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A reanalysis of the spectroscopic data for ground-state iodine yields improved rotational constants and
vibrational energies which are used to compute a new RKR potential. Polynomial representations of the
vibrational energies and rotational constants are presented which fit all the data to within the respective
experimental precision of Verma and of Rank and Baldwin. New approaches are introduced for separately
obtaining the rotational B, and D, constants and for estimating error bounds for computed RKR turning

points.

INTRODUCTION

In 1960 Verma' reported some remarkable mea-
surements of several series of uv-resonance emission
doublets in the spectrum of I, excited in an electric
discharge. Although the final state of one of these
resonance series has recently been reassigned as
0,7 (*II),? the remaining lines thoroughly catalogue the
levels of ground-state X 0,7 (*2)I, up to within 49, of
the dissociation limit. Because of this remarkably
complete set of data, the ground state of I, has become
almost a touchstone of RKR potential calculations.!#~®

In the present work, the data for the ground state
are handled somewhat differently than was done pre-
viously, and discrepancies of up to 6.6 cm™* were found
between the vibrational energies obtained here and
the earlier results.! Since the reported ground-state
RKR potential curves!*® are based on this eartlier
energy spectrum,! all will be somewhat in error.
Furthermore, most of these curves'#* were calculated
all the way to the dissociation limit by utilizing the
energies of a set of levels which recently has been
reassigned to another electronic state.? An improved
energy spectrum and RKR potential will be presented
which are based on both the uv-resonance data! and
the more accurate, but restricted (to v<22), green-
line resonance data of Rank and Baldwin.®

SELECTION OF EXPERIMENTAL DATA

The raw data used in the present analysis con-
sisted of the green-line resonance doublets measured
by Rank and Baldwin®, and five of the six uv-reso-
nance doublet series reported by Verma.'® The former
measurements are relatively accurate, being reported
to 0.001 cm™!, though they only describe levels v=
0-22. On the other hand, while the uv measurements
span the region from »=0-84, they were reported
only to an accuracy of 0.01 cm™'. Because of this dif-
ference in precision, only the green-line data were
used in determining the vibrational energies and rota-
tional B, constants for <<22. In addition, all of the
blended uv lines were omitted from consideration®, as
well as three lines which the present analysis suggests
were misassigned.!?

THE ROTATIONAL CONSTANTS

Values of B, constants are obtained from the ex-
perimental PR doublet branch splittings

Mvp (v, 7,) = (AT 4D [B—2(J 2+ +1)D], (1)

where Avp_g(v,J,) is the observed doublet splitting
for vibrational level », in the resonance series charac-
terized by rotational quantum number J, In the
original analysis of the uv data,! Verma tried to
obtain a polynomial representation for the D, con-
stants by fitting the splittings for different J, directly
to (1). However, in Ref. 7 it was pointed out that
this approach is not very meaningful, because the
effect of the D, values on the splittings is less than
the experimental precision. On the other hand, sig-
nificant information on the D,’s can still be obtained,
because while the effect of this term on the doublet
splittings varies as 8% J,3, its effect on the vibra-
tional energies varies as & J,4. For the J,= 87 resonance
series this difference is particularly significant.

Since the D, constants are known to be small,}
they will affect the observed splittings only slightly.
Hence, to a first approximation they can be replaced
by any plausible set of trial values {D,™}, yielding

B,W=[Avp_p(v,J,) /(4T +2) +2(J+J+1)D,®

=B,—2(J24+J,+1) (D,— D,™)XB,. (2)

These estimates of the exact D, and B, values may
then be applied to the data for resonance series J,=J,
to yield an apparent vibrational encrgy for level o,
Gr,% (v). Comparison of the apparent vibrational en-
ergies obtained from the data for two different reso-
nance series then yields improved estimates of D,:

Gn (v) =G, (v) )
(J2+T5)2— (Ji2+J1)?

2
= D,— (D— D, ™) Mj;_ll. 3
T2 TS0

Here (J2+J,+1), is an average for the” different
resonance series contributing splittings at levels near v.!*

D, = D, o0+ (
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[T i f T r i 4 squares fit to the data.® The convergence of dy™ to
60y : an asymptotic value was used as the criterion of con-

Fi6. 1. D, vs v for ground-state X 1Z,* I,. @, empirical points;
- - -, curve from expression (5).

These D,™*Y values may then be substituted into
the first part of (2) to yield improved B,V values,
«++ etc. The error in a D,™ value obtained after »
such iterations is

2 1‘2 r v "
D,®—D,=(D,®—D,) _i{_i']_ﬂ) .

b e

Clearly the sequence {D,?, B,®}, {D,®, B,®} ...
etc. will converge to the exact {D,, B,} as long as

=220 1)/ (T2Tot T2+ T1) <1

In applying (3), apparent vibrational energies from
the J,=87 resonance series were compared in turn
to those yielded by each of the J1=49, 46, 25, and 23
series, for all levels 0<v<82.2 In applying (2), for
v<22 only the green-line resonance splittings were
used (i.e., J,=34 only)®; therefore, in this region
7203 and the {D,™, B,™} sequence will converge
quite quickly. Analogously, for v>43 the J,=87, 49,
and 46 splittings are weighted about equally; hence
f~0.85, and the sequence will converge here also.
However, f~2 for 22<v<43, since in this region only
the J,=87 splittings were measured with high pre-
cision.* Therefore, Eq. (3) was only applied to the
data for v<22 and 92>43, while D, values in the
intermediate region were obtained by interpolation.

In applying the above stepwise convergence proce-
dure, the individual values of D, and B, were
always represented by polynomials in (v+3%) before
utilizing them in the next step. The values of D,®
were represented by

D,® =D, 4 8,m (pF-1) + ™ (v41)2,

where D™ and 8, were calculated from the other
spectroscopic constants using the expressions given
by Herzberg,” and d»" was obtained from a least-

vergence for the {D,™, B,"} sequence.

The high accuracy of the green-line splitting for
v<22 relative to the uv splittings used for »>22 was
retained in the polynomial representation of the B,™
constants. First, a second-order least-squares fit to the
green-line data for »<<22 Y yielded approximate values
of the three lowest-order polynomial coefficients, B.,
ae, and vy, Next, the contributions of these terms
[ie., Be—ac(v+3)+7v.(v+%)2] were subtracted from
the 79 individual B,™ values® and the remainders
fitted to an expression of the form

R() =ds(o+ 1) +e(v+3)*.

Then the contributions of these initial 8, and ¢, values
were subtracted from the B,™ values for v<22 and
these remainders fitted to a quadratic, yielding im-
proved estimates of B., a., and v, This cycle was
then repeated until the polynomial coefficients con-
verged.?

The above {D,™, B,™} convergence procedure was
applied three times, using polynomial representations
of the B," constants with maximum order M =3, 4,
and 5, respectively.” In each case, the initial trial D,
values were {D,9=0}. The results are shown in
Table I.

In the above manner, the following mutually con-
sistent expressions were found to best represent the
rotational constants B, and D, (in cm™):

B,=3.7395X 1072—1.2435 X 10~*(v+1)
+4.498X 1077 (v+5) 2~ 1.482X 1078 (v+3)*

—3.64X 1071 (p+1)4,  (4)
Dy=4.54X 1074 1.7X 10~1(y41)
+7X1072(v+3)%  (5)

Expression (4) represents the experimental B, values
[obtained by substituting (5) into (1)] within a
standard error of +0.24X10~* cm™! for <22, and
+3.2X10™* for v>22. Figure 1 contrasts a plot of
expression (5) with the final D, values obtained from
expression (3). Utilizing the first term of (4) in the

TasBre I. Results of {D,™, B,(} convergence using different
polynomial fits to the B,™ values.®? ERR 1is the standard error
of the D, representation. All quantities are in cm™.

B, representation D, representation

Order M 10*XB, 10°Xa. 10X ERR  10°Xd,
3.7397 1.2519 6.7 0.0045
3.7393 1.2435 4.4 0.007;
3.7399 1.2652 4.4 0.007,

Downloaded 13 Mar 2004 to 129.97.80.195. Redistribution subject to AIP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp



MOLECULAR CONSTANTS OF GROUND-STATE IODINE

2685

TasLe I1. Absorption lines exciting observed resonance series. R(33) is for the green-line series® and the others for the uv series.

R(33) P(47)

Line

R(48) P(23) R(24)

v, (cm™1) 18 307.487 54 633.216

54 633.155 54 633.203 54 633.182

usual manner,”® one obtains an equilibrium internuclear
distance of Rrq=2665; A for ground state I.

THE VIBRATIONAL CONSTANTS

A shift of B, values for v>22 generated from ex-
pression (4) by one standard error, £23.2X10™* cm™,
changes vibrational energies obtained from the reso-
nance series characterized by J,=87 by &~¥F2.5 cm™,
while affecting energies obtained from the other (uv)
series by between F0.15 and F0.8 cm™! (correspond-
ing to J,=22 and 49, respectively). In view of this,
the J,=87 data were not utilized at all in the de-
termination of the vibrational spectrum and constants
for the ground state. This means that the highest
level fitted is v=82, although the highest level ob-
served is v=_84.

Utilizing expressions (4) and (5), a vibrational
ladder may be constructed from the data for each of
the five remaining resonance series, J,=49, 46, 34, 25,
and 22. Unfortunately, the emission lines correspond-
ing to the inverse of the five molecular transitions
exciting the various series are masked by the intense
atomic lines. Also, the atomic emission and molecular
absorption lines have a significant width,® so that the
peaks of the latter need not coincide with those of the
former.

In the present work, improved values for the peak
energies of the exciting molecular transitions were
obtained by shifting the five independent vibrational
ladders so as to minimize disagreement,? yielding the
frequencies given in Table II. A weighted average
value for the 4 uv series is 54 633.18 cm~®. This lies
between the center of the atomic line which is the
source of the uv light, 54 633.46 cm™.,* and the value
ve=54632.93 cm* used in the original analysis' as
the single excitation frequency for all 6 uv resonance
series.

The above procedure, combined with the method
of obtaining the D, values,? yields a fairly high degree
of internal consistency between the results for dif-
ferent resonance series. The statistical scatter in the
B, values for v>22, £3.2X10* cm™, could give rise
to differences of F0.6 cm™ between vibrational en-
ergies calculated from the J,=49 and 22 series. How-
ever, the disagreement actually found is always less
than 0.15 co™! for <74, while for 74<v<82, where
the rotational data is least reliable, the spread never
exceeds 0.5 co™L.

Vibrational energies obtained by applying expres-

sions (4) and (5) to the data were fitted to a poly-
nomial in (v+3%) to yield the customary representation
(we, weker++ €tc.). An iterative procedure was used
to obtain a single self-consistent set of constants
which reflected’ the higher accuracy of the green-line
data used for <22. The approach was similar to that
used for obtaining the B, representation. The coeffi-
cients of terms of order up to five were based mainly
on the v<22 data and those of order six to nine
mainly on the uv data (22<v<82). In addition, an
external constraint® was applied to force the vibra-
tional constants to yield roughly the known dissociation
limit.2

The final expression obtained for the vibrational
energies is?* (in cm™)

G(v) =214.5481 (v+%) —0.616259 (v+3%)?
+7.507X 1075 (v-5)3~1.263643X 10~ (v+3)*
+6.198129X 1076 (v4-4)5— 2.0255975 X 107 (v+3)*
+3.9662824 X 10-°(v+%)7— 4.6346554 X 1071 (v-+3)®
+2.9330755X 1071 (v+%)— 7.61000X 10~ (v+3) ™.
(6)

This fits the 30 green-line data for v<22 with a
standard error of 4-0.004 cm™?, and the 146 (uv) data
for 22<v<82 with a standard error of #0.14 cm™,
within the ranges of the respective experimental un-
certainties. However, the extrapolated eigenvalues are
probably not reliable much beyond »~85.

RKR POTENTIAL FOR GROUND STATE I,

RKR calculations reported here were performed
using a slightly modified version of the computer
program reported by Zare® This program was pre-
viously tested and found to yield a potential which
reflects the input vibrational energies and rotational
B,’s with an accuracy better than that warranted by
the data used here.® Values of the physical constants,
taken from Cohen and DuMond,” yielded

%/ (4meu) =16.85749/p ((R) em?),

where p=63.4377 amu® is the reduced mass of the
two nuclei.?

A check of the plausibility of the potential by
evaluating its first and second derivatives over the
range of the inner turning points® showed the second
derivatives to be negative for v>56. This must be
due to inaccuracy in the B, constants in this region,
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Tasre III. RKR turning points (in angstroms) for ground-state I,. The energies G(v) are in cm™.

v G(7) R (%) Ry (2) 2 Gl Ry () Ra(e)
0 107.120 2.61784 2.71750 30 5 932.60 2.3089 3.2176
1 320:.435 2.58504 2.75807 32 6 274.60 2.3618 3.2443
2 532.515 2.56348 2.78741 34 6 610.06 2.3550 3.2713
3 743.356 2.54653 2.81214 36 6 938.78 2.3487 3.2986
4 952.952 2.53228 2.83419 38 7 260.56 2.3427 3.3264
5 1 161.296 2.51983 2.85444 40 7 575.21 2.3370 3.3546
6 1 368.379 2.50871 2.87339 42 7 882.51 2.3316 3.3835
7 1 574.194 2.49862 2.89134 44 8 182.20 2.3265 3.4132
8 1 778.731 2.48933 2.90850 46 8 474.05 2.3217 3.4436
9 1 981.980 2.48072 2.92502 48 8 757.78 2.3171 3.4751
10 2 183.932 2.47268 2.94101 50 9 033.11 2.3128 3.5076
11 2 384.577 2.46511 2.95655 52 9 299.72 2.3087 3.5413
12 2 583.905 2.45796 2.97172 54 9 537.29 2.3049 3.5765
13 2 781.904 2.45119 2.98656 36 9 805.50 2.3012 3.6133
14 2 978.564 2.44473 3.00113 58 10 043.98 2.2978 3.6520
13 3 173.874 2.438357 3.01545 60 10 272.39 2.2946 3.6928
16 3 367.822 2.43268 3.02958 62 10 490.37 2.2916 3.7360
17 3 560.397 2.42702 3.04352 64 10 697.57 2.2888 3.7819
18 3 751.586 2.42159 3.05732 0606 10 893.66 2.2862 3.8310
19 3 941.377 2.41635 3.07099 68 11 078.35 2.2837 3.8837
20 4 129.756 2.41130 3.08454 70 11 251.40 2.2815 3.9406
21 4 316.709 2.400643 3.09801 72 11 412.60 2.2794 4.0021
22 4 502.223 2.40172 3.11140 74 11 561.84 2.2775 4.0689
24 4 868.87 2.3927 3.1380 76 11 699.11 2.275 4.142
20 5 229.58 2.3843 3.1645 79 11 882.75 2.273, 4.264
28 5 584.20 2.3764 3.1910 82 12 040.40 2.271; 4.406

since they largely determine the absolute positioning
of the pair of turning points for a given level, while
the distance between a pair of turning points depends
only on the relatively more accurate vibrational
spacings. However, a good approximation to the po-
tential may still be obtained by adding the relatively
more accurate differences between the pairs of turning
points [Re(v)—Ri(v)] to inner turning points ob-
tained by extrapolation from the region in which the
two derivatives are acceptable. Consideration of the
derivatives of the repulsive branch of the potential
for 22<9<50 showed that the best (integer) inverse-
power fit to it corresponded to R™'2% The expression
A/R2?+ B was then fitted to the computed inner
turning points at v=49 and 50, yielding

V(R) =2.921166X 103/ R'2— 3438.00. (7

ExpLessmn (7) was then used with expression (6) to
generate “‘extrapolated” inner turning points R, (v) for
v>50 (i.e., R<2.313 A). The differences between the
e\trdpolated and RKR turning points increased from
0.00016 A at v=060, to 0.0020 at v=70, to 0.0094 at
v=82. Because of the magnitude of this correction
and the steepness of the potential, the probable errors
in the resulting inner turning points are insignificant.

Table IIT gives the RKR turning points computed
from expressions (4) and (6) for 0<v<50, and the
adjusted turning points for v>>50 obtained by com-
bining the extrapolated R;(v) values with the com-
puted quantities [R2(v)—Ri(v)]. The differences
[R:(v) — Ri(v)] depend solely on the vibrational spec-
trum and have approximate error bounds of =40.8X

105 A for levels <22, and bounds ranging from
+0.0003 to £0.003 A as v increases from 23 to 82.
On the other hand, the average of a pair of turning
points 3[Ri(v)+R:(v)] depends mainly on the less
accurately known B, constants. These averages have
approximate error bounds of 0. 0009 A for v<22,
and bounds ranging from 0.013 to =4:0.02s A for v in-
creasing from 23 to 82.3 These bounds were obtained
by applying the statistical standard errors of the fits
of (4) and (6) to the data, to the expressions derived
in the Appendix. It is important to note that the
accuracies of the turning-point differences are signifi-
cant, despite the relatively large uncertainties in the
average values.

Consideration of the derivatives of the outer branch
of the RKR potential for z=80-82 shows that in this
region it is converging to the dissociation limit as
R-843 On the other hand, the theoretical asymptotic
long-range behavior of the potential for this state is
R62 Therefore, the experimental results do not ex-
tend far enough to either confirm the long-range R™°
behavior or yield a value for the Cg®

DISCUSSION

Vibrational energies generated from expression (6)
differ significantly from those obtained by Verma in
his original analysis of the uv spectrum.! His level
spacings (see Table VI of Ref. 1)® yield energies rela-
tive to v=0 which are too high. The error ranges
from 0.2 cm! at »=10 up to 6.6 cm™' at v=>54 and
then decreases to 4.3 cm™ by v=282. Verma appears
to have based his vibrational spectrum on the spacings
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TasLe IV. Comparison of calculated and observed disagreements with Zare’s® turning points. In all cases, & represents
subtraction of the present value from the previous value. AG,_1/» and By are in cm™, while lengths are in angstroms.

10¢X8[ Ry (v) —Ri(v) ]

104X 3[R (0) + R (v) ]

7 —8(AGy-112) 10°% 8B, From (A1) and (A3) Obs From (A2) and (A4) Obs
9 0.07 —2.4 0.8 0.0 8. —2.2
19 —0.17 —1.0 —2.9 —2.4 4. 0.3
29 —0.24 —2.4 5.7 —4.3 10. 1.4
39 —0.20 —6.9 —6.3 —-7.5 31. —1.6
49 -0.14 —14.2 —5.9 —6.4 65. —3.4
59 0.21 —23.2 12.5 1.0 125. 9.7
69 —0.02 -31.9 —1.8 0.6 200. 60.0

of the 17 pairs of adjacent levels in the P branch of
resonance series J,=49. On the other hand, the present
analysis fits 176 vibrational energies directly. The dis-
crepancies between the results of these two approaches
shows how a relatively large error can accumulate
when attention is focused on the individual vibra-
tional spacings, rather than on the vibrational ladder
as a whole. These errors in the previously reported
vibrational spectrum! are reflected in the previous RKR
potentials!®® in two ways. First of all, the differences
[Re(v) — Ry(v) ] are slightly in error (see Appendix);
and more seriously, the turning points are correlated
with incorrect energies.

The shift of the computed turning points above
=50, in the present work, has implications with
regard to the accuracy of the B,, D,, and G(2) rep-
resentations [expressions (4)—(6)]. These shifts in the
turning points actually correspond to small changes
in the B, values in this region. To be entirely con-
sistent, new B, values corresponding to the shifted
turning points should have been derived and applied
to yield new D, values and vibrational energies. The
maximum effect, occurring at »=82, would be a de-
crease of 1.04X10~*cm™ (0.5%) in Bs, and a con-
comitant decrease of 10X 107 cm™! (19%) in Dg and
increase of 0.18 cm™ in G(82). However, aside from
the change in Ds, these changes are effectively within
the statistical standard error of the representations,
and their effect on the turning point differences
[Ry(v) — Ri(v) ] will be well within the stated bounds.
Furthermore, these errors will drop quite sharply for
lower vibrational levels and should be completely
negligible for levels below »~74.

Rotational B, constants generated from (4) also
differ with those reported previously.” While the
discrepancies are quite small for the lower levels,
they increase steeply above v2260. At v= 82 the present
B,=0.02190 cm™ is 1.49, larger than Verma’s value
and 5.79, larger than that of Rank and Rao.? The
main reason for this disagreement is the fact that
the previous analyses used significantly smaller esti-
mates for the D, constants for the higher levels, while
basing their B, values in this region solely on the
J,=87 doublet splittings, which are relatively the

most sensitive to errors in D,. While the preceding
paragraph suggests that the present B,_g is too large
by ~20.59%, it will still be more accurate than values
yielded by the previous analyses.
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APPENDIX: ACCURACY OF RKR
TURNING POINTS

RKR turning points for a J=0 potential curve are
obtained from the spectroscopic data through the
expressions

[

1= (i) L.

= 3[Ro(v) —Ri(v)],

sw=(22)" [ | BLG0) =G ds

= HIRO) = [R() T,

where B, and G(x) are the rotational constant and
vibrational energy for level x. Hence, to a first ap-
proximation, errors 8E, in G(x) yield an apparent
value of f(z):

( % )l/2/v
drcp —~1/2

~ {1+;<(—;U‘?—G(—5>} 3R ()— Ra(x) ]

Similarly, combining this effect with errors 8B, in the
rotational constant B,, the apparent value of g(v) is

=)L,
~ oy ez

XH[Ri(0) I~ [Re(v) T

[G(v)—G(x) ]2 dx

[G(v) -G(x)—8E, V2 dx

(B:A4-8B:)[G(v) —G(x) —8E. V2 dx
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The average of a pair of turning points is

3[R (1) +Ra(v) 1= f(0) [14f (2) g () 113,

where the portion in parenthesis is dominated by the
last term. Therefore, the errors in the difference and
average of the turning points calculated for level v are

3[Ry (v) — Ri(v) ]

REQE/[G(v)—G(x)]) [Re(v) — Ri(v) ], (Al)
and
FO[R (1) +Re(v) ]
N HOB/B) (R R ] (A2)

In cases where the errors 6E, and 8B, are small, the
average values in (A1) and (A2) may be replaced by

BE./[G(v) —G(2) )X —56(AGs112) [AGo-ap, (A3)

and

(6B./B+Y~/6B,/ B.. (A4)

Also, approximate turning point error bounds are ob-
tained if the numerators on the right-hand sides of (A3)
and (A4) may be replaced by (8E.) and (8B.).

Expressions (A1)—(A4) were tested by comparing
the turning points calculated in the present work
with those reported by Zare’ The latter were cal-
culated using essentially the same computer program
as was used here, and are probably the most accurate
previous results.® However, Zare utilized Verma’s
reported vibrational spacings and B, representation
which are believed to be slightly in error (see Discus-
sion, above). The comparison is shown in Table IV.
For the differences [Ro(v) — Ri(v)] the agreement is
quite good except for =59 and 69, and there the dis-
crepancy is anomalously large only because §(AG,—1y)
changes sign at v=355 and at v=68. On the other
hand, there is no readily apparent reason for the
relatively large discrepancies between the calculated
and observed errors in the turning point averages,
other than the fact that Eq. (A4) is a relatively much
worse approximation than is Eq. (A3).
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levels relative to those obtained from the uv measurements is
impossible until good rotational constraints are obtained. v.=
54 633.18 cm™ was used here as the single frequency exciting all
the uv resonance series. Although this is slightly in error, the
spread shown in Table II is considerably smaller than 0.27 cm™,
the minimum effect of the D, constant on G(v) values.

138 This is on account of the higher accuracy of the green-line
(J+=34) as compared to the uv (J,=87, 49, 46, 25, and 22)
measurements.

14 At least one branch of every doublet of the other uv resonance
series is blended in this region,! while the accurate green-line
(Jr=34) data do not extend past =227

15 G, Herzberg, Spectra of Diatomic Molecules (D. Van Nostrand
Co., Inc., Toronto, Canada, 1950), 2nd. ed.

16This rather simple representation was used because the
scatter of the data both makes the theoretical values of D, and
B, 15 somewhat more reliable than those obtained from a fit, and
also precludes the use of a higher-order fit.

17 Since the analysis of Ref. 7 indicated that the uncertainties
of the green-line splittings at v=35, 8, and 22 were considerably
greater than those of other levels, the first two were omitted
entirely from these fits, while the latter was included with the
less precise uv splittings.

18 As was stated previously, the uv resonance data for p<?2
were excluded from these fits.

19 This approach of coupling a fit of order 0-N to the B,
values based on the green-line data for <22, with a fit of order
(N+1) to M to the residuals for 0<v <82, was tried for N=1, 2,
and 3and M (>N)=3,4, 5, 6,and 7. For all M, N=2 was much
better than N =1 or 3, while with N =2 the results were roughly
equally good for M =3, 4, or 5.

2 Microphotometer traces of some uv emission lines (see Ref.
1) indicate that the reported molecular lines have a width at half-
maximum of =0.8 cm™. Of this, the contribution from the Doppler
effect is calculated to be 0.02 cm™ (cf. 0.035 cm™ for the absorbed
atomic line). The remainder of the broadening must be due to
collisional effects and Stark broadening in the discharge. Despite
these effects, Verma was able to measure the peak positions of
the molecular lines with an accuracy of #40.02 cm™ for sharp
nonovetlapped lines, and from +0.07 to =4=0.14 cm~! for others.!

2 Tn this procedure, the uv data for the whole range 0 <y <82
were used. On the other hand, the uv data for v<22 were omitted
from the analysis when the vibrational energies were being
obtained.

2 C, C. Kiess and C. H. Corliss, J. Res. Natl. Bur. Std. 634, 1
(1959).

# R. J. LeRoy and G. Burns, J. Mol. Spectry. 25, 77 (1968).

2 The numbers of significant digits in the constants were chosen
so that Eq. (6) would reproduce energies up to v=82 with a
precision of 0.01 cm™, and energies up to v=22 with a precision
of £0.001 cm™.

2 R. N. Zare, University of California Lawrence Radiation
Laboratory Rept. UCRL-10925, 1963.

® A given RKR potential may be tested by substituting it
into the radial Schrodinger equation, solving exactly to get the
vibrational energies G(v) and expectation values (v| R™2| v},
and comparing these to the energies and B, constants used as
input in the RKR computations. Zare tested his program in this
manner’ using Verma’s results for the ground state of I. as the
test case. He found that for the first thirty levels, the deviations
of the vibrational energies were <0.09 cm™?, while the deviations
in the B, values were <1.X107% cm™.

2 E. R. Cohen and J. W. M. DuMond, Rev. Mod. Phys. 37,
537 (1965).

28 Handbook of Chemistry and Physics, R. C. Weast, Ed.
(Chemical Rubber Publ. Co., Cleveland, Ohio, 1966), 47th ed.

» Using inexact values of the physical constants can have a
real effect on the accuracy (through not the precision) of the RKR
calculation. It was recently shown [R. J. LeRoy and R. B. Bern-
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stein, J. Chem. Phys. 49, 4312 (1968)] that for the inverse
problem of obtaining eigenvalues from a given potential, different
authors obtained results differing by up to 0.7 cm™ for the eigen-
states of Hy, on this account. Furthermore, use of the atomic
reduced mass for H, rather than the nuclear reduced mass
introduced errors of over 6. cm™.

% The potential was fitted to the expression 4/R"*+B.

31 The actual errors in the [R;(v) &= R:(v) ] values are probably
somewhat smaller than is indicated by these bounds. The results
in the Appendix suggest that this may be especially true for the
average values [ R(v) +Ri(v) ].

32 The previously reported “experimental” Cs values'* were
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based on the data for the levels which have recently been re-
assigned to the 0,7(*I) state. Furthermore, even ignoring this
reassignment, they appear to have been rather inconsistently
obtained. Verma! obtained the asymptotic Cs from his RKR
curve in the interval 4.6<R<6.4 A, while his potential for
6.4<R<88 A converges significantly more slowly than his
Ce/R8. On the other hand, the deviation between the observed
(RKR) and calculated (based on their Cs) curves of Richards
and Barrow? shows that their RKR potential has distinctly sharper
curvature than is explained by their Ce.

3 As reported previously,® the G(v) values given in Table VII
of Ref. 1 are all 5 cm™ too small.
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Possible O;+-0,,+ Structures Obtained by Use of Classical Electrostatic Theory

D. C. Conway
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(Received 14 August 1969)

The interaction energy in the series O,~Og" through 30:-Os" is approximated as the sum of the van der
Waals interactions between the neutral species and the following electrostatic interactions: monopole—
quadrupole, quadrupole-quadrupole, and (monopole+4quadrupole)-induced dipole4-induced dipole—
induced dipole. Two planar Og" structures and charge distributions obtained by the CDO-IBM method
were used in the Os* computations. The computed dissociation energy D,(0:-O¢") is certainly too large
for the Os* structure with the larger charge on the central Q.. The D, values computed for the Og" structure
of smaller charge are as follows: Dg(0s—0¢") =3.42, De(0:-05™) =3.26, and D,(0:-010*) =3.12 kcal/mole.
Although these values are larger than the experimental AH® data, they are in reasonable agreement consider-
ing the uncertainties in the van der Waals potential and the quadrupole moments and the lack of data
concerning the higher moments and polarizabilities, e.g., the quadrupole polarizability. The OstOys+ have
been studied at T<100°K. The barriers to internal rotation by the attached O; molecules are computed

to be 1.2 kcal, much larger than RT for T <100°K.

I. INTRODUCTION

There is now much evidence, both experimental and
theoretical, that the bond between a diatomic molecule
and its molecular ion is too strong to be caused by
classical electrostatic (CE) interactions, but rather is
the result of charge delocalization between the ion and
the molecule.™® The large decrease in bond energy of
4 kcal* from O;-O4+ to OO appears to be too large
for the O;~O4" bond to be the result of CE interactions,’
so an attempt was made to compute the Ogt bond
energy® by the CDO-IBM method,* a semiempirical
SCF MO approach. Unfortunately, several structures
were computed to have % the experimental total dis-
sociation energies (to 20,+0s"), and the method is
not sufficiently accurate to determine which, if any,
of these corresponds to the potential minimum. How-
ever, one of the reasons for developing these models
is to provide methods to estimate rotational entropies,
which turned out to be the same to within 3 e.u. for
all the Og* structures.

It has been argued that the 0,~Ogt bond is probably
due to CE-type interactions.® The argument will not
be repeated here, but the conclusion from the Ogt com-
putations is that the intermolecular repulsive inter-
actions increase faster than the (attractive) charge
delocalization interactions as # increases in the series

X%, Therefore, a CE model is expected to be valid
for X3.72 or X4%, depending on the series.’ In the
model applied here,jwhich is an extension of an earlier
model,? the interaction energy is approximated as the
sum of the van der Waals interaction potential between
the neutral species (VR4-VD) and such electrostatic
interactions as can be computed from classical electro-
static theory. Because of the empirical parameters
available for O,, the electrostatic interaction potential
is considered to be the sum of the following potentials:
the initial (monopole4-quadrupole) field-induced di-
pole and induced dipole-induced dipole (VPC), mono-
pole—quadrupole (VMQ), and quadrupole-quadrupole

(VQQ).
Il. CLASSICAL ELECTROSTATIC (CE) MODEL

For a complex of # molecules the repulsive (VR)
and attractive (VD) parts of the van der Waals inter-
action are taken to be

A n B
VR =3 20 2 3 Gup exp(—bagrap), (1)
A<B a B=n’/ 8
A n B
VD=— 3 3 2 3 Caplas™®, (2)
A<B a« B=n/ B
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