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I. INTRODUCTION 

CURVES of the potential energy versus internuclear distance form a convenient way of 
displaying the energy levels of diatomic molecules. In addition, they permit the ready 
application of the Franck-Condon principle to radiative transitions, electron-molecule 
collisions, predissociations, etc. Such curves for atmospheric molecules and molecular 
ions are helpful in determining the thermodynamic properties and radiation and reaction 
rates of heated or excited air. 

Conventionally, potential-energy curves are fit by the simple Morse functions,(ln2) 
although it has long been realized that this function often gives a poor fit at internuclear 
distances somewhat greater than the equilibrium distance. Recently, VANDERSLICE, 

MASON and MAISCH@) have modified a method due to RYDBERG,(~) KLEIN,@) and REES@) 

to permit numerical calculation of accurate potential curves over the range for which 
spectroscopic data are available. VANDERSLICE, et al. applied their method to many of the 
lower states of Nz, NO and 02.(7-g) In the present work, a simpler numerical modification 
of the Rydberg-Klein method (not requiring the quadratic-fitting of Rees) was derived 
and applied to these same states and others, including the known states of the molecular 
ions. 

As a check, a series recently derived by JARMAIN for computing potential curves 
from the conventional “spectroscopic constants” was also applied to these states. 
Although JARMAIN made numerical calculations(ll) only for the lowest parts of potential 
curves, suspecting that his series was inaccurate for higher portions, results using his 
series were found to agree very well with Rydberg-Klein results up to about two-thirds 
of the dissociation energy for each state, as long as the spectroscopic constants used fit 
the observed energy levels this high. However, in many cases the published spectroscopic 
constants had to be modified to obtain such a fit. 

For predicted but unobserved electronic states, or observed states above the highest 
observed energy level, recourse must be made to theoretical considerations or to indirect 
experimental evidence. In the present work an attempt has been made to use all available 
information in drawing the curves for these states: published data on perturbations, 
predissociations, and excitation energies; published quantum-mechanical calculations; 
simple molecular-orbital principles relating unknown states to similar known states;(aJe) 
and rules determining the (atomic) dissociation limits of the various molecular states.@Js) 
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In the present report the basic data and methods are discussed only briefly, and the 
results are presented graphically. Future reports will discuss the data and methods more 
fully, and will present the results numerically, including revised spectroscopic constants 
for some of the states. It is also hoped that, as results of spectroscopic investigations 
currently underway at other laboratories become available, a considerable extension of 
the present work will be possible. 

II. CALCULATION OF POTENTIAL-ENERGY CURVES 
FROM SPECTROSCOPIC DATA 

RYDBERG(~) and KLEIN@) express the two internuclear distances, ~1 and t-2, correspond- 
ing to a given potential energy* of a diatomic molecule as 

n, r2 = (f2+_fW2 k f 3 (1) 

where f and g are the partial derivatives of an integral S, which is a function of the 
energy and angular momentum of the molecule. However, it is more convenient to 
introduce explicitly the rotational and vibrational quantum numbers J and 21, and to 
express the potential energy U in spectroscopic units of cm-r. With these modifications, 
and using standard spectroscopic notation,(a) Rydberg’s integral becomes 

W(hc) v 
S(U, J) = ~ 

s 
[U- T(u’, J)]r’adv‘, 

77z/(2cL)_1,2 
(2) 

where T(v’, J) is the term value (energy of a given o’, J level) and the upper limit u satisfies 
T(u, J) = U. Since the Rydberg-Klein method is a semiclassical procedure, the quantum 
numbers J and v must be treated as continuous. 

The partial derivatives f and g may now be expressed explicitly in terms of the con- 
ventional spectroscopic constants. For the rotationless (J = 0) state one obtains f and g 
in terms of the vibrational levels G(v) and rotational constants Bv: 

f(v) = $[~3,, = 2Td;2pc,hj 1 [G(4 - G(~‘)l-l’~ du’, 
-I/2 

(3) 

g(4 = - :[ i3J(t:1)]~zo = 
2a1/(2r_~c/h) 

I,, 
&.[G(a) - G(v’)]-1’2 da’, (4) 

since U = T(v, 0) = G(u) + constant, and [iT/aJ(J+ l)]+,-, = Bv. Using the experimental 
values of G(u) and B,,, the quantities f and g can be evaluated directly by numerical 
quadrature, except for two minor difficulties. 

The first difficulty is that the integrands have integrable singularities at the upper 
limit. Several methods could be used to overcome this difficulty; the method used here 

* Actually, this is an “effective” potential energy for rotation and vibration of the molecule; it 
includes both the electrostatic potential energy of the electrons and nuclei and the kinetic energy of the 
electrons. 



Potential energy curves for Nz, NO, 0% and corresponding ions 371 

was to write the integrand in equation (3) as (v -~‘)r’s(G~ - Gv~)r’s/(u - u’)i’s and to fit 
the numerator of this expression between v’ = v-312 and v’ = v by a quadratic in 
V-U’ which fits exactly at v - 1, u - 4 and U. This part of the integral can then be evaluated 
in terms of the G’s, without specific reference to the coefficients of the quadratic fit: 

v 

s (Gv - Gv,)-l’s dv’ = d(6/5)[( Gv - Gv_1)-1’2 
v-212 

+ 2-3’2( Gv - Gv-1/2)-1’2 + (3 Gv - 4Gv_l/2 + Gv_l)-1’2], (5) 

where G(u) is written Gv for convenience. The expression for the integral in equation (4) 
is similar except that the three terms on the right hand side have additional factors of 
Bv-1, Bv-lls, and Bv, respectively. 

The second difficulty is that the G(v) and B, values must be extrapolated to u = - 8 
(which corresponds to the minimum or equilibrium point on the potential curve), and 
usually interpolated for nonintegral values of c to get accurate values forSand g. However, 
this does not present a significant complication. Experience has shown the great desira- 
bility of plotting the available experimental G(v) and Bv values and drawing the best 
smooth curves through the data. In most cases, the deviations of the points from the 
smooth curves are due to experimental inaccuracy, as often indicated by the differences 
between results of different investigators, or between the results of the same investigator’s 
measurements on different bands. 

Occasionally, real deviations from a smooth curve are found. These are due to the 
“perturbations” which occur when a vibrational level of one electronic state happens to 
fall close to that of another state of the same symmetry and multiplicity. Perturbations 
which affect a group of consecutive vibrational levels smoothly will not prevent the 
drawing of smooth G(v) and Bv curves, nor the calculating of corresponding potential- 
energy curves, even though the curves may have unusual shapes. Perturbations involving 
isolated vibrational levels cannot be accurately handled by the Rydberg-Klein method; 
however, such perturbed electronic states cannot really be represented precisely by 
potential-energy curves. If the requirement of smoothness is relaxed, many different 
potential curves would give the same (rotationless) vibrational levels, but no curve 
would give all the rotational levels properly, because the degree of perturbation depends 
upon the v and J values individually and not just on the potential energy. In such cases, it 
is probably best to calculate “unperturbed” potential energy curves by ignoring the 
perturbed energy levels, so that smoothed G(u) and Bv curves should again be used. 

After smoothed G(u) and Bv curves are drawn, it is easy to read them at integral and 
half-integral values of v, or even closer if desired (or to use some interpolation scheme), 
and then apply Simpson’s rule together with equation (5) to evaluate the integrals in 
equations (3) and (4). This method is less laborious than the quadratic-fitting method of 
VANDERSLICE, MASON and MAISCH.@) 

In the present work, experimental values of Bv and the vibrational-level differences, 
AG, for the various electronic states of Ns, Nz, 0s were plotted on a large scale. Smooth 
“best value” curves were drawn, taking into account the self-consistency and quoted 
accuracy of each investigator’s work. When fewer Bv than AG values were available, the 
Bv curves were extrapolated smoothly over the experimental AG range. Values of G(u) 
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and & were then read from the curves at v = - 4, 0, I, 2, . . . and fed into a Fortran pro- 
gram which first calculated G(v) at half-integral v values by quadratic interpolation and 
Bv by linear interpolation. Next, the values 11 and rs were calculated for vibrational levels 
from v = 1 to the highest observed level, using equations (1) to (5). The same program 
also calculated r;l and rs for as many integral or non-integral values of v as desired using 
input spectroscopic constants (we, wexe, weye, were, Be, GC~, ye) and JARMAIN’S series(l0) 
forf and g. The ri and r2 values calculated by the two methods agreed within O*OOOl A 
up to about half the dissociation energy of each state, and within 0.0003 A up to about 
two-thirds of the dissociation energy, as long as the spectroscopic constants used fit the 
input G(v) and B, values this far. 

The potential energies calculated in the present work here were also compared where 
possible with the Rydberg-Klein-Rees calculations of VANDERSLICE et a/.,(7-9) and with 
the calculations by JARMAIN using his series, although neither of these investigators 
included as many electronic states as are treated here. The present values of rl and r2 
generally agreed within 0.003 A with those of the previous investigators, except where the 
latter used older or less-accurate spectroscopic data. 

Frequently, many higher vibrational levels of a state have been observed for which no 
rotational analysis has been carried out. In such cases, the Rydberg-Klein and Jarmain 
results may give potential curves which unrealistically double back or have an inflection 
point at small internuclear distances, due to inaccuracies in extrapolating Bv values. 
Fortunately, the curve is usually so steep in this region that a direct extrapolation of the 
rl values can be made with good accuracy. Since, by equations (1) and (3), the difference 
r2 - rl depends only on the vibrational intervals, the r2 values can then be determined with 
the help of the Rydberg-Klein or Jarmain results. 

III. ESTIMATION OF UNOBSERVED OR INCOMPLETELY 
OBSERVED STATES 

The general theoretical principles used for estimating the energy levels of diatomic 
molecules from their electron configurations have been discussed in detail in MULLIKEN’S 
classical review,(is) while a shorter account may be found in the book by HERZBERG.@) 
The accuracy of these estimates depends considerably upon the availability of experi- 
mental values for related electronic states of the same or similar molecules. Because of 
the great experimental progress made in the last few years, considerably better estimates 
for the remaining unobserved states can now be made. Revised estimates for nitrogen 
were made a few years ago by MULLIKEN,~ 1s) but already some of his values have been 
superseded by later data. 

Another source of energy-level information is the quantum-mechanical treatment of 
molecules from basic principles. However, even the most elaborate calculations carried 
out so far, such as two recent self-consistent-field calculations for various electronic states 
of nitrogen,04*15) give values which are often in error by more than 1 eV, although the 
relative positions of similar states may be determined with greater accuracy. Moreover, 
the published calculations apply primarily to the well-known states, omitting most of the 
predicted but unobserved states. 

The above remarks apply to small and moderate internuclear distances, At somewhat 
larger internuclear distances, both rough estimation and more-accurate calculation 
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usually become more difficult because simple molecular-orbital configurations become 
poor approximations to the actual states. Recently a few workers have treated several 
states of present interest at large internuclear distances using the valence-bond approxi- 
mation. Although, as indicated specifically in Section V, some of these results have been 
used here for lack of anything better, they should be viewed with caution. Not only do 
they involve numerical approximations (mentioned in the original papers), they also 
neglect interactions between electronic configurations and ignore the possibility that the 
separated “valence-bond atoms” do not coincide with ground-state atoms. MULLIKJZ?N(~~) 
has recently shown that, at least in one particular case, neither of these omissions is 
justified. 

Indirect experimental evidence on some molecular states can be obtained from 
perturbations, predissociations and electron-impact data. The principles of the tist two 
phenomena are discussed by HERZBERG,@) while the last is treated by CRAGGS and 
MASSEY.~~) Where such data were used in the present work, details are given below in 
Section V. 

IV. DETERMINATION OF DISSOCIATION LIMITS 

As the internuclear distance is increased, the potential energy of a diatomic molecule 
or molecular ion approaches the energy of the separated atoms or atomic ions. The 
ground electronic states of most molecules dissociate into atoms in their ground state. 
The energy difference, measured from the z, = 0 level of the molecule, is known as the 
dissociation energy of the molecule. By a variety of methodsc 18) the dissociation energy of 
nitrogen has been determined to be 78,717 f. 40 cm-l (or 9.759 + 0.005 eV, using the 
latest conversion factor( and that of oxygen(as) to be 41,260 + 15 cm-l (5.115 + 0.002eV). 
These values may be combined with the thermochemical value of 21.46 +0*04 kcal/mole 
(7506 & 14 cm-l) for the heat of formation of nitric oxide(21) at 0°K to obtain a value of 
52,483 f 40 cm-l (6.507 + 0.005 ev> for the dissociation energy of nitric oxide. 

Having thus obtained values for the lowest dissociation limits of the molecules, one 
may readily calculate the energies of the higher limits (corresponding to dissociation into 
excited atoms or ions) by adding the energies of atomic excitation or ionization given by 
MooRE.@~) In the present work the multiplet (spin-orbit) splitting of the atomic and 
molecular states has been neglected, and a weighted average over the individual levels 
used. The total splitting does not exceed 0.02 eV in the cases considered. The only needed 
atomic energy levels not given by Moore are those of the negative ions N- and O-. These 
were determined from the electron affinities of - 0.27 + 0.11 eV calculated by CLEMENS 
and MCLEAN for N, and 1.465 + 0.005 eV measured by BRANSCOMEZ et CZ~.@~) for 0. 

The remaining problem is to determine which dissociation limit applies to each 
electronic state of the molecule. The number and types of molecular states which can be 
formed from each pair of atomic states can be determined from well-established theore- 
tical principles.@Je) If the “noncrossing rule ” ( 2925) is rigorous the correlation of molecular 
states with dissociation limits is simple: each state goes to the lowest available limit not 
pre-empted by a lower state of the same type. However, it is known that some states (such 
as NO A 2C+) have potential curves which tend to approach a higher dissociation limit 
before (presumably) turning down to a lower limit. Such behavior is well established for 
Rydberg states (states having one electron in an outer orbital) : the lower portions of their 
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potential curves have the same shape as that of the corresponding molecular-ion core. 
A few other cases of curves with potential maxima or other peculiarities are also known. 
These peculiarities are generally understandable theoretically as the result of a change in 
electronic configuration as the internuclear distance goes from small to large values, but 
no simple theory is available to predict the curve shape at moderately large internuclear 
distances in any detail. 

In the present work a few curves have been drawn with potential maxima, based on 
experimental evidence or published valence-bond calculations, but curves for all other 
states have simply been extrapolated smoothly and monotonically to the lowest permis- 
sible dissociation limit. 

V. RESULTS AND DISCUSSION 

The calculated and estimated potential energy curves for nitrogen, nitric oxide and 
oxygen are presented in Figs. 1, 2, and 3, respectively. Less-accurate portions of the 
curves are shown dashed or dotted. Observed vibrational levels are indicated by short 
horizontal lines extending inward from the potential curves. In all cases the zero of energy 
is taken to be that of the u = 0 level of the ground-state neutral molecule. Observed 
transitions among the electronic states shown in the figures are listed Table 1, while 
Tables 2, 3, and 4 give the probable molecular-orbital electron configurations of the 
states (except states shown only by short broken curves near the dissociation limits). The 
data and methods used to obtain the potential curves will be discussed briefly below. 

The unstable N, ion 
According to molecular-orbital theory, the ground state of the Nz molecule has closed 

outer electronic shells, so that its electron affinity should be negative and the ground state 
of N, should be unstable against disintegration into NB +e. In agreement with this 
theory, the N; ion has never been identified in mass-spectrographic investigations. 
However, the electron-scattering experiments of SCHULZ@~) in nitrogen can be interpreted 
as indicating the temporary formation of an N; state having a lifetime at least as long 
as a vibrational period (i.e. 2 lo-14 set). Hence, the potential curve for such a state may 
have some physical significance. 

The predicted ground state of N; is 2111, with a potential curve similar to the ground 
states of the isoelectronic NO and 0: molecules, and a dissociation limit about 0.3 eV 
above the lowest dissociation limit of Nz, due to the negative electron affinity of the 
nitrogen atom.@s) The minimum of the N; curve should thus lie 2 or 3 eV above that of Nz, 
which agrees reasonably well with SCHULZ’S value of 1.6 eV for the inelastic threshold.(26) 
The N; curve in Fig. 1 is drawn with a shape similar to those of NO and Oi, a depth 
based on Schulz’s data, and a minimum at 1.18 A, consistent with the isoelectronic series 
re(Ot) = 1.12 A, re(NO) = 1 a15 A. This value for re also yields Franck-Condon factors 
which peak at u = 2 (2.1 eV), consistent with the peak found by Schulz.* 

* The probability of electron energy loss by the process Nz(v” = O)+e+N~(u’)-+Nz(v”>O)+ e is 
proportional to q(l -q), where q = q(d, 0) is the relevant Franck-Condon factor (square of the vibra- 
tional overlap integral), and the sum rule has been used to write the probability of the second step as 
(l-q). As u’ is varied, the total probability has a maximum where q has a maximum, as long as q<O*5, 
which holds here. Approximate Franck-Condon factors may be readily obtained by the use of BATES’ 
tables.@7) 
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No potential curves are shown for excited states of N; since such states are probably 
so short-lived that their curves would have no real significance. 

TABLE ~.OBSERVED TRANSITIONSAMONGTHE ELECTRONIC STATES 
SHOWN IN FIGS. 1,2, AND 3.* 

Permitted Transitions 

Nitrogen 

Forbidden Transitions 

N2 B Z A (First positive bands) 
N2 C + B (Second positive bands) 
N2 C' -+ B (Goldstein-Kaplan bands) 
N2 E -+ A (y bands) 

N2 A z X (Vegard-Kaplan bands) 
N2 a 2 X (Lyman-Birge-Hopfield bands) 
N2 B’ ?+ X (Wilkinson-Ogawa-Tanaka I bands) 
N2 a’ s X (Wilkinson-Ogawa-Tanaka II 

bands) 
N2 B’+B (Ybands) 
N2 b’ s X (Birge-Hopfield bandst) 
N2 A + X (Meinel bands) 
Ni B + X (First negative bands) 
Nb C + X (Second negative bands) 
Ni D -+ A (Janin-d’Incan bands) 

N2 CC X (Tanaka bands) 

Nitric Oxide 

NO 
NO 
NO 
NO 
NO 
NO 
NO 
NO 
NO 
NO 
NO 
NO 
NO 
NO 
NO 
NO 

A * X (y bands) 
B * X (b bands) 
C ?+ X (6 bands) 
D z X (E bands) 
B’ e X (F bands) 
E Z X (y’ bands) 

NO a -+ X (M bands) 

F, G, K, M, S c X (Lagerquist-Miescher bands) 
H, H’ c X (Huber-Miescher bands) 
b + a (Ogawa bands) 
C -+ A (Heath band) 
D + A (Feast bands) 
E -+ A (Duffieux-Grillet-Feast bands) 
H, W -+ A (Tanaka-Miescher bands) 
B’ -+ B (Tanaka-Ogawa bands) 
H, H’, F + C (Feast-Lagerquist-Miescher bands) 
E, H, H’ -+ D (Feast-Heath bands) 

NO+ A + X (Miescher-Baer bands) 

Oxygen 

02 B Z X (Schumann-Runge bands) 
0: A -+ X (Second negative bands) 
0; b + a (First negative bands) 

02 a c X (Infrared atmospheric bands) 
02 b z X (Atmospheric bands) 
02 A z X (Herzberg bands) 

0: c -+ b (Hopfield’s emission bands) 0~ c c X (Herzberg II bands) 
02 CC X (Herzberg III bands) 
02 b + a (Noxon band) 
02 A + b (Broida-Gaydon bands) 

* For several N2 and NO band systems having no commonly-accepted names, names are suggested 
here, based on priority of discovery and analysis, and avoidance of duplication. 

t Both b e X and b’ zz X bands are usually denoted Birge-Hopfield bands( 2*,42) after their discoverers, 
although in Fig. 196 of Herzbergt2) the b’ z X bands are called Worley bands. 
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Potential curves for the well-known lower states of N2, in the region of their observed 
vibrational levels, have been calculated using the numerical Rydberg-Klein method 
described in Section II. The required G(u) and B, values were taken from the literature, 
which has recently been summarized by WALLACE.~ 2s) In addition to the references cited 

by Wallace, some recent work of TANAKA, OGAWA and JURSA@) was used. The present 
Rydberg-Klein results agree within 0.003 A with the less-complete results of VANDERSLICE, 
MASON and LIIJPINCOTT(~) except for differences of up to 0.022 A in the A 3X; state and 
up to 0.005 A in the C sIII, state due to use of newer spectroscopic data. 

TABLE 2. MOLECULAR-ORBITAL ELECTRON CONFIGURATIONS OF NITROGEN 

Molec. 
Electron configuration* Electron configuration* 

state 177, 301 Is, 3% other Molec. state 1% 3uSl 17rg 3au other 

NY2 XVI, 4 
N2 x1x; 4 

A 3X+ u 3 

3AU 3 
B3flg 4 
B’38; 3 

U’lC, 3 
alrIg 4 
+A, 3 

C'3rL 3 
b’lZ= 3 

2 1 
2 0 
2 1 

2 1 

1 1 
2 1 

2 1 
1 1 
2 1 

2 2 
1 1 
1 2 

2 1 
1 2 
1 0 

1 2 
2 1 

0 
0 
0 

0 
1 
1 

0 
0 
0 

0 
0 

N2 

-2% 

3srrg 

X2X$ 4 
A2& 3 
B28; 14 

13 
4c+ 

4A,” 
3 
3 

1 
2 
2 
1 
1 
1 
2 
0 
1 
2 
1 
2 
1 
2 
0 
1 
1 
2 
0 

0 
0 
0 
1 
1 

1 
1 

1 
1 
1 
1 
0 

1 
2 
2 
2 
1 
2 
2 

0 
0 
0 -2au 
0 
0 
0 
0 
0 
0 
0 
0 
0 -2au 
0 
0 
0 
0 
0 
0 
0 

* The valence-shell orbitals are listed here in the usual order of their binding energies, for internuclear 
distances less than about 1.4 A. For larger distances, however, the 317, orbital is usually more tightly 
bound than the 1% orbital. All states include (1~~)2(10~)~(2~~)2(20~)~ electrons, except that states marked 
-20~ have only one 20~ electron. The configurations listed are those believed to be the dominant con- 
tributors near the potential minimum of each state. 

In Fig. 1 the long-range “tail” of the X lCt curve and all of the repulsive 7x: curve 
are taken from the valence-bond calculations of MEADOR,@) which appear to be more 
accurate than those of VANDERSLICE, MASON and LIPPINCOTT.(~) The loosely-bound 
SC+ curve is taken from CARROLL, who put together the indirect experimental evidence. 9 

The predicted but still unobserved 3AU state is placed by molecular-orbital calcula- 
tions(14915) halfway between the A 3Xf and the B ’ 3X; states. KENTY@~) has presented 
arguments for an excited state of NZ between 7.9 and 8.3 eV and a lifetime of l-2 set, and 
suggested that this is the 3AU state. However, this energy is significantly higher than that 
predicted for the 3AU state, and any 3AU levels this high should have a lifetime much 
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shorter than 1 set due to radiative transitions to the B WI, state. Moreover, KING and 
GATZ@) have presented alternative explanations of Kenty’s experimental data. 

The dashed curve labelled 5II, on Fig. 1 corresponds to CARROLL’@) curve for the 
state which predissociates the C 3111, state, and which B~TTENBENDER and HERZBERG(~~) 
suggested was also a 3111, state. However, if this suggestion were correct it would be 
very surprising that bands connecting this state with B 311s have not been observed and 
that strong perturbations of the C 3II, levels do not occur. A 5I1, state is predicted 
theoretically(l3J4) in this energy region, and provides a more plausible explanation for 
the observed predissociation. 

TABLE 3. MOLECULAR-ORBITAL ELECTRON CONFKXJRATIONS FOR NITRIC OXIDE 

-- 

Electron configuration* Electron configuration* 

Molec. state 30 171 I?? 30* other Molec. state 30 IV l?ic 30* other 
- 

NO- X3X- 2 
3rI J-2 

11 
NO XWr 2 

a4rIII 2 

NO KW 2 
M2Z+ 2 

A2Z+ 2 
B2rlr 2 
b4X- 1 
c2rl 2 
02X+ 2 

4 
4 

t 
3 

4 
3 
4 
4 
4 
4 
4 
3 
3 
3 
4 
4 

4” 
4 
4 

2 0 
1 1 
3 0 
1 0 
2 0 

0 0 
2 0 
2 0 
0 0 

0 
x 0 
0 1 

1 
: 0 

0 
; 0 
0 0 

0 
2” 0 
0 0 
0 0 

3so 
NO+ 

3P77 
4PO 

4flII 
2x+ ( 

S2Ef 2 
XlCf 2 
a3z+ 2 
3A 2 
3rI 1 
A1n 1 

B’iAr 1 
E38’ 2 
F2A 
GZC- : 
H2Cf 2 
H’w 2 

4s(r 
3dS 

4do 

3X- 2 

1X- 2 
1A 2 

5x+ 
2 
3 

7c+ 1 
lZ+ 2 
3c+ 2 

4 
4 

2 
4 
4 
4 
4 
3 
3 
4 
4 

3 

3 
3 
2 
1 
2 
3 
2 

0 
0 

3 
0 
2 
0 
0 
1 
1 
1 
1 

1 

1 
1 
2 
1 
2 
1 
2 

0 4Pn 
0 5PO 

0 
1 
0 
0 5so 
0 
0 
0 
0 
0 

0 

0 
0 
0 
1 
1 
0 
0 

* The valence-shell orbitals are listed here in the usual order of their binding energies for nitric oxide. 
All states include (1~)3(1~*)~(2~)3(2cP)3 electrons. For Rydberg orbitals a semi-united-atom notation is 
used (R. S. MULLIKEN, to be published), which is more appropriate than the separated-atom notation 
used by HUBER and MIESCHER.@~) 

According to Fig. 1 the (0, 0) band of the 511U4Zz transition should lie at about 
7000 A. LOFTHU@) has observed an emission band at 6895.5 A between unidentified 
states having rotational constants about like those expected for these quintet states. 
However, since the observed band had only single branches, such an identification would 
require the multiplet splitting of the 5Ii, state to be very small, which appears to disagree 
with theoretical expectations and with details of the observed C3II, predissociation. This 
question needs further study. 

HEPNER and HERMANc3’) have observed new nitrogen bands in the infrared lead- 
sulfide region, and suggested a 5rI4C interpretation. However, their data indicate two 

4 
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states less than 1 eV apart and each having a dissociation energy greater than 1 eV, so 
they can hardly be the quintet states considered here. For a different possible interpreta- 
tion of the Hepner-Herman bands, see the NB quartet discussion, below. 

The Rydberg-Klein calculations for the C s& state give a curve which starts to bend 
over above the u = 2 level. For this reason, and to satisfy the noncrossing rule, the 
curves of this state and the C’ W, state recently analyzed by CARROLL have been joined 
into a single sII, curve with a double minimum, similar to some Ha curves recently 
discovered by DAVIDSON.@) The so-called 2, = 5 level of the C state and v = 1 level of 
the C’ state@*) are not shown on Fig. 1 because they may belong either to the combined 
C- C’ states (lying above the hump that separates the two states) or to a 3X; state or 
another SIT, state, both of which can be predicted theoretically to lie within 1 or 2 eV 
of this energy. 

TABLE 4. MOLECULAR-ORBITAL ELECTRON CONFIGURATIONS FOR OXYGEN 

Molec. 
Electron configuration* Electron configuration* 

state 309 l?r, 17rq 3% Molec. state 3US l?Tu IV, 30% other 

0- 

02 

x “IIg 
VI, 
x32, 

a lA8 
b’C: 
C 3Au 

2 4 3 0 
2 3 4 0 
2 4 2 0 
2 4 2 0 
2 4 2 0 
2 3 3 0 
2 3 3 0 
2 3 3 0 
1 4 3 0 
1 4 3 0 
2 4 1 1 
2 4 1 1 
2 3 2 1 
2 3 3 0 
2 3 3 0 
2 3 3 0 

0-k xerI, 2 4 1 0 
a4rIu 2 3 2 0 
A 2rIU 2 3 2 0 
b4q, 1 4 2 0 
28; 1 4 2 0 
““4+ 2 3 1 1 
% 2 2 3 0 
2Ag 1 4 2 0 
as; 1 4 2 0 
2% 2 3 2 0 
c4c, 2 4 2 0 -2% 

* The footnote to Table 2 also applies here, except that for oxygen the 30, orbital usually lies below 
the lnu orbital so it has been listed first. 

For the E 3X; state, only approximate (band-head) values of G(0) and G(1) are 
available, and no rotational constants.( 2s) However, MULLIKEN’S interpretation(rs) of 
this state as the lowest Rydberg state seems firmly founded, and consequently the lower 
portion of the curve can be obtained simply by moving the Nz X aCi curves downward 
(compare, for example, the NO A 2X+ and NO+XrIZ+ curves, Fig. 2). At some distance 
above its minimum, the curve probably turns over and joins a nearly-flat 3X; curve 
coming from the ?SO +eBO dissociation limit, as indicated in Fig. 1. Very recently JOSHI 
appears to have found E3C~-+A32~ bands originating from v = 2 to 5. If this discovery 
is confirmed, it means that the E curve must rise considerably higher than shown in Fig. I 
before turning over and descending to the dissociation limit. 
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Figure 1 includes a curve for the b’ ‘EL state even though the levels above v = 3 are 
irregular and may possibly belong to a different state. The lowest possible dissociation 
limit for the b’ state is sDO+sPO at 15.75 eV. However, a state of the same type, i ‘C:, is 
known to lie about 0.35 eV below the b’ state.(rs@ Although only one vibrational level 
of this state has been observed, its measured rotational constant makes it virtually 
impossible to join its curve into the b’ curve to give a single curve with a double minimum 
(as was done with the C and c’ states). Consequently, by the noncrossing rule, the j 
state will pree-mpt thelowest dissociation limit,and b’ will go to the next lowest, 4So +3s4P, 
at 20.09 eV. At intermediate internuclear distances, however, the b’ curve will probably 
behave as if it were approaching the N+(3P) +N-(3P) dissociation limit at 24.6 eV.(13) 
This is borne out by the way that an extrapolation of the Rydberg-Klein portion of the 
curve goes smoothly into a simple Coulomb Nf + N- curve, as shown in Fig. 1. 

In addition to b’ ‘Xi, a large number of other states of Ne above 12 eV have been 
observed,(is,es~40) and Mulliken has sketched curves for some of them (see WILKINSON(~ 
In most cases, however, only a few vibrational levels have been observed, and the vibra- 
tional numbering is uncertain. In fact, the recent preliminary investigation of CARROLL 
and MAHON-SMITH@~) using various isotopes shows that some of the “different” states 
are probably different vibrational levels of the same state. Because of such uncertainties, 
these highly-excited states of Na have been omitted from the present work. 

In addition to the Ns states discussed above, a large number of repulsive or slightly- 
attractive states are associated with the dissociation limits 4SO+sD0, 4SO+2Po, z.D”+2Do, 
and higher limits not shown on Fig. 1. The courses which the curves for these states follow 
at moderate internuclear distances are not known; hence, only short portions at large 
internuclear distances are shown on the figures. Because of uncertainties and lack of 
space, these curves are generally not labeled, and fewer curves are drawn than must 
actually occur. (The number of molecular states going to the four N +N dissociation 
limits shown on Fig. 1 are, starting with the lowest, 4, 12, 8 and 30, respectively.) 

Some information on such states can be deduced from perturbations and predissocia- 
tions of the higher known states of Ns. For example, a slightly-repulsive sC= state con- 
nected with the 4SO+2D0 dissociation limit probably predissociates several singlet states, 
and indirectly the b’ 1X: state, at around 13 eV.(lsJO) However, until further spectro- 
scopic work (especially with isotopes) locates the higher observed Ne states more ac- 
curately, it is difficult to deduce much about the curves of the predissociating states. 

If the dissociative recombination of Ni is as rapid as claimed by KASNER, ROGERS and 
BIONDI,(~~) one or more repulsive singlet or triplet Ns curves should pass near the bottom 
of the NiX 22: curve(44) (electron-ion recombination to a quintet or septet state is spin- 
forbidden). Such a repulsive curve does not go to the W+?Ss dissociation limit, and 
probably not to the 4So+2Do limit, since the corresponding triplet molecular states 
probably lie too low. There are several singlet and triplet states belonging to the 4SO+ePO 
and 2Do+2go limits which could reasonably lie in the right region, but it does not seem 
possible at present to reach a more definite conclusion. It should also be mentioned that 
the recombination-rate measurements could be in error due to impurities, ion clustering, 
or lack of electron thermalization, especially since the results appear to be contradicted 
by aurora1 observations(45) and by the failure to observe N atoms in Ns bombarded with 
electrons of energy between 10 and 24 eV(46) (any repulsive NS states produced by electron- 
ion recombination should also be produced by electron bombardment of N2). 
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The Ni ion 

Potential curves for the observed states of Ni, including the recently-discovered 
D 211s state, have been calculated using the numerical Rydberg-Klein method described 
in Section II. The required spectroscopic data were taken from the references cited by 
WALLACE,@) plus additional papers by JANIN and coworkers(47-49) and by TANAKA 
and coworkers.(s0>51) The energies of the N: states relative to that of ground-state Na 
were obtained from the Worley-Jenkins Rydberg series.(*,ss,40) The results for the D 2II, 

curve agree within 0.002 A with the results of NAMIOKA, YOSHINO and TANAKA,@~ while 
the B “CL curve agrees reasonably well with that obtained by GRANDMONTAGNE and 
EIDO(~~) using the original Rydberg-Klein graphical method. (The unusual shape of the 
B 2C+ curve was explained plausibly by DOUGLAS@~) as due to interaction with the C 2X; 
state; however, Douglas gives a schematic potential curve of incorrect shape.) No 
previous work is available for comparison with the present calculations for the X *Cz, 
A 21L and C 2C+ curves. 

For the A 211$state only the vibrational levels up to u = 9 have been observed directly, 
but from perturbations in the B “XL state JANIN, D’INCAN and MARCHAND have 
determined the position of levels up to 2) = 28. These values, when combined with an 

extrapolation of the inner branch of the A 211u curve, permit determination of the outer 
branch to a relatively high energy. 

The NiX, A, B and D curves in Fig. 1 were smoothly extrapolated to their dissociation 
limit (4SO+3P) with some help from a valence-bond relation between the C and n states 
derived by KNOF, MASON and VANDERSLICE.~ 54) Curves for the predicted quartet and 
sextet states going to the same dissociation limit were then obtained, at large inter- 
nuclear distances, by use of valence-bond relations between these states and the observed 
doublet states. (54) 

The behavior of these states, and others corresponding to higher dissociation limits, 
at small internuclear distances can be estimated from molecular-orbital theory. MUL- 
LIKAN~~) predicted that two of the N;t quartet states would be stable, but, partly on the 
basis of the valence-bond calculations and on the stability of the new D 211s state, the 
writer believes that several others are also stable. The lowest quartet state should be 
4X:, at 21 or 22 eV,(ls) with a4A, and a 4X:, state lying about 1 and 2 eV above it, respec- 
tively (like the Ns A SC:, sAU and B’ 3C; states; see Table 2). 

Some information on Ni states can be deduced from electron-bombardment experi- 
ments. In bombardment of nitrogen at not-too-low pressures, several workers have 
observed the production of Ni, probably by the reactions 

Ns + e +Ni* + 2e, Ni* + Nz --+N!j + N, 
” 

with a threshold of about 21.04 eV.(s5) CERMAK and HERMAN found that the variation 
of the ion current with electron energy (between 21 and 350 eV) corresponds to a forbid- 
den transitionu7) such as the production of NS in a quartet state. Shortly above the 

threshold, at 21.9 eV, CURRAN (55) noted that the ion current rises sharply. For this reason, 

the 4AU state is shown at 21.9 eV in Fig. 1. If these two energies correspond to the lowest 
vibrational levels of the two quartet states, the Franck-Condon factors for the (0,O) 
transitions from the ground state of Na are evidently fairly large, so the re values of the 
quartet state are fairly small as shown on Fig. 1. However, such small re values seem 
unlikely for this molecular-orbital configuration (Table 2), so perhaps these states lie 
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lower and have larger re values, so that the first observed transitions are (I,O) or (2,0). 
The situation is also complicated by possible resonances with the energy levels 

of N;. 
CURRAN@) also indicated a third threshold at 22.6 eV, but his experimental points 

actually show a rather smooth variation of ion current in this region, which could be 
caused by contributions from successively higher vibrational levels. Accordingly, the 
4X- state has been placed slightly higher in Fig. 1, following theoretical expectation. U 

Above these three quartet states should lie three similar doublet states of the same 
configuration : C 2 E:, 2A U, and 2C; (Table 2). The shape of the C “Xi curve, however, is 

different from that of the other five curves, because of “interaction” between the B "2: 
and C 2C: states.@3) More precisely, at small internuclear distances the electron 
configuration of the C state is similar to that of the other five states; at slightly larger 
distances the configuration shifts toward one with a missing 24 electron; while at still 
larger distances, approaching the dissociation limit, another shift must occur if the non- 
crossing rule is obeyed. Thus, it is not surprising that the extrapolated portion of the C 
curve shows a potential maximum (actually, the maximum might be considerably higher 
than shown in Fig. 1). 

An upper limit for the position of the 2C; state is placed by its perturbation of the 
21 = 3 level of the C “XL state.(“” The 2AU state should lie somewhat below the 2X; state; 
probably its higher levels perturb the u = 2 and 6 levels of the C state.(s7) The curves for 
these two doublet states have been drawn with re values estimated from their electron 
configuration. The values are not consistent with those used for the quartet states of 
the same configuration; perhaps the curves for the quartet states are incorrect, as discussed 
above. 

Figure I also shows approximate curves for three other Ni quartet states, 411s, 
411U, and 4Z+ that are probably slightly stable, based on valence-bond(54) and molecular- 
orbital cons%erations (Table 2), plus the evidence that the 411U state predissociates the 
C 2X; state at u = 3.(57) 

A study of the NS curves in Fig. 1 indicates the possible occurrence of several per- 
mitted band systems which have not yet been identified in spectroscopic studies, specifi- 
cally, D 2rI,+B 2Xi; 411s+(4XL, 4AU, 4C;); and (2Z;U, 2AU, C 2C:)+D 2II,. It is tempting 
to try to correlate these with some of the observed but unidentified band systems of 
nitrogen. Some time ago, when the writer believed that the 4AU and 4X; states were con- 
siderably higher and the 411s state considerably lower than now indicated, he suggested 
in private communications that Gaydon’s green system(2sv40) could be a 4A,411g or 
4Z;,-+411, transition. However, with the revised positions, this interpretation is no 
longer reasonable, and the stronger quartet bands should lie in the infrared. It is possible 
that the HEPNER-HERMAN infrared bands(37) represent the Ni 4II,+4XL transition, 
Gaydon’s greeu bands fit the 2A,+D 211g transition quite well using only the levels 
~“2 6, but it would be very strange that bands going to the 0” = 0 to 5 levels are not 
observed in the blue spectral region. The vibrational intervals of the upper state of 
Herman’s near-infrared system(2s,4°) agree very well with those of the D ZIT, state, but 
the levels of the lower state do not agree with either the A 211U or the B ZCi levels (or any 
combination of the two). Moreover, the bands are degraded the wrong way for such 
transitions. Even after considerable study, the writer has found no very convincing 
arguments for making new Ni identifications. 
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The N++ ion 
Although states of the NT ’ ion are too high to be shown in Fig. 1 (the lowest lies at 

about 42 eV), they have been observed in mass spectrometers, and one electronic transi- 
tion has been observed spectroscopically. (5s) HIJRLEY(~~) has calculated potential energy 
curves for seven of the more-stable electronic states, with the help of data from isoelec- 
tronic neutral molecules. Although all of the states are unstable against dissociation into 
N+ + N+, many of them have potential maxima (at intermediate internuclear distances) 
sufficiently high to give them lifetimes of many seconds. For further details of the poten- 
tial curves, the reader is referred to the paper by HURLEY.@~) 

The NO- ion 
Since this negative ion has been observed in mass spectrometers,@O) and existence of a 

metastable state is quite unlikely theoretically, its ground state is probably stable (i.e. 
has a positive electron affinity). It should be similar to the X SC; state of the isoelectronic 
02 molecule, with a dissociation energy of about 5 eV. Its dissociation limit lies 5.04 eV 
above the ground state of NO (see Section IV), so its minimum probably lies only a 
fraction of a volt below that of the NO X211 state. The NO-XsC-curve in Fig. 2 has been 
drawn accordingly, using the corresponding 02 curve as a guide. 

Predicted repulsive NO- states going to the lowest dissociation limit are also indicated 
on Fig. 2, but not extended very far. Probably the 3II state is the intermediate state 
involved in the production of N + O- when NO is bombarded by electrons, so that its 
curve at smaller internuclear distances corresponds to the curve deduced by CLOUTIER 
and SCHIFF@~) from electron-impact data. 

The NO molecule 
Spectroscopic data used to calculate Rydberg-Klein curves for the observed states of 

NO were obtained from the references listed by WALLACE,@) with the addition of work 
by THOMPSON and GREEN,@~) MIESCHER,@~) and HUBER and MIESCHER.@~) The results 
agree with the less-complete results of VANDERSLICE, MASON and MAISCH(*) to within 

0.004 A. 
Although transitions involving the predicted quartet states of NO have not 

been identified with certainty by fine-structure analysis, it is highly probable that 
the near-infrared bands observed by OGAWA@~) and BROOK and KAPLAN@) represent the 
b 4E-+a4lI transition. If the two states have about the same revalues as the corresponding 
states of 0: (see Fig. 3), the relative intensities of the bands (insofar as they can be 
estimated from the published papers) agree with theory, provided that Brook and 
Kaplan’s vibrational numbering for the 4x- state is increased by one. (The unobserved 
bands corresponding to v’ = 0 will then lie mostly in the little-investigated region beyond 
11,000 A.) When the energy of the 4rI state is derived from the M bands (a 4fI +X “n) of 
NO in a frozen argon matrix,(67) and the two quartet curves are drawn by analogy with 
the corresponding 0: curves, they intersect at about the 4II dissociation limit, which lies 
slightly above the u = 4 level of the 4C- state (see Fig. 2). The failure to observe bands 
oiiginating from U> 4 can thus be easily explained as due to predissociation of the 4C- 
state by the 4II state. 

At large internuclear distances, curves for all the NO states going to the lowest dissocia- 
tion limit of NO were obtained from the valence-bond calculations of MEADOR, which 
appear to be more accurate than those of VANDERSLICE, MASON and MAISCH.@) These 
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calculations do not yield a loosely-bound state, such as postulated by BARTH, SCHADE and 
KAPLAN@*) to explain details of the nitric-oxide afterglow. However, the arguments of the 
latter are not conclusive because the radiative lifetimes of the A sC+ and B 211 states are 
about two orders of magnitude longer than they assumed, since the f-values for the y and 
/3 bands are quite small.@9) 

It has often been suggested that the aC+ curve going to the lowest dissociation limit 
should be nearly flat, in order to explain, by predissociation, the failure to observe 
emission from the higher vibrational levels of the B 2II and C W states. However, the 
weakness of the predissociation (no line broadening is observed in absorption(ra)), and 
certain features of afterglow emission,(7i) are much better explained as a predissociation 
by the a411 state. Moreover, quantum-mechanical calculations(72) put the lowest non- 
Rydberg 2X+ state 2 or 3 eV higher, where it could intersect the MaCf curve and explain 
the observed diffuseness(sa) of the z, = 2 level of this state. Such a non-Rydberg 2X+ 
curve would cross the A 2Z+, 02 Cf, E22+, H2C+, and M2X+ Rydberg curves. By the non- 
crossing rule, electronic interactions will prevent such crossings, but if the interaction 
parameter is small the curves will look almost as if they cross, as shown in Fig. 2. A 
molecule in the Max+, u = 2, level can still predissociate by following the repulsive 2X+ 
curve(s), “jumping across” the small gaps because of a breakdown of the Born-Oppen- 
heimer approximation (which approximation implies that a molecule must follow a 
particular potential curve based on an electronic energy independent of the relative 
velocity of the nuclei). The same repulsive 2C+ curve is probably followed when an NO+ 
ion dissociatively recombines with an electron. 

TANAKA and SAI@*P~~) have claimed to observe A 2X+ levels up to v = 15, and D 2C+ 

levels up to v = 11. This observation is inconsistent with the A and D curves shown in 
Fig. 2. However, Tanaka and Sai did not make a fine structure analysis, and it seems 
likely that they were observing levels of the higher 2X+ states (E, H, M, etc.) instead. 

From the underlying absorption continuum of NO, MARMO(~~) has deduced a repul- 
sive portion of a 2C+ curve in the 9 to 10 eV region and extrapolated it to the lowest 
dissociation limit of NO. However, his curve seems too high to explain the observed 
diffuseness of M2 C+, u = 2. More likely it belongs to the second lowest non-Rydberg 
2X+ state, which goes to the 2Do +3P dissociation limit. This 2X+ state, which is expected 
from molecular-orbital considerations (Table 3) to be loosely bound, fits in reasonably 
well with Marmo’s curve, as shown in Fig. 2. 

In agreement with the non-crossing rule, the B 211 and C 211 states of NO are shown to 
share a single potential curve with a double minimum. Before this curve can be regarded 
as established, however, it should be demonstrated that the irregularly-spaced (“per- 
turbed”) higher levels of these states agree with the eigenvalues for this single curve. 

A stable 2@ state is predicted for NO, though it has never been observed. MULLIKEN(~~) 
placed it slightly below the B 211 state, probably because, among states of the same mole- 
cular-orbital configuration and multiplicity (Table 3), those with the largest angular 
momentum usually lie lowest. However, this particular configuration includes three 
211 states, and it seems not unreasonable that interactions could cause the lowest of these 
(i.e. B 211) to lie considerably below the 2O. This would explain why HUBER, HUBER and 
MIESCHER(~~) have not found B’ 2A+2@ bands, even after looking carefully for them. 
(Transitions between the 2@ state and almost all other NO states are forbidden.) The 
2@ curve on Fig. 2 has been drawn accordingly. 
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The B’ sA and G 2C- curves shown on Fig. 2 were calculated from published data@ 
and extrapolated monotonically to their dissociation limit. However, LOFTUS and 
MIESCHER(‘~) have very recently observed several additional vibrational levels of these 
states, and these levels tend toward limits higher than the 2BO+3P dissociation limit. 
Accordingly, the B’ and G curves in Fig. 2 should probably be shown with potential 
maxima at around 2 A. 

Short sections of other molecular curves going to the five lowest dissociation limits 
of NO are shown in Fig. 2. However, only a few of the 18 curves going to the sDO+sP 
limit, and the 12 curves going to the sPO+sP limit, are indicated. It is interesting to note 
that the limits involving O(lD) and O(W) (the upper states of the red and green airgloF 
lines) correspond only to quartet states, so that production of such excited oxygen atoms 
by dissociative recombination of NO+ or photo-dissociation of NO is spin-forbidden, 
except at considerably higher energies, corresponding to dissociation limits not shown 
on Fig. 2. 

The NO+ ion 

The potential curves for the X1x+ and A lII states of NO+ shown in Fig. 2 are based 
on Rydberg-Klein calculations, using published spectroscopic data,(asy77) with smooth 
extrapolations to the dissociation limits. Since rotational data are available only for five 
of the levels of the X state and two of the levels of the A state, the upper portions of these 
curves are somewhat uncertain, 

No bands connecting other states of NO+ have been analyzed. However, HuBER(‘~) 

has recently reinvestigated Tanaka’s three Rydberg series in NO, which converge to three 
excited states of NO+. Huber gives fairly convincing arguments for believing that the 
lowest of these series limits, at 14.22 eV, corresponds to a ax+ state. The second, at 
16.56 eV, could be a sII or a sA state, but probably the latter, since transitions between 
it and the sZ+ state have not been observed. The sZ;+ and sh curves in Fig. 2 are based on 
these series limits, together with knowledge of the number of vibrational levels observed 
in the Rydberg series, which enables estimation of the re values (using the Franck- 
Condon principle). However, one would predict considerably larger re values from the 
electron configuration (Table 3; also cf. the 3C- state, discussed below). This discrepancy 
could be explained if all the observed Rydberg series correspond to excited vibrational 
levels. If true, the 3x+ and sA curves in Fig. 2 should be adjusted downward and to the 
right. 

Tanaka’s highest Rydberg limit, at 18.33 eV, corresponds to the observed A III 
state.c7s) Data for this limit, when combined with data from the A-+X bands, give an 
accurate value for the ionization energy of NO: 74,746 + 40 cm-l = 9.267 f 0.005 eV.(78) 

In addition to these NO+ states, a 3Il state should lie somewhat below the A III state. 
It is quite surprising that aII +sC+ bands of NO+ have never been identified, since the 
corresponding bands in the isoelectronic molecules Ne (first positive bands) and CO 
(Asundi bands) are prominent in nitrogen and carbon monoxide discharges. However, 
ZAPESOCHNY, et LJZ.(~~) mention “a band of NO+ (electronic transition unknown, 
X = 4380 A)“, with no further details. The 3II curve in Fig. 2 has been somewhat arbi- 
trarily drawn as if this band were the alI +sC+ (0,O) transition. Although this assumption 
may be wrong, the sII position indicated is unlikely to be in error by more than an electron 
volt, The re value has been chosen so that no particular vibrational level is likely to stand 
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out in a Rydberg series, thus explaining the failure of Tanaka and Huber to pick out such 
a series. 

From perturbations of the A III state MIESCHER( 77) deduced the energy and rotational 

constant of one level of a sC- state. The sZ:- curve in Fig. 2 is drawn under the assumption 
that this level is the lowest vibrational level, although it could be a higher level; thus, the 
3X- curve could lie somewhat lower. Similar lx- and lA curves (see Table 3) have been 
added above the 3x-, by analogy with N2 (Fig. 1) and CO. The 5Z+ and 7Cf curves have 
also been copied from Na, and short portions of some of the curves going to the second 

dissociation limit have been indicated. 

The NO++ ion 
Although this metastable ion has not been identified by optical spectroscopy, it has 

been observed in mass spectrometers, with an appearance potential in NO of about 
40 eV.@s) Theoretical curves for three of its electronic states have been obtained by 

HURLEY;@) they are too high to be shown in Fig. 2. 

The 0; ion 
That 0; is stable has been known for a long time, but quantitative estimates of its 

stability have differed considerably. Recently, PHELPS and PACK@O,~~) measured electron 
attachment and detachment rates in oxygen, from which they calculated an electron 
affinity of 0.44 * 0.02 eV. Later, CURRAN( 82) obtained a lower limit of 0.58 eV, based on 
the appearance potential of 0; in electron-bombarded 0s. The disagreement could be 
due to production of vibrationally excited 0; by Phelps and Pack (although their results 
were unchanged even after the 0; ions collided 5 x 10s times with 02 molecules), or to 
some unknown source of error in their work or in that of Curran. Since theoretical 
considerations suggest a still smaller value (- 0.2 eV) for the electron affinity,(sa) the 
value of 0.44 eV represents a reasonable compromise which probably lies within 0.2 eV 

of the true value. 
The electron affinity gives the energy of the ground state of 02, which theory shows 

must be a 211, state.(83y84) X-ray data on KOz crystals show that the re value of 0; is 
about 1.30 A, while the fluorescence spectrum of 0; dispersed in alkali halide crystals 
gives a vibrational spacing of about 0.14 eV.( 8s) The XaII 9 curve in Fig. 3 has been drawn 
accordingly. 

It has been suggested that the lowest excited state of 0; is a Rydberg 4Z.i state.(sJ) 
However, such a state probably does not exist because the Rydberg orbital is not 
bound.@s) Accordingly, such a curve has not been included in Fig. 3. 

Excited non-Rydberg states of 0; have been discussed by MASSEY,@~) but a compari- 
son with recent quantum-mechanical calculations for the isoelectronic Fl ion,(iQs) and 
with data on excited states of 02,’ 83) shows that the 4C; and 2AU states probably lie con- 
siderably higher than Massey suggests, while a “2; and a 211, state lie below them. The 
0; fluorescence observed by ROLFE@~) very likely corresponds to the aIIU+X211g transi- 
tion; this interpretation puts the 211U state about 3.65 eV above the ground state of 0;. 
.4 portion of the 211U curve is sketched on Fig. 3. Others of the twenty-four 0; states 
going to the lowest dissociation limit are merely indicated by a few short, dotted curves. 
Two of these states, 4C; and 2Z;, may be formed by the simple addition of an electron 
to the ground state of 02; hence, the well-known electron-bombardment reaction, 
02 +e+O- + 0, probably takes place via these repulsive states. 
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The 02 molecule 
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Rydberg-Klein curves for the observed states of 02 were calculated using spectro- 
scopic data from the references listed by WALLACE. The results agree with the less- 
complete results of VANDERSLICE, MASON and MAISCH(~) to within 0.002 L% except for 
three states: for the c rC; state their results appear to contain a numerical error; for 
the B SEC, state differences up to 0.005 A occur due to the present writer’s smoothing of 
the irregular observed B, values; and for the A and B states differences up to 0.051 A 
occur for the highest vibrational levels (near the dissociation limit) due to the sensitivity 
of the results in this region to small variations in method and input data. 

In Fig. 3 the right-hand portions of most of the eighteen 02 curves going to the lowest 
dissociation limit (3P+3P) have been taken from the valence-bond calculations of 
VANDERSLICE, MASON and MAISCH,(~) but the sll g, III 9 and i Cs curves have been lowered 
because these states will interact with other low-energy electronic configurations not 
considered in the simple valence-bond treatment. The SITU curve has been extended to 
intersect the left branch of the B3Z; curve at o = 4, in order to explain the predissociation 
results of CARROLL. The upper portion of the left branch of the B 3X; curve has been 
taken from the work of EVANS and SCHEXNAYDER,@~) based on the variation with wave- 
length of the Schumann-Runge absorption continuum. 

Curves for two high-energy 0s states, rAU and ‘XL, have been sketched in Fig. 3 by 
assuming that their energies, above that of the B3C;I state, vary smoothly with internuclear 
distance from the values (2.8 and 5.6 eV, respectively) calculated by ITOH and OHNO 
quantum-mechanically at 1.207 A, to the known values (2.0 and 4.2 eV) at the dissocia- 
tion limits. 

The many other 0s states going to the higher dissociation limits are indicated in 
Fig. 3 by a few short, dashed curves. 

In ultraviolet absorption spectroscopy a number of excited states of 0s above 9.6 eV 
have been observed,(*s) but no identifications or rotational analyses have been made. 
These states are probably all Rydberg states, containing an outer electron loosely bound 
to an 0; core. The lowest Rydberg state is expected to be a 311, state at about 8 eV; it 
would not be observed in absorption because transitions between it and the ground state 
are forbidden. Its curve may well have a peculiar shape because of interaction with the 
sIl g curve coming from the lowest dissociation limit. Because of this and other complica- 
tions, no curves for Rydberg states have been included in Fig. 3. 

The 0; ion 
Rydberg-Klein calculations were made for the four well-known states of 0; using 

spectroscopic data from the work referenced by WALLACE and recent papers by 
WENIGER and LE BLANC.@~) The energies of these states relative to 0s are fixed by 
WATANABE and MARMO’S photoionization threshold and TANAKA and TAKAMINE’S 
first Rydberg series.@s) The approximate valence-bond relations of KNOF, MASON and 
VANDER~LICE@~) were used to assist in extrapolation of the X, a and A curves to their 
dissociation limit, as well as to estimate the outer portion of all other curves going to 
the lowest dissociation limit. The results are shown in Fig. 3. 

By the simple removal of one valence-shell electron (Table 4) from the ground state 
of 02 precisely five states of 0; can be formed : the well-known X, a, A and b states, and a 
not-yet-identified 2x; state analogous to the G state of NO (see Fig. 2). It is quite 
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probable that the “C; state corresponds to the limit of TANAKA and TAKAMINE’S second 
Rydberg series,@s) since the appearance, energy, and vibrational spacing all agree with 
predictions. The curve for this state is shown accordingly in Fig. 3. 

Two other stable 0: states in this region can be predicted: sAg and 2% (cf. NO, 
Fig. 2). Estimates of their position are presented in Fig. 3. 

Removal of one 2aW electron from the ground state of 02 should produce two stable 
states: c 4X; and 2 Xi. The former has recently been identified by LE BLANC@~) as the 
upper state of Hopfield’s emission bands, and very recently CODLING@~) has discovered 
Rydberg series converging to its two lowest vibrational levels. The corresponding doublet 
state is as yet unobserved; it probably lies 1 or 2 eV above the quartet state. 

The O’+ ion 
Alt?hough this metastable ion has not been identified by optical spectroscopy, it has 

been observed in mass spectrometers, with an appearance potential in 0s of about 
36 eV.@s) Theoretical curves for eight of its electronic states have been obtained by 
HURLEY;@) they are too high to be shown in Fig. 3. 
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