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ity. This system is also precise and allows fast anal-
yses. When water miscible solvents, such as acetone,
are optimum, it may be possible to employ salting-out
techniques for phase separation (21).
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Résumé

La correction de la masse isotopique de Ross, Eng
et Kildal (1974) est appliquée aux paramétres spec-
troscopiques mécaniques et électroniques de la molé-
cule homonucléaire diatomique O,. Les valeurs prédites
de ces paramétres sont comparées aux résultats expé-
rimentaux. Celle nowvelle application de la théorie
s'avere généralement satisfaisante, mais certaing
résultats expérimentaux nécessiteront probablement
une vérification expérimentale.
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Abstract

The isotopic mass correction of Ross, Eng and Kildal
(1974) is applied to the mechanical and electronic spec-
troscopic parameters of the homonuclear diatomic
molecule Oy. Predictions of values of parameters are
compared with experimental results. This extension
of the theory is found to be generally satisfactory, but
certain experimental results probably require remea-
surement.
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Introduction

Since the early days of molecular gpectroscopy, there
has been a great interest in the mass effects on mole-
cular energies and on their energy differences which
appear in spectroscopic transitions in absorption,
emission or Raman scattering. The procedure of Born
and Oppenheimer (1) provided a theoretical basis for
not only the dominant mass effects in spectroscopic
parameters, due to nuclear motion, but also the effects
of the coupling of electronic and nuclear motions that
Jead to deviations from the limiting behaviour accord-
ing to the first (or zero-order) approximation. Because
of both the relative simplicity of the spectra of diatomic
molecules and the relative ease of application of theo-
retical treatments of the electronic and nuclear motions
and of the analysis of the molecular spectra, these
molecules have fruitfully served as convenient tests of
both theories and theoretical methods. Already at the
time of Dunham’s (2) work on a quantitative treatment
of rotational and vibrational energies in diatomic mole-
cules in '3, electronic states, the principal mass factor
in the corresponding spectroscopic parameters was
understood, and the spectra of isotopic species of the
same chemical substance were successfully analyzed
on that basis (3). However, during the course of time
in which spectra were measured with ever increasing
spectral resolution, and a concomitant increase of the
precision of the transition wavenumbers (or frequen-
cies), significant diserepancies appeared between the
measured wavenumbers and those predicted on the
basis of the simple factor embodied in the reduced mass
of the isotopic species. In 1974, Ross et al. (4) discov-
ered an empirical correction to the Dunham formula
that successfully accounted for the isotopic mass effects
within the accuracy of their measurements. Later, this
formulation was given a theoretical justification (5,6).
Since that time, this formulation has been applied to
many heteronuclear diatomic molecules in I3 elec-
tronic states and to several vibration-rotational
parameters for which the mass coefficients could be
significantly determined. However, there has been little
or no application to either homonuclear molecules or
to other parameters describing the effects arising from
the coupling of molecular rotational angular momen-
tum with net spin or orbital angular momentum (in
states other than '2) that lead to further branches of
lines in vibration-rotational spectra beyond the simple
P and R branches of each vibration-rotational band of
a molecule like 2C'€0 (4). In this paper, we discuss
these topics and provide examples of their application
to O, in its ground ®Z; electronic state.
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Treatment and Results

For the vibration-rotational energies (expressed in
wavenumber units) of a particular isotopic variant of
a diatomic molecule in a particular I3 state, Dunham
(2) developed the relation

ExD) = 2 3 YO+ 1289 + DY (1]
k=0 1=0

in which the coefficients Y, of the powers of the fune-
tions of the vibrational v and rotational J quantum
numbers incorporate a dependence on the reduced mass
p o= MM/(M,+M,) caleulated from the masses M,
and M, of the neutral atoms that are the products of
dissociation of the molecule in that electronic state.
The relation developed by Ross et al. (4) for each Yy
is

Yk,g = Uk,:p;_(k+25)/2 [1 + me(Aﬁy’Ma + Aﬁl/Mb) ] [2]

in which all the mass dependence of the term-value
coefficients Y, is taken into account (within present
experimental error) by the evident mass factors so that
the parameters Uy and the two Ay are formally inde-
pendent of mass for a particular chemical species in a
specific electronic state. In a homonuclear diatomic
molecule, the equal nuclear charges of the two nuclei
implies that the simplification

Yy = U ® 221 + meA/ ] (3]

is achieved such that only a single Ay parameter exists
for a given couple k and L.

One can then apply this well established formula to
the various parameters Yy of the vibration-rotational
spectra of Op. From the far infrared spectrum of °0;
(T) (magnetic-dipole transitions) and from the laser-
magnetic-resonance (8) and microwave (9,10) spectra
of 10, and 180,, the values of some parameters have
been accurately determined (11); the parameters of
interest are collected in Table L.

First of all, using the values of the equilibrium rota-
tional parameter B, for the latter isotopic variants of

Table I.  Equilibrium spectroscopic parameters /m-1 of 180, and
150, and their dependence on reduced mass.

quantity dependence 1%, 1o,

B sk 144.538270%,00013 128.463315+.00017

@ =88 1.58126 %,00027 1.32472 :.00017

]

A 196.233739%.000067 198.233526%.00002

® o e ®

H

faed por 4.850  *.033 3.936  *.17
“
M

1 = -0.B415282#6,Tx107¢ -0.7477976%1,0%107%
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Table II.  Derived mass-independent molecular parameters of O,.

372

Vg, 1156.259402 m~*amu  U,,, -35.79328 n"* amu

da, ~-2.0373
BO

4,,, -13.04

(1.20745409%10°2°%3x10°**) m

0; and the eq. 3 above, one can derive values of the
mass-independent quantities Uy ; and A, ;. Then one
can use the latter quantities in turn to predict the equi-
librium rotational parameters of any other isotopic
variant of O,. A more interesting procedure is to use
the values of the equilibrium (first) vibration-rotation
interaction parameter a,in Table I to derive the values
of the quantities U; ; and A, ;. With the combination
of these data from B, and a,, listed in Table II, one
can predict values +.0002 m ! of the rotational para-
meter B, for the ground vibrational state of any isotopic
variant of O, for a more direct comparison, presented
in Table III, with experimental results from investi-
gations of Raman scattering.
Because the same kinds of adiabatic and nonadi-
abatic effects that affect the accuracy of the Born-
Oppenheimer approximation for the ‘mechanical’ spec-
troscopic paramaters Y, also affect the electronic
-parameters, it should be possible to apply eq. 3 also
to the electronic parameters such as the spin-spin A
and the spin-rotation v interaction coefficients. Again,
one can then proceed to predict some values for the
ground vibrational state of some isotopic species, but
in this case fewer experimental data are available for
comparison. Such a comparison is possible however for
160180); the predicted values (m~1) =.00007 of A, and
+0.000012 of vy, are compared with the respective
experimental values in Table III. Other quantities can
equally well be predicted by the same method, but
accurate experimental data are not yet available for
comparison.

Discussion and Conclusions

The data in Table III clearly demonstrate that it is
possible to calculate the spectroscopic parameters, and
in particular the rotational parameter B, more accu-
rately than they can be measured by means of Raman
scattering. Of course, it is only fair to state that the
data in Table 1 were derived from experiments in
millimetre-wave and far infrared spectroscopy (the
latter using either the method of laser magnetic reso-
nance or laser sources), in both cases with the great
accuracy commonly associated with microwave mea-
surements. It is noteworthy, however, that the Raman
measurements of By of 170,, and even of %0, itself (for
which a pure sample is easily obtained), deviate signi-
ficantly from the predicted values.
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Table III. Comparison of predicted and experimentat spectro-
scopic parameters /m~! the ground vibrational states
of isotopic O, molecules.

quantity species predicted measured reference
B, 1egrep 143.7676 143.777%.003 12
B, 1sg17g 139.5330 139.538+.005 13
B, L¥g iy 135.7853 135.781%.008 14

B, irgl7p 135.2980 135.314%.004 12

1Tpitg 131.5497 131.546%.002 12

127.796%.004 12

198.467625%0.00014 15

B

B, tegieg 127.8009
A isgieg 198.467429
k)

l¥glig -0.795597% ~0.7955103%.000023 15

The molecular parameter U, , is directly related to
the mass-independent (Born-Oppenheimer) equilib-
rium internuclear separation RE®. The inaccuracy of
this quantity indicated in Table II has propagated only
from nominal experimental errors of measurement of
frequency. In fact, the contribution to the true error
from the uncertainty in the fundamental physical
constants (16) (specifically the Planck and Avogadro
constants) is larger, ~10-!" m. However, an even larger
contribution to the uncertainty results from the model
by means of which the data in Table I were derived
from experimental data, specifically from the values
of the pertinent spectroscopic parameters for the two
isotopic variants of O, in only the two vibrational states
v=0and v=1. If the deficiency of this model is taken
into account, then the uncertainty of the determination
of RE° is probably of the order of 10~® m, still much
smaller than the nuclear diameters. It should be noted
that this quantity R has a well defined meaning, both
theoretically and experimentally (through U, ,), unlike
the value of the “weighted mean” internuclear sepa-
ration (1.20754 +0.00001) x 10~° m derived from the
Raman results (12) (of which even the experimental
basis is suspect, as already pointed out).

Although the agreement between the predicted and
measured values of Ay in Table III is fair, the agree-
ment in the case of v, is worse. The value 198.467398
m~" predicted (11) for A, by a different method is in
somewhat worse agreement than the value in Table
III; the value —0.7955947 m~! predicted (11) for v, is
in poor agreement with the experimental value but

Table IV.  Spectroscopic and potential-energy parameters of 160,.

/ot

155639.934%0,2 -3.01025

157995.54 %1.6 5.87965

»
"

144.56228 %0.0013 a, -7.8773
1.59537 0.31 a ~-0.5585
.
/10t 4.71 0.1

a, 43169267 87
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similar to the prediction in Table IT1. Mizushima (11)
commented that measurement of more lines with
greater precision is planned in order to seek improve-
ment of the experimental data so as provide a better
test of the theoretical predictions. Again the mea-
surements in vibrational states peyond v =1 would be
desirable to test the linear model for the treatment of
the experimental data.

As a means of illustrating the effects of the linear
model for the speetroseopic parameters, the data in
Table IV represent the values of some parameters that
may be compared with those in the previous tables. A
previous compilation (17 of vibrational energies, rota-
tional and centrifugal distortion parameters may be
used to derive equilibrium values of quantities for
comparison; these data were supplanted by more recent
and accurate data wherever possible. The origin vy_g
of the fundamental band of 1°0z was newly determined
from the combination of the accurate rotational para-
meters (9,10) for the combining states v="0 and v=1,
with the precise measurements of the few vibration-
rotational absorption lines in the electric quadrupole
spectrum (18). Then fitting all these data for the vibra-
tional states up to v=28 generated the results in Table
IV, and their further use according to the Dunham (2)
formalism produced the potential-energy parameters
aj-

It is clear from the comparison of different values
of &, and D, of '°0, in Tables I and IV that the linear
model (necessitated by the lack of precise microwave
or laser measurements beyond v= 1) may lead to precise
but inaccurate values of these quantities. For instance,
such a large magnitude of A, in Table 11 is probably
due to the linear model. The comparison of B, values
in Tables I and IV is however inappropriate because
the Dunham correction (the distinction between Yo,
and B,) has been applied to the result in Table IV.
However the value of B, in Table IV may be used,
with the value g, = 0.000125 + 8 X 10-% (19), to
estimate the adiabatic equilibrium internuclear sepa-
ration of 180,; the result if (1.207597 = .000005) x 10~
m, significantly different (as expected) from the Born-
Oppenheimer separation given in Table I1. The acqui-
sition of more accurate spectroscopic data for the many
vibrational states of the ground electronic state of Og

J.F. Ogilvie

is clearly desirable, because the accuracy of many
existing data (17) of this important chemical species
¢all far short of what is attainable by modern tech-
niques (20); at the same time data of 180, of comparable
modern accuracy would enable a much improved deter-
mination of the molecular properties that being inde-
pendent of mass reflect accurately the electronic distri-
bution of the relatively isolated ground electronic state.
The above results demonstrate that for a homonuclear
diatomic molecule the mass dependence of not only the
mechanical spectroscopic parameters Y, but also the
electronic parameters such as A and y may be
adequately taken into account by means of equation
[2] due to Ross et al. (4).
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