568 — 0.0049 31 809.3197 — 0.0057 31817.2801 — 0.0000 31794.7129 0.0013 31 801.0730 0.0017 31 809.0359 0.0003
5  31801.9003 - 0.0005 31 809.8677 0.0025 31 819.4195 0.0020 31791.7858 0.0038 31799.7364 — 0.0004
6 318005796 0.0035 31 821.3035 0.0036 31798.1380 — 0.0081
7 317989929 - 0.0006 31 822.9422 0.0082 31785.1627 0.0106 31 796.3037 - 0.0006 31 809.1149 0.0006
8 31 824.3401 0.0141 31781.4711 0.0079 31794.2182 0.0010 31 808.6586 - 0.0012
9 31777.5296 ~— 0.0034 31791.8958 0.0054
10 31 808.8519 0.0105 31773.3795 0.0113 31789.3214 — 0.0088
11 31790.1947 — 0.0068 31 807.9353 —0.0031 31786.5418 — 0.0006 31 805.9361 — 0.0052
12 31 806.8139 — 0.0036 31783.5303 — 0.0029
13 31784.4050 —0.0090 31 805.4839 — 0.0007 31 780.3009 —0.0072
P (D) Qi (D Ry (N Py (D) [T E))] Ry ()
1 31 803.9615 0.0005 31 832.4949 —0.0017 31835.8147 — 0.0000
2 31 798.3175 0.0009 31 803.0746 — 0.0090 31 834.0701 0.0094 31 839.0438 0.0141
3 31 795.61%0 - 0.0010 31 801.9697 —0.0100 31830.3467 0.0095 31 835.4019 —0.0103 31 842.0227 0.0011
4 31786.3052 —0.0034 31 792.6708 - 0.0015 31 800.6156 —0.0115 31829.7847 0.0001 31 836.5660 — 0.0078 31 844.8306 0.0104
5 31 789.4749 0.0036 31799.0339 0.0102 31 829.0394 —0.0027 31 837.5460 — 0.0073 31 847.4266 —0.0094
6 31776.4486 0.0003 31 838.3544 0.0000 31 849.8629 —0.0121
7 31 782.3347 0.0118 31 838.9721 — 0.0070
8 31778.3923 0.0065 31 839.4339 0.0052
9 31774.2244 0.0096
Py () n () Ry (D @ (D 2 (D) Ry, () Ou (D)
1 31 827.2385 0.0108 31 830.5637 0.0179 31857.014 0.041 31 850.800 0.021 31 858.010 - 0.017
2 31821.5782 0.0075 31 824.9546 0.0171 31 829.9015 — 0.0050 31 858.798 0.002 31 850.700 0.009 31 859.726 0.003
3 318174278 —0.0088 31 822.5049 — 0.0067 31 829.1102 —0.0108 31 860.520 —0.001 31 850.511 —0.039
4 318131382 0.0066 31 819.9272 0.0064 31862.130 —0.041 31850.344 —0.004
5 31 808.6586 0.0103 31 817.1624 0.0029 31 850.077 0.000
6 31 814.2256 - 0.0010 31 849.727 — 0.001
7 31811.1184 —0.0036 31 849.298 0.007
8
9 31 804.4039 0.0053
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TABLE . (Continued.)

0-1 subband
O] (N R (N PN 2, () Ry, (D)
1 31 806.8456 0.0017
2 31 806.4230 0.0077 31811.1775 0.0170 31799.2049 — 0.0035 31 802.3667 — 0.0030 31 807.1140 - 0.0009
3 31 807.5579 0.0051 31 813.8855 ~ 0.0001 31796.6572 0.0076 31801.3886 — 0.0062
4 31 808.3503 — 0.0074 31816.2863 0.0036 31793.9033 — 0.0001 31800.2391 0.0029 31 808.1459 —0.0153
5 31800.9654 0.0145 31 808.8722 - 0.0037 31818.3898 — 0.0087 31790.9128 — 0.0027 31798.8371 —0.0034
6 31799.5924 — 0.0094 31 787.6649 - 0.0096
7 31784.1783 —0.0021 31795.3105 0.0042
8 31780.4363 — 0.0004 31793.1697 — 0.0025
9 31776.4499 0.0008 31790.8177 0.0174
10 31772.2345 0.0108 31788.1999 0.0032
11 31767.7745 0.0074
P (D Qi () Ry (N Py () [Ny Ry (D
1 31799.5879 0.0021 31 802.7400 — 0.0071
2 31794.1376 —0.0142 31797.3197 0.0066 31 802.0512 —0.007t 31831.280 0.009 31836.271 —0.009
3 31 789.9206 0.0076 31 794.6670 0.0088 31799.6281 0.0045 31 832.660 —-0.013 31 839.354 — 0.004
4 31785.3831 0.0083 31791.7029 ~— 0.0047 31798.0081 0.0016 31 827.128 ~-0.017 31833.817 —0.013 31 842.181 —0.013
5 31780.5537 —0.0052 31788.4812 - 0.0027 31 826.416 —0.007 31834.780 - 0.007
6 31 775.4564 —0.0190 31784.9778 - 0.0202 31 825.503 —0.010 31 835.576 0.017
7 31781.2497 — 0.0083 31 824.424 0.001 31836.166 0.011
8
9
(e Py (D) () Ry (D)
1 31 827.624 0.022
2
3 31 819.761 - 0.017 31 826.461 —0.002
4 31817.162 —0.018
5 31 806.021 —0.010 31814.391 — 0.004 31824.424 —0.017
6  31823.622 —0.010 31 811.458 0.025
7 31822.343 — 0.004 31 796.600 0.033
8 31 791.603 0.026
9 31786.433 0.013
2-1 subband
W R/ (D) R, (D) Ry (D)
2 31812.8164 —~ 0.0002 31 808.7743 0.0033 31 841.352 —0.004
3 31815.5944 0.0003 31 809.4363 0.0003
4 31 810.0623 — 0.0039 31 818.0506 —0.0034
5 31 810.6449 —0.0022 31820.2427 0.0014
6 31 810.9376 —0.0297 31822.1670 — 0.0052
7 31 811.0296 — 0.0062
8 31 810.8579 —0.0020
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TABLE I1. Molecular constants for the 03 band of the 4 *E — X *A, system
of CH,N (inem ™).

Constant X4, A°E
T 31830.913(12)*
atd — 22.517(16)
A 0.85521(66) —0.2133(78)
AL, 3.2716(63)
10* 5.¢, 4.3(15)
A 5.61° 5.422 90(55)
B 0.929 410(48) 0.844 65(17)
10° Dy 7.03°
10° Dpy 7.2(14)
10° Dy 3.76(30)
[ —0.2707(33)
(€4 + €.)/2 - 0.003 29(14) 0.0656(63)
0, 0.8925(40)
¢ — 0017 43(75)
h, 0.001 278(58)
0, —0.49(17)
€, 0.210(87)
€, - 0.099(20)
h, —0.0226(93)

* One standard deviation error in parentheses.
®Held fixed.

Methylnitrene has three Jahn-Teller active modes, but
in their vibrational analysis Chappell and Engelking* found
that one v, exhibits the strongest interaction. They deter-
mined a Jahn-Teller coupling constant k> = 0.19 for this
mode with £2<0.02 for v, and v;. Even the v, value of
k * = 0.19 is considered a weak Jahn-Teller effect. Child and
Longuet-Higgins'? use the parameter D = k 2/2 to describe
the Jahn-Teller effect. In the Appendix of Ref. 13, they give
atablerelating D to the quenching parameter d, and interpo-
lating the quoted values gives d = 0.71 for D = 0.095. The
projection of the orbital angular momentum, ¢&,, is thus
found to be 0.915.

The total projection of the angular momentum for a
molecule with a single degenerate mode is given by
&, =¢.d+ &,(1 —d)/2. For CH; N with three degenerate
modes, this simple expression does not strictly apply, but
because d =~ | for v, and v, an estimate of the vibronic angu-
lar momentum associated with v, can be made giving
£ = —03.

Liu et al.'* have recently derived expressions for the
Jahn-Teller induced corrections to the parameters in E elec-
tronic states, and applied them to the methoxy radical.!® For
the ground X *4, state, only €,, was determinable with ¢, at
least a factor of 5 smaller. Contributions to €,, arise in the
same fashion as ¥ for a *Z state by interaction with excited
triplet states. Using the standard pure precession expression,
and assuming interaction only with the 4 ’E state, gives
€,, = 4aB/AE = — 0.0038 cm ™', in good agreement with
the measured value of — 0.0033 cm ~ !, Contributions to €,,
come only from excited 4, states of which none are known.
No theoretical calculations of higher lying triplets are avail-
able for CH, N but for the isovalent NH radical, the first

TABLE III. Molecular structure for the X °4, state of CH, N.

Parameter Theory® Experiment
Rey (A) 1.089

BOucn (deg) 108.7

Ren (A) 1.424 1.420

2Reference 6.

33 + state ( =>4, for CH;N) is predicted to be repulsive
with a vertical excitation energy > 70 000 cm ~'.'® Hence,
€,, for the X 34, state is expected to be very small and indeed
this term was too small to determine experimentally.

For the 4 °F state, €,, should be equal in magnitude but
opposite in sign to €,,, for the ground state assuming no other
contributions. However, €,, for the 4 *E state is much larg-
er, suggesting interactions with other unknown excited
states. For €,, in the 4 *E state contributions due to the
Jahn-Teller interaction can occur. Following the same pro-

cedure as Liu ez al.'*"* gives €,, = — 0.47 cm " ' in reason-
able accord, considering the approximations required, with
the measured value of €,, = — 0.27cm ™',

CONCLUSION

The A *E — X °4, transition of methylnitrene has been
fully analyzed for the first time. Unfortunately, little extra
structural information could be determined, although it is
clear that experiment and the highest level theory now agree
to within the error of the measurements. Further analysis of
deuterated methylnitrene remains to be done. In addition,
emission spectra to several excited vibrational levels of the
ground state are available.
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APPENDIX: HAMILTONIAN AND MATRIX ELEMENTS
FOR A °E ELECTRONIC STATE

Hamiltonian terms diagonal in X

H=Hg + Hcog + Hror + Hcp + Hsr + Hss,
Hg, + Heor =al.,S, — 24N, (L, + G,),

Hpor =AN? + B(N} +N3),

Hep = —DNN4_DNKN2N§ "‘DKN:’

Hgp = €,N,S, + (€, + €. )N, S_ +N_S,)/4,
Hg =2A(S2 —S%/3).

Interaction terms between levels differing in X

J. Chem. Phys., Vol. 96, No. 2, 15 January 1992



926 Brazier, Carrick, and Bernath: Rotational analysis of the 03 band

H' =h[A_N%\ + A NL ] +h[A2 (N,N_ +N_N,)+A% (N,N, +N_N,)]
+0,[AZ 8% + A% 5% 1 +0,[AL (S,S_ +S_5,)+A% (5.5, +5.85,)]
+6[ALN, S, +AX N_S_T+6,[AL(N,S_ +S_N,)+A (NS, +5,N,)]
+ 6, [AL (S,N_ +N_S,)+ A% (SN, +N_S))]-

Diagonal matrix elements

(JKPZ; + |H|JKPS; + ) = al,dZ — 24K, 4+ 2A(3* — 2/3) + €,, K2 + 1/2(€y, + €.,) (2 — 3?)
+(4—B)K*+B[JJ+1) —2(K+ 2)3 +2]
—DyK*— Dy [J(J+1) —2(K + 2)= +2]K?
—Dy[(J(J+1))* —4ZKI(J+ 1) + (8 — 6Z1)J(J + 1)
—(4—63ZHK?2_2ZK+4(1 =3V)],

where
g.d={{|L,|5)
and
L=(EI\L, +GIE).
Spin-uncoupling
(JK,P+ 1,2 + 1;+ |H|JKPZ; +)
= —[B—2Dy[J(J+1)+K—~1—-23] —D\K?
— (€4 + €. )/4]
X[+ 1) —2(K+2)(K+324+ D1
KPP+ 2,2 4 2; + |H [JKP3; + )
= —2D\[J(J+ 1) —K(K - D]"?*[J(J + 1)
— KK+ 1)1V
Elements off-diagonal in K
J,—K+2,—P+2,—3;+ |H'lJKPZ; + )
=+ (- ** I+ D) - (K+2-1)(K
+2 -+ D
—(K+3)(K+=-D1"7
J,—K+2,—P+1,-%—1;4+ |H'|JKPZ; +)
=4 (—1)""%*' (e —2h))
X[2JJ(J+1) -~ 2K+ WK +Z -1}
(J, - K+2,—-P, —3—2;+ |H'|JKPZ; + )
=+ (=150, + b, — ),

(J,~K—~1,~P—1,—3; + |H'|JKPS; + )
=+ (— 1" *[AQ2K+1) + 26,2
XWT+1) - (K+Z)(K+2=+ 1]
(J,—K~1,—P,— =+ 1;+ |H'|JKPS; + )
=+ (-1 %[(e —h,)2K + 1)
+ (0, — €,) (22 —1)](2)'
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