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systems such as the Cu,Clg™ unit which is present
in K(‘u(]l:;.
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Reanalyzing some early bandhead data for L{B 0,*(°II) ], an improved value of the ground-state dis-
sociation energy is found to be Dp=12 440.94-1.1 cm™}, differing significantly from the previously accepted
value of Verma, 12452.541.5 cm™.. This result implies that the final state of one of the uv resonance
series reported by Verma must have a rotationless potential maximum some 13.141.4 cm™ high. It is
further shown that the original electronic assignment of this state as ground-state X 0,7 (1) is implausible.
A reassignment as 0,% (3I) is proposed, and the nature of the 0,+(3II) potential is considered.

I. INTRODUCTION

Verma observed! six series of uv resonance emission
doublets which were excited by absorption of the
1830.4-A iodine atomic line by molecules in five rota-
tional levels of the v//=0 level? of the ground electronic
state of I,. This absorption corresponded to transi-
tions into five resonant vibrational-rotational levels
of an excited 0, electronic state, and the subsequent
emission from these levels yielded the observed series.
Verma concluded! that this emission always produced
molecules in the ground electronic state. This is un-
questionably true for those final levels to which he
assigned vibrational quantum numbers 1" <84. How-
ever, the separate set of levels at the convergence
limit of the emission spectrum (Verma’s v’/=98-115)
causes a strange flattening of the Birge-Sponer plot

for the ground state. Furthermore, their sharp con-
vergence-limit cutoff lies above a value of the ground-
state dissociation energy obtained from other data,
which implies that the state to which they belong
has a potential maximum. This suggests that the
present best value of the dissociation energy,! which
is based on the position of this cutoff, is too large
by an amount equal to the height of the barrier.
The present paper presents a new value of the ground-
state dissociation energy and proposes that the levels
in question be reassigned to the 0,+(IT) state.

II. DISSOCIATION ENERGY OF GROUND STATE
LIX 0,+('2)]

Two main approaches to the determination of the
dissociation energy are considered. In the first, an
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estimate for Dy is obtained by subtracting the 2Pg;»—
2Py spin-orbit splitting of iodine atoms from the
convergence limit of the B 0,7((I1)-X 0,7 ('Z) band
spectrum.*

Brown® has reported bandhead measurements for
levels "= 48-72 of the B 0,+(*1) state. Careful extrap-
olation from these data places the B-state dissociation
limit 20 044.041.1 cm™ above the /=0, j”’=0 level
of the ground state.”$ Subtracting from this the 7603.15-
cm? 2Py-?Py; spin—orbit splitting energy® yields
Dy=12 440.9+1.1 cm.19 This result corresponds to the
B=1 state having 8941 vibrational levels.?

A second approach to Dy, that used by Verma,! is
based on the sharp low-energy cutoff of the uv reso-
nance series at the convergence limit. The electronic
assignment of the lower state of this series is im-
material since it could only dissociate to yield two
ground-state 2Ps» atoms. Furthermore, the original
rotational assignment of this resonance series (J,=25)
is based on the rotational constants for the emitting
levels and hence is valid independent of the electronic
assignment of the final state. Utilizing the data in
essentially the same manner as Verma! yields a D,
estimate of 12452.441.8 cm—L.1t

In general, the final electronic states of the two
transitions considered above may have repulsive po-
tential barriers as well as attractive wells. Therefore,
the two estimates of Dy are both upper bounds, being
equal to the true D, plus the height of the appro-
priate barrier. Since the first value obtained is 11.54-3
cm™! smaller than the second, the state giving rise
to the latter must have a rotationless (J=0) potential
barrier at least 11.543 cm™! high.

The moderately long-range interaction of two 2P
(*P32 or 2Pyp) iodine atoms may be expressed as®

C5 CG CS CIO
V(R)=Es+ié+}§+ﬁ+"', (1)

where the first term arises from the first-order per-
turbation energy, and the next three terms from the
second order. It may readily be shown that Cs, Cs,
and Cy are negative (attractive) for all molecular
states formed from two ground-state (2Psz) atoms.™
Furthermore, theoretical values of Cs; have been cal-
culated for all the states formed on combining 2P;,-
2Pys or 2P30+-2Py s atoms.!31 These values show which
states are attractive and which are repulsive at the
large distances at which the R—® term dominates the
interaction.

The theoretical C; for the B 0,+(3) state, which
dissociates to 2P3p+2Pip, is negative (attractive).1s:15
Furthermore, in Ref. 8 it is shown that the potential
at the outer turning points of the highest observed
B-state levels is dominated by this R® term. There-
fore, the B 0,7(°I1) potential cannot have a barrier
maximum, Dy=12 440.92£1.1 cm™! for the ground elec-
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tronic state, and the state giving rise to the uv con-
vergence-limit resonance series must have a potential
barrier &~11.54-3 cm™! high.

III. Reassignment of the uv Resonance Series at the
Convergence Limit

A. The Need for a Reassignment

The data considered for reassignment are the lines
in the convergence limit portion of Verma’s resonance
series IVb, presented in his Table V.! He concluded
that the lower state of this series was the ground
electronic state. While this is unquestionably the case
for the other five uv resonance series observed, it is
shown below that this assignment is quite implausible
for the series in question.

The theoretical Cj for the ground X 0,+(*Z) state
of I, is zero®'; hence, the moderately long-range
forces are dominated by the attractive second-order
perturbation terms (Ce, Cs, and Cy). Since the ex-
change forces are also attractive (as is evidenced by
the deep potential well), this state cannot have a
potential maximum. Therefore, the final state of the
uv convergence-limit resonance series cannot be the
ground state.

A more qualitative objection to the original assign-
ment is based on the Franck—Condon accessibility of
the final levels. Verma’s Fig. 1(g)! shows that the
emission into the 18 adjacent levels at the dissocia-
tion limit has roughly constant intensity. Therefore,
it seems strange that none of the 13 levels imme-
diately below his v/ =98 would be sufficiently accessible
from the upper state to allow measurable emission.
The observed behavior suggests that Verma’s »"/=98
is actually the lowest vibrational level of some excited
electronic state.

A final argument against the X 0,+(1Z) assignment
is based on the expected behavior of a Birge-Sponer
plot for vibrational levels lying near the dissociation
limit. It has been shown that when the outer branch
of the potential in this region is a short sum of at-
tractive inverse-power terms, the plot should have
positive (upward) curvature.d ! For the ground state
of I, this positive curvature is observed above v"/=73
and increases from there up to »’=82 (the highest
well-known level below the convergence-limit reso-
nance series), where it equals 0.060 cm~1.22 For this
state, the theory suggests® that above the point of
inflection at v'=73 the curvature [#G(v)/dv*] should
increase, perhaps pass through a slight maximum,
and asymptotically approach a constant value of
94/(Ce)¥2 cm™ (where Ce is in em™ A%).Y For a
reasonable Cs of 3.0X 10+ cm~ A¢, this asymptotic
curvature would be 0.054 cm™, On the other hand,
the level spacings in the convergence limit resonance
series show negligible curvature (Z0.001 cm™; see
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TasLe L. L,[0,*(*I)] vibrational energies (in cm™) expressed
relative to the o'/ =0, J'' =0 level of the ground state.

v E v’ L v FE

0 12 362.4 6 12 413.6 12 12 444.0
1 12 372.5 7 12 420.1 13 12 447.2
2 12 381.9 8 12 426.0 14 12 449.7
3 12 390.5 9 12 431.4 15 12 451.5
4 12 399.0 10 12 436.1 16 12 452.9
5 12 406.6 11 12 440.4 17 12 453.7

Fig. 2).% This strengthens the argument that these
levels cannot belong to the ground state.

Theory shows® that vibrational levels lying near
the dissociation limit, which yield a linear Birge-~Sponer
plot, correspond to a long-range potential which is
either exponential or is dominated by an effective
inverse-power term R with # being large (#3>10).19
This high effective power is qualitatively the type of
behavior one would expect on the inner side of a poten-
tial barrier arising from a sum of attractive and repul-
sive inverse power terms.

B. The Reassignment

The final state to which the levels in question belong
must have a potential barrier of height ~11.543
cm™! as well as an attractive well, and must correlate
with two ground-state 2P;» atoms. Nine states in ad-
dition to the ground state correlate with two ground-
state atoms; of these, three are nondegenerate and six
are doubly @ degenerate.?® The nature of the emission
and absorption spectrum of Verma’s upper state clearly
indicates that it is 0,t.2' Therefore, the AQ=0, 41
electronic selection rule immediately removes two pos-
sible assignments. In addition, the gerade-ungerade
symmetry selection rules for electric dipole® transi-
tions (geou, gemg, ucru)? leave the 0,7 (°II) and 1g(3I)
states as the only electronically allowed assignments.

The rotational selection rules for transitions from
a 0,% state into singly degenerate 0,%* or doubly

T T T T
., 100
. v
0.5 o ~~o
- 10%x B, (em™) T~ 7

I -

- 1 S~ .
> v N
1 12 L ' ? L 1 ||4 1 B

F1c. 1. Rotational constants for final state of convergence-limit
resonance series. The v numbering corresponds to Verma’s
X 0,7(13) assignment! and ¥’ numbering to the present 0,%(*II)
assignment. @ are Verma’s experimental values, and the arrow
denotes the highest observed level.

ROBERT J.

I'16. 2. Vibrational spacings of levels in convergence-limit
resonance series. v’/ represents the old X 0,7(!3) vibrational
numbering! and ¢’ the proposed 0,%(*I1) numbering. The curve
is generated from expression (2).

Q-degenerate 1g states allow AJ=-+1 and AJ=0, &1
transitions, respectively. The first gives rise to doublet
and the second to triplet structure. While transitions
into the separate branches of the 2 doublet (1g)
would correspond to AJ =1 and AJ =0, respectively,
the intensity of the Q branch (AJ=0) is theoretically
twice that of the P or R branches, so this spectrum
would be observed as either the full triplet or as a
singlet. Verma was able to resolve the structure of
the emission into the three lowest levels of the con-
vergence-limit series, and it is clearly doublet in
nature. Therefore, the only completely allowed reas-
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T1G6. 3. Schematic potential curves for O,*(*II) and some
neighboring states. The zero of energy is the v/=0, J”=0 level
of the ground electronic state.
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signment of the levels in question is to the 0,7(’IT)
state.

The theoretical long-range R® term for the 0, (II)
state is repulsive,®® while its R R™% and R™
terms are attractive; thus it seems plausible that it
will have an attractive well bounded by a potential
maximum. On the other hand, the theoretical Cy for
this state (2.3X10° em™ A5)5.5 is too small to yield
a 11.543 cm™! barrier at large R, either alone or when
the competing attractive RS term is taken into ac-
count.?

Although the origin of the potential barrier is
somewhat uncertain, the reassignment of the uv con-
vergence-limit resonance series to the 0,t(’II) state
still seems much more likely than its original assign-
ment as X 0,7('Z). The validity of this reassignment
will now be assumed and the concomitant properties
of the 0,1 (*II) state will be considered.

IV. THE 0,/t(*IT) STATE

This state was previously observed by Venkates-
warlu? in diffuse bands arising as emission from
discrete levels of the previously mentioned highly
excited 0,* state. Venkateswarlu concluded that its
potential was repulsive in the neighborhood of the
minimum of the ground-state potential, and that it lay
below and to the left of the B 0,+(*II) curve.2 This
same conclusion was also inferred from considerations
involving the quenching of B-state fluorescence.?

Due to this intermediate-range repulsiveness of the
0, (*II) curve, its potential minimum must lie at
reasonably large R, and the well is unlikely to be
very deep. The noncrossing rule which forbids it from
crossing the ground-state X 0,4(1Z) curve also implies
that the well must be quite shallow. In view of this
and of the roughly constant intensity of the emission
into the observed levels, it seems probable that the
lowest observed level is #'=0. If this numbering is
incorrect, it seems unlikely that it would be more than
one or two units too small.

The energies and assumed vibrational assignments
of the convergence limit levels are given in Table I.
The small rotational energy contributions to the ob-
served lines were removed after extrapolating beyond
the three experimental B,, values in the manner
shown in Fig. 1. Utilizing Fig. 1 to obtain B, values,
rather than the approach of Ref. 1, places the con-
vergence limit of this series at 12454.040.3 cm™
(1.6 cm™ higher than the previous estimate). This
yields 13.141.4 cm™ as a better estimate of the height
of the potential maximum. Six of the 18 observed levels
are metastable (for J'=0), being bound only by this
potential barrier.

Using the above vibrational assignment, the vibra-
tional energies may be represented within a standard
error of £0.08 cm™! by

E(¥')=12357.3+10.522(v"+%) —0.2866 (v'+-3)2, (2)
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where the energy zero is the v"/=0, J”=0 level of
the ground state. This shows that this state has a
potential well at least 83.641.1 ca™! deep (relative to
the dissociation limit, not the potential maximum).
Furthermore, the observed rotational splittings would
place the potential minimum at 6.04+0.6 A. The ex-
perimental vibrational spacings are compared with
those calculated from expression (2) in Fig. 2. The
curve suggests that there may exist one more, as yet
unobserved, quasibound state.

The potential curve for 0,+(°II) is shown schemat-
ically in Fig. 3, together with curves for a number
of neighboring states. The ground-state potential up
to 11933 cm™ and the B 0,7 (*IT)-state potential up
to 19 705 cm™ are RKR potentials (taken from Ref.
12, and Refs. 4 and 6, respectively). The 0.~(3Z)
curve was taken from Ref. 27 and the 4 1x(*II) curve
is based on the conclusions of Brown.? At large dis-
tances the 4 12(*II) and X 0,+(1Z) curves must cross,
since the latter dies off as R% and the former as R~5,
Furthermore, the 4 1%(*IT) curve may also cut across
the 0,+((IT) well. The theoretical C; for 0,~(3Z) is
a third larger than that for 0, (°II) 8% so these curves
should not cross at long range.

V. CONCLUSIONS

It has been shown that contrary to the original
assignment, a portion of the uv resonance spectrum
of I, does not correspond to emission into the ground
electronic state. The most probable reassignment for
the levels in question was found to be 0,+(*II). This
state appears to be an example of a van der Waals®
molecule (bound only by the moderately long-range
dispersion forces®) which has a potential barrier. An
improved estimate of the ground-state dissociation
energy is Dp=12 440.9+1.1 cm™.

If the present reassignment is correct, Verma’s uv
spectrum! is the first observation of the discrete levels
of the 0,+(*IT) state. These levels clearly cannot be
observed in absorption from the ground state because
of the gebg symmetry selection rule. However, they
may be observable in near ir fluorescence (at around
1.4 1) from some of the higher levels of the B 0, (3I)
state. One restriction™to this type of measurement is
that the fluorescing state cannot have a very high
rotational quantum number, as in this case the cen-
trifugal potential would bury the shallow 0, (°II) well.
However, if appropriate B 0,7 (°lI) levels can be ex-
cited, these 0,7(*II) levels may be observed together
with neighboring X 0,+(*Z) levels, giving direct con-
firmation of the proposed reassignment.
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