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STRUCTURE OF THE ELECTRONIC BANDS OF THE
OD MOLECULE. PART IV (SPIN DOUBLING)

By M. G. SASTRY

(Received for publicalion, JLugust 19, 1941)

ABSTRACT. The theoretical formula derived by TIl and Van Vieck for the energy
difference (ignoring the magnetic efleet of molecular retation) hetween the components of a
doublet #-state, representing any intermediate stage of coupling, hias heen veritied by appli-
cation to the observed data of the spin-doublet widths of the OD molecule, Contrary to the
ohservations of Jolinston, the agreement between {he experimentai and calealated values is
shown to be fairly satisfactory, considering  the approximation made in the theoretical deri-
vation, Tncidentally, type value of the spin-coupling constant for the upper clectronic state,
23* of the OD molecale, is helieved to have heen determined as equal to 0.2, which cannot
olherwise he estimated unless the satellite hranches arce also identified.

The spin-doublet widths for the OIT and OD mwolecules are compared and, as obscrved
by Johnston and by Shaw and Gibbs, the latter are found to be Jarger, although the OD mele-
cule is heavier. The variation of the difference between these widths with K indicates a
maxim at K—6. This is shown to he in complete agrecment with the theorctical value

derived from Tl and Van Vieek's formula,

INTRODUCTION

Using the method of the old quantum theory, Kemble' first derived energy
formulae for diatomic molecules which are apphicable over portions of the transi-
tion range between Hund's Case (a) and Case (b). Hill and Vap Vieck® later
treated the probiem by the new guantum mechanics and obtamed for doublct
clectronic states, representing any stage of coupling, the following closed formula

for the rotational cneigy,

"~

W = B, [(J+4)2 =2+ 330 + ) +AA—g)A*} e (1)

where A=A /B, and A =1 for the m-state ; the upper and lower signs refer to
the two component states ZTri and 2771 , respectively. The above cquation gives
2

the combined effects of the rotational and spin emcrgy in a given state. ‘The
energy difference between the two doublet compenents due to spin effects alone


https://core.ac.uk/display/84906575?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1

28 M. G. Sastry

could not be separated out ; but Hill and Van Vleck obtained from (1), by
simplification, the doublet energy diftercnee approximately as

6 =By 140 + D+ AN — AT H (2] +1)] (2)

The equation was tested by them, by reference to the spin doublets of the (1, 0)
band of OH at Az811, LExcept for a small discrepancy, the observed and cal-
culated values were found to agree well and better than was shown earlier by
Kemble, The discrepancy was ascribed to the meglect of the contribution
towards the doublet interval wising {rom the maguetic field developed by
molecular rotation.

In a recent paper Dawson and Johnston® applied the formula to the various
OH bands and concluded that it failed to reproduce accmately the spin-doubling
spacing obtained from cxperimental data. The failure of the cquation when
applied to the spin doublets of the OD miolecule was also briefly reported by
Johnston® but the detailed data have not so far been published.

The recent work of the author® on the stiucture of the OD bands has cnabled
a detailed study of the validity of Van Vieck's equation, which forms the subject
of this paper.

RESULTS AND DISCUSSION

v obtain the experimental values of the clectronre spin width the usual
method is adopted.  We have"
WO(K) = FAK) ~ 19" ()
and Q(K) = 1K)~ F.(K).
Hence
I (R =17 (K) = [QUR) = QuR) | = [Fy/(K) - 1,/(K) |
= [QuK) = QuK) [~ y.K
where v is a small constant representing the spin doubling in the upper state
Xt Sinalaldy,
1 (K10 K) = [ RUK) RuK) [ =yl 4 1)
= [ PK) = PuK) ] y(K—1).
In Van Vieck's theoretical cquation the dificrence between the terms FMK)
apd I "(K) was ignored so ‘that when the mean of these terms is taken, the
experimental value should agree with the theoretical value if the equation is
correct,  We therefore write
0= %,.{Fl”d (I\') '-Flﬂfl(l\')}'*' {F2”((K) - j’lc(K)}].
=4[1Q1(K) = Qe(K)}+ H(P)(K)~P (K} + (R (K) - (Ro(K))} -yK ... (3)
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TABLE 1

Spin-doublel widths in the OD molecule for v"=1

29

R doublets | () doublets ‘ 1’ doublets \ Mean
. | T e
(1,1) | (2,1) | (3,1) \ (x,1) | (2,1) ! (3,7) ! (1) | (2,0) | (3,1) l‘R and P 0
e : B — . I :
1 |(125 8) \ 130.9 "131.2 1327 |132.0 |126.9 1284 |132.8 ‘ 128 ¢ 132.0
2 |115.8 |116.4 |117.5 . 116.2 116.6 | 118.8 |1157 |110.2 ‘ 1169 116.4 117 2
3 102.8 103 0 105.0 :l 103.7 103.9 104.1 101.0 105.3 104.0 \l 104.1 103.9
4 | 929 | u4.4 | 94.5 ( g7 | o8 | 935 | 933 | 939 | 939 i u3.8 92.7
5 84.9 85.4 85.5 ! 83.3 &4 844 84.2 84.1 84.8 84 8 R3.9
6 80 | 766 | 773 i 72607 1 773 | 767 1 770 m7 A 770 77-2 76 q
7 09.6 | 71.2 70.8 l 70.6 | 70.0 | 69.5 70 4 70.3 70.9 70.5 70.2
R 04.9 65.3 65.0 64 3 (4.2 1 626 | 053 65 & 65.4 65.4 63.7
9 61 4 b1.2 60.8 | 60 5 I 60.3 .l 59.5 62.3 61.1 I 60.6 61.2 60.1
0 | 566 | 570§ 56.9 ' 55-3 | 8§.0 : §5.6 | 50.5 | 56 | 56.8 56.9 55-5
11 526 1 147.2) | s41 | sto | o516 | s2.2 | 527 | 533 | 53.6 533 51.9
12 | 519 } — ’, 49-1 | 490 | 489 | 464 | 520 | 500 ) 50.2 50.6 48.1
13 153 o 48.3 | 460 | 464 | 44.0 | 477 | 477 | 478 48.0 45-5
14 | Qro) - || 43.6 | 42.0 | 434 — | 440 | 455 | 45.2 44.6 43.0
s (s | — | = avs |09 | — | 413 | 432 ~ 443 | 407
16 40.2 - - 39.7 | 3%0 - 42.3 | 40.9 — 41.1 39.3
17 | 404 - 378 | 37.6 — | 397 | 393 - 39.8 37.7
8| 375 —_ — | 351 | 364 — | 382 | 384 — 38.0 35.8
19 | 359 | — — 34.5 | 351 - 361 | 369 - 36.3 34.7
20 | 33.1 I _ 336 | 32.9 — | 341 | 357 - 34.3 33-3
21 33.6 - — 319 | 32.0 — | 349 | 34.8 - 34-4 32.0
22 32.6 ﬁ — —_ 30.6 { 310 — 338 | 337 -- 33-4 30.8
23 | (34.3 ; — — 20.6 | 30.9 - 32.7 | 32.6 — 32.7 30.3
24 30.0 — — 32.0 | 29.8 — | (26.8) | 31.2 — (30.6) 30.9
25 | (35.2) — —_ 28.2 27.6 — 31.9 31.3 — 31.6 27.9
20 31.6 | -= 73— - 31.0 | 30.2 - 30.9 27:3
27 28.4 — — 26.0 J— — 30.4 — — 29.4 26.0
28 28.3 — — 25.8 - -— 30.4 —_ — 29.3 25.8
29 30.1 — — 248 | — —_ 30.0 —_ —_ 30.1 24.8
30 31.4 - — 25.2 — - 20.1 — - 30.2 25.2
31 30.2 — — 27.8 - - 28.4 - - 29-3 27.8
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1

v’ =0 i V=1
. ’ e T
. on | on !Imff. @,-s0 | OD | OO \ Diff. (3.—3))
! | i ':“ ) .,_> T -: A i oy T
i Obs. !Lnlr. Obs  Cale. Obs. Obs. | Calc.4i Obs. | Calc. Obs.
131.1 \ 130.7 [126 22 v .| 4.9 : 130.5 151.4: 120.§ = 4-0
116.1 —  103.45 ' - 1 12.6 l 116.8 | — i 104.7 ( — 12.1
103.8 | 102.09 | 80.72 b ‘ 17 1 104.0 | To4 1 ‘! 87.0 i — 17.0
02.7 - 74.21 | . ! I8 5 Cyzs | o~ | 749 E — 18.4
837 ! 82 8| 04.83 i()g,,n..! 10 9 ©S1a | 812 D053 ‘ 65.14 10.1
6 - soa0 ) - wo | — | sTs = | 10.6
6g.7 | 68.1 | 5040 : — \ 10.3 & 704 | 096 | 51.7 —_— 18.7
64.0 - 14 S ii — | 19 2 v 64.0 - E 47.0 | - 17.0
50.3 | 57-4 | 41-32 \! — \ 17°8 Il 00.7 | 38.8 ‘\ 134 | — 17.3
55.4 | 1.[ R.22 %;(;.75 17.2 l 560.2 | — 1 399 37.95i 16.5
g8 49:3 l‘ 3540 | - 10 . 220 | 0.0 30.2 L 16..4
8.7 ! - \ 32.81 1 15.0 DR ‘ - 341 \1 - 15.3
159 | 130 'l 30.88 | = 150 | jo.8 | 2| 387 | — 5.1
13§ \ | 29-25 | — 14.2 138 | — juo | — 13.8
41 7 ‘ 38.1 | 27.79 | 25.50 13.9 | q2.5 | 39.2| 28.7 | 26.3 13.8
39.7 - 20.39 - 13.3 jo.2 | — 27.7 | — 12.5
379 342 | 25.36 - 12.5 88| 35.2] 250 — 13.2
30.7 —— 24.71 — 12.6 30.0 - 2] 8 — 12.1
35-7 30.9 ‘ 23.50 _ 12.2 35 \;‘ 31.9 23.9 — 11.0
33.2 - \ 22.38 | 10,46 10.8 33.8 — 23.1 | 20.08 10.7
33.0 28,2 I‘ 22.17 - 10.8 33.2 | 292 220 — I1.2
31.0 - 'I 20.97 — T0.Q 32.1 — 20.8 — 11.3
31.2 26 0 |. 20 44 - 10.8 | 31.5 | 26.8 19.8 — 11.7
i
30.5 - ! 19.90 | —- 10.6 308 | — 20.3 | — 10.5
30.4 1 241 \ 19.55 | 1573 ] 10.9 29.8 | 24.8| 19.2 | 16.23 10.6
— — 872 | — ‘l — 2.1 | — 19.1 | - 10.0
- - l{ W | — | 27.7 | =23.0| 177 — 10.0
—_ —_ i 17.01 - li} — | 276 — — _ —_
| - \ - “i 17.47 — |l 17,5 21.5 — -— —
‘ - ‘ — 17.10 1 13 17‘| 27.7 — J— —_ |l —_—
|
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TABLE 1I (contd.)

|
” |

=2 ‘ 't‘”'—‘_“\
— | I 1
on | o1 CDiff. (3, 84) | on
L l i P i o .
K . ! . ' ) ) :
Obs. Calc i Obs. Cale. | Ohs o Obs. Cale
] ! | i ~
: - : ‘ |
1 I 131.5 | 1312 126 - 53 RN B RE
! I
2 7.2 | — 106.2 - 11.0 o —
3 5.0 1 10] 2 89.1 - 15.0 105.0 t 105.9
! . : |
q ! (SR : — 70.2 — 15.3 05.5 | —
| :
! SO 2 ! 89 0O6.0 6648 19.0 86 4 86.3
R 1 5 N 1 { u
| ; !
I ! 78.7 ‘ — 59.8 - 19.9 79.0 l —
' . i
7 720 70,0 52.4 - 19.0 724 |I 71.7
1 |
S oha ! - 17-3 — 18.8 0y —
i
4y H1. 59 1 44.0 10.8 02.3 Ho,7
| i
m i 50.7 — 19.8 38.91 10.0 hob -
1 | 53.8 50.8 37.0 - 10.2 538 523
12 50-5 - 310 - 15.9 48.8 | —
|
13 47.3 44.6 32.0 — 15.3 -
14 16.4 31.7 - 14.7 - —
|
15 44.5 39.5 208 | 27.00 14.7 — ~
, . |
16 39.9 -- 28.5 i 11.4 -
17 39.2 355 - - - o -
18 38.8 — - , — - -,
) |
19 36.6 32.2 - | —_ —_ - e —
20 34.2 — — ; - ! — — -
| i
N 31.5 29.1 - — ' — . .

In Table I the doublet intervals derived according to the above equation are
shown in detail for the bands having the final state v”=1. Tor the remaining
bands the observed average values only arc given in ‘Table II.7 It should be
noted that the correction term YK is ignored, as the value of y has not been
determined for the OD bands, The tables also give the calculated values of 8 in
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each case, in determining which from equation (2) the following mean values of
the constants have been adopted (they arc in cms.™!)

Bo'' = 0.80, B."=y.08
By'=9.57, A=-139.4.

“2”—: 0.40

The agieement between the observed and the calculated  values is close for small
rotational quantum numbers, hut for large values of K there are markedly in-
creasing divergencics. The difference (obs. = cale.), however, varics linearly with
K. The representative curves drawn for /=0 in fig. 7 bring out these features
clearly ; the lincar relation from curve (3) may be expressed as

dlobs.) — d(cale.) = 0.2 K.

The constant 0.2 obviously represents the small factor y of equation (3). It is of
the right order of magnitude that should be expected for the OD molecule, for
which the spin-coupling constant A is — 130.4, unearly the same as that for OH.
If this correction, depending on yK is made in each of the observed values,
according to equation (3), the agreement  becomes  very close even for large rota-
tional quantum numbers. The outstanding diffcrences after this correction are
to be ascribed to the approximation made in deriving equation (2) and perhaps
partly to ohservational errors. .

.
. -0 0 |
.o |on Voo On '

\ 40
40 2 \\i{{.
TS S, et O -
- “©y - - -
\'_—.——.
W L d—
LA e [} 1 20 0 cm —en
taliuutts Wnl e e b ——————
0 0 u Y R————,
ST I
Fis. 1 Irs. 2

Explunation of figures :—1In these, curve (1) represents the observed, curve
12) the calenlated values and curve (3) the differences plotted against K.
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The author therefore considers, contrary to what Jolnston had Obberved that
Van Vleck's theoretical equation represents the clectronic spin doubling in the
doublet w-state of the OD molecule fairly accurately. In the light of the above view,
the data for the OH molecule given by Johnston and Dawson are re-vxamined.
The curves in Fig. (2) are drawn for /=0 for OH, similar to those in Fig. (1)
for OD. The linear curve (3) in this figure gives the value of You=0.2 which
agrees very well with that determined otherwise by Almy?® as equal to 0.216.
Dawson and Johnston dppear to have omitted the correction factor ¥K, in esti-
mating the obscrved values of the spin-doublet spacing, 1f this correction is
applicd, the agrecment becomes very satisfactory even for the larger values of
K as well.

Incidentally, it is desirable to point out that the above discussion provides
perhaps a new method for obtaining the spin doubling constant y of the upper
state 2Y¥* of the OD molecule, which cannot otherwise be determined from
observational data alone, unless the satellite branches are also identified.

COMPARISON OF THE SPIN-DOUBLIET INTERVAILS
IN OH AND OD

It was reported by Johnston! and also by Shaw and (3ibls,” from as yet un-
published data, that the spin-doublet spacing is larger for the OD than for the OH
molecule, though the former is the heavier of the two. Johuston also observed
that the difference in the spin-doublet widths Tor the two isotopic miolecules is
zero at the origin  and incrcases rapidly with K up to a maximum and then
approaches zcro asymptlotically. ‘The present detailed data confirm the above
observations as is evident from Table 1I. It is possible from these data further
to verify the validity of Van Vleck's theoretical equation, as is shown below.

Tiguation (2) for the spin-doublet interval may be written as

1l

5, = Bu{(y2+ )T -y}

8./ = B,l{()’z"'N) —y}
where 8, and 3, are the spin  doublet  widths for the OH and the OD molecules,
B, and B, are the respective constants and

y = 2K +1
M = (A/BH[(A/BA) —4]
= (A/Ba)[(A/Ba) - 4].

If the value of (3, —8,) is plotted against K, the valuc of K for which the curve
shows a mwaximum is given by the condition,

- (8, — i LI B, [Jy::ill—l] -'Ba[“‘““i;%f:“_‘_‘; "'I] = 9.

5—1423P~1
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Taking the first three terms in the expansion of
-4
. [ L+ M or N ]

yl

the valuc of y when the above condition is satisfied is given by

o _ _3IN?B,—M?B,)
NB.—MB,

Substituting the values of the constants given above for the OD molecule
and the corresponding constants for the OH molecule,’® we obtain that the
maximum occurs at

K = 5.7 for v/ = 0, K = 6.0 for v/ =1, K = 6.2 for " = 2.

Iig. 3 shows a curve for 2"/=1 between 8, - 8, and K similar to that shown
by Johnston* for /=0, It indicates 2 maximum at K=6, in Dbeautiful agree-
ment with the theoretical value.
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The author is indebted to Dr. K. R. Rao fcr his interest in the work and to
the Audhra University for the award of a Fellowship.
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